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ABSTRACT

Mixed methanotrophs (MM) secreting soluble methane monooxygenase(sMMO) were
jmmobilized on celite R-635 to degrade trichloroethylene(TCE) in methanotrophic
consortium biofilm reactor(MCBR) system. Further neutralization of celite R-635 was
not needed for immobilization because effluent pH was stabilized at neutral after 4
hour washing. It took 130 days to develop biofilm on celite R-635 and the color of the
celite changed gradually from white to red. After biofilm developed, influent methane
and oxygen were decreased from 2.5~4 and 8~10 ppm to 0.5~1 and 1~2 ppm,
respectively. With influent 2 ppm of TCE and 10 hours of retention time, 79.9% of
TCE was degraded in the MCBR system.

Key Words : Trichloroethylene, Mixed Methanotrophs, Biodegradation, Soluble
Methane Monooxygenase, Continuous Operation
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€ A% M2 49 VIS A £ vedndE: 23S e WErlE dAls
Celite R-635°14 825 & 849 pHe % 4% 375 A #sol F4 9o =3t
22 ¢ o3 3¢ gart g, £ vigxsd 4ELE 413 43 A8 E 130
do] FFon, Mo YAE 1 AN celiter A &4 ¥ AN} YEYo] AL
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F A3 e g Aagdo 2 vga) ALE
nitrate mineral salt(NMS) Hlz] o} E#A|xl
&, TCE #{4s} ¥ Y& vhgrlz2 s

2. HEER Y Uy
2.1. oletxpEiael e

2B AHEE ClERSFL oA A
e 2F viexisiddE MMO2A NMS uijx] o
A efokaisict ' 9ix WHE JAEd 1000 mL #
gt23e] CuSO& 1% NMS wiAl 300 mL&
Yo Y s A& 10% (v/v) BF3
k. ZidE vig 10, 371 40, ol4ksieta: 4 ml/min
o] fr&o2 12A% o 08N FER
85209, 30T, 300 rpme] Feuwidrloly of
447871 (stationary phase)7t2l wi¥agict. o]
Y Heddd FEe pHe &%, awt &x7}
23 7¥s3iy 7yt FEsle 2 L 2AR(MultiGen
AL viF)el A Al AR dF sjgEA
ot NMS WA §39) 10% sidsie gy
HEFsM2D, WIFeEE 29~32TC, 350~400
rom, pHE 6.8~7.2. 71¥€ Mg 5~6, &7] 45
~50, o]2tglgAd 4~6 mL/ming T3] A
Hog FFsAL

2.2. vjietxpsriel nEs}

&Y daexgded nPYHE AL celite
R-6357} A AcHTable 1). AFEE  celite
R-635& Si02(82.3%), Al203(7.2), Ca0(2.6).
MgO(1.2), Fe203(1.9), Naz0(3.3), K20(0.9),
P205(0.4). Ti02(0.2)2 7A=o] Aot Yuky
o2 B JiFE /1A g EUAHo] Youg
E£EA71A 7)) Ao} @le] dde g0
vew 2974 §7] dqEe wgr)d 2807 A
celite R-6358& NMS uiAle] ¥ 32 AF& o] 7]

EE AAT oS, 300 mL P ¥ ¥ 3§
T& oM &5 pHE 1A @92 2339
. 8% pHE &3¢ ¥ 2E celite R-635¢ &

Table 1. Typical properties of celite

Physical properties R-635
Tope and size 050501,
Average pore diameter (im) 20
Surface area (B.E.T.. m¥/g) 0.27
Total pore volume (cc/g) 0.61
Pore volume ratio (1.0~50 s, cc/g) 0.513 (83.6%)
Water adsorption (wt%. pellet method) 60
Hardness (Monsanto hardness test, kg) 8
Bed density (Ibs/ft") 32

