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GENERAL INTRODUCTION TO THE SERITES.

Dunixa the past few vears the eivilised world has begun to realise the
advantnges aeeruing Lo seicntilic researely, with the result that an ever-
inereasing amount of time and thought is being devoted to various
hranches of seienee,

No stiddy has progressed  more rapidly than chemistry,  This
seienee may be divided roughly into several branehes @ naine Iy, Organie,
Physical, Inorganic, and Apalytical Chemistey. It is fimpossible to
write any single text-book which shall contain within its twoe covers a
thorough treatment of any one of these hranehes, owing Lo the vast
amonnt of information that has heen geenmulated,  The need s enther
for a series of text -books dealing more or less comprehensively  with
cnch braneh of chendstey, This has already been attempted by
cuterprising firnw, so faras physienl and anadytieal chemistey are
conceriedd 3 nad the present sevies is designed 1o meel the needs of
morgnnie chemists, One great advantage of this procedure lies in
the fuet that oar kunowledge of the different seetions of seienee does not,
prngn-m at the sune mdes Consequently, as soon as any paeticular
part advanees ont of proportion o others, the volume dealing with
that seetion may he casily revised or rewritten as seeasion requires,

Some method of elassifving the clements for treatment in this wiy
v clearly essentind, and we hinve adopted the Periodic Classifieation
wiiii slight alie :u,iimm deveding a whole vohune 1o the mmuh ralion
of the eleyents in each vertieal m:hmm, as will be evident from o glanee
at the seheme in the Frontispieee,

In the fiest volume, in addition o detadled aecount of the clements
of Graup O, the genernd prineiples of Inovgaoie Chemistry are diseussed,
Particulnr pains hove been taken in the selection ol material For this
valume, md s gttempt has been mude o present to the reader o
eleny aecount of the prineiples upons which our knowledge of modern
Inerganie Chenristey is basedd,

At the outsel #omay be well to explain that # o was not intended
to write g complete texb-book of Physical Chenustey,  Numerous
exvellent works have already been devoled to this subjeet, and a
volumie on osueh lines wonld senreely serve as o suitabie introduction
to this servien, Whilst Physies] Chemistry deals with the general
principles spplicd to all branebes of theoretion! elicmistry, our aim
his bern fo etiiplusise thetr applicntion to Tnorganie Chedstey, with
which braneh of the subject this series of tead-houks s exe hisively
voneerned. To this end practieally all the dlustrations to the Luws
ated prineiples disenssed in Volume Lodead sith inorgande substanees,

Again, there nre mmny subjeets, suel s the methods employed i
the aceneate deternnnation of atomie weights, which are nol generatly
reoarded  as tormatngy part of Plivetes] Chenastey, Yol these are
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subjects of supremc importance to the student of Inorganic Chemistry
and are accordingly included in the Introduction.

Hydrogen and the ammonium salts are dealt with in Volume II.,
along with the clements of Group I. The position of the rare earth
metals in the Periodic Classification has for many years been a source
ol difficulty. They bave all been included in Volume IV., along with
the Elements of Group IIL., as this was found to be the most suitable
place for them.

Many alloys and compounds have an equal claim to be considered
in two or morc volumes of this series, but this would entail unnecessary
duplication. For example, alloys of capper and tin might be dealt
with in Volumes II. and V. respectively. Similarly, certain double
salts—such, for example, as ferrous ammonium sulphate—might very
logically be included in Volume IL. under ammonium, and in Volume IX.
under iron.  As a gencral rule this difficulty has been overcome by
treating complex substances, containing two or more metals or bases,
in that volume dealing with the metal or base which belongs to the
highest group of the Periodic Table. For example, the alloys of copper
and tin ave detailed in Volume V. along with tin, since copper occurs
carlier, namely, in Volume IXI.  Similarly, ferrous ammonium sulphate
is discussed in Volume IX, under iron, and not under ammonium in
Volume II.  The ferro-eyanides are likewise dealt with in Volume IX.

But even with this arrangement it has not always been found easy
to adopt a perleetly logical line of trecatment. For example, in the
chromates and permanganates the chromium and manganese function
as parl of the aecid radicles and arc analogous to sulphur and chlorine
in sulphates and perehlorates 3 so that they should be treated in the
volume dealing with the metal acting as base, namely, in the case
of potassiun permanganate, under potassium in Volume 1. But the
alkali permanganates possess such close analogics with one another
that separate treatment of these salts hardly seems desirable.  They
are therefore considered in Volume VIIL

Numerous other little irvcgularities of a like nature occur, but it is
hoped that, by means of carcfully compiled indexes and frequent cross-
referencing to the texts of the scparate volumes, the student will
experience no difficudty in finding the information he requires.

Particular eave has been taken with the scetions dealing with the
atomie weights of the clements in question.  The {igures given are not
neeessarily those to be found in the original memoirs, but have been
reealeulated, except where otherwise stated, using the following
funudaminental values -

Hydrogen = 1-00762. Oxygen == 16-000.
Sodium - 22-000. Sulphur == 32-065.
Potassiun 30-100. Fluorine == 19-015.
Silver ~ 107880, Chlorine =: 35-457.
Carbon 12-003. Bromine == 79-916.
Nitrogen 14-008. Lodine == 126-920.

By adopting this method it is casy Lo compare dircetly the results of
carlicr investigators with those of more recent date, and morcover it
retders the data for the different clements strictly comparable through-
out the whole series.

Our aim has not been to make the volumes absolutely exhaustive,
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as this would render them unnecessarily bulky and expensive; rather
has it been to contribute concise and suggestive accounts of the various
topics, and to append numerous references to the leading works and
memoirs dealing with the same. Every effort has been made to render
these references accurate and reliable, and it is hoped that they will
prove a useful feature of the series. The more important abbreviations,
which are substantially the same as those adopted by the Chemical
Society, are detailed in the subjoined lists, pp. xvii—xix.

The addition of the T'able of Dates of Issue of Journals (pp. xxi—xxviii)
will, it is hoped, enhance the value of this series. It is believed that
the list is perfectly correct, as all the figures have been checked against
the volumes on the shelves of the library of the Chemical Society by
Mr. F. W. Clifford and his staff. To these gentlemen the Editor and
the Authors desire to express their deep indebtedness.

In order that the series shall attain the maximum utility, it is
necessary to arrange for a certain amount of uniformity throughout,
and this involves the suppression of the personality of the individual
author to a corresponding extent for the sake of the common welfare.
It is at once my duty and my pleasure to express my sincere appre-
ciation of the kind and ready manner in which the authors have
accommodated themselves to this task, which, without their hearty
co-operation, could never have been successful. Finally, I wish to
acknowledge the unfailing courtesy of the publishers, Messrs. Charles
Griffin & Co., who have done everything in their power to render the
work straightforward and easy.

J. NEWTON FRIEND.

June 1928,



PREFACI.

T properties of the clements ineluded in Group V. oof the Periodie
Classifieation range from those of a typieal non-metal, nitrogen, which
is entirely devoid of metallie properties, 1o those of a typieal metal,
bistnuth.  In no other part of {he Periodic Table is this gradating in
propertics more elearly seenthanin the nitrogen subgroup, the members of
which are ineluded in Parts Land L of this volume, The volie is oo
pleted by Part I, which deals with vanadinm, niohinm or ealnubivm,
and tantalune; protoaetinium being dealt with in Volume VL Part 11
Some of these elements have fornd vahuable appdivations in the steel and
cleetrical industries, for which speeind purposes they would be diffieult
to replace. They ave of course more typieally me tallie thin arsende ad
antimony, but retain the power in theie higher oxides of giving salts
with alkalics, o property whicli is thos common to the whole of the group,
sinee it is slightly developed even in hismouth,

Nitrogen and phosphorus in their compounds are essential to life
the clement phosphorus is poisonons, while wesenie i i lower valent
compotnds is one of the most powerful of all inorgasic poisons, The
poisonons chiraeter remnins to some extent in antimony, but s losd
in bismuth, some ecompounds of which ave waed 1o nege quantibies o
medieine.

Considering now the subjeet of Part L, sitvogen 5 andgue ;s 1t oeeuis
free in cnormous quantities in the atmosphere, but i atthe sioe
Lime present only in relatively minube quanitities 1 o state of come
bination, By enusing nitrogen to eombine, and thus secomplishing
quickly  whi at only lnmn s with extreme slowness o matoee, man
has inercased the possible population of the world to n L which
would have been considered guite anattainnble by statidicsl prophet.,
of the carly nineteenth centary. Sir William Crookes, in his famons
address to the British Association (in 1898), in which he foretobd the
coming world shortage of combined nitrogen, also subimbrated the
remoedy, the apphieation ol which is told jo this vaeluowe, T the
principal countries of thee workd great factories have now been estph
lished which have removed all danger of @ shortage of food die 1o an
insuflicient supply of nitrogenous fertilisers. Lo paeticabue, the Tnperind
Chemical Industries of Great Beitain have aogreat ield open dnosipply
ing the needs of ngru ulture throughout the wide extent ol the I%utmh
Fmpire, as well as in inercasing the somewhat negleeted preadetion
of food in these Islands by cnvourmging o suitable forng of intensive
cultivation.

Nitrogen, under suitable conditions, i a most reartive clement,
since o will combine, direetly or by indireet menns, with pearly ald



xii NITROGEN.

elements—with the metals as nitrides, with -hydrogen as ammonia,
and other compounds, and also with most of the non-metals. With
oxygen it yields a range of oxides which differ from one another most
conspicuously in their properties and in their modes of preparation.
Nitrogen does not enter into combination with either fluorine or bromine
alone. .

In order to make this volume complete in itself, it has become neees-
sary to include a little subject-matter which is common to other volumes
in the Series. Thus a section on the atomic weight of nitrogen has been
incorporated from Volume I. The sulphonice derivatives of hydroxyl-
amine, amido-sulphonic acids, cte., as well as the nitrides of sulphur,
fall also into Volume VII., Part I1. The nitrides, in accordance with the
general scheme, are fully described under the metal, cte., concerned,
but it was thought desirable to give a general survey of them in this
work.

As is usual in this Series, undue detail in physical constants
and in the minutie of chemical processes has been avoided, but abun-
dant references have been given, so that the book may be used as a
starting-point for research, or for the compilation of information on
particular topies.

Among the books, as apart from original memoirs, which have been
most largely consulted are: The Nitrogen Industry, Partington and Parker
(Constable, 1922); The Absorption of Nitrous Gases, Webbh (Arnold,
1928); Ammonia and the Nitrides, Maxted (Churchill, 1921); as well
as works of reference, such as Thorpe’s Dictionary of Applied Chemistry,
and vol. iii, part 3, of the Handbuch der anorganischen Chemie, Abeggo
and Auerbach (1907). Finally, our united thanks are duc to the General
Editor, Dr, J. Newton Friend, for his helpful eritictsm and suggestions,
and for his great care in the reading of MS. and prools.

E. B. R. PRIDEAUX.
H. LAMBOURNE,

Unrversiry CorLrcE, NOTTINGHAM,
June 1928,
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A TEXT-BOOK OF
INORGANIC CHEMISTRY.

VOIL.. VI. PART 1.
NITROGEN.

CITAPTER 1.

GENERAL CIHARACTERISTICS OF THE ELEMENTS
OF GROUP V.

ComrarisoNn wirn Grours VI. anp IV.

Likwy Group VI, this group falls into two well-marked divisions, the
distinetion between which is more clearly defined than in the fourth group.
The two short-period elements, nitrogen and

Group V. phosphorus, are on the whole more closely allied
AT to the Subgroup B oclements, arsenic, antimony,
Vanadium | Nitrogen | and bismuth. Subgroup A contains vanadium,
troup, Uroup. niobium or columbium, tantalum (cka-tantalum
o T or protactinium), all of which are metals with,
N however, some non-metallic characters in their

15 higher-valent compounds. Indeed the resem-

S P blance, in respect of the physical properties of the
v clements and the general chemical characters of

33 the compounds, is more close between Subgroups

As V. A and VI. A than between V. A and V. B. Sub-

41 group V. A contains metals which only melt and
Nb 51 volatilise at high temperatures. They do not
Sh form deflinite hydrides. Vanadium yields a great

73 varicty of salts and oxides, but in the case of
Ta ) niobium and tantalum the types of valency dis-
?gi played are not specially numerous, as they are in

91 the corresponding members of VI. A.  The lower
UX,Pa valent compounds of V. A metals are salts of weak

bases. Most of the compounds conform to the
ter- or quinque-valent type.  The halides of the latter type have a distinet
halanhydride ! character, and are casily hydrolysed, yielding oxyhalides
ROX,. The pentavalent oxides when hydrated give weak acids, the

1 That i, they are similar in propoertios to the halides of the non-metals, as seen in a
compound such ag PClg, which may be taken as typical.
o




4 NITROGEN.

salts of which, with alkalies, are of the ortho-, meta-, or pyro-type ;
there is a close resemblance in this respect between wvanadium and
phosphorus. In the table, the symbol_s of the elements are preceded
by their atomic numbers, the atomic number of the radioactive
elements being deduced from their radioactive succession.

ATOMIC WEIGHTS AND PHYSICAL PROPERTIES OF
GROUP V. B.

N;:;O‘ Phosphorus. Arsenic. Antimony. Bismuth.
Atomic weight .| 14-008 31-027 74-96 121-97 209-0
Colour (solid) .| White Yellow Dark grey White White
Violet Yellow Metallic Metallic
Red Lustre Lustre
Scarlet
Density (solid) .| 1:0265 | 1-83 (yellow) | 5-73 (metallic) 6-618 9-781
2-34 (violet)
Atomic volume| 136 16-9 (yellow) 14-8 18-2 21-3
(solid) 133 (violet) '
Melting-point, °C. | —210-5 | -+ 44-2 Below 800 630 269
Boiling-point, ¢ C. | —196-7 +-287-3 616 1440 1420

TaE NITROGEN SUBDIVISION, WITH SUBGROUP V. B.

Atomic Weights.—Phosphorus, arsenic, and antimony constitute
a triad,! the atomic weight of arsenic (74-96) being nearly the mean of
those of the other two, namely, 75-5. The existence of these triads is
due to the fact that the atomic weights of successive elements are
roughly in arithmetical progression, and that the analogous elements of
the second short period and of the odd series of the first and second
long periods are separated by two complete symmetrical sections of long
periods, namely, sulphur to germanium and chromium to tin. Since
the atomic numbers are exactly in arithmetical progression, that of
arsenic is the exact mean of those of phosphorus and antimony. Lriads
are found among the elements of Groups I. to VII., both inclusive, in
the second short period, and the second halves (odd series) of the first
and second long periods. They are also found between the first halves
of the first, second, and third long periods from the zero to the second
groups inclusive, i.e. until the sequence of the elements is interrupted
by the “ rare earth ” metals. Therefore arsenic, antimony, and bismuth
do not form a triad, since the sequence is thus interrupted between
antimony and bismuth.

Mass Spectra and Isotopes.—The atomic weights of these ele-
ments approximate very closely to whole numbers. It has been proved
by mass spectra analysis that nitrogen, phosphorus, and arsenic are
pure elements, 7.¢. all the atoms have exactly the same mass. Antimony
- has two isotopes of masses 121 and 128 respectively ; the ordinary

atomic weight (121-77) being nearly the mean of these. Bismuth again

1 For the history of triads, see this series, Vol. VIL, Part I, (1924), p. 4.
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is & pure 7 clement, the mass spectrum indieating an atomic weight
of 209. No eclements of the nitrogen subdivision are radioactive:
indeed this property is absent throughout the whole group, except in
the case of uranium X, and protactinium.

Atomic Volumes.—The atomic volumes of the elements in their
condensed forms (solid or liquid) show a gradual increase with rise of
atomic weight.  They lie at the top of the lower branch of the ascending
parts of the atomie voluine-atomie weight curve.

Physical Properties.-—As in the case of the sixth group, the lirst
member is a typieal diatomic gas ; the relations between nitrogen and
phosphorus are very similar to those existing between oxygen and
sulphur. )

The initial members of the first three groups, namely, F,, O,, Ny,
show a progressive deercase in hoiling-point, the temperatures being
867, 90, and 777 abs. respeetively.  This sequenee is suddenty broken
with the highly polymerised elements carbon and boron, which head
Groups IV, and HI. respectively and are the least volatile of all the
clements,  In the lowness of its boiling-point nitrogen is only surpassed
by neon, h.pt. 277, hydrogen, h.pt. 20°, and heltum, b.pt. 4-8° abs. ~ After
nitrogen, the boiling-points of the group subdivision rise sharply
through P to Sb and i, with a slight maximum at antimony. The
melting-points reach their maximuom at cither antimony or arsenic, that
of hismuth being considerably lower.

The erystalline forms of the elements are derived from the two most
symmetrieal systems, cubie and hexagonal.

Atomicity of the Gaseous Forms.—The changes in the atomicitics
of the elements belonging to the nitrogen subdivision with rise of
atomic weighl are quite analogous Lo those which are [ound in the
oxygen subdivision of Group VE. The gascous moleeule, diatomice in
the fivst member, beecomes more complex, and then simpler again as
we deseend the series, undil in the case of the Iast member at high tem-
prratures & monatomic moleeule characteristic of the metals is formed.
At temperatures slightly above the boiling-point the mean atomicity
of the vapours is Py, As, Sby, and between Bi, and Bi,. At higher
temperatures, as is usual in such cases, dissociation takes place.  Thus
the prascous molecules are represented by As, at 1738° C., Sh, at 1640° C,,
Bi at 20007 .

Allotropic Forms. — Allotropy is characteristic of the non-metallie
clements.  The “active ” form of nilrogen (g.o.) probably consists of
single atoms, or of such associated with o molecule, for example ozone.
'The allotrapy of the solid non-metals is of a different kind ; the varietics
are more numerous and their transformations more sluggish,  This
Kind reaches its maxinnn in phosphorus (and sulphur, see Vol. VI,
Part IL.). The numerous allotropic forms ol these elements are supposed
to be due Lo distinet kinds of molecules of different complexity.  The
cquilibria. and transformations of these molecular species have been
partly elueidated with the aid of the phase rule.  The allotropie forms
of arsenic also show  considerable differences in density and other
physical properties, and in chemical reactivity.  Such differences have
almost. disappeared in the case of antimony, although a yellow form s
known. Bismuth shows slight differences in density and cerystalline
form, which are found in the case of many metals.

?
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Physical and Chemical Properties of Compounds.

. The principal types of compounds are summarised in the subjoln
table.

TYPES OF COMPOUNDS FORMED BY GROUP V. B.!

Type. Nit%)ﬁgen. Phoglf))lilorus. Arlsf;?ic. Antisli;ony. Blsgil.lﬂ:
RH, NH, : PH, AsH, SbH, (BII'I';
.. N,H, N,H,, N,H, P ,H;, P.H, As,H, - Bi, I,
R,0 N,O " .. bE
R.0, NO =~ 3 .| BiO
RO, N,0, P04 As, O, | Sb,Oq4 B}QOS:‘F
R,0, 204 P,0, .. Sb,0, B{zQﬁlﬂ
R,0; N,O4 P,0,p As,O; Sb,04 ]31'295
RCl, NCl, PCl, AsCl, Sh(l, BiCl,
RCl, .. PCl; AsCl, ShClg -
ROCI NOCI .. AsOCl | SbOCl | BiOCl
ROCl, .. POCl, .. (ShSCl,) ..
H,RO, H;PO,  |[HzAsOu7| HpSbOsT | ..
or R(OH), .. .. .. Sh(OH),t B'I(OI‘I.).
HRO, HNO, HPO, !HAsO,1| HSbO,T 1;310(_( )1
HRO, HNO, HPO, .. HSbO,1 | HIB1Oy!
H,RO, .. H,PO, |[HAsO,@ H,SbO.t ..
R,S, N,S, (P,S,) As,S, - .-
R,S, . (P,S,) As,S, Sb,S, Bi,S,
R,S, N,S; oS5 As,S; Sh,Sg _
M;R Mg, N, Ca,P, NagAs | Zn,Sby, | Mg,B1

The elements, certainly up to and including antimony, and possib.

also in the case of bismuth, form definite hydrides of the general formu
RH,. This sign of non-metallic character is hardly developed in bismut,
which can, however, form organo-derivatives such as trimethyl ar
triphenyl bismuthine, Bi(CH,); and Bi(CgHj),, as also methyl bi
muthine, CH;—BiH, The other elements form very stablc au
numerous alkyl and other substituted compounds of the ammoniu
type, including tetra-substituted ammonium, phosphonium, arsoniur;
and stibonium bases. Ammonia is formed by direct combination wit
hydrogen in the presence of a catalyst, and is almost completely dissoc
ated at a high temperature. Phosphine and the other hydrides are 1«

formed by direct union but only by coupled reactions. Their princip:
physical properties are as follows :(—

' In some cases the formule represent molecular weights; when these are unknowv
* the simplest formula is given.

* Behave as peroxides.

T Degree of hydration indefinite. Probably only monobasic,
I Known as salts.
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THE PHYSICAL PROPERTIES OF THE HYDRIDES
OF GROUP V. B.

NI, i, Asi,, ShiT,,
Boiling-point, © (', | 335 - 8 — 55 —18
Melting-point, © .| 75 13245 119 —88
Heats of formation
(Cals. per mol.) . 112 - 11-6 — 367 | —82to —85

The power of adding on water, with the production of a base, possessed
by ammonia, is Jost in the case of phosphine and the subsequent
hydrides, although phosphine is still eapable of adding on to a strong
ackd giving phosphonivun compounds s as, {or example, phosphonium
iodide, PH,I.  The general instability shown by the heat of formation,
the temperature ab which decomposition occurs, and by many chemical
reactions, inereases rapidly from phogphine to stibine,

Owides. - Nitrogen combines with oxygen diveetly, but only to a
fimited extent ; it does not, for example, yield cither the pentoxide,
N 4Oy, or the peroxide, NyOy, by diveet union.  These are only obtained
by indireet means.  Phosphorus combines direelly with oxygen, giving
both the higher oxide, 1,04, and the Jower oxide, POy Arsenie, anti-
mony, and bistouth, when burnt in oxygen, give As, O Sh,0,, and Bi0,
respeetively.  In order to oblain the higher oxides of these clements,
oxtdising agents are required.  Dala are not available for a complete
comparison of Lhe heats of formation. The following ligures give the
heats of union of gascous nitrogen, and the remaining elements in the
solicd state, with gascous oxygon ¢ —

NyOp.  PaOp AsgOp AsO,  Sby0, Bi, Oy
131 370 219 156-1 166-9 189-2 Cals. per mol.

The heats of formation and of hydration of the oxides reach their maxi-
mum in the case of phosphorus. The acids are dehydrated more casily,
and the salts derived from these are more readily hydrolysed, as the
atomice weights of the cletnents inerease. The oxides of the tervalent
aed gquinguevalent elements when hydrated give the -ous and -e acids,?
or are known in salts derived from these.  In the case of P, As, Sb,
these acids, both -ous and «ie, or their salts, can be classilied in the
types known as ortho-, pyro-, and meta-, in order of diminishing hydra-
tion, the formulie being analogous to those of the prototypes ;PO
H, P00 PO, and HRPO,, PO, HPO,,

Halides —Direet combination with the halogens does not take place
in the case of nitrogen, and the halides, when formed by indireet means,
are unstable and explosive.  Phosphorus, arsenje, and antimony com-
bine direetly with fluorine and ¢hlorine to give both ter- and quinque-

U Bxeept in thoe ense of bismuth; the hydroxide of torvalent histmuth being bagigonic
only, while that of guinguevalent hismruth is only known as anoacid in the moba-
Dismuthates of the alkslivs, and us o component of the intermediate oxide, BigQy,
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halides. The heats of formation of the halides are less than in the case
of the more metallic elements. The resulting compounds are halan-
hydrides in the case of phosphorus and arsenic, while antimony and
bismuth may be regarded as yielding salts of very weak bases, with
some halanhydride characters. The heats of formation are as follows :—

PCL, AsCl,  SbCl.  BiCl, PCl;, SbCl;.
1766 718 9144 906 1092  104-9 Cals. per mol.

Sulphides—The sulphides of all the elements in the subgroup,
except nitrogen, can be made by direct combination in the dry way.
The sulphides of arsenie, antimony, and bismuth can also be precipi-
tated from solution. The two former are really thio-acids uniting with
alkaline thio-bases to form salts. The sulphides usually belong to the
same valency types as the oxides, the trivalent being the most usual.

GENERAL CHARACTERISTICS OF NITROGEN.

Nitrogen alone among the common elements is found almost ex-
clusively in the atmosphere, and only to a relatively minute extent in
the solid and liquid ** ten-mile ”” crust. In its mode of occurrence it
thus resembles the “inert gases” of the atmosphere, and, like them, is
also found in small quantities in gases which issue from hot springs, and
dissolved in the ocean. Actually the proportion of nitrogen in the ten-
mile crust with atmosphere and hydrosphere is only 0-03 per cent,

The part which it plays in the atmospherc as a diluent gas, inert
in ordinary combustions, and its separation by liquefaction and other
methods, are fully dealt with in Vol. VII., Part 1., of this series. .

Although relatively less abundant than, say, a less known clement,
such as titanium, the billions of tons present in the atmosphere are
readily accessible to the transformations of modern chemistry. In a
state of combination it is essential to all living organisms, forming as
it does 15 to 17 per cent. by weight of proteins. It confers upon them
variability of reaction, as carbon confers a certain stability.

The commoner compounds of nitrogen are easily decomposed by
the action of micro-organisms, heat, hydrolysis, and the affinity of other
elements for the oxygen, e.g. of nitrates, or of oxygen for the hydrogen,
e.g. of ammonia. Nor are these compounds usually formed by natural
agencies ; both in their formation and their conservation the nitrate
deposits of West South America are exceptional. A few nitrides also,
such as that of boron (see p. 47, and Vol. IV, in this series), are
exceptionally stable under ordinary conditions ; but even these will not
resist the action of superheated steam, and their decomposition probably
accounts for the ammonia present in the steam from some hot springs.

Nitrogen is the diatomic gas of lowest group number,? and, like
oxygen, it is the only diatomic gas in its group. Its resemblances to
oxygen are considerable and its contrast to carbon is exireme. Like
oxygen, it forms compounds with all the clements of the first two series
except fluorine and the inert gases. Like oxypgen, it forms gaseous
compounds with carbon, solid compounds with the metals, with boron
and silicon, volatile compounds with phosphorus, sulphur, and chlorine.
The nitrides are, however, in some cases, e.g. those of sodium and

1 Omitting hydrogen, which in this series is in Group L
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silicon, less ‘deﬁned than the oxides. While oxygen is always the
clectro-negative part of its compounds, nitrogen is in a few cases, e.g.
in combination with oxygen and chlorine, the electro-positive part of
the moleccule.

In the number and valency type of its hydrides it most nearly
resembles 1ts congener, phosphorus. Both boron and silicon, and of
coursce carbon, form a greater number of hydrides. Some of the hydrides
of nitrogen are unique in that, when hydrated, they form alkalies,
i.e. the solutions contain hydroxyl ions, and it is noteworthy that the
same clement also forms a strongly acid hydride, hydrazoic acid.

In the number and valeney type of its oxides nitrogen most closely
resembles vanadium. The higher oxides are anhydrides which, on
hydration, give the strong nitric acid and the weaker nifrous acid.
Salts can be formed which contain the hydride cation united with the
oxide anion, ¢.4. ammonium nitrate. In this property also nitrogen is
unique.

The allotropy of nitrogen is only exhibited in active nitrogen, of
which, however, the molecular weight is unknown, and which can only
be prepared in much smaller quantities than ozone.

The properties of liquid ammonia are somewhat similar to those of
water ; both compounds are removed {rom the ordinary sequence of
the hydrides of their respective groups, probably on account of poly-
merisation.  The —NII, radical plays a part very similar to —OIH in
many reactions (see p. 79).  Other radicals containing nitrogen which
enter into a great variety of reactions are, imido =NI, oximido ==NOII,
nitroso --~NO, nitro —NQ,, and diazo —N ==N -,

The neutral oxides of nitrogen, N,0 and NO, are represented accord-
ing to cleetronice theories of valeney by space formulie similar to those
used 1o represent CO, and CO respectively.

The higher oxides, NoOg, N Oy, and NoOj are acid anhydrides.

The aflinity of hydration, both of the hydrides and of the acid
anhydrides, is considerable.  In the other members of the group the
allinity of hydration of the hydrides is practically zero; while that of
the anhydrides reaches its maximum value in the easc of phosphorus,
is moderate in the ease of phosphorous oxide and arsenie pentoxide, and
only slight 1 the case of the other oxides.



CHAPTER II.

THE NITROGEN ATOM—VALENCY, STEREO-
CHEMISTRY, AND STRUCTURE.

The Valency of Nitrogen.

AccorpiNg to those fundamental conceptions of valeney which are based
on the numbers of elements which combine with one another to form
stable compounds, the elements nitrogen, phosphorus, arsenic, anti-
mony, and bismuth possess the well-defined valencies of 3 and 5, which
have been already illustrated by typical compounds (sec also this
series, Vol. 1., section on ““ Valency *’). The spatial directions in which
these valencies are distributed around the central atom have been
most fully elucidated in the case of nitrogen, which will therefore be
taken as the prototype to which the other elements are already known
to conform to some extent.

Isomerism among compounds of tervalent nitrogen of the type
a

b—N—-c will not be found if the valencies are in one plane, but only
if they are bent; as, for example, along the edges of a tetrahedron.!
Actually, substituted ammonia bases have not been prepared in
isomeric forms (or stereo-isomeric optical antipodes) by any of the
usual methods. _
It does not follow that the valency directions are in the same plane,
for the absence of isomerism would be equally well explained by an

- extreme lability or interchangeability of the ocecupied positions with

the spare valency or ““lone pair.” 2

If the nitrogen atom is united to another atom by a double bond,
which, as in the case of the ethylenic linkage between two carbon
atoms, is incapable of free rotation, a geometrical isomerism becomes
possible. The discovery of two isomers of benzildioxime,® followed

1 Van 't Hoff, Ansichien diber die Organische Chemie, 1878.
* Optical activity is found in the case of the tri-substituted sulphonium ion,

o)’

~ which is quite analogous in constitution, but differs by having a charge which is imparted
_ by one of the radicals R. There must, in this case, be some hindrance to that free

interchange of positions which was postulated in the case of the substituted ammonias
(see below, ““ Electronic Theory ). In the case of solid ammonia it has been proved by

X.ray analysis that the atoms of hydrogen are in one plane (Mark and Pohland, Zeitsch.
Krestallog., 1925, 61, 532).

3 Goldschmidt, Ber., 1883, 15, 1616, 2170.
- 10



NITROGEN ATOM—VALENCY, STEREOCHEMISTRY, STRUCTURE. 11

by that of a third form of this compound? (see below, p. 12), was first
explained by different configurations of the molecules round the singly
linked carbon atoms, while the somewhat simpler example of the
1someric a- and B-benzaldioximes 2 was explained at first as being due
to differences in structure. These hypotheses, however, did not agree
with further facts, and all such cases of isomerism are now attributed

ti thc; spatial configuration of the groups attached to the nitrogen
atom.

Stereochemistry.

Many further proofs have been given of the hypothesis that the
three valency directions of the doubly bound nitrogen atom are not
coplanar.® If we compare with one another the corresponding carbon
and nitrogen atoms in acetylene and hydrogen cyanide, also benzene
and pyridine, and assume that the three carbon bonds are directed to
the angles of a tetrahedron, so also will be those of the nitrogen :

H H

H

If, now, onc pair of bonds is severed, the nitrogen becomes doubly linked,
and if the third valency retains its direction, two spatial arrangements
result which may be represented by the diagrams or formulx

'-"""‘;J'Z) CL b
C 4—C—b W 4G
or I

12/

or I
N—c \J N
¢ C
e.g. the chloro-benzo-phenonc-oximes, by
Cl—C gH (= C—C Il 4 Cl—CH 4~—C!———C il 5
l |
110—N N—OIL.

These forms arc known as syn- and anti- with respect to the groups
“@,” according to whether the group “¢” is on the same side as, or on
the opposite side to, “a@.” The isomers show differences in physical and
chemical properties such as characterise the geometrical 1somers derived
from ethylenc. Their configuration has been discovered by reactions,
such as that of Beckmann. When treated with PCl; in benzene or
petroleum spirit they are converted into amides, and these with the
acids formed by their hydrolysis should be, and are, different in the
two cascs :

L Y, Meyer and Auwers, Ber., 1889, 22, 705.

2 Beckmann, thid., 1880, 22, 429, 1531.

8 Hantzech and Werner, tb2d., 1890, 23, 11. -

¢ Mills and Miss Bain, Z'rans. Chem. Soc., 1910, 97, 1866 ; ibid., 1914, 105, 64.
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a—C—b HO—C—> O0=C—b
| — [ — |
HO—N a—N a—N—
a—C—b a—C—OH a—C=0
I —> I — ]
N—OH N—b H—N—>b

Finally, it may be mentioned that the dioximes, such as benzildioxime,
should exist in three isomeric forms, and this is found to be the case
(see above):

Ph—C C—Ph Ph—C—C—Ph Ph—C—rr (ﬁ_Ph
| | U | '
N—OH HO—N HO—N N—OH HO—N HO—N
Syn-. Anti-, Amphi-.

A similar type of isomerism is found in the hydrazones,
a
>C=N-——NHR, and osazones.. There is also considerable evidence
b

that the diazo-compounds exist in syn- and anti-forms :

Ar—N Ar—N Ar—N Ar—N

|
X——ll\lT IILT-——X ' KO——{[W 1|\I—0K

Full details may be obtained from text-books of organic chemistry.

Change of Valency.—There are many compounds, such as the am-
monium bases, nitric acid, ete., in which it seems impossible or unnatural
to retain the trivalency of nitrogen, and the simplest assumption, on the
older ideas, is that of quinquevalent nitrogen. In compounds such as
nitric acid, O,=N-—OH, nitryl fluoride, O,=N~—-F, the five negative
valencies are the contravalencies of Abegg’s system (see this series,
Vol. 1.). Ammonium and substituted ammonium salts are clearly
of a different type; of the two extra valencies, one is a positive or
hydrogen valency, of the same kind as the first three, and the second
is an electrovalency. A change in the valency of nitrogen is exhibited
. in the tautomerism of hydroxylamine and its derivatives :

H,=N—OH=H,=N=0;

. also in the formation of ammonium salts and the salts of ammonium
bases :

and in the tautomeric change of pseudo-bases into true bases or baso-
forms :

 =C(OH)—NR,—>=C=NR,OH.

It is now no longer necessary, however, to postulate the existence of
quinquevalent nitrogen, since all these changes are satisfactorily ex-
pressed by the new valency models based on the electronic structure
of the atom. Indeed, these theories deny the possibility of quinque-
valency of the organic type, i.e. quinque-covalency (see below).
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The Structure of the Nitrogen Atom.

Nitrogen baving an atomic number of 7 possesses a nucleus con-
taining 14 protons or units of atomic mass, each carrying unit positive
charge, together with 7 electrons, the net positive charge being 7.
Closely associated with this are 2 more electrons (K electrons), and in
the outer sphere or shell 5 more valency electrons (L electrons). Only
this outer shell is represented in the models, which show chemical
combination. The model of Kossel,> however, shows all the electrons
except those which are in the nucleus.

A completed outer shell contains 8 eleetrons, which in the models
of Lewis and Langmuir are symmetrically disposed on the angles of a
cube, as in the case of the inert gases.  The incomplete shell or ““sheath ™

B[ electrons

Fus 1~ Plane model of the nitrogen F1a, 2.~—Cubic model (Lewis and
nlom {Kossel), Langmuir).

of 5 clectrons may for convenience also be represented on a cubie
model.2 3

The Electronic Systems of Combined Nitrogen.—When nitro-
gen combines with 3 atoms of hydrogen or chlorine, or with 8 univalent
radicals, 1t forms 3 duplet valeney bonds, in each of which 1 electron
has been contributed by each element. It thus completes the “ octet ™’
or stable shell, and may be regarded ecither as a cube, of which the
edges form the bonds, or preferably as a tetrahedron, at the angles
ol which are situated pairs of electrons.  The latter method has
the advantage of representing in an intelligible manner a trivalent
combination (such as HCN and N,), and of being uniform with the
system so successlully adapted to the representation of carbon com-
pounds. The single bond is thus represented by contact at angles,
the double by contact along cdges, and the triple by contact over faces,
of two adjacent tetraliedra.  These types will be found in ¥, O,, and N,
respectively 5 and the superior stability or greater inertness of the
N =N molecule may be due to this configuration. :

The Three Kinds of Valency.~~The clectronic models of chemical
combination have supplicd a logical and consistent mode of representing
the valencies even of compounds, which could net be so represented by
any of the older theories.  As nitrogen has always held a central position
in the field of diseussion, this is perhaps a suitable place in which
to summarise the conclusions which have been reached at present.

U Kossel, Ann, Physik, 1916, 49, 229
8 Lawis, J. Amer. Chem. Soc., 1916, 38, 262,
¥ Langmuir, ¢hid., 1919, 14, 1543.
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Historically, the idea of electrovalency as combination with or rejec-
tion of the electron was first suggested by Thomson,* and more definitely
by Ramsay.2 The explanation of ordinary valency of thg organic type
as being due to pairs of shared electrons owes much to G. N. Lewis.3
Finally, the idea of mixed bonds, which is a logical development of
electron theories, was developed by Lowry,* and some results were
stated in the form of postulates by the authord as follows, under (8)
below. They are particularly helpful in dealing with co-ordination
compounds.5 7 8

The three kinds of valency are :

(1) Electrovalency, the electrostatic force which unites the ions of a
salt, e.g. Nat . . . Cl-, either in solution or in the solid crystal. Of this
kind are the oxygen and halogen valencies of the metals.

(2) Covalency, which unites the atoms of non-polar compounds of
an organic type, e.g. CH,. Of this kind are the hydrogen valencies of
the elements, particularly the non-metals. In this case, each atom
shares one or more of its elegtrons with the other.

(8) Electro-covalency, which unites some of the atoms of co-ordinated
groups, such as K [Fe(CN)s], [Co(NHj;)|(NO,);. This mixed bond
consists of a pair of electrons, but also produces an internal field of force
or latent polarity. This kind of valency also probably unites the non-
metals with one another, or with oxygen in the oxy-acids. In this case,
two adjacent atoms share as before two electrons, but both electrons are
supplied by one only of the sharing atoms.

Ammonia, Amines, Ammonium Salts, and those of Quater-
nary Bases.—Ammonia and other tricovalent compounds may be
represented as:

L

:I{A 'R’-\
(- - (. (. i (. \
5,_ HY N VH Ry N VB,

in which the scroll divides the electrons which are contributed by each
atom.

Nitrogen having completed its octet is now saturated. It still
possesses, however, a ‘“‘lone pair,” and, by virtue of this, can at-
tach another atom which lacks an electron, such as the hydrogen ion
H*. This carries with it the positive charge, since the whole group,
the ammonium ion, has one electron less than the sum of all those re-
quired to make all the atoms electrically neutral. Precisely the same
reasoning applies to salts of substituted ammonium bases, since R, in
R,X must lose an electron to the halogen X before it can become
attached to the nitrogen. ‘

1 Thomson, “The Corpuscular Theory of Matter 7 (Constable, 1907).

2 Ramsay, Trans. Chgm. Soc., 1908, 93, 774.

3 Lewis, ¢ Valence and the Structure of Atoms and Molecules” (Chem. Catalog, Co.,
1923), chap. vi.

4 Lowry, J. Soc. Chem. Ind. (Chem. and Ind.), 1923, 42, 412.

5 Prideaux, ibid., 1925, 44, 26.

¢ Lowry, ibid., 1923, 42, 224, 316, 412, 462, 672, 711, 746, 1005, 1048.

7 Spiers, thid., 1923, 42, 534. »

8 Brockman, bid., 1924, 43, 756 ; 1925, 44, 25.
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I 3

Ry— N >REe X~ R, () N >R+ X1
l 5
R R,

According to the rule of Langmuir,? if p=number of duplets or
bonds,3 fn—*number of octet-forming elemente, and Xe=the sum of
electrons on all the atoms, then

2p =8n — Ze,
and we have for ammonium chloride,
2p=8 X 2—(5+7-44)=0.

Thus there are no duplets uniting the main elements N and Cl, which
are only united by an electrovalency.

It will be found that most, if not all, compounds containing the
supposed quinquevalent nitrogen can be e*{plamed in this way. Thus
a compound of the tetramethyl ammonium ion with triphenyl methyl
is found to be an electrolyte, and may be regarded as a salt : ¢

N(CH3)s*" . . . C(CeHs)s™

When ammonia combines with water which is only slightly dis-
sociated, ammonium hydroxide, also slightly dissociated, is produced,
whereas when it combines with hydrochloric acid which is highly
dissociated, the highly dissociated ammonium chloride is produced.
In both cases the NH, acts as an “‘ acceptor of hydrogen ions ” (see

. 4). |
d The tautomeric change of hydroxylamine into the tautomeric oxy-
ammonia takes place, as in the older theory, by the migration of a
hydrogen atom. The nitrogen, however does not become quinque-
valent, but quadrivalent, with one < mixed bond ”*:

H | H

H  NColyg — g N Yo

NjoiH = .)%.)._.
I

The compound on the left can form salts of hydroxylamine, while
that on the right can only form * oxonium *’ salts.

In the substituted hydroxylamines and the amine oxides these two
structures are fixed, and their isomerism then becomes evident by differ-
ences in properties. Isomerism is also shown by the compounds

[R,NOR*][OR,]- and [R,NOR,*][OR-].

1 The full and abbreviated symbols are those proposed by Prideaux in 1925, loc. cif.
* Langmuir, J. Amer. Chem. Soc., 1919, 14, 1543.

3 I.e. which unite octet-forming elements.

1 Schenck and Holz, Ber., 1917, 50, 274.

§ Meisenheimer, Annalen, 1913, 397, 273.
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A progressive weakening in the tendency to add H* or CH,*, ete.,
and to give * -onium » compounds is shown by the series NH, NH,0H,
NCl;. Itis due to the opposing pull on the electrons by the increasingly
negative substituent, which thus leaves the nitrogen atom more positive
and, therefore, with a less tendency to combine with positive groups.
In NH, the nitrogen atom exerts a stronger pull on the common
electrons than does a hydrogen atom, as is shown by the fact that
in NaNH, the nitrogen has gained a negative electron with forma-
tion of a hydrogen ion, which then gains the electron again from the
sodium :

NH,- . . . H*+Na=NH,- . . . Na++1H,.

The potentially negative nature of the nitrogen atom thus revealed
accounts for the ease with which NH,*, ammonium ion, is formed.
In NH,OH the oxygen exerts an opposing pull on the common electrons,
the nitrogen is less potentially negative, and consequently hydroxyl-
amine salts are formed to a smaller extent, or are more hydrolysed,
than ammonium salts.

. In chloramine, NH,Cl, the strongly electro-negative chlorine com-
pletely destroys the tendency of the nitrogen to attach itself to
positive ions.

Stereochemistry of Ammonium Derivatives.—The resolution
into optical isomers of compounds of the type NabcdX had already

" been partly effected by Lebel,* who, by acting on a solution of methyl-

ethyl-propyl-ammonium chloride with the mould * penicillium,” ob-
tained a feebly leevo-rotatory effect on polarised light.

By combining Wedekind’s a-phenyl-benzyl-allyl-methyl-ammonium
iodide with silver d-camphor sulphonate, Pope and Peachey 2 obtained
iodides having rotations {a}, of + 66-8 in chloroform solution.

The various models which have been used to represent the configura-
tion of quinquevalent nitrogen compounds can now be replaced by the
simple conception that the ammonium ion is quite analogous to the
methane molecule, and the asymmetric nitrogen atom which it contains
is dextro- or levo-rotatory according to the arrangement of the groups
a b ¢ when viewed from the fourth angle d: '

-+ -+
“rﬂdb and al:,dl c.

Isosteric Molecules containing Nitrogen.—Two compounds
which can be represented by similar figures containing the same numbers
of octets similarly combined are said to be “isosteric.” Such pairs often
show a close similarity in physical properties; for example, we have
nitrogen and carbon monoxide, nitrous oxide and carbon dioxide. The
atoms can be represented by tetrahedra, but it is more convenient to use
cubes in cases where this is possible. These are conventionally repre-
sented below by formule, in which the dots between the atoms represent
shared or binding electrons : |

1 Lebel, Compt. rend., 1891, 112, 724.
? Pope and Peachey, Trans. Chem. Soc., 1899, 75, 1127.
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:(:3:::0: +N:::N:
:é.::C::Q.: :N::é::ﬁ:l

The cyanide and isocyanide ions are also isosteres of carbon monoxide,
[:C::: NI~

It is not, howex_fe?, to be expected that these isosteres will all exhibit
tl_le same reactivity ; for an ion, such as the ammonium ion, is ob-
viously in a different state from methane. Even, however, where the
physical state is the same as in CO and N,, a closer examination will
show dlffgzrpnces in the nature of the bonds. Thus, while all three
bonds uniting the atoms in the nitrogen molecule may be normal
shared duplets, one of the CO bonds must be a ‘ mixed bond.” So
also in the CO, molecules, all the valencies being hydrogen valencies
are normal duplets, whereas in N,0 each nitrogen is united by a normal
and by a mixed bond.

Ouxides and Ozy-acids of Nitrogen.—In all these compounds execept N,O,
and IINO, the mixed bond must be present. Nitric acid itself is probably
a co-ordination compound if represented by the strict octet theory, as :

Since, however, the X-ray examination of crystalline nitrates has
shown that the three oxygen atoms are symmetrically placed round
the nitrogen,? it is usual to represent the nitrogen atom with a sextet
instead of an octet of clectrons thus :

O —_—
\;”:\ < renannean
[O< N )O] -oor 02<.,.___..._..--N—0
in the symbols proposed above (p. 15).

The Ammines.—Since the ordinary valencies of nitrogen are saturated
in ammonia, this radical is necessarily attached to the central metal
atom by mixed bonds, which are thus found to be identical with the
““ auxiliary valencies,” ete., postulated by Werner and others. Indeed,
all co-ordination complexes may be shown to contain mixed bonds (see
definition (8) above). The numbers of electrons thus added to the
central atom are in many cases those required to make up the next
stable configuration or zero group gas. As has been pointed out by
Lowry,? a shortage of one or two electrons may be tolerated, but hardly
an excess. Cobalt hexammine chloride is an example of the completion
of the stable shell by the addition of ‘‘lone pairs ”’ on the ammonia

radical.

1 Tn these arrangements, which are adopted to save sj;)acé, it is understood that each

of the pairs is shared.
2 (3, N. Lewis, “ Valence and the Structure of Atoms and Molecules,” 1923, p. 101.

3 Lowry, J. Soc. Chem. Ind. (Chem. and Ind.), 1923, 42, 318.
VOL. VL. : L. 2
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18 NITROGEN.

Thus in _
rerm s T e -+ _———
(HgN); e = > CO <o (NH,), | Cl,
v > < atamanennnnns

the cobalt has gained 12 (—) from the NH; and lost 3 (—) to the halogen
atoms, the net gain being 9, which raises its atomie number from 27 to
86, i.e. that of krypton.

Disintegration of . the Nitrogen Atom.— When a-particles,
emitted from radium C or other suitable source, pass through hydrogen
and some other gases, they produce a few swiftly moving particles’

t t
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F1a. 3.—~Apparatus for effecting and examining the disintegration of the
nitrogen atom.

r, brasg tube.
t, ¢, inlet and outlet tubes for gases.
£, source of a-particles,
@, absorbing layer of silver foil, cte.
4, scintillating screen of zine snlphide,
M, microscope.
P, pointer.
@, graduated scale for mensuring thickness of abgorbing air.

which have a range of about four times that of the exciting a-particles,
and which can therefore be detected independently of these by the
scintillations which they produce on a sereen of zine sulphide. The
later publications of Rutherford and his collaborators, and others, leave
no doubt that these particles are “ protons,” or hydrogen nuclei, cach
bearing unit positive charge, which are ejected from the nucleus of an
atom by elastic or end-on collisions with the a-particles.2 In the case
of hydrogen, one collision in about one thousand million produces a
swift particle.

The apparatus %3 consisted of a tube, containing the gas under

} Rutherford, Pril. Mag., 1919, 37, 537, 562, 571, 581.

* Rutherford and Chadwick, sbid., 1922, 44, 417 ; 1921, 42, 809; scc also Rutherford,
ibid., 1914, 27, 488 ; Darwin, ibid., 499 ; Marsden, 7bid., 824 ; Marsden and Lansberry,
sbid., 1915, 30, 200; see also Chadwick and Bieler, ibid., 1921, 42, 923; Bicler, Proc., Roy.
Soc., 1924, Aros, 434.

8 Rutherford, Trans. Chem. Soc., 1922, 121, 400.
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examination, in which is lixed @ plate bearing the radioactive preparation,
and at one end opposite to this a brass plate, in the centre of which is cuk
a small opening which is closed by a thin plate of metal, such as silver,
aluminium, or iron, whose stopping power for the a-particles lies be-
tween b oand 6 em. of aiee The »ine sulphide sereen is placed opposite
the opening oudside the tube and distant 1 or 2 mm. [rom the metal
covering. A small porliou of the sereen, about 2 mn in diameter, is
viewed by a mieroscope which has a magnilication of about 40. The
tube is encireled by the poles of an electro-magnet, which deflects the
swilt f-rays or negalive eleetrons away from the sereen.

In this apparatus, hydrogen, and then other clements and compounds
have heen tested for the emission of swilt particles of long range.  The
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Absorption in cm. of air —————

Frwo 4. Absorption of H-particles derived from nitrogen and hydrogen.

turve b, Partieles From nitrogen foewared,
w4 Porticles from nitropen buekward,
v b Particles from hydrogen,

following deseription is quoted mainly from one of Rutherfoed’s papers: !
When the hydrogen is replaced by dry oxygen or carbon dioxide there
are sl o few seintillations which were helieved to be due to traces of
hydrogen.  Phe number of seintillations was inereased three to four
tites by substituting air in the tube, and in o grealer proportion by pare
nitrogen.  When a-particles having a uniform range of 7 an, of air are
cinployed, the swift particles derived from hydrogen have a range of just,
under 30 emy, and no seintillations can be detected after absorption by this
thickness of air or an cquivalent thickness of other absorbing substance,
The particles from nitrogen, however, can he detected after an absorp-
tion of 40 cm, of air or its cquivalent, Those between 80 and 40 cm,
cannot, therefore, be aseribed to traces of hydrogen or its compounds
which might be present in the nitrogen, These particles are defleeted
by a magnetie ficld like the He-partieles, with which they appear to be
idention] in all respeets exeept in velocity and range. Their maximunm
velocity is 1-6 v, where ¢ s the veloeity of the e-particle. Some are
ejected i a dircetion contrury to that of the bombarding a-partieles
the maximumn backward range being 18 em. The number emitted in

U Rutherford, oo, ed,
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all directions by a million a-particles of range 8-6 em. is about 20. The
same particles can be emitted from the nuclei of other elements (see
below), and in particular phosphorus, which gives about the same
number as nitrogen under the same conditions, but of a greater range,
equal to 65 cm. of air. No element of higher atomic weight than phos-
phorus was found to give the swift I-particles.

It has been calculated that the chance of liberation of an Il-particle
from nitrogen is not more than -;th of the chance of liberating one from
hydrogen in corresponding motion. The a-particle has to penetrate
more deeply into a more complicated system of electrons in the former
case. That such a penctration may also cause a backward ejection was
shown by the simple sketch reproduced from Rutherford’s paper.t
Certain conclusions as to the structure of the atomic nuclei have been

NPT
)

F1a. 5.—Production of swift H-particles from the nitrogen atom (after Rutherford).

drawn from these results. In the first place, it is noticed that H-
particles are only liberated from elements the atomic weights of which
are given by the series: A=4n-+2 or 4n--3 (where “n ™ is a whole
number). In the case of nitrogen, A=4X8+2, and in that of phos-
phorus, A==4X74-3.

Carbon and oxygen, with atomic weights of exactly 4n, give no
particles, and helium also (in which n==1) has never been disintegrated
by bombardment with «-particles. In the formation of the helium
nucleus great energy is liberated and there is loss of mass, since the
4 protons coalesce to give a mass of 4 instead of 4x1-0077; but in
the atoms of atomic weight, 4n-42 and 4n+3, the odd protons are prob-
ably more loosely held and may retain their mass. “ If it be supposed
that the nitrogen nucleus is made up of 8 helium atoms of total mass
12, and 2 hydrogen atoms, the mass of the nitrogen atom should be
not 14-00 but more nearly 14-01.”> In this connection it should be noted
that nitrogen contains no mass-spectra isotopes (p. 4). The tracks of
ionised particles may be made visible and photographed as lines of
condensed water when the a-particles pass through a vessel of super-
saturated water-vapour (method of C. T. R. Wilson). It may be
expected that a more complete record of the collisions should thus be
obtained. Such photographs have been taken in an automatic form of
Wilson’s apparatus by a camera which exposed two standard cinemato-
graph films at right angles.? Twenty-three thousand photographs were
taken, and a few of these showed the expected effect in a very striking
manner.

1 Rutherford, Trans, Chem, Soc., 1922, 121, 400,
* Blackett, Proe. Roy. Soc., 1925, Ato7, 349,
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Symbol, Noo Atomie Weight, 14008 (O ==16).

History.' - -Although D. Rutherford is generally recognised as having
discovered in 1772 thal nirogen is a constituent of the air, yet it
would seem that, o century before, Hooke and Mayow 2 had shown that
the atmosphere conlains two  gases, one of which supports respira-
lion and combustion. Rutherford,® after burning -carbon, sulphur,
phosphorus, ete., in air to remove oxygen (dephlogistieated air), treated
the remaining gas with caustic alkali, and showed that the residual gas
(phlogisticated air) was incapable of maintaining life.  The same result
was obtained by simtlarly treating aie which had been subjected to the
respiration of aniinals.

Priestley (1772) 1 was the first Lo show quantitatively that one-filth of
the aiv disappeared when chareoal was burnt in o closed vessel, and the
resiclual gus was shaken with milk of iimes A similar result was obtained
by Lavoisier (1776)° by the combustion of phosphorus, and it was
Lavoister who delinttely recoguised nitrogen as a suaple gas, which he
called vuofe identienl with the foud wir already recognised by Scheele 8
as one of two gases of the atmosphere. The present name of nitrogen

was suggested by Chaptal in 1823 becanse Lthe gas is o constituent of
nilre (Greek nitron).

Occurrence. -In the free stale nitrogen oceurs in Lhe almosphere
to the extent of aboul 78 per cenl. by volume or 755 per cent. by
weight.?  Free pitrogen iy also present in voleanie gases, meteorites,
and envities of plants.  In combinalion, nitrogen is largely distributed
throughout the animal and vegetable kingdoms in the form of albu-
minoids, proteins, sunsl Uheir degreadation produets. Do the mineral
world targe deposits of soditm and polassiiom nitrates are found in
Chili and India, and it is possible hat even these salls are of organie
origin,

Nitrogen Cycle in Nature. In nnture there exisls o continuous
cyele wherehy nitrogen is fivst * fixed,”” and then subsequently liberated
from combination with other clements. This natural eyele of operations
may be conveniently represented by the diagram on p. 22,

Thus it would appear that clemental nitrogen becomes fixed from
the atmosphere i two ways,  Firstly, direet combination of nitrogen
and oxygen oeenrs by means of atiospherie cleetricily resulling i the

U For the hintory of the compowuds of nitrogen, see ander cach soation,

$oMee Alembie Cluly Re prdnda, No, awvil,

S Rutherford, £ derr .3!{’1:/:5{13'“, [‘:alilllml*}!;ll., 1772,

Moo Alewhiie el fi.'r,';}'f.rif-?v:, Nu, vil,

Losvoinier, (Rurpes, 1., 99,

New Moo Clab By prints, No, viil,

Por the history and exact componition of airy seo this sevies, Vol VIL, Part 1,
21
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production of oxides of nitrogen. These are dissolved and washed down
by rain in the form of nitrous and nitrie acids, which are converted into
the corresponding salts by neutralisation with bases in the soil. Secondly,
direct assimilation of free nitrogen takes place by leguminous plants
(peas, beans, clover, etc.) with the help of bacteria. This method of
nitrogen fixation is nature’s compensation for the loss of C(?m.bll}ed
nitrogen in the soil—the leak, as it were, being due to denitrifying
bacteria. Elementary nitrogen is fixed by a large variety of azo-
bacteria, which work in either a symbiotic or non-symbiotic manner, the
former being the chief method. It has been known for many centuries
that legumes have a very beneficial effect in restoring the fertility of the
soil, but it was not until 1886 that proof was forthcoming of the presence
of definite bacteria in the nodules on the roots of leguminous plants.?
The isolation of B. radicicula followed, and its symbiotic relation to the
plant itself was established by recognising that nitrogen was given to

—

Atmospheric Leguminous plants with the aid of bacteria Organic nitrogenous sul

Y

nitrogen stances (proteins, ete.)

in plants and animals

Vegetable life
Nitrous and Animal and vegetable de
nitric acids ' assisted by miicro-organi:

(nitrites and nitrates)

e . l Clory .
Denitrifying bacteri Ammonia

the plant in return for carbohydrates and mineral salts from the plant
to the bacterium. Non-symbiotic fixation means that bacteria work
independently and not in association with other bacteria or higher
plants. The bacteria are cither of the anaerobic or aerobic type, and
it has been generally considered that, although the anaerobic are more
common and important, yet azotobacter and other aerobiec nitrogen
fixers have an important function. It has been recently suggested that
the use of aerobic bacteria is overestimated, as the anaerobic type are
capable of fixing twice the amount of nitrogen under similar conditions.?

Most plants (excepting legumes) require the nitrogen to be in some
form of combination—most generally as nitrates. Broadly speaking, it
1s possible to trace two ways in which nitrogen is brought into a suit-
able condition for assimilation. In the first place, the death and decay
of vegetable matter causes the complex nitrogenous substances (albu-
mens, proteins) which have been produced during plant life to yield
ultimately simple substances such as ammonia, nitrites, and nitrates.
Secondly, the assimilation of vegetable products by animals results in
their decomposition by metabolic processes, which produce urea, uric
acid, and other faecal products. These are further broken down into
simpler derivatives (ammonia, nitrates), which are now available again
for plant assimilation, and the cycle starts afresh. As practically all
the chemical changes are brought about directly by micro-organisms, a

* Heliriegel and Wilfarth, Annales Agroncmigues publiées sous les auspices duw Minisiére
de U Agriculture et du Commerce, Parts, 1888, 5.
2 Truffaut and Bezssonoff, Compt, rend., 1925, 181, 165.
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very brief account of these natural processes of ammonification and
nitrification will be given: :

Ammonification is the production of ammonia from proteins and
their cleavagé products by means of micro-organisms. Both fungi and
bacteria cause extensive decomposition of albumens and proteins, first
producing albumoses and peptones, then amino-acids, which are readily
converted into ammonia. Amongst soil bacteria, one of the commonest
is B. mycoides, which is very efficient in producing ammonia from
organic nitrogenous materials. Energy relations are an important
factor in the rapidity of decomposition of proteins. Thus both carbo-
hydrates and proteins are utilised as sources of energy. The presence
of much carbohydrate material will result in a relatively small amount
of decomposition of proteins—just sufficient to provide the necessary
nitrogen. In the absence of carbohydrates, proteins are quickly broken
down in order to obtain a supply of carbon primarily, and the excess
of nitrogen is converted into ammonia.

_ With reference to the products of animal metabolism, of which urea
1s typical, mention should be made of the enzyme urease which converts
‘urea by hydrolysis into ammonium carbonate,

CO(NH,),-+2H,0=(NH,),C0;.

Nitrification is the production of nitrates, cither from ammonia or
nitrites, by processes of oxidation.  The experiments of Schloesing and
Mintz! in 1877 showed that ammonia was oxidised to nitrate by
passing through a long tube filled with soil. No oxidation occurred if
the soil was first sterilised, which showed that the chemical change was
brought about by micro-organisms. Winogradski ? in 1890 identified and
isolated specific bacteria which produced this nitrification, and showed
that the oxidation proceeded in two stages, each of which was brought
about by different species. Thus the first oxidation of ammonia tonitrite
was the work of nitrous bacteria :

(1) 2NH,+30,=2HNO,-2H,0 ;

while the second stage, resulting in the formation of nitrate, was caused
by nitric bacteria (nitro-bacter):

(2) 2HNO,L0,=2HNO;. -

It would seem that nitrification depends upon a large number of
factors, such as supply of oxygen, water, basic materials, mineral
matter, etc. The importance of the amount and distribution of basic
materials is due to the neutralisation of organic and mineral acids pro-
duced by bacteria, as, generally speaking, favourable conditions for both
ammonifying and nitrifying organisms are only maintained if the soil
is neutral or very slightly acid.

It has been mentioned that a certain loss of combined nitrogen in
the soil occurs due to denitrifying organisms. Denitrification is the
conversion of nitrates into nitrogen or oxides of nitrogen, and the
bacteria bringing about these changes are chiefly of the aerobic type.

1 Schloesing and Miintz, Compt. rend., 1877, 84, 301 ; 85, 1018 ; 1878, 86, 892 ; 1879,
8¢, 891, 1074.

2 Winogradski, Annales Agronomiques publides sous les auspices du Ministére de
P Agriculture et du Commerce, Paris, 1890, 16, 273 ; Compt. rend., 1891, 113, 89.
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Hence insufticient aeration of the soil will force these organisms to obtain
their necessary oxygen from nitrates, with the resultant loss of nitrogen.
Various kinds of bacteria are able to bring about the changes represented
by the following equations :—

9ANO,=2HNO,-+0,,
SHNO,—2H ,04-9N,+0,.

The mutual reaction of nitrites and ammonia or amino-derivatives will
also occur:

NH,Cl-+KNO,=N,+KCl+2H,0;

and van Iterson! has suggested that certain bacteria are capable of
causing the oxidation of carbon compounds :

5C-4KNO,+2H,0 =4KHCO,+2N,+CO,,
8C+4KNO,+ H,0=2KHCO;+2N,+XK,C0,.

The prevention of denitrification is of paramount importance in
market gardens and greenhouses, but appears to be of little account in
field cultivation.

There arc certain micro-organisms which are capable of reversing
thé ammonifying and nitrifying processes in order to utilise available
nitrogen compounds for synthesising complex protein substances, which
result in the withdrawal of nitrogen compounds for plant uses.?

PREPARATION OF NITROGEN.

As nitrogen is present in such large quantity in the atmosplere
(more than 4000 billion tons), it is not surprising to find that at the
present day a large proportion of the nitrogen used in manufactures
1s produced by the fractional evaporation of liquid air. A number of
other methods have been utilised for obtaining nitrogen from air, and
it will be obvious that these methods will all produce ‘ atmospheric
nitrogen,” different from pure nitrogen in that it contains small amounts
of argon and the other inert gases. Thus therc are two main sources of
nitrogen : .

1. The atmosphere.
2. Chemical compounds.

.. L. The methods for obtaining nitrogen from the atmosphere may be
physical or chemical.

(a) Physical Processes :

(1) Liguefaction.—The first liquefaction of air by Linde in 1889
was followed by other processes by Hampson, Pictet, and Claude. In
England a combination of these systems is used by which nitrogen of
99-5 per cent. purity is obtained.?

(2) dbsorption in Charcoal.—The greater absorption of oxygen by

1 van Iterson, Proc. K. Akad. Wetensch. Amsterdam, 1903, 5, 685.
? For a detailed account of the organisms in the soil, sce Marshall, Microbiology
(Churchill).

3 For the liquefaction of air and the separation of nitrogen from oxygen, sec this serics,
Vol, VI, Paxt L
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coconut charcoal at low temperatures allows of a partial separation of
nitrogen.!

(8) Ta'ansfusz'on.——pifferent rates of diffusion of oxygen and nitrogen
through caoutchouc gives a rough separation of these gases.?

(b) Chemical Processes :

The absorption of oxygen by chemical means offers a Iai:‘ge varlety
of methods for preparing nitrogen.

(1) Alkaline Pyrogallol.—Air shaken with excess of alkaline pyro-
gallol has its oxygen rapidly and completely absorbed, and this experi-
ment may be used to demonstrate the composition of air by volume.

. (2) Phosphorus.—The formation of phosphorus oxides by passing
air over smouldering or burning phosphorus results in a complete re-
n}oval of. oxygen. Lavoisier made use of this reaction to prove that
nitrogen 1s a separate entity.

(8) Copper.—The absorption of atmospheric oxygen by passing air
over heated copper, either as turnings® or finely divided metal,* can be
utilised for the isolation of nitrogen. Water-vapour and carbon dioxide
are previously removed by means of concentrated sulphuric acid and
caustic potash. A number of methods have been devised for the
absorption of oxygen at ordinary temperatures by using copper in
conjunction with a mixture of air and ammonia. Lupton 3 proposed
using ammonia gas, while Berthelot® used aqueous ammonia.
modification of this latter method consists in passing a mixture of air
and “ammonia liquid ” in equal volumes over copper chips. The so-
called ammonia liquid is a saturated ammonium-carbonate solution
mixed with an equal volume of aqueous ammonia of sp. gr. 0-93. The
air-liquid mixture is completely deoxygenated after passing over the
copper chips, and the residual nitrogen is freed from excess of ammonia
by dilute sulphuric acid and then dried.? :

(4) Other Processes—Reference should also be made to some of the
numerous other methods which have been proposed for the preparation
of nitrogen by absorption of oxygen from air.

(1) Reduced iron.®

(ii) Platinum sponge ? (air mixed with hydrogen).

(iit) Sulphur burnt in a speeial furnace.?
(iv) Carbonaceous matter, such as coal or petroleum.*

(v) Fused alkali cyanides.!?

(vi) Mixture of alkali plumbate and manganate (alternate air and
stcam).1?
) Coke-oven gases. |

As air is usually a constituent of the gases derived
from combustion, coke-oven distillation, ete., a number of

(vii

1 Sce Vol. VIL, Part 1. 2 Tor references, see this series, Vol. VII., Part 1.
3 Dumas and Bousingault, Compt. rend., 1841, 12, 1005.
4 Cyanide Gesellschaft, German Patent, 218671 (1908).
Lupton, Chem. News, 1876, 33, 90.
Berthelot, Bull. Soe. chim., 1870, [ii], 13, 314.
Brunt, J. Amer. Chem. Soc., 1914, 36, 1448.
Spencer, Knglish Patent, 3752 (1869). ® Dumoulin, Jakresber, 1851, 32.
10 Blaghurn, English Patens, 25535 (1908) ; U.S. Patent, 993017 (1911).
1 Harford, French Patent, 394557 (1908).
12 Heys, lnglish Palent, 24413 (1910).
13 Kagsner, German Patent, 233383 (1910); drch. Pharm., 1913, 25, 596 ; also this
series, Vol. VIL, Part L
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patents have been taken out for the preparation of nitrogen
from these gases. A mixture of copper and copper oxide is

- generally used, the former to remove oxygen, and the latter
to convert any carbon monoxide into carbon dioxide, and
also to remove any traces of hydrogen.! Some of the pro-
cesses involve the addition of small quantities of reducing
gases to prevent complete oxidation of the copper, and thus
save the extra cost of subsequent reduction of copper oxide.
The nitrogen is freed from carbon dioxide by absorption of the
latter in caustic soda.

(viii) Hydrogen.

The burning of electrolytic hydrogen is the principle of
the Casale process? for removing atmospheric oxygen, and
the nitrogen, after purification, is used for the manufacture of
synthetic ammonia. :

2. Chemical Compounds:
Ammonium nitrite, NH,NO,, readily decomposes into nitrogen and
water when its solution is gently heated :

Actually, in practice, it is found more convenient to warm a solution
of sodium nitrite with one of ammonium chloride or sulphate, when
the ammonium nitrite, formed by double decomposition, decomposes
as above. Overheating should be avoided, otherwise turbulent ebulli-
tion occurs. Equal parts of sodium nitrite and ammonium sulphate
dissolved in 5 parts of water and heated will give a stream of nitrogen
which can be purified by passing through a dilute solution of sulphuric
acid (to absorb ammonia) and then over heated copper (to remove
oxides of nitrogen and oxygen). Purification can also be effected by
passing the gas through a saturated solution of potassium bichromate
(5 vols.) and concentrated sulphuric acid (1 vol.).?

The decomposition by heat of ammonium bichromate is a convenient
method for obtaining nitrogen,

As this reaction may be rather violent, a modification is adopted by
heating a mixture of potassium bichromate and ammonium chloride
in a retort, when the ammonium bichromate is formed by double
decomposition.

Alternatively, a concentrated solution of sodium nitrite is run slowly
into a mixture of a solution saturated both with ammonium chloride and
potassium dichromate. This solution is heated, and the gas evolved is
washed (@) with dilute sulphuric acid, (&) with ferrous sulphate solution,
and is then passed over (¢) heated copper. The gas is dried by phos-
phorus pentoxide and then passed through a spiral cooled by liquid
air. It 1s then frozen by liquid oxygen under reduced pressure and the
solid nitrogen allowed to melt. The first fractions boiling from this
are pure nitrogen, and this portion was used in the determination of
physical constants by Onnes and v. Urk (see p. 81).

( 958.)13}1Worthy, English Patent, 10581 (1908) ; Candia and Merlini, French Patent, 387784
1 . .
2 See p. 213. ’ ® Knorre, Chem,. Ind., 1902, 25, 531.
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Decompo_sition of ammonium nitrate occurs when it is heated with
glycerol, giving an almost quantitative yield of nitrogen. It would
seem that nitrous oxide (from the ammonium nitrate) is completely
Ir-‘[t‘e}cliuced by the glycerol, the latter being converted into glyceric acid.

us :

2NH4NO3+C3H803=2N2+C3H604+5I{20.

In the laboratory 10 grams of ammonium nitrate are dissolved in
20 grams of glycerol, to which 8 drops of concentrated sulphuric acid
have been added. Nitrogen begins to come off at 100° C., and at 165° C.
a steady stream is obtained. It is not advisable to raise the temperature
above 170° C. Traces of carbon dioxide are removed by passing through
alkali, and moisture and minute amounts of pyridine bases by concen-
trated sulphuric acid.?

Pure nitrogen may be obtained by the action of chlorine gas upon
ammonia :

SNH,--8Cl,=6NH,Cl+N,.

A concentrated ammonia solution (sp. gr. 0-88) is placed in a triple-
necked Woulfe’s bottle and chlorine is led in from a separate generator.
An open glass tube passes down into the liquid through the centre neck,
and a delivery tube from the third tubulure carries off the nitrogen
which may be collected over water. Ammonia must always be kept
I excess in order to prevent the formation of explosive nitrogen tri-
chloride, NCl,.

A. convenient laboratory method for preparing nitrogen consists in
the decomposition of concentrated ammonia solution with a thin paste
of bleaching powder, which latter is added slowly. On warming the
mixture a copious supply of nitrogen is obtained, in accordance with
the equation

Hypobromites (bromine and caustic soda) may be used simiarly to
decomposé ammonia : 2 "

8NaOBr--2NH, =3NaBr+N,-+3H,0.

Hypobromites and urea (or other acid amides) react to give a mixture
of nitrogen and carbon dioxide :

8NaOBr+CO(NH,),=3NaBr--N,--C0,-+2H,0.

This quantitative reaction is used as a standard method for the estima-
tion of urea.

Pure nitrogen is obtained when a mixture of nitric oxide (or nitrous
oxide) and ammonia is passed over heated copper gauze or platinised
asbestos.® The nitric oxide (from nitric acid and copper turnings) is
passed through strong ammonia solution, and the mixed gases led through
a heated combustion tube containing either rolls of copper gauze or
platinised asbestos. Purification is effected by passing the gas succes-
sively through dilute sulphuric acid, fused caustic potash, concentrated
sulphuric acid, and finally red-hot copper gauze.

1 Mai, Ber., 1901, 34, 3805.
2 Baly and Donnan, Trans. Chem. Soc., 1902, 81, 908.
3 Baxter and Hickly, J. Amer. Chem. Soc., 1905, 33, 300.
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THE PHYSICAL PROPERTIES OF NITROGEN.

General.~—Nitrogen is a colourless, odourless, and tasteless gas
which is non-poisonous, but does not support life. It neither burns in
the ordinary way nor supports the combustion of earbon compounds.
It is not inert, however, like argon, and when once in a state of chemical
combination is extremely active.

Density.—Prior to 1898 the determinations of the weight of 1 litre of
the gas under standard conditions gave values varying between 0-9713
and 0-9729, when the weight of 1 litre of air was taken as unity. These
values, however, referred to atmospheric nitrogen, which of course
contained the inert gases of Group O, and Rayleigh’s* later deter-
minations resulted in the wvalue 0-97209 (air=1). For nitrogen
obtained by chemical processes Rayleigh found the value of
0-96787, the weight of 1 litre being 1-25092 grams at N.T.P., while
the corresponding results of Leduc? are 0-9671 (air=1) and 1-2507
gram respectively. :

More recently, Moles,® as the weighted mean of a large number of
determinations, calculates the weight of 1 litre of nitrogen at N.T.P.
(latitude 45°) as 1-2507 £0-0001 gram. )

With reference to oxygen (=16-000), the density of nitrogen is 14-008,
and to water at 4° C. the density is 0-0012507.

Compressibility.—The deviation of nitrogen from Boyle’s law at
various temperatures is seen from the subjoined table. Under rela-
tively low pressures the molecular-attraction effect causes the gas to
be more compressible, with the result that the product pv decreases in
value. As is the case with most other gases, however, the molecular-
volume effect soon shows its influence, and the value of pv increases
with the pressure ; the gas is less compressible on account of the fact
that the molecules now occupy an appreciable fraction of the total
volume (see table, p. 29).

The graphical relationship between p and pv shows how, at 0° C.,
the latter diminishes at first with rise of pressure, and, after reaching
a minimum, increases again throughout with rise of pressure. As is
usual, the isotherms at higher temperatures show a progressive shift
of the minimum towards the region of lower pressures, and finally the
minimum disappears (see fig. 6).

The limiting value of pov for nitrogen at zero pressure and 0° C., and
the molecular weight from the ideal densities under these conditions,
may be calculated as follows :—

The value of pv for nitrogen increases with decreasc of pressure
from 1 atmosphere to zero, which also occurs with most other gases,
with the exception of hydrogen.

1 d(pv)
po dp

The corresponding value for oxygen is —0-00094, and by using
Raylcigh’s values ¢ for the densitics under normal conditions, the molec-

The coeflicient a = == -—0-00056 for nitrogen.

1 Rayleigh, Proc. Roy. Soc., 1898, 62, 200.

2 Ledue, Comgpt. rend., 1898, 126, 413. .

3 Moles, J. Chim. Phys., 1922, 19, 283; 1924, 21, 10. Sec also the results of physical
determinations of atomic weights, 1. 57.

¢ Rayleigh, Phil. T'rans., 1905, 204, 351.
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0-86737 v 1—0-00056
1-10535 " 1 —0-00094

ular weight of nitrogen is given by 32x =28-016,

where 32=molecular weight of oXygen.

The corresponding value caleulated by . Berthelot * from the results
of Leduc and Sacerdote ¢ is 25-018.

RELATION BETWEEN PRESSURE AND VOLUME
OF NITROGEN.

(Amagat, 1893.) 3

Pressure in Atm, pv at 0° C. Pv at 16-03° C. | pv at 9945° C, | pv at 199-5° C.
1 1-0000 ..

100 0-9910 1-0620 . ..
200 1-0390 1-1145 1-4890 1-9065
300 1-1360 1-2105 1-5905 2-0145
400 1-2570 1-3290 17060 2-1325
500 1-3900 1-4590 1-8275 2-2570
600 1-5260 1-5945 1-9545 - 2:8840
700 1-6615 17290 2:0865 2-5125
800 17980 1-8655 2-2200 2-6400
900 1-9340 2:0015 2-3540 2-7715

1000 2:0685 2-1860 *

1500 27202 ..

2000 3-3270 3-3980 ¢

2500 3-9200 e

3000 ! 4-4970 4-5675 ¢

Variations of pv and p with Temperature.—The variations of pv

with p at one temperature and the variations of the function 1-%) at

different temperatures have been investigated recently in the Leiden
Laboratory and critically compared with the results of other workers.5

The results are best expressed in terms of a power series in which
v™1, v~ are multiplied by coefficients A, B, etc., derived from the
experimental results. Graphically the pv values may be plotted against
the densities. If the unit of volume is that at 0° C. under 1 atmosphere,
~and (pv), the value of their product under these normal conditions, the
deviations with change of volume are as follows :—

At t=0° C.— :
0-40996 X 10-3  2-06556 X 108
(7o) = (p0)p=1-0041(1 — === + )
Onnes and v. Urk.®
043386 X 10—3 2-64643 <X 10-°
(pv)=(pv)0=1-0041<1 — _0 + 2 )

" Holborn-Otto.®

Berthelot, Compt. rend., 1898, 126, 954.

Leduc and Sacerdote, ¢bid., 1897, 125, 297.

Amagat, Ann, Chim. Phys., 1893, [vi], 29, 68. 4 At 16-0° C.
& Onnes and v. Urk, Comm. Phys. Lab. Leiden, No. 169.

8 Holborn-Otto, Zeitsch. Physik, 1922, 10, 3687.

fw

=
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At {=20°C.—
0-26250 <102  2-5000x 108

(po) = (po)y =107870(1 22220 TR0
Onnes and v. Urk,?

0-2 -8 2:80454 X 10~°
(PU)=(PU)0=1'07367<1* 707§><10 L 9 ov2>< ) )

Holborn-Otto.?

’
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0 1000 2000 2600

PRESSURE IN ATMOSPHERES
Fic. 6.-~The compressibilities of oxygen and nitrogen (Amagat, 1893).

In the following table the values of pv are expressed in terms of
(pv)y=1, and the densities “d” in terms of the weight of a normal

1 Onnes and v. Urk, loc. cit. * Holborn-Otto, loc. cit.
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litre are given at the lowest pressures investigated at each temperature,
For the full results the original memoir must be consulted.!

T,

(° Abs.). (Atm.). d. . T =1+273:09)
293-09 8584 3356 1-0680 0-003644
273-09 38-14 33-52 0-9886 0-008620
250-47 33-14 87-18 0-8925 0-008578
222-83 31-98 40-83 0-7883 0-003515
191-99 30-17 - 46-31 0-6516 0-003394
170-84 28-54 51-185 0-5575 0-003263
151-90 26-63 56-05 0-4675 0-003077
141-72 25-29 60-675 0-4168 0-002933
181-46 23-79 6576 0-3618 0-002750
128-63 23-20 67-15 0-3455 0-002685
12677 22-92 68-62 0-3840 0-002684
124-51 27-93 10606 0-2638 0-002118

The next table gives the change of pv with temperature at a single

density of 69 (see table above) between the temperature range of 126-77°
and 293-09° C.

T. (° Abs.). . : .
12677 0-3335 23-01
128-63 0-3427 23-65
131-46 0-3566 24-61
141-72 0-404:6 27-92
151-90 0-4508 31-10
170-84 = 0-5368 37-04
191-99 0-6303 43-49
222-83 07644 52-74
250-47 0-8804 6075
273-09 0-9816 67-73
293-09 1-0670 7362

Between T=81° and 85° abs., and p=160 and 1826 mm., the pv
values are given by the equation ?

pu=0-27774T — (0-08202 —0-000253T ) p.

The coeflicient of expansion at constant pressure a,, and the co-
efficient of tension at constant volume a,, have been determined by a
number of investigators under different pressures between 0° and 100° C.
The cocflicient at constant volume is numerically the same as the
coefficient of tension. These two values t nd to a common limit for a

1 Onnes and v, Urk, loc. cit. .
> Bestelmeyer and Valentiner, Drude’s Annalen, 1904, 15, 60.
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perfect gas when the pressure decreases indefinitely, but Regnault showed
that equality of the coeflicients only occurs at very low pressures.

The following table gives some typical values for these coefficients
hetween 0° and 100° C. :—

THERMAL EXPANSION OF GASEOUS-NITROGEN.

Coeflicients of Tension. Coefficients of Expansion.
Pressure a,, ab Pressure
. a, at
at 00 O m {)I“"“f{})( a (.@. Aut:ll()l'. a-tfl 00 0. in OO" 1%00 O Author'

ems, of Hyg. cms. of Hg.

100-20 | 00036744 | Chappuis, T'rew. | 138-70 | 0-0036777 | Chappuis, loc.
et Mém. du 100-20 0-0036731 eit,

Bureaw  intern.
des Poids et
Mes,, 1903, 13,
190.

79-35 | 0-0036718

5330 | 0-0036685 | | Chappus A 920 | 00036701
52.90 00036ﬁ81 .I[‘&I ke v zb@d. .

s 3 41-5 0-0036658
3920 0~003cm77} 1902, 12, 65. J
98-50 ()-0036730} Day and Cle-

Chappuis and
Fumorfopoulos.

Henning  and

5500 | 0-0036680 [ | Sei., 1908, 26, | OL-10 1 00036679 o) "y o2 1. eit.

405. 22-0 0-0036630
Hoenning and ’
Heuse, Zedtsch.
physikal. Chen.,
1821, 5, 285.

74-40 | 0-0036700| | ment, Amer. J.| 110-50 0'0036742}

31-40 0-0036650
110-50 0-0030752
51-10 0-0036675
22-00 0-00306620
(5-40 (0-0036096

The cocllicient of cxpansion under limiting conditions of low
density and large volume is derived from the actual coefficient under
ordinary conditions, combined with a knowledge of the deviation of
the actual po from the absolute (pv)s under the limiting conditions
(sec pp. 28 and 58, and this series, Vol. I.). Thus, if aa is this absolute
cocflicient, it defines the absolute temperature as given by the nitrogen

: 1 :
thermometer, (mnce ’I‘H:--r:&j-- , and the value of a, as given by the
A

equation
(pv)a at 100°—(pv), at 0°

[("p’U)A at OO] x 100

The values of ay derived from the coefficients of tension, a, (sec
table above), are found to vary between 0-0036598 and 0-0036628,
while those derived from the coelficients of expansion, a,, vary between
0-0086605 and 0-0036621.1

Specific Heats.—The mean specific heats of pure nitrogen at con-
stant pressure (1 atm.) have been determined at various temperatures
given in the following table.?

a‘\ T

U Onnes and v, Urk, Conon, Phys. Lab. Leiden, No. 169. _
2 flolborn and Austin, Nitzungsber, K. Akad. Wiss. Berlin, 1905, p. 175; Holborn and

Henning, dnn. Physik, 1905, 18, 739 ; <bid., 1907, 23, 809.
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¢y =specific heat at constant pressure.
C,=molecular heat at constant pressure, 4.e. C,=Me,.

