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ABSTRACT 

Chlorinated solvents are pollutants found frequently in the environment. Whereas lower 

chlorinated solvents are easily degraded under aerobic conditions, degradation of higher 

chlorinated solvents is favored under anaerobic conditions. It is known that some 

compounds can act as redox mediators assisting the electron exchange required for the 

anaerobic dechlorination reactions to occur. Redox mediators are compounds that can 

assist the anaerobic dechlorination reactions either abiotically or biologically by 

accelerating the degradation rates. The objective of this study is to evaluate the role of 

different redox mediators on the anaerobic degradation of higher chlorinated solvents 

such as chloroform (CF), carbon tetrachloride (CT) and perchloroethylene (PCE). The 

redox mediators studied are vitamin Bn (cyanocobalamin CNBi2-hydroxocobalamin 

HOB12), riboflavin (RF) and a model of humic compound anthraquinone-2,6-disulfonate 

(AQDS). The study includes abiotic and biological redox mediated dechlorination. The 

biological studies involve two varieties of unadapted methanogenic sludge. The results 

obtained demonstrate that redox mediators greatly enhance the degradation rates of CF 

and CT when utilized at substoichiometric molar ratios. At the same time, the results also 

highlight the importance of the role of the microorganisms during the dechlorination 

process. Vitamin B12 and riboflavin presented larger impact than AQDS on the 

degradation rates of CF and CT. Since vitamin Bn had the highest positive impact on the 

biodegradation rates of CF and CT, an attempt was done to stimulate its biosynthesis by 

the methanogenic sludge during the CT dechlorination. The approach used to promote 

the biosynthesis of vitamin B12 involved different vitamin Bn precursors such as 



porphobilinogen, and some primary substrates such as methanol and 1,2-propanediol. 

The results obtained show that the formation of the corrin ring may be the limiting step 

during vitamin Bn biosynthesis. One carbon substrates such as methanol, combined with 

porphobilinogen had a positive impact on the biodegradation rates of CT. The study 

suggests that the combination of methanol and vitamin B12 precursors could be a good 

alternative to stimulate the vitamin Bn biosynthesis by methanogens and therefore, the 

enhancement of the biodegradation rates of chlorinated solvents. 

This study presents the lowest molar ratio of vitamins that enhanced the dechlorination 

rates reported so far for biodegradation of chlorinated solvents involving methanogens. 

Also, this is the first report on the use of riboflavin as a redox mediator during 

dechlorination processes. 
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Chapter 1. INTRODUCTION 

1.1 Higher chlorinated solvents as environmental pollutants 

Chlorinated compounds are known to be of natural and industrial formation. In an 

attempt to complete and understand the chlorine cycle, the Reactive Chlorine Emissions 

Inventory organization provides from its study information about natural and 

anthropogenic sources of chloromethane (or methyl chloride, MC), dichloromethane 

(DCM), chloroform (CF), 1,1,1-trichloroethane (1,1,1,-TCA), trichloroethylene (TCE) 

and perchloroethylene (PCE) among other chlorinated compounds (McCulloch 1999). 

Natural production of chloromethane as well as chloroform by fiingi for example, is 

relatively well documented, whereas the presence of trichloroethylene and 

perchloroethylene in remote pristine environments still needs more research to account 

for their natural formation. Recent reports state that these two last chlorinated solvents 

are also produced by certain algae, (Winterton, K. 2000). Anthropogenic sources of 

chlorinated compounds and solvents are directly related to industrial activity. Synthesis 

of other chemicals and solvents, production of refrigeration fluids and propellants for 

aerosol cans, pesticides, textiles, cleaning fluids and metal degreasing plants involve 

chlorinated compound processing (ATSDR, 2003). Either during the production process 

or during the disposal, releases of chlorinated compounds to the environment have led to 

contamination of air, water and terrestrial environments. Their chemical properties make 

them specially toxic and harmful for the biota. Therefore, there is a great need to clean 

up sites contaminated with chlorinated compounds. Most of these chlorinated 

compounds are listed in the National Priority List sites database recorded by the 
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Environmental Protection Agency (EPA) in the United States. For example, carbon 

tetrachloride was found in 423 sites out of 1636 in September 2003, whereas 

trichloroethylene was reported in 852 sites out of 1430 in July 2003 (ATSDR, 2003). 

From 1987 to 1993, according to EPA's Toxic Chemical Release Inventory, 

perchloroethylene releases to land and water were about 0.5 million kg, about 75% was 

released to land. These releases were primarily from alkali and chlorine industries, which 

use perchloroethylene in making other chemicals. Also, the EPA reports that the 

production of trichloroethylene increased from just over 125,000 kg during 1981 to 160 

million kg in 1991 and that the production of perchloroethylene decreased from 368 

miUion kg. in 1978 to 203 million kg in 1986. (ATSDR, 2003). When present in the 

environment, chlorinated compounds may undergo chemical or biological 

transformations, resulting in the presence of compound mixtures close to the source of 

contamination. 

Table 1.1 lists some figures on production and natural and industrial emissions to the 

atmosphere of some chlorinated compounds found frequently as pollutants in the world. 
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Table 1.1 Production and global emissions of some chlorinated solvents found as 
pollutants in the environment. 
Compound "World "U.S. 'Global flux "Global flux 'Global 

(chlorine species) Production Production Open ocean Biomass emissions 

buming industrial 

processes 

10" kgyf' t y f '  T g C l y r - '  T g C l y r '  T g C l y r - '  

Methyl chloride 400 0.46 0.64 0.007 

Dichloromethane 600 244,000 0.16 0.049 0.487 

Chloroform 250 0.32 0.002 0.062 

Carbon tetrachloride 143 250,000 

1,1, ITrichloroethane 900 0.013 0.572 

Trichloroethylene 600 148,000 0.02 0.195 

Perchloroethylene 750 345,000 0.016 0.313 

a) References (Van Eekert, 1998) 
b) References (Field, 2004) 
c) References (Mc Culloch et. al., 1999, Keene et.al. 1999) 

1.2 Biodegradation of chlorinated solvents 

Chlorinated compounds have been classified in different categories, based on the type of 

chain (aliphatic) or ring (aromatic) they form and in the number of chlorines in the 

molecule. The main categories are chloromethanes, chloroethanes, chloroethenes, 

cycloalkanes, chlorobenzenes, chlorophenols and polychlorinated biphenyls (PCB's). 

Chlorobenzenes, chlorophenols and polychlorinated biphenyls generally are not 

considered as solvents. Biodegradation of chlorinated compounds can occur aerobically 

or anaerobically, depending on the structure of the compound, and the oxidation state of 

the carbon, which is related to the number of chlorines in the molecule. (Fetzner, 1998). 
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Due to the persistence of certain chlorinated compounds in the environment, and the 

importance of the redox conditions during the dechlorination process, the main focus of 

this introduction will be on aerobic and anaerobic biodegradation of certain chlorinated 

aliphatic compounds. The brief description will include chloromethanes (MC, DCM, CF 

and CT) and chloroethenes (VC, 1,1-dichloroethene (1,1-DCE), cis and trans 1,2-

dichloroethene DCE's, TCE, and PCE); all of them known as industrial solvents and 

frequent environment pollutants. After describing the biodegradation of these 

compounds, a brief introductory explanation of the use of redox mediators in 

bioremediation processes will be given, and then, the research objectives for this work 

will be explained. 

1.2.1 Aerobic degradation of chlorinated solvents. 

Aerobic degradation of chlorinated aliphatic compounds can occur under two conditions. 

The chlorinated compound can serve as a sole source of carbon and energy for growth. 

On the other hand, the compound can be cometabolized when other compounds serve as 

primary substrates and the microorganism does not obtain any benefit from the 

degradation of the halogenated compound (Fetzner, 1998, Hage, 1999, Hage, 2001). For 

aliphatic compounds, the aerobic degradation occurs mainly through the following type 

of reactions: oxidative dehalogenation and thiolytic dehalogenation (Fetzner, 1998). 

Oxidative dehalogenation involves the activity of oxygenase enzymes. Oxygenases can 

be of two kinds, monooxygenases, which insert one oxygen atom in the molecule, or 

dioxygenases, inserting two oxygen atoms in the molecule and expressed mostly during 

haloaromatic degradations. For aliphatic chlorinated compounds, the insertion of one 
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oxygen atom during the degradation reactions by monooxygenases is the most frequent 

case. During these reactions, which can also occur cometabolically, most of the times the 

main intermediate compound is an epoxide. Thiolj^tic dechlorination is another frequent 

dehalogenation reaction carried out by methylotrophic bacteria when transforming 

dichloromethane (DCM) and is catalyzed by glutathione S- transferase. The main 

intermediate in this reaction is S-chloromethylglutathione, a very unstable compound 

which is converted by hydrolysis to chloride, glutathione and formaldehyde (Fetzner, 

1998 ). Figure 1.2.1 shows examples of oxidative dehalogenation reactions. (Fetzner, 

1998). Aerobically, lower chlorinated chloromethanes, methyl chloride (MC) and 

dichloromethane (DCM) can support growth as a sole source carbon and energy and can 

be cometabolized. In the case of higher chlorinated chloromethanes, chloroform (CF) 

can be cometabolized and also degraded anaerobically and for carbon tetrachloride (CT) 

the degradation is frequently more favored under anaerobic conditions. 

C H - C l  [ C O H - C l ]  ^  H 2 C = 0 + H C 1  

O 

/ \ 
C = C- CI —> C C- CI ^ spontaneous reaction—> C O j  + HCl. 

Figure 1. 2.1. Oxygenolytic dehalogenation 
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1.2.2 Aerobic degradation of chloromethanes 

Under aerobic conditions, the use of MC and DCM as a sole source of carbon and energy 

is well documented for many microorganisms isolated from both, polluted and pristine 

terrestrial environments (Hartmans, 1986, Doronina, 1996, McDonald, 2002). Some 

microorganisms capable of growing on MC are Hyphomicrobium CMl, 

Methylobacterium chloromethanicum CM4, Hyphomicrobium chloromethanicum CM2, 

Aminobacter strain IMB-1 and Aminobacter strain CC495. 

For MC growth, is reported that the first step during the degradation is mediated by 

action of a novel bisulfide/halide ion methyl transferase enzyme discovered in the 

facultative methylotroph Aminobacter CC495, which is able to use MC for growth 

(Coulter, 1999). Methyl transferases have been isolated from a number of bacteria 

capable of growing on MC such as Hyphomicrobium chloromethanicum CM2 (T), 

Aminobacter strain IMB-1 and Aminobacter strain CC495 (McDonald, 2002). As for 

DCM, the methylotroph Hyphomicrobium DCM2 is able to grow on DCM by action of a 

DCM dehalogenase identified as glutathione-S-transferase, this enzyme promotes the 

nucleophilic displacement of a chlorine atom and a S containing intermediate (S-

chloromethylglutathione). The final product of the DCM degradation, formaldehyde, is 

obtained after the abiotic decomposition of the S containing intermediate. (Bader, 1994). 

Figure 1.2.2 shows the aerobic degradation pathway for the growth on DCM. Other 

microorganisms that are able to grow on MC and DCM are listed in table 1.2.2.A. 

A great variety of microorganisms can oxidize MC and DCM cometabolically while 

compounds such as methane, butane or ammonia are used as primary substrates. This 
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indicates that the enzymes responsible for the oxidation are monooxygenases. Methane 

monooxygenase for Methylosinus trichosporium, butane monooxygenase for some 

butane enrichment cultures, and ammonia monooxygenases ^or Nitrosomonas europaea. 

Under aerobic conditions, CF can not support growth but is degraded cometabolically by 

action of monooxygenases, in many cases when methane is the primary substrate. In the 

cometabolism of CF, one of the intermediates is phosgene, which is abiotically fiarther 

transformed to CO2. (Bartnicki, 1994). Fewer cases are reported for the aerobic oxidation 

of CT. One documented case of this CT degradation is reported for white-rot fungus 

Phaneorochaete chrysosporium mediated by cytochromes. (Khindaria, 1995). Some of 

the most studied microorganisms capable of oxidizing MC cometabolically have also 

been studied for CF cooxidation. Methane, ammonium and butane are some of the 

compounds that serve as substrates for the co-oxidation of CF by Methylosinus 

trichosporium 0B3b, Nitrosomonas europaea and Pseudomonas butanovora 

respectively. Butane enrichment cultures and Mycobacterium vaccae also co-oxidize CF 

while oxidizing butane. Pseudomonas stutzeri OXl utilizes toluene and o-xylene 

mixtures as primary substrate and is able to co-oxidize CF as well. Also, there are reports 

about seven toluene-oxidizing bacteria strains including Pseudomonas medocrina KRl, 

Burkholderia cepacia G4 among many other Pseudomonas strains capable of co-

oxidizing CF. (Ely, 1997, Hamamura, 1997, Chauhan, 1998, McClay, 1996). Table 

1.2.2B lists some microorganisms and kinetic information on cometabolism of MC, DCM 

and CF. 
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Figure 1.2.2. Aerobic degradation pathway for growth on DCM 

Table 1.2.2 A. Aerobic growth for MC and DCM. 

Compound Microorganism Growth rate d"' 
MC Hyphomicrobium MC 1 2.16 d"' 

DCM Hyphomicrobium DM1 2.64 d"' 
DCM Methylobacterium sp. DM4 3.58 d"' 
DCM Methylophilus sp. DM 11 3.65 d"' 

Table 1.2.2 B. Aerobic cometabolism for MC, DCM and CF. 
Compound Microorganism Activity mg g"' dwt d"' 

MC Nitrosomonas europaea 1854 
MC Butane enrichment culture 1151 

DCM Butane enrichment culture 571 
CF M trichosporium 0B3b 3100 
CF Nitrosomonas europaea 10153 
CF Methanotrophic biofilm 840 

References (Hartmans, 1986, Gisi, 1998, Rasche, 1990, Kim, 2000, Aziz, 1999, Alvarez-
Cohen, 1991). 



1.2.3 Aerobic degradation of chloroethenes 

Vinyl chloride, and cis-\,2-DCE can support growth for some strain of bacteria such as 

Mycobacterium, Nocardioides and Pseudomonas. (Castro, 1992, Hartmans, 1985; 

Hartmans, 1992, Phelps, 1991). For both of them, it is reported that the first step in the 

degradation is carried out by monooxygenases action and that the first intermediate for 

the reaction is most likely an epoxide. In the case of biodegradation of VC by 

Mycobacterium, there are some reports that indicate that the epoxide is degraded by an 

epoxyalkane, coenzyme M transferase. (Coleman, 2003). 

On the other hand, for cis- 1,2- DCE, it is suggested that its aerobic degradation involves 

also a monooxygenase since the epoxide intermediate is also formed by strain of JS666 

bacteria during the transformation of ethene to epoxyethane when grown previously on 

cis,\,2- DCE. (Coleman, 2002). Transformation products fi-om VC growth are CO2 and 

inorganic chloride and for growth of JS666 bacteria on c/5-l,2-DCE inorganic chloride 

formation has also been reported (Coleman, 2002). Cometabolically, there are many 

reports on oxidation of VC and DCE's. (Freedman, 1996; Freedman, 2001, Verce, 2002, 

Ensign, 1992, Kim, 2000, Verce, 2000, Malachowsky, 1994). Some of the primary 

substrates utilized in the cometabolism of VC and DCE's are methane, ethane, toluene 

and ammonia. One of the most studied microorganisms capable of degrading chlorinated 

solvents cometabolically is Methylosinus Trichosporium OB3b; the soluble methane 

monooxygenase enzyme produced by this microorganism oxidizes faster cis than trans 

1,2-DCE and the particulate variety oxidizes faster trans than cis - 1,2-DCE. Oxidation 

of 1,1-DCE by soluble monooxygenase is slower than for cis and trans 1,2-DCE. (Fox, 
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1990, Fetzner, 1998 , Alvarez-Cohen, 2001). Other enzymes such as toluene-o-xylene 

monooxygenase and butane monooxygenase can cooxidize 1,1-DCE. In cometabolic 

oxidation of VC and DCE's, an epoxide is also formed as intermediate as is the case for 

the degradation when VC and cis, 1,2-DCE support growth. Chlorooxirane, which is the 

epoxide formed from VC cooxidation, can be reduced to ethylene oxide and then follows 

the sequence of reactions until it is converted to glycolic acid. Abiotic or biotic 

hydrolysis for this epoxide can also occur and it has been reported that abiotic 

mechanisms may lead to chloroacetic acid formation. In the case of biotic transformation 

the activity of epoxide dehydrogenase enzyme has been detected (Hartmans, 1992). 

In the case of higher chlorinated ethenes, TCE and PCE, cometabolic oxidation of TCE 

has been extensively studied. There are many microorganisms capable of cooxidizing 

TCE such as Pseudomonas stutzeri 0X1 when toluene/o-xylene is the primary substrate, 

Nitrosomonas europaea grown on ammonia, and Rhodococcus rhodochorous grown on 

propane (Aziz, 1999, Alvarez-Cohen, 2001, Arp, 2001). As in all the cometabolic 

oxidations of chloroethenes, during TCE oxidation the first intermediate is an epoxide. 

Inactivation of cells during cometabolic oxidation of chloroethenes is due to the 

formation of these toxic epoxides Studies based on the cooxidation of TCE by M. 

Trichosporium 0B3b have reported the correlation between the number of cells involved 

in the oxidation and the amount of TCE oxidized. Therefore, the parameter Tc represents 

the transformation capacity and it is referred to the amount of chlorinated solvent 

converted per unit mass of cells before the cells are completely inactivated. The 

inactivation of cells during cometabolic oxidation of chloroethenes is due to the 
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formation of epoxides (Alvarez- Cohen, 2001). The study reports that To can have a 

value of 150 jag TCE/mg dry weight cells when the TCE is cometabolized in presence of 

toluene. For perchloroethylene (PCE), there is so far just one report supporting the fact 

that PCE is cometabolically degraded by action of toluene/o-xylene monooxygenase of 

Pseudomonas stutzeri OXl. The concentration reported in the study for PCE was 

relatively low (0.56 |4,M) in presence of approximately 50 |aM of toluene. (Ryoo, 2000). 

Exception made by this report on cometabolism of PCE, it is well known that it is only 

degraded anaerobically. 

Tables 1.2.3.A and 1.2.3.B list some microorganisms and kinetic information on aerobic 

growth and cometabolism of chloroethenes 

Table 1.2.3.A. Aerobic growth for chloroethenes. 

Compound Microorganism Growth rate d"' 
Vinyl chloride Mycobacterium sp.strain JS617 0.230 
Vinyl chloride Mycobacterium sp.strain JS60 0.220 
Vinyl chloride Mycobacterium aurum LI 0.960 
cis 1,2-DCE Strain JS666 0.228 

References: (Coleman, 2002, Hartmans, 1992, Kim, 1999, Oldenhuis, 1991, Folsom, 
1990, Ely, 1997, Tsien, 1989, Chang, 1996, Ryoo, 2000). 
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Table I.2.3.B. Aerobic cometabolism for chloroethenes. 

Compound Microorganism Activity mg g" dwt d" 
Vinyl chloride Butane enrichment culture 435 

1,1-DCE Butane enrichment culture 791 
CIS 1,2-DCE Methylosinus trichosporium 0B3b 25400 
cis 1,2-DCE Butane enrichment culture 465 

trans 1,2-DCE Methylosinus trichosporium 0B3b 46200 
TCE Burkholderia cepacia G4 757 
TCE Nitrosomonas europaea 1599 
TCE Methylosinus trichosporium OB3b 3800 
TCE Methane growth mixed culture 9600 
PCE Pseudomonas stutzeri OXl 298 

References: (Coleman, 2002, Hartmans, 1992, Kim, 1999, Oldenhuis, 1992, Folsom, 
1990, Ely, 1997, Tsien, 1989, Chang, 1996, Ryoo, 2000). 

1.2.4 Anaerobic degradation of chlorinated solvents 

The main dechlorination reactions that take place under anaerobic conditions are 

reductive hydrogenolysis, hydrolytic reduction and dichloroelimination (de Best, 1999), 

(van Eekert, 2001; van Eekert, 1999, Fetzner, 1998, Dolfmg, 2000, Holliger, 1994; 

Holliger, 1998, Picardal, 1992). Figure 1.2.4 shows an example of these reactions for 

carbon tetrachloride, hexachlorobenzene and pentachloroethane. In reductive 

hydrogenolysis reactions, one atom of chlorine is replaced by one atom of hydrogen 

while releasing HCl (Holliger, 2003). Hydrolytic reduction is the most frequent 

mechanism for halomethanes, leading to the formation of a dicarbene radical after 

removing two atoms of halogen. The dicarbene radical then reacts with water or 

sulfhydiyl groups (Van Eekert, 1998). Reductive dichloroelimination involves the 

formation of a double bound after elimination of halogens located in vicinal carbons (De 

Wildeman, 2003). Dehalogenation under anaerobic conditions can occur in three different 
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ways. First, specific enzymatic, a reaction in which the chlorinated solvent commonly 

serves as the electron acceptor yielding energy for growth, known as halorespiration 

(Middeldorp, 1999). Sometimes a specific enzyme can dehalogenate a compound that 

serves as an electron donor, which would be an example of catabolic dehalogenation, and 

the dehalogenases are firequently induced in response to the halogenated compound, that 

is the case for MC and DCM. (Traunecker, 1991; Freedman, 1991a; Freedman, 1991b; 

Magli, 1998). Another example of enzymatic dehalogenation is when the dechlorinating 

enzyme is a methyltransferase, utilized by some bacteria during the anaerobic 

dehalogenation of MC (Traunecker, 1991). Second, non-specific dehalogenation, which 

is a fortuitous cometabolic reaction carried out by constitutive or inducible enzymes 

produced by the microorganism while they are growing on a non-halogenated compound 

as electron donor. The microorganism does not obtain any benefit Irom the 

dehalogenation reaction. Also, non-specific dehalogenation is known to occur in 

presence of reduced cofactors belonging to enzymes in cells, these cofactors contain 

metals in an oxidation state that facilitate the exchange of electrons needed for the 

dehalogenation reaction to occur. These reduced cofactors could be cobalamins (cobalt), 

cofactor F430 (nickel) and hematin (iron). Figure 1.2.4A, illustrates the structure of these 

important cofactors present in methanogenic and acetogenic microorganisms. (Cabirol, 

1998; Holliger, 1992; Holliger, 1998; Magnuson, 1998; Van Eekert, 1998). 

Finally, dehalogenation can also occur abiotically, as a chemical reaction occurring in 

presence of a bulk reducing agent such as sulfide or ferrous iron. Abiotic transformations 

of chlorinated compounds have been studied because they occur in sediments of aquifers, 
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which often times serve as matrix for microorganisms such as dissimilative iron reducing 

bacteria or sulfate reducing bacteria. Therefore, sulfide and biogenic forms of iron 

(magnetite) may be present in this kind of environment at concentrations that favor the 

reductive dechlorination, in which case they are considered bulk reducing agents. (Assaf-

Anid, 2002, Davis, 2003, McCormick, 2002). 

Under abiotic conditions, chemical dechlorination is called redox-mediated when it 

occurs in presence of a reduced bulk chemical mediated by other redox-active compound 

frequently or organic nature, for example vitamin Bn or some humic compounds. 

(Reinhard, 1990, Assaf-Anid,1994, Assaf-Anid, 2002). It is also possible to have redox-

mediated dehalogenation processes in presence of living microorganisms, in which case it 

would be known as a biologically redox-mediated reaction. 

Biologically, redox-mediated processes refer to the presence of a compound that, due to 

its redox potential, can assist the electron exchange between the cell, the electron donor 

and the halogenated compound without being consumed. These biological redox-

mediated processes can be considered cometabolic. In some abiotic and biotic studies of 

anaerobic dechlorination, the redox-mediated compound is externally supplemented to 

the system (Hashsham, 1995, Becker, 1994, Habeck, 1995). In order to understand the 

importance of the role of some cofactors in assisting the dechlorination under redox-

mediated conditions, reduction potentials under standard conditions for pairs that are 

involved in dechlorination and redox-mediated processes are listed in table 1.2.4. 

To visualize the mechanisms described before, they are presented schematically in Figure 

I.2.4B. Figure 1.2.4Ba illustrates a scheme for the abiotic mechanism of dechlorination, 
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figure 1.2.4Bb shows an enzymatic mediated dechlorination mechanism and figure 

1.2.4Bc shows a biologically redox-mediated mechanism for reductive dechlorination. 
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Anaerobically, lower chlorinated chloromethanes, MC and DCM can support growth, and 

CF and CT are degraded cometabolically. Lower chlorinated chloroethenes, VC and cis 

1,2-DCE can be anaerobically oxidized under methanogenic, iron reducing, humus 

reducing and manganese-reducing conditions (Bradley, 1996; Bradley, 1997; Bradley, 

2000; Bradley, 1998). All chloroethenes can support halorespiration and can be degraded 

cometabolically under anaerobic conditions. In the next two sections, some 

characteristics of these degradations will be briefly described. 
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Table 1.2.4. Reduction potentials for pairs frequently involved in dechlorination reactions. 

Redox pair Potential E'o, (Volts) * 
O2/H2O + 0.82 
Fe Fe^' + 0.77 
CCI4/CHCI3 + 0.673 
PCE/TCE + 0.580 
CHCI3/CH2CI2 + 0.560 
TCE/DCE +0.540 
CH2CI2/CH3CI + 0.494 
CH3CI/CH4 + 0.467 
NO3 / NO2 + 0.43 
MnOz/ Mn^' + 0.38 
Fe^^(citrate) +0.372 
Fe Fe"^^ cytochromes + 0.40 to - 0.20 
Co Co cobalamin + 0.20 
AQDS/AH2QDS (quinone) -0.184 
Humus (quinoid substructure) -0.2 to +0.3 
cysteine -0.21 
FAD/FADH (flavin) -0.219 
S04"^/HS" -0.22 
CO2/CH4 -0.24 
AQS/AHQS (quinone) -0.225 
S"/HS" -0.27 
C02/acetate -0.29 
Dithiothreitol (DTT) -0.33 
Co^^/ Co^' cobalamin -0.40 
C02/formate -0.43 
Ti Ti^' -0.48 
Ni Ni^' F 430 -0.50 
CO2/CO -0.52 
Co Co cobalamin -0.54 

* Standard conditions. 
References (Sober, 1970, Thauer, 1977, Holliger, 1992, Assaf-Anid, 1994, Holliger, 
1999, McCormick, 2002, Chiu, 1996, Dolfing, 1992, Krone, 1989, Krone, 1991, Van 
Eekert, 1998, Cervantes, 2001, Kudlich, 1997). 
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1.2.5 Anaerobic degradation of chloromethanes 

Anaerobically, methyl chloride (MC) can be used as electron donor, and dichloromethane 

(DCM) can be used as electron donor and carbon source (Traunecker, 1991, Harper, 

2000, Messmer, 1996; Messmer, 1993, Magli, 1995; Magli, 1996). Acetobacterium 

dehalogens can convert methyl chloride to acetate involving the activity of a 

methyltransferase containing a vitamin B12 type component (Traunecker, 1991). DCM 

can be converted to methane, acetate and (or) CO2 under methanogenic or acetogenic 

conditions. The microorganism Dehalobacterium formicoaceticum, can convert DCM to 

formate and acetate during fermentation in a 2:1 ratio (Magli, 1996). For both MC and 

DCM, enzymes assisting the dechlorination reactions in the bacteria contain a cofactor 

with cobalt. DCM is also known to support growth under denitrifying conditions as a sole 

source of carbon and energy by Hyphobacterium sp., a facultative heterotroph, although 

the doubling time of Hyphobacterium is four times slower under denitrifying than under 

aerobic conditions. DCM biotransformation by Hyphobacterium involves a glutathione 

dependent dehalogenase (Kohler-Straub, 1995). Anaerobically, neither CF nor CT is 

known to support microbial growth. Cometabolic degradation under different reducing 

conditions such as denitrifying conditions, iron reducing, methanogenic, sulfur reducing 

and acetogenic has been reported often times for CF and CT. (Bagley, 1995, Egli, 1987, 

McCormick, 2002, Gupta, 1996a; Gupta, 1996b). The cometabolic transformations for 

CF and CT involving methanogens and acetogens are the most studied (Egli, 1987, 

Bagley, 1995, Gupta, 1996, Van Eekert, 1998). One author has reported that CF 

transformation occurs faster under sulfate reducing conditions compared to methanogenic 



conditions when the different consortiums were grown on acetic acid at the same 

concentration. (Gupta, 1996 a; Gupta, 1996 b). 

As a result of the research done over years for the cometabolic anaerobic degradation of 

the higher chloromethanes, scientists discovered that the reduced enzyme cofactors 

present in methanogens and acetogens play an important role in the cometabolic 

dechlorination process (Van Eekert, 1998; Yu, 1997). The cometabolic biotransformation 

products obtained from carbon tetrachloride are CF, DCM and CO2. It is also possible to 

obtain CS2 under certain abiotic conditions (Egli, 1988; Gantzer, 1991), Krone, 1991, 

(Tanaka, 1997). For CF, the biodegradation products are DCM, and MC. Figure 1.2.5 

shows the dechlorination pathways proposed for the CT biodegradation, showing that 

reductive dehalogenation and hydrolj^ic reduction are the main mechanisms that take 

place during the anaerobic process. This mechanism also relates CF and DCM 

cometabolic pathways. Also, abiotic studies performed with extracts of heat-killed cells 

have demonstrated that compounds such as vit^in B[2 containing cobalt, and the 

coenzyme F430, which contains nickel are able to reduce the chlorinated compound (CT 

and CF), when a strong reducing agent such as titanium citrate was added to the system. 

Some studies have identified the difference between biotic and abiotic transformations of 

CT by measuring the ratio of CF:CS2 production (Assaf-Anid, 2002; Devlin, 1999, Davis, 

2003). In some studies, analysis of CF:CS2 were performed in parallel, in situ and in the 

lab in order to compare the results (Devlin, 1999, Davis, 2003). Indications of abiotic CT 

transformations include a 2.4:1 CF:CS2 formation ratio. In order to obtain this ratio, it 



was proven experimentally that concentrations of sulfide and ferrous iron in the medium 

had to be 21 mg/1 and 3.2 mg/1 respectively. (Devlin, 1999 and Davis, 2003). 