TE 2ol 71ZEE AANL FRTE MY O
Al NMS ¥R 2 Ayt FPoz B3ct A4
¥ ¥ celite R-635% W47 Wel A& g ¥x
ZoAN WFYG7IAA HFE T djERsTE
HEFAL g7 ¥4 10~-20% F=E FF3
o 223 27] JELe] YA S_AI
H8A vigz S48 E7]A0 NMS WA E g
7] ke g FFAINEA viNE A& AR
(Fig. 1). SAZM WiFY vjeAd dFdL
TCE 33 219 € #AE ol g8t Fv|Hoz
g7l el A3 ZEsiid. e 2 844 )z
€ el F9, 1A des i AlolAg}
0.271%} 3tollM F7IA7 o ztze] whgrlz &
YA, olnf fAle] 2EL WHoln Zzto W
7€ AW fAE oA vg R AL Zrze
ol O g 3 Ui Z7E F wgrE Al
PR, ZE WY 4EL 4, AFHA e
Fefoll A Eguigsidon, vietxide) 43 3
EE FA AAY0 A (SEM) 22 83t

2.3. 429 et8719 =7 R =

]

dWeAsd e FFAL F F 199 A%E o,
Pl AEe 43 =& THA22 f3HE A8
A Zbzte] vgAT 1Y F T8N £ENL
8 F& FHU. oluf A4 ez ZyE
NMS #iAl & 24zt FAHA 3 4 o8 A
B2 ZAAM WE2 47 exsd 238 e
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71 13 02 Sojzttt. zexn AL E7| 2N U
2& NMS 39 2k 47 dexisid 233 ¢
£7] 13 OeollA ukgsio] vgez z3ld obg
oAl Yoe §&5 9 a9 g 238
ZRANdE & <t Ao ddM Yrle A E
Z0)7] M Alg £48 200 mL FE ol W
T A FYG ¢ NFE I BF Sae GE
338t

Y vigAs g4 wgrie AA R 1
o O 2% F 40.7 LAIRLH, celiteE 32T
2ale de 324 L, ARe 2318 Aole # 37
o] #u& < 25 Lo}dtH(Table 2). Celite R-635
Aol vigxzd Yol ¢A3 ¥HdE ¥ TCE
o] ¥8]& $j8lA, WA TCE 33 WX, NMS #iA
ooig g Ak Bz FF HE G R 4L 2
3 NMS Wiz 33 ¥9Ze FFAAeY, 133
g7l 13 09 f9 ¥Ze FFAINA ¥t
(Table 3). TCE #&& HMslE v&§ i3l
A fEe o 8/10, YoiA 44 9 oE |z
o] RFE 4z 1/102.2 & A& ey, A7t
A9 ZEo| YAXA AEz 2PF Wer] 134
02 go7l=5 84 (Fig. 1).

24 24 Yy

TCE®S] 94 85 £437] 93 ALEE o
FE $X580 TCEE 34 Aoz HdAskA &
stew, @2l Fol TCEZl 3'ds]o} ¥o] Y F HE
Hol = TCEE 9| spikingdlel AMEsth B}
g 2 A wgriERE ABE 200
mL Ax HolX ¥d F A2 U F HEL 4
E£=2 #3l¥vl. 18ln PIFE/silicone septa& 7}
A 8 mL vial ¢l head space’t gl°c] TCE7l &

Table 2. Scale of MCBR system

@ methanotrophic consortium @ NMS feed pump to methane
biofilm reactor 1 sparger

@ biofiim reactor Il © NMS feed pump to oxygen

@ wastewater contaminated by  sparger

TCE @ feed pump of NMS medium
@ NMS medium with methane
® methane sparger 0 feed pump of NMS medium
@© oxygen sparger with oxygen

@ methane blower
® oxygen blower

@ methane cylinder
@ oxygen cylinder
@ TCE feed pump

® input feed pump to reactor !
@ input feed pump to reactor I
® waste tank

® activated carbon bed

Fig. 1. Diagram of MCBR system.

ol & A £4& ¥ FAPIZ 3 mL A= ¥
obd &, V¥ EFEFR 1 ppmS 1.3-dibro-
mopropane(DBP)7} ¥ 2 mL hexane® ¢
8l TCEE 9 3&389 electron captured detec-
tor(ECD)7t Z&d GC(HP 5890I0)= ¥3¥
TCE9 & ¥43d. W3 0.53 mm<l VOCOL
capillary columnel AHgEH %20, 28, injector.
detector®] 2%+ Z}2 80— 160T (10T/min),
180T, 200C2 4A3At. Alg 5o &£& 4
9] % DO meter(YSI model 55)2 &3 3%

