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Abstract
Methyl tert-butyl ether (MTBE) has been the most commonly used high octane

additive to gasoline since 1990. The compound is partially water soluble and
moderately volatile; thus, it is highly mobile in both groundwater and surface water
and can be volatilized to contaminate the vadose zone, surface soils, and sediments.
However, biological treatment of MTBE-contaminated groundwater appears to be the
most economical, energy efficient, and environmentally sound approach.

The objective of this reach was to investigate the biodegradation potential of
MTBE by the microorganisms specified (Pseudomonas sp., Bacillus sp., Klebsiella
sp., Enterobacter sp.) at a petroleum contaminated site. It was intended to evaluate the
pure culture with the best ability of biodegradability of MTBE and to evaluate the
biodegradation pathway for these microorganisms. MTBE can be metabolized by
bacteria either as a primary carbon source, or cometabolized when bacterial growth
requires another substrates at the batch experiments involving either mixed or pure
cultures. The bioreactor with conditions obtained from the batch experiment was
applied to enhance degradation of MTBE. The metabolic pathways and cellular
responses of these microorganisms during growth on MTBE were studied through
proteomics approach. Protein spots of interest were identified through database
searching according to peptide mass fingerprints (PMFs) obtained using matrix
assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF
MS).

The pentane was used as the cometabolic chemical to enhance MTBE
degradation. On the other hand, the pure culture (Enterobacter sp. NKNUO02) shown
the best degradation potential about 29 % of MTBE without adding pentane.
Enterobacter sp. NKNUO2 could degrade about 56 % of MTBE without adding
pentane. Bacillus sp. NKNUO1 and Klebsiella sp. NKNUOI could degrade about 22
% of MTBE with adding pentane. Comparing with the batch experiments, bioreactor
could enhance MTBE degradation significantly.

Four metabolic enzymes may involve alcohol dehydrogenase, phosphor-
glyceromutase, transaldolase, and isocitrate dehydrogenase. Assessing the potential
products of MTBE degradation by gas chromatograph/mass spectrometer(GC/MS)

involved acetic acid, 2-propenoic acid, and 2-propanol. Enterobacter sp. NKNUO02
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followed the pathway in the initial steps of MTBE degradation, without converting
MTBE to ftert-butyl formate, which was directly hydrolysed to tert-butyl alcohol, and
then transformed 2-propanol and lactate to the TCA cycle (tricarboxylic acid cycle).
MTBE and BTEX (benzene, toluene, ethylbenzene, and xylenes) can coexist in
gasoline-contaminated groundwater, and MTBE-degradability of Enterobacter sp.
NKNUO2 could reduce about 16% of MTBE but inhibited by BTEX. However, it
could also degrade BTEX including 36% of toluene and 32% of benzene. The
effectiveness of bioremediation of MTBE will be assessed for potential field-scale

application.

Key words: Methyl tert-butyl ether, biodegradation, bioreactor, cometabolism,

pentane
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The objective of this reach was to investigate the biodegradation potential of
methyl fert-butyl ether (MTBE) by microorganisms specified (Pseudomonas sp.,
Bacillus sp., Klebsiella sp., Enterobacter sp.) at a petroleum contaminated site. It
was intended to evaluate the pure culture with the best ability of biodegradability of
MTBE and to explore the biodegradation pathway for these microorganisms.

Pentane was employed as the cometabolic chemical to enhance MTBE
degradation. However, the pure culture (Enterobacter sp. NKNUO02) illustrated the
best degradation potential of MTBE (about 29%) without adding pentane.
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Enterobacter sp. NKNUO2 could degrade about 56% of MTBE without adding
pentane. Bacillus sp. NKNUO1 and Klebsiella sp. NKNUO1 could degrade about
22% of MTBE with adding pentane. Comparing with the batch experiments,
bioreactor could significantly enhance MTBE degradation. Protein spots of interest
were identified through database searching according to peptide mass fingerprints
(PMFs) obtained using matrix assisted laser desorption/ionization-time of flight mass
spectrometry (MALDI-TOF MS). Four metabolic enzymes including alcohol
dehydrogenase, phosphor- glyceromutase, transaldolase, and isocitrate dehydrogenase
may be involved. The potential products of MTBE degradation including acetic acid,
2-propenoic acid, and 2-propanol were analyzed by gas chromatograph/mass
spectrometer(GC/MS).  Enterobacter sp. NKNUO02 followed the pathway in the
initial steps of MTBE degradation, without converting MTBE to tert-butyl formate,
which was directly hydrolysed to tert-butyl alcohol, and then transformed 2-propanol
and lactate to the TCA cycle (tricarboxylic acid cycle).

Since MTBE and monoaromatics such has benzene, toluene, ethylbenzene, and
xylenes (BTEX) can coexist in gasoline-contaminated groundwater, the
MTBE-degradability of Enterobacter sp. NKNUO02 could be reduced about 16%.
However, it could also degrade BTEX including 36% of toluene and 32% of benzene.
The effectiveness of bioremediate MTBE contaminated groundwater will serve the

potential for field-scale application.
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(3) R —AVAEY R ERSREEH & R E (R ERS) » IR 15
0I5 -

(4) MRATHZEE IR o] i i AR YR Rl aE & 3R TAZRAlT » A B FERRTIRE . &
HERKERENREMEYREAN - FH YRR DI &5 MY

VIII
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F—E SIEGEEBRE

L1 5184

FURATEC T TZ R SRETT R4 - MW T A U 2 A Y
95%-98% » &l FHAE C1 Fl| Coo HABIE EIFEE RN B3 - SO0 - R BRRG5H
EEH VR - & 8% TR AHBEEFTTAEM LAY AR LEY
(hydrocarbon) » SlixEIZ » 73 FHUK » (LE2AERETRLEER - AL 592215
AR L EAERRRR - ek ~ RELEi2 PR A RS WS » I £ ARy
B8 T (DRGSR A0 E S QECHEA AL TEERE K R YA Y B i
WS Fe(3) A H R BT i AR ZE i

FORAR ST By TSR B B SRR R (RO R T A
LIRS e B BUEIRAEE > (H 1970 SEAR IR B AL > i A B8 @ i 2E
54%(Deeb et al., 2003) » NMAH S EZHBIZEE > WAEE - ZBERFEE=
T E it (methyl tert butyl ether, MTBE)% - J& EeRF ST (H AT 42 S e BN AT G2
PAEE > HAE/ DB » D B AT RIIER - —& Lk - BB TR E LS
Y22 RI59%Y)  HEM 2% Raim’E (Waul et al., 2009) -

BEWFEEUR » A S R LAY R EREESTIYARITUER] (Chen et al,
1997) » il — i fIERS b &V B A SRR MERE - RIS 8/LEaY
AH RIS T AR B I EE S I A B S S e H
(& RAFEEZ R EEY (Y 2 & (tetracthyl lead)) » $2 &M ELT
{E(Deeb et al., 2003); (Q)EPARITE 2 HREE - D22 R — S LRI EE: (3)
R T AFE R & & - SR LEY AT DA L - AR LB
B/ BLE YRR (Shah et al., 2009; Waul et al., 2009)

MTBE J&E#:4144)(Volatile Organic Compound, VOC) > —F » i i 13 «
17 ~ (RS E S NRRERUA B8 (Deeb et al., 2000a; Moussavi et al., 2009) »
MTBE A[5EZ M UG 5o EEHER . B R A RS ~ HEE e B R 2R
TR MK BAMEBEIRIREY UM DT S A EYIRS R A YIRS 2 (R
b pics 22(Ahmed, 2001) = DISEE] Ry 5] MTBE K E8UE - Wil 2 BARZ
SESUHE T 7KEE ST (Deeb et al., 2000a; Schmidt et al., 2004) » [A [ 32 FFR {72 (United

States Environmental Protection Agency, USEPA)&t¥5 {5 FH Y5 MTBE & &5
1



HATBARR] » EE 28 A SR BL S (R 5 BB TR B R BT A 2 5
B (LB GRES > 2000) -

RS = TR S T K (E BT 2 R R (LT 2 125 Bk
U5 MTBE BF9E8(T 4 90E & 77 2 AT By DB - MTBE (LM
W s R )58 2 554 Jensen and Arvin, 1990; USEPA, 2004) » 45H5%
FIFES 544 B (T MTBE 53172 374 -

1.2 StEHE

At EEHLEYIE 5 A (bioremediation) - $HAM BTG AUGE T 27 UHITHHY
HUROK TR B RCRERET - AR E— T E AR o AR e S
FesGih 2 G E VIR REERE » 55— T3 ] DAHE (AR V5 ) (8 S g LAY
s I H AR IR 7T BB 2008 2 2009 FERITIRIRE ZFEHTTETE " M
A R s e b5 A T BUR R B RAla e, Z BAaRcR e UhRR
SESUEHE 4 B TR R (Pseudomonas sp. NKNUO1 ~ Bacillus sp. NKNUOI ~
Klebsiella sp. NKNUO1 ~ Enterobacter sp. NKNUO1 B Enterobacter sp. NKNU02) »
FET A £ B URIANINY)- A = T A& (methyl tert butyl ether, MTBE)#E{T4:4
gy > RSCATHT e R AR YIIRERGERE - et A EREHY A ETR - BB ALY
fERS T - AT AEYE B RIS - #E LI AL/ 5 50k e 5 e o i
RET - = E A S £ MTBE Jr#ge B @ GEETIE SRR N 55
orfERE N Z sHETRET - BHEMSEY) 2 73 MTBE 1€ - A5HER 0 HHAN
R
1. DUt G SnEl MTBE 7y fig Bty e (AR R R

MIRARERA T SR ar it B 5 IR B A R iRl
B A Y IR Ry AR GRMER AR - St 2SR - #ERDE SR (E
AL RATZIRAIFENZ —(Fortin et al., 2001) - Z54b » HEfEE K2 M 2R
IR Ry A R EE 2 2R - FEAE e SR - o] DU A LGS E 81 MTBE
AT 2R - IILAELE A B T il & I AR E - ELE YA
I

(1) FHea i & iE TRETEY 77 MTBE 4= IR (R

2



(2) sHEEE G 2 HAHYE
(3) JES E A fE MTBE S fi#AE 1A EfE
2. FIFAYIR ErERS = fE MTBE J1f#AE
TEftt I ER Y E SR L ERED o] DR 2 Y AR RERTR IR - DU IRIFER
FIEYIR ERE T - A YIS ERS B R BRI R (YA JJ (Zein et al.,
2006) > #ATHERT TR A RRIFA T - HHAYLR:
(1) ML R BB E A R IRT - RHb o AFRE )
(2) SHEERTR > i) 5 AW TR R GRES ~ PR 55
3 EHBERITEILEMEA MTBE JrA#iR1E
FEFHA YIS ERERY A5 B MTBE 3SR e (EHVETE - 5 & MTBE 7y f#lH
1B LA AR - i L AR 1 B T M RR VK o AT M AT E 1 AR
FELUENT IETERY MTBE SR s
4 FHEARFEZEE T MTBE 73fi#gE
BRI UM AR > MTBE g ELS M of T ED5AYIEIREAE - HOREA
BTEX ¥R5i MLV ERE - Bl EA MTBE 808 E 2 B it T~
KB -
5 JEME T MTBE J54uth MK 2 Bl 152 et
MHAAREERSETEHMGEE  HESEELEY) B D2
(biodegradation kinetics)#1T3¥(% > #52L T fi# MTBE S3A#{ETE - HLHEYLIT:
(1) S R ) o R
(2) RIFEESFIRERE » 531 MTBE #7 ff(& 58554



1.3 T{EEH
REtE 2 TIEHEHEBRE T

1 it EE: FIAARERRGE T - mEGAI R E S IR EE R EE B
-

(1) EfTHEESR > HE(5 MTBE o FE G E F2EE » M i E 5 E
A RIRIERAF -

(2) AEFTHIRESS - bl i 2 w70 g H AL 5 34 IRE

(3) HHtREBE TS R

2. YR IERE: & IME T EMRED ] DAEESZ Rt 2GR R A R IR IR R > DA
EMFIEYIER - BN EY) R ER B A GRS BRI IR T (Zein
et al., 2006) » H AR EEA RAERFHR T -

(1) Y FERE S MTBE P il S F2 SRS -

(2) PRGBS FERE > PRl & BT 7Sz MTBE J534t 7K
B -

(3) HER AR AR Y TERE th A T AU 77 MTBE HYRG/T -

3. &EHEREST EHAYIRERTHEEA MTBE 7 = EE - i
s HLIE VB R - RS LU T SR MTBE 43 (g -

(1) IR ETEA B MTBE 732 - PhsEnsfst - BRMEEEDE

(2) Si{LEEELE

(3) DLEHERERrE T E -

(4) $HE Rk ETE RN E ARG L FEAER AR TR E RS
{#(MALDI-TOF MS)43#782 PMFs(peptide mass fingerprints) e L1 158
I"E o

5) ptrEABERHAEAR  EHEREREEFN MTBE £ EBEE A7)
T FRIREL -

4. PHEAREEERA T MTBE 3fgse /1 ZE MR - MTBE &850
P EEDTHYICE ~ SR 25K R &1 BTEX)[EIHFEAE » R HA BTEX
R TN ERE - BiZ2 5 MTBE S s E 2 EtE T fEt /K05
FWNEIL



(1) FIFHALF B E Rt 7K 2 Ul ERs POl o HEN SR -
(2) EEVIRIERET - EfEER 3% MTBE 81 BTEX Z8e7] » T HES5HY)
BTEX s & & é 7 fi# MTBE 1HE
5. EEE T MTBE J52u MK Z 0 iREh 182855 FIRAEYIRER gD E
HATSEUR - B ERAEY) #8152 (biodegradation kinetics)#E Ta¥{h > #52A
T f# MTBE #5815 -
(1) o3#fr MTBE 7y 2 (G EY) > di0E 1782 MTBE 2 E &R (% -
(2) FEFAEYIFIR RSN 1231 MTBE AWl fgisi=t > DA 5445
HEEE A VE B RIS 275 MTBE 917 f#% -

1.4 S{THERE
{IRBE X THTE AR FEBTIIRTE 2010 4F 12 F 29 HAEEZ 2011 412 F 28 H
IE5ERL - $3H 365 HER - TAFERERSE 1-1 -

AEHER 201055 12 H 28 HEE(HTR 72 2011 4F 1 Higs% — R I/FREE -
By S H 2 B - it 8 H 2 MRS “RIIEHREE » AT TR &
TH TR TR AR 1-2 For -
STERT LIFEME T
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7 ks F

HAEHHE Al .

BTEX ¥} Eifd 77 fig
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EHERSH

IS EAERE

==A

e S R E R h
TEHIIRE

fHE( MTBE 4:9)77
iR

M MTBE J3fi#7E
)

o3 8 o 1R ) B
MTBE Bi{%
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HARKHE &S ©
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% 12 Kt £ T E%’%ﬁ%ﬁ%
€

T{FtE ] 2011 4F
E% T 1-2 H 1-2 5 3H 3-4 H HETE %
TIENE R | | EEE I A ) fEE BTN uﬁfﬁupﬁf’éﬁ 7 & Bl Pk e
20 TEE B (5%) S (5%) 5(7%) (3%)
HE S EE 100 100 100 100 20
E% 3-7 A 4-8 5-8
. HELE /N o s BTEX B & &7
I AV o
LBV g | TARRST | WLEESER | SR Wi e
HEREE Sy EE 100 100 100 40
f&% 4-5 F 4-5 F 6-9 H 7-10 © 7-10
T PN ﬁ'\ 72-5 358 3 e =k} E T& i M;BE«E
35| TR | EGRESE | BT | TRESNT | Meriun | Whgai
=T 100 100 100 100 100 25
f&% 6-10 B 6-11 B
~ 5 | ATAEET
T | MTBE 43
s | TR | M | #IMIBE Bl
HEEH L 100 100 15
EFE 12-1 H 1-3 B 4-5 B 5-10 A 10-11 H 11-12 H
THEAE | P g S B S
HEEE ST 100 100 100 - - 100
T45H 15 30 50 70 80 100 100




FE FHERER
2.1 3RO T KR 5 BN

AL S H R o &R E B3 < BB Y — - (KRR EI AR /=722011
FAR M Z HEtERER - 2EIARENUHEEIEET2,63 18 » DLa F 3298 AT
% HREHKERG G o MUHEEATE S bR S gL\ M4 &7 AR
o B RSN KRB B LIS A B ET TS - BERRERS
BRLASERGROERBNE T - THE R S g s BT fm RAESE - B2 EIRAY) -
SANE D VENHEE A 4Rt T RO R > 22/ D4YA 10,4008 BT T
R > HEEAEE I (2 N R A S R E B B R T K0S
S o BRI MRS » B ARSI S DS AR B
b #RFEFIEE NEIRE B R AR REAVRZ FE (B IRTE, 2007) -

WA D S R AR o B AR A R S AR AT~ RIS
IR R N K59 - RIS RO MR 5 HY - AERIAREEEN TE YA
RalERE A ERREAEE - SR fR B B 388 Rt N/KTS AN - + R E
KB ~ VROH ~ S R EA ST 54 Ry H i iR H R EE YR - BT
HeZ EHEACHELFER T {18 (underground storage tanks, USTs)j  JHERIE »
FtEU B NRRE o FEEEA = EHE L BRI - SR 35%A R

REAT IR (Brar et al., 2006) ; £ » a0 544N E T2 38 Rt N /K5442k
TR e A E S TR I R S HE R (R T Z Rl SRR R R AE 1B AR 208 H 2 35
B i 2 F BEAH A AR AR AU R € L & P(total petroleum hydrocarbon, TPH)
SRR I -FE AL 55 = T 24 « BTEX(Benzene, toluene, ethylbenzene, and xylenes)
K TMB (1,2,4-trimethylbnezene and 1,3,5-trimethylbenzene)5¥} A\ fg i feE » H
IMTBE J 4 & 8 B A = /K0S M B TR IR R - (RS B 2 18
% HRAVBIRER NK » WP —EEEA 558 - Mg inEs L2
PR|#(Brar et al., 2006)

MmN TSRV E B ETINENE - ANRIREB SR IAERR Ik
TIBEERELUSSGHOIRE R » ISR A2 E 2 2/KE » M5 K »
HREBIRZIGERMEIEE KRG > 75308 R M AE T8 T i IR KIS IR

8



(non-aqueous phase liquids, NAPLs) » &R &ARIT iR — R ZI524E > BT
KRB EIHEE (Soga et al., 2004) - {£ TSR T/KEERIER - A£RES
25% 2 FZK(BFEERAK » SRR > TSRR/KE)RE H 7K - 50% Z ERFH7KZH
iR IK o REEEE K AZ 2008 B RHEE B KA /KI8T - EIREFHKER
179883 AR » EREFRMR REFEM/K ~ TSR - BATERAK > HduhA
i NAKS8 MBI AR - HEE /KR Z32.4%ER0RE - 2010) » BEEHT TNKEZ
VA RFEE R R R RS R

22 KM EsuNIIE

TE 1920 FFARRy T 0l tRe » IR U R IIY £ B8 (Tetre ethyl lead
TEL)FE DR S e he (B PTEIRE - 217 1970 EREH > (HRHERE N E
TG S R B 23R 5 4%(Deeb et al., 2003) » (NS SHEIEL - MLEE ~ ZE
FFRAE =T A o BEEINEINE rE S e EI R SN - BB
1~ B LA - —R(bhk - RN TE RIS LE M EE R TH)
HEMIEZE R E (Waul et al., 2009)

VOB RN B Ak 2 2 B ST - E 1970 & SN InEIFHLE
B Ul Hr A = T AR (MTBE) M IIse g o tey a2 £ R
1979 #F{#E MTBE %R TEZVE (EE(LAI(Oxygenate) fI A {EA - IANIIASTE
e Fy 11-15% < & 1979 FEHEE F] 1980 A HHA » #rockgid - 40T ~ 2R
PGB Z (] - EEERIRZ(USEPA) ALY 1992 FE81 1995 FHHiGHED)
Wintertime Oxyfuel Program i Federal RFG (Reformulated gasoline) Program » i
FRUHIBEEE 1990 FF£22 550594 (Clean Air Act)ETERRFIEDK -

Oxyfuel Program FHERIERKAZRE » —EALBRPEIR & 2 & BO0h F&H
FREEHITEEFEE 2.7%LLE - # MTBE IS0 - HESRE /rtboA
T 15% 4 G fEAEEK S RFG Program FIISRZE 505 4B EHHIH & e 418
O e R BEREE S ILFEEE 2% B HIRINET MTBE BSFE FR2E4Y 11%2
EAEREEK -

i



2.2.1 SFRNIIRITES

R IIAB R ESLEYN BN T2 A1) A ERERE LA R b A
LAY SR EVURBEEE QAR SE 2R B ZE R T CO FIRHI 2 &
)RR R T IR BT & - & R LAY o] DU b - ek e Y L2 R TE
B/ BLE AR (Shah et al., 2009; Waul et al., 2009)

Fr 7 MTBE Z4h » 25 =T Zkfif(ethyl tert-butyl ether, ETBE) ~ &5 = /IF&H
F it (tert-amylmethyl ether, TAME)(Korte et al., 1997) ~ — SN E it (diisopropyl ether,
DIPE) ~ %5 =T £:fiE (tert-butyl alcohol, TBA) ~ EH i (methanol) + Z.fi (ethanol)Z
(Schmidt, 2003) » HERE LAY - FIEREERIIRIER « 70 AR - A
M E RS L SIS - BT BA BAfERLSN - BTN S5 R ERE
FHA L3 F R O Oy 2 8 R - BSOS - TE/K Ry s
FE/INA B AR > bR M 2 T R R TR O % AR A RE > 1 U TR Rl (Schmidt,
2003) «

INIMEA RS EERE S - HRENAREHLIREEhiE - b2
ROTAYIREL - HES =T ARE HATa S gl P ER & MEZIEEYZ
— 0 AR 30 AR AEIZHYITHY)(Chen et al., 2008a) - H1FY MTBE Hffi&
BefE ~ BUERAME - BRI A RS SED ~ 5 B i S R R B LB R 1
FTis VB A B2 MTBE 1£ & SUR K85 F 15 5 ZL5H(Squillace et al., 1996;
Davidson et al., 2000) « HACRHFEE ~ LA =T AR - 5= 0AH AR - —82K
Fii % (Squillace et al., 1998) DL 1997 4F 5y fi| » S5 MTBE 43454 E &47A 80
(A 5 FREIEE PN A A B T B

222 RES=TERZERYMLHER

MTBE L5220 f5(CH3);COCH; » 4541 2.1 » 53-8k 88.149 » 2HIRA
APE BRI AR AN — NSRS - B A Ry - (AR
AT SE A URARIRARTEAE - SRR R E/BAE S T A RISk - 5865 55.2°C
R AR Y I K OB AR L B 43000-54300 mg/L > bl o B 2K 2 0 R P
5200-5400 mg/L » i =5 /K 5 E(USEPA, 2004) - A BC(HEEEBAE R (Kow = 12) 5

10



%% 2.1 MTBE £2 BTEX Y{bLMEEFE

MTBE Benzene Toluene  Ethylbenzene o-xylene m-Xxylene p-Xxylene
Molecular weight [g/mol] 88.2 78.1 92.1 106.2 106.2 106.2 106.2
Specific gravity 0.74 0.88 0.87 0.87 0.88 0.86 0.87
Boiling point (°C) 53.6-55.2 80.1 110.6 136.3 144.4 139.3 137-138
Water solubility [mg/L] 43 000-54 300 1780 515 187 180 158 175
Vapor pressure [mm Hg]@25 °C 245-256 7695 28 9.53 6.6 8.3 8.7
Log K" 1.0-1.1 1.5-2.1 1.6-2.2 2.0-3.0 1.7-1.8 2.2-3.2 2.1-3.1
Log Koy 1.2 1.6-2.2 2.1-2.8 3.2 2.8-3.1 3.2 3.1-3.3
CH,
CHy , ,T _H H 'J-' __H éHa & CH; & _
HaC L: )i [ I ~ | @\ HyC f’ Ncu o
HiC O—CHy T H G S CH \—/

* K. is the organic carbon based partition coefficient.

b Kow 1s the octanol water partition coefficient.