SPECIFIC AND MOLAR HEATS OF GASEOUS
NITROGEN AT CONSTANT PRESSURE.

1° C. d € Cyp (Molar).
0 0-2491 6-98
100 0-2501 . 701
200 0-2510 7-03
300 0-2520 7-06
400 0-2529 7-09
500 . 0-2539 7-11
600 0-2548 714
700 - 0-2558 717
800 0-2567 719
900 0-2577 722
1000 0-2586 725
1100 0-2596 727
1200 0-2605 7-30
1300 0-2615 733
1400 02624 7-35

The value of ¢, is given by the equation
€, =02491+0-0000095%.
In the next table are given the molecular specific heats at constant

. C
volume and the ratio 69 A
4

MOLAR HEATS OF GASEOUS NITROGEN AT GONSTANT
VOLUME, AND RATIO OF THE SPECIFIC HEATS.

: =op
t° C, Cy. =G
0 4-890 1-408
100 4926 1-404
200 4-968 1-400
300 5-014 1-396
400 5-066 1-392
500 5-104 1-389
600 5-143 1-386
700 5-184 1-383
800 5-288 1-379
900 5-280 1-376
1000 5-308 1-874

1 Dixon, Ca,mpbeil, and Parker, Proe. Roy. Soc., 1921, A1oo, 1.
VOI. VI. : L - 3



34 NITROGEN.

The thermal conductivity of the gas at 0° C. is 0-00005660,! at 55° C.
is 0-0000569,2 and at 100° C. is 0-0000718.3

Viscosity.—The viscosity, 7, of nitrogen is lower than that of
oxygen, and therefore lower than that of air. The variations of vis-
cosity with temperature in the case of nitrogen and air can be calculated
from the formula of Sutherland :

C
! ﬂ“% T
=T~ —_—
1+§ 278

T

in which C=110 for nitrogen and 114 for air. |
According to C. J. Smith,* the viscosity of air as experimentally
determined at 15° C. is 1-799 x 1074, while the values for nitrogen are:

0° C. 15° C. 100° C.

7% 104 1-665 1787 2-118

The interpolated value at 28° C. is 1-778 X 1074, while the experi-
mental value obtained by Yen 5is 17665 X 104

Refractivity.—The refractive index of nitrogen for sodium light
is, according to Mascart, 1-0002978,° and according to Ramsay and
Travers, 1:0002971.7 These values refer to standard density. The
constants in Cauchy’s formula,

n—1 =A(1 +§),

are A=29-06 and B==7-7, where n and A represent the refractive index
and wave-length respectively.8

Spectra.—The emission spectrum of nitrogen has been the subject
of much investigation. Both the kathode and anode spectra (Geissler
tube) consist of characteristic channels. Deslandres ? identified three
groups of lines and bands which were sharply distinguished under strong
dispersion. The first group was in the visible spectrum (A7000—5000),
the second group partly in the visible and partly in the ultra-violet
(A5000—2800), and the third group wholly in the ultra-violet
(A2800—2000). Deslandres attributed the third group to an oxide
of nitrogen, as this group disappeared if every trace of oxygen was re-
moved by sodium. The second group was the most intense, and the
bands at A8579 and A8872 were considered characteristic of nitrogen.

1 Bucken, Physikal, Zeitsch., 1913, 14, 324; Weber, Ann. Physik, 1917, [4 7."
2 Todd, Proc. Roy. Soc., 1910, A83, 19. ysik, , [4], 54, 437,

3 Eucken,'PkySikal. Zeitsch., 1911, 12, 1101.
- 4 Q. é]iISmlth, Proc. Phys. Soc., 1922, 34, 162; Rankine and Smith, Phil. Mag., 1921,
» 42s . ) ‘
5 Yen, ibid., 1919, 38, 593,
¢ Mascart, Compt. rend., 1878, 86, 321, 1182,

? Ramsay and Travers, Zeitsch. physikal. Chem., 1898, 2 5, 100.
&8 More recent values are :—

At 1=6563 5461 4861 AU,
(n—1) 106=208-168 209-77 301-21
C. and M. Cuthbertson, Proc. Roy. Soc., 1909, 83 [A], 152.

o ’;Olgeslandres, Comgpt. rend., 1885, 101, 1256 ; ibid., 1886, 103, 375 ; Chem. News, 1886,
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According to Trowbridge and Richards,' the channelled speetrum
produced by a powerful continuous discharge is changed to the bright
line speetrum by the introduction of @ condenser. Fowler and Strutt 2
found that the line speetrnm was characterised by a bright. green line
al. A3164, which is followaed by green hands towards the more refrangible
parts of the spectruni. These bwo bands are hetween AL2T & -A4199 and
ALES L ALLTO,

Solubility. There are three ways of expressing the relationship of
solubility by volume bebtween gases and liquids,

(1) dbsorption coefficient B (Bunsen) is the volume of gas, reduced
to N.T.P., which is absorbed by unit volume of liquid, when the pressure
of the gas is 760 mm. without the vapour tension of the liquid.

(2) Solubility 8" ix the volume of gas, reduced to NUTUP., which is
absorbed by unit volume of iquid, when the total pressure is 760 mm.
(i.e. inpluding the vapour tension of the liquid),

760

PN v
p ‘8700"

where f° vapour tension of liquid at the temperature of the experiment.
(8) Selubility coeflicient T {Ostwald) is the volume of gas dissolved by
unit volume of lquid at the temperature and pressure of the experiment.,
It ix nol reduced to NJTWP. Henee, if the measurements are made at
atnmospherie pressure,
{0 B 0-003671),

The following table gives the solubility of nitrogen in water in ferms
of the absorption coellicient f:

SOLUBILITY OF NITROGEN IN WATER.

Atmospherie Niteogen, Argonafree Nitrogen,
Temp, " (4
Windder Fox,t Winkler,® Fox,
O 002354 0002354 (02312 0-02319
10 001K 0-01805 0-01829 0-0186G3
20 0-015 40 0-01508 0-01514 0-01572
30 001342 0-01348 0-013190 0-01875
30 001184 001252 001 1G4 0-01233
50 O 10K 001138 0-01071 0-01160

Y Trawbridge and Richards, J. Amer, Chem, Nae,, T8O, [4), 3, 1370 Phil, Mag., 1897,
3, 135,

1 3 Fowler and Stroutt, Proe, Boy, Soc, 1800 ABS, 3710 See also Plicker and Hitborf,
Phil, Trana,, 1865, 185, 1 Schuater, Proe, Roy, Noe, 1872, 20, 485 Angatrom and
Thaltn, Noou Aeta Soe, 1 panla, V8T, (3], 95 Haawelberg, Mem, Acad, SE Prtersbiry, 1845,
|71, 32, No, 185 Seguy, Compt, rend,, VBOG, 128, 108 Sundell, Dhil. May., 1887, (5], 29,
48 : Nasini and Andeching, At B, Aeead, Lineed, 104, (8], 13, 11, 58 66 Belhl, Kf*ilm’?,
physibul, Chene,, I8, 16, 193, 220 Bre,, 1803, 20, B0G, 2008 «lid,, 1805, 28, D388, 2303,

5 Winkler, Her,, 1501, 24, 36002,

¢ Fox, Prana, Paraduy Soc., 18, §, 64,

8 Winkler's values for atmespherie nitrogen caleulnted by Fox, loe, cit,
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36 NITROGEN.
The formula deduced by Fox ! for the solubility of pure nitrogen is

10008 =22-998 —0-5298¢+ 0-009196¢%2—0-0000677913,

which is obtained by allowing for 1-185 per cent. argon.

The Rate of Solution of Nitrogen in Waler—Adeney 2 and his col-
laborators have investigated the rates of absorption of nitrogen, oxygen,
and air by water under gentle agitation. Some account of this work
is given in Vol. VIL, p. 87. The results are summarised by the formula

_fho

where w ==initial percentage saturation capacity for nitrogen.
w,; ==amount dissolved after a given time 0. y
e¢=Napierian logarithmic base.
F=0-0108 (T —240).
A =area of water exposed to the gas.
V =volume of water.

As in the case of oxygen, the solubility of nitrogen in sea-water
decreases with increasing chlorine content. The calculated formula
expressing these results is :

1000 B''=18-689 —0-4804¢+-0-007458t*—0-000054973
~Cl(0-2172 —0-007187--0-000095212),

the chlorine being expressed as grams per litre.

SOLUBILITY OF NITROGEN CONTAINING ARGON IN
SEA-WATER FROM A FREE, DRY ATMOSPHERE AT
760 mm. ‘

(Fox, 1909.) !

Parts of Temperature, ° C.

Chlorine
per 1000.

0 4 8 12 16 20

0 18-64 17-02 15-68 | 14-45 13-45 12-59
4 1774 16-27 14-98 13-88 12-94 12-15
8 16-90 15-51 1432 13-30 12-44 11-70
12 16-03 | 1475 13-66 12-72 11-93 11-25
16 15-18 14-00 13-00 12-15 11-73 10-81
20 14-31 13-27 12-34 11-57 10-92 10-36

1 Fox, Trans. Faraday Soc., 1909, 5, 68.

% Adeney and Becker, Sci. Proc. Roy. Dubl. Soc., 1918, 15, No. 31 ; 1919, 15, No. 44 ;
Adeney, Leonard, and Richardson, Phil. Mag., 1923, 45, 835.
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The solubility of nitrogen in aqueous solutions of sulphuric acid is
en in the next table.

LUBILITY OF NITROGEN IN AQUEOUS SOLUTIONS
OF SULPIIURIC ACID.

(Bohr.) t (Christofl. ) #

Normality of | Absorption Coeflicient Per cent, Solubility Cooflicient
pueons HSO,, Bat 217 1,80, {ab 20° G,
0 00156 0 0-015370
44 4-0091 35-82 0-0081-47
84 O-0079 G1-62 0-006 141
17 O-00060 05-60 0-0L6720
203 (-0
U 0-00 8
2404 (0051
31-3 O-0110
458 S H 13 At

The solubility of nitrogen o aqueous solutions of barium and sodium
Jorides i as follows

SOLUBILITY OF NITROGEN IN AQUEOUS SALT
SOLUTIONS.

(Braun,) ?

H

e persture,
1y ( T

© T AN

5

10
15
20
25

Coedlivient of Absorption in Barium Chloride Solutions,

LN per
tent.

00127
00117
0104
O-(09d
O-007H

Copflieient of Absorption in Sodinn Chioride Solutions,

1§73 por

rent,

3-0102

00003
(10K
O-0066
O-0047

PLEE per
et

(-(137
00125
G111
(-0004
(HOOBG

K14 per
et

0-0127
(0113
a0-0101
0-00R7
00075

G4 puer
cont.,
00160
0-00.47
00182
00118

J-87 per

-0

& per
e,

0-0138
(0126
00113
0-00498

0-0083

Y Bolie, Zeitach, physikul, Cheme, 18310, 71, -5,

[ ) TR | N WY |

Yedidgt gt fLEEed

eent,

* M A AL

0-0180
0-0166
0-0148
0-01:32
00114

2412 per
eont.

e R

0-0179
0-016-k
O-0047
0-0131

0-0113

Ak e

333 per
vent,
(0-0183
0-01G8
0-0150
00135
O-0119

067 per
cont.
O0-(3:200)
0-0185
00164
001148

0-0130

3 [rewsity shid o YOHMY T TRL
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The following table gives the solubility of nitrogen in ethyl aleohol
at various temperatures :—

SOLUBILITY OF NITROGEN IN ALCOHOL.
(Bunsen.) !

Temperature, ° C. 0 5 10 l 15 20 24
Absorption coefficient | 0-1263 | 0-1244 | 0-1228 | 0-1214 | 01204 |0-1108

The solubility of nitrogen in mixtures of ethyl alcohol and water is
given by Just.2

SOLUBILITY OF NITROGEN IN AQUEOUS ETHYL

ALCOHOL .2
Per cent. Aleohol. 0 ! 20 33 99-8
Solubility product ,; | 0-01634 | 001536 | 0-01719 | 01432

The solubility of nitrogen in natural petroleum 3 is of the same
order as that in alecohol; the absorption coefficient at 10° C. is 0-185
and at 20° C. is 0-117.

Nitrogen is much less soluble in aqueous solutions of glycerol # and
in aqueous solutions of sugars ® than in water.

Liquip NITROGEN.

Cailletet ¢ first liquefied nitrogen by compressing it to 200 atmo-
spheres and allowing it to expand rapidly. Liquid nitrogen is colour-
less, with a refractive index of 1-2058.7

The critical data of nitrogen, according to different investigators,
is given in the following table :(—

CRITICAL CONSTANTS OF NITROGEN.

o ” " .
Tomperature.| Pressore. | Donstey Authority.
—146 35-00 Olszewski, Compt. rend., 1884, 98, 914.
—146-25 32:29 Wroblewski, ibid., 1885, 100, 979;
1886, 102, 1010.
0-31500 | Happel, Physikal. Zeitsch., 1902, 8, 204.
0-32690 | Dewar, Proc. Roy. Soc., 1904, 73, 251.
—147-13 | 383-49 | 0-81096 | Mathias, Crommelin, and Onnes, Comm.
Phys. Lab. Leiden, 1914, No. 145¢.
—144-7 83-65 Cardoso, J. Chim. phys., 1915, 13, 312.

1 Bunsen, Gusometrische Methoden, 1877, 2nd Edn., and Abhendlung, Engelmann
(Leipzig, 1904).

* Just, Zeitsch. physikal. Chem., 1901, 37, 361.

3 Griewasz and Walfisz, ibid., 1887, 1, 70.

4 Drucker and Moles, ibid., 1910, 75, 405 ; Muller, ibid., 1912, 81, 406 ; von Hammel,
thid., 1915, go, 121.

5 Drucker and Moles, #bid., 1910, 75, 418 ; Hufner, ibid., 1906, 57, 618.

§ Cailletet, Compt. rend., 1877, 85, 69, 7 Dewar, Proc. Roy. Soc., 1910, A83, 151.
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) r[‘ill‘ f(i?l()“‘l[l;j 1;!!’](' gi‘kl‘s illl. \rall-iitticlll ()l‘ t:}l(.‘ l)()ilitlg‘l)(]illt ()f
nitrogen with the pressure :

VARIATION OF THE BOILING-POINT OF NITROGEN
WITIlI THE PRESSURE.

Presstne, o, Mm-in!«: Baling Pressure, Atn, Absolute Boiling.-

(Cathor ! patat, ({Cromueling) ® point.
120-49 : G451 2-507 8621
J61-6 T1:51 7370 9951
a61-3 T LA 2182 117-62
THO TV 3316 cerit, pt. 12596
0384 TOR

15011 | Hb2l .

The cmpivical formuby?® giving the vapour pressures of liquid
nitrogen at any tempernture between 208:36 to - 148-087 (L, may be
written as

log p S0 T | 128810 0126067 | 0-0008302T2  0-0000019975T3,

where T £ 27304,

DENSITIES OF LIQUID NITROGEN AT VARIOUS
TEMPERATURES.?

{ [ b Dhensity of Liguid, Denaity of Gas,
14508 | DA b 0-18620
L E-T5 | 0= 4708 016380
: 15365 | 0-5832 011170
; 16120 | 0-6OT1 0-0GO8T
LTR-TS 06922 0-02002
{R2-51 0-7 4333 0-01558
10504 | 080 £3 000400
2O0-053 ! 0-H265 000278
20545 0-B490 000136
LUK 56222 000089

These values may be copared with those of carlier fnvestigators &7

VCuth, Versday Abad, Witenack, Smaterdan, 108, 27, 553 3 Comam. Phys. Lab, Levden,
No, 1624,

2 Cronupeling, Veesfayg o, Wetenseh, Amaterdam, V014, 23, 874, 9825 Comon Phys,
Lah, Leiden, Novn t40d. For caelivr vaduen, see Riseher and Alt, Drade’s Annalen, 1902, 9,
V148 ¢ Balyv, Phil, M, 1100, 4, 17,

4 Alwthins, Ceotnmeding, sud Onuen, Comm, Phya Lab, Leiden, No, 162,

t Mathins, Ogus, and Cromnelin, ibid., 1004, Noo Wae s Proe, Ko kad, Welensch,
Amsterdaa, 1915, 1, 957§ Cvmpt, red., 19135, 100, 239,

& Weablowaki, dhid,, 18465, 1oz, 1010,

Yo Olwrewaki, Wied, Aanalon, 1887, 35, 08
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40 NITROGEN.

and with others, from which the following densities (of liquids only)
have been selected :—

t —210-5 —205 —200 —1983 —1955 -—195-5 —-1900 —185 —1%4
d 0-87921 0-8537% 0-83092 (8297°% 0-8103% 0-8042%' 0-7874° 0-7622% 0-7576°

The latent heats of evaporation (in calories per gram) are given in the
following table :—*

LATENT HEATS OF EVAPORATION OF LIQUID
NITROGEN.

©0.. .|—148-08|-~148-61| —149-75| —153-65| —161-20| —173-73| - 182-51] —195-09| — 200-08| — 205-45 — 208-36

T abs. .| 125-0L| 124-48| 123-34] 119-44| 111-89 99-36 90-58 78-00 73-00 67-64 64-73
{ cals. per

gram . 9-17) 1140} 15-03 22.96/ 31-73] 3963} 43-09] 47-06 48-64 50-52| Bl.64

These latent heats may be represented by the formula
12=89-962(T,—T)—1-47242(T,—T)?-+0-011666(T,—T)2.

The specific heat5 of liquid nitrogen at —200-4° C., and also at
—209° C., is 0-476. :

Surface Tension.—This was first determined at —196° C. as 8-514
dynes per cm.,® while the variation with temperature is as follows :—7

° C. = —203 —193 —183
y dynesfem. = 10-53 . 8-27 616

The change in the molar surface tension with the temperature is
given by

7(Vy)8=2:002(124-29 —T),

in which Vy is the molar volume %.8

The temperature coefficient 2-002 is slightly below the mean value
for normal liquids. The relation is rectilinear, as usual, up to a tem-

perature a few degrees below the eritical temperature (126° to 128°
abs.).

Sorip NITROGEN.

By rapid evaporation and cooling under reduced pressure, liquid
nitrogen is converted into an ice-like solid,? which melts at —210-5° C.
under a pressure of 86 mm.10

! Dewar, Proc. Roy. Soc., 1904, 73, 251.

2 Baly and Donnan, Trans. Chem. Soc., 1902, 81, 912,

3 Inglis and Coates, ibid., 1906, 89, 886.

* Mathias, Crommelin, and Onnes, Comm. Phys. Lab. Leiden, No. 162.

¢ Eucken, Ber, Deut. physikal. Ges., 1916, 18, 4; Keesom and Onnes, Proc. K. dkad.
Wetensch. Amsterdam, 1916, 18, 1247, '

¢ Grunmach, Sitzungsber. K. Akad. Wiss. Berlin, 1906, p. 679.
? Baly and Donnan, Trans. Chem. Soc., 1902, 81, 907.
2 v. Urk,Comm. Phys. Lab. Leiden, 1925, Suppl. 50 to Nos. 169-180.

? Olszewski, Compt. rend., 1885, 100, 979 ; Wroblewski, ibid., 1886, 102, 1010.
1° Fischer and Alt, Drude’s Annalen, 1902, 9, 1148,
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- The de_ns1ty at —252-5° C. is 1-0265, and the calculated density at
—278° C. is 1:1870.1
~ Nitrogen exists in two solid forms,? and the transition temperature
is 85-5° abs., with a molecular heat of transformation of 53-8 cals.

The atomic heat increases steadily from 1-60 at T=15-27° abs. to
5-16 at T=55-26° abs.? '

The variation in the atomic heat with temperature leads to the
conclusion that crystallised nitrogen is diatomiec.

The dielectric constants of the liquid, and also the solid form, have
been determined.?

Crystalline Form.—The crystals which separate from the liquid at
—210° C. were considered to belong to the cubic system.5 This opinion
was not, however, confirmed by an X-ray analysis of the solid at —253° (.8
The matter was further tested by an observation of the solid in a cell
with plane-parallel glass sides, by means of a polarisation microscope.
The crystals were weakly doubly refracting, and therefore anistropic at

the melting-point and down to —258° C. Nitrogen does not appear to
crystallise on the regular system.?

ACTIVE NITROGEN.

History and Conditions of Formation.—When the electrical dis-
charge is passed through nitrogen at low pressures, a yellow glow is
seen which persists for a short time after the gas has left the region of
the discharge. Although this observation had been made some time
before, it was left for Strutt in 1911¢ to examine thoroughly the
physical properties of the afterglow and the chemical reactions of the
active form, which differ widely from those of ordinary molecular
nitrogen.

The production of the glow is powerfully catalysed by the presence
of small quantities, about 0-1 per cent., of O, CO, CO,, H,S, SO,, Cl,,
CIH,, and several other gases. Indeed there has been a considerable
controversy as to whether it can be produced at all in absolutely pure
nitrogen. Strutt prepared his nitrogen by passing the commercial gas
over liquid sodium-potassium alloy, or over sodium at about 300° C.,
and observed the phenomena described. Tiede and Domcke ® found
that if oxygen is completely absent from the nitrogen, i.e. if it is derived
from potassium or barium azide, there is no indication that the active
form is produced. Further work in collaboration seemed to show that
a catalyst, such as traces of the gases mentioned, must be present for
the optimum activation, -but that in certain forms of apparatus this
may be induced in pure nitrogen.’® It may, however, be taken as an
established fact that atmospheric nitrogen freed from oxygen by com-
bustion with an excess of phosphorus does not show the effect, nor was

L Dewar, Proc, Roy. Soc., 1904, 73, 251.

: Yucken, Ber. Deul. physikal. Ges., 1916, 18, 4.

3 Keecsom and Onnes, Comm. Phys. Lab. Leiden, No. 149.

4 Bhbert and Keesom, #hid., No. 182. _ |
Wahl, Proc. Roy. Soc., 1912, 87, [A], 371 ; ibid., 1913, 88, [A], 61.
Smedt and Keesom, Comm. Phys. Lab. Leiden, No. 178b.
Vorlinder and Keesom, dbid., No. 182,

Strutt (now Lord Rayleigh), Proc. Roy. Soe., 1911, A85, 219.
Tiede and Domcke, Ber., 1913, 46, 340, 4095.

Baker and Strutt, ¢bid., 1914, 47, 2283.
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42 NITROGEN,

it observed by Strutt in the ease of commereial nitrogen which had
been in contact with molten sedium for several hours.?  In this con-
neetion it may be noted that althongh the glow is generally taken ag
the most important evidenee that aetivation has taken place, it is not
always a necessary concomitant of chemieal aetivity ®

I‘repamtion. The following method of preparation is o o great
extent quoted from the deseription by the onginal investigator,® and
his diagram was used in drawing the apparatus.

(ommercial compressed nitrogen, prepared by the rectification of
liquid air, is stored over water in a gus-holder in which is hung a per-
forated metal bucket containing phosphorus.  Before use, the gas is

Induction Coit

P,
Condenser
*Air Pum,

Nitrogen
'*"-——-—-—-

| Qg
2 =

16, 7.~ Proparation and chemical examination of petive nitrogen.?

ety disehiarge fubne,
b, obgervation and reactiog tule,
&, tube theough widels gusen wree it posdinred,
ty weantd for combenat o,
¢ fy Bpark gup.
@ Lewnr eyilnder,

dried by passing through mn ordinavy tube of phosphorus pentoxide.
A stream of this nitrogen under low pressure is passed through a tube
a, in which a vigorous jar discharge is maintainedd The gas is then
drawn by a powerful air-pump into the vessel b, where it exhibits a
brilliant yellow light, which may persist for several minutes. The
light, when analysed by the speetroscope, shows some, but not all, of
the bands produced by nitrogen in a vacuum discharge.  There is also
a bluish-violet light which is masked by the yellow, but which may be
scen by interposing a picee of blue glass.  This light consists of two
sets of bands, the B and v series. The B bands were new, but the y
bands are produced when nitrous and nitrie oxides are introduced into
-a Bunsen flame.

1o Ntrutt, Trans, Chem. Soe., 1918, 113, 200,
* Koeonig and BElid, Ber., 1014, 47, 516,

¥ Ntrutt, Proc, Roy. Soe,, 1911, A8s, 204,
4 A spark gap of about six inches is roquired.
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~ The yellow and blue glows may be photographed separately by using,

first an isochromatic plate with a yellow screen, and then an ordinary
plate with a blue screen, or no screen, since the yellow light has only
a very slight effect on a photographic plate.

Some of the chemical reactions have been conspicuously demonstrated
in this apparatus. When acetylene is admitted a lilac glow is developed.
The hydrocyanic acid produced may be condensed by surrounding the
vessel d with liquid air, or it may be drawn through a solution of sodium
hydroxide and identified by the Prussian blue reaction. When the
activated nitrogen is passed through a U-tube containing cold mercury,
the surface of the mercury quickly becomes fouled, and when it is distilled
with water, ammonia can be detected in the distillate by the aid of
Nessler solution.

Physical Properties of the Glow.—The glow disappears on heating,
and also under a feeble electric discharge.! At ordinary temperatures it
persists for about a minute. Exposure to the temperature of liquid air
intensifies it, but diminishes its duration. It is greatly increased by com-
pression, but when the former volume is restored the capacity to produce
the glow is exhausted. The heat of formation is about —40,000 cals. per
mol. of nitrogen? (see also pp. 44 and 46). It is not affected by an
clectric field, but possesses a considerable electrical conductivity, com-
parable to that of a salted flame.2 The spectrum (see above) is not the
same as that of ordinary molecular nitrogen; it contains a green, a
yellow, and a red band.?

Reactions take place readily with wmnetals, non-metals, and compounds.
Sulphur and iodine show a blue flame. In the case of sulphur some
matter, probably a sulphide of nitrogen,* is deposited on the glass.®
The yellow form of this sulphide is obtained by the action of active
nitrogen on sulphur chloride. White phosphorus is changed into the
red variety, and at the same time a nitride is produced.* Arsenic shows
a green glow and gives a nitride.*

The combination with #etals is accompanied by beautiful and varied
glows which exhibit the line spectra of the metals. The brilliant in-
tensification of the sodium line when the metal, just above its melting-
point, is brought into active nitrogen, constitutes a delicate test for the
latter. Combination also occurs with zine, cadmium, and mercury.®®
The nitride of mercury is explosive.?

It is remarkable that neither oxygen nor hydrogen combine with
active nitrogen. The extinction of the glow which is caused by ammonia
or oxygen in amounts over 2 per cent., or by oxides such as those of
copper or manganese, may be due to chemical action, or to a catalytic
action upon the recombination of the active form.

Nitric oxide is oxidised to nitrogen trioxide, which latter may be
condensed to a blue liquid in the ordinary way. The reaction probably

1 According to later experiments the glow is enhanced by heating to 225°C., destroyed by
heating to 300° C., and then only exceptionally reappears on cooling (Willey, J. Chem. Soc.,
1927, 2831). |

: Strutl, Proc. Roy. Soc., 1911, A83, 219; ibid., 1912, A87, 179. .

3 Strutt, thid., 1911, A8s, 219; Fowler and Strutt, ibid., 377; Strutt and Fowler, tbid.,

‘1911, A86, 105. ' N

4 Strutt (Lord Rayleigh), Proc. Roy. Soc., 1913, 88, 539 ; see also ibid., 1913, 91, 303;
1916, g2, 438; 1917, 93, 254. o ,

8 Strutt (Lord Rayleigh), tbid., 1911, 85, 219; see also ibid., 1911, 86, 56; 1912, 86,
262; 1912, 87, 180. .
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occurs in two stages, Thus, assuming that the active form consists of
or liberates atoms :

N+2NO—NOQ,+N,; - NO,+NO—->N,0O,.

Acetylene and other carbon compounds are decomposed ; the nitrogen -
gives cyanogen or hydrogen cyanide :

C2H2+2N—"—>02N2+H2.
In the case of alkyl halides and chloroform, halogen is set {ree :
2CHCl 3+ 2N——+C,N ,+2HC14-2Cl,.

Strutt has endeavoured to determine the proportion of nitrogen
converted into the active form:

(a) By absorption with phosphorus. This showed the presence of
about 0-5 per cent. of the active form.

(b) By causing the gas to react with excess of nitric oxide and weigh-
ing the resulting nitrogen trioxide. This showed the presence of about
2:46 per cent. Probably this divergence is to be accounted for by the
difficulty in keeping the conditions of the activation constant.

Although active nitrogen does not itself combine with oxygen (which
in minute amounts favours its formation, and in larger amounts catalyses
the recombination of the active nitrogen), it may yet play a part in
the electrical methods of preparing oxides of nitrogen.

Chemical Properties of another Form.—It is well known that
high-tension discharges produce both ozone and oxides of nitrogen, and
are indeed necessary if a good yield of oxides is to be obtained (sec Chap.
XIV.). Since thesame conditions lead to the formation of active nitrogen,
it has been suggested ! that the oxidation may be due to an interaction
between active nitrogen and ozone.? In the Leetham process (1908),
which was devised to prepare a bleaching gas from the air, the latter
passes through an ozoniser and then through a spark gap. In an m-
vestigation of this process ' it was found that passage in the reverse

- direction was equally effective in producing oxides of nitrogen, but that
cach form of discharge by itself had little effect. The amount formed
was estimated by means of the absorption spectrum of NO,, which can be
detected to 1 part in 1800 by observation through a very long column
(64 feet) of the gas. The active nitrogen and ozone, in insuflicient
amount, may be formed in the spark gap, and the further amount of
ozone required in the silent discharge. The active nitrogen prepared by
Strutt is not oxidised by ozone, so that it is not identical with the form
prepared by Lowry.

The Energy of Activation.—The amount of energy evolved in the
decomposition of active nitrogen with the formation of 1 molecule of mole-
cular nitrogen, N,, was estimated by Strutt (1911) as 1-2 to 1-8 times
that evolved in the decomposition of 1 molecule of NO,4.e.26-000 to 89-000
Cals. This result was in the main confirmed by more recent experi-
ments, one of which will be described.? Active nitrogen, produced as
described above, was mixed with nitric oxide and allowed to stream at

1 Lowry, Trans. Chem. Seoc., 1912, 101, 1152,  See also Lowry, Phil. Mug., 1914, 28, 412¢

* It was already known that the combination between nitric oxide and ozone produced
by electrical discharge under low pressures gave an afterglow (Strutt, Proc. Phys. Soc.,
1910, 23, 66).

3 Willey and Rideal, J. Chem. Soc., 1926, p. 1804.
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a steady rate through a tube surrounded by toluene, used as the calori-
metrie liquid, in a Dewar flask. The temperature rose, and then attained
a constant value. The same constant temperature was then attained
by an electrically heated coil immersed in the same calorimeter ; the
electrical energy supplied per second was equal € the heat evolved per
second by the reaction. It was proved by a separate experiment that
this heat was evolved by that reaction which is expressed as equation
(2) below, since only a small proportion of NO, was formed in the rapid
passage (0-7 sec.) of the gases through the calorimeter. The amount
of NO, produced by the subsequent oxidation at liquid air temperatures
(equation 8) was determined by titrating the iodine liberated from a
solution of potassiumiodide. Every molecule of NO, found, corresponds,
of course, to the amounts expressed by equation (2), and since the heat
of decomposition of 2NO is 438,120 cals., the heat of activation F is given
by the equation ‘

22-400 cc. of N02521-560—l—1~;—; Cals.

The amounts of heat found by this method, and by one involving the
catalytic decomposition of active nitrogen in the presence of oxygen,
ranged between 36-700 and 46-000 Cals.; and the mean of the mean
of results obtained by each of the two methods is 41-200 Cals. The
authors consider that the reaction should be expressed by the following
equations, in which the dash denotes the activated or metastable

molecules :—
Ny’ +NO—-NO*N, .- . . . (1)
NO'+NO—>N,+0,+E+48120 Cals. ... . 4o . (2
2Ng.%biw—;f:~;?1§9?g;; KRR PREC R e N SR YT S G

Speculations as to the Natusxe .of the Active Form.—The
clectrical conductivity of active ngh#té (see above) suggests that it
might simply be the ionised gas; but this hypothesis is not tenable
for several reasons, among which may be mentioned the fact that the
removal of charged particles which have survived the discharge has no
effect upon the afterglow.?

The chemical properties would suggest that it is triatomic nitrogen,
analogous to ozone, but such an allotropic form would probably be
condensed at liquid air temperatures, which does not occur so far as is
known at present. Additional evidence against this view is the com-
paratively simple nature of the spectrum.

Rayleigh himself considered that it is probably atomic nitrogen, in
support of which we may note the following :—

(a) The simplicity of the spectrum.

(b) The groups of lines in the spectrum agree with the amounts of
energy required to convert nitrogen into the atomic condition, .e. a
total of 11'4 volt-faradays, or 268,000 cals.* * '

(¢) The afterglow is lengthened by heating and shortened by cooling.
This behaviour is unique, and suggests that the reaction is also unique.

(d) The rate of decay of the glow follows a bimolecular law.5

Certain difficulties in the way of this hypothesis have been stated

1 A small proportion may consist of atoms which set free energy equivalent to 200,000~
250,000 cals. on recombination (Willey, J. Chem. Soc., 1927, 2831).

2 Lewis, Astrophys. J., 1900, 12, 8. See also Trautz, Zeitsch. Elekirochem., 1919, 25, 299.

3 Birge and Sponer, Phys. Rev., 1926, 28, 283. See also Birge, Nature, 1926, 117, 80.

1 Johnson, Nature, 1927, 119, 9. § Angerer, Physikal. Zeitsch., 1921, 22, 4, 97.



3 NITROGEN.

y those who maintain the opinion that active nitrogen consists of
1etastable molecules in an excited condition.? The heat of activation
ctually observed, i.e. about 40-000, with a maximum of 46-000 Cals.,
: less than that calculated for the dissociation of nitrogen into atoms,
‘hich is estimated at more than 190-000 Cals., and is probably between
00-000 and 400-000 Cals.> 2

A discharge which is of such a nature as to give only the line spectrum
f nitrogen does not produce the afterglow.? _

These difficulties may be largely overcome by supposing that active
itrogen contains at least two distinct molecular species :

(1) Metastable molecules with a lower heat of formation.

(2) A much smaller proportion of atoms which combine to form high
svel excited molecules with a higher heat of formation (see above).

The former are responsible for the chemical activity, the latter for
he glow. These two manifestations of activity are only related to one
nother in a complicated manner.®

Tae CoNDITIONS 0F FORMATION OF NITRIDES.

General Considerations.—The affinity of nitrogen for other
lements is not manifested at ordinary temperatures, but on heating
ombination often occurs, especially in the case of the metals (and
ydrogen), which combine in an exothermic manner.® The energy of
ombination with the more electro-positive metals (especially those of
he rare earths) is considerable; thus cerium heated initially to a dull
ed heat in nitrogen soon becomes incandescent.

With non-metals the combination is usually endothermic, and occurs
t very high temperatures ; 7 and this is the case also with those elements
vhich are electro-negative to nitrogen,? and which sometimes can onl
e caused to combine with it by indirect means.?” The formulae of the
itrides, in the cases where they have been definitely established, are
sually those which are to be expected from the ordinary valency of the
econd element and the trivalency of nitrogen.

Nitrides can therefore be regarded as salts derived from the
nhydro-acid, ammonia. In their chemical behaviour they either
esemble salts of a very weak acid, being completely hydrolysed with
he production of ammonia, or they are stable substances which may
'we their chemical inertness to a high degree of polymerisation.

Typical formule are M N, M,N,, MN, M,N, M,N,, in which the
ralency of the nitride-forming element M runs from 1 to 5; for example,

LigN, CugN, AgoN, Au,N;
CagN,, SrgN,, BagN,;

BN, AIN, AsN, SbN, BiN;
SigN,, TigN, ThyN,, U,N,;
P,N; Nb,N,, Ta,N,.

! Willey and Rideal, J. Chem. Soc., 1926, p. 1804.

2 Langmuir, J. Amer. Chem. Soc., 1912, 34, 860.

8 Eucken, Annalen, 1924, 440,111.  * Fowler and Strutt, Proc. Roy. Soc., 1911, 85, 377.

5 Willey, J. Chem. Soc., 1927, p. 2838 ; Kaminsky, Zeitsch. Elekirochem., 1926, 32, 536.

¢ Thus the heat of formation of ammonia (which, strictly speaking, is hydrogen nitride,
I,N) is 4-12 Cals. per mol., and that of lithium nitride, Li;N, is 449-5. )

7 The heats of formation expressed in the same units are : for cyanogen, [C,, N,] =—71
rals. ; for nitric oxide, [N, O,) =—43-2; for nitrogen trichloride, [Na, 3Cl1=—"T17 Cals.
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Survey of Methods of Preparation and Properties.!

L. Direct combination 2l moderate or high temperature with the
clement (in the ease of metals the amalgams may be used).  When
heated in o current ol nitrogen, or when they are made the poles of an
clectrie are i an atmosphere of nitrogen, the following will combine -

Li, l’tl‘;,g, Ca, Sr, !i‘z‘a, '.B, Al some metals of the rare earths, ineluding
(e and Th, also S, T Ze, V, Nb (Cl))’ Ta, (fr, U, and Mn.

~ Lithium s one of the most reactive metals towards nitrogen ; it
gives thc_mtrulv at o red heat,®? or even in the cold.4  The nitrides of
the alkaline carths aee formed by heating the amalgams of the metals
to a dull red heat in nitrogen.® ‘

Manganese vitride 1s formed in the same way from manganese
amalgam, Magnesiunm absorbs nitrogen at a still lower temperature,
as may eusily be shown by a well-known experiment.® Metallie lan-
thanmn absorbs nitrogen at 850 to 900° C. up to 9 per cent. of the
weight of the metall?

The vitrides of these reactive metals are usnally dark powders which
are easily hydrolysed by eold water with evolution of ammonia, e.g.

MizaN, 1 81,0 38Ma(OI1), | 2N,

The reaction is in some eases so energetie that the addition of a little
water raises Lhe nitride, e.g. corous nitride, to a red heat @ ®

2CeN § 41,00 20e0, 1 8N, | 11,

The formation of nitrides by this method has been much used to
separate nitrogen, as well as oxygen, from mixtures of air with the inert
gases (see Vol L, and Vol VIL, Part 1), They also supply theoretical
methods of fixing nitrogen, although up to the present these methods
are not commercially feasible, except perhaps in the case of AIN (sce
Vol IV, and this volume, p, 217).

Chrominm and manganese nitrides are not easily hydrolysed.  Boron
picd titantum artrides are inert powders, and are unalfected by water
or aqueous ackds,  Silicon nitride, which is only formed at a high
temperature, is also a very stable compound,

. The Aetion of Carbon and Nitrogen on Oxides.  Aluminium nitride
iv formed when the oxide, mixed with earbon, is heated to o high tem-
perature in @ current of nitrogen or producer gas (nitrogen with carbon
monexide).  Inmost cases, as in those of the oxides of the alkaline earth
metals, this procedure gives, in addition, cyanide and eyanamide.
Nitrides of ziceonivnm, senndinm, and ntobium have also been prepared
by thix method,?

8. The Action of Guseons Ammonia on Metals or their Owides—When
atunonin is passed over cuprie or cuprous oxide at about 300° C., o nitride,
having a composition approximating to CagN, can be separated from

Vol weeordance with the geneeal seheme of treatment in this series, detuiled aceounts

of the nitrides, with full referenees, will be found under the respective nitrido-forming
elepenty,

Ouvrard, Ooept, rend,, 1TROZ, 1X4, 120, 3 (Junte, thed,, 1894, 120, 77,
Dealaniedres, shad,, 1805, 1ax, HK6, b Maquenue, thid,, 1892, 114, 25,
Mere, Her,, 1801, 24, 3030 ; Newth, * Chemieon] Lecture Experiment.”

Muthmann wod Kraft, desalen, 1802, 325, 2061,

Mutheonnn and Keaft, dbidd,, 1102, 328, 268,

Frivdevich nnd Sittie, Zedteh, anory, Chem,, 19205, 143, 203.
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the reduced copper by dissolving the latter in a mixture of ammonia
and ammonium carbonate. >3  Ammonia reacts with zine dust at
600° C.; the product contains rather less nitrogen than is required by
the formula Zn N,.* Nickel and cobalt at, or slightly below, 500° C.
are converted by ammonia into nitrides of variable composition.5

A nitride of iron, of inconstant composition, but corresponding ap-
proximately to Fe,N,, was made by passing ammonia over the fine]
divided metal at 460° C.® The reaction was further studied and the
composition established by many researches.”8 %10 [t is possible that
the formation of nitrides by this method always takes place through
" the intermediate formation of amides and imides.

4. The Decomposition of Amides and Imides by Heat.—The amide
of zine yields nitride when heated to 200° C. :

8Zn(NH,),=7n ,N,+4NHj11
Borimide (see Vol. 1V.) decomposes below 180° C.:
B,(NH); =2BN4-NH,.1*

Each of the intermediate compounds has been isolated, and the condi-
tions of the successive changes determined in the case of arsenic: 13

9As5(NH,);s=Aso(NH),+3NH, (at 60° C.);
As,(NH),=2AsN+NH, (at 250° C.).

5. The Action of Aqueous Ammonia~—Aqueous ammonia at ordinary
temperatures converis the oxides of silver and gold into the explosive
nitrides, Ag;N,* Au;N, and AugN, 18 respectively.

6. Reactions in Ligquid Nitrogen.—The nitrides of tin, lead, and

cadmium have been prepared by passing an electric arc between elec-
trodes of the metals immersed in liquid nitrogen.® 17

7. Reactions in Liquid Ammonia.—Double decompositions which.
occur between halides and amides in liquid ammonia generally yield
complex double amides, often with ammonia of crystallisation. But

in some cases a nitride is produced, e.g. the nitride of bismuth, by the
reaction between the bromide and potassium amide :

BiBry-+8KNH, =BiN +-8KBr+2NH .18

8. The Action of Dry Ammonia on Anhydrous Chlorides (Chlor-
anhydrides)—This reaction is applicable more especially to the

chlorides of the non-metals, and particularly those of the fifth and sixth
groups.

~An account of nitrogen sulphide is given on p. 208. Selenium

! Schrétter, Annalen, 1841, 37, 131.

i Beilby and Henderson, J, Chem. Soc., 1901, 71, 1252,

. Guntz and qusebt, Bull. Soc. chim., 1906, [3], 35, 201.

: White and Kirschbraun, J. Admer. Chem, Soc., 1906, 28, 1343.

. Beilby and Hendex_‘son, Trans, Chem. Soc., 1901, %79, 1251.

: ggp:ebz, Ann. Chim. Phys., 1829, 42,122. 7 Fowler, J. Chem. Soc., 1901, 79, 285.

. by and Henderson, ibid., 1901, 79, 1245,

. Mnute and ngrschbyaun, . félmer. Chem. Soc., 1906, 28, 1343.

” mm@rmmm dm;s;%h .frefligb %911'535 1 Fx;gn}k{land, Phil. Mag., 1858, [4], :5,142-
- 4 {3 vy > I3 .’ v b .

11: Raschig, 4nnalon, 1886, s, 93;:?5 ugot, Compt. rend., 1904, 139, 5

ilen, | 15 Raschig, ibid., 1886, 235, 348.
" Fischer a.ndl]mv.{m, Ber., 1908, 41, 3802, 4449, & 3
Fiacher and Schroter, ibid., 1910, 43, 1465.

** Pranklin, J. dmer. Chem. Soc., 1905, 27, 220,
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and tellurium nitrides, SeN ! and TeN,2 have also {
and are deseribed in Vol. VIL., Part II. The chll)sggnigz):iil%ireg%
ph_c_)sphorus are described in Part II. of this volume, and the nitrogen
hahdes on pp. 114 seq. One preparation of horon nitride consists in
1§ad1ng the vapour of BCl; with NH, through a tube heated to 800° C.
The product is a voluminous colourless powder, which undergoes a slight
hydrolysis in the air.® Boron nitride is fully described in Vol. IV. of
this series.

Zirconium nitride is prepared as a greenish-brown substance by the
action of NII; on Zr(Cl,. The analysis of this product gave results
corresponding most nearly to the formule Zr,N, and Zr,N,.4

Aromic WrIGHT oF NITROGEN.

Historical.—Prior to 1860, the names of Berzelius, Dulong, Gmelin,
Turner, Penny, and Marignac were associated with atomic-weight de-
terminations of nitrogen. An exhaustive series of investigations b
Penny 5 resulted in the mean value of 13-967 from the ratio Ag : AgNO,,
and Marignac’s ¢ value for the same ratio was 13-982. This latter
cxperimenter mentions the difficulty of obtaining pure silver nitrate,
owing to the tendency of the crystals to retain nitric acid.

The elaborate researches of Stas? between the years 1860 and 1881
resulted in the mean value of 14-040 as the atomic weight for nitrogen,
which was taken as standard for many years. Reinvestigation by
Rayleigh, Leduc, D. Berthelot, Guye, Gray, Clarke, and others, caused
arcvision to be made in the atomic-weight values of a number of elements,
and in 1907 the International Atomic Weight Commission adopted
14:010 as the value for nitrogen. A critical examination of the values
obtained by Stas was made by Gray, who adduced considerable evidence
to show that the experimental results of Stas for the atomic weight of
nitrogen are erroneous. For example, the redetermination of the
ratios Ag : NH/Cl and Ag: NHBr by Scott,® the ratio Ag: NaCl by
Richards and Wells,® and the ratio Ag : AgNO, by Richards and Forbes,*°
resulted in the lowering of the Stas value in each case. Although the
precautions taken by Stas were, as usual, most elaborate, yet later
cxperimenters had many refinements not available to the great Belgian
chemist. Thus, the ratio Ag: AgNO, according to Richards and
Forbes, results in the value of 14-008 when corrections are applied for
the traces of water and ammonium nitrate in the synthesised silver
nitrate.

The researches on the atomic weight of nitrogen, carried out at
Geneva since 1904 by P. A. Guye and his collaborators,!! include the

1 Strecker and Claus, Ber., 1923, 56, 362.

2 Metzner, Ann. Chim. Phys., 1898, [7], 15, 257 ; Compt. rend., 1897, 124, 32.

3 Meyer and Zappner, Ber., 1921, 54B, 360. .

¢ Matthews, J. dmer. Chem. Soc., 1898, 20, 843. § Penny, Phil. Trans., 1833, 537.

6 Marignac, Juvres complétes, Geneva, 1843, 1, 87. 7 Stas, sbid., Bruxelles (1894).

8 Scott, Proc. Chem. Soc., 1900, 16, 205 ; Trans. Chem. Soc., 1900, 77, 648 ; 4bid., 1901,
79, 147. % Richards and Wells, J. Amer. Chem. Soc., 1905, 27, 5.

10 Richards and Forbes, tbid., 1907, 29, 808. ) ) ) .

. A.detailed account of the physical measurements carried out in connectlon with this
work is given by Guye in * Recherches expérimentales sur les propriétes pl_lysmo-ch’lmmueﬁ
de quelgues gaz en relation avec les travaux de révision du poids atomique de,l azote ’
(Guye, Mém. Sci. phys. nat., 1908, 35, 548-694). The following account of Gluye’s work is
reproduced from this Series, Vol. L '

VOL. VI. : I. 4
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analysis of nitrous oxide, both gravimetrically ! and volumetrically,2
the gravimetric analyses of nitrosyl chloride * and nitrogen peroxide,*
the indirect volumetric analysis of ammonia,’ the determination of the
densities of nitrous oxide and ammonia & by the volumetric method, and
the density of nitric oxide by the ordinary globe method,” and, finally,
the measurement of various gaseous compressibilities 8 and critical
constants.? :

It may be stated here that all pieces of apparatus were weighed by
the method of vibrations against counterpoises of similar material and
shape, and of nearly equal weight, and all weighings corrected to the
vacuum standard.

Preparation and Purification of Nitrogen Compounds Used.—
Nitrous Oxide.—Since the gas, prepared by any of the usual methods, is
always slightly contaminated with nitrogen, recourse was had to the
method devised by V. Meyer.’® Concentrated sodium nitrite solution
was dropped from the vessel D (fig. 10) into a neutral solution of
hydroxylamine sulphate contained in the flask E. The gas evolved was
passed through potassium hydroxide solution and concentrated sulphuric
acid in the bottles N and P respectively, and finally dried with phos-
phoric anhydride in S. The solutions were prepared in air-free distilled
water, and at the commencement of each experiment the apparatus was
evacuated through the tube ¥ ; a small quantity of gas was then dis-
engaged, and the apparatus again exhausted. A repetition of this
procedure once or twice served to eliminate completely the last traces of
air, when the tube F was sealed. ‘

Nitric Oxide—This gas was produced by three distinct methods,
namely : (a) Nitric acid (25 per cent.) was allowed to flow, drop by
drop, 1nto a boiling concentrated solution of ferrous sulphate in dilute
sulphuric acid, or a concentrated solution of sodium nitrite was slowly
added to one of ferrous chloride in hydrochloric acid.}* The evolved
gas (20 litres) was collected over air-free water in a copper gas-holder,
from which it was afterwards driven through concentrated sulphuric
acid and over phosphoric anhydride, and the dry gas condensed in a
receiver cooled in liquid air. (b) A 2 per cent. solution of sodium nitrite
in concentrated sulphuric acid was run into an Erlenmeyer flask, the
bottom of which was covered with a layer of mercury.*®* The nitric oxide
produced was led through concentrated sulphuric acid, and then con-
densed at the temperature of liquid air. Air was initially eliminated
from the apparatus by a process similar to that described under Nitrous

! Guye and Bogdan, J. Chim. phys., 1905, 3, 537 ; Compt. rend,, 1904, 138, 1494.

2 Jaquerod and Bogdan, J. Chim. phys., 1905, 3, 562 ; Compt. rend., 1904, 139, 94.

3 Guye and Fluss, J, Chim. phys., 1908, 6, 732.

4 Guye and Drouginine, ibid., 1910, 8, 473.

'8 Guye and Pintza, Mém. Sci. phys. nat., 1908, 35, 594.

¢ Guye and Pintza, Compt. rend., 1904, 139, 679; 1905, 141, 51; ‘ Recherches expéri-
mentales,” loc. c¢it.

7 Guye and Davila, Compt. rend., 1905, 141, 826 ;
loc. eit.

# Jaquerod and Scheuer, Compt. rend., 1905, 140, 1384 ; “ Recherches expérimen-
tales,” loe. cit.

* Jaquerod, Ber., 1906, 39, 1451 ; Briner, J. Chim. phys., 1906, 4, 479 ; “ Recherches
expérimentales,” loc. cit,

19 V. Meyer, Annalen, 1875, 175, 141; Treadwell, Anal. Chemie, 1902, vol. ii. p. 512;
also Treadwell-Hall, Analytical Chemistry (Wiley & Sons).

1 (Qay-Lussac, Ann, Chim, Phys., 1 ) .
1z F‘.my’mhu Afrwmtal 1onznm.[ 3, 79':'; 843, [iii], 23, 203; Thicle, Annalen, 1889, 253, 246.

* Recherches expérimentales,”
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Oxide.  (¢) A 10 per cent. solution of sulphurie acid was added, drop by
drop, to aqueons sodium nitrite (6 per cent.).  Nitrie oxide is produced
in this reaction by auto-oxidation of the nitrous acid initially formed :

3IINO,- -1INO, 1+ 2NO |-11,0. :

The gas was thoroughly dried by conducting it through three vessels
containing sulphurie acid, and finally liquefied.

It will be noted that higher oxides of nitrogen were always absorbed
by concentrated sulphurie acid, and not by potassium hydroxide, since
the latter reagent slowly decomposes nitrie oxide, producing potassinm
nitrite and nitrous oxide.

The impurities still present in nitrie oxide, prepared by the above
methods, inelude small quantities of nitrous oxide and nitrogen, and
traces of higher oxides of nitrogen, and such substanees as hydrochlorie
acid, sulphur dioxide, and echilorine derived from the reagents used.
A consideration of the boiling-points of the impurities suggested that it
should be possible to prepare nitrie oxide free from all these impurities,
with the possible exeeption of nitrogen, by liguefaction and fractional
distillation.  The presence of even 0-15 per cent. of nitrogen, however,
would only cause an error of 0-01 per cent. in the vadue {or the density
of the gas.  Accordingly, the nitrie oxide was liquelied, and boiled nnder
reduced pressure, whereby the move volatile portions eseaped, and the
residue solidified. Tt was again liquefied, the tore volatile portion again
hoiled off, and the proeedure repeated five or six times, until the volume
of the liquid had been reduced by one=half.  The solidilied residue was
then slowly sublimed, under reduced pressure, and the final third re-
jeceted,  This fractional sublimation was repeated in various experi-
ments from two to five times,

Nitrogen Peroxide. 'This was preparved by mixing, al. 20" C, purified
and carefully dried nitrie oxide with excess of pure oxygen, prepared
from polassinm chlorate.  The nitrogen peroxide was repeatedly dis-
titled under reduced pressure in the presence of oxygen, to ensure the
absenee of trioxide, which would have been diffienlt, to remove by dis-
tillation.  Spectal preeautions were taken to free the final produet from
dissolved oxygen.

Although nitrogen peroxide decompaoses into nitrie oxide and oxygen
at moderately high temperatures, at ordinary temperatures the extent,
to which this decomposition procceds is quite insignificant, and the
peroxide may therefore be regarded as a stable substance,

Ammonia. ~Ammonin prepared from commercial ammonivin salts
is always contaminated with traces of organie bases sueho as pyridine,
which materially raise its density.  Accordingly, the gas obtained from
a eylinder containing 20 kilograms of liguid ammonia {the first hall
colleeted in the distillation of o supply of commereial Hguid ammonia)
was slowly passed through a long, hard glass tube, packed with little
picees of lime and heated to redness. The organie compounds were
thereby decomposed, the nitrogen contained in them being converted
into ammounin.  The issuing ammonia was colleeted in pure hydro-
chloriesacid solution, and on erystallisation pure ammonium chloride
was obtained.

The apparatus for obtaining pure, dry anumnonia for density measure-
ments, consisted of a large eylindrical tube, filled with a mixture of pure
aminonium chloride and quicklime, and conneeted with a purifying and
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drying system of six tubes. The first three of these were filled with
solid potassium hydroxide ; the others contained anhydrous barium
oxide. All the connections were of glass. The apparatus was initially
evacuated, and then swept out once or twice with dry ammonia, liberated
at a convenient rate by suitably warming the mixture of ammonium
chloride and lime.

Nitrosyl Chloride.—This substance was prepared by Tilden’s method,?
a mixture of nitrosyl hydrogen sulphate and sodium chloride in equiva-
lent quantities being warmed in vacuo in a small flask to 85° C.  The
distillate was collected in a small receiver cooled.in a bath of solid carbon
dioxide and ether. The materials were previously dried in a vacuum
over phosphoric anhydride, and the apparatus thoroughly desiccated,
since nitrosyl chloride is immediately decomposed by water. For the
purification, the nitrosyl chloride was several times fractionally crystal-
lised, the final crystals melted, and the liquid submitted to fractional
distillation, with the rejection each time of the first and last fractions.
The impurities thus eliminated included traces of hydrogen chloride,
chlorine, sulphur dioxide, and higher oxides of nitrogen.

Analytical Methods.—(a) Gravimetric Analysis—In the cages of
nitrous oxide and nitrogen peroxide, weighed quantities of the com-
pounds were decomposed by red-hot iron, which quantitatively absorbed
the oxygen. Iron spirals were employed, wound on thin poreelain rods,
and electrically heated. After an experiment, a spiral was prepared for
further use by being heated in a current of pure hydrogen. Since each
spiral used was oxidised and reduced a number of times in succession
before the final experiments were carried out, traces of impurities in
the iron, capable of forming volatile oxygen compounds, must have been
eliminated.

The experimental arrangement adopted for nitrous oxide is indicated
in fig. 8. The decomposition vessel A-contained the iron spiral, the ends

¥16. 8. —Apparatus for analysis of nitrous oxide.

of which were silver-soldered to platinum leads fused into the vessel.
Connection with a mercury pump was initially made through B, which
was sealed off after A had been completely evacuated. Nitrous oxide
~was absorbed in C, containing wood charcoal which had previously been
carefully purified by igniting in chlorine, boiling with concentrated

1 Tilden, T'rans. Chem. Soc., 1860, 12, 630, 852.
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hydrochlorie acid, washing with water and drying én vacuo. The tube
C was alternately saturated with nitrous oxide and evacuated several
times before being finally charged with the gas.  In careying out an
analysis, A was lirst evacuated and weighed. The apparatus being then
fitted up, B was exbausted and se ded olf, the spiral heated to bright
redness, and by manipulating taps D) and K, nitrous oxide was [mss((l
little by little, into .\, tap F rematning closed. After the nitrous oxide
in A was judged to be completely decomposed, a very slow current, of the
gas was allowed to pass over the incandescent spiral, the nitrogen
escaping by I through the sulphurie acid in Go The current was stopped
while a considerable portion ol the surface of the spiral still remained
unoxidised, D elosed and A slowly evacualed by connecting the puonp
G ; throughout the evacuation the spiral was maintained at a red heal
to ensure the absenee of any iron niteide from its surface.  Finally, taps
K oand I were closed, and, on cooling, the inerease in weight of the vessel
determined.  The amount of nitrous oxide used was given by the loss in
weight of C.

The decompaosition vessel used in the experiments with nitrogen
peroxide is shown in Lig. 9. It was first
evacuated and  weighed 3 pure nitrogen
peroxide  was  distilled  into it,  and (&

{rozen in the tubalure Ao The vessel was 8{)

arain exhansted, and  the inerease o T
weight, due to the peroxide, was deters \
mined.  The spiral }wus then healed to sj\m} < g H!EHH!IHIIHHH'H’!!m/) GW
bright reduess, and Lhe nitrogen peroxide o
in the tubulure allowed to evaporate . “‘LAJ

slowly, its vapour being completely de-

<~<)mpnsc*¢i. The residual nitrogen was  Fu, 900 Appuoestus for wnialysin of
then pumped out, the spiral being still nitrogen peroside,

at a red heat, and finally the vacuous

apparatus  weighed again, after cooling, in order Lo delermine the
weight of the oxygen fixed by the iron.

For the complete analysis of nitrosyl chloride, the pure, dry vapour
was very slowly led through o U-tube containing linely divided silver,
heated to 400" 500" o3 speeinl experiments showed that the chlorine
was thereby quantitatively retained. The residual niteie oxide swas
conducted thirough o second U-tube containing linely divided copper ul
the same temperature in order to absorb the oxygen 3 and the nitrogen
was linally absorbed by metallie ealeium, contained in a steaight glass
tube heated to redness,  Fach absorption tube swas provided with stop-
cocks, all connections being made by ground-glass joints according to
Morley’s method ; ¥ oand o manometer was inbroduecd  hetween Uhe
sceond and third absorption tubes,  The entirve appuratis was evacnaied
at the beginning of an experiment, and if the experimenl was suceess{ul,
the apparatus remained vacuous alits termination. e et desiceation
of the terior of the apparatus was, of course, absolutely necessary ;e
silver and copper were prepared for use by wmhmg with ether and dreving
in carbon dioxide and hydrogen respeetively, while the caleium was
heated to redness in vacua, to climinate any trace of volatile fpurity.

(b) Folumetric Analyses, A eylindrical bulh containing an iron
spiral and umncctcci by a capillary tube to u mereury manometer forimed

b Morley, Smithworion Contrib,, 1898, 29.
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the apparatus used in the volumetric analysis of nitrous oxide. The
manometer was provided with the usual opaque-glass point, to which
the mercury was always adjusted whenever a measurement of pressure
was required. The bulb was calibrated, and also the *‘ dead space ™
along the capillary connection as far as the zero-point ; and the volumes
of gas were corrected for the difference in temperature between that in
the bulb and the small amount in the dead space.

The bulb was initially filled with pure, dry nitrous oxide and packed
with melting ice ; the mercury was then adjusted to the zero-point, the
pressure of the gas read (to within 0-02 mm.) and reduced to the value
at 0° C. The globe was next dried and the nitrous oxide decomposed by
heating the iron spiral to whiteness : to prevent permanent deformation
of the bulb, the spiral was repeatedly heated to an exceedingly high
temperature, but only for a few seconds at a time, the apparatus being
allowed to cool considerably between successive heatings. Xach ex-
periment was continued till further heating had no influence on the final
volume. Finally, the bulb was allowed to cool, packed around with
melting ice, and the pressure of the residual gas observed after adjusting
the mercury to zero once more.

The volumetric analysis of ammonia was indirect ; the relative
volumes of nitrogen and hydrogen which combine to form the gas being
deduced from the densities and compressibilities of hydrogen, nitrogen,
and the mixture of these gases that results from the decomposition of
ammonia. The mixed gases were prepared by generating pure ammonia
from ammonium chloride and quicklime, and passing it slowly through
a cylindrical tube containing a platinum spiral heated to bright redness.
The greater part of the ammonia decomposed ; the products passed
through a U-tube containing glass beads moistened with sulphurie
acid to absorb unchanged ammonia, and were dried over phosphoric
anhydride. The mixed gases were led into a volumeter, and the density
measured as described later.

Density Measurements.—Modern determinations of gas densities
have been effected by two methods: (i) the “ globe ” method, and
(i) the * volumeter ” method. Each of these was employed by Guye,
the former with nitric oxide, and the latter with ammonia, nitrous
oxide, and the mixture of nitrogen and hydrogen obtained from ammonia.

In each method the weight of pure, dry gas, which, at an observed
temperature (always 0° C. for Guye’s measurements) and pressure
(approximately atmospheric), occupies a known volume, is determined.
The * globe ” method has been already outlined (p. 180, Vol. 1.); the
“ volumeter ”” method differs from it in that the measurements of
pressure, volume, and temperature are effected in one apparatus, while
the gas is weighed in another.?

(i) The “ globe” method, first adapted to accurate work by
Regnault,? is comparatively simple to carry out, permits of several
experiments being conducted simultaneously, and furnishes results
little, if at all, inferior to those obtained by the volumeter method. It
is not necessary to employ very large globes, the results obtained with

1 For the “globe ” method, see Morley, loc. cit. ; Zeitsch. phystkal. Chem., 1896, 20,1 ;
22, 2; Rayleigh, Proc. Roy. Soc., 1893, 53, 134 ; Leduc, Ann. Chim. Phys., 1808, [vii),
15, 5 ; Gray, Trans. Chem. Soc., 1905, 87, 1601 ; Perman and Davies, Proc. Roy. Soc., 1906,
A78, 28 ; Baume, J. Chim. phys., 1908, 6, 1. For the volumeter method, sce Morley, loc.
zib. 3 Gray and Burt, Trans. Chem. Soc., 1909, 95, 1633 ; Perman and Davies, loc. cit.

2 Regnault, Compt, rend., 1845, 20, 975.
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quuite small globes being at least as concordant among themselves as those
obtained with 8 to 10 lit:[:e globes. Lord Rayleigh’s accurate experi-
ments were carried out with a globe the volume of which was about
1-8 litres, while the density of nitric oxide was measured by Gray, using
a globe of only 0-267 litre capacity. In their work on the density of
nitrlc oxide Guye and Davila employed three globes of capacities (at
0= C.) 87980, 385-01, and 817-65 c.c. respectively, calibrated by weighing
them empty and then filled with water at 0° C.

A. small globe possesses the advantage that the correction necessary

on account of its contraction when evacuated is proportionally less than
that for a large globe. In fact, the only error that is augmented by
employing a small globe is that due to ‘ adsorption ” of gas on the
surface of the glass.
] To obtain accurate results, it is absolutely necessary to have the
Interior of the globe perfectly dry, and to ensure this, after first re-
peatedly filling the globe with pure air dried by phosphoric anhydride,
1t is necessary to fill the globe repeatedly with the pure, dry gas and
evacuate. Successive density determinations then give concordant results,
provided care is taken to maintain the globe vacuous between the
experiments.

The contraction undergone by each globe when evacuated was
dircctly measured by the method suggested by Travers;! for this
purpose the globe was supported in the interior of a large desiceator, its
stem passing through one of the holes in a stopper in the desiceator
Iid. Through the other hole a calibrated vertical capillary tube was
Passed. The desiceator was filled with water and immersed in a con-
stant temperature bath; the contraction of the globe was obtained by
observing how far the level of the water fell in the capillary tube when
the globe was evacuated.?

The globes were always filled with nitric oxide at the temperature of
melting ice and under a pressure slightly in excess of atmospheric ; the
tap was opened to allow the pressure to fall to that of the atmosphere,
and then closed again. The globe was then dried and weighed against
1ts counterpoise.

The calculation of the results, with all necessary corrections, is ex-
plained on p. 180, Vol. I. No correction was applied for * adsorption,”
but allowance was made for the deviation of the gas from Boyle’s Law.

(i1) The volumeter method renders it possible to deal with large
quantities of gas, since the apparatus for measuring the volume need
not be portable. The weight of the gas may be determined in two ways,
either by disengaging the gas from an apparatus which only allows pure,
dry gas to escape, and determining the loss in weight of the apparatus,
or by removing the gas from the volumeter after its volume, temperature,
and pressure have been determined, absorbing it by suitable means,
and determining the increase in weight of the absorption apparatus and
contents. The former method was used for the nitrogen-hydrogen
mixture (p. 57); the latter for ammonia and nitrous oxide. _

The arrangement adopted by Guye and Pintza is shown in fig. 10.
"T'he globes A and B were calibrated by determining the weight of water
at 0° C. that filled them to the marks ¢ and 0. Their combined volumes

1 Travers, The Experimental Study of Gases (Macmillan & Co., 1901), p. 119.

* Cf. Baume, J. Chim. phys., 1908, 6, 16; this paper contains full details of the
experimental methods used at Geneva. .
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amounted to 8502-63 c.c. The “ dead space” extending from these
marks to the tap L in one direction, and the zero-point » of the mercury
manometer in the other, was separately determined, as also was the
space between the taps H, I, and L. ' ‘

In conducting an experiment, the absorption tube C, containing
cocoanut charcoal, was evacuated, weighed, and attached to the appa-
ratus as shown. The apparatus, which had previously been rinsed out
several times with pure, dry gas, was evacuated, and then slowly filled
with gas until the pressure was about one atmosphere. The globes were
surrounded by melting ice, and when the temperature of the gas had
reached 0° C., the taps I and L were closed, the mercury adjusted to the
mark 7, and the initial pressure of the gas accurately observed.

Fia. 10.—Guye’s and Pintza’s apparatus.

The space H I L was next evacuated, the tap I closed, and then, by
suitably manipulating the taps H, L, and R, the gas was absorbed in the
charcoal contained in the tube C; this tube was cooled in a bath of
ether and solid carbon dioxide. After most of the gas had been ab-
sorbed, the taps H and L were closed, and the pressure of the residual
gas in the globes determined. The gas contained between H, I, and L
was pumped out and measured, and the absorption tube removed and
reweighed. :

In calculating the results, the difference between the initial and final
pressures was taken, and the densities deduced according to the method
given on p. 180, Vol. I.; the correction for elasticity of the glass is,

however, unnecessary. Due allowance was made for the fact that the-

temperature of the gas in the dead space was not 0° C., and the results
were corrected for the known deviations of the gases from Boyle’s Law.

Guye and Pintza considered that by still leaving an appreciable
amount of gas in the volumeter at the end of an experiment, any
“ adsorption ” effect was eliminated from their results ; but this con-
clusion is erroneous (see p. 108, Vol. 1.).

Reference only can be made to the measurements of compressibilities
and critical constants (vide supra).

or e
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Statement of Results.—dnalytical Methods.—(i) Gravimetric
analysis of nitrous oxide. In five experiments, "

5-6269 grams nitrous oxide yielded 2-0454 grams oxygen.
Hence

N,O:0::44:015: 16, and N=14-008.

[E Y » -1 . = \ .
I'he presence of a trace of air or oxides of carbon in the gas would lead
to o slightly high value for the atomic weight of nitrogen.

(ii) Gravimetric analysis of nitrogen peroxide. In seven experi-
ments,

10-3522 grams nitrogen peroxide yielded 7-1999 grams oxygen.
Hence
NO,: Oy :46:010 : 32, and N=14-010.
A trace of oxygen dissolved in the nitrogen peroxide would cause the

result to be rather low.
(i) Gravimetric analysis of nitrosyl chloride. 1In five experiments,

0-6067 gram nitrogen was obtained and 0-6931 gram oxygen.

Hence
N:0 ::14006 : 16, and N=14-006.

(iv) Volumectric analysis of nitrous oxide. As the mean of four
¢NXperiments,

1 litre of nitrous oxide at N.T.P. yielded 1-00717 litres of nitrogen.

But increase in volume of iron spiral, duc to oxidation, amounts to
0-30 c.c. ; hence corrected volume of nitrogen 1s 1-00687 litres. Also

1 litre of nitrous oxide at N.'L.P. weighs 1-9777 grams (vide infra);
1, nitrogen » » 12507 ,,  (Rayleigh).

Henee
(NgO-—-N,y): Ny::16: 28042, and N=14-021.

(v) Volumetric analysis of ammonia. As the mean of three experi-
moenls,

Weight of “ normal ” litre of mixed hydrogen and nitrogen |
=0-3799 gram.

Assuming the data of other observers for the densities and compressi-
bilitics of hydrogen and nitrogen, it follows from this result that the
‘molecular volumes of these gases arc in the ratio of 1-00057 : 1 at N.T.P.,
and

XL, : N, :: 2:0152 : 28:080, whenee N=14-015 (11=1-0076).

Guye and Pintza only attach a confirmatory signilicance to this result,
and therefore the details of the caleulation are omitted. _
Pirysical Methods.—(a) Data.—7The valucs obtained for the weight
in grams of a normal litre of gas arc as follows :—
NiI, . . . . 077079 (mean of 5)

N,O . . .. 197177 (., 3B)
NO . . . .o o140z ( , 14)
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The following are the values of Aj at 0° C. (see p. 132, Vol. L) 1.—

NH,. N,0. NO.
-+0-01521 +0-00742 —0-00117
(Rayleigh)

The critical constants are as follows :—
NH,. N,0. NO.
Critical temp. (abs.). . . 405-3° 311-8° 179-5°
»»  press. (atm.) . . 109-6 778 71-2

The values for nitrous oxide and nitric oxide are due to Villard 2 and
Olszewski 3 respectively.

(b) Calculation of Molecular Weights; Atomic Weight of Nitrogen.——
(i) By Limiting Densities. Assuming the values 1-4290 and —+0-00097

respectively for the normal density and the coefficient A; for oxygen,
and applying the formula (3) deduced on p. 182, Vol. L., we have :
L 1 AN Molecular Atomic Weight
" 0" Weight., of Nitrogen.
NH, . . 0-7708 0-98479 17-015 13-992
N,O . . 19777 0-99258 44-001 14-001,
NO . . 1-3402 0-99883 30-006 14-006
0,. . . 1-4290 0-99903 32-000 .-
(standard)

(i) From Critical Constants. Applying the formulx of p. 184,
Vol. 1., to the data already given, the following results are obtained :

~ - - _ Molecular | Atomic Weight

L 107%a. | 107%. [ 10~%a,. | 107, \ffeight.. of Nitrog(er%. |
‘NH, .| 07708 859 170 1554 146 17-036 14-013
N,O .| 19777 | 719 185 878 156 44,-008 14-004
NO .| 1-8402 257 115 .. . 30-009 14-009

Summary of Results.—The various results obtained by Guye and
his collaborators for the atomic weight of nitrogen are given in thc
following table :—

Analytical, Physical.

Gravimetric Analysis, | Volumetric Analysis. | Density Limits. | Critical Constants.

i N,0:0 |[14:008 | N,0:N, | 14:021 | NH, | 13-992 | NH, | 14-013
w NO,: 0, [14:010 | N:8H |14:015 | N,0 | 14001 | N,O | 14-004
! N:0 |14:006 | (indirect) NO |14006 | NO | 14-009
| (in NOCI)

%
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1 A’ is the symbol for the second gas in Vol I. loc. cit., and Ad for the standard gas
oxXygen.
® Villard, Compt. rend., 1894, 118, 1096,  * Olszewski, Phil. Mag., 1895, [v], 39, 188,

.
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The mean of the three gravimetrie values is Nea= 14008, much the
best series being undoubtedly that relating to the analysis of nitrogen
peroxide ;3 in cach case the determination was a direet one.,

The results of the volumetrie analysis confirm the gravimetrie value ;
the value obtained from the analysis of nitrous oxide depends, however,
on the densitios of nitrous oxide and nitrogen as well as on the volumetrie
ratio measured, while the uneertainty coneerning the value deduceed [rom
the analysis of amonia has been already mentioned,

Turning Lo the physieal results, it is seen that the mean value dedueed
by the method of eritical constants is N L0090, in ctose agreement with
the gravimetrie value. It should be remembered, however, that this
method of ealeulation is cmpirieal, although it yields good results for a
number of other atomie weights (see p. 133, Vol, L),

The results obtained by the method of limiting densities are, in the
cases of anunonia and nitrous oxide, distinetly lower than the gravi-
metrie value,  These two gases are readily liquelied, and with suech
gases the moleenlar weights obtained by this method are usually rather
low, probably owing to A} being overestimated,  The method of extra-
polating for AL adopted by Jaquerod and Schewer for ammonia, is open
to eriticisti 3 while Rayleigh's value for A} for nitrous oxide is alimost,
certainly too large, sinee it is obtained by o linear extrapolation.  The
value N L1006 furnished by nitrie oxide is, however, in good agree-
ment. with the gravimetrie value, as also 1s the value dedueed from the
density and compressibility of nitrogen !

The expertmental work earvied out al Geneva Lherefore feads Lo the
rounded-off value N 14012

A deseription of the work of R.W. Gray #is now given as confirming,
in o remarkable manner, the values obtained by Guye.  Gray prefereed
nitric to nitrous oxide on account of the elose approximation with whieh
the former gas obeys the gas laws al ordinary temperatures, and also
beeanse nitrie oxide contains nitrogen and oxygen in approximately
cyual weights,

Preparation and Purification of Nitrie Qeide.  Greal precautions were
taken to obtain nitrie oxide free from nitrogen and nitrous oxide,  The
gas was preparved by Deventer’s method from potassivm nitrite, potas-
siwm ferroeyanide, and aeetie acld, Nitrogen tetroxide was removed
by means of strong aqueous eaustic potash, and the gas was then
passed over solid caustie potash, and {inally over phosphorus pentoxide
Lo remove water,

A extensive series of fractionations was thea perforiued in order to
remove completely nitrous oxide and nitrogen, The erude, dried nitrie
oxide was liquefied in a vessel surrounded by o vacuum vessel, and a
fresh supply of gns bubbled through the Hguid and condensed oo a second
vessel, which communieated with o similar third vessel, so that the gas
which solidified in this last eontainer had again passed through ity own
liquid in the secomd vessel. The nitrie-oxide gas from the third vessel

U oBerthelot, Compt. rend,, 1BUN, 126, Saf, 10030, FI5, 1560

2 e a full discusaion of the atomie weight ol nitrogen, wee Guye, Bull, Soe, chim,
P, 33, Ly Chen, News, [HOS, gz, 261, 295, 280 ¢ 18006, g3, 4, 134, 28, 350 Urny, Truus,
Cheae, Soe. UG, Bo, 1V 2 and for fuether modern work on the ntomice weight of nltrogen,
wee iy, Trana, Chens, Soe., VG, 87, 1601 Perman aaad Davies, Proe, Rog, Soe,, TR,
A78, 285 Richardu and Forlwew, J, Jmer, Chem, Soe,, V0T, 20, 82405 Richards, Koethner,
and Tiede, ., 108, 31, 63 Wourtsel, Compt, rend,, 1912, x84, 115,

¥ Gray, Trans, Chem., Sov,, 10045, 87, L4601,
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was now largély freed from nitrous oxide, and was stored over water
in a gas-holder. After passing the gas over solid caustic potash and
phosphorus pentoxide, the gas was subjected to another series of frac-
tionations, after which it was possible to demonstrate complete absence
of nitrous oxide.

The removal of the last traces of nitrogen was a matter of greater
difficulty owing to the occlusion of nitrogen by the solid nitric oxide.
Although most of the nitrogen could be removed by means of the
Tépler pump, removal of traces was only effected by subliming the solid
gas under 170 mm. pressure, at which the boiling-point and melting-
point of nitric oxide coincide. Finally, the solid nitric oxide was
sublimed under a pressure of 50 mm., and the last traces of nitrogen
removed through the Topler pump.

Determination of the Density of Nitric Oxide—The density of nitric
oxide was determined relatively to that of oxygen by filling a glass bulb
of about 800 c.c. capacity with the purified gas, after first exhausting
the bulb by means of the Topler pump. The greatest precautions in
weighing were taken. Thus, the sealed counterpoise bulb and that
containing the gas were treated in an identical manner. The weights
of nitric oxide and oxygen were then compared by filling the bulb with
pure oxygen under similar conditions.

The weight of a litre of nitric oxide was found to be 1-3402 grams,
when Rayleigh’s figure was used for the weight of a litre of oxygen at
N.T.P., lat. 45°, namely, 1-42905 grams.

The exact molecular weight of nitric oxide was calculated (a) by
using the results of Jaquerod and Scheuer * for the relative compres-
sibilities of nitric oxide and oxygen, and found to be 80-004; (b) by
reduction to 0° C, of the critical constants,? and found to be 30-008.

The physical value for the atomic weight of nitrogen was thus found :

(1) Method of limiting densities . . 14-004
(i) Reduction of critical constants . 14-008
- Mean value . . 14-006

The Gravimetric Analysis of Nitric Oxide—For the purpose of very
exact analysis, the nitric oxide was subjected to a third fractionation
and sublimation. The apparatus employed is illustrated in fig. 11.
Into the neck of the combustion bulb A was fitted a carefully ground
glass stopper B carrying two thick (2 mm. diam.) platinum electrodes
EE. Fused to thestopper were a capillary tube and a stop-cock joined
to a capillary ground glass joint 1. Attached to the electrodes were
leads of thick mnickel wire supporting a small porcelain boat H. About
- 75 cm. of fine platinum wire were evenly wound around the whole length
of the boat and connected with the nickel leads. By this arrangement
the boat and its contents could be raised to any desired temperature by
passing an electric current through the electrodes EE. |

By means of a short length of capillary glass tubing, the bulb A
was connected with the nitrogen absorption bulb M. The latter, which
was filled with powdered cocoanut charcoal, was connected by means
of a second ground capillary joint K with the rest of the apparatus.
A stop-cock D led to a tube connected on the one side with the Tépler

1 Jaquerod and Scheuer, Bull. Soc. chim., 1905, [ii], 33—44, 44.
2 Guye, ibid., 1905, 33, 1.
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pump and on the other with the storage bulbs containing the nitrie

oxide. The capacity of the bulb A was about 300 c.c., whilst that of
M was about 100 c.c.

- In carrying out an experiment the gas was decomposed in the com-
bustion bulb A.  The nitrogen was completely absorbed in the bulb M,

"Nitric .

xide - 370 Pump
P .
D QE B f H )

Fra. 11.—Gray’s apparatus for determining the composition of
nitric oxide.

which contained cocoa~-nut charcoal, by putting A and
M into communication after having exhausted the air-
from the capillary between the ground glass joints
K and D). The bulb M was cooled in liquid air, and
the weight of nitrogen obtained from a given weight
of nitric oxide in A calculated. Similarly, the weight
of oxygen taken up by the nickel from the nitric oxide
could be obtained by weighing A for the third time.
The atomic weight of nitrogen can now be calculated
from any of the three ratios, NO: O,, N, : 0,, NO: N,
and as a mean of twenty-two experiments Gray ob-
tained the value 14-010.

The density of the nitrogen resulting from the decomposition of
nitric oxide was obtained by substituting a density bulb for M, and the
mean of two experiments gave the value of 14-008 for the atomic weight
of nitrogen.

The final conclusion of Gray, obtained by giving each individual
result an equal value, is that the atomic weight of nitrogen is 14-0085,
which agrees excellently with the value of 14-0090 as the result of the
contemporary work of Guye and his collaborators.

Wourtzel * in 1912 calculated the ratio N, : O, determined from
the weight of oxygen required to convert nitric oxide into nitrogen
peroxide, and obtained 14-:0068 as the average atomic weight of nitrogen
from five concordant results.

More recent determinations are in good agreement with the results of
Guye and Gray, and the accepted value of 14-008 may be considered as
correct to 2 or 3 in the fifth significant figure. Moles and Clavera 2 give
14-008 from the density of nitrogen prepared by ignition of pure sodium
azide, NaN;,;. Batuecas,3 from the densities and compressibilities of
nitrous and nitric oxides, obtains the values 14-008 and 14-006.

1 Wourtzel, Compt. rend., 1912, 154, 115.
2 Moles and Clavera, J. Chim. phys., 1924, 21, 10.
3 Batuecas, thid., 1925, 22, 101.



CHAPTER 1V.
AMMONIA, NH,.

History.—The name ‘“ ammonia ’ is derived from °‘sal armoniacum >’
or ‘“sal ammoniacum,” terms used to designate the carbonate and
chloride, which were articles of commerce from early ages, and were
obtained from organic substances containing nitrogen, e.g. by heating
camel’s dung or, later, by heating together urine and common salt
(Geber) (see this series, Vol. I1., Chap. VIIL.). The terms were applied
in the Middle Ages with a variable significance. By the eighteenth
century the word “‘sal ammoniac” had become fixed in its present
meaning. Ammonia in solution was first prepared by the distillation
of animal refuse, such as horns and bones, and hence was called ** sperit
of hartshorn.”

