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Thesis presented in cundi@ature for the Degree of Ph.D.
0f the University of Durham:
by John Arthur Hetherington, B.3c., A.I.C.,
in October, 1930.

"A STUDY OF THE PROCE3S OF NITRATION".

Being an account of work carried out at the Science
Laboratories, Durhem University (Durham Division), under

the Direction of Professor I. Masson, M.B.E., D.Sc., F.I.C.
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SULDZARY OF WORK.

A systematic investigation of the process
of nitration and an attempt to determine and classify
the factors governing this reaction has been made.

The reaction between ternary acids (consisting
of mixtures of sulphuric acid, nitric acid and water) and
mononitrobenzene was selected for special study on account
of the comparative simplicity of the system and the
absence of consecutive reactions, There is reason to
believe, however, that many of the effects noticed for
this special nitration may well be applied to the general
pgocess of nitration.

By expressing results on a triangular diagram
(giving the composition of ternary nitrating acid) it has
been possible to define a limiting area ineluding all
compositions of acids which will nitrate mononitrobenzcne
to dinitrotenzene. The authenticity of this area has been
tested from many standpoints.

The position of "THE LIMITING LINE OF DINITRATIONY
(which is the boundery of the dinitration area) is determined
almost exclusively by the composition of the nitrating acid.
It depends very little, if %} upon the relative quantities
used, provided there is sufficient M.N.B. present for the
reaction, and that sufficient time is sllowed for the
system to reach its end point when no further nitration
takes place,

From the position of the limiting line of
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dinitration, it is proved that the chemical sctivity of

the nitric acid present, as determined by its ability

to nitrate, 1s quite different from its thermodynamic

activity, as measured by its partial vapour pressure,

A study of heterogeneous or two layer nitrations
proves that reaction velocity diminishes with increasing
degree of heterogeneity.

Sulphuric acid increases the velocity of
nitration in an additive manner.

The function of the sulphuric acid is probably,
to remove water from hydrates of nitric acid until it has
formed sulphuric acid monohydrate., After monohydrate
formation, further dehydrating action is either absent
or very small,

Separation into two layers, determined by
solubility of nitro compounds in nitrating acids can be
predicted by a triangular diasgram,

Then & nitration system produces two layers
the acid is distributed in such s manner that the greater
part of the nitric acid, together with small quantities
of sulphuric acid and water are contained in thne organic
layer whilst the acld layer residue contains nearly all

the sulphuric acid. This acid-layer-acid is the layer

which performs nitration,

The facts suggest that sulphuric acid when
dissolved by the organic layer might form an additive
molecular compound with nitrobenzene, thus becoming unable

to dehydrate the nitric acid present.



§ 1.  NITRIC ACID, ITS PROPERTIES AND CONSTITUTION.

(a) According to V. H. Beley and J. J. Manley,

E. W. Euster and S. Munch, slsolute nitric acid exists

only in snow-white orystals stable below =41°; on melting
it partly decomposes into water and nitrogen pentoxide

which dissolves in the melted acid to form a yellow solution.
The red fuming liquid known as "fuming nitric acid" is a
solution containing a variable amount of Ng0, and §NOp in

4
eoncentrated acid.,

(b) Many investigations on the physical properties

of solutions of nitric acid showed the existance of discon-
tinuities which have been interpreted to mean that definite
hydrates are formed. PFreezing points were 1lunvestigated _

by V. H. Veley and J. J. Manley, heat of solution by

M, Berthelot, J. Thompsen &nd S. U. Pickering, viscosity

by C. Ghéheveau, absorption spectra by W. N. Hartley, and
electrical conductivity and refractive indices by V. H. Veley
and J. J. lanley. The curves showed singularities comrespond-
ing with hydretes with 14, 7, 4, 3, 1}, and 1 HpO.

H. Erdmenn claimed to have isoleted by freezing at low

tempe ratures hydrates with 2, 11, 1 and % HgO. For the present
purpose we are not concerned with the extensive range of hydrs-
tes supposedly formed by nitric acid,it is sufficient to

know that the evidence indicstes that nitric acid may behave
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in solution as a very complex substence undergoing a
number of changes which are only partially comprehended.
(6) Constitution:- Nitric Acid is nearly always regarded

a8 being constituted with quinquevelent nitrogen but
I. I. Kanonnlikoff inferred that the refractive indices
of a number of nitrates agreed better with tervalent
nitrogen., These two hypotheses are symbolized :-
HO-H<3 Eo-N<g
A numter of workers have discussed the electronic structure,
and from observations on the absorption spectra of sodium
and potassium nitrates in different solvents, G. Schelbe
inferred that the nitrate iyon is dipolar, and that the
electronic structure is such that the first of the following

forms exists in equilibrium with a small proportion of the

second :-
£ 0 L 0:
ﬁ - 0 ﬁ é Oé
: 0 0
(a) The coni&itution of the ni£¥1c acid molecule in

solution is not yet definitely fixed but the weight of
evidence suggests that the molecules in aqueous solution
are complex (HNOz)n, and in some cases form the equivalent
of mesonitric acid HzNO, --- W. N. Hartley, E. Aston and

W. Ramsay, W. H. Perkin, S. U, Pickering and V. H; Veley
and J. J. Manley. Anhydrous nitric acid is probably
bimolecular HpNpOg; &nd with acids between 78 and 100% HNOg
there is & mixture of mesonitric acid HaNO4 end the



bimolecular aciad HpNo0g. The former is supposed to be
active and the latter inert.

(o) Further 1ight is shown on the constitution

of nitric acid by sbsorption spectra. XK. Schaefer and
co-workers found that solutions of the nitrates exhibit
selective absorption, while the alkyl¢ nitrates cut off
only the ultrae-violet end of the spectrum. Dilute nitri%
acid has & spectrum like that of the salts, but with s
soncentration above 2N - HNOz, the ester type appears

and with the concentrated acid there is only continuous
absorption. According to A. Hantzsch the optical proper-
ties indicate that two types of molecules can exist, the
ordinary true acid molecule H.NOz which is ionizable and
gives rise to electrical conductivity and the "pseudo acid"
molecule HO.NOp; by & pseudo acid he means one which 1is
homopolar with respect to hydrogen, but whose hydrogen atoms
do not exercise an acid function, which in the ocase of
oxyacids, are linked with oxygen in the form of hydroxyl.
When water is added the pseudo acid becomes a true acid
dhanging its constitution and optical properties. D. D. Karve
found that the heat of solution of nitric acid in alcohol and
ether supports this hypothesis. It is assumed therefore
that solutions of nitric acid eontain equilibrium mixtures
of the pseudo acid HO(NOg) and the true acid H.NOz which

is assumed to be present as oxonium nitrate, ‘H'OHZ)(N°3)°
(£) The absorption spectrum and electrical conduct-

ivity of nitric acid led to the inference that yet a third



type of molecule is present. Solutions of nitric acid
in absolute sulphuric acid contein a largely ionized
electrolyte which is more transparent than an equally
concentrated ethereal or agqueous solution of nitriec acid.
Since solutions of acetic acid in absolute sulphuric acid
producing en acetylium ocation, behave similarly, it is
inferred that & nitronium cation is formed by dissolving
nitric acid in absolute sulphuric acid and the solution
contains nitronium hydrosulphate {30(03)23 (ES04), and
{N(on)g,} (ESO4)p. This hypothesis is confirmed by the

isolation from solution of the nitronium salts :-

{mon)al (c104), fn(on)sz Sg0n.

