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CHAPTER |

INTRODUCTION

1.1 Rationale

As Thailand moving teward industrialization, many parts of the country have
been contaminated with several hazardous substances particularly persistent organic
pollutants (POPs). Polychierinated biphenyls (PCBs) are a class of compounds in
which the aromatic biphenyls carbon skeleton carries between one to 10 chlorine
atoms. They are very persistentin the environment; as a result, they are classified as
one of the 12 POPs and are grouped in the industrial chemical POPs, moreover, it is
listed as top three of toxi€ POPsto living 6r_gani smns (UNEP, 1999).

About 1.5 million tons of PCBs Wé?é"pfpduced worldwide between the 1930s
and the mid-1980 and a substantial fraction of this have entered or will ultimately
enter the environment; more than one thi rd of PCBs have been released into the
environment by pomt and non-point sources before being banned globally
(Eisenreich, 1987). PCBs are now widely distributed over the Earth and found even
in remote parts of the world, such as Antarctica and Northern Greenland (Macdonald
et al., 2000).

In Thailand;«PCBs can-be-detected in.the-surface:sediment layers of the Gulf
of Thailand after being banned almost a decade (Boonyatumanond etd., 2007). This
suggests that some leakages from the storage places or resuspension and
remobilization of PCBs accumulated in the sediments of several canas around
Bangkok and lower reaches of the Chao Phraya River have occurred continuously.
Identification of the sources of PCBs is a difficult task because of lots of unknown
PCBs storage locations and exactly quantity. In addition, the past imported volumes
and dates of PCBs in Thailand for further assessment have never been recorded either
(PCD, 2005).



PCBs and other POPs have very low water solubilities which make them
highly lipophilic. These properties make them easy to adsorb onto sediments,
especially fatty tissue. For that reason, it tend to be bioaccumulated and biomagnified
viathe food chain. PCBs can be human carcinogens and are potentially toxic to both
human and aquatic lives. Bioremediation techniques were more cost-effective than
other ordinary physical and/or chemical processes to remediate excavated soil.
Alexander and Bryan, (1988) estimaied thetreatment cost for contaminated soil by
incineration, landfilling, thermal desopiion, »so0il washing, and above-ground
bioremediation to be 975,850,125, 237, and 95 US$/m°, respectively.

Severd literaturessreveded that PCBs could be dechlorinated by both
acclimated and un-accliméted microbial: consortiums.” Highly chlorinated PCB
congeners could be deehloginated only under anaerobic eondition; wheresas, they were
recalcitrant under aerobi€ condition.  However, all these researches were performed in
a well-establish laboratory environment éith'ér under suitable temperature or with
modified natural or synthetic nutrient medla_ Direct investigation of PCBs
dechlorination under real or simuiated natdral jenvi ronments has not been observed.
Moreover according, to-several researches on the reductive dechlorination of
hexachlorobenzene (HCB), another POPS which has a similar but ssmpler molecular
structure than PCBs, it shows that HCB could be dechiorinated potentialy in stream
sediments under simulated natural environment without any acclimation and
enrichment with high'dechlorination ‘fates-(Anotal et a; 2010; Chen et a., 2010).
These results areinotably different from other works conducted in developed countries
which Jocated -in ;warm .er .eold, climate ;areas~(Chang, et-a .+ 2003; Prytula and
Pavlostathis, 1996).

Temperature was one of the most important factors controlling the
dechlorination process. It might be resulted in important changes in the dechlorination
consortiums as well as the dechlorination rate. Wu et a. (1996) investigated the
dechlorination of 2346-CBp under various temperatures ranging from 4 to 66°C and
found that the optimum temperatures were 12 and 34°C but the highest rate of
dechlorination of 2346-CBp to trichlorobiphenyls occurred at 30°C. Additionally, the



HCB dechlorination was optimum under temperature ranging between 30 and 35°C
which is the typical range in Thailand and other tropical countries (Chen et a., 2010).
It is expected that this temperature range is also suitable for PCBs dechlorination as
well. From these information, it is very promising to bioattenuate HCB and PCBs in
field practices, which might be proclaimed that HCB may not be a concerned POPs in
Thailand. Construction of the PCBs dechlorination systems under tropical climate
have not been investigated and direct investigation of PCBs dechlorination under
simulated natural environments have not becnclserved as well.

This experiment was devised to study PCBs degradation in the sediments
under anaerobic conditionsimulating the condition in which the PCBs contaminate in
the natural environment inrorder to characterize the fate of PCBs contaminated in the

environment.

1.2 Objectives

The goals of this research were to determine the environmenta factors
affecting on PCBs ‘dechlorination by anaerobic Gonsortiums from natural sream
sediments and fate 0f PCBs in simulating real environment. To achieve these goals,
several objectives were established as follows:

1. Toinvestigate the PCB dechlorination capability of anaerobic consortium.

2. To determine the effect of organic substrates, nutrient supplements and
halogenated primers-on-PCBs dechlori nati en:

3. To'study'the effect of temporary heat treatment on PCBs dechlorination.

4. Toinvestigate the fate of PCBsin environmental stimulating system.

1.3 Hypotheses

1. PCBs could be reductively dechlorinated under proper anaerobic

environment.



2. Organic substrates, nutrient supplements and halogenated primers might
have a positive effect on PCBs dechlorination.
3. The temporary heat treatment might have a promising effect on PCBs

dechlorination.
1.4 Scopes of this Research Study

1. Working at room conditions.

2. Using both lab=seale (serum bottles) and bench-scale (aguarium boxes)
reactors.

3. Working with mixed cultures existing in the natural sediments without any
pre-treatment.

1.5 Definition of Wordsin this Resear ch Study

“ Reductive Dechlorinatiof” means 'aﬂremoval of chlorine atoms from an
organic compound under a reductive conditi bn sﬁch as anaerobic environment.

“ Bioremediation”means a spontaneous or-managed biological treatment
process by using the microorganisms or thelr enzymes to remove pollutants from
environment.

“ Biodegradation”, means the breakdown of a substance into simpler or smaller
products caused by mi ¢roorgariisms.

“ Bioaugmentation” means the addition of non-native microbes into specific
bi odegradation.capabilitiesto-contaminated site.

“Biostimulation” 'mearis ‘addition of nutrients, eleetron’ donors and/or electron
acceptors, and some auxiliary substrates to stimulate the growth and activity of

microorganisms.
1.6 Expected Results

The outcomes of this study will provide a better understanding on the factors

affecting the PCBs dechlorination in natural anaerobic environment as well as the



potential of using external substances, nutrient supplements and chemicals to promote
and/or accelerate the dechlorination of PCBs. In addition, the environmental fate of
PCBs in stream sediment will be characterized. This information will lead to an
effective clean-up process for PCBs contaminated sites both in Thailand and

worldwide.

AU INENTNEINS
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CHAPTER I

BACKGROUND AND LITERATURE REVIEWS

2.1 Properties of Polychlorinated Biphenyls

PCBs are the chlorinated derivativesof.a€lass of aromatic organic compounds
caled “biphenyls’ and are manufactured by direct chlorination of the biphenyl ring
system (Brown, Bedard, eival., 2987, Brown et a., 1978). Their empirical formulais
C12H10.nCl, and the basigsstructure of PCBs is shown in Figure 2.1. A specific PCB
molecule is called “congengr” /and is named by the number and location of the
chlorine atoms. PCBs wege sold as commexcial mixtures of many PCB molecules or
congeners mostly under the name of “Ar6c| ors,” but aso “Kenochlor,” “Clorextol,”
“Pyroclor,” and other trade names. PCBs chGr asliquids or solids, and they are clear
to light yellow in color. ‘They have no"::ddq._r or taste. Because of their thermal
stability, they do not easily burfi, hence _yvé_re popularly used as coolants and

insulating materials in electrical applications before bel ng/banned globally.

PCBs are difficult to be oxidized and reduced. They have very low water
solubility and therefore are.highly lipophilic. , The lipophilic nature and persistence of
PCBs aso contribute to their high | bioaceumulation | potential and their
biomagnifications in higher tropic levels of the food chain. PCBs are potentially
cause humean carcifingens-and-wildlife: PCBs have high @ ectrica) resistivity and aso
low elegtrica conductance. Commercial PCB mixtures were synthesized by
chlorination of biphenyl with chlorine gas. The average degree of chlorination was
controlled by the reaction conditions in order to yield the desired chemica and
physical properties (Erickson, 1986). The chemical and physical properties of PCBs
are shown in Tables 2.1 and 2.2 and average chlorines composition of Aroclor
showed in Table 2.3.



Although PCBs have been banned by the Stockholm Convention on Persistent
Organic Pollutants (POPs) since 2000, they are found to contaminate in the
environment worldwide due to their persistence and bioaccumulated. Tanabe, (1998)
suggested that prolonged PCB contamination was due to the continuing emission of
PCBs from recently used and/or dumped transformers and capacitors which contain
an estimated 65% of the total PCBs produced. In order to predict the future status of
PCB pollution, not only on aregional scale but also on aglobal scale, it is essential to
understand the behavior and fate of PCBs af landfill and dumping sites of PCB

containing electrical equipment.

In Thailand, the major existing PCB sources are transformers and capacitors

imported by the ElectriCity Genesating Authority of Thailand, Metropolitan Electricity
Authority (MEA), andProvingial Electriéity Authority (PEA). The number of PCBs
containing transformers and €apacitors Wére -estimated to be 33 and 1,987 for EGAT,
0 and 636 for MEA, 20,190 arid 9,810 for PEA, respectively.

Cix @
Figure 2.1 Structure formula of PCBs.

Table 2.1 Generalinformatien'of:PCBs.

Substance name Polychlorinated biphenyls (PCB

CASR.aumber 01336-36-3

UN Number 2315

Molecular formula Ci2H10nClyy

Synonyms Aroclor, Aroclor-polychlorinated biphenyl, Biphenyl

chlorinated, Biphenyl chloro derives, Chlorinated
biphenyl, PCBs, Polychlorinated Biphenyls (PCBs)

Physical and | Kenend on the number of chiorination (see Table 2.2)

Chemical properties

Sour ce: Department of Health, Ministry of Public Health



Table 2.2 Physical and chemical properties of PCBs.

Molecular weight Solubility Vapor pressure
CBs Kow
(ng/l) (Pa) 20°C
Mono- | 188.7 1.3x10°-7x10° 2.2 x10°-9.2 x10° 4.6-4.7
Di- 233.1 0.6 x10%-7.9x10° | 3.7x10°~75x10 |5.2-53
Tri- 257.6 0.1x10%6.4x10° | 1.1x10°-1.3x10 |5.7-6.1
Tetra- 292.0 0.2 X107 17x10° | 1.8-0.4 5.9-6.7
Penta- | 326.4 4.5-12 5.3-0.88 6.4-7.5
Hexa | 360.9 0.4-0.9 1.9-0.2 6.4-7.6
Hepta- | 395.3 05 0.53-4.8x10 7.0-7.7
Octa- 429.8 02.0.3) 7.8x102-9x10° 7.0-7.6
Nona- | 464.2 FREY 32x10%-1.1x10% | 7.7-7.9
Deca- 498.7 0020 5.6x10° 8.4
Source: Ballschmiter etd. (4938) ©
#,
Table 2.3 Composition of aver age‘molch‘I_‘ar; (% wt.) of some Aroclors.
Homolog — #rocl ors
1221 | 1282 | 1016° | 1242 ] 1248 | 1254 | 1260

0 10 (F ‘

1 50 | 126 2 1

2 35 29 19 13 1

3 4 24 57 45 2 1

4 15 22 31 49 15

5 10 27 53 12

6 2 26 42

7 4 38

8 7

9 1

Sour ce: Brinkman and Dekok (1980)




Table 2.4 Banned of POPs chemicalsin Thailand.

Chemicals | Date of banned Reasons

Aldrin 1988 Persistent, accumulate in living organisms

Chlordane 1995 (PH) Possible carcinogen, persistent, high impact to
2000 (AG) environment, many aternatives

DDT 1983 (AG) Persistent and accumulate in food chains,
1994 (PH) possi ble garcinogen in tested animals

Dieldrin 1988 Persistent; aceumulate in living organisms, high

acute porsoning; high risk for users

Endrin 1981 Persistent In agricultural products and in food

chain, harm to non-target organisms

Heptachlor 19388 | Persistent, accumulate in living organisms
HCB - Never imported

Mirex 1 Never"'i.mported

PCBs 2004 "'Riskta hufnan health and the environment
Toxaphene 1983 Possi blie';_cagc_‘:i nogen in tested animals, persistent

Note: AG = agricultural use, PH: public he_alth use

Sour ce: Department of Agricult‘ure, Adaptéd f?om Technical Report: Objectives and
Priorities for/ Persistent Organic Pollutants (POPS), September 2005, PCD
(2005).

PCBs in Thalland have been banned severa years and a summary for the
POPs giving data of ban and its reasons are shown in Table 2.4. However, accidental
leakage of 1 PCBs from stored" transformers and capacitors was stilll detected after
globally banned (Watanabe et a., 1995).

For minor PCB sources, which being used in small amounts as industrials
fluids for hydraulic systems and gas turbines, as lubricating oils, and as plasticizers,
no record has been officially reported. Imported volumes and dates for these purposes
have never been recorded either (PCD, 2005). Vertical profiles of PCBs in bottom-
stream sediment were investigated at many sites. Most studies collected samples

from Chao Phraya River which is the main river in the center part of Thailand. It is
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flowing through several provinces including Ayutthaya, Nonthaburi, Samutprakharn
and Bangkok. There are many industries located along the river and a large number

of inhabitants live along the river banks.

Finally, this river reaches to the upper Gulf of Thailand in Samutprakharn
Province. The results show concentrations in the surface sediments of the Chao
Phraya river in Bangkok area ranged from 0.01 to 0.22 ng/g (dry weight), but could
not be detected in surface sediments from Nonthaburi and Ayuttaya Provinces. The
estuary of the Chao Phraya River and-the upper-Gulf of Thailland (in Samutprakran
Province) were found t0 be centaminated with PCBS'in the range between 0.02 and
0.05 ng/g (dry weight)y=and O and 0.02 ng/g (dry weight), respectively
(Boonyatumanond et al., 2006):

2.2 Sour ces of PCBs

The origin of the PCBs s exclusively their deliberate manufacture, primarily for
the use as dielectric fluids in electrical transfofmers and capacitors, but also for the
use in carbonless copy papers and inks. Other uses of PCBs include: waxes, heat
exchange fluids, cutting-eiis; flame retardant; insuiating paper for eectric cables,
adhesives, dust-removing agents, hydraulic fluids, specral lubricants, paints, vacuum
pump oil, waterproofing products and certain plastics. Table 2.5 shows PCBs use in
the US between1929 and 19/5.

2.3 Toxicology.of PCBs

Commercially uses of PCBs were raised up, due to their excellent of
chemicals properties.  Therefore, PCBs were toxic and bioaccumulated in
environments. The evidence for their toxicity in case of risk to human health and
aquatic lives were adequate for special illustration by the Toxic Substances Control
Act, U.S. congress before being banned in U.S. and contributed to worldwide. Tables
2.6 and 2.7 presented a summary of effects of PCBs and pathological affected,
respectively. Generally, studies of both occupational or environmental exposure and
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laboratory exposure are subject to unclear because of the type and purity of PCBs
were used. Most of occupational, environmental studies and laboratory studies have
been performed with commercial mixtures. Either effect of more than 70 congeners
were tested simultaneously, or the possibility presence of contaminants; for example,
polychlorinated terphenyls, quaterphenyls, PCDDs, PCDFs are makes obligation of
the observed effects to PCBs subject to criticism (Erickson, 1986).

The indicia of PCB.single congeners'have been conducted. These studies
indicate that PCBs toxicity-is-dependent, boih-degree of chlorination and isomer.
PCB congeners which did _net_ have ortho-chlorines substitution that are heavily
substituted at the meta and para positions, are capable of assuming a planar
conformation which“€an interaet ‘with Fhe same receptor as TCDD. 343'4'-CBp,
3453'4'-CBp, 3453'4'5=CBp were a cytroch_r_ome P-448 inducers or 3-MC inducers or
aryl hydrocarbon hydrexylate (AHH) ‘inducers. These congeners are not major
components of the Araclors.© The ot-h'er'" active group of congeners is the
phenolbarbital-type or “PB-type® induéé%ré‘lor cytochrome P-450 inducers as
represented in Table 2.8. Thus; many cénQéners exhibit mixed responses or no

observable response (Erickson, 1986).

Table2.5 Industrial use of PCBs.

PCBsuse Per centage
Capagitors 50.3
Transformers 26.7
Plasticizer,uses 9.2
Hydraulics and lubricants 6.4
Carbon-less copy paper 3.6
Heat transfer fluids 1.6
Petroleum additives 01
Miscellaneous industrial uses 2.2

Source: US.EPA., 1994
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Table 2.6 The chronic toxic effects of PCBs.

Test

Effects

Chronic exposures

Aquatic species

-Threshold effects in egg hatchability of vertebrates and
invertebrates at levels of 2-5 ug/l
-Embryo toxicity evident at 50 pg/l

Terrestrial species

-Mouse- some liver change with exposure to high chlorine
containing products, 300-500 pg/g

-Rai: some Ii_yer changes, minimal reproductive effects, 100-
500119/g

-Menkey: ' Yusho symptoms, altered reproduction cycles,
hyperplastic géstritis and uleeration, 2.5-5 ng/g

-Chicken:’ some ‘morphologie deformity, reproduction decline,
Subcutaneous edema, 20-50 pg/g

-Mink: dose reélpohse relationship in growth and reproduction
10jnglg™ 2

-Pelicamsome hef)__ato_cel lular changes, 100 pg

-Dogs: teduced gtgwa some liver changes, 100 pg

-Wildfowl: some fe‘brbduction changes, varies with species 50-
200 pg/g

Teratogenicity -Effects seen in avian species 50-200 pg/g
Mutagenicity -Chromosomal abnormalities negative results

=Dominant lethal imutations- negative results

-Ames test- 1221, 4 chlorohi phenyl significantly mutagenic
Oncogenicity -High chlorinated compounds produced tumors in rats and

mice;relationshipwith/PCBshot a waystlear

Sour ce: National Research Council (1979)

2.4 Occupational Exposure and Its effects

The exposure of highly concentration of PCBs can be entry to ours body by

both dermal contracting and inhalation of vapors (Table 2.9). Power plants provided

the highest reported exposure potential. The effects of occupational exposure of

PCBs had been reported since 1936, when chlorance was associated. The symptoms




13

of highly PCBs exposure included: burning of eyes, face and skin, moreover, genera

clinica symptoms are indicative of PCBs-related liver injury, including elevated

serum triglycerides and induction of mixed function oxidases. Moreover, there also

has some evidence of potentially be a cancer. The occupational exposure may be

widespread among workers handling PCBs in use; i.e. mechanics handing lubricating

and hydraulic oils, office workers handing carbonless copy paper, anaytica

laboratory workers, and electrical componenthandlers.

Table 2.7 The pathologic disease r egarding to toxicity of PCBs.

Pathologic Rat Mouse | Guinea | Chicken | Monkey | Human
Disease Pig

Decreased body + h \ Y - + +
weight
Acne/ Alopecia @ e ' () 0 T T
Edema (-) + ) + + +
Lymphoid atrophy a

Thymus + ¥ 2= + + n.r.

Spleen + + 't + + n.r.
Hepatomegaly 25 + + + + +
Hepatomegal ocytosis + + ) ) + +
Multinycleated giant + 6 ¢) (-) ) ()
cell
Necrosis, + + + * + +
Degeneration
Fat F s + =k =+ + +
Bile duct + ) Q) ) ¢ Q)
hypertrophy
Porphyria + + () + ) +
Urinary bladder | () Q) + ) Q) Q)
hypertrophy
Gastropathy Q) Q) Q) + + ()
Tumor induction + + () Q) ) ()

Source: McConell, 1980; n.r.: not related
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Table 2.8 Summarization of PCB congener s which Cytochrome P-450 inducers.

PCB congeners

Cytochrome P-450 inducers

Strong

Weak

Weak-Inactive

23452'34'5'-CBp
2452'4'5'-CBp
2352'3'5'-CBp
2342'3'4'-CBp
242'4-CBp
2462'4'6'-CBp
232'3-CBp
353'5'-CBp
44'-CBp
33-CBp
2362'3'6'- CBp
252'5'-CBp
262'6'- CBp
22'-CBp

pyae O

F &y oY ' §O

© O O O

Sour ce: Erickson, 1995

2.5 PCBs Removal Processes

Significant remova of PCBs from the mobile environmental reservoir can

occur through natural processes. .One process.in the aguatic system is smple physical

removal ‘due to sediment burial.”However, permanent removal ‘by degradation is the

preferred method for ultimate protection of the environment. Chemical degradation in

natural systems is minimal, except for photolysis (Callahan et al., 1979). Anderson

and Hites (1996) measured hydroxyl radical degradation as it occurs during photolytic

exposure.

They estimated half-lives ranging from 2 to 34 days for severa PCB

congeners. Atkinson (1996) reviewed the literatures on the atmospheric chemistry of
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PCBs and verified that losses due to photolysis can be high. Tropospheric half-lives
due to hydroxyl radical removal were listed as follows: mono-, 3.5 to 7.6 days; di-,
5.5 to 11.8 days, tri-, 9.7 to 20.8 days, tetra-, 17.3 to 41.6 days; and penta-, 41.6 to
83.2 days.

Biological degradation is slow, according to most studies performed over a
wide range of organisms including highers animal, plants, and several microbial
systems. PCBs are very resistant to biologicaltransformation which is one of the very

important features of the group that made them usefulin commerce.

Table 2.9 PCBs concentration in the occupational environment and in blood of

workers exposed to PCBs:
Duration of PCBs PCB IeveE _
exposure Environmental : élood Effectsreported
(ihg/m’) (ppb)
Not known 10 = - Unbearable irritation
— Chlorance
4-8 months 5-7 { Chlorance,
< 1-20 years 0.2-1.6 370, (avg.) Ryperpigmentation, liver
injury

2.5 years (avg.) Not reported 820, (avg.) Chlorance

2.5-18 years 0:013-0.27 364286 Irritation, liver injury
14 months 04 - Chlorance, liver injury
2-23 years 0.32-1.44 >200 Chlorance, liver injury
Upto 15 years Not reported 7-300 Chlorance, elevated
triglycerides
<1 74-1,900 No effect

Sour ce: Erickson, 1995




16

In spite of the abundant evidence for PCBs ability to resist biological
degradation, much study has gone into attempting to isolate consortium of microbes
that will magically clean up the numerous hot sports of PCB know to exist in the

environment.
2.6 Biological Transformation of PCBs

Centeno et a. (2003) reviewed the physical.and chemical treatment options for
PCB degradation and found-thai the organisms-might modify organic pollutants such
as PCBs in such a way thal.ihe.negative effects were minimized. Microorganisms
participated in the biodegradetion by preducing enzymes which modified the organic
pollutant into simpler“Comipounds. , Biodegradation is of two forms, mineralization
and co-metabolism (Daebbins, 1995).~in |;ni neralization, ecompetent organisms use the
organic pollutant as a saurce of carbon a‘nd“energy resulting in the reduction of the
pollutant to its constituent el ements. Co-fnet‘abolism, on the other hand, requires a
second substance as a sourge of ‘carbon an& energy for the microorganisms but the
target pollutant is transformed at-the same ti“mélfs If the products of co-metabolism are
amenable to further, degradation, they can be mineralized, otherwise incomplete
degradation occurs. | Thismay-result-in-the foermatton-and-accumulation of metabolites
that are more toxic than the parent molecule requiring a consortium of
microorganisms which can utilize the new substance as source of nutrients. The

effectiveness of: biodegradation dependson-many environmental factors.

Biodegradation . rates..vary . depending, on the _conditions. present in the
environment.. These factors include the structure of the.compcéund,-the presence of
exotic substituent and their position in the molecule, solubility of the compound and
concentration of the pollutant. For aromatic halogenated compounds, a high degree of
hal ogenation requires high energy by the microorganisms to break the stable carbon—
hal ogen bonds (Dobbins, 1995).

Chlorine as the substituent alters the resonant properties of the aromatic
substance as well as the electron density of specific sites. This may result in the
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deactivation of the primary oxidation of the compound by microorganisms.
Additionally, the positions occupied by substituted chlorines have stereochemical
effects on the affinity between enzymes and their substrate molecule (Furukawa and
Fujihara, 2008; Sylvestre and Sandossi, 1994).

Water solubility of PCBs has a vita role in their degradation. Congeners with
high aqueous solubility are easily accessed by microorganisms than those with low
solubility. Highly chlorinated congeners ai PCBs are very insoluble in water. This
could account for the.resisiance of highly-ehlorinated PCB congeners to
biodegradation.

Pollutant coneentration’ 1S @so a major factor affecting biodegradation. In
general, a low pollutant eoncentraiion ‘may be insufficient for the induction of
degradative enzymes orsto sustain growth “of competent organisms. On the other
hand, a very high concentration may renderthe compound toxic to the organisms
(Guilbeault et al., 1994). At low concenti*étions, degradation increases linearly with
increase in concentration until “such time that n‘*'the rate essentially becomes constant

regardless of further increase in‘polfutant concentration (Dobbins, 1995).

Other environmental factors affecting degradation are temperature, pH,
presence of toxic or Inhibitory substance and competing substrates, availability of
suitable el ectron acceptors; and interactions among micraorganisms. All these factors

interplay and make the rates of biodegradation unpredictable.

The use of'microorganisms, both ‘anaerobic and-aerobi¢, is-the only known
process to degrade PCBs in soil systems or aguatic environments. Aerobic
microorganisms can dechlorinate low chlorinated PCBs whereas anaerobic
dechlorination is known as the only effective degradation way for highly chlorinated
PCBs. Anaerobic bacteria possess characteristics that are well adapted to pollutants
with high carbon concentration because of the diffusional limitation of oxygen in high

concentration systems (Dobbins, 1995).
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The environment of anaerobes is conductive to reductive transformations
where chlorine is displaced by hydrogen (McEldowney et a., 1993). The
dechlorinated compound is suitable for the oxidative attack of the aerobic bacteria
Aerobic bacteria grow faster than anaerobes and can sustain high degradation rates
resulting in mineralization of the compound. Theoretically, the biological degradation
of PCBs should result in CO,, chloride, and water. This process involves the removal
of chlorine from the biphenyl ring followed by cleavage and oxidation of the resulting
compounds (Boyle et al., 1992).

