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CHAPTER 1.

HISTORICAL

The production of alipnatic nitrocompounds
had been accdmplished many years before Mitéchﬂrlich
isolated nitrocompounds from the action of fuming
nitric acid on benzene and toluene. The commercial
value of the nitro-aromatics appears ©o have been
appreclated, for tue French chemist Collas (Thorpe 1,
576) records the industrial preparation of nitro-
-benzene (called Essence of Mirbane) for use as a per-~
fume in soaps. It will be recalled tmat legislation
had later to be applied agalnst its use as an almond
flavouring in foodstuffs wnen luvs poisonous nature was
reallised. The technical importance of nitrobenzene
grew rapldly and during the years 1847 till 1908 pat-
ents were granted regarding its manufacture (Chem.
Trades. J« 1906. 39. 3859).

~ Again although the first use of inorganic nit-

ratés in explosives is probably lost in antiquibty, it
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was not until 1845 that the explosive gualities of
nitrocompounds were appreciated. In t?at year
Schonbeln (Thorpe 4. Wol) and Botiger (ibid) independ-
ently found that cellulose on nitration yielded an ex=-
plosive. It remained for Vieille to gelatinise the
material with soluble nitro-cotton and ether-alcohol
to glve the germ which has grown to the present day
propellant industry. To this discovery can be traced
The origin of artificilal silk and cellulose lacquers
etc. (Chardonnet Fr. Pat. 165,345. 1884). The vigour
with which Nobel (B.Ps. 2,359. 1863; 1,813. 1864; 1,
345. 1867; 442, 1869; 1,570. 1873 ) pursued Sobrero's
discovery in 1847 of nitroglycerine resulted iIn the
caﬁmercial suceess of Dynamite, Gelignite and finally
cordite.

Hausserman isolated pilcric acid as a product of
the reaction of indigo with nitric acld, and Welber (A.
chem. phys. 1795. 29. 301) obtalned it in the same way
from natural silk. Nelther of these workers appears
to have established the composition of the compound
they had prepared and i1ts explosive possibllities wers
not considered. Even when 1t was shown that it could

easily be produced from phenol (Laurent, A. 1834. 43,
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219) no immedlate commercial application was found.
When Sprengel in 1871 (BePse. 921 and 2642; J«CeSe
1873, 796) showed that it could be easily detonatéd by
mercury fulminate its industrial applicatidn was assur-
ed, and patents were granted for its use as a military
explosive (Lurpin, Be.P. 15,089. 1885; Fr. Pe 167,512.
1885; Gers Peo 38,734. 1886). At the outbreak of war
cin 1914 it was the British service explosive under the
name of Lyddite after the town where it was first manu-
factured; the French and Ibtalians called it Melinlte,
TeNoTe was synthesised in 1863 by Wilbrand (Ann.
1363, 128, 178) and although its value as an explosive .
was apprecilaved at once its production was looked upon
with some trepidation because of the difficulty of its
synthesls campared with that of picric aclde The con-
tact process for sulphuric acid (Bédische Anilin and
Sodafabrik, Ber. 1901, 34, 4069) made pure concentrated
acld and Oleum truly industrial products. The work of
Haber (Z. Electrochemle. 1903, 9, 381l; 1910, 16, 244;
1915, 21, 191) Frank and Caro (Zelt.angew.Chem. 1906,
19, 835; 1909, 22, 1178) ana Birkeland and Eyde (Met.
Chem.Eng. 1912, 10, 617; J.Ind.Eng.Chem. 1912, 4, 771)

on the manufacture of nitric acid from the atmosphere,
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made avallable a source of combined nitrogen hitherto
thought impossible, and destroyed the last impediment
to commercial TelNoTe | ‘

The Germans adopted T.N.Te as a shell filler in
1902 (Marshalll!s Explosives 1, 265) and had used this
exploéivé under service conditions for some time before
the outbreak of the "Great War'. In 1914 1t was being
manufactured in Britain on a bateh scale. During the
war years the use of Lyddite ceased completely. Its
disuse was accelerated by ité dangerous nature compardl
with T.N.Ts for it was more sensitlve to shock, and
formed salts in contact With metal shell cases etce.
which were very sensitive and resulbed in some disast-
rous explosions (Home Office Papers A.17,412; Annusl
Reports of HsMeInspector of Explosives 1890, 48).

The manufacture of TeN.Ts §n a continuous plant
scale was undertaken in October 1917 by Messrs. Chance
and Hunt, then managing He.M.Explosive Factory at Old-'
bury (BeP. 124,46l; 125,140). The developments in
ménufacture of TeNeTe from this point can best be des-

cribed under technical headings rather than historical.



CEAPTER ) 20

NITRAT ING AGENTS SRR

In its simplest form the term "nitration® refers
to the produection of a carbon-nitro linkage thus:
= C — NO,
The product ls a nitrocampounde. It is perhaps
confusing that the expression "nitration® is also ap-
plied to the formation of compounds Llike nitroglycer-

ine, which 1s in fact glycerol trinitrate:
C'.H2° Q- NOZ, -
C‘H - O« NQO2
CHa Q" NO,
Still more difficult to define is the prepar-
ation of compounds with nitrogen-nitro linkages:
=N — Noz

For example the "cyclonite™ reaction might be

expressed as:

/CHI\ \L / N,/ * '.-'—'—‘:' .—,
NC N N N "é‘m. CHa. I
CH,y, CH .
RS e | + N+ 3
| CH. CHa. i ‘
CH cH, . 2. CH,.
> CHa \ N L- e J
. N 1 .
HEXAMETHYLENE ‘ NOy, BYPRODUCTS
TETRAMINE . \
CYCLONITE
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Because of the subsequent reaction of the hydroxyl group:

~N
v

Professor Linstead (Private Correspondence) has des-

\.

/N——CH,:- + Ho-no, —= N—NO, + — CHx-OH
cribed this as "nitrolysis', emphasising the hydrolysis
accompanying nitration. . Presumably by this nomencl-.

ature the theoretical reaction:

H,\N/CN:.\N,H No;‘ N/C.H{,N /N°1.
<NO + -
] e, +  3M]Y 4+ 3[od]
M{N /‘“a- q‘kN SHy : .
) o,

and subsequent combination:
3[H]* + 3[ov] — 3H.0
is nitration, the secondary reaction
of the hydroxyl grbup being the same as that for exa@ple‘
En the formation of mono-nitro-toluenes
Coa HoMor o (Saq 4 1+ [oA

The method of synthesis 1s essentlally the same,
a hydrogen atom of the organic constituent, (or less
cormonly a substituent group) is replaced by Hoi; the
portion split off uniting wilth the =-OH of the nitric
acld.

When hydrogen i1s replaced the reactlon can be

described by theksimple equation:

PhH + HoNo, == PhNO, + Ha0



It will be obvious from this that the reaction is
greatly faclilitated by the presence of some ageht
which absorbs ﬁaters Nitrating agents are fherefbr
anhydrous in themselves or are admixzed with a dehydr--
ant. The most common reactants ares=- . |

(1) Concentrated nitric acide

(2) Wixed acids (Witric acid with sulphuric,
acetic, phosphoric acids or anhydrides). ‘

(3) Alkall nitrates with sulphuric or acetic
acid.

(4) Organic nitrates, eege acetyl nitrate.

(5) Nitrosulphuric acldse

(6) 1Iitrogen oxides.

In nitrolysis the hydroxyl group of the acld
canbines with a carbon atom to produce an al%qholic
body -

—CHy —OH.
Here, the efficacy of dehydration is less obvious. It
1s nevertheless present. Water is produced by side
reactcilons such as =
—CHa-OH + HO-NQa ——>  —CH,0'Noz + H;0

and by dilution of the nitric acid its



oxldatlon potential is increased and its nitrolysing

power reduced.

SEIECTION OF REACENT AND ITS DIRECLIVE INFLUENCE

The choice of reagents depends on the organic
compound to be nitrated: 1if for example the latter is
easlly oxidised a vigorous nitrating agent 1s excluded.
Moreover, 1f the prdcess is to be a commercial one, the
reagent is.largely dictated by economlc considerationsa
A third and critical factor in the selection of a nit-
‘rating agent, particularly in industrj, is its directive
influence., Nitration by different reagents may result
in isomerically different products, an effect well illus-
trated by Lauer (J. Prakt. Chem. 1933, 137, 175) in‘his
work on the nitration of amines. A condensed table of
his results is shown overleaf. They illustrate moreover,
the effect of substituents on orientation.

An interestling case of the effect of substituents
on orientacion ls given by Morgan and Glover (J.Chem.Soce.
1924, 128, 1597)'who found that nitration of the acetyl

and pftoluenesulphonyl derivatives of 63chloro-o-toluid-

ine resulted in different products, the reaction being



TABIE 1.

B0% N0, With [ 94% INO, with '
Nitrating Agnt glaclel acetic |eawc suli:\,huric HNO, alone

% b %

artho meta|para | orthd metalpara | arthq mete] paral

Aniline 36 - 64 491 50 4 | 40| 56
Acetanilide 30 - 70 - 92 42 - } 58
Benzanilide 28 - 72 93 40 - | 60

-loslev| -|m
-]los| 12| -|es

Chlor oacemnﬂidel 25 - 75
Tdhmnemikhaniﬁ?al6 - | 84

W 3 o
!

expressed - ,
HY~Ac UN~AS__ Mo, NHa NOy
)y MM s (7§ s ()
cL cL L
NN —~S0,-G Hy- CH3 | HN-Soy: CoHy sz Néa,
ey HNOz 5. g O HYBROLYS1S CHy
cL . No, oL Noy.

Pictet (Ber. 1907, 40, 1165) records that when
racetanilide 1s nitrated in excess of éulphuric acild
only 2-5% ortho Lsomer is fommed, the main product be-
ing the para compound. With glacilal acetlc acid and .
fuming nitric éo% of the product is the ortho substitu-
ent, while by acetyl nitrate the product l1s almost com-
pletely ortho-nitro-acetanilide.

The sensltivity to oxidation of phenols and
amines often necessitates protection of the active
group prior to nitration and the choice of acylating

agent is obviously of importance since it may affect



the directive effect of the group. An example of in-
genious selection of an Industrial acylation 1s given
in the German Patent 91,314 (1895) where phenol is pro-
tected by forming the p—toluenesulphonyl derivative
prior to nitratibn with nitric and sulphuric aclds. -
The product on hydrolysis yields not only p-nltrophenol,
but o-nltrotoluene-p=-sulphonate which is valuable as a

dye lntermediate.

T
5.8 — = Qe
U3 i '
u,so4+uuo,
OO
NO,,
N0, YoNa  —<— NaMi-—%» rhsy(:}mg

NO,

STRUCTURE OF NITRATING AGENTS

Groggins (Unlt Processes in Organic Synthesis.
MeGraw Hill. N;Y. & London 1935) gives the'following
generalisation with reference to nitrating ageﬁts,

(1) They contain the NO, group as part of a
lablle complex..

(2) They are similar in structure to nitric
acid esters or acld anhydrides and generally the NO,

group 1s held by a shared oxygen abtom.

{0



(3) ‘The agents possess pranouﬁced auxiliary
valency or free energy for addition, presumably through
an oxonlum linkage.

(4) On stabilisation after nitration, an acid
is split off., |

'(5) Under certain circumstances, e.ge. nitrat-
lon of amines, the acld split off may participate In a
‘second reaction, o-nitroacetanilide is thus made direct-
ly from aniline by reacting with acetyl nitrate or di-
acetyl-o=-nitric acid. The fission in the nitrating
complex occurs 1ln the 0-NO, group.

The first and fourth of these are more the effect
of observation than the cause of reaction and the fifth
can hardly be described as a generalisation, but 2 and
3 have a considerable bearing on the structure of nit-

rating agentsand their mechanism of reactione

NITRIC ACIDS AND MIXED ACIDS

| Hantzsch (Ber. 1925, £8, 941) from spectro-
graphic studies, and Brunetti and 0llano (Atti.accad.
" Lincei. 1951, 13, 52) from the Ramam effect, showed
that the alkalli salts and esters of nitric acld had

different absorption spectra in the ultra-violet region.

1



The concentrated acid was shown to have the same spec~-
trun as that of the esters, while that of the dilute
acid was similar to the alkall salts, In solution
the salts are electrolytés, while the esters are not
hydrolysed. Hantzsch therefore ascribed to nitric

acld the structures =

H (Nog)’ L
Dilute (true) acid Cac. (pseudo) acid
In solutions‘of intermediate concentration the
mlxed spectra showed that both forms could exist to-
gether, the conversion of one configuration to the

other being gradual{Table 2). .

TABIE 2.
. HNOz pseudo true
normality acid % acid %
6 2 o8
10 50 50
18 72 30

To the pseudo acid Hantzsch also attributed
three separate forms = |

(1) HO- NO,

(2) [(m0), ][ (Wo4),] nitronium nitrate.

(3) (NOs)(H-0H,) - hydroxonium nitrate.
by assoclation of the pseudo acid molecule, by ltself

and With water,.
2
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From vapour pressure and conductivity meas ure -
ments Saposchnikow (Z.phys.chem. 1904, 49, 697; 1905,
51, 609) deduced that a structural change occurred on
solution of nitriec acld in sulphuric acid., Walden
(Zeangew.chem. 1924, 37, 390) and Halbam (Z.phys.chem.
1928, 132, 433) observed the change by absorptlon spec~-
troscopy. It was attributed by all these workers to
the production of anhydride (N,05). Hantzsch claims
disproof of the theory from spectroscoplec examination
of nitrlic acid anhydride in sulphuric acid.

Hetherington and Masson (J.Chem.Soc. 1933, 105)

formulate a mechanism of reaction which depends on the
particlpation of the hydroxonium nitrate described by
Hantsche. Schaarschmidt (Z.angew.chem. 1926, 39, 1457)
and Klemenc (Z.anorg.allgeme.chem. 1924, 141, 231) on
the other hand suggest N,05 as the active agent in mixed
acids containing powerful dehydrating agents, this re-
acting with the organic comstituent to form an addition
complex which breaks down to form the nitrocqmpound."
Again Schaefer (Z.ahorg.allgem.chsm. 1916, 97, 285;
98, 70) claims that the dehydrating agent removes water

of dilution from the nitric acid only to the extent of
producing HO.NO,.

(3



NITROSYL SULPHURIC ACID. -

This acid may be formed by addition of any of
the oxides of nitrogen except N,0 to sulphuric acld,
and might therefore be the active agent in mixed acids.
It was discovered by Clement and Desormés (Ann.chem.
phys. 1806, 59, 329) who suggested from its empirical
formula HSNOg two possible tautomers =

NO - O (HSO3) ' HO - §0, - NOy
nitrosyl=-sulphuric nitroxyl-sulphonic

Michaelis and Schumann (Bér.’ 1874, 7, 1075),
from its reacﬁion with phosphorus pentachloride, which
they expressed as = ,

‘NO-O- (HS03) + Pas = H(W)S0; + Nocl + Pociy,

favoured the first formula. Girard

and Pabst (Bull.Soce.Chem. 1878, 30, 531) reached the
same conclusion from a study of its reactiﬁn wlth sodium
halides. Berl (Z.angew.chem. 1910, 23, 2250) on the
other'hand claims to have formed the nitroxyl sulphonic
anhydride by the action of nitric oxides on sulphur _
trioxide. Blehringer and Borsun (Ber. 1915, 48, 1314;
1916, 49, 1402) assume that the two forms exist in
equilibrium in the molten state. They obtained from
thé nitration of dimethyl-aniline both the p-nltro and

14-
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p-nitroso campoundé, the proportions being shown in
Table 3.
TABIE 3.

niero nitrosb
Tmm%gatmm cpd.% cpd.%

10 - 15 8.3 7.5
28 - 30 | 42.9 39.3

It 1s inbteresting to note that the ratios are nearly
the same for both temperatures indicating no temper-
ature coefficient of equilibrium. Elliott, Klieét,
Wilkins and Webb (J.C.S. 1926, 129, 1219) claim that
the p=-nitro compound is produced by a secondary oxlid-
ation during dilution and is not indicative of the .
presence of the nitroxyl-sulphonic acide They sug- |

gest a third formula =

/\
\/

and give the following reasons for their assumptions-

HO —

(1) Acid with this structure would lose
water on heating to give the anhydride-

-0
‘o,s<> 0—-N< >so,_ -

o
a change parallel to that of the conver-

1S



-sion of nitric acid to 1lts anhydrilde.
(2) It explains the difficulty of replacing
both hydroxyl groups of the acid by nit-
ros0 groups.
(5) It explains the Berl method of synthesis

of the anhydride from SO, and N,0,

Ke) o o (o]
N ' /
S0, + \N-o—u/ + S0y —>- ,ozs’ “N-0-N \50,,
o” o ~ No” Yo’

(4) The structure accounts for the reductimn
products. |

No account appears to have been taken by these

workers of the effect on their theory of the possible

co~-ordinacy of nitrogen pentoxide =

o o

> rd
N—-O-N

V4 N

Q o

ALKALI NITRATES IN SULPHURIC ACID

The actlve agent in this case may agaln be
elther pseude nitric acid or anhydride. An eicess
of sulphuric acid and high temperature are necessary
to promote the reaction =

NaNQ; + NaHSo, —> HNOz; + Na,504

Under these conditions the HNOz 1s dehydrated
at least partially to N,0g, (Groggins, Unit Processes
15) and the theory of Zdhéarschmidt (locecite) may

16



then apply to the reaction.
The use of such agents has largely been obviated
by the development of industrial supplies of concent-

rated acidse.

