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ABSTRACT 

When air containing 2 to 5% NO or NO^ was passed through cal

careous soils, chemical conversion, chemisorption, and physisorption 

removed these pollutants from the air stream. The NO^ sorption capacity 

of the soils greatly exceeded their acid titratable basicity because of 

additional N0x retention by chemisorption and physisorption. No 

differences were found between NO or N0£ reactions in soils. The end 

product of the sorption reaction was nitrate. However, chemisorption 

and physisorption appear to be an important first step to chemical 

conversion to nitrate. The N increase in each soil from NO sorption 
X 

directly correlated with the pH decrease. A linear regression equation 

best expressed the relationship between the quantity of NO^-N formed in 

the soil and the pH. Final soil pH's ranged from 1.3 to 2.6. Moisture 

increased the soil's N0x sorption capacity. More than 300 tons of N0£ 

was sorbed per acre foot of soil where 12% carbonate was present. 

In studies of the N transformations in soils, sorption of N0x 

in smaller amounts reduced the pH to 6.8 or 6.9. The NO^ formed in the 

soil remained as NO^ in the absence of organic matter. Within 36 days 

after the addition of 87» barley straw under aerobic conditions, a 60% 

gaseous loss of the NO^ formed in the soil was determined. Application 

15 15 
of ( NH^)^SO^ and K NO^ fertilizers with the 8% organic matter in

creased the total N loss from NO^ to 90% and increased the rate of N 

vi 



vii 

loss. Microenvironmental conditions created by the gas reduced the 

rate of deuitrification and thereby allowed for increased immobilization 

of the NOg when formed in the soil from N0_^ than when applied as 

fertilizer. 

15 
About 907o of the added ( NII^^SO^ fertilizer was recovered in 

the organic fraction of the soil N. Ammonium fixation with subsequent 

release to microorganisms was important in NTI^ recovery. Nitrogen 

oxides had no influence on NIl^ immobilization as compared to the control. 

Soil microorganisms utilized NH^ in preference to NO^ as their N source 

when a large excess of low N organic matter was present. 

Soil holds some promise for NO^ removal since it has a large 

sorption capacity and may be denitrified of excess NO^ to prevent 

further pollution of the environment. 



INTRODUCTION 

The oxides of nitrogen are common pollutants released into the 

atmosphere as a result of man's industrial activities. Two of the major 

nitrogen oxides are nitric oxide (NO) and nitrogen dioxide (N0£). These 

two oxides are created as by-products from industrial processes entail

ing high temperatures and pressures. Some NO and NO^ are produced 

naturally as the result of nitrogen (N) transformations in the nitrogen 

cycle but the concentrations are much lower than those produced by 

industrial activity. 

The concentrations of nitrogen oxides detected in Industrial 

areas are sometimes high enough to be harmful to plants and animals and 

in many cases are hazardous to man's health. The harmful effects of 

these NO and N0£ concentrations in the atmosphere are additive since NO 

is eventually oxidized to NO^. This oxidation of NO to NO^ is catalyzed 

by hydrocarbons in the atmosphere and ultraviolet light and results in 

the brown haze sometimes found in heavily populated industrial areas. 

The soils and oceans of the world ultimately become the sink for 

N oxides and other pollutants. Chemical reactions with other pollutants 

in the air form compounds that settle to the earth and become incorpo

rated into the soil. Rain washes airborne pollutants directly into the 

soil where chemical reactions may take place. Direct absorption of 

pollutants may occur at the soil-air interface. Acid soils are known 

1 
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to absorb SC>2> NC^, and other gases. Most of this absorption of gases 

is attributable to absorption on the surfaces of the fine soil particles. 

In the Southwest the predominate soils are calcareous. These 

soils may absorb greater quantities of N oxides than acid soils due to 

chemical reactions of these pollutants and their initial reaction 

products with soil carbonates. This reaction of N oxides with soil 

carbonate would be similar to an acid-base reaction since the oxides are 

acid formers and the carbonates are basic. Therefore, as the N oxides 

are absorbed into the soil a concurrent lowering of the pH may take 

place. As the N oxides are absorbed into the soil, chemical conversion 

may yield nitrate (NO^) as the most prominent compound although some 

nitrite may possibly form. However, when the soil absorbs a large 

quantity of N oxide, as may occur on a highly calcareous soil, the 

resulting NO^ may present a problem of NO^ pollution to water supplies. 

Furthemore, the consequences of large quantities of sorbed N oxides 

and/or NO^ could prove deleterious to the microbial N transformations 

in the N cycle. 

In light of the above, this study was undertaken to determine 

the influence of the absorbed N oxides, specifically NO and NC^, on 

the microbial N transformations in soil and to suggest ways to minimize 

further pollution of the environment by the nitrogen compounds formed 

as a result of N oxide absorption. Auxiliary objectives were to de

termine the absorption capacity for several calcareous soils and 

elucidate any relationship between pH and the quantity of N retained 
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by the soil at specific pH values. However, the auxiliary objectives 

will be discussed first since some of this information was necessary 

to initiate the work on the major objective. 



LITERATURE REVIEW 

Throughout this report NO and NO^ will be mentioned quite 

frequently. However, due to their similarities and conversion of NO 

to NO2, they will often be mentioned collectively. In order to be brief 

and concise the term NO will be used to refer to a mixture of these two 
x 

nitrogen oxides. 

Nitric Oxide 

Nitric oxide is a colorless gas emitted from most high tempera

ture burning processes where atmospheric N is oxidized along with the 

fuel being burned. Further oxidation of NO in the atmosphere is encour

aged by ultra-violet light and other pollutants, such as hydrocarbons 

(Hine, 1969). Mellor (1967) indicates that the reaction of NO with 0^ 

shows abnormal kinetics in that it is a third order reaction rate. This 

reaction rate falls with increasing temperature. Furthermore, for many 

bimolecular reactions occurring at reasonable rates only one collision 

in 10^ is effective in causing a reaction and termolecular collisions 

are so rare that unless the energy of activation is extremely small the 

reaction rate will be negligible. This oxidation of NO by 0^ is a 

termolecular reaction. Mellor concludes that for simple termolecular 

reactions a very small heat of activation is therefore to be expected 

and the relative frequencies of ternary and binary collision are 

approximately in the ratio of molecular diameter to mean free path. 

4 
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In a normal gas at S.T.P., he points out, this gives a ratio of 

1:1000 and allowing for an orientation effect this gives an activation 

energy in the region of a few Kcal/mole. 

Mellor (1967) quotes the rate constant for the reaction of NO 

with C>2 at 0°C as 2.09 (mole/1) ̂ minute \ The postulated reaction 

mechanism is 

2N0 = N202 (fast) 

02 + N202 = 2N02 

More recently, however, Treacy and Daniels (1955) have suggested 

the following mechanism: 

NO + 02 = N03 

N03 + NO = N03 • NO 

N03 • NO -I- N02 = 2N0 + 02 + N02 

no3 + no = n2o5 

N03 + NO = 2N02 

N03 • NO + NO = 2N02 + NO 

These authors found that the use of the NO dimer did not enable them to 

develop suitable equations to account for experimental behavior and 

remark that N trioxide has been spectroscopically identified. Thus, it 

appears that the classical viewpoint of the reaction as termolecular is 

an over-simplification. 
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Apart from deviations from termolecular behavior there are con

siderable discrepancies in the literature concerning the homogeneous 

nature of this reaction. For example, at low pressures adsorption and 

surface effects appear to affect the reaction rate and the results 

suggest that adsorbed NO introduces complications (Mellor, 1967). One 

interesting observation is that of Stoddart (1939) who found that dry 

NO and 0^ do not react if the mixing is done in the dry 0^ bulb. If 

the 0^ is mixed with the NO or water is present a reaction occurs. 

