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ABSTRACT

This project combines in-situ chemical reduction and enhanced in-situ
bioremediation to accelerate removal of trichloroethylene (TCE)-impacted groundwater.
The combined remedies rapidly transfer the impacted groundwater into reductive
anaerobic conditions by adding chemical reductant and supplementing oil emulsion used
as hydrogen release agent for anaerobic microorganisms. In this study, ferrous lactate
was selected as the chemical reductant. Ferrous lactate can provide carbon source
required by microorganisms to jump start the biological remediation mechanism. It can
also be used as oxygen scavenger to maintain low redox potential that creates favorable
environments for anaerobic bioremediation. The soluble organo-iron compound
comprised of ferrous iron (Fe?") can form a variety of iron minerals which are capable
of reducing TCE into ethylene through chemical reduction and being oxidized to ferric
iron (Fe*"). The ferric iron can be reduced back to ferrous iron through bioremediation
as long as electrons from supplied carbon, such as oil emulsion, or indigenous carbon
are available. Through this sustainable cycle, TCE removal can be accelerated through
chemical reduction and biodegradation mechanisms. Oil emulsion is injected as slow
release hydrogen source to supply electrons for microorganisms to sustain a long-term
biological anaerobic reductive dechlorination process. Both abiotic and biotic anaerobic
reductive dechlorination are applied to the treatment of chlorinated solvent and achieve

better degradation results as green and sustainable combined remedies.

The current substrates and bio-nutrients applied to chlorinated solvents
contaminated sites in Taiwan are mostly purchased from overseas. They have good
remedy efficiency; however, material transportation results in huge carbon emission and
might not suited for the special climate and soil geology in Taiwan from green
remediation perspective.  Therefore, a research and development of domestic

substrates and bio-nutrients is not only suited for specific site characteristics but also for
carbon emission reduction.

The project is divided into three phases. Phase I is a development of two different
emulsified vegetable oils (EVOs). One is an EVO using different mixing ratio of soy
bean oil and surfactant to maximize soy bean oil percentage in the EVO. The EVO is
developed to have higher oil percentage than the commercial products. The other is a
fatty acid ester using different mixing ratio of oleic acid and ethyl lactate to stabilize the

solution especially under high TDS conditions. The fatty acid ester is developed to



minimize scum generated by regular EVO injection. In the meantime, ferrous lactate

was added optimally to enhance chemical reduction of trichloroethylene (TCE).

Phase II is a microcosm test to evaluate TCE degradation comparing the self-
developed EVO, fatty acid ester, and self-developed EVO/ferrous lactate with a
commercial EVO such as EOS in groundwater and soil samples collected from a TCE-

contaminated site.

Phase III is a pilot test using the best performance EVO set from Phase II
microcosm test results. An injection well and three observation wells will be used to
evaluate the field-scale implementation performance and establish the injection

procedures to optimize the EVO ingredient.

Currently Phase I test has been completed. The self-developed EVO consists of
soybean oil (69.5%), Simple Green surfactant (10.5%) and fatty acid sucrose ester
(4.5%). The 10 to 20 times dilution of self-developed EVO will be demulsified 72 hours
after a simulation injection test into groundwater, which is better than the 20 times
dilution of commercial EOS demulsified after 48 hours. The fatty acid ester consists of
oleic acid (10.4%), glycerin (5%), ethyl lactate (5.9%), buffer (1%), and water (77.7%)

to stabilize the solution.

Addition of different ratio of ferrous lactate (0.5%, 1%, and 2%) indicated higher
percentage was easier to reach reduced conditions of ORP and DO but with lower pH.
The pH sustained above 5.5 if ferrous lactate addition was less than 2%. TCE
degradation rate was about 29% at 10 days after adding 1% ferrous lactate comparing
with 27.5% TCE degradation for 2% ferrous lactate. Because TCE degradation is not
much difference for 1% or 2% ferrous lactate, Phase II test will use 1% ferrous lactate

considering chemical cost and pH effect.

Phase II microcosm test has been completed including a blank (without nutrients),
self-developed EVO, fatty acid ester, self-developed EVO/ferrous lactate (1%), and
commercial EOS. Each set was added 15 mL dosage and appropriate nutrients and water

samples were collected and analyzed water samples at 0, 25, 45, 65, and 90 days.

The microcosm test results indicated the self-developed EVO/ferrous lactate set
was faster than the other sets to lower down ORP and DO to achieve stable reductive

conditions. However, pH was the lowest among the sets due to the addition of ferrous



lactate. If low pH occurred during Phase III pilot test, a buffer such as sodium

hydrogen phosphate will be added for pH adjustment.

The self-developed EVO/ferrous lactate set had the highest TCE degradation rate
among the sets. Its TCE degradation rate was 99.8% at 45 days, and self-developed
EVO set reached 98.9% degradation rate at 90 days. This indicated the addition of
ferrous lactate accelerated the favorable reduced environments and TCE degradation
rate. The commercial EOS reached the highest TCE degradation rate of 87.5% at 90
days with remaining TOC of 2,500 mg/L, which indicated EOS could reach more than
95% TCE degradation rate if the test was extended. The self-developed EVO has
higher organic content than the commercial EOS. Theoretically the TCE degradation
will be higher too.

VC was not detected in each set. However, the highest cis 1,2-DCE concentration
was detected in the self-developed EVO/ferrous lactate set. In addition, DCA1
microbes increased to 6.17 x 103 gene copies/L from below the detection limit, which
indicated VC could be detected in the set if the test was extended.

The self-developed EVO/ferrous lactate will be selected for Phase III pilot test.
The chemicals will be injected using double packer low pressure injection due to the site
geologic interlayer of silt, clay, and fine sand. Double packer injection wells are
constituted of Tube-a-Manchette and cement bentonite slurry. Currently, a double
packer injection well and three observation wells have been installed, and background
groundwater samples have been collected and analyzed for characterization. The next
step will be chemical injection and periodic groundwater monitoring to evaluate the

feasible application of self-developed EVO/ferrous lactate at the site.

Keywords: Ferrous Lactate, In Situ Chemical Reduction, Bioremediation,
Trichloroethylene (TCE), Green and sustainable remediation (GSR)
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)ﬁiﬁ”ié* & %R R E 4 (International Agency for Research on Cancer, IARC)

A i = Y Tﬁq—\? RHA N KRBT e 25 0 -’:” = T 25Kk 4p % 4 (Dense

Non-aqueous Phase Liquid, DNAPL) » DNAPL i & g d jpei 2§40 & & 4] &
FFEFTERE > FEREX AT EICHEA N

DNAPL R[4 p d 4975 & o DNAPL & 4 8% » B 5 # &L ’“fléifgi'li‘f?rf%ﬁﬂ%
Bt v 4f L DNAPL hf #+ ¢t > g doniife? » B mi®h ¢ B F RS D
LIV FAT R DNAPL @ 253 A G40 A T4 DNAPL 2 L s ft -

P EHAAEIK = F 0 FAPM 2 Lo 1 oArT e

(pore-to-pore connection) »

SEHEOHEATNRGANERY o8 g L1l At F R R
—rﬂ;”*’{%ﬁﬁ?“‘@iﬁf#”{i’%%?ﬂ%‘fl\dﬁmﬁio—%b1;*“’:{:’?33
WEEMFAELPE F pd AL AR H AP I RIS TS B
Ry FET o4 e RVAFRRLENE F BEREFF S LS 5 ¢ e
§a~{f;,l1£ﬂid“§ﬁi§_;f§v(]§]1) oAy i & leis-12-2 % 0% 50 0 B

"3 LI F e Geng 2 AR #F]»:‘—ﬁZ"ﬁ’\’/‘\/}’}\éﬂﬂm"'%ﬁpv‘]m35%
7l 6 &% :{ » T AR ’f‘—"/\: /pmﬁf_‘ ]“‘ ’ T’L“J‘ﬁﬁ:]?l R B 35 Bj?'f‘—"s
% (Barton, 2014) -

Common valu

Description Symbol

3+ £ (g/mol) MW 131.39
4% B @25°C (g/mL) 1.46
kia 1+ (mg/L) S 1000

% B8 (°C) T —86.5


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/trichloroethylene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/respiration
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ambient-air
https://www.sciencedirect.com/topics/medicine-and-dentistry/ingestion
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydroxyl-radical
https://www.sciencedirect.com/topics/chemistry/reaction-half-life
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/anoxic-condition
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/dechlorination
https://www.sciencedirect.com/topics/medicine-and-dentistry/vinylidene-chloride
https://www.sciencedirect.com/topics/medicine-and-dentistry/vinyl-chloride
https://www.sciencedirect.com/topics/chemistry/decomposition
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/aquifers

ARFRE CERRZEELF IS

R LT

gk (°C) Ty 87.3
& R4 (Pa) VP 9700
¥ fE--K & fe e Kow 320
ot (G ) Koc 2.42
® 4% #& ((Pa-m®)/mol) H 890
7 HAc s (m*/day) Dair 0.68
k¥ IFET (k fic (m?/day) Dyater 9.00 x 1075
Cl Cl Cl Cl Cl
e, o T g N 7
/TN SN SN
Cl H l H H H
H Cl H
We
:;E C c-\
Cl H HI"Mr H
B 1 =3¢ fF Hu s fzg 2 it ?}%1‘# (Pant and Pant, 2010)

32 R§ER%RE IR

54*"'—”73\*}%’&”‘1’**’]'?”{‘57‘5’?4m’<§"#"11(H2)mF}L{* TF
PR FAFET T g L el
#* & (H)#e % ¢ o B R s # ¥ ek 4o (McCarty et al., 2007) -

5 +
{—‘-’ﬁ ’ E—1—

} B -

CCL=CCl, + H, = CHCI=CCl, + HCl = =--mmmmeeeeev (1)
CHCI=CCl, + H, = CHCI=CHCI + HCl ~ --====mmmmmmmev Q)
CHCI=CHCI + H, = CH;=CHCl + HCl = =---neeeeeeev (3)
CH,=CHCl + H, = CH,=CH; + HCl =~ - 4)
Net: CCL,=CCl, + 4H, = CH=CH> + 4HCI ------=--o--- (5)
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321 2% RS BRrwmE

IR F WP RAIV KT FEAIFTELEME gEEE NS ,"Jf;"’
L= g T ok e 2 (Pump and Treat) ¥4 iE P IS 2 #a s Fl A
TRZVH IR FCFART cFENN P REIRZ B R P2 ﬁﬁv
Ry FERR - BLiE FRENUE LS E N AT W R
ArFARFE o bldet i B PR TR TREY > ERET Y
2 d & (Hy) o438 1475 954 (Volatile Fatty Acids, VFA ) 5 k2 # R =R R § £
FRRFEBHIomR iR R PRE R oM F RYRF > S =2
o BERFIERAFE B e FRRIZF sl 22 F AL
o B AES G 4 RFene i ez (Mohn and Tiedje, 1992) > 2 $ 4R
R & A2 R 4oB] 2 FFor o