ORGANIC NITRATES

Acetyl and benzoyl nitrates are found to nit-
rate organic compounds in acetic anhydride solution.
Ethyl nitrate under the same conditions is not a nlt-
rating agent, although in presence of stannic or alum-
inium chloride: 1t does nitrate benzéne. Tronov
(JeRuss.Phys.Chem«30c.1930, 61, 2388; 62, 2267) be-
lieves the nitrant to béAa compleonf ethyl nitrate

with the metalllic salt,

-7



QXIDES OF NITROGEN

Wieland (Ber. 1921, 54, 1776) has shown that
nitrogen tetroxide forms additive compounds with a
mixture of benzene and petroleum capable of nitrating
organic compounds;» Phenols and cresols can be nilt-
rated by such reagents. .The nitration of cresols by
the action of oxides of nitrogen on the sulphonates is
well known (Datta and Varma Je.Am.Chem.Soc. 1919, 41,
2041). Zchaarschmidt (Zangew.Chem. 1924, 39, 933)
effected nitration by metallic complexes of N,O4.

In almost every case an auxiliary agent is pre-
sent in such nitrations and an interesting theory of

the complex with sulphuric acid is gilven by Pink



(TeAm.Chem.Soce. 1927, 49, 2536). He suggests the

equilibrium -

oM
NaO4 + HpS04 === 0.5 4+ HNOg

No,

According to Pink, equilibrium is almost wholly
to the right, since nitric acid is being continually’
removed in nitrating the organic constituent. React-
ion i1s assisted by the dehydrating acﬁion of both sul-
phurlc acld and nitrosulphuric acid. o account ap-
pears to have been taken of the effect of liberated i
water on the reaction. It is suspec%ed that this will
have a greater effect than nitric acid in displacing

\

equilibrium to the left.

9



CHAPTER 3.

MECHANISM OF NITRATION

Theories of nitration can be simply dlvided
into four main classes -

(1) Simple substitution.

(2) Presulphonation.

(3) Cation reaction.

(4) Addition and elimination.

the final class being sub~divided into two sub-
sections involving elimination of (a) nitric acid or

(b) nitrogen pentoxide.

SIMPLE SUBST ITUTION

This was probably the earliest view of the
nature of the reaction, and is still held by some
workers (Othmer, Jacobs, and Levy; Ind.Eng.Chem. 1942,
286)to be the mechanism. It involves the equation=-

PhH  + -HO-NO, —=> PhNO, + H.0

Farmer (JeSeCeIs 1931, 50, 75) holds essentially
‘this view of the reaction, the action of the sulphuric

20



acid being the production of nitronium salts which
then react with the organic compound directly and not

by way of an intermediate sulphonate.

PRESULPHONATION

The nitration of phenol appears to be facili-
tated by sulphonation. Cross, Bevan, and Jenks (Ber.
1901, 34, 2496) have studied the reaction and concluded
that the action of sulphonation in the nitration of
phenol makes the organic material soluble in the acid
phase. It would be dangerous to base any generalis-
atlon on the study of the mechanism of nitration of
phenol, for the material is exceptional in acldlty,
polarity and sensitivity. Sufficient proof of its
abnormality is glven by the fact that the cresol sul-
phonates can be nitrated by treatment with “nitrous
gases" (Datta and Varma. J.Am.Chem.Soce 1919, 41, 2041;
Te5.Cele 1927, 4, 321). 1In spite of the lack of clear
speclilfication of the nitrating agent, no evidence is
shown by these workers of the formation of nitroso-

compounds

21



CATION REACTION

The theory postulated by Hetherington and
Masson (J.Chem.Soc. 1933, 105) is that of nitration
by cations. They were able to observe addition com=-
pounds of nitrobenzene with both sulphuric and nitric
aclds to which they ascribe the formulae =

* [PhNoR] M0,
[PhNo, HTT [ NOs T

They suggest a mechénism to account for the
‘fact that fuming nitric acid does not nitrate benzene,
although mixed acid containing sufficlent H,S0, to
form the monchydrate (H,SO,+H,0) with the water pre-
sent at the end of reaction, will nitrate till HNO,4
is exhausted. The addition complex with nitric acid
breaks down to give the nitrocompound, thevwhole react=-
ion presumably being represented as -

PhH  + Ho-NO, == [PhNoaH]++ [oH] ™
Prno ]t + H,0 == PhNO, + [Hyql"

PHl™ + [Hgo]" = 2 Ha0

The effect of the addition of sulphuric acid
is to liberate pseudo nitric acid from the dissociated
hyroxonium nitrate -

HNOs; + H,0 ==  [Hsol*[No, 1"

HYOROYONIUM NITRATE

*Inog 1™ == * "+ HO-NO
Irsol '[NOS] + M50 [Hs0] [HSO*] &’ssm&gl NITRIC Ao

22
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Usanovich and Cluckov (JeGen.Chem. U.S.S«R. 190,
10, (3), 287) agree with the mechanism but include other
cations ( N[oHz]* and Nofew] ), and electro-chemical
evidence for thelr existence is gilven by Usanovich anti

Suskevich (ibid. 230).

ADDITION AND ELIMINATION OF NITRIC ACID

Kelkulé (Ber. 1869, 2, 329) obtained in small
yield from the treatment of ethylene with anhydrous
nitric acld, a nitro-compound to which he attributed
the formula = |

CH, = CHNO,

Haltinger (Ann, 1878, 195, 366; Monatsh 1881,
2, 286) extended his work to include isobutylene,
isocamylene and tertiary butyl and amyl alcohols. The
results were, as in Kekulé's experimén’cs, largely.
oxidation products but again he was able to isolate

compounds of the type =

(cH3), C =CHNO, and  (cH3),C =C(NOZ)CH;
The mechanism of the process was considered by Wieland

to be represented by =

. H c
CHy CHg N o CHs
- 0- N S\C—C = c=CH + H,0
c*.|3>c CH2 + H Oz ;ﬁ c_Hs, \ l ~ H C;Hsl ' . <
OH NO, No,

23



Wieland and co-workers (Bere. 1920, 53, 201;

1921, 54, 1770) used nitric acid in fuming sulphuric
acid, and in some cases diluted the organic constit-
uent with carbon tetrachloride. From isoamylene they
were able to 1lsolate both the nltrocompound and an
intermedlate constltuent of structure =

CHy - '

cHg S~ CH " CHy

ONO,  NO,

The complete reaction is thus expressed as -

CHa . A
CHy” ~
o 3 CH ~
,/k\g_ y v ' ,“0 3 | ws NITRO ~ CONPOUND
o ' ONO, MO, T o
X% NITRO ~NITRATE CH
M = cH-cHy o e =l
Cuyc = CH-CHs Sz TNo,

|Som~n.sns\ui~o -l
3 ~a. H o
N C“s\ / :

C —.
CHy’ | I\Qﬂs £
SO Mo, “Xfno,

’7.10 Shy

WITRO- HYDRIN W
‘ CHa ’

c —C_
cug,'l My
ONO, Noz NITRO - N(TRATE
This theory involves the addition of HO and NO,
to the ethenic carbon atoms and the author suggested
the extension of it to aromatic compounds, his post=—

ulate being =
. ' P on O
+ HoONO, == =t + H0
‘ ; “No& Nog
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Mayer (Ann. 1613, 398, 66) had suggested such
a mechanism to account for certain reactions of nit-
rous acid and phenyl diazonium hydroxide which he
considered reacted as HO-NO and G, HeN,-OH, and
Markownikow (Ber. 1899, 32, 1444) attribubed reaction
to the addition of a complex HO-50,: 0 'NO-.

Michael and Carlson (J.Am.Chem.Soce. 1935, 2,
1286) although in almost complete agreemeﬁt with the
Wieland theory of ethenic addition in aromatic nit-
ration, claim that the basls of Wieland's deductions
was completely erroneous, nitration in all the exper-
iments being due to mitrous acid produced in the oxid- .

lsing side reactions. From considerations of free

energy they showed that addition of nitric acid in a
manner similar to that suggested by Wieland is probable
however, and postulate a variation of the mechsnism
gympathetic to the co~ordinated form of pseudo.nitric
acid and involving simultsneous addition and oxidation =
.O'FHON/ /@ou\ N2
N o\o:m/ |

This constiutes one of the more flexible theories

of nitration. The development of more highly

specialised methods of determining intermediates
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of reaction might well be directed to a closer study

of fhis mechanism.

ADDITION AND ELIMINATION OF NITROGEN PENTCXIDE

Zchaarschmidt (Z.angew.Chem. 1926, 39, 1457)
agrees with Klemenc (Z.anorg.allgem.Chem. 1924; 141,
231) that N,04 produced by the reaction -
HaSO4.
is the active agent in mixed acid
nitrations, and he favours addition of the pentoxide

as a derivative of dihydro-benzene -

7 ‘ ‘ |
N A (:"O.—NO’. ._; Y4 ' .
+ o = . = + HO‘NOZ'
\ //N§ N q Noy - N No,. K
Q [o) .

The theory is similar to that of Wieland and
equally attractive. It is applicable to reaction in
benzoyl and acetyl nitrates. This mechanism probably‘
accounts for the non-reactivity of the tetroxide, for
it was found that although i1t is effective in nitrat-
ing olefines, a number of loosely bound compounds are
also formed, and its reactivity to benzene, chlor-
benzene and tolﬁene, ié very low. The lack of the

nitrate group in the intermediate compound is believed

26



to be responsible.. With naphthalene an additlve
complex is formed with N,04 which does decompose to
give the nitro-compound and nitrous acid. Although
the reaction is possible in carbon tetrachloride sol-
ution, it does not take place in ether, where a stable
ether-N,0, complex is. formed.  Zchaarschmildt further
records (Z.angew.Chem. 1924, 39, 933) that in presence
of aluminlum or stannic chloride N,0, does add to cer-
tain aromatics giving coamplexes which can be hydrolysed
to form nitroecampounds and nitrous~acid. It is pos -
sible moreover to conduct the reaction with N205;

whence hydrolysls gives nitric oxide.
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CHAPTER 4.

CATALYSIS

The practical difficulties attending nitration,
particularly when mlxed acids were not commercially
common,'léd some workers even before 1914 to consider .
the possibilities of catalysis. When concentrated
aclds became more readily available, the work was con-
tinued in the hope that by its use nitration rate
night be increased.

Holleman (Ber. 1906, 39, 1256) studied the cat-
alytic effects of mercury, cobalt, copper and nickel
salts on the nitration of toluene, and obtained only
negative results. The relative commercial unimport-
ance of nitro-tocluenes at this time together with the
negative nature of the results apparently deterred
other workers from studylng the subject, for very
1ittle attention seems to have been paid to it t1ll
the Great Wér. In 1913 Wolfstein and Boters (Ber.
1915, 46, 586) found that although mercuric salts have
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no catalytic effect with mixed acids, they catalyse
aromatic nitration in nitric acild élone. ' In 1914 the
nitration of phenol was the immediate concern of the
Tfighting powers and Klemenc (Monatsh 1914, 35, 85)
records an increase in the rate and ease of reactlon
of phenol with nltric acld in presence of nltrous acid.
He‘later extended his experiments to toluene wilth some
success (Zeanorg.Chem. 1924, 141, 230).

Davis (JoAeCeSe 1921, 43, 594) in studying the
nitration of benzene in presence of mercuric nliltrate
found that with high concentrations of nitriec acid,
picric acid was a product. He postulated th; sim=-
ultaneous entry of ﬁhe hydroxyl and nitro groups.
Zakharov (J.Chem.Ind.Moscow. 1931, 8, 30; Am.Chem.
Abs. 1931, 25, 4864) on the other hand believed the
hydroxyl group to be introduced after mononitration
of the benzene, the nitrophenol so formed afterwards
being converted to the trinitro-compound.  Oxidation
according to Zalkharov is due entirely}to the actlion
of dilute HNOs and not to the mercurle nitrate.

The effect of hydrogen fluoride on various re-
actions was studied by Simons and co-workers. He

observed an addition compound with sulphuric acid,
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supposed to be fluorosulphonic acid (Cheme.Rev. 1931,
8, 213) and Meyer and Schramm (Z.anorg.allgem.Chem.
1932, 206, 24) showed thils to be an effective sulphon-
ating agent. Simons, Passino and Archer (J.Am.Chems
Soc. 1941, 83, 608) extended the investigation to the
nitration reaction, and were able to show an lncreased
yileld of nitrobenzene at low temperatures. With re-
spect to sulphonation, they observed an apparent orient-
ation effect; depending on the temperature, fluorosul-
phonle acld with arcmétics yielded sulphonic acids or
symmetrical sulphones. Patents were granted t§
Fredenhagen (G.Pat. 5292,538. 1930) and Gleich (Russ.
Pat. 39,775. 1934) for the use of HF with potassium
nitrate for the nitration of benzene and phenol.
Arnall (J.Chem.Soc. 1924, 125, 811) conducted a
careful study of the effect of various solvents on the
nitration of aromatics, the isomerism of the products
forming part of the iInvestigation. Experiments were
‘conducted with various catalysts (mercury, lodine, and
copper compounds) and it was concluded that only mer-
quric nltrate increased the yield of nitro-compounds
under standard conditions. A pabtent (Fr.Pat.~82l,767.

1937; Am.Chem.Abs, 1938, 32, 3964) granted to Katalyt-
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Chemie A~G. for the use of chrome, tungsten, moli-
- titanium-nickel, vanadium, galllum and tin in the
form of complex acids‘in the nitration of glycerol,
probably represents a development of Arnall's work.
The effect of nitrous acid as a catalyst in
nitration has been the subject of much research.
Unfoftunately most of this conéerns the nitration of
phenols and amines. Orton (Trans.Chem.Soc. 1902,
8l, 806; Ber. 1907, 40, 371) stresses the necessity
for the presence of nitrous acid In the nitration of
the dilalkyl-anilines, assuming the production of in-
termediate nitrdso—compounds. Witt and Utermann
(Bers 1906, 39, 3901) however, obtained good yields
of such nltro-compounds in presence of a small gquan-
tity of carbamide nitrate, a compound used by Orton
for the removal of nitrous acid from nitric acid.
The nitration of phenol was investiga?ed by Kartashev
(JeRuss.PhyssChemeSoc. 1930, 62, 2129; Ame.Chem.Abs.
1931, 25, 3977), who observed a latent period before
nitration commenced, in which the solution (ethyl
acetaté) turned yellow brown. When reaction began
there was a rapld temperature rise accompanying the

reddening of the splution; Water and urea were
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foundbto influence the latent period, In an atmos-
phere of carbon dioxide the induction peribd was re-
duced whereas oxygen lncreased it. It was concluded
that nitrous acld was produced during the Iinterval,
the process heing autocatalytice. Estimation of the
nitrous acid throughout the experiment showed that 1t
ran parallel to the rate of nitratione Kartashev
suggests the following mechanism of niltration =

HNO, ———> HNO, + [o]”

_CGH,OH + HNO, —> C R (N0OYOH + H,0

CoHy (NOYOH + HNO, —> C H (NO,)OH + HNO,
As evidence of this postulation, attentlion is
drawn to:=-
(1) The detection of nitroso-compounds in
the early stages of the reaction,
(2) TEBase of formation of these compounds
and subsequent oxidation of nitroso=-
to nitro-compounds.
It will be noted that Kartashev observed an
increase in the nitrous acld concentration throughout
the experiments. This being so, some explanation

would appear teo be necessary concerning the nascent
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oxygen shown in this equation.
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CHAPTER 5,

KINET ICS

Their application to cammercial efficilency.

The Gulberg and Waage law of mass actlon states
- that the veloclty of reaction at any instant is pro-
portional to the existing concentrations of the react-
ing substances. Considering only irreversible chem-

lcal changes, the velocity 1s represented by =
dx o (@ —x)b —3XNE ~H) ..

where X -wgme. mols, of substance changed in time t, and
8. De Ceeees repregent the initial concentfations in
gme mols. per litre of the reacting substances.

From thils it 1s obvious that as reactlon pro-
ceeds its rate decreases so that there 1s no finilte
time for completion.

(Fige. 1l.) is a typlcal curve representing degree
of nitration against time.r It 1s applicable to the

formation of mono-, di-, and trinitro-toluene by mixed
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acld, the only difference being in the extent of the
time scale, a good average time for virtual completion

of the reactlon in practice being =

toluene to mononitrotolusene , 40 mins.
nmononitrotoluene to dinitrotoluene 200 mins.
"dinitrotoluene to trinitrotoluene 360 minse.

Owing to the complexity of the nitration react-
lon (eege number of. reagents present, frequently sepa-
rate phases of acld and nitrobody), it 1s dlfficult
to repfesent the reaction by the simple mass action
1aw.' Plotting for example; extent of reaction on a
logarithmic axis, which would with bimolecular react=
ions result In a straight line, gives a curve.

This does not of necessity indicate high order
of reaction., The curve may well result from conflict-
ing diffusion effects between the acid and nitrobody
phases, a phenomenon recorded in the nitration of ben-
zene when the acld is swamped with nitrobenzene
(Hetherington and Masson, locecit.). TIndeed Wibaut
(Rec.travechim. 1915, 34, 241) has shown that under
cérefuily controlled conditipns benzene and toluene
are converted to the nitro-compounds by a bimolecular

reaction.
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The abnormal-decrease of reaction rate as nit-
ratlion proceeds has conslderable significance in |
practice, Because of the necessarily long time of
reaction, extensive plant must be provided for a re-
latively small oubput. Oxildation which accompanles
nltration is increased by long time of contact of
acld and nitrobody. The oxidation in TNo.T. manu-
facture ls of both side chain and nguclear character,
the former giving rise to CO and CO, and the latter
to phenolic compounds and carboxylic aclds, |

The first difficulty has been largely overcome
by continuous contraflow nitration (see next chapter)
but the time of conbtact 1s necessarily similar to
that in batch nitration and oxidation losses are of
the same order,

It would be of obvious advantage if the organic
mixture could be separated after it had undergone for
example»?O% converslon to the higher nitro-compound,
the un-nitrated material being recycled. In the
DaloTe t0 ToN.Te stage this degree of conversion is
effected in approximately one sixth of the time |
required for virtual complétion of reaction. Such

a process would reduce:=
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(1) The time of contact with the acid and

therefore the extent of oxidation losses.

