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IMPORTANCE oF NITROGEN INDUSTRY.

Every civilized nation has its own nitrogen fixation industry and the
production of combined nitrogen may rightly be taken as the measure of
the standard of civilization. The nitrogen industry to-day is almost as
important as the steel or the coal industry. Germany stands at the top, while
Japan is only second to her. Unfortunately India has no such industry (vide

Table I), but recently a nitrogen fixation factory has been started in the
Mysore State.

TaBrLr 1.

Nitrogen fixed in tons (1937).

Country. Plants. Quantity.
Germany .. 13 1,365,850
Japan .. .. 21 490,132
U.S.A. .. .. 10 292,510
France .. . 27 244,050
England .. 2 232,870
Belgium .. 10 217,980
Soviet Union 4 157,500
Ttaly 18 146,830
Holland 3 136,630
Norway 4 121,000
Canada .. 3 102,000
Manchuria 1 40,000
Sweden . . 3 14,000
Switzerland 3 13,200
Spain 2 8,000
China 2 7,175
South Africa 1 5,740
Hungary 1 5,740

ToTAL 128 3,547,352 tons

VERY LiTTiE NITROGEN IS USED AS MANURE.

The amount of nitrogen necessary for the production of a single good
crop from an acre of soil is about 25-50 Ib., because this is the amount actually
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present in the crop and the hay.

However, even in advanced countries the

actual amount of nitrogen supplied in the form of artificial manure is much

less than the requisite amount.

TasLe IT.

Pounds of nitrogen used per acre,

Nitrogen Nitrogen
added per added per
Country. acre per Country. acre per
year in year in
pounds, pounds.
Holland .. .. 24-79 France . .. 40
Belgium .. N 28-55 Ttaly .. .. 4-29
Germany .. .. 15-65 Great Britain .. 2:49
Denmark .. - 10-26 United States. . .. 1-36
Norway .. .. 5-98 Poland .. .. 0-73
Sweden . .. 5-24 Hungary . .. 0-15

In India no such artificial manure is supplied and yet every year the
soil yields a fair crop. It is clear, therefore, that we must account as to how
the soil makes up this deficiency of nitrogen.

Nitrogen of air is usually fixed as ammonia by the Haber-Bosch process.

The other method of fixing nitrogen of the air is due to Birkeland and
Eyde and others in which nitric oxide, which is first formed, is finally converted
into nitrous and nifric acids. The reaction Ny-0g == 2NO — 43-2 Cal.
requires energy (43-2 Kilo calories). This is supplied in the form of electrical
energy. The amount of electrical energy actually used is approximately
1-29, of the total supply and therefore this is a wasteful process of fixing
nitrogen even when electric energy is cheap.

ProBaBLE INFLUENCE OF LigET IN INCREASING NITROGEN FIXATION IN
TEE Arc Proomss.

Nernst and co-workers (Z. anorg. Chem., 1905, 45, 126; 1906, 49, 213)
showed that with air and a high tension alternating current arc the following
results were obtained :—

Tewmnperature .. 1538° 1604° 1760° 1922° 2307° 2402°
Obs. .. 037 0-42 0-64 0-97 2-05 2-2
Cale. .. 035 0-43 0-61 0-98 2-02 23

where z denotes the percentage of nitric oxide by volume at equi-
librium, starting with air containing 79-29%, of nitrogen and 20-89%, of oxygen,
a2 =F(79-2— }z) in the reaction N4 0,222NO, i.e. (02)(Ny)K/(NO)2. The only
conclusion that could be drawn from the close agreement between the
observed and calculated values of z is that the reaction is solely produced
by the absorption of heat, and there is no deviation from the law of mass
action due to special electrical effects. Forster and others (Z. angew Chem.,
1908, 21, 2161, 2209; 1910, 23, 2017) found that the yields of nitric oxide were

2B



NEW ASPECTS OF NITROGEN FIXATION AND LOSS IN SOILS. 117

practically identical with the direct and alternating current discharges and
hence concluded that the reaction in the arc is not affected by electrical
influences but is purely a thermal process.

Haber and co-workers (Z. Elektrockem., 1907, 13, 725; 1908, 14, 689;
1910, 16, 11, 789, 796, 810) obtained larger yields of nitric oxide than were
obtained by Nernst. Thus while Nernst obtained 5%, of nitric oxide at 3200°,
Haber and Konig observed that the percentage amount of nitric oxide formed
increased with the current density up to a maximum and then it is not affected
by a further increase of current demsity. They experimented with pressures
varying from 40 to 200 mm. The greatest yield of nitric oxide was obtained
at 100 mm. pressure and the values are as follows :—

