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INTRODUCTION

Curiosity is the cause of investigations, and the thirst for
knowledge originates from it. Many times at the end of investigations,
the mumber of questions raised are greater than those for which answers
are sought. Therefore, all the information gathered through scientific
investigations may not be of value for immediate application in prac-
tical life. Nevertheless, no research can be considered less important
than the other because the integration of several scientific findings
considered less important at the time of investigation may reveal
something of very high significance, Similarly, the study of various
transformation reactions that the added fertilizers undergo may not be
of value to the one whose main objective is to increase production,
though it is of great value for the efficient use of fertilizers.
Information on the reactions of each intermediate compound produced
during the transformations of ammonical fertilizers may be useful in
reducing or preventing the loss of N that could arise through some of
the reactions. Such knowledge will be useful for the economical use
of fertilizers.

Nitrite is an intermediate compound produced in nitrification,
denitrification, and nitrate reduction processes. Chemistry of nitrite
in alkaline solutions is well understood, while its fate in acid soils
and solutions has eluded the attention of most workers. This is prob-
ably due to the fact that under acid conditions nitrite does not appear

in large quantities contrary to its behavior in the alkaline region.



However, the existence of nitrite in smaller concentrations under acid
conditiaons suggests the possibility that it may be rapidly transformed
to other forms of N and may lead to the loss of added N. The rates of
such reactions and losses may be higher in acid than in alkaline soils.

In acid solutions nitrite also exists as un-ionized nitrous acid;
the concentration of the latter form increases at higher acidities. In
the following pages these two terms, nitrite and nitrous acid, will be
used interchangeably. In acid soils, nitrous acid undergoes several
changes such as its fixation by various soil components, chemical con-
version to other N compounds, and loss of N either as Np or in the form
of oxides of nitrogen. Most of these reactions may probably result in
reduced nitrogen availability to the crops.

In this investigation some of the factors influencing nitrite
transformations, such as non-biological nitrification and loss of N in
different forms, were studied. Validity of some of the proposed
nitrite decomposition pathways were verified, and conditions favoring

individual reactions were studied in various soil and resin systems.



REVIEW OF LITERATURE

Waksman (1952) has presented the history of the foundation of soil
microbiclogy, and the materials in this paragraph are taken directly
from his book. According to Waksman (1952), in a study of the putri-
fication of sewage water, Pasteur made the passing suggestion in 1862
that nitrification was due to bacterial action. In 1877 Shloesing and
Munz demonstrated the biological nature of the nitrification process,
and within a couple of years in 1879, Winogradsky was successful in
iselatimg the nitrifying bacteria.

An earlier concept that nitrification is purely a chemical process
was not completely disproved. by the postulation of Pasteur followed by
the demonstration of the biological nature of the nitrification process
by Schloesing and Munz. Intensive research carried out on the biologi-
cal nitrification has revealed, to some extent, the importance of the
non-biological nature of the process. Thus, the research has advanced
to a point where scientists are attempting to explain nitrification,
proven to be a bacterial process a century ago, in terms of still un-
known chemical reactions. In the following few pages, while presenting
the facts known about the chemical nitrification i‘mcess,, it will also
be shown that such transformations are accompanied by the loss of
nitrogen.

Most of the work cited here deals with aerobic nitrite transforma-
tion reaction. Except when specified, therefore; all the reactions
mentioned refer to the reactions that occur under aerobic conditions.

Generally elemental nitrogen cannot be directly reabsorbed by the system,



although non-symbiotic nitrogen fixing bacteria exist in the soil.
Thus mest of the N, produced during various N transformation reactions
will be released to the atmosphere. With this point in view; the term
loss of Ny is used to denote the evolution of nitrogen through non-

biological nitrite decomposition,

Nitrification

Evidences of chemical nitrification

Following the isolation of nitrifying bacteria by Winogradsky,
Munro (1886) investigated the mutritional requirements of these
bacteria. To his surprise, ammonium chloride added to river water
passed through two Swedish filters was nitrified; although the rate
was slower than that observed in unfiltered samples. Swedish filters
are said to remove bacteria from the solution. Ashby (1907) found
ferric hydrate to promote nitrification by bacteria. Ferric hydrate
was supplied in quantity much greater than that required for the bac-
teria. Thus; it was probably hastening chemical reactions.

When the study of nitrification was shifted from bacterial cul-
tures to soil systems, discrepancies were noted with regard to the
biological nitrification. Nitrification was observed in some soils
that were considered too much acidic to promote the growth and action
of bacteria. Hall (1907) and Stephenson (1920) suggested that nitri-
fication does not occur in acid soils and the nitrification observed
to a small extent in such soils is due to the presence or the formation
of small pockets in the soil which are basic in reaction. Dhar and
Bhattacharya (1933) have presented evidences of photochemical conver-

sion of ammonical nitrogen to nitrite nitrogen. Sun's rays and



ultraviolet rays are said to affect such changes in the presence of
photosensitizers such as various metals present in the soil. Thus, the
first part of nitrification is shown to be non-biological at least in
the regions where the sunlight is abundant during most parts of the
year.

Temple (191k) was the pioneer in finding out the chemical nature
of nitrification in soils. When nitrification of ammeonium sulfate was
studied in soil sterilized and innoculated with nitrite building
bacteria, a part of the nitrogen was usually recovered as nitrate.
Thus, nitrate was obtained without the action of nitrate building
bacteria, When NaNQ, was added to both acid soils and solutions,
nitrogen peroxide produced was identified by smell and nitrate was
found in the solution. Temple (191l) proposed the following reaction
as a probable pathway of nitrite decomposition.

3HNO,—>2NO + H* + NO3 + HoO = = . . & (1)
Temple (191k) also found that the tendency for the nitrite to be trans-
formed to nitrate is greater in soil than in solution.

In the following years most workers have failed to recognize and
accept Temple's findings. Fred and Grant (1916) claimed that even in
acid soils nitrification is a result of microbial action and liming is
useful in hastening the process. Robinson (1923) investigated the
usefulness of NaMOp as a nitrogenous fertilizer. He observed that more
nitrite was lost in the form of various oxides of nitrogen in acid
soils than from neutral or alkaline soils. No nitrate was observed in
acid soils. Olendskii (1931) found very similar results when NaNO, was
added to soil acidified to various pH values by adding hydrochloric

acid.



In the early 1930's Barrit (1933) and Corbet (193L) independently
obtained evidences for chemical nitrification. In bacterial cultures
when the pH dropped to 5.5, nitrification ceased, followed by the dis-
appearance of nitrous acid and the formation of nitric acid with a
concomitant decrease in pH to L.5. Therefore, Barrit (1933) suggested
that nitrate was produced through chemical conversion of nitrite since
at pH L.5 to 5.5 the acidity is too strong for the bacteria to operate.
He further confirmed these results by adding NaNO, to acidified solu-
tions. Corbet (193L) obtained similar results in sterilized solutions.
Both these workers used reaction (1) to explain their results but made
no reference to Temple (191L4)., In acid soils within a period of two
days from 15 to Ll ppm nitrate was recovered by Fraps and Sterges (1939)
who claimed this was probably due to the non-bioclogical decomposition
of nitrous acid to nitric acid, since two days were considered too short
a period for the bacteria to be operative. They found no gquantitative
agreement between the losses of N observed, the acidity developed; and
reaction (1) of Temple (191k). Thus, an additional reaction was
suggested as

HNO, NP3 ¢ HO . . . . . . . . (2)

Allison and Doetsch (1951) suggested that NO produced during
nitrite decomposition in moist acid soils would be oxidized chemically
to nitric acid. Incidentally, this explains how nitrate can be formed
from nitrite in soils so acid that nitrobacter cannot live. Very
recently Reuss and Smith (1965) have observed non-biological nitrifi-
cation both in soil and resin systems.

From the above review of literature, it is clear that non-biologi-

cal nitrification takes place in acid soils. Side by side the microbial



nitrification also occurs in soils.

Factors affecting non-biological nitrification

Similar to other chemical reactions, non-biological canversion of
nitrite to nitrate would definitely be influenced by temperature. In
addition, the reaction of the medium and the concentration of re-
actants and products would determine the nature and the completeness
of the process. If the reactions of nitrite are catalyzed by some soil
component, the amount of catalyst may also limit the reaction.

Effect of temperature. Rossi (1935) investigated the effect of

temperature on chemical conversion of nitrite to nitrate in acid media.
The reactions were studied in closed systems at extremely high tempera-
tures at which no bacteria would be operative. The rate of nitrifica~-
tion was reported to increase with temperature from 30 C to 110 C. No
QlO values are reported in this report.

As against Rossi's findings, Corbet (193L) reported lesser nitrate
recovery at higher temperatures. He found greater loss of nitrite
nitrogen and the loss is said to have occurred in the form of NO. Gray
and Yoffe (1955) also have predicted such results (see Mechanism of
Nitrification, page 11). Anderson and Boswell (196L) found that the
discrepancy between the N applied and that recovered at low temperature
was seldom greater than 10 percent, but at high temperature losses
frequently exceeded 20 percent., Since gas phase reactions are also
involved in nitrous acid decomposition, the results of Rossi (1935)
would be applicable only to closed systems while in open systems there
may not be a linear relationship between the temperature and the rate

of chemical nitrification.



Effect of pH. Nitrous acid being more reactive than nitrite ion,
it assumes importance in the process of non-biological nitrification.
It is the chemical species involved in the chemical conversion of ni-
trite to nitrate N (Reuss and Smith, 1965). When any salt of nitrite
ig added to acid media, nitrite ion combines with hydrogen ion to form
nitrous acid as

H*+N0§§=!HN02 o s o w W s F & @ (3)
In a given solution both the species exist and the proportion of each
species present depends on the reaction of the medium. The dissocia-
tion constant of nitrous acid being 6 x 1074 at 25 C (Gray and Yoffe,
1958) at H 5, L, and 3, respectively, 1.6 percent, 1i percent, and
63 percent of the added nitrite exists as nitrous acid. This clearly
indicates the extreme pH dependence of the non-biological nitrification
process. Nevertheless, many workers have explained their results
based on the effects of pH on nitrite decomposition. Indirect reports
indicating the pH effects on non-biological nitrification can be
grouped into two classes. In one case the loss of various forms of
nitrogen is used as indicative of the extent of reaction and in the
other the quantities of nitrate formed are directly determined. Since
the pH effects on non-biological nitrification have not been investi-
gated, almost all the workers cited Lelow have inferred the pH effects
on the basis of N losses observed.

Robinson (1923) found very rapid decomposition of nitrites and
higher losses of N in acid soils as against gradual and smaller losses
of N in alkaline soils. Surprisingly enough, he recovered no nitrate
in the solutions. Similar results were obtained by Olendskii (1931)

who observed decomposition of nitrite in soils acidified with HC1,



with subsequent escape of oxides of nitrogen. With higher acidities,
larger quantities of nitrite were decomposed. Tt is stated that for
best results the acids have to be in complete contact with the soil
particles.

Corbet (193L4) reported that nitrite decomposition is catalyzed by
hydrogen ion; therefore, the higher the acidity, the greater the loss
due to nitrite decomposition. He also recovered slightly larger gquan-
tities of nitrate in the solution with pH 5.08 than in the medium with
pH 5.23. In the following year Corbet (1935) reported that below pH
5.0, the chemical conversion of nitrite to nitrate is very rapid while
above H 5,5 the process may cease. Corbet’s (1934) concept of hydro-
gen being the catalyst for nitrite decomposition can be better
explained on the basis that at higher acidities the proportions of
nitrite existing as nitrous acid (HNOZ) are large. Nitrous acid being
the reactive species (Reuss and Smith, 1965), the reaction would pro-
ceed to greater extent at higher acidities. Gerretsen and DeHoop
(1957) agree with Corbet (1935) with regard to the pH limit at which
losses of N in the form of oxides of N (NO and NO,) would stop. These
workers recovered much higher quantities of oxides of N than others
(Clark and Smith, 1960; Tyler and Broadbent, 1958).

Clark et al, (1960) observed loss of N during the study of dis-
similar nitrifying capacities of various soils. They observed
negligible N losses in alkaline soils, whereas in acid soils nitrogen
deficits of the order of 50 percent of the applied N were noted.
larger deficits were measured for soils in the pH range of 5.5 to 6,5
than for those in the range of li.5 to 5.5. They suggested that possibly

this reflects a more rapid conversion of nitrite to nitrate in the more



acid soils according to reaction (1). Similarly Brandt et al. (196l)
observed the tendency for the mineral deficits to increase during the
later stages of nitrification when pH steadily decreased with time.
Such losses are thought by them to have occurred through chemical
decomposition of nitrite to various oxides of N.

Reuss and Smith (1965) investigated the reactions of nitrite in
different acid and alkaline soils. They observed larger quantities of
both nitrate N and oxides of N formed from the nitrite added to soils
with lower pH. In comparing nitrite decomposition in different soils,
it has to be remembered that certain soil components catalyze nitrite
decomposition (Wulstein and Gilmour, 196kL; Cady and Bartholomew, 1964},
and the quantity of such catalysts present in the soil should be con-
sidered,

Deficits of mineral N reported above could have been observed due
to causes other than the loss of oxides of N. Turtschin (1936)
claimed that nitrous acid also combined to a small extent with the
organic matter of the soil and these organic compounds probably undergo
nitrification with the production of nitrate. Thus, some of the defi-
cits reported might have resulted from nitrite fixation by organic
matter. Such fixation of nitrite by organic matter is reported to
be greater at higher acidities (Filhr and Bremner, 196La, 196Lb).

Concentration effects on nitrite decomposition. There has been

no work done on the effects of nitrite concentration on either its
decomposition rate or on the nature of products formed. Corbet (193L,
1935b) studied the degree of completeness of nitrite disappearance in
samples treated with different levels of reactant. Only in the samples

receiving the highest reactant concentration (300 ppm NO,-N) did all



the added nitrite disappear. This is contrary to the theory of Bray
(1932); according to which both the vapor pressures of reactants and
products determine the rate and completeness of the reaction. (For
details see the section on Results and Discussion). Wagner and Smith
(1958) determined various forms of N lost in urea treated acid soils.
Oxides of N were assumed to have been produced through nitrite de-
composition., They observed higher losses of N in the form of NO and
No0 in soils with 94 ppm nitrite N as compared to that in soils with
only 12 ppm nitrite N, Allison and Doetsch (1951) determined the
quantity of N, produced through the reaction between nitrous acid and
ammonia in the system. Losses in the form of Ny were found to increase
with the concentrations of nitrite added to acid soil.

The influence of nitrite concentration on either the fixation of
nitrite by organic matter (Fthr and Bremner;, 196La, 196L4b) or on the
retention and transformation of the oxides of N by the clay colloids
(Mortland, 1965) in the soil has not been investigated. Both these

processes could bring about deficits in the balance shee-t. for nitrogen.

