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Wageningen, 21 juni 1999

1.

De bewering van Bachmann {1988) dat anaérobie vermeden zou moeten worden bij
de sanering van met HCH vervuilde gronden is onjuist, aangezien zelfs de (meest
persistente) beta-isomeer van HCH gemakkelijk onder anaérobe omstandigheden

blijkt te worden afgebroken.
Bachmann, A., P. Walet, P. Wijnen, W. de Bruin, J. L. M. Huntjens, W. Roelofsen, and A.
1. B. Zehnder. 1988. Appl. Enviren. Microbiol. $4:143-149.
Jagnow, G., K. Haider, and P. C. Ellwardt. 1977. Arch. Microbiol. 115:285.292,
Middeldorp, P. J. M., M. Jaspers, A. J. B. Zehnder, and G. Schraa. 1996. Environ. Sci.
Technol. 30:2345-2349.
Dit proefschrift

De belangrijke mate waarin gechloreerde verbindingen in aanwezigheid van een
methanogeen korrelslib worden omgezet via abiotische (chemische) reacties
benadrukt het grote belang van dit soort omzettingen in het anaérobe milieu.

Dit proefschrift

Het feit dat in methanogeen korrelslib facultatief anagrobe bacterién voorkomen die in
aanwezigheid van zuurstof en/of nitraat produkten kunnen omzetten die onder metha-
nogene omstandigheden zijn gevormd, wijst op een zeer grote microbiéle diversiteit
van de bacteriéle consortia welke aanwezig zijn in de anaérobe waterzuiverings-
installatie waaruit betreffend korrelslib afkomstig is.

Dit proefschrift

Het leggen van een verband tussen tussen Gibbs vrije energieén van reacties en het
optreden van bepaalde dechloreringsroutes is niet altijd gerechtvaardigd, omdat de
correlatie vaak gebaseerd is op verschillen van enkele procenten tussen de

omzettingsroutes.
J.E. Beurskens, C.G.M. Dekker, H. van den Heuvel, M. Swart, J. de Wolf en I. Dolfing,
1994. Environ. Sci. Technol. 28: 701-706.

Het is onjuist om bij de bepaling van kinetische afbraakconstanten voor de dechlo-

rering van tetrachlooretheen uit te gaan van afbraak via 1,1-dichlooretheen als de

mogelijkheid van dechlorering via 1,2-dichlooretheen niet kan worden uitgesloten.
R.S. Skeen, J. Gao and B.S. Hooker, 1995. Biotechnol. Bioeng. 48: 659-666.




10.

11.
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13.

14.

De bewering van Rosenbrock et al. (1997) dat in hun experimenten geen correlatie
tussen dechloreringssnelheden en inherente anorganische elektronacceptoren wordt
gevonden, wordt niet onderbouwd door de experimentele resultaten: de afname in de
concentraties van de elektronacceptoren zijn niet in de tijd gemeten en voor één van
de onderzochte gronden werd juist wel een verband tussen methaanvorming en

dechlorering gevonden.
P. Rosenbrock, R. Martens, F. Buscot, J.C. Munch, 1997. Appl. Microbiol. Biotechnol. 48:
115-120.

Moleculair ecologische technieken worden bij microbiologisch onderzoek nog te veel
als doel en te weinig als middel gebruikt.

Een stukje van een bloemkool is op zichzelf een bloemkooltje.
(vrij uit: ‘t Giet zoals ‘t giet (van Daniel Lohues, Skik 1998))

Gezien de ceremoniéle aard van de promotieplechtigheid zouden alle gepromoveerde
leden van een promotiecommissie gerechtigd dienen te zijn een toga te dragen, en niet
uitsluitend de hoogleraren.

De pretentie die spreekt uit de eerste zinnen van hoofdstuk 2 (“Ziezo, de opzet is
gelukt. We zijn onder elkaar. De onreine meelezers zijn hals over kop gevlucht voor
al die spookachtige letters.”) van “de Procedure” van Hary Mulisch, waarmee de
schrijver suggereert slechts geinteresseerd te zijn in een lezerspubliek met een groot
doorzettingsvermogen, is in tegenspraak met het hoge “boeket-reeks”-gehalte van het
plot van “De ontdekking van de hemel” van dezelfde schrijver.

Een lekkend riool kan goed zijn voor het milieu.

Een goed functionerende UASB reactor is uitermate rustgevend.

Voor een bredere specialisatie van AIO’s zou het goed zijn wanneer ze bij twee - qua
discipline - verschillende leerstoelgroepen zouden werken, hoewel na vier jaar de
kans bestaat op verwarring met betrekking tot de verkregen specialisatie.

Tijdens de NAVO bombardementen op Kosovo en Servié is gebleken dat met hoog-

waardige technologie gestuurde precisiebombardementen toch mensenwerk zijn en
derhalve dramatische gevolgen kunnen hebben.
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Aan mijn ouders



Abstract

Eekert, M.H.A. van, 1999. Transformation of chlorinated compounds by methanogenic
granular sludge. Doctoral Thesis, Wageningen Agricultural University, Wageningen, The
Netherlands 150 pages.

Chlorirated compounds are an important group of contaminants often found in
sediments, groundwater, soils, wastewaters, and off-gasses. Many of these pollutants are
found on the EPA list of Priority Pollutants indicating their potential hazard for the
environment. Initial degradation can occur via dechlorination reactions which are carried
out by specific halorespiring bacteria or by acetogenic and/or methanogenic bacteria which
dechlorinate via aspecific reactions. The dechlorination rates of halorespiring bacteria are
generally high, due to the high degree of substrate specificity. However, these bacteria are
limited in the number of chlorinated compounds they can degrade. This may be a
disadvantage when they are put in to use for the remediation of environments with a
mixture of chlorinated compounds. In those cases, a better strategy is the application of
acetogenic and methanogenic bacteria which have a broad substrate specificity.

This research has evaluated the aspecific dechlorinating ability of unadapted
acetogenic and methanogenic bacteria in methanogenic granular sludge. The long-term
goal of the research is the evaluation of the applicability of unadapted methanogenic
consortia in the bioremediation of wastestreams contaminated with mixtures of pollutants.

Chlorinated alkanes and cycloalkanes were completely or substantially degraded to
lower- or non-chlorinated compounds by methanogenic (granular) sludge without prior
adaptation. Chiorinated methanes were degraded mainly via oxidative and substitutive
reactions to non-halogenated compounds like CO,, while chloroethanes were dechlorinated
via dichloroelimination and reductive hydrogenolysis to lower chlorinated ethenes and
ethanes. The cycloalkanes, a- and B-HCH, were degraded via different reactions to a
mixture of benzene and chlorobenzene. The degradation of chlorinated alkenes (tetra-
chloroethene and lower chlorinated ethenes) and aromatic compounds (hexachlorobenzene,
and pentachlorophenol} by unadapted consortia takes place at low rates. This
dechlorination of chloroethenes and pentachlorophenol is much slower compared to
(cyclo)alkanes. Sometimes a long lag phase is required (lower chlorinated benzenes). PCBs
were not degraded. All the degradation products, lower chlorinated alkanes and alkenes,
and (chloro)benzene in case of HCH, are biodegradable under aerobic conditions.

