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Biological Methods

 By the 1950s, the expansion of the synthetic

chemicals industry had sparked the widesprad use

of biological treatment of industrial process waters.

 Use of synthetic chemicals resulted in 

contamination of graoundwater and soil with

xenobiotic (synthetic or unnatural) compounds. 

 A number of these xenobiotics are classified as 

hazardous waste. 
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Biological Methods

 A vast majority of organic hazardous wastes can 

be treated biologically because virtually all organic

chemicals can be degraded if the proper microbial

communities are established, maintained and

controlled. 

 Successful biological treatment projects require a 

basic understanding of the microbiology involved

as well as the engineering factors required for

design, implementation and operation. 
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1. Basics of Microbial Metabolism

 Biological treatment systems rely on the interactions of 

different types of living organisms including bacteria, 

fungi, algae and protozoa. 

 All living organisms require organic carbon for use as 

building blocks of cellular components, as well as a 

source of energy to power the biochemical reactions

taking place within cells.

 Of the many different organisms involved in biological

treatment of HWs, the most commonly relied on are

heterotrophic bacteria
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Types of microorganisms

Classifications of 

microorganisms
Energy source

Carbon source 

(substrate)

Autotrophic

Photoautotroph Light Carbon dioxide

Chemoautotroph
Oxidation reduction reactions 

of inorganic compounds
Carbon dioxide

Heterotrophic

Photoheterotroph Light Organic carbon

Chemoheterotroph
Oxidation reduction reactions 

of inorganic compounds
Organic carbon
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Types of microorganisms
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Cellular metabolism

 Microbial behaviour has two principle goals: to maintain

the living state, and to grow/reproduce where

conditions are favorable.

 To accomplish these goals, complex substrates are

enzymatically degraded into simpler molecules, 

providing the cell with organic carbon and energy in the

form of ATP in a process known as catabolism.

 At the same time, the cell is synthesizing complex

molecules and polymers needed for life from these

simpler molecules using energy provided by ATP in a 

process known as anabolism.   
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Cellular metabolism

 The anabolic (cell building) processes produce 

protoplasm as an end product which is composed of 

proteins, carbohydrates, DNA and other components. 

 Bacterial protoplasm is 75-80% water. The solids are 

90% organic and 10% inorganic. 

 An empirical formula for the organic portion is simply 

C5H7O2N.  

 The inorganic material consists of: phosphorus, sodium, 

sulfur, potassium, calcium, magnesium, iron and trace 

metals such as appear in your vitamin pills.
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Cellular metabolism

The sum total of all biochemical reactions taking place within a cell is 

collectively known as cellular metabolism.
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Metabolic steps in degradation of 

organic wastes

An organic waste, being a substrate, is thus degraded by the metabolic

action of microorganisms
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Enzymatic Processes

Cell membrane

Cell wall
Insoluble 

substrates 

Extracellular 

enzymes

Intracellular 

enzymes

Soluble substrates 
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Cellular metabolism

 Degredation alters the molecular structure of organic

compounds.

 The degree of alteration determines whether bio-

transformation or mineralization has occurred. 

 Biotransformation refers to the simplification of an 

organic compound to a daughter compound. (Partial

degradation) 

 Mineralization is the complete breakdown of organic 

molecules into cellular mass, carbon dioxide, water and 

inert inorganic residuals. (Complete degradation)
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O2 relationships of microorganisms

14/74

Redox pairs in anoxic/anaerobic

environments

Redox pair EH, volts
Microbiological

processes

Environmental

conditions

CO2/CH4 -0.42 Methanogenesis Highly reduced

CO2/acetate -0.28 Acetogenesis/fermentation Highly reduced

SO4
-2/H2S -0.22 Sulfate reduction Highly reduced

NO3
-/NO2

- +0.42 Nitrate reduction
Moderately

reduced

NO3
-/N2 +0.74 Denitrification Anoxic/oxidized

Fe+3/Fe+2 +0.76 Iron reduction Anoxic/oxidized

O2/H2O +0.82 Aerobic respiration Oxidized
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Electron transport

Depending upon the 

molecule used 

(O2, NO3
-, SO4

2-, CO2, 

or soluble cBOD)

by bacteria to remove 

electrons from the cell, 

a variety of substrates 

are produced.

e-
e- e- e- e-e-
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Special forms of metabolism

 As substrate concentrations decrease, the amount of 

carbon and energy derived from their utilization may be 

less than that required by a cell to maintain growth.

