
Nitrification and Denitrification



Process 2:  nitrification
 The term nitrification refers 

to the conversion of 
ammonium to nitrate 
(pathway 3-4 opposite)

 Responsible:  nitrifying 
bacteria known as 
chemoautotrophs

 These bacteria gain their 
energy by oxidizing NH3,
while using CO2 as a source 
of carbon to synthesize 
organic compounds The nitrogen cycle, once more!



Process 3:  denitrification
 By this process, NO3 in 

soil or water is converted 
into atm N2, nitric oxide or 
nitrous oxide

 this must occur under 
anaerobic conditions
(anaerobic respiration)

 presence of O2 can 
reverse the reaction

 again, mediated by 
bacteria (Pseudomonas 
sp., Alkaligenes sp. and 
Bacillus sp.)

Denitrification = step 5, above



Aquatic Nitrogen Cycling

 For aquaculturists, cycling 
transforms usually begin 
with the decomposition of 
organic matter from either 
plant or animal sources

 major source in 
aquaculture:  feeds

 ultimately excreted as 
amine groups on amino 
acids or excreted in soluble 
form primarily as NH3/NH4

+, 
other compounds

amino acid



Release of NH3

 NH3 separated from organic 
protein via microbial activity

 Process referred to as  
deaminification or 
ammonification

 NH3 is released to water 
column (mineralization) and 
assimilated into primary 
productivity (NH3 + H+ --> 
NH4

+)
 ammonification is 

heterotrophic, under aerobic 
or anaerobic conditions

ammonification



Aquatic Nitrogen Cycling

NH3 and NH4
+ are both either assimilated by 

aquatic plants for growth or nitrified (oxidized) 
to NO3

- (nitrate)
nitrate can also be used as a growth substrate 

(Guillard’s F medium)
 two step process:

NH4
+ + 1.5O2  NO2

- + 2H+ + H2O
NO2

- + 0.5O2  NO3
-

Note:  these are oxygen-driven reactions



Aquatic Nitrogen Cycling

 Conversion of ammonia (NH3) to nitrate (NO3
-) is 

via chemoautotrophic bacteria
 first step by Nitrosomonas sp.
 second step by Nitrobacter sp.
 Both steps/reactions use NH4

+ and NO2
- as an 

energy source, CO2 as a carbon source
 this is a non-photosynthetic type of growth



Aquatic Nitrogen Cycling

 Reaction runs best at pH 7-8 and 25-30oC
 however; under low DO, it runs in reverse
 NO3

- is converted to NO2
= and other forms

 can go all the way backwards to NH3
 occurs in the hypolimnion under eutrophic 

(stagnant) conditions
 REM: nitrogen also fixed by leguminous plants, 

free living bacteria, blue-green algae
 magnitude of this transform not well studied



Nitrogen: aqueous forms

 Gaseous form of nitrogen (N2) is most prevalent
 followed by:  nitrite, nitrate, ammonia or ammonium
 nitrite is seldom a problem unless DO levels are 

low (to be discussed later)
 ratio of NH3:NH4

+ rises with pH
 unfertilized ponds:  TAN (NH3 +NH4

+) = 0.05-0.075 
mg/L

 fertilized ponds:  TAN = 0.5 mg/L, 0.075 mg NO3
-



Nitrogen Amendments
 Nitrogen added as fertilizer 

to ponds:  urea
 Immediately upon addition, 

it starts to decline
 only small portion 

detectable from metabolic 
processes

 plants typically take it up, 
die, mud deposit

 inorganic nitrogen typically 
denitrified in the 
hypolimnion

 high afternoon pH = 
increased volatization

urea



Nitrogen Equillibria:  NH3/NH4
+

 ammonia (NH3) is toxic 
to fish/inverts

 pH affects proportion of 
NH3/NH4

+

 as pH increases, NH3 
increases

 calculation example 
TAN = 1.5 mg/L, 26oC, 
pH = 8.6

 answer:  0.35 mg NH3/L Affect of pH/temp on 
NH3/NH4

+ equillibria



More on Ammonia

 As mentioned, initial source:  feed, direct source:  
excretion

 can calculate daily dosage/loading if you know: NPU
and % protein in feed

 NPU is 0.4 (approx.) for most aquaculture feeds 
 equ.:  (1.0 - NPU)(pro/6.25)(1000) = g NH3/kg feed
 for 1.0 ha pond receiving 100 kg of 30% protein 

