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Abstract

Project Code: RMU5080012
Project Title: Reductive Dechlorination of Hazardous Chlorinated Organic Compounds in
Sediment
Investigator: Assoc. Prof. Dr. Jin Anotai
Dept. of Environmental Engineering, King Mongkut's U. of Tech. Thonburi
E-mail Address: jin.ano@kmutt.ac.th
Project Period: December 1, 2006 to November 30, 2009

This research project studied the biodegradability of hexachlorobenzene and
polychlorinated biphenyls, both of which have been classified as the persistent organic
pollutants (POPs) in the Stockholm Convention, under anaerobic condition in the stream
sediments. Twenty eight sediment and water samples from 10 streams were collected
and used in the study in three medium forms, i.e., filtered sediment slurry, non-filtered
sediment slurry, and sediment layer to simulate actual condition of the stream sediment.
Hexachlorobenzene could be dechlorinated effectively in all three media tested under all
conditions via the major pathway to pentachlorobenzene, 1,2,3,5-tetrachlorobenzene,
and 1,3,5-trichlorobenzene, respectively. Minor pathway to pentachlorobenzene, 1,2,4,5-
tetrachlorobenzene, 1,2,4-trichlorobenzene, and 1,4-dichlorobenzene, respectively, was
also detected in some cases. The most important factor was temperature. Within the

studied range of 15 to 45°C, the optimum temperature were found in between 30 and

40°cC, very close to the typical temperature in Thailand. This was significantly different
from most developed countries, where the hexachlorobenzene was found to be very
persistent in the environment, that have very fluctuated temperature. As a result from
temperature variation, the indigenous microbes in the stream sediments in Thailand
were more diverse than those in developed countries. Hence, hexachlorobenzene could
be effectively degraded and, thus, should not be considered as a persistent organic
pollutant in Thailand. Hexachlorobenzene dechlorinators were methanogens and gram-
positive bacteria which could resist to vancomycin. The dechlorination kinetics followed
the Michaelis-Menten equation with the apparent maximum dechlorination rate constant
and the half-saturation constant of hexachlorobenzene were 0.45-0.73 mg/(l.day) and
3.2-17.2 mgl/l, respectively. Dechlorination of polychlorinated biphenyls, however, was
unimpressive as compared to hexachlorobenzene. Of all 21 congeners being tested,
only 2,3,4-trichlorobiphenyl could be dechlorinated in all scenarios but took much longer
time than hexachlorobenzene. The 2,4,4’-, 3,4,5-trichlorobiphenyls, 2,4,2’,5'-, 2,3,2’,5'-
and 2,3,4,4’-tetrachlorobiphenyls could be merely degraded under certain conditions
whereas the remaining congeners could not be dechlorinated by any means. These
results indicate that polychlorinated biphenyls are highly resisted to biodegradation and
become the persistent organic pollutants in Thailand.

Keywords: bioremediation, hexachlorobenzene, PCBs, polychlorinated biphenyls
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Chemical name

hexachlorobenzene

CASRN (Chemical Abstract Service | 118-74-1

Registry Number)

Other names amatin anticarie
benzene hexachloride  bunt-cure
bunt-no-more ceku C.B.

co-op hexa
granox nm

hexa c.b.

esclorobenzene
HCB

hexachlorbenzol

1,2,3,4,5,6- hexachlorobenzene

julen’s carbon chloride
no bunt

no bunt 80

julin’s carbon chloride
no bunt 40

no bunt liquid

pentachlorophenyl chloride

perchlorobenzene

phenyl perchloryl

Saatbeizfungizid sanocid
Sanocide smut-go
Snieciotox
Molecular formula CeClg
Structure formula a “ al
N\ /
Cl/ \Cl
a
Molecular weight 284.78
Melting Point (°C) 231
Boiling Point (°C) 323-326
Flash Point (°C) 242
Density (g/ml) 2.044
Vapor Pressure (mm-Hg @ 20°C) | 1.09x10"
Water Solubility (mg L) 0.005
log Kow 55
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ianozaaa lsuuduianuduisenfuunan (acute toxicity) Aauinadniiie
Lﬁﬁg’d’mmﬂmaﬂ’m AMNMIANWINLIN LDy, maﬂwnﬁm%’w&‘lmj (rat) %H,Lﬁﬂ (mouse)
A3zANY waTwNINANYNAY 3,500, 4,000, 2,600 way 1,700 AadnsudailansuaNs1ay
a A v A o o a o W e [y ' sa A & A
Audsunawiosuiaints W ladmsnonuly  adelsidienacaaalsiundudufs
Wounauthunanadiadnginimenismmelalasfid LDs, niunulng nuldn uaz
1 et a A ar 1A ) o Qs a J >
LNAYINNL 3.6, 4.0 Uaz 1.6 TAANTUABRATANAIAL WANIZNUABUNABIZLAATWAL

TeUUUITRINUATNANLHD V‘iﬂﬁi:uuﬁaﬂﬁmﬁﬁmuﬁ@ﬂﬂaLLazﬁummiuﬁq@
2.1.2.2 AN iuN 5o 59

WA TITduaNNL I uAIaT (chronic toxicity) Tunulngiwuinmailauianas
AnalILNTUAI1896TY 50 AaanTudanlanTuinnindaIwa NI lwiAaMIINyTaay
95 Wwaz 30 éim%’umté’uﬁULLazéﬁgmméwTumUluizyzLaaﬁ 4 1@a% WINaaIINNTlan
agfizning 25 A9 50 FadnsudanlansuiinwindaiunuinaziiananIznusateuy
Uszan namfalina1n1IaIgh (tremor) AWLABAALUNG (hyper excitability) Wawikddan

. . y“’ J :, b s £ QI J a a 1
(skin eruption) wananRganuivininuesay la husazleaiuduiiaUnd waninas
Usnmaanie 5 Tadniudeilanduhwindetunuhmgsiulngauninseatiaagle

a A A = k4 v o A A £ %

I@ﬂwuaiwinauuLLa:Lau"LGnu“LuLaa@a@aﬂmwmumm:m%uﬂ@umwmﬂmwmd
gy ' a & = { v v a .
uanmnﬁmwmwszmsnzﬂaa‘[smummﬂwuﬂumsﬂs:ﬂauﬁm:@;ﬂ%m@porphyna

dl a J a Al 6 [ A 6 o U & 1 A
(@M siiatnanmIRaUndluewloiannduuaziien) 1um§wuaza@ﬂmﬂuamm
mstlautanazaaa lSlUwSuAUSUIm 15 LAz 50 AaansudailanTusinnindaiwduiag
90 JuRINIANalRkLAG porphyria luﬂsz@iﬁmmmg%omvlﬂ;jmsmy"lﬁ Tull a.@. 1950
ﬂizmmmaaﬂizmmpﬁvﬁ%’uLaﬂmﬂaalswwﬁﬂuﬂ%mm 50 019 200 [aANITNAAIW
' ' . & ' v v A Ao ’~ o ' =« o
ﬂaﬂuamo"l,mm’l,ﬁlwﬂuw’loﬂﬂssuﬂizwﬁuﬁ@w%ﬂwLaﬂsﬁ:ﬂaahuusﬁu@ﬂmaag 1 ea oA

= a | . J v U vra Aa
Uz aunanswnawinalu porphyria AuilazIagas 10 maagﬂwvlmawﬁ’maa

wenniissnuinmslasuianoeasalsiunduagnsdoriasdinansznudaszuy
ﬁuﬁufmadé’mf nnmsanslwianuIanszase lslunduilsinm 4 Daansude
insndeumansnaaszeuaszeslunealasauludonads lusmsiionududui 8
ﬁaﬁﬂ%'miaﬁﬁﬁﬁfﬂ@ia’i’udaNam:m@ias:uuﬁuﬁuﬁmaaﬁo aeglsnd linuianozaae
Iimw’fiw?‘iizﬁuﬂﬂa%ddwa@iasxuuﬁuﬁufmaamguﬁ wamimaaa‘lw%ﬁawud%aﬂm

analnuudwduainanziis (carcinogen) laswumafinduvasifiasanlunyfiniiim



Uaa AU WAz NUNANUTNTYE 4 TaANTUADINRINGADI LANANIIEIBNNIHaNZSI %

6 1 & dl >
mgmm"l,mﬂummm
2.1.3 ANAIAIBALNITEDYAAILINIIDININ

nwittludadssnanuinanazana luwduianuadigedalinianuiana:
analnuusuanduatmdoulusrsumaidunawsiazaunsanaausnellldlng
v iamszanlwlyguvesfiilitinrntoluuy oa LLasz:aLﬁamaamgwﬁ RIGGERE
NTENUT UL dunalianazanalauudugnimualdidu 1 Tu 12 srsuafndundd
AdNU (Persistent Organic Pollutants, POPs) sl,umsﬁsm;maaauﬂs:mmﬁﬁﬂgaaﬁaﬂ
lasgn Ussinaadoulull wea 2544 dsznalneleonidnmsldianoraaalsiuuduan
soudtl w.a. 2523 agnslsfadsiimnuianaeaas lswndudwilonluazneuanunasin
dna9atiianac (Brigden WazAmAZ, 2003; Anotai UAZATAL, 2006) vatitasannmatwiion
°ua<1LanmﬂaaIsLuue?juiuawsLﬂﬁﬁlﬂuqm’mmmLLazmiLﬁmﬂum?ﬁNLﬁmmn
nszuaMnIHAREIUsznaudunSSanasutu it wennduusslandu (Bailey, 2001;
ATSDR, 2002) Robert azats (2001) "l@TS’JmazJiTaQammmdwm el AnITWTIY
v3nsUaavaasianszaaslsiuuduludisleadansns 1990 laswuinianozaasals
mw‘%ugnﬂmﬂa’aslaangj?hLL’mﬁawmumﬂﬁﬂumsﬁﬁmmaa ayeaulunsae uas
mstn lwailvindn 6,500, 9,500 waz 7,000 Alansusiel Tasluswiunanmsin lnaii
swiimauadinwdszanm 500 Alanswdel  aellusarmilsalsesiade

23,000 ﬁIan%’mia?]I@ﬂﬁmamsﬂa@ﬂﬁiaﬂa%i‘szwj’m 12,000 119 92,000 Alansusail

LﬂuﬁmﬂuﬁuﬁiﬁLaﬂsﬁmaakmu%uﬁmwmé’a‘lummmﬁqamn M3LBLFANE
a U B A a a o ™ a A 6 a d'n:l o a
MM wiuulTainia lida s T AN T NN IR TURITAWN I TAaa T UN NI UIBAR DT b
luanags undlawduianazanalauudu  adilindnisdessasuuulioimeamansn
ﬁﬁvl,llg'mﬁia@ﬂaa%wnaams'ﬁuw’%ﬁﬂaa’%u"l,@ﬂ@Ummmuﬁmaaaz@lauvlaimtﬁlml,azﬂéiaﬂ
awaﬂaavliﬁaaﬂw’nﬂuwalﬁamamaam‘?uau‘luiwLaqagﬂa@maaﬂ%m%’umﬁaawms
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R-Cl+2¢ +H —  RH=+CI (2.1)
nwidtlunans guszmaniamnuidlinanatuayuiianszasalnouduiiana

\§DHININ Beurskens WaTAMAT (1994) WuINRLNEISanay 80 VBILENTEARD LTLLUTUN
Unilanluaznawiunziazny Ketelmeer Gatiluiunanaznauwyaduisin Rhine Lﬂﬁﬂugﬂ



v 1,3,5-lasaaslstuuduuas 1,3-laaaalsiunduaudraulusiaan 20 I Chang uay
] = a . Aa : vAa
e (1997) TBNUMAITIa  (halfife) vadianacanalsiuuduluduiaztinldan
Uszanm 3-6 uaz 5.3-11.4 Uanud1au luumen Griffin wae Chou (1981) WUAAIITIA
a Aa ] [ = = 1 1 dll £ 1 1
vasianazanalauwuluduriiny 27 s 5.8 Yuazdulngjaziafendhogeimaniiu
! g . J & a a
NM3ITLRNNY (volatilization) Beck LLas Hansen (1974) NBNUANATITIA luA UV ENTE
AnalTluuTwYinAL 2.7 89 5.7 T luvueh Howard (1991) 5189wl 10.6 fi9 22.9 1
Isensee Uazatue (1976) Minumsaaasvadianozaaslsiunduluduniuliluaaustla
A Y \ o A o = a
Watlasnumarzswmshonmelaanzionmeauazliomasseaszoziiandns 1 1
Mackay uazame (1992) 17 Fugacity Model uazenasnifizendns giruimminisdie
va91anTzaaalsiuntuluaznaulaninii 6 I Zhao wazAme (2003) AnwIATHaLRANY
v a 1 é a 1 04 o gl
wuulFameavasianorasalsiunduluaznaunuaiaaiiawinny 1.7 waz 0.7 Udnsu
ATNAULANLAZAZNOWNT M ILANTIIDWNTIAINANGL Brahushi Lazamhe (2004) An®INNT
depamouuylimeavesanszasalaiuuiulasadnludusrsnndlukosd juanns
1 =) =) J 1 v { ] ~ =
WUINTMIaaadvadlanTzaae LauwBwiadnad1997 9lunstin linsduasdund an
szasalauuduiienudutududu 30 lulesniudeniudugndesansldionaz 50
. ) & . | Y \ o e o A
lugr9an 8 sandd wazlianundesaanslanualusis 20 alainrinmIneass e
SNt N L AN LARIANS LA UNRLNLIOATINNTLBUFAULINTLARE LIL LT
aaad wananidanuinnadwnguiiaiedinulildtisuinslunsdessasianazaaals
a d . A
Wwid luumef Prytula wae Paviostathis (1996) T9ANMINTAAAREIUYBILENTZARDLT
a A & o A i A L A A o
wudwluaznauiiiuannurasihnduwtenisnacasalsiundunuiniinessosas 43 289
A A \ o A A A Aa
ianozasaliiuudugnanaaaiuluginm 481 Jufionmni 23 asenadoaluilalay
ladfimydSusnmwduiag (acclimation) uazlk1m13ia3a Rosenbrock UazAme (1997)
A A o & . a
wuhiliiesiasaz 40 vasasalidngnidesaaninannisanaaaiuvadianazanalaiun
A A a A Ada A A6 [ ' va Aa a A€o |
Fufiduasldluduniansdunidgelu 140 T wazwuihmnnld@unfiansdunideaaslal
LNTANAAETUVBILENTLARDLILUUTULAY Chen WATAMME (2004) ANBINNITANARETY
A o i AV & Y
YpdlanTranalIlUniuaI8aTNawRal (sediment slurry) N bitneduilandisianszans
IsiwnduannawnuNAisiaznowwar 2 dradainuuNaunsoanAaeIuadLans:
= v = = a s v 1 d‘yn:: dl A L 1
analauuduld lasfiszoziiawnes (lag phase) 90 1 TayamarikduiaIasbuduin
anozasaliuududummwsfindunidnienuasmgaazandssnwulusywnald
) 1 =) [ ~ A = 1 dQ/QI L = dq/ v o dq,
Huaeed  agdlsfdnans@nwinafidandenunansansiissduvasnmerinanui
(Anotai UAzATME, 2006) MWUINGTNaWNAINARBIRIEIYUATLSIIIMLNAREITEHS
NUAFNITNAAARETUNANNTNTY 17 FadnTudanTuvasudouieldadnisiasy anay

ﬂaaISLuu%ugﬂLﬂﬁaugﬂvlﬂ%mmﬂu 60 % NRINNIIANARDIUNNUAD Lanszaaals

WWEH — INWAZARDLIUWTY —> 1,2,3,5-10032Aaa l3Uwdw —> 1,3.5-1a30aa 31U



= o @ = o o Ao A '

Tu VAL TIRDAARBINUNAINUITLVEI Fathepure wazamss (1988) AWLILanTe

ﬂaaIsmw?mmmmgﬂa@ﬂaa’%uvl,éf 2 naln launalnwaniduwmsaowlihiu 1,3,5-1as
= A ' =< g ' & A ~

A8 LIUWTWARNAWTUNTANES  §auNa NTadwnITURuuwaNnNLanTza8 o LT L%

WA BAZARD ITLUUTY 1,24 5-10072A8 ITLURTW 1,2.4- 103080 LIl Uwdn uaz 1,2-, 1,3-,

1 4-laaaalTlUnTUaNEAUA LLamalugﬂﬁ 2.1

214 Nﬂﬂadﬂ')i?ﬁalaﬂﬁia% A175UIaANTDH HAEDIaIh I

i guazsnwinasanftnatasnuMItaugaslanaeaaa sl undu lad
MIANENNUaENIAaLlad Chen Wazamie (2002) wm"]a;a%wﬁgﬂﬁﬂﬁﬁumﬂﬁmaﬂm
A8 LILUUTULAZINTLANRITENANNERARINITONAAR D TUUBILTNDEARD LI LT L6

o ' ' o a af Ada o A '
MIbTLanne lsa1snselinITanaaaInadn WNITNTENITUBLAAATAWLTY  LslaTa
wIaTaNa WUINA e IWLeas (Denitrifiers) wazhUANSOAATAING (Sulfate-reducing
Bacteria) mmmLm'omsmmsmﬂqa%wmjuﬁﬁ’]mm’aﬂammanmmaakmw’fimﬂuwa
IRUsedNTMWMTanARTUVBITTULAARY  IuutMefl Paviostathis W&z Prytula (2000)
ﬁﬂmﬁaﬁ]auwama@%aomiﬂaUammaﬂsﬁ:ﬂaakmw’fmuamaaTsLuu%uﬁue]sTfamga
a % dl L s v Y a o . v dln:l
mwvlsmmﬂﬂ”lmumsﬂsuamwl%qumULLa:LasaJm'ga (enrichment) Meldan1zni

Cl Cl
Cl
7/
—
/ AN 7/ AN
Cl Cl Cl Cl

/' 1,2,3,5-TeCB 1,3,5-TCB
Cl
Cl

cl
&N / /

HCB PCB \ /

Cl Cl Cl
Cl Cl
7/
@ , @ ......... . @ L4DCB
c Cl Cl Cl
1,2,4,5-TeCB 1,2,4-TCB \
Cl

7/
@ 1,3-DCB

Cl

gﬂ‘ﬁ 2.1 MItagamaianazanalsiuudunsirnmwneldaniglSanme (Fathepure
waTAME (1988))



mydunsdimaoila  wuimsdesamaianazasalsuudugeanaasiunainfitanalay
Fathepure Wazame (1998) nanAatanszasalnuuduiiulngdesaasllaunalnman
aufis 1,35 lasenalnunds uaz 1,3-lonsalauwdu DiRssdwlonriiwAEwNg
natnsadtiu 1,2.4-lasaaalsiuudu uaz 1,2-lanaalsiundu muﬁumsﬁuﬂ‘%ﬁuazm@;
9NN LRBNNLINENNITOTIBLTIEaT st ouaaslanTzaaalsuudwle awfile
ARNMHINNLADIN Prytula WAz Paviostathis (1996) WUINMIHau@AEUBILENTLARE LT
wuduluaznanwlwunasin sy auranitafal udouinstinandafiesionas 43 28
Lansﬁ:ﬂaaiuuu%ugmﬂa"wgﬂﬂwﬁwnmﬁa 481 1 9 ERNMIENENTDUNITEN
douiioslaglfuaaianuazasdian  wuiinsdesamnavadianozaas lsunduialdis