‘t

£
5 &

H H
a d a o« H lc_lc_
NN \./ \//,
= = -
A /\ VAN £ H o H
a a H a H d H\ H_l C— lc_ H
PCE TCE DCE \/o H I|-I
Ethane

Bl 2 2 MHRE BARME &S (Saiyari et al., 2018)

i@f*iif;"t’i@iifiﬁ/ﬁ!“ﬁifg’"f"pr% R RSGTIRRE R R 3 A2
APk AR L 3 REE BREEE G L IURT B R F
AR 4 e ¥ e &3k 75 Dehalobacter ~ Sulfurospirillum ~ Desulfitobacterium
% Dehalococcoides (Dhe) % » 2 & 2L95 5 3 dzk F#0 ¥ 4 TCE = 2% & » bilde
Dehalobacter & ¥ F 2w & ¢ % 2 = & & = % & ;5 Sulfurospirillum %
Desulfitobacterium p) £+ & » % ¢ JTF M E N ocis-Z % ¢ Jf »m Dehalococcoides spp.
5 BF L Ik ]ﬂ% ' 3% ¥ e Dehalococcoides mccartyi { ¥ # TCE % > %
¥ B R 3 B 4p 0y Dehalococcoides 3 v £ 2 £ Fenit £ @ &
ZRAG AR EY A FINFERAR AL R RE S AR R
Dehalococcoides spp.cfadji H s 2 3 Bis > A LR ERM > " HY % 3


https://www.sciencedirect.com/topics/engineering/electron-donor
https://www.sciencedirect.com/topics/engineering/carbon-source
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/chlorine
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/perchloroethylene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/trichloroethylene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrogen-atom
https://www.sciencedirect.com/science/article/pii/S0301479718315159#bib29

AFRE CERRZEEAPEL FUEfRE TR F L GA RS

RRELER EF5F PP e s HTFRFF1E6245 0 AR EFRT AR
RI|EfER R0 TR T pfﬁ%pl’ﬁ B 3 RSt iR A (Saiyariefal., 2018) o %
WWITHETEL P F R "F 1 Dehalococcoides mecartyi 3 R DM E hF Rt
Dehalogenimonas spp.7* ¥ # TCE = >"% % (Yang et al., 2017) > & F 5 7 { %
TR RE ZFEY ARFIR -

FEF S A R s ;Jr;a—*vz'a Rz L aREFBR®E > RVRE E
(£~ N ’T’F &= F 0 7}: = >R pr 3% Z_ Dehalococcoides Fﬁ%" i 5

BT v PEt g ERes-1,2-2 F e ek e ARt SRR
MRE Wi 7?2 F RATA A # % 2 A (Maymo-Gatell et al., 1997) - &7
PR FAARY & frd ¢ PITE R I RZF I N NP F T RIEF L
Pl AT (AP AP i e R ¥ L Finl AL RRA o T RE
Bl Ae BEIGE R ¢ Dhel6S rRNA A ¥ 0 %f8 = & ¢ % 3 ¢ freni® R s dy
fL ;ﬁi? (RDase ) > RDase 72 v J 7] & 35 verd > tced e bved » % 4 < 5 58 3
Fe™ *#i8F5 - IpER%E > © @5 Dehalococcoides spp. & 5 7 Fe 3 it {2 A 7]
RUSNPZIE SN a4 Jfﬁ FiE L J(Tf- v 4B 3t (Wuetal,2019) -

tceA, verA tced, verA  bvcA, verA

trichloroethene ‘ cis-dichloroethene ‘ vinyl chloride ‘ itk
(TCE) (cis-DCE) (VO)

Dhe, Dhb, Dsb, Dsm, Dhs Dhc Dhe

Dhe: Dehalococcoides sp.
Dhb: Dehalobacter sp., Dhs: Dehalospirillum sp.

Dsm: Desulfuromonas sp., Dsb: Desulfitobacterium

® 3 TCE)= 2 %iifer e i it A %] (Wuetal,2019)


https://www.sciencedirect.com/science/article/pii/S0045653519311245#bib9

APPRFERVE AR FLL kR LT U b g v 1
FEEF ORI B IETLFE O RFR G AT T R T R B
R agEd oS L FEEFOEF I UFNRLAFZETED G ANE
THRAEY FLEFALRLAT VRO ERIE EEE Ak koo f R
LMok §F R R AROR Y EFRET O R F AL A
#ﬁﬁﬂw%m’wnﬁEJ“?ﬁﬁ%ﬁéﬁﬁﬁﬁﬁ%ﬁ%ﬁ%%’ﬁ?ﬁ
ERCE SRV I g jzg“,flwr_ VLR G v o STt R A fl’ﬁ SHhEh L ok

B T

b Hnw g DNAPL @304k % > @ 7 €4k BN EELER
#-iE T HP 3 35 4 % eni® % (Harkness and Fisher, 2013) o gt eb ",ﬁ% 7P
CECHT AR IRLEN  RAAE R LI RLEWPTCERT iR
FFT TR FEBURA LB L5 A RRA/A Bk §dg 2 Bk

S B Aes § A

32242 F R BRB &

4#ER$§?%%““¢W¢M*3§6Vm%ﬁ’ﬁﬁﬁ%£€§ﬁ?
+ i ‘/‘i’fr Dehalococcoides % cfic & B # £ % dqfs cnjicd # A i #=
FoHR2NE O RFBERDRRAS Lcis-1,2-2 F 2 F & L e oo

Mo RaRE AP o A PP aRE BRRE AARAFE REFHF D
TR Blde AR (Mackinawite) ~ % 47 (Pyrite) » %44 (Green rust) ~ I
4542 (Ferrous clay) % % 48 (Iron oxides) & > T %5 B- "f}; B H e E
T EEL BT BAL & LN R R RN L 2 F ¢ A
fRig oA (T - iﬂ'%ﬁ Ay g ek BREFHELIREF A0 0 g
A Bk - {,%gg! Al PR REARGEEE LT AR e e 2 F
L &P E ?iﬁiﬁrFﬁ?] 4 #t7 (Berns et al., 2019) i 7 b2t
4 Pfas g AR T Y THHr T LEERL L IR o A
L4 TR, & e BT B R 2 4 E\' ?b;{ ¥ 8 J i 1% (Elsner et al., 2004; Hyun and
Hayes, 2015) -

2?

—\

R


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/miscibility
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/long-chain-fatty-acids
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/volatile-fatty-acids
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/dehalococcoides
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/vinyl-chloride
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mackinawite
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pyrite
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pyrite
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/iron-oxides
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/iron-oxides
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrocarbon
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/iron-sulfide
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/iron-sulfide
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=

Biotic Pathway ===-=>
Abiotic Pathway ——>
TBD Pathway =~ =«----- >
Hydrogenolysis (1)

B — Elimination (2)
Hydrogenation (3)
Further Coupling (4)*

Butane

_/_CH3
HsC

3
Propane
CHs

HsC

Propylene
CH3

H2C

Propyne
HC==C—CHs

E Rk X
i cli
—= TCE
\1'\ cl H cl
1(1)
n ¥ H
Chloroacetylene Cis-DCE
H—C=—=c—ocI /\ :
cl ! el
(1)1 (1)
+ H
Acetylene Ve
H—C=—=c—H
' H
3 cl .
i s"s_./&/ :(1)
> "'s“ H i H
). Ethane __(_3_)____ >—<Ethene
H3C——CHj3 ] . L4
(4)

Bl 4 = cydyzd @ Rhis 42 (Bernsetal,2019)
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2 Mg

Herrero & + (2019) S &M * FRR2 24 F 25 fdk T ke § ¢

fl’I"‘*M—r,%’if

CRER Tl 2 B R EH
Freuzi (@) pAREFE-(b)

Pzt EBRE A (d) PSSR BB

FREVERBRRFEET A &

BAR o ¥R FREE A g

Bt e 2 4 tlgele ~ (o) A
PR EE o 1B e T 2R
z T;mﬁ (;ﬁ@anﬁ, "”] efipgz 4 e

Y .

e

%'J/}T’E' ,%’\El;\p_,_li’f;f ﬁ/f‘ I&Qﬁlﬁ a{ﬁmwmﬂﬁﬁrjlfﬁ s '35%1( cis-= %
Z»’f;:rf’lf{z"j%, j;’ %iﬁmf“?:?ﬁ?ﬂ B4 5 g ,’rZ‘JTF;‘ ‘F!,L’&f;}w:}i"r g‘HRrE]d\.
it & 4 {;;:} RS EZ BV A pke 52 ‘Tﬁfj,f.sﬁ_’h{ L=
Wit ES 0 LR KAeB S T e
0 PCE cDCE €oce = -2.0 £ 0.3 %o
H CW)L - No ethene pesuifovibrio putealis
3 OH & ethane  pejosinus propionicus
OH TCE
Lactic acid
CK Cl PCE cDCE €pee =-2.5£0.5 %o
c=c Combined Egheﬂe D. putealis, D.lacus
C( \Cl TCE  VC ethane  p propionicus
PCE
PCE €oce = -3.6 £ 0.7 %o
Fe’ =) cDCE %heiﬂgne Desulfosporosinus
TCE lacus
Bl 5 F pe% F 485 2% 2 F i = »x(Herrero et al., 2019)
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L w2 ATt de™ o AT R AR 6 HTF o 2T R Ao S 2 2 4 1)
graowl s BRI EAN G B2 mER R REAET AE o 2P RF R e
Lo r g e tifez F e AR RERAPTE 22 A B B & o FIERL
2 lpmol/L » = & & ¥ iE 3 4 pmol/L » B 4 2 = & cis-=

LL )F'n

i# 4£_130 pmol/L *%
% ¢ % & 130 pmol/L

R IR A 3 £

[

FR4TEF O FRRZ O ZERBREI e § ¢ il

oA ARFE T A
Bk d)iEr (F162C) » f A ide (1 62A) { A LB R $2cp|7 2 4
#1%9%(ﬂ6ﬂﬂ°*3%@ﬁﬂ’mabfm4hﬁﬁﬂmﬁmwﬁi%
4 (B62C) * =% & e cis-= : %7
ﬂ’mib%%ﬂT%’—%bﬁkE%ﬂ
§OHAAT ) R m? A
Bt A gl

