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ABSTRACT

The applicability of biobarrier or in situ microbial filter technology for the remediation of groundwater contaminated with
chlorinated solvent was investigated through batch microcosm study. The efficiency and rates of reductive dechlorination
of tetrachloroethylene (PCE) are known to be highly dependent on hydrogen concentration. In this study, the effect of
electron donors on the reductive dechlorination of PCE was investigated using vermicompost (or worm casting) and peat
as a biobarrier medium. The effect of organic acids (lactate, butyrate and benzoate), yeast extract and vitamin By, on the
reductive dechlorination was investigated. In the absence of biobarrier medium (adsorbent), addition of electron donors
stimulated the dechlorination rate of PCE compared to the control experiment (i.e., no electron donor added). Among the
treatments, addition of lactate or lactate/benzoate as hydrogen donor exhibited the highest dechlorination rate
(k;=0.0260~0.0266 day™). In case of using vermicompost as a biobarrier medium, amendment of lactate/benzoate
exhibited the highest dechlorination rate following with a pseudo-first-order degradation rate constant of k; = 0.0849 day™'.
In contrast, when Pahokee peat was used as a biobarrier medium, either butyrate or lactate addition exhibited the highest
dechlorination rate with k; values of 0.1092 and 0.1067 day ', respectively. The results of this study showed the potential
applicability of in situ biobarrier technology using vermicompost or peat as a barrier material for the remediation of
groundwater contaminated with chlorinated solvent.
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Y587 (biobarrier) == WUX] vAE HE(in situ microbial filter) 7S o83 A4A] F718u2 2FGd A
3157e] 59 7FeAS 3l AFS Belo] ARt PCES S g94ste] 589 £ 4 TR 9
Edhe AoE guiA ot B AFoxe BHES} EES AEHARE o83k PCEY A B4 dAxlEo]
Ao JgkS AT} 7|4 Hlactate, butyrate benzoate)?} yeast extract, HIEFY] B,7} PCES] A B slo|]
H2= FFS AR A=A G| HIEAA], AAEAAE TSR] %2 control A3 Blal, AE{A| o
7= PCES] g¢4s)t 58 X8It A AxE Tt A3 FolA lactate T lactate/benzoateS 4
597 (hydrogen donon® F7F8 7%, ©@dA3} 57} 7R Wk, = 0.0260~0.0266 day™!). FHES AEHA|
2 AM83l 7S, lactate/benzoate B7HA] €A &) P wWgkow ZRU] (1R} EIEEASE (k) 0.0849
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day™' St} ¥PH, Pahokee peatS AEHAZ ALE319S 73-F-, butyrate == lactate®] H7FA] €943} 4271 71
welom g g 7127 0.1092, 0.1067 day '2 YERGTH 2 A7EAdERE BHE T= B8-S 493 AEHA=
ARgEte] i f718HlE QEE ek A AR 3-8 TFsES ¢ 4 ATk
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2Kiskel tlgo] frl8ule] ARgo] FoiEEAl 1o
HE EY B Ak 292 g A4 Aotk &
3] AaA f718ulE o WelRE 1 JjEvt o
% A7t 1 FellA tetrachloroethylene(PCE)= AY
AR AEHA G2 ARSE, 8k ekl dry
cleaning®] AEZ ARSI lo] B} A3l=e] A7
L2Ade] Fa 9t} 18]3 PCE= dxrt BHO A A
3l ool 7kl A|aletlel S2kE & AAE] &
vl A7z 2x 84 eddew F8slal o w
2H4 7129] pump and treate} T2 WHOZEE olF &
LS AAS 7 ofef e Ao, o] B
B4, olEARE Tofsie] 29¥e BEA AEE ¢
% e2lo] Pasih

HAHA] Al Well B2 Je f71edE D
o3t LARAIE sdsty] Sfste] Tzt WhHEo] AlA
Hof gkom, 1 d3toa o AIIA ] Hlo] At A
T7F s o]FoiA 1 Stk 1 F FEAIE AMEgH
52 2499 o)FS AT = ot eHwe] ¢
A% AA= BrFse @ol otk o2 Bs Het
3l7] St FHtole ea@de] & - g S o]&sH
AESZ Aol A7t o]FoAaL Utk dE &
Isalou 5 (1998)2 714 WAES 7k Zef 2ol
AL E Z0A e s = PCES] E3flo tisl s}
Aot WEhe-S AAFARNZ ARG 739 S Eda
slol] ©J§k PCE] a7l &8 o] Foixittal Hars}
At

44 WESASEHA] (permeable reactive biobarrier, ©]
3} AEHA) == Y] v|AAEZHE (in situ microbial
filtery= 73414 H-3He] sp= bk ot 7|24
2 ES 2HE ATt o] Tl AEEA e
TEEDEE SRl wet 3k mgEe] ol o9
A& Edfisle sloltt. o]gh AERA] ot 29w
Aol AEA B digk 71840 AAe &3
I AR &0 FTlol| &SI}, o]gt B} 253
Qg B4 V&2 7Y pump & treat T air
sparging?} -2 FHHol| Hls|| fAH]8o] Aa1 YR]Hz]