After realizing that cofactors in acetogens and methanogens are important for the 

cometabolic dechlorination to occur, there have been some reports on the effect of 

vitamin B12 on the enhancement of CT and CF biotransformation rates either by 

enrichment cultures or by pure cultures of methanogens. (Becker, 1994, Hashsham, 1995 

Zou, 2000). CF biodegradation rate was enhanced up to 10 fold by addition of 

cyanocobalamin (vitamin B12) to an enrichment culture cultivated on DCM leading to the 

formation of CO2 and reducing the presence of DCM, which otherwise would have been 

accumulated and degraded slowly thereafter. (Becker, 1994) . Acetobacterium woodii, 

for example, showed to degrade CT from a relatively high concentration to CO2 in about 

2 days when grown on fructose and the medium was supplemented with 

hydroxocobalamin. (Hashsham, 1995). 

Some authors have also tried to relate the cellular vitamin B12 content and the degradation 

of CT (Zou, 2000), in this regard the studies have included the evaluation of vitamin B12 

production when 1-2- propanediol is used to sustain growth. On the other hand, there is 

evidence that cofactor F430 is able to enhance the dechlorination of CT to methane. 

(Krone, 1989), (Krone, 1997;Workman, 1997). Table 1.2.5 presents some of the most 

important microorganisms capable of degrading chloromethanes anaerobically, the 

conditions and the final products of their transformation. 
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Table 1.2 5. Anaerobic degradation of chloromethanes, microorganisms and products 

Compound Culture and Conditions Transformation 
Products 

Reference 

MC Acetobacterium dehalogenans 
e- donor anaerobic. 

Acetate; molar ratio 
4:1 4MC: 1 acetate 

(Traunecker, 
1991) 

DCM Dehalobacterium fromicoaceticum 
e- donor anaerobic 

2 formate : acetate (Magli,1996) 

DCM Hyphomicrobium DM2 
e- donor, anaerobic, denitrifying 

(Kohler-
Straub,1995) 

CF Acetobacterium woodii 
Anaerobic, cometabolism 

CO2 (Egli, 1990) 

CF Anaerobic digester sludge 
Cometabolism, methanogenic 

DCM (Yu, 1997) 

CT Anaerobic digester sludge 
Cometabolism, methanogenic 

MC fermentative 
MC mixed conditions 
CF sulfate, iron 
reducing conditions 
CF nitrifying and 
methanogenic 
conditions 

(Boopathy, 
2002) 

CT Methanogenic biofilm CO2 (Van Eekert, 
1998) 

CT Acetobacterium woodii 
Anaerobic, cometabolism 

CO2 (Egli, 1990) 

CT Methanobacterium 
thermoautotrophicum, anaerobic, 

methanogenic. 

CO2 (Egli, 1990) 

CT Desulfobacterium autotrophicum 
Anaerobic sulfate reducing 

CO2 (Egli, 1990) 
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1.2.6 Anaerobic degradation of chloroethenes 

All lower and higher chloroethenes (VC, 1,1-DCE, cis and trans, 1,2- DCE's, TCE and 

PCE) can serve as electron acceptors in a process defined as halorespiration. During 

halorespiration, which is an enzjonatic process, involving reductive dehalogenases, the 

chlorinated compound is reduced while being used as electron acceptor and the reaction 

yields energy for growth. Halorespiration can be understood as a feasible process because 

the half-redox potentials of the pairs involved are relatively large, +0.580 volts for 

PCE/TCE and +0.540 volts for TCE/DCE (Holliger,1999). From isolation of some 

reductive dehalogenases, it has been discovered that most of them contain some cobalt-

corrinoid cofactor and some of them iron or sulfiir components instead. Halorespiration is 

carried out by pure strain of bacteria, such as Dehalococcoides ethenogenes strain 195 

and by enrichment cultures composed of Dehalococcoides strains. Unambiguous 

halorespiration has been also confirmed for other bacteria such as Desulfomonile tiedjei, 

(which dehalogenase contains a heme group instead of a corrinoid group), 

Dehalospirillum multivorans, Dehalobacter restrictus, Desulfitobacterium strains, 

Desulfuromonas strains and 8-proteobacteria such as Sulfurospirillum halorespirans. 

(Wohlfarth, 1999). Reductive dehalogenases isolated from Dehalococcoides and 

Desulfitobacterium sp. Strain PCE-S have been found in the cell membrane and in the 

case of Dehalospirillum multivorans in the cytoplasm. (Holliger, 1999). Some electron 

donors used by halorespiring bacteria are lactate, pyruvate, glucose, hydrogen, acetate, 

formate, glycerol, succinate and ethanol. Some bacteria can use many of them and others 

such as Dehalobacter restrictus and Dehalococcoides ethenogenes only utilize hydrogen. 
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and Desulforomonas chloroethenica and Desulforomonas michiganensis only utilize 

acetate as electron donor (Krumholz, 1997, Sung, 2003). 

In halorespiration, the dechlorination product obtained from VC and DCE's by is ethene. 

VC can support halorespiration for Dehaloccocoides strains VS and BAVl using 

hydrogen as electron donor (He, 2003a; He, 2003b). Also, some enrichment cultures of 

Dehaloccocoides strains have demonstrated to dechlorinate VC as electron acceptor 

utilizing hydrogen as electron donor (He, 2003b). Higher chloroethenes, PCE and TCE 

can support halorespiration for many species of halorespiring bacteria such as low G+C 

gram-positive bacteria, green non-sulfur bacteria, 5-proteobacteria and e-proteobacteria. 

Most of them convert PCE to c/5-l,2-DCE. The only halorespiring bacteria that converts 

PCE to ethene is Dehalococcoides ethenogenes 195 belonging to the Green non-sulfur 

bacteria. On the other hand, some of the PCE halorespiring bacteria are known to be able 

to transform VC to ethene during halorespiration supported by PCE, this is known as 

cometabolism or cometabolic halorespiration, for which Dehalococcoides ethenogenes 

strain 195 is the most studied case. Also, in other form of cometabolism, VC and DCE's 

are reduced by cofactors present in pure cultures or consortiums of other anaerobes like 

methanogens and acetogens, for example Methanococcus deltae and Methanobacterium 

thermolithoautotrophicus that can convert DCE's to acetylene and VC to ethene (Belay, 

1987; van Eekert, 2001). 

PCE can be cometabolically reduced to TCE by pure strain of methanogens of the genus 

Methanosarcina (Fathepure, 1988a; Fathepure, 1988b; Fathepure, 1987) and 

Methanosarcina thermophila, for example, is able to reduce TCE to ethene. (Jablonski, 
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1992). Some enrichment cultures can reduce PCE to TCE to cis 1,2-DCE or sometimes 

to ethene, which may be due to halorespiration. (Garant, 1996; Gerritse, 1997). 

Figure 1.2.6 shows the degradation pathway for PCE leading to the formation of ethene. 

Table 1.2.6A shows some of the most important halorespiring microorganisms and some 

electron donors for chloroethenes and table 1.2.6B shows the specific activity for some 

microorganisms capable of degrading chloroethenes under anaerobic conditions. 

Table 1.2.6A Halorespiring bacteria and electron donors for PCE degradation. 

Microorganism Electron donor Dechlorination 
product 

Reference 

Desulfitobacterium sp 
strain PCEl 

H2, lactate, formate, 
pyruvate, ethanol 

TCE (Gerritse, 1999) 

Dehalobacter 
restrictus TEA 

H2 TCE, cis 1,2-DCE (Wild, 1997) 

Desulforomonas 
chloroethenica TT4B 

Acetate, pyruvate cis 1,2-DCE (Krumholz, 1997) 

Dehalospirillum 
multivomns 

Pyruvate, lactate, 
ethanol, H2 

cis-l,2-DCE (Scholzmuramatsu, 
1995) 

Sulfurospirillum 
halorespirans 

lactate c/5-1,2-DCE (Luijten, 2003) 

Dehalococcoides 
ethenogenes 195 

H2 VC, ethene (Maymo-Gatell, 
1999) 
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Table 1.2.6B. Anaerobic degradation of chloroethenes. Microorganisms and conditions. 
Compound Microorganism conditions **Specific activity 

mg g-1 dwt d"' 
VC Dehalococcoides 

strain VS 
halorespiration 0.4 d"' * 

1,1-DCE Methanogenic 
culture 

cometabolism 0.034 

cis 1,2-DCE Methanogenic 
culture 

cometabolism 0.063 

trans 1,2-
DCE 

Methanogenic 
culture 

cometabolism 0.001 

TCE Desulfitobacterium 
sp strain Y51 

halorespiration 28740 

TCE Methanogenic 
culture 

cometabolism 0.034 

PCE Methanogenic 
culture 

cometabolism 4.5 

PCE Methanosarcina spp cometabolism 0.040-0.090 
PCE Acetobacterium 

woodii 
anaerobic 

fermentation 
7.4 

PCE Enrichment culture possible 
harorespiration 

2288 

PCE Dehalococcoides 
ethenogenes 195 

halorespiration 2746 

PCE Dehalospirillum 
midtivomns 

halorespiration 5970 
6.65 d"' * 

PCE Desulfitobacterium 
sp strain Y51 

halorespiration 24488 

* growth, ** specific activity as mg of electron acceptor metabolized per gcells dwt per 
day 

References: (Cupples, 2003, Long, 1993, Van Eekert, 2001, Suyama, 2001, Fathepure, 
1988a; Fathepure, 1988b, Fathepure, 1994, Nielsen, 1999, MaymoGatell, 1997). 
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1.3 Redox-mediators and their role during biodegradation processes. 

Redox mediators can be defined as compounds which structure allows a fast reduction 

and oxidation assisting during this process the exchange of electrons between molecules. 

Some examples of redox mediators are quinones and humus, which are found in soils, 

cobalamins (cyanocobalamin and hydroxocobalamin) and flavin-based molecules such as 

riboflavin, which are important components in cells assisting oxidation-reduction 

reactions. Redox mediators can be naturally occurring as well as man-made and can have 

a large effect in biological processes if used in small amounts which makes them very 

useful in water treatment processes (van der Zee, 2001). Redox mediators such as 

quinones have been successfully used during the treatment of azo dyes. In those cases, it 

has been found that very small amounts of the anthraquinone-disulfonate (AQDS) were 

able to assist the biodegradation of Reactive Red 2 by methanogens. (van der Zee, 2001). 

Also, riboflavin has been used to assist the biodegradation of the dye Mordant Yellow 10 

(MY 10) (Field, 2003). Cobalamins have been used as redox mediators during the 

degradation of chlorinated solvents such as DCM, CF and CT (Becker, 1994; Habeck, 

1995; Hashsham, 1995). In general, the redox mediators mentioned above are not toxic, 

are abundant in nature, and are effective at relatively low concentrations, so their 

utilization in bioremediation processes may be considered a good approach. In the case of 

riboflavin, there are no reports supporting the fact that it has been used during the 

dechlorination processes, however, its role during the degradation of mordant yellow 

suggested the possibility of its application as a redox mediator during dechlorination. 
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Figures 1.3a and 1.3b show the structure of the redox mediators riboflavin and quinone 

respectively. 

reduced 

riboflavin 
(h) 

oxidized 

Figure 1.3a. Oxidized and reduced structures of riboflavin 
OH 

O 

NaOsS 
Q Q 

oxidized 

SOsNa 

NaOaS 
o Q 

SOsNa 

reduced 

Figure 1.3b. Oxidized and reduced (AHiQDS) structures of Anthraquinone Disulfonate 
(AQDS) 
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1.4 Research objectives 

This research will study the impact of different redox mediators on anaerobic degradation 

of higher chlorinated solvents by methanogenic sludge. The compounds utilized as redox 

mediators will be two varieties of vitamin B12, cyanocobalamin and hydroxocobalamin, 

riboflavin (vitamin B2) and anthraquinone disulfonate (AQDS). The solvents that will be 

treated by the methanogenic sludge under the different redox-mediating conditions will 

be chloroform, carbon tetrachloride and perchloroethylene. Chapters two and three will 

discuss the anaerobic dechlorination of chloroform and carbon tetrachloride respectively 

in the presence of the different redox mediators. Chapter four will discuss the study on 

the stimulation of cyanocobalamin biosynthesis by a methanogenic consortium during the 

degradation of carbon tetrachloride. Chapter five will describe the results obtained from 

experimental work done on degradation of perchloroethylene by methanogenic sludge in 

the presence of different electron donors and different redox mediators, and Chapter six 

will contain the conclusions derived from the entire study. 
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Chapter 2. BIODEGRADATION OF CHLOROFORM IN THE PRESENCE OF 
DIFFERENT REDOX MEDIATORS. 

2.1 Abstract 

Chloroform (CF) is an important priority pollutant contaminating groundwater. 

Reductive dechlorination by anaerobic microorganisms is a promising strategy towards 

the remediation of CF. The objective of this study was to evaluate the use of redox active 

vitamins as electron shuttles to enhance the anaerobic biodegradation of CF in an 

unadapted methanogenic consortium not previously exposed to chlorinated compounds. 

Only negligible degradation of CF occurred was observed in control cultures lacking 

redox active vitamins. The addition of riboflavin (RF), cyanocobalamin (CNB 12) and 

hydroxocobalamin (HOB 12) enabled biodegradation of CF. The reactions were 

predominantly catalyzed biologically as evidenced by the lack of any CF conversion in 

heat-killed controls amended with the cobalamins or minor conversion with RF. In live 

cultures, significant increases in the rate of CF conversion was observed at 

substoichiometric molar ratios as low as 0.1 to 0.01 vitamin:CF for RF and CNB 12, 

respectively. At the highest molar vitamin:CF ratios tested of 0.2, the first order rate 

constant of CF degradation was 5.3- and 91-fold higher in RF and CNB 12 amended 

cultures, respectively; compared to the unamended control culture. The distribution of 

biotransformation products was highly impacted by the type of redox active vitamin 

utilized. Cultures supplemented with RF provided high yields of dichloromethane 

(DCM). On the other hand, cobalamins promoted the near complete mineralization of 

organochlorine in CF to inorganic chloride and lowered the yield of DCM. In cultures 

where no or little CF bioconversion occurred, prolonged exposure to CF resulted in cell 



lysis as evidenced by the release of intracellular chloride. The results taken as a whole 

suggest that the anaerobic bioremediation of CF contaminated sites can greatly be 

improved with strategies aimed at increasing the concentration of redox active vitamins. 

2.2 Introduction 

Chloroform (CF) has been identified as an important hazardous contaminant in 

groundwater impacting drinking water supplies (Williams et al. 2002). CF is listed as the 

11 most important hazardous substance on the Comprehensive Environmental 

Response, Compensation, and Liability Act (CERCLA) priority list maintained by the 

U.S. Environmental Protection Agency (EPA) and the U.S. Agency for Toxic Substance 

and Disease Registry (ATSDR). CF has been detected at 1011 of the U.S. National 

Priorities List (superfund) sites (ATSDR 2004). The occurrence of CF in drinking water 

is a suspect cause of cancer and a number of other health effects including adverse 

developmental and reproductive effects (Chou and Spoo 1997; Graves et al. 2001). The 

U.S. Environmental protection agency has set a 100 [ig/L as maximum contaminant level 

for drinking water. Therefore, there is great need to develop remedial methods for the 

clean up CF from contaminated effluents and groundwater. 

Bioremediation offers a low cost approach towards the clean up of chlorinated 

solvents (Ferguson and Pietari 2000; Lee et al. 1998; Parkin 1999). Under aerobic 

conditions biodegradation of CF is poor (Bouwer et al. 1981a; Bouwer et al. 1981b). 

Appreciable rates of aerobic CF biodegradation only occur during oxidative 

cometabolism with other primary substrates such as methane (Alvarez-Cohen and Speitel 

Jr 2001), butane (Hamamura et al. 1997) or toluene (McClay et al. 1996). Alternatively, 



CF is reductively dechlorinated under anaerobic conditions. Dechlorination of CF has 

been observed in mixed cultures and in biofilm reactors under methanogenic (Bagley and 

Gossett 1995; Bouwer et al. 1981b; Fathepure and Vogel 1991; Van Eekert et al. 1998) 

and sulfate reducing conditions (Gupta et al. 1996a) when electron donating substrates 

are added. Pure cultures of methanogens were also shown to reductively biotransform CF 

(Bagley and Gossett 1995; Krone et al. 1989a; Mikesell and Boyd 1990; Novak et al. 

1998). CF degradation was also observed by a pure culture of the acetogenic bacterium, 

Acetobacterium woodii (Egli et al. 1990). Dichloromethane (DCM) is consistently seen 

as a major biotransformation product of anaerobic CF conversion (Bagley and Gossett 

1995; Egh et al. 1990; Gupta et al. 1996a; Mikesell and Boyd 1990; Novak et al. 1998; 

Yu and Smith 1997; Zitomer and Speece 1995) and in some cases low concentrations of 

chloromethane are incidentally reported (Bagley and Gossett 1995; Becker and Freedman 

1994; Zitomer and Speece 1995). Numerous studies have also demonstrated ''*C02 as a 

product of anaerobic ['"^CJCF conversion; however, low (4-7%) (Egli et al. 1990; 

Mikesell and Boyd 1990) to high recoveries (25-88%) (Bagley and Gossett 1995; Becker 

and Freedman 1994; Bouwer and McCarty 1983; Zitomer and Speece 1995) have been 

reported in different studies. 

Reduced metallo-coenzymes of these anaerobes are implicated in the catalysis of 

CF dechlorination. Factor 430, a nickel containing coenzyme of methanogens could 

catalyze CF reduction to dichloromethane, chloromethane and low levels of methane with 

Ti(III) citrate as electron donor (Krone et al. 1989a). Similar findings were observed with 

the cobalt containing enzyme cofactor, cobalamin (Krone et al. 1989b). Zinc-containing 



porphorinogen-type molecules that were observed as cell exudates of the methanogen, 

Methanosarcina thermophila, were also shown to catalyze the reductive dechlorination of 

both CT and CF (Baeseman and Novak 2001; Koons et al. 2001). The enzyme cofactors 

account for the capacity of heat-killed anaerobic sludge to abiotically reduce higher 

chlorinated methanes such as CT and CF when chemical reducing agents are supplied 

(Krone et al. 1989a; Olivas et al. 2002). In the absence of added reducing agents, slow 

abiotic conversion of CF has been observed in heat-killed sludge presumably due to 

endogenous reducing agents (Becker and Freedman 1994; Egli et al. 1990; Van Eekert et 

al. 1998). 

Enzyme cofactors can potentially be applied as redox-mediating compounds to 

increase rates of anaerobic CF biotransformation rates. Vitamin B 12 (cyanocobalamin) 

was shown to stimulate the rate of CF biodegradation in a DCM-utilizing methanogenic 

enrichment culture with DCM supplied as the electron-donating substrate (Becker and 

Freedman 1994). The presence of vitamin B12 increased the CF bioconversion rates by 

10-fold and decreased the accumulation of DCM as an intermediate of CF degradation. 

Vitamin B u was also shown to greatly stimulate CT bioconversion by the acetogenic 

bacterium, Acetobacterium woodii (Hashsham and Freedman 1999) and methanogenic 

sludge (Hashsham et al. 1995; Zou et al. 2000). Aside from enzyme cofactors, the 

quinone, anathraquinone-2,6-disulfonate behaved as a redox mediator, stimulating the 

conversion of CT by anaerobic sludge and a quinone-respiring enrichment culture 

(Cervantes et al. 2004). The purpose of this study was to evaluate the effect of several 

redox-mediating compounds on the anaerobic biotransformation of CF by granular 
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methanogenic sludge. Cyanocobalamin (CNB 12), hydroxycobalamin (HOB 12), riboflavin 

(RF) and anathraquinone-2,6-disulfonate (AQDS) were tested at substoichiometric 

concentrations to determine their impact on the rate of CF bioconversion as well as on the 

formation of DCM and inorganic chloride (CF) as biotransformation products. 

2.3 Materials and methods 

Microorganisms. 

Methanogenic granular sludge was obtained from an industrial anaerobic treatment plant 

treating distillery waste waters (Nedalco BV, Bergen op Zoom, The Netherlands). The 

content of volatile suspended solids (VSS) in the Nedalco sludge was 10.0%. The 

maximum specific acetoclastic methanogenic activity of the Nedalco sludge was 361 mL 

CHVg volatile suspended solids (VSS)/day. The Nedalco sludge was stored under 

nitrogen gas at 4°C. 

Basal media 

The basal media was prepared containing (g/L) 0.3 NH4C2H3O2, 0.08 K2HPO4, 0.05 

MgS04 7H2O, 0.015 NaHCOs, 0.035 Ca(OH)2, and 5 mL/L trace elements solution 

excluding chloride salts, and 5 mL/L vitamins solution. The trace elements solution was 

prepared containing in (mg/L): 50 H3BO3, 2800 FeS04 7H2O, 106 ZnS04 7 H2O, 680 

MnS04-7H20, 50 (NH4)6 Mo7024-4H20, 175 AlK(S04)2 l2H20, 113 NiS04-6H20, 2360 

CoS04-7H20, 100 NaSe03-5H20, 157 CuS04-5H20, 1000 EDTA, 200 resazurin. The 

vitamins solution was prepared containing in (mg/L): 20 biotin, 50 />-aminobenzoate, 50 

pantothenate, 20 folic acid dihydrate, 50 lipoic acid, 100 pyridoxine, 50 nicotinamide, 50 

thiamine. The medium was buffered with 10 mM phosphate pH 7 (final concentration in 



medium). The medium was supplemented with volatile fatty acids (VFA) solution, 

containing acetate, propionate and butyrate in 1:1:1 proportion of chemical oxygen 

demand (COD) from a stock solution providing a final concentration of 200 mg/L COD, 

taking into account the acetate added as NH4C2H3O2. The final molar concentration of 

each VFA constituent was the following: acetate 1.04 mM, propionate 0.6 mM and 

butyrate 0.42 mM. 

CP Biotransformation Assays 

The experiments were performed in triplicate using 120 mL serum bottles with a liquid 

volume of 50 mL (70 mL headspace). The buffered basal medium containing VFA were 

supplemented with 0.5 g/L VSS of Nedalco sludge and then with one of several redox 

mediators considered in this study: cyanocobalamin (CNB12), hydroxocobalamin 

(HOB 12), riboflavin (RF) or 9,10-anthraquinone-2,6-disulfonate (AQDS). The final 

concentrations for the redox mediators was 10 j^M for an initial set of CF experiments 

evaluating the different redox mediators in parallel in either living sludge or heat killed 

sludge. In other experiments evaluating the effect of cyanocobalamin and riboflavin 

concentration, the redox mediators were supplied at 1, 5, 10, 20 |.iM. The bottles were 

flushed with nitrogen gas for two minutes in the liquid phase, two minutes in the 

headspace, and then sealed with Viton stoppers (Maag Technic AG, Dubendorf, 

Switzerland) and aluminum crimps. After sealing the bottles, they were flushed again 

with nitrogen using needles through the stoppers to promote gas exhaustion for another 

two minutes. The CF was added from a stock solution to the bottles at the final 

concentration of 100 )aM referred to the liquid volume. The concentration in the CF 
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stock solution was corrected by the Henry's law factor at 32 °C to ensure that each 

treatment would receive the corresponding 5 |imoles of CF in the liquid. After addition 

of CF, the bottles were gently shaken (120 strokes/min) at 32 °C during the entire 

experiment. Two kinds of controls were prepared. The first kind was a chemical control 

in which CF was incubated with autoclaved medium in order to prove that there were no 

leaks or abiotic conversions of CF in the medium. This control contained autoclaved 

nutrient basal medium, phosphate buffer, VFA and CF but no sludge. A second kind of 

control was set in order to calculate the background level of chloride of the sludge. This 

control contained nutrient basal medium, buffer, VFA and sludge but no CF. Experiments 

with heat killed sludge followed the same procedure as that for living sludge, but in this 

case the bottles containing everything except for the redox mediator were autoclaved for 

20 minutes at 120 °C. The redox mediators were added later under sterile conditions and 

CF addition was done as indicated for living sludge. 

CF Toxicity Assays 

CF toxicity to methanogenesis was investigated. The treatments in triplicate were 

prepared with basal medium, buffer, VFA and sludge as described above and 

supplemented with CF at a final concentration of 100 |j,M. A treatment supplemented 

with CF (100 |J,M) and CNB 12 (20 )aM) was included to evaluate possible attenuation of 

the CF toxicity by cobalamins. Culture controls were prepared without CF and without 

CF but with CNB 12 (20 )aM). Treatments and controls were incubated at 32 °C on a 

shaker table (120 strokes/min) during a 15 days period. After 15 days of incubation, 

treatments were analyzed for CF in the headspace. After analysis for CF, both, treatments 
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and controls were thoroughly flushed with nitrogen, supplemented with an additional 

dose of VFA to provide the same concentration used at the beginning of the experiment 

and headspace samples were taken regularly to analyze for methane production over a 

period of 24 days. 

Analytical Methods. 

Analysis for CF and dichloromethane (DCM) in the headspace was performed by a gas 

chromatograph (GC Hewlett Packard 5890 series) equipped with an ECD detector and a 

GS-GASPRO column (30 m x 0.317 mm, J&W Scientific). Standards for CF and DCM 

were prepared in serum bottles maintaining the same conditions established for the 

treatments for temperature, headspace and liquid volume. The operation conditions were 

the following: injector temperature, 200 °C, detector temperature, 275 °C, oven 

temperature, 200 °C, gas carrier was He. 100 |il headspace samples were injected to the 

GC-ECD each time during the experiment. The retention times for CF and DCM were 5.0 

and 4.7 minutes respectively. Analysis for chloride in the liquid phase was performed by 

liquid chromatography, (Ion Chromatograph equipped with Dionex IP25 isocratic pump, 

Dionex EG40 eluent generator, Dionex CD 20 conductivity detector and a LC20 

chromatography enclosure in which a Dionex lonPac ASl 1-HC 4 x 250 mm analytical 

column was installed.) The eluent solution was KOH at a 7 mM concentration for a 30 

minutes method to separate the chloride peak. The retention time for the chloride peak 

was 4 minutes. 



Analysis for methane in the headspace was performed by a gas chromatograph (GC 

Hewlett Packard 5890 series) equipped with a FID detector and a GS-GASPRO column 

(30 m X 0.317 mm, J&W Scientific). Standards for methane were prepared in serum 

bottles in a range of 0.3 to 3 % v/v of methane. The operation conditions were the 

following: injector temperature, 180 °C, detector temperature, 250 °C, oven temperature, 

140 °C, gas carrier was He. 100 |il headspace samples were injected to the GC-FID each 

time during the length of the experiment. The retention time for methane was 0.67 

minutes. 

Vitamins Degradation 

To investigate the possible degradation of the redox active vitamins during the 

experiments, an experiment was conducted with basal medium, buffer, VFA and sludge 

without CF as described above. The treatments were supplemented with either RF or 

CNB 12 at a final concentration of 100 jj,M and incubated at 32 °C. The control cultures 

lacking redox active vitamins were also included to correct for background absorbance. 

The redox active vitamins concentration was quantified spectrophotometrically after 

allowing them to be reoxidized in air. A standard curve for each was prepared, the 

extinction coefficients were 11900 M"' cm"' at 450 nm and 9700 M"' cm"' at 550 nm for 

RF and CNB 12 respectively in a 0.01 M phosphate buffer solution at pH 7. 

Chemicals 

Chloroform (CF) and dichloromethane (DCM) HPLC grade were purchased at Sigma 

Aldrich (St. Louis, MO, USA). 9, 10-Anthraquinone-2,6-disulfonic acid disodium salt 

(AQDS), cyanocobalamin (CNB 12), hydroxocobalamin acetate salt (HOB 12), riboflavin 



(RF), biotin, p-aminobenzoate, pantothenate, folic acid dihydrate, lipoic acid, 

pyridoxine, nicotinamide and thiamine were all purchased at Sigma Aldrich (St. Louis, 

MO, USA). Acetic acid glacial, 98% purity and sodium hydroxide solution (50% w/w) 

were purchased at Spectrum Chemicals (New Brunswick, NJ, USA), propionic acid (99% 

purity) and butyric acid (99% purity), were purchased at Sigma Aldrich (ST. Louis, MO, 

USA). Methane gas was purchased at Supelco, PA, USA in a Scotty 14 containing 

methane at 99.0% purity. 

Calculation of the first order rate constant k. 

All the experiments were performed in triplicate. To calculate the first order rate 

cons tan t  k ,  t he  fo l lowing  equa t ion  was  app l i ed :  In  (CF  f ina l  conc . /  CF  in i t i a l  conc . )  = -  k i  

(days). The slope obtained for fi-om plotting In (CF final conc./ CF initial conc.) on the y 

axis and the time in days on the x axis was used as the estimate of - A: for each replicate. 

The average and the standard deviation for the replicated k values were calculated for 

each treatment. 

2.4 Results 

2.4.1 Comparison Redox Active Vitamins on CF-Bioconversion 

CF (100 i^M) was incubated with methanogenic sludge in the presence and absence of 

redox mediating compounds supplied at 10 j^M. The effect of cyanocobalamin (CNB12), 

riboflavin (RF) and anthraquinone-2,6-disulfonate (AQDS) on the time course of CF 

elimination is shown in Figure 2.4.1a. The graph illustrates that CF was stable when 

incubated in sterile medium. In the absence of added redox mediating compounds, CF 

removal occurred slowly. After two-weeks, the decrease of CF was not significantly 



different than CF incubated with sterile medium. The fact that at least some degradation 

occurred was evident from the minor formation of the biotransformation product, DCM 

(Figure 2.4.1b). CF degradation in the AQDS amended treatment was not significantly 

different than the culture lacking redox mediating compounds aside for a very small 

increase in the rate of DCM production. The rate of CF degradation was significantly 

increased in treatments amended with the redox-mediating compounds, CNB12 and RF. 

