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INDUSTRIAL METABOLISM OF NITROGEN

Robert U. Ayresa and Vicky Norberg-Bolunb

Abstract

This paper quantitatively reviews the sources, production processes and economic uses of
nitrogen-based chemicals, especially ammonia and its derivatives. It attempts to account for
production losses, by species, and for losses in use, especially in agriculture. It also discusses
the sources of NOx via high temperature combustion processes, especially internai combustion
engines and thermal power plants. Data is presented mainly for the U.S. in 1988.

Introduction

Inorganic Nitrogen (N2) is a colorless, odorless, tasteless gas which constitutes almost 80%
of the atmosphere. In titis form it is chemically rather inert and inaccessible to living
organisms, as well as other key chemicals in living cells. However, nitrogen is essential to
organic life. Amino acids are nitrogenous compounds that are the basic building blocks of all
proteins. Similarly, the basic building blocks of DNA (thymine, cytosine, adenine and
guanine) all consist of single or double rings of carbon and nitrogen atoms, with various side
chains. Nitric oxide (NO) is a neuro-transmitter. However, the most reduced form of nitrogen,
ammonia (NH3), is an alkali. It is also quite toxic to animais at high concentrations. However,
all known bio-fixation pathways convert di-nitrogen first to ammonia. Similarly, all pathways
to the synthesis of amino acids begin from ammonia and evolve glutamic acid and aspartic
acid as the primary building blocks for amino acids and proteins.

On the other hand, the most oxidized form of nitrogen is the nitrate radical (NO3). It is
strongly acidic. The natural tendency toward thermodynamic equilibrium, in an oxidizing
environment, would be for reduced nitrogen in the -3 valence state (NH3) to be oxidized
gradually to the +5 valence state (nitrate, NO 3). The result would be an acid ocean, leaving
an atmosphere with no free oxygen left in it. No life on such an earth we would be possible.
Hence life itself depends on the continuing stability of a natural cycle — the nitrogen cycle
— which biologically reduces oxidized forms of nitrogen. This cycle evolved over billions of
years to a balanced and stable state. However, as will be seen, the cycle is now unbalanced
as a result of human activity.
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Sources and Production of Fixed Nitrogen for Industry

Human interference in the natural nitrogen cycle began with the cultivation of legumes and
the deliberate recycling of animal manilles to soil. However, the magnitude of this
intervention was small and remained so until relatively modern times. It would not be
unreasonable to assume that the nitrogen cycle itself remained in balance, through most of
human history, although the total amount of biologically available nitrogen l in circulation
lias probably increased gradually. In die last century, however, this increase lias accelerated.
For a century, beginning about 1840, sodium nitrate (saltpeter) was mined in Chile. Nitrogen
fertilizer accounted for a minor part of the use of this material (13% in the U.S. in 1910);
most of it was used for explosives (41%), dyestuffs (12%) and for other chemicals (25%) with
5% unaccounted for and 4% going to glass manufacturing. However, total Chilean production
peaked at about 500,000 tons in the 1920's. It is interesting to note that in 1920 there were
Pive different anthropogenic sources of biologically available ("fixed") nitrogen, producing a
world total of just over 1.55 million metric tons of N-content e. Of this, Chilean saltpeter (still
the largest source) accounted for only 30%. The second largest (26.6% in 1920), was
ammonium sulfate from by-product coking of coal. This was a process developed in Germany
in the 1880's by Koppers, which is still in use, although nowadays the main by-product is
coke-oven gas. In fact, about 0.86 kg of NH 3 can be extracted from a ton of bituminous
coking coal [Russell & Vaughan 1976, Table 3.2], along with 178 kg of high-BTU gas (8800
cubic feet). Thus, production of 1 mcf of gas also yielded up to 98 kg of NH 3. Later ammonia
was produced in larger quantities from die coking of coal for the steel industry, but still as
a byproduct. Its output could not be expanded above the liinited amounts available from coal
usage.

The first practical process for direct nitrogen fixation, around 1905, was the cyanamid
process, yielding calcium cyanamide (CaCN2) from limestone, coke and atmospheric nitrogen.
The calcium cyanamide is dissolved in water to form urea and ammonia. By 1920 the third
largest source of synthetic fixed nitrogen (20.9%) was in this form. This process was still
commercially significant in die 1950's, but it was then obsolescent. The last cyanamide plant
in the Western world closed in June, 1971.

The fourth source of fixed nitrogen in 1920 (19.8%) was synthetic ammonia (NH3), made by
the so-called Haber-Bosch process, developed by die German firm BASF and commercialized
in 1913. Karl Bosch adapted this process to industrial production, largely to meet the demand
for explosives during World War I. During World War II many ammonia plants were
constructed to produce the nitrogenous materials for explosives (almost all of which are
nitrogen-based) as well as fertilizers. The availability of substantial capacity for synthesizing
ammonia gave rise to a growing nitrogen fertilizer industry in the U.S. after WWII.

The fifth, and least important source in 1920 was the so-called Birkeland-Eyde process,
developed in Norway and first commercialized in 1904. This process emulated the natural

1 Biologically available inorganic nitrogen corresponds with "odd-nitrogen", i.e. nitrogen compounds or radicals
with 1 or 3 nitrogen atoms combined with hydrogen, oxygen or carbon. Principal examples include ammo-
nia/ammonium (NH3/NH4), nitrite/nitrate (NO2/NO3), and cyanide (CN).

2 For a detailed discussion and breakdown see A.J. Lotka [Lotka 1956, Chap. XVIII].
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process by which nitrogen is oxidized in the atmosphere in the presence of an electric arc (i.e.
lightning). By 1920 this process was already obsolete, because of ils dependence on very
cheap electricity, and then accounted for only 1.5% of synthetic nitrogen!

