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P R E F A C E

In peace and war alike the supply of fixed nitrogen is of
vital importance to the existence of the nation. I n almost
all processes for the fixation of nitrogen the production of
oxides of nitrogen is one of the fundamental intermediate
stages. I t cannot be said at the present time, however, t h a t
the problem of the technical utilization of nitrous gases (which
are usually largely diluted with air) has met with a satisfactory
solution. The enormous number of patents relating to the
process which appear each year would seem to be sufficient
evidence of the truth of this statement. I t is the common
practice at the present time to absorb the nitrous gases in
water with the production of dilute nitric acid, which acid is
either concentrated or converted into solid nitrates. In this
country, where nitrous gases are produced (in the majority of
cases) only as a by-product, the chemical principles underlying
the process have not been studied to a very great extent,
and it is very often the case that the absorption process is
conducted on rule-of-thumb methods. While the loss of fixed
nitrogen in such plants may not be a very serious factor in
the series of industrial operations with which it is connected,
the same view cannot possibly be held when the recovery of
the nitrous gases is one of the main objects of those industrial
operations. Furthermore, it has long been evident tha t wo,
in this country, must ultimately adopt some process for the
fixation of nitrogen, in view of the fact tha t we import nearly
all our fertilizers.

With these points in view, the author has endeavoured to
discuss the absorption of nitrous gases in water, both from a
theoretical and an industrial standpoint. The most important
types of absorption processes, other than water absorption,
which have been developed are also considered, and a n a t t empt
has been made to classify and compare them, in order to
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survey the present position, so far as this particular branch of
the nitrogen-fixation industry is concerned. I t has also been
thought necessary to review briefly the methods available for
the commercial utilization of the dilute nitric acid normally
obtained from the water-absorption process.

Such methods include t h e concentration of the acid, and
also its conversion into solid nitrates. The handling and
measurement of gases have been dealt with in some detail
and the problem of pumping dilute acids has also been dis-
cussed. I t was felt that t he volume would not be complete
without detailed reference to the approximate and accurate
analytical methods which might be necessary in the control
of absorption plant in general.

The author wishes to express his great indebtedness to the
firms mentioned in the text for their help in supplying illustra-
tions of their products, and also to the numerous authors of
papers, etc., for permission t o reproduce curves and diagrams,
and finally to Muriel B. Webb for invaluable assistance in the
preparation of diagrams and the correction of proofs.

H.W.W.
TECHNICAL COLLEGE,

CARDIFF.
March, 1923.



C O N T E N T S

PAGE

CHAPTER I

OXIDES AND OXYACIDS OF NITROGEN . . . . . 1
The more important properties of oxides and oxyacids of nitrogen
having a bearing on absorption practice. Nitrous and nitric
oxides, nitrogen trioxide, tetroxide and pentoxide. Nitrous and
nitric acids. Action of nitric acid on metals. Iron-silicon alloys.
IVr-nitrio acid. Nitrosyl sulphuric acid.

CHAPTER II

THEORETICAL PROBLEMS or ABSORPTION . . . . 9 1

Absorption of nitrous gases by water. Temperature of gaseous
phase. Cooling of gases. Partial pressure of nitrogen tetroxide.
Total pressure of gases. The concentration of nitrous gases by
various methods. Liquefaction. Velocity of gases. Liquid
phase. Effect of temperature. Concentration of nitric acid in
absorbent. Optimum output concentration of nitric acid. Kate
of circulation and distribution of absorbent. Turbulence. Use of
ozone in absorption. Effect of chlorine on absorption.

CHAPTER III

CONSTRUCTION OF ABSORPTION TOWERS . . . . . 153

Small stoneware, unit.. Si to of absorption towem. Brick piei'H.
Filling material. Distributing platen. Acid splash box. Gas
mains. ."Removal of weak nitric acid. Size of absorption sets.
Large-type absorption tower. Construction materials. Acid dis-
tributor. Design of absorption towers. Shape of cross section.
Ratio of diameter to height. Other types of absorption tower.
Moscicki system. Cost of absorption systems.

CHAPTER IV

FILLING MATERIAL FOB ABSOBPTION TOWERS . . . . ] 80

Symmetrical types. Ring packing and its modifications. Nielsen
propeller packing. Guttmann balls. Tiles and plates. Random
packings. Coke, quartz, Raschig elements. Functions of filling
material. Free space, scrubbing surface. Distributing action and
capillary effect. Drainage of tower. Durability and chemical
action. Symmetry and cost of material.



viii CONTENTS

CHAPTER V PAGE

G-AS CIRCULATION AND MEASUREMENT . . . . . 2 0 4

Circulation. Draughting systems. Chimneys, fans, injectors.
Acid mist. Measurement of gases. The Pitot tube and its modi-
fications. Venturi-meters. Turbo gas meters. Electrical meters.
Thomas meter. Wet and dry meters.

CHAPTER VI

THE HANDLING OF NITRIC ACID IN THE ABSOEPTION SYSTEM . 230

Elevation and circulation. Pumps. Plunger type. Centrifugal
pumps. Diaphragm pumps. Compressed-air apparatus. Simple
blowing eggs. Automatic elevators. The Pohle lift. The well
type, U-type and injector type. Construction material.
Separator heads. Efficiency of air lifts. Advantages and disad-
vantages of air lifts. Storage of nitric acid, (a) in circulation, (6)
as finished product. Acid-resisting cements. Hard cements.
Soft cements.

CHAPTER VII

PRODUCTION or CONCENTRATED NITRIC ACID . . . 279

Technical utilization of weak nitric acid. Concentration of dilute
nitric acid. Thermal concentration. Concentration by dehydrat-
ing agents. Cost of concentration.

CHAPTER VIII

PRODUCTION OF SYNTHETIC NITRATES AND NITRITES . . 306

Conversion of dilute nitric acid into nitrates. Production of cal-
cium nitrate. Production of sodium nitrate. Ammonium nitrate.
Wet and dry absorption by alkalies. Production of nitrites.
Economics of nitrate production. Other methods of absorption.
Absorption in sulphuric acid. Absorption in cyanamide. "Use of
basic nitrates.

CHAPTER IX

ANALYTICAL CONTROL . . . . . . . . 330

Sampling and aspiration of gases. Aspirating tubes. Sampling of
acids. Analysis of inlet and exit gases. Total acidity. Bellows
test. Orsat apparatus. Continuous tests. Estimation of nitric
oxide. Oxidation and reduction methods. Estimation of nitric
oxide in the presence of nitrogen tetroxide. Estimation of nitrous
oxide. Estimation of oxides of nitrogen mixed with nitrosyl
chloride and hydrochloric acid. Estimation of nitrous and nitric
acids and their salts. Alkali titration. Nitrometer method.
Bowman and Scott method. SchlOesing-Grandeau. Pelouze-Fre-
senius. Devarda. Ulsch. Pozzi-Eseott. Phenol-sulphonic acid
method. Titanium method (Knecht). Gravimetric methods.
Nitron. Special methods for estimating nitrous acid and nitrites.
Analysis of mixed acids.

INDEX 365



CHAPTER 1

O X I D E S A N D OXYACIDS OP NITROGEN

As a p re l iminary to a consideration of the absorption of
nitrous gases , i t is necessary to review briefly the more impor-
t a n t propert ies of the substances commonly dealt with in
absorption prac t ice . While the description given does not
aim a t be ing exhaustive, either as regards the chemical pro-
perties of t h e substances mentioned, or in the number of
compounds inc luded for discussion, it is an attempt to indicate
the chief r eac t ions which may have a bearing on modern
absorption p rac t i ce . For this reason, although many of its
compounds a,re dealt with, an account of gaseous nitrogen is
deemed of insufficient direct importance for inclusion in this
chapter. N o r also have substances such as calcium, sodium
and ammonium ni t ra tes and nitrites been included, although
there is some argument in favour of their introduction, since
they are often the ult imate product obtained from an absorp-
tion system. A detailed discussion of the methods of manu-
facture of a m m o n i u m or calcium nitrate from dilute nitric
acid, however, is considered to he rather outside the scope of
this work.