In the CNB12 amended cultures, CF was completely eliminated within 16 days. DCM, as 

an intermediate of CF bioconversion, accumulated even less in CNB12 treated cultures 

compared to untreated cultures (Figure 2.4.1b). Hydroxocobalamin (HOB 12) was also 

tested and provided results identical to CNB12. RF amended cultures partially eliminated 

CF by 50% in 15 days. DCM accumulated as a major intermediate in RF-mediated 

bioconversion of CF. The DCM concentration reached 27.8 |aM on day 15, which 

corresponded to a 55.9% molar yield of the CF-removed. 

A mass balance of the chlorine on day 11 is presented in Table 2.4.1 The total 

recovery of chlorine was 95 to 100% in the vitamin B 12 treatments, of which the majority 

(87-90%) was recovered as CV and only minor amounts were recovered as DCM-Cl (2-

5%) and residual CF-Cl (3-8%). The total recovery of chlorine in the unamended and 

AQDS-amended treatments was in excess of 100%, which was due to rather high 

recoveries of CI" that exceeded the minor decrease in CF-Cl. As will be discussed later, 

the anomalous concentrations of CI" are most likely due to lysis of cells inhibited by 

prolonged exposure to CF. An estimate of the CI" from cell lysis was made by 

discounting the CI" in the unamended treatment with CI- associated with the conversion 



of CF to DCM. The estimated cell lysis CI" was subtracted from the CI" measured in the 

RF amended culture to estimate the true total chlorine balance of 92.3%, which 

corresponds to a recovery of 77.4% of chlorine in products (DCM-Cl + CI") as a 

percentage of CF-Cl removed. 

The first order rate constant ( k )  of CF-degradation are presented in Table 2.4.1. 

The k values of the two cultures amended with 10 |iM of vitamin B12 compounds were 

27- to 29-fold greater than that of the control culture without addition of redox mediator 

(Table 2.4.1). The culture with 10 )aM of RF had a k value that was 4-fold greater than 

the  con t ro l  cu l tu re .  AQDS had  no  s ign i f i can t  e f f ec t  on  k .  
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Figure 2.4.1. The time course of the anaerobic biotransformation of CF (100 f^M) by anaerobic 
granular sludge (0.5 g VSS 1"'), supplemented with volatile fatty acids, acetate 1.04 mM, 
propionate 0.6 mM and butyrate 0.42 mM (200 mg COD 1"'). Panel A shows the 
disappearance of CF. Panel B shows the accumulation of DCM. Legend: no redox mediator 
added, (•); 10 |liM AQDS, (•); 10 (.iM RF', (A); 10.0 (.iM CNB^, (•); and abiotic medium 
control (o). Note: DCM in the abiotic controls was below the detection limit. 



66 

Table 2.4.1 First order rate constant {k )  and chlorine balance on day 11 in the experiment 
evaluating the impact of different redox-mediating compounds at 10 nM on the biological 
conversion of CP. Values in parenthesis correspond to standard deviations of triplicate treatments. 
Details of experiment are in Figure 2.4.1 legend 

Treatments k  Chlorine Recovery Day 11 Total-Cl 
Recovered^ 

(day ') CF-Cl DCM-Cl CI" (%CF-C1 added) 

• % initial CF-Cl -
LS^ 0.009 (±0.005) 88.9 (±0.0) 4.7 (±0.0) 22.7 (± 0.5) 116.3 
LS + AQDS 0.016 (±0.006) 88.4 (±10.4) 7.5 (±0.6) 33.6 (±0.2) 129.4 
LS + RF 0.039 (±0.009) 66.1 (±5.1) 13.7 (± 1.0) 32.9 (± 1.3) 112.7 
LS + CNB 12 0.251 (±0.015) 7.9 (±6.1) 2.3 (±0.3) 89.5 (± 2.7) 99.7 
LS + HOB 12 0.271 (±0.031) 3.1 (±8.7) 4.6 (± 1.4) 87.3 (± 3.0) 95.0 

^LS = living sludge 
hOO X (CF-Cl + DCM-Cl + CryCF-Cladded 



2.4.2 Comparison Redox Active Vitamins on CF Conversion in Heat Killed Sludge 

The conversion of CF incubated in heat killed sludge in the presence and absence of 

redox mediators is shown in Figure 2.4.2. In most cases, negligible to minor losses of CF 

were observed over a 30-day incubation period. The best results were obtained with RF 

amended heat killed sludge, which eliminated 25% of the CF and produced 17 |iM of 

DCM by day 30. Traces of DCM were observed in the unamended and AQDS-amended 

heat killed treatments. The rates constants in observed in heat-killed sludge which much 

lower than in living sludge. The k values in vitamin B12 amended treatments were 42- to 

54-fold faster in living compared to heat killed sludge. The k values in the RF amended 

treatment was 5-fold faster in living compared to heat killed sludge. The results also 

stress that the stimulatory effect of vitamin B12 and RF amendments CF conversions are 

strictly biological, since these vitamins had no significant effect on the rate constant of 

CF conversion in heat-killed sludge (Table 2.4.2). 

A mass balance of the chlorine on day 18 is presented in Table 2.4.2 for the 

experiment with heat-killed sludge. Total chlorine recoveries of 96 to 106% were 

observed, mostly due to residual CF-Cl (97-102%). Only minor yields of DCM-Cl (1-

5%) were detected in unamended, AQDS- and RF-amended heat-killed treatments. 
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Figure 2.4.2. The time course of the biotransformation of CF (100 ).iM) by heat-killed anaerobic 
granular sludge (0.5 g VSS 1"'). Panel A shows the disappearance of CF. Panel B shows the 
accumulation of DCM. Legend: no redox mediator added, (•); 10 f.iM AQDS, (•); 10 |.iM 
RF, (A); 10.0 i-iM CNB12, (•); and abiotic medium control lacking heat killed sludge (o). 
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Table 2.4.2 First order rate constant {k )  and chlorine balance on day 18 in the experiment 
evaluating the impact of different redox-mediating compounds at 10 on the abiotic conversion 
of CF in heat killed sludge. Values in parenthesis correspond to standard deviations of triplicate 
treatments. Details of experiment are in Figure 2.4.2 legend. 

Treatments k  Chlorine Recovery Day 18 Total-Cl 

Recovered* 

(day ') CF-Cl DCM-Cl cr (%CF-C1 
added) 

% initial CF-Cl 

HKS' 0.006 (+0.001) 98.4 (±6.2) 0.7 (±0.0) -1.5 (±0.5) 97.7 
HKS + AQDS 0.006 (+0.005) 97.3 (±5.4) 1.0 (±0.1) -2.6 (±0.4) 95.7 
HKS + RF 0.008 (±0.003) 100.5 (±0.2) 4.5 (± 1.0) 0.7 (±2.7) 105.7 
HKS + CNB ,2 0.006 (±0.001) 98.9 (±4.9) 0.0 (±0.0) 0.7 (±0.4) 99.6 
HKS + HOB 12 0.005 (±0.003) 102.1 (±3.3) 0.0 (±0.0) -0.6 (±0.9) 101.5 

^HKS = heat-killed sludge 
Moo X (CF-Cl + DCM-Cl + CryCF-Cladded 



2.4.3 Effect CNB12 Concentration on CF-Bioconversion 

The role of a CNB12 concentration gradient was evaluated on the biological conversion of 

CF during a two weeks experiment. As shown in Figure 2.4.3, the treatment with as little 

as 1 fiM CNB12 significantly decreased the CF concentration as compared to the 

unamended control. The degradation improved with additional increments of CNB12 

concentration such that after 14 days, 87.6, 61.6, 23.2, 3.7 and 0.3 |aM of residual CF 

remained in the treatments receiving, 0, 1,5, 10 and 20 |aM of CNBi2, respectively (the 

10 [iM treatment is not shown in Figure 2.4.3). The increment effect was also observed in 

the values of k listed in Table 2.4.3. A 7-, 20-, 46- and 91-fold increase in the CF 

degradation rate constant was observed with 1,5, 10 and 20 |aM of CNB12, respectively. 

A chlorine balance was established on day 14 (Table 2.4.3). At the highest CNB12 

concentrations of 10 and 20 |iM, the total recovery of chlorine was almost entirely due to 

Cr with the exception of minor amounts of DCM-Cl (3%). The molar ratio of CfiDCM-

C1 was 36 to 38. At lower CNB12 concentrations, the total recovery of chlorine exceeded 

130%, due in part to release of CV from cell lysis. The cell lysis chloride was estimated as 

before and was discounted from total recoveries of chlorine in the 1 and 5 |.iM CNB12 

treatments, which like the unamended treatment were exposed for prolonged periods of 

time to high concentrations of CF. With this correction the total chlorine recovery in the 1 

and 5 |iM CNB12 amended cultures was 105.9 and 103.3%, respectively; corresponding 

to a product recovery (DCM-Cl + CI") of 116.5 and 104.3% of CF-CI removed. Also in 

these cultures, CI" was the major product accounting for most of the chlorine in the 

products. DCM was only a minor intermediate in the CNB12 assisted conversion of CF. 
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The highest recoveries of DCM decreased with increasing CNB12 concentrations (Figure 

2.4.3b, Table 2.4.3). 

Table 2.4.3 First order rate constant {k )  and chlorine balance on day 14 in the experiment 
evaluating the impact of variable cyanocobalamin (CNB12) concentrations on the biological 
conversion of CF. Values in parenthesis correspond to standard deviations of triplicate treatments. 
Details of experiment are in Figure 2.4.3 legend. 

Cone. CNB12 k  Chlorine Recovery Day 14 Total-Cl 

Recovered^ 

(day "') CF-Cl DCM-Cl cr (%CF-C1 added) 

(mM) - % initial CF-Cl 

0 0.004 (±0.002) 91.3 (±3.7) 6.8 (±2.6) 32.0 (±5.4) 130.1 
1 0.026 (±0.008) 64.2 (±4.8) 5.0 (±0.7) 65.3 (± 0.8) 134.5 
5 0.077 (+0.009) 24.2 (±4.6) 4.7 (±0.2) 103.0 (±9.0) 131.9 

10 0.173 (±0.057) 3.8 (±2.9) 2.9 (± 1.9) 112.8 (±5.9) 119.5 
20 0.346 (+0.021) 0.31 (±0.1) 3.0 (±0.2) 110.6 (±4.4) 114.0 

Moo X (CF-Cl + DCM-Cl + CryCF-Cladded 
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Figure 2.4.3. The time course of the anaerobic biotransformation of CF (100 |liM) by anaerobic 
granular sludge (0.5 gVSS 1"'), supplemented with volatile fatty acids mixture (see Figure 2.4.1 
legend), in the presence of variable concentrations of CNB12. Panel A shows the disappearance of 
CF. Panel B shows the accumulation of DCM. Legend: no CNB12 added, (•); 1 )j,M, (•); 5 |.iM, 
(A); and 20 |a,M, (•) of added CNB12, respectively; and abiotic medium control (o). Note: DCM 
in the abiotic controls was below the detection limit. 
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2.4.4 Effect RF Concentration Gradient on CF-Bioconversion 

The role of a RF concentration gradient was evaluated on the biological conversion of CF 

during a 25-day experiment (Figure 2.4.4). A significant decrease in the CF concentration 

was only evident in the treatments receiving 10 and 20 |j,M RF resulting in residual 

concentrations of CF of 62 and 48 |aM CF on day 25. This corresponded to significant 

increases in k values, which were 4 to 5-fold higher than the unamended culture (Table 

2.4.4). A significantly increased production of DCM was 5 |aM and higher concentrations 

of RF (Figure 2.4.4b). In contrast to CNBn, incremental concentrations of RF increased 

the yield of DCM as a product of CF-bioconversion such that on the 25"^ day, 6.5, 8.0, 

12.2, 18.3 and 27.4 )aM of DCM were produced in cultures with 0, 1, 5, 10 and 20 |aM 

RF, respectively. 

A chlorine balance was established on day 18 (Table 2.4.4). All treatments had 

total chlorine balances that exceeded 100% due to anomalously high concentrations of CF 

. Using the procedure described above, an estimate of cell lysis CI" was made for the 

unamended treatment. The value was subtracted from the CI' values in the RF-amended 

treatments. The resulting corrected CI' recoveries of 11.2, 14.3 and 16.6% corresponded 

to total chlorine recoveries of 100.3, 97.5 and 90.9% for treatments receiving 5, 10 and 

20 )aM RF, respectively. The recovery of chlorine in products (DCM-Cl and CF) was 

101.7, 90.0 and 76.9% of the CF-Cl removed in the cultures amended with 5, 10 and 20 

}iM RF, respectively. Based on these estimates, DCM-Cl and CI" were both major 

products of CF-Cl removed occurring at a CFrDCM-Cl molar ratio of 1.2 to 1.9. 
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Table 2.4.4 First order rate constant {k )  and chlorine balance on day 18 in the experiment 
evaluating the impact of variable riboflavin (RF) concentrations on the biological conversion of 
CF. Values in parenthesis correspond to standard deviations of triplicate treatments. Details of 
experiment are in Figure 2.4.4 legend. 

Cone. RF k  Chlorine Recovery Day 18 Total-Cl Recovered^ 

(day "') CF-Cl DCM-Cl CI" (%CF-C1 added) 

(mM) % initial CF-Cl 

0 0.005 (±0.003) 87.9 (±7.7) 2.9 (±0.6) 48.9 (±3.2) 139.7 
1 0.004 (±0.000) 90.7 (± 1.3) 4.3 (±0.6) 56.8 (±4.3) 151.8 
5 0.008 (±0.002) 83.3 (±4.9) 5.8 (±0.5) 58.6 (±2.9) 147.7 

10 0.021 (±0.005) 74.4 (±0.3) 8.7 (± 1.5) 61.7 (±6.2) 144.8 
20 0.028 (±0.004) 60.7 (±2.6) 13.7 (± 1.4) 63.9 (± 7.7) 138.3 

^ 100 X (CF-Cl + DCM-Cl + Cr)/CF-Cladded 
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Figure 2.4.4. The time course of the anaerobic biotransformation of CF (100 fiM) by anaerobic 
granular sludge (0.5 gVSS 1"'), supplemented with volatile fatty acids mixture (see Figure 
2.4.1 legend), in the presence of variable concentrations of RF. Panel A shows the 
disappearance of CF. Panel B shows the accumulation of DCM. Legend: no RF added, (•); 
5 f^M, (•); 10 }iM, (A); and 20 |liM, (•) of added RF, respectively; and abiotic medium 
control (o). Note; DCM in the abiotic controls was below the detection limit. 
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2.4.5 Stability of Redox Active Vitamins 

CNB12 and RF were incubated at 100 [iM under the same culture conditions as those used 

to study CF bioconversion in order to study the stability of the vitamins. Figure 2.4.5 

shows the time course of the vitamin concentrations. RF was stable for approximately 

one week. Thereafter it was slowly degraded to negligible concentrations by day 21 at an 

average rate of approximately 5 )aM d"'. CNB12 was degraded slower at a rate of 

approximately 1 |aM d"' and therefore was not completely removed after the 31-day 

experiment. 
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Figure 2.4.5. The time course of the anaerobic biotransformation of vitamins (100 (.iM) by 
anaerobic granular sludge (0.5 gVSS 1"'), supplemented with volatile fatty acids mixture (see 
Figure 2.4.1 legend). Legend: RF, (A); and CNB12 (•). 
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2.4.6 Evidence of Cf Originating from Cell Lysis 

In Figure 2.4.6, the total chlorine recovery is plotted as a fiinction of the CF concentration 

persisting in the culture bottles after approximately two weeks of incubation. Anomalous 

chlorine balances, exceeding 100%, were consistently observed in cultures with poor CF-

bioconversion; whereas normal chlorine balances, approximating 100%, were observed 

in cultures with nearly complete bioconversion of CF. Microorganisms exposed for 

prolonged periods of time to high CF concentrations may have undergone cell death and 

lysis, releasing cytoplasmic CF into the medium. CF released into the medium in this 

manner would result in the anomalous chlorine balances. The high methanogenic toxicity 

of CF is well established, with inhibitory concentrations reported in the range from 0.75 

to 14.3 |j,M (Gupta et al. 1996b; Sanz et al. 1997; Yu and Smith 2000; Zitomer and 

Speece 1995). The actual methanogenic toxicity caused by 100 |iM CF was measured in 

this study in the absence and presence of 20 (J.M CNB12 and the relative methanogenic 

activity compared to controls lacking CF was 0.06 and 9.08%, respectively. When the 

sludge was exposed for 15 days to CF, no significant methane production was observed 

in the following 24 days, suggesting a complete kill-off of methanogens had occurred. On 

the other hand, a similar exposure to CF but in the presence of CNB12 allowed for 

enhanced CF-bioconversion which attenuated the toxic effects of CF, permitting at least a 

recovery of 9% of the methanogenic activity directly after the exposure. 

In the cultures with little CF-bioconversion (residual CF > 85 |j.M), it can be 

assumed that most of the CF produced is due to cell lysis based on the following 

considerations. The degree to which the chlorine balance exceeded 100% (averaging 
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37%) agreed with measured chloride concentration (averaging 41%), indicating that most 

of the anomaly was probably due to CI" released firom lysed cells. Since, CF losses were 

minimal, the CI" was clearly not due to biotransformation. For these highly inhibited 

cultures, there was a strong linear correlation between the CI' recoveries and total-Cl 

recovery (R^ = 0.9535, n =6). The intercept on the total-Cl recovery axis of 106% was 

close to the 100% expected if all the CI" in the cultures with high residual CF were due to 

cell lysis. 
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Figure 2.4.6. The relationship between total-chlorine recovery (Total-Cl) and the residual CF 
concentration after approximately two weeks of incubation. Legend: data from Figure 2.4.1 
and Table 2.4.1, (•); data from Figure 2.4.3 and Table 2.4.3, (•); data from Figure 2.4.4 and 
Table 2.4.4 (A). 
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2.5 Discussion 

The results from this study indicate that cobalamins (CNB12 and HOB 12) and riboflavin 

function as redox-mediating compounds dramatically increasing rates of CF 

biotransformation in a methanogenic consortium at substoichiometric concentrations 

(very low mohmol ratio mediatorrCF). In the absence of redox mediating vitamins, the 

rate of CF-bioconversion was negligible under the experimental conditions utilized. The 

marginal CF removal observed in the methanogenic consortium, was not significantly 

different than that observed in heat killed or abiotic medium controls. A minor production 

of DCM was the only evidence that any bioconversion had taken place. In contrast, small 

additions of RF, CNB12 and HOB 12 enabled the methanogenic culture to significantly 

decrease the CF concentration. In the case of cobalamins, CF was completely eliminated 

within 15 days. RF additions allowed for a 52% removal of CF after 25 days. This 

constitutes the first report in which RF was shown to increase the reductive 

dechlorination of CF. Previously, CF dechlorination in an anaerobic DCM-utilizing 

enrichment culture was shown to be stimulated up to 10-fold with CNB12 additions 

(Becker and Freedman 1994). This report demonstrates that redox active vitamins 

enabled significant CF dechlorination by a natural occurring methanogenic consortium 

not previously exposed to chlorinated compounds. 

2.5.1 Abiotic versus Biotic Conversion 

The reactions observed in this study were largely due to biological reactions. CF removal 

in heat-killed sludge was low and not significantly different than incubating CF with 

abiotic medium controls. In some previous studies, abiotic reduction of CF has been 
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observed with heat killed cells (Bagley and Gossett 1995; Egli et al. 1990); however, 

those studies employed pure cultures of acetogens or methanogens with a much higher 

biomass concentration than that utilized here. 

Furthermore, the low first order rate constants of CF-removal in the heat killed 

methanogenic sludge of this study were not significantly different with or without redox 

mediating compounds. CNB12 also did not support abiotic degradation of CF by heat 

killed cells of the DCM-utilizing culture (Becker and Freedman 1994). These 

observations, starkly contrasted the large increases in the biological CF conversion 

resulting fi-om RF and cobalamin additions. The only evidence found in this study for an 

enhancement of the abiotic CF conversion was observed in the treatment with 10 |j,M RF. 

The RF-supplemented heat killed sludge treatment produced 17 |iM of DCM after 30 

days of incubation. While the reduction of CF in abiotic systems with RF has not been 

studied, RF was shown to mediate the abiotic reduction of an azo dye by sulfide (van der 

2+ 2 Zee et al. 2003). Reduced compounds in autoclaved anaerobic sludge {e.g. Fe and/or S " 

) therefore could have potentially served as electron donors supporting the slow RF-

mediated abiotic reduction of CF. The pH 7 standard reduction potential versus the 

standard hydrogen electrode (£"°) for riboflavin of -208 mV (Sober et al. 1970) is 

intermediate between that for S^^/HS" (-270 mV) (Madigan et al. 2003) and that for 

DCM/CF (+471 mV) (Dolfing and Janssen 1994), and thus could potentially mediate 

such reactions. 



2.5.2 Cobalamins as Redox Mediators during CF-Bioconversion 

Experiments evaluating variable CNB12 and RF concentrations on the biological 

conversion of CT suggested that very low concentrations of these redox-mediating 

vitamins had significant impacts. AQDS, which was previously shown to stimulate the 

biological reductive dechlorination of CT (Cervantes et al. 2004), had no noteworthy 

effect on CF-bioconversion. A molar ratio of only 0.01 CNBniCF significantly increased 

the first order rate constant {k) of CF removal by 6.9-fold. Rates continued to increase up 

to 91-fold with the highest molar ratio tested of 0.2 CNBi2:CT. The extremely low molar 

ratio yielding a significant increase in CF biotransformation in this study was 3-fold 

lower than the lowest ratios tested previously (Becker and Freedman 1994). The extreme 

substoichiometric nature suggests a redox cycling of cobalamins in the reductive 

dechlorination of CF. As a redox mediator, CNB12 would be expected to carry out two 

half reactions. Firstly, it should receive electrons fi-om microorganisms. Secondly reduced 

CNB12 should deliver the electrons to CF. Oxidized cobalamins occur in the Co(III) state 

and can be reduced to the Co(II) and Co(I) states with values of 0.20 and -0.61 V for 

the couples Co(III)/Co(II) and Co(II)/Co(I), respectively (Lexa and Saveant 1983). The 

microbial reduction of the Co(III) form of CNB12 to its corresponding Co(II) form has 

been demonstrated with the iron reducing bacterium, Shewanella alga strain BrY, 

utilizing lactate or H2 as an electron donor (Workman et al. 1997). Also an NAD(P)H-

dependent flavin oxidoreductase was isolated fi-om Salmonella enterica strain Serovar 

Typhimurium LT2 that was capable of reducing cobalamin-Co(III) to cobalamin-Co(II) 

(Fonseca and Escalante-Semerena 2000). CNB12 is also known to mediate the abiotic 
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reduction of CF when a bulk reducing agent is present. Strong reducing agents such 

Ti(III)-citrate reduce cobalamin-Co(III) by two electrons to cobalamin-Co(I) (Lewis et al. 

1996). In the presence of Ti(III), cobalamins readily catalyze the reductive dechlorination 

of CF to DCM, chloromethane and methane (Krone et al. 1989b). Sulfhydryl compounds, 

such as sulfide or dithiothreitol, on the other hand are weaker reducing agents and only 

convert cobalamin-Co(III) by one electron to cobalamin-Co(II) (Krone et al. 1989b; 

Lewis et al. 1996). FeS, S^' and dithiothreitol were used as bulk reducing agents during 

the reduction of CT by CNB 12 or aquocobalamin in which case CT was converted via CF 

to partial yields of DCM (Assaf-Anid and Lin 2002; Krone et al. 1989b). In a similar 

study, a mixture of S^" and cysteine incubated with CNB 12 converted radiolabeled CT via 

CF to traces of DCM and small yields of CO, CO2 and CS2 (Workman et al. 1997). The 

result suggests that cobalamin-Co(II) may also have some reactivity with CF. 

2.5.3 Riboflavin as a Redox Mediator during CF-Bioconversion 

RF was also observed to significantly improve CF-bioconversion at low molar ratios. The 

formation rate of the major product, DCM, was significantly enhanced at molar ratios as 

low as 0.05 RF:CF. A significant increase in the k of CF removal of 3.9-fold was 

observed at a RF:CF molar ratio of 0.10 which increased to 5.3-fold at a ratio of 0.20. 

The significant impact on CT degradation obtained with substoichiometric concentrations 

also suggests redox cycling of RF. RF is the redox active moiety of numerous enzyme 

cofactors such as flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) 

and is thus susceptible to reduction by flavin reductases (Tu 2001). Riboflavin reductases 

together with flavin coenzymes are responsible for the reduction of azo dye by bacteria 



(Gingell and Walker 1971; Roxon et al. 1967). Visual observations in this study clearly 

indicated the reduction of yellow oxidized riboflavin to colorless reduced riboflavin, 

which upon sampling was rapidly oxidized to the yellow form due to contact with air. 

Reduced RF is postulated to react with CF, resulting in its reductive dechlorination. In 

this study, RF was shown to support the slow abiotic reduction of CF in heat killed 

sludge. The abiotic reduction of azo dyes was also greatly accelerated by RF in the 

presence of sulfide as bulk reducing agent (van der Zee et al. 2003). As mentioned above, 

RF would be thermodynamically feasible as a redox mediator, since its value is 

intermediate between the couples S°/HS' and DCM/CF. 

2.5.4 Role of Redox Active Vitamins on Biotransformation Products 

The type of redox active vitamin utilized to increase rates of CF dechlorination was found 

to have a large impact on the product spectrum. RF resulted in large yields of DCM as a 

product of CF dechlorination, suggesting a dominant role of reductive hydrogenolysis, in 

which a Cl-group is replaced by an H-group. After correcting for CI' released from sludge 

due to cell lysis, the molar ratio of cr:DCM-Cl was found to be in the range of 0.9 to 1.9 

in treatments with 10 to 20 fj,M RF, which exceeds the theoretical ratio of 0.5 for the 

reaction of CF to DCM. Therefore, other reactions generating CI" were most likely 

occurring in addition to the reductive hydrogenolysis of CF to DCM. High yields of 

DCM have also been noted during CF-bioconversion by Methanosarcina strains (Bagley 

and Gossett 1995; Mikesell and Boyd 1990), Acetobacterium woodii (Egli et al. 1990) or 

methanogenic sludge (Yu and Smith 1997). 
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The situation was completely different in cultures receiving cobalamin additions. 

The cobalamins promoted the nearly complete dechlorination of CF to CI' and lowered 

the yield of DCM. The corresponding cr:DCM-Cl were in the range of 36 to 39 for 

CNBi2 treatments of 10-20 |j,M and 19 for the HOB 12 treatment of 10 |j,M. The ratio was 

also impacted at very low concentrations of CNB12. After correcting for CF released from 

sludge due to cell lysis, the molar ratio of Cr:DCM-Cl was found to be 7.3 and 15.8 in 

freatments with 1 and 5 )j,M CNB12, respectively. Cobalamins therefore enhance 

substitutive reactions presumably involving chloromethane carbene radicals that become 

hydrolyzed with water. During the CNB12 mediated degradation of CF by a DCM-

utilizing enrichment culture, CO and CO2 were detected as important products of the 

degradation process (Becker and Freedman 1994). Two pathways of CO formation were 

proposed. One involves the hydrolysis of a dihalocarbene radical directly yielding CO 

(Krone et al. 1991). The other involves a monohalocarbene radical which would be 

hydrolyzed to formaldehyde with subsequent oxidation to CO and formate (Becker and 

Freedman 1994). The latter mechanism is considered more probable due to the weaker C-

C1 bond versus C-H bond of a putative dichlorocarbene-cobalamin complex. Several 

acetogenic bacteria are known which can utilize CO as a growth substrate, eventually 

leading to its mineralization to CO2 (Ljungdahl 1986; Sipma et al. 2003). Cobalamins are 

involved in methyl transferase reactions (Matthews 2001), thus covalent complexes 

between the CF and cobalamin are found as intermediates in the reaction (Krone et al. 

1989b). Probably the ability of cobalamins to form such complexes with CF is the main 
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reason cobalamins can dramatically alter the spectrum of products formed during 

halomethane biotransformation. 

2.5.5 CF Inhibition 

In this study 100 )jM CF caused complete a loss of methanogenic activity. CF is known 

to be highly toxic to methanogens. Severe methanogenic inhibition by CF has been 

demonstrated in anaerobic sludges. Methanogenic activity in municipal anaerobic 

digester sludge has been inhibited at CF concentrations as low 0.75 to 6.7 )aM (Yu and 

Smith 2000; Zitomer and Speece 1995). The 50% inhibiting concentration of CF to 

acetoclastic methanogenesis by Nedalco granular sludge was 14.2 |^M, which was the 

same sludge utilized in this study (Sanz et al. 1997). Severe inhibition has also been 

noted in pure cultures of methanogens and acetogens in the concentration range of 0.1 to 

20 fiM (Bagley and Gossett 1995; Mikesell and Boyd 1990; Scholten et al. 2000). 

Inhibition of methane production; however, does not necessarily preclude CP-

degradation. The methanogen, Methanosarcina barkeri, was able to dechlorinate even 

though methane production was completely inhibited (Bagley and Gossett 1995). 

In this study evidence is provided indicating that a prolonged exposure to high CF 

concentrations causes cell lysis. The evidence is based on increased concentrations of CI' 

in cultures that lacked any significant degradation of CF thereby excluding the possibility 

that Cr was formed from dechlorination. Under such conditions the chlorine balance was 

in large excess of 100% due to this contribution of CF. On the other hand in cultures 

supplemented with cobalamins, the CF was rapidly degraded and the exposure to CF was 

considerably lower. A lowered exposure was also reflected in a partial rather than 
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complete inhibition of methanogenic activity by CF. In correspondence to the lowered 

CF exposure, the chlorine balances were approximately 100% which would indicate the 

absence of any major source of CI" from cell lysis. The results suggest that the severe 

inhibitory impacts of CF can be relieved if CF is biotransformed. The hypothesis is 

supported by the recovery of methane production in pure methanogenic cultures from CF 

inhibition once CF has been removed by biotransformation (Bagley and Gossett 1995; 

Mikesell and Boyd 1990). 