Table I: U.S. Nitrogen Production Trends
1000 metric tons contained nitrogen*

Capacity Production

1989 13136b 12606a
1985 12977' 12965e
1980 15501d 14736'
1975 13234f 12346'
1970 11916h 10461'
1960 4371h 3628g
1950 1420h 1189g
1945 1204h 410g
1939 340h 244g
1929 192h 76g
1919 28g
1909 13g
1899 lg

* Units differ in the original sources and have been converted. Sources as follows:

a. (MINYB 1989 Table 2, p.742) b. (MINYB 1989 Table 4, p.7441
c. [MINYB 1985 Table 4, p.727] d. [MINYB 1980 Table 4, p.601]
e. (MINFP 1985 Table 7, p.561] f [M1NFP 1975 Table 1, p.7501
g. [H1SSTAT 1975; Sertes P249+p250]

	
h. (HISSTAT 1975; Series P3151

From a world total of 1.55 million metric tons (N) in 1920, the use of synthetic nitrogen has
skyrocketed, especially alter the second world war. The world total for 1948-49 was 3.3
million metric tons, rising to 4.7 million metric tons just four years later [Shreve 1956,
Chapter 20]. 1989 world production of fixed nitrogen, almost all of it in the foret of synthetic
ammonia, was close to 120 million metric tons, i.e. 99 million metric tons N-content. The so-
called Haber-Bosch process is the basis for almost all the ammonia manufactured today. The
process involves direct combination of nitrogen and hydrogen at high pressure, in the presence
of a catalyst of iron oxide plus small quantifies of cerium and chromium at high pressure and
temperature. There have been many improvements to the basic process utilizing various
catalysts and increasingly high temperatures and pressures.

Before 1950 the major source of hydrogen for the synthesis of ammonia was the reaction of
coal or coke and steam via the water-gas process. A small number of plants used water
electrolysis or coke-oven by-product hydrogen. After 1950 the major source of hydrogen has
been natural gas obtained by steam reforming of natural gas (or, less commonly, oil, coal or
lignite). The partial oxidation process is also used to produce hydrogen from natural gas and
other liquid hydrocarbons. As of 1975, 75 to 80 percent of the world supplies of hydrogen
for the manufacture of ammonia came from steam-reforming of hydrocarbons, of which 65%

3 However, in an hypothetical future world in which hydrocarbons are scarce but electricity (from fusion reactors
or the sun) is inexpensive, the Birkeland-Eyde process could conceivably be revived.
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Figure 1: Materials-Process Relationships for Ammonia Synthesis
Source: IMuehlberg et al 1977; p. 30]
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was from natural gas. The importance of natural gas has continued to grow.

The original source of synthetic nitrogen chemicals has always been air, which is already 70%
pure. It is fairly easy to purify the nitrogen further by letting the oxygen react with some
other substance, leaving an oxide (H20 is the simplest) that is easy to remove by condensation
or solvent extraction. Originally, the nitrogen was obtained either from a liquid-air separation
plant or by burning a small amount of hydrogen in the synthesis gas. Modem ammonia plants
eliminated the above process steps by the use of secondary reforming, a process in which
methane is burned in air in the amount required to produce a 3:1 mole ratio of hydrogen to
nitrogen synthesis gas.

Figure 2: Production of Ammonia & Some Key Derivatives: Nitric Acicl Urea & Ammonia
Sulfate

Source: (Ayres, Norberg et al 1989; Figure 5.1]

The Haber-Bosch process as used in the U.S. today is based on the passage of a mixture of
air and natural gas over a catalyst at very high pressure. Under the required conditions the
methane in the gas is cracked and the carbon reacts with oxygen to form CO2 while the
hydrogen and nitrogen combine in the presence of a catalyst to form ammonia (NH 3). See
Figure 1. (The subsequent processes to obtain key derivatives are shown in Figure 2). There
are several variations of the basic process depending on (1) the separation of air to produce
nitrogen or (2) the removal of the oxygen by combustion to leave a nitrogen CO2 material
that can then be separated. While the wartime plants were mainly in the 200-300 tonne/day
range, in die 1960's die introduction of efficient single-stage centrifugai compressors made
possible a new industry standard of 1,000 tonnes per day. The new technology increased
capacity and cut costs sharply and further expanded the market (See Table I).
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There are several known processes for nitrogen fixation which are not currently exploited
commercially. These include ionization and chemo-nuclear reactions to obtain oxides of
nitrogen, fixation of nitrogen as metal nitrides or di-nitrogen complexes of transition metals,
and reducing nitrogen bound up in certain transition metal complexes to ammonia. In
addition, biological fixation by nitrogen-fixing microbes through genetic engineering is being
developed for agricultural applications.

Major Industrial Uses of Nitrogen

Virtually all nitrogenous chemicals are now manufactured from ammonia. A list of the most
important nitrogen chemicals follows.

Acrylonitrile (ACN), or Vinyl Cyanide, CH2CHCN, is made by reacting propylene with
ammonia and air. It is the major intermediate for manufacturing acrylic fibers, ABS
(Acrylonitrile-Butadiene-Styrene) and SAN (Styrene-Acrylonitrile) plastics and nitrile
rubber. Production in 1988 was 1.183 million metric tons (26.4% N), or 312.4 thousand
metric tons of N-content.

Adipic acid is an important precursor to nylon. It contains no nitrogen, but nitric acid is used
in its production. In 1988 about 55 thousand tons (N) of nitric acid were used for this
purpose. The acid is not recycle* waste products consist of a mixture of NO and N20.

Alkyl amines, are made by direct ammination of alcohols. Products are used in explosives,
rubber accelerators, pesticides and surfactants. U.S. production in 1974 was 0.6 million
metric tons (210 thousand MT contained N). Production of methylamines in 1988 was
90,000 metric tons, or about 31.5 thousand metric tons N. It appears that production has
stagnated or fallen. We assume 1988 production of all alkyl amines was of the order
of 300 thousand metric tons (100 thousand metric tons (N).

Ammonium Nitrate NH4NO3, is made by reacting ammonia and nitric acid. It is the most
important nitrogen fertilizer and also an important ingredient in explosives. Output in
1988 was 6.805 million metric tonnes (2.472 MMT embodied N)

Ammonium Phosphates, made by reacting ammonia with phosphoric acid, are major forms
of fertilizer and feed additives; di-ammonium phosphate is (NH 4)2HPO4 and mono-
ammonium phosphate is (NH4)H2PO4. Production in the U.S.in 1988 was 2.368 MMT
(embodied N).