T h e Oxides of Ni t rogen

N I T E O U S OXIDE, N2O

P r e p a r a t i o n • This gas is obtained in. small quantities
when certain substances which are easily oxidized are acted
irpori by n i t r i c oxide [NO],1 for example, potassium sulphite,
moist iron filings, zinc filings, and stannous chloride.

I t is also fo rmed b y the action of sulphur dioxide on nitric
oxide, and b y dissolving metallic zinc in very dilute nitric
acid.2

1 Priestley, 1772. 2 Lunge, tier., 1881, 14, 211M1.
1 I*
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Nitrous oxide is one of the reduction products of nitrates,
nitrites, and nitrous acid, e.g., platinum black and sodium
amalgam quite readily reduce nitrites and nitrous acid to
nitrous oxide.

The gas has also been detected in the non-condensible gases
obtained in the preparation of nitric acid from sodium nitrate
and sulphuric acid, and in the nitrous gases evolved during
the denitration of waste acid from the manufacture of explo-
sives.

The best methods of preparation are as follows :—
1. By heating ammonium nitrate.

NH 4 NO 3 - N 2 O + 2 H 2 O .

The decomposition begins about 170° C. and the temperature
then requires qareful regulation, and should not rise above
260° C, or the reaction becomes explosive, particularly if
the ammonium nitrate layer is fairly thick. The gas obtained
is liable to contain nitric oxide, nitrogen and chlorine (from
the ammonium chloride commonly present as impurity in
the nitrate). If too high a temperature is used, nitrogen
tetroxide is also present. Organic matter should also be
absent, or carbon dioxide will form an additional impurity
in the gas.

To purify nitrous oxide, it is usual to pass the gas through
a concentrated solution of ferrous sulphate, then through a
dilute solution of caustic soda, and finally through concen-
trated sulphuric acid to dry it.

Lidoffl recommends tha t the gas should be passed through
a solution of ferrous sulphate, and then an emulsion of ferrous
sulphate in concentrated sulphuric acid. He also states that
the preparation of nitrous oxide may be effectively carried out
by heating at 260°~285° C. a mixture of two parts of ammo-
nium nitrate (dried at 105° 0.) with three parts of dry sand.

2. W. Smith 2 recommends the use of an equimolecular
mixture of sodium nitrate and ammonium sulphate (not
chloride) heated at a temperature of 240° C, whereby a regular
evolution of nitrous oxide takes place. The method is also
described and patented by Thilo.3

1 J. Muss. Phys. Ohem. Soc, 1903, 35, 59.2 J. Soc. Chem. Ind., 1892, 11, 867.8 Ghem. ZeiL, 1894, 18, 532.
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3. Quartaroli1 obtains nitrous oxide by warming a nitrate
with anhydrous formic acid. As carbon dioxide is simul-
taneously evolved the gas is collected over 20 per cent, caustic
potash solution.

2KNO3 + 6H-C00H = N2O + 4CO2 + 2H-COOK + 5H2O.

4. Nitrous oxide is also obtained by warming a solution
containing sodium nitrite and hydroxylamine hydrochloride.2

N H 2 0 H + H N 0 2 - N2O + 2H2O.

5. Mixed with carbon dioxide, nitrous oxide is obtained by
treating a solution of potassium nitrate (to which sulphuric
acid is added until the solution contains about 20 per cent.
H0SO4) with oxalic acid.'1

4H.oC204 + 2 K N O 3 +-H2SO4 - 5 H 2 O + K s NO 4 +8CO 8 +N a O.

6. The gas may also be prepared by the reduction of nitrons
acid by means of hydrazine as described by Francke.4

N 2 H 4 + H N 0 2 == NH 8 + N2O + H 8O.

7. Nitrous oxide is evolved on heating a mixture of 5 parts
of stannous chloride/10 parts of concentrated hydrochloric
acid (sp. gr. 1-21), and 0-9 parts of nitric acid (sp. gr. 1-38).
Proportions other than the above are liable to give irregular
and explosive evolution of the gas.

8. Pictet5 and Sodermann 6 state that at a definite point
in the nitrogen-oxygen flame, the chief product is nitrous oxide,
which may be obtained in 25 per cent, yield by rapid cooling.

Properties. The best method of obtaining the gas in a
high degree of purity is to liquefy it and allow any accompany-
ing nitrogen, together with a little of the nitrous oxide, to
boil off.7

Critical temperature and pressure.

36-50° C. and 71-56 atmos.8

36-4° 0. and 73-07 atmos.0

354° C. and 75-0 atmos.10

1 Gazzetta, 1911, 41, ii, 53. 2 Pollak, Annafon, 1875, 175, 141.3 Desbourdeaux, Compt. rend., 1903, 136, 1068.4 Ber., 1905, 38, 4102. 5 Fr. Pat. 415,594, 1910.6 Fr. Pat. 411,785, 1910.7 Villard, Compt. rend., 1894, 118, 1096.8 Cardossi and Ami, / . Chim. Phys., 1912, 10, 504.9 Cailletet and Matthias. 10 Dewar, Phil. Mag., 1884, [V.I, 18, 210.
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Density (air = 1) = 1-5297.1

Weight of one litre = 1-9777.2

Nitrous oxide is an endothermic compound. [N2] [0]
= — 21,700 cal. I t is consequently decomposed by shock,
e.g., the explosion of mercury fulminate.

Solubility. The solubility of nitrous oxide water is as
follows 3 :—

Solubility in e.c. N2O (0° C.
Temp. and 7GO mm.) per c.c. water,

determined at a pressure of
760 mm.

5°C 1-048
10° C 0-8878
15° C 0-7377
20° C 0-6294
25° C 0-5443

Nitrous oxide is more soluble in ethyl alcohol than in water,
the coefficient of absorption in alcohol being approximately
4-178 at 0 ° C , as compared with 1-305 in water at 0°C.4

On heating, nitrous oxide is decomposed into its elements.
Hunter 5 finds the decomposition to be bi-molecular.

2N2O = 2 N a + O2.

At 500° C. about 1-5 per cent, of the gas is decomposed,
but the decomposition is practically complete at 900° C.
Nitrous oxide, in consequence, will support the combustion
of substances which are burning with sufficient vigour to start
its decomposition, e.g., phosphorus, sulphur, carbon, etc.

I t is readily reduced by hydrogen in the presence of plati-
num black, finely divided palladium, or reduced nickel, and
this fact offers a method for its estimation.6

Hempel7 analyses the gas by explosion with hydrogen.
Most metals yield peroxides when gently heated in the gas ;

bu t by further action of the heated peroxide, nitrites and
nitrates are produced, e.g.,

Na2O2 -f 2N2O = 2NaNO2 + Na.

The gas is quantitatively decomposed by passing it over
1 Rayleigh, Proc. Roy. Soc, 1905, 74, 406. 2 Ibid.3 Geffchen, Zeitsch. phydkal. Chem., 1904, 49, 257.4 Carius, Annalen, 1855, 94, 139.6 Zeitsch. physikal Chem., 1905, 53, 441.6 Drehschmidt, Ber., 1888, 21, 3242.
7 Ztitfich. Ehhtrochem., 1906, 12, 600.
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heated copper. At temperatures below 350° C., cuprous
oxide and not cupric oxide is formed by this reaction, showing
that nitrous oxide at lower temperatures acts less vigorously
as an oxidizing agent than does oxygen.1

Nitrous oxide is a valuable anaesthetic for some minor
operations. The purification of the gas for use as an anaes-
thetic is discussed by Baskerville and Stevenson.2

Nitrous oxide is theoretically the anhydride of hyponitrous
acid [H2N2O2], but the acid is not formed by the solution
of nitrous oxide in water.

The gas appears in absorption practice as a constituent
of the gases from nitric acid manufacture, and also from the
denitration of waste acids. Its presence does not interfere
with the ordinary absorption processes, especially as i t is
usually present only in small concentration.

NITRIC OXIDE [NO]

P r e p a r a t i o n . This oxide is generally considered to be the
first oxidation product of nitrogen at high temperatures, bu t
Picte t 3 states that nitrous oxide can be detected spectro-
scopically in the flame, at an earlier stage than can nitric
oxide, and furthermore can be isolated from the flame in
fair yield.

