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Life Requires Nitrogen

• Proteins, chains of amino acids, are central to life.
• Nitrogen exists in many formal oxidation states.

• Nearly all N tied up as N2 – useless to most organisms.

Formal 
Oxidation 

State 

6 5 4 3 2 1 0 -1 -2 -3 

Example NO3 HNO3 HNO2 N2O3 NO N2O N2  N2H4 NH3
 



Life Requires Nitrogen

• In nature, only lightning and a few organisms 
can fix N.

• Plants use nitrates to make amino acids and 
proteins (polypeptides).



Formation of peptide bonds:

Condensation (dehydration) reactions between two 
amino acids forms a peptide (amide), in this case a 
dipeptide, a building block of polypeptides or proteins.

Example of a dipeptide: N-L-a-aspartyl-L-
phenylalanine 1-methyl ester or Aspartame.



Remove water from amino 
acids to make peptide bonds.

Protein hydrolysis releases 
amino acids.



Life Requires Nitrogen
continued

• Proteins and amino acids decompose to CO2, 
H2O, and NH3. 

• Ammonia is toxic.
• Ammonia moderately soluble.
• Urea, costs 4 ATP molecules, but is highly 

soluble.



Ammonia is toxic to most animals; 100 ppm (1 L NHAmmonia is toxic to most animals; 100 ppm (1 L NHAmmonia is toxic to most animals; 100 ppm (1 L NH333 in in in 
10,000 L air) begins to cause adverse effects and 5000 ppm is 10,000 L air) begins to cause adverse effects and 5000 ppm is 10,000 L air) begins to cause adverse effects and 5000 ppm is 
rapidly fatal.  rapidly fatal.  rapidly fatal.  

Fish can easily expel ammonia because it is moderately Fish can easily expel ammonia because it is moderately Fish can easily expel ammonia because it is moderately 
soluble and lost to the water passing through their gills.soluble and lost to the water passing through their gills.soluble and lost to the water passing through their gills.

HenryHenryHenry’’’s Law coefficient 60 M atms Law coefficient 60 M atms Law coefficient 60 M atm---111 means NHmeans NHmeans NH333 is not very is not very is not very 
soluble.  soluble.  soluble.  

You would have to drink at least 1000 L (one ton) of water You would have to drink at least 1000 L (one ton) of water You would have to drink at least 1000 L (one ton) of water 
per day to get rid of 100 g of ammonia.  per day to get rid of 100 g of ammonia.  per day to get rid of 100 g of ammonia.  



To solve the NH3 problem, your body expends 4 ATP molecules 
(~15% of the total available energy of an amino acid) to make 
each molecule of urea.  The solubility of urea exceeds 1000 g/L,
so you can get rid of your excess ammonia that way.  Because 
urea lies uphill thermodynamically it is easily converted back to 
ammonia and carbon dioxide.  In soils ammonia/ammonium can 
be nitrified and used by plants. 



Mammals excrete urea: (NH2)2CO

EPA water policies sanction(ed) protection of surface waters by 
allowing NH3 to volatilize into the atmosphere.

Viney Aneja will discuss emissions.



Gaseous NH3 and HNO3 make solid NH4NO3

Aerosols change cloud properties.



Excess Nr (NHx or NOy) leads to 
eutrophication of waters such as the 

Potomac River and the Chesapeake Bay
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Nitrogen Cascade - The same nitrogen atom can 
cause multiple effects in the atmosphere, in 
terrestrial ecosystems, in fresh water and marine 
systems and on human health.

J. Galloway



Committee Charge:

Identify and analyze, from a scientific perspective, the 
problems nitrogen presents in the environment and the 
links among them; 

Evaluate the contribution an integrated nitrogen 
management strategy could make to environmental 
protection;

Identify additional risk management options for EPA’s 
consideration; and

Make recommendations to EPA concerning improvements 
in nitrogen research to support risk reduction.



Sources of reactive nitrogen (Nr) introduced 
into the US in 2002 (Tg N/yr)
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Nr inputs and outputs for the US in 2002 (Tg N/yr)



How does NH3 get into the atmosphere?

• Direct emissions from industrial processes and cars 
with catalytic converters are minor except in urban 
areas.  

• The main sources are fertilized soils and hydrolysis of 
urea in animal waste.  