Adopted from Mackay and Shiu, 1981; Deeb et al., 2000a; and Mackay et al., 2006.
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B By 0.74 g/mL > EE/KAYEERE /)N 5 R AE f7(Squillace et al.,, 1996; Shaffer and
Uchrin, 1997; Fischer et al., 2004); = [ #(Ky) 7> 10 °C %7 0.01(Fischer et al., 2004)-
72 2.1 ] HIMTBE {2 i Re CKAR ) 48 | FAEMY & B LERR (A E 808 Fs MTBE
%K) » MTBE 1 -3 HRA th AR BEAHEE K/ NMTBE 2 Koo o) » H.
R R BAL R4S HL A 55 = T AR B AR B PAM i  JB (U R Ve (7 o e 2 A LR 4E A
WSS RS /)N (Suflita and Mormile, 1993) -

MTBE J& 57K 72 gt HL B (Koo (& > 5288 MTBE J5 BT T /K4 E)
AR BT /KA — 24 (Squillace et al., 1997)  JEAFM:tT G RE MTBE £ [ /KiE#%
Btk o HEMN S CEYIFT T 0% - B %8 MTBE J524E I 2 GEHRES
R HOKOBARRELL B e Ol R E 5 2R - HAR U A o5 BRIt A AT B
ST » MR E R ES5E(40: BTEX) » BTEX 8225 SR A T /KE » i
R ERS BN - MTBE J545EIfirA BTEX J544EFilliH#(Stocking et al., 2000) »
FEt S 7Kgl MTBE J2 &5 A0 H 2 ORTSUR 5 249)(Squillace et al., 1996)

MTBE EAS## M » Rt 2 2059 REaFEbE  JOIREG - Hix
B EAR FIRAL - BRILZ AN PROMS B EDHAE - EE N E SN ECR AR
TR RS RIFEA MTBE J554H 2 o A ERURE[EH MTBE Ayithla » S HERhR
ALEYIEERF » MTBE §Y5H 2.5% ; R UM R G L&Y+ MTBE &
% 8-10% (USEPA, 2002) -

2.2.3 HESE =T EBMEERIT 2 15 ey B

MTBE 5441 Fy s s R EUEDM RIS M SR B R T - St T /KK
JEIGE » HN /K 544 (Squillace et al., 1995; Church et al., 1997; Bradley et al., 1999;
20012) RE BSO8R ECHRE -~ EVEE D fRME - R oMk iZRK
(Reuter et al., 1998) ~ 27 7K ~ +-IEEZE 5K (Backer et al., 1997; Grosjean et al., 1998) »
#FE 2000 = 3 H EEI{LE2 778 (American Chemical Society ) Fi##H T 5 » 5B
B =+—INLTEHEKHKE S MTBE j54%(American Chemical Society, 2000) -

12



FRELSS = T Al e ER B 7 i ey B (s 1S & P

1. 35 © %5 MTBE BURRHER > @AKol N2 A 118 > H=FEE#
By 5.87%10" mmHg/mole/L 765 BA By 249 mmHg » B A3 2 + 1L b -
Koo CTHWIME TIBA R ELK 2 ECERE) By 11.2 0 BUE 38 2 B
HREVS L 7K (Squillace et al., 1997) » BIHEEJE T Z 3 A=W 7o g (B A /K i -

2. JKEESAMG - MTBE HAEE/KGRIN ZEss » SORtTs et T/KEEE F 2 F
(Suflita and Mormile, 1993) » 75 54 (B HI & B3t N /KOfT A% Bl (i - 1777 (5007 PO g 5 340
R IR S  MTBE 1E/K R G B s ik |~ R 50K
i~ A KEEYECERTTEY ZREN - RB=FEEEN/KFRRE R
IS PR 4.1 /NEF - MTBE A& a8 /KR e 2 MUAE VT o i R
(Hubbard et al., 1994; Davidson, 1995) -

3. ZZRUMME - MTBE 2 S ARy - 78RR ] 58 2 LURAHIRREFAE - MTBE
BB ERLEYS-A 8 HEMHO  WEHAZ FEL 5.6 X - B AR
AZRERRIR 290nm 2N - B E RS ARIRH T fE(Roy et al., 1997) -

2.2.4 FEF=TERMFEWER

MTBE & EERRESEH —REVEAEUENBEEE - WAL
B~ B/ IVERDR - AU - MEEORERERESE - HRTE A ERVEGE M T
s o (HEFEEEAE SRR MTBE B > &5 HERE - B - JHE - BN A ST
AR(USEPA, 2002) - J7> 1992 4 » EEIfH AT nA = —H A HrERARA S 15%
MTBE HYSCHITR @ BEAE TR ~ =% - G ~ B0 ~ 1@k~ WEETRDS R R 5 T7
JREFER(USEPA, 1997a) < H Fij 2B rE LA MTBE %15y C 4R (AT Fo) iR NG
ECEYIE - IEIERRE N B Ry R N M 22 -

AR’ MTBE HYBEMEATRE R - HIFEURHMEZ RIEME - KRR ARBELIR
HERR LR EESUTE > JEFE (no observable adverse effect levels » NOAEL)Ey 1,440
mg/m’ > ZMEEIEERE B 649,000 mg/m® (USEPA, 1997a ; &7 > 2002)
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R MTBE ff3 S > FrLUEB A TR SR hE G Rl s A > &
FEAE L EE SR E AR 2R T A H N E MTBE - i385 A £[$; MTBE
e L W CIN=-F 1B i S

MTBE #E A AfeH =HHIR1E - WA ~ & R & (Ahmed, 2001) - MTBE
WRANBG T > REST G LR IT AP - B &8 HhFR/E L MTBE Ed
TUGHEEY)(5 =T B2 tert-butyl alcohol, TBA) (ki > HIN TBA 7K #E#: MTBE
= WUE A ARSI A - B RTEA MTBE £ ARSI eE = T HE ~ 28
A LHRBIAEETE (Belpoggi et al., 1995) »

MTBE H i HESVIEREFEEN - VERAGHS  BEL& L
WK AE R > S F] A & TR S AR o e Fe S 2 SRR - R H KSR
FFE e R YL ~ IR ~ BH - APBE ~ SEAETEERVEENE o AR EE T
1> 343 MTBE &35 IR BB Bebe Ko/ el AT R F g L M e R 3 2R R B i
(Bird et al., 1997) - fLAMEEREFMEMED - 830 MTBE &R EURER - B IH
T SER BRRE RT3 AR S 0 - [NEbHESR MTBE &8 & AR AT H EEUE iERT S
£ E\ [ (Belpoggi et al., 1995) - H AT MTBE Y& 4E i R IFHE - (HEEUEME
ATLAHEERY > NBLEE FERERENER T - MTBE BYREMER - BEH A
BB E S AE LR AT » 2002) -

9
=

225 HARBRBEHKRFFEE=TEZREL

EEE MTBE i KBS BUREH, - [REIZ (] MTBE - [fij {5 Hpl A £ 5
/Ko g RAY524%Y)(Deeb et al., 2000a; Schmidt et al., 2004) o K Fil T~ 7K g
i & (EUIE] MTBE {2 B3R IRZ(USEPA S EI AR » B EZE IR MTBE {E f)S
SHHR &SR (Bradley et al., 2001a) -

4Bk MTBE ZEE LA 1997 F EB4Y % 200 (Zh - H 30.3 ([F2 HEON RIS -
TR FH &=4Y By 1.4 {EH(European Fuel Oxygenates Association, 2002) o 7 FijifF 52
&> MTBE 1EBOMsZ A &> » A 7 [ A2 R Ry s 7 0 sR EE IR (& (Shah et
al., 2009) - H MTBE fE£ECMN (European Union, E.U.);N07S S0 P {EM & » MTBE

FEEON A P EELY 1-5% - ZAMAE FELE & 2 IR IIE] 15% (Eweis et al., 1997;
14



Morgenroth et al., 2003) > i £ BRI E4T 5 10-15% (Hall et al., 2000; EFOA, 2002) »
WOAEE Y TECH MTBE [5944 8 RS -

TEEE Ml - PSS =T AR 2 (AR R ~ 28 R FE - fEHA ~ B2
PaEs ~ EJE R BRIV (E » (HE A & G GRS HRERY LR Bl /D - 1F 2005 4 -
MTBE fE& 50 2 JHFER KA 80,000 ffi/ K  H o &ERKEHHFE 9,700 ff -
B H AT A 1k B FRESE =T AR (S0 A AR 50 BN K E T -
AEEE B 1TAEREL) 20 B AMEIERRE - 2001) -

H RiTH 5 B A E RN ELAL) 53 Bl 2002 AL 2004 FF2HEEA - HAzl
BT AR - REERGRE N RE/\HNFE=H -+ HAS MTBE REIUESE
MALEYIE - BRI R 20 wiw % 0 EHFEE EEYEEEEE =
I == = REEMMSIE - EiREIREE -

FRIERORE R0 F HYE AR A A /K 3 A BB Y (R LR -~ (T Ze iR
FEAEIYELL FEEE - MTBE B ERFEZKES - (Euk 2 BLIsUs oyl KB i VR
B2 g/L(Fiorenza et al., 2003) - ZEEANF/KAHZEEGIEIETT 1997 4F 12 H¥
MTBE /8 1F AR 7K PR &EE f R ol 20-40 /L (Bradly etal,, 1999) »
FLEA IR R SRR 5 I H R i R I S BT E 2 A o EEIRRED
FAPETT 2000 i A ABFHACOKEREEREFIHE - EE&INE 2000 FHERLE
LHEH MTBE E(#E MTBE ®AANELEI B » HREPEiRIN ~ BHEEREIN -
FHERI Z N 2EEEM - 5S55MEEITINER /K FI(California Department of Health
Services, 1999)[R#l MTBE f R ARG 5 /L > i 2003 4 MTBE X
IR HECEAIE R FWARE A S (Weaver and Exum, 2007) ; {£FF 28R
MTBE JREJREs S /L HAE K2 g/L (Waul etal., 2009) ; FEFEAF] > £
#i MTBE 1£#th F/KHRE R AN S84 10 g/L(Volpe et al., 2009) -

2.2.6 FES=TEBRBERERBR
1994 £EI S LR (R B R TR S8 L5530 % - 1] 2000 -t 70 % »
RACE R II(USEPA, 2006) - MTBE A b s B 42 R 544 T /KR > B
U B ERE Y HEME G Pt SHEERIRE (USEPA) B ez i 4 < UG HE
15



B 1R BRI > 2000 AFE L FEAE 4= H1 25 A sl MTBE 72750 R {#EEE B EIR
BB R 200 B DL E & 0N TIEEU. MTBE #1714 (Weaver and Exum,
2007) <

— HZEEFMTBE - Rk pl Ak FERG RS 582 EARIR IS » MTBEZ G REFHY
B NSRS B E =AY - MTBE AR5 T B0 2 BBk -
YIETBE ~ TAMEJDIPE - B (41 FH s Bl 2 i) 55—

FH® MTBE HYAEE 852 52 T IaRRHYRRE] » AR A% TAME #ybH78 AR
JEEE © 8EZR TAME AYHUEE RS MTBE » (H2 HEAIFF EEAZE - &
S BRI N M - BEELSOIREFHEIE S o BB MTBE 2~ REs By e
SALEY) - SHYMHTY ETBE AU - T ZHUA FR B2 Z B AE i 55 LA -
YN Z B2 ETBE Fy B s i dmiy 42 Bkl - B RIS A 5 LR 5E
RENVFE - % B RIEZ%E ) MTBE #{{f - MTBE » ETBE B14EH#E(E4:
FEBLEBL S TR VARS8 » sz 2.2 -

16



%22 SR(LEYIZIER

A =T AR | ZAS =T AN &Sl
(MTBE) (ETBE) (bioethanol)
Soure Methanol and 47% methanol and | sugar cane, sugar
isobutylene 53% isobutylene beet or cereals
Solubility
43000-54300 26000 Miscible
(mg/L)
Octane Value 116 111 108
Vapor Pressure
245-256 152 49-56.5
(mm Hg)
1. low cost 1. similar property | 1. the most
2. high otane with MTBE, no universal biofuel
value modification of
3. ease of transfer transfer lines
and distribution and engines
Advantage 4. ease of 2. aerobic
blending with biodegradable
gasoline 3. blended with
petrol without
changing the
vapour pressure
1. high aqueous 1. high cost 1. high volatility
solubility 2. less output 2. ozone forming
Disadvantage 2. Egrscsilrllr)(l)e ;Lllman potential
& 3. damage to car
3. recalcitrant to engines
biodegradation
processes

(ERRJE: > 2008; Piel and Thomas, 1990; Niven, 2005)
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http://tw.dictionary.yahoo.com/dictionary?p=universal

2.3 TR T KB AR 2 e sy

TP NS A AR A TAZ R - i P A ey (8 T 22 M Ry
1. T AW G54l
2. TEVGHSGHEFREGRIET - ek EE(E A A B RN A i DA E

SR EC AR T O S 5 R T K > BV B~ BOAHEE] - BRIEFE
&2 BT ROA 2 J5 4R AR L - 2053y et /K 2 BUH B A A 73 By
B 7725 (in-situ) k2 Bedth 774 (ex-situ) (Randall et al., 1992) 3 {REEIGHMTAT{EFH 2
PRHIER S vl 0 RV LB TT0E ~ EVTE -~ BNREITES  IREE 53 2 B
2 72 52 0] DLy N 1% B B B FH 48 757 i (immobilization/Isolation) ~ 7 552 14 52 il
(destruction) ~ 77 it Jf% i £5¢ fity (concentration/separation) ~ 5 14/ #% B 14: [ (K £ g
(toxicity/mobility reduction) 5 {RTFEE)E 2 75 AW K 58RIl XA 45 By 5 4R
(source)EIERLMT ~ J5 A4 F0 & (core zone of the plume)BEHT ~ LSS ALEE
4% 15 (distal zone of the plume)®&;A3s: i (Siegrist et al., 2001; Kao et al., 2005; Brar
etal., 2006) -

2.3.1 Bt +HEBRESH KB ERAMT /M 4E
1. HHREEY)EL(free product recovery)

EHmBIRA RS » Ol S A e g s KOSRBEHEER - FTE
JHm B N K BN - TP RIE/KAH RS (Nonaqueous Phase Liquids, NAPLs) -
RIGEL B & 7y b BE PR /KB 2 BEJE 7K AH B (Light nonaqueous phase liquids,
LNAPLs)g1 8 JE 7K HH3% 8% (dense non-aqueous phase liquid, DNAPLs) (Yang, 2002) ¢

BE EHPRIEKAERRE R BN B R S E SR P E Y — i
HEEEIEREN AR LAY R BN SRE - it MR EEEES
S0 (B O a2 W s MY R ZKNAPLs B A E B A a7 =
e R A & o4 s AL R~ R ~ iR - KSR ROt R R B S &
2. HEERAEHNEU A (soil vapor extraction)

TIEFHRGHEOE R By I EZEMEUE - REBES T — > o7

A BN 38 R SRR« TIRREHUARG Z R FRCR LA R © 188
18



BB ST NE - BOR b T RFVE T RAIRY S A AR - T
ZARFAYIFEY & - TR SHWIRE TG - HEURR NG TR o R
FHAMEZE ARG e v e 2 AR - R R M R B - T RS TR
FLECH R B (0 SRR AT & - A AT DABERUR R RERER - HERilT i A
17 25 3 3T {58 O R o 2 2 R A ) B 8 1 R R W) (semivolatile  organic
compounds, SVOC) » BE'E (BB Fh i #8) 7 JH {5 FH S VERUIT HE T 3G RIS B ik
THE > B0 ~ S0 ~ PRREHT ~ BOH S FASE S MUl 7S - BN S LASVE R4
1T845(Beckett and Huntley, 1994)

3. Z243,F A(air sparging)

ZERIENEFREHFE AZE RATH /KR EAFUE - KK 5 R HEIR
BRE S > Fic &2 RAHE M (SVE)RSRRe T 2t i pa H - A5 AR AGER - 1
st KB g E HIREA SRR - BRI S AR o TEiRiE
FOEA ST » J5H) R R T = ERE e bR ()7 M HEE A AR B
L HEBR (stripping) 5 (2) 58 3 T /K AL N S B 4l 48 G P fili 4 S W I 2 05 Ze 4 4
(volatilization) ; (3) JAMEME KM 14594 2 47 AL VI ( Alan et al., 1999) -

DABRIN 2 R0F AR G R @ L a5 A HE R n] 3835 » TEROERTHAN > 2
b s R IR S L a2 BRI DU AE VIR 7732 o MBS AR
4t (pump and treat) » RFSZIGH T KR RAE AR I 842 » 2 AR/ D Rg /K
R o ZERUE AERIE i R R B2 OS2 2 R K > R RRZ 5 Ry
MR BTy BRI DUSCH R 2Ry BTEX RyfBl » [FIHF B RAE B A=)
YRR o R RZE ROF NATREE B RUEE - W98 HEKME S 2 27KEs
SEE o (HREARE AN T RE S RO AEROER S - (R A J7a - —
MEMS - =S58 FEEREHIE S - MEES 53 T EE
BRI R 2 A YRR - R E ARG WIH - RASHIPR 2 AEERE S 1 2 2 ZERIR - -
Al 72 7 (biostimulation process) Rl 28 61% B 2 ¥EHIA - TRE AT R
7%(biosparging)

4. PR EE FH A (in-situ thermal treatment)
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fERF R EVE R, ~ BUKEZRRE A RIS - SR EERH - ERAECINEHY
i g AR RS R - IR RAS BN ReE R T AI O
HRIFKEREBENL - WECEHEE 2 N efIfghha, - RHES 2 YE Rt US|
AR HAY(USEPA, 1997b) -

5. B LS LT/ 4H (in-situ chemical oxidation, ISCO)

AR RS ORI S L&Y - FIEAMESERAGLLE N - SR AI(E
oL HSE R P A B e e o TR B B K AL 28 A BT DL B RS )
(contaminants of concern, COC) » WiFF(EH'E & ~ BEIMESHEEAYITE - RIELE(L
i 2 EALEE TR {E AL IR ZEISCOR AWK 2 LA (Li and Schwartz, 2004;
Brar et al., 2006) - H g &fE( L2 S EEILAFERR S5 500 T o HAiEARES
FW).2 E /b5 Fentons B » H.& (ozone) ~ #E 5 i B (permanganate, KMnOy4) JZ

AT B (persulfate) - B LR A LAREHEEIFEE - Nin 53R @055
& > T DL TOAETIEREDS » HMRFREF AR » DUt E
WAE BE i R B 25 (Ferguson et al., 2004) o
6. BEEHIT H A% 52 (monitored natural attenuation)

BOHI B AR — TR B R R IR G 2 — - BAAERE RS-
BREAI N KR H S A E AT H AN E FRECE R AEAE - P G RE AR ~ FRRE
it ~ 33 ~ (LERE AL E L RAEYIERE » &HE T Es S EEHIER - 7]
AR SAYIRE - DUZTIREE 5 R e NIER G E HY - HEiE
LRSI 2 i EE - BENE - IBEEORE - KBTS R4 H
PRER (BRI E R TR A AR EAERRCR - BRI EBRRE kg
IEE GG EEUERRAN T2 - RIEERAH A EOA SR - MR E AR
AEFIFRFEHEST - BTV AR IR H ARSI -

2.3.2 FEFHI 118 Kot R KB AR/ 1 48
1. HEUZEHE 245 (pump and treat)
Ryt B2 (S Rt N KB aR T - BIEET 2R iR o - fhEUEE AT

R AT - AUEE AR EEHAAE ¢ (RIRES] > i1 58ET
20



#& )G (restoration) » REGHYIREER o FI /KR 255 2 3t MK R AETT IR
B FI FVE MR £ (actively carbon adsorption) ~ A=ERERE ~ JEREE ~ BEFAC
ok - AEBEIDE - DLERSIYW)  SRRMEIRA/K AT EHE AR T /KES el E
PEASMEZKER - SRR R RE/K R R - & 2052509 /K 2 sthm 1% - el
DA FH e 3 8 FH 7K R B 7K IR st 7K o 2 D5 24 b S EORTE - 28 &
K& Fr i B2 05 F4ry I T KA OraG BT A BY S 441 B mT 18540 R A2 R (USEPA,
1998) -
2. FRRTRE i

JERTERHZ IR T A TR IIBAE 52kt | (FHESE 2 RE
NI 2 HAY > A RS RS Ry 150-300°C (IR FRHT)EL 400-600°C (50m 2R
b) > J5E B AR R R R A - SRR B2 R AR E R
BUA R RASVARHEIT - TR R & R IHED IR )7 o F A A -

2.3.3 MTBE J5L86H it

FRE A HAN S OM 2 Z 2R 7y » MTBE A5 rFREERE » BErREF 24
Vot (E » B ZEfE tHERRERV B T » )26 1R EE /3% MTBE - H MTBE
NGyt IR S /K VB BT > SR 7K o 2 e 2R P s LAt =0
TR Feth - MTBE VRS HA S HK R ER - —SRERIR1E 5 1o G i (E 1
REFRZKFHY MTBE » B K2 #m B SURANME H # H /5 (Chen, 2005a; 2005b) < {K
H AT e # A 2 KB R Rl £y
1. FHEUZEIE %0

TSGR » B2 5 25Ut KR % - FREEMERSE TR - DUEME
b AR ES IR 7K Y MTBE J53/E 2 R0 AN AR HgES AR 1/3~1/8 7o »
AIEEF] MTBE AREYMEMERR » IR > FIHZERBRETREEE 20
ppm [F%ZF] 10 ppb AVEIE N » DR AR RSN - f (A E » HitH]
st SRR IR i 2 —(USEPA , 1998) -

2. ZEE0E AJE(air sparging)
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I ST RS A 1000 g/l BEEI 10 @/l 5 - FILGR
BRI 7% 2 —(USEPA, 1998) « FiIF H-ASHIAY AL £S04 MTBE J54+
eI » BT T OB FHE IR MTBE 2 Bulisl - SERI 26T A28
HUZBSE MTBE 35506+ » S50 — NIRRT 90 %Ll b BB -

3. EREAILE

S {4 (Photocatalysis) Bs— TS SR A LT + IR LI 2 S IR
ST TS LR SLI I - A 2 (L R R AR
IKEHREAEEY) » LR (L5 R AR (0 © —R LSk TIO S
TR T SRR E R B L DU (LB R e T ST
ARSI A ATRE(E— Tk % MERT IE S 42 (Stefan et al, 2000) -

2.4 AWBREHNG

LV BRI FHE Y o 2 5 5 IR sl /K55 Rl 2 A i
A o N AEYIE BRI - BRCEYIZ ATRE B E TS A) o R
BEY) NI EZ e TR T K580 -

2.4.1 RIS EYHE R A

RS AV EYIR BRI REIE b o [Ft m] o B R et B KIS0 - A
EABHZELE > FAREEHERETHZHHEE E'HAWE -« vhF) 26
JEgh > WA B RE - (R ECRITH IS VERFE] - HIEZ2 Rt B /MRS VE -
"B 2GRS - PR FIHAG AR TR > AR
f 5k FRE(Delong et al., 2010) ©

NSRRI > RZ AR MR E TR - 2T T o MK AR T
KT i - Horp oy pds ARy AFZERIEEA IR B 28018 B BREE G
T AR B F AR TR LR 2 BIR - DIREINRAEY i e %
H#%(Zanardini et al., 2002) - LURMED FORIIEEIREER) © HREVIRIE
(Bio-stimulation) : & 55N MRS58 /KAS © 1§ 42 P55 (Bio-augmentation) °
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PR R 7K 4 %843 (In-situ groundwater bioremediation )R B 3k SR 5k 2 (R i
BRI /K g Z A AR - S LAEVIREER o BUARI DA SRR Kb E
HSIYIE - BIANHSEYIE o B TRV E R FREERINR IR S A E FRY
BEF 7 HRESNER) - EEEHEE - BHLUER - 15757450 A ]
B EVIRIRIE - B iR R RGIR T TR SRR E T2 Bl
EATETIF RS » BT R HE OB E) G R RR R I R R RE S
(Kharoune et al., 2001) -

U N AR Y E G AT w Ay B TS AT - 47 4A0F F (aerobic) ~
[BR&(F FH (anaerobic) LA sz HA 3 ] (cometabolic) 5 = H & /F I a6 I BE 2R
B & IR S L EGREAERR LG - Y SR E B3 (Kao and
Wang, 2000; Shim et al., 2006)

2.4.2 Y ERE

FIRAY R E TR AL ERVSEE. > T R4 ) S ERE (bioreactor) B2 BE E
(fermentor) » 5 4= P [ JE R & DA% Aok 45 #F =X (stirred  tank) fz 58 8 & £ =X
(pneumatically agitated){fd & £ & H,(Ohta et al., 1995) -

1. MR A )R RS (mechanical stirred tank bioreactor)

PEAEAE Y TERE T2 R A R IR R R NR S - (B ERSUIR RS - s
BRTESEE @ REE—(EENTFREMEYE R REFIVRE - #HEYK
JEREAIRRE 250 2 R PR B24H RAERRFTIERK - FI R RETEEAY 70 Hias (Sarger) 2% 57,
AAMERE T R EEE BRI G - (R RS S i g R
o BT AE Y ERE A S ROR B AT RO RS MEERVRAE (Roukas et al.,
1999)

PEAEAY) S FERE A (BB Ry PR L S B 25 RIFRY R, ~ B ERES] - JREHRE
T E A R S AR R R A o GRERRIE AR S ~ BIUITECR ~ sEEUHAE
1= B E 22 21W(Roukas et al, 1999) o
2. REBALYIER (Airlift bioreactor)
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BEAE A=Y S RS T+ B ARG A E — (B E (draft tube) » HEZERERIE PR
e 0 e o Ry SR LB kY BT B L (riser) L5 | 4 SR S N6 U B 16 (downcomer)
(Kawagoe et al., 1997) - #ER &I RS A B = HY RAS (A % (gas holdup) » (151
BRI G RN IR RS YRS & - HPRAG & LAY - ERREeE
PRANTEERIED - IhAd AR Y S R B R 0 R AR B R R B e 14

AR AV S RERE Y (B RE A R R BR AR ARG - RS N G E R IR
AL PR RS Y B RERET, - GREERI AR S RE B R B M RERGE - AIER
R Ry BB ~ ROBBERIERHIEE - IR A Ryt AR ) S B R TR SRR A S
fATlEs - BER Y RO E DU 2 R B R IE » 18R B B A Y
Wi - HRRER D mEABZINEI RS - GEFEE PN - THEHR
STUI R ENYI4HAE. (Roukas et al., 1999) -

TR TR B AT S A ERXAVAEYI S e - R MEER RS T2 -
i S SERE A 0P W HEA [ V) FAE T 2 0 %8 0% A& (suspended) B[] - 78 A= 4 4
(biofilm)([&2.1) - i & 1 B M F A AV SIERE - SO R BIRES B S FERE
(suspended floc, dispersed growth, or slurry reactors) - 554/ M F 2E VB 2 A= V) R FERE
N g EE R A & A Y K FE FS (fixed-film  reactors, attached-growth reactors, or
immobilized-cell reactors) * N [EEEE AV MEREHVEEE » £ 5 i 28l A A 2(1)
AW ERE T A B AR A B SN ERITE Qi BEDSHPIRE © 3%
RAKE S DRIESFDIR 5 (S BN EREIEREE R & (6)3¢E S FER pA
% (Rittmann and McCarty, 2000)
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Basic reactors

&) AdS -

Batch reactor Continuous-stirred Plug-flow reactor
tank reactor

Biofilm reactors

—
;
T b il i =Ty
L L bk At ,- fA
se080 E'L',_:I __..a||-|[ [
e J O i
essons O .“-Q-.-\- ;o o
eese Soeleinie] |
e _T
Packed-bed reactor Fluidized-bed reactor Rotating biological contactor

Adopted from Rittmann and McCarty, 2001.
2.1 Y FERETEA
1. ¥ B A Y EFE (Suspended-growth reactors)

(1)

2)

3)