Ammonia gas was isolated and collected by Priestley in 1774 by
heating sal ammoniac with lime and collecting over mercury. He
termed the gas ‘‘ alkaline air.” The absorption of the gas in water
had been previously shown by Stephen Hales in 1727, and the name
ammonia was given to this solution by Bergmann in 1782. Priestley
demonstrated the almost complete decomposition of *‘ alkaline air
into “inflammable air ” after the passing of electric sparks, and
Berthollet in 1785 showed that the residual gas consisted of nitrogen
and hydrogen. The composition of ammonia was determined by
Austin in 1788, Davy in 1800, and Henry in 1809. The partial synthesis
of ammonia by the spark discharge was effected by Deville in 1865 and
by Donkin in 1873.1 It was also early shown that by long-continued
sparking of a mixture of nitrogen and hydrogen over hydrochloric or
sulphuric acid, a great part, and finally the whole, of the N,4-8H, can
be absorbed as ammonium salt.

Occurrence.—In small amounts ammonia is found in the air, in
water, and in the earth. It is usually derived from the bacterial de-
composition of animal and vegetable proteins (see p. 21, Circulation of
Nitrogen) : this is the source of the free ammonia and its salts, which
are found in natural waters. The Stassfurt salt deposits contain
ammonium salts, and the sulphate and chloride are found in some
volcanic minerals. Ammonia is sometimes found in volecanic gases,
and in the steam and water of hot springs; here it has probably been
derived from the hydrolysis of nitrides, e.g. in the Tuscan soffioni from
boron nitride. The mineral struvite, MgNH,PO,, is probably derived
from the decay of organic matter.

Source.—Ammonia, together with organic bases, is produced dur-
ing the destructive distillation of nitrogenous organic matter. The
ammonia obtained as a by-product in the distillation of coal for gas
was formerly the only abundant source of this compound and its salts,
and still furnishes a considerable proportion of the world’s production.

1 Donkin, Proc. Roy. Soc., 1873, 21, 281.
62
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Coal containg about 1-0 fo 1-6 per cent. of nitrogen.  Of this, about one-
fifth is usually recovered as apmmonia. Some is evolved as nitrogen,
some as eyanides, and a part, usually from 30 to 65 per cenl., remains in
the coke, perhaps as nitride. Belween 1 and 2 per eent, passes into
the tar.

The yield of anmmonia from the distillation of coal is mueh inereased
by the injecetion of steam. The Mond process for the production of
power gas inereases The amount of ammonia about threefold 3 the
weight of ammonium sulphate recovered may be about 3 per cent. of
the weight of the coal gasified.™*  Ammonia may also be obtained by
passing air and atomised water through peat at about 400° ¢, The
gases after serubbiug must be passed through hime to absorb acetie acid,
and then through sulphurie acid to form the sulphate, in which form
gmmonia is usually supplied as a fertiliser,

The erude ammonia liquor, obtained as a by-produet in the manu-
fucture of coal gas, contains 12 to 85 grams of NI, per litre, partly as
the free base, partly as ammonium salts, sueh as earbonate, hicarbonate,
sulphide, thiosulphate, sulphate, (hiorulv eyanide, and thioeyanate,
On distillation with suflicient milk of linme, the whole of these acids re-
main combined with the lime, and the whole of the ammonia is obtained
in the distillate.  The usual practice, however, is to cause the salts of
the volatile and weak acids to dissociate by hie at, and to fix only the
non=volatile and strong acids by the addition of lime in the ealeulated
amount, which is about one-third of that required by the lirst method.

The anmoniacal liquor is run into the top of a ractionating colurmn
or tower, and heated by enclosed steam coils To about 957 (4 at which
Lemperature the earhonate, sulphide, ete, are largely dissociated, and
the CO, and ILS almaost completely evolved, e lo the extent ol 80 per
cent. and 60 to 70 per cent. respeetively. The eseaping gases are washed
with sulphurie actd in order to retain traces of ammonia before being
passed on for treatment for the recovery of eyanogen and sulphur
componnds,

The ammonia and steam may be condensed in cold water, giving o
liquor with 13 to 20 per eent. of NII,. The residual hguor from the
lower part of the tower, containing ammonium sulphate, ete., falls into
o vessel containing milk of lime, and the animonia evolved is distilled
in a current of steam,

The required amount of milk of lime may also be added to the
original liquor, and the distillate purilicd by passing through a reetilying
tower containing a paste of e and ferrie hydroxide.

The vapours of wnmonia and steam from any of these processes are
more commonly absorbed in sulpburie acid fiest 20 per cent., then
GO per cente and on (w'zq_u-:mtiun vield o good grade of anunonium
sulphate.

The world’s production of annnonia oblained as o by-produet from
coal gas and coke-oven gas is between one and two million tons.  The
poor yvield of anunonia in coal gas or coke-oven distillation with by-
product recovery can be secounted for (a) by the nitrogen which
remains in the coke, and (4) by the loss of ammonia first formed.  While
(¢r) is proved to be a true cause by analysis, experimental evidenee has

Y Maond, English Patent, 12440 {1893),
2 I cokesoven distillation with by praduet recovery, from 76 to 90 h of ammonium
sulphate per ton of coal can be obtained if anmonia recovery be the principal objeet,
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also been adduced in favour of (b) as an important cause. The re-
actions which proceed between a porous coke, its ash, steam, and
ammonia are somewhat complex. It is known that up to 9 per cent. of
water added to the coal increases the yield. It may be effective in this
respect by lowering the temperature, by diluting the ammonia and so
decreasing its active mass, or by hydrating and so protecting the mole-
cules. Above 9 per cent. of water decreases the yield. The catalytic
decomposition of ammonia by the substances which will be present in
a coke oven has been investigated by Foxwell,! and the reader is referred |
to his paper for a complete account. The maximum amount is formed
in the coke oven at about 800° to 900° C.

It was shown by Ramsay and Young % that ammonia is completely
destroyed when passed through an iron tube packed with porecelain.

The equilibrium amounts of ammonia which can be formed from
coke-oven ‘gas of average composition may be calculated from the
Haber equation, and are quite low, namely, 0-0034 per cent. at 800° (.
The problem, therefore, is to destroy as little as possible of the ammonia

produced by distillation at the optimum temperature. Although pure,

dry ammonia begins to dissociate at 620° C., and the decomposition
temperature is considerably lowered by the presence of organic matter

or water,® yet since this dissociation is not instantancous, but takes an
appreciable time, sufficient undissociated ammonia will be left to give
a fair yield even at the higher temperatures. The velocity constants
for the decomposition in the presence of coke have been determined by

Foxwell. The rcaction is found to be bimolecular, and the constant
“I " derived from the equation

.

is 000015 at 520° C., rising to 0-00215 at 755° C. and 0-0057 at 850° C.
A much smaller constant is obtained with ammonia which is in contact
with silica brick alone, but a larger one if the brick is high in iron, some
samples giving a constant about six times that found in the presence of
coke (at755°C.). Iron, originally present as oxide, powerfully catalyses
the decomposition, as it does also the formation of ammonia (see p. 108);
but iron added in the form of pyrites has not this effect, since it is con-
verted into ferrous sulphide, and not iron, during the distillation.
Preparation.—The method used by Priestley is the most con-
venient. Either ammonium chloride or sulphate may be used. Thus

Ca0-+2NH (1 =CaCl,+2NH,+H,0 ;
Ca0+(NH,),50,=CaS0 .+ NH, - H,0.

The gas may be dried by passing over quicklime, and is collected by
downward displacement of air, or over mercury.

In order to obtain a higher degree of purity the following procedure
may be adopted. The gas, prepared as above, is first led over lime at
a red heat, then absorbed in hydrochloric acid. "The reerystallised
ammonium chloride, now free from organic bases, is mixed with an

! Foxwell, J. Soc. Chem. Ind., 1922, 41, 114,
? See The Carbonisation of Coal, Lewes (Benn, 1918).
* Wolterek, Compt, rend., 1908, 147, 460.
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excess of pure lime, ground in a mortar, placed in a distillation flask and
covered with caleium.!

( The neck of the flask is sealed. When heated,
it evolves a steady stream of ammonia containing as impurities only
air and water. This is then led through a long “tube containing an-
hydrous barium oxide and potassium hydroxide, and finally over sodium
wire to remove the last traces of water. The air and hydrogen are
removed by fractional distillation under diminished pressure and at a
low temperature.

I’urfs 'a‘mmonia is also obtained by gently heating sodium ammine
an addition compound which is obtained when metaﬁlic sodium is dis:
solved in liquid ammonia and is left as a red mass when the ammonia
4._*\_.':1.]_)01':1}:03. Another method is to drop water on calcium or magnesium
ful.rulc m a suitable apparatus. The organic bases which are present
i comnlercial ammonium salts may be destroyed by heating with
nitric acid or permanganate. The remaining salt is then heated with
lime as above. '

Among other reactions by which ammonia or its salts are produced

are the following

L The reduction of compounds of nitrogen, such as nitrates or
nrl_:rli‘l.vs, with naseent hydrogen, produced, for example, from zine and
acid.

2. The acid hydrolysis of acid amides and other compounds con-
taining the --NH, and —NII— groups respectively.

3. The hydrolysis of the nitrides and cyanamides of metals, and of
such non-metals us are electro-positive to nitrogen.? Thus ammonia is
prepared in quantity by the hydrolysis of caleium cyanamide, which is
lirst wetted, treated in large autoclaves with steam at 3 atmospheres to
decompose any carbide which may be present, and then hydrolysed with
steam ab 11 atmospheres and 180° C. Thus :

(:N.NC& 'J[" 31{[20 =CaCO 3+2NH3-

4. Dircet combination of nitrogen and hydrogen (sce p. 95 seq. ).

5. Decomposition of many organic compounds containing nitrogen
in the presence of coneentrated sulphuric acid, and the other substances
specilicd in the Kjeldahl analysis for combined nitrogen.

Physical Properties.—Density.—The earlier determinations gave
rather Jow results. A more exact value, 0-5967 (air==1), found by Biot
and Arago, was alterwards corrected to 0-5971.% % The weight of 1 litre
of air at N.TUP. varies between 1-2927 and 1-2933 grams (sce this series,
Vol. VII., Part 1.). The corresponding mean weight of a “ normal
litre 7 of simmonia is 0-7708 grams. Since the density of air relatively
to hydrogen is 14-44, that of ammonia is 8:624, and the calculated
molar weight is 1744 (Q,==82), which is greater than the true molar
weight, 17-082, on account of the low value of the product pv for ammonia
at N.T.I>.  As in the case of other casily condensible gases, the com-
pressibility at ordinary temperatures and moderate pressures is greater
than that which corresponds to Boyle’s Law. The product pv increases

! Moser and Herznor, Monatsh., 1923, 44, 115. )

2 A vory pure product, containing only a trace of hydrogen as impurity, is obtained
by ullowing the nitrices of caleium or magnesium to drop into water (Moser and Herzner,
Monatah., 1923, 44, 115).

t adue, Compt. rend., 1897, 125, H71.

1 Guye and Pintea, ibid., 1908, 141, 51.

Vit V1L * L.
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with diminution of pressure; if that at p=1 atmosphere is taken as 1
(at 10° C.), at a } atmosphere it becomes 1-00632.1. 2
Hence the value of a, as given by the equation

_ Pglg—pv
o == s
PoPo(P D)

is 0-01264 1 or 0-01257.%

The coefficients “ '’ and *“b” of van der Waal’s equation, which
express the deviation from the gas laws in terms of a coefficient of
molecular attraction and of the volume occupied by the molecules
respectively, are 13,800 and 2-11 (see this series, Vol. I.).

Thermal Expansion.—The coefficients of expansion “ o’ are as
follows over the temperature intervals specified :—3

t°C.=—201t0 0 0 to +50 0 to 100
a=0-003914 0-003854: 0-003847

SPECIFIC HEATS OF AMMONIA.

Molar Heat at Constant
Temgegature, Pressure, C,, or at Authority.
) Congtant Volume, € o
0 o= 8'541 Wiedemann, Pogg. Annalen, 1895
100 Cp= 89 157 1 58 =
200 Cp= 959 »
15 C,= 874 Partington and Shilling, The
Specific IHeats of Gases (Benn,
1924). -
18 C,= 6-64 Voller, Diss. Berlin, 1908.
1127 C,=11-82 Budde, Zeitsch. anorg. Chem., 1912,
1927 C,=21-42 78, 159.

The ratio of the specific heats has been determined at various
temperatures with the following results :—

RATIO OF SPECIFIC HEATS, 22 or 4.

» Cv
Temperature, ° C, Value of y. Authority.
Waullner, Wied. Ann., 1885, 24, 454.
0 to 100 1-26 to 1-32< | Muller, Ber., 1883, 16, 214.
Muller, zbid., 1885, 18, 94.
14-5 1-80 Partington and Cant, Phil. Mag.,
1922, [6], 43, 369.
20 1-30 Schweckert, Ann. Physik, 1914,
[4], 45, 913.
20 (1 atm.) 1-30 Schéler, ibid.
20 (34 atm.) 1-41 Scholer, ibid.

! Rayleigh, Phil. Trans., 1905, 204, 351.
? Jaquerod and Scheuer, Compt. rend., 1905, 140, 1384.
* Perman, Proc. Roy. Soc., 1906, 78, [A], 28.
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The change of specific heat with temperature has been the subject of
much investigation in connection with the nitrogen-hydrogen synthesis.

As is usual with polyatomic gases the increase is rapid, and is expressed
by an equation of the form

Cp=a-+bT-}-¢T2.
The following equations have been suggested :—

C,=7-928-40-00361T —0-0,590T2+0-0,72T3 .
C,=8-045-+0-0007T+0-0,51T2 . .
C,=7-5614-0-00873T +0-0,144T2 .
C,=8:686-0-00452¢--0-0,144#2 . : : - ()
C,=6-6504-0-00465¢1-0-0,13522 . . . . (5)

Equations (8), (4), and (5) are deduced from the most probable value
of C, at 15°, and from the value of C,(3H,+iN,—NH,), which, when
introduced into the Kirchhoff equation,

dqQ,

—d—i— == Z'nCw

P AT A
VI

S N S

W b

and

dlog K
“_.C_)Egt__ﬂzQ/RT?* (integrated forms),

satisfies the experimental values of Q, and K.

The viscosities v of ammonia and air are given in C.G.S. units, those
in brackets being calculated with the aid of Sutherland’s constant,
which for air is 117 and for ammonia is 870.

VISCOSITIES OF AMMONIA AND OF AIR.

Temperature, °C. 17X 10% Air. |7 X 10* Ammonia. Authority.
0 1724 (0-943) Rankine and Smith, Phil.
15 1-799 ‘e Mag., 1921, [vi], 42,
100 2-191 1-303 601.

From these results it may be deduced that the collision area, namely,
4772, of the ammonia molecule is 0-64 X 10~15 (cm. )2, and the diameter of
the molecule is 1+4x 1078 cm. '

Refractivity.—The refractive index, nmp, for the sodium line is
1-:000878 according to Lorenz,* and 1-000879 according to Mascart.®
Values have also been obtained at different wave-lengths A as follows :—

Wave-length, A, (mpu) = 436 546 = 656 480 546 671
Refractivity as (n—1) 108 = 8965 8875 38825 3836 3798  374¢

The spectrum of ammonia consists of a bright central maximum at
A=3836uu, a secondary maximum at 887-1, and a number of lines

1 Nernst, Zeitsch. Elekirochem., 1910, 16, 96. ® Haber, bid., 1914, 20, 597.
3 Shilling, Trans. Faraday Soc,, 1926, 22, 396.

1 Bruhl, Zeitsch. physikal. Chem., 1891, 7, 25.

5 Torea and Patkowski, Krak., Anz., 1913, p. 494.

6 (% and M. Cuthbertson, Phtl. Trans., 1913, 213, 1.
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arranged in groups of three, which extend to a considerable distance in
either direction. The spectrum is practically identical with the P group
of the solar spectrum ; hence the presence of ammonia in the absorbing
atmosphere of the sun is definitely established.!

Chemical Reactions.—Ammonia is not oxidised by atmospherie
oxygen or mild oxidising agents at ordinary temperaj:ures, and even
when ignited in air, the heat of combination is not sufficient to maintain
a flame.2 Tt will, however, burn vigorously in oxygen with a greenish
yellow flame, forming water and nitrogen. A slow combustion is
effected by passing sparks through a mixture of ammonia and ajr.? In
this connection it is to be noted that ammonia itself 1s almost com-
pletely decomposed by the passage of electric sparks (see p. 62). It is
also completely decomposed by ultra-violet light. When the gas, sealed
into quartz tubes, is exposed to this light for six hours, the decomposition
is so complete that no undecomposed gas can be detected by Nessler’s
reagent (see p. 94).1

Oxidation proceeds at a much lower temperature in the presence of
catalysts, and may then take a different course, leading to the formation
of oxides of nitrogen, nitrous and nitric acids, and their ammonium salts.
Among such catalysts are nickel, iron, copper, also manganates and
permanganates.>® The most effective and useful catalyst is platinum ;
the finely divided metal accelerates the oxidation to water and nitrogen,
while the smooth or compact metal leads to the oxides.” 8 %10 Thig
reaction has been studied ** from the point of view of technical applica-
tions.’? The first product of the reaction is probably nitric oxide, which
is converted into the peroxide and then by water into the acids.?

The “ preferential ”’ combustion of the hydrogen in ammonia when a
deficiency of oxygen is used may be represented by the equation :

which represents only the end-products. But the mechanism is con-
siderably more complex, as is shown by the fact that free hydrogen is
commonly found when there is a deficiency of oxygen, and oxides of
nitrogen when there is an excess.

In the combustion of the theoretical quantities given above, 59 per
cent. of nitrogen and 41 per cent. of hydrogen are found in the gaseous
products.’* This is accounted for by the intermediate formation of
di-imide or hydrazine. Thus :

The results of the explosion of ammonia with electrolytic gas are some-
what similar. When the ratio of the gas to ammonia is higher than 3,

1 Fowler and Gregory, Proc. Roy. Soc., 1918, 94, [A], 470.

2 Hofmann, Annalen, 1860, 115, 283. # Observed by Henry, 1825.

4 Coehn and Pringent, Zeitsch. Elektrochem., 1914, 20, 275.

% du Motay, Ber., 1871, 4, 891. 8 Schwarz, Dingl. poly. J., 1875, 218.
7 Débereiner, Annalen, 1832, 1, 29. 8 Kuhlmann, shid., 1839, 29, 281.

? Schonbein, J, prakt. Chem., 1857, 70, 129,

10 Kraut, Annalen, 1865, 136, 69. 1 Ostwald, English Patent, 698 (1902).

12 Bayer & Co., English Patent, 18594 (1903).
13 Schmidt and Boeker, Ber., 1906, 39, 1366.
14 Muller, Zeitsch, physikal. Chem. Unterr., 1918, p. 169,
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the ammonia is completely decomposed. When the ratio of ammonia
to the gas is lower than 6, oxides of nitrogen are formed.!

Gaseous antmonia is oxidised to water and nitrogen by many oxides,
as, for example, by copper oxide. Chlorine monoxide and iodine pont—
oxide oxidise it with xc.pm*nlum of the halogen, selenium dioxide with

separalion ol selenium® - Ammonia is also oxidised by oxides of
nitrogen s when the gases are sparked or heated together, the hydrogen
is oxtdised and m!mw(n is separated,  The usugtlon in the case of

nilrogen dioxide is violent even al fower temperatures.®

In aqueous solution, ammonia s oxidised at the anode during the
cleetrolysis of its salts, also by powerful oxidising agents such as (*hlm‘nw
hromine, ozone, hydrogen pm‘nudv <l|rmm|.,l,¢.s, and permanganates,
The main product L of oxidalion is usually nitrogen.  Under speciat con-
ditions, and pm‘twuiurl\ in the presence of o rtaly.sls nitrites or nitrates
may be fornged. This is the ease, for example, during clectrolytic
oxidation in the presence of cuprwu\idv andd ullmll,‘*' 5 or durmrr()\1(141,[1011
by atmmplum- ONygen in iw presence of euprie oxide, also of m(‘r‘mlhc
copper, iron, or zine,™ 7 or of hydrogen peroxide,® 2 or of moist ozone

AN, 170, NHGNO, | NIHNO, 170, 25,0.

The more  electro-negadive non-metals, chlorine, Dbromine, and
sulphur, rewdily  combine with the hydrogen of ammonia.  Thus
chiorine oxidises ammonia to free nitrogen and ammonium chloride. 1
In the well-known lecture experiment by which the composition of
antmoniit s demonstrated, an exeess of the latter is added to a measured
volume of elilorine, and one-thivd of this volume of nitrogen is formed,
Thus :

2N, 1 8CL, N, | 611C],
[ollowed by
6I1CL | GNI1, 6NIT,CL

This reaction probably proceeds through the intermediate formaltion

of NCl,.  Sinee the reaction takes place when both gases are anhydrous,
the next step is nol necessarily the hydrolysis of ilus mmlmund bul

palher consists in the intermediate produetion of NCLICL whieh then
reacts with hydreoehlorie acid, losing chlorine.' Thus -

eNH | GIICL§ Ny s
c»\ll FoCl, ONC l., } mlltl;
SNCLLHC Py olicl 8N 12

2'

EoPartington ad Prinee, Trans, Chen, Soe,, 1924, 125, 2018,
S Ditte, full, Soe, chim,, 1870, 12, 13, 3140,
T B nned Bosmaet, Conpt, rend,, TH0O8, 142, G343,

Y Ppamubwe atd Biltz, Ber, 10008, 37, 31305 105, 38, S8

 Mualler and Spitacr, thid,, 1000, 38, TI8, L188,

8 i, S prakt, Chem,, 1RTH, [2], 18, 208,

T ose huu%wm, Ber, Akaed, Ter., 1RG5, po HRO,

5 e Sevler, Berl, THNG, 16, 1917,

 Weith and Welwr, thid,, 1874, 7, 1740,

W Hofmann, Janalen, 18GG, II;";, R

o Noyew nnd Haw, J, cbmer, Chene Soe,, 1020, 42, 0 2167 3 Noyeas, i, 1920, g2, 217

1 Arparding for Hw vlectran theories nl wlnm w, NCTy s oa covalent vmnpnnn:l tlw
three chlorines b dugg united by duplets, Mmtly as the hydreogens in ammonia; in both
mm;mmul«s the lone ;mu vnr the niteogen utom is available for further cnmimmhun, giving
in the present cames NCLUHOCL See also po U,
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Todine in aqueous solution gives NH ;. NI, (see p. 116). = The vapour
of phosphorus when passed with ammonia through a red-hot tube gives
nitrogen and phosphine.? Sulphur vapour gives nitrogen and ammonium
sulphide. Carbon at a red heat yields ammonium cyanide.? Boron
combines with the nitrogen to form the very stable nitride, BN. The
metals gold, platinum, silver, and copper decompose ammonia into its
elements. Iron forms a nitride in addition, as also do chromium and
other metals (see p. 48).

Replacement of Hydrogen.—Since ammonia is the hydride of a
strongly electro-negative element, it might be supposed that at lcast
one or perhaps two of the hydrogen atoms would exhibit an acidic
character and be replaceable by metals. The resulting compounds,
some of which are known, are called amides or imides respectively, and
may be considered as salts when the metal is strongly electro-positive,
although the same groups play a positive part in the amides and imides
of non-metals, and of inorganic and organic acid radicals.

The amides of the metals may be formed under the following
conditions :—

(1) By passing ammonia over the metal heated to a suitable tem-
perature.

Thus, sodamide is prepared by passing a current of dry ammonia
over sodium heated to between 800° and 400° C. in a nickel vessel :

9NH ,+2Na=2NH,Na-H,.

It is a white solid which melts at 155° C. and is hydrolysed by water,

giving ammonia and sodium hydroxide. The amides of potassium,

I“}.Ibidilllm, and barium may be made by this method (see this serics,
ol. I1.).

(2) By warming a-solution of the metal in liquid ammonia. In these
reactions an ammine, such as KNH,, Ca(NH,),, is first formed (see this
series, Vol. X.). On warming, substitution of hydrogen takes place.
In this manner the following amides have been prepared: NaNH,,?
LiNH, and Ca(NH,),,* KNH,.5

(8) By the action of ammonia on the hydrides. The amides of the
alkali metals and barium have been prepared in this manner.5?

(4) Amides may also be prepared by double decomposition in liquid
ammonia, notably silver amide, AgNH,.»8 Dry ammonia reacts with
halides of many non-metals and their oxides (halanhydrides and halides
of oxy-acids) as it does with those of organic acid radicals, giving amides -
and ammonium chloride. On further heating, these amides may pass
into imides and nitrides, or these changes may take place quickly with-
out any possibility of isolation of the intermediate compounds.®

* Bineau, Ann. Chim. Phys., 1838, [2], 67, 225.

* Kuhlmann, Annalen, 1841, 38, 62; Langlois, ibid., 1841, 38, 64 ; Weltzien, ibid.,
1864, 132, 224.

3 Joa,lmi_s, Compt. rend., 1891, 112, 392. * Moissan, ibid., 1898, 127, 685.
5 Fra:nkhn and Stafford, Amer. Chem. J., 1902, 28, 83.
5 Moissan, Compt. rend., 1903, 136, 587. ” Ruff and Geisel, Ber., 1905, 39, 828.

5 Franklin, Zeitsch. anorg. Chem., 1905, 46, 1.
9 These compounds are usually described under Amides, etc., of the element in that
volume of this series which deals with the appropriate group, e.g. Si(NH,), and Si(NH,),

in VolL. V. The amides, imides, and nitrides of phosphorus, arseni d anti
deseribed in Part 11, of this volume. PRosE ’ @ ARG antimony axe



1;(?([(?”.()“6"Tvl.{h Aeids. L\n‘nm'miu, forms salts in several ways, viz.

(1) By d‘uw-t addition of N1I, to a hydracid or oxy-acid.*  The
formation of salts by this method is best exemplified by the halides.
Thus :

NII, | HIX NI X

The solid salts are anhydrous ; they can be sublimed with dissociation
in the vapour phase and recombination during condensation.  Dibasie
acids in oxeess give acid salls, sueh as NI HSO,.  Hydrogen (luoride
hehaves in this respeel as o dibasie acid, and Nll'di*‘.l“lb‘ 15 formed by
the extensive hydrolysis ol the salt, NI, on warming,  Gascous
ammonia combines with gascous earbon dioxide to give ammonium
carhamate, NIE, €O ONH o With hydrogen sulphide, erystals of
(NIL )5 are obtained at 187 C,% and of NIH IS at 0° 3 (lom-
pounds of wmunenia with weak acids are conveniently prepared by
interaction in organie solvents. Thus, NHLIS has been prepared in
dry aleobol and cther, and the erystalline aleoholate, (NEL,),S.CoLLOTI,
in aleohol.?

(2) By the neatralisation of agueous ammonia with acids, and
subsequent evaporation and cerystallisation of the salts.  The wmajor-
ity of ammaoniinn salls may be prepared in this manner in agueous
solution,

(3) By double decomposition, with separation of a less soluble
st from the resulling salt-pair, Ammonium salts  erystallise usu-
ally in an anhvdrous condition on evaporation, and are more or
less decomposed with loss of wmmonia on long boiling (see Uhis series,
Yol. 11.).

The Decomposition of Ammonia. As has already been men-
ttoned, the decorspasition of annnonin inlo its clements, like its forma-
tion froms these, is greatly aceclersated by the presence of solid surfaces.
Incandeseent wires of various melals are particularly effective in this
respeet, o donbt on account of the fact that their surlaces adsorb
hydrogen in an aclive, probably an atomie, form,  This decomposition
presents some points of interest o conneetion with the theories of
heterogencous, or gas-solid, surface reactions, On o tungsten wire at
856" O, the reaction is unimoleeular ab very low pressures —thatl is, it
conforms to the requirements of the equation

e
dt k.

The netive mass of the gas is that which is adsorbed on the surface, and
it may he nssiomed that as long as this is not completely covered the
active aren is proportional to the pressure, de. to the concentration.
At higher pressures 30 mut, or more  the reaction is found to be of
zoro order 3 in other words, it is independent. of the pressure in the gas
phase 1 under these conditions the surface is supposed to be completely
covered.

Pl ingredients st uot I absolutely deys See diseussion on dissociation of
NHOT (this aepiea, Vol T

T Binwean, Ane, Chim, Phys,, 1838, 67, 230 ; 1838, 68, 4306 ; 1839, 70, 201

P Proost, {ompt, read,, 1879, 88, 1267,

 Pharmas and Riding, Praes, Chem, Soe,, 1923, 123, 1181
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72 NITROGEN.

~ The decomposition of ammonia on a heated platinum wire at aboyt
1000° C. proceeds with great velocity at first, then falls off rapidly as the
hydrogen accumulates, and the reaction proceeds at a rate inversely
proportional to its partial pressure. Thus :

d(NH,)_KNH,]
.~ [Hy] "

This effect is not due to the active mass of the hydrogen in the homo-
geneous gas phase, but is connected with the fact that hydrogen ig
strongly adsorbed even at low pressures on the surface, which soon
becomes saturated, and thus prevents the ammonia molecules from
coming into direct contact with the reactive surface except through a
layer of this hydrogen.*

L1Quip AMMONIA.

History and Physical Properties.——Ammonia was first liquefied
by Faraday, who heated a compound of silver chloride and ammonia,
contained in one limb of a bent tube, the other limb being cooled in ice.
Bunsen showed that it could be liquefied under atmospheric pressure in
a good freezing mixture (ice and calcium chloride), and hence gave an

estimate of its boiling-point, which has since been determined by many
investigators.’

BOILING-POINT OF ANHYDROUS AMMONIA,

B%l;?fafljloﬁ%ssugé.at Authority.

—383-46 Gibbs, J. Amer. Chem. Soc., 1904, 27, 851.

—33-2 Brill, Drude’s Annalen, 1906, 21, 170.

—88-5 Perman, Proc. Roy. Soc., 1906, 78A, 28.

—885 Baume and Perrot, Areh. Sci. phys. nat. Genéve,
1911, 32, 62.

—83-41 McKelvy and Taylor, U.S. Bureau Standards,
1928, 465. '

The melting-point of solid ammonia has been variously given as :
—78-2°2 —777°% and —77-0° C.4

The specific heat of liquid ammonia has been determined with the
following results :—

! Hinshelwood and Burk, 7rans. Chem. Soc., 1925, 127, 1114, 1116.
* Baume and Perrot, loc. cif. (see Table).

3 McKelvy and Taylor, loc. cit. (see Table).

t Brill, loe. cit. (see Table),
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SPECGIFIC HEAT OF LIQUID AMMONIA.

;[I;:::\;}«:f‘:;ll,‘,l?‘ Npweitie Heat. Authority.
0 to [ 40 (0-88 to -84 | Ludeeking and Stary, Dwer. J. Sel.,
1893, 45, 200,
30 Lo |62 1-22876 v. dlrombeck, Jo Frankl. Inst., 1891,
p. 131,
0to } 30 1-0204 Klleaun and Kunis, J. Frankl. Inst.,
1808, p. 5.
88 to - 103 0-50 Dewar, Proe. Roy. Soc., 1905, AT76,
375,
By 05 4 ‘
()l :-{)‘;‘;ﬂ Osborne and van Dusen, J. lmer.
v Thoe LT {
40 vumf Chem. Soe., 1918, 40, 1
0 to |20 1152 Keves and Babeock, J. obmer, Chen.
[ 20 to |30 1-174 Soe,, 1917, 39, 1524,
b 30 1-168
50 P22y
,,, o Babeock, Proc. Amer. Adead., 1920,
70 1207 3
« ‘55, *)2-
00 [-131
100 e

According to Dicteriei, ! the speetfie heats between 07 and 707 Coare:

(. 0 10 20 30 40 H0 Y, 7O
Specs heat. T-1E8 RO L6 1EST 0 1208 225 127 1269

DENSITIES OF LIQUID AMMONIA AND FI'S
SATURATED VAPOUR.

Temypwerature, " (Y W) 0 BT 20 {¥]

Dlensity # AR R S A PR A TNt d OO T S cH S AT TR T

Temperature, t) S L] ) e 40 1 KU ]
Drenmity # O-34 | 08207 | 06067 0-HTH8 L S RHHE el
Denaity @ (ROSHR | G248 | IOl | D708 § DADR | 070 | GG

The isobarie volumessand densities of ligquid and vapour under o
pressure equal to that of the vapour have been determined by Dieteriel
and Berthouwd.?

ISOBARIC SPECIFICG VOLUMES OF LIQUID AMMONIA
AND I'TS VAPOUR.
(l dieteriel, )

z i ’ ! 5
Pemperature, i ( vl ’H Covd iAo b P a0 F T FHOL Ty ] o0
. ;i BT DOND e (Hi"il ﬁtth LT L T LS00 L SRTO Al 0aou e
I j'mu 5 20 | 1A% | 1080 ] 8000 | a2 L akes ' HTR i RS PP e

|
1

]
i
§
h

L

I

Vo DHetertel, Aestach, Kallsind., 19004, po L 5 Lagre, ibdd,, 1808, §, 34,
B lisewes, Paaertation, Hannarer, 1IREL
¢ Berthoud, #ele, Chim, Acta, 1018, 1, 84, !
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ISOBARIC DENSITIES OF LIQUID AMMONIA
AND ITS VAPOUR.

(Berthoud.)
Temperature, °(‘-.=l 0 |+45-0| 787 (9875 ({109-2 11164 |121-3 123_:2 1‘25'4: 129-6
D, = 10-6389 | -5696 |-5120 |-4640 |-4339 |-4056 3831 |-3750 13584 |-3246
sz’0-0034: 0150 -0322 |-0533 |-0691 |-0873 1024 |-1085 1-1220 }-1509

|

The vapour pressures of liquid ammonia were first determined by
Faraday, and afterwards by Bunsen, Pictet, and others, * but their results
are now merely of historical interest.

These constants have been redetermined with great accuracy by
methods which deserve miention, as they are widely used in similar
cases. The apparatus is described in a paper by Cragoe, Meyers, and
Taylor.2 A static method was employed. The pressures were read on
mercury manometers, the whole being immersed in thermostats con-
taining gasolene which could be regulated to 0-01° C.; or better, at the
lower temperatures by imeans of coils in which carbon dioxide wasg
allowed to expand. It was shown that the presence of uncondensable
gases caused lag in the attainment of the equilibrium pressures.  There-
fore the greatest care was taken to purify the ammonia. A large
quantity of synthetic ammonia was distilled twice, the middle portion
of the second distillate was allowed to stand in contact with metallic
sodium for about a week, the liquid was shaken and hydrogen blown
off.. After several distillations in a high-pressure apparatus, the middle
fraction being retained each time, the ammonia was frozen several
times in liquid. air, all uncondensed gases were pumped off, and during
the periods of liquefaction some vapour was allowed to cscape.  IFinally
a product was obtained which contained less than 1 in 100,000 of un-
condensable gases and less than 0-003 per cent. of water.  The boiling-
point of this ammonia by the static method was —383:354" C.; by the
ordinary method, using a Beckmann thermometer, it was —33-341° C,

VAPOUR PRESSURES OF ’LIQUID AMMONIA.
(Cragoe, Meyers, and Taylor, 1926.)

Temperature,°C. ={ —78-0[ —640 | —51-0 | 480 |—44-0 | —40-0 | - 38-87 | —33-354
Pressure (mm.) ={ 44-0{ 125:29| 28943 | 345-03| 432-98) b538-68| H71-77 760-0
° C.=] —30-0| —250 | —20-0 | —15-0 [—10-0 - -0 0-0 50
p (mm,)={ 897-2| 11374 | 14270 ( 1772-8 [2181-6 | 2661-5 | 3220-8 | 38679
#° C.={ 100 150 20-0 25-0 | 30-0 40-0 450 50-0
P (mm.}=| 4612-1| 5462-6 | 6428-2 | 7520-5 [87560-9 [11GGL-4 {133G2-3 (152454
i°C. = 55-0 60-0 65-0 70-0
p (mm.)=|17325-3{19606-0 |22108-5 24836-8

These results and others can be expressed by the interpolation
formulee— :

L Brill, loc. cif., p. 4; Regnault, Mém. Inst. France, 1862, 26, 596,
® Cragoe, Meyers, and Taylor, J. Awmer. Chem. Soc., 1920, 42, 200.
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19140569

log e P+ B0-256818 - - 845098324 log T | 2-39300 X103 T

rr
F20552LAX 109 T L (1)
1648606
logyg Pr- 12463100 7, TS 0-01638646 T+ 2-403276 X 1075 12

~ 1168708 X 10-8 1% . (2)

These and the preceding data have muceh value in industry, sinee liquid
amnonia s frequently used as a refrigerant. It is & convenient working
substance for veversed heat engines, the latent heat of vaporisation
and expansion through coils heing absorbed by the brine of cold-storage
roonts, eteo The gas, when used commereially, is dried with quicklime,
and is kept in gasomelers over pelroleum oil 3 it s usually compressed
in Lwo stages, lirst to 3 or & atmospheres; then o liquefy at about.
8 atmaspheres.

Critical Constants. The critical temperatlure is variously given as
13070 13172 132:8"8 and 182077 ¢, the critieal densily as 0-2362,% the
critical volunw as 234, and the critical pressure as VU5, 118,% and
112-37 atmospheres respectively.

Surfuce Tension o.

Temperature, © Coo 11410 3405 5808
o 2334 18-05 12-95

Adsorption by Chareoel (see also this series, Vol Vo) At ordinary
temperatures 1 gram ol charcoal adsorbs nearly 200 c.eo ol ammonia
(178 c.en, Kayser ). The amount adsorbed al atmospherie pressure
increases with fall of temperature. At each temperature the volume
o7 varies with the pressure aceording to the equation

!
©ooapt,

i which a and » are constants. This equation expresses the behaviour
of anunonin from 207 Lo} 2007 CU8 and is known as the adsorplion
isotherm.  The heat of adsorption, 494 Cals. per gram of sonmonia, is
nearly twice as great as the Iatent heat of condensation to lignid.®

Latent Heal. This is usually taken as 5-000 Cals. per mol,  This
is higher than the value obiained by the differentiation of equation (1)
above, which gives 8950 Cals.

Molecular Complexity.  The boiling-point of aimmaonin, considered
as the first member of the series NI, PlL,, ete., is abnornmally high,
just. ay that of O, is high in relation to those of SHy, cte. This as
well as other pecudiarities in the properties of hguid smmonia (see also
- 76), whicl it shares with water, are in botly cases attribuled to associ-
ation of the hiquids,

The value of the Despretz-Young-Trouton ratio, namely, the latent
heat of vaporisation divided by normal boiling=point. on the absolute

=

Diewnr, Plhil, Mag,, 1854, {5], 18, 2140,

Vioeent and Clpguain, Jo Phyaique, 1888, [2], 5, O#,
O Berthowd, felr Chim, Jdetn, THIK, 1, K,

PoRayer, Wied, lanalen, 1881, 13, K20,

* Richardson, J. Chems, Soc,, 1017, [A 1], H2G,

o tavre, Ann, Chim, Dhya,, 1874, (6], 1, 2040

T edane nand (hltav. J. him Phys, 1812 ra H1HO,
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scale, may be calculated from the equations of Cragoe, Meyers, and
Taylor. It is 19-7. This is not far from the normal valuc, 20 to 22.
It has been shown by Nernst ! that this constant is really a function of
the temperature, and that in the case of many gases

_@ =9-5 log T, —0-007 T,.
Ty
Thus, at a boiling-point of 289-65, the normal constant will be 21. A
slight degree of association is thus indicated.

The temperature coefficients of molar surface energy are 1-80 and
1-79 (vide supra). The corresponding value for a normal liquid being
2-12, the coeflicient of association is 1-27.

The critical density, 0-2862, is 4-211 times the theoretical density,
as deduced by a strict application of the gas laws to the critical con-
ditions. The ratio in the case of normal liquids is about 8-6.

General Properties and Comparison with Water.—A com-
parison between liquid ammonia and water in respect of physical pro-
perties, and its action as a solvent, reveals many interesting similarities.
These are summarised in the following table —

COMPARISON OF AMMONIA WITH WATER.

NH,. H.,0.
Melting-point, ° C. 77 0
Boiling-point, ° C. . —385 4100
Density at 20° C. 0-61 0-9982
T, 2734131 abs. 273374 abs.
Do 113 (atm.) 218 (atm.)
Molar elevation of B.P. 3-4 52
(100 grams) (lowest known)
Heat of fusion 1-838 Cals. 1-440 Cals.
Dielectric constant ¢. 2128 817
Surface tension 25 28
Viscosity 2-6 X 103 10-6 X 103
(at its b.p.) (at 18°) }
Factor of association 1-27 3-0
(from surface tension) | (from surface tension)
Refractive index 1-38 1-33

It will be observed that the fluidity is much greater (about four times)
than that of water, and the surface tension appreciably lower, both
being measured at ordinary temperatures. The various physical data,
lead to the conclusion that ammonia, like water, is probably associated
in the liquid state. Like other pure liquids, ammonia is capable of con-
ducting the electric current : its conductivity, although very small, has
a definite limit, below which it is not diminished by the highcst possible

' Nernst, Bxperimental and Theovetical Applications of Thermodynamics to Chemistry
(Constable, 1907), Lecture X,
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purification. As in the case of water, this is attributed to a very slight
cleetrolytie dissociation :

N ===I{"-NIlI'y;  and  NIf,-IT ===NIF',.

The dicleetrie constant is high, but far inferior to that of water.
The refractive index is nearly ’ilw same as that of water. Ammonia
also resembles water in showing some deep absorption bands in the
infra-red between the wave- l(,.nwths 9 and 13u.  This is probably
connected with its high fonising power as a solvent.! @

Solvent I’ropertleq .quuul ammonia 1s one of the most com-
prehensive solvents known., It dissolves non-metals, iodine, sulphur,
and phosphorus, also many halides and sulphides of the non-metals
which are insoluble In water or are hydrolysed by it.  The metals of
the alkalies and alkaline earths are freely soluble, and the solutions are
good conductors of cleetricity (sce below, p. 80).  The solubility of
potassitim in 100 grams of liqui(‘l ammonia is 4875 at 0° C., that of
sodinm 23-2 at 0% 24:5 at --30° and 22:0 at 22° (3 At such high
concentrations the mmmonin pressures are greally reduced and may
lie far below one atmosphere at ordinary temperatures.  In the case of
lithitm two liquid phases are formed, having an ammonia pressure
of 51 mm. The saturated solution, having an ammonia pressure of
3-61 mm., contains 114 grams of lithinm in 100 grams of ammonia.*
Ammonia. dissolves many typieal aqueous cleet mly o8, such as salts.
The following are insoluble: oxides, hydroxides, and sulphides of the
metals ; also uorides, sulphates, .sulphlto.s phnsplmtcs, arsenales, car-
bonates, and oxalates. The solubilitics of other salts, especially of
ammonium salts, is often high,  That of mnnmnium nitrate, which is
vera ot - 807 (L, inereases rapidly with rise of temperature,

G, RO w30 0 |88
Grams of NIT;NO, in 100
grams of N[, . .o 0 224 201 398

Dry ammonium thiocyanate cooled by iee absorbs 45 per eent. by
weight of anmonia, whicl, however, evolves it again on heating. ™ 9
Such solutions have been used in small refrigerators, working somewhat
on the principle of the Cared freezing machine (see this series, Vol V.).

Salts of the following acid radicals usually dissolve in liquid ninmonia,
namely, niteates, iodides, bromides and ehlorvides, eyvanides and thio-
cyanates.  Other soluble substanees are amides, such as KNI,
non-cleetrolytes such as Hg(CN),, and  various mmplcws such as
1K, g (CN),, which often have the same composition as the correspond-
ing complex salts which are formed in water.”  Many organie compounds
will dissolve, among which may be mentioned amides, nitro com-
pounds, the free alkyl ammonium buww their hydrcmdvh and salts
(p. 80).

Ammonia has been used as a solvcm. in the determination of molar

Paschen, Wied, Annalen, 1804, g2, 204,

Abney and Feating, Phil. May,, 1882, 7z, 887,

Huff nnd Geisel, Ber., 1906, 39, 838,

Kreaus and Johnston, J, smer. Chem, Soe,, TH2G, 47, 7205,
Rurtloff, Zeitseh, physibal, Chem., 1RO, 25, 104,

Foote and Brinkley, Jo Amer. Chea, Sor,, 1921, 43, 1178,
Franklin, Zeitaeh, ;J}u/m!lul Chem,, 1909, 69, 272,
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weights. The molar elevation of the boiling-point (100 grams solvent ),
calculated from the thermal constants, is 3:4. This agrees with the
experimental elevation in the case of some solutes, i.c. those which
have a normal molar weight.! As in the case of aqueous solutions,
however, the molar weight found often differs from the formula weight.
When the constant, or molar elevation of the boiling-point, calculated
from the experimental elevation on the assumption of simple molecules,
is higher than the theoretical constant, the solute is regarded as
dissociated, as in the case of salts and some organic compounds, or else
it is assumed to be associated with solvent molecules to give an ammine.

The molar weight of the solute may also be determined from the
lowering of the vapour pressure. The molar weight of sodium found
thus decreases nearly as a linear function of the concentration and does
not reach a definite limit. It is only possible to state 2 that the limit will
be below 23. _

The cryoscopic constant of ammonia, as experimentally determined,
is about 14, whereas the value calculated from the thermal constants
is 943 .

Reactions in Liquid Ammonia.—The ions which are present in
these electrolytically conducting solutions react and give precipitates,
etc., which are sometimes of an unusual kind and would be difficult to
produce in any other solvent. Dissolved metals: may interact to give
alloys ; thus, in the case of sodium and lead, an alloy of composition
represented by NaPb,.,; is precipitated. The lead is the negative
constituent, as it is precipitated on the anode during electrolysis.
Sodium and tellurium give insoluble Na,Te and soluble Na,Te,. Simple
and complex amides and nitrides may be formed by double decom-
position, e.g.:

8Hgl,+6KNH ,=Hg N, 6KI44NH,,
AgNO;+KNH ,=AgNH ,+-KNO,,
Pbl,+2KNH,=PbNH+2KI+NH,.*

Aluminium iodide with potassamide gives first AI(NH,),.All,, then
Al(NH,); AI(NH, ), IL.NH,. Cadmium thiocyanate, with the same re-
agent, gives Cd(NH,),, a white powder which acts violently on water
and explodes -when heated. Silver amide with potassamide gives
crystals containing ammonia :

" AgNH, - KNH,=AgNHK.NH,.5

Magnesium dissolves in a solution of ammonium chloride in liquid
ammonia. Here the ammonium ion plays the part of the hydrion in
acid aqueous solutions, and is displaced by the magnesium :

Mg +2NH ,Cl =MgCl,+H,+2NH,.

The strongly basic alkyl ammonium hydroxides displace the ammonia
from its salts, as they do in aqueous solution :

(CH,),NOH+NH,Cl=(CH,),NClL+NH -+ H,0.8

! Franklin and Kraus, Amer. Chem. J.,, 1898, 20, 820.
* Kraus, J. dmer. Chem. Soc., 1907, 29, 1557 ; 1908, 30, 1197 ; 1914, 36, 864 ; 1921,

43, 749. * Reihlen and Nestle, Ber., 1926, 59, B1159.
4 Franklin, J. dmer. Chem. Soc., 1905, 27, 820.

5 Franklin, ibid., 1915, 37, 847. 8 Franklin, ibid., 1912, 34, 285.
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Sinee in ammonia the - NILI, group may be regarded as taking the
place of the - OH in \\nt(r, neid amides In ammonia correspond to
carboxylic acids in water, and the former have therefore been named
“ammono-acids 7 by Franklint They are dibasic acids, eapable of
ionising in Lwo stages imto RCONI- T and RCON | 211, The
ionisalion is 1n some eases cousiderable, as shown by the conductivities.
Typieal reactions of the ammono-acids are

Mg | CILCONIT, - CHCONM | 112,
CLLCONIL, | (CIL) NOI = CILCONILN(CH,), | 11,0,
AN, | CILCON, | NH,~ CITLCONIA g 2NIT,.

In water, acid amides do not dissociate but add on (he hydrion of
acids, and therefore hehave as (weak) bases. The amides of bases have
heen called by Franklin © ammono-bases.”  These will react with
ammono-aeids thus

CILUCONH, | KNIT, CH,CONIIK | NI,
or

CHLCONIY (I | K NIV, CHLCONTI | K- | NI,

As in the ease of the neuntralisation of an acid by an atkali i
water, the ionie part ol the reaction consists in the formabion of
undissocinted solvent :

O NEHY, NI,

Just as salts of weak hases are h\(imlw( <l by HH‘ stuhstifution of O]
for halogen, ctey, so they may be “ ammonolysed by the substitution

of NI1, :
HgCl, | NI, § NIT, HgNILCH | NICL

The amido-chloride is insoluble in anunonin as it is in water,

Ammonolysis is, however, mueh fess common than hydrolysis,
Most salts dissolved give elear solutions in anunonia, while ammonolysis
would give precipilates.

The ammono-salts of the alkali metals are also oblained by reaclions
in liguid ammonia, Thus, dipotassinm ammono-sodiate, Na(NH,), 1K,
is prepared by the action of sodiun on potassamide, both dissalved
in anmonia, in the presence of platinnm black.® %,

Amides and nitrides of the non-metals ave often formed by the
anunonclysis of the ehloranhydrides and sulphides tn lHeoguid ammonia;

STeCl, 1 I6NTL TegNg | 12N CL?
B.S, | 6NIT, B (’\7113)2, | SNIESIL?
PCL, | N, l’(NII)(NI!g) | SN CLS
SiCly 8N, SINH), AN CL?
SiSy+ NI, Si(NIHL), | 2NH ST

Vo Franbding, Amer Chem, Jo, B2, 47, 285, 4 Neeee this meries, Val, 111,

Weanllin, . Phyaical Chem,, VW8, 23,36, % Metaner, Otnpt, read,, 1807, 124, 30,
Stoek and Poppenbery, Her,, 1001, 34, 300,

Josnuis, Compt, rend,, 10, 130, 361,

Lasgeleld, Amer, Ohewn, ., 1880, 21, O3

Blix and Wirbelawer, Her,, 1103, 36, 4220,
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Electrical Properties of Solutions in Ammonia.—The electrica
conductivity of pure ammonia is very low, and in this case the difficulty
of avoiding traces of water are very great. Ilence the older value:
of this constant are higher than the more recent, namely, 0-1x10-
reciprocal ohms. b 234

Besides the ions H', NII",;, and NH’,, the anions NH” and N'"" may
possibly be present. Three inflections have been found on the curv
of anodic polarisation against current, which may correspond to the
discharge of these ions. In accordance with its character as a dissoci
ating solvent, liquid ammonia has the relatively high dielectric constan
of 21 to 28,* which is inferior only to those of some alcohols and nitriles
e.g. benzonitrile, 26-0, and to that of water, 81-45.> In the case o
ammonia, as in that of water, there are two types of solutions: those o
salts which have a limiting conductivity at limiting dilution, but d«
not give a dissociation constant, é.e. do not obey the dilution law ; anc
those of organic compounds of a polar type, which do not give a limiting
equivalent conductivity but do obey the dilution law.¢ As an exampl
of the first class we may take KXNO,. The equivalent conductivities, )
and degrees of dissociation, a, at —33° C. and various dilutions, V (litre
per mol.), are as follows :—

V= 324 1001 2514 6162 23060 69820 w
A=192-7 245-0 282-7 309-9 330-1 3386 339=,
a.=0-567 0-720 0-831 0-912 0-972 0-995 1-00

The equivalent conductivities are higher than in water at corre
sponding and at infinite dilutions, but the degrees of dissociation a
corresponding dilutions are lower. The following equivalent con
ductivities are additively made up of a term due to each 1on :—

Salt, KNO, KBr. NaNO, NaBr NHNO, NH,Br. LiNO, AgNO,.
Ag= 339 340 301 302 302 303 283 287
Since the transport numbers of salts in ammonia have been de

termined, the ionic conductivities can be ecalculated and prove to b
about three times the conductivities in water.®?

Kation. Li. Na. K. NH,. Ag.
L,in H,0 (18°C.) = | 838 | 484 | 645 | 647 | 540
Loin NH; (atbhp.) = | 112 130 168 131 116

Anion. ClL Br. L NO,.
L, in H,0 (18°C.) = 65-5 677 666 61-8
L,in NH; (at b.p.) = 179 172 171 171

! Goodwin and Thompson, Physical Review, 1899, 8, 38.
* Cady, J. Physical Chem., 1896, 1, 707.

¢ Frenzel, Zeitsch. Blektrochem., 1900, 6, 486.

* Franklin and Kraus, Amer. Chem. J., 1900, 23, 277.

5 Lattey, Phil. Mag., 1921, 41, 829,

 Kraus and Bray, J. Amer. Chem. Soc., 1913, 35, 1337.
? Franklin and Cady, J. Amer. Chem. Soc., 1904, 26, 449,
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The differences between individual ions, especially anions, are much
Jess marked in ammonia than in water. The higher conductivities are
no doubt connected with the lower viscosity (or higher fluidity) of
ammonia, since the resistanee to the motion of the ions is some function
of the viscosity. That of water at 18° C. is 10-63 X103, while that of
ammonia at its boiling-point is 2-56 x 10-3,1

In the case of the slowest ions, the ratios of ionic conductivity to
fluidity arc about 0-3 in both solvents.

In very dilute solutions of salts, and in rather dilute solutions of

. other compounds (sce below), a mass action constant may be calculated,

but in order to express the behaviour in more concentrated solutions
other constants must be introduced, as in the equation of Kraus and
Bray : '

K'= g —2==D(al)"+ K.

Nitromethane, thiobenzamide, orthonitrophenol, methylnitramine,
trinitrobenzene, trinitraniline are among the organic compounds which
are cleetrolytes in ammonia and obey the law of mass action moderately
well. The following are typical constants :—

104k, m. D. A
Potassamide . ) 1-20 1-18 0-095 301
Trinitraniline . . 30-0 0-73 0-38 234

Liquid ammonia is a favourable medium for the preparation of free
“ammonium 7 and the alkyl substituted ammonium radicals. The
radical N(CIly), has been precipitated in the free state at the kathode
during the clectrolysis of the salt dissolved in liquid ammonia, in which
it is soluble, giving a solution somewhat similar to that of potassium.
When compressed it is a good conductor of electricity. The radical
HgCIl,; can be freed from TgCH,Cl by washing with liquid ammonia.
It decomposes at ordinary temperatures into Hg(CHy), and Hg.* >4

Electrochemistry of Metallic Solutions.—Solutions of the alkali
metals are blue when dilute ; they assume a metallic lustre and beecome
rellecting when more concentrated.  There is little chemical action; the
amides are only formed to a slight extent, so that it must be supposed
that the metal is dissolved as such, and that the high conductivity is
not due to ordinary ions. During clectrolysis there are none of the
usual appearances at the cleetrodes, such as the separation of solids or
gases.  The conduction in this respeet resembles that of a metal. The
dissolved metal is associated with the kation, since it may be completely
transferred into the katholyte by clectrolysis. The negative carrier is
probably the clectron. The equivalent conductivity (referred in the
usual manner to the solute, e.g. dissolved sodium) is high ; it reaches a
minimum at a dilution of between 20 and 80, and then increases greatly
with increase of coneentration :

V05047 1-038 1386 30-4 690-1 37880
A= B2AO0 3228 4783 4785 869-4 1034

U Pitzgorald, J. Physical Chem., 1912, 16, 621.
2 Palmaer, Zeitsch, Rlektrochem., 1902, 8, 729,
VOKpeaus, . coer, Chem. Soc., 1913, 35, 1732.
1 MeCoy and Moore, ibid., 1911, 33, 273.
VO, V1. o i 6
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The specific conductivity = obviously increases still more

1000V
rapidly with increasing concentration, and the atomic conductance
-approaches that of the metal itself, as is seen from the results in still
more concentrated solutions :?®

V=1-674 0-9265 0-5099 06-3230 0-1081
x==1-298 5-988 148-3 714-0 5047-0

The atomic conductance of a saturated solution is 1-1 X 108 mhos, that
of the metal 5-05 x 10¢ mhos.?

The transport number of the anion has been investigated by the
method of concentration cells. The E.M.F. of these at concentrations
from 0-010 to 0-870 shows an enormous increase in the velocity of the
negative carrier, which probably consists to a greater and greater extent
of electrons, the conductivity at high concentrations being due to the
dissociation : .

| M=—=M*+0.

In more dilute solutions some amide may be formed, which then
dissociates into ions which have velocities of the usual order?:

M-+ NH,=MNH,+1H,,
MNH,==M*++NH, L

AMMONIA IN AQUEOUS SOLUTION.

General Properties of Aqueous Solutions.—Ammonia is easily
soluble in water, with evolution of heat. The densities of the solutions
are less than that of water. The solution saturated at 15° C. has a
density of 0-882 (see table, p. 86). Solutions saturated with the gas at 1
atmosphere contain per gram of water 0-875 grams at 0° C., 0-586 grams
at 15° C., and 0-526 grams at 20° C. One volume of water dissolves at
0° C. about 1150 vols. (at N.T.P.), at 20° C. 789 vols. (at N.P.).
At lower temperatures the solubilities are greatly increased. The
following weights are absorbed by 1 gram of water in equilibrium with
ammonia pressures of 743 to 744-5 mm. :—

Temperature, © C.=-—89 —10  —20 —25 —80  —403
Grams of NH, = 0947 1145 1768 2-554 2-781 2-946
Ammonia Pressures and Concentrations of Aqueous Solu-

tions.—Up to normal concentrations and the corresponding ammonia
pressures, the gas dissolves nearly according to Henry’s Law.4

p (in mm. of mercury)= 5-97 6-71 9-35 13-45
- w (grams per hitre) = 7752 8-602 11-93 17-00
N (mols. per litre) = 0-456 - 0:506 . 0702 1-00
p/N =131 13-2 183 13-45

That the law does not hold for higher pressures is evident from the
tables given below.?

All these data refer to a temperature at or near the boiling-point of NH,, —33-5° C.
Kraus and Lucasse, J, Amer. Chem. Soc., 1921, 43, 2529.

Mallet, Amer. Chem. J., 1897, 19, 804.

Gaus, Abegg, and Riesenfeld, Zestsch. physikal. Chem., 1902, 40, 84.

¥ Sander, shid., 1912, 78, 513.
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The relations between pand N have been expressed as an iterpola-
ton formula !

P L3 EN O I8N,

The addition of salls to solutions of ammonia generally raises the
ammonia pressure, or diminishes the solubility at a given pressure,
The lithium halides are an exeeption to this rule and inercase the
solubility of ammonia.  Some typical solubilitics are given in the table,
it which ™ p ™ denotes the ammonia pressures (mm.) in equilibrium
with various coneentrations of the salt in solutions which are normal
wilhe respeet to - total smmonia, and Ap the differences between the
pressures of anunonin, Leo 1846 . in equilibrium with o normal

aqueons solution, and those in cquilibrivm with the salt solutions
nornad in respeel to ammonin. o3

AMMONIA PRESSURES OF AMMONIACAL SALT
SOLUTIONS.

Conventration of Balt.

mnit, 0 Normnl, 160 Normnanl, 1-5 Normal.

F A I A L ap,

ok

('] I RREEY 101 1553 < OR 1G-63 318
VRS0, LoneaT 1.4 17182 397 1985 G40
CH, COOK 0 1535 210 1750 S 1967 3-24
il L1305 Qb0 1Ruy 1-17 127 |- 218
N M H (5.3

7 E -9 17-040 304 TH-80 5435

Ta the case of more concentrated solutions, the comprehensive
results of Permn are availublest The fotal pressures of ammonia and
wiler-vapour in cquilibrium with solutions of various concentreations
and at various temperstures were weastieed by the static method, e
on nomanometer, Table A s based on these resultsy Iy another series,
the partinl pressures of anmonia aoud of water-vapour (muan) in equilil-
it with the solutions were determined by the dynamie method, e, by
passinge 1 known volume of air through the solutions, and then through
() standard dilute and (b)) coneentrated sulphurie acid. The total
inerease in the weights of (o) and (4) gives the sunmonin plus water,
andd the deercase in the titre of the sulphurie aeid gives the nmmonia,
Tuble B s based on these resulls. By means of this series il was
proved that the lowering of the vapour pressures of water in the presenee
of stmponin s a reetilinenr funetion ol the compositions up 1o 10 per
cent, solutions,

Mooplb oy (fp 7 in ),

lawke wnd Vorswll, dmer, Chem, J. 1804, 31, 268,

o adhiretaert and Hupenan, S0 Dmers Chem, Soe,, 1023, 45, 9105,
b, Al anud Boesenfeld, foe, o4,

 Perman, Trans, Chew, Soe,, T0OE, 70, TIR D T, B3, TIGK,
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TABLE A.

VAPOUR PRESSURES OF AQUEOUS AMMONIA.
(Total pressures, (H,0-+NII,) in mm. of mercury.)

Percentage of NH,.
Temperature,
° (.
0. . 10. 15. 20. 30,
0 4-5 20 35 57 93 220
4 6 21 39 66 110 266
10 9 27 54 89 144 346
14 12 33-5 67 110-5 176 412
20 17-5 47-5 93 151 237 537
30 315 83 153-5 245 373 817
40 55 134-5 241 3775 569-5 1189
50 92-5 210 363-5 564 834-5
60 149-5 327 539 816-5
TasLE B.

VAPOUR PRESSURES OF AMMONIA AND OF WATER
OVER AQUEOUS AMMONIA.

Temperature, © €. Pereentage of Pressure of Pregsure of
? NH.,. NH,; (mm.). H,0 (mm.).
472 114 51
0 J 9-15 24-8 5.3
l 14-73 51-3 4-1
22-90 1166 2-8
4-16 16-5 9-1
826 373 8-8
15-88 05-1 7-0
21-83 169-8 55
4-18 27 4 164
199 10-15 80-6 15-1
23-37 302-4 10-3
7-43 86-3 292
30-09 2147 404G 991
7-36 133-0 50-7
40-0 20-85 5761 878
50-0 14:-94 4871 752
60-0 11-31 475-8 1804

in which p, arc the partial pressures of water over the solutions, p
arc the pressures of pure water at the same temperatures, and 2 is the
fractional amount of ammonia in 1 gram of the solution.
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_ The fact that Raoult’s Law is obeyed shows that the molar weight
91 ammonia as determined by osmotic pressure or depression of the
freezing-point is normal at these concentrations. Therefore there is
only I molecule of ammonia present in the hydrates (¢f. freezing-point
data, . 87).

The vapour pressures of more concentrated solutions are best ex-
})‘ressed by formulic which are used for binary mixtures of liquids.
Thus the pressure-composition isothermals agree with the Margules
cquation

dlogp;, dlog p,
dlog x;, dlog (1—a,)

ir1‘1 which p, and @, refer to the ammonia, and p, and 1—=, to the water.
Thus i.or £=0-2088 (20-88 per cent. NH,; at 20° C.), p,=2285,
dp, =13, dp,=0-825 :

P(1=2) oo dP1_e1.5.
P dp,

Table A gives the total pressures of solutions containing from
0 to 30 per cent. of ammonia between 0° and 62° C. The pressures
were measured by the static method, 4.e. on a manometer connected
with the space above the solutions, which were kept at the controlled
temperatures by the vapours of various liquids boiling at atmospheric
pressure.?

At 100° C. the following ratios between the concentrations, C,, of
ammonia in the gas phase, and those, C,, in solution, increase with in-
creasing concentration, but the ratios K=—w-————-C (101 o) inwhich C(1 —a)isthe
“ lon residue,” or total ammonia not present as ions, is nearly constant.

C =1-256 0-633 0-305 0-148 0-0386 0-0190 0-0107 0-0046
C
(—}EIQ'Q‘Z 12-67 12-44 12-13 12-06 11-83 11-53 11:05
K=131 129 12-8 126 13-0 13-2 13-3 136

Table B gives the experimental partial pressures of ammonia and
water-vapour in equilibrium with solutions. The pressures were de-
termined by the dynamic method already described. The total pres-
surcs found as the sums of those of the ammonia and water by the
dynamice (air current) method usually agree within 1 per cent. with the
corresponding pressures found by the static (manometer) method,
although in a few cases there is a discrepancy of 2 to 3 per cent. These
results have also been in a table which gives values at intervals of
2° C. from 0 to 60.2

The partial pressures of ammonia and of water in equilibrium with the
concentrated solutions have been redetermined with the aid of elaborate
apparatus by Neuhausen and Patrick.®? The dynamic method outlined
above was criticised on grounds which were indeed noted by Perman.?

L Perman, Trans. Chem. Soc., 1901, 79, 718; 1903, 83, 1168.

¢ Perman, ibid., 1903, 83, 1174.

8 Neuhausen and Patrick, J. Physical Chein., 1921, 25, 693.

4 1Jig results include more dilute solutions, and also show how much ammonia is actually
evaporated under the conditions stated.




86 NITROGEN.

The static method employed gives accurately the vapour pressure of
the water, which is the minor constituent in the case of these solutions.
The pressure of pure ammonia gas, admitted into one tank from the
reservoir of liquid, was measured against that of a similar tank con-
taining ammonia plus water-vapour on a differential manometer with
an obtuse angle of 157° (i.e. cach limb 11-5° to the horizontal). Water-
vapour was injected into the second tank until the pressure, which -
rises at first (because the volume is constant), reaches a maximum, and
then falls as solution is condensed, carrying with it some of the ammonia
in the dissolved state. The results are given in Table C (¢=20° and
40° C.). Those due to Berthoud ! are given in Table D (¢=0°C.).

TasLE C.

PARTIAL PRESSURES OF AMMONIA AND OF WATER,
DENSITIES AND CONTRACTIONS OF AQUEOUS
AMMONIA.2 |

(p in mm. of mercury.)

Molecular Per- . Per :
Tem}:;ﬁlél:turc, cex?tz(:;e of Ngﬁs. Pymy Prror Density. Cont?rea,léﬁgz.

f 34-886 28 9-4 0-882 707

20 < 43-731 1281 8-3 0-848 737
L 56-923 3277 4-15 0-815 9-65

25011 752 36-5 0-902 G-05

40 36-126 1787 239 0-864 8-22

46-335 3640 17-6 0-828 9-40

51-676 915 1-25 0-84:2 7-50

0 61-206 1409 0-77 0-817 9-21

66-621 1865 0-46 0-795 8-12

The densities of aqueous ammonia solutions at 15° C. are given in the
well-known tables of Lunge and Wiernik,® and have been redetermined
by Price and Hawkins.* A selection of comparative values from both
sets of observations is given in Table D.

Hydrates of Ammonia.—The freezing-point curve for aqueous
solutions of ammonia indicates the existence of two hydrates and three
eutectic mixtures. %78 The following data are due to Rupert; those
in brackets to Smits and Postma :—

1 Berthoud, Helw. Chim. Acta, 1918, 1, 84,

2 The figures “2” in the second column can be converted into grams per cent. “p >’
by the formula 17-03 =

P=1501-6—0-084 =
The contractions in the fifth column (at 0°) are calculated as the differences between the
sum. of the volumes of liquid ammonia and water and the volume of the solution.
3 Lunge and Wiernik, Zeitsch. angew. Chem., 1889, 2, 181.
1 Price and Hawkins, J. Soc. Chem. Ind., 1924, 43, 113T.
5 Baud and Gay, Compt. rend., 1909, 148, 1327.
§ Rupert, J. Amer. Chem. Soc., 1909, 31, 866; 1910, 32, 748.

? Smits and Postma, Proc. K. Akad. Wetensch. Amsterdam, 1909, 12, 186; 1914, 17, 182.
3 Postma, Rec. Trav. chem., 1920, 39, 515. :
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Hydrates . - . : 2N1I,.H,0 NH,.H,0
Moleendar pereentage of N1, .
in the solution . ) 6540 18-59
Freesing-point, " ¢, X —79 (—78-8) —79 (—79)
Kuteetic mivtures
Solid phases - NII; and 2NH,. L0 NIL,. 11,0
2N HL0 0 and NHGIELO and H,0
Moleeular pereentage of o

Ny insolution 0 785 (81-1) 575

* [l

N . / > (58°5) 32 (34°7)
Frecaing-poinl, " Co 0206 («02-5)  —86-5 (~86)  ~—115 (~—100-3)

1 " . E
Phe monohydrate forms small colourless erystals and the hemihydrate

larger transparent needles. Solutions containing about 33 per cent. of
amnonia are very viscous at - 100° C.

Tasre D,

DENSITIES OF AQUEOUS AMMONIA.

gé Perrentage | Pereentagne Percentage | Pereentago
Denity, % of NH,, of NI, Donsity. of NI, of NI,
! fE and 10 L (L, and W) (B, and H.) | (L, and W)
; mrea
-87TH 0 HO0 0-050 12-7-4 12-71
NRO 1 H520 3551 0G0 0-05 9-88
; K B1-KH 3165 970 727 7-29
SRS 11T S B T 2825 980 173 179
13 TURNE B3 T B 24 990 2-31 230
(20 21-85 2170 020 1-81 1-8:
G801 186D 18-G0 040 001 0-91
0y 1 1565 1559 060 045 05

AMMONIA IN NOLUTION IN SOLVENTS OTHER TIHHAN WATER.

The solubilities of ammonin in the lower aliphatie aleohols are
vonniderable,  althongh fower than those in water. Thus wethyl
aleohol dissolves 30 per eent, of anpmonia at. 07 Co The solubilities
(under corvesponduygy conditions of temperature and ammonia pressure)
disinshy with inercasing molecular weight of (he aleohol; in ethyl
aleohol the solubilities are:

Tempernture, * ¢ . 0 20
Solubility in grams of NI,

per litre of aleohol . 1305 75
Density of solution . . 0782 0701

Thest solubilitios are inereased on the addition of water!  Com-
parative solubilities of ammonin in cthyl, isopropyl, and isobutyl
aleolols hauve also been determined at £ 2207 L0 G2

Folhdepine, J. Pharem,, 1802, 5], 25, 404,
¢ Poedints sl Beno, Atle Aee, Toring, 1852, 18, 67,




88 NITROGEN.

Aleohol. Ethyl l Isopropyl. | Isobutyl.

Amm9nia pressure in mm. of mercury | 457 456-6 523-1
Sol_ubllity, as volumes of ammonia gas

dissolved by one volume of alcohol . 709 566 59-1

The following results show a diminution in the heat of solution of
ammonia as the molar weight of the alcohol increases * :—

Alcohol. Methyl. Ethyl.
Range of concentration as percentage
of NH, . . . X . | 0-17 to 9-94 0-30 to 4-23
Heat of solution in calories per mol.
of NH3 . . . . . 818 to 1508 703 to 1230

The ratio in which ammonia is distributed between water and
toluene is 26 at 19-5° C., and decreases with increasing concentration.?

The distribution ratio between water and chloroform ? was redeter-
mined by Moore and Winmill,® who found 24-25 at 25° C. over the range
of conecentrations given in the table. The ratio alters considerably at
higher concentrations according to Bell and Field.* They find 24 in
dilute solution, rising to 10 in very concentrated solution. Since this
ratio is scarcely affected by the presence of ammonium chloride, the
variation cannot be accounted for by a variation in the ionic equilibrium.
It must be referred to the effect of increasing concentration on the

relative proportions of the dissolved and hydrated ammonia molecules
(vide infra, p. 92).

DISTRIBUTION OF AMMONIA BETWEEN
WATER AND CHLOROFORM.5

Concentration of Distribution Ratio
Tem%egat“re’ NH, in Water, C,, | 2t/ Céﬂmf"”m’ Authority.
: as Mols. per Litre. =1,
C,
10-07709 2742 s
18 { 0-11989 9. 44 } Moore and Winnill.
0-154 26-01 |
19-5 0-336 25-67 Dawson and McCrae.?
0-1498 24-43
o5 0-169 24-25
0-1987 2426 ..
0-0999 21-20 Moore and Winmill.
82-35 02420 21-17

1 Timofejew and Brylik, Chem. Zenir., 1905, ii, 431.
2 Dawson and McCrae, Trans. Chem. Soc., 1906, 89, 1666.

% Moore and Winmill, ibid., 1912, 101, ii, 1667. See also Hautzsch and Sebaldt,
Zettsch. physikal. Chem., 1899, 38, 258, ’ .

¢ Bell and Field, J. Amer. Chem. Soc., 1911, 33, 940.
_ % Only the experimental concentrations, C;, of the ammonia in the aqueous layer are
given. From these, the concentrations in the chloroformic layers can be obtained after

division by the ratios %—1
2
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Sinee it s probable thal ammonia dissolves in organic solvents of
the water mumiseible type as simple molecules, the distribution ratio
between such solvents and water should give information as to the
coneentrations of simple moleeules present in aqueous solution.  This
principle has been extensively used, e.g. to determine the hydrolytic
cquilibria of ammonium salts,

Conductivity and Dissociation Constant.--'The weakly alkaline

actions of solutions which contain dissolved ammonia are due to a
s!rghi cleetrolytic dissociation into NIy and OH ions.  The approxi-

mate degrees of dissociation derived from the conduetivitios in the usual
IMANNEE Are

Normality of solution . . 00 (10 1-0
Pereentage dissociation | . 4 1 0-3

The maximum conductivity is attained at o normality of about 3,
at which « o« 10 (see below) - 11 (ab 187 (L) and 13 (at 25° C.), and then
falls to 183 in o 16 times normal solution (at 187 C.) and to 43 in a 13
times normal solution (ato 257 Co). In the tables, the values of the con-
ductivities at 18" Cooarve due 1o Kohlrausel, T those at 259 C. to Gold-
sehmidt,? with the exeeption of the firsst two al the lowest concentra-
tions, which are due to Bredig®

CONDUGCTIVITIES OF AQUEOUS AMMONIA
SOLUTIONS.

Tavre A (ar 187 ()1

Cin mols, per Hire o ] 050 | 00384 1 04407 | 04083 2307 400 | 887 | 1601
a0 1 2451 B -67 N7 R T38| 632 1-03

Tanty 1B (ar 257 ()83

| (RLRISL
Mo IU“

émmms (Hlluii UL O-hnd | (PLIOT | 31480041 {0606 | (-817
741 i A R | TR0 TR L RRAL  G00 T-RE2IRTTE G510

i i Bhd | Lokl PORG | 210 4 2050 | bt | RT200 (7030 9204 | 12-80
IH‘ i{i ol THeay Il G700 ikTe 2ad ki 218 870337010 | 4323

The mobility of the nmuuonium ion, Ly, at zero concentration has
been determined as follows ¢

Temperature, * Coo 14 925 HOARY,
Ly - 64} 70+ 3 8k -0 -
| g7 4 Tl g

The malar conduetivities at zero coneentration, A, that is, the sums
of the onie conduetivities of the ammonium and hydroxyl ion al zero
{the lowest lumiz:xm COHCE uimtmn, are as follows

! }‘&M}ﬂt'mmrh, 1 peed, immh -, IRTY, [hi. 1, HE

P ofaedduechanddt, ZAeitack, anovy, Chep,, 1904, 28, 07,

3 Bveshin, Zedtech, plhoysskad, Chom TR, 13, 2RO,

4 Moore atd Winill, Prans, Chen, Soe,, 1012, 101, i, 1667,
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Temperature, ° C. 18 25
Ay = 2877 270-3

Ammonia is a weak or “half” electrolyte, the ionisation of which

obeys the dilution law. Putting in the values of a=y" derived from

the conductivities into the equations

a?C a2

1—a or (1—a)V
a constant is obtained which is found to hold good for the more dilute
solutions. It must be ecarefully noted that the ° undissociated
ammonia,” 1—a, includes all forms not present as ions. The constant
“ I is therefore an apparent one. It has the greatest practical utility,
as it is available for calculating the alkalinities of ammonia solutions,
as well as the acidities and degrees of hydrolysis of ammonium salts.
The value of the constant of basic dissociation into ammonium and
hydroxyl ions, kg at about 18° C.,is 1-7 to 1-8 x10~%. From the deter-
mination of A and A, at other temperatures the following values of the
constant are obtained :—

Temperature, ° C.= 0 18 25 32-35 50
105k =1-391 1-722 1-80%-2  1-887°% 1-81 1

At higher temperatures the constant diminishes ; thus 1055 is 1-35 at
100° C. and 0-0093 at 306° C.3 '

The apparent constant also holds good, not only for {rec ammonia
and its salts, but also for partly neutralised solutions of ammonia, so
that from it the acidities ““ 2> (or alkalinities) of any given mixture
can be calculated by means of the equation

) k., X concentration of added acid
[H]= : , :
ky X concentration of free ammonia

(ky is the water constant =1 X 10~1% at 238° C.).
The acidities of solutions of ammonium salts may be calculated
from the equation

[H] = B,
kr
when kg=1-8 X 10-5,
At C. (normality) =1-0 0-1 0-01
pu(=—log [H'])=4-62 512 56

These acidities correspond well with the turning-point of methyl red,
and consequently this is a good indicator for the accurate titration of
ammonia.

The converse calculation, that of the lonisation constants from the
hydrolysis of ammonium salts, has been made by Lunden : 4

At C.= 0 18 25 40 GO
105k =1-4 1-77 1-87 1-98 1-9

v Kanolt, J. Amer. Chem. Soc., 1907, 29, 1414.

® Moore and Winmill, T'rans, Chem. Soc., 1912, 101, ii, 1667.

* Noyes, Kato, and Sosman, Zeitsch. physikol. Chem., 1910, 73, 20.
* Lunden, J. Chim. phys., 1907, 5, 574.
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. Thermochemistry and Thermodynamics of Ammonia Solu-
tions.—The total (or integral) heat of solution of ammonia in water as
determined by calorimetric methods is 8:430 Cals. for 1 mol. of ammonia
m 200 mols. of water. The differential heat of solution (1mol. in a
li.l-l‘gC_ quantity of a solution having any given concentration) is also
positive. It may be calculated by the Clapeyron equation from the
anmonia pressures of, e.g., a dilute solution as above at 10° and 80° C.,
and is found to be 8-700 Cals. per mol. at 20°.2 This heat may be divided
mto (a) the latent heat of condensation of ammonia to the liquid form ;
(0) the heat of solution, hydration, ionisation.

(@) The latent heat of condensation to liquid is 5-000 Cals. in round
numbers.®  Irom the vapour pressures, the latent heats at various
temperatures have been caleulated and expressed by the formula

. L=82-968v'183 —t—0-5895(138 —1).4

This gives a molar latent heat of 4-890 Cals. at 15°. The differentiation
ol one formula of Cragoe, Meyers, and Taylor gives 3950 Cals. Then
approximately 8:430--5-000=3-430 Cals. are cvolved in solution, hydra-
}uum, and ionisz_ttio_n when liquid ammonia is dissolved in dilute solution.
I'he heat of jonisation, Q,, is determined from the change in the
dissociation constant with the temperature. Thus the mean valuc of
Q; between 187 and 25° is —1-190 Cals. (Moore and Winmill’s results,
lue. ¢if.), while between 0° and 25° it is —1-675 (Kanolt’s results).
See Lunden.®®  The heat of ionic dissociation is also obtained as the
difference between the heats of neutralisation of («) ammonia, Q,, and
(0) astrong base, Q, with a strong acid; thus Q;=Q; —Q=12-300 —13.800

- 1-500 Cals.  (Qy is 12-300 Cals. in the case of 0-278N ammounia,
according to Thomsen.') From the results of distribution experiments
between water and chloroform, and of conductivity determinations,
the following heats may be deduced -7

NI 3+ 11,0 =NH ,0II--5-450 Cals. (18° to 25° C.);
NIIL, Ol =NII",+OII'—3-630 Cals.

Henee, allowing for the proportions present in the solution, of NI,
NIH,.2I1,0 and ammonium hydroxide (or any other kind of molecule
which is in direct equilibrivun with the ions), it is caleulated that the

U Thomsen, Thermochemistry, transl, by Burke (Longmans, 1908).
* Porman, Trans. Chem. Soc., 1901, 79, 718.
Strombeck, J. Frank, Inst., 1891, 13X ; Dicterici, Zeitsch, Kalteind., 1904, p. 1.

1 Ogbarne and van Dusen, J. Awmer. Chem. Soc., 1918, 40, L.

b Lunden, Ahren's Sammlung, 1009, 14, G5.

¢ Tho apparent heat of dissoclation, (i (caleulated from the apparont constant ke of
amonia), is equal to the sum of the true hoat, Q'3 (caleulated from the true dissociation
constant &), aud the heat of hydration of dissolved ammonia (called NHy).

d log /cl__‘ — Qg

-

NII“()](I.@'NI[.‘“{‘ OI"‘I’ kl(“' “,’:2 df‘ - B
. o ‘ . dlog ky —Q
N H -+ H0===NH 01 Jeo NILy) =4 = =T
. dlog by Qi ) 1 ¢
Ep(u - [NH,]) =2? T {;(L‘; Qi == Qg+ m‘«éz

In which 2 stands for fons, * « ™ for undissociated part.
? Moore and Winmill, loc. ¢it.
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heat of neutralisation in a 0-278N solution at 18° C. is 12-820 Cals.,
agreeing well with the value of Thomsen.

The Molecules present in Aqueous Ammonia.—In the fore-
going account of the solubility, dissociation, and thermochemistry of
ammonia solutions, a judgment as to the kind of molecule which is
produced by the hydration was left in suspense as far as possible. Itis,
however, convenient to use the term Aydrate for that part of the ammonia
which is in direct equilibrium with the gas, and the term hydrovide
for that which is in equilibrium with the ions. The presence of one or
more hydrates which may be more or less dissociated into NH, and 1,0
is probable, and the presence of the ion NH'; in low concentration and
perhaps also hydrated is demonstrated by electrochemical evidence.
But whether an ‘ ammonium hydroxide ” analogous to sodium
hydroxide exists in solution is open to doubt. It has been pointed out
by Caven,® that, according to the present electronic theory of valency,
the ammonium ion is formed by the direct addition of the hydrion of
water to NHj, and that the assumption of a non-ionised intermediate
ammonium hydroxide is unnecessary. On the other hand, Moorc 2
has shown that the distribution ratios between water and chloroform,
taken along with the electrolytic dissociation equilibria, require (that is,
if the law of concentration action is assuined) a considerable proportion
of ammonium hydroxide ; so that the true dissociation constant £’ is
not the same as the apparent constant kp.® The following table gives
the values of the various molecular species calculated from these results.
The constant kg is 1-725 105 (at 18° C.) :—

THE MOLECULES PRESENT IN AQUEOUS AMMONIA.
| (Concentrations in mols. per c.c., X 105.)