Oxygen originally present . . 20-9 48-9 44-4 750 81-79,

Nitric oxide produced .. 9-8 14-4 14-3 12-77 12-1%

Hence it is believed that some influence other than the purely thermal
change represented by the equilibrium Ny4+0,=2N0O must be at work,
Berthelot and Gaudechon (Compt. rend., 1910, 15, 1517), Warburg and others
(Ann. Physik., 1907 (4), 23, 209) have definitely proved that nitric oxide is
produced by the silent electric discharge in the air at ordinary temperatures
when the thermal equilibrium virtually corresponds with no formation of
nitric oxide. Hence E. Warburg (Z. Elektrochem., 1906, 12, 540) has concluded
that the formation of nitric oxide in the arc cannot be a purely thermal process.
The electric equilibrium was believed to be dominant only when the temperature
is low enough to decompose the nitric oxide very slowly. It was stated
that while the thermal equilibrium is determined only by the law of mass
action and temperature, the electrical equilibrium is also affected by the
amount of electrical energy spent per unit of time and this also determines
the difference between thermal and electrical equilibrium. Haber was the
first to realize this condition experimentally by passing the gases slowly under
diminishing pressure through narrow tubes completely filled by the arc and
cooled by a water jacket. The yield of nitric oxide was much higher than
those corresponding with the simple thermal equilibrium at the temperature
of the arc. It was argued that the use of low temperature arc gives better
results than a high temperature arc although this arc has not yet been
industrially worked out.

The reason why Nernst and co-workers obtained results in agreement with
the pirely thermal equilibrium when working with a high tension arc is the
rapid secondary thermal decomposition of the nitric oxide. The thermal
influence got the upper hand of the electrical. F. Fischer and E. Hene (Ber.,
1912, 45, 3652) suggested that the apparent deviations from the mass action
law observed by A. Grau and F. Russ (Sitzber. Akad. Wien, 1906, 115, 1)
and the high concentration of nitric oxide obtained by Haber and co-workers
with the cooled arc are due to the activation of the oxygen in the electric arc.

There is another explanation of this increased yield of nitric oxide in the
arc and it may be attributed to the absorption of the light by the reacting
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system. It seems quite probable that the light energy absorbed by the system
leads to a greater yield of nitric oxide. This view can be tested by exposing
the system to strong light from an external source.

UriLization or Cuemicar EnNerey IN Fixmneg NITROGEN.

It should be remembered that it is not necessary that the energy required
for nitrogen fixation should be supplied as electrical energy. It may be
supplied as chemical energy and even then the fixation of nitrogen should be
possible. The oxidation of glucose (sugar) gives a large amount of energy,
about 676 Kilo-calories per 182 grams of glucose. This energy is several
times greater than the energy required for nitrogen fixation as nifric oxide.
Hence if glucose or any other carbohydrate, or any substance which in its
oxidation produces a sufficient amount of energy, is added to soil the nitrogen
and oxygen of the air will be fixed on its surface. Not only is this so but the
fixation is more in light than in the dark, because in light in addition to the
chemical energy there is solar energy, which is also utilized for fixing nitrogen.

The increased fixation in light is not due to an increase in the number of
Azotobacter (bacteria believed to fix nitrogen), which can fix nitrogen in soil,
but actual measurements have shown that their number is much less in light
than in the dark. Hence the increased fixation must be due to solar energy.
This is further confirmed by experiments on sterile soil, which contains no
bacteria, and yet the nitrogen fixation is greater in light than in the dark when
the soil is mixed with sugar or energy material.

The presence of cellulose, plant residues, fats, molasses and other
carbonaceous matter are essential for nitrogen fixation. Molasses contains a
large quantity of cane-sugar and glucose which on oxidation liberates chemical
energy and fixes the atmospheric nitrogen in soil. India produces about
1,000,000 tons of molasses per year and its disposal is a great problem. Its
utilization as a manure to fix nitrogen is therefore of very great significance
when the supply of artificially fixed nitrogen from outside may be stopped
due to the war. The addition of cowdung to soil not only supplies its nitrogen
to soil but by the oxidation of its carbonaceous matter fixes additional nitrogen.

In our field trials we obtained the following resulis regarding molasses
in increasing the soil nitrogen :—

3 tons of molasses per acre causes a nitrogen fixation of about 100 1b.
of nitrogen per acre.

w ., ' v v e fixation of about 250 Ib.
of nitrogen per acre.

20 ,, v o v e ’ fixation of about 490 Ib.
of nitrogen per acre.

40 ,, ,, ’ N v s s fixation of about 600 lb.

of nitrogen per acre.

Hence molasses can act as an excellent manure for increasing soil nitrogen.
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INCREASED NITROGEN FIxaTioN iN LicHT.

Eaxperiments in dishes.

Substance.

Glucose (2%,)
Glycerol (5%)
Starch (59,)
Mannitol (29,)
Dextrin (29)
Fructose (29,)
Cowdung (59%,)
Maltose (29%)
Butter (29%)
Galactose (29,)
Filter paper (29%)

Field trials.

Cowdung
(Plot 4’ by 4’ containing 20 kilograms of
cowdung)

Glucose
(Plot 4” by 4’ containing 5 kilograms of
glucose)

Molasses
(Plot 4’ by 4’ containing 10 kilograms of
molasses)

Starch
(Plot 4’ by 4’ containing 4 kilograms of
starch)

Ghee (clarified butter)
(Plot 4’ by 4’ containing 2 kilograms of
ghee)

Nitrogen fixed per gram
of carbon oxidised.

Light.

12-5 mgm.
6-04 mgm,
7-58 mgm.

12:8 mgm.

13-03 mgm.

11-9 mgm.

20-5 mgm.

126 mgm.

10-1 mgm.

12-09 mgm.

181 mgm.