R

(in situ treatmenty’} 7}, AxH]go] & T @
AHE 7HAAL lo] HT o] Zlzel| tigh #Ao] FiE]
31 9tk @A 78R o9 digS (aquifer) B A
s 2o EUS 918k AEHA (Yerushalmi et al.,
1999; Kao and Lei, 2000; Kao et al., 2001) T %
YA v AE DE(Warith et al, 1999; Taylor et al.,
1993)e]] gk A7 FHtol] o]2xjof o]FoiR|aL .
Yerushalmi 5-(1999)2 UAFI2] peat mossE A=A =
o] g5l 71Ty BTEXE 299 A3l Aol thgh
ATE ST AEo] AlgkE AdEjolA 99% o]
Fel KRS AAY 4 UATE Kao and Lei(2000)=
EgS AEEAE o83 PCE/TCER 29% t55<]
Hoo] B3t A7 438315t Microcosm A A=
BHE e 24 SUAE ksl a1 1 =
oM AFS 339ttt Eee 2RE 8EHE {7
E7Z0] 1%} 7] (primary substrate)Z 2183} PCE/
TCES] E3lE A gdisls ST EE ExRe
AEEAZA E87Fs0] e ALE Bislgith. Kao
et al. (2001)> E&hS AEHAE 0|83 PCEE 29%
Aalre] BAS 93l ZEAES st EY 4H
7 Egt Aoz 49 ARl AP A7l PCES]
98% o= AAT + AUYeH, PCES w3 k=
(TCE, cis-DCE, VC, ethylene, ethane)?] A< 1
T AST. ERC R RE] VM| A AEHHow S
= 7718|123} 71d e AAFAAZE 28-S
3 FdAsE X8R R Bk AEHA A 8
7Fs73o] e AR Rt Lendvay 5(2003)
AERAZS o]83F PCER 299 tl5-Z(aquifer)d] B
o 9Jo] bioaugmentation == biostimulation®] JES
AbHHgltt PCES] A ©9948) 7721 Dehaloccoides
£ %713+ bioaugmentation®] 739 3 = L3l
Bl9] PCEZ} 679l ethene® & A3 AskES BTt
Lactate?} FUEZLS 713} biostimulation®] 735 371
7te] A <A77 (lag period) ©]§l Dehaloccoides®] =+
7t 7RI, ol% wWE gLt £55 Hh
o] Adte= AEHA FHo| bioaugmentation &
biostimulatione F7}8t] At 4320 5

o] 753k HojFar Qi
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Fig. 1. Proposed pathways for the reductive dechlorination of
chloroethenes (Adopted from Kim et al., 2003).

Taylor 5-(1993)> TCE w35 Z7IsE Y9IX] v
A5 HHE o83l AFEe] TCEZ 299 A5l A
sle] ANA M7t 7Fsde BTtk Warith &
1999y AL w]AE HE(in situ microbial filteryS
ol gsle] vrgdlog o dH Ak Hd tiE] A
T3IAL) o2 BHE FAE ARESlaL vAES 3t
Sk nAE FEE AMESle] 299 XEle] U9IA 28]
7} 7Fsdhs BT

Lorah®} Voytek (2004)2 FAELANAY 1,1,2,2-
tetrachloroethane(1,1,2,2-TeCA)2} 1,1,2-trichloro-ethane
(1,12-TCA)e] A& A2Z B71817] 913 microcosm
Aol 1,1,22-TeCAS] Z7] &3] A3} hydrogenolysis
o 213k 1,1,2-TCAS] 4747} 1,12-TCA®] 1,2-DCEZ]
3k gaasPt FAlel| dojdtiar sisitt. 1,1,2-TCA
9] A EdAsl= HEY(ron reduction)®} wEks};

(methanogenesis)’} A0 2R8-3F 749 vgks} U
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Ko} ve o] FHl oPd W=kl siqict.

HT A%t G2 7718 Sl giastel o
3k A A B B A7} o]FoH). Fig. 1 PCE
o] sh4 9l HESH A gaist ES vER
TJFHo]tKim et al, 2003). Burris 5(1996)2 HIEMI
B, F9iE AMS3F TCE® PCES] $HlA gisiol
A3t ATE Tt Woods 5(1999)S HIEN] B .=
o= ARgSte] HEslAd] PCBO B&2AQ @HAsE
AS 4= U} Schollhom 5(1997) methanol, ethanol,
formate, lactate, acetateE WAFFIAZ AMESH 3714
A Wellxe] TCES] $held gaastol sl A3t
RO lactate?} methanols TAFTAAZ A ALEHS
735 &g Za7t o]l Folds EATh Smatlak &
1997y PCE®] &alloll Qlof 2held daiste} vigs)
ko] Hyg AARSAAR o] 83l7] S8l BASHEE H,
TE sl G820 gAstE A4S 4 Al B
113}59T}. Ballapragada 51997 PCE, TCE, cis-DCE,
VC 59 2438}l o] H,, propionate, lactate’} &&
ARl AAEA S FRIslaL o]5] gHad} Se
Michaelis-Menten ¥+-3-21-S- &8 77431t}

AEHA] = A vAE BEIE o8 oddE o
T Ee Aekre] AEsH 5o AAe] s 5
71E2 AAAY, dA) Fujellal= ool tigk A5t F
5k Agolnt. 53], Egtolv FHEES EAZ o83t
AEBA ] tiEE d9= o FoAA] &t k. Edolut
EHES Q=4 F3sEo] Holual A7) 49
A vhd T8l slo] @713 xxdslel S Eda
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T 4 glomg AEEA r= A9X] uAE JE2A]
o] ggo] 7lsd AoE Ho|

Exk(peaty> 7|5, 2, 2%, 54 50| 933
B9 #] ¢ar gHsiA A7 Bt} o 8o B
Aol EJFsIH Hoir glojxu B2f EA) slol|l JA =

oA 9FaL FZjo] PHnt. ol2fgt Bz A
H Egke Azl 23 A LHER] o4& ZloH vs5s)

3 7R VS HA "ok 3k 2O, g2 e FHulh
Frelihs dhislar ok ERHE (vermicomposty= A7 0]

7FED, F=AL 2 AR H71ES Holz Al aEs
Hdgte 2, B 7182 SR s &
3 S 7= Bl oA ol nghsHt
T Hfredo] Fal gAlRo] & 743 © rleds

a3k glof 48] Wol, YL 2% & ov], &
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aHoR s 7R FH] =EE skl 3o Hold
EPNE 7t sle Aos JdefA ok EWEs 1
7Pt oA GETER Hof glo] F5E0] A3 B
5, B9 B71E 483 FANA = 54 T
A3 gt B} BHES 7Ho] v AR A
g fr71skstEel oid F3se] 2 A= deiA Jlem
= AEHAY) A2 B87bs 4] vhe- =k,
71E9] Ao & S 5o PN B isl
o3k ooﬂu;d“] B3] &8 === q;(],;_oqj.]]i Zke-
& el dERe & 5 Ak sl B
A% %ogﬂ S 295 BEAQ ¥} Ad W
S 735 29aste] 582 ot Bt
L 8IEks ko] g QAEFS TAT £ Y=
w0l HojuH, gt s rlEEe] duAd
ol g o slom, HA & = 3laL 7HAe] A™
apH, =3 BERhl H, F57F 2 ARl it} ojek 22
e 018 A AT A ] e Aeshe &
o] 7Fsd Aoz HojXid,