& IT  SUIPHURIC ACID AND ITS EYDRATES.

(a) While the exigtence of a large number of
hydrates of sulrhuric acid has been surmised from the
properties of its aqueous solution, only the monohydrate
and the te8rahydrate have been definitely isolated. The
absolute acid fumes at temperatures above 30° due to a
partial dissocistion into 80z and HgO.

(b) A number of physical properties of agueous
solutions of sulphuric acid are shown in the accompanying
diegrem (Pig. I ) which appeared in Ephraim's "Anorganische
Chemie", It will be seen that marked changes of direction
in the curves occur at intervels and these are interpreted

as pointing to formation of definite hydrates in solution.






(e) R. Lespleau fractionally crystallised a large
quantity of sulphuric acid monohydrate until the melting
point rose to and remanined stationary at 8.53°%; a temp-
erature identical with that determined by Pickering.
The oconstants in the equation :-

Mx/y, = ax+K
where X = lowering of freezing point,

P &= percentage of dissolved substance,

M = Molecular weight of dissolved substance,

& = (Constant for solid,

K = (Constant for solvent, ---
were determined for acetic, pyruvic and uric acids.

a = l.2, =27, 13.3

K = 48,1, 47.5, 48.0
K may therefore be taken as 48,
The value of K calculated from the latent heat of fusion
is 49.5 taking Berthelot's value 31.7 Cal., and 39.3 taking
Pickering's value 39,9 Cal. Thus from the cryoscopic point
of view, Ho304 .HpO behaves as an individual.
(£) The refractive indfces of sulphuric scid at
different concentrations were determined very accurately
by V. H. Veley and J. #.Manley. The maximum value of the
refractive indices and of the first constant of Cauchey's
dispersion formula (A« - A+BQ +C/4 ) ocour at &
point which corresponds with the composition of a hydrate
Hp80,4 .E20, but otherwise, any indication of the existance
of‘hydrates is doubtful. Livingstongd, Morgan and Devis
found that both the addition of sulphuric acid to water



and of water to sulphuric acid caused an increase in
surfsce tension so that different concentrations of
sulphuric acid may have the same surface temslion at the
same temperature. The property - composition curve again
indicated a discontinuity at the point HpSO,.Hy0.
(g) According to Sir D. 0. Masson there is very
definite evidence of monohydrate formetiom in solution.
He studied the relation between solute molecular volumes
and solvation and ionization and showed that in the molecular
volume curve & discontinuity ocours at the point 84.24 HpS04.
It is noteworthy that acetic acid which may be used as a solvent
for nitration shows a similar change in molecular volume
at its monohydrate point.

These and many other facts prove conclusively

that sulphuric acid forms a stable hydrate with one molecule

of water,
III TERNARY MIXTURES OF 32804, HNOs and 320.
(a) A study of the properties of ternary mixtures of

HpS0,, HNOz and HpO yilelds facts which throw a certain
amount of light on the process of nitration in the presence
of sulphuric acid.

(b) A. A. Saposchnikoff determined the vapour
pressure of different strengths of nitric acid dissolved

in sulphuric acid. His data obtained by mixfng nitric acid
of specific gravity 1.52, 1.48 and 1.4 respectively with






very wide range of concentration. If, instead of absolute
nitric acid we use a more dilute (say 60%) acid for mixing
with sulphuric acid, we first of all encounter & rapid rise
in vapour pressure, the value reaching a maximum and then
gradually decreasing on further addition of sulphuric acid.
The Isobars of vapour pressure show optimum values, changing
direction at points whioch 1lie very near to the line Jjoining
pure nitric acid with an equimolecular mixture of sulphuric
acid and water, Saposchnikoff explains these maximum vapour
pressure points by supposing nitric acid when treated with
increasing quantities of sulphuric acid, to gradually
deliver water of hydration, finally attaining the almost
anhydrous state on the line of equal molecular ratios of
vater and sulphuric acid. PFurther additions of sulphurie
acid beyond this point only serve to diminish the concen-
tration of the already anhydrous nitric acid and consequently
8 gradual fall is then encountered. Thus those acids contain-
ing the least quantity of nitric acid whilst holding the
highest vapour pressures are situated on the line of equal
molecular ratios of sulphuric acid and water.

(d) Saposchnikoff's conclusion, that sulphuric acid
when added to a solution of nitric acid is hydrated and
produces an increased concentration of free .anhydrous nitric
acid molecules, was supported by the work of Paschal and
Garnier on the distillation of ternary acid mixtures.

On the other hand, Berl and Samtleben in a similar study
obtained fundamentally different boiling point and vapour
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composition curves and concluded that for termary mixtures
with over 32% water, there was no evidence of any water

binding action of)??e sulphuric ??%d at the boiling point.
o e ————

S Iv NITRATION.
(1) Influence of Nitrous Acid:-
() It has been suggested by a number of workers

that nitration takes place through the formation of inter-
mediate compounds with nitrous acid. This is true in
certain cases but cannot be accepted as the general mechanism

in nitration of any aromatic body.

(b) Denizes observed that certain hydroxybenzoic

acids can be nitrated by nitrous acid alone and assumed

that a nitroso compound is first formed and then either
decomposed by nitric acid or oxidized by nitric oxide,
arising in either case from decomposition of the nitrous
acid. (Thus the action of metals on nitric acid is probally
analagous, & nitrite being formed first and then decomposed
by nitric acid); Orton in 1907, employing acetic anhydride
as solvent, excluded the possibllity of free HNOa arising
by asdding & little carbamide, and obtained a 90% yield of
nitroamines.

(c)' Martinsen found that nitrous acid plays an
important part in the nitration of phenol, the rate of
production of HNO2 and the rate of nitration running
parallel, When nitrous acid was excluded, no nitration
took place and curiously, although addition of nitroso phenol

inocreased the velocity of the reaction its effect was almost






Schwalbe also obgerved that the solvent had a marked
orienting influence, thus bensylidense - aniline, when
nitrated in concentrated sulphuric acid at 5° yields

P - nitroaniline only, but in glaclsal acetic acid solution,
with a mixture of nitric acid and acetic anhydride, a
mixture of ortho - and para - was obtained.

(b) Tingle and co-workers published a series of
papers dealing with the nitration of aniline and N - subst-
ituted anilines, in acid solvents ranging in strength from
scetic to sulphuric and found that a certain directive
influence could be traced to the acid solvent. It 1is

well known that aniline cannot be nitrated directly, for
nitric acld converts it into a tarry mass. Some workers
hold that "substitution" in the nucleus 1s really preceded
by addition or substitution in the side chain if one be
present, or addition in the nucleus ;&self, followed 1n
eacly case by subsequent rearrangement.

(¢) Moch work has been done with the object of
studying the effect of different atoms or groups on the
position assumed by entering groups. Blanksms fostulates
direct and indirect nitration, indirect substitution giving

12

chiefly O - and p - compounds whereas direct gives principally

the meta type. Holleman has attempted to determine the

effect of relatively small quantities of water on the nature

and quantities of the isomers formed.