 This threshold concentration at which microbial growth

just balances microbial decay from endogenous

metabolism is known as Smin (minimal substrate level). 

 Many xenobiotics are present in the environment at 

concentrations below Smin levels, therefore their

concentration would not ordinarily sustain biodegradation
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Cometabolism

 Special forms of metabolism, such as cometabolism and

secondary substrate utilization may allow these low

concentrations of xenobiotics to be biologically treated.

 Cometabolism plays a significant role in microbial

communities treating hazardous waste.

 The daughter products of the secondary substrates may

be used as primary substrates and/or secondary

substrates by other microbial species present in the

microbial community.
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Cometabolism

 Involved in the biotransformation of many xenobiotic

compounds (cyclohexane, alkyl benzene sulfonate, etc.)

 A potential alternative for compounds that othervise

would degrade very slowly e.g. Trichloroethylene (TCE)
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Secondary substrate utilization

 Is a form of simultaneous substrate utilization in which

one compund is present at a concentration above its Smin

(primary substrate) level, while a second compound is 

present below its Smin (secondary substrate) level.

 Microbial growth occurs at the expense of the primary

substrate, and the secondary substrate is also degraded.

 It was demostrated in a pure microbial culture with

acetate as the primary substrate and methylene chloride

as the secondary substrate
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Enzymatic Processes

 Upon contact of the bacteria with substrate, enzymes 

produced by the bacteria will form complexes with 

substrate molecules. 

 These complexes allow the substrate to pass through 

the cell walls. 

 Some chemicals are too large and liquefaction takes 

place on the surface of the bacteria cell. 

 Lastly, some organic chemicals can pass into bacterial 

cell walls directly.
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Enzymatic Processes

 Enzymes are large protein molecules composed 

primarily of amino acid twisted into complex shapes by 

peptide links and hydrogen bonding. 

 Their role in metabolism is to lower the energy required 

to activate a reaction & thereby speed up biological 

activity.

 In general, cells possess two types of enzyme systems;

 Those always expressed (constitutive)

 Those regulated by the presence of an effector

molecule (inducer or repressor)
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Enzymes: Constitutive & Inducible

 Constitutive enzymes generally act on substrates that

are readily available and provide the cell with abundant

quantities of carbon and energy.

 These substrates typically include various proteins, fats

and carbohydrates that are found throughout biosphere.

 Inducible enzymes, in contrast, generally act on 

substrates that are only periodically available.

 Many xenobiotic compounds fall into this latter category.
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Competitive inhibition

 It is possible for a 

chemical to bind to an 

enzyme, altering its

specificity or ability to

function.

 When a readily

degradable substrate

effects this change, the

process is called

competitive inhibition.
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2. Biodegradation of Xenobiotics

 Most synthetic organics are biodegradable but those 

that resist degrading are termed recalcitrant or refactory.

 If the degradation occurs too slowly to be efficient they 

are known as persistent compounds. 

 TCDD (dioxin) and PCBs are examples. 

 One definition of persistence is BOD half lives greater 

than 15 days.

 Biodegradability or recalcitrance is primarily a matter of  

molecular structure. 
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2. Biodegradation of Xenobiotics

 Following conditions, either individually or in combination

are associated with persistance/recalcitrance;

 Halogenation

 Large numbers of halogens

 Highly branched

 Low solubility in water

 Atomic charge difference
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2. Biodegradation of Xenobiotics

 Some general conclusions regarding the ability of 

microorganisms to degrade specific organic chemicals:

 Straight-chain aliphatics are easily aerobically degraded.

 Simple aromatics are usually degradable by several

mechanisms of ring cleavage.

 Even highly chlorinated aromatic compounds like PCBs

can be degraded, but slowly.

 Biodegradation of  nitorgen- and sulfur-containing

compounds is linked to their utilization as nutrient sources.

 Polymeric materials (e.g. Polystyrene) are among the most

resistant to microbial attack.
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Importance of microbial communities

in biodegradation

 Many microbial species are typically found co-existing

together in a given environment.

 Microorganisms are adaptable to widely changing

environmental conditions.

