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ABSTRACT

This proposal combines in-situ chemical reduction and enhanced in-situ
bioremediation to accelerate removal of trichloroethylene (TCE)-impacted
groundwater. The combined remedies rapidly reduce the impacted groundwater
into anaerobic condition by adding chemical reductant and supplement 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 and 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 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. The chemicals
have good remedy efficiency; however, material transportation results in huge
amount of carbon emission and they might not be 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 decrease carbon emission.

This two-year project from 2020 to 2021 consists of three phases. Phase | is
to develop an optimal combination ratio of emulsified vegetable oil (EVO) and
most appropriate ratio of ferrous lactate additive. Phase Il is to conduct microcosm
test evaluating TCE degradation using the self-developed EVO, fatty acid ester,
and self-developed EVO/ferrous lactate and comparing with a commercial EVO
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using groundwater and soil samples collected from a TCE-contaminated site.
Phase Il is to conduct a pilot test using the best performance EVO set from Phase
Il 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.

Phase | and 1l tests had been completed in 2020. It had been successfully
developed the optimal combination ratio of EVO and most appropriate ratio of
ferrous lactate. The TCE removal rate was 99% in 90 days after the addition of
the self-developed EVO and additive ferrous lactate in a microcosm test. The
effectiveness and degradation rate are higher than the commercial EVO. The
product cis-1,2-DCE concentration was observed to be higher than other EVOs.
The DCAL1 bacterial count in groundwater increased to 6.17x10% gene copies/L
from below detection limit. According to Phase | and Il results in 2020, the
combination of the self-developed EVO and ferrous lactate is more effective and
has higher TCE removal rate than general commercial EVOs. It also reduces
carbon emission resulting from transportation of chemicals from overseas.

The best combination of self-developed EVO and ferrous lactate will be
evaluated through in-situ chemical injection pilot test for the project in 2021.
The originally planned gravity injection will not effectively deliver the chemicals
to various geological aquifer due to the site geologic interlayer of silt, clay, and
fine sand. The chemicals will be injected using double packer injection through
Tube-a-Manchette and double packer injection pump. The chemicals will evenly
spread to contaminated aquifer by use of various chemical injection pressure
toward various lithology to avoid remediation blind areas. Most areas in Taiwan
are alluvial lithology and located in Pacific Rim Seismic Belt, thus most geology
Is various geological interbed or interlayer. The application experience of double
packer injection should increase the success rate of soil and groundwater
remediation domestically.

In addition, the standard operation procedures of in-situ chemical mixing and
injection will be established through the in-situ pilot test to provide a reference
for implementation of remediation at chlorinated solvent contaminated sites
domestically. This is to ensure the effectiveness of chemical combination and to
avoid huge difference between bench laboratory test results and field application
effectiveness thus reducing the feasibility of future in-situ application of
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chemicals.

The test through double packer chemical injection indicated the soil geological
conditions below groundwater table is fine from 4.5 to 6.5 m and more permeable
between 7 to 13 m in the pilot area. The injection flow was between 3.5 to 4.8 L/min
for the soil above 6.5 m and between 5 to 7.5 L/min for 7 to 13 m interval under injection
pressure of 2 bar. The chemical injection for the pilot test will focus on the more
permeable 7 to 13 m soil because contaminants are easier to transport in the more
permeable interval.

The pilot test results indicated chemical injection based on the hydraulic
conductivity from slug test could easily result in less amount so that TOC concentration
in groundwater could not be distributed to the proposed remediation target area.
Therefore, it is recommended to estimate chemical injection amount based on pumping
test or pilot test. In addition, the batch chemical concentration should remain
consistent in the injection area so that TOC concentration will remain steady and
increase trend in the downgradient target area. The increase of chemical amount in
each injection will prolong the next injection time, but the chemical could flow away
without complete reaction. Lower chemical amount in each injection could reduce the
loss of chemical but increase injection frequency. Therefore, the chemical amount and
injection frequency should be balanced in each injection based on pilot test, cost
estimate, and the geological and hydrogeological conditions of the site.

The pilot test results indicated TCE concentration in Observation Well 1, which
had the highest concentration of chlorinated contaminants and was located one meter
away from the injection well, met groundwater control standard without accumulation
of byproducts in 88 days because of easy chemical distribution in the area with sufficient
amount of ferrous lactate. TCE and byproducts were below the detection limit later.
TCE concentration in Observation Well 2, three meters away from the injection well,
met the groundwater control standard in 200 days due to insufficient chemical amount.
It is easy to observe byproducts accumulation and trend in Observation Well 2. When
TCE concentration decreased, cis-1,2-DCE concentration increased. When cis-1,2-
DCE concentration decreased, vinyl chloride concentration increased. This indicated
the major mechanism to reduce chlorinated contaminants was anaerobic reductive
dichlorination. It is hypothesized ferrous lactate distribution to Observation Well 2
was limited after the comparison of total iron and ferrous concentrations in Observation
Wells 1 and 2. TCE concentration in Observation Well 3, five meters away from the
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injection well, was below the groundwater control standard in 299 days, but byproduct
concentrations increased. It is hypothesized self-developed EVVO could be transported
to a distance at least 5 meters, but ferrous lactate only to a distance between two to three
meters. However, ferrous lactate reduction of byproduct was significantly. Therefore,
it could be applied to sites which are easy cumulation of byproducts or in-situ
bioremediation site boundary. The installation of permeable reactive barrier could
prevent byproduct such as vinyl chloride from migrating off the remediation area due to
the quicker transport velocity than injection chemicals. During the pilot test, the
neutral pH value can be maintained without introduction of buffers, which is also due to
the effect of ferrous lactate.

The self-developed EVO cost is just half of commercial EVO prices. It is
advantageous to promote domestic EVO to help improve the remediation of chlorinated
sites domestically. The self-developed EVO were mainly made in bench scale, the
scale up of the self-developed EVO manufacture will be required to maintain the EVO
quality and provides a great opportunity to commercialize the product.

