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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).

D
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= 1-4770.
= 1-4740.
= 1-4396.

Specific gravity x:—
- 5° C. = 1-5035.
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F I G . 6 . — T h e r m a l D i s s o c i a t i o n of N 2 O 4 a n d N O 2 .
Richardson, Chem. Soc. Tram., 1887, 51, 402.

1 G e u t h e r , Annalen, 1888, 2 4 5 , 96.
2 R a m s a y , Zeitsch. physikal. Chem., 1890, 5 , 221 .
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Heated above its boiling-point the liquid tetroxide rapidly
vaporizes to an orange-brown gas of peculiar odour. At
higher temperature the colour deepens, again becoming lighter,
and at still higher temperatures becoming finally colourless.
The colour changes are probably due to the dissociation of
the N2O4 molecule. The tetroxide is capable of existence
as pure NO2 only between very narrow limits of temperature.
At air temperatures N2O4 is the preponderating molecule,
while at 64° C. one half of the N 2 O 4 molecules have been dis-
sociated into the simpler N O 2 molecules. Above 150° C.
decomposition into nitric oxide and oxygen commences ; at
184° 0- 5 per cent, is dissociated; a t 494° C. 56-5 per cent.,
and the reaction is complete a t 620° C.1

The results of Richardson's work are shown graphically in
Fig. 6.

The results show that about 15 per cent, of the N 2 O 4 mole-
cules are dissociated at ordinary temperatures.

Schreber2 gives the following values of the dissociation
constants of the reaction

N 2 O 4 ^ = ± 2NO2.

K = •
NO 2

TABLE 6

Temp. ° C.

0-0

18-3

49-9

73*6

99-8

K.

8-060

3-710

1-116

0-544

0-273

1 Richardson, Chem. Soc. Trans., 1887, 51, 397. For other references
to the dissociation of nitrogen tetroxide, see Playfair and Wanklyn, ibid.,
1862, 15,156; Deville and Troost, Compt. rend., 64,237 ; Naumann, Ber.,
1878, 11, 2045; Natanson, Ann. Phys. Chem., 1886, 27, 606.

2 Zeitsch, physikal Chem., 1897, 24, 651.
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FIG. 7.—Dissociation Constants of Nitrogen Tetroxide.

Schreber, Zeitsch. jthyftikal. CJiern., 1897, 24, 651.7—^~(NO2)

H e a t of fo rmat ion ( T h o m s e n ) : —

2N + 4 0 = N 2 O 4 - 3,900 (cal.)

9 % NO

, 9 1 % N 2 O 4 /

H e a t of dissociat ion :—

N 2 O 4 ; = ± 2 N O 2 - 13,000 cal . (approx . ) .

Calculated h e a t of format ion of undissociated

N X ) 4 ~ - 2,050 cals.

N O 2 -•- - 8,125 cals .

Ni t rogen t e t r o x i d e is decomposed by freely burn ing carbon,
sulphur , a n d phospho rus , and is also reduced b y su lphure t t ed
hydrogen, wi th t h e p roduc t ion of ni t r ic oxide.

B o t h po ta s s ium a n d sodium decompose t h e gas a t o rd ina ry
t empera tu re s , while m a n y meta ls a n d lower oxides are oxidized
by hea t ing in t h e gas a t t empera tu res u p to 500° C.

F ine ly d iv ided copper absorbs bo th gaseous a n d liquid
ni t rogen t e t r o x i d e a t o rd ina ry t empera tu re , forming a maroon-
coloured add i t i ve c o m p o u n d of t h e cons t i tu t ion Cu 2 NO 2 .
This subs tance r eac t s violent ly with wate r , giving p u r e ni tr ic
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oxide and a solution containing cupric and cuprous nitrates
and metallic copper. Similar compounds (nitro-metals) are
obtained with cobalt and nickel.1

Many oxides and also metals give nitrates and nitrites on
prolonged contact with the tetroxide. If the temperature of
absorption is sufficiently high only nitrates are formed.

Schloesing 2 states that calcium nitrate is exclusively pro-
duced by the absorption of nitrogen tetroxide in lime a t 300°—
400° C. Barium oxide differs from most metallic oxides in
giving a mixture of nitrite and nitrate at 200° C.3 Many
metallic salts, both in the solid state and in solution, form
nitrates in contact with nitrogen tetroxide, e.g. the phos-
phates of magnesium, aluminium, and iron. Similar results
are also obtained with silicates, borates, molybdates, tung-
states, etc.

Nitrogen tetroxide exhibits a similar behaviour to nitric
oxide in forming additive compounds with many metallic
salts, for example, compounds such as 4 :—

BiCl3-NO2; SnCl4-NOa; PeCl3-NO2; 4FeCL-NO2 ;
4PeBr2-NO2, etc.

Nitrogen tetroxide dissolves readily in. water with the
formation of a mixture of nitric and nitrous acids.

N 2O 4 + H2O ; = ± H N 0 3 + H N 0 2 .

The reaction can, perhaps, be most clearly represented in
the following way.

O2N OH 0 . N - 0 H
- - I - + - - . ' - - ^ +
O2N H ON - OH

The nitrous acid subsequently decomposes in one of two
ways. If the amount of water is relatively small, the reaction
takes place approximately according to the equation

2 H N O 2 - : ± N 2 O 3 + H 2 O .

If an excess of water be present, however, the reaction is
more nearly represented by the equation

3HNO2 ~ i ± H N 0 3 + 2NO + H 2 O.
1 Sabatier and Senderens, Compt. rend., 1892, 115, 236.2 Eng. Pat. 22,119, 1913. 3 Dulong, Annalen, 18(52, 122, 18.
* Thomas, Ann. Chim. Phys., 1898, [vii.], 13, 145,
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This latter equilibrium has been investigated by Saposchni-
kofl and others l (vide nitrous acid).

It is not possible to produce pure nitric acid by shaking
nitrogen tetroxide with water—after a certain concentration
of nitric acid is reached, the tetroxide merely dissolves, giving
yellow-coloured solutions, or in the absence of air bluish-green
solutions. The yellow solution obtained also contains, under
favourable conditions, a small quantity (about 0-2 per cent.)
of nitrous acid. The dissolved tetroxide increases the specific
gravity of the nitric acid so produced.

When nitrogen tetroxide is led into water, nitric acids
containing (JO-05 per cent. HNO:$ can readily be obtained.2

It was shown by Koerster and Koch 3 tha t nitric acid con-
taining 08-4 per cent. HNO., can be realized experimentally
under these conditions, and is the maximum concentration
obtainable in this way.

When liquid nitrogen tetroxide is added to a small quantity
of water a separation into two layers occurs. The upper
layer consists of nitric acid containing dissolved nitrogen
tetroxide, while the lower bluish-green layer consists mainly
of nitrogen trioxide

2N8O« + H2O : ; : : ^ N 2 O 3 + 2 H N 0 , .

If, however, oxygen is bubbled through the mixture, the
latter assumes an orange-yellow colour and the tipper layer
is found to contain nitric acid of 95-99 per cent. HNOa—
while the lower layer contains nitrogen tetroxide with 5-10
per cent. HNO, . 4

Nitrogen tetroxide is absorbed readily by concentrated
Kulphurio a d d , with the formation of nitrosyl sulphuric acid
(Chamber crystals).

OH
N , O 4 ~|- K ( ) < ( ) ^ 7 - ^ S 0 < l

0 J j : 0 + H N 0

It has been shown by Lunge and Weintraub 5 that this
reaction in reversible, a rise in temperature causing the reaction

1 Chnn. Zrntr., 1900, |n.'), 708; 1901, [ii/|, 330.
« Lungft and Jtorl, (Jhem. Zeit., 1904, 28, 1243.
* Ztdtnch, angnih Ohem., 1908, 21, ii., 2161, 2209.
* Kng. Pat. :U9, 1911 ; Enff. Pat. 1,180,061, 1916.
* foitwh. wiyw. Ohem., 1899, 12, 417,
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to move from right to left. I t is also evident, since nitrosyl
sulphuric acid is decomposed by water, tha t the rate of absorp-
tion of the tetroxide by sulphuric acid will decrease, with
decreasing concentration of sulphuric acid, and furthermore
the nitric acid retained in the solution will reach a minimum
value, which will be at a concentration of sulphuric acid in
which there is sufficient free water to decompose nitrosyl
sulphuric acid in the cold. This occurs with approximately
65 per cent. H2SO4 . Caustic alkalies absorb nitrogen tetrox-
ide quite readily, but not so rapidly as the trioxide. I t should
be borne in mind that the absorption of nitrogen tetroxide
by aqueous alkalies consists firstly in the solution of the gas
in the water present, and then in the neutralization of the
nitric and nitrous acids, so produced, by the caustic soda or
potash.

Since nitrous acid very quickly decomposes into nitric acid
and nitric oxide, it is almost impossible to obtain the theo-
retical ratio of nitrate /nitrite by absorption in such aqueous
solutions, and consequently the method of determining the
amount of nitrogen tetroxide present in a mixture with nitrogen
trioxide, by absorption in aqueous alkali, and determination
of the ratio of nitrate to nitrite, gives inaccurate results.
I t should also be pointed out that since solution and decom-
position of the nitrogen tetroxide must take place before
neutralization of the resulting acids can be effected, it is
useless to employ too concentrated solutions of caustic soda
or caustic potash for this purpose. I t can be shown that the
rate of absorption of the gas in caustic soda solution increases
with the concentration of caustic soda, reaching a maximum
with solutions about 1-5N. With a 4N solution the rate of
absorption is only equivalent to that of pure water, and higher
concentrations are even less effective.

By absorption in such solutions an aqueous solution con-
taining a nitrate and nitrite is obtained. For many com-
mercial purposes, either salt in a state of purity is more valuable
than a mixture of the two. If the passage of nitrogen tetroxide
into such an absorbing solution is continued after the free
alkali is neutralized, a secondary action sets in between the
nitric acid produced by the tetroxide and water, and the
nitrite already present, resulting in the formation of an equiva-
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lent quantity of nitrate and the evolution of nitric oxide

NaNO2 + H N 0 3 = NaNO3 + [HNOJ

I t is thus possible to produce a commercially pure nitrate by
leading nitrogen tetroxide into an aqueous solution of an
alkaline hydroxide, and this reaction is utilized commercially.
Aqueous solutions of sodium and potassium carbonates also
absorb nitrogen tetroxide, again with the production of nitrate
and nitrite, and the liberation of carbon dioxide. The rate
of absorption, however, is less than with caustic soda or caustic
potash.

Nitrogen tetroxide is not acted upon by gaseous oxygen,
but is oxidized by ozone to nitrogen pentoxide, N2O5. With
sulphur dioxide and sulphur trioxide, nitrogen tetroxide gives
a series of compounds, the constitution of which is uncertain.

Michaelis1 states that the compound O(SO2 — 0N0)2 ,
which can be regarded as the anhydride of nitrosyl sulphuric
acid, is the main product obtained by the action of sulphur
dioxide on liquid nitrogen tetroxide.2

NITBOGEN PENTOXIDJB, N2()5 (Nitric anhydride).

Prepa ra t ion . 1. Nitrogen pentoxide was discovered by
Deville3 in examining the action of dry chlorine on silver
nitrate. The reaction is not evident until the nitrate has
been warmed to 90o-~9f>° C., by surrounding the U-tube con-
taining the silver nitrate with hot water. Once the reaction
has started the temperature of the water jacket can be lowered
to 50°-60° 0.

4AgNO8 + 201 a - 4AgCl +• 2N2O5 -f 0 2 .
2. A more convenient method of preparation, due to Meyer,1

in by dehydration of pure nitric acid with phosphorus pentoxide.
The nitric acid is first distilled two or three times with con-
centrated sulphuric acid; any dissolved oxides of nitrogen
are removed by bubbling a nlow stream of oxygen through
the liquid. Phosphorus pentoxide is then added gradually

* Ber., 1874, 7, 1075.
2 See also Hanenbach, J. pr. Cfiem., 1871, ii., 4, 4 ; Fried burg, Ohem,

News, 1883, 47, 52.3 Ann. Chim. Fhys.y 1849, \\xu\ 28, 241.
* Ber., 1889, 22, 23.



NITROGEN PENTOXIDE 41

in calculated quantity and with constant cooling of the mix-
ture. The syrupy liquid produced is poured into a dry retort,
and distilled into a receiver surrounded by a freezing mixture.
(A carbon filament lamp is a very useful form of heating
apparatus.) An oily distillate, orange-red in colour, is
obtained, which separates into two layers on standing. The
upper layer is separated, and cooled to 0° C , when colourless
needle-shaped crystals are deposited. These crystals are
drained, melted, recrystallized, and again drained from the
mother liquor.

Since the pentoxide reacts vigorously with most organic
substances such as cork and caoutchouc, all apparatus must
preferably be constructed to avoid the use of these substances
either by fusing, or the use of ground-glass joints, or alter-
natively by the use of a sleeve joint constructed of tubes of
different diameters, plugged with asbestos string soaked in
paraffin wax. These joints are very useful in experimental
work with nitrous gases, and can be made quite gastight with
a little practice.

2 H N 0 3 - H 2 O = N 2 O 5 .

3. Nitrogen pentoxide may also be obtained by the action
of ozone on nitrogen trioxide, or on nitrogen tetroxide either
in the liquid or gaseous condition.1

The ozone does not act catalytically in this method of
preparation, only one-third of the ozone molecule having any
oxidizing effect.

4. Oxidation of nitrogen to nitrogen pentoxide also takes
place in the silent discharge, in the presence of ozone, which
may be produced by the discharge, or also admixed separately
with the nitrogen-oxygen mixture before submitting to the
discharge.2 A silent discharge may act on nitrogen-oxygen
mixtures in. two ways :—

(a) Producing a mixture of ozone and nitrogen oxides.
(6) Producing only nitrogen oxides. Mixtures of ozone and

nitrogen oxides are produced when the gas is drawn com-

1 Helbig, Atti E. Accad. Lincei, 1903, 12, p.], 211 ; Zeitsch. Elektrocliem.,
1906, 12, 550.

2 Buss and Ehrlich, Zeitech. Elektrochem., 1914, 20, 45; D.R.P. 266,345,
1912.
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parafcively quickly through the discharge tube, in which case

the volume ratio N ' ° 5 = 0-019.

To avoid the production of ozone, the gas mixture is first
exposed to a spark discharge, i.e. it is charged with oxides
of nitrogen and then led in a slow stream through the silent
discharge tube. If the nitrogen-oxygen mixture is exposed
to the silent discharge until all the accompanying ozone is
used up, far-reaching oxidation to nitrogen pentoxide occurs.
Russ and Ehrlich found that air to which no oxygen had been
added gave 90-100 mg. of nitrogen pentoxide per litre under
such treatment, while a mixture containing equal volumes of
oxygen and nitrogen yielded, under similar conditions, about
250 mg. of nitrogen pentoxide. In an actual experiment,
using a Siemens' tube with a distance of 4 mm. between the
electrodes, and a discharge space of 140 c.c , a concentration
of 200 mg. of the pentoxide per litre was obtained, with a
50-periodicity A.C. current at 15,000 volts. The gas-mixture
contained equal volumes of oxygen and nitrogen and was led
through the tube at the rate of 4 c.c. per minute.

5. Nitrogen pentoxide may be obtained in a single operation
by the fractional distillation of a mixture of nitric acid and
phosphorus pentoxide, in a current of ozonized oxygen, which
prevents decomposition of the pentoxide into oxygen and the
lower oxides of nitrogen. The pentoxide can be almost com-
pletely condensed at — 8° C.

The vapour pressure of the pentoxide reaches about one
atmosphere at 34° C. I t is possible to oxidize nitrogen tetrox-
ide dissolved in nitric acid, electrolytically, and solutions of
nitric acid containing up to 20 per cent, of nitrogen pentoxide
can be obtained in this way.

Properties. Nitrogen pentoxide crystallizes in colourless
rhombic plates of sp. gr. 1*63. I t melts with slight decom-
position at 29-5° C. At its melting-point, nitrogen pentoxide
develops a strong yellow colour, and on further heating vigorous
decomposition occurs, with copious evolution of nitrogen
tetroxide mixed with oxygen.

2N206 - 2 N 2 O 4 + O 2 .

The reaction is explosively violent, if the substance is



NITRCMJKN PENTOXI.DE 43

rapidly heated, ami care must bo exercised in its prepara-
tion.
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Owing to the ease with which the pentoxide loses an a.torn

of oxygen, it is a powerful oxidizing agent, and like nitrouH
oxide vigorously supports the combustion of burning carbon,
sulphur, phosphorus, etc, Nitrogen pentoxide in also a useful
nitrating agent, and the method of preparation in quant i ty
for this purpose is deneribed by (Jihson.*

In general the action of the pentoxide- with organic? substances
proceeds to the same stage of nitration an if a mixture of nitric
and sulphuric acids were lined,

Nitrogen pentoxide in also soluble in nitric acid—a behaviour
analogous to that of sulphur trioxide and sulphuric acid. A
definite compound, NsOf>-2HNO3l which in a liquid a t ordinary
temperatures, has been isolated. When dissolved in carbon
tetrachioridi* solution, together with sulphur trioxide, n cryn-
talline precipitnte (m.p. 124*-128d) IM obtained of the probable
composition 3

Helmltzc*4 (U'scriben a Komewliat similar compound which
in obtained by leading gaseous sulphur trioxide into concen-
trated nitrk; acid or into a mixture of concentrated nitric
acid with sulphuric acid. On cooling a colourless crystalline
product (m.p. JK*'M04°(J.) in obtained of the composition
N t 0 f (K0»)H t O.

x Thomwn, Btr., 1870, I2f 2002.
* Prort Hoy. S*m. ICdin., 1908, 28, 705.
3 VU'.M mud Karl, (fampt. rrnd., 1007, 145, 238.4 U.K.1*. 1,047,57ft9 Hll.1? J. &oc Ohfm. Ind,, 1913, 84,
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The Oxyacids of N i t r o g e n

NITROUS ACID, H N 0 2

Nitrous acid is formed in most reactions where nitric acid
acts as an oxidizing agent, and in some cases as a nitrating
agent, but is difficult to isolate from such reaction mixtures.

Preparation. 1. I t may be obtained in very dilute solution
by leading nitrogen trioxide, or an equimolecular mixture of
nitric oxide and nitrogen tetroxide, into ice-cold water.

N 2 O 3 + H2O ~ i ± 2HNO2 .

2. An aqueous solution may also be prepared by the action
of dilute hydrochloric acid on aqueous silver nitrite.

AgN0 2 + HCl = AgCl + HNO2 .

3. Mixed with inorganic salts, solutions of nitrous acid are
readily obtained by treating alkali nitrites with dilute acids.
Since the alkali nitrites are easily prepared, this method of
preparation is usually the most convenient for laboratory
purposes. Sodium or potassium nitrite may be obtained
quite readily in a state of puri ty by passing nitrogen trioxide,
or a mixture of nitric oxide and tetroxide, containing an excess
of nitric oxide, into an aqueous solution of sodium or potas-
sium hydroxide.1 The nitrous gases from the arc process and
from the catalytic oxidation of gaseous ammonia have also
been adapted for the manufacture of sodium nitrite, by allow-
ing them to oxidize only so far as N 2 O a and then absorbing
them in caustic alkalis with the production of almost pure
nitrites.

Many nitrates are also reduced to nitrites by fusion with
lead, copper, carbon, etc.

N a N 0 3 + P b = NaNO2 + PbO.