Nitric oxide is produced under most circumstances where
nitrogen and oxygen are in contact at sufficiently high tem-
peratures. The earliest observation that the two elements
were capable of combination was due to Priestley in 1784,
who found tha t slow combination occurred on sparking a
mixture of the gases continuously, a result which was con-
firmed by Cavendish in 1785. Cavendish also showed tha t
the combustion of hydrogen in excess of air gave water con-
taining nitric acid.

The combination of nitrogen and oxygen in the electric
arc was further studied by Sir W. Crookes in 1892, and by
Lord Rayleigh in 1897, and the conditions under which the
greatest efficiency is obtainable have been studied by Haber
and his co-workers.4

1 Holt and $ims, Chem, Soc. Trans., 1894, 65, 428.
2 / . Ind. Bug. Chem., 1911, 3, 579. 3 Fr. Pat. 415,594, 1910.
4 Zeitsch. Elektrochem.y 1910, 16, 810; reference to earlier papers will

also be found in this paper.
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Wolokitin1 states that no nitric oxide is produced at
ordinary pressures when hydrogen burns in air, but at a
pressure of 20 atmos. approximately 0-3 mols. of nitric oxide
p e r 100 mols. of water are produced.

If the hydrogen is burned in an equimolecular mixture of
ni t rogen and oxygen, at a pressure of 15 atmos., 3 mols. of
n i t r i c oxide per 100 mols. water are produced.

Fischer and Braemar 2 showed tha t when hydrogen, carbon
monoxide, acetylene, etc., are burned under liquid air, nitrogen
tr ioxide may be detected.

Haber and others 3 have shown tha t nitric oxide can be
detected in the carbon monoxide flame (the temperature of
which lies between 2,600° and 2,670? C ) . Increase of pressure
t ip t o nine atmospheres appears to increase the yield of nitric
ox ide , but the effect of further increase of pressure up to 45
a t m o s . offers no advantages. The use of temperatures attained
b y surface combustion for the production of nitric oxide has
b e e n described.4

Herman 5 describes the use of temperatures obtained by
t h e surface combustion of methane, using a zirconia refractory.
A yield of 3-4 per cent, by volume of oxides of nitrogen was
obta ined with a consumption of 2*5 cub. metres of methane
p e r kilo H N 0 3 (as 100 per cent.).

Bender 6 uses an apparatus for the continuous production
of oxides of nitrogen from gaseous mixtures containing nitrogen
a n d oxygen, by burning under pressure fuels which form large
quant i t ies of water during combustion. The air is supplied
i n such quantities, and the velocity of the gases in the com-
bus t ion chamber so regulated, that with an excess of oxygen
of 7—10 per cent, the combustion gases contain 11-14 per
c e n t , by volume of carbon dioxide.

Phillips and Bulteel7 describe an apparatus in which air,
or a mixture of oxygen and nitrogen, is drawn over the surface
of t h a t portion of a gas flame in which combustion is sub-

1 Zeitsch. Eleklrochem., 1910, 16, 814.25 Ber., 1906, 39, 940.
3 Zeitsch. physikal Chem., 1909, 66, 181 ; 67, 343.4 Eng. Pats. 3,194, 26,499, 1913.
* D.B.P. 281,089, 1913,
6 D.R.P, 258,935, 1912 ; J. Soc. Chem. Ind., 1913, 32, 656.
7 Eng. Pat. 27,558 and 29,893, 1910 ; U.S.A. Pat. 1,035,732, 1912 ; J. Soc.

Chem. Ind., 1911, 30, 1211.
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stantially complete, the velocity of the air current being
greater than that of the flame gases. The flame is preferably
spread out so as to form a larger surface.

In order to obtain a higher yield of nitric oxide, many pro-
cesses have been described for heating the nitrogen and oxygen
together under high pressures. One method of carrying this
out is by utilizing explosion pressures.

Hausserx explodes coal gas and air under pressure, and
maintains the explosion pressure as long as possible. The
products contain in this case 1-3-1-7 per cent, of nitric oxide.

Haber 2 states that when a flame is burnt under 8-10 atmo-
spheres pressure, oxides of nitrogen are produced, and a 10
per cent, solution of nitric acid may be obtained by burning
hydrogen in an equimolecular mixture of oxygen and nitrogen.

The question of the production of oxides of nitrogen in
explosions in which excess of air is present is discussed by
Dobbelstein,3 and in particular the use of coke oven gas for
this purpose.

Using an illuminating gas of the following composition,

H 2 ^ 4 4 % N a = l %
CH4 =25% O2 - 8 %
CO = 14% Unsatd. hydrocarbons = 4 %
CO2 = 3 %

he obtained a yield of 125 grams of nitric acid per cub. metre
at 5 atmos. pressure.

Increase in the yield of nitric oxide can be effected in two
ways :—

(a) By increase in pressure.
(b) By increase in the proportion of oxygen up to the theo-

retical value required for nitric oxide.
The oxidation of nitrogen has also been successfully

attempted by the use of catalysts, e.g. the calcined oxides
of such metals as cobalt, chromium, nickel, platinum, palla-
dium, barium, magnesium, lead, etc.

The action of the electric arc, hot flames, etc., is usually
considered to be purely thermal, but Warburg 4 and others

1 Fr. Pat. 420,112, 1910; J. Soc. Chem. Ind., 1911, 30, 360.2 Zeitsch. angew. Chem., 1910, 23, 684.3 SUM u. Eisen, 1912, 32, 1571; J. Soc. Chem. Ind., 1912, 31, 981.4 Zeitsch. Mektrochem., 1906, 12, 540.
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have shown that nitric oxide is produced by the silent electric
discharge, which suggests the possibility tha t the kinetic
energy of the gases in the ordinary electric arc may be directly
used up in the formation of nitric oxide, before the thermal
equilibrium is established.

Nernst1 has determined the concentration of nitric oxide
at various temperatures in the equilibrium mixture.

TABLE 1

Temp.
Deg. Absolute.

1,811
1,877
2,033
2,195
2,580
2,675
3,200

Volume per cent.
NO observed.

0-37
0;42
0-64
0-97
2-05
2*23
5-0 (approx.)

Volume per cent. NO
calculated.

0-35
0-43
0-67
0-98
2-02
2-35
4-39

Nitric oxide is not stable above 1,200° C. and consequently
the gases must be rapidly cooled in all processes where high
temperatures are used to effect the union of nitrogen and
oxygen. This is normally carried out by sweeping the gases
rapidly out of the hot region, or in the case of the arc process,
which is the only present successful thermal process, by making
and breaking the arc several thousand times a second, or by
using very thin and elongated arcs.

Jellinek 2 finds that nitric oxide decomposes at a measurable
rate, even at 670° C , and also that both platinum and iridium
act as catalysts in this decomposition, their catalytic activity
decreasing with rise in temperature. The effect of platinum
in this respect is important, as platinum net catalysts are
used for the oxidation of ammonia to oxides of nitrogen.

Nitric oxide can also be produced by the action of a number
of reducing agents on nitric and nitrous acids. The most
convenient methods of preparation of the gas on a small scale
are as follows :—

1 Zeitsch. anorg. Chem., 1906, 49, 213.
2 Zeitsch. anorg. Chem., 1906, 49, 229.
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P r e p a r a t i o n . 1. By the action of nitric acid of sp. gr.
1-2 on metallic copper.

3Cu + 8HNO3 = 3 C U ( N O 3 ) E + 2NO + 4H2O.
The gaseous impurities commonly present when the gas is
prepared in this way are nitrogen and nitrous oxide. The
quantity of nitrous oxide is found to increase as the amount
of cupric nitrate in the solution increases.1

The preparation may be modified to give a purer nitric
oxide by dropping nitric acid on to a column of copper turn-
ings, and providing means for the removal of the copper
nitrate at the base of the column. In any case, it is advisable
to wash the gas so obtained with water, and lead it into
a solution of ferrous sulphate or chloride, and afterwards
regenerate by heating.

2. Nitric oxide may be prepared in a greater state of purity
by heating ferrous sulphate with nitric acid, or alternatively
by the action of sodium or potassium nitrate on a solution
of ferrous sulphate in sulphuric acid, or preferably a solution
of ferrous chloride in hydrochloric acid.2

6FeCl2 + 2NaNO3 + 8HC1 =
6FeCl3 + 2NaCl + 4 H . 0 + 2NO.