B @yelrte BEHAIE olgst] Ao wrl8ri=
A8 v R ABlrE EEFHoR AEsy] f1g 7
2A7EAN 2HES} EgS FAE ARgste] EAlWY
PCEY] & - 832 A% EAS fydla, 34 gdis)
o g AR ARZAGEH, Fhlel 7 5
microcosm AP Flo] Atz STt BV &

HE 59 FEHIE ‘ﬁ?li s PCE«] 5‘%*4 g9a

[UO

oft
N
5 o
r{o
i
§
2.
s
§
3
8
g
=
L

w174} o}i’iﬂ}

[\
ok
[
M
a
=
AT
=Oé
o
=

O—ﬂ,—}(kmetlcs)—‘ 199 Edxdg =g
(one-site mass transfer model, OSMTM)Z el 4=

At OSMTMS U237} 2t} (Nzengung et al., 1997).
5 C()_ e (1 % Cy

S x}o 7:] =\J__¢ _ £ _—

3 A5 -5 +(1 Co)exp[( Ceks)t} (1)
axro] Ao. 90 _e (i 1 [_@ }

e A5 LS el ()] @

A7 e A mE S8 B (mglL), gy
AL FE(mgl), CoF gi= eI ALY &

gk Al PCE] $hlg &

Qa8 AT e 3124 8 2

5%, C(mgL)et g(mygys 83 Aol 3
aé%_‘::_(equilibration concentration), k(day" )%} ky(day™)
= 3 v 93 YA (mass transfer coefficient)
£ 27 veit

522 P8 2AT BR7] 2232 (pseudo-
second-order model, PSOM)2 Th&-3# ZThHo and
McKay, 2000; Shawabkeh and Tutunji, 2003).

FHe) A%

@ ~ky (q,-q() with q=0 at t=0 3)
A7 k= BRI] 22 FREE I (pseudo-second-order
sorption rate constant, g/mg/day) °©Jth. 9]¢ 24 ()=
Hwahy,

q(t)= — L with g=0att=0 (4)

2
14k, sq)+17q,

SR, M- q0) - NCom OF A8 Thgel 4
LR
% = l—i- (W/V) -t 5
o Web Vi FAA A BHAS FH(L)E
22} UehiEk. g8t b e 4 (5)] SOz Ry
ds 5 ok
o) 74
d‘;(t’) ky a(0-g,)" With =gy at 1=0 6)

AN ko BRI] 27} EF
order desorption rate constant, g/mg/day)°]tt.
2 (6= AEsh, T As s 7 Utk

e = ==1
2
g() _ 1k, i(9.— 4. /90)!
9o 1+ky £q9—9,)t

2= (pseudo-second-

@)

Al e 2 9 g2 wE REy) g FREow
o] et 22 299 1z 598 Ed(two compar-
tment first-order kinetic model, TCFOKM)Z ¥ &g 4=

I TH(Cornellison et al., 1997a; 1997b; Opdyke and
Loehr, 1999).
T4l A g e ®)
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ge] A Wy oM, e ©)
0
A7 AEE fat hEEE poe A HE FHE
© 92 7Y =9 FEREs 93 B BES
BRI, k(B koSt b EE hoe 2 RO 1
A FHEE 23 S5 5 (day )E A ERATH
7y 22 798 rdlo] 7452 TableCurve
2D(Version 5.0, SPSS, Inc.)& AR&sle] gz ogy
B A3

= o
et ve galoxel e HE 52 2(linear

2)
isothermyS- WE0], UFHO0F Henry W OE UEPd

q=K,C (10)

A7) g} C= 27h IAlIoe] 8] ST (meg)h
Zgopdolne] $4e) gLy Yehinl, K= A
A B (LigE eI,

2.3. 1X} ‘4256 2 (first-order biodegradation model)
A 12k AEs) 2 d(first-order biodegradation
modely> T3} 2t} (Kassenga et al., 2003).

C(t)= Coe™ (1)

71 Ceys Al W 849 FEoly, i £
o] ZIPsEolth S 13} ARS] EEAE(day S

eI},

3.1. A=

2 AFellM AEHA Y FIEHEE Pahokee peat
(THSS, St. Paul, MN, USA), Canadian peat(Acadian Peat
Moss, Ltd., New Brunswick, Canada), peat moss(Farad,
Agawam, MA, USA)®} EHE(wormcasting T vermi-
compost)= A3}, FZEZ = tetrachloroethylene
(PCE, Sigma, >99.9% HPLC grade)S AF23ISIT}. Table
19l PCES] Eej3tets] A4S QR3S Table 201
A dady AE Uit 2E §3 2 2
2 A Aol AR el 892 1 mM CaCly, 0.5
mM MgCl, * 6H,0, 200 mg/L NaNy= Z7F5ol| &3l
A AxsIReH, Al dPolM= HAFAAZ lactic
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Table 1. Physicochemical properties of PCE

MW  Solubility (mg/L) log K,,  Molecular structure
Cl Cl

N /

165.83 150 2.88 /C_—_ C\
Cl Cl

Table 2. Elemental analysis of sorbents used

Pahokee Vermicom Canadian Peat

peat post Peat moss
Nitrogen (wt %) 3.13 1.0 7.61 0.49
Organic Carbon (wt %)  45.7 13.7 46.7 45.5
Molar C/N ratio 17.03 15.98 7.16 1093

acid(Sigma, 98%), butyric acid(Sigma, 99%), benzoic
acid(Sigma, 100.3%)5 AMESISIT). HHES}; EERS 7HH
& gAe) HH= sl Al AREe] Hold SR
Tt FREAS AAT F 60°ColA 48ARF St
AZ3EIGT). oS FFA(#70, 212 uM)E AE TR 4+
2ollA Basto] ARgSt.