2.6 Implications 

The present finding indicate that redox active vitamins at substoichiometric 

concentrations can greatly increase rates of anaerobic CF degradation. Thus potentially 

compounds, such as flavins and cobalamins can be added to CF-contaminated sites to 

improve their bioremediation. However, such compounds are expensive biochemicals 

which are most likely to be too costly for large scale additions. Therefore, bioremediation 

strategies that take advantage of their presence must stimulate their biosynthesis. In this 

regard certain electron donating substrates have been shown to favor the biosynthesis of 

vitamin B12. The use of 1,2- propanediol as a growth substrate stimulated vitamin B12 

production in an enrichment culture cycled between anaerobic/aerobic sequences. The 

increased vitamin B12 production was correlated with increased rates of CT degradation 

(Zou et al. 2000). The enhanced vitamin B12 production is related to the dependence of 

the first step in the catabolism on vitamin B12, which is the conversion of 1,2-propanediol 

to propionaldehyde (Roth et al. 1996). In a similar fashion, a culture of the methanogen, 

Methanosarcina barkeri, was shown to secrete vitamin B12 when cultured on methanol 



(Mazumder et al. 1987). The same strain also was shown to secrete vitamin B12 and 

coenzyme F430 when cultured on methanol and supplemented with their corresponding 

metals, Co(II) and Ni(II), respectively (Lin et al. 1989). Certain precursors of vitamin B12 

synthesis are also known to increase vitamin B12 production in bacterial strains used for 

the industrial production of vitamin B12 by the fermentation industry. For example, 

vitamin B12 biosynthesis in one of the best industrial strains, Propionibacterium 

shermanii, is enhanced by addition of the precursor, 5,6-dimethylbenzimidazole (Martens 

et al. 2002). 
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Chapter 3. BIODEGRADATION OF CARBON TETRACHLORIDE IN THE 
PRESENCE OF DIFFERENT REDOX MEDIATORS. 

3.1 Abstract 

Carbon tetrachloride (CT) is an important groundwater pollutant, which is only subject to 

biotransformation in the absence of oxygen. The anaerobic biotransformation of CT is 

influenced by electron shuttling compounds. The purpose of this study was to evaluate 

the impact of redox active vitamins on CT (100 fiM) metabolism in a methanogenic 

sludge consortium (0.5 g VSS 1"') supplied with volatile fatty acids as electron donor (0.2 

g COD r'). The redox active vitamins, tested at concentrations ranging from 0.5 to 20 

pM, were riboflavin (RF) and two forms of vitamin B12, cyanocobalamin (CNB12) and 

hydroxycobalamin (HOB 12), and these were compared with a redox mediating quinone, 

anthraquinone-2,6-disulfonate (AQDS). Substoichiometric concentrations of RF, CNB12, 

HOB 12 at molar ratios of vitamin:CT as low as 0.005 significantly increased rates of CT-

bioconversion. These are the lowest molar ratios of vitamin Bn reported having an 

impact on dechlorination. Additionally, this study constitutes the first report of RF having 

a role in reductive dechlorination. At molar ratios of 0.1 vitamin;CT, RF, CNB12, HOB12 

increased the first order rate constant of CT bioconversion by 4.0-, 13.3- and 13.6-fold 

respectively. The redox active vitamins also enhanced the rates of abiotic CT conversion 

in heat killed sludge treatments, but the rates were approximately 4- to 5-fold lower than 

the corresponding vitamin enhanced rates of biological CT conversion. The addition of 

CNB12 or HOB 12 to the live methanogenic sludge consortium increased the yield of 

inorganic chloride (CI") from CT-converted. Chloroform was a transient intermediate in 



CNBi2 or HOB 12 supplemented cultures. In contrast, the addition of RF increased the 

yield of chloroform from CT-converted. Taken as a whole the results clearly demonstrate 

that very low concentrations of redox active vitamins could potentially play an important 

role in accelerating the anaerobic the bioremediation of CT as well as influencing the 

proportions of biotransformation products formed. 

3.2 Introduction 

Carbon tetrachloride (CT) is an important priority pollutant contaminating groundwater 

in the United States (U.S.) (Barbash & Roberts 1986). CT is ranked as the 40"^ most 

important pollutant in the 2003 Comprehensive Environmental Response, Compensation, 

and Liability Act (CERCLA) list maintained by the U.S. Environmental Protection 

Agency (EPA) and the U.S. Agency for Toxic Substance and Disease Registry (ATSDR). 

CT has been observed at approximately 25% of National Priority List sites, which are the 

most serious hazardous waste sites in the U.S. (ATSDR 2003). CT is a solvent that has a 

long history of use as a cleaning fluid, degreasing agent, as well as a fiimigant of grain. 

Industrially it was used in the synthesis of refrigeration fluids and propellants for aerosol 

cans (ATSDR 2003). CT was used in large quantities as a dry-cleaning agent until it was 

banned in the 1950s, when it was gradually replaced by trichloroethylene and 

perchloroethylene (Wentz 1995). While most uses of CT have been halted, improper 

disposal and spills in the past as well as leaking storage tanks, have led to its widespread 

contamination of groundwater and sediments. 

Under aerobic conditions, CT is poorly degraded. However under anaerobic 

conditions, the bioconversion of CT is reported under a wide variety of redox conditions. 



CT biotransformation has been observed to take place by pure cultures of methanogens 

(Egli et al. 1987; Egli et al. 1990), acetogenic bacteria (Egli et al. 1988), fermentative 

bacteria (Galli & McCarty 1989), sulfate reducing bacteria (Egli et al. 1987) and iron 

reducing bacteria (Picardal et al. 1993) without any apparent benefit to the microbe 

responsible for the degradation suggesting cometabolism (Holliger & Schraa 1994). CT is 

sequentially reduced forming chloroform (CF), dichloromethane (DCM) and even traces 

of chloromethane (CM) as products. In some studies, radiolabeled CO2 as well as CS2 

were also observed from the anaerobic conversion of radiolabeled CT indicating the 

occurrence of substitutive reactions involving nucleophilic addition of water or thiol 

groups (Egli et al. 1988; Hashsham et al. 1995). Heat-killed cells of methanogens and 

anaerobic mixed cultures also catalyze the dechlorination of CT predominantly via the 

substitutive reactions (Egli et al. 1990; Van Eekert et al. 1998) forming similar products 

as the living cells including CO2 and CS2. Reduced enzyme cofactors of the anaerobic 

microorganisms have been implicated as the catalyst of the observed transformations. 

The heat stable cobalt-containing cofactor, vitamin Bn, was shown to directly catalyze 

the dechlorination of CT when supplied with an appropriate reducing agent such as 

Ti(IlI)-citrate or hydrogen sulfide (Assaf-Anid & Lin 2002; Gantzer & Wackett 1991; 

Krone et al. 1991; Tanaka 1997). Vitamin B12 is a common cofactor of strict anaerobes, 

especially those involved in Ci metabolism. The unique nickel containing coenzyme 

F430 of methanogens was additionally implicated as a catalyst in the reductive 

dechlorination of CT to CF, DCM, CM and methane (Gantzer & Wackett 1991; Krone et 

al. 1989). Recently extracellular zinc containing porphorinogen-type molecules found in 



a methanogen (Methanosarcina thermophila) were also shown to catalyze the reductive 

dechlorination of CT (Koons et al. 2001). 

CT degradation under denitrifying conditions by Pseudomonas stutzeri KC has 

also been reported with CO2 as the major product and with little or no formation of CF as 

an intermediate (Criddle et al. 1990). The responsible catalyst is a siderophore excreted 

by the organism, which has been identified as pyridine-2,6-bis(thiocarboxylic acid) 

(PDTC) complexed with copper (Lewis et al. 2001). Biodegradation proceeds through 

the formation of phosgene and thiophosgene as intermediates (Lewis & Crawford 1995). 

Under iron reducing conditions, CT reduction to CF is catalyzed by reactive metal oxide 

surfaces formed fi-om the adsorption of biogenic Fe(II) to iron oxides (Kim & Picardal 

1999; McCormick et al. 2002). Similar results were obtained in abiotic systems with 

Fe(II) adsorbed onto iron oxides (Pecher et al. 2002). Recently CT reductive 

dechlorination was also observed in anaerobic enrichment cultures respiring humus or 

anthraquinone-2,6-disulfonate (AQDS) (Cervantes et al. 2004). AQDS is commonly used 

as a model for redox active quinone moieties in humus (Nurmi & Tratnyek 2002). Rates 

of CT dechlorination were increased in methanogenic mixed cultures by AQDS and in 

the cultures of the iron-reducing bacterium, Shewanella putrefaciens by humus 

(Cervantes et al. 2004; Collins & Picardal 1999). The reduced form of AQDS, 

anthrahydroquinone-2,6-disulfonate (AH2QDS), was shown to directly reduce CT to CF 

chemically (Cervantes et al. 2004; Curtis & Reinhard 1994). 

The results taken as a whole suggest an important role of electron shuttles in the 

anaerobic biotransformation of polyhalogenated methanes. Compounds mediating 



reduction include enzyme cofactors, siderophores, quinones and adsorbed Fe(ll). The 

objective of this study was to compare several redox active vitamins for their ability to 

increase rates of CT dechlorination in an anaerobic mixed culture. Additionally their 

impact on the types of products formed was evaluated. Vitamin B12, riboflavin and 

AQDS were selected as redox mediators for this study. Riboflavin was included since 

previous results indicated it was effective in mediating the reductive biotransformation of 

azo dyes (Field & Brady 2003; Semde et al. 1998). 

3.3 Materials and methods. 

Microorganisms 

Methanogenic granular sludge was obtained from an industrial anaerobic treatment plant 

treating distillery wastewaters (Nedalco BV, Bergen op Zoom, The Netherlands). The 

content of volatile suspended solids (VSS) in the Nedalco sludge was 10.0%. The 

microbial cultures were stored under nitrogen gas at 4°C. 

Basal media 
The basal medium contained (g 1"'): 0.3 NH4CH3CO2, 0.08 K2HPO4, 0.05 

MgS04*7H20, 0.015 NaHCOa and 0.035 Ca(OH)2. The basal medium additionally 

contained and 1 ml 1'^ of trace elements solution and 5 ml 1"' of vitamins solution. The 

trace element solution contained (mg 1"'): 50 H3BO3, 2800 FeS04*7H20, 106 

ZnS04«7H20, 680 MnS04*7H20, 50 (NH4)6Mo7024*4H20, 175 AlK (804)2* I2H2O, 113 

NiS04*6H20, 2360 CoS04*7H20, 100 NaSe03*5H20, 157 CuS04*5H20, 1000 EDTA, 

200 resazurin.. The vitamins solution contained (mg 1"'): 20 biotin, 50 p-aminobenzoate, 

50 pantothenate, 20 folic acid dihydrate, 50 lipoic acid, 100 pyridoxine, 50 nicotinamide, 



98 

50 thiamine (1). The buffer solution was 0.01 M phosphate. The media was 

supplemented with volatile fatty acids (VFA) solution (acetate, propionate and butyrate) 

in 1:1:1 proportion of chemical oxygen demand (COD) from a stock solution to a final 

concentration of 200 mg COD 1"', taking into account acetate added with NH4CH3CO2. 

The final concentration of each VFA was as follows: acetate, 1.04 mM; propionate, 0.6 

mM; and butyrate, 0.42 mM. 

Batch Assays 

The experiments were performed in triplicate using 120 ml serum bottles with a 

liquid volume of 50 ml (70 ml headspace). The basal medium, buffer and VFA solutions 

were combined and the anaerobic methanogenic sludge was added to provide a final 

concentration of 0.5 g volatile suspended solids (VSS) 1"'. Afterwards the redox 

mediators were added from concentrated stock solutions to provide the desired final 

concentrations. The final concentration of redox mediators was; 10 jjM for the initial set 

of CT experiments, and 0.5, 2, 10, 20 |a,M for the cyanocobalamin and riboflavin 

concentration gradient CT experiments. The bottles were flushed with nitrogen gas for 

two minutes in the liquid phase, two minutes in the headspace, and then sealed with 

Viton stoppers (Maag Technic AG, Dubendorf, Switzerland) and aluminum crimps. 

After sealing the bottles, they were flushed for another two minutes. The CT was added 

from a concentrated stock solution to the bottles at the final concentration of 100 |J.M 

referred to the liquid volume. After addition of CT, the bottles were shaken on a 

reciprocal shaker (120 strokes per minute) at 32 °C in a temperature controlled room (± 

2°C) during the entire experiment. Two kinds of chemical controls were prepared in 
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order to prove that there were no leaks in the treatments and to calculate the background 

level of chloride of the medium. The first kind containing nutrient basal medium, buffer, 

VFA and CT but without sludge, and the second kind, containing nutrient basal medium, 

buffer and VFA without CT and without sludge. In all experiments sludge blanks were 

prepared with basal medium, buffer, VFA and with sludge but without CT and these were 

incubated in parallel to obtain the background chloride levels for correction of the 

chloride levels in treatments. The experiments with heat killed sludge followed the same 

procedure as that for the living sludge, but the bottles containing everything except for 

the redox mediator were autoclaved for 20 minutes at 120 °C and afterwards the 

headspace of the bottles were flushed with filter sterilized N2. Filter sterilized redox 

mediators were added later and CT addition was done as indicated for living sludge. For 

abiotic experiments, the concentrations tested for the redox mediators were 1,10 and 20 

|iM and AQDS was not tested. 

To investigate the possible degradation of redox active vitamins in the treatments 

during, an experiment was conducted with basal medium, buffer, VFA and sludge but 

without CT as described above. The treatments were supplemented with either riboflavin 

or cyanocobalamin at a final concentration of 100 juM and incubated at 32 °C. The 

controls cultures lacking redox active vitamins were also included to correct for 

background absorbance. The redox active vitamins concentration was quantified 

spectrophotometrically after allowing them to be reoxidized in air, for which a standard 

curve for each was prepared. The extinction coefficient was 11,900 M"' cm"' at 450 nm 
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and 9700 M"^ cm"' at 550 nm for the oxidized forms of riboflavin and cyanocobalamin 

respectively in the corresponding 0.01 M phosphate buffer solution at pH 7. 

Analytical methods 

Analysis for CT, chloroform (CF), dichloromethane (DCM) and 

perchloroethylene (PCE) was performed in the headspace by a gas chromatograph (GC 

Hewlett Packard 5890 series) equipped with an electron capture detector (BCD) and a 

GS-GASPRO column (30 m x 0.317 mm, J&W Scientific). Standards for CT, CF and 

DCM were prepared in serum bottles maintaining the same conditions established for the 

treatments with respect to temperature, headspace and liquid volume. The operation 

conditions were the following: injector temperature, 200 °C, detector temperature, 275 

°C, oven temperature, 200 °C, gas carrier was He. Headspace samples (100 |il) were 

injected to the GC-ECD each time during the experiment. The retention times for CT, CF 

DCM and PCE were 5.2, 5.0, 4.7 and 7.1 minutes respectively. Analysis for the liquid 

phase was performed by liquid chromatography, (Ion Chromatograph equipped with 

Dionex 1P25 isocratic pump, Dionex EG40 eluent generator, Dionex CD 20 conductivity 

detector and a LC20 chromatography enclosure in which a Dionex lonPac ASll-HC 

column analytical 4 x 250 mm was installed. The eluent solution was KOH at a 7 mM 

concentration for 30 minutes to separate the chloride peak. The retention time for the 

chloride peak was 4 minutes. 

Chemicals 

9, 10- Anthraquinone -2,6 - disulfonic acid disodium salt (98 % purity), cyanocobalamin 

(99% purity), hydroxocobalamin acetate salt (99% purity), riboflavin (98% purity) were 
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obtained from Sigma Aldrich (St. Louis, MO, USA). Additionally HPLC grade CT, CF, 

DCM and PCE were obtained from Sigma Aldrich. Glacial acetic acid (98% purity) was 

purchased from Spectrum Chemicals (New Brunswick, NJ, USA) and propionic acid 

(99% purity) and butyric acid (99% purity) were purchased from Sigma Aldrich. 

3.4 Results 

3.4.1 Comparison redox active vitamins on CT-bioconversion 

CT (100 fiM) was incubated with methanogenic sludge in the presence and 

absence of redox mediating compounds supplied at 10 jiM. The effect of cyanocobalamin 

(CNB12), riboflavin (RF) and anthraquinone-2,6-disulfonate (AQDS) on the time course 

of CT elimination is shown in Figure 3.4.lAa. The graph illustrates no loss of CT 

incubated in sterile medium, and only small losses of CT incubated with heat-killed 

sludge. CT removal occurred in all cases with living sludge. However the rate of CT 

degradation was significantly increased in treatments amended with redox mediating 

compounds. CT was completely eliminated within two days with CNB12 amended 

cultures or seven days with RF- and AQDS-amended cultures. In contrast, the untreated 

culture had only removed about 75% of the CT after 14 days. Hydroxocobalamin 

(HOB 12) was also tested and provided results identical to CNB12. The first order rate 

constant (k) of the two vitamin Bn compound amended cultures were more than 13-fold 

greater than that of the control culture without addition of redox mediator (Table 3.4.1). 

RF- and AQDS-amended cultures had k values that were 4- and 3.75-fold greater than the 

control culture, respectively. 



The evolution of CF as a biotransformation product in the conversion of CT is 

shown in Figure 3.4.lAb. In the CNB12 amended culture, CF was initially formed in 

small amounts and then subsequently degraded. In the control and AQDS-amended 

cultures, CF accumulated in the range of 11 to 32 fiM. The RF amendment significantly 

increased the yield of CF, which reached approximately 50 after only 5 days. The 

conversion of CT also paralleled the release of inorganic chloride (CI ) indicating 

organochlorine mineralization as shown in Figure 3.4.1B. The highest release was 

observed for the CNB12 treated culture; followed by the AQDS treated culture. A lower 

level of chlorine mineralization was observed in the RF-amended and untreated cultures. 

Chlorine was also partially mineralized the treatment with heat-killed sludge. 

A chlorine balance was established on day 5 of the experiment. The 

organochlorine of CT in cultures amended with either of the two vitamin B12 compounds 

was mineralized CI" by 62%. The organochlorine mineralization of 33 to 42% achieved 

with the other redox mediators was also significantly higher than the 27% mineralization 

observed in the unamended culture. The recovery of chlorine as CF was greatest in the 

cultures with RF and lowest in the cultures with vitamin B12 compounds. The combined 

recovery of chlorine as CF and CF was high and accounted for 63 to 86% of the CT 

chlorine removed from the various treatments (Table 3.4.1). 
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Table 3.4.1. First order rate constant {k )  and chlorine balance on day 5 in the experiment evaluating 
the impact of different redox mediating compounds at 10 |uM on the biological conversion of CT 

Treatments k Chlorine Recovery Day 5 S products^ 

(day ') CT-Cl CF-Cl cr (%CT-C1 removal) 

% initial CT-Cl 
HKS^ 0.038 (±0.001) 85.1 ( ± 1.5) 0.9 (± 1.0) 10.7 (±2.1) 77.7 
LS^ 0.077 (+0.010) 52.8 ( ±3.8) 13.8 (±0.7) 26.6 (±1.3) 85.6 
LS + AQDS 0.289 (±0.016) 15.1 (±10.3) 13.2 (±0.9) 41.9 (±3.3) 64.9 
LS + RF 0.309 (±0.019) 13.8 (± 4.4) 34.9 (± 1.7) 33.0 (±1.1) 78.8 
LS + HOB12 1.040 (±0.038) 1.8 ( +0.2) 2.0 (±0.4) 62.6 (±3.7) 65.8 
LS + CNB,2 1.021 (±0.051) 0.8 ( ±0.1) 0.8 (±0.6) 61.5 (±0.6) 62.8 
^ HKS = heat killed sludge; LS = living sludge 
^ 100 X (CF-Ci + crycT-cUmoved 
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Figure 3.4.1 A The time course of the anaerobic biotransformation of CT (100 j,iM) by anaerobic 
granular sludge. Panel A shows the disappearance of CT. Panel B shows the accumulation 
of CF. Legend: no redox mediator added, (closed circles); 10 fj,M of anthraquinone 
disulfonate, (closed diamonds); 10 fxM of riboflavin, (closed triangles); 10.0 (.iM of 
cyanocobalamin, (closed squares); abiotic medium control (open circles); and killed sludge 
control (open squares). Error bars indicate standard deviation. 
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Figure 3.4.1B. The time course of inorganic chloride accumulation from the anaerobic 
biotransformation of CT (100 p,M) by anaerobic granular sludge. Legend: no redox mediator 
added, (closed circles); 10 |aM of anthraquinone disulfonate, (closed diamonds); 10 (.iM of 
riboflavin, (closed triangles); 10.0 |aM of cyanocobalamin, (closed squares); abiotic medium 
control (open circles); and killed sludge control (open squares). Error bars indicate standard 
deviation. 

3.4.2 Heat killed controls 

The role of the redox mediating vitamins on the abiotic transformation of CT (100 

)aM) by heat killed sludge was examined at three concentrations, 1, 10 and 20 i^M. The 

time-course of the abiotic CT conversion is shown in Figure 3.4.2 for treatments in the 

presence and absence of 10|^M of RF or CNB12. The figure illustrates significant 

enhancement of abiotic CT conversion by RF and CNB12. However, the rates of the redox 

active vitamin enhanced abiotic CT conversion (Table 3.4.2A) were 4- to 5-fold lower 
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than the corresponding redox active vitamin enhanced rates of biological CT conversion. 

The evolution of CF from the redox active vitamin enhanced abiotic conversion of CT 

(Figure 3.4.2) was considerably lower than that observed in living sludge. 

A chlorine balance was established on day 19 of the abiotic experiment (Table 

3.4.2A). CNBi2 at 1 to 20 |j,M and HOB12 at 10 to 20|iM significantly enhanced the 

mineralization of the organochlorine in CT compared to the untreated heat killed sludge. 

RF at 20 |j,M significantly enhanced the accumulation of CF. The combined recovery of 

chlorine as CI" and CF accounted for 35 to 53 % of the CT chlorine removed from the 

various treatments (Table 3.4.2B). The highest values of recovery were observed with the 

HOB 12 and CNB12 treatments. 
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Figure 3.4.2. The time course of abiotic transformation of CT (100 |.iM) by killed anaerobic 
granular sludge in the absence or presence of 10.0 )iM redox mediators. Panel A shows the 
disappearance of CT. Panel B shows the accumulation of CF. Legend: no redox mediator 
added, ( ); 10 f.iM of riboflavin, (closed triangles); 10.0 (.iM of cyanocobalamin, (closed 
squares); and medium only control (open circles). Error bars indicate standard deviation. 
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Table 3.4.2A First order rate constant { k )  and chlorine balance on day 19 in the experiment 
evaluating the impact of different redox mediating compounds at variable concentrations on the 
abiotic conversion of CT in the presence of heat killed sludge 

Treatments k Chlorine Recovery Day 19 Z products* 

(day ') CT-Cl CF-Cl cr (%CT-C1 removal) 
% initial CT-Cl 

No Mediator 0.003 (±0.014) 63.8 (±0.2) 2.2 (±2.8) 12.5 (± 8.9) 40.5 

HOB12 1 (.iM 0.010 (±0.006) 34.2 (± 1.4) 2.1 (±2.1 ) 24.2 (±7.8) 40.0 

HOB 12 10 nM 0.077 (±0.076) 5.4 (±8.2) 2.0 (±0.3) 48.6 (±4.1) 53.4 

HOB,2 20 ]uM 0.081 (+0.025) 0.2 (±0.1) 1.1 (±0.3) 52.1 (±3.7) 53.3 

CNB12 1 |u.M 0.021 (+0.011) 18.6 (± 18.7) 2.9 (± 1.4) 32.9 (±7.7) 44.0 

CNB,2 10|.iM 0.208 (+0.150) 0.4 (±0.7) 1.2 (±1.1) 43.2 (± 1.5) 44.5 

CNB12 20 0.249 (+0.048) 0.1 ( ±0) 1.5 (±0.4) 43.3 (±2.3) 44.8 

RF 1 laM 0.090 (+0.009) 40.9 ( ±3.5) 2.9 (±0.2) 17.7 (± 1-5) 34.9 

RF 10|liM 0.075 (±0.021) 33.6 (±11.7) 3.5 (±1.5) 20.5 (±7.6) 36.1 

RF 20 (.iM 0.063* 21.0* 6.8 (±5.0) 22.8 (±1.1) 37.5 

only one replicate 
^ definition in Table 3.4.1 footnote 

Table 3.4.2B. First order rate constant { k )  and chlorine balance on day 6 in the experiment 
evaluating the impact of different concentrations of CNB12 on the biological conversion of CT 

Treatments k Chlorine Recovery Day 6 Z products^ 

(day-') CT-Cl CF-Cl cr (%CT-C1 
removal) 

% initial CT-Cl 

No CNB12 0.185 (±0.038) 31.2 (±5.0) 10.5 (±0.9) 23.5 (±1.7) 49.4 

CNB,2 0.5 |liM 0.510 (±0.078) 6.2 (±4.0) 9.6 (± 1.2) 37.7 (±0.6) 50.4 

CNB,2 2 |j,M 0.805 (±0.064) 0.1 (±0.1) 7.3 (±1.1) 41.9 (±0.8) 49.3 
CNB12 10fj,M 1.049 (±0.060) 0.1 (±0.0) 3.8 (±0.6) 44.9 (±0.8) 48.8 

CNB12 20 fxM 2.130 (±0.220) 0.0 1.2 (±0.5) 45.1 

00 0
 46.2 

^ definition in Table 3.4.1 footnote 
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3.4.3 Effect redox active vitamin concentrations on CT-bioconversion 

The effect of variable CNBi2 concentrations on the biological conversion of CT 

(100 i^M) is illustrated in Figure 3.4.3Aa. Significant increases in CT elimination were 

already evident at the lowest concentration tested, 0.5 |aM of CNB12. The CT elimination 

continued to improve as the CNB12 was increased to 20 |aM. A dynamic the pattern of CF 

accumulation was observed (Figure 3.4.3Ab). In the unamended culture and the culture 

receiving the lowest CNB12 of 0.5 |iM, CF gradually increased with time. However, at 

higher CNB12 concentrations, CF initially accumulated and was later degraded, the effect 

of which was most pronounced at 20 |j,M. The k values for the 0.5, 2, 10 and 20 |J,M 

CNB12 amended cultures were 2.8-, 4.4-, 5.7 and 11.5-fold faster compared to that of the 

unamended culture, respectively. 

A chlorine balance was established on day 6 (Table 3.4.2B). The recovery of 

inorganic chloride increased with increasing CNB]2 concentrations. In contrast the 

recovery of chlorine in CF decreased with increasing CNB12 concentrations. The 

combined recovery of chlorine as CF and CF accounted for 46 to 50 % of the CT chlorine 

removed fi-om the various treatments (Table 3.4.2B). 

The effect of variable RF concentrations on the biological conversion of CT (100 

|aM) was also investigated. Increasing RF concentrations corresponded to an initial 

increase in the rate of CT conversion (Figure 3.4.3Ba). Based on the calculated k values, 

as little as little as 0.5 juM RF had a significant impact on the rate of CT degradation 

(Table 3.4.3). The A: values the 0.5, 2, 10 and 20 |j,M RF amended cultures were 1.4-, 1.7-, 

2.4- and 2.4-fold faster compared to that of the unamended culture, respectively. The 
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effect of RF was also reflected in an initial increase in the CF formation rate (Figure 

3.4.3Bb). CF formation was also significantly impacted by the addition of as little as 0.5 

^MRF. 

A chlorine balance was established on day 12 (Table 3.4.3). The recovery of 

chlorine as CF increased progressively with increasing concentrations of RF. On the 

other hand, all the RF amended treatments significantly increased the recovery of CI" to 

the same extent. The combined recovery of chlorine as CI" and CF was highest in this 

experiment and accounted for and accounted for 81 to 86% of the CT chlorine removed 

from the various treatments (Table 3.4.3). 
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Figure 3.4.3 A The time course of the anaerobic biotransformation of CT (100 jiM) by anaerobic 
granular sludge in the presence of variable concentrations of cyanocobalamin. Panel A 
shows the disappearance of CT. Panel B shows the accumulation of CF. Legend: no 
cyanocobalamin added, (closed circles); 0.5 ^iM, (closed diamonds); 2.0 |.iM, (closed 
triangles); and 20.0 |uM, (closed squares) of added cyanocobalamin, respectively; and abiotic 
medium control (open circles). Error bars indicate standard deviation. 
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Figure 3.4.3B The time course of the anaerobic biotransformation of CT (100 |.iM) by anaerobic 
granular sludge in the presence of variable concentrations of riboflavin. Panel A shows the 
disappearance of CT. Panel B shows the accumulation of CF. Legend: no riboflavin added, 
(closed circles); 0.5 }j,M, (closed diamonds); 2.0 |.iM, (closed triangles); and 20.0 f^M, (closed 
squares) of added riboflavin, respectively; and abiotic medium control (open circles). Error 
bars indicate standard deviation. 
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Table 3.4.3. First order rate constant ( k )  and chlorine balance on day 12 in the experiment 
evaluating the impact of different concentrations of RP on the biological conversion of CT 

Treatments k Chlorine Recovery Day 12 S products 

(day ') CT-Cl CF-Cl cr (%CT-C1 
removal) 

- % initial CT-Cl 

NoRF 0.102 (+0.005) 45.3 (±1.6) 10.2 (±0.7) 35.6 (±0.9) 83.7 

RF 0.5 |liM 0.145 (+0.016) 26.3 (+1.6) 17.0 (± 1.3) 46.4 (±0.2) 86.1 
RF 2|iM 0.172 (±0.009) 18.2 (+0.5) 19.5 (± 1.5) 46.4 (±2.2) 80.5 

RF 10 (.iM 0.248 (±0.008) 9.1 (±0.2) 30.5 (±5.3) 47.4 (±0.2) 85.7 

RF 20 liM 0.245 (±0.044) 7.8 (±2.7) 32.3 (±2.2) 45.0 (±0.5) 83.8 

^ definition in Table 3.4.1 footnote 

3.4.4 Other biotransformation products 

CF and cr were routinely monitored as major products. Occasionally the presence of 

DCM and PCE was additionally monitored. DCM concentrations were low, generally 

ranging in values from 0.5 to 0.9 |j,M in all treatments when detected. Higher 

concentrations of up to 5.9 jaM were only observed after prolonged incubations of 18 

days in control cultures lacking redox active vitamin additions. Previously we have 

reported that PCE is a minor product of anaerobic CT biotransformation (Cervantes et al. 