W b
nal | NH,2H,0.| NHOH. | NH. | kx10% th‘; :f) :::., )
Temp., °C. o xfy Hydrated | Ammonium | Ammonium IrEydmtmn “lion
Torm, | Ammonia. Hydroxide. Ion. Constant. | o b i
18 11-99 4-92 6-92 0-14s 1-41 204
25 14-98 6-97 7-85 0-164 1-13 311
32-35 9-99 5-31 4-53 0-136 0-85 411

The different views may be reconciled in various ways. The
hydrion may attach itself to the NI, which is already hydrated, giving
the hydrated ion zH,O.NIH',. On this hypothesis, NI[;21l,0 in the
above table may be substituted for NII,OH without affecting the
quantitative relations ; while for NH2H,0 there would be sub-
stituted NH; dissolved as such. It seems probable on the cleetronic
theory that non-ionised NaOH, like non-ionised NaCl, docs not exist,
only the ions being present at all dilutions, because the clectron has
already passed from all the Na on combination. Only a portion of these

1 Caven, J. Soc. Chem. Ind., 1923, 42, 165.

* Moore, T'rans. Chem. Soc., 1907, 91, 1378 ; Moore and Winmill, ibid., 1012, ror, 1667,
3 See p. 91, noto 6.
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+ however, 7.6 those which conduct the current, are dissociated.
he same gense we may suppose that non-ionised NH,OI1 does not
t: the NTL, which has attached a hydrogen ion is a positive ion at
dilutions.  But a part of this is not dissociated, and takes the
‘e ol the older non-cleetrolyte, ammonium hydroxide, in caleulations
Iving ammonium and hydroxyl-ion concentrations.

Drrrerion AND ESTIMATION.

Def:ection ~Moderate quantitics in the air or in solution are
gnised by the smell, by the brown colour imparted to yellow
nerie, by the blue to red or purple litmus, and generally the alkaline
ur Lo indieators of the “weak alkali sensitive ” class, such as Congo
»or methyl orange. The latter, however, are rather too sensitive,
hey change in time when exposed to ordinary air.  The blackening
nercurous nitrate is also a good test.  All these indicators are best
ed in the form of test papers.
Traces of ammonia and its salts in solution are recognised by means
Nessler’s solution (see p. 94).  If sulphides are present, they also
art o dark colour to Nessler’s solution ; but this persists on the
ition of acids, whereas the brown due to ammonia is destroyed
acids.
Estimation.- I'ree ammonia in solution is usually estimated by
ation with standard acid.
Sinee the ammonia is continually being lost in the vapour, the
tions should be diluted and kept in a well-stoppered bottle or
ated atbt onee, or treated with an excess of standard acid.
Ou wecount of the hydrolysis of solutions of ammonium salts, which
refore react acid (see p. 90), the end point of the titration is found
hoan ““acid-insensitive” or “alkali-sensitive ”  indicator such as
hyl orange, or better, methyl red.
The ammonia in ammonium salts may be determined after distilla-
v with alkali and absorption of standard acid. A weighed amount
he salt is dissolved in boiled water treated with exceess of 10 per cent.
led sodium-hydroxide solution and distilled from a {lask provided
h a " spray trap > or “splash bulb.,” Many forms of apparatus
deseribed i the text-books of analytical chemistry. The distillate
akent up, or the evolved gases pass through, a known excess of
idard, usually 0-5N acid, and the excess titrated back with standard
i as deseribed above,
If the ammonia is present as the salt of a volatile acid (e.g. as
bonate), it may be boiled with standard sulpburie acid, and the
ess of this titrated as above.  In the determination of nitrogen in
anie compounds by the Kjeldahl method, the nitrogen is finally
ained as ammonium sulphate dissolved in concentrated sulphurie
. This is distilled with an excess of alkali, ete., in the manner
sady deseribed,  If the quantitics of ammonia are small, they may
condensed  with water and determined by the Nessler method
L. k),
Ammoninm salts may also be estimated quickly, although less aceu-
Ay, by loss.! The salt (e.g. 10 grams) is dissolved in water, treated
h an excess of alkali, and made up to a known volume, ¢.g. of 1 litre.
v Jean, Ann. Chim. anal., 1004, 9, 257.
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A measured volume of this, e.g. 25 c.c., is titrated directly, using methyl
red (a). Another 25 c.c. is diluted, boiled in a flask until the steam ig
free from ammonia, and then titrated (b). The difference between the
titrations (a)—(b) gives the ammonia. A gas volumetric method is
also available, which depends upon the decomposition by sodium hypo-
bromite, with evolution of nitrogen : 1!

2NH ;+38NaOBr=8H,0+38NaBr+N,.

The alkaline hypobromite is run into the solution of ammonium salt in
a nitrometer and the volume of nitrogen measured and corrected to
N.T.P. in the usual manner. Since the decomposition is not quite
complete (owing to the existence of a little ammonium hypobromite) a
blank analysis 1s carried out on a standard solution of ammonium salt,
and a correction factor is thus evaluated.

Ammonia may be estimated gravimetrically after precipitation by
chloroplatinic acid. The precipitate may be dried at 130° and weighed
as (NH,),PtCl, or ignited to platinum.

Ammonia present as salts may be indirectly estimated by Ron-
chese’s method.?2 Formaldehyde converts the ammonia into hexa-
methylene tetramine (hexamine, urotropin), and the liberated acid
1s titrated in the presence of phenolphthalein :

4NH,NO,+6HCHO =CH, N, 4HNO;+6H,0.

Any free acid originally present is first neutralised, the amount of
alkali necessary being determined by a preliminary titration in the
presence of methyl orange or methyl red. IFormalin containing 20 per
cent. of formaldehyde, previously neutralised if necessary to phenol-
phthalein, is added in slight excess. The titration is then carried out
in the usual manner with standard acid. The method is not applicable
to the ammonium salts of weak acids.®

Small quantities of ammonia, free or combined as salts, are estimated
colorimetrically with the aid of Nessler’s solution, potassium mercuric
iodide, K,Hgl,, with an excess of sodium or potassium hydroxide.
The brown precipitate, or brown or yellow colour, is the compound
O —Hg,—NH,—1, which has great colouring power.

The solution to be tested is made alkaline with sodium hydroxide
and carbonate, allowed to stand until any carbonates of calcium mag-
nesium or iron settle, and a.measured portion of the clear solution is
tested with 1 c.c. or more of the Nessler rcagent. If the amounts of
aramonia are small, as usually in waters, 100 or 200 c.c. are treated
with sodium carbonate or a suspension of magnesium carbonate (both
of which must of course be free from ammonia) and distilled from a
flask through a Liebig’s condenser. Successive portions of the dis-
tillate are treated with 2 c.c. of the Nessler reagent, and the yellow or
brown colours are matched against that produced by a very dilute
standard solution of ammonium chloride. The well-known eylindrical
Nessler glasses of colourless glass, holding 50 or 100 c.c., are used for the
comparison. 0-01 mgm. of ammonia can casily be determined by this
mcthod.

! Knop, Centralblatt, 1860, p. 243 ; Wagner, Zeitsch. anal. Chem., 1876, 15, 250.

* Ronchese, J. Pharm. Chim., 1907, (vi), 25, 611.

3 Wilkie, J. Soc. Chem. Ind., 1910, 29, 6. See also Gaillot, Ann. Chim. anal., 1913,
18, 15.
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Tor Reacrion Nyof 311L,z-22NI1I,.

As already mentioned, the passage of elecetrie sparks, which effeets
an almost. complete decomposition of preformed ammonia, also causes
the gases to combine to a small, but definite, extent.  The same is true
of catalytic agents, such as linely divided iron, which aceclerate not
only the decompaosition, but also the formation of ammonia and lead to
a true cquilibrivm.  This equilibrivnm may be set up at ordinary tem-
peratures in the presence of platinum black or colloidal noble metals,
when the mixture of gases is passed through acidulated water at 907 .,
containing these eatalysts. Or hydrogen may  bhe passed  through
solutions [rom which nitrogen is being evolved.!

It has long been known that nitrogen and hydrogen will combine in
the presence of suttable catalysts, and it was suggeested by Clark in
1874, that ammonia might be made by ]m‘;sinﬂ' them over chromium,
manganese, ivon, ot cobalt.  The systematie investigation of the equili-
1;1*1um proportions of ammonia formed by relatively low temperature

catalysis was taken up by Haber 2 Perman,® 4 and their co-workers (rom
1‘.}() konwards.

The allinity ® of the formation of ammonia from its clements is
positive.  The reversible potential between platinam eleetrodes tra-
versed by nitrogen and hydrogen respectively, which are immersed in
a solution of ammonium nitrate and ammonia, is about 0-6 volts.* The
decomposition potentind of 25 per cent. aqueous amimonia is 1063
volts.”  "These results indieate that the equilibritm amounts of ammonia
which should be formed under veversible conditions at ordinary tem-
peratures should he high,

Heat of Formation. Ammonin is an exothernnie compound, and
the heal of Tormation under varions conditions has bheen carefully deter-
mined, hoth dircetly and also from the alteration of the equilibrium
conustands, with the temperature,

The heat of formation, as determined thermochemiceally for ordinary
temperatures, is given as follows

N, Poll, 2N, |22 1LE00 ealories,®
2= 12,200 ealories.?

The heat of formation fronyits clements at various temperntures has
heen obtained by the catalytio decomposition of ammonia in a ealoris
meter. ! The heal absorbed was just compensated by electeieally heating
the eatalyst so that the temperature remained constant. The electrical
energy supplicd per second is equal to the heat of formation of that
amount of anponia which is decomposed per second, viz,

", 0 GG B3 554 659
Heat of formation, O 10,850 12,670 14,700 12,000 13,150
U dewgtheling Eompl, vend,, PG, 162, D14,

Y Hadwe and van Goedt, Zeitsel, unorg, Chem,, VY, 44, 34
oPerman, Proe. Royo Noe,, VM, 76, AL 167,

* Perman nind Atkinson, u‘m!,, LKL, 74, TH)

* The afiinity i this cnse b the s sign as the hent of formation,
S Baur, Zreitech, anorg, Chen,, 1102, 26, 305,

P Fmeeel, hid,, LR, 32, 410,

8P luwnsen, Thermochemdstryg, transt, by Burke {Longmans, 1O08),

* Bertheld and Mattenon, dan, Chim, Phys, 1880, [5], 20, 2353,

10

Haber, Tamary, ad Oholm, Zeitsed, Blebtrochem,, 1915, 21, 191,
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Omitting the third value, which is discordant, the heat can be expresged
as a function of the temperature by the equation

Q10,950 4- 4542 —0-001822£* calorices,
or

Q==9,575--5-535T --0-001822T* calories,

10,950 and 9,575 calories being the heats of formation al zero centigrade
and zero on the absolute scale respectively.
Another equation proposed is :

Q=9,465-+5-819T —0-001261T2 1 0-0447 1T ealories.!

The variation in the heat of the formation with the tempernture is
also given by the Kirchhoff Law,

Qf.“’"Q(} W }:‘ncta

in which 2nC refers to the molar heats ol the reacting grases (;m‘sit.iw)
and resulting gases (negative), each multiplicd by the number of mole-
cules participating in the reaction.

The values of C, the molar heats, are :

Nitrogen . . . 6-58--0-00053L.
Hydrogen . . . 6-8-0-0003L. | .
Ammonia . . . 8:62--0-001752-1 17 w10 %3,

In the formation of 1 mol. of ammonia,
$H, 43N, == NII,.
ZnC=4-87—0-001085{—1-7 X 1093,

Hence

and
Q=10,9504-4-87t—0-00108512 —1-7 X 10~%5 ealories,

The values of Q, calculated from this, agree fairly well with those found
by thermochemical methods.

The variation in the constants of the reaction, viz.,

(NH,) . Pnu
— O a d I& s i o e VL s
(H )} (N,)3 o Poput Xyt
ind, of course, also of the affinity of the reaction
A=RTlog K,,

nay be obtained as a function of the heat of react
)y integration of the van *t Hoff isochore :
d log K, —Q,
dt ~— RT?
ince +Q,, the heat of the reaction at con

he constant K must diminish with risin
he integrated form :

K,=

ion and specific heats,

stant volume, is positive,
g temperature, as is seen by

! Shilling, T'rans. Faraday Soc., 1926, (vi), 22, 386,
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. . Q1 1
log X, -log K, - nli(-"‘l‘;‘w*l‘;)'

Since the right-hand side of the equation is negalive (1, is greater than
1), there is less ammonia in the equilibrium mixture at the higher
temperature,  Actually the values of K determined at cach temperature
are those al conslant pressure K, and

log K, log I | Xnlog RT.
The Q values observed are also those at constant pressure, and
Q, Q.1 Xnlog RT.
() is o function of the temperature (as shown above), and ils tempera-
ture coellicients must be ineluded i the integration, giving the equation
2005

logr o K, T 2788 Elogy o T 1 0:0003086T | constanl. . (1)

The integration constant may he evaluated by a determination of
the equilibrium at one temperature, or approximately by means of the
Nerust heat theorem. By the Girst method the constant s 2-6253,
(I, 0000273 at £ 8807 ()

Another equation, used hy Iaber, is

2088 . , I
logryg Ky 70 23088 oo T 0-0001006T | 04156 10 P2 20 (2)
A shortened form of this cquation,
. UNNH
fogy g K o " G183t ) . . (8)

is sufliciently anecurate for many purposes.*

By the use of the equations representing the most probable speeifie
heat. of ammonia ot ecach temperature (see po 06), and also those repre-
senting the variation of the cquilibrinm constant. with the temperature
(see nhove), another equation has been obtained, viz,

.
“(,);,’“ 20728 Jog T H 02756 | 00,5187 | 8:1400 . (1)
which gives resulls in good agrecment with those of Table A,

The Eguilibrium Constants at Different Temperatures. - The
following tables econtain the most important of the experimentally
determined values of K, which are compared with those ealeulated by
cqualions (1) awd (2).

log K,

Vlhese formula indieate that the et reaches o maxinoon ab o cortain tomperaturms
nned then diminishes, beeoanmy vore nt very high temperatures and then negative,  The
equilibeint pereentage of smmoni shoubd st this point bepin to el agadn, and the posi.
bility is thux given that soseonie o feomed ot high temperatures, Inosupport of this
doeduction there g the fact that smmonin ean b synthesimed by the spark dischargo
[Inson, Proe, Mosch, L, Phel, Soe, TSR, THL 1, 1) Alse the apectrum of ammonia
contning o sevlen o Boea i the altravwdet eorresponding. with o genap o the solar
apecirum Powher and Caegoay, PAid, Truns, 101D, [AL 208, 3010

¢ Partington wnd Shillowg, The Speeifie Heati of Cases [ Benn, 192401 Shilling, Trans,
Fearaday Soe | VNG, v, 2, 3,

VOL, vIL 1, 7
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CONSTANTS OF THE NITROGEN, HYDROGEN,
AMMONIA, EQUILIBRIUM.
TABLE A.
Ezperimental and Calculated Values of 10°K,, at Total Pressure
of 1 Atmosphere.
104K . 104K .
Temperature, Hab d Hab a Caleulated by | Caleulated by
°C. lé Ra(.) nggilél.) (M:sgli‘kaf) Equation (2). Equation (1),
600 .. 13-8 15-2 14-9
700 6-85 6-57 6-84 6-83
750 4-68 4-98 4-88
800 3-34 - 3-62 3-59
850 2-86 2-71 273 2-71
930 1-89 .. 1-84 1-81
1000 1-48 1-39 1-40 . 1-32
1100 .o 0-93 0-93 0-89
0

14:0

12:0

10-0

80 \

6-0 \

40 '

2-0

10%K, o)
0 .
500 600 700 800 900 1000 7700
o _

F16. 12.—Variation in the equilibrium constant of the N,, Hy, NH,, reaction with

temperature,

Total pressure =1 atm.
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In Tulr&v B the temperatures are those corresponding to the stated
valies of K, the total pressure heing 1 atmosphere and the composition
of the gas 811, 1 N,

Tanue B.
Peveentages of bmmonia Formed.

10K, 200 100 50 B0 30 20 10 3
of NI, 0T 032 0L 0LD 008 0:06 0 0032 0:029

1038, 8 7 6 3 1 3 9 1
on Nily  0-025 0023 0:019 0016 0:015 00006 0:0065  0-0036

Tanne .

Palues of VoMK, af ¢ Totul Pressure of 80 Mtmospheres (Measurements
of Haber and le Rossignal, Haber, Tamaru, and Pommaz) (loe, eil.,
infra).

10, 561 %20 UGS TO0 TUL 710 Tug 01 819
T3, 213 126 114 -5 HETY God HeNe 3500 3438

e, 801 014 ()5 a7y
104, 2403 198 168 N

The value of the constant should he independent of the tolal pres-
sures if these nre not so higrh that the purticipating gases depart widely
from the gas lvws,  Aetually there 60 fair nereement between Tables
Coand A, These cquilibria were attained i the presence of dron,
manganese, mekel, or chroman,

The enleulited vields coreesponding to various pressures and teme-
peralures are summarised,

Tanse I
Calewlated Peveentage of N, weder carious Tew peratures und
Pressures.

Perventaue of NH
Temprerature,

" |
;' ISR E13 ; a0 A, 1 g A, i At
| 200 B 67 4 O HO 58
g 300 SoH __ HEH P TR
| OO 044 T S S B
506 i 01224 : HEE 104 17-6
GO0 : Ot 44 i 148 i 447 He2h
TO4 5 D-02ey IUHH 214 41

b

1
|
ROU 0117 (0-145 <15 g 22k
G0 ' sy {141 0-48 ‘ 184
1O : fhdMb b 13 O bk l 0-87
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Fie. 13,—Equilibrium per cent, NH; in N,+3H, at different pressures.
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The Experimental Determinations of the Ammonia Equili-
brium.,—Many determinations at atmospheric pressure were carried




AMMONIA, NH,. 101

out by Haber and co-workers.»»2 3456 The mixture of nitrogen and
hydrogen was prepared (in one series) by the combustion of air with the
theoretical amount of electrolytic hydrogen. This was passed through
one of a pair of tubes, each containing a catalyst plug, laid side by side
m an electric furnace which maintained a constant temperature over a
length of about 6 em. The proportion of ammonia formed was estimated
by absorption in standard acid. In order to approach the equilibrium
from the ammonia side, a percentage, say 0-28, which was greater than
the equilibrium percentage of ammonia, was added to the mixture,
which was passed back through the other tube. When higher pressures
were employed the mixture of gases was contained in a cylinder under
a pressure of 100 atmospheres. From this, the pressure was reduced
to the standard.

Catalyst bombs have been designed for experimental work of this
character as well as for continuous production of ammonia. They are
constructed of special materials, as, for example, tungsten steel lined
with electrolytic iron, since they have to withstand not only very high
pressures but also the corrosive action which ammonia has on some
commmercial irons (see also p. 105).
~ Equilibria at High Pressures.—Since ammonia is formed from
1ts constituent elements with contraction, it follows from the law of
mobile equilibrium that an increase in the total pressure should increase
the proportion of ammonia formed at each temperature. This result also
follows from the assumption of an equilibrium constant. If the expression

pzNH,,
PP, X P,
or what comes to the same thing, its square root, K,, as stated above,
i1s to remain constant when the pressure is increased, then py; must
increasc at the expense of p, and py. This relation is shown by
Table D, which is based on the constancy of K,. As this increase is
advantageous, the values of the constants at high pressures have been
investigated experimentally and the relation has been verified.? 8

A mixture of nitrogen and hydrogen was made by burning electro-
lytic hydrogen and air in the calculated proportions. The gas at 100
atmospheres was purified by a copper deoxidiser with nickel catalyst,
and also by passing through soda lime, granular aluminium oxide, and
fused potash, and finally through an ammonia catalyst at 500° C. The
simall amount of ammonia formed carried down with it traces of CO,
and H,0. From the observed percentages of ammonia (Table L) it
was cstimated that the equilibrium constant,

. Pyo,
ot i’
Py, X P,
varies with the pressure at a single temperature.”®? This result is

Haber and van Oordt, Zeitsch. anorg. Chein., 1905, 44, 341.
Haber and le Rossignol, Ber., 1907, 30, 2144.

Haber and le Rossignol, Zeitsch. Elekirochem., 1813, 19, 53.
Haber and le Rossignol, ¢bid., 1915, 21, 241.

Haber and Maschke, #bid., 1915, 21, 128.

Haber, Tamaru, and Pommaz, 1bid., 1915, 21, 89.

7 Larson, J. Amer. Chemn. Soc., 1924, 46, 367.

¢ Larson and Dodge, ibid., 1923, 45, 2918.

Moldenhauer, Chem., Zeit., 1924, 48, 233.

K,

=

L4 M

=
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not necessarily in disagreement with the law of mass, or concentration,
action. For itis known that all gases at high pressures deviate markedly
from the gas laws, and it is probable that the active masses calculated
from the concentrations present are not identical with the real activities
of the gases even at such high temperatures as 500° C.

TasLe E.

Equilibrium Constants under High Pressures.

300 Atm, 600 Atm, 1000 Atm.
Temperature,
. I’er cent. Y Per cent. - Per cent,
K. NH,. K. NH,. K. NH,.
450 0-00884 35-5 0-01294 53'6 0-02328 69:4
475 0-00674 31-0 0-00895 475 0-01493 635
500 (-00498 26-2 0-00651 42-1

Ilence it is necessary to split up the general equations which give IS,
as a function of the temperature into series, each characteristic of certain

ranges of pressure. Thus:
log I{mm%—{—ﬁ log T -+~1'+8T2+c.
»in Atm. u. f. 9 X 104, 0 X 107, e
300 +2074-8 | —2-4943 | — 1-256 1-8564 2-206
600 ., ., —10-856 ., 3-059
1000 " ’ —26-:833 " 4-473

From these results the percentages of ammonia formed at 500° C.
and at different pressures have been calculated. These are as follows :—

P in atm. == 10 30 50 100 300 600 1000
NII, per cent.=1-21 849 5-56 1061 2644 4215  57-47

The Effect of Velocity upon Yield.—In the investigation of the
time factor, a type of apparatus was used which allows the mixture of
gases to be circulated at different rates, with continuous refrigeration
of the product in order to separate the ammonia formed. This appa-
ratus is similar to that employed in the large scale synthesis of ammonia.
Uranium carbide was used as a catalyst,” 2 and, in the experiments of
Maxted, iron potash.® Although of course the maximum yield is that
which corresponds to equilibrium, yet it 1s not desirable in practice to

I Haber and le Rossignol, Zeitsch. Blektrochem., 1913, 19, 63.

2 Haber and Greenwood, 1bid., 1915, 21, 241.
3 Maxted, J. Soc. Chem. Ind., 1918, 37, 232.
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allow sufficient time for the equilibrium to be nearly attained, but
rather to pass the gases at such a rate that the space-time-yield (S.T.Y.)
1s a maximum. The 8.T.Y. is defined as the yield of ammonia expressed
AN grams’ per hour and per c.c. of catalyst space. The space-velocity
(5.V.} is the rate of flow in litres per hour at room temperature and
atmospheric pressure, per litre of catalyst space. In one series of
experiments at 515° C, and p=49-6 atmospheres pressure, the following
results were obtained :—

Time of contact (secs.)=86-0 26-4 10-1 4-3

S.V.X103== 76 247 64-8 150-6

NH; per cent.= 3:93 3-88 277 2-0
ST.Y.= 021 0-6 1-28 2:12

Thus, 1 spite of the lower percentage of ammonia formed, the space-
time-yield is increased by a moderate increase in the velocity of the
current of gases.

The Effect of Velocity.—An increase of pressure increases both the
equilibrium percentage and the reaction velocity. Thus at a pressure
of 113-6 atmospheres and a space-velocity of 28-5, the percentage of
ammonia 1s 6-42 and the S.T.Y. is 1-8, which is considerably higher than
the comparable second S.T.Y. in the table. In these experiments about
50 per cent. of the total possible percentage of ammonia was formed
by a contact of one to two seconds.

~The Catalysts.—Among the catalysts which induce a sufficient
velocity at about 500° C. (or even below this temperature) are osmiun,
uranium, uranium carbide, iron, and metals of the iron group, or those
similar to iron in their physical properties.

Osmiwm was used in the early experiments of Haber and le Rossignol.
It may be in the form of grains, or asbestos may be soaked in an osmium
salt, which is then reduced to the finely divided metal. Itis too expensive
for technical use.

Uranium.—The commercial metal may be broken into small picces,
or it may be prepared by the reduction of green uranium oxide with
sugar charcoal. These catalysts are easily oxidised by traces of air
or water-vapour. Hence they are unsuitable for continuous use. The
same may be said of sodamide, which was used in some early experi-
- ments, including those in connection with the American plant at Muscle
Shoals. Uranium may also be used in the form of the carbide, which
is prepared in the electrie furnace from the oxide and carbon. .

Cerium.—The oxide is reduced with magnesium in an atmosphere
of hydrogen. . :

Tungsten.—The commercial metal is heated in chlorine, and the
chloride is reduced by gaseous ammonia. .

Manganese in a state of fine division may be prepared from the
amalgam. The high initial activity of this catalyst soon falls to a lower
constant value.

Moagnesium and Beryllium Cyanamides may be made by heating the
carbonates to 500° C. in ammonia. They are improved by an admixture
of iron.

Iron.—This is the catalyst which has been most widely adopted, either
alone, or with another metal of the iron group, or with Cr, Mo, W, or
with promoters (vide infra). Iron may be prepared in a very active
form by oxidation in a furnace heated with oxyhydrogen flames. The
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oxide is broken up and reduced by hydrogen or ammonia at 500°
600° C. It can be freed from catalyst poisons by alternate oxidati
and reduction. Iron with molybdenum has been largely used by t
ische Company. ' .
Bad&\sﬂl use of]?‘ pgomoters >* with the iron has been found advantageo
These are oxides of the alkaline earth or rare earth metals, alumi
silica, and potassium aluminate. The yield _is n'll:l(Z.h improved if t
promoters are present, of which one is a basic oxide, such as those

G &

Freezing
Mixture

|

Fr¢. 14.~Cyele of operations in the synthesis of ammonia (Haber and Ie Rossigno.

potassium and cacsium, and the other a more acidic oxide, such as th
of alumina or zirconia. Thus it was found that iron with alumina al
gave a yield of 8 per cent., with potassium oxide alone 5 per cent.,
with both together 14 per cent. of ammonia. The manufacture of s
a catalyst proceeds in two stages. In the first, iron oxide is fu
between water-cooled iron electrodes on a hearth of the oxide. '
fused material is mixed with the promoters and reduced in a cum
of hydrogen.

Some of the modern catalysts are so effcctive that they allo
sufficient velocity of combination at temperatures slightly above 300

Catalyst Bombs.—The simplified sketch of the apparatus used
Haber and le Rossignol will give a general idea of the manner in wi
the combination is effected. The mixture N,--3H, enters at A, is d
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by the soda-lime tube B, and passes over the outside of a bundle of
steel capillary tubes Co 1t is thus heated up to 400°-500° C. by the
reacted pases which are {lowing inside from the contact mass D, and
have a temperature of 500% to 600° ¢, The entering gases are further
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Fig, 13 Haber bomby e 16, Chaide Donshry T 17, Cannle bomb,
hented to GO0 10007 O, by the cleetrivally heated eoil 1, then pass
throngh the entalyst D, the eapillary tuhes O, the conneeting tube G,
to the puoup Py i which they are compressed to 200 atmospheres, annd
then pass Chrough the inside of the small bore metal tubes 11, whiel
are cooled outside by the gas eseaping from the liquid ammonia. The
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ammonia in the reacted gases then liquefies in the vessel I, the outside
of which is kept at —60° to —70° C. by a freezing mixture. The un-
combined nitrogen and hydrogen are circulated as before.

The Haber-Bosch bomb as used at Oppau consists of two forgings
of tungsten steel held together by bolts (centre of fig. 15). The
flanged ends are closed by covers, top and bottom. The over-all
dimensions of this bomb are: length 42 ft. 8 in., largest diameter
5ft. 5 in., and the weight is 743 tons. It is lined with electrolytic iron ;
inside this is refractory material, and inside this another lining. The
internal space, of diameter 2 ft. 7% in., is occupied by the catalyst. An
electrical resistance heater raises the temperature initially to 600° C.,
and then this temperature is largely maintained by the heat of the reac-
tion, conserved by good heat insulation. There is a heat interchanger
to reduce the temperature of the issuing gases so that the ammonia at
200 atmospheres can be absorbed in water, giving a 20 per cent. solution.
The production is 20 tons of ammonia per day.

In the Claude bomb (fig. 16) the gases are heated by passing
from A round the contact mass, then through this and out at C. The
tubes M and T are made of nickel-chromium alloy. Each bomb weighs
15 cwt., and twenty-four of these, weighing 18 tons, are required to
make 20 tons of ammonia per day. The reacted gas passes through a
coil cooled externally by water, and all the ammonia, except 2 or 8 per
cent., is liquefied at the enormous pressure, 900 atmospheres. Fig. 17,
the Casale bomb,? illustrates some details of heat exchange. The
tube 4, with flanged ends 18, is separated from its thin lining 6 by a
heat insulator 8. The flanges are closed by plates, of which the lower
carries the electrical resistance heater 7 and its electrical connections
11, and the upper the inflow and outflow tubes. The mixture of gases
enters the annular space between the thin inner tube 1 and the thick outer
tube 17, thus being heated by the reacted mixture which is passing out
through 1. The entering gases pass through 9, 10, and 2 to the electrical
heater 7, and thence through the perforated plates 18, the catalyst
material, the holes 8, and the passages 16 and 15, and out through 1.

! Casale and Leprestre, English Palent, 176144 (1920).



CHAPTER V.
HYDROXYLAMINE.

Historical Methods of Preparation. -Ilydroxylamine hydroehloride
was discovered in 1865 by Lossen.t This salt was prepared by passing
nitrie oxide into a solution of hydrochlorie acid which was acting on
tin with evolution of hydrogen :

2NO | 6112 NHLOLLL

Later the salts were prepared in the solid stdate, and su hsequently
the free base was isolated by healing the addition compound with zinc
chloride, ZnCl, . 2NH O or ]uttu‘ by adding sodium methoxide to
lwdm\vldmmv dernchlm'nlo in mc'thyl aleohol, and distilling ofl {irst
the aleohol and then the hydroxylamine at reduced pressure :

NILOTLICL | CHLONa Nadt § CHLOTL |- NITLOTES

The preparations of hydroxylamine generally depend diveetly or
indirectly upon the reduction of more oxidised compounds.

The reduetion of nitrie oxide can also be effeeted by hydrogen in
plgxlmum sponge over 1007 Cotas well as by naseent hydmtr(n (vide
stepra)™®  Nilrie acid, mtt'xlvs. aned nitrie esters can also be reduced
to hydroxylamine by nascenl hydreogen formed during the solution of
Mg, 7Zn, cte, in acids, and by the action of waler on sodium
amalgam,? % 10 g6 also by sulphites, sulphides, and kathodie hydrogen
(see p. 18+4). The re «uction of nitrites by llw same reagenls gives a
most servieeable method of preparing the salls (vide m/m) Another
method depends upon the reduction of nitro~compounds, suel as nitro-
methane and nitroform, f 1513

The Reduetion of Nitrites by Sulphites. - Crystalline salts formed by
the interaction of nitrates and sulphites were prepared and anadysed by
Fremy, ! These were later shown to be alkali salts of sulphonie acid
derivatives. ™ 1637 The direcet addition of sulphurous to nitrous acid

Lasamons, Zeitach, Chemn,, 1865, (2], 1, Db,

Crisier, Ball, Sve, ebdm,, 1800, 18], 3, 110 1801, 6, 4.
de Bruyn, Hee, 18804, 27, 1867,

Jowve, Compt, rend,, 18O4, 128, 430,

Ludwig and Hein, Ber,, 1864, 2, 671,

Divers nnd Hagw, rana, Chen, Soe,, 18435, 47, G213,
Lasseny, Zedtaeh, Chems,, 186D, [2], 1, d5L

KoDvern md Hagn, Chem, Newws, TREG, 54, 271,

" Mawmend, Compt, rewd,, 1870, 70, D,

B Danath, Ser, Wien, Akad., 1877, 78, ii, H80G,

Y Ppeihisel, S prald, (‘!n'm, 1874, [ 1], 8, 304,

3 Meyer and Locher, Ber,, 1875, 8, 310,

1 Preherninks, dhid,, 1RG5, 8. 4,

Wolremy, Jdnnalen, 1845, 56, 315,

U Chuus, shid., LKO9, 152, 330, 351 ; 1871, 188, 62, HH,
18 Pagehig, Her,, 1BH7, 20, G54,

Y5 Dsivery and Haga, Trana. Chene Soe, 1900, 77, 432,
107
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could give dihydroxylamine sulphonic acid, (HO),N.SOH, or its
anhydride nitroso-sulphonic acid, ON.SO,H.*  Actually, when nitrous
acid is added to an acid sulphite, or sulphurous acid is added to a nitrite,
hydroxylamine disulphonic acid is produced :

HO.NO-+2H,80, =HO.N(SO,H),+H,0.

The acid is unstable, but the potassium or sodium salts may be crystal-
lised from the solutions obtained by the interaction of potassium
nitrite and metabisulphite at 0° C.:

9KNO, -+ 3K,8,0 -+ H,0 =2HO.N(SO,K),+2K,80,.2 2

The solution, at first neutral, becomes alkaline, and the potassium salt
crystallises in rhombic prisms. On acid hydrolysis this gives a salt of
hydroxylamine :

HO.N(SO,H),+2H,0=HO.NH,.H,S0,+H,S0,.3

A concentrated solution of sodium nitrite (2 mols.) is mixed with one
of Na,CO, (1 mol.), and sulphur dioxide is passed into the mixture
until it is slightly acid. The solution containing HO.N(SO;Na), is
warmed with a little sulphuric acid in order to effect the hydrolysis,
which is completed over 90° C. The resulting solution is neutralised
with sodium carbonate, evaporated to small volume, when sodium
sulphate (the decahydrate) crystallises. ¥rom the mother-liquor a
hydroxylamine sulphate crystallises on cooling. Further details about
the hydroxylamine-sulphonic acids are given on p. 118,

Electrolytic Preparation.—Nitric acid may be reduced to hydroxyl-
amine at a kathode of mercury or amalgamated lead in strongly acid
solution, containing say 50 per cent. sulphuric acid and 25 per cent.
hydrochloric acid. The nitric acid (50 per cent.) is run slowly into this
cooled solution. The yield is over 80 per cent.* -

Preparation of the Free Base.—The basc may be prepared in
methyl-aleoholic solution as described above. Sodium cthoxide and a
solution of ethyl alecohol may also be used, the yield being over 40 per
cent.®> By using an alcohol of higher molecular weight the yield is
increased. Thus the fraction distilled from commercial butyl alcohol
at 115-5° to 117-5° C. is converted into sodium butylate. This is added
to hydroxylamine hydrochloride in more of the butyl-alcohol fraction,
using phenolphthalein as an indicator. The sodium chloride is filtered
off and the filtrate cooled to 0° C., when hydroxylamine erystallises in
large white flakes. It may be purified by distillation under reduced
pressure. 'The base may also be prepared by distillation of the tribasic
phosphate, (NH;0),PO,, in a vacuum. The yield is about 40 per cent.®

Properties of the Base.—Hydroxylamine is a colourless solid,
crystallising in leaves or needles and having a density at 0° C. of 1-2255
(Bruhl). It melts at 32° to 83° C. and boils at 56° to 58° C. under 22 mm.

! The crystalline compound, which is precipitated on cooling a hot solution of potassium
hydroxylamine sulphonate in 22 per cent. KNO, solution, was regarded by Raschig as o
derivative of (HO),N.SOH, but it is more probably a potassium nitrite hydroxylamine
digsulphonate, KNO,. HO.N(80,K), (Divers and Haga, Trans. Chem. Soc., 1900, 77, 432).

* Divers and Haga, tbid.

% Divers and Haga, ibid., 1894, 65, 523.

1 Tafel, Zeitsch. anorg. Chem., 1902, 31, 289.

® Lecher and Hofmann, Ber., 1922, 55, 912.

¢ Uhlenhuth, Annalen, 1900, 311, 117.
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pressure.  The density of the vapour under these conditions shows a
normal molar weight. 2 The refractive indices for several wave-lengths
have been dete rmmcd for the sodium Imc, noo 8007, The molocular
refraction for the sodium line is 7-228.2

Pure hydroxylamine is de hqlu scent in air, very soluble i water and
in methyl and ¢ihyi aleohols, but scarcely dissolves in typical organie
solvents such as cther and ehloroform. It may be reerystallised,
however, from boiling cthere The solid is very unstable and l)(!;};lllb
to decompose slowly even al ordinary temperatures, explosively over
100 ¢4 I also d CeOmMpoOses in sulutmn, especially in the presence
of alkali.  The produets are NI, N, and, to a smaller extent, N,O.

SNHLO NI, | N, 311,00 . , . (1)
ANTLOH  2NTE; 1 NLO-1-311,0 : ()

If more combined oxygen is present, as in the nitrate and nitrite, the
annmonia is completely n\ulmt and the produets are nitrie and nitrous
oxides and waler. A comparison of these with the decomposition
products of ammoniom pitrate and nitrite shows elearly that hydroxyl-
amine is oxXyamuonin:

NILOILHNO, 211,0 | 2NO,
NILOILIINO, 21150 | N0,

Properties and Reactions of Hydroxylamine Salts. -Decoin-
positivn of Salts by Heal. "The hydrochloride decomposes in o somewhat
siiutlar manner af about 1507 Co 1o the presenee of alkali only o little
nitrous oxide is formed, in aceordancee with cquation (1) above.  In
the presence of acids the reaction is displaced in the direcetion of
cquation (2),  The change may oceur through intermediate compounds :
first  fwo  molecules of ll\(ll"()\\l amine  give  hydroxyhydrazine,
HOJIN.NH,; this is converted into the diamide of nitrous acid,
HON(NUL ), which is hydrolysed to mmmonia and nitrous aeid 5 the
[atter renets with more h\clm\vimnuw to give nitrous oxide.  In the
presence of hydrazine hydroe hioride, ll\(lt‘n\\,]mlllll(‘ hydrochloride de-
composes at ahout 150" . The }n'mlm s arc nitrogen and ammaonivm
chloride:

-

»

ONTLLOI | NHLTICL 2NITLCL | N, | 211,0.8

Reactions of Hydrorylamine Salts.  Hydroxylamine and its salts are
powerful reeliieing agerds, the produets being oxides of  nitrogen,
nitrogen, or mtrmxu. acid, aecording to cireumstanees. At the same
Lime il is eapable of neting as an muimnfr peent, espeeially in alkaline
solution, when it is all present as free hase.  The product. of Lthe reaction
is then ammonia,

;\tmmp!wriv oxygen, especially in the presence of alkali, oxidises it
rapicly to oxides of nitrogen,  Strong oxidising agents, such as chlorine,
potassiung permanganate, cote, may canse inflammation.  Salls of
mercury, silver, gold, and plulmmn are reduced with precipitation

Uil Brosn, Ko Trar, chim, 1891, 10, 1003 1802, 11, 14,
© Bruhd, Hep, 18U3, 26, 2008 ;0 18O, 27, 18347,

Y Vanatir, Zeddseb, physilal, Chem,, V903, 400470,

P oBerthelot, Compt, rend,, Y878, 83, 173,

Berthelot nud Amded, dbid,, 1800, 110, H.Hi

Hofmann nud Kroll, Her,, 1924, 57, [ B,
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110 NITROGEN.

of the metal. Cupric salts are reduced to cuprous oxide in alkaline
solution :

4CuSO, +-2NH ,0H +8NaOH =2Cu,0+N,0+4Na,80,+7H,0.

This affords a delicate qualitative test, and also a method of esti-
mating hydroxylamine by means of Fehling’s solution.? As a qualitative
test it is sensitive to 1 in 100,000 parts of solution. Ferrous iron in
alkaline solution is oxidised to the ferric state.? Thus :

NH,0H+2Fe(OH),+H,0 =2Fe(OH ), NH.

In weakly acid solution ferric chloride is reduced, giving ferrous
chloride and nitrous oxide. When boiled with ferric chloride and a
moderate amount of acid it is oxidised quantitatively to N,O. The
. titration of the ferrous salt with permanganate allows a quantitative
determination of the hydroxylamine,

2NH,0H+0,=8H,0-44N,0.% 4
If there is only a small excess of ferric salt the oxidation leads to NO :
9NH,0H L 30 =3H,0+42NO.

In concentrated solutions of sulphuric or phosphoric acids it reacts
with ferrous sulphate, giving ferric and ammonium sulphates.® It may
also be directly oxidised by means of potassium permanganate.®

Thermochemistry.—The heat of formation of hydroxylamine
from its elements is positive and about twice as great as that of
ammonia. The value deduced from the heat of combustion of hydroxyl-
amine nitrate is 28,700 cals. per mol.” That deduced from the heat of
reduction of the hydrochloride by silver nitrate is 24,290 cals.?

The heat of neutralisation with strong acids, e.g. HCl, in dilute
solution is much less—9260 cals.—than that of ammonia~-12,300 cals.
This 1s connected with the fact that hydroxylamine is a weaker base than
ammonia (vide infra). The solution only reacts slightly alkaline.

The heat of formation of the hydrochloride, NH,OH.HCI, from its
elements is 75,500 cals.® or 76,510 cals.,® about the same as that of
solid ammonium chloride. The greater heat of formation of the free
base is almost exactly compensated by the smaller heat of combination
with hydrochloric acid.

Detection and Estimation.—In addition to the qualitative tests
already mentioned, the following have been described. Sodium nitro-
prusside gives a magenta colour with a neutralised solution.’® When
treated with yellow ammonium sulphide and ammonia it gives an
evanescent purple colour. The appearance of this is accelerated by
~ the addition of one or two drops of N/10 manganous sulphate. This
test will show 0-00005 per cent. of hydroxylamine.l’ Another test

I Jones and Carpenter, Trans. Chem. Soc., 1903, 83, 1394.

2 Stdhbler, Ber., 1904, 37, 4732.

3 Raschig, Annalen, 1887, 241, 190.

¢ Bray, Simpson, and Mackenzie, J. Amer. Chem. Soc., 1919, 41, 136.
8 Hofmann and Kroll, Ber., 1924, 57, [B], 937.

5 Hofmann and Kuspert, sbid., 1898, 31, 64.

7 Berthelot and André, Compt. rend., 1890, 110, 830.

% Berthelot, Ann. Chim. Phys., 1877, [5], 19, 433.

¥ Thomsen, Thermochemistry, transl. by Burke (Longmans, 1908),

10 Angeli, Gazzetta, 1893, 23, ii, 102.
11 Figcher, Chem. Zeit., 1923, 47, 401.
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consists in the addition of an ammoniacal solution of diacetyl monoxime,
which is converted into the dioxime by the hydroxylamine, and this is
then identified by the formation of a scarlet precipitate with a solution
of nickel salt.?

In the presence of sodium carbonate or sodium phosphate hydroxyl-
amine is quantitatively oxidised by iodine,* 3 and in the absence of
other reducing agents it may be determined by means of this reaction.
It is also oxidised by iodine in acetic acid solution, but in the presence
of hydrochloric acid the reaction is a balanced one; hydroxylamine
- will liberate iodine from hydrogen iodide.*

Salts of Hydroxylamine.—Hydroxylamine forms ecrystallised
salts with acids; these are extensively hydrolysed and react acid in
aqueous solution. Hydroxylamine is a monacid base, but these salts
are only formed in presence of excess of acid. Many characteristic
salts, with two or three molecules of the base attached to a monebasic
acid, have been prepared. The salts are in most cases moderately
soluble in water, very sparingly in ethyl alcohol, insoluble in ether, ete.

The monohydrochloride, NH,OH.HCI, is formed in the presence of
an excess of hydrochloric acid. It may be crystallised in pointed
crystals or leaflets from hot alcohol.® The density of the solid 1s 1-67.
The solubility (grams in 100 grams of water) is 45-57 at 17° C.¢ It melts
with decomposition at about 150° C. (see p. 109). When a solution of
20 grams of the free base in 260 grams of ethyl alcohol is added to one
containing 42 grams of the hydrochloride in 42 c.c. of water, a crystal-
line precipitate of dihydroxylamine hydrochloride, (NH,OH),.HCl, is
thrown down.

The crystals after washing with alcohol and ether melt at 85° C.
They are easily soluble in water. A tribasic salt, (NH,OH);HCl, can
be prepared by similar methods.” Hydroxylamine hydrobromide is
made by the double decomposition of the sulphate and barium bromide.
It is rather soluble in water. A dihydroxylamine- hydrobromide can
be made by adding more of the free base.? Hydroxylamine hydriodide
can be crystallised by evaporation in vacuo. It explodes when heated
to 83° or 84° C.2 The dibasic? and tribasic 1 hydriodides are more
stable.

Hydroxylamine sulphate is obtained by the method of preparation
described above, p. 108.11 Itis well crystallised, either in the monoclinic 11
or in the triclinic system.5 The solubility in water is high; according
to Adams,? 100 parts of water dissolve the following weights :—

t° C.= —8 0 10 20 30 40 50 GO 90
w=0-807 0-329 0-366 0-413 0-441 0482 0-522 0560 0685

[

Hirschel and Verhoeff, Chem. Weekblod, 1923, 20, 319.
Haga, Trans. Chem. Soc., 1887, 51, 794, 061.

Adams, Amer. Chem, J., 1902, 28, 198.

Hofmann and Kroll, Ber., 1924, 57, [B], 937.

v. Lang, Lieb. Annalen Suppl., 1868, 6, 226.

Sehiff and Monsacchi, Zeitsch, phystkal. Chem., 18906, 21, 277,
Lossen, Annalen, 1871, 160, 242. -
Wollenstein and Groll, Ber., 1901, 34, 2417.

Piloty and Ruff, ibid., 1897, 30, 1656.

Dunstan and Goulding, Trans. Chem. Soc., 1896, 69, 839.
Preibisch, J. prakt. Chem., 1873, [2], 8, 310.
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112 NITROGEN.

The salt ean replace ammonium sulphate in alums, such as aluminiurr
ferric, and chromic alums. The bisulphate crystallises in prisms fron
a solution containing the theoretical proportions of the base and acid-
The nitrate, NH,OH.HNO,, is prepared in solution by the action o©
silver nitrate on the hydrochloride or barium nitrate on the sulphate
It is very soluble in water, which only yields the salt in a hygroscopi
mass after evaporation and strong cooling. It is decomposed on heatin,
(see p. 108).

The phosphites, phosphates, sub-phosphates, arsenates, vanadates,
the dithionate,® and the salts of some organic acids,* 3% are known, a
well as the amamonium or potassium hydroxylamine salts’ of some ©
these acids. Trihydroxylamine phosphate is more sparingly soluble 1
water than the salts considered above, the solubility at 20° C. bein;
only 1-9 grams in 100 grams of water. The solution reacts acid. It i
noteworthy that the tribasic ammonium phosphate is more difficult t«
prepare. This fact, taken in conjunction with the easy decomposition
of the salt (see p. 108), has led to the belief that it should be formulate«
as hydroxylamine-dihydroxylamine-hydrogen phosphate,

NH ,0H/(NH,0H),HPO,.

Addition Compounds.—Hydroxylamine forms addition compounds
analogous to the ammines, with salts of the alkaline earths (includin,
magnesium) and with those of zine, cadmium, mercury, manganese
cobalt, and nickel.® Hydroxylammines of silver and copper, if formed
cannot be isolated on account of the reduction to metals by the hydroxyl
amine (see this series, Vol. X.). The derivatives of trivalent cobalt
e.g. Co(NH,OH).(Cl;, are quite analogous to the ammines, Co(NH,),Cl
[Co(NH,;) X]X,, ete.” 8

In the platinum series both platinic and platinous derivatives ar
known. The eompound represented by the co-ordinated formul:
[Pt(NH,0H),]|Cl, dissociates electrolytically ; but [Pt(NH,0H),](0OH)
is not an electrolyte, while the corresponding ammine is one, anc
reacts alkaline. Also the plato-compound [Pt(NH,OH),X,] is no
an electrolyte.® 10 :

Sulphonic Derivatives of Hydroxylamine.—The preparation o
hydroxylamine SB-disulphonic acid and its salts has already beex
described (p. 108).

The potassium salt of hydroxylamine af8-trisulphonic acid is mad.
by oxidising that of the 88-disulphonic acid with lead peroxide or silve
oxide in alkaline solution. Thus :

8HO-N(SO.K ),+KOH +PhO,
—=2{(S0,.K)-0-N(SO,K )} - KNO, +2Ph(OH),

! Divers, Trans. Chem. Soc., 1895, 67, 226.

2 Hofmann and Kohlschutter, Annalen, 1899, 307, 314; also Hofmann, Zeitsch. anorg
Chem., 1898, 16, 463,

$ Sabanejeff, thid., 1898, 177, 480. :

4 Lossen, Lieb. Annalen Suppl., 1868, 6, 220.

® Simon, Bull. Soc. chim., 1905, [3], 33, 412.

¢ Schlenk and Weichselfelder, Ber., 1915, 48, 669.

7 Teldt, ibid., 1894, 27, 401.

8 Berl, Dissertation, Zurich, 1901.

9 Alexander, Annalen, 1888, 246, 239,

1% UUhlenhuth, ibid., 1900, 311, 120.
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Phe reaction probably proceeds through an intermediate violet-coloured
nttroso-disulphonate,

ON (SO;K)y  or (KSOL)=NO-NO - (S0,K)s.

A preparation of the potassium salt of the trisulphonie acid has been
desertbed in detaill! 1200 c.e. of 5N sodimnn bisulphite is added with
stivring to amixture of 1000 grams of ice and 150 grams of commereial
sodiuny nitrite, the temperature not being allowed to rise above 5° (.
The solution is well shaken with 600 grams of lead peroxide and warmed
on i waler-hath, with continued shaking.  The solution is filtered, the
filteate warmed with 800 grams of teehnical potassium chloride, and the
precipitated Phely filtered off. The tiltrate, alter three days, deposits
the potassium salt in monoelinie prisms. It is dried on porous plates
and over ealeinm ehloride, -\

The salt crystallises with 11 mols. of water and is easily soluble in
water. The sodium salt erystallises with 2 wols. of water (monoclinic)
and the ammonium salt with 1} mols. of water (rhombic).  The
newtral or alkaline solutions are stable.  The aecid solutions are hydro-
lvsed on warming, giving as a first produet a salt of the ag-disulphonie
acid, KO SO, O NIT SOGK.  This is isomerie with the g8-di-
sulphonate, but differs from it by cerystallising anhydrous, and giving
no colour wilh alkaline lead peroxide. It s distinguished from the
trisulphonate by its stability at 100" ¢ The sodium and ammoninm
safts are also knowp % &4

The preparation of the af-sulplonate is effected by dissolving 423
grams of the drey trisulphonate in 800 c.eo ol boiling water which con-
tains T ocws of dilute L Any lead sulphate s removed, and the
Biltrate deposits the polassium sall in colourless erystals, the yield being
aboul 80 per cent. of the theoretical.!  The salts conlain three atoms
of alkali metal per moleenle of compound or atom of nitrogen, and it
is therefore to be supposed that the hydrogen of the imino-group is
also replaced, giving, eg, SOK O NK -SO,K211,0. The partial
hydrolysis of this compound may possibly give the mono-a-sulphonic
acid, (SO,H) O NI, sinee the solution at one stage scls free
rodine from potassium jodide, o reaction which does not take place with
hydroxylamine itself or with the f-acid,  The a-acid might, however,
Behave as an oxidistng agent, sinee it may be regarded as the amide
of permono-sulphurie acid, (SO, O OIL? This a, or sosulphonie
aeld hus been prepared as o mieroerystalline powder by the action of
chlorsulphonie actd on hydroxylamine hydrochloride.®

o Rtaschig, Hee,, 1923, 56, (B, 206,

& Haga, Trana Chem, Soel, VKM, 85, TOR,

B Raachiy, Her., 1006, 30, 245,

b Haga, Trans, Chen, Soe,, 19006, 89, 240,

S Rommer and Templing Ber, T, 47, 1221,




CHAPTER VL
NITROGEN AND THE HALOGENS.

Nitrogen Halides.—The only definite compounds of nitrogen with
halogens which have been prepared are the chloride, NCls, and the
iodide, N,I,H, Nitrogen fluoride was thought to be obtained by the
electrolysis of ammonium fluoride,! but this was shown later to be the
chloride derived from the ammonium chloride as impurity.2 Nitrogen
bromide is stated to be formed by adding potassium bromide to nitrogen
chloride under water, when an explosive dark red oil is obtained.?

Nitrogen Chloride, NCl;.—This compound was first isolated by
Dulong in 1811, by the action of chlorine on aqueous ammouium
chloride ; ¢

NH,Cl-+8Cl,=NCl;-+4HCl.

The preparation of this explosive substance may be safely effected
by inverting a 2-litre flask filled with chlorine over a leaden capsule in
a warm saturated solution of ammonium chloride. Small oily drops of
the nitrogen chloride form on the sides of the flask and collect in the
capsule, while absorption of the ammonium chloride takes place into
the flask. Only small quantities of the compound are allowed to
accumulate in the capsule, which is removed by tongs and replaced by
a fresh one.

- Nitrogen trichloride separates at the anode during the electrolysis
of a saturated solution of ammonium chloride at 28° C.®

Ammonium chloride reacts with a solution of hypochlorous acid ®
to form nitrogen trichloride, also with sodium hypochlorite,” or a
suspension of bleaching powder in water (calcium hypochlorite).? A
convenlent method is to add 300 c.c. of a solution (20 per cent.)} of
ammonium chloride to 3 litres of a suspension of bleaching powder in
water containing 22-5 grams of active chlorine saturated with hydrogen
chloride. This reaction mixture is shaken with 800 c.c. of benzene, in
which the nitrogen trichloride dissolves, and this benzene solution is
poured through a filter containing 20 grams of calcium chloride. The
dried solution thus obtained contains about 10 per cent. of nitrogen
chloride. '

A modification of this method is to carry out the experiment at
0° C., omitting the hydrogen chloride and the benzene.®

1 Warren, Chem. News, 1887, 55, 289.

2 Ruff and Geisel, Ber., 1903, 36, 2677.

3 Millon, Ann. Chim. Phys., 1838, [2], 69, 75.

4 Dulong, Ann. Chim., 1813, 86, 37. See also Noyes and Lym, Amer. Chem. J., 1900,
23, 460 ; Bray and Dowell, J. Amer. Chem. Soc., 1917, 39, 905.

5 Kolbe, J. prakt. Chem., 1847, 41, 137 ; Meyer, Ber., 1886, 21, 26 ; Hofer, Chem. Zeit.,
1896, 20, 470.

 Balard, Ann. Chim. Phys., 1834, (ii), 57, 225.

7 Hentschel, Ber., 1897, 30, 1434, 1792.

8 Hentschel, ibid., 1897, 30, 2642,

* Rai, Chem. News, 1918, 253.
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NITROGEN AND THE HALOGENS. 115

Anhydrous anumonia and chlorine react to give nitrogen trichloride,
much of which decomposes into mtruuvn and chlorine cither dlrc('tly
or by the action of the ammonia.t

Properties. Niltrogen ehloride 1s a yellow volatile oil with a pungent
simell resembling (hluruu- the vapour of which attacks the cyes and
mucous membrane. The density is 14653 and boiling-point 71° C.
When heated above 93° CL it decomposes explosively into its clements.
It explodes violently when exposed to strong light or when brought
into contact. with many substanees, such as ozone, phosplun‘us, arsenie,
alkalivs, and organic matter.  Thus a feather dipped in turpentine and
applied to a small drop of the oil detonates it immediately.  Generally
speaking, it is stable in the presence of metals, strong aecids, resins, and
stgars, Organie solvents dissolve nitrogen chloride, giving highly re-
fr wtmg wl!uw solutions which are stable in the dark, but gradually
decompose when exposed Lo light.

Many expertmenters have suffered from the explosive properties of
this substance, ineluding Dulong, Faraday, and Davy.

The heat of formation is given as  38-477 Cals.? A more recent
determination gives the heat of formation of the compound in carbon
tetrachloride from gascous nitrogen and gaseous chlorine as 54700
Cals.?

Nitrogen chloride is hydrolysed by water to ammonia and hypo-
chiorons aeid,? '

NCL | 81,0, =NI, | 311010 ;

which is probably an explanation of the ready formation of ammonia,
and also of the greater solubility of the compound in hydrochlorie acid
than in sulphurie acid, as the former reacts with the hypoehlorons acid.
Thus, when a carbon-tetrachloride solution of nitrogen chloride is shaken
with moderately coneentrated  hydrochlorie acid and  the aqueons
solution (freed from exeess NCl) boiled with potassium hydroxide, o
quantity of ammonias is evolved

NCl, | 8H 402 =NH, | 31O,
HULO P HCE. ~Cly 11,0,
NH, | HCL =NILCL

The henzene solution of nitrogen ehloride may be used as o ¢hlorinat-
ing agent for organic compounds.®  Aqueous solutions of anuvonium
chioride decompose nitrogen ehloride  the concentrated solution quickly
and the diliute solution more slowly :

NHLCLE NCl, Ny § L

Constitution.  The formuln NCl was first. assigned by BDulong,”
although Davy ® vonsidered that there was chlorine in excess of that
recunred by this formula, while some lnter investigators concluded that

Noyes and Haw, J, Amer, Chem, Soe,, 1920, 42, 2167,
Troost, {'nmpt, rtfmf‘,, | KGH, 69, 204,

Noyes, o, Amer, Chem, Sue., 1020, 47, 1330,
Reliwanow, Her, 1884, 27, 1012,

Chaprasn and Vodden, Trane, Chem, Sor., 10, 9§, 41
Hentwehel, Her, 1497, 307 180K, 31, 246,

Dradong, Sefuredgyer’s J., 1812, 8, 32,

Davy, Phil. Trans, 1813, 103, 1, 212
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116 NITROGEN.

hydrogen was also present.! Gattermann,® however, found that the
amount of chlorine present closely agreed with that for NCl;, by de-
composing nitrogen trichloride with ammonia, and estimating the
chlorine in the resulting ammonium chloride as silver chloride. This
result has been confirmed.? |

Nitrogen lodide, N,H,I,.—A very explosive compound of nitrogen
and iodine, discovered by Courtois in 1812, was investigated later by
Serullas,* who prepared it by the action of an alcoholic solution of
iodine on aqueous ammonia.

The action of strong ammonia solution on solid iodine also produces
the substance as a black powder, which can be filtered off.?

Alcoholic solutions of iodine and ammonia produce the same
compound.®

A convenient method is to add gradually a solution of iodine in
potassium iodide to aqueous ammonia, when a black precipitate
separates.”

The reaction between iodine and ammonia appears to proceed in
three stages.® Firstly, hypoiodous acid and ammonium iodide are
produced : '

. NH,OH+I1,=HOI4{+NH,;

and the hypoiodous acid further combines with ammonia to form
ammonium hypoiodite :

NH,OH+4HOI=NH,IO+I1,0.
Finally, the ammonium hypoiodite decomposes into nitrogen iodide :
8aNH ,JO=N,H,I,+-NH,0OH-+2H,0.

The last reaction is apparently reversible, as the nitrogen iodide
redissolves in strong ammonia.®

Ammonium iodide and bleaching-powder solutions also give the
explosive nitrogen iodide.®

Properties.—Nitrogen iodide exists in the form of flattened needles
which are copper-coloured by reflected light and red by transmitted
light, with a density of 8-5. It is one of the most explosive of substances ;
when dry it will explode spontaneously or by the lightest contact, even
that of a feather. Warming or exposure to strong light also causes its
explosive decomposition, and in all its reactions it tends to break down
into nitrogen and hydrogen iodide.

The composition of nitrogen iodide has been the subject of much
investigation, but it seems that the usual product of ammonia and iodine

is NI3.NH;. Sodium sulphite is oxidised to the sulphate according to
the following equation :—

* Porret, Wilson, and Kirk, Gilbert's Annalen, 1813, 47, 56, 69; Gladstone, PTrans.
Chem. Soc., 1854, 17, 51.

? (Gattermann, Ber., 1888, 21, 755,

3 Chapman and Vodden, Trans. Chem. Soc., 1909, 95, 138.

* Serullas, Ann. Chim. Phys., 1829, (ii), 42, 200.

5 Stas, Gesetze der Proporiionen, Leipzig, 1867, p. 138.

¢ Bunsen, Annalen, 1852, 84, 1.

? Schonbein, J. prakt. Chem., 1861, 84, 385; Guyard, Compt. rend , 1883, 97, 5206;
Ann. Chim. Phys., 1884, [6], 1, 358.

8 Seliwanow, Ber., 1894, 27, 1012.

 Chattaway and Orton, Amer. Chem. J., 1900, 24, 331.

¥ (Fladstone, loc. cit.
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3N2,S0,+N,H,I,+8H,0 =3Na,50,+2NH, I+ HIL.

The reaction between nitrogen iodide and zinc ethyl confirms the
composition N,HI,:1

NLH,I,+3Zn(C,H,), =3ZnC,H I - NH;+N(C,Hj)s.

A black explosive compound is obtained when silver nitrate is added
to nitrogen 10d1de suspended in water,? which has the composition
NI; AO"NH

'lhe hydrolybls of nitrogen iodide by water proceeds according to the
equation 3

N,H,I,-+8H,0 ==2NH,I0-+HIO.

Many substances are readily oxidised by nitrogen iodide : hydrogen
1odide liberates iodine, hydrogen chloride forms iodine chloride, hydrooen
cyanide gives iodine cyamde ICN, and alkalies form a mixture of iodide
and iodate.

At Jow temperatures a number of addition compounds of nitrogen
iodide can be produced, such as NI;.2NH,, NI,.3NII; and NI;.12NI1,.3

Monochloramine, NH,Cl.—Gattermann ¢ came to the coneclusion
that the chiorination of ammonia occurs in three stages :

(1) NH,+Cl, =NH,Cl(monochloramine)--HCI,
(2) NH,Cl+Cl,=NHCI,(dichloramine ) +ICl,
(8) NHCl,+-Cl,=NCl(trichloramine)-|+HCl ;

but it was not found possible to isolate either mono- or di-chloramine by
this method. Raschig,’ however, prepared monochloramine by mixing
dilute equimolecular solutions of ammonia and sodium hypochlorite,
and distilling the mixture at low temperatures in a vacuum :

NH,;-+NaOCl =NI,Cl +NaOH.

An unstable yellow liquid is obtained which can be solidified into
colourless unstable crystals with melting-point —66° C.

Monochloramine is also produced by the hydrolysis of potassium
chloramino-sulphonate with dilute mineral acids :

NHCLSO,K 4 H,0 =NIL,Cl+KHSO,.

Monochloramine is decomposed by alkalies with the formation of
ammonia and nitrogen :

(i) 8NIL,Cl-+3KOH =NH,+N,+3KCl-+3H,0,
(ii) 8NH,Cl-+2NH, =N,+38NH,Cl;

but at the same time some of the ammonia reacts with the chloramine
to produce a small amount of hydrazine hydrochloride :

(ifi) NH,Cl+NHy=N,H, HCL

Monochloramine reacts with potassium iodide to form nitrogen iodide.

-

Silberrad, 4vans. Chem. Soc., 1905, 87, 55, 60.

Szuhay, Ber., 1893, 26, 1933.

Hugot, Ann. Chim. Phys., 1900, (vii}, 21, 5; Ruff, Ber., 1900, 33, 3025.
Gattermann, tbid., 1888, 21, 755

5 Rasgchig, Verh. Ges. deut. Naturforsch. Aerzte, 1907, 11, i, 120.
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CHAPTER VII.
OXY-HALOGEN DERIVATIVES OF NITROGEN.

Nitrosyl Fluoride, NOF.—Nitrosyl f{luoride is prepared by passing
nitrosyl chloride over silver fluoride in a platinum tube heated to
200°-250° C., and condensing the gas in a platinum receiver immersed
in liquid air. The liquid is purified by fractional distillation at a low
temperature:

NOCI-+AgF —AgCl+NOF.

Properties.—At ordinary temperatures nitrosyl fluoride is a colourless
gas, which liquefies at —56° C. and solidifies at —184° C. The vapour
density (compared with air as unity) at 760 mm. and 23° C. is 1-683,
which agrees with the formula NOF.

Chemically the gas is very active, many substances reacting with it
in the cold. Thus sodium, silicon, boron, phosphorus, and antimony
inflame, producing the corresponding fluoride and evolving nitrie
oxide. Lead, antimony, bismuth, and copper are only slowly attacked ;
while sulphur, carbon, and iodine are without action even on heating.
Arsenic and antimony pentafluorides form additive compounds with
nitrosyl fluoride.?

The gas fumes in moist air, owing to the formation of hydrogen
{luoride and nitrous acid, which decomposes, producing brown fumes.

Nitrosyl Chloride, NOCI.—(1) Nitrosyl chloride may be prepared
in many ways. It was first prepared by Gay-Lussac by the direct union
of nitric oxide and chlorine : 3 |

9NO +Cl,=2NOC].

(2) The most convenient method for producing purc nitrosyl
chloride is by the decomposition of aqua-regia.® A mixture of 1 volume
of concentrated nitric acid (sp. gr. 1-42) and 4 volumes of hydrochloric
acid (sp. gr. 1-16) is gently warmed, and the nitrosyl chloride and
chlorine dried by means of calcium chloride. The dried mixture of
gases is then led into concentrated sulphuric acid, which forms nitrosyl-
sulphuric acid with the nitrosyl chloride, while the chlorine and some
hydrogen chloride pass on: o

NOCl-|—SOa(OH)2=802< L HCL
ONO

1 Ruff and Sténber, Zeitsch, anory. Chem., 1905, 47, 190.

2 Ruff and Stduber, sbtd. ; 1908, 58, 325.

3 Gay-Lussac, Ann. Chim. Phys., 1848, [3], 23, 203. See also Wourtzel, J. Chin. phys.,
1913, 11, 214 ; Trautz, Zestsch. anorg. Chem., 1914, 88, 285 ; Francesconi and Bresciani,
Aiti R, Accad. Linces, 1903, [5], 12, II, 75; Boubaoff and Guye, J. Chim. phys, 1911, 9,
290.

¢ Tilden, Trans. Chem. Soc., 1860, 13, 630; Girard and Pabst, Bull. Soc. chim., 1878,
(ii), 30, 531. s .
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The nitrosyl-sulphuric acid is decomposed by dropping the saturated
sulphuric-acid solution on to dry sodium chloride :

8]
2/ H
\ONa

(3) Dry hydrogen chloride passed into liquid nitrogen trioxide
evolves nitrosyl chloride, which is not quite pure :

2HCl4N,0, =2NOCL--¥L,0.

The following methods have been used for the preparation of nitrosyl

chloride, but none of them give as pure a product as that given
under (2):—

OH
soz< 4+NaCl=S0 £ NOCL
ONO

(4) Distillation of potassium nitrite with phosphorus pentachloride :
KNO,+PCl; =NOCl+KCl1+-POCl,.
(5) Nitric oxide decomposes ferric chloride at a high temperature : 2
FeCl;-+NO=Fe(Cl,+ NOCI.
(6) Nitrosamines react with hydrogen chloride : 3

R ;N.NO-+HCl =R ,NH--NOCI.

- Properties.—Nitrosyl chloride is a yellow gas at ordinary tempera-
tures, with a suffocating odour. It isreadily liquefied by passing through
a tube immersed in a freezing mixture, and a red liquid is obtained
which boils at —5-5° C. at 760 mm.? The chloride is obtained as a
yellow solid by further cooling. The melting-point is variously given
as —65°4 —60° to —61° C.5

The variation in density of liquid nitrosyl chloride with temperature
is given in the following table :—-8

Temperature, °C. —12 —15 —18 —55
Density . . 1-4165 1-4250 1-4330 1:550

The critical temperature is 163° to 164° C.°

Nitrosyl chloride does not begin to dissociate until the relatively
high temperature of 700° C. is reached.” The dissociation into nitric
oxide and chlorine is attended with the absorption of —14-4 Cals.?

The absorption spectrum shows three bands in the red and three
{eeble bands in the extreme green.®

Nitrosyl chloride is immediately decomposed by water with the
formation of hydrochloric and nitric acids. Most metals react with the
gas (gold and platinum are unaffected) to give the metallic chloride

and nitric oxide :
Hg +NOCl=HgCl+NO.

Briner and Pylkov, J. Chim. phys., 1912, 10, 640.

Thomas, Compt. rend., 1895, 120, 447.

Lachmann, Ber., 1800, 33, 1035.

van Heteren, Zeitsch. anorg. Chem., 1900, 22, 277.

Francesconi and Bresciani, 4t R. Accad. Lincet, 1903, [5], 12, 11, 75.
Geuther, Annalen, 1888, 245, 96 ; Briner and Pylkov, loc. cit.
Sudborough and Miller, Chem. News, 1890, 62, 307.

Magnanini, Zeitsch. physikal. Chem., 1889, 4, 427.
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of the metal. Cupric salts are reduced to cuprous oxide in alkaline
solution :

4CuSO,+2NH,0H +8NaOH =2Cu,0-+N,0 +4Na,S0 ,+7H,0.

This affords a delicate qualitative test, and also a method of esti-
mating hydroxylamine by means of Fehling’s solution.!  As a qualitative
test it is sensitive to 1 in 100,000 parts of solution. IFerrous iron in
alkaline solution is oxidised to the ferric state.? Thus :

NH ,0H ++2Fe(OH),+H,0 =2Fe(OH),+NH,.

In weakly acid solution ferric chloride is reduced, giving ferrous
chloride and nitrous oxide. When boiled with ferric chloride and a
moderate amount of acid it is oxidised quantitatively to N,0. The
- titration of the ferrous salt with permanganate allows a quantitative
determination of the hydroxylamine,

2NH,0H-0,=38H,0+4N,0.%4
If there is only a small excess of ferric salt the oxidation leads to NO:
2NH,OH +30==3H,0+42NO.

In concentrated solutions of sulphurie or phosphoric acids it reacts
with ferrous sulphate, giving ferric and ammonium sulphates.® It may
also be directly oxidised by means of potassium permanganate.$

Thermochemistry.—The heat of formation of hydroxylamine
from its elements is positive and about twice as great as that of
ammonia. The value deduced from the heat of combustion of hydroxyl-
amine nitrate is 28,700 cals. per mol.? That deduced from the heat of
reduction of the hydrochloride by silver nitrate is 24,290 cals.®

The heat of neutralisation with strong acids, e.g. HCl, in dilute
solution is much less—9260 cals.—than that of ammonia—12,3800 cals.
This is connected with the fact that hydroxylamine is a weaker base than
ammonia (vide nfra). The solution only reacts slightly alkaline.

The heat of formation of the hydrochloride, NH,OH.HCI, from its
elements is 75,500 cals.® or 76,510 cals.,® about the same as that of
solid ammonium chloride. The greater heat of formation of the free
base is almost exactly compensated by the smaller heat of combination
with hydrochloric acid.

Detection and Estimation.—In addition to the qualitative tests
already mentioned, the following have been described. Sodium nitro-
prusside gives a magenta colour with a neutralised solution.!® When
treated with yellow ammonium sulphide and ammonia it gives an
evanescent purple colour. The appearance of this is accelerated by
the addition of one or two drops of N/10 manganous sulphate. This
test will show 0-00005 per cent. of hydroxylamine.!* Another test

* Jones and Carpenter, Trans. Chem. Soc., 1903, 83, 1394.

2 Stihler, Ber., 1904, 37, 4732.

8 Raschig, dnnalen, 1887, 241, 190.

* Bray, Simpson, and Mackenzie, J. Amer. Chem. Soc., 1919, 41, 13G.
5 Hofmann and Kroll, Ber., 1924, 57, [B], 937.

¢ Hofmann and Kuspert, ibid., 1898, 31, 64.

7 Berthelot and André, Compt. rend., 1890, 110, 830.

8 Berthelot, Ann. Chim. Phys., 1877, [5], 19, 433.

 Thomsen, Thermochemisiry, transl. by Burke (Longmans, 1908).

19 Angeli, Gazzetta, 1893, 23, ii, 102.
11 Fischer, Chem, Zest., 1923, 47, 401.
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consists in the addition of an ammoniacal solution of diacetyl monoxime,
which is converted into the dioxime by the hydroxylamine, and this is
then identifled by the formation of a scarlet precipitate with a solution
of nickel salt,t

In the presence of sodium carbonate or sodium phosphate hydroxyl-
amine Is quantitatively oxidised by iodine,® 3 and in the absence of
othfer reducing agents it may be determined by means of this reaction.
It is also oxidised by iodine in acetic acid solution, but in the presence
of hydrochloric acid the reaction is a balanced one ; hydroxylamine
- will liberate iodine from hydrogen jodide.4

Salts of Hydroxylamine.—Hydroxylamine forms crystallised
salts with acids; these are extensively hydrolysed and react acid in
aqueous solution. Hydroxylamine is a monacid base, but these salts
are only formed in presence of excess of acid. Many characteristic
salts, with two or three molecules of the base attached to a monebasic
acid, have been prepared. The salts are in most cases moderately
soluble in water, very sparingly in ethyl alcohol, insoluble in ether, etc.

The monohydrochloride, NH,OH.HCI, is formed in the presence of
an excess of hydrochloric acid. It may be crystallised in pointed
crystals or leaflets from hot alcohol.5 The density of the solid is 1-67.
The solubility (grams in 100 grams of water) is 45-57 at 17° C.6 It melts
with decomposition at about 150° C. (see p. 109). When a solution of
20 grams of the free base in 260 grams of ethyl alechol is added to one
containing 42 grams of the hydrochloride in 42 c.c. of water, a crystal-
line precipitate of dihydroxylamine hydrochloride, (NH,OH),.HCI, is
thrown down.

The crystals after washing with alcohol and ether melt at 85° C.
They are easily soluble in water. A tribasic salt, (NH,OH),HC], can
be prepared by similar methods.” Hydroxylamine hydrobromide is
made by the double decomposition of the sulphate and barium bromide.
It is rather soluble in water. A dihydroxylamine hydrobromide can
be made by adding more of the free base.? Hydroxylamine hydriodide
can be crystallised by evaporation in vacuo. It explodes when heated
to 83° or 84° C.2  The dibasic? and tribasic 1® hydriodides are more
stable. .

Hydroxylamine sulphate is obtained by the method of preparation
described above, p. 108.11 Ttis well crystallised, either in the monoclinic 1*
or in the triclinic system.®* The solubility in water is high; according
to Adams,® 100 parts of water dissolve the following weights :—

t° C.= —8 0 10 20 30 40 50 60 90
w==0-307 0-8329 0-366 0-413 0-441 0482 0-522 0-560 0635

ot

Hirschel and Verhoeff, Chem. Weekblad, 1923, 20, 319.
Haga, Trans. Chem. Soc., 1887, 51, 794, 661.

Adams, Amer, Chem. J., 1902, 28, 198,

Hofmann and Kroll, Ber,, 1924, 57, [B], 937.

v. Lang, Lieb. Annalen Suppl., 1868, 6, 226.

Schiff and Monsacehi, Zeitsch. physikal. Cherm., 1896, 21, 277,
Lossen, Annalen, 1871, 160, 242. .
Wolffenstein and Groll, Ber., 1901, 34, 2417.

Piloty and Ruff, ibid., 1897, 30, 1656. .
Dunstan and Goulding, Trans. Chem. Soc., 1886, 69, 839.
Preibisch, J. prakt, Chem., 1873, [2], 8, 310.
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112 NITROGEN.

The salt can replace ammonium sulphate in alums, such as aluminium,
ferric, and chromic alums. The bisulphate crystallises in prisms from
a solution containing the theoretical proportions of the base and acid.?
The nitrate, NH,OH.HNOQO,, is prepared in solution by the action of
silver nitrate on the hydrochloride or barium nitrate on the sulphate.
It is very soluble in water, which only yields the salt in a hygroscopic
mass after evaporation and strong coohnO* It is decomposed on heating
(see p. 108).

The phosphites, phosphates, sub-phosphates, arsenates, vanadates,®
the dithionate,® and the salts of some organic acids,®® are known, as
well as the ammonium or potassium hydroxylamine salts’ of some of
these acids. Trihydroxylamine phosphate is more sparingly soluble in
water than the salts considered above, the solubility at 20° C. being
only 1-9 grams in 100 grams of water. The solution reacts acid. It is
noteworthy that the tribasic ammonium phosphate is more difficult to
prepare. This fact, taken in conjunction with the easy decomposition
of the salt (see p. 108), has led to the belief that it should be formulated
as hydroxylamine-dihydroxylamine-hydrogen phosphate,

NH,OH (NH,0H),HPO,.

Addition Compounds.—Hydroxylamine forms addition compounds,
analogous to the ammines, with salts of the alkaline earths (including
magnesium) and with those of zine, cadmium, mercury, mangancse,
cobalt, and nickel.® Hydroxylammines of silver and copper, if formed,
cannot be isolated on account of the reduction to metals by the hydroxyl-
amine (see this series, Vol. X.). The derivatives of trivalent cobalt,
e.g. Co(NH,OH)4(l,;, are quite analogous to the ammines, Co(NH;),Cl;
[Co(NH,;) X]X,, ete.”8

In the platinum series both platinic and platinous derivatives are
known. The compound represented by the co-ordinated formula
[Pt(NH,OH)]Cl; dissociates electrolytically ; but [Pt(NH,0H),](OH),
is not an electrolyte, while the corresponding ammine is one, and
reacts alkaline. Also the plato compound [Pt(NH,0OH),X,] is not
an electrolyte.® 10

Sulphon;c Derlvatlves of Hydroxylamine.—The preparation of
hydroxylamine BB-disulphonic acid and its salts has already been
described (p. 108).

The potassium salt of hydroxylamine aff-trisulphonic acid is made
by oxidising that of the Sf8-disulphonic acid with lead peroxide or silver
oxide in alkaline solution. Thus :

8HO-N(S0,;K),+KOH+PbO,
=2{(803.K )}~0-N(SO,K),} +EKNO,-2Pb(OH),.

1 Divers, T'rans. Chem, Soc., 1895, 67, 226.

2 Hofmann and Kohlschutter, Annalen, 1899, 307, 314; also Hofmann, Zeitsch. anorg.
Chem., 1898, 16, 463.

3 Sabanejeff, tbid., 1898, 17, 480. ‘

% Lossen, Lieh. Annalen Suppl., 1868, 6, 220.
Simon, Bull. Soc. chim., 1905, [3], 33, 412.
-Schlenk and Weichselfelder, Ber., 1915, 48, 669.
Felds, ibid., 1894, 27, 401.
Berl, Dissertation, Zurich, 1901,
Alexander, Annalen, 1888, 246, 239.
Uhlenhuth, ibid., 1900, 311, 120.
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Ed Al .
Fher action probably proceeds through an intermediate violet-coloured
nitroso-disulphonate,

ON-(S0,K), or  (KSO,);-NO-NO-—(S0,K).,.

A i"'(_‘})zl.l'll,‘ti()ll of the potassium salt of the trisulphonic acid has been
deseribed in detail.? 1200 c.c. of 5N sodium bisulphite is added with
Ht‘lx'}‘lnmg tq a nmuxture of 1000 grams of ice and 150 grams of commercial
.'j(;l(ll!ll}l uitrite, the temperature not being allowed to rise above 5° C.
The solution is well shaken with 600 grams of lead peroxide and warmed
on awater-bath, with continued shaking. The solution is filtered, the
(iltrate warmed with 800 grams of technieal potassium chloride, and the
prvm]um'l:o_d PbCl, filtered off. The filtrate, after three days, deposits
the potassinm salt in monoclinie prisms. It is dried on porous plates
and over ealeium chloride. . '

The salt erystallises with 1} mols. of water and is casily soluble in
water.  The sodium salt erystallises with 2 mols. of water (monoclinie)
and  the ammonium salt with 13 mols. of water (rhombic). The
neutral or alkaline solutions are stable. The acid solutions are hydro-
Lysed on warming, giving as a first product a salt of the af-disulphonic
acid, KO-~80,-—~0-—-NH~—-804K. This is isomeric with the BB-di-
sulphonate, but differs from it by crystallising anhydrous, and giving
no colour with alkaline lead peroxide. It is distinguished from the
trisulphonate by its stability at 100° €. The sodium and ammonium
salts are also known. 2 3 4

The preparation of the af-sulphonate is cffected by dissolving 423
grams of the doy trisulphonate in 800 c.c. of boiling water which con-
tains 1 c.¢. of dilute HCL.  Any lead sulphate is removed, and the
filtrate deposits the potassinm salt in colourless erystals, the yield being
about 90 per eent. of the theoretical.r  The salts contaln three atoms
of alkali metal per molecule of compound or atom of nitrogen, and 1t
is therefore to be supposed that the hydrogen of the imino-group is
also replaced, giving, e.g., SO K0 —~NK~SO0,K.2H,0. The partial
hydrolysis of this compound may possibly give the mono-a-sulphonic
acid, (SO -~0-—NII,, since the solution at one stage sets [ree
iodine [rom potassium iodide, a reaction which does not take place with
hydroxylamine itsell or with the B-acid. The a-acid might, however,
hehave as an oxidising agent, since it may be regarded as the amide
of permono-sulphurie acid, (SO4H) 0 --OIL2* This a, or isosulphonic
acid has been prepared as a microerystalline powder by the action of
chlorsulphonie acid on hydroxylamine hydrochloride.®

U Raschig, Ber, 1023, 56, | B/, 206.

¢ Haga, Trans. Chemn. Noe., 1904, 85, 108,

3 Roschig, Ber., 19006, 39, 245.

1 Haga, Prans, Chem. Soc., 1906, 89, 240.

b Sonmumer and Templin, Ber,, 1914, 47, 1221
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CHAPTER VI.
NITROGEN AND THE HALOGENS.

Nitrogen Halides.—The only definite compounds of nitrogen with
halogens which have been prepared are the chloride, NCl;, and the
iodide, N,I,H,. Nitrogen fluoride was thought to be obtained by the
electrolysis of ammonium fluoride,* but this was shown later to be the
chloride derived from the ammonium chloride as impurity.2 Nitrogen
bromide is stated to be formmed by adding potassium bromide to nitrogen
chloride under water, when an explosive dark red oil is obtained.?

Nitrogen Chloride, NCI;.—This compound was first isolated by
Dulong in 1811, by the action of chlorine on aqueous ammonium
chloride : *

NH ,C1-+8C1,=NCl,+4HCL.