3.2. PCE2| & X EME Kinetics

PCE®] &2 &% 2A¥ol|= Pahokee peat, vermicom-
post, Canadian peat, peat mosss S2HA|Z ARSI
Canadian peat?} peat mosse= ¥AP} 7P A&7}
A2 o] FofX|A] oo} &2} &% 32 Pahokee peat
7} vermicompostdll Tl 33Tt FRAIE 22t
0.5 g= ARESIGoH, B3 &5 AFolxe] F3Hde =
7IEEE SEAl e 2] ARSSIlth g3 £ 4
Ho| M PCE 30 ppme 27|55 AMgEle] 747 &
ZAZI & 25 sttt PCEE HEhEol HojA
10,000 mg/Le] stock A T & A &H(1 mM
CaCl,, 0.5 mM MgCl, - 6H,0, 200 mg/L NaNs)y¥ 49
o sl FER 3|48t ARSIt AESE A
3}7] $J3F microbial inhibitor24] 200 mg/Le] NaN;=
A7Vttt PCE -89 A=A ARSE wehgo] ¢k
0.1%(v/v) FIo]=2 3-8l (co-solventyel] &JdF I3k
wu|gk Ao 7Yt TS control AF AT, vialol
249 PCES e TAIE 4 e A=A ARl
40 mLe] amber vial(Wheaton Co.)S ARE3IloH, v}
N2 Teflon lined silicon septum®] %)= aluminum
crimp cape ARESIGATE Fol] o EEE WA
$13}4] head spaceZS FHA8)slo] A= PCE £94S A
& F 20°C, 150 pmell FF AdS Fsislth. 79

<



AEBAE o83 A3kl PCES] $hlA &
= A2 ARE AFSH, 2000 rpmel]
A 2083t 94 FEF ol el 05 mLE Fs) 03
grto 7 FE319tt. GC-ECD(Hewlett Packard,
Model 4890)2 Al&sl] il FX35lo2H PCE 5
=5 St & A Bt F3 % o
1=

= S °F 95% A|A3 TR, xqoﬂﬂ go
< sl B2 Yy Y3 vhHo 2 831t

33. PCEQ| &3t ¥ B &2
PCEZ Wgk2ol] =] 10,000 mg/LY stock 84S 1t
E 5 H3d g7} oM Yske =2 A8t A
4319t PCE £99] 747]%}1—; 10~100 mg/LE A=
kALt 0.5 go] 7 SFAIE 40 mL amber vialol] 231,
3ol ok &4 ‘ﬂﬁlo}ﬂ ?18t] head spaceE 7Fs
g FHaslsle] zizte] gee A 5 20°C, 150 rpme]
A} 797F FFAATE 2,000 rpmellA] 2087 LAE F/I‘GP
Zo A5 0.5 mLE #H3l 03 mL9] ko g F=3)
At GC-ECDE ARl #ites Ao =2ZH &
WFe] HPF=E A3 on, ﬂxil*bﬂ 24 7t &
EATAZRE ARkl 3 & 9
NS oF 95% A|AGE &, head spaceE
28lsPiA] dsfd goe e %Z}élfﬁﬂr Y
ARSIt @2 72 849 =
T FASA &l Akt A5gEe FEAR
Pahokee peatS ARE3F Ao 232 HYPYex oF 15
ppmQl ol AlZsle] Ay &S sl

3.4. Microcosm A&

3.4.1. 91A] 2 v]AE vl

B Agol|A] ARESE B Edas) vES OO
OO ZA 2 ZlA A3 371 A8) SeAIE ©]
B3] wjsldt). @714 &8t XS x|} E5sH

HashA] MAlFelA o] P s A 27
U, PCEE Y3 eh4¥(sole carbon source)® & ¥

Tt vt
HiA]:= Carr?} Hughes(1998)S Za1dte] 400 mg/L

NH,Cl, 400 mg/L KCL 400 mg/L MgCL - 6H,0, 80
mg/L (NH,),HPO,, 25 mg/L CaCl, - 2H,0, 10 mg/L
(NaPOs);5, 2.5 mg/L KI, 0.5 mg/L CoClL - 6H,0, 0.5

mg/L MnCl - 4H,0, 0.5 mgL NH,VO, 0.5 mgL
ZnCl,, 0.5 mg/L Na,MoO, * 2H,0, 0.5 mg/L H;BO;,
0.5 mg/L NiCl, * 6H,0, 200 mg/L yeast extracts S5~
o] o] AEBGATE BE A9k ACS F AREIGITH
HIAS 8714 AR FA87] 98ked 300 mg/L NaoS -
9H,0%} 40 mg/L FeCl, - 4H,05 #H7}3}H 2™, redox
indicator24] 1 mg/L resazurin(Aldrich Chemical Co.)Z
H7keIom, 121°Celx 1583F Batsle] ARESIATt.

3.4.2. 32 3 Edas) ’%-lf’q

7 21AS fAE] Y8l BE A¥e glove bag
(Cole-Parmer, USAY oA =35} S Uﬂ microcosm->
Hungate **H(Hungate, 1969) ©|-83}] FH]s}3th &
Ao M= 160 mLe] crimp-top serum bottle(Wheaton
Co)s ARE3IF o, fEl87]de] 3ol o3t &S
HA3)sb7] 93 Teflon-faced silicon septumS A28}
o} B Ao A= electron donors, yeast extract, vitamin
B]z-O’] 0383%‘ @'ﬁﬂﬁ_gl'ﬁ]-("l"able 3 %’i)

Glove bag Wol| & Alge} AAE Y T 0,
free N, gas® oJ2] W flushingdt T2, &7 F19
A5 RIS 98k 0.5 mg/L resazuring 371515
o}, Serum bottle] ZFZ}9] treatment(Table 3 %) ¥
2 EE A8 viRE Y& v Hungate *'H (Hungate,
1969y 34T}, ©]F Teflon-faced silicon septum©.Z
& 2R U aluminum crimp capSZ 5315}
Treatment A9] killed control 232 HgCl, 250 mg/L,

Table 3. Experimental protocol for anaerobic reductive degradation of PCE in batch study

