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THE EFFECT OF AMMONIA AND ITS OXIDATION PRODUCTS 
UPON THE SOIL, ITS MICROBIAL POPULATION,

AND THE GROWING PLANT

INTRODUCTION
In recent years ammonia applied by way of irrigation 

water and by drilling has found increasing application as 
a fertilizer in the United States. Its use recently has 
been further extended by the development of a method for 
the injection of gaseous ammonia directly into the soil 
from containers of the compressed gas attached to tillage 
implements.

Ammonia is a prime essential of war, and facilities 
for its production have been expanded greatly during this 
present conflict. These facilities doubtless will be ap
plied to the peace-time production of ammonia for agri
cultural use. Due to the highly destructive nature of 
modern warfare, vast areas of the world’s agricultural 
lands have been devastated. Starvation exists in many 
countries, and only through a greatly expanded food pro
duction can this crisis be met. Ammonia will play an im
portant role in the present emergency.

The development of the injection method has made the 
use of ammonia feasible in any agricultural area, and both
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laboratory and field research durihg the past decades 
have contributed greatly to an understanding of its 
action under field conditions. It carries the highest 
nitrogen content of all fertilizers, losses on applica
tion are small, it is easily applied to the soil, and 
can be transported in compressed form, thus reducing 
bulk.

Research has been under way at the University of 
Arizona since 1935 under a Shell Fellowship grant on the 
effects of ammonia on the irrigation water and the soil. 
The present study is a continuation of these investiga
tions with special emphasis on the effect of ammonia on 
the microbial population of the soil, seed germination 
and plant growth, and a comparison of the injection 
method with the well-known irrigation procedure.
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EEVIEW OF THE LITERATURE

Comparatively few publications have appeared rela
tive to the use of ammonium hydroxide in agriculture. 
Indirectly, however, the conclusions arrived at in stud
ies on various ammonium salts used as fertilizers can he 
applied to ammonium hydroxide. There are three signifi
cant respects in which ammonium hydroxide differs from 
ammonium salts and which make desirable a study of its 
specific effects upon the soil, the soil microbial popu
lation, and the growing plant: (1) It is basic in re
action. (2) It leaves no residual salts after nitrifica
tion. (3) Certain physiological effects on living organ
isms have been attributed to free ammonia.

A. Agricultural Studies Involving 
ffree Ammonia.

The early researches on ammonium hydroxide were con
cerned chiefly with establishing its harmful effects 
upon the growing plant. Bussell and Petherbridge (1) 
found that nitrogen as free ammonia at a concentration of 
10 p.p.m. retarded the germination of the turnip seed, 
whereas at 100 p.p.m. no seed germinated. Willis and 
Piland (2) attributed the observed toxicity to cotton 
seedlings to the formation of free ammonia by hydrolysis.
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No injury was observed from the use of ammonium sulfate, 
chloride or nitrate, nor did the alkalinity or the phos
phate content appear to contribute to the injurious ef
fect. They considered that free ammonia would be con
verted rapidly to carbonate in any soil. This would 
support the observation of Darwin (3) that ammonium car
bonate is injurious to plants.

Sharp (4) showed that at concentrations exceeding 
400 pounds per acre ammonia retards or prevents the 
germination of many plant seeds. It appeared that the 
injurious effect upon germination was more pronounced 
when the ammonia was applied to the irrigation water than 
when it was injected into the soil. Barton (5) found 
that exposure of moist radish and rye seeds to atmos
pheres containing 1,000 p.p.m. of ammonia for as long 
as 16 hours retarded germination. Thornton and Setter- 
strom (6) observed that exposure of growing tomato and 
buckwheat plants to the same treatment caused a temporary 
increase in the pH of the leaves. McCallan and Setter- 
strom showed that the order of sensitivity to ammonia is 
as follows: leaves > stems > fungi > bacteria >
seeds > animals.

On the other hand, Tiedjens (8) reported that am
monium hydroxide was at least as good a source of nitro
gen for cotton, grown from the seedling stage to the
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opening of the bolls in sand culture, as calcium nitrate 
or ammonium sulphate. Tidmore (9), however, pointed out 
that the solutions contained a high concentration of 
KH2PO4 , hence were highly buffered and that the ammonia 
existed in all probability as ammonium salts. When he 
repeated TiedJen’s work using more dilute culture solu
tions, he found that the plants grown with CafNO^lg 
were larger than those grown with

In a field test using lima beans, planted a week 
after injection, Sharp (10) found that ammonia injections 
of 500 pounds per acre did not prevent germination. In 
a pot experiment he (1 1) found that 100 pounds per acre 
of ammonia applied by either irrigation water or the 
injection method readily nitrified and was beneficial to 
tomatoes and increased stooling and grain production in 
barley. Maolntire, Winterberg, Dunham, and Clements (1 2 ) 
reported beneficial responses of Sudan grass growing in 
acid soils to surface applications of 25 and 50 pounds 
ammonia per acre.

Meyerhof (13) observed that free ammonia is injuri
ous to the nitrifying bacteria. Kelley (1 4) found that 
a concentration of 150 p.p.m. of (KE^gCOg was toxic to 
the nitrate bacteria and that nitrites accumulated.

Nevertheless, Sharp (10) found that nitrification 
proceeded at a fairly rapid rate in a field injected to
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500 pounds per acre with, ammonia, Caster (15) obtained 
nitrification in soils to which 300 p.p.m. of ammonium 
hydroxide had been added.

B. Mechanism of Biological Nitrification 
The work of Caster (15) showed that in alkaline 

desert soils added ammonium hydroxide nitrifies in a 
manner similar to that of ammonium sulfate or urea. He 
observed accumulations of nitrite during the nitrifica
tion, which he attributed to the fact that the threshold 
pH for nitrate formation had not been reached. He postu
lated that a drop in pH during the first few days of 
incubation of the ammonium hydroxide samples, and before 
the appearance of nitrite, might be associated with the 
formation of undetermined intermediates such as hydro- 
xylamine and hyponitrite. The possible effects of any 
or all of these intermediates on growing plants made it 
important to study the mechanism of nitrification in 
desert soils in greater detail.

Occurrence of Nitrite During Nitrification 
Since the classical experiments of Winogradsky, it 

has generally been considered that nitrification begins 
with ammonia and takes place in two steps - the nitrite 
bacteria oxidizing the ammonia to nitrite, and the 
nitrate bacteria completing the oxidation to nitrate.
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Withers (16), Sackett (17), Kelley (14), and other 
early workers had found considerable accumulations of 
nitrite during laboratory incubation experiments. How
ever, it was assumed generally that this was a laboratory 
phenomenon and that in field soils nitrite was oxidized 
almost as fast as it was formed. Greaves, Stewart and 
Hirst (18), for example, found only small quantities of 
nitrite before and after irrigation, both on the un
planted soil and on the soil planted to various crops. 
More than a decade later Fraps and Sterges (19) obtained 
similar results on field soils, but concluded from lab
oratory incubation experiments that nitrite might be 
produced in appreciable amounts under field conditions 
when ammonium salts are used as a fertilizer.

Midgley (20) found accumulations of nitrite in over
limed soils. Uspensku (21) and A m d  (22) believed that 
this increase was related to an increase in denitrifying 
bacteria at higher soil pH values. The results of 
Caster (15) would appear to give a more logical .explana
tion for this phenomenon in normal well-aerated soils, 
namely, that the pH was too high for nitrate•formation. 
Dratschew and Alexandrowa (23) report that 4 to 10 p.p.m. 
of nitrite were found in the soil solutions of certain 
cultivated soils. It would appear from the observations 
of the various above investigators that nitrite in
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appreciable quantity can occur, under various conditions, 
in normal well-aerated agricultural soils.

Beesley (24) using a culture medium inoculated with 
organisms from a sewage contact bed found that both 
nitrites and nitrates were formed from ammonium sulphate. 
Corbet (25) using the same medium inoculated with soil 
found that nitrification often did not proceed beyond 
the nitrite stage. He contends that his failure to 
obtain nitrate formation and the fact that "the repeated 
failures to isolate nitrate-forming bacteria from the 
soil suggest that Nitrobacter is by no means so widely 
distributed as the nitrite organisms and that further 
oxidation of nitrite to nitrate may be attributable to 
auto-oxidation in acid media." Fraps and Sterges (26) 
also came to the conclusion that the nitrite organisms 
either were more abundant than the nitrate organisms 
in the many soils or else they multiply more rapidly.

Waksman and Madhok (2?) pointed out "the oxidation 
of nitrite to nitrate could take place chemically only 
in solution at a high hydrogen ion concentration (pH 
less than 5), a phenomenon which is contradictory to the 
processes normally taking place in the soil." Barritt 
(28) observed that, when th6 pH in culture solution falls 
to 5»5, nitrification ceases and is followed by the dis
appearance of nitrous acid and the appearance of nitric
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acid and a further lowering of pH to k«5* He concluded, 
however, that "as a biological process the conversion of 
nitrous acid to nitric acid at a pH of 4.5 appears im
probable."

The failure to obtain nitrate formation in culture 
solution or in incubation experiments does not necessar
ily indicate the absence of Nitrobacter in the soil.
As has been pointed out by Meyerhof (13), Waksman (29), 
and others, Nitrobacter is very sensitive to free am
monia and other chemical agents and therefore the products 
of rapid ammonification and nitrification may build up 
to injurious amounts in laboratory experiments. For 
instance, Withers (15) found that asparagine nitrified 
only to the nitrite stage, whereas in the same soil am
monium sulphate nitrified normally with the formation of 
nitrates. Kelley (14) and others have noticed that 
additions to soil of fairly high concentrations of dried 
blood and other organic substances rich in nitrogen 
often nitrify feebly as compared with lower concentra
tions of these substances. Boulanger and Massol (3 0) 
found that the nitrate bacteria are more sensitive to 
ammonium carbonate than the nitrite group. Kelley (14) 
confirmed this observation and observed accumulations of 
nitrites in soils to which ammonium carbonate had been 
added. All of these are apparently cases of free ammonia
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toxicity.
Nevertheless, many apparent contradictions concern

ing the nitrification process occur in the literature 
for which there is no logical explanation other than that 
nitrification is a much more varied and complex process 
than has generally been believed. The following ques
tions suggest the nature of some of these apparent con
tradictions:
1. Why have many workers failed in their attempts to

isolate Nitrobacter from well-aerated soils actively 
producing nitrates?

2. The classical nitrifying organisms can not tolerate
the presence of soluble organic matter in culture 
solution. Why do additions of soluble organic mat
ter to the soil often have a beneficial effect on 
nitrification?

3• Nitrobacter is reported to be very sensitive to free 
ammonia. Why did Caster (15) and Sharp (11) obtain 
rapid nitrification in the soil in the presence of 
supposedly toxic amounts of ammonia?
In recent years evidence has accumulated which indi

cates that many more organisms have nitrifying power than 
was suspected formerly, that the classical nitrifiprs may 
have a life cycle with an autotrophic and heterotrophic 
stage, and that the oxidation of ammonia and nitrite may
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take place photochemically or thermochemically without 
the aid of microorganisms.

'Recently Isolated Nitrifying Organisms and Theories 
Ocmoerning a Possible Life Cycle

Conn (31) as early as 1927 predicted "some day 
someone may discover that there are other organisms in 
soil more numerous than these autotrophic forms which 
are actually concerned in the processes ascribed to the 
latter.” Barritt (28) has pointed out that many workers 
have reported results which do not conform to the strict 
requirements of autotrophism and that others have iso
lated several strains of organisms that nitrify in solu
tions containing organic matter and actually refuse to 
grow in inorganic media.

Fremlin (3 2) isolated a nitrite-forming organism 
which would grow on bouillon. Mishustin (33) found two 
spore-forming bacteria in soil which produced nitrites 
in media containing organic nitrogenous compounds but not 
in inorganic media containing ammonium salts. Runov (34) 
obtained two species from enrichment cultures, one of 
which produced nitrites from organic nitrogen compounds. 
Cutler (35) described four species of non-spore forming 
bacteria capable of oxidizing ammonia into nitrite in the 
presence of soluble organic matter and within a pH range 
of 4.8 to 7 .3 . Campbell (3 6) isolated a thermophilic
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spore-forming rod having an optimum temperature between 
55° 0. to 60° C. and growing on organic matter which oxi
dized ammonia to nitrites.

Kaserer (37) isolated an organism which he named 
Bacillus nltrator which he claimed would oxidize ammonia 
to nitrates without forming nitrites. Nelson (38) iso
lated six species of nitrifying organisms in pure culture. 
Four of these were Actinomyces and two were bacteria.
The Winogradskys (39) (AO) reported several new genera 
of nitrifying organisms which they called Nitrosooystis, 
Nitrosospina, Nitrosogloea, Nitrocystis, and Nitrogloea. 
Joshi (41) described a nitrifying organism which undoubt
edly was one of the Actinomyces.

It is apparent that many more micro-organisms are 
capable of oxidizing ammonia than was formerly suspected. 
The importance of organisms other than the classical ones 
is still in doubt. However, when variation in the physi
ological conditions for their growth is considered, It 
is apparent that many of the conflicting results reported 
in the literature with soil infusions and enrichment cul
tures could be due to the fact that different organisms 
were concerned in the nitrification processes described.

The Franklands (42), Gibbs (43), Gowda (44), and 
Nelson (45) obtained by selection nitrifying cultures 
which showed no growth on bouillon. Later generations,
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however, exhibited this property. Nelson (45) found that 
enrichment cultures did not become enriched with nitrify
ing orgarni sms, but that the numbers of heterotrophs 
maintained an almost constant proportion. This suggests 
that either the heterotrophs were living at the expense 
of the nitrifiers, or that some of the latter were pass
ing into a heterotrophic condition. Beijerinck (46) 
held the view of the mutability of the nitrifiers, but 
Winogradsky could not admit this possibility. Barritt 
(28) suggests that the observation of heterotrophic 
mutants acquiring nitrifying powers and becoming auto
trophic might be a stage in a possible life cycle.

Chemical Nitrification
Berthelot and Gaudechon (47) demonstrated that am

monia can be oxidized photochemically in solution to the 
nitrite stage. Zolcinski (48) reported the chemical 
nitrification of an aqueous solution of humus under the 
influence of sunlight.

Gopal Rao has been the leading exponent of the 
theory of photochemical nitrification. He considered 
the oxidation of ammonia to nitrite to be the most im
portant step in the nitrification process, maintaining 
that the further oxidation to nitrate could be accom
plished easily by air, etc. Gopal Rao and Dhar (49), and 
Gopal Rao (50) found that ammonia solutions could be
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oxidized readily to nitrite by light, in the presence of 
various photosensitizers. Dhar, Battachyra, and Biswas
(51) claimed that nitrification proceeded in the soil at 
a more rapid rate in sunlight than in the dark. Corbet
(52) stated that he had in large measure confirmed the 
photonitrification of ammonia in soils. Singh and Nair
(53) also believe that nitrification is possible photo- 
chemically.

Fraps and Sturges (54) were unable to obtain evi
dence of photonitrification in soils, and came to the 
conclusion that photonitrification is of little or no 
importance. However, they covered their samples with 
window glass and thus must have excluded most of the 
ultraviolet. Waksman and Madhok (27) obtained little 
evidence of any photonitrification, and concluded that 
"the results thus obtained cannot support the claim that 
photonitrification plays an important part in normal 
soil processes, especially in soils of temperate regions." 
Waksman, Madhok, and Hollaender (55) radiated soil sam
ples with radiation from 2200 A to 9000 A. They found 
that the nitrifying bacteria were destroyed by radia
tions below 2800 A, and that no formation of nitrate 
photochemically could be demonstrated. In fact, a de
crease in ammonia was observed. It was accompanied by 
a decrease in nitrate rather than by an increase.
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Bert helot and G-audechon (47)» Moore (56), Corbet 
(52), and others have also demonstrated that nitrate 
gives rise to nitrite when treated with ultraviolet 
light. Dhar and Mukurji (57) reaffirmed their conten
tion that photonitrification is an important process in 
tropical soils, but conceded that in the presence of 
light both chemical nitrification and denitrification 
may be increased.

Dhar, Seshacharyulu, and Mukurji (58) have claimed 
recently that light increases nitrogen fixation, and 
state that atmospheric nitrogen can be fixed in the 
absence of bacteria when Fe(OH)^ or Ce(OH)^ and sucrose 
or glucose are present.

Rossi (59) did not attach much significance to the 
photochemical conception of nitrification in the soil.
He found that nitrate was produced at rather high tem
peratures in the upper layers of the soil and considered 
this to be a purely physiochemical reaction. Waksman 
and Madhok (27) criticized this work on the grounds that 
the process of drying makes the nitrate already present 
more extractable.

Occurrence of Intermediates During Nitrification
In recent years data have accumulated which would 

indicate the possibility of one or more intermediates 
being formed during the oxidation of ammonia to nitrite.