2.7 Anaer obic Degradation Proeess

The biological“Conversion of, the organic matter can be divided in three steps
(see in Figure 2.2). The first step-in the process involves the enzyme-mediated
transformation (hydrolysis) of higher-moleéular-mass compounds into compounds
suitable for use as a sourge of energy and cdll carbon. One group of organisms is
responsible for hydrolyzing organic polymers and lipids to basic structura building

blocks such as monosaccharides, amine acids, and rel ated compounds.

The second Siep—(acidogenesis)—invoives the bacteria conversion of the
intermediate compounds.  Second group Of anaerobic bacteria ferments the
breakdown products to simple organic acids, the most common of which in anaerobic
digester is acetic agid. £This'group ©f micreorgani sms, described as non-methanogenic
bacteria, consists of facultative and obligate anaerobic bacteria. Collectively, these
microorganisms are often identified in.the literature as * acidogen,” or. “acid formers.”

The third step (methanogenesis) involves the bacteria conversion of the
intermediate compounds formed in the second step into simpler end products,
principally methane and carbon dioxide. Microorganisms of athird group convert the
hydrogen and acetic acid formed by the acid formers to methane gas and carbon
dioxide. The bacteria responsible for this conversion are strict anaerobes and are

called “methanogenic bacteria’. They are identified as “methanogens’ or “methane
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formers.” It is important to note that methanogenic bacteria can only use a limited

number of substrates for the formation of methane.

Currently, it is known that methanogens use the following substrates: CO,+Ho,
formate, acetate, methanol, methylamines, and carbon monoxide for their growth.
The methanogens are able to utilize the hydrogen produced by the acidogens because

of their efficient hydrogenase.
2.8 Mechanism of Anaerebic-Dechlorination

The rate and ocCcumrenee of dehalogenation are strongly dependent on the
environmental  conditions® and chlori nated compounds present. Reductive
dechlorination of aryl laalides is thought _-{0 involve two ene-electron reduction steps,
resulting in the removal /of hal agen subsﬁ}uént and the formation of an intermediate

aryl halide radical, which abstractsa protohrfrdm water to complete the reaction.

ol 4

Lipids Pol}-'saszcharidcs; ' Protein  Nucleic acids
Hydrolysis i { =

Fatty acids - Metiesaccharides  Aiing acids  Purines & Simple

pyrimidine  aromatics

Acidogenesis <

Othey feunefitation produdts (¢!
Propionate) butyrate. suceinate.

Lactate, ethanol etc.)
\ 4
Methanogenic substrates

H:. COs,. formate,
methanol. acetate

Methanogenesis l

‘ Methane + carbon dioxide

Figure 2.2 Schematic diagram of the patterns of carbon flow in anaerobic
digestion (T chobanoglous and Burton, 1991).



20

In al reported examples of biologically mediated reductive dehalogenation, the
halogen is released as a halide. Dehalogenation appears to be the rate-limiting step
during anaerobic aryl halide biotransformation, as the aromatic ring can only be
further degraded once al the halogen substituents are removed. Reductive
dehalogenation has been observed with chlorinated single ring structures (e.g.,
benzenes, benzoates, phenols), fused rings (e.g., naphthalenes) and carbon-carbon
linked (e.g., PCBs and ether-linked (e.0., furans, dioxins)) rings. Depending on the
system, chlorines have been removed, tesulting in the accumulation of up to
monochlorinated aromatic-compoundswhen-the-cempound becomes too reduced for
further reductive dechlorinatien.Steric factors have also been shown to affect the
dechlorination of some cempounds, generally, the ortho-substituted isomers are
removed at the lowestrate,

As mentioned previously thaithe tréhsl‘ormations resulting in the degradation
of organic materials can be classified into two broad categories, i.e., mineralization
and co-metabolism. Whether a compound"‘i's mineralized or co-metabolized has an
implication for the development of a waste ﬂ’treﬁment process for environmental
remediation, if the, compound can be directly taken. up and utilize by the
microorganisms as their-growth-substraie and energy sotiice, complete mineralization
will occur. On the other hand, for the compound that cannot be directly used by
microorganisms, it can be degraded via nonspecific enzymatically mediated
transformations (co-metabolism). @Hencethe icosmetabalism‘does not result in the
increase in cdl, biomass or energy. Consequently, the ability to co-metabolize a
compound.is, not benefit.to _the.microorganisms. Halogenated: compounds can be
utilized "as ‘a growth' substrate “ori“co-metabolized by anaerobic and aerobic

microorganism and consortia.

Degradation of halogenated compounds can occur through the combined
activities of fortuitously acting enzymes present in one or more microorganisms.
Reductive dechlorination is generally accepted to be a co-metabolic process, except in

a few isolated cases. Even highly chlorinated and poorly water soluble aromatic



21

hydrocarbons that do not contain polar functional groups can aso undergo reductive
dehalogenation (Judith et al., 1991).

2.9 Growth—Linked Biodegradation

Microorganisms require proper environment and many synthetic chemicals for
supported their growth. Normally, they canuse several chemicals as a source of C,
energy, N, P, S, or another element to sustain.growth of cells. The most attention has
been emphasized on the gaining of C and energy-te-maintain the growth of bacteria
and fungi. For synthetiC subsSiraies that are extensively degraded, whereas, the
molecule can be used as other s mple organic substrates, which consortium can gain
the elements and/or the'energy.for biosynthesis reactions.

The enrichment culture technigqueis écommonly research procedure that relies
on the ability of microorganismswhich used organic compounds as sources of C and
energy to promote their growth. = This method IS based on the selective advantage
gained by an organisms that can-be tised a bar%‘l"cular measurement compound as a C
and energy source in medium; which contained inorganic nutrients but no other
sources of C and energy.—Under these conditions a species that is able to grow by
utilizing that chemicalswill increase. Few of others bacteria and fungi will proliferate
in this medium. However, the populations that use products expelled by the species
acting on the added organicinutrient)will alsoithrive, and:thusthe fina isolating of a
microorganism gin pure culture requires plating on an agar medium so individual
colonies can.be selected. This agar medium. is.al'So'made.a selective by using asingle
source of C and energy: Repeated transfer of the enrichment culture through solutions
that contain the measurement chemicals/compounds and organic nutrients further
increase the degree of selectivity before plating because organic materials and
uninvited species from original environmental sample are diluted by the serial transfer
(Alexander, 1994).

The enrichment-culture technique is basically for the isolation of pure cultures
of bacteria and fungi that are capable to use an enormous number of organic
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molecules as C and energy sources. However, to attempt and obtain microorganisms
that are able to grow on a variety of other organic compounds have not been
successful. Certainly, many of failures can be attributed to misuse of the technique or
errors in the approach of the investigator: for example, sometimes the concentration
of the organic nutrients may be too less to give detectable turbidity in the enrichment
solution or too high so that microorganisms fail to develop because of the toxicity. In
other instances, the failure results from the absence from the selectivity medium of the
growth factors essential for the organisms degrading the compound. Nevertheless,
when the failure to isolaie-amicroorgani sm-by-enriehment culture coupled with the
prolonged persistence of the chemicals In nature, it is likely that the compound is not

used by microorganisms asa souree of C and energy (Alexander and Bryan, 1988).

An immense gi'a large number bf genera of bacteria and fungi have been
isolated that grow on one or;mare synthetic'-compounds. Much of research literature
works with sugars, aming agids, ‘other drganic acids, and other cellular or tissue
constituents of living organisms; Whereas, a variety of pesticides have also been
evidenced to support the growth-ef ene or éno{her bacterium or fungus. Under these
conditions, bacteria.increase in number and fungi.increase in biomass in culture
media. At that time; the chemical-disappears; typically at a rate that paralels the
increase in cell number or biomass. Since the concentration of the C source declines,
the rate of cell or biomass increase diminishes until, when al the substrate in

consumed and then the popul ation ri se:ends (Al exander; 1974).

Mineralization .of . organic .compounds ‘IS characteristic* of , growth-linked
biodegradation, in'which the organismiconvertsithe substrate ta CO,,.cell components,
and products typical of the usual catabolic pathways. The mineralization in natura
occasionally may not be linked to growth but instead results from nonproliferating
populations. In contrast, some species growing at the expense of a C compound may
still not mineralize and produce CO, from the substrate; however, if O, is present, the
organic products excreted by one species and probably will be converted to CO, by

another species, so that even if the initia population does not produce CO,, the
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second species will. Whereas, the totally effect is still one of mineralization
(Alexander, 1994).

The environmental pollutants that represented as novel C and energy source
for a particular population, is transformed by the metabolic pathways that are
characteristic of heterotrophic bacteria. For the microorganisms to grow on the
compound, it must be converted to the intermediates, which can be characterized it to
major metabolic sequences.. If the compound cannot be modified enzymatically to
yield such intermediates;-it-will-not serve as-a-C.and energy source because the
energy-yielding and biosyntheii€ processes cannot be aftunction. Theinitial phases of
the biodegradation thus invelve modification of the novel substrate to yield product
that is itself an intermediate or; following further metabolism, is converted to an
intermediate in these wbiquitgus metabdic sequences. . This need to convert the
synthetic molecule to intermediate is Charébteristic of both aerobes and anaerobes,
which derived C and energy from the substrate. An organic compound need not be a
substrate for growth in order for it tc be mdabolized by microorganisms (Alexander,
1965). Two pathways of trahsformations arﬂ‘e" including: first, the biodegradation
provides C and energy to support growth, the process therefore the growth-linked;
second, the biodegradation—ts—netfinked to-muitipiiCation, the reasons will be

considered in the following.

Severastudi esthave demonstrated that:i ncreasing -of, number of microbia cells
or the biomass; of the speCies is Tesponse on' the chemicals interested; caled as
degradation proceeds. .During. a.typical. growth-linked mineralization brought about
by bacteria, the icélls use some of‘theenergy ‘and C for-their ‘organic substrates to
make a new cell, and this also increasingly large population causes an increasingly
rapid mineralization. In these situations, the mineralization has an affected to the
population change. During decomposition of 2-, 3-, or 4-chlorobenzoate or 34-
dichlorobenzoate in sewage; for example, bacteria acting on these compounds
multiply and the increase in cell numbers parallels with the decrease of the interested

chemicals that serve astheir source of C (Alexander, 1994).
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2.10 Treatment Strategies: Problems and Potential Solutions
2.10.1 Activating or Accelerating Anaerobic Dechlorination

Two approaches techniques have been used to activate or accelerate the
dechlorination of PCBs are including: Biostimulation (adding some chemicals or
compounds to stimulate the indigenous microorganisms) and Bioaugmentation
(adding non-native microorganisms). Up te date approach, the microorganisms may

be enrich cultures from the same site or-may be from-adifferent sources.
2.10.1.1 Biostimul ation T echnique

PCB-dechlarinating mi croorgéni sms are presented at that sites, but the site
shows no potential or n@ evidence of in-s’tu-dechlorination activity. It is possibly to
stimulate the activity of the indigenous PCB-dechl orinati ng microorganisms in some
sediment. Recently studies on additive of "‘carbon/el ectron source or nutrients have
been investigated, in order to promote the déchlori nation ability of PCBs, hence,
PCBs was assumed, as _selective eleciron acceptor.. The result shows promising
outcomes to enharice the-dechiorination-abifity under -anaerobic condition; either,
acclimated or pre-acclimated consortiums as observed in chlorine loss (Winchell and
Novak, 2008; Nollet et a., 2005; Chang et a., 2001; Hendrik et al., 2005).

Additionally, the source of electrons for the dechlorination reaction might
reduce_the substrates required for. microbial. growth. . Investigation of effects of
organic substrates-on dechlorination ©f' Aroclor 1242 'has been observed (Nies and
Vogel, 1990). The sediment samples were collected from PCBs contaminated sites
and incubated anaerobically with acetate, acetone, methanol, or glucose. The pattern
of dechlorination was similar for each substrate-fed batch; although, the extents and
rates of dechlorination were different. The extent of dechlorination was the greatest
for methanol, glucose, and acetone but was the least for acetate. Dechlorination was

not occurred in un-additional organic substrate sets.
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Moreover, the additional of a halogenated aromatic substrates which used
in term of “priming” to stimulate PCBs dechlorination activity by indigenous
microbes also been explored. This process based on the hypothesized that the high
concentration of appropriate dehalogenation substrates could promote the growth of
dehalogenating microorganisms; which used these compounds as electron acceptors.
And then the dehalogenators population could also dechlorinated PCBs in sediment
(DeWeerd and Bedard, 1999; Wu et @ ., 1999; VanDort et a., 1997). Early study
used sediment from Housatonic River (Lenex, MA), which is contaminated with
Aroclor 1260.

The PCBs'in this sediment showed clear evidence of past dechlorination
(Bedard and May, 1996) and the laboratary experiments have been confirmed that the
PCBs dechlorinators still exist at these sites (Bedard et al., 1997; VanDort et al., 1997,
Wu et a., 1997c; Bedard and May, 1996); Where%, not yet the dechlorination could
be observed in un-amended sediment incubated more than a year under anaerobic
condition (Wu et al., 1997c; Bedard ¢t al., 1995). However, a variety of halogenated
aromatics have been indentified that can specifi‘t‘:ally stimulating Process N or Process
P dechlorination in this sediment (DeWeerd and Bedard,.1999; Bedard et al., 1998;
VanDort et a., 1997).—Adding brominaied biphenyl- congeners has been showed
highly effective substrate for stimulating Process N in Housatonic River Sediments.
For example, 26-dibromobiphenyls (26-BB) primes rapid dechlorination of hexa
trough nonachlorebiphenyls, tconverting «them 1to imainly, «ortho-, para-substituted
tetrachlrobiphenyls (Bedard et al.,"1998)." Furthermore, 26-BB could prime PCB
dechlorination in this sediment at temperatures.asiow as 8°C (Wu et al., 1999).

During 1992 to 1995 a field practices was conducted in Woods Pond,
Housatonic River to determine a potential of priming PCB dechlorination in-situ. The
experiment was conducted at ambient temperatures in 6-foot diameter caissons driven
into the sediment and the result showed very promising. A single addition of 26-BB
(350uM) activated the indigenous PCB-dechlorinating microorganisms.  The
sediment contaminated with six or more chlorines were 62% decrease within three
months and 74% decrease in a year (Bedard et al., 1995). The dechlorination activity
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was follow Process N and the products were primarily ortho-, and para-substituted
tetrachlorobiphenyls, especially 242'4'-CBp and 242'6'-CBp. This result clearly

notifiesthat it is possible to activate the PCB dechlorination in field practices.

Another promising approach to stimulation involves the addition of
ferrous sulfate or other inexpensive and environmental friendly compounds, to
promote nearly complete meta and para dechlorination of Aroclor 1242 (Zwiernik et
al., 1998). The experiment had been provided an influential evidence that the
microorganisms responsible-for dechl orination-Preeesses M and Q in Hudson River
sediment are sulfate-reducing-baeteria (Zwiernik et al., 1998). These dechlorination
processes are not active 1nsthepresence of sulfaie, but are promoted after the sulfate
disappeared. Additivefergousiron oranother divalent metal could precipitate sulfide
and thus reduce its toxi€ity. Clear evidence §howed that sulfate stimulated the growth
of bacteria responsible for dechlorination Processes M and Q, and these bacteria uses
PCBs as alternative electron accepiors after ‘ahsence of sulfate. This experiment was
tested with sediment spiked with*Aroclor 1242 and incubated in anaerobic minera
medium. For prolongs test in the future WhICh is applying in contaminated river
sediment under stimulated field condition, and the similarly results, this finding could
be amajor revived forPCBsremediation site (Zwiernik e d ., 1998).

2.10.1.2 Bioaugmentation Technique

An @ternative potentially to bioremediation is augmentation with PCB-
dechlorinating ergani sms enriched from the.same Site, or from,other sites. In this case,
if PCB dechlorinaiors ‘do not-exist'ifi the given Site, it'is possibly-to introduce the
microorganisms enriched for another site in order to enhance the dechlorination
activity. However, the microbial ecology and biogeochemistry of the site have to be
concerned. For example, similar temperature, pH, electron donors and acceptors,
organic components, mineral composition and sediment composition and co-

contaminants.
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There have been several laboratory attempts to simulate PCB
dechlorination in sediment from the Housatonic River by inoculating with PCB-
dechlorinating enrichments consortiums from the same site; but did not succeed
(Bedard et a., 1997; Wu and Wiegd, 1997). Another approach technique of
bicaugmentation is introducing a stable anaerobic consortium with PCB-
dechlorinating ability derived from other sources. Early study was investigated the
dechlorination of 23456-pentachliorobiphenyls by using a consortium in form
methanogenic granules (Nataraian et al.; 1996). The granules are predominantly
composed of syntrophic,-hydrolytic, ~acetogeniec;,~fermentative, and methanogenic

bacteria.

The results'suggested that - they have an ability to remove ortho, meta and
para chlorines from 23456—penach|oropheny|s (Natargjan et a., 1997; Natargjan et
a., 1996). These granules were acclimated with PCB contaminated (Aroclor 1242
and 1248) sediment from/Raisin River; the experiment was conducted by using an
anaerobic upflow reactor fed 0.01% poplar'WQOd to sustain the granules (Natargjan et
a., 1997). Unamended sediment showed \ﬂ‘/"ery modest but dechlorination ill
occurred. In contrast, the sediment treated with the granules showed strong decreases
of tri- through pentachierobiphenyls,—and the acciimation of primarily ortho-
substituted mono- and di-chlorobiphenyls. Furthermore;it also implied that thereis a
potential to dechlorinate 23456-CBp neither absence nor presence of sediments
(Natargjan et al; 1998).

Augmentation.. of.. PCB _dechlorinators., could .also “be, evaluated by
introducing enrichment or pure cultures of PCB dechlorinators (Bedard et a., 2007;
Hartkamp-Commandeur et a., 1996). The enriched cultures were obtained by using
Aroclor or individual PCB congeners, thus they has an evidenced that it not matter
cultures were isolated from enriched with Aroclor or single PCB congeners, the
dechlorinators consortiums were quite similarly (Cutter et al., 2001; Pulliam Holoman
et a., 1998; Williams, 1997; Zanaroli et a., 2010).
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Although it has been practiced in agriculture and in wastewater treatment
for many years, bioaugmentation is still experimental. Several strategies have been
currently explored to make bioaugmentation a successful technology in sites that lack
significant populations of biodegrading microorganisms. However, the most
successful cases of bioaugmentation occur in confined systems, such as bioreactors in
which the conditions can be controlled to favor survival and prolonged activity of the

exogenous microbial population (El Fantroussi and Agathos, 2005).
211 Literature Reviews

There are enormous of diteratures studied on PCBs dechlorination in natura
environment. Two distinct«biological processes capable of biotransforming PCBs are
aerobic oxidative progesses and aneerebic reductive processes. Anaerobic PCBs
degradation transforms highly chiorinated PCBS to lightly chlorinated ortho-enriched
congeners.  The intermediate products from anaerebic degradation processes are
readily degradable by a wide range of aerobic bacteria, thus the attentions of these
reviews are direct on anaerobic-cendition. Aﬁaerobic dechlorination of PCBs was
observed in many cases under different environmental conditions as summarized in
Table 2.10.

2.11.1 Dechlorination of Single PCBs congeners

Experiments involving the addition of specific single PCB congeners to
anaerobic sediment.slurries have been verified to-determine..first,“the dechlorination
pathways, second,the effect of chlarines substitution patterns on'reactivity; and third,
the dechlorination capabilities of microbial population and the end products of PCB
dechlorination. Sediment from Hudson River, Silver Lake, and Woods Pond have
been widely tested. The Aroclor studies reveded that each of these sediments
exhibits several distinct dechlorination processes that are presumably mediated by
different microbial populations and eight dechlorination processes described to date

have been given latter names and are briefly summarized in Table 2.11.
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Table 2.10 Sites containing PCB dechlorinating microor ganisms.

L ocation PCB-contaminated site Type of References
valuation
Canada
British Columbia Esquimalt Harbor lab (Kuiperset a., 1999)
Ontario Otanabee River/ Rice Lake insitu (Bedard and Quensen |11, 1995)
Japan Lake Shinji insitu (Bedard and Quensen |11, 1995)
The Netherlands
Lake Ketelmeer insitu (Beurskens et ad., 1993
Beurskens et al., 1995)
Rhine River insitu (Beurskens and  Stortelder,
1995)
United States
Florida Escambia Bay insitu (Brown, Bedard, et al., 1987)
Georgia L CP Superfund Site, Brunswick | lab (Maruyaet al., 1999)
Illinois Waukegan Harbor insitu (Brown, Bedard, et al., 1987)
|
Maryland Baltimore Harbor ‘ insitu (Wu et al., 1998a)
M assachusetts Hoosic River insitu (Brown, Bedard, et al., 1987)
Housatonic River/ \Woods Pond | in situ, lab (Bedard and May, 1996;
New Bedford Harbor ) Bedard et a., 1996)
Silver Lake ‘ insitu, lab (Alder et al., 1993; Brown and
Jinsitu, lab Wagner, 1990)
. (Alder et a., 1993; Bedard and
¥/ Quensen 11, 1995; Brown,
- Bedard, et al., 1987; Brown,
] Wangner, et al., 1987)
Michigan River Raisin Igb . (Quensen 111 and Tiedie, 1997)
New Y ork Hudson River insity, lab (Alder et al., 1993; Brown,
y Bedard, et a., 1987; Brown,
Wangner, et a., 1987; Fish and
Principe, 1994)
St=Lawrence River insitu, lab (Cho et a., 2000; Sokol et a.,
1998; Sokol, Kwon, et 4.,
1994)
South Carolina Charlestom Horbor lab (Wu et al., 2000)
Lake Hartwell insitu (Farley et ., 1994)
Washingten Puget Sound lab (Afjord.et al.;;1994)
Wisconsin Fox River insitu (Imamoglu™-and Christensen,
2002)
Sheboygan River& Harbor insitu (Quensen |11 and Tiedie, 1997)

Sour ce: Adapted from Bedard et al. (2003)

Note: In situ means that its clear evidence of microbial dechlorination of PCBs in sediments form
these locations; lab means that laboratory studies have been investigated that sediments containing
PCB dechlorinating microbes.
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Dechlorin- Targeted chlorine Homolog Reactive Primary
ation activity substrate chlorophenyl chlorophenyl
range groups’ products
P Flanked para 4-6 34, 234, 245, 2345, | (23), 25, 235,
23456 2356
H Flanked para® 4-7 34, 234, 245, 2345 | 3, 24, 25, 235
H’ Flanked para®® 3-5 23, 34, 234, 245, | 2,3,24,25,235
2345
N Flanked meta >9 4 234, 236, 245, | 24,25, 26, 246
2345, 2346, 23456
M Flanked& upflanked” | 2-4 3,23, 25, 34, 234, | 2,4, 24,26
meta | 236
Q Flanked& unflanked / | 2-4 4, 23,24, 34, 234, | 2,3,25,26
para”® v 245, 246
LP Flanked& unflanked” | 3-6. 24, 245, 246 2,25, 26
para ‘ . 4 .
T Doubly flanked meta® | 7-8 2345 245

Sour ce: Bedard, D.L. (1997)

® The target chlorines are bold and underlined. =

® The doubly flanked meta chlorine of 234-CBp is also targeted:
¢ The meta chlorine of*23-CBp is also targeted.

4 The substrate range of this dechiorination process has not been completely characterized.
®This dechlorination process has been explored.only at 50 to 60°C (Wu et al., 1997¢).

Single PCB congeners have been usefulness for screening environmental

samplestor ‘dechlarination activity as‘well asidentifying:unusual PCB dechlorination

activities such as an ortho dechlorination.

2.11.2 Mass Balance and Quantitation

Aroclor dechlorination studies have been showed the decreases in highly

chlorinated PCBs and increases in less chlorinated congeners;, however, it was
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appeared to correspond on a molar basis to the decreases of more chlorinated

congeners.

Alder et a., (1993) investigated PCBs concentration in dechlorination
experiments by using sediments from New Bedford Harbor, Silver Lake, and Hudson
River, to determine the total molar PCBs concentration in each sediment remained
constant for 17 months of incubation; thus eonfirming that dechlorination was only
spontaneoudly significant transformation. < Mereover, some researchers aso reported
that a mass balance of the transiormation showed-the total molar concentration of
PCBs remained unchanged duritig seven months using sediment from Hudson River
and Stated. All transformaiion.during this period involved dechlorination without any
disappearance of PCB'molecules(Rhee, Bush, et al., 1993b; Rhee, Sokol, Bush, et d.,
1993). ‘

In contrast to the mass balance that observed in the Aroclor studies, the total
molar PCBs concentration decreased 35%-’90% in studies of dechlorination of 23456-
CBp, 2342'4'5'-CBp, 343'4'-CBp, and 245'-C|§p by microorganisms from the same
sediments (Rhee, Sokol, Bethoney, et al., 1993a; Rhee; Sokol, Bethoney, et a.,
1993b). The explanaiton for therr farture to obtain mass bal ance in these experiments
with single congeners because anaerobic transformation may included mechanisms
either than dechlorination and that mechanisms are congener dependent (Rhee, Sokol,
Bethoney, et a.; 1993b). “However, anothertexplanation might be because of their
inability to obtain mass baance with these PCB congeners due to the analytica

problems and.sensitivity issues.

Rhee, Sokol, Bethoney, et al., (1993b) could recover only 50% of 2345-CBp
after 15 months of incubation. Furthermore, during first 3 months about two-thirds of
the 23456-CBp was dechlorinated to 2356-CBp and 246-CBp (in ratio 2:1) with no
decrease in total PCB concentration. After 3 months another 30% of the 23456-CBp
was dechlorinated, and a corresponding increase of 2356-CBp was observed. In the
same time period the concentration of 246-CBp decreased by 75%, but did not detect
26-CBp, which is the expected products, whereas, 236-CBp and 26-CBp were not
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observed; hence, total recovery was only 63% of expected value. At 15 months, when
the experiment was ended, a significant concentration of 26-CBp was detected for the
first time, but not insufficient amounts to account for the decreases in the higher
chlorinated congeners, and the concentration of PCBs was decreased only 50% of
beginning. The lack of correspondence in time between the disappearance of 2356-
CBp and 246-CBp and the occurrence of the expected products, 26-CBp, suggested
that 26-CBp was not detected until high | evel of concentration had been accumulated.