Keywords: Ferrous Lactate, In Situ Chemical Reduction, Bioremediation,
Trichloroethylene (TCE), Green and sustainable remediation (GSR)
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Description Symbol Common value
A~ 32 (g/mol) MW 131.39
et R @25°C (g/mL) 1.46
kAt (mg/L) S 1000
w8k (°C) Tm -86.5
# 2k (°C) To 87.3
ZF B4 (Pa) VP 9700
% FR-ok A i Kow 320
S (7 1A Koc 2.42
= 4% # ((Pa-m®)/mol) H 890
% # AT iadk (m?/day) Dair 0.68
k¢ i i (m?/day) Duwater 9.00 x 10°°

cn\ /Cl c1\‘ /u Cl\ /c1
C—=C C=C Com
Cl/ \n 01/ \u H \u

ll\ Cl H\ /Cl
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%% & A2 4o @] 3.2-1 #7157 o
EEAFBRE BRRE P LT PR ARSTRE RE M F AL

Wk BERY 2 T3 EBABRATE S B IR BRWE S
Freog 4 o F L dzk 7 Dehalobacter ~ Sulfurospirillum - Desulfitobacterium
% Dehalococcoides (Dhc) % » i & 2b975 55t 3% [/ 1;{?] Inv - TCE = 2% % > bdr
Dehalobacter & v % & = F ¢ F 2 - & ¢ =% g Sulfurospirillum %
Desulfitobacterium R i+ i = & & % & = cis-= & ¢ > @ Dehalococcoides spp.
S BF Lo IR A 0 3% ¢ <0 Dehalococcoides mecartyi § ¥ # TCE = > %
% B R+ 2% 3 3§ 7 4p 41 Dehalococcoides 7 i & &+ 2 £ @ Fehit £ @ &
RREE A FMBEYRS T ERES RAEE R BN %



AFHY CEBRRESLASFNEEREE TR F %ALY

Dehalococcoides spp.crfa# i H s 2 45 Bofs » B2 R R ¢ M P HE 2 3
FRELERE XFFFP e s P eF 2316248 FefnT 41
BIEREF =20 ipdom FRG AEE I st kR i [Saiyari et al., 2018] -
* AT B E RT3 ¢ IR0 7 Dehalococcoides mecartyi % x % & e i tho
Dehalogenimonas spp.7™ ¥ # TCE = % % [Yangetal,h 2017) > * 4% &3 { %
TR 2L 2 RN ARE IR
5 ax 7 e oenpied 3{""”3"’ BRz bV AaREFRRME > R3RE E
Faa ’7;. R ‘71: Z >R ‘TF i+ 7_ Dehalococcoides F#h+ it ¥
ERFEEE v PgEs g ERCs- L2 F e fra e Ao SRR
MRE Mg 02 =2 F BoTA 4 o5 3 % f2p A4 [Maymo-Gatell etal., 1997] -
R ’,}*ﬁ;}énbz’a F - gefird o HIEL L FHEX H I 5 3 Ft 2R
FEAFLEAT (LPH8P) O e GRS S S B L2k -
FRER o B w BRERR R # Dhcl6S rRNA A %> b= & ¢ f 1 ¢ e Rt
% &)1t f¥ (RDase) > RDase ¢ v 3k #] & 35 VCrA » tceA fe bvcA > B 5% £ P < 3
MR R T S HEE S - % E 0 &5 Dehalococcoidesspp. & § 7 Fe it
BPAFT X782 §F ¢ %25 0= 4ol 3.2-2 #77 [Wuetal, 2019] -
ARy RRM s A TARFREELTE G p Eehg % 30 g 71
R I I fé‘_ RERC AT T R L PR R
B E 4 o LT H I RS A FSHT R G A
T%ﬁﬂﬁﬁgﬁﬂiﬂiiﬁ’ Fﬂﬁ%ﬁﬁioﬁﬂﬁ
L7 MoRBEE 3G R AR AR R T
FriH i sk TR BB LT R ESPR F ik
EACE RV I St %“’]‘*‘v R B AL AT &
‘> B e g DNAPL R4t 4ale % > @ % 400 T-REBH NP R

B P L E s A5 % % eni®* [Harkness and Fisher, 2013 = gt ¢h » #2 7 p &5
AFZF e TR T IRLEN O RARER T I RLFHPTCERE » 4 &
7 R

k—
1v_rt

Aﬁﬂmm+%£ﬂnﬁiﬁﬁﬁJéi\ﬁ&ﬁﬁh?ﬁ*ﬁ%&ﬁ~%@%¢?
=W PR 3 R e

=
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¥ pedE

Fo

cl cl (¢ cl cl H H H—C—C—H
N7 Nl \ / \c/ 2T |
H H

— — —

[ [ [ [ o
C C C /C\ H H
N % /\ ~ !

Cl Cl Cl H Cl H Cl H H—C—C—H
|
PCE TCE DCE Ve H H
Ethane

B 3.2-1- 4 1Ry RRrm i 425 [Saiyarietal, 2018]

tced, verd tced, verd  bvcd, verd

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

Dhe, Dhb, Dsb, Dsm, Dhs Dhe Dhe

Dhe: Dehalococcoides sp.
Dhb: Dehalobacter sp., Dhs: Dehalospirillum sp.
Dsm: Desulfuromonas sp., Dsb: Desulfitobacterium

B 3.2-2~TCE 2= ¢ 'z 427 w124 %] [Wuetal., 2019]
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3222 F R BRWE

APEREBRE SPGB F o R 2iEART R S iﬁéﬁa‘:
+ # 4 {= Dehalococcoides fi»,:;mﬁ i TN N e e i
¢ ".’Tp,bjb_w;a% ¥EREEGTRR AP F_CiS-1,2-2 3 ¢ JTF NI “Tﬁfrb Tﬁ o

Mo p ARRE i o 22 S P aRE BRRE LAB AT F R H S
Tt 4o & 2K 448 7 (Mackinawite) ~ § 47 (Pyrite) 0 %% 4% (Greenrust) ~ I; 454k
2 (Ferrousclay) 2 ¥ i* 4B (Ironoxides) & > & 35 18 B-if 'f & et H ¥ m4B T @
i mis BA L & LN R RINAEL = F L AE S RS LR
7 B-if um; BN E o R BEFEEL AT AN A Rised B BRI
Ligd 2 #f' B2 PR R AR AL M IET A e e e, - AP RE R
LFieiT48 L o nArdr® 3.2-3 #77 [Bernsetal., 2019]) - *,ért 7o iRzE A B R
At Ry A NG BHS T LIEE L L e g o i TR
gy HE e 2 4 2b 4 5 R Rk i [Elsneretal., 2004; Hyun and Hayes, 2015] -