'
Aa

J U Qs o = =Y Ui v U U
Hetunlagldiiaies 205 TusNANIDRNIALENTEAa ITIUWTW IO nITaas 95 wan1Iilan
m@;mmna%uhivlﬁmms’aé'@mmiziaﬂamuLaﬂsﬁ:ﬂaaIiLuu%u%oagﬂiﬁlumzﬂauﬁm@l

a = o ' = a A A a a oA
AWTLEITNLNEINALED amﬂsnmlummwmqmmmmuuagvlmwmwalumﬂau
f{hLﬂuﬁaoﬁmﬂaum@;m‘mﬂﬁuLawL‘ﬁmhUﬂi:éjumiﬁwmmadﬁ;a%wﬁmmma@
anaTulwianozaaalsiuuduld Chen uazAme (2004) ANBINIIANARBIUUDILENTLARE

a A« . 7 \ v o A VA P

TstunduluaznawAUaNURaIin 4 uwislwdssina ldnings linumsdwdawvasian
sﬁzﬂaakmw’fmmﬁaﬂ@U"L;iﬁmsﬁﬂﬁﬁumm WUINTNLIAZNAWINN 2 WASIRINITOAG

A a U 1 Q 1 =\ a @ A 6
aaasnluianazaaalaiundulalasldiiainin 150 I waWININILANRIIINALRE
(yeast extract) NANUTNTH 5 NINADRATAI LUNLINALNOUINNNG 4 WARIRINIINEDE
RRULENTEARD LTLUUTU A LANTINIRINAAL 45 D9 60 TWUAENNIDLLRALLANDS
88 LILUWTU LARUARRINBWANINLY 30 T% WRINITUIFUNHIWNINIANAT LA LRI
sadurdshmihndumilidiaaaseunazmgomaduzsdududenisdesaaioian
TLAND IILLWT I(ﬂmﬁ’]Lﬂuéfaaﬁag’lm:é’uﬁmm:ama:mammﬂmwmﬁaiﬁqa%w
funTadLinianIING19 9 leadedaiiadnnznMIannaeIuTeLanTrARa LI UUTK
a ‘; U 1 Q =Y L= [ = a { o v
BOIUWTT fIBRITIUBLRAATaWUNISIUNIUNNIANALENTLARD LI LT WL 99nvin 14
am’;:vl,ﬁ”a'm’mﬂﬁsluu,ﬂao"lﬂﬁalﬁLﬁ@ﬂWisUﬂ’;u@iaﬁaﬂﬁmlaoaga%wﬁﬁdumﬁmﬁaaﬁ'u

NNIRANRDIUYBILTNDTLAND LI LT
2.1.5 naYaIYMNNN

a o o A& A, \ o a o a :
amﬂﬂulﬁﬂu@]qLLﬂiaﬂ@’]%%\‘]ﬁﬁ\‘]Na@]aﬂ’]iﬂ’]ﬂ’]uma\ﬁ!a%w JTWIVLRRVYTUNLDIN

q U

qmwnﬁﬁmm:amamiﬂa UﬁaﬁElL‘EIﬂ"IiZﬂaE]IiLUu‘?J%LLazﬂaaiiLU%‘Ti%ﬂ’]\‘i%’)ﬂ’]Wﬂ’] Elsl,(;f

U

annazlfenmeaglutiaulaflan (mesophilic range) Middeldorp uazamiz (1997) fnw

] ]
a A =

NILALRALYDI 1,2,4-1@15@@81‘5LU%‘%%WU'§Wqm%ﬂ“ﬁﬁLﬁﬂﬂﬁiﬁNﬂﬁ;@ﬂa 37 °C 1%“11&[»37]

20°C uaz 30°C lwnalunand LLa:msa@ﬂaa%ugm‘i’]ﬁ'@l,ﬁaqm%gﬁl,vhﬁ'u 4, 10 WAz
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55°C Chang uazftwe (1997) WU RN NMINE RN N TUNNIAAARIUTDIENTLARD

a ] 1 & U L -
Iimwnuagluma 29 §19 37°C TIRAARBINUKNANITIABUBY Chen uazAmse (2002)
Jacobus LLazatsy (1994) ﬁm:nﬁawamaaqmﬁgﬁﬁﬁcﬂ'aé'm']m‘sa@ﬂaa‘%umauaﬂmﬂaai‘s

wwdwlasldaznanainnziagny  Ketelmeer uazlfuaaianiduwsislvaisuan  wuin

) S )

v A ° = (0] ao A, AN v = v ' a A
swihgmunpliazaadiasauis  3°C Nammﬁ]mmum"ﬂ%mmmﬂumwga‘*ﬁww
mmma@ﬂaa‘%’ﬂmaﬂsﬁmaaISLuu%uVLﬁﬁfua:ﬁwawuvlﬁaﬁqmwgﬁﬂizmm 30 iy 37°C
o & A v A o a A = ' o . L A
amﬂumw‘[maLﬂmﬂuqmﬂﬁmmwaaﬂs:mﬂ"lmyﬁmagluwmau (Tropical Zone) @98
qm%gﬁ@‘hq@lmaauﬁﬂu’nLﬁuﬁq@f;fm'j’] 18°C Lm:mﬂ"ﬁagaé’m@iﬂ W.@. 2504 D9 W.91.
2533 °naamuq@;ﬁw%mwudﬂuﬁuﬁﬂgdmwumumﬁqm%gﬁmﬁmwmaam‘hqmaz
gAY 24.1°C uar 32.7°C enus1aL 1u°umzﬁ%’wi’ma&gmﬂswmsﬁoLﬂuﬁuﬁﬁ
ﬂaaaﬁaéwgvlmmuﬁ@mmﬁ'u 26.3°C uay 30.3°C enud1au allSuuiisunulseine
M uidsdulngegluivanleinaunuaugu (Temperate Zone) wiauuuNAN
n31 (Continental Zone) NXamnpiidgandslwfounnuiiungaegluti -3

18°C uaz -3°C anusau
2.1.6 9auNaAIAAIDaINITDUFAY
MR UBIRITDNRTHAZLINTLARE FIUUTULLLLNAILESTNIIN (co-

metabolization) 1a mga%waazmmsn abuneldeaaun13T89 Michaelis-Menten Kinetics

AILFAIlUFNNIN (2.2) (Pavlostathis L8z Prytula, 2000)

d[HCB]  _ ( ka[HCB]j( S j 2.2)

dt Kycp +|HCB| )| K¢ +S

lag kK = @hmﬁé’m’mwsa@ﬂaa‘%maaLaﬂsﬁzﬂaai‘imu%ugoqmia

VIRDINNW

Kics B8 Ks APa7iAS9BNEA (half-saturation constant) §w3ULaNTe
ARB LI UUTULATENTDUNITTANNEIA

X = m’mLﬁwﬁumamaaga%wﬁﬂamammLaﬂm:ﬂaai‘imw%u
[HCB]

S = ANV NT UV I8N TEUNIT

ANULTUTHILINTEARD LTI LT
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a a o P a A6 & o o 4 A
1uﬂ5fufua\‘lﬂ‘a‘:U’Juﬂ’ﬁﬂN‘ﬁ’m’IWLLU‘IJvLia’m’lﬂLLasza’ﬁauﬂiilLﬂuﬁl’m’mmﬂmmuﬂ
a J 1 :’ { { I
WNeduluaznananunasin sunIn 2.2) sunsasddouu

dHcB] [ k|, [HCB] -
dt " | Kyep +[HCB] (2:3)
lag K, = @hmﬁﬂmngé’@sﬂmsa@ﬂaa‘%mauanm:aaai‘smuéﬁu
gaq@@iama%umw

A g « Aaa e o A A o v o
suminl (2.3)  Usansnaaglidudjioduduinibidenududusesianazanals
wudu (HCB]) i Kues ¥n TuuasnduiumansnaaglidudjiTenduaun
ﬂuﬂﬁﬁ’lmwmﬁwﬁmaaLaﬂsﬁ:ﬂaai‘imu%ugaﬂ’h Kucs 310 e9niunsazldauns

X e v Ao X . .

asunaenaasyluuuladantnegiuanzweadeniifiadulusznitimsdasaanoiands
ARBLTILUTY  NMIARANIUNTE TN INLINAENIILETLN IR UNRAIFASVRINNT
] a v Q/g; aAaa Q/ L= { A
dagasgianazaaalsunduniinmwuuulsamealesldnsl fisensuauniniie
(Beurskens U@y, 1994; Prytula W&z Pavlostathis, 1996) LLa:ﬂﬁﬁ%mﬁuﬁuﬁguu‘
(Yuan uszamz, 1999) adnglsfid Paviosththis uaz Prytula (2000) laldufiAissnmstdos

dl 6 dl U v 1 = L dl a U
snpfllowloiinoidasdioategduuiduassunmsi 2.3 lunsadunanmedn

unamanizaInsdesamnuianazasaliuuduluanizifimainasemuaz g
amsiratnaissnalanlad k', way Kues WU 0.01510.001 Jadnsudadinieain

LAz 0.024710.003 UaANINGAARAT AN 1AL

2.1.7 gafwﬁﬁdaus’auﬁiamsamﬁaa?u

™ [ a

ﬂ%wmmﬁjﬂﬁwmmwﬁummjw%amyﬁufmaagamwﬁﬁmwmmm

wwzwsaiiunundanlunsdessaaianozasn lslUnn ﬂ&jwqa%wﬁmmw:
\fisndasnumsdessmoianazans laiuudunionsalnundudu ofi lésuanuaulann

ﬁq@ﬁaLuﬁﬁIuLau (methanogens) Middeldorp azatwe (1997) a%waam’s:ﬁmmmu
éww%’umw‘hmumaumﬂmamﬁaﬁﬂﬂg&mm’aUama 1,2,4-lasaaalsiuudu  wuin
nalag Ll@mues Wwiuaa uwaaan Iwsilawn azdian uazlalasausniiure il
ssliBlanasaufimantonalfiianmsannasiuses 1,.2.4-lasaaalsiundule lasnglag
LAALAN LLazTWSﬁIaLuﬂlﬁwaaﬁq@ Chang uazAmiz (1997) wudiuasanuazlwgian
RININTILLTIOATINNTAAARITUVDILTNDTLARD LILUWTU b6t TuwmeozFianlidng
uanmnffﬁawmwLmﬂuwmﬂuﬁ;a%wmjwéﬁﬁLﬁmiaaﬁumsﬂaﬂammaﬂﬁj:ﬂaak

mu%mﬁaammﬁaﬁmnamLauvl,sﬁﬁ%q@goﬂﬁsﬁwawumaaLuﬁWIuLauaa"Lﬂa:ﬁwlﬁﬂwsﬂasl

ammanmmaakww’fjuauq@ 89lUn319i% Nowak Lazatwe (1996) H9WLINNNSEHBLFANE
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=) a J U { a . . é
lasaaalsiuuduliausadiiadinsids 2-bromoethane sulfonic acid (BES) padusy
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anudeudaiunalnranfiiawalag Fathepure uazame (1988) wananiidewuiniga
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uazAalitAaaINAa A mnNda NI TuRINAIAGT 1w Indaaasiwda lawnlale
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(polychlorinated dibenzofurans (PDCFs))
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RUIEY ‘swslmwaaaawmmmmmmuwsﬁuaaﬂm"l,@mwuagﬂmaul,ﬁmmasmaawmmm
' ' o ' 2 Aa AdAAA A o ' ' = = P
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e a = A, & Aa . \ = A
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HansAnsnluda inasaswuhmsldiuddinanuduiugs gaznaliiiaany
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P a a a a 3 aa
AN 2.2 3’7UazLﬂEJ@‘Y]']\‘]LﬂNTaﬂIWﬂﬂﬂaiL%L@@quwuﬂ

Chemical name Polychlorinated biphenyls (PCBs)

01336-36-3

CASRN (Chemical
Abstract Service Registry

Number)

Other names Aroclor (Monsanto, USA) biphenyl chlorinated
Kanechlor (Kanegafuchi,Japan) Clophen (Bayer,
Germany)

Phenoclor (Prodelec, France)  Fenclor (Caffaro, Italy)
Fenoclor (S.A. Cros, Spain)

C12H10.1Cly (n = 1-10)

Molecular formula

Structure formula

A [ wn a a a I Aa .
AN 2.3 aﬂiﬂ'mzallll@]'ﬂfmﬂ’]Elﬂ'TWLLﬂzLﬂN"UQGIWQQQQSLRL@]@"LUWRQ (Rice Lay
O’Keefe, 1995)

No. Of Molecular Solubility Vapor Pressure
PCBs | CASRN _ P . Log Ko
Congener(s) Weight (Ugl) (Pa at 207C)

Mono- | 27323-18-8 3 188.7 1.3%10>-7.0x10° | 2.2x10°-9.2x10° | 4.6-4.7
Di- 55512-42-9 12 233.1 0.6X10°-7.9X10° | 3.7x10°-7.5%10' | 5.2-5.3
Tri- 25323-68-6 24 257.6 0.1X10>-6.4X10° | 1.1X10-1.3x10" | 5.7-6.1
Tetra- | 26914-33-0 42 292.0 0.2x10%1.7X10” 1.8-4.0 5.9-6.1
Penta- | 25429-29-2 46 326.4 4.2-12 0.88-5.3 6.4-7.6
Hexa- | 26601-64-9 42 360.9 0.4-0.9 0.2-1.9 6.4-7.6
Hepta- | 28655-71-2 24 395.3 0.5 053-4.8X10° | 7.0-7.7
Octa- | 55722-26-4 12 429.8 0.2-0.3 7.8x10%:9.0x10° | 7.0-7.6
Nona- | 53742-07-7 3 464.2 0.1 3.2%10°-1.1x10° | 7.7-7.9
Deca- | 2051-24-3 1 498.7 0.02 56X10° 8.4
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(RUN1IN 2.1) TIFDAARBINLIIUIILVBI Brown LazAtue (1987) NNz AALNEY
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o a = ' o o ) P AAaA a &
ANIFaLNIN éma%lm51@1am’azvl,immmm:“lmumsﬂmﬂaumﬂwsﬁu NANTTILATIEN
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Yuiaundian Hudson River (Fish uag Principe, 1994)
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ARLALILIN T EULEI N A L FUAUINTT walinumisansasuiidunisaaloiay
Wiegel and Wu (2000) Tﬁsausamﬁagamad Bedard uaz Quensen (1995) Hs@nmmMy
dosamuvadfTiluaznanain  Woods Pond lunaly Massachusetts  yUszing
anszolim  wazuanwasnalnmadesaneddifinaildreandoiiunanuidudni g
1@nanuIua? Van Dort wazamae (1997) ’Lfﬁ;a%wammﬂamaa Woods Pond 4
Unioushemslalasaiuanuas Aroclor dapaas 2,3,56-laaszaaalslufiia wui
Wadu 2,5-lanaslsluifia (Fauaz 21) 2,6-laaaalsludfa (Souaz 63) waz 2,3,6-+03
analsluiila (Fauaz 16) luszuziam 37 et anmsmiuTndayaed Wiegel uaz
Wu (2000) WUITNIINAAEY e]ﬁ”uﬁﬁﬂmﬁamﬁﬂﬁ%ﬁﬁv’ﬂuﬂizmmmmm
amsgouim wesiiu duu waziwseiuaudmansndessasidiameldanazlionna
ot 'Eia"Lﬂﬂjﬂﬁ?uﬂ'qwqua%wmnmaﬁuﬁiuw%’gaL;J’%mﬁvlajvlﬁﬂmﬁauﬁ%ﬁLaﬂﬁmmm
8AANDIULALTUNY LW Sandy Creek Nature Center luwa3j Georgia, Center Pond lis
ua%’g Massachusetts, Red Cedar River L8z Saline River 1%&1&1%2@ Michigan L8z Hudson
River (Spiers Falls) luua3g New York &n3gain3n1 wiaunuiauana lnlunisaanaainu

AAA & o A
VDINWDTUADILIUL D IANN ﬂ@ﬂLLﬁ(ﬂﬂ%gﬂ‘ﬂ 2.3

234-4 —> 244 —>?
2,364 —> 2,64
2454 —> 244 —>?
2534 —> 254 —>?
23434 —> 2434 —> 244 —>?
24534 —> 2434 —> 244 —>?
23634 —> 2,634 —> 264 —>?
23425 —> 2425 —> 252
2,3,62,5 —> 2,526
24525 —> 2525
2,342,368 = 23624 —> 2426 —> 262
236245 —> 23624 — 2426 —> 262
234234 —> 23424 —> 2424 —> 242
2345234 —> 234245 —> 24524 —> 2424 —> 242
2,35,6-2,34 — 235624 —> 23624 — 2426 —> 262
23452345 —> 2345245 —> 245245 —> 24524 —> 2424 —> 242
23452346 —> 2345246 —> 245246 —> 24625
2,3452,35,6 —> 2356245 —> 235624 —> 24624 —> 2426 —> 262

3U7 2.3 nalnmianaasIuvasidiluaznauain Woods Pond luuasy Massachusetts

anigaluInNALeT 6.0-7.5 uazgannil 25°C (Wiegel and Wu, 2000)
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2.24 Nﬂ?]ﬂdﬁ']??ﬁﬁlﬂﬂﬁ?ﬂ% 175U IaANTDH Hazo1aInI

a AAaAa v a v & a
MIaaAaaIwIaINTDeuNIz LB ITIMwLLL 1o una Inuuuiuenua’d

P . o & a a A A ' v 'Y \ a
TN (co-metabolism) muumimumsaumﬂLwaLUuLmaﬂ%amﬂmaummmﬁ;a"nw
sz iifiansdesssuddildiswduanunsdluesanazasalaundu Nies
wazVogel (1990) WU ILANLNTIUER ﬂgﬂﬂa 2z LAZaETLANEINIINTILLTINTAG
ARBIUVAY Aroclor 1242 lanaAuaaTwinaznausad Hudson River luwaig New York

o A A a A AdA v o o , = A @
snigoimndnmstwlenidildausrau 2819 IINANA M IWAITRAAREIUEINI

= =) J { o 1 g
wilaunulasmsannaaduialuiaaeIudunilaua (meta-position) WazW1I1 (para-

. va . Ao \ . A a A ' AAA
position)  beaANINNGIRUIaals  (ortho-position) tiaLlSuUiBUTERINIESNENNDD
Gn9nuAa Aroclor 1242, 1248, 1254 Laz 1260 WUIN Aroclor 1254 LAANIAAAREIW ba
Gnga wialunydhnuiduves Alder uazame (1993) AinudmaiunIaluliuigu azd
@n Iwsilawn 7 waznsaranazludn (hexanoic acid) adluaznawiiansdunss

6 o s ] 1 dl' 1 d' o v Aa a AaAaaAa (% ]
ANTUAWINNAaENIG AL NN TR REYN AL AN TR UV aINDD 16 Lol L1k
mmuamﬁ'ul,ﬁamaaaﬁ'umﬂauﬁﬁmiﬁuﬂ‘%ﬁgaa%iLLé’ané'uvl,ajwuiwﬁﬂﬁl,ﬁ@mia@

a AdAaf a A e ° v A & A v o o
ARIUVINTLAUW WaNINNENTIUNITNFNVITDYNRINLTURIIRBLanaTaW L Lad M
lalasian (Hy) Asnansaviwinidusnslidiaansonldisuny Sokol wazame (1994)
wudﬂvLaI@sLausUﬂauﬂwsﬁﬁawumaa@a%wﬁmmmsiaﬂamﬂﬁ%ﬁvlﬁ RTRIS
UszanTnnlasiuanas asmvlsﬁﬁLﬁaaﬁnﬂﬁ;a%wim:nauﬁlzﬁﬁaﬂ@;uﬁmmmﬂas

AAA v ' Y o & a Aed A o a voA
saongd lauazdasaanylyla muumﬂmsaummqulﬁgﬂslﬁms'gamwr]qmvlu
' AdA v & o ° v A v oA AAA o A
mmmﬂaﬂammwsnuvl,mﬂu%ana:ml%ﬁ;amwnqmslamwmu%gmumumaamnms
uwamgamsaug unalidszansawlunisdessansidianas (Wiegel uaz W,
2000)

