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Types of contamination

• Point source contamination

– contaminant emanating from a defined source

• discharge pipe from an industrial operation

• Non-point-source

– source of contaminant emanating from a large 
area

• fertilizers or pesticides applied to agricultural land
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Terminologia



• Biostimolazione.

Addizione di nutrienti 
(C,N,P) e accettori finali di 
elettroni (O2) alla matrice 
da biorisanare per 
stimolare i microrganismi 
autoctoni in grado di  
degradare gli inquinanti

• Bioaugmentation

L’addizione alla matrice 
ambientale di 
microrganismi con 
specifiche capacità 
metaboliche, sotto 
rappresentati nelle 
popolazioni autoctone, 
per stimolare la 
degradazione di inquinanti



• Trasformazione

Qualsiasi stadio della 
biodegradazione di una 
molecola è una reazione di 
trasformazione . Una 
trasformazione può 
provocare disintossicazione 
parziale o totale di un 
contaminante o può creare 
un composto ancora più 
tossico del composto di 
origine .

• Mineralizzazione

Il composto è 
completamente 
mineralizzato a CO2 ed H2O 
con liberazione di energia.



mineralizzazione 

trasformazione

questo prodotto di trasformazione
non può essere più degradato

http://booksite.elsevier.com/9780123705198/casestudies/17~Chapter_20_organics.ppt



Biodegradation terminology

Transformation - any single biodegradation step in a pathway is a transformation 
reaction.  A transformation can result in partial or complete detoxification of a 
contaminant or can create a compound even more toxic than the parent compound.

Mineralization - the parent compound is completely degraded to CO2, new cell mass, and 
water.  This is a highly desirable result for toxic contaminants.
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Biodegradation terminology (cont.)

Cometabolism - Sometimes an enzyme can act nonspecifically on a substrate leading 
to a transformation reaction that does not provide energy to the microbe.  A good 
example is oxidation of TCE by methane-utilizing microbes.

lack of enzyme specificity

detoxification

OH



Cometabolism

• Bacterium uses some 
other carbon and 
energy source to 
partially degrade 
contaminant

bacterium

corn
starch CO2 + H2O

contaminant

degradation
products
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COMETABOLISM

• Cometabolism - Occurs when compounds are not 
a source of carbon or energy but are 
nevertheless metabolized to other compounds. 
Also referred to as fortuitous metabolism. The 
organism derives no benefit from the reaction.

• One reason for cometabolism may be the 
presence of non-specific enzymes.

• The product of a cometabolized compound might 
not be transformed further. 

• Cometabolism may be helpful or harmful.



Transformation of cosubstrate is dependent upon the 
presence of the substrate: 

acts to induce enzymes mediating transformation

support growth and activity of degraders

Occurs naturally at low levels (low subtrate levels, population 
density)

Effective use in bioremediation requires introduction of the 
substrate (inducer)

Type I cometabolism



Mechanism for Type II cometabolism 
by methanogens



Biosynthesis - partial or incomplete degradation can also result in polymerization or 
synthesis of compounds more complex and stable than the parent compound.
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CH3 – (CH2 – CH2 )n – CH3Aliphatics:

Alicyclics:

Aromatics:

OH

Biodegradation pathways

Most contaminants can be categorized into one of three structure types, all commonly 
found in petroleum products.  Some contaminants contain a combination of these 
structures.





CONSORZI MICROBICI 



Consortium interactions

• Bacterium A uses some other 
carbon and energy source to 
partially degrade 
contaminant.

• Bacterium B metabolizes 
contaminant degradation 
products to carbon dioxide 
and water.

