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Abstract: The number of studies focusing on atmospheric Organic Nitrogen (ON) deposition (wet and 
dry) has increased steadily in recent years, but comparatively little has been done to draw together this 
disparate knowledge. The global view confirms the quantitative importance of ON in atmosphere. 
These studies have a cumulative data also helps to clarify some of the uncertainly that arises from the 
generally locally and temporally limited scale of the individual studies. Because of analytical and 
procedural changes in recent decades assessments are made of the comparability of the data set caution 
is needed in comparisons of individual studies but the overall trends in the compiled set are more 
robust. With regard to the sources, it is likely that some of the organic material observed is not locally 
generated but undergoes extensive or long-range atmospheric transport.
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INTRODUCTION

Organic  Nitrogen  (ON)  typically  represents 
20-80% of the total nitrogen in deposition and
atmospheric drops [1-7]. These results suggest that 
organic nitrogen compounds might contribute to the 
nutrient budgets of ecosystems and influence
atmospheric chemistry and air quality. Although
detailed information on the chemical forms of organic 
N is required to understand its effects, currently very 
little is known about the composition and chemistry 
of this group of compounds in the atmosphere.

The atmosphere is an important pathway by
which many gaseous and aerosol species are carried 
by winds from their sources to the wider world where 
they are eventually deposited [8]. Atmospheric
deposition is recognized as a potential source of
nutrients to many ecosystems especially in coastal 
areas and enclosed seas where terrestrial inputs
(rivers plus atmospheric deposition) play a crucial
role in regulating the productivity of seawater [9].
Nitrogen is usually considered as the limiting nutrient 
in the oceans, although phosphate or even trace 
metals may also play a ro le in regulating
phytoplankton growth. 

The importance of the atmosphere as a source of 
nitrogen to aquatic ecosystems is predicted to
increase in the future due to human activities.
Deposition of NOx from fossil-fuel combustion alone 
is predicted to increase by up to a factor of four in 
some geographical regions by the year 2020 [10].
Human modification of the atmospheric nitrogen
cycle is of great interest to researchers because of 
increasing global industrialization and automotive
transport use [11, 12].

Externally supplied (non-recycled) nitrogen also 
termed “new” nitrogen (much of it originates from 
man-made sources), is a key factor controlling
primary production to N-sensitive organisms. The 
anthropogenic sources and deposition patterns of 
inorganic nitrogen are comparatively well understood 
[11, 13-17]. Attention has now turned to study of 
organic nitrogen in atmospheric deposition [18-20].
This is partly as a consequence of the greater
understanding of the potential significance of
atmospheric inputs of nitrogen in nutrient-depleted
surface ocean waters coupled with the realization that 
rainwater Dissolved Organic Nitrogen (DON) makes 
a substantial contribution to total atmospheric N
deposition [11, 21].

The term atmospheric organic nitrogen includes 
a broad array of chemical compounds that differ
widely in their function and reactivity; this
complexity has hampered progress and complicated 
the analysis of the role of Atmospheric Organic 
Nitrogen (AON) in chemistry and deposition [22, 23].
The chemical species that make up AON include 
compounds such as organic nitrates, amino acids and 
other organic acids with atmospheric lifetimes that 
range from seconds to weeks [24]. Some of the 
functions of organic nitrogen in atmospheric
chemistry are clearly established. For example,
organic nitrate formation can be an important process 
in the night time boundary layer when NO2

accumulates in the absence of sunlight [25]. Organic 
nitrates such as peroxyacetyl nitrate (PAN) are also 
important. But it is unclear how much these organic 
nitrates appear at the surface as wet or dry deposition. 

The first measurements of organic nitrogen in
precipitation    were made   in the 1800s   and have 
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continued through the 20th century [26, 27]. These 
early measurements showed that organic forms of
nitrogen appear in both wet and dry deposition in 
many locations [18, 28-30]. The sources of the
organic nitrogen in deposition remain unclear and in 
general the role of organic nitrogen in atmospheric 
nitrogen deposition has not been widely discussed 
with the majority of deposition measurements
continuing to focus on inorganic N species.

Amongst the limited number of organic species 
described in the atmosphere, amino acids have been 
identified in atmospheric samples at several different 
locations. Significant amounts of amino acids and 
alkyl amines have been identified in the gas phase, 
particles [7, 24, 31-33], precipitation [34, 35], dew
waters and fog drops [6]. Proteinaceous matter
including plant debris, pollen, algae and bacteria, has 
also been frequently detected in the atmosphere.
Interest in amino acids in the atmosphere is driven in 
part by the bioavailability of these compounds in 
deposition and their potential roles in ecological
process and plant nutrition. Free and combined amino 
acids, for example, can be utilizable sources of N for 
plants and microorganisms [36] and can stimulate the 
growth of biomass. 

Methods have existed for some time that allow 
the amounts of amino acids to be determined at
seawater-realistic concentration [37]. However, these 
have not been much applied to atmospheric samples 
even though additional information may be gleaned if 
more detailed structural information can be obtained.
Recently an analytical method for the direct
quantification in seawater of D and L-amino acids 
enantiomers has been reported [38, 39] and allows 
evaluation of amino acid distributions to be made in a 
range of environmental sample types. 

The main focus of this article review is to assess 
the origin of organic nitrogen in the marine
atmosphere to understand a) whether the proportion 
organic nitrogen in the marine aerosol of marine or 
terrestrial origin, b) to estimate the contribution of 
bacterial versus  other sources and c) to evaluate 
whether the flux of new but reduced nitrogen to the 
surface ocean from the atmosphere makes a
significant contribution to the marine nitrogen
budget.