(d) The influence of a solvent on the velocity of

nitration is very marked in the case of phenol. Arnall found
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between the state of the nitric acid and the extent of
nitration. EKullgregn put forward the theory that nitric

acid is only capable of nitrating when present in the
unhydrated form and that the part played by the added
sudphuric acid was to set free HN03 from its hydrate or
hydrates. Berl and Klaye indenendently studied the nitration
of cellulose and came to the conclusion that the sulphuric
acid could play two opposing parts, firstly it favoured
nitration by removiang water, and secondly it could al®so
hydrolyse some of the nitrate groups and thus prevent the
action from going to completion. This explains why acids

in the right hand corner of the diagram, rich in anhydrous
sulphuric acid, are unatble to nitrate cellulose and (according
to Patart), naphthalene.

(o) It must be remembered however that the nitration
of cellulose is a decidedly different process from the
nitration of benzéne, toluene and related compounds. In the
first place, "™nitrocellulose" contains no nitro compound at
all, but is a mixture of nitric esters; the chemicsal rgle
played by nitric acid in its formation is therefore not the
same a8 in aromatic nitration, and ester formation is s
reversible reaction; the formation of a nitro-compound is not,
In any case in "nitrating™ cellulose, we have & complicated
heterogeneous reaction in which the mixed acid must be taken
up by the cellulose thread before it is able to react.
Cellulose is composed of a number of fine tubes with usually

& hard, horny, exterior and & hollow interior. The outside
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layers are nitrated first and become more and more
impermeable to the attacking acid so that it is practically
impossible to nitrate the imner layers of material to the
same extent as the outer layers. An analysis of the nitrated
material gives only an average value for nitrogen content
for the outer layers may have as many as twelve nitrate
groups (per clzﬂzoolo), whilst the inner layers may have
been able to attach no more than six. It may be some

such process as this protection of the outer layers, that
enables very strong sulphuric acid to hinder nitration

of cellulose; and there is also the possibility of the
formation of sulphuric esters.

(d) In the case of a simple hydrocarbon, no such
complicated effects are encountered since the nitration
takes place either in homogeneous solution or in a hetero-
geneous system consisting of two well mixed layers only.

It is therefore quite reasonable to assume that a thorough
investigation of such & simple system will yield facts which
are quite likely to have direct bearing on the action of

& ternary mixed acid.

End of Part 1.
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$1. USE OF THE TRIANGULAR DIAGRAM

(1) Rxpression of Compositions of Mixed Acids.

(a) In dealing with the properties of ternary
mixtures of sulrhuric acid, nitric &2cid and water, it 1is
necessary to have some convenient method of expressing
results graphically, by means of which one can cqrelate

the change in & certain physicel or chemical proﬁerty

with variation of the composition of ternary mixed acid.
The triangular method of expressing three variables in one
plane is perhaps most convenient and is very easily manip-
ulated and interpreted by virtue of the simple geometrical
properties of an equilateral triangle. If we represent
pure sulphuric geid, pure nitric acid and pure water at the
three corners of an equilateral triangle then the composition
of any mixture of these three 1s represented by one point
in the trisangle.

(b) In an equilateral triangle the sum of the
perpendiculars from any point to the sides is constant and
equal to the height of the triangle. If we therefore
represent the height of the triangle as 100 unite then the
co-ordinates, (perpendicular distences from the sides) at

any point, will always give a total of 100. Thus to

represent the mixed acid =--
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x} H,30,

y% HNOg

z% HoO
a point is plotted which is x units distant from the
sulrhuric acid zero axis, y units distant from the nitric
acld zero axls and consequently z units distant from the
water axis; (refer to Fig. T , page 23 ), The sulphuric
acid zero 1s most conveniently represented by the side
orposite the corner "H2804“, i.e., by the line Jolning
the points marked “HNOs" and "H20", similarly y is the
perpendicular on the side opposite ENOz and z the perpend-
loulaer on the side opposite Hp0 so that x+y+3 always

equals 100.

(e) The composition of any mixture made from two
different acids, whether they be ternary, binary, or
gimply pure single compounds, lies somewhere on the
straight line joigiing the compositions of these two.

This property holds good on the ternary diagram whether

we are expressing molecular ~ percentage - compositiocns or
cpmpositions by weight. Thus in making up & serles of
mixed acids for use in nitrations by mixing a stock strength
of nitric scid with & stock strength of sulphuric acid in
various proportions, all the mixed acids have compositions
lying on the straight line Jjoining these two.

(d) Another very useful property of the trianglar
system of representation is to be found by comsidering the

CEANGE IN COMPOSITION OF A TERNARY MIXED ACID DURING NITRATION.













2.1

From graphical work it was concluded that the points

Ps, Pn and Pw lie on one straight line.

(3) In order to further extend this principle a
general system was tested graphically in which nitric acid,
sulphuric acid and water were replaced by three hypothetical
compounds of molecular weights 3, 2 and 1 respectively,
Again, on determining the radiant points Py, P,, and Ps, they
were found to lie on a straight line the distances being
given by 3/3-D, 2/2-2, and 3/3-2 respectively.

(k) The General Statement of the Nomogram is as
follows :- =~-- 1If we renrcsent the compositions of any

ternary system A, B and C on & welghts-percentege triangular
-0

diagram, then if we consider the process XA+ y.B+z.C =

x.A+ (y+2)B taking place, the lines of weight composition

chenge during the process when produced backwards meet at

& point Pi which we will call "radiant point of the system"”.
This radiant point lles on the prolongation of the side of
the triangle Joining the points C and B and the distance

of this point from C is & function of the molecular weights
of C and B respectively and 18 equal to Molecular weight of
compound B divided by the &ifference between the molecular
weights of oompounds B and C, (where the side of the triangle

is taken as unit length.)
Similer considerations apply to the changes

-4
xA+ yJB+2.C = FJB+ (x+x)C
&
end x. A+y.B+3.C = (x+ y)B+ 2

The three radiant points lie in one and the same straight line.
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It also measures the M.N.B. mols. taken per 1CC mols. of
spent acid, since the number of mols. of total acid plus
water remains unchanged during nitration, as has been
pointed out.

(b) If, further, the whole of this M.N.B, is
attacked chemically, then the same verticel height measures
the quantity (in mols. per 100 mols. of ternary acid) of
D.N.B. (dinitrobenzene) formed. If the M.N.B. is only
partly nitrated the quantity of D.N.B. formed is measured
by a proportional length of the same vertical co-ordinate.

This principle will be used later on, particularly in $T ,(10)

(3) Solid Models :-

(a) By employing & third dimension in space it is
possible to express another variable, such as the time
element; and an attempt to depict the change of acid
composition at any time during & nitration has been made

by constructing, from experimental data to be given later,

a s0lid model showing the acid composition on a triangular
flat plane, and the time of nitration by vertical height
above this flat trisngle. Thus by cutting slices parallel
to the base, one can obtain an approximate idea of the
progress of a nitration after any time interval has elapsed.

A photograph of this model appears in the front of this

thesis.
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limiting line of dinitration are all able to perform

dinitration even if it is to an Infinitesimally siiall
extent whilst acids to the left cannot dinitrate even a

trace of mononitrobenzene.