Bacterium A

corn
starch

CO2 + H2O

contaminant

degradation
products

CO2 + H2O

Bacterium B

O2

O2



Combining cometabolism and consortium 
interactions

CH4 Cl2C=CHCl (TCE)

Methane Monooxygenase

CH3OH Cl2-CHCl

O

H2CO

HCOOH

CO2 CO2 + Cl-

Methanotrophic

bacterium 

Other populations

of bacteria



Pesticide-degrading consortium



Biodegradation & biotransformation: Types of processes

Compounds may be degraded by 
processes that may or may not 
support growth of the organism 
effecting the transformation

Same for aerobic & anaerobic 
conditions:

types of enzymes or 
biomolecules mediating 
transformations differ



Overview of metabolic  processes



Overview of metabolic  processes

catabolic pathway

TCA Cycle

NAD(P)H

C building b locks

Biosynthesis

Respiration

ATP

Oxidized e- acceptor

Reduced e- acceptor

CO2,
NO3-, NO2-
NH4+
SO4-2
Cl-

Mineralized 
components of 
the orgnaic 
substrate 



catabolic pathway

Characteristics / functions of catabolic pathw:

Series of enzymes that are peripherial to central metabolism, so they are not possessed by all organisms

Product(s) are fed into central metabolism to support growth/activity

Enzyme production is repressed in the absence of the organic compound (inducer)

to TCA cycle
(central metabolism)

Substrate specificty of  of catabolic pathway enzymes varies:

very selective, recognize and transform a single substrate

broad specifity, recognize and transform a variety of substrates (may or may not be structurally similar)

all end products of broad specifity enzymes may not be fed in to central metabolism (no growth support)

to TCA cycle
(central metabolism)

X
X

X

does not enter 
central metabolism

does not enter 
central metabolism

Catabolic enzymes: Characteristics key to growth support



Degradation mechanisms: Growth 

Supporting

Pure culture model

Good for detailed studies of metabolism and genetics

May not be representative of activity in the environment



Consortium model

Common for anaerobes

May also be prevelant in aerobic environments, 

documented for degradation of some pesticides

Complicates detailed studies of metabolism and 

genetics

Degradation mechanisms: Growth Supporting



GrowthMineralization

GrowthMineralization

Cometabolic transformation by 
an individual organism:

Accumulation of dead-end 
transformation product

X

X

X X

GrowthMineralization

X

X

X X

X

e- donor co-substrate
(non-inducer)

commensal organism

Cometabolic transformation coupled 
to commensal population:

Mineralization of cosubstrate

Degradation mechanisms: Not growth supporting



Degradation mechanisms

Type I cometabolism

Transformation of cosubstrate is dependent upon the 
presence of the substrate: 

acts to induce enzymes mediating transformation

supports growth and activity of degraders

Occurs naturally at low levels (low subtrate levels, 
population density)

Effective use in bioremediation requires introduction of the 
substrate (inducer)



Example of Type I cometabolism

Biphenyl degraders common in soil

typically cannot grow on PCBs as Cl-

products are not utilized

Supplied with biphenyl, enzymes are 

induced that transform PCBs



Degradation linked to use as e- acceptor

1. Redox-active 

biomolecules

involved in 

biosynthesis

2. Reductases (or 

other electron 

carriers) involved in 

respiration

Oxidized compounds may be 

reduced by two kinds of 

interaction:



Degradation via use as  e- acceptor: Growth supporting 

transformations

Dehalorespiration

Halogenated organics used  by anaerobes as terminal electron acceptors

Energy from electron transfer is captured

Mediated by a specific reductase induced by growth with Cl-organic as 

electron acceptor

Substrates include:

chlorinated alkenes (PCE, TCE)

chlorinated aromatics (chlorobenzenes, polychlorinated biphenyls)



Degradation via use as  e- acceptor: 

Transformations not supporting growth

Interaction with redox active cofactors

Substrate oxidation

electron

carriers

e-

energy generation, biosynthesis

Cl-organic

H-organic + Cl-



Mechanism for Type II cometabolism 
by methanogens



I principali contaminanti



- Esplosivi





Valutazione di 
fattibilità



?????????