The other main focus on the isomer selective 
adsorption of amino acids by components of natural 
sediments. Chirally selective adsorption processes are 
a major focus of the most current research with
numerous applications in both laboratory and
manufacturing processes [40]. In general, it is
necessary to spend considerable effort on the design 
of very specific chiral systems though some recent 
studies have suggested that even some achiral
surfaces can exhibit selectivity at least on small scales 
[41-43].

Atmospheric aerosols: Sources and size: Particles
in the atmosphere arise from natural sources, such as 
wind-borne dust, sea spray and volcanoes and from 
anthropogenic activities, such as combustion of fuels. 
They may be emitted directly as particles (primary 
aerosol) or formed in the atmosphere by gas -to-
particle conversion processes (secondary aerosol).
Atmospheric aerosols range in size from a few
nanometers (nm) to tens of micrometers (µm) in 
diameter [44], Table 1). 

As sea -salt aerosols may yet prove to be a 
significant source of dissolved nitrogen, it is
important to understand the mechanism by which 
they are generated. The bursting of small air bubbles 
in the foam of breaking waves or “white caps” forms 
sea-salt particles, as shown in Fig. 1 [44]. A bubble 
breaks when it reaches the ocean surface and the 
water rushes in to make a rapidly upward-moving jet 
those projects into the air. This jet breaks to form 
about ten droplets which are ejected ~ 15cm above 
the ocean surface and then carried upward by air 
currents. The droplets of seawater that are thrown 
into the air in this manner evaporates to produce 
small sea-salt particles with radii ranging from 2-20
µm. They are depicted in Fig. 1. There are also 
numerous smaller particles produced from the bubble 
film itself, which range from 0.1 to 1 µm in radius 
Fig. 1. However, 90% of the sea-salt mass is carried 
by the larger particles [44].

Fig. 1: The formation of sea-salt particles from the 
bursting of bubbles [44]
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Table 1: Global emission estimates for major aerosol types in the 1980s

Estimated flux (Tg/yr)
----------------------------------------------------------------------- Particle size

Source Low High Best categorya

Natural
Primary
Soil dust (Mineral Aerosol) 1000 3000 1500 Mainly coarse
Sea salt 1000 10000 1300 Coarse
Volcanic dust 4 10000 30 Coarse

Biological debris 26 80 50 Coarse
Secondary
Sulphate from biogenic gases 80 150 130 Fine
Sulphate from volcanic SO2 5 60 20 Fine
Organic matter from biogenic 40 200 60 Fine
Nitrates from Nox 15 50 30 Fine and coarse

Total natural 2170 23490 3120
Anthropogenic

Primary
Industrial dust, etc. (except soot) 40 130 100 Fine and coarse
Soot 5 20 10 Mainly fine
Secondary

Sulphates from SO2 170 250 190 Fine
Biomass burning 60 150 90 Fine
Nitrates from NOx 25 65 50 Mainly fine
Organic from anthropogenic VOC 5 25 10 Fine
Total anthropogenic 305 640 450

Total 2475 24090 3570
aCoarse and fine size categorise refer to mean particle diameter above and below 1 mm, respectively, Note: Sulphates and nitrates are 
assumed to occur as ammonium salts. Flux unit: Tg/yr (dry mass).

Fig. 2: Idealized schematic of the distribution of surface area of an atmospheric aerosol [46]. Principal modes, 
sources and particle formation and removal mechanisms are indicated
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The residence time of the particles in the
atmosphere is the determining factor for the degree of 
modification and hence composition, of an aerosol. 
The actual residence time of a particle in the
atmosphere is a function of its particle size so, as a 
result, time dependent conversion/degradation
reactions also become a function of particle size. For 
example, an aerosol that has remained in the
atmosphere for a long period of time may incorporate 
not only the original material but also other
compounds resulting from the many conversion
processes induced by exposure to atmospheric
processes such as uv degradation. Ultimately it will 
be removed by wet or dry deposition carrying both 
parent and derivative materials with it [45].

Aerosols enter the atmosphere in a wide range of 
sizes. A general classification often used is a division 
at approximately 2 µm diameter, with aerosols
smaller than this size being defined as fine and larger 
aerosols as coarse. This definition will vary according 
to the technique used to measure and characterize  the 
aerosols [46]. In practical terms it is difficult to 
determine the actual size of atmospheric particles as 
their shape is generally irregular. To overcome this 
problem it is generally assumed that the aerosol
particles are spheres with an equivalent aerodynamic 
radius (Fig. 2). Primary aerosols enter the atmosphere 
in a wide range of sizes. Secondary aerosols are 
almost always confined to the fine range and grow 
rapidly from the nucleation mode (<0.1 µm?diameters)
at initial formation to the accumulation mode (0.1 to 
2 µm diameters) [46].

Particles obtained from close to a source, often 
contain material e.g. soot or crustal weathering
debris, which is indicative of that source. Particles,
which have been transported away from the source, 
become   mixed   by   processes   such   as   Brownian 

diffusion and coagulation on the micro-scale and also 
by the large-scale processes of atmospheric
circulation. These particles often become coated with 
condensation products of gas-phase reactions, thus 
altering the composition of the aerosol particles
compared with that of the source. In addition,
reactions can also occur with sunlight, trace gases, 
water vapour and rain drops which also contribute
towards changing the composition of the aerosol [47].
These changes, combined with transport away from 
the source of the aerosol, result in lower
concentration numbers and differing particle size
distributions. As a result of long-range transportation 
and mixing a more uniform composition is found in 
the remote environments. Thus it is apparent that 
aerosols are the end product of a complex series of 
processes [47]. A generalised relationship between 
the processes responsible for the generation of
aerosol  particles  and  their  spectra is illustrated in 
Fig. 2. 