3. A similar method of preparing the gas is to allow a con-
centrated solution of sodium nitrite to drop into a solution
of ferrous sulphate in sulphuric acid, or ferrous chloride in
hydrochloric acid.3

HNO2 + FeCl2 + HC1 = FeCl3 + NO + H 2O.

4. Nitric oxide is slowly evolved when a mixture of potas-
sium nitrite and ferrocyanide is dropped into dilute acetic
acid and well shaken.4

K4Fe(CN)6 + HNO 2 + CH 8 -C00H -
K3Fe(CN)6 + CH3-COOK + H 2 0 + NO.

5. Nitric oxide may also be prepared in a pure condition
by shaking a solution of nitric acid in excess of concentrated
sulphuric acid with mercury as in the ordinary nitrometer
estimation.5

1 Ackworth, Ghem. <Soc. Trans., 1875, 28, 828.
2 Gay-Lussac, Ann. Chim. Phys., 1847, [in.], 23, 203.3 Thiele, Annalen, 1889, 253, 246.
* Deventer, Ber., 1893, 26, 589. 5 Emich, Monatsh., 1892, 13, 73.
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6. When sulphuric acid (1 : 1) is d r o p p e d o n a mixture of
potassium iodide and potassium nitr i te i n . * h e proport ion of
1 par t K I : 2 parts K N 0 2 j or a l t e r n a t i v e l y b y t h e interaction
of hydriodic acid and nitrous acid, nitric o x i d e m a y be obtained
in a very pure state.1

2HNO2 + 2HI = 2H2O + I a + 2 N O -
7. Nitric oxide may also be prepared fey p a s s i n g sulphur

dioxide into warm nitric acid of sp. gr . 1 ' 1 5 . 2

3SO2 + 2HNO3 + 2H2O = 3 H 2 S O 4 -+- 2 N O .

8. Nitric oxide is obtained in a pure s t a t e b y hea t ing some
of the aromatic nitroso-compounds.3 I n p a r t i c u l a r a supply
of pure gas is readily obtained by h e a t i n g n i t ro so -d ipheny 1-
amine in vacuo at 40°-75° C.,4 or a l t e r n a t i v e l y , if t he dry
substance is heated on an oil hath, a t a t e m p e r a t u r e of 180°-
190° C , nitric oxide of 99-7 per cent, p u r i t y i s obtained.

9. A patent has been taken out for t h e p r o d u c t i o n of nitric
oxide by the electrolysis of a mixture o f n i t r o u s a n d nitric
acid.5 The concentration of nitric a c i d u s e d is 20-30 per
cent. HNO3, containing 1-2 per cent, of n i t r o u s acid, and a
current of 5-10 amps, is used. The t e m p e r a t u r e should be
below 50° C. or nitrogen tetroxide will b e p r o d u c e d .

A similar process is described in Eng. P a t . 1 0 , 5 2 2 , 1911, by
which nitric oxide of 99-100 per cent, p u r i t y i s obtained by-
electrolysing a solution containing not m o r e t h a n 40 per cent.
HNO3 and not more than 1 per cent, of H N O 2 , a t a tempera-
ture of 40°-50° C. The cathode may be o f g r a p h i t e , plat inum,
or gold.

While experience is not yet a v a i l a b l e c o n c e r n i n g theae
electrolytic processes, the two m e t h o d s r e c o m m e n d e d by
Moser 6 as giving the purest nitric oxide a r e m e t h o d s Nos. 5
and 6 ; but in the author's opinion the m e t h o d of Marqueyrol
andFlorentin (method No. 8) gives the p u r e s t ISTO obtainable.

P rope r t i e s , Nitric oxide is a c o l o u r l e s s g a s which is
liquefied with difficulty to a colourless l i q u i d .

Winkler, Ber., 1901, 34, 1408.
Weber, Fogg. Ann., 1867, 130, 277.
Wieland, Annalen, 1911, 381, 200.
Marqueyrol and Florentin, Bull. Soc. Chim., 1913, 13 , 69.
D.R.P. 244,362, 1912.
Zeitsch. anal Chem., 1911, 50, 401.
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Density = 10387.
Weight of one litre at N.T.P. = 1-3402 grm.
Critical temperature = — 92-9°.
Critical pressure = 6 4 - 6 atmos.1

Boiling-point of liquid NO = 150-2°.
Solidifying-point = — 160-6°.

Nitric oxide is slightly soluble in water. The absorption
coefficient for various temperatures has been determined by
Winkler.2

TABLE 2

Deg. Cent.

0
5

10
15
20
25
30

Absorption Coefft.

0-07381
0-06461
0-05709
0-05147
0-04706
0-04323
0-04004

Dog. Cent.

40
50
60
70
80
90

100

Absorption Coefft.

0-03507
0-03152
0-02954
0-02810
0-02700
0-02648
0-02628

Nitric oxide is also soluble in sulphuric acid, a fact which
is sometimes overlooked in the use of the Lunge nitrometer
for the estimation of nitric acid, nitrates, etc.

Lunge 3 states that 10 c.c. of 96 per cent, sulphuric acid
will dissolve 0-35 c.c. of nitric oxide a t 18° C. and 760 mm.
Lubarsch 4 gives the following figures of absorption by 100
volumes of sulphuric acid.

Monohydrate.
H2SO4 + 2-5H2O
H2SO4 + 6-5H2O
H2SO4 -f 9BUO .
H2SO4 + 17H2O .
Pure water

Per cent.
H.,SO4.

. 100

. 68-5

. 45-5

. 37-7

. 24-3

Vote. NO per 100 volw.
Sulphuric Acid.

3-5
1-7
2-0
2-7
4-5
•7-2

On the other hand, Tower5 finds tha t for sulphuric acid of
1 Adwentowski, Ghem. Soc. Abstr., 1910, ii, 199.
* Ber., 1901, 34, 1408.3 J. Soc. Chem. Ind., 1885, 4, 448.4 Oasanalytisches Methoden, 4th edn., p. 181.5 Zeitsch. anorg. Chem., 1906, 50, 382.
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concentration around 50-8 per cent. H2SO4, the solubility of
nitric oxide is almost constant at 0*0115 c.c. per c.c. of acid,
a t 18° 0. and 760 mm., while with 90 per cent. H2SO4 the
solubility is 0-193 c.c. per 10 c.c. sulphuric acid, which is
appreciably less than Lunge's figure. No definite solubility
could be found for 98 per cent. H2SO4) as the mercury slowly
dissolved in the acid.

The value for the solubility of nitric oxide in sulphuric
acid is important, as previously stated, from the point of
view of the nitrometer estimation. • According to the author's
experience the solubility given by Lunge is too high when
sulphuric acid containing 91-92 per cent. H2SO4 is used in
the nitrometer, the value due to Tower giving the more accurate
results.

Nitric oxide is also appreciably soluble in alcohol, the
absorption coefficient being 0-3161 at 0° C.1 I t is readily
absorbed by aqueous solutions of certain salts, forming unstable
addition compounds. Ferrous sulphate gives the compound
FeSOd*NO.2 Ferrous chloride forms FeCl2-NO3 while copper
salts give reactions and compounds of the type—

CuR2 + NO ^=± CuR3-N0.

Similar compounds have also been shown to exist with the
halides of iron, copper, bismuth, silicon, and boron,3 e.g.
BiCU-NO; Fe2Cl6-NO; 2Fe2Cl6-NO.

Manchot4 has also isolated a compound of the type
Fe(NO)HP0 4 .

I n all these reactions an equilibrium is ultimately estab-
lished of the type —

FeR2 + NO ; = ± FeR2-NO

and the nitric oxide is not completely absorbed, but always
has an appreciable vapour pressure in contact with the solu-
tion. In consequence, the absorption of nitric oxide by any
of the above solutions, as a means of estimating the volume
percentage of the gas in a gaseous mixture, gives inaccurate
results. This is not the case with the absorbent proposed by

1 Carius, Annalen, 1885, 94, 138.2 Manchot and Zechentmayer, Annalen, 1906, 350, 368.3 Besson, Compt. rend., 1889, 108, 1012.
* Ber.y 1914, 47, 1601.
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Divers,1 who showed tha t a slightly alkaline solution of sodium
sulphite, Na2SO3, absorbs nitric oxide quantitatively, with
the production of Na-N2O2SO3 or Na2SO3-2NO (sodium
hyponitrososulphonate).