Environment (biotic and abiotic)

• moisture content (too much limits oxygen availability, too little 

inhibits microbial activity in general)

• oxygen (required for rapid biodegradation processes)

• pH (extremes limit microbial activity)

• nutrient availability (includes mineral nutrients and organic matter)

• competition (are the microbes of interest active, do added microbes 

survive?)

All of these need to be with acceptable ranges to allow optimal 

biodegradation activity.



Metabolismo microbico



Biodegradation Processes

• Conversion of contaminants to mineralized 
(e.g. CO2, H2O, and salts) end-products via 
biological mechanisms

• Biotransformation refers to a biological 
process where the end-products are not 
minerals (e.g., transforming TCE to DCE)

• Involves the process of extracting energy from 
organic chemicals via oxidation of the organic 
chemicals



Fundamentals of Biodegradation

• All organics are biodegradable, BUT
biodegradation requires specific 
conditions

• There is no Superbug - not 
Volkswagon

• Contaminants must be bioavailable

• Biodegradation rate and extent is 
controlled by a “limiting factor”



Requirements for Microbial Growth

Toxicant s
Carbon/ Energy

Source

Elect ron Accept or 

(O2 , NO3–, SO42-, et c.)

Nut rient s (N, P)Environment al

Condit ions 

(Temp, pH, Eh) Trace Element s





Electron Exchange

Carbon/Energy Source 
Electron Donor

Electron Acceptor 
(O2, NO3–, SO42-, etc.)

CO2H2O

e– transfer







Ground
Water
Flow

Plume of 
Dissolved Fuel 
Hydrocarbons

Residual NAPL
Mobile 
LNAPL 
Pool

Methanogenesis

Sulfate
Reduction

Iron (III) Reduction

Dentrification

Aerobic 
Respiration

(Source:  W,R, N, & W, 1999.) (Adapted from Lovley et al., 1994b.)

Electron Acceptor Zone Formation



Dependence on Redox Condition
Compound(s) Aerobic Anaerobic

Acetone 1 1

BTEX 1 2 to 4

PAH’s 1 3 to 4

PCB’s
highly substituted
minimally substituted

4
2

2
4

Chlorinated ethenes
PCE
TCE
DCEs
Vinyl chloride

4
3
3

1 to 2

1 to 2
1 to 2
2 to 3
3 to 4

1 Highly biodegradable 2 Moderately biodegradable
3 Slow biodegradation 4 Not biodegraded







2,2,5,5-tetramethylhexane

CH3 - C - CH2 - CH2 - C - CH3

CH3

CH3

CH3

CH3

CH3 – CH2 – CH2 – CH2 – CH2 – CH3

vs.

hexane

Given a pair of structures you should be able to predict which of the pair will degrade 
more rapidly.



Benzene

Benzo(a)pyrene

vs.



CH2 - COOH

Cl

Cl

CH2 - COOH

Cl

Cl

Cl

2, 4- D

2, 4, 5 - T

vs.



ethanol

TCE

CH3 - CH2 - OH

C = C
H

Cl Cl

Cl

vs.



Toluene: 
Aerobic 
degradation

Degradation is initiated by 

either a mono- or di-

oxygenase.



Toluene: 
Anaerobic 

degradation
Conjugation of fumarate to toluene 

gives benzylsuccinate

Benzylsuccinate via B-oxidation-like process to give 

benzoate (benzyl-CoA).

Benzoate metaboized via B-oxidation-like process 



Compounds with differential aerobic vs. 
anaerobic degradation potential

Benzene, polynuclear aromatic 
hydrocarbons (PAH)

Stable ring structures, aerobes utilize 
oxidizing power of  oxygenases to 
initiate degradation 

Anaerobes lack similarly powerful 
oxidants

Compounds are readily degraded 
aerobically, but persistent in anaerobic 
environments



Compounds with differential aerobic 
vs. anaerobic degradation potential

Perchloroethylene (PCE) aka. tetrachloroethene

Highly chlorinated, highly oxidized C atoms are good electron 
targets for anaerobes but not aerobes

Cl atoms block activity of oxygenases. 