Treatment Electron donor Yeast extract Vitamin B,
A None (abiotic killed control) - -
B None (biotic control) - -
C None 20 mg/L 0.05 mg/L
D Lactate (3 mM) - -
E Lactate (3 mM) 20 mg/L -
F Lactate (3 mM) 0.05 mg/L
G Lactate (3 mM) 20 mg/L 0.05 mg/L
H Butyrate (3 mM) 20 mg/L 0.05 mg/L
I Lactate/Benzoate (1.5 mM each) 20 mg/L 0.05 mg/L
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NaN; 500 mg/LE A7}5ke] aslsith. PCES] 27155
= 10 ppmeE 3o, PCES Y3 ekrglog ¥
wote] widk £2A] 20 mLE H7sle & HAIRE
120 mLZ 39t} PCE9} TCEQ] #4& GC #4382
mL vialell &2t 0.3 mL} A8 0.5 mLE 410 F53
o2 4t =S A3 3] GC-ECD(Hewlett Packard,
Model 4890)& #4310, ¢is-DCE= g2+ tial gk
o7 FZE3}9] GC-FID(Hewlett Packard, Model 6890)
2 A
713 AHe okx F3St culture A& o)A
o] AyE EUE 3] g Faks ARt
t}. Yeast extract(20 mg/L), vitamin B5(0.05 mg/L)S &
£ treatmentd] YW1l FEHAEE By} EHES 717t
5 g A7PIen, ol¢jole culture AEH YIS =
< FAsIA

_‘é‘_fd—xﬂf:_’-_

N
>
ok

R

4.1. PCES| && U =& Kinetics

2 Jy A3 9 HY =2 AZHequilibration
timeys 274st7] flsted o] FZAl vigk PCES] &
2 g gREE A0S Peiqiet. FRAZE Pahokee
peat, vermicompost, Canadian peat, peat mossS A&
o 849 2U)1sEE 7242} 37, 30, 9.4, 9.6 ppm
S ARESIHY. Fig. 220l= 2 Bl tisk PCEY] S3F
&5 AYAINE OSMTM, PSOMZ} TCFOKMOE =
A 2 (curve-fitting)gF @3’—]; A JERNRA S ™ Table
4-60l= 70 SO 2 e A2 7h o] visE
ERARAT

Fig. 2a9} Table 494 & 4= Q50] OSMTMS] &3
EZHEAG (k)= Canadian peat(: 1.744 d7')>Peat moss
(=1.661 d)>verrmicompost(=0.951 d™')>Pahokee peat
(=0.764 d)°] o8 vERgtor, F3 HIEIGARES

4 4

:

o)
SO 1

F-1°l'

o 2.0-5.69% UEhsith FEEE A¥4A9E PSOMS
Z 34 gESE AiK(Table 5), BH7] 22} LA
(k)= vermrmicompost(=1.773 g/mg/day)>Pahokee peat(=1.352

g/mg/day) > Peat moss(=0.399 g/mg/day)> Canadian peat

(a) Sorption kinetics

c(yc

® Pahokee peat
4 Vermicompost
®  Canadian peat
4 Peat moss

4 6 8

(b) Desorption kinetics

qa(t)/a,

1 3

0.2 1
O Pahokee peat
& Vermocompost
00 e e
0 1 2 3 4 5

Time (days)
Fig. 2. (a) sorption and (b) desorption kinetics of PCE in several
sorbents. Solid line = OSMTM, short dashed line=TCFOKM
and dotted line=PSOM for sorption and desorption kinetics,
respectively.

Table 4. OSMTM parameters for sorption and desorption of PCE in natural geosorbents

Sorption Geosorbent C. ks (day™) Equilibration time (day)’ R?
Pahokee peat 13.94 + 0.633 0.764 +0.110 4.2 0.912
Vermicimpost 19.44 + 0.566 0.951 £0.198 5.6 0.891
Canadian peat 6.525+0.149 1.744 £ 0.422 3.6 0.550
Peat moss 3.139 +0.057 1.661 +£0.108 2.0 0.929

Desorption Geosorbent qe ks (day™) Equilibration time (day)’ R?
Pahokee peat 0.904 + 0.008 4.114 £ 0.432 1.4 0.744
Vermicompost 0.411 £0.003 3.936 £ 0.215 1.1 0.882

*The time when C(f)/Cy or ¢(f)/q, does not change over time.
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Table 5. PSOM parameters for sorption and desorption of PCE in natural geosorbents
Process Geosorbent q. (mg/g) ky (g/mg/day) R?
Sorption Pahokee peat 2.028 £0.079 1.352+£0.297 0.896
Vermicimpost 0.958 +£0.053 1.773£0.458 0.931
Canadian peat 12.44 £ 0.637 0.278 =0.085 0.727
Peat moss 26.44 +0.399 0.399+0.046 0.921
Desorption Pahokee peat 1.304+0.012 18.72+£3.193 0.845
Vermicompost 0.924 +0.010 25.87+4.316 0.825
Table 6. TCFOKM parameters for sorption and desorption of PCE in natural geosorbents
Fast compartment Slow compartment
Process Geosorbent S = R’
A ky (day ™) SL=1-/ ky (day™)
Sorption Pahokee peat 0.607 + 0.046 2.114+0.353 0.393 +0.046 0.010+0.025 0.914
Vermicimpost 0.195 +0.029 4213 +1.468 0.805 +0.029 0.044 + 0.008 0.957
Canadian peat 0.222 +0.020 6.147 +£2.345 0.778 £ 0.020 0.028 +£0.007 0.792
Peat moss 0.657 +£0.011 5.398 +0.351 0.343 +0.011 0.013 +0.008 0.943
Desorption Pahokee peat 0350+ 0.011 7.520 +1.057 0.650 +0.011 0.011 £ 0.006 0.801
Vermicompost 0.541 +0.007 8.768 £ 0.592 0.459 +0.007 0.002 +0.001 0.884
(=0.278 g/mg/day)e] =02 UERTE < W7iESE 242 YERITE. Fig. 2b9F Table 4914
FHEE AYAAE TCFOKMOZ 4 g3t ZAx} & g %ol OSMTME] 2& EZABAT (k)=

(Table 6), M2 F2HFH(fast sorbing fraction)?] F-&<1
fi2 peat moss(=0.657)>Pahokee peat(= 0.607) >> Cana-
dian peat(= 0.222) > vermicompost(= 0.195)2] <=o=& u}
ERtar, whe AR 13F FF Sidar(finst
order sorption rate constant)?! k2 Canadian peat(=6.15
d™)>peat moss(=5.40 d')>vermicompost(=4.21 d7)
>Pahokee peat(=2.11 d")2] <=2 Uepjr} wbd
d FFHE (slow sorbing fraction)ol| 4] 13} F2 <&
s =8 FHREE] B8R F55 2 A
2 vEiedth, =1 FARE] 13 FF SR ()]
AUE (precisiony= A AlZFO] Vk(~ 1004) & o
F&althal & 4= UthOpdyke®} Loehr, 1999). Z&fu}
UPRe] mE FATRIAE F2j0] U] o]0
22 100¥0] 2R FF kinetic AL vIAAFo|}, 1
PE 2 gl 4, el L ol order
of magnitude estimateZA] =% F2FIRo|M 9] &= 7]
s skt 283 4 vk 2Eu g @ A=
= wE SR A7 1Y wIvk(1/k = 0.16-0.63Y)
olm& f-&3lA A2 4 Uth

