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Historical Contamination: Chlorinated solvent 
plumes still persist today from past use at semiconductor 
industries

Examples of Famous Chlorinated Plume Sites:
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H
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HTCE 1,1,1-TCA

Motorola 52nd Street Superfund Site, Phoenix Az

Fairchild Semiconductor, Mountain View, Ca

TCE 1,1,1-TCA, freon

1,1,1-TCA, freon, PCE

Clues on biodegradation of perfluorinated
compounds
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Importance of Chlorinated Solvents
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Biodegradation Reaction

Biodegradation = Redox Reactions 

E-donor + E-acceptor Oxidized 
E-donor

Reduced 
E-acceptor

+

oxidation

reduction
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+ O2 +

oxidation

reduction

Example: vinyl chloride as electron donor

CO2 + Cl- H2O
Cl

HH

H

+CH3OH +

oxidation

reduction

Example: perchloroethylene as electron acceptor

CO2

Cl

ClCl

Cl H

HH

H
+   4Cl-



Definitions Biodegradation

Biodegradation: biologically catalyzed transformation 
of chemical resulting in simpler forms

Mineralization: Conversion of organics to mineral 
products Cl

HH

H
CO2 + Cl-

Biotransformation: Transformation of pollutant by a 
biological process

H

ClCl

Cl O

H

Cl

Cl
Cl
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Definitions Biodegradation
Growth Substrate, Primary Metabolism: Pollutant 
(substrate) used as the primary energy and carbon source 
for microbial growth

Cometabolism: Accidental conversion of pollutant by 
enzymes and cofactors used for the metabolism of a 
primary substrate

H

ClCl

Cl O H

Cl

Cl

Cl

CH4 CH3OH CO2

MMO

as pollutant is degraded biocatalyst concentration increases



Definitions Biodegradation

Reductive Dehalogenation: Microbially catalyzed 
replacement of a halogen atom on an organic compound 
with a hydrogen atom

Halorespiration: An organohalogen is used as an 
electron acceptor in an energy yielding metabolism

R-Cl + 2e- + 2H+ R-H + HCl 

H

HH

HCl

ClCl

Cl

CH3OH CO2

+  4HCl

as pollutant is degraded biocatalyst concentration increases
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Cl

HH

H O2

spontaneousH

ClH

H

O
organic
acids

HCl

Mechanisms of Dechlorination

Oxygenolytic: 

Hydrolytic: 

R C Cl

H

H
+ H2O R C OH

H

H

+ HCl
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Mechanisms of Dechlorination

Reductive Hydrogenolysis: 

Hydrolytic Reduction: 

R C Cl

H

H

2e-, 2H+

R C H

H

H
+ HCl

R C Cl

Cl

Cl

2e-, 2H+

R C

Cl

2HCl +

H2O

H2O

CO + 2HCl

COOH + 2HCl
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Mechanisms of Dechlorination

Reductive Dichloroelimination: 

R C

Cl

H

C H

H

Cl
2e-, 2H+ H

HH

R
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Important Trends
Aerobic Degradation

Biodegradation decreasesChlorine # increases

Tucker et al. 1975. Bull. Environ. Contam. Toxicol. 14, 705-713
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Important Trends
Anaerobic Degradation

Biotransformation increasesChlorine # increases

Van Eekert 1999. PhD Dissertation (no. 
2638). Wageningen University, The 
Netherlands, p. 129.

Cometabolism of 
chlorinated solvents 
by anaerobic sludge
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Five Physiological Roles

1st: aerobic carbon and energy source

2nd: aerobic cometabolism (cooxidation)

3rd: anaerobic carbon and energy source

4th: anaerobic electron acceptor (halorespiration)

5th: anaerobic cometabolism (reduced cofactors)

ED-A

CoM-A

CoM-AN

EA-AN

ED-AN
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Strategies of Bioremediation

Modified from: Tiedje, J. M. 1993. Bioremediation from an ecological perspective. In: In Situ 
Bioremediation: When Does it Work? National Academy of Sciences, Washington DC, pp. 110-120.
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Abbreviations Chloroethenes
Cl

ClCl

Cl
Perchloroethylene (PCE)

Cl

HCl

Cl
Trichloroethene (TCE)

cis Dichloroethene (cDCE)

Cl

HH

H
Vinyl chloride (VC)

H

HH

H
Ethene (E)

Cl

HH

Cl
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Biodegradation Chloroethenes

ED-A 

CoM-A

ED-AN

EA-AN

CoM-AN

VC; cDCE

VC; cDCE; TCE

VC (?), cDCE (?)