Contaminated soils often contain many bacteria, which are able to perform
remediation provided that the environmental conditions are favorable. In that case, the
addition of granular sludge does not seem to be necessary for the degradation the
chlorinated compounds. However, the presence of a methanogenic bacterial consortium can
lead to e.g., a decrease of the redox-potential, thus favoring the environmental conditions
for other, more specialized dechlorinating bacteria. Another application of granular sludge
may be the use of the facultative anaerobic or microaerophilic bacteria in the sludge. These
bacteria can degrade the persistent dechlorination products under higher redox-conditions.
Altogether, the broad spectrum applicability of the unadapted methanogenic granular
sludge may make it a useful first “tool” in the (in situ) bioremediation of contaminated
environments.



Yoorwoord

Nooit gedacht, maar nu is het dan eindelijk klaar! Het onderzoek beschreven in dit boekje,
uitgevoerd op de vakgroepen Microbiologie en Milieutechnologie, werd gekenmerkt door
(te) véél van alles: véél batches, véél head-spacemetingen, maar ook twee (of meer)
bureaus, twee postvakjes, meerdere koffiepauzes per dag, twee keer zo veel taart (alhoewel
dat in de praktijk behoorlijk kan tegenvallen door het synchroon lopen van koffiepauzes)
en natuurlijk twee keer zo veel collega’s....

Als eerste wil ik het triumviraat van wijze mannen bedanken dat mij in de afgelopen jaren
heeft begeleid. Jim Field, Gosse Schraa en Fons Stams hebben een grote invloed gehad op
de inhoud van dit boekje.

Jim, bedankt voor alles! De onnavolgbare wijze waarop je elke keer weer klaar stond voor
de wetenschappelijke en de persoonlijke (er is inderdaad nog zo veel meer.....) begeleiding
zal ik niet snel vergeten.

Gosse (meneer Schraa), je zette regelmatig de puntjes op de 1, hebt heel veel dingen voor
me geregeld en ik heb goede herinneringen aan de vele aangename gesprekken over de
microbiologische aspecten van het onderzoek en hele andere zaken.

Fons, ik heb de samenwerking gedurende de afgelopen jaren erg gewaardeerd. Dank je wel
voor het snelle doorlezen van de manuscripten!

Naast dit illustere drietal, wil ik Gatze Lettinga bedanken omdat hij als promotor wilde
opireden, na mij reeds tijdens mijn studentenjaren enthousiast te hebben gemaakt voor de
anaérobe zuivering,

De studenten (in volgorde van opkomst): Astrid van Rhee, Nienke Riezenbos, Niels van
Ras, Thomas Schréder, Antoinette de Groot en Geert Mentink hebben vol geestdrift mee-
geholpen met het uitvoeren van de vele batch-testen. Hoewel het soms saai werk was (dat
wist ik echt wel!) hebben jullie een enorme bijdrage geleverd aan de totstandkoming van
dit bockje. Also, many thanks to Maria Carmen Veiga, who did some valuble experiments
on the inhibition of the dechlorination of carbon tetrachloride.

Voor de ondersteuning van de labactiviteiten ben ik dank verschuldigd aan Wim Roelofsen,
11se Gerrits-Bennehey, Johannes van der Laan, Sjoerd Hobma, Jo Jacobs-Ackermans,
Caroline Plugge en Johan de Wolf. Daamaast hebben met name Nees Slotboom, Ans
Broersma, Frits Lap, Jannie Wennekes, Liesbeth Kesaulya-Monster en Heleen Vos hulp
van administratieve en andere aard verleend. De dames uit de Micro- en Biotechnion-
kantine zorgden voor een lekkere kop koffie en een gezellig praatje. De medewerkers van
de werkplaats in het Biotechnion stonden altijd klaar om de reactoren, maar vooral de grote
hoeveelheid oververhitte pompen weer te repareren...

Bij de xenc-groep en later de micfys-groep op Microbiologie heb ik voornamelijk de
ochtenduren doorgebracht. Het ‘s ochtends vroeg met z'n allen koffie drinken was een
aangename start van de dag, voordat ik de GC-ruimte of het lab indook. Iedereen van de
micfys-groep én de rest op Microbiologie bedankt voor de gezelligheid en goede sfeer!
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de gezelligheid, zowel binnen als buiten het lab, en het functioneren als mijn referentie-
kader. Hans Scholten en Hermie Harmsen hebben onder het nuttigen van wat biertjes
gezorgd voor de broodnodige relativering van het bestaan tijdens mijn vroege AIO-jaren.

Bij Milieutechnologie heb ik het genoegen gehad met Albert Janssen, en daarna met Luc
Bonten en Adrie Veeken de kamer te delen, waarbij ik vooral A3 wil bedanken voor het op
tijd aangeven wanneer hij iets niet snapte, waardoor ik zelf ook weer moest gaan nadenken!
Robbert Kleerebezem en Frank van der Zee zijn gedurende de afgelopen zes jaar erg
belangrijk geweest, zowel in de wetenschap als daarbuiten. Ik ga in ieder geval niet meer
onbezonnen een 30°-kamer in....

Het was een leuke tijd op MT en ik wil iedereen bedanken voor de support en gezelligheid,
met name de “dames van MT”: Anita, Erna, Anneke, en Ilse en natuurlijk Marjo voor het
op peil brengen van mijn fietsconditie. Verder André, Jules, Salih en de rest van “het
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zeker ook een aandeel in gehad. Heren, dank voor het snelle werk! Waar Carnaval al niet
toe kan leiden....

Mijn ouders hebben mij door de jaren heen altijd gesteund in wat ik wilde doen ook al lag
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General introduction




Chapter 1

Introduction

Chlorinated compounds are an important group of contaminants found in sediments,
wastewaters, groundwater, soils and off-gasses. Many chlorinated compounds are present on
the EPA Iist of priority pollutants indicating their potential hazard for the environment [107].
They were (and are) used as degreasing agents and solvents in the (metal)industry, as cooling
fluid in refrigerators (chlorofluorocarbons), as pesticides, fungicides or insecticides, or as
dielectric fluid or flame retardant (Table 1.1). Some chlorinated chemicals are produced as by-
products during the manufacturing of other chemicals (e.g. -, B-, and 8-hexachlorocyclo-
hexane (a-, B-, 3-HCH) during the production of y-HCH (lindane)).

Although these compounds are generally considered to be xenobiotic compounds, their
origin is not solely confined io human activities. Chemical, physical and biological processes
in soil and atmosphere lead to the formation of halogenated compounds. Around 2000
chlorinated compounds are released into the environment by plants, marine organisms,
bacteria, mammals and via other biogenic routes [71]. The natural production of e.g., methyl
chloride by algae and fungi as well as during volcanic eruptions, exceeds the anthropogenic
production by two to three orders of magnitude [45,71]. The capacity to produce chlorinated
aliphatic and aromatic compounds is also widely present among fungi [92].