Readily degraded anaerobically, but persistent in aerobic 
environments



Degradation via use as  e- acceptor: Growth 

supporting transformations
Dehalorespiration

Halogenated organics used  by anaerobes as terminal electron acceptors

Energy from electron transfer is captured

Mediated by a specific reductase induced by growth with Cl-organic as 

electron acceptor

Substrates include:

chlorinated alkenes (PCE, TCE)

chlorinated aromatics (chlorobenzenes, polychlorinated biphenyls)



Dehalorespiration: Scheme of electron 
transfer and energy conservation 



Known 
dehalorespiring

organisms

All belong to Bacteria

Many are related to SRB



Degradation via use as  e- acceptor: 

Transformations not supporting growth

Interaction with redox active cofactors

Substrate oxidation

electron

carriers

e-

energy generation, biosynthesis

Cl-organic

H-organic + Cl-



Redox active cofactors in Type II cometabolism

Compound serves as electron acceptor 

Energy is not conserved, does not support growth

Incidental contact of oxidized Cl-organic with a reduced e- transfer molecule

Growth substrate has no direct affect on the occurance or rate of transformation

No specific inducer is involved = Type II cometabolism



Types of reductive dehalogenation reactions

Two categories: are hydrogenolysis and
vicinal reduction

Hydrogenolysis:
displacement of a single chlorine atom
by hydrogen.

occurs with both aryl and alkyl
compounds.

Vicinal reduction:
displacement of two chlorine atoms
from two adjacent carbon atoms and
formation of a carbon-carbon double
bond.

occurs only with alkyl compounds.



Reductases in dehalorespiration

Proteins mediating the final stage of 
electron transfer specifically induced 

May be integrated into membranes or 
peripherally associated with these



Types of organisms mediating alkyl reductive 
dehalogenation

Physiologically diverse

Eucarya, Bacteria, Archaea

aerobes, anaerobes, fac. anaerobes

Activity identified in many culture collection 
organisms 

(isolation not associated with ability to 
dechlorination)



Reductive  dechlorination of organochlorine
pesticides

Reductive dechlorination affects 
fate, behavior, toxicity

Occurs commonly in soils usually 
under anaerobic conditions

Possibly a result of Type II 
cometabolism





























Factors affecting rates of biodegradation in  soil



Factors affecting rates of biodegradation in  soil

Environmental
Temperature, moisture, pH, etc.

Microbial 
Acclimation of a population of degraders

Chemical-Microbial Interactions
Levels of chemical (high, toxicity; low, subthreshold)

Chemical structure (aerobic vs. anaerobic degradation)

Environmental-Chemical Interactions
Bioavailability



Acclimation in “History Soils”

Soils with a history of use of a  pesticide 
may exhibit accelerated degradation of 
this compound or related compounds

Reflects enrichment of microbes that 
grow on the pesticide

History effect



Abundance/activity of degraders affects apparent 
length of acclimation phase

Degrader population initially low and/or 
inactive (non-induced)

Initial exposure to substrate allows 
populationgrowth

Supports more rapid degradation of 
subsequent introduction of substrate

Apparent acclimation phase is shortened or 
absent



Acclimation of degrader populations in soil

Defination
The period preceding the on-set of
biodegradation, which the chemical is not
degraded, and after which biodegradation
is rapid



Chemical & microbial factors in apparent 
acclimation periods

Chemical

Small amounts of degradation are more 
apparent with low substrate levels 

Microbial

Substrate depletion is proportional to 
growth

At high substrate levels, small amounts of 
growth may not be detected = apparent 
acclimation



Carbamate History Soils

Carbamates are a widely used class 
of insecticide

All are variations of a core chemical 
structure



Accelerated degradation of carbamates
in history soils  

Prior exposure to one carbamate acclimates the community 
to degrade other carbamates



Effects of chemical concentration

amount of chemical

degradation

rate

growth support 
threshold

growth support growth support
Increasing toxicity 

toxicity 
threshold



Threshold

Non-growing, no change in biomass, 

constant degradation rate 

Growing, increase in biomass, 

increasing degradation rate 



Tossicita’