33:3 mgm.

14-0 mgm,

8-90 mgm.

16-5 mgm.

11-0 mgm.

Dark.

6-5 mgm.
2-76 mgm.
3-13 mgm.
6-9 mgm.
5-98 mgm.
6-8 1gm.
65 mgm,
6:5 mgm.
4-22 mgm.
6-7 mgm,
9-2 mgm.

14-6 mgm.

7-26 mgm.

3-56 mgm.

59 mgm.

46 mgm.
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The above results show conclusively that for the same amount of carbon
oxidized the nitrogen fixation in light is much greater than that in the dark.

In artificial light exactly similar results have been obtaind.

INFLUENCE OF LigHT AND TEMPERATURE ON NITROGEN FIXATION.

The following is the summary of results obtained at various temperatures
on nitrogen fixation in the dark with soil and glucose incubated at different
temperatures in thermostats. The result of the corresponding set in sunlight

is also recorded for comparison:—
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Maximum Nitrogen
number of fixed in
Azotobacter milligrams
Temperature. per gram of per gram of
dry soil in carbon
millions. oxidized.
Exposed (42°) .. ..o 225 13-1 mgm.
10°-12° .. .. .. 60 nil
25° .. .. .. 1260 48 mgm.
30° .. .. .. 175-0 64
Dark {35° .. .. .. 200-0 7-76 ,,
40° .. - .. 980 397
45° .. .. .. 780 303 ,,
50° .. .. .. 15 16
60° . .. .. nil nil

From the foregoing results it is clear that the optimum temperature
for nitrogen fixation in the dark is 35° as against about 28° (25°-30°) observed
in temperate countries. Above and below this temperature the fixation is
less. At 11° and 60° the fixation is nil. The nitrogen fixed in the exposed
soil, the temperature of which varied from 40° to 44°, is much greater than
that in the incubated soils. Under comparable conditions, the nitrogen
fixed per gram of carbon oxidized when the soil is exposed to sunlight is always
greater than the nitrogen fixed per gram of carbon oxidized at various
temperatures, in the dark, whereas the Azotobacter numbers in the exposed soil
are much less when compared to those in the soils incubated at temperatures
of 25°, 30°, 35°, 40° and 45°. In sunlight the nitrogen fixed is much greater
than that obtained at the optimum temperature 35°. This definitely proves
that the increase of temperature does not explain the greater nitrogen
fixation in light.

NITROGEN FIXATION UNDER STERILE CONDITIONS.

It is highly interesting to note that the nitrogen fixed per gram of carbon
oxidized under completely sterile conditions in soils in quartz flasks is 12-2 mgm.
in light and 4-8 mgm. in the dark.

Similarly from the experiments carried on in pyrex glass, which cuts
off more light, especially the ultra-violet, than quartz, the mean nitrogen
fixation is 10-74 mgm. per gram of carbon oxidized under perfectly sterile con-
ditions in light in soil whilst in the dark the fixation is 4-5 mgm. The order of
these fixations under sterile conditions is practically the same as obtained
without sterilization in soils,

It appears, therefore, that the efficiency of nitrogen fixation, whether
the soil contains Azofobacter or is sterile, is practically the same. In other
words, the means by which the energy material is oxidized and the energy is
made available does not affect the efficiency of the process.

When the energy materials are added to the soil, they are oxidized with
the liberation of energy, and this energy is utilized in nitrogen fixation under
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ordinary conditions. In natural conditions the energy materials are oxidized
on the soil surface and also oxidized by the living organisms. But under
sterile conditions, the micro-organisms are destroyed and the phenomenon of
oxidation is a non-biological surface reaction. But the efficiency of the two
processes, as far as nitrogen fixation is concerned, is of the same order in soils-
Henco we are forced to conclude that nitrogen fixation can take place in as
efficient a manner as possible in soils as well as in surfaces in the same way as
in natural conditiohs in the presence of living organisms.

From our results it is clear that the amount of nitrogen fixation per gram
of carbon oxidized with surfaces like Zn0, Al,Og, Fey03, NigOg, CoO, MnO,,
ete., with glucose as energy material is much greater than that with soil under
comparative conditions, both in light and in the dark as well as in the sterile
and unsterile conditions. These results, showing that nitrogen fixation is
possible with chemically pure surfaces both in light and in the dark and that
the efficiency of this process is greater with oxides than in soil, are of
fundamental importance. For nitrogen fixation mneither soils nor bacteria
are absolutely necessary. What really seems indispensable is a suitable surface
where oxygen, nitrogen and an energy material are properly adsorbed and are
in intimate contact. The energy material in contact with oxygen is oxidized
on the surface and liberates energy necessary for the combination of nitrogen
and oxygen. When light acts on the system a part of it is absorbed and
causes a greater fixation of nitrogen. Hence in all cases the fixation of
nitrogen is greater in light than in the dark.

We have emphasized that the nitrogen fixed does not remain in a
combined state for long because the combined nitrogen has a tendency
to undergo oxidation in air specially in light first into ammonia then into
nitrite and finally into nitrate. In this process there is always the possibility
of the formation and decomposition of the unstable substance ammonium
nitrite. 1In the soil there is already 0-059, nitrogen, hence in soil this type of
loss of nitrogen is likely to be more pronounced than in the case of the oxides
which are completely free from nitrogen to start with. Hence with oxides
the loss of nitrogen being less than in soil the efficiency of the process appears
to be greater in oxides.