MILANRITTUBLaaaTawad i luaznanlinannainvaludan1Tanaa I wy o JND L
a . = = o a Aa a
NITININ Morris WasAtE (1992) ANBNDINATBIRNITIUBIAAATaUNNAENTAANRETH
PaINGInuIMIANa T UBLanaTaniNadanistaggaunginuldaniizFanme
. A o & a A & & 1 v a
ﬂmaﬂasnal,wmmq@mmsamaamlummm‘lmmmLLa:miuauvl,@aaﬂvlfmmstmﬂ@
& ; , S
MINANRDINATY (U Morris UaZAME (1992) LAz Rhee LazAtHe (1993) NRUWLTN
A R a a ' A ' = AAA Ao
lutasanenudute  10-16  Hadlusis dNadan1TanaAaaInvaIngd  uIduuas
Chang (1995) WUINTatWe |5lasale Ta Wy nIaluiasaianududu 5 Jaaluans
TUNIWGANITANARDIUVDY 2,3,4 6-LaaTznaa LT luABaua: 2.4 6-lasaaalsludiia wiaw

nisuasyAIniwan ldanananaadnseunazlimiubianarawnaituinnitng
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A & a A o ' AaA) v =2 v A A
V\iaa'T;t]LﬂuLWi’]Zi]iaTWﬂlea’]NqiﬂﬂﬂﬂaaqUWTU%@@’]N’]?Q?}@TN&WS?UaLaﬂ@]iauL%ﬂ’]u
a A o & . wa a A ¢ a A = @

LLﬂxL@]UI(ﬂLW?J"D’]%')%T%Q%LLHG@’]?I%E]Lﬂﬂ@]iau (R172UNIY) "inﬂ?ga“ﬁwcl’]ﬂ@ﬂaﬂiu‘lﬂ

=2 & A . a AaaA a & Ve
ﬁ]’]ﬂNﬂﬂ’]‘iﬂﬂ‘lﬂ’]ﬂd%N@Mi'ﬁUi’JNNWWU’J”IT’]’]‘JN@@&EJ?WIJa\“IWGII‘lJE*T’]SJ’]iﬂLﬂ@“lluvl,@

v . ) . o i v & 2 & Lo
meldanie methanogenic, sulfidogenic L8z denitrifying conditions Vlﬂmaumuagﬂu

aaﬁﬂszﬂauLLa:mmm’mumwaaqa%wlumﬂau FNNZHINRAN LATDIN BRI ILEIN
2.2.5 Nawaaqmwgﬁ

panpiiidudulsndayniinadensaansadunmetinwaasansiznay
a A 6 a = o A A A 1 1 a a
aunidasaiuruiaanazasalaunbulssidi  lasdinalasassdaninadgidvlavas
a v 6 aaa 4 = L a a '
wdn  nmissenloduazanuhiiievesewls fwdigunnlazinadanige
o AaA s o . v & v a . aw ) ' ad
Fuvasndiluaznaudaildganudriivldvesnstn udnuitodulngnuigunnis
nagaydanIssenloduazanyhufisewesewladuinndt Ssssnaldiiansae
o A A =2 oA Adad A a vl A a
WuidszmnmaadninaiingundessaaAdinamunnniydvlaldangmnnd
@9 9% NWITBNANIDINATaIgIn)lidanaanaeIntasNGinddnyfauses Wu
waTAME (1996, 1997a, 1997b) TIWLIN 2,3,4,6-.003zAaB LI LUATRALA Aroclor 1260 7
Ywawluaznauain Woods Pond luua%'g Massachusetts w%’gam’%m mmmgﬂﬂ'aﬂ
s ldlutisgunni 18-30°C uaz 50-60°C landtisamnninangaszning 18-30°C
a o ' @ i a & . .
gauniidaiinantandedaNIaanfaIuNAalu Tiedie wazAmMs (1993) AnwIN1T

Aaad

HagRANEVDI Aroclor 1242 @28AzNawan Hudson River 1u°ﬁaoﬁﬂmﬂauwmqumwgﬁ

(¢]

fnggnuAa 12, 25, 37, 45 WAz 60°C WUINMIAAAREIWIB Aroclor 1242 11 12°C &

é’mnﬂs:mmaaawiwaaﬁqm%gﬁ 25°C Ww@WU3N Aroclor 1242 "lajmmmgmiauamy

]
| @

Ieaaiaannivinnu 37°C wiagani g9 lUnvwgawuinna lnlunitanasasuwuad

9 U

1 o A v o { S a o .
Yuat uam%numsmuamhgﬂﬁ 2.4 TUTUHRNBIBVDI Wiegel Laz Wu (2000)

9 u

2.2.6 aauwamamfﬂaamsdayaaw

ﬁnﬂmsﬁuﬁuﬁa;&a"laiwudwﬁmiu,ﬁmLLﬁmﬁaﬁlauwamamﬁ‘madmiﬂaﬂamﬂﬂ‘e’fiﬁ
1a8aATITIFIIINNNITVDILENTLAN D T UBTUNHINWILRAN T UNAN B DIaO TN a8
') & A = . & D = AAA o '
FAVULAZOILUTNIIRBNRANFAT N BETUHOIAIND UNINIINNANDTU LYY TININTN
Frana I UWERIIN 31 Tua a9 TR WIBUINATIERINITOIRIL LN NN Taa AU aI NG
o 2 o v ' AAdA W] v oA ' ca A
¢ Feihlwaannisdassaswasngd i lasuanuanlavinneds  agelsneiitasan

@ A v 1 1 d. 1 1 ] ] a AAaA |
umfﬂm’mlmyLmaamavlﬂmulmymaammaﬂamﬂmommwmaawsﬁuLﬂum:mumi
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N
\
Cl
2346-CB

4-60°C meta ﬂ \] para 12 -34°C
ci ca._
AN AN
cl al
246-CB 236-CB

8 - 30°C fm‘haﬂ \;}gg"“ked ﬂmem 12-34°C

8 -30°C
Cl Cl
“
~
Cl
24-CB 26-CB

orﬂmﬂ \ unflanked
15 -30°C Pard 15 _30°c

Cl

SO,

4-CB 2-CB

gﬂﬁ 2.4 Nmlaaqm‘vﬁgﬁﬁﬁ@iaﬂavlﬂmiaﬂﬂaa%waa 234 6-l007zaaa T lUARaluaznan

37N Woods Pond ua%'g Massachusetts a%%'gam%m Iuﬁadqmm‘]ﬁiwiw 4 unz 66°C
(Wiegel waz Wu, 2000)

WANLUBRTNIIN  (co-metabolism) wilaudulunsdivesanocaaalsiuudu  aums

ﬁlauwama@]ﬁladmsﬂaUamwaa Modified Monod Kinetics Model (ﬁﬂ\lﬂ’ﬁﬁ 2.2 LT
= 1 o Y A AAA v o

2.3) "i]\'iuq"ﬂ$ﬁ"]&l’]iﬂ%’]ll']i_thJﬂ@ﬂ"ﬁﬂﬂﬂ'ﬁm"lladwsﬁllvl@LT%ﬂ%

2.2.7 gaﬁ’wﬁﬁdauiwﬁiammmﬁaa?u

mIsanassutasidtsulngasiatumeldaniimsaoiimu
(methanogenic conditions) (Alder Lazatbe, 1993; May Lazatwe, 1992; Morris LLRZATE,
1992; Rhee uazAmiz, 1993) NUWITEMINYWUIIMIMEARINTINVEIATHNGUINT LN
laud8 bromoethane sulfonic acid (BES) @9LIuanseus9nsvineuuasnszuInmsiam
Tuiauds (methanogenesis) Iuadan1IaauaInNTd (Morris Llazatuwe, 1992; Rhee LAz
Atk 1993; Williams, 1994) asnslsfainuisounsdulwuansenudng 11% Ye uazame
(1992) WuimAy BES lifinademsanaaaiuli Aroclor 1242 @a8@znawain

Hudson River NIH1BNNTRLAE 3TaLAD %lﬁLﬁuLﬂuﬁfmﬂqa%wmjuL&Jﬁﬂmw"l,&ivl,ﬁﬁmu
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TudamMstaugauNG Tl uIBAINEIT  NaeInafantIazrannaasnulwnItia
a { 1 v 1 a W@ 1 & 1 1
LENTEARA IILUBTUNNEIINILAD ﬂma?\awamswﬂmwmi:uq’nLmﬂuwuﬁmu
a Y o a AAaA Aa = ' A a o
LAgTAINUNITANAREITUVAINTT  Iuy s NBNEIURTINL TN T 11stat b D e Ae7 T8
' \ AAA ° a Y Ao e . a = A A
lagassdamstasgaandd  Tuyinuaaf NI uIuUINTUNL I e SWI 8 ILLaN Sy
lifigwneatasnumsannaaIusaIngd (Morris wazAne, 1992; war Rhee WAz,
1993) TeauSINUNUINEAWuSUes Chang (1995) Awuinluasrediuuafisoes
o A A a AAA v o a a A o
sumumimmumaaqamwm@ﬂaamluwm"l@ uanmnumwuamwagmwmwlm
TaLN@ (L% sulfate-reducing bacteria) lslagalna WIada WD URNIIIUBIRAATOUTLN
UAINITANARDIUVAY 2,3,4,6-L0632A80 LT IUARA LAz 2,4,6-laraaalsluisa

Ao =~ { @ o a £ d '
mmawmmuwmmuﬁfﬂm@mﬂwuﬁfmqwﬁmaaga%wﬁmmmﬂaﬂamﬂﬁ%ﬁ
1o uasulngbidseauanuduia (Hartcamp-Commandeur uazame, 1996; Williams,
1997; Bedard wazatwe, 1997; Natarajan LWazatke, 1996; Wu ez Wiegel, 1997) Wiegel
wazamwe (1999) 15 Desulfitobacterium dehalogenans %dLﬂuLLUﬂﬁﬁﬂﬂ@;mmi&lunﬂ
(gram positive) fiaN1InanARIMINAILANIEE TURIARB LIANUOALAZRINITOAAARDIH
ludunisavas para-hydroxylated PCBs (3,3’,5,5'-tetrachloro-4,4’dihydroxybiphenyl)
U = = I = AAA d' % ] a > 6 o ] 1
laundnmisenudulyldlunsaanseiulufidd wanldwuiaadnasiuiaimnala

a AAaaA v
RINNIDIANNDIWY QGWGI?UVL@]

24



d' a A a o
unN 3 I5N13ANBIIY
3.1 Jaauazainsol
3.1.1 AIadWBIAALNa®

amernnuwldvinmsifiusagnsnznontazsinlugsiieng ﬂﬁqluﬁuﬁﬁmij:ﬁ
mydwiowanvzasalnuudwAdiusluinidonainalidmstwmdouwnuriams 10
it 21 ﬁ)‘mﬁuﬁaamaé’ummlugﬂﬁ 3.1 UAZANTIN 3.1 (MWVBIRATWEDIWALAZNS
Audegelduaaslilumanuin n) Rewiudeininzneuszyinsthewincuaznas
SuUBaonUIZN M 12 LTWANAT MNTIITNAznauTwaldM TR LAz Taniin drwin

A8tz an e Tusile é’T’;azi'mmﬂaul,l,a:ﬁ’lgﬂLﬁu%'ﬂmvlﬂuﬁauﬁuﬁqmﬂgﬁ 4°c

ﬂaaaﬁaéﬂgLfluﬂaaa%’uﬁnmﬂ’gmw’%nmnuuqyu’immz‘gu’ﬁui’@ﬁﬁéhg IR

sunIng #ANNNHIITUINNIN mumsﬂwﬁ'@LLé”'amnﬁqumm%mwmagu,a:
Iﬁ?amuqmm%mmluﬁuﬁﬁau"lmaaan;jmmﬂdnvl‘nal CEEKZe R ghy SIS CIRHIIVER

dq’ dll Y o A a a
lassm3fiiiannd Green Peace "I,@mi']wﬂs:mm@auﬂswwu’lwgummnmmﬂaao
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°myﬂwaoénvlﬂﬂluu’%L’amﬁaﬂd’]amﬂﬁ%’umsmﬁmﬁm5%@518LLazLﬁ®ﬂ’ﬁazaua%i1u

i Muang Nontaburi/ /™ Bang Nem
‘Muang aburi
Phuttamonthon ©angd Yal ; X /
om_ Chaisi | Bang.Krui
S s R King
338 -
= R o
Lh‘_
il Fomfee . Muang Chathc
Sam Phran . 4\ T
F - #*
‘Krathumbaen > : _ +
o , # . - ¢
Phra Pradaeng N
/7 King“Amphoe Bang Sao Thong B:
A \ Bang Phi X
- &7 ©Samut Prakan
%eSamut Sakhon Phra Samut Chedi g MuangcSamut prakam @ Bang Bo
Muang-Samut Sakhon ;- © Bang Pakon
a5 :, - - " 2 9\
-

Phe
|

20
=

]
=

U7 3.1 amwiAu@Iegng 10 Wui (MuaziBaavasiuiiuaas iluanai 3.1)

25



A9 3.1 ﬁgmﬁué’hashaLLa:ﬁﬁLL%uaﬁﬁ@ﬂwagﬁﬂﬁam§

70 e 4 o Anamapiianans
L LRRIEINALAIDEY
N N E
1 ﬂaadﬁaéﬁg nuuqﬂgu’i‘n a&gmﬂ%ms Site A1 | 13°32'39"” | 100°37'36"
Site A2 | 13°32'04" | 100°37'34"
Site A3 | 13°32'03" | 100°37'33"
Site A4 | 13°32'01" | 100°37'32"
Site A5 | 13°31'59"” | 100°37'31"
Site A6 | 13°31'57" | 100°37'29"
Site A7 | 13°31'54" | 100°33'27"
Site A8 | 13°31'51" | 100°33'26"
Site A9 | 13°31'44" | 100°33'22"
Site A10 | 13°31'43" | 100°33'23"
2 ﬂs:mﬂ%anuumammmn mgmﬂmms Site B1 | 13°33'40” | 100°36'33"
Site B2 | 13°33'24" | 100°36'22"
Site B3 | 13°33'12" | 100°36'16"
Site B4 | 13°33'06"” | 100°36'07"
3 | anavlnalsslWiwszuasle Site C1 | 13°32'27" | 100°33'31"
4 ﬂaaa%’uﬁnﬁamﬂﬁﬂuqmmﬁﬂsmmawﬁ Site D1 | 13°32'57" | 100°47'25"
Site D2 | 13°32'56" | 100°47'26"
Site D3 | 13°33'49" | 100°47'42"
Site D4 | 13°33'54" | 100°47'43"
5 | 879 0. @‘i’mg-mawﬁ mgmﬂmms Site E1 | 13°31'44" | 100°47'43"
Site E2 | 13°45'39" | 100°46'52"
6 ﬂaaamaEhﬂf’fﬁ%’uﬁﬂﬁamﬂﬁﬂuq@aﬁ%ﬂiiuaﬁmﬂi:ﬂd Site F1 | 13°45'39" | 100°46'52"
7 | ARDILWINGN aqmﬂﬁmi Site G1 | 13°34'42" | 100°39'06"
8 Qﬁﬁfm u. Ineduniaiedaa an. (o) . qmai’a?ﬂf Site H1 | 13°36'35” | 100°33'04"
synIdams Site H2 | 13°36'35” | 100°33'04"
9 ﬂmfﬂ%anuuqma{aa{ a&;mﬂi’mﬂi Site 11 | 13°35'39"” | 100°33'53"
10 | aa@ILUIING nuuqmai’aa{ aw5ﬂmn15 Site J1 | 13°35'57"” | 100°33'39"
Site J2 | 13°35'55" | 100°33'38"
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= o en o
AN 4.1 ANWIUESFUUAVDIALNAUAIDEN

Sit COD BOD TKN TP VSS:SS Moisture
ite
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (%) Content (%)
D1 37,426-48,403 | 1,305-11,000 913-2,155 361-615 4.50-17.25 36.23-66.93
(42,915) (6,153) (1,534) (488) (10.89) (51.58)
Dy | 28:042-49.731 | 2954-11,667 935-1,339 143-463 4.33-8.08 41.12-43.03
(39,387) (7311) (1,137) (303) (6.21) (41.08)
Eq 38,817-45,176 | 1,066-12,500 | 1,019-3,801 296-341 3.12-7.14 53.69-54.17
(41,997) (6,783) (2,410) (319) (5.13) (53.93)
E2 41,949-51,401 | 2,067-10,000 930-1,855 88-567 3.79-15.09 49.52-61.89
(46,675) (6,034) (1,393) (328) (9.44) (55.71)
C1 25,815-45,944 | 2,569-16,667 692-1,170 252-594 3.27-9.20 38.87-57.04
(35,880) (9,618) (931) (423) (6.24) (47.96)
2 35,496-39,094 1,532-8,000 231-930 520-788 3.37-7.80 43.98-53.44
(37,295) (4,766) (581) (654) (5.59) (48.69)
F1 43,406 2,465 3,518 740 3.52 35.35
A3 80,000 - - - - -
A4 60,000 - - - - -
wuewne: -CoD fa chemical oxygen demand
-BOD @ biochemical oxygen demand
-TKN fa total Kjeldahl nitrogen
-TP @a total phosphorus
-SS fa suspended solids
-VSS fa volatile suspended solids
ssalwadufadags
o137 4.2 Sneuzsutazeniddg
Site pH DO COD BOD TKN TP SS VSS
A3 - - 112 - - - - -
A4 - - 128 - - - - -
C1 7.3 2.3 32 6 21 0.8 320 14
D1 7.6 0.2 40 8 13 1.5 280 14
D4 7.9 14 40 4 14 1.1 300 20
E1 7.9 3.0 57 5 28 0.6 120 24
E2 7.7 24 57 8 35 04 220 42
F1 - - 293 12 5 2.6 63 19
J2 7.3-7.7 2.3 32 6 21 0.8 320 14
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dl [ v :/ .
AMTNN 4.3 aNBIULRUUAVDINIALNBY (sediment slurry)

_ COD BOD TKN TP SS VSS
Site | pH
(mg/kg) (mg/kg) (mg/l) (mg/l) (mg/1) (mg/l)
A1 7.0 40,400 - - - 96,900 10,200
A2 7.0 20,100 - - - 141,500 15,600
A3 7.0- | 37,440-80,000 131,000-273,000 | 18,400-27,400
7.7 (51,147) (184,300) (21,867)
Ad 7.2- | 30,600-60,000 62,100-242,600 14,700-48,000
7.7 (43,933) (137,767) (26,100)
A5 7.1 19,200 - - - 75,900 16,300
A6 7.0 24,300 - - - 142,600 17,700
A7 7.2 18,800 - - - 135,000 15,400
A8 7.3 30,200 - - - 216,250 18,000
A9 7.3 14,900 - - - 313,000 13,100
A10 | 74 14,900 - - - 367,200 15,200
B1 6.3 26,280 - - - 198,300 12,00
B2 6.8 31,680 - - - 117,400 20,100
B3 6.8 28,800 - - - 186,800 18,000
B4 6.7 22,320 - - - 257,000 17,200
C1 - 19,361 2,500 896 176 61,560 15,860
13,680-22,588 93,740-312,400 9,600-21,800
D1 | 53 5,000 773 11
(18,134) (203,070) (15,700)
D2 5.9 21,600 - - - 293,800 21,600
D3 5.2 16,490 - - - 209,700 21,300
22,750-25,815 92,100-251,100 10,800-19,400
D4 5.2 4,000 652 18
(24,283) (171,600) (15,100)
E1 - 12,908 1,833 431 100 96,100 8,320
E2 - 14,521 2,167 515 15 83,380 9,720
F1 - 35,870 946 619 72 208,360 13,960
G1 6.6 36,000 - - - 249,900 16,000
H1 6.5 5,760 - - - 86,500 8,700
H2 6.4 8,640 - - - 98,200 7,100
11 6.6 20,800 - - - 246,200 17,500
J1 6.6 20,800 - - - 251,600 18,000
18,000-22,588 83,680-222,800 16,100-18,540
J2 6.5 2,167 697 86

(20,294)

(153,240)