Reactors Numbers in Total volume Liquid volume Diameter Height
Fig. 1 (L) (L (cm) (cm)
Biofilm reactor 1 @ 40.7 25.0 25 83
Biofilm reactor II @ 40.7 25.0 25 83
Methane sparger ® 54.7 20.0 21 . 158
Oxygen sparger ® 54.7 20.0 21 158
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Table 3. Typical operation conditsystemions in MCBR system

Pumps and blowers Numbers Type Operation Flow rate
in Fig. 1 condition (mL/min)
TCE feed pump @ N-Feeder ZA-61 ON (*OFF) 10~60
NMS feed pump to methane sparger ® LMI P143-151 ON (*OFF) 2~10
NMS feed pump to oxygen sparger (K] LMI P143-151 ON (*OFF) 2~10
Feed pump of NMS medium with methane @ LMI P143-151 ON 2~10(*50~100)
Feed pump of NMS medium with oxygen ® LMI P143-151 ON 2~10(*50~100)
Input feed pump to reactor 1 ® LMI P143-151 OFF (*ON) (*50~100)
Input feed pump to reactor II @ LMI P143-151 OFF (*ON) (*50~100)
Methane blower @ LMS AC 0602 Periodically ON 41 (L/min)
Oxygen blower ® LMS AC 0602 Periodically ON 41 (L/min)

* Initial operation condition for biofilm development

oo, g $xv A& 499 head space® TCD
7} 33" GC(HP 58900)& ol &3t ¥A3a
. |4 10 mLel 3@ 71 bottle& rubber
stopper2 YEAL ¥, 10 mL glass syringeE
3718 FHo 24 WUl 98, 5 mLel A8
£4% bottleo] ¥ ¥ &22 FAPs 3023
E£8ol Bl UD dEE J1¥Yog 712",
9328 F7]& bottle ¢l T3l drlg el
2 g39dd, 2% 714€ 1 mL gas-tight sy-
ringeZ 0.5 mL £33l GC-TCDZ BA &}

3. 3 o 1
3.1. MCBRe| MAIAl T2it Argt

Eg dexnFd 489 g7 (MCBR)& pilot
plant Z7|2A MFANE 8172 Hel HEF 50 L
9] TCE 29 W48 A3z Mg 4 =2
AA 59 (Table 2). A& ¥ d& vagxigd
o] 3714 #Folmz® wgr] oM JNavt ng
5] golol Pt H) vigo] Eo F XlER)
gete A€ 23yt 2832 TCEE 30 ppm
Ao vwd nEEdr el ¢ viexsd
of tisl E4do] glon] '® YEera Hajo) s 4
ARE g4 o1 Mojulm Wgr] el MG
NMS Wi & F7|He2 358 F IS 4
WHEI1E EZ UolA g wreolE Ay

ol ot shte vgole A5 Y4 Hx
& Bck(Fig. 1). £ dvaAsge 43 9
sMMO €& Hside dade A4 9 ¢ 77
ol waez'™® ANg FPd4AM TCE & M4
S} g7 NMS iz € 28 FFaac. sfutsiy
TCEE 29€ A3ty si4rl go] ¢43e A
o2 Azee AR Fooded BrlgE X
W3te A 97t =87 o Bl $rlFog Hide
Hrte €M Hekd O oldix dAe) A
2] F e NMS wjxl 2o} xesjobyd sj47)
A o g§7] e Eoles &4428 NMS WA
o £7]8A] et g4 ¥ ARFLao] B
o2 WgxsdEel 3 Al £ivte Fg nd
AT et g werle £4% 429 o
TS NMS vzl dof 242} Z7)A1HA AFo X3}
Al & TCE ¥ 142 HZAAA, vhg7] ¢
o 84 i) vigo] 2¥IAEE HAE s
a3z Y dexisd 4L wgrle 495
€ FEE A4 9 vig Zr)z222E Z7]d NMS
WX st TCEE ¥#8 AN GHAA wgr]
2 7= F 39t} 4AA TCE ¥4 #49 #
Fe whgrlz Eolrke AA %9 8/10°1gx 7}t
Fadn, vra] 44 3 og Erjz2RE o] NMS
iRl o] §-Fol Zzt 1/10012tm A siglg. o
o &34 7o) SATAM WY ¥ e v
2T AFsd @A Hol FRAH ARANA}
32 TCE &+ Mot 338 gaUt gigew,
Aa B ooek ErlzolA AtA g oigg XAz