W% 22 A pF > NOs o SO&Z& ek & BT 5 %
P oo ek A A @ﬁlmmmm,%wﬁ%ﬂk% &~ ﬁﬁ%@

”J“’”‘\Z»’fc'fr'b,]‘{z

(TR

§bpndd

FOGREFRA (B 62C) ¥4 AR %
| 10 umol/L » ¥ ® & 4 frans-= % ¢


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/manganese
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/natural-attenuation
https://www.sciencedirect.com/science/article/pii/S0048969718331723#f0005
https://www.sciencedirect.com/science/article/pii/S0048969718331723#f0005
https://www.sciencedirect.com/science/article/pii/S0048969718331723#f0005
https://www.sciencedirect.com/science/article/pii/S0048969718331723#f0005
https://www.sciencedirect.com/science/article/pii/S0048969718331723#f0005
https://www.sciencedirect.com/science/article/pii/S0048969718331723#f0005

bR 202110 Tp T
AERY B RREBE PR EBE TR F LA
‘WITH LACTIC ACID
1 1A
%‘1 o) f nitrate
E e
g nitrite
R -
% Fe™
° o sulfate
acetate
0.01
- PCE
E’ TCE
%,1 cDCE
l.‘;“ tDCE
% 1,1DCE
° v
==8e: 5°C PCE
£
< o === §¥C TCE
=-#=-§"C cDCE
B ol s s R R S 4 G S o 5 R R 4 S R S R R T R e
0 150 2CIJO I 300 0 1;]0 260 I 3000 1;)0 260 I 300 0 1;)0 260 300I
time (days) time (ayes) time (days) time(days)
B 6 F- 2 F R dFRk ez 24 4~ 7% % (Herrero et al., 2019)
PPRESEET ‘lgfg/r'—‘vka‘)‘%%?iw )’ B R B e A E RIS
FH 2 8 TR 2000 # WAL E R iib%ﬁ%%&;amowm’%2M6
ERFTHR D 5 Ak R (95 855 ng/L > FRT 2017 £ B i BB Rk 2
iﬁ%m&ﬂkfkﬂiibﬁﬁﬁﬁﬁ Podr o 1% £ P 7SR
TF o Ry HaRLE T4 > BpEAEY JI* P oREH B0 R 3 B EHRR
ﬁ%&?@*ﬁﬂﬁﬁ T ST T 1 TRy ey i
> AS BIHH P L e TIRAE S 149 1 190 B R oo p L M Ui R R

PR LA TR A R Bt o e pEL T B A EE KB-1 2 d FUR I AT S o
F RN P BB |S v st 3 0 56,700 Fren® &Y 230,937 R
5L s I 4B e 66,300 Fren BUE AR 0 BB ILEAR 2017 &2 70 1T P B
47302017 # 8 7 10 P & & I3 (F4oB 7~10 75+ (CASCADE Remediation
Field Services Report, 2017) °
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T~ FBY AR

AP FR G AR 11 AT 0 AREERATR Y 2 KRB E B IR F R R
BE TR A (2 EAUE)  H B RS R T REATE A A 2
EPHE~F P RRAT - ~ETR-BF ARB LTARD BIRR R R
FRERJRFBER PN REANALAFT AR T EREFRY S R (Real-time
Quantitative Polymerase Chain Reaction, q-PCR) % = 3 m :n £ F 7 7
Dehalococcoides spp. ~ Desulfovibrio sp.% Desulfuromonas sp.% 5 &3% ) & % &)
HEAZZE -

AEBRT - FER D AREF R L W R BRI
B - A FERA R A BEREL RS E 6]
LTEEG AP A GAE FHEET N W (S W
i )o P A R A BE A R B2 R SR g BRI S
EB BT PR UK AL BEF - EERT RS2 p WA
BB A 2 B RN o M BB L 2 S R R AR TR S PR
o

RS % - FEEC? 22 2 Microcosm A2 fi #0385k 0 i WA~ p Ay
FREfin® B B EOS FU it jd 2 = & ¢ W rE R sn e b B SRR g A 10 R 4
BEPRLME ERE P FRRZREA P02 T A d BREHER
f7¢ > 247 VOC #t > 7444 DO~ ORP ~pH ~EC - A ~ LA @ -
FR@2 A AREF I AT o TREHT BN BT R R RE T
Rt e TR T2 B E2 HTCE B Rkinz S (55 p WAtk
SR T AR NI kR o BB H - PR R T AL WA 1~ 5y s i ~ EOS
EAEFL R TS e ek i stz BA

44

SR B WER B TR FREL SR EGE SR
2 p WEH|(BEOS 5 )i 17 b Hrik FHIEIL 85 - FF 3506 WHEA R 3
o H @ﬂi%]']%_a ER|FF AN TG ER Y N HFEIS L 2| F]SF 2 s
CER R SIR % IHAEREE B 8 10T S5 RPN (R4 S I R = o
R TUEA S BT HKPIE T kY VOC-DO~ORP~pH EC @@ « &
P~ AR GG R DRI WA RR C HREAEILE ST o
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ARFRE CERRZEEAPFEINEEEF TR L FA R

4.1 R B ToREFEL
411 b B TR A B

~3hF "% ZH G H L > B 4o Microcosm i ? fi B3Rk 5 5L 37 48
FRRRERE TR R B TORZEFRIES A FATRT 2B T KD
BOARE S AL B TR > Bk TR A ABEA TR R dod 2 AR > 3
S GRH T AR R 0 %A BT 648mg/ll 2 ORP3ITmV ¢ 37 Ha
B mE o Hn? § o B2 AmA 87mg/ll) * AR (25.2mg/L) -
TR S R RS WO T A AR AR A
Brabd ToRY T 765 mg/L 2 MG A o JERIK I BRSOk 2R
Bk R R AT R THECTERRT B

L2 R B TR FRA

14

7P H i kR
i bl 1 - 6.53
F L ERT mV 317
S mg/L 6.48
TR pumho/cm 255.2
B oe mg/L 76.5
b2 Wi mg/L 8.7
I e R mg/L <0.014
il T mg/L 252
Bk B mg/L 0.11
@ mg/L 28
EE N mg/L 3.72




R Y

4.2 p Wi R E%

AFE VA FEES B REREKRE RS I_! S fE L p R

AARZFaEBSEW L-FURE LG 4 ERA N R R mgg
WHT kY MR g R ‘Ji%%ztk??;m L-3 &ﬁ?\m;zﬂf AR LA B ]

ST BB A R d L RS SR BT pH B Tt o gL
F AR E SRR KA pH EiE R R o

4.2.1 B 3 1AM R 8 5%

SEE B AER LN A RK PE e B G P LR AL E
MEFHTLREFR > FH AR LT HELE R o v A5 R E AR
2 b A d 30T o SIS RN et BIF RS 15%0 8 RIF RS 69.5% H 7 o
15%* i- &)@ ~ r2 Simple Green & i > 5% H fiz & 5 4e 50%2 “Pokg ~ ¥ Bﬁf&

b fa % v R E AR T LR R

Rt

EEFMHE & RS 0 & I2EEE 2 10,000 rpm 2 i# 8 7R
302480 2168 » 100mL 2 EP3E > #FETX > TRERNILTFAEREAE
4,

403 ERAMELSTR

FU i R AR bR HLB =/ % R
Simple Green B4 EFoRB IR - Simple Green
P e % 13.3 Himedia
g ihBLH e g o § kR 4.3 BiRa &
o R Fo6 d B A 11.0 BB 5
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AFRB CRRRFGE AP E L EER TR LA

o4 51l 4

SRR S

RER

7 Ao vt (%)

Simple Green

Fu v A FaaE “F kg PREAH b g | o AR MR
a 100 -- -- --
b -- -- 100 --
c - - - 100
d 50 50 -- --
e 50 -- 50 --
f 50 -- -- 50
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4.2.2 é B2 RRILER
TR TR G AL BPFEGTEESRZ S BB ER
A M; s B EEOSF &% 2 748 455 59.8%% 85.0%; @ o
FEMAA A2 0 AF NCS 2 LCS» H &% 7 84 450% 10 o Fpt o
AR B PR TS 60%% 69.5% 0 G ML bl R BT LA A &R
e B A g R dE 10%E 15% R EEE A TRY DG
EOSpro 1% 5 FE T ¥R > 38R B3 A S w2 4ok 5977 o
&% LI RIR ot s £ L3S F S L 10,000 rpm 2 4 R (7R 30 A 4
T oo FHERA LI MR TR Z RN Wl E AL E2 F I R A
R0 B2 208 =R ERL ¥ TRRE > LULRR RS0
oo % o~ 100mL 2 B FEE 120 FF > 5 24 EEARS B - o TR |

05 FUiL R R BOiE B L FUI B BR

| < 2 5)(%) FU1L A 51(%)
A 69.5 10
B 60 15
C 69.5 15
D 7 & EOS
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RERS CFBRESE AP RISE Y TR F L AP

4.2.3 #F & Z| B BRE%

Tk 421 FEERBLEEEA L EAR A e f ) D R E A
BOoPETERFARR  FHABRESF B LG E AL GIEFRT(F S 422
) AFE A AE A F ARG

AW B B B B A B L b TR T A A A Z
FUiC A B &R B uﬁﬁﬁ,\#iy‘ygrﬁbi Afert (KB E 5 /5 15%0) &
£ - FUit Al A v I 5 3/5%15=9% ~ FL it & B i 5 2/5%15=6%) o :#5k = k& T
Mg B 205U R Y Z PR EC Microcosm Ao 4 fE FEHIRS o

£ 06 Fuib A A B 5 E B bRk R £

Ehew | A BB (%) | FE A G FU1 A B by
e - 3/5 2/5
k= PR 2/5 3/5
w &= ! 7/10 3/10
w & = 3/10 7/10

3 R Apk e I 1 R ER

AR R S AR R B H R e fig B 4 e ey
B o P AR RS - B ap R o HinR ka2 L ARk
Boom & i d % 5 4RE KD et b 2 o T - Rt g
kR ‘*Lﬁ“ﬁ@°"%&mlkﬁwi$%1%ﬂ B

it
TREY FRE AT ABEA L B HBRE AL AP ERAT -

AERD ST B pEE S AR E RS ﬂ/’ﬂﬁ$$9@$%%7
PR o AEERIBDENE PR R b BEUG LI E TSR
SREE R E NG A R B S 7 38 55% ~ 15.57% ~ 14% ~ 10.4% » § ﬁf&o iy 2.
R E 3 10% ~ 7.9% ~ 5.9% 0 Emz A S dod 8 T o

B o ST fig o EERARIZ KRS S @ % BT S 10,000 rpm 2
ﬁﬁ@ﬁﬁ#&O&ﬁ@%m‘omﬁﬂﬁvx@ﬁ FE100mL 2 EP E F
48 | pF BREL B2 N RBURI - RHR S FE TR 2 BRI
3% = PP EC Microcosm #r 2 fk Fdipsk o
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EANETEUER EPE

;n;j—%;;;-ﬂ;gifz

Active Ingredients

Composition (%wt)