Fig. 2b& 7} Aol tigh PCES] B35 AF4A7
S} OSMTM, PSOMZ TCFOKME 34 g3t Zats

A °

lo ki Ir

Pahokee peat(=4.114 d™")> verrmicompost(=3.936 d)
o] o= vehdet ol §3 S2XEATR (k)Y g
ojitt. B} WHEGARES oF 1.1-1492 UERdTh
PSOM #XZ3 Ax7] 23} &€2&ET A< (pseudo-
second-order desorption rate constant, k)T verrmicom-
post(=25.87 g/mg/day) > Pahokee peat(=18.72 g/mg/day)
o] &0 7 Yehget] ol 0SMTM] 23 E44g
T (ka) WA= 74RkE Adfoldt,

TCFOKM #Z23}(Table 6), M= 225 (fast desor-
bing fraction)®] &9 A2 vermicompost(=0.541)7}
Pahokee peat(=0.350) Xt} A UEom =4 &%
F-E(slow desorbing fraction)2] &% fi= Hite] 7%k
< eI me 2R 1A} SRR (first
order desorption rate constant) k%= vermicompost(=8.768
d™"'V} Pahokee peat(=7.520 d') Rt} TA Yepgor
= 2] 13 @R e W] A
v 23te] A9 EY W 78 organic
carbon content)®] -2 vermicompost= &-21&0] Fsf|A]
A FRE= FEo] griEes & Zow dAdEm,
Hhd EQR f718kA3(organic carbon content)®] “¢
Ho g ES Pahokee peatd] 7A-toll= B AR
o] F3F W30 Hepug gjo] =gl dojumg A}
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YHoz el 93 Pie] @ Aow AmErh

Opdyke®} Loehr(1999y= =% &2RRo] |13} &34
=) @-Q’E(premsmn)‘:‘ As A7) 1k, 24Q
o f-&sithal skt o= ky 3 A5
AsM= B3 kinetic Ao ] F 1002 o) Z=a)s|ojof
s omlgity et B A5-Ae diRe] we g3t
FEolMe] 222 19 offel] o] FolAER 100 o)
9] & kinetic AL AgFo]x| Ealc}. g B
ARolMe] k #e] B "oy ©A order of
magnitude estimateZA] = BERFo|X9] &2} 7|7HS
/‘q‘ﬁ;]k‘t‘" 488 & Aok A wE g 13}
7_—‘1 ST k38 A wE 2RNES] AR
19 "9 (1/k =0.19) o)=& 831 A2 & 3l
=, e g2 e 1A} @RS )
9] 4123 o} (ransport) = SN HHel
o] glomz B2 kinetic AT A= AEEA|Q] A7
A Z8E 5 S ZoE AdE

g 9l £,

mﬂi

4.2. PCES| &% & &%

FAEE A9anery v §4 9 etage 2

=2
—_

R7] H¥A|ZH(apparent sorption equilibration time)S 7
U7 3N oH, FHAZE Pahokee peat?} vermicompost
Z AME3I3T) Fig 3a9t 3be Zkzte] Bl tis) 3t
2 g2 Avlel A5 A (linear isotherm)S &7
‘)rEP:H Aol ’ﬂalr:"ﬂﬁﬁ]-r(K Y= Table 6 YERNACE.
S22 B A EA|AS== Pahokee peat®] vermico-
mpost ®th T =7 ‘45}‘7&%‘3] ol frlekAa
(organic carbon content)®] X}ololl 7]Q1EHKTable 2 #H%).
Grathwohl(1990)} Xing S(1994)2 (N+O)/CZ “polarity
index”& A5}, =& F71E52 o] uf9- & EY
A B ke Tol RS Fao] P2zt
2 S5 Qo frlRk o] TS B
o e EAHA e 21 e UeRIA, pCE
9] 7% “polarity index’= S5} ol JgkS vA=
Aoz L4HA JATHGrathwohl, 1990; Brusseau, 1991;
Brusseau and Rao, 1991; Stuer-Lauridsen and Pederson,
1997; Binger et al., 1999; Schaefer et al., 2000; Li and
Werth, 2001; 2004). PCES] &2 f7|4% ek
“polarity indexol] &Jal} HHH o F AGEM, ERS =
AE He AR A9 545 71K PCEY] 4
Aol FANS] G A Ao AmEr

Fig. 4= Pahokee peatollX|e] &2 A3 dyz
gl xe] £ FEolA AlEsle] A&EEks st
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Fig. 3. (a) sorption and (b) desorption isotherms of PCE on
Pahokee peat and vermicompost. Sold lines represent linear
model.
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Fig. 4. Comparison of single-step and sequential desorption
isotherm of PCE in Pahokee peat.
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(a) PCE

1.0
0.8
o
O 061 —ea
= —o0—B
O v C
04 4| =D
-
—o0—F
021 —e6
—o— H
—i— |
0.0 = .
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8
- B (b) TCE
v C
—&-D
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—a—F
-G
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=Y
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Fig. 5. Reductive dechlorination of (a) PCE spiked and (b) TCE
produced from PCE dechlorination (batch study).