In a recent communication Bhattacharya and Shri Ranjan (Proc. Nat.
Acad. Sei., India, Vol. 10, Part 3, pp. 75-81, 1940) have confirmed our
observations on nitrogen fixation and have reported appreciable nitrogen
fixation in light under completely sterile conditions in soils mixed with molasses.

NITROGEN FixXATIOoN WITH CELLULOSIC MATERIALS:
Leaves, CowpUNG, ETC.

The following lines from Waksman’s ‘Soil Microbiology’ (1927) show that
the problem of the fixation of nitrogen in fields supplied with cellulosic
materials has not yet been satisfactorily investigated.
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‘It has been found that polysaccharides, like celluloses, can also serve as
valuable sources of energy if they are first partially broken down by cellulose-
decomposing organisms. However, these results need still further confirmation.’
(Pages 561-62.)

‘Certainly the field results of A. Koch do not speak of any nitrogen fixation
in the soil, following the addition of the celluloses and even straw.” (Page 588.)

Our results show that the cellulosic substances like filter paper, leaf, etc.,
when mixed with soil and exposed to sunlight or kept in the dark or diffused
light cause nitrogen fixation. The nitrogen fixation in sunlight is greater
than in the diffused light or in the dark. Similar results have been obtained
with cowdung. These results are most important, because they show that
cellulosic materials, plant residues, leaves, cowdung, etc., not only increase
the humus content of the soil and improve the soil tilth, moisture retention
capacity, but also act in the conservation of the soil by nitrogen fixation.
Hence cowdung, which is used as a manure, has been found to supply to the
soil not only the nitrogen it contains but it can also add nitrogen to the soil
from the nitrogen of the air by fixation. In all our experiments the carbon
has been found to decrease with time due to its oxidation. With cowdung
the carbon-nitrogen ratio attains the normal value in field trials within two
months after its application.

Tt is reported that one acre of soil in Germany receives yearly about 200
kgms. of cellulose in the form of manure. It appears that this amount of
cellulosic matter added to the soil may be partially utilized in nitrogen fixation
in temperate climates. In tropical climates, due to the high temperature
and great intensity of sunlight and the greater activity of the Azofobacter,
the soluble carbohydrates, pentosans and cellulosic substances are oxidized
at the soil surface at a great speed with the liberation of large amounts of
energy necessary for nitrogen fixation. Hence manuring of tropical soils by
the application of molasses and cellulosic materials is a highly important
practical proposition. We are of the opinion that Indian soils would have
been exhausted from the nitrogen point of view long ago had not the
compensating agency, e.g. the fixation of atmospheric nitrogen by the
addition of carbohydrates, pentosans and cellulosic materials to the soil been
counteracting the nitrogen loss. Moreover the researches of Dhar and Atma
Ram (1933) show that tropical soil receives more available nitrogen from rain
water than in temperate climates.

Russell (‘Soil Conditions and Plant Growth,” 1931, page 362) has reported
that the nitrogen content of a grassland increased from 0-1529%, in 1856 to
0-3389%, in 1912. Similarly a land permanently covered with vegetation for
24 years showed an increase from 0-108%, to 0-145%,. It appears that this
increase in the total nitrogen content of these soils is chiefly due to the fixation
of nitrogen from the air caused by the liberation of energy from the oxidation
of cellulosic and other carbonaceous substances on the surface of the soil.
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After the harvest a part of the crop, namely the roots together with a
portion of the stem, is left behind in the field. These are ploughed into the
soil whereby they undergo oxidation liberating energy which causes the
fixation of atmospheric nitrogen. Therefore the nitrogen fixation due to the
cellulosic substances, pentosans and carbohydrates present in the plant residues
that are left behind after the harvest clearly explains why the Indian soils
are not becoming exhausted. In cold countries, chiefly due to the inactivity
of the Azotobacter caused by the low temperature of the soil and lack of sunlight,
the cellulosic and other energy materials added to the soil along with plant
residues are not oxidized as readily as in tropical soils and hence large amounts
of nitrogen fixation is not possible in the soils of temperate countries. More-
over the initial soil nitrogen in the combined state is much greater than in soils
of tropical countries and thus there is the difficulty of nitrogen fixation in
temperate climates. This explains the slow deterioration of the unmanured
fields of Rothamsted as shown below.

Dr. J. A. Voelcker ‘Improvement of Indian Agriculture’, 1895, page 37,
recorded the following results at Rothamsted in the case of wheat grown on
fields continuously unmanured for over forty years.

Crop yield in
k bushels per acre.

8 years (1844-51) .. .. .. 17
20 years (1852-71) . .. o 13-9
20 years (1872-91) .. .. .. 111

In tropical countries almost a constant yield of crop is possible due to
the fixation of atmospheric nitrogen by the oxidation of the energy materials
contained in the plant residues left in the soil.