Continuing study.of-Rhee, Sokol, Bethoney, et al., (1993b), it has been
reported that only 25% of..the beginning concentration of 2342'4'5'-CBp could
account after 15 months_ ef acubation time. About half of 2342'4'5'-CBp could
dechlorinated to 2452'4'-€Bp, 242'4'-CBp and 242'5'-CBp in the first 3 months.
Within 9 months, 90% of2342/4'5"-CBp wes decreased, 2452'4'-CBp, 242'4'-CBp
showed net decreases, and the (otal molar PCB concentration had decreased to 78% of
that expected. 242'-CBp was detected only sole product but sufficient amounts to
account for losses of the more chiorinated ,bbmgeners. The further decrease in total
molar PCB concentration to 25% at 15 months_ 6pcurred concomitantly with net losses
of the intermediates 242'-CBp and 242’5’—CB|5. 22'-CBp was an expected terminal
product but was not-detected; probably due to a very low response factor, its response
isonly 4.5%-9% of 242'-CBp and 242'5"-CBp, and 2342'4'5'-CBp, and therefore 22'-
CBp would be harder to detect that its precursors (Mullin et al., 1984).

In contrast, mass balance was obtained for the dechlorination of 234- to 24-
CBp; 0f 245- to 24-CBp; and 2452/ 4'5!-"t0 242'4'-;242'5 -, and 252'5'-CBp (Rhee,
Sokol, Bethoney, et al., 1993b; Rhee, Sokol, Bethoney, et al., 1993a). Whereas,
tetrachlorobiphenyl products were not further dechlorinated, hence, the detection of
products with low response factor was not an issue. It could be proposed that
biotransformation of PCB may include mechanisms other than dechlorination and that
mechanisms are congeners dependent because the aromatic compounds that lack of
aliiphatic or polar substitutents are extremely difficult to metabolize anaerobically
(Schink, 1988).
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Rhee, Sokol, Bethoney, et al., (1993b) conducted an experiment to confirm
fully recovery of products in their experiments and used authentic pure congeners
standard to indentify products by matching GC retention times. These information
shows all PCB concentrations were determined in the linear range of the ECD
response and the calibration curves were used a single concentration of mixture
Aroclors 1221, 1016, 1254, and 1260 (Rhee, Bush, et al., 1993b). However, Aroclor
standards were not well suited for quantitative analysis of pure congeners and it were
not necessary, since al PCB. congeners are Comipercially available now (Bedard and
Quensen 11, 1995). The deiection level for each-PCB congener should be different
because the ECD response {aetors vary over several orders of magnitude (Erickson,
1986).

2.11.3 Factors Affeeting Rate and Extent of PCBs Dechlorination

It has been hypothesized  that uhiqu‘e responsible for the various PCBs
dechlorinating patterns was exhibited because of each microorganisms has a distinct
dehalogenating enzymes; which-ebserved in b6th laboratory and in the environment
(Bedard and Quensen I11,-1995; VanDort et a., 1997). .The growth and metabolic
activities of different-microerganisms has an effected by environmental factors and
conditions; furthermore, it influence divergently the extent and rate of differ PCB
dechlorinating activities. A study of factors that can influence PCBs dechlorination is
important for @btaining andunderstanding-ofithe diversity,of :PCB dechlorination as
well as suited and/or un-suited condition which ‘able to be dechlorinated. Moreover,
this knowledge.will be useful. to, forecast the potential .of environmental degrading
PCBs and will lay'in developing of the bioremediation.issues.’ "The environmental
factors have been evidenced to influence on PCBs dechlorination including;
temperature, pH, available of carbon source, H, as electron donor and the presence of
electron acceptors rather than PCBs.

A significantly factors in the biotransformation and biodegradation which play
important roles on the bioavailabilities of PCBsis adsorption. The rates of desorption
are different among PCB congeners, the most hydrophobic congeners (with high Kgy
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values) behaved roughly as predicted from models, whereas, less hydrophobic
congeners couples with low K, vaues. Unfortunately, the bioavailability are a
function of PCBs contaminated periods, which leads over time to stronger adsorption
and lower recovery rates of PCBs.

2.11.4 Temperature

Temperature has a significantly effeci“on.the growth and the physiological
activity including uptake.and-enzymatic dehalogenaiion of PCB congeners. Severa
studies have been conducted airoom temperature (around 25°C). However, the PCB-
contaminated sediments inhe environment typicaly experience a different and wider
range of temperatures:” The range of temperatures depends on climate and the depth
of water and sediments'itsalf. /The infl uénces of temperature are comprehensive and
can be affected to adsorption and desorption“ki netics of PCBs from soil particles (Jota
and Hasset, 1991), hydrolytic dehalogenati-on"‘and availability of PCBs for microbial
transformation. Thus, these effects'are prObany minor in comparison with the effect

of temperature on the growth of microorgani“snﬂ‘s'— and the catalytic activity of enzymes.

Wu and coll eagues investigaied the dechiorinatiofn of residual Aroclor 1260 in
Wood Pond sediments by adding 2346-CBp, and stored at around 7°C, then incubated
at 18 temperature points from 4 to 66°C; fluctuation of temperature was less than +
1°C (Wu et ali;1997ap Wi etiall, (19976, Wul et &.] 1996): “The residual of Aroclor
1260 had been;only dlightly dechlorinated in the environment in contrast to the
microcosms-incubated, with..350, uM . of .2346-CBp. as. a-primer where the
dechlorination occurred at 8-34°C'and'at thermophilic temperatuires of 50-60°C. The
optimal temperatures for overall chlorines removal from 2346-CBp and from residua
PCBs were 18-30°C and 20-27°C, respectively.

Flanked meta-dechlorination occurred between 8 and 34°C and 50-60°C,
wheresas, flanked para-dechlorination was observed only between 18 and 34°C. The
dechlorination of doubly unflanked para- chlorines occurred only in the temperature
range of 18-30°C, thus, unflaked ortho- dechlorination of 246-CBp and 24-CBp was
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observed at 8-30°C. These results suggest that temperatures have an intense influence

on the rate, extent and products of PCBs dechlorination.

The typical average temperature in Wood Pond ranging from 15°C at 45 cm
depth to between 18 and 20°C at a depth of 10-15 cm, and the winter temperature for
these depths has been decreased to 1 and 4°C, respectively. This result notifies that
during about half year, the dechlerination cannot occur. However, during summer
period, the temperature at a 10-15 cm depth'isin.the range at which the modified N-
dechlorination pattern changed to the simple N-paitern, i.e. unflanked para chlorine
substituents will not be remaved by this dechlorinaiion pattern. Thisisin concurrence
with the distribution of PCBS 1n"'Woods Pond sediment. 1t also suggests an important
point that around ~18°C which ubi quitou_s-in summer temperature, given the highest
variability between repeated experiments and among the triplicate incubations was

observed.

Furthermore, the highest dechlo‘r'i'na‘tion rates were observed at higher
temperatures rather than normal-summer t'-emﬂf)eratures in the upper 45 cm of the
sediment. Whereas,, incubated at room temperatures (around 20-25°C) would not
provide an applicable estimation of dehalogenation potential. Besides that without
highly concentration of priming congeners or Aroclor 1260 (above 500 ppm), the
dehalogenation could not be happened in Woods Pond sediment at any incubation
temperatures (Wuet ., 1997b). " This repeatedly linvestigated effect of consistent
with the lack af; continuing in situ dehalogenation at measureable rates in Woods
Pond. .t seems.that high-concentrations are required.to.activate the dehal ogenating
bacteria’and this'study was thefirst'detail ed on the occurrence 'of'PCB-dehal ogenation
patterns by temperature affected.

Two different systems was measured, uncontaminated (Sandy Creek Nature
Park in Athens) and contaminated pond (Woods Pond), the results imply a similarly
effects to chlorophenol degradation; it can be speculated that these effects may also be
observed for PCB dehal ogenation in sediment form other locations as well (Wu et d.,
1997a; Wu et a., 1996). Moreover, the observations on temperature effects of the
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dehalogenation of Aroclor 1242 in Hudson River are also in agreement with this
report. (Tiedjeet a., 1993) notified that samplesincubated at 12, 25, 37, 45 and 60°C
showed reductive dechlorination of Aroclor 1242 at 12 and 25 but not at 37°C or
above.

Different from the temperature dependence studies in laboratory in which the
samples were incubated at constant temperature, the sediments in nature are mattered
to temperature variations. The temperature1sfluctuations not only seasonal basis but
also from day and night-tiime; as well-és strong-rain or hot spells. Although, daily
fluctuations are less impact lawater sediments covered with several depths of water.
Recently, it is unclear of impact on the seasona temperature changes on the PCB
dechlorination pathways afier introduced.into provided sediment.

2.11.5 pH

Sediments are normally well- buffered systems, but in contrast to strictly
aerobic processes, anaerobic mierobial proc&es& may lead to an increase in acidic
fermentation products, that calised local changes in pH. The effect of pH has an effect
like temperature and Carbon-sources; however, the effect-of pH on the dechlorination
of PCBs in sediments s more complicated because it has severa interactions between
different dehalogenaiing and non-dehalogenating microbia  populations.
Furthermore, pH alsao has an\effectron the availability of, PCBs:in soil which involving
the adsorption sequilibrium™ between PCBS that ‘are dissolved and/or adsorbed to
organic.matters.(Jota and Hasset, 1991).

Dechlorination of 2346-CBp added as a primer and of residua of PCBs in
Woods Pond sediments was investigated under pH ranging between 5.0 and 8.0, and
incubated at different temperatures of 15, 18, 25 and 34°C. The results revealed that
the dechlorination processes could happen. The pH of each slurry was adjusted and
maintained by periodically (2~10 days) adding sterile 2N NaOH or HCI. Except for
34°C at pH 5.0, PCB dechlorination was observed at al pH and temperature

examined. The optimum pH for overall remova of chlorines was around 7.0-7.5.
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However, the specificity of dechlorination varied, e.g., for 2346-CBp, flanked meta
dechlorination occurred at pH 5.0-8.0, un-flanked para- dechlorination at pH 6.0-8.0
and ortho- dechlorination at pH 6.0-7.5. However, a pH 7.0 and 15°C, ortho-
dechlorination was dominated, whereas, un-flanked dehalogenation was occurred at
18 and 25°C, which evidences an outpaced of dehalogenation reactions. These results
indicate that the pH of the incubation also strongly influences not only the rate and
extent of dechlorination but also the route of dechlorination of 2346-CBp and the
residual of Aroclor 1260 (Wiegel and Wu,2000).

2.11.6 Supplementatien of Carbon Sources

Reductive dechloripation of ,PCBs under. anaerobic condition is presumably
that PCBs are used as‘€lectron acceptoré, but does not cleave the rings. Thus, the
PCB dechlorinators should need other combound as a source of carbon and electron
for support their growth. Up to date, study'on PCBS dechlorination under anaerobic
condition was conducted in the pr@encebf’ ‘sedi ment which provided a variety of
organic matter. Besides thal &t experifher;‘is were performed with indigenous
microcosms or enrichment cultures which' contained both PCB dechlorinators and
non-PCB dechl orinators:—Addition-of-a speciiie carben source to culture, which could
enhance the dechlorination of PCBs by providing a desirable carbon sources and
electron sources to the PCB dechlorinators or to non-PCB dechlorinators, might
provided a suitable electromdonors, vitaminsiorjcarben sourees to support growth of
PCB dechlorinating” microorganisms. © Moaoreover, the addition could stimulate the
utilization of. substrates that inhibit the PCB dechiorination. .In contrast, the addition
could a'so’inhibit?PCB dechlorination+by supplying a ‘carbonsources to non-PCB
dechlorinating and/or competitive microorganisms so that these nuisance microbes
could out-complete the PCB dechlorinators for electron donors and/or acceptors.
Thus it will inhibit the dechlorination. Apparently, both effects could simultaneously
occur to different dehalogenation populations. However, al of these possibilities are

difficult to differentiate in mixed cultures.
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Alder et a., (1993) demonstrated that repeated addition of fatty acid (acetate,
propionate, butyrate and hexanoic acid) stimulated dechlorination of added PCBs in
carbon-limited sediment slurries, but not in sediment slurries which had higher
organic carbon contents. The addition of 0.1% (v/v) thioglycolate medium with beef
extract or acetate could enhance the dechlorination in term of shorter lag phase
(Abramowicz et a., 1993) and also increasing the observed overall dechlorination rate
(Tiedje et d., 1991). The addition of 0.06% pyruvate and malate substantially
increased the extent of PCB dechlorinaiion” lne Aroclor 1248-contaminated soil
(Klasson et al., 1996), whereas, malate and primers were added together in Woods
Pond sediment contaminated.witir Aroclor 1248, showed shortened only in lag time
before the onset of the reduetive dehal ogenation of PCBS (Bedard et al., 1998; Bedard
and Van Dort, 1998).<Thestimulation of the dechlorination was highly dependent on
the incubation temperature and pH; +.e. at pH 7.5, the addition of 10 mM malate to
sediment led to a signifigantly shortened Iag“phase and the half-life for the removal of
the first chlorine (2346-CBp (0 246-CBp) at'15, 18 and 25°C and to an increase in the
maximal observed dechlorination rate at 15°C, except 18-34°C. At pH 6.0, maate
had no effect on the half-life and dechiorinati oﬂﬁ rate. For another detail experiments
was studied on priming sediment with 26-bromobiphenyls (26-BB) and malate, to
verify the influence of malate en-hydrogen utifization (Wu et al., 1999). It proposed
that the dechlorination was happened by stimulating of growth of specific microbes,

which could be used malate under particular conditions.

Compared to sediments, enrich cultures ‘provide more defined conditions.
Nies and .\ogel, .(1990). found. some dependence_.of carbon “sources used for
enrichment cultures.” Additionof'glucose, methanol, acetate or acetone could enhance
the rate and extent the dechlorination of PCBs. The addition of 20 mM pyruvate and
10 mM malate enhanced meta- dechlorination of 2346-CBp by 2346-CBp enrich
cultures, while addition of 20 mM pyruvate creased the rate of para- dechlorination of
246-CBp enrichment cultures. Two PCB-dechlorinating enrichment consortia were
derived from estuarine sediment (Charleston Harbor, SC): a 2356-CBp meta
dechlorinating enrichment culture (Wu et al., 1998b). After the cultures had been
transferred eight times into estuarine medium containing only 0.1% (wet w/v) of
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sediment and 173 uM of 2356-CBp or 2345-CBp, the addition of the potentia
electron donor formate (10 uM) resulted in an increase in the extent of the 2356-CBp
dehal ogenation to 236-CBp from 17% to 75% chlorine removed. The dechlorination
of PCBs under various conditions have been investigated by Change et al., (2001), it
found that the dechlorination was fastest under methanogenesis, sulfate reducing and
lowest under nitrate reducing condition. Additionally, under methanogenesis and
sulfate reducing condition coupled with organic substrate (lactate, pyruvate and
acetate) could significantly enhance the raies of deehl orination.

Furthermore, the extension of, dechlorination rates for low concentration of
PCBs (2 mg/kg dry ‘weight) anves observed in sediment microcosms undergoing
biostimulation and -bloaugmeniaiion, it. notified that the degradation of low
concentration was not.difference to highly coneentration of PCBs (Krumins et a.,
2009). The preliminary determinations of “the dechlorination ability by indigenous

microbes around Samuthparakari Provi nce; Thailand have been investigated.

Recently evaluation of the degradéti(%h potential of chlorinated aromatic
compounds, likes hexachlerobenzene (HCB) has been tested at Hua Lam Poo Canal,
Thailand under the Very-premising-effected resuits-as HCB could be dechlorinated
effectively by indigenous microbes without any nourishing and enrichments (Anotai
et a., 2010; Chen, Wanitchapichat, Jirakittayakorn, Sanohniti, et al., 2010). These
results given a piece ofi evidence:that "HCBamight not<besconcerned as persistent
organic pollutants (POPs) in Thai "Canal. "It notified impressive and unigque results
from other, developing.country which has been‘found it could.be dechlorinated by

modifying mediunmiand/or well control conditions.

Winchell and Novak, (2008) investigated the effect of biostimulation
(supplement of H, via elemental iron (Fe”)) and bioaugmentation (amend of PCB-
dechlorinating enrichment culture) spiked with 2345-CBp. Insignificantly
dechlorination of 2345-CBp were occurred in both sediment from Raisin River (PCBs
contaminated site) and Duluth Harbor (non PCBs contaminated site) under

stimulating condition. However, the extensive dechlorination was observed after
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augmenting microcosms, whereas these microcosms was enriched and grown on
acetate (20 mM) under a headspace of 3% H, to 97% N,. Moreover, the investigation
of dechlorination of PCBs in Ohio River sediment under field condition were not
accomplish, thus PCBs concentration were stable under elevated redox status and low

temperature conditions (D’ Angelo and Nunez, 2010).
2.11.7 Supplementation of H, as Electron Donor

Reductive dechlorination is a-two eleciron-transfer reaction, which H; is
assumed to be direct and indirece electron donor (DeWeerd et al., 1991; Zhang and
Wiegel, 1990) and the proton.source is from water (Griffith et al., 1992; Nie and
Vogel, 1991). Lake-sedimenis contain Hs utilizers with different affinities for H..
Microorganisms can suecessfully compeﬁti on for Hawhieh is depending on the partia
pressure, affinity of the /microorganism and 'fhe presence of utilizable carbon sources
and electron acceptors; whereas, the partial ' pressure of H, can stimulate or inhibit this
microbial dechlorination processes” (DeWeerd et al., 1991; Madsen and Aamand,
1991; Zhang and Wiegel, 1990; Linkfield and n'Tiedje, 1990). A test with frequently
replenished the headspace gas with H; at 0, 1 or 10% (v/v).-under shaking condition to
the contaminated sediiment from-Woods Pond incubaied-with Aroclor 1260 at 15, 25
or 34°C, and at pH 6.2 or 7.2 revealed that no significant differences in the rate and
extent of dechlorination neither supplement with nor without 1% H, gas. It might be
because of this‘amount didynotchange)considerably-to theavailable amount of H,
compared to the microbialy produced H,.© Lower dechlorination rates and a lower
extent of dechlorination of 2346-CBp.and sediment PCBs were found in the samples
incubated under 10% Ho, whereas,highly inhibition wasinvestigated.at pH 7.2. Ten
percent of H, in the headspace gas inhibited or changed the dechlorination reactions
of 2346-CBp and residual PCBs depending on the incubation temperature and pH.
The provided H, distorted the pathway and products of reductive dechlorination of
234-CBp by the Hudson River sediment microorganisms (Sokol, Bethoney, et a.,
1994). Under H,/CO,, 234-CBp was dechlorinated to 24- and 23-CBp and
dechlorinated further to 2-CBp. In contrast to under N, or N,/CO,, 234-CBp was
converted to 24-CBp only.
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2.11.8 Electron Acceptors

PCBs are used as electron acceptors by reductive dechlorinating
microorganisms. Kim and Rhee (1997) reported that spiked of 300 ppm Aroclor 1248
to enrich PCB cultures in anaerobic sediment could increase 188 folds in the number
of PCB dechlorinators. In contrast, the number decreased by 93% from initial value
in the samples without addition of Aroclor 1248. It can conclude that the growth of
PCB dechlorinatiors requires the presenCe” oft PCBs. It also observed the
microorganisms in Woods Pend sediment capable dehal ogenating of 26-BB and PCBs
increased nearly 1000 folds after priming with 26-BB (1050 uM) couple with 10 mM
of malate (Wu et a.,"1999). These results demonstrate that halogenated biphenyls
prime PCB dechlorination primarily by stimulating the growth of PCB-dechlorinating
microorganism; furthermoge, dt ‘could éti mulate the induction of dehalogenation

enzymes.

Severa investigations of PCB dechlori nation were constructed in the presence
of common electron acceptors for anaerobic n;i"croorgani sms, mostly observed under
methanogenic condition (Alder et al., 1993; May et.al., 1992; Morris et a., 1992).
The Addition of bremeethane suifonicacid (BESA), which an inhibitor of
methanogenesis, inhibited dechlorination of certain congeners (Williams, 1994) or
even dechlorination processes (Morris et a., 1992). However, ethanol-treated,
pasteurized cultures jobtainedfrom Hudsen Riven exhibited=meta dechlorination of
Aroclor 1242 (Ye et d., 1992) and the ‘addition of BESA did not inhibit meta
dechlorination of 2346-CBp by a 2346-CB. enrichment cultures, ‘indicating that the
methanogens may - not ‘carry out'the dechlorination but ‘influence the availability of
electron donors in these cultures. The addition of sulfate (10-30 mM), an electron
acceptor used by sulfate reducing bacteria, completely inhibited the dechlorination or
favored one dechlorination process than others (May et al., 1992; Morris et a., 1992;
Rhee, Bush, et a., 1993d). In addition, nitrate (10-16 mM) had no effect or inhibited
the dechlorination (Morris et al., 1992; Rhee, Bush, et a., 1993a). Ferric
oxyhydroxide (50 mM) decreased the extent of PCBs dechlorination (Morris et a.,
1992). The presence of 5 mM sulfate, thiosulfate, sulfite or nitrate inhibited the
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dechlorination of 2346-CBp and 246-CBp enrichment cultures. It is suggested that
either these electron acceptors were preferred over PCBs or that non-halogenating
bacteria using these electron acceptors were out-completed the PCB-dechlorinators
for the available of electron donors.

Zwiernik et a., (1998) found FeSO, could enhance reductive dechlorination of
Aroclor 1242 by microbes from Hudson River sediments. In the presence of FeSO,,
both Na,SO, and PbCl, could stimuleate para dechlorination. Furthermore, in the
presence of NaxSO, and melybdaie (inhibited sulfaie reducing bacteria), Fe(OH)3 did
not have stimulatory effect onpara dechlorination. These researchers propose that
the addition of FeSO, oNaSQy (plus PbCl,) provides sulfate ions as electron
acceptors which stimulatedithe growth of jpara dechlorinating microorganisms. The
additive supplementatioh of/Fe or Pb*" fo remove sulfide ions formed during sulfate
reduction and thus reduced the bi oa\/ailabilify and toxieity of sulfide ions and/or H,S.
These results aso showedthat if squide/HéS concentrations are in acceptance levels,

the PCB dechlorination and sulfate reduction coexist in the sediment.

From these different restilts, it suggests that-reductive dechlorination of PCB
can occur under methanegenie, sulfidegenie, iron(iil) feducing and denitrifying
conditions and which processes can be occurred or predominately depending on the

physiology of the indigenous microorganisms.

2.11.9 4 Polychlorinated — Biphenyls-Dechlorinating  Populations in
Contaminated Sediments

Recently, the numerous of reductive dechlorination of various halogenated
aromatic and aliphatic compounds have been isolated. The potential of these
halorespiring bacteria for innovative clean-up strategies of polluted anoxic
environments (Smidt et al., 2000). Cutter et al., (2001) studied the identification of
microorganism that links its growth to reductive dechlorination of 2356-CBps.
Through denaturing gradient gel electrophoresis (DGGE) of 16S rDNA form a highly
enriched otho-PCB dechlorinating culture. This was the first identification of a
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microorganism that catalyses the reductive dechlorination of a PCBs. The organism,
bacterium 0-17 has high sequence similarity with the green non-sulphur bacteria and
with group that includes Dehalococcoides ethenogenes. Furthermore, methaogenic
archaea were not involved in this dechlorination process. (Field and Sierra-Alvarez,
2008) summarized the potential of microorganisms to transform PCBs. PCBs
dechlorinating microbes have not been isolated in pure culture; however, there is
strongly evidence from enrich cultures that: some Dehalococcoides spp. and other
microorganisms within the Chloroflexi phylura‘€ould grow by linking the oxidation of
H. to the reductive dechlerinaiion of PCBs.

Currently, it "haswbeen isolated PCB-dechlorinating populations from
contaminated sediments, PCBfree sediment spiked with'Aroclor 1248 incubated with
microorganisms el utedfrom Si. Lawrencé River sediments. Eubacterial and archaeal
were predominated in PCB-spiked sedlmént cloned libraries. The result shows that
sequence analysis of four eubacterial i'mp'lied homology to Escherichia cali,
Lactospaera pasteurii, Clostridium therrrbéel!um, and Dehalobacter restrictus. The
predominant archaeal sequence was closely_-ré["éted to Methanosarcina barkeri, this
implied that a methanogenesis are involving in the:PCB dechlorination processes as
well (Oh et al., 2008)-t-couid be concluded that- methariogens might engage in PCB-
dechlorinating microbes. However, it depended on the prevalence of microcosm

existing in investigated sites.