(¢) In the literature there seems to have been some

uncertainty about the meaning of the term "area" or "zone"

of Nitration. A. A, Saposchnikoff in studying the ™itration"
of cellulose was able to draw three limiting lines across

his triangle of nitrating acids each line representing the
limit of a certaln stage in the "™nitration" of cellulose.
Patart, studying the nitration of naphthalene also recognised
a division into definite gzones of nitration; by recalculation,
his results cén be expressed on & triangular diagram dividing
the triangle into four zones, --- a zone of tetranitronaphth-
alene, a gzone of trinitro --- naphthalene, a zone of
dinitronaphthalene and final zone of mononitronaphthalene,

(4) Both these investigators employed the same
method. They took a fixed amount of initial mixed acid,

of knowvn comyposition, say 300 grems, and with it nitrated

a fixed small amount, say 10 grams of the organic material.
By meesuring the nitrogen content of the final organic
product they were able to plot points on their diagrams,
grouping together acid compositions giving approximately

the same nitro content in the nitrated material. Thus, for
instance, the area containing all acids producing a nitro
product whose nitro - content indicated the presence of

approximately two nitro groups was called the "Zone of

Dinitration®.
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(e) From the industrial point of view, which no doubt
was their chief consideration, this method of dividing into
"zdnes"™ has 1ts uses but its shortcomings in the realm of
pure chemistry are many. In the first place the nitro
product produced is only known by an average figure, its
composition not being completely defined by its total
nitrogen content since it may be a mixture of meny different
nitro compounds. In the second place the initial mixed

acid used has 8 different composition from the acid which

is actually doing the nitration. The actuval nitrating acid

is continually vearying in composition becoming more and more
dilute as nitration proceeds. This complication is only
partly excluded by teking an excess of initial acid. PFinally,
the division into zones 1is only approximate.

(£) The present method of defining & "zone" or

"area™ of nitration bhas many advantages over this older
method., The general principle is similar, but the exper-
imental method is capable of much greater accuracy.

A diegram showing the limiting lines of Seposchnikoff, Patert
and Xostevitch (for nitrotoluene) is given near the end of
this thesis and a short section is devoted to & comparison

of the results of these workers with the results of the

present work.

(2) General Plan of present Method.

(a) In order to find the compositions of acids where

dinitration ceases, & series of mixed acids are allowed
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to nitrate nitrobenzene, under strictly defined experimental
conditions, until sufficient water has been produced and
no further action takes place., By determining the compos-
itions of the spent scids obtained in this manner one
obtains a direoct estimate of the required limiting concen-
tration which marks a definite property of the acid mixture
analysed., By Jjoining the compositions of spent acids one
can establish the limiting line of dinitration provided
that the limiting composition, reached, is independent of
other variables, It will be shown that the composition of
an acid in which nitration ceases at 35° is, in fact, but

1ittle affected by the conditions of the experiment.

(3) Choice of Materials.

(a) It was pointed out in Part I of this thesis
(Qw,®Wpage 'S ) that one can minimise the chance of
consecutive actions taking place, during nitration, by
choosing a suitable material in which there is room for
only one entering nitro group.

The simple hydrocarbons benzene and toluene are
very convenient on this account, and of the two, benzene
offers the most straightforward type of nitration.

(b) In the transition from toluene to trinitrotoluene

marked
the three steps are not sharply/for in attempting to meke

dinitrotoluene, the formation of some trinitrotoluene is

hardly avoidadble, and if only sufficient nitric acid has been
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taken to provide for the formation of dinitro compound,
the formtion of some trinitrotoluene is necessarily
ascompanied by the equivalent residue of unitrated material.
{c) It was chiefly for this reason that nitrobenzene
was chosen as a starting material for nitration; because
the transformation of mononitrobenzene into dinitrobenzene
is a definite step since trinitrobenzene is only formed with
great difficulty and in poor yield by using fuming sulphuric
acid under high temperature. Mononitrobenzene also possesses
the advantage of having no oxidisable side-chain and the
chief product of nitration is the meta-dinitro derivative.
The present work has not attempted to differentiate the
isomeric dinitrobenzenes obtained; doubtless there is some
variation in their proyortion and this will need further
study after the main lines have been cleared up. For the
present 1t is only necessary to indicate that the dinitro
products under the most favourable conditions will only
consist of aboutl®p of a mixture of ortho - and para -
dinitrobenzene, while the majority of nitrations will
produce considerably over ninety percent meta-compound.

The present work refers to the nitration of
benzene., A few points have also been obtained for the

corresponding nitration of toluene,

(4) EXPERTMENTAL,

Methods of Analysis.

General:- Both strong "mixed acids™ and dilute "waste acidsg"
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were analysed by the same method, Nitric acid was dlirectly
estimated in & Lunge Nitrometer, in the ordinary way.

The figure obtained includes the small quantity of nitrous
acid which is always present at the end of the nitration.
Nitrous acid was also determined separately by means of
potassium permanganate and back titration with oxalic acid.
The guantity of nitrous acid varied throughout but was always
very small and less than one percent. The total acidity
was measured with standard sodium hydroxide solution using
methyl red as indicator (since small gquantities of nitrous
acid quickly decolourise methyl orange). Knowing the
concentration of nitric acid, sulphuric acid was calculated
by difference from total acidity. The concentration of
D.N.B. in M.,N.B. at the end of a nitration was estimated

by & density determination, carried out upon the isolated
nitro-body.

Detail:-

(a) Determination of Nitric Acid.

To ensure maximum accuracy in acid analysis
it was necessary first to determine the conditions for
maximum efficiency of the nitrometer. The yield of nitric
oxide from a given quantity of nitric acid varies consider-
ably with the concentration of sulphuric acid present whilst

shaking with mercury. A general mixed acid was made up
small quantities of which (weighed out with the Lunge pipette)
were shaken up in the nitrometer with gquantities of 8 ces. of

different strengths of sulphuric acid. The maximum yield of gas



was obtained when the total water content lay between

17 and 23%; If the acid vas more concentrated than this

a gradual reduction in volume was registered, resulting

in too small a figure for nitric acid content. On diluting
below 77% HEp304 no nitric acid was formed for a considerable
time, oxides of mercury rapidly form and the whole mixture
became sticky. It was also found that & slight loss of
accursey amounting to 0.1 or 0.2% was effected by taking
readings too quickly after shaking, the contents of the
nitrometer should be allowed to stand for half an hour in
order to liberate any NO which has been dissolved through

excess pressure caused by shaking. Shaking is best carried

out, as far as possible at atmosvheric pressure., Two effects
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are at work during & nitrometer estimation of nitric acid, the

physical or solubility effect and the chemical effect which
1s analogous to the action of nitric acid on various metals,
when different products can be obtained by varying the
dilution. This latter effect depends upon the concentration
of acid and between the limits of 17% and 23% water, the
formmtion of products other than nitric oxide is negligible.
The solubllity effect can be corrected by tables drawn up
by Lunge; he suggests adding 0.2 ccs. nitric oxide at 25%.
and 0.3%ecs. at 0%. At the given strength, however, the
solubility of nitric oxide in sulphuric acid must be very
nearly equal to the solubility of air already dissolved in
the acid before addition. The following results, obtained

in an analysis of nure potassium nitrate show that s
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surprising degree of accuracy can easily be obtained in
nitrometer estimations :-
0.0896 grams of pure KNO3 yielded 20.90 ccs. of NO at
757.9 mms. pressure end 13.4°C.
Vol of NO at N.T.P. = 19.86 cos,
This amount of nitric oxide is theoretically equivalent
to .0897 grams of ENOgz. Error = 1 part in 897,
For each acid analysed, two or three nitrometric determin-
ations were made showing in all cases good agreement.
Specimen Nitric Acid Determination :-

Wgt of Acid used., Vol of NO. Pressurg. Temp. HNOzcontent.

(1) 0.3352 grams 24.53 ces. 763.6 mms 19.0° 19,349
(2) 0.3776 " 27.70 " 763.6 " 19.5°  19.364%

Average for two determinations = 19,.35% HNO3
(b) Total Acidity Determination.