One part of ferrous sulphate dissolved in two parts of water
will absorb three volumes of nitric oxide, while a saturated
solution of ferrous chloride (slightly acidified with HC1 to
prevent frothing) will absorb 22 volumes. Nitric oxide is
also absorbed by ortho-phosphoric acid 2 and by ortho-arsenic
acid, and a number of organic acids.

I t reacts with oxidizing agents, both solid and in solution.
Shaken with potassium bichromate solution, or acidified per-
manganate, nitric oxide is oxidized to nitric acid, which oxida-
tion is also effected by iodine solution and by hydrogen perox-
ide.3 The latter may hence be used in the estimation of the gas.

When passed over heated lead dioxide, manganese dioxide,
or sodium peroxide, nitric oxide forms a mixture of the corre-
sponding nitrite and nitrate. Alkaline pyrogallol reduces
nitric oxide to nitrous oxide, and this point must be borne
in mind when absorbing oxygen by this reagent, in the presence
of nitric oxide.4 Chlorine peroxide oxidizes nitric oxide to
nitrogen tetroxide, while hypochlorous acid yields nitric acid.

Nitric oxide is slowly decomposed by caustic potash forming
potassium nitrite and gaseous nitrogen and nitrous oxide.6

Emich 6 states that nitrous oxide is not produced in this
reaction.

Moser 7 states that nitric oxide cannot be preserved inde-
finitely over water, owing partly to the dissolved oxygen and
partly to the hydrions of the water. The following reactions
probably occur :—

4N0 -f 2HoO = 2HN0o + H 2 No0 2

H 2 N 2 6 2 = N 2 O + H 2 O
3H2N2O2 - 2 N 2 O 3 + 2 N H ,

NH 3 + HNO2 = [NH4NO2] = N 2 + 2H2O
1 Chem. Soc. Trans., 1899, 75, 82.2 Reinsch, J. pr. Chem., 1843, 28, 385.3 SchSnbein, J. pr. Chem., 1860, 265.4 Oppenheimer, Ber., 1903, 36, 1744.6 Russell and Lepraik, Chetn. Soc. Abstr., 1877, ii, 37.6 Monatsh., 1892, 13, 90.7 Zeitsch. anal. Chem., 1911, 50, 401.
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the q u a n t i t y of nitrogen increasing with the length of t ime
the g a s remains over water. Nitric oxide can, however, be
kept unchanged over mercury, even in the moist condition.

N i t r i c oxide is reduced by a number of reducing agents .
H y d r o g e n sulphide, sulphurous acid, alkali sulphides, and
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thesis that the oxidation of nitric oxide takes place in two
stages, nitrogen trioxide first being formed, which is then
further oxidized to nitrogen tetroxide.

(a) 2N0 + | O 2 ^ = ± N 2 O 3 .

(b) N 2O 3 + ! - O 2 ; = ± N2O4 .

Since nitrogen trioxide is almost immediately evident on
adding oxygen to nitric oxide, while nitrogen tetroxide does
not appear until an appreciable time has elapsed, Raschig
concluded from approximate measurements t h a t the reaction
velocities in (a) and (b) above were of the order 100 : 1. This
view of the mechanism of the reaction seems also to be sup-
ported by the work of Schmidt and Bocker 1 and by tha t of
Leblanc.2

On the other hand Lunge 3 contended that the primary pro-
duct of the oxidation is nitrogen tetroxide. and in a further
pape r 4 showed tha t the reaction between nitric oxide and
oxygen was of the third order. A somewhat lengthy con-
troversy ensued. Both Raschig and Lunge agreed t h a t a
mixture of nitric oxide and nitrogen tetroxide is absorbed
quantitatively by concentrated sulphuric acid as nitrogen
trioxide, with the formation of nitrosyl sulphuric acid. Wi th
a solution of caustic soda, the absorption of the mixture was
apparently only 90 per cent, theoretical, but Klinger 5 showed
tha t the presence of water was the disturbing factor, and
tha t by using solid potash as an absorbent, an equimolecnlar
mixture of nitric oxide and nitrogen tetroxide was quanti-
tatively absorbed as N2O3 .

2 K 0 H + N 2 O 3 = 2KNO2 + H 2 O

whereas if water were present the mixture first reacted with
the water thus :—

N 2O 3 + H 2 O = 2 H N O 2

and then part of the nitrous acid decomposed before neutrali-
zation.

3HNO2 = H N 0 3 + 2NO + H 2 O.
1 Ber., 1906, 39, 1368.2 Zeitsch. Mektrochem., 1906, 12, 541.3 Zeitsch. angew. Chem., 1906, 19, 807.4 Lunge and Berl, Zeitsch. angew. Chem,., 1907, 20, 1717.5 Zeitsch. angew. Chem., 1914, 27, 7.
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The possibility of existence of gaseous nitrogen trioxide
which was raised by this controversy wan considered by
Ramsay,1 who concluded tha t under ordinary conditions
nitrogen trioxide is almost completely dissociated into a
mixture of nitric oxide and nitrogen tetroxide. The work
was repeated, however, by Dixon and Peterkin,2 who showed
that nitrogen trioxide did actually exist in equilibrium with
nitric oxide and nitrogen tetroxide, according to the equation

+ N O 2 ,

but that the proportion of undissociated N2O3 present at 760
mm. was only of the order of 3 per cent. I t is probable,
therefore, tha t the existence of the equilibrium a t ordinary
temperatures offers an explanation of the facts observed by
both Raschig and Lunge. During the oxidation, any nitrogen
tetroxide formed would be continuously removed in the pres-
ence of an absorbent, with an equivalent of nitric oxide, as
N2O3 . Bodenstein3 has recently shown tha t the reaction
between nitric oxide and oxygen is strictly of the third order,
and furthermore that the velocity constant has a slight negative
temperature coefficient. This latter fact had previously been
observed by Foerster and Blich.4

I t is evident, therefore, tha t since nitrogen trioxide does
exist in equilibrium with nitric oxide and nitrogen tetroxide
at ordinary temperatures, the determinations of reaction
velocities carried out by both Lunge and Raschig cannot be
considered as giving correct information as to the order of
the reaction unless more than 50 per cent, of the nitric oxide
had been allowed to oxidize, and therefore Rasehig's assump-
tion that nitric oxide is oxidized rapidly to nitrogen trioxide,
and then slowly to the tetroxide, cannot be accepted as correct,
although Jolibois and Sanf ourche5 have recently put forward
further evidence in support of Raschig's view.

Since the reaction is strictly of the third order, and if we
assume t h a t the N2O4 produced by the oxidation is com-
pletely dissociated (an assumption which is reasonable on

1 Chem. Soc. Trans., 1890, 57, 590.
2 Chem. Soc. Trans., 1899, 75, 629.8 Chem. Zentr., 1918, ii., 333.
4 Zeitsch. angew. Chem., 1910, 22, 2017.
5 Compt. rend., 1919, 1681 235.
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account of the relatively low vapour pressure of the tetroxide
in the resulting mixture), we can represent the oxidation by
the equation

2NO + O 2 — :± 2NO2.

If the decrease in total volume during the reaction be
ignored, ^therefore, the reaction velocity is expressed by the
equation

where 2a = initial concentration of NO.
c = initial concentration of oxygen.
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A s a n example of the calculation of the v e l o c i t y conBtant

(K) f r o m these results, consider the second i n t e r v a l of time

f rom 1-76 sees, to 2-64 sees.
V o l u m e of air = 500 c.c. ( | th = oxygen).

V o l u m e of NO = 125 c.c.

T h e n t = 2-64 — 1-76 = 0-88 sees.

47-51
a =

c =

X =

2 x 473-75

53-75

473-75"

4-42

= 0-05016

0 1 1 3 4

= 0-00933
473-75

1 1 (6-32 X O'voo j ,

0-88 (0-06324)2 (5-016 X 4-0827 & \ 5 - O H >

- 47-83.