16

Beesley (24) as early as 1914 reported that the total 
nitrogen found as ammonia, nitrite and nitrate during 
the oxidation of ammonium sulphate and ammonium oxalate 
was less during several intermediate stages of the 
nitrification than at the conclusion. He concluded that 
"there are formed in the course of the reaction certain 
intermediate substances which must be more or less 
hydroxylated ammonium radicles." It is evident that the 
methods used must be thoroughly understood in order to 
attempt an accurate nitrogen balance in mixtures contain
ing nitrate, nitrite, and ammonia nitrogen. It is possi
ble that Beesley*s erratic recoveries may have been re
lated to the methods he used.

Corbet (25) claimed to have found traces of hydro- 
xylamine and quantities of calcium hyponitrite (some
times amounting to 40% of the added nitrogen) during the 
nitrification of ammonium sulphate in Beesley*s culture 
solution. Vfaksman, Madhok and Hollaender (55) reported 
losses of nitrate, upon exposure of soils to radiation, 
which did not appear as nitrite. They pointed out that 
Corbet’s discovery of hyponitrite offered a possible ex
planation.

Sandra Rao and Krishnamurti (60), Gopalo Rao and 
Pandalai (6l), and Sundara Rao and Sastry (62) have been 
unable to confirm Corbet's work. They are of the opinion
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that Corbet’s test for hyponitrlte is not specific enough 
and the latter workers state that it is actually given by 
nitrites.

The possibility of hydroxylamine and hyponitrlte 
being of importance in other biological transformations 
such as denitrification, nitrogen fixation and in protein 
formation in the green plant has received much attention 
in recent years.

Occurrence of Intermediates During Denitrification
Blom (63) developed a test for hydroxylamine based 

on its oxidation by iodine and determination as nitrite.
He demonstrated the production of hydroxylamine in sev
eral synthetic media in which nitrate nitrogen was the 
only source of nitrogen. The bacteria involved were an 
unknown mixture from a large inoculum of soil. Lindsey 
and Rhines (6 4 ) found several specific species of bac
teria which had the ability to produce hydroxylamine from 
nitrate. Some of the cultures reduced the nitrate and 
nitrite with great rapidity, and frequently a positive 
test for hydroxylamine was possible only for a very few 
minutes after the disappearance of nitrite. They stated 
"the fact that these organisms represent such a diver
sity of types strongly suggests that the production of 
hydroxylamine is characteristic of the bacterial reduction 
of.nitrites." When hydroxylamine hydrochloride was
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added to the cultures, it always disappeared very rapid
ly. In this connection it might be of interest to note 
Corbet’s (52) statement that hydroxylamine 'in solution 
is very unstable above a pH of 5•9*

Hyponitrous acid is a suspected intermediate, and 
Meikeljohn (65) is of the opinion that salts of this 
acid probably are formed during the course •of denitrifi
cation.

Occurrence of Intermediates During Symbiotic 
Nitrogen fixation

Aspartic acid is believed to be a key compound in 
the formation of plant protein. It can be formed in 
vitro by the rapid combination of hydroxylamine and 
oxalacetic acid. In the field of nitrogen fixation 
much evidence has been obtained to support this theory 
by proving that hydroxylamine and oxalacetic acid can 
be formed in the root nodules of legumes.

Yirtanen (66) reported that excised pea nodules to 
which oxalacetic acid was added possess the power of 
fixing nitrogen. Yirtanen (6?) found considerable quan
tities of oxalacetic acid in pea plants actively fixing 
nitrogen. Yfyss, Burris and Wilson (68) were unable to 
confirm this work. This is not particularly surprising 
since, as Wilson (69) has pointed out, the conditions 
for nitrogen fixation at Yirtanen's laboratory in
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Helsinki, Finland, apparently differ from those at most 
other stations. Wilson actually confirmed some of 
Virtanen’s work in Finland which he was unable to dupli
cate in his own laboratory in Wisconsin.

Damodaran and Kerala Varma (70) obtained hydro- 
xylamine from the root nodules of six different legumes 
after, but not before, acid hydrolysis. This indicated 
the presence of an oxime. Virtanen and Laine (71) actu
ally identified oximinosuccinic acid, the oxime of oxa- 
lacetic acid in the excreted products of nitrogen fixa
tion. This is rather convincing evidence in support of 
the hydroxylamine hypothesis for aspartic acid formation. 
The difficulty in detecting free hydroxylamine is ex
plainable, since the reaction between, hydroxylamine and 
oxalacetic acid is very rapid in vitro. Apparently there 
is enough oxalacetic acid present normally to react with 
the hydroxylamine as fast as it is formed.

Occurrence of Intermediates During Ron-symbiotic Hitrogen Fixation
Blom (72) claims to have found traces of hydroxyla

mine in cultures of Azotobacter. Endres (73)> (74), (75) 
detected an oxime in Azotobacter cultures and postulated 
that it had originated from nitrogen fixation rather than 
from cellular metabolism. Suomaleinen (76) found that the 
oxime isolated in Azotobacter cultures contains a keto
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group and is also present in the roots of inoculated peas.
Burk and Horner (77) disagreed with the interpretation 

of Endres on the ground that the oxime was found not only 
in Azotobaoter cultures using molecular nitrogen, nitrite 
and nitrate as might be expected, but also in cultures 
using ammonia nitrogen. Burk (78) decided that the oxime 
probably was an unspecific product of growth.

Occurrence of Intermediates in the Green Plant
Recent reviews by Nightingale (79), McKee (80), and 

Ohibnall (81) have analyzed the various theories of nitro
gen transformation in green plants and discuss their ex
perimental justification.

The early work of Pfeffer (82), Schulze (83), and 
Borodin (84) established the importance of asparagine and 
aspartic acid in the protein formation of green plants.
The present theories can be summed up roughly as follows: 
either ammonia or hydroxylamine react with some type of 
organic acid with the eventual formation of aspartic acid 
and/or other amino acids.

In ordinary soils the bulk of the nitrogen available 
for absorption by the plant is in the nitrate form. It 
is generally believed that nitrate is absorbed by the roots, 
rapidly translocated throughout the plant and reduced to 
either ammonia or hydroxylamine before amino acids can be
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formed. The exact mechanism of salt absorption and accumu
lation in plant cells has been a subject of much contro
versy. For the purpose of this study it will suffice to 
mention a review on the subject by Hoagland (85).

The mechanism of nitrate reduction is of greater 
importance in the present study. Eckerson (8 6) working 
with the tomato plant found that within 24 hours after 
nitrate application, nitrate was present in all parts of 
the plant. At the end of 36 hours all of the plants had 
considerable nitrite localized in the cortical cells near 
the phloem, and in the phloem parenchyma at the nodes of 
the stem. After 48 hours there was considerably less 
nitrite but more ammonia, and a slight decrease in the 
amount of starch could be detected in the cortical cells 
at the tips of the plant and in the youngest leaves. Within 
3 to 5 days there was very much less nitrite, a little am
monia, and a great increase in aspartic acid, alanine, 
leucine, cystine, and histidine. These amino acids appear
ed at the nodes and in the petioles and blades of young 
leaves and just behind the stem tips. Succinic acid, 
malic acid, and asparagine were present also.

Hydroxylamine was considered an intermediate in 
protein formation in the theories of the early workers 
Bach and Baudisoh (cited by Hutchinson and Miller (87)).
In recent years Lemoigne, Monguillon and Desveaux (8 8),
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Michlin (8 9), and Virtanen and Arhimo (9 0) actually de
tected hydrozylamine in plants kept for 24 hours in 2 to 
4 percent solutions of potassium nitrate. The latter 
concluded that normally hydroxylamine, which is formed by 
the reduction of nitrate, reacts with the oxalacetie or 
alpha ketoglutaric acid in the plant to produce the corre
sponding oxime, which is then reduced to the amino acid. 
Only in the absence of alpha keto acids does the reduction 
of nitrate proceed to the ammonia "stage. When this occurs 
(or when ammonium salts are furnished the plant), the 
specific dehydrase catalyses the union of the ammonium ion 

/with oxalacetic acid or alpha ketoglutaric acid.
Loehwing (91) and Eckerson (92), (93) studied the 

nitrate reducing activity (reducase) of various plants and 
found variations due to the plant, season, sunlight, and 
location in the plant. They further concluded that the 
reducase activity is not enzymatic because the boiled sap 
reduces nitrate as rapidly as the unboiled. Steinberg (94) 
in a series of papers has found that the nitrate reducing 
activity is influenced by the presence of molybdenum.

Arnon (95) suggested that nitrates may be of value to 
the plant, in addition to serving as a source of nitrogen, 
by oxidizing carbohydrates with the release of energy.
He cites the results of Warburg and Nagelein (96) who 
found an increase in the respiratory quotient of Chlorella
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from 1 .00-1 .0 4  to the range 1 .3-2 .0  following the absorption 
of nitrate. Hamner (97) also reported a marked increase in 
the rate of respiration from the application of nitrates to 
tomato and wheat plants. These results are of interest be
cause they indicate a physiological difference in the re
action of the plant to nitrate and ammonium absorption.

The possibility that accumulations of hydroxylamine,
.

hyponitrite, and nitrite may occur in the soil makes it 
important that their effects upon plant nutrition be stud
ied.

Birner and Lucanus (98), Molisch (99), Schultz (100), 
Perciabosco and Rosso (101), Stutzer (102), and Maze (103) 
were among the early workers to study the effect, of nitrite 
upon the growing plant. They showed that nitrite in small 
quantity was assimilable as a source of nitrogen, but that 
a toxic level existed for plant growth which varied with 
the plant.

Mevius and Dikussar (104) and Dikussar (105) found 
that concentrations of nitrite as high as 200 p.p.m. at 
pH 7 were not injurious to plants in flowing culture.
They reported, however, that best growth responses were ob
tained with 50 p.p.m. Praps and Sterges (106) compared 
nitrite and nitrate nitrogen for plant growth. In culture 
solution they found that nitrate gave the best growth 
responses, but that in the pH range 6 .4-7.7 the nitrite
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plants were superior in dry weight and in total nitrogen to 
the nitrate plants. In experiments using sterilized soil, 
they reported that nitrate nitrogen was generally more 
available to the plant. Nevertheless, the nitrite plants 
were superior to the controls in dry weight and nitrogen 
content. A considerable percentage of the added nitrogen 
appeared in the plant, although some apparently had dis
appeared.

Recent workers have reported that nitrite toxicity 
may be of importance in the field, especially on citrus.

Haas (107) found that concentrations of nitrite in 
excess of 5 p.p.m. caused some root injury to orange cut
tings and were injurious to the growth of lemon cuttings 
in culture solutions. Recovery was rapid when nitrite was 
withheld and the toxicity did not appear to be charac
terized by specific symptoms. Haas’s results were obtained 
'in the presence of large amounts of nitrate. It is of 
interest that Ludwig (108) reported that nitrite in assim
ilable concentrations was slightly toxic to Chlorella, a 
green alga, in the presence of nitrate. Klotz and 
Sokoloff (109), and Sokoloff and Klotz (110) believe that 
nitrite injury to the roots is the direct cause of decline 
and collapse of citrus, avocado, walnut, and apricot 
trees. They stated that concentrations of nitrite of 40 

p.p.m. or often less may be toxic to the roots, probably
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by poisoning the cytochrome system and interfering with 
respiration. They claimed that the effects of nitrite 
toxicity also make the tree more susceptible to secondary 
invaders such as certain fungi and bacteria.

On the other hand, Batchelor and Rounds (111) state 
"perhaps lemon tree decline may more properly be consider
ed as a descriptive term of general clinical symptoms 
rather than a specific condition due solely to one cause.” 
In the most recent summary entitled "Reasonably well estab
lished facts concerning the quick decline disease of 
orange trees" by the Division of Plant Pathology, Citrus 
Experiment Station, University of California, Riverside 
(1 1 2) the injurious effect of nitrite on citrus is not even 
mentioned. Martin (113) found accumulations of nitrite, 
as high as 80 p.p.m,, during the nitrification of ammonia 
in field soils on which citrus trees were growing without 
any toxic results.

Eggleton (114) found nitrite present in the spring 
growth of grass, and suggested that nitrites play an impor
tant part in the grass "tetany” of cattle.

Robinson (115), however, reported that a commercial 
fertilizer was used for at least three years in the Pacific 
Northwest containing 14 percent nitrite nitrogen and 3 .5  

percent nitrate nitrogen. He stated that various favorable 
field results had been observed, but was of the opinion
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that the nitrite was largely lost from the soil and at
tributed the favorable responses to the nitrate nitrogen.

Hydroxylamine and Hyponitrite Nutrition
Since hydroxylamine has been considered an inter

mediate in the reduction of nitrate, it has been of 
special interest in the field of plant nutrition for many 
years. Experiments by Meyer and Schulze as far back as 
1884 (116), Lutz (117), Loew (118), and Suzuki (119) 
indicated that neither hydroxylamine or its sulpho com
pounds are assimilated by maize and barley. Usami (1 2 0) 
reported that solutions of .0 0 1 Normal hydroxylamine hydro
chloride are toxic to a bryophyte. Ludwig (108) found 
that hydroxylamine is not assimilable by Chlorella, a green 
alga. Burk and Horner (121) pointed out that hydroxyla
mine has never been shown to be a source of nitrogen for 
the nutrition of either symbiants or Azotobaoter even at 
non-toxic concentrations.

Corbet (25) claimed that micro-organisms capable of 
transforming ammonium into nitrite possessed the power to 
convert hydroxylamine into nitrite under the same condi
tions, at least in culture solutions. However, due to the 
unstable nature of the hydroxylamine nitrite formed, much 
of the nitrogen is lost as nitrous acid and water.

Due to the difficulty of its detection, almost no 
work has been done on the effect of hyponitrite on living
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plants. Klotz and Sokoloff (109) suggested that it may 
aot as a respiratory poison to the roots of green plants. 
Corbet (25) claimed that it could be oxidized to nitrite 
by soil micro-organisms.

Nitrogen Losses During Nitrification 
_____________and Plant Growth_______

Corbet (25) studied thfc course of nitrification in 
culture solution. Oxidation did not proceed beyond the 
nitrite stage, with the soil inoculums used, and he re
ported complete recoveries of all the added nitrogen as 
ammonia, nitrite, hydroxylamine, and hyponitrite during 
all stages of nitrification in 3 of 4 experiments. In 
the fourth he reported that nitrification did not"proceed 
beyond the hyponitrite stage, and much of the added nitro
gen apparently was lost as a gaseous nitrogen compound. 
These recoveries are surprising, especially since several 
independent investigators have criticized Corbet's test 
for hyponitrite as not being specific.

Caster (15) obtained almost complete recovery of 
nitrogen added as ammonia in the form of nitrate upon the 
completion of the nitrification process in alkaline desert 
soils.

On the other hand, Robinson (115) reported losses of 
added nitrite from acid, neutral and alkaline soils, and 
was unable to demonstrate any oxidation to nitrate.
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Nath (122) claimed that as much as 40 percent of the added 
nitrogen may be lost from field soils during nitrification. 
He conducted a nitrification experiment using gas-tight 
pots and reported a loss of 7*7 percent of the original 
added nitrogen as elemental nitrogen.

In the germination of seeds the processes of metabol
ism are very intense. However, Davidson (123) observed 
no losses of nitrogen during the germination and early 
seedling stages of cowpeas and winter wheat. Miller (124), 
and Newcomb and Miller (125) reported that losses did 
occur, but admitted that several sources of error had been 
overlooked in their work.

Pearsall and Billimoria (126) observed appreciable 
losses of added nitrogen from pure cultures of the alga, 
Chlorella vulgaris, and from daffodil leaves floated on 
top of the culture solution.

Wilson (127) suggested that the reaction between 
nitrite and a primary amine with the loss of elemental 
nitrogen may be of great significance in the plant and in 
the soil. He believes that the small losses, which may 
occur over a long period of time in the exudative water 
from plants, may account in large measure for the field 
nitrogen losses observed by many workers. Mothes (128), 
however, concluded that in normal, healthy plants so
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little nitrite is ever present and it is so rapidly changed 
that losses from this cause cannot be of importance.
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SCOPE OF THE PRESENT INVESTIGATION '

The review of the literature showed that many ques
tions are.incompletely answered in the fields of ammonia 
fertilization and nitrification. The need for further 
research was evident.

It seemed highly desirable to continue an investi
gation initiated by Caster, Martin and Buehrer (129) in 
which they studied the conditions affecting the nitrifica
tion of aqueous ammonia in alkaline-calcareous soils.
These investigators developed laboratory procedures under 
controlled conditions and determined the optimum tempera
ture and moisture content for nitrification. They re
ported a threshold pH value of 7.7 above which the com
plete oxidation of ammonia will not occur and to which the 
pH value of the soil must be reduced before nitrification 
begins. They found that nitrite ion accumulates in sig
nificant amounts even in well-aerated desert soils at pH 
values above the threshold, and the oxidation of such 
nitrite to nitrate proceeds actively below the threshold 
pH value. They suggested that an initial rapid pH drop 
following the addition of ammonia might be the result of 
an accumulation of hydroxylamine and hyponltrite as 
intermediate compounds.