HEZC I B (batch reactor): BT 5 ALl i I 5 AR E O
BECRIY) o BRI R RIR(REEE) - LR )
RO - B R R NI B M O A BRESER
A EL B LGRS -

HE IS LAY 2 FEfE (Continuous-flow stirred-tank reactor, CSTR): %8
U AR B A5 R R Bk LTt 3 e A
SEAY) - BV EE Y AR 0 BRI E I KR
D o R 6 P e I MM 5 R A e A RSB B R 5
Z o

SER T IR TER (Plug-flow reactor, PFR): % M — i 5
GRS gt | A 53— B - PR A DS LBA/IN G 7 0
Ko AESERA R A > B MR - 0T LI PR S B o
R ER 2 - (BB TR R - e A I
I R 355 > SRR R 4 FLSR R S -

puz=sd
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2. EYREAA YIS ERE(Biofilm reactors): BAAFTE AlBMAYINTE 2 3R0H - MifE
RERAEYE - WAMEYIEYE FRCEmEER AR > R E R
SEA T BRI M E R B A ta(Rittmann and McCarty, 2000) o

(1) HEFEIRI ERE (packed bed reactor): £ HAVAEVIRAS ERE - AV
FEEERRYIIG (AN ~ BB - FHIERRARES - S S E
BRI e A NE SR TS - FHE . T BB R R (i H A LR N
PIBEITETR S - AN A D 5 YR R T A2 = 7 SR

(2) TR EPRAEYIS JERE (luidized-bed reactor): il ZEVITEAE M FRERVYAG
o EEYRSE R RO OIS B o LRSS R L R YRR
(biofilm carriers) » 4 8 i & i Wb i ~ & bR KL (granular activated
carbon, GAC) » BN FIERR AL BEIR iE RIRES -

(3) JiEiE AR YA [ JfE Fli(rotating biological contactor, RBC): HEi i A flife
gAY R EER - BASRGHEEE(LZ S - AYBRAE
{5 FH YRR B Sl BT DA BE AR YRR CE I ZE A A R - i
FIRBREAEY) A E0 53 rIHE Bz R IR R (5 2 S ERER -

2.5 HES=TEBEY#E

N ZKMTBEAR 55 5 i 48 5 {5 F 4 38 AL 22 B 2R W) M 07 = E 17 8206 (USEPA,
2004) - FHARAFT A BRM TBER s (L 4 A SRR N BB R R S T 4R )77 ## (Jensen and
Arvin, 1990; Suflita and Mormile, 1993; Salanitro et al., 2000)> 3= ZZ 2R BMTBE{L2
CEESRGS B RE A TP SRS = T BB E TR E 2 451 - 1A T LUKEF IR AR
BT3B A YIEMTBER A3 fRAE T (REMTBELY) /3 iR RE T 12 118 54
i A=F733 B - (Prince, 2000; Zanardini et al., 2002; Fiorenza and Rifai, 2003; Schmidt
et al., 2004; Ferreira et al., 2006) °

MTBE# F-##Salanitro et al (1994)87 1] DI > B IR S B PR(BC-1) 73 -
BC- 22k B A RE T2 e B /K iR B RS 15U » ST O A R R R &

¥ > ST EMTBEZRZLH 34mg/g cells/h < S HFF2 S8R5 HIMTBE °] H #:1#¢4= 1)
7rfi#(Hanson et al., 1999; Hatzinger et al., 2001; Frangois et al., 2002) B &% {#H
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WSS (Volpe et al., 2009)#E1 T3 47 fi#(Hanson et al., 1999; David et al., 2002;
Smith et al., 2003) o DL 73 Bl M 4HMTBE#E H A [E G 7 =UE T4 3

2.5.1 FEEDHE

RIFIAAEYHEFRIBTE TR A Y - Horp Z S RRF/K R R S0
RS EY) » —EREEHME B RIRE - EYETTE S E I R A F e
ATEER

FHAMTBEEY) b 5e - REDHIEAT A o flgss e - il sk B KR
HUSEME e E - FHITE 19944 5 A B F Salanitro % A S HIBC-1EE - 1F 5
BB RARIE T EMTBEZREEE34 mg/g cells/h  (HADRERR20°C - BUASHE
/NIRRT mg/ LI - AR M (8 BB A ) o R B

TE19974-Mo et al. 7 HISRAT 6 T~ TP B 2 OB M5 e - 3B = HREHE
(Methylobacterium mesophilicum ATCC 700107, Arthrobacter ilicis ATCC 700109,
Rhodococcus sp. ATCC 700108 B MTBEE A 7317 » HERLE R o R A fo g s
EAMTBEM (DL 451856 = T A B REE » I =FRE A3 fiEMTBE(R4A72f%200 mg/L)
4929% - HrpfE B bR — B HIA 8%YMTBES (B — & bhi% » o] A1 B fELS i
SRR (EETEMTBE(E THHER)ER 2 S R(ETHZH) - ERAHEY)
& Abhk -

BOTBEELIAR » $HEHE FH P A B TMTBE A )3 AT 240 & 2% (Bradley et
al., 2002 ; Tay et al., 2005; Ferreira et al., 2006; Shah et al., 2009; Kao et al., 2010) = E.
AREMEIATE > Z/EDeeb et al {£20005F il —Z5E & H—BUR S #ETMTBE
SRR - AE B M B B AMTBE i B IR T - PML (Methylibium
petroleiphilum, PMO){E4FEIRE T B AMHE SEE D EMTBER)] » PMIAKEMTBE
EEmE—RE - MRS KRB AERE T 2 I - H 7 R 0.18
mg(MTBE)/mg(cells) (Hanson et al., 1999) o AHFFe & 1 FE SR ACH] FH 4 S8 B 70 1
MTBELE#E 72,3 -
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F 2.3 {FIFEIEE N MTBE YR FERE LRSS

Initial

Species Metabolism ) Degradation rate References
concentration
Direct 2(1)\21)?1:714 34 mg/g cells/h Salanitro et al., 1994
et Aerobic h hi - I d
erobic heterotrophic 14 mo/o cells/h Salanitro an
BA ve Wisniewski, 1996
Methylobacterium mesophilicum
(ATCC 700107),
Aerobic heterotrophic MTBE 0.18 mg/g cells/h
Arthrobacter ilicis (ATCC 700109) 200 mg/L Mo ctal., 1997
Rhodococcus sp. (ATCC 700108)
Cometabolic with MTBE 9.2 nmol min’! mg of protein‘l Steffan et al., 1997
Nocardio-form bacteria ENV421 20 mg/L
propane TBA 2.4 nmol min" mg of protein” | Steffan et al., 1997
Rubrivivax sp. PM1 Aerobic heterotrophic MTBE 50 mg/g cells/h Deeb et al.. 2000
50 mg/L eeb et al.,, a.
MTBE 4.6 nmol min™' mg of cell protein”
Most closely related 20 mg/L PTOT L e OF €51 profein Steffan ctal., 1997
Aerobic heterotrophic
to Nocardia sp. ENV425 .1 .
TBA 1.6 nmol min~ mg of protein Steffan et al., 1997
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* 2308

. . Initial .
Species metabolism . Degradation rate References
concentration
‘ ‘ MTBE ‘ Salanitro et al.,
BC-4 (MC-100) Rhodococcus sp. | Aerobic heterotrophic 80 mg/L-N.D. in weeks
80 mg/L 1999
MTBE 3.9 nmol min" mg of protein )
o . o | Garnier et al., 1999
Cometabolic with 10 mg/L 34 mgh” gdried biomass
Pseudomonas aeruginosa ; .
pentane 0.47 nmol h™ mg dry weight’ )
TBA o ., | Garnier etal., 1999
0.016 nmol min~ mg cell protein”
‘ ‘ MTBE Deeb et al., 1999
Rubrivivax sp. PM1 Aerobic heterotrophic 50 mg/g cells/h
500 mg/L Deeb et al. 2000a
i L ) . MTBE L
Methylibium petroleiphilum PM1 | Aerobic heterotrophic Smo/L 0.07,1.17,and 3.56 gml™ h’ Hanson et al., 1999
mg
MTBE | . Hatzinger et al.,
Hydrogenophaga flava ENV 735 | Aerobic heterotrophic 46 nmol min~ mg of cell protein”
75 mg/L 2001
MTBE ] |
Mixed enrichment culture F Aerobic heterotrophic 100me/L 2.7-20 nmol min~ mg of cell protein™ | Fortin et al., 2001
mg
Mpycobacterium austroafricanum ' ' MTBE . . '
Aerobic heterotrophic 9 -20 nmol min~ mg of cell protein™ | Francois et al., 2002
IFP 2012 82mg/L

29




* 2308

. ‘ Initial .
Species metabolism . Degradation rate References
concentration
Air Force Base, CA Aerobic heterotrophic 5.3 day " in two months Wilson et al., 2002.
150 mg/L
Cometabolic with MTBE R . Dupasquier et al.,
Pseudomonas aeruginosa ; 3.9 nmol min~ mg™ cell protein
pentane 1.1-123 gm’ 2002
. . . . MTBE Kharoune et al.,
Mixed enrichment culture Aerobic heterotrophic 1.8 mg/L/d
200 mg/L 2001
‘ ‘ MTBE '
Streptomyces sp. IsoSL1 Aerobic heterotrophic 30.6 and 50.2% in 14 and 28 days Okeke et al., 2003
200 mg/L
Mixed enrichment culture ‘ ‘ MTBE ‘ ‘
Aerobic heterotrophic 2.1 mM of MTBE in 10 days Zaitsev et al., 2007
CL-EMC-1 2.1 mM
The mixed culture obtained from _ _ MTBE . . _
Aerobic heterotrophic 0.000778 h " and 0.029 mg 1 Lin et al., 2007a
the wastewater treatment plant 60mg/L
Multi-substrate
MTBE -
Pseudomonas aeruginosa biodegradation 0.099 mg 1" h Lin et al., 2007b
28.4 mg/L
with BTEX
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* 2308

. ‘ Initial ‘
Species metabolism . Degradation rate References
concentration
Aerobic heterotrophic MTBE ' ‘
Methylibium petroleiphilum PM1 99% removal efficiency at 20 min Chen et al., 2008
Gel immobilized 10 mg/L

Methylibium petroleiphilum PM1

Aerobic heterotrophic

MTBE 5 pg/ml
MTBE 50 pg/ml

14.8 nmol/min/mg protein

72.6 nmol/min/mg protein

Schmidt et al., 2008

Microcosm in a fractured chalk . . MTBE
. Aerobic heterotrophic 6.6£1.6 pg/L/day Shah et al., 2009

aquifer 12mg/L

Rhodococcus aetherivorans 1FP _ . MTBE . _ Auffret and Labbe,
Aerobic heterotrophic 143 umol h " g (dry weight)

2017 7.5 mg/L 2009

Achromobacter xylosoxidans _ . MTBE Eixarch and
Aerobic heterotrophic 78% after 5 days

MCMI1/1 100 mg/L Constant, 2010
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2.5.2 BREHTHE

REIRF R R Z MAEY N BHZE AR EFETZE A HREARER

TEFEL  HRIEYnsfR8mIEELE - B2 AAHNE » AP RS
FREE TR AR YR A TR ERT

MTBETEERE SR T YA g /D8 - B SR 4E 5 ME 2 P38 (Schmidt
et al., 2004) » 2. AFH B /M A AH AL TGABR Y IR SRS T RE IMTBE#ES T AW 70 iR
ZHWt5E(Waul et al., 2009) » a8 AR HIEARE R RREVIRRE Z It T /K AT 158
TR E AT - R EURR AR B T B ERMTBEZ#ZREL K1 mg/(L, d) »
MRl R BIFE #18 i Eaalin g 24 /5 500-1500 mg/(L,
d)(Steffan et al., 1997; Finneran et al., 2001; Kuder et al., 2005; Somsamak et al.,
2005) - ffi kA LIE B &5 AAEYIEE 77752 AR ROE T ERNER
(Kuder et al., 2005) -

BRI SE AR SR BRI R NG EIRE - FRERE R R
FEE S RAFAE #E T (Fiorenza et al., 2003) » &80 7] DI T BB T /Kim E4F
A TRE R TIE - S5—J7H Ry 7RSO RCA R LR R RS A
KRBT BT EPIMTBE fy 8 T (LIS - A (FHH#EITRRA ST #(Waul et al.,
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* 2.4 [EREIEET N MTBE £¥0iaE T EE#L

Inoculum Metabolism (Redox) | Initial con.(mg/L) | Final con.(mg/L) | Degradation rate References
Fuel impacted river sediment HCO; 48 22 0.51 11\’;(;1?1116 etal.,
Petroleum impacted aquifer HCO; 1 0.1 0.003 %géon ctal,
Surface water sediments (oasis) SO* 1.5 1.38 0.00072 lzgggilfy etal,
Petroleum impacted estuary SO* 100 0 0.8 5(())(1)1;S'clmak etal,

i Pruden et al.,
Fe(II)-reducing reactor Fe(III) 5 0 0.012 2001&2005

. . Bradley et al.,

Surface water sediments (oasis) Fe(III) 1.5 1.32 0.0011 2001b
Petroleum impacted aquifer Fe(IIT)/HS 50 5 1.13 lzzé)%lieran et al.,
Surface water sediments (oasis) Mn(IV) 1.5 1.08 0.0025 ]2353(}1;3’ etal,
Surface water sediments (oasis) NO;~ 15 0.525 0.006 ]235?)(}1;‘}] etal.,
Petroleum impacted stream NO;~ 1.76 132 0.006 ]2353?1?? et al.,
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253 EEORE

HEt B AREEMTBERE Y] » &N R HESERIRE AT H2 68 DEEME A0
RBEERET) - SUHE S ASS B IE T A SR AT A - B s ##7E 1 (Volpe et
al.,, 2009) - FHFEURET S IEA A HE 2 AMTBEST#AE ) (Hardison et al., 1997;
Eweis et al., 1997) o

2.5.4 MTBERHEY R

AN iR 5740 » B T B REEH (direct metabolism)d » #2H 55— 77
Fs AR (cometabolism) o G E 2 BRI E L & PIER B 52 - HfA Rk
55— %E (the primary substrate) LAFR (It 4 A8 & » B85 —F/H (the secondary substrate)
HEefRt s B EEAN DI & « S35 B~ » 25 b(co-oxidation) B A& [
(co-reduction) » FTAMIHLE( LI A FEREHTEMRE S MK KEHIHEFR]
FATEREGRER(TT » 2002) © TEAFEGRRE T » #EA IERFREE 2 (nonspecificenzyme)
= 5 3 I FH B 4 (monooxygenase) B¢ EE 45 & i% 2% (dioxygenase) © SR » L5 iR
HYGE ~ POEE e il BB S 05 5 Sl B (U1 Pseudomonas stutzeri OX1)w] LISy
FEEEFAFBAR(NALFN=ZEALF) BB R LSRRI E R TR 2R
SRR SRR » 125 AR ] i S i 2 (R LR P 5 )
TEMTBEAE )53 fifg 8 A S AR E F » 7 Sl B e ) P S B B e o e —
BB G A RITEREEIE « FlIA: £/ (Garnier et al., 1999) ~ Ak
(Steffan et al., 1997) + Z,E(Piveteau et al., 2000) 52 (Graphium sp.)7 o] 3% i
B TF Tl T 025 7E I (Hardison et al., 1997) » MTBE 4% £50.92 mg/g cells/h o
ifi % X A5 W52 % 5 (Hyman and O'Reilly, 1999) Xanthobacter sp. ~ Alcaligenes
eutrophus®i Mycobacterium vaccae strains 7] F1| F fiff BE EL§ 557 e AT AU
{EF » HIMTBE T f##E% 1%43.6 mg/g cells/h & LEMTBEE #2{ Lt {F FH P Al SR -
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2.6 HEF="TEREY TERE

DAY R J7TE - MTBE AR S S 4 B o A 70 DA B 22 P TR (— i =
riEE LA - F /AR A —{E FHEE (formaldehyde) fi 5 TBA ( Steffan et al., 1997 ;
Salanitro et al., 2000 )~ {H /5 £5 5 &k (Hardison et al., 1997)35-HHMTBE FjEs4E 1y R RS
VIR IERZ 25 = T B (tert-butyl formate, TBF) > {HE[NBTBF HY/KARE
FRIFFE PR ] AR PRATES N E bR S Al S LR I TBA » [N P38 B
HEMINHG S ZIMERERIEE A RE - REZNE B HALGYEE
(Church et al., 1997) o [fi TBAT #fi— 35 & 43 fi# 5k 2-methyl-2-hydroxy- 1-propanol
(MHP)#{12-hydroxyisobutyric acid (HIBA) (Steffan et al., 1997) » 7 (% FE 448 S B HL
2-NE#(2-propanol) ~ Pyfid(acetone) Fl1E % (EER(hydroxyacteone) (Salanitro et al.,

1994; Church et al., 1997; Steffan et al., 1997; Deeb et al., 2000b; Salanitro et al.,
2000).

HATERAFZ MY S A D EMTBERE Y] - (HEHEMTBE > it hiI 4l i
ABHNE - A([E2.2) R Fo oAt > 33 Steffan et al. (1997) LA MTBE 3 fi#AE
Z Nocardia sp. ENV425rfhi2¢3 » F 2 AHRIEZRHIE Frangois et al. (2002)E2Smith
et al. (2003)#FHIMycobacterium austroafricanum IFP 2012 Ei Mycobacterium
vaccae JOBS T3 iR 1K Hil L BilSteffan et al. FHHEA EIHIHEH] - BEMTBE t Ak
TBF » MRAEHE M /KA TBA B - £ B8R BunH B R B S bRs 2 H
Smith et al. (2003)¥5H » MM{F20064F. Ferreira et al. {F{{tM. austroafricanum TFP
2012 EAEE B RAHRR AN T TR - SERTBA R (R 1 THMI -
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CH, CHy

e ot | Methyl fest ity eth
HyC O—CHz | Methyl terthutyl ether Hie 0 —CHj etnyl ter bulyl ether
l‘ alkane 1-monooxygenase ‘unspeci.ﬁa: MONOOXYEENnase
Hz CH3
HSC7< Hydr oy methyl H3C7< Hy drosy rret byl
e’ oy tert hutyl ether AY tert-ityl other
3 y,
OH H

O
%. HaC =0 Faormaldehyde
cH
Hat : : carboxylesierase CHy
HaC O—\\O \ T HgC ?< | tert-Buty| alcnhn||

HyC  OH
o
| ten-Butyl formate | N J‘a]lmnel-mnnunxygenase
H
Hal 2t ethry |- 2- by drosy-
Hae' bH 1-propanal
Q
- 2-methyl-1,2-propanediol
Izobutyrate dehwroerenase
Hiz
CH -
3 Ha 2-lethed -2 -hyrdroxss
propanal
methacryhte HyC  CH
reductase
L hydroxyisobuyrald ehyde
o% 2-hydroxyisohutyrate dehydrogenase
_/—O dehydratase o
Methacrylate | | Hac iy - \
CH2 Hal ‘ 2-Hydroxyisohutyrate
2-hyd roxyisohutyrate HiC  OH
decarhoxylase 2-hyd roxyisohutyrate
3-monooxygenase

@]
HaC YOH N
2-Propanol HE,
L ‘\ﬁz_o 2,3 Dihydr oeey-

& 2-methyl propionate
Has  OH LSel

2-hyd roxy-2-methyl-
] 3 1,3-dicarbonate ) o W )
—0 decarh oxylase © 2-Hy drosey- 2-methy -
actate ch—\ s 2; 1,3-dicarhonate
S OHyC OH

Adopted from Pedersen et al., 2008
[B2.2 FHALSS =T Bkt (U oo it [
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HBEIEAMTBEETBALE ARG BLEIJAH4 AHEE 2 T 7E - WZEaE S5 A E
HAZ ALY 5 FEMTBERYEE 40 2 b [ 2= ) B F A AE P U EE P AH (DL (Deeb et al,
2000b) - 4N EFIMTBE £+ M 7L 35 #G P9 0 45 H 41 B € 22 P4502E1 (cytochrome
P-4502E1) -~ 4 P = ZE P4502B1  (cytochrome  P-4502B1) K
NADPH(dihydronicotinamide adenine dinucleotide phosphate)EfMTBEZ:HH B Al
55 = T F5(tert-butyl alcohol, TBA)Eil FHE%(formaldehyde) (Brady et al., 1990) - TBA
AU AMHPELHIBA(IE2.3)F5 HPRIRHF I (Bioresearch Labs, 1990) - chfl{ A=
PITBARZEE B SRR A YIFT sy s -

7T 2 B15E 15 ) B4 (BB (monooxygenase) 1 41 S8 F 5% F /B B JoRF MTBE 7
A EEY TBARYEE 22 (Hardison et al., 1997; Salanitro et al., 2000; Steffan et al.,
1997) -
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CH,
|
GHS-"(l:-—CHa

O—CH,
MTBE

P4502B1 NADPH

P4502E 1
CH,
H ~
OH H
t-Butanal Formaldehyde
eﬁi{qﬁt‘g‘h %;cb@oﬂ
> Se
CHy H
| | 0
CHp—C —CHg H—C—OH HCZ
| | OH
OH OH H
2-Methyl-1,2-propanediol Methanal Formic acid
l 1-Carbon
o} pool co,
_ﬁﬁ'
§oH Carbon dioxide
G H:!_'_'lz - G Hﬂ
OH

a-Hydroxyisobutyric acid

Adopted from ATSDR (1996)
2.3 HHERES =T LB P 2 A o A e
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— EuRf4¢ b B (Hardsion et al., 1997) » 184 B4 K22 (Cytochrome P-450)%:
—TEAE A FAZ R EIARE B HEN g E S8 ARLEY T2
TEFTE (E 7 B —(E R R B 2R 118 BB 2 T B4R 45 -
ERIMTBEFIETBE #EERTBA - 7245 HIMTBE 5 \B& ATk - H 24
Y FBMHP ~ HIBA K /b~ FHEEFINEH - HLIUfE(L &) BMTBE #E4HE
A% > R REY)(Deeb et al., 2000a&2000b)

2.7 EHERERES =T &K

MRESERSE » nf LA E H EIMTBERE GRS - & EVIReE Rk AT
&R 2 B VB - Bk AKrayl et al. j220034-2¢F7 Pseudomonas putida
KT2440REMTBEN - iZ B ECHHA R - ATPERG - SETER - HIERCEH
BRI MTBE € 52 28Pseudomonas putida KT2440% (L4 R 178 AV E A
H 5 [E] B [ 850 15 Alkylhydroperoxide reductase C (AhpC) Eid Superoxide
dismutases (SodM, SodF)&7EisE LR JIHHREE © 559 Krayl et al.Z275 H|H Electron
transfer flavoprotein A(EtfA)EigE &8 T-HF4fHREE - EiEixarch and Constant 22010
2 55— fE Achromobacter xylosoxidans MCM 1/1#2fM TBER 7 4= 28 HAH L -
Eixarch and Constant’ #$3{ MTBE& 3% 25 A chromobacter xylosoxidans MCM1/1 4=
508 ribosomal protein L10 ~ Amino acid-binding periplasmic protein ~ ATP synthase
EilEndoribonuclease L » 7] DL DAfERE S A= 9BHMTBERY > & Fyok H A= {7 i i
FEMTBEZ: - SUEA S MEAERED - B AW A S &M L (EEMTBER
EHE AR T E A S MR 2R TR EEE R H » 55— 807 RlRiMTBER A/ MR RS
H g - AT EESLATPERED - B ESLEEER EYEREE
(Eixarch and Constant, 2010)
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2.8 HAF5HY)(co-contaminants) 7RSS ="T Al 7 o8

FER T /KT SALE T & H B MTBE L EfFIEZ A5 54Y) - IR &I husid
HlAY 5% MTBE B8] - REHHIIHIRCEY) /1% MTBE B H'E ; B0 E M4
HILAR ST 77# - #ELUED MTBE 7335 (Deeb et al., 2000a) © 1E7%
il MTBE 75088 4080 » Hh BT ik @ L &RlE8 MTBE 2F 2 H
R SEYI(EYM BB 2R 2.1) » RIUR S %S 2288 58 ffE Sy BTEX -

£ PMI EfdEzASE T » MTBE BT A DLE BEE T — R A= )57 - (BAE
CREL T HRAI e DA B i 2 - H 81 MTBE 472 N MTBE [l HRE 4 -
RS PM1 73/# MTBE(Deeb et al., 2001) - #5254 MTBE B A7 4R
CHHBEARE - PM1 JeHFETHIR T MTBE [Ffgstls - SRbaG 7%
MTBE FffAEEIH S » BIEMRSURNE © [L2 JcH MTBE BlFgf T4
el o GEENAACR AT - HEsh MTBE BESEAEY) oy fiftieE 4 B8 1 B Bl iR i
A [E](Deeb et al., 2000b) < {EHTHAAIHSTHE H(Lin et al., 2007) » 53 Pseudomonas
aeruginosa {£.77fi% MTBE 8 BTEX I} - A G35 F5: H A AHE B RAR -

_H
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B=F - WIFRTA

3.1 HFEMRLERIRRE
3.1.1 TARRREMERRE

AETERAGH TIF BB R AR A 3-1 R ST A EI5 A5k th s
RS AETSHY) AT E RS MY O L5 3 Z RS FRCR R HL A
REEBEEYINER 280 LA REEE AR MTBE 2 BRI fE KR Rk
R EH ARG BV 200 WS EVIE S R SE 53R
PRI K AR -

Bacteria with MTBE-degrading

potential
l
Single culture Mixed cultures
| |
1
MTBE biodegradation
| l
Batch Bioreactor Substrate
Experiments experiments interaction
¢ MTBE degrading ¢ MTBE volatilization ¢ Estimation for BTEX
¢ Co-metabolite ¢ Direct metabolism vs. concentration
¢ Culture density Cometabolism ¢ Degradation in the mixture
of MTBE and BTEX
Sample analysis for 2 Sample analysis every .
p weekys day for 7 days Biodegradable pathway
¢ Selection of bacteria ¢ Protein identification
with thg best MT,B E- ¢ Evaluate the pathway
I degrading potential I
Biodegradation ¢ MTBE degradation rate

¢ Degradation model
¢ Mass balance
¢ Degradation Products

Kinetics

3-1. FHEVIFEE
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3.1.2 HERHE
. B

RETE B TEE XL 2008 £2000F S TR R E LSt 5EaTE T DIE

Y sl e A bi5 3 TR 2 BRI IE S R 72 | < BAGRUR - U 5
55 1k v 43 Bl Y AORR B R (Pseudomonas sp. NKNUO1 ~ Bacillus sp. NKNUO1 ~
Klebsiella sp. NKNUO1 ~ Enterobacter sp. NKNUO1 EidEnterobacter sp. NKNUO2 ) »
BRI AR B R e RS SRR - FLGEE M s O ~ TESHRLE ~ S0 ~ B A
BEEEH - A bESEIE LN ~ Z5 ~ PO ~ PIM ~ T~ TR~ 2~ B
Fe TR < S5 RglE I T K bR EA L E VIR AR B A AR AR ~
B B RSV FRRMZE  BIATHE R E S0 ~ H/K 2R ~ B ui e
ZBETK PR FTE R » 3G 2 E RS AR - SRt N /K e T3 755 -
AIFEE L S Fe s IR AT 54500 - IR B BREE 2 8t oK o BEH BA
MTBES}f#7& 1 i (Kao et al., 2010) > HETFFHREIT &G TR REYTITEAT
(Food Industry Research and Development Institute, FIRDI) 2 A= Y& G ({7 X 5L
1,0y (Bioresource Collection and Research Center)([&]3-2) » MTBE 43 fi#72 JJ B fE 4[]
T

(1) Pseudomonas sp. NKNUO1 (BCRC 17914)

(2) Bacillus sp. NKNUO1 (BCRC 17910)

(3) Klebsiella sp. NKNUOI ~ (BCRC 17913)

(4) Enterobacter sp. NKNUO1  (BCRC 17911)

(5) Enterobacter sp. NKNU02  (BCRC 17912)
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' (TRCRC, 17910

BCRC_17911

Emterobacter 4

[BCRC 17912

Efterobacter sp

- .