I0 -407 /

T a b l e 4 shows the values of K so c a l c u l a t e d , a n d a lso indi -
c a t e s t h e percentage decrease in vo lume w h i c l i h a s o c c u r r e d
for t h e p e r i o d for whicli K is ca lcula ted . T h e s e r e s u l t s a r e
e x p r e s s e d in the curve (Fig. 1), which e n a b l e s v a l u e s of K
t o b e o b t a i n e d b y extrapolat ion, when t h e v o l u m e c h a n g e in
g r e a t e r t h a n t h a t corresponding t o t h e v a l u e o f K whicl i in
b e i n g u s e d for calculation of any one t i m e of o x i d a t i o n .

TABLE 4

Time Interval
(Seconds).

0 to 1-76
1-76 „ 2-64
2-64 „ 3-90
3-90 „ 7-92
7-92 „ 13-78

13-78 „ 29-92

K.

49-97
47-83
47-73
48-98
30-98
39-38

Per cent . douroiUM
in Vol. of HyHtorn.

5-25
0-93
0-82
1-24
0-51
0-71

A s a n example of the method of c a l c u l a t i n g t h e t i m e of
o x i d a t i o n of a given mix tu re of ni t r ic o x i d e a n d a i r ? c o n s i d e r
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the time required to oxidize 90 per cent, of the nitric oxide
in a mixture containing 25 per cent, of tha t gas and 75 per

K

ou

40

50

SO

70

80

-

- ' • —

1 2 3 4 5 6 7 8 S 10 11
Percentage decrease in vo/ume, occur ing during
the interval for which H is calculated

F I G . 1.

c e n t , of a n e q u i m o l e c u l a r m i x t u r e of n i t r o g e n a n d o x y g e n .

NO - 25
7 60 -2 "T sTotal = 100.

When 90 per cent, of the NO has been oxidized

a = 0-0125

c = 0-375

0-25 x 0-09
x = 2 x 100

= 0-01125

.'. t =
257-6
"IT" by substitution of the above values in the equa-

tion.
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Tlie percentage decrease in volume in this change is 11 -25,
and K by extrapolation from the curve would be approx. 61 .

Hence
257-6

i = , sees.61

= 4-22 sees.

Taking K = 50 as a mean value, the times of oxidation

420

4 6 8 10 J2 14 16 18 20 22 24 26 28 30
Percentage, of NO in NO/A in Mixture,

FIG. 2.
Curve showing time required to bring various mixtures of NO +• Air to different, stages of oxida

tiou calculated from values given by Lunge and Berl, Zeitsc?i. ungew. ( hem., 1906, 10, 860
Times calculated from the equation

50 [e — a)'\a[a-x) ' h a[e~x\
2a = NO concentration (initial)
c = O2 „
x = change in concentration of oxygen in time t.

of various mixtures of nitric oxide and air have been calcu-
lated and the values so obtained expressed as curves (Fig. 2).

These results are sufficiently accurate to be used in practice,
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but in order to obtain more accurate results use can be made
of an expression for the reaction velocity due to Wegscheider 1

which takes account of the change in volume during the
reaction.

Originally it was assumed tha t the equation

2N0 + O 2 ~ = ± 2 N O 2 (1)

correctly represents the reaction. With far-reaching oxida-
tion of the nitric oxide, however, and consequently increasing
concentration of tetroxide, the change may be more accurately
represented as follows :—

2NO + O2 ^=± O5N 2 0 4 + 0-5(2NO2) . . . (2)

which assumes that only one-half of the N 2O 4 is dissociated.

According to Wegscheider, the expression

dp
dt

affords correct values for the reaction constant of equation
(1) above when 6 = 1 , and of equation (2) when b = 1 - 5 ;

where M,. = Initial volume (or number of gram-mols.) of
nitric oxide.

M2 = Initial volume (or number of gram-mols.) of
oxygen.

pc = Volume of oxygen changed in time t in 100
volumes of mixture.

V = Total initial volume of gas at temperature T
and pressure P, these two latter being con-
stant under the conditions of the experiment.

On integration, the following expression for K is obtained

_ 1 I- (2a - bcf _ 1 f _ 4(a - b?\. _
K ~ T L 4 ( 2 - c ) ( c - 2 x ) 4 1 (c"-2)«J 1 O g e ( C }

{a-b)\ . , ( 2 a - 6 c ) 2

where a = —- ; c = —* and x = J^. (i.e. fraction of initial
M2 M2 M2

volume of oxygen which is used up in time t).
1 Zeitsch. physikal. Chem., 1900, 35, 577.
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The reaction constants can now be calculated, using Lunge's
experimental values, and assuming half dissociation and com-
plete dissociation of the N2O4. (See Table 5.)

TABLE 5

Keaction
Time.

t Seconds.

1-76
2-64
3-96
7-92

13-78
29-92

Fraction of total
Oxygen used up in

Time t.
= X.

0-3280
0-3833
0-4315
0-5035
0-5330
0-5736

Complete
Dissociation.

Klt

11-63
11-71
11-56
11-91
10-11
9-92

Half
Dissociation.

K2.

11-22
11-20
10-96
11-12
9*37
9-07

Fig. 3 shows the times of oxidation of various mixtures of
nitric oxide and air, and Fig. 4 of mixtures of nitric oxide with
equal volumes of nitrogen and oxygen calculated from the
corrected expression.

The curves indicate several interesting points.
(a) In the case of mixtures of nitric oxide and air the most

rapid oxidation occurs when the percentage of nitric oxide
in the mixture is between 17-20 per cent.

(b) In the case of the enriched air mixtures, the minimum
time of oxidation is shown with gaseous mixtures containing
30-35 per cent, of nitric oxide although these minimum values
depend in each case upon the degree to which the oxidation
is carried, e.g. 80 per cent, of the nitric oxide in a 20 per
cent, mixture of nitric oxide and air requires a shorter time
to oxidize than 80 per cent, of the nitric oxide in a 17-5 per
cent, mixture, but 95 per cent, of a 17-5 per cent, mixture
requires less time to oxidize than 95 per cent, of a 20 per cent,
mixture.

The composition of the mixture which has the minimum
time of oxidation can, of course, be calculated from the equa-
tion previously given by differentiation and equation to
zero.

The work of Bodenstein x on the variation of the velocity
1 Zeitsch. Elektrochem., 1918, 24, 183.
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constant with temperature has also been adapted to enlarge
the application of the curves to all temperatures between
0°-90° C , the curves previously given being true for tempera-
tures at or near 30° C.

Bodenstein worked at pressures much lower than atmo-

4Z0
400

2 4 6 8 10 12 14 16 18. 20 22 24 26 28 30
Percentage of NO, Air Mixture

FIG. 3.
Curves showing time (seconds) required to bring various mixtures of NO and Air to different

stages of oxidation, calculated on the assumption that the nitrogen tetroxide is half dis-
sociated and therefore that

2NO + 02 -^ 0-5N"2O4 + 0-5(2NO2).
See Lunge and Berl, Zeitsch. cmf/ew. Ckein., 1907, 20, 1717.

spheric, and hence the concentration of N2O4 molecules in
the equilibrium

was very small, and could be taken into account by applying
a small correction, especially since the above equilibrium is
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attained very rapidly.1 The volume of the gas mixture during
the reaction was kept constant, and the progress of the reaction
followed by noting the change in pressure.

35 40

« S °\uY10 °^id€ H * fixture of E^ual Volumes of Nitrogen and Oxygen. Curvesshowing the times (seoonds) of oxidation of various percentages of the nitric oxide in differentmixtures of that gas with a mixture of equal volumes of nitrogen and oxygen.Times are calculated on the assumption that
represents the reaction.

See Lunge and Berl, loc. tit.

tO t5 20 25 30
Initial Percentage of NO.

FIG. 4.

0-5(2NOo)

The concentrations of the gases in Bodenstein's paper were
expressed in terms of

Partial pressure
Total corrected pressure

In order, therefore, to compare the constants obtained at
1 Argo, J. Phys.. Chem.t 1914, 18, 438.
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various temperatures by Bodenstein with those of Lunge and
Berl, the concentrations in the latter experiments have been
converted into pressure units in millimetres of mercury, and
since also the time is expressed in minutes in the former's
calculations, and in seconds in the latter's calculations, it
can be shown tha t the constants due to Bodenstein can be
expressed in the same units as the constant used in drawing
up the curves (Pigs. 2-4) by multiplying by the factor

1 = 7-29 x 105

(0-0001512)2 x 60
e.g. consider the curve (Fig. 5) showing the variation of
the velocity constant with temperature due to Bodenstein.
The value of the constant read from the curve at 20° C. is

100

\2O

\

3 4 5 6 7 8
Velocity Constant (K)

FIG. 5.—Variation of Velocity Constant (K) with Temperature.
Bodenstein, ZeUsch. EleMrochem., 1918, 34, 183.