The chemical composition of an aerosol at any 
given time and location is a product of its sources and 
the kind of chemical changes it has undergone. The 
water-insoluble components of the aerosol, although 
not immune to change, are thought to be more 
resistant than the soluble component [48].

The transport of aerosols within the troposphere 
takes place via the major wind systems, which
operate on a global scale. These wind systems operate 
in three distinct cells within each hemisphere Fig. 3. 

The transportation of particles generally occurs 
in the boundary layer. The boundary layer is defined 
as that part of the troposphere under direct influence 
of the earth’s surface [46]. Over the land the height of 
the boundary layer varies from 1000 to 1500 m, over 
the ocean it is considered to be 300 to 600 m. This 
boundary layer can itself be divided into three distinct 
vertical  regions, a surfa ce layer, a mixed layer and an

Fig. 3: A simple representation of global air circulation
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inversion layer. The surface layer, which consists of 
the bottom hundred meters or so, has strong gradients 
of pressure, temperature and humidity. Above this 
surface layer is mixed layer, which makes up the 
majority of the boundary layer. Finally, there is an 
inversion layer, where temperature increases with
height and inhibits the transfer of material into the 
upper troposphere. If the particles have been
transferred to the upper troposphere they can then be 
transported further because the wind speeds are
generally greater at higher altitude. The rate of
exchange between the upper troposphere and the 
boundary layer is then a determining factor the
transfer of atmospheric particles from their source to 
remote ocean regions [47].

Atmospheric Deposition (AD): Once the aerosol is 
suspended in the atmosphere, it may then be altered, 
removed or destroyed. It cannot stay in the
atmosphere indefinitely and average lifetimes are of 
the order of a few days to a week. Clearly the lifetime 
of any particular particle depends on its size and 
location. Larger aerosol particles settle out of the 
atmosphere very quickly under gravity and some
surfaces  are  more  efficient  at  capturing aerosol 
than others. Some removal pathways are examined 
below before looking at how aerosol may be expected 
to change during the course of its atmospheric
residence [49].

Deposition from the atmosphere can occur by 
one or more of the following processes: rain or snow 
scavenging of gases and particles [50]; dry deposition 
of gases and particles; cloud and fog water
deposition, whereby pollutants incorporated into
cloud or fog droplets may be directly deposited on to 
terrestrial or aquatic surfaces, sometimes referred to 
as ‘occult’ deposition [51].

Wet deposition is the dominant removal pathway 
in areas more distant from sources, particularly in 
upland areas where additional mechanisms may
contribute to the wet deposition loading of a
catchment, termed the ‘seeder-feeder’ process [52]
whereby cloud droplets from orographic clouds are 
scavenged by precipitation falling from a higher
level. This result in an orographic enhancement of 
concentrations in rain and rainfall amount at
mountain tops over equivalent rain at the base of the 
mountain typically by a factor of between 1.5 to 3 
[52].

Dry deposition is the name given collectively to 
the mechanism which results in gaseous and
particulate material being deposited to surfaces in the 
absence of precipitation. Dry deposition rates are 
usually expressed using a dry deposition velocity vg

defined as [52]:

                       vg= flux/concentration (1)

The dry deposition velocity is often modelled in 
terms of a resistance analogy:

                     vg= 1/(ra) + 1/(rb) + 1/(rc) (2)

Where ra is the resistance to transport through the 
turbulent surface layer.

rb is an additional resistance to diffusion through 
a thin quasi-laminar air layer in contact with the 
surface elements. 

rc is the resistance to the physicochemical
process of sorption at the surface.

The dry deposition of gases can be a major
consideration depending on the distance from the 
source and rc. For example, for gases with little or no 
surface resistance, rates of deposition are limited only 
by turbulent diffusion. So, for gases such as HNO3

and  HCl,  deposition  rates   may  be  of  the  order of 
1-10 cm s-1, depending upon wind speed and surface 
roughness. For other gases, such as O3, NO2 and SO2

physiological processes such as stomatal conductance 
may influence rc. Typical deposition rates for these 
gases are of the order of 0.1-1.5 cm s-1. Ammonia is a 
special case, as a surface may either be a source or a 
sink, subject to the so-called ‘compensation point’, 
the concentration below which emission occurs and 
above which, deposition [52].

The deposition of fog and cloud droplets can 
occur by direct impaction on to surfaces. This process 
does not easily fall into either dry or wet categories. 
Because the droplets have low sedimentation
velocities, the deposition is similar to the deposition 
of large particles and can be described in terms of a 
deposition velocity. However, nucleation processes 
are important in the formation of droplets. It is 
important to note that concentrations of ions can be 
much higher in fog or cloud droplets than in rain. 

Nitrogen in nature: Nitrogen is an essential
component of proteins, genetic material, chlorophyll 
and other key organic molecules. All organisms
require nitrogen in order to live. It ranks fourth 
behind oxygen, carbon and hydrogen as the most 
common chemical element in living tissues (Fig. 4). 
However, the dominance of molecular nitrogen as 
opposed to ‘fixed’ forms means that it is only
sparsely available to much of the biological world. As 
a result, nitrogen serves as one of the major limiting 
factors that controls the dynamics, biodiversity and 
functioning of many ecosystems [53-60].