 The successful biodegradation of a xenobiotic requires;

 the existance of microbial enzymes able to effect a change

in the molecule,

 The availability of organisms possessing such enzymes,

 The presence of environmental conditions favorable for

microbial growth.  
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Importance of microbial communities

in biodegradation

Anaerobic reductive dehalogenation of perchloroethene (PCE) to ethene
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Importance of microbial communities

in biodegradation

Mixed culture of 3 microbial species involved in the anaerobic

degradation of chlorobenzoate

Metabolites Species 4?

Species 1

(dechlorinating

bacterium)

Species 2

(benzoate

oxidizer)

Species 3

(methanogen)

CO2 + H2 + acetate

CH4

COOH
Cl-

Cl

COOH
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Adaptation

 Many microorganisms are unable to utilize a hazardous

compound on initial exposure.

 However, when microorganisms are exposed to organic

contaminants for various lengths of time they tend to

develop, or adapt to, an increased ability to degrade

these substrates.

 Since adaptation may require long periods of time under

natural conditions, one approach for enhancing

biodegradation (bioaugmentation) at a site is to introduce

microorganisms that have already been successfully

adapted in the lab. or at a similarly contaminated site. 
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Microbial growth requirements

 A number of factors influence the effectiveness of 

biological treatment, including;

 The type and concentration of carbon sources (primary or

secondary substrates)

 Electron acceptors

 Moisture

 Temperature

 pH

 Inorganic nutrients

 Presence of toxic or inhibitory growth conditions
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3. Growth Kinetics

 The performance of biological waste treatment can be 

measured by the rate at which microorganisms

metabolize the waste which is directly related to their 

growth. 

 Bacteria reproduce by binary fission, and time required to

divide is referred to as generation or doubling time. 

 Doubling time of a bacteria can be as small as 15 to 20

minutes under optimal growth conditions.

 Although individual cells reproduce at an approximately

constant linear rate in optimum conditions, the total 

population of biomass grows at exponential rates. 
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Batch culture

 Lag phase: The cells require a period to adapt to the

new environment before beginning their growth (this is a 

period of enzyme synthesis); preadapted cells

experience a much shorter lag phase.

 Exponential growth phase: The biomass grows

exponentially as cells divide as a constant rate that

exceeds the rate at which the cells are dying.

 Stationary phase: On approaching exhaustion of the

substrate or limiting nutrient, the number of dying cells

offsets the number of new cells.
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Batch culture

 Death phase: Without the addition of substrate, dying

cells outnumber new cells. 

 Endogenous phase: In some cases, the rate of 

population decline slows as the number of dead cells

becaomes adequate to supply the nutrients needed for

new cells.  
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Kinetics of batch culture

 The rate at which cells

divide is the specific

growth rate µ. 

 It is measured as 

generations per unit time, 

or the inverse of the

doubling time. 

 Without die-off, the

bacterial cells accumulate

in the batch culture at an 

exponential rate.  
X

dt

dX
 Eq. 1
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Kinetics of batch culture

 A classical relationship

exists between bacterial

growth rate and

substrate concentration

when all other conditions

are kept constant. 

 µ at lower concentrations of substrate is almost linearly

dependent on substrate concentration. 

 As the concentration of the substrate increases, µ 

eventually reaches a maximum that is maintained

independently of higher concentrations.

Eq. 2
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Kinetics of batch culture

 Substituting Eq.2 into Eq.1:

 The mass of new cells synthesized per unit mass of 

substrate removed is constant for a given substrate and 

bacterial population. 

 The ratio of the increase in cellular mass to the decrease in 

substrate mass is the growth yield coefficient, Y

 Substituting this eq. into the previous one:

SK

SX

dt

dX

s 
 max

dtdS

dtdX
Y 

)(

max

SKY

SX

dt

dS

s 
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Kinetics of batch culture

 The term µmax/Y = k, degradation rate constant

also

 The net yield is the new yield formation minus reduction due 

to death and maintenance:

where b = endogenous decay constant (time-1)

 The four kinetic parameters determined through treatability

tests are; k, Ks, Y and b.

SK

kSX

dt

dS

s 


SK

YkSX

dt

dX

s 


bX
SK

YkSX

dt

dX

s
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Treatment of toxic or inhibitory

compounds

Figure 10-10 Effect of toxic inhibition on the bacterial growth rate 

(hypothetical example) (LaGrega et al., 2001)
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Many HWs can inhibit their own degradation at increased concentrations
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Treatment of toxic or inhibitory

compounds

For any organic chemical exhibiting toxic inhibition, conc. is critical. The 

maximum µ or µ*, for such a substance occurs at concentration S*.