The foregoing investigation suggested several prob
lems for further study, among them being:

The effect of the addition of ammonia upon the 
microbial population, seed germination and plant growth. 
In addition, the optimum and toxic ranges of ammonia 
concentrations as well as the effect of distribution and 
the causes of ammonia injury were investigated. Since it 
was necessary to determine ammonia, nitrite and nitrate 
on the soil at various stages in these experiments, it 
was deemed desirable to examine critically the analytical 
methods for these constituents so as to make possible an 
accurate determination of the nitrogen balance during the 
nitrification process.

A study of the specific effects of the above- 
mentioned intermediates, if formed, on the nitrification 
process, on seed germination and on plant growth seemed 
necessary to explain certain anticipated peculiarities in 
the action of ammonia during nitrification.

Perhaps the most practical aspect of this investi-
! gation was a study of the injection method of applying 

ammonia directly to the soil as compared with its appli-
. cation by way of the irrigation water.
S
s " ■ "
I '
! . •
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EXPERIMENTAL PROCEDURE AND RESULTS

A. Investigation of the Analytical Methods for the 
Determination of Ammonia. Nitrite, and Nitrate

The process of nitrification involves the oxidation 
of ammonia to nitrite and nitrate with the possible forma
tion of hydroxylamine and hyponitrite as intermediates»
The soil itself is of such complexity that beside the 
various mineral and inorganic substances present, repre
sentatives of the following types of organic materials 
usually are found, (Waksman (130)): paraffin hydrocarbons, 
sterols, fats, waxes and esters, organic acids, aldehydes, 
carbohydrates, lignins, organic phosphorus compounds, 
elementary carbon, organic nitrogen compounds and other 
substances.

In such a complex system, the reliability of the 
ordinary analytical methods is open to question. In order 
to study the changes occurring during nitrification it was 
necessary to use analytical methods which would be accurate 
in the presence of soil and the various compounds likely 
to be formed during nitrification. The analytical methods 
were therefore studied in the presence of soil and a 
number of possible soil constituents.

The methods employed for the determination of ammo
nium, nitrate, and nitrite ions were the well-known
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standard procedures (1 3 1) with certain modifications to 
adapt them more precisely to soils and soil extracts. The 
most radical change was made in the determination of ammo
nium ion. Here the aeration procedure of Chapman (132) 
was substituted for the conventional Kjeldahl distilla
tion method where the organic matter present usually 
causes high values for ammonia nitrogen. These modifica
tions were made especially in view of the small concentra
tion in which these constituents are usually present and 
the necessity for a high degree of accuracy, in order to 
follow more definitely the changes occurring during nitri
fication.

Determination of Ammonia
Three methods of determining ammonia were tested. 

They were:
1 . The Kjeldahl distillation method using strong sodium

hydroxide to liberate the ammonia. This method was 
discarded because the action of the alkali on or
ganic nitrogeneous materials caused ammonia nitrogen 
errors as high as 20 percent.

2 . The Kjeldahl method using magnesium oxide to liberate
the ammonia. The action of magnesium oxide on urea, 
cyanamide, and hydroxylamine yielded uncertain re
sults (Bradstreet (139)), and for this reason the
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method was used only where these compounds were known 
to be absent.

3. The aeration method of Chapman (1 3 2), slightly modi
fied, was found to give accurate quantitative results. 
The modified method was as follows:
A train of wash bottles, reaction flask, and absorp

tion tuj>es was set up in series. The anterior end was 
left open and the posterior end connected to a suction 
line. Slight suction was applied to give an air flow 
through the system at a rate of about 15 liters per hour. 
The air was freed of carbon dioxide and ammonia by passage, 
successively through 6-Normal KOH and 1:1 EgSO^, then 
through a 300-ml. Kjeldahl flask containing the unknown 
sample, an excess of Ca(0H)2 , and 150 ml. of distilled 
water. The air was led through a drying tube containing 
glass wool and finally through two test tubes containing 
2 percent boric acid solution. Complete absorption of 
ammonia usually occurred in the first tube, as shown by 
no change in color of indicator in the second tube.

For the unknown solutions it was sufficient to 
aerate about 12 hours, and for soil suspensions about 18 
hours at the prescribed rate.

The solution or suspension in the Kjeldahl flask was 
saved for the subsequent colorimetric determination of 
nitrite and nitrate.
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After aeration, the boric acid solutions containing 
the absorbed ammonia were combined and titrated with 
0.0179 Normal HOI (0.1 ml.zO 1 p.p.m.N) using the indi
cator of Ma and Zuazaga (133) consisting of a mixture of 
bromcresol green and methyl red.

The ammonia content was expressed as parts of nitro
gen present as ammonia per million of dry soil.

For the purposes of this study, recrystallized and 
dried ammonium sulfate alone and in the presence of other 
compounds of nitrogen and organic matter as well as soil 
was used.

In the Kjeldahl method, sodium hydroxide and mag
nesium hydroxide were used for liberating the ammonia 
and in the aeration method, calcium hydroxide and sodium 
carbonate.

The procedures were compared by determining known 
amounts of added ammonia in the presence of soil and in 
the presence of hydroxylamine. The results are given in 
Table 1 .

The results in Table 1 show that the sodium hydroxide 
distillation gives high results when ammonia is distilled 
in the presence of soil; moreover, even a pure solution 
of hydroxylamine liberates some ammonia, or possibly 
hydroxylamine itself distills over. Even with magnesium 
oxide some hydroxylamine is liberated. The aeration
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TABLE 1
ACCURACY OF AMMONIA METHODS IN PRESENCE 

OF SOIL AND HYBROXYLAMINE

Soil+ (NH/JoSOl
Hydroxylamine

Solution

Method Base
used

Soil present 
p.p.m.N. as NHo 
Taken Found

p.p.m.N as 
NEgQH.EGl 
Taken

p.p.m.N 
as NH3 
Found^

Kjeldahl k0% NaOH 280 364 600 235
Kjeldahl MgO Solid 280 283 600 100

Aeration 5/6 NagCO^ 300 302 100 0

Aeration Ca(0H) 2Solid 300 301 100 0

^Throughout this thesis the results are expressed as 
p.p.m. of constituent on the dry soil basis. Notwith
standing the fact that the data were obtained on synthetic 
solutions and in the absence of soil, it seemed desir
able to adopt this method of expressing the data to put 
these Results and those to be obtained later on a com
parable basis.

method, however, reproduced the original amount of ammonia 
accurately on distillation with both sodium carbonate and 
calcium hydroxide. These reagents with aeration do not, 
however, liberate hydroxylamine.

The magnesium oxide method has the advantage of 
rapidity, and it is especially applicable when hydroxyla
mine is known to be absent. It was found that one gram 
of magnesium oxide is more than ample for the complete 
liberation of ammonia from a neutral or alkaline soil.
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The solubility of magnesium oxide is very slight (0.009 grams 
per liter at 20°C.) and small amounts are sufficient to 
saturate such suspensions, giving a resultant pH value of 
well over 10. The ammonia is completely liberated and 
collects in the first 200 ml. of distillate.

Dilution affects the pH of the boric acid solution 
used for absorption. It is therefore necessary to make 
a blank determination on approximately the same amounts 
of distillate. The effect of dilution upon the determin
ation is illustrated in Table 2 .

The data in the last column of Table 2 represent 
the corrections which must be subtracted from the titra
tion volume to obtain the true amount of acid equivalent 
to the ammonia absorbed.

Study of the Aeration Method 
The aeration method of Chapman (132) was modified by 

using smaller Kjeldahl flasks for the aeration and. large 
test tubes for the absorption. A slower rate of absorp
tion was found more practical. The delivery tubes were 
drawn to a jet to reduce bubble size and increase the 
velocity of the air current.

Sodium carbonate extracts humates from the soil and 
thus colors the extract a deep brown. Calcium hydroxide 
gives clear extracts and therefore was used for the 
liberation of ammonia. This procedure was necessary



38

TABLE 2
EFFECT OF DILUTION OF BORIC ACID 

UPON AMMONIA DETERMINATION

2% H3BO3

Volume
water
added

Total
volume PH

Volume*correction

ml. ml. ml. ml.50 0 so 5.07 0 .0

so- so 100 5 .6 0 0.4
so 100 iso 5 .6 8 0.5
SO ISO 200 5.72 0 .6

so 200 250 5.76 0.7
*0.0179-N.HC1 necessary to titrate to end point

since the extract was used later for the colorimetric 
determination of nitrite and nitrate.

Boric acid was used as the absorbent in preference to 
sulfuric acid since the final titration thus involves only 
one standard solution, namely, standard acid. Markley and 
Hann (1 3 4) demonstrated that boric acid is equally as 
satisfactory as sulfuric in the official Kjeldahl-Gunning- 
Arnold method for a wide variety of nitrogenous substances.

A very dilute solution of hydrochloric acid was used 
for the titration (0.1 ml.dr 1 p.p.m. Nitrogen in a 25 
gram soil sample) necessitating a sensitive indicator.
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The brom eresol green-methyl red Indicator was more sat
isfactory than the commonly used mixed indicator consist
ing of methyl red and methylene blue.

The end point of the indicator occurs at a pH value 
of about 5 . A 2 percent boric acid solution free from 
carbon dioxide gives this pH value and was used as the 
absorbent. As illustrated in Table 2 , the pH changed on 
dilution, necessitating the application of a blank correc
tion. The titration curve for the boric acid shown in 
Figure 1 indicated that it is very sensitive to acid or 
alkali in the range of the end point.

In order to test the accuracy of the boric acid 
titration, various known amounts of ammonium hydroxide 
were added from a burette and titrated. The results in 
Table 3 show that the. titration is accurate in the pres
ence of various quantities of added ammonia.

To test the effect of soil on the recovery of 
ammonia, known amounts of ammonia in solution were aerated 
alone and in the presence of 25 grams of soil, each in a 
final volume of 150 ml. The ammonia recoveries are shown 
in Table 4«

The method has an accuracy of about t 2 p.p.m. Ob
viously, the percentage accuracy decreases as the total 
amount of ammonia decreases, but the actual error does not. 
The error is partially due to the fact that the final end



pH
 V
al
ue

Solution titrated contained

distilled, water (50 ml „)

Indicator End Point

ml. 0.12 N.
Fig. 1. Doric Acid Titration Curve
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TABLE 3
RECOVERY OF AMMONIA ADDED TO BORIC ACID 

AND TITRATED WITH STANDARD HC1

Nitrogen added Nitrogen
as NH^ Found

mg.
0.50
1.67
3.83
5.50
7.15
8.80

10.50
12.15
17.20
33.75

mg.
0.50
1.75
3.88
5.58
7.20
8.82

10.45
12.08
16.95
33.70

point can only be determined to within one-tenth of a 
milliliter and to errors inherent in the method. The 
accuracy of the method was considered sufficient for the 
purposes of this investigation.



TABLE 4
RECOVERY OF AMMONIA AFTER AERATION IN 

PRESENCE AND ABSENCE OF SOIL*

Sample
Nitrogen as 
Taken

ammonia
Found

p.p.m. %) # p #m#Solution without soil 1 0-3
*# $# W 5 5-7
M w M 10 8-11

' $# w M 25 23-27
f# # W 50 48-52
M M 100 98 -102

W 300 297-302
Clarion loam 0 3
Gila fine sandy loam 0 1

M M 5 4-7
** W 25 22-27
M # 50 48-52
W W 100 97-103
W f* 300 297-303

*25 gram soil samples. Total volume of solution 150 ml.
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A study was next made of the effect of nitrite and 
nitrate on ammonia recovery alone or in the presence of 
soil. The results are shown in Tables 5 and 6.

The results show that the recovery of ammonia is 
within the limits of accuracy of the method and is not af
fected by the presence of soil or the added compounds.

In order to test the effects of specific types of 
soil constituents on the analytical methods, various 
nitrogen and organic compounds were added to the samples 
before aeration. In the case of the nitrogenous com
pounds, nitrogen equivalent to 100 p.p.m. in 25 grams of 
soil was added; and in the cases of other organic sub
stances, amounts equivalent to 100 p.p.m. in 25 grams of 
soil. The added compounds were taken in larger amount 
than they would normally be present in the soil, so that 
their effects on the analytical procedures would thus be 
accentuated.

The results are shown in Table 7.
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TABLE 5
DETERMINATION OF NITROGEN IN MIXTURES OF 

AMMONIUM, NITRATE AND NITRITE IONS

Nitrogen
T&ken

as NH-j 
irouaa

Nitrogen as NO3 
Taken F ouiid.

Nitrogen as NOjj 
Taken F otffid

p • p #d# p.p.m. P#P#I%1# p#p#]n# p.p.m. p .p .m.
300 300 * # # # * # # * # .. *
300 299 25 26 # * # *. *
300 299 50 48 . . .
300 298 100 101 # # # . . .

200 198 # * * . . . . . .
200 197 25 25 * # * . . .
200 200 50 51 . . . . . .
200 197 • 100 102 . • # . . .

100 98 # # # . . . . . .
100 98 25 25 . . .100 99 50 51 . . . . . .100 99 100 102 . . . . . .

50 50 * * # * * # . •. ■ . . .
50 50 25 26 #. * . . .50 50 50 50 . . . . . .50 51 100 100 . . .

300 302 # * * * # * .. # . . .
300 300 # # * * * * 25 25300 300 * # # * # * 50 51300 304 * # # * # * 100 101

200 200 * * # . . . v . . #
200 203 # # # s e e 25 26
200 201 • • • * * * 50 51200 200 # * * • * • 100 100
100 101 # * # . . ..100 102 • • • # # * 25 24100 102 * * e * * e 50 50
100 103 # # # * # * 100 98
50 50 s e e * # # . . .
50 48 # # * s e e 25 2550 49 # # e # * * 50 4950 50 # * # 100 97
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TABLE 6
DETERMINATION OF NITROGEN IN MIXTURES OF NITRATE, 
. NITRITE AND AMMONIUM IONS IN THE ABSENCE 

AND PRESENCE OF.SOIL

Nitrogen
Taken

as NH3 

Found
Nitrogen as NOij 
Taken Found

Nitrogen as NOg 
Taken Found

p.p.m. p.p.m. p.p.m. P • P • Me p.p.m. p.p.m.
Soil Absent

100* 100 * * # # * * '#*# * * #
100* 100 * # # # e #

# * * 100* * # #
100 101 * # # # # # 100 101
100 100 100 102 # e * # e #
# * * • • • 100 99 100 102

25 24 25 26 25 2550 49 50 52 50 51100 98 100 103 100 101
Soil Present

100 100 *** * * * # # *
* # # 100 103 # # #
* # # * * # 100 102

25 24 25 27 25 2750 49 50 53 50 52
100 101 100 105 100 100

*Average of a number of determinations. The NH3 figures
ranged between 98 and 102 p.p.m.; NO3 between 98 and 102
p.p.m.; NOg between 97 and 103 p.p.m.



DETERMINATION OF NITROGEN IN MIXTURES OF NITRATES, NITRITES, AND 
AMMONIA CONTAINING ADDED SUBSTANCES ....

TABLE 7

Class of
Nitrogen 
as NH^

Nitrogen• 
as NO^

Nitrogen 
as NO2

Added Substance Compound Taken Found Taken iFound Taken Found
P« P.P *1X1# P.P #21#

Tyrosine phenolic amino acid 100 99 100 102 100 103Tryptophane indolic amino acid 100 101 100 95 100 102
Glutamic acid dicarboxy amino acid 100 98 100 102 100 991. Cystine sulfo amino acid 100 100 100 76 100 100
1. Glycine chain amino acid 100 98 100 100 100 102
Asparagine amine 100 101 100 102 100 102
Gelatin soluble protein 100 102 100 103 100 102
Urea protein decomp.prod. 100 101 100 99 100 101
Starch polysaccharide 100 100 100 102 100 103
Sucrose disaccharide 100 99 100 98 100 102
Mannite complex alcohol 100 99 100 100 100 103Ethyl alcohol simple alcohol 100 99 100 100 100 100
Furfural ,aldehyde 100 100 100 94 100 95Sodium oxalate organic acid salt 100 100 100 100 100 100
Benzoic acid aromatic organic acid 100 99 100 100 100 101
Sesame oil vegetable oil 100 99 100 98 100 99Humus (peat) soil organic matter 

inorganic nitrogen
100 106 100 102 100 100

Sodium hyponitrite 100 93 100 100 100 100
Hydroxylamine,

h ^ o4 inorganic nitrogen 100 99 100 106 100 144



The aeration procedure shows complete recovery of 
ammonia in the presence of all added substances except 
sodium hyponitrite and humus extracted from peat.

Since the amounts of ammonia determined in the 
presence of hyponitrite were below the theoretical, and 
the theoretical amounts of nitrite and nitrate were re
covered under these conditions, it is probable that the 
following reaction may have taken place:

2 HH3 + 3 NagNgOg — » 6 Na+ + 6 OH- + 4 N2

The error caused by hyponitrite is not great and in 
practice would be relatively insignificant, since the 
amount of hyponitrite used was much greater than that 
which could be expected in the soil.