Oleic Acid >40
Glycerin 5
Ethyl lactate <10

Buffer Solution |
Water Balance

308 o R )

| A ER | s (%) | R | RAE A | B (%)
b 55 g 15.57
+ i 5 + 5
A | fpee g 10 B | f'pke 7 10
% W73 IR 1 £ 73 iR 1
'k 29 k 68.43
ou] | BB LA | b (%) | mN | RATEAE | B (%)
b 14 b 10.4
H 5 + 5
C | §'pee 7 10 D | ftpie # 10
R R 1 S 1
k 70 'k 73.6
25 R A | vl (%) | mu | RAL LA | 6 (%)
s 10.4 h e 10.4
+ i 5 + 5
E ol supee ny 7.9 F | $*fe 7 5.9
38 1 R iR 1
k 75.7 k 77.7
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AFREP CERREGEAPF IR TR ZF oA

4.4 ?Lﬁii‘géﬁgj‘ du bl B RSk

FURR AR R R R e TR T ;;x%}%v;&j AT L BB R N
R N S kb SRy
BB R 2 %7@_&}‘ -~z ¢ ﬁ“é ﬁ*ﬁi}i? ég‘fi o (E% % = P& £ Microcosm
iﬁﬁ%é%a~&lﬁzm4@wii;¢&%o

441 FETEHE T ORFEEFRR

AP ERA BB EP R PR AL B2 T AR S 40k O
o o fv‘“%ﬁ?ljjxif%*v?ﬁiﬁ&']if AT pH E K zgurﬂ“ [& >
2016] F kWS 2 pH M 3.0 ¢ {2 2 £ 4 2 Frq] > Flpt A% 1 &
syE'J;é-i]t%c% fe vl b 2o FUEE T 4B o %%‘hkfkﬁg‘r Btz FLo

AFEHRE 2 A A 50mL b b TR BB S NS R
148 0.5% ~ 1% ~2%* & 7 - 279 ¥R2e > 2 pH-~DO-~ORP %2 EC 7 &
PERELRIB TORAREGR R R ki PR BB R0
- o BPRFI80F) o pEnkAf R 2 AT P Aok 10 47T o

09 FRELBIE AL

A WE/EELF A (%)
n 3N CsH10FeOg+3H20
B+ 288.03

pH & 5.24

SO4 <0.1%

Cl <0.1%
CsHi0FeOs+3H20 98.2%

Pb 0.03 ppm

Fe 0.16%

3010 PR LB A AL A4

5 pE T AR R (A, V/V) A 1758 ¢
0%
0.5% Fedbm ~F P BREECETR A
1% ¥
2%

20



Eﬂjj-%;‘;aﬁg?

442 FPRTSER= af’pézﬁ’;gmf-;;gﬁgg

ﬂﬁﬁﬁiﬁﬁﬂi'g Fe s hpmko $E5 0 F A
AL R RS TJF L orko0 RV 0T 5 (8 % - FF X Microcosm
Mt BRHERER LW lﬁ::ﬂ*ﬁ’x_ﬂ@ﬁg\l;}iy S g o

AERG LA A NS 05% 1% 2% ¢ § - e rd ke
L2 15g2 3y 23T 60 mL 2 17 ¢ LIFFLLE > @;‘7‘]&4‘:—@5&“ b2 SR T
o BT IE MR TORBEEIEREATES o & 0512510 2 FERHEL
¥ TR G TCE » LR et bl SRR ABE 2 4 o 0 R 4ok

R TR ) AR RE NG BRFRFE A BLRNEL - L
PAREEE R R S AR 1 AT e

\\\

411 PR F o sk ey
FU e T 4B TRk B B (REAE v, V/V) &7 3E B R EFEF(R)
Zz v 2 (BK)
0.5% R 0= ~1=%-2
BN
1% X ~5% ~10=%
2%
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AFIRE CERREE LS P ENEERE Tk LSt

4.5 fc 2 s 35 W3- (Microcosm)i * i fg

AEET 2 A AR S TORE L 2 S BRI R
R TR R G2 p WA R s p WA AR PN CRBESTRE
M2 EfEssr PPRE o TR R B 8 EOS & &7 i o

Bt RH R FHDPARS 00 X > J g N EAFRSEE > A
BE 6w EHRS 010254560 2 90 % Bo— & {7 A 45 ’ﬁ;{ I R
P2 P 109 & 37 16 P B487 & 67 15Pp 3% L ooy
R P ARG B NP AT o

4.5.1 B2 GBS 2 Nl

P LGRS G SAER& N YT A RS - ER%E
Gt 250 mL 5 A 6 L B R GRS
JiE- BATREA Y o S BB LAY R 30 Bib 2 4 BHHE S ARk
Rl BTG PN F AT At

(1) zv &2 el RS REidIHRE -

(2) p A RE R AeEE Y B p BWA T (69.5% B~ 10.5% Simple
Green ~ 4.5%%3 "7 e B #Efn) » 4734 p W5 14 R 430 TCE *f fi2 & s -

() B W pEfg e - e E i b1 W R fa (10.4%09 f ~ 5.9% 5k o
#9) > FE3t A g AELfig 13t TCE *# i3 & % o

(4) p @RS R T//] FL bl WA ks R _EL"T”;]‘
Sv 1%z 3¢ ﬁi’x,;éﬁc’\aLIEa’ ﬁ& P AT naiﬁﬁt TCE *% f# = s 2% *% f#:% 3

o

_L

(5) % & EOS & :if+® & EOS 1 & ikt ol g LEME . § &
Lz §u i &% TCE * f2 2 »c2. £ B o
452 * P AEEMKZ BHEHEE S
SHBEH 2 M BRSNS e 0 F 7 250 mL 2 s AU R
At Fu2 2Tk @ TCERE S 374 2mg/l kA&
2 TCEZ 2 e &" o & o F 3 N mitdeT
(1) TCE i 4ei fl# = 5% 1 P~ 12.5mL 2 TCE {h % &(100%) i 100 mL ®
R 2 RS WK o P~ 04mL 2 TCE i 4eip 3 & i j#g?
(P # TCE k& 5mg/L) -
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)

)

4

)

(6)

BRI

A ILE G 30 Hra Aok 2 (R R 42)™ 20 mesh (4 B
083mm)\gﬂw‘?€‘tﬂ‘-f‘r gﬂ?(ﬂgﬁ) -ﬂ@ﬁ’»60g(ﬂ€‘)_,_4_aﬂ_,%-pic‘ o

%%ﬁrﬁiﬁiﬁw}ﬂ%ﬁﬁjiﬁﬁéf\%iqﬁ#,|$g
W & EOS *’Lr"rf\/,"]‘ oo LR MIERIEEAE p/:"!r‘ EOS & %] ¢t >
H 1 2R féf»ﬂé% ewj"fiz—xz::}f;ﬁ]‘%m LRz 7R E > B CNP=
100:10:1 2.+ B8 {7 &b /V'J"]“ 4p o

I /1/“'1“ J\/] :;\:; %{‘é‘lﬂjjﬁtét‘% ;\‘4 :_E.El_ %‘—
BB ToR(e 2§ TCE fdeiR) ¥ ki g &
10 32 #a] > pride™ o p o ERphE

FLA T 4 200 mL 2 3R
5 fhsd sk ] S
R FEAod 12 977 o

\

v

p
bal
i
>

v E P ER > B R T ’I\’i,"]t M -

> p iR e ,,9]‘ de 15mL 2. p B 5 ik(e ﬁfrfﬁ 10 &) ~9.58 mL
L%%{‘jﬁi 0.4 mL =z TCE;‘;’]&%:;‘,*Q%; , ‘Eﬁ]&%“ﬁ*%%—r’kii‘)ﬁ*‘ﬁi
poaE TR 7 R (4c B 12.) ©

> f Bl sEf e T e 1S mL 2 R A (S AR 10 )~ 167 mL
2§ A B2 04mL 2 TCE fteie i » £ i 5o # T KT i jig

TR SRR e

> ?@%“ﬁﬁ*?ﬁﬂﬁg 7 e HmLiéﬂ%Mﬂgﬁﬁm
5g qpE TG FAL 1%L fA) 2
04@/'mEfﬁﬂ@’i%ﬁmyy1$ii%ﬁmﬂﬁi%

© 1 k4 ISmL 23 & EOS 5 it (e 4% 10 ) ~ 8.33
mL 24 % AR2 04mL 2 TCE Ftei s > i ep B Tk I

EE NG S A R TI F%ﬂﬁ%?%*ﬁﬁﬁﬁ%4’ﬁ
SIELE 6 AP I U 0 A B[R % 010254560 2 90
2o WE I A FIF R HOOERIIE RS RN ARBHN R

Uk PR (4r ) 12.b) °

FRBRAEET %Y 45002 00 X 2 BN EERRERY €5
e R 1%2 );Rrblrj{];]o “R'J’]Tﬁﬁ‘]z d ¢ @Bk E S XEFFT AT
# o
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(a)Fa

wh

0
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2012 pcd RSl An B R

;n;j—%;;;-ﬂ;gifz

a4 e R B FUL % e o0 b IR FJ 4
EERRE ) g omEst JEMR g | L AR
P | (Wt%) 2% F P 2 PR EL
A I #‘”l dv ix e R #£ R A B 4

B R

20 69.5
L5 fd | 4
mELs | |

Simple Green | 10.5

% PR R R | 4.5

¥ %™ 9.58mL
pRlst it 15mL
- 10 )

'k 10.5
b ik 10.4
H b 5 ¥ %@ 1.67mL
BBl RRLEn | Rk 59 | p sy 15 mL
£ 75 % 1 - R 10 %)
ok 77.7
- ;if 7 28 § 2 833ml
& EOS gy | 4| T EEOSTED
2 g .
Gremg) | “HR0R)

B R

de b I A

pELT R
Bk b > FUpL T
2Rk S P

A

Y % @ 9.58 mL
FPRaL425g
pElF it 15mL
(4 411 10 )

W E 45 % s
65 % ~90 =
2 B¢ \‘9]\4(
(/9\1,‘3 AN f], EY

1%, (v/V))
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AFREP CERREGEAPF IR TR ZF oA

4.6 M2 i3S 03 (Microcosm) A 47 & % #Eif

e BdREH £ EF 0% 0 B%TH 0210254526090 % 4w P~
LEEAR&REEAY ] z@;m-wiwﬁim/’:\%‘r SR ER FE T 5T R R
S 2 A (NIEA W 102.51C) > 4 & A 4535 P 7 A 3 FRF-K T 58(DO ~ ORP »
pH ~ EC) ~ -k [T 3% wf*»ﬁx~ ez At NSRS 2 A IR E A AT 0 B0
AP EESRBRE LSRRI NES ek 13 4T o FA AT A

L)

4.6.1 BPF‘%’J(F?»&A\ # i2

A3F P ~45¢ 3 pH ORP~EC 2 DO $38 P o f s F 5P 41 50 mL -k % & 5
PR T O E 2 R ARE TR R o KR Sl B S 010225~ 45~
60 ~ 90 = & (FHHE o

