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CHAPTER 1

NITRIC ESTERS—GENERAL OUTLINE
STRUCTURE

ESTERS of nitric acid are characterized by the following atomic grouping:
-—~C—0—NO,

that is by the presence of the nitroxy group. The nitro group in nitric esters is at-

tached to a carbon atom by means of an oxygen atom, i.e. they are O-nitro com-

pounds. This is confirmed by the fact that nitric esters undergo hydrolysis, and that
as the result of reduction of the nitro group, an alcohol is obtained:

R—ONO, 1, R—OH + NH;

This reaction shows the essential difference between nitric esters and nitro com-
pounds: the latter form amines under these conditions.

The structure of the nitro group present in nitric esters is the same as that in
nitro compounds.

The reactivity of nitric acid esters and in particular the complicated chemical
composition of the products formed by their hydrolysis led some investigators
[1, 37] to express the view that nitric esters may have the structure of peroxy-
compounds (I):

R—0—O0—NO
I

However there exists no evidence for this. Moreover, investigation of the absorption
spectra of nitric acid, nitrous acid and aliphatic nitro compounds indicates that
the peroxide structure hypothesis is incorrect, because nitric acid esters behave
as compounds having the normal ester structure (II) (Crigee and Schnorrenberg
[1a], Matsushima [1b]):
R—O—NO,
1I

X-Ray investigations, electron diffraction, Raman and infra-red spectra, and
dipole moment measurements of nitric esters also support the idea of a symmetrical
structure for the nitrate group (in spite of certain discrepancies obtained by differ-
ent authors):

(1]
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The bond distances and angles approximate to these found in nitro compounds.
The most accurate figures were determined with methyl nitrate [109].

PHYSICAL PROPERTIES

Esters formed by combination of nitric acid with lower alcohols are liquids,
the boiling points of which are slightly higher than the boiling temperatures of
the respective alcohols, but significantly higher than the boiling points of esters
of nitrous acid. C-nitro compounds are characterized by higher boiling temperatures
than the corresponding nitric acid esters (Table 1).

TABLE 1 )
BOILING POINTS OF ALCOHOLS, ESTERS AND NITRO COMPOUNDS, °C
Alkyl Alcohol Nitric Nitrous Nitro
ester ester compound

Methyl 65 65 —12 101
Ethyl 78 88 17 114
n-Propyl 96 111 47 131
Isopropyl 82 102 45 120
n-Butyl 117 136 75 151

The small differences between the boiling points of the alcohols and their nitric
acid esters can be explained by the fact that the alcohols are highly associated liquids
(mainly through hydrogen bonds). Due to this molecular association the viscosity
of the alcohols is also higher than the viscosity of their nitric esters. On the other
hand the presence of a semi-polar bond in the nitro group of nitric esters is respon-
sible for their relatively high vapour pressure, as in nitro compounds, causing them
to be more volatile than the corresponding alcohols.

De Kreuk [2] made the first systematic study of the various physical constants
of nitric esters, i.e.: dielectric constant (e29), refractive index (n20), density (d2°) and
viscosity (1,0), (Table 2). Figures for tribromohydrin and triacetin are given for
comparison.

According to de Kreuk the difference between the viscosity values of similar
compounds (e.g. 1,3- and 1,2-propanediol dinitrates, 1,3- and 2,3-butanediol dini-
trates) may be attributed to rotational isomerism. Free rotation makes possible
the formation of trans isomers which according to this author should possess
a higher viscosity. This would explain the relatively high viscosities of 1,3-propanediol
and 1,3-butanediol dinitrates.
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Boileau and Thomas [3] have determined certain physical constants for nitro-
glycerine and a few glycol dinitrates of practical importance (Table 3).

TABLE 2
- — B — :
Substance 30 ‘ n2 a2 7,50 (P)
n-Butyl nitrate ! 13.10 I 1.39526 1.0156 | 0.87
Ethylene glycol dinitrate 28.26 | 143235 1.4918 4.61
1,3-Propanediol dinitrate 18.97 i 1.43476 1.3952 58
1,2-Propanediol dinitrate 26.80 | 1.42720 1.3774 4.65
1,3-Butanediol dinitrate 18.85 b 1.43259 1.3167 6.00
2,3-Butanediol dinitrate 28.84 P 142754 1.3061 4.7
Nitroglycerine 19.25 1.45731 1.5931 378
3-Chloro-1,2-propanediol dinitrate 17.50 1.45850 1.5323 124
1,3-Dichloro-2-propanediol nitrate 13.28 ! 1.46032 1.4630 4.8
Tribromohydrin 6.45 i 1.56190 2.4360
Triacetin 7.19 | 1.41929 1.1596
TABLE 3
Ester Viscosity, 7 Density Refractive
temp., °C P dllg index ng'z
Nitroglycerine 51 1.033 l 1.5985 1.4725
20.0 0.352
55.0 0.0875
Dinitroglycol 7.1 0.0633 1.4918 1.4463
20.0 0.0423
54.4 0.0198
1,3-Propanediol 6.3 0.0940 1.4053 1.4483
dinitrate 20.2 0.0550
54.2 0.0275
Diethylene glycol 53 0.133 1.3890 1.4505
dinitrate 20.4 0.0727
54.4 0.0337
Triethylene glycol 6.0 0.257 1.3291 1.4542
dinitrate 20.3 0.119
54.2 0.015

Dipole moments

Dipole moments of alkyl nitrates were determined by Cowley and Partington [4].
They found the value g = 2.73 D for methyl nitrate. The values of x in the instance
of longer chain alkyls do not differ essentially from this figure.