B | 1£“.§..?q13 ;

. . TBCRC, 17914

B 3-2. TEEERREMEIRRERPFEFL
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2. WlEREE

S A Nutrient Broth (NB)EZEEHIA 100 mg/L Y MTBE » AfRESHEH K
BiE > BHEHHSER —tb—  REFEIRI-80°CKFEGEFR 4°CRI/NE - &
J2-20°C W/ NI » B {2 12-80°C OReT) « HEA T sl Baier 75 S AR B0 R A48
RS © (DNB £5%& S50ml g0 10min 4400rpm - {25 EJ5K - (2)1ml
PBS(phosphate buffer solution) [E[/ACEBEMY 2 ml B 0VE > FHEEL 10 7r8E
4400rpm - EE 3 X - Q)M 1 ml FFEREIEEIE - FHHOOEEHHIEE - 7]
F ODgoo HH ALAEA FIEEAIIOCAE o FH R EIR ERER AT R eI AR &K
(MSM)(Okeke et al., 2003) -
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3.2 EhuaiH
3.2.1 &Y ERE-BRAEY X FERE (Stirred tank bioreactor)
L. AV ERE 2 451

R LY RS RAETAS LAVBEEENS - BaTEsE RS A4 L FEHiE
SNEED Z B R8N 2 aVE SRR S A — BRI ME R BT R DL
PEfRERE - MERHER A SS s EEnreE SRR S
(& 3-3) -

2. VERS 2 BEAREGT

AV ERE 2 B R R HIIRAE R R Z A RAEFTR E AR T
ZEFIFTHHSE AR THIMERS H R A E & - NIV R ERE 2 s T BB ERITR A R
ZHIHE ©

(1) AV ERERE R RSN - e R A RFRAVEERE

Q) REEVRIRETETY  BREEAER  TRBSIBNE  HT6E0 T
MR T SR -

() FHECEIMEEHIRE

(4) FEERESZER] pH -

(5) FRERERSH 2 ik an -

(6) FEEFHETRIRMEIFTS HEFHRA AR TH -

(7) FEfREEFEAAYPEL ~ g SEESmERSE] -

(8) (ENIEREANEEEIRFHDCEIIE - N EAIRRERRE > DI HHEFIRE
VLRI -

FEE SR AT E AV YIS ERE - 228 HE(EE pH probe and DO probe)#fiA]
LUETT SRS BERE - A AGEA LY EREE A probe 5 HE « ALY
FErE R LB R L RIR IR b n DI RSCE A G B il
PREY) AR SZ PR AT -

En
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3-3. AW ERE

3.2.2 WEIHTEEEE (purge & trap)

At EATER A EVIR s AR E T A RVCRIITE A - WORIETEA B—THENRETH
227 (dynamic headspace) © Z IO EREHEEAREEY) - ﬁIﬂfJ? Ry
WCSRIRPER EAE B E R fE T RHE R/ KEIE AMBRE - dEIETRAe - s A
FRIER » /KRR IE AR e (F & A AR R SR - (B0 E KA A
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AP E DRI A AR o RIS B SR T R AR IR R E
e - WORIRTEBNE S Iki% - I IIEMASRE - RER I R B A _E R e
IR - dCE A AR R - HEUTA R ERYRE ZE ppb #IE

KRR B R0 T WORTE R B BRI R E S LA - HF &
By SmL HIERSESTERIRE - ORI BR e 2 B0 B RBRoRE R a0m |
WRERERE Ry s 40+3mL > s E LA MR Ae S AU EUREETT 11 38
IR BRI BEHE T KSR 4 7388 > DURIIRE 250°C #E17T 4 3 2 MR BT i - el 52k
&L 260°C BB ATA B E BIRITE - HHUEHR R A 10 705 WORReRE
P B — R G ) Ry 29 7

3.2.3 FAHIBHT E s

AW ZE (5 EAH /B 5% % (gas chromatograph/mass spectrometer, GC/MS)
(HP 6890/5973, Agilent, USA)METTENE K EE 3T > AT AV 77 Bl E 1 (HP-5ms,
Agilent J&W, USA)#1'E £y 5% diphennyl » 95%  di-methylpoly siloxane » [N{K 0.32
mm - EEEEEE 0.25 um > 30 m & - SRR S ER -

3.2.4 /KR (E A GC/MS 3t iRl

GC/MS HEBRUE » (IS UMb B 23:1 - HENTEE | mL/min - JE4¢
[1250°C > i ElE] 45-260 amu > GC/MS SR EREE » #EAARIE 35°C 4EfF 2 708 -
P 95748 171 8°C FEE 50°C » #5548 EFF 16°C FEE 70°C » FLUGS 8
BT+ 22°C FIEE 100°C 4EFF 2 4348 - AL FTLUG 8 BT+ 28°C BNFHRIRIFEIE
220°C - {ELFHRIE - BERSIHTIERR 14.77 4345 -
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3.3 EhITA
3.3.1 #tEdEe
. L&Y%

Medium : mineral salts medium (MSM) (1L)(Okeke et al., 2003 )

K,HPO, 0.225¢g
KH,PO4 0.225¢g
(NH4),S04 0.225¢g
MgSO, « 7H,0 0.05¢g
FeCl, « 4H,0 0.005¢g
CaCOs 0.005g
Trace elements solution* 1 ml

Trace elements solution f%43(1L)

MnSO; « H,O 169.02 mg
ZnSO4 « TH,O 287.56 mg
CuSOq4 159.6 mg
NiSO4 + 6H,O 26.285 mg
CoSOQy4 * 6H,O 28.11 mg
Na,S04 * 2H,0 24.195 mg

MSM FEBUR B 5247 » ELeh4ei A MTBE LUR TF T (F RS AR e -
FEHORy medium £ < Hr MTBE BLESGe &850 022 m IR E Ry
Mixed Cellulose Ester ))& » D20 A EfEEY -

2. SR HRBE TR

EIELE 1 (ODeon= 0.1) R ELE MTBE JFE(MTBE= 10 mg/L) - (745
B MTBE 53 » BESARERAMT 15 7 » 2630 MTBE JFE 2 (5 B5 10+ 15 K
HETTLA IR BT MTBE SAHE) HocR 2240 F MSM medium 711 10 mg/L
~ MTBE; 8554145 & 58— BRECIFLE) - SRR AT+ medium(10 mg/L
MTBE) - %5 medium 40H 75 60 mL > (7] 125 mL = Fiielpi - FLIEFRRE
SEAE(E » 4 A AR ISR £ R
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3. J6R53E MTBE #id

T E 5 8 (ODgoo= 0.1) K2 [EE MTBE JEE(MTBE= 10 mg/L) | » st &5
A fESLAEHYE N MTBE 5P QLS E ESObe i £ %) » B 5k A 1]
15 K 0 MTBE JRIE 2 R(E A5 10 ~ 15 REFTLIRMEETES e E) » K
HZEfI4H S MSM medium (MTBE BLIE e/ 20%) 5 B s F &5 B — i3k 7
)~ FELPIFY R & B+ MSM(MTBE BL1E b/ Z8%) - B 548 AG R medium 5y 60ml-
FI 125ml =i BAE G BZEZEE  SNEN S BE R IsE HE BUR -
HAREHYE MTBE ARSI A3 EHYE : MTBE =10: 7(Garnier et al., 1999)

4. NEIEETHE MTBE #5

{18 MTBE J&RE(MTBE= 10 mg/L) - B2 £ 1B (E Ko/ ZB9) F -
BEEEAEFEE N MTBE 3 ##80) - EEai e AHA 15 K > HMI MTBE %
2 (B R 10~ 15 RETLURMENTE T & 8) - %4 A MSM medium(10
mg/L MTBE+IESRSE) » BHEREH R B — R (L TPR) ~ FLLBIHVE &5 (53 L
ODg0p=0.1 > ODg=0.2)+ MSM medium (10 mg/L MTBE+1F/X)%) - EERdEretE B
60 ml > [ 125 ml =AM > HAEMWBZEZE(E - JNEF s e w58
BT -

3.3.2 £V FEMRESER
1. Y2 FERE A -
FIF MSM medium {EFEEDIE (temp= 25°C ~ pH= 7.2) » £ medium &7
HRBHY - AUREERARES -
2. MTBE A4 ¥ RERG4ERF

MTBE Bi# ARG ERNBEYIN EREEE T > IR B SR
Ji3CiERE MTBE §#3% > Fll SRR iS5 E PR LLERF MTBE A S IERE F R
RETT o FIREFHFHRE S ERE AR - 22 SR R E T MTBE I AR FERE T -

3. EMRERAERENTEM

3 % 7 8 (ODgoo= 0.1) ~ [E%E MTBE JRIZ(100 mg/L) T - #E{TA SR -
PEIESC TR - IR DIEREE (100 mg/L)fY medium o> FREC#REZHI DO {H ~ ODgoo
{H ~ B8 > MTBE JRE - AR ER(EEEE R ODeo= 0.1 ~ MTBE i
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J& 5y 100 mg/L) - EEHRERESERR - [FIIFA N0 MTBE BLIE Kb medium o
KacsrHlE DO {H ~ ODgoo fH ~ F7& % - MTBE % -

4. MTBE U EEY)HIE
(CE &S R rp PR A T i e R - A AT RE 2 AUEEY) < FEHTAED)

Rk 47 ER(PBS  buffer) AR AR R RS - (EEYIHERAEIE T (Rest

phase) » HEEFAE % 2 /0% MTBE - 1% PBS buffer 1/j1 A 100 mg/L MTBE >

AR {8 NP AR TR 25 PR (VOO B S MY (SVOC) LA GC/MS ZE M
$T¥f Medium S3Af /57540 T

(1) $EEEYE  DLEEET /KB medium £ ZLEVIRELSETEN - B
Volatile organic analyte (VOA) vials # » | Method 8260 E 2L/ Purge and
Trap HEFTITE /K /A 2 S EARILEY) - B GOMS ETEREE T
Hr -

(2) “PHEEEMEYVE HL medium 22 A 25 mL it - {RSSEER (RZE Method 625
JTEETEE LU » P Method 8270 (5] GC/MS #E{T/E 734 MTBE
FHEY) - E A medium 10mL I AZE EWVIREE R pH {H/NL 2 - KEEEE
iF pH {HAY medium 4245 00A 10 mL #Y & HkE » & FiRE o DI EEE
FUHESE 20 mL ARALHE 08 o i medium MIZZHUAH — S BERE R imR & -
HFFHA R medium FCHEY) A 22 B0 S e « S #%E
BIZUHE SRR - /REYERE 30 POFTRAMES - S A HY & a2 R
K Dl TR R 2 SR RN EE AL - RIS s
R AE AR T AR E - (A FEELENKN &R )E - IEEE
N 0 - BT ER =K P /KR B S A e A B LAE 25 /K D RE -
K I Sl AR IR Y 2 BUR > AL 22 RBR R A R B R HLAS TR 4E 22 1.5-2mL
JE & 2mL 1285 BRI -

3.3.3 EHERIT

1. G Ak SR B A Ay ]
BRI R TEM By h B A i E MTBE [R>S T HEEE N
‘Gt > Eis MTBE [F#AEERET TREREEREL - MY e A st
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FIFIAIBHER AL A MTBE 35 (E RIS : 5340 + 2% MTBE Wb stsheni
RERE SRR Y P52 F-BR(T1/2)  HeMIFERR MTBE 28 Bk Aot ELIER
fi MTBE 18120 » & R Aeu i@ PR (THIF HE N E BTG E R K E - 752
Y H W B R B B
2. EHER T ZEEAE R A ST
(1) ZEHY

IO AW B 4% (7720 (PBS buffer) & £4HAE £ LA 4 °C~4400 rpm B0 10 73§ -
Kb BER - EEIPER =20 USRS R » IR AR - KHen
T4 EDREENIA 4 ml lysis buffer (7 M urea ~ 2 M thiourea ~ 4% CHAPS ~ 1%
dithiothreitol ~ 40 mM Tris ) &%) » FEIIA 10.76 mg -~ proteinase inhibitor ° vortex
E% (VORTEX-2 GENIE, Scientific Industries ) {# proteinase inhibitor 5242 74f#
% %EFE 1.5 ml WEEVETEKLE  DEHEKEZE (Sonicator XL 2020,
Operator’s Manual ) FTHG4INE : SEE2 THEIE2 Fb - H5412 578 - 2 {8
R AR e R N 2 A AE Y Lysis buffer o2 < DL 15 °C ~ 35,000 xg =%
#t.0s (himac CP 100B, HITACHI) 30 J3#1% » )L Ry oA~ QA6 S At e S e
EERENREREREUR - W EIERE T EIRFR-T70°C -
(2) oS e

FEREREE 5 TP TCA(trichloroacetic acid) - #E{THE H'EIUE > B fEEE B
EIR  PREDOERY) - RiRmEla %, BETEOEER - Ml — 5 200 mg &
[H'E » A Ettan 2-D Clean-Up kit ( Amersham ) #E/T4H(L > KPRfm P AVEET
EERHEHEE - DUR/ D RV FEIATY e SRk G BT (standard 2-DE
rehydration buffer : 8M urea, 2% CHAPS, 0.5% IPG buffer and 7 mM DTT) - {5/ 13
INGTEE KB (IPG strip, pH 4-7 linear) 2 IPG phor II system (GE Healthcare,
Piscataway, NJ with a total 26,133 voltage-hours applied) - JNEEEEEE—HEEE K
(Isoelectric focusing as first dimension ) % » Y& )i~ (equilibration buffer)
A 1.0mm [ 12.5 % acrylamide BB - T 4 P IARRREE I E K
(SDS-PAGE) -

() EHERE

AEFEAH VisPro 5 minutes protein stain kit (Visual Protein, Taipei, Taiwan)Ed
Sypro Ruby gel stain kit (Invitrogen ,S12000)#7 7445 - VisPro 5 minutes protein
stain kit ZALAEE KR IBAGEE LB T/OP R B B EOSHEEDE » A Sensitization
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solution JAE 5 478 » FELLEEE /K458 A development solution tf 20 #7% >
BRam RgE L E - MEHERUNECHBIZH - 5551 Sypro Ruby gel stain
kit #ETTHLE LSS BRI HEIER fixed buffer ( 50% methanol,7% acetic acid )3
FEHESTEY 30 4% 0 I A 60 mL ZE7|(Sypro Ruby gel stain) £/ 10 /NEF - FE{E
F washed buffer (10% methanol,7% acetic acid );& RS 30 /7§ ° Sypro Ruby
stained gels FIJf] xenon arc lamp-based CCD camera system (ProXPRESS, Perkin
Elmer, Waltham, MA, USA) DL & 488/610 nm DL #E 17 B & / X E‘ié
(excitation/emission) [ZJ& o [E ] REDFIN 2D BAg &5 53 AT is (Ludersi) i
SIHTHIEE
4) T%%EE%%%F?IE

— B BRHUES K 1 mL WERUm ATl TV N 4Y 1 mme F A RS S0
Hﬂﬁ}‘ﬁﬁiﬁh FEMVEHERECN (EARLY 122 mm) > ZA 1.5 mL BE0E - 1A

0.5mL 10% Acetic Acid &F& 20 47##E o DL Iml EEEF/K » BEELE R > X
10 7 \%’%%—L%ﬁ?ﬁ’ﬁg&f\ -20°CT%T?’E‘27JD/\ 1 mL 23%&¥7J<’§73/\\ 4°C
JKFE TUPEROEME > DL mL E@EK > BREEBRE SR 10 7 -

A 0.5 mL 25 mM Ammonium bicarbonate / 50% Acetonitrile (v/v) » EZH %R
B 15 e B2 EUEE - A 0.5 mL Acetonitrile » (SR Ba #4512 F%7E Acetonitrilee
A 0.5 mL 50 mM Ammonium bicarbonate =% 5 7712 » FIIASE[EFafg
Acetonitrile ZE% 15 7788 > 25 FIER - HXRINA 0.5 mL Acetonitrile » {3F gel &
R Eikig - 08 BIER 0 FRECPEREE R - E0R NSRBI
o] F B RS E N PkED - 55 =¥ :Reduction and alkylation (optional) > fjll A 50 uL 10
mM DTT J2 BAlEeCE F - 2 56°C [IE 45 Jr##ig » Bk BB © fILA 50 L
55 mM lodoacetamide ZE 5 NHEERE 30 4riEi% » & EJER - A 0.5 mL
25mM Ammonium bicarbonate / 50% Acetonitrile (v/v) > EZE BT 15 778 W
Ko BE EIER - FUTEREAR/KEE - A 1 uL Trypsin (20 ng) Y 37°C [
& 30 43#E o FAIA 3 uL 25 mM Ammonium bicarbonate » 7> 37°C [ZFE[RK ° 55
AERAED WEERE 2/ VA 3 L BVEIE T - HRERAHIADEXKEETK - DiE
= /}ﬁ E% 10 4388 - FIIA 3 uL 50% Acetonitrile / 1%TFA sonication » DI#EE K
i 10 o7 o EEIE—PERR - BE O LB R LR RE R et an - <
B DB 2 uL (Y 50% Acetonitrile / 1%TFA « HUH 1 pL F50AT 1 uL
MALDI-TOF matrix solution f{F parafilm F > DIffi&EWEES B 1 ul JEEY) -
Bift MALDI-TOF fxfnfg b (Target plate) - {5 H B FZ Bl &% &R 1% B AT #21F
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MALDI-TOF {7534

(5) EHERS T

MALDVTOF & 57621 58 s DAY S e PR AT YRR o - B S A TRA T
EHIRATER » (HDRATER > A RTRATIF I E B TR R H'E & - I
N Ze st RBEREF A s P B B B B S 11T - Ko &ERIAIA Biotools #X
BG B B B B 1% 0 BEEE MS R BIHI I Peptide Mass Fingerprint 57 % -
http://www.matrixscience.com/cgi/nph-mascot .exe?1 » [HEREMEITELE » FMFHHE
BT ARV R4 (Protebacteria 1 other bacteria)f 7 Enterobacter sp. NKNUO02 7 7
FEEFPY - $5RRRURIF 2 ANE 18 25k - KRB 554 (Keratin) ~ Trypsin
FIEYE (Matrix) FrEERTERERE - BEEFF SN ENESERY]  HHE 4R
KBR EEHERR L B EE R TIEE -

B 328 Y] a] H B B§ Mascot Search Results H 5# 48 &£ NCBI
(www.nlm.nih.gov) #gU5#E{T protein-protein BLAST » #% H B]EAVE & 1% » FIIH
49 u5 KEGG (http://www.genome.ad.jp/kegg) LI &  ExPASy- enzyme
(http://tw.expasy.org/enzyme/) &zt A B E GBS A LR EF T EAFTY
LHEE °

3.34 Ehainir/im'E

1. A ELREL
(1) BfEs5e)

MTBE % BTEX EE#EE &% | mL ot » (LG22 e 6 2000 mg/L »
5 2000 mg/L 2 FEHET DL ERR RS oy S R B TS BETERY 4°C (KEE T
(REHIRE KR TP AR B0 30 4348 > DISRTI/KIEG > FRfERE 50 /L~ 100 g/L ~
200 g/L~300 g/L-~400 g/L K 500 g/L /NFEAERE » DL Purge & Trap R
BRI DL GC/MS M TE B AT - M@ 4n > AR AERDE AT 0.995 DL A
G o
(2) Tert-butyl alcohol

HIFHE &I tert-butyl alcohol JFUR AFHEEMiRE Ry S i G AR - (FR
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4 °CHYKFE > REMIF B 7KFE R EUHA R 30 5388 » DRI /KR 2 Mk 50 g/l
100 g/L~200 g/L~300 g/L~400 gL K 500 g/L SFEERE > DL Purge &
Trap ByAIGEHET » DL GC/MS HETERSIHT « MRS HEIGERVEAR
0.995 DL EA&-PREAE -
(3) Tert-butyl formate
FIFH S 40 tert-butyl formate [ DL FREERRE By = R G AR 1% - (D
4 °C HYKAFE - REMIEE B VKA U R 30 7788 » DUEE/KRE 2 Filg 50 o/Ls
100 g/L~200 gL-~300 g/L-~400 g/L & 500 g/L NFEEERE > DL purge &
trap ByEIEEE T > Bl GO/MS MEFTERSHT » MR B4R 2 AR (IR AR
0.995 DL A& PR -

2. JARHSRRR

T3 iEA R IR (method detection limits, MDL)HYRUE 7% » B Se MR in B E
AR AEZ% » ZIRFCE TR R AR L SR SE R B R oy
M E & E > o] {522 #E {57 (standard deviation, SD) » 3.14 fZfE 42 0] & AT
nZﬁ)ﬂifﬁ)ﬁH‘@gE °

RS
_ =l

n

$p= 3%, -X) /-1

i=1

MDL=3.14xSD

3. MTBE [H|l[

FOKEPSRA S0 mg/L = fE55te S5 SHBE A, - Purge & Trap TR Tt
L GC/MS #A77E &R E AU - TR EER < vIFEME -
4. FE5Z S (Precision)

TS Rt XER ST TSR EE Z FE R —R S S EE ST
HHENRE ISR TR sTETE4E RSP EEE R RE - S REE
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W DUTAS(E » TS 78 B A HEE (R A5 (RSD) - DU Fm oM 23
B DEE25% -

TR R 72 (RSD)=(IEAE (R 7=/~ 29 {H) < 100%

ARHZE P E SR A RRIE T2 BT E &S R IR B G T REA T A A%
JE o
5. XEREE (Accuracy)

Fy— KPR 2 o P E R EENERERS > DIE SRR FER30%
s TR AT REMERE (Accuracy)= | AT PHRE — FCEHERRE | ACEHmRE
x100% » AGHFEHUR IE - RAY SRR A £ 2 WA 4S SRR AR EGE TR
o
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FUE - SERER

4.1 KA

At EM G ER ATt % MTBE Rl E FEERE - DU ARSI
(Deeb et al., 2000a) - A1 It IGEERFT SN 5 (WA E - BERE... FHHA
AV ERE S - (FEESEMARER] > #E DUR T MR IR PT B R R - (&
Dl B s R T oo At - DU 0% MTBE RYZR i dd HAR -

AETEHE T MTBE #or BEREE T AEYIREECR - IO MTBE &%
0 RESTHIFSE 10 R 15 KX - FIA®ER MTBE #YETEEETR - FRZEHId
(CMTBE control) T8 25 B BH4AH (CutaE.exp) . MTBE JEAFE TR DA HIAH S (Mckelvie et al.,
2009) > EARAE LTI

. C control = C ex,
MTBE biodegradation = e Ll x  100%

CMTBEcontrol

4.1.1 HEREREAERE LR

TEst g T R [EIRE ARG T S S MTBE 15 - Hp
ZHEEH pre-culture KEHFE > JHREERE K ODgo= 0.1 » /1 MTBE JEE Ry
10 mg/L /> MSM B2 stz MTBE J55% > /K » B & B R i i £ 40
EE AR  HfR T Klebsiella sp. NKNUO1 {E[# #2570 KHF MTBE 63
SREASE 10 KRG fEIHEARG 1 HERVUPRETSER MTBE 2050 B 5l i i R EVH B
RIS - MO AT REESE KI5 Klebsiella sp. NKNUO1 {5 AE £IE 2 -
(U5 S BB HEMAE L % 0% MTBE 5 5540 » 1£57f#% MTBE ZERELE F -
Bacillus sp. NKNUO1 £ fij -+ KM ft BH BB T » TIAEER 15 RIGREAROCR B -
(BT I8 TR B R TR B (R 4.1) -
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e AN e T b5 2 VI BT 5T

* 41 HPREREE 10 815 K7 A% MTBE 5P

MTBE degradation (%)”

Species
Day10 Dayl15

Pseudomonas sp. NKNUO1 1.67(0-2.98) 8.20(6.69-9.06)*
Bacillus sp. NKNUO1 0.23(0-0.76) 3.76(2.22-4.59)*
Klebsiella sp. NKNUO1 2.89(0.39-4.22) 4.88(3.34-5.71)
Enterobacter sp. NKNUO1 2.61(0.11-3.94) 10.20(8.71-11.07)*
Enterobacter sp. NKNUO02 26.02(27.63-23.80) 29.06(27.72-30.08)*¢
Mix culture® 25.70(23.49-27.31) 29.32(27.97-30.34)*°

The initial MTBE concentration in each experiment was 10 mg/L.