Schréder computes that roughly 35 billion kilograms of cellulose are
added to the earth every year. From our experiments in nitrogen fixation
with cellulosic materials we find that about 18 mgm, of nitrogen are fixed per
gram of carbon oxidized from filter paper in light and about 9 mgm. in the dark,
while with cowdung the corresponding results are respectively 33 mgm. and
14 mgm. for light and dark.

Hence, from the 35 billion kgms. of cellulose added to the soil, on a
moderate estimate of 10 mgm. of average nitrogen fixation per gram of carbon
oxidized, about 13,000,000 metric tons of nitrogen are added to the earth
by fixation (cf. the total output of N fixed synthetically in the world is
3,547,352 tons, vide Table I).

From our experiments we can conclude that out of the total 13,000,000
metric tons, at least 509, i.e. 6,500,000 metric tons of nitrogen are fixed in
soils by the absorption of solar light. Tt appears, therefore, that much more
nitrogen is fixed in nature by light absorption than that fixed by the industrial
processes. Hence, in the economy of nature, next to photo-synthesis in plants,
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the influence of light on nitrogen fixation leads to incalculable benefit to
humanity and is of very considerable value.

N1TROGEN FrxaTioN BY Fars.

Our cxperimental results show clearly that both butter and ghee (clarified
butter) are slowly oxidized and cause nitrogen fixation which is practically the
same as with that of carbohydrate and cellulosic materials. Moreover, the
nitrogen fixation in sunlight is practically double of that in the dark although
the numbers of Azotobacter, total bacteria and fungi are much less in light than in
the dark. Tt has been reported as follows in Waksman’s Soil Microbiology,
1931, page 404 : ‘Fats decompose only slowly in moist soils, and almost not
at all in dry soils. According to Rubner (drch. Hyyg., 91, 290, 1922) only 22-99/
of butter fat added to soil was decomposed during a period of one year and
3259, in 12 years.’

We have carried on experiments with pure glycerol both in dishes and
in fields and we have observed that when glycerol is mixed with soil it leads
to nitrogen fixation in the same way as carbohydrates. We have also observed
that glycerol when added to soil and exposed to light is readily converted into
reducing sugars.

From our experimental observations it is quite clear that along with
carbohydrates, celluloses and even fats which are constituents of plant residue
when added to soil are slowly oxidized and cause nitrogen fixation.

The utilization of energy materials by their addition to the soil directly
has not been effected extensively in temperate countries, because of the
inactivity of the bacteria causing nitrogen fixation in soils in such countries,
This is evident from the following lines: ‘ Wide use is being made in systems
of agriculture of the bacteria, which work with legumes, but the nitrogen
fixation power of those which work outside the plant is as yet not utilized
extensively by man, since the methods of controlling them are not well under-
stood’. (Miller—Soil and its management, 1924, p. 203.)

The type of experiments described in this paper has not been carried out
in this country either under field conditions or in the laboratory.

D. L. Sahasrabudhe (Proc. Nat. Inst. Sci. India, Vol. II1, No. 2,pp. 139-149,
1937) reported that there may be fixation of nitrogen in soils under field
conditions and this is stated to increase with the increase in the soil moisture.

NITROGEN FIXATION IN SOILS CONTAINING NITROGENOUS COMPOUNDS.

Tt is generally believed that bacterial nitrogen fixation is inhibited
when nitrates, ammonium sulphates, etc., are already present in the soil.
This view has been emphasized by Waksman in his ‘Soil Microbiology’,
page 505, 1931 :—
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‘Nitrates are readily utilized by Azotobacter as sources of nitrogen;
accordingly the presence of nitrates in the medium inhibits the fixation of
atmospheric nitrogen. Ammonium sulphate and peptone are also available
nitrogen compounds. One half milligram of nitrogen in an available form is
sufficient to inhibit completely the fixation process.’

Fuller and Rettger (Soil Seci., 31, 219, 1931) have reported that in the
presence of ammonium sulphate and potassium nitrate nitrogen fixation was
considerably retarded by several strains of Azotobacter chroococcum in culture
media but several nitrogenous compounds did not affect materially the nitrogen
fixation. These authors have concluded in agreement with Bonazzi and
others (Jour. Bact., 6, 331, 1921) that Azofobacter utilizes available combined
nitrogen where possible instead of following the more laborious process in
fixing free nitrogen.

We have carried on systematic work on the fixation of atmospheric
nitrogen in fields or dishes supplied with nitrogenous compounds like oilcakes,
urea, gelatine, blood, etc., with and without molasses. Our observations
show that there is appreciable nitrogen fixation both in plots and dishes
containing different nitrogenous substances and molasses.

Our results with oil cakes show that in presence of molasses, there is
appreciable nitrogen fixation with mustard and neem oil cakes, although in
the absence of molasses these cakes lose nitrogen, apparently by aerobic denitri-
fication, A very important result is brought about by these experiments in
which it is observed that when the carbon-nitrogen ratio of the soil containing
a mixture of oil cakes and molasses is even as low as 5-05 there is appreciable
nitrogen fixation.

Similar results have been obtained in fields containing a mixture of -
ammonium sulphate and molasses. It has been observed that in several of
these fields containing both ammonium sulphate and molasses there is nitrogen
fixation.