Mechanism of chemical nitrification

The chemistry of N transformations has drawn the attention of
chemists since the latter part of the 17th century., In the introduc-
tion to his talk, Gray (1958) mentioned that in 1670 William Clark
named the nitrogen dioxide fumes given off from acid solution treated
with nitrite as the "flying dragon." 1In 1777 Priestly premared this
gas and identified and established the formula. Thus, it was known
that nitrite decomposes in acid solutions yielding oxides of N. Van
Slyke (1911) created NO atmosphere in closed systems using the prinet

ciple that nitric oxide is given off when nitrite is added to acid
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solutions. By then it was known that in the presence of oxygen nitric
oxide is readily converted to nitrogen dioxide. For this reason; Van
Slyke (1910) evacuated his apparatus free of air before adding nitrite
to acid solution.

Yost and Russell (19L4L) reported that copper (Cu) catalyzes
nitrite decomposition to nitric oxide according to the reaction

Cu + 2HNOp ~3Cu** » 2NO + Ho0 . . . . . (k)

Wulstein and Gilmour (196L4) found iron (Fe) and manganese (Mn) to
catalyze nitrite decomposition as shown in reaction (4). Similarly,
Chao and Bartholomew (1964) found alumimum (A1) and iron to catalyze
such reactions. Thus, the formation of nitric oxide and nitrogen
dioxide during nitrite decomposition in acid solutions was proven. And
the process is found to be hastened in soils containing various tran-
sition metals which catalyze the reaction.

Another school of thought (Yost and Russell, 19LlL) suggested
nitrogen sesquioxide (N203) as the immediate compound produced by
decomposing nitrite, according to reaction (2}. Further, at room tem-
perature this compound can give rise to equal quantities of NO and NO,
(Bray, 1932) according to the reaction

N203(——>-—NO+N02 “ % W@ e R e W om 4B
As mentioned earlier (Bray, 1932; Yost and Russell, 19Ll; Gray, 1958),
NO produced in this manner will be converted to NO, in the presence of
air as 0

N—N, . . . . . . . . . . . (6)
Thus, the reactions of nitrous acid up to its decomposition to NO and
NOp are well understood. Further reactions of NO and NOp are more

complex. Nitrogen dioxide is said to exist in equilibrium within its
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dimer form (Latimer, 1952; Gray, 1958; Gray and Yoffe, 1955) as

2N N0) » o ¢ o .o o oo e oo o0 o« (7)
In general it is accepted (latimer, 1952; Gray and Yoffe, 1955; Sneed
and Brasted, 1958) that No0), dissolves in water yielding equal
quantities of nitrous and nitric acid in accordance with the reaction

Ny0), + HzoéHN()z T it N3 . . . . . (B)
Bray (1932) reported that reaction (8) is the rate determining step in
the chemical conversion of nitrous acid to nitric acid. Gmay and Yoffe
(1955) and Sneed and Brasted (1958) have presented the sum of reactions
(2) through reaction (8) in a sequence to show non-biological nitrifi-
cation as

LHNO,T22N03 + 20 o = v o o o o o (2)

WO, EA2M 4+ MOy « o . o o e e s (5)

BOseSHOY « + » » 5« & ox = v e (D

Ny0, + HOEYHNO, + H* + NO3 . . . . . (8)
and the sum of reactions (2), (5), (7), and (8) yields reaction (1)
which was proposed by Temple in 1914. It has to be noted here that NO
produced through reaction (5) is assumed to be either lost in gaseous
form as observed by Temple (191L) or the system is anaerobic wherein
reaction (6) does not occur,

Gray (1958) has reported a different pathway for the formation of
nitrate from the oxides of N. Such a reaction is said to occur in the
gaseous phase as

3NOp + Hp0 —NO + 2H* + 2NO§ = % % a o - (9)
This reaction is extremely temperature dependent (Gray and Yoffe,
1955; Gray, 1958) and above 300° K the reverse reaction is favored.

If for some reason reaction (8) does not occur rapidly, reaction
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(9) would be the major pathway of nitrate formation. This is true if
the temperature is favorable for the reaction (9).
Now if reaction (6) is assumed to take place under aerobic condi-
tions, the reaction sequence would be
2HN02F\N203 +HD o o e o o e 6 o (2)
N203‘——“NO¢NO2 s w & = m e @ e w (5)
M +20o22M05 ¢ ¢ o = = o o« o o (6)
Z}DZéNzOh.u.u.......(?)
No0), + HO—>HNOp + HNO3 . . . . . . (8)
and the sum of the above five reactions yields
HNOZ&HNOB..........(N)
Thus, all the decomposing nitrite is transformed to nitrate while
according to reaction (1) only one-third the number of moles of HNO,
decomposed would be converted to nitrate.

The above review of literature indicates that non-biological
oxidation of nitrite to nitrate definitely occurs both in acid soils
and solutions. Part of the reactions involved in such oxidation pro-
cesses is well understood, while the nature of the rest is yet to be
known., The importance of the proposed reactions under different

situations with regard to various temperature and pH effects is unknown.

Production of Elemental Nitrogen

Earlier it was demonstrated that in acid soils and solutions part
of the added nitrite can be lost as elemental N and thus cause N
deficits. Such losses in the form of N, are shown to result from the
reactions of nitrous acid with either ammonia (Clark and Smith, 1960;

Gerretsen and DeHoop, 1957) or with the various components of organic
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matter (Stevenson and Swaby, 196L; Austin, 1961), other than o(-amino
acids, which also produce N, when they react with HNOp (Gerretsen and
DeHoop, 1957; Van Slyke, 1911). Allison (1963) and Carter and

Allison (1960) claim that under field conditions Van Slyke reaction is
not the important pathway of Ny producing reaction since the acid con-
ditions in the fields are not strong enough to promote such reactions.

Tyler and Broadbent (1960) have observed Ny production in acid
soils treated with nitrite N. Mass spectrometric analysis has confirmed
such results. Ewing and Baur (1958) studied the reactions between
nitrous acid and alanine and observed Ny in check samples to which only
NaNO, was added. Thorne (1961) studied the nitrous acid decomposition
in closed systems and recorded N, production in acid solutions treated
with nitrite. These studies indicate the possibilities of N, being
produced through non-biological self degradation of nitrite in acid
solutions and soils.

The nature of reactions involwed in the self degradation of ni-
trous acid to yield N, is obscure. In the following pages, possible
intermediate compounds that could arise during nitrite decomposition
are discussed. Some of the mechanisms of reactions between the possible
intermediate compounds and nitrous acid are also considered.

Probable intermediate compounds of nitrite decompo-
sition and their role in producing Np

The discovery of Np production during nitrous acid decomposition
being recent, the mechanisms and intermediates involved are obscure.
In most of the references cited below, only the biological oxidation
of ammonia to nitrite is considered. It is assumed that most of the

reactions are reversible, and the intermediates produced in the forward
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reactions also probably appear during the reverse reactions. If this
is a valid assumption, it can be said that the intermediate compounds
produced in the process of ammonia oxidation to nitrite may also be
formed during the decomposition of nitrous acid. In addition, the
fact that both oxidative and reductive processes are involved in
nitrite decomposition adds support to the assumption.

Hydroxylamine (NH,OH), hyponitrous acid (HpN20»), and hyponitrie
acid (H2N203) are the three intermediate compounds suspected to be
formed in the interconversions of ammonia and nitrite N. Mumford
(191L) observed hydroxylamine salts and salts of nitrous and hyponitrous
acid during the oxidation of ammonia. Loss of N invariably encountered
during the study was attributed, in part, to the evolution of Njp
through complex interactions between these various intermediate com-
pounds. Corbet (193L, 1935a) obtained somewhat identical results, but
he observed only hyponitrous acid as an intermediate compound in the
system, According to Corbet (1934), hydroxylamine has only an ephem-
eral existence; and it is converted to hyponitrous acid as fast as it
is formed. In addition, it is stated that in the presence of hydroxyl-
amine, loss of N as Ny due to the interaction of nitrous acid and
hydroxylamine was expected to be greater than that observed. IlLees
(1948) also obtained data that supported the production of hyponiw-
trous acid during ammonia oxidation. However, Martin et al. (1942}
presented thermodynamic data favoring the formation of both hydroxyl-
amine and hyponitrous acid. But thermodynamically, the formation of
hydroxylamine is not spontaneous (Martin et al., 1942).

Thorne (1961) is the only person who suggested hyponitric acid as

a probable intermediate produced in nitrite decomposition reactions.
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Emele 'us and Anderson (1938) claimed that this acid is highly unstable
and decomposes instantly in water in accordance with the reactions
H2N203<—;\2M) + H20 o ¥ w s & » = = (A1)
ZHpNy03 &> 2HNO, + HoNoOp o 0 0 0 o o (12)
Thus, the formation of HpNp0p is favored more than that of HpNy03.
Austin (1961) has proposed a mechanism for the production of hyponi-
trous acid through the nitrosation of various organic compounds with

nitrous acid. Such a proposed reaction is as follows:

OH H,0 OH
| | Z ]
TJ-O-“=X—)'I‘-N-°—>N-*|‘-°—>H?I‘2°2- o s (3}
c c* C-CH 9

A A

%

Thus, thereare possibilities for various intermediate compounds to
occur during nitrite decomposition. Also these compounds can either

react with each other or decompose to yield N,.

Mechanism of Np formation during
nitrite decomposition

Formation of elemental nitrogen (Np) as the end product of nitrous
acid decomposition can result from either the sequential breakdown of
the intermediate compounds or due to the interaction of nitrous acid
with the intermediate compounds. The latter type of reaction is
supported by most workers while there are a few evidences to show the
sequential reduction reactions of nitrous acid that lead to the forma-
tion of elemental N.

Formation of Ny by the interaction of various intermediate com-
pounds is supported by the fact that nitrogen is also oxidized to

nitrate during the process.



Thorne has proposed the formation of Ny and NOS according to the
reaction
SHNO, N2¢3H*+3m§+}120. e & = @ ()
The interaction of hyponitrous and hyponitric acid is suggested to be
the reaction responsible for Ny production by Thorne as
HoN,03 + HpN0p  Np + HY 4 NO3 + HpO . . . . (15)
Alternatively, reaction (1) can be obtained through another
reaction sequence as
lHNO,  2HNO + 2HNO3 . . . . . . . . (16)
NGO HoNoDo & & » s « = = o @« = (A7)

H2N2°2 + HNOz N2 + H* + NO; b Hao . . ° ° (18)

18

Here the formation of hyponitrous acid from 2HNO molecules is plausible

as proposed by Corbet (1935b).

In general, the review of literature presented here indicates that
there is ample scope for investigations on various reactions involved
in nitrous acid decomposition. The nature of nitrification reactions
is yet to be understood while the reactions that lead to the formation

of Ny through the self degradation of nitrous acid is almost unknown.
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THEME AND OBJECTIVES OF INVESTIGATION

An extensive review of literature on the reactions of nitrite in
acid media clearly indicates that most of the processes affected by
biological agents such as bacteria also occur in nature due to purely
chemical and thermodynamic forces. Some of the processes lead to the
conversion of nitrite to nitrate N, which is more easily assimilated
by plants than the former. At the same time, reactions of nitrite in
acid media result in the loss of N in the forms of various oxides of
N and also in its elemental form.

At the present time, the use of nitrogenous fertilizers to increase
crop yields is steadily increasing. For the efficient and economical
use of various fertilizers, attention has been focused on the controlled
availability fertilizers which in theory release the nutrients at a
slower rate in order that the required quantities of nutrients are made
available to the crop plants throughout the growing season. N-serve
(2-chloro-6 /Trichloro-methyl/ pyridine) is one such commercial compound
used to control the availability of N fertilizer. N-serve is used to
reduce the nitrification rate so that all the added N is not lost
through leaching after being converted to nitrate. Such chemicals are
said to control biotic activities.

On the other hand, if most reactions are chemically feasible to
occur without the action of biological agents, the advantages of certain
controlled availability fertilizers will be outweighed. Thus, the
knowledge of the nature and magnitude of non-biological N transforma-

tions can be useful for the more efficient use of controlled availability



fertilizers. Scientific information on such reactions may be quite
useful in pre-determining the time and rate of applications of ferti-
ligers to minimize the losses of N. It may also be of value in choosing
the proper form of fertilizer for each soil condition.

With the above viewpoints in mind, the present investigation was
undertaken to study the following.

1. To study the effects of pH and concentration of the added
nitrite on non-biological nitrification of nitrite in soil and resin
systems.

2. To verify some of the proposed pathways of nitrite decomposi-
tion.

3. To determine the environmental conditions wherein each of the
propdsed reactions would be the major pathway of nitrite decomposition.

L. To determine the pH and nitrite concentration effects on the
loss of nitrite in the elemental form.

5. To obtain indirect evidences for the occurrence of certain
intermediate compounds produced during the formation of N, from
nitrite.

6. To determine the possible mechanisms for the conversion of

nitrite to Ny,
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MATERIALS AND METHODS

Experimental

The present investigation mostly consisted of adding nitrite in
the form of sodium nitrite to various acid soils and resin systems and
of quantitatively determining various products of nitrité decomposition.
In a separate series of experiments, the nature and mechanism of Ny
production from the added nitrite were investigated. In all other

respects, the procedures used were common to both experiments.

Materials

Six acid soils ranging in pH values from 4.6 to 6.1 were used in
this investigation. Some of the chemical and physical characteristics
of the soils used are presented in Table 1, For the experiments with
resin system, Dowex-50W-X8, 20 to 50 mesh spherical cation exchange
resin was used. All the systems, adjusted to about 0.3 bar moisture

tension, were incubated in constant temperature cabinets maintained at

30 c.

Treatment

Soil and resin systems received different treatments depending
upon the purpose of the experiments.

Experiment on non-biological nitrification. The main purpose of

these experiments was to investigate the effect of pH and nitrite
concentration on the process of non-biological mitrification. In this
set of experiments, Miami silt loam, Olympic silty clay loam, and
Dayton silty clay loam were treated with 75, 150, and 300 ppm nitrite N
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Table 1. Some of the physical and chemical characteristics of the soils
used in this investigation
Moisture content
Organic 0.3 Air
Soil pH Fe matter N bar dry
paste ppm® percent percent percent percent
Olympic
silty clay loam  L.6 520 6.98 e 34.0 3.12
Dayton
silty clay loam  L.9 159 3,76 — 30.2 2.00
Clermont
silt loam 5.2 669 1.72 0.083 257 0.68
Miami
silt loam 5.8 525 2.01 0.109 2L.2 1.2k
Logan Canyon
silty elay loam 5.8 1169 L.ok 0,179 28, 2,02
Walla Walla (Ore.)
silt loam 6.1 = 1.90 0,094 21.9 1.23

8Fe was determined in 1 percent EDTA extract of soil.
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supplied from sodium nitrite (NaNOp). Miami silt loam was also studied
after adjusting to different pH values by adding the required quanti-
ties of sulfuric acid. The treatments were arranged ina 3 x L
factorial design with two factors. In a resin system adjusted to pH
4.0, decomposition of only 300 ppm nitrite N was investigated. In

all cases, experiments were conducted with and without the alkaline
permanganate trap solutions within the flasks. These trap solutions
absorbed oxides of N produced in the flasks.