CHAPTER I11

METHODOLOGY

3.1 Characterization of Sampling Sites

Sediments and stream waters were eollected from several natural water
resources during 2007 to 2009.The sampling locations are shown in Figure 3.1 and
Appendix A including feur PCBs possibly contaminated areas and a non-PCB
polluted site: 1) Hum Lum Peo Cana. which receives treated and untreated effluents
from the Bangpoo Indusirial /Estate’ and nearby factories and has a history of HCB
contamination, ten sampling sites (HLPfto_.HLPlO) were specified in this cana and
the sampling points areshown in Appendi!x A; 2) acanal receiving effluent discharge
from the center wastewater /treament plant of the Bangplee Industria Estate in
Samutprakarn Province where several d%trgnic—related factories which possibly
using dielectric fluids are located (BP1 and BPZ) 3) acanal receiving discharge from
small materia recovery facilities in Sarnutpfél—{afn Province (MF1 and MF2) which
possibly received PCBs leakage during waste separation and cleaning; 4) a cand
nearby the South-Bangkok Power Plant (PWP) where certain amounts of used
transformers and capacitors were stored; and 5) Bangplakod Cana (BPK), passing
through Suksawad Road in Samutprakarn Province which hasihigh water quality and
is a habitat for many aguatic lives, was served as a control for non-PCB contaminated

site. Allsedimentsivere keptin plastic bags and storéd|at4°C until beihg used.
3.2 Media Preparation
3.2.1 Sediment-Water Preparation

Sediment-water mixtures were freshly prepared by adding 5 g of sediment and

5 ml of stream water into a 20-ml serum bottle, mixed thoroughly by vortex mixer for
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3.2.3 Reductive Anaerobic Mineral Medium

A reductive anaerobic minera medium (RAMM) was prepared and used as
necessary. It consisted of 2.7 g/l of NH4CI, 0.1 g/l of MgCl,.6H,O, 0.1 g/l of
CaCl,.2H,0, 0.02 g/l of FeCl,.4H,0, 0.27 g/l of K;HPO,, and 0.35 g/l of KH,PO,.
Y east extract (YE) was applied as a nutrient supplement at the concentration of 5 g/l.
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This solution was used instead of stream water to mix with sediment to prepare

nutrient-rich sediment slurry and was kept in a 100-ml alumina-capped serum bottle.
3.2.4 Sterilized Medium

In order to ensure that the disappearance of PCBs derived from microbial
activity, severa control experiments were performed using sterilized media. The
sterilized medium was prepared by pasteurized at.75°C for 20 min to kill vegetative
cells and activated spore,-then incubated ai-23-25°C for 48 hr to alow spore to
germinate and finally autoclaved-at 121°C for 1 hr o kill vegetative spores (Bedard
and Quensen |11, 1995).

3.3 Chemicals

All chemicals used in this tesearch ‘Wwere reagent grade and used without
further purification. Deminerali zed water was used to prepare all reagents.

3.3.1 PCB Cangeners

For PCBs, 22 congeners (as shown in Tablé 3.1) which are the major
components in Aroclor 1242 and Aroclor 1260, except 345-, 234- and 2345-CBps
which are not jpresented inthe Ardclor mixture, \were purchased from AccuStandard,
Inc. (USA) andawere used to prepare the standard solutions in 99% acetone. Bedard
et a. (1995).found.234- and 2345-CBps were the most.suscepti ble to.be dechlorinated
because both'congeners contain phenyl rings substituted with three and four chlorines
and at least two of which were adjacent. As a result, the PCB congeners chosen in
this research were 234- and 2345-CBps, in order to test the dechlorination abilities of
anaerobic microbes. Stock solutions were separated into several 1.5-ml vias, sealed

with butyl rubber stoppers and alumina-caps, and kept refrigerated until being used.
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3.3.2 Organic Substrates

Acetate, lactate and pyruvate in sodium form were purchased from Sigma-
Aldrich, Inc. (USA). The solutions were prepared in demineralized water and kept
refrigerated until being used.

3.3.3 Halogenated Primers

Methyl  4-bromobenzene (4-BZ), - 1d-dibromobezene (14-DBZ), 4-
bromobenzonitrile (4-BN), and_4-bromobezoie hydrazide (4-BH) were purchased
from Sigma Aldrich, Tnc. (USA). Stdf:k and standard solutions were prepared in
acetone and kept refrigerated until being 9$d.

- _—

Table3.1List of PCB congenersﬁsed iri‘_dth’isstudy.

PCBs Congeners | 'PCBs Congeners
7 JECEL N 2525
d § uind de i Jd
. . 23 = 242'5'
Dichlorobiphenyl b e
: Pl - w 232'5'
T Tetrachl orobipheny!
(> 44 Y | 2534
22'5 ' 2344
254 ’ 2345
244 . 23634
Pentachliorobi phenyl
. _ 234 24534’
Trichlorobiphenyl
342 2362'4'5'
345 ) 2452'4'5'
Hexachlorobiphenyl
2342'3'6'
2342'4'5'
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3.4 Extraction and Analytical Methods

Quantitative comparisons of the samples were extracted by the solvent and
ultrasonic extraction (EPA 3550) and the quantification comparisons were shown in

Appendix B.
3.4.1 Sediment Extraction

One ml of 6 N HeSOsand 1 g'of copper«Cu”) were added into the serum

bottle and the mixture wassmixed thoroughly by a mixer. After that, 5 ml of 9:1
hexane:acetone solvent were added into the serum hottle. The bottle was then shaken
by a vortex mixer followed by ulira-sonicating for 30 minutes. The mixture was
centrifuged at 3,000 rpm for 20 mindtes and the supernatant was transferred as much
as possible to a new via. The remaini ng‘ mixture was re-extracted for another time
following the similar procedures. At the secg')hd extragtion, the upper layer liquid was
pulled out and filled the tube up to the S-fﬁl"mark and then 1 ml of 6 N NaOH was
added. The mixture was then shaken by vor;exﬂ Jmixer and 4 ml liquid was transferred
to a new vial. A small amount of NaQSO4‘ Was added. toa tube to remove moisture.
The PCB-containing~extrants were further cleaned up hy the deactivated florisil
column and the column was rinsed with n-hexane. The elution was transferred to an
analyzing vial for GC analysis. Extraction efficiencies were higher than 60% for al

samples.
3.4:2-Sediment Slur ry-Extr action

Two 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 shaken by a vortex mixer followed by ultra-sonicating for 10
minutes. The via was centrifuged at 3000 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
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and filled the tube up to the 5-ml mark. A small amount of Na,SO, was added to
remove moisture before analyzing by the GC and recovery efficiencies were higher

than 80% for all samples.
3.4.3 Gas Chromatography Analysis

Application of GC analysis followed the USEPA 8082A Method using
GC/uECD (quantification) and EPA 680 Meéthod.using GC/MS (qualification). The
chromatograms of Arocler-1242 and Aroclor-1260-and chromatographic data were
shown in Appendices Cand b All possible intermediates from 234- and 2345-CBp
could be detected under theseandytical procedures. Gas chromatograph capillary
column equipped with'a pBCD(J'& W Scientific from Agilent Technologies) and 30—
mx0.25-mm ID fused-silica capillary colﬁmn chemically bonded with SE-54 (DB-5),
0.25-um film thicknessfwas used o an‘aljll-ze PCBs and their intermediates. All
intermediate products were confirmed by fhe"gas chromatograph mass spectrometry
(GC/MYS). Electron impact ionization as IOn sources and quadrupole mass analyzer
(J & W Scientific from Agilent Technoloéieél)f and 30-mx0.25-mm ID fused-silica
capillary column chemically bonded with SE-54 (HP-5MS), 0.25-um film thickness.
Both gas chromatographs-were-operated-under the following conditions. 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 washeld for-11omim: | The temperatureof thednjector and the detector
were set at 280°C and 300°C, respectively.” Nitrogen and helium gases were used as
the makeup (20, ml/min) and.carrier (1 ml/min) gases, respectively. . The split ratio
was kept' at 10:1.

3.4.4 Methane Analysis

Quantification of headspace methane gas in the serum bottles was done by the
GC-TCD pack column with 2 analytical ports (GC-8A, Shimadzu, Japan); port 1
equipped with the UnibeadsC 80/100 mesh (4 mm OD, 3 mm ID, 3 m long), port 2
equipped with the 3% unisole 30T on flusinP 30/60 mesh (4 mm OD, 3 mm ID, 3 m
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long). Temperature of the injector was maintained at 160°C. Column temperature
was maintained constantly at 110°C. Nitrogen and helium (300 kPa) were employed

as make-up and carrier gases, respectively.
3.5 Experimental Scenarios
3.5.1 Effect of Organic Substrateson PCBs Dechlorination

Effects of differeni-erganic substrates-en-microbia ability to reductively
dechlorinate PCBs were studied in order to evaluate the possibility of enhancement by
external supplement. FreshrSediment and stream water were tested in this task. The
fresh sediment slurry*(SS)fand reductive anaerobic mineral medium (RAMM) were
used asthe media. Sterile SS or/and"RAMM were used as the control sets. Sediment
sample from Site 3 of the Hua L.am Poo Cénél In Samutprakran Province was used.

Three organic subsirates  Haitiely ’sodl um acetate, sodium lactate, sodium
pyruvate were used as the externa- carbon source and yeast extract was provided for
nutrient supplement (Oremland, 1988). Y east extractwas found to be able to enhance
the dechlorination activities of tndigenous microbes (Chang, et. al., 1996). Pyruvate
and lactate were chosen as the organic substrates because they are fermentation
products which can promote the activities of acetogenesis and sulfate reducing
bacteria. Acetate Was used bécause!it i's the substrate directly used by methanogens
and sulfate reducing bacteria. Each substrate was added to make the concentration of
2 g/l and yeast, extract was.added to make.the. concentration.-of .5, g/l before the
inoculation. ‘The 0.1 ml 'of 1,000 mg/l"234-CBp stock-solution‘was-injected into the
serum bottle to make an initial concentration of 2 mg/l, final acetone concentration in
the medium was lower than 0.5% (v/v); hence, did not cause any interference in
microbial activity. All serum bottles were kept in the dark at room temperature and
were shaken from time to time on adaily basis. The mixed liquor was withdrawn and
extracted for remaining CBps every 2 weeks. The producing of methane gas was also

monitored.
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3.5.2 Effect of Halogenated Primers on PCBs Dechlorination in Sediment
Slurry

This part aimed to investigate a possibility to enhance the 234- and 2345-CBp
dechlorination by using priming compounds which could stimulate the dechlorination
of PCBs (Bedard et a., 1998; DeWeerd and Bedard, 1999). Microorganisms could
use PCBs and other halogenated arometic: compounds as the electron acceptors;
hence, presumably that the consortiums whieh could degrade halogenated groups,
possibly could dechloringie-PCBs aswell.. Selecied priming congeners including
methyl 4-bromobenzene (4-B2),-14-dibromobezene (14-DBZ), 4-bromobenzonitrile
(4-BN) and 4-bromobenzoie hydrazide (4-BH) all of which had been found to be able
to activate PCBs dechlgrinating . microbes during ‘the dechlorination process
(DeWeerd and Bedardy1999).; These sd&ted primers will not persist in the natural
environment and; hencey are environmental Jfriendly chemicals (Bedard et a., 1995).
Long-term storage sediment siurky ‘under cold tempered (4°C) was used in this phase.

The 0.1 ml of target PCB congener“ stél)'bk-sol ution at 1,000 mg/l was spiked
into the serum bottle.to make an initial concentration.of 2 mg/l. Halogenated priming
congeners were separaiely-amended-from-the stock solution prepared at 50,000 mg/l
to yield the final concentration of 75 mg/l. Added acetone in the mixture was lower
than 0.5% (v/v) in order to prevent any toxicity and/or enhanced the dechlorination by
acetone amended. ¢ Theiserum bottles weredincubated injthe,dark at room temperature.
Non-priming sets were incubated by Tndigenous Sediment slurry (did not amended
with halogenated priming.congeners). under the’same, conditions-and sterile control
sets were also prepared for comparison (Figure 8.2). | Samples were taken every 2
weeks and analyzed for both PCBs and hal ogenated primers.

3.5.3 Effectiveness of Bioaugmentation on PCB Dechlorination
According to Mongkong (2007) who aso used the sediments from the similar

sites as in this study to dechlorinate 234-CBp, the microbial consortiums in the
sediment samples could be divided into two groups according to their 234-CBp
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dechlorination abilities, i.e., active (sample from the Hua Lam Poo Cana) and
inactive (samples from small material recovery facilities, South Bangkok Power Plant,
Bangplee Industrial Estate, and Bangplakod Canal). It is interesting to determine the
effect of bioaugmentation on PCB dechlorination by inoculating active microbes from
the HLP to those non-active matrix of the small material recovery facilities, South
Bangkok Power Plant, Bangplee Industrial Estate, and Bangplakod Canal. Fresh
stream water and sediment were used in this part. Two PCB congeners were used,
i.e., 234-CBp was used with the sediment sluriy test at the concentration of 2 mg/l and
2345-CBp was used with.the sediment test at the coneentration of 8 mg/l.

Both sediment-water and sediment slurries were separately tested in order to
compare the PCBs dechlorination ahility.in different environmental matrix. Working
scheme for this phase S summarized-in Figureﬁ 3.3 and 3.4 for sediment slurry and
sediment-water, respectively. Sample was taken every month for sediment-water set
and every 2 weeks for sediment slurry set. 44

3.5.4 Effect of Temporary Heat Treatment on PCBs Dechlorination

Temporary heat treatment-might-enhance the desorption of PCBs from sorbed
phase to be available for microorganisms upteke; hence, promote the activity of
microorganisms in order to enhance the dechlorination abilities of anaerobic
microbes. In additi onghigh, temperature in:thermophiticirange might also accelerate
the microbia "degradation rate of PCBs. Thus, this part simulated temporary heat
shock _to .the. sediments in. order. to. promote . the, dechlorination ability of

microorganisms aswell'as desorption of PCBs.

Temporary heat treatments at 50, 70 and 90°C for thermophilic conditions in
sediment-water media were applied to both active and non-active microbes to
investigate the effect on 234-CBp dechlorination. Treated sediment-water samples
were extracted every three weeks and the working scheme for this section is

summarized in Figure 3.5.
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Figure 3.2 Working schemefor the effect oi*halogenated primersin sediment
surries on 234- and 2345-CBp dechlorination.
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Figure 3.3 Working schemefor the bicaugmentation in the sediment slurry on
234-CBp dechlorination (Note: Effective sitereferred to HL P3).
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Figure 3.4 Working schemefor the bioaugmentation in the sediment-water on
2345-CBp dechlorination (Note: Effectivesitereferred to HLP3).



Sediments

Temporary heat at
50°C

Temporary heat at
70°C

for 5 mins (47 °C)

|
Temporary heat at
90°C

for 5 mins (64 °C)

for 20 mins (48°C)

for 1 mins (80°C)

for 20 mins(65°C)

for 60 mins (49°C)

for 5mins (85°C)

for.60 mins (65°C)

for 240 mins (48°C)

for 20 mins (86 °C)

for 240 mins (66°C)

for 60 mins (87°C)

Figure 3.5 Working scheme for the heat treatment effect on 234-CBp
dechlorination (Note: temperatures in core'sediment wer e shown in parenthesis).

3.5.5 Fate of PCBsin Simutated Eavironmental System

In this part, thevertical-movement of PCBsand-dechlorination ability in the
stream-simulating system were investigated. In this phase, the environmenta
simulating system was constructed by using 2 aguariums connected together as shown
in Figure 3.6./-Storage sedimentstunden 4°Co(l year) mixed=with target ingredients
were added inte the glass cup with™10 cm height and 5 ¢cm in diameters (Figure 3.7)
and placed at the bottom.of Aquarium Box.1."=These.cups represented the PCBs
contaminated sedi ments.

Fresh stream water was filled up to simulate stream condition, hence, either
suspended solid particles or xenobiotic compounds might affect the microbia
activities. Fresh stream water was circulated from the storage (Aquarium Box 2) to
simulate the real canal flowing environment. For supplement compounds, two
organic acids namely acetate and pyruvate at 2 g/kg, which served as the electron

donor, and yeast extract a 5 g/kg, which served as a nutrient enrichment, were
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separately provided into the sediments. No additive sets were used as the control for
PCBs dechlorination and movement under natural cana environment. The oxidation
reduction potential of the sediment in the cup was periodicaly measured in order to
ensure the anaerobic conditions. The target compound in this study was 2345-CBp at

6 mg/l. One cup of each series was sampled every month and the sediment was
analyzed for 2345-CBp and its intermediates.

|
________ =
Q >’30 cm of
Stream
water
20cmof _J high
water high) & /
10 cm of
glass cup

/
f
[
X

) With yeast extract

‘ - Blank sets

)
Aquarium box 1ﬁ Aqg%kum box 2

Sediment tank Empty glasses
b) Top View

Figure 3.6 Layout and configuration of stream-simulated reactor.
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CHAPTER IV

RESULTSAND DISCUSSION

4.1 Characterization of Experimental Media

The sediment and water sample,were-eollected from natural water resources
during 2007 to 2009..#he scaiment Slurries, sediments, and stream water were
analyzed for their chemiCa properties apd the results are shown in Tables 4.1 to 4.5.
Low VSS:SS ratio implied jow iable microbes in the sediment. Nevertheless, these
V SS values are still higher than those of tyioical biological treatment systems. Hence,
it can be expected that there were sufficient viable microbes for anaerobic digestion.
The COD were quite high (all greater than 2,000 mgil) which ensured enough carbon
sources from natural and/or anthropegenic saurces in order to support the activities of
heterotrophic bacteria; archaea and ferfrjér‘itators microorganisms which play
important roles in dehal ogenaiion proce&uesi:-Moreover, the COD:N:P ratios were in
the range 62 to 401:3 to 11:1 implying that there were adequate nutrients for
microbial requirementfor anaerobic digestion. This was supported by the observation
of biogas immerging from the sediments during sampling as shown in Figure 4.1.
Additionally, the.sediment” samples. after” one-year. storage under cold climate
environment were also repeetly analyzed for SS,'VSS, COD, TKN and phosphorus as
shown in Table 4.5. The results suggested that all. parameters were not significantly
changed during the storage time line.

4.2 Determinations of PCBs Dechlorination Ability of Microbial Consortium in

Natural Stream Sediments

Bioremediation can be a managed or spontaneous process derived under
biological treatment in remediating contaminated environment; it is mentioned on
microbiological catalysis acts on pollutants. Because of the role to estimate the
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Table 4.1 Characteristics of the sediment slurries prepared from the sediments
and stream waters sampled in June, 2007.

Sampling sites COD TKN P SS VSS

Bangplee Industrial Estate Sitel 9,350 520 50 152,630 | 10,800

Site2 2,750 780 100 125,750 | 11,650
Small Material Recovery | Sitel 15,130 1,020 90 100,770 | 8,650
Facilities Site 2 36,160 400 90 144,320 | 8,560
South-Bangkok Power Plant 13,480 | 1,580 200 205,990 | 12,100
Bangplakod Canal 2,480 640 40 188,050 | 19,850
Hua Lum Poo Canal (Site 3) 43,040 930 320 94,950 | 14,700

Note: al units are mg/l by volume

Table 4.2 Characteristicsof theraw sediments sampled in March, 2008.

Sampling sites : % Moisture
; VSS
COD TKN P Content
| A (%)
(%)

Bangplee Industrial Estate Sed 4 31 Fe0 & 913 361 66.93 17.25

Site 2 42,35@ | 985 143 43.03 8.08

Smal Materiad Recovery | Site1 | 34710 | 1019 | 296 | 5360 | 7.14

Facilities Site 2 42,090:1:--930 88 61.89 15.09
South-Bangkok Power Plant 22,890 | 1170 252 57.04 9.20
Bangplakod Canal 18,460 930 788 53.44 7.80
Hua Lum Poo Canal (Site3) 77,650 | 1,200 950 71 10.20

Note: al units are mg/g byaweight

Table 4.3 Characteristics'of the sediment durries preparéd from the sediments
and stream waters sampled in March, 2008.

Sampling Sites CcoD TKN P SS VSS

Bangplee'lndustrial Estate Sitel 21,030 773 280 117,040 | 12,240

Site2 28,700 952 480 140,560 | 12,760

Small Material Recovery | Sitel 29,560 431 200 255,180 | 15,520

Facilities Site 2 26,900 515 159 218,960 | 15,880
South-Bangkok Power Plant 27,880 896 300 287,740 | 15,020
Bangplakod Canal 38,860 997 90 208,360 | 13,960

Note: al units are mg/l by volume




Table 4.4 Characteristics of stream waters sampled in March, 2008.
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Sampling sites COD | TKN P SS VSS
Bangplee Industrial Estate Sitel 214 13 15 101 25
Site2 236 14 11 20 11
Small Material Recovery | Sitel 744 28 0.6 13 10
Facilities Site 2 565 35 04 15 13
South-Bangkok Power Plant 19; 21 0.8 51 19
Bangplakod Canal 127’ 20 0.4 a1 36

Note: al units are mg/l by velume

g—

Table 4.5 Characterisﬂc(
z/aorage

stream water s after o

imen

:

—

slurries prepared from the sediments and
repared in May, 2009).

Sampllngs;f [[ < COD | TKN P SS VSS

Bangplee Industrial Estate fil | 1%034 933 305 | 740,760 | 17,400
4 Sl/GZ - 19’§_62, 1,053 540 | 751,210 | 18,765

Small Material  Recov itel, 7| 19,810 | 847 241 | 800,680 | 14,760
Facilities FSie2. | 24 &zg |, 1107 179 | 858,910 | 12,985
South-Bangkok Power Plant —— 13,2% 747 229 858,910 | 13,620
Bangplakod Canal [l 103 427, | 72 | 741,450 | 17,350
Hua Lam Poo canal @y 3) LT j 270 | 894,425 | 14,735

Note: al units are mg/l by volume

Figure 4.1 Sediment and stream water sampling site along Hua-L am-Poo Canal.
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biodegradable activity in related to the environmental impact assessment. The
requirements for a potential bioremediation treatment consisted of specific
microorganisms, carbon sources, electron acceptors and donors, moisture, pH,
nutrients, temperature, whereas should be absent from toxicity and predators
(Cookson, 1995). In order to revea the importance of the evaluation of naturally
degradation ability, it is first necessary to investigate the presence of degradation-
related microorganisms at the giving sites that possessed the capacity to synthesize
enzymes for the PCBs degradation. Second; 1i4S necessary to evaluate the appropriate
of carbon sources, electron-donors and-accepiors;-and finaly, it also need to test the
sufficiency of moisture and«the  range of suitable pH values, and temperatures.
Furthermore, the availability oi“inorganic nutrients such as nitrogen, phosphorus and
trace metals are all essential'tobe| nvestigated.

A preliminary test was conducted tc')- verify microbia activity and extraction
accuracy, the qualificationand quantificatibn were shown in Appendix B. Three sets
of the experiment were performed by spi kihg the sediments with either Aroclor 1242
or 1260 and incubating at different condiiioﬁé, i.e., kept in the dark under room
conditions, kept in a refrigerator at 4°C, and sterilized and kept in the dark under
room conditions. | Fae resuits showed highly chiorinaied PCB congeners could
transform to lower chlorinated congeners in the non-sterilized series maintained under
room conditions whereas no significantly dechlorination was observed in either
refrigerated and n@ dechlorinationiin sterilized sets within the'experimenta period of
5 months. These results revedled two pieces of important information; first, the
disappearance .,of PCBs undex. the studied..conditions, was .surely due to microbia
activity and second, extraction and-andytical procedures-for PCB cengeners used in
this study were reliable and accurate. Moreover, the PCBs were not loss during the
autoclaving, which indicated that volatilization was not the major PCBs loss path in
this study.

Dechlorination of PCBs in Thailand has been performed since 2006. Early
study for PCB dechlorination has been conducted by Sudjarid (2006) with the PCB

congeners as shown in Table 3.1. Primary determinations of 209 PCB congeners by
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GC were presented in Appendix C. Certain congeners were inoculated into fresh
sediments without any acclimation and nourishment. The results implied that only
234-CBp which contains three chlorine atoms located at three consecutive positions
on one phenyl ring could be dechlorinated effectively by indigenous microbes from
HLP canal; hence, 10 sampling sites along this canal were investigated, with lag
phase and completion time for 2 and 12 weeks, respectively as shown in Table 4.6
(Sudjarid, 2006). Only 24-CBp was found as the sole intermediate from 234-CBp
dechlorination. It is well decumented that I€ss chlorinated PCB congeners were less
toxic but more persisteni-under anaerebic condition (Bedard et a., 1995). 24-CBp
could not be further dechiornaied to mono-CBps and biphenyls under anaerobic
condition because the energy release during the dechlorination was lower than those
required by the dechlerinatinganeerobes to perform the task. Nonetheless, these less
chlorinated PCBs can lpe efieciively degréded under aerobic condition (Bedard et al.,
1995). Hence, sequential anaerobic/aerobié- microbial processes have a potentia to
completely degrade PCBs. '

Continuing study of the dechlorina-tiorﬂi' of PCBs was studied by Mongkon
(2007). This study. was déefermined the dechlorination. efficiency of indigenous
microbes from other-lecattons,—but-stii—in-the indusifial zone of Samuthprakarn
Province in Thailand.Comparing between sediment and sediment slurry sets, under
the same condition, it found that the sediment could begin to dechlorinate 234-CBp
after week 5 and ccompletewithim week 14-22) (Table 4.6)1t was postulated that
might be due to the effect of the availability of 234-CBp to the dechlorinators.
Sediment was a much_thicker_and heavier . mixture than.the.sediment slurry; hence,
providing less accessi ble conditionto 234-CBp for the microbes.' It is'considered that
soil organic matters which well absorbs to non-polar organic compounds including
PCBs, then affected to decrease of their bioavailability. Besides that the particle size
(sediment, without sieved and sediment slurry, sieved) were directly affected to the
PCBs degradation activity.

Moreover, the investigation of 234-CBp dechlorination by using the sediment
microorganisms revealed that the native microbes from HLP sites had higher potential
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to dechlorinate PCBs than other sites (Table 4.6 vs Table 4.7) both in the sediment
and sediment slurry. In addition, the sediments from HLP sites also had ability to
dechlorinate HCB as well (Chen et al., 2010). This result is different from the study
of Chen et a. (1997) who used sediment slurries from Erh-Jen River in Kaohsiung
City of Taiwan and could not observe any dechlorination of 234-CBp within the
incubation period of 20 weeks. This might be due to the difference in the native
microbia diversity between these two countries which located in different climates,
i.e., tropica climate in Thailand versus temperaie climate in Taiwan as noticed by
Chen et al. (2010). Furthermore, abiotic conditions aso have an effect on PCB
transformation due to the waration of bacterid communities, either directly
(degraders) or indirectly (bacterial syntropic association with degraders) (D’ Angelo
and Nunez, 2010).