De Kreuk [2] also calculated dipole moments using his observed values of ¢
and »%. His figures are given in Table 4.

B T ST T R T e
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TABLE 4
Dipole moment, u (D)
Substance
Pure substance In ben.zene

solution
n-Butyl nitrate 2.90 2.98
Ethylene glycol dinitrate 4.00 3.28
1,3-Propanediol dinitrate 3.50 3.14
1,2-Propanediol dinitrate 4.24 3.72
1,3-Butanediol dinitrate 3.74 345
2,3-Butanediol dinitrate 4.72 4.12
Nitroglycerine 382 3.16
3-Chloro-1,2-propanediol dinitrate 346 3.05
1,3-Dichloro-2-propanediol nitrate 2.86 2.59
Tribromohydrin 1.63 1.58
Triacetin 2.50 2.58

The difference between the dipole moments of the pure substance and their
value in benzene solution is (according to de Kreuk) due to the possible formation
of a certain amount of trans rotation isomer in benzene. High values for pure
1,2-propanediol dinitrate and 2,3-butanediol dinitrate are due to the presence of
a high proportion of the cis form in the pure liquids.

Although the conclusion of de Kreuk on the influence of rotational isomerism
on dipole moments is correct, his quantitative estimation of the proportion of
isomers is not convincing as it was based on some assumptions.

Mortimer, Spedding and Springall [5] examined the dipole moments of pentaeryth-
ritol tetranitrate and also concluded that the existence of rotational isomers was
possible.

Recently T. Urbariski and Witanowski [6] have suggested, on the basis of infra-
red absorption spectra, that rotational isomers are present in mitrates of the

general formula
R—CHX—-CH-R’

ONO,
when X is relatively large, e.g. X = ONO,, NO,, CN, 1, Br, Cl (see pp. 6 and 45).

Spectroscopy

The O-nitro group (the nitroxy group) gives an absorption band of about 270 my,
in the ultra-violet region, i.c. a band similar to that of the C-nitro group. A rela-
tively small amount of work has been done on the ultra-violet absorption spectra
of nitric acid esters but it has been established that in esters containing no other
chromophoric groups absorption is extremely low (& = 10-20) even lower than
in case of aliphatic nitro compounds.




Data published by Masaki [7] and by R.N. Jones and T horn [8] are collected
below in Table 5.

TABLE 5
Maximum absorption
Compound Solvent wavelength | extinction Author
o my £
C,HsONO, 270 10 Masaki
C,HsONO, Ethanol 265 14.8 Jones and Thorn
a-Methyl-glucose 6-nitrate Water 265 19.0 Jones and Thorn
2,3,4-Trimethyl-methyl-a-glucose
6-nitrate Ethanol 265 214 Jones and Thorn

A few ultra-violet spectra of nitric esters were also given by Dalmon and
Bellin [9].

As early as 1929 Plyler and Steele [10] began an investigation of the infra-red
spectra of nitric esters in the range methyl to n-butyl nitrates. Dadieu, Jele and
Kohlrausch [11] studied the Raman spectra of nitric esters as well as inorganic
nitrates, and aliphatic and aromatic nitro compounds.

The Raman spectra of nitric esters have received relatively less attention for
two reasons:

(a) their tendency to decompose under irradiation with ultra-violet light,

(b) the greater danger involved in using the relatively large samples needed.

Nevertheless a number of important researches were carried out prior to 1945,
i.e. at the time when the infra-red technique was not fully perfected, among which
the experiments of Médard [12], Chédin [13], Lecomte and Mathieu [14], Wittek [15],
Nielsen and Smith [16] are worthy of note. :

Further experiments on the infra-red spectra of alkyl nitrates were carried out
by: Kettering and Sleater [17], Lenormant»a'nd Clement [18], Brand and Cawthon
[19], Kornblum, Ungnade and Smiley [20], Carrington [21], Guthrie and Sped-
ding [22].

Kumler [23], McCallum and Emmons [24] examined the infra-red spectra of
nitric esters of hydroxyacids.

Namba, Yamashita and Tanaka [25] investigated the infra-red spectra of penta-,
dipenta- and tripentaerythritol nitrates.

An extensive study was carried out by Brown [26] who examined over twenty
esters of nitric acid and found the characteristic stretching frequencies of the NO,
ester group:

asymmetric 1639413 ¢cm—1
symmetric 12794+ 7 em—1

Bellamy [27] examined a number of nitric esters, among them ethylene glycol
dinitrate and pentaerythritol tetranitrate and found the stretching frequencies
to be 1650-1610 and 1300-1250 cm~! respectively.

This is well in line with the Raman spectrum which, according to various authors,

' NITRIC ESTERS— GENERAL OUTLINE 5 _‘
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gives two frequencies near 1640 and 1290 cm™' characterizing vibrations of the
NO, group. Similar figures were given for Raman spectra by Nielsen and Smith [16].

Among more COMMON Nitric esters, nitrocellulose was examined by Ellis and
Bath [28] and Nikitin [29] (p. 287). Nitroglycerine and diethylene glycol dinitrate
were examined for the first time by Pinchas [30]. Pristera |31] investigated a number
of nitrates used as propellant ingredients, such as nitroglycerine, metriol trinitrate,
diethylene glycol dinitrate (DEGN) and triethylene glycol dinitrate (TEGN).
According to Pristera all of them give two bands with frequencies near 1667 cm™!
(6 ) and 1282 cm~! (7.8 p). The particular compounds vary in details with regard
to the shape of the absorption curves. Thus, the tip of the symmetric stretching
band of diethylene glycol dinitrate (ca. 1639 cm™) has a shoulder, whereas that
of triethylene glycol dinitrate has not. The 1282 cm~! band of nitroglycerine has
a strong shoulder which does not exist in the spectra of other nitrates. The shoulders
are most likely due to rotational isomerism [6].