Toxicity of Organic Compounds

Membrane damage: Solvent effect associated with hydrophobic chemicals 
(hydrocarbons, chlorinated hydrocarbons)

compounds partition into membranes

membranes are disrupted

electrochemical gradients are dissipated

Physiological Disruption: Uncoupling e- transfer from ATP synthesis (chloro- and nitro-
phenols)

carry protons across membrane, dissipate DpH

Damage to Macromolecules; Enzymes, DNA

Usually associated with reactive intermediates, not the original 
compound 

TCE --Moase--> TCE-epoxide (reactive) ----> Protein/DNA 
binding



Solvent-effect toxicity:
Hydrophobicity and water solubility

Relative toxicity related to hydrophobicity/water 
solubility

Increased hydrophob = inc.reased tendency to lodge in 
membranes, also = decreased water solubility = 
decreased exposure to microbes

Most toxic are hydrophobic compounds with significant 
aqueous solubility



Toxicity is dose (concentration)-dependent

Log(P) = 3.77
PCP: biocidal, a wood treatment to 
supress microbial degradation

Low concentrations:a growth substrate 
(e- donor) for aerobes 

High concentrations: toxicity



Solvent-effect toxicity: Relation to Kow

Hydrophobicity assayed by octanol-water partitioning (Kow)

Increasing hydrophobicity = increasing Kow

Values of Kow are large, expressed as a log, Log(P) = Log(Kow)

In general:  Gm+ more tolerant than Gm-
Toxicity becomes significant at ca. Log(P) < 3

Log(P) values

TCE = 2.42

PCE = 3.14



Solvent-effect toxicity in Bacteria

Organisms vary in solvent tolerance, reflecting differences in cell surface or membrane 
composition

In general Gm+ more tolerant than Gm-



Biodisponibilita’



Bioavailability and residence time in soil

Definition: Occurrence of a 
compound in a state that is 
accessible to microbes 

Bioavailable = dissolved in 
aqueous phase

Bioavailability (biodegradation 
potential) decrease with 
increasing residence time in soil 



Soil Grain Sorption





Terminologia

Assorbimento: indica la ritenzione di una specie chimica senza riferimento al 
meccanismo di ritenzione.

Adsorbimento: indica la ritenzione di uno ione o di una piccola molecola su di una 
superficie, con limitata interazione con altre specie chimiche adsorbite.

Absorbimento: indica la ritenzione di una specie chimica all’interno di un materiale 
(come la ritenzione di acqua da parte di una spugna).

Precipitazione di superficie: precipitazione su di una superficie che determina la 
crescita dimensionale della specie chimica che precipita. In questo caso c’è 
interazione tra le specie chimiche che si trovano sulla superficie della particella.

Precipitazione: genesi di una struttura tridimensionale senza interazione con una 
superficie.

Questa terminologia sottolinea che vi sono molteplici meccanismi capaci di 
allontanare un soluto dalla soluzione circolante del suolo.



Meccanismi di adsorbimento

Il meccanismo di adsorbimento può essere diviso in tre diverse classi:

1) Reazione chimica
Reazione chimica tra ione e superficie (lo ione perde il suo guscio di idratazione)
Adsorbimento specifico
Legame forte
Scambiabile

2) Reazione elettrostatica
Neutralizzazione di carica localizzata (lo ione non perde il suo guscio di idratazione)
Adsorbimento non specifico
Scambiabile

3) Attrazione elettrostatica 
Attrazione elettrostatica delocalizzata (lo ione non perde il suo guscio di 
idratazione)
Adsorbimento non specifico
Scambiabile



Mechanisms in weathering of organic chemicals

Time-dependent entry of compound into a state or location that is 
inaccessible to microbes. 