Experiments on the nature of N, producing reactions. Alkaline

permanganate trap solutions were not used in any of these experiments.
Various treatments given to different systems include the following:

(a) Study of No production in nitrite treated systems with and
without the alecohol was conducted by adding 5 ml of 95 percent ethyl
alcohol to the soil and resin systems. Alcohol treated samples re-
ceived 2.5 percent more moisture in order to compensate for the alcohol
vapor that was lost from the system during air evacuation process
described later.

(b) Influence of 250, 500, and 1,000 ppm iron (Fe) added as
Fesoh~7H20 was investigated in Miami silt loam adjusted to pH L.6.

(c) Toxic effects of excess intermediate and/or the end product
on Ny producing reactions was investigated by adding 150 ppm nitrate
N and about 10 mg nitric oxide N to the system prior to the addition
of nitrite.

(d) Prior to the addition of nitrite to the samples, soils were
incubated with nitric oxide under aerobic conditions for various
lengths of time. In each of the above experiments, a randomized

block design was used.
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Preparation of sample

Soil system. Each soil used was obtained from different states
through different persons. Soils thus obtained were air dried, ground,
passed through 2 mm sieve, and stored in huge tin cans. Air dry
moisture was determined, and it was taken into account while weighing
enough soil to give 100 g oven-dry weight per each sample. To the
soil weighed into waxed paper cups, 10 percent less the water content
required to bring about 0.3 bar moisture tension was added, allowed to
stand for about 10 minutes, and then stirred well with a spatula.
After thorough mixing of water and soil, the sample was transferred
to 250 ml suction flasks. Within the suction flasks, two plastic
vials were placed. One of them contained 5 ml of 0.2 M KMnO) in 2 N
KOH solution (traps) to absorb NO and NOp produced. Due to the alkaline
nature of the traps;, COp produced was also absorbed. To the other vial
10 ml NabO, solution containing the required quantity of nitrite N was
added. Only one vial with nitrite solution was placed inside the flask
whenever the experiment was conducted without the trap.

In the initial stages of investigation, the non-biological nature
of nitrite decomposition reactions was verified by working with sterile
soils. In this case air-dry soil was weighed directly imto the suction
flasks and sterilized by autoclaving at 121 C for 30 minutes. Before
sterilization, the openings of the suction flasks were closed with
cotton plugs. After sterilization water was added to the soil and
skirred with a sterile spatula. Sterile NaNO, solution was used, and
every care was exercised to have a sterile system for incubation.

In the event of acidifying Miami silt loam, sulfuric acid was

added to the soil along with water. A calibration curve was obtained
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to determine the gquantities of sulfuric acid that are required to adjust
the pH of the soil to values of 3.6, 4.0, 4.5, and 5.0. The required
quantity of the acid was added to each sample and mixed thoroughly in
paper cups.

Resin system. In some of the experiments Dowex S0W~X8 cation
exchange resin was used instead of soil. The resin was saturated with
calcium (Ca**) and then adjusted to the required pH by adding fresh
hydrogen (H*) saturated resin in small increments. The resin was then
soaked in potassium phthalate buffer solution with pH similar to that
of the resin. Excess moisture from the resin was removed with the
help of aspirators by sucking through porcelain aeration stones.

One hundred grams of resin thus prepared were weighed directly
into the suction flasks. Two plastic vials were placed within the
flasks for the same purpose as explained earlier.

Replacement of atmospheric air within
the flasks and incubation technique

The gas within the flask has to be evacuated free of N, in order
to determine the quantity of N2 evolved from the added nitrite. For
this 250 ml suction flasks were used. The flasks were sealed air
tight with rubber stoppers in which a hole had been bored in the
middle. The holes were fitted with soft rubber serum caps on either
end with a silicone disc between them. This permitted both evacuation
of air and subsequent sampling of gases with hypodermic syringe with-
out contaminating the air within the flasks with atmospheric N, (Reuss
and Smith, 1965).

Flasks containing the sample and two separate plastic vials having

trap and nitrite solutions were connected to a manifold by means of
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rubber tubing. This manifold was connected to a vacuum pump, mercury
manometer, and to helium and oxygen tanks separately. Following the
evacuation of the air from the flasks and the whole manifold by the
suction pump, flasks were filled with helium. Each time the suction
pump was allowed to operate for 10 minutes before stopping the suction,
and flasks were filled with helium.

This procedure was repeated three or four times. After the final
evacuation, the flasks were filled with a pre-determined quantity of
oxygen along with helium in order to have 20 percent oxygen and 80
percent helium within the flasks. At this stage, a negligible quantity
of N, present in the flasks was determined, and the value was sub-
tracted from the readings obtained later. The final pressure within
the flasks was adjusted to about 850 to 900 mm Hg. This positive
pressure within the flasks prevented the contamination of gas within
the flask by atmospheric Ny, and it facilitated sampling of gases by
the hypodermic syringe.

After the N, concentration within the flasks was reduced to a
negligible level; nitrite solution in the plastic vial was poured into
the sample by tilting the suction flask. At the same time care was
taken to prevent either spilling or contaminating the trap solution.
Addition of nitrite solution in this manner after flushing the samples
free of N, prevented the nitrite reactions that could have occurred
during the process of air evacuation as observed by Reuss and Smith
(1965).

Of the 15 samples used in each of the nitrification experiments,
ten of them received nitrite and the rest were used as check samples.

Samples were incubated at 30 C for 12 hours. Two treated and one
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check sample were analyzed after 1, 3, 5, 9, and 12 hours of reaction

timeo

In the study of the evolution of elemental N, the mumber of samples
varied with the mumber of treatments. Three replicate samples were used
in each experiment for the investigation. Periodic analysis of only the

gases was carried out.

Analytical

Both gaseous and non-gaseous nitrogen compounds produced as a
result of nitrite decomposition in acid media were identified and
determined quantitatively. Of the gaseous products Np and NyO were
determined by gas chromatograph and the oxides of N absorbed in trap
solutions were analyzed for nitrate. Nitrite and nitrate were the two
non-gaseous products determined colorimetrically after extraction from

soil samples and resin media.

Analysis of gaseous products

Analysis of elemental N(Np). Beckman GC-2 gas chromatograph with

dual column attachment in combination with a Bristol recorder was used
for Ny analysis. A six-foot molecular sieve (13X) column was used for
the separation of Ny and Op in the sample. A fourteen-inch charcoal
column was used for NoO determinations. Analysis of the gas samples
was carried out at LO C with helium as a carrier gas flowing at the
rate of 0,33 liters per minute and with the filament current of 260
milliamperes.

One milliliter (ml) gas samples from the incubation flasks were
withdrawn by means of a hypodermic syringe and injected into the gas

chromatograph for Ny analysis. Peak heights that appeared on the
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recorder chart were used as the indicative of the quantity of Np in the
sample. Separate calibration curves prepared for each column were used
for calculating the amount of N, in the sample. Using flask volumes
determined separately and the ideal gas law, the quantities of Np
present in the flasks were calculated.

Analysis of oxides of N (NO + NO2). All of the oxides of N pro-

duced during nitrite decomposition were assumed to have been absorbed
by the trap solution. Oxides of N absorbed are oxidized within the
traps by potassium permanganate to nitrate N. After the flasks were
opened for soil analysis, the trap solutions were analyzed. The com-
plete trap solutions were transferred to tall digestion beakers, and
the plastic vials washed with water. This rinse water was added to
the beakers to recover completely the N in the trap solutions. Then
the color of KMnOh was destroyed by adding the required quantities of
acid oxalate (0.6 M sodium oxalate in 7 N sulfuric acid), and the
solution was made alkaline again with NaOH. This solution was analyzed
for nitrate N by the phenoldisulfonic acid method (Jackson, 1958).

Detailed methods of this procedure are presented in the Appendix.

Analysis of non-gaseous N products

Nitrite and nitrate were the two non-gaseous N compounds deter-
mined. Ten gram samples were extracted with 100 ml of saturated
calcium hydroxide (Ca_/_5}_l72) solution and the aliquots were analyzed
for nitrite by sulfanilamide methods (Shinn, 1941) and nitrate by
phenol disulfonic acid (Jackson, 1958). Stepwise procedures followed
in the determination of nitrite and nitrate N are described in detail

by Mahendrappa (1963).
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RESULTS AND DISCUSSION

There were two main objectives of this investigation, namely, to
study nitrite decomposition in acid media with regard to the nature of
reactions involved in the process of non-biological nitrification and
to investigate the mechanisms of nitrite decomposition reactions that
lead to the evolution of Np. Accordingly, the results of this study
are presented in two separate sections for the clarity of the findings

on these two aspects of nitrite decomposition.

Experiments on Non-biological Nitrification

Olympic, Dayton, and Miami soils were used for this study. In
ome experiment cation resin adjusted to pH L.O and treated with 300 ppm
nitrite N were studied. In this set of experiments, the samples were
analyzed for both gaseous and non-gaseous decomposition products of

three levels of nitrite N added.

Nitrite disappearance

The patterns of nitrite transformations observed in three acid
soils and a cation resin system treated with 75, 150, and 300 ppm
nitrite N are presented respectively in figures 1, 2, and 3. During
the first few hours of reaction time, the most rapid nitrite trans-
formation occurred in all the media regardless of the pH and concentra-
tion of N added. Subsequent hourly increments of nitrite disappearance
decreased steadily in all the media. Such a steady decrease in the rate

of nitrite breakdown may be caused by the buildup of some of the
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Figure 1, Pattern of nitrite transformations in different soils
treated with 75 ppm NOE-N and incubated for various lengths of time.
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Figure 3. Pattern of nitrite transformation in various media
treated with 300 ppm NOE-N and incubated for various lengths of time.
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intermediate or end products. Bray (1932) presented evidences in

support of earlier work that nitrous acid decomposition according to

reaction (1) follows the relation
~a@N0p) (BENO, )

% (PM))2 v v @ e 4 (19

According to this equation, buildup of the pressure of NO slows down
the reaction. In addition, the vapor pressure of nitrous acid is
directly dependent on its concentration in the solution (Abel, 1931;
Bray, 1932)., Thus, in this study the vapor pressure of nitrous acid
prebably decreased with time because of the decrease in its conecentra-
tion. Such a decrease in the vapor pressure of reactant (HNOZ) and a
subsequent buildup of product (PNO) naturally results in the slowing
dewn of the reaction. Such relations hold true in pure solutions, but
in soil systems reactions are more complicated.

In this study the quantities of nitrite N decomposed at each
sampling time were greater in the samples receiving the higher mitrite
level. Until about 5 hours of reaction time, the rate of nitrite
decomposition showed linear relationships with the added nitrite con-
centration. However, at the end of 12 hours, the decrease in the rate
of nitrite disappearance was greater in the samples treated with higher
levels of nitrite. This indicates that the process of non-biological
nitrite decomposition in soil is not as simple as that explained by
Bray (1932). Figures 1, 2, and 3 show that higher percentages of
added nitrite decomposed in samples receiving smaller doges of N. If
the process was an equilibrium reaction, the same percentage of the
reactant must have been transformed. Under field conditions in acid

soils where nitrite may appear in concentrations of the order studied
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hare, most N transformations can occur without the biological activity.

Among the various acid soils studied, Olympic silty clay loam
showed maximum nitrite transformation and was followed by Dayton silty
clay loam and Miami silt loam. Olympic soil has the lowest and Miami
soil the highest pH among these soils (Table 1). Thus, pH effect can
partly account for these variations in the ability of the soils to
transform nitrite. This is in agreement with earlier reports of
Olendskii (1931), Robinson (1923), and Corbet (193, 1935), who found
the rate of nitrite decomposition reaction to increase with acidity.
In acid media nitrite exists in the form of nitrous acid (HNOZ) which
is more reactive than nitrite ion (Sneed and Brasted, 1958; Reuss and
Smith, 1965). Thus, in Olympic soil with the highest acidity, greater
quantities of nitrite were transformed than in others with higher .,
The decrease in hourly increments of nitrite decomposition was greater
in Miami and Dayton soils than in Olympic soil. Thus, pH also was
found to affect the completeness of the reaction. At higher acidity
the reaction proceeded to more completion than at higher pH. Thus,
apart frem the concentration effects of nitrite, pH also plays an
important role in nitrite decomposition.

Cation resin with pH 4.0 transformed lesser quantities of nitrite
when treated with 300 ppm nitrite N than the Olympic silty clay loam
with pH k.6 (figure 3). In this case the nitrite concentration was the
same in both media; thus the reasoning on the basis of pH effect does
not account for all the differences observed. This indicates the im-
pertance of the rele played by both the mineral and the organic com-
ponents of the soil on the process of nitrite decomposition. Yost and
Russell (19L4k), Wulstein and Gilmour (196L), and Chao and Bartholomew
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(196ly) showed that various transition metals present in the soil
catalyze nitrite decomposition. In addition, Austin (1961), Stevenson
and Swaby (196L), and Reuss and Smith (1965) found that organic matter
also enhances nitrite decomposition. Thus resin without organic
matter and mineral elements showed less nitrite disappearance than
Olympic soil. Nitrite could also be fixed by organic matter (Turts-
chin, 19363 Fihr and Bremner, 196La, 1964b). Such fixation also is
reported to increase with acidity (Flthr and Bremmer, 196La)}. However,
fixation is probably not completely responsible for lesser recovery of
nitrite in this investigation since most of the nitrite disappearing
was recovered in other forms of mineral N.

Both the concentration of added nitrite and the reaction of the
media probably influence the self degradation of nitrite. Such an
effect is clearly shown in figure L, which represents the varioms
quantities of nitrite transformed at the end of 12 hours reaction time
in Miami silt loam acidified to various pH values and treated with
three levels of nitrite. Percentages of the added nitrite that decom-
posed were found to increase significantly with decrease in both pH
values and the quantities of added nitrite.

Concentration of the reactant added (nitrite N) was found to
inf'luence the guantities of nitrite decomposed in all the soil, includ-
ing the acidified Miami soil. Thus, nitrite decomposition in soils is
not a simple equilibrium as postulated by earlier workers (Bray, 1932).
Therefore, some factors present in the soils limit either the forward
or reverse reactions involved in nitrite decomposition. Again, the
fixation of nitrite by organic matter (Ffhr and Bremner, 196La) and/or

the adsorption of oxides of N by mineral components of the soil
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Figure 4, Effect of pH and the concentration of added nitrite on
the percent autodecomposition of nitrite added to acidified Miami
silt loam, and incubated for 12 hours.
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(Mortland, 1965) may in part explain the results. However, these pro-
cesses are not the probable causes (see the section on Theoretical
Considerations).

Keeping in mind that nitrosation of organic matter (Austin, 1961)
and nitrite fixation by organic matter (Fithr and Bremner, 196La) can
cause the disappearance of nitrite, it can be concluded that factors
sach as the reaction of the media, the quantity of the reactant added,
and the soil component that catalyzes the reaction,; influence the
process of non-biological nitrite decomposition. Overall evaluation
of the results indicates the complex interaction between the above-
méntioned factors. For instance, Olympic silty clay loam transformed
more nitrite than the resin system with a lower pH value than the
former. Thus factors in the soil dominated the pH effects. At the
same time, Dayton silty clay loam with twice the amount of EDTA
extractable iron (Table 1) as compared to Olympic silty clay loam
transformed comparatively lesser quantities of nitrite N than the
latter (figures 1, 2, and 3). Though iron is shown to catalyze nitrite
decomposition (Wulstein Gilmour, 196k Chao and Bartholomew, 196l),
Olympic soil with lower H and higher organic matter content promoted
nitrite decomposition to an extent greater than that by Dayton silty
clay loam with higher pH and smaller quantities of organic matter than

the former.