On the basis of the results obtained with more than 40 nitric esters, T. Urbanski
and Witanowski |6] have found the following frequencies of vibrations characteristic
to nitric esters:

asymmetric stretching ¥a5 (NOy)  1675-1621 cm~1
symmetric stretching s (NO32) 1301-1268 cm—t

stretching v (C—0) 1100-950 cm~!
stretching v (O—N) 880-815 cm-!
wagging yw (NO2) 760-737 cm~t
bending ¢ (NO2) 710-640 cm™!
rocking yr (NO2) ca. 580 cm!

It was found that asymmetric NO, vibrations are readily subject to a change
in frequency when R in the molecule R—ONO, is changed. A positive and negative
induction effect of R respectively lowers and raises the frequency of 7, (NO,).
This fact makes it possible to distinguish between primary, secondary and tertiary
alkyl nitrates.

Both the asymmetric and symmetric NO, vibration bands are shifted towards
higher frequencies when the ONO, group is approaching another bulky group. This
helps in recognizing the rotational isomerism mentioned above (p. 4). As a result
of the presence of rotational isomers both the stretching vibrations of the NO,
group are split into two (and in some instances more) maxima differing appreciably:

asymmetric by 1-25 cm™1
symmetric by 10-35 cm™!

No internal hydrogen bond was detected between OH and ONO, groups

—0—H.,
o)
—on”
0—N{
o

indeed it seems that ONO, inhibits the formation of an intermolecular hydrogen
bond between itself and OH groups.

R
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HYDROLYSIS OF NITRIC ESTERS

Nitric esters of monovalent and polyvalent alcohols are hydrolysed by com-
paratively mild reagents in alkaline or acid media and with slightly more difficulty
in a neutral medium. Theoretically, this process might be expressed by the following
equation:

RONO; + H,0 —> ROH + HNO; o

However, the alcohol and acid formed during the hydrolysis of nitric esters are
accompanied by a range -of other compounds such as aldehydes, ketones, hydroxy-
carboxylic acids, unsaturated hydrocarbons, nitrous acid, etc. (e.g. reference [107]).

In certain cases the hydrolysis process does not result in the formation of the
initial alcohol at all, but a series of other compounds is obtained, by a reaction
mechanism which is often unknown. As an example, the hydrolytic reaction of
nitroglycerine performed in an aqueous or alcoholic solution of sodium or potassium
hydroxide can be quoted. Oxidation and reduction processes take place simulta-
neously to form organic acids as well as nitrates and nitrites. After Hay [32] the
course of the reaction can be summarized by the eqn. (2):

C;H5(ONO,); + SKOH ——> KNO; + 2KNO, + CH;COOK -+ HCOOK + 3H;0  (2)

This equation does not present a full picture of the chemical changes that occur,
before Vignon and Bay [33], Silberrad and Farmer [34] and Berl and Delpy [35]
identified the presence of aldehyde resins, oxalic acid and ammonia among the
products of hydrolysis performed under similar conditions.

The absence of glycerine among the products of hydrolysis in alkaline medium
was also confirmed by Carlson [36].

According to Klason and Carlson [37] glycerol is formed, however, when nitro-
glycerine is hydrolysed in alkaline media containing readily oxidizable substances,
as for instance phenyl mercaptan.

Much experimental work has been carried out in seeking an explanation of the
mechanism of the hydrolysis process of nitric esters but a relatively satisfactory
theoretical explanation of the phenomenon has been found only recently.

Klason and Carlson were of the opinion that the formation of nitrous acid
takes place owing to the peroxy structure of nitric esters, as these, under the influence
of a hydrolysing agent, would change their structure and be transformed into peroxy
compounds. Simultaneously nitrous acid would be formed:

ROONO + H,0 —> ROOH + HNO, 3)

Now since the chemical structure of nitric esters has already been established,
this hypothesis has been abandoned.

However, Matsushima [1b] suggested that peroxides may be formed in the course
of hydrolysis of nitric esters (4) as tramsition products prior to the formation
of aldehydes (5):
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RCH,ONO, + H,0 —> RCH,00H + HNO; @)
RCH,00H —> RCHO + H,0 )

According to Farmer [38] the first stage of hydrolysis proceeds in accordance
with the eqn. (1) (p. 7). Afterwards, the products react with one another to form
nitrous acid or nitrites and the series of compounds ennumerated above. Farmer’s
hypothesis seems unsatisfactory when hydrolysis of nitric esters is carried out in
a neutral medium since, for example, if ethyl alcohol is treated with an aqueous
solution of potassium nitrate no oxidation of the ethyl alcohol occurs even if the
mixture of compounds is boiled.