The electrolytic reduction of nitrates may also be made to
yield nitrites under suitable conditions.2

4. A solution containing nitrous acid may be prepared by
the reduction of nitric acid by nitric oxide.

H N 0 3 + 2NO + H 2 0 ^=± 3HNO2 .
1 Divers, Chem. Soc. Trans., 1899, 75, 85.
2 Miiller and Spitzer, Zeitsch. EUktroehem., 1905, 11, 917.
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Properties. Nitrous acid forms, in aqueous solution, a
very unstable blue liquid, which rapidly loses its colour on
standing, leaving only nitric acid in the solution. This is not
due to atmospheric oxidation, since nitrous acid is oxidized
only very slowly by air or oxygen.

The decomposition may be represented by the equation

3HNO2 ; = ± HNO3 + 2NO + HoO.

Its formation and decomposition can be demonstrated quite
readily by dropping a few spots of liquid nitrogen trioxide
(or tetroxide) into an excess of water, when a transient blue
coloration is produced, and colourless bubbles of gas arise
which turn brown on bursting at the surface, showing them
to consist of nitric oxide.

Ray, Dey, and Ghosh x find that the decomposition of nitrous
acid is apparently unimolecular. The maximum concentra-
tion of the acid in water, obtainable at 0 ° C , was 0*185 N.

Veley 2 considers tha t the equation

3HNO2 ^=± 2NO + HNO3 + HoO

represents the reaction only when the solution is sufficiently
dilute and the temperature low. With concentrated solutions
and at higher temperatures, the changes seem to be much
more complicated, and it is probable tha t the reaction

2HNO2 = N 2 O 3 + H 2 O

assumes an importance under tlie.se conditions.
Saposchnikoff :* has investigated the decomposition reaction

and determined the equilibrium constant. He found the
reaction to be monomolecular and the equilibrium constant
was dependent on the concentration of the nitric acid
present.

The values of the equilibrium constant were of the same
order, but far from constant, seeming to indicate tha t in addi-
tion to the above reaction, the direct decomposition of nitrous
acid to nitrogen trioxide may occur.

The reaction was also examined by saturating nitric acid

1 C!hmn. Soe. Tranfi., 1917, 111, 413.
2 Proc. Hoy. tioc, 1893, 52, 27, 54.
3 Chem. Zentr., 1900, ii., 708; 1901, ii., 1330-
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with nitr ic oxide. T h e solubil i ty of n i t r ic oxide in var ious
concentra t ions of n i t r ic acid is shown in F i g . 8.

T h e reaction takes some 25 hours for a concent ra t ion of
nitr ic acid of 0-05 N , while i t is comple te in a few minutes
with an acid of sp. gr. 1-4. This fact is of considerable impor-
t ance in t h e cycle of reac t ions in an absorp t ion sys tem.

The equil ibr ium has also been inves t iga ted b y Lewis and
E d g a r x by conduc t iv i ty de te rmina t ions . T h e y found also

12-5

/

7-5

-5 5-0

.•3*

1
•S2-S

0 5 10 15 20 25
Mols. HN03 per Litre of Water

Fia. 8.—Variation of Solubility of NO in different Concentrations of
Nitric Acid.

Compiled from the results of Haposchnikoff, Chem, Zentr., 1908, ii., 1830.

an apparen t change in t h e equi l ibr ium cons t an t , wi th the
concentrat ion of ni t r ic acid.

Briner and D u r a n d 2 s tud ied t h e reversible react ions repre-
sented by the equa t ions

3 H N O 2 ; = ± 2NO + H 2 0 + H N O ,

N 2 O 3 + H 2 O ~ ^ 2 H N O 2

2 N O 2 + H 2 O ^ = ± H N 0 3 + H N 0 2

with in wide limits of t e m p e r a t u r e a n d pressure , a n d showed

1 ,/. Amer. Chem. 80c., 1911, 3 3 , 292.
a Compt. rmtl., 1912, 155, 582, 1495.
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that so far as the first reaction was concerned, an increase in
pressure of nitric oxide, or a decrease in temperature, favoured
the formation of nitrous acid, as would be expected. Veley1

has also examined the reaction, and finds tha t at equilibrium
the ratio of nitric to nitrous acid

HNO, _
HNOS

The factors influencing the decomposition of nitrous acid in
aqueous solution have been examined in detail by Knox and
Eeid,2 who determined the influence of such factors as surface
and agitation, excess of air, temperature, and presence of nitric
acid. Their results are of particular importance from the
point of view of absorption practice, since the factors they
examine are such as would operate in practice.

The curves shown in Figs. 9, 10, and 11 illustrate the general
results obtained, and show that the factors which accelerate
the decomposition of nitrous acid are such as a large surface,
agitation, the presence of excess of air, increase of temperature,
etc.

The effect of the presence of nitric acid, which is of particular
interest in absorption practice, shows tha t the initial rate of
decomposition of nitrous acid is accelerated by the presence
of nitric acid, but as the decomposition proceeds the velocity
becomes less, and in its final stages seems to be slightly slower
than the velocity in the absence of nitric acid, with similar
concentrations.

The importance of agitation and surface is also very apparent,
and indicates clearly tha t under the ordinary conditions apply-
ing in absorption systems, the rate of decomposition of nitrous
acid must be very rapid.

Nitrous acid i» completely oxidized to nitric acid by the
common oxidizing agents. Potassium permanganate, chromic
acid, hydrogen peroxide, ozone, etc., are all effective in this
respect.

Nitrous acid may also function as an oxidizing agent. For
example, stannous chloride, hydrogen sulphide, and sodium
amalgam will all reduce nitrous acid to nitric oxide, nitrous

1 Ohe.m. Mac. Tran*.t 1917, 111, 415.
2 J. tioc. Chnn. Intl., 1919, 38, lOSr.
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oxide, hyponitrous acid, and even to nitrogen. Hydrazine
also reacts quantitatively with nitrous acid, giving a mixture of
nitrous oxide and ammonia, while urea yields carbon dioxide
and nitrogen.

N 2 H 4 + HNO 2 = N 2 0 + N H 3 + H2O

CO(NH2)2 + 2HNO2 = CO2 + 2N, + 3H aO.

When added to a solution of potassium iodide, nitrous acid
causes an immediate liberation of iodine, a reaction which
may conveniently be used for the estimation of the acid.
A number of organic colouring matters are also bleached quite
readily by nitrous acid, the common indicators, litmus, methyl
orange, and phenolphthalein, being rapidly decolorized. This
property of nitrous acid causes difficulty in the t i t rat ion by
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Thermochemistry. The decomposition of nitrous acid is an
endothermic reaction. The heat of formation from nitrogen
trioxide is as follows ;—

N2O3 , aq. == — 6,820 cal.
2NO, 0 , aq. = - 36,330 cal.

N, Oa, H, aq. - + 30,770 cal.
NO, 6 , H, aq. - + 52,345 cal.

Briner and Durand x have shown that the decomposition
of nitrous acid in dilute solution is attended with the absorp-
tion of 18-4 cals.

3HNO2 = 2NO + H2O + H N 0 3 - 18-4 cals.

Heat of neutralization (with baryta) = 10,600 cals.
The chief methods for the estimation of nitrous acid are

given in Chapter IX. The acid or its salts may be detected
in aqueous solution by a number of very sensitive colour
reactions.

The most useful substances in this connection are :—
1. Metaphenylenediamine, which gives a deep brown colora-

tion with small quantities of nitrites or nitrous acid.
2. Potassium iodide and starch solution, which gives a

deep blue coloration.
3. Griess Ilosvay reagent (sulphanilic acid and /?-napthyl-

amine), which gives a rose-pink coloration with nitrites.
This test is sensitive to approximately 1 part of nitrite per
million parts of water.

NITRIC ACID, H N 0 3

Nitric acid is found in nature in combination with a number
of metals as nitrates, the commonest being those of sodium,
potassium, calcium, and magnesium. Electric discharges in
the atmosphere, and the nitrifying bacteria in the soil, are two
important contributory causes to its natural production.

The present largest natural deposits occur in Chile as sodium
nitrate and in Bengal as potassium nitrate.

Preparation. There are a t present two main methods of
1 Compt. rend., 1912, 155, 1495.
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production of nitric acid. The first is the old process of manu-
facture from sodium nitrate and concentrated sulphuric acid.

NaNO3 + H2SO4 = NaHSO4 + HNO3 .

The second general method of production consists in the
fixing of atmospheric nitrogen, in such a form tha t it can
finally be recovered as nitric acid. Such methods are divisible
again into direct and indirect methods. The direct consist
of processes involving the use of high temperatures which are
mainly obtained by the electric arc—but may also be pro-
duced by other methods such as explosion, surface combustion,
and so on.

The indirect methods involve the production of ammonia,
and its subsequent oxidation to oxides of nitrogen, and the
conversion of these oxides to nitric acid.

The ammonia may be synthesized directly in the presence
of a catalyst from nitrogen and hydrogen, or i t may be obtained
from cyanamide, as in the Frank-Caro process, or from alu-
minium nitride as in Serpek's process, or from cyanides as in
Biicher's process. Many modifications of the " pot " process
have also been put forward, these consisting mainly in the
decomposition of sodium nitrate by substances other than
sulphuric acid, with a view to the ultimate recovery of caustic
soda as a by-product. Such substances include silica, ferric
oxide, manganese dioxide, etc. For details of these and other
methods the reader is referred to standard works on the manu-
facture of nitric acid.

Ordinary commercial nitric acid contains only about 70
per cent. H N 0 3 , and as most of the acid used in this country
is obtained by the pot process it usually contains small quan-
tities of hydrochloric acid, iodine, iron salts, and traces of
sulphuric acid as impurities. Unless the acid has been
" bleached " by air-blowing, it will also contain varying quan-
tities of dissolved nitrogen tetroxide. By distillation of nitric
acid with concentrated sulphuric acid in a current of carbon
dioxide 98-99 per cent. H N 0 3 can be obtained.

Kiister and Munsch * obtained an acid of 99-4 per cent.
HN0 3 by freezing an acid containing 98 per cent. H N 0 3 .

1 Zeitftch. anorg. Chem., 1905, 43, 350.
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Veley and Manley x state that they have obtained pure anhy-
drous nitric acid by distillation of 98-99 per cent. HN0 3 , but
this is not borne out by the work of Kiister and Munsch,2 who
state that 100 per cent, nitric acid is only capable of existence
at — 41° C , when it forms a snow-white solid. Above this
temperature it decomposes readily in sunlight.

The freezing-point curve of nitric acid has been investigated
by a number of workers.3

The curve (Fig. 12) constructed from the values of Kiister
and Kremann shows two maxima at — 18-5° and at — 38°,
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approximately 68 per cent. HNO3 of sp. gr. 1-414 at 15*5° C.
The boiling-points of aqueous nitric acid have been deter-

mined by Pascal 1 and by Creighton and Githens.2 The
results in the two cases differ slightly. The curve plotted from
the results of Creighton and Githens is shown in Tig. 13, the
curve obtained by Pascal for the boiling-points at 760 mm.
being shown superimposed on the top curve.

The acid of maximum boiling-point is clearly indicated at
a concentration of about 68 per cent. H N 0 3 . As the concen-

20 80 90

F I G . 13.-

30 40 50 60 70
Per Cent HN03 by Weight.

~Boilin.g-poin.ty of Aqueous Nitric Acid at dift'ex'ent Pressures.
Crcighton and Gitliens, J. Frankl. Inst., 1915, 17, 161.

100

t r a t i o n o f n i t r i c a c i d i n c r e a s e s b e y o n d t h i s p o i n t , t h e b o i l i n g -

p o i n t o f t h e a c i d f a l l s r a p i d l y t o 8 6 ° C .

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

c o m p o s i t i o n v a r y i n g w i t h t h e p r e s s u r e , t h o u g h n o t v e r y a p p r e -

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

r e s u l t s o f R o s c o e 3 a n d C r e i g h t o n a n d G i t h e n s . 4

1 Ann. Chim.7 1921, 1 5 , 253 .
2 J. Frankl. Inst., 1915, 1 7 , 9, 161 .
3 Annalen, 1800, 1 1 6 , 203. 4 Lc.
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TABLE 7

Pressure
in mm.

110
360
735
760

1,220

Concn. of Nitric Acid
per cent.

66-80
67-15
68-00
68-18
68-6

B.P.
deg. Cent.

74-2
89-9

120-5
121-7
—

Vapour Pressure. The vapour pressures of nitric acid
solutions of different concentrations have also been deter-
mined by Creighton and Githens.1 The curve plotted from
their results is shown in Fig. 14.
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Creighton and Githens, I.e.

I t w i l l b e n o t i c e d t h a t t h e m i n i m u m v a l u e o c c u r s w i t h a n

a c i d c o n t a i n i n g v e r y n e a r l y 7 0 p e r c e n t . H N O 3 , t h i s b e i n g , o f

c o u r s e , t h e c o n s t a n t b o i l i n g m i x t u r e . T h e v a r i a t i o n o f t h e

m i n i m u m v a p o u r p r e s s u r e m i x t u r e w i t h t h e p r e s s u r e i s v e r y

s l i g h t . T h e c o m p o s i t i o n o f t h e v a p o u r f r o m v a r i o u s c o n c e n -
1 i.e.
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trations of nitric acid has been determined by Pascal,1 who
obtained the results shown in the following table.

TABLE 8

Pressure =760 mm.

Concn. of Nitric
Acid.

Per cent. HN03.

24-2
33-0
49-8
61-0
68-4
70-1

Concn. of Nitric
Acid in the

Vapour at the B.P.

2-1
5-9

19-8
41-0
68-4
74-0

Concn. of Nitric
Acid.

Per cent. HN08.

75-1
79-7
84-6
89-6
95-4

Concn. of Nitric
Acid in the

Vapour at the B.P.

91-5
96-7
97-4
99-4
99-6

100

to
$80

Creighton and Githens have also determined the boiling-
point of absolute nitric acid, 99-79 per cent. H N 0 3 , a t different
pressures. Their re-
sults, e x p r e s s e d
graphically, are shown
in Pig. 15. The curve
also gives the satur-
ated vapour pressure
(total) at the different
temperatures shown.

Pure nitric acid
cannot be distilled
without decomposi-
tion, the acid decom-
posing into oxides of
nitrogen and free
oxygen, to an extent
depending on the
temperature of distil-
lation. The following
figures are given by Volney (1898) for the decomposition

2HNO3 - N 2 O 3 + O 2 + H 2 O .
1 Ann. Chim. 1921, 15, 253,

03

20
200 400 600
Pressure,, mm.

800

FIG. 15.—-Boiling-points of Nitric Acid (99-79
per cent. HN03) at different Pressures.

Creighton and Githens, I.e.
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TABLE 9

Ternperature;
cleg. Cent.

86
100
130
160
190
220
250
256

Percentage
Decomposition.

9-53
11-77
18-79
28-96
49-34
72-07
93-03

100-00

This decomposition constitutes a difficulty in the determina-
tion of the boiling-point of nitric acid, and the results of Creigh-
ton and Githens are vitiated to some extent by this factor,
as pointed out by Pascal.

I t is evident, also, tha t dry sodium nitrate and con-
centrated sulphuric acid will not give the highest concentration
of nitric acid unless the temperature is kept low. I t is well
known in practice that a continuous decomposition of nitric
acid to oxides of nitrogen occurs throughout the distillation
of nitre and sulphuric acid in the pot process (see Fig. 16).
When concentrated nitric acid is mixed with water the tem-
perature rises, but a contraction in volume takes place.

The densities of various concentrations of nitric acid have
been determined by Lunge and Rey * and by Veley andManley.2

The following table shows some of the values obtained by

TABLE 10

Concn. HN03
per cent.

0-10
8-99

17-11
24-84
32-36
39-82

Dens, at
15°/4°.

1-00
1-05
110
115
1-20
1-25

Concn. HN03
per cent.

47-49
55-79
65-30
77-28
94-09
99-67

Dens, at
i5o/140.

1-30
1-35
1-40
1-45
1-50
1-52

1 Zeitsch. angew. Chem., 1891, 4, 165
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FIG. 16.—Decomposition of Nitric Acid with Rise in Temperature.
Volney, 1898.

Lunge and Rey—for other values the reader is referred to
Lunge's Technical Chemist's Handbook.

Nitrogen tetroxide is very appreciably soluble in nitric
acid and has a marked effect upon the density of the latter.

The following table, taken from the results of Lunge and

TABLE 11

Per cent, (by wt.)
NoOi present.

0-25
1-00
2-00
3-00
4-00
6-00
7-00

Dennity
obnervod.

1-4965
1-4990
1-5065
1-5140
1-5212
1-5282
1-5425

Per cent, (by wt.)
N̂ Cj, present.

8-00
9-00

10-00
11-00
12-00
12-75

Density
observed

1-5492
1-5560
1-5620
1-5690
1-5745
1-5795
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Marchlewski,1 shows the effect of nitrogen tetroxide in increas-
ing the density of concentrated nitric acid. The original
nitric acid used had a density of D4

15 1-4960.
Saposchnikoff 2 has examined the vapour pressures of nitric

acid mixed with sulphuric acid. The results of Pascal, and
Creighton and his co-workers on this point, are given in
Chapter VII.
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FIG. 17.—Vapour Pressures of Mixtures of Nitric and Sulphuric Acids.
Saposchnikoff, Zeitsch. physikal. Chem., 1904, 49, 697 ; 1905, 53, 225.

Saposchnikoff found that the maximum vapour pressure
for nitric acid of sp. gr. 1-40, mixed with pure monohydrate
sulphuric acid, occurs with a mixture containing 45 per cent.
HN03, the vapour pressure being 23*5 mm.

For nitric acid of sp. gr. 1-478, the maximum occurs at 67
per cent. HN03, when the vapour pressure is 34 mm. A

1 Zeitsch. angew. Chem., 1892, 5, 330.
2 Zeitsch. physikal Chem., 1905, 53, 225.
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pure nitric acid of this specific gravity (1-478) has a vapour
pressure of 16-6 mm., and on addition of sulphuric acid the
vapour pressure increases until the maximum of 34 mm.
stated above is reached. On further addition of sulphuric
acid, the vapour pressure becomes equal to that of a nitric
acid of sp. gr. 1-5 and then gradually falls.

The analysis of the vapour shows that, for mixtures con-
taining 10 per cent, to 30 per cent. HN0 3 , it consists of pure
monohydrate. With further increase in concentration, the
nitrogen content of the vapour rises (up to 24 per cent. N2) ,
this probably being due to the decomposition of the nitric
acid by the sulphuric acid.

THERMOCHEMICAL DATA OF NITRIC ACID

The heat of formation of nitric acid has been determined
by Thomsen 1 with the following results:—

H, N, O3 = H N 0 3 + 41,510 cal.
(liq.)

NO, Oa, H = HNO a + 63,085 cal.
NO2, 0 , H = H N 0 3 + 43,515 cal.

iN2O4 , 0 , H2O = HNO3 + 18,670 cal.

Berthelot2 gives the following figures :—

H, N, O3 = HNO3 (gas) + 34,000 cal.
= H N 0 3 (liq.) + 41,600 cal.
= H N 0 3 (solid) +42,200 cal.
= H N 0 3 (dissolved) +48,800 cal.

The heat of dilution of nitric acid is as follows 3 :—
1 mol. of nitric acid dissolving in m mols. of water giving

when m = 0-5 .
1 0 .
1-5 .
2-0 .
2-5 .
3 0 .
4-0 .