Formation of the oxides of nitrogen

Nitric oxide (NO) and nitregen dioxide (NOo) were the two oxides
of N determined quantitatively. These two oxides were absorbed in
alkaline permanganate traps placed within the incubation flasks con-

taining samples. Analysis of the gases in the flasks for nitrous
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oxide (Ny0) was done with gas chromatograph fitted with a llh-inch
column filled with active carbon. Nitrous oxide was not detected
until the oxygen level reduced to about one-half the initial level.
Thus, it was not possible to consider it as one of the products of
nitrite decomposition under aerobic conditions,

Various quantities of NO and N0, recovered at different reaction
times in Olympic and Dayton silty clay loams and in resins system
adjusted to pH L.O are presented in figure 5. There was considerable
doubt with regard to the ability of the trap solution to absorb all the
oxides of N produced in the system. Unlike the trend of nitrite decom-
position, there was a linear relationship between the quantities of the
oxides of N absorbed and the reaction time. Thus, although NO and NO,
are the products formed immediately following nitrite decomposition
(Sneed and Brasted, 1958), there is no quantitative relationship be-
tween the reactants transformed and the accumulation of products.
Throughout the reaction time and in all the media studied, the propor-
tions of nitrite N recovered as NO and NO, were found to increase with
decrease in the concentration of added nitrite.

In Olympic silty clay loam maximum quantities of NO and NO, were
recovered. The quantity recovered in Olympic soil at all the mitrite
levels was greater than that recovered in Dayton soil and in resin
systems. Here again the pH effect was clear only when two soils were
compared. On the other hand, both soils with H values higher than
that of the resin system yielded more nitrogen oxides than the lattexr,
This was probably the effect of catalysts present in the soil systems
and not in resin media.

Oxides of N were obtained in all the samples of Miami soils.

Figure 6 represents various proportions of NO and MOy recovered in
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Figure 5. Recovery of oxides of N in Olympic and Dayton silty clay
loams treated with 75, 150, and 300 ppm NO;-N and incubated with 0,3
bar moisture tension, (The values represent average of results from
two separate experiments.)
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Figure 6. Effect of pH and the concentration of added nitrite on
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Miami silt loam adjusted to different pH values and treated with 75,
150, and 300 ppm nitrite N (ME—N).

The proportions of nitrite N converted to oxides of N were found
to vary inversely with the reaction of the medium (pH) and the concen-
tration of reactants. Formation of NO and NOp in Miami silt loam with
p 5.8 is contradicing the earlier postulations (Corbet, 193L; Fraps
and Sterges, 1939; Gerretson and DeHoop, 1957) that above pH 5.5 nitrite
decomposition may cease. Yet it is in agreement with some of the recent
reports (Allison, 1963; Cady and Bartholomew, 1963; Clark and Smith,
1960; Reuss and Smith, 1965), according to which nitrite could decompose
to NO even at pH values around 6 and 6.5.

In this investigation, relatively small proportions of added
nitrite were recovered as NO and NOp. This is in agreement with
earlier reports of Smith and Clark (1960) and Tyler and Breadbent
(1960), who found only traces of oxides of N. But Gerretson and DeHoop
(1957) and Reuss and Smith (1965) obtained much larger quantities of N
as NO and NOp. Reuss and Smith (1965) attributed this contradiction to
differences in the techniques used to absorb the nitrogen oxides. How-
ever, in this investigation the trapping system used was identical to
that adapted by Reuss and Smith (1965). Therefore, it is suggested
here that the temperature conditions under which the experiments are
carried out limit the extent of nitrogen oxides produced from nitrite.
Gray (1958) reported nitrogen dioxide as the common reactant at higher
temperatures, and at temperatures above 27 C it is the major gaseous N
compound that would remain in the system. Although this may account
for the differences between results obtained by Reuss and Smith and those

by Tyler and Broadbent, it evidentally is not the sole reason. In spite
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of the fact that the temperature of the incubation chamber used in this
study was the same as that used by Reuss and Smith, less oxides of N
were recovered in this experiment. Altermatively it can be suggested
that the quantity of NO and NO, recovered from decomposing nitrite
depends on temperature (Gray, 1958), the rate of the removal of oxides
from the system (Gerretsen and DeHoop, 1957), the ability of trap solu-
tion to absorb the oxides produced (Reuss and Smith, 1965), and the
kind and amount of clay colloids and cations present on clay particles
(Mortland, 1965). All these factors exhibit some complex interaction,
and the net effect is determined by the interactions instead of by
individual factors. Therefore it is suggested that investigations in

simple systems must be carried out.

Nitrate (NO3) production (nitrification)

Biochemical conversion of ammonia and its decomposition products
to nitrate is called nitrification. Therefore, it would be appropriate
to term the process of nitrate formation through chemical decomposition
of nitrite as "non-biological nitrification.” Throughout this paper
the terms nitrate production from nitrite and/or the conversion of
nitrite to nitrate will be used to refer to the process of non-
biological nitrification and will be used interchangeably with one
another,.

The patterns of non-biological nitrification observed in different
acid media treated with 75, 150, and 300 ppm nitrite N are presented
respectively in figures 7, 8, and 9. Regardless of the nature of the
media and nitrite concentration added, the rate of nitrate formation
was the fastest during the first 3 hours after the addition of nitrite

to the samples. After the period of fastest nitrification, there was
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a steady decrease in the rate. Such a decrease was smaller in samples
to which smaller quantities of nitrite N were added. Ultimately, at
the end of 12 hours reaction time, higher percentages of the added
nitrite were recovered from the media incubated with smaller amounts
of nitrite N (figure 10). This is contrary to earlier reports (Corbet,
193L; Fraps and Sterges, 1939) who found complete nitrification of all
the nitrite only in samples that contained larger N content. But those
data do not sound logical for one main reason, that if the process was
more nearly completed in samples with greater quantities of nitrite N,
higher concentrations of products must promote the reaction. If that
is true, the nitrification pattern must resemble the curves of auto-
catalytic reactions. Instead, there is neither any resemblance between
the nitrification pattern and autocatalytic reactions, nor any support
for the view that the products favor forward reaction. Bray (1932)
found the reaction (1) to be inhibited by higher NO pressures. Simi-
larly, Yost and Russell (19LL) and Thorne (1961) have postulated the
probable inhibitory effects of nitrate N on the process of nitrification.
Thus in samples containing larger quantities of nitrite N and
exhibiting faster nitrification in the initial stages of reaction time,
the probable accumulation of inhibitory products in greater quantities
caused a greater reduction in the rate of the nitrification process.
On the other hand, in samples treated with smaller quantities of ni-
trite N, the probable inhibitors may not accumulate in toxic quantities.
Thus, the reaction proceeded to a greater extent and higher percentages
of the added nitrite were converted to m;—“. Until 5 hours of reaction
time, non-biological nitrification patterns were identical in all the

three soils treated with 75 and 150 ppm nitrite N. At the lowest level
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of nitrite treatment, nitrification observed in Olympic and Daytom
silty clay loams was identical throughout the incubation period, while
in samples treated with 300 ppm nitrite N, they were similar to each
other only up to 3 hours of reaction time. In most cases the differ-
ences were observed after approximately L to 5 hours.

In all the media the decrease in the rate of non-biological
nitrification was found to be greater in samples treated with higher
concentrations of nitrite. The smallest decrease in the rate was
observed in Olympic silty clay loam, and Miami silt loam showed the
greatest reduction in the rate of nitrification with time. Dayton
silty clay loam was in between these two limits. Probably this was the
effect of pH. Higher acidity, as was the case with Olympic soil,
favors the reaction.

These results support the concept that nitrous acid is the reac-
tive species of nitrite which undergoes decomposition to yield nitrate
and various other products (Reuss and Smith, 1965). The quantity of
nitrite that exists in the reactive form of nitrous acid is shown to be
a function of the reaction of the media (Yost and Russell, 19Llis Gray
and Yoffe, 19553 Sneed and Brasted, 1958; Reuss and Smith, 1965}.

Thus, Olympic silty clay loam with highest acidity showed maximum
nitrification as compared to Dayton and Miami soils which have higher
P values than the former. However, any other possible effects of
higher acidities on nitrite decomposition cannot be overruled. Cata-
lytic effects of H* (Olendskii, 1931) may be a factor, but it is not
possible to differentiate these effects. It may also be concluded with
caution that inhibitors are probably competitive in the nature of their

action and such a competition is related to quantity of reactive species
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of nitrite N (HNO,) present in the medium.

The reaction of the medium camnot acount for all the variations
observed., Rates of non-biological nitrification in resin system with
pH L.O and in Olympic silty clay loam, both treated with 300 ppm
nitrite N, indicate pH effects contrary to those discussed earlier.
Here some mineral and/or organic components of Olympic silty clay loam
probably hastened the process of non-biological nitrification and thus
dominate the effects of the lower pH of the resin system. Reuss and
Smith (1965) postulated the possibility of either mineral or organic
soil components being responsible for catalyzing the chemical conver-
sion of nitrite to nitrate. Evidences have been presented (Wulstein
and Gilmour, 196L; Chao and Bartholomew, l§6h) to show that mineral
components of the soil, such as various transition metal iens, and
organic matter in the soil (Stevenson and Swabey, 196l) interact with
nitrite and transform it into other compounds. On the basis of the
above results, it is suggested that the substances catalyzing nitrite
decomposition are also involved in the reactions that lead to the
formation of nitrate N.

Much has been predicted and shown about the pH effects on non-
biological nitrification. On the other hand, the influence of the
concentration of nitrite N on such a process has not been worked out.
Quantities of nitrate N produced in Miami soil samples acidified to
different pH values and incubated for 12 hours are shown in figure 10
as the functions of nitrite N added to the soils. This figure clearly
indicates the effects of reactant comcentration on the formation of
nitrate. At all the pH values, higher percentages of the added nitrite

were transformed to nitrate N in the samples receiving smaller doses of
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nitrite No The influence of nitrite concentration on non-bioclogical
nitrification was more distinct at lower H (higher acidity) values.
Thus, if nitrite exists in small concentrations in acid soils; the
chances of its being chemically nitrified are greater than if it were
found in large quantities. The dotted lines in figure 10 represent the
data extrapolated to smaller nitrite levels than those studied. If the
extrapolation represents the real situation, it would clearly explain
why under normal conditions nitrite accumulates only in alkaline soils
and not in acid soils (Tyler and Broadbent, 1960). The smaller quan-
tities of nitrite produced are probably either lost in some form or
immediately nitrified to nitrate.

The data so far presented were collected by incubating the samples
with alkaline permanganate trap solution placed within the incubating
flasks to absorb oxides of N produced. These data were useful to
verify the validity of reaction (1) which was proposed in the beginning
of the 20th century on the basis of the results obtained by conducting
experiments on non-biological nitrification that were not highly
technical.

According to reaction (1), only one-third the mumber of moles of
nitrous acid transformed must be recovered as nitrate No On the other
hand, if the oxides of N are not absorbed by the traps but allowed to
re-enter the system to undergo further transformation, they must be
converted to nitric and nitrous acid according to reactions (6), (7),
and (8). Under these conditions, all of the nitrous acid must be
transformed to nitric acid as shown in reaction (10), In the systems
without the trap solutions, therefore, more nitrate must be recovered

than that in the systems from which the oxides of N are removed by the
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trap solution,.

In support of the above hypothesis, data were obtained. Table 2
represents the additional quantities of nitrate N recovered in differ-
ent media. These values were obtained by subtracting the percent of
nitrite N recovered as nitrate N in the samples with the traps, from
those obtained in the samples where no trap solutions were placed.
These results indicate positively that oxides of N are the intermediate
compounds produced during the process of non-biological nitrification.
Though the pressyre of NO is said to reduce the rate of nitrite decom-
position (Bray, 1532) , nitrate formation was probably not influenced
by NO pressure. The difference in the quantities of nitrite that
decomposed in the samples with and without the trap solution were
negligible. Thus, the reactions observed in solutions also occur in
s0il and resin systems without being greatly modified by the mineral
and organic components of soil,

These values presented in Table 2 are supposed to represent the
quantities of oxides of N recovered. But as against the effects of pH
and nitrite concentration observed on the recovery of the oxides of N,
their influences on the formation of additional quantities of nitrate
N were not recognizable, Thus, the data presented here do not agree
completely with the theory. In addition, the systems without the trap
solutions did not show one to one relation between the quantities of
nitrite N transformed to nitrate N recovered. In the light of the
present knowledge, of course, such a ratio was not expected because
nitrite can also be decomposed to Np (Tyler and Broadbent, 1960; Smith
and Clark, 19603 Thorne, 1961; Reuss and Smith, 1965). Oxides of N
are also shown to enter equilibrium reaction with non-gaseous nitro-

genous compounds in the soil (Cady and Bartholomew, 1963). Thus, all
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Table 2. Additional quantities of NDE-N recovered in the systems
where NO and NOp were not trapped in alkaline permanganate
solution

NOZ-N added (ppm)

Media Ju! 75 150 300
percent percent percent

Cation resin 4.0 = - 5
Miami silt loam 3.6 20 (! 15
Miami silt loam k.0 6 8 13
Miami silt loam k.5 7 9 12
Miami silt loam 5.0 10 13 10
Miami silt loam 5.8 8 9 9
Olympiec 2ilty c¢lay loam L.6 s 3 N
Dayton silty clay loam L.9 3 3 10
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the oxides of N may not be oxidized to nitrate. Mortland (1965)
reported that nitric oxides can be adsorbed on clay colloids and either
be retained or be transformed to other N compounds. He has also shown
that nitric oxide can form certain complexes by reacting with the
cation in the soil. Therefore, part of the oxides of N that re-enter
the system probably de not get further transformed to nitrate No In
addition to the above mentioned causes, the quantitative disagreement
between the oxides of N recovered and the additional nitrate formed
could as well arise due to the inability of the trap solution to absorb
all the oxides of nitrogen produced (Reuss and Smith, 1965; Gerretsen
and DeHoop, 1957).