An instance of the production of olefins has been detected by Lucas and
Hammett [39] as the result of hydrolysing the nitric ester of tertiary butyl alcohol.
In this case, in addition to the corresponding alcohol a certain quantity of isobutyl-
ene is also formed, as shown by eqn. (7):

C{H;ONO, + 2H,0 —> CH,0H + H;0® + NOY (6)
C4HyONO, + H,0 —> CHg + H;0% + NOY )

In experiments with benzyl nitrate the same whrkers have established that during the
hydrolysis of this ester a certain quantity of benzaldehyde is obtained together with
benzyl alcohol:

CeHsCH,0NO, + 2H,0 —> CgHsCH,0H + H;0% + NOY ®
C¢HsCH,0NO, 212, C(H;CHO + HNO, ©

Experimental data collected by Baker and Easty [40] during a study of the hydro-
ysis of nitric esters has led them to conclude that this reaction can proceed in three
directions as shown in the following equations:

RCH,CH,0NO, + Y© —> RCH,CH,Y + NOY (10)
RCH,CH,0NO, + Y© —> RCH=—CH, + NO§ + HY (11)
RCH,CH,ONO, + Y® —> RCH,CHO + NOY + HY 12)

Y being a hydrolysing agent.

In the first case (10) a reaction of nucleophilic substitution takes place; the
second equation (11) indicates that a hydrogen atom in the f-position can be re-
moved; similarly the removal of an a-hydrogen atom is postulated in eqn. (12).

The experiments mentioned above were performed in aqueous solutions of
alcohol containing aliphatic mononitrates. The hypothesis of Baker and Easty is
supported by the established fact that methyl nitrate fails to react according to
eqn. (11) and that tertiary butyl nitrate is unable to decompose in the way suggested
by reaction (12). It is also noteworthy that methyl nitrate reacts according to (12)

o T e T




NITRIC ESTERS — GENERAL OUTLINE 9

only in an insignificant degree and that only about 4% of ethyl nitrate takes part
in reactions (11) and (12) whereas all the remainder of this compound hydrolyses in
accordance with eqn. (10). The rates of the reactions (10), (11) and (12) correspond
to ratios of 70:7:1.

Reductive hydrolysis of n-butyl nitrate in an aqueous solution of ethyl alcohol
in the presence of sodium hydrosulphide or ammonium hydrosulphide has been
carried out by Merrow, Cristol and van Dolah [41]. This is a complicated chemical
reaction. As the result of hydrolysing the nitrate in the presence of sodium hydro-
sulphide (the alkalinity of the solution corresponds to pH 10-11) 93% of nitrite
ions and 77 of ammonia are obtained from the ester group nitrogen. When ammo-
nium hydrosulphide is used, the nitrite ions initially produced rise to a maximum
concentration and then fall to zero owing to the reducing action of the ammonium
hydrosulphide. The reduction process takes place more effectively when the pH is
above 10.

The reactions can be represented by the eqnms. (13) and (14):

C4HyONO; + 2NaHS —> C,HgOH + NaNO, -+ NaHS, 13)
C4HONO, + 4NH,HS + 3O ——> C4HyOH + 4S + 4NH,OH (14)

Sodium hydrosulphide hydrolysis was commonly applied on an industrial scale
in order to regenerate cellulose from nitrocellulose fibre. For this chemical process
the following type of reaction can be suggested:

C6H803(0N02)2 + 2NaHS —> C6H1005 + 2NaN02 + 28 (15)
2NaHS + 25 —> Na,S; + H,S (16)

Nadai [42] proposed a slightly different mechanism for the hydrolysis of nitro-
cellulose by hydrosulphides:

RONO, + HO® —> ROH + NOY 1n
NOY + 2HS® —> NOP + HSP + HO® 8)

Both the hydrolysis of nitrocellulose by means of hydroxides and the hydrolytic
decomposition of butyl nitrate, as established by Merrow et al., proceeds very slowly.
For example, if a 0.1 M solution of butyl nitrate is hydrolysed at a temperature of
26.9°C by the action of 0.2 M sodium hydroxide dissolved in 60% ethanol, then
after 16 days, only about 10% has entered into the reaction. With the addition of
hydrosulphide, the process is completed within a period of 4 hr.

The above mentioned authors also established that the nitrate ion (in contrast
with the nitrite ion) slowly undergoes reduction in the presence of sodium hydro-
sulphide. This leads to the conclusion that the nitrite ion formed during the hydro-
lysis of nitric esters cannot be produced by the reduction of a nitrate ion. Hence
if the nitrite ion is formed direct during the hydrolysis of nitric esters, then it could
only be produced by breaking the linkage between the oxygen and nitrogen atoms.



10 CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES

Since in numerous cases of hydrolysis of nitric esters the presence of a large
amount of nitrate ion has been established, which could be liberated only by rupture
of the C—O bond, the factors that influence the direction of this process should be
discussed. Several investigations have thrown light on this problem, which is more
complicated than with carboxylic esters, since during the hydrolysis of the latter
compounds whether in acid or in alkaline medium only rupture of the ester bond
can take place. This has been established in various ways including the use of water
containing an '*O-isotope. In general the hydrolysis of carboxylic esters can be

defined by the equation:

TP

4
0 0 !

“ 18 " 18
R—C—O0—R’ + H—'%0—H —> R—C—"O0—H +R—OH 19

This reaction scheme has been confirmed by the hydrolysis of esters containing
an optically active alcohol: no racemization of the alcohol occurs during the reac-
tion.