Besides that, Sokol et al. (1994) a156 found 234-CBp could be dechlorinated
after 3 months but not complete within 7 months of the incubation time. This result
reveals a piece of evidence {0 the‘déchlorinati on capability of HLP consortium which
exposed to highly concentrated hiazardous cbmbounds. Moreover, the dechlorination
performance of microbes has been changed at different sampling sites even incubated
under the similarly condition:—it-seems tkely that mierofiora proliferated at each site
might be different. Not only the climate could affect the dechlorination potentia but
also the supplementaiion of substrates from the external sources and/or native

consortium presentiat eachrsite;

Furthermore, evaluation. of . the _.microbial . ability* to dechlorinate
hexachlarobenzene (HEB), whichis @-chlorinated aromatic compound with similar
property but less complication than PCBs, was also performed in the HLP canal by
Chen et al., 2010. HCB dose was increased from 2 to 10, 40, 100 and 200 mg/l by
volume. It found that HCB was still dechlorinated at 200 mg/l with less retardation
(Chen et a., 2010). From these results, it implies that the PCBs concentrations used
in this study (ranging from 2 to 8 mg/l by volume) should not be toxic to sediment

microorganisms.
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Additionally, all PCB congeners as shown in Table 3.1 except 2345-CBp
which contained chlorines substituent in two benzene rings could not be dechlorinated
within the incubation time. It implies that the potential of steric effect of bulky
substitutions on the opposite ring was significant in the PCB dechlorination as
suggested by VanDort et al., (1997).

Furthermore, the positions of chlerines substituted have a stereo-chemical
effects on the affinity of inducible enzymes.and.their substrate molecule (Sylvestre
and Sandossi, 1994). Thereiore, the weter solubility of PCBs has a vital role to its
dechlorination. Highly chiorinaied PCB congeners are less water soluble; thus, less
accessibility to microorgamisms.:  The results aso suggested that more chlorine-
substituted congeners” negtled’ much longer time to acclimate and initiate the

dechlorination. ~

Table 4.6 Dechlorinationof 234-CBp-in sedimentsand sediment durriesfrom 10
sitesof HLP.

Sediments” Sediment slurries’

Congeners | Locations Lag - 100% of Lag 100% of

phase 234-CBp phase 234-CBp

(weeks){—dechiorination - (weeks) | dechlorination
completion time completion time

(weeks) (weeks)
Sitel 5 14-22 2 12
Site 2 5 14-22 2 10
Site 3 5-8 14:22 2 12
234-CBp Site4 8 14-22 4 10
Site 5 5 14-22 2 10
Sieo6 58 14-22 2 18
Site 7 5 14-22 2 12
Site 8 5 14-22 2 12
Site 9 5 14-22 2 12
Site 10 8 14-22 2 12

Note: 24-CBp was found only sole intermediate product.
2 data quoted from Mongkon, 2007, *: data quoted from Sudjarid, 2006.
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Table 4.7 Dechlorination of 234-CBp by sediments and sediment slurries from
other sites, except HLP.

Sediments® Sediment durries
L ocations DeCl Lag 100% of DeCl Lag 100% of
phase 234-CBp phase 234-CBp
(weeks) | dechlorination (weeks) | dechlorination
completion completion
time time
(weeks) (weeks)
Power Plant 0 9 21-24 ) 14 20-22
Bangplee | S1 N.D. N.D. ND; o) 18 20
:zns(tjéte 2 N.D. N.D. N.D o 20.22 >22
Material | S1 o) 18-24 >24 o) 12-14 18
Recovery | s2 N.D: NeD. N.D. 24-28
Facility g 0 14-18
Bangplakod ND. NeD; . N.D. 0 10-12 24-26
Canal

Note:  O: dechlorination could ogcur, N.D-: dechlorination could not detect, DeCl: dechlorination
process. 24-CBp weas found only sele intermediate product. * data quoted from Mongkon,
2007. o

It can be noted that the PCB  dechlorinators were widespread in all explored
sites. Regardless of the in-effective dechlorination ability in this study might be
because of inadequate of electron donors: br;tthe incubation times were not long
enough. Thus, the microorganisms from HLP sites’ were notably the best
dechlorination efficiency. This experimental part was carried out by spiking the 234-
and 2345-CBps, separately. Study with these two congeners could provide severa
outcomes. first, the dechierination  pathways, second,. the effects of chlorines
substitution patterns: on. reactivity;..third, the dechlorinatian «capability of microbial
populations and last, the termina dechlorination products of PCBs, Furthermore, the
dechlorination activity. of PCBS. could’ enhance further 'by' using enrichment
microcosm and/or pure cultures, because it was notified that the efficiency of
anaerobic dechlorinating of chlorophenols was pretty much higher when tested with
pure cultures (Bouchard et al., 1996; Utkin et a., 1995; Mohn and Kennedy, 1992).

Additionally, after the dechlorination ability has been verified. Enhancement
of the bioavailibility was investigated in further phases of this study, thus
bioavailability may often control the occurrence of the dechlorination as well as the
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rate/or extent of biodegradation. In order to contribute the better understanding of the
parameters which has been effected to the dechlorination, under appropriate

environmental temperature.
4.3 Effect of Organic Substrateson 234-CBp Dechlorination

Effect of organic substraie on micrebia ability to reductively dechlorinate
PCBs was investigated in. order to evaluate .the possibility of dechlorination
enhancement by external - supplement. Sedimeni slurry and RAMM from the HLP site
3 was used in this part.” Mieroorganisms can use specific organic substrates as the
sources of carbon and energy for.their growth; hence, supplement of certain organics
can promote the activity ofstarget microorganisms. Pyruvate and |actate were chosen
because they are fermentation products Whi ch can promote the activities of acetogens
and sulfate-reducing bacteria; hence, corﬁmonly support anaerobic degradation
activities. Moreover, it /as0 ~suggests that lectate could enhance the PCBs
dechlorination (under methanogens and 'Suifate reducing conditions) rather than
acetate or pyruvate amendment (Chang et al“., 2501). Acetate was selected because it
is the substrate directly used by the methanogens. It alsp.has been found the major
electron donor and/cr-carben-source during the degradation of PCBs (Baba and
Katayama, 2007).

The restltsrevealed thatthe suppl ement of texternalsubstrate and nutrients did
not have any sighificant acceleration on 234-CBp dechlorination, the effect occurred
at the same.extension rate in_all. electron donor-supplements, i.e.,.the time for the
occurrence of interimediate and the compl etion of dechlorination'were.similar within 5
to 7 weeks and 17 to 21 weeks, respectively, as shown in Table 4.8. And the
dechlorination profile was showed in Figure 4.2, and the another dechlorination
profiles were represented in Appendix E-1. These results imply that the sediment
from HLP aready contained sufficient substrates and nutrients for 234-CBp
dechlorination. The initial lag time was due to the preparatory period required by the
234-dechlorinators to gather enough growth substrates and produce specific
enzyme(s) needed for 234-CBp metabolism. And also the insignificant variations of
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the dechlorination ability under differ of amendment of various eectron sources
might be postulated that the stable interaction of supporting bacteria and PCB
dechlorinators were involved in the natural matrix condition. Thus, after long-term
commensalism, the dechlorination consortia worked by using the medium from HLP

canal aways showed the best performance.

The determination of difference sources on electron donors showed some
characters related to several PCB dechlorinatien censortia. Acetate and other organic
acids could enriched thePCB  dechlorinaiing-microorganisms as classified as
Chloroflexi (Wu et al., 2000;Pulliam Holoman et a., 1998; Cutter et al., 1998).
Pyruvate also possibly constimec. during dechlorination of PCBs (Cutter et a., 2001,
Adrian et al., 1998, Maymo,Gatell et al., 1997). Lactate could produce acetate,
pyruvate and hydrogen hy fermentalidn of Firmicutes, and also production of
propionate and methang. Mareover, thé écetogeneﬁis also could be metabolized
lactate or pyruvate and produced either hydro‘gen or hydrogen carbonate; both could
enhance the production of methane (Chadbfg a., 2001). This finding was quite
different from the results of Nieset &l (199é) who found organic supplement (without
yeast extract) was the most important factor controlli ng the dechlorination of Aroclor
1242 in soil. And the results suggested-that the fesssimpact of stimulation indicating
that the sediment had aready contained sufficient level of electron donors for PCBs

transforming bacteria.

Table 4.8 234-CBp dechlorination’inthe presence of organic substrates.

Medium Electron Final 0
Donor Product | | Lag Phase 100./0 O.f 234-CBp ,
dechlorination.completion
(weeks) .
time
(weeks)
Pyruvate 24-CBp 5 17
RAMM Lactate 24-CBp 5 17
Acetate 24-CBp 5 21
ss no addition 24-CBp 7 21
Pyruvate 24-CBp 5 21

Note: RAMM: reductive anaerobic mineral medium, SS: sediment slurry
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Note: the dechlorination was not eccurred under ste(i lized control sets.

Figure 4.2 234-CBp dechlorination profilésin reductive synthetic anaerobic
mineral medium amended with lactate.

4.3.1 Dechlorination of PCBs and Methane Gas Production

To determine the principal .microbes responsible for HCB dechlorination,
Chen et dt (2010) Used the sediment from HLP SiteS. | The results found that, during
the initiation period, the sulfate reducing bacteria (SRB) and denitrifiers (DN) were
very active. Furthermore, it aso suggested that neither SRB nor DN directly engaged
in or serious interfered with the HCB-dechlorination. To identify the role of
methanogens on HCB-dechlorination, bromoethanesulfonic acid (BES), a selective
methanogenic inhibitor (Chang et al., 1997), was inoculated into the serum bottle at
various concentrations. It was found that only 5 mM of BES could suppress the
methanogenic activity, as could be obviously observed from less methane gas



68

production compared to non-amended inhibitor set. It makes an important of
evidence that the dechlorinating step was directly performed by methanogenic
bacteria only or maybe a variety of different species of methanogens undergoing by
this role (Chen et a., 2010). Nonetheless, some studies reveded that the
methanogens did not involve in the dechlorination process (Prytula and Pavlostathis,
1996) as was in contrast with some other results which suggesting that methanogens
were the main HCB-dechlorinators (Change et al., 1997). This study indicated that
the sediment slurry contained both methanegens and other HCB dechlorinating
species (Chen et al., 2010).

Further investigation en: HCB, dechlorinations was conducted by using
vancomycin (VAN),~a sirong /bectericide on gram-positive bacteria, especialy
acetogens. The resulis revedled thai iOO mog/l of VAN moderately retarded the
dechlorination performance, and partial prééure of methane also reduced (Chen et al.,
2010). From this study, it could be concluded that apart from methanogenic HCB-
dechlorinators, it is possible that"there 'We(e other HCB-dechlorinators naturaly
existing in the sediment of HLP canal (Chen et al. 2010).

From unclear fesults of main-dechiorinaiors of HCB which have been tested in
Thai canal, some results notified that the methanogens and SRB were main PCB
dechlorinators in sediment slurry (Chang et al., 2001; Lovely et al., 1995). Moreover,
It was shown that the diversity:of community eould bereduced in mineral medium by
addition of inhibitors for methanogens (BES) and Clostridium spp. (VAN), without
eliminating of dechlorination.that was inhibited By the addition of molybdate, which
inhibited SRB, by @analysis of total community fro16S rRNA (Holoman et al., 1998).

Thus, in this study the main dechlorinators of PCBs were under investigated;
however, not yet focus on any specific groups of consortium. This scenario was
screening simplified the relationship of methanogens and dechlorination of PCBs in
HLP canal at the beginning. The relations of dechlorination of 234-CBp and CHy
production were revealed. Figure 4.3 shows the CHy production under difference
supplement of electron donors (lactate, C3HgOs3, acetate, CH3COOH, pyruvate,
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C3H403), which could support the growth of various anaerobes including the PCB
dechlorinators. The results were expected to determine the dominant bacteria in

PCBs dechlorination consortia while the dechlorination occurred.

Among the tested electron donors, acetate showed potentially enhancing of the
accumulative methane production, since it is one of the methanogenesis substrates as
express in equation 4.1. However, methanogens need to compete with SRB for
acetate; hence SRB would outcompleted of méthanogens for acetate (Oremland and
Polcin, 1982). Pyruvate.shows the second poteniial for the activation of methane
production, the quantitation oi~methane were not significantly different from RAMM
and SS; whereas, lactate couldtransform to pyruvate by SRB and acetogenesis, then
pyruvate transform to-@cetate which used by methanogens.

Moreover, the restilt also implies t‘héf the mineral mediums were not superior
for the methanogenesis by HLP anaerobesﬁ it'might only be a medium that provided
essential growth factors to HLP microorgat%is;ns that had been long-term adapted in
natural sediment/water of HLP Site. in lactate éfhended test, there was less production
of methane gas, and.it can be understood by"“the competitive interaction of SRB and
methanogens for the-quest-of-electron-donors:—Under sulfate reducing condition,
lactate could be utilized through incomplete and complete oxidation illustrated as
equation 4.2 and 4.3. Therefore, lactate can be directly use by SRB, in contrast, it
needed to be degragled to acetate bef ore theutitization by methanogens.

Under methanogenic condition:

Acetate —> 'CO,+ CHy(g (4.1)
Under SRB condition:

3lactate — 2propionate + acetate + CO, (incompl ete oxidation), (4.2
or 2lactate + SO,* — 2acetate + 2CO, + 2H,0 + S* (complete oxidation) (4.3)

To summarize the results, it was found that the tendency of producing methane

gas was similarly under the acetate and pyruvate amended sets, but decrease in lactate
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set. The reason might because SRB could use lactate directly and enriched as a
dominant bacteria than methanogens and somewhat inhibited the methanogenesis.
Although SRB need to compete with acetogens for lactate, the results also suggested
that this competition did not retard SRB to be enriched. Under this sequences
condition, it refers that HLP methanogens were less-enriched comparing to SRB in
using external sources like lactate and pyruvate. Therefore, the role of fermentators

was important in methanogenesis and passibly in dechlorination processes al so.

The results in Figure 4.2 vs 4.3 showed-a-possibility that methanogens and
sulfate reducing bacteria both.eould initiate the dechiorination, since methane gas was
detected earlier before theroceurrence of dechlorination intermediates. And this
assumption will leadt0 a eoniradiction t@ our previous studies that methanogenesis
may be not the main_ dechicrinators-in fhe dechlorination of HCB and PCBs. As
showed by the results fram Baba et al, (2067) and Cuiter et a. (2001), it was found
that the methanogens were not respdnsi‘ble for the dechlorination process.
Nonetheless, an involvement of methanogéns on reductive dechlorination of PCBs
could not be surely neglected. e can also assume that the highly evolving of
methane been later than the 6ccurrence of dechlorination. revealed the abundance of
PCB dechlorinatorsiameng the group-of methanogens. Whenever the methanogenesis
occurred, the dechlorination was initiated immediately. Then, before the mass
production of methane gas produced to a significant amount, PCBs dechlorination
was proceeding and perhaps reachingito completes It canbe-roughly concluded that
the methanogenesis might” involve in the degradation of chlorinated aromatic
compounds such as HCB_and.PCBs. .In the other hand, SRB was seemingly has the
potential to Initiaté the dechlorinationand ‘play a role as the dechlorinators in this
study. Therefore, we cannot totally exclude the possibility that both methanogens and
SRB can precede the PCBs dechlorination. Moreover, it also strongly notified that
the dechlorination of PCBs or HCB might not be occurred by a sole group of
anaerobes under the [Ttudied conditions. The dechlorination of aromatic chlorinated
or polychlorinated compounds seem to derive from similar consortium, however,
degradation of complicated polychlorinated compound needed longer acclimation
period to initiate the dechlorination.
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4.4 Enhancement | of 234- and 2345-CBps Dechlorination by Halogenated

Primers

4.4.1 Dechlorination Ability By | ndigenous Microbes

To invegtigate the dechlorination ability of the sediment slurries from all sites,
the microbial.mediated.dechl orination.of, 234-.and-2345-CBp.was repeatedly tested by
comparing ‘between fresh and-stored sediment slurries. “Fhe sustainable potentia of
microbia dechlorination ability after long-time in cold climate area was evaluated by
using a long-term storage river sediment and water for dechlorination test. The
samples were kept under cold temper in order to simulate the microbes environment
under cold climate during seasonal change, mostly in developed country, such as
Europe, Russia, and Japan.
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The result showed that the microbes from Site HLP, after long-term storage,
totally lost their dechlorination abilities. Therefore, no HLP sediment slurry sets have
a potential to dechlorinate 234-CBp. However, al sites other than HLP still could
dechlorinate 2345-CBp (Fig. 4.4). This indicates that dechlorination ability in the
fresh sediment was more effective than the storage sediments, although the COD, SS,
VSS, TKN, and phosphorus were not significantly different (Table 4.3 vs Table 4.5).
A similar findings also revealed that the dechlorination activity might be loss by
stored samples in 4°C for several months aswell (Chen et a., 2010). There were
evidences that the dechlerination activity of the PEB-dechlorinators might be lost if
PCBs as well as other aromaiiC.compounds disappear from the medium for a long
period of time (Rhee et'dl ., 4993).

Moreover, it also strongly evideneed of reasons of dechlorination of PCBs and
other chlorinated aromatics/was rarely ocdurred under the natura environment in
warm or cold area; hence, it took longer pério‘d of time to initiate the dechlorination.
Furthermore, under long-term storaged sampl e in cold climate, the microbes might die
off from the sediment, whereas-only sporefofming microorganisms could survive.
This was notified that the dechlorination of PCBs.could not initiate by only sole
consortium as stated ifr-previousty-scenarto:

234-and 2345-CBp are classified as susceptibility single PCBs congeners to be
dechlorinated, which contamned chlorine aomsiin one ringi=in order to prevent an
enantiomerics affected (Bedard and Quensen [11, 1995). 1t found that 2345-CBp was
easily to be.degraded than 234-CBp., It, might-be, due.to the.reaction heat (AH%)
and/or AIn'RRT'of 2345-CBp to 235-and 245-CBp (-14:746,"-14.821/ 0.557, 0.525)
were higher than 234-CBp to 24-CBp (-14.118/ 0.514); which higher values were
more favorable routes for PCBs dechlorinating microbes. These values were
usefulness to explain the dechlorination of persistent organic pollutants (POPs) by
indigenous consortiums via energy released after used the pollutant as carbon sources
(Chen, et a., 2001). These results notified the significantly difference from Chen, et.
al. (2001) which 234- and 2345-CBp were not dechlorinated by indigenous microbes

from Ho-Tsin River, Kaohsiung, Taiwan (20 weeks).
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Figure 4.4 2345-CBp dechlorination profilés by ster age indigenous micr obes.

It might be due to tropical climate as well as significantly native microbes
were presented in Thailand.as described by, Chen, et. a. (2010). Therefore, this was
firmly evidenege that “environmenta ‘conditions ‘and/or; 'native microorganisms in
Thailand were potentially to degrade POPs either HCB or PCBs (Anotal, et a. 2010).

4:4.2 PCBs Dechlorination by Amending Halogenated Primers

The dechlorination of PCBs could not be significantly enhanced by addition
electron donors (lactate, acetate, pyruvate) in-previous experiments and the result
notified that the origina nutrients including electron donors in fresh river water and
sediment were aready adequate for the initiation and sustain of dechlorination. There
still one potential strategy for stimulating PCBs dechlorination, by acceleration the

production of dechlorination enzymes. It could be proceeded by introducing
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aternative halogenated electron acceptors/co-substrates to the dechlorination tests,
such as 26-dibromobiphenyls (26-DBB) (Bedard et al., 1998), halobenzoates
(DeWeerd and Bedard, 1999), chlorobenzene and chlorophenols (Cho et a., 2002)
and highly chlorinated PCB congeners such 23456-PCBs (VanDort et al., 1997). The
halopriming coupled 26-BB could increase the number of PCBs dechlorinators as
well as PBB dehalogenators, it suggested that halopriming could stimulating the
growth of dehalorespirers (Wu et al.; 1999). /The other advantage is that hal ogenated
primers were not persistent and/or toxi€ .t0_microorganisms and environment
(DeWeerd and Bedard, 1999).

The degradation ofshalegenated: priming congeners can be easily measured.
During the extraction”of PCB congeners and its dechlorination intermediates, the
halogenated priming eohgeners were aléo extracted. Qualification of halogenated
primers peaks were not interfered with any. PCB congeners.

In this study, the methane-productions were also observed; wheress, reductive
dechlorination of PCBs were wall known can be occurred by directly (sulfate
reducing bacteria and methanogens) -and’ indirectly (acidogenesis, iron reducing
bacteria) dechlorinators—in—ecosystemmetapelism: -~ The results suggest that
dechlorination of PCBS were not strongly related to the production of methane gas;
hence, the occurrence of methane could detect earlier before the occurrence of
intermediates. /1t implied that imethanogens:mayibe not\the,sole dechlorinators in this
study, the same,resultsalso showed in previoudly phase. However, we also noticed
that halogenated primers might be degraded. under. methanogenesis condition; since it
has been confined that 'methanogens aways played an‘important role'to dechlorinate
HCB as describes by Chen et. d., (2010).

The dechlorination of 234-CBp by anaerobes from various sampling sites and
amended priming congeners were presented in Table 4.9 and dechlorination profiles
was shown in Figure 4.5, for more detail on experiment data were showed in

Appendix E-2 and the dechlorinating phylums were represented in Appendix E-2-1.
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Figure 4.5 234-CBp dechlorination profilesby amending with 4-

bromobenzonitrile.

The result showed that halogenating. primers could significantly enhance the
dechlorination of 234-CBp, except the set of HLP site coupled.with 4-BH. Anaerobes
from al sampling sites lost their ability to degrade 234-CBp, except BPK ill
possessed the dechiorinatron activity ut ‘seemingly ‘in a slow reie. ' "Microorganisms
from different sources had evolved the ability to dechlorinate PCBs after the addition
of halogenating primers. The main point from this part was focused in HLP site.
After addition of 4-BZ, 14-DBZ and 4-BN, the target PCBs could be completely
dechlorinated within 4 weeks. In our previous studies, microbia consortia from HLP
site were used to be the best dechlorination consortia in the tests of fresh and non-
storage sediments. After the long-term storage in cold condition, their ability was
collapsed.
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Table 4.9 234-CBp dechlorination ability of various halogenated priming

congener s amended.
Occurance 100% of 234-CBp
Priming congeners L ocations time of dechlorination completion time
intermediates (weeks)
(weeks)
4-BZ 14 >20
14-DBzZ 14 20
4-BN BP1 12 >20
4-BH 14 >20
Un-amended primers N¢D, N.D.
4-BZ 10 20
14-DBz 10 18
4-BN BP2 ; 10 18
4-BH 10 20
Un-amended primers | N.D. N.D.
4-BZ - 12 >20
14-DBz 14 >20
4-BN MFEL s AN 0 20
4-BH -, L] >20
Un-amended primers ¥ _ N.D\ N.D.
4-BZ \ 410 >20
14-DBzZ 4 10 >20
4-BN ME2 . i 40 20
4-BH 10 20
Un-amended primers JIN.D. N.D.
4-BZ e sf) 14
14-DBz —10 20
4-BN PWP o] A2 20
4-BH 14 20
Un-amended primers N.D. N.D.
4-BZ 14 >20
14-DBz 14 >20
4-BN BPK 12 20
4-BH 10 20
Un-amended primers 12 >20
4-BZ 10 14
1,4-DBZ 10 14
4-BN HLP 10 14
4-BH N.D, N.D.
Un-amended.pri mers N:D; N.D.

Note: 24-CBp was detected,as only soleintermedliate product.

N:D. : the dechlorination was not occurred.

Surprisingly, due to the cross feeding of primers and PCBs, the PCBs
dechlorination potential were seemingly recovered and completed the dechlorination.
It can be recognized that the dehalorespirators might have a certain interaction with
PCBs dechlorinators.  Krumins, et a. (2009) found tetrachlorobenzene or

pentachlorobenzene could increase native population of Dehalococcoides spp. under




77

the analysis of Chloroflexi 16S rRNA genes. Moreover, we could not exclude the
possibility that the additive of haloprimers could increase the dehaloresprirator
populations and these consortia could degrade PCBs by direct metabolism or co-
metabolism.

In the other hand, the consortium from BPK source was more active in PCBs
dechlorination even though has been storage for a long period. And this site was
chosen as a representative for the less indusirial-poliuted area. This result implies that
the PCB dechlorinators.-were prevalence in-al-investigated sites. However, the
dechlorination could not _eecur might be not because the lack of active
microorganisms, including.dechl orinators and supporting bacteria. The more critical
point should be the missing of a suitable environment to initiate the dechlorination

and keep supporting the dechl ori nators.

Recently, it has been surveyed the PCBs degradation potential of microbes in
the abandon land which did “not reCei‘ve poliutants after a long historical
contamination (Prewchote, 2009).in these aréas, dechlorination consortia might be
inactive, and the activation was required for the initiation of the dechlorination. This

study showed that the-amending of halegenating congener's were an effective way.

Furthermore, it also showed that the supporting bacteria could significantly
affect to the initiation of dechlorinatian: There was strongly evidence that the growth
and development of dechlorinators were required the support from the other bacteria
in order, to.co-ordinate the occurrence of. dechiorination. .. It _aso referred to the
comprehensive interaction! of the' dechlorinators and'-supporting.-bacteria which
worked together as dechlorination consortia in diminishing the contamination of
PCBs.

According to the findings in this study, the remediation strategy by amending
only single strain of bacteria or a pure culture to clean-up the contaminated sites was

usually not appropriate, because the dechlorinators of PCBs could not stand alone and
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precede the degradation. PCBs dechlorination could only happen from the

collaboration and interaction of the microorganisms in the dechlorination consortium.

PCB congeners, they could be degraded even by using storage samples. Prior
to this study, 234- and 2345-CBp were considered as susceptible PCB congeners and
their dechlorination patterns should be similarly. But our results showed the
difference between two of them. The unique of intermediate products in difference
sites and primers amended under various conditiens, it indicated various group of
consortia were prevalent iithese sites and has apetential to dechlorinate a4 chlorines
of PCBs to two chlorines. Mereover, the PCB dechlorinators could remove chlorines
in both meta- and para- positions, which implied that a variety of dechlorinators
engaged in this study.

2345-CBp was tested in order to ékpl ore the dechlorination pathways and
determined the sequence in ~removi ng- chlorines,  The results showed the
dechlorination could occur by indigenouSrhiprobes from al sites, except HLP. The
amendment of primers did not Significantly “stiriﬁulate the dechlorination as showed in
Table 4.10 and Figure 4.6, for further details on dechlorination profiles were showed
in Appendix E-2. It impltes that for-highly chiorinated PCB dechlorinators involving
in this study for 2345-CBp was not well defined.