The preparation of this explosive substance may be safely effected
by inverting a 2-litre flask filled with chlorine over a leaden capsule in
a warm saturated solution of ammonium chloride. Small oily drops of
the nitrogen chloride form on the sides of the flask and collect in the
capsule, while absorption of the ammonium chloride takes place into
the flask. Only small quantities of the compound are allowed to
accumulate in the capsule, which is removed by tongs and replaced by
a fresh one.

- Nitrogen trichloride separates at the anode during the electrolysis
-of a saturated solution of ammonium chloride at 28° C.°

Ammonium chloride reacts with a solution of hypochlorous acid ¢
to form mnitrogen trichloride, also with sodium hypochlorite,” or a
suspension of bleaching powder in water (calclum hypochlorite).® A
convenient method is to add 800 c.c. of a solution (20 per cent.) of
ammonium chloride to 8 litres of a suspension of bleaching powder in
water containing 22-5 grams of active chlorine saturated with hydrogen
chloride. This reaction mixture is shaken with 300 c.c. of benzene, in
which the nitrogen trichloride dissolves, and this benzene solution is
poured through a filter containing 20 grams of calcium chloride. The
dried solution thus obtained contains about 10 per cent. of nitrogen
chloride. '

A modification of this method is to carry out the experiment at
0° C., omitting the hydrogen chloride and the benzene.?

1 Warren, Chem. News, 1887, 55, 289,
? Ruff and Geisel, Ber., 1903, 36, 2677.
3 Millon, 4nn. Chim. Phys., 1838, [2], 69, 75.

1 Dulong, Ann. Chim., 1813, 86, 37. See also Noyes and Lym, dmer. Chem. J., 1900,
23, 460 ; Bray and Dowell, J. 4Amer, Chem. Soc., 1917, 39, 905.

5 Kolbe, J. prakt. Chem., 1847, 41, 137 ; Meyer, Ber., 1886, 21, 26 ; Hofer, Chem. Zeit.,
1896, 20, 470,

§ Balard, 4nn. Chim. Phys., 1834, (ii), 57, 225.
? Hentachel, Ber., 1897, 30, 1434, 1792,
8 Hentschel, tbid., 1897, 30, 2642.
9 Rai, Chem. News, 1918, 253.
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Anhydrous ammonia and chlorine react to give nitrogen trichloride,
much of which decomposes into nitrogen and chlorine either directly
or by the action of the ammonia.l |

Properties—Nitrogen chloride is a yellow volatile oil with a pungent
smell resembling chlorine, the vapour of which attacks the eyes and
mucous membrane. The density is 1658 and boiling-point 71° C.
When heated above 93° C. it decomposes explosively into its eclements.
It explodes violently when exposed to strong light or when brought
into contact with many substances, such as ozone, phosphorus, arsenic,
alkalies, and organic matter. Thus a feather dipped in turpentine and
applied to a small drop of the oil detonates it immediately. Generally
speaking, it is stable in the presence of metals, strong acids, resins, and
sugars. Organic solvents dissolve nitrogen chloride, giving highly re-
fracting yellow solutions which are stable in the dark, but gradually
decompose when exposed to light.

_Many experimenters have suffered from the explosive properties of
this substance, including Dulong, Faraday, and Davy.

The heat of formation is given as —88-477 Cals.2 A more recent
determination gives the heat of formation of the compound in carbon
1(;f3‘[:1ra§hloride from gaseous nitrogen and gaseous chlorine as —54-700

‘als.

Nitrogen chloride is hydrolysed by water to ammonia and hypo-

chlorous acid,*

NCl,+8H,0==NH,+8HCIO;

which is probably an explanation of the ready formation of ammonia,
and also of the greater solubility of the compound in hydrochloric acid
than in sulphurie acid, as the former reacts with the hypochlorous acid.
Thus, when a carbon-tetrachloride solution of nitrogen chloride is shaken
with moderately concentrated hydrochloric acid and the aqueous
solution (freed from excess NCl;) boiled with potassium hydroxide, a
quantity of ammonia is evolved : ®

HCI0 -+ HCl—=Cl,-H,0,
NH,+ HCl—=N1,Cl.

The benzene solution of nitrogen chloride may be used as a chlorinat-
ing agent for organic compounds.® Aqueous solutions of ammonium
chloride decompose nitrogen chloride—the concentrated solution quickly
and the dilute solution more slowly :

NH,Cl14-NCl, =N, -+4HCL

Constitution.—The formula NCl, was first assigned by Dulong,’
although Davy # considered that there was chlorine in excess of that
required by this formula, while some later investigators concluded that

I Noyes and Haw, J. Amer. Chem. Soc., 1920, 42, 2167.

* Troost, Compt. rend., 1868, 69, 204,

3 Noyes, J. Amer. Chem. Soc., 1925, 47, 1336.

4 Seliwanow, Ber., 1894, 27, 1012.

5 Chapman and Vodden, Trans. Chem. Soc., 1909, 95, 41.
¢ Hentschel, Ber., 1897, 30; 1898, 31, 246.

7 Dulong, Schweigger's J., 1812, 8, 32.

8 Davy, Phil, Trans., 1813, 103, 1, 242,
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hydrogen was also present.! Gattermann,?® however, found that the
amount of chlorine present closely agreed with that for NCI; by de-
composing nitrogen trichloride with ammonia, and estimating the
chlorine in the resulting ammonium chloride as silver chloride. This
result has been confirmed.®

Nitrogen Iodide, N,H I,.—A very explosive compound of nitrogen
and iodine, discovered by Courtois in 1812, was investigated later by
Serullas,* who prepared it by the action of an alcoholic solution of
iodine on aqueous ammonia.

The action of strong ammonia solution on solid iodine also produces
the substance as a black powder, which can be filtered off.?

Alcoholic solutions of iodine and ammonia produce the same
compound.®

A convenient method is to add gradually a solution of iodine in
potassium iodide to aqueous ammonia, when a black precipitate
separates.’

The reaction between iodine and ammonia appears to procced in
three stages.® Firstly, hypomdous acid and ammonium iodide are
produced :

NH,OH+4I,=HOI+NH,I;

and the hypoiodous acid further combines with ammonia to form
ammonium hypoiodite :

NH,O0H+HOI=NH,I04H,0.
Finally, the ammonium hypoiodite decomposes into nitrogen iodide :
8NH , IO==N,H,I,+NH,OH+2H,0.

The last reaction is apparently reversible, as the nitrogen iodide
redissolves in strong ammonia.®

Ammonjum iodide and bleaching-powder solutions also give the
explosive nitrogen iodide.*?

Properties. -——N1trogen iodide exists in the form of flattened ncedles
which are copper-coloured by reflected light and red by transmitted
light, with a density of 8:5. It is one of the most explosive of substances ;
when dry it will explode spontaneously or by the lightest contact, even
that of a feather. Warming or exposure to strong llght also causes its
explosive decomposition, and in all its reactions it “tends to break down
into nitrogen and hydrogen iodide.

The composition of nitrogen iodide has been the subject of much
investigation, but it seems that the usual product of ammonia and iodine
is NI;.NH,;. Sodium sulphite is oxidised to the sulphate according to
the following equation :—

! Porret, Wilson, and Kirk, Gilbert's Annalen, 1813, 47, 56, 69; Gladstone, Trans.
Chem. Soc., 1854, 7, 51.

? (attermann, Ber., 1888, 21, 755,

® Chapraan and Vodden, Trans, Chem. Soc., 1909, 95, 138.

1 Serullas, Ann. Chim. Phys., 1829, (ii), 42, 200.

5 Stas, Gesetze der Pro;po'rtwnen Lexpmg, 1867, p. 138.

¢ Bunsen, Annalen, 1852, 84, 1.

7 Schénbein, J. pmkt Ohem 1861, 84, 385; Guyard, Compt. rend , 1883, 97, 520;
Ann, Chim. Phys 1884, [6], 1, 358.

8 Seliwanow, Ber 1894 27, 1012,

# Chattaway and Orton, Amer. Chem. J., 1900, 24, 331.

10 Gladstons, {oc. cit,
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The reaction between nitrogen iodide and zine cthy!l confirms the
composition NyH It

\“]I'3 4 } 31’:11(‘.") )2ﬂ3:.3/11(1«3115 {‘ Nlr';—{“ (Czlfls)a.

A black explosive compound is obtained when silver nitrate is added

to nitrogen iodide suspended in water,® whielh has the composition
NI, AgNIL,.!

The hydrolysis of nitrogen iodide by water proceeds according to the
cquation 3

NLIL,1, | 8I1L,0 . ~2NITLI0-1 IO,

Many substances ave readily oxidised by nitrogen iodide @ hydrogen
iodide liberates 1odine, hydrogen chloride forms 1odine ehtoride, hydrogen
evanide gives wdine eyanide, TON, and alkalies form a mixture of odide
and lodate.

At low temperatures a naber o addition compounds of nitrogen
iodide ean be produced, sueh as N1L2NIH NI.; SNIL,, and NI, 1"N[l 3

Monochloramine, NH,CGL. Gattermann * came to the (.ou(luslou
that the ehlorination of annnoenia oceurs in three stages :

(1) NI, i Ul NILClOnonochloramine ) -|- HC,

(2) NI O, NIy (diehlorarine) |- FICI,
(3) NHCOL, L NG (triehloranine) - 11CL;

but it was not found possible to isolale cither mono- or di-chloramine by
this method. Rasehig,® however, prepared monochloramine by mixing
dilute u;ummic cular solutions of ammonia and sodium hypuchlﬂrltc
aned distilling the mixture at low temperatures in o vacuum :

NI, 1 NaOCH NIHLCE | NaOLLL

An unstable yellow liquid is obtained which can l;w solidified into
colourless unstable erystals with melting-point - 669 (

Monoehloramine is also produced by the Ilyclmlysls of polasstum
chloramino-sulphonate with difute mineral acids

NHCLSOK L0 NILG | KHSO,.

Monochlomunine is decomposed by alkalies with the formalion of
annnunia and pilrogen :

Sy aNILCH BKOTE NI § Ny | SICT | 31,0,
Vi) sNHLUL 2N, Nyt sNHLUL

b ol the smoe time some of the ammonin reacts wilth the chloramine
to produce o sl amount of hydrazine hydrochloride :

(i) NI N =N IICL

Monochlorsmine reaets with potassium lodide to form nitrogen iodide.

oa

Subbwergadh, Trana, e, hru Lo0h, 87, b4, Gl

Sendiay, Her,, IR, 26, ik

[iuw,t Ann, Chim, Phys, 1‘}1)!) {vit), 21, O3 Ruoll, Ber, 1800, 33, 30240,
Hinttermung, thid., THER, 21, 750,

o Haswelsier, Virh, O deut, .\ulmﬁamh. Herzte, YOUT, 12,0, L0,
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CHAPTER VII.
OXY-HALOGEN DERIVATIVES OF NITROGEN.

Nitrosyl Fluoride, NOF.—Nitrosyl fluoride is prepared by passi
nitrosyl chloride over silver fluoride in a platinum tube heated
200°-250° C., and condensing the gas in a platinum receiver immers
in liquid air. The liquid is purified by fractional distillation at a I

temperature : 1
NOCl+AgF=AgCl4{NOF.

Properties—At ordinary temperatures nitrosyl fluoride is a colourle
gas, which liquefies at —56° C. and solidifies at —184° C. The vapo
density (compared with air as unity) at 760 mm. and 23° C. is 1-6¢
which agrees with the formula NOF.

Chemically the gas is very active, many substances reacting with
in the cold. Thus sodium, silicon, boron, phosphorus, and antimo;
inflame, producing the corresponding fluoride and evolving nit:
oxide. Lead, antimony, bismuth, and copper are only slowly attacke
while sulphur, carbon, and iodine are without action even on heatir
Arsenic and antimony pentafluorides form additive compounds wi
nitrosyl fluoride.?

The gas fumes in moist air, owing to the formation of hydrog
fluoride and nitrous acid, which decomposes, producing brown fumes.

Nitrosyl Chloride, NOCL.—(1) Nitrosyl chloride may be prepar
in many ways. It was first prepared by Gay-Lussac by the direct uni
of nitric oxide and chlorine : 3 .

2NO +Cl,==2NOC].

(2) The most convenient method for producing pure nitros
chloride is by the decomposition of aqua-regia.* A mixture of 1 volur
of concentrated nitric acid (sp. gr. 1-42) and 4 volumes of hydrochlo
acid (sp. gr. 1-16) is gently warmed, and the nitrosyl chloride a
chlorine dried by means of calcium chloride. The dried mixture
gases is then led into concentrated sulphurie acid, which forms nitrosy
sulphuric acid with the nitrosyl chloride, while the chlorine and sor
hydrogen chloride pass on :

OH

NOC]+802(OI—I)2=502<
ONO

1 Ruff and Stauber, Zeitsch. anorg. Chem., 1905, 47, 190.

2 Ruff and Stauber, ibid, ; 1908, 58, 325,

® Gay-Lussac, Ann. Chim. Phys., 1848, [3], 23, 203. See also Wourtzel, J. Chin. phi
1913, 11, 214 ; Trautz, Zeitsch. anorg. Chem., 1914, 88, 285 ; Francesconi and Brescia
Atii R. Accad. Lincer, 1903, [5], 12, II, 75 ; Boubaoff and Guye, J. Chim. phys, 1911,
290.

4 Tilden, Trams. Chem. Soc., 1860, 13, 630; Girard and Pabst, Bull. Soc. chim., 18
(ﬁ)! 303 531' E

118

-+HCl.




OXY-HALOGEN DERIVATIVES OF NITROGEN. 119

Nitrosyl-sulphuric acid is decomposed by dropping the saturated
Aaric-acid solution on to dry sodium chloride :

OH OH
sog< +NaCl=S0<~  +NOCL
ONO “\ONa

3) Dry hydrogen chloride passed into liquid nitrogen trioxide
ves nitrosyl chloride, which is not quite pure: ?

9HCl+N,0, =2NOCLLH,0.

‘hie following methods have been used for the preparation of nitrosyl
ticle, but none of them give as pure a product as that given
bR by (2) i

1) Distillation of potassium nitrite with phosphorus pentachloride :
KNO,+PCl;=NOCl+KCiI+POCl,.
5 ) Nitric oxide decomposes {erric chloride at a high temperature : 2
FeCl;+NO =FeCl,+NOCL
6 ) Nitrosamines react with hydrogen chloride : 3

R,N.NO+-HCl =R,NH-+NOCL

>7roperties—Nitrosyl chloride is a yellow gas at ordinary tempera-
5, ‘with a suffocating odour. It isreadilyliquefied by passing through
e immersed in a freezing mixture, and a red liquid is obtained
by boils at —5-5° C. at 760 mm.! The chloride is obtained as a
»w solid by further cooling. The melting-point is variously given
~65°t —60° to —61° C.5

Che variation in density of liquid nitrosyl chloride with temperature
ven in the following table :—*

Temperature, °C. —12 —15 —18 —355
Density . . 1-4165 1-4250 1-4330 1-550

critical temperature is 163° to 164° C.°
N1itrosyl chloride does not begin to dissociate until the relatively
v ‘temperature of 700° C. is reached.” The dissociation into nitric
le and chlorine is attended with the absorption of —14-4 Cals.?
LChe absorption spectrum shows three bands in the red and three
1 e bands in the extreme green.®
Nitrosyl chloride is immediately decomposed by water with the
nation of hydrochloric and nitric acids. Most metals react with the

(gold and platinum are unaffected) to give the metallic chloride

nitric oxide :

Mg+ NOCl=HgCl+4NO.

=

Briner and Pylkov, J. Chim. phys., 1912, 10, 640.

Thomas, Compt. rend., 1895, 120, 447,

Lachmann, Ber., 1900, 33, 1035.

van Heteren, Zeitsch. anorg. Chem., 1800, 22, 277,

Francesconi and Bresciani, Atti R. Accad. Linces, 1903, [5), 12, 11, 75,
(euther, Annalen, 1888, 245, 96 ; Briner and Pylkov, loc, cit.
Sudborough and Miller, Chem. News, 1890, 62, 307.

8 Magnanini, Zestsch. physikal. Chem., 1889, 4, 427.
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Metallic oxides and hydroxides form corresponding nitrites anc
chlorides : 1

2KOH -NOCl=KNO,+KCl-+H,0.

Many metallic chlorides form additive compounds with nitrosy
chloride, e.g. CuCLNOC], BiCl;.NOCI, ZnCl,.NOCl, FeCl,.NOC]
SnCl1,.2NOCI], SbCl;.5N0C], AuCl;.NOCI, PtCl,.NOCL. The last twc
compounds are stable towards heat and may be sublimed, but the
majority of these substances decompose on heating with evolution o
chlorine or nitric oxide :

CuCLNOCL=CuCl,+NO.
Unsaturated organic compounds also form additive compounds :
>C=C<-+NOCl ——+>C(NO)—-C(C]) <.

Amines are decomposed with the formation of chlorides and evolu
tion of nitrogen : 2

R.NH,+NOCl=RCl-+N,+H,0.

Sulphur {rioxide reacts with nitrosyl chloride to form nitroso
sulphuryl chloride.

Nitrosyl Bromide, NOBr.—The direct union of nitric oxide witl
bromine occurs when the gas is led into bromine till no further absorptior
takes place at temperatures between —7° and —15° C.2 Il the tem
perature is above —7° C., the additive compound NOBr.Br, is formed.

Sodium bromide and nitrosyl sulphuric acid react to form nitrosy
bromide : 4

. OH OH
NaBr+S0 2< .—._—502< 4 NOBr.
ONO ONa,

Properties.—Nitrosyl bromide is a brownish-black liguid, boiling a
—2° C. with dissociation. Generally speaking, nitrosyl bromide show
very similar properties to nitrosyl chloride.

The heat of formation of nitrosyl bromide is between 9:000 an
10500 Cals.?

The fusion curve of bromine and nitric oxide shows a cutectic a
—40° C. corresponding to NOBr; or NOBr.Br,, and another at —55° (
which corresponds to NOBr, and NOBr.

The compound NOBr; is a brownish opaque liquid which boils &
82° C. with decomposition. The density at 20° C. is 2-637.

The heat of formation at 22° C. is 27-000 Cals.?

Nitryl Fluoride, NO,F.—This compound is obtained by the actio
of nitric oxide on fluorine at the temperature of liquid air: ¢

4NO+F,=2NO,F+N,.

! Sudborough, Trans. Chem. Soc., 1891, 59, 655.
* Solonina, J. Russ. Phys. Chem. Soc., 1898, 30, 431.
“3 Landolt, Annalen, 1861, 116, 177.
4 Girard and Pabst, Bull. Soc. chim., 1878, (ii), 30, 531.
"% Trautz and Dalal, Zeitsch. anorg, Chem., 1920, 110, 1.
® Moissan and Lebeau, Compt. rend., 1905, 140, 1573, 1621.
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At ordinary temperatures nitryl fluoride is a colourless, pungent-
sielling gas, which attacks the mucous membrane. The liquid boils at
6:3-57 ., and solidifies af 139 L to a colourless solid.  The vapour
density is 2-24 (compared with air:1), which is almost identical with
that required by the formula NOLI (2-26),

The gas s very reaetive, and attacks many metals and non-metals,
steh as arsende, antimony, aluminium, iron, mercury, alkali and alkaline
carth metals, phosphorus, boron, and silicon. It has no action on
hydrogen, sulphur, or carbon. Water decomposes nitryl (luoride with
the quantitative formation of nitrie and hydrofluorie acids :

NOLE | L0 1INO, | HE.

Many organie compotds react with nitryl fluoride,

Nitryl (Jlluride NO,CL, was stated to have been obtained by the
actton of Ditrogen tetroxide on ehlorine ! or hydrogen ehloride,® and
by the action of chlovine on silver nitrate,®  Sunilarly, niteyl browmide,
NOL B was eonsidered to be the produet of the action o hromine on
nitrogen tetroxude Later invesbigalions, however, appeared to dis-
prove he formation of these halogen corupounds by the above methods.
More veeently, it is elaimed that aiteyl chloride is formed when nitrie
acid reacts with phosphorus oxyehloride, and nitryl bromide by passing
mitrogen tetroxide and hromine vapour over a catalyst of ealeined lime
heated to 2000 2507 (5

 Hueenlacin, J, goadd, Chow,  I8TE (10 g, L

S Muller, leaalen, V882, 12z, 1,

Ttkdet wd Vienon, Cowapt, pond,, TR0, 70, D6,

Vot bner s Lebeosnnag, 0 pradt Chene, 100, (i), 71, 180,
©Aashane, Bal, Soe, chim,, RN, (VY 37, 18T,



CHAPTER VIIL

HYDRIDES AND THEIR DERIVATIVES CONTAINING
TWO OR MORE NITROGEN ATOMS.

HYDRAZINE.

History.—Organic derivatives of hydrazine have long been known and
used in syntheses, as, for example, that of phenylhydrazones from
hydrazine. The substituted hydrazines are obtained by the reduction
of compounds containing the diazo grouping; thus, diazo-benzene
chloride may be reduced to phenylhydrazine hydrochloride,

CHy—N=N-—Cl+4H—CHNH—-NH,HCl;
azo-benzene yields diphenylhydrazine,
CeH; —N=N—-CgH;+4-2H——CH NH—~NHCH; ;
" npitro-urea yields semi-carbazide,
H,N—CO-NH—-NO,;+6H—H,N—~CO—-NH-—-NH,-2H,0 ;

diazo-acetic ester yields hydrazo-acetic ester,

C.H;— 0 —CO—CH=N,-+2H—-+C,H;~0—CO0 —CH =(NH),.

Hydrazine itself was prepared by Curtius in 1887 * from di-diazo-
acetic acid. Para-urazine, C,H,0O,N,, derived from urea, may also be
hydrolysed by dilute sulphuric acid and the sulphate of hydrazine
crystallised out.? 'When ethyl-diazo-acetate is heated with concentrated
potash a coloured salt is formed. After digestion with sulphuric acid
the colour disappears and hydrazine sulphate is formed.

Preparation.—(1) By the reduction and subsequent hydrolysis
of diazo-acetic ester, or by the hydrolysis of its condensation products.
Diazo-acetic ester is reduced by an alkaline ferrous solution to hydrazo-
acetic ester (vide supra), which is then hydrolysed by mineral acids :

NH
C,H,=0—CO—CH 1lr o+ 20— C,H,OH +CHO.COOH + N,IL,. >

Diazo-acetic ester and the free acid easily polymerise into bisdiazo-
compounds : ‘
N =N
COOH —~CH< CH.COOH,
N=N

1 Curtius, Ber., 1887, 20, 1632,
* Chattaway, Trans. Chem. Soc., 1909, 95, 237.
8 Curtius and Jay, J. prakt. Chem., 1889, [2], 39, 27, 107.
 v. Pechmann, Ber., 1895, 28, 1847.
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which probably undergo a tautomeric change, giving

N—NH
COOH —¢& \(.COOH.
g/ 0o

This compound, on boiling with mineral acids, is hydrolysed (by 4 mols.
of water) to 2(COOH),+2N,H, %2 245 grams of the bisdiazo acid
in 2 litres of water and 800 grams of concentrated sulphuric acid are
heated on the water-bath until all is dissolved, then heated until effer-
vescence (CO,) ceases. On cooling, hydrazine sulphate crystallises.?

(2) By the reduction of nitro-guanidine to amino-guanidine, which
is then hydrolysed. Ammonium thiocyanate is heated for some time
at 170° to 180° C. The residue, guanidine-thiocyanate, NH,—C(NH)
—NI,.HNCS, is treated, first with concentrated, then with fuming,
sulphuric acid. This mixture, after cooling, is mixed with nitric acid
of density 1-5 and poured into water. Nitro-guanidine, NH,—C(NH)
—NH —NO,, separates, and is reduced with zine dust and acetic acid.
The solution of amino-guanidine, NH,—C(NH)—NH—-NH,, may be
hydrolysed either by acids or by alkalies. It is concentrated, mixed
with sodium-hydroxide solution, and boiled for eight to ten hours. The
cooled liquid, after separation from NaHCO,, is mixed with concentrated
sulphuric acid, when most of the hydrazine separates as the sulphate,
and may be purified by one recrystallisation :

NH, -~ C(NH)—NH—NH,.HCl +8NaOH -

(3) By the reduction of hyponitrous 5 acid or its sulphonic deriva-
tive.%7 The hyponitrous acid may be reduced by zinc and acetic acid in
the presence of sodium bicarbonate.? Or, the potassium salt of nitroso-
sulphurous acid (nitroso-hydroxylamine sulphonic acid), 2NO.K,50,
(or KO—N=NO-S0;K), which was discovered by Davy, may be pre-
pared by passing nitric oxide to saturation into an alkaline solution of
potassium sulphite containing an excess of potassium hydroxide. The
compound is deposited in a crystalline form, and may be recrystallised
from hot water with some loss. A solution of this salt may be reduced
with an e¢xcess of sodium amalgam : 87

S0,K SOK
ON~M< +oiL=HN-N_ T +H,04KOH,
0K H
S0,K
H,N—N +KOH=N,H,+K,S0,.
H

Several organic compounds containing the —N=N-— group and the
—80,K group are hydrolysed in this way by alkalies.

[

Hantzgeh and Silberrad, Ber., 1900, 33, 58.

Hantzsch and Lehmann, ibid., 1901, 34, 2506 ; 1900, 33, 3688,
{lurtiug and Jay, loc. cit.

Thiele, Annalen, 1892, 270, 1.

Brackel, Ber., 1900, 33, 2115.

¢ Duden, tbid., 1894, 27, 3498,

7 Divers and Haga, Trans. Chem. Soc., 1896, 69, 1610.
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(4) By the oxidation of ammonia with sodium hypochlorite in the
presence of glue.! One litre of an aqueous solution of sodium hypo-
chlorite is mixed with 3 litres of concentrated ammonia solution con-
taining 12 c.c. of a 5 per cent. solution of glue. The mixture is boiled
in an open vessel for about half an hour, cooled in ice, and acidified with
10 per cent. sulphuric acid. The sulphate, N,H,.H,S0,. crystallises.
The yield (80 to 90 grams) is about 40 per cent. of theory. The oxidation
of the ammonia probably proceeds through the formation of chloramine,

NH, 4 NaOCl =NH,(1+NaOH,
NH,(]l+NH,+NaOH =N,H, -NaCl--H,0.

The glue appears to act as a protective colloid, and also by raising the
viscosity of the solution.? 3

The Hydrate and the Free Base.—Hydrazine is set free by alkalies
in aqueous solution in the hydrated form. One molecule of water is
firmly combined, for on distillation of the salts with solid potassium
hydroxide, the hydrate, N,H,H,0, is obtained as a fuming liquid
which boils at 188° C.%5 This is sometimes regarded as a constant
boiling mixture, .. one of maximum boiling-point, like those of the
halogen hydracids and water. It has been proved that there is dissocia-
tion in the vapour phase. The hydrate does not freeze at —40° C.;
it does not exist as a definite solid compound (¢f. hydrates of ammonia,
p. 87). It has a strong smell resembling that of ammonia, and is a
most penetrating reagent ; it corrodes not only cork and indiarubber,
but also glass.

The solutions are oxidised by atmospheric oxygen :

NzI—I 4.1{ 20 —|"02 =N2+31{20.

They also decompose spontancously, giving ammonia,® and more
quickly in the presence of spongy platinum, giving nitrogen and
hydrogen as well :

2N H,=2NH ;4 N,-+-H,.”

The spontaneous decomposition in the presence of a little alkali
gives different proportions :

3N2H4 =2NI{3+2N2+3I_I 9.

In connection with this instability it may be noted that the heat
of formation in dilute solution (deduced fromn the heat of oxidation by
K,Cr,0,, ete.) is —9-5 Cals.B |

Hydrazine itself is obtained by distillation of the hydratc with
anhydrous alkalies in a reducing atmosphere and under diminished
pressure. Barium oxide may be used as alkali.>? The partly dehydrated
base may be boiled with an excess of the oxide for three hours under a
reflux condenser and then distilled in hydrogen at reduced pressure.

1 Raschig, Ber., 1907, g0, 4588.

2 Raschig, Chem. Zeit., 1907, 31, 926,

3 Joyner, Trans. Chem. Soc., 1923, 123, 1114.

1 Curtius and Schultz, J. prakt, Chem., 1890, 2], 42, 521.

5 de Bruyn, Rec. Trav. chim., 1894, 13, 433 ; 1895, 14, 83; 1896, 15, 174 ; 1809, 18, 207.
8 Scott, T'rans. Chem. Soc., 1904, 85, 813.

? Tanatar, Zeitsch. physikal, Chem., 1904, 40, 475 ; 1902, 41, 37.

® Berthelot and Matignon, Ann. Chim. phys., 1892, [6], 27, 289 ; 1803, [6], 28, 138,

® Raschig, Ber., 1910, 43, 1927; also Joyner, Trans. Chem. Soc., 1923, 45, 188.
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The product may contain 99-7 per cent. of hydrazine.> % It may also
be prepared by a similar method from the carbonate or the borate.?
- The barium oxide may be replaced by solid sodium hydroxide.* The
hydrochloride may be decomposed with sodium methoxide, and the
methyl alcohol removed by distillation under diminished pressure.®

Properties—Hydrazine is a colourless liquid which can easily be
solidified ; the solid melts at +1-4°C. The liquid boils at 113-5° C.
under 761-5 mm., at 56° C. under 71 mm. pressure. The density is
only sl%ghtly greater than that of water. ' is 1-0114,° and D% is
1-0258.

The refractive index for the D line is 1-46979; for H, it is 1-46675.
The molecular refraction Mp is 8-867.3 6

Hydrazine mixes in all proportions with water, with evolution of
heat, 1-919 Cals. per mol. in dilute solution.?

It also mixes with some alcohols, but not with other organic solvents -
of the *““mormal ” type, 4.e. those which, on the evidence of many
physical properties, appear to exist as simple molecules and are freely
miscible with one another.

As a solvent it bears many resemblances to liquid ammonia. It
dissolves sulphur and iodine, but with some chemical action.® Most of
the sulphur is deposited again on pouring the solution into water, but
some reacts with evolution of nitrogen and formation of an unstable
hydrosulphide.® The alkali metals dissolve, and also react with evolu-
tion of hydrogen. BSodium gives a white explosive product,® which
has been described as a derivative of azoimide,® or as a mono- or
di-sodium hydrazate, NaN,H, and Na,N,H,.1® These solutions con-
duct electricity ; nitrogen and hydrogen are evolved at the electrodes.?
It also dissolves many salts, especially halides, nitrates, and ammonium
salts. Typical solubilities are: NaCl, 12-2; KNO,, 21-7; K1, 1857;
Ba(NOj),, 81-1, in 100 parts by weight of hydrazine. All these solutions
conduct clectricity. Many reactions take place in this solvent. Thus,
hydrazine sulphide and a zinc salt give zine sulphide. »

Hydrazine as a Base.—A solution of hydrazine in water reacts
alkaline on account of electrolytic dissociation :

N,IT, H,0==H,N.NH' ;--OH".

The constant of this-dissociation is obtained from the following con-
ductivity measurements :(—

At V= 8 16 32 64 128 25¢

6
A=1-4 17 21 37 3-8 55
107k = 44 30 23 21 20 21

! Welsh, J. Awmer. Chem. Soc., 1915, 37, 497.

2 Welsh and Broderson, tbid., 1915, 37, 816, 825.
3 Stollé, Ber., 1504, 37, 4523.

Raschig, loc. cit.

de Bruyn, loc. cit,

Bruhl, Zeitsch. physikal. Chem., 1897, 22, 373.
Bach, #bid., 1892, 9, 241 ; 1893, 28, 138.
Ephraim and Piotrowski, Ber., 1911, 44, 386.
Seandola, Chem. Zentr., 1910, ii, 544.

10 Schlenk and Weichselfelder, Ber., 1915, 48, 669.
W Bredig, Zeitsch. physikal, Chem., 1894, 13, 288,

w = o oo
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Assuming a kation mobility of 61, and that the mobility of the
hydroxyl ion is 177 (both at 25° C.), the value of A, is 238, whence the
dissociation constant is as stated in the third line. Taking into account
the present accepted value of the mobility of OH’, which is rather
greater (ca. 190), the dissociation constant becomes 2x107% in round
numbers ; which is about 5% of the constant of ammonia (¢.v.). The
heat of neutralisation is also less than that of ammonia.

Thus the corresponding heats of formation of the salts in dilute
solution are: !

N,H, HCI aq. . . 9600 Cals. | NH,Cl aq. . . 12-390 Cals.
N,H,HNO ;aq. . 9700 ,, NH,NO; aq. . . 12820 ,
N,H,$H,S0,aq. . 11100 ,, $(NH,),S0,aq. . 14075

Although the salts of the diacid base are known in the solid state,
they are completely dissociated in solution. Thus there is a difliculty
in the addition of a hydrion to the second —NH,. This is no doubt
connected with the fact that alkylation also only takes place on one
—NH,. The final product is a quaternary halide of the monacid base
~ which cannot be alkylated further :

Hydrazine as a Reducing Agent.—Solutions of the free base and
its salts are slowly oxidised by atmospheric oxygen. They are powerful
reducing agents, and will reduce cupric and ferric salts to the cuprous
and ferrous states, iodine to hyvdrogen iodide, and selenious acid to
selenium. The noble metals are precipitated from their salts, and
metallic copper is also similarly precipitated.

Hydrazine Salts.—Hydrazine combines with acids to form-
- erystalline salts which in their composition show a formal similarity to
the mono- and di-acid salts of a diacid base, N,H, HX and N, H,2HX.
The evidence already mentioned, as well as that derived from the
conductivity of these salts and the determinations of molecular weight
in solution, renders it highly probable that the base is a monacid one,
which is capable of forming acid salts (like ammonium bisulphate,
NH HSO,) by evaporation with excess of acid.*5 The dihydrochloride,
N,.H,.2HCl, may be prepared by passing chlorine into an alcoholic
solution of hydrazine hydrate :

2C1,+8N,H , H,0=2(N,H,2HCl)+8H,0+N,.

It is also produced by precipitation of the sulphate with barium chloride.
It may be crystallised from water in octahedra. The crystals melt at
180° C. with loss of HCIl, and give the hydrochloride, N,H  HCIL
Aqueous solutions of the dihydrochloride are almost completely decom-
posed, giving one equivalent of free hydrochloric acid. This 1s proved
by the velocity of inversion of cane sugar.?*

Also the Van ’t Hoff or activity coefficient 4 °” of a 0:5901N solution
is 8-76, since nearly four ions are derived from one molecule, thus:

Bach, Zeitsch. physikal. Chem., 1892, 9, 241 ; 1893, 28, 138,

Fischer, Annalen, 1877, 190, 102.

Harries and Haga, Ber., 1898, 31, 56.

Curtius, J. prakt. Chem., 1889, [2], 39, 27 ; 1890, [2], 42, 521 ; 1894,[2], 50,275, 311, 508.
Sabanejeft, Zeitsch. anorg. Chem., 1898, 17, 480 ; 1899, 20, 21.
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NI 2HCl—— N, H ;- " +-2Cl"
represents the dissociation as determined by the lowering of the freezing-
point.

The densities of the solutions have been determined,* and also the
refractivities.?

The monohydrochloride, (N,H,. (1), obtained from the di-salt by
careful heating to 140° C., erystallises from water in needles which melt
at 89° C., and on stronger heating decompose into NH,, N,, and H,.

The molcmr heat of solutmn is ~5-440 Cals., that of the acid : alt,
which includes the heat of dissociation, is —6- 201 Cals.?

The hydrobromide and hydriodide are made by similar methods.
A salt, 3N,H.2HI, is made by adding iodine to alcoholic hydrazine
hydrate.  The dihydrofiuoride is made by direct combination in aqueous
or aqueous aleoholic solution. It melts at 105° C., and is more stable
than the corresponding compounds with the other halogen hydracids,
since it sublimes without decomposition.  In dilute solution the activity
coellicient is about 2; it thercfore gives only two ions, no doubt on account
of the polymvrlm‘uon of hydrofluoric acid, z.e. NgI{ 5 and HF',.

The disulphate, prepared by direct combination, crystalhses in the
form of tables or their prisms in the rhombic system. These melt with
decomnposition at 254° €. They are easily soluble in hot water, sparingly
so in cold, and insoluble in alcohol.  The activity coellicient in solutions
containing 0-31 to 096 mols. to the litre is about 2. The molecule
probably dissociates into NoH'y and II80’,. The heat of solution of
1 mol. is ~-8-700 Cals.?

The sulphate, (N,I1,),.11,50,, prepared from the caleulated amounts
of base and acid, may be precpitated by aleohol as an oil which
becomes crystalline on rubbing.® The crystals melt at 85° C. The
sulphates of hydrazine are docompcmcd by liquid ammonia, with libera-
tion of the hydrazine. The reaction is quantltatlvc and may be used
in preparing the anhydrous base :

N IJ.ﬂHgSOQ - 2NHy == (NH,) 2§04 F«-NglIt, T

The dinitrate, N1, 21NO,, is prcpdred from the sulphatr* and
barium nitrate, and may be erystallised i deliquescent needles which
melt with decomposition. The nitrate obtained from nitric acid and the
carbonate,® or by the addition of aleohol to a solution of the binitrate,
may be grystulhsul in ncedles from hot alcohol. It is more stable
than the binitrate, and may be heated far above its melting-point,
69° ., without decomposition (i.e. to 800° C.).

The nitrite is prepared by the general reaction

Ba(NO,)p - (NI 1), H S0 =BaS0 -+ 2(NIT L. IINO,).

The (iltrate is concentrated in vacuo over P04, and may be crystallised
from alcohol and cther. It decomposes on heating and ¢xplodes on

pPereussion.
NI, . HNO,==NI{,--N,0--H,0.7
(See also under Nitrous Acid, p. 184.)

1 Schiff and Mensacchi, Zeitsch, physikal. Chem., 1896, 21, 202,
* Bach, loe. cit, 8 Berthelot and Mattgnnn loc. eit.
4 ”‘uxmus, . prakt. Chem., 1891, 44, 101.
5 Browne and Welsh, J. dmer. Chem. Svc., 1911, 33, 1728,
¢ Curtius and Jay, J. prakt. Chem., 1889, [2], 39, 27, 10T.
? Sommer, Zeitsch, anory. Chem,, 1913, 83, 119.
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Hydrazine forms a series of double salts with salts of metals, which
resemble to some extent the corresponding ammonium doublc salts.?
Zinc hydrazine chloride, ZnCl,. 2N I, TICI, cerystallises in needles; it is
soluble in alcohol. Double chlondca arc also formed with the chlorides
of cadmium, mercury, and tin. The platinichloride, 2N ,H . HCLPtCl,,
is obtained as a yellow precipitate from a concentrated aqueous alcoholie
solution.?

The double sulphates differ from those of ammonia by crystallising
anhydrous and being less soluble in water. Those of zine and nickel
have the composition ZnSO,.(N,H,),.H,S0, and NiSO,.(N,H,),.H,S0,.

By the addition of 11ydra41ne hydratc to salt soluhons addition
compounds or hydrazinates corresponding to ammines are pre-
cipitated,® 8 e.g. NiSO,.8N H,;, ZnCl,.2N,I1,. Compounds of this type
are formed also by sal’fz-, of Co, Cd, Cu, a,nd Hg, but not by those of
manganese, iron, copper, and tin.

Derivatives of Hydrazine.—In addition to the numerous organic
derivatives in which the hydrogen is replaced by alkyl or aryl radicals,
ete., there are a few derivatives of inorganic acids, but these also are
more stable if some of the hydrogen is replaced by organic radicals.

The sulphonate, H,N —NH-—-S0,H, and the dlbll]phOllatC arc known.*
When air is passed through fummw sulphunc acid and then through
anhydrous hydrazine, hydrazsme hydrazzme-sulphonatc 1s produced :

ON,H,+S0,=H,N —NH—SO,H.N,H,.

Among the carboxyl and carbonyl substitution products are
hydramne -carboxylic acid, NH,—NIH—COOH, the dicarboxylic acid,
HHOOC—NH—-NH— COOH carbonic-acid dlhydmzldo CO(NTLNH,),
and the amide hydrazide or semi-carbazide, NH,—CO—-NH—-NII,.

Detection and Estimation.-—The reactions which are used in the
analysis of hydrazine and its salts usually depend upon its oxidation.
Thus it is determined by titration with potassium permanganate in
acid solution,® or with vanadic acid.” Nitrogen is quantitatively
evolved :

N, +20 =N,--2H,0.

Hydrazine is also a useful reagent in general analysis. A solution made
by dissolving the hydrochloride in an excess of alkali will quantitatively
precipitate copper as metal. The copper solution is added drop by
drop. Copper can be estimated in this way in the presence of tin zine.8

Hydrazine alone does not reduce chlorates, bromates, or iodates, but
in the presence of cupric oxide the reduction is qllalltlt‘,dtl\?’(‘ :

The chloride, ete., may then be determined in the usual manner
after decomposition of the excess of hydrazine with permanganate and
nitric acid.?

L (lurting and Schrader, J. prakt, Chem., 1894, 50, 311,
2 Thiele, Ananalen, 1892, 270, 33.

Hofmann and Marburg, 4bid., 1899, 305, 191.

Stollé, Ber., 1899, 30, 799 ; 1904, 37, 45623.

Traube and Vockerodt, ibid., 1914, 47, 938.
Petersen, Zeibsch, anorg. Chem., 1894, 5, 1.
Hofmann and Kisspert, Ber., 1898, 31, 4.

Jannagch and Bicdermann, ibid., 1900, 33, 6G31.
Hodgkingon, J. Soe. Chem, Ind., 1914, 13, 815,
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TrE SULPHONIC AND SULPHINIC SUBSTITUTION PRODUCTS OF
AvmonNis, HYDROXYLAMINE, AND HYDRAZINE.

These compounds may also be regarded as derivatives of sulphurous
and sulphuric acids, and as such are included in Vol. VII. of this series.
Some accounts have already been given under Ammonia, and the
derivatives of hydroxylamine and hydrazine have been described with
these compounds.

This description is summarised in the following conspectus, which
includes those compounds which are known in the pure state or in
solution, or as salts. Some further notes on the ammonia derivatives
are added.

Amido-sulphinic Acids.

Thionyl amide , -
Diamide of sulphurous acid | ' + NH,—SO—NI,.
Amido-sulphinic acid . . . . NH,—SO-OH.
Imido-disulphinic acid . . : . NH—(S0—0IH).,.
Imido-disulphamide . . . . NH(SO,NI,),.
Nitrilo-trisulphuric acid . . : . N(SO,H),.
Ammonium amido-sulphinate . : . NH,—SO,NH,,
or
Sulphuryl diammine . . . SO,(NIH;),.
Diammonium imido- d1su1ph1nate . . NII(SO JNH ).
Triammonium imido-disulphinate . . NH,—N(SO,NH,),.
‘ Amido-sulphonic Acids.
Sulphuryl amide NH.—SO.—NH
Diamide of sulphuric acid ) ” ) 2 2 2
Amido-sulphonic acid . . . . NH,—S0,—O0H.
Imido-disulphonic acid . . . . NH—(SO;II),.
Nitrilo-trisulphonic acid . . . . N(SOz;H);.
Trisulphimide . . . . . (NH=80,); (cyclic).
Imido-disulphonamide . . . . NH(SO,NH,),.

Hydroxylamine Sulphonic Acids.
Hydroxylamine a-sulphonic acid

or . - NH2—0“803}I-
Amido-persulphuric acid '
Hydroxylamine B-sulphonic acid . . HO—HN—-SO_ H.
Hydroxylamine af-disulphonic acid . . HO,S—O0—-NH-—-S0,I.
IHydroxylamine B8-disulphonic acid . . HO—N=(S0,H),.
Hydroxylamine afB-trisulphonic acid . HO,S—0—-N=(50;H),.

Hydrazine Sulphonié Acids.

Hydrazine sulphonic acid . . . NH,—NH-SO/H.

Hydrazine symmetrical disulphonic acid . HOS—NH-—~NH-—-SO0,H.

Sulphinic Derivatives.—The action of dry SO, on dry NH; pro-
duces a variety of coloured compounds having the empu-lcal formulx
(NH;),(SO,),.1 228 It appears, however, that a little water is required

1 Débereiner, Schweigger’s J., 1826, 47, 120.
2 Rose, Annalen, 1834, 33, 235 ; 1837, 42, 415 ; 1844, 61, 397.
8 Schumann, Zeitsch. anorg. Chem., 1900, 23, 43.
VOL. VL. : I. 9
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in order that combination may occur freely. In ethereal dry solution
a compound, (NH,),SO,, has been isolated as a white solid, which may
also be the ammonium salt of amido-sulphinic acid.? o

Organic  substitution products of amino - sulphinic  acid,
R—NH—SO0,H, and of thionyl imide, R —N =S80, are known.

The addition of thionyl chloride drop by drop to liquid ammonia
gives a red solution, from which triammonium imido-disulphinate
can be isolated. This may also be formed by the hydrolysis of imido-
sulphonamide.?

Sulphonic Derivatives.—The reaction between sulphuryl chloride,
S0,Cl,, and dry ammonia gives under various conditions sulphamides
and sulphimides. Some of these products were early prepared in an
impure state.® 4

In ligroin solution, trisulphimide (see table), sulphomelide (vide nfra),
and sulphamide are present. After removal of chloride with PbO, the
silver salts of these compounds are precipitated in the order given,
the last being that of sulphamide, which is then decomposed with the
theoretical amount of HCl. The free sulphamide is recrystallised from
hot alcohol.® Or, the compound may be prepared in chloroform solution,
the solvent then distilled, and the residue, dried at 100° C., is mixed
with sand and extracted with ethyl acetate.$

An entirely different method of making sulphamide by the decom-
position of ammonium amido-sulphite has also been described.?

. The compound crystallises in colourless rhombic tables, melting at
91-5° to 98° C., easily soluble in cold water, hot methyl, or ethyl alcohols.

The molar weight in water corresponds to the formula SO, N,H,. At
100° C. it is decomposed with evolution of ammonia. In solution it is
hydrolysed by acids to ammonium sulphate, by alkalies less completely,
to salts of amido-sulphonic acid. The aqueous solution does not
react acid or conduct the electric current, but the hydrogen, while not
ionised in solution, can be displaced with formation of salts. Thus the
insoluble silver salt is precipitated by double decomposition. Mono-
and di-potassium salts, SO,N,H ;K and SO,N,H,K,, are obtained by
the reaction between the compound and potassium amide in liquid
ammonia.” Trisulphimide, (SO,NH),, as a silver salt is the first fraction
of the precipitate mentioned above. Esters are also known, but the free
compound has only been prepared in solution. It is considered to have
the formula

SO
/
NH

0, s,
\NH/

2
AN
NH

analogous to that of cyanuric acid, (OCNH),.5

! Divers and Ogawa, Trans. Chem. Soc., 1900, 77, 327; 1901, 79, 1099; 1902, 81, 504.
? Ephraim and Pietrowski, Ber., 1911, 44, 379. See also Ephraim and Garewitsch,
ibid., 1910, 43, 138.
: %egnﬁult% ﬁnn.sghims Phys., 1838, [2], 69, 170.
raube, 1hid., 1893, 26, 607, 5 Hantzach and bid. :
Bl B 1308, o5 550n | Holl, sbid., 1901, 34, 3430.
? Franklin and Stafford, Amer, Chem. J., 1902, 28, 83.
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The ammonium salt of an isomerie compound, (SO,NII),, is present
i the residues after the distillation of ligroin from the products of the
reaction which oceurs between 80, and NH,.  The strueture is said to
be evelie,

SONII

0 \0

| |
[INOS SONII

AN /
ANV
0

and analogous to that of eyamelide.?

Imido-sulphamide (see table) is formed when the sitver salt of tri-
sulphimide s treated with 11,8, It appears as colourless erystals,
melting at 1607 C., which ave soluble in cther, and in water, giving an
acid solution from which ammonium, alkali, and silver salts can be
obtained by displacement of the imino-hydrogen.® 1 It is also made
from ammontum carbamate and pyrosulphuryl ehloride.®

Nitrilo-=sulphonice acid or amino-trisulphonate, N(SO4IT),, has long
heen known in the form of its polassium salt, which iy preeipitated as
erystals when o mixture of 1T mol. of KNO, and 3 mols. of K50, is
allowed to stand :

KNO, | 8K,80, | 21,0 N(SOK)y j-HKOILL 50

The sodinnm salt s formed when 8O, is passed into o fairly coneen-
trated solution containing 2 mols. of NaNO, and 3 mols. of Na,C0,.7

It differs from the potassium salt i being more soluble and in
erystatlising with 5 mols. of water instead of with 2. These salts
are hydrolysed quickly into the imido-, more slowly into the amido-,
salts, especially inacid solution,  Disodium  imido-~disulphonate s
prepared by expelling the 50, from the above-mentioned  sodium
nitrilo-sulphonate by a current of air. The solution is then made
stichtly  alkaline with Na,CO, and  evaporated.  Sodium  sulphate
eryslallises tiest, and then NIESO4Na),.

AZOIMIDE,

Historical.  Organie compounds containing three or four ators
of nitrogen united to one another (the triazo- and tetrazo-compounds)
are  numerons  and  often stable,  Thos  dinzo-amido-compounds,
RN N N NHR, contain the trinzene group.  Compounds  con-
taining the eyelie trinzene group or azide ring,

N \NR‘,

Hantzach and Staer, Ter,, 1905, 38, 1022,
Huntrach aud Holl, dor, v,

Meute, Annalen, 1888, 248, 232 _
Claun, thid | 18G4, 152, 3346 1871, 158. 02, 144,

w Wperny, oA, Chin, Phys, 1D, (3, 15, 408,

Perglund, Her, TH7H, 9, 202, ,

¥ Ilivﬁm and Hn;m, ’I’ruﬁ;, Chem. Soc., 1901, 20, 1903 1893, 61, $43; 1806, 69, 10620,

e S Be we
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may be made by a variety of reactions, such as those which involve
the condensation of a diazo-compound with one containing a single

nitrogen atom, involving elimination of water or halogen hydracid, or
both. Thus:

CH,—NH—NH,-+NOCl =C H; —N,+H,0-+HCL
Pheny! hydrazine. Phenyl azide.

The hydrolysis of such compounds containing the azide ring leads
to the formation of hydrogen azide or azoimide, N,H, which was first
prepared in this way by Curtius in 1890.% '

Preparation.—The reaction by which this compound is generally
prepared is that discovered by Wislicenus in 1892,2 and is best carried
out as follows : * Dry ammonia is passed over sodium at 250° to 850° C.
or allowed to bubble through the molten metal, which is converted into
the amide. The reaction is complete in about five hours.

2Na-2NT[, =2NaNH,+ H,.

Nitrous oxide is then passed over the melted amide in a nickel dish at
190° C. until no more ammonia is evolved.

NaNH,+N,0=H,0-NaN,.

The sodium azide, NaNj, is then distilled with sulpBuric acid (1:1).%
The greater part of the hydrazoic acid (azoimide) distils below 45° C.
in the form of a 91 per cent. solution, which is the first quarter of
the distillate. The distillation is continued until the addition of silver
nitrate gives no further precipitate of silver azide.

Hydrazoic acid is also obtained when hydrazine is oxidised by a com-
pound containing a third nitrogen atom, such as NCl,,% or better, nitrous
acid, or by hydrogen peroxide.® .

Solutions containing 5 grams of hydrazine sulphate and 3-8 grams
of potassium nitrite are mixed in the cold, and distilled after the

effervescence has ceased.” If silver nitrite is used, the hydrazoic acid
is precipitated as silver azide :

oN,H,.H,50,-+2HNO ,=2N H -+ 4H ,0--H,S0 .

Properties of the Free Acid.—The anhydrous acid is prepared by
removing the last quantities of water from the concentrated distillate
with anhydrous calcium chloride. It is a colourless, mobile liquid
which boils at 4-37° C. It freezes at a low temperature, and the solid
melts at —80° C. The molecular weight deduced from the density of
the vapour, about 25° C. above the boiling-point of the liquid, corre-
sponds to the simplest formula, N;H.2 The acid as well as many of its
salts are liable to explode when heated or struck. The heat of forma-
tion, calculated from the heat of combustion of ammonium azide,
NH,Ng, is ~62-100 Cals. per mol.® It mixes with water and alcohol.

(2] a Cu;tius, Ber., 1890, 23, 3023; also Curtius and Radenhausen, J. prakt. Chem., 1891,
» 43, 207.

? Wislicenus, Ber., 1892, 25, 2084.

8 Dennis and Browne, J. dmer. Chem. Soc., 1904, 26, 577.

% Dennis and Isham, Ber., 1907, 40, 458.

5 Tanatar, ibid., 1899, 32, 1399.

8 Browne, J. Amer. Chem. Soc., 1905, 27, 551.

7 Dennstedt and Gohlich, Chein. Zeit., 1897, 21, 876,

¢ Berthelot and Matignon, Compt. rend., 1891, 113, 672.
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The aquecous solution reacts acid. Its conductivity. determined at
Concentrations of from 0-1 to 0-00IN, gives a mean dissociation con-
Stant of about 1-8x 1075 This increases somewhat with increase of
gopiintration, resembling in this respect the constant of a stronger

cid.

Solutions containing rather less than 30 per cent. of the acid give
Off its vapour, which produces dense fumes of ammonium azide when

rought into contact with ammonia vapour. The vapour of hydrazoie
A.cid has a most unpleasant smell, and causes inflammation of the mucous
Txembrane when inhaled. The solution is poisonous and attacks the
skin. Even in small quantities (0-1 per cent.) it is poisonous to plants,
and will prevent the germination of seedlings.?

Although the solution is fairly stable, yet on long boiling with mineral
“veids it is decomposed into nitrogen and ammonium salts, a decom-
Prosition which is much accelerated by the presence of platinum black.?

When the solution is electrolysed hydrogen is evolved at the
Jcathode, and nitrogen, probably by a secondary oxidation of the com-
Pound (as in the case of solutions of ammonia), at the anode.®% Strong
Oxidising agents such as potassium permanganate convert it into water
aund nitrogen.

_ With nitrous acid, bydrazoic acid gives nitrous oxide in addition to
nitrogen:
N, H-+HNO,=N,+N,041,0.

Xt is casily reduced by sodium amalgam, by zinc and acid, by ferrous
hydroxide, etc., to ammonia and hydrazine :

N;H~+6H=NH ;4 N,H,.
It is also reduced by polysulphides or H,S :
1128 _I-NaH ﬂS —I—N2+NIAI3.

IHydrazoic acid dissolves the more electro-positive 1metals,
1nagnesium, aluminium, zine, and iron,” with evolution of hydrogen in
1n10st cascs. The nascent hydrogen is partly, or it may be wholly, used
‘£ reduce the hydrazoic acid to ammonia. Thus in the case of copper
110 hydrogen is set free :

Cu+8NH =Cu(Ny) s Ny--NH,,

In scveral of its reactions hydrazoic acid shows a similarity to
nitric acid, as is seen by comparing the corresponding reactions with
copper and hydrogen sulphide :

5Cu+8HNO, =3Cu(NO;),+2NO +4H,0 ;
8H ,S+2FINO ;=35 +2NO+4H,0.

Salts of Hydrazoic Acid.—The azides of many metals have been
porepared in the crystalline state.  In these the acid is always monobasic ;
the formule therefore correspond to those of the halides, and the
poroperties are often intecrmediate between those of a chloride and of
a, bromide.

1 West, Trans, Chein. Soc., 1900, 77, T05.

* Low, Der., 1891, 24, 2047.

3 Peratoner and Oddo, Gazzette, 1895, 25, ii, 13.
¢ Szarvasy, Trans. Chem. Soc., 1900, 77, 603.
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The azides of the alkalies, LiN;, NaN,, KN, and NH,N, are easily
soluble in water and also soluble In alcohol. Those of the alkaline
earths, namely, MgN,, CaNy, etc., are also soluble. Other azides, such
as CuNy (red-brown), AgN, (white), HgN; and HgNg, PbN, and TiN,,
are sparingly soluble or almost insoluble in water. The remaining
metals mostly give basic salts.1> %3 4.5.6

Lead azide is well known as a detonator, and is used in the fuses
of shells.

The formulx of many salts have been proved by the electrolysis of
solutions of NH,N; in liquid ammonia.?

The azides of the alkali and alkaline earth metals are not explosive,
and some may even be melted without decomposition. The azides of
Na, K, Rb, and Cs give up their nitrogen quietly at about 300° to
350° C.; those of Ca, Sr, Ba do so at about 100° to 120° C. Conse-
quently they have been used as a source of pure nitrogen.8

A few double salts have been prepared, compounds of alkali azides
with those of other metals, chiefly belonging to Group VIIL., e.g.
NH,N,.CoN; (blue), are known.

Azides of the Halogens.—Iodine Azide—This compound has been
prepared by bringing an aqueous suspension of silver azide into contact
with an ethereal solution of iodine.?® On evaporation of the ether in a
current of air, colourless crystals are left which have a penetrating
odour similar to that of cyanogen iodide, and which arc ecasily de-
composed by explosion into iodine and nitrogen. The compound may
be hydrolysed by water, giving azoimide and hypoiodous acid :

NI +H,0=N,H--HOI.

The iodine is therefore the electro-positive part of the molecule.
Bromine Azide has also been preparcd by the action of bromine
vapour on sodium or silver azide. It is very explosive even at low
temperatures.1? .
Chlorazide may be made by acidifying a solution containing sodium
~azide and hypochlorite by a weak acid such as boric. It is a colourless
gas, smelling like hypochlorous acid. In alkaline solution it is rapidly
hydrolysed to its generators, the reaction proceeding from left to right :

N H+HOCl==N,Cl+H,0.

The gas easily explodes with great violence and the appearance of
blue flames. !t ,

Constitution.—The constitution of organic compounds containing
the azide ring is established by the consideration of their preparations
and reactions, on the assumption that the usual valencies are exerted

> Curtius, loc. cit.

* Curtius and Rissom, J. prakt. Chem., 1898, [2], 58, 261.

% Curtius and Darapsky, #bid., 1900, [2], 61, 408. -

4 Dennis and Doan, J. Amer. Chem. Soc., 1896, 18, 970.

% Dennis and Benediks, Zeilsch. anorg. Chem., 1898, 17, 18.
% Berthelot and Vieille, Bull. Soc. chim., 1895, [3], 11, T44.
' Browne, Holmes, and King, J. dmer. Chem. Soc., 1919, 41, 1769,
8 Ticde, Ber., 1916, 49, 1742.

? Hantzsch, 1bid., 1900, 33, 522.

¥ Spencer, Trans. Chem. Soc., 1925, 127, 216.

11 Raschig, Ber., 1908, 41, 4194.
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by the elements involved.  Thus phenyl azide is made by the condensa-
tion of phenyl hydrazine and nitrous acid :
, N
(13115 .NII “Nllﬂ}”() s N '”‘(_)Il e N"(-QWXN”“,"Glls“{“BII 20-.

The analogous reaction belween hydrazine itsell and nitrous acid
(vide supra) leads to an analogous formula for the hydrogen compound,
which also agrees well with the other reactions used in its preparation.
Azoimide is unique in being the only compound containing one atom of
hydrogen united with more than one atom of a second clement. It is s0
extremely miprobable that the atomic weight of hydrogen should be
divided by three on this account, that preferably the univalency of the
group Ny s assumed and accounted for by the eyelie formula.

Detection and Estimation. -The compound may casily be recog-
nised by the highly eharacteristie properties and reactions mentioned
above.  In solution it gives precipitates with silver salts, as halides do,
but may be distinguished from chloride and bromide by means of the
brown precipitate of the cuprie salt.  Another distinetive test is an
intense ved colour with ferrie salts, (FeNg).  The evolution of nitrogen
when it is oxidised by iodine, ete. (olde infra), also serves to distinguish
it from halides as well as from thiocyanates.

The quantitative analysis depends on oxidation with iodine or
nitrous acid' A neutral or alkaline solution is mixed with a slight
exeess of lodine solution and a cerystal of sodium thiosulphate added,
which hastens the evolution of nitrogen.  In very dilute solutions cerie
nitrate or sulphate should be added.

The reaction between an azide and nitrous acid is quantitative, and
iy he used to estimale the Jatter (see Nitrous Acid, p. 184).

A measured exeess of the azide iy added to the acidified nitrite
solition,  After shaking for o few minades the misture is made alkaline
with baryta, and is boiled to expel the gases. It is then acidified with
aectie ackd, and the execess of azoimide titrated with iodine and thio-
sulphate,

Azides may also be estimated as nitrogen after decomposition with
cerie amonitm nitrate in a nibrometer,®

Di-imide, (N,IHL),, o gascous substance, is said to be formed when
annnonium platinichloride is heated :

(NII‘)%I,L(‘IH' f"l)t- I“l'll(:l ](Nz[la)_ﬂ.

SuMmsary o e Hypribes o NITROGREN,

The list of compownds or fons containing nitrogen and hydrogen
alane is as followy @

NI, NIT, NI N,iL,
Amtronigm Ammonin Hydeazoninm Hydrazine
(N,11,) NI, NI, N,
D dnide Ammonium Ny dreazine Avoimido

azide nzidle

P e e e e car e

P Rasedig, Chem, Zoit., JO08, 32, 1203,
P Copeannn, J.o S, African Chen, Inal., 1027, 10, 14,
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which can all be regarded as built up of the amino —NH, and azide
—N, radicals in various combinations with hydrogen, hydrogen-ion
H’, and one another. '

One of the hydrogen atoms in the hydrides ammonia and possibly
hydrazine, is of a sufficiently acidic character to be replaced by an
alkall metal ; but in spite of the electro-negative position of nitrogen in
the periodic table, the enhancement of electro-negative character con-
ferred by the azide ring is required in order that a hydrogen may be
ionised in solution.

The reducing power or ease of oxidation reaches its maximum in
the case of hydrazine, and is less in the case of the more highly hydrogen-
ated ammonia, which resists atmospheric oxidation in the cold, as also
the effect of mild oxidising agents in solution. The greater stability of
azoimide towards oxidising agents is partly due to the stability of the
cyclic structure, and is also intelligible on the grounds that it is already
the most highly oxidised compound of nitrogen and hydrogen, as is
experimentally proved by the products of its reduction with sodium
amalgam, as also by the method of its preparation. Generally, the
order of hydrogenation as shown above agrees with such reactions
as the oxidation of ammonia to hydrazine by hypochlorites, and of
hydrazine to azoimide by nitrous acid (see pp. 124, 132).

The three primary hydrides, NH; N,H, and N H, all have a
strong affinity for water, with which they mix in all proportions, and
all three solutions probably contain hydrates.

Pure liquid ammonia and hydrazine have a strong resemblance to
water in some physical properties, as well as in their properties as
solvents. Hydrogen trinitride resembles hydrogen chloride in its salts,
while in its reduction by nascent hydrogen, e.g. when it acts on metals,
it resembles nitric acid.

OxvGEN AND Hyproxvr SUBSTITUTION PropuUcTs OF HYDRAZINE,

These compounds are chiefly represented by organic derivatives,
namely, RN\ /NR (azoxy-compounds), R—N=NOH (free diazo-
0O

compounds), R—NH—-NO (their tautomeric forms, nitrosamines),
RH=N-NO, and R,=N—-NO, (nitramines).

Although dinitrous acid, or rather dinitronic aecid, (HO—NO),,
does not exist, the intermediate oxidation products of hydrazine,
namely, H,N —NO,, nitramide, HO —N—NOH, hyponitrous acid and
nitrohydroxylamine, HO —NH —NO,, have been prepared.

Nitramide, H,N—NO, or HO—-NH—-NO.—This compound is
prepared by splitting off the organic radicals from some nitramines,
R,N—NO,.! Nitrourethane, NO,—NH—~CO—OC,H;, is treated with
ammonia in ethereal solution, the ammonium salt is decomposed with
potassium hydroxide in methyl alcohol, the precipitated potassium salt
is washed with aleohol and dried in a desiccator. It is then hydrolysed
with a mixture of ice and some concentrated sulphuric acid :

NO,~NH~—C0 —OH--H,0 =NO,NH ,+H,0-CO,.

1 Thiele and Lachmann, Annalen, 1895, 288, 267.
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It is a white crystalline solid, soluble in water, aleohol, and ether, but
not in hydroecarbons. It melts with decomposition above 72° C. The
molecular weight in water is 61.1 The solution reacts slightly acid, but
the degree of dissociation as determined by conductivity measurements
18 very low.2

It is instantly decomposed by alkalies, giving N,0 and H,0. Salts
are unknown, with the exception of the mercuric salt, HgN,O,.

&

)
_ Nitrohydroxylamine, HO—NH—NO, or HO—N/__\N—OH,
is obtained in the form of salts by the action of ethyl nitrate on alcoholic
hydroxylamine.® When the salts, e.g. Na,N,O;, are acidified, the free
acid instantly decomposes into nitric oxide and water, or nitrous and
hyponitrous acids :
H,N,0,=2NO-+H,0 ;
2H,N,0,;=2HNO,--H,N,0,.

The sodium salt, made by the above reaction in methyl alcolol, 1s a
white powder, soluble and deliquescent. It absorbs oxygen from the
alr, giving NaNO, and NaNO,;. The aqueous solution when boiled
decomposes into nitrite and nitrous oxide :

2Na,,N,0 -+ H,0=2NaNO,+N,0 +2NaOH.

The salts of the ecaleium group, e.g. CalN,0,.834H,0, are sparingly
soluble. The silver salt is almost insoluble. Salts of cadmium and
mereury have also been prepared. 3

A great number of organic derivatives of the above arc known under
the name of diazo-compounds, as well as derivatives of compounds which
have not yet been prepared in the free state, such as R.N,0,.I1, derived
from nitrosohydroxylamine, HO—~NH—NO, which is isomeric with
nitramide.% 7 89

1 Hantzach and Kauvfmann, Annalen, 1892, 292, 317.
* Baur, ihid., 1897, 296, 95.

8 Angeli, Gazzetla, 1896, 26, ii, 17; 1897, 27, ii, 357.
4 Angeli and Angelico, bid., 1900, 30, 1.

5 Angelico and Fanara, ibid., 1901, 31, ii, 15.

8 Thiele, Annalen, 1895, 288, 269,

7 Hantzsch, ibid., 1898, 299, 67.

& Traube, ibid., 1898, 300, 81.

% Angeli and Angelico, Gazzetie, 1903, 33, i, 239,




CHAPTER 1X,
HYPONITROUS ACID.

Historical.—It was shown by Divers in 1871 2 that the reduction of
sodium nitrate with sodium amalgam gave a salt having the empirical
composition NaNO, the acid being an isomer of nitramide. This salt
can also be prepared by electrolytic reduction of a nitrite. The reactions
of the ethyl ester showed that this is constituted as a diazo-compound :

C2H5""'O ""_N"——':N_"O—Czl_]:s.

The ester reacts with water, giving C,H,OH, CH ,;.CHO, and N,.3

A bibliography of hyponitrous acid has been compiled by Divers,* to
whose researches so much of our knowledge of this interesting compound
is due.

Methods of Preparation of Hyponitrites—Four general methods
of preparation are known, under which numerous special methods may
be classified. There are also a few other methods of subsidiary import-
ance.

1. By the reduction of nitrites.

2. By the action of nitrous acid on hydroxylamine (or oxidation of

hydroxylamine).

3. By the alkaline hydrolysis of hydroxylamine sulphonatcs.

4. By the hydrolysis of some organic compounds containing the

diazo-group.

1. The reduction of sodium or potassium nitrite by sodium amalgam
proceeds according to the equation

2NaNQ,+4H =Na,N,0,+2H,0.5 ¢

The amalgam is added to the nitrite in the ratio 4Na to 1KNO,.
The solution is kept cold. When the gas evolution ceases, the solution
is neutralised by acetic acid and silver nitrate is added. The precipi-
tate of ycllow Ag,N,Q, is washed in the dark with cold water, dissolved
in cold dilute nitric acid, and reprecipitated with sodium carbonate
solution. The purified Ag,N,0, 1s again washed and dried n vacuo
over concentrated sulphuric acid. The, yield is not good.

Or, Ba(NO,), may be reduced with sodium amalgam, and the Ag,N,0,
precipitated as above.3

2. Ferrous hydroxide will also reduce nitrates to hyponitrites. Pure
ferrous sulphate is precipitated with milk of lime, and to the cooled

1 Divers, Proc. Roy. Sec., 1871, 19, 425.

2 Maumen$é, Compt. rend., 1870, 70, 146.

8 Zorn, Ber., 1879, 12, 1509.

¢ Divers, Trans. Chem. Soc., 1899, 75, 97.

* Divers and Haga, tbid., 1889, 55, 760.

¢ Divers and Haga, ¢bid., 1899, 75, 77.
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mixture i1s added 1 mol. of NaNO3 for each 10 mols. of FeSO,. The
hyponitrite is precipitated with silver nitrate.!

. A g.olution of NaNO, is added to a solution of NH,OH.H,SO,.
The mixture is heated quickly to 60° C. and AgNO; is added at once.

This method does not give good yields, but it proves that hyponitrous
acid is a dioxime.2 3 4 3 It procceds as follows :— '

HO—NH, + 0=N—OH—>H0 —N=-N—0H + H,0.

Hyponitrous acid has also been prepared by the oxidation of hydroxyl-
amine with CuO, HgO, Ag,0,° and by the oxidation of hydroxylamine
with N,O, in methyl-alcoholic solution.?

8. The most serviceable method of preparation is that which pro-
cceds from the interaction of sulphites and nitrites. The potassium
salt of hydroxylamine S8-disulphonic acid, prepared as described above
(p-. 108), is partly hydrolysed by hot water, giving potassium bisulphate
and the potassium salt of the B-mono-sulphonic acid, i.e. HO—NH
—S0,;K. When this salt is fused with alkalies and the melt dissolved
In water, the hyponitrite may be precipitated by silver nitrate as the
silver salt, or, by the addition of a large excess of alcohol, the alkali
11y1?011it1-itc may be separated from the excess of alkali and hydroxyl-
amine. The yield may be 60 per cent. of the theoretical: & % 10, 11

2HO —NH —SO,Na+4KOH =K ,N,0,+2KNaS0, +4H,0.

d. The alkaline hydrolysis of organic substitution products of nitroso-

hydroxylamine gives, by intramolecular change, salts of the tautomeric
hyponitrous acid :

(CH3)y=N—-CO—-N(NO) ~OH-+KOH
—NII(CH,)yt €Oy +H—0 —N-N —OK. 32 13

Further directions and improvements in these methods of pre-
paration have been described.*

Properties of Hyponitrites.—The normal alkali salts of the
dibasic acid are soluble in water, and are hydrolysed, giving alkaline
solutions. Normal salts of other bases are very slightly soluble. The
acid salts are very unstable, like the free acid. Silver hyponitrite is a
yellow amorphous substance, non-hygroscopic, which may be boiled
in water without decomposition. In the dry state it decomposes at
100° C., giving AgNO,, and it explodes at 150° C. It dissolves in nitric
acid, and is reprecipitated by alkalies. Acetic acid and hydrogen sul-
phide sct free hyponitrous acid. It is decomposed by hot alkalies. It
rcacts with alkyl iodides, giving alkyl hyponitrites.

L Dungtan and Dymond, Trans. Chem. Soc., 1887, 51, 640.

? Wislicenus, Ber., 1893, 26, 772.

3 Paal, ibid., 1893, 26, 1026.

4 Thum, Monatsh., 1893, 14, 294.

b Tanatar, Ber., 1894, 27, 187.

® Hantzsch and Kaufmann, Annalen, 1896, 292, 317.

? Kaufmann, ibid., 1898, 299, 98.

8 Divers and Haga, Trans. Chem. Soc., 1889, 55, 760,

9 Divers and Haga, ibid., 1899, 75, 77. :

10 Ray, De, and Dhar, J. Chem. Soc., 1913, 103, ii, 1502.

1 Xirgchner, Zeitsch. anorg. Chem., 1898, 16, 424.

12 Hantzsch and Sauer, Annalen, 1898, 299, 89.

13 Wicland, ibid., 1903, 329, 225.

14 Jones and Scott, J. dwmer. Chem. Soc., 1924, 46, 15645 ; Weitz and Vollmer, Ber.,
1924, 57B, 1015.
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‘Preparation and Properties of the Free Acid.-—Solutions of the
acid are obtained when the silver salt is treated with hydrochloric acid,
nitric acid, hydrogen sulphide, or phosphoric acid. A large excess of
the silver salt is rubbed in a mortar with dilute cold HCI and filtered
quickly.!

Silver hyponitrite is added in portions to an ethereal solution of
hydrochlorie acid until there is no more free hydrochloric acid. The
filtered solution when evaporated in a desiccator leaves the free acid
in the form of white leafiets, which easily explode when rubbed, especi-
ally in the presence of acid vapour or solid potassium hydroxide. The
free acid is very soluble in water, and also dissolves in alcohol, ether,
chloroform, and in benzene, but not in petroleum ether.% 3

The molar weight, determined by the ceryoscopic method in aqueous
solution, is 59 (H,N,O, requires 62). _

The acid does not expel CO, from carbonates. When titrated it
behaves much like carbonic acid, one-half of the hydrogen being neutral-
ised at the phenolphthalein end point. In fact, as an acid it appears
to be about as strong as carbonic acid (see Conductivity below). On
standing it slowly changes into nitrous and nitric acids, and when an
aqueous solution is boiled it gives N,O. This hydrolysis is rapidly
effected by sulphuric acid; nitrous oxide is the anhydride. The re-
action 1s, however, not reversible :

H,N,0,—H,0+N,0.

In the presence of nitric acid hyponitrous acid can be boiled with-
out decomposition. When freshly prepared, it should give only a faint
yellow colour with potassium iodide ; this effect is probably due to the
nitrous acid formed by its decomposition. It is very stable towards
reducing agents, although sodium bisulphite, followed by zinc and acetic
acid, gives hydrazine.?

It is easily oxidised ; potassium permanganate in acid solution con-
verts it into nitric acid, in alkaline solution into a nitrite. Iyponitrites
can be quantitatively titrated with permanganate.®

The heat of formation is negative, and has been determined by
oxidising the calcium salt :?

2N+0+H,0 aq.=H,N,0, aq-—57,400 calories.

The eonductivity of the free acid is low, approximating to that of
carbon dioxide; that of the salts is high on account of considerable
dissociation and some hydrolysis.*

The following values of the equivalent conductivities refer to 0°C. : 1

Hyponitrous Acid.

V=622 12-11 1244 22-37 2422 4474 7347 8948 146-94
A=1-08 149 1-52 212 289 310 3885 421 543

! Réy, De, and Dhar, J. Chem. Soc., 1913, 103, i, 1562.
* Hantzsch and Kaufmann, Annalen, 1896, 292, 317.

8 Tanatar, Ber., 1894, 27, 187.

4 Hantzsch and Sauer, dnnalen, 1892, 299, 89,

5 v. Brackel, Ber., 1900, 33, 2115.

8 Thum, Monatsh., 1893, 14, 204.

? Berthelot, dnn. Chim. Phys., 1889, [6], 18, 571.
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For the sodium. and calcium salts the following values have been
obtained :—

Na,N,0, . .. V=168532  1=68-32
CaN,O, . .. V= 1200 A="7812

The maximum equivalent conductivity of the sodium salt is
about 68.

By introducing the Kohlrausch values for the conductivities of the
sodium and calcium ion at 0° C., and allowing for hydrolysis, the con-
ductivity of the NO’ ion is found to he 38-0 and 387 from the acid and
its sodium salt.

Structure.—That this compound contains the diazo-group is indi-
cated by many of the reactions used in its preparation, especially by
the hydrolysis of organic compounds known to contain this group.

It is in fact a dioxime, as is shown more especially by its preparation
from nitrous acid and hydroxylamine.

The molar weight is decided by the eryoscopic method, and the
dibasic character of the acid by the neutralisation experiments and
conductivities and by the existence of dialkyl derivatives and esters.

It has been suggested that hyponitrous acid is the antidioxime

N—-OH

3

l
HO—N

the isomeric nitramide being perhaps the syn-compound.?t

V' Hantzach, Annclen, 1898, 299, 67.



CHAPTER X.
THE OXIDES OF NITROGEN.

NitroUs OXIDE.

History.—Priestley * discovered nitrous oxide in 1772 when experi-
menting with the action of moist iron filings on nitric oxide (nitrous
air) :

) 2NO+Fe-+-H,0=N,0-+Fe(OII),.
He found that a gas remained which he termed ° diminished nitrous
air,”” and that this gas behaved very much like ordinary air. Five years
later Priestley 2 found that the same gas was obtained hy the action of
nitric acid on certain metals, especially tin and zinc.

Berthollet prepared the gas in 1785 by heating ammonium nitrate,
but it was left to Davy 3 (1799) to make detailed investigations as to its
properties. He showed that the combustions of a candle, phosphorus,
sulphur, carbon, and iron wire were similar to those in oxygen. The gas
was neutral to an extract of red cabbage, possessed a sweet taste and
slight odour, and there was no diminution in volume when it was mixed
with oxygen or nitric oxide. Davy discovered that inhalation produced
an exhilaration, and he foresaw its use as an anasthetic, notably in
dentistry.*

The name “ nitrous oxide ”’ was first given by Davy, who also
analysed the gas by burning carbon in a measured volume. Priestley
and Lavoisier performed the volumetric analysis in a more accurate
manner, and showed that nitrous oxide contained its own volume of
nitrogen with one-half its volume of oxygen.

Preparation.—The gas may be prepared by the following methods :—

1. Decomposition of ammonium nitrate by heat :

NH,NO,=N,0--2,0.

This method % is a common process for generating nitrous oxide, but
the mixture becomes explosive unless the salt is free from organic im-
purities. It is advisable to melt the nitrate first to remove external
moisture, and the decomposition begins at 170° C. Purification from
nitric oxide and chlorine (from ammonium chloride) is effected by wash-
ing with ferrous sulphate and caustic soda solutions respectively. A
modification ® is to mix the ammonium nitrate with sand, pass the gas
through ferrous sulphate or sodium sulphide solutions, and finally dry
by washing with an emulsion of ferrous sulphate in concentrated
sulphuric acid.

L Priestley, Experiments on Avr, 1774, 1, 118, 119 ; <bid., 1775, 11, 177.

2 Priestley, tbid., 1777, 111, 133, 134, 139.

3 Davy, Works, 111, 54.

1 Davy, tbid., 276.

* Soubeiran, J. Pharm. Chim., 1826, 13, 332.

& Lidoft, J, Russ. Phys, Chem. Soc., 1903, 35, 59.
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2. Another method ! is by decomposing an equimolecular mixture
of ammonium sulphate and sodium nitrate at 240° C., when a quiet,
Tegular stream of nitrous oxide is evolved.

A number of methods have been described for the preparation of
Irtrous oxide by reduction of nitric acid or nitrates.
. 3. Nitric acid is reduced by means of stannous chloride.? A solution
1s made of 5 parts of stannous chloride, 10 parts of hydrochloric acid
(sp. gr. 1-21), and 0-9 part nitric acid (sp. gr. 1-88), which on heating to
oiling gives a regular stream of nitrous oxide :

2HNO ;+4SnCl,+8HCl =4SnCl,-+5H,0 +N,0.

4. Another method ® consists in the reduction of a nitrate by heating
with anhydrous formic acid :

2KNO,+6H.COOH =N,0+4C0,4-211.COOK +5H,,0.

The reaction is started by heating, but once the gas begins to come ofl
‘the source of heat is removed ; the gas is collected over a solution of
caustic potash (20 per cent.) at 40° C., whereby the carbon dioxide is
absorbed.

5. Oxalic acid * may also be used as a reducing agent. A solution
of potassium nitrate, to which sulphuric acid has been added until the
solution contains 20 per cent., is heated with oxalic acid :

2KNO,+H,S0,+4(COOH ), =N,048C0,+K,S0,+5H,0.

6. Nitrous acid when reduced with hydrazine yiclds a mixture of
nitrous oxide and ammonia : 8

HNO,--N,H,=N,0+NH, - I,0.

Xlydroxylamine may also be used as a reducing agent.® .

7. Sodium nitrite solution is treated with cooled concentrated
hydroxylamine-hydrochloride solution, when the nitrous acid liberated
by the hydrochloride is reduced by the hydroxylamine :

HINO,-+ NH,0H =N ,0 -~2H,0.

8. It is also possible to isolate nitrous oxide produced dircetly by
the union of its clements in the nitrogen-oxygen flame. Spectroscopie
examination will determine that in a certain part of the flame nitrous
oxide is the chief product, and rapid cooling at this point will give a
25 per cent. yield of the gas.?

Physical Properties.—Nitrous oxide i1s a colourless gas with a
pleasant odour and sweetish taste. When inhaled in small amounts it

1 Thilo, Chem. Zeit., 1894, 18, 532. See also W. Smith, J. Soc. Chem. Ind., 1892, 1x,
867; 1893, 12, 10.

2 Compari, Chem. Zenir., 1888, 1569. Sec also Gay-Lussac, Ann. Chim., 1847, (iii),
=23, 229.

3 Quataroli, Gazzetta, 1911, 41, ii, 53.

1 Desbourdeaux, Compt. rend., 1903, 136, 1668.

5 Francke, Ber., 1905, 38, 4102.

8 Pollak, Annalen, 1875, 175, 141.

7 Pictet and Sédermann, French Palents, 411785, 415594 (1910).
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produces a fecling of exhilaration, while in larger quantities anasthesia
results, whence its extended application in minor operations, as In
dentistry.

Its litre density at N.T.P., as determined by different investigators,
is given as 1-9780,% 1-9777,2 and 1-9774 % grams. Compared with air
as unity the density is 1-5301 ! and 1-5297.2

Nitrous oxide is easily liquefied,? and thus would be expected
to show considerable deviation from Boyle’s Law. The variation of
volume with pressure has been studied by Rayleigh 5 at low pressures :

Pressure Ratio. Volume Ratio.
75 mm. : 150 mm. 2-100066 : 1
#atm.: 1atm. 2100327 : 1
1atm.: 2atm. 2:100651 : 1

The coefficient of expansion of nitrous oxide is 0-0087067.° The
thermal conductivity at 0° C. has been given as 0-0000850,7 0-00003515,8
and 0-000038530.° The value at 10° C. is 0-00008728,10 and at 100° €. 1
0-0000506.1° The ratio of the specific heat at constant pressure to
that at constant volume at 15° C. is 1-300 according to Partington and
Shilling,** who have calculated this value from all reliable work. The
value at 0° C. is 1-81, and at 100° C. 1-27.22 The change of molar heat
with temperature has been determined from 0° to 1000° C.:

C,=6-629+0-00694¢—0-0,24142 ;
C,=8-659+0-00677t—0-0,222¢2,13
The viscosity of nitrous oxide is less than that of air according to

the following table, 4 which shows the values of the coeflicient of viscosity,
7, in absolute (C.G.S.) units :—

7 X 107, Temperature, © C.
1366 0
1441 15
1845 100

The refractive index of nitrous oxide for sodium light is 1-0000516.15
Solubility.—The following table gives the absorption coefficient, B,
of nitrous oxide in water (see under Nitrogen, Solubility, p. 85) :—

1 Yedue, Compt. rend., 1905, 140, 642.

? Rayleigh, Proc. Roy. Sec., 1905, 74, 181.