Biotic Pathway ====>
Abiotic Pathway —> N
TBD Pathway sidEea I H .
Hydrogenolysis (1) &
B — Elimination (2) \{ ci E(1) i
Hydrogenation (3) i
e & " "
FOphEr coupling- {3) Chloroacetylene > < cis-DCE
H—C=—=cC—cl
Butane ci ; s
_/_CH3 (1)1 \'L\ : (1)
H3C H ¥ H
Propane Acetylene e
ohs H—C==cCc—H
. S ] H
HsC \u\ ........ N\\\\/\?j Cl E (1)
Propylene | -~ ke, H H H
CHz | ~
_/ ’ ‘.(4) Ethane <___(_3_)____ /\—1\ Ethene
Hat i H3C ——CH3 o L
Propyne | Tt
HC=—=C—CHz3 (4)

B32-3-z4c42zd R Rwg s [Bernsetal, 2019])



ARFRF P FRRZREAF I E SR TR e FALP

BIBLRM L ERRZPI P2 MY
Herrero & 4 (2019)% & st it B af j2 &2 3 3 fjci2 % 2 T ke & 2 9

ﬁ%%’ﬁpﬂw%?fﬁﬁé%p'%ﬁ VohRgrIREFAS KT
ulzi@p REFE-DEBF SR 2P PpeCHEBHR Y R d2 1
?«?\»Jﬁwﬂu ) Res 6 B AR RS o 4R TAeT I IR R R BN AR

BRRFETHFA 2 4 0 %53 2R RN & Rz S Al T VP LR : B
ERTMRT sk & ¢ .Tpmxﬁ},%!’ixﬁlf? e g ¥R Cis-- F LR &
7R FERRRG B 0 sz{ H ,xaﬁﬂifégm%]zk S SRR LI
SAEE F RS A2 wuT Ak § o R AR S L A
= % 4 3.3-1 #77 o

PRy w2 it e T o 2378 % Aol 3.3-2 1T o FMT—:UL/J el A
Fllgen BRI FA B EE2 nERORREMAET R - B2 RER
g m F e ez & e FARRPREPTE 22 T BN B iR £ L ik
Bl j& 130 pmol/lL*8 2 1 pmol/lL- = & ¢ W rmE 3] 4 pmol/l > & % 2=

ghcis-= & ¢ % 5 130 pumol/L » & 2 i1y - ¥R fE o

AR RERTAY R RBTEEDFR R ZEAREI e & ¢ 5 il
F 55 T UﬁBBQZC)“Bixﬁﬁﬁi(@3322A)imﬁﬁ’iﬁﬁéwi
B3 2 4 4 flggcie s (F3.3-22B) - 0 F %ALY > v & ¢ 4 ehd o B R
%%%%@4(@332xnaf;%cﬁﬂwm-%z»¢@§aﬁ(@332x»
FOAHRFET v & o FEBTE = F 2O IRRR T 10 ypmolll > X ¥
Adtrans-= & ¢ G (BIpAM 7 ) b FnF Ry AL T T R e o
B flptsit B8R a2 o BRI RIEELE ﬁ4cm%9“’*
% 22 2 o NOsfr SO ek B %I 2 2 » @ Mn*fr Fe ek R R £ 538 &
oo pm@ak A T 1,200mg/l o > R% Y B R ﬁﬁ%i S Wb
Efangd od PV AT RAcR AT L RIE A SRR R E HATTE L
R 2 AR o

A %éﬁ«&? RELE I P (S EECR AR EP o
4z ﬁ‘r;u“ BV Lek HRO AR 0 e d Y A RS %friﬁlﬁ‘/ﬁ‘/l BABRBEY FTS
& A& A kT H @ﬁﬁﬁ&%ﬁt o Su & 4t 2013 & i@ * F 6 & 1 (pneumatic
injectlon)ﬁ ® 4%/ /1 (direct injection) gz 5 it % i 48 (emulsified zerovalent iron)i#
EREES @ﬁiﬂﬁwﬁ RS ENT 7&6@5&&1@%&&%&&] 21 2% > B EEL
ﬁ’m @%]ﬁmﬁm 0.89 = = > & &Y 517 2 J 4832 & L (8§ # 5 2487 (magnetite)
AT 7 35-140 nm g 5 0.1-1pm > BEor R A TRV EERF R B
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* peaEH

By R EH R VAR FORER P REET B > SR EE
CIECIERI SERRRAEIE L S I LS SRRl P kRSN E
# LAAMS(Los Angeles Academy Middle School)#-st if *+ 2017 & 4 * Newman
Zone® & F &t R R LR T ARE T TCE 3 L e 4 5 B L (T4 o 35 3pk b
Tk 2000 E TALFE RN Z 52 Fis AR 5 4,400 pg/L - > 2016 & B FTHE R
s 4ok B v F 855 pg/L o F]pt ot 2017 E A RE BB REE 2 PSR
W TR ZF e A G BY fI BB EREEFRI LT o Ko
AR U P oRED Bt R P BEBERRE PR TBCAR &Y Y
BERE B I T S A BRBIR SR 15 BB P et
TR 1492 190 & R o fp 0~ SR A SR LB SR gt e
o7 B KB-1 2 J FUR 487 = cndd § R0 et ¢ o e 15 o
i BE# 3~ 56,700 At 85 it R ~ 30,937 Aot e I 4B e 66,360 Fred &
SRR o KBASEARD 2017 £ 7 0 17 p B4pr 2t 2017 £ 87 10 p & o
T4 iv4r-@) 3.3-3 #r77 [ CASCADE Remediation Field Services Report, 2017] -

0 PCE cDCE €oce = -2.0 £ 0.3 %o
H C\H( -\ T No ethene pesyifovibrio putealis
3 OH & ethane  pejosinus propionicus

TCE

OH
Lactic acid .
CK Cl PCE CDCE Epcg = '25 a x 05 /00
Gi= C/ Combined Ethene  p putealis, D.lacus
/ N & ethane P
Cl Cl TCE \VC P. propionicus
PCE \\
Fe’ -