+ 233 YEL @er) Uz A Fg2 23y
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3.2. Celite R-63501| 2/t ofetxtaldel 11
e

ol g nAE FA A o g F
g U] oo AT 2719 gL 71FE 7
@A & At Aol 223G P 712 4gAA
EH H2HA ¥ #elT(glass bead), 4,
Z el (AE| 2 E), & $3€ F(foam) Tl
gtz el nyslel EAHE By wiel 7
2 FL 4% € B celite R-635& o] &3t A
g F¥sietH(data not shown). 3] celite
R-635% HlZA Aotoluw vl Ee] U S-de] ¢l
I GE #7183 g FAFE @] g v
gxsig g 2AHAA AS5E AYdted ¢8¥
4 e 7HsAdel & Aoz UREHYT Ywrzo
2 27 a2 vlg&g A Hsted oM T
37 4& A F9 sl gajel £& pHoIR
th 53, B2 71T € 71 @M e HUFo Hon
2 £2A7198 270 Fdolt &l 9] &
o] Yot 357t gstch €499 Afede 4=
@3 Azl wel EAEHo] 7] W
pH 2~4 39| 3443 pH 9~11 3 =9 ¢71=
golo] &5z ¥ P aez 342 34
g o] o] & w7AA] EEAINAL 4 EE gtElR
FAANAA vl st HEY FAHA 9L
fA ok}, wetA celite R-6359] B$olx v
gxside] 13 HE H8AM 84 pHE 33U
(Fig. 2). 4¥2 celite R-6358% &3l F3A
¥ ZHT-E £3AM fEHE pHE NG 992
2389 A% 2, g&=EE £99 pHe A
SoE 8.5 oo tha Eokoyt o 4N £
B = 4A F49 49 =¥ ¢+ 3
o} o)A ALEH celite R-6359 F8 ¥ F
7182 7459 doid H'Y OH & &3¢ + 3l
£ 54 #5718 7IXA @7] W89 ez A
859t asjng ddE F3 AU celited
FH AE AR g 2P 8E 98 we) el
FAANAA vERsdE dFAAT. AR celite
R-635€ 4dg7te} deFAclE Age] EF2M ¢

9.0

Effiluent pH
el ®
o 0

N
"
)

7.0

1 2 3 4 5 6
Time (hr)
Fig. 2. Effluent pH of celite R-635.

oju sEP A 7AA Axrt 487
o 2o @etdtn digaisidol ojsiM Re=A o
skch. aelm 71Fe) AFol oF 20 pymo]7] fEel
g 2o A& duf 27124 Waxsd
o] Ao ¥l AAY 2V|e FNE $RE 5+
AN THFig. 3(a)). =& vlxy 719 ¥ust 2
o AT 302 g2 49 quATeE a3
4 F AR A Foll= F FHARA gt

3.3. MCBRe| 7| 88 =

vl

Z7)9] JEHL ¥-RE vieAsdo] FAso
BEHeg Wgr] Ue] ¥/ vIBEY vt HE
Do} BYo] 3¢ AgE ¥ aeez we
71 Well & Fx9 WEAsde]l EA¥TRA o
B2 F9 #FE A £ £+ Ao w2
d&Aes HF vAES TIAAY HFA T
5= 2 A<y ¥& Y224 Fu € 4E
g Y% & Ao AYE H8Y)s v = o
Fol nExe] g d d&5Hee BErld
THARAM YELE APAN7] cleigesz F
7Rz vigAnde FEHHAA AL NA
A e e YA =9 AAEG
pHE #AY oA dest A2 33E 4
A FFde TEEEE B4 AEY ¥4
L2 SRATNES 3Tt BESE Y3 27
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Table 4. Dissolved oxygen (DO) after ino-
culation in a month at MCBR