VC; cDCE; TCE; PCE

VC; cDCE; TCE; PCE
slower

faster
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Chloroethenes ED-A
Microorganisms Involved: Mycobacterium, 
Nocardioides, Pseudomonas

Pathway

H

HH

H

OH

ClH

H

HCl

H

CoM-S
H

OH

H
H

H

CoM-S
H

O

H

CoM-SH

monooxygenase

O2

epoxyalkane:CoM transferase

CO2

H

HH

H
HS SO3

-

Coenzyme M

Coleman & Spain 2003 JB 185:5536

Kinetics Growth rates 0.05 to 0.96 d-1

Activity 226 to 4950 mg g-1 dwt d-1

Km or Ks 0.07 to 0.70 mg l-1
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Microorganisms Involved: Methylosinus, 
Peudomonas, Burkholderia, Nitrosomonas, 
Mycobacterium, Rhodococcus, Alcaligenes

Pathway

monooxygenase

TCE-epoxide

glyoxylic acid

O

C OHH

formic acid

+ CO

carbon monoxide
chloral

2,2,2-trichloroethanol

HCl

trichloroacetic acid dichloroacetic acid

majo
r

minor

abiotic

2 HCl
Cl

HCl
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Cl
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Cl
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Cl

Cl
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OH Cl

H
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O
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OO

OHH

Wackett L. P. 1995. Bacterial co-metabolism of 
halogenated organic compounds. In: Young LY 
& Cerniglia C (eds). Microbial Transformation 
and Degradation of Toxic Organic Compounds. 
John Wiley & Sons, NY, pp 217-241.

Chloroethenes CoM-A (cooxidation)
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Chloroethenes CoM-A (cooxidation)

Primary Substrates Supporting Cooxidation:
methane, toluene, phenol, ammonium, ethane, ethene, 
propane etc

Kinetics Activity 57 to 55,000 mg g-1 dwt d-1

Transformation 86 to 150 mg TCE g-1dwt
Capacity

Km 0.4 to 29.6 mg l-1

Substrates for which monooxygenases are utilized for 
biodegradation
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Chloroethenes EA-AN (Halorespiration)

Pathway

High Biodiversity Low Biodiversity
7 genera from 4 major 

bacterial phyla
1 genus 

Successive Steps of Reductive Hydrogenolysis

Cl

ClCl

Cl
2e-, 2H+

Cl

HCl

Cl
2e-, 2H+

Cl

HH

Cl
2e-, 2H+

H

HH

Cl
2e-, 2H+

H

HH

H

PCE TCE cDCE VC E
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Chloroethenes EA-AN (Halorespiration)

Microorganisms Involved: PCE to cDCE

Low G+C gram + Desulfitobacterium H2, lactate, formate, etoh

Clostridium YE, glucose

Dehalobacter H2

Desulfuromonas acetate,pyruvateδ Proteobacteria

ε Proteobacteria Dehalospirillim H2, lacate, formate, etoh

Sulfurospirillum lactate

Green non-sulfur Dehalococcoides H2

Microorganisms Involved: cDCE to E

Green non-sulfur Dehalococcoides H2



2323

Chloroethenes EA-AN (Halorespiration)

Kinetics: PCE to TCE and/or cDCE

Kinetics: VC to E

Growth rates

0.32 to 0.40 d-1

Activity 856 to 37,312 mg g-1 dwt d-1

Growth rates

0.23 to 6.65 d-1

Activity 3047 to 6030 mg g-1 dwt d-1

Km or Ks 0.16 to 0.31 mg l-1

Reactions catalyzed by specific reductive dehalogenases

Biochemistry

All contain vitamin B12
Most are membrane bound enzymes
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Hypothetical Example
Assumptions: t0 = 1 bacterium per m3