2004). In this study, PCE was also found but at very low levels. In RF- and CNB12 

amended cultures, PCE was detected at concentrations less than 0.1 [iM. In control 

cultures control cultures lacking redox active vitamin additions, PCE was detected at 

concentrations up to 0.84 [aM, occurring after 18 days of incubation. 
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3.4.5 Biodegradation of RF and CNBn 

RF and CNB12 supplied at 100 |iM were incubated under similar conditions as those used 

in the CT-bioconversion assays. After a 7-day incubation period, no loss in RF and or 

CNB12 was observed based on absorbance measurements at the absorbance maxima 

(results not shown). The results indicate that these redox active vitamins resisted 

anaerobic biodegradation in short-term assays. 

3.5 Discussion 

The results from this study indicate that several redox-mediating compounds served to 

increase rates of CT bioconversion rates. The effective redox mediators included: RF, 

AQDS and two types of cobalamins, HOB 12 and CNB12. To the best of our knowledge 

this constitutes the first report in which RF was considered as a redox mediator to 

stimulate reductive dehalogenation. When supplied at 10 j^M, the rates of RF-stimulated 

CT biotransformation were similar to those of AQDS, which was approximately 4-fold 

faster than cultures lacking redox mediators. However, the cobalamins at 10 [xM were 

more effective, enabling CT-conversion rates greater than 13-fold faster than cultures 

lacking redox mediators. 

3.5.1 Abiotic versus biotic conversion 

The mechanism of CT-conversion enhancement by the redox mediators is largely 

due to biologically catalyzed reactions. However, RF and cobalamins were also shown to 

support slow catalysis of CT in heat killed sludge at rates approximately 4-fold slower 

than corresponding rates in RF and cobalamin supplemented living sludge cultures. The 

activity of redox mediators in heat killed sludge is in keeping with previous observations 
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that cobalamins supported the abiotic conversion of CT in cell-free anaerobic medium 

containing sulfide as bulk reducing agent (Tanaka 1997). Additionally it was shown that 

CNB12 supported chemical reduction of CT with Fe^^, S^" and FeS as reducing agents 

(Assaf-Anid & Lin 2002). Previously numerous studies indicated that cobalamins 

catalyzed abiotic CT conversions with stronger reducing agents such as titanium(IIl) 

citrate, dithiothreitol or cysteine (Assafanid et al. 1994; Chiu & Reinhard 1996; Gantzer 

& Wackett 1991; Krone et al. 1991). Reduced compounds in the heat killed sludge 

therefore probably supported CT-conversion catalyzed by the added redox mediators. In 

this study, the cobalamins dramatically accelerated CT-conversion in heat killed sludge 

by over 70-fold. This observation starkly contrasted the minor effects of CNB12 on heat 

killed cells in a previous study with a DCM degrading enrichment culture (Hashsham et 

al. 1995). 

3.5.2 Cobalamins as redox mediators during CT-bioconversion 

Experiments evaluating variable CNB12 and RF concentrations on the biological 

conversion of CT suggested that very low concentrations of these redox-mediating 

vitamins had significantly impacts. Similar finding were observed with AQDS in a 

previous publication (Cervantes et al. 2004). A molar ratio of only 0.005 CNBiiiCT 

significantly increased the first order rate constant {k) of CT removal by 2.7-fold. Rates 

continued to increase up to 11.2-fold with the highest molar ratio tested of 0.2 CNBi2:CT 

in the concentration gradient experiment (Table 3.4.2B). The molar ratios used in this 

study were far lower than those evaluated previously. Zou et al. (Zou et al. 2000) 

observed 3- to 7-fold enhancement of CT degradation kinetics in enrichment cultures 



developed from anaerobic digester sludge with a molar ratio 2.3 CNBi2:CT. A 10-fold 

increase in CT degradation rates was observed in DCM-enrichment cultures when a 

molar ratio of 0.1 CNBi2;CT was applied (Hashsham et al. 1995). A 30-fold 

enhancement in CT degradation rates were observed in pure cultures of the acetogenic 

bacterium, Acetobacterium woodii, when a molar ratio of 0.11 HOBi2:CT was applied 

(Hashsham & Freedman 1999). 

The results from this study and those of Hashsham et al. (Hashsham & Freedman 

1999; Hashsham et al. 1995), clearly suggest that substoichiometric concentrations of 

cobalamins can sustain enhanced rates of CT degradation. The substoichiometric 

relationship would suggest a cycling between oxidized and reduced forms of cobalamins. 

In abiotic systems, the reduction of cobalamins is carried out by bulk reducing agents. 

However, biological reactions in the living cultures far exceeded the rates observed in 

heat killed cultures. This observation implies that microorganisms in the sludge 

consortium were probably responsible for the reduction of cobalamins. Oxidized 

cobalamins occur in the Co(lll) state and can be reduced to the Co(II) and Co(I) states 

with standard reduction potentials at pH 7 (£"'^) versus the standard hydrogen electrode 

(SHE) of 0.20 and -0.61 V for the couples Co(III)/Co(II) and Co(II)/Co(I), respectively 

(Lexa & Saveant 1983). The iron reducing bacterium, Shewanella alga strain BrY was 

shown to reduce cobalamin Co(IlI) to cobalamin Co(ll) when provided with an adequate 

electron donor such as lactate or H2 (Workman et al. 1997). Similarly the reduction was 

also catalyzed by Salmonella enterica strain serovar Typhimurium LT2. An NAD(P)H-

dependent flavin oxidoreductase (FRE) was isolated from the latter organisms that was 
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capable of reducing cobalaminCo(III) to cobalaminCo(II) (Fonseca & Escalante-

Semerena 2000). 

The second part of the cobalamin cycling would involve the reduction of CT by 

the reduced cobalamin with concomitant oxidation of cobalamin. Cobalamin Co(II) 

prepared biologically with S. alga strain BrY was shown to effectively reduce CT in cell 

free systems while becoming oxidized to cobalamin Co(III) (Workman et al. 1997). A 

reaction proceeding via CF would be energetically favorable with values 0.20 and 

0.67 for the redox couples cobalamin Co(III)/cobalamin Co(II) and CF/CT (McCormick 

et al. 2002), respectively. These observations provide evidence for a biologically fueled 

redox cycling of cobalamins that could account for significant impacts observed in this 

study at molar CNBi2:CT ratios as low as 0.005. 

3.5.3 Riboflavin as redox mediators during CT-bioconversion 

RF was also observed to significantly enhance CT-bioconversion at very low 

molar ratios. The formation rate of the major product, CF, was significantly enhanced at 

molar ratios as low as 0.005 RF:CT and the k of CT removal was also significantly 

increased by 42%. As the RF concentration was increased to 10 |aM, the rate 

enhancements increased to 2.4-fold but with diminishing returns for each additional 

increment in the concentration gradient experiment (Table 3.4.3). The maximum rate was 

already obtained at 10 )aM since no further rate enhancements were observed at 20 |j,M. 

The increment of k versus RF concentration followed Michaelis-Menton kinetics with a 

Xm of approximately 1 )j,M RF. A similar kinetic pattern was observed for RF-mediated 

reduction of an azo dye by methanogenic sludge (Field & Brady 2003). As was argued 
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above for the cobalamins, the significant impact on CT degradation obtained with 

substoichiometric concentrations suggests redox cycling of RF. The first half of the cycle 

would be the biological reduction of RF. RF is the redox active moiety in ubiquitous 

enzyme cofactors such as flavin mononucleotide (FMN) and flavin adenine dinucleotide 

(FAD) and as such should be susceptible to reduction by a wide variety of flavin 

reductases (Tu 2001). Riboflavin reductases have been implicated in the mediation of azo 

dye reduction by bacteria (Gingell & Walker 1971; Roxon et al. 1967). During the 

incubations conducted in this study, visual observations clearly indicated reduction of 

yellow oxidized riboflavin to colorless riboflavin, which upon sampling were rapidly 

reoxidized to the yellow oxidized form due to contact with air. 

The direct chemical reaction of reduced riboflavin with CT has not yet been 

documented in the literature. Nonetheless there are several indications that this reaction 

was occurring. Firstly riboflavin significantly stimulated abiotic CT reduction in heat 

killed sludge (Table 3.4.2A). Secondly, reduced FMN is known to catalyze the reductive 

dechlorination of p,/»'-dichlorodiphenyltrichloroethane (DDT) in the presence of heme 

cofactors (Sugihara et al. 1998). Porphorinogen-type molecules, similar to hemes, are 

known to occur in methanogenic cultures (Koons et al. 2001). Lastly the E''^ value of 

riboflavin/riboflavin-Hi of -0.21 V (Roxon et al. 1967) is sufficiently low to allow for a 

thermodynamically favorable reaction with CT. 

3.5.4 Role of redox active vitamins on biotransformation products 

The redox mediating vitamins impacted the spectrum of products obtained ft-om 

the anaerobic bioconversion of CT. Compared to the cultures lacking redox mediating 
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compounds, the cobalamins increased the yield of inorganic chloride and lowered the 

yield of CF as a fraction of the CT-removed (Tables 3.4.1 and 3.4.2B). CF formation in 

cobalamin supplemented cultures was dynamic. The initial accumulation of CF was 

subsequently subjected to a much more extensive degradation compared to CF 

accumulating in other treatments. The observation suggested that cobalamins also 

enhanced rates of CF conversion. The suggestion was shown to be correct in a separate 

experiment in which 100 of CF was incubated with 10 |aM of CNB12 under the same 

experimental conditions used for the CT incubations. After a two-week incubation 

period, essentially no CF was removed in the unsupplemented culture; whereas CF 

removal was complete in the culture receiving CNB12 (results not shown). Additionally, a 

previous study had already demonstrated that a DCM-degrading methanogenic 

enrichment culture degraded CF approximately 10-fold faster in the presence of 

cobalamin (Becker & Freedman 1994). It should be noted that CF was never the most 

important product from cobalamin assisted CT removal. Even at the height of CF 

accumulation on day 2 in the experiment shown in Figure 3.4.1, CF-Cl accounted for 

only 7.5% of the CT-Cl removed; whereas inorganic CI' accounted for 60%. The results 

clearly suggest cobalamin supported a high degree of organic chlorine mineralization, far 

exceeding the release of chlorine from the conversion of CT to CF. Furthermore, in 

experiments where DCM was monitored, DCM never accumulated beyond 1 [iM with 10 

|jM CNB12. 

During the anaerobic biodegradation of CT, two types of reductive dechlorination 

are recognized (Egli et al. 1990; Egli et al. 1988; Krone et al. 1991; Van Eekert et al. 



1998). On the one hand, reductive hydrogenolysis occurs in which hydrogen atoms 

replace chlorine atoms in sequential reduction steps leading to CF and DCM. On the 

other hand, CT can be reduced to a dichlorocarbene radical, which is subsequently 

subject to substitution reactions with H2O and H2S leading to the formation of CO and 

CS2. The results taken as a whole from this study, indicate that reductive hydrogenolysis 

was a minor pathway; whereas substitutive reactions was the major pathway in cobalamin 

supplemented cultures. To support this hypothesis, the chemical reaction of biologically 

reduced CNB12 with CT resulted in CO as the major product (92%); whereas CF was a 

minor product (1.4%) (Workman et al. 1997). In active methanogenic consortia CO 

would be further converted to CFI4, acetate and CO2 (Sipma et al. 2003). Even in 

unsupplemented methanogenic consortia, CO2 is a major product from CT conversion 

(Van Eekert et al. 1998). 

In contrast to the results obtained with cobalamins, RF significantly increased the 

yield of CF as a fraction of the CT-removed (Tables 3.4.1 and 3.4.3), compared to the 

cultures lacking redox mediating compound. The recovery of CF-Cl as percentage of CT-

C1 consumed was 35-40% in cultures receiving 10 to 20 )aM RP; whereas the value 

ranged from 15 to 29% in cultures lacking redox mediators. The results indicate that RF 

enhances the reductive hydrogenolysis of CT in methanogenic sludge. 

3.6 Conclusion 

Taken as a whole the results of this study clearly demonstrate that very low 

concentrations of redox active vitamins could potentially play an important role in 
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accelerating the anaerobic CT bioremediation. Additionally, the study reveals a large 

impact of redox active vitamins on the spectrum of biotransformation products formed. 

Acknowledgements 

The research was fiinded in part through a scholarship (Guerrero-Barajas) from the 

Mexican Ministry of Science and Education (CONACyT). The authors are also grateful 

to Samuel Gilmore and Ana Hoffiiagle for experimental assistance. 



122 

References 

1. Assafanid N, Hayes KF & Vogel TM (1994) Reductive dechlorination of carbon-
tetrachloride by cobalamin(Ii) in the presence of dithiothreitol - Mechanistic study, 
effect of redox potential and pH. Environ. Sci. Technol. 28: 246-252. 

2. Assaf-Anid N & Lin KY (2002) Carbon tetrachloride reduction by Fe2+, S2-, and 
FeS with vitamin B-12 as organic amendment. J. Environ. Eng.-ASCE 128: 94-99. 

3. ATSDR (2003) Toxicological profile for carbon tetrachloride. U.S. Department Of 
Health And Human Services Public Health Service; Agency For Toxic Substances 
and Disease Registry. 

4. Barbash J & Roberts PV (1986) Volatile organic chemical contamination of 
groundwater resources in the U.S. J Water Pollut Control Fed 58; 343-348. 

5. Becker JG & Freedman DL (1994) Use of cyanocobalamin to enhance anaerobic 
biodegradation of chloroform. Environ. Sci. Technol. 28: 1942-1949. 

6. Cervantes FJ, Vu-Thi-Thu L, Lettinga G & Field JA (2004) Quinone-respiration 
improves dechlorination of carbon tetrachloride by anaerobic sludge. Appl Microbiol 
Biotechnol 64: 702-711. 

7. Chiu PC & Reinhard M (1996) Transformation of carbon tetrachloride by reduced 
vitamin B-12 in aqueous cysteine solution. Environ. Sci. Technol. 30: 1882-1889. 

8. Collins R & Picardal F (1999) Enhanced anaerobic transformations of carbon 
tetrachloride by soil organic matter. Environ. Toxicol. Chem. 18: 2703-2710. 

9. Criddle CS, Dewitt JT, Grbicgalic D & McCarty PL (1990) Transformation of 
Carbon-Tetrachloride by Pseudomonas Sp Strain Kc under Denitrification 
Conditions. Appl. Environ. Microbiol. 56: 3240-3246. 

10. Curtis GP & Reinhard M (1994) Reductive Dehalogenation of Hexachlorethane, 
Carbon-Tetrachloride, and Bromoform by Anthrahydroquinone Disulfonate and 
Humic-Acid. Environ. Sci. Technol. 28: 2393-2401. 

11.Egli C, Scholtz R, Cook AM & Leisinger T (1987) Anaerobic Dechlorination of 
Tetrachloromethane and 1,2- dichloroethane to degradable products by pure cultures 
of Desulfobacterium sp and Methanobacterium sp. FEMS Microbiol. Lett. 43: 257-
261. 



123 

12. Egli C, Stromeyer S, Cook AM & Leisinger T (1990) Transformation of 
tetrachloromethane and trichloromethane to carbon dioxide by anaerobic bacteria is a 
non-enzymic process. FEMS Microbiol. Lett. 68: 207-212. 

13. Egli C, Tschan T, Scholtz R, Cook AM & Leisinger T (1988) transformation of 
tetrachloromethane to dichloromethane and carbon-dioxide by Acetobacterium-
woodii. Appl. Environ. Microbiol. 54: 2819-2824. 

14. Field JA & Brady J (2003) Riboflavin as a redox mediator accelerating the reduction 
of the azo dye Mordant Yellow 10 by anaerobic granular sludge. Water Sci. Technol. 
48: 187-193. 

15. Fonseca MV & Escalante-Semerena JC (2000) Reduction of cob(III)alamin to 
' cob(II)alamin in Salmonella enterica serovar typhimurium LT2. Journal of 

Bacteriology 182: 4304-4309. 

16. Galli R & McCarty PL (1989) biotransformation of 1,1,1-trichloroethane, 
trichloromethane, and tetrachloromethane by a Clostridium sp. Appl. Environ. 
Microbiol. 55: 837-844. 

17. Gantzer CJ & Wackett LP (1991) reductive dechlorination catalyzed by bacterial 
transition- metal coenzymes. Environ. Sci. Technol. 25: 715-722. 

18. Gingell R & Walker R (1971) Mechanism of azo reduction by Streptococcus faecalis 
11. The role of soluble flavins. Xenobiotica 1: 231-239. 

19. Hashsham SA & Freedman DL (1999) Enhanced biotransformation of carbon 
tetrachloride by Acetobacterium woodii upon addition of hydroxocobalamin and 
fhictose. Appl. Environ. Microbiol. 65: 4537-4542. 

20. Hashsham SA, Scholze R & Freedman DL (1995) cobalamin-enhanced anaerobic 
biotransformation of carbon- tetrachloride. Environ. Sci. Technol. 29: 2856-2863. 

21. Holliger C & Schraa G (1994) Physiological meaning and potential for application of 
reductive dechlorination by anaerobic bacteria. FEMS Microbiol Rev. 15: 297-305. 

22. Kim S & Picardal FW (1999) Enhanced anaerobic biotransformation of carbon 
tetrachloride in the presence of reduced iron oxides. Environmental Toxicology and 
Chemistry 18: 2142-2150. 

23. Koons BW, Baeseman JL & Novak PJ (2001) Investigation of cell exudates active in 
carbon tetrachloride and chloroform degradation. Biotechnology and Bioengineering 
74: 12-17. 



124 

24. Krone UE, Laufer K, Thauer RK & Hogenkamp HPC (1989) Coenzyme-F430 as a 
possible catalyst for the reductive dehalogenation of chlorinated-C 1 hydrocarbons in 
methanogenic bacteria. Biochemistry 28; 10061-10065. 

25. Krone UE, Thauer RK, Hogenkamp HPC & Steinbach K (1991) reductive formation 
of carbon-monoxide from CC14 and Freon-11, freon-12, and freon-13 catalyzed by 
corrinoids. Biochemistry 30: 2713-2719. 

26. Lewis TA & Crawford RL (1995) Transformation of carbon-tetrachloride via sulfur 
and oxygen substitution by Pseudomonas sp strain KC. J. Bacteriol. 177: 2204-2208. 

27. Lewis TA, Paszczynski A, Gordon-Wylie SW, Jeedigunta S, Lee CH & Crawford RL 
(2001) Carbon tetrachloride dechlorination by the bacterial transition metal chelator 
pyridine-2,-6-bis(thiocarboxylic acid). Environ. Sci. Technol. 35: 552-559. 

28. Lexa D & Saveant JM (1983) The electrochemistry of vitamin-Bi2. Accounts of 
Chemical Research 16: 235-243. 

29. McCormick ML, Bouwer EJ & Adriaens P (2002) Carbon tetrachloride 
transformation in a model iron-reducing culture: Relative kinetics of biotic and 
abiotic reactions. Environ. Sci. Technol. 36: 403-410. 

30. Nurmi JT & Tratnyek PG (2002) Electrochemical properties of natural organic matter 
(NOM), fractions of NOM, and model biogeochemical electron shuttles. Environ. Sci. 
Technol. 36: 617-624. 

31. Pecher K, Haderlein SB & Schwarzenbach RP (2002) Reduction of polyhalogenated 
methanes by surface-bound Fe(II) in aqueous suspensions of iron oxides. Environ. 
Sci. Technol. 36: 1734-1741. 

32. Picardal FW, Arnold RG, Couch H, Little AM & Smith ME (1993) Involvement of 
Cytochromes in the Anaerobic Biotransformation of Tetrachloromethane by 
Shewanella-putrefaciens 200. Appl. Environ. Microbiol. 59: 3763-3770. 

33. Roxon JJ, Ryan AJ & Wright SE (1967) Enzymatic reduction of tartrazine by Proteus 
vulgaris from rats. Fd Cosmet. Toxicol 5: 645—656. 

34. Semde R, Pierre D, Geuskens G, Devleeschouwer M & Moes AJ (1998) Study of 
some important factors involved in azo derivative reduction by Clostridium 
perfringens. International Journal of Pharmaceutics 161: 45-54. 

35. Sipma J, Lens PNL, Stams AJM & Lettinga G (2003) Carbon monoxide conversion 
by anaerobic bioreactor sludges. Fems Microbiology Ecology 44: 271-277. 



125 

36. Sugihara K, Kitamura S & Ohta S (1998) Reductive dechlorination of DDT to DDD 
by rat blood. Biochemistry and Molecular Biology International 45: 85-91. 

37. Tanaka K (1997) Abiotic degradation of tetrachloromethane in anaerobic culture 
media. J. Ferment. Bioeng. 83: 118-120. 

38. Tu SC (2001) Reduced flavin: donor and acceptor enzymes and mechanisms of 
channeling. Antioxidants & Redox Signaling 3: 881-897. 

39. Van Eekert MHA, Schroder TJ, Stams AJM, Schraa G & Field JA (1998) 
Degradation and fate of carbon tetrachloride in unadapted methanogenic granular 
sludge. Appl. Environ. Microbiol. 64: 2350-2356. 

40. Wentz M (1995) The evolution of environmentally responsible fabricare 
technologies. Am Drycleaner 62: 52-62. 

41. Workman DJ, Woods SL, Gorby YA, Fredrickson JK & Truex MJ (1997) Microbial 
reduction of vitamin B-12 by Shewanella alga strain BrY with subsequent 
transformation of carbon tetrachloride. Environ. Sci. Technol. 31: 2292-2297. 

42. Zou SW, Stensel HD & Ferguson JF (2000) Carbon tetrachloride degradation: Effect 
of microbial growth substrate and vitamin B-12 content. Environ. Sci. Technol. 34: 
1751-1757. 

Note: 
A modified version of this chapter has been submitted to Biodegradation as: "Enhancement of 
anaerobic carbon tetrachloride biotransformation in methanogenic sludge with redox active 
vitamins" (2004) {in press) 



126 

Chapter 4. ENHANCED ANAEROBIC BIOTRANSFORMATION OF CARBON 
TETRACHLORIDE WITH PRECURSORS OF VITAMIN B12 BIOSYNTHESIS. 

4.1 Abstract 

Relatively low concentrations of Vitamin B12 are known to accelerate the anaerobic 

biotransformation of carbon tetrachloride (CT) and chloroform (CF). However, the 

addition of vitamin B12 for field-scale bioremediation is expected to be too costly. The 

present study considered two strategies known to increase vitamin B12 biosynthesis as a 

means of increasing CT biotransformation rates in a methanogenic consortium. One 

approach evaluated potential precursors of vitamin B12 biosynthesis. The other approach 

evaluated primary substrates that induce vitamin B12 biosynthesis. One of the precursors, 

porphobilinogen (PB) involved in the formation of the corrin ring, significantly increased 

the CT biotransformation rates by 2.7-, 8.8- and 10.9-fold when supplemented at 160, 

500 and 900 )aM, respectively. A positive control with 10 )j,M of vitamin B12 resulted in a 

5.9-fold increase in the CT-bioconversion rate. Even at concentrations as low as 40 |aM, 

PB significantly increased the molar yield of inorganic chloride as a fi-action of CT-

converted. At higher concentrations, PB provided molar yields of inorganic chloride 

comparable to that obtained with vitamin B12 supplemented cultures. The primary 

substrate, methanol, known to induce vitamin B12 production in methanogens and 

acetogens, was required for PB to have a significant impact. The observation suggests 

that PB's role was due to stimulating vitamin B12 biosynthesis. Two primary substrates, 

glycerol and 1,2-propanediol known to induce vitamin B12 in enteric bacteria, 

significantly increased rates of CT-conversions by 2.5- and 2.9-fold; respectively. 
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compared to a culture with a volatile fatty acid mixture. The present study therefore 

provides insights on how to achieve vitamin B12 enhanced rates of CT bioremediation 

through the use of less complex compounds that are precursors or inducers of vitamin 

Bi2. 

4.2 Introduction 

Vitamin B12 is an important enzyme cofactor implicated in reductive dechlorination. In 

abiotic systems, vitamin B12 can catalyze the dechlorination of a variety of chlorinated 

solvents when incubated with an appropriate reducing agent, such as Ti(III)-citrate, 

cysteine or sulfide (Assafanid et al. 1994; Burris et al. 1996; Gantzer & Wackett 1991; 

Glod et al. 1997a; Glod et al. 1997b; Krone et al. 1989; Lesage et al. 1998). Vitamin B12 

is also known to stimulate reductive dechlorination of chlorinated methanes in mixed and 

pure microbial cultures. Most studies have evaluated the impact of cyanocobalamin 

(CNB12) or hydroxycobalamin (HOB 12) on the anaerobic biotransformation of carbon 

tetrachloride (CT). A 30-fold enhancement in CT degradation rates were observed in 

pure cultures of the acetogenic bacterium, Acetobacterium woodii, when CT was applied 

a molar ratio of 0.11 H0Bi2:CT (Hashsham & Freedman 1999).. CT degradation rates 

were increased 10-fold by CNB12 in a dichloromethane (DCM) enrichment culture with a 

molar ratio of 0.1 CNBi2:CT (Hashsham et al. 1995). CNB12 and HOB 12, supplied at a 

molar ratio of 0.1 vitamin:CT, increased CT bioconversion rates by 13.3- and 13.6-fold; 

respectively, in an unadapted methanogenic consortium (Guerrero-Barajas & Field 

2004a). Vitamin B12 also stimulated the chloroform (CF) dechlorination rates in an 



anaerobic DCM-degrading enrichment culture (Becker & Freedman 1994) as well as in 

an unadapted methanogenic consortium (Guerrero-Barajas & Field 2004b). 

The cited studies illustrate that vitamin B12 is effective at increasing microbial 

dechlorination rates when supplied at substoichiometric concentrations. Molar ratios as 

low as 0.005 CNBi2:CT had very significant effects on the CT degradation rate 

(Guerrero-Barajas & Field 2004a). The substoichiometric ratios would suggest redox 

cycling of vitamin B12 between oxidized and reduced forms. Microorganisms are 

implicated in the reduction of oxidized forms of vitamin B12. Oxidized cobalamins occur 

in the Co(III) state and can potentially be reduced to the Co(II) and Co(I) states with 

standard reduction potentials at pH 7 (£''°) versus the standard hydrogen electrode (SHE) 

of 0.20 and -0.61 V for the couples Co(III)/Co(II) and Co(II)/Co(I), respectively (Lexa & 

Saveant 1983). The iron reducing bacterium, Shewanella alga strain BrY was shown to 

reduce cobalamin Co(III) to cobalamin Co(II) when provided with an adequate electron 

donor such as lactate or H2 (Workman et al. 1997). Similarly the reduction was also 

catalyzed by Salmonella enterica strain serovar Typhimurium LT2. An NAD(P)H-

dependent flavin oxidoreductase (FRE) was isolated from the latter organisms was 

responsible for the reduction (Fonseca & Escalante-Semerena 2000). The second part of 

the vitamin B12 redox cycle would involve the reduction of CT or CF by the reduced 

cobalamin. Cobalamin Co(II) was shown to effectively reduce CT in cell free systems 

while concomitantly becoming oxidized to cobalamin Co(III) (Workman et al. 1997). 

Potentially vitamin B12 could be added to sites contaminated with chloromethanes 

to improve their bioremediation. However, vitamin B12 is a costly biochemical and thus 
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not suited for large scale additions. Bioremediation strategies taking advantage of vitamin 

Bi2 are thus limited to methods promoting vitamin B12 biosynthesis. Certain primary 

substrates have been shown to favor the biosynthesis of vitamin B12. Single carbon 

substrates such as formate and methanol enhance vitamin B12 production by methanogens 

and acetogens (Lebloas et al. 1994; Mazumder et al. 1987; Toraya et al. 1975; Van 

Eekert et al. 1998) due to corrinoid dependent methyltransferases involved in CI 

metabolism .Evidence for the secretion of extracellular vitamin B12 was observed from a 

culture of the methanogen, Methanosarcina barkeri, cultivated on methanol (Lin et al. 

1989; Mazumder et al. 1987). Vitamin B12 biosynthesis is commonly promoted by 

utilizing 1,2-propanediol as a growth substrate. The first step in the catabolism is the 

conversion of 1,2-propanediol to propionaldehyde which is dependent on vitamin B12 and 

thus the presence of 1,2-propanediol induces vitamin B12 biosynthesis (Roth et al. 1996). 

The use of 1,2- propanediol as a growth substrate stimulated vitamin B12 production in an 

enrichment culture cycled between anaerobic/aerobic conditions. The increased vitamin 

Bi2 production was correlated with increased rates of CT degradation (Zou et al. 2000). 

Certain precursors of vitamin B12 synthesis are also known to increase vitamin B12 

production in bacterial strains used for the industrial production of vitamin Bn by the 

fermentation industry. For example, vitamin B12 biosynthesis in one of the best industrial 

strains, Propionibacterium shermanii, is enhanced by addition of the precursor, 5,6-

dimethylbenzimidazole (DMBI) (Martens et al. 2002). 

The objectives of this study were to determine if CT degradation in an unadapted 

methanogenic consortium can be stimulated by addition of vitamin B12 precursors and by 
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the use of primary substrates known to stimulate vitamin B12 production. The most 

important precursors of vitamin B12 are presented in Table 1. Substrates implicated in an 

enhanced production of vitamin B12 are 1,2-propanediol, glycerol and ethanolamine 

(Martens et al. 2002; Roth et al. 1996) as well as methanol (Mazumder et al. 1987; 

Nishio et al. 1975). 

