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Effects of Short-Term Oxygen Exposure on Anaerobic Reductive
Dechlorination and Formate Fermentation by Evanite Culture
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Sukwoo Lee * Young Kim'*
!Department of Environmental Engineering, Korea University
’Research Institute for Environ Technology and Sustainable Department, Korea University
3SK Energy CO., LTD., Seoul, Korea

ABSTRACT

Oxygen sensitivity and substrate requirement have been known as possible reasons for the intricate growth of
Dehalococcoides spp. and limiting factors of for routinely applying bioaugmentation using anaerobic Dehalococcoides-
containing microbes for remediating chlorinated organic compounds. To explore the effect of the short-term exposure of
the short-term exposure of oxygen on Dehalococcoides capability, dechlorination performance, and hydrogen production
fermentation from formate, an anaerobic reductive dechlorination mixed-culture (Evanite culture) including
dehalococcoides spp. was in this study. In the results, once the mixed-culture were exposed to oxygen, trichloroethylene
(TCE) degradation rate decreased and it was not fully recovered even addition of excess formate for 40 days. In contrast,
hydrogen was continuously produced by hydrogen-fermentation process even under oxygen presence. The results indicate
that although the oxygen-exposed cells cannot completely dechlorinate TCE to ethylene (ETH), hydrogen fermentation
process was not affected by oxygen presence. These results suggest that dechlorinating microbes may more sensitive to
oxygen than fermenting microbes, and monitoring dechlorinators activity may be critical to achieve an successful
remediation of a TCE contaminated-aquifer through bioaugmentation using Dehalococcoides spp..

Keywords : Dehalococcoides spp., Bioaugmentation, Anaerobic reductive dechlorination, Evanite culture, Trichloroet-
hylene (TCE), Oxygen exposure
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SRRIEAS A|5l4= #7041 DNAPL(Dense Non-Aqueous 7} YA, BAA G IEFES F5438) sk v

*Corresponding author : kimyo@korea.ac.kr
A5 12010, 119 AAFL 12010 11,18 AlAI%<1Y :2010.12.28
o] 1l E9] :2011.2.28 7}

114



A71ee st

29 ol8% AR B popol B 2 Hn
(Loffler and Edwards, 2006; Smidt and de Vos, 2004).
714 17 2<A438HAnaerobic Reductive Dechlori-
nation, ARD)E 53l 92 7] Es F54 22
¢l ETHOE ¢Hd @487}t 7Fsdk Dehalococcoides
spp. BF ©]%(He et al, 2005; He et al., 2003b; Loffler
and Edwards, 2006; Sung et al., 2006), Dehalococ-
coides spp. L33t &3 #FE o835 AP 52 4
7 el AEsH ez gdasle)] Agh Tkt AT
7} A8 =chHe et al, 2003a; Hendrickson et al.,
2002; Major et al, 2002). -7+Z3}, Dehalococcoides
spp-> U] G4 f718vE o Ag 2 B
Foll AAslE AoR =etont, B35 vdE 71
g A Akshgkd 227 wiiEol] rEe] AT v
- Ao B2 Dehalococcoides sppll 23+ =384
e s l= o5 olESdtH(Major et al., 2002).
A3t FAIE sidsl] s, ER Ul*§§4 A=A
A (biostimulation)S 9|3l lactate &2 formate®} -2
er1=Ay} ,1]:”7]%11(eg Az, oS QARG 795
o NS FJolE BEFHALS Asksh= T 58 31
=2 AR Dehalococcoides spp-2 E7dol A5 Y
k= UAE F9U57 (bioaugmentation)o] 7HEH/ATE A
CHEllis et al, 2000; Lendvay et al, 2003; Major et
al.,, 2002). A&+ T2 HAE F
9379 (bicaugmentation)ol] &3+ A7HF F, dHAA
G2 YA U FL A UFRE ool
Dehalococcoides spp.2] 378 2 FA= "¢ o¥o+=
AL ERIsH FHATKHe et al., 2003b; MaymoGatell
et al., 1997).