Upon heating the bulb containing NO and 0^ a reaction occurred even 

when mixed in the 0^ bulb. Mellor (1967) points out that since this 

was a visual observation, it becomes difficult to regard this reaction 

as homogeneous. Stoddart, however, considers that the (NO)^ dimer is 

formed on the walls of the vessel but reacts homogeneously. It is known 

that water increases the rate of this reaction but Stoddart's observa

tions have not been confirmed by other researchers (Mellor, 1967). 

It is reported that NO oxidation kinetics are best explained 

in terms of a reaction that is partly heterogeneous, whereas studies of 

the reaction done in flow systems appear to indicate that the surface 

effect is greater for mixtures low in 0^ (Mellor, 1967). The surface 

effects of carbon found in this case increased the reaction rate by as 

much as 500 times. 

The reaction between ozone (0^) and NO was at first thought to 

be an example of catalysis by ozone but subsequent studies have shown 

the reaction to be an elementary bimolecular process (Johnston and 

Crosby, 1954). This reaction of NO with 0^ is violent and explodes 
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even at liquid-air temperatures. In the atmosphere, presence of 0^ 

increases the oxidation of NO to N0^ or even R0^ in which case the NO 

concentration is reduced (Mellor, 1967). 

Nitrogen Dioxide 

Studying NO gas necessarily involves the study of NO^ since NO 

in the atmosphere is oxidized to NO^ in a matter of hours. Furthermore, 

K0£ quickly associates to form dinitrogen tetroxide (N^O^) and comes to 

equilibrium in a matter of minutes (Mellor, 1S67). The importance of 

this equilibrium can be grasped when one realizes that NO^ is highly 

colored while N„0. is colorless. A simple experiment was explained by 

Mellor (1967) to demonstrate the effect of temperature on this equi

librium. Plunging a tube containing NO^ into ice cold water turned the 

contents colorless and upon heating produced a red-brown colored gas. 

This red-brown haze is often seen in areas where high atmospheric 

concentrations of N02 are found. In general, where N02 is found some 

N 0, will also be present. For convenience in this dissertation the 
2 4 

symbol. NO^ will be taken as the sum of both species. 

Ozone and N02 react very rapidly to produce dinitrogen pentoxide 

(l^Oj.) (Mellor, 1967). The mechanism suggested was: 

N02 + °3 = N03 + °2 

NO3 + NO2 = N2O5 

The rate of this reaction was reported as 7 Kcal/mole. Thus it appears 

that the scrubbing action of 0^, itself a common pollutant, may be 
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beneficial in reducing NO gases. However, reaction with other 
X 

pollutants may not always reduce the NO^ pollutants as in the case 

of reaction with CO (Mellor, 1967). Here the reaction of CO with NO2 

produces CO^ and NO which starts the cycle over again. 

Nitrogen dioxide reacts with metal oxides to produce both 

nitrates and nitrites. Reaction with calcium or zinc oxide, however, 

produces nitrate exclusively when temperatures are kept below 140°C 

(Mellor, 1967). Nitrites are not formed as intermediates in this re

action. A marked catalysis by water was also noted in this research. 

At temperatures of 600°C no detectable nitrite was found to form when 

N0„ was reacted with Na co,(Addison and Lewis, 1953). 
£» 4 J 

Sorption of Gases by Solids 

The term sorption includes both absorption and adsorption. 

Since both may be active in soils the term sorption will be used except 

where delineated for clarity. Absorption will be used where an immedi

ate chemical change takes place and the gas is assimilated into the soil. 

Adsorption is a surface phenomenon and encompasses both physisorption 

and chemisorption. 

Physisorption of gas on solid surfaces involves forces similar 

to van der Waals1 forces between molecules (in Moore, 1962). Physical 

adsorption is reversible in the mode of desorption. Moore (1962), 

however, found that desorption of physisorbed gas was not extensive when 

the adsorbent contained many fine pores or capillaries. Such pores may 

be found to a great extent in clay soils. 
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Cheraisorption is a non-reversible process and may be regarded 

as the formation of a surface compound (Moore, 1962), Indeed, chemically 

adsorbed molecules are held by bonds comparable in strength with those 

of chemical compounds. Thus, this chemisorbed layer acts as an inter

mediate compound and catalyzes the reaction. This catalysis greatly 

increases the reaction rate. 

If a gas is strongly adsorbed on solids as is the surface 

may be almost covered even at lo*7 pressures (Moore, 1962). Furthermore, 

at low pressures the Langrauir adsorption isotherm is linear. This 

linear isotherm is especially applicable to cases of chemisorption. 

In view of the evidence above, it is likely that both chemi-

sorption and pliysisorption play an important part in sorption of N0^_ by 

soils. 

Nitrogen Oxide Pollutants 

Nitrogen oxides are harmful to plants, animals, and man. In the 

United States alone more than a billion dollars worth of damage to 

crops and ornamental plants has been reported each year (Hine, 1969). 

This damage results from concentrations of NO as small as 2.5 ppm 
X 

(Hine, 1969). Concentrations of NO this high are not common for most 
X 

parts of the United States, but occasionally Southern California has 

reported 3.5 ppm N0x in the air. Much of this plant damage results 

indirectly from NO destructive effect on chlorophyll A (Negrutskaya, 
X 

1970). Such chlorophyll destruction may explain why researchers noted 

a decrease in the level of photosynthesis by 0.6 ppm NO^ in air 

(Hill and Bennett, 1970). 



Lethal doses of NO^ have not been set for man but only 0.5 ppm 

was found to cause illness in test subjects after only one hour exposu 

time (Hine, 1969). For dogs, however, 5,000 ppm NO is a lethal dose 
X 

and death occurred in 24 minutes (Greenbaum, 1968). 

Sources of NO Pollutants 
x 

High temperature burning processes such as those found in 

industry, agriculture, and automobiles all yield N0_^ as by-products. 

When air is used to combust fuels some of the becomes oxidized by 

the high temperatures. When an excess of air over that required for 

complete combustion of the fuel is used the NO^ emissions increase. 

Maximum emissions were found when this excess was 5%. Also increased 

burning temperatures increased N0^ emissions (Bartok, Crawford and 

Slcopp, 1971). 

Burning of stubble fields, a common practice in some agricul

tural areas of this country, is another source of NO^ (Boubel, Darley 

and Schuck, 1969). Concentrations of 29 ppm NO were reported in the 
X 

air several feet above burning fields. 

Robinson and Robins (1970) estimated that natural sources of 

NO are 15 times as great as those produced by man. He fails to take 
X 

into account, however, that natural sources are diluted evenly through 

out the world whereas man produced NO^ is concentrated in relatively 

small areas. 

Present Methods of Removal 

Alkaline solution scrubbers seem to be the most prevalent 

purifying device suggested for removal of air pollutants from stack 



gases (Bartok, et al., 3.971; Ento, Shimizu, Murada and Mima, 1970; 

Krustev and Elenkov, 1970; Nash, 1970). Commonly used scrubbing 

solutions include sodium and magnesium hydroxide (Bartok, et al., 1971), 

sodium thiosulfate-sodium hydroxide mixture (Ento, et al., 1970), and 

sodium hydroxide with additives such as quaiacol (Nash, 1970). 