Little need be said about this as the method
employed was simply to titrate the acid against standard
0.1l normal sodium hydroxide solution. This in turn was
referred to an ultimate standard made up from & welghed
quantity of ignited pure sodium bicarbonate. The acids in
all cases were weighed by difference from a Lunge weighing pipe
-tte which minimises transference losses by funing. A sharp
end point was obtained as nitrous amid only very slowly
decolourises the methyl red indicator. The burette was

read to 0,01 cc. Each determination was duplicated,












estimat ing the amount of nitric acid used in combination
with nitrobenzene, The analysis of the nitro product

is therefore a very suitable control test. Two physical
methods of estimation suggest themselves, the refractive
index and the specific gravity. The former is ruled out

on account of the small differences observed in refractive
indices of widely different mixtvres of M.,N.B. and D.N.B.
and also because of the varistion im colour of the nitro
product. The density method is sensitive to a surprising
degree the only disasdvantage being that in determinations
with a Westphal Balance, at least 150 grams of nitro product
must be avallable whereas the refractive index method

using a refractometer requires only a few drops of materisl.

(£) Calibration of the Westphal Balance.

A quantity of mets dinitrobenzene was prepared
and purified by recrystallising from alcohol, M;Pt. 90°%.
A number of artificial mixtures were then made up with
mono nitrobenzene ( specific gravity 1.209 at 15°) and their
densities determined by means of a Westphal Density Balance.
There was a small but noticeable fall of temperature on
dissolving D.N.B. and during the density determinations, the
mixture under examination was surrounded by a water bath
st 15%. The fo:lowing data were used to draw up & ourve

showing the variation in density with composition:=

35
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Wgt of D.N.B. in 100 grams M.II.B. Density at 15°
0.00 1.2088
2.08 1.2133
7,702 1.2237
12.90 1.2326
19.74 1.2427
29.23 1.2564
35.73 1.2647

The curve is very nearly a straight line and by drawing
to a large scale the concentration of D.N.B. in ILN.B.
can be easily measured to 0.1 gms per 100 grams.

The method of determining an organic nitro
product was to wash well with water, dry over Ca(NOz), and
measure the density. On comparing with the previous
calibration and knowing the total weight of nitro produect,
the D.N.B. formed during nitration can be easily estimated.
In most cases nitro products were already liquid containing
below 30% D.N.B. but if eny solid was present extra mononitro
benzene was added to dissolve up for the density determingt io;

A correction was then applied for the extrs nitrobenzene

introduced.
(5) Dedtails of Nitration Method.
(a) The method of nitretion was that which is

ordinarily employed in the laboratory, carried out in s

careful routine manner. A known weight of mixed sacid is
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introduced into a large round bottomed flask and the
calculeted quantity of nitrobenzene weighed out into a
graduated dropping funnel, 5 ces. of M.N.B. is added
and the mixture well shaken, heat is developed and the
temperature kept below 35° by cooling under the tep. The
contents of the flask are separated from the ountside
atmosphere by & cork (through which the thermometer passes)
thus losses through fuming and errors through moisture
absorption are mirimised, Adddtions of M.N.B. are at first
slow and it 1s necesssry to cool between additions so that
the temperature does not exceed 35°, When most of the resction
is complete M.Il.B. may be added at & much quicker rate the
total time of addition being between & hour and an hour,
depending on the amount of nitration taking place. Finally
the nitration mixture is well shaken the temperature being
kept constant at 35% by émmersing the flask in a large
beaker of water, until the expiration of the given time
(usuelly 2 hours). A complete log of each nitration is
kert showing the time, temperature and condition of the
nitration throughout. A note is also made of the appearamce
of a second phase when the solubility limit of nitro compound
in mixed acid is passed and also any observations on precip-
itation of solid D.N.B. etc.
(b) After completion of the resction, the nitraetion
mixture is cooled and a large quantity of water carefully
added, cooling all the while under & tap. This final
dilution is to extract acid from the orgsnic layer and



nitro-comrounds from the acid layer. After shaking for

ten minutes the contents of the flask are allowed to

stand for twenty four hours when two clear layers result,
(1f any solid D.N.B. is present after nitration, a further
quantity of M.N.B. is added as solvent -- after dilution;
this further quentity is labelled "M.N.B.II" in the tables,
(c) The two layers are separated by a special method
described below, and analysed in the usual way for nitric
acid, total acidity, nitrous acid and dinitrobenzene. Water
is obteained by difference after corrections have been

applied for the addition of extra diluting water.

(6) Special Method of Separation.

The @iagram shows the arrangement for separation
of two layers. A small pip P is previously blown in the
round bottomed litre flask used as nitrating vesssl;
¢ is a narrow tube of csppillary bore drawn out to a
narrow diameter at the end which just dips into the smsall
trough P. D 1is a single bore stop-tap and B the welghed
receiver. The pressure in B is lowered by suction and
the three way stop-cock E oan be used either to connect up
the filter pump with B or as an air inlet to either the
flask B ow the filter pump. Before separating, the
nitrating flask and contents are allowed to stand for an
hour, the temperature being kept constant at 35% by
emmersing 1t in a large water bath with suitably adjusted

7
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flame; (on account of the large bulk of water, the temper-
ature can easily be mainteined between the limits 34° and
36°). When two clear layers have settled out the stop-
cock D is closed and the capillary tube introduced,

B is partially evacuated until a head of about 25 cms. of
mercury is realised then D is opened and the bottom layer
8lowly drawn off. The last drops of acid layer collect
in P and care must be taken to shake the flask two or
three times, dislodging any acid clinging to the sides
which can be coaxed into the pip by a gentle tapping of
the flask., The finsl separation is best accomplished by
drawing the surface of separation up to the stop-cock D,
then by suddenly removing the tap the remaining acid is
drawn into B whilst the nitrobenzene runs back into A.

In this way a very accurate separation can be accomplished.
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Separation without previocusly diluting after nitration is
often made difficult by production of a deep red colour
formed during nitretion; this arises from traces of amino
impurities present in the niltrobenzene which couple up with
nitro compounds producing a deep red condensation product,
soluble in both layers. Thus it is often difficult to see
the surface of separation unless a bright light is suitably
arranged behind the vessel A. After separation the second

layer is drawn off into another weighed recelver in the

same mamner,

L X e Y s

(7) Control Tests.

(a) Acid Analysis:- The analysis was occasionally

checked by estimating sulphuric acid gravimetrically.
Good agreement wag found, e.g.; -

Experiment E

By Difference (Total acidity method).. 83.48% HpSO,
A¥verage of 2 determinations

By gravimetric method (weighing as Bas0,) 83.47% HpSO
Average of 2 determinations.

(b) Repetition of Nitration with different total mass :-

In nitration test (a), test (b), test (c), the
starting conditions were identical except that the total
mass involved varied 1n the ratio 1: 3: 9; the relative
amounts of M.N.B, and mixed acld remaining constant.

The initial starting acld contained 47.95/ HFNO; (moleculer

percentage) and the final spent acids a, b and ¢, contained
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These molecular baslance sheets are fully laid out in the
tables at the end of this thesis and the following example
gives some idea of the type of agreement found :-

Nitration X, Molecular Balance.