, 2,005 cal.
, 3,285 „
, 4,160 „

_
. 5,276 „
. 5,710 „

—

when m = 5-0 .
6-0 .
8-0 .

100 .
20-0 .
400 .

Other observers give the heat of solution as 7,
1 Bet., 1879, 12, 2062.
2 Compt. irend., 1880, 90,779. 3 Landolt

6,665 cal.
6,980 „

• 7,220 „
7,318 „

, 7,458 „
7,436 „

580 cal.
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The specific tea ts of nitric acid, due to MCarignac l and
Thomsen, are shown in the following tab le :—

TABLE 12

Percent. HNO3.

Specific heat
Temperature at which

determination was
made

10*9618

3-4 I 123 | 58-3 | 3-4

0-8752 0-6651

21°-52°C.
Marig&ae

0-963

15-0 | 26-0

0-849 0-768

18° a
T h o m s e n

The heat of neutralization of nitric acid wi th , c a u s t i c s o d a
= 13,680 cal. a n d with caustic potash 13,770 c a l .

Hitr ic acid is a strong oxidizing agent, and i s i t s e l f r e d u c e d
in such reactions to a numher of products which i n c l u d e n i t r o u s
acid, nitrogen tetroxide, nitric oxide, n i t rous o x i d e , a m m o n i a ,
nitrogen, and hydroxylamine. For example i o d i n e i s ox id i zed
to iodic acid with the production of nitr ic oxidLe,

10ENTO, + 3 1 . = 6HIO3 + 10NO + 2 H 2 O ,

phosphorus to phosphoric acid, and sulphur to s u l p h u r i c a c i d .
Nitric acid is readily reduced by sulphur d i o x i d e , s o m e

ni t rous oxide being formed. If sulphur d i o x i d e i s p a s s e d
th rough fuming nitric acid unti l the liquid b e c o m e s s y r u p y ,
crystals of nitrosyl sulphuric acid (Chamber c r y s t a l s ) r ead i ly
separate on standing. The reaction offers a, c o n v e n i e n t
method of preparing nitrosyl sulphuric acid.2

O H
ONO

B y the addition of hydrochloric acid to c o n c e n t r a t e d ni t r ic
acid, a solution is formed containing ni t rosyl c h l o r i d e , a n d
chlorine is slowly liberated. The solution is k n o w n a s a q u a
regia

HNO3 + 3HC1 = 2H2O + NOC1 + C l 2 .

If the nitric acid contains less t h a n a p p r o x . 50 p e r cen t .
1 Annahn, 1872, 8, 335.
2 Weber, Pogg. Ann., 1861, 341.



NITRIC ACID 61

HNO3 no nitrosyl chloride is produced, it being decomposed
in the dilute solution according to the equation

N0C1 + H2O = HNO2 + HC1.

Nitric acid may be reduced electrolytically to give a variety
of products which include nitrous acid, hydroxylamine,
ammonium nitrate, etc. The reduction of nitric acid has
been investigated very completely by Freer and Higley, whose
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FIG. 18.—-Electrolytic Reduction of Nitric Acid.

Freer and Higley, Amer. Chem. ,/., 1893-1890, 16-21.

results are published in the American Chemical Journal (1893-
99).

Fig. 18 shows their results graphically. It is important to
notice the absence of ammonia (i.e. ammonium nitrate) as a
reduction product as the concentration of the nitric acid
increases. The amount of nitric oxide produced shows a
maximum value for an acid of sp. gr. between 1-25 and 1-30,
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The electrolysis of more concentrated acids yields almost
exclusively nitrogen tetroxide.

The conductivity of nitric acid has been examined by Veley
and Manley,1 whose results are shown in Fig. 19, the acid
showing a maximum conductivity containing nearly 35 per
cent. HNO3. I t is important to notice the rapid decrease in
conductivity when the acid contains more than 55-60 per
cent. HN0 3 .

The conductivity of mixtures of nitric acid and sulphuric
acid has been determined by Saposchnikoff.2 The nitric acid
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FIG. 19.—Conductivity of Nitric Acid at 15° C.
Veley and Manley, Phil Trans., 1898, 191A, 365.

used had a sp. gr. =1-40, and the sulphuric acid was pure mono-
hydrate. The curve (Fig. 20) shows a minimum with a mix-
ture containing 60 per cent, of sulphuric acid and 40 per cent,
of nitric acid. I t should be observed also that the conduc-
tivity of such mixtures is relatively small, a fact which is of
importance in considering suggested processes for the elec-
trolytic concentration of nitric acid in the presence of sulphuric
acid.

FUMHSTG NITRIC ACID

When nitrogen tetroxide is led into concentrated nitric
acid, or when a small quantity of water is added to liquid

1 Phil Trans., 1898, 19U, 365. 2 I.e.
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nitrogen tetroxide, a red, fuming liquid with, powerful oxidizing
properties is produced. I t may also be prepared by adding
kieselguhr saturated with formaldehyde to concentrated nitric
acid.1

In commerce the term fuming nitric acid is often used to
indicate nitric acid containing 90-95 per cent. HNO a , the
common commercial products containing only 70 per cent.
H N 0 3 . Fuming nitric acid, however, is a more reactive
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FIG. 20.—Conductivity of Mixtures of Nitric and Sulphuric Acids.

Saposchnikoff, Zeitsch. physikal. Chein., 1905, 53, 231.

substance, in general, than a pure nitric acid containing the
same percentage of H N 0 3 . This is due to the catalytic effect
of the nitrous acid present, and is particularly marked in the
action of nitric acid on metals and in a number of oxidation
reactions.

PERNITRIC ACID

In connection with the electrolysis of nitric acid, Schellhaas2

has found that some oxygen is fixed at a platinum anode,
1 Vanino, Ber., 1899, 32, 1392.
2 Zeitsch: Klektrochern., 1908, 14, 121.
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and suggested that a pernitric acid was formed in accordance
with the equations

©
N2O6 + H2O = HNO4 + HNO3.

The evidence for the existence of a pernitric acid is not at
present very conclusive. Raschig * states that when nitrous
acid in aqueous solution is oxidized by 3 per cent, hydrogen
peroxide, a pernitric acid is formed in the solution.

HNO2 + 2H2O2 = HNO 4 + 2H2O.

He also states that the reaction does not take place if nitric
acid is used, and finds that the reaction

H N 0 4 + H2O = HNO 3 + H2O2

takes place slowly at ordinary temperatures. This is in
accord with the results obtained by estimating nitrous acid
by oxidation with hydrogen peroxide and titrating the result-
ing nitric acid by ferrous sulphate after removal of the excess
of hydrogen peroxide.

If anhydrous hydrogen peroxide is added to nitrogen pentox-
ide cooled in a freezing mixture, a substance is obtained having
the properties of a typical per-acid.2 I t liberates bromine
from potassium bromide and oxidizes aniline to nitroso-benzene
and possibly contains pernitric acid, formed according to the
equation

N 20 6 + H 2 O 2 = HNO 3 + HNO4 .

The exact constitution of pernitric acid is still a matter of
doubt and the evidence for its existence is as yet inconclusive.

ACTION OF NITRIC ACID oisr METALS

Gmelin3 states that most metals and non-metals are attacked
by nitric acid at ordinary temperatures, some exceptions
being gold, rhodium, platinum, iridium, tantalum, titanium,
and silicon. The gaseous products consist mainly of nitric
oxide, with smaller quantities of nitrous oxide and nitrogen,
while the metal or non-metal is transformed into a nitrate,
oxide, or oxyacid.

1 Zeitsch. angew. Chem., 1904, 17, 1419.2 d'Ans and Friederich, Zeitsch. anorg. Chem., 1911, 73, 344.3 Chemistry; English Translation, Vol. II., 1849.
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Pelouze and F remy 1 give a number of details concerning the
action of nitric acid on copper and silver. They also mention
the formation of ammonia when tin is used and its non-forma-
tion with copper, silver, and mercury. This latter observation
was confirmed by Brande and Taylor in 1863, who stated that
ammonia is found as ammonium nitrate in the solutions
obtained when nitric acid acts upon those metals which decom-
pose water below red heat.

The earlier theories of the action of nitric acid on metals
were based on the assumption tha t the oxide of the metal
was first formed and then dissolved in unchanged nitric acid,
e.g.

3Cu + 2HNO3 = 3CuO + HoO + 2NO
CuO + 2 H N 0 , = Cu(NO,)2 + H2O.

The recognition of the possibility, however, that hydrogen
might be liberated in the solution, and so effect the reduction
of the nitric acid, led to the abandonment of the theory of
initial oxide formation.

Armstrong and AckwOrth 2 developed this latter idea exten-
sively by examining the effect of the concentration of nitric
acid on the products obtained from such metals as copper,
silver, zinc, cadmium, etc. They showed that nitric oxide
was evolved in every case and was accompanied by amounts
of nitrous oxide and nitrogen, which varied with the tempera-
ture and concentration of the nitric acid and with the con-
centration of the copper nitrate in the solution.

Veley3 showed tha t copper, bismuth, silver, and mercury
do not dissolve in pure nitric acid, free from nitrous acid, and
that in solutions of nitrous acid and of a mixture of nitrous and
nitric acid of equivalent concentrations, the metal dissolves
more rapidly in the former. The solution of these four metals
in nitric acid can be entirely prevented if a substance, which
will destroy nitrous acid as fast as it is formed, is added to
the solution. Such substances as hydrogen peroxide, potas-
sium chlorate, urea, and ferrous sulphate are all effective in
this respect. Zinc, cadmium, tin, etc., will dissolve quite
readily in nitric acids to which such reagents have been added,

1 Traiti de Chimie, Vol. I., 1860, 351.2 Chem. Sor. Trans., 1877, 2, 54.3 Phil. Trans., 1891, 182A, 270.
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and nitrous acid is not necessary to initiate the reaction.
These latter metals also produce ammonia (as ammonium
nitrate) when dissolving in nitric acid, while copper, silver,
mercury, e t c , do not. The metals may therefore be divided
into two groups (Table 13) :—

(A) Those which require nitrous acid to initiate the reaction,
and which do not give rise to ammonia when dissolving in
nitric acid.

(B) Those which do give rise to ammonia as a reduction
product, and which do not require nitrous acid to initiate
the reaction.

TABLE 13

Zinc
Cadmium
Tin
Lead
Aluminium
Iron
Magnesium
Potassium
Sodium

etc.

Copper
Silver
Mercury
Bismuth

etc.

Such a classification was first proposed by Divers.1 Veley
showed that both classes of metals give rise to nitrous acid
in dissolving in nitric acid.

Divers2 suggested from the above classification that those
metals which gave rise to ammonia caused the initial formation
of hydrogen in the solution, which hydrogen reduced the
nitric acid to various reduction products such as nitrous
acid, nitric oxide, hydroxylamine, ammonia, etc. The follow-
ing equations would then represent the reactions involved.

HNO 3 + 2H = HNO 2 + H2O
HNO 3 + 4H = H2N2O2 + H2O
HNO 3 + 6H = NH 2OH + 2H 2 0
HNO3 + 8H = N H 3 + 3H2O.

1 Chem. Soc. Trans., 1883, 43, 443. 2 I.e.
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Divers observed tha t hydroxylamine was produced when
zinc, and also t in dissolved in nitric acid. Traces of this
substance were also obtained with aluminium, cadmium,
magnesium, etc.

The nitric oxide evolved might then be produced by the
reaction

3HNO2 ;==± HNO 3 + 2N0 + ELO.

Nitrous oxide N2O would be obtained from the decomposition
of hyponitrous acid,

H 2 N 2 O 2 = N 2 0 + H 2 O ,

or also from the reaction

N H 2 0 H + HNO 2 - N2O + 2H2O,

while nitrogen might be produced by the interaction of ammonia
and nitrous acid,

N H 3 + HNO 2 - N 2 + 2 H 2 0 .

The reactions in the case of zinc, for example, could then
be represented as follows:—

3 Zn + 7 H N 0 , = 3 Zn(NO3)2 + NH 2 OH + 2H2O
4 Z n + 9 H N 0 a = 4 Z n ( N 0 s ) a + N H 3 + 3 H a 0
4 Zn + IOHNO3 = 4 Zn(NO8)2 + N 2 O + 5H2O
5 Zn + 12HNO3 - 5 Zn(NO3)2 +-N 2 + 6H2O.

In the case of the metals, copper, silver, mercury, etc., which
do not give these reduction products, Divers suggested tha t
these metals do not replace the hydrogen directly, bu t that
the reactions taking place are as follows :—

2Ag + HO-NO2 - Ag-OH +• AgNO2

Ag-OH + H N O 3 = AgNOa + H 2 O
AgNO2 + HNO 3 - AgNOs + HNO2 .

The nitric oxide, which is the main gaseous product in these
cases, would then be the result of the decomposition of nitrous
acid in the solution.

A great deal of work on the reduction products produced
by the action of various metals on nitric acid has also been
carried out by Freer and Higley,1 particularly in regard to
the effect of concentration, temperature, etc.

1 Amer. Chem. J., 1893-99, 15-21.
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Tin* fitiiiiioii iif nitrous acid in initiating the reaction In
the n w of the metals, copper, silver, etc.. is still not quite
Hear If tin* M»lutuni pressures of the different metals be
examined (TaMe 14) it is seen that the metals having a negative
potential with resj^et to solutions of their salts are those
which uive ri-e to ammonia with nitric acid, while those which
art1 {M»itiw with resec t to their solutions do not give ammonia
and require nitrous acid to start the reaction with nitric acid.

M&giteshnn
Aluminium

Zlne
Iron
Cadmium
Cobalt
Nickel
Tin
Lead
Hydrogen

Soi..r

— 1-4S
— 1-iS
- 1-07
— «)-77ii
— 0«46
— 0-42
— 11 vl
— or 25
— 0-19
— 0-12

TABLE 14
TION PRESSl'RRS

Posit Ivt»ly eliargcnl.

Hydrogen
Copper
Mercury (-ousj
Silver

i Platinum

± >̂ •
-f O329 ;

| -f €-775 I
4- 0-80 :
-f- 0-86

The probability is, therefore, that in the ease of metals
with a higher solution pressure than hydrogen (i.e. those
metal* which are negatively charged with respect to their
aqueous solutions), hydrogen is first liberated when the metal
h put into Bitrie aeid, with consequent reduction, varying with
the temperature4 and concentration of the acid, and the nature
of the metal.

in the case of the metals which have a lower solution pressure
than hydrogen, these will be effectively polarized on putt ing
them into a solution containing hydrogen ions. The function
of the nitrous aeid in initiating the reaction in such a case is
therefore that of a depolarizer.

Thk explanation of the mechanism of the reaction is also
borne out by a numl:>er of experimental observations. Mag-
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nesiuni a n d very dilute nitric acid yields almost pure hydrogen.
The products of the electrolytic red net ion of nitric acid are
also almost exactly analogous to those given by such metals
as iron a iu i zinc, etc., and since the former result is produced
by hydrogen, it is reasonable to assume that the mechanism
in the case of the metal is similar. The curve shown in Fig.
21 should be compared with Fig. 18 on page 5L

The noo-production of ammonia in the case of the copper
series gives also additional support to the hypothesis.

The act ion of nitric acid on metals is further complicated

O 1-05 f-JO. t't5 1-20 7-25 f'3O /55 7-40
Acid Density

FIG. 21.—Action of Nitric Acid on Iron.
Fiver and Higliy, Atmr. Chem. J., lSOii-lSlw, 15-21.

by the factors of temperature and concentration, by the
presence of traces of hydrochloric acid and sulphates, etc., in
the nitric acid, and by the accumulation of the products of
reaction i n the solution.

In the case of the factor of concentration, the rate of solution
of the me ta l usually increases up to a maximum and then
falls off a t higher concentrations. The composition of the
gaseous a n d other reduction products is also appreciably
changed. A reference to Pigs. 18 and 21 on pages 61 and
69, summarizing Freer and Higley's results in the case of
iron and nitric acid, amply illustrates this point. Armstrong
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a n d A c k w o r t h 1 found similar ly t h a t i n t he case of copper a
n i t r i c a c i d containing H N O 3 : H 2 O = 1 : 2 gave a gas con-
t a i n i n g 98 per cent, ni t r ic ox ide , t h e remainder consist ing of
n i t r o u s oxide and n i t rogen. Similar results were ob ta ined
w i t h 1 : 1 acid.

1 • 0 acid g a v e N O = 54-0%
N 2 O = 10-3%
N 2 = 35-7%

1 : 4 acid g a v e N O = 9 4 %
N 2 O = 3-5%
N 2 = 2 -15%

while 1 : 8 acid g a v e N O = 71-89%
N 2 O = 20-74%
N 2 = 7-37%

A g a i n , t he variat ion in r a t e of solut ion of the m e t a l is illus-
t r a t e d i n t h e case of lead (Fig . 22), where a m a x i m u m ra t e of

solut ion occurs a t 29 per
cen t . H N 0 3 . Th i s is p rob-
ab ly dependen t in p a r t on
t h e solubili ty of l ead n i t r a t e
in ni t r ic acid, as was pointed
o u t b y Veley 2 (see F ig . 23).

A considerable a m o u n t of
work has also been carried
o u t on t he effect of t h e pres-
ence of metall ic n i t r a t e s , etc.,
on t h e react ion. T h e influ-
ence of copper n i t r a t e has
a l r eady been ment ioned .
R e n n i e 3 showed t h a t t he
presence of ce r t a in salts,

s u c h a s sodium n i t ra te , causes appreciable accelerat ion in
t h e r a t e of solution of me ta l s such as copper in n i t r ic acid.
S i m i l a r resul ts have been p u t fo rward b y R a y , 4 w h o examined
t h e effect of sodium n i t r a t e a n d manganous n i t r a t e on t h e
r a t e of solution of mercu ry i n ni t r ic acid. B o t h sal ts were
f o u n d t o accelerate the reac t ion , b u t t h e reac t ion was r e t a r d e d
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3J*IG. 22.—Action of Nitric Acid
on Lead.

Veley, J. Hoe. Chem. Ind., 1891, 207.

1 he. 2 I.e.
a Chem. Soc. Trans., 1911, 99, 1035. 4 Ibid., 1012.
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70

:60

§40

b y t h e p r e s e n c e of m i n u t e t r a c e s of ferric n i t r a t e or ferric

s u l p h a t e .

T h e a c t i o n of a l l o y s w i t h n i tr ic a c i d i s e v e n m o r e c o m p l i -

c a t e d t h a n i n t h e c a s e of t h e p u r e m e t a l s . M o n t e m a r t i n i x

e x a m i n e d t h e a c t i o n of a l l o y s of z inc w i t h m a g n e s i u m , a l u -

m i n i u m , c a d m i u m , b i s m u t h , t i n , copper , a n d s i lver , d e a l i n g

m a i n l y w i t h t h e p r o d u c t i o n of a m m o n i a , b y t h e a c t i o n of

t h e a b o v e a l l oys o n n i t r i c a c i d v a r y i n g i n c o n c e n t r a t i o n f r o m

0-25 per c e n t , t o 60 p e r c e n t . H N O 3 , t h e t e m p e r a t u r e of r e a c t i o n

l y i n g b e t w e e n 7 ° - 1 0 ° C. I n al l case s i t w a s f o u n d t h a t t h e

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

a c i d b e c a m e c o n c e n -

t r a t e d , t h e m a x i m u m

a m o u n t of a m m o n i a

b e i n g o b t a i n e d i n

g e n e r a l w i t h ac ids of

m o d e r a t e c o n c e n t r a -

t i o n ( a p p r o x . 40 p e r

c e n t , U N O 3 ) .