4.3 Material and Methods 

Microorganisms 

Methanogenic granular sludge was obtained from an industrial anaerobic treatment plant 

treating distillery waste waters (Nedalco BV, Bergen op Zoom, The Netherlands). The 

content of volatile suspended solids (VSS) in the Nedalco sludge was 10.0%. The 

maximum specific acetoclastic methanogenic activity of the Nedalco sludge was 361 mL 

CH4 g"' volatile suspended solids (VSS) day"'. The Nedalco sludge was stored under 

nitrogen gas at 4°C. 

Basal media 

The basal media was prepared containing (g 1"') 0.3 NH4C2H3O2, 0.08 K2HPO4, 0.05 

MgS04 7H2O, 0.015 NaHCOs, 0.035 Ca(0H)2, and 5 ml 1"' trace elements solution 

excluding chloride and cobalt salts. The trace elements solution was prepared containing 

in (mg 1"'): 50 H3BO3, 2800 FeS04 7H2O, 106 ZnS04 7 H2O, 680 MnS04-7H20, 50 

(NH4)6 M07024-4H20, 175 A1K(S04)2-12H20, 113 NiS04-6H20, 100 NaSe03-5H20, 157 

CuS04-5H20, 1000 EDTA, 200 resazurin. The cobalt, when required, was added to the 

medium at a final concentration of 0.05 mg 1-1 fi-om a concentrated stock solution made 
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of C0SO4 7H2O. The medium was buffered at pH 7 with sodium bicarbonate solution at 

a final concentration of 2g V\ 

Cyanocobalamin precursors screening assay. 

All the treatments and controls were prepared in duplicate in 120 ml serum bottles with a 

liquid volume of 50 ml (70 ml headspace). Nedalco sludge at a concentration of 0.5g 

VSS r' was supplemented with the medium and buffering described above and methanol 

was provided as a substrate from a concentrated stock solution to a final concentration of 

chemical oxygen demand (COD) of 1000 mg COD 1"'. The basal medium used in all the 

treatments contained cobalt to a final concentration of 0.05 mg 1"' unless specified 

otherwise. The different cyanocobalamin precursor treatments were prepared adding the 

corresponding precursor fi-om a concentrated stock solution to a final concentration of 1 

mM each. The vitamin B12 precursors tested in the different treatments were: 

porphobilinogen (PB) fi-om source 1, adenine, 5,6- dimethylbenzimidazole (DMBI), 5-

aminolevulinic acid, L-Threonine, L-Methionine, and a treatment containing a mixture of 

all of them (each at 1 mM). Four different controls were prepared. The chemical, (abiotic 

control) was not inoculated with sludge but contained buffered basal medium with cobalt 

and CT but no CNB12 nor precursor compound were added. The positive control 

contained sludge and buffered basal medium with cobalt and 10 |aM CNB12. Two 

negative controls were the same as the positive control but lacked CNB12 or any 

precursor amendments. One negative control contained cobalt the other did not. 

Treatments and controls were flushed with a mixture of N2/CO2 (80:20) one minute in the 

liquid and one minute in the headspace, then the bottles were sealed with Viton stoppers 
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(Maag Technic AG, Dubendorf, Switzerland) and aluminum crimps. After sealing the 

bottles, they were flushed again with N2/CO2 (80:20) using needles through the stoppers 

to promote gas exhaustion for another two minutes. Treatments and controls were 

incubated for 48 hours at 29° C (unless indicated otherwise). After the incubation period, 

the CT was added to all the treatments and controls from a concentrated stock solution to 

a final concentration of 100 |aM referred to the liquid volume. The concentration of CT in 

the stock solution was corrected by the Henry's law factor at 29°C to ensure that each 

treatment and control would receive the corresponding 5 jimoles of CT in the liquid. 

After addition of CT, the bottles were gently shaken (120 strokes/min) at 29 °C during 

the entire experiment. 

Porphobilinogen concentration gradient assay. 

All the treatments and controls were prepared in duplicate in 120 ml serum bottles with a 

liquid volume of 50 ml (70 ml headspace). Nedalco sludge at a concentration of 0.5g 

VSSr' was supplemented with the medium and buffering described above and methanol 

was provided as a substrate from a concentrated stock solution to a final concentration of 

chemical oxygen demand (COD) of 1000 mg COD 1"'. The basal medium used in all the 

treatments contained cobalt to a final concentration of 0.05 mg 1"' unless specified 

otherwise. Porphobilinogen from source 2 was added to the corresponding different 

treatments from a concentrated stock solution to a final concentration of 40, 160, 500 and 

900 )aM. Three different controls were prepared according to the previous descriptions: 1) 

abiotic control; 2) positive control; and 3) negative control with cobalt. Treatments and 
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controls were flushed, pre-incubated, amended with CT (100 ^M) and incubated as 

described in the section above. 

Substrates and cyanocobalamin production stimulation screening assay. 

In order to identify if certain primary substrates are potential stimulants of CNB12 

production, a screening experiment using these substrates was conducted. As in the other 

assays, the treatments and controls were prepared in duplicate using the same kind of 

serum bottles keeping the same dimensions for liquid and headspace volume. The 

inoculum was Nedalco sludge 0.5 g 1"' VSS and the different substrates were all 

supplemented at a concentration of 1000 mg CODl'^ The substrates tested in the 

treatments were: the volatile fatty acids (VFA) mixture, methanol, 1,2-propanediol, 

glycerol, polyethylene glycol (PEG) and ethanolamine. Also, a treatment with no 

substrate was included. The medium, buffer, and inoculum were prepared as reported 

above. Two different controls were prepared. One was the abiotic control, prepared as 

indicated in the former sections. The other was the biological control including sludge, 

buffered basal medium, and VFA mixture as substrate supplemented with CNB12 10 jiM. 

For the treatment and control containing volatile fatty acids (VFA), the VFA mixture was 

prepared containing acetate, propionate and butyrate in 1:1:1 proportion of chemical 

oxygen demand (COD) from a stock solution providing a final concentration of 1000 mg 

r' COD, taking into account the acetate added as NH4C2H3O2. The final molar 

concentration of each VFA constituent was the following: acetate 5.2 mM, propionate 3.0 

mM and butyrate 2.1 mM. 
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Chemicals 

Carbon tetrachloride (CT), Chloroform (CF), dichloromethane (DCM), 

perchloroethylene (PCE), methanol HPLC grade were purchased at Sigma Aldrich (St. 

Louis, MO, USA), cyanocobalamin (CNB12), adenine, 5,6- dimethylbenzimidazole 

(DMBI), 5-aminolevulinic acid, L-Threonine, L-Methionine, glycerol, polyethylene 

glycol (PEG), ethanolamine, were all purchased at Sigma Aldrich (St. Louis, MO, USA). 

Porphobilinogen (PB) source 1 was purchased at Fluka Chemical Corp. (Milwaukee WI 

USA) and source 2 at Frontier Scientific Inc. (Logan, UT, USA), 1,2-propanediol was 

purchased at EM Science (Gibbstown, NJ, USA). Acetic acid glacial, 98% purity and 

sodium hydroxide solution (50% w/w) were purchased at Spectrum Chemicals (New 

Brunswick, NJ, USA), propionic acid (99% purity) and butyric acid (99% purity), were 

purchased at Sigma Aldrich (ST. Louis, MO, USA). 

Analytical Methods. 

Analysis for CT, CF, DCM and PCE in the headspace was performed by a gas 

chromatograph (GC Hewlett Packard 5890 series) equipped with an ECD detector and a 

GS-GASPRO column (30 m x 0.317 mm, J&W Scientific). Standards for CT, CF, DCM 

and PCE were prepared in serum bottles maintaining the same conditions established for 

the treatments for temperature, headspace and liquid volume. The operation conditions 

were the following; injector temperature, 200 °C, detector temperature, 275 °C, oven 

temperature, 200 °C, gas carrier was He. 100 )il headspace samples were injected to the 

GC-ECD each time during the experiment. The retention times for CT, CF, DCM and 

PCE were 5.2, 5.0, 4.7 and 7.1 minutes respectively. Analysis for chloride in the liquid 
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phase was performed by liquid chromatography, (Ion Chromatograph equipped with 

Dionex IP25 isocratic pump, Dionex EG40 eluent generator, Dionex CD 20 conductivity 

detector and a LC20 chromatography enclosure in which a Dionex lonPac AS 11 -HC 4 x 

250 mm analytical column was installed.) The eluent solution was KOH at a 1.5 mM 

concentration for 5 minutes, followed by 20 mM for 10 minutes and 1.5 mM for another 

5 minutes in order to separate the chloride peak. The retention time for the chloride peak 

was 3.2 minutes. 

4.4 Results 

4.4.1 Screening of vitamin B12 precursors 

Several potential precursors of vitamin B12 biosynthesis were tested. Table 4.4.1 A 

indicates the roles of various precursors in vitamin B12 biosynthesis. Most of the 

precursors tested are implicated in the biosynthesis of the corrin ring. These included 

porphobilinogen (PB), 6-aminoIevulinic acid, methionine (as a precursor of S-

adenosylmethionine) and cobalt. The precursor, 5,6- dimethylbenzimidazole (DMBI) was 

tested because it makes up the lower ligand and has been extensively used in the 

fermentation industry to stimulate the microbial production of vitamin B12 (Martens et al. 

2002). Threonine was tested because it is a required cofactor in the synthesis 

aminoisopropanol which links the lower ligand to the corrin ring. Adenine (as a 

precursors of adenosine-triphosphate) was tested because it is the base required for the 

upper ligand in adenosylcobalamin. Methionine could also potentially by the source of 

the methyl group in methylcobalamin. 



The impact of each precursor (1 mM) as well as a precursor mixture (1 mM each) 

on CT (100 ]uM) degradation kinetics in an unadpated methanogenic consortium was 

evaluated with methanol as the primary substrate. The results were compared with a 

negative control (no precursors) and a positive control (containing 10 |aM CNB12). The 

first order rate constants and the residual concentration of CT on day 8 and day 18 are 

shown in Table 4.4.1 A. The Table illustrates that CT degradation occurred slowly in the 

control lacking CNB12 or any precursor; while as expected the rate was 11.5-fold faster in 

the presence of 10 |iM CNB12 in accordance with the previous study (Guerrero-Barajas & 

Field 2004a). Of all the precursors tested, the best response was obtained with PB, 

providing a rate constant that was 3-fold greater than that of the negative control with 

cobalt (Table 4.4.1B, Figure 4.4.1). CT concentrations were also significantly lower 

compared than those of the negative controls at all time points during the experiment 

(Table 4.4.IB, Figure 4.4.1). Significant increases in the first order rate constants for CT 

bioconversion by 1.4 to 2.5-fold were also observed for adenine, 5 aminolevulinic acid, 

threonine, methione and the mixture of precursors (Table 4.4. IB). The time course of CT 

depletion is shown in Figure 4.4.1 for threonine. The mixture of precursors, threonine, 

methionine also had significantly lower CT concentrations compared to the negative 

controls on day 8 and day 18. The two negative controls, compared the presence and 

absence of a cobalt addition (50 )ag T') on CT conversion. The presence of cobalt 

increased the first order rate constant by 67% and CT concentrations were consistently 

lower in the cobalt-amended control, although the differences were modest. 



The formation of the intermediate, CF, was also measured. In the positive control, 

CF was formed and subsequently degraded after reaching a maximum of 6.8 |aM on day 

4. The PB amended treatment followed this pattern but CF reached a maximum of 16.3 

|j.M on day 8 (Figure 4.4.1). The CF results for the other precursor amended treatments 

reached values of 15 to 20 |aM and remained more or less constant thereafter. In the 

negative controls, CF also accumulated to similar levels but CF declined again in the 

control supplemented with cobalt. The treatment receiving the mixture of precursors 

accumulated CF up to 31 |^M and thereafter the concentration declined to 25 )jM by day 

18. DCM. The precursor mixture treatment also accumulated dichloromethane up to 83 

)aM by day 18; whereas, the highest DCM levels in the other treatments ranged fi-om 2 to 

26 |iM. Perchloroethylene (PCE) was also observed at low concentrations as a CT-

degradation side product as in agreement with earlier observations (Cervantes et al. 2004; 

Guerrero-Barajas & Field 2004a). Concentrations of PCE ranged from 0.05 to 2.53 |iM 

on day 18. 
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Figure 4.4,1. The effect of vitamin B12 precurors on CT depletion (panel A) and intermediate 
formation of CF (panel B) in the methanogenic consortium fed with methanol as primary 
substrate. Legend: abiotic control (filled bullets); no precursor and no cobalt control (filled 
squares); no precursor control with cobalt (filled diamonds); 1000 |.IM threonine (empty 
squares); 880 |AM PB (empty bullets); positive control with 10 )j,M CNB12 (filled triangles). 
PB was from source 1. 
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Table 4.4.1A Precursors of vitamin biosynthesis (Battersby & Leeper 1998; Martens et al. 
2002; Roth et al. 1996; Warren et al. 2002) 

Part of Vitamin Immediate Precursors Earlier Precursors Earliest Precursors 
Corrin Ring porphobilinogen 

cobalt 
SAM^ 

5-aminolevulinate succinyl-CoA 

glycine 

Lower (a) Ligand DMBf riboflavin 
Link a Ligand to 
Corrin 

aminoisopropanol 

Threonine* 
Upper Ligands 

5' -deoxyadenosine 
Methyl group 

ATP^ 
SAM 

^SAM = S-adenosylmethionine; DMBI = 5,6-dimethyl-benzimidazole; ATP = adenosine-
triphosphate 
'threonine required for the synthesis of aminoisopropanol but it is not incorporated into vitamin 
B|2 



Table 4.4.IB. Impact of vitamin B12 precursors on the first order rate constant ( k )  of carbon tetrachloride (CT) conversion. CT 
was initially supplied at 100 p,M. Also shown, is the residual CT concentrations and concentrations of intermediate, chloroform 
(CF), on days 8 and 18. 

Treatment k CTday8  CT day 18 CF day 8 CF day 18 

d-' ^iM ^M l^iM l-iM 

avg^ sd^ avg sd avg sd avg sd avg sd 

Abiotic control 95.8 6.9 96.8 6.5 0.0 0.0 0.0 0.0 
Negative control (no Co) 0.096 0.002 50.4 7.3 17.0 0.7 14.1 0.4 16.0 2.1 
Negative contro (with Co) 0.160 0.004 43.7 2.7 5.3 0.1 16.1 3.2 3.9 2.7 
Positive contro] (CNB12 10 |aM) 1.847 0.014 0.0 0.0 NM* 0.6 0.1 NM 
Porphobilinogen (PB_ 0.472 0.005 1.8 0.1 0.0 0.0 16.3 2.5 7.6 0.8 
Adenine 0.245 0.004 40.0 2.0 1.0 0.0 15.9 0.2 20.4 0.4 
5,6-Dimethylbenzimidazole 
(DMBI) 0.119 0.004 44.1 5.6 10.2 0.8 17.8 0.8 23.0 1.2 
§ Aminolevulinic acid 0.305 0.002 40.4 7.7 0.3 0.0 18.2 1.2 19.2 0.2 
T-Threonine 0.407 0.008 33.1 0.2 0.1 0.0 19.0 1.2 20.0 0.2 
L-Methionine 0.219 0.004 34.9 3.2 1.6 0.0 16.8 0.1 20.3 0.6 
Mixture Precursors 0.398 0.009 12.8 5.2 0.1 0.0 30.9 1.4 24.7 0.4 
^ avg = average 
^ sd = standard deviation 

NM = not measured 



Section 4.3, materials and methods, indicates the sources of porphobilinogen (PB) used 

during the experiment that is summarized in Table 4.4. IB 

The treatment listed as mixture of precursors contained all the precursors at 1 mM 

concentration each. 
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4.4.2 Effect of porphobilinogen concentration. 

Since PB was found to be the most effective precursor of vitamin B12 on the anaerobic 

conversion of CT, the impact of different levels of PB was evaluated. The results shown 

in Figure 4.4.2 show that increasing concentrations of PB resulted in increasing 

stimulation of CT-bioconversion. The highest two PB concentrations tested, 500 and 900 

|aM, provided results that were similar to those of the positive control (with 10 fxM 

CNB12). The first order rate constants in treatments with 500 and 900 |aM PB were 8.8 

and 10.9-fold higher compared to the negative control (Table 4.4.2), respectively. PB at 

160 [iM also significantly increased the first order rate constants by 2.7-fold. 

Concentrations of the intermediate CF accumulated to levels of 11 to 14.8 |iM on 

day 10. in treatments with PB and 7.4 fiM in the treatment with CNB12. DCM 

accumulated up to levels of 0.6 to 1.0 |aM in treatments with PB and 0.3 )aM in the 

treatment with CNB12. PCE was also detected in trace amounts around 0.07 to 0.08 |aM 

on day 10. 

In this experiment CF measured were conducted, enabling the presentation of a 

mass balance of chlorine on day 10 as shown in Table 4.4.2. Table shows that PB at 500 

and 900 [iM enabled the mineralization of CT-Cl to CF by 56%, close to the value of 

66% observed in the positive control. The net production of detectable products (CF, 

DCM, and CF) as a percentage of CT-Cl converted reached 65% at high PB levels similar 

to the value of 72% obtained in the positive control. It is interesting to note that PB 

treatments as low as 40 )iM significantly increased the recovery of CF and other products 

from CT-Cl (Table 4.4.2). 
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Figure 4.4.2 The effect PB concentration on CT depletion in the methanogenic consortium fed 
with methanol as primary substrate. Legend: abiotic control (filled bullets); 0 |iM PB (filled 
squares); 40 |a.M PB (empty triangles); 160 |iM PB (empty squares); 500 |.iM PB (empty 
bullets); 900 )aM PB (empty diamonds); positive control with 10 |iM CNB^ (filled 
triangles). PB was from source 2. 



Table 4.4.2 First order rate constant { k )  and chlorine balance on day 10 in the experiment evaluating different concentrations of 
porphobilinogen (PB) during the biodegradation of CT. Values in parenthesis correspond to standard deviations of duplicate 
treatments. 

Additions k CT-Cl CF-Cl DCM-CI CI E products 
(day "') % initial CT-Cl (%CT-CI converted)* 

none 0.061 (±0.013) 44.96 (± 6.68) 6.19 (± 0.52) 0.26 (±0.01) 14.94 (± 0.66) 38.86 
PB (40 ^M) 0.082 (± 0.003) 38.31 (±1.40) 9.23 (± 4.40) 0.41 (± 0.24) 21.04 (± 2.08) 49.74 
PB (160 (iM) 0.166 (±0.011) 14.95 (±2.12) 7.57 (±0.10) 0.26 (± 0.00) 38.64 (±0.10) 54.63 
PB (500 |LIM) 0.536 (± 0.004) 0.24 (±0.04) 7.11 (±0.11) 0.25 (±0.01) 56.99 (± 2.92) 64.50 
PB (900 |liM) 0.665 (± 0.090) 0.11 (±0.04) 6.89 (± 0.24) 0.30 (± 0.09) 55.96 (± 1.08) 63.23 
CNBi2 (10 ^M) 0.353 (± 0.000) 2.30 (±0.00) 4.45 (± 0.16) 0.12 (±0.18) 65.70 (±11.25) 72.13 

• 100 X (CF-Cl +DCM-C1 + Cr)/CT-Cl converted 
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4.4.3 Effect of primary substrates. 

Several primary substrates were evaluated for their ability to stimulate CT conversion 

based on previous works implicating the primary substrates as inducers of vitamin B12 

biosynthesis. These substrates included: 1,2-propanediol, glycerol and ethanolamine 

(Martens et al. 2002) or methanol (Nishio et al. 1975). CT degradation with these 

substrates was compared with that obtained with volatile fatty acid mixture (VFA), 

polyethylene glycol (PEG) and no added substrate (endogenous substrate) as shown in 

Figure 4.4.3. The first order rate {k) constants estimated for all primary substrate tested 

are given in Table 4.4.3. Compared to VFA, only glycerol and 1,2-propanediol caused a 

noteworthy increase in the rate of CT degradation by a factor of 2.5 and 2.9, respectively. 

The increase however was substantially lower than that obtained by addition of 10 jjM to 

CNB12 to the VFA fed culture, causing a 7.4-fold increase in the rate. In a separate 

experiment ethanolamine was also tested, but it had no significant effect on increasing the 

rate of CT-degradation compared to the VFA control (results not shown). 

The formation of the most important intermediate, CF, is shown in Figure 4.4.3 

panel B. CF concentrations continued to increase in the glycerol treatment reaching 43 

)aM by the end of the experiment. In treatments with 1,2-propanediol, the CF 

concentration leveled off at 28 [iM on day 21. CF accumulated in the positive control 

(VFA and CNB12) to a level of 11 fiM on day 9 and thereafter was completely consumed. 

DCM and PCE were also detected. The highest concentration of DCM (6.7 ^iM) was 

observed in the 1,2-propanediol treatment on day 33. The highest concentration of PCE 

(1.2 |j,M) was detected in the PEG treatment on day 26. 
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Figure 4.4.3. The effect of different primary substrates on CT depletion (panel A) and 
intermediate formation of CF (panel B) in the methanogenic consortium. Legend; abiotic 
control (filled bullets); no primary substrate control (filled squares); VFA (filled diamonds); 
glycerol (empty squares); 1,2-propanediol (empty bullets); VFA with 10 |j,M CNB12 (filled 
triangles). 
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Table 4.4.3. Effect of primary substrate on the first order rate constant ( k )  and 
concentrations of carbon tetrachloride (CT) and chloroform on day 11. The initial 
concentration of CT was 106 |.iM 

Treatments k CT day 11 CFdayll 

W) (t-iM) (|aM) 
avg^ sd^ avg sd avg sd 

Abiotic control 102.60 4.41 0.00 0.00 
No substrate 0.063 0.014 47.90 6.03 12.11 1.32 
VFA* 0.060 0.001 56.87 4.80 11.92 1.39 
VFA and CNB12 (10|.iM) 0.445 0.016 0.08 0.00 10.26 1.11 
Methanol 0.076 0.005 45.82 4.28 12.17 0.15 
1,2- Propanediol 0.176 0.076 30.63 13.06 16.32 2.45 
Glycerol 0.148 0.021 36.09 9.26 18.46 1.03 
Polyethylene Glycol 0.051 0.001 58.51 0.87 9.87 0.69 
^ avg = average 
^ sd = standard deviation 
' VFA = volatile fatty acid mixture 



148 

4.4.4 Effect of primary substrate on effectiveness of porphobilinogen. 

The effectiveness of PB in stimulating CT-conversion was found to be limited to 

experimental conditions in which methanol was used as a primary substrate. The impact 

of PB supplied at 160 )^M on the CT concentration after 8 days of incubation at 24 °C 

was evaluated with two primary substrates: either a mixture of volatile fatty acids (VFA) 

or methanol. The results are presented in Table 4.4.4 and are compared with a negative 

control and a positive control (10 )aM CNB12) for each primary substrate. The data clearly 

illustrates that PB only significantly decreased the CT concentration when incubated with 

methanol as the primary substrate. In contrast to methanol, PB had no significant impact 

VFA as primary substrate. In similar experiments conducted with glycerol as primary 

substrate, PB had only a small impact, which was relatively modest compared to that 

obtained with methanol (results not shown). 

Table 4.4.4. Influence of primary substrate on the impact of PB on CT bioconversion 
(incubation temperature 24°C). The initial CT concentration was 100 |iM. 

Treatment CT day 8 CF day 8 
primary CNB12 or PB ^M |XM 
substrate additions avg^ sd^ avg sd 
VFA* none 98.26 3.50 3.74 0.15 
VFA PB (160 |LIM) 95.10 1.19 3.62 0.0 
VFA CNB,2 (10 jiM) 25.72 1.06 4.94 0.86 
Methanol none 100.21 7.70 4.57 0.79 
Methanol PB (160 |liM) 55.20 3.40 7.96 0.20 
Methanol CNB,2 (10 f.iM) 39.92 0.13 0.0 

^ avg = average 
^ sd = standard deviation 

VFA = volatile fatty acid mixture 
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4.5 Discussion 

Relatively low concentrations of Vitamin B12 are known to accelerate the anaerobic 

biotransformation of CF and CT (Becker & Freedman 1994; Guerrero-Barajas & Field 

2004a; Guerrero-Barajas & Field 2004b; Hashsham & Freedman 1999; Hashsham et al. 

1995; Zou et al. 2000). The addition of vitamin B12 for field-scale bioremediation is 

expected to be too costly. The present study considered two strategies known to increase 

vitamin B12 biosynthesis as a means of increasing CT biotransformation rates in a 

methanogenic consortium. One approach evaluated potential precursors of vitamin B12 

b iosyn thes i s .  The  o ther  approach  eva lua ted  p r imary  subs t ra tes  tha t  induce  v i tamin  b i2  

biosynthesis. 

4.5.1 Precursors of Vitamin B12 

A screening of potential vitamin B12 precursors revealed that one precursor, 

porphobilinogen (PB) had the greatest impact in significantly increasing CT 

bioconversion by the unadapted methanogenic consortium utilized in this study. The first 

order rate constant of CT-bioconversion was increased by a factor 3 compared to a cobalt 

supplemented control and the residual CT on day 8 of 1.8 |aM, was significantly lower 

than 43.7 in the control. Several of the other precursors screened, had small but 

significant effects in stimulating CT-bioconversion. These included: adenine, 5 

aminolevulinic acid, threonine and methionine. One of the precursors, DMBI, which is 

often used as a stimulant for the industrial microbial production of vitamin B12 (Martens 

et al. 2002), had no effect in increasing CT-bioconversion. The concentration of DMBI 

used may have been too high and thus inhibitory. There is at least one report in which 
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DMBI additions reduced vitamin B12 production in methanogenic enrichments under 

certain culture conditions (Neujahr & Callieri 1959). Incorporation of DMBI in the 

vitamin B12 structure by the most widely used Propionibacterium generally requires 

microaerophilic conditions (Martens et al. 2002). 

PB is the direct precursor of the tetrapyrrole, uroporphyrinogen III, which 

becomes the corrin ring structure (Martens et al. 2002; Raux et al. 2000; Roth et al. 1996; 

Warren et al. 2002). Because of the large significant impact of PB, we conclude that the 

biosynthesis of the corrin ring is a limiting factor in the methanogenic consortium. The 

first precursor prior to PB is 5 aminolevulinic acid, which also had an effect, albeit much 

lower compared to PB. The lower impact of 5 aminolevulinic acid can be due to two 

possibilities. The first possibility is that the conversion of 5 aminolevulinic acid to PB is 

rate limiting step in biosynthesis of the corrin ring. The second possibility is that 5 

aminolevulinic acid is more rapidly biodegraded in the methanogenic consortium or it is 

not as readily taken up by cells compared to PB. Both methionine and adenosine which 

also had small impacts on increasing CT-bioconversion, may have also played a role via 

the synthesis of the corrin ring since s-adenosylmethionine is a methyl donor to 

uroporphyrinogen III during the biosynthesis of the corrin ring structure (Roth et al. 

1996; Warren et al. 2002). However, adenosine and the methyl group of methionine 

might also be incorporated as upper ligands of adenosylcobinamine or methylcobalamin, 

respectively (Martens et al. 2002). Threonine is involves a cofactor transferring a 

phosphate group during the incorporation of aminoisopropanol (Warren et al. 2002). 
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The addition of cobalt had a small but significant impact on the first order rate 

constant of CT conversion as well as the final concentration of CT after prolonged 

incubations. Thus cobalt supplementation may have contributed to an increase in vitamin 

Bi2 synthesis as was observed in early research with a methanogenic enrichment culture 

derived irom sewage sludge (Neujahr & Callieri 1959). However, in previous works 

addition of cobalt did not stimulate CT bioconversion in a methanogenic consortium 

(Van Eekert et al. 1998). The differences in response may be due to differences in sulfur 

concentrations in the basal media, resulting in sulfides. 

A second experiment evaluated the effect of PB at different concentrations. The 

first order rate constant of CT-bioconversion was significantly increased and the residual 

CT concentrations were significantly decreased at concentrations as low as 160 )aM PB. 

Even as low as 40 |iM PB had significant impacts on the mineralization of CT-Cl to 

inorganic chloride. The fact that such low concentrations of PB had significant effects 

agrees with a role of PB as a precursor of vitamin B12 as opposed to a substrate effect. 

Concentrations of 500 to 900 |aM PB provided conversions of CT that were comparable 

or better than that achieved in positive controls supplemented with vitamin B12 at 10 |j.M. 

Based on stoichiometry, 40 |j,M of PB is required to synthesize 10 )iM of vitamin B12. 

The fact that at least 500 |j,M PB is required to get a similar effect on CT-

biotransformation as 10 p-M of vitamin B12 could be due to several factors. Firstly, there 

could be an incomplete uptake of PB. Secondly, not all of the PB taken up would 

necessarily by directed to vitamin B12 biosynthesis since PB is a precursor of other 

tetrapyrroles. Thirdly, not all of the vitamin B12 produced would necessarily be secreted. 



152 

In order to convey a redox mediating role, vitamin B12 would need to occur 

extracellularly. There is at least evidence that some vitamin B12 synthesized by methanol 

metabolizing methanogens is secreted into the extracellular environment (Mazumder et 

al. 1987). 

4.5.2 Effect of PB on the Mineralization of CT 

In methanogenic consortia, reductive dechlorination of CT proceeds via one two major 

pathways (Egli et al. 1990; Egli et al. 1988; Field & Sierra-Alvarez 2004; Krone et al. 

1991; Van Eekert et al. 1998). In one pathway, reductive hydrogenolysis results in the 

replacement of chlorine atoms by hydrogen atoms, accounting for the formation of CF 

and DCM. In the other pathway, two reducing equivalents result in the initial formation 

formation of an unstable dichlorocarbene intermediate. The chlorine to carbon bonds of 

the dichlorocarbene intermediate are readily hydrolyzed by water or H2S, forming CO or 

CS2. In an active methanogenic consortium, CO would be further converted to CH4, 

acetate and CO2 (Sipma et al. 2003). Radiolabeled ['"^CJCT was shown to be converted to 

''*C02 as a major product in an unadapted methanogenic consortium (Van Eekert et al. 