feed/day, loading is 1,920 g NH3
 dilution in 10 x 106 L is 0.192 mg NH3/L
 if NPU stays constant, NH3 production increases with 

increased feeding



Ammonia Toxicity

 Both NH3 and NH4
+ are toxic to fish/inverts:

 as medium NH3 increases, ability to excrete internal 
NH3 decreases (fighting gradient)

 blood/tissue NH3 increases causes increase in blood 
pH 

 result:  imbalance in enzyme activity, reduced 
membrane stability

 increased O2 consumption by tissues, gill damage, 
reduced O2 transport (Root/Bohr, but other direction)

 reduced growth, histological changes in gills/other 
organs



Ammonia Toxicity

 Short term exposure toxic at 0.7-2.4 mg/L
 96 hr LC50 varies from 0.5-3.8 mg/L for most 

fish
 toxicity tolerance varies due to biological 

variability of different strains of species
 eggs are most tolerant (fish)
 larvae least tolerant, older = more tolerant
 same probably holds true for inverts



Ammonia Toxicity

Species 96-hour LC50 (mg/L NH3) 
Pink salmon 0.08-0.1 
Brown trout 0.50-0.70 
Rainbow trout 0.16-1.10 
Largemouth bass 0.9-1.4 
Common carp 2.2 
Channel catfish 0.50-3.8 
Shrimp 5.71 
  
  

 

 



Ammonia Toxicity in Ponds
 NH3 is more toxic when DO levels are 

low
 however, toxic effect is probably nullified 

by resultant increase in CO2
 thus, increased CO2 = decreased NH3 
 increased CO2 = decreased pH
 in some cases, fish have been shown to 

acclimate to increases in NH3



Nitrite (NO2
-) Toxicity

 Nitrite reacts with hemoglobin to form 
methemoglobin

 in process, iron converted from ferrous (Fe2+) to 
ferric (Fe3+) form

 ferric form of iron cannot bind with oxygen
 blood changes from red to brown, appears anemic
 those fish having methemoglobin reductase

enzyme can convert iron moeity back to ferrous
 maybe same for crustaceans?



Nitrite (NO2
-) Toxicity

 Recovery from nitrite toxicity usually occurs 
when fish are transferred to better water

 complete recovery can occur in 24 h
 how does it get into system in first place?
 Nitrite is quickly transported across gill 

membrane by lamellar chloride cells
 cells can’t distinguish between NO2

- and Cl-
 thus:  nitrite absorption regulated by 

nitrite:chloride ratio in medium



Nitrite (NO2
-) Toxicity

 Nitrite is about 55 times more toxic in 
freshwater vs. 16 ppt seawater

 Question:  Can you add NaCl to water to 
reverse nitrite toxicity?

 24 hr LC50 values vary tremendously in fish
 safe bet:  authors say 4.5 mg/L



Nitrite (NO2
-) Toxicity

Species 48- or 96-hr LC50 (mg/L NO2-N)
Rainbow trout 0.19-0.39
Chinook salmon 0.88
Common carp 2.6
Channel catfish 7.1-13
Largemouth bass 140
Guadeloupe bass 160
Shrimp, freshwater 8.5-15.4
Shrimp, saltwater 45-204 mg/L



Nitrate (NO3
-) Toxicity

 Nitrate builds up in ponds, like nitrite, 
when ponds are cooler

 Nitrobacter does not function well under 
cool or cold water conditions

 however, nitrates are least toxic form of 
soluble nitrogen

 effects are similar to nitrite toxicity, but 
values of levels are much higher



Nitrate Toxicity
Species 96-hr LC50 (mg/L NO3-N)
Guppy 180-200
Guadeloupe bass 1,260
Chinook salmon 1,310
Rainbow trout 1,360
Channel catfish 1,400
Bluegill 420-2,000
Shrimp Who knows???