Although “natural” processes have been active for long periods of time, still a large part
of the chlorinated priority pollutants is of anthropogenic origin. The annual production of
chlorinated compounds varies among the different groups of compounds (Table 1.1). The
amount which uitimately ends up in the environment is dependent upon its use, The use of
chlorinated pesticides implies that the total amount produced is also released in the
environment; whereas compounds like VC and 12DCA, which serve as intermediates in the
preduction of PVC and other chlorinated compounds, will end up in the atmosphere in minor
amounis only,

The remediation of wastestreams and sites which are contaminated with chlorinated
compounds has been widely researched in the past few decades, and the possibility of the
application of microorganisms to “assist” in the clean-up of pollution under both aerobic and
anaerobic conditions has been recognized. Many compounds, like PCE and f-HCH, which
were previously considered to be resistant to degradation have been found to be
microbiologically degradable.

This thesis deals with the dechlorination of several chlorinated compounds (Fig. 1.1) by
acetogenic and methanogenic bacteria in microbial consortia, which have not been priorily
exposed to chlorinated compounds. These bacteria are known to transform chlorinated



General introduction

compounds gratuitously and they have no direct benefit form the dechlorination process.
Because of the aspecific nature of these reactions, acetogenic and methanogenic bacteria may
be suitable for the dechlorination of mixtures of chlorinated compounds.

Granular sludge from upflow anaerobic sludge blanket (UASB) reactors was chosen as
the source of acetogenic and methanogenic bacteria. UASB reactors are successfully used for
the treatment of different types of industrial wastewaters [109]. Also, granular sludge is able
to remove chlorinated compounds from wastewater [36,37,72,78]. However, little is known
about the dechlorinating capacity of unadapted methanogenic and acetogenic bacteria in
granular sludge. The aim of the research described in this thesis was to get more insight in the
degradation of chlorinated compounds by unadapted anaerobic bacteria and the role of abiotic
conversions in these degradation processes.

Cl

| ('T'l (,Tl
1— C—Cl
¢ (|: ¢ Cl-C—C-—Cl
| [
¢ Cl
H CI
carbon tetrachloride hexachloroethane c -
H Cl
C H
Ck /Cl
— H Cl
C=cC ClH
7 AN
Cl Cl hexachlorocyclohexane
tetrachloroethene
Cl Caa «a
OH

C Cl al Cl Cclcl ad
Cl PCBs
Cl Cl
pentachiorophenol
C Cl
Cl
hexachlorobenzene

Figure 1.1 Examples of chlorinated mode] compounds
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Chapter 1

Anaerobic degradation of chlorinated compounds

The degradation mechanism of halogenated compounds depends on the nature of the
redox conditions, but also on the presence and activity of the (co)enzymes required for
transformation [183]. The degradation of halogenated compounds has been observed under
different redox conditions, but higher halogenated compounds are especially susceptible to
dehalogenation via reductive pathways [183]. Consequently, higher halogenated compounds
are more easily degraded under anaerobic than aerobic conditions. The nature of the halogen
atom also determines the rate of reduction. For the metal catalyzed reduction of arylhalides the
reactivity decreases in the order [>Br>CI>F [188]. This is probably due to the decreasing
atoric radius combined with the electronegativity. Since the bond enthalpy increases in that
order, it indicates that the C-I bond is “broken” more easily than the C-F bond [114]. This is
also reflected in the free energy of formation (Gy') of the ions (formed during the
dehalogenation process) which under the same conditions is lower for a I-ion (aq) than for a
F-ion [76]. Since the research described in this thesis focuses on the transformation of higher
chlorinated compounds, this introduction will mainty deal with dechlorination reactions,
which occur under anaerobic conditions. Degradation of chlorinated compounds under
aerobic conditions has been reviewed by others, e.g. [27,90,151].

Reduction, dehydrochlorination and substitution reactions are the dechlorination
mechanisms most commonly observed under anaerobic conditions (Fig. 1.2). The reduction
reactions require the input of electrons and mainly occur via biologically mediated reactions.
Four types of reduction reactions are distinguished: reductive hydrogenolysis,
dichloroelimination, lydrolytic reduction and ¢coupling. Reductive hydrogenolysis requires the
input of two electrons, and a chlorine atom is replaced by a hydrogen atom (Fig. 1.2). In
dichloroelimination reactions, two chlorine atoms may be removed from two adjacent C-
atoms with the subsequent fermation of a double bound between the carbon atoms. The
hydrolytic reduction of CT is believed to take place with bulk electron donors which are
weaker than Ti(IlDcitrate, like, e.g., dithiotreitol (DTT) [112]. CO and acetate could be
formed via this pathway from CT and 111TCA, respectively [64,85,184]. Reductive coupling
is a process which is only of minor importance (e.g., the formation of ethane from DCM by
cofactor F .5, with Ti{IlT)citrate as electron donor {100]).

Substitution and dehydrochlorination reactions can take place without the presence of a
catalyst, provided that environmental conditions are suitable. Besides water, nucleophiles like
hydroxyl and sulthydryl groups (SH-) can also function as nucleophiles in the substitution
reactions (Fig. 1.2). Dehydrochlorination reactions do not proceed rapidly in water under
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physiological conditions. The rate with which these substitution and dehydrochlorination
reactions take place is also dependent on the number of chlorine atoms in the molecule [183].
Abiotic conversions of chlorinated compounds will be discussed in more detail in one of the
following sections.

Chlorinated compounds may serve as electron acceptors in degradation processes. The
redox potentials of the half reactions are of the same order of magnitude as the reduction of

oxygen and nitrate (Fig 1.3).
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Figure 1.2 Dechlorination types commonly abserved in anaerobic environments (N'=nucleophile)
(Information is partly obtained fromn others [85,183]).




Chapter 1

1.0 1
P s~ oMo +0.82
2 P Feret +0.77
g
o6 |
o« @ 8 3
2.8 g —4—» NO;MNO; +0.43
§ g a "
2 0.4=FI  MnO/Mn +0.38
g ] ."“g S ¥ ‘Fe*fFe*cytochromes +0.40 to -0.20
=f= © Gl !
2 [X] .
0.2 3P f Co(III¥Co(I[cobalamin “+0.20
cysteine 0.21
—P '507HS 0.22
02t 7 COCH, 0.24
— " s%HS 027
- CO,/acetate -0.29
—_ DTT 0.33
0.4 Co(TyCo{I)cobalamin -0.40
= ~ COyfformiaat -0.43
1 L TIIVYTIQD) 0.48
— :=  NIIVNID F 5 -0.50
0.6 . COCO 0.52
* Co(I)/Co(T)cobatamin 0.54
08 1.

Figure 1.3 Reduction potentials (in V} under standard conditions (E’,) of redox couples invelved in
reductive hydrogenolysis of different groups of chlorinated compounds, the
dichloroelimination (D) of chlorinated ethanes, and other relevant redox processes. Data are
taken from [2,30,46,84,100,103,169,177,192). The redox couples of the chlorinated
compounds are calculated using data from [14,45,47,76).

* Value taken from Krone ef of. [L00]. Holliger et ol. [81] give a value of -0.65 or -0.62 V
for native and diepimeric F,, respectively. However, these values were measured at pH
10.2.