(- ) pH #& R
RSOk Y Bdr EE T TRt T o R eh Tk 33 kA Ek (pH E)
BT 2 — T 4Rz (NIEA W424.53A) | 274 fI* BT 42 23 216
RlEfrE2 R v Frg g+ 30 g g+ kR4pE (pHE) £ 7 -

(=) F “BRT kP
BToRE L BRRT SRR BT TR R R 2 - TR
(NIEA W455.52C) | i& {7 & if]
(2)% 3 Hpl

%$$$ﬂ@§ﬁ“%ﬁ%>%m
W455.52C) &7 Heiploin 5 T 4mi 4
RHe R T2 d .ala%#?rwﬁ.’ ﬁ
sf%)%' od WA RAET AL 2 T A T
BikP AR Z kR o

% § Rl 2 — 2 482 (NIEA

“ﬁfi ORIESEY CE R R
AR F TR RIS AR

§ KR wd ROLET

() %3 &P
ARk ? ETREY RgTo Lk T RPN 2 -ET A
2 (NIEAW203.51B) | i& {7 p| - 7 B (Conductivity ) & #-F /inil i 1 cm?
Bwmf o & lem 2 /%4 pF T e (Resistance) 2 ®|#c> ¥ = 5 mho/em > ¥
TREEZE 1038 10%4 7 > 22 5 mmho/cm & pmho/cm » EF A 2
BlZZEYEBEEDIRARAFREETR G LRIk BRZETR -
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= ;j I | -H;E}F
462 K FHE $ &K

AP LY e HTOC-HRERA-THERB - ERAZIED - p & Fas 160
mL R e T @ * T o R R ¢%°$?%a& #® TOC A 3% % 0~
1025456090 = &7tk A T HBAZ AR EHRS 010
4590 % & (7345 o

(- ) TOC t& P

AR kY B AT L 80mL B KT AL TiBF &
Fiph b # g 1/ d oh SR %52 (NIEA W532.52C0) | & (7 #B] » #k 45 8
FF REY Bk A R R Bt 0 kY R S S F R
RF RN MG RETE A B BRI BIAR > BG AE
5 F bR Kiqp?ﬁti\"/n‘d}s B O 20BN b AT R o R kR
MR R o Ml RRREH AT BRA  BR LD EFA N T B
AR R TIRE &% PR SRR SR T A A e

(Z)AED -~ TARRZ kR e R

AFEFRZ K IRBATAHRBE B YRS BRR- H LT
Pt ® L 80mL o A4 i 5 htkrrod ToR Y AT R 2 — AT K
%‘r:‘% (NIEAW415.54B) | i& {7~ 47 o -k P 2 Fp[IL 3 - EHH403 07
SR KT P FIH B g IS LA 2 s 2 oA A
9% AR RE A AR ERS LB ETRAKL L B E AR RA
A NET R AR SR FRLARTE AT ER MR T
REFGERE LG - FRAARBBAS M EE LR R LA
AT E BT R T IOE 0 & & PR SR R 7 AT

4.63 M= H ABE F

*EE 1 & VOC 4 45 & £ TCE ~ cis-1,2DCE ~ tran 1,2DCE ~ VC %3 p » B~
HEEED L 40mL g > £232P B F RIFEFFHIRE LT o B
AL EH RBAES L BERES 051025456090 % BT o

M7 75 G b 47 0 G TR AR T 2 A AL F AR K 1T I R (NIEA
W785.56B):E (7 # iR » #-Z LB M5 W2 KRS BN p FBRK G L~ X
FAHHE SR F F Y o R E T R F R T B
Flck o Ffffie 38 UmB ARG R Y § e B 225
FWPTEFAEATRY oI FARET R R ARE B4R T RE
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AFREy CERREEEAF ISR ER TR F 0 FA R

13\

7R o
4.6.4 #2 ¥ FHA
ﬁ4ww%$%ﬁﬁﬁﬁ%$%?gﬁﬁﬁ%ﬁﬂiﬁﬁbﬁ’ﬁﬁbﬁi

% 11 g-PCR # 17 DHC 2 DCAI F##cE 5 BRI v 0 &% 4 A2 pip 1

TR AP A ITRACEE D A ARE o R TSRS RER%R T 25 02 5 90
AR p RS R RIS 90 2 BNREFAT o Y 2 kERERER
AR TR o FlARRERE DAY LY LA B R AP R R TEF R

A -

BAURAP BT L (F {0 > 2010) 0 P A e At F e iR 2 F o FaB R
E M ARSI RT AR - SR F L FEZ& L ‘l'ﬁ“ﬁﬁ’i;é: %
2 F#8 » 4e:Dehalobacter restrictus ~ Dehalospirillum multivorans 5 ¥ — & %= %
LA & o 5 e 2 B 0 T Dehalococcoides vt Miiller % (2004) 58 3
R I K % J 2L ¥] (vinyl chloride reductase A gene, vcrA) AR A 2 % A K-
i TF WE AL JTF s overd 2 B i Ap i w5y 20 & F1 Y #h 3 B3t Dehalococcoides
B A ERERR e RS frﬂ RETPHRA 14 SRAME AATF I

Qfﬂﬁi\lﬁﬁg(él’fr’;ﬁ ,2010)0% ﬁﬁkl;“ 1?}%75;{‘% I4}ib7;gRT&'],{5”4J}7'
Dehalococcoides (DHC) % Dichloroeliminans (DCA1)2_ ¥ i 2 % & Ff& » ' & fh i
4 Foe *v:“é),?%" EREARTE T WAL RERME 2 ¢ 2+ (Low et al,

2019 ; Marzorati et al., 2007 ; Maes etal,2006) > T ¥V 3 IRE SAFH N F K §

B2 B (RS A 0 2017;35% 4 > 2015)« 3B A F 4 Y 0 Real-time PCR
(7 AL1T q-PCR)® ¥ -t A B FfE2 AFTET L E IR o PS5
RyTFR & 5 AT EIRARDILE S .
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https://pubmed.ncbi.nlm.nih.gov/?term=Marzorati+M&cauthor_id=17351102

;n;j—%;;;-ﬂ;gifz

F 13 LIRS AT E
A 4578 B RS e sk
B RS R HRRS AR NIEA W102.51C
pH k2 & Bk RApde (pH ) B2 | \1pA wan4 53A

i — TR

ke A E KRS E— TR

NIEA W455.52C

/%\i }\ ‘J 35 Jfﬁ/?] S E — q,’]‘}?:/z‘ NIEA W455.52C
TR |k ETRBE 2 -ET R NIEA W203.51B
¢ o PR E AR I SRR 2 — R
T s M A .
FLFMEG 5. FHB #BM%@& Gt NIEA W785.56B
y ,N4 EH N S & "BZ ~ s
a1t e §4§yff;fﬁﬁ&ygf$ BT NIEA W532.52C
AR~ LA

B Eip @

QORI RPE I S P

NIEA W415.54B

Fife T ERY TR X
H», formate, lactate,
Dehalospirillum multivorans PCE, TCE
pyrucate, ethanol, glycerol
Dehalobacter restrictus H, PCE, TCE
Dehalococcoides ethenogenes
] H» PCE, TCE, DCE, VC*
Strain 195
Dehalococcoides sp. H PCE*, TCE, ¢DCE, DCE,
Strain FL2 : V(C*
Dehalococcoides sp.
_ H» TCE, ¢DCE, VC
Strain VS
Dehalococcoides isolate BAV1 H» PCE*, TCE*, DCE, VC

R )
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bR 202110 7p T = 03:00
s
AFRB CRRRFGE AP E L EER TR LA

% 15 # i 1% &5 DHC 2 DCAI 2. § £

Dehalococcoides sp. Strain FL2 2 # % TCE % &
DHC E,\ 2= 2 -4 se
Dehalococcoides sp. Strain VS RE TR
Desulfitobacterium dichloroeliminans
3 train LMG P-21439 > # DCE
strain - o
DCA1 - - — DCA R R*% % 2.
Desulfitobacterium dichloroeliminans .
At
strain DCAL1
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BRI

4.7 RIS B

4.7.1 R 2 ¥ HFREE

F DRI 2 PR RREH O S N A g T s H5 G
Kih2 S ERHE G FREY ZF 2 FRAERY R FEBEREE S
BEORE G

%wi%‘zé“:’-é;%z% bR ERA Bk R R ERE R S o Fb HiC
Fo gAY 1 v gpld 3v o firggir Kﬁiﬁ'ﬁ& PEE 4o Bl 13 #77F
;%*f;lﬁiy’?%l NREGEKE I v BB > T3 E 5 R AR E 1 v R
cHH AT AEREK TRk X e S A AF e 0 BRI EENE K
P G AT 2 he e n i) o B B A BRI 14 95T o
M S REs T A0 4 2 mp) e 3 TS o

THE
11«

It

472 ¥ 2 FHEERL 3 R
f**ﬁ%ﬂﬂ‘¢**m%?%‘%’ﬂ“%J%i**%&?%ﬁ%m
% #:2 1 ;% (Double Packer Injection)i& {7 o @ ijg/x 2 F1H # f 'y Z9f »
2R (R ER))  Fl AT R G ?@ﬁ’éﬁaﬁé}%%ﬂ?%mmﬁx
T b R E E @ﬁ%]" Aol 15(a)#7om o At RFBIBIA L Y v e g
;”ﬁ%;;iﬁa?s ®* 8 4R /},’{]\]LH\;/}%&‘}' R h RN PR & B4
FIEAZ QP IRPETRY 2 RIEIRS S mELAIETE Y3 BRI
:w’ﬁr@ISQVTWO
%ﬁ%%ﬁgéa%ﬁ%ﬁ1a@%ﬁ»%ﬁgﬁgﬁafwﬁ£@$éﬁ
ﬁiﬁﬁ#ﬁnqm~5&§@Uama%ﬁﬁépwwﬁ¢@ua@ P
W ITALS 4ol 16(e) 0 S HATT HEH L FE S N E AR BV AR SRR
S-S VR S Ié@l—k'féﬁ"fr' %3 “'f#_ FmT o % pe R 3 e 1 RE il B N L i N
2R L P AFHERBARILIEAR2B Y R T- 0 BA 3 g3
WFR-RpTDERBTFEETAE -

\-\4
|l
ﬁ?-,

473 Ry 2 P HE L 23T 3 PN

TP WH R F > B35 2 p/H e Tok? pH~ORP-~DO % EC #k & >

FRIHERBRE TR AL 2 B AHAY R TARB 25
Frpa B s Frit e s B 48 F TOC T IMe HF R A2 R AL 2 H
7- AR 2 AT e
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FigpE R s 202110 7p T = 03:00

AP EIEEfEE T ORZF LGB AP
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bgpER 20211 7Tp T = 03:00

SRRy
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(%ST>AEPD
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(b) B 44 52 i 71 2
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48T R Z Y2 L2 1158 P (HEW)