0-57 x 10~5. To convert this into the units employed in
Figs. 23 3, and 4 we have

K = 6-57 x 10~5 x 7-29 x 105 = 47-91

which agrees with the constant calculated from Lunge and
BerFs results for the same temperature (20° C ) .

In order to determine the time of oxidation of any given
mixture of nitric oxide and oxygen, therefore, at temperatures
between 0°™90° C , it is only necessary to read off from the
curve (Fig. 5) the appropriate constant for that temperature,
convert i t into the same units as those used in calculating
the time shown in the curves (Fig. 2), and use this constant
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for calculating the time of oxidation. Tor example, the time
of oxidation a t 0° C. of 98 per cent, of a 10 per cent, mixture
of nitric oxide with air is required. The constant used for
20° C. was 50, and the time required at this temperature from
the curve (Kg. 2) is 146-6 sees.

From the curre (Fig. 5) the velocity constant at 0°C.
= 8-9 X 10~5

or in the original units = 8-9 x 10"5 X 7-29 X 105

= 64-9.

Therefore the t ime required a t 0° C. to allow t h e requ i red

amount of oxidation is

1^1 x 50 = 113 sees.
64-9

The tables can thus be extended to include most gaseous
temperatures liable to occur in industry, and while containing
errors of a few per cent, on the longer times of oxidation, the
values are on the whole approximately correct.

k more recent set of calculations on the time of oxidation
of nitric oxide is due to Todd,1 who has calculated values for
the oxidation considering it as (a) a constant volume reaction
and (b) a constant pressure reaction. The values obtained
by him are similar to those given in the curves already shown,
and for details of his method the reader is referred to his
original paper.

TRIOXEDI, N"2O3 (Nitrous anhydride)

When nitric oxide and nitrogen tetroxide are mixed, or
when the necessary theoretical proportion of oxygen is added
to nitric oxide, a gas is obtained which "behaves as if it had
the composition denoted by the formula N2Oa . I t can be
condensed to a deep "blue liquid, and finally a solid of the
same composition.

It behaves chemically in all three phases as if its composition
wereN203, e.g. i t is completely absorbed by solid caustic potash
with the formation of potassium nitrite. I t is absorbed rapidly
by sulphuric acid with the formation of nitrosyl sulphuric
acid.2

1 Phil. Map., 1918, 35, 281.
2 long© and B©rl, Z&ttch, &ngew. Chen*., 1907, 20, 1717.
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I n its physical properties, however, nitrogen trioxide behaves
as if it were an equimolecular mixture of nitric oxide and
nitrogen tetroxide.

Preparat ion. 1. Nitrogen trioxide may readily be pre-
pared by the reduction of nitric acid with arsenious oxide,
starch, cane sugar, and a number of similar substances. By
using ordinary concentrated nitric acid of sp. gr. =1*5, a
very large proportion of nitrogen tetroxide is simultaneously
evolved. According to Lunge,1 practically pure nitrogen
trioxide is obtained by the action of arsenious acid on nitric
acid of sp. gr. = 1-35, but for most experimental purposes
the trioxide prepared in this way will be found to contain
too large a proportion of nitrogen tetroxide as impurity.
Ramsay and Cundall2 recommend the use of a nitric acid
of sp. gr. = 1-5. The fundamental reaction taking place is
then as follows 3 :—

As4O6 + 4 H N 0 3 = 4HAsO3 + 2N2O3.

The arsenious oxide and nitric acid, in the proportions required
by the above equation, are carefully heated on a water-bath
in a large retort or flask until the reaction begins, when the
source of heat is immediately removed. As the reaction is
liable to become violent, a dish of cold water should be at
hand to moderate the reaction in its initial stages. The gas
is dried by passing it over fused calcium nitrate, and then
over phosphorus pentoxide to remove nitric acid vapour, and
is finally cooled in U tubes surrounded by an ice-salt freezing
mixture. A blue or bluish-green liquid is thus obtained, the
blue-green colour invariably predominating if nitrogen tetrox-
ide is present in quantity. The liquid is then distilled in a
current of nitric oxide, and the vapours passed over anhydrous
calcium ni t rate or phosphorus pentoxide and reliquefied.

I n this way a deep blue, mobile liquid is obtained, of the
composition corresponding to the formula N2O3 . I t is very
difficult to remove the last trace of tetroxide from the trioxide.

2. Nitrogen trioxide may also be prepared by adding to
nitric oxide the theoretical quantity of oxygen to form N2O3 .

4NO + O 2 ^ = ± 2 N 2 O 3 .

* Ben, 1878, 11, 1229. 2 Ghem. Soc. Trans., 1885,. 47, 187.3 B^msay, ibid, 1890, 58, 590.
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The trioxide is then liquefied by Immersing the tube con-
taining the gases in a freezing mixture.

At temperatures below - 100° C\, the final product of
oxidation of a mixture of nitric oxide and oxygen in any pro-
portion is nitrogen trioxide.1

3. Nitrogen trioxide is also formed when a spark discharge
is allowed to pass through liquid air . 2

The trioxide first appears as a flocculent green precipitate
in the liquid air, and after evaporation of the latter a light
blue amorphous powder is obtained, which assumes & per-
manent blue colour on melting and resolidifieation. Helbig
states that with a potential difference of 1,000 volts the yield
was approximately 0-5 gin. trioxide per 100 c.c. liquid air.

4. When mineral acids act upon a ni t r i te , nitrogen trioxide
is produced, owing to the production and decomposition of
nitrous acid, which is very unstable, a n d which in concentrated
solution decomposes into nitrogen tr ioxide.

5. Nitrogen trioxide is obtained b y t reatment of nitrosyl
sulphuric acid (chamber crystals) wi th water.

S O s < O N O + H a ° ~* S 0 2 < O H •*" P ^ 0 ' I *

The nitrous acid then splits up as in. method (4).
6. Nitrogen • trioxide may also be obtained "by t rea t ing

nitrogen tetroxide with a small quantity of water,

N 2 O 4 + H ,0 ^=± H N 0 3 -f fiNO2,

the nitrous acid splitting up as before.
7. Nitrogen trioxide is quantitatively produced by reduc-

tion of nitrogen tetroxide with, nitric oxide.3

The reaction is bes t carried out by saturat ing liquid nitrogen
tetroxide with gaseous nitric oxide a n d on subsequent cooling

1 Franeeseoiii and Seiaeea, CktxzeUa, 1904, 34, 1447.
* Helbig, AUi ,R Acemd. Lincei, 1903, [V.], 12, i. 166; Muller, Zeitsch

mnung* Ohem., 1912, 72, ZW; Riusefiig, ibid, 1913, 84, 115.3 F l̂igot, Arm, €him. Phps.91841, [iii.], 2, 58 ; Porschnew, Zeitsch. anorq.
kmrn*, 1894, 7,, 214,
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dark blue crystals of the trioxide separate. Wittorf1 has
shown that no other compound is formed in the reaction and
that the eutectic mixture contains 63-6 per cent. ]STO2 and
36-4 per cent. NO and melts a t - 112°.

Proper t i es . Liquid nitrogen trioxide has no very definite
boiling-point, the approximate temperature being — 2° C.
I t solidifies at — 1110 2 ; — 103°.3 The sp. gr. of the liquid
a t 0° C. is 1-449.4 When quite dry it does not to i l until 43° 0.5

At ordinary temperatures nitrogen trioxide has a vapour
density which is in accord with the possibility that the gas
consists of an equirnolecular mixture of NO and NO2.6 Ram-
say showed tha t practically no change in volume occurred
on adding nitric oxide to nitrogen tetroxide in equivalent
quantity, but Dixon and Peterkin7 pointed out that the
volume should, in fact, have increased, owing to the dissociation
of the N2O4 molecules on dilution, and were able to show,
therefore, tha t approximately 3 per cent, of undissociated
]Sr2O3 molecules were present.