The slightly high recovery for ammonia in the pres
ence of peat without doubt was due to the ammonia content 
of the peat itself.

It was therefore concluded that the aeration method 
for ammonia gives accurate results for the small amounts 
of ammonia to be determined in this study in the presence 
of nitrogenous as well as non-nitrogenous organic sub
stances likely to be present in soils.
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Study of the Nitrite Method 
Moisture losses were made up by the addition of dis

tilled water after aeration and the soil suspension fil
tered. The clear extract was used for the determination 
of nitrite and nitrate.

The official A.O.A.C. method of Griess (131, p. 527) 
using sulfanilio acid and alpha-napthylamine hydro
chloride modified for use with the photelometer was stud
ied to determine its applicability for the present inves
tigation.

This study was divided into three phases:
1. Accuracy and reproducibility of the photelometer itself
2. Effect of the reagents and experimental conditions on

development of the color.
3. Accuracy of the determination alone and in the pres

ence of substances likely to be found in the course 
of nitrification.
The colorimetric determinations were made with the 

Cenco photelometer. The reproducibility of the photelom
eter was checked frequently with a standard solution of 
^2^r2^7 over a ten-month period. The maximum deviation 
was + 0.5 scale unit.

Certain precautions must be observed in making 
photelometer measurements to insure this precision: (Ij
nitrite-free water must be used; (2) the instrument must
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be reset to a blank reading of 100 after each determina
tion; (3) photelometer cells must be scrupulously clean;
(4) the solution in the photelometer cells must be free 
from air bubbles.

The nitrite calibration data are given in Table 8 
and in Figure 2. The determination of 100 p.p.m. of 
nitrite nitrogen necessitates a dilution of 8,000 times; 
that is, .001 p.p.m. nitrogen on the scale corresponds to
8 p.p.m. of nitrogen. In the range used, the photelometer

«§*would thus be sensitive to _ 3 p.p.m. of nitrite nitrogen 
in every 100 p.p.m. .

The precision of the nitrite determination was tested 
by taking several aliquots from a single soil extract, 
making two dilutions, and determining nitrite. The re
sults presented graphically in Figure 3 show a maximum 
deviation of 0.8 scale units from the mean, and an average 
deviation of slightly more than 0.2 units.

Sulfanilic acid is stable for long periods of time. 
Alpha-napthylamine hydrochloride must be kept in the 
dark in a cool place. At room temperature and in bright 
light it becomes cloudy, decomposition setting in within 
two weeks. An alpha-napthylamine blank solution should 
be used in the photelometer and its reading should never 
exceed 96 when compared with distilled water
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TABLE 8
EBOTELOMETER CALIBRATION CURVE FOR 

NITRITE DETERMINATION

Concentration 
Reading of NO^ N

98.0

]) *IDU 
.001

96.3 .002
94.6 .003
92.9 .004
91.0 .005
89.6 .006
88.0 .007
86.3 .008
84 .8 .009
83.2 .010
81.9 .011
80.4 .012
79.0 .01377.6 .014
76 .2 .015
74.9 .016
73.6 .017
72.3 .018
71.1 .019
69 .8 .020
68.6 .021
67.4 .022
66 .2 .023
65.1 .024
64.0 . .025

Concentration
Reading. . of N0£ :

p *p
62.9 .026
61.9 .027
60.9 v .028
59.8 .02958.8 .030
57.8 .03156.8 .032
55.9 .03355.0 .034
54.1 .03553.2 .036
52.4 .03751.6 .038
50.7 .039
49.9 .040
49.2 .041
48.4 .042
47.6 .043
46.9 .04446.2 .04545.5 .04644.8 .047
44.1 .048
43.5 .04942.8 .050



0 0
Fig.

.1 0«2 0.3 0.4 0.5 p.p.m.
2. Photelometer Calibration Curve 

Concentration of Nitrite



All samples from 1 soil extract 
7,5-rnl. aliquots taken 

Dilutions 5-100 
10-100

13 NOg- determinations made
Time for color development - 15 min.

Fhotelometer Reading
Fi-o 3. Precision of Nitrite Determination in Duplicate Aliquots

of Solution Analyzed
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The effect of time on color development is illustrated 
in Figure

The pink color developed reaches a maximum in fifteen 
minutes and remains constant in intensity for several 
hours. The intensity decreases to some extent if the solu
tion is allowed to stand over night.

The effect of pH on color development is shown in 
Figure $. The maximum color is usually observed between 
pH values of 1 .5-2.8. Y/hen alkaline clarifying agents are 
used, it is especially important that the pH be checked.

The data in Tables 5, 6 , and 10 indicate that the 
determination of nitrite is not affected by the conditions 
of aeration, the presence of nitrate or ammonia, or of 
soil.

Of all the added substances, only hydroxylamine sul
fate affected the determination of nitrites, yielding a 
recovery of 144 percent (see last line of Table 7 ) of 
nitrite nitrogen, while the ammonia recovery m s  theoreti
cal and the nitrate recovery slightly high. If the in
crease in the amount of nitrite finally present had been 
due to oxidation of hydroxylamine by nitrate, the final 
nitrate concentration would have been below the amount of 
nitrate initially taken. Likewise, the complete recovery 
of ammonia precludes the possibility of its oxidation to



Minimum time for maximum color development

Time (Minutes) (Hours)
Fig0 4= Effect of Time on Nitrite Color Development
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nitrite during aeration. It is likely that the oxidation 
is effected by the oxygen bubbling through the solution. 
Mellon (135) states that hydroxylamine is rapidly oxidized 
to nitrite in air. This would suggest the following 
mechanism:

MB^OH + Og — HNOg + BgO
It was hoped that it might be possible to, make this 

reaction quantitative by longer aeration. The maximum 
conversion after several days aeration, however, was only 
about 50 percent in the solution alone and 35 percent in 
the presence of soil. This incomplete oxidation probably 
is due to the instability of hydroxylamine under alkaline . 
conditions. It is, nevertheless, a useful indirect test 
for the presence of hydroxylamine.

In the light of these experiments it may be"concluded 
that nitrite may be determined with satisfactory accuracy 
by the Griess method on the solution remaining after 
aeration in the absence of hydroxylamine. In the presence 
of hydroxylamine, nitrite may be accurately determined on 
an alkaline non-aerated soil extract. The presence of 
hydroxylamine is indicated by higher nitrite values after 
aeration.

Study of the Nitrate Method
The phenoldisulfonic acid method described in the



A.O.A.C. (1 3 1, p. 527) modified for use with the 
photelometer was studied to determine its applicability 
for the present investigation.

The standard nitrate calibration data were obtained, 
and are given in Table 9 and Figure 6 .

The determination of 100 p.p.m. of nitrate nitrogen 
necessitates a dilution of 80 times, or 0 .1  p.p.m. of 
nitrogen on the scale corresponds to 8 p.p.m. of nitrogen. 
In the range used, the photelometer would be sensitive 
to t 2 p.p.m. per 100 p.p.m. of nitrate nitrogen.

Boiler and McKaig (1 3 6), Kelley (14), White (137), 
Chamot, Pratt and Bedfield (138), and others have pointed 
out that acid conditions during evaporation and ammonium, 
chloride and nitrite ions interfere with the determination 
of nitrate by the phenoldisulfonic acid method.

Under the conditions of the present study, the ammon
ium ion could not interfere, since it had been removed 
previously by aeration. In cases where the soils were not 
aerated, the ammonia was removed by evaporating from 
alkaline solution. In soil extracts the ammonium ion is 
never likely to be a problem, since most of it is held on 
the base exchange complex of the soil.

Calcium hydroxide was used to liberate the ammonia 
in the aerated samples. It also flocculates the soil, 
prevents organic matter extraction, and renders filtration
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TABLE 9
FHOTELOMETER CALIBRATION CURVE FOR 

NITRATE DETERMINATION
Blue Filter

Reading
Concentration 

of NOJ N Reading
Cone entr at ion 

of NO3 N
P • P #21* p.p.m.

94.9 0 .1 3 2 .8 2 .6
90.5 0 .2  ' 3 1 .8 2.7
85.5 0.3 30.9 2 .8
81.4 0.4 3 0 .1 2.9
77.2 0.5 29.3 3.0
73.7 0 .6 28.6 3.1
7 0 .2 0.7 2 7 .8 3.2
66.9 0 .8 27.1 3.3
6 3 .8 0.9 26.4 3.4
6 0 .8 1 .0 2 5 .8 3.5
5 8 .0 1 .1 25.1 3.6
55.5 1 .2 24.5 3.7
53.0 1.3 23.9 3.8
50.7 1.4 23.3 3.9
4 8 .6 1.5 22.7 4.0
4 6 .6 1 .6 2 2 .2 4.1 .44.8 1.7 21.7 4.2
43.0 1 .8 2 1 .1 4.3
41.5 1.9 2 0 .6 4.4
39.9 2 .0 2 0 .1 4.5
3 8 .6 2 .1 1 9 .6 4.6
37.3 2 .2 1 9 .0 4.7
3 6 .0 2.3 18.5 4.8
34.8 2.4 18.0 4.9
33.7 2.5 1 7 .6 . 5.0......
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more rapid. It insures alkaline conditions during evapora
tion, thus eliminating any possible losses as nitric acid. 
It enables the residue to dry to a thin film, hence there 
was no splattering upon the addition of phenoldisulfonie 
acid. Thus it is superior to sodium carbonate and sodium 
hydroxide in several respects.

The chloride content of the soil used was low enough 
that it was unnecessary to remove it with silver sulfate. 
The chloride error in the nitrate determination obviously 
is serious only in acid solution.

Nitrite is decomposed by the phenoldisulfonie acid 
into oxides of nitrogen and nitrate. In the present study 
the nitrite error could never be very great. However, 
since maximum accuracy was important, a correction curve 
was made and is shown in Figure 7. To apply the correc
tion it is necessary to know the nitrite concentration 
present. The data in Table 10 show that nitrate can be 
determined accurately in the presence of nitrite when the 
corrections are applied.

Ordinarily it is recommended that nitrate be evapo
rated on the steam bath. No losses were observed, however, 
when the evaporation was carried just to dryness on the 
hot plate. The effect of overheating on the hot plate is 
shown in Figure 8,



p.p.rn. MO3- Morj.jed 
Conversion of Nitrite to Nitrate by 

Phenoldisulfonic Acid



TABLE 10
DETERMINATION OF NITROGEN IN MIXTURES 

OF NITRITE AND NITRATE

Nitrogen as NO^ Nitrogen as NOg
‘Taken Found Taken Found
p.p.m. p.p.m# p.p.m. P • P •Hie

100 102 # # # ###
100 99 25 26
100 97 50 52
100 97 100 102

50 51 * e e #*#'
50 49 25 26
50 52 50 5150 50 100 102

25 24 see # * e
25 24 25 26
25 26 50 50
25 26 100 100

# e # * # * 25 25
# e e # * * 50 51
* * * . . * * * \ 100 101

Certain precautions must also be taken. No more than 
2 -3 ml. of phenoldisulfonic acid should be used, since the 
color intensity increases in the presence of a large ex
cess. The time, interval between additions of the phenol- 
disulfonic acid and dilution of the solution should not be 
less than two minutes. The evaporated residue should be 
cooled to room temperature before applying the reagent, 
otherwise monosulfoaic acids are likely to react with the
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nitrate forming green colors. Organic matter must be re
moved , as it gives rise to brown colors when acted upon by 
the concentrated sulfuric acid of the reagent, which inter
fere with the colorimetric reading. Carbonates may inter
fere, due to the more or less violent effervescence 
occasioned by the liberation of carbon dioxide with a con
sequent loss of nitrate.

The phenoldisulfonic acid is stable indefinitely. 
Standard colored nitrate solutions are reliable for only 
a few months, and old solutions should not be used when 
the instrument is to be rechecked.

The determination of nitrate is not influenced by the 
conditions of aeration, or by the presence of ammonia in 
solution, as shown in Table 5» Nitrite affects the deter
mination , but may be corrected for to give accurate re
sults as given in Table 1 0. In the presence of soil, 
slightly high values were obtained, due probably to the 
error caused by the soluble organic matter in the soil ex
tract.

The nitrate recovery in the presence of a variety of 
other added substances, illustrated in Table 7 , is seen to 
be theoretical, within limits of error in all cases except 
that of cystine, which showed a recovery of only 76 percent. 
In certain cases, notably tryptophane, furfural, and 
sesame oil, the concentrated sulfuric acid"of the
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phenoldisulfonlo aoid solution produced some charring and 
necessitated the making of special blank determinations. 
But when the blank values were applied, this difficulty 
was eliminated.

The cystine, case is of particular interest, since 
the nitrate was far below theoretical (7696). Moreover, 
no increase in nitrite occurred to offset this low value 
for nitrate. The effect apparently is due to some inter
action between cystine and nitrate which does not affect 
the colorimetric determination.

While there is evidence for the existence of amino 
acids in soils, of which cystine is a likely one, it is 
doubtful whether it would occur in quantities sufficient 
to interfere seriously with the nitrate determination.

In the light of these studies, it may be concluded 
that nitrates can be determined with sufficient accuracy 
on the residual solution remaining after the ammonia 
aeration.

Final Procedure for the Determination of Ammonia.
' Mtriie and Nitrate in Solutions

and Soil Suspensions
The final procedure that was adopted for the deter

mination of nitrites, nitrates, and ammonia will be out
lined in detail.
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Determination of Ammonia:
The ammonia is determined by aeration. The aeration 

train consists of 1 :1 HgSO^ to absorb any ammonia from the 
air, 6-Normal KQH to absorb carbon dioxide from the air, 
a 300-ml. Kjeldahl flask into vridich the air is admitted by 
way of a capillary jet and which contains an aliquot of 
the solution or the soil to be analyzed, and 1 25 -150 ml. 
of distilled water and one or two grams of CafOEjg, 
glass wool to catch moisture spray, and two test tubes 
connected in series, each containing 50 ml. of 2 percent 
COg free H3BO3 to absorb ammonia, and a trap connected to 
suction. The rate of aeration used is about 15 liters per 
hour. The ammonia is completely liberated in 12 hours 
for solutions and 18 hours for soils, and longer aeration 
has no effect upon the results. The Kjeldahl flask and. 
its contents is weighed immediately before aeration and 
evaporation losses are made up with distilled water after 
aeration.

After aeration the train is disconnected and the 
boric acid solutions combined and titrated with standard 
HOI, (0.0179-8 is this work), using the methyl red-Brom 
cresol indicator. The end point is a purple-pink. Based 
on dry soil as previously explained, 0 .1  ml. of the stand
ard acid is equivalent to 1 p.p.m. of nitrogen as ammonia.



Determination of Nitrites;
The alkaline solution or soil suspension remaining 

in the Kjeldahl flask after the evaporation losses are 
made up is filtered. Aliquots are then removed from the 
filtrate for the determination of nitrites and nitrates.

For nitrites an aliquot of the filtrate is diluted 
to 0 .01-0 .0 3 p.p.m. until the nitrite concentration is 
such that it can he read on the more sensitive portion of 
the calibration curve. One ml. of sulfanilic acid, 1 ml. 
of alpha-napthylamine are added, the solution diluted 
volumetrically, and the pH adjusted to between 1.5 and 
2 .8 . The maximum pink color is developed in about 15 

minutes. The solutions are compared in the photelometer 
with a blank containing nitrite-free water, and the ap
propriate reagents.

Results are computed from the calibration curve and 
the degree of dilution in terms of p.p.m. of nitrogen as 
nitrite in the dry soil.

Determination of Nitrates:
For nitrates an aliquot of the filtrate containing 

enough nitrate to be read on the more sensitive part of 
the calibration curve is pipetted into a casserole and 
evaporated to dryness on the steam bath or hot plate. 
After cooling, 2 to 3 ml. of phenoldisulfonic acid are 
added, taking care to prevent spattering. Any solid salt
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that may form is broken up with a dry stirring rod. After 
allowing at least two minutes for the reaction between the 
dye and the nitrate, water is added. The solution is di
luted volumetrloally and KH^OH is added to develop the 
yellow of triammonium Nitro-phenol diaulfonic acid. The 
solutions are compared on the photelometer using a water 
blank.

The final nitrate concentrations are taken from the 
calibration curve, calculated to p.p.m. of nitrogen as 
nitrate in the dry soil, and corrected for nitrite.

B. Comparison of the Injection and Irrigation 
Methods of Ammonia Application

The application of ammonia to soil by the irrigation 
and injection methods differs in that the former is applied 
in the form of an ammonium hydroxide solution and the latter 
as a gas. The distribution of ammonia in the soil when ap
plied by the two methods under field conditions is so dis
similar that the possible effects of differences in the 
mechanism of ammonia absorption cannot be studied.

It was necessary, therefore, to develop a laboratory 
method analogous to the corresponding field method, in 
which the distribution of ammonia and other variable fac
tors could be controlled.