Chloroethenes EA-AN (Halorespiration)

1 bacterium = 1 × 10-12 g

Ideal conditions for growth
Dehalosprillium
multivorans

6.65 

Activity (mg g-1 dwt d-1)

Kinetic data: Dehalococcoides
strain VS

Growth rate (d-1)

5970 

0.40

3047 

Growth Equation: 
ut

x eC 0xtC =
Cx0 & Cxt = cell biomass conc. at time 0 & t (g dwt l-1)
µ = growth rate (d-1), t = time (d)
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Hypothetical Example (continued)

Question: How long will it take for a bioconversion 
rate of 10 mg l-1 chloroethenes per day?

Chloroethenes EA-AN (Halorespiration)

Initial Biomass: 1 × 10-15 g dwt l-1

Final Biomass: 10/5970 = 1.675 × 10-3 Dehalosprillium 

10/3047 = 3.282 × 10-3 Dehalococcoides 

g dwt l-1

g dwt l-1

µ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

= 0

ln
x

xt

C
C

t

Time: 
Dehalosprillium 

Dehalococcoides 

days

days

4.2

72.1
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Chloroethenes CoM-AN

Microorganisms Involved: Methanogens, Acetogens

Pathway Successive Steps of Reductive Hydrogenolysis

Kinetics: PCE to TCE and/or cDCE

Kinetics: cDCE or VC to E

Activity 0.006 to 20 mg g-1 dwt d-1

Activity 0.001 to 0.366 mg g-1 dwt d-1

Reactions catalyzed by reduced enzyme cofactors
Cobalt containing vitamin B12; Nickel containing Factor 430
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Chloroethenes Bioremediation
Anaerobic - Aerobic
First: Rapid reductive dehalogenation to TCE & cDCE

Second: Rapid cooxidation of TCE and cDCE to CO2 & Cl-

Anaerobic with Dehalococcoides
Promote complete halorespiration to ethene

PCE cDCE
+ electron donor

anaerobic
CO2, Cl-

+ O2

aerobic

+ primary substrate

PCE E
+ electron donor

anaerobic

+ Dehalococcoides (if absent)
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Bioremediation Breda (Holland)
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Bioremediation Breda (Holland)

Facts about Full-Scale Bioremediation

85% removal of PCE in situ within 6 months

Inorganic chloride concentration in anaerobic zone 
increased from 1 to 6 mM

In the aerobic zone all of the cDCE and VC as well 
as injected phenol was removed

After one year the total mass of chloroethenes
decreased from 1500 to 550 mol

Spuij et al. 1997. Full-scale application of in situ bioremediation of
PCE-contaminated soil. 4th Int. In Situ and On Site Bioremediation
Symp., New Orleans, LA, Columbus, OH: Battelle Vol 5, pp. 431–37.
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Lendvay et al. 2003. Environ. Sci. Technol. 37:1422

Bioremediation (Bachman Rd, Mi)
Comparison Bioaugmentation vs Biostimulation
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Lendvay et al. 2003. Environ. Sci. Technol. 37:1422

Control Experiment at Bachman Road Site (Michigan)

PCE

DCE

TCE

VC

Bioremediation (Bachman Rd, Mi)
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Lendvay et al. 2003. Environ. Sci. Technol. 37:1422

Biostimulation Plot: Day 0 = lactate addition

et
he

ne

VCDCE

Bioremediation (Bachman Rd, Mi)
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Lendvay et al. 2003. Environ. Sci. Technol. 37:1422

Bioaugmentation Plot: Day –29 = lactate addition; Day 0 = 
Dehaloccocoides addition

PCE

DCE
TCE

VC

et
he

ne

Bioremediation (Bachman Rd, Mi)



3434

Chlorofluorocarbons

CFC-11C
Cl

ClCl

F

Cl

C
F

C F

Cl

F
Cl CFC-113
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Microorganisms Involved CoM-An:

Chlorofluorocarbons

Methanogens, fermentative bacteria

Activity 0.005 to 165 mg g-1 dwt d-1

Pathways: Reactions catalyzed by reduced enzyme cofactors

Microorganisms Involved CoM-A:

Methane oxidizing bacteria

Activity 119 to 2374 mg g-1 dwt d-1

Pathways: methane monooxygenase
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Anaerobic Pathways CFC-11 Biodegradation

Chlorofluorocarbons

hydrolytic
reduction

reductive
hydrogenolysis

Cl C Cl
Cl

F

Cl C

Cl

H
F

2e- H+ 2HCl

CFC-11

HCFC-12

HCl

H C
Cl

H

F

HCFC-13

F C
Cl

fluorochlorocarbene

HCl + HF

HCOOH CO

2e- H+

HCl

2e- H+ H2O

Krone et al. 1991. Biochem. 30:2713

Krone & Thauer 1992. FEMS Micr. Lett
90:201

Deipser 1998. Waste Mngmnt Res. 16:330
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Anaerobic Pathways CFC-113 Biodegradation

Chlorofluorocarbons

reductive
hydrogenolysis

dichloroelimination

de
hy

dro
ch

lor
ina

tio
n

C C F

Cl

F

Cl

F

Cl

CFC-113

C C
F

FF

Cl
? + F-

2e- 2H+

HCl

C C F

Cl

F

Cl

F

H

HCFC-123a

2e- 2H+ 2HCl

HCl

2e- 2H+ HCl

C C F

F

Cl

F

H H

HCFC-133

C C F

Cl

F

H

F

H

HCFC-133b

CFC-1113

Lesage et al. 1990. EST 24:559

Lesage et al. 1992. Chemosphere 24:1225
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Carbon Tetrachloride CoM-AN
Effect Redox Mediators

Phosphate buffer pH 7.0

mineral medium (Cl- free)

VFA mixture (0.25 g COD/L)

methanogenic sludge (0.5 g VSS/L)

Redox Mediators (10 uM)

CT or CF (100 uM)
medium 50 ml

sludge granules

100%
N2

head space

viton septumExperimental

Guerrero-Barrajas & Field. 2005. Enhancement of anaerobic carbon 
tetrachloride biotransformation in methanogenic sludge with redox active 
vitamins. Biodegradation 16: 215–228.

Cl

C
Cl

ClCl
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Carbon Tetrachloride CoM-AN
Effect Redox Mediators

N

N
NH

N O

O

HO

HO
OH

HO

Riboflavin

O

O

SO3Na

NaO3S

Anthraquinone Disulfonate (AQDS)

(RF)

(AQDS)
(B12)
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Carbon Tetrachloride CoM-AN
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Carbon Tetrachloride CoM-AN
Effect Redox Mediators: Chlorine Balance day 5
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Carbon Tetrachloride CoM-AN

Role Redox Mediators:

Substrate

Oxidized
Substrate

bacterium

OH
R

OH

O

O

R

H

C
Cl

ClCl

Cl

C
Cl

ClCl

C
Cl

Cl
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Conclusions 1
Biodegradation Chloroethenes

Bioremediation Chloroethenes

High biodiversity for rapid halorespiration PCE to cDCE; 
halorespiration cDCE to E restricted to one genus, Dehaloccocoides

Rapid aerobic cooxidation of VC, cDCE, TCE feasible

Aerobic biodegradation of VC (and cDCE) as growth substrates 
feasible with newly discovered bacterial strains

Anaerobic halorespiration (PCE → cDCE) followed by aerobic 
cooxidation (cDCE → CO2, Cl-)

Complete reductive dechlorination with Dehaloccocoides
(PCE → E)

Slow anaerobic cometabolism of PCE, TCE, cDCE and VC 
(dominant process reductive hydrogenolysis)
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Conclusions 2
Biodegradation Chlorofluorohydrocarbons

Aerobic cooxidation feasible

Anaerobic cometabolism of CFC-11

1) hydrolytic reduction to CO and HCOOH

2) reductive hydrogenolysis to HCFC of lower chlorine number

Redox mediators can greatly enhance anaerobic 
biotransformation CT, CF

Biodegradation of CT only feasible by anaerobic cometabolism

Biodegradation Carbon Tetrachloride

Vit. B12 stimulates hydrolytic reduction (> formation Cl-)