Ammonium Sulfate (NH4)2SO4 was once largely recovered from coke oven gas, by sulfuric
acid scrubbing. It is sometimes made by direct reaction of ammonia with sulfuric acid,
although a large amount is available as a by-product of ACN and caprolactam; it is also
a by-product of methyl methacrylate (MMA) and other acrylates. Production in 1988
from these sources was more than 1 million tonnes (contained N), It is a major
fertilizer.

Aniline C6H5NH2, made from nitrobenzene, is an important intermediate in the manufacture
of isocyanates (pesticides, urethanes), rubber chemicals (nitriles), surfactants, dyes,
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hydroquinone, drugs and miscellaneous chemicals. 1988 production in the U.S. was 467
thousand metric tons (70 thousand MT contained N).

Caprolactam NH(CH2)5CO, is made from cyclohexane (from benzene) and ammonia. h is
used exclusively in the manufacture of Nylon 6. U.S. production in 1988 was 571
thousand metric tons (71 thousand metric tons contained N). The process yields a large
amount of ammonium sulfate.

Cyanides are compounds based on the CN combination. The major industrial cyanide is
hydrogen cyanide (HCN). Other cyanides used in commercial quantifies are sodium
cyanide, potassium cyanide, calcium cyanamide and cyanogen. Hydrogen cyanide is a
precursor to several important chemicals, including adiponitrile and methyl methacry-
late, as well as other cyanides. We estimate 1988 U.S. production at 147 thousand
metric tons (N content).

Ethanolamines, such as MEA, DEA, TEA, (mono-CH2OH.CH2NH2; di-(CH2OH.CH2)2NH;
tri-(CH2OH.CH2)3N), are made from ethylene oxide and ammonia. They are used in
detergents (DEA), gas conditioning (MEA) and petroleum products, emulsion polishes,
herbicides, etc. U.S. production for the whole category in 1978 was 153 thousand metric
tons (37 thousand metric tons contained N). We assume 1988 production for the whole
category of 200 thousand metric tons (50 thousand tons N).

Ethylenediamine NH2CH2CH2NH2, made by direct ammoniation of ethylene, is the basis of
carbamate fungicides, chelating agents (for detergents), etc. We have no production
data.

Hexamethylenediamine (CH2)6(NH2)2, is derived from acrylonitrile and hydrogen cyanide,
via adiponitrile. It is used to manufacture nylon 66. Production in 1974 was about 0.4
million metric tons, or about 96 thousand metric tons contained N. Probable 1988
production was about 120 thousand metric tons (contained N).

Hexamethylenetetramine (CH2)6N4, made by reacting formaldehyde with ammonia, is used
as a phenolic thermosetting catalyst and an explosive (in RDX). Apparent 1968
production, about 20 thousand metric tons (contained N).

Melantine C3N3(NH2)3 , is made from urea. It is an important thermosetting plastic (used with
formaldehyde), in laminates, textiles, adhesives, etc. Apparent production in 1988 was
about 120 thousand metric tons (80 thousand MT contained N).

Nitric Acid HNO3, made by catalytic partial oxidation of ammonia, is a strong acid used in
many processes, especially in the manufacture of ammonium nitrate, adipic acid,
nitrobenzene, isocyanates and numerous other products. U.S. production in 1988 was
7.789 million MT (3.63 million MT contained N).

Nitrobenzene C6H5NO2, is made by direct reaction of nitric acid with benzene. It is used to
make explosives and to manufacture aniline. Apparent U.S. production in 1988 was 630
thousand metric tons (72 thousand M1' contained N).
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Toluene di-isocyanate (CH3)C6H3(NCO)2 is manufactured by ammination of toluene and
reaction with phosgene. It is an intermediate for the manufacture of isocyanates
(urethanes, pesticides). U.S. output in 1974 was 230 thousand metric tons. Probable
1988 U.S. output was 300 thousand MT (48 thousand MT contained N).

Urea NH2CONH2 is made from ammonia and carbon dioxide. It is used primarily as
fertilizer, either directly or in mixtures with ammonia. It is also used for animal feed,
as an intermediate in manufacturing melamine and (with formaldehyde) in amino-
plastics. U.S. production in 1988 was just under 3 million metric tons.

In contrast to the situation in 1910, noted above, 76% of anthropogenic fixed-nitrogen in the
U.S. today (90% in the world as a whole) is used in fertilizers. The remaining 24% is used
in 2500 other industrial chemical products. Apart from fertilizer, the next largest categories
were explosives (1.06 million metric tons N, or 7.3%). Considering that explosives average
around 35% N by weight, this corresponds to around 3 million metric tons. Industrial
explosives accounted for 2.15 million metric tons in 1988. The next largest category was
polymers — plastics (e.g. urea-formaldehyde), elastomers (e.g. nitrile rubber), and synthetic
libers (e.g.nylon). About 742 thousand metric tons of nitrogen was embodied in various
polymers in 1988, while another 60 thousand or so was lost in manufacturing processes
(mainly from adipic acid). Thus, polymers accounted for about 5.8% of synthetic N.

A breakdown of nitrogen consumption by end use for the United States is given in Table II.
The recent data was taken from the Bureau of Mines Minerais Yearbook, for different years.
However, it should be pointe-d out that reported ammonia consomption in die U.S. was
considerably langer than die figures shown in Table II, leaving about 15% unaccounted for.
In fact, apparent 1988 U.S. consomption of ammonia (in terms of contained nitrogen) was
14.746 million metric tons.