• Urease enzymes in manure quickly hydrolyze urea to 
ammonia and carbon dioxide.

(NH2)2CO + H2O → 2NH3↑ + CO2



Atmospheric Ammonia, NH3 
Fundamental Properties

Importance
• Only gaseous base in the atmosphere.  Acidifies soils via 
conversion to nitrate.

• Major role in biogeochemical cycles of N.

• Produces particles & cloud condensation nuclei.
• Haze/Visibility
• Radiative balance; direct & indirect cooling
• Stability wrt vertical mixing.
• Precipitation and hydrological cycle.

• Potential source of NO and N2O.



Fundamental Properties, continued

Thermodynamically unstable wrt oxidation. (It burns!)

NH3 + 1.25O2 → NO + 1.5H2O

ΔH°rxn = −53.93 kcal mole-1

ΔG°rxn = −57.34 kcal mole-1

But the kinetics are slow:
NH3 + OH· → NH2 + H2O

k = 1.6 x 10-13 cm3 s-1 (units: (molec cm-3)-1 s-1)
Atmospheric lifetime for [OH] = 106 cm-3

τNH3 = (k[OH])-1 ≈ 6x106 s = 72 d. 
Compare to τH2O ≈ 10 d.



Fundamental Properties, continued

Gas-phase reactions:

NH3 + OH· → NH2· + H2O 
NH2· + O3 → NH, NHO, NO

NH2· + NO2 → N2 or N2O (+ H2O)

Potential source of atmospheric NO and N2O in low-SO2
environments.

Last reaction involved in combustion power plant 
“deNOx” operations.



Fundamental Properties, continued

Aqueous phase chemistry:

NH3(g) + H2O ↔ NH3·H2O(aq) ↔ NH4 
+ + OH−

Henry’s Law Coef. = 62 M atm-1

Would not be rained out without atmospheric acids.

Weak base: Kb = 1.8x10-5 



Formation of Aerosols

Nucleation – the transformation from the gaseous to condensed 
phase; the generation of new particles.

H2SO4/H2O system does not nucleate easily.

NH3/H2SO4/H2O system does (e.g., Coffman & Hegg, 1995).



Formation of aerosols, continued:

NH3(g) + H2SO4(l) → NH4HSO4(s, l)  (ammonium bisulfate) 
NH3(g) + NH4HSO4(l) → (NH4)2SO4(s, l) (ammonium sulfate)

Ammonium sulfates are stable solids, or, at most atmospheric 
RH, liquids.  

NHx ≡ NH3 + NH4
+



Formation of aerosols, continued

NH3(g) + HNO3(g) ↔ NH4NO3(s)

ΔG°rxn = −22.17 kcal mole-1

[NH4NO3]
Keq = ------------------ = exp (−ΔG/RT)

[NH3][HNO3]

Keq = 1.4x1016 at 25°C;  = 1.2x1019 at 0°C

Solid ammonium nitrate (NH4NO3) is unstable except at 
high [NH3] and [HNO3] or at low temperatures.  We see 
more NH4NO3 in the winter in East.



Ammonium Nitrate Equilibrium in Air = f(T)

NH3(g) + HNO3(g) ↔ NH4NO3(s)

– ln(K) = 118.87 – 24084 – 6.025ln(T)  (ppb)2

1/Keq 298K = [NH3][HNO3] (ppb)2 = 41.7 ppb2 

(√41.7 ≈ 6.5 ppb each)

1/Keq 273K = 4.3x10-2 ppb2

Water in the system shifts equilibrium to the right.



Measurements

Ammonia hard to measure with specificity, but generally 
controlled by concentrations of related inorganic aerosols and 
thermodynamics.

Ammonium seems to be easier; EPA STN and DRI methods 
agreed within exp uncertainty (±20%) most of the time and 
correlated well (r2 > 0.8); Hains et al. (2007).

ISORROPIA Thermodynamic Model (Nenes, 1998; Chen 2002)

Inputs: Temperature, RH, T-SO4
2-, T-NO3

-, and T-NH4
+

Output: HNO3, NO3
-, NH3, NH4

+, HSO4
-, H2O, etc.



Seasonal variation of 
24-hr average 
concentration of NOy, 
NO3

-, NH3, and NH4
+ 

at Fort Meade, MD.