£ dAFexe g7 33 gdast rlAEe.
Dehalococcoides spp.) 2 F71315HE wa nAyES X
3Fel= E3RT2] Evanite Culture(EV culture)s A-8-3}
A=, A7 EV culture & ©]-831e] A W
(Yu et al, 2005), 9% &8 &3 9H-3Z(Sabalo-
wsky, 2008), B (Azizian et al, 20087 & Tioka
SHgellM AaA 7] Bk ARDJ‘;%ﬂ 3 vk
A77E AP JAAE, A WE 9 f71E SRS
g gAASE AR HEAR Ae Zﬂﬁﬂﬂx] o
Ut S8, g8 AFAHCA @Yz A =2
Dehalococcoides spp.2] BEA3 AE o= B
W AR, Aol B A AN TR
7] w&Eol(Adrian et al, 2007; Amos et al., 2007;
He et al, 2003a), ¥ <75 B3l 7|18 29438}

o ¢

ol
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% (biostimulation)
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SR A o] D48} Bl A o) MR I 115

UAE(EV culture)®] 2Hhol] =%FE 739 AESHH TCE
7 ghis) 9 A g viXle ik dot
Rz} st 3l vk A formates 71
= UOE ARSSIlEt], 1 ol o i IsikE
ol oJa WAPE 4 TCES &d4s) Fpolla] AH]
He A0 H Fel2 TCE £3liA] A= cref wks-
slo] Frhs AJAdste] pH Astel RIAE AEE o
O 7R 9F FUH sodium formate= aol| o 49}
TERIE o R R, ol Fhe $HE gas]o)
AREE T FRRHES AR ikt AjtEe] FslET)
o] HHS Eal HEFZOF ETH, G3EF, oaksle
A2 A "ck(Table 1). 19 28 olf= I7A
3eld giashi] a3 4 FFS 938t sodium
formateZ ARE-S}AT].

2 MEwH o M=

2.1. K] M=
150°CoNA 155 B<F 9t BHE 33} SRl €
48} I AR GAleZRE pHE RAS] 9

A FEgh o A SR (NayCOs) 7
T KHPOSF NaCO; 55 &3t thAl 150°CollA
s2 ol yo} WElYth HHE fole SnE v
% ol A ii}ﬂ)\(COz [20% vol. /Vol] N> [20%
vol.vol. Y& E715le] 8 Ak AlA 2 pHEAS 319
o. @718 EUHPES -401'04 2k} Lo A|FEA kS
2 <43 resazurine(Sigma-Aldrich, Inc. St. Louis,
USA)S wijAlel]l ¥al Aapd RUEE Al2glo] A3
H 714 glove box(Coy Laboratory Product Inc., Grass
Lake, Michigan, USA) OPEE <73 iAo ¥
717 glove boxQtollA F-4= Na,S FUAE 7{37}0}04
resazurine’] WSS TSI AlxE wiAe] HF p
< HAE A3l oA 7.0~7.501%]T
22. 5|24 BEx 74 F 2N
EV culture2943} =4S 28k 2709 162 mL Bt
H(Wheaton, Ringoes, NJ, USA)S 150°CollA] 15% &
oF 319} sk & 3F B2 714 glove box ol
Bisle] doRle AHE A|ASI EV culture 60 mL
I F71d WA 70 mLE ERSIATE B TAE A
#8(gas tight) S~A}7]1(Haminlton, Reno, Nevada, USA)
2 7k dEe A EaHel Flsiden, oF |
o Ak 208 Y] S8kl IR TCEE
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T3 EV culture}t Aol =% E A9 vAEY
Ao JFFS rHEE ZE AP glove boxt] &7
Z7004 A3k, Bl EV culture, HiA], TCE,
sodium formateE Y 3kl IFwpPe} SFulE s
olgsle] LE3IGT. BE-E IS 20°C, 150 pmS
2 = apbrlollA wigkElom, 978 ARE FH S
2 Hi9] head spaceolA] 100 uLE FE31 57149
27 SulE FAEISTE 7181 (formate, acetate) -
A& fl8td AAFHE 1 mLe] HAAEE 0.2 um FAPE-
JE1E FYste] A7gt & —20°Co0A B4 A7A] WE
B Sk S Ak =F Al EV culture®] 2948}
9 3E oA ERIS 918l 150°CollA 158 Bt 319}
Wi E 162 mL B3 (Wheaton, Ringoes, NJ, USA)Il
EV culture?} 714 vAE wiXE 22 70 mL 4%
3 Ak FL o E PR RERE FAEINITE
ol B F di7] F Akl 527 =EAA

oF

o)
resazurine®] HEE RIS FA, kA =& Apdso]
Z B9 AAaeES Al 2k AdE & i

9] resazurine SHAA|(NaS)ell &Jafl Al =3, ©]
o TCE, formate, acetate T &=+ Table 29} 2t}