In the investigation with n-butyl nitrate by Merrow, van Dolah and Cristol [41]
already cited, neither the presence of the nitrate ion nor of mercaptan was detected.
For this reason the following reaction mechanism was proposed for the hydrolysis
of nitric acid alcohol esters by means of hydrosulphide:

RONO, + §22 —> RO + NO;S? (20)
NO,SO + HSO(S2®) —> NOF + HS,y + 6330 @1
usS,, + HS® == HSY +HS7 22

RO® + HS® == ROH + $¥° (23)

HO® + HS® == H,0 +5%° (24)

or

RONO, + §2© —> ROSY + NOY 25
rOS® + HS® —> RO® + B2, (6)
BsO,, + HS® == Hs? +HSP @D

rO® + HS® === ROH +5%° , (28)

HO® + HS® —> H,0 +8%° (29)

As shown by the eqns. (20-24) owing to the activity of the sulphide or polysul-
phide ion, the O—N linkage is broken to form alkoxide and thionitrate or polythio-
nitraté ions. In the other reactions the influence exerted by sulphide on the oxygen
atom, which results in the creation of nitrite ions, has been taken into account.
Both schemes indicate that the nitrite ion is not produced by the reduction of the
nitrate ion.

Recently the reactivity of nitric esters in the presence of hydrazine has ,peen
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investigated. These experiments are connected chiefly with the application of
hydrazine as a liquid component in rocket fuels. In such fuels, nitric esters can
play the part of the oxidizing and explosive component.

As long ago as 1896 Walther [43] observed that as the result of chemical reaction
between ethyl nitrate and phenylhydrazine at an elevated temperature, aniline,
ammonium nitrate and nitrogen are formed. If the reaction takes place in the presence
of sodium ethoxide then, according to Bamberger and Billeter [44] even at room
temperature nitrite ions, nitrogen, benzene, phenyl azide, azobenzene, nitroben-
zene, aniline, acetic acid and acetaldehyde are formed.

Owing to the influence of hydrazine, at room temperature and in the presence
of palladium or platinum as a catalyst, hexyl nitrate is transformed into the corre-
sponding alcohol. Amongst other products nitrous oxide and nitrogen are formed
during the same process (L. P. Kuhn [45]):

2CgH;0NO, + 2N,;H, —> 2CgH;30H + N,O + 3H0 + 2N, (30)

If in this reaction hydrazine is replaced by methylhydrazine, then the hexyl
nitrate forms not methyl hexyl ether but hexyl alcohol.

Merrow and van Dolah {46] investigated the behaviour of nitric esters in the
presence of hydrazine and its derivatives. According to these authors nitric esters
at room temperature and without catalysts react with phenylhydrazine very slowly
even if the concentrations of the components are high.

Analysing the products of reaction between alkyl nitrates and hydrazine
they detected nitrate and nitrite ions, a corresponding alcohol, alkyl hydrazine,
nitrogen oxides, ammonia and traces of aldehyde. If the reaction is performed without
solvents in an excess of hydrazine, reduction occurs. In an aqueous solution of alco-
hol the process of substitution predominates particularly when the concentrations
of reagents are low.

Merrow and van Dolah also established that during the hydrolysis of S-chloro-
ethyl nitrate, 1,3-dichloro-2-propyl nitrate, glycerol trinitrate or glycol dinitrate
the gaseous products are evolved more vigorously than during the reaction of
unsubstituted aliphatic nitrates.

Investigating the types of reaction between nitric acid esters and hydrazine Merrow
and van Dolah endeavoured first of all to solve the problem of how nitric acid is
formed since the answer could in effect make it possible to establish the position of the
linkage to be broken off in an ester molecule. They have established experimentally
that during the reaction between alkyl nitrates and hydrazine the nitrite ion is prod-
uced very quickly. Later it dwindles away as reaction proceeds. The creation of NOY
in this process can never arise from the removal of a hydrogen atom in the a-posi-
tion, since only an insignificant amount of ester can follow the reaction (31) to form
an aldehyde:

RCH,0NO, M, rcHO + H® + NOY Gn

Further, the nitrite ion cannot be the reduction product of the nitrate ion formed
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in consequence of the rupture of the C—O bond since, for example, the NOj-ion
of sodium nitrate does not undergo any change in presence of hydrazine.

The NOS-ion might be formed from the nitrous acid ester if the latter was
present as an impurity in the main reactant. Trials carried out with ethyl nitrite and
n-butyl nitrite have demonstrated, however, that when these compounds are treated
with an excess of hydrazine they do not undergo any chemical reaction accompa-
nied by the formation of the nitrate ion.

According to Merrow and van Dolah the reaction between a nitric ester and
hydrazine is performed in the way outlined below:

@
RONO, -+ H;NNH, —> RO® -+ H,N—NH;—NO, == ROH + H;N—NHNO, (32) i
H,N—NH—NH—NH, + HNO, (33) Y
H,N—NH—NO; + H;NNHZ )

HN—NH + N,H, - HNO, (34 .

H,N—NH—NH—NH, —> N, + 2NH; 35)

_yNH=N—NH—NH, —> HN; + NH; (36)

2NH=NH{
L N, + H,N—NH, 37D

In the first stage of the reaction an alkoxyl anion and the nitrohydrazine cation
are formed which afterwards react together to give the corresponding alcohol and
nitrohydrazine. Nitrohydrazine reacts with excess hydrazine to produce tetrazene,
nitrous acid and di-imid. Then the tetrazene decomposes to form ammonia and
nitrogen; from di-imid on the other hand tetrazene, hydrazine and nitrogen are
formed. Hydrazoic acid and ammonia are then formed as decomposition products
of tetrazene.

Reactions (32—37) take place as a result of breakage of the N-—O linkage, in

a manner analogous to the breakage of the chemical bond between an acyl radical i
and an oxygen atom when esters of carboxylic acids are hydrolysed. Generally 4
the linkage is broken off in this way when the n-alkyl esters of nitric acid are hydro- %
lysed in an alkaline medium or when nitration is carried out with nitrates in the i
presence of bases, e.g. the nitration of aniline by means of ethyl nitrate in the presence j

of potassium ethoxide to yield phenylnitramine as its final product (Bamberger [47]).