system
Reactor Measu'r(.ement. DO (ppm)
position
Influent 8.89
Biofilm reactor 1|
Effluent 4.35
Influent 8.54
Biofilm reactor 1I
Effluent 4.79
Oxygen sparger Effluent 16.03
Methane sparger Effluent 4.11

odt TCE TF ¥=, NMS uixle] vigh o 44 &
712 3¢ Ze= AFAINA ggen, e 9 A
4 X3 NMS A 383 ¥Z9 233 487 13
9 #¢ H=& 2AFAZH(Table 3). 28ln &
AzoA WY &8 deAigol €43 Aete
179&™ 71gee Frldoz AFAU ¥ ¢ 1
o] A€ o vigAsge 4% I=® F337)
A zb2tel 3 F Bl fENLe $E
Z38ch. A ojgiaigd e 5714 @50
7] W ol A AL P PYEA] HAAFEAZ 4o
£ 98z 9t ool A7 Ao o3, 4
9] 433 sMMO ¥¥%E Hole 24, & CH4
5~6, air 45~50, CO2 4~5 mL/minojAl &&=
gte] §& Atk FEx HE 3 ppmoiAY. o] FE
E YT 2 vgAsigol gled FINE F
7198 o B} 2o e vigxsddl oA
|3 447t ol gloldS€ ¢ & UMY, geky
gtz gh o) celite R-635 #lol &F3tslo] 448
Aztstd szt g 2olo FFAAY £& 4
9] 7+4 /3ol el Ao d&HQ £ &
Aol 9A 712 Aoz 8¢ 300 mL Wga
3 g whgrioA gEute] A3 WS
< o §& A2E o 1.5 ppmolith{data not
shown). 8HAI T pilot plant 2.9 J&9 ¥g-7]
qME HEF ¥ ol Ad dox 443 4&
dae R vRY ¥& Ao HolA YEuo
SA3 AR AeS HAeE &+ UG
(Table 4). 281} 130¥ B = Fof vigzisld 3
& AE wrgv]d Y] ¢ FAs

(b)

Fig. 3. Scanning electron microscope (SEM)
micrographs of methanotrophic con-
sortium on celite R-635 after ino-
culation in 30 day (A) and 130 day
(B). (Bars are 10 ym)

A oI /&4 F9 £E8L9] ¥t 15
pom ol &slc},

APAeoz YEve Y4 A¥E YA 98
A ggrich ¢g7] 4R celite R-635 Y5 A
Azt FA AAWUC|H(SEM)S2 @I
(Fig. 3). £% vlgxsa & FEAY § 2]
f449¢ 91 U celite= 8] YAH wat
#Fod FFo'® oA P2} #A AU SEM
o 9@ B osiA HA FFo d¥Pos
celite E¥o] B& ¥ 8AE0l 4A #9 UL
€ ¢ % URAR(Fig. 3(b)). ©] Ale]z VYl &
A g7} g e F37 9 Aetz 9
Ack. e} AFAAE g4 FF} ulE Hed
#74 TCE #8%5¢] Holurle sAT Jas
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o] B4 FFo ulg] "ol o]EZ EF
orsle] MERE PPN A& ndYG. FE
N FFe Rz JAde odg WEsy] uEel
nA@sel FHoa FaF oz A8 F AN
tt. Hxo deasid e FFF F 130¥0] A
Zojlof ¢8| gzl nEF Y] FAH
ot AEute] 45 YAHH AL, G} V2E
24z} 2.5~4 ppm¥ 8~10 ppm¥ FFEHE 3}F
=t BT F 0.5~1 ppmP 1~2 ppm AEE
wrolA o},

3.4. MCBRol|l 2|3t TCES| &8l

eANE 233 JEL ¥ele] JEvo] &
A5 P49 Fole AN ¥ TCE §F
S48 FEsaA 48T erE Y. &
£H o2 TCE§ w87l Wol 3387 Al 254
14 2 ppm A9 TCEE 3%l 8A F=A4
FF¢ ¥ 9= g nn gy ol EAA o
gasido] TCEA A¢¢ 4 WA At FF3t
E TCEY ¥5& ¢l A7 Aol ¢4 &3 7}
5% 59 5 ppmE 71FSE o]ART R 3T
A9 YFALL batchd @ ZAE v}