Especially dichloroelimination reactions can compete with oxygen as an electron acceptor.
Reductive hydrogenolysis of chloromethanes, -ethanes, -ethenes and chlorinated aromatic
compounds takes place at half redox potentials between 0.23 and 0.6 V corresponding to a
Gibbs free energy of -43.4 to -115.8 kl/mole. '
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Several bacteria have been isolated which are able to use energy gained by reductive
dechlorination, for growth. This process is called halorespiration. Compounds like TeCE, but
also chlorinated aromatic compounds are able to sustain the growth of bacteria. Because the
dechlorination is carried out by enzyme gystems which are usually limited to the
transformation of one or two different compounds, this process is generally referred to as
specific dechlorination. Desulfomonile tiedjei [43] was one of the first known specifically
dechlorinating bacteria, and was isolated from a 3-chlorobenzoate (3-CBa) degrading
consortium, This bacterium is able to dechlorinate 3-CBa, PCP, lower chlorinated phenols,
and TeCE [57,180}. Several other TeCE dechlorinating bacteria have been isolated so far.
Usually, they are able to remove only one or two chlorine atoms. Dehalobacter restrictus,
Dehalospirillum multivorans, and strain TT4B are able to reductively dechlorinate TeCE
and/or TCE to cDCE [82,104,162]. Desulfitobacterium strain PCE-1 [68] dechlorinates TeCE
as well but only to TCE and minor amounts of DCE. An exception is Dehalococcoides
ethenogenes, which transforms TeCE to VC and ethene [124). The dechlorination rates of
these specifically PCE dechlorinating bacteria may be as high as 20-450 pmol (mg protein)”’
day”. Desulfitobacterium strain PCE-1, as well as other Desulfitobacterium sp., like D.
dehalogenans, D. chlororespirans, D. frappieri, D. hafniense, and strain 2CP-1, were also
able to dechlorinate 3-chloro-4-hydroxyphenylacetate, PCP and other chlorinated phenols
[19,33,38,68,158,182]. H, seems to be the preferred electron donor in the reductive
dechlorination process. The TeCE dechlorinating strain TT4B is the only bacterium that
couples TeCE dechlorination to the oxidation of acetate.

Abiotic versus enzymatic dechlorination

The dechlorination of chlorinated compounds in mixed cultures as a whole can be
considered as a combination of abiotic and biotic conversions. Abiotic conversions are
reactions in which bulk chemicals in the medium or in the mixed culture serve as a reactant in
a dechlorination reaction or when a component of the medium or in the sludge acts as a
mediator in dechlorination reactions. An example of the first reactions is the reduction of CT
to CF in the presence of sulfide as the bulk electron donor {e.g., [40]). The reactions which
involve a medium or sludge component as the mediator could be considered as biological
reactions. However, in the research described in this thesis these reactions, e.g., the
dechlorination of CT by vitamin B, (e.g., [102]), are considered abiotic, although the
cofactors (and other mediators) are biologically generated. The enzymatic (biological)
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conversions can also be divided in two groups, the cometabolic and the specific
dechlorination reactions. In this thesis, the focus will be on the abiotic and the cometabolic
pathways used by methanogenic and acetogenic bacteria for dechlorination. Bacteria which
are able to use chlorinated compounds as electron acceptor (halorespiring bacteria) will not be
discussed in detail, since these conversions are not expected to take place with unadapted
granular sludge. Usually, when the source material has not been previously exposed to the
xenobiotic compound, long adaptation periods are required for the enrichment of the
appropriate halorespiring bacteria.

Abiotic conversion - bulk chemical dechlorination

When chiorinated compounds are degraded via abiotic chemical hydrolysis and/or
dehydrochlorination (Fig. 1.2) reactions in the absence of a cétalyst, reaction rates usually are
low. In general, lower chlorinated aliphatic compounds are hydrolyzed with half-lives varying
from several months to several years, while higher chlorinated compounds are transformed
less easily with half-lives up to several hundreds to thousands of years. Dehydrochlorination
reactions generally occur faster (half-lives of several days for the higher chiorinated
compounds). Lower chlorinated aliphatics preferably are hydrolyzed instead of
dehydrochlorinated [183].

Chlorinated alkanes are more easily degraded via bulk chemical substitution reactions
than chlorinated ethenes and chlorinated aromatic compounds. With sulfide [40], iron sulfide
[24], or Fe** [40, 123] as nucleophile, higher chlorinated ethanes and methanes like HCA and
CT are known to be dechlorinated (also in natural waters [131]). These reactions are
accelerated by the presence of electron mediators such as natural organic matter with
structures like humic acids, anthrahydroquinone disulfonate, (mercapto)juglone, or bipyridine
[24,40,146,147] and also by the presence of metal porphyrins (see “abiotic conversions - the
dechlorinating ability of cofactors™). The half-life of HCA and CT at 50°C was 7 to 140 days
with Fe** or sulfide; whereas the addition of humic acids decreased the half-lifes by
approximately one order of magnitude {40]. The products formed from chloroethanes and
methanes are usually lower chlorinated ethenes and methanes, respectively. 1122TeCA was
also transformed (to TCE) both in the absence and presence of a reducing agent like sulfide or
Ti(Il)citrate, while transformation products of 112TCA and 12DCA could not be detected
[28]. In other experiments however, 12DCA was dechlorinated abiotically via substitution
reactions in the presence of sulfide (half-life 6.1 years) [6]. While electron donors like sulfide
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[175] or compounds like pyrite [99] or other bulk chemical electron donors like Fe(Il)sulfate
could sustain the dechlorination of CT, CF and 111TCA were not dechlorinated [48,96]. PCE
and TCE, however, were reported to be reductively dechlorinated in sulfide containing
mediom [94].

Hydrolysis and dehydrochlorination of chlorinated ethanes, CT [67,91,155], and HCH
[137] has also been found (Table 1.2). The half-life of these reactions was dramatically
decreased by using more extreme conditions like higher pH or higher temperatures.

Zero-valent metals like Fe(0), Zn(0), Mg(0}, Sn(0) could also serve as an indirect
electron donor in the dechlorination of chlorinated methanes [17,115,123,161), chloroethanes
[60] and/or chloroethenes [142,156,164]. The reaction mechanism is not completely clarified.
The reactions could occur as a direct oxidative corrosion of the zero valent metal by the
chiorinated compound or by a combined oxidation of the zero valent metal by water and a
subsequent reduction of the chlorinated compound [123]. However, metals in granular sludge
are not likely to be present in their zero-valent state and this topic will not be discussed in
more detail.

Besides the purely chemical reactions mentioned above, chlorinated compounds like CT
and lower chlorinated methanes, and chloroethenes can also be dechlorinated by alternative
methods like sonolytic transformation e.g., [87], photocatalytic reduction or oxidation
(25,31,32,74,113), or catalytic dehydrochlorination with a noble metal catalyst and hydrogen
gas e.g., [163]. These processes do commonly not occur in granular sludge during the
biotransformation of chlorinated compounds under anaerobic conditions and will therefore
not be discussed any further.