2.3, BAUH

HjHe] head space’doll AT 7IA ARE 7R
AFHE FA}7](Hamilton, Reno, Nevada, USA)E ©]-&3}
o 7}~ A& 100 uLE AFH3SH ¥, Flame Ionization
Detector(FID)7} A& GC-17A(SHIMADZU, Kyoto,
Japan)oll FY3te] A4S olu, Z2 30 m x 0.53
mm2] GS-Q capillary(J&W Scientific, Santa Clara, Cali-
fornia, USAYS AF&-3159t}.

Sodium formate®} sodium acetateS EFel= YA|A]
T A AEE S8l 5% kel 1112 EFS), o]

140
(@

—*0.8 mM_TCE

'TE? 80
H -1 mM_TCE
a 60
]
o
)
v)
F 2

0

0 2 a 6 8 10 12

Time (Days)

ups) - Qg - QHEY - A

o

8] - o4 - 4 9

% 10uLE photodiode array detector(PAD, Waters 996)
7} Z=2E Waters HPLC(510 HPLC pump, 717 auto-
matic sampleryS AR3te] ST 48 AP
Microsorb-MV  C8(4.6 x 250 mm, Rainin Instrument Com-
pany, Inc., USA)°I1o™, o)A 0.01 N H,SOS A}
&3tAth o5 E5FL I mLmineZ A3kl
formate®} acetate= ZFZ} 230 nm2} 205 nme] oA

A
352 uhg-Zo A AJAEE AFAF 20 pmol/L ©]3ke]

AEX 2% reduction gas detectorRGD)7} 32+
Trace Analytical TA3000R(Menlo Park, California, USA)

of 25 uLE FY3te] EAsKATH
3. 9i7dE 9 E9|
3.1. X 2OIHEM $4 2FJA| TCEEHRAS £

T MY 3t wkg=ell ZHE 0.8 mM(104 pmol), 1
mM(126 pmol) TCES} 200 umol/day F27F2~5 A}
FARNZA F9 319E W, TCE w3 ¥ ¢-DCE, VC,
ETHO] Ad& #&sith. 1 23, Fig. 1(a)ot 20| +
7N 3124 REEEoA F=UH TCES] 70% o)do] 4%
otol] Ea=Att. Fig. 1(b)llA 200 pmol/day 47} &
s FFEH 1.0mM TCE(126 pmoly} FUH 3%
2] Wke-Fo e U TCESH AYAE ETHS & 490
pmol)o] FARIITE =, TCEZL €4 g3} 2aj H o]
ETHE AAsIdct vhAo]| 4 I35 F9sla, 0.8
mM TCEE FUg Welxe w|ge] ETHYF /g o]
AAEAAQ] 4t B9 29 TCEL B9 294
3} AT} Table 19149} o] F=YH TCEEES] 3H)
ool Favt HA FAAEA T 2 W TCE:S

(b)

——0.8 mM_TCE

—*1 mM_TCE

Time (Days)

Fig. 1. Monitoring of TCE degradation (a) and ETH production (b) in two batch reactors containing 0.8 mM (104 pmol) and 1 mM (126

pumol) TCE with the addition of hydrogen gas as electron donor.
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Fig. 2. Determination of importance of hydrogen as an electron donor comparing complete dechlorination of TCE with continuous
hydrogen supply (a) and incomplete TCE dechlorination with limited addition of hydrogen (b).
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Fig. 3. Monitoring of anaerobic reductive dechlorination of TCE by EV culture exposed to oxygen.
ETHZS| ¢Hd gdaslerte 3s ERIE 4 = 2= TCE &3l Axol o8l F43+w°] 942 7% ¢DCE,
olct. Vo 22 SHY3E0] 235171 wholot. g & A
Fig. 2(a)2} 2°] ¢-DCES} VCI} oF 8 & ETHO=Z S 53 f71E AR} FAAE AHESl= A$ TCE &
4 2dast =0 AT Fig 20)9 2ol W dlloll Fad FadEn B At WHA FAslok