(17,320)
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a 4 & . Aaa I & @ o A o &
UINANRENT WY (Slte D) ‘mJ‘WLa%LﬂuﬂiﬂLaﬂuaEJaumadll’l’i]’mﬂ’lia{‘lLﬂ‘i’]:%LLﬁ(‘l‘IJa\‘i
! & & o , \ @ . Al 1A . o A o o
aﬁ‘ﬁi’mluuﬂ (LﬂiJGl’JE]EJNIWE’NﬂG’N’J%) ’e]il’]\‘ivl,iﬂ@]vl,&l&lNa@]aﬂﬁiﬂ’]d’]uﬂladﬁg‘aﬁv\l@m%ﬂ@
nandald

4.2 NMIAAARDIUVDILTNTZARD LILURD
4.2.1 wan1sdanw lusiaznan
4.21.1 ﬂ'memin?ums.e.iayaavawaagafwz;uu?s"aﬁnﬂﬂ

Naﬂwmaaﬂuﬁ’mzﬂauwuimné’aashm’m'ﬁna@ﬂaa%umaal,aﬂénzﬂaaii

WG AAILRAIIUANTINN 4.4 ﬁnﬂﬁayaﬁ]:wudmwm:ﬂaunﬂé’aazmﬁmaauimvl,&iﬁ
nwﬂﬁ"uamwLLa:Lﬁwmsmmi/moqmmsm‘%ummma@ﬂaa‘%ulmanmmaakmw’?mvlﬁ

1 a s v 1 a 1 d & 1
\usdedlasfiszuziiniinda (Lag Phase) wound1 77 Ju wdluganasasniinisiieein
d}l & vV & 1 1 a a &/ 1
178 (autoclaved) Gﬁﬂmﬂwg@muquwmﬂwmiamaaLaﬂﬂjzﬂaakmwmmmuua:vlu
wuaInandla gnaau Tliduinenazaaslsiuuduinieldidunaniannianssunsdas
amwaaga%wlummﬂau 3ﬂﬁ 41 Wwnrnaagisrasmailasuulasansasals

WWuSwAgunum nalnnsdesamosulnaiduluaunalnnanaufiiauelos
Fathepure uazAmsz (1988) fia LanwzAaalsluuds —> Wuazaaalsiuuds —> 1,2,3,5-
Waasalsluudn —> 1,3,5-lataaalsuude a1 lsna lwueaiaganuindinistes
FANURIBNA INT09 lWTaN 9% (lanTzaae lSlUuS® —> INkAzARE LSIUWTW —> 1,2,4,5-

AATZARBLTILUTY —> 1,2,4-lasaaalsiuudu —> 1,4-laaaalsiuudy) lay 2 Saansy
dafasvasianazanalnuududulngmansngndesansldnuanmolunalaniv - 80
Swn 24 etsihezneulaslisnainazneussltsanmswilawanseaaals
wuduwndeld  Sedlafioudunwdsefidmanluund 3 wu*jwmﬂ%ﬂla%ﬁmagluﬁ’m 8
#Uan¥ (Brahushi wazame, 2004) Asannnin 1 Tawld FldiFwinenseaaslstundwla
Wzlumsuaieasadluanizinadenveddszndlng  NaaInagIReAARBINLANT
ATIAINY 1,3,5-'1615@1&aTsmu%u‘Lumﬂauﬁnﬂﬂaaoﬁ"aémﬂ@mmﬁ%ﬂﬁuawaa Brigden
LRZAtME  (2003) BAneae ‘5\1Lﬂuﬁmaula'hﬁﬂm;a%w’lmma’am{waaﬂs:mﬂ"[m%aﬁ

anumuInlunsdesameianozasaliuuduldginiigainainunsiane
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AN 4.4 NMIAAARDIUVDY 2 VAANITNGRATUAILENTE AR LIUWTUAIUIAZNDY

Time to detect intermediates/products (days)

HCB-complete

Site 1,2,3,5- dechlorination
QCB 11.2.4.5.TeCB 1,3,5-TCB | 1,2,4-TCB 1,4-DCB (days)
A1 18 30 30 ND ND 60
A2 18 18 42 ND ND >60
A3 18 18 42 ND ND 60
A4 12 18 24 ND ND 60
A5 12 12 18 ND ND 42
A6 18 18 30 ND ND 60
A7 12 18 24 ND ND 60
A8 18 30 30 ND ND >60
A9 18 18 24 ND ND >60
A10 18 18 30 ND ND >60
B1 ND ND 28 ND ND 49
B2 77 ND 77 ND ND 91
B3 ND ND 49 ND ND 49
B4 ND ND 49 ND ND 63
C1 NT NT NT NT NT NT
D1 28 49 63 63 ND 77
D2 28 49 49 63 ND 77
D3 49 49 63 63 ND 63
D4 ND 49 49 63 ND 63
E1 NT NT NT NT NT NT
E2 NT NT NT NT NT NT
F1 NT NT NT NT NT NT
G1 28 ND 49 ND ND 49
H1 ND ND 28 ND ND 49
H2 ND ND 28 ND ND 49
1 28 ND 63 ND ND 63
J1 14 ND 49 ND ND 49
J2 28 ND 63 ND ND 63

%&l’]ﬂL‘ﬁ@l:

-ND Aaa3 hiny uaz NT Aa'ldlenasay
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—5— Control
—a— HCB
—4A— QCB
——1,2,3,5-TeCB
——1,3,5-TCB

Concentration (uM
S = N W B~ N N O 0 O O
T

=
»
»

10 20 30 40 50 60
Time (days)

gﬂﬁ 4.1 IwvlWsvasnstasgay 2 Hadnsudafatuadlanazaan lsuwduLazniie
msnmﬂummaaaﬁmznaumaa Site A1

4.2.1.2 Nﬂ?ladﬁ"l@aﬁﬂ’litﬂ?&l

muﬁ%’mmy%uwuhmslﬁwmqmmﬂa‘%u (nutrients) ﬁa‘mﬂu@iamnﬁmlﬁﬂ@
V04RTHRININTIBNTEGU  uazmIa  LialdiianIaanaeiuvasanszasalauudule
(Chang uazAtiz, 1997; Chen UAzAmMz, 2004) AMYNIUIIldvinaEumgamnILEiy
I@m@%wé‘mma%aﬂi:nauﬁaﬂ‘ﬁ'}@;mms@hwﬁ@ﬁu TR ETSR PIEOTL Bt A teee
siamm51Laﬂsn:ﬂaaIsLuus?jumﬁﬂq@ﬂWiw@aaﬁ'iLLé’waa Site A3 #i5a Site A4 11531035 5
NaRAATRI IUAINANIEN qﬁL@%w"fu 45 TaRAAT NAMINARBINLINTMILAURNIFNAD RS
wazinfouslléfinnetedindAydenisannseiuveanaranalnuudmay (@799
4.5) NAMABTIIANNNGL (Lag Phase) LAzl lbn1sannaasuwad 2 Jaansudaans
22 ENTLARDLIUUTUIRANALIAI INALALINY Lﬂuﬁmﬁfdm@;dwmmﬂﬂaa%'umauaﬂm
ﬂaaIsmu%ulwg@msmaaamuQuf:ﬁﬂiz'ﬁﬂ%mwmﬂﬂdﬂuﬂ;@mimaao‘ﬁ'mumﬁa 9
ﬁl%ﬁm:naumnqmﬁué’aaLmlﬁmﬁ'u(anﬂ Sites A3 waz Ad) miuguiinnzsiated
1°ﬁ’|,wg@mimaaaf:ﬁﬂmmm‘im:ﬂauq@ﬁauﬁw'mmsziagaawﬂLanSﬁ:ﬂaaliLuue’?ju
Wudr 1 039 serhlwdavnmsiduianasaas lsiuwdudgn ﬁ;a%wﬁmmw%"aulmﬁmaa
owlsifidasls  SevnliszoznaindiuaznaidessmersnuaduasmnRasanls
Fuazdaaznnaitawlanaslszms ﬂs:mm‘mﬁaiummaaam‘*ﬁﬁmam 45
InaaATuAsLANIToIAEY 5 Dadans (CW) nuimanTngdesssaianaraaslsundn

wal 1 A Ao & o . A o A
VL@@IVLN@]’]ﬂﬁnﬂﬁ@ﬂ’]Sﬂﬂﬂaﬁau %1%L‘V\uLi_]uuﬂnqﬁqsa’]%qiLLGZﬁq@!a’]VﬂTﬂﬁJaQI%“?LT@
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A319N 4.5 wmjaam@;mmua’%uﬁﬁ@iamsamaa’%umaa 2 JRANINGaRATURILENTZARE
Taiuudulusinaznauii@unimaNeiwnI T gaNULaNTEAND LI LWTWUILE?

Complete Methane, .«
Lag Phase
Site Medium Dechlorination (%)
(days)
(days)
cw 0,3 30, 30 6.10
RW+YE 0,0 30, 30 21.14
SS 0,3 37, 35 19.84
A3 ..............................................................
SS+YE 0,3 35, 30 34.22
S+MM 3,3 35, 30 41.07
MM 0,0 30, 30 36.41
cw 0,3 30, 30 0.72
RW+YE 0,0 30, 30 13.86
SS 3,3 37, 40 21.66
A4
SS+YE 3,3 37,35 41.54
S+MM 3,3 30, 30 43.34
MM 3,0 30, 30 36.31

WANELAG: -CW A Canal Water %uﬂm{ﬁﬁaamaﬁLﬁumﬂﬂaaaﬁaému

-YE @@ Yeast Extract lagvmsiduasludanasienududu 5 nSudodas

_SS @0 Sediment Slurry Faillutiazneufitassumunssuisalananunud

MM #a Mineral Medium @91fluasazansindausfitwanzaudanstasaans
MITINN Le3oulasnIazany 0.35 N3N KH,PO,, 0.27 N3N K,HPO,, 2.7
N34 NH,CI, 0.1 N3y CaCl,.2H,0, 0.1 N3 MgCl,.6H,0 uaz 0.02 NI
FeCl,.4H,0 lusiinan 1 53

S + AM demstassutinaznanlasld anaerobic medium unuiiazldiin
F0LNINANDY dmmm%%%‘luejmﬁauﬁvlﬁﬂdnmuﬁa

189 WA IUFAIHAIINMINARDIEY 2 A5 (duplication) &nLiuANTIa
ﬁmuﬁi’@lummaauﬁm

Wi 5 JafaasnibiNeInadanstassmulanTcaas lsiuudud 2 Nadnsudafasie
UsznsnizeshedSanansesainidlagluiite 5 Iaddas (CW) iinsnadamtesaany
wanaeaaalaiundules liiduardnasasinstesaans wzilawSouisunums
naaasNinmafuaznawiiyg (SS, SS+YE uaz S+MM) azlawna lidanuadielinasmany
d‘y Y & & L 1 > a a dl 1 & Q = dl dl

giiAmduibidannsaaaaaiuvedanazanalsiuwduinuihandudariingifga
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F e .
I@ﬂvlmuagﬂumamaaﬁ;a%w BN178TMNT UATTIRMT Uazdszmigarnufamaenms
A A ' o o = A d ~ ' A9 o &
LRUTNAGaNTRI AT NUNIN I@muaLﬂszmmmm:qu@maaml"ﬁmﬂaaa (CW)
P o A9 o & A ' ' A & g4 A a rg a Y
mﬂmuq@maaw‘lmmmaam (MM) a:wmﬂummmaaaumwﬂsmmmagamwLmﬂu
AMIRFIMNTINUAIINWIINNIN Site A3 1Az Site A4 a9 IINANIIAAARDIUVDILTN
’~ N o o ' a o = A a £ A v & & o
Frana L3 UWEw LU lada NN NN LauaTIdaUSu i inuiiiads  lrtAwuiadn
a oA = i I v oA A e o oA Y
9TWNUNaAAREI®  (dechlorinators) mﬁ]Lﬂuﬂquaum"lu"l,@aiwummmagmsl

P ! v a o A Ao A
uﬂﬂl,%uaﬁ]’]ﬂﬂq&lajqﬂuL'ﬂu@ﬂ'ﬂjziﬁlvlﬂuﬁnlu']ﬁ]ﬂauG]
4.2.1.3 NaPad1791%17

=} a A 6 o v dl I v s

81597W15  (substrates)  vi3aansdunIdasvhninniduansliBianasaunanin
nizuaunsdesaansuuy lfarmeiielfidluundiniuousasnadn anzinuldviing
a a A6 A 1 A R A a &' 1A a
\dnasdunidriiadn guiladinmmanznufiiialudefansmnvesadnlulzmnives
& A \ ' a a A eaR PRIEORS g g
NAzNaUTIHINA lALATIdEMIAAARETN  aTdunIdndanmiaiiia  n)  shaa

S ' ' )

(glucose) tHugsomsdsuuafiiodulngmansnltld: o) Twgian (pyruvate) iuans

o o | a A ¢ a A A oA
nawluiganivesnalnnsdesasnaasduniduasgadn sanngnltlasuuafiSungun
1 v Aa L A 1 A o . = a > (d‘ % <
Aal#Aansnain (fermentors) #3IaNgUMNFINNNIA (acidogens) TINRAN AN LoraziTu
msmmsﬁm%’uga%wmjwﬁu6]L°1iu, ﬂﬁjuawﬁ'aLWQ (sulfate-reducing bacteria) WazNgA
v a 1 I3 o et a 1
851981 (methanogens) daly; @) uaaan (actate) tussomsEmILIaTnnga
gInIauasnguaadalne; 3) azBian (acetate) HusnomIEIAYSNILINTWNGN
q3198N% (methanogens) LLa:mjwaWﬁ'aLWWmMﬁ@; LR Q) Wasiun (formate) S
ssemslitiuuuefiFonguaialunuuaznguaadainaunasiie AMAULTUTUD
8132MINLANAe 5 nudedas lavltvihazneuiiiaIonlasls mineral medium (S+MM)
N Sites A3 uaz A4 waminasadlaaydliluan 4.6 Twwuissemafieu

NIRNALNLTUNSLUN LU NN TALAWGaNIINANAAIUVAILTNTLANE LTI LT unny
A o o oA o Ao o X A ~ ' a
suwmﬂﬂmamLmemsmmimagiumLmaﬁ;a‘*ﬁwmmwa@amsa@ﬂaammao 2

a a el 1 a a v 1 a A

NaRNTUADRAIINTEARD ITUBTULEY  HIDATNENDNLLRIIADNITAAAADIUYDILENTS
A8 LI UUTUNAMUTUTWAINA LI T UG DI AUENTAIWITINWIBIIN at913na

1 6 =1 v dl o v =} =) J v & v [l
wuTaswnTuw lnunazinlvmssaasaTuiatiwiiaaduwualitian lunistasaany
a < £ o o ' Y

LENTEAR ITLUBTUNINUAUIUIWINN 30-35 Mdlh 45 T mmwxlaiwﬂ"l,ﬂm:@;umi
nuveaadnnguaui lilinguianaaadu (dechlorinators) vil#iianugasaanis
LRI ﬁﬂvl,ﬂfgjmia@ﬁﬁmﬁmjaaﬁga%wn&juﬁamaa‘%uuamﬂwmm’aslammaﬂmﬂaak
LT LﬁaomﬂwaﬁmLﬂumimmimmzﬁm%'uqa%wnaﬁ'ua%ﬁaﬁmmm:awﬁ'mﬂmma

ﬂéju LL@imUlﬁanﬂa:w@aaaL%adﬁﬁamswadﬁga%wmjmwﬁm%l@"lzjm%ﬁmﬂLﬁaomﬂ
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ANT19N 4.6 WATBIRITANNIT 5 NINFADRAINNGANITAANRDINVDY 2 NAANITNAAAATVA
LENTEARE LI L BT UY DIRILTANNIBATL O URALLENTEARD LI U BT UILA L UAINATS
S+MM

Site Substrate Lag Phase (days) Complete Dechlorination (days)
No addition 3,3 35, 30
Glucose 6, 6 36, 36
Pyruvate 0,0 36, 36
A3
Lactate 0,0 30, 30
Acetate 0,12 36, 36
Formate 0,12 45, 45
No addition 3,3 30, 30
Glucose 0,0 45, 45
Pyruvate 0,0 36, 36
A4
Lactate 0,0 30, 30
Acetate 0,0 36, 36
Formate 0,0 45, 45

Fanaluihazneufiogiies J93lRARIaINNFUETHIINMUABILINRAUE (species)

W WALAEITAINUNITANAREIUVAILTNTEAND LTI LT
4.2.1.4 NAYDIAITIUDIAAANTOW

' A & = A a \ o .
nMInaaaddInksAan s finavaLUaiianguaadaing (sulfate-reducing

) oA A & o Aa a A
bacteria) u,azﬂqmvlummmaas (denitrifiers) NidanIanAaaIuvaILaNTLARELIUUTY
Tasnmadugaiwansa luatad llluwinaznaunain Site A4 iWanITduMIvNIULBI9a
%Wﬁaaadmjumuﬁﬂﬁu Namsﬁﬂmwudwmm@awadvlw,mwﬁ’md’]sﬁaLW@@T@LLa@ﬂugﬂ
N 42 waé’oﬂm’nﬂuﬁmwi’aaguﬁaLﬁaaﬁnﬂmﬂauﬁLﬁumﬂﬁué’maadagjmsﬂﬁama:
1Fa1men i duaiuin ﬁwlﬁaga%wna;wa@%'aLW@ﬁmm"ha'mmﬂ (active) i@
lasusaan I ludSunmuniafanmaaiuidulauszavltsanaacnesalin T

° o @ A oA a A A Y & =
muaonaunuga%wnthmw’lmaaﬂm:ﬂam:uﬂsmmuamwanﬂmumﬂauﬁ]:uvlu

v { a =) ‘:§/ v

LOIAEasUIN LaNENENIZLawEaNTNALATWIRDLUIN NTAAARIUTAILANTZARD LT
wwdwniolagnenigananaz luasa laugadlua1Ien 4.7 G9aziinlaingainenas
136130 L T NANTENUNINITIWLINLRAUADNNTAANA I WY BILINDTEAND LI LT LTS

ATIINULNUAZAAD LU UTUIUA 14 1TwasInwlasianudutulnalagsnwn 0.018
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—e— Sulfate
% 20 —eo— Nitrate
55|
=
E
§ 10
=)
S}
O s |
0 =
0 20 40 60 80 100
Time (days)

gﬂﬁ 4.2 NMNIAAVAIRIIIUDLANATAUVDINNGLNANINN Site A4 NLAN 2 NANTNABAATLIN
PLARD LI LT

NN 4.7 MINAARDIUUY 2 NaRNTNGaRATIENTAaa LIlUNEUVaIENAZNaWIN Site
Adnaldrn1IznawitanENLazIN1IIEIAATALNG

Appearance Time (days)
Electron Acceptor
QCB 1,2,3,5-TeCB 1,3,5-TCB
No addition 14 42 56
20 mM of NaNO, 14 56 56
20 mM of Na,SO, 14 70 56