* means p value <0.05 between Day10™ and Day15™ of the same bacteria.

" means percentage (%) of degradation was calculated from the ratio (the amounts of removable MTBE with bacterial inoculum divided by
its amounts without bacterial inoculum) multiplied by 100, and was derived from the average of the results in three-independent
experiment, with the values of variation coefficient less than 10% (Mckelvie et al., 2009).

® means mix culture of the five species at the same bacteria number.

“means p value >0.05 between Enterobacter sp. NKNUO02 and mix culture at DaylSth.
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Enterobacter sp. NKNUO02 & &R AV ETE » 1228 10 KEFR[I[ZfZ MTBE &Y
26% o TMEE 15 KFEMFREIEE 30% - dHEH] Enterobacter sp. NKNUO2 £ [ 1] HA
VAR ARIOR - & ARG A G EEY) TBA L » AU A Y G 5 oy
fiie 2 SPREICGEEEY) (A0 TBA)HETT 43 f##(Wilson et al., 2005) - #E[fijek/)> MTBE 5%
KM Bl e - S IR B &I E TBA FEAN - MTBE SR A
KR -FIHEEE (Pseudomonas sp. NKNUO1, Bacillus sp. NKNUO1, Klebsiella sp.
NKNUO1, Enterobacter sp. NKNUO1, [z Enterobacter sp. NKNUO2)E &R EEH
(G HIEUE ) - FMREE &R ODeo=0.1 #E{THHEHL R EMEAR - fFEFEBHE 10
KIF[EAE MTBE £ 25.7% > {HJA55 15 KRIGFIEARREINETFy 29.32% - 45 R EHAE
S 15 Rk SEEEEIFILLEGE 4.1) - 8835 Enterobacter sp. NKNUO02 T [ fi#
%5 15 REFEUE & FEARRE JHEEE R (p>0.05) » BHEHIRACR & FFAESC £
TG L Enterobacter sp. NKNU02 52255 77 £ TR B [l f# MTBE R A T
PR » HA RSB Fy Enterobacter sp. NKNUO2 » ELZXEy Enterobacter
sp. NKNUO1 -
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4.1.2 ERGGHYE R

FF AR MTBE A=Yt se edg a8 2 - EEHFARE A FEEG RIS
{F N MTBE 8708151 s 8 BE— Y EfE S MTBE Y R 5 P ERET -
561 5 A5 STS AT Mycobacterium vaccae F1 Xanthomonas sp. Rtk Bl F £ e
B B g B E fE S - 81 MTBE T3S HY 77 4% (F A (Hyman and
O'Reilly, 1999) = [£41 » BLEAEH T RESUER TS - HCH AR E s E LhLL MTBE
BRI S B T o BRI F B - 1R e (Garner et al., 1999)E 4T HA SR
TR EERG I MTBE [ fRRAT I - £ B2 (Osterreicher-Cunha et al., 2009) » it
THAE R A E P E -

1. E&bE

TE[EE B & £ ODgoo = 0.1 ~ MTBE J54%R 5 fy 10 mg/L » #EZEAERIFH Fi 21
K SHEEHEAELAEYE T - MTBE (Y #ET - B35 4.2 oA AFRH#HY)
'G-TEGEAE B e 10 KIS » MTBE [ 2 BEHETH(p value <0.05) » Hr B —F
T8 MTBE [F 2 5 K fy Bacillus sp. NKNUO1 » .2 By Klebsiella sp. NKNUOI ;
558b > Enterobacter sp. NKNUO2 FE (i FHHARHPETEIL T - KM & (B ARSUR VI8
T 550 N ERSS 20 RIGEMREERSE 15 RWERSET B 2R -
AT 4.1 REB - IESGEEI AN ZE T i R EAE 1T MTBE [T - #iEiE
R B2 » U Bacillus sp. NKNUO1 B Klebsiella sp. NKNUO1 2 [F 8228 » GE{fH A
73f# MTBE 3425 55— 7 » IR Enterobacter sp. NKNUO02 Al &8 i~ 411
Wil 8 - ST & ks BfE S MTBE fY 73 S8R -

B EAENIIE Sy HAH SR - n[AREE S MTBE [##5R - fERIIEX
Bets > (ISR AR 4B & 2 BiEls DIFE IR G SR » M A4S AR 4= 3 Ay
& o DR S EERNEER - FEAERIEE IR A R & R 8 R
PRFEfE MTBE B0IEAe 1 2 A EY) » F] LA S — IR RRTE Rt R 4G - (R
fig. MTBE /754 (Mo et al., 1997) -
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R 4.2 FEIEETE 10 Bl 15 RPN ARIIIE Jobe A% MTBE 7 2151P

Species

Removal of MTBE (%) at Day10™

Removal of MTBE (%)at Day15"

- pentane

+ pentane (14.3 mg/L)

- pentane

+ pentane (14.3 mg/L)

Pseudomonas sp. NKNUO1
Bacillus sp. NKNUO1
Klebsiella sp. NKNUO1
Enterobacter sp. NKNUO1
Enterobacter sp. NKNU02

mix culture

1.67(2.98-0)
0.23(0.76-0)
2.89(4.22-0.39)
2.61(3.94-0.11)
26.02(27.63-23.80)
25.70(27.31-23.49)

10.67(11.55-9.18)*
17.90(18.84-16.47)*
15.48(16.40-14.03)*
10.71(11.58-9.22)*
18.04(18.97-16.60)*
64.24(65.54-63.17)*

8.20(9.06-6.69)

3.76(4.59-2.22)

4.88(5.71-3.34)
10.20(11.07-8.71)
29.06(30.08-27.72)
29.32(30.34-27.97)

13.40(14.86-11.03)*
21.07(22.62-18.79)*
14.57(16.04-12.21)*
13.87(15.34-11.51)*
19.42(20.96-17.13)*
64.48(66.58-62.75)*

The initial MTBE concentration in each experiment was 10 mg/L.

* means p value < 0.05 between biodegradation of MTBE in the presence or absence of pentane.

* means p value < 0.05 between biodegradation of MTBE with pentane between day 10th and day 15",

b

means percentage (%) of degradation was calculated from the ratio (the amounts of removable MTBE with bacterial inoculum divided by its

amounts without bacterial inoculum) multiplied by 100, and was derived from the average of the results in three-independent experiment,

with the values of variation coefficient less than 10% (Mckelvie et al., 2009).
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ELECEE 15 RELE 10 KRFFEMEER - SUHY)E (Pentane)52 28 MTBE [FfE 5T %=
5o Y17 4.2 FoRA]RIBR T Pseudomonas sp. NKNUO1 7E[EfEES 15 KELES 10 Kl i
RN > HLARVURREAESE 15 REFMEME MTBE R0 A IHEER IR & EH PN
1F ke HIf] Enterobacter sp. NKNUO2 [#fi# MTBE » [ A4F MTBE B —hig 5 HiHE
I Enterobacter sp. NKNUO2 £ FURE i 2 A8 /177 MTBE B - (HEEA K
Wi Y ER B T Al A S %4 iR MTBE s 36 (X3 [ R S0 SR i (B Bacillus  sp.
NKNUO1 -

At E SR AT LAY E - Ak FuA I & MTBE B RHUREZES S
At NBHFEHTHE 2 ELfBl(Garner et al., 1999) TE{EEE MTBE EEAEL S (Cpentane/ Cvree=10:7
JETE B (mg/L)) > RE(HETEIFAE MTBE &R Ry f fE - (HARNTFZE AT (o FH B oy e et
TROKHR AT B R - BRSO R PT AR  Sol E SE B R IER B AR TE
KRR MTBE S E 2 B AR E - BIRFTA R G E Ry
YYEIARNTTS MTBE 85388 E01 - HrALLEfE MTBE [EiF08 iR & A R [E] -
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2. Zfg

5 LAY E B 27 Osterreicher-Cunha et al.}jy 2009 5B 2 BF 41T
(% fi# MTBE 5 o 2t Z BN INELBI (5 %0E SObe 77 > FalEl 4.1 FTHI{EA Bacillus sp.
NKNUO!1 £ Klebsiella sp. NKNUO1 &5 BEHER i 2= MTBE B9 8EE « A S0t Hs
TR T ZBet& G S MY E 2 78R BR - i Y B H 2 A2 il (Niven, 2005) -
WIFEFERIZH B ANA LB S (EHACHPIE R - &g 0 MTBE Ay R8UR - i
meA B LLH4H MTBE 7B 25352 - Hp{# Pseudomonas sp. NKNUO1 i
Mix culture S FH[ZEMEUCR R AEGR 4.3) - #UEm ZBARI0 MTBE By ERS > 7]
REEIZE MTBE HUHES S - MEERETATRE - 5/ HFR 4.3 BUREREIE
FHTESS 11 K0 » Enterobacter sp. NKNUOI B Enterobacter sp. NKNU02 REE HEZA
A LA BIPE AL - (H8 MTBE Ry B—hi AR N Al e 2 Q3 F A
MTBE [FfEe et in 2 L mA 5 M2 N » Bacillus sp. NKNUO1 B Klebsiella sp.
NKNUO1 7E/RI1 LR (% - BRI i & igaHAEE 2 » MTBE BEREHEE
BN HH5 -

EEEBSET MTBE IERIIAHYE % - HEEREE(LREM: - HiEAbe
B 7 B ACHT R s B b# 2 T+ BEPRIE e &I Enterobacter sp. NKNUO02 » H:
it PORREE AR AT S B T » A% MTBE 2R S AR IR » B3 ZER
It AR IRER 78 Bacillus sp. NKNUO!1 §i Klebsiella sp. NKNUO1 » Ha5 &
BB EAVRCR - S AR B B b R B R IR e R LAY E I T A2
[ FERE B -
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50.00
40.00
£ 30.00
g
2
= 20.00
e}
=
& 10.00
92
2
)
m 0.00 T
aa)
)
= -10.00 L
Bacillus sp. Klebsiella sp. Enterobacter sp.  Enterobacter sp. mix culture
-20.00
-30.00

The initial MTBE concentration in each experiment was 10 mg/L. Percentage (%) of degradation was calculated from the ratio (the amounts of
removable MTBE with bacterial inoculum divided by its amounts without bacterial inoculum) multiplied by 100, and was derived from the

average of the results in three-independent experiment, with the values of variation coefficient less than 10% (Mckelvie et al., 2009).

4.1  BEHORIHEAEYE- 2R3 10 ~ 15 8120 K2 MTBE [###{FP
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% 4.3 ZEEE MTBE BLILAGEHYTE

-LIE 2 ERRIE T

Species

Pseudomonas sp. NKNUO1
Bacillus sp. NKNUO1
Klebsiella sp. NKNUO1
Enterobacter sp. NKNUO1
Enterobacter sp. NKNU02

Mix culture

MTBE degradation (%) at Day 15

-Ethanol +Ethanol

8.20(6.69-9.06)

3.76(2.22-4.59)

4.88(3.34-5.71)
10.20(8.71-11.07)
29.06(27.72-30.08)

29.32(27.97-30.34)

-26.36(-31.30- -23.12)
11.75(7.62-14.27)*
26.67(24.06-30.29)*
9.25(7.01-13.25)
2.61(0.52-6.75)

7.71(-10.21- -3.34)

*: P<0.005 between biodegradation of MTBE with and without ethanol.
The initial MTBE concentration in each experiment was 10 mg/L. means percentage (%) of degradation was calculated from the ratio (the
amounts of removable MTBE with bacterial inoculum divided by its amounts without bacterial inoculum)
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4.1.3 A [EIFE¥ MTBE &8s 12

[ E R PRI RIRE A —Es 2] - fRIZESUE(Zhong et al., 2007)H
PIEERGE R > Eilk PM1 KRR Chryseobacterium sp AFESEFEIEEAEE S - H
MTBE R ff 28t e i~ $2 = > F1I S [F) B & (ODgoo) HEF THEZCEAER - 73 Al LA
ODgoo £ 0.1 B 0.2 AGEFTRIE - FHHIGERSE S H 2 @8 MTBE [Eisits - BE
FERBERIRTN G A BRI RS - EREM 4.1.2 frif - 58525 MTBE [FE##3%
RAVILAHYIE - 1E e (Pentane) 1755 » &5 REURS WIEE IR & B &R
1 BH AR 8 E5(Deeb et al., 2000b) -

H A FFH ODeoo B1E EHZEAHRRELR (R 4.4) » AIFIEE ODgoo /0.1 Z &1
FHZE > Enterobacter sp. NKNUO02 B &= B £ 202.44 mg > HEREf#H Pseudomonas sp.
NKNUO1 ~ Bacillus sp. NKNUO1 ~ Klebsiella sp. NKNUO1 Eid Enterobacter sp. NKNUO1
Sy A By 72.66 ~ 36.51 ~ 65.00 Eil 145.91 mg - $2F| & B ODgoo 5 0.2 » ZEHEES
Al By Pseudomonas sp. NKNUO1 £ 89.52 mg > Bacillus sp. NKNUO1 £ 67.22 mg »
Klebsiella sp. NKNUO1 £ 96.60 mg > Enterobacter sp. NKNUO1 £y 174.82 mg » i
Enterobacter sp. NKNUO02 £ 237.08 mg °

H M R E R (ODeoo = 0.2)BLH K & EEgH(ODeo = 0.1)& & B AHI
FEER > FrABE—EE p (/A 0.05 0 HILEURIE S HE & MTBE [Fgi s E
AR Hh B — R B (£ fy Enterobacter sp. NKNUO2 » E.ZX By Bacillus sp.
NKNUO1 Ei Klebsiella sp. NKNUO1 -

PRI - B R TEIA = B 2 B R4 (ODg00=0.2)%f# MTBE U & S(K & H i
(ODgoo=0. DIHEZ 2 T » G fEEE » H13R 4.5 ARl B & B 5B4H(0Dgs00=0.2) ¥

5 B B4 (ODeoo=0. ) T4 5 81( C )y 158 = BEIS T 1 B B 4H (ODgo=0.2) i
MTBE g e/ N TR E e KB (R E B FEBRRAVFESCR) » {2 Klebsiella sp.
NKNUOI -~ Enterobacter sp. NKNUO1 Eid Enterobacter sp. NKNUO2 7 15 5 = [N
RAE P BRSO L L - B AR S O IR OCR - #HEMEER(EH] 125 ml
=AEANE > HE5E MSM &R 60ml - HrpZERAHELEIATR - & EEMINg
MR AR ZE N ~ TR EERS D - A T ] & A A 35 $ 3 52 (Shim et al,,
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% 4.4 FiEEZE R OEE(ODgo) i B4R

Species Relationship ( W = a (ODggo)+ b) R’
Pseudomonas sp. NKNUOI W = 0.1686 (ODgog) + 0.0558 0.967
Bacillus sp. NKNUO1 W =0.3071 (ODggp) + 0.0053 0.9997
Klebsiella sp. NKNUO1 W =0.319 (ODgo) + 0.0331 0.9915
Enterobacter sp. NKNUO1 W =0.2891 (ODgqo) + 0.117 0.9891
W =0.3464 (ODggpo) + 0.1678 0.9471

Enterobacter sp. NKNUO02
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* 45 AEEE NSEEH MTBE 5P

MTBE degradation (%) Theoretical range of degradation ¢
Species Ratio _
ODggo = 0.1 ODggo = 0.2° (axC)-(ax 2)
Pseudomonas sp. NKNUO1 12.25 (11.28-13.21) 16.79 (16.70-16.89)* 1.37 19.38-24.50
Bacillus sp. NKNUO1 17.45 (16.50-18.40) 26.41(26.56-25.41)* 1.51 27.60-34.90
Klebsiella sp. NKNUO1 16.92 (16.02-17.83) 26.37(26.27-26.46)*° 1.56 26.77-33.84
Enterobacter sp. NKNUO1 13.03 (11.32-14.75) 23.53(23.43-23.62)*° 1.81 20.61-16.06
Enterobacter sp. NKNU02 20.33 (18.53-22.14) 33.77(33.68-33.87)*° 1.66 32.16-40.66

* means p value < 0.05 between low cell density (ODggo = 0.1) and high cell density (ODgyp = 0.2)

*means average of remove of MTBE (%) at the low cell density (ODggo = 0.1)

® means average of remove of MTBE (%) at the high cell density (ODggo = 0.2)

“means average of remove of MTBE (%) at the low cell density (ODggo = 0.1) divided by at the high cell density (ODggo = 0.2).

C means average of the C of different bacteria - >
n

4 means theoretical range of remove of MTBE (%) at the high cell density (ODggo = 0.2)

(b/a)

“ means average of remove of MTBE (%) reach the expectative range at the high cell density (ODggo = 0.2)
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2002) - ARG E MGG - #A(E MTBE [RS8 BS0E T5 P B 3 sk
1EEE » AR R & B B TR L) AR B (Al IEEE(Zhong et al., 2007) - FERETRAE
HEZRMEHT T  BEICRETAR - FER(FUE - HEREHERRA
T NG B A PSR SR )2 (5 A (R 2 B R4 (ODeoo=0. 1) AR TH
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4.2 4V FERE B

AWTEE 2 V) S FERE B It O TERE (181 4.2) » Bt E BR PR (SE A = s
BRER - BR T ARZEREN I - HitTGEE i S REY S AERRTE 7.14 % 0 554b
AV ERE R RLY LSRR 11.67 %GR/ AV S B S 22 MR A B B TR R R
Bl RyZ2 EASTE » 22 RARTEPT G R 2 B v tb ke E 2R AR LG - IERHASR
EER AV ER 2 EE R M EE R RS A EEARAE - HiE8iEmE
{(EEFE AL MTBE BURTRE 7 A V)Rl Rt 2B R AT 559 MEY) S FERE AT
DiaEdE e =(hlderss s & pH ER 7.2 - (FAEYISRIERM P REY B aRE
BRI -

42 BV EEERRE
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4.2.1 LY FERE PRI

AV RERE R TR B (] 4.32) - AV EEDHEYE pH EAYELERIN - 07 1EEfEAE
REFEAFUEATHER - DU THEEEENIR - BN EnfEh s aE
(DO)FT{H FH YA B - % AT RE RS H SR E 3 /KK (. MTBE EHERBRIRE Y - &
P BRI R BT MTBE £ B (30 rpm) 2 ARERGHT - X MTBE &=
YRR ST BRI R L - BOREEEE R A MTBE - ifi & B HE L
HE S 0 & MTBE #3535 - S9MEE RT3 MR ERTA4AE -
28 BRRF T SR A AR RS AT Y SR & RS 17K HORAEAY MTBE 85 H 22 SR Y SR B2 TS 1
SAAHBIRE - T B SRR BRI 5 28I - B RS R U R R T R
MTBE 2R [ 2 5/ NF 50% » HEIMFOA R B h 4EFF MTBE HYRE > HuRiai
eI EEREEEETITAZR » DI figEs 58 BEReETAEE
WA R SR RE (B 4.3b) -

HepREREEAIIA MTBE [FiR(> 99%, wiwigA LT - HHEEBREIR
FIENERE - WEBTREME SRR

Residual of MTBE(%) = MTBEexperiment ;0.
CMTBEinitial
FIAE I RERET A BISR T - T(E MTBE 4ERF407E 91.4% - BERRHETT DAEREL:
SYEEEFREL MTBE S A494) » A B8 MR SEMERR MTBE JB7 - 419 4.6 BRI
BERRRMASE T - Y REMATAEE o R T « EUR A ZE SRR -
MTBE J61EG4) 8.5% » HEEIAEISI T SIAE #e (T IV ISR FHEFE > MTBE
SYSRATIRIAH MTBE S M K (235 S0EE 01 ELF 50 MTBE B 40 3RE1 5 28

(E vy RN
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FAMTBE &4y /K5 #2 B > 1%
HE R P MTBEZE# 7K

A pHE & B
#(1-2N 8 #%)

3 pHAA 65 d AR
(12N £ Rt dm)

Crocesnnes
dl

R EREREARE
HHRE > UHBIFEAMA

A AMTBE# KB
1% HE R F AMTBEZE 7 K

FEpHME oy B;
HE(1-2N B8 8% )

P pHAE 69 8 R,
i RENT R

MTBE & # dy & A& L3N

4.3 VBB HBI) MSEET (b) EXERG
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% 4.6 MTBE M EVIN ERE 2 5515

Day DO D1 D2 D3 D4 D5 D6 D7
Con C (mg/L) 101.94 100.89 98.53 96.22 96.26 93.38 92.69 92.32
& (101.46-102.41) (100.18-101.61) (98.36-98.72) (95.63- 96.81) (95.83- 96.68) (93.54- 94.22) (92.06- 93.22) (91.73-92.91)
Residual
100.00 99.07 96.96 94.89 94.93 92.36 91.74 91.41
percentage(%)
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4.2.2 YR FEREfRE AR

TEE R AT E HEVAEYI R ER > @2 fEH8 (.2 pH probe and DO probe)#E
A DU T S = R > 1T 7% 2 T AR M B A2 pHAB B R (B DA SR B ODgoo figHl ©
ATV FERS A TE RS K - H pH ZR3E (pH=7.2+ 0.05) ; HIAREHERTE
JEfEAAE N - HNEEREPIERE BN - SUARE AL M EEE
B NHEERIH LD £ 600 nm AYESER - SRS B R RN E
(ODgoo 95y 0.001) > BIIHEE Fefit B iRAE > BRI ALY S ERE T E b - HEsm g
T REMEEN GPERE P EE 5 -

4.2.3 WENEYINRER % MTBE 5P

55 BRI F 4 B FR Pseudomonas sp. NKNUO1 ~ Bacillus sp. NKNUO! Klebsiella sp.
NKNUOI ~ Enterobacter sp. NKNUO1 L 5z Enterobacter sp. NKNUO02 F R FE L TF
FAAE R A 3 B 58 MTBE. 87 Hoc Enterobacter sp. NKNUO2 754t
KA BReP SRR (- T - EriIEERES % MTBE 2R - SUEAEYIN
FERSABR T + S MTBE B ECe—Te : TiSLepTupkiss il B TR a & 3t
FRas7ES MTBE 53 AR/ 588 - S9N 1 2010 SN 5555L B M MTBE
Bl - 535 MTBE JF 5 10252 mg/L » FL% 5 MTBE $EEH2RE » #UAHHFTEAL 100
mg/L ) MTBE #7411 TERS 56 -

1. Enterobacter sp. NKNUO2 [#fE 2T 5

YIS FER R H 100 mg/L MTBE #E{ T4Vl fgatBn - #& DL 1L = RS HY
MTBE | % E 77 fi# MTBE V&7 o & fo Pk 210t sl o [ U R s (=Y
Enterobacter sp. NKNUO2 » #1T = EEFEEER - 4[E 4.4 s » (58 0 KB MTBE
B ALY ERE §1 - MTBE FE4G- RS £y 105.3 mg/L- #4555 & ODgoo /&y 0.102
ISRy 2.14E+08 CFU/ml » fE£%5 24 /NI » MTBE f5FRE4Y Ry 15 mg/L > [t
FEEINVEREIIESS B =R HEEFEEBEZERANME o nTHEERFERERE
REIEF =BUE UK FT A R(MTBE 574 7 fhERRERER) © AT HEHIR 22 BRATAE
& A MTBE 125U H AR - HAVIESE 3 RIFARESTE2FE AT eifisE Bk
RIREL > H{EAEYAERGRFZIR - (£ MTBE 73gIFIE 2702 -
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N
/

Removal of MTBE (%

—&— Enterobacter sp. NKNU02

CFU/ml

—O— control set
Conc of MTBE 100 mg/L _ O - CFUMI
. 5.00E+08
L N
© 7 4.50E+08
80.00 1 4.00E+08
1 3.50E+08
60.00
4 3.00E+08
-
T 2.50E+08
40.00
\T\} 2.00E+08
. 4 1.50E+08
4 1.00E+08
0.00 I ) ) L 1 L 500E+07
0 1 2 3 4 > 6 7

Days

4.4  Enterobacter sp. NKNUO2 {447z FEfE =B T [%fi# MTBE B #F2 2 (CFU/mLI) i3 E4 &
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FREfR s En1% B MTBE R ERRE SR BaSE » ‘FER45 8 MTBE 495 35 mg/L »
B4 TR S 549 By 2.39E+08 CFU/ml » [ & ODgoo 3%l B 0.122  Enterobacter sp.
NKNUO02 43# 100 mg/L 22 MTBE 495 56.3% o

2. Pseudomonas sp. NKNUO1 [FEfi# & b

{E£ Pseudomonas sp. NKNUO1 [FfgatEn » (EALIGE SR - B E S
MTBE 7R ey » i A S MERE sl v 77 Al T BE— i lR-MTBE B3 /E
-IE e A R AH BT T > R IEAE 4.5 Fow - B35 MTBE 5+ MTBE
FEAAEITRIS By 108.12 mg/L > FEAAFITE R ODgoo £y 0.106 » fE4AFITE L HUE
1.26E+08 CFU/ml < J* 24 /NF§ iz » MTBE #4[R4Y 10% > HEFEBENH A RIS -
BEEF ZRFE KM MTBE (YRR LA HEEBEEA S REBIEIUX
ISR B R N E  SIEE R PR T - HEMPEIR S vl RE 2R R A B BR AT 24 /NEF
Pseudomonas sp. NKNUO1 =] 7pfi# MTBE 4 B $ EICH ZEY1(TBA) » 875 5 1
Pseudomonas sp. NKNUO1 FifllFE 43 » & B/) Pseudomonas sp. NKNUO1 43
MTBE ¥4 o

SN E - TE S EER T - MTBE BAIE IO [EIRF B A A=Y S FERE
oo FANE B 24 /NFF MTBE f25R4Y 12% - HAHESH B ER T > R E
SRR EVOLER A IREAE RS wE B EER MTBE K fEfFm
B = RIS ERBUE R i = E - (B R R A B S 0 - HEHITE Jobe o] DL
Pseudomonas sp. NKNUO1 {775 » {HEF g 2R S AR S0 - {H BB — iR A]
i T o HAETEER MTBE RS -
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—O— control
—&— Pseudomonas sp. NKNUO1
—— Pseudomonas sp. NKNUO1 with pentane