The Earth’s atmosphere is 78 percent nitrogen 
gas, but most plants and animals cannot use nitrogen 
gas directly from the air as they do carbon dioxide 
and oxygen. Instead, plants-and all organisms from 
the grazing animals to the predators to the
decomposers that ultimately secure their nourishment 
from  the organic materials synthesized by plants [61]
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Fig. 4: Schematic representation of the traditional view of the nitrogen cycle: 1. Organic matter decomposition, 
2. Ammonification, 3. Nitrification, 4. Denitrification, 5. N2 fixation, 6. Assimilatory nitrogen reduction 
and 7. Assimilation of DON. After Libes (1992)

rely upon “fixed” nitrogen that is, atmospheric
nitrogen which is reacted to bond with hydrogen or 
oxygen to form inorganic compounds, mainly
ammonium (NH4

+) and nitrate (NO3
-) [36, 62].

The amount of gaseous nitrogen being fixed at 
any given time by natural processes represents only a 
small addition to the pool of previously fixed nitrogen 
that cycles among the living and nonliving
components of the Earth’s ecosystems [63, 64] Most 
of that nitrogen, too, is unavailable, locked up in soil 
organic matter-partially rotted plant and animal
remains-that must be decomposed by soil microbes 
[65]. These microbes release nitrogen as ammonium 
or nitrate species, allowing it to be recycled through 
the food web. The two major natural sources of new 
nitrogen entering this cycle are nitrogen-fixing
organisms and lightning. 

Nitrogen is found dissolved in water primarily in 
five oxidation states: [54], Table 2. The inorganic 
species NO3

-, NO2
-and NH4

+ are commonly grouped 
under the term ‘Dissolved Inorganic Nitrogen’ (DIN),
whereas dissolved organic nitrogenous compounds, 
commonly assumed to be mostly in the RCO-NH2

form [54, 66], are referred to as ‘Dissolved Organic 
Nitrogen’ (DON). The most abundant nitrogen
species in aquatic systems is, by far, nitrogen gas (N2;
Table 3), which is found throughout most oceanic and 
coastal waters at near saturation levels ([62]) at 
relatively constant concentrations of ~1mM [60].
This nitrogen pool is, however, largely inaccessible to 
the biota, as it is can only be utilized by N2 fixing 
organisms, such as some eubacteria and archaea [60].
Phytoplankton  (include  cyanobacteria  which  are N2

Table 2: Major species of nitrogen in aquatic systems and their
oxidation state (Sharp, 1983)

Molecular Oxidation
Species formula state of nitrogen

Nitrate NO3
− +5

Nitrite NO2
− +3

Nitrous oxide gas N2O +1
Nitrogen gas N2 0
Ammonium NH4

+ -3
Amide RCO-NH2 -3
Amino nitrogen R-NH2 -3

Table 3: Major nitrogen reservoirs in the ocean (1015 g N) and the 
percentage of total nitrogen (% TN) they represent. PON-
particulate organic nitrogen: nitrogen fixed in living or
dead biomass, DON-dissolved organic nitrogen: nitrogen 
fixed in dissolved organic matter [54]

Reservoir 1015 g N % of TN

Plant biomass 0.30 0.001
Animal biomass 0.17 0.0007
Microbial biomass 0.02 0.00006
PON 530 2.3
DON 3-240 0.01-1
N2 22000 95.2
N2O 0.2 0.009
NO3

− 570 2.5

NO2
− 0.5 0.002

NH4
+ 7.0 0.03

fixers) are not N2 fixers and must hence meet their 
nitrogen requirements by assimilating other forms of 
dissolved nitrogen in the water. 
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Traditionally, discussion of the nitrogen cycle 
(Fig. 4 [54, 60, 66, 67] begins with bacterial
degradation of particulate organic nitrogen (PON),
which results in the release of DON in the water (step 
1 in Fig. 4). DON is degraded by bacteria to NH4

+,
during the process of ammonification (Step 2). NH4

+

is subsequently oxidised either to NO 2
-and then NO3

-

or to N2O, NO2
-and finally NO3

-, during the process 
termed nitrification (Step 3). These oxidised products 
can be either reduced under sub-oxic conditions by 
heterotrophic bacteria to NO2

-and then N2,  N2O or 
NH4

+, during the process called denitrification (Step 
4), or directly assimilated by phytoplankton, to be 
again incorporated into PON (Step 5). Additional
components of the cycle involve N2 fixation (step 6) 
and direct utilization of nitrogen in DON (step 7). 

This view of the nitrogen cycle led to the well-
established paradigm of modern oceanography, which 
defines new and regenerated production. If a system 
is assumed to be nitrogen-limited, then new
production is the fraction of primary production
fuelled by nitrogen imported to the euphotic zone 
from deep water, the atmosphere or riverine sources. 
As nitrification is thought to occur mainly at depth, 
new production is assumed to be fuelled by NO3

-. On 
the other hand, regenerated production is the fraction 
of  primary  production  driven  by nitrogen recycled 
in the euphotic  zone, i.e. mainly NH4

+. In this
context, the upward flux of NO3

-is assumed to be 
equal to the export of PON to the deep ocean. This 
simplified  conceptual  model  has proven to be a 
useful framework for studying the interactions
between primary production  and nutrients in aquatic 
systems [68].

Several aspects of the traditional model of
nitrogen cycling have recently been challenged. For 
example, N2 fixation thought to be restricted
primarily to the filamentous cyanobacterium
Trichodesmium sp. [60], appears to be widespread in 
abundant species of unicellular cyanobacteria [69]
and it may support up to half of the new production in 
the open ocean [70] Assimilation of NO3

-, considered 
to be universal in phytoplankton and negligible in 
heterotrophic bacteria, has been now shown to be 
absent in certain picoplankton species, while it is 
prevalent in heterotrophic bacteria [71]. Furthermore, 
the importance of DON, a nitrogen pool either absent 
from the discussion of the nitrogen cycle or treated 
like a ‘black box’, is being re-examined.