LA 0.019 UaANTNARATEIMIUNIOUDI MLATALRLTANAMINEIOU T2 HZIRINNAA
P .4 fo o ¥ ,
(Lag Phase) fiiadudsannlumsnaaassiniiiugunnliinaznawain  Site A4
A v A& . & a = & =< ' A R o o
AN LT RN TIZI NI ALAZNAWAAILATINRDATZEZIAANEININ 3 T F9vinlw
AZNaWADLIIBLARZATINANULANAINWINILANTRY 819 13AALhEINNMINARALNE
maaem:ﬁLauLﬂumﬁLm’wzﬁL%aLjﬁﬂuLﬁﬂuﬁ'wq@muQuﬁﬂi:ﬁwnﬂﬂ%'aluLL@ia:mw@mao
& o o AN o A A @, ' o & A A . oA @
e biwan laaunsadeiiale) lutae 14 TuwsnuuuuaiiGenguimiaadanauazn
ﬁjuﬁvluaﬂLﬂ%’u@iauﬁw%z%mugamﬂ(ﬁﬁmmwmﬂé’mﬂmm@ﬁLi‘flmé”umaslwﬁfml,nﬂ
A Aa Aana o o A 6 . o & = L A A ' o/
viaiiadsenauauiaud (zero-order reaction)) mumaagﬂ"lmwLmﬂmmﬂqwammw
oA a A a o ' a A
@1LLa:ﬂqmvl,ummﬂLaaﬂuumumﬂumaaI@ﬂ@ia@amsa@maammauansﬁmaakmwﬁu
S & v & o Aa 4 A A A
uaﬂﬁnﬂum"ﬂ%mmwmsmmmazm@;mmsmaglummﬂauuagamomaaLWa
=3 CR] a A ] % ] A A a 6 = a I~
mu,mmmﬂLmﬂqmmaLW@LLazﬂqwm@@"LumW]ULaasazwamwmsmﬂ@gomﬂﬂ

El'amﬁmimmmazmqmmnﬁmwaeiaa;a%wna;ua@ma%u NAAINAINFAAARDINL
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a v & 1 g { U v a a 1 1 1

NUITPVBI Chen WaTAMAT (2002) TINUINTAWANANNTNTY 30 Tadluans liiinada
= A ' Al o ' A A Ao a

NNIAAAIWYDILANTLARELTUNTY 0819 3R WLawaLwe I IWNIHN/ITaNMIININA

LmﬂﬁL‘%ﬂﬂa;ua@sﬁ'aw\I@awLLsiamsmmsﬁ'uqa%wmjm@ﬂaa‘%muﬁﬂﬁmsamaa‘%u

a £ A 2 & , A A , o ' a

LA e bai@ LN IEIUN LD NS ENFUAATAINATUNILADNITAAARETUYDILNUAL

Aaa LI UWEWINT,2,3,5-00032AR0 T UBTUULR:  1,3,5- 10308 LSLUBTUAINEIGY NI

\hadanganaaIniGudNaaTIaNy 1.2,3,5-1005:AR0 LlSlUwTuLa:  1.3.5-la5aaals

wudutnigenivquaduiiisday  IiAuIainivniaenasIuasansaae

Tﬁ?mw?mmfﬂL‘ﬂuﬂua:najuﬁuga%‘wﬁamaa’%waaqumﬂaaiimwﬁuua: 1,2,3,5-1005%
a ‘& v = a W@

ARDLILUUTY TIRDANABINLIUITLVEY Chen LazAnss (2000)

4.21.5 Naﬂaaqmwgﬁ

ﬂ’]iﬁﬂ‘]ﬂ’]ﬁ\‘iNﬂ“lla\‘iaﬂia’lﬁ’liLLQZﬁ’]@lE]’]%’]SL&%?J%IﬁLﬁ%’j’IVL&iﬁNaﬂixﬂ‘uaﬂ’ld
TALAWGONITAAANDIUVAILINTEARD ITUUTU  TIALAWIINIAAARDITUVAILTNDTZAR 1T
Luu‘?juma%amwmﬂlﬁannzvﬁmmﬂmﬂﬁhLﬂuﬁaamsmim‘msﬁam@gmmna‘%w
) a =) ; U v =)
LuALA NIy ﬂﬁmﬁumia@ﬂaa’%ummmm@mu”l@Laamﬂlmﬂimmmimmma:m@l
Aa A A ' A o P a
mmsmaglumzﬂaummﬁmm ‘maﬂmaaﬂuwmﬂaﬂiz*’mﬂimaoqamwiumzﬂaumn
Lma'aﬁ']ﬁ'mmﬁLﬁm?hasmmﬁﬂtoj&Jfga%wﬁw%am:ﬁmﬁwﬁa@ﬂaa%maaLaﬂmﬂaaE
L'uw'fiuagjLLéh"l,aJ'dmzﬂaummﬁfuﬁ]zmUgﬂﬂmﬂau@ﬁzJLaﬂéﬁmaaI‘smu%umﬁaw%a"sz
2L o ' A { A & 1o & @ %
Gnom"lﬂgauymgmﬁmﬂﬁa@ﬂaa’%umadLaﬂsnxﬂaaismwnuuuvlmwLﬂu@laamm@a%w
= I VY A Aa . @ a ' o A Ao
ﬂquwnuénauuaﬂmuamrmuag}lLLaﬂuﬁsiummaoﬂs:mﬂvl,m Lmimoamwaagamww
a%ilumﬂauﬁﬂﬁwaaﬂs:mﬂvlwUmazl,l,mn@iwmr]ﬁﬁag’mmﬁummu@haﬂi:mﬂ 29
Ei\‘iNalﬁLaﬂsnzﬂaaT‘sLuu%ugmiasJamsJaﬂﬁd%ﬁﬁd"ﬁﬁmﬂlu@mﬂimﬂ FANZWINNON
fanadniiniliuaing  (matrix) %%ammm’m%mﬂmaaga%ﬁw‘lumﬂauéﬂﬁmm
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% SududasdnsUsugninlaunisidy 1,3,5- 103088 ISUREUNANUTNTY 0.4 aAnTH

A v a ¢ A ] A o & A =*

dofas avanadad uaznfaus uazaiuaufl 30°C Wuna 1 WWeulsezaunInge

ARIUVDILANTLANDIIIUBTWLG  ROAAFAINUNNTINTNANNA N EFD  luaznan
a v o A A a . o v A Aa
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4.2.1.7 aauwamam{ﬂaamsaﬁﬂﬂa?u

L:fia"L@Tm'm"iTagaLﬁmﬁ'una"l,ﬂmsamaa‘%mjaaLaﬂmzﬂaaisLuusﬁuLLazﬂa;m;a%w
fsufaTauuda ﬂmzfi%'ﬂ'ffid"l,ﬁ?mmwﬁa;&amdﬁ’lmauwamam‘madmsﬂammmaﬂﬁﬁ:
aaalsiwndumetanmwuuulfonme  lagrmsisanudutusesanaeasalsiunwdn
Twinaznawan Sites A3 Waz A4 4310 2 Saansudedaniu 10, 40, 100 uaz 200
faansudodnIsamnifiuudamianznawIsinduain 8.8 Taansudadlaniuaznas
wiAsiilu 43.8, 175.2, 438.0 Az 876.0 VaanINGaAlanTNAZNAULAIFINTY Site A3 UaY
Wnan 12.6 Dadansudenlansuaznowuialiu 63.1, 252.4, 630.9 uaz 1261.8 Jaan3w
GanlaNTNAZNOULAIEINIL Site A4 ANNEIAL NANITNARBINLININTARD LTLUUTYH
gﬂﬂdgﬂﬂﬂﬂﬁﬁ’]&l“fi‘] e]“?'imwvﬁwﬁugaﬁa 200 faansusiadaslasil Lag Phase waztaani
ATIINLENTNAIINAWATB INALAIAY LRBIueszoza it aLanTzaas L5t
ﬁy'mmmu%mfiammLﬁwiuqd%ué'mamslumﬁaﬁ 4.9 FiFwinanvzasalsiunui
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mi'éuﬂ’%ﬁuazm@lmmna’%m’auﬁnmn%ahﬁwﬁ@msﬂasaawwauaﬂmﬂaakmw’fm
HIUATTUIUMTINAILESTNIIN  (co-metabolism)  Lazna lnNIaanaaInainddunatn

Hannla 1,3,5- 103080 IS UnS W uaINRaN N

ANTNN 4.9 NAVBIANNITNTUYDILENTLARD LILUBTUNNANNITAANADIWNITINIWLL

1So1mewassinaznan

Appearance Time (days) Complete Dechlorination
Site | HCB (mgl/l)
QCB 1,2,3,5-TeCB | 1,3,5-TCB Time (days)
2 14 14 14 70
10 14 28 28 175
A3 40 14 28 35 >175
100 14 28 42 >175
200 21 28 49 >175
2 14 21 28 70
10 14 21 28 175
A4 40 14 21 28 175
100 14 28 28 175
200 14 28 35 >175
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mamuuwlmﬂgmmau@uﬁ%uu‘ﬁw (pseudo-1s-order reaction) L% Beurskens LA
ATAZ (1994) WAz Prytula Uaz Paviostathis (1996) wiaUjistnauaungudifiua (pseudo-
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lag Kn = maximum dechlorination rate of HCB per unit biomass
Khycg = half-saturation constant regarding on HCB
Ks = half-saturation constant regarding on organic substrate
= HCB-dechlorinator intensity
S = organic substrate concentration

Whe99n “s” fidgannnillaiiauiy “Ks uszanaduiuvesianazasalsiuudu uaz X’

a = @ o o . a o A 2
Nﬂ’]iLﬂaHHLLﬂa\‘luaﬂwﬁﬂm%ﬂlﬂ’]iﬂaﬂamUVIWG%’JIWWWLL‘UUVLW’]TTWI FUNIIN 4.1 W

unsnaaudslaidn
dHcB] K [HCB]
dt | Kyp +|HCB] (4-2)
1ag k'm = maximum apparent dechlorination rate of HCB

{ o ' % . . . [ { =
Lﬁammiﬁmgﬂuuuaumﬂmuaﬂﬂj Hanes Linearization Method 22 l@&un1sN 4.3 @9
Lﬁaﬁﬁvl,ﬂm@mw\lﬁ]ﬂ@ﬁﬁum@ﬁagﬂﬁ 45

[HCB]  _ [HCB] Kycp
(_ d[HCB]j k'm k'm (4.3)
dt

{ U 2 1 Qo a =) a 1 ~ 1 >
ﬁ]’mEﬂﬁ 45 ldm k', “Kues® WAz “R” Wnu 0.45 Jaansudafntdein, 3.2

J88NTNABAAT LAz 0.993 &1V Site A3 WAz 0.73 UARNINABRAIADIW, 17.2 VAANIY

@08AT WA 0.999 FINIU Site A4 NRIAL FAIAUNAMENS k" LAz “KHCB”ﬁ"L@Tﬁga

e HI o H2
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B 400 | y=2.2029x+7.0196
) R? = 0.9989
U B .
2 300
=
= 200 |
C y=1.3735x + 23.687
= 100 R =0.993

0
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[HCB] (mgL™")

A @ v o ¢
Eﬂﬂ 4.5 LIRUATILRAIAIURUANBDIANUIUNNIVUDI Hanes
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AN3197 4.10 NMIAAARAIUVDY 2 VAANITNGRATUAILINTEARA LIUUTUAILASNOWIAAD

Time to detect intermediates/products (days) HCB-complete
Site 1,2,3,5- dechlorination
QCB 11.2.4.5.TeCB 1,3,5-TCB | 1,2,4-TCB 1,4-DCB (days)

B1 28 28 28 49 ND 77
B2 ND ND 49 63 ND 63
B3 28 ND 49 77 ND 77
B4 28 63 63 63 ND 91
D1 49 63 63 77 ND 91
D2 49 ND 63 63 119 91
D3 28 49 49 77 ND 91
D4 49 49 49 ND ND 63
G1 14 49 49 63 ND 77
H1 14 28 49 ND ND 77
H2 28 ND 49 77 ND 77
11 14 49 49 77 ND 119
J1 28 49 49 63 ND 77
J2 14 ND 49 ND ND 119
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N3N 4.11 NIAAARAIUVDY 2,3,4- UAZ 3,4,5-laTaaalsluiialuinaznan

Lag Phase | Complete Dechlorination
Congener | Site Products
(weeks) (weeks)
A1 2 12 2,4-CBp
A2 2 10 2,4-CBp (major) & 2,3-CBp (minor)
A3#1 4 >8 2,4-CBp
A3#2 2 12 2,4-CBp (major) & 2,3-CBp (minor)
Ad#1 2 >8 2,4-CBp
Ad#2 4 10 2,4-CBp
A5 2 10 2,4-CBp
2,3,4-CBp
A6 2 >18 2,4-CBp
A7 2 12 2,4-CBp
A8 2 12 2,4-CBp
A9 2 12 2,4-CBp
A10 2 12 2,4-CBp
E1 10 >16 2,4-CBp
E2 14 >18 2,4-CBp
A1 56 >12 3,5-CBp
A2 ND ND ND
A3#1 154 >28 3,5-CBp
A3#2 ND ND ND
Ad#1 126 >28 3,5-CBp
Ad#2 ND ND ND
3,4,5-CBp
A5 ND ND ND
A6 ND ND ND
A7 ND ND ND
A8 ND ND ND
A9 ND ND ND
A10 ND ND ND
winpag:  -ND daayilinu/liifiansaaaaaiu
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P o &2
A1319N 4.12 a@mwuaaﬂaummuamﬂﬂm‘lu Aroclor

Congener % in Aroclor 1242 % in Aroclor 1254 % in Aroclor 1260
2,2-CBp 3.01 - -
2,3-CBp 1.38 - -
2,4-CBp 7.65 - -
4,4-CBp 1.51 - -
2,5,2-CBp 6.28 0.41 -
2,5,4-CBp 4.59 0.22 0.05
2,4,4-CBp 6.52 0.25 0.05
3,4,2-CBp 4.79 0.14 -
2,4,2',5-CBp 3.60 1.64 -
2,3,2,5-CBp 3.20 - -
2,5,3,4-CBp 3.89 3.21 0.09
2,5,2°,5-CBp - - -
2,3,4,4-CBp 1.33 0.54 -
2,4,5,3,4-CBp 1.62 6.39 0.57
2,3,6,3,4-CBp 1.53 5.85 1.90
2,3,6,2',4’,5-CBp 0.63 2.21 7.83
2,452',45-CBp 0.68 4.26 10.80
2,3,4,2,3',6'-CBp 0.30 1.98 3.69
2,3,4,2,4,5-CBp - 0.77 1.55
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P a Ada & @ by
A139N 4.13 NINAARDIUVDINDUADLIWL D INTI aAIBUINZNBY

Site Complete
Congener - Phase Product(s) Dechlorination
(weeks)

(weeks)
A3+A4 2,2-CBp ND ND ND
2,3-CBp ND ND ND
2,4-CBp ND ND ND
4,4'-CBp ND ND ND
2,5,2-CBp ND ND ND
2,5,4-CBp ND ND ND
2,4,4'-CBp 18 2,4-CBp >18
3,4,2-CBp ND ND ND
2,4,2’,5-CBp 18 2,4,2-CBp >18
2,3,2’,5-CBp 8 2,3,2-CBp >18
2,5,3,4-CBp ND ND ND
2,5,2’,5-CBp ND ND ND
2,3,4,4-CBp 6 2,4,4-CBp >18
2,4,5,3,4-CBp ND ND ND
2,3,6,3,4-CBp ND ND ND
2,3,6,2',4' 5-CBp ND ND ND
245,24 5-CBp ND ND ND
2,3,4,2,3,6'-CBp ND ND ND
2,3,4,2,4' 5-CBp ND ND ND
E1 2,5,2-CBp ND ND ND
2,5,4-CBp ND ND ND
2,3,2’,5-CBp ND ND ND
2,4,5,3,4-CBp ND ND ND
E2 2,5,2-CBp ND ND ND
2,5,4-CBp ND ND ND
2,3,2’,5-CBp ND ND ND
2,453 ,4-CBp ND ND ND
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dl alld 1 =) a a gt 1 a
ANTIN 4.14 NATAIFNINWIINTAINIIRNAANDTUY 2 NARNITNGDRATVAY 2,3,4-107AaD
IHluAfaluinaznan

Lag Phase Complete

Site Substrate Product

(weeks) Dechlorination (weeks)
Acetate+YE 6 >16 2,4-CBp
“ Pyruvate+YE 6 >16 2,4-CBp
Acetate+YE 10 >16 2,4-CBp
V1 Pyruvate+YE 6 >16 2,4-CBp
Acetate+YE 10 >16 2,4-CBp
. Pyruvate+YE 6 >16 2,4-CBp
No addition 10 >18 2,4-CBp
Yeast Extract (YE) 16 >18 2,4-CBp
Acetate 14 >18 2,4-CBp
Lactate 4 >10 2,4-CBp
a Pyruvate 6 >18 2,4-CBp
Acetate+YE 12 >14 2,4-CBp
Lactate+YE 6 >10 2,4-CBp
Pyruvate+YE 8 >14 2,4-CBp
No addition 14 >18 2,4-CBp
Yeast Extract (YE) 10 >18 2,4-CBp2
Acetate ND ND 2,4-CBp
Lactate 4 >10 2,4-CBp
= Pyruvate 14 >18 2,4-CBp
Acetate+YE 5 >14 2,4-CBp
Lactate+YE 4 >10 2,4-CBp
Pyruvate+YE 6 >14 2,4-CBp
Acetate+YE 4 >16 2,4-CBp
g Pyruvate+YE 6 >16 2,4-CBp
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AN3197 4.15 NIAAARAIUVDY 2,3,4- e T8 lT lURAa I uazNawAaD

Site | Lag Phase (weeks) | Complete Dechlorination (weeks) Products
A1 5 14-22 2,4-CBp (major) & 2,3-CBp (minor)
A2 5 14-22 2,3-CBp
A3 5-8 14-22 2,4-CBp
A4 8 14-22 2,4-CBp
A5 5 14-22 2,4-CBp
A6 5-8 14-22 2,4-CBp
A7 5 14-22 2,4-CBp
A8 5 14-22 2,4-CBp
A9 5 14-22 2,4-CBp
A10 8 14-22 2,4-CBp
C1 9 21-24 2,4-CBp
D1 ND ND ND
D4 ND ND ND
E1 18-24 >24 2,4-CBp
E2 ND ND ND
F1 ND ND ND
J1 ND ND ND
winug:  -ND daaielinu/liiiansaaaaaiu
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Indigenous microbes from the sediments, whether contaminated with hexachlorobenzene (HCB) or not,
could dechlorinate HCB effectively without any acclimation and supplemental nourishment. Tempera-
ture seriously affected the HCB-dechlorination: within the measured 15-45 °C span, the optimum range
was between 30 and 35°C. Sulfate-reducing bacteria (SRB), denitrifiers, and acetogens might not be
directly involved in the HCB dechlorination. However, the SRB retarded subsequent dechlorination of
pentachlorobenzene to tetra- and trichlorobenzenes. Some vancomycin-resistant gram-positive bacte-
ria and methanogens were most likely to be the HCB-dechlorinators. The dechlorination followed the
Michaelis-Menten behavior with the k's, and Kycg between 0.45-0.73 mgL-! day~! and 3.2-17.2mgL"",
respectively. These findings suggest a potential HCB treatment and cleanup for wastewater and contam-
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Bioremediation
Chlorobenzene
Dechlorination

Methanogen inated site.

Sulfate-reducing bacteria
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1. Introduction

Hexachlorobenzene (HCB) was produced and used globally as
a fungicide and an industrial synthetic material before production
was banned several decades ago. Because of its bioaccumulation
and persistence properties, as well as its toxicity, HCB was clas-
sified as one of the 12 persistent organic pollutants (POPs) by
the United Nations Stockholm Convention. HCB has been found
to contaminate in many places worldwide including Thailand as a
result of uncontrolled release. HCB was sporadically detected in the
sediment of the Hua Lum Poo Canal in Samuth Prakarn Province,
Thailand, which receives treated effluent from nearby industrial
estate and factories, even though the direct use of HCB in Thailand
has been prohibited since 1980 [1,2]. This finding is comprehensi-
ble since HCB is also unintentionally generated as a byproduct from
the manufacture of the chlorinated pesticides such as atrazine and
simazin [3,4]. Of more concern is that this canal eventually empties
into the Gulf of Thailand, posing a threat of HCB contamination and
bioaccumulation in the coastal bivalves that are consumed by local
people.

Environmental degradation of HCB under anaerobic conditions
in soil and sediment is possible but considerably slow. Beurskens et
al. [5] found an 80% loss of HCB with an increase in the by-products
of 1,3,5-trichlorobenzene (1,3,5-TCB) and 1,3-dichlorobenzene

* Corresponding author. Tel.: +66 2 470 9166; fax: +66 2 470 9165.
E-mail address: jin.ano@kmutt.ac.th (J. Anotai).