With alkaline soils, fixation of nitrogen has been observed when the
carbon-nitrogen ratio is less than 10. In view of these experimental observa-
tions proving the possibility of nitrogen fixation in soils, both normal and
alkaline with low carbon-nitrogen ratio, the generally accepted significance
of carbon-nitrogen ratio as stated by Russell (Soil Conditions and Plant
Growth, page 213, 1932) in the following words has to undergo modi-
fication :—

‘The changes affecting the carbon and those affecting the nitrogen are
intimately associated. The nitrogen can appear as nitrate only if it exceeds
a certain critical amount relatively to the carbon usually if the ratio C/N
is 12 or less. When the proportion of carbon is greater, the excess goes off
as COy and the nitrogen remains as complex protein, any ammonia or nitrate
present is also converted into protein, when, on the other hand, the proportion
of nitrogen becomes greater the excess is changed into nitrate. This intimate
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relationship arises from the fact that the decomposition of the organic matter
is brought about by micro-organisms.’

Our observations, showing appreciable nitrogen fixation in soils containing
0-19, nitrogen or more which cannot be explained from the bacterial view-point
of nitrogen fixation, are in agreement with our view that nitrogen fixation in
soils can take place not only under arid conditions, where the total nitrogen
content of the soil is low and is of the order of 0-05%,, but nitrogen fixation is
also possible in soils of temperate countries where the total nitrogen content
of the soil is 0-1% or more specially where there is sunshine and enough
carbonaceous materials like molasses, leaves, etc., have been added and well
mixed with soils. Workers in temperate countries should investigate this
important manner of enriching soils.

It bas been established that the nitrogen content of a soil is intimately
connected with the carbon supply. The carbonaceous compound can fix
the atmospheric nitrogen and thus increase the nitrogen content of the soil
and also retards the loss of nitrogen in the form of nitrogen gas from the soil.
For a very long time some workers have emphasized the importance of
organic manures but the true function of carbonaceous substances in the
soil has been discovered in the Allahabad University Chemical Laboratory.

N1TROGEN LOSS FROM SOILS.

Nitrogen being an elusive substance the nitrogen fixed or added as manure
does not remain for long in the soil under ordinary circumstances.

The researches of Lipman and Blair (Seil Sci., 12, 1, 1921), Russell and
Richards (J. Agric. Sci., 8, 195, 1917), Shutt (¢bid., 3, 335, 1910) and others
show that nitrogen in the gaseous state is lost from the soil when the conditions
are favourable for oxidation. The loss of nitrogen in this process may be
more than double the amount of nitrogen taken up by the plant grown on
the soil. Nearly 709, of the added nitrogen is said to have been lost when
wheat plots in Rothamsted (England) received annually 14 tons of farmyard
manure containing 200 lb. nitrogen per acre.

A greater loss of nitrogen is observed when a manure is composted under
- aerobic than anaerobic conditions. According to Niklewski (Roc. Z. Nauk.
Roln., 9, 1, 1923) there is more loss of nitrogen from stable manure in presence
of nitrifying bacteria than in their absence. It has also been reported that
in the nitrification of different oil-cakes, the loss of nitrogen is the greatest
with the most easily and quickly nitrifiable cakes. Vishwanath (Sci. Reports
Dept. Agric. Madras, 1930-31) has obtained greater nitrogen loss and greater
velocity of oxidation in the nitrification of ammonium salts than with farmyard
or green manure. It is established that when there is a large amount of
carbonaceous matter present in the manures along with the nitrogenous
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compounds, the velocity of the oxidation of nitrogenous compounds and the
amount of nitrogen loss are also decreased.

Experiments carried on at different places show that the amount of
nitrate present in soils containing crops is less than in neighbouring fallow
soils even when a correction is applied for the amount of nitrate taken up
by the crop. The oxidation processes are more vigorous in soils with crops
than in those without them.

The results obtained by Dhar, Tandon and Mukerji (J. Indian Chem-
Soc., 12, 67, 1935) show that the loss of nitrogen on exposing ammonium salt
solutions to light and air is always greater in light than in the dark. The
oxidation of ammonium salts by air is greater in light than in the dark and
hence the possibility of the formation of ammonium nitrite is greater in light
than in the dark. Several years ago Dhar (Proc. K. Akad. Wet. Amsterdam,
23, 308, 1920) observed that solutions of ammonium nitrite decompose into
nitrogen and water when expose to sunlight and this photochemical decomposi-
tion is facilitated by acids and different solid surfaces, Moreover, the recent
observations of Dhar, Tandon and Mukerji (loc. ¢it.) show that solutions of
ammonium chloride and sodium nitrite decompose readily with the evolution
of nitrogen when exposed to sunlight in glass beakers or quartz tubes mixed
with sterilized or unsterile soil. This decomposition can take place in the
complete absence of bacteria. Moreover, this decomposition is less pronounced
in dilute solutions of ammonium nitrite and also when cane-sugar is added
to the solution containing ammonium and nitrite ions.

The loss of nitrogen has been explained from the view-point that-in the
processes of ammonification and nitrification taking place in the soil or in
solutions, ammonium nitrite is produced. The formation of ammonium nitrite
from ammonium salts or proteins requires oxygen and that is why this type
of denitrification is facilitated by increased soil aeration and also soil acidity,
as nitrous acid also undergoes decomposition according to the equation

3HNO,; = HNO;3;+2NO-+H,0.
This chemical change is also markedly accelerated by light.