Nitrogen-fixing organisms include a relatively
small number of algae and bacteria. Many of them 
live free in the soil, but the most important ones are 
bacteria that form close symbiotic relationships with 
higher plants. Symbiotic nitrogen-fixing bacteria such 
as the Rhizobia, for instance, live and work in
nodules on the roots of peas, beans, alfalfa and other 
legumes. These bacteria manufacture an enzyme that 
enables them to convert gaseous nitrogen directly into 
plant-usable forms. Lightning may also indirectly
transform atmospheric nitrogen into nitrates, which 
rain o nto soil. 

Quantifying the rate of natural nitrogen fixation 
prior to human alterations of the cycle is difficult but 
necessary for evaluating the impacts of human-driven
changes to the global cycling of nitrogen Fig. 5. The 
standard unit of measurement for analyzing the global 
nitrogen cycle is the teragram (abbreviated Tg),
which  is  equal  to a  million metric tons of  nitrogen.

Fig. 5: Global nitrogen cycle showing the major chemical species present
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Worldwide, lightning, for instance, fixes less than 10 
Tg of nitrogen per year-maybe even less than 5 Tg 
[72]. Microbes are the major natural suppliers of new 
biologically available nitrogen. Before the
widespread planting of legume crops, terrestrial
organisms probably fixed between 90 and 140 Tg of 
nitrogen per year. A reasonable upper bound for the
rate of natural nitrogen fixation on land is thus about 
140 Tg of N per year [72].

Atmospheric nitrogen composition and sources:
Atmospherically deposited N may be either “wet” in 
origin (if N is dissolved in precipitation such as rain 
or snow), or “dry” (the settling of N-containing
particles and gases to land and water surface).
Atmospherically -derived N deposited in wet or dry 
forms may be deposited directly, or it may take an 
indirect route if it enters the estuary via runoff and 
groundwater from the surrounding watershed. The 
majority of atmospheric N exits as inorganic N in two 
principle forms: oxidized N and reduced N.

Oxidized N is found in the form of gaseous nitric 
acid (HNO3), nitrogen dioxide (NO2) and aerosol
nitrate (NO3

-). Contributions from NO2 are minimal
and will not be discussed further. Nitric acid is the
part form of oxidized N. It is a termination product of 
the oxidation of nitrogen oxide (NOx = NO + NO2)
and volatile organic compounds as a part of
atmospheric photochemistry [73]. Aerosol nitrate
exists as ammonia nitrate; it results from the
partitioning of a fraction of HNO3 into particulate in 
the presence of ammonia (NH3) [73]. The principal 
source of nitric acid and aerosol nitrate in North 
America is the combustion of fossil fuels that
produces precursor emissions of NOx, primarily NO. 

Reduced N in the atmosphere exists in the form 
of gaseous ammonia (NH3) and aerosol ammonium 
(NH4

+). The NH4
+ species results from chemical

reactions involving sulphuric acid droplets, nitric acid 
and ammonia that partitions a fraction of NH3 into 
fine particulates: ammonium sulphate, ammonium
biosulphate, ammonium nitrate and other complex
aerosol mixtures [73]. Most NH3 is directly emitted 
into the atmosphere from agricultural sources such as 
fertilizer application and c onfined animal operations.

Organic nitrogen (ON) is also an important
fraction  of  atmospheric  deposition nitrogen (AD-N)

[35, 74]. The sources and composition of atmospheric 
ON are not well understood, although rainfall in 
agricultural areas tends to be relatively enriched in 
dissolved organic nitrogen (DON). DON accounts for 
~ 15 to 30% of wet N deposition in coastal and open 
ocean waters [18, 50, 75].

Organic nitrogen in the atmosphere
Oxidized organic nitrogen: Recent studies of
oxidized, reactive forms of atmospheric organic
nitrogen such as peroxynitrates (peroxyacetyl nitrate 
(PAN), etc.) and other organic nitrates demonstrate 
their importance in atmospheric chemistry [76, 77].
These organic nitrogen compounds are being
recognized for their contribution to regional and 
global atmospheric cycles of nitrogen and carbon at a 
time when the interdependencies of these cycles and 
biogeochemical processes are receiving much
attention.

Typical PAN concentrations are ~20 pptv
(approximately 1 nmol N m-3) in the remote marine 
boundary layer and up to 50 pptv in pollutant urban 
environments [3]. Most of the oxidized organic
nitrogen gases exhibit relatively low solubilities and 
their primary sinks are not associated with wet
deposition. Thus, at  best, they may constitute a minor 
component of DON.

Reduced organic nitrogen: The presence of reduced 
organic nitrogen in atmospheric aerosols and in
deposition has been noted at multiple locations
similar to the distribution of oxidized organic
nitrogen. It appears to be a global phenomenon, but 
poorly studied [78]. There are different types of
reduced organic nitrogen found in the atmosphere or
in deposition, including urea and amino acids and 
amines in aerosol and precipitation samples over
oceans [24, 32, 33, 35, 79, 80] and over continental 
environments [31] (Table 4).

It is clear that ON in aerosol is ubiquitous yet 
remains largely uncharacterized and little is known 
about interrelationships between the chemical nature 
of the organic material and its sources. 

Clearly there is a great deal of uncertainty in the 
amount and types of atmospheric dissolved organic 
nitrogen with a large fraction still remaining largely 
uncharacterized.