109-110 & *

a1 53 B

BORLS 1 k2 BT E

PRI g A2 g0

EE

fefll 7385 % b b2
B R

& gk pe L, R X%
e H

Bt RS2 AN 2 8A
Rk A 7 HpEE
e LR E 2

FRAPE B A

v Boif W £

I EES T 288

Fepal 42 p Wit

i

2. ARG

R B 0 2 2 RS Jp

Fra LT

~

T
It

AR R K

SRR
SR (T MR s
it R4 gD

BR| BT~ 2 s K R

35



AFREP CERREGEAPF IR TR ZF oA

Tk B S A 4

> ERFEER

& I‘L J.L Fl /ﬂ\ AN
(?ﬁ&) 10% [15% |20% |25% [30% |50% 70% 100%

(D > fFEs s

QFEsRf L4 2 p WA R e R 2
Qi fafraig & p WAt it iprefz
DI ¥ EELER

(xR L& TE

QG I REBEE ) WS RMIEEZ § oL Ax
B)E % & F B E * 2 e iviE 2

(HE P BT L

O)r xELER

G
1~ 1P P FARBERETEZRp T e FRERMERL T HAzigp I o
2+ 1 FREREF AV RS ? FiTEZ ﬁlii'"/,,\labfj—jﬁa'f f%:]%;rrj]#u‘r % &
SRR (1) 1 e (2) AR (3) 1R E 5 (4) B e
Egé’vﬁ'{_} o
TAHPE D aiEV R R X EE XA TR AP R e i

36



N kg 2 1 2
AL L]

I~ BREAH
510 pHlfrfiefmyg %
S0 B i RN L kA &

wAES AR RS kAo 17 hA o BRI W H - A A - %
Sy RZRERERFTL R GE-B? BRY B2 " PRE MR { LA2
xR AR itk ag 0@ e BEE S % 7B om (Simple Green % Pg ¥EfeH i fin) 7T
& EA R iy o & iEsk ) d 2 (Simple Green % “FER%5)% f % (Simple Green
E g AR RORERe) S ok E 0 A F R T AP - L ERM o - o d e
AdBEFLRE T E AT REY A RS RS I BRE o #E# Simple Green
B OPgAEL ROMERg 2 A4F & A1FC 1Y R G B 5L RFASE o

016 i A LB RS

?‘ﬁl% S 5 :
i H ok %
2 100% Simple Green K- ikis s K
b 100%*3 7 4 i fi YT
c 100% %5 %5 f & 4 fin i«:rg‘w WAk o EiER R
d 50% Simple Green + TR AN
0% HEs FNTF R Lok
50% Simple Green + ]
e \ : /‘yé-_ % L7
e 50%"; 5 Ee 4 i iy B 2 s & P
50% Simple Green +
=1 4 s} N
' 50%"5 %% f & HE i Gl - B R WY

37



AFRy CERRFGEAPEIEEER TR F LG5S

512 f % 23 R AR5

d it 'i‘i%‘f? > Simple Green & Pg VApa B AEfn & B 48 £ A5V A > P T &
F-BN IR EAABIRR TR AT TUF 2 p RSN H G PG F 0

- AW %%‘ Lo o FlP AR R F S -,sui’&w}etﬂ']zwﬁw&bgf AR

LA iR e v EITE Y B b';iﬁxxiz'fb"‘]gl’f'"?‘i?l]‘ b ffk——:t r(?'\]’bf)s

E 2 GRS R ARl 1S TR 5 T D i (BOSeo)t 48 | RS L
BodRAUTLA K o D SEPERF ARG BT A (8 % B 5 69.5%+10%) R4 24 o)
PRI G s B (8% B+ B L 60%+15%) B> 72 o pFA 4 B IR
B3 Cm(8 % B +5 1A 5 69.5%F15%) 01> 96 /] pE A 4 BLSVIR % o

RET S S ded 18 1T 0 BERE ST o A BARE o HP R R
PERAR A 0 8% L GlARE o RITE R A ARE o G M S RARS S TR
RE{IRFIERFIVRIERME2EF TEF A2 8% 3 78 B i
BERBFF G DB L 69.5%% 15%2 Fit A LB i p Bt md o

38



Fidp R 202112 Tp T = 03:00

L gy 2 A
= 5 £ ‘—:TJ’ @/m;

D = A & B * C e
EOS 69.5% & * Jd 60% & * 4 69.5%a * ¥
10%3" it 2| 15%3% - | 15%:3" 1t &)

-Hr 20

- 10 B

- 20 &

#E 4

rlk \_‘\
1
-
=
e
[\
()
R
R

)

=IO AR 20 AR 20
'é'-?ﬁ%’ﬁ 20 & r"ﬁ”ﬁ 10 & —‘{,._,ﬁ;-%$ 10 2
S A 8% A AR B~ B Tk R R S kR ¢ (112)

Lo

39



Fidp R 202112 Tp T = 03:00

RIS BB REB LA PR AR TR F G R

D= A B & Ce
EOS 69.5% & * 60% & * 69.5% & * ¥
10%:3¢ it | 15%:z5 it A& 15%:" i+ &

= -1 20 &
TR 10 B

A 20% | AR08 | w-FRI0F | w105

B 1S 3 &% 0 2 5 R o~ B TR R AR S P (212)

2017 2 &% @A F A GIHCRUL A B TR RS SRR

s | E(;i )"“ il S fb(fz)w 2 oy TR
69.5 10 48 ) 15 A K
60 15 72 ) pE s A K
69.5 15 26 120 | pF

40



BEEHH

SEL R B
AT ;#rﬁé%? & % 7 4o 2 & Simple Green 2 % 5 B A 2 AT £ A5 L AT
05 BAE T2 51 sk o F] '—Lz}@j\\:’é%ﬁéquﬂ R A2 B B ARG
% PR :ihﬁx Ftb] 15% % 2 > A Simple Green % 7o B fa kB fig 2. vC b8 (738

o

%@\ﬂb ES

r

Fé’% S dod 19 957 o o :Fl:_% E’.}%‘E'J » BEE R B;;ﬁ&}?+gﬁqﬁj‘4c L |Ji\'§1'—6\: )
5, .

etz Fdm o BRI BB blded 20 77 0 H RIRRE T X 0t
"T7r§)§_i L/\/é]mé\ WiREr T8 THRE wiﬂ)f,@’ﬁ‘ﬁ‘%zo Bis o m¥
BAF 96 PR A A RFGREL o FIUt o B C FEEGRBROTE Y 2 p WA Bt fe
SRR e

\'F

ﬁr

% 18 Simple Green £ #5335 s B bEfg W 685k & %

oy _ Simple S B A
ey | <~ 2# (%) o VR L B A i (%)
Green(%)
- 69.5 9% 6% - s DA K
fw - 69.5 6% 9% - A K
fw| = 69.5 10.5% 4.5% Gl 2= IV W
4.5% 10.5% TR RNLA R
e 69.5 . .
! ’ ’ Ko et i

2019 f A b e

RAL &4 s (%)
< EW 69.5
L-5b p& 4p 4
B & A 1
Simple Green 10.5
" VR 4.5
Kk Balance

41




ARERP PR BRZEE AP LB EEE TR LGB
‘@lﬂ\- ”%Eﬁﬁ L {L I&&fi g;_, pu %’é:,%:}; B

P AREfn A AEER S S AP W B e e R TORRBR L 0 &
W BES @R e BB DT IR T R R o

AR SRR 16 977 0 A i BHFSIRALE B kA Y P A
FTRBERIERRR . FE A FE o BRRBRBRNEDY RIDF L RR
ko R 2 Fla s GEF TR B ~C s DeEapblaup 1557%
EbE LT 14%% 104% 0 B A ok BT A L o 3% 48 PRI > U D e fE T
Mg o BE2 Cl#EFE R L BRANDTEERE A, KR D R
BABE o0 2P Ao F B 10.4%PF 0 5%4 8~ 10%F e fa 2 1% F
B A R P WLy

RPEERERMGRES AT E) 0 FIP HIM 6] 104% 0 I MR fy
2 b RS fab MR cER A FRRRSET w0 JURRC gt B
I 7.9%% 59% 0 fTE S 2 PRk R 48 L RS > T LA TP BAl TR
L BT W AL B 1 AT AT BRIRF TR Y o s A RBBR B P AP WA R A
% 21 9751 > & 3500 L 10.4% ~ H b 5% > FUEEC B 5.9% ~ B iR R 1%F T77.7%2
Kooop WA ARl iE 0 B - BORBZ AEF R AT 0 B I ER| l?@ﬁaa]

42



FgpE R o 202110 7p T = 03:00

AN gk 2 2
5Z % &5 “;T} ‘a’é\n

¥
2

R A | Vol (%)

.'{fﬂf[!ﬂfﬁ?

o fk 55
Em
g H e 5
o ,
o] FLpie 7y 10
¥ AR 1
Kk 29

B LA

i) (%)

b ik 15.57

H i 5
spge s |10
% W 1

K 68.43

R LA

ol (%)

b 14
+ 5
FLpL e g 10
Uit 1
ok 70
R LA | ol (%)
i 10.4
+ 5
FpEe 10
&3t 1
-k 73.6

Bl 16 7 35k fia iRm0t B 3 L1 sk b 1(1/2)

43



LR R TORZ § L i A8

Fidp R 202112 Tp T = 03:00

i W) B g | v bl (%)
o A 10.4
+ 5
E e s |79
¥ s R 1
g3 75.7
5 R EF | 6l (%)
g 10.4
+H 5
F FUpke g 5.9
¥ W R 1
g 77.7

Bl 16 %3 vPifia sk & A 00 B % 541 2% b R (2/2)

%020 p s pL g B R AL B

R LA " (%)

W i 10.4

4 i 5
R % 5.9
5 beip it 1

g3 77.7




L BpERF 20211 Tp T = 03:00

ik g 2 2
= 5 v ff ‘;.é\n

53 HuafBREBHE T RLFREER

A E ¥ PP ECE i Microcosm Acd A HEHRERIT G A AT A BH -4 ¢
GRS B0 - iy CF BRI SRR R e R
L) S RFIBREEE G E > FPRY P LARLTBEFTFER > ZEN
Sed R C 2 U T AB(0.5% ~ 1% ~ 2%) » 35 1 3 T Kok (pH ~ ORP »
DO~EC)2 = & ¢ B RAERZ B > NI EE B ELET 4ot 0] > APRH
B % PR A {S o