(2) The amount of nitro-body necessary in

circulation in the plant for the product-
lon of unit quantity of product, thereby
conferring greater safety in operation.

(3) The quantity of acids required for the

production of unlt yield.

~(4) The extent of plant; alw'nrays assuming that

the separation equipment were less exten-
sive than the discarded apparatus.

The separation of such a nitrobody mixture on
plant scale is ﬁnfortunately not a simple proposition,
as exhibited by the difficulties found in removing
only a few percent of D.N.T. from TeNeT+ (Tech.Rec.Ex.
Supply. 1915-18, 2, 20). Here the methods attempted
Includeds =~ '

(1) Washing with boiling water and solutions

of salts, \

() Crystallisation.

(3) Exudation (Pressing and Centrifuging).

Success in all these was only partial. Since

that time however two new methods of separation have
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come to 1ight, and although they have only been utilised
commerclally to a limited extent they show great pro-
mise. These are thermal diffusion and ultra-high vac
or so-called molecular distillation.

The first of these, has In the last decade been
rapldly developed and Welch (Ann.Rep.Chem.Soc. 1940,
37, 153) describes the separation of isotopes: by this
technique. The value‘of molecﬁlar distillation need
hardly be stressed. This process has attracted con-
siderable interest since 1ts application to the separ-
ation of the vitamines, Hickman (Ind.Eng.Cheme. 1937,
29, 968; 1938, 30, 796), and prior to the war high
grade lubricating olls were being made on a semi-
commexrcial scale in Holland by this methgd (Proc.chemJ
Eng.Gp. 1938, 20, 84). ‘

One of these processes might therefore offer
the solution to the separafion of nitrobody mixtures
at an intermedliate stage of nitration to make the re-

.cycling system feaslble.
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CHAPTER 6.

NTFRAT ION PIANT

In the manufacture of nitfo-campouﬁds for
pharmaceutical, laboratory or dyeing purposes, simple
batech nitration 1s the process nbrmally adopted, since
it 1s easily adapted to the production of a wide
variety of compounds., The nitrators for such plant
are usually jacketed pans, the inteésPace of which may
be fed with steam or cooling water according to the
vigour of the reaction. They are invariably fltted
with stirring gear and are sealed to prevent the escape
of noxious gases into the workroom. In cases where
vigorous reaction 1s anticipated the pans are fltted
with cooling coils, Modern nitrators are of stainless
~ steel although cast ilron vessels are still used. It
weak nitric acid is present the coils may be of lead,
but otherwise these too will be of stainless steel.,
The Hough patent nitrator illustrated later in this

chapter 1s a large unit of this type.
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In a plant where production 1s wholely directed
towards the manufacture of a single compound such as
tetryl or T.N.T.,‘more specialised equipment may be
utilised, for the degree of agitation and cooling re-
quired at any stage of the process is known and nit-
rators can be designed accordingly. During the years
1914-18 under the stimulus of the Great War such unit
product nitration developed rapidly.

In 1914 the manufacture of T.N.T+ had only com-
menced Iin this country and the productidn of Lyddite
was on a 60 lb. batch scale. It became obvious that
In spite of the improvements in the manufacture of
pleric acid, the avallable supplies of raw materials
would not be nearly sufficlent to satisfy the needsof
the services and the production of T.N.T. became virt-
ually a necessity.

In peéce time TeN.Te was made only from the
ortho=nitrotoluene; the meta and para lsomers were
valuable dye Intermediates and were separated by dls-~
tillation and crystallisation. When the need for
T.NeTe became critical this separation was abandoned,
the whole mono-nitrotoluene being nitrated to T.N.T.

The first nitration process was a three stage one the

+
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waste acld from the trinitration stage being fortified
and used for dinitration, éfterwards being used for
mononiltration. To the efforts of the Woolwich Research
Department goes the credit for developing the process
to a two stage one. Various modifications were
attempted, such as niltration %o stages represented by
% NeTe, 25 WaTs, 3 NoTe (Tech.RecC.Ex.3upply. 2, 5)

but the most successful method was to nitrate to the
mononitro-compound and then in one operation to convert
the product to T.N.T. By this method the use of oleum
was obviated, and at the beginning of the war this re-
presented an important economy duvue to limitations of
supply.

Some lllustrations of the type of plant used
are shown in Téchnical Records of Explosives Supply
1915~18. volume 2, The American contribution to ex-
plosives plant during this period is well illustrated
by the nitrator for which patent rights were granted
to Hough, in whidh toluene was nitrated to T.N.T. in
one operation. A reproduction of this nitrator is
shown In Fig. 2
The Germans had used T.N.Te. as a service

explosive before the Great War and by 1914 were direct-
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-ing their attention towards cbntinuous plant.
(Kubierschky, Ger. Pat. 287,799; J.S.C.I. 1916, 199).
The development of such plant in this Qountry was un-
dertaken by Messrs. Chance and Hunt, then managers of
H«M. Explosives Factory, Oldbury. Holley and Mott
(UsSs Pat. 1,297,170. 1919) describe plant of a simi-
lar nature to that used at Oldbury. The success of
the process, started in October 1917 (B. Ps. 124,461;
125,140) can be judged from the description and com-
mentS‘concerning'it in Technlcal Records of Explosives
Supply. 2, 1l., =

"The plant consists of a number of
pairs of cast iron pots. One of each pailr is agitated
and the other acts as settling vessel. From the
settling vessel, or separator, the nitrobody goes for-
ward to the next agltator, and the acld travels in the
reverse direction to the previous agitator. Thus the
nitrobody is continually meeting stronger and stronger
acld. The'vessels are fitted with colils for temper-
ature control, and the temperature varies in the dif-
ferent pans, having a maximum of 110° C.

The plant has proved to have a
femarkable capacity. Although built for a nominal

output of 100 tons per weelk 1t has proved capable of
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some 500 tons per week. The consumption of toluene

does not differ much from other nitration processes
and the advantage lies mainly in the high capacity
and consequent seving in labour and capital cost of
plant .M | |

| Detalls of such plant have never been fully
published for obvious reasons. A complete toluene=-
TeNoTe plant will Incorporate over and above the nit-
ration equipment, purification plant, drying apparatus,
certainly acid concentration plant and possibly nitriec
and sulphuric acid manufacturing equipment. These
subsidiary aspects of nitration are too numeroﬁs to
merit complete discussion here. Reference may be
made to Groggins (Unit Processes in Organic Synthesis),
Technical Records of Explosives Supply. volumes 1l. to
9., and Reports of the Progress of Applied Chemistry
(SoceChem.Ind. 1919-20-22-24...) for more detéiled

informatione
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In the nitration of toluene to TeNeTs., the
least difficult stage is, as would be expected, that
from toluene to M«N.T. With even moderately concent-
rated acilds this reaction proceeds with reasonable
velocity to virtual completion. On this account cat=-
alysis offers relatively little advantage, although
its application might permit the use of smaller plant
for the same output, or of more dilutg_acids. There
is however, a more important aspect involved, that is
the degree of production of meta isomer. This isomer
which occurs to the extent of about 4 % in nitration
of toluene irrespective of the mode of nitration -
(Arnall, j.C.S. 1924, 125, 8ll; Tingle and Blank,
J.Am.Chem.Soc. 1908, 30, 1395; Folleman and Sluiter,
Rece.trave.chime. 1906, 25, 208; Friswell, JeSeCeI. 1908,
27, 258) 1s largely responsible for a loss of about
8 % in the manufacture of T«N.Te The gravity of this
loss is only equalled by that due to destructive oxid-
ation in the high temperatu:e stage of trinitration.

Will (Bere 1914, 47, 1718) who prepared all six
of‘the TeNeT« Isomers was able to show that at least

four of these occur in measurable amounts in crude
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camercial T.NJTe Of these the # and ¥ isomers
(22334~ and 2:4:5~) predominate.s Their presence is
objectionable for a number of reasons. They reduce
the setting poinb of the product from 80.6 to approx-
imately 78.5° C and markedly affect its stability.

As would be expected, they have greater chemical act-
ivity than the symetrical isomer, and accordingly are
less suitable for shell filling etc. where shock sen-
sitive metallic salts may be formed. The shock sen-
sitivity of the.unsymmetrical Ilsomers themselves 1s
higher than that of the 2:4:6- material, and removal
of these 1s essentlal for safety in handling both the
explosive and filled projeotiles.

Prior to the 1914-18 war production of the un-
symmetricals was avolded by freeing the MeN.T. of meta-
isomer by distillation before further nitration, but
the ortho compound distils first (36 %) and this in-
volves great expenditure of heat. Moreover the meta-
para cut is not well defined and it is doubtful 1f the
losses of para isomer thus occasioned do indeed offset
the losses in purification of T.N.T. made with the
whole mononitrotoluene product. The process was

therefore early abandoned. It was superseded first
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by crystalllsation but after some devastating explos-
lons which occurred in the recovery of the solvent
(Tech.Rec«ExsSupply. 1915, 2, 20) this too was rejected.
To replace it a numﬁer of methods were suggested, among
‘thsse, centrifugal removal of thermally exuded eutectic
of D.NeT. with the unsymmetricals, latterly with the
addition of phenol to reduce the melting point of the
eutectic still further. Water washing proved ineffect-
lve and alkall washing was rejected because of the

doubtful nature of the products. Washing with sodium

sulphite gave better results (Ber. 1914, 47, 709;
JeSeCele 1914,23, 376) although the nature of the
products 6f interaction is stilll controversiale

The reagent is selective, attacking the unsym-
metrical isomers in preference to X T.NaTe. In spite
of this about as much  as S and ¥T.N.T. 1s removed.
Accordingly although only 4 % of the T.N.Te is unsym-
metrical the loss by sulphiting is more nearly 8 B
Some improvement has resulted from the use of buffers
but the overall loss of yield is still hiéh.

The sulphite wash is therefore one of two

great sources of loss In the T.N.T. industry and is
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made necessary entirely by the presence of meta-isomer
In mono-nitrotoluene. If catalysis reduced the form-
atlon of this isomer 1t would represent a considerable
saving In manufacture.

Catalysis in the di- and tri-nitration stages
could not result in reduction of unsymmetricals, but
1t 1s here that the greatest concentration of acids
is necessary and the time of reactlion longest. The
use of catalysts to reduce either of these would again
be economically advantageous. |

The work described in thls section has been
subdivided into:- _

PART 1., . Mono-nitration.

PART 2. Di-nibtration.
PART 3. Pri-nitratione

In view of the imporﬁance and greater effects
to be gained by catalysis In mononitration, most of
the work has been directed towards this stage. The
toluene nitration offers at the same time gre&ter
facilities for study since the p:oduct is liquid and

estimation of degree of nitration simplest.

-
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" PART 1.

MONO-NITRAT ION.
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. CHAPIER 1.

APPARATUS, METHODS OF ESTIMATION, &
EXPRESSION OF RETATIVE ACTIVITIES OF CATALYSTS

APPARATUS.

Fige. 5; 1s a sketch of the nitration equipment.
Tt consists of a glass vessel A which in the early
stages of experiments was set in a Waﬁer-bath to bring
the temperature to 30° C. Cooling is provided when
the reaction becomes exothermic by circulation of water
in the internal cooling coll B. The stirrer C isof
standard "Quickfit" centrifugal type, and capable of
giving efficlent emulsion of toluene in mixed acid
in a few seconds, It was operated at 1000 r.p.me
The nitrator is covered by a loosely fitting lead
plate D introduction of toluene being effected by
means of a funnel E.

In early experiments the stirrer speed was
measured by a tachometer. This was later replaced
by a stroboscoplc measuring instrument constructed

from an electric gramophone motor. A photograph
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of this machine is shown in Fig. 4. Sector dilscs
(in foreground) with 5, 9, 12, 16, 20, 26, 32, and
40 slots, enable rotational speedé from 300 to 3200
r.p.m. to be obtained. The instrument.is shown in
use in Fig. 5. The proper sector disc having been
selected, the Image of the rotating stirrer is rend-
ered statlonary by adjustment of the gramophone
g£OVeIrnor, The speed of the stirrer 1s then given
by -
Grame. revs. X  Disc slots.

The calibration of the motor control was extended to
cover the range 60-80 r.pem, and subdlvided to give
readings to within 0.5 r.pene. Table 4. shows dial
reading against re.psme. of the observed stirrer and
indicates the degree of accuracy. The callbration
was checked against readings from a Ne.P+.L. standard-
lsed tachometer, simultaneous observations belng
made of the shaft of a 5 H.Pe shunt wound D.C. motor.

Stroboscopic measurement has the speclal
advantége that 1t lmposes no load during the estim-

ation and permits repid and if necessary, continuous

measuremente A sSingle point calibration can readily

be obtained from observation of a neon tube on 25 ¢/s
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TABLE 4

— RPM. FOR STATIONARY STROBO-IMAGE —

— N.C.

GRAM NO. OF SLOTS N SECTOR DISC.
MOTOR.
REM. 5|17 |9 |12 |16 |20 26|32 |40
60- 0 300 | 420 | 540 | 720 | 960 |1200 |1560 | 1920 2400
‘5 726 | 968 [1210 | 1573 |1936[2420]
61-0 305 | 427 | 549 [ 732 | 976 | 1220 | /586 1952 | 2440
-5 T332 | O84 | 1230 | 1599 | 1968 | 2460
620 310 | 434 | 558 | 144 | 992 [ 1240 (161219842480
5 750 |1000 [ 1250 [ (625 | 2000 [ 2500
650 315 | 441 | 567 | 156 [1008 [1260[1638 | 2016 | 2520
-5 762 [1066 [1270 [ 1651 | 2032 25490
640 320 | 448 | 576 | 768 |[1024 1280 | 1664 | 2048| 2560
-5 774 [1032 [1260 [1677 | 2064 | 2580
650 325 | 453 | 585 | 780 [1040[1300(1690 | 2080 2600
5 786 |10 1510 [I703 | 2096 2620
66-0 330 | 462 | 594 | 792 [1056 [ 1320|1716 | 2112|2640
-5 798 [1064 [ 1330 [[1T29 | 2128 | 2660
67-© 335 [ 469 | 603 | 804 [1072 [ 1340 [ 1742 | 2144 | 2680
5 < 810 [(080 [1350 | 1755 | 2160|2700
680 340 | 476 | 612 | 816 [(08B8 | 1560 [ 1768 | 2IT6 | 2720
-5 822 [1096 [ id»TO [ 1781 | 2192|2740
690 345 [ 483 | 621 | 828 [(104 ]| (380 | 1794 | 2208] 2760
-5 834 [ 1112 [1390 ] 1807 | 2224 | 27180
70O 350 | 490 | 650 | 840 | 1120 | 1400|1820 | 2240 2800
5 846 (1128 [1410 | 1833 | 2256 | 2820 |
TI-0 355 [497 | 639 [ 852 [1136 | 1420 | iB46 | 2272 | 2840
-5 858 | 1144 [ 14350 | 1859 [ 2288 [ 2860
720 360 | 504 | 648 | 864 [ 1152 | 1440 | 1872 | 2304 | 2880
-5 870 | 1160 | 1450 | I8R5 | 2320 | 2000
75 0 365|511 | 657 | 876 [ 1168 | 1460 | 188 | 2336|2920
-5 882 | 1176 [ 1470 [ 1911 | 2352|2940
7A:-© 370 | 518 | 666 | 888 [1184 [1480 [/924 |2368 | 2960
-5 894 [ 1192 {1490 [ 1937 | 23842980 | -
75-0 375 | 525 | 675 900 [1200 | 1500|1950 | 2400 | 3000
-5 906 [1208 [1570 [1963 [ 2416 [3020
760 380 | 532 [ 684 | 012 [1216 1520|1976 | 2432 | 3040
5 018 | 1224 [1530 | 1989 [2448 [ 3060
770 385 | 539 | 693 | 924 | 1232 | 1540|2002 | 2464 | 3080
-8 930 [ 1240(1550 | 2015 | 2480|3100
78.0 300 | 546 | 702 | 936 [1248 | 1560 | 2028 | 2496|3120
§ 042 |1256 [I570 | 2041 [2512 {3140
790 305 | 555 | 71l | 948 [1264[1580 | 2054 (2528 | 3160
-5 954 (1272|1590 [ 2067 | 2544-| 3180
80-0 400|560 | 720 | 960 [1280 1600|2080 25603200
ACCURACY | 225|235 [¥4-5|260|*80 |Xi0 [*13 |216 [T20
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A.C. mains (3000 light cycles/min.).

NITRATING ACIDS.

A number of acids were examined in order to
‘find one which gave a suitable reaction rate for
measurement. An acid of the following composition

was chosen and used in all experiments on mono-~

nitration.
HNO4 5 %
H,0 25 %
H,S0, 70 %
EXPERIMENTAL.
NITRAT ION.

Nitrations ﬁere conducted wilth 60 gms, of
toluene in order that the final yield of M.N.T. would
be sufficient to permit a standard set point of T.N.T.
to be obtained on continued nitration (see Methods of
Tstimation)e The amount of acid chosen was such as
to contain HNOg 5 % in excess of that required for
complete conversioé 6f the toluene to M.N.T.

The acid was first introduced into the nitrator

S?



and heated to 30°C by warm water, when the whole
batch of toluene was added rapidly. The heating

bath was removed, the heat of reaction supplyihg all

the heat necessary to maintain the temperature.