Nature of sites or states hypothesized to be 
small pores that restrict entry of cells
regions within SOM that strongly retain the compound

Microbes can’t enter aggregate

Access to compound requires:

1. desorption from sorbed (solid) phase

2. diffusion to reach cells



Clays (aluminosilicates); sorb ions, sorption greates by swelling types 

Soil matrix components affecting weathering: Clays

Swelling clay: 

Layers not linked

Layers separated by H2O

Interlayers exposed

Non-swelling clay:

Layers joined 

Prevents entry of 
molecules

Entry and sorbtion to interlayer 
reduces availability for degradation



Non ionic Organic Contaminants Sorption to SOM

Postulated nature of 

sorption sites:

1. Hydrophobic clefts & 

voids within humics?

2. Highly condensed, rigid 

(glass-like) vs. flexible 

(rubber-like) regions 

Void

Cleft





Soil matrix components affecting weathering: SOM

Sorbtion of ions & neutral organic compounds (NOC)

Inc SOM =

Inc. sorption 
capacity for 
NOC 

Reduction of SOM reduces sorption 
capacity for NOC 



Weathering: Combined effects of minerals & SOM

Minerals & SOM combine  to 
form aggregates

NOC sorption to SOM on 
surface

NOC sorption to SOM in aggregate interior

Access to a chemical is limited by diffusion of the compound to the microbial cell



Tecnologie di bioremediation



Types of Bioremediation

Intrinsic Enhanced

Natural attenuation

“Let nature take its course”

Degradative activities effected by 
indigenous microbes under ambient 
conditions

No intervention to alter aspects of 
the environment affecting microbial 
activity

Engineered remediation

Biostimulation

Alteration of the environment to enhance 
activities effected by indigenous microbes

Bioaugmentation

Inoculation of organisms to introduce a 
type of catalysis not displayed by the 
indigenous community



Bioremediation

For successful and cost-effective bioremediation, there need to be degrading microbes, 
adequate bioavailability, and suitable environmental conditions.  For petroleum spills, there 
are normally degrading microbes present so the issues become bioavailability and 
environmental conditions.  

In ocean oil spills, access to the oil is limited to the surface area between the oil-water 
interface.  In general oxygen is not limiting but as shown below, nitrogen and 
phosphorus are limiting.

1.  oil alone                             0

2.  oil + microorganisms                 5

3.  oil + micro. + P                          5-10

4.  oil + micro. + N                          5-10

5.  oil + micro. + N + P                     75

Treatment in seawater          % biodegradation

From Atlas and Bartha studying degradation constraints in an oil spill:



If a more aggressive approach is required, there are several options available:

In situ treatments

• Bioventing

• Air sparging

• Permeable reactive barriers

Ex situ treatments

• Biofiltration

• Soil vapor extraction and treatment

• Groundwater extraction and treatment



In the subsurface, the most limiting factor is generally oxygen.  Therefore, addition of 
oxygen is one of the most common approaches to cleanup of subsurface 
contamination.

In addition, nutrients such as N and P may be added.

In some cases, natural activities are fast enough to control the contaminant plume.  
This is called intrinsic bioremediation or natural attenuation.  This approach is 
desirable because it requires only monitoring of the contaminant plume.  Must 
address the questions:

In subsurface terrestrial environments, there are many options.  These include both in 
situ and ex situ treatment.

Is intrinsic activity fast enough?  

Will the plume impact human or ecological health?





In situ bioremediation in the vadose zone and groundwater.  Nutrient and oxygen are 
being pumped into the contaminated area to promote in situ processes. Water is 
being pumped to the surface for ex situ treatment in an aboveground bioreactor. 
Following treatment, an injection well is returning the contaminant-free water to the 
aquifer.

Example 1



Bioventing and biofiltration in the vadose zone. Air is slowly drawn through the 
contaminated site (bioventing) which stimulates in situ aerobic degradation. Volatile 
contaminants removed with the air can be treated biologically using a biofilter as 
shown or by adsorption on activated carbon, or by combustion.