Nitrogen waste

Source: FAO 1992



Waste output model

Sediment

Water

Feed

Organic matter

NH4, Phosphorus, CO2

NH4, P, C

http://www.charlesriver.com/demos/htmltm/MACFILES/GRAFX/FISH.GIF


Total ammonia nitrogen: TAN
NH4 / NH3

Very toxic for fish

REMOVED

or

CONVERTED

TAN < 1mg/L

H++(NH3 NH4
+)

Water discharge 

(Expensive & not environmental friendly)

NITRIFICATION

&

DENITRIFICATION



Nitrogen cycle in a water body
Feed

Fish

NH4+NH3

Algae bloom NO3, nitrate

NO2, nitrite

mineralization

uptake
uptake

bacteria

bacteria

NITRIFICATION

(aerobic)

N2

NO2, nitrite

DENITRIFICATION

(anaerobic)

fixation



Nitrification
NH+

4+3/2 O2 NO-
2 + H2O + 2H+

ΔGo(W)=-270kJ/mol NH+
4-N

Question: What type of microorganism are the nitrifying 
bacteria?

1st step Nitrosomonas

NO-
2+1/2 O2 NO-

3

ΔGo(W)=-80kJ/mol NO-
2-N

2nd step Nitrobacter

Answer: Chemo-litho-autotrophs



Nutrients-conversion
 NH+

4
 CO2

80.7NH+
4 +114.55O2+160.4HCO-

3 C5H7NO2+79.7NO-
2+82.7H2O+155.4H2CO3

Ammonia oxidation

134.5NO-
2+NH+

4 +62.25O2+HCO-
3+ 4H2CO3

C5H7NO2+ 134.5NO-
3+3H2O

Nitrite oxidation

NH+
4 +1.86O2+1.98HCO-

3 0.020C5H7NO2+ 0.98NO-
3+1.88H2CO3+1.04H2O

Overall nitrification



Yield

Yield =0.1g  bacteria biomass/g NH+
4-N

80.7NH+
4 +114.55O2+160.4HCO-

3

Ammonia oxidation

134.5NO-
2+NH+

4 +62.25O2+HCO-
3+ 4H2CO3 C5H7NO2+ 134.5NO-

3+3H2O

Nitrite oxidation

Overall nitrification
NH+

4 +1.86O2+1.98HCO-
3 0.020C5H7NO2+ 0.98NO-

3+1.88H2CO3+1.04H2O

C5H7NO2+79.7NO-
2+82.7H2O+155.4H2CO3

Yield =0.06g  bacteria biomass/g NO-
2-N

Yield =0.16g  bacteria biomass/g NH+
4-N

Presenter
Presentation Notes
Yield=113 g biomass/(80.7*14)gNH4-N       =113 g biomass/(134.5*14)gNO2-N       =113*0.02 g biomass/(14)gNH4-N



Oxygen consumption of 
Nitrification
 Calculate the oxygen consumption per g 

NH4
+-N converted into NO3

-?
 How much gram oxygen is consumed 

per g NO3
- formed?



Factors affecting Nitrification

 pH
 Temperature
 Dissolved oxygen concentration
 Ammonia concentration
 Organic load
 Suspended solids



Nitrification rate: pH
Maximum 
growth



Nitrification rate: pH



Nitrification rate: Temperature
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Nitrification rate: Oxygen
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Nitrification rate: Oxygen
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Nitrification rate: temperature
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Nitrification rate: Organic load
Easily degradable organic matter supports the growth of

heterotrophic bacteria which compete with nitrifiers for O2, 

nutrients and space

General Rule: • C:N<9 nitrification takes place

• C:N>9 heterotrophic outcompete

For aquaculture: C:N ~1 in water but much HIGHER in sediment



Nitrification rate: Organic load
Easily degradable organic matter supports the growth of

heterotrophic bacteria which compete with nitrifiers for O2, 

nutrients and space

Bovendeur et al.,1990



Nitrification rate: Suspended solids

Especially for Biofilters

 Clog up pores in the biofilm

 Limit the diffusion of 
substrate



Question
Is it easy to keep the O2 above 2 mg/L during nitrification 

process?