The dechlerination mass; hal ances:were estimated;, however, it could not be
well defined inysdechlorination ratio. Because of during extraction sample time the
PCBs might.be already dechlorinated (major..mechanism) and/oradsorb onto solid
particles' (minor mechanism); hence, ~it" still ' adequate-to estimate (Figure 4.7).
Chlorine removal in 234-CBp was occurred only at the meta-position, whereas it
happened at both meta- and para-positions for 2345-CBp and could be dechlorinated
further to two-chlorinated congeners. The dechlorination pathways were shown in
Figure 4.8.
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Table 4.10 2345-CBp dechlorination ability of various halogenated priming

congener s amended.
Occurance 100% of 2345-CBp
Priming L ocations time of dechlorination Intermediate
Congeners intermediates completion time Products
(weeks) (weeks)
4-BZ 10 >20 235-**  245-*
14-DBz 10 20 235-*, 245-**  24-[25-
4-BN BP1 8 >20 235-**  245-*
4-BH 8 20 235-
Un-amended 8 20 235-
4-BZ 8 20 235-**  245-*  24-/25-
14-DBz 8 1 20 235-*, 245-**  24-/25-
4-BN BP2 6 20 235-, 245-
4-BH 6 18 235-**  245-*  24-/25-
Un-amended 8 20 235-**, 245-*, 24-/25-
4-BZ 8 l 20 235-, 245-, 24-/25-
14-DBzZ 8 >20 235-*, 245-**  24-[25-
4-BN MF1 8 3 & 20 235-**  245-*  24-[25-
4-BH 3 e 20 235-, 245-, 24-/25-
Un-amended 8 1 : >20 235-** 245-* | 24-/25-
4-BZ e ) 20 235-, 245-, 24-/25-
14-DBz 8 id, >20 235-*, 245-**  24-[25-
4-BN MF2 64 S 20 235-, 245-, 24-/25-
4-BH 8 . r 18 235-, 245-, 24-/25-
Un-amended F— = 28 235-*, 245-**, 24-/25-
4-BZ e 2l 18 235-, 24-/25-
14-DBz 8 = 18 235-**  245-*  24-/25-
4-BN PWP -t B sfamai=48 235-** | 245-* 24-/25-
4-BH ' 8 18 235-** | 245-* 24-/25-
Un-amended 8 18 o | 235-**  245-*
4-BZ 8 18 . | 235-**, 245-* 24-[25-
14-DBz 8 18 | 235-**  245-*  24-[25-
4-BN BPK 8 18 ! 235-**  245-*  24-[25-
4-BH 8 18 235-**  245-*  24-[25-
Un-amended 8 18 235-** 245-* | 24-/25-
4-BZ 6 20 235-** 245-*  24-[25-
14-DBz 6 14 245-, 24-/25-
4-BN HLP 6 >20 235-**  245-*  24-[25-
4-BH N.D. N:D. -
Un-amended N.D: N.D. -

Note: **Majority occurred, *Minority occurred, N.D. : Dechlorination was not occurred during
incubation period (20 weeks); 24-/25- were co-eluting peaks.
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Figure 4.8 Dechlorination pathways of 234-CBp and 2345-CBp.
4.5 Effectiveness of Bioaugmentation on 234-and.2345-CBp Dechlorination

By isolation of-the mixed cultures from sampling Sites, severa possible PCB
dechlorinators, i.e;” Desulfitobacterium,  DehalObacter,  Desulfuromonas,
Sulfurospirillumy Anaeromyxebacter - Geobacter, and .0-17/DF-1-type chloroflexi
microorganisms  have “been- observed "in sediments/soil  samples (Fagervold et a.,
2007; Yan et a. 2006; Abramoicz, 1990; Ericksonsand Nondello,71993; Gibson et a.,
1993). “Bedard et al. (2007) reported that the Dehalococaides papulation in sediment-
free mixed culture could catalyze in-situ dechlorination of Arochlor 1260. The
dechlorination of tri- through penta-CBp in bioreactor was evaluated by using
methanogenic granules were accomplished without any accumulated of ortho-chlorine
substituent congeners (Natargjan et al., 1998). Furthermore, combining the results
from these two studies, it suggested that bioaugmentation has the potential to enhance
PCBs dechlorination rather than biostimulation techniques (Winchell and Novak,

2008). Recently, bioaugmentation with a culture containing Dehalococcoides
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ethenogenes strain 195 coupled with pentachloronitrobenzene was proved within the
contribution to dechlorination rate of PCBs (Krumins et a., 2009). In our study, there

are rarely indigenous microorganisms which could dechlorinate 234-CBp effectively.

To determine the possibility of biocaugmentation of PCBs dechlorination,
microbes from HLP cana site 3 were used as seeds to inoculate into the sediment
dlurries or sediments, which have been Jdentified as less effective in PCBs
dechlorination. And different quantity of ‘active mixed cultures were inoculated into
the less-dechlorination samples {0 extent the dechilorination rates of 234- and 2345-
CBps Tables 4.11 and experimenial data detail were showed in Appendix E-3. Figure
4.9-4.11 summarized the efiect.of bioaugmentation without any enrichment culture or
nourishments. The result i sediment slurny sets revealed that al augmentation-ratios
could dechlorinate 234<CBp, except 90%$tailized mediums. It reveals that ten times
dilution of active culturgs hy Iess—effecti\@ J(-:ultur&s would develop a negative effect
on the dechlorination. And the dechlori-nation was occurred after inoculated 22

weeks, it might be less of population-of acti\‘:}_e micrabes.

Table 4.11 234-CBp. dechlofination in the sediment Surries bicaugmented with
sediment dlurry from-Site HEP:

90% of sterilized 10% inoculation of HL P 50% inoculation of
HLP HLP
L ocations 160% of 100% of 100% of
234-CBp 234-CBp 234-CBp
Lag Phase DeCl Lag Phase DeCl Lag Phase DeCl
(weeks) completion (weeks) completion (weeks) completion
time time time
(weeks) (Weeks) (weeks)
BP1 ND ND 8 14 8 12
BP2 ND ND 8 12 8 14
MF1 ND ND 2 14 8 10
MF2 ND ND 2 12 2 12
PWP ND ND 8 10 2 10
BPK ND ND 8 14 2 10

Note: ND: Not detection within incubation time, DeCl: Dechlorination, Lag phase: Defined in term of

intermediate occurrence, 24-CBp was found as the sole product.
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This is a firmly evidence that promote of dechlorination activity for the less-
effective sites could derive from bioaugmentation action rather than amending

chemicalsin the contaminated sites.

Comparing the results from different ratio of active cultures inoculated sets of
10% and 50% respectively, it showed that lag phase and completion time were
similar. Whereas the results notified that the active consortium from HLP site could
activate the dechlorination without any artificCial supplements. It could act in shorten
lag phase and 234-CBp dechlorinati on-completion-time. Moreover, it aso suggested
that only 10% of active eoensortia could precede the enhancement of PCBs
dechlorination. All resultsproved the pessibility te introduce active sediment slurries
from active sites direetly added 1nto the less-active matrix or sites, and could promote
PCBs dechlorination. ‘

In the successive sitdy, the sedi ment was used as bi oaugmentation rather than
sediment slurry. Under sediment=mixed setSIt showed a similarly effect as sediment
slurry-mixed sets. The active sediments C(Sultﬂj" promote the dechlorination of 2345-
CBp within the lag phase of 6-9 weeks and the dechlorination completed time of 30
weeks. And 235- ang-245-CBp-were-both found-as the intermediates, whereas it
could not be dechlorinated further to two chlorines atom. This finding revealed that
low chlorinated PCB congeners were retarded under anaerobic condition as well asin
sediment-water-matrix: | Hence) lower/ chlorinated |PCBsywere accumulated in the
PCBs contamination Sites.” Moreover, dechlorination” position could commonly
happen.at imeta- and para- positions.due to_their ability of.enzyme, producing and
enantiomeric effect of PCBs molecul €.~ Comparing between the dechlorination mass
balance of 2345-CBp under sediment slurry and sediment-water (Fig. 4.7 vs Fig.
4.12), it notices that under sediment slurry condition, the dechlorination pathway was
2345-CBp (mother congener) — 235- and/or 245-CBp (intermediate product) — 24-
/25-CBp (final product). However, sediment-water has ability to transform 2345-CBp
to 235- and/or 245-CBp, without any further dechlorination to di-chlorobiphenyls. It
implied that the bioavailability of sediment slurry was higher than those of the
sediment-water; however, sediment-water medium was more related to PCBs-



84

contaminated in authentic sites. Enhancing of bioavailability in sediment-water will

be tested in future experiment.

Surprisingly, in the treatment of 5 ml bioaugmented cultures (equivalent as 2.5
g of sediments) in sediment slurry sets, the lag phase was only 6 weeks. It seems that
the abundance of dechlorinating consortia had a positive effect to shorten the lag

phase.

And the active consortia whether from- sediiments or sediment slurries, could
also increase the dechlorinationtate. This result implied that the PCBs dechlorinating
microbes were abundant either insediment slurries and sediments, and both consortia
were situated in active fopm.+ A ‘possible explanation of dechlorination could not
happened in less-effegtive’ sites might be the lack of supporting bacteria (e.g.
acetogenesis and acidogenic baieria), not onl-y from the impotent main dechlorinators

such as methanogenesis and SRB:

After the biocaugmentation by mixing éctive microbes, including supporting
bacteria and dechlorinators, sooner or later, the dechlorination was initiated. Hence,
nutrients supplements or-carbon-sources-were assumed-alfeady adequate to support
dechlorinating microbes in these sites. These results implied the potential of
introducing the microorganisms from the remote sites could enhance PCBs
dechlorination:Theseresults were significantly (differentawith the study of Bedard et
al. (1997), which introducing of the enriched PCB-dechlorinating cultures to treat the
contaminated sites,.and.found.that the dechl orination.could not be accomplished.

According to the two phases which had been constructed, in the enhancement
of PCBs dechlorination by halogenated primers (using storage sediments) and in
bicaugmentation treatment (using fresh sediments). The results showed a noteworthy
referred that the dechlorination ability of microbes was sometimes very different even
though collected from the same sources. For example, 234- and 2345-CBp could be
effective dechlorinated in first phase, but showed the contrast result in another phase.
HLP anaerobes always showed their powerful PCBs dechlorination ability in fresh
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sediment, however, less-active in storage sediment. It suggested that the abilities of
dechlorination consortia were not kept constant in fresh condition and in storage

ether.

This study was not perfect in-showing mass balance of PCB congeners during
incubation. Because PCBs are likely to adsorb onto the sediment particles, it could
lead to be less recovered from extraction procedures (Figure 4.12). Findly, as a
result, it was a very promising approach thai-the.simple bioaugmentation technique
should work successfullyin-field practice-in-Fhailand and can be contribute to

worldwide aswell.
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Figure 4.9 2345:CBp dechlor inatian.in the sediments bioaugmented with 50%

inoculation of less-effective sediment and 50% inoculation of effective sediment.
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inoculation of less-effective sediment and 100% effective sediment slurry.



87

100 g —m—m—m— —=— 2345-CBp | 1
] \ —O0—235-CBp
n —4A— 245-CBp

804 \ i
S 60- \/
= o

40 —O0
. o\o
204 / n i
O
0 N ,/I\\ S N— -

0 369" 12| 15 18 2124 27 30 33
Incubation time (weeks)

Figure 4.12 2345-CBp dechlorination bf’bfilesthe sediments bioaugmented with
50% inoculation of less-gffective sediment from BP1 site and 50% inoculation of
effective sediment from HL Psite.

4.6 Effect of Temporary Heat F.reatment on PCBs Dechlorination

PCBs are hydrophobic compounds and tend to .be adsorbed onto soil or
sediment particles;«thus, their degradation rate might be limited by their
biocavailability which_ was strongly relaied (0 desorption from particles into the
agueous phase. The temperary heat treatment would increase the desorption rate of
PCBs. In addition,.a warmer enviranment.could stimulate the production of certain
enzymes that might be necessary for PCBs dechlorination. However, the heat shock
could possialy give a stress’effect to bacteria.| ‘Microorganisms,in a natural habitat
aways fleed to adapt themselves to environmental factors;, e.g. temperature, pH,
sdlinity, which could affected on their growth, activity and enzymatic reductive
dehalogenation. Different microorganisms will be predominated during various
temperatures providing. Thus, temperature should be one of the main physical factors

that significantly influencing on the dechlorination of PCBs.
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To attempt of this phase was made for that high temperature could activate the
growth of certain microbes and enhance the dechlorination. In previous researches,
PCBs dechlorination have been tested under 18 conditions of temperature from 4 to
66°C (Wu et al., 1996; Wu et a., 1997). The dechlorination generally occurred at 8-
34°C (mesophilic) and 50-60°C (thermophilic). However, the optimal temperature for
the chlorine removal from 2346-CBp were 18-30°C. These results suggested that the
dechlorination of PCBs could be effectively occurred under mesophilic and
thermophilic. Furthermore, the thermophilic ticroerganisms should play arole in the
breakdown of such a complex-organic-compounds.-As well as, the high temperature
could accelerate an enzymeatieprocess such as PCBS dechlorination. Some bacteria
were proliferated under the'exiremely hot conditions, including; clostridium (Oh et
al., 2008) and SRB spore iorming group (Fava et al., 2003), those were possible in
dechlorinating PCBs.# This/ phase-could perform a roughly screening at the

dechlorination consortiafrom the sampling sites.

Mongkong (2007) ever used the sedi ments from the same sites in this study to
dechlorinate 234-CBp. Temporary heat treatrﬁénts, of 50, 70 and 90°C respectively
were applied for PCBs dechlorination test in sediment sets. And after the heat shock,
the temperatures of -core sediment were around 2-5°C less than the given
temperatures. Table 4.12 showed the results in temporary heat trestment sets, it
implied that only 2 heat treatment courses within 50°C could generate the
dechlorination: T he 'déchlorination occtrred in\week 17, but-could not be completed
within 25 weeks, for details of dechlorination concentration were showed in Appendix
E-4. These.results.showed that.the initiation.of“PCBs dechlorination could happen
only under a less-severe condition’ such ‘as mild- heating temperature with a short
period. Therefore, the heat shock might be help for some bacteria within the
dechlorination consortia; it could not apply a universally favorable condition for all
bacteria. For example, the microbes from HLP site show a longer lag phase from
week 5-8 to 17. Furthermore, under the heat trestment courses of either 60 and 240
minutes of 50°C, and all periods of 70°C or 90°C, it showed a negative effect to the
dechlorination. An extreme heat shock could damage the collaborated work of PCB

dechlorination by destroy one or some bacteriain the dechlorination consortia.
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Table 4.12 The dechlorination of 234-CBp in sediment by providing temporary

heat treatment.

I ndigenous microbes Temporary heat at 50°C | Temporary heat at 50°C
(without any for 5mins for 20 mins
Locations supplements)®

Lag 100% of 234- Lag 100% of 234- Lag 100% of 234-

phase CBp phase CBp phase CBp
(weeks) | dechlorination | (weeks) | dechlorination | (weeks) | dechlorination

completion completion completion
time time (weeks) time
(weeks) (weeks)

BP1 N.D. N.D. 17-25 =25 17-25 >25

HLP6 5-8 14-22 17 >25 12 >25

MF2 N.D. N:D: 17-25 >25 N.D. N.D.

BPK N.D. N.D. 17-25 >25 N.D. N.D.

Note: N.D.: dechlorination couldnot.detect, 24-CBp was found only sole intermediate product, % data
quoted from Mongkon,,2007; another temperatures and heating times could not observe any

dechlorination, this€xpegimental weas set up for 25 weeks only.

Hence, it could be roughly s mplified that"-sporeforming sulfidogenic bacteria and
clostridium, both groups of bacteria couldr survive under extremely high temperature,
might not be the only members in this dech_ferinati on consortia. On the other word, it
meant that bacteria groups other than the extremely thermophilic groups might play a
certain role or even a critical Tofe in the PGBS dechlorination. There were evidences
that sulfidogens coutd-caialyze-the-dechitorinaiion-of- PCBs and other aromatic
compounds (Haggblom et al., 2000; Kuo et al., 1999; Masunaga et al., 1996).
Therefore, the extreme heat shock might be killed the bacteria which is not
responsible for-the direct stepiof remoeving-chlaorination from-PCB molecules. And
the dechlorinators ke sulfidogens-could survive from'this shock; however, without
any supported from supporting bacteria, initiation-of PCBs dechlorination could be
failed.

Although,
dechlorination capability under sediment slurry condition (Table 4.12 vs 4.13). The

the heat shock treatment was significantly improved the

dechlorination could be shorten in both lag phase and dechlorination completion time
(Table 4.13).
matrix could retard the initiation of dechlorination. Furthermore, it could be revealed

These results were strongly notified that large particles of organic



0

to an alternatively enhance the capability of dechlorination by self-cleaning technique

approach; hence, better understanding of this phaseisrequire.

Table 4.13 The dechlorination of 234-CBp in sediment slurry by providing

temporary heat treatment.

Lag 100% of Lag 100% of
Conditions phase 234-CBp Conditions phase 234-CBp
(weeks) DeCl (weeks) DeCl
Completed Completed
time (weeks) time (weeks)

BPK-Indigenous HiP-Indigenous

microbes 12 15 microbes 12 15
Heat at 50°C for 3 Heat at 50°C for 3

mins* P L/ | \NOISE S, 2 4
Heat a 50°C for 5 B | Heat a 50°C for 5

mins aF S LV F 3 NS N ™ 2 4
Heat at 50°C for 10 ‘Heat at 50°C for 10

mins 2 4 " | mins 2 4
Heat at 70°C for 3 Heat at 70°C for 3

mins 2 4 F e ming W W 2 4
Heat at 70°C for 5 | Heat at 70°C for 5

mins 2 ik e 00 cEN ALY 2 4
Heat at 70°C for 10 Heat at 70°C for 10

mins 2 4 mins 2 4
Heat at 90°C for 1 Heat at 90°C for 1

mins 2 == mins 2 4
Heat at 90°C for 3 “Heat at 90°C for 3

mins 2 6 mins L ) 2 6
Heat at 90°C for 5 Healal 90°C for 5

mins 2 6 mins 2 6

Note: DeCl: dechlorination, this table was quoted from Kanya, 2010 (in preparation), the
dechlorination of indigenous microbes was served as active-control SS, *: mean the temporary
heat at given temperature-in difference interval.time, approximately core temperature was not
reached to given.temperature (decreasing arovind 8-9°C).

4.7 Fate of PCBsin a Simulated Environmental System

The simulated environmental system was constructed to observe the PCBs
dechlorination under a natural stream-like condition. In addition, it could also reveal
the profiles and fates of the mother compound and dechlorinated intermediates during
the dechlorination. A preliminary study by using simulated aquarium boxes (SAB)
had been explored by Siriruang, 2006, which work with the dechlorination of

hexachlorobenzene (HCB), a similarly structural but less complicated chlorinated



91

aromatic compound than PCBs. The columns were made from PETE drinking water
bottles as shown in Figure 4.12. In this study, a sets of sediment spiked with various
concentrations of HCB were test (0.5, 2.0, 10 and 50 mg/l), separately. It was found
that al the sets spiked with HCB lower than 2.0 mg/l could not initiate dechlorination
within 100 days of incubation. Thus, 10 and 50 mg/l of HCB would be enough to
initiate the dechlorination and the transformation was completed in all layers within

an interval of 126 days.

Afterwards, Krgjibtheng (2007)-studied-HEB and 234-CBp dechlorination by
using SAB with modificatica-permeate column (MPC) (Figure 4.12). The results
showed that HCB could bedechl etinated within 15 weeks by indigenous microbes in
the sediment under stream-simulated system; whereas, dechlorination could not occur
to 234-CBp. The results oi HCB déchlori nation in. SAB were confirmed the
suggestion of Anotai et @. (2010) that HCB may not be a concerned POPs in Thai
canal. -4

Again, both two studies'suggested that the HCB dechlorination could be found
in a nature environment-simulated condition. Contrarily, the dechlorination of 234-
CBp could not happer-was possibly-because of the lack 0f e ectron donors and some
important nutritious factors, which were easily escape from the open system like
SAB-MPC. If this assumption was correct, the dechlorination could occur under SAB
system, after preset the deficiencycof carbon and nutrients\by:external sources. This
phase of study was dediCated as a Sticcessive work.” Therefore, organic substrates and
nutrients were amended to.test an.extra-supplement'in enhancing.the dechlorination in
long-term storage sediment and re-circulated by: fresh canal water:

The redox potential (E;) of the sediment layers aways revealed the degree of a
suitability for microbes to grow and reproduce; i.e., +800mV (aerobic condition),
+740mV (facultative condition), -220mV (sulfate reduction condition), -300mV
(methanogenesis condition) (peper et a., 2006). Table 4.14 showed that in this SAB-
MPC system, the upper layer showed a positive E,, values, which indicated an aerobic
condition; whereas, at middle and bottom layers showed negative Ey, values which
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proposed to an anaerobic condition that suitable for acidogens, sulfate-reducing
bacteria and methanogens. Additionally, SRB, methanogen were presumably the key
bacteria as in PCBs dechlorination consortia. However, the dechlorination could not
happen within an incubation period of 6 months and the experimental data were
represented in Appendix E-5. It suggested that the extra electron donors and yeast
extract supplements did not initiate the dechlorination of 2345-CBp in storage
sediment under SAB system.

These results were-coniradicted to the-results in serum bottle conditions
(halogenated primers part), wihirchthe dechlorination could be succeeding; it imply an
important to evidence of re=activated of over storage sediment. Moreover, the redox
potential of fresh sedimentrslurry in serum bottle condition could be reach to lower
values than under storage sediments (Chang et a., 1996). Apparently there is no
relationship between lower Ep, valuesand 234—CBp dechlorination.

Moreover, it was implied-that sédiments sample collected in difference
occasions aso showed fluctuation in '-theﬂi"'r dechlorination abilities. Another
explanation for the deficient dechlorination might be because the incubation period
for PCBs dechlorination-was net suffierent for 2345-CBp dechlorination consortia to
grow and initiate the dechlorinating activity; hence under simulated condition need
longer time compared with serum bottle condition. Therefore, in a natural sediment
condition, it would betwo hasi ¢ requirements to initiatethedechlorination: one was
the certain level, of PCBS concentration (increasing PCB dose), and the other was the
richness, of .applicable nutrients, (adding.a..combination .of _&ectron donor and

nutrients).

48 Strategy for the Application of Biostimulation and Bioaugmentation

Techniques

In-situ remediation techniques is the most applicable method in recovering
non-heavily PCBs contaminated site within a concentration of PCB-commercial
mixtures ranged from 10 to 200 mg/kg of soil.
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Figure4.13 A: fivelayersof PETE drin‘king water column has been worked by

Siriruang, 2006. B: MPCawas makinng from a 0.10 cm-perforated aluminum

sheet and folded to from ahalf-cylindef_éhape. Threedifferent sizes (a, b and c)

of perforated aluminum containers of Qi 5.0x8.0, @ 10.0x15.0, & 15.0x20.0 cm
wer gpr epared byKaJ ibtheng, 2007.

Table4.14 Theredox potential measur ement duri ng incubation time.

L ayer 1 month 2 months 4-months 6 months
No additive
Upper part 58 65 57 30
Middle part <184 -175 -179 -167
Bottom part =320 +309 -300 -338
Additive with Acetate
Upper part 34 90 60 67
Middlepart -200 -235 -230 -316
Bottom part -379 -400 -323 -369
Additive with Pyruvate
Upper part 50 31 56 63
Middle part -220 -230 -200 -274
Bottom part -389 -390 -395 -375
Additive with Yeast Extract
Upper part 77 83 26 37
Middle part -167 -220 -233 -254
Bottom part -361 -328 -285 -361
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The disadvantages of dredging contaminated soil for ex-situ treatment and
disposal are not only high cost of operation but also having negative impact to the
indigenous ecosystem. And it leads to only serve as a reclamation option for a highly
PCBs contamination sites. The dechlorination rate for lower concentration of PCBs
(2 mg/kg dry weight) observed in the dechlorination test within biostimulation and
bi caugmentation treatment was not difference from the test of higher concentration of
PCBs (Krumins et al., 2009).

The preliminary determinations’ of the-dechlorination ability by indigenous
microbes around Samuthparakarn” province, Thailand, have been investigated for 7
years. First, the evaluatien of .the degradation potential of chlorinated aromatic
compounds; i.e. hexaehlorobenzene (HCB) was tested. And a tremendous results were
found as HCB could be deghl orinatee very effectively by indigenous microbes using
natural sediment water as sole mediawithouf any nourishing and enrichments (Anotai
et a., 2010; Chen et al., 2010). Moreover,'it aso pointed out that HCB might not be
concerned as persistent organic pellutants (PQPs) in the stream of Thailand. This
notified an impressive and unigue observati‘bn from other countries that HCB

dechlorination could.only foundin modified or enriched medium.

Since there was no doubt that HCB was naturally degradable, PCBs might be
possibly degraded in the natural environment as well. Preliminary determination of
dechlorination/of PCBs was, dedicated:since 2006: 234--and=2345-CBp were able to
be degraded by indigenous microbes, whereas other congeners were not. It suggested
that the.indigenous.microbes from Thai Canal.were able to dechlorinate some certain
structural PCB corigeners. 'The dechlorination condition.was defined.‘as terms of the
lag phase, dechlorination rate, and dechlorination extent. According to our researches
in Tha stream microbes, for 234- and 2345-CBps dechlorination, the dechlorination
conditions were aways remarkable, including a short lag phase, a steady
dechlorination rate and usually more than 90% completion of PCBs dechlorination. It
suggested that indigenous dechlorination consortia in Tha stream had been in an
adequate environment of physical conditions, nutrients and growth factors
supplement.  Although, the anaerobic consortia are rich and powerful, the
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bicavailability of PCB congeners was still the key to initiate dechlorination.
Therefore, the enhancement of PCBs bioavailability is ailmost as importance as the
activation of dechlorination consortia, and both of them must be carefully considered
in devel oping bioremediation techniques.