TCE ¥%7} 0.8 mM(104 umol)2] 3)3-2] %%—5011*1—5

TCEZ} 442kl 90%

d o]F
9} veel

vk wepd, 2 A% @% A= G
A& TCER3|&qk
AA Yoo &

[e)
él'.i

=

AEFAAR] 48] FFS

F7o] BARo] A wE4 2o AL
ETHO = b 2948} a1#] Jsiiitt.
Aaslel] HAAAM VCE

ol AA A= E3taL,
ZG3 A3} ¢-DCE

o Ave g

ETHOZ Z3ksh= EA(VC
reductase)(Muller et al, 2004)2} TCEZ c-DCEE #g
3= EA(TCE reductase)(Magnuson et al.,
A BAAE AR Gk VA I3 A B

2000)7 1ol

A3} ol

“gsled 100% 7189071 LFE
T k= Zs AR ek

s RIF 5 AU
3 2. &A =E0]| U2 EV culture S A S5} B35}
ZH3) oko] A4t AEFoE FEHEW EV cultureZ}
wag} AE38l7] delle Fig. 29 2ol 10d <t
TCE, ¢-DCE, VC7} &43] H3j= HEFo = ETH
A=Y 2} Ak =% $ol= Fig. 3-phase 13}
o] ¢F 59 Bt 27] TCEY 45%7} Eaj=lom, 5
Y o]¥ TCE® #3l= wi¢- =3tk TCE afol
2} ¢-DCE= 543 Z7Fl9A%r TCE H3l7F A%3 5
d o|Foll= 7 S5t dA8] AT E=g A
HRE] Vel ETHY 5% wshs w9 HAckFig. 3-
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phase 1). o]2i&t o] AFPAEL 5 o]$7E ALH=
Helo g Ak =Ed i EV culture 4 A3 =
v AFAAR] A5 FFke formate TE FAE
24 A= Adsisint.

el ANGE F 71 78S ERlE] f1al formate
THEEE 71 AIZIEA A =39 EV culture®] ©
= WG S, A3 219 @714 glove
boxollA] SPEA Whe2E Gl 2AF 5t WAIE1e] head
spacel] EA3h= TCE, ¢-DCE, VC, ETH #A|A #4&
A% 3 0.02mM TCE@3 pmol)e} 12} AdollA F8k
formates=2] 28191 3 mM formate(420 pmolyS F3}
Aot 2 A3}, TCE:= 5.69 59 62%7) E3l= e
¢-DCE= A& o2 Z7)8}9ItHFig. 3- Phase 2).

Fig. 3-phase 304 RoiX|= A} o] AFAIZF 27Y
A AR AR 59 F) 23k AFellA FYUTE formate
o] 2891 6mM formate(832 umolyS FU3IEHE. 1 2
7, 3] w2 el 2HFskal Sl= TCEZF 94 #3)
=9 ¢-DCEZF A} 228fal s o2 VOt S716H
ok SANE AAXE 32§ v Aol gl wet
ETH A/d80] @3] A0t ol2ig 2= Fig. 3-
phase 1 A% % TCE #al7} A9 F&HI veet
ETHS] &fo] WalA] o= @43 fARkS & + Sth
Fig. 3-phase 1, 2, 38 53X, S7F2 formate F=0
ol (HAt FAAR] FAEE F7H TCE @848k &
7FI9AE 27 TCEZF 119 ¢toll 94 ETHOZ 3
HAR A =5 A(Fig. 2ot vlasiy ggaskee
A FAslvE e & AT F, kst HSS)

7] A SEY FaTETr ASHeR FHEE 204

EREROE R B

o] gdasl NAAT(Fig. 2(a)et HIHS v 2k A
= F TCES| € Eefloll= B-sfal A&4Ql ve =
Z 8l ETH A4do] 79 oA 33 43 2=
EV culture®] o] 2kaiele] HEo 2 Q1) A3l=E S
S HoJE o= 7|9 A+ AlEl(Amos et al., 2008)
oA 3097t Dehalococcoides sppa AbAol =ZFA1X]
73%- VCE ETHZ @943} A7)= 3ol Bofsls &
221 VC reductaseZ} 220l 9J3k #sjol] 73 W7t
stttk e vie} dxjsk= Aot olHgk A%
2 ujFo] E uf, B A3 Z7o| S kA9 EV
culture®] &2 #7143 YA gl #ofsh=
Dehalococcoides spp. 2 VCEINEA(VC reductase)Oll
FS FOFH TCE’} ETHOE 9 €943} HA|
%L, TP APEEA F40] e VOt F3o] Hrk=