Bl 3.3-1~ Ff 2 % §dBidok 2w 2 F = 2z [Herreroetal., 2019]

PCE €oce = 3.6 £ 0.7 %o

Ethene

cDCE & ethane

Desulfosporosinus
lacus

TCE
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time (days) time (ayes) time (days) time(days)

Bl 3.3-2~ S p 2 % Bk B2 24 2175 % [Herreroetal, 2019]
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KB CFERABE D PR EE T K2 F 0 5 R

3.4.4 3B Hruk s T oRIE RoRR

BEHER RN LT 2B ZF e RBER L 117 mgkg o AR
WHIEEARE T HRNEIEF L2 o Bl 346 F AFHZF B RIFE
RAAFER ALEEFHET # AT T2 ZFeHAL18087 0L BRI
ﬁ’ﬂéQiﬁiﬂ WAL T PER S AR Bl 6 2 ¢ T 2T

K Flpt B B34 R e IR GMO3 ® 8 0 77 3 kRS HOHTE TR
ﬁ%% PTOKIFRSZ O ARFERIEI L FERYN 252 A
R L 0.944mg/L(N0043L) » = # ¢ % 51 9254 #5500 22 ;5
TORIERO9Z IS 2R 2 F AR T G HITI R Y T Y25 2 & e GMO3) ) g
HEBERELZLIBEML =2 F 291 15 2F e FdefF s 7,300 T
TR B F O FRRSAIFRRELSANI2 0 FLFRRMN AL S
P\o

E

BB HFES TRRFTEREET O EHREPRALEFLIFER G
11-12 2= > FRt e AP F 01 R 3%FER 5 10-12 2 2 /F o

04:37

TnEmEem

2
Meters

@F2TT72enARLE () 2T 12284 %%

Bl3.4-6 F&Has Tk FFERZ & 2 Hi4ER

18




@ et

35 *34F 109 # B R {7

RSN 2EZ A SR 100 E S R R ‘@uw“&&%
LBIER LR B FAEL RV RE B RAES R H = 55 2R 2k > 110 # %
SRPERIRE T B A PR B kA l“uif:émlfu%ﬁfiiﬁéﬁao
351 %- BFEREHS %

FoFE2ZADFIBN T RE T MK S - AR R g
W2 HE-fAAAfFAU 2 REERY B - SRR 2R e
Simple Green ~ “FPRi?g ~ P dpfat W fin 2 g PR E BRI A % - AL R2 @
PEEA 2 e e R B8 R bl %4.a.§»5?‘%(7-14 %) ELE
FAAZBIIR G A TR A WA R A K o - R PEAT

FURR LA 4o vt B35 0 B A B v 5(0.5%-2%) 5 e I 48 4o o J‘—rﬂ*ﬁ-% Tk
K f(pH - ORP DO ~EC)% %2 #4852 4 10 p 15 » $ TCE 4 f32 #2550 J§
P BB 2 SRR AR At B o

B PEEGESR Y R 0 N EF R 0AE £ (2 M)F AT F T RE R 5
fuie > p Bl B e 2 8% % B 69.5%+ Simple Green 10.5%+ 75 "5/ f
VEfin A5%+50 Fhdh A%HRLAL & 4 1%+k 10.5% 5 44 5 1L R IB L Y PR 4 T A
B p) 5 20 @ WA ok - At phiEpy SR s 104% 4 W 5%
ffﬁrﬁ*'ﬂl 1%~ S e fig 5.9% ~ R 77.7% > 3§ * 03 T IR B bk 2 ¥ B2 B R

- SRR FPRETBR AR EE NG 1% FAe D 2%H pH 7 e g ix
P TCE " f2= 272 1%4plF o ta % = quﬁx‘zé‘%sf.ﬁ B R - PEES AR A
liﬁo“ S E - ARG A L% R LR ORI R TS R -
352 ¥ - FHE#F%R~ ¥

FZOFFEL 7 E 2 A RS (Microcosm) o vt S & A BV R (p 1R
i~ p Wi spefn) ~ p B L R+L%S R E B 8 EOS it = F L f
BERR AT o RN B R S PP ECIRE WO Y 2501 R o

P2 BEFFR? E P EFHRERT 2 EN T R(F 29 B)Y R
* 250 mL s i HEL R A 6 AL 2 et EHEEH o S 6T R - R A A 0 A
% 0-10-25-45-60% 0 X FRAAIT T HREZF o EEI B e
BOFFUEF R T B R B R b2 TCE R0 > FEiF e FHT
RERPATPN G I F e o B len A kB A4 P ¢ 45 VOC -~ DO -
ORP~pH -EC-~#pe® ~ LA PT - Fpa® 2 05 WA ERP c 2229 %
BEETSE RS FTERE S ZAGE O M2 B RE%RE R %N F4coF 3.5-1

r:l-r—/-']- °
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KB CFERABE D PR EE T K2 F 0 5 R

B R H R R Mr o R p R D 8 EOS & p B R+
Tar g pH "> H P s PR T8 pH & F 35t P B8
B pH ik oo d *':‘Fiﬁfsz.%}]\; %0 J/TF BERE o FAEFUILREYE 90 X 2
TOC % i#3 1,500 mg/L-3,000 mg/L » # ¢ = rap @it it x4 TOCER % ©
LRSI Rz & LY R RS sdo ) 35-2 #7 0 TCE " 2 »i= i kg o p W5
R R AR TR R S 2 Nakd (0 30 F 45 X TP B 99.8%2 25 F o
iRt § 90 % R T i F) 99%2 4 4 F o &5t 1t (EOS)* 5 90 % B2 5 87%
24y e pd TOC kA - FUuLRHRFE BT EI 8 Wik 2
Fkod T G p S R TIE M BRE > TR PIIE Ak v
HFUSRTBL TR RRER S ERE AeiE TCE# %S o B30 i
BRE%o0x > Flr LA R khen s AR VC AL VCIEA ¥ K
BRHERL > R d 3t g en TOC ERMEHE L Lewig 12-- F 2 % ERTT
P A2 AR da Pl £ F PR T EZIVC A A o HRERT 2 Péﬁé;fg4
v E g WP RHI%I B LS EN L Fp AT T av(drk 35-1) 0 ¥ 90 %
Z_p B R+SCRE T4 7 5 6.17x10° gene copies/L 2. DCAL > &7 7 S #piE
12-2 § e A4y 2 A £5 b FREZ O BB R RHe > 7 RE