A g r e a t d e a l of

w o r k o n t h e a c t i o n of

n i t r i c a c i d o n c o p p e r

c o n t a i n i n g s m a l l p e r -

c e n t a g e s of arsen ic ,

a n t i m o n y , b i s m u t h ,

p h o s p h o r u s , l ead , e t c . ,

h a s b e e n carr ied o u t

b y S t a n s b i e , 2 for d e -

t a i l s of w h i c h t h e or ig ina l p a p e r s s h o u l d b e c o n s u l t e d .

T h e c u r v e s g i v e n i n T i g . 2 4 i n d i c a t e t h e p e c u l i a r p r o t e c t i v e

a c t i o n of s m a l l q u a n t i t i e s of o t h e r m e t a l s a n d n o n - m e t a l s o n

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

T h e in f luence of s m a l l a m o u n t s of i m p u r i t i e s o n t h e r a t e

of s o l u t i o n of m e t a l s i n n i t r i c a c i d i s of c o n s i d e r a b l e c o m m e r c i a l

i m p o r t a n c e . A t t h e p r e s e n t t i m e , a l m o s t t h e o n l y a v a i l a b l e

m a t e r i a l s i n w h i c h w e a k ni tr ic ac ids c a n b e h a n d l e d are s t o n e -

w a r e , a l u m i n i u m , a n d v a r i o u s a l l o y s of i r o n a n d s i l i c o n c o n -

t a i n i n g 1 2 - 2 0 per c e n t . S i , a n d so ld u n d e r t h e n a m e s of t a n t -

1 Ghem. Soc. Abstr., 1907, ii., 619.
2 / • Soc, Chem. Ind,, 1906-13,
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FIG. 23.—Solubility of Lead Nitrate in
Nitric Acid.

Veley, I.e.
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Stansbie, «/. Soc. Chem. Ind., 1906-1913.
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iron, narki, ironac, etc. Iron is resistant to very concentrated
nitric acids, but is very rapidly attacked by weak nitric acids.

Tril latx has examined in detail the action of nitric acid on
aluminium. He found tha t the corrosion was much greater
if the test solutions containing the acid and aluminium plates
were exposed to the air, while the greatest corrosion occurred
at the surface of the liquid. He found that it was imprac-
ticable to protect the aluminium by coating with paraffin,
celluloid, varnish, etc., but the resistance to corrosion was
increased by a preliminary heating of the metal to tempera-
tures between 400°-500° C. This treatment, however, impairs
the mechanical properties of the metal. Welded aluminium
was found by Trillat to be as resistant as the untreated metal,
but this is not the normal experience in the case of aluminium
pipes and tanks, the weld being the first part to be attacked.
The work of Seligman and Williams 2 on the action of nitric
acid on aluminium is also very important. Their general
conclusions were mainly identical with those of Tri l lat3 and
were as follows :—

1. That the temperature is a most important factor, a rise
of 10° C. increasing the rate of corrosion by approximately
100 per cent.

2. The next most important factor is the concentration of
the nitric acid. The most active nitric acids contained 20-40
per cent, by volume of nitric acid of 1-42 sp. gr. On the other
hand nitric acid containing 94-95 per cent. H N 0 3 was found
to be almost without action on aluminium.

3. Impurities in the nitric acid, such as traces of sulphuric
acid, increased the rate of attack. For example, 0-04 per
cent. H2SO4 increased the rate of dissolution from 36 to 62
mgm. per 100 sq. cm. per 24 hours. Contrary to the results
of Trillat, however, they found that up to 0*05 per cent,
chlorine, or to 0-01 per cent., iodine, had no accelerating effect
on the rate of attack.

4. Oxides of nitrogen in the nitric acid also increased the
rate of attack, and if the nitric acid used was kept free from
lower oxides of nitrogen, the rate of attack was considerably
reduced.

5. Amorphous (unannealed) aluminium was attacked much
1 J. Soc. Ohem. Ind., 1915, 34, 874. 2 I.e. 1916, 35, ($65. 3 I.e.
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more readily than the crystalline (annealed) metal, although
the composition of the metal was of relatively smaUer impor-
tance than is usually thought to be the case. The pure metal
is, however, the most resistant to corrosion.

6. Mixed acids attack aluminium much more readily than
nitric acid alone. This is contrary to the statements of Gutt-
mann on the subject.1

The aluminium examined by Seligman and Williams had
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F I G . 25,—-Effect of Temperature on the Action of Nitric Acid OIL Aluminium.
Seligman and Williams, J". Soc. Chem. Ind., 1915, 35, 665.

t h e c o m p o s i t i o n A l , 9 9 - 1 0 ; F e , 0 - 4 5 ; S i , 0-45 ; Cu 3 0-00

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

o b t a i n e d t h e results s h o w n i n F i g . 25.

F o r t h e effect of c o n c e n t r a t i o n , t h e c u r v e o b t a i n e d b y t h e m

i s s h o w n i n F i g . 26, a n d i n d i c a t e s v e r y c l e a r l y t h e m a x i m u m

v a l u e s w i t h ac id s c o n t a i n i n g b e t w e e n 2 0 - 4 0 p e r c e n t . H 2 O .

T h e r e s u l t s o b t a i n e d w i t h m i x e d a c i d m a d e u p f r o m 9 8 p e r

c e n t , H 2 S O 4 , a n d n i t r i c a c i d of s p . g r . 1*52, h a v e a l s o b e e n
1 J. Soc, Chem. Ind., 1896, 15, 850,
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expressed in the form of a curve (Fig. 27) plotted from the
results of Seligman and Williams.

The curve shows a maximum at about 65 per cent. H 2 SO 4

and 35 per cent. H N 0 3 . I t also indicates that the addition
of small quantities of sulphuric acid to concentrated nitric
acid increases the amount of corrosion of aluminium. This
is contrary to the general experience in the case of metallic
iron, where the addition of approximately 5 per cent, of sul-
phuric to concentrated nitric acid considerably decreases the
corrosive action of the latter with respect to the metal.

Some earlier work on the action of nitric acid on aluminium

t
5
Q.60

/

1

/

/
/

\

\

\

\

20 40 60 80
Per Cent Nitric Acid

700

FIG. 26.—Effect, of the Concentration of Nitric Acid on the Rate of Solution
of Aluminium.

From the rcKultH of Keligman and Williams, «/. Hoc. C/mn. Ind.y 1016.

was carried out by Lunge and Schmidt,1 who concluded tha t
aluminium cannot be used in the construction of apparatus
for the manufacture of nitric acid.

The general conclusion to be drawn from the published work
on the action of nitric acjid on aluminium, is tha t the metal
can be used with safety for nitric acid work provided tha t
the acid is at a low temperature and either very dilute or very
concentrated. In this connection, "Fr. P . 451,812 of 1912
covers the use of aluminium vessels for transporting nitric

1 Zeitsch. angew. Chem., 1892, 5, 7,
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a c i d a n d s p e c i f i e s t h e u s e o f p u r e m e t a l . A t t h e p r e s e n t t i m e

a l u m i n i u m i s w i d e l y u s e d f o r t h e c o n s t r u c t i o n o f a i r - e l e v a t o r

p i p e s f o r c i r c u l a t i n g w e a k n i t r i c a c i d i n a b s o r p t i o n s y s t e m s ,

e . g . a t N o t o d d e n i n N o r w a y . I t i s a l s o u s e d i n t h e c o n s t r u c -

t i o n of t a n k s f o r b l e n d i n g m i x e d a c i d s , f o r d o m e s a n d c o v e r s

f o r a c i d t a n k s , a n d f o r t h e c o n v e y a n c e o f n i t r i c a c i d . I n t h e

c a s e o f t a n k s u s e d f o r t h e c o n v e y a n c e of t h e a c i d , i t i s e s s e n t i a l

t h a t t h e s e s h o u l d b e v e r y c a r e f u l l y w a s h e d o u t w i t h d i l u t e

a l k a l i n e s o l u t i o n s w h e n n o t i n u s e , o r a l t e r n a t i v e l y m a d e q u i t e
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F I G . 27 .—Rela t ive Corros ion of A l u m i n i u m b y Mixed Acids a t O r d i n a r y
T e m p e r a t u r e s .

From the results of Seligman and Williams, «/. Soc. Clicm. Ind., 1915, 35, 660.

a i r - t i g h t s o a s t o p r e v e n t t h e a c c e s s o f m o i s t u r e , s i n c e t h e

g r e a t e s t c o r r o s i o n o c c u r s w h e r e t h e a c i d i s d i l u t e d i n c o n t a c t

w i t h a r e l a t i v e l y l a r g e s u r f a c e .

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

a c i d w o r k , e s p e c i a l l y a s r e g a r d s i n c r e a s e i n t e m p e r a t u r e . I n

t h e a u t h o r ' s e x p e r i e n c e a l u m i n i u m d o m e s a n d h o o d s w i t h

w h i c h n i t r i c a c i d v a p o u r s c o m e i n c o n t a c t a r e a t t a c k e d v e r y

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

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

f e w m i n u t e s . W i t h d u e p r e c a u t i o n s , h o w e v e r , a l u m i n i u m c a n
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be made reasonably useful for a number of purposes in absorp-
tion practice.

Passivity. When iron is immersed in nitric acid of sp. gr.
not less than 1-25 (40 per cent. HN0 3 ) , the iron becomes
" passive" and will not precipitate copper from a solution
of copper sulphate. By tapping or scratching the surface,
however, the metal may be again rendered active and function
in the normal way. The sp. gr. of nitric acid between 1-25™
1-26 is usually known as the " passive break," owing to it
being the lowest concentration which will induce passivity in
iron. A very complete bibliography on passivity is given by
Heathcote.1 Recent work on the passivity of iron by Young
and Hogg 2 seems to show tha t the passivity induced by nitric
acid is due to an equilibrium between iron and nitrogen tetrox-
ide, but owing to the reversibility of the reaction N 2 O 3 =
|-[N2O4] + NO, it is impossible to state whether the passifying
agent is nitrogen tetroxide, nitrous acid, or a mixture of both.
The rate of reaction between nitric acid and iron falls off
rapidly as the density rises above 1-26. A much greater degree
of passivity seems to be obtained by exposing iron to nitrogen
tetroxide than by treatment with nitric acid, although no gas
film could be discovered on the metal.

ACID-RESISTING ALLOYS FOE, USE IN HANDLING NITRIC ACID

The types of material in which nitric acid has been, and is
now, handled, are somewhat numerous.

Platinum, glass, stoneware, porcelain, silica, and aluminium
are examples of these materials. The development of iron-
silicon alloys has opened up a new and wide field of construction
in acid-resisting apparatus.

Some of the earliest work in this connection was carried out
by Jouve in 1903 and later by Lennox, Pierce and Marsden
in this country. An admirable account of the history of this
field of discovery will be found in an article by Matignon 3

and also one by Tungay.4

The types of material at present in existence are all similar
1 J. Soc. Ohem. Ind., 1907, 26, 899.
2 J. Phyx. Chem., 1915, 19, 017.3 Chim. et Ind., 1919, 2, 11.4 J. Hoc. Chem. Ind., 1918, 37, 87T.
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in composition a n d general proper t ies . I n E n g l a n d we have

tan t i ron made b y t h e L e n n o x F o u n d r y Co., i ronac made b y

Messrs. Haugh tons , L td . , a n d n a r k i b y Messrs. Var ley & Co.

I n America, t he s t a n d a r d p r o d u c t is dur i ron m a d e by the

D a y t o n Co., Ohio. I n F r a n c e superneu t ra l a n d metil-

lure are types of such p roduc t s . K r u p p s produce neu-

traleisen, which is now somewha t extensively used. Rossi.
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FIG. 28.—Variation in Hardness of
Iron-Silicon Alloys with the Per-
centage of Silicon.

From the results of Schwarz {I.e.).

F I G . 29.—Density of Iron-Silicon
Alloys.

i n I t a l y , a l so m a k e s e l i a n i t e fo r h i s s y n t h e t i c n i t r i c a c i d

p l a n t .

G u e r t l e r a n d T i e m a n n l h a v e c a r r i e d o u t a n e x a m i n a t i o n

of t h e e q u i l i b r i u m c u r v e b e t w e e n s o l i d a n d l i q u i d p h a s e s i n

t h e s y s t e m F e - S i a n d f i n d t h a t w i t h a l l o y s c o n t a i n i n g u p t o

20 p e r c e n t , s i l i con t h e c r y s t a l s c o n s i s t of m i x e d c r y s t a l s of

i r o n a n d a s i l ic ide of t h e c o m p o s i t i o n F e 2 S i . T h e i n t r o d u c t i o n

of i n c r e a s i n g q u a n t i t i e s of s i l i c o n i n a l l o y s w i t h i r o n c a u s e s

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

t h e p r o d u c t . D e n s i t y , h a r d n e s s c o n d u c t i v i t y fo r h e a t a n d

e lec t r i c i t y al l u n d e r g o s y s t e m a t i c v a r i a t i o n . A s i s o f t e n t h e
1 Zeitsch. anorg. Clmn., 47, 163.
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case, the industrial application of the product preceded the
exact scientific investigation of the physical and chemical
nature of the alloys. Figs. 28 and 29 show in graphic form
the variation of the hardness and density of the alloys. The
hardness of these alloys varies, of course, with the conditions
of cooling, etc., but normally treated metal shows a maximum
hardness at 7-5 per cent, silicon.1

Kowalke2 has determined the variation in acid-resisting
properties with the percentage of silicon in these alloys. His
results in the case of 10 per cent, nitric acid were as follows, all
the tests being carried out a t air temperature.

TABLE 15

Per cent.
Si.

2-5
3-3
7-9
9-4

1M
12-4
13-6
14-8
16-1
17-3
18-5
19-8

Area of Test
Piece,
sq. cm.

8-4
11-8
11-2
7-3

10-4
13-1
11-7
6-3

11-4
11-2
8-0

13-8

Cumulative Loss per cent.

115 hours.

20-8
13-3
8-9
5-9
2-4
2-3
0-051
0-013
0-006
0-006
0-037
0-01

166 hours.

48-0
21-6
11-1
8-7
3-5
4-6
0-1
0-02
0-003
0-007
0-044
0-01

14 days.

53-5
22-1
11-4
8-9
3-6
4-6
0-1
0-02
0-0015
0-007
0-046
0-01

His results indicate two important facts:—
1. That the initial action very rapidly slows down, probably

owing to the skin or surface of the alloy being more liable
to attack.

2. The resistance to corrosion varies in a marked way
with the silicon content of the alloy. The results have been
expressed graphically (Fig. 30) in order to emphasize these
points.

1 Schwarz, Ferrum, 1914, 11, 80, 112.
2 J. Amer. Electro ahem. Soc, 1917, 20 G.
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F I G . 30.—Corrosion of Iron-Silicon Alloys
containing varying Percentages of Silicon.
From the results of Kowalke, J. Amer. Bledrochem.

Soc., 1917, 200.
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Fio. HI.-—Narki CasstingB for Nitric Acid Plant.
John Varley & Co.

I t will be seen tha t most of the alloys contain a little man-
ganese and also carbon. The former probably renders the
metal more fusible. The presence of carbon is deleterious,
since silicon carbide separates out on cooling, and graphite
also forms in the mass, rendering i t heterogeneous, and con-
sequently more liable to attack by acids. Ho far an the acid-
resisting properties of the metal are concerned, even in the
case of nitric acid, there is very little left to be desired, pro-
vided that the silicon content is greater than 10 per cent. Si
and less than 20 22 per cent. Si, e.g. RossiJ describes an acid-
resisting alloy containing not less than 13 15 per cent. Si
and not more than 20-21 per cent. Si, and these figures express

1 K.P. 121, 730, 1918.
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the rough limits of composition of all the present c o m m e r c i a l

alloys.
Examples of the resistivity of such alloys to t h e a c t - i o " of

dilute and concentrated nitric acid are given by M a t i g n o i t 1

TABLE 17

Alloy.

M6tillure . . . .
?> . . . .

Elianite . . . .
?» . . . .

Tantiron . . . .
,, . . . .

Iron&c

Duriron .
35 . . . .

Weight in
grams

(appro x.)

11
12
8
4
4
2-5
1-56
f>
8
8

LOHH in weight
per hour JHT
100 H<J. cm.

o-ooort
(MJ0005
0*01 lf>
0-011 Si

0-02f>
0-057
0-00 lflK
0-00412

J52-0
25-0
f>2-0
25-0
52*0

Tungay2 gives the following tests for i

Acid used.

90% HNOS .
30% HN03 .

Weight of Alloy
in grams.

13-392
116-629

TABLE IB

LOBB aft-or Boiling at I fill'1 4*M (t*r

24 hm. ! 4H t»w. 72: Urn,

0-011
0:013

grimw.

0-01B
<>-4)74

I t i s e v i d e n t , therefore , t h a t a meta l c o n t a i n i n g a h o t x t HI

per cent . S i i s e x c e e d i n g l y res i s tant to nitric; a c i d .

T h e c o m p o s i t i o n of ac id-res i s t ing ferro-ail icon a l l o y H vitri€*H

s o m e w h a t w i d e l y , e s p e c i a l l y i n t h e amoimtn of o t h e r m e t a l *

present .

E e c e n t p a t e n t s h a v e b e e n p u t forward c o v e r i n g t h e a d d i t i o n

of smal l q u a n t i t i e s of m o l y b d e n u m a n d v a n a d i u m , w h i c h
1 i-c. * U.
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metals are stated to confer greatly improved acid-resisting
properties.

I t must be concluded, however, that the compositions used
up to the present are not based upon any very scientific data
so far as the presence of metals other than iron and silicon
are concerned. Provided that the proportions of iron and
silicon present lie between the prescribed limits, however, a
metal is obtained which is almost perfectly acid-resisting from
an industrial point of view. A good deal of experimental

Fxa. 32.—Tantiron Castings.
Lennox Foundry Co.

work still remains to be done on the effect of the addition of
manganese, nickel, aluminium, etc., and the possibility of
being able to decrease the necessary silicon content in this way.

I t is obvious that the acid-resisting properties of these
alloys have been gained at a very great sacrifice in working
properties. The great difficulties in the way of the develop-
ment of these alloys have lain in their manipulation and not
in their lack of resistance to acids. They are all very hard
and brittle, and not very fluid near their melting-points, which
lie around 1,200° C. On cooling, a relatively large contraction
occurs, being about three times that of ordinary cast iron.
This necessitates considerable care in casting, and in many
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cases a special design must be used for particular types of
vessels. For example, all joints in pipe-work and reaction
vessels must be formed either by means of flanges or by socket
and spigot, since the metal is too hard to screw or to take a
screwed thread. Similarly sharp corners have to be avoided.
Ordinary machining of the metal is impossible and face-
grinding has to be resorted to for obtaining approximately
true surfaces.

Much difficulty is experienced also owing to the porosity
of the material. In the author's experience pipe-lines, blowing
mains, etc., constructed in such materials are likely to cause
trouble when the air pressure reaches 30-40 lb. per square
inch—acid being forced in patches right through the wall of
the pipe. There is no acid-resisting iron at present on the
market which could safely be recommended for the construc-
tion of vessels required to be worked at internal pressures
greater than 50-60 lb. per square inch, unless the vessels are
reinforced outside by cast-iron shells. In the construction
of acid cocks the brittleness of the metal is liable to cause
trouble and is often dangerous. Such plug cocks require
very careful handling.

The conductivity for heat of these alloys is about ten times
greater than that of the industrial rival—stoneware.