The temperature could be controlled within 0.5 C°by

circulation of water in the cooling coil.

METHODS OF ESTIMATICON.

(1) Degree of Nitration.

At intervals samples of the reaction slurry
were removed by pipette without stopping the stirrer.
After standing a few seconds the upper layer was
separated from the acid, wasﬁed twice with water and
dried over a small plece of calcium chloride. When
no cloudiness was visible in the sample its refract-
ive Index was measured with an Abbé refractometer.
The relation between refractive Index and degree of
nitration of toluene 1s shown in Fig. 6.

(2) Isomeric composition.

Standard Set Point Nitration and Determinatlon.

50 gms. M«NeTe were stirred with 120 gms.
90 ¥ H,80, and warmed to 50°C. 125 gms. mixed acid
(70 % HzS04, 21.5% HNO,, 8.5 % He0) were added and

L1
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the temperature raiseé to 70°C and maintained for

2 hours, The product was recovered by dilution,
washed four times with boiling water and dried for.
3 hours at 100°C. This was heated to 100°C with
220 gms. 100 % H80, and 125 gms. mixed acid (60 %
H,S04, 40 % HNOy) added slowly. The mixture was
malntained at 100°C for 4 hours and the product re-
covered and washed as before. After drying for

3 hours the set point was determined as follows:~-

The molten T.NJT. was poured into a
previously heated test tube (6" x 1") to within
1l inch of the top and a heated thermometer and alum-
inium wire stirrer inserted. The whole was suspende
ed in a larger test tube which was in turn set in a -
larger air jacket. The set point was taken as the
maximum temperature reached after supercooiing.

The proportion of meta-~isomer present
in the original sample of M.N.T. is giveh by the
apprbximate eQuatian - |

% meta-isomer ¥ 1.94 (a -.T)
where a = 80.6and T = set point °C.

)
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Hemimaero Modlfication.

Where the quantity of M.N.T. avallable was too
small for the above estimation, the folloﬁing modific-
ation was adopted,

5 gms. M.N.T. were treated with 20 mls. 20 %
olewn and during 5 minutes 2.5 mls. 97 % HNO, added,
the temperature being maintained below 40°C. The
mixture was heated during 5 minutes to 70°C and main-
tained for 5 minutes. 4 mls. 97 % HNOs were intro-
duced over 5 minutes and the tempefature rapidly
raised to 120°C. After 20 minutes at this tempera-
ture the product was recovered by dllution and washed
and dried in the usual way. Its melting point was
determined.

The meta~-isomer is given by the normal formula

except that a = 78.

RELATIVE ACTIVITIES OF CATALYSTS.

Were the reaction toluene-M.N.T. accurately

represented by the equation -
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H;C'C‘HS + HO'Noa —_— H-sc‘CGHq,'NOa “" Hao

1ts rate would be gilven by the

bimolecuiar expression of tine mass action law =~
E = k(a-xXb-2)

In the case whefe the Inlitlal molar concentr-
ations of toluene and nitric acild are the same, the

"equation becomes =

This condition is nearly satisfied in the

following experiments (HNO 3 only 5 mol. % in excess).

~ Plotting a(;c_x) against LL_ . does not however give a
straight line., This may be explained by the fact
that: -
(1) Reaction mixture is not homogeneous
(separate acid and nitrobody phases).
(2) HENO, is in solution in H,SO, the con-
centration of which is being reduced

by water of reaction.

(3) As reactlon proceeds ionisatlon of the
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nitric acid probably alters due to
presence of the water of dilutlon.
With respect to nitration, this is
equivalent to abnormal decrease of
nitric acld concentratione.

It 1s accordingly incorrect to ascribe under
these conditions any slgnificance to the normal
equation of mass action, and the order of reactlion is
qulte indeterminate. Because of this, a value of
kﬂd' the velocity constant cannot be obtained. For
the comparison of catalysts it would be convenient
to.ascfibe to them at least a virtual veloclty con-
- stant and this has been done throughout the work on
the following basise. |

The curve representing amount of toluene con=-
verted against time has the form shown in Flg. 7.
The inbterrupted line is representative of a catalysed
reéction.

~ As a measure of the catalytlc activity the
relative areas under the curves could be takﬁn, but
because the curves are asymptotic to the line repre-
senting complete conversion of toluene, ambiguity

arises in deciding what time must be considered in
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estimating the area under the curve. If on the other
hand the area above the curve is taken as a measure
of acfivity, no such uncertainty arises.  The time
scale may be extended to Infinity since the areas so
involved are contlinuously decreasinge.
| If we now define the actlivity of a catalyst

as the area above the control reactlion curve divided
by the area above that of the catalysed reaction, wé
obtain a figure greater than unity for a catalyst
and less than unity for an inhibitor. For an ldeal.
catalyst the area above the reaction curve will be
zero, that 1s reaction is combleted in zero time, and
the activity value will then be infiﬁity.

In some cases the area above the reactlon
curve 1s in itself a sultable measure of activity;
1t is important to note that in this case low area
value indlcates high catalytic activity.

4The value of activity which we will ecall JO

has no direct relationship to the velocity constant

e, bub—ls S-Vorring-poven—of—it.
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CHAPTER 2.

'YGATAIXSIS BY HALIDES

Primery tests were conducted on the effect
of chloride and fluoride ions on the mono-nitration
reaction, in which NaCl and KF were used és catalyst
sources. These were added (0.1 and 0.5 % ion as a
molar proportion of the toluene) to the mixed acld,
- immediately ﬁrior to the introduction of the toluene.

The results are shown in Table 5.

TABIE 5.
Catalyst.mol.j M.N.T. .
on the toluene ~TiIme ~ mInutes.
mass 10| 20|30(|40|50 70|80 |

(Control)|33| 61|72]|80|85 o4
Cl as NaCl|56|76|85|88 92|
Cl as NaCl|51l|76|84|88]| 92

(Control)| 36| 62|77|86] 90
(Control)| 36| 6073|8620
as KF|51|67|80|89
as KF| 54| 68(81|90
as KP|71(86|91]93
as KF| 60|77|86|91

]

*

.

OOOO?O o OO
UG FOO G KO

s I e s




MNI

100

CONTROU O
Cc- A
05%Cl V

(0 20 30 40 50 60 70 80 90

TIME - MINUTES .

F0 8

67



80

70

60

40

10

fo

TIME

40 50

MINUTES.

FIG 9

6®

60

70



Figs. 8. and 9. show the reaction curves

for these catalysts. The activity figures are =

Aua = l«30
A s = 1.30
A =  1.41
Ag = 1.54

They Indlcate definlte catalysis but the
results particularly for 0.5 % fluoride are extreme -
ly variant, the highest and lswest figures recorded
being 1.44 and 1.68.

A digression was made at this point in order
to determine the active agent in catalysis by chlor-
ide. It was thought that this might be nitrosyl
chloride (NOCl), and thls was prepared by passing
dry chlorine and nitric oxide through a glass tube
heated to 300°C, the products being collected in a
receiver cooled -by solid carbon dioxide. The pro-
ducts were then fractionated to obtaln the qitrosyl
chloride free from chlorine and nitrogen peroxide.
the product was used as catalyst in a nitration
similar to those carried out with NaCl. The results
are shown in Table 6. and graphically in Fig. 10.

(8ee over).

The activity of nitrosyl chloride is 1.37.



Its similarity to that of chloride suggests that 1t .
might be the active component formed by the actionof

sodium chloride on mixed acid.

TABIE 6.
fCatalyst| _M.N.T. 2.
time - mins.
1. %
moLe %+ 110l20|30[40]50
0.0  |34|e2|72|82|87
0406 60| 78| 83 88

The difference in the rate of reaction in the
control nitrations of different series Indlcates dis-
tinct varlation in the activity of different batches
of mixed aclds. In order to measure the relative
activitles of the hallde catalysts a large batch of
mixed acid was prepared for nitration with the halldes
of potassium. By utilising salts of the same metal
variations due to the positive ion were eliminated.

The results of these tests are shown in Table 7.

TABIE 7.

Catalyst| M.N.T. %.
, . %.|time = mins.
mols 7| 15180/50]40°

26(52|72|80
T 47|74 88
Cl [53|79]| 90
Br |59(8l| 90

[
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Flg. 11l. shows the reaction curves. These
are much more regulariy distributed than the fluoride

curves in the previous tests. The activity values

are -
- AF = l.67
g Aq = 1.97
AB\’ = 2011
A.[ = 2433

Plotting "A® against atomic weight results in
a curve. A moré,iinegr relationship exists between
activity and vertical posltion in thé periodic table.
It is only possible to state that activity increases
with atomic weight, the actual relationship being
indeterminate. For practical purposes the time for
completion of reaction 1s of lImportance. A special
series of experiments were conducted to determine this
time In the case of the lodlide catalysed reaction.
For this phrpose the reaétion was reckoned complete
when 99 % of the toluene had been converted.
Table 8.‘shows the results obtained and they are
plotted against the reciprocal of time in Fig. 12.
Plbtting.against I/t makes the curves more steep at
t =00, and simplifies estimation of time of virtual

completion. The 99 % conversion line is shown in

T2
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the figure and the intercepts of the reaction curves
with this are indicated in the right upper corner of
the diegram. The intercepts give the following times

for virtual completion of reaction =

30°C "'60°C
control 200 53 inubes
0.1 % I. 125 a0  REEES:
PABIE 8.
Catalyst MelaTe e |
1. 4. time - minutes. -
mol. % 5(10(15| 20| 25| 30|40 |50 (60
. 53 g1| | o3|94les|es
.1 Ias KI 70 90 93 |96 |96 |96

#|84 192196100 |100 {100
I as KI+|88|93|97| 97| 98| 98

*|76|90|193| 96| 98| 98
I as KI%®|84|94|196| 97| 97| 98

*

000000
OO KOO

*

% peaction conducted at 60°C.

A decrease in overall time of some 35 % is
indicated and this might be capable of some indust -
rlal application. galnst the commercial use of
halide as catalyst may be cited the danger of in-'
creased corrosion of plaht, and the use of such

\

catalysts would be subject to the results of corros-

5



‘=lon tests; The considerable»increase of the rate
of reaction in the early stages of nitration might
be made use of in continuous mononitration.

Thé‘set points of T.N.T. prepared from M.N.T.
catalysed during nitration by fluoride and chloride
were 78.3 and 78.4°C. 1No change in the proportion

of isqmefs is thus indlcated.
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CHAPTER S.

CATATLYS IS BY THE HEAVY ELEMENTS

The activity of lodine as a catalyst suggested
the possibllity of catalytic activity by the elements
of high atomic weight. It was accordingly decided
to measure the catalytic effect of heavy elements
from other groups of the periodic table.

- The periodic classification 1s shown in Fig.
13. Elements examined are circled. Whenever they
were avallable the sulphates or nitrates of the ele~
nents were employed so as to avold interference 5y
effects of acld radicals. Estimation of activity
Waé carried out in exactly the same manner as with
the halides in the previous chapter. The amount of
catalyst added was 0.l %, & molecular percentage of
the element based on thé mass of toluene. The
product of all hitrations was converted to T.N.T. by
the hemi-macro method described on Page.6l. Samples

which showed high melting point in this test were
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subjected to the more accurate Dry Set Point test.
The results are shown in full in Table 9.

The column of the table headed "Activity Avea®
contains values of the area above the reaction curves
measured on the dimensions of M.N.To. % and minutes.
The reaction curves have not been plo%ted because
thelr number and close proximity to one another result
in a very confused diagram. Fig. 14. shows the act-
ivity area plotted against periodic group number.

The activity area of the control reactlion is shown

as a dotted line across the graph. It willl be noted
that elements exhibiting high activity havé a low
activity area, that of the ldeal catalyst belhg zero.:
Points below the dotted line represent positive cat-
alysts and above the line negative catalysts or in-
hibitors.

A remarkable co-relation exlists in the form of ‘
the two curves. Considering filrst only the elements
of the fifth double octave, metals of the left hand
or "A" octave all lie on the upper line (low catalytic
activity) and those of the "B" octave on the lower
line (high activity). . In ﬁefiodic groups 1, 2, and

3, there is a progressive slight increase in activity,

(L]



 TABIE 9.

Catalyst.| M.N.T. %) M.Pt.| Dry [Activity
Time-minss of Set Area
' T.N.T.| Point [min. %.
101 20| &0 °c °c :
Control 53 | 68| 82 76.5 78.52 1660
Silver 68 | 81 91 74 .9 1225
Caeslium 53 | 731 82 77.1 78+.60 1870
Gold 58| 81| 91 7645 13185
Barium 52 | 70| 83 76.1 1685
Kercury 66| 81| 88| 76.6. 1298
Lanthanum | 58| 74| 85 .
56 na| g 74.8 1600
Thallium .| 63| 85| 91 76.5 1188
Lesd 55| 75| 85 76.5 1810
Thoriwm 48| 70| 80
| 45| aol a7 76.8 1950
Tantalum 48| 67| 77 76.7 2030
Bismuth 53 | 75| 87 76.8- 1558
Tungsten 55| 74| 84 7.1 78.50 1630
Uranium 48 | 69| 81 77.1 78.60 | 1765
Todine 70| 82| 90 77.1 78.60 1200
Iridium 56| 81{ 90 76.6 1410
Platinum | 55| 81} 91| 76.5 1375




ACTMTY AREA

2100

1©00 — ELEMENTS /
|800
1700
1600
1500
14-00
1300
12.00

1100

PERIODIC GROUP

FIG 14-

NUM6GR



but while the "A" group elements are almost neutral
those of the “B" class are highly active. In groups
4. and 5. thekaétivity falls sharply, so'distinctly

in fact that tantalum (group 4A) is a definite inhib=-
itor. In the "B" group this fall in activity renders
1ead.and bismuth hearly neutral. Through groups 6, |
7 and 8 activity again increases sharply so that
iodine (7B) and iridium and platinum (8A) are all act-
lve catalysts.

Fige 15. has been constructed to show graphi-
cally not only the fifth double octave, but the whole
periodic classification in panorama. On this, points
representing all the elements in Table 9. have been
plotted. The activity areas for the halogens, have
been deduced from the results of estimations in the
previous chapter and are also shown in the figure.
Making the sheculatwe assumption that curves of
®oroup activity" of the previous figure apply through-
out the whole pericdic classificatioﬁ we may then
construct a graph representative of the actlvity of
all the elementse.

It will be observed that in octave 4B iodine
has én activity area of 1200 units while bromine (3B)
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has the value 1270. This gives the "B" octave curve
a slight upward inclination as we proéeéd from right
to left on the graph, the curve passing successively

through the points =

o I Group 7 Octave 4B 1200

Br " 7 Octave 3B 1270
cl L 7 Octave 2B 1320
7 Octave 1 1440

P i

The relative activity areas of uranium
(octave 6A) and tungsten (BA) give the mean gradient
of the "A" octave curve. This curve will graduslly
approach that of the "B" octave elements so that when
we reach the area on ﬁhé left of the graph represent-
ing the elements in the first two sihgle octaves of
the periodic table, the curves are superimposed.

The activity areas of all the elements would
then be supposed to be the appropriate points on the
curves as shown. The points referring to the ele-
ments the éctivity areas of‘which were measured,
}have again been cilrclede

Silver is the only element the actlvity of
which éould not be reconciled to the curve embracing

the other elements and this we must assume to have
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‘been due to some experimental error.‘
The set polnt detemminations indicate that
M.N.T. prepared in presence of these catalysts con-

tains the normal}quanﬁity of meta-iscmer.
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CHAPTER 4.

NATURALLY OCCURRING CATALYSIS

In an earlier series of experiments 1t was
found that nitration toluene reacted with mixed acid
much faster than the same material freshly distilled
at atmospherlc pressure, the total time of nitration
under ldentical conditions being ﬁearly two hours for
the latter and only thirty minutes for the former.
The effect was attributed to the presence of chloride
or thiophenes in the toluene, but the subject was
felt worthy of more complete inveétigation and the
following series of experimeqts was conducted to
elucldate the point. |

High gravity toluene (S.G. 0.868) was fract-
lonated in a Young's column in batches of 1500 mls.
This volume was separated into three equal fractions,
the corresponding fractions of a second batch simi-
larly treated being combined (see Fige lé). In this

way three samples of 1000 mls. were obtained.



These were individuwally distilled, thiree fractlons
vof 3500 mlse being drawn and the final 100 mls. resid-
ues being combined. 200 mis.rof this residue were
distilled and rejected. The remaining 100 mls, ﬁas
removed from the s3tlll as flnal residue of the orig-
inal 3000 mls, of toluene,

The process was repeated, corresponding
fractions again being combined till‘a good supply of
ea&h.fractibn was avallable. The distillation tem-
perature of the fractions is shown graphically in

Fig. 17,

ESTIMATION OF CHILORIDES.

An attempt was made to estimate chloride in
each of the samples by preclpltation with silver
nitrate solution. No turbidity could be detected
in any of the samples even with the ald of a sensit-

ive turbidimeter.

ESTIMAYION OF THIOPHENES.

Each fraction was treated with a solution of
1% isatin in pure concentrated sulphuric acid.

-

On prolonged standing all fractions gave a blue
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colour indlcating the presence of thlophenes.
Thiophenes were estimated as thiophene using Denigs
reagent prepared as follows:-

A - 10 gma. mercuric oxlde was finely groundv
and dissolved in a solution of 40 mls. conc. sulphuric
acid in 220 mls. distilled water. The solution was
flltered and preserved in a well stoppered bottle.

To conduct the estimation 50 mls. toluene
were placed in a stout bolling tube andvzo'mls. of
the reagent added. The tube was closed by a tightly
fitting cork and mechanically shaken for three hours.
The solution was filtered through a tared sinter:
crucible and the precipitate (HgO.HgS04),C H,S dried
in an air oven at 509C for 6 hours.