The above reaction scheme between nitric esters and hydrazine or its deriva-
tives is confirmed by the reaction of methylhydrazine and ethyl nitrate which yield
methane (not ethane) and nitrogen. This indicates that the unstable monomethyl-
di-imid should have been an intermediate product:

CH,;HNNH, + C,H;ONO, —> CH;N—NH + CH;0H + HNO, (38)
CH;N—NH —> CH4 + N, (39)

The gradual decreasing concentration of nitrous acid in the mixture of reagents
an be explained as the result of the reduction process taking place under the in-

¢
i fluence of hydrazine:
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HNO, + N,H; —> NHj + N,0 + H,0 (40)
HNO, + N,H; —> HNj + 2H,0 @1

HNO, + HN3 —> N, + N,0 + H,0 “2)

Benzyl nitrate reacts with hydrazine in the presence of solvents or without a sol-
vent to give a range of substitution product: C;H,CH,HNNH,, (C;H;CH,),NNH,,
(C¢HCH,),NNHCH,C¢H;, (C¢HsCH,),NN(CH,CoHs),.

By application of benzylhydrazine, benzaldibenzylhydrazine

(C;H,CH,),N—N—CHCH;

has been obtained. It is not certain whether the compound formed was a product
of reaction between benzaldehyde (formed by removal of a hydrogen atom in the
a-position) and 1,1-dibenzylhydrazine, or an oxidation product of tribenzylhydrazine.
Kenner and Wilson [48] have established that tribenzylhydrazine is very likely to
be oxidized even by atmospheric oxygen.

In the presence of hydrazine the C—O linkages of tert-butyl nitrate undergo
rupture almost exclusively to form isobutylene and hydrazine nitrate. During this
reaction neither the presence of nitrogen nor of its oxides has been detected. By
hydrolysing isopropyl nitrate in an alkaline medium, Baker has obtained 70-807;
of isopropyl alcohol, 11-14% of propylene and 8-149; of acetone. If the reaction
types (10, 11, 12) as suggested by Baker and Easty [40] are accepted, the hydrolysis
process can be expressed by the following equations:

CHj CH;

>CHON02 +OH® —> >CHOH + NOY 43)
CHjy CHj
CH '

3\CHONO OH® —> CH;—CH—CHj, + NOY + H.

/ 2 + = 3+ NO3y + H,0 44)
CHj
CH; CH;

>CHON02 +0H® —> >c=0’+ NOS + H,0 “5)
CHy CH;

By hydrolysing isopropyl nitrate in a neutral medium only alcohol is formed.

Accepting the reaction (10) suggested by Baker and Easty in order to explain
how the alcohol is formed, it must be assumed that the process consists of two
successive stages. First a carbonium ion is formed:

RONO, —> R® 4 oNOY (46)
and then an addition-exchange process takes place:
R® + H,0 —> ROH + H® )

No analogous reactions take place with carboxylic acid esters. Cristol and his

co-workers [49] therefore suggest that initially an alkoxyl ion is formed and after- .

wards the corresponding alcohol and nitrate ion are produced:
RO—NO, + OH® —> RO + HONO, —> ROH -+ NOY (48)
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Cristol and his co-workers have carried out the hydrolysis of the optically active
2-octyl nitrate in alkaline and neutral media. The alkaline hydrolysis was performed
in the presence of sodium hydroxide both in 92.67; ethanol, where the participation
of the ethoxide ion should be taken into account, and in a 647, aqueous solution
of dioxane. The neutral hydrolysis was carried out in a 70% acetone solution in the
presence of calcium carbonate.

By esterifying (4-)2-octanol using a mixture of nitric and sulphuric acid, it was
established that the nitrate produced did not undergo inversion. The (+)2-octyl
nitrate obtained was heated during a period of 50 hr in a 10% alcoholic solution
of sodium hydroxide. The optical rotation of all the reaction products was nil.
Analysis by means of Grignard’s reagent indicated 45.6%, of 2-octanol, 39.8%; of
ketone and 14.6% of ether (by difference). A sample of the alcohol contained 76%,
of (+)2-octanol and 24%; of racemate, i.e. 887, of (+4-)2-octanol and 129 of (—)2-octa-
nol.

On the basis of these results and taking into account the effect of the ethoxide
jon, the authors propose the following reaction schemes:

Et0° + R—ONO, —> EtOR + NOY 49)
Et0® + RO—NO, —> EtONO, + RO® (50)

During the hydrolysis of 2-octyl nitrate according to eqn. (49), ethyl 2-octyl
ether is formed which should have a rotation contrary to that of the unreacted
nitrate. On the other hand from the reaction (50) which resembles to some extent
eqn. (48), an alcohol of the same rotation and a product of transesterification is
obtained. Cristol does not explain in detail the mechanism of the reaction of trans-
esterification (ester group exchange reaction). None the less an assumption can be
made that it may occur only in the presence of nitronium cation NO9. Further,
the reaction leading to the formation of ketones has not yet been explained. Most
probably it is analogous to the scheme (12) in which a hydrogen atom attached
to the a-carbon atom is split off after a O—N linkage is broken:

R—CH—CH;, 4+ OH® —> R—C—CH; + NOY + H;0 1)
|
(‘)NOZ (l)

The experiment of hydrolysing 2-octyl nitrate in a dioxane solution has been
carried out with a laevo-rotatory ester. In the reaction products 2-octanol forms
as the main product with some 2-octanone and a little unchanged 2-octyl nitrate.
The rotation of the reaction product amounted to —3.77°, and the alcohol consisted
of a mixture containing 42% of (—)2-octanol and 58% of racemate, i.c. 1%
(=)2-octanol and 29% (-)2-octanol.