We have estimated the ammonia and other inputs required for the production of major
nitrogen chemicals listed above, using chemical process data from published sources 4. Major
nitrogen chemical flows and their key end uses are shown in Figure 3 which is discussed
below. Based on the production estimates given above for nitrogenous chemicals, together
with industrial process data, we have accounted for apparent ammonia consumption in the
U.S. in 1988 amounting to 14.217 million metric tons, as compared to the 14.746 million
metric tons derived (above) by die Bureau of Mines from ammonia production plus imports
and stock changes. The remaining difference between total consomption and consomption
accounted for is about 740 thousand metric tons (N). Our total does not include production

4 In virtually ail cases we used published and widely used data from F. Lowenheim and M. Moran (eds) Faith,
Keyes and Clark's Industrial Chemicals, 4th edition, N.Y. Wiley-Interscience, 1975. (There is no more recent edition).
We counted ail by-product streams, but no explicit allowance was made for waste streams. However in several cases
the nitrogen embodied in products differed very significantly from the nitrogen embodied in input ammonia. For
instance, in the case of acrylonitrile (ACN), Industrial Chemicals states that 475 kg of ammonia (391 kg of N) is
required per metric ton of ACN, with a N-content of 264 kg. In addition, acetonitrile and hydrocyanic acid (HCN)
are by-products of the standard propylene ammoniation process, produced in quantifies of 0.13 kg of HCN and 0.03
kg acetonitrile per 100 kg of propylene input. This works out to about 150 kg of HCN (78 kg N) and 40 kg of
acetonitrile (6 kg N) per metric ton of ACN. The nitrogen content of ail products (348 kg) leaves 43 kg N (waste)
per metric ton of ACN. This leaves a rather large waste stream (about 50 thousand metric tons of contained N) as
a disposai problem. It also implies that ACN producers generated about 94 thousand metric tons of HCN as a by-
product, a large fraction of apparent consumption.

8



EXPLO-
SIVES
–725?Altnnoniam

Ide»
NH3NO3

'72.5

AMMONIA
NH3

14746

Anoweium
oultate

(N114)2.304
445

PESTICIDES.
85 	 d...HERBICIDES
13	 RUBBER CHEMICALS,

SURFACTANTS
100

••■1165.5

FERTI-
LIZERS
11024

Hydlogen
cr444e
liCN
152

ASTICS,
FIBERS

754

Acre°
sitile
(ACN)
312.4

Toisa»

cyanate
48 —.KI. PESTICIDES.

HERBICIDES

DYES,
RUBBER CHENOCALS

SURFACTANT3
GAS CONDII/ONDIG

Industrial Metabolism of Nitrogen 	 R.U. Ayres & V. Norberg-Bohm
	

February 15, 1993

Byprokict - — - — - —

Recycle

Figure 3: 1988 U.S. Flows of Ammonia-Ba.sed Chemicals (1000 mark tons)
Source: author

9



Industrial Metabolism of Nitrogen 	 R.U. Ayres & V. Norberg-Bohm 	 February 15, 1993

of a number of minor chemicals such as nitro-paraffins, acrylates, ammonium chloride,
hydrazine, ethylene diamine and hexamethylene tetramine, nor does it include household uses
of ammonia. It does include identifiable losses in production amounting to 298 thousand
metric tons (N). This is probably an underestimate, however, since as much as 50 thousand
MT (N) of nitric acid may be used as an oxidant in reactions where it neither recovered nor
embodied in the product (e.g.(as in the case of adipic acid, mentioned above, and DMT [Hahn
1970, p.61]). Thus, to a reasonably good approximation, we have accounted for 95% of the
synthetic fixed nitrogen produced and consumed in the U.S. in 1988.

Table II: U.S. Nitrogen Consumption by End Use
1000 metric tons NH3 or equivalent*

Use 1960` 1964' 1971' 1975' 1988d

Fertilizers 3110 5330 8870 10180 13500
Explosives 120 250 500 690 1280
Synthetic Fibers & Plastics 210 480 890 1410 945
Animal Feedsa 50 140 400 580 188
Chemicals 160 360 670 750
Pulp & Paper 30 40 80 90
Metallurgy 30 40 60 80
Otherb 300 370 510 540
Export 130 140 540 270 2000

Total 4140 7150 12520 14590 f17850

• Units Biffer in the original sources and have been converted.
• Primarily as urea.
b Refrigeration, rubber, water treatment, detergents, textiles, dyes, etc.
• Source: [Slack & James 1979]
d Source: This paper, converting metric tons N-content to metric tons NH3.
e Negligible.

Individual components do not add up to total due to unaccounted for imports,
exports (other than ammonium phosphate), and byproducts.

One significant result of our accounting exercise is that apparent production of ammonium
sulfate as a by-product of caprolactam and methyl methacrylate manufacture is of the order
of 340 thousand metric tons (contained N), as compared with the ammonium sulfate recovered
from coke ovens (55 thousand tons N), and direct production (50 thousand tons N). The latter
figure can be verified by noting that 78 thousand metric tons of sulfur is used in the
production of nitrogenous fertilizers [USBuMines 1989]. The fact that most ammonium sulfate
is a by-product is consistent with Hahn [Hahn 1970], but contradicts the statement in
Industrial Chemicals, under "Ammonium Sulfate", namely that by-product sources are
relatively unimportant [Lowenheim & Moran 1975 :107].

Another significant result of our accounting exercise is that domestic fertilizer use accounted
for 11.024 million metric tons of contained N in 1988, which amounts to about 76% of
domestic ammonia consumption. However, domestic fertilizer supply was enhanced by net
imports of 483 thousand metric tons of urea (N-content) plus 91 thousand metric tons of
ammonia nitrate (N content). On the other hand, it was reduced by 1.1655 million metric tons
(N) in the form of ammonium phosphate that was exported, but used as fertilizer elsewhere.
In effect, fertilizer use accounted for 79.5% of the U.S. synthetic nitrogen supply. Of the rest,
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explosives accounted for about 0.725 MMT or 5%, and polymers accounted for about 0.754
MMT or 5.1%. The remainder (10.4%) was divided among a variety of small uses.

It is difficult to estimate chemical process wastes with any precision due to the uncertainty
about ammonium sulfate. The following (in thousands of metric tons N) is our best estimate,
based on taking differences between published input N requirements and N embodied in
products:

HNO3 production: 122
Melamine production: 60
Adipic acid production: 55
Acrylonitrile production: 25
Caprolactam: 16.5
Toluene di-isocyanate: 12
Others: 7.5
Subtotal of the above: 298

In addition, losses from other nitric acid oxidation processes could have been as much as 50
thousand MT, while nitration processes probably account for at least 3% of product streams
in all cases flot involving acid neutrafization. This would add at least another 10 thousand
metric tons, and possibly more.