Such estimations were carried out in tripli-
cate on each of the fractions. The average results
are shown in Table 1l0. and graphically in Fige. 17.

The rates of nitration of the separate fract-
lons were then determined in exactly the same manner
as for the halide catalysts. The results are shown
in Table 1l. |

The values of the actlvity area for the nit-

ratlon of each distillation fractlon 1s plotted in
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TABIE 10.

Sample No. Thiophene
(see Fig.l7.) '
1A 0,0134
1B 0.0143
1c 0.0198
27 0.0190
2B 0.012%7
2C 0.0232
3A 0.0175
3B 0.0206
3C 0.0258
R 0.0205
TABIE 11.

Fracte M.N.T. &%. Activity
ion time - minutes. area.
No. 5 |.10] 15 ] 20 ] 25 | 30 [ 35 |min. %.
14 11.4|24.0| 38.4(54.6[68.0{80.4|87.3] 2050
1B 18.8|46.2| 58.0|72,8|87.6| 94.2] 98.0| 1445
1c 24,2|40.4| 58.0|71.5/85.6/90.2|/94.5] 1505
24 17.9|24.2|48.0!66.0[/84.0/90.0{94.1] 1410
2B 26.4|54.2|72.0|82.6(88.8/93.8|97.6] 1217
2C 20.8[43.5| 64.0|78.2|87.5]92.2|96.2| 1400
34 25.1135.0| 52.0|67.7|78.8[88.0 1560
3B 17.9(46.2/50.0|65.8|80.3]90.3{96.2] 1485
30 24.2|43.5|48.4|68.0/80.5|87.8 1620

R 64.4| 80.3| 90.2|94.5|95.8|97.8[99.2 610




)
i

Pig. 17. along with the curveé representing proport-
lon of thiophenes and temperature of distillation.
Comparison of the graphs shows that the activity of
the residue cannot be attributed to the thiophene
contentvalone, but accompanies an iﬁcrease In the
boiling point of the toluene. In the first fraction
(14) where the boiling point is low the activity is
also low (high activity area).

That catalysis 1s not due to thiophene
was conclusively proved by nitrating a pure sample
of toluene to which 0.1 % of thiophene was added.
The reaction rate was no;mal indlcating complete in-
activity of thiophene and the dry set point of T.N.T.
made from the M.N.T. product so obtained was 78.7°C.

It was thought that cétalysis in the residue
might be due to the presence of mono- and di-cyclo-
pentadilenes. Claxton and Hoffert (Cokse oven
Manager's Year Book 1941, 146) describe the estumafion
2:.:. of these in commercial benzole. The test em-
ployed by these wdrkers‘consists of shaking 5 mls.
of toluene with an equal quantity of 0.5 % sodium
hydroxide in methanol, and O.4 mls. 1 % h&droquinone
- in methanol. After shaking for 15 seéonds and
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, standing 10 seconds, a green colour is produced in
presence of mono-cyclopentadiene. The test showed
'that all the toluene fractions were free of'thelca&—
pbund. Since the tests were conducted on freshly
distilled toluene, depclymerisation of the dimer, if
preseht, would have occurred, and the monomer would
therefore have been detected. The fact that none
was found was btaken as evidence that none of the
polymers was originally presente
It was concluded that residual toluene con=
tained some catalyst other than chloride, thiophene
or cyclopentadiene. That the catalyst 1s-not pro-
duced by hydrocarbon cracking at the temperature of
atmospheric distillation was shown by the fact that
the residue from vacuum distillation of toluene had
the same reactivity as that from normal distillation.
In an attempt to obtain some information con-

cerning the nature of fhe catalyst present in the
toluene residue the reactivity of the material after
various acidie énd alkalineAwashes was studied.
Table 12. shows the results of this sefies of experi-

'ments.
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TABIE 12.

Material| Method of [Washing M.NT. %.

distillation|{medium. time = minutes.
5 10 | 15 | 20

Toluene Atmospneric Water |27.0/50.0|66.3|76.0
1

" | ---  |51.5|72.0|86.6|94.1
Residue n Water |50.5|75.0!85.9|91.0
N - Vacuwn | m——  |51,5|72.8|79.1|86.6

" " Water [49.0(/69.8|74.4]86.6
" Atmospheric | BN H,S04 |48.2|69.6|77.5(83,.7
u ' " 5N NaHCOq |48.2|68.0(82.2|88.1
u L 5N Na(H |35.0[5645|69.6|77.5

The ohly washing medium which materially re-
duced the subsequent reaction rate was sodium hydro-
xilde. The catalyst woulid therefore appear to be
acidic in nature. Moreover the ineffectiveness of
sodium bicarbonate in extracting the catalyst Suggests
phendiic form rather than a.carboxylic acide Acid-
‘ification of the sodium hydroxlde washings and e#tract-
ion with ether did not yleld any product.

One of the greatest difficulties was that of
obtalning a good supply of distillation residue, in
view of the fact that only'loo mls. could be produced
from long distillations of 3000 mls. of toluene.

Glasgow Corporation (Provan Chemical Works) were able
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to supply some gallons of tallings from distillation
on the plant of low gravity toluene frqm gas works
benzole. It was thought that this product might be
richer in catalyst than normal nitration toluene
thereby rendering 1solation of the ecatalyst more
simple. This toluene in fact showed great 1ack of
reactivity compared with high gravity material
(Table 13.). On distillation, the residue showed no
Increased reactivity compared with the middie cut of
the producte. .No catalyst could be lsolated from
the residue, nor did washing wita sodium hydroxide

reduce the activity of the resldue.

TABIE 13.

. M.N.T. %
Description of sample. S.G.| time = mlnutes.
5 10 15 20

l.gall. sample from final
5.galls. toluere distillation, | 0860 17.0[{37.0|55.0|61.,4
(Provan Chemical Works).

100 mls.residue fran lab. v

of previous sample. :
l.gall.sample penultimate
5.g21ls. toluene distillation| 0«857|170|370|55+0{61.4

(Provan Chemical Works). \
100 mls. residue from lab.
distillation of 3000 mls.|0e860]15.,0{37.0( 5530|6144

of previous sample,

High Gravity nitration
toluene. 0.868|27.0| 5050| 66.3|7640
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'In view of the difficulty of isolating any
catalyst from the residual toluene a new approach was
made to the subject, in which phenoiic cqmpouﬁds were |
added to the toluene prior to nitration, to determine
if they did indeed exert a catalytic effect. The
results of the experiments are shown in Table l4.

As In the previous tests-the amount added was OQ.l

mole % on the weight of the toluense.

TABIE l1l4.
S&mpl@ . M oN .T . 76- DI'Y Acti-
TIVE = MINUTES. - - set|vity

51 10| 16 | 20 | 25 | 30 | 35 |point|Area

Toluene |20.8[43.5(70.0[80.0|87.9]|93.5|97.2|78.7|1270
"xylene 21.0|32.0|57.5169.6{80.7]188.1}93.5/78.31450
"phenol 42 .6|69.6|80.7]191.1193.0]94.1[(95.6]78.5| 955
"o-cresol [37.0|58.1|76.4[{88.1|92.6[/94.1|¢6.5|78.4]1050

"mecresol |37.0/59.8|79.2|90.0|93.0[94.1|96.5|78.6] 975
UResidue" |64.4|80.3|90.2]94.5|95.8]97.8|99.2|78.3]| 610

» The results Indicate positive activity of phen-
ols and cresols. It willl be observed that xylene
exerts no influence on the reaction rate from which it
wquldvgppear that the activity of the catalyst 1s close-
1y associated with the polarity of the substituents in
the benzene nucleas. |

The M.N.T. produced in these nitrations was.con:
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'-verted to T.N.T. by the standard method and the dry
set point determined. The results are shown in the
Table l4. beside the activity areas. All the samples
show a slightly low set point probably due to the
presence of the nitrated phenolic bodies.

Extraction of the M.N.T. with 5N sodium car-
bonate gave a deep red solution which deposited red
crystals on standing for a few hours. These crystals
| were filtered off and recrystallised from water. ’
Finally the solution of the crystals was acildifiled
and the yellow precilpitate obtalned recrystallised
from alecohol. The precduct had M.Pt. €1°C and was
thought to be a mixture of 3:5-dinitro-ortho- and
para-cresols. (Nolting and Ferol, Ber. 1885, 18,
2670).

As an ald In the investigation dinitro-cresols
‘were prepared from ortho- and para-cresols by a
simplification of the method of Datta and Varma
(TeAm.Chem.Soce 1919, 41, 2041). The method des-
cribed consists of sulphonating and then steam dls-
tilling to reﬁove unchanged cfesol, after which
nitration 1s conducted at low temperature, by oxides

of nitrogen. The sulphonate of crescl ls easily
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hydrolysable and it was found that no matter how long
steam distillation was conducted free cresol always
occurred in the product. Moreover low temperature
nitration gives poor yileld.

An adaption of the method was made, the pre-
paration being modified as followss=- |

Thé sulphonic aclds were prepared by

heating the cresols with 100 % H,S0,, diluting with
an equal mass of water and heating to 90°C, when con-
centrated nitric acid (70 %) was added slowly till
reaction subsldeds The solution was stirred while
cooling and granﬁlated dinitro~cresol so formed |
filtered off and recrystallised from alcohols No
tar was produced and the yield was always over 90 %
of the theoretical,

3:5-dinitro-ortho-cresol M.Pt. 86.5°C
3s5-dinitro-para-cresol MePt. 81.5°C

A mixed melting point conducted with the mat-
erlal isolated fﬁom M.N.T. and each of the above
substances in turn showed no depression with the
‘para~- cumpound.'

Acetyl derivatives of both nitrocresols, pre-

pared by refluxing with acetic anhydride containing
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a few drops of syrupy phosphoric acld, gave M.Pt. para-
154°¢C and ortho- 96°C'e That of the compound isolated
from mono-nltrotoluene gave H.Pt. 154°C and was there-
fore the derivative of the 3:5-dinitro-para-cresol.

The solubility of the dinitro-ortho-cresol in
sodium carbonate was found to be much higher than
that of the para compound and this probably accounts
for the fallure to 1lsolate the former salt by cry-
stallisation. Nolting (loc. clt.) suggests that the
nitrocresols are formed during the nitration by oxide-
ation of the toluene by mixed acld or oxides of nit-
rogen, or by oxidation of 3:4:5~ or 2:¢3:5~ trinitro-
toluene presumed to be formed in the reactione.

Although D.N.T. iIs scmetimes produced during
vigorous mononitration it is thought unlikely that
any T.N.T. can be formed under the conditions here,
but the first hypothesis of Nolting made the subject
worthy of investigation, particularly in view of its
possible bearing on oxidation losses In T.N.T. manu-
facture. ’

1500 mls. of toluene were fractienated in a
four pear column, the flirst 100 mls., being drawn as

first cut and the final 100 mls. as residue. The
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niddle cut was then fractionated in the same manner
the first and last 100 mls. being collected separaté-
ly and mixed with the corréSponding cuts of the first
distillation. This process was repeated till the
first cut was 800 mls. the middle 300 mls. and the

. residve 600 mls,

Samples of each fraction were extracted with
sodium hydroxide solution and the extract steam dis-
t1lled to remove toluene. Acidification and ex-
traction with ether gave only a very small residue
of tar the character of which could not be determined.
An attempt to form a picrate of any cresol present
in the toluene by direct refluxing with picric acld
was unsuccessful.

156 mls. of residual toluene were refluxed
- for 90 minutes with solid sodium hydroxidee. The
toluene was poured off and a little water added to
dissolve the sodium hydroxide. By coupling with
diazotised para-nitraniline and with benzidine,
red and brown dyes were obtained. }

A 70 ml. sample of each of the cuts was nit-
rated and the nitrocresols extracted from the M.N.T.

~with 40 mls. 5N sodiuwm carbonate, and the solution

-

100



of the sodilum salts set aside to crystallise. A
sample of undistilled toluene was similarly treated.
The sodium salts were then filtered in tared sinter
cruclbles and dried in a vacuum dessicator before
weighing. The results of the estimations are shown
in Table 15,

TABIE 15.
Source of Nitrocresols Cresol in
M.N.T. in M.N.T. toluene. %.
% (theoretical)
Undistilled 0.42 0.34
: toluene

1st. cut. 0.18 0.15
Middle cut. 0009 ' 0¢O7
Residue. 0,78 0.63

In viéw of the method of estimation these re-
sults must be regarded as very approximate. The
differences are nevertheless so marked as to be sig-
nificant. It is reasonable to conclude that the
residual toluene gives a much larger yield of nitro-
cresols on nitration than any other fraction. This
may be construed in one of two ways. Either -

(a) The cresol is originally present in the

toluene to the extent of approximately
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0.3 %.
or (b) The catalyst which occurs in the residual
toluene must promote the oxidation of
toluene to cresol, or of M.N.T. to nitro-
Cresols. . |
Tn support of the first assumption may be cited
the fact that dyes may be produced by coupling the
sodium hydroxlde eztract with para-nitraniline or
benzidine. The small quantity of tar obtained by
acidification and extraction of the sodium hydroxide
extract indicates the possible presence of some for-
elgn substance In the toluene, though it gives no in-
dication of its nature. Adoption of this theory in-
volves the assumption that the cresol present is not
removed by normal sodlium hydroxilde washing and'subse-
quent distillation of the toluene during menufacture.
The result of the test is thérefore samewhat incon-
clusive. At this point the origin of the cresylic
bodies was left so that a study of the catalytic
. properties of phenols might be more fully pursued.
Nitrations were conducted in which 0. 5 %
phenolic compounds wére added as catalysts, to deter-

mine which of these produced the greatest acceleratimn
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in the rate of reaction. _The results are shown in

Table 16

TABIE 1l6.

Catalyst M.N.T. % Activity
time = minutes. Area.

5| 10| 25 | 20 | min. %.

Control : 34 40| 5342| 6840|766C 1670
Phenol 3849!57.0| 69.6|77.6 1550
Benzyl alcohol | 38.9|64.1|72.8|80.7 1420
o-cresol 37.0]57.5|71.2]83.7 1340
m-cresol 44.5|164.7|792.1186.6 1170
p-cresol 40.7159.8|72.8|80.%7 1290
Catechol 40.8]63.2|75.0[{84.0 1240
Resorcinol 40.8|63.2/75.0|84.0 1240
Quinol 42 .6| 63 .2|77.5|85.2 1200
Pyrogallol 46.3|64.7|76.0/80.7 1260
335 DN-p~cresol| 44.5|63.2|74.3|{82.2] 1320

Plotting the activity area againét the number
of polar groups indicates a slight increase in activ-
‘ity as polarity iIncreases. The m-cresol result can
only be attributed to experimental error; Thils is
bosrne out by the fact that when ortho- and meta-
cresols were previously tested (Table 1l4.), they.
showed the same activity. It is‘interesting to note
that benzyl alcohol shows a slightly higher activity
than phenol,. |

103



CHAPTER 5.

CATAIYSIS BY THE ATCOHOIS

The high catalytic activity of the phenols as
compared to that of xylene (Table 14.) coupled with
the fact that poly~hydroxycompounds exhibit higher
activity than the monohydric members of the same
serles suggests that catalysis and polarity are assoc-
iated., It therefore appeared possible that the |
alcohols might be catalytically active and a number
of these were examined. Their application iIn plant
would not be limlited by their effect on the metals of
the nitrators as are ionised halides. Moreover the
study of catalysis by alcohols might give further
evidence to justify the assunptlon that the phenolic
compounds are active in consequence of their high
‘polarity.

~ As before the catalysts were added to the re=-
action mixture to the extent of 0.5 % on the mass of

toluene, and nltrating conditions were exactly the
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same as before. Three separate batches of mixed
acid were wsed in tThe tests, and although they were

all composed as accurately as could bé ascertained -

5%  HNOs
25 % Ho0
70 % HoS0,

variations in their activities were
apparent. Results are thus recorded under headings
of Bateh "A" ete., and a comparison blank is given
for each batch of acid. (Table 17.) ‘

In Fig. 18. the activity areas are plotted
against the nuber of carbon atoms for each member.
An interesting effect 1s that of branching in the
carbon chain. With the primary alcohols no definite
catalysis is evident and in fact these sometiﬁes show
a slight inhibiting effect. Secondary and tertlary
alcohols on the other hand exhibit distinet activitye.
It would appear that maximum activlity ls exhibited
by alcohbls in which branching is a maximum (iso-
propyl and tert-butyl). TFor a time activity in-
creases with.molecﬁlar welght, but this rapidly
passes through a maximum between propyl énd butyl
aledhols,‘after which increase 1in molecular welight

results in lower activity.
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TABIE 17.

>
2 .
22798298883 38
L
MO0 ) O MO 40
PmHHHﬁHHﬁHH e~
(3] 2| :
<t
WS AHPHID - D
o . . ® o o o @ e o
Qi [{s]
:"‘.n tg -~ OO0 @
= * {4 QOO MOD™> W
ISR IS o ¢ o "« e T8 8 o e « s
& Sl {00 A0 Oy o>~
91 .d CO™ODOOD i~
oS B4 N ODOHQW OO QO
Ol «11 0 e o o o+ s s s e o
= Ca I U B I L O 1)
E""g O W0 W WD - 0 w0
ol|™ |d coooOoOmMoOO® OO
< 49 30 e o s o o 2 e @ * o
H P NN O ©O )
NN NP DA ¢
)
L) .
5§ 3%le8338833 ¢
O D)
o b gl38aerede &
-lz’)tﬁ-gr-lr-!r-ir-l ~
<4
A O ©
O . e & e o ¢ o = [ ]
QIO M Q2 10 Q (8]
= | jm COCOC38®®®03 s}y
[u]
:‘?ﬂv--l-) QO QOIHO WO Q
: SR IBID | o o o o o o o @ .
SidjOon QIO ]
ﬁ g N~ ON>@ o)
O I NNHOHOO ©
Ke} . 11O e ¢ 8 & o ¢ o e .
~ VDO OWHEWN 3]
=8 [cooooowon o
< 20 e« ¢ @ o o s o o -
M Q000D (o2}
< H ) WD S L
i
5 +8 99
0" O g g g
b [ g 240 o o ~l
~ ~- 0O g OdP P Q
o odogiug3d3Is3 &
o ﬁgqocu-p.o.n oo
o + g»ﬁlﬁll oo
&) fu i 00 00 kb
C o Il ml no ~
osEsmEHEHn oo

106




1300
1200

c¢ 1100

<£ 1000

P 800

»EC
700

1500

1400

SEC.