o2 g 10AE JEL R Yt g A7
o] 2latd vjgatEt@Eol At vEd] ¥ 7
A A Zgo] 42 2A Jepken,'® TCE
o] Rl Ageee Bojng!® vge] ¥
e HAE AYee FFdte AL At £
TCES] 47 &8l 2s) 44€ Cl ol°] 3
sez vgAzde] AHEEr] 494 15Y 138
o] TCE7} =R & 7|7 NMS wijA =
£7] &g AH3E vzl A€ FAAR
. 49 Aol & dexsd 13e e
g7l 10A13 B¢ AFste e Aol 109
¢t AT HWF TCE AATol 79.9%°1U9h
(Fig. 4). 28ln Z&8= TCEY ¥x& UPE
0.3 ppm AEolgien, 4tdE 2 ppmolRich. 4
Yol Al4¥ GC-ECD ¥4 x4 TCES W+
¥Z539 1.3-DBP= ZZ 1.83 2 5.61 mind
AEHRA7] APl M2 %] AL AY AL
o, TCES g H480) o H3rt A&=A &

2

A

¥

%t7] W Eol TCEE °litslgtis) ditez g
BHe Aoz AFagn. YRS &6 g
3tz ¥ £ 44U 1.5 ppm ©l8HAEl vlE)
TCEE #3384 2 ppm FEE A4t wobzl Ze
2 Ho} TCE 93t A&zt dojd ALezZ 55
Ach.'® TCEZL HgAisido] 28N Easde 3
He 371HQ Ao, 4 AFAME a7t
837 B2 TCEY #as vigxsi#e] 43¢ 9
A 28 g9 BAE FIEHE et AN
t.8 WA TCE7} €3 £as7] 8] e o
EAQ Ba 87FE FHEY O3 2o

©:

CeHCls + 3/20; + H20 — 3HCl + 2C0: (1)

wetd CoHCls 1 mol(131.5 ppm) & ¢4 43
N717] g e HAE 02 3/2 mol(48 ppm)ol
gass, 0/TCES] AF ¥£&2 0.365°1Ut. &
& ojgtaAstdel vig ARz $712 47t
gazeg o §& A4art FFstdol g & ol
Aol R @A vige] viggz s 3

—e— Influent TCE

-0~ influent Oxygen
—w -~ Effluent TCE
—g~ Effluent Oxygen

Concentration (ppm)
[4,]

1 2 3 4 5 6 7 8 8 10
Time (day)
Fig. 4. Continuous TCE degradation in
MCBR fed with influent 2 ppm of
TCE at 10 hour of hydraulic reten-

tion time.
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o] A & BApe] Ah4v} Basn, o] Feo Agluke
e Arart Wagigde &Y

CHs + NADH + H + Oz —
H20 + NAD" + CH3OH (2)

w2t wgr] el vigzisg g 4RZA70
A8 1 molel e A4Hoz FJPAYE Y
8% 0/CHs8l AFEEE 2000, oz} FA|
o]l C:HCl3 1 mol& €3] A2A7)7] Hsire
Hol% 0; 5/2 molel BA¥E & + UG, Bt
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t}.

At AL

¥ EBE 93-95UE BAN GT $FFNNe
A" AFH Aol i8] o] RolRguTh.
oo ASYUTG E¢ AYel B £5& 7Y
$4% Q794 A4es A=Y,

#1nEH

1. Uchiyama, H., Nakajima, T., Yagi, O. and
Tabuchi, T., “Aerobic degradation of trich~
Iroethylene at high concentration by a
methane utilizing mixed culture,” Agric.
Biol. Chem., 53, 1019~1024(1989).

2. Bouwer, E. J., Rittman, B. E. and McCarty,
P. L., “Anaerobic degradation of halogen-
ated 1- and 2-carbon organic compounds,”
Environ. Sci. Technol., 15, 596~599(1981).

3. Bouwer, E. J. and McCarty, P. L., “Trans-
formations of halogenated aliphatic organic
compounds under denitrifying conditions,”
Appl. Environ. Microbiol., 45, 1295~1299
(1983).