W it 2 4 o
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B AlIEH
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oBK Oflit# o EOS XFAE O flicia+fL oBK O ki 6E0S XFAE O it
(@)= & & % fE % (b)"5 1,2-= & ¢ kAR %1

B 3.5- 2 ~ 4 f #-H-(Microcosm)i& sk = %

% 3.5-1 -~ #c# f& #3-(Microcosm) gPCR 4 47 % %

SHIEE il
DHC | DCAIl
Efi gene copies/L
EmaE |aEXE - -
ZEHMHA 0 5.64x103 | ND
ZE=E4 90 9.61x102| ND
FL{EHR+FL 90 ND | 6.17x103
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AR FEE RIS TR A AL R pHEF L BRD
EoETR B CARRLARD CBIKR  ARDR BN BRE
>4 wpE g g B & fri 4 F &k (Real-time Quantitative Polymerase Chain Reaction,
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Wt W > HEFEE DR o % S RS SN SR
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NE R RIS RS A L AP T TR R 2 L B
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A% % 0.46~2.25mg/L > ORP g /i 55-29~208 MV » 3-ht ¥ T kB8 f>
2B 3R BRME 2 FHEFLREF

APhb g TR G e AL B3 2(6-8 mo/L) o dmip] £ %3—:*}3‘% I B E e
TR o TORBRB B E 145 R ’ﬁf“Z BRI FRRE BB 1
BIFR Tk R R R FER - %Tkﬁmﬁkﬁf”
17.4-25.5mg/L z_ B » fe &; 4% % 0.08-0.13 mg/L BT RA GRS F ERFE AR

Tz F R RR TG R R -

ZUCHRHBERE SR 22 L ’fﬁ JE R 4> 0.0693 3 0.238 mg/L z R >
AL E R AIRE N 14-48 B 0 2% I n 5 L ARRA NS TR L T RET
"E12-2 F e i kA A2 0.012-237 mg/l - = rﬁ:ﬁ' £ 2 % 2 FRAR Y M
HRHERT D AR F AR TRE S AL T EAY Bl a0 OROR
12-2 F e %2 § e iRz 3 - $R 109 & fied F&ﬁi%eﬁ%é’ﬁ L E A S
b T -k2 gPCR P % % > DHC F# #ic® 4 4 »t 5.64x10%gene copies/L’ = DCA1
F¥E R MO i R R 12 (<102 gene coples/L) » R P N RHY 3 AT Bz o
RS A C L FHERERS VR F OB E F O AHI L G [?]%iﬁiti
Bl o 2R - Ho3s Tk BT NHAS 2 DHC A > &34 ¥ e

¢

FeMERE R ERRE 2SS HIRT T AR &2 Hl o
TR F RS EFRRDFLAF TSI AP I B REZ ST > E
PEfe AP HRZ XA BRERP 72 FBSLAFFHEILZ 5 o
BRI H 2 a1 Y, s Y Bpl
] aﬂﬁ;]f] 10-1.5 m *Eiﬁ -tﬁ #g¥ﬁﬁHkIR EH; IJ#]- A gﬁ;&;%} 10-11.5m
P 109/10 » : EL 109/10
FRER 11 X O\> FHRFER 11
TCE 0.14 /5{ ) TCE 0.238
Cis-12DCE | 2.37 ® “1m Cis-1,2DCE | 0.0118
VC <0.01 E ¥ VC <0.01
TOC 07 3m &4
AR 6.37 o0 EEH
AR ND . ;
4 ¥ 0.1 :
B 255 P : B2 3
T 013 gAFH2 I 5m 2 G g F | 10-115m
Fifh B 46 : D 109/10
i ND ! HEER 11
TCE 0.0693
0— Cis-1,2DCE| ND
I3 Ve | ND
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RERS CFBRESE AP RISE Y TR F L AP

242-1 W RHBAED LTRESE

FERPER 2020/10/22 (#-3-/2 % % p L & o %)
R S H i BRI 1 LR 2 BLip 2 3
pH - 6.63 6.82 6.2
EC uS/cm 751 826 659
DO mg/L 2.25 0.46 1.1
ORP mv 146 -29 208
ZF L mg/L 0.238 0.14 0.0693
"5-12-2 % ¢ mg/L 0.0118 2.37 ND
F-l22 2% mg/L <0.01 0.0227 ND
% C % mg/L <0.01 <0.0100 ND
By e mg/L 0.8 0.7 0.7
AR mg/L 8.2 6.37 -
TARGRG mg/L 0.01 ND -
P mg/L ND 0.11 -
48 mg/L 17.4 25.5 -
17 48 mg/L 0.08 0.13 -
Friph @ mg/L 127 46.4 -
Fril de mg/L <0.04 ND -
DHC ™1 _ - 5.64x103 -
DCAL *1 gene copies/L ] ND ]

1At s 109 # 6 0 R Sdcdy o AW E FREI S 2 Tk £ Ritalahti, KM.;
Amos, B.K.; Sung, Y.; Wu, Q.; Koenigsberg, S.S.; Loffler, F.E. “Quantitative PCR
targeting 16S rRNA and reductive dehalogenase genes simultaneously monitors
multiple Dehalococcoides strains.” Appl. Environ. Microbiol., 72, 2765-2774
(2006).
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4L gk 2> 2,
K

- e
A EASAE | JEAIRE | w AR S
(m) (Hz) (L/min) (bar)
2.5
3
35
4
45 30 5.75 2
5 20 3.83 2
5.5 20 3.83 2
6 25 479 2
6.5 20 3.83 2
7 45 8.63 2
7.5 30 5.75 2
8 35 6.71 2
8.5 35 6.71 2
9 40 7.67 2
9.5 20 3.83 2
10 35 6.71 2
10.5 25 479 2
11 40 7.67 2 11 2bar - i%ig‘
>6 L/min
11.5 30 5.75 2 4-6 L/min
12 38 7.28 2 >4 L/min
12.5 35 6.71 2 A Rk