A 1200

> 1100

xc. TERT
1000

lie

NUMBER OF CARBON MOMS -

F(Q |6

107



Consideration of The series methyl alcohol,
glycol and glycerol, indicates that activity increases
with the number of polar groups. This serles was not
continued far enough to observe any maximum. |

Experiments were now extended to aldehydes,
ketones and carboxylic acids (Table 18.). Again they
have been plotted as activity area against number of
carbon atoms (Fig. 19.). For this purpose carbon
atoms in the polar groups are discounted. Thus methyl-
ethyl ketone is taken as a molecule of three carbon
atoms and one polar group. Experiments were not very
.comprehenéive but it would appeaf that actlilvity increas-
es as.we pass from carboxylic acids through ketones to

aldehydes, maximums being observed with propionic acid,

methyl-ethyl ketone and acetaldehyde.

It is to be clearly understood that by catalytic
activity of @lcohols and other organic substances is
intendedvonly»theaeffect of such addition on the réte of
reaction. Catalysis in these cases is undoubtedly brought
about_not by.the compounds themselves, butvby their
products of reaction with the nitrating medium. The

nomenclature has been adopted purely‘for simplicity.
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TABILE 18.

Catalyst.

, M.N.T. %. Activity| Dry -
|~ 0.5 mol.%. time - minutes. Area Set
- 5 | 10| 15| 20 | min. %. |Point
Control 39,0/58.4|75.2{86.6] 1090 78.8
Acetaldehyde |51.5|7640/88.196.5  gg4
532 |76.0| 88.1| 96,5
Propion- 48,3 69.6|79.1|89.6
aldehyde |4643|68.0[79.1|89.6 912 78.7
Dimethyl- 43.0[63.2|77.5|86.6] 1017
ketone 44:.5 6104: 77-5 8606
Methyl=ethyl- |49.0(68.0| 82.2|89.6 9 8.
ket one 47.0|66¢3[79.1|186.8 15 78.7
Formic Acid 40,7({5841|72.1|83.7 1090
Acetie Acid 44.,5(63.1]77.5|86.6 1020
Proplonic Acld|44.5|64.7|76.0(85.1] 1020 78.7
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CHAPTER 6.

- THE EFFECT OF INUERFACIAL TENSION

It was early apparent that the increased rate
of reaction observed in presence of the catalysts
described in dhapters‘z. to 5. might be explained by
their effect on the interfacial tension between mixzed
acld and toluene.

ExXperiments were carried out in the first in-
stance on the particle size in emulsions of mixed acid
and toluene, with and without the addition of catalyst.
These experiments In which attempts were made to obtain
photomlerographs of the suspension under standard con=
ditions of agitatibp, had to be abandoned on account
of the too rapid movement of the particles. Measure=-
ment by turbidimeter was likewlse unsuccessful because
the degree of bturbidity is not a linear function of
the size of particles. It was declded to measure the
interfaclal tension between mixed acid and toluene,

since this 1s a primary factor governing the slze of
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toluene particles under standard.conditions of agit-
ation.

The measurement was made by the drop weight
method, and readings are expressed as drop weignts,
since the actual interfaclal tension was not of prim-
ary interest. The toluene employed was a distilled
high gravity material and the following mixed acids
were used. '

Series 1. BSeries 2. Series 3.
H,S0, 705 H,80, 60% H,50, 50%
H,0 30% H,0 35% H,0 45%
HNO, -+ HNOs 5% HNO, 5%

These were chosen so as not to react with
toluene at room temperature, but to emulate the approx-
imate surface tension of the normal mixed acld used
In the previouﬁ experiments.

The aclds were dropped into weighed amount of
toluene contained in a narrdw necked flask, the stopper
of which was removed only when tie dropping tlp was
immersed. A blank experiment was carried out to deter-
mine loss by evaporation and this proved to be negli=
glble. The tempserature throughout the experiments

wa3118°c.
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The flask contalning the toluene was welghed
and 25 drops of mixed acld introduced before reweigh-
ing.  Catalyst was then added and the flask reweighed,
the difference giving the mass of catalyst for the |
following test. The former difference in welght
multiplied by four'(i;e. mass of 100 drops) is plotted
against the pr0porfion of catalyst in the graphs which
follow (Fige 20.).

When cresols aré added to mixed acids contain=-
| ing nitrlc acld, reaction may occur. Accordingly
nitrocresols were used in tests with acids 2 and 3.

It was noted that with certain concentrations of -
alcohols, reaction did occur, as evidenced by a slow
evolution of gas. This zone of reaction is shaded
in the accompanying graphs.

The results show that there is a marked decrease
In the Interfacial tension of toluene and mixed acld
by the addltion of hydroxycompounds, except in the
case of phenols. The effect increases with increasse
in the molecular weight and with the higher alcohols
is markéd even 1ln presence of small proportions of the

catalyste.

The increased reactlvity of toluene on addition
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|

of alcohols might be explalned by the fact that the
alcohols reduce the interfacial tension and thereby
increase the degree of dispersion of the toluene in
the mixed aclde. This theory however doeé not explain
the difference in reactivity with primary, secondary
and tertlary alcohols of the same molecular formula,
since these show the same reduction in the interfacilal
tension. Moreover although interfacial tension de-
creases with increase in molecular welght throughout
the whole series methanol to amanol, catalytic effect
passes through a maxlmum at propanol. The two effects
are therefore incompatible. If may be sald then that
although the reduction in interfacial tension is poss-
ibly partly responsible for the increase in the rate
of reactlon between toluene and mixed acld, it is cer-
talnly not wholely so. |

The case with regard to the cresols is clear.
Although they produce no marked depression of the
interfaclal tension, they catalyse the nitration of

toluene. They must therefore be regarded as catalysts

in the normal sense of the worde. Ihelpn—node-in—tho-
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PART IT.

DI-NITRATION.
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CHAPTER 7.

THE EFFECL OF CHLORIDE
ON_THE RATE OF DI-NTI'RATION.

After the detection of catalytic effect of -
halides in mononitration it was decided to study the
effect of chlorlde on dinitfation.

The product near the end of reaction being
solld at room temperatures it was necessary to adopt
a method of estimation other than refractive index.
Specific gravity was found to be a sultable crlter-
lon. In order that large samples would not have to
be removed from the reaction mixture special pykno-
meters were made with’a capaclty of 0.05 to 0640 mls.
One of thbse 1s shown on stand beside a sinter cru-
clble to illustrate cqmparative size, in Fige. 2l.
»A‘pyknometer of capacity 0.l5 mls. gives approximately
1 % accuracy when weighed to 0.2 mge

~ To carry out the estimation, a sample of 2 mls.
of reaction slurry were removed from the nitrator and

drowned in 10 mls. of water. The nitrobody was
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"SGparated in a hand centrifuge and washed twice with
water. After drying at 90°C till it showed no tur-
bidity,_its specific gravity was determined at the
same btemperature. |

The nitrating acid had composition -

HNO, 5 %
H,S0, 75 %
H,0 20 %

Again 1t ﬁas found that activity-varied with different
batches of acld and a large batch of acid was made
for use throughout the tests.
The M.N.T. used was a commercial sample contain-
ing traces of aclds used in its manufacture. Two
/experiments wefe conducted on a vacuum diétilled pro=-
duct. .The results of all the tests are shown in
Table 19, The apparatus used was the same as that |
for mononitration and the temperature was maintained
at 20°C throughout.
| In general only very slight activity 1s exhib-
lted by chlorlde under these conditions. Bearing in -
mind the increased corrosion which would attend the
use of sodlum chloride under plant conditions, its

adoption would not appear to be justified.

19



TABIE 19.

Catalyst D.N.T. %. Activity

1 7 time « minutes. area
Mol. ~.  1020[30[ 60100 | min. .
Control 35| 58| 73| 91| 99 2640
Control 37| 60| 74| 91| 98 2580

0.1 % Cl. |47|73|82|91{100| 2300
1.0 % ¢1. | 50|7s|83| 91100 2240
1.0 % ¢l. | 37]|61|7s5]| 90| 99 2520

Control 12|25|36| 66| 98 5440
Control 12(25|38| 68| 98 5440
0.5 % cl. |13|26|37| 67| 98 5400
0.5 % Cl. |15/26|37|69| 99 | 5200

Control % | 19|36|52|80(100 4060
0.5 % Cl.% | 21/42|58| 84 (100 3620

% Distilled M.N.T.
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PART III.

'PRI-NITRATION.
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CHAFPTER 8.

[

EFFECT OF HALIDES, CRESOLS, AND ALCOHOLS
ON TEE RATE OF TRI-NITRATION.

The mononitration apparatus was adapted for
trinitration by allowing for continuous heating of
the external water-bath. As the nitrations were
carried out in a large excess of sulphuric acid and
were thus single phase reactions, stirring conditions
were not critical.

| The progress of reaction was followed by
measurement of the specific gravity of the nitrobody.
At intervals samples of the slurry were removed from
the nitrator and drowned in water. The nitroﬁody
was separated by centrifuging, washed with boiling
water, dried in = steam oven for three hours and its
specific gravity at 95°C measured using one of the
small pyknometers. Experiments on the optimum slze
of pyknometer showed that one of about 0.3 mls, |

capacity gave reliable results without necessitating
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the removal of unduly large samples from the nitrator.

The method of nitration consisted of heating
the nitrobody and sulphﬁric acld to the desired temp-
- erature of nitration and adding the calculated quantity
of nitric acld to the solution. 50 gms. D.N.T. were
heated in the nitrator with 380 gms. 100 % H,S0, to
100°C. 180 gms. of a mixture of 20 % HNbs and BO %
H,850, were added cold when it was desired to start R
the reaction. The latter dry acld was made from 5 %
olewm and 95 % HNOS. By the addition of an anhydro;s
acld, heat of dilution on addition was avoided. The
addition of thls acld reduced the temperature 1n the
nitrator to 95-97°C. TImmedlately afterwards the
temperature rose to 104-107°C by the heat of reaction,
and cooling was applled via the coils to maintain the
temperature at 100°C. Latér, cooling was unnecessary
the water-bathvat.100°c maintaining the proper temper=-
ature. ‘

Catalysts were added to ﬁhe sulphuriec acid~-

'D.N.T. mixture just I;rior to the addition of the nitric
acid. In every case the amount was 0.5 % as a mole-
cular percentage of the D.N.T. The'resuits are shown
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TABIE 20.

Catalyst. T NeTo %o Activity
time-minutes. Area

10]20]40[60]80[120]160[200] min. %.

Acid Batch HA®

Control 48|62|78|83| 86| 90| 93| 95 3920
Control 48| 6272|8386 | 91| 94| 96 3800
Cl as KCl. 48|66| 8290|193 | 96| 98| 99 2840
Cl as KCl. 54|72|84 (90193 | 96| 98] 98 2840
I as KT. 50|72|85|90{93 | 95| 97| 98 2840

Acild Batch "p*
Control 59({75] 8386182 | 914 93| 95 3360
3:5 DN=-p=cresol| 61)81|91|93|{95| 97 98| 99 1830
5:5 DN=pe-cresol]| 62| 82| 9194|296 98| 98| 99 1780

Acid Batch '“c"

Control B3| 73] 8693|196 | 98- 29100 1980
Control 56741 86|92|95 | 97| 98] 99 2050
Control 5272187192194 | 96| 98] 99 2160

325 DN~-p-cresol| 59| 74| 86|92|95 | 97 | 99| 99 2050
3:5 DN-p~cresol| 56| 75| 87|93|96 | 98| 99|100 1960
Amyl alcohol 52| 71| 87(91|94 | 96| 98] 99 2240
I as KI. 55 73| 90|93195 | 98| 992|100 1920
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SECTION 3.

SEPARATION OF NITROBODIES.
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The objects in catalysis in nitration of toluene
may be simply stated as:;

(1) In mono-nitration, alteration;of isqmeric

‘composition, |

() . In all nitration, mono-, di-, and tri-,

increase in rate of reaction.

The flrst object has as yet proved as 1hcapable
of solution by catalysis as by any other variation of
the nitration process. 1In the second object éame
success has attended the experiments, the most marked
Increase being observed in catalytic mono-nitration.
It 1s héwever the di- and tri-nifration that the
greafest time of contact between the reagents is
necessalye It would appear therefore that if a pur-
ification method were availlable which would remove
D.N.T. from T.N.T. 1t would render possible the re-
duction of time of nitravion simply by discharging
the final nitrobody'from the tri-nitrator before
completion of reaction, thus attalining the same obJect
as catalysis in tri-nitration.

During the flrst World War attempts were made
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to evolve a coamercial method of purifying T.N.T.

from D.N.T. by both chemical and physical methods.
Success was limited but it was considered that the
problem might be capable of solution in the light
of more modern developments, and the following
section is devoted to a study of the separation of
'#he higher nitrobodies,

Moreover it is possible that if large pro-
portions (eege 30 %) of D.N.T. could be removed from
TeN.Te it might bevmade the basls of a more economical
manufacturling process, since the conversion of D.N.T.
to a nitrobody mixture contalning 70 % T.N.T. can be
effected In approximately one sixth of the time re-
quired for complete conversion. The di=-nitrobody,
provided it was removed by physical means and was not
chemlically combined in any way, would be available
for recycling. As far as can be ascertained no con-
sideratilon has been glven to the technlcal separation
of mixtures like this, but as has been mentioned the
removal of small quantities (up to 1 %) of D.N.T. has
been studied. Technlcal Records of ﬁxplosive Suppiy

1915~18, 2, 20, describe the following processes:-

127



(1)

(2)

Purifilcation by Organic Solvents.

Crystallisation from alcohol and benzenef

alcohol mixtures on the plant gave good

results but'waé abandoned after some dis-

astrous explosions. These apparently

occurred in recovering the solvent by

distillation and some modification here

might yet made the process practicable.

Crygtallisation from sulphuric, nitrie

or mixed acids.

The main difficulties were -

(a) Large amounts of HQSO,,» required,

(b) Accumulation of unsymmetrical
T.N.T.!s in mother liquor rendering

| it wsuitable for nitration pu;:

poses.

(¢) Difficulties of filtering and hand-
ling strongly acid mother liquors.

Crystallisation being a cumbersame process

‘under plant conditions, it 1ls doubtful

if either of these methods‘raprésents

1deal industrial practice.
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(3)

(4)

(5)

(8)

Purification by Hot Water Washing.

Thls method was quité unsuccessful,
Centrifugal Methods.

D.N.T. and T.N.T. gave low melting eutect-
les, removed by washing with hot water
in a basket centrifuge. This method
gave very promising results and érouSed}
a great deal of intereét at the time of
its application. It was further im-
proved by the addition of phenol to the
mixture to give a lower melting eutectie
of the D.N.T. rendering washing more
simple.

Pressure Methods.

The?e were based on the same principle. as
that of the centrifugal methods, but the

eutectic was removed by pressing the

-nitrobody. Separatlon was found to be

lesé complete.

Purification by Aqueous Solution Washinge
This method is very well-known, the final
development resulting in the modern sul-

phite processe. '
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Sane of these processes have been examlned
here with a view to thelr extension to mixtures con-
taining large amounts of D.N}T; In partiecular,
efforts have been directed towards the ﬁse of two
recent methods of separatilon, namely thermal diffusion
and high vacuum distillation.

Welch (Ann.Rep.Chem.Soc. 1940, 37, 153) des~-
cribes the separation of gaseous 1sotopes by thermal
diffusion, and Kendal (Wature 1942, 150, 136) refers
50 the separation of liquids of différent molecular:

. weights by the same process. The method appears to
give critical separation but is liable to be slow in
certaln cases.

The séparation of mixtures by so called mdle~
cular distillation which involves the reduction of
pressure over the materials to such an extent that
permanent gas molecules become sSo sparse as not to
Interfoere with the free flight of the vapour molecules,
1s one that merits particular note. References to
the use of this valuable technique are Innumerable.
Its discovery fbllowed the invention by Gaede (Ann.d.
Phys. 1915, 46, 357) of the mercuvy diffusion pump
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and 1ts subsequent improvement by Langmulr (Phys.Rev.
19le, 8, 48) enabling the attainment of previously
impossible low pressures. Its applicabionvto the
separation of vitamines (Hickﬁan U.8.P. 1,925,559,
1930; Carr and Jewell B.P. 415,088. 1933; Nature
1933, 131, 92; Waterman and Van Dijck Dutch P. 37,435,
1933) is now well-kmown, some of these being produced
fof conmercial distribution by this method.

Of partlcular interest with respect to plant
application 1s the description by Burch and Van
Dijck (Proc.Chem.Eng.Gp. 1938, 20, 81) of a pilot
plant for the productlion of high grade lubricating
oils, in yields of four to elght tons distillate per
day.

| Patents have been obtained for improvements
in both pumping equlipment and stills, chiefly con-
cerning the use of oil instead‘of mercury in diffus-
lon pumps and schemes for cambining the satill and
punp in one unite Labest designs of oil diffusion
pump incdrporate autamatic fractionation of the oil
and presentation of best oll to the inlet end of the
pump.