It is of some interest that the major waste streams from nitric acid and adipic acid
manufacturing are in the form of NO, while a significant fraction of the latter, at least, takes
the form of nitrous oxide N20, one of the more potent "greenhouse" gases. It has been
suggested that the N20 emissions from adipic acid manufacturing is nearly equal to the
quantity of product [Thiemens & Trogler 1991].

We have not been able to deterrnine the reaction products of nitrate explosives such as
ammonium nitrate. It is not clear how complete the oxidation of nitrogen would be under non-
equilibrium conditions. However, it is interesting to note that an old commercial process for
producing nitrous oxide (laughing gas) has the simple formula:

NH4NO3 -+ N20 + 2H20

It would not be surprising if use of ammonium nitrate as an explosive generated significant
quantifies of N20.

Agricultural Uses and Losses of Nitrogen

As mentioned in the opening paragraph, nitrogen is an essential element for protein
production. It can only be ingested (by plants) as soluble ammonium (NH,i) ions, nitrate
(NO;) ions, or soluble organic molecules such as amino acids. There are many routes by
which soluble nitrogen finds its way into the soil.

Nitrogen oxides are created in the air either by electric storms or fuel combustion. These
oxides then react with water vapor and create nitrous or nitric acid (HNO 3) which falls as a

11



Ammonia
Ammonium nitrate
Ammonium sulfate
Di-ammonium phosphate
Mono-ammonium phosphate
Calcium nitrate
Calcium cyanamide
Potassium nitrate
Sodium nitrate
Urea
Urea-formaldehyde

% Nitrogen

NH3	82.24
NH •NO3	36.65
(N114)2SO4	21.20
NH4H2PO4	21.14
(NH4)2HPO4	 12.18
Ca(NO3)2.4H20	 17.07
CaCN2	34.97
KNO3	13.85
NaNO3	16.48
CO(NH2)2	47.00
CO(NH2)2HCHO 31.00
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component of acid rain. Nitric acid subsequently reacts with metallic salis to form nitrates.
Ammonia is also emitted by volcanoes.

Rhizobia bacteria in the root nodules of legumes (such as soybeans) are able to fix nitrogen
from the air. Some other varieties of bacteria can also fix nitrogen. A third source - from a
practical point of view - is the recycling of plant and animal malter. Some of this nitrogen
from decaying organic matter is released in the form of ammonia (NH3), and, along with
ammonia from anthropogenic sources, is returned to the soil in rain.

For centuries nitrogen fixation by atmospheric electrical discharges, from legumes and from
decayed malter (manure) were the only means of restoring lost fertility to soil. Gradually, the
recycling process was accelerated through composting and distribution. Organic malter in die
soil may contait' about 5-6% nitrogen, but this is not available to plants until it has been
released by bacteria or fungi in the form of ammonia or nitrates. Soils with plentiful organic
matter can retain much of this for future use by plants.

With increasing pressure on farmers to increase crop yields the available nitrogen in the soil
was used more rapidly than it could be replaced by die available plant and animal materials.
In 1930 die annual nitrogen deficit for the U.S. was estimated at 3.4 million tonnes, despite
some use of nitrogen fertilizers [Shreve 1956, p. 397]. However, fertilizer use has increased
very rapidly since then.

Table III: Principal Nitrogenous Fertilizer Materials

Source: fAyres et al 1988; Table 10.2.1

Globally, about 90% of ail ammonia (76% in the U.S.) is used for fertilizer (see Figure 3).
In recent years a growing proportion of nitrogen has been applied by direct injection of
anhydrous ammonia into the soil, particularly in the large farms of the Mississippi valley.
However, die major portion is still applied either in solid or liquid form that can be handled
more easily and applied in combination with other plant nutrient materials. The principal
primary nitrogenous fertilizer materials are shown in Table III which also shows the
percentage nitrogen contained in the product.

These products may be applied either as straight materials or in various combinations known
as mixtures which are made up to a standard set of specifications. By custom and law these
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are always reported as percentage of nitrogen - phosphate - potash. Because of the growth in
the direct application of high nitrogen materials there has been a tendency for mixtures to
stabilize nationally in the 21-24 million ton/year range while total application continues to
grow (see Table IV).

In well ventilated sons having low organic 'natter (with a carbon nitrogen ratio of less than
15) when the quantity of ammonium ions exceeds the absorption by plants and microbes the
excess ammonia is oxidized to nitrates by a nitrification process. The first step (to nitrite) is
brought about by bacteria such as nitrosomas. The second step (to nitrate) is carried out by
other bacteria such as nitrobacter. These nitrates remain in the soil for plant use, up to certain
limits depending on temperature, etc. Most nitrate compounds are soluble and can be leached
from the soil - particularly in permeable soils having low organic matter and high rainfall.
In clogged soils having insufficient air circulation, fertilizer nitrates may be denitrified
(reduced to gaseous nitrogen) by anaerobic microbes which break up the molecules to satisfy
their demand for oxygen. However, in soils with high levels of decaying organic malter, air
circulation, and a high microbial population, the microbes consume the nitrogen in the form
of ammonia and effectively store it for future use by plants - resulting in very little loss by
leaching. Bacterial action also continuously removes nitrogen from soils altogether by
converting organic nitrogen to volatile NH 3, some of which escapes into the atmosphere.

Table IV: U.S. Commercial Fertilizers Consumed & Average
Nitrogen Content

Year

Mixed Fertilizers

Gross Amount Percentage
1000 metric tons	 Nitrogen

All Fertilizers with Primary
Nutrients

Gross Amount Percentage
1000 metric tons	 Nitrogen

1968 9,659 8.77 16,840 18.28
1969 9,672 8.95 17,061 18.50
1970 9,508 9.25 17,369 19.48
1971 9,758 9.59 18,099 20.38
1972 9,757 9.91 17,643 20.11
1973 10,227 10.21 18,970 19.83
1974 10,917 10.10 20,395 20.37
1975 9,365 10.16 18,419 21.18
1976 10,414 10.53 21,270 22.20
1977 10,931 10.58 22,271 21.69
1978 10,029 10.74 20,693 21.82
1979 10,769 10.84 22,381 21.72
1980 10,555 10.79 22,902 22.59
1981 10,671 10.99 23,478 23.04
1982 9,442 11.23 21,309 23.58