B 5.1-2~ By HFERE LIRS v AR%E S %
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o Rk e T RE LR TOC kR % it 4oB 5.2-1 #751 » % - =X
A#71(109/10/22 » % 0 X )7 S RfrdF @RI a3t 33 A 492
'Q%'ﬁﬁ;‘i@f‘fﬁ_%& w o R R % = :&‘;‘%i"?l |7 w = v R E TOC
5 - TOCkARB*5mg/lL> & prF TOC £ B5% %413 2mg/L - d
BT BsT RS R Aokl @ik DR Gk KB b B
Ry - BN EREIE AN A R THRE DRI R

. :pﬁ

CEARLEILR Y B - B R D RS kR A BAEL
THRB L5 - T 15 R % X EHIELR15(109/12/28 > % 67 =) ipl¥ 1
FlREH B 1 0% s F| PR R T4 R (ERELST X))V REZT) TOC
ERP R &%;&E{ % 243 mg/L - gLiplE 2 2 pap) ¥ 3 Pt EEH % 119

T (EEHE LIS 52 ) FRERD TOC kAo > g EHBIcIA 0
TR I RERYS 3050 % 0 TR S EHE LD o BRIY 2 2 BRI 3
PP TOC B BER A% L 69mg/L 2 45mg/L o k& » & gLipl2 2 2 pipl

# 32 TOC ERBA- 2 A v @R pEE ¥ 12 TOC kR iEB'E 1o
FL 7R 3 BEREL o

S
< 1y
)
\\\?{r

% 3 =x ZH|# 1 pF(110/3/30 > % 159 x) > gipl¥ 1z TOC kA @ .
NBmg/L 2 k& > FlAFEHEIE L 120L 5 3K BHIELL ’Eﬁl—
12 TOC + =% 393mg/L * o %% ¢ 7D > d 3t ppd 2 % glpl2 3
AR L TOC kR > Flut BLipl 2 2 2 Pl 3305 3 X EHE L
Wy EBLETD TOC EAR 3 7™ "% 2 48% o BLRIY 2 203f% % 167 = prigip O
TOC k& 7 £ 282 mg/L - gLip| ¥ 3 FEHHGE > L 3 E% % 189 % BLZ T
TOCkER =3 142 mg/L - fe g @ipl¥ 12 TOCE R B 4T "% » &2 48 %
Zxproppl ¥ 22 pplY 32 TOC KR I 7 ¢ e PFPE K o 385 % 287 % p&
(Z&E 115128 =) pipl¥ 12 TOC kR © *5 X3 23.9mg/L » @ gip| ¥ 2
2 ppl¥ 32 TOC k& B~ %] 414 13 mg/L 2 8 mg/L -

dOWZ R ERELT A BETEY L ERIEL T EWP 22
B 32 TOCV Zprie 2 1 21 %3 TOCHITER > /g1 R F A
aFF - 'LTOC ER o BIELEIY 2 2 mip]¥ 32 TOCER 7~ #4552 "5 M o ¥
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[N h 21 2
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BRI Y 32 TOC kB 8 1L ki o Bl % Bom o BLip| 2 1 &)
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5.2.2 ¥ruky T oR- HoRFIHP R

W ﬁ:%i%gé%eﬁﬂ B E R 2 1 & Rl Y 2 1F 5 - Ak ;ﬁ;g PR i
LR CERER SR B TEE)TIHERDE R O RELS TS
5 4o 2 52-1 T o A IRER BB FIARIT REE B o frripip 2 1 KEL/P ERvE S
BL% 3] 6.37-9.49 mo/L 2 Bl e @ %lr'wwﬂ'h’_q‘. Gt o % L ERIEILE L0 F
A TR A REERT AP A N 2 ERIELSGEEKY 67 ) B
A 1FHETOCEA L = FI HARBAER p F% S 110 2 &% M0 pHE Lo
FRPIE 22 TOC EAR* %% 119 * P4t = > HARBARAR S 167 <
B4 140 3 MEF KSR BRIY 22 AR BER Y MO PR ¢ B g
AEAER -

BLPIE 1 2 T4y 119 X B4sk R iRr 2 R R 9 k%48 50-90%
oo BABER PId 4-17mg/L s i®r b 2 3 70-197 mg/L - Faip| 2 F]5C L 3 4%
AR A ToRP M RIR o BRY 2 RIRA AR *v?;é%eav 88 X W ER T !
23 50mg/L > feisHpidask R X "8 2 10-40 mo/L 5 T4BE R P E 167 X 2 B4
A TR B AT IR AR G 30-90% o Hip L I AR %%{iﬁ«? < 2 2 AT
Lo Fokd 299 X 5 & ERIY 3 EF- BB AP BEEFHBBERY
18.6 mg/L » ;4% ;}.;F; 2 125mg/L - ApfAH B A v ToplE o BBk B R o J5IR)
FUBL ARG B PRAT I EPIE 3o

AL A B BRRT AR AR R /3 40-120 mg/L s £ L de Bl E O 1R e
B TOC 2 Hp - 438 pAB%fnbe > gipl2 1 %12 TOC kB F 2 fpe > F]ptat s
Bd 119 X Bapparlmit kR A2 » 2% 6L AP it kRS F 21
1.89mg/L - LRI+ 2 PI*iE% % 167 * BAnpL2 DA it A 4 > 32 33% % 361 <
ot kR 95 0.24mg/lle8m > a8 v Topl mipe Bk R 7 5 %3 20mg/L
Brw A~ BaaonpRER g -
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% 5.2-1~ b HHRR- LK TR E

AN kg 21 =
FEREAm

"= : (mg/L)
VAR ARt | alBe KB | HHFEES | ohHMEEE | | AR | ool | REEEE | B
0 8.2 0.01 ND | 174 | 008 | 127 | <0.04