There is also the possibility of the reaction of nitrous acid on amines,
amides and amino acids, which may sometimes be formed in the decomposition
of soil organic substances. This important phencmenon first studied syste-
matically by Lipman and Blair and emphasized by Russell has now been
satisfactorily explained by Dhar and collaborators (Nature, 134, 572, 1934).
That this type of nitrogen loss from soils is chiefly due to the formation and
decomposition of the unstable substance, ammonium nitrite, is supported by
the fact that the soil loses nitrogen in this way much less when manured
with sodium nitrate than with ammonium sulphate or organic nitrogenous
manures.
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Retardatijon of nitrogen loss from soil with cowdung, green leaves and molasses ; 277-2 kyg. of
nitrogen as (NH,),SO0, per acre of lund used.

Condition NH;-N NOz~-N Total Total Date of
Nitrogen. Carbon. Analysis.
Per cent. Per cent. Per cent, Per cent.
Alone .. .. 0-028 0-:0026 0-1167 0-3721 6-10-36
Cowdung .. .. 0035 0-003 0-1272 0-5046 v
Leaves e .. 00304 0-0026 0-1137 0-3731 .
Molasses .. .. 0028 0-0031 0-1272 2435 5
Alone .. .. 00242 0-0039 0-100 0-3738 24-10-36
Cowdung .. .. 0-0324 0-0036 0-1082 0-5044 "
Leaves .. .. 0-0236 0-0042 0-100 0-3792 .
Molasses .. ..o 00296 0-0039 0:1167 2:421 "
Alone - .o 0-0222 0-004 0-0875 0-3722 12-11-36
Cowdung .. .. 00304 0-0039 0-100 0-5010 »s
Leaves .. .. 00232 0-0049 0-0903 0-3812 .
Molasses .. .o 00204 0-0054 0-1158 2-301 »s
Alone .. .. 0-0182 0-0061 0-0823 0-03768 26-11-36
Cowdung .. .. 0-0196 0-0062 0-0934 0-0498 '
Leaves .. .. 00194 0-0073 0-0908 0-431 s
Molasses .. .. 00248 0-006 0:1346 1-424 »s
Alone .. .. 0-0017 0-0064 0-0583 0-3712 30-12-36
Cowdung .. .. 0-0019 0-0078 0-0736 04882 .
Leaves . .. 00017 ¢-0082 0-0712 0-5122 v
Molasses .. .. 0004 0-0097 0-1273 0-9864 .

The above results show that the loss of nitrogen by the addition of
ammonium sulphate to the field scil is also lessened by the addition of
carbonaceous substances like cowdung, leaves, etc. With molasses and
ammonjum sulphate there is nitrogen fixation.

Foxcrion oF OrRGAaNIC MANURES.

It will be clear, therefore, that the value of ammonium sulphate as a
manure should be greatly enhanced, if it is mixed with cowdung, leaves,
molasses, fats or any other carbonaceous material. Oil cake containing fats
and nitrogenous compounds has been found to be effective as nitrogenous
manures, because fats are known to retard the oxidation and nitrification of
the nitrogenous compounds in the soil. It is clear why farmyard or green
manure produces better crop yield than ammonium sulphate alone, because
the carbonaceous substances present in the farmyard or green manure retard
the nitrification of the nitrogenous compounds present in the soil and decrease
the nitrogen loss. As a matter of fact, when farmyard manure is added to the
soil more nitrogen is conserved and fixed in the soil than with ammonium
sulphate. )

This type of nitrogen loss, which is observed all over the world, may
amount to 100 Ib. of nitrogen per acre annually, whilst the amount of nitrogen
required by wheat (for example), per acre is 3040 Ib. Russell and his
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co-workers at Rothamsted have reported that during 47 years of application
of manure to soil, 14%, of the nitrogen was accumulated as humus, 259,
had been utilized by the plants and 609, was lost in the gascous state, i.e.
aerobic denitrification. Hence it is highly important to control this loss for
increasing soil fertility.

The greater value of organic nitrogenous compounds or a mixture of
ammonijum salts and carbonaceous substances for the soil than ammonium
salts Hes in the fact that not only is the soil texture improved by the colloids
added with the organic manure but the carbonaceous matter added acts as an
agent in the preservation of the nitrogenous compounds of the soils by behaving
as a negative catalyst.

Apart from this influence of the carbonaceous substance, sugars, cellulose,
pentosans, fats, etc., on the conservation of soil nitrogen, these substances
when added to the soil along with farmyard or green manure, or straw, also
lead to the fixation of atmospheric nitrogen in the soil. Hence the car-
bonaceous substances, like sugars, cowdung, cellulose, pentosans, fats, etc.,
added to the soil are not only effective in nitrogen conservation but cause
nitrogen fixation as well. In a recent article Jenkins (Imp. Bur. Soil Sci.
Tech. Com., No. 33, 1935) has discussed the use of organic manures but has not
reported that organic manures help in the conservation and fixation of nitrogen
in the soil. This aspect of the importance of organic manures in preference to
artificials has been discovered by the present writers.