Baker 8 adduced further evidence in support of the existence
of gaseous N2O3 , by showing that when quite dry the vapour
density of the gas was in accord with the formula N2O3 .

There has been a lengthy controversy as to whether nitrogen
trioxide is the first product of oxidation of nitric oxide by
oxygen (see under nitric oxide), but it is now generally accepted
tha t nitrogen tetroxide is the primary product, and that the
nitrogen trioxide is produced as a result of the secondary
equilibrium set u p between the nitrogen tetroxide and unoxi-
dized nitric oxide. 'Several observers, in particular Joerster
and Blich,9 have shown that the trioxide is more rapidly
absorbed by alkalies and by concentrated sulphuric acid than
is the tetroxide, "but on the other hand is more slowly absorbed
b y water. Liquid nitrogen trioxide at — 22° C.} for example,
is immediately absorbed by caustic soda solution, whereas
liquid nitrogen tetroxide is only attacked very slowly.

1 J. Russ. Fhys. Chem. Soc, 1904, 36, 857.
2 Helbig. 3 Wittorf.
4 Geuther, Annalen, 245, 97.
5 Baker, Chem. Soc. Trans., 1912, 101, 2339.
B Ramsay and Cundall, Chem,. Soc. Trans., 1890, 57, 590.
7 Chem. Soc. Trans., 1899, 75, 614.
8 Chem. Soc. Trans., 1907, 91, 1862.
9 Zeitsdi. angew. Chem., 1910, 22, 2017.
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On absorption in concentrated sulphuric acid, nitrogen
trioxide yields nitrosyl sulphuric acid.

N 2 O 3 ^ ± 2S

A similar compound with perchloric acid also exists and
is obtained by passing the trioxide into concentrated perchloric
acid.1 The latter substance is obtained as light yellow leaflets
and has the composition 3STO-OC1O3*H2O.

Absorption of nitrogen triojdde by alkalies gives exclusively
a nitrite, provided t h a t no moisture is present.2

2NaOH -f N S O 3 = 2NaNO2 -f H 2 0 .
If water is present some formation of nitrate takes place

owing to the decomposition of part of the nitrons acid pro-
duced at the moment of solution. A somewhat similar reac-
tion takes place wi th water. At 0° C, and in the presence
of a large excess of water , nitrogen trioxide dissolves without
the evolution of a n y oxides of nitrogen, but in concentrated
solution nitric oxide is evolved, and a bluish-green liquid
containing nitrous and nitric acids is obtained.3

According to Lunge 4 nitrogen trioxide is reduced by sulphur
dioxide in the absence of air or oxygen, even in the cold, with
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oxidation of gaseous ammonia, being formed in each case by
the oxidation of the nitric oxide primarily produced.

(1) N2 + O 2
(2) 4NH3 + 5O2 = 4NO +- 6H2O.

I t is also a by-product in most nitration processes where
" mixed acids " are used, e.g. in the dyestuff industry, in the
production of nitro-explosives, in the manufacture of artificial
silk and in processes for the denitration of waste acids.

Prepara t ion . 1. Nitrogen tetroxide can be prepared, as
already stated (see nitric oxide), by the oxidation of nitric oxide
by air or oxygen.

If a mixture of nitric oxide and oxygen in the proportion
of 2 : 1 by Tolume is dried and well mixed by passing through
a tube filled with broken glass or porcelain, and then passed
into a U tube immersed in a freezing mixture at — 20° C ,
a colourless crystalline mass of the tetroxide is obtained.1

The reaction between nitric oxide and oxygen takes an
appreciable time for completion, otherwise the method is
convenient for preparing small quantities of the liquid or
solid material.

2. Nitrogen tetroxide is also produced when nitrates of
many of the heavy metals are heated, e.g.

2Pb(NO3)2 = 2PbO +• 4NO2 + 0 , .

The nitrates of the alkali metals do not behave in this way
unless electrolysed in the fused condition.

This method of preparation is of little use where any quantity
of the tetroxide is required, since relatively large quantities
of lead nitrate are needed, and, in addition, the oxygen simul-
taneously evolved, by diluting the tetroxide, renders con-
densation veiy difficult, and a poor yield is obtained.

3. A very good, method of preparation is tha t described
by Cundall.2 The method is based upon the fact that arsenious
oxide is oxidized by concentrated nitric acid, to arsenic pen-
toxide, probably according to the fundamental equation 3

As4O6 + 4HN0 3 - 4HAs03 + 2N 2 0 3 .
1 Dulong, Ann. Chim. Phys., 1816, [ii.], 2, 817.2 Chem. £oc. Trans., 1891, 59, 1076.3 Earnsay, Chem. Soc. Trans., 1890, 58, 590.
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5 . T h e t e t r o x i d e m a y a l s o b e p r e p a r e d b y t h e f r a c t i o n a l

d i s t i l l a t i o n o f f u m i n g n i t r i c a c i d . T h e p r o d u c t c o n t a i n s s m a l l

q u a n t i t i e s o f t h e t r i o x i d e a n d o f n i t r i c a c i d , b u t t h e m e t h o d

i s a u s e f u l o n e w h e n f u m i n g n i t r i c a c i d i s a v a i l a b l e i n q u a n t i t y .

6 . A m e t h o d o f p r e p a r a t i o n d u e t o W i n a n s l c o n s i s t s i n

t r e a t i n g w i t h f u m i n g s u l p h u r i c a c i d a h o m o g e n e o u s m i x t u r e

of s o d i u m n i t r a t e a n d n i t r i t e . T h e h o m o g e n e o u s m i x t u r e o f

t h e t w o s a l t s i s m a d e e i t h e r b y f u s i n g t h e m t o g e t h e r , o r a l t e r -

n a t i v e l y b y p o u r i n g a m o l t e n m i x t u r e o f t h e s a l t s i n t o c a r t o n

t e t r a c h l o r i d e . S u f f i c i e n t s o d i u m b i s u l p h a t e ( f r o m a p r e v i o u s

p r e p a r a t i o n ) i s a d d e d t o f i x t h e f r e e s u l p h u r t r i o x i d e p r e s e n t .

N a N O 3 4 - N a M T O , + H 2 S 2 O 7 - 2 N a H S O 4 + ? ^ 0 2

2 N a H S O 4 + • S 0 3 - = 3 S T a a S , O ? +- H 2 S O 4

I n s p i t e o f i t s a p p a r e n t s i m p l i c i t y t h e m e t h o d g i v e s a p o o r

y i e l d .

7 . N i t r o g e n , t e t r o x i d e i s a l s o e v o l v e d w h e n C h a m b e r c r y s t a l s

( n i t r o s y l s u l p h u r i c a c i d ) a i e w a r m e d w i t h p o t a s s i u m n i t r a t e .

OT-T
S ° 2 < O N O + K N 0 * = K H S O 4 + N 2 0 4 .

8 . T h e t e t r o x i d e i s a l s o o b t a i n e d b y t r e a t m e n t o f a n i t r i t e ,

o r n i t r o u s a c i d , w i t h n i t r i c a c i d 2 —

H N O 3 + B - N 0 2 = E - O H + N 2 O3 + B - N 0 2 = E-OH + N 2 O 4 ;
by the electrolysis of fused alkali n i t r i tes ; and by treatment
of silver n i t r i te wi th iodine—

2AgNO 2 + I 2 = 2AgI + !N8O4.

I t is also s t a t ed t h a t a good yield of the tetroxide may be
obtained by passing a mixture of air and steam through a
thin-walled porcelain tube at 1,600°, the rate of diffusion of
the hydrogen produced being accelerated by raising the
pressure inside the tube and lowering the pressure outside
the tube.3

P r o p e r t i e s , Liquid nitrogen tetroxide at 15° C. is a light
orange-coloured liquid, which solidifies to colourless crystals
a t ~~ 10-l°C. and boils at 22° C.4

The general physical constants of the liquid are as follows :—
1 D.R.P. 193,696, 1908.2 Girard, Bull. Soc. Ckim.., 1878, [ii.], 30, 531.3 D.R.P. 182,297, 1908.4 Ohio, Ghnn. Sor. AbMr., 1915, 108, ii., 5f>f).
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