Tungay x gives an interesting table of comparison between
ordinary pig-iron and acid-resisting iron.

TABLE 20

; Ordinary Pig
Iron.

i
Density i 7*3
Tensile strength (tons sq. in.) . . 9-10
M.p 1,150° C.
Hardness (relative) < 24
Heat conductivity 10
Eleetl. resistance : 8
Contraction per ft. in casting . . • ^
Crushing strength 1 in. cubes . 40 tons

i

Acid-resisting
Iron.

6-8
6-7

1,200° C.
35
8

10

34 tons

1 J. Soc. Chern. Ind., 1918, 37, S7T.
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The application of the electric furnace in recent years to
the manufacture of the alloys, particularly by Rossi in Italy,
has enabled a more satisfactory commercial product to be
obtained.

In spite of the many difficulties of the materials, however,
a great deal of exceedingly useful and durable chemical plant
has been constructed, and this has only been made possible
by the enterprise of the firms concerned in its development.

FIG 33.—Ironac Pots for Weak A.cids.
Haughtou's Patent Metallic Packing Co., Ltd.

Illustrations of some of the various types of apparatus
which can now he made are shown in Figs. 31, 32, and 33.
These iron-silicon alloys are particularly useful for nitric acid
work, and almost eYery kind of plant for acid work has been
constructed. There is little doubt that with improvement
in the working properties of such alloys, they will constitute
the most useful constructive material for all types of acid-
proof structures.

So far as acid-resisting metals are concerned^ these iron-
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silicon alloys at present occupy almost undisputed possession
of the industrial market in the case of plant for use with nitric
acid. For sulphuric acid, lead, and its alloy regulus metal,
are in greater use than iron-silicon compositions. Regulus is
particularly useful for valves, as it will adapt itself to the
shape of the seating. On the other hand, it is a " sof t"
alloy and is not desirable for the construction of moving parts.

Several other acid-resisting alloys have been suggested in
recent years, but do not seem to have been developed indus-
trially to any extent. Matignon 1 states that ferro-boron
compositions do not exhibit the same resistance to acids as
in the case of ferro-silicon. Gleason 2 claims that alloys of
the composition :—

Swedish iron = 110 parts by weight
Nickel = 90 ,,
Copper = 1
Aluminium = 4 ,, ,,

are resistant to the action of nitric and sulphuric acids, and
can be made without the use of deoxidizing agents. He
points out also that the ordinary alloys of iron, nickel, and
copper are open to the objection that the metals tend to
separate throughout the mass of the alloy on cooling.

The use of nickel and chromium steel has been several times
suggested for plant handling cold nitric acid. In this con-
nection, Krupps now make a chrome steel pump for circulating
acid round absorption towers for nitrous gases, but it is fairly
certain tha t the metal used is not a simple alloy of iron and
chromium, but contains a small percentage of a rare metal
such as tungsten. Relative to such chromium steels, Borchers
(1918), in the United States, has patented the addition of
2-5 per cent, of molybdenum to an iron-chromium alloy
containing about 10 per cent, chromium and no carbon. He
also states that an alloy containing 36 per cent, iron and 60
per cent, chromium is insoluble in boiling nitric acid, and can
be machined as easily as iron. Titanium and vanadium have
not the effect on iron-chromium alloys possessed by molyb-
denum.

Nickel and chromium steels containing about 10 per cent.
1 I.e. 2 U.S. Pat. 1,093,557, 1914.
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of nickel or chromium have a number of uses in chemical
industry, even for nitric acid work. The author has used
nickel steel converters for ammonia oxidation work and they
have been quite successful. In this connection also a number
of tests of metals and alloys available for such a piece of
apparatus were carried out. All the experiments were per-
formed at air temperature, and the test pieces completely
immersed in the acid. The results (Table 21) have been
calculated to show the life of a 1-inch cube of the alloy, assum-
ing it to be attached simultaneously from two opposite sides.

TABLE 21

Alloy.
Concentration
of Nitric Acid

used.

Tantiron
Ironac
Regulus
Phosphor-bronze
Chrome steel (10% Cr)
Nickel steel (10% Ni) .
Stellite
Stellite

50%

30%

Life of
1-inch Cube.

6-5 X 1 0 5 d a y s
2-6 X 105 „
4-2 X 102 „
4 hours
3,880 days
1,550 „

608 „
7 X 104 days

T h e l e a d - t i n - a n t i m o n y a l l o y , r e g u l u s , a l t h o u g h e x c e e d -

i n g l y u s e f u l fo r s u l p h u r i c a c i d , i s n o t so u s e f u l fo r n i t r i c a c i d

w o r k , o w i n g t o t h e r a t e of a t t a c k b y n i t r i c a c i d w h e t h e r d i l u t e

o r c o n c e n t r a t e d . S i l i c o n - f l u x e d r e g u l u s m e t a l a p p a r a t u s i s

a v a i l a b l e , h o w e v e r , a n d i s a g r e a t i m p r o v e m e n t o n t h e o r d i n a r y

r e g u l u s m e t a l . S u c h t y p e of a p p a r a t u s i s m a d e b y M a r c u s

A l l e n & S o n s , M a n c h e s t e r .

S e v e r a l n e w a l l o y s , t a n t c o p p e r a n d t a n t l e a d , h a v e b e e n

b r o u g h t o u t r e c e n t l y b y t h e L e n n o x F o u n d r y C o . ( L o n d o n ) , f o r

w h i c h r e s i s t a n c e t o n i t r i c a c i d a n d o t h e r a c i d s i s c l a i m e d , b u t

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

i n i n d u s t r i a l o p e r a t i o n .

N I T R O S Y L S U L P H U R I C A C I D

T h i s s u b s t a n c e , w h i c h o c c u r s i n s u l p h u r i c a c i d c h a m b e r s

w h e r e t h e w a t e r s u p p l y i s d e f i c i e n t , i s k n o w n a s C h a m b e r
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crystals. Inasmuch as it has several uses in absorption prac-
tice, a brief description of its properties is given.

Preparation. 1. By adding nitrogen tetroxide or nitrogen
trioxide to cooled concentrated sulphuric acid.1

N 2O 3 + 2H 2 S0 4 ^ 2 S O 2 < Q J J O + H 2 0

OPT
N2O4 + H3SO4 ; = ± S O < J j J J o + HNO3.

2. By leading sulphur dioxide into cooled fuming nitric acid.2

S O 2 + O 2 N - O H = S 0 2

The reaction is not so simple as this in reality, as the nitric
acid is probably first reduced to nitrogen trioxide by the
sulphur dioxide, which is itself oxidized to sulphuric acid ; the
nitrosyl sulphuric acid being the product of the secondary
reaction between these two substances.

3. By leading nitrosyl chloride into concentrated sulphuric
acid.3

N0C1 + S O , < j £ [ = S O < o N 0 + H C L

4. By the action of chlorsulphonic acid on silver nitrite.4

Cl • SO2 • OH + A g N O 2 = S O 2 < ^ Q + AgCL

5. By the action of nitrosyl chloride on slver sulphate.5

h N0C1 = S O 2 < A 5 T I + A g ° L

Properties.—As prepared by these methods, the substance
is obtained in colourless, crystalline plates, which melt at 73° C.6

The crystals readily decompose in moist air with the evo-
lution of nitrogen trioxide,

OQA ^ O H yr n Q n ^ O H AT n2 S O 2 < O N Q + H2O = 2 S O 2 < O H + N 2 O 3 .

1 Weber, Pogg. Annalen, 1861, 341. 2 Ibid.3 Tilden, Ghem. Soc. Trans., 1874, 27, 630.4 Thorpe, Ghem. Soc. Trans., 1882, 41,- 297.5 Berl, Zeitsch. angew. Ghem., 1910, 23, 2252.
6 Girard and Pabst, Bull Soc Ghim., 1877, 29, 482.
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With small quantities of water an intensely f>Iue liquid is
formed, the colour probably being due to the formation of
nitrous acid.

Nitrosyl sulphuric acid is soluble in concentrated sulphuric
acid, giving solutions which are very stable to the action of
hea t ; the solutions can be heated to their boiling-point with-
out appreciable decomposition. The stability of tin* solution
in sulphuric acid decreases with increase in dilution of the
sulphuric acid, and when the concentration of the latter is le,**
than 64 per cent. H2SO4 , the solution decomposes even in the
cold. With sulphuric acid of 68-5 per cent. H^NO., the whole
of the dissolved nitrosyl sulphuric acid in decomposed by
heating to the boiling-point of the .solution.1 In general the
solution in sulphuric acid is more stable at low than at high
temperatures. Lunge's results are probably explainable by
reference to the hydrates of sulphuric acid. It in well known
that the largest contraction in volume occurs when eoncrn
trated sulphuric acid is diluted to 7'M per cent. If 3S()i% which
corresponds theoretically to a hydrate H .aS()4,2ff 3O. Thi*
hydrate exists at low temperatures, but is unstable at higher
temperatures, decomposing into a lower hydrate and l4 free "
water, which latter is effective*, in decomposing any nitro*yl
sulphuric acid present in such a solution. The hydride
H2SO4,3H2O corresponds to a solution of fl4»47 per cent.
H2SO4, which is the approximate concentration of sulphuric
acid in which, nitrosyl sulphuric acid is decomposed at ordiiturv
temperatures.

When nitrosyl sulphuric acid is wanned to K;» C1, with ilrv
sodium chloride, nitrosyl chloride is evolved.

and with sodium bromide*, nitrosyl bromide is obtained.
If the acid is heated with potassium nit rate H

evolution of nitrogen tetroxide occurs.

When trc^ited with concentrated nitric- acid* nitrnnyl «ul.
1 Luugi% tiutphurk Acid und Alkali.
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phuric acid is decomposed with the production of nitrogen
tetroxide and sulphuric acid, showing that the reaction

is reversible, a result which is Qf importance in the denitration
of waste acids containing sulphuric acid and nitric acid.
Mtrosyl sulphuric acid will not attack metals such as iron,
aluminium, etc., unless moist, and for this reason has been
suggested as a convenient form in which to transport nitro-
gen tetroxide or nitric acid.



C i l A I T F B 1!

T H K o l J K T j r A h 1MSOBLKMS OF ABSOHITION

Tin* imiIn*d* nwtl for flu* conversion of nitron* gnm*H into
product* of fiiiiiiurrriiil value an* iU*\H*mUwn\ mi #*«v*«ntl tnipur-
fa it I faetor*,

1, The concentration iff nitrogen oxide* its tin* KH*CH in be
dealt with,

2. I l l ** final product desired.
II. l*oral a n d economic i*i»ij*titp*iiH.
Tin* Jir«* prof<*H^ for ftitrojfrn fixation rf^juin'M flu* h a n d l i n g <»f

ri*lativi«!y larg** VOIUUM** of a ^a>* r'^ntiditiiig on ly I !'•"> jn*r
c*i*nt, of n i t rogen oxif!«*>*. Tin* iirtiftriiil j»Hk find n-Ilnloid
irtduMrii*H havi» t o dea l wi th ronr«*ntratiin$M of 2 5 f«*r <'**nt.
nstrogi*n oxi«lt**. Ammoni i i r ixidnt ion n*HtiltH in it giw r u n -

i ipproxi ini i t r ly 7 j««r r rn f . **f nitrogif tn oxiclrn, whil<* in
I*H for thr* dfiiif n i l it in of %%-II*4I* iwhh front <<x{iIoHtvi*H
tf"fiiri% th<* c o n c e n t r a t i o n * avaiiabti* tuny bi* bi"Hvi*rn

l.% 20 JMT ri ' i i! , In rii-fft r a w the fiio^f advantagcot tH jiroci*MH
from an eeononiic point f»f view in not ni*cc^ari ly I hi* mo?*!
advantagerMts from n r h o n i e a l h tundpo in t .

A H h o u g h i t iu- po^-^ibje, wi th wo*t t 'oininerc'iaN'onrcntrjition-H,
In recover t h r bulk of the o^idf*H a* diiiit** n i t r ic a r i d , which
m a y be Hiili«i*i|iirnf |% eoneentrat4 #d, flu* fjuc*fion*i of I
a n d ava i lab i l i ty for ri#!ninen'ial u^enaffeet t h r var ious if
t o a fliflerent e x t e n t . Wh*li' in dye*tutf* tnanuf i i c tu rc , fc»r
cxanipl**, tip* rtmfi'itttnU'fi iiifrir a<*id finally prctdueed in r i w i i t y
re-abKorbcil iut<» the inaniifa<*tiiriiiK evele, thi-** »*• not flic c a w
with B f ixation plant whom* big^i^t m a r k e t in in *olid fertili/erH,
T h e i|iir«fiitn $4 t he ultiinaf«* p r o d u r t to be iuad#* therefore
flllt^f !«• iiee$d«»»I by IfH'iil lieeifn i* lit I by tin* ava i l ab l e
Tiif* i|!P-*4ifiii i% furllif-r d i^* t i»^d in O m p t e r V I ! .
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The general methods of absorption of nitron* gases may be
r o u g h l y classified as follows :

1. Water absorption processes.
2. Processes involving the use of alkalies, either solid or in

solut ion , where the end product may be at pure nitrate or
n i t r i t e , or a mixture of these.

3 . Absorption by concentrated sulphurir arid.
4 . Absorption by certain salts.
5. Processes similar to the above (I 4), but which involve

pre l iminary liquefaction of the nitrous ganes, or alternatively
processes in which the nitrous gases are eonrent rated before
absorp t ion .

I t is proposed to consider firstly the absorption of oxides of
n i t r o g e n by water, but before discussing thin type of absorption
i n detail , some of the general theory underlying the absorption
of nitrous gases will be considered.

Chemical reactions which are eaused to take plaee between
l i q u i d s and gases need to be considered in the light of the main
r e a c t i o n or product it is desired to produee. In many plants
a g a s is washed by contact with suitable liquids, and in thereby
d e p r i v e d of one or more of its constituents whieh may be of
•value. The scrubbing of coal gas by water for ammonia, or
b y cresol for benzene, etc., in an instance in point. In this rase
t h e main object is to remove the whole of the ammonia or
b e n z o l from the gas, and the concentration of thenr productH in
t h e resulting solution is a secondary consideration, In other
c a s e s , such as the saturating of brine with ammonia, or the
gasif icat ion of various alkaline liquids with carbon dioxide, the
o b j e c t in view is the complete saturation of it liquid with one of
t h e constituents of a gas. There is finally a third type of
a b s o r p t i o n , in which it is required to absorb completely one of
t h e constituents of a gaseous mixture, and sim ultn tun msly to
s a t u r a t e the liquid completely. I n all these iypen of absorption,
t h e simplest is tha t in which the process in on** of simple* solu-
t i o n , and most absorption in chemical industry is of this type*.

T h e literature on the theory of absorption in very scanty,
b u t t h e pioneer work of Hurter l should Im mentioned. He
p o i n t e d out that in general the extent of absorption will be
g o v e r n e d by the number of molecules of gun which impinge on

1 / . #oc. Chem* Ind.t 1885, 1887, inmi, 1893,
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a number of molecules of the liquid absorbent in a given time.
This general statement naturally takes account of such factors
as temperature, pressure, velocity, etc. Hurter classified
three methods of securing the necessary contact between gas
and liquid:—

1. When the gas, divided into small bubbles, passes through
a column of liquid.

2. When the liquid in the form of fine drops falls through a
column of the gas.

3. When the gas is passed in a stream through solids with
extensive surfaces which are covered by a film of liquid.

He found in general that the velocity of gas bubbles up a
column of liquid was practically uniform, and drew certain
general conclusions as to the relative economy of forcing gases
through liquids under pressure, or drawing them through
under vacuum.

The conditions in general, however, did not apply specifically
to the absorption of nitrous gases.

The general question of absorption has been more recently
considered by Donnan and Irvine,1 who take account of the
fact, shown by Adeney and Becher,2 that the rate of solution
of a gas in a liquid depends on the degree of unsaturation
existing at the moment. Donnan and Irvine introduced the
following simplifying assumptions :—

1. Temperature is kept uniform and constant throughout
the tower.

2. The volume percentage of the absorbable gaseous consti-
tuent is supposed to be fairly small, so that volume changes
due to its removal can be neglected.

3. The solubility of the main gaseous constituent is neg-
lected.

4. The vapour pressure of the scrubbing liquid is supposed
to be such that volume changes due to the saturation of the gas
with this vapour may be neglected.

5. The flow of gas and liquid is supposed to be uniformly
distributed over every cross section of the packing.

6. The wetted area of the sides of the tower is neglected in
comparison with the wetted area of the packing.

1 J. Soc. Chem. Ind., 1920, 39, 23.
2 Proc. Royal Dublin Soc, 1918-19, 15, [N.S.], 385,, 609.



94 ABSORPTION OF NITROUS OA8ES

7. The absorption is not complicated by relatively slow
chemical reactions in either gas or liquid, but is a wmpie
physica l absorption.

A number of equations were obtained, for details of which the
original paper should be eonsuJtcd. In their present form,
however , they do not apply specifically t o t he absorption towers
for n i t rons gases. This type of absorption has been specifically
considered by Parting! on and Parker.1 They deduced a

.. . rn K/iA
general equation log,, .i\

where rt) • initial concentration of entering gun in lbs. N()a

per cubic foot.
c • its concentration at a height x in the tower in

lbs. NO3 per cubic foot.
A cross section of the tower in square feet.
V rate of gas flow in cubic feet per minute,
/• • area of packing surface exposed in square feet,

per cubic foot gross -volume occupied by
packing.

K a coefficient (not constant) depending on the
rate of absorption of NO2 in various concentra-
tions of nitric aeid calculated from the results
of itideal.*

T h e equation gives approximate results for the m e of towers
requi red to carry out the absorption of a given amount of N() s

from a gas of given concentration, by means of a solvent con-
t a in ing a given amount of nitric acid. The method of treat-
m e n t in interesting in presenting a simplified solution of a very
complicated mathematical problem. Nneh factors as the
change in volume of the gases, change in concentration of
nitr ic acid, rate of solution of nitric oxide in nitric acid, etc*,,
h a v e b e e n neglected, but the solution is n definite step towards
p u t t i n g absorption practice on an exact basin.

T H E ABSORPTION OF Nmtor . s («ASKS BV WATKK

This Is the method almost universally adopted, and. in con-
sequence the method which involves detailed consideration,

1 J. Sor. ('hem, Iml,f UHih 3S» 7frT.
2 J. Ind. ting. Chvm., Ihn*.
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The process consists in principle In the* pitt^ftge of nitron* ^ase*
through a series of vertical towers, through which in being
circulated a counter-current of water. The git-H enter* t he hum*
of the tower at one end of the series, and |ms*intf up thin, i.-,
carried to the bane of the next tower and HO on. The water in
fed in at the top of the tower at the opposite end of the series,
and passing down this, is elevated to the top of the ne \ t tower
and so on, becoming more concentrated in nitric acid a* if K<M»H
on through the series. The two important phases arc tfa*eou*»
and liquid, and it is proposed to consider the theoretical factor**
affecting the«e phases before reviewing their practical appli
cation.

I. (fASKors PIIAHI»;

I t is generally accepted that the reactions governing the
absorption of nitrous gases by water are ;

(a) N2O4 4 - H / ) :::-:: HNO 3 ? UNO,,
(b) 3 H N 0 , ;-•:: HN()3 •} 2NO »• H / K
(e) 2NO -|- ()2;v ../ N aO4 .