It was considered of interest also to study the ef
fect of distribution by using a similar method of applica
tion, controlling all other factors but varying the
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distribution.
To accomplish these aims three laboratory methods for 

ammonia application were developed:
1. Uniform injection of ammonia into the soil.
2 . Uniform application of aqueous ammonia to the soil

(uniform irrigation method).
3. Application of aqueous ammonia to the soil non-

uniformly (non-uniform irrigation method).

The Uniform Injection Method 
A laboratory injection apparatus was devised as 

shown in Plate 1. It consists of a small distilling flask 
in which a calculated amount of ammonia gas is liberated 
from a weighed amount of ammonium sulfate by adding sodium 
hydroxide solution. The ammonia is conducted by heating 
into the rotating can containing soil. Soil at less 
than 50 percent of the water-holding capacity is used, so 
as to prevent puddling. Complete liberation of ammonia 
occurs in 10 minutes. The soil is then quartered, mixed 
and spread out in a thin layer for an hour to allow any 
trapped ammonia to escape. The time required for the 
ammonia content to become constant is shown in Table 11.

The ammonia content became constant within one hour. 
No further losses were observed in the course of subse
quent incubation. As illustrated in Table 13, the



TABLE 11
IMMEDIATE CHANGES IN AMMONIA CONTENT 

OF SOIL AFTER INJECTION

Ammonia
initially
added Time elapsed 

after injection
Ammonia
found

Ammonia 
absorbed 
fey soil

p.p.m.N. minutes p.p.m. $
750 10 623 83.1

20 562 74.9
60 540 7 2 .0

120 • 541 7 2 .1

300 60 261 8 7 .0

percentage absorption depends upon the amount of ammonia 
added.

The extent to which uniform ammonia distribution could 
be achieved by this procedure is shown in Table 1 2.

The distribution of ammonia can be made uniform to 
within t k p.p.m. by the injection method.

The Uniform Irrigation Method
The soil was spread in a thin layer and sprayed from 

an atomizer containing a fairly concentrated solution of 
ammonium hydroxide (a 1:1 solution was used). The soil 
was continually stirred up and an attempt was made to 
spray as uniformly as possible. The soil mis mixed,
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TABLE12
TEST OF UNIFORMITY OF AISIONIA DISTRIBUTION 
. BY. THE INJECTION AND IRRIGATION METHODS

Uniform Injection Uniform Irrigation
Nitrogen* " Nitrogen*

Samples (as NH3 J pH** . (&K NS^j pH**

1

p.p.m .

310 9 .06

p #1X1#

300 9.00

2 308 8*94 304 9 .06

3 310 9 .00 295 8 .92

4 314 298 • see

*Expressed in terms of air-dry basis after 1 day.
**Determinations made on moist soil
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quartered, and dried overnight and ammonia determined.
By this procedure the ammonia was found to be uniformly 
distributed to within * 5 p.p.m. and the percentage absorp 
tion, based on the results in Table 1 2, was 75 percent of 
an initial addition of 400 p.p.m. of nitrogen as ammonia.

Non-Uniform Injection Method
100-gram soil samples in tumblers were made up to 

20 percent moisture content (field capacity) by the addi
tion of a dilute ammonium hydroxide solution to the sur
face. The samples treated in this manner were used for 
incubation experiments.

There was an unavoidable loss of ammonia before 
equilibrium was reached. In a few hours the ammonia con
tent had reached a constant value. It was necessary to 
mix the entire sample thoroughly for the ammonia deter
minations.

The distribution of ammonia, however, was not uni
form, being more concentrated in the upper soil layers. 
There was some downward migration with time, as shown in 
Table 13, but very little ever penetrated as far as the 
lower 3 /4  inch of the soil sample.
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TABLE 13
TEST OF UNIFORMITY OF AMMONIA DISTRIBUTION 

BY THE IRRIGATION METHOD

Time
incubated

Upper 3A " Middle 3/4" Lower 3/4"
Hltlrdgeh 
as NHg* pH** as NH3* pH**

N’ltt'ogfeh 
as NH3 pH**

p.p.m. p.p.m. p.p.m.
1 hour 434 9.7 151 8 .6 3 7 .8

1 day 399 8.7 266 8 .6 14 7 .8

2 days 357 8 .2 214 8 .1 25 7.8
10 days*** 303 7 .6 134 7.3 4 7.5

*on air-dry basis 
** on moist soil
*** nitrification had already begun

Description and Characteristics of 
the Soil Studied

In a previous study, Caster (15) found that Gila Sandy 
Loam was a typical alkaline-calcareous desert soil with a 
fairly high nitrifying capacity. This soil was selected 
for the continuation of this study.

The sample was obtained from a field in cotton on the 
Cortaro Farms at Marana, Arizona.

The soil was air-dried, thoroughly mixed, and screened 
through a 10-mesh sieve.
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Various physical and chemical constants were deter
mined in order to characterize the.soil and are listed in 
Table 14.

The methods for most of these determinations ere 
given by Caster (15). The pH was determined with the 
Beckman pH meter on the moist soil by the procedure of 
McGeorge (140). Total nitrogen was determined by the 
Kjeldahl-Gunning method of the A.O.A.C. (131). The 
Total Exchange Capacity was determined by the method of 
Sehollenberger and Dreibelbis (141). Organic carbon was 
determined by the wet combustion method as modified by 
Fletcher (1 4 2), and the total soluble salts by the elec
tric bridge method of Davis and Bryan (143).

The soil was obtained from the same field used by 
Caster (15). Changes had occurred, of course, in the soil 
during the intervening 4-year period. Nevertheless, the 
data of Caster (15) are still of value in characterizing 
the soil in a general way.

Mechanism of Ammonia Absorption by the .
Injection and irrigation Methods'

The reaction for ammonia absorption by the irriga
tion method can be expressed by the following general 
equation:

NH4OH + %  — 0 — clay«—♦ NH^ — 0 — clay + XOH 
where X  represents any replaceable cat ion and - 0 - clay
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TABLE 14
PHYSICAL AIID CHEMICAL CONSTANTS 

OF GILA SANDY LOAM

Determination Result

Mechanical Analysis 
Sand (percent)
Silt (percent)
Clay .005 m.m. (percent)
Fine Clay .002 m.m. (percent)

67.1
1 7 .0
16.4

8 .0

Air Dry Moisture (percent) 
*Water Holding Capacity (percent) 
^Moisture Equivalent (percent) 
^Apparent Density g/ml.

2.528.1
21.7

1 .5 8

^Saturation Moisture (percent) 
*Pore Space (percent)
’•Specific Gravity 
^Volume Expansion (percent)

28.1
4 0 .8

2 .4 67.8
pH (moist soil)
Total Soluble Salts (p.p.m.) 
Total Organic Matter 1percent) 
♦Total Buffer Capacity (ml.)

7.8
140
0.5
39.3

♦Specific Buffer Capacity (ml.) 
♦Total Carbonate Content (percent) 
Total Nitrogen (p.p.m.)
Total Exchange Capacity**

9.6
1 .1
392
1 5 .0

♦Determinations made by Caster 
** me. per 100 grams air dry soil
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represents the colloidal clay micelle.
'' - - A.

The titration data of Puri and Asghar (144) prove 
that ammonium behaves similar to calcium and sodium as an 
exchangeable base.

In the injection method, gaseous ammonia is applied 
to the soil. In the presence of sufficient soil moisture 
it would appear likely that an initial reaction between 
the gas and moisture may occur with the formation of ammo
nium hydroxide followed by a similar base exchange re
action.

An experiment was next designed to throw further 
light on the mechanism of the absorption of gaseous ammo
nia by alkaline soils.

A sample of Gila Sandy Loam was dried at 110° C. and 
treated with anhydrous ammonia gas prepared by heating a 
mixture of calcium oxide and ammonium sulphate and drying 
the evolved gas by passage through soda lime. An absorp
tion of over 400 p.p.m. of ammonia or approximately 3 me. 
per 100 grams of soil had occurredl Ho odor of ammonia 
could be detected on either the dry or moist soil. The 
pH of the moistened soil was 9.3.

The soil was aerated by pouring from one beaker to 
another and no loss of ammonia occurred. Even in the dry 
soil no loss was observed after one day. This phenomenon 
could not be explained on the basis of mechanical trapping
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of the gas, and it is evident that true sorption had oc
curred.

Cornet (145) found that when anhydrous ammonia was 
allowed to react with dry hydrogen montmorillorite and 
other acid clays, the amount of ammonia retained corre
sponded to the base exchange capacity of the acid clay.
He believes that the ammonia reacts with the hydrogen 
ions of the clay forming NH^ ions according to the fol
lowing equation:

H - 0 - clay + - 0 - clay
His x-ray data indicated that the early increments 

of ammonia appear to react with exterior planar and broken 
bond surfaces, after which it appears to react with inter- 
planar hydrogen ions causing a widening of the interplanar 
spacing as shown by the .0 0 1 diffraction lines.

It is also to be noted that the ammonia sorption 
here described occurred on an alkaline soil and hence 
indicates the presence of considerable amounts of ex
changeable hydrogen ion in the exchange complex.

' Parker (1 4 6) has stated that "soils with a reaction 
of pH 7.0 or above do not contain exchangeable H." This 
view is widely held. Parker (1 4 6) developed a method 
which is extensively used for the determination of the 
degree of unsaturation in soils by titration to pH 7 
with barium hydroxide. He found that his method compared
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favorably with the difference and the barium acetate 
methods. It would seem that the fundamental error is 
the same in every case. Puri and Uppal (147) have shown 
that between pH 6-8 the base exchange capacity comes 
out very nearly the same as the base present in the soil, 
regardless of the amount of hydrogen known to be present. 
Thus any exchangeable hydrogen in alkaline soils would 
be entirely overlooked in the methods studied by 
Parker (146).

Actually Parker (146) dismissed as inaccurate the 
only method offering any possibility for the accurate 
determination of the degree of unsaturation, the con
ductometric titration method. Bradfield (148), Haver 
(149), McGeorge (140), Puri and Uppal (147), and others 
have shown that acid clays give titration curves char
acteristic of weak polybasio acids when titrated with 
hydroxide solutions. Therefore it follows that they 
must be titrated to a high pH value before all of the 
exchangeable hydrogen can be replaced.

Mattson (150), Tiulin and Bystrova (151), Kelley 
and Cummins (152), Burgess (153), Kelley and Brown (154), 
and McGeorge (155) have found that the base exchange of 
soils increases with the increasing pH of the replacing 
solution up to about pH 10.

Burgess (153) concluded that an actual formation of



new "zeolitic** compounds occurred, in soils treated with 
base by chemical reaction, which had higher base exchang
ing capacities.

Tiulin and Bystrova (151) pointed out that part 
of the increase was due to the fact that neutral salt 
solutions do not completely replace hydrogen ions from 
soils due to the reversibility of the reaction and the 
high replacing power of hydrogen. In the presence of 
bases the liberated hydrogen ions are removed as water 
and the reaction goes to completion.

Tiulin and Bystrova (151) and Mattson (150) held 
that the increase was due to the presence of amphoteric 
sesquioxides which only form adsorption compounds with 
cations in alkaline solution. The isoelectric points of 
Al(OH) 3 varied from 7.6-8.1 and I'e(OH)^ from 7.1-7.8 , 
depending upon the method of preparation.

MoGeorge (155) is of the opinion that there is no 
increase in the exchange capacity from this source in 
alkaline-calcareous soils, having pH values above their 
isoelectric points. •

The results of this study indicate the presence of 
appreciable amounts of exchangeable hydrogen even in an 
alkaline-calcareous soil. This finding offers a partial 
explanation of some of the unexpected results found in 
base exchange studies, and may offer a method for the



determination of the exchangeable hydrogen in soil.
The.work of Cornet (145) showed that ammonia can

i' ..react directly with hydrogen on the exchange complex. 
Puri and Asghar (144) found no retention of ammonia 
on such well-known adsorbents as charcoal and freshly 
.precipitated barium sulfate or with silicic acid or 
aluminum oxide. This is evidence that the sorption of 
ammonia by alkaline soil is a true chemical reaction.

It has been established that the mechanism of 
ammonia absorption by the irrigation and injection 
methods is not necessarily the same. Field soils con
tain considerable capillary and hygroscopic moisture 
before injection, and undoubtedly absorption of ammonia 
in the soil moisture occurs with a subsequent base ex
change reaction as illustrated earlier in this section. 
The ease of ammonia sorption makes this probable as a 
concomitant reaction.

From the practical standpoint, however, the ques
tion is: How are the soil bacteria, the growing plant,
and the soil itself influenced by these reactions?

•It has been noted that regardless of the method of 
absorption, a rise in pH occurs. It will also be shown 
in subsequent sections that soils irrigated or injected 
uniformly to the same ammonia concentration behave 
similarly in regard to the initial pH drop, the rate of
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nitrification, the shape of the nitrification curves and 
the effect of ammonia upon seed germination and the growth 
of plants.

This indicates that regardless of the mechanism of 
absorption, the final effects are the same. The follow
ing mechanism is proposed to explain the observed facts.
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In the injection method the initial increase in pH 
is partially due to the removal of the hydrogen ions and 
to the formation of hydroxyl ions on moistening just 
prior to the pH determination. In the irrigation method 
the increase in pH is of course due to the addition of 
hydroxyl ion. Any differences which might possibly 
occur due to the dispersing effect of ammonium hydroxide 
were not observed.

If the injected soil is kept dry a slight drop in 
pH occurs on standing, which probably is associated with 
the loss of mechanically trapped traces of ammonia gas.

If the soil is moistened, regardless of the method 
of application, a pH drop occurs from above 9.0 to about 
8.0 within a few days. There is no change in the orig
inal ammonia content.

In order to show that this pH drop is a normal 
phenomenon in the presence of hydroxyl ion solid calcium 
hydroxide and calcium hydroxide and potassium hydroxide 
solutions were added to soil at similar moisture con
tents. The results in every case were similar to those 
obtained with ammonia and are illustrated in Figure 9.
The shape of the curves in this diagram suggests.that 
this drop may be accounted for by the reaction between the 
hydroxides and atmospheric carbon dioxide to form less 
basic compounds. The statement of Willis and Piland (2),
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"free ammonia would be promptly converted to the carbonate 
in any soil” and the results of Puri and Uppal (156) sup
port this hypothesis. This reaction, however, serves 
only as a partial explanation since the equilibrium pro
cesses and the buffer mechanism in the soil are so com
plex.

Rate of Nitrification by the Injection 
and Irrigation Methods

Replicate soil samples were uniformly Injected and 
irrigated to an ammonia nitrogen content of approximately 
260 p.p.m. on the air-dry basis. A series of 100-gram 
samples were weighed into glass tumblers with close- 
fitting covers.

The ammonia-treated and the control soil samples 
were made up to about field moisture capacity and in
cubated at 30° C. At periodic intervals, duplicate sam
ples were removed and analyzed for pH value, and for 
nitrite , nitrate , and ammonia nitrogen contents.

The results of the incubation studies are assembled 
in Tables 15, 16 and 17 and are shown graphically in 
Figures 1 0, 11 and 1 2 .

The foregoing results show that the rate of nitrifi
cation is approximately the same in the injected and 
irrigated soils. The curves show that the changes in the 
forms of nitrogen present, as well as the amounts formed,
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TABLE 15
BATE OF NITRIFICATION OF AMMONIA INJECTED 

INTO GILA SANDY LOAM

Nitrogen in treated soil
Days
incu
bated pH*

Nitrogen 
in Control as NH3 as NOg as NO3

Total
inorganic
Nitrogen

p.p.m. p.p.m. P e P •221s P • P #221# p.p.m.
0 9 .0 6 13 258 0 .0 13 271
1 8.55 17 263 0.4 16 279
2 8.24 21 267 0 .6 13 280

3 8.03 - 269 3.0 13 . 285
k 7.93 21 266 3.4 16 290

6 7.30 19 207 58 18 283
7 7.28 24 168 82 24 274
8 7 .2 6 25 142 106 27 275

10 7.25 25 84 136 66 286
11 7.25 26 73 120 79 273
13 7.15 25 24 9 253 285
17 7.28 25 0 0.4 28? 287

*On moist :soil at field capacity
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TABLE 16
BATE OF NITRIFICATION OF UNTREATED SAMPLES 

OF.GILA SANDY LOAM

Days
incu
bated pH*

Nitrogen Nitrogen Nitrogen 
as NH3 as M 2" as NH3”

Total
inorganic
Nitrogen

p.p.m. p • p»m. P * P
0 7.76 1 0 .2 12 13
1 7 .6 1 2 1 .0 14 17
2 7.53 1 3.0 17 21

3 7.70 - - - -
5 7 .6 0 2 0 .0 19 21

6 . 7.64 .0 , 0 .0 19 19
7 7.63 2 0 .0 22 24
8 7 .6 1 1 0 .0 24 25
9 7.63 1 0 .0 24 25

10 7.69 1 0 .0 24 25
12 7.69 1 0 .0 25 26

13 7.65 1 0 .0 24 25
17 7.65 1 0 .0 24 25
21 7.65 0 0 .0 27 27
26 7.65 0 0 .0 30 30
*0n moist soil at field capacity
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TABLE 17
HATE OF NITRIFICATION OF AMMONIA I3NIFORI.5LY APPLIED 

IN IRRIGATION WATER TO GILA SMSDY LOAM

Nitrogen in treated soil
Days
incu
bated pH*

Nitrogen
in

control as NH3 as NOg as NO"
Total

imrganiinitrogen
P ♦ P sills p.p.m. p.p.m. p.p.m. P # P #331*

0 8 .6 0 13 - 260 0 .1 12 272

4 7.60 21 * * # 8.2 15 # * *
6 7.30 19 e # # 85. 18 # # #
8 7.28 25 # * # 110 21 # # #

12 7.28 26 # # # 38 120 # # #
14 7.27 25 13 2.3 276 291

16 7.28 25 0 0 290 290

*On moist soil at field capacity
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are similar. Nitrification proceeds normally and rapidly 
regardless of the method of ammonia application.