High vacuun distillation appeared to offer
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great possiblllities of the separation of nitrobody
mixtures and had Qertainly not been one considered as
- a comeerclal separation. Attention was nevertheless

directed towards the other methods discussed previously..
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) CHAPTER l.

EXTENSION OF APPLICATION OF EARLY METHODS

Of the six methods described in Technical Re=
cords of Explosive Supply only threevappeared éo
merit further examinatlion, namely crystallisation
from solvents, and from acids, and the eutectic prin-
ciple. | Obviously separation by water washing would
be ineffective because.of the low solubility of D.N.T.
in water, and the sulphite method 1s inapplicable
because the nitrobody removed by this means is not
recoverable.

For crystallisation the starting material pre-
pared was 30 % D.NoT. 70 & T.N.T. ©No attempts were
made to emula%e plant conéitions, the material being
crystallised in batch froam a number of solvents in
~order to determine only the efficiency of sqparation.
The cqmpoéition of the products were estimated here
‘as in all separation experiments by density determin-

ation at 95°C. The results are sumarised in
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Table 21.

TABIE 21.
, T.N.T. in
Process ' product
. %

Crystallisation from alcohol 96.5
Crystallisation from alcohol 97.5
Crystallisation from 93 % H,80, 79.0
Crystallisation from benzene-alcoholl/ 100.0
Washing with hot alcohol 69.5
Washing with hot alcochol - 69.0

Alcohol appears to glve a suiltable efficiency
in 6rystallisation and a mixture of benzene and
alcohol cambines good separation with a high pfoduct~
solvent ratio. The danger of explosion mentloned
,earliér would seem to be the only difficulty, but this
might be sufficient to prohibit its iIndustrial appiic-
ation. Alcohol washing, as opposed toxcr&stallis-
ation, is quite ineffective.

Sulphuric acld crystallisatlon effects partial
separation but the bulk of acid necessary is high and
would be cumbersome in plant.

For the purpose of testing the efficlency of

the eutectic method of separation, a six inch basket
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cenbrifuge was used. Granules of 30 %ID.N.T;.in
T.N.T. were prepared for the tests by éouring the
liquid nitrobody into rapidly stirred cold water.
Thils material was centrifuged and washed with water
at 60°C. There was no change in composition.

The experiment was repeated at 70°C with the same
result except that a great deal of the nitrobody was
washed thfough the basket. A similar experiment

was conducted on a granular mixture consisting of

25 % D.NJT. 70 % T.N.T. and 5 % Phenol. By centri-

. fugal washing at 60°C the product contained 76 %

T.N.T. but again a great deal of nitrobody was carried

away in the wash liquor.

The results indicate that a high degree of
control would be necessary to effect only partial
separation and the process was pursued no further.
The separation of a liquid from granules of nearly
the same melting point must inevitably result in a

wasteful I1f not inefficient process.
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SEPARATION OF NITROBODY MIXTURES
BY THERMAL DIFFUSION

The principle of thermal diffusion can most
simply be illustrated with the apparatus shown iIn
Flg. 22, If the tube is filled with coal gas and
the central wire heated to redness, the gas mixture
circulates ﬁp the wire and down the walls‘of'the tube
as indicated by the arrows. The hydrogen because
of 1lts lower density travels up the wire more rapidly
than the carbon monoxide, whereas at the walls of the
tube on the downward path the reverse holds true.
Hydrogen therefore concentrates at the top of the tube
and carbon monoxide at the bottom. The process may

be made contihuous by injecting the coal gas at the
middle of the tube and withdrawing hydrogen and carbon
‘moncxide at each end.

The separatlion has proved so effective and
economical that it has been suggested to replace the

expensive solvent separation at present In use In the
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Solvay ammonia fixation process.

In the separatlon of liquids or of gases of
closely associlated molecular weights the essential con-
dltion is that the temperature gradient through the
material should be as steep as possible. This is
secured by reducing the gap between the heated and
cooled surfaces to a minimum and operating at max-
imum possible temperature difference.

 For the separation of D.N.T. - T.N.T. mixtures
the first apparatus was constructed of glass. It is
shown wlth essentlial dimensions In Fige. 23. The
outer tube is heated by steam while the inner tube is
mainteined at 60°C by circulation of water in the
jacket. A mixture of 50 % D.N.T. in T.N.T. was used
in the experiments as this is liquid at lower temper-
atures than the 30 % D.N.T. mixture, and therefore
permitted the utilisation of a greater temperature
difference.

The method of operation was as follows:-

The tube was filled with molten- eutectic by injection
atvthe lower drain tube. After running for some
time the'lowerfcock was opened to permit the egress

of a few grams of liquid. The composition of this
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was estimated by measurement of 1its speclfic gravity.

Runs were conducted in which the material was
subjected to thermal diffusion for 2, 3, and 4 hours.
Although the products exhibited slight increase in
me lting point they did not differ in specific gravity.
Separation was therefore negligible.
| It was thought that the lack of separation
might be attributed to the low heat transfer co-
efficient of glass resulting in poor thermal grad-
ient In the nitrobody and a metal diffusion unlt was
built, To ensure the maximum effect, the heating
was made electrical so that the heated wall temper-
ature could be increased beyond 100°C. The length
of the apparatus was also iIncreased and central feéd
was sdopted so that samples could be drawn at both
ends of the tube and continuous sampling wé.s possible.
The apparatus is shown diagramatically in Fig. 24.
It was convenient to make thé heated tube the outer
one. Water at 60-80°C was circulated in the inner
tube by a high speed centrifugal pump.

The'method of operstion here ls obvious.

With hot water circulating in the central tube and
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steam applled to the feed tank, the charge was intro-
duced and fhs Sample cocks at top and bottom of the
apparatus opened £111 nitrobody'fiowed freely frqm_’
them. Current was then applied and the jécket temp-
erature raised to the desired value and samples were
drawn at intervals and thelr composition estimated.
Runs were conducted In which the samples were
faken every hour, every two hours, and continuousiy.
Agaln no separation could be detected anq the method
was abandoned. Apparently the low tempsrafure grad-
lent compatible with safe'ope£at10n (120-80°C) coupled
with the high>viscosity of nitrobody mixtures renders
diffusion ineffective. | |
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CHAPTER 3.

SEPARATION BY STEAM DISTILIAT ION

Steam distillation appeared to offer possi;
bilities of separation of D.N.T. and T.N.T. and
although the ylelds were known %o be low the pro-
blem was pursued. A simple steam distillation of
D.N.T. shows that the yield is nearly 3.5 parts of
nitrobody per thousand of steam. It was thought
that by the use of superheated steam the yleld
might be Increased to permit its economical applic-
ation on plant. The following experiments were
therefore conducted.

The apparatus is shown diagramatically in
Fig. 25. Superheated steam formed by passage
through the coll lmmersed in the heated sulphuric .
acid bath, bubbled through the nitrobody and thence
to the condenser. The nitrobody separated frqmlthe
condensed water in the receiver and could be filtered

off, dried in vacuum and weigh.ed.~ Tests were con-
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-ducted at temperatures up to 160°C and the results

are shown in Table 22.

. TABIE 22,
D.N.T. T.N.T. DNT/TNT
10%/T |parts| V.P.[log, p|parts| V.P.[log,p| mass|
cent. | per |p cms.| cms. per |p cms. cms.| ratio,
: 1000 1000
2.68 0035 00021 "'10674:
' 2420
2436 | 4.65(1.325| 0.122|1e03 |0.280[-04553| 4.8
5920 0.90 ’
0.90
230 8.30[3.260| 04515 1081 0e655| =0,185 5.0
10.10 ¢
Average liass Ratlo. 5.0

The table also shows calculated values of the

vapour pressures of the nitro-bodiles, assuming the

validity of the equation =

= M X Mw
mw" Mn

R

x B,

- where P is the pressure 'in cms. of

mercury, M the molecular weight in grams, and m is
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the mass distilled, the suffixes referring to water
and nitrobody. _

" on distilling a mixture of 30 % D.N.T. in
T.N.T. slight improvement was observed in the product
but the process was very élow and would certainly be
‘uneconqmicalﬂindusfrially.

The values of vapour pressure obtained from
~ the steam distillation are of some interest.‘ Plott~
ing log,.p against 10%/T (Fig. 26.) they form reason-
ably straight lines, and can therefore be ekpréésed
. in the Torm eﬂfﬁ*. They are however'not in agree-
with the results of Menzies (J.A.C.8. 1920, 42, 2218).
Probably the high results obtained by steam distill-
ation may be partly explained by entrainment, but the
divergence of results is extremely marked. Further-
more an example of the original paper by Menzies
showed that in order to prevent distillation of nitro-
body into thé McLeod gauge used in his measurements,
pért of the apparatus was purposely cooled bélow the
temperature of estimation. It therefore appeared
possible that his results were low. In view of the

{mportance of a lnowledge of vapour pressure in high
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vacuum distillation itwwaS‘decided to carry the in-
vestigation further and the following chapter is

devoted to a description of the experiments.ﬁa

NN

148



' CHAPTER 4.

TBEfVAPOUR PRESSURE OF WTITROBODIES

‘The vapour pressure of T.N.T. belng low it
. was at first thought that a dynamic method of estim-
ation would have to be employed in order to get
reliable results. Apparatus for dynamlc estimation,
quite apart from 1ts complexity of construction in-
volves a conslderable expénditurevof time in acquir-
ing the necessary technlque of operation. A static
method was therefore first attempted to obtain an
approiimation of the‘value. Correlation with other
results indiéated that the degree of accuracy was
higher than was originally anticlpated and it was not
neceséary 5o revert Lo other methods.

‘As manometric liquid, Apiezon Oil B. was used.
The vapour pressure of this oil at room temperature
is 0.0001 micron and the specific gravity approximately
0.876 . 0il B. is non-viscous and therefore ideal

for application in fine manometers. Before use its
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speoific gravity at various temperatures was measured
by pyknometer. Fige 27. shows the line obtalned by

plotting the results. From this -

Dy = 0.877 and X = 0.000573
'for the equation - .

D, =D, (L=ot).

The apparatus used for the vapour pressﬁre
determinations is shown in Flg. 28., the principle
Eeing that of balaﬁcing via a manometer the pressure
of the nitrobody at a known temperature against that
of the nitrobody at absolute zero. Because of the
very low gradlent of the vapour pressure against
temperature over the range 0°C to -273°C it was only
necessary to cool the standard bulb to =70°C to obtain
accurate readings. Solld carbon dioxide therefore
satlisfied the cooling requirements and this was con-
veniéntly obtainable. |

To facllitate charging and dischargling, the
nitrobody bulbs were fixed to the manometer by ground
.glass joints. Pyrex "B 19" fittings were first used
and later German Standard "A 15% fine ground soda

joints. This system was abandoned because of the
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?ifficulty of obtaining a high vac grease which would:
not evolve gas at temperatures above 40°C. In later
experiments the nitrobody was placed in the bﬁlbs be -~
- fore they were sealed to the manometer. o

Evapuation was by mercury puup backed by a
rotary oll pump and the residual pressure ﬁas measured
with a McLeod gauge prior to sealing. A number of
tubes were rendered useless by the presence of residual
gases occasioned by insufficient baking. In all 14.
tubes were constructed and sealed and the results
quoted are the lowest obtained.
 Procedure.

The bulbs containing the nitrobody having been
fused on to the manometer ahd the latter filled with
oil, the tube was clamped in an inclined position so
that the oll ran into the reservoir “A%. The limb
extending from this bulb was coupled to the pumping
system and a constriction made in thé glass before |
vaéuum was applied. When the pressurevhad fallen to
5 x 10 m.m. the tubé was béked for 15 minutes by
.application of the soft flame from a bunsen burner.

The apparatus was allowed to cool and a furtherAbaking_
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carried out after an hour. The seal was made without
permitting fhe apparatus to cool, and the tube was then
rotated into a vertical position and clamped.

The whole apparatus was suspended in water at
room temperature and after an hour the difference in
pressure in the limbs was measured to provide a'zero
correction. Measurement of relative heighté of 11quid
in the manometer llmbs was made by means of a carefully
levelled travelling microscope.

The bulb "B" was cooled in solid carbon dioxide
and after an hour another readlng was takeh. This
reading referred to the vapour pressure of the nitro-
body at room temperature. The water-bath was then
very slowly heated ti1ll the temperature had risen 5
to 10°C and maintained there’ for half an hour before
a new feading was mades. After this the levels were
noted every 5 minutes till they were constant before
the temperature wés again increased. By continuing
' this procedure readings within the range 10 to 80°C

- were dotained ip about 12 hours. When measurement
had been started, the apparatus was not allowed to

cool till the last value had been obtained. The
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tube was afterwards immersed in water and allowed to

stand overnight when a further zero correctlon read-

ing was made to ensure that gassing had not occurred

during the experiment.

Results were obtained for

T.H.Te (set point 80.3), 2:4~-D.N.T. and tebranitro-

methane (T.N.M.).

graphically in Figs.

the graphs represent

These are shown in Table 23. and

29. and 30. Dotted lines in

the corresponding values by

Menzles.
TABIE 23.

Temp. Vapour Pressure Cms. Hg. at® O

¢ D.N.T. TeNeT e TeNoMe
20 0.00267 | 0.00114 - -

50 0.00386 0000225' - hand

40 0.00626 | 0.00401 2.65 ( 2.66)
50 0.00975 | 0.00623 4, 55 ( 4.42)
60 0.01550 | 0.01C0 6.80 ( 7.08)
70 0.0276 0.0160 10.8 (10.9 )
80 - - 0.0324 (.0042)16.4 (1l6.4 )
90 - - (0.0086%7) 23.9 (25 9 )
100 - - (0.0106) 33.9 (33.9 )

Valﬁes by Menzies brécketed.

The equations for the lines shown in Figs. 29.

and 30. are =
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aAre =

. . 3
'°‘|9P = "a_‘;ls-_v“'o. +6"2 i (DQ:NQT o,) ‘0)- e l.
loqop = L?‘-“— +592 . (TJMT.) es .. 2.

. . _ ,
. —_ =21 {
l°‘hoP = -2—:‘:"_"—0— + 723 Tetra-nitro-methane v. oo 3.

~ These give latent heats of sublimation'calcul—
ated from the Arrhenius equation -
D.N.T. 12 K.cals./gm.mol.
T..T. 12 X.cals./gm.mol.
and latent heat of volatilisation =
L. 9.7 K.cals./gm.mol.

A recent unpublished filgure gives the vapour
pressure of T.N.T. over the liquid at 80.3°C as 0.257
Melle Equation 2. above gives 0.295 m.u. which re-
presents fair agréement in view of the fact that en-
tirely different methods of estimation were employed.
The valﬁe by Menzies 1s 0.0295 m.m., ten times lower
than the above results. The cooling applied by
Menzies to reduce distillation to tﬁe McILeod gauge

would explain such low results. Camplete agreement
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1s reached with Menzies in the case of tetra-nitro-
methane where no mention 1s made®of the necessity to
cool the leads to the McLeod gauge . It 1s intere;t-
Ing to noté that Mehzies checked his T.N.T. measure-
nents by determination of the loss in welght on pass-
age of alr through the nitrobody and obtained results
in agreement to within 2 %.

The values of vapoﬁr pressure'of D.N.T. and
T.¥.T. obtained by distillation of nitrobody in steam

(previous chapter) may be expressed as =

l°ﬂnoP = =
5 .
and logep = "—‘5:5-8;(_'7"—& + 13:32

These equations are not in agreement in any
way wlth the values recorded above. The error is
most likely due to entraimment of nitrobody dropleté
in the steam and generally to insufficient time of

contact and therefore poor equlilibrium.
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. CHAPTER 5.

SEPARATTION OF NITROBODIES BY ULTRA~HIGHVAC
DIST ILLAT ION ‘

Patent literature describes Innumerable stills
of thils kind but they can nearly all be included in
the following classifications:-

(A) INTERMITTENT OR BATCH STILIS.

Single heater surface and condenser situated
one to five centimetres apart and capable of being
dismantled for recovery of the product andvresidué.
Such a unit is illustrated on Page 93. Proceedings

Chemical Engineering Group 1938, 20.

(B) CONTINUOUS STILIS.

(1) Multi-heater and cdndenser~stillS'gen-
erally embodylng alternate horizontal heaters and
condensers and permitting cycling of product from
the first condenser to the second heater etc., by
means of small mégnetic punpse By adjustment of
the temperature of the various stages an equival-

ent of fractionation can be obtalned.
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‘ (2) ~ Vertical cylindrical types modelled on

the design by Burrows shown on Page 94. of the Prd-
ceedings of Chemical Engineering Group 1938, 20.

‘ (3) Stills after the pattern by Hiclkman

(BoP. 512,583; 545,7€l. 1938) which might be describéd
as an adaption of the cylindrical type, but introduc-
‘ing the use of a conical condenser and heater, the
latter being rotated so that distilland travels up

the wall centrifugally instead of downwards by gravity.
Projectlions on the central condenser force the ﬁro-
duét of fall back on the heater and be recycled.

The Hiclkman still, to which further reference will be
made, constitutes to date the nearest approach to a
fractionating system as we understand the teérm applied
to normal pressure distillation.

Liguid vapour equilibrium is a condition non-
existent Iln ultra-high-vacuum distillation, a facﬁ
which on first glance appears to be a serious handl-
cap. Its place 1s in fact taken by a cfitiéal -
separatién cohdition involving adjustment of the mean
free path of the flying molecules so that only one
.constituent may reach the condenser as product.

Very high efficiency is thérefore possible. It is

lel



important to observe that tlhie vapour pressure of the
constituents need not be the criterion of separation,
tﬁﬁs rehdering possible thé distillation. into two |
constituents of a mixture the separation of which is
not practicable by nonﬁal distillation.