0304-3894/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2009.12.024

(1,3-DCB) during a 20-year period of in situ degradation in Lake
Ketelmeer, a sedimentation area of the Rhine River. The halflives of
HCB in soil and groundwater were reported to be 3-6 and 5.3-11.4
years, respectively [6]. Prytula and Pavlostathis [7] evaluated the
HCB-dechlorination ability of the sediment slurry collected from
an HCB-contaminated tributary without any acclimation or enrich-
ment and found that only 43% of HCB was dechlorinated in 481
days at 23°C in the dark. Rosenbrock et al. [8] could obtain only
40% chloride release in the rich-organic soil slurry spiked with
HCB in 140 days, whereas no dechlorination activity was observed
in the low-organic soil slurry. Chen et al. [9] worked with four
non-HCB contaminated sediment slurries and found only two slur-
ries could initiate HCB-dechlorination with a lag phase of 90 days.
These data, however, show different results from our previous
study in which 17 mgkg~! dry solids of HCB could be rapidly and
completely degraded within 60 days by the indigenous microbial
consortium in the sediment slurries collected along the Hua Lum
Poo Canal and its mouth without any supplementation of organ-
ics or nutrients [1]. The degradation followed the major pathway
proposed by Fathepure et al. [10], i.e., HCB — pentachlorobenzene
(QCB) — 1,2,3,5-tetrachlorobenzene (TeCB) — 1,3,5-TCB. This find-
ing corresponded very well with the field data in which 1,3,5-TCB
was found together with HCB in the upstream sediments of this
canal [1].

The objective of this work was to investigate into more details
on the factor causing the microbes in the sediment of the Hua
Lum Poo Canal to be more powerful in HCB-dechlorination than
others. Microbial groups involving in the HCB-dechlorination and
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the dechlorination kinetics were also determined. The information
reported here provides a better understanding regarding the reduc-
tive dechlorination of HCB, which can lead to a promising treatment
or cleanup technique in the future.

2. Materials and methods
2.1. Chemicals

Chlorinated benzene congeners (CBs) including
monochlorobenzene (MCB), 1,2-, 1,3-, and 1,4-DCBs, 1,2,3-,
1,2,4-, and 1,3,5-TCBs, 1,2,3,4-, 1,2,3,5-, and 1,2,4,5-TeCBs, QCB,
and HCB were purchased from Seelze, Germany. The microbial
inhibitors including bromoethanesulfonic acid (BES) and van-
comycin (VAN) were obtained from Sigma Chemical Co., USA. The
99.5% acetone and n-hexane (Labscan Asia, Co., Ltd., Thailand) were
used for preparing an HCB solution and CBs standards/extraction
liquid, respectively. All other chemicals were analytical grade and
supplied by Merck KGaA, Germany.

2.2. Sediment and canal water sampling

Sediment and canal water samples from two sites (H1 and H2)
along the Hua-Lam-Poo Canal that possessed the highest HCB-
dechlorination activity according to Anotai et al. [1] were used in
this study. The top few centimeters of the sediment surface were
carefully removed, and the lower layer was scraped and packed in
a plastic bag. Canal waters were sampled and stored in the contain-
ers. Both sediment and water samples were stored in the 4°C cold
storage until use.

2.3. Microbial preparation

Sediment slurry of each site was prepared by thoroughly mixing
the sediment and canal water at the ratio of 1:1 (v/v) by hand for
2 min and was allowed to settle for 30 min. The upper supernatant
was withdrawn by a 100-mL glass syringe with a 22G x 2 hypoder-
mic needle (0.7 mm opening), injected into a 1000-mL serum bottle,
and purged with nitrogen gas before use. For dechlorination experi-
ments, 50 mL of sediment slurry were transferred to several 100-mL
serum bottles in a nitrogen glove box to prevent oxygen interfer-
ence and sealed with butyl rubber stoppers and alumina-caps. One
bottle from each experiment set was sterilized three times in an
autoclave and used as the control.

2.4. Dechlorination experiments

To initiate the experiment, an appropriate amount of stock HCB
solution, along with a specific amount of the individual chemical
to be studied, was injected into the serum bottles. All serum bot-
tles were kept in the dark at room temperature (28-31°C with an
average of 30°C). To study temperature effects, refrigerators (at 15
and 20 °C), air-incubators (at 35 and 40 °C), and water baths at 45 °C
were used to control the temperature. All bottles were shaken by
hand on a daily basis. The experiments were conducted in duplicate
with a sterilized control.

2.5. Sampling and analysis

To determine HCB and its dechlorination by-products, HCB
from the sediment slurry was extracted according to the method
described by Chen et al. [11] which provided the recovery between
89 and 98% for all 12 chlorobenzenes. An extraction test has
been performed with 1-h HCB spiked sediment slurry in order
to confirm the reliability of this method. The HCB recovery was
between 88 and 95%. In addition, another test was also conducted

using non-biodegradable and highly hydrophobic 2,3,4,2’,4',5'-
and 2,3,6,2',4',5'-chlorobiphenyls to verify the consistency of this
extraction method over an adsorption period of 18 weeks. The
recover was between 88 and 112% for 2,3,4,2',4',5'-chlorobiphenyl
and 91 and 110% for 2,3,6,2’,4',5'-chlorobiphenyl with no less-
chlorinated intermediate detected. Hence, this extraction method
is proven to be reliable. At a predetermined time, 2 mL of the sedi-
ment slurry was taken by a glass syringe with a22G x 2 hypodermic
needle (using the same needle size used to withdraw the sediment
slurry from the sediment-water mixture in order to ensure a homo-
geneous sample) and injected into an extraction tube containing
0.2 mL of 6N NaOH and 2 mL of n-hexane. The tube was then shaken
by hand 100 times, followed by 10 min of sonication, and then cen-
trifuged at 4000 rpm for 5 min. The upper-layer of n-hexane was
withdrawn as much as possible into a 5-mL analyzing tube. The
remaining mixture in the extraction tube was then re-extracted
twice more following the same procedure. At the third extraction,
the upper-layer of n-hexane was pulled out and filled the analyzing
tube up to the 5-mL mark. A small amount of anhydrous Na;SO,4
was added to remove moisture before being analyzed by gas chro-
matography. The 6890N Network GC system (Agilent Technologies,
USA) was equipped with an electron capture detector (ECD) and a
capillary column DB-5 fused silica with 0.25 mm diameter and 30 m
length (Agilent Technologies, USA). The oven temperature was ini-
tially maintained at 80°C for 5 min, raised to 140°C at the rate of
3°Cmin~! and sequentially to 240°C at the rate of 10°Cmin~!,
and hold for 8 min. The temperature for the injector and detector
were set at 240 and 280 °C, respectively. The carrier and make up
gases were helium and nitrogen at the average linear flow rates
of 20 and 60 mLmin~!, respectively. All qualifications and quan-
tifications were performed with an external standard. Methane in
the headspace gas was determined by the Gas Chromatograph GC-
8A (Shimadzu Corporation, Japan). Sediment slurry characteristics
were analyzed according to Standard Methods [12].

3. Results and discussion

3.1. Background contamination and sediment slurry
characteristics

Trace amounts of HCB were found in the sediments of both sites
at 0.26 and 0.15mgkg~! dry solids for H1 and H2, respectively. In
addition, 0.16 mg kg~! dry solids of 1,3,5-TCB, which has never been
produced or used in a commercial scale, was also found in the sedi-
ment from H1. This implies that the microbes at both sites should be
acclimated to HCB to some degree and be able to dechlorinate HCB
in situ. The characteristics of raw sediment slurries were shown
in Table 1 illustrating that most organics were in the solid phase.
Volatile organics, part of which representing the microbial mass,
were only accounted for at 9% and 13% at H1 and H2, respectively.
Nitrogen and phosphorus in the sediment slurries were sufficient
for anaerobic digestion according to the acceptable COD:N:P ratio
of 250:5:1-700:5:1 [13]. Chloride was quite high due to the intru-
sion of seawater at the sampling time. The pH of the mixtures was in
the neutral range appropriate for microbial activities. Pre-tests with
nutrient and organic supplements of either yeast extract, glucose,
pyruvate, lactate, acetate, formate, or essential minerals revealed
no significant improvement in the dechlorination process. Hence,
the existing composition of sediment slurries was already suitable
for the reductive dechlorination of HCB.

3.2. Reductive dechlorination of HCB

Sediment slurries from both H1 and H2 could dechlorinate
2mgL-! HCB completely in 70 days at the average room temper-
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Table 1
Characteristics of raw sediment slurries.
Site pH Cl™ sotuple (MgL1) SS(mgL-1) VSS (mgL-1) COD (mgL-1) Nitrogen (mgL-!) Phosphorus (mgL-1)
Soluble Total Soluble Total Soluble Total
H1 7.0 8938 228,300 19,600 584 42,985 13 896 2 66
H2 7.2 4080 158,500 21,200 215 50,149 12 1,036 1 77
ature of 30°C as shown in Fig. 1. In contrast, no dechlorination —&— Stream A —-3— Stream B
occurred in the sterilized control bottles, i.e., steady HCB concentra- 12 s Stream. C =9 istream D

tion and no intermediates detected, implying that the reduction of
HCB in the experimental sets should derive from microbial activ-
ities. This performance was more impressive than other studies
working with the sediment slurries from both HCB-contaminated
and non-contaminated sites [7-9]. The degradation pathway fol-
lowed the major pathway from HCB to QCB, 1,2,3,5-TeCB and
1,3,5-TCB as suggested by Fathepure et al. [10]. No 1,2,4-TCB
and DCBs which are the products from the minor dechlorination
pathway were detected. Certain loss of chlorobenzenes from the
aqueous phase was also detected which mainly due to the transfer
of volatile 1,3,5-TCB to the headspace of serum bottle similar to the
observation of other studies [6,9,11,14]. The dechlorination perfor-
mance obtained in this study was consistent with our preliminary
work [1] implying that the microbes in the sediments of this canal
could efficiently maintain their dechlorination ability.

3.3. Effect of temperature on HCB-dechlorination

It is interesting to determine the key factor enhancing the HCB-
dechlorination ability of the microbes in this canal. One possible
factor causing the differences in HCB-dechlorination between this
study and others was the temperature. Most of Thailand has a trop-
ical climate in which the coldest month temperature is higher than
18°C. According to Thai Meteorological Department, the 30-year
monthly averages for night-time and day-time in Samuth Prakarn
Province are 26.3 and 30.3 °C, respectively (day-time temperatures
during the experimental period of this study were between 28 and
31°C with an average of 30°C). On the other hand, most devel-
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Fig. 1. Profiles of HCB and its intermediates with an initial HCB concentration of
2mgL-1.
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Fig. 2. HCB-dechlorination in non-contaminated sediment.

oped countries in which the HCB-dechlorination has been studied
are in the temperate-climate (the coldest month average between
—3 and 18°C) or continental-climate (the coldest month average
below —3°C) zones according to the K6ppen-Geiger climate clas-
sification system. As a result, the native microbial consortium in
the sediment of the Hua Lum Poo Canal as well as other streams in
Thailand should be diverse from those of developed countries and
might possibly lead to an explanation for the differences in HCB-
dechlorination. To test whether the temperature was one of the
major factors controlling the HCB-dechlorination activity, the sed-
iment slurries without any supplements were spiked with 2 mgL~!
of HCB and incubated at various temperatures from 15 to 45 °C. The
outcomes showed that the optimum temperatures were between
30 and 40°C for H1 and 30 and 35°C for H2 (Table 2). The dechlo-
rination performance drastically deteriorated as the temperature
became lower or higher. The lag phase and complete dechlorination
period extended approximately two times or more as the tem-
peratures rose above or dropped below the optimum range. This
finding serves as solid evidence that temperature plays a major role
in classifying and characterizing microbial consortium and activ-
ity regarding on HCB-dechlorination in natural stream sediment.
Further investigation was conducted to verify the effect of tem-
perature by using the sediments collected from four other streams
which were not contaminated with HCB. The results shown in Fig. 2
indicate that the indigenous microbial consortiums in these stream

Table 2
HCB-dechlorination under various temperatures.

Site Temperature (°C) Lag phase (days) Complete dechlorination
(days)

H1 15 35(42) >154 (>154)
20 28(35) 126 (126)
30 14 (7) 70 (70)
35 7(7) 63 (63)
40 7(7) 63 (70)
45 14 (35) >154 (>154)

H2 15 70 (35) >154 (>154)
20 49 (49) 161(161)
30 14 (14) 70 (70)
35 7(14) 70 (70)
40 14 (14) >154 (>154)
45 42 (35) >154 (>154)

Note: Numbers in the parenthesis are duplication.
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25 Table 3
o Sulfate Effects of electron donors on HCB-dechlorination of the sediment slurry from Site
2 20 ¢ ; H2.
£ —e— Nitrate
\g 15 | Electron acceptor Appearance time (days)
§ QCB 1,2,3,5-TeCB 1,3,5-TCB
glor No addition 14 42 56
g 20 mM of NaNO3 14 56 56
SN 20 mM of NaySO4 14 70 98
0
0 20 40 60 80 100

Time (days)

Fig. 3. Consumption profile of added electron acceptors.

sediments could readily dechlorinate 2 mgL~! HCB with no accli-
mation or supplemental nourishment at room temperature similar
to those from H1 and H2. These results suggest that temperature
plays an important role on the dechlorination of HCB which is
similar to the study of Chang et al. [6] who found the optimum
temperatures for HCB-dechlorination to be between 29 and 37°C
and the dechlorination ability ceased at 18 and 45 °C.

From these results, it implies that HCB in the tropical-climate
environment with moderate ambient temperatures might not be
as persistent as in the temperate-climate and continental-climate
regions due to the differences in native microbial matrix and
activities. Biologically anaerobic processes, which typically have a
long sludge detention time, such as an anaerobic filter or upflow
anaerobic sludge blanket followed by an aerobic process might
be a feasible alternative to purify HCB-contaminated wastewater.
Remediation of HCB-contaminated sites is also promisingly possi-
ble if suitable conditions are provided. The identified end product
was 1,3,5-TCB for all studied temperatures, neither 1,2,4-TCB nor
DCBs was detected. Hence, the dechlorination mechanism still fol-
lowed the major pathway. Nevertheless, substantial dissimilarity
in the complete dechlorination period at 40°C between the sed-
iments from H1 and H2 suggested that the microbial consortium
existing in these two sites were different, which was in agreement
with the results from the kinetic studies in later section.

3.4. Characterization of dechlorinating microorganisms

This section attempted to determine the principal microbes
responsible for HCB-dechlorination. Only the sediment slurry from
H2 was used for characterization purpose. The first experimental
scenario in this section aimed to determine the involvement of
sulfate-reducing bacteria (SRB) and denitrifiers (DN) in the dechlo-
rination of HCB to its less-chlorinated products. Sediment slurry
with 2mgL-1 of HCB was added with 20 mM of either NaNO3 or
Na, S04 to stimulate the activities of DN or SRB, respectively. Nitrate
reduction during the incubation period was slower than sulfate, as
shown in Fig. 3, which implied that the SRB in this sediment were
more active than the DN. This is plausible since the collected bottom
sediment was under anaerobic conditions for a very long period
of time. An anoxic state, which uses nitrite or nitrate as an elec-
tron acceptor, is unlikely to occur intensively in this rich organic
sediment deposited a few centimeters below the sediment-water
interface. No significant difference in HCB-dechlorination between
these two supplement and control sets was observed, i.e., QCB
appeared at the same time on day 14 (Table 3) with comparable
apparent concentration between 0.018 and 0.019mgL-!. During
this initial period, the SRB and DN were very active, interpret-
ing from the zero-order disappearance rates of sulfate and nitrate
(Fig. 3). This result suggested that neither SRB nor DN directly
engaged in or serious interfered with the HCB-dechlorination since
the addition of sulfate or nitrate to promote their activities neither

enhanced nor retarded the transformation of HCB to QCB. Working
with HCB-adapting sediment, Chen etal.[14] also found that 30 mM
sulfate did not interfere with HCB-dechlorination; however, they
suggested that under limiting electron donors SRB might compete
with HCB-dechlorinators for substrate, thus hampering the HCB-
dechlorination. The impact of nitrate seemed to be unclear on QCB
transformation to 1,2,3,5-TeCB and 1,3,5-TCB. The appearance time
for 1,2,3,5-TeCB in the presence of nitrate was 14 days longer than
the control without nitrate, but was the same for 1,3,5-TCB. It is
important to note that the sample on day 56 was the first sampling
after day 42; hence, they could not be definitely differentiated. The
presence of sulfate, however, significantly prolonged the transfor-
mation of QCB to 1,2,3,5-TeCB and subsequently to 1,3,5-TCB. The
occurrence times for 1,2,3,5-TeCB and 1,3,5-TCB shifted from 42 to
70 days and from 56 to 98 days, respectively. This implies that the
activity of SRB noticeably interfered with QCB- and 1,2,3,5-TeCB
dechlorinators. As a result, it indicates that the population respon-
sible for chlorobenzene dechlorination differed at least in some
species from the QCB- and 1,2,3,5-dechlorinators. This result is in
agreement with the study of Chen et al. [11].

To evaluate the role of methanogens on HCB-dechlorination, the
selective methanogenic inhibitor, bromoethanesulfonic acid (BES)
|6], was inoculated into the serum bottle at various concentrations.
It was found that only 5mM of BES could notably suppress the
methanogenic activity. Accumulated methane in the headspace of
the serum bottle on day 78 in the control set without BES was 38%
which was much higher than those in the BES amended set of less
than 1%. Nevertheless, more than 90% of the HCB was still dechlori-
nated, though at a lower rate, as shown in Fig. 4. This suggests two
possibilities: first, the dechlorinating step was directly executed
by methanogenic bacteria only, but maybe a variety of different
species of methanogens can play this role. Therefore, whenever
one or some methanogenic bacteria regained their activity and
began to produce methane even slightly, these methanogens could
be able to trigger the dechlorination of HCB. Second, while the
methanogens played a major role in HCB-dechlorination (reduc-
tion rate was steeper in the control set), other microorganisms in
the sediment slurry might also involved. As the BES was increased
to 10 and 50 mM, HCB was still dechlorinated. Only when 250 mM
was applied did the dechlorination stop completely. Middledorp

—6— Control
l —8- 5 mM BES
0.8 —&— 100 mgl VAN
&}
= 06
]
0.4
02 r
0 L . . L }
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Fig. 4. Dechlorination profile for HCB with and without inhibitors.
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et al. [15] found that BES at high concentration also affected the
microbial species other than methanogens, possibly suppressing
the non-methanogenic HCB-dechlorinators in the sediment slurry.
The results from this study filled the gap between two totally dif-
ferent observations from other research groups. Pavlostathis and
Prytula [16] reported that methane production was inhibited in a
BES-amended culture, but sequential reductive dechlorination of
HCB still occurred at a comparable rate as in the non-amended
culture, indicating that methanogens were not involved in the
dechlorination process. On the other hand, the data from the BES-
amended studies of Chang et al. [6] and Chen et al. [14] strongly
suggested that methanogens were the sole HCB-dechlorinators in
their acclimated cultures. Combining these facts together with the
results from this study, it can be concluded that HCB-dechlorinators
should consist of methanogens as well as other microbial groups.
In the studies of Chang et al. [6] and Chen et al. [14], methanogens
served as the sole HCB-dechlorinators in their cultures. As a result,
once the methanogens were inactivated by BES, the dechlorina-
tion of HCB was also terminated. In the study of Pavlostathis and
Prytula [16], however, the dechlorination occurred via the activi-
ties of the microbial species other than methanogens. Hence, the
inhibition of methanogenic activities did not completely block HCB-
dechlorination. In this study, the sediment slurry contained both
methanogens and other HCB dechlorinating species; thus, even
though the methanogens were almost completely inactivated by
the BES, the remaining dechlorinators that were not susceptible to
BES still transformed HCB to QCB; however, at the lower rate as
compared to when both microbial groups were active.