Effect of the Method of Ammonia Application 
on the Growing Plant

Replicate soil samples were uniformly injected and 
irrigated to approximately 260 p.p.m. Samples weighing 
200 grams were placed in tumblers and 10 seeds of Vaughn 
barley were planted in each sample.

The test plant chosen was Vaughn barley. It has the 
advantage of rapid germination, quick growth, high germi
nating capacity. Furthermore, barley has been found 
by Sharp (4) to be a good index plant for ammonia stud
ies and is a small grain grown extensively in Arizona.

The samples were moistened to about field moisture 
capacity (20 percent) and kept in the greenhouse. Mois
ture losses were compensated each day by addition of dis
tilled water. The minimum temperature of the greenhouse 
was controlled thermostatically to 70° F. The samples 
were exposed to ordinary conditions of sunlight, tempera
ture, etc. during the day except that the ultraviolet 
radiation was largely excluded by the greenhouse windows. 
This would in large measure prevent photonitrification. 
Caster (15) showed that the most favorable temperature for 
nitrification was 30° C.

Samples were removed for analysis at periodic
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Intervals. The seedlings were carefully removed, shaken 
free of adhering soil and washed in a sieve. The soil 
was mixed thoroughly and weighed, tee-eighth portions 
representing 25 gram air-dry samples were used for the 
determination of ammonia, nitrite and nitrate nitrogen; 
pH values were determined on the moist soil remaining.

The plant material was dried overnight at 110° C. 
and the dry weight determined. Total nitrogen, when 
determined, was found by the Hibberd-Gunning method of 
the A.O.A.C. (131).

Data were recorded on the rate of germination of 
the seeds, and photographs were taken at various stages 
during the growth of the plants. The analytical data 
are expressed in parts per million on the dry soil basis.

By about the 20th day, all plants regardless of 
treatment had developed such symptoms as tip-bum and 
marginal yellowing of the older leaves. It was found that 
this condition could be partially, alleviated by the 
addition of mono-potassium phosphate, No additions were 
made to the plants used for analysis in order not to 
change the condition under which they were growing. The 
experiments were terminated within 30 days in order that 
the effect of the deficiency on comparative results 
could be kept as low as possible. It would be desirable 
to use larger amounts of soil per plant in future
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experiments of this kind.
Germination was 95-100 percent complete in all of 

the pots. The rate of germination of the control samples 
was slightly greater than that of the treated soils. 
Complete germination, as determined by the appearance 
of the plumules, occurred in 7 days in the case of the 
controls and 8 days in the case of the treated samples.

The plants in the treated soils grew faster than 
those in the controls, the leaves were darker green in 
color and very vigorous in appearance up to the appear
ance of the tip-burn. The dark green leaf color indi
cates sufficient supply of nitrogen for vigorous plant 
growth. The roots of the treated plants, however, 
seemed to have been retarded in their growth as compared 
with the control roots. Plate 2 illustrates the differ
ence between the treated and the control plants.

After 30 days the samples were removed and the 
seedlings analyzed as shown in Table 18.

The difference in dry weight, shown in Table 18, 
is not significant in view of the variation in growing 
conditions introduced by growing the plants at different 
times and was reflected in the controls. Hence the 
average value was taken.
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TABLE 18
COMPARISON OF PLANTS GROWN IN UNIFORMLY 

INJECTED AND IRRIGATED SOILS

Treatment
Nitrogen 
added 
as NH^

Germi
nation

DryWeight

Nitrogen
found
inplant

Total 
nitrogen 
in plant 
material 
per gram

p.p.m. $> gms. p.p.m. p.p.m.
Injected 260 95-100 0 .9 0 132 147
Irrigated 260 95 -1 0 0 0.81 121 149
Control 0 90-100 0.53 31 58

From these results it was concluded that the method 
of ammonia application does not affect the germination 
or the growth of the plants in question.

Importance of Ammonia Distribution in Application 
. of Ammonia by Injection and by Irrigation 

■ ' ' • Methods "
The results in Table 13 confirmed those of Sharp (4) 

and indicate that under actual field conditions the 
ammonia applied in irrigation water is held in the surface 
layers of the soil. Sharp further states that injected 
ammonia tends to be concentrated near the area of injec
tion, but brings about increases in total nitrogen over 
a greater cross-section of soil than the application of 
similar quantities of ammonia applied by surface
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irrigation.
It has been shown that, although the mechanism of 

ammonia absorption may be different for the two methods 
of application, the effect on nitrification and the 
growing plant is the same when similar quantities of 
ammonia are added by the two methods at uniform distribu
tion.

Therefore the only apparent difference observable 
in the field between the two methods of application lies 
in the distribution of ammonia.

With this idea in mind, the following experiment was 
set up. Three series of samples were prepared:
1. Uniformly irrigated soil irrigated with distilled

water to optimum moisture content.
2 . Original soil irrigated non-uniformly with ammonia

water to optimum content.
3. Control - using original soil irrigated with dis

tilled water to optimum moisture content.
The methods for the preparation of uniformly and non- 
uniformly irrigated soils has already been given.

It was planned to introduce into the samples by 
irrigation identical amounts of ammonia. On analysis, 
however, it was found that small differences had 
occurred.

The samples were made up to about field moisture
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capacity (20 percent) and incubated at 30° C. At peri
odic intervals duplicate samples were removed and 
analyzed for pH value and for nitrite, nitrate, and 
ammonia nitrogen. Total bacterial counts were made at 
two different times during the incubation from plates 
prepared with an egg albumin agar described by Waksman 
(155). The suggestions of James and Sutherland (156) 
for making the plate method more reproducible were fol
lowed.

The results of the incubation studies are assembled 
in Tables 1 6, 17, and 19 and shown graphically in Figures 
li, 1 2 , and 1 3.

Effect of Distribution of Ammonia on 
Aate of Nitrification

The most significant difference between the nitrifi
cation curves was the time required for the various 
changes to occur. In the uniformly irrigated samples, 
nitrite began to be rapidly formed by the 6th day, reached 
a maximum before the 12th day, and had decreased to a 
low value by the 14th day. In the non-uniformly irrigat
ed samples, nitrite began to be formed rapidly by the 
8th day, reached a maximum on the 12th day, and was not 
detectable by the 17th day. The first evidence of rapid 
nitrate formation occurred after the 8th day in the 
uniformly irrigated soils and nitrification was complete
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TABLE 19
RATE OF NITRIFICATION OF AMMONIA APPLIED TO GILA 

SANDY LOAM BY . WAY OF IRRIGATION WATER

Days
incu
bated pH*

Nitrogen
in

control
Nitrogen in treated 1soil

as NHj as NOJ as NO” 3
Total

Nitrogen
p.p.m. P eP ell# p.p.m. p • p .m. p.p.m.

0 9.48 13 293 0 .1 12 305
1 8 .8 6 17 285 1 .2 13 299
2 8 .4 8 21 294 0.4 17 311
3 8 .2 1

5 8.03 21 283 2 .0 17 302

6 7.96 19 284 6.5 17 s 307
7 7.93 24 292 7.5 18 317

8 7.50 25 239 44 23 306

10 7.45 25 202 66 23 291

12 7.43 26 160 108 31 299

13 7.40 25 154 90 58 302

17 7.34 25 79 0 220 298

21 7.22 27 57 0 253 310

26 7.20 30 7 0 300 307

*On moist soil
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by the 17th day. In the irrigated samples the first 
evidence of rapid nitrate formation occurred on the 13th 
day and nitrification was complete by the 26th day.

These differences in the rates of nitrification show 
clearly the retarding effect of high local concentrations 
of ammonia.

Study of Nitrification Curves
The general shape of the nitrification curves in 

Figures 1 1 , 12 and 13 was similar. The ammonia remained 
almost constant for several days, although the pH value 
dropped sharply from about 9 to 7.9. This phenomenon 
is due to the conversion of hydroxyl ions to less basic 
compounds (Figure 9).

The pronounced drop in pH value from 7.9 to 7.4 was 
coincident with a rapid accumulation of nitrite. The 
rate of nitrite formation was very rapid during this peri
od and the maximum accumulation found was over 1 /3 of the 
original added nitrogen. The actual maximum might have 
been considerably higher, since analyses were made only 
at daily intervals.

Nitrate began to accumulate rapidly a few days 
after the nitrite had begun to build up. The pH remained 
substantially constant during this oxidation. These re
sults are in agreement with those of Caster (15) who
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showed that nitrite accumulates under the conditions of 
incubation and that nitrate does.not appear until the pH 
value has dropped to at least 7*6 to 7 *7 .

Effect of Ammonia on Bacterial Population 
The results of bacterial plate counts are shown in 

Table 2 0. Uniformly injected samples, which have been 
shown to be comparable, were used rather than uniformly 
irrigated.

TABLE 20
EFFECT OF AMMONIA DISTRIBUTION ON BACTERIAL POPULATION

Soil
treatment

Incu
bation
time

Total
bacterial

count
Incu
bation
time

Total
bacterial

count
• Days

• Days
Control 3 7 ,0 0 0 ,0 0 0 12 7 ,0 0 0 ,0 0 0

Uniformly
injected 3 5 ,0 0 0 ,0 0 0 12 7 ,0 0 0 ,0 0 0

Non-unif orm
ly injected 3 3 ,5 0 0 ,0 0 0 12 7 ,0 0 0 ,0 0 0

The foregoing data show that ammonia in the concen
tration added reduced the number of bacteria regardless 
of the distribution. The reduction was greater, however, 
in the non-uniformly Irrigated soils. After 12 days the
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bacterial population in both injected and. irrigated soils 
had increased to the same value as in the control soil.

Since nitrification is a bacterial process and the 
nitrifiers are known to be sensitive to ammonia, it ap
pears likely that the reduced rate of nitrification of 
the irrigated soil is related to the greater initial 
reduction of bacterial population in those soils. It 
appears that the toxicity caused by local areas of higher 
ammonia content was greater than that caused when similar 
amounts of ammonia are distributed uniformly throughout 
the soil.

Effect of Ammonia on Seed Germination 
Sharp (4) observed that the germination of barley 

and certain other seeds planted 1/2 inch from the surface 
was retarded or prevented to a greater degree in irri
gated soil when similar amounts of nitrogen were applied 
by injection at the depth of 3 inches under conditions 
of non-uniform distribution.

Data are presented in Table 21 which add to this . 
evidence in the case of Vaughn barley seeds planted 3/4 
inch from the surface to which ammonia had been added by 
the irrigation and laboratory injection methods.

The effect of ammonia distribution on seed germi
nation is shown in Plate 2.



90

TABLE 21
EFFECT OF AMMONIA DISTRIBUTION ON SEED GERMINATION

Soil
treatment Nitrogen 

added as NH^* Germination
p.p.m. Jo

Control 0 95
Uniformly irrigated 260 95
Non-Uniformly

irrigated 226 10

*0n air-dry basis

Although the non-uniformly irrigated samples con
tained less ammonia than those uniformly irrigated, germi
nation was almost entirely prevented. In the uniformly 
irrigated samples the percent germination equalled that 
of the control samples, although the latter germinated 
more rapidly.

It appears that local areas of high ammonia content 
in proximity to the seeds are more toxic than similar 
amounts of ammonia distributed uniformly or concentrated 
in areas at some distance.

These data show that the ammonia distribution may have 
a marked influence on bacterial population, nitrification 
of ammonia, and the germination of seeds. Its importance 
lies in the fact that by present field methods of
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application, the distribution is never uniform and the 
ammonia localizes in rather limited areas. For efficient 
field practice, therefore, it is desirable to determine:
(a) the distribution of ammonia by the present field 
methods; (b) the levels of ammonia which are harmful or 
even toxic to seed germination^ plant growth, and nitri
fication.

Effect of Daily Irrigation on the Distribution 
of Ammonia in the Soil

Distilled water was added daily in order to maintain 
the moisture content of the soil in which the plants were 
growing. It was thought that little if any redistribu
tion of ammonia would occur as a result of the small daily 
additions of water, since the ammonium ions were fixed 
on the exchange complex and the added water contained 
only a very slight amount of hydrogen ions.

The experimental results indicated, however, that 
the ammonia concentration in the lower layers, a. few days 
after planting, was appreciably higher than in the surface 
layer. This is illustrated in Table 2 2.

The apparent downward displacement might be attributed 
to any or all of the following causes:
1. More rapid nitrification in the upper layers due to

better aeration.
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TABLE 22
DISTRIBUTION OF AMMONIA IN UNIFORMLY INJECTED SAI.5PLES 

AFTER ADDITION OF DISTILLED WATER*

Period Nitrogen present as ammoniaof time 
incubated 1st 3/4" soil 2nd 3/4" soil 3rd 3/4" soil
Days p.p.m. P • P eBle P #P eEU
0 268 268 268

8 157 231 231
*8 daily additions of distilled water

2 . Greater absorption of ammonia in the upper layers,
due to greater root concentration.

3. An exchange between the small amounts of hydrogen in
the distilled water and the ammonium ions on the 
base exchange complex.

4. A migration downward of the ammonium ions existing in
the soil solution.
In future plant studies involving the uniform dis

tribution of ammonia, it would be advisable to study this 
phenomenon with a view to maintaining uniform distribu
tion. It would be desirable to secure conditions such 
that evaporation is held to a minimum by allowing germi
nation to occur in closed containers away from the direct 
rays of the sun.
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If the replacement of ammonium ions is due to the 
hydrogen ions in distilled water, it should be theoret
ically possible to obtain a better field distribution 
of ammonia by irrigation, after injection, with water 
containing appreciable amounts of cations. To obtain 
evidence on this point, a 28-inch column of soil was 
injected to contain 495 p.p.m. of nitrogen as ammonia 
and leached with an amount of tap water equivalent to a 
column 160 inches high. The results are shown in Table 
23. The amount of water applied was much greater than 
would be used in actual practice, but even so the extent 
of the redistribution of ammonia was much greater than 
anticipated. Further work should be done to determine 
whether irrigation following injection would be a prac
tical method of securing a more uniform distribution of 
ammonia in the field.

C. Effect of the Growing Plant on Nitrification
The work of Caster (15) has shown that in certain 

alkaline-calcareous soils nitrification proceeds rapidly 
in the presence of fairly high concentrations of ammonia 
and fairly high acouaulations, of nitrite. These observa
tions have been confirmed in the present study. However, 
these experiments were not concerned with the growing 
plant.
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TAKES 23
EFFECT OF IRRIGATION WATER ON THE 

EXCHANGE OF AIvIlONLl IN SOIL

Depth of Nitrogen as NELsoil column pH* Found
inches p.p.m.
0-1 /2 7.90 0

1/2 -1 7.95 12

1 -1 1 /2 7.95 10 ’
1 1/2 -2 7.95 14
2 1/2-3 7.95 48
6-7 8.15 197

1 0 -1 1 8 .3 0 275
14-15 8 .6 0 310

18-19 8.65 313
22-23 8 .7 8 320

‘27 -2 8 ' 8 .9 0 350
Column of water applied : 160 inches
*pH on soil containing 22 percent moisture
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The economic importance of the process of nitrifi
cation lies in the influence"of the forms of nitrogen 
produced in it bn the plant. For this reason nitrifica
tion studies, using the developed procedures of ammonia 
application, in conjunction with growing barley plants 
were carried out.

Barley seeds were planted in soils injected to about 
2?0 p.p.m. of ammonia nitrogen made up to field moisture 
content and placed in the greenhouse. A periodic deter
mination was made of the products of nitrification in the 
soil during the growing period of the plants.

The results of this study are shown in Figures 14 and 
15 and Table 2 4.

The rates of nitrification of the samples incubated 
at 30° C. and thbse placed in the greenhouse were not 
comparable. • The daily changes in moisture content and 
temperature evidently introduce too many variables.

Similarities, however, were apparent. The pH value
'dropped rapidly at first, and considerable amounts of 

nitrite were formed and oxidized to nitrate in both cases 
regardless of the presence or absence of the growing 
plant.