By hydrolysis of a dextro-rotatory 2-octyl nitrate in a neutral medium, this
compound has been decomposed to yield a laevo-rotatory product containing
- 13% of 2-octanone and 87% of 2-octanol, the latter comprising 71%, of (—)2-octanol

| and 29% racemate, i.e. 85.5 parts of laevo-rotatory and 14.5 parts of dextro-rota-
‘ tory alcohol.

4
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1t can be concluded from these experimental results that in alkaline media the
2-octyl nitrate behaves like a typical ester (Day and Ingold [50]). In neutral media,
on the other hand, it behaves like an alkyl halogenide or like an ester of sulphuric
acid.

Cristol also established in the work cited that the hydrolysis of 2-octyl nitrate
cannot be performed with dilute sulphuric acid. In the presence of 107, sulphuric
acid as much as 99 parts of alcohol having the same rotation as the original nitrate
were formed. With 70-90% sulphuric acid, 2-octanone and nitrogen oxides were
formed.

According to Merrow and van Dolah [51] (4-)2-octyl nitrate reacts with hydra-
zine at room temperature to yield 84% (4-)2-octanol, whilst by the reaction of the
laevo-rotatory nitrate and ammonium polysulphide as much as 99 parts of (-)2-
octanol are produced. The fact that to a large extent the original rotation was
preserved indicates that in the cases cited the initial step was rupture of the N-O
bond.

Further experiments on the hydrolysis of cis- and trans-cyclohexanediol dini-
trates have been carried out by Merrow and van Dolah. The trans-1,2-cyclohexa-
nediol dinitrate in the presence of hydrazine is transformed exclusively into trans-
1,2-cyclohexanediol. Similarly the cis-isomer does not change its configuration if
treated with ammonium sulphide. All these observations confirm the conclusion
mentioned above.

Baker [52), who investigated the influence of nucleophilic reagents on benzyl
nitrate in anhydrous alcohol, has established that two parallel reactions proceed
simultancously (Y is a hydrolysing agent):

Y© + CH;CH,0NO, —> C¢H;CH,Y + NOY 52)
¥© 4 C4H;CH,0NO, —> CgHsCHO + NO§ -+ HY (53

The latter reaction takes place via an intermediate stage:
C¢HsCH,0NO, —> CgHsCH,0® + Nof 54

If the reaction medium contains an aroxide as well as the alkoxide ions, then
it is mainly the second of these two ions, which is more nucleophilic, that takes part
in the chemical reaction. The way in which both ions are formed from the solvent
has been described by Baker according to eqn. (55):

Y® 4+ EtOH —> HY + E0® (55)

Baker controlled the kinetics of the reactions (52) and (53) in the presence of
ethyl alcohol, phenol and its mononitro derivative.

On the basis of experiments on the hydrolysis of numerous esters of inorganic
acids carried out by Anbar et al. [53] this reaction has been defined by means of
the three following equations:

v® 4 —C—0—X —> —CY + 0x° (56)
v® 4+ —c—0—X —> —C0° + XY 67
¥® 4 H—C—0—X —> C=O0 + HY +X° (s8)
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According to eqn. (56) a nucleophilic substitution takes place, i.e. the compo-
nent Y is attached to the a-carbon atom. Similarly in reaction (57) Y© attaches
itself to the central atom of the X-group (such as the nitrogen atom in the nitro
group). The last equation illustrates a typical oxidation process, producing an al-
dehyde or ketone with the removal of a hydrogen atom attached to the a-carbon atom.

Equations (56) and (57) are analogous to (10) and (12) proposed by Baker;
and (58) resembles (50).

In order to generalize on the conditions that determine the direction of the hydro-
lysis process and to deduce adequate conclusions, several examples of the hydro-
lysis of esters of inorganic acids are quoted below together with the probable reaction
type. Hydrolysis was performed in an alkaline medium using water labelled with
the **0-isotope.

tert-Butyl hypochlorite 57
Triphenylmethyl chlorate, bromate, iodate (58)
Triphenylmethyl perchlorate (56)
n-Butyl nitrate (61))
tert-Butyl nitrate (&)
Triphenylmethyl nitrate 57D
n-Butyl nitrate various reactions
n-Octyl nitrate various reactions
tert-Butyl nitrate (56)
Triphenylmethyl nitrate (56)

It is clear from this comparison that triphenylmethanol esters of weaker acids
undergo the reaction of hydrolysis as shown in the scheme (57). Depending on the
kind of radical, during the hydrolysis of strong acid esters either the R—O bond
is broken (scheme 56) or a mixture of reaction products is formed as indicated by
the schemes mentioned. The reaction goes more readily with esters of weak acids,
as the radical’s influence is not prominant. With strong acid esters and the more
electronegative (iso-) radicals hydrolysis proceeds in accordance with eqn. (56).
Esters of strong acids and those which contain less electronegative radicals do not
demonstrate any definite direction of hydrolysis.

The above conclusions find further confirmation in the results of hydrolysis
of sugar nitrates that have been carried out by Ansell and Honeymann [54], and
in experiments to nitrate cyclic ketones by means of optically active nitrates made
by Horn and Shirner [55].