Efficiency of removal, an important factor in pollution control, 

has been the prime target of researchers. In studies aimed at increasing 

the removal efficiency of alkaline scrubbers the concentration of the 

alkali was increased. This, however, was found to decrease the effi

ciency of removal. Conversly, additives such as 0.004 M quaiacol, were 

found to increase the efficiency of removal in this case from 14% up to 

99% (Nash, 1970). Even with 99% removal, caustic solution scrubbers in 

general only reduced the emissions to 200 ppni NO. and for emissions 

below this level were impractical (First and Viles, 1971). 

Soils per se have not been used as scrubbers but several 

components of soil such as clay, peat, and iron oxides have been found 

to sorb NO (Ganz, Kuznetsov, Shlifer and Leikin, 1968; Ganz, Nesterenko 
X 

and Vilesov, 1964; Mortland, 1965; Otto and Shelef, 1970). Montmoril-

lonite chemically adsorbed NO when the exchange complex was saturated 

with transition metal ions (Mortland, 1965). When Co-saturated 

Montmorillonite was used NO penetrated the interlamellar regions of 

the clay. With all other transition metals the adsorption was strictly 

surface adsorbed. Russian workers (Ganz, et al., 1968; Ganz, et al., 

1964) found complete removal of SO2 and H^SO^ spray by alkaline peat 

sorbents. However, only 70% removal of NO was attained. Upon 
X 
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addition of N fertilizers the absorbancy increased to 90% and reduced 

the NO level to 400 ppm (Ganz, et al., 1968). In further experiments 

with initial concentrations of 3,000-20,000 ppm NO^, peat plus CaO 

removed 97-99% in 0.8 to 1.2 seconds contact time (Ganz, et al., 1964). 

Iron oxide adsorbed NO in irreversible isotherms which were found to 

closely follow those proposed by Freundlich for gas adsorption on 

solids (Otto and Shelef, 1970). 

Nitrogen Oxide Reactions in Soils 

Ripperton, Kornreich and Worth (1970) suggested that a major 

sink for NO^ is the reaction with 0^ and deposition as NO^ on the soil. 

He further speculated that NO^ conversion with 0^ to NO^ was rapid in 

soils whereas in the atmosphere it proceeded slowly. Other researchers 

have also found the removal of NO^ by soil (Abeles, et al., 1971). 

However, no reference has been made as to the total capacity of a soil 

to remove NO . 
x 

Nitrogen gas and NO are released from soils under certain 
X 

conditions. Generally, more N^ is released from soils than the oxide 

forms of N. When Bulla, Gilmour and Bollen (1970) added NaN0£ to 

various soils in quantities of 250 ug N/g dry soil, NO was released when 

the soil was kept in an 0^ free atmosphere. Soils in the pH range of 

4.8 to 7.0 were found to release NO in amounts from 33 to 71% of the 

nitrite-N applied. The alkaline soils (7.0 to 8.9) released less than 

10%, as NO, the balance being released as N^. Throughout this experiment 

the soils were sterile and the NO loss must be considered chemical 

rather than biological. Furthermore, conditions must prevail to allow 
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for a buildup of nitrite since it seems to be a necessary prerequisite 

to NO loss. For example, Nelson and Bremner (1970) showed that sig

nificant amounts of and NO^ were evolved from acid and neutral soils 

treated with nitrite. The amount of NO^ produced was inversely related 

to pH. In the alkaline soils the. RO^ was readsorbed by the moist soil 

and converted to NO^. 

Organic matter may play an important role in NO loss from the 

soil. Malcarov (I960) found that N0^ in the soil may be reduced to 

nitrite when the soil is amended with organic matter and irradiated 

with light. No loss was found in the dai'lc or when Cu, Fe, Mn, or A1 

ions were absent. To date not all of the conditions necessary for NO 

loss have been resolved. At any rate, NO loss from soils under natural 

conditions are in the range of tens of parts per billion and eventually 

cycle back to the soil (Robinson and Robins, 1970). Other investigators 

(Allison, 1963; Carter and Allison, 1960) support this conclusion and 

indicate that it is unlikely that NO represents significant losses from 

alkaline soils. 

Nitrogen Transformations in Soils 

Most of the N absorbed by plants is in the NH^ and NO^ forms. 

In general, these ions are supplied by either commercial fertilizers or 

are released from the organic matter present in the soil. The amount of 

release of these ions depends on the balance that exists between the 

factors affecting N mineralization, immobilization, gaseous or leaching 

N losses, and perhaps NH^ fixation. Collectively these processes are 

termed N transformations. 
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Mineralization and Immobilization 

Mineralization is the conversion of organic N to a mineral form 

of N (NH^> nitrite, NO^). Immobilization is the reverse process of 

mineralization. Some form of N is needed by heterotrophic soil organ

isms for organic matter decomposition (Tisdale and Kelson, 1966). If 

this organic matter contains little N in relation to the carbon (C) 

present, the microorganisms will use soil mineral N to aid in the de

composition process. This N is needed by the expanding microbial 

population stimulated by addition of the carbonaceous energy source. 

Stable soil organic matter contains approximately 10 parts of C for 

every one of N. Tisdale and Nelson (1966) state that as a general rule 

organic materials with a C:N ratio of greater than 30 are added to 

soils, there is immobilization of soil N during the initial processes 

of decomposition. 

Mineralization of organic N takes place in a three step sequence 

of reactions: aminization, ammonification, and nitrification (Tisdale 

and Nelson, 1966). Heterotrophic organisms are responsible for the 

first two reactions and autotrophic bacteria complete the mineralization 

to NOg. The term aminization refers to the hydrolytic decomposition of 

proteins by heterotrophic microorganisms with the subsequent release of 

amines and amino acids. The conversion of these amino products to NH^ 

is the process of ammonification. Part of this NH^ will be biologically 

oxidized by autotrophic organisms to NO^ (nitrification). This two part 

oxidation process is accomplished by Nitrosomonas bacteria which convert 

NH. to nitrite and Nitrobacter which oxidizes nitrite to N0o. 
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The heterogeneity of soil and environmental components that 

influence mineralization and immobilization makes the quantitative 

application of N flux in one soil to another impossible. For example, 

aeration, moisture content, temperature, soil texture, pH, quantity of 

organic matter, form and quantity of added fertilizer, and presence or 

absence of plants all are known to influence the N flux in soils 

(Broadbent, 1947, 1966; Broadbent and Tyler, 1962; Walunjkar, Bartholomew 

and Woltz, 1959). Furthermore, all factors may not be important in 

all soils at all times. For example, one researcher may report 

mineralization exceeding immobilization in one soil while another soil 

under similar conditions gives the opposite result (Broadbent, 1966; 

Broadbent and Tyler, 1962). Even though both experiments were conducted 

under similar environmental conditions, the inherent capacity of the 

individual soils for these transformations were apparently different. 

Immobilization is rapid and depends on addition of N deficient 

organic matter. At optimum conditions for immobilization, the maximum 

rate may be attained in 6 to 10 days (Broadbent and Tyler, 1962) . When 

186 kg/ha or NO^-N were applied to soils ammended with 1000 kg/ha 

of wheat straw complete immobilization was determined after only 18 

days (Stojanovic and Broadbent, 1956). The higher the percent of N 

deficient organic matter present the greater the percent of mineral N 

combined into the organic N fraction of the soil (Walunjkar, et al., 

1959). 

Immobilization of N0q formed in the soil from NO m?.y provide 

a means for holding N in the soil for subsequent removal by plants. 
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This may be accomplished by addition of large quantities of N deficient 

organic matter. 