Example 2



Bioremediation in groundwater by air sparging. Air is pumped into the contaminated 
site to stimulate aerobic biodegradation Volatile contaminants brought to the surfaced 
are treated by biofiltration, activated carbon, or combustion.

Example 3



Il concetto di carrying capacity



Carrying Capacity

• Although many chemical contaminants in 
the environment can be readily degraded 
because of their structural similarity to 
naturally occurring organic carbon, the 
amounts added may exceed the carrying 
capacity of the environment.

• Carrying capacity is the maximum level of 
microbial activity that can occur under the 
existing environmental conditions



What limits carrying capacity?

• Physical-chemical factors

– pH, temperature, nutrients

• types of microbes present and their biomass

No contaminant leftContaminant breakthrough

Low carrying capacity         High carrying capacity



Determinants of extent and rate of 
contaminant biodegradation  

• Genetic potential of microbes to mutate 
key genes in such a way that gene product 
(enzyme) can catalyze step in contaminant 
degradation

– This requires period of time for such 
adaptation to occur (weeks, months, years?)



Determinants of extent and rate of 
contaminant biodegradation  

• Bioavailability

– First step in biodegradation process is the uptake of 
the contaminant compound by the cell in order for 
intracellular enzymes to access the contaminant

– If contaminant is not water-soluble, it is difficult for 
cell to access and take up contaminant.

Dense, non-aqueous phase liquid (TCE, PCBs)

Low-density, non-aqueous phase liquid (hydrocarbon, benzene 

H2O



Determinants of extent and rate of 
contaminant biodegradation  

• Bioavailability
– Production of surfactants
– Attachment to liquid-liquid interface

Dense, non-aqueous phase liquid (TCE, PCBs)

Low-density, non-aqueous phase liquid (hydrocarbon, benzene 

H2O



Determinants of extent and rate of 
contaminant biodegradation  

• Bioavailability
– Production of surfactants
– Attachment to liquid-liquid interface
– Make cell surface more hydrophobic-nonpolar LPS or EPS

Dense, non-aqueous phase liquid (TCE, PCBs)

Low-density, non-aqueous phase liquid (hydrocarbon, benzene 

H2O



Determinants of extent and rate of 
contaminant biodegradation  

• Bioavailability
– Sorption of contaminant to soil particles
– Diffusion of contaminant into soil matrix

Particle

Contaminant

Soil

particles

Bacterial

cell



Determinants of extent and rate of 
contaminant biodegradation  

• Bioavailability
– Sorption of contaminant to soil particles
– Diffusion of contaminant into soil matrix

Soil

particles

contaminant

Contaminant

no longer available 

to microbes



Determinants of extent and rate of 
contaminant biodegradation  

• Bioavailability
– Sorption of contaminant to soil particles
– Diffusion of contaminant into soil matrix

Soil

particles

contaminant

Contaminant

no longer available 

to microbes



• Contaminant structure

– Steric effects

Determinants of extent and rate of 
contaminant biodegradation  

active site for enzyme blocked



• Contaminant structure

– Electronic effects

• as electronegativity of substituents increased, 
biodegradation rates decreased

Determinants of extent and rate of 
contaminant biodegradation  



Electronic Effects



Determinants of extent and rate of contaminant 
biodegradation  

• Environmental factors
– organic matter (source of carbon and energy)

• subsurface, unsaturated zones have low organic 
matter concentrations

– oxygen availability

– nutrient (N,S, P) availability

– temperature

– pH

– Eh

– salinity

– water activity



Most important factors controlling contaminant biodegradation



Einstein on:

Environmental Monitoring

“Not everything that can be counted 

counts, and not everything that counts can 

be counted.“    (oft attributed to Albert Einstein)

corollary for environmental monitoring:

Not everything that can be measured is 

worth measuring, and not everything 

worth measuring is measurable.