Table 1.2 Hydrolysis and dehydrochlorination half-lives (in years, at pH 7 and 20 to 25 °C) for several
chlorinated compounds.

Compounds Half-life Ref.

CT 40.5 1]

CF 1850 1}

HCA 1.8.10° (911

PCA, TeCA 0.01 - 50 [91)

TCA, DCA 1.7-139.2 [6,67,91,186)
chlorinated ethenes 10°t0 10'° {91]

o- and y-HCH 20to 50° [137]

*These rates were measured at pH 8 and 5°C
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Abiotic conversions - the dechlorinating ability of cofactors

Many enzymes commonly found in anaerobic bacteria contain transition metal cofactors
in their active center (Fig. 1.4). These cofactors may consist of cobalt (vitamin B ;), nickel
{cofactor F,3;) or iron (hematin or cytochromes} in a porphyrin ring. These transition metals
contain a partially filled d-orbital which allows them to exist in different oxidation states
[187]. Research has shown that corrinoids, like vitamin B,,, and other porphyrin rings are able
to mediate the in vitro dechlorination of chlorinated methanes [100,102,112] and
chloroethanes [160]. Also, HCHs [121,122], chlorinated ethenes [66,69,70], chlorobenzenes
[3,66], chlorophenols [168] and PCBs [3] can be dechlorinated in reactions catalyzed by
vitamin B, and other cofactors. In these reactions, the electrons needed for dechlorination are
provided by the transition metal in the cofactor, but the presence of a bulk eleciron denor like
Ti(I1I}) or dithiotreitol (DTT) or sulfide ensures that the cofactors are recycled (Fig. 1.5).

HNCOCHaCHa CHCH2CONHz

vitamin B,,
HC=HC CH3
H CH=CH;
HiC ~CHj
HOOCCHzH:C CHzCH;CO0H

hematin
Figure 1.4 Transition metal cofactors (redrawn from ref. [187])
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From the data in figure 1.3, it is clear that vitamin B, with the cobalt ion in its Co(I)
state and other cofactors like cofactor Fyyy (E¥ =-0.4 to -0.6 V) can easily serve as electron
donors for dechlorination. For cytochromes (E° =-0.2 to +0.4 V) and Co(II)-cobalamin (E* =
+0.2 V) however, this may be more difficult. Also, not all the bulk reductants can reduce the
oxidized vitamin By, and cofactor F . Strong reductants like Ti(TII) (E* =-0.48 mV) are able
to reduce these mediators completely; whereas, only partial reduction will occur in the
presence of DTT or sulfide [112].

Many different reaction conditions have been tested (Table 1.3). In general, it can be
said that the use of a stronger bulk electron donor (Ti(IIN) vs. DTT (Fig. 1.3)) leads to the
formation of more reduced products, because the cobalt atom is reduced to its Co(T) state
instead of Co(II}. This is shown for CT reduced by vitamin B,,. With Ti{Ill)citrate as the bulk
electron donor, CT is mostly reduced via reductive hydrogenolysis to CH,; whereas, DTT
leads to the formation of DXCM and relatively more CO (the latter via hydrolytic reduction).
With cystein, mostly CF but also DCM and CS, are formed [112].

The overall dechlorination rates of chlorinated methanes, but also of other chlorinated
compounds, decrease with the number of chlorine atoms in the molecule [102]. Also, the
nature of the transition metal seems to influence the products formed and the reduction rates.
For chlorinated ethanes, vitamin B;; produces more reduced products compared to hematin
[160]. With chloroethenes, the rates decrease in the order vitamin B, > cofactor Fy3 >
hematin [66]. Both vitamin B, and hematin can reductively dechlorinate chlorinated
benzenes, whereas, cofactor F 4, can not [66]. Other metals are also able to mediate these kind
of reactions, e.g., v-HCH was found to be dechlorinated by porphyrin rings containing
magnesium (chiorophyll), molybdenurn, or vanadium {121].

2 Tl'“' 2 - N Me(nﬂ){-’ . R‘Cl

2Ti 2l Mer R-H+CF

Figure 1.5 Schematic dechlorination of a chlorinated compound mediated by a transition metal cofactor
and with Ti(III} as an example of an bulk clectron donor.
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Table 1.3 Transformation of chlorinated compounds catalyzed by vitamin B,, cofactor Fyy,, or
hematin with Ti(IIl)citrate (Ti), dithiotreitol (DTT), cystein (C) or sulfide (S) as the bulk

reductant (red).
Transformation products observed” Red. Ref.
Vitamin B,ycorrincid/cobalamin
Chloromethanes RH to CH,, formation of CQ, CO,, and NsR® Ti [2,29,30,96,102,
RH of CT 1o DCM, CO, and NSR DTT 103,112,122]
RH of DCM to CH, DTT
RH of CT to CF, formation of CQ, CS, (tr), NSR. C
Chloroethanes D/RIVH of HCA, PCA, TeCAs to lower Ti {84,160}
chloroethanes/cthenes;
RH of 111 TCA; RH/D of 12DCA to CA and ethene Ti
y-HCH Formation of CB DIT [121,122]
Chloroethenes RH of TeCE to ethene, and ethane. Ti/DTF [22,66,69,70,108]
11DCE dechiorination via acetylene
Hexachloro-1,3- RH to pentachloro-1,3-butadiene and reduction to Ti (8]
butadiene trichloro-~1-buten-3-yn and 1-butyn-3-yn
Chlorobenzenes RH of HCB to QCB and TeCB, QCB to TeCB TVDTT  [3,66]
Chlorophenols RH of PCP, TeCPs, TCPs; removal of one chlorine Ti [66,1'68]
(23456C1)-PCB RH, removal of one chlorine DTT i3]
Cofactor F;,
Chloromethanes RH of CT to CH,, formation of traces of cthane; Ti [66,100,103]
Coupling of DCM to traces of ethane Ti
Chloroethanes RH/D of 12DCA to CA and ethene Ti [84]
Chloroethenes RH to ethene Ti/DTT [66]
Hematin/iron porphyrins
Chloromethanes RH of CT to CF, CO, and unknown products Ti [26,66,96]
RH to CF (and further?); No transformation of DCM C/8
Chiloroethanes D/RH/H of HCA, PCA, TeCAs to Tower Ti [96,147,160,190]
chloroethanes/ethenes
D of HCA to TeCE (prereduced)
Dof 1122TeCA to 11DCE; ]
RHof 111 TCA Ti/CiS
No transformation of 112TCA and 11DCA 8
y-HCH Formation of CB DTT [121]
Chloroethenes RHto VC Ti/DTT [66]
Chlorobenzenes RH of HCB to QCB Ti [66}

"RH=reductive hydrogenolysis, D=dichlorcelimination, H=dehydrochlorination; "NSR=non strippabie residue
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Many of these porphyrins are present in anaerobic microorganisms as part of enzymes
constitutively present (e.g., methyhetrahydrofolate B;, methyltransferase and other carboxyl
and methyl group transferring enzymes, methyl-S-coenzyme M reductase, cytochromes, and
ribonucleotide reductase [187]). These enzymes play a role in the transformation of
chlorinated compounds by the different groups of anaerobic bacteria. The role of cotrinoids
and cofactor F,, in the dechlorination of 12DCA by acetogenic and methanogenic bacteria
was already established [51,84]. The role of transition metal containing cofactors in specific
enzyme systems has recently been reviewed by others [53,61,192].