% Guye and Pintza, Comgpt. rend., 1903, 141, 51.

* Taraday, Phil. Trans., 1823, p. 189,

& Rayleigh, loc. cit.

8 Jolly, Pogg. Annalen, Jubelband, 1874, rs5r, 82.

7 Winkelmann, bid., 1875, 156, 497.

8 Bucken, Physikal. Zeitsch., 1913, 14, 324.

9 ‘Weber, Ann. Physik, 1917, 54, 437,

10 Stefan, Chem. Zentr., 1875, 179,

11 Partington and Shilling, The Specific Heats of Gases (Benn, 1924).
12 Wullner, Wied. Annalen, 1878, 4, 321. .
13 Shilling, Phtl. Mag., 1927, (vii), 3, 273.

14 ¢, J. Smith, Proc. Phys. Soc., 1922, 34, 162.

15 Mascart, Compt. rend., 1874, 78, 617. See’also C. and M. Cuthbertson, Phil. Trans.,

1913, 213 [A], 1.
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SOLUBILITY OF NITROUS OXIDE IN WATER.

Temperature, © C, Bunsen, 1897.% Roth, 1897.2 Geffcken, 1904.°
0 - 1-305
5 1-0954 1-1403 1-048
10 0-9196 0-5479 0-8780
15 0-7778 0-7896 0-7879
20 0-6700 0-6654 0-6295
25 0-5961 0-5752 0-5444

In its solubility relations nitrous oxide obeys Henry’s Law.? The
gas is much more soluble in ethyl aleohol, as is seen by the results of
Knopp:° :

©C. . 0 5 10 15 20 25
B . 4178 3-844 3-541 3-268 3:025 2-853

The solubilities of nitrous oxide in aqueous salt solutions,® and also
in gsolutions of aqueous glycerol,? are lower than those in water.

Liquid Nitrous Oxide.—Faraday 8 liquefied the gas at 0° C. under a
pressure of 30 atmospheres. The liquid is colourless, mobile, and has
a very faint odour of burnt sugar. '

The refractive index is very low, the values for the sodium D line
being 1198 at 0° C.? and 1-8305 at 90° C.10
The critical data are given in the following table :—

CRITICAL CONSTANTS OF NITROUS OXIDE.

Critical Critical | Relative Critical
Temperature, | Pressure, | Critical | Density, Authority.
°C. Atm. Volume, 1| Gram/e.c.
354 75 .. Dewar, Phil. Mag., 1884, (v),
18, 210.
36-4 7307 | 0-0048 0-41 Cailletet and Mathias, J.
" Physique, 1886, [2], 5, 549.
38-8 775 0-00436 | 0-454 | Villard, Compt. rend., 1894,
: 118, 1096.
36-5 71-66 Cardoso and Arni, J. Chim.
phys., 1912, 10, 504.

1 Bunsen, Gasometrisches Methoden, Braunschweig, 1877.

2 Roth, Zeitsch. physikal. Chem., 1897, 24, 114.

3 (Geffcken, ibid., 1904, 49, 257.

4 Rindlay and Howell, T'rans. Chem. Soc., 1814, 291

8 Knopp, Zeitsch. physikal. Chem., 1904, 48, 106.

8 4 s defined above under “ Nitrogen, the Element.” See p. 35.

7 Henkel, Dissertation, Berlin, 1905. ¢ Faraday, Phil. Trans., 1823, p. 189,

® Bleekrode, Proc. Roy. Soc., 1884, 37, 339.

10 Tiveing and Dewar, Phil. Trans., 1892, 34, 205.

1t Defined as the ratio of the volume at te; and pe to that ocenpied by the same mass of
gas at N.T.P.

VOL. VI. : 1. . 10
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The boiling-point of liquid nitrous oxide under 760 mm. pressure 18
given as —88-7° C.,} —87.9° C.2 o _
The variation of the boiling-point with the pressure is given in the

following table :— '

VARIATION OF THE BOILING-POINT OF NITROUS
OXIDE WITH THE PRESSURE.

Boiling- Boiling- ]
Pressure. | point, Authority. Pressure. poigt. Authority.
e, ° (L
. 1 =0 13:19atm.| —34
?gg min mggé \Burrellloand. Robert- 3?)-'75 ’s 0 Cailletet and Mathias,
760 ., | 87| SOm Lo cit 41-20 , 12 Compt. rend., 1886,
46 atm.| —&2 Cailletet and Mathias, | 45-30 ,, 16 102, 1202.
11-02 ' —40 { Compt. rend., 1886, }49-40 ,, 20
* 102, 1202.

DENSITIES OF LIQUID NITROUS OXIDE AT
VARIOUS TEMPERATURES.

Temperature, ° C. Density. Authority.
—3206 1-008 Cailletet and Mathias, Compt. rend., 1886,
— 73 0953~ 02, 1202
— 2-2 0-912 > ’
0 0-9105
10 0-856 .
17-5 0-804 Villard, Compt. rend., 1894, 118, 1096.
32-9 0-640
36-3 0-572

Surface Tension.—The surface tension at —89-83° C. is 26-323 dynes
per cm. The molar weight of the liquid, calculated at the critical
temperature of 86° C., is 43-52.3

The calculated molecular weights of both liquid and gaseous nitrous
~ oxide from the critical data are 4326 and 48-78, which shows that
nitrous oxide is monomolecular in both states.*

Heat of Formation—The molecular heat of formation of gaseous
nitrous oxide is —17-740 Cals.,? this value being the mean of the values
obtained by the combustion of hydrogen in nitrous oxide and carbon
monoxide in nitrous oxide. Berthelot’s ¢ value is —20-600 Cals. The
heat of formation of liquid nitrous oxide is given as —18-000 Cals.$

> Liveing and Dewar, Pkil. Trans., 1892, 34, 205.

* Regnault, Jakresber., 1863, p. 70.

3 Grunmach, Ann. Physik, 1904, 15, 401.

¢ Grunmach, Sitzungsber. K. Akad. Wiss. Berlin, 1904, p. 1198,
5 Thomsen, Thermochemische Untersuchungen, 1883, 2, 194.

¢ Berthelot, Ann. Chim. Phys., 1880, [5], 20, 260.
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The moeleeular heals of volatilisation at --20° C., 0° C., and 35° C.
are given as 2000, 2600, and 100 Cals. respectively.?

Kyaporation i vecwo of o mixture of liquid nitrous oxide and
carbon bisulphide causes the temperature to fall to —140° C.

Solid Nitrous Oxide. A snow-like mass is obtained by allowing
liquid nitrous oxide to evaporate rapidly under redueed pressure.?
Salid nitrous oxide melts at - 10287 (L% The relationship between
melting-point and vapour pressure is shown in the following table ;—*

VARIATION OF THE MELTING-POINT OF NITROUS
OXIDE WITIH THE PRESSURE.

Presaurs, mim. Melting point, 7 (4 Pressure, mm, Melting-point, © (L
60 01 100 -—110-8
GO0 91-9 50 —~ 1172
500 ~ 3D 30 —121-1
400 e DGk 15 e 1 827+ ()
300 9095 T — 53 R
200 1OS-T 4t 1389
i o) - OG- 1 o Lo b1

The equation of the curve is given by the expression :
fow P LOOGTRTE | 175 bog £1 0-0005! | 18665,

Decomposition of Nitrous Oxide by Heat. -This iv one of the
few exnmples of a gas reaction whieh takes place in the gas phase, at
any rate ina siien vessel, as s shown by the faet thal inerease of surtace
(by the addition of powdered siliea) has no elfeet on the veloetty eon-
stant.®  Since this Intter is inversely proportional Lo the coneentralion
the regetion is bimolecular; thus ®

2NL0 2N, | O,

Initial p (mm.) . AT 139 B2-5
Hall-life {sees.) . 255 170 860

The veloeity constant is foutud to diminish with rise of temperature .

T 118h 1085 1053 1030 1001 067 838
brgolh - 109 0G6E  8:575 seed 20400 2:580 2133 0010

Frome these resulls the = heat of activation™ of nitrous oxide
molecules s enleulid od from the Avrhenius equation

dlogh A
dt R

A1 1
izt e op )

The mean value of A is 38-500 Cals, per mol.

Uornlledet nod Matbbas, dan, Uhing, 1RGO, [vi), 21, Ui,

TN, Frane, Chem, Soe,, 1RTE 27, 21

T itamsay amd Slaelde, Chee, Neas, [RER, 67, 10O

fotarredl amd Bobertmas, o, dmeer, Chea, Soe,, 1915, 37, 2011,

CHitshelwond and Buek, Proe, Bog, Soe LEHL [ALL 100, 284, ‘ .
Watsiter, Zeitorh, physibal, Chem,, 1900, 53, 440 The photochemical decompaosition
b fueenr stustied by Macdonald, S, Chem, Soe,, 1928, p L
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Chemical Properties of Nitrous Oxide.—The outstanding
chemical property of nitrous oxide Is its ability to support vigorously
the combustion of many substances. This is because of its ready
decomposition into its elements, which begins at 500° C. and is complete
at 800° C., and all combustions in this gas are combustions in oxygen :

It will be seen that, after decomposition, the mixed gases contain
one-third their volume of oxygen as compared with one-fifth in air.

A glowing splint is rekindled, and a taper burns brilliantly in the
gas. Brightly burning sulphur, phosphorus, and carbon burn similarly
as they do in oxygen. Sulphur which i1s only just burning is ex- .
tinguished in the gas, as the temperature is not sufficient to cause
decomposition. Sodium, potassium, and some other metals burn in
nitrous oxide to produce in the first place peroxides, which when
further heated yield nitrites and nitrates :

Na,0,+2N,0=2NaNO,+N,.

At lower temperatures nitrous oxide is a less vigorous oxidising agent
than oxygen. Thus below 350° C. copper only forms cuprous oxide,
Cu,0, while potassium gives an oxide, I{,0,, which absorbs further
oxygen on being brought into the air.! Nitrous oxide, in common with
the other oxides of nitrogen, is completely and quantitatively de-
composed by passing the gas over red-hot copper.

Hydrogen reduces nitrous oxide in the presence of platinum black,
finely divided palladium, or reduced nickel.

An unstable erystalline hydrate, N,O4-6H,0, is formed between
nitrous oxide and water at a low temperature. Although by its
formula nitrous oxide is the anhydride of hyponitrous acid, H,N,O,,
it will not combine with water to form this acid.

The most important use of nitrous oxide is as an anzsthetic. When
mixed with oxygen and inhaled in small doses it produces a temporary
exhilarating effect—hence the name ““laughing gas.” Larger quantities
of the mixed gases produce temporary unconsciousness, which generally
lasts for about forty seconds. The amount of oxygen varies from 5 to 25
per cent., as the use of nitrous oxide alone involves danger of asphyxia.

It 1s important that the gas should be free from chlorine, nitric oxide,
ete., when used for purposes of anesthesia.?

Detection and Estimation.—Nitrous oxide may be distinguished
from oxygen by its much greater solubility in water, its faint odour,
and the fact that it does not react when brought into contact with
nitric oxide.

Its ready reduction by hydrogen into nitrogen and water in the
presence of finely divided metals may be used for its estimation, or it
may be exploded with hydrogen in a Hempel apparatus.® Volu-
metrically, decomposition by an electrically heated iron wire which
leaves a residual volume of nitrogen may be used. Gravimetrically,
nitrous oxide may be decomposed by passing over red-hot copper and
weighing the oxygen removed.

1 Holt and Sims, T'rans. Chem, Soc., 1894, 65, 428.

? For purification and analysis of commezxcial samples, sce Baskerville and Stephenson,
J. Ind. Eng. Chem., 1911, 3, 579.

3¢ Hempel and Heymann, Zeitsch. Elekirochem., 1908, 12, 600.
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Nirrie Oxini.

History.  Mayow in 1674 seems o have liest prepared nitrie oxide
by the action of nitrie acid on netals, such as iron, but it was Pricstley *
wha, in 1772, finst solated aud deseribed the gas. He found that many
mietals with nitric acid produced acolonrless gas which was only slightly
soluble in water mind produced no change with lime-water.  The name of
nitrous aie was given to this gas by Priestley 3 it extinguished a taper,
wis noxious to animals, and was very soluble in a solution of green
vitriol, which turned o dark colonr. Priestley observed the formation
of brown lomes when nitrie oxide was mixed with air, and the faet that
these Punes innmedintely dissolved inwater.

The composition of nitrie oxide was tiest investigated by Priestley
i 1986, who heated iron in nitrie oxide by means of a burning glags.
He noted ane approximate diminetion of one-half. Davy in 1800
carried out aostiudar experiment, but used carbon instead of iron, and,
assutmnge that the earbon dioxide formed contained its own voluime of
oxyeen, conelded Thad mitrie osdde contained vather more than one-half
s volute of oxvecn aud eather less than its volame of nitrogen.?

The cxanel volutetne composttion of uileie oxide was demonsbrated
by Geay - Lasesie *ine 18049, who boral metallie potassium in the gas and
showed that the pesidual nitrogen oveupied just one=hall of the original
volume,  He richtly concluded that = this gas is composed of equal parts
by volumme of nibrogen and osyoen,”

One of the nued weenrade deferminabions ol the geavimebric come-
prosition of nrbeie oxtde was eanrvied out by decomposing a known weight
of the gun with hented wiekel The nitrogen lberated was condensed
o chusreosd and weighed, while the oxygen content was found by
detertuinigy the merense in the weightl of the nickel?

Preparation. {1 The action of nitrie ackd (sp. gr. 1-2) vpon copper
turenge or fold oomves a0 ready strewn of nitele oxide together with
vars g ainonnts of aitrons oxide and nitrogen. Ackworth ¢ showed
that sectmaiation of copper nitrate inereased the amount. of nitrous
aande, so that o pateer gas s oblained by removing this solation at the
Bottean o o tower conbugg the copper

SUn - BINO, 8UaINO G 2NO O,

Pombieatton o best effected by washiog the gas with waler, absorbing
us forvons sulphate solution, and then expelling it from the Tatler solu-
foon by s of hoeat, .

2000 purer form of uitvie oside is oblained by healing Terrous
sufphate with satee sead, or g nasture of ferrous sulphate and polassium
mitrate with difute sadphrie weid ;

%w:ll;u:\‘vjbs B !i}"ﬁh‘(}$ * il[:ﬁ()l i‘;ﬁﬁ{)l f :jl“('g(ﬁ()d)n l::..‘N() }‘1’112()»

o . L I Y I
Pobuentdes, Fooperime pe oo b, $TTEL BA 1TV BHL, Preface, poid; e perienty

angd Edovrralson ., VW, Y, bW, ‘ _ .

Popoatbev, £s prossae nfoand T rnetioas, 1788, ) [, J0d,

Prass, ibead-, 11, 57,

Fony bawsnas, 38 mdne b Begognts, IV, 1, Lo

F iy, Deans € Ao e, D, 87, 0L See also undder Abomie W vight, p. b,

oA haaatly, shaed 1T, 2B, MUK,

LB T A



150 ’ NITROGEN.

3. The action of potassium nitrate on a solution of ferrous chloride
in hydrochloric acid also yields a fairly pure form of gas: 1

2K NO,+6FeCl,+SHCl =2KCl+6FcCl;+2N0 +4H 0.

4. A convenient method of preparation is by dropping a concentrated
solution of sodium nitrite into a solution of ferrous sulphate in sulphuric
acid, or into a solution of ferrous chloride in hydrochloric acid : 2

HNO,+FeCl, -HCl =NO-+FeCl,;+H,0.

5. A slow stream of nitric oxide is obtained by dropping a solution
of a mixture of potassium ferrocyanide and potassium nitrite into dilute
acetic acid : 8

_K_Fe(CN),+CH,CO0K - NO +H,0.

6. A very pure form of gas may be prepared by dropping sulphurie
acid (50 per cent.) on to a concentrated solution of potassium nitrite
(2 parts) and potassium iodide (1 part):*

2HNOQ, 42X =2NO+1,+2H,0.

7. Pure nitric oxide 1s formed in the Lunge nitrometer method of
estimating nitrates, namely, by shaking nitric acid with cxcess of
sulphuric acid and mercury.®

8. Nitric oxide is evolved when sulphur dioxide is passcd through
warm nitrie acid (sp. gr. 1-15):8

9. Electrolysis of a mixture of a 20 to 30 per cent. solution of nitrie
acid, containing 1 to 2 per cent. of nitrous acid, below 50° C. yields
nitric oxide.” '

10. Pure nitric oxide is produced when nitroso-diphenylamine is
heated, either in vacuo (40° to 75° C.) or in air (180° to 190° C.).8

Physical Properties.—Nitric oxide is a colourless gas with a low
boiling-point, heavier than air and sparingly soluble in water, giving
(at first) a neutral solution. Its density relative to air has been
determined as 1-:083729 and 1-0387.10 The weight of 1 litre at NUE.D.
is 1-8402 gramsg.*? '

Nitric oxide shows but little deviation from Boyles Law.  Jaquerod
and Scheuer 2 have determined the value of the coeflicient ag in the
equation

between pressures of 400 mm. and 800 mm., and found it to be —0-00117.

t Gay-Lussac, Ann. Chim. Phys., 1847, (iii), 23, 203.

2 Thiele, Annalen, 1889, 253, 240.

3 Deventer, Ber., 1893, 26, 589.

4 Winkler, tbid., 1901, 34, 1408.

5 Bmich, Monaitsh., 1892, 13, 73.

8 Weber, Pogg. Annalen, 1867, 130, 277.

7 Meister, Lucius, and Bruning, German Peatent, 2440362 (19]12).
8 Marqueyrol and Florentin, Bull. Soc. chim., 1913, 13, 69.
Daccomo and Meyer, Annalen, 1887, 240, 320.

10 Ledue, Compt. rend., 1893, 116, 322.

- Gray, Proc. Chem. Soc., 1903, 56 ; Guye and Davile, Compt. rend., 1905, 141, 820,
12 Jaquerod and Scheuer, tbid., 1905, 140, 1384.
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The coeflivient of expansion between —1.40° and 0° C. is 0-0037074.1

Regnault’s value 2 for the specilie heat at constant pressure (C,) is
23175, and the ratio C,C, 1440, The value of C,/C,, according to
Heuse, is =88 at both 153" and - -80° ¢, It diminishoes stcadil; al
higher femperatures 5 thus

Temperature, 7 . 300 500 1000 1500 2000
¢, C,. . . . 1399 1-393 1375 1-347 1-8317 4

g p . . 1 1 v . ) v . - - -
I'he EIIIFE"JHH(, Co Co {0 R Tor a perfeet gas), also diminishes
shightly ot higher temperatures

Temperature, * (L . 300 500 1000
S . . O 1O98 0 14990 1-9884

The variation of the molar heat ab constant volume with the
termperature is hest expressed by the equation

o 3102 00568 § 0005512 0-0,1934T3.2

Nitrie oxide s an endothermie compound 3 the heat of formation
s given as 2573 0r 21600 Cals. al ordinary temperatures.™ % That
coalewdanted for 18617 Cois 28000 Cals?

Phe visensity T of nitvie oxide ab 07 ¢ s 179405 107,

The pefractive indere of nitrie oxide for thesodium D line is 1-00020:30.8 9

The lollowing table ™ gives the values of the absorplion cocflicient
(£} (see po 83) of nitrie oxide at various temperatures 1

SOLUBILITY OF NITRIC OXIDE IN WATER.

N o sy o < 3 e ot mree, s A

T‘umifg';;mm" CMerption Coefliviont, Tem ','f'(rf"tm.“‘ Absorption Coollicient.
() 007341 40 0-03507
5 : (06 461 50 003152
P (HOSTH 60 0-0205
a 15 005147 70 0-02810
é 24 : 004706 80 0-02700
i 25 (0 43238 90 0-026 18
; 30 % (-0 400 & 100 0-02628

o Adventineaki, Bell, Jbead, Sed Craeoe, TI0Y, T0L

P Hepaaalt, Hem de Plolead,, RG2S, 26, 202,

o Hewwe, Anwe, Physad, 1010, [4], 50, 86,

¢ Shadhing, Trans, Faraday Soe,) 1926, (vi), 22, 387, 388,

e, Thermoehsiseke D nbersnchungen, 1906, po 162,

S flepthecdeot, dna, Chin, Phya, TRRD, (0], 20, 260, _ ' _ »

P Naged, JAne, Phyek, 10L fivy 430 1230 5 alao Harrington, Physical Review, 19106,
¥, ¢4,

2 Cuthlsrtonn nml Metealfe, Proe, Rog, Soe., 1908, [ A, 8o, 106,

» 0, and M, Cathbertson, Phil, Trans,, 1913, 213 [A] L

WO anhder, fer, 1300, 44, 10N,
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_ Nitrie oxide is much more soluble in ethyl alcohol than in water, ag
1s shown in the following table :—1

Temperature, ° C. . . 0 5 10 15 20 24
Absorption coefficient (f) . 0-31606 0-29985 0-28609 0-27478 (-26592  0-26060

The formula expressing the value of the absorption coefficient
between 0° and 24° C. s :

B=0-81606 —0-003487£--0-000049¢2.

The solubility of nitric oxide in sulphuric acid has been determined
by Tower.2  The following table gives his results at 18° C. and 760 mm.

in terms of the solubility coeflicient (8') (see p. 85), which includes the
vapour pressure of the solvent :—

SOLUBILITY OF NITRIC OXIDE IN AQUEOUS
SULPHURIC ACID.

.o T ow Sp. Ur. of Acid at Tension of Water Solubili

Per cent. 1150, ! 15° C. Vapour, (‘;0(:f.l(')ilc:i:rlllt:tfY B
00 1-820 0-1 mm. 0-0193
80 1-733 04 0-0117
70 1-616 15 ., 0-0113
60 1-503 31 0-0118
50 1-399 6-2 0-0120

The earlier work of Lunge?® gave the values of 0-035 for 98 per
cont. 1,50, and 0-017 for 60 per cent. H,80,. Tower points out that
for 98 per eent. 11,50, no constant results could be obtained owing to
the solubility of the mercury in sulphuric acid in the presence of nitric
oxide.  IHenee for quantitative work with the Lunge nitrometer con-
centrated acid should not be used.  The most accurate results for the
estimation of nitrates, nitrites, and oxides of nitrogen arc obtained by
using sulphuric acid of 70 per cent. concentration, in which both nitrie
oxide and air show a minimum solubility. :

The absorption of nitrie oxide by aqueous solutions of various salts
has heen the subject of mueh investigation.  In the case of [errous salt
solutions the solubility of the gas increases with the concentration of the
solution.  The limit is reached when the proportions of iron to nitric
oxide are in the ratio 1 :1, both in aqueous and alcoholic solutions.?
It is ussumed that unstable chemical compounds are formed of the
type FeSO,.NO, FeCl,.NO, cte., but the ready dissociation of such
compounds under the influence of heat indicates only a feeble com-
bination. Usher 8 has investigated the freczing-point of such solutions,

1 Bunwen, Gasomelrisehe Methoden (Braunschweig, 1877).

1 Power, Zeitseh, aworg. Chem., 1906, 50, 382,

# Lunge, . Noe. Chem. Ind., 1885, 4, 448 5 Ber., 1885, 18, 1301,

4 Aanehob and Zechantmayer, Anaalen, 1906, 350, 368, Sec also Kollsclutter, Ber.,
14017, 40, 877 ; Hifner, Zeitsch, physikal. Chem., 1907, 589, 416; also this serics, Vol, IX,,
Part 11,

b Usher, Zettsch, physikael. Chem., 1908, 62, 622.
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and linds that neither the freezing-point nor the pressure of the nitrie
oxide remamed constant, and henee no conclusion can be drawn as to
the nuture of the compound FeSOLNO.  The absorption of nitrie oxide
by bivalent salt solutions of nickel, cobalt, and manganese is of a similar
nature.t - Ferrie salts also absorh nitrie oxide readily,? as also do many
metallic and non-metatlie halides.®  Nitrie oxide dissolves in solutions
of copper sulphate, produeing a violel unstable compound, (uS0,.NO.1
The solubility of the gas in cuprous balides in various solvents has been
determined.®

Aecording to Villard® nitrie oxide forms an unstable hydrate at
07 Coamder o pressure of 10 abmospheres, or at 12° . under 40 atmo-
sprheres, but not above 127 Counder any conditions.

From conductivity defeninations of water through which nitrie
oxide s passed, Zinermann 7 coneludes that the gas is neither a weak
ner g sirowr neid.

A purple solid is formed by nitrie oxide and hydrogen chloride at

IS O This nelts at 1507 O Lo a purple liquid, and is assumed
fa beean unstable conplex of the type [NOITRCL-,

Liquid Nitric Oxide. Farnday unsuccessfully  attempted  to
Hepiely tatrie oxpde al 1HOC, and under a pressure of 50 atimospheres,
but the liguefuction was neecomplished by Cailletet,® who allowed the
gas to expatud Troon o pressure of 104 almospheres ab -11° €. Liquid
nitrie oxide is eolourless in thin layers bul slightly blue when ex-
amined o thick layvers, which eolonr s probably due to traces of
pitrogen trioxide!® The eritienl constants are shown in the follow-
itge table

CRITICAL CONSTANTS OF NITRIG OXIDE.

: . s
é Critiesd PoUntieal 1, “ T

'{'r-tn;m'nhn‘w, % Pronntine, % ‘i{.:a;i::n:! ! :;,:f;;:_:'.i_ Authority.

‘ L, E RYEHTY a .

TH DR KU 8. 011 Olsaewski, Compt.rend., 1885,
,‘ ,‘ 100, 910,

g2y Bl ce v Adventowski,  Bull, Aead,
g i Sed. Cracow, 1909, 742,

The varabion of the hotling-point of liquid nitrie oxide with the
pressure is shoswn i the following table @ -

. - . - L e el AR R RN
©

=3

Hulner, Lestach, physikal, Clem,, 107, 59, 416 ) ]
Mutechot, shid, 1010, 72, 178, Ree alio thin series, Vol IX,, Part 1.
Ve savags, Flnapd, rend,, T8N, 108, 1012,
Mtk dwnalon, T80, 375, 30N,
oeidan bk toor, B, vid,
Villansd, & 'unget, 5o md,, THRN, xads, TiHg,
Pyinenie e peatize, Wonatsh,, 180, 26, 1277,
Poudetopsh ated Yuten, J, Awr, 1! ‘i;rsm. Noeo, TR, 45, 302,
wilbtet, ©anpl, reud,, 1877, 85, 140146,
1 fi'::jzm'ﬂ, H&';Mf’é s nrbard Nuedy ufsﬁrawx (Maemitlan, 1901}, p. 244
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VARIATION OF THE BOILING-POINT OF NITRIC
OXIDE WITH THE PRESSURE.

Pressure. Boiling-point, ° C.
356 mm. —157-3
760 ,, —150-2

9-8 atm. —125-9

277, —109-2

55-6 ,, -— 96-3

Adventowski * agsumes that liquid nitric oxide at low temperaturc
is polymerised on account of the anomalous VApPOUr-Pressire curve, an
the high dulslty at the boiling-point, 1-269, supports this view. ]
would appecar, however, that complete dissociation has occurred
atmospheric pressure on account of the normal vapour density at th
pressure.

The mean coellicient of expansion of liquid nitric oxide * betwee
-~ 140° and 0° C. at 760 mm. is 0-0037074. The relractive index fc
sodium light, np, is 1-830.2

Solid Nitric Oxide.—Olszewski® obtained a snow-like mass b
cooling liquid nitric oxide to —167° C. under a pressure of 138 mn
According to Adventowski,* the melting-point of the solid 1s —160-6° (
at 168 mm. Liquid oxygen and solid nitric oxide combine e\plosivel
unless thoroughly cooled by complete immersion in hquid oxygen.*

Chemical Properties.—Nitric oxide is much morc stable tha
nitrous oxide, and its decomposition by heat, which begins at 500° (
and s only slight at 900° C., is not complcte until the very high temper:
ture of 1775° C. is reached. The formation of nitric oxide from i
clements has been studied by Nernst,® and its decomposition by Jellinek
A candle, burning sulphur, and fecbly burning phosphorus are extir
guished by the gas, because the temperatures are too low to bring abot
its deccomposition.  Brightly burning phosphorus, however, continu
to burn with increased brilliancy, producmcr phosphorie oxide an
leaving nitrogen. Burning carbon similarly removes the oxygen, whi
l_mrninp; boron produces a ‘mixture of boric acid and boron nitride.?

A number of metals arc oxidised at a high temperature in nitr;
oxide, but if in a finely divided condition will reduce the gas at lowe
lcmpomturc

Electrie sparks passed through a mixture of sulphur vapour an

L Adventowski, Bull, Aced. Sci. Cracow, 1909, 742 ; Zeitsch. f. Kompr., w. fluss. Gas
191011, 13, 19.
2 vamg and Dewar, Phil. Mayg., 1892, [5], 34, 205.
OMszewski, Compt. 'JL?LQT/ 1885, 100, 940
¢ Dewar, Proc. Chem, Soc., 1895, 1x, 225,
5 Hmich, Monubsh,, 1892, 13, 78, 615.
6 Nernst, Zeitsch., anory. Chen,, 1906, 49, 213.
7 Jellinek, id., 1906, 49, 229,
Wihler and Doville, dnn. Chim, Phys., 1858, [3], 52, 63 ; Annalen, 1858, 105, 69.
Sabaticr and Senderens, Compl. rend., 1895, 120, 618, 1158.
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nitrie oxide give sulphurous and nitrous acids, which react further to
give nitrosvl-sulphurie acid.?

Generally speaking, nifrie oxide ean be reduced in stages right down
to anunoenia, Thus, when the gas is mixed with hydrogen and brought
into contact with platinum black, or linely divided nickel or copper,?
tiu, ivon, or zine,® ammonia is produced. |

Stanunous  chloride  reduces nitrie oxide to  hydroxylamine and
annnonia, and also to hyponitrite if the solution is alkaline.

Chromous salts produee anmmonia in neatral solution, and hydroxyl-
amine if the solution is acid.? |

Hivdriodie aeld redoces nilrie oxide to ammonia.®  Reduction to
uitrots oxide is brought about by atkaline pyrogallol,® sulphurous acid,?
phasphine  {(also some nitrogen)® and sulphuretted  hydrogen and
alkaline sulphides (with some ammonium sulphide).?

Many  oxidising agents reaet with nilrie oxide, producing chicelly
nitveie aeid. Polassivan permanganale, iodine, and hypochlorous acid
vield nitvie acide Hydrogen peroxide gives nitrous and nilrie acids.
Silver oxide, manganese dioxide, lead dioxide, and red lead produee
witrie acid.  Chlorine peroxide gives nitrogen peroxide, while potassium
ehiorate and potassium dodate, heated in the gas, form nitrale and
nitrogen peroxide with the liberation of halogens. 19

Nitvie oside reaets with water when preserved in contact Tor any
length of time. Aecording to Moser, 't both dissolved oxygen and
by drdons are vesponsibie Tor the chemieal changes which lake place,
producing, fiestly, nitrous aud hyponitrous acids : 12

!’:\:() % ::l[z() :.{Il:\”():! ! IlﬂN’,ﬁ()?a'

The hypouitrous ackd breaks down, giving nitrous anhydride and
also antmenin o M |
SHLNLE, 2N0, | 2NH,

Phis annnonia fors smmonium niteite with the nitrous acid, and
i his bresks down with the liberation of mtrogen :

NITLNO, N, 2HL0.

“Phe smonnt of mitrogen inereases with the length of lime the nitrie
aniede i kept i contaet with the water.

Potussium hydroside in contaet with nitrie oxide for some months
ot the ordinary temperature produces a dimination of 75 per cent, in
bhe solunye.  Phe residied gas s nitrous oxide, and potassium nitrite
o found in Ui sodution.tt The reaction at 100" Coleaves o residue

S U pget, Ol rend,, T8, G, 136,

Comabutive sl Seaderens, shid,, 102, 138, 278,

3 Pavaday, Pogy. Awaalen, 1NH, 31, LI

Vo nhlsedugtter, Ber, PIE, 27, H{FMYS

" Clapnan, Frans, hes, Sove, FRET, 20, 164,

¢ Crppenhienner, Her THEL ;;fl. 1744,

e, thard ) TRR], 14, 2104, 4
" IMIM!:. A m;,, Pl ]1‘;3{‘?, g, 186 1o, 3K, K35 falbert's dnnalen, 1818, 58, T,
9 Faevante, Cdee, Chon, Phys, 18T, RIS Y

9 Ayeden atel Powboe, Chom, News, 1800, 73, 1684,

Ve Ay, Avibard, weal, Cheans,, 1811 S0, 1,

0 Aymrenctan, Homat b, 1R, 260, 12779,

21 Hantzwh ared Kanfmann, Jdanalen, [R0G, 202, 317,

gy basae, Jna, Chim, Phys I8, (3], =3, 208
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which chicily consists of nitrogen with a small amount of nitrous oxide
At a higher temperature still, namely, 125° C., there is a diminution
83-3 per cent., and the residual gas is entirely nitrogen : 2

6NO +4KOH =N,+4-4KNO,+2H,0.

Nitric oxide combines with chlorine and brominc to form nitrog
chloride, NOCI, and nitrosyl bromide, NOBr (with NOBr,), respectivel
but with fluorine yields nitryl fluoride, NOLX :

4NO+F,=N,--2NO,F.

(Sce under Nitrogen and Halogens, p. 121.)

The Qatdation of Nitric Oxide.~—The general explanation of the form
tion of ruddy fumes when nitric oxide is brought into contact with :
or oxygen is that nitrogen peroxide is produced :

2NO+0,=2NO,.

There seems to be little doubt that nitrogen peroxide is the fir
product, but it is by no means decided whether the above equati
truly represents the mechanism of the oxidation.

[n the lirst place, it would scem that nitrogen trioxide is the sc
producl, when the oxidation is carried out below —110°, even wi
excess of oxygen :

and the production of nitrogen tetroxide only oceurs above —100° ;3

2N 0,40, =2N,0,.
(See also p. 163.)

Raschig maintaing that at ordinary temperatures a similar int
mediate formation of the trioxide occurs, the scecond oxidation to t
peroxide taking a muceh longer time.r  According to Lunge,’ howev
the primary product of oxidation is the peroxide, the reaction being
the third order.

Murther evidence in favour of nitrogen trioxide being the first oxic
Lion product of nitrie oxide, is the instantancous formation of N,0, wi
nitrie oxide and oxygen are mixed in the ratio of 4 to 1 at ordin:
temperatures, the product remaining stable. When the proportions
nilrie oxide and oxygen are as 2:1, the NyO, stage is reached v
rapidly, then further oxidation to N,Q, oceurs, 34 per cent. in 20 secon
and completely in 100 seconds.®

sanfourche also maintaing that the livst stage in the oxidation
nitric oxide by dry air is nitrogen trioxide, which occurs inst
tancously between - 50° Cooand 525° C. The second stage in -
oxtdation, which results in the formation of nitrogen peroxide, proce
according to the equation

2N ,04-1-0,==4NO,,
and is gpoverned by the temperature.?

U Russell and Lepraik, Trans, Chene. Soe., 1877, 31, 37.
Kwmich, Monatsh., 1892, 13, HO.

ranceseoni and Neincea, Cazzelle, 1904, 34, 1, 417,
Raschig, Zeitsch, angew, Chem., 1004, 17, 17775 1005, 18, 121,
v Lange, thid., 1906, 19, 807 ; 1907, 20, 1717,

Jolibois and Sanfourche, Compt. rend., 1919, 168, 235.
sanfourche, shid., 1010, 168, 307,

w2 o= I g WO
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The first oxidation produet, even in presence of water, is stated to
be the trioxide and not the peroxide. The nitrogen trioxide is then
decomposed by water to form nitrie acid and nitric oxide.?

In the presence of nitrie aeid, Sanfourche considers that nitrogen
trioxide is oxidised to form the peroxide and water :

It cannot be said that the mechanism of the oxidation has been definitely
settled. One of the chief difficulties encountered is the fact that
nitrogen trioxide behaves chemically as if its formula were N,0,, whereas
its physical properties indicate that it is an equimolecular mixture of
nitrie oxide and nitrogen tetroxide. Thus it is probable that Lunge’s
theory as to the primary formation of nitrogen peroxide is correct, as
this oxide would then combine with unoxidised nitrie oxide to form
nitrogen trioxide :

N,0,+-2NO=2N,0,.

It has been shown that under ordinary conditions nitrogen peroxide,
nitric oxide, and nitrogen trioxide can exist in equilibrium,? which
means that oxidation of nitric oxide in the presence of an absorbent
results in the removal of nitrogen tetroxide, together with an equivalent
of nitric oxide in the form of nitrogen trioxide.

The use of suitable absorbents is of fundamental importance in
determining the produets of oxidation of nitric oxide. In the ecasc of
concentrated sulphurie acid, both Raschig and Lunge agree that a
mixture of nitric oxide and nitrogen peroxide is absorbed as nitrogen
trioxide to produce nitrosyl-sulphurie acid :

N,O,4-211,80,=21INOSO -+H,0.

Nitrogen tetroxide is also absorbed by concentrated sulphuric acid,
and a rise in temperature causes the reaction to move in the reverse

direefion : 3
NLO ¢ H 80,52 = TINOSO, 4 HNO,,

Aqueous alkalies do not completely absorb cither nitrogen trioxide
or nitrogen tetroxide, sinee secondary reactions oceur which are due to
the waler present. These will he diseussed in detail under the respective
oxides,

The kineties of the oxidation of nitrie oxide can be dealt with in two
ways, according as to whether the final product is NO,or N0, If it be
assumed that the redction is represented by

2NO |-0,z===2NO,,

i.e. that the nitrogen -tetroxide is completely dissociated, then the
reaction veloeity is expressed by the usual trimoleeular equation

da

oK (@) {e—a),
i K(a--x)}(c—a)

b P ETEETTR BEATS T EH  SA IH a mps  E

1 sanfovrche, Compt, rend., 1919, 168, 401, Sce also H(:i.lmidt. 1}11(1'flh)c‘:.lu!r, Brrr.., 19046,
30, 1308 ; Lo Blance, Zeitach, Elektrochem., 1906, 12, 541 ; Briner, Niewinski, nnd Wiawald,
doChin, phys,, 1922, 19, 200,

2 ixon and Peterking, Prana. Chem, Soc., 1898, 75, 629.

3 Lunge and Weintrauby, Zeilsch, angew, Chem,, 1899, 12, 417.
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where 2a==initial concentration of NO,
o LE ] HE} 3 ()21

a==amount transformed h thme 4
On integration the velocity constant is given by the equation

o 1 1 {e—a -~ ef{e-))
I ==, T (. lq l()“'e, S
t" (e—a)\a(a o) = ale -2yl

The value of K ean be caleulated from the experimental work ¢
Lunge and Berl ! on the oxidation of mixtures of nitric oxide and adr.

The above expression ignores the change in volume in the systen
although this error may be minimised by caleulating K for successiv
small intervals of time.  An expression is given by Wegseheider #
correet for this volume error both in the equation--

ONO4Q,==2NO, . . . . (I

and also in the reaction which assumes that one-hall of the N,O, i
dissociated :
2NO”{"02{”k()'ﬁNzoa"}'{)'S(ZN{)z) . - (:3

This expression ig—— k
dpp KM, —20)% (Mo p)

dt™ o RT °
(v_RT,,)
where My ==initial concentration of NO,
1‘,[2?"""“ 2 Y] tE) ()25 ] . ]
pe==volume of oxygen changed in time ¢ in 100 volumes o
mrxture,

V==total initial volume of gas at temperature T and pressur
8 !
I, these two latter being constant under the condition
of the experiment,
b==1 in equation (1) and 1-5 in equalion (2).

Further work on the oxidation of nitrie oxide has heen earvied ou
by Bodenstein 3 he investigated the varintion of the veloeity constan
with temperature ; Todd * investigated this rom the standpoint «
constant vohune and constant. pressure reactions.

Detection and Estimation. Nitric oxide can casily be deteete
by the formation of brown fuunes when brought into contact with ai
or oxygen.  This oxidation can also be utilised as a means of estimation
by absorbing the nitrogen trioxide by dry potassium hydroxide,

AKOIL - 4NO-1 O, 4 KNO, | 21,0,

as four-fifths of the total contraction obscrved by the addition of
known volume of air or oxygen is nitrie oxide.®  Monocethyl aniline
may be used instead of caustic potash with advantage, as it does no
absorb N,0, N,, €O, or CO. Another method of estimation 7 is t«

U Lunge and Berl, Zeitseh, angew, Chem,, 18906, 19, 860,
2 Woegschelder, Zedlseh, physikal. Chem., 1900, 38, 577,

¥ Bodenstein, Zeitsch, Bloktrochem., 1918, 24, 153,

4 Todd, Phil. May., 1918, 35, 281,

b Klinger, Ber, 1912, 45, 3231,

: Koehler and Marqueyrol, Budl. Soe. ehim., 1913, 13, G,

Knerre, Chem, Frd,, 1902, Hid.
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observe the contraction which occurs when a gas containing nitric
oxide is brought into contact with acidified potassium bichromate, In
this case complete oxidation to nitric acid takes place.

Potassium permanganate ! will also bring about a similar oxidation,
but in this case an acidified standard solution is used, and the amount
of permanganate used up is determined by ordinary volumetric methods.

Reduction * of nitric oxide to nitrogen may be brought about by
passing the gas mixed with hydrogen over heated platinum black.

None of the foregoing methods are applicable if a mixture of gases
containing nitric oxide, nitrogen trioxide, and nitrogen peroxide is to
be analysed, owing to the interaction of nitric oxide and nitrogen
peroxide :

NO-+NO,=N,0,.

N

An approximate estimation may be made by absorbing the gases in an
aquecous solution of sodium hydroxide and determining the amounts of
nitritc and nitrate present, formed by the following reactions :—

N20. +2NaOH =NaNO, - NaNO -+ 0.

A mixture of gases which contains the nitric oxide in smaller amount
than that required by the tetroxide to form N,0; may be analysed by
absorption in concentrated sulphuric acid (85 to 95 per cent.):

N ,0,--2H,80, =20H.S0,.0NO - H,0 ;

This nitrosyl-sulphuric acid can be estimated by means of potassium
permanganate, and the total nitrogen by the nitrometer, and the
relative proportions of the gases can thus be calculated.

When the nitric oxide is in excess of the amount required by the
peroxide to form N,O,, a combination of two methods ® may be used.
The absorption is first effected in concentrated sulphuric acid, and the
sases arc then passed through an absorption tube containing acidified
potassium permanganate.

The Nitric Oxide Equilibrium and Synthesis.—Historical.—
Since the times of Priestley and Cavendish in the latter part of the
cightcenth century, it has been known that the passing of electric
sparks through air gives * nitric acid,” i.e. oxides of nitrogen absorbable
by potash with the production of nitre. It was noticed by Crookes
that the combination occurred in a high-tension arc.? He was awake
to the necessity of securing a sufficient supply of combined nitrogen for
agricultural purposes. The nitric oxide synthesis was from this time
largely investigated with a view to technical use. Rayleigh passed
sparks from an induction coil through an oxygen-nitrogen mixture
containing 86 per cent. of the latter gas, in the presence of excess of
alkali which was circulated continuously. The yield was at the rate of
56 grams HNO, per kilowatt hour.’ A number of arcs drawn out by
rotation was used to increase the concentration of clectrical energy, but
it was found that this soon reached a useful limit, beyond which the

-

Moser, Zeitsch. anal. Chem., 1911, 50, 401,

Knorre and Arendt, Ber., 1899, 32, 2136. ‘
Webb, 4bsorption of Nitrous Gases (Arnold, 1923), p. 345.
Crookes, Chem. News, 1892, 65, 302.

Rayleigh, T'rans. Chem. Soc., 1897, 71, 181.

[
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yield of NO no longer incercased.!  About the end of the century the
equilibrium conditions began to be studied, and especially the degrees
of combination which could be elfected by heat alone.

Although some combination can be effected when the gases are
passed over platinum black at 250° C.,* yet high temperatures aee
generally required for the synthesis.  The oxides of nitrogen are formed
in many combustions,® such as that of carbou in highly compressed
air,%5 or of hydrogen, or in the presence of a platinum wire raised to
a white heat by an electric current. The combustion of hydrogen
and nitrogen under lime-water scems to afford a possible method of
“ fixation.™ 8

The Thermal Equilibria——Nitrie oxide is formed from its elementy
with absorption of 21-600 Cals. per mol. of NO. ‘The gas is in o«
state of false cquilibrium at the ordinary temperatures, although some
observers had found a considerable stability towards heat,”  When
heated to between 500° and 1000° C., however, in a tube it begins
to decompose, and the decomposition is considerable at 12007 C* A4
high temperatures small ecquilibrivin amounts of NO are formed from the
clements.

The thermal equilibria in mixtures heated by ares showed an
increase in the amount of NO with diminution in the siwe of the are,
and thercfore presumably at higher temperatures.?

On account of the endothermice character of the reaction

N, 045222 N0,

it shifts more to the right at the highest temperatures,
The equilibrium pereentages of NO have been found experimentally o 40

Pemperature, © abs. 1811 1877
Per cent. of NO () :0-87 042
[NOJ?

From these a constant can be ealeulated, and fromng the

on' IN;10,
reaction isochor,
log K, ~log I, = q( -[-'a M ,“s}'

RYTT,

the variation of the constant with temperature is defermined,  Over

the range of temperatures given, the heat of reaction * ¢ " does ot viey

much with the temperature : *

T.%abs. 1500 1800 LEBLL 2000 2033 2185 2500 N0 6T Seer o
z (found) 0-37 68 Oh7 MR OO o
10K 248 851 916 183 150 242 455 ai ans svu jiu

2y 010 034 036 061 067 00K LTO 204 287 w447

@y 1s caleulated in the case of air by means of the equation
Y MeDougall and Howles, Mem. Manchester Phil, S, VHRE 135, a4, 8o 12
~ ? Sec Wohler, Ber., 1903, 36, 3474 Loew, J, Jdgrie .\n’#i.i. i‘ili?i b, A conirant
Russoll and Smith, ibid., 1906, 1, 144, b - ’
® Spottiswoode, Proe. Roy. Soe., 1881, 3, 173,
¢ Hempel, Ber., 1800, 23, 1457,
5 Bertholot, Compt. rend., 1900, 130, 1345, 1430, 1662,
% Brunler, Chemienl Age, 1926, 14, 29 (dth Junuary ),
; Berthelot, t’ffampt.‘@'c'nd.. 1874, 77, s, H '}'Imi:'h. Howntadi,, V8, 13, 75, 610
Muthmann and Hofer, Ber,, 1004, 36, 13K, ‘
10 Nernst und Jellinek, Zeitseh. anory, Chem., VG, 40, 2131 Figebh, dhasd | 1o, a6 114
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When Chese equilibria are obtained by heating the gases to the
highest avatlable temperatures, they must be * fixed 7 by rapid cooling.
In this connection the veloeities of the direet and inverse reactions are
important.t The following values refer to air at atmospherie pressure :—

{a) Time required to hall decompose the equilibrium amount of NO-—

Temperndure,  abs, o 000 1500 1900
Tlone g sees. . . TE50 33 mins. 1 sce.

(b) Time required to form hall the theoretieal amount of NQ - -

Tempernture,  abs, . . 1B0D 1900
Time 1 sees, ) . IHT0 mins, 208 mins.

The decomposition of nibrie oxide ot the surfaee of 2 heated platinum
wire has been studied® and the reaction 2N0 N, 1O, found to be
mimolectlir with respeet to nitrie oxide. The reaction is retarded by
oxyuen but s not indhueneed by nitrogen.

The Fifeets of Flectrival Discharge. Mthough the silent discharge
has long been known as a powerlul agent in chemdeal synlhesis, the
spark o are diseharge hoad, antil the Tast quarter of the nineteenth
century, been regoarded ehtetly, i not solely, as o convenient means for
loealisinge o hagh temperature nside a0 elosed vessel, The elueidation
of the mweehansn of conduction through gases has shown Chat the
moleenbes are profoundly affected, and that this may lead to specilie
chemieal offects, apart from those due fo the temperstures of the
spark, ole,

The conducting particles in o gas are free cleetrons and moleeules
or atoms which have bheen potively or negntively charged by the
s or loss of ote or more cleetrons, These gaseous tons may combing,
with nmtual et ealisalion of eliraes, thus aecounting for sueh chemienl
effeets as the syothesis of (UN}, THON, cte,, by the silent diseharge,
of veaone perhaps by the andon O and O, ad of NO - perhaps by
the upion of N wd (O, Phese compoundds pre formed in appreciable
aurnntities al ordipary tetopesstures by the silent disebarge, and corre-
spomid o electres] vipnlibiria, whielo are different from the ordinary
equilibrin®

When o pradusle fneressing voltage s applied to two clectrodes
sepaented by o ogos or miishiuree of gases, nosmdl coreent or non-lnminous
disehnrge pasees st et which produees o chemieal effects. It is due
to the s and electrons nataradly present in the gas, At o certain
voltage, which naturally varies with the materiad, dimensions, and
separation of the cleetrodes, wodow or brosh discharge 35 seen, This
discharge s stable, for anonerease of corrent necessitates an inereased
voltape, therefore at g piven vollise the current resches oo maximuam,
Phin kel of dineharge produces s by collision between eleetrons and

PoNergnt i o b i, Ho et

Cbrern aned Hushebwoond, frams ¢l Sor, T, g, 1700,

W ar g ot besthoavaer, Proade’ s Anaab e, 10, 2o, 7435 1807, 23, 209, Berthelot,
Ann, Ok, Fhye |, tue, (w8, 4, HL
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gas molecules, and hence initiates chemieal changes.  If the current X 7
is increased still further, the voltage “ K™ falls, the conductivity
rapidly increases, and the brush discharge is succeeded by the high-
tension are. In this the charged particles are produced in large quan-
tities by impact, the resistance of the gap decreases more rapidly than
the current incrcases, or an inerease of current is accompanicd by a
decrcase in the voltage. Such ares are therefore cleetrically unstable.
The temperature rises continuously and the resistance deereases until
the are passes, with a slight discontinuity in the * 1%, I™ graph, into the
ordinary low-tension or lighting are, in which the current is mainly
carriecd by elcetrons from the kathode and positively charged ions
from the material of the anode. On this account, in spite of its high
temperature, such an arc is uscless for the synthesis of NO. It is
necessary to maintain the bigh-tension are by ecleetrical deviees. A
resistance of the metallic kind (which obeys Ohm’s Law) is placed in
series with the direct current are.  An inercase of current inereases
the voltage drop across this, and therefore deercases that available
for the are. In alternating current ares the rvesistance is replaced by
an inductanee.

In such ares an electrical equilibrinm is set up between the nitrogen
and oxygen which is not the same as the thermal equilibrinm, and
which only exists when and where the gases are under the influence
of the discharge, or perhaps for a short distance beyond (or time aflter)
the discharge. This kind of arc is probably due to the formation of
atomic nitrogen and oxygen.*t

In a high-tension arc at 2000° C., NO can be produced in amounts
which would be in thermal equilibrium with N, and O, at 4500° to
5000° C. Allmand and Ellingham consider that the law of mass or
concentration action does not apply to these clectrical equilibria,®

The theory that the eleetrical discharge merely supplies o localised
high temperature® 4 does not account for the facts.

It was shown on the experimental seale ® that the gases sucked from
the middle of a 8 cm. steady vertieal arc through a watler-cooled platinum
capillary tube contain 5 per cent. of NO, corresponding {o the thermal
equilibrium at 3000° C.8

Haber and his co-workers also used a vertieal are between electrodes
of platinum or iron.%? Using air, and with iron clectrodes, they ob.
tained nearly 10 per cent. of NO, and with a mixture of equal volumes
of N, and O, passed at a slow rate (0-8 litre per hour), 144 per cent. of
NO. The voltages employed were from 2050 to 4800, and the eurrent
from -205 to -806 amp. The temperatures corresponding to these
yields in the purely thermal cquilibrivin were certainly not reached.
As the are was an alternating one and was extinguished at every half-
period, there must have been great variations of Lt»:npcmt.urv,“whirh
would still further reduce the mean value of this. A short direet current
arc at 2700° C. with a cooled anode gave up to 9 per cent, of NO from

* Durand and Naville, J. Chisn. phys., 1908, 6, 137 1008, 7, § 3 114, 12, 526 : 1415,
13, 18; 1919, 17, 3290.

> Allmend and Ellingham, Applicd Eleetrochemiatry (Aruold, 1924),

? Muthmann and Hofer, Ber., 1904, 36, 434,

* Brode, Zeitsch. Hlckirochem., 1905, 1x, TH2,

8 Grau and Russ, tbid., 1907, x3, 345, 573.

% Haber and Konig, ibid., 1907, 13, 725 ; 1908, 14, (B4,

? Haber and Platou, ibid., 1910, 16, 798.
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air.  If all the air had been heated to this temperature (which can never
oceur), the maximum yiekd should have been not more than 4 per cent. b 2

Oxtdes of nitrogen may also be obtained from the air by silent dis-
charge al the ordinary temperatures,® * in which ease the combination
must take place through the ions produced by this discharge.

It has been further discovered that the conditions of maximum
vield per hour in any given apparatus (space-time yield) do not corre-
spond to a very slow passage through the high-tension are (with maxi-
munr pereentage conversion), but to a moderate speed. The presence
of water-vapour diminishes the yield.?

Nrirrocrs Trioxipe,

Prepatation. 1. The wixing of nitrie oxide and oxygen in any
proportion below - 1107 €L results i production of nitrogen trioxide ;8

ANO | O=~2N 0,

For example, when nitrie oxide is passed through liguid oxygen at
185 Coa green solid, (N0 ) 8 fiest formed, which ol o slightly higher
tempernfure is converted into bl NOy,
An impure form of the trioxide is produced as a bluish liguid when
a mixture of nitrie oxide and nitrogen peroxide is cooled 1o 2307 Gl

NO, P NO N,

2. The reduction of niteie acid by arsenious oxude vields nitrogen
trioxide s ? |

Lunge stated that nitee acid of speeifle gravity 185 gives pure
nitrogen trioxide 3 bt Ratsay and Cugdall ¥ nsed acid of speditle gravity
148 andd enrried out the preparation as follows : The mixture of acid and
arsenions oxide 1w owartned onoa water-hath until the reaction starts,
when the sourer of hent is removed and, i necessary, the retort (or dis-
filling flask) is cooled. The futes are passed over fused ealeinm niteate
(or ehloride ) and phosphorie oxide and condensed in o Ustube immersed
in a freezing mixture of jee and salt, The bluish-green liquid is then
reddistilled in an stmosphere of niteie oxide, passed over phosphoric
oxide, and apain lguefied at 107, when the product is o deep
blue liguid which, however, cotlaine, traces of nitrogen tetroxide,

8. By peaing o ospark disehange ® through liquid air o loceulent,
green precipitate is obtained, which, after evaporation of the Hgaid air,
leaves the trioxide ws an amorphous hlue powder, melting ot 1117 G

VoMopden, Trany, Ay, Elevfinche s, Nor,, JI0H, 14, L1,

* Hedweeh aned Bonw, Zebod, Blebtrockem,, 1810, 16, BOS,

AW arhry and Ledhawer, Dradds naadere, VMHY, 20, T4 1007, 25, 200,

8 Peptholot, dnn, Chim, Pays,, T, 18], 8,4, T4b,

S Partnr nred Perldne, . Physeal Chear, TG, 30, G

N Franeeseot sl Selaees, Gacetie, TR, 34, 1)L T Helbige, 000 R Avead, Lineed,
W

L, 5, 166 Huswelog, COhem, At 11 38, lobng flanchus, WL dmer, Chem, Soe,, 1O,
47, SR

Y L, Her, 1875, ry, 12040,

4 Wamsny snd Utindall, Prans, Chem, Soe, 1R85, 47, 18T,

¥ Heliiy, At B deend, Linevd, THEG, [V 12, 8 166, Muller, Zeitsch, nnorg, {'hem,,
14919, ma, ity Maschne, shad,, P0LE, Ba, 1HD
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4. The action of water upon nitrosyl-sulphuric acid (chamber
crystals) results in the formation of nitrogen trioxide : !

250, +H,0 =2H,50,+N,0,.

5. Nitrogen tetroxide yields the trioxide when decomposed by a
small quantity of water :

N204—]—I’]:20 =HN03—|—'HN02 ;
SHNO,—N,0, -+ H,0.

6. Liquid nitrogen tetroxide, when saturated with nitric oxide, and
subsequently cooled, yields dark blue erystals of nitrogen trioxide : *

N204+2N0 =2N203.

An impure form of the trioxide is produced as a bluish-green liquid
when a mixture of gaseous nitrogen peroxide and nitrie oxide is cooled
to —380° C.

7. Mineral acids decompose sodium nitrite with the liberation of
nitrogen trioxide. Thus when a 20 per cent. solution of sodium nitrite
1s decomposed by concentrated sulphuric acid, a greenish colour is pro-
duced, and a gaseous mixture of nitrogen peroxide and nitric oxide in
the proportions to form the trioxide is liberated :

2NaNO,-+H,S0,=N2,S0,+N,0,- H,0.

8. The action of a diluted nitric acid (5N or 6N) upon copper gives
nitrogen trioxide entirely as the gaseous product.?

Physical Properties of Nitrogen Trioxide.—Nitrogen trioxide
under ordinary conditions is a brown gas which behaves as though it
were a mixture of molecular proportions of nitrogen peroxide and nitric
oxide. Much investigation has taken place as to the real existence of
gaseous nitrogen trioxide. No marked ‘contraction occurs when gaseous
nitrogen peroxide and nitric oxide are mixed, as should happen if cither
of the following reactions took place :—4

NO,+NO=N,0, ;
N,0,-+2NO0 =2N,0.,.

A small diminution, however, does occur, which is consistent with the
presence of 3 per cent. of undissociated nitrogen trioxide.?

The vapour density of gaseous nitrogen trioxide obtained from the
liquid, which has been subjected to prolonged drying, indicates that the
gas is made up of a mixture of N;O4 and N,O4 molecules. Traces of
moisture dissociated the larger into the smaller molecules.®

The boiling-point of liquid nitrogen trioxide is approximately

1 Rammelsberg, Ber., 1872, 5, 310 ; Streilf, ibid., 1872, 5, 285,

3 Wittorf, Zeibsch. nnorg. Chem., 1904, 41, 85; Porschacw, dbid., 1894, 7, 214 ;
Péligot, Ann. Chim. Phys., 1841, (iii), 2, 58.

+ Bagster, Trans. Chem, Soe., 1921, 119, 82,

1 Ramsay and Cundall, sbed., 1890, 57, 590.

b Dixon and Peterkin, bid., 1899, 75, G14.

& [3aker, 2bid., 1907, g1, 1862,
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-2 (., although after prolonged drying the boiling-point may rise to
437 C.1 - Under ordinary pressures the liquid is stable up to —21° (.2
According to Baume and Roberts,® the botling-point of pure N,O, is
-=27% Cooat 760 mm. - The variation of the density of liquid nitrogen
trioxide with the temperature is shown in the following table =%

Temperature, © ¢ - -8 iy 1 0 1 2
Density . o 1640 146555 1-1510 L4490 14485 14470

The melting-point dingram of the system N,O4-~NQ, is normal,
and shows o single cuteetie in the neighbourhood of pure Ny04.8  (Sce
under Nitrogen Tetroxide, p. 17.4)

Dissociation of Nitrogen Trioxide. - The dissociation of nitrogen
trioxide under various conditions of temperature and deying has been
studied by Jones,® e concludes that three distinet reactions proceed :

() NyOgz =NyO4-NOy {-NO ;
(b) NO, |- NO;
(¢) 2NO,- =N,O,.

The first reaction (¢} occurs when liquid nitrogen Lrioxide is vaporised
after having been dried as completely as possible. Vapour density
weasurements showed that dissociation inlo equal volumes of nitrogen
trioxite, nitrogen peroxide, and nitrie oxide was complete at 1407 C,
At the same tine, however, there would be present a few NO, or N,O,
and NO moleceules, (0), which was due to meomplete drying.  These
“wet 7 molecules would Lake no part in the fivst reaction, neither wonld
they combine to form nilrogen brioxide,  Associalion of NO, Lo N O,
moleeules will oceur if sullicient. moisbure is present, (e).

Dry liquid nitrogen trioxide is blue, but it moisture is presenl a
grrecnr Houid results, owing to the mixture of wet NOy molecules with
the bine trioxide. AL very low temperatures all speeimens of trioxide
hecome blue even i slightly wel beeanuse of the complele association
of any wel NO, moleeules Lo give eolourless NyO .

In the gascous state both N Oy and N,O, are colourless when pure.

Chemical Properties of Nitrogen Trioxide. Nilrogen trioxide
is oxtdised completely to the peroxide with aiv or oxygen when in the
gaseons state®  Ino the liguid stale oxidation only oceurs if the
temperature is helow 100703

In many of its reactions nitrogen trioxide renels as a mixture of the
peroside and nitrie oxide,  Seme metals are converted into their oxides
with the formation of nitric oxide or nitrogen, according to whether they
ave ab o ored heal or more strongly ignited.  Hydrogen sulphide s
oxidised to sulphur, and sulphur dioxide, in the presence of moisture,
undergoes the same reactions as with nitrous acid, but no reaction oceurs
when quite dry.  Sulphur trioxide in carbon bisulphide solution forms
sulpho-pitrous anhydride, (SO;)(NOy);.

FoBiker, b edds Bee o TG4
4 Frateeacont and Seiweea, Gasatta, 104, 34, (1), HT,
Batme and obeerts, Owmpt. pend,, 1918, 160, HOR,
Cienther, Jnnulen, TRRR, 245, i,
dvaties, Prawa, Chens, Sae,, B, 1085, 2310,
& Pupwehiaew, Zeibsel, aarg, Chens, 19894,7, 211 Hulweeh, Zeitach, unyew, Chen,, TR,
EILANED
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Concentrated sulphuric acid absorbs nitrogen trioxide completely
with the formation of nitrosyl-sulphuric acid :

2H2804+N203 =2H(N0 )SO4+H20.

Nitrogen trioxide mixes with a small amount of water at 0° C. to
give a bluish-green liquid which effervesces with the liberation of nitric
oxide, and contains both nitric and nitrous acids. With a large excess
of water no evolution of gas occurs, and the relatively dilute solution,
which eontains nitrous acid, is fairly stable.!

According to Baker,? the trioxide does not dissolve as such in water,
but sinks to the bottom and decomposes into mnitric oxide and nitrogen
peroxide, which latter oxide dissolves in the water to form both nitric
and nitrous acids.

Dry sodium and potassium hydroxides completely absorb nitrogen
trioxide, with the exclusive formation of nitrite :

9NaOH4-N,0 ; =2NaNO,+H,0.

If there is any moisture present, however, decomposition into nitrous
and nitric acids oceurs first, and neutralisation takes place with the
formation of nitrate as well as nitrite, but a certain amount of the
nitrous acid decomposes, with evolution of nitric oxide, before
neutralisation.?

Chloroform forms a blue additive compound with nitrogen trioxide
at —20° C., which decomposes at ordinary tempcraturcs with the
evolution of nitric oxide and nitrogen peroxide.*

NiTROGEN TeTROXIDE (NITROGEN “‘PIr’-OXIDE).

History.—The formation of brown nitrous fumes under varying
conditions was noted by many carlier experimenters. Thus Hales % in
1727 obtained these fumes by mixing nitric oxide (nitrous air) with air.
Scheele$ in 1777 mentions their removal from fuming nitric acid by
heat; and in the same year Priestley ? investigated the gas obtained by
the action of nitric acid on many metals, as well as the preparation by
oxidising nitric oxide. Pricstley proposed a method for testing * the
coodness of common air”’ by mixing air with excess of nitric oxide
over water. He was the first to notice a darkening of colour when the
gas was heated,® which we now know of course was due to dissociation
of the tetroxide molecules.

Cavendish ? in 1781 showed the formation of nitrous fumes when
clectric sparks are passed through air, and these fumes dissolved in
water to form nitric acid. Davy 10 in 1800 attempted to determine
the composition of nitrogen peroxide by mixing nitric oxide and oxygen
and absorbing the product in water, but his results were not very

1 Marchlewski, Zeitsch. anory. Chem., 1894, 5, 88,

* Baker, Trans, Chem. Soc., 1907, 91, 1862,

3 Klinger, Zeitsch., angew. Chemn., 1914, 2%, 7.

1 Saposchnikoff, J. Russ. Chem. Ges., 1900, 32, 375.
b Hales, Vegetable Statics, 1727, p. 71.

8 Priestley, Aleanbic Club Roprints, VILE, 108.

" Priestley, Experiments on Aer, 1777, 111, 184,

8 DPriestley, 2bid., 1777, 11, 186.

® Cavendish, ibid., 1781, Parl I, 188 ; Part II, 189.
16 Davy, Works, 111, 15, -
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suceessful. - A more aceurate method was adopted by Gay-Lussac* in
1816, who measured the contraction which oceurred when nitrie oxide
and oxygen were mixed over mereury. He concluded that 2 vohunes
of nitric oxide and 1 volume of oxygen produced 1 volume of nitrogen
peroxide.  This result s approxinmately true at ordinary temperatures
where there is a preponderance of N0, moleenles,

Preparation. 1. Nitrogen fetroxide is ultimately obtained by
mixing nitrie oxide and oxygen in the proportions of 2: 1 by volume.?
Complete mixing s obtained by passing the gases through a tube
containing broken glass, and the tetroxide may lw condensed to a colour-
loss erystalline mass in o Ustube kepl at - 207

2NO -0, N0,

-'--

2. The nitrates of the heavy metals decompose on heating into o

mixture of nitrogen tetroxide and oxygen. The former may be con-
densed by passing through o U-tube immersed inoa freezing mixture

HINO),  PHO | N,O, | L0,

3. The reduetion of nitrie acid by arsenious oxide is one of the most
convenienl methods for preparing quantities of nitrogen tetroxide o 3

AsyOhy NG, 21O, 2N O | O,

With nitric aeid of speeilic gravily 1440 or 133 a certain amount
of nitrogen trioxide is also produced. Cundall’s method * is to add a
cooled mixture containing 315 armns of fuming nifeie acid and 150
grimus of sulphurie aeld to 250 granes of coarsely powdered aresenious
oxtde inoa litre ask,  The reaction commenees slightly above room
tempernture, amd requires c\htlml cooling, A rellux condenser s
fitted to effeet preliminary cooling of the s, whieh is passed through a
U-tube containing }slumpluu i nxide, and then condensed to a liquid in
a Ustube sieronnded by tee and salte The distillation s stopped as
soon as the Hguid o the Hask furns o pgreen coloury all joints are
yluss-joints, cork and rubiber being quickly attacked. Purifieation of Lhe
liquid nitrogen tetroxide i effected by treating with fuming nitrie acid
and exeess phosphoric oxide

2HINO, L0 N0
NGOy TNy 2N

The Hegud s Hnadly distilled, peewed over powdered aemenious axide,
andd religuetiod by conling,

Fractionad distiflntion of  fudog soteie aerd gives nitrogen
tetroxide vontaminated with sianll sunounts of mteie acid and nitrogen
trioxide ™

Nitvouyhntdpline netd wartoed with potassin nitrate evolves
nifrogen tefroxide : ©

HINO SO, - KNO,  KHSO, 0 N0,

Yorsas Laiswas, Jdaoe, #,, Esln, 1, 0l

i t:fl:‘s Vobous, o, O dan, Sy, Ialn, 11?-;: M Peligat, dhid,, Iadl, [
Praleansy, sbadd,, In08, (20, &, 017,

Vo Haseentmeds, . prakbt hewe 18T 12 40 L
 pdnl l Pespno € Fowe, Sow . dste) ZUN LG,
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6. A number of methods of preparation from nitrites have been

devised : o o
(i) The action of nitric acid upon a nitrite : 1

IINO,+NaNO,=NaOH-+N,0,.

(ii) The action of fuming sulphuric acid upon a fused mixture of
sodium nitrate and nitrite, to which suflicient sodium bi-
sulphate has been added to fix free sulphur trioxide :?

NaNO,+NaNO,+H,8,0,—2NaIIS0,+N,0, ;

(iii) Nitrogen tetroxide is produced when fused alkali nitrites are
electrolysed.?

(iv) Xodine reacts with silver nitrite with the liberation of nitrogen
tetroxide:

2AgNO,£1,=2A01+N,0,.

7. A good yield of nitrogen tetroxide is obtained by passing a
mixture of air and steam through a thin poreclain tube mamtained at
1600° C. The hydrogen produced diffuses through the tube, and the
rate of diffusion is accelerated by raising the pressure inside the tube
and lowering the pressure outside.®

The Physical Properties of Nitrogen Tetroxide.-——Nitrogen
tetroxide at ordinary temperatures is a brown gas with a characteristie
smell, and is toxic even when inhaled in small quantitics. The density
shows a ’considerable variation with temperaturc owing to the
dissoclation :

N,O,==2NO,.

The variation of density (refexred to air==1) with temperature is
given in the following table :—

Tempera- - . Tempera- . .
Density. Auth . Density. Authority.
fure, © C. | PRSIty uthority ture, ° C. onsity uthority
. 9. _ 49-G 2.8
1%3 ggigl Playfair and Wanklyn, &:2 ‘;f}:;
24.5 2.520 T'rans. Roy. Sve. Bdin., 70-0 1-02
ors | Tom)| 186122, 111, 4l 80-6 | 1801 | o
28 2-70 000 | Lzl| Deptlle und oo,
32 2-65 Muller, Annalen, 1862 100-1 L-68 6}0131‘33!2)3"-7 e 500
52 2-26 tog s TSRS 1113|168 4> =31
70 1-95 f > 121-6 1-63
79 1-84 135 1-60)
26-7 2:65 Deville  and  Troost, | 154 1-568/
35-4 2:53 Compt. rend., 1867,
308 | 246 64, 237,

1 Givard and Pabst, Bull. Soc. ehim., 1878, (ii), 30, 531.

* Winan, German Patent, 193696 (190R).

8 Bogorodski, J. Buss. Phys, Chew, Soc., 1905, 37, 703,

4 Neelmaycr, Ber., 1904, 37, 1386,

§ Westdeutsche Thomasphosphatwerke, German Patent, 182297 (1908).
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These data permit the caleulation of the degree of dissociation
a 7 from the relation :
A, A-—-D

1 }MCL :::;jj’ [ R

D

"l

in which A is the theoretieal density of N0, (e.g. relative to air) and 1D
1s that observed.

Refractivity of Nitrogen Dioxide. ~Since this gas shows a strong
selective absorption in regions of shorter wave-length, a rved line at
A G138 AL was chosen when the density and refractivity are both reduced
o NTLP. For NOg, (1--1)-0-0005087 5 for NyO,, (i —1)=0-001123.

Dissociation of Nitrogen Tetroxide. Solid colourless nitrogen
Letroxide apparently  consists ol N,O, molecules entirely, but the
liquuld containg some NO, molecules, and the concentration of these
latler inereases with rise of temperature and is followed by the
deepening of eolour.  Thus, between the temperatures of --10° to
267 (L the liquid gradually becomes o deeper yellow, until at the boiling-
point (267 L) it assumes a distinetly orange colour.  The reddish-brown
vapour continues Lo show an inereasing deepening of colour, until at a
tempernture of 1107 (L the gas is almost black owing to its complete
dissoeiation into the single NO, molecules :

N,O,. “2NO,.

The Tollowing table gives the pereentages of NOy molecules present.
al varving temperatures which have bheen ealeulaled from the densily
determinations: ®

Temperatuee, 70, Density (Hy 2 NO, Molooules (por cont. ).
267 766 2(0)
602 602 H0-0:h
100-1 186 70-23
1350 1462 98-06
1-£0-0 1.€3-() 10000

The dissociation constant of the equiltbrium,

NGO, - 2 2NOy,
is griven by
l' [Nﬁ()ll5
Y INO

aned the variation of this constant with temperature is given ine the
folfowing talde: #

Tempernture, 7 €L .00 183 MRS 730 998
Dissoviation constant K, 8060 3710 111G 08540 0273

5 & M, Cuthbertson, Proe. Boy, Soc,, 1913, (A) 89, J61,
S by adle aand Troed, for, o2, _
4 Nehiveher, Zidtsch, phyaikel, Chen, 1807, 24, G561,
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Fig. 18 shows these results graphically.
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Fig. 18,—Dissociation constants of nitrogen tetroxide.

The thermal dissociation* of nitrogen dioxide (NO,) into nitrie
oxide and oxygen above 150° C. under different temperatures and
pressures has been studied, with the following results :—

L)

Temlzerature, Pressure, mm. Density. Per%ilsgggie&&f d§02
130 718-5 © 1-600
184 754-6 1-551 5
279 737-2 1-493 | 13
494 742-5 1-240 565
620 '760-0 1-060 100-0

The variation in the density with the pressure at one temperature,
namely, 49-7° C. (see table below), indicates, as was to be expected,
an increase in the dissociation with decreasing pressure, since in the
dissociation the number of molecules derived from a given weight of
the gas is increased, and this tends to increase the pressure. The
expression, which should be constant, is

40°P
(14a)(1—a)RT"
When a is expressed in terms of the densities, and the whole expression
is divided by constants which are independent of the dissociation, 2.e.
A and R, and also of the temperature (since this is constant), the
equilibrium constant is represented by
. (A—D)2P
K="p_&"

! Richardson, Trans. Chem. Soc., 1887, 51, 397.
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Dissociation and pressure at 4947° €, : 1

P {mm.) == 0 26-8 93-75 182-69 261-37 40775

Density = (1-590) 1-663 1-788 1-804 1-963 2-144
a = 1000 0-93 0-789 0-600 0-630 0-493
K" - 106 106 112 124 136 121

Thus, under these conditions, the gas 1s nearly 50 per cent. dissociated
al a pressure of 49775 mu.

g, 19 shows the dissociation of N0y into NO,, and of NO, into
nitrie oxide and oxygen.®
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25 590 75 e ) ,
%Nzﬂa dissociated 0 25 50 75 100
inte NOo Ca2NO, disgociuled

into 2NG 1 0,

Fi 190 Thermad dissocintion of NyOg and NOy,

Specific Heals of Nitrogen Tetrowide.  ‘The specifie heal at constant
pressure of nitrogen letroxide varies considerably with temperature,
owing to dissocintion. It has been pointed out ® that the delermina-
tions of Berthelot and Ogier * took no aceount of harometrie Huetuations
over different ranges, and further, that the heat of dissociation was
mceluded in the specifie heat. The following able® gives results
obtnined by use of o constant Hlow method which obviated The necessity

COFL and Ly Natanason, Wied, donalen, 1880, 24, 101 LHS6, 27, 606,
* Richardson, loe, o,

Metllum, S, dmer, Chem, Soe,, 1927, 49, U8,
LR E R TS T TS TR O T I IO - R I R T AN Tuded?s B0 appa  TERITL
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of measuring the temperature change and also the water equivalent of
the calorimeter :—

Temperature, © C. | Total Heat Capacity. | Heat of Dissociation. Specific Heat.
33-78 126 114-6 11-4
41-00 146 134-2 12-0
44-00 154 141-6 12-0
55-03 176 160-8 15-2
60-90 178 163-3 14-7
63-33 179 162-4 ' 16-6
70-70 168 153-1 14-9
80-89 143 126-9 16-1
97-51 93 755 17-5

These results show that the specific heat of nitrogen tetroxide is
very small compared with the heat of dissociation, and also that the
value C, for N,0, is slightly greater than C, for NO,.

The following table gives the results of a number of observers which
have been collected and recalculated :(—2

Tempera- Pregsure, Percentage C C _ (Eﬂj)

ture, ° C. mm. Hg. | Dissociation. D v s c,
25 599 19-51 19-98 1702 11154
23 304 25-00 16-96 14-93 1-1359
23 106 40-54 1370 11-69 1-1712
22 218 28-24 17-19 15-17 1-1330
21 500 11-21 22-22 20-17 1-1020

The heat of dissociation of gaseous nitrogen tetroxide has been given
by various observers as —18,000,2 —18,050,2 —12,900,3 —18,920,* and
—13,132 % calories respectively.

The heat of formation of nitrogen tetroxide (containing 9 per cent.
of NO,) from 2N-+40=N,0,, is —8900 calories.

In the case of completely dissociated NO, the value is —8125
calories, and with completely associated N,O, (liquid), —2650 calories.®

The heat of formation of liquid nitrogen tetroxide (NO,=46 grams)
is —2200 calories.’

The heat of vaporisation at 18° C. is —4800 calories.? Thelatent heat
of fusion varies from —32-2 to —87-2 calories per gram, which corre-
sponds to —2960 to —3420 calories per mol. of N,0, The value

! Partington and Shilling, The Specific Heats of (lases (Benn, 1924).
2 Swart, Zeitsch. physikal. Chem., 1891, 7, 124.

3 van ’t Hoff, Vorlesungen, I, 1901, p. 140.

* Boltzmann, Wied. 4dnnalen, 1884, 22, 68,

5 Schreber, Zeitsch. physikal, Chem., 1897, 24, 660.

 Thomsen, Thermochemische Untersuchungen, 1906, p. 163.

? Berthelot, Ann. Chim. Phys., 1875, (v), 6, 145.
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caleulated from the depression of the freezing-point is —33-7 calories
per gram. The theral conduetivity for NO, at 150° C. is 0-0033.2

The thermal expansion of liquid nitrogen tetroxide is very regular®
as is evident {rom the following data -

Temperature, © (', 0 5 10 15 20
Volume . . 10000 100780 1-01573  1-02370  1-03196

Molecular weight determinations in acetie acid show that liquid
nitrogen tetroxide s not polymerised beyond the NoO molecule.?

The effect of ultra-violet ight on nitrogen tetroxide has been studied,®
and it is found that an inerease in pressure oceurs which is not due
to heating effeet of the absorbed light.  This pressure inercase is due,
firstly, to o photochemical equilibrinnm in the system :

Light. .
UNO, . =2 2NO Oy
Dark,

while in the second place there is a healing effect due to the recom-
bhination of nitrie oxide and oxygen as well as by absorbed radiation,

The refractive index of gascous nitrogen tetroxide 1s 1-:00050:3 al
36 C0 0 (See also p. ten),

The speetrum of nitrogen tetroxide has been studied by Bell)7 who
found that there was an inerease in the general and seleelive absorption
with rise of {exnperature. The conelusion that the absorption spectrum
is due entirely to NO, moleenles s supported by the faet thal no absorp-
tion is shown by lxquul nitrogen tetroxide o few degrees helow 07

Liguid Nitrngen Tetroxide. As mentioned in (he preparation,
nitrogen fetroxide s casily liguelied at almospherie pressure by con-
densing the gas in o freezing mixture® The liquid is pale yellow in
colonr il hoils al 227 (.9

The varlation of the density of liquid nitrogen tetroxide  wilh
temperalure is shown in the following table o 10
Temperatoure, 0 4 po 1 0 )

P o b1 | 2bo
Doty S TS TN W04 5t 13 N WPeTH SL(H I RPEUHIE! VI R ETA T KR o DR R i

0 17100 108

The density of liquid nitrogen te ‘troxide belween 07 and 21-57
may be reprosented by the equation B

DY 190 0002158

The vapour pressure of ligquid  nitrogen tetroxide at different
temperatures is given in the following table s 13

Py, Avdtack, phepakad, Chen, LRI, 5, 201

B Felicwn, Mayabal, Zeitack,, 1R, 6, 20,

3 Thorpe, Trans, Chem, Soe,, 1RO, 17, 141,

§ Ranvay wod Shitedda, Prans Chens, Noe,, 1SS, 12, 833,

Boxorrish, shid |, 1997, 131, THL

8 I, /rn‘u h. ;rlu;:x.’-z! Chem,, T, 36, 328,

TRl dmeer, Chem, J,, URND, 7 M2 Nee also Huwwelboery, Zedlseh, anal, Chem,, 1874,

18, 0715 Bunedt, Pogy. Awaah p, 1850, 141, 157 Gernes, Compt. rend,, 1872, 74, 105,

oy Lavssae, Anw, i, i“fi}'{‘h. Inid, 1, £,

B othbeds, G othe, 1L, 45, 430, 31

Boenther, dnamden, 1ns%, 248, 96 Thorps, hamf Qe Noe., THEO, 37, 1L

Voo fhsead and Cosenger, el Soes el VO 24, 304,

P owdoabyeedFs et nvned Pyeensds  ffreser A L Dusdd IV ope nwfz Iuwlsrzfmrh 411 14, 3G
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Temperature, ° C. Vapgﬁ)?g&:ﬁmr&’ Temperature, ° C. Va,pﬁlurz-PIf'Iegs.sure,
—23-0 70 15-0 565
—10:0 146 21-45 770
- 69 180 274 1007
— 06 256 39-0 1668
-+ 77 293 43-2 ' 1982

The critical temperature of nitrogen tetroxide is 158-2° C., and the
critical pressure 100 42 atmospheres.t

The freezing-point curve of nitrogen tetroxide and trioxide mixtures
is shown in fig. 20.2 Solid tetroxide or trioxide separates according to
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¥F1a. 20.—Freezing-point curve of nitrogen tetroxide
and nitrogen trioxide mixtures.

the richness of the mixture, and eventually a eutectic mixture separates
at —112° C. which has the composition 7-8 per cent. N,0O, and 92-2 per
cent. N,O, (corresponding to 63-6 per cent. NO, and 36-4 per cent.
NO). No other compound exists, therefore, between —10° and —112°C.