The results from the studies of Winchell and Novak (2008) showed the effect
of biostimulation (supplement of H5 via demental iron (Fe”)) and bicaugmentation
(amend of PCB-dechlorinating enrichment.culture) in 2345-CBp dechlorination test.
Insignificantly dechlorination-of 2345-CBp werefound in both sediment from Raisin
River (historical PCBs contaminaied site) and Duluth Harbor (non-contaminated site).
However, in the further study by augmenting microcosms, an extensive dechlorination
was observed, whereas theimigrocosms was enriched and grown on acetate (20 mM)
under a headspace of 3% Hj 1@ 97%-N>. ‘In another study, the investigation of PCBs
dechlorination in Ohio River sediment undér natural environment condition showed
an un-accomplishment deghlarination, whereas under elevated redox status and cool
conditions (D’ Angelo and Niinez,2610). =

For a field remediation; it is important to investigate that the dechlorination
ability of indigenous-imierebes from-iha-Canal to ehiofinated aromatic compounds.
In this study, the results from stimulated system by amending volatile fatty acid
reported an insignificantly dechlorination and showed that electron donors were
effectively to promote the dechl oripation. The occurrenceof .dechl orination happened
after week 5 ingsupplemented sets, and week 7 in non-supplemented sets, and then in
al sets.the.dechlorination completed times.were similar. .. It.revealed that these
electron’donars (acetate, |actate, pyruvaie) were required.by dechlorination consortia
in this condition, whereas, the electron donors supplementation were not critical in the
serum bottle conditions. In previous works showed that the organics substrate aways
played the important roles in reductive dechlorination processes (Nies and Vogel,
1990). Whereas the rate and extent of the dechlorination of Aroclor 1242 were
greatest for methanol-, glucose- and acetone- fed batches, and least for acetate fed
batches. And there was no significant dechlorination observed in non-fed batches.
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In another study about microbia dechlorination under various conditions, the
results showed the maximum dechlorination rate happened under methanogenesis
and sulfate reducing condition rather than denitrifying condition (Chang et al., 2001).
Additionally, under methanogenesis and sulfate reducing condition coupled with
additional organic substrate (lactate, pyruvate, acetate) amended could increase the
dechlorination rate. It suggested that the dechlorination was more likely to be
initiated and worked well in an environment could transit to methogenesis and SRB
conditions. These conditions.could be develeped by the addition of organic substrates

Furthermore, halogenated organochemicals as primers used to activate the
PCBs dechlorination needed torhe friendly to the natural environment, such as non-
persistent or less-biohazardous. / The stimulation by adding high concentration of
single PCB congenersilike23456-CBps to anaerohic consortium for activating the
dechlorination of PCBs was tested ancl showéd its applicability (VanDort et al., 1997).
However, most important is ‘thet" we have to concern about the chemicals
environmental characters, especially the halfslife and toxicity in natural sites. If the
chemicals could not readily degrade, they mi gH’t make more problems rather than the

original contaminants,

In the sites been lack of appropriate PCB ™ dechlorination consortium,
biocaugmentation techniques could be applied. Augment of PCBs dechlorination
consortium hadbeen evaluatea by introduci ng, enriched«or pure cultures (Bedard et
al., 2007; Hartkamp-Commandeur & a., 1996). The enriched cultures were obtained
by Aroclor, or individual PCB. congeners pre-enrichment.. The results showed that
both cultures: isolated from Aroclor-adapted or single PCB congeners-adapted mixed
cultures, the dechlorination conditions were similarly (Cutter et al., 2001; Pulliam
Holoman et al., 1998; Williams, 1997; Zanaroli et a., 2010).

In this study, we introduced sediments from active sites directly to less-active
sediment samples without any pretreatment. A significant improvement of PCBs
dechlorination ability was found to the mixed cultures. For overall dechlorination
processes, it is a collaborating works by a dechlorination consortium including
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members such as the dechloirnators and the supporting bacteria.  Therefore, the
improvements of the impotent sediments might be from the strengthening of either
one. The answer was not yet evaluated, and it needs different methods to finalize this
matter such as enrichment PCBs-dechlorinating consortium and used it as active seeds
in order to improve the degradation capability of less-active dechlorination site, or
isolate pure culture from HLP canal and re-inoculation to treat sediment from other

sites.

Herein the dechlorination test by sediment-and river water, it was dedicated to
simulate a real soil/sediment eendition rather than those by sediment slurries. And its
results could be used 10 define the possibility for the relevance of site remediation.
Within our findings, both intreducing of active sediments or sediment slurries could
improve the dechlorination capability-of tﬁe impotent sources. It notified the value of
active inoculums from¢ natural source tb Improve the clean-up ability of a
contaminated but impotent site. ~ This achievement would be lead to a novel
aternative in evaluating the degradation 'tiapability of microbes from natura sites

even some of the sites had never-been contafni riéted.



CHAPTER YV

CONCLUSIONS

5.1 Conclusions

234- and 2345-CBp were separately tested.in difference objectives. Results

from this research were listed.asfollowing:

-The reductive deehl arination of PCBs could be mediated by stream anaerobes
in sediment-water and sédiment 'slurry-study conditions. And the dechlorination
capability was observed in‘e ther contamihat-ed Or non-contaminated sites. It revealed
that a PCBs-contamination Ahistory was, not\ necessary to develop the PCBs
dechlorination consortia,/@nd the dechiori nati-on-active consortia were widespread in
Thai streams. The introduction. of biosti;ﬁl;}qtion and bioaugmentation techniques

were effective in enhancing PCBs degradation. .

-Natural envifonmental matrix In HuaLam-Poo Canal, Samuthprakarn,
Province, Thailand could initiaie the dechlorination of PCBs, not only in sediment
dlurry but also in sediment-water conditien: However, other sites were tested in
sediment-water-condition, not included HLP site. /1t found that only the Power Plant
and Material Recovery Facility 1 sites could proceed the dechlorination; whereas, all
investigated sites were'patentral 1o degrade 234-CBp, nevertheless, HLP sites showed

the best performance.

-The amendment of the organic substrates and mineral ingredients could not
promote 234-CBp dechlorination. It reveded that the electron donors (acetate,
lactate, pyruvate) were aready adequate to support the growth of dechlorination

consortiain Hua-Lam-Poo canal.
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-The observation of methane gas production was not coupled with the
degradation of 234-CBp. It implied that the methanogens might not be the only PCBs
dechlorinators, and/or merely few enriched methanogens could perform the
dechlorination well enough. However, the contribution of methanogens still could not
be neglected.

-Long-term storage of the sediment in cold condition without any further
nutrient supplement would eternally deactivai€e the 234-CBp dechlorination consortia
from seven investigation-sites.  Nevertheless, the dechlorination still occurred to
2345-CBp by some sedimenis, except HLP, MF sitel and MF site2. It revealed that
the dechlorination consgitia sresponsible for specific PCB congeners were very
different and possessed vaiiant characters. «

-Halogenated primess (4-BH,; 4BZ, 14-DBZ and 4-BN) could promote the
activity of 234-CBp dechlorinators WhiCh- were thought dechlorination-impotent in
original condition; however, al primers di‘d "ngt have any significant stimulation on
the 2345-CBp dechlorinators which were prdvéa dechlorination-active aready.

-Directly mixmig the microbes from effective aite (HLP sited) to the less
effective matrix could improve the dechlorination activity. Additionally, in sediment
slurry condition the mixed cultures were showed more effective in dechlorination than

the sediment-water’ condition.

-Temporary-heat treatment showed-ne, positive effect under sediment-water
condition. ©* Moreover, it could-retard” the' dechlorination within ‘the treatment of

extremely high temperature and along period of providing heat.

-Supplement of fresh canal water to the cold-storage sediment could not
recover its dechlorination activity, while the indigenous microbes were kept in a 4°C

within 6 months.
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-This research could revealed that the bioremediation techniques, whether
bicaugmentation by directly adding the effective mixed culture microbes to improve
the dechlorination capability in less-effective sites or biostimulation by adding
halogenated compounds; could be applied directly to PCBs-contaminated sites in
Thailand.

5.2 Recommendations for Further Studies

This research was'working on 2 bench seale, and not yet upgrade to a pilot
scale. And the mechanismsy Critérta, and parameters which involved initiation, rate
and extend of the dechlorination /was not completely explored. Therefore, the PCB
dechlorinators cultivationsand dechlorination influence factors are still important
issues waiting to be investigated, Further studies need be contributed to fulfill these

issues and make a bettertinderstanding by researches estimated as followed:

- Testing the dechlg@rination of cbfﬁmercially PCB mixtures, i.e., Aroclor
1242, Aroclor 1260; since we have found that even simple PCB congeners showed
different potential -of dechlorination. The dechlorination of Aroclors maybe

contribute more attemptSto evaltiate the remediation potential .

- Increasing the bioavailability of PCBs could be carried out by using
commercial and ‘bio-surfactant | to ' enhance' desorption of~PCB molecules from
sediment particles into the liquid phase.

- 'Restoring the 'dechl orinating-activity of cold-storage'samples could be done

by various treatments of enrichment, warm up process and bicaugmentation.

- Investigating PCBs dechlorination in natural contaminated sites (Hua-Lam-
Poo Cana will be the first priority) by introducing modified permeated column
(MPC) system as the dechlorination vessels, could be gathered more data under
simulated real canal flowing for preparation of remediation of PCBs contaminated

sites.
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- Contributing these experimental data to the environmental evaluation
modeling system, in order to construct a best strategy could be managed the
contaminated sites as well as regulatory to prevent the risk of human exposure.
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APPENDIX A

Geogr aphic Mapping Sampling Sites
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Table A.1 Global positioning system (GPS) of the sampling sitesin

Samuthprakran Province.

Sampling sites North (N) East (E)
South-Bangkok Power Plant J‘ 13°37 27N 100°33 31E
A canal receiving discharge from Sitel | 13°32 56N | 100°47 26 E
wastewater treatment plant of 0
Bangplee Industria .LS‘Jte 2 13983 47N 100°47 43 E
A canal receiving dischargefrom ZSit_e 1| 13°31 44N | 100°47 43E
small material recovery facilities Site 2 13°45 39N | 100°46 52 E
Bang PlaKod Cana . | 1933N | 100°33 B9E

Table A.2 Global positioning system (GP§Q§ the sampling sitein Hua Lam Poo
Canal, Samuthprakran Province.

s ®

Sampling Sites North (N)
Sitel 1332105N | 100 37.595E
Site2 13 32073N 100 37.562E
Site3 13 32,049N 100 37.547E
Sted 13 32.016N 100 37.535E
St 13 BLOILN 100 37.518E
Site6 13 31.946N 100 37.482E
Site7 13 31.897N 100 37.454E
Sites 13 31.848N 100 37.430E
Sited 13 31.740N 100 37.365E
Sitel0 13 31.713N 100 37.375E
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(www.pointasia.com)
Figure A.1 Locations of the sampling sites of this study, location 1: HL P sites, 2:
BP sites, 3: MF sites, 4. PWP siteand 5: BPK site.
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| Suvumvit Road

(www.pointasia.com)
Figure A.2 Geographic information system of the sampling sitesalong HuaL am
Poo Canal, Samuthprakarn Province (10 sampling sites).
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il

(Www.pointasia.com)
Figure A.3 Geographic infor mation system of the sampling site at the South-

Bangkok Power Plant, Samuthprakarn Province (1 sampling site).
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(www.pointasia.com)
Figure A.4 Geographic information system of the sampling site along a canal
receiving effluent discharge from the center wastewater treatment plant
(WWTP) of Bangplee Industrial Estatein Samut Prakarn Province

(2 sampling sites).
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(www.pointasia.com)
Figure A.5 Geographic information system of the sampling site along a canal
receiving discharge from small material recovery facilitiesin Samut Prakarn

Province (2 sampling sites).
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(Www.pointasia.com)
Figure A.6 Geographic information system of the sampling site at Bang Pla Kod
Canal, Suksawad Road (1 sampling site).
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APPENDIX B

PCBs extraction Efficiency and Concentration Calculation

B-1 Extraction Efficiency

A preliminary test was conducted te verify microbial activity and extraction
accuracy. Three sets of the experiment were performed by spiking the sediments with
either Aroclor 1242 or 1260 and.incubating at different conditions, i.e., kept in the
dark under room conditiens, kKept in a refrigerator at 4°C, and sterilized and kept in
the dark under room gonditions.” The results showed highly chlorinated PCB
congeners could transformito lower chlori‘nated congeners in the non-sterilized series
maintained under roomconditions whereas no dechlorination was observed in either
refrigerated or sterilized sets within the_e'xb-erimental period of 5 months. These
results revealed two pieces of important infsfhjgtion; first, the disappearance of PCBs
under the studied conditions. was surely due to microbial activity and second,
extraction and analytical procedures for PCB congenefs used in this study were

reliable and accurate.

Sediments

[ Sterilized Sediment ] f Indigenous Sedi ment ) [ Sediment Refrigerated ]

<4°C
& J
[ ) 1
4 a b )
Spiked with /Aroclor 1242/or || ,
1260 A
[ Extract 2 weeks ) P R ( Extract 1 month
J (. J
[ Extract 3 months ) B R ( Extract 6 months
J . J

Figure B-1 Experimental set upsto differentiate between biotic, abiotic and

adsor ption mechanisms.
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B-2 Quantification and Qualification of Samples and Standard Concentration
B-2-1 Qualification of PCB Congeners

Injection standard PCB mix congeners, 10 ug/mL Aroclor 1260 and 20 ug/mL
Aroclor 1242 were analyzed before being test the extractant samples. Comparisons
each peak and retention time were required, in order to confirm this analytical
procedures could be recovered all PCB congeners being analysis.

B-2-2 Quantification.ef PCB congeners

Cdculation methods of /PCBS cangeners could be divided onto 4 calculative
methods as following:

B-2-2-1 ESTD methed: External :'sténdard caleulation

Absolute amount of x = R&ponsegrx RFE.xM xD

Where, Responsey is the response ofpeak X

RFy is the response factor-for compoﬁer’ijt"‘x, (= Amounty / Responsgy)

M isthe multiplier 7R

D isthe dilutica-factor

B-2-2-2 ESTD% method

Relativeamaount of x = { (Absolute amount of x)-*% 200} / Sample amount
Where, Response is the response of peak X

RF isthe response factor.for. component X, (= Amounty /. Response;)

M is the multiplier

D isthe dilution factor

Note: this method have to calcul ate the amount of sample injection
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B-2-2-3 Norm% method

Norm% of x = {(Response, X RF, x 100 x M x D) / Z(Response x RF)}
Where, Response, isthe area/ or height of peak X

RF is the response factor

M isthe multiplier

D isthedilution factor

> (Response x RF) is the total of al'the Response multiply by Response factor
products for all peaksincluding peak x

Note: this method haveto cal cutate the amount of sample injection

B-2-2-4 1 STD method: I nternal Standard calculation

Actual amount of X =/(Response Ratio x RF,) % (Actual amount of 1STD)
XM XD 4

Where, Responsg Raiio is Respons@/ Responsesip

RFy is the response factor of compoherit X

M is the multiplier

D isthedilution factor

B-2-2-51STD%
Relative amount of X = {(Actual amount of x) x 100} / Sample amount

Note: this method.-have to calcul ate the amount of sample injection

This stady was quantified by using ISTD method to measure PCBs
concentration; the eal culation'wasfollowed;

% Recovery = (Area of extractant) / (Area of internal standard) x D x

concentration of internal standard x 100

For example, Areaof 2 ug/mL of 234-CBp, (dimensionless) =81,475
Dilution factor =25
Area of extractant = 25,916

o%Recovery = (25,916/81,475) x 2.5 x 2 ug/mL x 100% = 80%



Table B-1 Extraction efficiency in sediment slurry under this analytical method.

Sampling sites %Recovery
BP1 80
BP2 84
MF1 106

einraged of 70-120%.

efficiencieswe
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¢
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APPENDIX C

Calibration curve

C-1 PCBscalibration curves

Calibration curve was analyzed following EPA 680A method. PCB isomer
calibration mix solutions were purchaééd from AccuStandard Inc, USA. Table C-1
showed the PCB isomers were applied and concentrations were measured in rage 0.39
to 6.25 mg/l, under anal yiical observatieh. Each level of chlorination substituent was
represented as each PCB/Congeners in that group, presumably that they have same
sensitivity and precision. JThe grapﬁs sﬁ:ewred linear relationships, it implied to the

y
accuracy of concentration of PCBs were anal ysis under these ranges.

4 )

Table C-1 PCB isomer calibrati eri'_rhix. Jq 74
Level of | somer Selected BZ#: ;__RF valuevs. | Mean RF value
Chlorination ) i il Chrysene.d;, | vs. Chrysene-
y _ d12
1 2-moro 1 0,899 0.925
2 23-di 5 0.651 0.642
3 245-ri- 29 0411 0411
4 22'46-tetra 50 0.305 0.431
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Figure C-2 Thecalibration curve of di-chlorineisomers.
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Figure C-4 Thecalibration curve of tetra-chlorine isomers.
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APPENDIX D

Chromatographic Data of PCB Congeners

D. 1 Qualification and Quantification of PCB Congeners

To identify all 209 PCB congeners through gas chromatography retention time
(RT). This methodology was used in case of available of Aroclorsin ours laboratory,
since they aready sold asa cemmercialy standard for all 209 PCB congeners by
AccuStandard, Inc. (USA). .Hoewever, this procedure could examine the possibly
intermediate products befere confirmed by GC-MS. Plot of relative retention times
and response factor vs'isomer number for all 209 congeners have been observed and
showed in Figure D-1 and D-2. ‘

Single PCB congeners were showe’a"in Table 3.1 and commercialy PCB
congeners; including, 20 mg/l af Aroclor‘12“4-2_ and 10 mg/l of Aroclor 1260 were
individually analyzed by GC, the distribution of chiromatography peaks were
expressed in Figure D-3 and D-4. Injection of all standards were evaluated under
analytical criteria, i.e., sequences and condition, in order to prevent the analytical
error from the instrument e.g. sensitivity, precision etc. From this step, the retention
time (RT) forieach PCB congeners and commercial PCB' congeners were attained,
then namely each PCB congeners in,D-1 column 1. The response factors for all 209
congenersiwere alréady synthesized (Mullin‘et al;"1984; Chenieta./2001; Vetter and
Bester, 2006, Kaliszan, 2007). Moreover, the relative retention times were used
guantitation methods which had been describe by Chen et a., 2001. Due to their
correlations of response factors, concentration of area/or height of chromatographic

peaks could express the equation as followed:
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Area of compoundy = Response factory x Concentration of compoundy

Hence: it is based on the anaytical program instruments, Agilent 6890 GC
and ChemStation operation.

o ++
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FigureD-1 Plot rela -.t PCBs vsisomers numbers
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Figure D-2 Plot relative response factor s of PCBs vsisomers numbers
(Mullinset al., 1984).
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ECD1 A, {08-14-45002F0201.0)

3000 <

3811
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Figure D-3 Chromatogr a

T ECOTA (8- 1a-50aFeio )
He 132
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Figure D-4 Chromatograms of 10 mg/l of Aroclor 1260 under analytical criteria.



Table D-1 The chromatographic data of PCBs by gas chromatography.
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% in % in % in
Peak | I[UPAC Retention Response | Aroclor | Aroclor | Aroclor | A=10,000
No. No. Congeners Time factor?® 1242° 1254° 1260° (nM)?
1¢ 1 2 6.87 0.0393 1.9152
2 2 3 8.44 0.0400 1.8817
3 3 4 8.71 0.0193 3.8999
4 4 22 10.42 005744 4 301 1.6947
4 10 26 10.42 0265000 0.2688
5 7 24 11.82 0.6900 0.60 0.1120
5 9 25 1182 03880 0.54 0.1900
6 6 23 ™ ,12‘;"3;8 013800 1.38 0.1940
7 5 23 4 e 0.1}190 0.06 0.5326
7 8 24 / 12.68 s 02060 7.65 0.3419
&, g —y
8 14 35 Y | 1387 - 08047 0.2419
9 19 262 .!"; ;’1.3'77 i 0.35@7_ 0.53 0.2102
10 1 33 r ¥ L 004_4 . 14116
10 | 30 246 da27 = o.sz‘bé’é{. 0.0873
1 12 34 15,00 = 01799,_—-” 0.3934
1 | 13 3 1500 02000 = : 0.3521
12 15 44 _,i 15.21 0.1070 151 :1 0.5924
12 18 o5 15.21 0.3130 6.28 "-&.41 0.2040
13 17 242 15.72 0.4120 288 | 019 0.1774
14 24 236 16.17 0.7930 0.22 0.0931
14 27 263 16.17 0.4950 0.28 0.1477
15 16 232 16.85 0.4470 2.01 0.1635
15 32 264" 16.85 0.2780 0.88 0.2194
16 23 235 16:95 0.5000 0.1476
16 34 352 16.95 0.6092 0.1099
17 29 245 17.04 0.6339 0.10 0.1056
17 54 2626’ 17.04 0.3643 0.1545
18 26 253 17.32 0.6030 1.33 0.1224
19 25 243 17.46 0.5000 0.79 0.1476
20 31 254' 17.79 0.5620 459 0.22 0.05 0.1313

Note: a quoted from Mullin et al., 1984, b: qouted from Vetter and Bester, 2006 and
Erickson, 1986, d: numerical peaks from surrogate standard, e peak areas
concentration in uM



Table D-1 The chromatographic data of PCBs by gas chromato
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raphy (Cont’).

% in % in % in
Peak IUPAC Retention Response | Aroclor | Aroclor | Aroclor A=10,000
No. No. Congeners Time factor? 1242° 1254° 1260° (nM)?
21 28 244 17.86 0.8540 6.52 0.25 0.05 0.0741
21 50 2462 17.86 0.6817 0.0865
22 20 233 18.27 0.7238 0.29 0.0925
22 21 234 1827 1.0598 0.0578
22 33 342 18.27 0.4470 479 0.14 0.1635
22 53 252'6' 18.27 ' 0.3606 0.64 0.09 0.1561
23 22 234 1827 1.0935 3.4 0.0560
23 51 242'6 1886 1,0.6000 0.23 0.1084
24 36 353 1870 J'IO.‘2_948 0.2166
24 45 2362 1870 6_.5'400 1.16 0.1205
25 39 354' 1931 10,3470 0.1840
561
25 46 2326 1931 ) 04630, 0.1377
26 52 252’5 1952 . 0.}11';80‘ 4.04 5.18 0.56 0.1541
26 69 2463 19_.92'. '_J o.é‘fié?; p | 011 0.0811
26 73 2635 1697 — 05895‘ 0.1121
27 49 2425, 50716 ° o.ééféB e -0 L 164 0.0910
28 38 35 = 2018 0:4698 J 0.1556
28 43 2350" 20.18 0.5030 0.1293
28 47 2424~ 20.18 0.8480 094 | 017 0.11 0.0658
28 48 2452 20.18 0.5560 0.84 0.14 0.09 0.1170
28 75 2464 20.18 0.6461 0.11 0.0913
29 35 343 20.32 0.3746 0.1704
29 62 2346 20.32 11478 0:23 0.0471
29 65 2356 20.32 0.8408 0.0663
30 44 232’5 21.06 0.5240 3.20 0.1241
30 104 2462'6' 21.06 0.4561 2.03 0.1264
31 37 344 21.23 0.5800 0.27 0.1272
31 42 2324 21.23 0.7920 0.83 0.0822
31 59 2363 21.23 0.6000 0.34 0.0274
32 1 2342 21.75 0.5469 1.86 0.64 0.14 0.1189
32 64 2364' 21.75 0.6070 1.64 0.45 0.1072
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Table D-1 The chromatographic data of PCBs by gas chromatography (Cont’).
% in % in % in
Peak | IUPAC Retention Response Aroclor Aroclor | Aroclor | A=10,000
No. No. Congeners Time factor? 1242° 1254P 1260° (nM)?
32 71 2634 21.75 0.4680 0.1377
32 72 2525 21.75 0.5515 0.1180
33 68 2435 21.99 0.7260 0.0813
34 40 2323 22.19 07220 0.89 0.20 0.0817
34 9% 23626 22.19 0.4308 0.08 0.1338
35 57 2353 22.75 0.6000 0.1084
35 103 24625 22475 0.6068 0.01 0.29 0.09 0.0959
36 67 2453 42282 0.6000 0.06 0.02 0.02 0.1084
36 100 oas2a | g _ O¥587'1 0.10 0.0991
37 58 235 A Pl o.g(;éo 0.0969
37 63 2354" 2299 4| [/ 07280; 0.23 0.05 0.0810
38 61 2345 23416 1.2‘;27 0.0442
38 74 2454 2816 o 06710 || 24 0.78 0.0879
38 %4 2352'6' 2316 0451{1i i 0.1277
39 70 2534 2300 0.6586;! 3.89 3.21 0.09 0.0897
39 76 3452 2542 0sree | - 0.1123
39 98 2462"3?{ 23.42 0.6248 { 0.0845
40 66 249‘;‘4""f' A 2358 0.6460 166 | 059 0.0913
40 80 3535 23.58 0.7278 i 0.0811
40 93 23562 23.58 0.6676 0.0791
40 95 23625 2358 0.4430 2.87 6.02 3.04 0.1301
40 102 24526 23.58 0.4561 0.1264
41 55 2343 23.98 0.8290 0.0761
41 88 28462 2598 0.6892 0.0766
41 91 23624' 23.98 0.5710 0.17 0.83 0.1019
41 121 24635 23.98 0.7659 0.0760
42 56 2334 2452 0.8290 1.60 0.58 0.0761
42 60 2344 2452 1.0164 133 0.54 0.0531
42 84 23623 2452 0.3860 0.72 1.95 0.25 0.1304
42 92 2352'5' 2452 0.5375 0.25 158 0.59 0.1083
42 155 246246’ 2452 0.5860 0.0899




Table D-1 The chromatographic data of PCBs by gas chromatog
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raphy (Cont’).