56 7.28 0.01 ND | 485 | 0.03 114 | 0.02

119 <04 | <0.25 ND | 766 | 488 | 367 | 0.21

5938 51 167 <04 | <1.00 | 013 | 847 82 17 043
181 ND ND <0.05| 119 | 56.75| 126 | 1.37

299 <4 <1 903 | 197 191 | 414 0.8

343 ND ND 011 | 735 | 5425 | 109 | 0.24

361 ND ND 0.2 78.8 - 52 1.89

0 6.37 ND 011 | 255 | 0.13 | 464 ND

27 7.92 ND 023 | 499 | 0.09 | 457 ND

56 8.99 0.002 | 015 | 164 | 0.06 | 43.7 ND

88 9.49 ND 0.24 | 535 0.5 39.8 ND
Y, 146 8.62 <001 | 022 | 528 | 0.18 | 441 | <0.04
167 0.84 ND ND | 115 3.6 503 | 0.22

181 <04 | <100 | 021 | 286 | 255 | 265 | 292

299 ND ND 003 | 305 | 265 | 112 | 0.08

343 ND ND 0.25 394 | 1475 | 413 ND

361 ND ND 0.25 | 40.1 - 178 | 0.24

EURIH3 299 ND ND 002 | 186 | 125 | 057 | 0.04
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523 Fruty TRMT TR RR R

MNEH R T L TR Y TCE 2 2 B3 k& % L 22 TOC ;‘%)ﬁé"%ﬁwr%
5.2-3%75F o iRER ST 0 H 1A B NEREIE S FP IS 21 E
ﬁ’ifﬁﬁﬁ1@E%§?ﬁmﬁ%“’ﬁﬂﬁﬂﬁf%ﬂ&if*ﬁm#%*
BIE 2 kA BEAECEM o § 2 ERELT - AHRHER TR AT
o kBREFRARER > THEHE R ORREK S {ATH AL .gz;f;.«gﬁ k4
BB ES 2 X ERIED fé_ ° % 2 —xwff'lzgn o0 BLRIE 1 P RERT
TOC jk & >1,000 mg/L = gip]# 2~ 3 2 TOC 7 i& bt = 3 40-50 mg/L » F]p %
3 BEHREAIMER S L I0L Pt £ EHBFIAFERET > B3 v £p¢ TOC
BRI o % 3XEHE LS > FI3 0 TR TOC kR ¥ "#1<3 823 mg/L »
wr 4 =% é%f?'ﬂl‘«%f'«lﬁrﬁ FZHEAIE T A00L B EERELL S THTRE
TOC 2 & o 5 5 EHEL T E AP/ B H 4 RFEHELTLE
ZHELERRSEF 2FRBLENR

$ 2 EREAS > BRY 12 TOCkR Y2 »TCEER T B4 M » 1
W% 88 pr > TCEJEAR © d 0.238mg/L "% 142 0.033mg/L > & # &4 T k&
FHEE 5 325% % 181 % 3 sk s ok > pLip] 2 12 TCE % M0 1 p&' o 838 5%
WARP BB 1 BRI R TCEER S M d NBrA 8 1,2-- &
'TF ER T REFEN001 2 02mg/ll 2 B > VCER B Mt P& » ¥ &3 4 B
RIE 2 NA ST R ,1%-;&3 o fiip| 2 rﬂﬁ;‘?' | 1&%%&&%&;‘11* AT A A 2 R
ALY PSRRI 2 TR R Ft AR 2 AHFR %o 2% > % &2 Jofre
Herrero >t 2019 & & & % x%éﬁ«*’fﬁ"xi F R A \Fé'ﬁé?%\%#ﬁ i e

6

N

BLRIZ 2R 305 2 BRI S A BRBITCERAE S 1> &2 TOC kA
fa%éfb AR 02 o BB 2 FEALEL Y FGg o Fpt 2 TOC »+ 119 % 1@15”3“ |k B

Flpt TCEER 2 % % 146 X & A BLEINER " AR - B30 % - 1€ 2
= L Eap Sk as o TOC kB35 % 230 % pFin fadr & 69mg/L’ Fp TCE
DR DSy 200 % pFe £ 0.0398mg/L # & Tk 4 F #1HRE 0.05mg/L > B
3RSk 265 X B sy MY MRHE o ey F3EE % 200 % {8 TOC kA "% M -
RUE12-2 F ¢ GrEfRE SN kAR RfHFL 15mg/L e F T kP 1 10-15
mg/L 2. TOC » Flp* 2 8% % 313 X @ » g 1.2-= § 2 Wik R © M35 4§ 14k
#0.255mg/L - Xm » watd ToRP 532 TOC ;)éefii m2 X VCER%[Z > 7
PORLRE 2 R e SR ERRED 0 VC R AEER G 0522 mg/l 0 2t E 1R
W26 % o BLPIF 2 3 F%k% 327 X B4z TOC k&R + 218 » VC R I iE
brvE > 3 3REk ¥ 368 X pF o VC kAR 5 0.16mg/L > 5 F 4R 8 % o d pLip| ¥
2B RV dro 2 TR Y Rk VCE R MY e 3 ek ¢ 8 VC K
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AR A A > HRER Y 22 842 THERS T P RTBBITIERY 2&E
T B %zmﬁﬁa.%ﬁ*“‘ g AR

BLRIZ 34452 TCE k& #iS o B0 k& 0.0693mg/L » 4 5 & 1481 1.4
o B T LRI 30 ¥ 110 X PR TOC KR » & TCE LA 1 3
B 299 % 3 ’JE‘.‘?}»’: )i &F‘ LE ] OOlmg/L Japl 2 Fli 4 TCE «}Efiﬁfu'&’
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B E(G AR) PN F R LR ORET S R RE R R B
TCERR* X @RSt §R3%&F 3 % 299 = pFo ¢ 32 TCE
R %2 0.0l mg/l s @ M TR A E FHEE > Bt R 316 X pFat
R o LRI 3 HCH R T 1,2-2 & ¢ 2 VC Mot RHRL 3 %
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0.072mg/L » % & & ¢ 4148 - VC k& R]*0385% % 299 = g3 0.002mg/L »
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T 14 5 otk g pipld 24000 Bor p WA R BACTERY 30
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AP IR MR R RE M~ B R A
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WHERAYTEY E Ao 52245 Y A 2R R FRE T E X
TR WA G ER o PSR S A B A A YL 695% B @
A% padh ~ 1% % 3 40 ~ 10.5% Simple Green ~ 4.5%%5 "5k g #E2g > & o2
s w G 6409 B9 ~530 Fpedph ~ 109 BR L & 40 > 105gSimpIe Green ~
45 ¢ *a B R AR k9 105 g o BT p A E 2 ar g g
5 AT 5 7 80-88 ~ o