Gray and Yoffe (1955), Gray (1958), and Sneed and brasted (1958)
supported the concept of Bray (1932) that reaction (8) is the rate
limiting step in both forward and reverse reactions of nitrite decom-
position. Gray (1958) has shown the reaction (9) to be faster than
reaction (8). Thus, under conditions where either reaction (8) is
rather slow or the system is at high temperature (Gray, 1958), reaction
(9) will be the additional major pathway of nitrite transformation.
Then the sequence of reactions involved in non-biclogical nitrification
will be different from that presented earlier. A new sequence of
reactions is suggested here as

SHNO,—>6NO + 3H* 4 3NO5 + H0 . . . . . (20)

02
6N0——)6N02. Ehe 3 o 0w et o i W b ptets)
6NOp + F0—>2N0 + LH* + LNOJ + H)O . . . (22)
The sum of the above reactions will yield

GHNO, + 30,—32N0 + TH® + TNOJ + Hp0 . . . (23)
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Accerding to reaction (23), the proportion of nitrous acid transformed
to nitric acid would be higher than that expected according to reaction
(1) It is possible that the process of nitrification under field con-
ditions is better represented by reaction (23) than (1) because the
oxides of N produced in moist soil may further be transformed before
they completely escape into the atmosphere (Allison and Doetsch, 1951).
The results indicate that NO and NO, produced as a result of
nitrite decomposition are further converted to nitrate. Various
oxides of N such as NO3, NyO3, NO, NOp, N0}, and NO3 are said (Latimer,
1952) to have valences of +3, 43, +2, +li, +li; and 45, respectively. It
is interesting to note that nitrite with 33 valency undergoes reduction
to NO (+42) before being oxidized to nitrate with 45 valency. Of course,
it is known that nitric oxide can exist in three forms (Gray, 1932;
Sneed and Brasted, 1958) such as NO™ (41), NO (4+2), and NO* (+3). How-
ever, the scheme of reactions proposed by Sneed and Brasted (1958) and
Gray and Yoffe (1955) includes NO (+2) and not the other chemical
forms. Definite conclusions about the validity of the reactions cannot
be drawn on the basis of the results presented here. Infra-red spec-
trophotometric studies may reveal in great detail the mechanism of the

non-biological nitrification process.

No production during nitrite decomposition

One of the major objectives of this investigation was to study the
nature of reactions involved in the conversion of nitrite to Np. In
the latter sections of this manuscript, mechanism of N, production will
be dealt with in detail. At this point, various quantities of Np

recovered only in acidified Miami silt loam are presented here. This
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is done to prepare balance sheets of nitrogen and to verify the validity
of certain pathways of nitrite decomposition.

Percentages of three levels of nitrite N recovered as N in
various samples of acidified Miami silt loam incubated for 12 hours are
presented in figure 11, At the end of 12 hours reaction time, higher
proportions of added nitrite were transformed to Ny at lower pH
values and in samples receiving smaller nitrite concentrations.

Production of N, from nitrite is postulated (Thorne, 1961) to be
represented by the reaction

SHNOp—pNp + 3HNO3 + HQO0 . . . . o o (14)
Here also nitrous acid is shown to be involved in the reaction rather
than nitrite ion. Therefore, it is logical to expect higher quantities
of N, at lower pH values.

So far it was seen that the guantities of nitrite transformed and
the accumulation of various products was promoted by higher acidities,
Thus, influence of pH on nitrite decomposition was found to affect the

formation of various products in a similar manner.

Total nitrogen recovered

The sum of nitrite, nitrate, and oxides of N and Ny recovered in
different media after 12 hours of reaction time is presented in Table
3. In all the media the total recovery was smaller in samples with
higher concentrations of added nitrite. Similarly, the sum of all the
N forms determined decreased with the increase in pH up to 4.5, and an
increase in the total N recovery was observed at pH above 4.5, This
is contrary to the findings of Clark et al. (1960) who found the

greatest deficit in samples with final pH of 5.5 to 6.5.
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Figure 11, Effect of pH and the concentration of mdded nitrite
on the quantity of N, recovered in acidified Miami silt loam.
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Table 3. Sum of all the forms of nitrogen recovered after various con-
centrations of nitrite nitrogen were incubated in different
media for 12 hours

NO,-N concentration (ppm)

Media pH 75 150 300
percent percent percent

Cation resin L0 — —— 86

Miami silt loam 3.6 88 h i3

Miami silt loam k4.0 73 n 66

Miami silt loam L.5 71 56 63

Miami silt loam 5.0 81 78 73

Deficits as encountered here can be caused either by the loss of
the oxides of N (Reuss and Smith, 1965; Gerretsen and DeHoop, 1957) or
due to the fixation of the oxides of N by mineral (Mortland, 1965;
Cady and Bartholomew, 1963) and/or organic (Austin, 1961; Fghr and
Bremner, 196ha) components of the soil. Hence, the factor that in-
fluences the process of fixing various forms of N also affects the
degree of deficits that can be encountered. Therefore, due to the
differences in the physical and chemical make-up of the soil, dis-
crepancies in the total N recovered in different soils can be expected.
Smith and Clark (1960) suggested that the loss of N occurs as the
oxides of N. This probably cannot be the cause of deficits observed
in this investigation since the oxides of N were absorbed by the trap
solution. If the deficiencies were caused by the fixation of oxides
of N by organic soil components, the deficiencies are expected to in-
crease with decrease in pH (Flhr and Bremner, 196Lka). On the contrary,

the reverse effect was observed. Also, if the mineral components of
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the soil were the responsible factors, greater deficits are expected in
systems treated with lower nitrite concentrations; because the gquantity
of mineral component is constant and fixing power also must be constant.
Therefore, higher proportions of nitrite added in smaller concentra-
tions must be fixed. Again, the results obtained were contrary to
these expected values.,

Alternatively, it can be proposed that deficits of N observed were
probably caused due to the formation of intermediate compounds other
than those determined. Stevenson and Swaby (196L) have found the for-
mation of methylnitrite (CH3}D2), which is a gas that was not determined
in this study. Hydroxylamine and hyponitrous acid could probably be
produced. Although both hydroxylamine and hyponitrous acid are very
unstable in acid media, their mineral salts are stable (Corbet, 1935),
and concentrations as high as nearly LO percent of the added N were
reported to have been recovered in the form of the salts of these com-
pounds. Beesley (191L) predicted the occurrence of such intermediate
compounds .

The above results indicate clearly the inadequacy of the reactions
proposed earlier to describe nitrite decomposition. Although the reac-
tion sequences discussed earlier seem to be logical, they are unable to
show the occurrence of other intermediate compounds. Above all, the
conversion of the part of the added nitrite to Ny alone is a positive
indication of the inadequacy of these reactions. However, evidences

show that most of the reactions proposed earlier do occur in acid media.

Theoretical considerations

On the basis of the observed results, it could only be shown that
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the reactions proposed earlier are inadequate to describe completely the
process of nitrite decomposition. The occurrence of these reactions had
been shown (Reuss and Smith, 1965) and was confirmed in this investiga-
tion. Now an attempt is made to determine conditions which may favor
each of the reactions proposed. For the convenience of understanding
the discussions, the reactions are listed here. They are

BHNOZ—)ZNOoH‘oN0§+H20 TR T RPN )

SHNO, —»2NO + TH* + YNOS +H0 . . . . . (23)

51-11‘102—)!\12 + H* + 3N0§ + Hy0 s 06w e s (2h)
The occurrence and validity of reaction (1) are discussed later. Here
attention is paid mainly to reactions (1) and (23).

The following theoretical considerations are based on certain
assumptions as mentioned here, First, only the above mentioned reac-
tions are considered as the pathways of nitrite decomposition. This
also implies that nitrate is assumed to be the only N compound left in
solution. Although other intermediate compounds are postulated to be
formed, this assumption seems quite valid since the main purpose is to
show the inadequacy of these reactions and to determine the conditions
that favor the reactions. In addition, all the nitrogen recovered is
assumed to have originated only from the added nitrite N and not from
the native N,

On the basis of reactions (1), (1L), and (23) it is possible to
calculate the moles of nitrous acid that decompose to yield given
quantities of N, and nitrate N. If expected and observed quantities
of nitrous acid transformed coincide, these reactions would completely
describe nitrite decomposition. The gquantities of nitrous acid that

could be transformed according to individual reactions can be calculated



if the moles of nitrate and N, formed are known.

Given x and y as the moles of respectively nitrate and N2 recove
ered in the system, the total moles of nitrous acid transformed through
reactions (1) and (1L) can be calculated as follows.

1. MNoles of HNO, decomposed through the reaction (14) will be 5y.

2, Moles of HNO3 formed w 3y.

3. Moles of HK)3 formed according to reaction (1) = x - 3y.

L. Moles of HNO, transformed according to reaction (1) =
3(x - 3y).

5o Total number of moles of nitrous acid decomposed is given by
the sum of it used up in two reactions

= 5y + 3(x - 3y)

=5y + 3x = 9y

= (3x - ly) moles.
Similarly, the total quantity of HNO, decomposed through reactions (1L)
and (23) is equal to

1.1k x + 1.3 y = moles of HNO, decomposed.

Some of the values were calculated from the results of acidified
Miami silt loam incubated for 12 hours. Tables Ly, 5, and 6, respec-
tively, present the data of the samples treated with 75, 150, and 300
ppm nitrite No Reaction (1L) could not account for all the nitrous
acid transformed in any of the samples., Combinmation of reactions (1)
and (14) seemed to represent most of the reactions that probably
occurred in resin systems with pH 4.0 and treated with 300 ppm mitrite
N (Table 6). This clearly indicates that reaction (1) which was
originally considered to describe completely the nitrite decomposition

is incomplete. In addition, reaction (1) seems to represent very
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Table L, Comparison between the guantities of NOE»N transformed in
Miami soil treated with 75 ppm ND"2’=N and those expected on
the basis of theory

Nitrite transformed (millimoles x 103)
Expected according to reactions

Media hs S Observed 1 and 14 1 and 23
Miami silt loam 3.6 536 3L6 39k
Miami silt loam k.0 536 3k 338
Miami silt loam o8 193 338 310
Miami silt loam 5.0 22 342 286
Miami silt loam 5.8 268 269 255

Table 5, Comparison between the quantities of NO5=N transformed in
Miami soil treated with 150 ppm NOZ-N and those expected on
the basis of theory

NMitrite transformed (millimoles x 103)
Expected according to reactions

Media et Observed 1 and 1l 1y and 23
Miami silt loam 3.6 1061 630 655
Miami silt loam L0 1036 Lo2 52l
Miami silt loam h.5 922 343 L52
Miami silt loam 5.0 761 366 L30

Miami silt loam 5.8 h72 151 368
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Table 6. Comparison between the quantities of NO3-N transformed in
various media treated with 300 ppm nitrite N and the expected
values calculated on the basis of proposed reactions

Nitrite transformed (millimoles x 103)
Expected according to reactions

Media Jeit Observed 14 1land 14 13 and 1k
Cation resin L0 1469 716 1286 8li1
Miami silt loam 3.6 1450 895 1600 113
Miami silt loam Lo 2060 855 2735 1679
Miami silt loam k.5 1540 780 23l sk3
Miami silt leam 5.0 1250 780 60 1468

very closely the stoichiometry of Np production. Slight differences be-
tween the observed and expected values of N, produced were probably
caused by the occurrence of some other intermediate compounds. The com-
bination of reactions (1k4) and (23) seemed to underestimate the quantity
of nitrous acid decomposed.

The effects of pH on each of these reactions can be seen when the
results of Miami silt loam are compared. The gquantities of HNO, decom-
posed in samples with pH 3.6 and Li.0 are better approximated by the
combination of reactions (1) and (14) and/er (1k) and (23), than by
reaction (14) alone. On the other hand, the samples with pH L.5 and
5.0 yielded less nitrate and thus the amount of nitrous acid decomposed
is drastically underestimated. This may suggest that reactions (1) and
(23) are more sensitive to pH than reaction {1L). This is in close
agreement with Corbet's (1935a) report that nitrate production may cease
in medias with pH above 5.0. TIn parallel with the underestimation of

nitrous acid transformed, these samples also showed greater deficiencies
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(Table 3) than the others. This may partly support the suggestion that
some intermediate compounds other than those known also eccur.

So far it was seen that nitrite undergoes non-biological self
degradation in acid media. The degree of decomposition depended on pH
of the medium and the concentration of added nitrite. At lower pH and
lower nitrite concentration, the tendency for the compound to decom-
pose was greater. Nitrate, oxides of N, and N, were definitely pro-
duced during the chemical transformation reactions. Higher quantities
of all the products were recovered at lower pH values. The reactions
proposed earlier are inadequate to describe the pathways of nitrite
decemposition. The reactions proposed to explain non-bialogical
nitrification were found to be more sensitive to pH than the Ny pro-
ducing reaction. Inability of all the forms of N determined to add up
to the quantity initially present in the sample suggests that possibly

other intermediate compounds occur.

Loss of Elemental Nitrogen

In the previous section evidences were presented to show the for-
mation of Np through nitrite decomposing reactions. Here the factors
affecting the conversion of nitrite to Ny are considered in detail. In
addition, the nature of N2 producing reactions are discussed, giving
due consideration to the possible intermediate compounds invelved in
this process.

Effects of pH and nitrite concentration
on the loss of Np

Six acid soils varying in pH from 4.6 to 6.1 were treated with 75,

150, and 300 ppm nitrits N and incubated at 30 C for 12 hours. Figures
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12, 13, and 1L, respectively, present the quantities of N, produced in
various soils treated with 75, 150, and 300 ppm nitrite N. Regardless
of the concentration of nitrite added, N, production was most rapid in
all the soils during the first 3 hours of reaction time. Following
this, the rate of N, production reduced until it ceased. It was inter-
esting to note that Ny production ceased although considerable propor-
tions of the substrate remained in the system. At all the nitrite
levels and during each sampling period larger gquantities of Nz were
recovered in soils with higher acidities. Differences among the soils
imcreased as the reaction time advanced. Thus; in soils with higher
pH values the rate of Ny production declined more rapidly than in those
with higher acidities. In addition, the decrease in the rate of No
production was more drastic in all the soils that received higher doses
of nitrite N.

The most interesting peint in the results presented in figures 12,
13, and 1 is the fact that N, production stopped when appreciable quan-
tities of reactant were present in the medium. The cause of such a
process is unknown. Active transition metals that catalyze nitrite de-
composition (Wulstein and Gilmour, 196L) slsc may be responsible for N,
preduction, Exhaustion of such catalysts could result in the cessation
of the reaction. But cessation of N, production even in the samples
treated with the smallest concentration of nitrite N (75 ppm) overrules
such a possibility. Instead, the results indicate that one or more of
the intermediate compounds of nitrite decompesition prebably act as
inhibitors to the reactions producing Np. Inhibition may be caused
either by poisoning the catalysts or by preventing some of the reactions.

In such a case the inhibition will be competitive.
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Figure 12, Gaseous nitrogen recovery in various acid soils treated
with 75 ppm NOE-H and incubated for various periods of time,
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The effect of the concentration of added nitrite on the gquantity of
N, produced is presemted in figure 15. The values represent the quan-
tity of Np recovered in various media treated with 75, 150, and 300 ppm
nitrite N and incubated for 12 hours. Larger percentages of nitrite N
were converted to N2 when the substrate was present in smaller concen=-
trations. In acid soils, therefore, under field conditions, if nitrite
is produced in small quantities and the rapid loss of it as N, econtimu-
ously occurs in large propertions, very large quantities of the added
fertilizers can be lost into the air. Such a mechanism of loss of N

can also answer some of the questions on the enigma of soil nitrogen.