Gaseous Losses of Nitrogen from Soil • 

Most gaseous N losses are attributable to denitrification 

although some studies have shown losses by volatilization to be sig

nificant (Carter and Allison, 1961). In general, denitrification was 

thought to be anaerobic (Cady and Bartholomew, 1960; Carter and Allison, 

1960; Jones, 1951) but some researchers (Michoustine, Hakim, Bazilevitch 

and Legg, 1965; Wijler and Delwiche, 1954) have reported aerobic 

denitrification. Nitrogen loss has been observed in both aqueous 

solutions and soils under aerobic conditions (Michoustine, et al., 

1965). Important to aerobic denitrification is the presence of a 

carbon source such as straw or sugar. Up to 12% N loss was found when 

dextrose was added to the soils with NO^ (Carter and Allison, 1960). 

It was suggested, however, that this was a different process from 

denitrification. 

Varying N losses have been reported for anaerobic denitrifica

tion. Seventy-one to 957» N losses have been reported in unaerated 

soils (Carter and Allison, 1960). Sampling of gas above a saturated 

soil revealed 83 to 95% of the added was lost as Ng within a 

month (Cady and Bartholomew, 1960). Anaerobic conditions produced by 

evacuation caused 80% of added N0^ to be lost as Ng within three days 

(Jones, 1951). Here again, denitrification was slightly increased by 

organic carbon added in the form of 0.5% sucrose solution. These large 



denltrification losses may be an important factor in preventing further 

pollution of the environment by NO^ formed in the soil subsequent to 

N0x sorption. 

Ammonium Fixation by Soils 

Ammonium fixation in soils may be of two types: fixation by soil 

clays where the NH^ is trapped by the expanded lattice of the clay 

particle or a non-biological type of fixation with organic matter. 

Several researchers have found high fixation of NH^ by soil 

minerals and organic combination (Broadbent, Burge and Nakashima, 1960; 

Mogilevkina, 1964; Nommik, 1957). Nommik (1957) found that the per

centage of NH^ fixed by minerals decreased with increasing rate of 

application and was further decreased by cation addition. Heterotrophic 

organisms were able to utilize this fixed NH^ when glucose was added to 

these soils. In other studies, 40 to 907« of fixed NH^ was found avail

able to plants and microbes within six weeks (Mogilevkina, 1964). 

The mechanism of NH, fixation is similar to that of K fixation 
4 

(Tisdale and Nelson, 1966). When the clay lattice is expanded by ions 

larger than NH^ replacement by this ion can occur with the interlayer 

cations. This NH^ then becomes trapped or fixed in the interlayer 

spaces of the clay. The fixed NH^ can be replaced by cations that 

expand the lattice such as Ca, Mg, Na, or H but not by K, Rb, or Cs 

which contract the lattice (Tisdale and Nelson, 1966). Expanding clays 

such as montmorillonite, illite, or vermiculite are more likely to fix 

large quantities of NH^ than the non-expanding kaolinite type of clays 

(Tisdale and Nelson, 1966). 
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Low concentrations of Nil, salts added to soils became fixed in 
4 

non-exchangeable organic combination (Broadbent, et al., I960). This 

non-exchangeable form was attributed to a reaction with organic matter 

and was rapid in alkaline soils but proceeded slowly in acid soils. 

This fixation of Nll^ was linearly related to the percentage of C in the 

organic matter. Oxygen had a positive influence on this fixation rate 

in organic matter. It was suggested that hydroxyl groups present in the 

organic matter may be the site of the reaction with the added Nll^ but 

the fixation mechanism was not completely outlined (Broadbent, et al., 

1960) . 



MATERIALS AND METHODS 

Six soils from the Willcox Playa (dry lake bed) area were 

selected for their range in carbonate content. The soils were mixed 

thoroughly and sieved to pass a 2mm screen. Subsamples were analyzed 

for carbonate content by the Schollenberger method (Allison and Moodie, 

1965). Acid-titratable basicity was determined by the acid-

neutralization method (Allison and Moodie, 1965). Particle size 

analysis was determined by the pipet method (Day, 1965) after carbonate 

was destroyed with H^SO^. The quantity of ̂ SO^ added was 1.3 times in 

excess of the acid-titratable basicity. 

Nitrogen Oxide Saturation 

Gas containing approximately 2 to 57» NO or N0£ by volume was 

passed through 50g samples of air dried soil for the absorption studies. 

The gases were metered by two water filled U-tubes. An air stream was 

connected to one of the tubes and NO to the other. The air stream was 
x 

adjusted so that a ratio of 50 bubbles/minute of air passed through the 

U-tube and into a mixing cylinder for every 2 to 3 bubbles/minute of 

NO^. From the mixing cylinder the air-gas mixture flowed through the 

soil columns at a flow of 8cc/minute. The concentrations of both NO and 

N0£ were only approximate and could vary during gassing of the soil 

columns. For this reason no specified time period was set for gassing. 

Successively larger quantities of N0x were passed through each sample. 

19 
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After each soil sample was gassed the pH and N content were determined. 

This procedure was continued until seven to ten samples of each soil 

were gassed and the pH was measured until the pH could not be further 

lowered. 

Following treatment, the soils were lyophilized to dryness and 

the pH was measured on a glass electrode pH meter in a mixture of lOg 

of soil and 25ml of water. Ammonium, nitrate, and nitrite were extracted 

from the soils with 1M KC1. After shaking for one hour the suspension 

was filtered and the NO^ content in the extract was determined by the 

steam distillation method (Bremner, 1965a). Although it was expected 

that N0„ would be formed in the soil from the NO gases, the soils were 
3 X 

tested periodically for ammonium or nitrite concentrations in excess of 

the soils initial content. 

Upon completion of the chemical analyses the values of pH and 

ppm N formed in the soil were subjected to correlation and regression 

analyses. The slope of the regression equations for each soil were 

subjected to a t statistical analysis to determine if the pattern of NO 

absorption was significantly different from that of Any significant 

deviation in the slope from one gas to another would indicate a differ

ence in the sorption of NO versus 

Nitrogen Transformations 

The Elfrida soil was selected for the N transformation study for 

15 
practical considerations in constructing the N study. Since it con

tained 1.97» carbonate, the quantity of N0x absorbed would not dilute the 

added ^N below detectable limits. Furthermore, the supply of ^N 
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enriched straw was limited thus restricting this phase of the experiment 

to one soil. Twelve duplicate treatments were applied to this soil as 

follows: 

aO 
bO 
cO 
dO 

al 
bl 
cl 
dl 

a2 
b2 
c2 
d2 

where; a = soil control 

b 

c 

d 

15 
= soil + N organic matter (0. M.) 

= soil + (15MI4)2S04 + 0. M. 

. „15,_ . „ „ 
soil + K lOj + 0. M. 

0 = control (not 
gassed) 

1 m NO gas 

2 = N02 gas 

Organic matter was used for each of the respective treatments 

in 4g quantities and consisted of 20 mesh-ground barley straw containing 

15 
0.487o N. Not all straw contained N but that which did contained 

14,662 atom percent excess ^N. Solutions of (^NH^gSO^ and K^NO^ 

were added to respective treatments in 20ml aliquots containing 19.57 mg 

N, an amount equivalent to that added in the form of barley straw. The 

15 
amount of N added from the chemicals was approximately the same atom 

percent excess as that from the barley straw and was determined 

accurately at time zero in the experiment. Deionized-distilled H^O was 

added to those treatments not receiving N solutions. The soils were 

gassed in a manner similar to those in the saturation experiment. In 

this case, however, gassing continued only until a pH of 6.8 to 6.9 was 

attained in each of the 50g samples. After gassing, each sample was 

ammended with its respective straw or chemical and incubated in an 



8.5cm petri dish at a constant 29°C temperature. Humidity in the 

incubator was kept at or near 100% throughout the experiment. Three 

gram subsamples were taken from the petri dishes at 0, 1, 4, 8, 16, 

24, and 36 days. Treatment bl was analyzed at 48 days since NO^ was 

present at 36 days. 