223 e 5 i

33. 444 bE = 54 Y /U2 L8 2LIEHY

Ab7F EV oculture®] AR f71E WEgol HX|=
FES Frigk dy= olef Fig. 40l YERTE 1.5mM
formate(205 pmol)2} 1.5 mM acetate(212 pmol)E U 3F
Fig. 4-phase 1 A%} TCE #al&=7F w43 =2 5
A & formate= ¢HH3] EalE BoF AFEOM 4
L oF 3 F FEERIHFig. 5). &, 59 °l%
T4 (formate EANE) F52] 0102 TCEEEASPT 21
YA Fehs 7hsAol Advkal wdstod, Fig. 4-Phase
1o|A] 948t formate®] <F 283 mM, 420 pmo)E
Y A7 TCE 22438} oAl 2= 30t). Formate®]
73-%- Fig. 4-Phase 13} H|S=3E AJHolA &3 Raj7} &

Phase 1 Phase 2 Phase 3
850 . o 500
e Formate 0 Acetate
800 o
i TCE 0.1 M o [ 450
750 TCEO.10 mM oo o o o
700 4 Formate 1.5 mM
Acotat 5 mM 400
650 Acetate 1.5 mMV o e
— o B
E 600 TCE 0.02 mM <— Formate 6 mM sso £
S 550 Formate 3 mM -
2 500 300 &
] =
s 4so 9 = I 250 &
@ | - 2
£ 400 = 2
£ 350§ =]
= o x 200 <&
£ 300 “oo
250 o - 150
200 ¢ hd
- - 100
150 - o g
o o o =] -
100 - so
50 A A
L
o o
o a 8 12 16 20 24 28 32 36 a0
Time (day)

Fig. 4. Monitoring of formate consumption and acetate production by EV culture exposed to oxygen.
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1.4E-04 4 r 80
* H2 Mass o
O H2 Gas (RGD TA 3000) L 0
1.2E-04 -
ES —
TCE 0.02 mM =
—> <_‘ I 60
1.0E-04 - Formate3 mM Formate 6 mM 3
. TCE 0.10 mM =
= ro mM (@) ¢ o
£ s.0e-05 _ i $=4
= Acetate 1.5 mM o S
a I a0 D
g =
=  6.0E-05 - o
« F 30 &
x X
4.0E-05 o
I 20
O
2.0e-05 { © o l 10
x
@ s B
0.0E+00 &% o — i = S — o
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Fig. 5. Monitoring of hydrogen production fermentation from organic compounds by EV culture exposed to oxygen.

Table 1. Self-neutralizing of hydrochloric acid produced from
TCE dechlorination by using formate as an electron donor
(McCarty et al., 2007)

Formate fermentation:

3HCOONa + 3H,0 = 3NaHCO;+ 3H,

Anaerobic reductive dechlorination of TCE:

Cclz: CHCI + 3H2 = 3HCI+ CHZ: CH2

Acid neutralization:

3NaHCO;+ 3HCI = 3NaCl +3CO,+ 3H,0

Net reaction:

CCl,=CHCI + 3HCOONa = CH,= CH,+ 3NaCl + 3CO,

Aot AR7ITE B WOl acetates =T 57 FSL
=, o= 718 A7E7K(Behrens et al., 2008)0lA]
BaE nle} o] EV culture Weoll &A8k= homoace-
togenesis®] FFOZ oFETt. F f{UIE E o3|
AR FAl] die G fYISREES] gAsEt
o2} acetogenesisdl] A} FAAZA AMGEH AR B
Rt} Fig. 4-Phase 29014 formateZ} & Eald 2%
(58 %) Fig. 4-Phase 1914 FY3t formate®] F 4n)
(6 mM, 832 pumol)s FU A} formate= 5Y <toll
A BIEJ O™, acetate= formate Y & F43] &