(1) FET4BH pH B2 B

“’]&ﬁi P R AE v 2 FUAR 348 & 180 ffyp\i*‘v‘ffk pH % i 3#5% = % 4@ 17 #7
Tod BEYVERI AR GBMEA ARG 2 2w H pH T EERARS -
FUpk I 4% A kR W ABEF &t es 1042 pH ¥ 5 335% 7 R MB -
180 # 15 » & ‘e k4 pH B BAE T_» ik s BB 2% H pH Eh <> 5 5.7 2+
HAEX L5 1% pHEASTS2Z B od RSV ff”ﬂ‘*t@f’f“‘ 2%z FL & 37 48
R pH Mt Ry A4 7 REZ 2L FR(F>55) FEM N ELBF U 0 B
AP RS «’ﬁ&ﬂﬁiiiﬁﬁt;ﬁ%fiﬁoéiiég‘iif}‘bfri_;iﬁ;‘?]:ﬁ&rs%ﬁﬁw7“~%?
2%

6.6
6.4%
6.2

6

o

5.6

5.4

5.2

0 10 20 30 40 50 60 70 &80 90 100110 120 130 140 150 160170
+*
B £ (s)
—0—0% (K #h  F14) 0.5% —#M—1% —#—2%

B 17 3 b WA 2 SR G4 H T ok pH B2 B35

45



L BpERF 20211 Tp T = 03:00

KPRy CFRRZE LIS DEERE TR F LGS

(2) PREL4HEY ORP 2 ¥

Fpde AR 2 SR T4 G 180 £ ¥ Tk ORP #1385 & % doff] 18 #F
Aol BEY T RBEI G PRI BAA ARE ORP ERE Rk EIEAR AR -
AR TR T 22 T K474 ORP 5 317mV - 180 £) i 7 #r 0.5% it & 46 1 ORP
UMV 2% 0 1%53-16mV 2 2%7 " 3 -31mV > B % & R 4 5L T B A

W L [0 o

350
300
250

200

[y
[4;]
o

8

ORP (mV)

-50
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

B Fa (s)

—0—0% (kI F4E) 0.5% —W—1% —8—2%

Bl 18 7 FHEfF - 2 FLRL I 4Bt T ok ORP g2 3258

46



[N g 2 2
= 5 v f]’ @é\n

() FRELH* DO 2 B

Pt b R 2 SR T A A 180 )R 3 Tk DO R RS S % 4eWl 19 47
oo AFERATR W 23 T R4 DO G 6.53mg/L o P e SRR I ARARAR AR o AT
M DO tgRAR S o SR 180 R TR LIS 0 Hde 0.5%F R L4 HE DO R 3
4.78 mg/L » DO j# > t§ & £ 27% 3 ¢ 1% & 4 DO " 1 3 3.53 mg/L » DO
R 6 46% 3 i 4 2% it 145 DO '8 i3 1.14mg/L> DO i 0 HF & ¥ 83%-
d Fif DO AT Ao SEF SRR LB Ao AR B DO R IR RS
PP e o SRR SR BT o R R T BHEA Lbiéqézi 2% % & i 0t Hrnk T ok
DO = > 4 » R R 74805 7 befsFE R B DO B 42 s 2 Al itipin e
AR TR 285 o Bt #HDOKE I RFRFF N BEBEM -

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

BF 41 (s)

—9— 0% (K #: H 7 14) 0.5% —W—1% —W—2%

Bl 19 7 A4 2 5Bk AR Tk DO B2 B

4) FRLTBE EC 225

oo PR LS R 180 £ 3 Tk BC R 13RS F % 4Rl 20 #F
oo RERATIR P 2 TORET RAC B S 2552 uS/cm e 3T B¢ ¥ B arks ToRE R
BREF RSP EE M D)2 GBPEEHen F o e 2% EEBESE 180
Fr1eE 3] 3,053 uS/em > b AR B E 0 2 FIFERTBY §F T4 (Fet) TBg
M S EBHS FERET AL -

47



RERP OB BREBE D PR EEE T K2 § L R

3500
3000

2500

EC (uS/cm)
g 3

:

0
o] 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

5% i (s)

—— 0% (K H HF FAE) 0.5% 1% —#—2%

Bl 20 % FREAR 2 SR AR Tk BC 2 B

SAPBEBERZ 2 52Tl

e AR 2 ﬁ-‘r?t TAB(0% ~ 0.5% ~ 1% ~ 2%)$H= & & Y ' 2 & »cde ]
21 9777 o FS%AH F 1 X2 52X 2o aPEaste 2% 3 % 10 % 0 2 By
3¢ ‘l’ﬁ"t ?F’%"A}“v'lia?,"’l?ﬁ 0.5%F padr 4k 5 9% ~ i?ltﬁ 1%% 29% ~ i?ltﬁ 2% %
27.5% > HER 2 S 12% ¥R E"F 2482 Flig * 2 T 7}U‘ » 24 F TOC i{ 3
765 mg/l 2 kR A D 24 HERAR o FRBET @b e 1% 2%
ok TR A FLRT < o

8w R 7 dv gt ﬁ&aﬁ WA ARG T AR MR TR E L B RR
’isrﬁj’;—g‘hlm4“ 2% ﬁj‘—‘ i Tk pH ETT MR g R S » Tk PRk
P B LA e SRR TR L 1% 5 4

48



(%)

3

N

TCE= “f

35%
30%
25%
20%
15%
10%

5%

0%

0 1

2
#* tk % #kc (day)
OBK 74 0.5% St 1%
Bl 21 S4B 44:R R

zc

I

L BpERF 20211 Tp T = 03:00

H”

i,*ltﬁ 2%

i 5

49



AR VBRI

.£
=7

PN IR T RZ F L R4
5.5 2 35k 3% (Microcosm) = 323 i
5.5.1 Wpe-KE S8 g1
(= )ik

4 Fr

,—:u

% -5 pH B2 % 1

Hﬁ;aé%ﬁﬁpom%t%@mwm,a;%
I[a;pé‘%} E];f‘w'&r'pH IE' ]
7

+ 5.89~6.90 2

V OELR
BoH ¢ de gt ﬁﬁi

%
o d

—

P
7

-~

L +FL) pH T "ty R+ o S 4 pH FFE M > i & ?J 0 B %
b g

ERATE
o, ok
45 ~ 60 ~ 90%\3_,,, FOP ik 4e 0.1 mL 2 & R R (IR E - 40) o &
5 | e ER s 0 H pH EiRBARARE 0 BB T RF A
AP T

L
: 5.53~6.62 7_ ¥ o
RHERRT RS MRS PR Tk
#OpH R o A g i e SRk T 42 5 1 v’wf“ﬂafiﬁx«’ >
Microcosm B3t @ BF End 2 2 > { 32 REEEAHF o A kR ¥ 0F
B2 P Tk 2 ToRRBEAERFLEFE 5 ns 1 pH
BeH bR ¥ 5 ELET] pH 45 iﬂ* M2 iR T S ERE - 4 F
SUrERR e BFRP AL ERB 2R R
(=) Me2 fi3#S& -3 ORP iE 2 % it
¥ 200 mV
H

A A% B2 ORP % it 4o @] 23 #177 >
24 e T 2 3 ¢

z %
o

Boxorr B e+ R T 4B

B 47 4 ORP ¥ 4
A7 T ORP % % K5 0 mV 1T
A e W] 'E Kby B B < o BK 2 H| T
Microcosm 3 % B 2 B2 £ F & 7 7J\F’ TOC ik & 4§ 70 mg/L> F)
bt M2 ABE 0 3RS E AP ORP 43 0mV o ORP »t it 8 &
e s - ER4pihk o P ONEEE R TR R
7% B A

itk

# » ORP 423 Rl i £
T P

EHR T RS
BARF B HA 0 F 2 BRF BT EFA o B TR 1% 2 B AL S
FRLE £ P ORP 585|200 2ok > Flicd p G 2§ 1
BRI VA RE CBREY o SR AR E PR Y 5
5 ﬁ‘}g‘?iﬁqm,] deac BoKME R B R
(Z) Hcd fi 238 DO B2 % 1

g H

Lot R BCH-2Z DO B 4eB] 24 fror 0 ES "Lr,J dez_ b T
k4745 DO % 6.48 mg/L o K iEsk %% ¥ BLET] » 4 EOS 2 p #l51t
MR ABE E B e

JApVE 5 M3 3 o R LR L o "/f BK % FAE
EE ks el b ERZ2 DO ¥ adF A 045-09 mg/L 2’ o
TR DO 3 orktE R AR 2
Fh A E T EDARR SRR - AR e
()2 A% EC B2 % it

& fE 5
B PR 0 Y I



[N h 21 2
= 5 v ff’ ‘fﬁ

Lot B EH2 EC R e 25 %77 » d R E SV ER
Tt B B IR T e A 4 BB en EC B 2 25 5 2,400
umho/cm » H 4% w2 EC .4 & 1,000-2,000 pmho/cm 2. BF o 35U {4 97 4%
FIH 73 - Wah(Fe?) ¢ @+ T kP Hu b 2 8aH»F T Flt $3T

Bvk B e it mn] o TR A A 1% 0 & T

51



L BpERF 20211 Tp T = 03:00

KPRy CFRRZE LIS DEERE TR F LGS

K
<

B=—08—¢ H

. 7k
£ o &

0 20 40 60 80 100
Time (day)
<-BK O 3tk EOS X FAE O 3L1t&+FL

Bl 22 & ficd fiRS A2 pH %0

250
200 <&
150 o S

100 O

-50 g X
g X @
0 20 40 60 80 100

Time (day)
o-BK O 3L’ EOS %X FAE O 3L1b&+FL

B 23 & wikd fiEskis-2 ORP 2 &1t

52



L BpERF 20211 Tp T = 03:00

“x g 2 2
EE 8%

7
¢ &
3s o
S0 |
E] |
o “—
22 K O S
R é X X
; B B B
0 20 40 60 80 100

Time (day)
<-BK O 3U1E%& EOS % FAE O 3LIb&+FL

Bl 24 & eped & icd-2 DO % i

EC (umho/cm )
2
=

% X
1000 X X 3¢ X
s00 O <& < <
0
0 20 40 60 80 100
Time (day)

<&-BK 0O FUL4LR& EOS X FAE O 3L4b/&+FL

B 25 ped i E ewl2 EC #it

53



552 RFHE F 8,2 R
(- )TOC kB % i

ot RS HH2 TOC %1t 4o@) 26 #7F » o T e T4t &
77 RUR O FIRt %Y T REIIA 7 e R I8 2 R A H Ty
% 2 TOC o #3725 T k44 TOC 3 76.8 mg/L » i 4 5 fik
L7 TOC F 23 4936 mg/Lo p @lstitnm &g 2 5w £(69.5%)
BB LA 1 0 (59.8%) 0 fe s k2 TOC ELE 7 4 o

&
<
()

TOC »t3 k¥ fadf— SRR - %0 e F2 LA T
T RGEMA PR FERR T o L EREH A 45 A B o n o T
F7csk o wBETD] TOC e "5 L Z P AT o B¢ o FUib i+ AL I 48 e v
F1H BB -2, N R Rk A s B R srF R H B it & EOS o

(C)RER - TARBERR

Ll RS2 AR TR 4oB] 27 2 B 28 “oT o
LR B AR RIER Y EERAY Y A2 AR P2 FE ey
ﬁi?liﬁ;%'%ﬁ CHEABRZGF B R &BIR2EFT O B A
FLAF AR REAPARERBERER YA o gt FE B 5”1’257’]?
BRI E A 7;\/,] e 2 WAL RARBELR FJ,&)}E #r4e Ko
JedeFiivh lenlp % 45 X2 ] pIEBER Y KA I mg/L 1T 5 3
00 X PR R RIT PR Lod WL AHBART ET 0 R P
S U IR +%’Lr& AT 10 % 2u] ¥ R 0.6] me/L 2 I A
fad o Jaip| 7 Fi% SN 2 FRRE O BRI ZAKBRE IR
15 4 B-Fg p }\Fﬁfr /bl‘ﬂ ~E R R BRI CELHEE - SR
WM r 175 F 98P » AR Z TARARRIEALT )54
5 o

CIFBERERE!
e RS2 P TR Ao B 20 1T 0 ARER AT P 2B Tk
L AR R A B R S0 22922 mg/L p B 5 R 2 27.23 mg/L~
7 8 EOS % 25.56 mg/L ~ p #l %5 %5pkfig 22 23.03 mg/L 12 % f 541t i 4
FREL e 5635 mg/lL A BIER A BT B F & ﬁ-‘jf%v'é‘ #
Pp M A SRR E A AR PN E 453G R



4L kg 21 =
5 LN 13 fsz iﬁ?