Table 4: Summary of rainwater concentrations of DON compound classes from continental and coastal site [3]

Compound Concentration (µmol N l-1) Reference

Aliphatic amines < 0.002-2.7 [34, 35, 81, 82]
Dissolved free amino acids <0.002-6.4 [34]

3-120 (in fogwaters, including alkyl amines) [6]
Total hydrolysable amino acids <0.002-14.7 to >250 (in fogwaters) [6, 34, 35]
Urea < 0.4-10 [2, 20, 74, 79]

N-PAH < 0.03 [83]
Heterocyclic compounds = 0.2 [1]
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Table 5: Shows amino acid names and molecular structures

Name Abbreviation Linear structure

Alanine Ala CH3-CH(NH2)-COOH
Arginine Arg HN=C(NH2)-NH-(CH2)3-CH(NH2)-COOH
Aspartic acid Asp HOOC-CH2-CH(NH2)-COOH
Cysteine Cys HS-CH2-CH(NH2)-COOH

Glutamic acid Glu HOOC-(CH2)2-CH(NH2)-COOH
Glycine Gly NH2-CH2-COOH
Histidine His NH-CH=N-CH=C-CH2-CH(NH2)-COOH
Isoleucine Ile CH3-CH2-CH(CH3)-CH(NH2)-COOH
Leucine Leu (CH3)2-CH-CH2-CH(NH2)-COOH
Lysine Lys H2N-(CH2)4-CH(NH2)-COOH

Methionine Met CH3-S-(CH2)2-CH(NH2)-COOH
Phenylalanine Phe Ph-CH2-CH(NH2)-COOH
Proline Pro NH-(CH2)3-CH-COOH
Serine Ser HO-CH2-CH(NH2)-COOH
Threonine Thr CH3-CH (OH)-CH(NH2)-COOH
Tryptophan Trp Ph-NH-CH=C-CH2-CH(NH2)-COOH

Tyrosine Tyr HO-Ph-CH2-CH(NH2)-COOH
Valine Val (CH3) 2-CH-CH(NH2)-COOH

Fig. 6: L and D amino Acid forms

Amino acids and proteins: The presence of amino 
acids in atmospheric precipitation and aerosols has 
been noted for many years, yet relatively little is 
known about these nitrogen containing organic
compounds in the atmosphere. Marine and
continental rainwater analyses indicated that
atmospheric aerosols and precipitation might contain 
free and combined amino acids. The most likely
sources of amino nitrogen in the remote marine
atmosphere appears to be the injection of
proteinaceous material through the action of bursting 
bubbles at the sea-air interface or a long range
transport from terrestrial sources [32, 35].

As one of the aims of this study is the
characterization of D-and L-amino acids in
atmospheric aerosols, a brief description of amino 
acids chemistry is outline below.

Amino acids are the building blocks of proteins, 
among the most biologically important molecules .
The majority of amino acids used by living organisms 
are left-handed (laevorotatory, or L-enantiomers)
rather than right-handed (dextrorotatory, or D-
enantiomers) (Fig. 6). 

Amino acids contain both a carboxyl group
(COOH) and an amino group (NH2). The general
formula for an amino acid is given in Table 5.
Although the neutrally charged structure is commonly 
written, it is inaccurate because the acidic COOH and 
basic NH2 groups react with one another to form an 
internal salt called a zwitterion. The zwitterion has no 
net charge; there is one negative (COO-) and one 
positive (NH3

+) charge. 
There are 20 amino acids residues found in 

proteins. While there are several methods of
categorizing them, one of the most common is to 
group them according to the nature of their side 
chains (Table 5). 

Nonpolar side chains: There are eight amino acids 
with nonpolar side chains. Glycine, alanine and
proline have small, nonpolar side chains and are all 
weakly hydrophobic. Phenylalanine, valine, leucine, 
isoleucine and methionine have larger side chains and 
are more strongly hydrophobic. 

Polar, uncharged side chains: There are eight amino 
acids with polar, uncharged side chains. Serine and 
Threonine have hydroxyl groups. Asparagine and 
glutamine have amide groups. Histidine and
tryptophan have heterocyclic aromatic amine side 
chains. Cysteine has a sulfhydryl group. Tyrosine has 
a phenolic side chain. The sulfhydryl group of
cysteine, phenolic hydroxyl group of tyrosine and 
imidazole group of histidine all show some degree of 
pH-dependent ionization. 

Charged side chains: Here are four amino acids with 
charged  side  chains. Aspartic acid and glutamic acid 
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have carboxyl groups on their side chains. Each acid 
is fully ionized at pH 7.4. Arginine and lysine have 
side chains with amino groups. Their side chains are 
fully protonated at pH 7.4.

Chirality in nature: Many important molecules
required for life exist in two forms. These two forms 
are non-super imposable mirror images of each other, 
they are related like our left and right hands and 
hence this property is called Chirality (from the
Greek word for hand). The two forms are called
enantiomers (from the Greek word for opposites) or 
optical isomers because they rotate plane-polarized
light either to right or to the left.

Nearly all biological polymers must be
homochiral (all its component monomers having the 
same handedness) to function. All amino acids in 
proteins are left -handed, while all sugars in DNA and 
RNA and in the metabolic pathways, are right-
handed.

A  50/50 mixture of left-and right-handed forms 
is called a racemate or racemic mixture. Racemic
polypeptide could not form the specific shaped
required  for  enzymes,  because  they  would  have 
the  side  chains  sticking  out randomly. Also, a 
wrong-handed  amino  acid  disrupts  the  stabilizing 
a -helix in proteins.