4. Vogel, T. M. and McCarty, P. L., “Bio-
transformation of tetrachloroethylene to
trichloroethylene, dichloroethylene, vinyl
chloride, and carbon dioxide under methan-
ogenic conditions.” Appl. Environ. Microbiol.,
49, 1080~1083(1985).



980

10.

11.

12.

o2 - AL

. Storck, W., “Chlorinated solvent use hurt

by federal rules.” Chem. Eng. News, 65.
11(1987).

. Dijkhuizen. L., "Methylotrophs.” Biotechn-

ology. Vol. 1. 2nd, VCH, pp. 266~280

(1993).

. Wilson, J. T. and Wilson, B. H.. "Bio-

transformation of trichloroethylene in
soil.” Appl. Environ. Microbiol., 49, 242~
243(1985).

Little, C. D., Palumbo. A. V., Herbes. S.
E., Lidstrom, M. E., Tyndall, R. L. and
Gilmer P. J., “Trichloroethylene biodegra-
dation by a methane-oxidizing bacterium,”
Appl. Environ. Microbiol., 54(4), 951~
956(1988).

Whittenbury, R.., Philips, K. C.
Wilkinson, J. F.. “Enrichment. isolation

and

and some properties of methane-utilizing
bacteria.” J. Gen. Microbiol., 61, 205~
218(1970).

Oldenhuis, R., Oedzes, J. Y., van der
Waarde. J. J. and Janssen, D. B., “Kinetics
of chlorinated hydrocarbon degradation by
Methylosinus trichosporium OB3b and
toxicity of trichloroethylene,™ Appl. Envi-
ron. Microbiol., 57(1), 7~14(1991).
Alvarez-cohen, L. and McCarty, P. L.,
“Effects of toxicity, aeration and reductant
supply on trichloroethylene transforma-
tion by a mixed methanotrophic culture,”
Appl. Environ. Microbiol., 57(1), 228~
235(1991).

Phelps, P. A., Agarwal, S. K., Speitel, G.
E. and Georgiou. G.. “Methylosinus tricho-
sporium OB3b mutants having constitu-
tive expression of soluble methane mono-
oxygenase in the presence of high levels of
copper,” Appl. Environ. Microbiol., 58(11),

13.

14.

156

16.

17.

18.

19.

20.

3701~3708(1992).

Mafarland, M., Vogel, C. M. and Spain,
J. C.. "Methanotrophic cometabolism of
trichloroethylene in a two stage biorecator
system,” Wat. Res., 26(2), 259~265(1992).
Strandberg, G. W., Donaldson, T. L. and
Farr, L. L., “Degradation of trichloroeth-
ylene and trans-1,2-dichloroethylene by a
methanotrophic consortium in a fixed-
film, packed-bed bioreactor,” Environ. Sci.
Technol., 23(11), 1422~1425(1989).

ol B, A¥A, 9dd¥, ¥AH, “Trichloroe-
thylenee] ¥#l§ AT &g Ee ¥
2w FFPETHRA, 13(5), 483~
490(1998).

o] R, AMA, 44Y, FXY, "EY cigR
glitoll 2} § Trichloroethylene] #8," W@
|32, 20(9). 1207~1217(1998).
Oldenhuis. R., Vink, L. J. M. R., Janssen,
D. B. and Witholt, B., “Degradation of
chlorinated aliphatic hydrocarbons by
Methylosinus trichosporium OB3b ex-
pressing soluble methane monooxygenase,”
Appl. Environ. Microbiol., 55(11), 2819~
2826(1989).

Park, S. H., Hanna, M. L., Taylor, R. T.
and Droege, M. W., “Batch cultivation of
Methylosinus trichosporium OB3b. 1: Pro-
duction of soluble methane monooxygenase,”
Biotech. Bioeng., 37, 1037~1042(1991).
Annachhatre, A. P. and Bhamidimarri, S.
M. R., "Microbial attachment and growth in
fixed-film reactors: process startup consi-
derations.” Bjotech. Adv., 10, 69~91(1992).
Lee, M. Y., Shin, H. J., Lee, S. H.. Park,
J. M. and Yang, J. W., 'Removal of lead
in a fixed-bed
activated carbon and crab shell,” Sep. Sci.
Tech., 33(7), 1043~1056(1998).

column packed with



	vbcvb: 