Further investigation on HCB-dechlorinators was conducted by
using vancomycin (VAN), a strong bactericide on gram-positive
bacteria including most acetogens. The results revealed that
100mgL-! of VAN moderately retarded the dechlorination perfor-
mance shown in Fig. 4. Partial pressure of methane in the headspace
also reduced from 38% to 16% in the presence of VAN during the
same incubation period. This implies that acetogenic activities that
transformed volatile fatty acids to acetic acid for methanogenic
uptake were partially affected and consequently retarded methane
formation. Once the methanogenic activities subsided, the dechlo-
rination process was also decelerated. As the VAN was increased
to 200mgL-1, a level that should inhibit most gram-positive
bacteria, the HCB-dechlorination completely stopped. The rea-
son could be that the gram-positive bacteria usually play the
role of supplementing substrate to methanogenic bacteria, and
once this supplementation is terminated, the methanogenic HCB-
dechlorinator could no longer dechlorinate HCB. In addition, apart
from methanogenic HCB-dechlorinators, it is possible that there
were other naturally existing dechlorinators in the sediment of the
Hua Lum Poo Canal, and they were most likely the gram-positive
microbes that were able to tolerate VAN to some certain degree.
Swenson et al. [17] reported that some gram-positive bacteria,
such as the Leuconostoc, Pediococcus, and Lactobacillus species, were

Table 4
HCB-dechlorination under various HCB concentrations.

essentially resistant to vancomycin; however, they might be inac-
tivated by the high VAN dose of 200mgL-1.

3.5. Kinetics of HCB-dechlorination

To evaluate the microbial dechlorination ability and HCB
toxicity, the HCB dose was increased from 2 to 10, 40,
100, and 200mgL-!, which were equivalent to 43.8, 175.2,
438.0, 876.0mgkg-! dry solids for H1, and 63.1, 252.4, 630.9,
1261.8 mgkg~! dry solids for H2, respectively. Surprisingly, it was
found that HCB was still dechlorinated at the very high concen-
tration of 200mgL-! with a minor retardation as illustrated in
Table 4. The lag phase and appearance time for dechlorination inter-
mediates including QCB, 1,2,3,5-TeCB, and 1,3,5-TCB were almost
similar for all HCB dosages. The only difference was the time
required to completely remove HCB, which became longer as the
HCB increased. It is important to mention that the appearance times
0f 1,2,3,5-TeCB, and 1,3,5-TCB in the experiment with 2 mg L-1 HCB
using the sediment slurry from H2 were different from those of the
control set (no addition) in Table 3 even though they were tested
under similar conditions with the same sediment sample. This was
possibly due to the effect of the storage time at 4°C in the cold
storage. The sediment used in this part was kept for one week after
sampling whereas those used in Table 3 was kept for two months.
It implies that the QCB and 1,2,3,5-TeCB dechlorinators might be
somehow affected during the storage at 4°C for a long period of
time. The degradation pathway of all HCB dosages still followed
the major pathway to 1,3,5-TCB. The initial dechlorination rate was
determined during the most active dechlorination period, i.e., HCB
decreased sharply, as shown in Fig. 1. The relationship between the
initial dechlorination rate and the HCB concentration is shown in
Fig. 5. The dechlorination rate increased exponentially as the HCB
concentration increased and finally reached a plateau where a fur-
ther increase in HCB did not promote the rate. This pattern was
similar to the enzymatic catalytic behavior that could be quanti-
tatively explained by Michaelis-Menten kinetics. With sufficient
nutrients and no inhibition effect as in this study, the dechlorina-
tion rate of HCB via a co-metabolization could be described under
the influence of HCB and organic substrate concentrations as shown
in Eq. (1) [16]:

d[l(-jltCB] _ (

kmX [HCB] s
Kucs + [HCB]> (Ks +S) (M

where ky, is the maximum dechlorination rate of HCB per unit
biomass; Kycp and Ks are the half-saturation constants regarding on
HCB and organic substrate, respectively; X is the HCB-dechlorinator
intensity; and S is the organic substrate concentration. Since the
organic substrates (S) available for biodegradation as represented
by the COD values were much higher than HCB concentration and
the biomass (X) growth under anaerobic condition was consider-
ably very slow, these two parameters can be considered constant

Site HCB (mgL-1) Appearance time (days)
QCB 1,2,3,5-TeCB 1,3,5-TCB Complete HCB-dechlorination time (days)
H1 2 14 14 14 70
10 14 28 28 175
40 14 28 35 >175
100 14 28 42 >175
200 21 28 49 >175
H2 2 14 21 28 70
10 14 21 28 175
40 14 21 28 175
100 14 28 28 175
200 14 28 35 >175

(2009), doi:10.1016/j.jhazmat.2009.12.024
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0.8 particularly temperature as discussed previously. In addition, it is
S~ surprising to obtain significant differences in k', and Kycg between
g _Q 06 H1 and H2 since H2 is only approximately 50 m downstream from
A —j 04 F 2 H1. From field survey, it was found that H1 was mainly contami-
T nated with industrial wastewater, whereas H2 was located in the
= E o2 congested low-income community; hence, it was also polluted
with improperly treated domestic wastewater. Organic matter
0 and nutrients from domestic wastewater might promote microbial
08 activity in the direction of enhancing HCB-dechlorination.
— 9
5z 06T | 4. Conclusions
m ° o /®
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Z, ju The reductive dechlorination of HCB by indigenous sediment
© E o2 microbes under anaerobic condition was intensively investigated
in this study. The indigenous microbes in the sediments collected
0 from the Hua Lum Poo Canal could dechlorinate HCB effectively
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Fig. 5. Effect of HCB concentration on dechlorination rate (lines are model predic-
tions based on the Michaelis—Menten kinetics).

e HI O H2

500

400 y=2.2029x +7.0196

g
) 2 _
] R™=0.9989

O
T 300
=
= 200
@] y=1.3735x +23.687
L 100 R® = 0.993

0

0 50 100 150 200 250

[HCB] (mg L')

Fig. 6. Hanes linearization for Fig. 5.

during the initial stage; then, Eq. (1) can be simplified to:

d[HCB] _ _( K'm [HCB] )

dt Kuics + [HCB] (2)

where k', is an apparent maximum dechlorination rate of HCB. The
dechlorination rate then becomes first order with respect to HCB at
low concentration and zero order at high concentration. Although
many researchers working with HCB-dechlorination have success-
fully described their kinetic data by using either the first-order
reaction [5,7] or the zero-order reaction [18], others decided to use
a more realistic Michaelis—-Menten model. Pavlostathis and Prytula
[16] dechlorinated HCB by using enriched cultures supplement-
ing with essential minerals, vitamins, yeast extract, and glucose,
and found the dechlorination to follow the Michaelis-Menten
model with the k' and Kycg of 0.015+0.001 mgL-!day~!
and 0.024 +0.003 mg L1, respectively. Further analysis using the
Hanes linearization method [19] as illustrated in Eq. (3) and Fig. 6
found the k', Kucg, and R2 tobe 0.45 mg L1 day~!,3.2mgL-!,and
0.993 for H1 and 0.73mgL-1day~!, 17.2mgL"1, and 0.999 for H2,
respectively.

[HCB]  [HCB] . Kucp 3)
(d[HCB]/dt) ~ ki, [

The k'm and Kycg obtained from this study were 30-50 and
178-480 times, respectively, higher than the values reported by
Pavlostathis and Prytula [16]. The differences might be due to
several factors such as HCB contamination and acclimation level,
complexity of microbial consortium, and environmental factors

without acclimation and extra nourishment. Temperature signif-
icantly affected the HCB-dechlorination with the optimum range
between 30 and 35°C. Hence, HCB might not be a persistent
organic pollutant in the moderate temperature environment like
those in the tropical zone. The SRB, DN, and acetogens did not
directly engage in the dechlorination of HCB; however, the SRB
interfered with the dechlorination of QCB to 1,2,3,5-TeCB and
1,2,3,5-TeCB to 1,3,5-TCB. Methanogens and some VAN-resistant
species of gram-positive bacteria were most likely the candidates
for HCB-dechlorination. The HCB-dechlorination behavior could be
sufficiently explained by the Michaelis-Menten kinetics with the
k'm and Kycg between 0.45-0.73 mgL~1day~!and 3.2-17.2mgL"!,
respectively.
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SUMMARY

After collecting and analyzing the sediments from 10 sites along the Hua-Lum-Poo Canal located in Samut
Prakarn, a province of Thailand, hexachlorobenzene (HCB) and 1,3,5-trichlorobenzene (1,3,5-TCB) were found
in four sediment samples. Due to 1,3,5-TCB has never been made commercially for industrial and agricultural
usage, most of it was transformed from highly chlorinated benzenes. Therefore, it suggested that HCB has been
dechlorinated to 1,3,5-TCB in the natural sediment of Hua-Lum-Poo Canal. This study was devoted to
investigate the reductive dechlorination of HCB by the anaerobic microorganisms in canal sediments.
Indigenous microorganisms from 10 canal sediments were collected and applied to dechlorination experiments.
By using anaerobic microbes from yeast extract pre-enriched natural sediment-water slurries, every set of
microorganisms initiated HCB dechlorination after 14 days of incubation and completed the process in a period
of 28 ~ 42 days. In the sets without yeast extract pre-enrichment, the microorganisms also showed
dechlorination activity after 14 ~ 28 days of cultivation. Combining the results, it showed that after 7-days of
pre-anoxic and enriched treatment, canal microbes were able to develop the HCB dechlorination activity and
completely dechlorinate HCB within 6 weeks. This indicates that the HCB dechlorinating microorganisms were
prevalent in the sediments along the Hua-Lum-Poo Canal and possibly to remove HCB contamination without
any additional nutrient.

KEYWORDS
Dechlorination, Hexachlorobenzene, Natural Sediment, anaerobic microorganisms

INTRODUCTION

After decades of uncontrolled releases, hexachlorobenzene (HCB) has been detected in air, water and sediment
around industrial sites and farming area [1, 2]. It was produced and used as fungicide as well as an industrial
synthetic material and generated as a byproduct of solvents and chlorinated chemical manufactures [3, 4].
Nowadays, HCB is well known as a priority pollutant in critical environment because of their specific properties
such as carcinogenicity, recalcitrance and bioaccumulation. Thus, the removal of HCB from contaminated
environments has become more significant. Clean-up methods such as chemical processes had been investigated
[5, 6]. However, in consideration of lesser expense and environmental impact, biological treatment was
necessarily advocated. The biodegradation of chlorinated benzenes by aerobic microbes could only deal with
less-chlorinated ones, including monochlorobenzene (MCB), dichlorobenzenes (DCBs) and trichlorobenzenes
(TCBs) [7, 8]. For highly chlorinated compounds, with the bulky chlorine atoms surrounding the benzene ring
like pentachlorobenzene (QCB) and HCB, the aerobic biodegradation was seemingly completely inhibited.

The removal of chlorines from HCB and other highly chlorinated aromatics was considered as the first step to
decompose these compounds and it was indeed effective through anaerobic dechlorination by using acclimated
or enriched microorganisms [8, 9, 10]. This study was therefore dedicated to assess the dechlorination of HCB
by the indigenous microbes collected from Hua-Lum-Poo Canal sediments, where some of the sediments were
contaminated by HCB. In order to evaluate the dechlorination possibility, sediment microbes were collected
from 10 sites along the entire canal, enriched and introduced to HCB dechlorination experiments. The
degradation of HCB was studied by measuring the transformation of HCB to less-chlorinated compounds under
reductive dechlorination.
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MATERIALS AND METHODS
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FIGURE 1 - Sediment and river water sampling sites along Hua Lam Poo Canal and seashore as marked
from 1 to 10.

SEDIMENTS AND CHEMICALS
Sediments and river waters were collected from 10 sites (S1 to S10, from wastewater discharging site to
estuarine) along Hua-Lum-Poo Canal, Bangpoo, Thailand as shown in Fig 1. After the sediment dug up, the
upper 5 cm of sediments were carefully removed, and the remains were packed in plastic bags and kept in 4°C.

Chlorinated benzene congeners (CBs) including MCB, 1,2-, 1,3- and 1,4-DCB, 1,2,3-, 1,2,4- and 1,3,5-TCB,
1,2,3,4-, 1,2,3,5- and 1,2,4,5-Tetrachlorobenzene (TeCB), PCB and HCB were purchased from Riedel-de Haen
Chemical Co. (Seelze, Germany).

MEDIA
Sediment slurry preparation

400 ml of sediment slurry and 400 ml of river water were placed in a screw-capped serum bottle (1L), and
vigorously shaken by hand for 2 minutes. After the solid part settled down, 50 ml of the liquid part was
withdrawn. And this sediment slurry (SS) was then transferred into an alumina-capped serum bottle.

Synthetic mineral medium

A synthetic mineral medium (MM) was also established, consisting of NH,CI, 2.7 g/L; MgCl, - 6H,0, 0.1 g/L;
CaCl, - 2 H,0, 0.1 g/L; FeCl, - 4H,0, 0.02 g/L; K,HPO,, 0.27 g/L; KH,PO,4 0.35 g¢/L, according to a
previous study [9]. In some experimental sets, yeast extract (YE) was used as nutrient supplement with a
concentration of 5 g/L in mineral medium or sediment slurry.

PREPARATION OF INOCULUM

Yeast extract (YE) enriched mixed cultures were used as inoculum. For the preparation of inoculums, the
collected sediment was mixed with river water (50ml:50ml) and 1 g of YE, then placed into a serum bottle,
shaken by hand for 1 minute and sealed. Samples were stored for 1 week in the dark at room temperature.

DECHLORINATION EXPERIMENT

After shaking the YE-enriched bottles, 5ml of YE enriched mixed cultures were withdrawn and injected into
serum bottles which contained 45 mL of the medium and 2 mg/L of HCB, and then incubated at room
temperature. The dechlorination procedures were described in detail from previous researches [11, 12]. At
designated intervals, 2 ml of the incubated culture sample was taken from the serum bottle by a syringe.

ANALYSIS
The culture sample was extracted three times by n-hexane, and analyzed by a gas chromatography equipped with
an ECD (Hewlett Packard 4890, Rockville, MD) and a capillary column of DB-5 fused silica. The oven
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temperature was maintained at 80°C for 5 min, raised to 120°C at 5°C /min, maintained for 2 min, and then
raised again at 5°C/min to the final temperature of 200°C, which was held for 5 min. The temperatures of the
injector and the detector were set at 280°C and 300°C, respectively. Nitrogen and Helium gas were employed as
the make-up and the carrier gas, respectively. The linear velocity was 16 cm/s and the split ratio was kept at
10:1.

RESULTS AND DISCUSSION

CBs IN CANAL SEDIMENTS
All ten sediments were first extracted to investigate the chlorinated benzenes contamination of the canal. The
results showed that the first four sites close to the discharging location (S2to S5) were contaminated by HCB in a
range of 0.182 to 1.250 ppm (Table 1). Surprisingly, 1,3,5-TCB was found in two of these HCB-contaminated
sediments. Unlike HCB, 1,3,5-TCB was out of any industrial and farming usage and no published research
suggested this compound could be an intermediate or an impurity during chemical processes [13]. However,
many studies reported that 1,3,5-TCB was a very important final product in HCB dechlorination following the
major pathway as described by Fathepure et al.; Holliger et al. and Chang et al. [14, 15, 16]. This finding
provided a piece of evidence that HCB could be dechlorinated in natural sediment environment of Hua-Lum-Poo
Canal.

TABLE 1 - The concentration of HCB and 1,3,5-TCB in Hua-Lum-Poo Canal sediments.

Sarlligt):ng HCB (ppm) 132p5pr1']§:B
S2 0.182 ND
S3 1.250 0.238
S4 0.261 0.160
S5 0.153 ND

HCB DECHLORINATION IN NATURAL SEDIMENT SLURRIES
After 1 week of YE pre-enrichment, anaerobic mixed cultures from all ten sites has showed HCB-dechlorination
ability in sediment slurry without yeast extract (Table 2). Eight of them dechlorinated HCB after 14 days of
incubation and the other two have a lag phase of 28 days. However, HCB dechlorination was completed before
42 days of incubation. Within the findings of the HCB-dechlorination by river sediment microorganisms from
southern Taiwan [17], only one from Erh-Jen River sets and one from Ho-Tsin River sets were able to
dechlorinate HCB in a natural sediment water media, and the dechlorination was never completed (Table 2). It
showed the superior dechlorination ability of Hua-Lum-Poo Canal microbes. Under similar conditions with
Taiwan studies, using Hua-Lum-Poo SS media, all enriched cultures initiated and completed the dechlorination
within a much shorter period.

The dechlorinating intermediates found in HCB-dechlorination processes were QCBs, 1,2,3,5-/1,2,4,5-TeCB
(co-eluting congeners) and 1,3,5-TCB, nevertheless the last was the only product remained. As shown in Figure
2, HCB dechlorination by Site 4 microbes produced QCB and 1,2,3,5-/1,2,4,5-TeCB on day 24, and successively
to 1,3,5-CB. The dechlorination pattern by Hua-Lum-Poo Canal microbes followed the major pathway: HCB -
PCB > 1,2,3,5-/1,2,4,5-TeCB > 1,3,5-TCB, as described from previous studies [11, 17]. As Chen et al.
suggested, the untamed microbes in Taiwan favorably dechlorinated HCB through the dechlorination reactions
with larger amount of energy released and also with greater difference in chromatographic properties [17].
Therefore, microorganisms from mild contaminated sites also dechlorinated HCB by following the energy
releasing favorable pathway.

HCB DECHLORINATION IN SEDIMENT SLURRIES SUPPLEMENTED WITH YEAST EXTRACT

With the supplement of yeast extract, organic contents from the cultural media increased and helped the YE-
enriched microbes to be more vigorous, quickly turning the serum bottle condition into strictly anaerobic. Table
3 showed that all ten canal anaerobic mixed cultures could dechlorinate HCB with a lag phase of 14 days, two of
them has a shorter lag phase than the set without YE (Table 2). This is similar to the finding of Chen et al., in
the investigation of the HCB dechlorination ability of untamed sediment anaerobic microbes in Erh-Jen River
and Ho-Tsin River [17]. All microbial consortia from Erh-Jen River, Ho-Tsin River and Hua-Lum-Poo Canal
sediments showed the enhancement of HCB-dechlorinating activity by YE supplement (Table 3). It suggested
that HCB-dechlorination microorganisms is widespread over Taiwan rivers and Thai canal sediments. And the
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environmental remediation of HCB pollution is possible with the potential of anaerobic microorganisms that
originated in the contaminated sites. However, a noble HCB-dechlorination happened in the mixed cultures
from Hua-Lum-Poo Canal. With YE (Table 3) or without YE (Table 2), both sets of microbes dechlorinated
HCB faster than the sets from Taiwan rivers. The lag phase and dechlorination period (from the beginning up to
the end of dechlorination) of Thai canal were 2 to 4 times shorter than Taiwan river sets.

TABLE 2 - HCB Dechlorination by sediment microorganisms from Hua-Lum-Poo Canal sediments (S1 ~
S10), Erh-Jen River sediments (E1,E2) and Ho-Tsin River sediments (H1, H2) by using
sediment slurry (SS) without yeast extract as media.