Enzymatic dechlorination - pure cultures of cometabolically

dechlorinating bacteria

The reductive dechlorination can occur via cometabolic pathways. Cometabolism is
generally referred to as “the metabolism of a non-growth substrate in which no apparent
benefit is accrued by the metabolizing organism”, and is considered to be a function of broad
enzyme specificity, imprecise induction specificity, and other processes [189]. Therefore,
cometabolic reactions occur gratuitously, and involve (parts of) enzymes, that normaliy are
mediators of commeon (constitutively present) catabolic pathways in the bacterium (Fig 1.6).
A cometabolic reaction does not yield energy which can be used for growth. It occurs because
the substrate (in this research chlorinated) fits into an enzyme which is already present.
Another substrate as carbon and energy source is required to support growth of the
cometabolically dechlorinating bacteria. Cometabolic dechlorination does not require the
production of specialized enzymes. This is in contrast with the specialized halorespiring
bacteria, which were mentioned earlier.

Acetogenic and methanogenic bacteria contain high levels of cofactors like vitamin B,
and F,34. These are involved in major anaerobic pathways, such as the acetyl-CoA pathway
and the formation of methane [44,62,88,105,125]. The cofactor containing enzyme systems
are believed to play a role in the cometabolic dechlorination process as was shown for the
degradation of 12DCA in pure cultures of methanogenic bacteria [84]. However, other
unknown processes may also play a role. Both for Acetobacterium woodii and a
Methanosarcina sp., an unidentified catalyzing factor was found which is involved in the
dechlorination of CT [138,171].

Many chlorinated compounds are degraded via cometabolic pathways by acetogenic and
methanogenic bacteria (Table 1.4) [12,51,52,56,64,84,89,130,176].

15
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Table 1.4 Summary of literature data concerning cometabolic dechlorination of several chlorinated
compounds grown with different primary substrates (PS).

Compound Microorganism PS Products Rate Ref
CFCl, Methanosarcina barkeri MeoH, H, CHFCL,F,CO 2.4 [101]
_CF,CL Clostridium pasteurianum  glucose 810°  [us
CT ~ ~ ~ Pscudomonasputida camphor,  CF,.. [
P. sp. strain KC various CF,... [26]
Shewanella putrefaciens lactate CF,... 0.0014 (148]
Desulfobacterium lactate CF, DCM, NI 15.6 [50,51]
autotrophicum
Acetobacterium woodii fructose CF,DCM, MC, 54430  [51,52171]
CO,C0,, NI
Clostridium sp. TCAIIB various CF, DCM, NI 0.28 [64.65]
Methanobacterium H, C0O, CF,DCM, 0.78 [50,51]
thermoautotrophicum NI
Methanosarcina thermophila ~ Fe(0) CF,... [100,138]
M. barkeri Co DCM 048
CF Desulfobacterium lactate DCM {30]
autotrophicum
Acetobacterium woodii fructose DCM, MC 1.21 [52]
M. thermoautotrophicum H, DCM {50]
Methanosarcina sp. methanol  DCM,.... 0.48 {100,130}
M. barkeri CO DCM
DCM Acetobacterium woodii fructose MC <0.09 {52]
Methanosarcina barkeri Cco MC 0.12 {100]
_Mc_ Acetobacterimwoodii ___ fructose | ND ____ ¢ 035 ___ DA
_GLCNO, _ “Pseudomonasputida_ ____~ camphor _ —.CH,NO; — _— ___ | 2 ___
HCA ~  Pseudomonasputida G786 camphor _ TeCE 1.90 {117)
PCA Pseudomonas putida G786 camphor TCE 1.28 (117)
1112TeCA  Pseudomonas putida G786 camphor 11DCE 0.2 {n7
111TCA Desulfobacterium lactate 11DCA [50]
autotrophicum
Acetobacterium woodii fructose 11DCA 337 [52]
Clostridiumn sp. TCAIIB various DCA,..... 0.28 [64,65]
Methanobacterium H, 11DCA [50)
thermoautotrophicum
12DCA Methanobacterium H, ethene [12,50,83]
thermoautotrophicum
Methanococcus deltae H, ethene [12]
M. thermolithoautotrophicus  H;,
Methanosarcina barkeri methanol  CA, ethene [83]
M. mazei methanol CA, ethene
Methanothrix soehingenii acetate CA, ethene [83]
CA Methanosarcina barkeri methanol  ethane {83}
Table 1.4 continued on next page
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Tabel 1.4 continued
Compound _ Microorganism PS Products Rate' Ref
TeCE Desulfomonile tiedjei pyruvate  TCE 23107 [56]
Acetobacterium woodii fructose TCE <0.09 [52,176]
Sporomusa ovata methanol TCE 0.24
Methanobacterium H, TCE [50]
thermoautotrophicum
Methanosarcina sp. methanol ~ TCE 84-10"  [5556]
M. mazei methanol 4.810°
12DCE Methanobacterium H, acetylene [i2]
thermoautatrophicum
Methanococcus deltae H, acetylene [2]
________ M themolithoautotrophicus | M, ___ _ ______________ _____
o-HCH Citrobacter freundii, various B 89
______ Clostridium sp.
B-HCH Citrobacter freundi, various (89]
Clostridium sp.
v-HCH Clostridium sp. vatious +-TeCCH, CB 0.032" (79.89]
Citrobacter freundii, various 9]
Bacillus sp., others
$-HCH Citrobacter freundii, various [89]
Clostridium sp.
“PCP ) Desulfomonile tiedjei | formate  TCP EN

* rate in mmot g protein day unless stated otherwise
® NI=not identified

¢ ND=not detected

¢ mmol g dry weigth day”

/ microorganism

Primary

substrate | Ll CH,
RX, —T RX, RXn RX 5P RX o0
; RXo I RX,,

Figure 1.6  Schematic diagram of the role of biologically generated cofactors like vitamin B, and

cofactor F,,, in the reductive cometabolic transformation of chlorinated compounds (RX,)
by methanogenic bacteria.
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Also, cytochrome containing (facultative) anaerobes like Pseudomonas putida, Shewanella
putrefaciens or Desulfobacterium autotrophicum are able to dechlorinate via cometabolic
pathways, The products formed are diverse. Chlorinated methanes are usually completely
dechlorinated (Table 1.4). In the case of higher chlorinated ethanes and ethenes, and PCP no
more than two chlorine atoms are removed. y-HCH, and other hexachlorocyclohexane
isomers are also known to be converted. The end products of y-HCH dechlorination have been
identified as chlorobenzene and benzene. So far, aromatic compounds, except for PCP, are not
known to be degraded via cometabolic pathways. This, can be explained by the fact that the
transformation of chlorinated aromatics in general is considered to require specific enzyme
systems [179]. The aspecificity of cometabolic reactions is shown by the broad chlorinated
substrate spectrum of e.g., Methanosarcina barkeri and Acetobacterium woodii,

Only a few chlorinated compounds are used as carbon or energy source or as electron
acceptor. The homoacetogenic bacterium Acetobacterium dehalogenans (formerly known as
strain MC) uses MC as energy source by fermenting it to acetate [126,181]. DCM is used as
carbon and energy source by Dehalobactericum formicoaceticum [119,120], which
transforms DCM to acetate and formate. DCM and MC are degraded at 1.3 and 2.2 mmol (g
protein)” day™, respectively [120,126]). These rates are significantly higher than most of the
rates mentioned in Table 1.4, The aforementioned specific dechlorinating bacteria which use
chlorinated compounds as electron acceptor have been isolated with only TeCE, TCE,
chlorinated phenols or 3-chlorobenzoate as electron acceptor. It has been postulated that (y-
YHCH may act as an alternative electron acceptor of the Stickland reaction, thus associating
reductive dechlorination to ATP synthesis [140].