Source: ['lyres et al 1988; Table 10.3]

Crutzen has estimated the partitioning of 100 units of agricultural fertilizer into ultimate sinks
as follows [Crutzen 1976, cited in USNAS 1978]: (1) accumulation in the soil, groundwater
or sediments: 38 units; (2) active recycling through the soil-biosphere system as manure or
plant residues: 39 units; (3) denitrification to N2 or N20 which retum to the atmosphere: 23
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units. In this picture about 17 units escape as ammonia, 4 from the point of fertilizer
application, 12 from manure and 1 from sewage. Another 6 units escape as N2 (5.6 units) or
N20 (0.4 units). Crops initially take up 50% (50 units) of the N-content of the fertilizer; of
this 47 units are consumed by livestock, and 42 units end up in manure and animal urine, of
which 15 units go back to the soil, along with 30 units of nitrogen from plant residues and
4 units from local deposition of gaseous emissions. But, during each cycle, 10 units of organic
N are lost to waterways and ground water, so the amount of organic N "permanently" added
(i.e. for the next cycle) is 15 units, while 24 units of inorganic N are also added for the next
cycle. This represents accumulation within the terrestrial biosphere and cultivated lands.
Crutzen's allocation neglects NO emissions from soil, which are not well documented, but
known to be significant [Williams et al 1992]. Crutzen's allocation is schematized in Figure
4.

Denitrification bacteria in the soil convert nitrates to di-nitrogen (N2) and nitrous oxide (N20)
in a ratio of about 16:1. The ratio is highly variable, and depends strongly on local conditions.
Fertilizer use is, however, reckoned to be one of the major sources of atmospheric N20
emissions, accounting for roughly 1.5 MMT globally in 1988 [USNRC 1992]. U.S. fertilizer
use is approximately 1/6 of the world total, which implies U.S. N 20 emissions of around 0.25
MMT in 1988.

Obviously a significant fraction of available soil nitrogen is taken up by plants and (unless
the crop is `plowed under) much of it is removed from die soil when the crop is harvested.
Of course, the specific proportions removed vary from crop to crop and depend on the ratio
between what is supplied and what is required. Analyses have been made as to total removal
by crops in the U.S. and it is interesting to note that USDA's figures do not agree with Crut-
zen's. During the 1970's the average N removal from croplands in the U.S. was 72.4% of the
fertilizer nitrogen applied. This figure varies somewhat with individual years, from a high of
78.5% in 1973 to a low of 64.0% in the following year.

The nitrogen removed from sas by harvested crops is partly consumed in food, either direct-
ly, as in fresh vegetables, or after conversion to meat, eggs, etc. The average per capita food
consumption comes to about 1000 pounds retail weight per year (exclusive of water content
of fresh milk and fruit juices). While many foods have above average protein (meat, mille and
eggs) and other little or none (e.g. sugar), average nitrogen content is at least 2% (equal to
the average of harvested crops), or 20 pounds per capita per year. Nationally, this amounts
to 2.5 million tons (2.25 million tonnes), which is only a small fraction of the total nitrogen
input as fertilizer. Most of the N-input must be lost by other routes e.g. from animal feed lots
or food processing plants such as beet sugar production, cheese-making, brewing, four
milling and meat packing. .

As noted previously, crop harvesting (and erosion) removed nitrogen from the soil
considerably faster than it was being replaced, probably until some time in the 1960's 5. That
removal process resulted in a substantial net flow of nitrogen from rural to urban areas
(embodied in food products) from whence much of it was returned to the environment in
sewage and/or garbage.

5 
When U.S. consumption of synthetic nitrogenous fertilizers presumably reached rough balance with annual

removals by harvesting and erosion. It is interesting to note that the National Research Council estimates a net
nitrogen buildup in son and groundwater of the order of 1.5 million tonnes per year (1972) [USNAS 1978].
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However, due to the rapid increase in nitrogen fertilizer use, runoff from agricultural areas
is now the dominant source of aggregate nitrogen emissions to the water (and has been since
the 1960's). In addition, large-scale animal feed lots have become major point sources of
nitrogen emissions (both to water and air) by way of manure and urine 6. In the extreme case
of a heavily urbanized region, most N-emissions can evidently be attributed to human
consumption wastes (e.g. sewage).

Emissions of Toxic Nitrogenous Chemicals

It is important to consider the ultimate fate of nitrogen-containing chemicals. It is reasonable
to assume that most of them — especially the explosives — will ultimately be oxidized. When
this occurs, the carbon and hydrogen are converted to carbon dioxide and water vapor,
respectively, while the nitrogen goes to NO and NO 2 or, in some cases, N20. However, there
will undoubtedly be traces of ammonia, HCN, and other volatiles such as carcinogenic
Peroxy-Acyl Nitrates (PAN), one of die intermediates produced by photolytic reactions
between NO2 and hydrocarbons in the atmosphere.

Cyanides are found in many industrial wastes, especially quench waters from coking
operations and metal heat treating operations. Sodium and potassium cyanides are also used
in both gold and silver mining, in the "heap leach" process to beneficiate low grade ores to
the point where smelting is feasible. Cyanides are extremely toxic. The cyanide ion CN- is
toxic to most fish at a level of 0.1 mg per liter (kg) of water, for instance. Fortunately,
cyanides easily form metallic complexes, such as ferrous cyanide Fe(CN) 2, ferric cyanide
Fe(CN)3, ferro-cyanides, etc. These complexes are much less toxic. However, there is a
possibility that complex cyanides could revert to the simpler forms under certain circumstanc-
es, such as increased acidity (lower pH), increased temperature, or UV radiation. This means
that accumulations of metallic cyanide complexes in the surroundings of old gold and silver
mining operations are still potential "chemical Lime bombs"7.

One of die most toxic and carcinogenic of all groups of compounds are the nitrosamines,
characterized by die N-N=O linkage. It is known that amines, such as dimethylamine, can be
nitrosated in die atmosphere, by reaction with nitrous acid vapor, in equilibrium with NO and
NO2, to yield nitroso-dimethylamine. All the amines can apparently be nitrosated under
appropriate conditions. It is believed that nitrosamines become active carcinogens after being
decomposed by enzymes. Of the first 100 nitroso compounds studied, over 80 were
carcinogenic in test animais, sometimes after a single dose.