Precursors of N, formation

In the previous section, indirect evidences were presented to show
the occurrence of some unknown intermediate compounds of nitrite decom-
position. Hydroxylamine (Corbet, 1934 and 1935; Martin et al., 1942),
hyponitric acid (Emelius and Anderson, 1938; Thorne, 1961), and hypo-
nitrous acid (Corbet, 1935; Mumford, 191ki) have been postulated to occur
during the transformation of either ammonia to nitrite or nitrite to
various products. It is interesting to note that all the predicted
campounds are free radicals and could be destroyed or be prevented
from being active in the reaction sequence.

Here attention was focused on the occurrence of hypenitrons acid
as an intermediate compound. Breakdown of nitrous acid in which N has
a valence of a3 to nitric oxide (+2) was postulated earlier and was
shown to be true. Formation of Np with zero valence was also observed.
Thus, it is logical to choose a compound wherein nitrogen has a valence

between 42 (N0) and 0 (Np) to be the most plausible intermediate
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compound. In hyponitrous acid nitrogen has a valence of 41, and it is
a free radical. Thus, hyponitrous acid could possibly be an inter-
mediate. Hyponitric acid (HpNy03) which is said to be very unstable
(Emelius and Anderson, 1938) instantly breaks down to hyponitrous acid
and nitrous acid. But the formation of H2N203 is very slow (Emelius
and Anderson, 1938) as compared to the rate of its breakdown.

The occurrence of any free radical as a precursor of N, formation
was investigated by treating the sampes with 5 ml of 95 percent ethyl
alcohol. Ethyl alcohol is said to act as a scavanger of free radicals
in the medium and thus disrupt the reaction sequence. Thus, if free
radicals are involved in N, producing reactions, less Ny must be re-
covered in alcohol treated samples. Accordingly, in the samples
treated with alecohol, smaller quantities of N, were produced as com-
pared to the samples that were free of alcohol. Table 7 presents the
percent inhibition of N, production that was observed in samples with
alcohol. These values represent the quantities of N, recovered in
alecohol treated samples expressed as the percent fraction of those
quantities recovered in samples free of alcohol. Dayton silty clay
loam showed maximum reduction in the quantity of N, formation. There
was no regular variation in the reduction that was brought about by
aleohol, although reduction was observed in all the soils,

Nitric oxide is definitely known t¢ be produced by the decomposi-
tion of nitrous acid. Similarly, the data show the formation of N2
during autodecomposition of nitrous acid. Therefore, the possibility
of nitric oxide being one of the precursors of Ny was tested by adding
approximately 10 mg NO-N to the soil system. Nitric oxide was intro-

duced in gaseous form into the flasks containing soil samples after the



Table 7. Ratios between the quantities of Np produced in alcohol
treated and untreated samples of various soils that received
three levels of nitrite and incubated for 12 hours

NO2-N level (ppm)

Soil ol ¢ 150 300
percent inhibition

Olympic silty clay loam Leb 3L L2 L2

Dayton silty clay loam L.9 50 50 33

Clermont silt loam 5.2 28 2l 23

Logan Canyon silt leam 5.8 27 37 36

Miami silt loam 5.8 b3 35 I

Walla Walla (Washington) 6.1 18 22 30
silt loam

atmosphere within the flasks was made free of N,. In both Olympic and
Dayton silty clay loams treated with NO, the elemental form of mnitrogen
was observed (figure 16). Olympic soil produced slightly more Ny than
Dayton silty clay loam, and it may probably be due to the variations
between them in pH and organic matter contents. Thus, nitric oxide is
one of the precursors of N,.

On the basis of the results obtained in samples treated with alco-~
hol and nitric oxide, the following scheme of reactions can be proposed
as a probable pathway of converting nitrite to elemental nitrogen.

GHNOp—»UNO + ZH* « 2M03 « 20 o « .« .« .« (24)

LNO + 2HJO—2HpN03 « o« o =« « o o« o o (25)
HN0;=PZHNO, # HN 0, . - o . . . . (26)
H,N 0,4 HNO,—3N, + H* » NOJ +HO . . . . (27)

The sum of the above reactions yields reaction (14) that was said to

represent the stoichiometry of Ny production. Considering the above
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results, it is possible to write the sequence of products formed in the

conversion of nitrite to N, as NO3—>NO—H,N HoNoOp—pNo e
2 2 2 PRIV 2

Inhibitors of Ny producing reactions

It was seen that N, formation stopped in all the soil even when
considerable proportions of the added nitrite remained in the system.
It was postulated (Thorne, 1961) that such an effect probably resulted
from the inhibitory effects of one or more of the intermediate compounds
of nitrite decomposition. Although the possibility of the catalyst
being exhausted was ruled out, it is probable that the catalysts may
either be poisoned by the inhibitors or the inhibitors may compete with
other precursors of N, for the catalysts. Thus, Np formation may be
gtopped.

In either case, the addition of excess catalyst must result in the
formation of additional quantities of N2. Iron has been found (Wulstein
and Gilmour, 196L; Chao and Bartholomew, 196l) to catalyze nitrite de-
composition, Therefore, it was decided to find out whether or not iron
catalyzes N, producing reactions also. Soil samples were treated with
different levels of iron before adding nitrite N. Figure 17 shows the
influence of 0, 250, 500, and 1000 ppm iron, added as ferrous sulfate
to Miamivﬂ.ilt loam with pH 4.6, The quantities of Ny produced in Miami
s0il were unaffected by the freshly added iron. However, the possibil-
ity of the insctivation or poisoning of soms other metallic or non-
metallic catalysts that may be involved in the process of producing Np
is not precluded.

Thorne (1961) postulated that the accumulation of nitrate probably
was formed in samples that received 15 mg

stops N2 formation, Wut N,
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nitrate N prior to the adding of nitrite N (figure 18). Incubation of
nitrate containing samples with NO alone or in combination with nitrate
did not influence N, production except that NO was converted to N,
(figure 18). Thus, it was clear that neither nitrate nor NO alone or
in combination slows down or prevents Ny production.

So far two schemes of nitrite decomposition pathways have been
presented. During non-biological nitrification, the sequential pro-
ducts expected are NOE—)NQOB—)NO + m2—>N02—)N20h—)NO§. It was
postulated that the sequence NO; —INO—H pN;03—PHoN0,—N, + HNO3
can be expected in the process of N, formation. In the systems most
of the sequential products are in equilibrium with each other (Bray,
1932; Gray and Yoffe, 1955; Sneed and Brasted, 1958). Thus, it is not
an easy task to point out the particular compounds responsible for the
slowing down of N, production., However, separate addition of each of
the suspected compounds may give some idea about the inhibitory effects.

Nitric oxide (NO) was used in an experiment to find some clue to
the nature of inhibition. Samples were incubated with NO for various
lengths of time prior to adding nitrite and the patterns of Ny forma-
tion were determined. Figures 19 and 20, respectively, present the
patterns of N, formation observed in the samples of Dayton and Olympic
8ilty clay loams incubated with MO for various lengths of time. Incu-
bation of the samples with NO for 3 hours did not have any appreciable
effect on N2 production in either soil. During the early stages of
reaction time, however, more Ny was produced in Olympic soil incubated
3 hours than in unincubated samples. When the samples with NO were
pre-incubated for 6 hours or more, the formation of N, was in smaller

quantities and Np production ceased soconer than that observed in the
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unincubated samples. Nine and 12 hour pre-incubation of Dayton soil
samples resulted in further decrease in the quantity of Np produced as
compared to 6 hours pre-treatment. In Olympic soil there was no dif-
ference between 6 and 12 hours of pre-incubation time.

It was seen that the added nitrite and nitric oxide can be con-
verted to Np within an hour after they are added to the medium. Also
nitrate was recovered an hour after the addition of nitrite to the
sample. But nitrate and/or nitric oxide were not responsible fer the
slowing down and eventual stopping of N, formation. Thus, it can be
safely concluded that the compounds formed during the conversionm of
nitric oxide to nitrate probably do not influence N, formation. Pre-
incubation of the samples with NO for 3 hours did not alter the
mitern of Np formation. Therefore, the compounds responsible far
inhibiting the Np yielding reaction required longer than 3 hours to
build up effective concentrations. In a way, similar to the formation
of nitrate, nitrite was produced according to reactions (6), (7), and
(8). If the decomposition of nitrite is restricted to the pathways
discussed earlier, it is certain that there are some compounds pro-
duced prior to the formation of NO and thet particular compound
probably is responsible for stopping Np production. According to
reaction (2), No05 would be formed prior to NO, but it could also
arise when NO was added to the medium because they attain equilibrium
instantameously (Gray, 1958). After 3 hours of pre-incubation &ime,
most of the nitric oxide probably was converted to nitrate and mitrous
acid. Thus, nitrite probably decomposed through different pathways
producing some unknown unidentified compounds. Such compounds may be

involved in modifying Ny production. The buildup of that compound
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responsible to inhibit Ny production may have required more than 3 hours.
Alternatively, there are other pathways of nitrite decomposition in
which the compounds capable of inhibiting Np producing reactions occur.
Thus, two main points are clearly seen in the results presented in
this section of the mamuscript. First of all, the proposed pathways of
nitrite decomposition are incomplete and are not able to describe all
the results observed. Secondly, there are positive indications that
some intermediate compounds other than those included in the pathways

of reactions proposed also occur.
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SUMMARY AND CONCLUSIONS

Non-biological decomposition of 75, 150, and 300 ppm nitrite N
added to various acid soils varying in pH values from L.6 to 6.1 was
studied. In some cases similar studies were carried out in cation
resin adjusted to pi L.0. In one instance, one of the seils was
stadied after adjusting to different pH values by adding the required
quantities of sulfuric acid. All the samples, except resin systems,
were incubated after adjusting the moisture content to 0.3 bar ten-
sione. Nitrite was added to the samples in the form of sodium nitrite
solution, after the system was made free of Np. Samples were incu-
bated in constant temperature cabinets maintained at 30 C. On the
basis of the results obtained; the following conclusions were drawn.

l. Yt is positively proven that autodecomposition or self-
degradation of nitritecoccurs in sterile soils when the pH is in acid
range. Nitrate, elemental nitrogen, and various other oxides of N
such as nitric oxide and nitrogen dioxide are produced during non-
bielogical nitrite decomposition.

2+ Regardless of the pH of the medium and the concentration of
N added, nitrite decomposition was very rapid during the first 4 to §
hours of reaction time. Following this the rate of nitrite disap-
pearance decreased gradually until the process ceased, although large
proportions of the added nitrite remained in the system.

3. The degree of nitrite decomposition was found to depend on
both nitrite concentration and the reaction of the medium., Greater

proportions of the added nitrite decomposed in a medium with lower pH
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and smaller nitrite level.

L. The quantities of nitric oxide and nitrogen dioxide recovered
in the traps also were found to depend on pH and concentration of the
reactants, but unlike the nitrite disappearance, the recovery of the
oxides of N was found to have linear relation to the reaction time.

5 The term non-biological nitrification is used herein to refer
to the process of chemical oxidation of nitrate. Non-biologisal
nitrification occurred in all the media including resim systems.
Higher percentages of the nitrite were recovered as nitrate im the
samples with Jower pH and smaller nitrite concentrations. Thus under
field conditions, in acid soils, if nitrite occurs in smaller concen-
trations, nitrate could be formed in the absence of nitrifying
organisms.

6. Both the disappearance of nitrite and the nitrate formation
were greater in soil than resin systems. Thus either erganic or mineral
soil compoments alone or in combination hasten the non-=biological
nitrification process.

7. The results support the earlier concepts that nitric oxide is
eventually oxidized to nitrate. Thus when no traps were placed in the
flask, allewing these oxides to re-enter the medium, more nitrate was
recovered.

8. The data do not show the relationship between the expected
quantities of nitrite decomposed and the nitrate recovereds Therefore
it is concluded that the reactions proposed earlier to describe
nitrite decomposition are inadequate.

9., Under normal field conditions gas phase reaction may occur

between nitric exide and water vapor. Assuming this reaction to be one
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of the major pathway of nitrite decomposition, a new reaction is pro-
posed to show non-biological nitrification as
JHNO + 307 —92NO + TH* & TNO3 + HpO . . . (23)

10, At no sampling time did the total gquantities of N recovered
equal that added. Calculated quantities of nitrite disappearance were
always lower than the observed amounts. Thus the nitrite is used up
in other reactions that yield different compounds, such as elemental
nitrogen.

1l. Elemental nitrogen was produced from the added nitrite.
Higher percentages of the nitrite were recovered as N, in the medium
treated with lower nitrite concentrations. Formation of N, was also
greater in systems with smaller pH values.

12, The effect of pH and reactant concentration was identical on
both the decomposition of nitrite and the formation of various pro-
ducts. Evolution of elemental nitrogen from the nitrite in acid media
suggests that a large fraction of the added fertilizers can be lost
through this mechanism. Thus, it also reduces the enigmatic nature of
soil nitrogen.

13. The results from the samples treated with alcohol indicate
the possibility that some free radicals are involved in Np producing
reactions. Reduction up to as high as 50 percent was observed in the
quantity of N, produced.

1. Nitric oxide added in gaseous form to soil systems was re-
covered as Np. Thus it is concluded that nitric oxide is an inter-
mediate compound involved in the conversion of nitrite to elemental
nitrogen.

15. If nitric oxide is one of the precursors of Np, it forms a



sequence of compounds wherein nitrogen has valencies of 43 (mg) s #2
(N0), and zero (Np). Thus it is logical to consider a compound like
hypomitrous acid (HaNp0p), in which N has a +1 valency, as the immediate
precursor of Ny, On the basis of the above assumption and the results
from the samples treated with alcohol and nitric oxide, the following
scheme of reactions is proposed as a probable pathway of N, production
during non-biclogical nitrite decomposition.
GHNO,—LNO + 2H* 4 2N0F » 0 . . . . . (24)
LNO + 2HQO—ZHN03 « « « « « o .« . o (25)
FN03—HN0p » ENOp . & . . . . . (26)

HoNp0p + HNOp—3Np + H* 4 NO3 + H0 . . . . (27)

RXNOZ N2¢3H‘¢3N0§+Hzoo T TR

160 Accumulation of neither nitrate nor nitric oxide alone or
together was found to alter the Ny recovery pattern in acidified Miami
8ilt loam. Addition of iron in the form of iron sulfate to the soil
system did met influence the quantity of N, evolved.

17. Cessation of N, production occurs in the presence of large
propertions of the reactant in the system. Such an effect is thought
to be due to the occurrence of some unknown products of nitrite decom-
position, which probably inhibits the process. This view was supported
by the reduced quantity of N, recovered in samples that were pre-
incubated with NO for various lengths of time prieor to adding nitrite.
During the pre-incubation of the samples with EO, part of it was oxi-
dized to nitrous acid, which in tarn probably decomposed to other com-
pounds that inhibit N2 production.

18. Both the inability of all the forms of nitrogen recovered to

equal the quantity added and the disagreement between the expected and
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observed quantities of nitrite N transformed strongly suggest the occur-
rence of some intermediate compounds other than those known to be pro-
duced during nitrite decomposition in acid media. It is, therefore,
concluded that the known reactions of nitrous acid decomposition are
inadequate to explain the procees.