I t is evident from these reactions, therefore, that' flu.* gaHcnu*
phase will be influenced by the factors of tciiipcraturc*, prri^iirc
and concentration, and also, in its relation to the liquid pfiaM*.
by its velocity.

T e m p e r a t u r e . Of the three reactions previously uten»
tioned :—

(a) in exothermic, but tiic iitnount of heat i»vi»lved )m* i»i#l
been accurately determined on a therriio-^*hentteal Uanh^

N t ( ) 4 -| H8O r - • UNO, i UNO, | J* ml ;

(b) Is endothermie,

3 H N 0 , - : / * HNO 3 i 2NO ? H,O 1K-4 enl. ;

(«) in Htrongly exothermic,

NO ! O - - > N O 3 j 14,00(1 ml

ConBider the c f̂feet of temperature on (//), If in prahnhy
tha t only N2()4 moloculen react with wnter to form nitrie ncid,
since it can be shown tha t a t tertiperiit.tire« nb«n*e Hum* n!
which the N,O 4 molecule IK completely diMHoeintrd into Sit,
moleculeH, the absorption of the gun by witter i« tivftliwUU', nor
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is nitric acid formed in the vapour state. Since, t h o r e f <>wil r i s i-
in temperature increases the percentage d i s s o c i a t i o n °f *'K"
N2O4 molecules, it would inhibit, to a considerable e x t e n t , the
rate of absorption of the gas by water, by lowering t h e partial
pressure of the N 2 O 4 molecules present.

Nitrogen tetroxide also obeys a general law of s o l u b i l i t y of
gases in water, in tha t a rise in temperature d e c r e a s e s i t * s o ' » -
bility. As it enters into chemical combination w i t h w a t e r , it
is not strictly comparable with an inert gas in t h i s r e s e c t ,
neither does it obey Henry's law exactly, b u t o n l y very
approximately. The general result of increase in t e m p e r a t u r e ,
however, so far as the reaction (a) is concerned, w o u l d be to
lower the rate at which N 2 O 4 molecules an* beinfjj e x t r a c t e d
from the gas by the liquid absorbent.

The reaction (6) has been shown by Brincr and D u r n n d l to
be endothermie, and the decomposition of ni trous n e i c i in pro-
moted by increase in temperature. It should b e borne* in
mind, however, tha t the rate of decomposition of n i t r o t i n acid
in aqueous solution is exceedingly rapid, even a t o r d i n a r y
temperatures, though its velocity of decomposition i s p r o m o t e d
by rise in temperature. At 0° ( \ the* maximum c o n c e n t r a t i o n
obtainable is approximately (M8f> N, or about 0-8 p e r c e n t , by
weight. At ordinary temperatures the c o n c e n t r a t i o n i s only
0-2 per cent, by weight. Reference to the work o f K r i o x and
Reid (Figs. 9, 10, 11) will show tha t the velocity of d e c o m p o s i -
tion is very rapid, even a t concentrations of less t h a n <>-! per
cent. The advantage to be gained therefore by a c c e l e r a t i n g
what is already a very rapid reaction Is negligible*.

The velocity of the reaction (c), viz. the o x i d a t i o n o f nitric;
oxide, has a negative temperature coefficient, i.e. i t in r e t a r d e d
by rise in temperature. The curve plotted from t h e r e s u l t s of
Bodenatein, given on page 25, shows this quite p l a i n l y , the*
velocity constant at 0° C. being 8-9, and at iW ('. 2-/>, i . e . the
velocity is reduced to one-third at the higher t e m j x » r a t u r e .
The oxidation of nitric oxide "m the greatest ** t i m e r e a c t i o n "
in the absorption system, and is the main factor g o v e r n i n g the
capacity of the system. Any reduction in the v e l o c i t y o f the
re-oxidation of nitric oxide, therefore, reacts d i r e c t l y a n d un-
favourably on the capacity of the ayHtem. Thin w i l l be* marie

1 Compt. rend., 1912, 155, 582, 1495,
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clear when the* effect of such unoxidized nitric oxide* on thi*
cycle of reactions is considered. The immediate result will In*
that the gas will react towards the water (with an equivalent
of nitrogen tetroxidt*) us nitrogen trioxide, NSO ; |.

II8O

Nitrous acid will he exclusively produced, and will then de-
compose according to the equation previously given, into
nitric acid and nitric oxide, which latter will again &4 fix " its
equivalent of N<)3, and dissolve as X3O3, It is evident tha t
from three molecules of nitrogen trioxide we shall obtain only
two molecules of nitric acid, whereas if the nitric oxide had
been completely oxidized to Na<)4, we should obtain four mole-
cules of nitric acid from three* molecules of the tetroxide, as
will be obvious from an inspection of the equations representing
the reaction. AH a result of one complete cycle of reactions in
the two canes, therefore, it in evident tha t the net conversion
of oxides of nitrogen into nitric acid in the hitter cast* in twice
that which occurs in the former case, and consequently the
absorptive capacity of the system would he halved under the*
former conditions. It must alse> be* pointed out that- nitric
oxide will reduce nitric acid with a very appreciable velocity.

The velocity of the* reaction has been determined by Kaposeh-
nikoff.1 He showed that concentrated nitric acid is reduced
very much more rapidly by nitric oxide than is dilute nitric
acid, the velocities for 5 per cent. HX():,, as com pa reel with
(>f> per cent. HNOa« being of the order of 1 : 25, An inspection
of the equation for the* reduction of nitric acid by nitric oxide
will also show that the equilibrium is directly influenced by
the partial pressure of the* nitric oxide, an increase* in this
partial pressure favouring the reduction of nitric to nitron*
acid. Those factors in absorption, therefore, of which tem-
perature- is one, which tend to cause the presence of unoxidr/.ed
nitric oxide in the inlet. gase«s, or which lower the rate of re*
oxidation of the regenerated nitric oxide, require very careful
control if efficient results arc to be obtained.

There m finally to be considered the effect of increased tem-
perature em the evaporation of nitric* acid from the solution,
caused by the pannage of inert gases through th«* absorbent,

1 ./. HHNH. phtjH, (%rm< .SV*\, IfWfl, 32S Ji7">.
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This Increases rapidly with temperature, as is well known, and
consequently lowers the final concentration of nitric acid pro-
duced. To suin up, therefore, an increase in the temperature
of the gases has the following theoretical disadvantages :—

1. I t lowers the partial pressure and solubility of nitrogen
tetroxide.

2. Lowers the velocity of oxidation of. the regenerated
nitric oxide.

3. Increases the amount of nitrogen trioxide in the system.
4. Decreases the capacity of the absorption system.
5. Increases the amount of evaporation of nitric acid.
(>. Lowers the concentration of nitric acid which can be

produced from a given concentration of nitrogen tetroxide.
These deductions have been readily confirmed by experiment

and in practice. .Foerster and Koch ' obtained the following
results by bubbling nitrogen tetroxide mixed with oxygen at
different temperatures through absorption vessels containing
water.

'iVmjH'nilurt

0"
if/' IS"

50'

TABLtt 22

of | ('own. of MX()3 in ah-
j .sorbing Solution nftcr it
I îvoii rriiuci.
i

• 54*30 j>«»r <*Ollt.
; 54-21 „
I 51-84 ..

Tin* figures indicate tha t little or no advantage is to be
gained by cooling the gases below air temperature, a conclusion
which is also borne out by experience in large-scale practice.
So far as the diminution in rate of absorption is concerned some
experiments earned out by the author showed a drop of
approximately 4 per cent, in the efficiency of a tower by an
increase of temperature from t~>''V<9 to »J5° (.!.

It is a matter of common experience in large-scale practice
that an increased temperature of the gases in an absorption
system {or also of the absorbing liquid) results in a lower con-
centration of nitric acid being obtained. For example, the

1 Z,itM,-h, tuvjnr. Chun., 1908, 21, 2HJI.
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results given in Table 23 were noted on an absorption plant
consisting of eight towers in series, each 12 feet high and 3 feet
6 inches diameter, the gases being cooled to different tem-
peratures before admission to the towers.

TABLE 23

; Temperature of ; Percentage Concent rat ion
I ('Junes, of Nitric Acid produced

t\ with constant Water Feed.

25°-30° • 54-2 per cent.
37°-40° : 53-4 „
45a-52° 50-0 „
55°-60° • 44-6 „

In another case a gas-inlet temperature of 70° C. caused the
forniation of a nitric acid containing only 30 per cent. HN0 3 ,
while the same gas, cooled to 40c 0. before admission to the
tower, gave an acid containing over 45 per cent. HN0 3 . In
practice little or no advantage is to be gained by cooling the
gases to temperatures lower than 15C-20C C , while experience
show's that the temperature may be allowed to rise as high as
40° C. without a very appreciable falling off in the rate of absorp-
tion taking place. Above this temperature, however, the con-
centration of nitric acid obtainable under a given set of con-
ditions falls off very rapidly, throwing an increasingly heavier
load on the absorption system. The temperature of 40° C.
should therefore be regarded as a maximum, though it is
eminently desirable that the gases should be cooled down to
air temperature if possible. The amount of published experi-
mental data with regard to this temperature limit is negligible,
and the figure of 40° C. is derived mainly from experience. In
this connection it is interesting to notice that Taylor, Capps,
and Coolidge l state that a temperature of 40° C. is considered
to be a maximum for the inlet gases in American absorption
practice.

Cooling of Nitrous Gases. It is possible in most cases
to keep the temperature of the gases below the maximum of
40° C. in winter, particularly in plants where the initial tern-

1 J. Ind. Eng. Oh em., 1918, 10, 270.
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perature of the n i t r o n s g a s e s is r e l a t i v e l y l o w , o r the gases are
small in q u a n t i t y . t^ iacl i t ypes include* f ° r example, the
deoitration of v a s t € a c i d s , nitric a c i d m a n u f a c t u r e b y the po t
process, the a r t i f i c i a l s i l k : Indus t ry , e t c . E v e n i n summer there
is no great d i f f i c u l t y w i - t h . t h e g a s e s from t h e s e plants .

The reverse is t r l i e e^as^e however w i t h t h e gases obta ined by
the oxidation of a m m o n i a , where t h e gases l e a v e the converter
at temperatures I n t h e > region of 6 0 0 ° C , a n d above all in the
arc fixation p r o c e s s . , - w l i e r e t e m p e r a t u r e s of o v e r l300O°C. may
occur in the gas l e a v i n g the f u r n a c e . I n s u c h , cases cooling is
quite essential. ^ s I s well k n o w n , the g a s e s from the arc
furnaces are d e p r i v e d o f a good d e a l of t h e i r h e a t under boilers,
the issuing t e m p e r a t u r e being a r o u n d 150°—200° C. t o avoid
corrosion of the fc> o i l e r p l a t e s "by t h e d e p o s i t i o n of w e a k nitric
acid. After t h i s -fctiey are led t h r o u g h l o n g air-cooled and
water-cooled m a i n n s , s o t h a t t h e y a r e v e r y n e a r l y a t air tem-
perature before r e a c h i n g the a b s o r p t i o n t o w e r s . At Notodden,
for example, t h i s i s e f f e c t e d b y c a r r y i n g t h e gases through
aluminium mains 5 ie«efc d i a m e t e r a n d o v e r 1,200 y a r d s long.

In ammonia o x r i c l s t t i o x i p lants , a s p r e v i o u s l y s tated, the gas
comes away froznt t i r e c o n v e r t e r a t a t e m p e r a t u r e of approxi-
mately 600° 0. I n t h i s case t h e gases a r e p a r t l y air-cooled,
and then passed t h r o u g h a cooler, "built of ac id-proof brick and
containing i n t e r n a l l y w a t e r - c o o l e d l p ipes of acid-resist ing iron.

With almost a n y a b s o r p t i o n p l a n t , h o w e v e r , it is advisable,
and in fact n e c e s s a r y , t o provide s o m e s i m p l e means of coaling
the gases before a ^ l l o - w l r r g t h e m t o e n t e r t h e a b s o r p t i o n towers.
In most plants fclie g a s init ially "fco be clea.lt with consists of
nitric oxide, whic la l n u s t be o x i d i z e d t o t h e fcetroside before the
gas enters the t o w e r s . S iace the i react ion b e t w e e n ni t r ic oxide
and oxygen is ex:oi3h.e:ri : i i ie3 a s h a r p rise i n t e m p e r a t u r e of the
gases occurs, on a d d i n g t h e air n e c e s s a r y f o r the oxidation.
An approximate i d e a o £ the t e m p e r a t u r e s l i k e l y to be attained
where large concesrvbTSLtions of ni t i r ie ox ide h a v e to b e handled
may readily be o b t a i n e d from t h e d a t a o f T h o m s e n a n d Ber-
thelot, on the he^L"fcs o f f o r m a t i o n of t h e o x i d e s of n i t rogen.

N"O — 21,6OO cals.

N O 2 — 1,700 c a l s .

— 7,600 c a l s .
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3.

(at
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Subtracting (1) from (3) we obtain the heat of formation of
NO 2 a t 150° C. (the temperature at which N 2 0 4 mols. are
completely dissociated into K 0 2 mols.).

NO -j- 0 = NO 2 -h 14,000 cals.

Consider the addition of the theoretical amount of oxygen
(as air) to a quanti ty of pure nitric oxide. 22-4 litres (30
grains) NO will form 22*4 litres (46 grams) of NO*, assuming
complete dissociation, and will require for oxidation 11-2 litres
of oxygen, which will "be associated with 44-8 litres (56 grams)
of nitrogen. Since the specific heat of nitrogen teiroixide (as
JNTO2) is 1 -65 cals. per gram, and of nitrogen 0-23 cals. per gram,
we have

(R X 45 x 1-65) + (5G x 0-23 x E) = 14,000 cals.
where R = rise in temperature in deg. Cent.
whence R = 1 6 0 deg. Cent, (approx.).

Hence if the initial temperature of the gases was 18CC, we
should obtain theoretically a final temperature of nearly 180° C.
under the above conditions for 30 grams of nitric oxide. In
practice pure nitric oxide has seldom to Ibe dealt with, but is
accompanied by varying quantities of air or nitrogen, water
vapour, nitric acid, etc. The presence of these substances
causes, much lower temperatures to be obtained than the
theoretical figure previously derived. The author has noticed
repeatedly, however, that nitric oxide from a denitration plant,
wlien previously cooled to a temperature of 18°-250 C , attained
temperatures of 5O°-70° C. when the theoretical amount of
oxygen (as air) was added, for the oxidation of the nitric oxide
to the tetroxide, and if the plant is such that radiation losses
are small, i t is quite possible to obtain higher temperatures
than these.

The form of cooler to be adopted under such circumstances
natural ly depends on the quantity of gas "being handled, and
on i ts temperature. For very small quantities of dilute gases,
the external water-cooling of a length of stoneware main will
be found to Ibe sufficient, although the method is liable to give
trouble in practice, owing to the cracking of pipes through
sudden changes in temperature, leaky horizontal joints, etc.

Ha r t ' s condensers (Fig. 34), such as are used on many
nitric acid plants, l a v e "been used with considerable success
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for hand l ing g a s e > from cteiiitnition towers, and are preferable
from e v e r y p o i n t of viriv to the old water-cooled silica coil.

A.ffeacfers
B- Water Distributors
C. Glass Tubes

F I G . 3 4 . — H a r t ' s tV>i2detiM>r> a d a p t e d as Coolers for N i t r o u s Gases .

T h e q u e s t i o n o f c o o l i n g i n t h e a r c p r o c e s s h a s b e e n s o l v e d b y

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

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

i n m o s t o t h e r t y p e s of p l a n t .

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

t h e p r e s e n t i n a m m o n i a o x i d a t i o n s y s t e m s , w h e r e a c o n s i d e r -

a b l e q u a n t i t y o f w a t e r v a p o u r i s a l s o p r e s e n t i n t h e n i t r o u s

g a s e s , a n d o n c o o l i n g t h e g a s . t o t e m p e r a t u r e s n e a r 1 0 0 ° C , a,

w e a k n i t r i c a c i d i s d e p o s i t e d w h i c h i s e x c e e d i n g l y c o r r o s i v e i n

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

t h i s w a t e r v a p o u r , s u c h a s c e r t t r i f u g i n g , s u d d e n c o o l i n g , e t c . ,

"but n o n e a p p e a r s t o b e s a t i s f a c t o r y .

T h e q u e s t i o n o f c o o l i n g t h e g a s e s a s t h e y p a s s t h r o u g h e a c h ,

t o w e r o f t h e s e r i e s i n t h e a b s o r p t i o n s y s t e m h a s a l s o m e t w i t h

c o n s i d e r a t i o n . 3 ? o r e x a m p l e , E n g . P a t . 1 2 1 , 6 3 5 , 1 9 1 9 , d e s c r i b e s

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

0 ° C . t a k e s p l a c e a t t h e w a t e r - i n l e t t o w e r , a n d p r o g r e s s i v e

r e d u c t i o n i n t e m p e r a t u r e t o t h e c o n c e n t r a t e d a c i d t o w e r w h e r e

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

f o r t h e p r o c e s s a r e :—-

(a) T h a t a b s o r p t i o n i s f a c i l i t a t e d .
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(6) That the speed of production is increased.
(c) That the process is very useful for high concentrations of

nitrous gases.
On the other hand, a private communication to the author

on American absorption practice states that improved results
have been obtained on an absorption system by warming the
last tower (water inlet) of the series, a small rise in temperature
appearing to favour the more complete scrubbing of a weak
gas. There appears to be no appreciable rise of temperature
caused by the cycle of reactions in the ordinary water absorp-
tion system, where cooling by radiation is allowed to take
place. This is undoubtedly due to the fact that any nitric
oxide regenerated in the system is allowed to oxidize in the
presence of wetted surfaces, and consequently little more than
50 per cent, oxidation is obtained, before the gas is reabsorbed
as nitrogen trioxide to form nitrous acid.

The solution of nitrogen trioxide in water is also an endo-
thermic reaction

N2O3(aq.) - - 6,820 cal.

Finally, the decomposition of nitrous acid is also endo-
thermic, and these two changes tend to neutralize the effect of
the heat evolved by the oxidation of the nitric oxide in the
system, and, combined with the cooling effect of radiation,
liquid circulation, etc., prevent any appreciable rise in tem-
perature taking place.

PRESSURE OF THE GASEOUS PHASE

The term " pressure," in its application to the absorption
system, includes both the partial pressure or concentration of
the nitrogen tetroxide, and also the total pressure on the
system. The partial pressure of the nitrogen tetroxide is a
factor of very great importance.