Dechlorination by granular sludge and other mixed cultures

Toxicity of chlorinated compounds towards methanogenic consortia. Granular sludge is a
microbial community consisting of different anaerobic bacteria which are grown in UASB
systems. UASB reactors are applied in many different industries [109]. However, anaerobic
wastewater treatment systems are considered to be very sensitive towards toxic compounds.
Especially, methanogenesis, which is the rate limiting step in anaerobic wastewater treatment,
was found to be relatively easily affected by the presence of chlorinated compounds. This,
may be due to the relatively low growth yield, which leads to a greater impact of a toxic
substance. Only the chlorinated methanes are known to have a direct inhibitory effect on the
mechanism of methane formation. Surprisingly, toxic concentrations reported for the different
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compounds are relatively wide (Table 1.5). This is probably caused by the differences in the
exposure time, sludge condition, primary substrates and other factors [54]. In contrast with the
chlorinated aromatic compounds, a relation between the structure of an aliphatic chlorinated
compound and its toxicity has not (yet) been established. For aromatic compounds, the
methanogenic toxicity increases with an increasing number of chlorine atoms in the molecule
[54]. Also, the octanol water coefficient was found to be positively correlated to the
methanogenic inhibition [166]. For chlorinated aliphatics only a limited relationship between
the electric dipole moment and toxicity has been found [159]. The precise mechanism by
which toxicity of chlorinated compounds functions has not yet been elucidated. It is only
known that PCP is able to uncouple oxidative phosphorylation [144), and the toxicity of
higher chlorinated methanes was suggested to be caused by their structural analogy with
(metabolic precursors of ) methane [159]. Although the ICs, concentrations of several of the
aliphatic compound are relatively low, it was found that a methanogenic consortium is able to
recover largely from the exposure to chlorinated compounds within 48 hours [159].

Dechlorinating capacity of granular sludge and mixed cultures. Microbial transformations
of chlorinated methanes [172], chlorinated fluorocarbons [141,170], chloroethanes (e.g.,
[39,173,184,186]), chlorinated ethenes (e.g., [8,128,185]), and 1,2-dichloropropane [116]
have been observed in water, soils and sediments. Aromatic compounds, like chlorinated
benzenes (e.g., [14,139,157]), PCBs and Aroclor mixtures (e.g., [9-11,143,150,152]),
chlorinated phenols (e.g., [75,93,174]), or organic pesticides (e.g., DDT, and mirex) [134] and
compounds like chlorinated dioxins [1,5,7,15] are also degraded under anaerobic conditions.
The products formed are dependent on the microorganisms present and the environmenial
conditions applied. Usually, the degradation has been found to be more complete in the
presence of mixed microbial cultures than pure bacterial cultures which can be explained by a
variety of reasons. Firstly, the different microorganisms present will combine their
dechlorinating activities. Secondly, and probably more important is that most studies have
been carried out with inocula that have been previously exposed to chlorinated corpounds,
and that they often consisted of long term experiments. This may have lead to more extensive
dechlorination, because specific dechlorinating mixed cultures had time to develop. The
microorganisms in mixed cultures can also benefit from each others presence through
syntrophic interactions, leading to a more complete dechlorination,
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Table 1.5 Ranges for the methanogenic toxicity (as ICs,: 50% inhibition concentration) for chlorinated

compounds _

Chlorinated compound ICy Ref.
»M)

CT 14.2-50 [16,149,159,178]
CF 42-142 [16,149,159,165,178)
DCM B4.7-1177 [16,159,178)
MC 990 [16]
HCA 92871267 {16,159
PCA 54.3-123.6 [16,159]
1112TeCA 10.1-20.9 [16,159]
1122TeCA 244-1073 [16,159]
111TCA 39-150 {16,159]
112TCA 10.5-43.5 {16,159]
11DCA 62.6 {16]
12DCA 135-961 [12,16,159]
TeCE 60.2 - >602 {13,16,95,159]
TCE 98.6 - 1301 (16,95,159)
12DCE <135.0 - >1081 [12,16]
¢DCE 551.1 (159]
tDCE 439.6 - 494.9 [16,159]
11DCE 79.4 [16]
TeCB 93 [16]
TCB 132-4132 [16,166]
DCB 585 - 1769 [16,166]
CB 2400 - 3380 [16,166]
PCP 0.15-30 [16,144,166)
TeCP 0.56 [16]
TCP 9.1-590 £16,166]
DCp 85.9-920 [16,166]
CP 200 - 4280 ) [16,41,54,166,191]

This may also be the reason for the difficulties which are encountered during the enrichment
of dechlorinating bacteria and the isolation of pure cultures of specifically dechlorinating
bacteria. The degradation of chlorinated compounds by mixed cultures can be considered to
be a combination of abiotic and biological conversions. Chlorinated ethanes, like 1122TeCA

20



General introduction

and 111TCA, have been found to be degraded via a combination of abiotic and biotic
reactions leading to the formation of lower chlorinated and completely dechlorinated
compounds [28,184], whereas dechlorination by pure microbial cultures, (albeit in
circumstances which are not comparable,) often only results in the removal of one or two
chlorine atoms via reductive processes.

Basically, there are two ways of obtaining the suitable dechlorinating activity in granular
sludge from UASB reactors. One is to enrich for a specific dechlorinating population during
long-term reactor operation and another is to incorporate specific bacterial cultures into the
sludge or to construct new granules to obtain the desired activity. Research on the latter
method has been limited. The introduction of the PCP degrading bacterium DCB-2 into dead
granular sludge led to the transformation of PCP to 345TCP even at hydraulic retention times
which were much lower than the doubling time of the incorporated bacterium [34). Pure
cultures of chlorinated aryl degrading bacteria like Desulfomonile tiedje [35] and
Dechlorosporium hafniense [37] were also successfully incorporated in granular sludge, thus
introducing dechlorinating activity towards 3-chlorobenzoate and PCP, respectively.
Inoculation of TeCE degrading granular sludge with Dehalospirilium multivarans led to a
more extensive dechlorination to cDCE during the test period of around 80 days; whereas
uninoculated sludge only formed TCE [86]. Similar results have been obtained for PCB
dechlorination by constructed methanogenic granules [136]. Still, litide is known about the
stability of these consortia over longer periods of time.