Our experimental results show that when 17-32 to 69-3 kgs. of nitrogen
as ammonium sulphate are added per acre of soil along with molasses there is
appreciable nitrogen fixation in the soil because the total nitrogen in fields to
which molasses and ammonium sulphate have been added is always greater
than at the beginning. These results cannot be explained from the bacterial
view-point of nitrogen fixation, because it has been assumed that in presence
of ammonium salt hardly any bacterial nitrogen fixation is possible. Hence
our results, showing an increase of nitrogen, when molasses is added to fields
to which ammonium sulphate has already heen added, support the view
that nitrogen fixation is partly bacterial and partly photochemical and
catalytic. -

In tropical countries a steady crop yield is observed even without the
addition of any artificial manure. This has been a puzzle to visitors from the
West but the researches carried on at Allahabad have established that the
cellulosic materials added to soil as plant leaves, residue, etc., are oxidized
in the soil and lead to nitrogen fixation in the soil itself aided by sunlight.
This is the chief reason of the constant supply of nitrogen under tropical
conditions.

Unfortunately the nitrogen that is present in the soil or is fixed cannot
remain in the soil for long as nitrogen is a very elusive substance and
is readily lost as nitrogen gas and escapes in the atmosphere, when the soil
conditions are favourable for oxidation. This phenomenon, frequently
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observed all over the world and reported by many workers, is due to the
following facts. When any nitrogenous substance either organic compound
or ammonium salts are added to the soil and the conditions are favourable for
oxidation, as in ploughing, the nitrogenous compounds undergo oxidation and
form ammonia, nitrite and finally nitrate. As an intermediate state there is
always the possibility of the formation and decomposition of ammonium
nitrite and this substance decomposes readily into nitrogen gas and water.

SUMMARY.

(1) Statistics show that the amount of nitrogen added to cultivable
land in all countries per acre is much less than the amount required for the
production of crops. The nitrogen need of plants even in highly industrialized
countries is chiefly supplied by the natural fixation in soils aided by sunlight.

(2) The increased production of nitric oxide in the arc process appears
to be due to light absorption.

(3) Experiments carried on in dishes or fields conclusively prove that
the nitrogen fixation in light is always much greater than in the dark although
the numbers of Azotobacter and total bacteria are much less in light than in the
dark.

(4) The amount of nitrogen fixed in light is much greater than the nitrogen
fixed in the dark under optimum conditions, and hence it is the light and
not the increase in temperature which is responsible for greater nitrogen
fixation in sunlight.

(6) With numerous carbohydrates it has been found that even under
completely sterile conditions the nitrogen fixed per gram of carbon oxidized
in light in quartz vessels with soil is 12-2 milligrams; in glass vessels in light it
is 10-7 milligrams, whilst in the dark it is approximately 4-5 milligrams per
gram of carbon oxidized. The order of these fixations under sterile conditions
is practically the same as obtained in unsterilized soils. It appears that the
efficiency of nitrogen fixation whether the soil contains Azolobacter or is sterile
is practically the same.

(6) With oxides like that of ZnO, AlyO3, FeyOg, NigOg, CoO, MnO,, ete.,
used as surface instead of soil and glucose as the energy material the nitrogen
fixation per gram of carbon oxidized is of the order of 15 to 18 milligrams
in light under completely sterile conditions, whilst in the dark it is 8 to 11
milligrams. Under unsterile conditions the fixation in light varies from
30 to 46 milligrams and in the dark from 15 to 24 milligrams per gram of
carbon oxidized.

(7) Cowdung when added to soil not only adds the nitrogen it contains
but also fixes appreciable amounts of nitrogen more so in light than in the
dark.

(8) The fertility of the Indian soils as well as in other countries from the
nitrogen view-point appears to be maintained chiefly by the fixation of
atmospheric nitrogen in the soil aided by sunlight through the oxidation of
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energy materials like celluloses, fats, carbohydrates added in the form of
plant residues. It appears that much more nitrogen is fixed in these natural
processes by light absorption than the nitrogen fixed by the industrial processes.

(9) Experiments show that nitrogen in the gaseous state is lost from soils
when the conditions are favourable for the oxidation of nitrogenous matter
present in or added to the soil. This loss may be double that of the nitrogen
taken up by the plants growing in that soil. A greater loss of nitrogen is
observed when a manure is composted under aerobic conditions than in
anaerobic. This loss, which is due to the formation and decomposition of the
unstable substance ammonium nitrite, is accentuated by exposure to light
and acidity of the soil. This loss is minimized by the addition of carbonaceous
substances.

(10) Tt seems that the main function of organic manures is the
preservation of the soil nitrogen and its increase by the fixation of atmospheric
nitrogen. There is much greater loss of nitrogen when ammonium sulphate or
oil-cake is added to the soil and is nitrified than when these nitrogenous
substances are mixed with molasses, cowdung, leaves, etc., which act as
negative catalysts in the process of nitrate formation in the soil.

(11) Appreciable fixation of nitrogen has been observed when either
molasses or any other suitable soluble carbonaceous matter is added to
ammonium sulphate or oil-cake containing 4 to 69, total nitrogen,

These observations which are not explicable from the bacterial view of
nitrogen transformations in the soil may be explained from the chemical
and photochemical view-point advanced in this communication.
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