19. All the above results are summarized schematically in figure
21, The scheme shows three sequences of reactions that form nitrate N.
In all cases both oxidative and reductive processes are involved.
Elemental nitrogen also is suggested to be formed simultaneously with

nitrate production.



N203

(L)

N20),

1. pH sensitive 5. Equimoles of products are
formed.
2. Hastened by both organic and
inorganic soil components 6, Temperature sensitive gas
phase reaction
3. Equimoles of NO and N02 are
produced. 7. Instantaneous aerobic reaction

. TInstantaneous process B. Extremely unstable in acid media

Figure 21. Schematic summarization of proposed reactions of HNO; in
acid media wherein both nitrate and elemental N are produced.
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PRESENT STATUS AND FUTURE OUTLOOK

Although this work is not a pioneering research in a new field, it
has to be admitted that neither is it the concluding experiment on
nitrite decomposition in acid media. However, the data presented so
far are preliminary in nature and give clues to many lines of possible
investigation in the future. As mentioned in the introduection to this
thesis, more questions are left unanswered than those solved.

The author has gained some insight on various reactions that take
place during non-biological nitrite decomposition as well as on some of
the practical applications of the results. The following few words are
written with two main objectives in mind. The first is te pass en the
experience and insight ‘ga,ined by the author during the present investi-
gation to future workers who may find this information useful in
writing up research projects. The second objective is to keep these
data im a form that could be readily used for the purpose of refreshing
the minds of author and readers. At any time proper blending of some
of the insights presented here and = person's forethought may result in
good research work.

Some of the results obtained are more conelusive than others. On
the basis of the conclusive results, two kinds of research work are
suggested here. Some work could be carried ocut in the field similar
to the ome reported here. 1In addition these data are useful in eon-
duecting a research program in other fields of science, such as plant
physiology and plant matrition. In the case of ideas that are not very

obvious and conclusive from the results, some of the logical viewpoints
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of the author are presented to substantiate and vindicate the concepts.

Many reactions have been proposed to represent the overall stoichi-
ometry of nitrite decomposition process. The inadequacy of these
reactions is clear from the fact that elemental nitrogen, which is not
included as an end product, is given off during nitrite degradation.
Nitrate and elemental nitrogen are shown to be the end preducts. Tt
would be interesting to know if both end products are formed simml-
taneously or through two separate equations. If both are produced
through a reaction, a single reaction sequence could be formulated to
describe the process of nitrite decomposition. On the other hand, if
they are formed as a result of separate reactions, one should be able
to investigate the importance of each of the reactions under different
field conditions and use the information to increase the efficiency of
nitrogen fertilizers. At the same time it should be remembered that
these compounds may be formed through both separate and common reactions.

Evidences have been presented to show that in none of the cases was
all the added nitrogen recovered. In spite of the fact that various
processes responsible for causing the deficiencies are proposed, there
are indications to show the occurrence of certain unimown intermediate
compounds., One would find it an interesting challenge to isolate such
compounds. In the light of the suthor's experience and personal contact
with others, it is suggested that such an intermediate may either be in
inorganic or organic form or both, Tartstein (1936) and Stevenson and
Swaby (1964) have postulated the poszsibilities of certain organie com-
pounds being involved in such a process.

More Iinformation is needed on the nature of N, producing reactions

and various intermediate compounds involved. Hyponitrous and hyponitriec
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acids are postulated here as the probable intermediate compounds that
precede N, formation from nitrite. It should be relatively easy either
to prove or disprove the occurrence of these compounds. Use of iso-
topic nitrogen ought to render such a study much easier.

It is pesitively shown that the formation of nitrate and elsmental
nitrogen from nitrite stops even when considerable quantities of added
nitrite remain unaltered in the system. Isolation of such an inhibitor
would be of great value both in reducing the loss of nitrogen and in the
more efficient use of controlled availability fertilizers. Both the
inhibitors and unknown intermediate compounds could be isolated by
solvent extraction procedure.

In addition to the above mentioned results, there are some indica-
tionsl that some of the reactions are more likely to be the major pathway
than others. Nitrate formation results from the dissolving of dinitro-
gen tetroxide (Ngoh) in water and by the gas phase reaction between
nitrogen peroxide (NOQ) and water. Thus both the moisture content of
the system and temperature of the surroundings may influence the
quantities of the nitrate produced. The effects of temperature and
moisture content of the system on non-biological nitrification needs to
be investigated. These data may be quite useful in explaining the dif-
ferences in quantities of oxides of N recovered by various warkers. It
will be interesting to know the temperature and moisture effects on the
quantities of various oxides of nitrogen produced.

Elemental nitrogen formation from nitrite is inevitable. There
are some indications that nitrate production is more pH dependent than
the release of elemental nitrogen. In the recent years many workers

have reported (Cerretsen and DeHoop, 1957; Clark et al., 1960) that
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chemical conversion of nitrite to nitrate stops in media with pH above
L.5 to 5.0. However no such effect has been reported on N, formation.
If N, formation is less pH dependent, more serious attention should be
paid to ite More nitrogen fertilizers may be lost through this pathway.

Organic matter seems to have tremendous influence on the evelution
of No. Reuss and Smith (1965) have shown that organic matter plays some
role in N, fermation. Rashid (1966) has found distinct differenees be-
tween the effects of fresh and dry plant material added to the soil.
Their influemce is shown to be different following the ineubatiom of
organic matter in soil., Stevenson and Swaby (196L) have gone a few
steps ahead in isolating some of the compounds produced. In all the
above cases acid soils were used. Recently Meek and McKenzie (1965)
have reported the loss of N, even in calcareous soils. Thus, on
account of the organic matter effects, evolution of N, may occur in
both acid and neutral soils. In organic matter certain functional
groups with high pK values may be involved in N, productien, and this
may wake it less pH sensitive. Many aspects of organic matter effects
on N, production from nitrite need to be investigated in order te
underatand the chemistiry of nitrite in seoils.

Oxides of nitrogen are the immediate products of nitrite decom-
positione Apart from the reactions that convert these to other mitrogen
compounds, mumerous transformation processes may take plaee. Nitric
oxide can enter equilibrium reaction with non-nitrogenous compoumnds
(Cady and Bartholomew, 1963) and can be transformed to other compounds
(Mortland, 1965). Similarly it is suggested that these oxides may
react with both organic and inorganic nitrogenous compounds.

Interaction of oxides of nitrogen and other compounds is also
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important. These compounds, being reactive, can react with other nitgo-
genous compounds leading to the formation of different preducts.
Waksman (1952) has postulated the reaction between ammoniacal nitrogen
and various oxides of nitrogen which probably result in the evolution
of elemental nitrogen. Gray (1958) has presented a possible reaction
invelving ammonia and dimer form of nitrogen peroxide as

Ny0p, + Ni3—N, QH‘0N0§+320 ¢ W ow e e (28)
This mechanism of N, proguction \my be responsible for the loss ef N
reported to occur during nitrification of ammoniacal fertilizers (Clark
et al., 1960). If this is true, accumulation of nitrite alone may not
be sufficient to cause the loss of N. This field of research can be
developed te a great extent and valuable information also can be
obtalned.

Although phyto-toxicity of nitrite has been reported, not much work
has been done on this, Toxicity is said to be more severe in acid media
than in alkaline conditions. The decomposition products of mitrite
produced in acid conditions may be responsible for the phyto-taxicity
since in alkaline conditions nitrite is stable and not acid media. Thus
the toxicities of various intermediate products (oxides of N) onm plants
ought to be investigated. Excess nitrite is shown to affect adversely
the respiration of plant roots., Thus it would be interesting to know
the effects of nitrite and its decomposition products on respiratory

enzymes in plants.
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Analysis of Alkaline Permanganate Traps
for Oxides of Nitrogen

The oxides of nitrogen that are absorbed in trap solutions were
oxidized to nitrate by the Kllrl)]4 Thus this procedure is designed to
destroy the color of the Kmi)h and permit colorimetric nitrate
determination.

Reagents
1. Trapping solution of alkaline permanganate; 0.2 M lCMnDh in 2 N KOH

Dissolve 112.2 g reagent grade KOH in about 800 ml of distilled
water. Add 31.7 g warm and stir till solution is complete.
Transfer to 1 liter vol&mtric flask and make up to volume. Store
in brown bottle away from direct light.

2. Oxalate sulfuric acid solution; 0.6 M Na,C,0), in 7 N HpS0),

! Place about 1200 ml distilled water in a 2 liter beaker. Add
carefully 390 ml Conc. HyS0). Weigh out and add 160.6 g NaoC 2011
Stir until oxalate is completely dissolved, transfer to 2 lite
volumetric flask and make up to volume. Store in brown plaauc
bottles the oxalate will attack glass.

3. 5 N NaOH

Weigh out LOO g reagent grade NaOH and dissolve in about 800
ml distilled water. Allow to cool; transfer to 1 liter volumetric
flask and make to volume,

Procedure

Wash the entire contents (5 ml) of the trap into a 100 ml beaker.
Avoid using excess water. A blank of unused trap solution should be
included. From a burette add 5 ml of reagent 2 (acid and oxalate).

In a few minutes the reaction should be complete and the material
should be colorless. Wamrming on the hot plate will facilitate reaction.
Incomplete reaction may be the result of insufficient acidity or in-
sufficient oxalate.

After sllght warming add 8 ml of reagent 3 (5 N NaOH) to each
beaker. Precipitation of Mn as MOy will occur at this point and the
base must be in sufficient quantitiss to make the solution alkaline.
Upon standing a slight brown scum of MnO, should form on the surface.
Failure of this to form may be due to insufficient base.

The precipitate should be digested with gentle warming for at
least 0.5 hour. The material is then filtered into 100 ml volumetric
flask. This filtration must be guantitative and the residue washed
several times with small portions of warm water. The volume is then
made to 100 ml and an aliguot (2 ml) taken for the standard phenoldi-
sulphonic acid nitrate determination. The addition of ammonium
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sulfamate to destroy nitrites is unnecessary.

The blank carried through the entire procedure is used to set the
colorimeter.

Standard curve and calculations

Weigh accurately 1.4l g KNO, into a clean beaker; dissolve in
distilled water and transfer to & liter flask., Then make up to volume,
This solution has 200 ppm N.

Add 0y 1, 2: 35 eeo 8 nl of KNO; standard to a series of beakers
containing 5 ml KMnO), trap solution.” Carry through the procedure as
outlined taking a 5 aliquot for nitrate determination. Carry through
the standard nitrate procedure making up the colored solution to 50 ml
for reading on the spectrophotometer. There will now be O, 10, 20 ...

80 n g N per 50 ml. Read on spectrophotometer and plot curve.

Determine from the curve the ration m g N/Opt density (inverse of
slope if Opt density is plotted on the y axis and m g on the x axis).

Batio x Opt den x 20 _ mgm N
1000 Trap

if 2 ml aliquot was used

Ratio x Opt den x 50 _ mgm N
1000 Trap

Ratio obtained during the preparation of standard curve was 110.
Notes

Do not use excess water to wash the trap solution into the beaker
or for washing the precipitate as the total volume must be less than
1000 ml. The destructiom of KMnO), by €20, requires high acidity and in-
complete reaction at this point ks often the result of insufficient
acidity. If the traps are to be exposed to large amounts of CO, evolu-
tion it may be necessary to use L N XOH and/or 10 ml trapping solution
per trap. If more trapping solution is used, the amounts or the
strengths of reagents No. 2 and 3 may be increased accordingly. If k
N KOH is used in the trap solution, the acidity of reagent 2 should be
Tncreased to 9 N.

After the residue from the filtration is expssed to the air, it
should assume a dark brown color. If it remains gray add a ml or two
of NaOH to the filtrate. If any precipitate occurs, refilter.
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Table 8. Quantities of different nitrogen compounds recovered at
various intervals in sterile and non-sterile Olympic silty
clay loam incubated with 300 ppm nitrite N

Reaction Nitrogen recovered
time NOj NO3 N, NO + Nop
hours mgd
Sterile
1.0 22.0 2.2 5.2 0.3
3.0 17.9 h.2 8.0 0.8
5.0 1.2 6.0 9.2 1.2
9.0 9.5 8.9 10.8 2.1
12.0 6.2 10.8 11.0 2.8
Non-sterile
1.0 22,1 2.3 5.1 0.2
3.0 18.3 L.5 8.1 1.0
5.0 14.0 6.5 9.0 1.3
9.0 10.0 9.1 11.0 2.3
12.0 6.0 12.0 11.0 3.0

8pverage of 2 replicate samples.
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various intervals in Miami silt loam adjusted to pH 3.6 and

incubated at 30 C with 75 ppm nitriie N

Reaction Percent? of added nitrite recwa-‘ed as
time N0 N3 N, No 4 NOp Total
hours h
With trap
0.5 13.0
1 13.0 10.0 23.0 e 9% 4 51.0
2 21.3
3 k.o 16.0 32.0 5.6 67.0
L 31.0
5 3.0 29.0 31.0 8.0 69.0
T 31.0
9 0.5 39.0 31.0 9.6 80.0
12 0.0 43.0 31.0 12.3 86.2
Without trap
1 17.0 18.6 19.0 55.0
2 23.0
3 13.0 28,0 31.0 72.0
L 29.0
8 8.0 51.0 27.0 85.0
) 29.0
9 k.o 63.0 29,0 96.0
12 3.0 6.0 28.0 95.0

@Average of 3 separate experiments with 2 replicates in each.
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Table 10. Quantities of different nitrogen compounds recovered at
various intervals in Miami silt loam adjusted to pH 3.6
and incubated at 30 C with 150 ppm nitrite N

Reaction Percent® of added nitrite recovered as
time NO3 M3 N, NO + NOp Total
‘hours
With trap
0.5 3.k
1.0 20.0 34.2 15.2 2.9 72.0
2.0 20.0
3.0 6.6 27.3 21.7 5.3 60.9
5.0 3.3 L8.7 26,7 6.9 86.0
8.0 2.0 k9.3 2h.7 7.2 83.0
12.0 0.6 56.0 25.3 8.0 90.0

Without trap

0.5 5.3

1.0 22.7 21:3 8.0 52.0

2.0 18.6

3.0 9.3 30.0 21.6 61.0

5.0 7.0 33.3 32.0 88.0

8.0 6.0 60.6 32.0 100.0
12.0 3.0 61.0 32.0 96.0

8sverage of 2 separate experiments with 2 replicates in each.
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Quantities of different nitrogen compounds recovered at

various intervals in Miami silt loam adjusted to pH 3.6

and incubated at 30 C with 300 ppm nitrite N

Percent® of added nitrite recovered as

Reaction
time NO3 N03 Np NO + NOp Total
hours
With trap
0.5 7.0
1.0 67.0 19.3 10.L 3.3 100.0
2.0 16.4
3.0 53.0 21.0 17.0 7.0 98.0
4.0 15.0
5.0 L6.0 25.7 1h.0 8.7 9h.3
7.0 16.0
9.0 38.7 26.7 17.8 11.0 9h.2
12.0 32.3 36.0 16.7 1.7 96.7
Without trap
0.5 7.7
1.0 61.0 27.3 10,3 98.7
2.0 .7
3.0 5043 31.6 15.1 97.0
.0 15.0
5.0 36.0 39.6 15.0 90.6
7.0 15.1
9.0 23.0 u6.0 16.6 85.7
12.0 10.0 51.3 16.0 83.3

aAvemge of 3 separate experiments with 2 replicates in each.
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Quantities of different nitrogen compounds recovered at
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various intervals in Miami silt loam adjusted to pH L.0 and

incubated at 30 C with 75 ppm nitrite N

Percent? of added nitrite recovered as

Reaction
time W3 NO3 N, NO + NOp Total
hours
With trap
0.5 13.3
1.0 5.3 1k.7 20,0 3.3 43.3
2.0 22,7
3.0 2.6 21.3 24.0 563 53.2
5.0 1.3 32.0 25.3 8.0 66,6
9.0 0.0 347 26.7 8.0 694
12.0 0.0 35,0 26,7 10.0 7047
Without trap
0,5 1.7
1.0 8.0 20,0 2.0 52.0
2.0 25.3
3.0 ] 26.7 26.7 53.h
5.0 2.7 37.4 24.0 63.1
9.0 %.3 b1l 25.3 68.0
12.0 0.5 k2.0 26.0 68.5

8)verage of 3 separate experiments with 2 replicates in each.