-~ - CFUMml
Conc of MTBE 100 mg/L — £% - CFU/ml with pentane
100.00 5.000E+08
w ~ R
4 4.500E+08
80.00
> 4 4.000E+08
m
B 000 1 3.500E+08
= o £
& //E”__,——— . 4 3.000E+08 %
= -~ \\\m
= 4000 = o P R R N 4 2.500E+08
g T ol \\\ \_§G\\“““]
[ g e \\ 4 2.000E+08
20.00 < <
Pt ot "0~ ___ - 1.500E+08
0.00 ? : : : : : : T 1.000E+08
0 1 2 3 4 5 6 7
Days

4.5 Pseudomonas sp. NKNUOI 1544 2 FEFE 55 P F % MTBE B #FE IR (CFU/mL) g4 E
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3. Bacillus sp. NKNUO1 [&f#EER

TEE#E7f% MTBE sl » MTBE 46 s 97.98 mg/L » HAAFITE &=
ODgoo £ 0.117 » #BAAFITETEHURy 9.41E+07 CFU/m » 824 NE 4.6 Fs o A Al
[f% MTBE Ry SRR HAE . HER RO EEEREo 2 AN IRV S - HA TR
FE5 - FHIEHESR Bacillus sp. NKNUOI 5 EL#57#% MTBE » MTBE & &2 s A4
RIS ML
SN - E e SRR - FYE R 24 /N MTBE £2FR&Y 15% » BAE
P A R R BT - AR RRE S B RO EE AL
RIS HIbHER LAY E - S 8 Bacillus sp. NKNUOL 4= &2 SRS
MTBE H - HAEFR(FRF MTBE #TAEY 3R o HOHIR R AERTHIGE 7> MTBE T
Bacillus sp. NKNUO1 73Rk 1 RETEY) » FEbIFEEE N » HER] Bacillus sp. NKNUO1
B IR IObE N EC > il MTBE 2 (G EEVHE T AR W) o0 it » DAL A B AR 7 0 AR B RN
{f MTBE [Ef#ZIFAE «

4. Klebsiella sp. NKNUO1 [FfFE En

Kiebsiella sp. NKNUO1 [FefigstBet » £ £ 508 MTBE 3Bt » MTBE JE44
P RE B 94,175 mg/L » ALAE BT B ODgoo 1 0.094 » LIS AR 9.00E+07
CFU/ml » [f#1SA0E 4.7 Fm - 1A3T8R 24 /\iF MTBE B[40 9 % » (L 3TBRIH#
MTBE Hy20 8 RUEEE ;LS00 i B e 2008 B AT &2 o E Bt s
Kiebsiella sp. NKNUO 1£ EL75 {42 5 V0% - BEBA 9030 & 53 MTBE - {2
Kiebsiella sp. NKNUOT 2 253 4: G 81 e iR RS -

AN B - TE e SR B FOBTER 24 /1NFF MTBE R[4 14% »
SE A A B A R L RBARE S RO R B -
1 Bacillus sp. NKNUOT (] » 15 /52 o BERA )26 75 ey MTBE o » HRT]
43f# MTBE -
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Removal of MTBE (%

100.00

80.00

60.00

40.00

20.00

0.00

Conc of MTBE 100 mg/L

—O— control

—&— Bacillus sp. NKNUO1

—l— Bacillus sp. NKNUO1 with pentane
-~ - CFUml

-1+ - CFU/ml with pentane

Days

M ey
> O—— 00— 1. 90E+08
1.70E+08
_/—/"ﬂ\\\ 4 1.50E+08
//D’/ \\\D—~\§‘ - .
e D 4 1.30E+08
- O== —
= T g g
T LI0E+08 5
(&
4 9.00E+07 ©
SR S 4 7.00E+07
TOmmmees T 1 5.00E+07
4 3.00E+07
' : : ' : : 1.00E+07
1 2 3 4 5 6 7

4.6 Bacillus sp. NKNUO1 f£4E97) [ fEfE s Ew R [ % MTBE B #7237 (CFU/mL) #5245 (&l
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Removal of MTBE (%

100.00

80.00

60.00

40.00

20.00

0.00

Conc of MTBE 100 mg/L

—O— control

—&— Klebsiella sp. NKNUO1

—— Klebsiella sp. NKNUO1 with pentane
-~ - CFU/ml

-3 - CFU/ml with pentane

7.10E+08

6.10E+08

5.10E+08

L 4.10E+08

CFU/ml

3.10E+08

2.10E+08

—~<_ 1 1.10E+08

! Y 1.00E+07

mg
7
-~
//
7 PP NN
/// \\
A// \\
//—/
-
1 1
3 4

Days

6 7

4.7 Klebsiella sp. NKNUO1 75497 [z FERE 5w h [ i MTBE B 5 73R(CFU/mL)#524 &l
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5. Enterobacter sp. NKNUO1 [ & 5

Enterobacter sp. NKNUO1 [#f#z\Eab » 17 5 MTBE 551 - MTBE #2444
PR R 98.1 mg/L - FEARFIIE & ODeoo &y 0.114 » FEIAPIIREELS 1.09E+08
CFU/ml - [#fEEF41E 4.8 Fisr o Enterobacter sp. NKNUO1 £ B EGEEVIK AR
MTBE #4525 HEFEEIEEIURER N « HItHESR Enterobacter sp. NKNUO1 &)
MTBE B — T AE Y oy fislls > B Enterobacter sp. NKNUOI FEE &
MTBE e[ 4 £ » # Enterobacter sp. NKNUO1 B[ & H A A4k EAEE A -

SHAYNEIE SO A CatatEe o - FYEER 24 /NEE MTBE #2547 6% > B E H (G
B QE RS AR IR E T i) Enterobacter sp. NKNUO1 4 & A SRR
MTBE F#E i 5 E & (HAE ZH /i MTBE- 551 Enterobacter sp. NKNU02
FREL > HE LA a8 R E e BRI - &% MTBE S R A Frse & -
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Removal of MTBE (%

—O— control

Conc of MTBE 100 mg/L —&— Enterobacter sp. NKNUO1

—— Enterobacter sp. NKNUO1 with pentane
-~<>—- CFU/ml

-3 - CFU/ml with pentane

100.00 3.600E+08
3.100E+08
80.00
2.600E+08
60.00 /, ~ 1 2.100E+08 E
/// \\D‘ E
T I e ~ T ~~—_ 4 1.600E+08 O
40.00 e B 3 0
8:::_’_’{‘,__,-——— \\\\\\$_ 1 1.100E+08
20.00 B Y
1 6.000E+07
0.00 : : : : : : 1.000E+07
0 1 2 3 4 5 6 7
Days

4.8  Enterobacter sp. NKNUO1 7EAE9) 7 e it [ % MTBE B B #5235 (CFU/mL) #8224 (=]
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4.2.4 CHEIREMES % MTBE B
I EEBREER

FEH 2O BR IS MTBE [ ARSCRR By Enterobacter sp. NKNUO2 » {E: 4
B FESLEERE B0 100 mg/L > MTBE 555 /K 333 FIl F AR REM S e E el 1 -
R TR A AR, - IR N A BseE (] 4.9) » AR BTN B
Enterobacter sp. NKNUO2 » HZX Ey Enterobacter sp. NKNUO1 - [ B Z0ER E5isds S AH
F(F= 4.1) 5 1 Klebsiella sp. NKNUOI ~ Pseudomonas sp. NKNUOI ~ Bacillus sp.
NKNUOI E##53i% MTBE SCRT2AATR -

Enterobacter sp. NKNU02 F] L MTBE B S by EAERACK - (R
BHEERIEA 5  TAEAEEE — ST TR A YR S [ 4 B > 7 MTBE
HEAL BAERAOR o BUERCERILEREIE B AEYEE o AL I OR IS
R — > (H/EEE N B U V)BTRS T T - Enterobacter sp. NKNUOI 7EIH:
FBACh 1 VRSB LR Enterobacter sp. NKNUO2 FEIHE - FLATAE IS S Wil B
4 5 EHECRERTD L E R AR MTBE BUR R » BB B T R R
BN 5 AT > AR ENABRCE > ELBEAR MTBE SRR AL SE R LT
L8 Enterobacter sp. NKNUO2 BB AEL» H I 8 E0 2 A5 1472 MTBE Ry
PEAS R » LR TR 4 (R R L e T (S -

545 > Enterobacter sp. NKNUOT EIEZCABR(FE 4.1)5 » 55 15 RRLRELLE 10 &
fE » HEMIELEREAR MTBE J8A — 5 B4 (Lag periods)(Deeb et al., 2001) » ZEEEH
B Y B L S R T T 7 4 L S B RS R > (H354E MSM
P VR A S Y -

FEMIE SR Enterobacter sp. NKNUO1 &5 B HEREIAGN A=) > (EAEAEYISERE
s BRI o AR R R B s R H M AR Y S S A RSB s
s IR EAE I B A i A IR
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100.00

80.00
=t
AN
S
= 60.00
=1
El
&
40.00
20.00

4 4.
ffi:::%

terfoe

Control
Pseudomonas sp. NKNUOI
Bacillus sp. NKNUO1
Klebsiella sp. NKNUO1
Enterobacter sp. NKNUO1
Enterobacter sp. NKNU02

3

Time(d)

The percentage (%) was calculated from the ratio (the amounts of residual MTBE with bacterial inoculum divided by the initial MTBE)

multiplied by 100. The initial MTBE concentration in each experiment was 100 mg/L. Error bars indicate the standard deviation of triplicate

samples with the values of variation coefficient less than 10%.

& 4.9 B EERPRAEYIN R 7 KIFAF MTBE

&3



2. A

PRI EASRL B B rh (3% 4.2) > Enterobacter sp. NKNUO2 fEAIIAIE e &G HI
#il MTBE 7338 » e ERE g b - BUZATEET Enterobacter sp.
NKNUO2 i ASEAEHPYE-TE 1% MTBE T35 - it K EtBa 1 (%% 4.2) BA Bacillus
sp. NKNUOI f# » HZE Klebsiella sp. NKNUO1 » Pseudomonas sp. NKNUOI Eil
Enterobacter sp. NKNUO1 #8{), » 45 2E 97 FERSSABS (4B 4.10 Fir) ™ » Bacillus sp.
NKNUO1 B Klebsiella sp. NKNUO1 [ f@ AR DL EL B G fE » H20E Enterobacter sp.
NKNUO1 » %5 R BA#EE By Pseudomonas sp. NKNUO1 ¢ Pseudomonas sp. NKNUO1
AW ErE R b - B B O E B 2 2 - AR YIS B [ AR
&Ry 12 %Bt I ER (BREE 15 REERLE 13.4% » 3% 4.2) MHELTREEIE - HEH
Elhgaat Il Pseudomonas sp. NKNUO1 i 4 Rk (4 H A R M LAY
HETTEER > G1ETT Pseudomonas sp. NKNUO1 ¥5f MTBE [ #5855 » HLER T8 Bacillus
sp. NKNUOI - Klebsiella sp. NKNUO1 k. Enterobacter sp. NKNUO1 » Bt ezt EafH L
e LETHE S MTBE [0 - HERT S EENAAE RIS - B HZGE
B - AW EM R L SR MTBE #1770 - st g i s A i
ThEE » BT R IE H A o0 MTBE V&) o 2R FA D A e e i B
[EAD) T R R B A (S, - (HEH S MTBE 73t 4y5¢ = HACHZEY) TBA Hifd
(Volpe et al, 2009) 3 HAH I AEIF T 1€ B R E I (Nava et al., 2007) -
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The percentage (%) was calculated from the ratio (the amounts of residual MTBE with bacterial inoculum divided by the initial MTBE)
multiplied by 100. The initial MTBE concentration in each experiment was 100 mg/L . Error bars indicate the standard deviation of triplicate

samples with the values of variation coefficient less than 10%.

[l 4.10 ZorEEERDUAEYISERE R 7 K A IESObe 17 LG fi% MTBE
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4.3 BTEX S48 % MTBE &)

T KB SRS o S R A LA A R B
&I I ORI LSS = TR (MTBE) A s ) - ik
VI FERSEEBR ISR » 1ERIFEELE MTBE BLESEHS BREIL &Y TR
T o A MR s B L B 8 B E- Enterobacter sp. NKNU02 »

EfEEP et gEZTE -

4.3.1 EEH T KEEZRMERIRR BTEX BESE

FRIBRTA SRR LA R E R AR 7528 B 8 A I B K ARG K 2 4 2 7 AT
175 AM{ERE RS T /K g g AL 5 I /K R R E - AWFEH]
FHAT A FE 3 145 5 (R > 2008; Chen et al., 2008) [ G- &7&/ 0l H » AR T HIE
ik ELEYHL MTBE ~ EHE H7r 2 RE HEREZ L&V EH 7 E(Xo)
BRI E T R S b E Y R AR FK R b EIR RRE -
NEREE » MTBE 8149 7 FERE I s BR S s e — 80 BARIRIT Bk sk
EYBTEX)RIE DL A SRR 12me/L RS FE(R P14 08 BTEX LEAETTS
HEREY  EAER BTEX BE » HPDIFFRE s » HRBEGEE
4.7) o

4.3.2 1EEB T KBEZ NIRRT EE > MTBE {5

BRI AR PR T 4H R S U T i MTBE B BTEX 7E4¥)K
JERE b RIS R I T B L &Y IE SR 2L aYE R T R EEIER -
Hp SRR AR RS (B RIS GHERY 15%  FEEREYEERER
T o BEAIZOREE Fy 22.0 mmHg J2 20°C » 81 BTEX HAW BRI G L& YIHE 2
NEIE 47) 0 BRI S - BAREEEN - EERPRRESEE RS
BB R EETT -

HpfrgRh S8 HRREARMRIES RSN R RS IR
FEALEEEING - bR T BRI - MR R A SUBEC#E(Pedro et al., 2001;
Mackay et al., 2006; Feris et al., 2008 and Shim et al., 2006)&{L&Y > K IAFRER

[F HYMEMEMEE BBt aPAi M 2 PR A AT im 2= - DHUER ] —
86



R A7 RIS (S UM 38 4 MURF BTEX S AVKIE RS

Compound Benzene Toluene Ethylbenzene m-xylene p-xylene o-xylene
Molar fraction (X)" 0.026 0.153 0.036 0.067 0.067 0.067
Solubility(Sy, mg/L) 1780 515 187 180 158 175
Coater (Mg/L)" 46.34 79.01 6.68 11.98 10.52 11.65
Experimental set 46 79 7 12 12 12

(mg/L)

a : Molar fraction from the weight percentage of BTEX at the former study(%§ > 2008) -

b : The concentration in water according to the Raoult'

slaw. C
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http://tw.dictionary.yahoo.com/search?ei=UTF-8&p=%E4%BE%9D%E7%85%A7
http://tw.dictionary.yahoo.com/search?ei=UTF-8&p=%E4%BE%9D%E7%85%A7

2o BEJEFrAbaE VERRE > MEREHEARTRE - 590 Bl
3 MTBE #EA2RORNSL BTEX HAFMAFHE I > % BTEX fH#Z T » MTBE
RS (R - F b — B DUAEY) R BN e T 25 B — B i Fd e T MTBE 757
fiEtst Bt > Enterobacter sp. NKNUO02 53 MTBE &5 Byfie (3 - AN EERE K5
RRFEIERY 56% f (i FH LLEE — B e T BTEX 27 1 Wi U /e T 20 8 -

FhasE R AE 4.11 Bl 4.12 > SEIRENA Enterobacter sp. NKNUO2 1% » MTBE {/374
WIS (B R R BB R ANE L MTBE 51— Bl 40 e L AR -
Enterobacter sp. NKNUO2 {E[EIHF B BTEX {4 » 73S REY 13.5% » i HEH]
BTEX 522 H fIf] Enterobacter sp. NKNUO02 #{T MTBE 4:4¥)57fi#% > t 75 gk (Deeb
et al., 2000b)F R Ry R FEAE (R EEAVERE T - ARSI S s R A TR b
PIHETT RS AT - MR S A SE2MH[E > (40 Deeb et al., 2001) R - {E#R
PMI1 B 57 5#EFT MTBE [l A B — BRI /R(L &Y @78 MTBE 77
s . BEEEEANFEREEEE o NG NENIAEET - 20FH MTBE A
ET W R RSCR G R H SRR B FE N B o
MTBE £2 BTEX HY(GHIRICARTAE - AT > PR T IIA BTEX &85
f@syfiE MTBE > [A SRR B IR S b & YI/R & 52 £ Enterobacter sp. NKNU02
i Ay RS R R SR BRI ARG 36%AE ML Enterobacter sp. NKNUO2 #2775k >
LR AR LA 32% Hirp MTBE i 2 K3 A FLA K« #EM Enterobacter sp. NKNU02
BN PR B AR 2 SO ERE B MTBE Z 3 EET] > JeiE( 15y
FARBLIIAR > TR G U P33R 51 i34 (Deeb et al., 2000c; 2001) -

3

\

puz=sd

4.3.3 BTEX 224 Y)53f# MTBE FER s h

AW R ERE s iR 4 P BTEX IVFAE & s BRI 7 K 2 [l Enterobacter sp.
NKNUO02 73f# MTBE 4§ o Hrp RSl OR[N E B - SE2MEERIZIH MTBE
N Rt BTEX P B[R SCR B R - (BRI E AR T - BUARHT
Fe ks B BRI UL RRH A TG [ Enterobacter sp. NKNUO2 {£ 52 i 73 i 4= B FH 2%
& > Bta#El T 50 MTBE - {49757 BTEX B2 MTBE Z[#AZIR1SA[R - A%
(R E IR ERTAE > SR BTEX Ry 822 MTBE D f#IEIE - Fra AT s %
fIEIE - [EIRF FUAME (BRI Y BTEX & F e #E1 T MTBE [4% -
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The initial concentration of MTBE, benzene and toluene in experiment was 100, 46 and 79 mg/L. The percentage (%) was calculated from
the ratio (the amounts of concentration of residual compounds divided by the initial concentration) multiplied by 100 ,was derived from the

average of the triplicate samples, with the values of variation coefficient less than 10%.

4.11 Enterobacter sp. NKNUO02 {358 7 KAV fERE R T MTBE ~ ZRELAZEESY)
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The initial concentration of MTBE, ethylbenzene, m, p-xylene and o-xylene in experiment was 100, 7, 12 and 12 mg/L. The percentage (%)
was calculated from the ratio (the amounts of concentration of residual compounds divided by the initial concentration) multiplied by 100,

was derived from the average of the triplicate samples, with the values of variation coefficient less than 10%.
4.12 Enterobacter sp. NKNUO02 {528 7 KAV R EFE B [5FfE MTBE ~ 27K — HIESE&Y)
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4.4 FIFAEQERTEN MTBE EEBEE L £V R

WY L SRS T BRI R (R BURE I B B - — B
LTSNS QTR 55 4 T BT 4 (Loh and Wu, 2006,
Wang and Loh, 2000; Wang et al., 2003) ; 5351 » & 4241 1y 53 R g My > HCATRR
BBIETT S 5 T (Hartig ot al., 2005) » BEZASMRRIARTEHEH] AT LR 4 1
SR 0 R S AT B S B R & SRS T
R BT HLE (B B T T HH L8R 7 (Bhushan et al., 2005; Twaki
and Hasegawa, 2007) °

FiKrayl et al., 2003E2Eixarch and Constant’, 201047 7|25 Pseudomonas putida
KT2440E3Achromobacter xylosoxidans MCM1/1#fEMTBEZEL 2 EH @ B
A MY E (MTBE)T 24 BAE - MR EHR Lo AR B - AR
SISO 2 TR » et B LT S WA -

441 EHEFER

FEEVI R ER T > Enterobacter sp. NKNUO02 57f# MTBE 550/ Ry e - #U#E
FEMEPRETHE L EEE - H P BRI A E18s Ry i R hi A MTBE(Control) ~ 1£
BEAEY) 240 MTBE [ 2 i R AR S0%(T 1) DL R AT P i i R s
90 Yol HA(T ) = (E R %G » Eorh =% 8 Frfl Fl s A f MSM BB B e A= E
PNER  SEEAE Ti B Tip RIRFHIAHAT - SO0 A E N E TR A R, - B EH
AU & AT E) - o hlE T _EEENERER - EERREEEANA 15 mg £
mAEfT—4EEE VK - HFRZ DL VisPRO 5 minutes Protein Stain {744 o #2577 HI#ETT
TUEER K-S EE LR vk (Tsoelectric focusing, IEF) > Y 200 mg /strip £Ei > {#FH VisPRO
5 minutes Protein Stain ~ SYPRO Ruby stain #E{TZu{ -

S3ARFIF Sypro Ruby Protein Stain 4%55(& 4.13 ~ [&] 4.14 BilfE] 4.15) » 455880+
Ty BAPEHIAHAE LRI B2 2 B RAVE O RLTA 14 8 5 T BedisE A b B el sh
FHEERIRE 2 2 (R RNENREYA 14 (8 5 M T, B T LRI EE 2 (5258
EEREEYH 10 {8 - FETEHH Tip ~ T BRERIAHAHED N RIS 2 (2R ED R
4975 25 (> {H L MALDI/TOF-MS 1 HPLC-MS/MS FZIhHEE H 2 26 (18 B 13 ([ >
FIEEER & 8 BRI PERIAH ~ T B T #ETRINELLE(E 4.16) -
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442 EHEETE

OAREER PRI BALTT L E (p<0.05) HEZEH7EE (sequence coverage)
20%LA EHIFRY] BRI B R DB BN Y TR E R TIL Y
EHEDEESER - SERBURT BRI R B 2 2 R EH B4A 14
&l > B e i A SME 5 T Bz A A EL BRI AH A L R P S e 2 (5 A SRy G
LIA 14 - {HpThiiE R85 T4 T AH EL IR &2 245 72 A B BELY A 10
&l - (B pleThsi e Ry T{ SR BB T » T BRI AR NI B2 E = SR R
HREEAE 25 - FH R e 2 B R B B 775 PL E(p<0.05)5 1311 - FRIRE
BRI A O - AR SR ATl & U E VR A A L &Y% - ATRET R
MHEN - BEEBNTIAEREEN AT - EEEHRED (U:IMEE o A RS
EM) ~ EREHUATPIPEEGRLRER) - &L (WS LB 2 A 1HY) -
4.8 57 B LA 73 JAPRE T 2 1 # 7E 45 R (Eixarch and Constant’, 2010) -
1. &EEN

Spot 781 & A1 ¥ Hil 41 3 2 KT H 4l - £ A 7 Bt fs Hypothetical protein
ENTCAN 08325 > Z/&ABC-type dipeptide transport system > periplasmic component
] g5 B Amino acid {H#iy & (X5 {E F 7 B8 (Tomii and Kanehisa, 1998) o H. X A
Extracellular solute-binding protein > 7}J& /> ABC-type dipeptide transport system > EH4ff]
FpsE B EIRMHRAE D - SORE L E MRS EIYE K T EIERET - SRR
M EANRERE4EE A F (Segura et al., 1999; Eixarch and Constant’, 2010) = Spot 63 £
TEFEFI4H R &9 K F5ABC transporter periplasmic binding protein > 25 H I EESpot
T8 IAEEAIN R 4RI - B A HE 28 75 AH [5f 25 15 ' (Petty et al., 2010) e

Spot 773 By FiEhsH R & KN EER4H » fx A 1] 5t FyCationic amino acid ABC
transporter - 4f{ffIf5binding protein » EARZHEET(NH,") ~ FR$H ~ BESTF - HEfth a7 4HAR
HE (R AR 2 & /& (Cao and Loh, 2009; Hediger et al., 2004) - Spot 498 Fy{F & EmzH
T & A EHEIZH - 2 FsHypothetical protein ENTCAN 08325 » ABC-type dipeptide
transport system ° periplasmic component 7] §EE Amino acid {5 & (CEE AR o H
EHIhEEELSpot 781(Extracellular solute-binding protein)FH{LI7R F4HAEE - BN R R
FEAERE 2 BB HE (Petty et al., 2010) - H #HIRFESpot 498(ABC-type dipeptide transport
system » periplasmic component){f B igdl T EEA > I HMTBEFTs2 B 82
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Vs [ [FEMTBETR 5 B AT ; 5341 Spot 781(Extracellular solute-binding protein)
EASpot 63(ABC transporter periplasmic binding protein)HI| T §E - #MTBEES2E » 4445 F
IEH AR BT 2 222 A A [FI 2 F & 7 $&(Tomii and Kanehisa, 1998 Eixarch
and Constant’, 2010) ©
2. BEEEH

Spot 222 11 B Bnd 5 8 A HL4I4H - BFOF1 ATP synthase subunit alpha » {F
BRI SRR E 3B - oy HIAE R 43S B EE LR A thylakoid A HfIRE 253 F-ATPase - ATP
synthaseZR 3 & 1] LR E R H MRIA 722 - fEATPA: 2 KRS TP (J0 SRk
Krayl et al. 220035 MTBE & /SR ATPR/ ) 8 #EHH/KE(E A » (EET 4R E 5 [
NATHAREN AR L EY) DAL B 7 (BRI REAN o R MTBES 4 A&7
SMRAETRALEY)  HUE BRgH T ATPase B & & s i e i4H » HEHIRRBLE MATPRE R
DL B 5 FURFMTBERS t Al B S MY Pre€ 4l F H (Eixarch and Constant’, 2010;
Kucerova et al., 2010) «

Spot 339 11 B BtH R FH & K #Ei4H » SyNADP-dependent malic enzyme » 55
Bz 22 (Malic enzyme) )= 3 AT R 4R ~ EPIFIREA SR » AR EEI88 N ETH90%
FAE SR IR 22 SR T - EORESE SR (malate) S (LAR GUS EZE A=NADPH - S 4HHf
ANADPHHY EE SR » WS BRGNS E G RIE » B8 4 & 5 E% % (lipogenic
enzyme) 2 —(Campbell et al., 2009) - SSYMIAWFEEE R Malic enzyme H Y E 4R,
pyruvate » #E[MT4ERCATP LA HE4HAM 4= 1755 & (Finley et al., 2010) - Malic enzymeZ2#i
BIENIAMTBE % » S5 B B iR IR & KA RN A FIMTBERU R RE &
AL > BAIHIMalic enzymeifE {741 & & 5 {F FH(Eixarch and Constant’, 2010)
333. fEHEH