Answer
It is possible but because of the consumption of O2 during 

nitrification  continuously addition of O2 is necessary.
NH+

4 +1.86O2+1.98HCO-
3 0.020C5H7NO2+ 0.98NO-

3+1.88H2CO3+1.04H2O

1 mole NH+
4 needs almost 2 moles O2



Effect of nitrification

 Alkalinity
~2 acid equivalents produced per 1 mole of NH4
converted to NO3 (7.14 g alkalinity (as CaCO3)/g NH4-N)

NH+
4 +1.86O2+1.98HCO-

3 0.020C5H7NO2+ 0.98NO-
3+1.88H2CO3+1.04H2O

Lowering the pH in the water



Inhibitors of nitrification

 Unionized NH3 (at high pH)
 Undissociated HNO2 (at low pH)
 Anionic surfactants
 Heavy metals
 Chlorinated organic chemicals
 And low pH



Where do you find nitrifiers?

Nitrifying bacteria are known to  occur 
attached to 

 Particles
 Surfaces
 Flocs

Or in suspension (problematic because of 
the low growth rate)



Where do you find nitrifiers in AQUACULTURE?
Ponds

Recirculation

Cages

Water column: the dilution is the solution!!!!

Separated reactors (biofilters)

Sediment



Nitrification systems
 Submerged filters
 Trickling filters
 Rotating biological contactors
 Rotating drums
 Fluidized bed reactors

2 lectures on design criteria for nitrifying filters



Exercise
NH4 production from fish culture is 400 g. What is 
the reduction in alkalinity if 90% of NH4 converted 
to NO3? 
1 mole of NH4=18g

Answer
Converted NH4 (moles) = (400g*90%)/18g/mole

= 20mole
Alkalinity reduction ~ 20 mole*2 e-equivalent/mole

=40 e-equivalent



Waste output model

Sediment

Water

Feed

Organic matter

NH4, P, CO2

NH4, P, C

NO3 accumulation

http://www.charlesriver.com/demos/htmltm/MACFILES/GRAFX/FISH.GIF


Nitrate: NO3

Not very toxic for fish

REMOVED

or

CONVERTED

NO3-N < 500 mg/L

Water discharge 
(Expensive & not environmental friendly)

DENITRIFICATION

BUT…

Presenter
Presentation Notes
Water discharge of nitrate-rich effluent water is prohibited in many countries due to environmental and public health considerations. The maximum levels of nitrate allowed in the effluent water differ from country to country and are as low as 11.6 mg/L in Europe according to the European Community directive. (van rijn & rivera 1990)



Denitrification
NO-

3 NO-
2 NO N2O N2

Nitrate Nitrite
Nitric

oxide

Nitrous

oxide
Nitrogen

Microorganisms

Achromobacter, Acinetobacter, Agrobacterium, Alcaligenes,

Arthrobacter, Bacillus, Chromobacterium, Pseudomonas, 

Rhodopseudomonas, Vibrio



Nutrients-Conversion
 NO3
 Organic carbon

1/70C18H19O9N+1/5NO-
3+1/5H+

1/10N2+17/70CO2+1/5H2O+1/70NH4+1/70HCO-
3

ΔGo(W)=-103KJ/e-eqv Biological growth



Yield

0.61C18H19O9N+4.54NO-
3+0.39NH+

4+4.15H+

C5H7NO2 +2.27N2+5.98CO2+5.15H2O

0.65C18H19O9N+4.89NO-
3+4.89H+ C5H7NO2 +2.27N2+6.70CO2+5.12H2O

Yield=0.47kg biomass/kg organic matter

Yield=0.44kg biomass/kg organic matter



Carbon sources

The carbon source=electron donor
1. Ready in waste

2. Produced by decaying

3. Exogenous source
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