These compounds were first detected in the environment in the mid-1970's. The first
confirmed atmospheric detections were in Baltimore, in the vicinity of a plant that
manufactures methyl amines and hydrazine. Other amine plants have subsequently been
associated with atmospheric nitrosarnine tradings. Later research discovered nitrosamines in
the expired air of rats that had been fed on amines and nitrates. There is some reason to
suspect that rocket engine exhaust (from hydrazine) may also be a source of nitrosamines.
There is also reason to think that nitrosamines can be formed in food, e.g. bacon, that has

6 Animal urine accounts for at least 50% of excreted nitrogen, in the form of urea. Under typical feedlot
conditions urea is rapidly hydrolyzed to carbon dioxide and ammonia.

The terminology is due to [Stigliani 1988]
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been preserved by nitriles. Nitrosamines are also found in tobacco smoke, and may be one
of the cancer causing agents.

A few nitrosamines were manufactured as such in the 1970's, mainly for use as a retardant
in the rubber industry. However amines were produced in fairly large quantities. Total U.S.
amine production in 1972 was about 910 thousand metric tons. This included hexamethylene
diamine, aniline, ethanolamine and melamine. The presence of these in the environment, in
conjunction with NOx seems to be conducive to the formation of nitrosamines.

Anthropogenic Sources and Emissions of Oxides of Nitrogen (N20, NOX)

Oxides of nitrogen are formed naturally by electrical discharges in the atmosphere. They are
also formed when either atmospheric or fuel-bound nitrogen are "burned" in air. This is the
major anthropogenic contribution. The major nitrogen oxides are N20, NO and NO2. In the
absence of fuel-bound nitrogen, typically 95-98% of the NOx in combustion exhaust gas
consists of NO. Incompletely oxidized nitrogen is oxidized further to NO 2 in the atmosphere.
NO2 is eventually dissolved in water and precipitated as nitrons acid, or oxidized further to
nitric acid. In either case it is a major contributor to acid rain and acidification of soils. In
addition, NO2 reacts with hydrocarbons and oxygen (especially in the presence of UV
radiation) to form peroxy-acyl-nitrates (PAN), one of the most irritating and carcinogenic
ingredients of urban smog.

The reaction chemistry for NOx formation by fossil fuel combustion is not completely known,
but the most probable sequence for thermal NOx seems to be the following [Lim et al 1981].

N2 + 0 —> NO + N
N2 + 02 --> NO +O
N + OH —> NO + H

where oxygen and hydrogen atom concentrations are in equilibrium.

02 + N2 +4 ° ° 4. N2

H20 + 02 4—> H + + OH + N2

The reaction rate for NOx formation is determined by two factors. The activation energy of
the initial endothermic reaction step is quite large (317 KJ/mole) and probably detennines the
overall reaction rate. The reaction is, therefore, highly temperature dependent: equilibrium NO
levels in heated mixtures of N2 and 02 at atmospheric pressure is an increasing function of

temperature (Figure 5). The mathematical form e	 where k is a constant, has been
suggested [Mackinnon 1974]. More recent data for fluidized beds is shown in Figure 6.

Because of the high activation energy for the nitrogen oxidation reaction, it will only occur
alter all available carbonaceous fuels are exhausted. Thus, the rate of NOx production also
depends on the amount of excess oxygen that is present beyond the stoichiometric air/fuel
ratio (14.6 for the case of gasoline). The equilibrium NO level is also proportional to the
product of N2 concentration times the square root of 0 2 concentration, times residence time
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Source: [USEPA 1979-e]

in the flame. Because of these relationships, air/fuel ratio is a dominant factor in determining
NOx emissions in the absence of fuel-bound nitrogen. Figure 7 shows typical NOx (NO,
NO2) emissions as a function of air/fuel ratio for automobile gasoline engines [Jackson 1968].
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For smoldering fixes, or "rich" fuel air mixtures, NOx production is neg,ligible. However for
"lean" fuel air mixtures, it becomes increasingly significant. Thus, NOx is, for practical
purposes, not significantly produced in low temperature combustion processes, except to the
extent that fuel-bound (organic) nitrogen is present.

However, organic nitrogen is present in coal and residual oil and in biomass 8. Thus, fuel-
bound nitrogen in all organic materials, as well as in fossil fuels (in coal and residual oil) also
contrebutes to both N20 and NOx emissions. Apparently N20 — one of the most potent
"greenhouse gases" — is associated only with fuel-bound nitrogen.

Median nitrogen content of US coals corresponds to approximately 1350 Ng/J of NO2,
assuming 100% conversion; the 25-75 percentile range is fairly narrow, viz. 1250-1400 ng/J
[Lem et al 1981]. Figure 8 shows measured relationships between coal nitrogen content in
percent by weight and measured NOx emissions. The median NOx (as NO2) emission level
is about 270 ng/J. The 25-75 percentile range for bituminous coal combustion corresponds
to NOx (as NO2) missions in the range of 240-300 ng/J [Lem et al 1981]. Based on this
data, it appears that if there were thermal contribution to NOx, the average conversion
fraction for fuel-bound nitrogen to NOx would be 270/1350 = 0.2.

The relative contribution of fuel-bound nitrogen to NOx emissions from combustion is not
yet completely understood. However studies have shown that the contribution of fuel bound
N to total NOx may be as high as 50% for residual oil, and 80% for coal. Looking at it

8 In coal the range is between 0.6% and 2% by weight (Figure 8). In terrestrial biomass, it has been found that
the nitrogen/carbon molar ratio is fairly constant (1:80), which means that the C/N weight ratio is 68.5. This is about
the same as the average ratio for coal.
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another way, 20%-90% fuel-bound nitrogen in oil and 10%-60% in coal may be converted
to NOx, depending on conditions of combustion. No data on wood combustion is available.