Spot 258 Fy A% 2 i 4H = B & KX H BB 4H » F Alcohol dehydrogenase,
propanol-preferring » EBRENZYME class 1.1.-.-Hp 7 S{bEEZE - 7] DUKF ZBZ BN b4,
{EEBRGRE T o SUBth A ECEL - CHAE(M. vaccae JOBS B a Graphium sp. JEHET
MTBE gy &5 3 &2 /L TBF » JR[EfFE & i3 Alcohol dehydrogenase » B2 [A Ryt
Bz E L R @A LAY E(LE(Johnson et al., 2004; Smith et al., 2003) - {HAHE
& ORI BB 2 - M EE RS > v ELItHER Enterobacter
sp. NKNUO2 » {£3#E{TMTBE 73 fi#is £ 2 2B LEATBAR L2 7 - 55—J7H »
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ENZYME class 1.1.-.- a] j& MHP §# #4 5 2-Methyl-2-hydroxy-1- propanol » # & JH]
Alcohol dehydrogenaseZ: B4 {EMHP X JiE -

Spot 101EdSpot 118 EAEEH Bl I & A EH(2H » =2 FsPhospho- glyceromutase »
FH 4 % % (histidine) 1 [i% 5 % 2 (phosphatase) domain %38 > 2% By bk ik (L B 2
(phosphatases) : 6k Bz (b BT @SR B - Hd 5 —&H >
2,3-bisphosphoglycerate-dependent f& {b 2-phosphoglycerate & #H ## (b Jk
3-phosphoglycerate - Phosphoglyceromutase #& ft T [ H H & f{I [
(phosphoglyceromutase) ~ (&S (enolase) ~ (& 2L (pyruvatekinase) » 3-P-glycerate
2 ¥I] Phosphoglyceromutase Y & By 1 &2 % P4 Fil B (pyruvate) - 5 B 4H " MTBE %
Enterobacter sp. NKNUO02 47 fi# 7 A= o0 [ & % TBA Ei Propanol #£ [fj 1 H
Phosphoglyceromutasef# (b ATCA cycle - S{EERZ ARG 2 EHERRES
ER BT AERGEERE  FHPHEWEBEERD  HEH
Phosphoglyceromutase 25 H & 7= I{ & 7 8% /) (Funahashi et al., 2008 ; Kang et al.,
2009) «

Spot 151 B fE B ERAHRINE ARAERI4H » Ky (Transaldolase) » f & TalA Bl
TalB - fEfEEEG (B30 43 dyhydroxyacetone K7 8 B{E T » 41 H fructose-6-phosphate §&
{b B erythrose-4-phosphate > # [fj 78 > £8 fk sedoheptulose-7-phosphate Eil
glyceraldehyde-3-phosphate - EEES 0] {1 L Pyruvate i A cetolactate [ & 2 [E#E( L - [H:
RN E O E R B > W ERGHEEE - MEOERE S - H
Ml ERZ = BEAMTBEEEYIAHRE > HH SR T rT A2 2 TP i EETHIBA S B AR R
Lactate#i{L 5l Pyruvate » #E 1 DA N AP {E FH(Whiteley and Lee, 2006; Ezeji et al.,
2007) -

Spot 280 R fEFEMIAHFRINE AT E g - # e 4552 Flsocitrate dehydrogenase
[NADP] - Eidife/KAEEY) ~ S E BAe R (G A HRE 2 £ 5 E (Petty et al., 2010) -
{BEBRAFERIHRIEEA - e RAEEEN S ST #HEY K7
TR Z R B o 52 ATCA cycle 5 1 4E 5 B 4H o #E 0] 2 A MTBE i &
Enterobacter sp. NKNUO2ME—fi i » (SHAHAEE ATCA cycletsss/ )\ » (HIEEHESR
B & & W Isocitrate dehydrogenase {EEERLHPIZRERITRE » HIERI E8(E - #EHI
A2 A M FIMTBEM Rtk (Cao and Loh, 2009)
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4. 2B EmESAERE

Spot 172 R fEfRfI4H I E AN EE4H - AIAE fyalkyl hydroperoxide reductase/
Thiol specific antioxidant/ Mal allergen&1Antioxidant, ahpc/TSA family » & 4= W4
AR - FEANS(ILERNED - BRLFHEEEMNZEE% - mE
A EAEINE D EEER SRS - 4 H '8 @& Peroxiredoxin (PRX) family (Typical
2-Cys PRX subfamily) - PRXs Z2f5# BB LEY) 2 DiaEEE R (TSA) » AIFEHE
RS LS - HE L HEEEERYLEY) - I EREMISH - T2
NIRI AR 2 e - HERTR e S AR Vi 42 S BYEBR T - (EMTBES Enterobacter
sp. NKNUO02 [ & [Fl/@ & & S LI 1 2 A L&Y 55— EY AT FFMTBE
WURAHREAE RO - (EYHRELIEE AT » M R e RlGh = b s 4= B MR R
TEARMAERE . HAEEEIAMTBEL AN & & 4= BEMTBE FE - {N4HAH -
BV S REESNE - HEIM 1] k3w Enterobacter sp. NKNUO02 w1 FHMTBEM 4
AR R - (EMTBESE M IS Y S B EBER T A BHEA(LI et al., 2009; Cao and
Loh, 2009; Eixarch and Constant’, 2010) °

Spot 335 Ry fEEHIAHRILE NN E R » &y Cysteine synthase A » [LEHE R
& Cystathionine beta-synthase (CBS) Ei Cysteine synthase - CBS f—fEFik =AM
4T |25 Al Pyridoxal 5'-phosphate (PLP)-dependent 253 Serine Bl Rt
l% (Homocysteine) #E [ff] & AE - B Bt FF B fiz % (Cystathionine) = #1158 155 2 Bit i B
(Homocysteine) ;% 75 #8{ j *f Bt B R 1 e iz (Cystathionine) 5 € 572 28 41 e A T A R
(Yu and Gu, 2007) - fEfjlIl A MTBE & & 4ifia s 2 - et 872 BT Tin
Rp 2P B B RIHAR DL > SCHEMILERS Cysteine synthase A {52 R LUER H#E(E - (HE
AR AE R IR R 425543 Cysteine synthase A SIS N - HENMHAEAA
REBIEZIR - (B4 A B AE 2 3502 - HEM 2 B IR, Cysteine synthase A E/EE >
MR EFIE T % (Bhushan et al., 2005) -

4.4.3 MTBE 7 f&EY)
F]FPBS bufferiE {744 K FEFE [ AEMTBEEES » (s Enterobacter sp. NKNUO24
FHFIE A H(Rest phase) » i HA RFFEH100 mg/L MTBEZ PBS buffer » £55&24/)\
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F > JEL o A 9 (8] /)N B 220 20 A 1 16 3 1 BB P SR MR ) LA GC/MS TE 1 73 > IS
1-Pentene - acetic acid ~ 2-Methyl-1-butene ~ 2-propenoic acidEH2-propanol » E:H[ g
Mrifrs s 2~ BEAM TBE 4 fif A8 B8 ) f facetic acid ~ 2-propenoic acid&H2-propanol - %[1[E]
A VTHR Ry 24/ NRf % > PBS bufferdfEfT2EHUFT 3 Z B2 - K24/ N T AT i 2
At oK > BRI R - Frooth AL &Ppick RO » ST HERIFTES:
{EEY) R Y nT RE MRS, -
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7% 4.8 £ MTBE EH N 2L MALDI/TOF-MS 47178 1€ 2 Enterobacter sp. NKNUO02 £& H'&E & € 45 52

Matched Coverage® MOWSE Theoretical Experimental

Induction ratio®

Spot Accession No. Protein description D a
P P peptides (%) Score” Mr /pl Mr /pl Tl/z/Controld T, /Control®
. Extracellular solute-binding
781 gi|237728854 protein 17 36.1 142 60.4/6.3  50.21/6.46 0.431+0.098 0.342+0.006
ABC transporter
63 21291085994  Periplasmic binding protein 8 43.7 88.2 34.3/6.0  30.16/6.58 0.239+0.016 0.288+0.102
ytfq
101 2i|152969325 Phosphoglyceromutase 9 39.6 86.8 28.3/5.6  26.65/6.02 0.561+0.0248 1.155+0.185
151 gi|261340771 Transaldolase 16 53.5 142 35.7/5.6  3543/6.00 1.366+0.167 2.018+0.015
2,3-bisphosphoglycerate-de
1188 21295057780  pendent phosphoglycerate 16 44.0 481 28.36/5.5 26.60/5.71 0.6232+0.410 1.3561+0.315
mutase
Cationic amino acid ABC
773 £i|146312500 transporter, periplasmic 16 66.2 146 28.6/5.6 2837/5.00 0.368+0.015 0.428+0.024
binding protein
. Alcohol dehydrogenase,
258 gi|288549655 : 10 36.9 88  37.2/6.5 38.84/6.40 0.441+0.037 0.5626+0.088
propanol-preferring
222 gil156936114 T OF1ATP synthase subunit 15 36.6 128  55.4/59 51.23/6.26 0.5897+0.181 1.51310.043

alpha
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% 4.8 (1)

Spot Accession No.

Protein description

Matched Coverage® MOWSE

peptides®

Theoretical Experimental

Induction ratio®

Mr/pl T,, /Control® T,/ Control®

498  gi|288550235

280  gi[283784947

172 gill46310533

335  gil261340754

339 gi[224373224

Hypothetical protein
ENTCAN 08325

Isocitrate dehydrogenase
[NADP]

Alkyl hydroperoxide
reductase/ Thiol specific
antioxidant/ Mal allergen

Cysteine synthase A

NADP-dependent malic
enzyme

11

14

12

7

(%)  Score” Mr / pl

25.8 105 60.3/6.5 50.50/6.59
35.0 119 46.1/5.0 44.51/5.47
38.0 79  223/5.0 23.07/5.22
48.9 153 34.5/6.0 34.70/6.53
22.0 78.6 48.1/5.1 50.07/5.56

2.2960+0.190 1.4562+0.438

0.6074+0.157 0.4977+0.063

0.5588+0.049 0.2284+0.043

0.8256+0.142 0.3783+0.023

0.6524+0.138 1.3309+0.180

“means criteria for confident identification were that the protein should have at least 20% sequence coverage and match at least four peptides.

® means mascot scores greater than 77 are significant (P < 0.05).

‘ means of induction ratio, derived from at least 2 excised spots from different gels after 2-D electrophoresis, more than two-fold is significant

(P <0.05).

4 means the volume' of a spot of T}, (the 50 percentage of MTBE biodegradation) divide by the volume of control condiction.

“means the volume of a spot of T; (stable MTBE biodegradation) divide by the volume of control condiction.

" means spot quantity was expressed as the volume of a spot divide by total volume of all the spots in a gel.

£ means identified protein spot 118 wsa more than two-fold is significant by HPLC/MS/MS analysis.
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2-Propenoic acid, 6 methylheptyl ether

Propenoic acid
2-Propanol

acetic acid \

4.17 LA PBS buffer(Phosphate buffer solution pH="7.4)i%% Enterobacter sp. NKNUO02 #:7T 100 mg/L MTBE 4:¥[#%fi# » &8Z5H 1% DA
GC/MS EVE T 2 [T R
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4.4.4 MTBE 73 fE#RR

b e S R 4 1 E RS pot 258 - TEAR A SRk BRI & H/E BIMTBE S L7 fif
JERCTBFARE - F2A B R T TS B S R A LAY E(LEF(Johnson et al., 2004;
Smith et al., 2003) - {H H £ Spot 258F 3 & DIFEHIAHEL A - & HEsm Enterobacter
sp. NKNUO2EfTMTBE > G TBFF-LL B /D - DUE E8E Ry TBA Ky F 27 fi#
MTBE /7=t

5 4NMTBE 1 5 7 #)2-methyl- 2-hydroxy- 1-propanol (MHP)®&r 4% ff ENZYME
class 1.1.-.-f1 7 S CEEZ R F2H Bil2e » #8585 Y 2-Methyl-2-hydroxy-1-propanol > H.
Spot 258/FHENZYME class 1.1. - #HENIHE L BN E(EMHPE L% - $hIREREA
EEOERRETTIREEG RN T, » WP EEYIE B 75 R R E 4 25
(Ferreira et al., 2006) » ##:HlAlcohol dehydrogenases: #14 {-MHPJJ & -

MTBE F1 [ ZE ¥ MHP € 1T #thydroxyisobutyraldehyde/ dehydrogenase4% & {4k ik
NADPH > HJFRHIBA(Ferreira et al., 2006) > HIBA[EfEARA =R [E T 435
B =< HLOff#8i5% Ay Isobutyrate ; — Ayi#5% 552 -Propanol » (74 2-Propanol(C3HA RS
T2 & & 4 propenoic acicd(E BT iR IHEMEEY)) - HEHIFFLEHSpot IOIE’QSpot 118
(Phosphoglyceromutase = F &1 & (7 B2 - enolase)E &P B N BRI (pyruvate) -

TCA cycle(Funahashi et al., 2008 ; Kang et al., 2009)

H= B = COfiEEE Al Lactate » [fij Lactate (X5 ZR 1 4872 & 72 £F Acetic acid(F
S AP LEY)) © i Spot 151 (#EERE Transaldolase) » A {#{LPyruvateEil Acetolactate
Wi 2 i [(Whiteley and Lee, 2006; Ezeji et al., 2007)#Ef 4= 5% PN A (pyruvate) >
#E ATCA cycle

a4t 28 Enterobacter sp. NKNUO25fEMTBEEFZE R » i ZEYHIBAEfi#

TR 3 3 HY 3 B2 2 48 fH Lactate B Propanol W F& TP =X 20 fi# » 1 0 4t B 3% 55 48 B
Enterobacter sp. NKNUO2{{SHIBAZ74E H Isobutyrate » FFiE ATCA cycle » Spot 280
JBsIsocitrate dehydrogenase [NADP] - Isocitrate dehydrogenase & & B /K L&) ~ &1
B BRI i AE R 2 B E > HEITCA cyclefH [ (Petty et al., 2010)

R EE S E# eSS IR - Hidw B A E A EMTBE 73 i 78 ) 2
Enterobacter sp. NKNU02 » MTBE4:)[& iR K (4. 18F7) ©

105



(Spot 258)1.14.153 MTBE

Alkane l-monooxi‘g/euﬁe 1
1.14.14.1
TBF []

\ TBA L.

3.1.1.
LLI 31.14.15.3

Carboxylesterase
Alkane 1-monooxygenase

Unspecific monooxygenase

MHP [‘jl
1.-.- (Spot 258)

2-methyl-1,2-propanediol dehydrogenase

A
2-Methyl-2-hydroxy

-1-propanol 1.2.1.-
Hydroxyisobutyraldehyde dehydrogenase
HIBA
4.2.1.- — 1.14.-.-
1.3.-.- 4.1.1.- 4.1.1.-
Isobutyrate 2-Propanol L actate

2-propenoic acid

1.14.- -
2-hydroxyisobutyrate
3-monooxygenase Acetic acid
13 3P-Glycerate
= Spot 151
Methacrylate reductase (Spot 101) (5p )
4.1.1.--
= Pyruvate

. Spot 118 y
2-hydroxyisobutyrate decargoggffase )
42.1.--
2-hydroxyisobutyrate dehydratase Citrate cycle

(Spot 280)

Enzymes are represented by their EC numbers. Identified enzymes are in boldface and noted with their
corresponding spot numbers. Identified products of MTBE degradation by GC/MS are in boldface. Enzymes
underlined are those whose activities have been confirmed experimentally. TBA, fert-butyl acohol. TBF,

tert-butyl formate. MHP, 2-methyl-2-hydroxy- 1-propanol. HIBA, 2-hydroxyisobutyric acid.

4.18 #Esfw 2 Enterobacter sp. NKNUO02 A=¥)[%f#E MTBE #1K
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4.5 LfEfEE) 1=

4.5.1 EEBFTRIE MTBE ZERERT A FEBLLE

HIFIEE H B MTBE R > USSR MTBE 1A= 4) S A e fige 2 ] - 7238
DAFFFET Ry X 5850 MTBE 05 Y i » IR AR » BRI R R R Rk
Ve fig 2 (32 4.8) » TIHILA Enterobacter sp. NKNUO2 [Ffil R Ryl bl » 498 19.901
mg/L/d; i A B s ER > DL Enterobacter sp. NKNUO2 B2 4 5y 7.448 mg/L/d>
AR /Ny Bacillus sp. NKNUOT 455 3.174 mg/L/d -

75 A AR B G AR R - SR IR B R E AR -
Hrft Pseudomonas sp. NKNUO1 B2 Bacillus sp. NKNUO1 S 3H H AR KLY B E
#f 1.5 B4 2.0 1% - [fii Klebsiella sp. NKNUO1 e (UHE TURASERM Sy Ny 1.13
f& » T Enterobacter sp. NKNUO1 [t Bt Jalbg P 52 » DUE BRI AR Rt
Ko QI RSAHIER 1.3 % o NS 7 SR A 75 BH SR 0 g 2R 2 B e Ay
Pseudomonas sp. NKNUO1 B Bacillus sp. NKNUOI » #1E & 36 =i = B A 3 Ry 3t
REFWE 5 55— HE > 18 RGEES Enterobacter sp. NKNUO1 Eid[E][& 2 Enterobacter sp.
NKNUO2 1 I F I H 57 % MTBE %%

S INFI FE I & B 7 B B B TR B 4R (5 RS B B R g A iz =
KGR Ry Fe] B BR AT 1 B8 TP R iR (3R 4.9) » N By S RITRIEIE A [F] - (5 Ll g 21
#(mg/mg cells/d) Bl 3% (mg/L/A) B FTAE o Enterobacter sp. NKNUO02 [ 4
RERT % MTBE S22 7 (5 B 2 000 o » o0 BELAU B & P R 4y 1,072
mg/mg cells/d ; Klebsiella sp. NKNUO1 FI| B &4 A HARAA & » 17AH (o B8 7 B & P
i ZRASIE A0 Ry 1.49 mg/mg cells/d
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R 49 BEEEE 7 KAV SERE SR IR SO ERR L % MTBE 2

Rate of MTBE degradation

Species pentane - T >
Rate * (mg/L/d) Rate ° ( mg/ mg cells /d ) R
. _ 3.40+0.18 0.57+0.002 0.88
Pseudomonas sp. NKNUOI + 5.18+0.34 0.830.004 0.68
. ) _ 3.17+0.02 0.46+0.06 0.95
Bacillus sp. NKNUOI + 6.40+0.15 1.07+0.05 0.86
. ) _ 5.15+0.18 1.49+0.01 0.83
Kiebsiella sp. NKNUO1 + 5.7740.05 1.5420.01 0.92
. _ 7.45+0.26 0.63+0.07 0.96
Enterobacter sp. NKNUO1 N 5.7940.03 0.4840.05 0.88
Enterobacter sp. NKNUO02 - 19.90+1.60 1.07£0.18 0.79

MTBE(100 mg/L) degradation by five bacteria in the presence of pentane(142.9 mg/L) at incubation 7 days by bioreactor and analysis

sample every day. The curve of the amounts of removable MTBE with bacterial inoculum per day makes by the spots ( day Oth-7th).

* means p value < 0.05 between the rate of MTBE biodegradation in the presence or absence of pentane

* means the rate calculated from the maxium of the slopes (X-axis was the amounts of removable MTBE with bacterial inoculum ; and
Y-axis was experiment time).

® means the rate calculated from the equation( the rate® divided by increase of biomass of bacterial inoculum in the same experiment time)and

was derived from the average of the results in three-independent experiment, with the values of variation coefficient less than 10%.
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TESAHIRIIZHEST MTBE [#AR 28 - bR Enterobacter sp. WRESM » HAE
Tl fig s ) A BB IR 82 4 Pseudomonas sp. NKNUO1 FE/4R JIIE e BT AU
% > T[4 23.79 mg/g cells/h #ANZE 34.750 mg/g cells/h 5 40 Enterobacter sp.
NKNUO1 HIFEAIAIE S, - fEFEAREARLTH 26.333 mg/g cells/h {5 19.917
mg/g cells/h > H(FF 100 mg 2 MTBE JEREH  SRHNTE KGR T & 14 Enterobacter sp.
[z MTBE  AHE I IE e UR HAREYIE > Pseudomonas aeruginosa (Garnier
etal., 1999) » H[%fi# MTBE #2475 34 mg h™' g dried biomass™ (mg/g cells/h) » ZHF
FTH Pseudomonas sp. NKNUO1 {E/R IS E 1% /N AT 2 AH (D2 2% H ST
MTBE [ 5 100 mg/L > [fj Garnier et al. 52 10 mg/L #E{7 » #4252 > Pseudomonas
sp. NKNUO1 {50 {E £y EL53fi# MTBE B Ry FiiRE > 44855l =k i s e
fjg’f o

A S SR R Enterobacter sp. NKNUO02 » [A 3 MTBE 482
BT HePERFEZ R AREERE MTBE 225475 1.07 mg/g cells/day(47 £y 44.59
mg/mg cells/h) » 81 HFIAF MTBE [E#ESE A » 1F 2000 5 Deeb et al. 3R+~
PMI [FfR#A 50 mg/g cells/h ZEAK - HAWIEAT LA EREHEEAR LEE - &

G BRI R DA E A AR ME R 104 -

4.5.2 MTBE 4 Y& fEHE=

AW A Y FERE B i - & H BRI MTBE JERE8L > 435I Zero order model
(S-Sp=-kt) 1 First order model (S/So= Exp(-kt) ) ( Schmidt et al., 1985)3E7 T {ti B & 15
T AV R (k) ~ TRV RGP RN () - AR G B e U Bt
A E B A IE -

TEE (L3 MTBE > F Zero order model 1 k {54555 2.4394-11.4076(% 4.10) >
H p EE/INA 0.005 » 7] R* 495 0.6705-0.9446 » 44 245 F- 551 B 4.38-20.50 K -

b k {HEK B Enterobacter sp. NKNUO02 » 25773 LB AR i H A4J1E 4.38

KFEf#E 50 %2 MTBE ;s HZU By Enterobacter sp. NKNUO1 » £97F 9.67 KHF ] [#fE 50 %
Z MTBE-R* (& K/NA (RFEA M & LU R BRI 5T LA Enterobacter sp.
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NKNUO1 Bk » R {EHLY B 0.9446 : HI0E Bacillus sp. NKNUOL & 0.9430 : R? %
/INBy Klebsiella sp. NKNUO1
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%% 4.10 H#ELH MTBE 22 Zero order model

Zero order model

Species S-Sy = -kt R’ k (mg/L,d) p-value T, (day)
Pseudomonas sp. NKNUO1  y=2.9843x 0.7269 2.9843+0.2552 0.000008 16.75
Bacillus sp. NKNUO1 y =2.4394x  0.9430 2.4394+0.1194 0.000000 20.50
Klebsiella sp. NKNUO1 y=3.9743x  0.6705 3.9743+0.3784 0.000015 12.58
Enterobacter sp. NKNUO1 y=5.1700x 0.9446 5.1700+0.2509 0.000000 9.67

Enterobacter sp. NKNU02  y=11.4076x 0.7581 11.4076+0.9882 0.000008 4.38
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SFHMNIAHEIERHETT First order model 73477 » k {H&Y 5 0.0263-0.1883 » H p (HE
JINA 0.005 > T R? 45y 0.7457-0.9580 » =4 245 F 5 B 3.68-26.36 K o Hrft k {#
A INEs Enterobacter sp. NKNUO2 > ffiF A% B 3.68 K » {HE R 45 0.9376 L1
Zero order model H R? & » #HE I Enterobacter sp. NKNUO2 [#fi# MTBE &7 LA First
order model #E{THEW S ° 55N kK (HE IR By Enterobacter sp. NKNUO1 » {H&Y
FE 11.34 KE5A A][%f# 50%.2 MTBE > [#ELLL Zero order model B & » Hrfr R?
Ky 0.9580 Ei Zero order model FH{EL - #rmitsE=X B il & FH2K L Enterobacter sp.
NKNUO1 [#f# MTBE #55 o F1| F it e B[R MTBE f52 > 1Y) 248
BB By Bacillus sp. NKNUO1 » EL2 By Pseudomonas sp. NKNUO1 » 435I &
(20.50-26.36) KE(16.75-21.07) K ©

EHAEHEEE T > 7£ Zero order model 1 k {H4Y 5y 3.6078-5.3517 » H p {HE /N
0.005 » fii R* 495 0.2658-0.8626 » E4) %5 K52l By 9.34-13.86 K « Hrf k [HEA K
Bacillus sp. NKNUO1 » 37 [ s R i b H RT4YE 9.34 K [&f# 50%.2 MTBE ;
HAEy Klebsiella sp. NKNUO1 » £J7F 10.20 KBS A[[#fiE 50% MTBE -

SYNUAHEERIEST First order model 4347 » k (B4 5 0.0411-0.0648(5% 4.11)

H p /N 0.005 > i R49E 0.3727-0.8989 » A=) 245 L 25 HA B 10.70-16.88 K o
Horb k (A IREy Bacillus sp. NKNUO1 > [fi 2FE2H8A%Y By 10.7 K> [HE R* 495 0.7774
FE Zero order model 5 R* &> #r#E ] Bacillus sp. NKNUO1 {38 /E FH %% MTBE %
JELL First order model #E{ T EH Ry i & - 555N KABH IR By Klebsiella sp. NKNUOI >
{HEITE 11.96 REFA ] [EfE 50%.2 MTBE > LLLL Zero order model BF[#g & » Hrfr
R %5 0.8781 Eil Zero order model AH{LL - #r szt B i & P AKHERE Klebsiella sp.
NKNUO1 [#fig MTBE 55 o 1] FH W ReAs = A B e DA LA P [ i MTBE #55= »
A ZH PRI E T EGE R & A Pseudomonas sp. NKNUO1 » H 2 Ay
Enterobacter sp. NKNUOI e