In most cases, the desired microbial community has been be obtained by enrichment in
the (anaerobic) reactor and the degradation of many different compounds was established.
Bouwer and McCarty [20] took anaerobic sewage sludge from a laboratory scale reactor, fed
it with chlorinated compounds and found immediate transformation of CT and 1122TeCA.
Other compounds like CF, 12DCA, 111 TCA and TeCE required a lag phase. In other studies,
bacterial consortia were first exposed to a mixture of chlorinated aliphatic and /or aromatic
compounds to obtain some dechlorinating activity (e.g., for 1122TeCA [28]). By taking
sewage sludge from a municipal wastewater treatment plant which was run with 40%
industrial wastewater, HCB [58], TeCE and CF [59), and PCP dechlorinating activities [129]
were obtained. Sometimes dechlorinating activity is also present in sewage sludge which has
only been exposed to municipal wastewater (e.g., for TeCE [63] or HCH [23]).

Most research on removal of chlorinated compounds in anaerobic reactors has dealt with
long term treatment of mixed contaminant wastestreams or compounds like chloroguaiacols
[193] in wastewater of the pulp and paper industry ([49,97,98,106,153,165]). Information on
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the dechlorinating capacity of granular sludge to degrade specific compounds is limited.
Sometimes granular sludge is used as part of a mixture of sludges, soils and sediments which
is used as an inoculum for the enrichment of certain bacteria [21,127]. So far, the majority of
the research on dechlorination of pure compounds by granular sludge has been focused on the
transformation of TeCE [36,72] and chlorinated phenols [77,132,194]. The results obtained
are somewhat diverse. TeCE was converted at concentrations up to 102 pM to DCE (witha
mixture of other carbon sources [72]), while lower concentrations of 27 pM (with ethanol,
[36]) and around 60 uM (with formate and acetate [86]) led to the formation of tDCE and
TCE, respectively. For PCP dechlorination in UASB reactors it has been found that the
addition of extra electron donor was beneficial for the dechlorination process [78].
Apparently, PCP toxicity can be easily overcome. This is probably due to its degradation and
not because of tolerance. Within 200 days of reactor operation, PCP (at concentrations of 150
to 225 pM) was completely converted to methane and CO, with a mixture of methanol and
volatile fatty acids as carbon source.

Research objectives and background of experimental set-up

The ability to degrade chlorinated compounds obviously is widespread among different
groups of bacteria. Some chlorinated compounds can be degraded by specifically
dechlorinating bacteria. The rates obtained by these bacteria are high (20-450 mmol (g
protein)” day™). However, these bacteria are usually limited to the dechlorination of one or
two compounds. This may be disadvantageous when a wastestream is contaminated with a
mixture of chlorinated compounds, each one requiring its own specific dechlorinating
enzyme. Anaerobic acetogenic and methanogenic bacteria are able to transform chlorinated
compounds via aspecific cometabolic pathways. The dechlorination rates are relatively low
(Table 1.4), but, because the dechlorination is aspecific, these low rates may be compensated
by the broad spectrum of chlorinated compounds which can be degraded and the high biomass
density of certain mixed communities. This research has evaluated the aspecific
dechlorinating ability of unadapted acetogenic and methanogenic bacteria using methanogenic
granular sludge. Granular sludge from UASB reactors was believed to be a suitable source of
bacteria, because it has a high density of acetogenic and methanogenic bacteria [110]. This
high biomass concentration could lead to high rates of dechlorination. The research described
in this thesis deals mainly with the capacity of the anaerobic bacteria in granular sludge to
transform chlorinated compounds. Although much research has been carried out in the field of
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anaerobic wastewater treatment, still little is known about the dechlorinating ability of
unadapted granular sludge. The aim of the research was to get more insight in the possible
role of acetogenic and methanogenic bacteria for treatment of contaminated wastestreams.
Another objective of the research was the evaluation of the applicability of unadapted
methanogenic consortia for the bioremediation of wastestreams contaminated with mixtures

of pollutants.
] Three methanogenic consortia were grown in
i bivg1s laboratory scale reactors (10 liters) with methanol,
a mixture of volatile fatty acids (VFA: acetate,
P clllucnt propionate, and butyrate) or sucrose (Fig. 1.7).

These main substrates were chosen for several
reasons. Firstly, they represent substrates
commonly used by methanogenic consortia in
UASB reactors applied for wastewater treatment.

Y effluent Secondly, methanol grown microorganisms are
recirculation

known to contain elevated amounts of vitamin
B,;. Thirdly and foremostly, the substrates were
chosen because a long term operation of UASB
reactors with these substrates should result in
et fluent three different microbial populations. Several
: stages can be distinguished during the anaerobic
Figure 1.7 Schematic view of a lab scale conversion of organic material (Fig. 1.8).
UASB reactor
Complex organic materials like polysaccharides,
lipids and proteins are hydrolyzed in the first stage, leading to the formation of sugar mono-
and oligomers, long chain fatty acids, amino acids, respectively, and H,. These compounds
are fermented to fatty acids, alcohols, H,, and other fermentation products in the second stage.
Acetogenic bacteria convert the compounds further to acetate, H,, formate, CO,. These
compounds and methanol, which can be formed in the degradation of e.g., pectine, are
subsequently degraded to methane in the final stage (methanogenesis) [73]. Sludge grown on
sucrose will consist of more fermentative bacteria compared to VFA grown sludge, while
methanogenic methanol grown sludge will have a completely different microbial population.
The sludges were not adapted to any halogenated compound prior to the experiments. By
autoclaving the sludges and evaluating product formation during the transformation of
chlorinated compounds, a distinction was made between the biological enzymatic activity of
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living sludge and chemical reactions in autoclaved sludge. The abiotic reactions could be the
result of either the bulk chemicals present in the sludge and the action of (biologically
generated) cofactors, or the complex organic matter behaving as redox mediator. The
cofactors responsible for the dechlorination {vitamin B,,, cofactor F,;,, and hernatin) consist
of metal-containing porphyrin rings that are heat-stable [4,42]. By autoclaving the sludge, the
(specific) enzyme activity in the sludge is inactivated; whereas, the cofactors and mediators
remain stable. The presence of dechlorinating activity in the autoclaved sludge together with
the instantaneous dechlorinating activity in living sludge, point towards the involvement of
aspecific cometabolic processes in the transformation of chlorinated compounds.

organic material
polysaccharides, proteins, lipids

hydrolysis

monomers
sugars, amino acids,long chain fatly acids

fermentation

reduced fermentation products
Jfatty acids, alcohols

acetogenesis

' acelate
4, &Y V\

fonmaat methanol

\ + / methanogeaesis

CH,, CO,

Figure 1.8 Simplified scheme of the transformation of organic material under anacrobic conditions.

Scope and structure of thesis

The first part of the thesis deals with the degradation of chlorinated alkanes. Chapter 2
describes the fate and degradation of carbon tetrachloride (CT) and lower chlorinated
methanes by the three sludges. For this purpose, the granular sludges were incubated with
CT and its lower chlorinated daughter products. The product formation by both living and
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