Before After Difference (Theory = Q)
" HNOg 4343 .0778
- 0032
" H20 «2031. <0564
" M.N.B. 1.,7377 1,.,3850
- - 00001
n D.N.B. 0.0 5 . 3528
Total Mols. 2.9549 2.95820 ~ .0029

(Error is approximately 1 part per 1000)

() Varistion in Time of Operation :-

In experiments I, I -~--- XX an investigation
has been made into the time element. Velocity curves
which will be discussed later will prove that the process
of nitration at 35% may take anything from one to
sixteen hours for completion depending upon the composition
of the mixed acid used. 1In general; a nitration takes
more than two hours for completion and hence s number of
the two hour points must be regarded as intermediate acids
governed largely by the conditions of experiment. 4 full
investigation has been made into this time effect,

(e) Variation in Relative Cuantities :-

Results go to prove that the velocity of nitration
depends upon the relative quantities used but the cbmposition
of the final spent acid (reached after 16 - 24 hours nitration)

is very 1little, if at all, affected by this condition.
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The effect of changing the relative quantities is notieed,

of course, in incomplete (or two hours) nitrations where

the velocity of nitration determines the end acid composition.
Sections under the headings "Distribution Effects™ and
"Homogeneous and Beterogeneous Nitrations™ deal fu ly with
this question and 1t is pretty certain that the chief
influence at work is the variation in the extent of
heterogeneity produced by varying the relative quantities

of mixed acid and nitrobenzene which is directly connected
with the intimacy of mixing separate phases during nitration.
(£f) Reversal of lMethod of Addition :-

An experimental nitration (IV) was performed
by adding mixed acid to nitrobenzene instead/gfce—versa.
4 slightly different waste acid results after two hours
of nitration but this again is only & velocity change effect
which also will receive consideration in later sections.

The results of nitrations are full[laid out
in two sets of tables at the end of this thesis. The
first set 10 -- 25 includes early nitrations performed
in two hours and the second set I --- XX ° includes
& number in which the conditions of time, relative
quantities etc are varied, 1In the first table in each
get the experimental observations are given; the second
table is calculated from this and shows the gquantities
of constituents, by weight, present before and after
nitration; the third table gives a similar summary in

terms of molecular quantities and the final table gives
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the molecular percentage compositions of mixed acids and
weste acids respectively. We camnnot attach much finality
to the first set of nitrations and merely include them

for the sake of completeness, they are all two hour
nitrations in which the reaction has not gone to dompletion.
In the second set I --- ié%;, all nitrations give good

"quantit¥" and "molecular™ balance sheets,

(8) Discussion of the Experimental Facts.

(2) For the purpose of discussion, the nitrations
may be divided into three maln classes.

(1) 2 Hour Heterogensous Nitrations,

(2) 2 Hour BEquimolecular Nitrations.

(3) 16 - 24 Hour Nitrations,
Table XVl page 06 shows the chief experimental data of
nitration series I, II, III, =---- XX, including the
molecular composition of the mixed acid used, the ratio
of the quantity of M.W.B. (mononitrobenzene) used to the
quantity of nitric acid present in the initisl mixed acid
(in molecular quantities) the temperature of the experiment
and the duration; the type of nitration i.e. two-phase or
one-phase which is also described in places as heterogeneous

or homogeneous; and finally the comnosition of the waste
scid in molecular percentages, fThese acid compositions have
been plotted on & triangular diasgram of molecular compositions

Pig., 00 page 50
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(a) From the position of the curves on the triangle
it is at once seen that heterogeneity has a very marked
retarding influence on the nitration veloctty since in

every case, an equimolecular 2 hour nitration goes further
than a more heterogeneous 2 hour nitration. In the region
of point I and TII there is only & slight difference whilst
as we increase the nitric acid content the divergence of

the two black lines steadily increases reaching a maximum
somewhere near the points VI and XVI when there is a
difference of nearly 7% of nitric acid between the two,.

As we lncrease the nitric acid still further, the two

lines approach one another very rapidly.

(e) The reason for this curious maximum divergence
is not far to seek when we remember that nitration VI was
completed in one phase whilst nitration XVI became heter-
ogeneous very early. We have therefore the case of a given
acid nitrating easily, since the material undergoing
nitration is dissolved by it and therefore in very intimate
contact with it, and on the other hand in experiment XVI

we have the same mixed acid nitrating under great difficulty
besause two layers are present and even the most vigorous
shaking cannot establish such an intimate contact between
nitrating acid and the material which it is attacking.

(£) Now in experiments I and II we have a given
mixed acid whose ability to nitrate is hampered in both wases
by formetion of two layers. Both are therefore heterogeneous
nitrations and the difference in nitrating velocity is to

be attributed onlV to & difference in the degree of heter—
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-ogeneity which would not have such a blg effect as the
difference between & one layer and a two layer nitration.
Why there should be such a large difference between the
points X and VIII is rather difficult to understand, since
nitrations I and VIII were equimolecular with respect to
nitric acid content whilst II and X were heterogeneous to the
same extent each, having g molecular excess of 3 mols. M.II.B,
per mol. HNOz. There is evidently some other effect apart
from heterogeneity influencing nitration velocity in the
region of VIII, for even if we allow for the experimental
disceepancy in sulphuric acid content, ( which is larger

for the point VIII than for eny other point), there still
remaing a considerably greater distance between the two
black lines at VIIYI and X than at I and II. It may be that
this disappearance of a small amount of sulphuric acid

is somehow connected with the apparent increase in velocity
of nitration or it may be because two liquid layers are

not present in nitration VIII, the organic layer coming

out as solid D.N.B. whilst in nitrations I, ITI and X two
liquid layers were present at the end and, as will be shown
later, the distribution of acids between the two liguid
layers, which distribution effect being absent when the
organic layer is solid, could easily account for this
divergence. This experimental fact is worthy of particular
notice as it has imoortant bearing on later dissussion

dealing with distribution of components during nitration,
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(9) The Sixteen Hour Curve:-

(a) The curve marked in red on the triangular diagram

is very probably the limiting curve of dinitration. The

extent of this probability cannot be measured without

further experiments, and considerations which will be
gradually brought out in the rest of this thesis. It would

not be wise at this stage to anticipate results brought out
in the later matter for we must first of all look into

the following,as yet unansweretle questions.

(b) Is there any such thing as a stoppage of

nitration or do our 16 hour points merely revresent places
vhere the velocity of nitration has become so small that

a very lcng time elapses before apprecieble change in the
nitric acid contz%akes place ?. Granting this point for
the moment and assuming that our 16 hour nitraetlons represent
true finalities, it is still questionaktle whether acid
concentration is the gole factor dedlding such stoupage, or
whether (e.g.) the amount of excess M;H.B. may not have

a share in this, If acld concentration is not the sole
factor, then there is no such thing as a limiting curve

in the triangular diasgram, excepting for arbitrarily
specified other conditions. For instance, suppose the

ratio 1.N.B. : 1I/A (mixed acid) affects the end-concentration :
then the limiting line btedomes & family of lines, each line
corresponding with some fixed excess of M.N.B.

(c) Next, is the stoupage a stouvaze?. Admittedly

the 16 hour nitrations show that it is presctically so;




Since the change in nitric acid content between the first
two hours and the next fourteen is very smsall, tut there
is & biz difference between a very low velocity and none
at all. Now if it were only a matter of sluggish velocity
at 550, then raising the temperature to say 70%c, would
make g manifold increase in speed - it should do, (according
to lartinsen's figures), in one hour at 70° what would
take & day or several days at 35° thus by perTorming a
high temperature experiment any change in the "final"
spent acid shouvld be easily observed.