Emissions vary widely according to the type of combustion equipment, so test data is limited
and generalizations are difficult to make. Taking into account the contribution from
atmospheric nitrogen, EPA has developed estimates of NOx emissions for most fuel uses
[USEPA 1978 & undated]. The EPA emissions coefficients for coal burned in electric utilities
and other industrial boilers, respectively, are about 11.5 kg/ton and 9.5 kg/ton. Natural gas
and residual oil combustion emissions by electric utilities are slightly lower than emissions
from coal (10.95 and 7.29 kg/ton, respectively). Industrial boilers emit a little less NOx than
utility boilers, on the average, because they are smaller and operate at lower temperatures.
Railroad uses of coal can be assumed to be very similar to industrial boilers. Fuel wood is
used primarily in residences, or by the paper/pulp industry. High water content tends to keep
temperatures low and minirnizes NOx.

Historically, the only important technological change affecting NOx emissions (apart from
automobile emissions controls) has been the increased size and efficiency of utility boilers,
especially since the first uses of pulverized coal in the 1920s. It may be noted that, as of
1979, over 99% of U.S. coal-burning utility boilers used either pulverized coal (88%) or
cyclones (11%). On the other hand, 60% of industrial boilers use pulverized coal while 40%
use stokers. Only 14% of boilers in the commercial residential category (large buildings) use
pulverized coal, while the rest use stokers or manual feeds. Western Europe probably
approximates the U.S. pattern. However in Eastern Europe and Asia it is likely that stokers
still predominate. Use of pulverized coal roughly doubles (11.5/7.1) the NOx emissions
relative to die use of lump coal in stokers.

20



Industrial Metabolism of Nitrogen 	 R.U. Ayres & V. Norberg-Bohm 	 February 15, 1993

The technology of pulverization of coal was initially developed in the nineteenth century.
Attempts were made in the late nineteenth century to burn pulverized coal under industrial
boilers but they were unsuccessful until approxirnately 1910. In the twentieth century, a
growing concern over fuel economy stimulated attempts at innovation. Pulverized coal was
rapidly adopted in electrical generating and industrial plants after World War L Design
advances that increased the efficiency of the furnaces by eliminating slag and improving
combustion followed, as did improvements in pulverizers. By the early 1920s, pulverized coal
was producing a 3 to 5 percent gain in efficiency compared to firing with stokers as well as
a savings in coal costs [de Lorenzi 1948 :9-32-43; Rosin 1947 :17]. Based on mostly
anecdotal historical evidence, we estimate the historical penetration of pulverized coal as
shown in Table V. EPA's national emissions estimates for NOx are given in Table VI.
Emission coefficients for NOx are taken from EPA reports [USEPA 1978 & undated] and
summarized in Table VII.
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Year	 Utilities	 Industrial Comm/Residential

1920 0% 0% 0%
1950 50%-60% 25%-30% < 5% (?)
1980 99% 60% 14%
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Table V: Penetration of Coal Pulverization

Source: (Ayres et al 1987; Table 3.21

Table VI: EPA Estimates of NO2 Emissions 1940-1980 (Teragrams(yr)
Source 1940 1950 1960 1970 1980
Highway Vehicles 1.3 2.1 3.6 6.0 7.2
Aircraft 0.0 0.0 0.0 0.1 0.1
Railroads 0.6 0.9 0.7 0.6 0.8
Vessels 0.1 0.1 0.1 0.1 0.1
Off-Highway 0.2 0.4 0.5 0.8 1.0
Mobile Source Total 2.2 3.5 4.9 7.6 9.2

Electric Power 0.6 1.2 2.3 4.5 6.4
Industrial Boilers *2.3 *2.9 *3.7 *3.9 *3.1
Commercial/Institutional Heat 0.2 0.3 0.3 0.3 0.3
Residential Heat 0.3 0.3 0.4 0.4 0.4
Stationary Combustion Total 3.4 4.7 6.7 9.1 10.2

Chemicals 0.0 0.0 0.1 0.2 0.2
Petroleum Refining 0.1 0.1 0.2 0.2 0.2
Iron & Steel Mills 0.0 0.1 0.1 0.1 0.1
Pulp Mills - - - - -
Minerai Products 0.1 0.1 0.1 0.2 0.2
Industrial Total 0.2 0.3 0.5 0.7 0.7

Incineration 0.0 0.1 0.1 0.1 0
Open Waste Burning 0.1 0.1 0.2 0.3 0.1
Forest Fires 0.7 0.4 0.2 0.2 0.2
Other Burning 0.2 0.2 0.2 0.1 0

Waste & Miscellaneous Total 1.0 0.8 0.7 0.7 0.3

Grand Total 6.8 9.3 12.8 18.1 20.4

* Very questionable (see text)
Source: [USEPA 1986]
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Table VII: 1980 NOx Emissions Coefficients, Uncontrolled (kg as NO2)

Fuel Type

Fuel

109 J/ton
Electric
utilities

Stationary

Industrial
boilers

Resid./
Commer.

Mobile

Off
Highway	 Highway

Anthracite coal 26.6 N 8.25 8.25 N N
Bituminous coal 26.25 11.5 (a) 9.1	 (1) 6.0 (e) N 6.0
Lignite 18.0 7. (a) 5.5	 (b) 3.4 (e) N N
Wood (12% H20) 15.5 N 0.75 0.75 N N
Residual oil 48.96 7.29 7.02 7.02 N N
Heating oil 48.19 2.86 2.86 2.72 N N
Diesel oil 50.80 N N N 41.8 54.3
Gasoline (d) 51.54 N N N 15.7 urban 17.8

17.8 rural
Jet fuel (kerosine) 51.38 N N N N N
Natural gas 53.40 10.95 3.13 2.23 N N

"N" = Not applicable.
(a) For 1950 assume 8.85 for coal and 5.30 for lignite;

For 1920 assume 5.60 for coal and 3.20 for lignite.
(b) For 1950 assume 7.10 for coal and 4.15 for lignite;

For 1920 and earlier assume 5.6 for coal and 3.2 for lignite.
(c) For 1950 and earlier assume 5.6 for bituminous coal and 3.2 for lignite.
(d) For 1950 assume 19.6 urban (70%) and 22.5 rural (30%), or 20.5 average;

For 1920 assume a composite coefficient of 10, because of lower compression ratios.
Source: [Ayres et al 1987; Table 3.5]
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