If the concentration exceeds S*,

inhibition or die-off can 

commence on a continuing, 

irreversible basis, resulting in 

loss of treatment capability.

Figure 10-11 Critical concentration (S*) for an inhibitory substance

(LaGrega et al., 2001)
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4. Ex-situ Systems:Treatment of 

Liquids

 Liquid HWs amenable to biological treatment include

contaminated groundwater and landfill leachate. 

 Other examples are industrial process wastewater if it is 

of a primarily aqueous nature (e.g., rinse water).

 Many different bioreactor designs such as batch 

reactors, standard activated sludge systems and their 

variations, fluidized beds, and membrane systems have 

been used in the treatment of liquid waste streams.
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4. Ex-situ Systems: Treatment of 

Liquids

 Liquid-phase treatment consists of passing the 

contaminated Iiquid through a reactor containing either 

suspended or attached biomass of highly active and 

acclimated rnicroorganisms. 

 Flow can be continuous or batch, and the reactor can be

operated under aerobic or anaerobic conditions.

 Some of the major factors to consider in the use of liquid

phase systems are; mixing regime (complete mixing, 

plug flow), hydraulic retention time (HRT), solids

retention time (SRT) and total dissolved solids (TDS).
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Basics of liquid-phase treatment

Influent Chemicals Chemicals Effluent

Storage and 

equalization

Physical/chemical 

treatment

• Precipitation

• Oxidation

• Hydrolysis

Solids separation

• Sedimentation

• Flotation

Chemical conditioning

• Nutrient addition

• Neutralization

Biological treatment

• Aerobic/anaerobic

• Suspended/attached

• Continuous/batch

Solids separation

• Sedimentation

• Filtration

• Flotation

Additional treatment

• Adsorption

• Ion exchange

• Microfiltration

Sludge treatment

• Dewatering

• Solidification

• Incineration

Pretreatment Bioreactor Posttreatment

Figure 10-12 Conventional liquid-phase treatment (LaGrega et al., 2001)
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Biological treatment systems

 Aerobic batch systems

 Anaerobic batch systems

 Continuous flow & aerobic suspended growth systems

 Powdered activated carbon treatment (PACT) process

 Membrane bioreactors

 Attached growth systems

 Submerged fixed-film reactor

 Fluidized-bed reactor
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Sequencing batch reactor systems

STEP 1

Filling

STEP 2

Biotreatment

STEP 3

Sedimentation & 

withdrawls

Figure 10-14 Sequencing batch reactor operation (LaGrega et al., 2001)
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Suspended growth systems

Figure 10-16 Completely mixed, suspended growth system

(LaGrega et al., 2001)
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PAC treatment process

Figure 10-17 Zimpro PACT
TM

process (LaGrega et al., 2001)
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Membrane bioreactor

Membrane bioreactor configurations
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Attached growth systems

Figure 10-15 Examples of attached growth systems (LaGrega et al., 2001)
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5. Ex-situ Systems: Slurry-phase

Treatment

 Slurry-phase systems involve treatment of contaminated 

soils/sludges mixed with clean or contaminated liquids. 

 It can take place in aboveground reactor or within 

existing/constructed lagoons.

 Because of the high costs associated with excavation,

materials handling & residuals handling, the ex situ form 

of this biological treatment process is rarely used. 

 In contrast, in situ anaerobic slurry treatment in lagoons 

has been gaining acceptance and use for the treatment 

of persistent compounds
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Slurry-phase treatment

 Same basic slurry treatment principles and concerns 

apply to both ex situ and in situ treatment approaches. 

 Slurry treatment typically requires initial mixing/agitation. 

 The agitation not only homogenizes the slurry but also 

promotes the following actions:

 Breakdown of solid particles

 Desorption of waste from solid particles

 Contact between organic waste and microorganisms

 Oxygenation of the slurry by aeration

 Volatilization of contaminants
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Slurry-phase treatment

 It is similar to conventional suspended growth biological

treatment except that the biomass is not recycled and the 

suspended solids can frequently be inert. 

 The fundamental treatment steps are mixing/aeration, 

desorption and biodegradation. 

 These can occur in an in-place reactor or in a multiple-

stage system, and flow can be continuous or batch. 