Aot oA &
of & Aole gle AoE Yehon, GaA3de v
H|gk Aog e o]} 22 Ayl= B AyoA AL
| 71 o] 2 FFAIE AERAY gAH2
AR, Ask] 712 A9E29] in situ containment
7t 7Fs3i, 23 f71954S A7kl 2 AA
3] 8Z(slowly releasing)=| 22 W|AEo] E3Ed 4 3J
© FuS AFARES AT ¢ demm AEHA L] @

AzA HIFE vl

4.3. PCES| EHY E4st

43.1. F2A BIEA] A PCES] 894 2943}

Fig. 55 Table 20] Uehd Z}2}] treatmento]] whE
AAFA], yeast extract, vitamin B, 93-S LERA
oIt} Fig. Sa= ARl w2 PCEY] E3|H=E, Fig
Sbi= PCES] 4] 248} ofgh TCES| AT} s
= YehliE Aot} Fig. 5a0lX biological inhibitor)
HeCL(250 mg/L)2} NaN;(500 mg/L)S 37}3F treatment
A(abiotic, killed control)®] 74§ AlZte] Z=glol] we}
PCE 3%=7} 7] 559 ¢F 80% AX(C(FH)/C, ~ 0.8)%2
Taske Ae® YeRdth Treatment Ao+ HgCLo}
NaN;o| 371l oja)] & 2haspt A=,
Ed9 PCEY] 20% Hx=o] 7= FZ head spaceZ2]
3lalol] o3 £4lof] 7]Q13M). Treatment B-191412] PCE
FETE treatment ASAS] PCEY B% olslE X|&ZF o
2 she Zle® yeht PCES] Sl gt X
FHS & 4= Utk Fig. 59 Table 8ollM & 5= A%0]
PCE E3& =+ lactate(treatment D) ~ lactate/benzoate
(treatment 1) > lactate/vitamin B,(treatment F) > lactate/
yeast extract/vitamin By,(treatment G)> lactate/yeast extract
(treatment  E) > butyrate/yeast extract/vitamin Bjy(treatment
H) > biotic control(treatment B) > yeast extract/vitamin By,
(treatment C)9] L2 UEREITH AAZAAE B4 &
2 treatment B2} CollX= PCES] E3ll&=rt dA3] =
A= Ze B F slen, o|2FE HAgoA| Foirt
PCES] A gdastE XS & 5 AUth
Treatment D-HS| Z2RE Fold dAgAA o] 7
of W} PCES] #d Edas) &&ol xjol= glon
A717480Y)S T3 B o treatment D-H EFol A
PCEZ} €Hd3] AA"ES & 4 3t Fig. 5bv PCE®
Y 2dasl] o) AAdE T2 F4RE(byproduct)?]
TCE®| &% ¥3}E VRl Aol AAgoAlE Fog
BEE treatmentollA] &F 204 ©]$FE TCE/} 4=
A1ZSIA. 01, lactate/benzoate(treatment )7} S8 73-$-
FAE TCEZ} 7P ] AEE Y. AT AIE F=
B}A] @2 treatment B} CollAe] TCES] Ay AL
diF s =gA velst=tl o= Fig 528 PCES] 3

Table 7. Linear sorption and desorption parameters for PCE on Pahokee peat and vermicompost

Sorption Desorption
Geosorbent K, (L/g) R? K, (L/g) R?
Pahokee peat 0.0703 £ 0.0259 0.9634 0.0979 + 0.0371 0.9735
Vermicompost 0.0692 + 0.0282 0.9516 0.0870 + 0.0368 0.9764
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Table 8. First-order degradation rate constants for PCE without presence of sorbents

Treatment Electron donor ky (day™) R?
A None (abiotic, killed control) — —
B None (control, none added) - -
C None, Yeast extract/Vitamin B, 0.0121 £0.0015 0.831
D Lactate 0.0266 = 0.0035 0.896
E Lactate/Yeast extract 0.0191 +0.0032 0.829
F Lactate/Vitamin B, 0.0214 £ 0.0036 0.837
G Lactate/Yeast extract/Vitamin B, 0.0195 + 0.0037 0.797
H Butyrate/Yeast extract/Vitamin B, 0.0194 £ 0.0027 0.859
I Lactate/Benzoate/Yeast extract/Vitamin B, 0.0260 £ 0.0047 0.833

A 733k JX)ghct

FennellZ} Gossett(1997)2] ZA3}ol]l 2]}  butyrate,
ethanol, lactate, propionateE HAFFAAZ AL83199S
W lactate®} ethanots ARE-EH 790l x] G=8-aie] 4
FE7b Boh A fAEe] PCES] ®aivh whE Wk,
butyrate®} propionate®] 73-F- 44 FE} Gol AdlFo
2 =g A BT 28y 1 ARES A A3
S = AAFAAY] TRl wE & xjo] §lo] BT
wa7E & olFolxtal HiEteitt. Yang? McCarty
(1998)= cis-DCES] 3]3#-2] &<dAs}l A&ollA propionate
£ A Z ARESE 735 benzoateE AREEF 75 B
t} ethene®] 38 o AAE 2™, methane 2430l U
A= benzoateE AMEZF 739~ propionate HT} 38) ©]
A Bol AAEE AoE Rysith B Aoaes A
AEAAAZ lactate Toi= lactate/benzoate®] 23S T3k
735, PCE®| Zali7} 71 wi=A] e, daid-Aztet
AXE AHAE DS 5 AUk Burris 5(1996)% Zou
5(2000y2 vitamin B9l 2JS|4= PCE, TCE, PCB9]
AESH Sl g@dish) SXES Btk 1y 2
AF A= yeast extract®} vitamin B,= PCES]
Ballol] & dTe vXA| 2= Aoz Ve AR
oA A e AYdM PCE EalE=e] Aol=
Ko}, AAFoR Sy gaspt FXES &

ATt

[o

n

43.2. F2A EAA PCEY 3] ©948)

Biobarrier®] BAIZ AREEE S2HA2] EA17F PCEY
3 ghasl X YIS golr] st §&
A= FHES} EBRS AM83lFT) o] A3dxe dsst
culture 23 ZAI}ol| A yeast extract®} vitamin B,©
PCES] Aisl &5o & JTFE vxA| Fovz &
A EAA] PCEY] ] gas) AFoAe yeast
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extract?} vitamin Bj,& FSHA] il HARFAAY]
S AR QITH(Table 8 32). Control 232 NaN;
9} HeCLE Vst Asle AIsH Adelelxe] &2t
Tke] ks AHE Flo|t}. Figs. 6a9}t 7a0l4 & 5 9l
5] control 2¥A7}, vermicompost®} Pahokee peat®]
AN -EWFe] PCES] s 47} 7] Fofske
300%(C(1)/Cy ~ 0.3), 27%(C(1)/Cy = 027) G0 7hA
3}99t}. Vermicompostol] HI3| Pahokee peatollx]e] 4~&
HFo] PCES] TErf tha e A2 F&o gt 5o
Z Table 60 YERHA nHRe} o] Pahokee peate] 413
FalAlS=(= 0.0703 L/g)’} vermicomposte] A3 FujAl4=
(=0.0692 L/g) Bt} thi =7] wjZolt}. o] Fig. 5a9]
treatment A(abiotic, killed control)2] AIHC(#)/Cy ~ 0.8)2}
Hlasle] B o, gae] PCEY] B Fhiole Y
o o3k EH(~ 20%) Bt F2H(~ 50%)p°] B o &
FIFS VAL USES & 5 Uk Fig. 6014 PCES] A
el o3 AE TCES} cis-DCES] FEv= FU¥
PCES] F5(10 ppm) 2t} A YePd=d| ©]& head
spacedl] 71Q18H 3ol gt &4, vE A ot
=2 9 TCE, cis-DCE ©]9]9] FAFEgo] gt 5ol <]
g B0 7 AlgET