Partial Pressure of Nitrogen Tetroxide. In general,
the greater the solubility of a gas in water, the less will be the
importance of concentration in its absorption from an indus-
trial standpoint. With gases which are only moderately
soluble, however, the partial pressure of the gas in contact with
the water, being the main factor governing the rate of solution
and total solubility of the gas, becomes a factor of first import-
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a nee. as it governs directly the capacity of the absorption
isystem. Where the gas enters into a chemical reaction with
wate r the importance' of partial pressure is even greater, and
t i i i s is particularly the case with nitrogen tetroxide since its
r a t e of absorption depends upon, the rapid establishment of
cer ta in equilibria, and also the concentration of nitric acid
resulting from its absorption in water must be as high as
possible. It is obvious therefore that the partial pressure of
t h e nitrogen tetroxide will haye a direct relation to the total
capacity of the system. The total effect on the system is the
resultant of a number of smaller effects, the most important
of which are as follows :—

1. The rate of dissolution of the tetroxide in water is lowered.
This factor affects the absorption system in two ways.

Fi rs t ly in decreasing the total capacity of the system in direct
r a t i o to the decrease in concentration, and secondly in lowering
t h e final concentration of nitric acid which can be attained.
I t may not at first be evident why this latter variation should
occur . It has been shown by Toerster and Koch,1 however,
t h a t the rate of solution of nitrogen tetroxide in nitric atcid
decreases rapidly with increase in the concentration of nitric
a c i d in the aqueous absorbent (see Fig, 38, p . 133). The re-
ac t ion between nitrogen tetroxide and water may be repre-
sen ted as follows :—

N2O4 + H20 ^ r ± HJSTO3 +• HNO2 . . . . (a)
The nitrous acid in the solution then enters into the equi-

l ib r ium reaction

3HN0 s ;=z± HNO, + 2N0 -f H 2 0 . . . . (6)

I t Is evident from an inspection of these two reactions tha t the
f inal concentration of nitric acid obtained will depend upon the
velocity with which these equilibria are established, and hence,
i n the ease of (a) above, on the partial pressure of the nitrogen
tetroxide. The equilibrium (b) is established very rapidly
(see Chapter I, Nitrous Acid).

2 . The second effect of a low partial pressure of nitric
tetroxide may be said to be rather an indirect one, but is yet
of considerable practical importance, viz. the evaporative
effect of large volumes of inert gas passing through fairly con-

1 Ztitech. angew. Chan., 1908, 21, 2161.
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centrated solutions of nitric acid. This evaporative effect will
be relatively larger as the partial pressure of the nitrogen tet-
roxide is smaller. If a certain number of tons of nitric acid per
week are to be recovered in an absorption system of a given
capacity, i t is evident that the amount of evaporation taking
place is much greater if the oxides of nitrogen form 1 per cent,
of the gas mixture as compared with 10 per cent, of the mix-
ture. Although it might be anticipated that as nitric acid
forms a minimum vapour pressure mixture at 68-5 per cent.
HKrO33 the evaporative effect of the inert gases would remove
water rather than nitric acid, and so concentrate the acid to
some extent, this is not found to be so in practice. The inert
ga-s appears to remove nitric acid in the form of a fine mist
which is -very difficult to condense except by electrical
precipitation. I t may contain up to 40 per cent. HNO35 and
the removal of such tc mist " from the system by inert gases is
a fruitful source of loss, and constitutes a strong argument for
the use of the highest partial pressure of nitrogen tetroxide
obtainable under the given set of conditions.

3. The final effect of a low partial pressure of nitrogen
tetroxide lies in the fact that the equilibrium

is displaced to the right by decrease in the partial pressure of
the N2O4 . If-it be assumed therefore tha t only N 2 O 4 mole-
cules react with water and not the NO 2 molecule (an assump-
tion which appears to he justified fcy the fact that above
140° C , the temperature at which only NO 2 molecules are
present, nitric acid is not formed by admixture with steam),
then the rate of dissolution of the tetroxide is further lowered,
with an increased effect upon the capacity of the system, and
the concentration of nitric acid, as outlined under (1) ahove.

The experimental work of Foerster and Koch 2 on the maxi-
mum concentration of nitric acid which is obtainable by leading
mixtures of nitrous gases and air at constant velocity into
water a t 15° C, shows clearly the effect of partial pressure on
the concentration of nitric acid produced (Table 24).

With the 7-8 per cent. N02~air mixtures obtained from
ammonia oxidation plants, nitric acids of 58-60 per cent.

1 La
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C "«)111 •fl'lf Kit IOH

TAB!

of
Nitres*1!! TWmxide

per cent. NO* by

1

vol.).

.E 24

Concentration of
Kitric Acid produced.

Per cent. HNO5

46
52
55

HXO3 can be obtained, while with mixtures containing 15 per
cent, of nitrogen tetroxide (as N02) a maximum concentration
of 68 per cent. HXO 3 can readily be produced.

How important the factor of partial pressure is on the
capacity of the absorption system is clearly illustrated by the
gross cubic capacity of the different systems dealing with
nitrons gases of widely differing concentrations. For example,
the gross absorption capacity required to produce one ton of
nitric acid fas Kid per cent.) per week is about 1,000 cubic feet
in the case of a gas containing 1 per cent, of nitrogen tetroxide-
(as XO2) such as is obtained in the arc process, while only 25-
3G cubic feet are required for a gas containing about 15 per
cent, nitrogen tetroxide (as NO2) coining from the ordinary
waste acid denitration plant.

Variation of the Par t ia l P re s su re of N i t r o g e n T e t r o x -
ide. It will be evident from what has been said tha t it is
of the greatest economic importance in absorption practice to
maintain the partial pressure of the nitrogen tetroxide as high
as possible.

In many processes in which oxides of nitrogen have to he
absorbed, little or no variation in the partial pressure can
usually be made directly, owing to the conditions under which
the gas is produced. For example, in the arc process and in
ammonia oxidation the concentration of nitric oxide in the
final gases is already fixed by the conditions o£ the oxidation.

If, on the other hand, a concentrated nitric oxide is avail-
able, as is usually the ease in denitration processes and a, number
of oxidation processes with nitric acid, the amount of air or
oxygen to be added to the nitric oxide is of direct importance
in determining the partial pressure of the resulting nitrogen
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tetroxide. The partial pressure of the nitrogen tetroxide can
be increased with both types of gases by intermediate extrac-
tion processes such as liquefaction, absorption in weak bases
and subsequent release by heating, etc. This phase of the
problem has assumed such an importance, however, that it is
discussed in detail later in the chapter, and it is proposed to
deal for the moment with gases already rich in nitric oxide to
which air or oxygen must be added to oxidize the nitric oxide
to the tetroxide before sending the gases to the absorption
towers. The air or oxygen added has two important func-
tions :—

1. To oxidize all the nitric oxide originally present.
2. To oxidize the nitric oxide continuously regenerated

throughout the cycle by the decomposition of nitrous acid.
The quantity of air or oxygen required for (1) above can

readily be calculated, and also the theoretical quantity re-
quired for (2). I t must be borne in mind, however, that any
excess of air over that required for (1) has two important
effects on the cycle:—

(a) I t lowers the partial pressure of the nitrogen tetroxide
entering the system.

(b) I t increases the time required for the oxidation of the
nitric oxide originally present (see Chapter I, pp. 20-24).

The results of (a) above have already been discussed. So
far as (b) is concerned it is evident that the effect of dilution
with oxygen is similar to that of excessive inlet temperatures
in this respect. Only that proportion of nitrogen tetroxide
above that required for the formation of the trioxide
(NO + NO2) will form nitric acid directly, and it is quite
essential therefore to have such conditions as will ensure all the
combined nitrogen in the inlet gas to the system being present
as the tetroxide. The point has already been mentioned in
discussing the influence of temperature (p. 97), where it was
shown that the load on the absorption system is about twice as
great for a gas containing N2O3 molecules as compared with
N 2 0 4 molecules. In addition to this fact, which is the direct
result of the chemical reactions involved, it must also be taken
into account that nitrogen trioxide dissolves in water at a
much slower rate than the tetroxide, and also that concen-
trated nitric acid is readily reduced by nitric oxide.
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In practice it is found that an excessive temperature in the
inlet gases causes far more inefficient results than the niere
presence of nitric oxide in the inlet gas if the latter is a t
ordinary temperature.

The following sets of observations on a set of towers a t tached
to an absorption system will serve to illustrate the effect of
excess of nitric oxide in the inlet gases, so far as the variation
in the concentration of nitric acid is concerned, and particu-
larly the reduction of concentrated nitric acid by the nitric
oxide in the inlet gas.

TABLE 25

Inlet gas containing no free oxygen: N2O3 = 14-5 per cent.

Rate of :

Water Feed.

10 gals, per hour . :

!

Number of
Tower.

1 (water inlet)
2
3
4
5
6
7
8 (gas inlet)

Per rent. HNO, in Acid
at Base of Tower.

48-8
51-8
55-2
56-9

1 57-4
! 55-0
I 48-7

42*2

The most concentrated acid should be obtained from tower
No. 8, but is, in fact, obtained from No. 5, so that the relatively
strong acid from this tower is undergoing progressive redaction
as it approaches the gas-inlet tower, owing to the relatively
high concentration of nitric oxide entering the system.

On admitting air so that there was an excess of 1*5 per cent .
free oxygen in the inlet gases, the amount of nitric oxide in t h e
inlet gases was reduced to 3 per cent, when the tower system
operated as shown in Table 26.

The acids running away from each tower had lost the bluisli-
green colour possessed by the absorber acid in the previous
case (Table 25)9 and were consistently yellow. The most con-
centrated acid is now obtained from tower KTo. 6. Air w a s
admitted further until the inlet gas showed & 6 per cent, excess
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TABLE 26

109

Water Feed.

I 10 gals, per hour

x* , . m I Per cent. HNO» in Aeld
Number of Tower. ; ^ Bas& Q{ ^ ^

28-9
47-0
57-5
60-8
64-2
64-8
B2-2
56-9

1
2

4
5
6
7
8

(water inlet]

(gas inlet)

of oxygen and the nitric oxide was below 1 per cent. The feed
of water could then be doubled, and the results obtained are
shown in Table 27.

TABLE 27

Water Peed.

20-5 gals, per hour .

Number of Tower.

1 (water inlet)
2
3
4
5
6
7
8 (gas inlet)

Per cent. HNO3 In Acid
at Base of Tower.

21-7
35-6
421
46-0
52-0
52-8
55-8
57-5

The presence of nitric oxide in the inlet gases hence causes
considerable loss in efficiency* in the tower system. Care must
therefore be taken that sufficient time is allowed after the
addition of oxygen (as air) for the complete oxidation of the
nitric oxide to the tetroxide. As will be seen from the curves
on pages 20-24 the time of oxidation varies considerably with
the concentration of nitric oxide in the gas mixture. For
example, a mixture containing initially 20 per cent, of nitric
oxide requires 19 seconds for 90 per cent, oxidation, whereas
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a mixture containing initially 1 per cent. NO requires 204
seconds for a similar amount of oxidation.

This time for oxidation can only be allowed by provision of
oxidation chambers, wide pipe runs, or unwetted towers,
before the oxidation system.

The net oxidation capacity required can readily be calcu-
lated from the volume composition of the gases being dealt
with, and their velocity. In this connection it must be
emphasized tha t the use of wide gas mains is often more
economical than the construction of special oxidation towers,
needing. concrete foundations, brick pier supports, drainage
facilities, etc.

Moscickix describes an absorption system in which the
absorption vessel alternates with an oxidation vessel (see p.
174). A similar device is patented 2 by which it is proposed to
lead away the gases after each tower and allow the nitric oxide
to oxidize completely to nitrogen tetroxide before leading the
gas to the next tower in the series.

I t must be pointed out, however, that the concentration of
nitric oxide in the gases becomes rapidly less as the gas passes
through the system. The gas would therefore need to be given
an increasingly longer time of passage between each pair of
towers to secure complete oxidation to nitrogen tetroxide each
time. Although the size of the actual absorption vessel might
be considerably diminished by so doing, the capacity of the
system would not necessarily be increased, owing to the time
required for the oxidation in each case, which limits the rate of
flow of the gases through the system. This was actually
experienced by setting up in an absorption system an alterna-
tion of packed wetted towers and unpacked dry towers.

The present system is a compromise, inasmuch as the nitric
oxide regenerated is allowed to oxidize as far as N 2 0 3 , or even
a little higher, a reaction which is relatively rapid. The
nitrous acid formed by. its solution in water also decomposes
rapidly, one-third of its nitrogen only being converted to nitric
acid. A given concentration of nitric acid is more rapidly
attained by this latter cycle in the " weaker " towers of the
series than if the nitric oxide had been led away and allowed
time to oxidize completely to N2O4 before absorption in water.

1 Chim. et Ind., 1919, 11-12, Dec. 2 Fr. Pat. 469,649, 1914.
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The alternation of oxidation chambers with albsorption vessels
will decrease the size of absorption tower necessary t h e r e f o r e ,
but not necessarily the capacity of the system.

These arguments do not apply, however, to the gas en te r ing
the system, since the greatest efficiency is obviously ob ta ined
by having only 1ST 2O4 molecules present. The reducing ac t ion
of any entering nitric oxide on the relatively strong nitric acid
in the gas-inlet tower would also be much greater than w i th t h e
mare dilute acids in the towers near the water inlet.

The preceding discussion will make it clear therefore t h a t
where a concentrated nitric oxide is available, the amoiant of
oxygen to be added before admission of the nitrous gas to t h e
absorption towers is very important. I n this connection i t is
a matter of experience that the theoretical maximum concen-
tration of nitric acid obtainable by the absorption of n i t rous
gases in water (68*5 per cent. HNO3 , see p. 53) i s n o t
attainable with nitrous gases containing less than 8-10 p e r cent .
NO, and if the concentration of nitric oxide available is g r ea t e r
than this figure, it should not be reduced much below it b y t h e
addition of air or oxygen. Before discussing this point i n a n y
further detail, i t is necessary to determine the theoret ical
quantity of air necessary for the oxidation and absorption of
a given concentration of nitric oxide.

Theore t ica l Quant i ty of Oxygen r equ i r ed , A con-
sideration of the three main absorption reactions will show
that the gas passing through the tower system is conce r t ed
into a series of gas mixtures containing smaller and smal ler
concentrations of nitric oxide, the time of oxidation of each
mixture increasing very rapidly. From the three equa t ions
referred to it is evident that six molecules of NO 2 are conce r t ed
into four molecules of nitric acid and two molecules (i.e. J) of
nitric oxide. This nitric oxide is re-oxidized, and again f of
the NO o formed is converted into nitric acid and J forms ni tr ic
oxide, and so on.

Thus if If is the weight of nitrogen tetxoxide (as N"O2)
entering the absorbers, the amount of contact "between n i t rogen
tetroxide and water is represented by the sum of

N + T N + £N +• etc.
= i-5 nr.
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By making the assumption that the rate of formation of nitric
oxide approximates to its rate of re-oxidation (which is true
only for fairly concentrated nitrous gases in contact with
water), the maximum weight of nitric oxide formed in any one
tower 1

Wt. NO = N x 1-5 x 2 — = O326N
6 x 46

where N = weight of total nitrogen (calculated as NO2)
absorbed in each tower.

If volume changes, instead of weights of products, are con-
sidered, it is evident that 3 vols. of NO 2 will generate 1 vol.
of NO, and in consequence the volume of nitric oxide generated
throughout the system from 1 vol. of N 0 2 will be the sum of
the series

= 0-5 vols. NO.

This result indicates therefore that the total amount of
nitric oxide regenerated during the absorption cycle is one-half
the amount of nitrogen tetroxide (as NO2) entering (and
absorbed) in the system. From this relationship the theoretical
amount of oxygen required to accompany the nitrogen tet-
roxide entering an absorption system can readily be calculated.

This figure is useful in giving an approximate idea of the
amount of nitric oxide developed in each tower, if the amount
of nitric acid (i.e. the N 0 2 absorbed) in the tower is known.

By making certain simplifying assumptions, a much clearer
idea of the nature of the problem, and the influence of the
initial concentration of nitric oxide and oxygen, can be ob-
tained by calculation.

Assuming t h a t all the nitrogen tetroxide entering a tower
is absorbed, and regenerates its equivalent of nitric oxide,
imagine a gas of initial composition

NO 2 = 1 5 % by vol.
O 2 = 1 0 % by vol.
N 2 = 7 5 % by vol.

Consider 100 vols. of such a mixture. After the first tower
1 Tech, Records Expl. Supply, No. I, 1915-18.
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A the NO2 will have been replaced by } X 15 vols. of ]XTO3 i.e.
5 vols. NO.

The composition of the exit gas will then be

NO = 5 vols. NO = 5-55%
O2 = 10 vols. i.e. O2 = 11-11%
N 2 - 7 5 vols. N2 =83 -33%.

The nitric oxide is then oxidized, the 5 vols. above requiring
2-5 vols. 0 2 . The INTO* is absorbed, regenerating | x 5 vols.
of NO. Hence composition of gas after leaving tower B is

NO
o 2

N2

After tower C

NO
0
N 2

= 1-67
= 7-5
= 15

= 0-56
= 6-66
= 75-00

vols.
vols.
vols.

vols.
vols.
vols.

= 2*
= 9
= 89

= 0-
Q
O= 91

o%
•0%
•0%.

•71%
•io%
•2 %•

The times of oxidation for these mixtures (see Fig. 2, p.
20) are as follows:—

TABLE 28

Composition of Gas Time of Oxidation, of
(per cent. NO). ; 90 per cent, of the ^TO.

i
A . 5-55°/Q ' 42 sees.
B . . . . I 2-0% 190 sees.
C . . . . i 0-71% ! 1,426 sees.

The time the gases are in the absorption system varies with
the type of plant, but if the longest period allowed in most
large-scale plants, viz. 20 minutes, is taken as an example, it
is seen that it is quite insufficient for the oxidation of 90 per
cent, of the nitric oxide in the mixture after tower C. Par t of
this unoxidized nitric oxide will represent loss in the absorption
system, unless a final absorption by alkaline solutions is carried
out, when nearly all the I3ST0 present will be removed (with an
equivalent of NO2) as N2O3» without the regeneration of nitric
oxide.
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The figures given therefore serve to illustrate that the
excess of oxygen allowed to be present in the inlet gas to the
system must be as small as possible. The theoretical value is
readily obtained from the fact that the amount of nitric oxide
regenerated is 0-5 N by vol. where N = total vol. N 0 2 ab-
sorbed, or 0-326 N by Veight where N = total weight NO 2

absorbed. If therefore the inlet gas contains 10 per cent.
NG2 by volume, 100 vols. of the gas will give rise to a total of
5 vols.'NO which will require 2-5 vols. of oxygen for its oxida-
tion. For every 100 vols. of original gas, therefore, there
should be added theoretically 2-5 vols. of oxygen. If we

assume the 100 vols. contain ' A T i [, and tha t the
10 vols. JNOoj

2*5 vols. oxygen is added as air, the gas will then contain
100 vols. N2

10 vols. NO 2

2-o vols. O2

and its percentage composition would be
N2 = 88-89%
N 0 2 = 8-89%
O s = 2-22%.

The curve (Fig. 35) is obtained by calculating the values
thus obtained for a series of initial percentages of nitrogen
tetroxide in the inlet gases, and shows the theoretical amount
of oxygen required for any given percentage of nitrogen
tetroxide in the inlet gases. This quantity of oxygen is the
minimum necessary, if all the regenerated nitric oxide is to be
oxidized completely to the tetroxide. I t must be remembered
in practice however that the complete oxidation of nitric
oxide seldom occurs, since the reaction takes place in the pre-
sence of moisture, which absorbs nitrogen trioxide, or its
equivalent of nitric oxide and tetroxide, as fast as it is formed.
The nitrogen trioxide subsequently regenerates nitric oxide
through the intervention of nitrous acid. I t can readily be
seen that in such a cycle of reactions the quantity of oxygen
required for the production of a given amount of nitric acid
would be the same in the two cases.

Method of Addition of Oxygen. In practice the air from
the acid elevators (Pohle lifts, etc.) is usually admitted to the
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towers, and a certain amount of air also enters by leakage
through acid taps, jointing, etc.