No appreciable changes- in the ammonia content of the 
soil occurred until after germination. At this time the 
seedlings evidently began to utilize ammonia nitrogen.
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TABLE 24
BATE OF AMMONIA NITRIFICATION IN THE PRESENCE 

OF THE GROWING PLANT

Period
of
incu
bation

Nitrogen 
found 

. inpH* control
Nitrogen found in soil 
as NĤ j as NOg as N0~

Total 
inorganic 
nitrogen 

found 
in soil

Bays p.p.m. p.p.m. p.p.m. p # p #m# p.p.m.
0 9.16 13 268 0.0 12.0 2801 8.74 13 255 0.2 12.0 2672 8 .3 0 14 254 0.3 12.8 267
3 8.16 13 252 0.6 12.4 265
4 8.04 11 238 1.1 13.0 252
6 7.89 10 225 2.3 12.2 239
7 7.90 9 206 2.8 12.0 221
8 7.82 8 201 3.4 12.0 216
9 7.74 8 195 8.8 9.0 21310 7.86 8 181 4.4 4.0 18911 7.88 7 165 5.4 6.0 176

13 7.85 7 150 5.6 5.0 166
14 7.85 7 134 12.3 7.0 15318 7.67 6 103 . 16.5 11.2 13121 7.65 6 67 20 18.0 105
24 7.80 5 56 26 24.0 106
31 7.48 4 15 10.0 40 65

*0n moist soil

iI



__  Total N. In soil

N as NO
— II as NO

o 160

-0- -

O — • * - 0 — * •• — O —

Incubation Tine (Days)
Fig, 14c Nitrification of Soil Containing Growing Barley Slants

pH V&lw#



Dr
y

0.28

: ’ o .i 1 in  j ec tv  un  with 270 p.i'.ii!,
u . ns rn:3

E3 Control  -  no 
add  oil h .

TLX 13 13 21
Incubation Tiiac: (lays) 

i’1-3. 1 5. Effect of Injected n.aaonia on Dry l.'eiybt
o f  Barley  H a r t s



97

This deduction seems plausible because nitrite and 
nitrate ions are leached out of the surface layers and 
the roots had hardly grown beyond this depth. The ammonia 
content became progressively less after germination of 
the seeds and until nitrification was complete. The pH 
value decreased to below 8.0 before appreciable amounts 
of nitrite were formed. Apparently nitrite was being 
absorbed by the plant, since at one stage both nitrite and 
nitrate decreased simultaneously. The maximum nitrite 
accumulation observed was 26 p.p.m., which definitely was 
not toxic to the plants.

The initial nitrate concentration dropped gradually 
from 12 to 4 p.p.m. before nitrification had become rapid. 
At this stage nitrate began to increase in the soil.

The germination of the seeds was retarded slightly 
by the ammonia, but by the conclusion of the experiment 
the treated plants had more than made up the difference 
and were superior in appearance and dry weight to the con
trols.

Apparently nitrification proceeds normally in the 
presence of the growing plant. The plant assimilates 
ammonia, nitrite and nitrate ions if available. The 
actual amount of nitrite that accumulates is less than 
in the absence of the plants. This probably is due to 
the assimilation of nitrite and the decreased supply of
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nitrogen in all forms occasioned by its continuous re
moval by the plant.

D. Effect of Ammonia Concentration on Nitrification 
• and tiie Growing Plant
Differences in local concentrations of ammonia due 

to distribution have been shown to affect the rate of 
nitrification, the bacterial population of the soil, seed 
germination and plant growth. In order to study these 
effects in more detail, soil samples were injected uniform
ly to various known ammonia contents.

Effect of Ammonia Concentration on the 
Rate of Nitrification

Meyerhof (13), Waksman (29) and others found that 
the nitrifying bacteria are sensitive to ammonia. Caster 
(15) and Sharp (10), however, reported that nitrification 
may occur in alkaline-calcareous soils at ammonia contents 
generally considered toxic to the nitrifying bacteria.
The latter observationwas confirmed in the present study, 
although evidence indicated that a toxic concentration of 
ammonia did exist. A toxic effect of ammonia upon the 
total bacterial population which appeared to be due to 
high concentration was also noted.

This effect was studied by the incubation of a 
series of soil samples injected uniformly to various
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ammonia contents. The samples were incubated at 30° C. as 
previously described and removed for analysis on the 14th 
and 30th days.

The results are assembled in Table 25. It appears 
from these data that nitrate is formed at concentrations 
of ammonia as high as 600 p.p.m., and that nitrite is 
formed at even higher concentrations. Most previous re
sults had been obtained by studying the nitrifying bac
teria in culture solution through the nitrification of 
organic nitrogen compounds in the soil or through the 
nitrification of ammonia concentrated near the surface.
The present study had the advantage of taking place in 
the natural soil habitat and of using definite, uniformly 
distributed,amounts of ammonia. The results show that 
the toxic concentration of ammonia is either much higher 
than had been supposed formerly or that nitrifying bac
teria other than the ones' studied by Meyerhof (13) and 
Waksman (29) are important in this soil.

The latter suggestion appears more reasonable in 
view of the fact that many workers have reportedly iso
lated nitrifying organisms other than the classical ones 
(Cf. p. 11).

The effect of ammonia concentration on the rate of 
nitrification is illustrated graphically in Figure 16, 
in which the percentage of total nitrogen added as ammonia

1 6 9 3 4 0
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TABLE 25
EFFECT OF AMMONIA CONCENTRATION ON 

NITRIFICATION IN GILA 
SANDY LOAM

Ammonia
nitrogen Period Nitrogen found
initially of
added incubation as NO^ as NO^
p.p.m. Days p*p*ni# p. p .m.
None 14 0.0 11
200 14 75 52
260 14 108 55300 14 88 70366 14 128 40450 14 112 16
540 14 66 8
600 21 75 1471000 21 0.7 10

0 30 0.0 20.0200 30 0.7 211260 30 0.2 273300 30 0.4 314366 30 0.2 380450 30 0.2 466
540 30 0.5 568
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which was converted into nitrate by the 14th day of incu
bation is plotted against the initial ammonia concentra
tion. The highest amount of nitrogen which had accumu
lated in the plants by this time was 88 p.p.m. in the 
soils injected with 300 p.p.m. of ammonia nitrogen. The 
maximum, percentage conversion had occurred at a concen
tration of 200 p.p.m. and decreased continuously beyond 
that concentration.

Effect of Ammonia Concentration on Seed 
termination and Plant Growtff

Russell and Petherbridge (1), Willis and Piland (2), 
and Sharp (4) found that ammonia can be injurious to seed 
germination and plant growth if high enough concentra
tions are added. In the present study it was found that 
barley seed germination was prevented by ammonia concen
trations of 230 p.p.m. non-uniformly distributed, whereas 
plants grown at a uniform concentration of 270 p.p.m. were 
more vigorous than the control plants.

In order to determine the limit of the concentration 
of ammonia injurious to seed germination and growth, a 
series of samples containing various amounts of ammonia 

- was uniformly injected and planted to barley. The rate of 
germination, the dry weights, and the total nitrogen 
assimilated by the plants at the several ammonia concen
trations were determined. Photographs of the plants were
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taken during the period of growth and at the conclusion of 
the experiment.

The study was especially significant in view of the 
fact that local concentrations of ammonia in the non- 
uniformly irrigated samples undoubtedly were toxic. 
Knowledge of the toxic levels of ammonia for various 
plants in various types of soil and a more complete under
standing of ammonia distribution by the two methods of am
monia application should be of value in the formulation 
of accurate field recommendations for ammonia application.

The results in Table 26 show that germination was 
complete at all concentrations of ammonia nitrogen up to 
500 p.p.m. Above this concentration the germination 
rapidly decreased and at 1000 p.p.m. germination was 
found to have been completely prevented.

Figure 17 shows that the dry weight and total nitro
gen content of the plants reached a maximum at 260 p.p.m. 
and then decreased rapidly. When the total nitrogen was 
calculated on a constant dry matter basis, the maximum 
was found at injections of 360 p.p.m.

The photographs in Plates 17 and V illustrate the 
more vigorous condition of plants grown in ammonia con
centrations of 260 to 360 p.p.m. than those grown at higher 
concentrations or in the absence of added ammonia.

Obviously the barley plant can utilize ammonia
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TABLE 26
EFFECT OF AMMONIA ON SEED GERMINATION

Concentration of
Nitrogen as NH3 Percentage of Seeds Germinating

p.p.m.
4

Days after planting 
5 6 7 8 ’ 9 10

None 10 50 100 100 100 100 100
150 10 100 100 100 100 100 100
200 20 90 100 100 100 100 100
260 0 30 90 100 100 100 100
300 20 90 100 100 100 100 100
360 0 30 70 100 100 100 100
450 0 50 80 80 80 90 100
540 0 10 30 40 40 50 60
600 20 30 30 30 30 30 30

1000 0 0 0 0 0 0 0
Number of seeds planted per sample: ]LO
Germination considered definite when plumule appeared at 

surface
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nitrogen at relatively high concentrations without injuri
ous effects.

It also follows that the practical range for ammonia 
application in the field prior to germination could be 
increased if and when methods for a more nearly uniform 
distribution are established.

E. Probable Causes of Ammonia Toxicity
It has been shown that ammonia inhibits seed germina

tion in alkaline-calcareous soils, and that such inhibi
tion occurs at fairly high ammonia concentrations. In 
seeking for a possible explanation of this effect, three 
possibilities suggested themselves. The toxicity may be 
due to: (a) the initially high pH value; (b) ammonium
ion; or (c) free ammonia.

Effect of Hydroxide Ion on Growth of Barley
Barley seeds were planted and the following additions 

made to the soil:
1. 0.2 gram of calcium hydroxide uniformly mixed with the

soil before making up to field moisture content.
2. Saturated calcium hydroxide solution added to bring

the moisture content to field capacity.
In both cases the initial pH value was above 9 and 

decreased rapidly during the first few days. The data 
obtained showing the similarity between the changes in
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pH when ammonia, calcium hydroxide, and potassium 
hydroxide are illustrated in Figure 9. -Since the seeds 
did not germinate until about the third day, the pH value 
was not much above 8 at the time the seedlings appeared.

That the germination was rapid and complete is shown 
by the data in Table 27. On analysis, after thirty days 
the treated plants were higher in dry weight them the con
trols. This is in accordance with the observation of 
Albrecht (159) that calcium ion is beneficial to plant 
growth. It is possible also that the physical condition 
of the soil was improved by the flocculating action of 
calcium.

These results indicate that the toxicity of ammonia 
to seed germination is not caused by the high initial 
hydroxyl concentration.

Effect of Ammonium Ion on Growth of Barley
The effects of ammonium ion presumably should be 

similar in all of its compounds upon seed germination and 
plant growth, providing there is no appreciable anion ef
fect. An experiment was therefore planned in which the 
effects of ammonia, ammonium chloride and ammonium sul
fate on the barley plant were compared. The added com
pounds were distributed uniformly in the soil, barley 
seeds planted, and the samples made up to field capacity
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TABLE 2?
EFFECT OF HTDROXTL ION ON SEED GERMINATION

Treatment
Percentage of 

Seeds germinating
Dry

Weight
Total : 

Nitrogen
Initial

pH
Days
4

after
5

planting 
6 7

Grams P • P #M#

Control 20 50 80 100 .544 38.8 7.8
Ca(0H)20.1 g/lOOgm,

10 90 90 100 .753 40.8 10.2

Ca(0H)2saturated 20 40 90 100 .799 39.2 9.2

Number of seeds planted per sample: 10
Germination considered definite when plumules appeared at surface

moisture content. Table 28 shows the results of the ex
periment on seed germination.

At 600 p.p.m. germination was markedly reduced by 
ammonia and ammonium chloride. The rate of germination 
was retarded by this concentration of ammonium sulfate 
but germination was complete.

At concentrations of 400 p.p.m. and above, the 
ammonium chloride-treated plants were lower in dry weight 
than the controls after 30 days, whereas plants treated 
with ammonia and ammonium sulfate were higher.
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TABLE 28
EFFECT OF AMMONIUM ION IN DIFFERENT COMPOUNDS 

ON GERMINATION OF BARLEY SEED

Compound
added Nitrogen

added Percentage of seeds germinating

None

P • P eDie 

None
5
30

Days after planting 
6 7 8 9

80 100 100 100

10

100

n h 3 450 50 80 80 80 80 90
NH3 540 10 30 40 40 50 60
NH3 600 30 30 30 30 30 30
NH3 1000 0 0 0 0 0 0

(NH4)2S04 400 10 20 60 80 100 100
(NH/f)2S04 600 0 10 60 70 80 90
(n h4 )2s o4 800 10 30 80 90 90 100
(n h 4 )2s o 4 1000 10 3.0 50 60 90 90
i m k)^ok 2000 0 10 10 20 50 50

NH4C1 400 20 60 80 90 90 90
NH4C1 600 20 30 40 40 40 40
NH4 C1 800 30 40 40 50 50 50
NH4C1 1000 0 0 10 10 10 10

NH4C1 2000 0 0 0 0 0 0

Added compounds uniformly distributed 
Number of seeds planted per sample: 10 
Germination considered definite when plumule appeared

at surface
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The ammonia-treated plants were lower than the con
trols in dry weight above 500 p.p.m. and the ammonium 
sulfate-treated plants above 600 p.p.m. These relation
ships are shown in Figures 17 and 18.

The total nitrogen content of the ammonium sulfate- 
and ammonia-treated plants was approximately the same at 
400 and 600 p.p.m. The ammonium chloride-treated plants 
were consistently lower in total nitrogen. Plants treated 
with ammonium sulfate and ammonium chloride are compared 
in Plate VII. It will be observed that in the ammonium 
chloride-treated plants from 400 p.p.m. on, and in the 
ammonium sulfate-treated plants from 600 p.p.m. on, the 
plants clearly are abnormal, exhibiting thin leaves only 
partially unfolded. In the ammonia-treated plants, al
though very few seeds germinated at 600 p.p.m., the plants 
were more nearly normal in appearance.

Due to the local high concentrations of ammonia in 
the seed zone by the surface irrigation method, germina
tion was found to have been prevented by a concentration 
of 230 p.p.m. The effect of ammonium chloride and ammonium 
sulfate added in this manner was studied. The effects of 
the additions on germination are compared in Table 29.

Germination is effectively prevented by concentra
tions of 500 p.p.m. of ammonium chloride and ammonium 
sulfate when they are added to the surface. Presumably
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TABLE 29
EFFECT OF AMMONIUM ION IN DIFFERENT COMPOUNDS 

ON GERMINATION OF BARLEY SEED

Compound Nitrogen
added added Percentage of seeds germinating

p.p.m.
4

Days
6

after planting 
7 8 9 10

None None 30 80 100 100 100 100

NH4OH 230 0 0 0 0 0 0

(n h4 }2s o 4 300 20 70 80 80 90 100
(NH^JgSO^ 500 0 0 0 0 0 0

n h4ci 300 10 40 70 80 80 80
NH^Gl 500 0 0 0 10 20 20

Ammonium compound added to surface in solution
Number of seeds planted per sample : 10

Germination considered definite when plumule appeared 
at surface
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the effect is due largely to the ammonium ion fixed by 
base exchange, since the anions would be carried to the 
lower soil layers by the daily additions of water.

At 300 p.pw.m. germination did occur in both cases.
The plants, however, were feeble and stunted and growth 
so retarded that the control plants were considerably 
greater in dry weight as shown in Figure 19. The plants 
treated with ammonium sulfate were again found to be more 
healthy in appearance than those treated with ammonium 
ohlbridg as shown in Plate VIII. The total nitrogen found 
in the plant indicated that very little nitrogen was ab
sorbed in either case.

It is difficult to interpret the data obtained from 
these experiments in terms of ammonium ion injury due to 
the fact that the anion effect was apt to be considerable 
at the concentrations of salt at which injury occurs.

Kearny and Scofield (160) and others have reported 
that barley is tolerant to salt contents up to 0.4 percent. 
This is obviously a sweeping generalization, since both 
the salt and soil type influence the tolerance.

Harris and Pittman (l6l) showed that the toxic limit 
of plants to various salts is a function of soil texture. 
They reported that 0.3 percent of sodium chloride and 0.9 
percent of sodium sulfate were toxic to wheat germination 
in a loam soil containing 20 percent clay and 80 percent



Dr
y 

We
ig
bt
 (

Gr
am

s)

0,62

0.56

0,50

0.64

0.38

0 .3 2

0.26

Control

■ Dry
| I Total nitrogen (p.p.m.)

100

80

%

di- <*

0

300 500NII4CI 300 500 p.p.m. f.' added

Fig, 19. Effect ofl Ammonium Compound3 on Dry v'oj?It 
and Total Nitrogen Content.of Plant3 When 

Added Non-Uniformly

p.
n.
 K

, 
Fo
un
d 

in
 P
la

nt



Ill

sand. The texture of such a soil approximates Gila Sandy 
Loam used in the present study. Mulwani and Pollard (162) 
reported that sodium chloride is more toxic toward seed 
germination than sodium sulfate. Eaton (163) has shown 
that the actual concentration of salts in the soil solu
tion is fundamental to the definition of injury. He be
lieves that total soluble salts should be expressed in 
terms of the amount of soil solution present at field 
capacity rather than on the basis of air-dry soil.