g Ry

pORLFC IR FE TR Y AR K ¢ 4SS fpH 3 RR SRS
PEEERE A pHPEF T4 R A7 L > BF R R P47
Re R R R SR E R ATIRfePFER Y o E PR PR T
3 PN Nl A E ’iﬂ?%# PFERFIREYERE ’é'tvﬂbf};?’;‘
AEE Ao AP HTEHRY TR T AT L 1100 W Fpihos p g
PR EE L 20 S R ITRER S 30-40 A 4B 407 R 4 R #Bcs 0.55-
073 % » Bk A RTE A4 5 > & 24 g4l perfs g £4 47 5470
i 0.14-0.18 ~ -

= /\ﬁ gl
%ﬁlﬁi%g&& DA L2 K 8§ R LT R B E A

B R AR TRBEFFTES K p (8 )AL WA ikE 5 100
Lo g4 #9530 110 & L A F 8735 5 (160 </} pF) & 4 p B i jpe g
LA AFFEH IS 26~ o
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T~ 35 2 gigl%ﬂvw

SO EEZMBERELTLE ARBTEREEEHEH L 20
L% %2 HDPE # 544§ » % B & 9 5 200-250 =~ (3+ % ﬁﬁFF'”ﬂr‘i
oK o Ef Y R 1;;%{;4 ATiRTE)  F X EEE O E AT 82(16L)
WA EBERER B NED > Flt A g it e 7 40 12-16 ~
[2 o hEkE P ERFEE A2 1200 2 400L > By g 3ept [ 4
EiE o 43L@EF Y 95 10,000 %/ A o 5 A EHFEF ¥ Q9 L FF 5 25
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AEDEP RS REAP T AAEF A ESL I RAFRE NS AYRT
SR 143214 Ao A p WA CRAPEATD G 2 514 & 22 K 360-400 & &
A MR EE EFROTs R A BRI BHEUR 2 L
30-40% (%A W& = =+ 4 # ¥ Z7BP§§§&?£@)%®?¢WE?#W@“
FlE2imEFMpE 7 B9 00 A ZERUF 28 T3 EF
PAZFEUERAR LR G o dRl 2 FIEHAp TR Y 2 p Kokivg
Foo Bl ER GO FIEM o P IR P AP A A F TS G B AR

AR o ARFETIFRRY EFREF oM PP Em K ERE T

E

PN
N

<
\'4\" ¥ _%r EO

#52-2 2R EBRAEY H G

53 BE | BRGTSR) &
cHE(E &) B 18 L 600-800 33-44 ~ /L
L-s pasap (8 &%) 25 kg 4,500 180 ~/kg
B e & 4 25 kg 840 34 < /kg
Simple Green 19L 2,850 150 ~/L
o VR L ROBE T 20 kg 14,000 700 ~/kg
FUpL I 48 25 kg 12,500 500 ~/kg

525 B BEER
SR H 7L 5 3 A

PR

L omE s &R | A 2bar B4 EILT o R AL
R
4

F gL R ([ 230L/h s B4 iR 5 518L/he T i A k3R | 100%
B BRI T A kR ki o
FRRLMABREM T AMERBRT K
&’iﬁsﬂawﬂknmﬁw BEEL R
SRR T 48 (0) st:wf“”v,Lz itz > plA4 | 100%
é’!%"‘/z}’{;\ﬁ*ﬂ”?/m ] ‘%“"f\*’ﬁ?'ﬂi/z EREATE ) IF: )
R EHEEEERBAM S TR RS
3o E: EHEL | CRAKEHIPFRATIELN TR RFE

N

- et 100%
R ITERE AT A FRABREEREIR I T LSS
2 mERE
4, ¢ L ER e 8% 5 p A dhiE oo 100%
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2+ kg > 1 =
FEREAH

B RFL

g R TR E D R

fﬁﬁli S EEMERTRSE 3B REEIE] 0,
7 3 itz v 200L 2 a2 F 2@ EE L= 0 B
pEy it RELE 1200 o
B LT EREEREL L TOC M &
. AT o By 88 R ERAIEAF 1 o R R B
EE RN TCE ¢ g 4l e 3 A RPN
IR N - kb . Ny 100%
i % 200 = TCE # &3 T -k F 148 - jE4 5
DR HRBPIEEF 299 = TCE # &8 T-Ki5
% B RS -
D R I N E N 158 R SE R A
FRAD NPAS AR HR 2 PR
WEHRE 5 FINRBRRFIAHAFERT
CEBRAHA S | AR - pEREL Y 3 O BB TSR
A FE 6 AL |MERT X Ftcis-1,2-DCE k& 4 MR | 100%
ki w2 T % 1.5mg/l & T UL I AR @ﬁ%lﬁfz
BV AP 3 R o R IARAE D R B p B
LpimegR AFHAL RH o L F A BT T
TOC - I A 4k B 17 § 3B b5 1 o
BT & A ”{:’ FF = ﬂ\'Ti T ’Vﬁﬁj”@i { N gL A GFT | 100%
o 143214 > (LB B B2 120
B b A
Liu, Min-Hsin*, Chung-Ming Hsiao, Chih-En Lin, Jim
Leu, “Application of Combined In Situ Chemical
Reduction and Enhanced Bioremediation to Accelerate
B ek TCE Treatment in Groundwater,” Applied Sciences,
11, 8374, pp. 1-13, September 2021. 100%
* Bp A )
BlACE ~ £ B~ HROUTHT > 2020 & 110 TR
T P ERRZBEAFHEISE SRR TR F
FAFY P EARARR RS ¢ 2021 2 g
- ’}iﬁﬂ’éﬂl g o
W ARFEER [ FEAFL 100%
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