The strong selectivity for chiral molecular
species, particularly L-amino acids and D-sugars, is 
one of the most distinctive biochemical signatures of 
the life. Perbiotic synthesis reactions, with the
possible exception of some interstellar processes,
yield essentially equal amounts of L-and D-
enantiomers [84-87]. To identify natural mechanisms 
for the homochiral selection, concentration and
polymerization of molecules from an initially racemic 
mixture is a significant challenge in origin-of-life
research [42, 88, 89].

The origin of this selective chirality of amino 
acids has remained a fundamental enigma since the 
time of Pasteur, some 140 years ago. Chirality and 
optical activity are regarded as a principle criterion 
for life, both on the Earth and elsewhere in the
universe. The fundamental questions of how
molecules of a unique chirality arose in nature puzzle 
scientists, thus numerous theoretical and experimental 
studies addressing these questions have appeared in 
recent years [89-93].

Chiral recognition and separation of molecules, 
furthermore, is vital to the pharmacological activity 
of many drugs, the biodegradation of packaging
materials, the development of improved polymers and 
many other applications in science and industry. The 
ability of some inorganic crystalline surfaces to
adsorb selectively chiral molecules provides insights 
to the origins of biochemical homochirality, as well 
as a promising avenue for the development of
industrial   processes for   chiral   purification [89].

Common rock-forming minerals provide a rich
variety of chiral solid surfaces for study [94]. Some 
studies demonstrate the molecular selectivity on
crystal growth faces of calcite and quartz. Chiral
surfaces of calcite selectively adsorb D-and L-
aspartic acid as well as other amino acids [89].

Amino acid enantiomers: All amino acids expect 
glycine (Gly) may occur as either L-or D-
stereoisomers (Fig. 6). L-amino acids are most
abundant in nature because they are constituents of all 
living material and, hence, are in most organic
detritus.

The formation of D-amino acids is primarily
restricted to production of bacterial peptidoglycan 
and ageing of amino acids in organic matter (the L-
form can racemize to the D-form[95] (Fig. 7).
Bacterial biomass is rich in D-amino acids, whereas 
phytoplankton and other primary producers contain 
almost exclusively L-amino acids [96]. Abiotic
racemization and inorganic degradation also generate 
D-amino acids, but these processes are slow and 
mostly negligible in the presence of active bacteria. 
Consequently identification of the relative amounts of 
D-and L-amino acids allows at least qualitative
estimates of the importance of bacterial versus other 
sources of amino acids.

Figure 7 Schematic representation of struction of 
bacterial peptidoglycan. Abbreviations: G = N-
acetylglucosamine, M = N-acetylmuramic acid, DAP 
= meso-diaminopimelic acids, Ala = alanine, Gly = 
glycine, Glu = glutamic acid

Earlier studies of DON fractions isolated from 
seawater by solid phase extraction (Cu-ligand
exchange chromatography [97] and ultrafiltration
(>1kd) [98] show that the D-enantiomers of some 
amino acids are present in significant concentrations 
in seawater. The D-enantiomers of alanine, aspartic 
and glutamic acids are principal constituents of
peptidoglycan, a structural biopolymer of bacterial 
membrane. Cell-wall constituents are presumably less 
accessible to biodegradation than bulk organic matter 
[99] so that the respective D-amino acids may
therefore accumulate during diagenesis.

The occurrence of microbial-derived D-
enantiomers of amino acids has given us an
invaluable clue to the contribution of microbes to 
DOM [98, 100]. In the high molecular weight DOM 
(HMW-DOM) (>1 kD) fraction from entire water
columns in the central Pacific and the Gulf of
Mexico, D-alanine showed the most pronounced
enrichment, with D/L ratios near 0.5, whereas ratios 
of aspartic acid, glutamic acid and serine fell between 
0.2 and 0.4 and no other D-amino acid was detected 
at significant concentration [98]. Highly selective 
patterns of D-amino acid enrichment are a strong 
indication that D-amino acids did not derive from 
abiotic racemization but represent a constituent of



World Appl. Sci. J., 3 (3): 454-469, 2008

464

Fig. 7: Schematic representation of struction of bacterial peptidoglycan. Abbreviations: G = N-
acetylglucosamine, M = N-acetylmuramic acid, DAP = meso-diaminopimelic acids, Ala = alanine, Gly 
= glycine, Glu = glutamic acid

peptidoglycan in the bacterial outer membrane. A 
systematic survey of amino acids and their D-
enantiomers in bulk DOM and POM also
demonstrated a major microbial contribution to the 
bulk DON in seawater in the Arctic Ocean [100].
Contributions of TDAA nitrogen to DON were
almost constant and accounted for approximately 
10% in the water column from the near-shore to 
open-sea area. The D-enantiomers of alanine, aspartic 
acid, glutamic acids and serine were determined in 
the TDAA and the proportions of all D-enantiomers
increased with depth, with D-alanine comprising 44% 
of total alanine in deep water. The similarity of amino 
acid composition and high D/L ratios of TDAA,
exceeding the values of bacterioplankton [57, 98], in 
wide areas of the ocean indicates that phytoplankton-
derived amino acids were replaced by,microbial
organic matter during the process of decomposition 
and repeated replacements might shape the chemical 
composition of both TDAA and DOM [57, 100, 101].

Amino acid adsorption: What physicochemical
processes led to the selection and concentration of 
biologically relevant molecules on the Archaean
Earth? Hazen et al. [89] demonstrated significant
chiral-s elective adsorption of amino acids on calcite 
crystal growth surfaces. In an effort to understand 
mechanisms of this adsorption, Hazen and Sholl [42], 
coupled studies of the differential adsorption of
several amino acids on calcite and quartz with an 
investigation of the surface charges of the minerals as 
a function of pH. 