The practice is to report salinity as p.p.m. of 
soluble salts or percent on the air-dry basis. Since the 
number of equivalents of the ions is of much greater sig
nificance than mere weights, the salts wherever possible 
should be reported in milli-equivalents. This point is 
illustrated in Table 30 in which great variation is shown 
in the weights of equal amounts of added nitrogen. For 
instance, although the actual weight of ammonium chloride 
added was over three times that of ammonia added at an 
equal concentration, in the plants treated with ammonium 
chloride the leaves became thick and curled upward at the 
margins. These symptoms have been noted on tobacco by 
Wilson (164) which he regards as indicative of chloride 
toxicity. Wilson (164) also found that chloride inter
fered with the normal carbohydrate metabolism resulting 
in starch accumulation, and caused a high water content



COMPARISON OF VARIOUS METHODS OF EXPRESSING NITROGEN CONCENTRATION
TABLE 30

Ammonium Ammonium .1 Ammonium Ammonium
Nitrogen Nitrogen Nitrogen Ammonia chloride sulfate Nitrogen Ammonia chloride sulfate
added added added added added added added added added added

me./lOO 
ml. soil 
solution

mS./lOO 
gm. soil p.p.m. p.p.m. p.p.m. p.p.m. ** <£* ** %*

14.0 2.8 400 480 1520 1900 0.04 0.05 0 .1 5 0.19
21.5 4.3 600 720 2280 2840 0.06 0.07 0.23 0.28
28.5 5.7 800 960 3040 3780 0.08 0.10 0 .3 0 0.38
35.5 7.1 1000 1200 3800 4720 0.10 0.12 0.38 0.47
53.0 10.6 . 1500 1800 5640 7130 0.15 0.18 0.56 0.71
61.0 14.2 2000 2400 7600 9440 0.20 0.24 0.76 0.94

♦Percent in air-dry soil

112
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and a low organic acid content.
Further evidence of chloride toxicity was the fact 

that calcium chloride and ammonium chloride had toxic 
effects on seed germination at similar concentrations.

Ammonium sulfate was slightly less toxic than ammo
nium hydroxide. This result is at variance with the 
theory that the ammonium ion was the sole cause of injury. 
The sulfate- and ammonia-treated samples contained 
similar concentrations of ammonium ion, and apparently 
differed only in their anions. Since initially high pH 
values are apparently non-injurious, the greater injury 
exhibited by the ammonium hydroxide indicates that 
molecular ammonium hydroxide in some way has an injurious 
effect.

It has not been possible to investigate this point 
further, but it is possible that the ammonium hydroxide 
so disperses the soil as to decrease aeration and thus 
inhibit seed germination.

F. Data Relating to the Mechanism of Nitrification
The present state of knowledge in regard to the 

mechanism of nitrification is given in detail in the lit
erature review. Nitrite has been definitely established 
as an intermediate while considerable evidence, chiefly 
of an indirect nature, exists indicating that hydroxyla- 
mine and hyponitrite might also be intermediates in the
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process.

Formation of Intermediate Compounds 
*" During Nitrification

Only Corbet (25, (52) has actually claimed to have 
demonstrated the formation of hydroxylamlne and hyponi- 
trite during nitrification. His work needs further con
firmation, since there is some doubt as to the specificity 
of Corbet’s analytical methods.

In studying the process of nitrification of ammonia 
in alkaline desert soils, Caster (15) found that a con
siderable pH drop occurred before nitrite began to accumu
late. He suggested that the decrease in hydroxyl ions 
might be associated with the oxidation of ammonia, to 
either hydroxylamine or hyponitrite, and that intermedi
ates might accumulate prior to nitrite formation in alka
line soils.

The possible effects of the accumulation of such 
intermediates made it desirable to study this hypothesis.

Initial Drop in Soil pH:
The initial drop in soil pH during the first few 

days of incubation after ammonia addition was found to 
be characteristic not only of ammonium hydroxide, but 
also of calcium and potassium hydroxides. The results 
are shown in Figure 9. In every case an apparent equilib
rium value was reached in a few days at about pH 8.
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There is no evidence that the pH drop is related to 
the formation of intermediates of nitrification, but 
rather seems associated with the equilibrium processes of 
the soil. Willis and Piland (2) have suggested and the 
results of Puri and Uppal (156) indicate that the de
crease in pH value may be associated with -the formation 
of carbonates.

Nitrogen Balance:
The determination of nitrogen as ammonia, nitrite and 

nitrate during the various stages of nitrification would 
indicate whether any temporary losses of nitrogen occur 
which might be related to the formation of intermediates. 
The results of such a study on the injected soil are 
shown in Table 31.

The total nitrogen recovered during the stages of 
nitrification is shown in column 5 of Table 31• Consid
ering possible sources of variation in a soil, the total 
nitrogen recovered was found to be remarkably close to 
theoretical throughout this study. The maximum deviation 
occurred on the 11th day during the period when the nitrite 
concentration was high. The experimental error was rela
tively large, due to the high dilutions necessary to 
bring the samples within'the range of colorimetric 
measurement.



NITROGEN BALANCE DURING NITRIFICATION IN AMMONIA-INJECTED SOIL
TABLE 31

Days
Incubated

Fraction of 
total N 

present as NH^
Fraction of 

total N
present as NOg

Fraction of 
total N

present as NO^
Fraction 

of theoretical 
added N found

j> $ io
0 100 0.0 0.0 100.0
1 100.1 0.0 0.0 100.1
2 100.3 0.0 0.0 100.3
3 100.3 Trace 0.0 100.3
4 100.2 1.3 0.0 101.5
6 80.0 22.4 0.0 102.4
7 6$.4 31.7 0.0 97.18 54.4 41.2 1.1 99.7

10 32.3 52.7 15.8 100.8
11 2 7 .8 46.6 20.9 95.3
13 8.9 3.5 88.4 100.8
17 0.0 0.1 100.1 100.2
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The data in the last column of Table 31 show that 
final recovery was nearly 100 percent, hence whatever 
losses of nitrogen occurred during nitrification were 
negligible. The total nitrogen content was always close 
to 100 percent, showing that no considerable accumulation 
of any intermediate form of nitrogen had occurred.

Evidence for the Formation of Hydroxylamine:
An indirect method for the semi-quantitative detec

tion of hydroxylamine was developed in this connection 
which involves the determination of total nitrite nitro
gen, with and without aeration. The injected soil sam
ples were tested by this method throughout the course of 
nitrification. There was no evidence of the accumulation 
of hydroxylamine during nitrification. It is possible, 
however, that it may be formed in traces as an intermedi
ate in the nitrification process.

Nitrification of Suspected Intermediate Compounds 
Hydroxylamine hydrochloride, sodium hyponitrite and 

sodium nitrite in concentrations of 10 and 100 p.p.m. 
were added to soil samples and incubated for 30 days.
The samples were then analyzed for nitrite and nitrate 
nitrogen. The results are shown graphically in Figure 20.

There was no oxidation of the hydroxylamine or 
hyponitrite to nitrite or nitrate. These results are
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unlike those of Corbet (25, (52). It is possible that 
the hydroxylamine was decomposed in the soil, since it 
is rather unstable above pH 5.9 . It is less likely that 
the hyponitrite was lost since it is most stable under 
alkaline conditions.

The failure of the nitrifying bacteria to oxidize 
the hydroxylamine and hyponitrite does not prove, however, 
that these substances are not intermediate products during 
nitrification. It does prove that they do not accumulate 
during nitrification in alkaline-calcareous soils.

Nitrite has long been known to be an intermediate in 
the nitrification process, and accumulations of more than 
100 p.p.m. have been observed in incubation experiments 
in this and other studies (Cf. p. 7 )•

This observation was confirmed by the rapid and com
plete conversion of nitrite to nitrate, as shown in 
Figure 21. Apparently there is a slight lag before 
rapid nitrification begins and while the bacteria are 
establishing their normal equilibrium.

Robinson (112) reported that nitrites are lost from 
acid, neutral and alkaline soils without any oxidation 
to nitrate. Gila Sandy Loam was alkaline, and therefore 
these results do not confirm his statement.
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Effect of Suspected Intermediates 
on the Growing jPlant

Recent data by Haas (107), and Sokdloff and Klotz 
(110) indicated that nitrite concentrations as low as 5 
p.p.m. might be injurious to citrus. It was suggested 
also by Klotz and Sokoloff (109) that hyponitrite might 
act as a respiratory poison to the roots of green plants.

It was therefore of considerable interest to study 
the effect of these substances upon the growing plant. 
Hydroxylamine hydrochloride, sodium hyponitrite and sodium 
nitrite were added to the coil in concentrations of 10 
and 100 p.p.m., barley seeds planted, and the soil mois
ture content made up to field capacity. In order to 
compensate for losses in the vicinity of the seed due to 
leaching by irrigation, plants were watered with solutions 
of the added compounds of one-tenth the original concen
tration, increasing to some degree the amount of each 
compound originally added. When the roots had reached the 
bottom of the sample, irrigation with solutions of these 
compounds was deemed unnecessary. The results are given 
in Table 32. It is seen that germination was not affected 
by any of the added compounds. The roots of the treated 
samples, however, rapidly spread through the soil in 
each case. That the treated plants grew more rapidly 
than the controls is shown in Plate DC. The control.
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TABLE 32-
EFFECT OF VARIOUS NITROGEN COMPOUNDS 

ON GERMINATION OF BARLEY SEED

Compound Nitrogen
added added Percentage of seeds germinating

p.p.m.
4

Days
5

after planting 
6 7 8 10

None None 30 100 100 100 100 100

NaN02 10 60 90 100 100 100 100
NaN02 100 10 70 80 90 90 100

Na2N202 10 60 90 90 90 90 90
Na2N202 100 90 100 100 100 100 100

NH20H.mi 10 70 90 100 100 100 100
n h 2o h.hqi 100 70 90 90 100 100 100

Compounds added uniformly
Number of seeds planted per sample: 10
Germination considered definite when plumule appeared 

at surface



121

hydroxylamine-treated and hyponltrite-treated plants were 
similar in appearance, but the leaves of the nitrite plants 
had become a deeper green in color. This effect demon
strates the assimilation of considerable amounts of nitro
gen. The dry weight and total nitrogen contents of all 
plants were determined after 30 days. The appearance of 
the plants at this time is shown in Plate IX and the 
analyses in Figure 22.

The results of the determinations are in accord with 
the observation that the treated plants were generally 
larger than the controls. They further indicate that 
of the three added compounds, only nitrite had been 
assimilated by the plant.

Many investigators have reported that nitrate in low 
concentration is assimilable by the plant (Of. p. 2 3).
This observation has been confirmed in this study and it 
has been shown that concentrations as high as 100 p.p.m. 
may be beneficial to barley.

Considerable evidence exists to show that hydroxyla- 
mine is formed in trace amounts as an intermediate in 
protein formation (Of. p. 21). However, no one has ever 
reported that added hydroxylamine is available to plants 
(Of. p. 26). No evidence was obtained in this study 
which would indicate that hydroxylamine is assimilated by
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the barley plant.
No reference was found relative to the use of hypo 

nitrite in a study of this kind. The results indicate 
that hyponitrite is not assimilated by the barley plant 

In summation it may be said that none of the com
pounds studied are injurious to the barley plant in 
concentrations as high as 100 p.p.m., but that nitrite 
nitrogen alone becomes available to the plant.



SUMMAHT

1. An investigation has been made to deteraine the effect
of free ammonia and its oxidation products upon the 
soil, its microbial population and the growing plant.

2. These effects have been studied for the particular
purpose of comparing the injection method of intro
ducing ammonia into the soil with the established 
procedure of applying it by way of the irrigation 
water.

3. The analytical procedures for the individual deter
mination of ammonia, nitrite, and nitrate in the 
presence and absence of soil have been critically 
investigated.

4. The rate of nitrification, as indicated by the shape of
the nitrification curves, as well as its effect upon 
seed germination and plant growth are similar when 
the soil is injected or irrigated to a uniform 
ammonia content.

5. In the irrigation procedure, ammonium ion is fixed by
replacement of the bases, while ammonia gas applied 
as such by injection also may be absorbed by the 
soil. The latter evidence shows that hydrogen ion 
must exist in the exchange complex even in an
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alkaline soil.
6. High local concentrations of ammonia appear to inhibit

the nitrification process more and are more toxic to 
the microbial population of the soil, the seed and 
the growing plant than the same amount of ammonia uni
formly distributed throughout the soil.

7. The growing plant has no significant effect on the
nitrification process other than that caused by its 
assimilation of the products of nitrification. Con
siderable amounts of nitrite ion are formed. Ammonia, 
nitrite, and nitrate are apparently utilized to some 
extent by the plant.

8. Nitrite ion when added to the soil is nitrified rapidly,
and is non-toxic to the barley plant even at concen
trations as high as 100 p.p.m.

9. The initial drop in the pH value during the first few
days of incubation is independent of the formation or 
accumulation of intermediate nitrogen compounds.

10. Hydroxylamine and hyponitrite do not accumulate during 
nitrification in alkaline soils, and do not nitrify 
when added to the soil in concentrations as low as 
10 p.p.m. They are not injurious to barley in con
centrations even as high as 100 p.p.m., but they are 
not assimilated by the plant.



125

11. Apparently no nitrogen is lost during nitrification
in alkaline desert soils.

12. Above a concentration of 200 p.p.m., the rate of nitri
fication varies inversely as the concentration of 
ammonia nitrogen in the soil.

13. The optimum concentration for the growth of barley
was found to be 260 p.p.m. of nitrogen as ammonia.

14. Toxicity of ammonia to seed germination begins to
manifest itself at a concentration of about 500 

p.p.m. of nitrogen. This toxic effect is not re
lated to the initially high pH value resulting from 
ammonia addition, but seems to be due in part to 
ammonium ion in excessive concentrations.
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Ammonia Injection Apparatus (Laboratory Unit)
Plate I



Plate II

Effect of the Method of Ammonia Application 
Upon the Growth of the Barley Plant

\

1. Control2. 300 p.p.m. N. as ammonia added by uniform
injection

3. 300 p.p.m. N. as ammonia added by uniform
irrigation

Photograph taken on 11th day after planting



Plate III

Effect of Ammonia Distribution on Germination 
of the Barley Seed

1. Control2. 268 p.p.m. N. as ammonia added by uniform
injection3. 226 p.p.m. N. as ammonia added by surface
irrigation

Photograph taken on 3rd day after planting



Plate IV

Effect of Ammonia Concentration Upon the Growth
of the Barley Plant

1. Control
if. 260 p.p.m. N. as ammonia added by uniform 

injection6. 366 p.p.m. N. as ammonia added by uniform 
injection

8. 540 p.p.m. N. as ammonia added by uniform 
injection

Photograph taken on 11th day after planting



Plate V

Effect of Ammonia Concentration Upon the Growth
of the Barley Plant

1. Control

2 .
3.

Nitrogen as 
260 p.p.nu366 p.p.m.
5A0 p.p.m.Photographs

ammonia added uniformly:2. 600 p.p.m.3. 1000 p.p.m.4. 2000 p.p.m.
taken on 30th day after planting



Plate VI

Effect of High Initial pH Upon 
the Growth of the Barley Plant

1. Control2. Ca(0H )2 solution added
3. Ca(0H )2 solid added
Taken after 15 days

1. Control2. Ca(0H )2 sol, added
3. Ca(0H )2 solid added 
Taken after 30 days



Plate VII

Effect of Ammonium Salts Upon the
Growth of the Barley Plant

I

1. Control
Nitrogen added uniformly as

2. 400 p.p.m. 3. 600 p.p.m. 4. 800 p.p.m.
Nitrogen added uniformly as NH^Cl 

6. 400 p.p.m. 7. 600 p.p.m. 8. 800 p.p.m.
Taken on 15th day



Plate VIII

Effect of Ammonium Salts Added to the Surface
Upon the Growth of the Barley Plant

1. Control
Nitrogen added non-uniformly to surface

2. N. as NH^Cl, 300 p.p.m. 5. 500 p.p.m.
6. N. as (NH^)2S0^ , 300 p.p.m. 8. 500 p.p.m. 
Taken on 15th day



Plate IX

Effect of Various Nitrogen Compounds on 
the Growth of the Barley Plant

1. Control
2. N. as NH20H.HCL,
4 • N . as NapN202,
6. N. as NaN02,

10 p.p.m. 
10 p.p.m. 
10 p.p.m.

3. 100 p.p.m. 
5. 100 p.p.m. 
7. 100 p.p.m.

1. Control
2. N. as NaN02, 100 p.p.m.
3. N. as NagNgOg, 100 p.p.m.
4. N. as NH2OH.HCI, 100 p.p.m. 
Taken on 30th day