(d) This was precisely the reason for performing
experiments XVIII and XIZ. Both were carried out with

the same inital mixed acid, the weights of acid and LI.I1.B.
beirg the same in each case. Both were carried out under
exactly the ssme conditions for the first eight hours the
operations of additions of 1I.IN.B. and shaking being accur-

ately duplicated. After the first eight hours of nitration
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at 35%, the nitration mixture XIX waes raised to a tempersture

of 65 - 70% and well sheken st this temperature for four
hours whilst nitration mixture XVIII remained at 35° for
another eight hours, 1In brief --- experiments XVIII and
XIX were ldentical except that XVIII received sixteen hours
nitration at 35% whilst XIX had the equivalent of at least
geventy hours at 35%. It was found that a little more
nitric acid (3;l) had Teen used in the very long nitration
but the amount is so small in comparison with the {tremendous

increase 1n duration of nitration that we can safely say
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able to dissolve more nitro-compound than it can nitrate
and a hetergeneous nitration as one in vhich more materisl
is nitrated than can be retained in solution. The following
table from the results of experiments shows how the ratio

of "™nitratable materisl"™ to "dissolvable material™ varies
along the range of acids. The dissolveble material 1s
calculated from the number of ccs of M.N.B. present when two

layers form and the nitrateble material 1s calculated

from the final analysis of nitro-ccmpound. <%ITAA3LE'II

Expert. Compn.of 14/4 | Mols, M.I.B. [Mols. M.U.B.|Time in
in Mols .4 Tor two layersnitrated Hours.
st“_‘ﬁ‘éo‘l 05 HgO A
XX -0 184.8'15.2) all (1.22) 026 'f‘*HE -
50 |0  .83.3 16.7  all (1.28) 035 | 20
| f !
23 4.9 80.6 14.5 a1l (1.28) .109 -
XIV | 7.9 75,7 16.4 a4 .099 ( J
] K | L ] N
v X9 ivs.v 1634,  all (1.75) 2585 2
10 (12,5 ['72.7 14.8 45 195 2 s
. | \ $
XVI [14.4 | 70.0 15.6 265 o W127 %
VI |14.4 | 70.0 i 15.6 393 - .301 2 S
1 | .
| | |
22 (14,2 | 69.1 16,7 5 - .128 2
21 22,7 | 64.0 13.3 30 . .251 2
| ! J ! |
19 22.2 %6344 e w28 20l &2 _
\ | ! ~
XI 29.8 :55.5 14.7 177  .239
! | } :
XIT (29.8 55.5. 14,7 .157 .262
{ t °
| ' N
XTI | 29.8 55,5, 14,7 177 391 ;
x

18 . 33.4 ’51.1 15.5 ? 242 2
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triangular disgram ( Fig. ™ page 65 ,)

(c) It is evident, at the outset, that this
division of the triangle is dependent on the series of
initial mixed acids chosen and is only true for that
particular series. It 1s useful however in giving a direct
indication of the progress of nitrations actuslly met
with in the present work and enables one to say exactly
how far a given reaction will proceed befcre two layers
first form. Starting with any mixed acid on the line

of initial mixed acids showvn, the molecular composition
changes during nitration along the sulphuric acid parallel
and when 1t reaches the line dividing the two regions
"homogeneous" and "heterogeneous™ it has become saturated
with dissolved organic materigl and forms & second layer.
From this point heterogeneity gradually increases until
the acid ends up on the limiting curve of dinitration.

(d) It is noticeable that when between 0 and 55
molecular percent of nitric acid is present in the initial
mixed acid, the dividing line between the two areas is
very nearly parallel to the line of initisl mixed acid
compositions, then beyond this concentration it suddenly
curls round to meet the limiting line of dinitratiom.

A11 initiel mixed acids having between about 55 and 11
molecular percent of nitric acid are able to dissolve
approximately the same amount of nitro compound and the
corresponding nitrations become heterogeneous before they

have gone half way to completion. Above 55% nitric the

nitrations rapidly become more and more homogeneous until









end up at Q as before. If we nitrate mononitrobenzene with
the acid of composition P; again avoiding any excess of
mononitrobenzene, PT mols. of mononitrobenzene will be
used up giving rise to PT mols. of dinitrobenzene per 100
mols., of waste acid G. The waste acid will therefore be

Just satursted with dinitrobeunzens, If one did g third

nitration with mixed acid behind Pssay Ms then on its
ceasing to nitrate (at Q) it would have made y too many
mols. of dinitrobenzene for it to keep in stable solution.
Hence for the ziven sulphuric acid parallel, the point P
reprcsents the limiting composition of & mixed acid for

homogeneous nitration, and it is found by measuring the

solubility of dinitrobenzene in the acid §, and measuring

off as indicated.,

(o) Similarly, on & second sulphuric scid parsllel,
if the waste acid v will dissolwve x'mols. of nitrotenzene
then the initial mixed acid which just performs its nitration
in one layer is represented by the point P'; any acid behind
P' will evéntually end up by producing two layers. The

locus of the point P therefore is the true bouudary between
homogeneous and heterogeneous nitrationg, if we define

a "heterogeneous" nitration as one which, when it has gone

to the limit marked by the limit curve with no excess of

M.li.B., has produced two layers,

(£) EXPERIMENTAL:-
Determination of Solubility of D.N.B. in Final Waste Acids

A serlies of limiting waste acids, was made up

by diluting the original mixed acids marked -E- in
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(fart D G HYDRATE FORMATION.

(a) At the end of sixteen hours vigorous shaking
with M.N.B. at 35° appvarently no further change takes place
in the composition of a ternary acid. The quantity of
nitric acid remaining in this spent acid depends upon the
ooncentration of sulphuric acid and water. Since there is
no tendency for nitration to be reversitble, we cannot perhaps
strictly say that the acid is an "equilibrium™ mixture, but
at any rate the reaction has reached completion. The
natural inference is that the nitric acid now present is

no longer in the same state in which it existed in acids
capable of nitration. 1In these, thereforc, a certain
modification of the nitric acid,capable of nitration,is
present and the concentration of these active mdlecules

or modifications of nitric acid must be directly controlled
by the concentrations of sulphuric acid and water.

(b) A1l spent acids lie to the left of the line
joining HIIOz and an equimolecular mixture of E2’304 and

Hp0; and gince the limiting line of dinitration passes
through the point HoS04, HpO we have definite indication
of the formation of sulphuric acid monohydrate as a

factor in nitration. That this equimolecular mixture

is essestially a monohydrate of sulphuric acid is well
attested by a large number of other properties ( which have

been summarised in part I of this thesis). All the svent

acids can therefore be regarded as composed of Hp30g4, Hgo
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(or its oxonium salt) to form water whilst the free NO,
group attaches itself to the organic molecule, 7Thilst

not dogmatising on the idea of pseudo acid production it
offers at any rate s plausible explanation of how sulphuric
acid may perform its work in increasing the rltrating power

of acid mixtures.
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T~

& e VELOCITY OF NITRATION REACTION.