Solid Nitrogen Tetroxide.—Solid nitrogen tetroxide exists in the
form of colourless erystals, the melting-point of which is given variously
as —10-1,3 —10-5,4 —10-8,5 and —10-95.8

The variation of the vapour pressure with the temperature is given
in the following table :—*"

Seheffer and Treub, Proc. K. dkad, Wetensch, Amsterdam, 1912, 15, 166,
Wittort, Zeitsch. anorg. Chem., 1904, 41, 85.

Ramsay, Zeitsch. physikal. Chem., 1890, 5, 221.

Bgerton, Trans. Chem. Soc., 1914, 105, 647.

Scheflfer and Treub, Proe. K. Akad. Wetensch. Amsterdam, 1911, 14, 530.
Bruni and Borti, At B. decad, Linced, 1900, (v), 9, i, 321.

&t & 22 En e
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Vapour Pressure,

Vapour Pressure,
mm, Hy,

m (=
IV e ;
Temperature, © C mm, H,

Temperature, ° C.

e 330 392140 e T 01510
ki) 9770 e 84() . 0-03G0
e 53() -4} )] 0-0003
() 0-605 e LOQ 0-002:
The above values are obtained from the equation )

log pe=14-0166-4-0(0-060.1).

It would seem that solid nitrogen tetroxide consists entirely of N0,
molecules.

Chemical Properties of Nitrogen Tetroxide. - Nitrogen tetroxide
is not inflammable, neither does it support the combustion of {eebly
burning substancees, e.g. a taper is extinguished. At higher temperatures,
however, 1t is a powerful oxidising agent, owing to ils decomposilion
into oxygen and nitrogen,  Thus, (reely burning carbon, sulphur, and
phosphorus are converted into their oxides ; b earbon monoxide burns
to the dioxide, and hydrogen sulphide to sulphur with formation of
nitrie oxide.  Hydrogen mixed with nitrogen tetroxide, and passe 'l over
platinum.?® copper, or niekel? reduees the tetroxide to ammonia.

Potassinm, which burns with a red flame in N,O4, sodium, lead, and
mereury are all oxidised to the nitrates, with formation of nitrie oxide,
[ron, cobalt, and tin, heated to 5007 O are converted into oxides, while
many lower metallie oxides are further oxidised at this temperature in
Lhe gas.  Caleiiun oxide yields the nitrate when heated to 83007 1007 (8
while lmnum oxide al "(l()” (. produces both nitrate and nitrite.?

Certain metals, sueh as copper, nickel, and cobalt, when in the finely
divided condition, absorb both gascous and liquid nitrogen tetroxide,
with the formation of unstable produets, which decompose into their
constituents on heating, and react vigorously with water, evolving
nitric oxtde and leaving o solution containing nitrites and nitrates.®
These so-called ™ nitro-metals 7 were considered Lo be definite ¢com-
pounds with formula such as CugNOy,, NigNOy,, Co,NOL o Recent
work,” however, with the supposed ™ uitr(wnp]wr " has shown it to be
mere l\, an adsorption complex of NOyin CayO. - The amount of nitrogen
peroxide absorbed by the copper is variable, and the fiest reaction is
the oxidation of the copper to cuprous oxide

2 | NO, GO NOL

The cuprous oxide then reabsorbs the fetroxide, produecing a complex
uNOQ g aCu

VDalong, dna, Ohioe, Phys, IRLG, 2], 2, 317,
 Kublmenn, Annalen, 134, 20, 2748
F Wabatior niad Senderons, Compl, rend,, VB, 138, 274,
& Sehlovwingg, Baglioh Pateat, 22118 {TOLS).
& Dalong, Aunalen, 1882, 18, 133,
Sabatior amd Senderens, Oompt, rend,, VRS, s, 236 Awn, Chim, Phya,, 1RO,
{vii), 7, MK,
7 Partington, Prana, Chem, See,, 14, 128, 72, 663,
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Cuprous oxide is capable of absorbing 80 per cent. of
tetroxide gas, but the liquid has no visible action.

Nitrogen tetroxide resembles nitric oxide in forming addi/
pounds with metallic halides. A number of such compounds |
investigated,® typical examples of which are BiCl;NO, =1
FeCl,; NO,, 4FeCl, NO,, 4FeBr, NO,.

Dry oxygen has no action upon nitrogen tetroxide, 1»t:
presence of water, oxidation to nitric acid occurs. Ozone
tetroxide to the pentoxide.

Nitrogen tetroxide reacts with small quantities of water t«
nitrous and nitric acids :

N,0,-+H,0=HNO,-+-HNO,.

The subsequent decomposition of the nitrous acid depend-
amount of water present. If the latter is small, then the-
reaction occurs :—

9HNO,==N,0,-+-H,0.

An excess of water, however, results in the production
oxide and nitric acid : ?

SHNO ;==HINO,--NO+H,0.

Well-cooled liquid nitrogen peroxide added to a small 3
water produces two distinct layers. The upper light green 1s
sists of nitric acid with nitric oxide, while the lower deep hhs
chiefly nitrogen trioxide :

2N204+H20:-—'::N203+2HN03-

If oxygen is bubbled through these two layers, the top layer
orange-yellow, and contains nitric acid of concentration 95 -
cent., while the bottom layer consists of nitrogen tetroxide s
10 per cent. of nitric acid.?

Solutions of potassium and sodium hydroxides readits
nitrogen peroxide, with the formation of nitrate and nitrite. .
decomposition by the water present first occurs, and the neut #
of the nitric and nitrous acids then follows. Some nitrous e
ever, always escapes neutralisation, and decomposes with c¢vss
nitric oxide. Maximum absorption occurs when the concent
the alkali is about 1-3N. A 4N solution absorbs to the sarrs
as water, and stronger solutions are less effective than pure
A commercially pure alkaline nitrate is produced by passing iz
peroxide in excess of the quantity required for neutralisation 1
and nitrate. The nitrite is converted into nitrate by the 1

formed by the action of the peroxide on the water, acconiys:
evolution of nitric oxide :

NaNO,+HNO, =NaNO,+[HINO,].

Nitrogen peroxide is absorbed by aqueous solutions of soed
potassium carbonates less vigorously than the caustic alkalics.

1 Thomas, Compt. rend., 1895, 120, 447 ; 1895, 121, 128, 204 ; 1896, 123,
124, 366 ; Ann. Chim. Phys., 1898, [7], 13, 145.

¢ Saposchnikoff, Chem. Zentr., 1900, (i1), 708 ; 1901, (ii), 330.
3 Friderich, Fnglish Patent, 319 (1911).
4 Webb, Absorption of Nitrous Gases (Arnold, 1923).
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and nitri : i i o .
tl -d nitrite are produced with evolution of carbon dioxide less vigorously
an when using caustic alkalies.

1
. L(.)'lz(:(‘lltl,":l.f'.(.i’fd sulphuric acid absorbs nitrogen peroxide with the
ormation of nitrosyl-sulphurie acid : ? |

N,0,+H,80,===N0,.SO,H-+HNO,.

i - [ .
? his reaction is reversible, and proceeds from right to left with rise of
teraperature.® °
m1l_}ﬁtl}l‘ﬁgﬁ‘ﬁigﬁﬂde”and sulphur trioxide give a number of complex
e ances W 1 acted upon by nitrogen peroxide under varying con-
<| 1?-1‘0‘1'1:,: The composition of these compounds has not been elucidated,
':HIL ]}l'. 15 statod that the chief product of liquid nitrogen tetroxide and
Sulphur - dioxide is O(S0,—ONO),, which may be regarded as the
anhydride of nitrosyl-sulphuric acid.s ;

Both dilute and concentrated nitric acid absorb nitrogen peroxide,
and the maximum amount absorbed by the concentrated acid is 425
per eent. by weight.  This corresponds to the formula N,0;.N,0,H,0.5

ht)l.ld nitrogen tetroxide and liquid ammonia at —80° C. react with
explosive violenee, but with gaseous ammonia at —20° C. a less vigorous
reaction oceurs, with the formation of a number of products such as
nitrogen, nitrie oxide, water, ammonium nitrite and nitrate.

Nitrogen peroxide is a useful nitrating agent for a large number of
organic compounds.?

 Laquid nitrogen peroxide is a useful solvent for cryoscopic deter-
minations of a number of organic compounds, the molecular elevation
of the boiling-point being 18-7° C. and the molecular depression of the
freczing-point 41° C.8
_ CGonstitation.—Various constitutions have been assigned to
nifrogen peroxide both in the NO, and N,0, states. In N,O, both
i brogen atoms may be assumed to be tervalent or quinguevalent :

O *N — () """N == O O
O 0 or NN-NE
[ on—o-n(y of o
-0
op possibly cach of the nitrogen atoms exhibits a different valeney :

0,
YN -0 ~N=0.
o?

This formula best explains the mixed anhydride character of the
tetroxide as exhibited by its reaction with water to form nitrous and
nitrie acids.

Difliculty is experienced, however, in the case of NO,.  Ilere the

U Weber, Dogy, Annalen, 1867, 130, 277 ; Lunge, Ber., 1874, 12, 10568,
* Lange snd Weintrauh, Zeiseh, angew. Chem., 1899, 12, 417.
B Webher, foe, ety and 1864, 123, 339 ; Huasenbach, J. prakt. Chem., 1871, 121, 4, 4;
Privdbirg, Clew, NYews, 1883, 47, H2.
4 Lunge and Marchlowsky, Zeitseh, angew. Chen., 1912, 25, 10,
SoPaacal and Cavnier, Budl, Soe. chim., 1919, (iv), 25, 309,
4 Bemion ainl Rosset, Compt. rend., 1006, 142, 633.
YoWickhod, Ber,, 1921, 54, L7706, _
“ Wamsuay, Zeitseh, physikad. Chem., 1900, 5, 2215 Brani and Bertd, Qazzelta, 1900, 30,
cieh, Eal e Wrankiand and Farmer, Trans. (hen, Noe., 1901, 79, 13606, .
® * sl nF = ¥ 12
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nitrogen atom must either be tervalent or quinquevalent with a free
valency, as in

O 0
0 No
or else the nitrogen atom must function in a quadrivalent capacity : *

0=N=0.

In accordance with the theories of wvalency stated on p. 14, the
nitrogen atom is quadricovalent with one mixed bond, thus:

0= ........... >O‘

Detection and Estimation.—Nitrogen tetroxide can be readily
detected by its colour, odour, action on starch iodide solution, cte.

The estimation is accompanied by difficulties which have been
mentioned in connection with nitric oxide (p. 159). The absorption by
aqueous caustic alkalies to form nitrite and nitrate may be used
quantitatively :

N,0,-+2NaOH =NaNO,+NaNOQ,+11,0.

The formation of nitrosyl-sulphuric acid occurs by absorption in
85 to 95 per cent. sulphuric acid, and this may be estimated by titration
with potassium permanganate.

NITROGEN PENTOXIDE.

History.—Deville 2 first isolated this oxide by decomposing silver
nitrate with dry chlorine. Meyer3 obtained it later from nitric acid by
dehydrating with phosphorus pentoxide.

Preparation.—1. Dry chlorine reacts with silver nitrate at 95° C.,
and as soon as the action has started the mixture is cooled to 50°-
60° C. The nitrogen pentoxide evolved is separated from the oxygen
by condensing in a U-tube immersed in a freezing mixture. No corks
or rubber joints may be used owing to the corrosive action of the gas : 2

4AgN0;4-2Cl,=4AgCl+2N,0,40,.

It is also produced by the reaction between nitryl chloride and silver
nitrate :

NO,C14+AgNO, —AgCl+N,0.,.

2. The most convenient method is by the dehydration of nitric
acid.* This is first obtained pure by repeated distillation with con-
centrated sulphuric acid, and bubbling dry air through the final dis-
tillate in order to remove oxides of nitrogen. 200 grams of this ** white
fuming acid ** are put into a 2-litre flask with a side arm at right angles
to the neck, and 400 grams of phosphorus pentoxide are slowly added
during cooling until pasty. The flask is then attached by means of

! See Piloty and Schwerin, Ber., 1901, 34, 1863, 2354 ; Divers, Trans. Chem. Soc.,
1904, 84, 110.

? Deville, Ann. Chim. Phys., 1849, (iii), 28, 241.
¥ Meyer, Ber., 1889, 22, 23.

4 Meyer, loc. cit. ; Daniels, J. Amer. Chem, Soc., 1920, 42, 1131.
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scaling-wax to three wash-boltles, the first containing glass-wool and
plmsplunus pentoxide, and the others being empty, and immersed in a
freczing mi\{l‘urv ol iee and salt.  The flask is heated on a water-bath
to 607 70 C. and a slow stream of air (dricd by concentrated sulphurie
acid) 1s passed through the paste.  The nitrogen pentoxide eolleets in
the wash-bottles as a shightly yellow brittle solid :

21INO,,-=N,0,, +11,0.

3. Nitrogen trioxide and nitrogen tefroxide are both oxidised by
ozene Lo nitrogen pentoxide.!

f. A mixture of nitrogen and oxygen can be converted into nitrogen
[)L!ll()\l(l(‘ by means of the silent electric discharge in the presenee of
(}7“1](*.‘*

[’hyqic al Properties. - Solid nitrogen pentoxide exists in colonre-
Jess, transparent rhombie plates, 111(llmtr-pmnl 20-59 (L% and specilie
glm:ly 1-63.%  The yellow eolour which develops at. the melting-point
indicutes deeomposition, and this latter is inereased on further heating
the orange lquid turns dark brown, with considerable evolution of
brown limes.  Rapid heating causes explosive decomposition. Nitrogen
pentoxide volatilises e drey wir, but deliquesees in moist air with the
formation of nitrie aetd.

The vapour pressures at vartous temperatures are as follows @t

Vapour pressure, mon g o 13 3 79 183 420 T60
Temperature, "¢ . 15 n | 5 | 15 | 25 | 325
These values are expressed in Lhe equation

A
log I P P 341 log T 85920,

The heats of formation are as follows 3 -

Np P50 NyOg (ems) -~ 1,200 ealories,
N, 150 ‘\..(),,( wquid) | 3,600
N’.g P50 NGO (solid)  p 11,800,

N, P50 NOp (nq.) 1280600

The heat of eombimadion with 1omolecule of water s 2-8320 Cals.,
atd with execess of water 16:200 Calst The caleulated heal of ¢vapora
ton is  4-810 Cals,, and heat of fusion 8280 Cals®

The hends of sublimmtion in o closed vessel below 307 G are as
follows; *

Temperature, ¢ . . 10 0 110 |20
Heat of sublinmntion (eals.) Lo 1RB60 0 12,760 13,360 EREE

The decomposition ® of nitrogen pe ntoxide s o homogencous reaction,
e it procceds in the gas plmw and is independent of vmul\ sis or wall
effeet. The decomposition proee t‘fi‘a according to the cquation

b Helbiw, 80 B Avead, Lineed, 1003, 12, 110, 2113 Ar u‘uh. Mtektrarhem, 1904, 12..;.;(}
¥ Huss nned Bhelieh, Zestsch, Elebtroche m.., b FH .m 4,
U Berthedot, Bull, Soe, cline,, TNTE, (00, 21, Db

UDnndels wnd Bright, J, Jlweer, Chem, Noe,, VR0, g2, 1131

White and Tohnan, ihid H!‘.}Ia. 47, P10 Hunt and Daniels, ibid,, 1920, 47, 1602,

%3
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2Noo 5 m?N 20 4+0 )

and is a unimolecular reaction at all temperatures :

A G5 55 45 35 25 0
K . 02092 0-09 0-0299 0-00808 0-00203 0-0060472
Q (eals.) 25,830 22,750 25,370 25,100 24,240
The * heat of activation,” Q, is derived from the Arrhenius equation
dlogc K Q
dt ~ RT¥

It is equal to the quantum of energy required to activate cach molecule,
multiplied by the Avogadro number N :

Q =Nhv.

The reaction constant remains that of a unimolecular reaction down
to low pressures:?!

p(N,0;). 278 281 114 516 96 0:0264 0-00185
K. 0027 0027 0026 0026 0027 0020 0021

The rate is much the same in incrt solvents such as chloroform and
carbon tetrachloride.?

The decomposition of nitrogen pentoxide is retarded by the presence
of ozone.3

Chemical Properties.—Nitrogen pentoxide is a powerful oxidising
agent owing to its decomposition with the liberation of oxygen. Many
substances when heated in it burn, such as carbon, phosphorus, and
sulphur. The latter element gives rise to white vapours which form a
suhhmate of the composition s, 205(NO,),—nitrosulphonic anhydride.

The pentoxide is a useful ni tmtmrr agent for organic compounds, the
reaction being similar to that of a mixture of nitric and sulphuric acids.

Nitric acid dissolves nitrogen pentoxide, and a definite compound,
2IINO4N,O;, has been obtained which is liquid at ordinary tem-
pcmtures but solidifies at 5° C.

Sulphur trioxide reacts with nitrogen pentoxide in carhon-tetra-
chloride solution, with the formation of a crystalline precipitate melting
at 124° to 128° C which is probably (50,),.N,O;: 8

$0,.0.50,.0.NO,
o< .
$0,.0.80,.0.NO,

NITROSO-NITROGEN TRIOXIDE, (N,O,),.

When nitric oxide is passed through liquid air or oxygen, or when air
or oxygen acts on solid nitric oxide at —185° C., a green solid is produced
which was assumed to be nitrogen hexoxide, NOy or N,Og8  The same

U Danicls and Johnston, J. dmer. Chem. Noe, 1921, 43, 53,

¥ Laucek, thid., 1922, 44, 757,

3 Danicls, Wulf, and Karrer, thid., 1922, 44, 2402, Sce also TTiest, Trans, Chem., Soc.,
19245, 127, 667 ;5 Hirst and Rideal, Proe, Koy, Soe., 1925, Axog, 5206,

1 Gibson, Proe. Roy, Soc. Bdin., 1908, 28, 705,

G Pietet and Warl, Compt. rend., 1907, 145, 238.

¢ Holbig, Atti B, Aecad. Lineed, 1903, 5, 1665 Maller, Zeitseh, anorg. Chem,, 1912, 76,
245 1914, 86, 230.
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oxide was considered to be formed by the action of a silent discharge
through a mixture of nitrogen, or nitrogen tétroxide and oxygen,l_m‘
by the action of an induction current on a mixture of nitrogen tetroxide
and oxygen.?

~ 'The green solid mentioned above is now assumed to be nitroso-
nitrogen trioxide, having an empirical formula N,;0,3% and 1s produced
according to the following reaction :—

0 O 0O O
(- I !
0— N—N-N=0 O—-N—-N-N=0

|+ —
O— N —N —N =0 O-—-N—-N-—N==
I I
O O 0O O
This peroxidised polymeride of nitrie oxide is irreversibly converted
imto nitrogen trioxide.

t Hantetillo and Chappuis, Compt. rend., 1881, 92, 80, L4 ; 1882, 94, 1111, L30G.
= Berthelot, dna. Chim. Phys., 1881, (v), 22, 432,
 bHasche, S, omer, Chem, Soc., 1925, 47, 2143,



CHAPTER XI.
NITROUS ACID.

History.—As carly as 1777 it was realised that there was more than
one “acid of nitre.”” Scheele?! distinguished °* phlogisticated acid of
nitre ” from nitric acid as being a weaker volatile acid produced by
the reduction of nitric acid. e also showed that nitre, when strongly
heated, lost oxygen, and left a deliquescent salt which readlly decom-
posed into a volatile acid when treated with acid. Priestley ? had
prey 1011@:1y described the brown fumes produced by oxidising 111tr10
u}.rdc as ‘ nitrous a,c1d vapour,” while the terms *“ nitrous acid gas’
and “nitrous acid ”” were used later by Davy and Gay-Lussac re-
spectively.  Confusion of terms, however, cxisted, due to the fact that
both nitric and nitrous aecids were present, and the means of dis-
tinguishing the two were not available at that time. I was understood
clearly, however, that there were two distinet salts, nitrates and nitrites,
and Cavendish 3 showed that silver mitritc was precipitated when
potassium nitrite was added to a solution of silvernitrate. Gay-Lussac ¢
was the lirst to prepare nitric and nitrous acids by the carcful oxidation
of nitric oxide with oxygen in the presence of water.

Nitrous acid is an unstable compound, and all the methods of
preparation yield an aqueous solution of the acid.

Preparation.—1. Nitrogen trioxide, N,Oy4, which is nitrous anhy—
dride, produces a wealk solution of nitrous acid when treated with ice-
cold watcer

N,0,+11,0 =21INO,,

. Dilute hydrochloric acid decomposes silver nitritc with the
liberation of nitrous acid :

AgNO 4+ == AgCl++TINO,,

3. Alkali nitrites similarly decompose with dilute acids, and this
affords o convenient laboratory method.  Nitrites may be prepared by
reducing nitrates with metals,® or sulphites,® or clectrolytically ;7 also
by al)wrpilou of nitrogen trioxide by alkalies.®

. Oxidation of ammonia with hydrogen peroxide produces nitrous
::md, bhut there is always some ammonium nitrite present in the

odition - @ i

solution: NI1I,--8H 0, ==INO,--411,0.

Neheele, reatise on obir and Five (1777) 3 ollemdric Club Leprints, V1L, 20

I’r l(‘Htll'\r, Brperimends on olir, V774, 1, lll) [15.

Cavendish, Alembie Club Rf’pnnts lII 44.

Cray-Jaunsae, Ann Clom, 18106, 1, i.))

l‘lht her, Pogy. Annalen, 1848, 74, 115.

Btarl, Bull, Noe. ehim., 1877, (2], 27, 4345 Lo Roy, Compt. rend., 1889, 108, 1251.

Muller and Spitzer, Geiitsch. Llektrochem., 1905, 11, 917,

Divers, Trans, Chem, Soe., 1899, 75, 85.

Weith and Weber, HBer., 1874, 7, 17453 Hoppoe and Seyler, dbid., 1883, 16, 19106,
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NITROUS ACID. 18:

'd5. Nitric oxide passed into nitric acid reduces the latter to nitrous
agcia .

i PhYSic_al Properties of Nitrous Acid.—The aqueous solut_ion of
llltl'OllS‘aCId is blue in colour, which quickly fades with evolution ol
brown fumes, leaving a solution containing only nitric acid :

SHNO,==IINO,--2NO+H,0.

| ‘T_hc dccc_nnposition of nitrous acid is unimolecular, and the strongest
solution which can be obtained at 0° C. is 0-185N, prepared from the
dec:,?}nposnlon of barium nitrite with dilute sulphuric acid.?

The aqueous solution is more stable when kept at low temperatures
and small concentration, and also when under pressure of nitrie oxide.
rm s g ? . . 1 .

The decomposition of a cold dilute solution follows the reaction

3HNO ,=—=HNO;+2NO-II,0,
whereas stronger solutions at higher temperatures decompose according
to the cquations ?
2IINO,==N,0,;-+11,0=N0O+NO,-~H,0.

Other factors also influenee the decomposition, such as agitation,
surface area, and presence of nitric acid.®?  The decomposition of nitrous
acid in dilute acid solutions has been studied.?

The heat of formation of nitrous acid is as follows :—?

N,O,, Aq. =-—0,820 calories.

II, N, O,, Aq. 30,770

2NO, 0, Aq. 36,330

I, NO, O, Aq.= 52,845

N,, 2,0 71,770 ,, (product as NI[,NO,)
Hecat of solution== 4,700 ,,

The decomposition of nitrous acid in dilute solution is attended with
the absorption of 18-4 Cals.®

The heat of neutralisation with ammonia is 9100 Cals., and with
barium hydroxide 10-600 Cals.?

The velocity constant of decomposition is 0-00014 at 0° C., 0-00022
at 21° C., and 0-00057 at 40° C.1 '

The dissociation constant at 0° C. i1s 6 X107* 1 and the calculated
mobility of the NO, ion is 64-5, that determined from AgNO, being
63,% and from Ba(NO,), 61-7.°

T'he eleetrical conductivities at 25° C. for dilutions of 512, 1024, and
1536 arc 150-7, 189-0, and 217-0 respectively .t

I

! Ray, Dey, and Ghosh, T'rans, Chem. Soc., 1917, 111, 413.

* Veloy, roe. Boy. Soc., 1893, 52, 27, 54, _

3 Naposchnikoff, Chem. Zentr., 1908, (ii), 1330.  Sco also Veley, Trans. Chem. Soc., 1917,
11x, 415; Knox and Reid, J. Soc. Chen. Ind., 1919, 28, 1057 ; Briner and Durand,
Clomplt, rend., 1912, 155, 1495,

4 Klemene and Pollak, Zettsch. physikal. Chens., 1922, 101, 150,

Thomsen, Ber., 1879, 12, 2062,

Brinor and Durand, loc. cit.

Borthelot, dnn. Chine. Phys., 1875, (v}, 6, 145.
8 Pick, Dissertation, Breslaw, 1906,

Vagel, Zeitsch, anorg. Chem., 1903, 35, 385.

10 Sehumann, Ber., 1900, 33, 527.
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Chemical Properties of Nitrous Acid.—Nitrous acid functions
both as a reducing and an oxidising agent. Thus all the ordinary
oxidising agents, such as hydrogen peroxide, permanganates, chromates,
ozone, bromine water, are reduced and nitric acid is the product:

HNO,-+0=HNO,.

On the other hand, many reducing agents are oxidised, the primary
decomposition being :
2HNQO,=2N0O+0+4H,0.

Stannous chloride is converted into stannic chloride, sulphuretted
hydrogen into sulphur, sulphur dioxide into sulphur trioxide. Iodine
is liberated from potassium iodide, |

2KI+-HNO,=2K0H+2NO--1,,
or in acid solution,

2HI-+HNO , =2H ,0--2NO+1,,

and this reaction is used in the detection of nitrous acid. Many organic
colouring matters are bleached by a process of oxidation, e.g. indigo,
litmus, and methyl orange.

A large number of sccondary decomposition products of the redue-
tion of nitrous acid include nitrous oxide, hyponitrous acid, hydroxyl-
amine, nitrogen, and ammonia. Urea and nitrous acid react to give
nitrogen and carbon dioxide :

CO(NIL,),+21INO,=2N,--C0,-+311,0.

The interaction of hydrazine and nitrous acid secms to be of
a complex nature, and the following equations have been given to
represent the reactions :—

NI, IINO,==N,O+NH,+311,0; 1
Nt - 21INO, ==N ,0 --N - 811,0.1

Azoimide and nitrous acid yicld nitrous oxide and nitrogen :
NI IINQ =N ,0 -4 Ny - 11,0.

Concentrated sulphuric acid forms nitrosyl-sulphurie acid with nitrous
acid (or the anhydride, NyOy):? '
ol
IINO2»}»1128()4;,:::S()2< FIEO.
ONO

Sulphurous acid shaken with nitrous acid yields hydroxylamine-
disulphonic acid:

TINQ, +4-2H 50 === OILN. (50 ,011) -+ 11,0.
(See also p. 108.)

There is no aclion between nitrites and norinal sulphites, but with
acid  sulphites various salts  of  hydroxylamine-sulphonie  acids are
produced.? :

L Francke, fer, 1905, 38, 4102,
2 Oliveri and Mandala, Gezzetta, 1921, 51,1, 1385 1, 201,

3 Divers and Hagu, Trans, Chem. Soc., 1804, 65, 523.
¢ Nee under Hydroxylamine, p 107,



NITROUS ACID. 185

_ Constitution of Nitrous Acid.—Nitrous acid resembles nitric acid
inasmuch as it shows two kinds of absorption spectra. There is prob-
ably an equilibrium between two tautomeric forms :

[NOJH  and {NgHJ.

Thus silver nitrite appears to exist in two forms, one an ionisable
salt, [NO,]Ag, and the other a non-electrolyte, [Ng Ag]' This will
account for the fact that the product of the reaction between AgNO,
and CH,I is methyl nitrite, [NchJ, an ester the hydrolysis of which

shows that the methyl group is attached to the oxygen atom; and
also of nitro-methane, [NO,|CH,, a nitro-paraffin the reduction of
which shows that the methyl group is attached to the nitrogen atom.
The modern valency theory represents the tautomerism of nitrous
acid and nitrites as due to the shift of the hydrogen atom from oxygen

to nitrogen : NO’,+H z===HNO,;
or, adopting the theory of the cubic arrangement of octets

——

sce p. 13):

Z: 0

:('j::N:Q:'—}—H'-c———’:O::l.\.T:@: or O::
J5

Detection and Estimation.—The liberation of iodine from potas-
sium iodide, which gives a bluc colour in the presence of starch, is a
delicate but not characteristic test for nitrous acid or nitrites in acid
solution.

Metaphenylene diamine in hydrochloric acid produces a brown
colour. A very sensitive reagent is an acetic-acid solution of sulphanilic
acid and B-naphthylamine (Griess-Ilosvay reagent), which gives a pink
colour with nitrites, sensitive to 1 part per million of water.

1. The estimation of nitrites and nitrous acid may be carried out by
dircet titration with standard potassium permanganate. The solution
is run from a burette into a standard solution of permanganate until the
colour is just discharged.

A modification of this method ! is to add a known excess of standard
permanganate solution to the nitrite, acidify with sulphuric aeid,
liberate iodine by adding potassium iodide, and titrate with sodium
thiosulphate, which gives the unused permanganate.

2. The liberation of iodine from potassium iodide by nitrites may
be used directly, and the iodine estimated with thiosulphate. The
solution should be allowed to stand for two minutes before titration
with the thiosulphate, otherwise high results are obtained.

3. A nitrometer method ? of estimation may be used where presence
of organic acids rules out the permanganate method. The nitrie oxide
evolved is dircetly measurcd, but the reaction requires the presence of
potassium ferrocyanide, and also of one organic acid such as acctic,
tartarie, citne, or oxalic:

K, Fe(CN)4+EKNO,+2CH ;COO0H
=K Fe(CN)-+2CH ;COOX +NO-1,0.

} Raschig, Ber., 1905, 38, 3011.  * Maderna and Colfetti, Gaazelta, 1907, 37, (1), 595
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Two factors likely to cause errors in this method are the solubility of
the nitric oxide in the aqueous solution, and the vapour pressure of the
acetic acid.

4. Among other methods which have been proposed is the de-
composition of nitrites by hydrazine sulphate and measuring the volume
of nitrogen, two-thirds of which is due to nitrite; 1 also the reaction
with hydroxylamine hydrochloride and titration with sodium hydroxide
before and after the reaction.? -

The reaction with azoimide, yielding nitrogen and nitrous oxide, is
also quantitative in dilute solution, and is used in the estimation of
nitrites.? Nitrites may be determined gravimetrically by a reaction
with an excess of silver bromate and acetic acid. The nitrous acid
forms an equivalent amount of silver bromide by reduction.?

1 Dey and Sen, Zettsch. anorg. Chem., 1911, 171, 236.
* Sanin, J. Russ. Phys. Chem. Soc., 1909, 41, 791,

3 Sommer and Pincas, Ber., 1915, 48, 1833, 1963,
¢ Busvold, Chem. Zeit., 1914, 38, 5; 1915, 39, 215.



CHAPTER XI1I.
NITRIC ACID.

History. Nilrie acid was one of the carliest nitrogen compounds to be
used, as L was known to the Kgyptians.  Its preparation was first de-
seribed by Geber inc acn, 778, who obtained it by distilling a mixture of
nitre, blue vitriol, and alum.  In the thirteenth eentury Lullius pre-
pared iU from nitre and iron sulphate, while Glauber in 1648 showed
its production from nitre and oil of vitriol.  Known under such names
as agqua-fortis,” “spivitus nitei actdus,” and Y spivitus nitel fumans
Glanberd,” iU was largely used by the alehemists for the separation of
sibver and gold. Mayow in 1669 was the fiest to propound a theory as
to its composition, as he recognised that the same substanee was present
in nitee as in the aie which supported combustion, namely, dephlogisti-
caled air (oxygen).  In 1776 Lavoisier ' showed that oxygen was a
definite constituent of nitrie acid, although he was unable to show how
it was combined with the other constituents,  Cavendish® in 1784
showed that nitrie aeid was produced by passing eleetrie sparks through
a mixture of niteogen and oxyeen, and ahout the same time it was proved
by Lavoisier and Priestley that it consisted only of nifrogen, oxygen,
and water

Oc¢currence,  ree nitrie acid is only found in nature in small
aruounts, chielly i enin-water, where it has been produced by cleetrical
diseharges in the atmosphere. Neatralisation of rain-waler oceurs by
means of soil bases with the formation of nitrates, and this sall. pro-
duetion v also the resalt of free niteie-actd formation by the oxidation
ol nitrogenons organie matier.®

Preparation. 1. The laboratory wmethod for preparing nitrie acid
i b distil dey potassinm nitrate with an equal weight of concenlrated
sulphurie aeid o retort, and to colleet the nitrie acid in a well-cooled
Hask :

KNO, 2 HoS0, KIS0, | HIINO,,

The distillation s currded ont ot as low o temperature as possible, and
the produet s of o distinetly yellow eolour owing Lo the presence of
nitrogen peroxide. Puritiention may be effected by redistilling with an
cauad volutne of coneenteated sulphurie acid, and blowing a current of
air through this distithite, which has been gently warmed,

2. Combination of nitrogen and oxypen by passing through the
cleetrie are, and absorbing the oxides of nitrogen in water®

8. Oxidation of wuunonia by means of o eatalyst.®

Volivednter, (R uores, 11, 254G,

S evendish, el Prans,, PTHE, T TR, 37
Mg fa, b

Sev Fivathon of Nitrogen Are provess,

% s Pinabion of Nitrowest - Oxidation of smmosti.
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Nitric acid is obtained by a number of other reactions which can
scarcely be called methods of preparation :
(a) Burning hydrogen in air. S
(b) Passing electric sparks through moist air. o
(¢) Action of silent electric discharge on a mixture of nitrogen and
oxygen in the presence of water.

MANUFACTURE OF NITRIC AcID FrROM SopnruM NITRATE.

The decomposition of sodium nitrate (Chili saltpetre) still remains
one of the most important processes for the manufacture of nitric acid.
The complete reaction shown by the equation

9NaNO,--H,50,=Na,S0,+2HNO,

is not carried out in practice for a number of reasons. The high tem-
perature necessary for the reaction (900° C.) involves high fuel cou-
sumption, excessive wear and tear of plant, and decomposition of nitric
acid, which causes the product to be dilute, and to contain a high
percentage of nitrous acid, according to the following reactions :—

4HINO,=2H,0+4NO,+0,;
2HNO,;=H,0--NO,4-NO+0,;
H,04-2N0,=HNO,+-HNO,.

¥urther, it would not be possible to remove the residual sodium sulphate
at all readily from the retort owing to its high melting-point (860° C.).
In consequence, nearly double the quantity of sulphuric acid is used,

NaNO,+H,S0,=NaHSO0,+HNO,,

as the reaction represented by the above equation procecds at a re-
latively low temperature (200° C.), and the residual sodium bisulphate
(nitre cake) can be run off from the retort.

The plant consists of a retort, condenser, receiver, and absorbing
system for the oxides of nitrogen. ‘

Retort.—This is a large cast-iron cylindrical vessel. As a typical
example the Waltham retort may be mentioned, which has a cubical
capacity of about 350 cubic feet, is 8 feet 6 inches by 6 feet 9 inches, and
takes a charge of two tons of sodium nitrate. The quantity and concen-
tration of sulphuric acid depend upon the dryness of the nitrate, the pro-
portions being approximately 85 of nitrate to 80 of acid. The retort
1s surrounded by brickwork 18 inches thick, and is fired by coal, coke,
oil, or gas. Whatever fuel is used, the flues are so arranged that the
hot gases circulate round the retort so as to produce even heating.

Condensing System.—The vapours from the retort are conducted
through a silicon iron or fused silica pipe to the condensers. The con-
duit pipe is made of as simple form as possible in order to provide an
easy flow. Various forms of condensers are in use at the present time,
and some characteristics of these will be given.

Guitmann Condenser—~—This condenser consists of perpendicular pipes
cooled in water, and was in extensive use at one time. Owing to high
working costs and general inflexibility of the plant, however, this
system is not used much in modern practice.

Hart Condenser—The outstanding featurc of this system is the
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chiployment. of glass tubes fitted between standards of pottery or
sificonr iron. The tube s, 6 feet long and 14 inches (Knglish) or 3 inches
(Awmeriean) diameter, are slightly inelined to the horizontal, and are
cooled by waler trickling over the outside.  Kxeellent condensation is
cffected and the progress of distillation ean be watched ;  further,
broken tubes can be replaced without: 1nt(‘rruplnm the ()pvnm(m. On
llw other hand, the system is of an intrieate nature, and its maintenance
is expensive owing to the large number of joints.

Falentiner Condenser. This system differs from all others inasmuch
as - works under reduced pressure. . The chief condensation takes
place in coils totally immersed in water, but some condensation also
oceurs 1n ar-cooled Woulfl's boltles, which act as reccivers. Al joints
have to be earcfully watched owing to the reduced pressure of the
distillation, consequently high labour cosls are involved.

Hough Condenser. Condensation of the hot vapours is effected by
passing llmnurh a series of double U-tubes contained in o rectangular
hox s cooled by water.  Acidsresisting iron is used, and this condenser
15 both compaet and eflicient.,

S-pipe Condenser. Modern practice favours a relatively simple type
of air-cooled condenser in l.ht- fortn of o series of S-bends. Fused siliea
ware or sihicon iron is used, and one advantage seems that such a type
reqquires but little attention,

Receiy eré-.. These vessels are made of various materials - depend-
ing on the strength of acul to be colleeted and other condilions -but
carlhenware seems Lo be the only really safe material,  Fame-tight lids
have to be [Hted, and of course provision has to be made for conveying
fumes into the absorption system,

Absorbers.  An eflicient absorbing system is imperatively required,
i olten as mueh as 10 per eent. of the orviginal nitrogen content of the
soddinin niteate passes through the condensers as nitrogen peroxide,
NO,.  Nitvie oxide, NOJ sitrosy! chlovide, NOCL ehlorine, nitrie acid
vapour aud water-vapour are also present. Absorption of nitrogen
peroside ino water procceds aceording to the equation

(1) #NO,  H,0 . - 2HNO, [-NO.

This nitrie oxide, together with that produced during the distillation,
has to be oxidised to the peroxide again

(2) 2NO | Oy 2NOy;

which means that an adeguate air supply must be introdueed into the

nhuorbing systems, Two turther points of greal importance are the
n! iredingy n the absorption of nitrogen pe roxide by the presence of
nitrie oxide {equation (1) is e wersible), and also the fact that reaction
(2] requites nppr cetnble time for completion.

The fume nin from the condensers and receivers enters at the
bhottom of ane of 4 series of towers, and the nitrous gases are pumped
to the top, wecting a streaneof water. The tower is {iled with quartz
packing, so e ta provide as large asurface as possible for absorption by
Hw water, The dilute nitrie acid thus produced is punped to the top
of the nest tower, while the gases are Jed in ol the bottom, and Lhe
shrorption and oxidution ave repeated. The strongest acid oblainable
is 66 per cont., amud when this coneentration is reached, the acid is drawn
off and the uimupfmu eyele continued with fresh waler.
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Concentration.—The strength of the nitrie acid colleeted in the
receivers depends upon the dryness ol the sodinme nitrate and the
concentration of the sulphurie aecid. It is possible to obtain nitrice
acid of an average strength of 90 per cent. by using dry nitrale and
sulphuric acid of 90 to 94 per cent. coneentration. The total yield of
nitric acid is smaller, however, as the nitre cake retmns some of the
nitrogen compounds, and the resulting acid has o high nitrous acid
content. A greater amount of nitric acid of average strength of 80
per cent. is obtained by using wet nitrate (2 to 25 per cenl. waler
content) and Glover sulphurie acid (78 per cent. HaSO content),
Nitrie acid of 99-6 per cent. concentration is obtained by distilling
weaker acid with concentrated sulphurie aetd. The retort, such as is
used in the manufacture, ean be used as a still, and condensing and
absorbing systems similar to those deseribed above ave used in con-
junetion with the distillation, which is carried out at about 185" (.
Acids ranging in concentrations from 100 per cent. downwards may be
obtained by running off from the receivers ab various stages,

A process of © bleaching ™ is generally employed to remove nitrous
acid in the form of oxides of nitrogen from the commereial aeid.
Generally this is brought about by blowing a stream of hot air through
the acid, although in some plants the bleaching process is incorporated
with the coudensing operation, so that the distillate encounters the hot
retort gases on the counter-current principle, with the result that not
more than 1 per eent. of nitrous actd remains,

Jommercinl nitrie aeid contaius as impurities hydrochlorie actd,
sulphurie acid, iodine, iron salts, and nitrogen peroxide.  The hydro-
chloric acid is derived {rom the chlorides present in the nitrate (003
per ¢ent. ), and a certain amount is oxidised to chlorine hy the nitric
acid, as well as to nitrosyl chloride, NOUL  Traces of sulphiirie avid are
carried over from the retort, and the todate in the nitrate is responsible
for the small amounts of iodine.  The iron salts, of course, are derived
from the apparatus.

Physical Properties of Nitric Acid. Pure nilric acid only exists
at 417 C, in the form of snow-white erystals, which decotnpose slightly
on liquelying, into nitrogen pentoxide, NGO, nod water. Pusstug a
current of dey air through this liquid removes the NGy, amd leaves a
colourless Hiquid with a 98:67 per eent. content of nitrie aeid.

Distillation of concentrated nifrie aeid with coneentrated sulphurie
acid in an atmosphere of carbon dioxide gives & product eoutaining
98 to 99 per cent. IINO,. Nitrie acid containing 908 per eent, NGO,
is slightly yellow, with a pungent smell, and fines strongly in aie.?

A study of the freczing-point curves (see fiy, 20} shows two mnxima,
and Piekering® jsolated two crystalline hydrates  corresponuling to
HNOGSILO at - 18 ¢, and HNOLHO ol 868" ¢ Kister and
Kremann® give these two maxima as 1857 Coamd 387 L

Roscoe ® gave the boiling-point of the purest Tguid nitrie acid under
atmospherie pressure as 86" (., but slight decomposition begins helow
Lhis temperature.

Kister and Minch, Zedtach, anorg. Chent,, 10, 43, S 300,
Aston amd Ramuny, Trans, Chon, Noe,, 1884, 65, 164,
Piekering, ibid,, 1803, 63, 436, Also wee p, 106,

Kremann, Zeitsch, anorg, Chem., 15404, 41, 22,

Roneaw, Trans, Chem, Soe,, 18681, 13, 148,

L L
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Creighton and Githens! have determined the boiling-points of nitric
acid of 9979 per cent. purity under different pressures, which are given
in the following table :(—

Pressure, mm. Hg. | Boiling-peint, °C. | Pressure, mm. Hg. | Boiling-point, ° C.

47 221 290 57-1
51 24-5 346 62-1
60 26-2 360 63-4
90 317 425 08-5

110 356 500 727

125 38:5 580 772

203 49-0 675 82-5

250 535

An aqueous solution of constant boiling-point (120-5° C.) is obtained
when any solution of nitric acid is distilled. A concentrated solution
will give a distillate of decreasing nitric acid content until, under
atmospheric pressure, the residue has a concentration of 68 per cent.
Similarly, a dilute solution will eventually reach the same concentration,
when it will boil unchanged. The density of this constant boiling solu-
tion is 1-414 at 15-5° C., and Roscoe found that the composition varied
with pressure, which indicates that this constant boiling solution is not
a definite hydrate of nitric acid.?

The vapour pressures of solutions of nitric acid of different con-
centrations and at different temperatures have been determined by
Creighton and Githens! and Saposchnikoff.? Reference- has already
been made to the necessity of keeping the temperature as low as possible
during the preparation of nitric acid from sodium nitrate and sulphuric
acid. The thermal decomposition of nitric acid is shown in the following
table :—*

o Percentage o Percentage
Temperature, ° C. Decomposition. Temperature, ° C. Decomposition.
86 9-53 190 49-34;
100 1177 220 72-07
130 18-79 250 93-03
160 28-96 256 100-00

The following table® shows the variation of density with concentra-
tion of aqueous solutions of nitric acid :—

1 Creighton and Githens, J. Franklin Inst., 1915, 179, 161
2 Roscoe, Trans, Chem. Soc., 1861, 13, 146,

% Saposchnikoff, Zeitsch. physikal. Chem., 1905, 53, 225.

4 Carius, Ber., 1871, 4, 828,

8 Lunge and Rey, Zeitsch. angew. Chem., 1891, 4, 165.
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DENSITIES AND PERCENTAGES OF NITRIC ACID.

o o . Pereentage

Density. Pe%'[clsrnotzme Density. Peﬁcﬁr(l)tzae Density. ! of{ &53"
1-000 0-10 1.100 17-11 1-300 4749
1-005 1-00 1-120 20-23 1-350 5579
1-016 1-90 1-140 23-31 1-466 65-30
1-020 3-70 - 1-160 26-36 1-450 7728
1-030 5-50 1-180 20-38 1-475 84-45
1-040 726 1-200 32-36 1-500 9409
1-060 10-68 1-250 39-82 1-520 099-67
1-080 13-95

The effect of dissolving nitrogen peroxide in nitrie acid is to raise
the density, and the table below ! gives the increase in density of nitrie
acid, D'%=1-4960.

INFLUENCE OF NITROGEN PEROXIDE ON
NITRIC ACID.

(D =1-4960.)

Percentage HNO,, Increase in Percentage HNO,, Increase in
N,0,. Density. N,0,. Density.
0-5 0-00075 6-0 0-039050
1-0 0-00300 7-0 0-04650
2-0 0-01050 8-0 0-05325
3-0 0-01800 10-0 0-06600
4-0 0-02525 12:0 0-07850

5.0 0-03225

The average increase in density per cent. from 1 to 5 per eent. of
nitrogen peroxide is 0-00585, and from 5 to 12 per cent. is 0-00660.

The average increase in density from 1 to 5 per cent. of nitrogen
peroxide on nifric acid D'$=1-5126 2 and D¥=1-5180% is 0-0035 per
1 per cent. nitrogen peroxide, and from 5 to 20 per cent. of nitrogen
peroxide is 0-0040 per 1 per cent. nitrogen peroxide. |

Pascal and Garnier? found that the maximum weight of nitrogen
peroxide dissolved was 42-5 per cent., which corresponds to a hydrate
of the formula N,0,.N,0,H,0, which was stable below —48-5° (.

Contraction in volume occurs when nitric acid and water arc mixed,

! Lunge and Marchlewski, Zeitsch. angew. Chem., 1892, 5, 10, 330.
2 Pascal and Garnier, Bull. Soc. chim., 1919, 25, 309.
® Bonsfield, Trans. Chem. Soc., 1919, 115, 48.
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and the m&mmum contraction oceurs correspondmo to the ratio
211\() : 8H,0.2

Thc followm(}' table * gives the contractions for various concentra-
. tions of nitric acid :—

HNOE | Tombere | Contraction. | Poentage | Tempert- | gongraction,
19-37 14-2 0:03685 65-80 14-2 0-06104
25-50 N 0-04650 78-22 . 0-04528
30-17 24-2 0-05171 87-90 ’s 0-02500
33-87 ’s 0-05571 92-34 us 0-01626
4240 14-2 0-06690 95-62 ., 0-00672
52-80 " 0-07040 99-97 ’s 0-00008
60-60 3 0-06592

-

The heats of formation have been determined by Berthelot : 2

H+N+0,=HNO, (gas) ~+384,000 calories.
=HNO; (liquid) +-41,600
=HNO; (solid) +42,200 ,,
==HNQOj; (solution)-}48,800  ,

The values obtained by Thomsen 4 are :
H-+N-+0,;=HNO, (liquid) -}-41,610 calories.
=HNO, (solution)+449,090

]

NO 40,4+ H=HNO, 163,185
NO,+0-+IL=HNO, 149735 ..

The molccular heat of fusion = 601 calories.?
The molecular heat of evaporation =7250

2

The following table gives the values of the heat of solution in Cals,
as determined by Thomsen 8 and Berthelot,” when 1 gram molecule of
nitric acid is dissolved in n gram molecules of water :—

No. of molecules
OfH20 . . 05 1 1-5 2 2-5 3 4 5 0

Thomsen, 18°C. 200 329 416 .. 527 571 .. 666 ..
Berthelot, 10°C. 203 3-34 4-16 4-86 5-76 6-39 6-76 6-98
No. of molecules .

of 1'120 . . 8 10 20 40 80 100 160 200 320
Thomsen, 18° C. .. 7.82 7-46 7-44 742 T-44 7-45 .. 7-49
Berthelot, 10°C. 7-22 7.27 7-86 1727 . 7-21 718

1 Kolb, Ann. Chim. Phys., (iv), 10, 136.

2 Veley and Manley, Proc. Roy. Soc., 1902, 69, 86-119 ;
1015-1021.
Berthelot, Compt. rend., 1880, 9o, 779.
Thomsen, Ber., 1879, 12, 20062.
Berthelot, Ann. Chim. Phy ys., 1877, (v), 12, 530.
Thomsen, Zhermochemaische Untersuchungm Leipzig, 1883, Band 3.
Berthelot Ann. Chim. Phys., 1885, 5, 4, 468,

VOL. N 13

Trans. Chem. Soc., 1903, 83,
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It will be seen that the maximum heat of dilution oceurs when the
ratio of nitric acid to water is 1: 20, so that further dilution will not
cause temperature change.

The heat of neutralisation of nitric acid with potassium hydroxide
is 13770 Cals., and with sodium hydroxide 138-680 Cals.1

The refractive indices of nitric acid of different concentrations have
been studied by Veley and Manley,? and the following table shows the
values of n for sodium light at 14-2° C. :—

Percentage HNO,. 7. Percentage HNO,, D,
2-19 1-336208 70-04 1-406094
6-76 : 1-342298 78-07 1-405091
18-27 1-358541 87-20 1-402412
3260 1-377798 95-60 1-398148
41-45 1-388788 98-67 1-396980
50-00 1-398485 99-87 1-397167

The values for the refractive index inerease up to about 70 per cent.
concentration, and then decrease gradually to 98-67 per cent., and then
again increase slightly. The value of n for the anhydrous acid is prac-
tically the same as that for the 50 per cent. acid.

The viscosities, 7, of nitric-acid solutions as determined by Kiister
and Kremann? at 15° C. and —15° C. show that the values reach a
maximum in each case where the concentration is 65 per cent. The
viscosity of water at 0° C. is taken as unity.

Percentage HNO,; 985 820 70-0 650 500 300 10-0
n at +15°C, . 0-5648 1-086 1-277 1-300 1-144 0-822 0-655
n at —15°C, . 0-833 2240 3-268 8-304 2-369 1-635

The magnetic rotatory power of nitric acid is given in the following
table,* and a gradual decrease in the value of the molecular rotation
oceurs, corresponding with increase in dilution :—

s Percentage | - Specific Molecular Molecular Rota-
Molecular Composition. HNO_.,.g ROE%E](()JI:I at | Rotation. . tg)slelizs I}]:gt
HNO,+4+ 0-019H,0 09-45 0-5292 1-226 1-207
-+ 2-701H,0 56-44 0-8042 3-678 0-977
-+ 7-811H,0 32-36 0-9066 8-163 0-852
+ 9-555H,0 26-81 0-9238 10-360 0-805
+12-030H,0 22-54 0-9350 12-783 0-753

! Thomsen, Thermochemische Untersuchungen, 1906, p. 40.
* Veley and Manley, Proc. Roy. Sec., 1902, 69, 114.

¥ Kister and Xremann, Zeitsch. anorg. Chem., 1904, 41, 13.
¢ W. K, Perkin, senior, Trans. Chem. Soc., 1893, 63, 65.
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The following values of molar conductivity A, in which the dilutions V

are in litres per molecule, were determined at 18° C. :—1
V= 0-1 0-2 0-5 1-0 2-0 5-0 10-0
A=65-4 156 258 310 324 340 350
V= 20 50 100 200 500 1000
A =857 364 368 371 374 375

The temperature coefficient of conductivity, -5;— . %i%-’-“f-lﬁzo-owzl
. g
varies with the dilution.?

The mean coeflicient per 1° between 18° and 52° C. is:

0-0157 0-0154 0-0152 0-0147 0-0143
At V= oo 1000 100 10 23

The values of the molar conductivities A have been obtained up to
100° C.2

e C=(-1. G-05. 0-01. €002, 0-000
- mols. /litre. mols, /litre, mols. /litre. mols. /litre, mola, /litre.

18 A=846-4 3537 365-0 871-2 377

25 A=385-0 393-3 406-0 o 4137 421

100 A=T728-0 - 760-0 786-0 806-0 826

The conductivities of acids from 20 to 89-4 per cent. have also been
determined ® at —16° C.

Freezing-points and Compositions of the System HNO;-H,O:5

Mols. per cent.

HNO, . 00 4-5 95 12:2 158 19-8 250 333 377
Temp., © C. 0-0 —10-3 —27-1 —43.0%* —306 —22:9 —185*¥ —266 —354
Mols. per cent.

HNO4 . 406 44-4 489 50-3 61-3 671 732 800 100-0
Temp., °C. . --42.0* —394¢ —37-9* —38.2* -—444 —553 —645 —55-3 —4]1-2%

The values marked * are fixed temperatures or halt-points of crystal-
lisation, 7.e. either eutectics or melting-points of compounds. As in
the case of other strong mineral acids, the freezing-point composition
curve (fig. 21) shows the existence of a series of hydrates and eutectics.
The hydrates® are HNOZ3H,0 (melting-point —18-5° C.) and
HNO,.H,0 (melting-point —88° C.). The freezing-point curve also
shows three eutectics as minima between the four separate components,
these eutectics corresponding to the eryohydrates ice-HNO;3H,0
(melting-point —438° C.), HNO,3H,04+HNO;H,0 (melting-point
—42° C.), and HNO, H,04+HNO, (melting-point —66° C.).

Kohlrausch and Grotian, Weed. Annalen, 1885, 26, 161.

Déguisne, Dissertation, Strassburg, 1895.

Arrhenius, Zeitsch. physikal. Chem., 1889, 4, 96.

Noyes, Melcher, and Cooper, Zeitsch. physikal. Chem., 1910, 70, 356,
Kister and Kremann, Zeitsch. anorg. Chem., 1904, 41, 1.

§ See also Pickering, Trans. Chem. Soc., 1893, 63, 436.

o o e
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Freezing-points and Dissociation in Dilute Solutions.—Nitric
acid ranks with hydvochloric acid as being one of the strongest acids.
This is due to the high concentration of hydrogen ions in dilute solution
resulting from the far-rcaching dissociation of nitric acid in water.
The degree of dissociation calculated from the depression of the freezing-
point of water is shown in the following table :—*

HNO, in mols. per litre . 0-001054 0-003158 (-007378 0-01153 0-05103 0-1059
Depression of F.P. (A7) . 0-0040 0-0119 0-0276 00430 0-1890 0-3735
van t Hoff factor (4). . 2008 1994 1979 1973  1.958  1.866
Degree of dissociation (a) . 100-8 99-4 97-9 973 95-8 86-6

The depression of the freczing-points of more concentrated solutions
of nitric acid are given below : 2

HNO, in mols. per litre . 025 0-5 1:0 15 2-0 2:5 3.0
Depression of E.P. (Af) . 0875 1-810 3-79G 5938 8347 11-046  13-909

THE SPECIFIC HEATS OF NITRIC ACID OF
VARIOUS CONCENTRATIONS.3

Mean Tempera-
p ey ture of .
ercentage HNO . Specific |py ot Authority.
Heat. tion. ‘
. . ) {
gzg E%gg mols. H20)) gggg Thomsen, Thermochemaisches
) & - o . ;
15-00 (20 " )| 0-849 18° C.- g)ntw suchungen, 1906, p.
26-00 (10 2 ) 0-768 |, )
10-00 0-900
25-57 0-787
éggg : gggg 20° (. Pascal and Garnier, Bull. Soc.
81-80 0-575 chim., 1920, (iv), 27, 8.
92-15 0-500
98-15 0-475

Chemical Properties of Nitric Acid.—The outstanding property
of nitric acid is its oxidising nature. Its corrosive action on the skin
produces painful wounds, and even dilute nitric acid causes an intense
yellow coloration due to the formation of xantho-proteic acids. Hair,
wool, silk, and many other organic substances are coloured similarly.
The decomposition of nitric acid by heat is readily shown by supporting a
churchwarden clay pipe so that the stem is inclined downwards with the
end under a beehive shelf in a trough of water. An inch or two of the
stem is raised to a red heat by a burner, and a few cubic centimetres
of nitriec acid poured into the bowl. Decomposition occurs according
to the equation '

4HNO,;=4NO,+0,+211,0.

! Jones, Zeitsch. phystkal. Chem., 1893, 12, 630.
® Jones and Getman, Amer. Chem. J., 1902, 27, 433.
* See also Marignac, Annalen, 1872, 8, 335.
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F1c. 21.—Freezing-point curve of agueous nitric acid.

The oxygen can be collected in a gas cylinder over water, while the
nitrogen peroxide dissolves with the formation of mitric and nitrous
acids.

A large number of products resulf from the reduction of nitric acid,
and the following can be identified under different conditions : nitrous
acid XINO,, nitrogen peroxide NO,, nitric oxide NO, nitrous oxide N0,
nitrogen N,, ammonia NH,, and hydroxylamine NH,OH.

Action of Nitric Acid on Non-DMetals.—Most non-metals are quickly
oxidised in many cases to their highest state of oxidation, and often this
occurs violently. Thus phosphorus is converted first into phosphorous
and then into phosphoric acid :

6P --10HNO, +4H ,0 =6H PO, -+ 10NO.

Sulphur is oxidiscd to sulphuric acid :

S-4-21INO,=H,S0,+2NO.
Todine is oxidised to 1odic acid : )

Boron is converted into borie acid and scelenium into selenious acid.

Action of Nitric Acids on Compounds.—Sulphuretted hydrogen is
oxidised to sulphur, sulphur dioxide to sulphuric acid, with production
of nitric oxide. In the presence of concentrated sulphuric acid, nitrosyl-
sulphuric acid is produced.?

Hydrogen bromide yields bromine and nitrogen peroxide, while
hydrogen iodide gives iodine and nitric oxide. IHydrogen chloride
produces a solution which contains nitrosyl chloride and chlorine
(aqua-regia==4 vols. cone. HC1+1 vol. conc. HNO,):

HNO,; | 3HCl =NOC1+-Cl,+2I1,0.

1 Weber, Pogg. Annalen, 1861, 341.
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Ferrous salts are oxidised to ferric with production of nitric oxide ;
stannous salts give stannic salts, hydroxylamine, and ammonia.
Arsenious chloride and arsenious oxide give arsenic acid, and similarly
antimony chloride is oxidised to antimonic acid.

Action of Nitric Acid on Metals.-—Nitric acid has no action on
gold, platinum, iridium, tantalum, rhodium, and titanium.! All other
metals are attacked by the acid, often with_ the formation of nitrates,
and reduction products of the nitric acid, which vary with the tempera-
ture and concentration of the acid.

Pelouze and Frémy 2 described the reactions of copper and silver
with nitric acid, and showed that tin differed from these in the produc-
tion of ammonia. ‘

The mechanism of the reaction between nitric acid and various
metals has been the subject of considerable controversy for many
years. Armstrong and Ackworth 2 put forward the theory that nascent
hydrogen was the initial substance which brought about reduction of
nitric acid :

M-4+HNO,=MNO,+H.

This nascent hydrogen did not escape from the solution owing to the
powerful oxidising nature of nitric acid, but produced as secondary
products nitrous acid, hyponitrous acid, hydroxylamine, and ammonia.
Tertiary reactions occurred from the decomposition of these secondary
products, with the formation of nitric oxide, nitrogen trioxide, and
nitrous oxide; while double decomposition between the secondary
products resulted in the formation of nitrogen and nitrous oxide.

Thus the action of dilute nitric acid on copper, silver, mercury, and
bismuth was similar, as shown by the-equations

3Cu+6HNO, =3Cu(NO,),--61,
SHNO,-+6H =3HNO, - 3H,0,
SHNO,=HNO,+2NO+1L,0,

which gives, on summing up,
3Cu+-8HNO;=3Cu(NO;),+2NO+411,0.

Divers 4 considered that metals may be divided into two classes with
reference to their action on nitric acid. In the first class are placed the
four metals copper, silver, mercury, and bismuth, and the primary
products are nitrite, nitrate, and water:

(1) 2Ag+HO.NO,=AgOH+AgNO, ;

Further action of the nitric acid on the nitrite produccs nitrous acid
and nitrate :

while the nitrous acid reacts to produce nitrogen peroxide or nitric
oxide according as the nitric acid is concentrated or dilute, as shown
in the following equations :—

' Gmelin, Handbook of Chemistry (English translation), 1849, Vol. ii., p. 363.
* Pelouze and Frémy, T'raité de Chimde, 1860, 1, 351.

¥ Armstrong and Ackworth, T'rans, Chem. Soc., 1877, 15, 54.

4 Divers, ibid., 1883, 43, 443 ; 1885, 47, 231.
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(4) HNO,--HNQ,=2NO,H,0 ;
(5) SHNO, —HNO,-+2NO+H,0.

Divers assumed that a very small quantity of nitrous acid is necessary
to initiate the reaction and functions in a catalytic manner. There is
no formation of ammonia or hydroxylamine at any stage of the reaction.

The second class of metals includes zine, magnesium, aluminium,
cadmium, tin, lead, iron, and the alkali metals, and no nitrous acid is
required to start their reaction with nitric acid. According to Divers,
nitrous acid is not produced in appreciable amounts, beecause further
reduction occurs which is due to the action of nascent hydrogen :

Nitrous
acid.
Hyponitrous
acid.

HNO,+6H =NH,0H +2H,0 ;
Hydroxyl-
amine.

Ammonia.

The production of hydroxylamine and ammonia occurs chiefly with
tin and zinc, although under suitable conditions other metals may give
traces. The nature and quantity of both primary and secondary
products depend upon the concentration of the acid. Secondary
products result from the following reactions :—

SHNO,=HNO,+2NO+H,0 ;
H,N,0,=N,0+H,0 ;
HNO,+NH,0H =N,0+2H,0 ;
HNO,+NH,=N,-+2H,0.

Thus the reduction products of nitric acid produced by zinc under
various conditions may be shown in the following reactions :—

3Zn-+ 7THNO,;=3Zn(NO,),+NH,OH4-2H,0 ;
4Zn-+ 9HNO;=4Zn(NO,),++NH,+3H,0 ;
4Zn -+ 10HNO,=4Zn(NO, ), +N,0+5H,0 ;
5Zn-+12HNO,=57%n(NOy),+N,+6H,0.

Veley ! suggests that nitrous acid is necessary to initiate the reaction
between all metals and nitric acid, and his experiments go to prove that
really pure nitric acid has no action on pure metals. There is consider-
able difficulty in obtaining complete purity of the reacting substances,
and traces of nitrous acid are produced probably by electrolytic action
set up by the most minute quantities of impurities in the metals. The
very slight action of pure nitric acid of 30 per cent. concentration on
pure metals was almost entirely prevented if the metals were agitated
in the solution, because it was not possible for nitrous acid to con-
centrate round the metal. No action occurred at all if the formation
of nitrous acid was inhibited by adding such substances as urea, hydrogen

1 Veley, Proc. Roy. Soc., 1890, 46, 216 ; 1893, 52, 27 ; Phil. Trans., 1891, 182A, 279;
J. Soc. Chem. Ind., 1891, 10, 204.
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peroxide, potassium chlorate, etc. While Veley agrees that the metals
copper, silver, mercury, and bismuth differ in their action from the
rest of the metals yet he maintains that in all cases nitrous acid is
necessary to start the reaction, and that nitrous acid is the primary
product in all cases. Thus, in the case of copper the reaction can be
represented by the equations

Cu4HNO,=Cu(NO,),+2NO +2H,0,
Cu(NO, ), +2HNO, =Cu(NO,),+2HNO,.

The decomposition or formation of nitrous acid is shown by the reversible
reaction

In the case of both classes of metals Veley found that rapid solution
occurred in nitrous acid, less rapid in a mixture of nitrous and nitric
acids, and much slower action still in the case of pure nitric acid solution.

Hlo‘ley 1 has investigated the action of nitric acid on iron, and also
the clectrolytic reduction of nitric acid. The products of the reaction
in each case are closely comparable. Thus, in the electrolytic reduction
of nitric acid, ammonia and nitric oxide are the chief products of dilute
acids, while hydrogen is also produced. Increasing concentration of the
acid yields correspondingly larger amounts of nitrogen peroxide.

In the case of the reduction by iron, the products are ammonia, nitrie
oxide, and nitrogen peroxide, and while there is no free hydrogen, yet
there are considerable amounts of nitrogen and nitrous oxide. Very
weak acid yields large quantities of ammonia, but nitrogen peroxide is
practically the only product with concentrated acid.

The only metal which produces free hydrogen is magnesium, and
the nitric acid must be very dilute. As magnesium is next to the alkali
metals with regard to its high solution tension, Webb 2 suggests that
hydrogen is liberated first by all metals with a lllﬂ‘hel‘ solution tension
than hydrogen, while those with a lower solution tension (copper,
mercury, silver) are polarised in a solution of nitric acid. The function
of nitrous acid in starting the reaction between these mectals and nitrie
acid is that of a depolariser.

Very few metals can be used as containers, cte., for nitrie acid, but
aluminium seems to have possibilities in this respect, and the action of
nitric acid on this metal has received much attention.® Temperature
and concentration are the chief factors, and it would seem that alu--
minium can be used at low temperatures for either very weak or very
concentrated acids. Extensive use is made of aluminium air-clevator
pipes at Notodden in Norway in connection with the absorption system
for nitric acid produced by the are process.

Generally speaking, the action of nitric acid upon alloys is of a very
varied and complex nature.t One of the commonest substances used
for handling and storing nitric acid is iron containing varying amounts of
silicon (12 to 20 per cent ). Narki, ironac, and tantn?on arc examples of

! Higley, Amer. Chem. J., 1893, 15, 71 ; 1895, 17, 18 : 1896, 18, 587 ; 1899, 21, 377.

: * Webb, Absorption of Nitrous Gases (Arnold 1923), p. 68.
Trﬂlut J. Soc. Chem. Ind., 1915, 34, 874; Secligman and Williams, ibid., 1916, 35,
665.
1 Montemartini, Guzzetta, 1892, 22, 250, 277, 307, 426 ; Atk B. Accad. Lincet, 1892,
(5], 1, I, 63 ; 1908, 27, 366; 1909, 28, 272 ; 1913, 32, 311, 1135; Stansbie, J. Soc. Chem.
Ind., 1906, 25, 45, 1071, : »
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silicon-iron alloys which are used alternatively to stoneware for towers,
pumps, fans, ctc., in various absorption systems.

Detectionl and Estimation.—Free nitric acid is detected by the
ready production of brown fumes when warmed with metallic copper.
Nitrates behave similarly when treated with concentrated sulphuric acid
and copper. .

The brown-ring test consists in adding a solution of ferrous sulphate
to the solution of nitric acid or nitrate, and carefully pouring concen-
trated sulphuric acid down the side of the test-tube. The strong acid
collects at the bottom of the tube, and at the junction of the two liquids
a brown ring 18 formed containing the compound FeSO,NO.

Brucine, 1n the presence of concentrated sulphuric acid, develops a
red colour.

“Nitron 7 gives a white precipitate with nitric acid or nitrates;
the test is sensitive to 1 part per 60,000.

Fstimation—There are a large number of methods in use for
estimating nitric acid and nitrates. The more important of these
methods may be clagsified as follows :—

1. T2tration M ethods.

2. Gasometric DA ethods.

3. Gravimetric Dethod.

1. Titration DM ethods—(a) The simplest method of estimation of
Aree nitrie acid is by titrating with standard alkali. Any indicator may
be used in the absence of nitrous acid, but if this is present, then methyl
red is preferable, as it is only slowly acted upon.?

(0) The Bowman and Scott 2 method consists in reducing the nitric
acid (or nitrate) to N,0, by means of a solution of ferrous sulphate in
strong sulphuric acid, the end point being indicated by the appearance
of a pinkish-brown coloration. Nitrous acid and nitrites do not inter-
[cre, but chlorates, bromates, iodates, chlorides, bromides, and iodides
must be absent.

(¢) The Pclouze-Fresenius method is based upon the reduction of
nitrate by means of ferrous chloride, and the estimation of the excess
of ferrous salt by titration with standard potassium permanganate :

2KNO, -} 6FeCl, - 8HCl =6FcCl;+2KCl +2NO + +H,0.

This method appears to be accurate with dilute solutions of*nitrates.?

(¢) Many modifications of the reduction of nitrates to ammonia
have been proposed. The original method was by heating the nitrate
with Devarda’s alloy in alkaline solution, and subsequently distilling the
ammonia into standard acid solution.

Other reducing agents are, reduced iron and sulphuric acid,? alu-
minium amalgam in alkaline solution,® and titanous sulphate.® The
last-named method has the advantage of quickness with accuracy.
Nitrates can also be estimated by the electrolytic reduction i a solution
of copper sulphate containing a known quantity of standard acid.?
Koehler, Marqueyrol, and Jovinet, Ann. Chim. anal., 1913, 18, 45,

Bowman and Scott, J. Ind. Bng. Chem., 1915, 7, 766.

Letts and Rea, Proc. Roy. Soc. Edin., 1915, 35, 168.

Lunge and Keane, Technical Methods of Chemical Analysis.

Pozzi Bscott, Zettsch. angew. Chem., 1911, 43, 2046.

b Knecht, J. Soc. Chem. Ind., 1915, 34, 126. '

7 Vortmann, Ber., 1890, 23, 2790 ; Easton, J. dmer Chem. Soc., 1903, 25, 1042;
Ingham, zbid., 1904, 26, 1251
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2. Gasomeiric Methods—(a) The Lunge nitrometer is very largely
used for the estimation of nitric acid and nitrates, but is liable to a
number of errors due to the solubility of nitric oxide in sulphuric acid,
temperature fluctuations, period of shaking, ete.l

(6) The Schloesing-Grandean method depends upon the reduction of
nitrates to nitric oxide (which is measured) by boiling with ferrous
chloride and hydrochloric acid :

NaNO,1-8FeCl, - 4HCl =NaCl +8FeCl, +NO 4-211,0.

8. Gravimetric Method.—Nitron has already been mentioned as
affording a delicate means of detecting nitrates. This substance is
1: 4 diphenyl, 3:5 endoanilido, 4 : 5 dihydro, 1 :2 : 4 triazole, and
gives a crystalline insoluble nitrate even with minute quantities of
nitric acid.* The precipitate obtained by using an acetic acid solution
of nitron is filtered and weighed in a Gooch crucible.

Nitrous and nitric acids in a mixture may be estimated by first
estimating the nitrous acid by means of potassium permanganate, and
then oxidation of the nitrous acid in another portion with hydrogen
peroxide and estimating the total nitric acid with nitron.2

The nitron method for nitrates is inapplicable in the presence of
hydrobromic, hydriodic, chlorie, perchloric, thiocyanic, ferrocyanic,
ferrieyanic, and picrie acids.

PerniTRIC AciD, HNO,.

The supposed nitrogen hexoxide was considered to give a pernitric
acid with water. Oxidation of nitrous acid in solution by 3 per cent.
hydrogen peroxide solution is stated by Raschig?® to produce pernitric
acid : '

The decomposition of pernitric acid by water occurs slowly, according
to the reaction

Pure hydrogen peroxide and nitrogen pentoxide at low temperatures
yield a substance exhibiting typical properties of a per-acid : *

H,0,+N,0,=HNO,+HNO,.

Bromine is liberated from potassium bromide, and aniline is oxidised
to nitroso-benzene by the acid.

Electrolysis of a solution of silver nitrate yields a black crystalline
precipitate, assumed to be the silver salt of pernitric acid.b

1 Tower, Zeitsch. anorg. Chem., 1906, 50, 382 ; Marqueyrol and Florentin, Bull. Soc.
chim., 1911, 9, 231 ; Taylor and Webb, J. Soc. Chem. Ind., 1922, 41, 362T ; Newfield and
Marsh, J. Amer, Chem. Soc., 1906, 28, 877; Leo, Chem. Zeit., 1909, 33, 1218.

* Busch, Ber., 1905, 38, 861 ; 1906, 39, 1401.

3 Raschig, Zeitsch, angew, Chem., 1904, 17, 1419.

4 d’Ans and Friederich, Zestsch. anorg. Chem., 1911, 73, 344.

® Mulder and Herringe, Rec. T'rav. chim., 1898, 17, 129.



CHAPTER XIII.
NITROGEN AND SULPHUR.

N1TrROGEN combines with sulphur indirectly, usually by coupled reactions,
giving a solid compound, S N, aliquid, S;N,, and possibly other com-
pounds. These are probably nitrides of sulphur; the nitrogen is the
clectro-negative part, as is shown by the manner of formation and the
reactions. They can be regarded as derivatives of ammonia, from which
they are formed by some remarkable reactions.

Solid Sulphur Nitride.—The solid nitride was discovered by
Gregory ! in 1885, and then completely investigated by a number of
scientists.® 3 .

The preparations follow three main lines:

1. From Chlorides of Sulphur, or Thionyl Chloride, and Ammonia in an
Organic Solvent.—The liquid medium in which the reaction takes place
may be carbon disulphide,® benzene,® ¢ or chloroform.? A solution
containing 25 grams of SCl, in 200 c.c. of benzene is saturated with
ammonia.® The orange-coloured precipitate is washed with water to
free it from ammonium chloride and recrystallised from carbon disul-
phide, or carbon tetrachloride, to free it from sulphur. It crystallises

. on cooling in golden crystals. A further quantity is obtained by evapo-

ration of the benzene mother-liquor, and may be recrystallised from

benzaldehyde.
It is probably formed by the reaction

The yield actually obtained exceeds that calculated from this
equation by about 10 per cent. This is attributed to the reaction

‘between S,Cl, and NH,, as stated below.

When sulphur monochloride, (S,Cl,), is used, there is an abundant
separation of sulphur. By mixing ice-cold solutions of ammonia and
of sulphur monochloride, both in chloroform, there is obtained a mixed
precipitate, probably formed by the equation

6S,Cl, - 16NH,=S,N, +12NH,Cl+8S.
Other sulphides are found in the mother-liquor.?

L Gregory, J. Pharm., 1835, 21, 315; 22, 30L.

* Soubeiran, Ann. Chim. Phys., 1838, [2], 67, 71, 96.

3 Fordos and Gelis, Compt. rend., 1850, 31, 7T02.

1 Muthmann and Clever, Ber., 1896, 29, (i), 341; Clever and Muthmann, Zeitsch.

| ancrg. Chem., 1896, 13, 200.

5 Divers and Haga, Chem. News, 1896, 74, 277,
6 Schenk, dnnalen, 1896, 290, 171.
? Macbeth and Graham, Proc. Roy. Irish Acad., 1923, 36, 31.
8 Ruff, Ber., 1904, 37, 1573.
. % Macbeth and Graham, loc, cit. ; Valkenburgh and Bailar, J. Amer. Chem. Soc., 1925,

47, 2134.
DI
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Th1onyl chloride gives a mixture of S,N,, ammonium chloride, and
ammonium salts of thionic acids.?

2. From Liquid Ammonia and Sulphur—Sulphur dissolves freely
: in liquid ammonia, giving a red-brown solution,®%3 and the prob-
4 - ability that a chemical reaction takes place was pointed out.® It was
¥ likewise shown ® that, after the addition of Agl to remove the IL,S, and
removal of the Ag28 by filtration, the bubsequcnt evaporation of the
E ammonia from the filtrate yields S 1N The evaporation of a solution
containing both H,S and S,N, in NH,; leaves pure sulphur. Thecse
facts, taken together, point to the establishment of an equilibrium.
Thus :

ANH,+10S==S,N ,+6H,S.

1 3. From Bartum Amido-sulphonate—This salt decomposes on heat-
‘ ing, giving various products, among which an orange sublimate was

found of empirical composition NS, “formed probmbly according to the
equation

3Ba(SO;NI,),=3BaS0,+HN(SO,NH,),+NH SN 4 IN,.6

Properties—The compound forms reddish crystals which belong to
the rhombic,” or monoclinic ® systems. The density iy 2-2. Undc.
atmospheric pressure it sublimes at 135° C., while under increased
pressure it melts at 178° C.* When sublimed in & vacuum over silver
gauze it condenses as a blue substance, which may be a polymer.t® It
dccomposcs slowly when heated to 185° C., and over 200° C. explodes,
giving nitrogen, sulphur, and possibly another sulphide. It is an
endothermic compound 11 the heat of formation being —0-7007 Cals.
i per gram, or —129 Cals. per mol., S,N,. It is insoluble in water, but
il soluble in the solvents mentioned above, in alcohol, cther, and many
W other solvents. The molar weight in these corrospoudb to the formula
given,® 1% 18 ¢.g, by the CbullI.OSCO]_DIC method in CS,.

Reactions.—The compound is slowly hydrolysed by hot water, more
quickly by alkalies and acids, giving ammonia or its salts, and salts
of sulphur oxy-acids or frec sulphur. These recactions prove that it is
a nitride of sulphwr, not a nitrogen sulphide.

It is decomposed by dry hydrogen chloride, according to the equation

SN+ 12HCL=4NH,+4S+6Cl,,

With liquid hydrogen chloride it gives ammonium chloride and
chlorides of sulphur.? It forms many addition compounds: thus
S,N,2NH, can be obtained from the solution in liquid ammonia,

L Gore, Proc. Roy. Soc., 1873, 21, 140.
Franklin and Kraus, dmer, Chem. J., 1898, 20, 821.
Hugot, Ann. Chim. Phys., 1900, [7], 21, 5
Moissan, Compt. rend., 1901, 132, 510.
* Ruff and Geisel, Ber., 1905, 38, 2659.
% Divers and Haga, Chem. News, 1896, 74, 277 ; Trans. Chem. Soc., 1896, 69, 1652,
* Nicklés, Ann. Chim. Phys., 1831, [3], 32, 420. .
8 Artini, Zestsch. Kryst., 190(), 42, 68.
0 Schenck, Annalen, 1896, 290, 171 ; Andreocci, Zeitsch. anorg. Chem., 1897, 14, 246.
10 Burt, T'rans. Chem. Soc., 1910, 97, 1171.
11 Berthelot and Vicille, Ann. Chisn. Phys., 1882, |5], 27, 202 ; Compt. rend., 1881, 92,
130.
12 Muthmann and Clever, Ber., 1896, 29, (i), 340 ; 1897, 30, (i), 627.
13 Andreoceci, loc. cit.
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',Z\"l(‘l“, and SN Brpare yellow and red substanees respeetively, and
SN AU, s a \l”()\\ substance. The se compounds are prepared by the
uh{mnn of the respeetive elements and 8¢ Iy to 8, N, in solulion.

Many compounds with acid radicals, such as Nh() and S;N,UL have
been  prepared s 1% the latter substance by the reaction hetween
SNy and sulphur ehloride or acety] ehloride, It behaves like a base,
giving salts, e.g a niteale with nitrie acid.®

Constitution.  The preparation from SClL, and NI, and the decoms-
position with 11 into ammonia and sulphur, show that the sulphur
takes the place of the hydrogen of N1, and that the nitrogen atoms are
not linked together but are united {o sulphur by 12 valencies. The
vadeney ol the sulphur is probably greater than 3 that is, it may be

Further, in the formation of (hiodiamines from h(('”ll(l(ll" amines
by the equation

B8N 2HINR, 1285(NR,), | 8NIL, | 2N,

the average valeney of each sulphur atom exerted towards - NI, has

Fallen to %2, so that Che ln,clmrr( n of tht- armine is mw{'fl(l(n! Lo give

mnmontn, and nitrogen s oset freec A solution in liquid aninonia

reacets wilh lend uuhdv to give PhIN,S,, with mereurie iodide {o give

HaNyS o o which, as shown by théir decoraposition when acted on

I)\ HCL the metal is united to nitrogen but not to sulphur.  They are

therefore considered 1o be the dithiodi-imide and the thiodi-imide re-
AN

speetively, and to contain the radicals 8 87 é amd N S N

N
The structure assigned to the compound SN | is

NS N S N SN
]
S

-

(n sublitiation of nitrogen sulphide with sulphur, small quantities
of o dark red Higuid are oblained which solidifies ot 807 (., :lmi on
nnalvsis gives data corresponding to the empirieal formula NS

Liquid Pentasulphur Dinitride. This compound iy pupu.rvd
by the reaction between the solid sulphide and carbon disulphide vnder
prossure st 1007 0,08

SN 208, BN, | S 1 2ONS,

It is also Found in the mother-diquors, resulting from the preparation of
SN omned in tiu- products of its decomposition by heat. Il is a ved
mulnlv liquid of density 149, whicl is easily Trozen; the solid melts al.
ahout 107 C. I ean be mpm:sul with partial decomposition. FLike
the sodid nitride, iU s soluble in organie solvents and insoluble in waler,
HUEOUs e tels, and alkalies, by which, however, it s hydrolysed, giving
anpnont and sulphur. Hoean be kept in solution. The Iu]lu(l itsell
decomposes slowly and explodes on heating,

V Despareay, Compl, rend., 1880, 91, R4, 1048,

' Muthunann and Clover, loe, e,

S Muthmonn and Seitter, Ber, 18497, 30, 627,

$ Uswhier, Thrunas, Chem, Nae,, l‘)‘;’.u, x27, 730,

: Mutlmmnu and Clever, Zeitsch, anory, Chem,, 1897, 13, 200,



CHAPTER XIV.
FIXATION OF NITROGEN

Arc Processes.—The combination of nitrogen and oxygen by electric
sparks was first shown by Cavendish in 1784. Rayleigh ! in 1897,
describing his experiments which isolated argon from the atmosphere
pointed out the possibilities of utilising the electric arc for the industrial

fixation of nitrogen.
The conditions for production of a good yield of nitric oxide are :

1. The maintenance of a high-tension are.
2. The exposure of a large quantity of air to electrical action.
8. The rapid chilling of the products.2

The first technical attempt to utilise this reaction was that of
Bradley and Lovejoy® in 1902 at Niagara. The arcs were struck
between platinum points fixed in an outer casing and similar points
which were rapidly rotated on a concentric axle, resulting in the making
and breaking of over 400,000 arcs per minute. Although the efﬁmency
was good, the yield being 86 grams of nitrie acid per K.W.H., it was
found that the mechanism was too complicated for technical use.