 A multiple-stage system includes pretreatment steps, 

such as passing the soil through a sieve or adding 

surfactants, to enhance desorption & fractionate waste. 

 Treated inert solids typically can be left on the site.
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Slurry-phase treatment

Figure 10-18 Multiple-stage slurry-phase treatment system (LaGrega et al., 2001)
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Slurry-phase treatment

 The effectiveness of slurry-phase treatment depends on 

a number of theoretical factors including;

 Pretreatment

 Desorption

 Solids concentration

 Mixer design, and

 Retention time.
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6. Ex-situ Systems: Solid-phase

and Vapor-phase Treatment

 Solid-phase treatment includes a broad class of biological 

methods used to treat contaminated soils and sludges

containing minimal free moisture. 

 There are three major engineering/process approaches:

 Land treatment: Biodegradation of wastes incorporated into a 

defined soil layer.

 Composting: Co-degradation of hazardous waste with larger 

amounts of supplementary organics mixed together in 

windrows, piles or vessels.

 Soil piles: Static aeration of oversized contaminated soil piles
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6. Ex-situ Systems: Solid-phase

and Vapor-phase Treatment

 With each treatment process, both biotic and abiotic

contaminant removal is possible. 

 Common abiotic removal mechanisms include

volatilization, leaching and immobilization.

 Successful treatment of soils and sludges depends on:

 The presence of metabolically suitable microorganisms

 Creating & maintaining favorable microbial growth condition

 Eliminating or reducing the toxicity of the contaminants

 Providing adequate contaminant bioavailability

 Providing adequate treatment time.



14-Oct-12

29

57/74

Land treatment

 Liquid wastes (such as oils or oily sludges) were applied 

to open land at controlled rates.

 After application, the contaminated materials were mixed 

into the shallow surface soils. 

 Naturally occurring physical, chemical, and biological 

processes at work in the contaminated soils degraded 

and immobilized the waste constituents. 

 A number of operational steps are used to stimulate 

bacterial growth (e.g., aeration, pH adjustment, nutrient 

addition, moisture control, and mixing).
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Land treatment

 A HW land treatment site is not farmed in an agricultural

sense; no agricultural crops are grown because of 

concern with crop uptake of toxic constituents. 

 In comparison with slurry-phase treatment, land 

treatment is usually less expensive.

 Soil contains a large and diverse microbial community.

 This community can degrade applied organics, basically

as an aerobic treatment process.

 Waste constituents other than organics are also removed
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Land treatment

Figure 10-21 Land treatment system and equipment (LaGrega et al., 2001)

Wastes undergoing land treatment are applied uniformly to the 

surface of an engineered site by spreading them over the surface 

or injecting them just below the surface.

Some type of cultivation equipment, such as a disk hanow or 

rototiller, is then used to incorporate the wastes into the soils
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Fate of constituents in land treatment
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√ √ √ √ √
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Composting

 Composting can successfully convert complex organic 

solids to simpler organics and humic materials under 

aerobic and anaerobic conditions. 

 Degradation typically occurs at elevated temperatures, 

usually in the thermophilic range. 

 Composting has a long history in treating MSW and 

municipal sewage sludge.

 When contaminated soils contain high concentrations of 

organics, it may be possible to treat the contaminants by 

a process similar to that used for composting MSW.
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Composting

 Most contaminated soils do not contain a sufficiently high 

concentration of organics to sustain composting. 

 These soils can be composted by mixing a small

percentage of the soils with other readily biodegradable 

solids, bulking agents and a microbial inoculum. 

 Bulking agents, such as wood chips, create void spaces 

for passage of air needed to supply the necessary O2. 

 The microbial inoculum typically used is animal manure; 

pig, cow, and chicken manures have been used 

successfully.



14-Oct-12

32

63/74

Windrow composting

 The mixture of 

waste and organics 

is piled in long rows 

and turned once or 

twice per week, if 

not daily. 

 Turning aerates the

mixture & releases 

excess heat. 

 Turning also increases the release of volatiles.
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Static pile composting

 Piles are not turned. By building the piles on top of a grid 

of perforated pipes, air can be mechanically drawn or 

forced through the piles by a vacuum/forced air system.

 The vacuum system enables process air to be treated 

before it exhausts to the atmosphere if needed.
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Enclosed reactor composting

 The operation can be optimized to 

complete the process within 3 days 

compared with as much as 30 days 

for windrows.