Very few figures can be gathered together from
the literature to show any light on the question of
reaction velocities in connection with the nitration of
mononitrobenzens.
(a) An elaborate investigation into one side of
the question, however, appears in a paper by Haavard Mertinsen
- 1905, He unfortunately confines his attention to a narrow
belt of mixed acids lying very near the Hzo - H2304 gilde
of the triangle, leaving the major part of the triangle
unexplored. His object in using such s series of acids
was largely to keep the mixtures homogeneous i.e. his
mixed acids lay in the area painted red in the previous
triangllar disgram Fig.1V page <5 ., The present work was
not planned to investigate reaction velocities directly
but since experiments I --- XX can be regarded as an invest-
igation into the time element, approximste curves can be
drawn which bring out many important facts.
(b) Seven different mixed scids, distributed across
the triangle have been used to nitrate M.N.B. for periods of
time ranging, with each acid of the seven, from 2 hours to
£4 hours. By estimating the change 1in nitric acld content,
as determined by waste acld analysis, an spproximate relation
can be established between the nitric acid used up in nitration
and the time of reaction. The figures for each experiment

have been recalculated so that in each case we consider the

initial weight of nitric acid present to be 100 grams,
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molecular quantities ratio as XIII, both being equimolecular
nitrat ions therefore XII end XIII belong to the same system and
can be connected by a smooth curve passing through the origin.
This curve marked "h" shows how the velocity of nitration

varies with the time for the given equimolecular conditlons.

In the same way the points VI and VII are related and

can be joined by a second curve -- e.

(£) Now consider the point XVI which represents

the quantity of nitric acid which has disappeared in two
hours, Both VI and XVI had the same initial mixed acid

but nitration XVI, being the more heterogeneous of the two
has not proceeded so quickly as nitration VI; even after
nitrating for six hours under these conditions of hetero-
geneity, the nitric acid consumption is still short of

that achieved in the two hours of homogeneous nitration -
gsee points XVII and VI, A curve "d" has been drawn through
the points XVI and XVII to represent the change in reaction
velocity during the more heterogeneous type of nitration,.

(g) For a given mixed acid, therefore, we must

draw & bunch of curves to represent the change in reaction

velocity, each curve being governed by the initial conditions

of relative quantities used. These buncles of curves are

contained within the shaded areas on the diagram;ravi; the
upper limits of these shaded areas, represented by the curves
€, j, b, e and o, being true for the least heterogeneous types
of nitrations performed in the actual experiments; and the

lower limits, represented by the curves k,i, g, 4, and b,

being true for the conditions of maximum heterogeneity ghosen,
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(h) Let us now consider, more carefully, these
bundles of curves. The first question ealling for answer

is "Do these bundles taper to a point &f a sufficiently

long period of time is taken?" If they do, it means that

heterogeneity is merely a retarding factor and the final
waste acld produced is independant of the relative quantities
taken, This question cannot be answered conclusively
without & further compilaetion of a good deal of extrs
experimental points on the curves --- but the weight of
evidence is in favour of a tapering effect. In every case
the more heterogeneous curve spvroaches the more homogeneous
one as the time increases and the only point about which
there can be any doubt, in this respect, is the point marked

XVII. TWe can safely say that 1f the relative quantity of

mononitrobenzene to mixed acid has any influence on the com-

poeition of the finel spent acid, this influence is very small.

(i) Next: "Do the curves indicate that the spent
acid obtained after a 16 hour nitration is & final sacid
whose ability to nitrate has been exhausted?", After a
period[giom 2 to 8 hours the velooity curves become slmost
straight lines, almost parallel to the time axis., It is
evident, therefore, from the shape of the curves and the
rapid slowing down of velocity with dilution that for all
practical purposes the nitration is complete after sixteen
hours., Thus the difference in composition between our

sixteen hour waste aclds and truly exhausted acids is at

the most a very smell one and it is very probable that the
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(m) It is interesting to notice that Martinsen's
flgures sgree with the present limiting curve of diritration
in that it passes through the point at which sulphuric acid
monohydrate represents the spent acid composition. In
experiment 2 where his solvent is 1 molecule H2304 per
1,03 molecules water he gives the following comvositions :-
" 1COcoms .nitration solution, containing 20 cems. HoO and
1l com. M,N.B,.; sulphuric acid of specific gravity 1.839.
The specific gravity of diluted acid is 1,782.

HoS04 = 18.16 normal

H20 15.64 normal

and 1 Mol. HpS304 is present to every 1.03 mols. HpO ~---
w--== gufficient nitric acid is present to nitrate all
the M.N.B.".

From these figures we can cldlculate his mixed acid in
molecular percentages :-
EHO5 present = 1.209 grams M.,N.B. < .62 greams HNO,
T .00984 gramf molecules of HNOgz.
therefore out of 1 gram molecule of mixed acid we have:-
.00984 gram molecules HINOgz
+ .99016 " " HoS04 + HgO.
end H,S04/H,0 = 100/103, therefore the mixed acid consists of
48.,78% Hy304
0.98% HNOg By Molecule.
50.24% Eg0
At 25%, .62 grams of HNOz is present initially. After

270 minutes nitration sufficient nitric acid remasins to
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distribution but it will be remembered that the question
of relative welghts had an important effect upon the
velocity of nitration.

(c) It seems to be quite generul to find most

of the nitric acid present in the organic layer at end
points of nitration and the effect of dilution is rapidly
to reduce the solu?ility until at water concentration

of 60 to 70ﬁ£fgg§;iderab1y less than 1% of acid is
retained by the nitrobenzene. In this respect a comparison
of the distribution-coefficients of nitric acid (Kuwo;),
for different acids is useful thus the concentration of
nitric acid in the organic layer (expressed as grams per
100 grams of the layer) with M/AI (lying near the limiting
line of dinitration) is 2.1 times as great as its concen-
tration in the acid layer, whilst bty direct dilution of
this same ecid to 50% Ho0 the partition coefficient of
nitric acid is reduced to 0.18 and at dilutions of about
64% HpO the relative concentrations are 0.,04. It is
therefore possible by direct dilution after nitration to

do away with the washing process which 1s often made

difficalt vy emulsification.

(3) second Set of Distribution Experizents,

(a) In order to enlarge upon these facts another
gerieg of experiments was devised so as to ascertain the
distritution of components over the whole range of aclds
lying near the limiting curve of dinitration., Mixed acids

capable of nitration were allowed to react at 350 with
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direction change in the black line between the points

a#f X~ § ,where an increased nitrating velocity is found.

This of course is only a suggestion which cannot be supported
by the present range of experimental data,

Nothing much can be gathered from the organic
nitro-tody dissolved by the acid layer. It is certainly
noticeatle that more nitrobenzene is contained in waste
acids near the HoS304-Hg0 side of the triangle tut these acids
are of greater bulk since they are dissolved to & much
less extent by the organic layer. Therc is a tendency however,

to extract dinitrobenzene rather than mononitrobenzene on
account of the relative solubilities of these two nitro

compounds in sulphuric acid,.
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CONCILUSIONS.

The present work has been designed as an
introduction into a systematic investigation of the

process of nitration.

Much of the ground work has been cleared up
and many imgé%ant lines of investigation have Tteen
ovened out for future study.

The chief factors affecting the process of

nitration are :-

(a) Composition of nitrating acid; the effect of

sulphuric acid in increasins the 8bility to nitrate
and the effect of water in decreasing this ability, also
the formation of sulphuric acid monohydrate in the nitrating

acid.
(t) The relative gquantities used., This effect is

chiefly concerned with heterogeneity and the retarding
of reaction velocity due to incomplete mixing,

(c) Distribution effects:~ which are occasioned

by the nitrating acid dividing into two fractions when
two layers are produced during nitration.
A summary of the present work is given at

the beginning of this thesis,
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