The subsamples taken from the incubator were lyophilized to 

dryness and extracted as before with 1M KC1. Sample preparation for 

mass spectrometric analysis was according to Bremner (1965b). Analysis 

15 
for N was on a Consolidated Electrodynamics Corporation Model 21-614 

residual gas analyzer. This model is capable of accurate analysis to 

15 
three decimal places, +0.001. Routine N analysis on the mass 

spectrometer was according to Bremner (1965b). 



RESULTS AND DISCUSSION 

Table 1 contains the results of some physical and chemical 

analyses performed on the Willcox playa area soils. Cogswell 1 is the 

non-alkaline phase of the Cogswell soil series and Cogswell 2 is the 

alkaline phase. These soils give a good range in carbonate content 

for this experiment. 

Table 1. Some Chemical and Physical Properties of Six Soil Series 
from the Willcox Playa Area of Arizona 

Soil Series PH 
Carbonate 
(% CaC03) 

Acid Titratable 
Carbonate (%) 

Sand 
(%) 

Silt & Clay 
(%) 

Sonoita 7.5 0 0.07 74 26 

Elfrida 8.4 1.94 3.60 24 76 

Cogswell 1 8.5 4.17 6.50 20 80 

Stewart 10.4 8.47 11.60 21 79 

Cogswell 2 9.3 12.55 15.00 15 85 

Karro 8.7 13.62 16.05 43 57 

Sorption Capacity 

Sorption capacity is defined for the purpose of this discussion 

as that point where the N content of the soil remains stable under con

tinuous flow of NO . The Playa soils sorbed NO in quantities exceeding 
X X 

their acid titratable basicities (Table 2). 

23 



Table 2. Nitrogen Oxide Sorption Capacities of Six Soil Series from the Willcox Playa Area 

Soil Series 
Original 

pH 

Acid 
Titratable 
Basicity 
(eq/kg soil) 

Gas 
pH at 

Saturation 

NO 
X 

Sorption 
Capacity 
(eq/kg soil) 

NO _ Sorption 
(tons/acre ft) 

Sonoita 7.5 0.14 
NO 

NO2 

2.6 

2.2 

0.06 

0.06 

3 

5 

Elfrida 8.4 0.74 
NO 

N02 

1.6 

1.6 

0.82 

0.83 

49 

76 

Cogswell 1 8.5 1.14 
NO 

NO2 

1.3 

1.4 

1.56 

1.67 

94 

153 

Stewart 10.4 2.30 
NO 

N02 

2.0 

2.1 

2.84 

2.82 

171 

233 

Cogswell 2 9.3 2.70 
NO 

NO2 

2.0 

2.3 

3.76 

3.66 

226 

337 

Karro 8.7 2.80 
NO 

NO2 

2.7 

2.8 

3.07 

2.85 

184 

262 
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This quantity in excess of the acid titratable basicity may be 

explained by chemical and physical adsorption on soil clay particles. 

The excess found in finer textured soils was greater than for coarser 

soils. The percent excesses found in Cogswell 1 and 2 which have 

similar texture were nearly identical. Moisture increased the sorption 

capacity of soils by as much as 25%. Therefore, each soil was gassed 

at air dried soil moisture content. Immediately after gassing with 

either NO or NO^ the soil was found to effervesce upon addition of water 

evidently increasing the rate of reaction of the chemisorbed and physi-

sorbed gas with soil carbonates. Other researchers (Mortland, 1965; 

Otto and Shelef, 1970; Terraglio and Manganelli, 1966) have found the 

adsorption phenomenon to be important in soil-like material. 

Essentially no differences were found between NO or N0£ sorption 

by soils. Both oxides were oxidized to NO^ in soil with no detectable 

nitrite. Reaction times as long as 450 hours were required to reach 

saturation at an 8 cc/minute flow rate. According to calculations more 

than 300 tons of NO^ may be absorbed in this manner per acre foot of 

calcareous soil. 

Correlation and Regression 

Table 3 contains the data analyzed by correlation and regression 

analyses. It can be seen that as the pH declines an increase in N con

tent is obseirved. The ppm N are given in 4 figure accuracy which is 

probably the limit of the method used. It must be remembered, however, 

that the inherent variability in soils and sampling sometimes make this 

accuracy unnecessary in a practical sense. 



Table 3. Absorption of NO and N0„ by Soils: pH Versus ppm N Formed 
in the Soil 

pH ppm N pH ppm N pH ppm N pH ppm N 

NO NO2 NO NO2 

Sonoita Elfrida 

6.80 20 6.80 190 7.10 510 7.50 220 
6.30 70 6.30 230 7.00 870 7.05 910 
5.70 100 5.70 300 6.85 1000 6.90 1770 
5.40 150 5.40 330 6.65 2600 6.30 3310 
3.55 250 3.30 400 6.45 2210 6.00 4590 
3.50 400 2.65 580 5.40 4970 3.60 6650 
3.00 540 2.60 660 3.70 6750 2.10 11210 
2.90 630 2.25 1270 3.45 7470 1.60 11440 
2.70 630 2.55 8690 
2.60 780 2.10 10580 

1.90 11260 
1.60 11980 

Cogswell 1 Stewart 

7.35 770 7.60 160 8.20 1600 9.45 470 
7.30 1100 7.50 1320 6.85 5630 8.60 1090 
7.10 1520 6.90 3360 5.55 23630 7.60 3610 
7.00 2220 6.10 11050 5.35 23710 7.20 5010 
6.90 2820 5.85 9700 4.70 25670 6.60 11590 
6.50 3940 2.90 18620 4.45 26380 6.15 17110 
6.00 4220 2.80 17940 4.20 25980 5.75 20200 
5.05 12510 2.20 19310 2.00 36010 5.45 24510 
3.30 14850 1.40 21540 4,00 26950 
3.05 16100 2.10 39210 
2.50 17470 
1.30 21090 

Cogswell 2 Karro 

7.85 770 7.75 450 7.40 340 7.70 710 
7.65 2360 7.50 1700 7.35 650 7.10 5080 
7.00 9170 7.20 4690 7.30 1250 6.95 5870 
6.30 18040 6.80 11570 6.60 5410 6.70 9470 
6.10 17700 6.60 15090 6.40 7950 6.15 14010 
6.00 22380 6.40 17140 5.60 21890 5.90 20610 
5.80 20850 6.20 17630 5.45 20400 5.70 24800 
5.30 24360 5.95 18830 5.30 18580 5.60 24440 
5.10 34250 5.10 26590 4.70 27610 4.65 28370 
2.05 47790 4.70 29940 3.65 30480 2.85 33280 

2.30 49190 2.70 40630 
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A very high correlation was found between pH and N content 

formed in the soil by NO^. sorption (Table 4), All the soils were 

significant at the 0.005 confidence level except for one and it was 

significant at the 0,05 confidence level. 