Yeast extract Lag Dechlorination  HCB

"S‘gﬁl:é‘é?* Medium amendment phase  completing degr.adation P'r:ci)gilct
(o/L) (day) day ratio (%)

S1 ssP 0 14 28 100 1,3,5-TCB
S2 SS 0 14 42 100 1,3,5-TCB
S3 SS 0 28 42 100 1,3,5-TCB
S4 SS 0 14 28 100 1,3,5-TCB
S5 SS 0 14 42 100 1,3,5-TCB
S6 SS 0 14 42 100 1,3,5-TCB
S7 SS 0 28 42 100 1,3,5-TCB
S8 SS 0 14 42 100 1,3,5-TCB
S9 SS 0 14 42 100 1,3,5-TCB
S10 SS 0 14 42 100 1,3,5-TCB
E1° Ss 0 ND* ND 0 ND

E2 SS 0 90 NC°® 59 1,3,5-TCB
H1 SS 0 ND ND 0 ND

H2 SS 0 75 NC 62 1,3,5-TCB

®Inoculum of S1 ~ S10 from Hua-Lum-Poo Canal enriched with yeast extract for 1 week; inoculum of E1 ~
H2 from Erh-Jen River and Ho-Tsin River pre-cultured under anaerobic condition for 2 weeks without yeast
extract.

®SS: Sediment slurry, mixed sediment and river water (1:1), then withdrawing the supernatant.

‘Data of E1 ~ H2 taken from “Microbial dechlorination of hexachlorobenzene by untamed sediment
microorganisms in Taiwan. Chen et al., Practice Periodical of Hazardous, Toxic, and Radioactive Waste
Management” [17].

IND: No dechlorination after 150 days of incubation period.

*NC: Dechlorination was not completed after 150 days of incubation period.
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FIGURE 2 - HCB dechlorination by site 4 (S4) indigenous microorganisms from canal sediments with
sediment slurry (SS) as media.

TABLE 3 - HCB dechlorination by sediment microorganisms from Hua-Lum-Poo Canal sediments (S1 ~
S10), Erh-Jen River sediments (E1, E2) and Ho-Tsin River sediments (H1, H2) by using
sediment slurry (SS) with yeast extract as media.

Yeast extract

. Lag phase Dechlorination
Inoculum source? Medium amendment gp

(day)  completing day Final Product

(9/L)
Sl ss® 5 14 28 1,3,5-TCB
S2 SS 5 14 28 1,3,5-TCB
S3 SS 5 14 42 1,3,5-TCB
S4 SS 5 14 42 1,3,5-TCB
S5 SS 5 14 42 1,3,5-TCB
S6 SS 5 14 42 1,3,5-TCB
S7 SS 5 14 28 1,3,5-TCB
S8 SS 5 14 28 1,3,5-TCB
S9 SS 5 14 42 1,3,5-TCB
S10 SS 5 14 42 1,3,5-TCB
E1° SS 5 60 110 1,3,5-TCB
E2 SS 5 30 90 1,3,5-TCB
H1 SS 5 60 110 1,3,5-TCB
H2 SS 5 30 90 1,3,5-TCB

2Inoculum of S1 ~ S10 from Hua-Lum-Poo Canal enriched with yeast extract for 1 week; inoculum of E1 ~ H2 from
Erh-Jen River and Ho-Tsin River pre-cultured under anaerobic condition for 2 weeks without yeast extract.

®SS: Sediment slurry, mixed sediment and river water (1:1), then withdrawing the supernatant.

“Data of E1 ~ H2 taken from “Microbial dechlorination of hexachlorobenzene by untamed sediment microorganisms in
Taiwan. Chen et al., Practice Periodical of Hazardous, Toxic, and Radioactive Waste Management” [17].

HCB DECHLORINATION IN SYNTHETIC MINERAL MEDIA SUPPLEMENTED WITH YEAST EXTRACT
Using synthetic mineral medium (MM) amended with 5 g/L of yeast extract as media, HCB dechlorination
(Table 4) looked no significant difference from the sets using sediment slurry added with YE (Table 3). Almost
every bottle showed the same lag phase and dechlorination period, with only one exception of site 9 (S9). The
dechlorination period of MM-YE bottles was 28 days shorter than SS-YE bottles. The efficiency of HCB-
dechlorination in MM-YE by Thai canal microbes was also higher than Taiwan river microbes. This result
revealed that HCB dechlorination in Thai canal is effective not only because the canal sediment slurry was more
nutritious, but also from the powerful dechlorination ability of canal indigenous microorganisms.

CONCLUSIONS

For the removal of chlorinated aromatic compounds like hexachlorobenzene, pentachlorophenol, polychlorinated
biphenyls and dioxins in contaminated environments, the strategy of mineralization by aerobic microorganisms
is not available. Because of the concentration of these compounds in natural environment was always too low to
initiate the aerobic microbial degradation. Furthermore, the chlorine atoms on the benzene ring will block the
attack on the ring. Microbial reductive dechlorination was a kind of co-metabolism, dechlorinating anaerobic
consortia degraded the chlorinated compounds only for energy harvesting. This kind of reaction can be activated
under very low concentration of the target compound. Therefore, nowadays dechlorination was thought to be the
only one way in the remediation of chlorinated aromatics pollution. In this study, the dechlorination ability and
dechlorinating activity of anaerobic microorganisms in Thai canal were well evaluated. YE pre-enriched
microbes from all 10 sites along whole Hau-Lum-Poo Canal could dechlorinate HCB within 42 days of
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incubation. The results strongly suggested that the HCB degradation in natural Thai Canal was possible, and this
kind of biodegradation was valuable for the remediation of chlorinated aromatic contamination in Thailand.

TABLE 4 - HCB Dechlorination by sediment microorganisms from Hua-Lum-Poo Canal sediments (S1 ~
S10), Erh-Jen River sediments (E1,E2) and Ho-Tsin River sediments (H1, H2) by using
synthetic mineral medium (MM) with yeast extract amendment as media.

Yeast extract

. Lag phase Dechlorination
Inoculum source*  Medium amendment gp

(day)  completing day Final Product

(g/L)
S1 MM® 5 14 28 1,3,5-TCB
S2 MM 5 14 28 1,3,5-TCB
S3 MM 5 14 42 1,3,5-TCB
S4 MM 5 14 42 1,3,5-TCB
S5 MM 5 14 42 1,3,5-TCB
S6 MM 5 14 42 1,3,5-TCB
S7 MM 5 14 28 1,3,5-TCB
S8 MM 5 14 28 1,3,5-TCB
S9 MM 5 14 28 1,3,5-TCB
S10 MM 5 14 42 1,3,5-TCB
E1° MM 5 45 90 1,3,5-TCB
E2 MM 5 30 60 1,3,5-TCB
H1 MM 5 45 90 1,3,5-TCB
H2 MM 5 30 75 1,3,5-TCB

#Inoculum of S1 ~ S10 from Hua-Lum-Poo Canal enriched with yeast extract for 1 week; inoculum of E1 ~ H2 from
Erh-Jen River and Ho-Tsin River pre-cultured under anaerobic condition for 2 weeks without yeast extract.

PSS: Sediment slurry, mixed sediment and river water (1:1), then withdrawing the supernatant.

Data of E1 ~ H2 taken from “Microbial dechlorination of hexachlorobenzene by untamed sediment microorganisms
in Taiwan. Chen et al., Practice Periodical of Hazardous, Toxic, and Radioactive Waste Management” [17].
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Abstract

This research studied the dechlorination of 2,3,4-trichlorobiphenyl by anaerobic sediment microbes from Erh-
Jen River in southern of Taiwan and from a canal along the Tumhru-Bangplee Road in Samuth Prakarn Province of
Thailand by amending the sediment slurries with yeast extract and/or electron donor either pyruvate, lactate or acetate. In
the control experiment in which neither yeast extract nor electron donor was added, the sediment slurry from the Tumhur-
Bangplee Road could declorinate 2,3,4-trichlorobiphenyl with the lag phase of 10 weeks whereas those from Erh-Jen
River could not. This should be due to the difference in the microbial diversity/consortium of the natural sediments
between these two streams which are located in different climate zones. Pyruvate and lactate could enhance the
dechlorination of 2,3,4-trichlorobiphenyl in the canal sediment slurry, i.e., the lag phase was reduced from 10 weeks to 4-
6 weeks whereas acetate did not have any significant impact on the dechlorination process. This indicates that the acid-
forming bacteria which can use pyruvate and lactate as their substrate might directly involve in the dechlorination of
2,3,4-trichlorobiphenyl. On the other hand, the methane-forming bacteria which use acetate as their substrate might not be
the principal microorganisms controlling the dechlorination process in this canal sediment. There was no dehlorination
happened in the sediment slurry of Erh-Jen River even with multiple supplements every 2 weeks indicating that the 2,3,4-

trichlorobiphenyl dechlorinators required long period of time to growth and produce related enzymes.

Keywords: PCB; electron donor; sediment slurry; dechlorination

1. Introduction

Polychlorinated biphenyls (PCBs) are stable organic compounds which consist of 1-10 chlorine atoms in
biphenyl rings and have the chemical formula of C,H  Cl as shown in Figure 1. PCBs were first produced
commercially in the United States around 1929, and since that time they have had a wide range of applications including
uses as dielectrics in capacitors and transformers, as a petroleum additive, plasticizer, lubricant, and in carbonless copy
paper. This extensive use has also led to widespread contamination of PCBs in the environment, causing great concern
due to their extreme persistence, bioaccumulation, and potential adverse health effects. The use of PCBs in Thailand has
been banned since 1975; however, PCBs are still detected in Thailand after 1975 due to improper handling and storage of
used transformers and condensers and accidental leakage of PCBs [1]. Bacteria in soils and sediments under anaerobic
condition can selectively remove chlorines from meta- and para-positions of the biphenyl ring, appearing to reduce the
toxicity and bioaccumulation potential of residues. These chlorinations were limited by PCB concentration [2], position of
chlorine atom, group of microorganism, electron donor and electron acceptor, and microbial inhibitor [3]. Therefore, this
study aims to investigate the influence of electron donors on the PCBs dechlorination ability in order to understand the

dechlorination mechanisms and activity of the microbial dechlorinating consortium.
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Figure 1. Structural formula of PCBs.

2. Materials and Methods

2.1 Sediment and Stream Water Samples

Sediments and stream waters were collected from the Erh-Jen River along Tainan and Kaohsiung Counties in
Southern of Taiwan and from a canal along the Tunhru-Bangplee road which receiving discharge from small material
recovery facilities in Samuth Prakarn Province in Thailand. The media (sediment slurry) were freshly prepared prior to
each experiment by mixing sediment and stream water at the ratio of 1:1 (v/v), sieved to remove the particles larger than

0.7 mm, and kept in an alumina capped serum bottle.

2.2 Experimental Setup
2.2.1 Characterization of 2,3,4-CBp Dechlorination by Amendment with Nutrient and Electron Donor.

In this scenario, 50 ml of sediment slurry was transferred to a 100 ml serum bottle and capped with the alumina-
cap. Each serum bottle was then added with yeast extract at the concentration of 5 g/l. Either pyruvate, acetate, or lactate
was used as an electron donor source. Each organic compound was injected into the serum bottles to make the final
concentration of 20 mM. 2,3,4-CBp was injected into all serum bottles to make the initial concentration of 2 ppm. All
serum bottles were kept in the dark under local room temperature (either of Taiwan or Thailand). Residual PCBs, its
intermediates and methane production were analyzed every 2 weeks.

2.2.2 Characterization of 2,3,4-CBp Dechlorination by Extended Nutrient Feeding.

In this scenario, only sediment slurries from the Erh-Jen River were used. Fifty ml of sediment slurry in the 100
ml serum bottle was inoculated with 2 g/l yeast extract and/or 1 g/l of electron donors. The nutrients were; however,
added in two manners, i.e., as a single dose at the beginning and multi-dose every 2 weeks. Sediment slurry without
external supplement was also prepared and served as the control. After that, 2,3,4-CBp was added into the serum bottles to

make the initial concentration of 2 ppm then incubated in the dark under room conditions.

2.3 Extraction Methods

At predetermined time, 2 ml of liquid mixture was withdrawn from the serum bottle by a needle and injected
into an extraction tube. Two ml of hexane and 0.2 ml of 6 N NaOH were added. The mixture was then shaken by hand for
100 times followed by ultra-sonicating for 10 minutes. The vial was centrifuged at 3,000 rpm for 10 minutes. The upper
layer of extracting solvent was withdrawn as much as possible afterward and injected into a new tube. The remaining

mixture was re-extracted for another two times following the similar procedures. At the third extraction, the upper layer



liquid was pulled out and filled the tube up to the 5-ml mark. A small amount of anhydrous Na,SO, was added to remove

moisture before GC analysis.

2.4 Sample Analysis

For PCBs analysis, a gas chromatograph equipped with an ECD (Agilent 6890N, USA) and a capillary column
of DB-5 fused silica was used to analyze PCBs and their by-products. The oven temperature was maintained at 120°C for
2 min, raised to 225°C at 3°C/min, maintained for 3 min, and then raised again at 5°C/min to the final temperature of
270 °C, which was held for 11 min. The temperature of the injector and the detector was set at 280°C and 300°C,
respectively. Nitrogen gas was employed as the carrier and the make-up gases, at the flow rate of 4 ml/min and the split
ratio was kept at 10:1. Water characteristics were analyzed according to the procedures described in the Standard Methods

[4].

3. Results and Discussion
3.1 Characteristics of Stream Water and Sediment Slurry

The pH and COD of the stream water and prepared sediment slurry from the canal in Thailand were 7.2 and 50
mg/l and 6.9 and 13,100 mg/l, respectively. It could be seen that the sediment slurry contained high organic content
indicating a sufficient carbon source and suitable pH for microbial activity under anaerobic condition although most of the
organics were in the solid form. The SS and VSS of the sediment slurry were 95,800 and 8,150 mg/l, respectively. Low
VSS:SS ratio of 0.09 indicated that most of the solids were inert materials. Nonetheless, there were enough viable
microorganisms in the sediment slurry to perform the anaerobic degradation activity since methane gas was produced
rapidly and enormously. The characteristics of water and sediment slurry from Erh-Jen River in Taiwan in terms of pH
and COD were not determined; however, enormous biogas was observed during the sediment sampling as well. Chen et
al. [5] using the same sediment slurry from this site determined the soluble COD of the sediment slurry to be between 65
and 163 mg/l. Therefore, it is believed that the sediment slurries prepared from these two sites had sufficient and suitable

nutrients and substrates for anaerobic degradation.

3.2 Effect of Nutrient and Electron Donor Supplement on 2,3,4-CBp Dechlorination

Even though the microorganisms in both sediment slurries were very active in term of anaerobic digestion, only
the sediment slurry from the canal could dechlorinate 2,3,4-CBp as shown in Table 1. It is interesting to observe that the
sediment slurry from the canal receiving discharge from material recovery facilities could dechlorinate 2,3,4-CBp even
without any external supplements implying that the existing substrates and nutrients were already enough to support the
dechlorination activity. As a result, the addition of yeast extract did not have any positive effects on the 2,3,4-CBp
dechlorination. Pyruvate and lactate could notably improve the dechlorination ability by shortening the lag phase. Since
both pyruvate and lactate are primary substrates to acidogenic bacteria, it implies that some acidogens might involve in

the CBp-dechlorination process. On the other hand, acetate which promotes that methanogenic activity did not provide



Table 1. Effect of electron donor and nutrient supplement on 2,3,4-CBp dechlorination.

Lag Phase Dechlorination
Site Additive Dechlorination Product
(weeks) completing week
Control Yes 2,4-CBp 10 >16
Yeast Extract Yes 2,4-CBp 14 >16
Pyruvate Yes 2,4-CBp 6 >16
Pyruvate+Yeast Extract Yes 2,4-CBp 8 >16
Canal
Acetate Yes 2,4-CBp 14 >16
Acetate+Yease Extract Yes 2,4-CBp 12 >16
Lactate Yes 2,4-CBp 6 >16
Lactate+Yeast Extract Yes 2,4-CBp 4 >16
Control No - - -
Yeast Extract No - - -
Pyruvate No - - -
Pyruvate+Yeast Extract No - - -
Erh-Jen
Acetate No - - -
Acetate+Yease Extract No - - -
Lactate No - - -
Lactate+Yeast Extract No - - -

any improvement in the dechlorination process. It indicated that the methanogenic bacteria might not directly involve in
the dechlorination of 2,3,4-CBp. Only 2,4-CBp was detected as a product from 2,3,4-CBp dechlorination. This result
indicated that the middle chlorine atom in the biphenyl ring was more susceptible to be removed than other positions
similar to the study of Chen et al. [3]. Despite the rapid emerging capability in CBp dechlorination as illustrated by the
short lag phase, 2 ppm of 2,3,4-CBp could not be completely degraded in 16 weeks. In contrast to the canal sediment
slurry, the sediment slurry prepared from the Erh-Jen River could not dechlorinate 2,3,4-CBp in all scenarios even with
the supplement of electron donor and nutrient. This led to an initial hypothesis that there was possibly no CBp-
dechlorinator in the microbial matrix of this sediment or the room conditions in Taiwan were not suitable for CBp-
dechlorinators. It is important to note that these two streams are in the areas with the difference climate classifications i.e.,
Thailand is in the tropical climate zone with steady temperature whereas Taiwan is in the temperate climate zone with low
temperature during the winter. Hence the native microbes in the sediment of the canal in Thailand should be more diverse
than those in the Erh-Jen River in Taiwan due to the effect of temperature. In addition, it was also found that this canal
was more polluted than the Erh-Jen River in Taiwan. The abundant substrate and nutrient in the sediment of this canal

might intensify the diversity and activity of the microbes to be further superior than those in the Erh-Jen River sediment.




Cho and Oh [6] indicated that microbiological populations were different from location to location and, hence, they may
show different dechlorination ability. Chen et al. [7] found that the HCB-dechlorinators’ activity was utmost between 30
and 40°C (typical temperature in Thailand) and became deteriorated as the temperature rose or dropped below this range.
Furthermore, Chen et al. [5] were able to use mineral medium and yeast extract to stimulate the 2,3,4-CBp dechlorination
ability of the sediment slurry of the Erh-Jen River. They found that the dechlorination could happen within 8 weeks of the
incubation at 30°C and the only one intermediate product found was 2,4-CBp similar to this study in the case of sediment
slurry from the canal. On the other hand, they found no dechlorination happen within 24 weeks in the control set without
mineral medium and yeast extract supplement. This suggests that the 2,3,4-CBp-dechlorinating microorganisms actually
existed in the sediment of Erh-Jen River; however, they required the right environments to promote their dechlorination

activities.

3.3 Effect of Supplement Rate on 2,3,4-CBp Dechlorination

To verify whether the incompetent in substrate and nutrient uptake of the CBp-dechlorinators was actually the
cause of no dechlorination activity observed in the sediment slurry prepared from the Erh-Jen River, the electron donor
and nutrient was supplied continuously every two weeks. This supplement pattern ensured that the electron donor and
nutrient would be present ceaselessly in the medium and, thus, sufficiently available for CBp-dechlorinators to take up
and perform the dechlorination activities. However, the results still showed that 2,3,4-CBp could not be dechlorinated
within 8 weeks of continuous supplement. As a result, it implies that the microbial consortiums in the sediment from Erh-

Jen River might indeed contain no CBp-dechlorinator.

4. Conclusions

2,3,4-CBp could be dechlorinated to 2,4-CBp in the sediment slurry prepared from the sediment and water
collected from the canal receiving the discharge from small material recovery facilities in Thailand without any
supplement of electron donor or yeast extract. However, the sediment slurry of Erh-Jen River in Taiwan could not
dechlorinate even with continuous supplement of substrate and nutrient suggesting different microbial diversity and
activity between these two sediments. Temperature and substrate availability were most possible factors controlling the
dechlorination process. Pyruvate and lactate could promote the dechlorination process in the canal sediment slurry
implying that some species of acidogenic bacteria might involve in the 2,3,4-CBp dechlorination process whereas the
methanogenic bacteria which use acetate as their substrate might not be the primary dechlorinator controlling the 2,3,4-
CBp degradation. The result from the sediment slurry from Erh-Jen River also indicated that the development of the

dechlorinator population and its activity took a long period of time.
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