1998). In our previous work, we have demonstrated that vitamin B12 additions to a 

methanogenic consortium dramatically increased the mineralization of CT accounting for 

an increased molar recovery of inorganic chloride per CT converted (Guerrero-Barajas & 

Field 2004a). The increased molar recovery of chloride would indicate that vitamin B12 

promotes the reductive hydrolysis reactions. In support of this hypothesis is the 

observation that the chemical reaction of biologically reduced CNB12 with CT resulted in 

CO as the major product (92%); whereas CF was a minor product (1.4%) (Workman et 



153 

al. 1997). The ability of cobalamins to form complexes with halomethanes (Krone et al. 

1989) may account for the dramatic alteration in the spectrum of products formed during 

halomethane biotransformation. PB additions influenced CT biotransformation in a 

pattern similar to that expected with vitamin B12. In this study, the molar ratio of 

inorganic chloride formed to CT-converted increased greatly with low level 

supplementations of PB. 

In this study we have also observed perchloroethylene (PCE) as a minor 

biotransformation product of CT-bioconversions as was witnessed in the previous studies 

(Cervantes et al. 2004; Guerrero-Barajas & Field 2004a). The formation of PCE is 

hypothesized to occur via the coupling of two chloroform radicals, or form reaction of a 

dichlorocarbene intermediate with CT, forming hexachloroethane. Hexachloroethane is 

unstable in reducing environments and would readily be subjected to reductive 

dichloroelimination to PCE (van Eekert et al. 1999) 

4.5.3 Effect of Primary Substrates 

Several primary substrates may be involved in stimulating vitamin B12 production such as 

1,2-propanediol, glycerol and ethanolamine (Martens et al. 2002; Roth et al. 1996). The 

first steps in the metabolism of these substrates in many enteric bacteria involve, 

propanediol dehydratase, glycerol dehydratase and ethanolamine ammonia lyase; 

respectively, which are all adenosylcobalamin-dependent enzymes. The substrate, 1,2-

propanediol has been used to stimulate vitamin B12 production in methanogenic 

enrichment cultures (Zou et al. 2000). These enrichment cultures were able to degrade 

CT, and the rates of CT-degradation rates were found to be proportional to intracellular 
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levels of vitamin B12. Based on these finding we explored the possibility of 1,2-

propanediol, glycerol and ethanolamine in stimulating CT-degradation. Both 1,2-

propanediol and glycerol significantly increased rates of CT degradation, while 

ethanolamine did not. The stimulating impact of 1,2-propanedioI and glycerol may be due 

to the reported increased vitamin B12 biosynthesis; however, these primary substrates 

may have also been superior electron donors compared to the reference VFA substrate. 

The stimulating effect of PB depended on the type of primary substrate supplied 

to the assay. When volatile fatty acids were utilized as the primary substrate, PB had no 

noteworthy effect. However, when methanol was utilized, the impact of PB was 

significant. This phenomenon can be rationalized by the induction of vitamin B12 

synthesis. The anaerobic metabolism of CI substrates such as methanol by methanogens 

and acetogens are known to require vitamin B12 for methyl-transferase reactions (Harms 

& Thauer 1996; Stupperich et al. 1992; Van Der Meijden et al/, Van Der Meijden et al. ). 

Likewise the production of cobalamin containing proteins are induced by methanol 

(Harms & Thauer 1996; Stupperich et al. 1992). Vitamin B12 production is known to be 

increased under conditions in which the medium contains CI substrates such as methanol 

(Lebloas et al. 1994; Mazumder et al. 1987; Neujahr & Callieri 1959; Van Eekert et al. 

1998). Therefore when vitamin B12 production is induced, a shortage in precursors is 

expected to be most noticeable, accounting for a larger impact of PB additions under 

conditions when methanol is supplied as the primary substrate. 
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4.6 Conclusion 

The goal of the study was to determine if vitamin B12 enhanced rates of anaerobic CT 

bioconversion could be achieved by use of vitamin B12 precursors. The present study 

indicates that one precursor, PB, significantly increased the CT biotransformation rates 

and molar yields of inorganic chloride comparable to vitamin B12. The large response 

afforded by PB suggests that the biosynthesis of vitamin B12 in methanogenic consortia is 

limited by the formation of the tetrapyrrole ring. The primary substrate, methanol, known 

to induce vitamin B12 production in methanogens and acetogens was required for PB to 

have a significant impact. This observation would suggest that PB's role was indeed due 

to stimulate vitamin B12 biosynthesis. The present study therefore provides insights on 

how to achieve vitamin B12 enhanced rates of CT bioremediation through the use of less 

complex compounds that are precursors or inducers of vitamin B12. 
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Chapter 5. PERCHLOROETHYLENE BIODEGRADATION BY METHANOGENIC 
SLUDGE IN THE PRESENCE OF DIFFERENT ELECTRON DONORS AND REDOX 

MEDIATORS 

5.1 Abstract 

Perchloroethylene (PCE) is a toxic solvent found frequently as pollutant in the 

environment. Biodegradation of PCE is favored under anaerobic conditions. Redox 

mediators have demonstrated to enhance the anaerobic biodegradation rates of higher 

chloromethanes. The objective of this study was to evaluate the effect of some 

compounds as redox mediators on the biodegradation rates of PCE by unadapted 

methanogenic sludge. The compounds evaluated as potential redox mediators during PCE 

dechlorination were cyanocobalamin (CNB12), riboflavin (RF) and anthraquinone-2,6-

disulfonate (AQDS). Acetate, lactate and hydrogen were tested previously to identify 

which of these electron donors would favor the dechlorination the most. Hydrogen was 

utilized as the electron donor during the evaluation of the role of the redox mediators 

since it promoted the highest PCE bioconversion in absence of them. The results in 

general showed that the redox mediators did not enhance the biodegradation rates of 

PCE. In fact, riboflavin decreased the PCE biodegradation rate compared to the 

treatments free of redox mediators up to 2 fold. The methanogenic sludge was capable of 

dechlorinating the PCE with a first order rate constant of 0.333 k dayThe main product 

identified during the PCE dechlorination was trans-\,l-DCE. During this study, it was 

demonstrated that the presence of phosphate highly inhibits the methanogenic 

consortium, in which case no biodegradation of PCE was observed at all. 
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5.2 Introduction. 

Perchloroethylene (PCE) is one of the most common chlorinated solvents found as 

contaminant in groundwater. From 1987 to 1993, according to EPA's Toxic Chemical 

Release Inventory, perchloroethylene releases to land and water were about 0.5 million 

kg., about 75% was released to land. (EPA, 2003). These releases were primarily from 

alkali and chlorine industries, which use perchloroethylene in making other chemicals. It 

is known that PCE is recalcitrant under aerobic conditions, but under anaerobic 

conditions its degradation is feasible. Anaerobically, PCE degradation has been studied in 

mainly three different ways. First, PCE can be cometabolically degraded by 

methanogens and acetogens, in which case, the degradation occurs slowly. (Fatherpure, 

1988, Fatherpure et.al., 1988, Fatherpure et.al.,19S1). Cometabolically, methanogens 

from the genus Methanosarcina can convert PCE to trichloethylene (TCE) with methanol 

as substrate and Methanobacterium thermoautotrophicum can convert PCE to TCE with 

hydrogen as electron donor. (Cabirol, 1998). Some examples of acetogenic bacteria 

capable of transforming PCE to TCE are Acetobacterium woodii and Sporomusa ovata. 

(Terzenbach, 1994). There is also one report of PCE degradation to VC and ethene by 

unadapted methanogenic sludge utilizing methanol as electron donor (Van Eekert, 2001). 

In all cases, the cometabolic degradation of PCE has been attributed to the high content 

of cobalamin cofactors found in methanogens and acetogens. Second, PCE can serve as 

electron acceptor during halorespiration for many genera of halorespiring bacteria such as 

Desulfitobacterium, Dehalobacter, Desidfuromonas, Sidfurospirillum and 

Dehalococcoides. The rates of PCE degradation by halorespiration are generally several 
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orders of magnitude larger than the cometabolic rates. (Loffler, 2000; Holliger, 1998). 

There are several genera of PCE halorespiring bacteria that can convert PCE to TCE or to 

c/5-1,2-DCE. Bacteria from the genus Dehalococcoides of the Green Non-Sulfur Bacteria 

are the only ones that convert PCE to ethene. The most studied microorganism belonging 

to this group is Dehalococcoides elhenogenes 195, which utilizes PCE as electron 

acceptor and hydrogen as electron donor (Maymo Gatell, 1997; Maymo Gatell 1999). 

Reductive dehalogenases isolated from dehalorespiring bacteria are found in the cell 

membrane, with exception of the reductive dehalogenase in Dehalospirillum multivorans, 

which is located in the cytoplasm. All the reductive dehalogenases contain a corrinoid 

cofactor and iron/sulfur subunits (Wohlfarth, 1999). There is evidence that the reductive 

dehalogenase from Desulfomonile tiedjei, which contains a hemelike component instead 

of a corrinoid, can also reduce PCE. (Wohlfarth, 1999). 

In general, halorespiring bacteria can utilize several electron donors such as lactate, 

pyruvate, glucose, formate and hydrogen, exception made for Dehalococcoides 

ethenogenes and Dehalobacter restrictus that only utilize hydrogen. Acetate can serve as 

electron donor during halorespiration only for strains of Desulfuromonas chloroethenica 

and Desulforomonas michiganensis bacteria. Also, some reports indicate that enrichment 

cultures specially prepared for PCE degradation, can convert PCE to TCE or cis-\,2-

DCE, in some cases, when the degradation rates of degradation are high, it has been 

suggested that the microorganisms may obtain some benefit from the dehalogenation 

process. (Gerritse, 1995 ;Holliger, 1993, Kengen, 1999). 
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Finally, anaerobic degradation of PCE has been studied abiotically in presence of strong 

reductants such as titanium citrate (Ti(III)) combined with cyanocobalamin. Reactor 

systems amended with titanium citrate and cyanocobalamin have dechlorinated PCE to 

TCE and DCE's in a relatively short period of time for several studies on PCE 

remediation. (Habeck, 1995, Lesage, 1996). The use of Ti(III) as a strong 

cyanocobalamin reductant has also been studied for the transformation of lower 

chloroethenes. (Glod, 1997 ) 

While for halomethanes there are reports indicating the use of cobalamins as redox 

mediators to enhance the anaerobic biodegradation rates, for higher chlorinated solvents 

such as PCE there are none. The objectives of this study were to investigate the possible 

enhancement of PCE biodegradation rate by a consortium of methanogens using redox 

mediators and to evaluate the effect of three different electron donors that are usually 

utilized by microorganisms during PCE degradation. The redox mediators proposed for 

the study were cyanocobalamin (CNB12), riboflavin (RF) and 9,10-anthraquinone-2,6-

disulfonate (AQDS). All these three compounds have demonstrated a positive effect as 

redox mediators during the biodegradation of carbon tetrachloride and chloroform 

(Hashsham, 1995,Becker,1994). Riboflavin and AQDS have also been used as successful 

redox mediators during the biodegradation of azo dyes by methanogenie sludge (Van der 

Zee, 2001, Cervantes, 2001, Field, 2003). The electron donors tested were acetate, lactate 

and hydrogen since they can serve as electron donors for several microorganisms during 

the dehalogenation process. In an attempt to complete the mass balances on chlorine 

species after the dechlorination of PCE, the experiments were conducted twice using each 
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time a different buffer. The buffer systems used were bicarbonate and phosphate. 

Bicarbonate is the regular and most utilized buffer system for most of our biodegradation 

experiments as well as in many natural environments. Phosphate was selected because it 

was demonstrated in the past that its utilization largely favored the analytical method for 

detection and quantification of chloride ion during our former studies dealing with 

biodegradation of halomethanes. 

5.3 Materials and Methods 

Microorganisms 

The inoculum was a granular sludge obtained from an Upward-Flow Anaerobic Sludge 

Blanket reactor used by the company Eerbeek - a paper producing company in the 

Netherlands. The content of volatile suspended solids (VSS) in Eerbeek sludge was 

12.66%. The methanogenic activity of the Eerbeek sludge was 1012 mg CH4-COD/g 

volatile suspended solids (VSS)/day. The Eerbeek sludge was stored under nitrogen gas 

at 4°C. 

Basal medium 

The basal media was prepared containing (g/L): 0.1365 NH4OH, 0.08 K2HPO4, 0.05 

MgS04 7H2O, 0.015 NaHCOa, 0.035 Ca(0H)2, and 5 mL/L trace elements solution 

excluding chloride salts, and 5 mL/L vitamins solution. The trace elements solution was 

prepared containing in (mg/L): 50 H3BO3, 2800 FeS04 7H2O, 106 ZnS04 7 H2O, 680 

MnS04-7H20, 50 (NH4)6 Mo7024-4H20, 175 AlK(S04)2 l2H20, 113 NiS04-6H20, 2360 

CoS04-7H20, 100 NaSe03-5H20, 157 CuS04-5H20, 1000 EDTA, 200 resazurin. The 

vitamins solution was prepared containing in (mg/L): 20 biotin, 50 /7-aminobenzoate, 50 
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pantothenate, 20 folic acid dihydrate, 50 lipoic acid, 100 pyridoxine, 50 nicotinamide, 50 

thiamine. The medium was adjusted at pH 7 with bicarbonate solution at a final 

concentration of 2g/L when the experiments were conducted using bicarbonate as the 

buffer system and with phosphate 0.01 M when the experiments were conducted using 

phosphate as the buffer system. 

PCE biodegradation assay in presence of different electron donors. 

The experiments were performed in triplicate using 160 mL serum bottles with a liquid 

volume of 50 mL (110 mL headspace). The buffered basal medium was supplemented 

with 1.0 g/L VSS of Eerbeek sludge and then with one of several electron donors 

considered in this study: lactate, acetate and hydrogen. Lactate and acetate were added 

from concentrated stock solutions to a final concentration of 250 mg of chemical oxygen 

demand (COD) L"'. The bottles were flushed with N2/CO2 (80:20) gas for two minutes in 

the liquid phase, two minutes in the headspace, and then sealed with Viton stoppers 

(Maag Technic AG, Dubendorf, Switzerland) and aluminum crimps. After sealing the 

bottles, they were flushed again with the gas mixture using needles through the stoppers 

to promote gas exhaustion for another two minutes. Then the H2 was added from a 

H2/CO2 (80:20) mixture as the electron donor to the bottles to a final pressure of 1.5 psi 

during two minutes. Two kinds of controls were prepared. One chemical, abiotic control 

containing the medium and buffer with PCE and one biological control containing the 

medium, buffer and sludge with PCE without electron donor. Treatments and controls 

were incubated for 48 hours at 32 °C. After the incubation period, the PCE was added 

from a stock solution to the bottles at the final concentration of 100 jjM referred to the 
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liquid volume. The concentration in the PCE stock solution was corrected by the Henry's 

law factor at 32 °C to ensure that each treatment would receive the corresponding 5 

jimoles of PCE in the liquid. After addition of PCE, the bottles were kept at 32 °C during 

the entire experiment. Every week, hydrogen was added to the respective treatments and 

at 1.5 psi for two minutes. When the experiment was conducted using phosphate buffer 

system, the treatments and controls were flushed with nitrogen gas and the hydrogen was 

supplemented from a 100 % hydrogen source. 

PCE biodegradation assay in the presence of different redox mediators. 

The experiments were performed in triplicate using 160 mL serum bottles with a liquid 

volume of 50 mL (110 mL headspace). The buffered basal medium was supplemented 

with 1.0 g/L VSS of Eerbeek sludge and then with one of several redox mediators 

considered in this study: cyanocobalamin (CNB12), riboflavin (RF) or 9,10-

anthraquinone-2,6-disulfonate (AQDS). The final concentrations for the redox mediators 

was 50 |aM. The bottles were flushed with N2/CO2 (80:20) gas for two minutes in the 

liquid phase, two minutes in the headspace, and then sealed with Viton stoppers (Maag 

Technic AG, Dubendorf, Switzerland) and aluminum crimps. After sealing the bottles, 

they were flushed again with the gas mixture using needles through the stoppers to 

promote gas exhaustion for another two minutes. Then the H2 was added from a H2/CO2 

(80:20) mixture as the electron donor to the bottles to a final pressure of 1.5 psi during 

two minutes. Two kinds of controls were prepared. One chemical, abiotic control 

containing the medium and buffer with PCE and one biological control containing the 

medium, buffer and sludge with PCE without redox mediator. Treatments and controls 



were incubated for 48 hours at 32 °C. After the incubation period, the PCE was added 

from a stock solution to the bottles at the final concentration of 70 jaM referred to the 

liquid volume. The concentration in the PCE stock solution was corrected by the Henry's 

law factor at 32 °C to ensure that each treatment would receive the corresponding 3.5 

|j,moles of PCE in the liquid. After addition of PCE, the bottles were kept at 32 °C during 

the entire experiment. Every week, hydrogen was added to the treatments and biological 

control at 1.5 psi for two minutes. When the experiment was conducted using phosphate 

buffer system, the treatments and controls were flushed with nitrogen gas and the 

hydrogen was supplemented from a 100 % hydrogen source. 

Analytical Methods. 

Analysis for PCE, TCE, 1,1-DCE, trans-\,2-DCE, and a5-l,2-DCE, in the headspace 

was performed by a gas chromatograph (GC Hewlett Packard 5890 series) equipped with 

an ECD detector and a GS-GASPRO column (30 m x 0.317 mm, J«&W Scientific). 

Standards for PCE, TCE, 1,1-DCE, trans-\,2-T)CE and aj'-l,2-DCE were prepared in 

serum bottles maintaining the same conditions established for the treatments for 

temperature, headspace and liquid volume and corrected by the Hemy's law factor to 

ensure the concentrations in the liquid phase. The operation conditions for the GC-ECD 

gas chromatograph were the following: injector temperature, 200 °C, detector 

temperature, 275 °C, oven temperature, 200 °C, gas carrier was He. 100 i^l headspace 

samples were injected to the GC-ECD each time during the experiment. The retention 

times for PCE, TCE, 1,1-DCE, trans-\,2-DCE, and cis-\,2-T>CE were 7.2, 5.7, 4.1, 4.4, 

and 5.1 minutes respectively. 
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Analysis for ethane, ethene and VC in the headspace was performed by a gas 

chromatograph (GC Hewlett Packard 5890 series) equipped with a FID detector and a 

GS-GASPRO column (30 m x 0.317 mm, J&W Scientific). Standards for ethane, ethene 

and VC were prepared in 160 ml serum bottles in ppmy. The operation conditions for the 

gas chromatograph were the following: injector temperature, 180 °C, detector 

temperature, 250 °C, oven temperature, 50°C for two minutes and then an increase of 15 

°C/min to 110°C, the gas carrier was He (van Eekert, 2001). 200 fil headspace samples 

were injected to the GC-FID each time during the length of the experiment. The retention 

times for ethane, ethene and VC were 2.1, 2.47 and 7.35 minutes respectively. 

Analysis for chloride in the liquid phase was performed by liquid chromatography, (Ion 

Chromatograph equipped with Dionex IP25 isocratic pump, Dionex EG40 eluent 

generator, Dionex CD 20 conductivity detector and a LC20 chromatography enclosure in 

which a Dionex lonPac ASll-HC 4 x 250 mm analytical column was installed.) The 

eluent solution was KOH at a 5 mM concentration for a 20 minutes method to separate 

the chloride peak. The retention time for the chloride peak was 3.3 minutes. 

Chemicals 

PCE, 1,1-DCE, c/5'-1,2-DCE, trans-\,2-DCE HPLC grade and TCE spectrophotometric 

grade were purchased from Sigma Aldrich (St. Louis, MO, USA), grade was purchased at 

Sigma Aldrich (St. Louis, MO, USA). 9, 10-Anthraquinone-2,6-disulfonic acid disodium 

salt (AQDS), cyanocobalamin (CNB12), riboflavin (RF), biotin, p-aminobenzoate, 

pantothenate, folic acid dihydrate, lipoic acid, pyridoxine, nicotinamide, thiamine and 

DL-lactic acid sodium salt 60% (w/w), syrup (98% purity) were all purchased at Sigma 
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Aldrich (St. Louis, MO, USA). Sodium acetate and ammonium hydroxide were 

purchased at Spectrum Chemicals (New Brunswick, NJ, USA). Ethane, ethene and vinyl 

chloride were purchase as Scotty 14 at Supelco, PA, USA. Ethane Scotty 14 containing 

1000 ppm in nitrogen, ethene Scotty 14 containing 100 ppm in nitrogen and vinyl 

chloride Scotty 14 containing 1000 ppm in nitrogen. 

5.4 Results 

5.4.1 Effect of different electron donors during PCE degradation. 

The effect of three different electron donors was tested during the PCE degradation by 

the undadapted methanogenic consortium. The electron donors were lactate, acetate and 

hydrogen; also, the absence of electron donor was included. At the beginning of this 

experiment, which was conducted with bicarbonate buffer system, the PCE degradation 

was relatively slow and somewhat constant during the first two weeks and a more 

significant increase in its degradation was observed after day 15 of the experiment as it is 

shown in Figure 5.4.1. Estimations made for the first order kinetic constant (k) just after 

the lag phase for the three different electron donors are listed in Table 5.4.1. Acetate and 

hydrogen show the highest and close values for k, 0.237 ( + 0.132) and 0.199 ( ±0.137) 

dayrespectively, and the treatment without electron donor shows the smallest value for 

the first order rate constant 0.185 (±0.013) day In the Figure 5.4.1, it can be 

appreciated that during the course of the experiment, hydrogen and acetate treatments 

showed close behavior. The treatment without electron donor presented the slowest PCE 

degradation. The figure shows that complete removal of PCE was reached in 

approximately 30 days. Figure 5.4.1 A shows the trichloroethylene (TCE) formation 



during the course of the experiment. From this graph, it is clear that the treatment 

amended with hydrogen as electron donor promoted the ftirther TCE degradation to the 

largest extent, followed by the treatment supplemented with acetate. In the same graph, it 

is noticeable that the treatment for which lactate was the electron donor begins to 

maintain a constant TCE concentration after 20 days suggesting that its degradation 

occurs more slowly than in the other treatments. The treatment without electron donor 

shows a trend that suggests the increase of TCE concentration. Figure 5.4. IB panels a, b 

and c shows the course of trans-\,2-DCE, cis-\,2-DCE and VC formation and 

disappearance during the time of the experiment respectively. The three figures in general 

show a slow but steady increase in the concentrations of the lower chloroethenes, which 

is consistent with the slow PCE and TCE concentrations decrease. However, for the cis 

and trans 1,2-DCE's, the treatment with hydrogen shows the lowest concentration for the 

dichoroethenes whereas in the figure 5.4.IB panel c all the treatments seem to reach 

approximately the same concentration for VC. For the same experiment, during the same 

period of time, small amounts of ethene were identified (graph not shown). A carbon 

balance was estimated for day 31 of the experiment. The results obtained from this 

carbon balance are shown in Table 5.4.1 A. The highest recovery for the amount of 

products compared to the PCE converted was obtained for the treatments with lactate and 

no electron donor that presented the lowest removal of PCE. Acetate and hydrogen 

yielded a sum of products compared to the PCE converted of 82 and 36% respectively. 

In all cases, the dominant species was trans-\,1-DCE and the lowest carbon recovery 

values were those obtained for vinyl chloride. The highest PCE removal (over 90%) was 
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obtained when hydrogen and acetate were the substrates. Small releases of chloride to the 

medium corresponding to approximately 24% ( ±1.86 ) of the initial PCE added were 

identified after 33 days in preliminary experiments conducted with bicarbonate buffer for 

which hydrogen was used as electron donor. 

140 

120 

100 
S 
3 

d 
C 
o 
" 60 
lU 
o 

40 

30 20 25 35 10 15 0 5 

time (days) 

Figure 5.4.1. PCE degradation over time in the presence of different electron donors. Symbols: 
• chemical control, H no electron donor, open circles hydrogen, acetate, • lactate. 
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Figure 5.4.1A .TCE formation over time in the presence of different electron donors. Symbols: 
® no electron donor, open circles hydrogen, acetate, • lactate. 
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Figure 5.4,1B .dichloroethenes formation over time in the presence of different electron donors. 
Symbols: ® no electron donor, open circles hydrogen, acetate, • lactate. 
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Table 5.4.1. First order rate constants for the biodegradation of PCE in the presence of 

different electron donors. 

First order 

Treatment k (day 

No e-donor 0.185 (± 0.013) 

Lactate 0.260 (± 0.03) 

Acetate 0.237 (± 0.132) 

hydrogen 0.199 (±0.137) 



Table 5.4.1A Carbon recovery at day 31 for the biodegradation of PCE in the presence of different electron donors. 

Treatment PCE-C TCE-C c-DCE-C r-DCE-C VC-C ethene Z products 

% of initial PCE-C (%PCE-C converted)* 

No e-donor 5.97 (±1.00) 37.6 (±0.92) 9.71 (±1.2) 36.5 (±4.04) 0.052 (±0.002) 0.363 (±0.40) 89.6 

Lactate 1.87 (+0.97) 37.2 (±3.65) 13.51 (±4.2) 39.9 (±0.6) 0.061 (±0.013) 0.418 (±0.20) 92.7 

Acetate 0.72 (±0.28) 20.2 (±4.34) 13.97 (±1.1) 46.9 (±6.3) 0.053 (±0.003) 0.307 (±0.10) 82 

Hydrogen 0.58 (±0.14) 2.75 (±2.72) 8.76 (±8.72) 23.8 (±20.4) 0.053 (±0.001) 0.213 (±0.21) 35.7 

* lOOx (TCE-C+c-DCE-C+?-DCE-C+VC-C+ethene)/(PCE-C)eo„verted. 
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5.4.2 Effect of different redox mediators during PCE degradation. 

To investigate a possible enhancement in the dechlorination rate of PCE in presence of 

different redox mediators by the unadapted methanogenic sludge, each of them were 

tested separately at a final concentration of 50 fiM including hydrogen as electron donor. 

Hydrogen was chosen as the electron donor because the highest PCE removal was 

obtained with hydrogen during the assays utilizing different electron donors. The redox 

mediators tested were cyanocobalamin (CNB12), riboflavin (RF), and anthraquinone-2,6-

disulfonate (AQDS). Table 5.4.2 shows the estimate made for the first order rate 

constants k just after the lag phase for this experiment, which was conducted using 

bicarbonate buffer system. This time the lag phase was extended for about 20 days. From 

Table 5.4.2, it can be observed that the highest values for k are those for the treatment 

containing no redox mediator and CNB12, 0.333 (± 0.020) and 0.268 (± 0.047) day 

respectively, and the lowest are for RF and AQDS, 0.106 (± 0.158) and 0.243 (± 0.033) 

day respectively. Figure 5.4.2 shows the trend of PCE transformation over time. From 

figure 5.4.2, it can be appreciated that initially AQDS and RF decreased PCE 

concentration fi-om 70 to 50 |aM unlike the other treatments. However, later the 

degradation in the RF treatment was slower and for AQDS the degradation rate was 

similar to the treatments with CNB12 and no redox mediator. Complete PCE conversion 

in all treatments except for RF was reached in approximately one month. Figure 5.4.2A 

shows the concentrations for TCE during the course of the experiment. The figure shows 

the formation and conversion of TCE presented in all the treatments, TCE reached the 

highest concentration for CNB12 and AQDS treatments and the lowest for the no redox 
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mediator treatment. The TCE graph also shows that the formation of PCE degradation 

products started after day 20. The further conversion of TCE to c/i'-l,2-DCE, trans-\,2-

DCE and VC during the course of the experiment is illustrated in Figures 5.4.2B panels a, 

b and c respectively. In general, the graphs suggest that the conversion of PCE to DCE's 

and VC is taking place in all the treatments, even though it is occurring very slowly in the 

treatment amended with RF. Formation of small amounts of ethene and ethane were 

monitored weekly during the course of the experiment and their detection started at day 

22 approximately. The fact that ethene and ethane are present supports the trend of the 

eventual disappearance of accumulated TCE and lower chloroethenes. (data not shown). 

To complete the observations derived from the figures, a carbon recovery balance was 

calculated for day 37 in the experiment and presented in Table 5.4.2B The highest 

recovery for carbon expressed as sum of products compared to the PCE converted was 

obtained from the treatment with RF, containing mostly TCE and trans-DCE, which 

suggests that the conversion of trans- \ ,2-DC¥. is a limiting step. The carbon recoveries as 

sum of products compared to PCE converted obtained for CNB12 and AQDS are very 

close (89%) and the recovery for the treatment without redox mediator yielded a carbon 

recovery as products compared to PCE converted of approximately 40%. As in the assay 

for the different electron donors, in this case trans, 1-2-DCE also yielded the highest 

concentration during the course of the experiment. The carbon recovery for the treatment 

without redox mediator in this assay is consistent with that obtained from the screening 

for different electron donors, for which the carbon recovery was approximately 36%, in 

both cases, hydrogen served as the electron donor. Also, the distribution of the different 
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species was almost the same. The most significant fact derived from this experiment is 

that RF had a large effect lowering up to 2 fold the PCE bioconversion rate. 

Table 5.4.2 First order kinetic constants for the PCE biodegradation in the presence of 

different redox mediators. 

First order 

Treatment k (day 

No R.M* 0.333 (±0.029) 

CNBi2 0.268 (± 0.047) 

RF 0.106 (+0.158) 

AQDS 0.243 (+ 0.033) 

*R.M redox mediator 



Table 5.4.2A Carbon recovery at day 37 for the biodegradation of PCE in the presence of different redox mediators and hydrogen as e-
donor. 