In the t test for the slopes of the regression equations a test 

for equal variance revealed no significant difference in the variance 

of the two gas regression equations. Since the variance of these 

equations for NO or N0£ were equal, then a pooled estimate for the 

variance was used in the t test according to Brownlee (1960), From this 

test no significant differences were found between the slope of the re

gression equation for NO or N0£ indicating that NO and NO^ are absorbed 

in similar quantities by the soils and influence the pH in a similar 

manner. .Thus, it appears that for soils sorbing NO^ the pH gives a 

fairly accurate estimate of N sorbed at any one moisture content. 

Furthermore, a straight line equation represents the best fit of pH 

versus N content. 

Nitrogen. Transformations 

Values for NH^, NO^, and organic N (ON) are presented in Table 5 

as mg N found for each treatment at each corresponding experimental 

15 
time. Table 6 shows the respective N data for the samples in Table 5. 

Each experimental value presented is an average of two determinations 

15 
oh each of two replicates. Data for N content are not included for 

15 
the aO, al, or a2 treatments in Table 6 since N was not added to 

these treatments. 



28 

Table 4. Regression of pH(x) on ppm N(y) for Six Willcox Playa Area 
Soils and Two Nitrogen Oxide Treatments 

Soil 2 
Series 

Gas Equation r d.f. F 

NO y = 1,157 ~ 15 lx 0.635 1 - 6  10.4* 
Sonoita 

NO2 y . 999 - 153x 0.845 1 - 8  43,5** 

NO y = 14,619 - 1,867x .956 1 - 5  109.8** 
Elfrida 

NO2 y 
= 
14,530 - 1,934x .983 1 - 1 1  651.9** 

NO y 28,154 - 3,435x .942 1 - 6  97.4** 
Cogswell 1 

NO2 y — 26,343 - 3,433x .975 1 - 1 0  386.8** 

NO y ~ 51,770 - 5,845x .902 1 - 7 64.1** 
Stewart 

NO2 y = 51,650 - 5,922x .904 1 - 6  56.5** 

NO y = 71,889 - 8,992x .981 1 - 9  455.0** 
Cogswell 2 

NO2 y — 69,398 ~ 8,391x .939 1 - 8  123.8** 

NO y = 60,667 ~ 7,420x .859 1 - 8  48.9** 
Karro 

NO2 y = 67,389 - 9,026x .948 1 - 8  146.8** 

* Significant at the 0.05 level. 
** Significant at the 0.005 level. 



Table 5. The Effect of Organic and Inorganic Treatments on the Nitrogen Content of Soil at 
Different Times of Incubation 

Time in Days 
Treatment" 

JN 
Form 

0 1 4 8 16 24 36 
JN 
Form 

N, mg/50 g Soil 

aO 
NH. 
4 

NO 
ON 

0 
1.4 
41.3 

0 
1.6 
45.3 

0.4 
1.5 
39.2 

0.5 
1.5 
43.0 

0.4 
1.3 

40.9 

0.3 
1.5 
42.1 

0 
1.9 
42.1 

al 
NH 

ON 

0 
70.5 
44.9 

0 
94.5 
43.9 

.6 
91.3 
39.2 

0 . s 
89.4 
43.0 

1.2 
90.5 
41.7 

.8 
92.3 
42.6 

.4 
92.0 
41.9 

a2 
NH. 
NO^ 
ON 

0 
41.2 
40.5 

0 
69.0 
42.9 

,8 
72.2 
39.6 

.7 
65. S 
42.5 

1.2 
65.1 
41. 9 

1.0 
68.7 
41.6 

.4 
70.3 
43.1 

bO 
NH, 4 

ON 

.7 

.5 
59.3 

0 
0 

59.1 

1.2 
0 

57.5 

.8 
0 

58.6 

.7 
0 

57.9 

.2 
0 

59.1 

0 
0 

58.2 

bl 
NH. 
4 

NO^ 
ON 

0 
72.0 
58.2 

0 
90.6 
57.7 

1.3 
102.8 
68.5 

2.0 
77.2 
69.1 

.7 
60.3 
73.5 

.8 
43.3 
76.2 

.4 
32.0 
84.6 

b2 
NH, 
NO3 
ON 

0 
50.7 
60.3 

1.4 
66.7 
61.2 

1.7 
63.3 
64.4 

.9 
31.7 
69.5 

.6 
24.0 
71.4 

# 9 
10.2 
84.2 

0 
0 

85.1 



Table 5—Continued 

mL 21.1 15.1 11.6 3.1 .9 .4 .2 
cO 2.9 0 0 0 0 0 0 

ON 51.3 55.1 61.2 70.1 76.0 78.0 78.5 

NH 20.6 18.0 11.0 10.3 1.0 .2 0 
cl NO* 51.3 77.9 42.4 2.9 0 0 0 

ON 50.5 55.1 63.6 68.5 SO.9 82.0 85.1 

NH, 20.7 18.7 11.0 10.2 .8 .1 0 
c2 NO* 60.2 72.7 57.9 11.4 0 0 0 

ON 50.8 53.9 61.6 67.2 75.4 77.3 81.6 

NH 0 .4 . 6 .5 .2 .1 0 
dO NO 22.5 12.9 0 0 0 0 0 

ON 52.9 55.4 55.9 56.2 56.4 56.4 57.0 

NH 0 . 6 1.6 .4 .3 ,4 ' 0 
el NO: 69.0 105.0 58.7 13.9 0 0 0 

ON3 54.2 54.9 57.4 59.7 62.5 63.1 63.3 

NH, 0 .9 1.5 .5 .5 .6 0 
d2 NO^I 92.1 111.2 86.4 22.1 0 0 0 

ON 52.4 53.2 55.3 57.2 59.4 60.5 60.7 

* a = soil control 0 = control (not gassed) 

b = soil + 15N O.M. 1 = NO gas 

c = soil + (13NH4)2S04 + O.M. 2 = N02 gas 

d = soil + (K15N03) + O.M. 



Table 6. The Effect of Organic and Inorganic Treatments on the Content of Soil at 
Different Times of Incubation 

Time in Days 

Treatment* 
IN 

Form 
0 1 4 8 16 24 36 

IN 

Form 
Atom 7, o Excess 15N 

bO 
NH 
NO3 
ON 

—iefc 

4.117 4.127 4.266 4.166 4.214 4.130 4.196 

bl 
NH 
NO!: 
ON 

0 

4.119 
.003 
4.154 

.005 
3.499 

4.997 
.011 

3.469 
.009 
3.261 

2.873 
.009 
3.146 

.009 
2.833 

b2 
NH, 
NO^ 
ON 

0 
4.289 

0 
4.225 

4.199 
.009 
4.015 

.014 
3.721 

3.286 
.012 
3.622 

1.877 
.034 
3.071 3.039 

cO 
NH. 
NOO 
ON 

13.079 

0 

11.139 

.721 

8.153 

1.646 

7.024 

2.670 2.918 3.033 3.097 

cl 
NH, 
NO!T 
ON 

13.513 
0 

0 

12.245 
.650 
.254 

8.754 

1.721 

8.495 
.757 
2.258 2.877 2.973 3.017 

c2 
NH4 
NO 
ON 

13.492 
0 
0 

12.073 
.005 
.345 

8.853 
0 
1.588 

8.506 
.161 
2.182 2.846 2.967 2.978 



Table 6—Continued 

NH, _______ 
dO NO' 12.587 11.079 -----

ON 0 .222 .307 .371 .335 .466 .460 

NH, - - .510 -
dl NO]! 4.087 2.478 2.226 2.403 -

ON 0 .009 .118 .217 .316 .375 .350 

NH, _______ 
d2 NO, 3.075 2.366 1.877 2.168 -

ON 0 .016 .108 .209 .333 .374 .342 

_ 

* b = soil + N O.M. 0 = control (not gassed) 

c = soil + (15NH.) SO, + O.M. 1 = NO gas 
15 

d - soil + K NO + O.M. • 2 = N02 gas 

** _ = insufficient N in sample to analyze for 
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The isotope dilution with time of the organic N in treatments 

bl and b2 indicates that some N from the gas is being immobilized and 

the found in the NH. and N0„ fractions indicate some mineralization 
4 -> 

has taken place. 