ERIL SRR I PR LS e SR R A

"E’_‘%'Jﬁﬁ’;iﬁ R OIT MR 2 4B 'f@.é,’l"'l)m“ #ﬁﬁ%%ﬁzz‘kﬁi

55



A

56

L BpERF 20211 Tp T = 03:00

FRECERRZGEIPFREEBE Tk FCFARS

TOC(mg/L)
X
X
X O]
XO=
< XORJ

0 O O O <
0 20 40 60 80 100

Time (day)
<&-BK 0O 3L4E#& EOS X FAE O 3FUit&R+FL

B 26 % ®pcs RE%H 2 TOC % i

14

12 Q
=1 10
£ g
§ 6 g ) X
= .
Z X

2 2 0

o B - 0

0 20 40 60 80 100

Time (day)
&-BK O 3L1bi& EOS X FAE O 3lL{b&+FL

B 27 & e fic fLiRsk Bospl e @2 1



0.6

Nitrite (mg/L)

0

0

O
¢

L BpERF 20211 Tp T = 03:00

£ 0

20 40 60 80 100
Time (day)

o-BK O 3k EOS X FAE O 3U/L&R+FL

th OV 1 ©0
o o o O

]

Sulfate (mg/L)
o W =
o o

—_
o O

Bl 28 & lepcd RS EHL A2 i

H
O
O
20 40 60 80 100

Time (day)

&-BK O3tk A EOS X FAE O FUIL&R+FL

Bl 29 & e GGRBRWCH AL B2 g

4k g 2 2
= 5 v ff @é\n

57



fe e AR GREEBCH¥Y TCE 4 ? ok 2 2REh R 4o B 30 FrT o
B D 4%@ - 4v ZE B ¥ TCE ' 250 d ,&;z_qﬁ%ﬁ,ﬂ : =z
'f?_ ETCE ,:&Aa\\?—ad/"“éu ’ J Eg__ )i Elé?g '_—]A é‘?ﬁ‘%—%iilfliétg_ﬁi
i F 4 R (C/CF PFE K 0 4o % 10 X BOS £ p @1

BK fw] Fl#rig * 2 3 T ok 54 TOC, Flpt F 5% % % 90 % -
TCE £% f2 60% o ' Fa Ty 46+p B 1t 9 > 28% % 45 < > TCE2 % 5 7
F94% S p LW 5 7T1% > EOS 5 64% ~ P 9sEfin 52% > & on
,9\4“;] ﬁ“x @ﬁﬁ;ﬁ ﬁd’@.t ,71‘%*447»:&)’,’ 35234“0":«]—;1- BKf‘:,F'_"'—ﬁJ’

e B8 TCE 45 % 5 4 22% > Bom iy 4o F A7 i%%c TCE # tf 25

A gl it b & EOS 4 TCE # 'kt F4pif » Bm g Wi ivd &9 &
Bl AR R p AWt 65 % &5 90 = TCE A ' 5 4 %] & 95%
2 99% > B > EOS 4~ 8] 5 87%% 82% - it d EOS ' j248% 2 awﬁa;%ﬁ
3% 90 X pF EOS # #r 3 TOC 1% % 2,500 mg/L » % it & R EEF
EOS # TCE # ' 5 s 7= ¥ &£ 2] 99% ° a "# e fia Bl F1 2 7 i £ i< > TCE
Bf 5N S5% T R AL RS

FLWG AT > pE M &4 5 EOS ¥ TCE # i S
A& oodfep B 2t BRE 0 F] TCE # "fiﬁ F# EOS P-o &3
HEARE TCE RRBHTHRT » p @WA A+ R Lddp g
B %2 TCE ﬁ%‘f—f' TV iE 99% e A A FLEE ARV 4o TCE "% f2:& 5

LABFL R RIS e é%fﬁﬂ]v‘ #% “f MEFE T B F2L b od
»”‘ oo R A R LT ge- Byt ’]“tx TEZBRBERLIFT
BHcA P REFRARE BRRRE 2R o

(5) R PAp R

£ B A e At R RCHRSE 12 S F e ’Tﬁ kK 12-3%¢ ’fﬁ N 2
Wk AcR] 31 1 B 33 AR o dEsk R AT 0 B LA 1 A T4
Euf RBFREERZE L2 & ¢ p ol 2 EOS mu Rl
2o qiipl 2 Fp QLA 1 R A e S B e PR T B RN R
FREETRRRE TR AR FI A R2ZE 12 -5 ¢ -ﬁ;&)ﬁﬁ;% ° BK

58



) o 3

_#

4L gk 2> 2,
FEEN®

59



Fidp R 202112 Tp T = 03:00

KPRy CFRRZE LIS DEERE TR F LGS

100.0%
90.0%
80.0%
70.0%

T 60.0%

& 50.0%

&5 40.0%

" 30.0%
20.0%
10.0%

0.0%
0 20 40 60 80 100

Time (day)
—~<-BK O-5ti*#% -A-EOS —*FAE -O-3“i*#+FL

Bl 30 % el G E%fs-ii?\TCEifx

[

e
o0

S
o)

e
~

jva 0\0

Cis-1,2-DCE (mg/L)

X
X

o
S

o

0 10 20 30 40 50 60 70
Time (day)
—~<-BK O-3-i*# -A-EOS —%FAE -O-3“it#+FL

Bl 31 ¢ ejcd fiids&B035-2 cDCE 2 2 #

60



0.04
0.035
0.03
0.025

CE (mg/L)

A 0.02

a2'

= 0.015
0.01
0.005

Trans

1
0.9
0.8
0.7

=20.6

£0s

S 0.4
0.3
0.2
0.1

L BpERF 20211 Tp T = 03:00

(38 g 21
FEatn

N bd bhd <>

20 40 60 80 100
Time (day)
~-BK -Ftit @ EOS —%-FAE -O-3‘it#+FL

B 32 & efk? &2 tDCE 2 2 £

0o [O— o a a a

0

20 40 60 80 100
Time (day)
~-BK -5t it EOS —*%-FAE -O-3‘itjd+FL

Bl 33 & e fdsmiicse VCAZ E

61



¥

=

AFRP CERRZGLEASFFINEERF TR F 0

5.5.4 B2 i B AAR A T

B “i%‘ﬂ"‘iﬁré@15}'“1‘-;&4—??&?

» FlptEE BK % 0% ~ %00 X 2 p WA PHNERTEF 90 % 2 ey
qPCR AR B FPRT o FARAITE A LARRIP XFRHRTEE
A5 dod 22 9T o

4718 ¥ 2. TCE % ﬁz;gwu & 5k

AYHEET o Fak Tk T
5.64x10° 2. DHC gene coples o #d@ o BK B FIR G AR AR GE
SRR AR F 90X 2 DHC#]EF a s 0% K 77 Zp BK &4
% 45 X (s Fl&3f ~’fﬁi¥'»\‘/)51 R [ﬂﬁt;ﬁk v @ @ TCE ' & = »ziz ¥ - BK ‘%] & %3
¥ 0% &% 90 % H DCAIL jF#cys M i P& *(<10* gene copies/L) e

TOC ¥ 5 zwj?_rﬁikﬁ » Ft e

Foep WA RS ETBESE 90 % B1F 4473 DCAL F#k > & DHC R
R R R & TCE 2 8 1,2 = & ¢ g1 o a2 Flp @i
AR I TCE »t % 45 X {5 99.8%2 4 ' a2k % 65 % 2 & 90 % u F A%k
B v 2. TCE )k R i ffn™ » DHC F{ &br2 L pHHFE - Ko > ¥ 1,2 -

FoikR A 0 DCAL F#sc® {4 - HRIFF RMFLEE BT RS
I VCAZA -
F. 22 M A% gPCR 4 474 %
B S A
k738 P rA R
DHC DCAI1
H = gene copies/L
B p 2P *® & A E LR S - -
06/25 A 0 5.64x10° ND
06/25 zu 90 9.61x10? ND
06/25 PRSI R L I 4 90 ND 6.17x103

30 ND fdp #0503 % 1 R]4R T > <107 gene copies/L

Mg RIAE S 2 B FHRRIC R

Ritalahti, K. M., Amos, B. K., Sung, Y., Wu, Q. Z.,.Koenigsberg, S. S. and Léffler, F.
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simulataneously monitors multipleDehalococcoidesstrains. Appl. Environ. Microbiol.,
72,2765-2774
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022 WOHRKIIED LT 2k

Bk P R 2020/9/16(F-5-1 2 5 )(
TR Ml H > BRI 1 BRI 2 BRI 3
pH - 6.56 6.82 6.97
EC uS/cm 769 760 1082
DO mg/L 0.61 0.44 0.42
ORP mv 85 -45 -51
ZF % mg/L 0.2058 0.851 0.0919
ME-1,2-2 F L% mg/L 0.01 0.839 1.52
F-12= % ¢% mg/L <0.01 <0.01
1LI-= 5 2% mg/L <0.01 0.1184 0.132
% L% mg/L <0.01 <0.0100 <0.0100
AR mg/L 1.2 1.3 -
2 i mg/L 2.54 0.04 -
TR g mg/L 0.009 N.D. -
% % mg/L 0.23 0.10 -
4 mg/L 88.5 12.3 -
A7 4 mg/L 0.09 0.02 -
Tl mg/L 98.7 130 -
Fit 3 mg/L 0.01 N.D. -
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