E products 

Treatment PCE-C TCE-C c-DCE-C ^-DCE-C VC ethene ethane (%PCE-C 

converted) 

% of mitial PCE-C 

No R.M* 0,86 (±0.054) 2.3 (±2.6) 7.83 (±4.18) 26.5 (±12.6) 0.96 (±1.10) 0.847 (±0.7) 0.872 (±0.67) 39.6 

CNB, 2  1.06( ±0.396) 21.13(±4.5) 13.9 (±5.4) 53.52 (±20) 0(±0) 0.056 (±0) 0.224 (±0.1) 89.8 

RF 53.6(±6.75) 26.56(±4.4) 5.5 (±0) 19.96 (±0) 0.041(±0) 0.314 (±0.25) 0.129 (±0.16) 113 

AQDS 1.674(±0.93) 23.8(±16.5) 12.4 (±5.14) 49.73 (±19) 0.347 (±0) 0.28 (±0.09) 0.578 (±0.65) 88.7 

*R.M=redox mediator; CNB12- cyanocobalamin; RF-riboflavin; AQDS- anthraquinone-2,6-disulfonate all at 50 fxM. 
S products= 100 x (PCE-C + TCE-C + c-DCE + ?-DCE + ethene + ethane)/(% PCE-C)(;onverted 
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Figure 5.4.2. PCE concentration over time in the presence of different redox mediators. 
Symbols: * chemical control, • no redox mediator, • CNB^, • RF, o AQDS. 
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Figure 5.4.2A TCE concentration over time in the presence of different redox mediators. 
Symbols: * chemical control, • no redox mediator, • CNB12, • RF, o AQDS. 
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Figures 5.4.2B trans-\,2-Y)CE, cz's-1,2-DCE and VC concentrations over time in the presence of 
different redox mediators. Symbols: * chemical control, • no redox mediator, A CNB12, • 
RF, o AQDS. 
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5.4.3 Effect of bicarbonate and phosphate buffers on PCE degradation. 

In an attempt to complete the mass balance on chorine species, the experiments were 

conducted using phosphate buffer to favor the analytical methods for chloride ion. The 

weekly addition of hydrogen to the treatments during the experiments for which 

hydrogen serves a s electron donor promotes acetogenesis, which complicates a little the 

detection of chloride ion the medium, therefore, the experiments were performed in a 

phosphate buffer as a possible alternative to facilitate chloride detection. In these 

preliminary experiments, hydrogen was used as electron donor. Figure 5.4.3A shows the 

course of PCE conversion in presence of bicarbonate and phosphate and figure 5.4.3B 

panels a and b shows the concentrations over time of TCE, cis and trans DCE's 

respectively. For this preliminary experiment, an estimate for the first order kinetic rate 

constants was made as well as a preliminary chlorine and carbon balance in the two 

treatments at day 33 of the experiment. Results of these k values and balances are shown 

in Table 5.4.3 and Table 5.4.3A and do not include results of analysis for VC, ethene and 

ethane. As it can be observed in the graph, complete PCE conversion is reached in the 

treatment buffered with bicarbonate. The treatment with phosphate buffer did not present 

complete PCE removal and it seems to keep a constant concentration of PCE at certain 

point (around day 25). Also, from the tables it can be appreciated that in the case of 

bicarbonate buffer, the absence of PCE at day 33 and the presence of cis and trans-

DCE's as well as some chloride in the medium support the fact that PCE is being 

degraded. The phosphate treatment did not present any significant amounts of 

intermediates nor releases of chloride into the medium. The content of PCE remaining in 
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the phosphate treatment and the trend showed by the graph suggests that the adsorption of 

PCE into the biomass is taking place. The experiment including different redox mediators 

at 50 }iM using hydrogen as electron donor and phosphate buffer was also conducted. 

Figure 5.4.3C shows the trend for PCE disappearance in the medium. In this case, no 

intermediate products other that 1,1-DCE (up to 2.3 jjM) were detected in presence of 

0.01 M phosphate in the medium. The results suggest PCE adsorption into the sludge and 

no effect derived from the different redox mediators. 

Figure 5.4.3A PCE concentration over time in the presence of bicarbonate and phosphate buffer 
systems. Symbols: • chemical control with bicarbonate, o chemical control with phosphate, 
• PCE concentration in presence of bicarbonate, • PCE concentration in the presence of 
phosphate. 

0 5 10 15 20 25 30 35 

time (days) 
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Figure 5.4.3B. TCE and Cis and trans, 1,2-DCE concentrations over time in the presence of 
bicarbonate and phosphate buffer systems. Symbols: • TCE concentration in the presence of 
bicarbonate, o TCE concentration in presence of phosphate.* cw-1,2-DCE in the presence of 
bicarbonate, o trans-1,2-DCE in the presence of bicarbonate, A cw-1,2-DCE in the presence 
of phosphate, • 1,2-DCE in the presence of phosphate. 



Table 5.4.3 Estimate of first order rate constants and ciilorine balance at day 33 for PCE degradation in bicarbonate and phosphate 
systems. 

First order 

Estimate of 

Chlorine Recovery 

Treatment ^(day ') PCE-CI TCE-Cl c-DCE-Cl t-DCE-Cl cr % 

% initial of PCE-Cl 

Bicarbonate 

Phosphate 

0.207 (±0.005) 

0.045 (±0.004) 

0.32 (±0.02) 

33.11 (±3.1) 

0.15 (±0.11) 

0.71 (±0.39) 

7.08 (±2.75) 17.05 (±7.87) 

0.51 (±0) 0.51 (±0.3) 

24.8 (± 1.86) 

2.79 (±1.43) 

49.4 

37.6 

Bicarbonate and phosphate as buffer at 0.02 and 0.01 M respectively and hydrogen as electron donor. 

%PCE-C1= [(PCE-Cl conc. ^M)(iay33/(PCE-Cl conc. |a,M)j|,itiai]x 100. The same calculation is done for all the species 
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Table 5.4.3A Estimate of carbon balance at day 33 for PCE degradation in bicarbonate and 
phosphate systems. 

Estimate of 

Carbon 

Treatment PCE-C TCE-C c-DCE-C t-DCE-C Recovery % 

% initial of PCE-C 

Bicarbonate 0.32 (±0.018) 0.19 (±0.143) 14.14 (±5.48) 34.04 (± 15.7) 48.7 

Phosphate 32.88 (± 3.06) 0.95 (±0.514) 1.009 (±0) 1.00 (±0.6) 35.8 

Bicarbonate and phosphate as buffer at 0.02 and 0.01 M respectively and hydrogen as electron 
donor. 
%PCE-C= [(PCE-C conc. /J,M)day 33/(PCE-C conc. |,iM)ini,iai]xl00. The same calculation is done 
for all the species 
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Figure 5.4.3.C PCE concentration over time in the presence of different redox mediators and 
phosphate buffer. Symbols; • chemical control, • no redox mediator, A CNB12, • RP o 
AQDS. 
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5.5 Discussion 

5.5.1 Effect of electron donors on PCE degradation. 

The results obtained from this assay show that hydrogen can serve as an effective 

electron donor for this methanogenic sludge. The lag phase of about two weeks can be 

considered a short period of time taking into account the series of reactions that must take 

place to convert PCE to TCE and lower chloroethenes by unadapted microorganisms. 

The value for the k obtained in this experiment for hydrogen was 0.199 (± 0.137) day 

The PCE degradation in treatments with acetate and no electron donor seems to stop at 

trans-\,2-DCE formation, unlike other research done with methanogenic sludge (van 

Eekert, 2001), in this case there was no 1,1-DCE detected during the degradation -

although that work was done using methanol as electron donor-. In general, for this 

methanogenic consortium, the limiting step during this PCE dechlorination is the further 

conversion of trans, 1-2-DCE. Once trans, 1-2-DCE is formed, at least for the treatment 

amended with hydrogen, it could probably be converted to VC and then mineralized 

anaerobically to CO2 as it is suggested for some researchers (Bradley, 1997, van Eekert, 

2001). In this particular case, some mineralization of VC could explain the low trans-

DCE concentration present in the hydrogen treatment, as well as the low carbon recovery 

for this particular case. Also, the releases of chloride ion to the medium detected in our 

preliminary experiments, for which hydrogen was used as electron donor (up to 24% 

±1.86 as chloride of the total PCE initially added), could suggest further slow 

mineralization of lower chloroethenes. Also, it is important to consider that some 

adsorption of the lower chloroethenes into the sludge could have taken place as well. 
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From the results obtained in this part of the study, it seems very unlikely that 

mineralization for trans-DCE occurs in presence of lactate and no electron donor. The 

study suggests that slow degradation of trans-\,2-T>CE may occur in the cases for which 

acetate and lactate served as electron donors. This could be consistent with the larger 

carbon recoveries obtained for these treatments. 

5.5.2 Effect of different redox mediators on PCE degradation. 

A) Discussion on no redox mediator treatment. 

The analysis of the results of this experimental work for the treatment without redox 

mediator are consistent with those results obtained in our preliminary experiments for 

PCE degradation as well as with the results derived from the screening on different 

electron donors. Hydrogen as electron donor facilitates the biodegradation of PCE by 

this methanogenic sludge. In all cases, the values for k (day"') and recoveries for carbon 

remain within the same statistical range. In this case, the PCE transformation can be 

attributed to the normal amount of cofactors present naturally in methanogens and 

acetogens and these may include corrinoid cofactors as cobalamins as well as other 

components with nickel as F430 (Van Eekert, 1998; van Eekert, 2001). 

B) Discussion on Cyanocobalamin (CNB12), anthraquinone-2,6-disulfonate (AQDS) and 

riboflavin (RF) as redox mediators during the conversion of PCE to TCE and to trans-

1,2-DCE. 

Even though there was not a pronounced increase in the biodegradation rate of PCE with 

the different redox mediators, there are couple of interesting points to discuss regarding 
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to the addition of CNB12 and AQDS. Firstly, the presence of CNB12 and AQDS 

promoted the increase in trans -1,2-DCE accumulation by two fold over the treatment 

without redox mediator. Second, the recoveries for VC, ethene and ethane are only traces 

for CNB12 and AQDS treatments compared to the treatment without redox mediator. For 

example, there is virtually no VC present in the treatment amended with CNB12 whereas 

in the other treatments its presence is detected. Ethene and ethane are also the lowest 

recoveries for the CNB12 treatment. The analysis of these results indicates that CNB12 

and AQDS are not effective redox mediators during the transformation of PCE to TCE 

and to 1,2-DCE. (PCE / TCE E° '= + 0.580 V; TCE/DCE E° '= + 0.540 V; 

Wolhfart, 1999). On this regard, probably the oxidation state that cobalamin has to reach 

in order to promote the reduction of PCE has to be the lowest. Cobalamin (III) needs to 

be reduced to cobalamin (I) (cob(III)alamin / cob(I)alamin E° =• -0.40 V, Wohlfart, 

1999)) as it has been suggested by results obtained from research done on reductive 

dehalogenases involving cobalamin cofactors (Wohlfart, 1999) and during abiotic studies 

on PCE degradation that have utilized strong reductants such as titanium citrate (Ti (III)) 

combined with the addition of CNB12 in the reaction bulk [Habeck, 1995], [Lesage, 

1996]. Unlike the reduction of halomethanes, for which the cobalamin is biologically 

reduced from cob(III)alamin to cob(II)alamin (i.e., CCI4/CHCI3 E° = +0.673 V; 

Cob(III)alamin/ cob(II)alamin E° = +0.20 V, Wohlfart, 1999), the reduction of PCE 

requires the cobalamin to be in its most reduced state. It is worth to mention that most of 

the degradation studies for PCE report cw-DCE as the main intermediate and few reports 

about trans-DCE as the main intermediate (Christiansen, 1997). 
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On the other hand, AQDS (AQDS/AH2QDS E° = -0.184 V, Cervantes, 2001) did not 

present effect as a redox mediator during the conversion of PCE to TCE and to trans-

DCE either. The redox potential of AQDS did not favor the reduction of PCE. 

Riboflavin {E° = -0.280 V, Cervantes, 2001) did have an effect lowering the PCE 

degradation rates, however, due to the slow PCE degradation rate in this treatment one of 

the interesting points to notice would be the remarkable low cis-l,2-DCE accumulation 

against the relatively high trans-\,2-DCE accumulation in this treatment. Finally, for RF, 

the PCE degradation is occurring slowly enough to suggest that effectively, this 

consortium reduces PCE in a pathway that yields trans-\,2-DCE as the main 

intermediate. The apparent high carbon recovery is due to the standards deviations 

observed for the PCE remaining concentration. The RF treatment confirms that the 

sludge has the ability of dechlorinating PCE through a mechanism that yields trans-DCE 

as the main intermediate. 

C) Discussion on Cyanocobalamin (CNB12), anthraquinone-2,6-disulfonate (AQDS) and 

riboflavin (RF) as redox mediators during the conversion of intermediates trans-1,2-DCE, 

VC, ethene and ethane during PCE degradation. 

From the results obtained, could be feasible that CNB12 and AQDS had and effect on the 

further transformation of trans-\,1-DCE to VC, ethene and ethane. For all the 

treatments, analysis for VC, ethene and ethane was performed every week. For CNB12, 

there was no detection of VC on a weekly basis, and for AQDS the amounts detected for 

VC were even lower than the ones obtained for the treatment without redox mediator. 

The amounts detected for ethene and ethane for these two redox mediators were also the 
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lowest. It is possible that the addition of these compounds had accelerated the 

degradation of trans-DCE, but in order to identify the role of the microorganisms and 

redox mediators in this step of the degradation, abiotic controls should have been 

included. In general, the amounts detected for VC, ethene and ethane can not support any 

fact regarding further bioconversion of trans- \ ,1-DCE. Another fact to consider is the 

possible slow adsorption of the lower chloroethenes into the sludge, which could account 

for the discrepancies in the detection and quantification of them (for trans-l ,2-DCE and 

VC). 

Concerning the two buffer systems used during these experiments, it is very clear the 

inhibitory effect presented by phosphate during the PCE degradation. This is in 

agreement with previous studies reporting inhibition of methanogens in presence of 

phosphate (Paulo, P.I. et.al. 2004, Conrad, R., et.al. 2000). 

5.6 Conclusion 

The results presented in this work suggest that the undapted methanogenic consortium is 

capable of degrading PCE to trans-\,2- DCE. VC, ethene and ethane concentrations 

observed can not support the fact of further bioconversion of /ra«5'-l,2-DCE.. To 

appreciate the role of the microorganisms and redox mediators to a fuller extent during 

the conversion of trans-1,2-DCE to VC and ethene, some parallel experiments including 

abiotic treatments would be needed using trans-1,2-DCE as the parent compound. From 

the results, it can be suggested that CNB12 and AQDS could serve as redox mediators 

during the conversion of lower chloroethenes if they are taken as the parent compound to 
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be degraded, in which case the role of the microorganisms can be greatly important. It is 

clear that riboflavin decreases the rate of PCE biodegradation. Finally, the presence of 

phosphate was inhibitory for the methanogens. 
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Chapter 6. CONCLUSIONS. 

6.1 Introduction 

Chlorinated solvents are priority pollutants found in the environment. In the case of 

higher halomethanes and higher chloroethenes, anaerobic degradation is more feasible 

than degradation under aerobic conditions. Redox mediators can assist the transfer of 

electrons required for the dechlorination reactions to occur. This study focuses on the role 

of different redox mediators in dechlorination of higher chlorinated solvents. Figure 6.1.1 

illustrates a general scheme for the role of a redox mediator compound under abiotic and 

biological conditions during the dechlorination process. In this study, the anaerobic 

degradation of chloroform (CF) and carbon tetrachloride (CT) was studied under abiotic 

and biological conditions in presence of different redox mediators. The biodegradation of 

perchloroethylene (PCE) was studied under biological conditions in presence of different 

redox mediators. The different redox mediators studied were vitamin Bn 

(cyanocobalamin CNB12 and hydroxocobalamin HOB 12), riboflavin (RF) and 

anthraquinone-2,6-disulfonate (AQDS). These redox mediators are of natural origin, 

since cyanocobalamin and riboflavin are found in microorganisms and quinones are a 

component of humus found in soils and sediments. The microorganisms involved in the 

biodegradation studies were from two different methanogenic consortia in anaerobic 

sludge either "Nedalco" or "Eerbeek" sludge. Nedalco sludge came from a fiall-scale 

upflow anaerobic sludge blanket (UASB) reactor at a distillery in The Netherlands and 

Eerbeek sludge came from a paper recycle plant in The Netherlands. Both consortia were 

not previously adapted to chlorinated solvents. 



In this chapter, the results obtained from the dissertation will be briefly discussed. The 

discussion will focus on the effect of the redox mediators chosen for this research on the 

dechlorination of the higher chlorinated solvents CF, CT and PCE. Due to the large 

impact that cobalamins presented on the dechlorination of the higher halomethanes, a 

study was attempted to promote vitamin B12 biosynthesis. Since vitamin B12 would be too 

costly to apply in the field, stimulation of its biosynthesis could be a feasible alternative 

for halomethanes bioremediation. 
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Figure 6.1.1 Role of redox mediators in the dechlorination processes. 

6.2 Effect of the redox mediators on higher chlorinated methane degradation. 

Abiotic and biological degradation of CF and CT in presence of substoichiometric 

concentrations of the studied redox mediators were presented in chapter 2 and chapter 3 

respectively. In general, the results demonstrated that the redox mediators compounds 

stimulated the rate of degradation of the chlorinated solvents under both, abiotic and 

biological conditions. The abiotic degradation rates for these chlorinated solvents were 

lower than biological dechlorination rates, highlighting the importance of the role of the 

microorganisms during the degradation and suggesting the cycling of the redox active 



compounds. However, the results obtained from the abiotic conversions demonstrated 

that some reducing agents present in the heat-killed cells such as ferrous iron and sulfide 

could serve as bulk reducing agents and therefore, could promote the dechlorination to 

some degree in presence of the redox mediating compounds. 

Abiotically, in the case of CF, cyanocobalamin and AQDS did not have any effect on the 

dechlorination rate whereas riboflavin showed a small positive effect. In the case of CT, 

abiotic conversion was stimulated to some extent by cyanocobalamin and riboflavin but 

the degradation rates were 4 or 5 fold lower in this case compared to the biological rates 

presented in the cultures amended with vitamins. In general, under abiotic conditions the 

dechlorination rates were significantly lower than under biological conditions. 

Biologically, cyanocobalamin and hydroxocobalamin presented similar effect; in fact, 

they presented the highest effect on the biodegradation of CF and CT as well as on the 

further conversion of their corresponding biotransformation products. It is remarkable 

that the rate of CF dechlorination increased at molar vitamin:CF ratios as low as 0.1 and 

0.01 for riboflavin and cyanocobalamin respectively. Biologically, at the highest molar 

ratio tested for vitamin:CF (0.2:1), the dechlorination rate of CF increased up to 5.3 and 

91 fold compared to the unamended treatments for riboflavin and cyanocobalamin 

respectively. AQDS did not present any effect on CF bioconversion. For CT biological 

dechlorination, molar ratios of vitamin:CT as low as 0.1 increased the dechlorination rate 

up to 4, 13.3 and 13.6 fold compared to the unamended cultures for riboflavin, 

cyanocobalamin and hydroxocobalamin respectively. In the case of CT, an increase of its 

dechlorination rate was observed at molar ratios vitamin:CT as low as 0.005 in the 
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cultures amended with vitamins. AQDS presented the lowest positive effect on CT 

bioconversion. The redox potentials involved in these redox-mediated reactions are 

presented in table 6.2.1. These redox potentials related to the dechlorination process can 

explain the role of a redox mediator in an energetically feasible process, which in this 

case is the dechlorination of CF and CT. Table 6.2.2 summarizes the minimum molar 

concentration ratios of the redox mediators that presented the most significant effect on 

CF and CT biodegradation rates. Figure 6.2.1 illustrates the pathways suggested during 

CF and CT dechlorination related to the most active redox compounds riboflavin (RF) 

and cyanocobalamin (CNB12). 

Table 6.2.1 Redox potentials for the redox mediators involved in the dechlorination of 

CT and CF. 

Chlorinated compound Potential E° (V) Redox mediator Potential E° (V) 
Co^^ / Co^^ cobalamin +0.20 

CCUCCT) /CHCI3 (CF) +0.673 AQDS / AH2QDS -0.184 
CHCI3 (CF) /CH2CI2 (DCM) +0.560 Riboflavin ox/red -0.208 

FAD / FADH flavin -0.219 
Co^^/ Co^' cobalamin -0.40 
Co^^/ Co^' cobalamin -0.54 to-0.61 

Potential values reported under standard conditions. 

References: (Sober, 19070, Cervantes, 2001, Wohlfart, 1999, Van Eekert, 1998). 

Table 6.2,2 Minimum molar concentration ratios of the redox mediators that presented 

the most significant effect on CF and CT biodegradation rates. 

CT initial conc. 100 (xM CF initial conc. 100 fiM 

Redox mediator concentration [jM 

Redox mediator added 

CNB12 0.5 1.0 

RF 0.5 10.0 

AQDS 5.0 No effect 

CNB12 cyanocobalamin, RF riboflavin, AQDS, anthraquinone-2,6 disulfonate 
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Figure 6.2.1 Pathways suggested for the biodegradation of CF and CT in the presence of 

the redox mediators riboflavin (RF) and cyanocobalamin (CNB12) 

The results obtained from the CF and CT biodegradation studies in this dissertation 

indicated that CNB12 promotes hydrol}d:ic reduction pathway to a larger extent. This 

pathway involves the formation of chloromethane carbene radicals (mono or 

dihalocarbene radicals), which can become hydrolyzed with water yielding CO2 as a final 

product or can be hydrolyzed to formaldehyde and then oxidized to CO and formate. In 
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this later case, aetogenic bacteria can utilize the CO formed and therefore promote the 

formation of CO2 as the final product. The findings reported here are supported by the 

large recoveries of chloride coupled to the rapid disappearance of the subsequent 

biotransformation products for both, CF and CT biodegradation processes. On the other 

hand, the results obtained with riboflavin indicate that this redox mediator favors the 

reductive hydrogenolysis pathway, which is the sequential replacement of chloro-

substituents with H from protons, releasing HCl. This is a very frequent dechlorination 

mechanism found during anaerobic degradation of chlorinated solvents (Holliger, 2003). 

The results obtained from CF and CT dechlorination with riboflavin as the redox 

mediator support the reductive hydrogenolysis pathway since in the presence of 

riboflavin, the sequence of biotransformation products obtained was dichloromethane 

(DCM) and chloride for CF. On the other hand, during the reductive hydrogenolysis of 

CT, the biotransformation products observed in this study were CF, dichloromethane 

(DCM) and chloride. 

In regard to the role of the redox mediators during the biotransformation of CF and CT, it 

is known that microorganisms can reduce Co (III) balamin to Co (II) balamin, which 

would be the first reaction. The second reaction occurs when the reduced co (II) balamin 

delivers the electrons to the chlorinated solvent, which becomes reduced. The cobalamin 

reduction by Shewanella alga strain Br.Y was reported by Workman et.ai, 1997 in some 

studies in which the lactate and hydrogen served as the electron donors for the 

microorganism. The same finding on Co (III) balamin reduction to Co (II) balamin was 

reported by Fonseca et.al. 2000 on studies done with Salmonella enterica. 



Also, there are some reports that indicate that CF can be reduced by cobalamins when 

these compounds reach a very low oxidation state Co (I) balamin, in presence of strong 

reducing agents in the medium such as titanium citrate (Ti (III)) (Lewis, 1996 and Krone, 

1989). Moderated reducing agents such as sulfhydryl, sulfide or dithiothreitol that can 

reduce Co (III) balamin to Co (II) balamin have also been reported for the abiotic 

conversion of CF (Krone, 1989 and Lewis, 1996). 

Some reports indicate that AQDS can be reduced to AH2QDS by methanogenic cultures 

to assist the dechlorination of CT (Cervantes, 2001), this would be the first part of the 

cycle, the second part of it would be the recuction of the chlorinated solvent (CT). Also 

other reports indicate that Shewanella putrefaciens is able to convert CT to CF in 

presence of humus (Collins et al. 1999). Abiotically, direct CT conversion to CF by the 

reduced form of AQDS, AH2QDS was also observed in studies done by Cervantes, 2004 

and Curtis Reinhard 1994. 

Finally, riboflavin is the redox active moiety in the enzyme cofactors flavin 

mononucleotide (FMN) and flavin adenine dinucleotide (FAD), and therefore, it can be 

reduced in presence of microorganisms by riboflavin reductases (first part of the redox-

mediating cycle). The second part of the redox-mediating cycle would be the biological 

reduction of CF and CT. Some reports have indicated that riboflavin reductases are 

involved in the reduction of azo dyes. (Geingell and Walker, 1971, Roxon, 1967). The 

results obtained from the studies presented in this dissertation support the fact that a 

redox cycle was taking place for riboflavin during the biological dechlorination of CF 

and CT. Abiotically, there are reports indicating that reduced FMN can catalyze the 
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dechlorination of p-p'-dichlorodiphenyltrichloroethane (DDT) in presence of heme 

cofactors (Sugihara et.al. 1995). Besides the results presented in this dissertation, there 

are no reports documenting the abiotic conversion of CF and CT in presence of 

riboflavin. 

6.3 Effect of vitamin B12 precursors on the biodegradation rate of CT. 

As discussed here, the methanogenic consortium under study demonstrated a pronounced 

ability of dechlorination in presence of vitamin B12. Vitamin B12 is a very effective redox 

mediator but its application in the field could result in unaffordable costs, therefore, an 

attempt to promote its biosynthesis by this consortium was done. In order to stimulate the 

vitamin B12 biosynthesis, two approaches were considered. First, several vitamin B12 

precursors were tested in presence of the methanogenic consortium and second, several 

substrates reported for industrial vitamin B12 biosynthesis were evaluated for the same 

consortium to investigate the possible production of vitamin by these microorganisms. 

From the series of various precursors evaluated, it was found that the formation of the 

corrin ring in the cobalamin molecule could be the limiting step during the formation of 

cyanocobalamin by the methanogenic consortium. Porphobilinogen (PB) is a direct 

precursor of the tetrapyrrole, uroporphyrinogen III, which becomes the corrin ring 

structure. Relatively small amounts of PB (40 |aM) yielded a positive effect during the 

dechlorination of CT to inorganic chloride even though the percentage of CT removal 

was not as high as it was with higher concentrations of PB. The CT biodegradation in 

presence of higher levels of PB, followed the same yield of biotransformation products 

and the same type of products that in the presence of the vitamin B12 itself. Large CT 
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conversions and chloride releases support the hydrolytic reduction mechanism. The 

results also indicated that one carbon (CI) substrates like methanol, promote the vitamin 

Bi2 biosynthesis because the effect of PB on CT degradation was largely enhanced in 

presence of methanol unlike for example, a mixture of volatile fatty acids. 

In this study, a concentration range of PB was evaluated to determine the optimal 

concentration of the precursor showing a positive effect on the biodegradation. The 

results demonstrated that 500 and 900 |aM concentrations of PB yielded even better 

results on increasing the CT dechlorination than 10 fxM vitamin Bn. The particularly 

high concentrations required of porphobilinogen compared to vitamin B12 may be due to 

the following facts; first, there could be a partial uptake of PB by the cells, therefore the 

synthesis of vitamin B12 can not utilize all the PB supplied. Second, all the PB taken up 

by the cells is not necessarily used to make vitamin B12, since PB is also the precursor of 

other tetrapyrroles. Third, not all the vitamin B12 produced by the cells is secreted, and if 

it is not secreted, it can not fianction as a redox mediator. 

This study taken as a whole suggests the use of certain primary substrates such as 

methanol and vitamin B12 precursors as an approach to stimulate the vitamin Bn 

biosynthesis by methanogenic sludge, and therefore, the enhancement of the 

biodegradation rates of chlorinated solvents. 

6.4 Effect of different electron donors and redox mediators on higher chloroethenes 

degradation. 

In order to optimize the degradation of PCE in presence of the different redox mediators 

studied, a screening of different electron donors was done including the electron donors 

most frequently reported for the biodegradation of PCE by consortia of microorganisms 
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such as lactate, acetate and hydrogen. The redox mediators tested during chloromethanes 

degradation were also tested for the degradation of perchloroethylene (PCE). 

Some points can be concluded from this study. First, it was demonstrated that hydrogen 

was the best electron donor for PCE dechlorination by the unadapted methanogenic 

consortium. Second, the presence of the redox mediators did not enhance the PCE 

degradation rates. In fact, riboflavin decreased the degradation rate of PCE up to two fold 

compared to the treatments free of redox mediators. CNB12 may need to reach its lowest 

oxidation state in order to facilitate the PCE reduction and in this case it seems that the 

microorganisms only promote the oxidation-reduction cycle for CNB12 reducing-

oxidizing it from Co (III) balamin to Co (II) balamin. The biological redox mediated 

dechlorination of PCE has not been reported so far. However, there are some reports 

indicating the abiotic transformation of PCE by vitamin B12 in presence of titanium 

citrate as the bulk reducing agent, in which case the vitamin reaches its lowest oxidation 

state Co (I) balamin (Habeck, 1995, Lesage, 1996). Unlike other reports on PCE 

bioconversion, in this case, the main PCE dechlorination product we detected was trans-

1,2-DCE whereas cis-\,2-DCE was present in smaller concentrations. In order to identify 

the influence of the redox mediators in the further conversion of transA ,2-DCE, more 

experimental work would need to be done using /ran5'-l,2-DCE as the parent compound. 

The presence of phosphate in the medium largely inhibited the PCE bioconversion. 

Adsorption of PCE into the biomass took place instead. 
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From the results, we could conclude that reductive hydrogenolysis is the pathway 

followed by this methanogenic consortium during the PCE reduction. Figure 6.4.1 

illustrates that pathway. 
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Figure 6.4.1 Reductive pathway for PCE followed by the methanogenic consortium. 

The size of the arrows indicates the relative rates of the conversion into the pointed 

direction. 



211 

The study, taken as a whole suggests that the use of redox mediators in the dechlorination 

of higher chlorinated solvents could be a promising approach for the bioremediation of 

these compounds in the field. Some more research to make their utilization cost effective 

would need to continue. In the case of higher chlorinated chloroethenes, maybe the use 

of redox mediators in biological systems is not very effective. Probably in a near future 

research will find more information about redox mediators as an alternative for biological 

transformations of the lower chloroethenes derived from biological or abiotic 

transformations of higher chloroethenes as parent compounds. 
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