Ammonium salts added to the soil in the presence of organic 

matter were immobilized rapidly during the first 8 days. The added NH^ 

essentially disappeared by 16 days and V7as present in organic form as 

15 
evidenced by the N enrichment of organic N (treatments cO, cl, c2) . 

Treatments dO, dl, and d2 show slight enrichment of the organic 

15 
N fraction with N but not as much as that of the NH^ treatments 

indicating some immobilization and some loss of NO^. Total N from NO^ 

decreased rapidly and disappeared during 16 days of incubation. 

Incubating of the gassed soil samples was found to increase the 

N0„ content formed in the soil (Table 5). In all cases where NO gases 
o X 

were passed through the soils an increase in NO^ was recorded after one 

day incubation. However, where KNO^ was added alone no increase in NO^ 

was found over time zero. The increase in NO^ after one day may be ex

plained by the chemical and physical adsorption of NO on the soil 

before reaction with soil carbonates. Furthermore, chemisorbed and 

physisorbed N0x is very tenaciously bound since it cannot be removed 

with 1M KCl. In the gaseous state N0x is rapidly absorbed by KC1 

solutions. Bubbling of an unknown concentration of NO^ through 1M KCl 

for 10 seconds resulted in an increase of 4 mg N in the resulting 50 ml 

solution. Therefore, any loosely bound N0x should have been extracted 

by the KCl extractant. However, the NO was not extracted until it was 
} ' x 



converted to NO^ one day later. Chemical and physical adsorption of 

N0x on montmorillonite has been found to be very tenacious (Johnston 

and Crosby, 1954). Since montmorillonite is a 2:1 type clay similar 

results may be expected for those soils in which 2:1 type clays 

predominate. Due to this increase in the amount of N after one day 

the N content at this time was considered 1007., of applied for use in 

calculations. 

Table 7 shows the results of mineralization and immobilization 

15 
calculated from N data and presented in percent in all cases where 

15 
N was added. Treatments aO, al, and a2 are based on normal N data. 

15 
The mg N added to the system at time zero was calculated by multi

plying the mg N by the atom percent excess determined. This 

quantity was used as a 100% basis for calculating percent mineralized 

or immobilized, NH^ fixation, and NO^ loss. The special case of treat

ments cl and c2 where immobilization of both NH^ and NO^ from the gas 

may be taking place simultaneously different calculations were 

necessary to determine the mg N immobilized from NO^. The calculations 

were as follows: 

15 15 
mg O.N. x atom % excess 0. N. - mg N as O.N. 

then 

15 15 15 
mg N as O.N. - mg N as O.N. . . = mg N from NH, . 

(.t-l; 

where t is the time period for which ^N is being calculated and t-1 

is the previous time period in the experiment. 



Table 7. Nitrogen Transformations: Percent Remaining, Mineralized, Immobilized, Lost, 
or Unaccounted for Throughout Incubation Period 

Treatment'' 
N 

Transformation 
Time in Days 

Treatment'' 
Form 

Transformation 
0 1 4 8 16 24 36 48 

aO** ON remaining 100 109 95 104 QQ 102 100 -

al** 
NO, 
ON 

7= remaining 
7> remaining 100 

100 
98 

97 
87 

92 
96 

93 
93 

92 
95 

94 
93 -

a2"w- NO, 
ON3 

% remaining 
7o remaining 100 

100 
106 

105 
98 

95 
105 

94 
103 

98 
103 

102 
106 

-

bO ON 7o remaining 100 100 97 99 98 100 98 -

NO- 7, immobilized 0 0 0 11 15 18 26 33 
bl 7o remaining 100 100 100 75 59 44 31 0 

7o lost (denitrified) 0 0 0 14 26 38 43 67 

NO- 7» immobilized 0 1 6 14 17 38 37 _ 

b2 
J 

7» remaining 100 100 95 48 36 15 0 -

% lost (denitrified) 0 0 0 38 47 49 •63 -

ML 7, immobilized 0 14 37 68 80 86 88 _ 

cO 
** 

7o remaining 100 61 34 8 0 0 1 0 -
cO 

7o unaccounted for (fixed) 0 25 29 24 20 14 'i 12 -

ON 7o mineralized NH, 
4 

0 5 11 11 
i: 
! " 

I 

LO 
Ln 



Table 7—Continued 

NH 7o immobilized 0 5 39 56 84 88 92 
H-

% remaining 100 80 35 31 - - -

7o unaccounted for (fixed) 0 15 26 13 16 12 8 -
C 1 

N0o % immobilized 0 5 6 5 9 10 14 
J 

% lost (denitrified) 0 0 39 - - - 86 . -
ON 7o mineralized NH, 

4 
0 3 10 11 - - -

NH, 7o immobilized 0 7 35 53 77 82 87 
*+ 

7o remaining 100 81 35 31 0 - -

7o unaccounted for (fixed) 0 12 30 16 23 18 13 
cz 

N0„ 7> immobilized 0 2 4 4 5 6 12 
J 

7o lost (denitrified) - - - - - - 88 
ON % mineralized NH, 

4 
0 4 9 10 - - -

AC\ N0„ 7o immobilized 0 4 6 7 7 9 9 
uU J 

7o lost (denitrified) 0 45 - - - - 91 

A1 NO, % immobilized 0 0 2 5 7 8 8 
01 J 

% lost (denitrified) 0 8 51 84 93 92 92 

JO N0„ 7» immobilized 0 0 2 4 7 8 8 
QZ j 

lost (denitrified) 0 "7 
/ 41 79 93 92 92 

* a = soil control 0 = control (not gassed) 

b = soil + O.M. 1 = NO gas 

c = soil + (15NH,) SO, O.M. 2 = NO- gas 
15 

d => soil + K N03 O.M. 

** These treatments calculated on normal N data. 
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Now, mg ^N from NH, -
' = mg NH^ immobilized 

atom 7o excess N in NH t̂_^ 

Thus, mg O.N.^ - mg O.N. (t=0) " raS ^4 Immobilized = mg N03 

immobilized. It is necessary to go through this lengthy calculation 

15 
since isotope dilution is constantly changing the N content of the 

NH^. This mineralized NH^ is also available to organisms for immobili

zation and is taken into account by these calculations. 

From Table 7 it can be seen that soils which were not ammended 

with organic matter were relatively inactive as far as N transformations 

were concerned. The NO gases when sorbed and converted to N0o remained 
x 3 

as NOg where carbonaceous materials were not available. This would be 

conducive to leaching and perhaps ground water contamination. 

Addition of organic matter alone (treatment bO) had no 

noticeable influence on N transformations since N was lacking during 

the time period of the experiment. In treatments bl and b2 some 

immobilization of the NO^ formed from the N0x gases was found by isotope 

dilution. However, the amount immobilized and the amount remaining in 

the soil did not account for 1007= of that applied. For our purposes 

this percentage not accounted for is termed denitrification. More than 

60% of the N0„ from NO was denitrified and more than one-third was 
3 x 

immobilized. 