NSGAR 42 F 2:510] e phase /KT B L

off
i

5 AL Format Y § acetates=2] 4%
7he AF7IRE B GRS ST Fig. sollAet
2o formate #3l, 422, homoacetogenesis?l] 2]k
acetate A2 AHAET} A glo] X&EHoZ {AISH
e As RIS, o] 43E Bl EV cultureZ} A]
% DOt ASFstgts 74 WY A71E daridE
2 homoacetogenesis B30 = FTFS v|XA| = AS
& Ao

34. 42 EES 4 ZFY HSHO| [E ¥AA /718
&= E¥ast Hm

1= TCES ETHOZE 3714 814 29a4st Ad 7
Q- o)|EHo7 3 B 47} PR3 (Table 1), 714
47 gdadle) Hadt 4 13t 3&E9]
sodium formateZ} Z 23}, oJw] U3 sodium formate
7b 8] | HAS ABY i R HES

IN

ﬂ‘r‘

N, of

31710
oHu=

1: 12 TY3I}. =, formate TYHHS 4 WRHT} F
Aslt}ar 7AEAL AR =2 B A4 §7)513HE0] &

%43HTCE — ¢-DCE — VC — ETH)E %S Blusiict
(Table 3). =L A¥} formate TUYC] E7H1.5mM — 3
mM — 6 Mm)FlE B8k A4 f718tEe] wst
o] 79] A7 (12.8~13.3 umol)3I3Tt. =, formate T

Table 2. Concentration of TCE, formate, and acetate injected into the batch bottles

Days of TCE Formate Acetate
operation mM mmol mM mmol mM mmol
0 0.10 14 1.5 205 1.5 212
212 0.02 3 3 420 - -
27.0 - 6 832 - -
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Table 3. Hydrogen production and change of chlorinated compounds with formate fermentation

Formate

ETH vC ¢-DCE TCE Change of chlorinated Change of chlorinated
mM pmol (nmol) (nmol) (nmol) (umol) compounds (umol) ompounds (%)
1.5 205 0.11 0.64 4.88 7.19 12.8 6.3
3 420 430 0.99 1.91 6.13 13.3 2.6
6 832 1.81 2.70 5.96 2.72 13.2 1.7
Zo] T7IBIEEE EV culture’t 947 f7181HES & E formateS TCE &9 3ol FHst] §a &
7V B9H EhLsA] ARSShe ] of2 dAskE =E B, diees SEE wheo] 29ast v
2, Ak =34 g9as) vkS SS9l formate 5 0] & TS Al 3 7, 2as) midEs
PFES T7M717] Beks ASAR] formate U F9 formates BA] ol Y3l TCEL A WG5S Hslsh=

Sz o] Washy B,

4. &4 =
243 v|RWEQ Dehalococcoides

71 dH
spp-5 X S PAE #5083 Al f718t
& (e.g. PCE, TCE)] U341 AE3HE A2ladd
AESHH ZZ(biostimulation) &2 HAE FUFA
(bioaugmentation) 280l oA, LHA|A] & JUgst
2 Rl & kA w7l gais) 5 wAER]
Dehalococcoides spp2] %373 2 FA= w$- o5t
dHA Aot B =FolA= Dehalococcoides spp /b 3E
skE 7)1 EFTF(Evanite culture)s ©]-8-3F bioaug-
mentation 37g & Al L4 Aol xgH 84
o] =% 7% EV cultured] o3+ 71 iz g
48l g A ARNZHA] Fad TS T 1Ay
g el ofugh JEks Ao gk ATE sl
AT Ao, AAFAAR] FATEAE AEH R AT
785 °F 104 oWl TCERZFE] ETHZHA] ¢ 24
3Pt FaERN o, 4 Fgo] 9 79 ETH 714
2 giasPt dojuA| e AE RIS

A =5F EV culure®] S S7HA1717] 9150, A
4207 formates FYU3I] $UH 2AS F=slal 1
Fe FAS FEIIE B8laL TCES} c-DCES] 4
= IFHIAT Voo FZo] #EHOIH ETH/A &
A gastsE IRIT 5 8tk S, EV cultured]] o8+
bioaugmentation Z-&A], ASkFU] 8 Akao] p]AYE]
=EE e geist Gx A2 Q18] TCEZ} ETH
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