Chen et al. (2002)



ISORROPIA Thermodynamic Model (Nenes, 1998; Chen, 2002)

Inputs: Temperature, RH, T-SO4
2-, T-NO3

-, and T-NH4
+

Output: HNO3, NO3
-, NH3, NH4

+, HSO4
-, H2O, etc.



Beltsville Weekly Ammonium  (1989-2006)
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Mean Trend = -0.04 (ug/m3)/yr

See more NH4NO3 in winter; more (NH4)2SO4 in summer.

Is decrease in ammonium due to decreases in sulfate and nitrate?!
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contiguous states; data 
were taken from NADP.

http://nadp.sws.uiuc.edu



New Analytical Techniques.
(stick around for George Allen)



Denuder →

Supported by USDA.



Photothermal NH3 Detector

CO2 laser

Nd YAG Laser

Beam 
splitter→



Response time (base e) of laser interferometer ~ 1 s.



NO2 Detection by
Modified Commercial Cavity Ring Down Spectroscopy

• Laser Intensity Decay Rate: I(t) = Ioexp(-t/τ)
• Empty Cavity: τo = function of mirror reflectivity & mirror losses 

from scattering/diffraction
• Cavity with Analyte: τ = function of analyte concentration
• Calculate Analyte Concentration from τ- τo

http://www.lgrinc.com/



NO2 Concentration Measure by Chemiluminescence [ppb]
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Section Summary:
• Reactive N is more than NO2; current detectors do not 
measure NO2 uniquely.

• Ammonia plays a major role in the chemistry of the 
atmosphere.

• Major sources – agricultural.
• Major sinks – wet and dry deposition (rainout).
• N Cascades – only real sink is N2.
• In soil nitrification releases nitrous oxide, N2O.



Global averages of the concentrations of the major, well-mixed, 
long-lived greenhouse gases. http://www.esrl.noaa.gov/gmd/aggi/



CHEMISTRY:
Main source of ozone depleting NOx

N2O  +  hυ → N2 +  O

N2O  +  O(1D)  → 2 NO 
→ N2 +  O2

O3 +  NO → O2 + NO2
O + NO2→ O2 +  NO

_____________________
O + O3 → 2O2 net 

N2O is the principal source of odd nitrogen and thus ozone destruction in the 
stratosphere.
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Overarching  recommendations – paraphrased.

Recommendation A
An integrated approach to the management of reactive nitrogen, Nr (≈

NOy + NHx) will likely use a combination of:

1. Command-and-Control (issue permits under regulatory statues).

2. Government-based programs such as directed taxes, price supports, and subsidies.

3. Market-based instruments for pollution control in which cap and trade markets are 
used to bring about a desired policy end-result -- often at decreased overall cost to 
society.

4. Voluntary programs.

Management efforts at one point in the cascade may be more efficient 
and cost effective than control or intervention at another point.  
Understanding the nature and dynamics of the N cascade is critically 
important.



Recommendation B

EPA should form an Intra-agency Nr Management Task Force. …. aimed at 
increasing scientific understanding of:

1) Nr impacts on terrestrial and aquatic ecosystems, human health, and 
climate.

2) Nr-relevant monitoring requirements (great uncertainties in emissions; 
stayed tuned for Robin Dennis).

3) The most efficient and cost-effective means by which to decrease 
various adverse impacts of Nr loads as they cascade through the 
environment. 



Recommendation C

EPA should …establish an Inter-agency Nr Management Task Force.

Including USDA, DOE, DOT, NOAA, USGS, USFS, FEMA

This Task Force should coordinate federal programs that address Nr 
concerns and help ensure clear responsibilities for monitoring, modeling, 
researching, and managing Nr in the environment.



Near-term targets for the decrease of Nr entering the 
environment from various sources. 

1. Expand NOx control on fossil fuel combustion to achieve a 2.0 Tg 
N/yr decrease.  

2. Decrease livestock-derived NH3 emissions by 30% (a decrease of 0.5 
Tg N/yr) and NH3 emissions derived from fertilizer applications by 
20% (a decrease ~0.2 Tg N/yr).  This is expected to decrease PM2.5 
by ~0.3 µg/m3 (2.5%).