15 
When ( NH^^SO^ was added with organic matter (treatments 

cO, cl, c2) about 907o was recovered in the organic N fraction. The 

percent of NH^ unaccounted for was not constant throughout the time 

period of this experiment but decreased with time after a maximum at 



four days incubation. This may be interpreted as NH^ fixation with 

subsequent release to microorganisms. Such fixed NH^ may not be com

pletely extracted with KC1 (Broadbent and Thenabadu, 1967). Other 

15 
researchers have found as much as 27 to 32% of added NH. to be fixed 

4 

or adsorbed on soil colloids (Hiltbold, Bartholomew and Werkman, 1951), 

Furthermore, the highest fixation of NH^ was on calcareous clay soils 

leached of K (Nommik, 1957). Within six weeks 40 to 90% of this fixed 

NH^ was made available to plants and microorganisms (Mogilevkina, 1964). 

15 
Some of the ( NH^^SO^ may have been lost through volatilization or 

nitrified with subsequent denitrification. Apparently some has 

15 
nitrified since a slight amount of N was present in the NO^ fraction 

of soil N. Subsequent denitrification eliminated this from the 

system. 

A larger percentage of the N0„ formed from the NO gas was 
v X 

immobilized than when NH^ or NO^ fertilizers were added to the system 

(treatment b versus treatments c and d). Yet it is apparent from the 

data (treatment d) that the fate of the labelled NO^ was essentially 

the same as the NO^ formed from gassing. The addition of either NH^ 

or NOg reduced the immobilization of N from about 35% (treatment b) 

to approximately 10% (treatments c and d). This reduced immobilization 

may result from increased microbial activity induced by the mineral N 

salts. Where supplemental N salts were not added the microenvironmental 

conditions induced by gassing allowed for greater immobilization of 

the NO^. These environmental conditions created by the gas may be 

unsatisfactory for denitrifying organisms or may retard their 



multiplication. It has previously been shown that all the NO^ gas is 

not immediately converted to NO^. Therefore, as the gas becomes 

converted to NO^ the environment becomes more suitable for growth of 

denitrifying organisms. The heterotrophs responsible for immobilization, 

however, have had a longer period of time to incorporate the NO^ into 

needed proteins, resulting in greater immobilization. Addition of 

soluble N salts, however, supplies autotrophs with an energy source and 

enhances denitrification. Even though both heterotrophic and auto

trophic organisms may cause denitrification the environmental conditions 

may have been more favorable for the autotrophs. 

The buildup in population of organisms caused by the added 

soluble N may denitrify a larger amount of NO^ under unfavorable 

microenvironmental conditions than the smaller population where 

soluble N was not added. It is this difference in time that is thought 

to be responsible for greater immobilization of the NO^ formed from the 

gas. This difference in the rate of NO^ transformation is evident in 

treatments c and d where nearly all the NO^ has disappeared after only 

8 days whereas some NO^ still remained after 36 days where soluble N 

was not added (treatment b). Thus, the microenvironmental conditions 

created by the gas reduces the rate of denltrification and thereby 

allows for increased immobilization of the N0„ formed from the NO gas. 
3 x 

In general, denltrification is an important process whenever 

organic matter is present. Under the conditions of this study, the 

denltrification process must have been aerobic since the soil was not 

saturated with water and air exchange could take place freely. 



In reality, intermediate conditions between a fully aerobic and total 

anaerobic conditions most likely prevailed, Therrnodynamically this 

would be most conducive to forming or N^O rather than mineralization 

or immobilization N products (Bohn, Fenn and Moore, 1969), 

Important agricultural significance may be attached to such a 

large loss of N due to denitrification in this soil, Elfrida, a Pachic 

Calciustoll, is an important crop soil of the Willcox Playa area. 

These results would indicate little benefit to the succeeding crop from 

application of KNO^ fertilizer after plowing under stubble. Applications 

of NH.NO would be only slightly better due to the NH,, Anhydrous NH 
.5 T J 

would be the best for retention qualities. Denitrification may be the 

reason for such a wide variety of crop responses to KO^ applications on 

different soils. Soils higher in crop residues would denitrify and 

result in poorer response and recovery of applied N. 

Results of this study indicate soil microorganisms utilize NH^ 

more effectively than NO^ as a N source when large quantities of low N 

organic matter are applied to this soil. When supplied with both N 

forms microorganisms utilize the NH^ but denitrify the NO^. When 

fertilizer N was involved less than 10% of the available NO^ was 

utilized by microorganisms. Nitrate formed from the NO gases was 

utilized to a greater extent by microorganisms, perhaps due to environ

mental conditions caused by the gas whereby the denitrification rate 

was slowed which allowed more time for the. microbes to incorporate it 

into needed proteins. 



General Discussion 

Soils appear to offer potential as scrubbers for removal of 

large amounts of NO from industrial waste gases. Since N0„ and NO 
X ^ 

react in a similar manner in soil no variation in removal method is 

necessary. Furthermore, other pollutants may also be removed. 

Areas of calcareous soil being used for NO _ removal from 
X 

industrial sources such as power plants may have the added use of 

solid waste disposal areas. Finely divided carbonaceous material from 

trash or sewage treatment plants would serve as carbon energy sources 

for denitrifying organisms. Nitrate from sewage water with its soluble 

organic constituents would increase denitrification and itself be 

denitrified. Furthermore, immobilized N and mora rapid breakdown of 

carbonaceous materials would increase the organic matter content of 

these soils thus improving the soil structure and water holding 

capacity. With a lower pH micronutrient deficiencies prevalent on 

calcareous soils would be reduced. A net improvement of this soil may 

result rather than becoming a wasteland. Further N removal would be 

possible by cropping. Return of stubble from the crop would continue 

the cycle of organic matter addition. Through this system nearly 

complete removal of NO^ may be possible without a serious danger of 

NO^ pollution of groundwater. 



CONCLUSIONS 

Soil removed NO and NO^ from polluted air by physical and 

chemical means. Chemisorption and physisorption appeared to be an 

important first step in removal with subsequent chemical conversion 

to NOg. A linear regression equation best expressed the relationship 

between the quantity of NO^-N formed in the soil and the pH. The 

sorption of the NO^ gases may be monitored by simple pH reading if 

previous saturation equations are constructed. The chemical behavior 

of NO and NO^ in the soil was identical. Moisture increased the 

saturation capacity of soil and may be an important variable for 

practical use of soil as scrubbers of industrial gases. 

Aerobic denitrlfication in the presence of 8% organic matter was 

important for N0„ removal from soils previously used for NO sorption. 
j X 

Up to 60% of the N0„ formed from NO in the soil was lost through 
j X 

denitrlfication. Fertilizer addition increased this to 90°L. Both NH^ 

and N0„ fertilizers influenced denitrlfication of NO in a similar 
•5 X 

manner. Nitrate formed from NO was immobilized to a greater extent 
x 

than normal fertilizer NO^ due to microenvironmental conditions un

favorable to the denitrifying organisms. These unfavorable conditions 

were caused by the N0x gases. Denitrlfication of this sort may be an 

important factor in arid soils under cultivation. 

42 
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Nitrogen from (NH^^SO^ was immobilized by microorganisms more 

completely than KNO^. Ninety percent of applied NH^ was immobilized 

compared to 10% for NO^. Ammonium fixation with subsequent availability 

to microorganisms may be important to NH^ immobilization. Nitrogen 

oxides had no influence on NH^ immobilization under the imposed 

experimental conditions. 
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