Figs. 67} 72 {3AIZA] vermicompost®} Pahokee peat
o] EAA] PCES] #hld gasiel lo] Az <]
geS 2zt el Zolth Table 8= Figs. 63 79]
S gt AEAE 1A ARsl S5 (Eq. (4)
o7 FMukEsle] AL miwsE JERITh 2
2 vermicomposts A3+ 73-9-(Fig. 6), lactate/benzoate
¢} butyrate® Z7FSF treatmentol]X] PCEQ] #-3l&w=r}
7V wsrom 71 thS-OF lactate, benzoate 171 &
o2 Yeldth SFAE Pahokee peats AR -¢-
(Fig. 7), butyrate®} lactateS 7713} treatmentllX] PCE
o &8 &=rF 7P wEA Jesten, O o=
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Fig. 6. Reductive dechlorination of (a) PCE spiked, (b) TCE
produced from dechlorination of PCE and (¢) cis-DCE produced
from dechlorination of TCE using vermicompost as a biobarrier
medium (batch study).

benzoate, lactate/benzoate®] =0 & UEPdTH F3A &
AR microcosm AFANME HAFARNE H7IA] &
< treatmentol| A= PCES] A3l 57} AA3] "ol
= AL B F Qo] "AFAz) PCEY] EillgGE S71
of & FES S FRIF & AU Table 87} 95
Hlusle] & o F2A|e] EAll= PCES] $helAd E44s)

Qs 2AFIAS) A sl A 3
1.0 (a) PCE —&— Control
—&— No electron donor
—é&— Butyrate
—&— Lactate
0.8 1 —8— Benzoate
—=— Lactate/Benzoate

C(y/C,

Concentration (ppm)

Time (day)

Fig. 7. Reductive dechlorination of (a) PCE and (b) cis-DCE
produced from dechlorination of TCE using Pahokee peat as a
biobarrier medium (batch study).

S A FAATIE 2t e 3e o 5 Stk
o]} & Fe PCES F&/EE 717, &3 £, v
e FF, FHAIZHEY electron donore] €& 5
wlg- Bl @il Velsie Aoz wekEd. ol
| SeiMe 22 AR A 29 (Guerin and Boyd,
1992)5= o83t 57} 77t BRE A= AlsETh
Figs. 67} 79 PCES] #3|l4d7E wvluste] & of
(Table 8 %), AAFFAAZ butyrate, lactate, benzoate
2 Fo3ids 12k AR £EAF(k)E Pahokee
peat =A4A] 0.067-0.109 day'Z vermicompost =AIA|2]
SR 0.062-0.074 day ! BoF 2 o= Ul o)
o} #2 PCEY 1A} A3 £% ZI+= Table 49
OSMTM 225 3|47} Table 6] TCFOKM 221
% aX3 Blasle] AHE 4= ok Table 49141 OSMTM
A3 g2 EdAGAG (k)= Pahokee peat(=4.114
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Table 9. First-order degradation rate constants for PCE under presence of sorbents

Sorbent Electron donor ki (day™) R?
Control, No electron donor 0.0490 £+ 0.0064 0.851
Butyrate 0.0739+0.0100 0.942
Vermicompost Lactate 0.0687 = 0.0100 0.883
Benzoate 0.0620 + 0.0057 0.951
Lactate/Benzoate 0.0849 +0.0110 0.942

Control, No electron donor - -
Butyrate 0.1092 + 0.0200 0.914
Pahokee peat Lactate 0.1067 + 0.0250 0.850
Benzoate 0.0673 +0.0198 0.885
Lactate/Benzoate 0.0556 £ 0.0110 0.712

d o] vermicompost(=3.936 d') BT} ZA Uepd=d|
ol PCE®] $held ©9iast &% e} dAJsial k.
Table 5°] TCFOKM®| 22 Aol wg 22
(fast desorbing fraction)?] &% £} 12} BREE/dS
el k©°] vermicompost’} Pahokee peat RTF FA e}
o, =g B E(slow desorbing fraction)2] £-5<1
£} 12} 27 &35 k= Pahokee peat©] vermi-
compost Bt} & Z0F UERdT ole} 2 AHIS F
Fatol B, F29 PCEQ 13 AR SE4

Ir

OSMTMe] &3} EZAYASG: == TCFOKME =¥
GRRS] 12} ERET el WS AV e A

o2 ek 28U Table 89 13} AR S
0.05-0.11 day™' AEZX Table 59 =& 2ppio
2F BT AEE 0.002-0.01 day”! Hoh o] 8 2
T Utk wEbA B Skl 2As) 5o g
ofe] A disiMe F7F A7t ek

olelgt ATAANE THA AT wj, HE=A] o)
LR 32438} (in situ containmentyd LFE-Zo] A3
gatETh pAEe] o5 s AAE F UdSS AAF
S}, o9} o] AJEBAe] {2 8 (sorption capacity)
7 gREEE AERAS] AR 9L 300 o 7| AA
A=A &8E = US Zlo|th

Smatlak et al. (1996)> 4 A48} QojA 4
= AA3] WESE butyrate?} B2 HRFEAA|7} PCES)
gk BalE Hslixe o Adsitiar stk 2ev
House(2002)= FAIEY lactate, butyrate, benzoateS}
2L AAFAAE H7FsF 1,1,2,2-TeCA7} ethene® E
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