 It also facilitates control of volatile

emissions by collecting process air in 

the headspace above the compost, 

by a diffuser- or exhaust system.

 A reactor can be operated in a batch 

or continous mode, with or without

agitation.
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Soil piles

 Although soil piles may be considered a form of static 

pile composting, they form a distinct treatment process.

 An effective method for treating large volumes of 

contaminated soil, if available land area is limited. 

 Soil pile treatment involves stockpiling contaminated soil 

in large mounds, typically over an air piping system and 

an impermeable liner.

 Water is added to the pile as needed to maintain 

adequate moisture levels. 

 By using a bottom liner, leachate can be collected and 

recirculated to the pile or treated as necessary.
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Soil piles

 Soil piles differ from composting piles in following ways:

 Contaminated soils contain low levels of organic 

contaminants.

 Indigenous microorganisms are used for biodegradation.

 Supplemental organics are not added.

 Aerobic biodegradation only is utilized.

 Air distribution system piping can be installed throughout 

the pile at various depths as needed.

 Piles can be taller, minimizing treatment space required.

 Process is conducted in mesophilic temperature range.

 Piles are not mechanically mixed during treatment process.
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Vapor-Phase Systems

 Biological processes can also be used to treat air 

contaminated with VOCs and hazardous air pollutants 

(HAPs), as well as odor-causing compounds. 

 Typically, the vapor-phase contaminants being treated 

are emissions from ex situ systems used to treat liquid or 

solid HWs or from in situ remediation systems.

 Vapor-phase bioreactor designs include biofilters, 

biotrickling filters and bioscrubbers. 

 The term biofiltration is commonly used to describe any 

such biological vapor treatment process.
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Vapor-Phase Systems

 In a biofilter system, the gas to be treated typically first 

enters a preconditioning unit in which the moisture level 

& gas temp. are adjusted and particulates are removed. 

 Gas is then conveyed to 

biofilter air distribution 

system, from which it 

passes through a 

biologically active filter bed 

made of packing media. 
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Vapor-Phase Systems

 Biomass is attached to the surface of packing material. 

 The packing media usually consist of a mixture of bulking 

agents (such as wood chips), compost, peat, and various

amendments (such as inorganic nutrients, activated 

carbon, pH buffering compounds, and possibly a 

supplemental organic carbon source). 

 As the contaminated air passes through the media, 

contaminants and nutrients are transferred to biomass, 

where cellular metabolism degrades the chemicals into 

simpler compounds and metabolic by-products.
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Biotrickling filters

 Biotrickling filters consist of contaminant-degrading 

biofilms attached to plastic or ceramic packing material. 

 Free water is recirculated over the packing to aid in 

contaminant mass transfer and maintenance of favorable 

microbial growth conditions. 

 Water recirculation system allows for finer pH control. 

 Biotrickling filters can be designed as packed columns 

with correspondingly smaller footprints. 

 The contaminated air stream can be introduced

cocurrent or countercurrent to the recirculating liquid.
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Bioscrubbers

 Bioscrubbers are tower-

like reactors in which 

vapor-phase contaminants 

are initially absorbed into 

a recirculating liquid. 

 This liquid can then 

undergo subsequent

biological treatment in the 

same chamber or in a 

separate reactor.
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7. Major Classes of Xenobiotics

Amenable to Biological Treatment

 Petroleum hydrocarbons

 Aliphatic hydroearbons

 Aromatic hydroearbons

 Polycyclic aromatic hydrocarbons (PAHs) 

 Nonchlorinated hydrocarbon solvents

 Oxygenates (MTBE, ETBE, TAME)

 Halogenated hydrocarbons

 Halogenated aliphatics

 Halogenated aromatics

 Nitroaromatics and explosives compounds (e.g. TNT)

 Pesticides

 Metals/inorganics
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7. Major Classes of Xenobiotics

Amenable to Biological Treatment

 Some of the most important uses of microorganisms to 

treat metals and inorganics include:

 Changing the valence state of metals, reducing their toxicity 

and/or solubility

 Removing heavy metals and radionuclides from water by 

adsorption

 Detoxifying cyanide

 Removing excess nitrogen compounds (ammonia and 

nitrate) from soils/groundwater through nitrification

 Changing the structure and properties of certain metals 

through methylation.