% in % in % in
Peak | IUPAC Retention Response Aroclor | Aroclor | Aroclor | A=10,000
No. No. Congeners Time factor? 1242° 1254P 1260° uMm)®
43 89 23426 25.04 0.5610 0.1038
43 <) 23524 25.04 0.6110 0.32 0.93 0.56 0.0864
43 101 2452’5 25.04 0.6680 1.33 7.94 5.02 0.0790
44 79 3435 25.32 0.8810 0.0633
44 99 24524 25.32 06130 0.86 3.60 0.11 0.0861
44 113 23635 25:32 10.6040 0.0238
44 123 34524 25.32 0.6645 0.81 0.0794
45 112 23563 2571 1,0.8286 0.0682
45 119 24634 4 2574 10.8239 0.05 0.14 0.0685
45 | 150 | 236046 ' 2874 0.5676 0.0028
46 78 asad | f 2503 111;'31 0.0484
46 83 2352'3 2593 06330 0.12 0.45 0.0833
46 109 23463 2593 o;'g')_é'zs‘ / 0.0502
46 152 23562'6' 2593 0553@ 0.1006
47 86 23452 2628 0.7@"-2’:‘ 00731
47 97 2452'3 26224} 06310 5| 065 2.55 0.23 0.0837
48 81 3454 26.52 0.7159 0.0824
48 87 23425 26.52 1.0210 077 378 0.77 0.0473
48 111 2353'5': 26.52 0.6601 0.0800
48 115 23464' 26.52 1.1328 0.30 0.05 0.0427
48 117 28564 2652 0:8895 0.0561
48 125 3452'6 26.52 0.5560 0.1047
48 145 23462'6 26.52 0.6789 0.0704
49 116 23456 26,62 1.3987 0.0345
50 85 23424 26.74 0.7396 053 1.66 0.05 0.0714
50 120 24535 26.74 0.7444 0.0782
50 136 236236 26.74 0.4440 0.07 112 2.23 0.1175
50 148 23524'6' 28.33 0.5540 0.0951
51 77 3434 27.08 0.3812 0.45 0.1476
51 110 23634 27.08 0.6500 153 5.85 1.90 0.0812
52 82 2342'3 27.67 0.7730 0.44 0.95 0.0753
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Table D-1 The chromatographic data of PCBs by gas chromatography (Cont’).

% in % in % in
Peak | IUPAC Retention Response | Aroclor | Aroclor | Aroclor | A=10,000
No. No. Congeners Time factor?® 1242° | 1254° | 1260° @m)®
52 151 23562'5' 27.67 0.7850 1.17 3.67 0.0672
52 154 2452'4'6' 27.67 0.5700 0.0924
53 124 3452'5' 28.18 0.8480 0.0589
53 135 2352'3'6' 28.18 0./03% 0.08 1.62 2.56 0.0680
53 144 23462'5' 28.18 08764 0.0516
54 107 23534 28.34 ' 0.8183 0.07 0.72 0.0690
54 108 23435 28.34 1.0654 0.0454
54 147 23562'4' 128134 "li 0.6000 0.0878
55 106 23453 4 28.68 1.0046 0.0481
55 118 24534 4 28.63 ;68700 1.62 6.39 0.57 0.0574
55 139 23462'4' 28163/ 'L‘ 0.7219 0.0662
55 140 2342'4'6' 28.63 . .‘-fé.6732 0.0710
55 149 2362'4'5' 28-.'63‘ _6%75‘0 0.63 2.21 7.83 0.0921
56 134 23562'3 28._63""' 0‘;:{31 0.42 0.38 0.0652
56 143 234526 2863 ogsé“ 0.0674
57 | 114 23454 20,04~ 10261 | 001 | 025 | 003 | 004ama
57 122 3452".? 29.04 0.7247 _i 0.0728
57 131 2346‘2‘3’“' 29.04 0.8492 003 0.17 0.09 0.0532
57 133 2352'35' 29.04 1.1480 ¥ 0.0381
57 142 234562' 29.04 1:2180 0.0359
58 146 2352'4'5' 29.25 0.7280 2:43 2.71 0.0656
58 161 23463'5' 29.25 0.9672 0.0452
58 165 23563'5' 29.25 1.0777 0.0406
58 188 23562'4'6! 29.25 0.7337 0.0595
59 132 2342'36' 29.99 0.7303 0.30 1.98 3.69 0.0654
59 153 2452'4'5' 29.99 0.6880 0.68 4.26 10.80 0.0695
59 184 23462'4'6' 29.99 1.0046 0.0398
60 105 23434 30.08 0.9400 0.86 3.83 0.07 0.0531
60 127 34535 30.08 0.5834 0.0998
60 168 24634'5' 30.08 0.8375 0.0539
61 141 23452'5' 30.66 1.3520 1.04 2.56 0.0324
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Table D-1 The chromatographic data of PCBs by gas chromatography (Cont’).

% in % in % in
Peak | IUPAC Retention Response | Aroclor | Aroclor | Aroclor | A=10,000
No. No. Congeners Time factor? 1242° 1254P 1260° @m)®
61 179 23562'36' 30.66 0.8237 0.21 1.79 0.0567
62 130 234235 30.79 0.9520 0.63 0.08 0.0459
63 137 234524 31.09 1.1120 0.25 0.06 0.0393
63 176 2346236 31.09 10589 0.32 0.95 0.0377
64 138 234245 31.47 0.8240 0.54 3.20 6.13 0.0618
64 158 234634 31.47 + 1.1320 0.77 1.55 0.0386
64 160 234563 3147 1.1914 0.05 0.0367
64 163 235634 3147 1,0.9976 0.0438
64 164 234635 3147 1;0.9848 0.0444
64 186 234562'6' 3147 35236 0.0327
65 126 34534’ 31,60 0.4757 0.1212
65 | 129 234523 3160 - 5.9970 0.23 111 0.0439
65 178 2356235 8160 :' : 0;52:16" 1.35 1.62 0.0703
66 159 234535 3,08 | —0.9og 0.0440
66 166 234564' 3199 1%J : 0.0420
66 175 23462'35' 3199 0.3810~ 0.05 0.23 0.1093
66 182 23452'@’5;' 31.99 1.1272 0.0354
66 187 23560415 31.99 1.1220 ' 032 3.97 0.0356
67 162 235345, 32.30 1.0322 It 0.0424
67 183 2346245 32.30 0.9760 0.17 1.76 0.0409
68 128 234234 3247 1.1880 2.07 1.06 0.0368
68 167 245345 32.47 1.0658 0.21 0.26 0.0410
69 185 234562'5: 32.74 14370 1.34 0.0278
70 174 2345236 32.94 0.8060 0.34 385 0.0597
70 181 2345624 32.94 1.6046 0.0249
71 177 23562'34' 33.29 1.0090 0.21 2.21 0.0396
72 156 234534 33.72 1.3890 0.09 1.62 0.88 0.0315
72 171 2346234 33.72 11712 0.05 0.50 2.16 0.0341
72 202 | 23562356 33.72 1.1650 0.50 0.0316
73 157 234345 34.01 1.1965 0.14 0.0366
73 173 234562'3' 34.01 2.0440 0.09 0.36 0.0195
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Table D-1 The chromatographic data of PCBs by gas chromatography (Cont’).

% in % in % in
Peak | IUPAC Retention | Response | Aroclor | Aroclor | Aroclor | A=10,000
No. No. Congeners Time factor? 1242° | 1254° | 1260° (uMm)®
77 200 23456236 35.48 0.3690 045 | 01039
78 169 345345 35.71 0.8355 005 | 00541
79 170 2345234 35.90 0.7500 0.11 0.31 391 | 00642
79 190 2345634 35.90 1,8100 0.08 079 | 00305
80 198 23456235 36.89 1.0700 009 | 00344
80 199 23452356 36.89 11508 131 | 00320
81 196 23462345 343 | 1280 069 | 00299
77 200 23456236 35.45 0.3690 045 | 01039
78 169 345345 eyl "1 0.8355 005 | 00541
79 170 2345284 3590, - . 0:7500 0.11 0.31 391 | 00642
79 190 2345634 3590 | 4,310 0.08 079 | 00305
80 198 23456235 36.89 .'31.6700 009 | 00344
80 199 23452356 36.89; "i:g,sqg 131 | 0.0320
81 196 23462345 37.48" ;1'.}:3;21 069 | 00299
81 201 23462356 /| /37.43 o.soéq.? 0.68 099 | 00552
81 203 23456245 3743 1.’62—9b 099 | 00226
82 189 2345345 wn 15001 | 011 | 0.0265
83 | 195 23456234 38.67 0.4150 Y 068 | 0.1058
83 208 234562356 38.67 1.1756 | 017 | 00289
84 207 234562346 39.55 1.3257 - 0.05 0.0256
85 194 23452345 41.04 1.8680 130 | 0.0197
86 205 23456345 437 174060 015 | 00262
87 206 234562345 4321 1.6730 045 | 00203
88 09| | 23%s823456) | 4474 11360 005 | 00279




APPENDIX E

Experimental Data (tabular or graphical)

E-1 Therelations of Dechlorination and Methane Production from Study of

Effect of Organic Substrates on 234-CBp Pechlorination
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Figure E-1-1234-CBp dechlorination profilesin reductive synthetic anaerobic

mineralmedium amended'with/pyruvate
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Figure E-1-2 234-CBp.dechlorination profiles in reductive synthetic anaerobic

o
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mineral/medium amended with lactate.
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E-2 Dechlorination profiles of enhancement of 234- and 2345-CBps

dechlorination by halogenated primers.
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E-2-1 Identification of Reductive Microorganisms to Dechlorinate 234-
Trichlorobiphenyls and 2345-Tetrachlorobiphenyls by Using Halogenated

primers

This study part was successive work which continuing from the experimental
scenario 2. Effective sites amended with effective halogenated primer have been
chosen in order to primary secreen the sphylum might be gathered in PCB
dechlorinating consortium. . As recently, researchers have been isolated the PCB
dechlorinators to pure culiures; for more references see scenario 3. Furthermore, the

gene analytical methods were.approach Into the future.

E-2-1-1 Inoculating Soil Cultaresfor DNA Extraction

After the dechlarination was corhpleted In each experimental set, selected
cultures were chosen from effective dechlofination inoculated cultures. Effective
cultures were included BP2, PWP and BPK"}sites primed with 4BZ and 4BN and then
after one time of seria transfer with sedi ménts""'i nto the sterilized medium with 0.5%

yeast extract (20%, v/v), all inoculating cultures were bei ng. used.
E-2-1-2 DNA Extraction and PCR Amplification

One gramofi sediment /slurrycwas:used to IDNA-extracted procedures; full
speeds centrifuged and discard “the ‘supernatant. DNA ‘extraction were used
UltraClean®Soil. DNA... kit. (MOBIO .Lahoratoriés, Inc, .USA),.the, extraction were
followed the'manufacture’ s protecols: “The genofnics DNA were further to increase
the sensitivity whereas nested PCR technique was required. The DNA was diluted 10
times with sterile PCR-quality water, and 2 ng of the templates were used for 50uL
reaction mixture for PCR amplification with Universal bacteria primers EUBg (5'-
AGAGTTTGATCCTGGCTCAG-3') and Uuwgy (5'-GGTTACCTTGTTACGA-3)
(Orphan V.J. et d., 2001). Within 50 uL. were contained 0.1uM of each primer and 1
U of Tag DNA polymerase (Qiagen, Germany). The PCR amplification program was
5 min at 95°C and then 25 cycles of 0.5 min at 95°C, 0.3 min at 55°C, 2 min a 72°C,
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followed by afinal extension at 72 °C for 7 min and afina hold at 4°C. Reamplified
PCR products for DGGE anaysis were used primers 338gct (5-
CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGACTCCTACG
GGAGGCAGCAG-3) and 518, (5-ATTACCGCGGCTGCTGG-3') (Orphan V.J. et
al., 2001). The amplification program was 5 min at 95°C and then 30 cycles of 0.5
min at 95°C, 0.3 min at 60°C, 0.5 min at 72°C, followed by afinal extension at 72 °C
for 7 min and afinal hold at 4°C. PCR products were analyzed on 1.2% Agarose gel
to collect molecular size.

E-2-1-3 Denaturing Gradieai'Gel Electrophoresis Analysis

Eighteen microlittess of reamplified PCR products with 338GC-f were |oaded
onto 7.5% acrylamide.gelsin 1xTris—acétateEDTA (TAE). The percents denaturant
were ranged from 40 ta'55,/ which 100%_ denaturant contains 5.6 M urea and 40%
(v/v) formamide in IXTAE. The DGGE was performed and modified form Muyer et
a.’s protocol by using a DGGE-2000 system instrument (CBS Scientific Company,
Del Mar, CA). The electrotropheresis Wascarrled out at 60°C for 5 hr in 0.5xTAE
buffer at a constant voltage of 200°V. The gel Wasstained. with STBR Green nudleic
acid stain (Mol ecul ar-Prebes; Eugene, OR; USA) for 30 mih and DNA fragment were
visualized on an UV transilluminator (Biovision CN 1,000/26M, Vilber Lourmat,

France).
E-2-1-4 Nucleotide Sequencing and Phylogenic Analysis

The individual" intensity 'DGGE" bands “were 'collected; ‘each band was
resuspended into 20 uL MilliQ water and stored at 4°C overnight. The DNA were
eluted form acrylamide gel, elution was used as a template to reamplify by using the
primer set without GC-clamp. The PCR products were purified by using Gel/PCR
DNA Fragments Extraction Kit (Geneaid Biotech, Ltd., USA).
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E-2-1-5 Results and Discussion

E-2-1-5-1 Abundance of PCBs Dechlorinating Population and Its

Characterization

Fifteen effective inoculating cultures were selected and identified the PCBs
dechlorinating microbes. The sampling sites and priming congeners were selected
including BP2, PWP, BPK and 4-BZ, 4-BN,.réspectively. The microbial community
was analyzed the DNA fragment by PER-DGGE analysis of partial 16S rRNA genes
of bacteria. Figure F-1 shews-the fragment DGGE bands pattern of the PCB-
dechlorinating microbes after 2345-CBp dechlorination completed (4 months) and
one time seridly transferfed with -sediments cuitures. Table F-1 shown the
phylogenic analysis of¢#DGGE hands, thé intensity bands were indicated the PCB-
dechlorinating microbes: The same Ie\/elé of the band were indicated the same
dechlorinating groups. The resulis suggestéd that Firmicutes and Proteobacteria were
mainly anaerobic dechlorinating microbes, whereas Katayama and Fujie, (2000) also
founds Firmicutes was the mainly anaerobes cdl'ﬁsorti ums containing in menaguinone-
6 and -7 degraded in sediments. BP2 and PWP were collected from PCBs possibly
contaminated area, | But-coultd-not-be-detectedthe-commercialy PCB congeners
contaminated at the background; whereas, BPK was served as non and/or less-
polluted site. DNA bands of dechlorinating microbes were not detected in the original
soil. These results revealed that @echlorinating microbes, DNA bands were shown

after enriched cultures With contaminated chemicalSand/or primers amended.

Under the treatment of ' 2345-CBps included bands'1, 2,8, 4,.5, 6 and 7. The
results revealed that mainly PCBs dechlorinating microbes were included bands 2 and
3, which is uncultured gamma proteobacterium and PCB dechlorinating bacteria
communities in river sediment. Moreover, the results suggested that the group of
microbes were depended on PCB congeners contaminated rather than the primer
amended, which is reason for 234-CBp could not dechlorinate in this study, see
scenario 2. Moreover, PWP sgite treated with 2345-CBps could be found the
Pseudomonas putida which diverse metabolism exploited for bioremediation of
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The notice point was found PCBs dechlorinating microbes in BPK, which
represented as less-polluted area but still observed PCBs dechlorinaing microbes and
effectively dechlorination. These results strongly evidence that PCB dechlorinating
microbes were prevalence in every sites investigated; hence, the dechlorination could
not be occurred might be because of unsuitable condition and/or de-active PCBs

dechlorinators. However, the Chloroflexi phylum, which well known to contain PCB-
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dechlorinating strain, were not detected in this study (Fennell et al., 2004). It isimply
that the specified primers to increase the sensitivity of PCR were required.

Table E-2-1 Phylogenic analysis of DGGE bands quoted from BP2, PWP and BPK
primed with 4-MBZ and 4-BN

Band? Closest relative Accession % Phylum/
number I dentity Class

1 Uncultured Anaerobranca sp. clone SRB2 DQ069229 94 Firmicutes
Uncultured gamma proteobacterium clone .

2 Aerocomp_%stg 125 vy FJ754851 90 Proteobacteria
Uncultured bacterium clone AR018 16S

3 ribosomal RNA gene, PCB.dechlorinating G0Q860186 98 Proteobacteria
bacterial communitiesin river. sediment

4 Uncultured bacterium'partial 16S rRNA gene AJ621948 94 Fimicutes
Uncultured Firmicutesbacterium clone —
Z273MB13 168 risosomdl RNA/Gere WL | 10 Firmicutes
Pseudomonas putida strai p c204 16S ribosomel

6 RNA gene FJ950581 83 Proteobacteria
Uncultured bacteriumlone 3-2,16S ri bosomal

7 RNA gene / GQ324229 94 Proteobacteria

Uncultured bacterium clone Er-MS-11 168
ribosomal RNA gene; Effects of chemical

8 structure and concentration on the pathways ¢ and EUS542432 84 Fimicutes
microbial communities during dechlormatlon of
coplanar PCBs in sediment sliirfies il

9 Uncultured gamma proteobacterivim cl one_.‘_' =
Aerocomp NB39 16S ribosemal RNA gene | FJ754851 94 Proteobacteria
10 uncultured bacterium clone 2552 16S AY979304 9P Fimicutes

ribosomal RNAgene

Uncultured baciéerium clone AR062 16S

11 ribosomal RNA gene, PCB dechlorinating GQ860277 96 Proteobacteria
bacterial communitiesin river sediment
12 uncultured Clostridium sp. FJ609997 88 Firmicutes

Note: % The DNA bands wereseparatedinFig.E-2:1

E-2-1-6 CONCL USIONS

In conclusion, it was found that in long-term storage sediments could de-active
the degradation of PCBs. Moreover, the results suggested the congeners of PCBs had
been affected on the dechlorinating microbes rather than primers amended. The
majority groups of PCBs dechlorinating microorganisms were included;

Proteobacteria and Firmicutes classes.
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E-3 Effectiveness of Bioaugmentation on 234- and 2345-CBp Dechlorination.
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E-4 The Dechlorination Tables of Investigation of Effect of Temporary Heat

Treatment on PCBs Dechlorination.

Table E-1 Concentration of dechlorination of 234-CBp in BP1 by providing 50°C

in varioustemporary heating times, (mg/kg).

Weeks | For 5minutes For 20 minutes For 1 hour For 4 hours
234CBp | 24CBp | 234CBp | 24CBp | 234CBp | 24CBp | 234CBp | 24CBp
0 3.87 0 3.08 0 2.97 ND 3.84 ND
3 1.38 0 218 a0 ol ND 2.22 ND
6 1.82 0 302 0 194 ND 3.29 ND
9 181 0 2.64 . 0 2.84 ND 3.16 ND
13 1.50 0 o L. 0 3:09 ND 2.85 ND
17 | 1% | o4 |f183 055 [ 177.] ND | 11 | ND
25 0.82 1.533 0.60¢ i 0596‘; i 7i ND 1.63 ND

Note: ND: the dechlorinetion wes not detected during incubation period 25 weeks.

- .-' ‘l
add v ol
Table E-2 Concentration of dechlorination of 234-CBp in HL P site6 by providing
50°C in varioustemporary heating tim%;fm_gllgg).

Weeks For 5 minutes For 20 minutes For ;"h_our For 4 hours
234CBp | 24CBp | 234CBp | 24CBp | 234CBp | .24CBp | 234CBp | 24CBp
0 | 290 | 00 | 273 | 000 | 218 | ND | 239 | ND
3 0.98 0.00 1.82 0.00 1.49 ND 1.42 ND
6 1.88 0.00 2.71 0.00 1.94 ND 1.94 ND
9 1.58 0.00 164 0.00 194 ND 2.36 ND
13 4.36 0.00 1.95 2:16 2.62 ND 215 ND
17 0.29 2.81 2.02 2.05 1.19 ND 2.23 ND
25 0.20 1.97 0.09 2.76 145 ND 141 ND

Note: ND: the dechlorination was not detected during incubation period 25 weeks.
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Table E-3 Concentration of dechlorination of 234-CBp in MF site 2 by providing

50°C in various temporary heating times, (mg/kg).

Weeks For 5 minutes For 20 minutes For 1 hour For 4 hours

234CBp | 24CBp | 234CBp | 24CBp | 234CBp | 24CBp | 234CBp | 24CBp
0 274 0.00 4.00 ND 4.64 ND 4.60 ND
3 2.07 0.00 2.45 ND 2.96 ND 142 ND
6 3.72 0.00 3.39 ND 2.85 ND 2.90 ND
9 3.34 0.00 3.20 ND 1.98 ND 3.52 ND
13 153 0.00 3:49 J‘ND 3.64 ND 3.84 ND
17 172 0.00 iste " ND 0.94 ND 1.49 ND
25 135 0.18 4'29 ND 2 18 ND 1.88 ND

Note: ND: the dechlorinationWvas not detected during incubation period 25 weeks.

Table E-4 Concentration of deehloririflt'ron of 234-CBp in BPK by providing

50°C in varioustemporary heating time‘@cﬁ‘,_(rpg/kg).

Weeks For 5 minutes For 20 minut_'nis_ For 1 hour For 4 hours
234CBp | 24CBp | 23ACEp 24CBp | 1234CBp | 24CBp | 234CBp | 24CBp
0 1.02 0 _1.5_9, ND s, 250 ND 2.00 ND
3 057 0| 077 | ND | 220,/ ND | 123 | ND
6 089 | .0 | 116 | ND | 28 | /ND | 147 | ND
9 137 0 167 ND 167 ND 1.42 ND
13 2.25 0 0.18 ND 1.45 ND 2.55 ND
17 1.29 0 1/09 ND. 019 ND. 2.64 ND
25 0.69, | 16425 | 154 ND 107 ND 2.63 ND

Note: ND: the dechlorination was not detected during incubation period 25 weeks.



Table E-5 Concentration of 234-CBp by providing 70°C for 5 minutes.
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Weeks Concentration (mg/kg), temporary heat for 5 minutes*
BP1 HLP6 MF2 BPK

0 2.70 3.60 5.06 1.74

3 182 1.93 2.09 2.36

6 2.32 131 3.14 1.90

9 2.30 2.80 133
13 2.09 255 121
17 1.68 155
25 1.93 2.63

i
ii orf(m kg),

Weeks emporary heat for 20 minutes*
;'“ .::-. \  MP2 BPK

0 C . 512 1.29

3 1.95 1.17

6 3.19 1.05

9 0\ 2.64 1.62
13 v 1.25
17 f‘ J'r 1.30

2 23 1. 13 1.21

e ”’edﬁ ‘Uﬂ]’"ﬁ“"ﬂ?ﬂ*ﬁpﬁ Ne) ﬂ’ﬁ
AR AINIUNAINYIAY



Table E-7 the concentration of 234-CBp by providing 70°C for 1 hour.
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Weeks Concentration (mg/kg), temporary heat for 1 hour*

BP1 HLP6 MF2 BPK
0 3.28 2.62 448 1.58
3 2.33 1.74 3.11 191
6 2.73 248 242 133
9 1.39 ’ 0 3.12 1.75
13 2.44 ‘804 2.91 1.58
17 . 1.68 164
25 181 127

Weeks porary heat for 4 hour s*

\ ~ MPR2 BPK

0 274 2.95

3 1.46 2.45

6 3.79 1.59

9 0\ 222 2.20
13 v 2.00
17 f‘ i 2.08
1 59 1. 26 2.25 2.25

e ”’edﬁ ‘Uﬂ]’"ﬁ“"ﬂ?ﬂ*ﬁpﬁ NEINS
AR AINIUNAINYIAY



Table E-9 the concentration of 234-CBp by providing 90°C for 1 minute.

Weeks Concentration (mg/kg), temporary heat for 1 minutes*
BP1 HLP6 MF2 BPK

0 2.64 1.23 4.88 194

3 2.24 2.60 3.29 120

6 1.07 213 125 1.60

9 2.34 3.68 1.58
13 2.60 3.09 187
17 212 1.96
25 154 181

Weeks ii a;noﬁ( 1@) temporary heat for 5 minutes*
;'“ ..::-. \  MP2 BPK

0 € . 468 2.18

3 3.82 2.18

6 151 1.64

9 1.19
13 1.73
17 f‘ i 1.14
1 88 0. 79 2.63 1.83

e ”’edﬁ ‘Uﬂ]’"ﬁ“"ﬂ?ﬂ*ﬁpﬁ NEINS
AR AINIUNAINYIAY




Table E-11 the concentration of 234-CBp by providing 90°C for 20 minutes.

Note: *: the dechlorination €oul®

Weeks Concentration (mg/kg), temporary heat for 20 minutes*
BP1 HLP6 MF2 BPK

0 2.14 4.06 4.98 1.67

3 3.55 154 3.44 1.21

6 1.45 1.43 2.50 1.01

9 2.58 ‘ \\\ f ~ 3.96 1.23
13 2.00 & }\3\1 204 3.16 1.43
17 20— a1 1.89 1.45
25 —" 133 o 143 0.81

s

Weeks ii _'ian gk}, {c .-. y heat for 1 hour*

7 A7 N N\l i
0 00 ey - 670 2.60
3 =3 = \ 4.09 1.82
5 e 133 123
9 114
13 1.89
17 0.62

1 50 4. 88 2.53 1.05

e ”’edﬁ ‘Uﬂ’”ﬁ“"ﬂﬂ"ﬂpﬁ NEINS
AR AINIUNAINYIAY
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E-5 The Dechlorination Profiles in Study of Fate of PCBs in Simulated

Environmental System.
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Figure E-5-1 2345-CBp dechlgrination profiles under ssmulated aquarium boxes
by.indigenous micr.obes.
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Figure E-5-2 2345-CBp dechlorination profilesunder simulated aquarium boxes

by amendment with yeast extract.
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Figure E-5-3 2345-CBp.dechlorination profiles under simulated aquarium boxes
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Figure E-5-3 2345-CBp dechlorination profilesunder simulated aquarium boxes
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