H RSP ILAACHHE AR MTBE 2 2t ) FTrB I RS - FF &L E A
IR T - ELE R HE (2 [ i 2R B |/ NER P R e i A B3 A 6]
J5R PR Ry AN i SR AR R e B T B R > R [ RS TG SKAS 2 B KR

RO X Rl > Y RFERRR) R KR AR R LU E RN RHE PR
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H 2 R SR N [ R 2R ( Schmidt et al., 1984 and 1985) - 534N$3R
F1 First order model 5L k (B (P fif i) BTS2 #E B L e g R A VDL - 50T
Hesm AT TSRS LR R B HACRNE » K [ e K& %y Enterobacter sp.
NKNU02(F 4.12) -
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7 4.11 HEE MTBE 2 First order model

First order model

Species S/S¢= Exp(-kt) R? k (d™) p-value Tis

Pseudomonas sp. NKNUO1  y=Exp(-0.0329x)  0.7655  0.0329+0.0028  0.000000 21.07
Bacillus sp. NKNUO1 y=Exp(-0.0263x)  0.9526  0.0263£0.0013  0.000000 26.36
Klebsiella sp. NKNUOI y = Exp(-0.0456x)  0.7457  0.0456+0.0043  0.000000 15.18
Enterobacter sp. NKNUO1  y=Exp(-0.0611x)  0.9580  0.0611£0.0031  0.000000 11.34
Enterobacter sp. NKNU02  y=Exp(-0.1883x)  0.9376  0.1883£0.0132  0.000000 3.68
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7% 4.12 X3 MTBE 2 Zero order model Eil First order model

Zero order model

Species
S-S, = -kt R® k (mg/L,d) p-value Tip
Pseudomonas sp. NKNUO1 y = 3.6078x 0.2658 3.6078+0.4679 0.000115 13.86
Bacillus sp. NKNUO1 y=5.3517x 0.6846 5.3517+0.4879 0.000012 9.34
Klebsiella sp. NKNUO1 y =4.9033x 0.824 4.9033+0.3504 0.000002 10.20
Enterobacter sp. NKNUO1 y=4.4157x 0.8626 4.4157+0.3189 0.000002 11.32
First order model

Species > -

S/S= Exp(-kt) R k(d) p-value Tz
Pseudomonas sp. NKNUOL vy = Exp(-0.0411x)  0.3727 0.0411+0.0054 0.000000 16.88
Bacillus sp. NKNUO1 y =Exp(-0.0648x)  0.7774 0.0648+0.0058 0.000000 10.70
Klebsiella sp. NKNUO1 y =Exp(-0.0579x)  0.8781  0.0579+0.0040 0.000000 11.96
Enterobacter sp. NKNUOL v = Exp(-0.0512x)  0.8989 0.051240.0036 0.000000 13.54
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4.5.3 MTBE &Yl fg8'a 7%

'E B 5TIRE H(Law of conservation of mass» B(H"E BN HEF") & HUIABIYAL
FLEAREE 1744 PR E SR R T E B TIEE Swiltimsm 8 s i b 2281 L
[ FERTS VB HAE BN R S8 2 SE & - MTBE &R 49 e
o FIFEERI4HEES 1% MTBE {E 429 S TERG PO T8 N and s s & » DU
PRE A PRy MTBE & & - Bl MTBE # R T V) o fayEl oy - 5590 - #E
TRV R R E ESFIRUERE - nREE EER I AEYEENIN - JReEs 24
VG AERE FEEY) - E PR EYIRIE DL AEYYE L - AT REic e 1%
MTBE E & -

‘= E SR (Salanitro et al., 1999 ; Steffan et al., 1997 ) F5H » MTBE #7447
et FTOTARY T ECEHEY) TBE K TBA - &8 E50 M TBF S5 - 8 Bt
{EDAIRSRER - SRk Y TBF ZEEc e (L&) » i & R TBA ; 554
7387 TBA Hy&&EH » #BLE MTBE &Y R 88K - TBA RIS IR Z2HEAES -
WIFEAETT 100 mg MTBE [fi#sin Tt - BAEAE MTBE g% EX(J) 2 Enterobacter sp.
NKNUO2 - H TBA EAEEEA 377 mg > BHMEETRSEE -

AYra Rl - FIRBOEE ODgoo Bl HRZ BB RI/F R iR E 4R - DUE R ET
B EM S R A YTE E8M LT - AR E R KN E Bl MERAERE - 5
R AEVENIIE 8 AE#ETT 100 mg MTBE [Ei#5U5 1 > Enterobacter sp. NKNU02
HAYrE N 18.56 mg > AJHEiR7 18.56 mg MTBE &&=V i B AR A YE
& o Bt Enterobacter sp. NKNUO02 Ff MTBE AR Y)E & R NME » HEsm/VEH
i Enterobacter sp. NKNU02 B 3R W15 A TP FR 425 5240 4 Bacillus sp.
NKNUOT FEAASLAHAE T - [ B3 MTBE B » 283 B
VETMEREALHYERELRNEE -

LA 100 mg MTBE £y {3 » 115 B i b 738 B S B e R sz A= W) S R v ) T 5 5
Hy MTBE - HYE B s MEA A=) o0 i (F R R A Y 'E BB ) - Horp L
Enterobacter sp. NKNUO02 25 » [#f# 100mg MTBE &t MTBE 7R EER T
'EE Ry 35.12mg ; HUBRRREHESICREEMTEBUN ZE RS - hZfl4HaER+ MTBE
B8Ry 8.59 mg; LUK TBA AR BE 8 f 4.28 mg BUEYIEIIE E4Y7H 18.56
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mg ; 5581 ik MTBE E 8474 33.96 mg » Ham 1] At BHA A A FEEY (8 4.19 5
4.20) -

Hrp 475 MTBE £53 4 » B #E57f% MTBE & S8 A Y E SRR FILT 5
28.13-57.62 % » BEHARL HA RS EVIFIELBILY Sy 31.37-62.51 % o FI| AR o7 %
MTBE & & @ pl H A ) 2 L - 1 SR R AR SUR £ Bacillus sp.
NKNUO1 B Klebsiella sp. NKNUO1 4371 £y 80.80 %Ei 73.37 % ; FHIES A He (R 2 SR
REHEE Pseudomonas sp. NKNUO1 B Enterobacter sp. NKNUO1 £y 29.74 %81 18.63
% > T B AR AR ) B By B A LE {5 (Pseudomonas sp. NKNUOL By 56.96 % il
Enterobacter sp. NKNUO1 5y 72.54 %) » #HESR % MTBE §E 178075 2 B E 55 fi i i
% BRI EERAEYE 2 A% MTBE Sl R EY) - &
oAy e — iR B R E T IV BT RIE] -

MTBE (#HEIES » 55—V R TBAISURELAITFTEE & 2 (AHR) - Hh
(Kl Ry Enterobacter sp. NKNUO2 [Zfi# MTBE 442 i fy PR EREAHE » T AE it pl e
YITBAR SR EHREE - HEWEIR TBA AR - ERECHSHA BRI L EMIE R
FaiT » B AIHRE ST B AR RE MTBE B &1 o H A RS SsksC#ctam w1 At e ik
REEY) - 41— ALhR - AREHBUE IS - 40 2-methyl- 2-hydroxy- 1-propanol
(MHP)F{ 2-hydroxyisobutyric acid (HIBA) (Steffan et al., 1997) » 7 1% P44 5L 2-
PNEE(2-propanol) ~ PNl (acetone) F1E & {LEF(hydroxyacteone) (Church et al., 1997) -
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Bacillus sp. NKNUO1

Pseudomonas sp. NKNUO1 Klebsiella sp. NKNUO1

[1 Residual of MTBE
B Volatilization of MTBE
B MTBE biodegradation
TBA

Biomass

Enterobacter sp. NKNUO1 Enterobacter sp. NKNU02 EH By-product(ex: COp,acid)

The equation was calculated from the total amount of 100 mg MTBE composed of the amounts of residual of MTBE, volatilization of MTBE ,
and MTBE biodegradation (removable MTBE by bacterial inoculum). The amount of removable MTBE by bacterial inoculum was composed of the
weight of TBA( the increase amount of TBA transformed by MTBE biodegraded), bimass (the increase amount of bimass that calculated from the
calibration curve of dry weight content of bacteria and optical density (ODggo), and proposed metabolite (the other by-products as CO, and acid
calculated from the remainder (the amounts subtracted the weight of biomass from the amount of MTBE biodegradation). The values(mg) of variation
coefficient were less than 10%.

4.19 o EEE PRIV FERE RS & 7 RE#GH MTBE 28 & <FIR 7
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Pseudomonas sp. NKNUO1
Bacillus sp. NKNUO1

[ Residual of MTBE

B Volatilization of MTBE
Bl MTBE biodegradation
TBA

Biomass

BFEH By-product(ex: COy,acid)

) Enterobacter sp. NKNUO1
Klebsiella sp. NKNUO1

The equation was calculated from the total amount of 100 mg MTBE composed of the amounts of residual of MTBE, volatilization of MTBE ,

and MTBE biodegradation (removable MTBE by bacterial inoculum). The amount of removable MTBE by bacterial inoculum was composed of the

weight of TBA( the increase amount of TBA transformed by MTBE biodegraded), bimass (the increase amount of bimass that calculated from the
calibration curve of dry weight content of bacteria and optical density (ODgo), and proposed metabolite (the other by-products as CO, and acid
calculated from the remainder (the amounts subtracted the weight of biomass from the amount of MTBE biodegradation).The values(mg) of variation

coefficient were less than 10%.
4.20 BorEEFER DAY ERE S 7 R B IE SO T %% MTBE 1512 2 & & ~F IR 716
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4.6 MTBE &¥57 i 2 AHEY)

73t MTBE &84Vl g &) IILAPRES MTBE s Sh B Ul eV e B2
EAERAME - 555334 MTBE [FIR/REA TBA E4: > HSORkPECE TBA 28
MTBE ifeffC#fEY) - MTBE 438 B (ERgE LA X — (& EE(Formaldehyde) i sk
TBA ; JREGEREH MTBE SE/b/rfi#Fy TBF H bk GHERE (LK TBA(Deeb et al,
2000a; 2000c; Martienssen et al., 2006)

4.6.1 I MTBE E{CGEHEY)

P4 e B B IS TBA JERE B 0.2mg/L- #E3m 2 R(1) MTBE Bl i i rh g
TS AT B (Eweis et al., 2007) 5 (2) FREEMH EARMAEI(E MTBE 737 |
() SRS - RPRIL LR > EoR SR &R 4°CoKAE - Bt
A EEAH MTBE 54£0.22  m i EHE(MF-Millipore MCE membrane)i 23 & il 2E
Yo LUBV B ERERE -

S5 > HSUER(Arp et al., 2005)F5H MTBE fEH 2B T - B8 TBA 81
TBF Y A[REME A ATAIE » EfmEEZ/KAHT MTBE G#ig##mEL TBA BHIES > f7
MTBE {785 TBA HREK - 411 4.21 5H/KAE S MTBE & £ i i% 55
RAF (Arp et al., 2005) - [fiiAA& T MTBE & (LR TBF HYSRAE T T AR
& TBF f/KEEIM AL TBA - # MTBE E7KAH A E AKERRR TBA - S E 5T
PEfI4H > MTBE th&4 TBA JRIA alfEsm RIS AR 1 ) MTBE BEEEEL - iz
BB EEY AR TN G P s 227 4 (Schmidt et al., 2004 ; Wilson et al., 2005) -
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MTBE (a) « TBF {(a) TBA (a)
D> -

A I\ A ATy 4 g
MTBE (s) e
. A TBA (s)
N I'BF (s) ° i "
\ A
v v v
MTBE (w) TBF (w) 1 > TBA (W)
=
‘\‘ 9 I\\‘
TBF (sed)_!
. - (sed
MTBE (sed) ¢ ~= > l\‘

Mineralization and degradation into other products (diagonal broken arrows) ; Transformation (horizontal block arrows)

From Arp et al., 2005
421 fEIEEETh MTBE #8857 TBA Bl TBF 1y
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4.6.2 EHEYE MTBE HE & %

FMIARIE RS MTBE (TR - 2530 TBA JBRELE#ER MTBE & &
6.5-18% (%% 4.13) » AT FIZRHER] MTBE #A BV 0 itz 14E R TBA S &ELLf - B
B TS AE Yo MTBE & 2 BLECTA (EHEY) TBA BiditERih - HEtERHE
FiEZ R MTBE & & E{CHEY) TBA & 8RGA1E

Y =0.0721X » R*=0.809

X B MTBE [ &E(mg) : Y £ TBA EH & (mg)

A A1E MTBE #53fif #2005 TBA ZE AR RIROK > Wi R4 AR R 1 (ELEREER
£y 0 [Rfiga% MTBE fiEf%FRIG - TBA fizE & - BRI ED) o 776 508+ MTBE
(R TBA EEAISR (LB (Wilson et al., 2005) - I ILEH AT TBA AL E
HERLH MTBE J5HURE - ) T SIEE -

SYMEERGAFIIAAHE - [ % - TBAZE 4 8 BIMTBER bR & # I
LR % > EARINTE oo Bacillus sp. NKNUO1EdK ebsiella sp. NKNUO 12 &g o1 Fip
4R TBAE L H B4 fEMTBESER#: % ; Pseudomonas sp. NKNUO1 iEnterobacter
sp. NKNUO2RI 5[z > o FHSZRRH /N BUII A LRSI E % - (Y 4 R Bl
B WS B A A TR [E] (Deeb et al., 2000a) » F 3R By E TR AL EfESS —fE
A REEENIN » W MTBERES » H [FFRFIG#ETTBAILAHER » 4TmJR
s 2 TBA % (Schmidt et al., 2004) © DISC A 5 BRMTBEEL TBA [E] 17U
B nfRIEEE BTG - TBAJERFE S RIAEE » 5 HHaMCGHEY
PTG ELBIE R o S E R R D A ke 8 R R el LS AR )00 R R b O (3 -
{BEHEMTBE A %58 2 HABEYI TBAHERA(Volpe et al., 2009)

A TBAZE A S KR Rt ia®s - st RS EE ) fETBAZEE - Enterobacter
sp. NKNUO243 @ TBA 3 £450.148 mg/L/d » Klebsiella sp. NKNUOI1 ~ Pseudomonas sp.
NKNUO12Bacillus sp. NKNUO143 51 20.170~0.095810.148mg/L/d » HH Pseudomonas
sp. NKNUO1 - Bacillus sp. NKNUO1EiKlebsiella sp. NKNUO1{E 3#E{T H At 5 43 it
MTBE% » & TBA 4B Z453 71 550.137 ~ 0.257810.191 mg/L/d » E 1 Bacillus sp.
NKNUO1EiKebsiella sp. NKNUO 1AL 53 fEMTBER SR (E 7 » F1] Fpentane ¢
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SYRTBARE I » T TBAYR FENERY 154,120 35 E TBA o MTBE resiqun
BRME o TSI -

R4 MTBE JR eyt T e FINERGRS - TBA B Ry oisgert : (0
MTBE 53z (me/L/d) 48 » € {SI5] TBA STt A - MikEwmR
/> HCEEIBEER PR I L) MTBE SR » 2 (SR (s N0 5 55 i
) TBA ME{FHE#(Decb et al., 2000a) » BIFF & SZERFFTAL - TBA B MTBE A T
B i (L&) - AEFBRALT Pseudomonas sp. NKNUOT FAFEREP A  MTBE
e AR A (L » TBA BIEA R4 - BBRE — K545 =K MTBE AR 5
0.62 mg/L/d> FL. TBA R A(E 1.5 mg/L: fiif% TBA JREAWE/V A MTBE
WEfEERIEI » SN BRIV AR - TTHERAE—BEG MTBE [
KBS WTTTRFHAELE TBA - i TBA BRELEIEIETEE MTBE 47 0.93-2.56 %i%
(4017 4.13) » BIUGHERT TBA W57 -
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% 4.13 FREREE 7 RARIIIESObe B B R % MTBE YR a5 TBA 81 MTBE LL{ERH %

. Biodegradation b TBA/MTBE cmoveal TBALax/MTBE Residual
Species Pentane of MTBE*(mg) TBA"(mg) (%)° % )d

] 10.53+0.57  1.16+0.03 11.02+0.02 1.67£0.01

Pseudomonas sp. NKNUO1
+ 10.942.69 1.45+0.02 13.30+0.02 2.08+0.02
. ; 6.9840.16 1.24+0.06 17.77+0.12 1.7540.01
Bacillus sp. NKNUO1 + 21884335  1.35+0.06 6.17+0.40 2434001
. ] 13.8943.20  1.2940.03 9.29+1.16 2.03+0.03
Klebsiella sp. NKNUO1 + 209643.02  1.52+0.01 7254091 2 47+0.04
] 23.1240.21 1.50+0.09 6.49+40.28 2.45+0.04
Enterobacter sp. NKNUO1 + 16.6542.36  1.47+0.15 8.8340.43 2.65+0.02
Enterobacter sp. NKNU02 - 56.78+2.17 3.77+0.27 6.70+0.18 0.93+0.04

*means the amount of removable MTBE by bacterial inoculum was calculated from the amounts subtracted the amount of volatilization of
MTBE from the total amount of 100 mg MTBE at incubation 7 days.

® means the weight of increase amount of TBA transformed by MTBE biodegraded at incubation 7 days by bioreactor.

“ means the percentage (%) was calculated from the ratio (the increase amount of TBA transformed by MTBE biodegraded divided by the
amounts of removable MTBE with bacterial inoculum) multiplied by 100.

4 means the percentage (%) was calculated from the ratio (the maximum concentration of TBA transformed by MTBE biodegraded divided
by the concentration of residual of MTBE at the maximum amount of TBA-transformed time) multiplied by 100.

The values of variation coefficient were less than 10%.
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R HAE TBA SEANRF IR & &k MTBE S #5851 (Schmidt et al., 2004) - & A
MTBE [ 2R E R HE M TBA P14 H TBA JRBEIAHGEY) 0 fi# - # TBA
FRIERFE [ - (E5EEFERISH . TBA JRE R (X5 0.2 mg/L) » a[#ER1 MTBE {325
FEHETTAEY) % - #UE MTBE Fr@ i & A EEL: TBA - {HIN TBA 5t oo
Hag/b  Bra g Hieiads - M@ % MTBE f#l(Martienssen et al., 2006) > &7
MTBE [##5RE TBA i e B A B AR Z Bl - BEHYShEme o iR (0
4.22) -

MTBE4# 2 % & TBAR Z L
TBA & 4 5 # i P11, U
MTBE% # 47 & 4 % MTBE 5 # % i 2

4.22 TBA Bl MTBE 3t [F[55: 37 8 4

FEFH T fi TBA ZEAEEL MTBE #5350 2 AHRAME » RKATHIF TBA #E1E R
MTBE WAV T =Y B < SRR e @ ATmABIY MTBE B TIF#ET
(Martienssen et al., 2006) ©
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4.7 QA/QC

FIF MTBE(> 99%);5 4+ &8 IR(MSM)#ETTAEPIERE B B - s
MTBE JRE A VRt e B AR B KA i - TR FEAIA GC/MS T 0ifrE
it o MTBE BEL{UHFEY] 2 732 (MR (method detection limits, MDL) « 555
S8R PR (instrument detection limit, IDL) ~ #% %5 f& (Precision) B ERE 5 (Accuracy )45 5F:
WFz 4.14 -

AAF%EH MTBE ~ TBA B TBF [R[ISCRSE R Ky 96.97+ 9.83 % ~ 105.84+ 9.64 %
B 106.36+ 6.56 % » [ 24E T 4-Bromofluorobenzene ~ 1,2-Dichlorethane-d4 ~
Dibromofluoromethane £ Toluene-d8 7 [B[U%(%) 53 Al 55 97.17+ 4.02~103.95+ 7.75 ~
87.79+ 4.80 Ei91.81+4.29 -

7 4.14 MTBE » TBABTBF Z (FMIHS[R ~ 5 BT

o SR
Compounds MDL ( g/L) IDL( g/L) fF#%[E (Precision)
(Accuracy)
MTBE 4.47 1 5.87% 2.95%
TBA 10.20 10 6.14% 5.84%
TBF 9.00 1 5.39% 6.36%
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FERE GintlER
5.1 &5&m
5.1.1 4£¥153#% MTBE 2 FEFI R {714

ARHHFE RS 4es5 bk i FR HE 1 FE (Pseudomonas sp. NKNUO1 ~ Bacillus sp.
NKNUO1 ~ Klebsiella sp. NKNUO1 ~ Enterobacter sp. NKNUO1 Ei Enterobacter sp.
NKNUO2)#17¥# MTBE HV4: Y5 fi#a B 2438 Klebsiella sp. NKNUOI1 B Bacillus
sp. NKNUO1 FIJFH IF sz a] DIB6 i fi# MTBE 2558 %} Pseudomonas sp. NKNUO1
s BN S T Enterobacter sp. RIE BAHIHI 44 73fiff MTBE Hi52 -

Hrfr Enterobacter sp. NKNU02 H#{#H MTBE R » {EAEIEBHETh
JG A KA > g BTEX {1 E 73 MTBE %UR - 55— J51HI » Enterobacter sp.
NKNUO2 Ji#} Benzene £ Toluene A FEMERE S - B DIEIER B air I B2 G
1£ Benzene B Toluene #7 [ g 2 (SRS > o] {ff MTBE [&##{E FH E-#% Enterobacter
sp. NKNUO02 Y - {2 MTBE FE#R - 5551 > mILIF s & S E
LlseRr BAE B BTEX BB o0 fi# MTBE 25008 »

TERI AR ZE 3830 BAE 2 [ B 2 20 0R 5 At R oKIR » mT DL R S
HEF BTEX 47fi#E T TE[F(E BTEX 2%  F{H ] Enterobacter sp. NKNU02
#E/T MTBE 43 » %0 BTEX 8228 Enterobacter sp. NKNUO2 474 o

5.1.2 &¥)531# MTBE (GHREZ FER

BEo AR SER T T LAESA TR AE Y AEMTBE 2 55 > H HH SORRER 4N & HHHe
D) 2 1 /A L& Enterobacter sp. NKNUO2 7 EMTBERKH > {575 2EPIRHY
BRI RS R B A RTE RN > AV B R I B M TBERE 1 Z EE H
B AEARAH AN TR AL 2R REE RERBILIIREENE 2 8%
HiE - AEEYIEE TAET -

B B LIS EMTBE e h » B A R ARG B A A L
REE\b - Sefe 2 TPiE]EY) > RIS RS BUE T TIE B ARG o] DI PR |
591 > ] LVEAH L B T e SR ERE T g B EHERE
RIE » JREEMTBERS [ml 5 E AR HE Rk VA P RIEVIP A > ARt
ZACHEY) -

N
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5.1.3 &¥53# MTBE (GHEYIZ FEH

A:W)57 % MTBE [Rlis & e A HACHEEY) - ARTFe EEEMR TBA BE - X
RTEH AR TBA B2 MTBE JRIEZR R(Eweis et al., 2007) > HEETH5 45400 L)
73 MTBE 23407 » 55— 51 > N TBA #){ERH g R EE R IR KCie
HIERB A SN - #UERF SR A HEEAESEY) - FRFEN MTBE
VAN > HAREER] TBA FEESE A 5T - IRE ROl 5 AS 5 0L T
AYEE TIAR - BfE MTBE [#A#151F 8B MTBE RHEAGHEY) - 2115
B AR OH S A T AR B Z U AT

5.1.4 LA Enterobacter sp. NKNUO02 53 MTBE 7 {B&
RAFFE P FERCRELFERY Enterobacter sp. NKNUO02 » i HFij/A#E MTBE [%
FRECR R E Y PMI [ERRARRZFAK - BAWMITAT AR S &8 A T
SRR G e S IR R - HAHIT AT & & (ODgoo &y 0. 1B B B &AH
W R - BRI R Ry TSR S T /KR (25°C) » BBk P B R
MEZ NIREHE - HIE Enterobacter sp. NKNUO2 A RImfE - #f#f## MTBE
R G AR -t E R By T B BUCRUHT - #ERE R R g A
RGNS > ST LURE Enterobacter sp. NKNUO2 JEFIRAEPE S 104 -

5.2 E
1. ISR MTBE 2 AW (6 1

TEEMRERNAYIEE AT AR ALLEHE R B A #5378 112 14
AW (R B I R TR RIS 2 - RE BRI YIFTE Z AV S ERE 2 B IRY
REAERTTA - A R Rittmann and McCarty, 2000)75 ] FH &= ] (E 58 AEP7K
ZHERE 55 HEA B SO DA E 2 YA 4
[TERE T BN VISR A PB4 -
2. IR MAYIERNAYES Z 58

b 5e T ARG - (RE B B e T AT e 2 AR R IR AR S Rkl &
ZHF - HERERN 2B 55T SR AT IR AR - GRS
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SIRHBEE - REGHRENY ST « 5 108 - SRBEENDLT
A TTEIMGAEAT » P » HRABISE R B B E I — S S S AR
FIRTHEC TR » AR G e 5 A S 5 -

KA EGE TR TS BT (80T - LR G (L5
%

. B ESS at chS e B ) LB A B ELE (b
DI LR B S E BT A) » B/ B RIS - S
VIS -

2. LUBRSEERNG 72 SR B e T LU (8 PO -

3. BAEE — (R MRS A & I TS (R TE ) + DI Bkt
AT -

4. AT A ALY eSS - B - &
VIR » E IR RIBR TS + Rt T DL P 2 YRy
IR (TR A I B T -

5. (RASHISE B AT VR R SR TR + P LD
2 T EUA BRI IR BRI R T L
SR IR -
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J7EEEE(2002) MTBESF-E 773 < Al TIHERTT » BIILH LR SRR AR ZE e £
el o = o

51 E(2003) /K MTBESALRFHE 2 05T BUTLA N AR SR T AR B A 15
==

PREIE(2007) DAEEDRI RS FIZE [ BSHL T 53477 2-aminobiphenyl 1 4-aminobiphenyl
B NIERTREAMAE (HepG2) 2 ELNFIE QB EAF RS SffhE A4
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ok 75 L B = 7 BH (2002) - 538 2 st R K 9 B8 /(L2 {6 & H5 1l © TASGEP
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