3. Decrease excess flows of Nr into streams, rivers, and coastal systems 
be decreased by 20% (~1 Tg N/yr).

4. Assign a high priority to nutrient management to decrease Nr 
emissions by between 0.5 and 0.8 Tg N/yr.  



Specific recommendations regarding air quality

8a. EPA should re-examine the NOx Criteria Pollutant (NO2 is the indicator) and 
consider reactive nitrogen as a replacement with NHx and NOy as the indicators. 

8b. Begin monitoring of NHx and NOy asap to supplement the existing network of NO2 
compliance monitors.  

8c. Pursue the longer term goal of monitoring individual components of Nr, such as 
NO2 (with specificity), NO, PAN, RONO2, and HNO3; support the development of 
new measurement and monitoring methods. 

8d. Increase the scope and spatial coverage of the Nr concentration and flux 
monitoring networks, such as the NADP and CASTNET.



Research Recommendations

• Measurements of deposition near non-uniform surfaces such as forest edges.

• Measurements and models of convective venting of the planetary boundary layer and 
of long range transport. 

• Analytical techniques and observations of atmospheric organic N compounds in 
vapor, particulate, and aqueous phases.

• Increased quality and spatial coverage of measurements of the NH3 flux to the 
atmosphere from major sources especially agricultural practices.

• Improved measurement techniques for, and numerical models of NOy and NHx 
species especially with regard to chemical transformations, surface deposition, and off 
shore export; develop linked ocean-land-atmosphere models of Nr.



Take Home Messages
• Much of the reactive N in the air is biogenic.

• Excess reactive N is a danger to health, ecosystems, 
and climate.  Only true sink is denitrifcation to N2.

• Aerosol ammonium is decreasing but total NHx and 
its deposition may be increasing.

•The global N cycle is more perturbed than the global 
C cycle; mankind now dominates the global N cycle.

• NHx controls are called for.



The End.



Extra Slides



But what about dinosaur poop?

Remember, mammals excrete urea: (NH2)2CO



Many birds, snakes, and lizards, 
under great pressure to minimize their 
water use, burn a few additional ATP 
molecules to excrete uric acid rather 
than urea.  



Uric Acid C5N4HH4O3

An insoluble semi-solid that requires no water as a carrier.



Nest made of guano.

What color is uric acid?



Summer: Sulfate dominates.

Winter: Nitrate/carbonaceous 
particles play bigger roles.

Inorganic compounds ~50% (by mass) 

Carbonaceous material ~40% (by mass)



*Emissions from vehicles can be important in urban areas.



Seasonal variation of 24-hr average concentration of NOy, NO3
-, NH3, and NH4

+ at FME.



BUDGET:
In pretty good shape because N2O is long lived, and can be accurately 
measured.  Note in general the longer the lifetime of a species, the better the 
global budget.  Atmospheric burden is given by [N2O] times the number of 
moles of air in troposphere times the molecular weight of N.  The mean 
mixing is about 320 ppb, and relatively constant (σ/[N2O] = 0.5%) over the 
entire globe.

320x10-9 *  1.8x1020 *  28  = 1.6x1015 g  =  1600  TgN

Estimated source strength = 9-17 Tg(N) / yr
Lifetime = 1600/17 to 1600/9 = 100 to 180 yr

The mixing ratio (concentration) is growing at a rate of about 0.2% (1.4 
ppb) per year, and N2O is a greenhouse gas with a global warming 
potential 300 times that of CO2.



An Unbalanced BUDGET:

When fertilizer is applied to soils, about 0.5% of the N is quickly released as 
N2O and then the emission rate drops to a low level found in most soils.  This 
number has been used to estimate that agriculture (crops plus animals) 
accounts for about 3 Tg N yr-1 

The current N2O destruction rate is 11.9 Tg N yr-1. The rate of increase in the 
global atmospheric N2O burden is3.9 Tg N yr-1, thus the total emission rate 
has to be equal to the sum of these two or about 15.8 Tg N yr-1.  Natural 
sources add up to about 10.2 Tg N yr-1 thus anthropogenic sources have to 
total 15.8 minus 10.2, or 5.6 Tg N yr-1. This is about 4% of the total N fixed 
by man each year of 127 Tg N yr-1.  Crutzen et al. (2007) have used these 
facts to conclude that long-term N recycling in soils and waters leads to a total 
leakage of 4% of the originally applied N.

If correct, this implies that N-rich biofuels have a greater warming impact 
than fossil fuels.
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