The Birkeland-Eyde Arc.—The first commercially successful process
was that of Birkeland and Eyde,* which was started in 1903 at Notodden
in Norway. An alternating current arc struck between water-cooled
copper electrodes is deflected by a powerful magnetic field applied in a
direction at right angles to that containing the electrodes. The arcs
formed across the shortest air space are driven outwards in the form of
a semicircle until their resistance becomes so great that they are ex-
tinguished, or until the direction of the current changes so that the arcs
are directed to the other side. The result is a dise of electrie flame or
an electric *“ sun,” two yards in diameter, formed in a firebrick chamber
through which the air, preheated in the outer part of the furnace, is
blown. The percentage of nitric oxide in the issuing gases is about
1-25, and the yield of nitric acid 67 grams per K.W.H., or 580 to 590
kilograms per K.W.Y. (reckoned as acid and nitrate). Originally
about 700 K.W. were employed in the furnaces, but 4000 K.W. are now
used. The voltage employed is about 5000, of which up to 4000 are
across the are, the remainder being used in the inductances, which are
necessary to steady the arec. The power consumed is great, so that the
process is only applicable where power is cheap, e.g. derived from water,
as at Notodden. In these localities, the simple nature of the process
and the robustness of the plant, combined with the fact that the raw

1 Rayleigh, Trans. Chem. Soc., 1897, 71, 181.
2 See also section on Synthesm under Nitric Oxide, p. 159.
3 Bradley and Lovejoy, English Patent, 8230 (1901) ; Haber Zeitsch. Blektrochem., 1903,
9, 381,
4 Zeitsch. Elektrochem., 1905, 11, 252 ; Birkeland, Trans. Faraday Soc., 1906, 2, 98 ;
Eyde, J. Roy. Soc. Arts, 1909, 57, 568 ; 1912, 60, 645 ; Scott, ibid., 1912, 6o, 645,
206
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material—air—costs nothing, have allowed it to retain its position in
the manufacturing world.

The gases escaping from the furnace, which have rapidly cooled to a
temperature of about 800° to 1000° C., are used for steam-raising. At
600° C. the reaction

2NO+0,——2NO,

begins, and is complete at 140° C. The process of cooling from 800° to
175° C. is used to preheat the entering air. The oxides of nitrogen,
after cooling to 50° C. by passing through water-cooled aluminium
pipes, pass into a cylinder lined with acid-proof stone in order to carry
further the (slow) conversion into NO,. These oxides are then absorbed
by water trickling over broken quartz in granite towers 70 feet high and
20 feet in diameter. The acid produced in the first tower reaches a

Copper
Electrodes

Fia. 22.-—Birkeland-Eyde furnace.

concentration of 30 to 40 per cent. of nitriec acid, while the strengths in
the succeeding towers are 20, 10, and 5 per cent. respectively. The
maximum production of nitrie acid corresponds to the reaction

which only takes place in cold dilute solution. In the case of hot
solutions containing more than 46 per cent. HNO,, and gases containing
about 1 per cent. NO, the nitrous acid is decomposed :

SHNO ,——HNO ;+2NO+H,0.

Hence in practice some NO will escape, and this after further oxidation
is absorbed by solutions of sodium hydroxide or sodium carbonate, or
a mixture of both, when about 95 per cent. of the NO appears as sodium
nitrite and 5 per cent. as the nitrate. Evaporation of the solution
produces the crystalline mixture, which is used in the chamber process
for sulphuric-acid manufacture, or else the nitrite is recovered for the
manufacture of dyes.

The nitric acid may be concentrated according to the methods
detailed on p. 190, or used (as in Norway) to dissolve limestone. The
normal calctum nitrate, Ca(INOj),, is converted into a basic salt, con-
taining ‘18 per cent. of nitrogen, which is not deliquescent and is used
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s o fertiliser. Caleium nitrite, Ca(NOy)y, containing 21-2 per cenl. of

itrogen, may easily be made lmm the gases containing exeess ol nitrie
yxide,

The Pauling IPurnace. - The [ivst techoical installation of the Pauling
ITOCESS Was (Iu{(‘d at Innsbruck in 1909, following experiments whie I
egan in 1906.1  Steel water-cooled c]c(tmdcs 1)( nt away from cach
sther in the s]mpv of a V, arc cmployed, and the are is kept at high
‘cnsion by a blast of air. The alternating ares, struck between ignition
inives of iron which pass through the cleetrodes, are carricd upwards
y Lhe blast of air, giving a fan-shaped electrie flame of a high tempera-
are. The gases leaving at about 10007 (. contain about 0-8 per cent.
f nitrie ()\ulv which corresponds to 60 grams of TINO, per ICW. L or
3125 kilograms KW, Y

The modification of Rossi,® who substituted electrodes o aluminium

Air Nozz/le

Adjustin
Screw 7“0{

Anife

Fra, 23, Pauling furnaee,

loyed with barium and lead, greatly impmvul the yield, as particles
f iron are found to decompose the nitrie oxide catalytically,

The Sehinherr Furnaee. The are process devised by Sehinherr
id Hessherger in 1805 % also depends upon the fact that an are may
w carricd by o current of heated aire This is supplied nol aseross the
lischarge, giving aserics of rapidly extinguished ares, but along it, giving
vsingle high-tension are which is in contaet with the air for over a long
listance.  The furnace is in the form of a eylinder, 20 to 25 fect lnntr
nade of iron ined with firebriek, in the centre of which is one clectrode
onsisting of an iron tube, a few inches in diameter, water-cooled al its
op end. At the lower end another insulated eleetrode is enelosed ina
valer-cooted copper bloek. The are, fiest struck at the bottom, is
arricd up spivally by the aiv, which is supplied through holes hored
angentially to the furnace walls. The air s regulated so thalt the
pper end of the are is made on the water-cooled end of the tube
leetrode.

The furnace, supplied by a 8-phase alternating evrrent, may take
rom 700 to 1000 KW, and about 3500 volts and 290 ampdéres, The niris

PR, Zeitseh, Bleftroehe pe, 1009, 15, Si 0 Pauliog, ohid,, 1001, 1y, 431,

* Rowst, nglink Patent, 235).».) (1983 2 also 0N, Patent, P1IHG2T (10145,
# Nehdnhere, Trans, Amer. Bleelrochem, Noe,, OO, 16, 131,
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preheated to about 500° C. by the issuing gases, and leaves the furnace
.at about 850° C. with a content of about 1-8 per cent. of nitric oxide.
;'[l‘rh‘c}-V yigld is 68 grams of HNQj, per K.W.H., or 500 to 600 kilograms per
CWUY.

Absolute and Comparative Efficiency of Electrical Processes for the
Combustion of Nitric Ozide.—The proportions of the total electrical
energy supplied which are used in ;
the actual production of nitric Outlet & Inlet Pipe
oxide are small. If all the elec- ~ T Wates ]
trical energy were so used in the e | e E e
form of heat to combine nitrogen pg: N
and oxygen, which have a heat [ E
of combination equal to —21-600 ' : '-\V
Cals., it can easily be shown ! that 3
1 K.W.H. should give as a maxi- Water- 5=
mum 2500 grams HNO,  The T
amounts given above are about =
3 per cent. of this. But the elec- ==
trical energy is also required to '—"-“ET
heat up a large excess of air (with BRe
1-25 per cent. of NO) to, say, 900° ‘
C., and if this heat is included, the My
theoretical yield is only 102 grams :
HNO; per K.W.H., or the efficicney
is over 60. T

Synthetic Ammonia.— The
fixation of atmospheric nitrogen .
in the form of ammonia by direct } f
combination with hydrogen is one
of the most successful and econom- l l l
ical of processes, as the amount of
energy required is small. The fact T
that about 65 per cent. of the |
world’s supply of fixed nitrogen is —>QOutlet
produced by this method (1925) is ]
an indication of }11:he importance of A A r
this process. The direct combin- — .
ationpof nitrogen and hydrogen in L <A
the presence of a catalyst is shown X
by the equation —

N+ 3H ;===92NT,+23-800 Cals.,

1vol. 3 vols. 2 vols. Fia. 24.—Schénherr-Hessberger furnace.
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and the equilibrium of this reversible reaction is given by the expression

O
Py, Pa, -
[For further details on equilibria, velocities, and yields, see section
on Ny, H, Equilibria, pp. 95 ef seq.]
It is obvious from the above equation that, as a contraction in volume
from 4 wvols. to 2 vols. occurs, increase of pressure will favour the

1 Allmand and Ellingham, Applied Blectrochemistry (Arnold, 1924).
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formation of ammonin; also as the reaction is exothermie, as low 2
temperature consistent with other factors will give the bhest vield
(p. 97). .

Haber Process. In the " Haber ™ process, the first to achieve
teehnical sueeess, the nitrogen and hydrogen are brought into contact
with the catalyst at a pressure of 200 atmospheres and a temperature
of 600° C. The catalyst most generally used is iron in some form or
other, although this is not necessarily the hest eatalyst apart from the
question of cost. The various catalysts have already been discussed
under Ammonia (p. 108).  In any ease, whatever the eatadytic material
used, it is imperative in the Haber process that the reacting gases shall
be as pure as possible. It is estimated that from 70 to 78 per cent. of
the working cost of the plant is in the production of pure nitrogen
and hydrogen,

In Germany there are two methods of obtaining the nitrogen-
hydrogen mixture, and bhoth processes involve the so-ealted ™ Boseh ™
purilication methods. At Oppau, water-gas (hydrogen 50 per cent.,
carbon monoxide 40 per cent., carbou dioxide and nitrogen) is mixed
with steam and air, and the mixture passed over a heated catalytic
material of ferric oxide and nickel or chromium oxide. The ehicef
reaction is that between the steam and carbon monoxide, resulting in
the production of hydrogen and earbon dioxide :

CO - H 020 g+ H .

At comparatively low temperatures, namely, 400° to 600° C., the
reaction procceds to a considerable extent from left to right, and the
resulting gas now contains nitrogen, hydrogen, carbon dioxide, and small
amounts of earbon monoxide, hydrogen sulphide, argon, awd hydro-
carbons.  Carbon dioxide is removed by washing with waler af high
pressure 3 carbon monoxide is absorbed by scerubbing with ammoniancal
cuprous formate, followed by hot ecaustic soda solution, which also
removes the hydrogen sulphide.

The nitrogen-hydrogen mixture is now brought up to the required
ratio 1 : 8 by the addition of nitrogen from a Linde plant.

At Merseberg, the *“ Haber-Bosch 7 1 proecss differs from that in use
at Oppay, in that the addition of pure nitrogen is dispensed with, Waler-
gas is mixed with producer gas # (chicfly nitrogen and carbon monoxide)
and steam, and the mixture passed through shmilar contact furnaees as
at Oppau to oxidise the carbon monoxide to the dioxide :

CO-+1,0==C0, 11,

The carbon dioxide, carbon monoxide, and sulphuretted hydrogen
are removed as before, and a final removal of impurities is elfeeted by
passing through a series of small eontact farnaces. It is thus possible
to obtain finally the right nitrogen and hydrogen mixture by suitable
adjustment of the original amounts of water-gas, producer gas, and
steam.  Or nitrogen and steam way be passed over irond  The
theoretical constderations underlying the combination of nitrogen and

Y English Patent, 16209 (1920).
* Coke-oven gas may be used (Dodge, Chene, Met, Eng., 1926, 33, 415;,
3 Blackburn and Thomas, Knglisk Patent, 267089 (1620).
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hydrogen have been dealt with in the section on the ammonia-nitrogen-
hydrogen reaction and equilibrium, and it is only necessary here to
indicate the technical working of the Haber process.

The purified ‘mixture of nitrogen and hydrogen in the proportion
of one to three is passed into the circulatory system through a soda-
lime drier. The gases under a pressure of 200 atmospheres are pre-
heated by electrical coils, and come into contact with the catalyst which
15 contained in steel bombs, 6 metres by 80 cm. internal dimensions.*
The catalyst material is maintained at 600° C. by means of a system of
heat regenerators, and the ammonia is absorbed by water under pressure
flowing down steel spirals. A solution containing about 25 per cent. of
ammonia is obtained, and the uncombined nitrogen and hydrogen are
passed back into the circulatory system after drying. This ammonia
liquor is either used for oxidation direct to nitric acid (p. 214), or else
converted into ammonium sulphate by neutralisation with sulphurie
acid. This latter substance became very scarce in Germany during the
War owing to the blockade of the Allies, which cut off the supply
of pyrites. This shortage of sulphuric acid was overcome to a large
extent by the successful technical process of the Badische Company.2
Ammonia gas and carbon dioxide are passed simultaneously into water
which contains freshly calcined gypsum in suspension. Caleium car-
bonate is precipitated and ammonium sulphate remains in solution :

9NH, +CO,+CaS0,+H,0=CaC0,+2(NH,),S0,.

A highly purified ammonium sulphate is obtained by concentrating
the filtrate in vacuum pans.

An interesting modification of the Haber process was tried at
Sheffield, Alabama, by the United States Government Nitrate Factory
No. 1, under various patents of the General Chemical Company.® The
catalyst used was an activated sodamide made by heating to 550° C.
pumice impregnated with nickel or ferric nitrate, and treating at 450° C.
with sodium and ammonia, when sodamide was formed in the spongy
metal. The nitrogen-hydrogen mixture, at the relatively low pressure
of 70 to 100 atmospheres, was passed over the catalytic material
maintained at a temperature of 500° C. This process was not a technical
success owing to the faulty construction of the plant and the poisoning
of the catalyst with water. Later the process was taken over by the
Atmospheric Nitrogen Company in conjunction with the Solvay Com-
pany of New York, and a successful production of 10 tons of liquid
ammonia per day for refrigerator purposes was attained.

The Claude Process—M. Georges Claude ¢ carefully investigated the
equilibrium percentages of ammonia produced at very much higher
pressures than those used by the Badische Company in the Haber pro-
cess, and in 1918 announced his invention by which the use of pressures
of 1000 atmospheres very materially increased the yield of ammonia.
Under a pressure of 1000 atmospheres and temperature of 600° C. the

1 For diagrams of catalyst bombs, see p. 105.

2 Wolf, German Patent, 209752 (1919) ; Badische Company, German Patent, 300724
(1920).

3 (General Chemical Company, United States Patents, 1141947 and 1141948 (1915);
English Patents, 120546, 124760, 124761, 124762 (1918).

4 Claude, Compt. rend., 1919, 169, 649, 1039; 1920, 170, 174; English Palents, 130086
(1918), 142150 (1918).
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percentage of ammonia reaches the high figure of 25, whereas from the
table on p. 99 it will be seen that only 8-25 per cent. of ammonia is given
at the same temperature under 200 atmospheres. In addition to the
enhanced yield there are important economies effected in the working
of the plant, as in the Haber process the maintaining and restoring
of pressure by stages is troublesome and expensive compared with
the actual yield of 6 per cent. of ammonia. In the Claude process the
work of compression is greater, but since it is proportional to the

logarithm of the pressure ratio (A =RT log %2), it is only greater in the
1

proportion 2-8 to 3.

The pressure is obtained in stages of 100—300—1000 atmospheres,
and the advantages of the process are: .

(1) A sufficient percentage conversion can be obtained in one opera-
tion, instead of a lengthy series of circulations as at 200 atmospheres.

( ) Liquid ammonia is produced in bulk merely by releasing the
pressure to that of the atmosphere and cooling with water,

(3) The spontaneous evaporation of ammonia from the liquid state
at ordinary temperatures obviates the expense of evaporation as re-
quired by the Haber process.

(4) A useful source of refrigeration is provided in converting the
liquefied ammonia into gas, which can be utilised for subsequent
fixation of nitrogen as a fertiliser.

The second important feature of this process, due to Schreib,! is the
fixing of the ammonia in the form of ammonium chloride. It would
appear that this salt is just as efficient a fertiliser as the suiphate,
- and could be obtained in larger bulk more cheaply. The ammonium

chloride is obtained by a modification of the Solvay (ammonia-soda)
process. Saturated sodium chloride solution is further saturated with
ammonia gas under pressure and carbon dioxide is passed into the
solution, with the formatior of ammonium chloride and sodium bi-
carbonate,

NaCl--NH,+CO0,-+H,0=NH,(1+NaHCO,.

The sodium bicarbonate, being practically insoluble in sodium chloride
solution, is precipitated, and the filtrate is again saturated by the
addition of solid sodium chloride. Further treatment with ammonia
and carbon dioxide produces normal ammonium carbonate in solution
and precipitates ammonium chloride. The ammonium carbonate in
solution is converted by a further quantity of carbon dioxide into the
bicarbonate,

(NH,),CO;+CO,+H,0=2NHHCO,;
and this ammonium bicarbonate precipitates sodium bicarbonate,
NH HCO,-NaCl =NH,(Cl4+NaHCO,,

giving a solution of ammonium chloride as in the first reaction.

Hence a cycle of operations occurs with alternate precipitation
of sodium bicarbonate and ammonium chloride. This Iatter salt is
obtained 97 per cent. pure in two cycles, and as the impurity is chiefly

sodium chloride, the ammonium chloride can be directly used as a
fertiliser without injurious effects.

1 Schreib, German Patent, 36093 (1885).
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The chief souree of hydrogen for the Claude process, as worked
in Franee, is coke-oven gas, and one of the most promising methods
for purification is by Fractionation between - 1607 (. and -210° C,
whereby hydrogen is obtained suitable for the ammonia synthesis.
According to Ce ‘derhe v, efficient purifieation of hydrogen from oxygen,
water-vapour, carbon monoxide, and dioxide can be obtained by passing
the gases throngh a solution of sodium in liquid ammonia.  Of the
VATIOUS ('eliqll}‘st% used, a matertal which will last for some hundreds of
hours has been obtained by direeting a jet of oxygen into o molten
mass of ferrous oxide, iron, caleinm oxide, and o small amount of
alkaline oxide contained in a magnesia erucible.®

Cusule Process. ‘The outstanding feature of the Casale * process for
synthette smmonia is the lnrge seale production of clecetrolytic hydrogen,
part of which is burnt in air to give the requisite nitrogen. The nitrogen-
hydrogen mixture is then passed into steel (-\Im(lcm containing ('nu\ml
annular chambers,? so that the walls of the vessel are protected from
the hot hydrogen. The pressure ciuployed is 300 atmospheres, and a
special catalyst is elaimed which functions in spite of relatively impure
nitrogen and hydrogen,  Mention has been made that 70 to 75 5 per cent,
of the total costs of the Iaber and Claude synthelie anunonia pro-
Cesses is the jire paration of pure gases so that the calalyst will not be

Y opoisoned.” The ¢ ltul}lic-tlutlcrnu!“zd thie Casale process is made by
bringing iron into vielent ehullition with oxygen under pressure in the
presenee of alkatine carth oxides. About 10 per eent. of the oxidation
product s allowed to vaporise so as to remove impurities detrimental
to the catalysis. W\ certain predetermined amount of anunonia is
mixed with the nuxture of nitrogen and hydrogen; the anunonia is
liquetied by refrigeration and an winount equal to that formed removed,
and the gases again \lll)l(%*l(%l to eatalysis,

A luter pratent of Casale 7 embaodies the use of the oxygen oblamed
from the eleetrolysis of water, A gas approximating to the composition
of witler-gas is obtained l:x* passing an oxygen-ar mixture into a genera-
tor burning lignite or peat. This gas is then burnt in oxygen in a power
generator, wed the resulting gascons mixture of hydrogen, nitrogen,
and carbon dioxide is compressed by o maltiple stage compressor
varying from 100 to 1000 atrospheres. The carbon dioxide is removed
by passing the compressed gases througlhe o refrigerator cooled below
307 Coand is drawn off in the lqgoefied form. The last Lraces of earbon
dioxide are removed by serubbing with water, and the nitrogen-hydrogen
mixture is eoriched with eleetrolytie hydrogen to obtain the right pro-
purtions.  Recireulution of the uncombined gases Lhrough the eatalyst
bombs  oceurs alter removal of liquelied wmmonia® - A suecesslul
technical plant on the Casale prineiple has been installed at Terni i

U rLandde, Beglisd Patents, VAT (TO21), 1THG0L (1021) 5 J, Noe, Chen, Lnd,, 1022, 4
AH3A, BT0A,

 Norsh Hydeoeleht,, English Patent, 200377 (1024}

+Clamde, Buglisk Patent, ID32040 ¢1022) 3 /0 Soe, Chene dud,, TO22, 41, 210A,

VoCasale, Bl Patents, VASKRS (1020), 1761 60 {19200, IRMTH (1D21), HHTIO (1921,
DIEETRG gLy, Do 7o (1029, 1O7000 (1023, 2230 tald (1a28), 221006 (19023) ; {Frifed Shotes
Dagte pta, 1384024 (1021, HHOROST (100, THITLIS (HRI),

ol O mmi Seedes Pudent, 1T4TRGD (1023),

S asaly, Beglish Potends, 197198 (D2, 327101 (1925).

; (';m;ﬁp, f;‘ragh'mfg Fhrde i, 133:5“4“ {184,

Lo ol aewsiwneis sod prosbas Fornd duatrihi ser 1y 1OLH
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Italy, where the great waterfalls provide ample power for the electrolytic
hydrogen (and oxygen).

Fauser Process.'—The initial source of the nitrogen in the Fauser
process is liquid air, and hydrogen of 99 per cent. purity is produced
electrolytically. The special advantage of this process is that when
used in conjunction with an ammonia oxidation plant, much nitrogen
can be obtained from the residual gases after the oxidation to nitric
acid and oxides of nitrogen. These gases, which contain relatively
much nitrogen and little oxygen, are mixed with hydrogen and passed
over platinum asbestos. The oxygen is rermoved as water, and practi-
cally pure nitrogen is now available for combination with hydrogen in
the catalyst chamber. This latter takes the form of a bomb, and the
nitrogen-hydrogen mixture at 800 atmospheres pressure is passed in.
Preheating of the gases is effected by a system of heat interchangers
which makes use of the heat of reaction, and thé right temperature is
secured finally by means of an electrically heated spiral. The heat of
the gases from the catalyst chamber is used to volatilise ammonia from
the solution obtained by absorbing the gas which has escaped liquefac-
tion. The water serves as a lubricant for the compressors, and the
ammonia liberated from the aqueous solution is obtained in the liquid
form after cooling. The Fauser process offers a very economical method
of nitrogen fixation, given an ample supply of water-power for pro-
ducing electrolytic hydrogen, as a kilograma of nitrogen in the form of
ammonia requires 17 K.W. hours direct carrent, and 19 K.W. hours if
i the form of nitric acid.

Oxidationn of Ammonia.—The direct oxidation of ammonia to
nitric acid has been known for a considerable time, as shown by the
experiments of Milner, who, in 1788, passed a mixture of ammonia and
air over heated manganese dioxide with the production of oxides of
nitrogen. Apparently saltpetre was made on the large scale in France
during the Napoleonic wars by Milner’s method.?

Kuhlmann 2 in 1839 brought about a similar reaction by passing a
mixture of ammonia and air over platinurm sponge heated to 300° C.
The well-known lecture experiment? consists in introducing a hot
- platinum spiral into a flask containing ammonia solution through which
oxygen is passing, when a series of explosionas oceurs with the formation
of red nitrous fumes.

Many other catalysts have been proposed from time to time, some of
which have been patented; these include platinum in different forms,
manganates, permanganates, chromates, bichromates, iron, iron oxides,
plumbites, platinised glazed poreelain, ceria, and thoria.

In 1900° an exhaustive study was made of the necessary conditions
for the oxidation of ammonia by means of platinum, and patents were
taken out in 1902 for the production of nitric acid on the technical scale.

The final reaction is probably summed up in the equation

(1) NH;+420,=HNO;+H,0,
but actually in practice at least four steps hhave to be realised.

1 J. Boc. Chene. Ind., 1923, 42, 835, 601A; A. Zaxnbianchi, Giorn. Chim. Ind. Appl.
1923, 5, 171.

2 Black, Lectures on Chemistry, 1803, pp. 245, 455.

3 Kuhlmann, A nnalen, 1839, 29, 280.

* Tirst devised by Kraut, ibid., 1865, 136, 69.

5 QOstwald and Brauer, English Patents, 698, 8300 (1902), 7909 (1908).
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Thus the first product of oxidation is nitric oxide :

This nitric oxide is then converted into the dioxide by means of oxygen
(air):1
Thirdly, the conversion of nitrogen peroxide into nitric acid occurs
under the combined action of oxygen (air) and water :

(4) 2NO,+O0-+H,0=2HNO,.

Finally, the dilute nitric acid thus produced has to be concentrated.
Ostwald’s experiments were first conducted with ordinary smooth

~ platinum and also the finely divided metal.

It was found that while smooth platinum favoured the reaction
(1), the use of platinum black caused the oxidation of the ammonia to
occur largely in the sense of the equation

(5) 4NH,+30,=2N,+6H,0,

although at the same time the oxidation, according to equation (1), was
accelerated. )

It was found, however, that on the technical scale platinum black
was unsuitable—even in small amounts. Ordinary platinum, in the
form of spirals or gauze, was found to be quite efficient, provided that
correct conditions were used as regards volumes of ammonia and air,
pressure and the temperature of the catalyst. The required oxygen
1s furnished by using 10 volumes of air to 1 volume of ammonia, and
this mixture 1s passed at the rate of 1-5 metres per second through
1 to 2 em. of contact substance maintained at 800° C. The nitric acid
is condensed in vitreosil receivers cooled by water, while uncondensed
nitric acid vapours are passed into the absorption towers, where they
meet nitric acid. -

As with other processes, there are numerous modifications of the
catalyst vessel—the so-called * converter.”

The original Ostwald type is used by the Nitrogen Products Company
at Dagenham Dock. Crinkled platinum foil is used in an inner nickel
tube surrounded by an outer iron tube. The initial heating of the
catalyst by a hydrogen flame starts the reaction, and the heat evolved
from the reaction serves to maintain the incoming gases at the right
temperature (800° to 830° C.), so that once started no external heating
is required.

The Frank-Caro converter uses a platinum gauze heated electric-
ally, and this type is found to be very eflicient, especially for supply-
ing nitrogen oxides to the chambers in sulphurie acid manufacture.
The Kaiser patent? was the first to utilise multiple super-imposed
gauzes of platinum in close contact, and the preheating of the
gases to 800°-400° C. This new feature is the basis of all modern
developments in the oxidation converter. The Partington Al Con-
verter® makes use of a modified Frank-Caro type, and consists of a
top and bottom cone of enamelled iron, containing a vertical double

! Various oxides of nitrogen may be produced at different temperatures (Andrussov,
Zeitsch. angew. Chem., 1926, 39, 321).

2 Kaiger, English Patents, 20325 (1910), 24035 (1911); German Patent, 271517 (1914).
3 Partington, J. Soc. Chem. Ind., 1918, 37, 337R.
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layer of platinum gauze with an exposed surface 6 inches by ¢ inches,
made with wire 00025 inch diameter and 80 mesh. The gascous
mixture is obtained by blowing air through pure 25 per cent. ammonia
liquor, and the proportion of constituents is 7-5 volumes of air to
1 volume of ammonia, which is that required theoretically to give nitro-
gen trioxide, N,0, The platinum gauze is heated externally to 650°-
700° C. initially, after which the temperature is maintained by the heat
of the reaction (220 Cals.); preheating of
the gases to about 400°-600° C.improves
the yield. The conversion efficiency is from
92 to 95 per cent., and the output 1s 1-5
tons of nitric acid per square foot of con-
verter cross-section (2 square feet total
gauze area) per twenty-four hours.

A converter of the above dimensions
is capable of supplying a large chamber
sulphuric acid plant with all the necessary -
oxides of nitrogen, thus completely dis-
pensing with nitre pots. The above work
by Partington was carried out for the
Munitions Inventions Department, and an

B “Catalyst interesting feature was the separation of
= <-—P/0f . water from the oxidation product of the
il atinum . . .
:m converter by rapid cooling. The equation
Pt expressing the reaction

4NH -+ 50,=4N0+6H,0

shows that removal of steam will result in
a considerable concentration of the nitric
oxide, although of course the condensed
steam will contain nitric acid which 1is
worth concentrating or absorbing with
alkali. The further oxidation of the oxides
to nitric acid is brought about by addition
of secondary air after the coolers.
¥1c. 25.— Ammonia oxidation Partington ! has much further improved
converter. the efficiency of the above type of con-
verter by the substitution of oxygen for
air, whereby an almost quantitative conversion is obtained. Two gauzes
in contact are used, and, in order to damp down the explosive mixture
of ammonia. and oxygen, steam is mixed with the gases, which are
preheated to 500° C.? The correct mixture is obtained by volatilising
ammonia liquor (sp. gr. 0-88) in sufficient oxygen, i.e. that required to
completely oxidise the ammonia to nitric acid :

NH,+20,=HNO,-+H,0.

Direct cooling after conversion results in the production of a fairly
concentrated acid, and absorption is dispensed with.
Partington has determined experimentally the various conversion

1 Partington, United States Patent, 1378271 (1921). -
2 A high veloeity may be obtained by the use of o flat, narrow reaction chamber.
Cederberg, English Patents, 246889 (1926), 244134 (1927).



FINATION OF NITROGIIN, 217

eflicicucies obtained by various types of converters, and his results are
tabulated helow !

- . Oudput kgow
Py peeof Conge Catalyt. Methad of Conversion | HNO, per
vorfer, ' Heating, Iifliciency, | Gram Pt per

21 Hours,

Per vond,

i
Cikstwald . Platinaw foil Regenerative 9 95 173
Franh Caro . Single platinum | Eleetriceal 00 93 11
S e
Bty . oo saperposed phte | Prebeating of gases 05 12
i . floum i
P Partington 2 oplatinum gnuzes | Bleetrieal or pres 05 16
: alightls sepurated]  heating of gases
P Partimgten pwith 12 platinam gauzes | Gasen ad stenn 08 09 31
PoenyEen) in contact, preheated to

SR GO0 (Y

Formation of Nitrides. Mauny attempts have been made to fix
atiempherie nitrogen in the form of metallic niteides, e.go AIN, MgyN,,
Cay Ny elen, by the diveet combination of the elements al o high tem-
perature. The praduction of aimmonia is then effeeted by the decom-
pesttion of These componnds by water or steam

AIN 3l AL(OIT), | NI,

Serpele Provess, When alumininm is heated in an atmosphere of
ntrogen the metal inereases in weight, and when the produet is fused
with potash, ammonia is evolved®  Aluminium also forms o nitride
when heated to 7007 Coin an atmosphere of ammonia®  These observa-
tiots are the basis of the Serpek ¥ proeess of fixing atmospherie nitrogen
was, which was worked techuieally for a thme in the Savoy.

Finely divided abumina, (ALOL). heated by FUEHACE RS0S, PASSES
down s inelined tube, is mixed with [mmlc red coke, and passes through
a sone cleclrieally heated to 18007 €0 [t there meets o current of
nitrogen devived From the combustion of producer gas, with the forma-
tion of abominium niteide ad carbon monoxide :

1\&2(): : ni( \li :L\lN i :i(l(}t

The earbon monoxide, mised with more air, is burnt to heat the first
tube throneh which the cold alumina is introdueed. The aluminiom
nitride rendily hydrobyses  especially with waler under pressure, and
the hivdreoxide pz*m!m'ul ean be used for the production of metallie
altminium,

Originally the mixture of banxite and carbon was heated in contact
with nitrogen in rotating furnaces, but lafer Serpek® used o short

U Adapted foon 4 Bictionary of Applicd Chemistry, by Thorepre, Vol iv (Longmans,
Ponay,

F Baweghel mnd Geuther, Janalea, 1863, 1273, 45,
VA Hate msed Biesehban, J, dpeer, Chem, Soe,, TU0G, 28, 1.

P Fagliale Patent, 13086 1 H8),
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chamber in which the mixture, preheated to 1250°~1300° C., meets the
current of nitrogen.

With regard to the mechanism of the reactions occurring during
the process, Serpek assumed that aluminium carbide, Al,C,, was first
formed, which reduced the remaining oxide to the metal,

A1403+A1203=6A1+3CO,

and the aluminium then combined directly with nitrogen to form the
nitride,
6A]1--38N,=6AIN.

The presence of certain impurities, such as oxides of iron and copper,
acts catalytically, so that bauxite, which contains iron oxide, is a good
raw material. The Badische Company?! accelerate the reaction by
mixing with the alumina and coal 5 to 6 per cent. of oxides of silicon,
titanium, vanadium, etc., which themselves form stable nitrides, from
which the oxides can be recovered and used again.

The presence of such catalytic materials also enables the reaction
to proceed at a lower temperature than would be possible with the pure .
alumina. The formation of aluminium nitride begins at 1100° C., and
the yield increases with temperature to a maximum at 1800° to 1850° C.
Above 1900° C., however, smaller yields are obtained owing to the dis-
sociation of aluminium nitride into its constituents, and at 2000° C. no
nitride was formed at all.

Although other metals, such as lithium, magnesium, calcium, ete.,
form nitrides readily, they are too expensive for fechnical use owing
to the difficulty of recovering the metal from the hydroxide produced
alter hydrolysis. Hence aluminium is really the only suitable metal
which has been the subject of technical investigation.

In actual practice the hydrolysis of the aluminium nitride is brought
about by means of alkali,

AIN +8NaOH =Al(ONa),-- NH,,

and the sodium aluminate can be either converted by the Baeyer pro-
cess 2 into pure alumina, which is again used for making the nitride, or
the metal. In the Serpek process potassium hydroxide solution was
used in insufficient amount for the formation of the aluminate, so that
the alumina remaining scrved to form fresh quantities of the nitride.

Formation of Alkali Cyanides.* —The synthesis- of potassium
cyanide by heating a mixture of potassium carbonate and carbon to a
high temperature in an atmosphere of nitrogen was first discovered by
Scheele In 1784. Bunsen and Playfair? in 1848 investigated the
reaction between atmospheric nitrogen, potassium and carbon com-
pounds, following the discovery of Dawes in 1835 that potassium
cyanide was a product of the blast furnace. Incidentally it may be
mentioned that it ® has recently been suggested that about 1 per cent.
of the nitrogen of the air blast could be recovered as cyanide without
interfering with the production of iron in the blast furnace.

1 Badische Company, German Patent, 243839 (1912).
2 This series, Vol. IV,

3 See also under Cyanides, this Series, Vol. V.

4 Bunsen and Playfair, B.4. Report, 1845.

5 Tranchot, J. Ind. Eng. Chem., 1924, 16, 235.
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~ Many attcmpts have been made to manufacture potassium cyanide
from the carbonate, carbon, and nitrogen, but the greatest drawback
1s the deterioration of the furnace by the materials used at the high
temperature required. It has been found possible, however, to prepare
technically pure potassium cyanide (and sodium cyanide) indirectly

by fusing crude calcium cyanamide, CaNCN, with the corresponding
chloride or carbonate :

CaNCN +4-2KCl-4-C=Ca(l,+2KCN ;
CaNCN+Na,C0,+4-C=CaCO,--2NaCN.

Bucher Process—Interest in the original cyanide synthesis was
revived by the exhaustive investigation of J. E. Bucher! into the
production of cyanides as a method of nitrogen fixation, and various
patents were taken out during the years 1914 to 1917. Essentially the
process consists in the reaction between sodium carbonate, carbon, and

nitrogen at a high temperature in the presence of finely divided iron
which acts catalytically :

Na,CO;+4-4C+N,=2NaCN--8CO —138,500 calories.

As regards raw materials, sodium carbonate in the commercial form
of soda ash is used; coke, either metallurgical, petroleum, or pitch,
may be employed with technical success, the latter form being practi-
cally ashless, which obviates the periodic removal of material; with
regard to the nitrogen, it seems that at present there is insuflicient
data to determine whether pure nitrogen or producer gas has any
special advantages.

The finely divided mixture of soda ash, coke, and iron is made up
into briqucttes, which are fed into externally heated vertical retorts
heated to 900°-950° C., and nitrogen passed into the retorts under
slight pressure. The reaction is of a complex nature, but probably
the iron assists in the reduction of sodium carbonate to metallic sodium.
After four hours’ heating the final product yielded cyanide to the
extent of a 50 per cent. conversion of sodium carbonate. Bucher
proposed lixiviation of the cyanised material with water to extract
the cyanide as such, but the chief disadvantage is the solution of un-
changed sodium carbonate. If sodium cyanide is required, the process
worked for some time by the Nitrogen Products Company would seem
to be advantageous, whereby liquid ammonia was used to leach out
the cyanide, upon which it exerted a selective solvent action.

The original idea of Bucher was to fix nitrogen as ammonia or
ammonia derivatives, chiefly by hydrolysis of the cyanide. Thus, at
relatively low temperatures the production of ammonia and sodium
formatc oceurs,

NaCN +2H,0 =HCOONa-+-NH ;64,000 calories.,

and any eyanate which has been formed by oxidation is converted into
ammonia, carbon dioxide, and sodium carbonate :

2NaNCO0--8H ,0 =Na,C0;-+2NI;+C0,--15,340 calories.

At higher temperatures (400° to 500° C.} the hydrolysis of the
cyanide oceurs, with the formation of sodium formate and ammonia as

1 J. K. Bucher, J. Ind. Eng. Chem. 1917, 9, 233.
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before, but the formate is broken down at that temperature into the
carbonate, hydrogen, and carbon monoxide :

2HCOONa=Na,C0,--C0+H,.

The sodium carbonate produced could be returned to the cyanising
retorts. '
Bucher suggested that further developments of this process might
consist of heating the cyanide in air, whereby oxygen would be removed
from the latter to form cyanate, and the nitrogen could be used for the
cyanising furnace. If, then, one-half of the cyanate were heated with
water, production of ammonia and sodium bicarbonate would occur :

NaNCO +2H,0 =NaHCO, - NH,,

The other half of the cyanate would react with this ammonia and
carbon dioxide (produced by burning the carbon monoxide from the
cyanising furnace) in the presence of water to form ammonium cyanate :

Intramolecular change converts ammonium cyanate into urea :
NH,NCO=CO(NH,),.

The possibility of a cheap large scale production of urea is attractive,
as modern research indicates that this substance is ideal for fertilising
purposes. :

An interesting modification of the Bucher process is the subject of
patents by C. B. Jacobs?! of the E. I. du Pont de Nemours Powder
Company. Instead of briquetting, the addition of 5 per cent. sodium
fluoride or chloride is made, which acts as a flux. Further, a reactive
form of carbon is used which is obtained by incinerating black liquor at
200° to 300° C. This latter substance is produced from the digestion
of wood and other cellulosic materials with caustic soda.

The composition of a typical charge is:

Sodium carbonate . . 40 per cent.
Carbon . . . . 40,
Ferric oxide . . .15,
Sodium fluoride . . 5

ER]

It is claimed that at 925° to 950° C. a 95 to 98 per cent. conversion
of sodium carbonate is obtained in two hours.

After all volatile matter has been expelled by heating, nitrogen in
the form of producer gas is passed in under a pressure of 20 pounds
above atmospheric, and this is continued until no more carbon monoxide
is evolved. This gas is utilised by mixing with producer gas and burning
under the retorts.

Extraction of the mass with water yields a 96 to 98 per cent. pure
cyanide after crystallisation. The above description of the modified
Bucher process is given, because it would appear that the original pro-
cess was not economical enough to fulfil expectations. According to
Guernsey and Sherman,? the mechanism of the reaction is the reduction

¥ Jacobs, English Patent, 200902 (1922) ; U.S. Patent, 14813734 (1924),

? Guernsey and Sherman, J. dmer. Chem. Soc., 1925, 47, 1932 ;: see also Guernsey,
Yeo, Braham, and Sherman, J. Ind. Bng. Chem., 1926, 18, 243.
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of sodium ecarbonate to metallic sodium, which then forms sodium
carbide, and this latter compound ‘reacts with nitrogen to form the
cyanide, assisted by the iron as catalyst. i

Reference should be made here to the fact that at present the only
large seale production of sodium cyanide is the Castner-Roessler process,
the sole rights of which are owned by the Deutsche Gold und Silber
Scheidenanstalt.  In this process metallic sodium and ammonia are
cansed to react at 300° to 400° C., with the formation of sodamide:

(1) 2Na--2NH,=2NaNH ,+H,.

The molten sodamide is then brought into contact with red-hot charcoal,

the final product being sodium cyanide, while sodium cyanamide is
formed intermediately :

(2) 2NaNH,4C=Na,NCN+H,;
(3) NayNCN +C=2NaCN.

It has alrcady been mentioned that the sodium cyanide may be
used as a potential source of ammonia by hydrolysis with steam. It
must not be overlooked, however, that sodium cyanide is being used
largely in the metallurgical industry—especially in gold extraction, and
also that it has a limited use as an insecticide.

Barium Cyanide—In the description of the cyanamide process
(tnfra) reference is made to the simultaneous formation of calcium and
barium eyanides and cyanamides by heating the carbonates and carbon
in nitrogen. Many attempts have been made to manufacture barium
cyanide as a source of ammonia, but at the present time it would scem
that this process has not developed into a commercial success. There
arc two lines along which investigations have been made: the first a
single-stage process which resembles the Bucher process for sodium
cyanide, and the second a two-stage process closely allied to the manu-
facture of cyanamide. The first process consists in briquetting a
mixture of barium carbonate and carbon (pitch or tar) and passing
nitrogen over the mixture heated to 1000°-1400° C. :

BaCO0;+3C+N,=Ba(CN),+2CO.

In the second process, the first stage is the production of barium
carbide by heating barium oxide and carbon in the clectric furnace :

BaO-+3C==BaC,-+2CO.

The second stage is the formation of barium cyanide by treating the
carbide with nitrogen at about 1000° C. It is probable that barium
cyanamide is formed as an intermediate product :

Ba02*’—‘N2=BaNCN+C 5
BaNCN+C=Ba(CN),.

The barium cyanide from either process may be treat.ed with steam,
when hydrolysis oceurs, with the formation of ammonia and barium
hydroxide :

Ba(CN),+44H,0 =Ba(0H),+-2NH;+2CO.

Theoretically, the barium hydroxide can be utilised again ‘fdr the
production of cyanide, but considerable practical difficulties are
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encountered. The high initial cost of the barium carbonate (and hydrox-
ide) compared with that of calcium carbonate is a great disadvantage
I making a comparison of the cyanide and cyanamide processes. One
of the great drawbacks of the barium cyanide process Is the corrosive
action of the molten cyanide upon the retorts owing to the high tem-
perature employed.  Recently, Askenasy ! has suggested that this may
be obviated to a large extent by using a carbon of low ash content
such as petroleum coke or soot. This should be preheated to a tem-
perature above that employed for its production, and should also be
treated with oxygen or chlorine.

_Another method? for obtaining an intimate mixture of barium
oxide and carbon is by decomposing methane with hot barium oxide
the particles of which become coated with carbon particles. The
hydrogen from the methane is utilised for providing heat for the furnace,
and also for the reaction of the mixture of barium oxide and carbon with
atmospherie nitrogen as cyanide.

Hydrocyanic Acid~—It would seem desirable to indicate processes
which have been proposed from time to time to fix atmospheric nitrogen
in the form of hydrogen cyanide. So far, however, there is no large
scale process of any importance which makes practical use of the
synthesis of hydrocyanic acid.

Berthelot 3 discovered that acetylene and nitrogen combined to-
gether with the aid of electric sparks to form hydrogen cyanide, and
that the reaction was reversible :

C,H,+N,=>2HCN.

Later, Dewar ¢ showed that a mixture of hydrogen and nitrogen when
passed through a carbon tube heated externally resulted in the pro-
duction of hydrocyanic acid.

Hoyermann 5 repeated Berthelot’s synthesis by passing a mixture
of 2 volumes of nitrogen and 1 volume of acetylene through a carbon
arc, and obtained a 60 to 70 per cent. conversion of acetylene into
hydrocyanic acid. :

Gruskicwicz ¢ found that hydrogen cyanide was produced when
sparks were passed through a mixture of carbon monoxide, nitrogen,
and hydrogen. Lipinsky 7 considered that the carbon monoxide was
first reduced to methane, on account of his experiments with a mixture
of methane (from natural gas), nitrogen, and hydrogen :

Lipinsky’s method was tried on the technical scale at Neuhausen in
Switzerland in 1914, when a quantitative conversion of methane into
hydrocyanic acid was claimed. The mixture consisted of 20 per cent.
methane, 70 per cent. nitrogen, and 10 per cent. hydrogen, which was
passed through an arc between platinum electrodes from a 2200-volt
alternating current supply. The hydrogen and excess of nitrogen were

U Askenasy, Germon Patent, 382041 (1922) ; Metzgor, J. Soc. Chem. Ind., 1924, 43,
9113,

2 . Lentz, German Patent, 361864 (1920); J. Soc. Chem. Ind., 1924, 43, 133B.

3 Berthelot, Compt. rend., 1868, 67, 1141,

1 Dewar, Proc. Roy. Soc., 1879, 29, 188 ; 1880, 30, 85.

o Hoyermann, Chem. Zeit., 1902, 26, 70.

8 (iruskiowicr, Zeitsch. Blektrochem., 1903, 9, 83.

7 Lipinsky, ¢hid., 1911, 17, 761.
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e.mploycd merely as a diluent, and it is stated that 30 grams of hydro-
cyanic acid per K.W. hour were obtained.?

A somewhat different method of causing gaseous carbon and nitrogen
compounds to combine was used by Beind],? who employed a catalyst
material consisting of a metal, its oxide and nitride.

The Chemischerfabrik Griesheim Elektron propose the passing of a
nitrogen-hydrogen mixture over coke in an electric furnace; while a
more recent process by the Norsk Hydroelektrisk Kvaelstofaktieselskab 3
makes use of a blown-arc furnace of the Birkeland-Eyde type, through
which a mixture of nitrogen, hydrogen, and a hydrocarbon is passed.

The subsequent treatment of the hydrocyanic acid is either for the
production of cyanides by absorption with alkalies, oxidation by burning
in air to nitric oxide for conversion into nitric acid, or hydrolysis with
steam at a high temperature with the formation of ammonia.

Cyanamide.-—Some of the earliest experiments for the prepara-
tion of cyanamide compounds were those of Marguerette and Sourdeval ¢
in 1860 in connection with the preparation of barium eyanide, Ba(CN),,
by heating a mixture of carbon and barium carbonate in air. The first
technical application was used by the Badische Company 3 in 1896, who
obtained a mixture of the cyanide and cyanamide, BaNCN, by heating
the mixture at 1500° C. in an atmosphere of nitrogen.

The use of barium carbide instead of the mixture of carbonate and
carbon was introduced by Frank and Caro ¢ in 1898, who found that if
the carbide 1s used in large lumps, barium cyanide is almost exclusively
produced, whercas a yicld of 70 per cent. of barium cyanamide is
obtained if small granules of carbide are used.

The technical manufacture of alkali eyanides for gold extraction
by fusion of the mixture of ecyanide and cyanamide with alkal
chlorides was made use of by the Gold und Silber Scheidenanstalt of
Frankfurt.? :

Calcium Cyanamide.~The substitution of calcium carbide for
the barium compound by Pfleger, Rothe, and Freundenberg caused
the process to become more economical, and Frank and Caro 8 patented
the process during the years 1895-98. The real impetus given to the
technical production of calcium cyanamide was the discovery in 1901
that this substance could be used directly as a fertiliser.

The essential materials for the manufacture of caleium cyanamide
are limestone, carbon, and nitrogen. The production of calcium carbide
is effected by first burning the limestone (CaCO,) to lime (CaO), and
then fusing of the lime with carbon (anthracite coal, or coke) in an
electric furnace : ¥ |

CaCO3=Ca0+CO,;
Ca0-++3C=CaC,+CO.

L H. Phillips, Chem. Met, fng., 1920, 22, 213.

t Beindl, Knglish FPatent, 10321 (1915).

¥ Norsk IHydroelektr., Bnglish Patent, 235181 (1925).

1 Claude, fnaglish Patents, 1027, 1172 (1860); Marguerette and Sourdeval, Compt.
rend., 1860, 50, 1100. .

5 Badische Company, German Patents, 190955 (1907), 197394 (1908).

¢ Frank and Caro, German Patents, 108971 (1900), 116087 (1900), 116088 (1900);
FEnglish Patent, 25475 (1898).  See also Erlwein, Zeitsch. angew. Chem., 1903, 16, 533.

7 Frank and Caro, German Patent, 212706 (1909).

8 Erank and Caro, Zeitsch. angew, Chem., 1906, 19, 835 ; 1509, 22, 1178,

$ See this series, Vol. 111, Part L
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The direct fixation of nitrogen is brought about by heating the
powdered caleium carbide in an atmosphere of nitrogen:

CaCy-+N,=CaNCN+C.

As in other fixation processes, one of the most important points
with the cyanamide process is the purity of the reacting substances.
Thus the initial raw material—limestone—must contain about 97 per
cent. of calcium carbonate with relatively small amounts of magnesium
carbonate and oxides of alumintum, otherwise the fluidity of the carbide
is deereased. Silicon and iron tend to produce ferrosilicon, which gives
furnace trouble and difficulty in grinding the carbide. Phosphorus
in the form of caleium phosphate is very deleterious even in small
quantities, as caleium phosphide is produced in the furnace, which with
moisture produces phosphine, and is especially -objectionable if the
cyanamide is hydrolysed to ammonia which is subsequently to be
oxidised to nitric acid.

Formation of Calctum Cyanamide.—Caleium carbide is finely erushed
and heated in contact with nitrogen under slight pressure, when absorp-
tion begins at 700° to 800° C. and becomes rapid at 1000° C. The
equation

CaCy+N,=CaNCN4C-+97,800 calories

shows the reaction to be exothermic, and once started, the heat of
formation is sufficient to carry the process to completion. It is obvious
that an abundant supply of nitrogen is necessary, and this is generally
obtained from the liquefaction of air by either the Linde or Claude
rectification plant, although in part of the Niagara works nitrogen is
obtained from air by the copper-cupric-oxide reaction. The absence
of oxygen, moisture, carbon monoxide, and carbon dioxide is very
desirable, otherwise various by-reactions take place, decreasing the
yield of cyanamide :
CaC,+20,=CaC0;4CO;
CaC,y+2H,0=Ca(0OH),+C,H,;
CaC,+CO=Ca0+38C;
2CaC,+C0O,=2Ca0+5C.

Moissan ! found that pure calcium carbide and nitrogen would not
react at 1200° C., but Rothe ? discovered that nitrification proceeded
rapidly if the crude carbide was used. It would appear that some form
of catalytic material was necessary for the reaction, and Polzenius 3
patented the use of calcium chloride in 1901. Thus, whereas with no
calcium chloride there was less than 1 per cent. of nitrogen absorbed
in twelve to fourteen hours at 730° C., yet under the same conditions
with 10 per cent. of calcium chloride 18 per cent. of nitrogen was
absorbed (as against 22 per cent. theoretical absorption ).

The disadvantage in the use of calcium chloride, however, is the
deliquescent nature of the final product. The action of water is to

generate acetylene from the residual carbide and to form dicyano-
' dlamlde, (CN.NH,),, from the cyanamide, which is deleterious when the
cyanamide is to be used for fertiliser purposes. Dicyanodiamide is

1 Moissan, Compt. rend., 1894, 118, 501.
* Rothe, Fnglish Patent, 25476 (1898). See also Zettsch. angew. Chem., 1903, 16, 658,
3 Polzenius, German Patent, 163320 (1901).
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toxic to plant life, partly because it inhibits the action of nitrifying
bacteria.

In 1906 the use of calcium fiuoride, (CaF,), was suggested in the form
of crushed fiuor-spar as a catalyst for carbide nitrification, and appar-
ently most modern works now employ this substance.

The ovens used in the process of nitrification are either of the
continuous or discontinuous type. The former type, as worked at
Knapsack in Germany and Marignac in France, consists of metal
boxes filled with carbide which are pushed through a long tunnel filled
with nitrogen and heated either electrically or by means of producer
gas. The Carlson Company in Sweden use cylindrical ovens, fitted
with shelves, filled with nitrogen and heated at the top by arcs to
a temperature of 950° C. The carbide is worked downwards by a
mechanical scraper from shelf to shelf, and the cyanamide is discharged
at the bottom of the oven after a period of two hours. The discon-
tinuous type of oven is of the more common type, and may be externally
fired or electrically heated. The electric furnace, such as is used at
Odda in Norway, consists of a metallic cylindrical oven heavily lined
with refractory material, so that the internal dimensions are about 5 feet
by 3 feet. Nitrogen is forced in at the bottom, and the calcium carbide
in a heavy container is heated by means of a carbon pencil passing
through the centre, which carries a single-phase current of 100 volts
and 200 to 250 ampéres. After a few hours the current is switched
off, as the heat of the reaction is then sufficient to carry the process
to completion. Nitrification proceeds from the core outwards, the
temperature in the furnace being about 1100° C. About 85 per cent.
only of calcium carbide undergoes nitrification, and the rest is destroyed
in some unexplained way during the reaction, as there is only 1 to 2
per cent. of carbide in the crude cyanamide. Generally speaking, the
nitrogen content of the cyanamide varies between 19 and 20 per cent.
according to furnace practice, quality of raw materials, ete., in different
countries. A typical analysis of cyanamide produced at Muscle Shoals
in the United States is given : 1

Per cent.
Calcium cyanamide . . . . 612
s oxide . . . . . 200
. carbide . . . . ; 1-5
vy sulphide . . . . 0-2

,»  phosphide . . . . 0-04
Free carbon . . 3 . . 125
Silica . . . . . 2-4,
Iron and aluminium oxides . . . 1-8
Magnesium oxide 0-2

The crude product, which sinters to a solid greyish-black cake, 1s
then crushed and milled. The small amount of residual carbide is very
objectionable, and the only efficient way to remove same is to spray
with water, when acetylene is generated. Insufficient water must be
used than will form dicyanodiamide, and modern practice favours
the use of a water-and-oil spray, especially if the cyanamide is to be
used as a fertiliser. The water, to the extent of 6 to 7 per cent. of the
weight of cyanamide, decomposes the carbide and hydrates the free

1} Report on Fization and Utilisation of Nitrogen, U.S. War Department, 1922.
vOl. VL * L. 15
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lime, but does not remove dustiness, which is effected by a spray of
mineral oil (3 to 4 per cent. of the weight of cyanamide).

Uses of Cyanamide.—1. Fertiliser——The crude calcium cyanamide,
known as ““ nitrolim,” ““lime-nitrogen,” ‘‘ kalkstickstiff,”” etc., has the
great advantage of cheapness. On the other hand, there is considerable
difficulty in its storage owing to the action of atmospheric moisture
and carbon dioxide, which results in the formation of dicyanodiamide.
As has already been mentioned, this latter substance is not only directly
toxie to plant life, but it also prevents the action of nitrification bacteria
in the soil. Hence treatment and storage of cyanamide is a matter of
first-rate importance ; the water-and-oil treatment described above is
very necessary, and when stored in double burlap bags it can be kept
for six to twelve months without deterioration.

The actual mode of decomposition of calcium cyanamide in the soil
is apparently very complex, the main reaction being the hydrolysis to
ammonia :

(1) CaNCN +8H,0 =CaCO,--2NH,.

Another series of reactions, however, occurs whereby free cyanamide,
CN.NH,, urea, and ammonium carbonate are formed successively :

~ (2) CaNCN 4-CO,-+-H,0=CaC0,--CN.NH, ;
(8) CN.NH,+H,0 =CO(NH,), ;
. (4) CO(NH,),+2H,0 =(NH,),CO,.

In each case the final product ammonia readily undergoes con-
version into nitrate by means of bacterial action.

Attempts have been made to use cyanamide in various mixed
fertilisers, but care has to be taken as regards the other constituents.
Thus it cannot be used with acid phosphate owing to the reversion of
this substance, and further, the formation of toxic dicyanodiamide.
It seems feasible, however, to mix it with basic slag or superphosphate,
or with a calcined phosphate containing a high percentage of citric acid
soluble phosphate.

2. Production of Ammonia from Cyanamide.—One of the most
attractive features of the ¢cyanamide process of nitrogen fixation is the
ready conversion of the cyanamide into ammonia by hydrolysis with
water. The final reaction is shown in equation (1) above.

The first patent for this process was that of Frank ! in 1900, and
since that time the production of ammonia from cyanamide has been in
commercial operation in many countries. A detailed description of the
plant is given by Landis 2 with reference to the continuous production
of ammonia by the American Cyanamide Company. In essence the
process consists in treating cyanamide in an autoclave with alkali and
steam under pressure, and once the action is started, sufficient heat is
generated from the reaction to liberate completely practically all the
ammnonia. .

The autoclaves are cylindrical in shape, about 21 feet in height and
6 feet in diameter, and are made of steel capable of withstanding a
pressure of 300 lb. to the square inch. Filtrate liquor (19,000 b.)
from a previous operation is introduced, then sufficient soda ash to give
an alkalinity of about 3 per cent. sodium hydroxide. About 9000 lb.

1 Frank, German Palent, 134289 (1900) ; U.S. Palent, 776134 {1904).
* Landis, Met. Chem. Eng., 19186, 14, 87.
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of cyanamide are then introduced, and the charge well stirred, to
decompose carbide and phosphide of calcium with the evolution of
ammonia. Steam is then forced in at the bottom of the autoclave
until the reaction begins, when about 90 per cent. of nitrogen is con-
verted into ammonia, which is discharged with large volumes of steam
into condensers. A further quantity of ammonia is obtained by
forcing steam in again under a pressure of 120 lb. for two hours. The
total conversion of nitrogen into ammonia is about 97 to 98 per cent.,
and, as the gas is practically pure, it can be utilised directly either for
the preparation of ammonium salts or for oxidation to nitric acid.

The disposal of the autoclave sludge (after filtration) is one of the
difficulties of the process, as although a number of proposals have been
made, yet so far it would seem that a successful solution of the problem
has yet to be found.

3. Cyanides.—The production of cyanides from cyanamide (p. 224)
was the subject of much investigation after the work of Frank and
Caro in 1900. The American Cyanamide Company ! seem to be the
first who erected a plant for the technical manufacture of calcium
cyanide from calcium cyanamide in 1916. The process consists in
heating a mixture of calcium cyanamide, carbon, and sodium chloride
in an electric furnace to a temperature of 1300° C. and then rapidly
cooling the molten product to prevent the reverse reaction taking

place : CaNCN +C=Ca(CN),.

The sodium chloride apparently merely acts as a flux, although it
is possible that the reaction is not as simple as indicated by the above
equation.

The product, of course, is a very impure substance, the cyanide
content of which varies between 85 and 50 per cent. equivalent of
sodium cyanide. Successful application of this crude cyanide, however,
has been made both for gold and silver metallurgy, and also for the
production of hydrocyanic acid for fumigation purposes.

4. Urea.—At present urea has only a limited application for such
things as medicinal preparations, synthetic glasses or resins, and
celluloid produets, but its high nitrogen content (46 per cent.) and
freedom from any deleterious substances indicate that it would make
an ideal fertiliser. Any process, therefore, which could be economically
worked for large scale production of urea would allow an extensive use
of this substance as plant food. -

The reactions necessary to convert cyanamide into urea consist in
extracting the crude substance with water, filtering the solution and
adding excess of sulphuric acid. In this way all the calcium is removed
as sulphate, and, on heating the solution, the free cyanamide, H,CN,,
is hydrolysed to urea :

The excess of sulphuric acid is removed as calcium sulphate, and it
is the cost of the sulphuric acid which constitutes the chief disadvantage
in the process, as it is all lost in the form of the calcium salt.

The Lidholm process 2 for the manufacture of urea is now being

- worked by the Union Carbide Company at Niagara, and is a more

1 Landis, Met. Chem. Eng., 1920, 22, 265.
2 Lidholm, J. Chem. Met. Eng., 1925, 32, 791.
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economical process. Calcium eyanamide is suspended in water and
carbon dioxide passed in, which removes the caleium as carbonate and
at the same time liberates free cyanamide :

CaNCN -CO,+H,0 =CaC0,+H,N.CN.

The hydrolysis of the cyanamide into urea is brought about by
means of dilute sulphuric acid, and,-owing to the exireme chemical
activity of the cyanamide, this second stage immediately follows the
liberation of the cyanamide :

H,N.CN 4,0 =CO(NIL,),.

The sulphuric acid is removed quantitatively by the addition of
caleium carbonate, and the filtrate is evaporated in vacuum pans to a
syrup which 1s practically molten urea, with a very small quantity of
water. A “spheroidising ” process consists in forming minute droplets
by means of a blast of cold air on the molten product, which solidify
as they fall through the air, producing a glazed surface which does not
cake with water. The final product contains over 44 per cent. nitrogen,
(pure urea contains 46-6 per cent.), of which 41 per cent. is in the form
of urea, 1 per cent. in ammonium compounds, 1-5 per cent. in guanyl
urea (which can slowly be utilised by plants), and a fractional per-
centage of dicyanodiamide.

5. Free Cyanamide—This compound can be obtained by extraction
of the crude calcium salt with water, exactly neutralising the solution
of calcium acid cyanamide, Ca(HCN),, with sulphuric acid, and evapor-
ating the fittrate at 75° C. If a higher temperature is reached, then an
appreciable amount of urea is formed owing to hydrolysis.

6. Dicyanodiamide—Free cyanamide readily polymerises to di-
cyanodiamide, and, after extracting with water as above, only half the
sulphuric acid is added, so that only one-half of cyanamide is in the free
formm. The temperature is raised to 75° C., and the remainder of the
sulphuric acid gradually added so that polymerisation and liberation
of the free cyanamide keep pace with each other :

9H,CN,=(CN.NH,),.

7. Guanidine.—Various salts of guanidine are prepared by treating
a solution of free cyanamide and the corresponding ammonium salt in
an autoclave at 155° C. .

Survey of the Nitrogen Fixation Problem.— British Synthetic
Ammonia~—Up to the publication of this volume, by far the greatest
proportion of the world’s supplies of synthetic nitrogen compounds had
been obtained by the combination of nitrogen and hydrogen.

Towards the end of the Great European War, the British Govern-
ment had taken some steps to ensure supplies of fixed nitrogen within
the national boundaries, and had begun some buildings on the chosen
site at Billingham. The production of synthetic ammonia is dis-
tinguished by low-power costs. To combine 1 ton of nitrogen requires
8-4 K.W.Y. by the arc process, 2-0 K:W.Y. by the cyanamide process, and
only 0-4 K.W.Y. by the ammonia process. Since electric power is not
cheap in Great Bntain, the arc process is out of the question. The
cyanamide process (see p. 224) also requires power for the electro-
thermic production of calcium carbide. The ammonia process requires
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pure hydrogen and nitrogen, obtained by the methods described on
p- 210, and is very conveniently worked in conjunction with electrolytic
and ammonia-soda-alkali processes. Thus the Government were well
advised in 1920 to dispose of the site and information to ‘* Synthetic
Ammonia and Nitrates, Ltd.,” a subsidiary company formed by
Brunner, Mond & Co. A research staff was set to work out a modified
Haber process, and plant was erected which, by the spring of 1925, was
producing 30 tons of ammonia per day. This was soon increased to
50 tons, and 1t was expected that shortly the figure would approximate
£o 200 tons per day. This was the first industrial plant outside Germany
to work at the low pressures of the Haber method, and at the present
time England is the second largest synthetic ammonia-producing
country in the world. The United Alkali Company has installed
a fullscale plant for the manufacture of nitric acid by the oxidation
of ammonia.

Germany, as would be expected, still maintains her position as being
the largest producer of synthetic ammonia. In America much investiga-
tion has been carried out by the Fixed Nitrogen Research Laboratory
of the United States Department of Agriculture. An enormous plant
was erected at Muscle Shoals in 1919 for the manufacture of calcium
carbide, from which ammonia and nitric acid were to be produced.
Its capabilities were stated to be 40,000 tons of nitrogen per year, but
it has never worked for full production, and it was put up for sale
by private negotiation. A number of companies are engaged in the
manufacture of cyanamide-ammonia by both the Claude and Casale
processes, and also of cyanides by the Bucher process. The arc process
is being developed by the American Nitrogen Products Company.
France is extending the production of synthetic ammonia, and the
Haber, Claude, and “Casale processes are well in use. The Government
plant at I‘oulouse operated on the Casale principle, will have a capacity
of 56,000 tons of ammonia per annuni.

In Italy, both the Casale and FFauser processes are in operation, and
the estimated output for 1926 is 42,000 tons of fixed nitrogen.

Spain is developing synthetic ammonia production on the Claude and
Casale principles, and an ultimate output of 25,000 tons per annum is
anticipated.

In Belgium, works are in the course of erection which will have an
annual output of 10,000 tons of ammonia by the Casale process.

Thus it will be seen that the fundamental importance of artificial
nitrogen fixation is being recognised by most countries. The following
table * shows the estimated world production of nitrogen for the year
cnded 1st May 1925. The figures are expressed in tons of nitrogen
(2240 1b.) :—

By-product ammonium suiphate . . 290,300 tons.
Synthetie ’s ’e . . 254,800
Cyanamide . . . ] . . 115,000 .,
Nitrate of lime . . . 25,000 ,,
Other forms of synthetlc mtrogen . . 60,000 ,,
Chilian nitrate of soda . . . . 868,000 ,,
Total . 1,108,100 tons.

1 Qas World, 83, 591, 1925,
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The Use of Combined Nitrogen in Agriculture and a Comparison of
various Fertilisers.—It is hardly an exaggeration to say that the greatest
of all services rendered to humanity by chemistry is the ensurement
of a practically inexhaustible supply of the most essential and at the
same time the most perishable of plant fertilisers. The result should
be that, given Governments with a proper appreciation of applied
science and with a genuine aversion to war, the food-producing areas
of the world should for all time be able to furnish their full quota of
their different products.

The following striking examples ! give some idea of the value of
combined nitrogen in agriculture :—

One hundredweight of sodium nitrate or ammonium sulphate, or one
and a half hundredweights of nitrolim applied to one acre of soil, in-
creases the yield of potatoes by 1 ton, the yield of wheat by 44 bushels,
the yield of barley by 6% bushels, and the yield of oats by 7 bushels.
“One hundredweight of these concentrated fertilisers is therefore
capable of producing enough food to satisfy a man’s bodily requirements
for one hundred or more days, or one pound of combined nitrogen
properly used in the soil will yield enough food to keep a man going
for about five days.”

There is evidence that the combined nitrogen, in order to be
directly utilised by plants, must be in the form of nitrates (see p. 22).
Ammonium salts, proteins, amino-acids will be converted into nitrates
more or less rapidly by nitrifying bacteria. Calcium eyanamide is con-
verted into ammonia (see p. 22), but it may also give in the first place
cyanamide and dicyanodiamide, which introduces an uncertainty with
the application of this fertiliser. It would seem desirable to convert
nitrolim into urea before application to the soil (p. 228).

The relative values of the principal forms are said to be: 1

Nitrie nitrogen . . . 100
Ammoniacal nitrogen . . 95
Cyanamide ' . . 85-90
Protein . . . 70-80

These differences may be partly due to the causes already mentioned,
partly due to the fact that ammonium salts react acid and will remove
lime from soils that are poor in this constituent; also to physico-
chemical effects upon the state of division of the soil. |

At present a great variety of nitrogenous fertilisers, in addition to
the time-honoured ammonium sulphate and potassium nitrate, is being
prepared by the processes outlined above. Ammonium nitrate, a very
concentrated fertiliser the preparation of which on the largest scale
was elaborated during the War, is rather deliquescent and has not
found favour with the farmer. _

Ammonium chloride, a by-product of the ammonia-soda process,
appears to be as valuable as ammonium sulphate, the relative suitability
varying with the condition of the soil, etc.23 Another substitute for
the sulphate is ammonium sulphonitrate, a mixture.* Monoammonium

! Russell, J. Soc. Chem. Ind., 1918, 37, 45R.

2 Russell, Chem. Trade Journal, 1924, 74, 64.

3 Rothampstead Exper. Station Report, 1921-22.
* Glund, Gas Wasserfach., 1924, 67, 125.
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Phosphate, “ammophos,” contains two of the most valuable plant foods
In combination. Sodium-ammonium-hydrogen phosphate is made by
mixing hot solutions of sodium bisulphate, calcium cyanamide, and
calcium superphosphate.

Ammonium salts when placed in the soil are converted into
ammonium bicarbonate. This is an ideal fertiliser ; the chief drawback
1s its volatility, which may, however, be diminished by preparing it in
ilot solution with an excess of carbon dioxide in the presence of some

ar oil.

Urea is not toxic to plants even when present to the extent of 1 per
cent.! It i1s quickly hydrolysed to ammonia in the soil. The pro-
duction of this compound from the technical nitrogen compounds
mentioned above has been a fruitful field for the chemical inventor.
Starting from ammonia, it may be made by the well-known reaction
with carbonyl chloride, or the ammonia may be combined with carbon
dioxide and the product converted into urea.? Urea is also produced
from calcium cyanamide by treating a solution with ferric sulphate®
or various acids under pressure.*

For further information on the nitrogen industry, especially in its
technical aspects, the reader should consult: The Nitrogen Industry,
Partington and Parker (Constable, 1922); The Absorption of Nitrous
Gases, Webb (Arnold, 1928); Ammonia and the Nitrides, Maxted
(Churchill, 1921); The Atmospheric Nitrogen Indusiry, Waeser, trans-
lated by Fyleman (Churchill, 1926); Dictionary of Applied Chemistry,
Thorpe, Vol. iv. (Longmans, 1922).

1 Bokerny, J. Soc. Chem. Ind., 1922, 41, 950A ; Zambianchini, ¢bid.

? Badische Company, German Palent, 390848 (1922); Norsk Hydroelektr., Norwegian

Patent, 39744 (1926).
3 Freund, German Patent, 377007 (1919).
4+ Soc. d’Etudes Chim. pour I'Ind., English Patent, 192703 (1923).
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Acms, See under Nitric, ete,
A.ctive nitrogen. See Nitrogen.
Albumens, 22, 23.
Alduvminium nitride, 217, 218.
A mido-sulphinic acids, 129, 130,
sulphoniec acids, 129-131.
Amines, 120,
Ammines, valeney and structure, 18.
Ammonia, 62 et seq.
action on acids, 71.
— on metals and oxides, 47, 48, 70.
— on sulphur chlorides, 130, 203.
adsorption by charcoal, 75.
catalysts for formation of, 103.
combustion, G8.
constant of equilibrium, 97-100.
decomposition of, by coke, 64.
— — by solid surfaces, 71.
— — by ultra-violet light, 68.
density, 65.
— limiting, 58.
detection in air, 93.
discovery of, 62.
electronic structure of, 14, 17.
equilibrium of, with nitrogen and hydro-
gen, 95 et seq.
expansion, thermal, 66.
heat of formation of, 93, 96.
heats, specific, 66, 67, 96.
history, 62.
liquid, 72 et seq. (See below.)
manufacture of bye-product, 63.
— by synthesis, 95 ct seq., 210 et seq.,
218, 226.
occurrence, 62,
oxidation, 68, 69, 214.
preparation, 64, 65.
pressure, effect on synthesis, 101.
pure, for atomic weight determination,
51.
refractivity, 67.
golubility, 82.
temperature variation of constant, 97~
100.
velocity of flow and yield of, 103.
. viscosity, 67.
A mmonia, Mquid, 72 et seq.
— boiling-point, 72.
- critical constants, 75.
— density, 73, 74.
—- — of vapour, 73, 74.
— dielectric constant, 76.
— dissociation constants in, 81.
— electrical conductivities of solutions
in, 80.
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Ammonia, lignid, heat, latent, 75.

— — gpecifie, 73.

— melting-point, 72.

— metals dissolved in, 81, 82.

-~ molar weights of solutes in, 78.

— molecular complexity of, 75.

— pressures of saturated vapour, 74, 75.
— reactions in, 78,

— salts dissolved in, 80-82.

— solvent properties, 77.

— surface tension, 75.

Ammonia rolutions, 82 et seq.

— ammonium salts, acidities, 90.

— conductivities, 89.

— densities, 87.

— detection, 93.

— dissociation constants, 89-91.

— distribution between solution and
chloroform, 88.

— electrolytic dissociation of, 89-91.

— estimation of, 93.

— heat of dissociation and hydration,
91.

— hydrates, 87.

— hydration in solution, 92.

— pressures of ammonia over, 82-86.

— solubility, 82.

Ammonification, 23.
Ammonium azide, 132.

chloride, 114, 115, 230.
cyanate, 220.
dichromate, 26,

iodide, 116.

nitrate, 27, 142, 230.
nitrite, 26.

Ammeonolysig, 79.
Aqua-regia, 118.

Arc processes, 206.
Argenious oxide, 163, 167.
Azides, 134,

Azoimide, 131 et seq.

chemical reactions, 133.
constitution, 135.

detection, 135.

estimation, 135.

history, 131, 132. :
physical properties, 132, 133.
preparation, 132, 133.

Azote, 21.
Azotobacter, 22,

BacTERIA, 21-24.
Barium caxrbide, 221.

cyanide, 221.

Bleaching powder, 27.
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Carcrum carbide, 223227,
cyanamide, 219, 223, 224, 230.
Carbohydrates, 23.
Catalysts in ammonia synthesis, 163, 105,
106.

Chlorides of nitrogen, etc. See Nitrogen,
ete.

Chlorination of ammonia, 117,

Coal, ammonia in, 63, 64.

Conductivities. (S¢e under each com-
pound.}

Covalency, 14.

Dexrrrrricariox, 22, 23,
Dicyanodiamide, 225, 226, 228, 230.
Di-imide, 135.

ErrorroLyric conductivities, (Ske under
conductivities of each compound.)
preparation of hydroxylamine, 108.
Electrons in the nitrogen atom, 13.
Electrovalency, 14.

FerTILisERS, 223, 226.

Fluorides, See Nitrosyl fluoride, ete.
Formation of nitrogen, 226 et seq.
Formic acid, 143.

Fuming nitric acid, 167, 178, 180.
Fungi, 23.

Grow of mtrogen, 43.

Glycerol, 27.

Group V. B, 4 et seq.
-allotropic forms, 5.
atomic volumes, 5.
— weights, 4
atomicity, 5.
compounds, 6.
hydrides, 6.
mags spectra, 4.
physical properties, 4, 5.

Hyprazive, 122 ef seq.

base, anhydrous, 124.

bromide, 127.

chloride, 127,

decomposition, 124.

derivatives, 128.

detection, 128,

dissociation, electrolytlc, 125-127.

heats of formation of salts, 126.

history, 122.

hydrate, 124.

hydrazates, 125,

oxidation, 124, 132,

oxygen substitution products, 136.

physical properties, 125.

preparation, 122-124. .

properties of base, 124, 125,

reducing properties, 126.

salts, 126, 128.

solubility, 125.

solvent properties, 125.

sulphenic acids, 129.

Hydrazoic acid, salts of 133, 134. (See

Azoimide.)

Hydrides of nitrogen, summary, 135-
Hydrocyanic acid, 222.
Hydroxylamine, 107 e seq.

addition compounds, 112.

base, preparation and properties,

109.

chloride, 111.

co-ordination compounds, 112,

detection, 110.

electronie structure, 15.

estimation, 111.

heat of formation, 110.

— of neutralisation, 119.

history, 107.

nitrate, 112.

oxidation, 109.

phosphate, 112.

preparation, 107, 108.

salts, preparation, 111.

— reactions, 109, 111.

sulphate, 111.

sulphonic acids, 129.

- derivatives, 112.
Hyponitrous acid, 138 et seq.

— history, 138.

— molecular weight, 140,

— oxidation, 140.

— preparation, 138,

—— properties, 138.

— structure, 141.

IMIDO-SULPHINIC acids, 129.
Imido-sulphonic acids, 131.
Todine, action on ammonia, 1186.

LaveHiNG gas, 148.
Liquid ammonia, etec. See Ammm
ete. :
nitrogen, 24, 38-41.
Lunge nitrometer, 150, 202.

MixeDp bond in nitrogen compounds, 1
Monochloramine, 117.
Mycoides, B., 23.

NEssLER test, 94.

Nitramide, 136.

Nitrates, atmospheric, 206 ef seq.
formation of, 127.
metallic, 199.
structure, 17.

Nitric acid, boiling-point, 191.
— chemical properties, 196.
— concentration, 190.

— density, 192.

— detection, 201.

— estimation, 201,

— freezing-point, 190, 195, 196.
— heat of formation, 193.

— — specific, 196.

— history, 187.

— hydrates, 190, 195.

-— magnetic rotation, 194.

- manufacture, 188, 206, 214.
— melting-points, 195.

- physical properties, 190 et seq.
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Nitric acid, preparation, 187 et seq.

— reduction, 198-200.
— refractivity, 194.
— golid, 19Q.

— specific heat, 196.
— viscosity, 194.

Nitric oxide, 50 ef seq.

— absorption coefficient, 151.
— additive compounds, 152.
— analysis, 52,

-—— chemical properties, 149.
— composition, 57, 60, 149.
— compressibility, 150.

— ecritical constants, 153,

— density, 57, 58, 60, 160.
— detection, 1568.

— estimation, 158.

— — expansion, thermal, 151
— heat, specific, 151.

— history, 149.

— liquefaction, 153.

— liquid, 158.

— melting-point, 154.

— molar heat, 151.

— oxidation, 156.

— physical properties, 150 et seq.
— preparation, 50, 59, 149.
— refractivity, 151, 154.

— golid, 154.

— solubility, 151.

— specific heat, 151.

— gynthesis, 159 el seq.

-— thermal cquilibria, 160.

— — gxpansion, 151.

— viscosity, 151.

Nitrides, 406 ¢t seq.
conditions of formation, 43, 46, 47, 48.
typical formule, 46.

Nitrification, 23. .

Nitrites, action on sulphites, 1038,

under Nitrous acid.)

Nitro-bacter, 23.

Nitro-copper, 175.

Nitrogen, 8 et seq.
absorption coefficient, 35.
activation, 44.
active, 41 et seq.
assimilation by plants, 22,
atom, 11 ef seq.
atomic weight, 49 et seq.
boiling-point, 39.
compressibility, 28.
cycle in nature, 21.
density, 28, 39.
fixation, 200 et seq.
group. See Group V.
halides. See under chloride, cte., below.,
heat, specific, 32.
history, 21.
liguefaction, 24.
liquid, 24, 38—41.
melting-point, 40.
molar heat, 34.
molecular weight, 28,
oceurrence, 21.
oxides. See below.

(See
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Nitrogen, physical properties, 28 ef seg.

preparation, 24 ef seq.

rate of solution, 36.

refractivity, 34.

solid, 40.

solubility, 35-38.

specific heat, 32.

spectra, 34.

stereo-isomerism, 11, 12, 16.

structure of atom, 13, 19.

sulphide. See Sulphur nitrides.

thermal conductivity, 34.

—- exXpansion, 32.

valency, 10.

viscosity, 34

weight in the air, 24.
Nitrogen bromide, 114.

chloride, 69, 114.

fluoride, 114.

hexoxide, 180, 202.

iodide, 116.

pentoxide, 178-180.

peroxide. See below.

tetroxide. See below.

trioxide. See Lelow.
Nitrogen peroxide, 51, 53, 164, 165, 166

el seq.

— additive compounds, 176.

— boiling-point, 173.

— chemical properties, 175.

— compesition, 57, 167.

— constitution, 177,

-— critical constants, 174.

— density, 168.

~— detection, 178.

— digsociation, 169.

— gstimation, 178.

— hcat, specifie, 171, 172.

— history, 166,

— liquefaction, 167, 173.

— liquid, 173, 177.

— melting-point, 174.

— molar heat, 172,

— molecular weight, 173.

—- oxidation, 176.

— physical properties, 168.

— preparation, 167.

— refractivity, 169.

— golid, 174.

— solubility, 176.

— gpecific heat, 171.

— gpectrum absorption, 173.

— thermal expansion, 173,
Nitrogen trioxide, chemical properties, 165,

— constitution, 17.

— dissociation, 165.

—— physical propertics, 164.

— preparation, 163.
Nitrohydroxylamine, 137.
Nitron, 201, 202.
Nitvosamines, 119,
Nitrosodiphenylamine, 150.
Nitroso-nitrogen trioxide, 180.

- -gulphonic anhydride, 180.

— -sulphuryl chloride, 120.
Nitrosyl bromide, 120, 156.
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Nitrosyl chloride, 52, 53, 118, 1506.
fluoride, 118.
sulphuric acid, 118, 119, 155, 159, 164,
166, 167, 177, 178.
Nitrous acid, 143, 184 ef seq.
— chemical properties, 184.
—- constitution, 185.
-~ detection, 185.
— estimation, 185, 186.
— history, 182,
~— preparation, 182,
Nitrous air, 142, 149.
fumes, 149, 166.
Nitrous oxide, 142 et seq.
— absorption coefficient, 144.
— bhoiling-point, 146.
— chemical properties, 148.
— composition, 57, 148,
— compressibility, 144.
— critical constants, 145.
— decomposition, 147.
— density, 57, 144, 146.
— detection, 148.
— estimation, 148,
— heat, specific, 144.
— history, 142,
— liquefaction, 144.
— liguid, 145.
— melting-point, 147.
— molar heat, 146.
— physical properties, 142,
— physiological properties, 142.
~— preparation, 50, 58, 142,
— refractivity, 144,
— golid, 147.
—- golubility, 145.
— specific heat, 144.
— synthesis, 143.
— thermal conductivity, 144,

Nitrous oxide, thermal expansion, 144,
— viscosity, 144.

Oxaric acid, 143. ]
Oxides of nitrogen. See Nitrous oxide,

etc.
— group, 7.

PrryiTRIC acid, 202.
Peroxide of nitrogen. See Nitrogen.

Proteins, 22, 23.

Radicicula, B., 22.

Refractivities of nitrogen, ete. See Nitro-
gen, efe. _

Refrigerators, use of ammonia in, 77,

Sanr solutions, solubility of ammeonia in,
83.

—— -— of nitrogen, 37.
Soedium cyanate, 219, 220.

cyanide, 219, 221.

nitrate, 143, 164, 166, 168, 178,
Sulphonic acids. See Hydroxylamine, etc.
Sulphonitrous anhydride, 165.
Sulphur chlorides, action on ammonia, 203.
Sulphur nitride, 203 et seq.

— gongtitution, 205.

— liquid, 205.

— preparation, 203.

— properties, 203.

— reactions, 203, 204.

— solid, 203.

Urzs, 22, 27, 184, 227, 231.
TUreasc, 23.
Uric acid, 22.

VALENCY, theories, 14, 15.