Slide credit:                                                                                                                

Adapted from Christian Daughton, PhD, Environmental Protection Agency

http://www.physics.brocku.ca/doc/sample_lab_report/einstein.gif










Overall process of biodegradation

Organic C Carbon dioxide

Electron donor

Carbon source

Electron acceptor

O2 aerobic respiration

H2O

NO3, Fe(III), Mn(IV), SO4, CO2 anaerobic respiration



Complete vs incomplete biodegradation

Glucose → pyruvate →→CO2 + H2O

Incomplete

TCA   cycle

Complete 
(mineralization)

Glucose→ CO2 + H2O

TCA cycle



Contaminant Fate and Transport 
Processes

Philip B. Bedient

Environmental Science and Engineering

Rice University, Houston, TX



Fate and Transport

• Advection and Dispersion 

• Sorption and Retardation

• Chemical/Abiotic processes

• Volatilization

• Biodegradation



Sorption and Retardation

• Sorption – association of dissolved or gaseous 
contaminant with a solid material

• Adsorption – surface process

• Absorption – internal process

• Leads to retardation of the contaminant front

• Desorption – reverse of either sorption 
process



Soil Grain Sorption



Linear Sorption Isotherm

Sorption linearly 
related to 
aqueous 
concentration.

Partition coefficient 
is Kd 

Kd is related to Kow

kd

1
S

C
0

0



Partitioning to Solid Phase

• Octanol water partition 

coeff.

• Distribution coeff.

• Fraction in aqueous phase

kow =
[A]octanol

[A]w ater

kd =
[A]solid

[A]aqueous

fw =
1

1+
1

n
− 1

 

 
 

 

 
 kd



The octanol-water partition coefficient is the ratio of the concentration of a 
chemical in octanol and in water at equilibrium and at a specified temperature. 
Octanol is an organic solvent that is used as a surrogate for natural organic 
matter. This parameter is used in many environmental studies to help 
determine the fate of chemicals in the environment. An example would be 
using the coefficient to predict the extent a contaminant will bioaccumulate in 
fish. The octanol-water partition coefficient has been correlated to water 
solubility; therefore, the water solubility of a substance can be used to estimate 
its octanol-water partition coefficient.

http://toxics.usgs.gov/definitions/bioaccumulation.html
http://toxics.usgs.gov/definitions/water_solubility.html


Sorption Processes

The sorption of a contaminant is one of the significant processes that can 
hinder the remediation of a ground water aquifer system. Sorption is 
defined as being the attraction of an aqueous species to the surface of a 
solid.(Alley, 1993). In ground water the sorbing species , usually an organic 
compound, is called the sorbate, and the solid media, usually soil, to 
which the sorbate is attracted is known as the sorbent. 
The underlying principle behind this attraction results from some form of 
bonding between the contaminant and adsorption receptor sites on the 
solid. The amount of sorption that occurs in groundwater is dependent on 
particular characteristics of the sorbate and sorbent. The amount of 
sorption that takes place on organic matter also follows various isotherms 
or kinetic rates. 
Sorption tends to cause contaminants to move more slowly than the 
groundwater, therefore the effects must be taken into consideration when 
calculating how far the contaminant has traveled in a given time period. 
The following animation sequence displays how sorption can affect two 
separate particles' velocity. Basically, the animation shows a vertical cut 
from a soil column, interspersed particles of organic matter, and two 
contaminants that are moving through the soil. 





Adsorption vs. Absorption

Sorption reactions generally occur over a short period of time, 
however if the adsorbed contaminant begins to be 
incorporated into the structure of the sorbent , a slow 
occurring reaction, known as absorption, begins to take place. 
To be more precise , the difference between adsorption and 
absorption is that adsorption is the attraction between the 
outer surface of a solid particle and a contaminant, whereas 
absorption is the uptake of the contaminant into the physical 
structure of the solid. 

This figure shows the primary differences between 
intraparticle absorption versus surface adsorption. The main 
difference being that some contaminant particles are attracted 
to the outer surface of the soil particle, while another has 
been actually incorporated into the particle's structure. 
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Il concetto di priming effect
