For first expefiments on the separétion'of
nitrobody mixtures a still was constructed on the
lines of the Burrows continuous type (Figs 32.), the
only essential modifilcation being the application of
heat to the lower end block to prevent the solidific-
atlon of the explosive during extraction from the
vunit. This was simply effected by steam cifculation.
Vacuum was obtained by-a mercury vapour diffusion
| pump backed by a rotary oil pump. The cenéral,col-
umn -was heatedvelebtfically. In early runs the
nitrobody was found to distribute 1tself unevenly on
the hea’ter due. to its high surface tension and it
was %o rectify thls that the wire spiral.Was wound
on the heater.

Only a few runs were satisfactorj ehough to

merit attention. The results of two of these are

shown in Table 24,
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TABIE 24.

Distillation of Nitrobodies.

iTemp.] = TFeed Product ' Residue
o

C Rate. | Comp. | Rate. | Comp. Rate. Comp.
ml/hr.| % T.K.T.| mi/hr.| % T.N.T.| ml/hr.|% T.N.T.
115 50 | 50 20 | 37.5 30 56

114 | 50 50 20 34 30 56

The degree of separation is low and it was

thought that the heater - condenser:distance was
' short in cdmparison to the mean free path of T.N.T.

at 115°C. It was desirable to maintain this temper-
ature of distillation because of the high yield it
makes possible and 1t was decided to measure thé mean
free path of the nitrobodies at this température, the
results being useful in the design of future stills
and providing information necessary for the calcul-
atlon of the theoretical efficilency of the process.

To obtain soue idea of the ﬁagnitude of the
migrational path’of T.N.T. over the nitrobody, an
attempt Waé made to use the simple apparatus shown In
Fig. 33. Thevstrip of paper standing in the nitrebody

was impregnated with a fluorescent indicator and the
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apparatus was illuminated by ultra-violet light. It
was thought that the niltrobody vapour would guench the
fluorescence for a distance equal td its migrational
pathe Although quenching occurred, no clear line of
demarkation was obtained.

Apparatus was then constructed which enabled
the actual yield of nitrobody at varlous heater -
condensér disfances to be measured quantitatively.
This i1s shown in Filg. 34.

| The uwnilt consists essentially of a vertiecal
heater over which the nitrobody is continuously cir-
bulated, a movable condenser being provided to collect
_the product, and the whole encased In a chamber cap-
able of evacuation.v From”Fig. 54. 1t will be seen
that the nitrdbbdy circulator pﬁmp shaft passes
through a douwble gland, the interspace of which 1s
filled with the niltrovbody under test, the level here
being malintained by a header tank. The pump is fed
ﬁith nltrobody by gravitatiohal flow from the shallow
pan inside the unit and circulates 1t over the face
of the heater. The end plate and gland feed box

are heated by steam circulated in the 1% copper tubes
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seen In the figure. The cover can bears on a rubbker
ring recessed into the end plate and on the applicat-
lon of vacuum the apparatus 1s sealed by virtue of .
the pressure of the atmosphere on the ends. The
co#er ls provided with a window and electric light so
that distributlon conditions on the heater etc. can '
‘be studied during running. The water cooled conden-
‘ser 1s covered by a copper plate during evacuation of
the unit, to prevent the condenser being éoated with
nitrobody before conditions are steady. Thils plate
is thrown off by energisation of the solenold mounted
behind it. |
Flgs. 35. 56./57. and 38. are phbtographs of
the apparatus. The first two show the distillation
unilt with and without the cover can: In the third
the apparatus has been dismantled to show the double
gland, pump and condenser parts; they are arranged
as far as possible in the order of assembly. The
lastlillustratian 1s one of the complete apparatus.
On thé left are the Mcleod gauge, rotary oll pump
and merdurj'diffusion PUIP « Behind the stiil isvthe

switchboard with the solenold switch on the right.

17
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In order to reduce the number of terminal holes
in the end plate and therefore minimise the danger of
leak, and earth return circuit was operated. This
necessitated a special circult layout to enable the
éolenoid to be operated and.this ls shown in Fige 39.

During the évaquation, the double-throw-double-
pole switch i1s in the position MA"™. The heater is
thus supplied with current. The solenoid 1s coupled
tp the earth end of the heater and 1s Ilnoperative.
When conditions are steady and the condenser 1s to be
exposed, the switch is thrown momentarily into the
position "B". With the switch in this position the
solenoid and heater are in series and the earth side

of the mains coupled to the casing. The solenoid is
energised and the rod flles through the coll to de-
tach the cover plate, which falls into the bottom of
 the can. At this instant the stop watch 1s started
| and product 1is being collected. Distillation is
stopped by opening the alr valve and breaking the
vacuume

The method of operétion willl be obvious from

the description. The results obtained with D.N.T.
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and T.N.T. are shown in Tables 25. and 26.

TABIE 25.
Distillation of D.N.T.

No.| Still [Durat-|Heater- [Mass  [Rate of [10%2/d%.
pressure| lon condenser] collected |product, |reciprocal
mn. Hg.|mins. | gap. ems{ gms. [Kg/sq.yhr.| cms.

1| 4+x10® 6 12.1 10.043 0.345 0.68
2 | 2x103 8 9.8 |0.143 0.860 1.40
3| 5%x10* ] 8 9.8 |0.214 1.290 1.40
4 | s5xl0? 3 7.5 0.118 1.730 1.79
5| ex10? 6 6.0 |0.376 2.990 2.78
6 | 5x10° 6 6.0 |0.306 | 2.440 2.78
7 | 6x10® 6 6.0 |0.393 3.130 2.78
8 | s5x10® 6 3.9 |[0.973 7.750 6.58
-9 | 5x10° 4 3.9 |0.874 8.050 6.58
10 | 3x10° | 3 3.9 |0.555 | 8.882 6.58
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TABIE 26.

Distillation of T.N.T.

No.| 8till |Dur- | Heater-|.Mass |Rate of [10%/a2.
pressure|ation | condenser| collect®d} product |reciprocal
. m. Hg.|mins. | gap.cms.| gms. |Rgdq.m/Hr] cms.
1| 3x10® | 10 14.5 0.017 | 0.081 . 0.48
2 | 3x10° 7 |- 10.0 0.070 | 0.472 1.00
1 3 | 6x10° 7 10.0 0.059 | 0.400 1.00
4 | 5x10° 7 10.0 0.061 | 0.410 1.00
5 | 6x10° 7 840 0.162 | 1.100 1.56
6 | 6x10° i 8.0 0.124 | 0.845 1.56
7 | 4x10% 5 549 0.181 | 1,725 2.86
8 | 4x10°® 5 5.9 0.144 | 1.372 2.86
9 | 5x10° 7 5.9 0.249 | 1.700 2.86
10 | 5x10° | 5 3.9 |o0.364 | 3.480 [ 6.58
11 | 4x10? 5 3.9 0.295 | 2.820 6.58
12 | 6x10? 5 3.9 0.445 | 4.250 6458
13 | 3x10° 5 2.6 1.496 (14.200 14 .80
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The curves in Filge. 40. show the relation between
the mass of nitrobody collected against the heater -
condenser distance. »

Fig. 41. shows the mass plotted against 10%/d%.
The lines are essentially straight up to a certain
point, when a distinct inflexion occurs. This devi-
ation from the law of reciprocal squares, when the
yield increasés disproportionately, is belleved to
occur when the condenser 1s less than the mean free
path distance from the heater.

The yield of nitrobodies within this distance
‘should théﬁretically'be infinity, assuming an infinite
supply of heat and infinite heat transfer coefficlent,
and the broken lines (d = 4.6) and (4 = 3.2) repre-
senb approximgtely these Infinlity values for D.N.T.
and T.N.T. respectively.

The equations for the straight lnclined portions

of the curves are -
med* = 954 - ... . ... ()

Med® = 548 - . - ... @
mass of D.N.T. (Xg./sq.m./hr.)

n

where - m,

m,= % " PN, ( ¥ " .)
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and d = heater-condenser distance in ems.
then m,/mT = {79 .. - 3)

Equations 1l. 2. and 3. are tenable so long as
4 is greater than 4.6. For values of d less than 4.6
but greater than 3.2 eguation 2. i1s tenable but equat-
ion 1. becomes inoperative as mD/d"increases'dispro-
portionately theoretically becmming infinity. This
»renders equation 3. equal to infinity. When d is
less than 3.2 both 'm.,/d-a and m,-/d:a'increase dispropor-
tionately and the ratiomD/mTis .;Lndeteminate.

In the distillation of a mixture of these nitro;
bodiles at 115°C, spacing the condenser between 3.2 and
4.6 cms. from the heater will result in the yileld of
DN T being much greater than that of the T.N.T.
Theoretically the yield of D.N.T. will be Infinite.

In practice this will be controlled by the rate at
which heat can be supplied to tlﬁe nitrovody. Further-
more 1f the film of nitrobody on the heater can be made
'very thin the overall heat transfer will be determined
by the film coefficient of the input side. Us ing
steam or electricity 1t should be possible to obtain a

heat transfer coefficient of 200 - 300 B.Th.U's./Hr./
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B.Th.U's/Hr./°F/sq.ft. enabling rapld separation to
be conducted. ‘

The ratio of the yilelds of D.N.T. and T.N.T.
is independent of the composition of the feed provided
the £ilm of mixture on the heater is only one molecule
thick, since the law of bartial pressures does not in-
fluence the product of molecular distillation.

By placing the condenser less than 3.2 centi-
metres from the heater, the ratio of D.N.T. to/T.N.T.
in the product will be entirely controlled by the
ratlo in the feed and the latenf heat of evaporation
of the coﬁstituents. Only very slight fracﬁionation
if any will occur. In the first deslgn of still the
heater-condenser distance was only 1.5 cms. and fract-
ionation at 115°C could only be very inefficient.’

Langmuir (Phys.Rev. 329, 2, 1913 and 149; 8,
1916) in his work on loss of tungsten from electrically
heated filaments In vacuum, derived the equation for

rate of distillation =

M
m = JzwRr PO

180



‘where -

| = gnms/sec/cm?

= gm.mol.wt.

absolute temperature.

‘= gas constant (83.158 xloéergq/°c.)

= pressure in dynes/cm2.

H "B W 2 = #H
n

= proportion of molecules reflected.u
) - It was further shown by Langmulr that the pro-
portion of molecules reflected from the condenser is
.small and fbgzzurposes r can be neglected.

" The equation is almost universally applicable
and has been expressed in many different forms.
E.W.M. Fawcett (Proc.Chem.Eng.Gp. 1938, 20, 85) gives

a practical adaption of the Langmulr equation as =~

N = 583 % |Q'°"o/ /":4?' qms./Sec/cm’: < (2)

.No units are stated and in an effort to determine these
1t was observed that in this equation the M and T have
been inverted with respect to the original Langmuir'
expression. A study of the derivation shows that an
error has occurred in.the transcription. The derlv-

ation is as follows =

_ M
m=p 2TRT

Y



Taking R = 85.158 x 10° (EKnudsen).
L _ 43715 (M
™= Tioe p/T

- Here p i1s in dynes/cm?. (Langmuir p in m.m.
of mercury = -,% X 136 X 98(

1

1334-2 dynes/cus

thon m = 4318 x|634~2|o/""

5837 x102p /M . @

P being expressed in m.m. mercury.

1

It has been the experience of many workers in
this i'ield tha.t ‘under good conditions 95 % of this
theoret‘ical yield can be obtalned in practice.

From the equation for the vapour pressure of

‘T.N.T.
; .
loglolo — —_g-_eg_x_tg_ 4+ 586
T
p = 1le202 mome at 115 C., whence the theoretical

rate of distillation is -

5-83
10%.

m = X 1 '2.02./ 222 qms[secferm®
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. 583 (202
10? 03

X 3600% 0166 qu&].m[hr.
= lééO Kq !S1.m.l|1r.

. ‘The greatest yleld recorded in the experiménts
with the movable condenser unit was 14 Kg/sq;m./ .
This very low yield may be aécou.nted. for by the fact
that the condenser was smaller than the heater and
film condii;ions on the heater poor.
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CHAPTER Ge

A PRACTICAL HIGH-VAC STILL
WITH RECYCLE FRACT IONAT ION

As a basls for the design of a practicable
fractionating, still the Hiclaman paten'b (locs cit.)
is worthy of note. ” -

‘Flg. 42. is a diagramatic sketch of the still
from the patent specification. The advantages
attending such a design may be readily apprevciated
from the drawing.

(1) 'B’j cenbtrifugal elevation of the féed on

" evaporator, a very thin film will be
produced and this ls an essential for
répicl effective separatione.

2) | The use of centrifugal force to elevate

the feed over the heater makes possible
~gravitational return of pfoduct to the
. heater, to constitute refractlonation.

Asfar as 1s known this i1s the first
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attempt to employ the reflux system in
high-vac distillation.
There appears to be only one theoretical defect,
that 1s of a central condenser surrounded by the |
evaporator, as opposed to the more normal system of
condenser round evaporator. In the latter state tang-
ential impact of molecules on the condenser is im-
possible. Hilickman's design may lend itself to some-
what higherArebound characteristics and the tewrm

(1 = r) in the Langmulr equation will probably be
sensibly less than unity. It is'neverthsless almost
certain that the advantages wlll considerably out-
welgh this defect, and the principle is to be
commendedQ |

Unfortunately the sketch in the Patent Spec-
ificatianvis very dlagramatic and an attempt to pro-
‘duce a workable design from the original brings to
light a number of difficulties.

(1) " The cones are shown supported at one end

onlye. Unless perfect dynamic balance
‘could be assured 1t would be necessary

to support the evaporator at both ends.
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(2) The driving shaft entering at the bottom
of the vessel would necessltate a some-~
what cumbersome sealing gland.

(5) Cones are difficult to machine to dimen-
silons of dynamical accuracy and conically
wound electric heaters are always liable
to loosen éasily.

o it is not easy to obtain all the advantages of
the Hiclman still while avoiding these defects but the
deéign (Fige 43.) is suggested as embodying the essent-
ial conditions of recirculation without the use of
cones. Reeycling is effected by the inclined rings
on the condenser.
The still may be conveniently described as fol-

lows:-

The Main Drive Motor on the extreme left of the elev-
'ation 1s coupled to the shaft of the still by a spline
so that the latter may move longitudinally ﬁith refer-
ence to the motor.

The Thrust Box incorporating an Acme screwed half-nut

by'which a section of the drive shaft may be advanced

towards the feed box.
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The Feed Box. Feed is effected through a central

hole in the drive shaft. Control is by the cone
seated valve, the male member of which is the thrust -
shaft referred to previously. In order that the
1evel}in the feed tank may be malntained, a sight
glass 1is provided in the side of the feed blocke.

-The feed enters this chamber through a final splash
degasser and its rate of entry is again controlled
by a needle valve (on the degasser head). A diffus=-
icn pump is mounted beside the degassing tube for

its evacuation.

Commutator. Electrical connections to the Interior
of the still are effected in a slip-ring coﬁmutator.

- The evaporator has a simple earth return circult so
that only one heater lead is necessary. The other
two sllip-rings on the commufator are for earth return
thermocouples. It will be noted that in, the rotor
there are two conductor channels (elevation).

Current is distributed in twb conductors so that the
evaporator shall be dynamically balanced and free

from vibration when runninge.

The Evaporator. This issealed by an oill filled gland..
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‘The vacuum port is in the opposite end platé and
concentric with the hollow cylindrical condenser.
This 1s planned to ensure that no distillate feadhes
the pumping system. The diffusion pump is built
directly on the end plate and like the degassing
vapour pump, fitted with a Piranl gauge.

The Extraction Pumps. The distillate and residue

extraction pumps are on the extreme right of the
elevation. They are sealed by virtue»of the fact
that the exl1t liquid flows round the ram in a gland
box before delivery to étmosphere.
Provision has been made for preheating the
. Teed by incorporating totally enclosed electrid
heaters in the feed box, commutator, and seal gland.
| The still could be fairly simply adapted to
‘the separation of D.N.T. and T.N.Te In this case
1t would be most simple to provide steam preheaters.
It would be advisable to heat the exit tubes and
'extraction pumps with steam and a water supply at
80°C would be required for the condenser.
No lagging has been shown in the draﬁing.
In normal practice heat would, of course, be con-

e
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-served by covering the hot sections with magnesla or

asbestos wool.
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SET SCREWS (" x3 B.S.F 6| 3 |stubs. 34w % RsE D oFF. DC. 250V YaHP 1000-2000
SET SCREWS Zy".% B.S.F, 171 3 |SET SCREWS. ("x /4" BSF REM. SHUNT WOUND.

Bouxrs. (A% BsF. | 18] 12 |8ars.  ma"sVl 8SE | PUMPS .

sar screws Sa' » % 8s.F 91 5 | 3“'5 /2""4 B.SF. | ofF. meReoRY prFFusIoN. 2"
SCREWS. 2" « No.O.BA. 20] 10 [gors. '/2 BSF. | OFF. MERaURY DiFFuson 12"
stups. 15" Y BS.F 2(] 12 |Bouts s V" BSE | 2 OFF. ROTARY oI PUMPS. 2F L [min.
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SET SCREWS. 12" x fo" B.S.F. 26 @gshgﬁL_ﬁCRENS { st1 BS.F TOTALLY ENCLOSED ELECTRIC

BOLTYS, 3/4 x 5',6" 8.§.F 27 (2_—_5‘1 SCREWS /6 IV&; B'S/?F HEATERS — “HOY PO(N'T”'

RoLTs. 3°« /4" BSFE | |x ToMMY BAR" TYPE . S TORR(BAR  TYPE .
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