Let us consider a system of eight small towers giving 400 lb.
of 50 per cent. H N 0 3 per hour. The water circulated is at
least 20 gallons per hour, and this is being circulated in each of
eight towers. If we take as an approximation that a Pohle

ft*

e
n
ta

i,
0

70 12 130 1 2 3 4 5 6 7 8 9
Percentage of NO2

FIG. 35.—Curve showing Theoretical Quantity of Oxygen required for a
given Percentage of Nitrogen Tetroxide in the Inlet Gases to an Ab-
sorption. System.

lift uses about six volumes of air to elevate one volume of acid,
we have, entering the system per hour,

8 x 6 x 20
cubic feet of air

= approx. 160 cubic feet air
= 40 cubic feet oxygen.

The amount of nitrogen tetroxide entering per hour corre-
sponds to 200 lb. H N 0 3 (as 100 per cent.), which is formed
from 146 lb. of NO2

= 1,114 cubic feet NO2 .

This would regenerate by complete absorption a total
amount of nitric oxide in the system equal to 557 cubic feet,
which would require for oxidation 278-5 cubic feet of oxygen.
Thus the sole addition of air from the Pohle lifts is quite inade-
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quate for the absorption unless a considerable excess of liquid.
absorbent is kept in circulation in each tower. I t is therefore
necessary to supplement the air added to the gases from the air
lifts. This is usually carried out by injecting compressed air
into the nitrous gases before the oxidation chamber is reached,
or else by using the velocity of the nitrous gases themselves as
a means of sucking in the necessary air supply. I t is at this
stage of the absorption system that a totally inadequate con-
trol is oommonly observed in most absorption plants. The
usual type of error in operation is probably one of the
following:—

1. The injection or " induction " of air without any attempt
to check its quantitative relationship with the amount of nitric
oxide present.

2. The air is admitted at a point which allows insufficient
time of oxidation before the gas is admitted to the towers.

3. The air from the Pohle lifts is injected into the nitrous
gases immediately before entering the tower system, so that the
effect of the added oxygen is comparatively small.

4. The system being worked under suction, a considerable
amount of air leakage is allowed to take place.

So far as (1) above is concerned, it is hoped that the need of
such measurements will have been made quite evident. With
the factor of time of oxidation is also involved the temperature
rise on adding air or oxygen to nitric oxide, so that it is also
self-evident that the air should be injected before the coolers.
The third point above, which is a very common fault in most
absorption systems, can readily be overcome by leading this
air (containing nitrous gases) into the tower containing gases
most closely approximating to its composition. This will
usually be found to be the third tower from the gas inlet. The
amount of air leakage on most plants is very excessive. I t can
be almost entirely eliminated by attention to pipe-joints, etc.,
and particularly to the luting of the acid-outlet taps from the
towers. A common cause of leakage near the water-inlet
towers (to which end of the system the fan is usually attached)
results from the use of a very dense packing necessitating a
considerable suction on the towers.

On the whole, the most convenient method of adding air to
the nitrous gases is to blow it into the main through a standard
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jet which, can readily be calibrated for different air pressures.
The quantity of air can then be rapidly adjusted to suit the
nitric oxide content of the gases, without the necessity for a
large number of gas analyses.

I t has also been found experimentally that an apparently
convenient method of controlling the working of the towers is
by the amount of oxygen in the exit gas from the system.1

They found that the oxygen content of the exit gas should
not be allowed to fall below 4 per cent. O2, between 5-6 per
cent. O2 corresponding with the highest absorption efficiency.
The method has not yet been tried very extensively on a large
scale, but offers a very convenient method of control, in spite
of the extra care needed to prevent air leakage into the system.

The figures given for the nitric oxide content of the gas after
successive towers (A, B, C . . . , p . 113) serve also to empha-
size the fact that since the gas is becoming increasingly dilute
with respect to NO, with consequent increase in its time of
oxidation, this gas will tend to form the main oxide of nitrogen
in the gas towards the end (water inlet) of the absorption
system. Since this nitric oxide will be associated with an
equivalent amount of nitrogen tetroxide (the oxidation of 50
per cent, of the NO in any mixture with air being comparatively
rapid), it is evident that the nitric acid obtained in the towers
near the end of the series is formed almost exclusively by the
decomposition of nitrous acid, and that loss of nitric oxide to
the exit is inevitable if water is the absorbent. Nitrogen
trioxide is also more slowly absorbed by water than nitrogen
tetroxide. On the other hand, N2O3 is absorbed more rapidly
by alkalies and sulphuric acid than is N2O4 . The use of
an alkaline absorbent at the end of an absorption system,
therefore, gives a much more efficient absorption. The less the
concentration of nitrogen tetroxide in the inlet gases to the
absorption system, the greater the need for such alkaline
absorbents at the end of the system. In the Norwegian.
Hydro-electric Company's works at Rjuken, where only very
low concentrations of nitrous gases are available, about 15 per
cent, of the total fixed nitrogen is recovered as pure nitrite in
this way. With more concentrated nitrous gases, the propor-
tion of nitrite is much less than this, and in ammonia oxidation

1 Taylor, Capps and Coolidge, J. 2nd. Eng. Chcm., 1918, 10, 270.
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practice, for example, does not amount to more than 4-5 per
cent, of the total fixed nitrogen.

To sum up, therefore, it is evident that the maintenance of
the highest possible partial pressure of nitrogen tetroxide is of
fundamental importance inasmuch as it is directly related to
the total capacity of the absorption plant, and to the market
value of the nitric acid produced. Some of the errors in
operating absorption plants which cause low partial pressures
to be obtained have already been mentioned. As was stated
at the "beginning of the discussion on this subject, the concen-
tration of nitrogen tetroxide is already fixed on some types of
plant, and no direct variation is possible. The suggestions
previously outlined apply mainly to nitrous gases of fairly high
concentration. Before dealing with methods of securing high
concentrations which involve intermediate liquefaction or
absorption, it must be pointed out that there are certain
obvious methods of maintaining high concentrations of nitrogen
tetroxide which are uneconomical at the present time, and are
only of theoretical interest. Such a device, for example, is the
addition of oxygen or ozone instead of air to nitric oxide. The
use of oxygen might be possible if a very cheap source could be
obtained, but at present the cost is prohibitive.

There are a number of patents designed to secure the main-
tenance of a high partial pressure of nitrogen tetroxide by
suitable modifications in the absorption system, some of which
are of interest. One of these1 describes a system in which
absorption vessels of relatively small capacity are made to
alternate with large oxidation chambers so that the gases pass
through each in succession. As pointed out previously, the
idea underlying this device is somewhat fallacious, and the
capacity of the system is not increased.

Another patent 2 proposes that the gas be subjected alter-
nately to three types of treatment:—

(a) Absorption of § of the combined nitrogen (J forms nitric
oxide).

(6) Desiccation of the residual gas by treatment with anhy-
drous calcium nitrate, or other drying agent.

(c) Oxidation of the nitric oxide to nitrogen tetroxide.
1 Fr. Pat. 469,649, 1914 ; cf. Fr. Pat. 385,605, 1907.
2 Fr. Pat. 385,569, 1907.
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Concentration of Nitrous Gases as a means of obtain-
ing a h igh partial Pressure of Nitrogen Oxides. The
advantages of a high concentration of nitrogen tetroxide are so
impor t an t that a considerable number of methods have been
devised to concentrate the nitrous gases before absorption.
When i t is considered that 1,000 cubic feet gross tower space
is required to make 1 ton of nitric acid per week from a gas
containing 1 per cent. NO 2J while only 25-30 cubic feet are
required to make a similar amount of acid from a gas containing
10-15 pe r cent. KTO2 in the same time, it is evident that a very
considerable capital expenditure in tower construction may be
saved b y using some intermediate concentration process. I t
must b e emphasized, however, that the experience gained of
such intermediate concentration processes in this country is
almost negligible, and so far as can be judged from the ten-
dencies of the larger fixation plants, the cost of such inter-
media te concentration is such as to favour the direct absorp-
tion of dilute nitrous gases by alkaline absorbents with the
production of nitrites and nitrates.

The processes for concentration which have been put forward
may b e conveniently divided into two classes :—

(a) Absorption in solids or inert liquids and subsequent
release by heat, or other treatment in situ.

(b) Liquefaction.
The Allgemeine Elektrochemisches Gesellschaft*• describes

the absorption by oxides of zinc, copper, or lead. The salts so
formed are then decomposed by heating in iron retorts to
500° C. (or in vacno to 200°-300°C.), when pure nitrogen
te t roxide is evolved. The same firm2 also subject a mixture
of n i t r ic oxide and nitrogen tetroxide and air to powerful
centrifugal action at low temperatures, when a mist of nitrogen
te t rox ide separates. Ramsay 3 describes the use of salts which
are capable of entering into a reversible reaction with nitric
acid, e.g. phosphates. The action of the oxides of nitrogen is
cont inued until all the nitrite is converted into nitrate. The
tempera ture is then raised, steam is blown in, and nitric acid
distils over. Another pa ten t 4 recommends the absorption of
oxides of nitrogen by solid, dry absorbents, e.g. phosphates,

1 Eng. Pat, 8,426, 1908. 2 Eng. Pat. 9,233, 1908.
3 Eng. Pat. 16,067, 1907. 4 Eng- Pat. 16,068, 1907.
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and oxides of magnesium, aluminium, andiron. When heated
to 300° C, the salts yield oxides of nitrogen in a concentrated
form. Eyde.1 concentrates nitrous gases by absorption as
nitrites, and subsequent liberation by dilute nitric acid.

The well-known property of solutions of ferrous, cobaltous,
and nickelous salts of absorbing nitric oxide, which is subse-
quently released by heat, is also used for concentrating oxides
of nitrogen : e.g. Delplace 2 absorbs the gas in ferrous sulphate
solution, and then recovers it by heating. Guye 3 describes
the use of solvents such as chloroform, carbon tetrachloride,
ethyl chloride and bromide, for the extraction of nitrogen
tetroxide from gaseous mixtures with air. Amyl acetate, for
example, absorbs 20 per cent, of its weight of oxides of nitrogen
which can be obtained as nitric acid by the addition of water.
A similar patent to that of Ramsay {I.e.)4 describes the
preliminary absorption of the nitrous gases in feebly basic
oxides, such as the oxides of zinc, copper, magnesium, and lead,
and their subsequent release by heating to 500° C , while
another 5 suggests the absorption of nitrous gases in wood
charcoal. The gases are then recovered by treating the
charcoal with steam, hot air, or an inert gas, or by heating in
vacua. For example, 1,000 parts of charcoal will absorb 122
parts by weight of nitric acid (as oxides of nitrogen) from a
gaseous mixture containing 3 per cent, oxides of nitrogen by
volume, and 133-174 parts from a mixture containing 5 per
cent, by volume. By the subsequent heating, etc., 98 per
cent, of the oxides can be regenerated.

The absorption of dilute nitrous gases by solid sodium car-
bonate has also been suggested.6 The nitrite and nitrate so
produced are treated with oxides or hydroxides of a metal of
the alkaline earths. Nitrous gases are thus obtained in a
concentrated condition. A method is proposed for the con-
centration of nitrous gases7 by absorbing the dilute gases in
sulphuric acid of such a strength that the nitrosyl sulphuric
acid so formed is decomposed without the addition of any
denitrating substance.

There are several important drawbacks to such methods of
1 Eng. Pat. 28,614, 1903. 2 Fr. Pat. 431,125, 1910.
3 Fr. Patr 404,630, 1908. * Fr. Pat. 388,305, 1908.
6 Fr. Pat. 423,760, 1910. « Fr. Pat. 477,726, 1915.
7 U.S.P. 1,291,909 and 1,316,950, 1915.
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concentrating nitrous gases. If alkaline liquids are used as
absorbents, large quantities of liquid have to be evaporated.
If, on the other hand, dry metallic oxides such as zinc oxide
or aluminium oxides are used, these are so weakly basic, that
their absorbing effect is very small. In this connection
Halvorsenx proposes to use as the absorbent a mixture of
caustic soda and oxides of zinc, or iron, or aluminium, in the
form of briquettes. The reactions taking place are then as
follows :—

2NaOH + NO, + NO + [ZnOJ = 2NaNO2 + [ZnO] + H 2 O
2NaOH + N2O4 + [ZnO] = NaNO2 + N a N 0 3 + [ZnO]+H a O

If the temperature of the gases is not too high, the zinc oxide
remains unaltered in the first stage, and by heating the resul-
tant mixture to a higher temperature the following reactions
take place, nitrous gases and sodium zincate being obtained.

2NaNO2 + ZnO = Zn(ONa)2 + NO + N 0 2

2NaNO3 + ZnO - Zn(ONa)2 + [N2O5]

This residue of sodium zincate can be used repeatedly, as it
acts as a mixture of ZnO and Na2O, e.g.

Zn(ONa)2 + N 2 O 4 = N a N O 2 + N a N O 3 + Z n O .

This suggestion is theoretically attractive for use with very
dilute nitrous gases. So far as can be ascertained, however,
it has not yet been applied to large-scale practice, and it is
probable, as is so often the case, that the practical difficulties
in the way of the process outlined have outweighed any
theoretical advantages. One of the chief troubles in all these
processes in which solid oxides and salts are used as absorbents
is caused by the presence of moisture in the nitrous gases being
absorbed. Equilibria are set up, and the reaction is hence
incomplete and the process inefficient. I t is very difficult to
see that such modifications of the absorption process are
economical, since it would seem that any saving in the initial
cost of tower construction would be more than compensated by
the operation costs of such concentration processes. Further-
more, it appears to be cheaper to treat the products of absorp-
tion of dilute nitrous gases to obtain the final concentrated
product required, rather than carry out any concentration

1 U.S. Pat. 1,316,950, 1919.
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process on the nitrous gases themselves. The position would
depend to some extent, however, on the available market for
the final product of absorption.

Liquefaction of Nitrous Gases. The concentration of
nitrous gases by liquefaction has been frequently suggested
for consideration in recent years as an adjunct to water
absorption systems for nitrous gases, and particularly in plants
where moderate concentrations of nitrogen tetroxide are avail-
able, i.e. in which liquefaction can be quickly and completely
obtained by cooling alone without resort to increased pressures.
There seems to be no information available in chemical litera-
ture as to the exact pressures and temperatures required to
liquefy the nitrogen tetroxide from mixtures with varying
amounts of air or inert gas. The curves shown in Fig. 36 are
obtained from data calculated at the M.I.D. research laboratory,
London, on the basis of vapour pressure measurements. They
show the theoretical values of the temperature and pressure
necessary to liquefy a given fraction of the N2O4 contained in
a mixture with air, of known composition.

The further cooling of the trioxide or tetroxide results in the
production of the solid oxides. Nitrogen tetroxide solidifies at
— 10° C, and nitrogen trioxide at — 103° C. The two liquid
oxides are completely miscible at 0° C, and, on cooling down
to the point of solidification, deposit a eutectic mixture at
—-112°C. This eutectic mixture corresponds to a composi-
t i on 1 NO2 = 63-6 per cent. ; NO = 36-4 per cent, (by vol.).

The importance of the separation of nitrogen tetroxide in the
liquid state lies not only in the fact that it is in a very con-
centrated form, bu t also that its reaction with water appears
to consist of an equilibrium represented by the equation

2N2O4 + H2O ;==± 2HNO3 + N2O3 .

By adding an excess of liquid nitrogen tetroxide to water,
the concentration of nitric acid present may be made to reach
any desired figure, even at ordinary temperatures (less than
20° C.)- Furthermore, by bubbling oxygen into the mixture,
the nitrogen trioxide present is slowly oxidized to the tetroxide
so tha t the ultimate product may consist of nitric acid con-
taining dissolved nitrogen tetroxide.

1 Wittorf, J. Buss. phys. Ghem. Soc, 1904, 36, 857.
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This fact has led to the introduction of a number of patents
covering the process. One such1 states that liquid nitrogen
tetroxide and oxygen at atmospheric pressure and temperature
yield concentrated nitric acids with water. By employing a
large excess of N s 0 4 (5-7 times the theoretical quantity
required by the water present) nitric acids containing 90-95 per
cent. H N 0 3 can be obtained. Maxted2 recommends the frac-
tional liquefaction of the oxides of nitrogen from the oxidation
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F I G . 37 .—Freezing-point Curves of N 2 O 4 / N 2 O 3 Mix tu re s (Wit tor f ) .

From Abegg's Eandbuehder anorganisclw Chemie.

o f a m m o n i a . T h e b u l k of t h e w a t e r i s r e m o v e d b e t w e e n

5 0 ° a n d 1 0 0 ° C . ? a n d t h e f u r t h e r s e p a r a t i o n o f t h e o x i d e s of

n i t r o g e n c a r r i e d o u t a t a p p r o p r i a t e t e m p e r a t u r e s b e l o w 0 ° C .

A n o t h e r s u g g e s t i o n 3 i s t h e a d d i t i o n o f l i q u i d n i t r o g e n

t e t r o x i d e t o w a t e r , o r d i l u t e n i t r i c a c i d , a n d s u b s e q u e n t

a d d i t i o n o f o x y g e n . T o k e e p t h e w a t e r s a t u r a t e d , t h e p r o -

1 E n g . P a t . 126,704, 1919. 2 E n g . P a t . 127,343, 1917.
3 Eng . P a t . 131,336, 1916.
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portion of N 2 O 4 : H2O should be at least 15 : 1. Two immis-
cible layers are formed. The upper layer, comprising •} of the
total volume, consists of 98-100 per cent. H N 0 3 , while t he
lower layer consists of nitrogen tetroxide, containing 2-5 per
cent. HN0 3 . The process takes a long time at ordinary
pressures, but may be accelerated by increasing the tempera-
ture to 30° C, and by compressing the oxygen up to 20 a t m o s .
For example, an increase in pressure from 1 atmo. to 10 a t m o s .
reduces the time required from 31 hours to 4 hours. A similar
method of obtaining concentrated nitric acid is given in E n g .
Pat . 4,345,1915, in which liquid nitrogen tetroxide is added t o
dilute nitric acid and allowed to stand. The upper layer,
containing nitric acid and nitrogen tetroxide, is purified b y
distillation, while the lower layer is treated with oxygen.
For example, fifteen parts by weight of 81 per cent. H N O 3

were mixed with thirty parts of liquid nitrogen tetroxide.
After settling, the upper layer contained 98-99 per cent .
HNO3, and the lower layer 75 per cent. H N 0 3 . The l iquids
should be well agitated, and the process carried out under
reflux, or in an autoclave, to avoid loss of nitrogen tetroxide.

A similar patent to that of Maxted x is one 2 in which oxides
of nitrogen are separated by fractional liquefaction, preferably
in three stages. The first stage consists in cooling to — 10° C ,
when all the nitric acid present is condensed. The second
stage is taken to — 30°-40°C., and the third to - 65° C ,
when all the N2O4 is solid. I t is also proposed to use an iner t
solvent in the refrigerator during the liquefaction of ni t rous
gases.3 The freezing-point of the solvent should be less t h a n
— 50° C , and its boiling-point greater than + 50° C. Such
solvents as chloroform, carbon tetrachloride, and pen ta -
chlorethane are suitable. By dissolving the nitrogen tetroxide
before it can form a non-conducting crust, they help to main-
tain the efficiency of refrigeration.4 Another p a t e n t 5 s ta tes
tha t by compressing the gases to a certain pressure and allowing
them to expand to ^ atmos., 90 percent, of the nitrogen oxides
are obtained in the liquid and solid forms. I t is preferable to
free the gases from carbon dioxide and water before com-

1 I.e. 2 Fr. Pat. 411,693, 1910.
3 Fr. Pat. 421,022, 1909. 4 See Guye, Fr. Pat. 404,630, 1908.

5 Fr. Pat. 421,313, 1909.