Table 13. Quantities of different nitrogen compounds recovered at

105

various intervals in Miami silt loam adjusted to pH L.0O and

incubated at 30 C with 150 ppm nitrite N

Percent? of added nitrite recovered as

Reaction
time NO3 NO3 Ny NO + NOp Total
hours
With trap

0.5 9.3
1 38.0 8.6 W7 3.5 6L.8
2 .7
3 18.0 12.7 22,0 6.3 59.0
5 12.0 1h4.0 28.7 77 62.)
T p—

9 5.0 .7 25.h 8.7 53.8
12 3.3 17.3 25.L 10.3 53.3
Without trap

0.5 1.0
1 38.0 13.3 13.3 6li..6
2 18.7
3 A3 17.3 17.3 b5.9
S 11.0 23.0 22.7 56.7
7 -
9 8.0 23.0 25.3 56.3
12 5.3 25.0 2h.7 55.0

Saverage of I separate experiments with 2 replicates in each.
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Quantities of different nitrogen compounds recovered at
various intervals in Miami silt loam adjusted to pH L.0 and

incubated at 30 C with 300 ppm nitrite N

Percent® of added nitrite recovered as

Reaction
time Noz Nog No NO + NOo Total
hours
With trap
0.5 6.0
1.0 9.3
2.0 33.0 38.0 12.7 2.8 87.0
3.0 14.2
5.0 21.0 Llo3 17.0 8.0 91.0
7.0 22.0
9.0 7.0 55.0 26.0 9.7 977
12.0 k.0 60.0 26,0 11.7 100.7
Without trap
0.5 3.0
1.0 Te3
2.0 2h.3 Lo.o Ta7 72,0
3.0 1540
5.0 2007 60,7 19.0 100k
7.0 22.0
9.0 9.7 66,7 27.0 103.0
12.0 3.3 73.3 26.0 103.0

aAvemge of 3 separate experiments with 2 replicates in each.
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Table 15. Quantities of different nitrogen compounds recovered at
various intervals in Miami silt loam adjusted to pH L.5 and
incubated at 30 C with 75 ppm nitrite N
Reaction Percent® of added nitrite recovered as
time N3 NO3 N, NO + NOp Total
‘hours
With trap
0s5 2.8
1.0 L0.0 18.0 9.0 2.0 69.0
3.0 25.0 25.0 13.0 L.3 67.3
5.0 19.0 28.0 18.0 5.0 70.0
9.0 16.0 30,0 20.0 8.0 74.0
12.0 14.0 35.0 22,0 9.0 80.0
Without trap
0.5 5.0
1.0 50.0 18.0 9.0 77.0
3.0 30.0 22.0 23.0 75.0
5.0 25.0 25.0 22,0 72.0
9.0 23.0 30.0 22.0 75.0
12.0 20.0 38.0 22.0 80.0

8pverage of 2 replicates.
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Table 16. Quantities of different nitrogen compounds recovered at
various intervals in Miami silt loam adjusted to pH L.5 and
incubated at 30 C with 150 ppm nitrite N
Reaction Percent® of added nitrite recovered as
mziu:; NO3 MOy No NO + NO, Total
With trap
0.5 1.6
1.0 L6e7 16.0 5.9 Lok 700
2.0 1.3
3.0 31.3 20,7 17.3 k4O 73.3
5.0 22.0 21.3 174 Lk 65.1
9.0 21.0 22.0 18.7 6.1 68.8
12.0 18.0 2.0 20.0 T.7 69.7
Without trap
065 1.7
1.0 66.0 17.3 L.0 87.3
2.0 7.3
3.0 3he7 20,0 16.7 Tlek
5.0 26,7 2h.0 18.7 69.4
9.0 2.0 2647 19.3 70.0
12.0 22,7 33.0 19.0 Tho7

8pverage of L replicates.
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Table 17. Quantities of different nitrogen compounds recovered at
various intervals in Miami silt loam adjusted to pH L.5 and
incubated at 30 C with 300 ppm nitrite N

Reaction Percent® of added nitrite recovered as

time NOZ ms Ny NO + NOp Total
hours
With trap
0.5 2.7
1.0 65.0 6.0 9.3 1.3 81.6
2.0 10.7
3.0 51.0 Te3 13.3 3.3 The9
5.0 35.3 7.7 1.3 b7 62.0
9.0 27.7 8.7 1h.3 5.3 56.0
12.0 28.0 13.0 15.0 7.0 63.0
Without trap
0.5 5.3
1.0 60.7 10.0 8.7 79.4
2.0 11.0
3.0 1.0 13.0 13.3 67.3
5.0 35.0 19.0 1k4.0 68.0
9.0 32.7 19.3 1.3 66.3
12.0 25.0 25.0 1k,0 6L.0

&pverage of li replicates.
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Table 18. Quantities of different nitrogen compounds recovered at
various intervals in Miami silt loam adjusted to pH 5.0 and
incubated at 30 C with 75 ppm nitrite N

Reaction Percent® of added nitrite recovered as

time NG N3 Np NO + NOp Total
hours
With trap
0.5 1.3
1.0 70.7 9.3 1.2 2.3 93.5
2.0 13.2
3.0 16.7 12,0 15.3 4.0 78.0
5.0 h2.7 16.0 17.7 5.3 81.7
9.0 22,7 29.L 17.9 7.3 79.3
12.0 21,3 33.3 18.0 8.5 81.1
Without trap
0.5 0
1.0 80.L 10.0 10.1 100.5
2.0 12.5
3.0 60.7 16.0 16.0 92.7
5.0 L8.0 26.7 17.7 92k
9.0 Lho.0 h2.7 17.8 100.5
12.0 38.7 L2.7 18.1 99.5

aAverage of 2 replicates.



Table 19. Quantities of different nitrogen compounds recovered at
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various intervals in Miami silt loam adjusted to pH 5.0 and

incubated at 30 C with 150 ppm nitrite N

Percent® of added nitrite recovered as

Reaction
time NO3 NO3 Np NO + NO, Total
hours
With trap
0.5 0.0
1.0 72.0 11.3 L.o 5 s 88.L
2.0 943
3.0 52.0 16.7 16.0 3.7 88.4
5.0 L8.7 18.7 16.7 5.7 89.8
9.0 33.3 20.7 17.3 6-.7 78.0
12.0 29.0 23.0 18.0 8.3 78.3
Without trap
0.5 2.0
1.0 The? 17 Le7 9.1
2.0 8.7
3.0 56.7 28.0 1h.3 99.0
5.0 50.0 33.3 15.7 89.0
9.0 36.0 3h.7 16.7 87k
12.0 36.0 3L.0 U0 87.0

8average of li replicates.
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Table 20. Quantities of different nitrogen compounds recovered at
various intervals in Miami silt loam adjusted to pH 5.0 and
incubated at 30 C with 300 ppm nitrite N

#eaction Percent® of added nitrite recovered as

time jlory m§ N, NO + NOp Total
hours

With trap

0.5

1.0 69.h 3.3 3.3 1.9 77.9

2.0 10.0

3.0 Sh.3 8.3 11.7 2.5 76.8

5.0 b5.0 11.3 13.7 3.7 73.7

9.0 43.3 13.3 1.0 6.8 77k
12,0 Lo.o 15.0 1.3 7.3 76.6

Without trap

0.5 0.5

1.0 70.7 2.7 5.3 78.7

2.0 10.0

3.0 69.4 6.0 11.8 87.2

5.0 61.0 8.0 13.7 82.7

9.0 b9.3 9.3 14.0 71.6
12.0 L1.7 10,7 15.0 67k

Bpverage of 2 replicates.



Table 21. Quantities of different nitrogen compounds recovered at
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various intervals in Olympic silty clay loam incubated at
30 C with 75 ppm nitrite N

Percent?® of added nitrite recovered as

Reaction
time NO3 NO3 N, NO + NOp Total
hours
With trap
1 7340 7.0 2L.0 1.3 10263
2
3 53.0 11.0 29.0 Le0 97.0
L
S 38.0 21.0 33.0 6.0 98.0
9 13,0 34.0 40.0 9.0 96,0
12.0 5.0 L0.0 43.0 12,0 100.0
Without trap
I 8040 11.0 17.0 108.0
2
”.l_.C
3 60,0 20.0 32.0 102.,0
L
5 10.0 27.0 37.0 10k.0
9. 20.0 37.0 Lh0 101.0
12 10.0 hs.0 L7.0 102.0

8pverage of L replicates.
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Table 22. Quantities of different nitrogen compounds recovered at
various intervals in Olympic silty clay loam incubated at
30 C with 150 ppm nitrite N

Percent? of added nitrite recovered as

Reaction
time NO3 N3 N, N + NOp Total
hours
With trap
1s 633 53 11.0 1.3 80.9
2 21.0
3 52.0 9.0 28.0 3.0 92.0
b
5 l1.0 17.0 32.0 5.0 95.0
9 21.0 33.0 35.0 8.0 97.0
12 18.0 37.0 37.0 10.0 102.0
Without trap
i 67.0 8.0 15.0 90.0
2 20,0
3 k9.0 22.0 29.0 100.0
N
5 k.o 25.0 33.0 102.0
9 28.0 33.0 k1.0 102.0
12 21.0 ko.0 42,0 103.0

8pverage of b replicates.



Table 23. Quantities of different nitrogen compounds recovered at
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various intervals in Olympic silty clay loam incubated at
30 C with 300 ppm nitrite N

Percent?® of added nitrite recovered as

Reaction
time W3 NO3 N, NO + NOp Total
hours
With trap
i 7343 7.3 17.3 1.0 98,9
2 19.6
3 59.6 1h4.0 26.6 2.6 102.8
L
5 h7.3 20.0 30.6 Lo 101.9
9 30.6 29.6 36.3 7.0 103.5
12 20,6 36.0 36.6 9.3 102.5
Without trap
% b 6.6 19.3 97.5
2 22.0
3 60.6 17.3 25.0 102.9
L
5 54.0 21.6 27.0 102.6
9 33.0 33.3 36.0 102.3
12 20.0 40.0 37.6 97.6

2Average of L replicates.
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Table 24. Quantities of different nitrogen compounds recovered at
various intervals in Dayton silty clay loam incubated at
30 C with 75 ppm nitrite N

Percent® of added nitrite recovered as

Reaction
time NOZ NO3 N, NO + NO, Total
hours
With trap
0.5 11.0
1.0 6440 7.0 22.0 1.0 94.0
3.0 Lh.o 12.0 27.0 L.0 87.0
5.0 b1.0 15.0 36.0 6.9 98.0
9.0 24.0 35.0 38.0 9.0 106.0
12.0 21.0 Lo.0 39.0 10.0 10k.0
Without trap
0.5 9.0
1.0 62.0 9.0 25.0 96.0
3.0 50.0 16.0 27.0 93.0
5.0 Lo.0 19.0 37.0 96.0
9.0 36.0 30.0 33.0 99.0
12.0 31.0 L3.0 36.0 110.0

aAvarage of 2 replicates.
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Table 25. Quantities of different nitrogen compounds recovered at
various intervals in Dayton silty clay loam incubated at
30 C with 150 ppm nitrite N

Percent® of added nitrite recovered as

Reaction
time NOZ M)§ N2 NO + NO, Total
“hours
With trap
0.5
1.0 67.0 6.0 17.0 1.0 91.0
3.0 60.0 10.0 28.0 3.0 101.0
5.0 L5.0 13.0 31.0 5.0 9k.0
9.0 37.0 21.0 33.0 7.0 98.0
12.0 30.0 27.0 33.0 8.0 98.0
Without trap
0.5
1.0 7.0 7.0 17.0 98.0
3.0 66.0 14.0 20.0 100.0
5.0 60.0 17,0 28.0 165.0
9.0 L8.0 28.0 29.0 105.0
12.0 k5.0 30.0 30.0 105.0

3pvyerage of 2 replicates.
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Table 26. Quantities of different nitrogen compounds recovered at
various intervals in Dayton silty clay loam incubated at
30 C with 300 ppm nitrite N

Percent?® of added nitrite recovered as

Reaction
time NO3 W3 N, 0 + NO, Total
hours
With trap
0.5
1.0 69.0 12.0 10.0 1.0 102.0
3.0 56.0 13.0 19.0 2.0 90.0
5.0 L3.0 16.0 23.0 3.0 85.0
9.0 39.0 17.0 25.0 5.0 86.0
12.0 33.0 18,0 27.0 7.0 85.0
Without trap
0.5
1.0 68.0 8.0 8.0 8ls.0
3.0 63.0 18.0 22.0 93.0
5.0 L3.0 23.0 24.0 90.0
9.0 37.0 27.0 %60 80,0
12.0 27.0 28.0 27.0 82.0

8pverage of L replicates.



Table 27.

Quantities of different nitrogen compounds recovered at
various intervals in cation exchange resin systems adjusted
to pH 4.0 and incubated at 30 C with 300 ppm nitrite N
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Percent® of added nitrite recovered as

Reaction
time Lok NO3 Ny M + NOp Total
hours
With trap
0.5 1.0
1.0 91.0 2.0 6.0 Oolt 994l
3.0 70.0 6.3 8.7 1.5 85,5
5.0 65.0 TsT 8.0 2.0 82,7
7.0 62.0 15.7 8.0 2.9 88.6
9.0 47,0 21.6 8.3 33 80.2
12.0 40.0 27.0 8.0 k.0 79.0
Without trap
0.5 k.6
1.0 5.9
3.0 ko0 2.0 10.7 86.7
5.0 56.0 9.0 11,0 76.0
7.0 52.0 13.0 11,0 76,0
9.0 40,0 28.0 11.0 79.0
12.0 33.3 33.3 11.0 77.6

2)verage of 2 replicates.
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