In aqueous solution, Churchill et al. [94]
demonstrated that the surface charge distribution of 
minerals, as well as the charge characteristics of
amino acid molecules, is strongly dependent on pH; 
both mineral surfaces and amino acid molecules
display zero charge at a particular pH. They found 
that maximum adsorption obtains for mineral-amino
acid pairs that differ significantly in these pH values. 
For example, quartz (point of zero charge at pH~2.9) 
displays maximum adsorption of lysine (isoelectric 
point at pH~9.8) compared to other amino acids with 
isoelectric points at pH < 7. By contrast, calcite (point 
of zero charge at pH~9) displays maximum
adsorption of aspartic acid and glutamic acid
(isoelectric point at pH~3) compared to other amino 
acids with isoelectric points at pH >5. By pointing to 
the optimum mineral-amino acid pairs, these results 
will guide future studies of chiral-selective
adsorption. They further demonstrated that crystals of 
the common rock-forming mineral calcite (CaCO3),
when immersed in a racemic aspartic acid solution, 
display significant adsorption and chiral selectivity of 
D-and L-enantiomers on pairs of mirror-related
crystal growth surfaces. Subsequent studie s (now in 
progress) on glutamic acid, alanine, valine, lysine, 
tyrosine and glycine reveal both chiral selection and 
selective adsorption of different amino acids [94,
102]. Studies are also commencing on molecular
adsorption on crystal growth surfaces of quartz. 

Chemical interactions at the interface between 
crystalline mineral surfaces and aqueous solutions 
play  a  central  role  in  numerous  natural  processes, 
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including weathering and soil formation, pH
buffering, hydrothermal ore deposition, biofilm
formation, catalytic organic synthesis and the uptake 
and release of both organic and inorganic species that
affect water quality. Selective adsorption of chiral
organic molecules onto chiral mineral surfaces is of 
special interest in origin-of-life studies, because
selection and concentration of chiral organic species 
on mineral surfaces may have facilitated the
transition from geochemistry to biochemistry. Studies 
of amino acids adsorbed onto chiral crystalline
surfaces of calcite (CaCO3) and quartz (SiO2) reveal 
two factors that influence selective adsorption. First, 
adsorption is strongly dependent on the charge
difference between the mineral surface and the amino 
acid. Maximum adsorption is observed for amino
acids with isoelectric points that differ significantly 
from the point of zero charge of the mineral surface. 
Selective adsorption may also depend on the
fortuitous conformity of an amino acid with a specific 
crystalline surface structure. Chiral adsorption, for
example, requires three noncolinear points of
attraction between molecule and surface. Different 
crystallographic faces, therefore, will display
different adsorption behavior. Hazen et al. [89] has 
measured selective adsorption on specific crystal
faces of calcite and quartz. These observations
underscore the necessity of studying well-
documented single crystal faces, in contrast to
powdered mineral samples employed in many
previous studies [94].

There are several experiments showing that
chiral selection of L-or D-amino acids occurs [42, 43, 
90-94]However there are some reports involving
minerals that should be pointed out as follows. For 
example Hazen et al. [89] observed that when calcite 
(CaCO3) was immersed in a racemic aspartic acid
solution it was possible to obtain a chiral selectivity 
of D-and L-enantiomers on crystal surfaces. Viedma 
(2001)[103] showed that when aspartic acid and
glutamic acid were crystallized from free solutions 
the result was always crystals of racemic compounds 
D,L-aspartic acids and D,L-glutamic acid. However, 
when those amino acids were crystallized from
solution inside porous media (brick and paper), the 
result was always crystals of conglomerates of D-and
L-enantiomeric aspartic acid or glutamic acid. Hitz
and Luisi [90] reported that the oligomerization of
racemic NCA-leucine in the presence of quartz in 
aqueous solutions yields peptides with a high degree 
of homochiral sequences on quartz surfaces. They 
also observed a similar effect (to lesser a extent) for 
oligomerization of NCA-glutamic acid on
hydroxylapatite. Hitz and Luisi [92] also reported that 
polymerization of NCA-amino acids (Try, Leu and 
Ile) racemates in aqueous solution yields
oligopeptides with a high degree of homochiral
sequences.   Furthermore   they   showed   that  quartz 

selectively adsorbs the more stereoregular
oligopeptides from an aqueous solution of olig-D and 
L-Leu. Hitz et al. (2004), did not use any mineral to 
select an enantiomer, it is very important and should 
be cited here[92]. They observed that a supersaturated
solution of 10nM of L-tyrosine at 20ºC crystallized 
much more slowly than D-tyrosine at the same
condition, so the saturated solution of L-tyrosine was 
more concentrated than that of D-tyrosine. They 
observed that supersaturated solutions of D,L-
tyrosine in water formed precipitates of
predominantly D-tyrosine and D,L-tyrosine, resulting 
in  an  excess  of  L-tyrosine in saturated solution. 
Hitz et al. (2004) Concluded that the physical process 
that initiated chiral selection in biological systems
remains a challenging problem in understanding the 
origin of life [92].

All the experiments cited above are not
conclusive about which variable is the most important 
for the selection of the chiral amino acids, because 
most experiments were performed with single amino 
acids in distilled water. So the results described above 
raise some questions about the role of minerals in 
providing a chiral selection mechanism for amino 
acids. How selective is sorption when a mixture of 
amino acids is emplyed? What influence does salt in 
seawater have on the selection of enantiomers? 
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