Comparing triphenylmethanol esters of hydroxy-acids we can establish that
the higher oxidation compounds (being at the same time also stronger acids) are
hydrolysed according to the reaction scheme (56), whilst with compounds having
a lower degree of oxidation the process follows eqn. (57). For instance, among the
following esters: RO—Cl, RO—CIO, RO—CIO,, RO—CIlO,, the change of
reaction type occurs between chloric and perchloric acid esters. Likewise nitric
esters react mainly according to the scheme (57). This question has been inves-
tigated particularly by Allen [56]. The direction followed by the hydrolysis process

| depends upon many factors, including the type of radical and the reaction medium.
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The above results are supported by Bronsted’s theory since with esters of strong
acids—owing to their tendency to donate protons-—favourable conditions are
created for splitting the R—O bond and producing the carbonium ion.

If the reaction formulated in eqn. (56) takes place and if Y© =RO® then pri-
marily ether is formed. If on the other hand Y° = >Ce or >Ne an alkylation
process takes place. If the reaction type conforms with the scheme (57) and if Y =RO®

then a reaction of transesterification takes place, whilst the presence of Y° = >—C9

or YO= >Ne stimulates the nitration process. So, for instance, n-butyl nitrate

treated with benzyl cyanide in an alkaline medium produces sodium nitrophenyl-
methanecarbonitrile in about 709 yield. This provides evidence that the pre-
dominating reaction should be defined by the eqn. (57) as shown by the following
example:

CgHsCH,CN - CgHy0—NO, N2OH . H.CON + CHy0H + Hy0 (59)

NOzNa

In ‘the presence of sodium ethoxide tertiary butyl nitrate reacts with benzyl
cyanide to form exclusively butyl ethyl ether and sodium nitrate. In this case no
transesterification occurs. Thus the reaction proceeds in accordance with eqn. (56).

With reaction (56) a competing process to form olefins occurs, in which the
chemical bond R—O is broken, as outlined in scheme (11). The formation of ole-
fins, as mentioned above, depends primarily on the character of the alkyl group
and also on the conditions of reaction.

Tertiary alkyl esters react mainly according to (56) and (57). During hydrolysis
performed in accordance with the latter reaction in the presence of Y®=RO°
a process of transesterification takes place as shown by the equation below:

RO® 4+ —C—0—X —> ROX + —C0° (60)

| |

Thus in a mixture of a tertiary ester with a secondary or primary alcohol, esters
of these alcohols can be produced. Immediately they have been formed, the esters
can undergo further chemical combination, as indicated in eqns. (57) and (58).
The original ester can be transformed in the manner indicated by eqn. (58) if it
possesses a hydrogen atom attached to the a-carbon atom. In any other case alcohol
formed as the reaction proceeds cannot be oxidized.

According to reports of Kharasch et al. [57] the chemical reaction defined
by the scheme (58) occurs when conditions favour the formation of radicals in the
solution of an ionizable solvent and when the X®-anion thus formed is sufficiently
stable.

According to Kharasch, primary and secondary nitrates which have been hydro-
lysed in accordance with the scheme (57) produce a certain quantity of oxidation
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product. On the other hand tertiary butyl nitrite can undergo the reaction of trans-
esterification. However, it does not react as suggested by the eqn. (58), since the
NOP ion is not sufficiently stable.

REDUCTION OF NITRIC ESTERS

There are various different methods for reducing nitric esters and thereby re-
moving their nitro group. In most cases the original alcohols are recovered as re-
sult of the reaction.

The oldest and most popular method is reductive hydrolysis by means of alka-
line sulphides or hydrosulphides, for instance sodium or ammonium sulphide or
the corresponding hydrosulphide, as discussed above in connection with the ques-
tion of hydrolysis (pp. 9-10). According to Oehman et al. [103] acid hydrolysis
of nitroglycerine follows a course similar to that of eqn. (58). Hydrolysis with sul-
phuric acid (even in the presence of nitric acid) may lead to a transesterification
and formation of sulphuric acid esters [104].

As for other methods the following reduction processes are known: in acetic
acid by means of iron (Oldham [58]), in acetic acid with iron and zinc (Dewar and
Fort [59]), catalytic hydrogenation under pressure over a palladium contact (L. P.
Kuhn [60]), or by means of hydrazine in the presence of palladium or platinum.
Applying the last method a good yield of alcohol accompanied by NO, N, and
H,O has been obtained by L. P. Kuhn [45). The reduction can be cairied out by
means of zinc in the presence of acetic anhydride (Hoffman, Bower, Wolfrom [61]).

Electrolytic reduction of nitric esters has also been reported (Kaufman, H. J. Cook
and S. M. Davis [62]).

A new manner of reducing nitric esters which consists in the application of
lithium aluminium hydride has been described by Soffer, Parrotta and di Domenico
[63]. The reaction is performed in an ether solution from which alcohol is recov-
ered quantitatively. Among the reaction products in addition to alcohol the pre-
sence of NO, group and ammonia have been established by these authors. To
complete the reaction, 3.3 molecules LiAlH, are necessary for each ONO, group.
Simultaneously the same method has been applied by Ansell and Honeyman [54]
to reduce the sugar acetal nitrates in a boiling ether solution. This reaction proceeds
very slowly. It sometimes takes 50 hr. However, pure acetal alcohol is formed in
good yield.

SOME OTHER REACTIONS OF NITRIC ESTERS

In the presence of sodium or potassium ethoxide, nitric esters react with sub-
stances containing an active methylene group to form salts of aci-nitro compounds
(Wislicenus [64]) as quoted above in eqn. (59). Esters are hydrolysed on this occasion.

Evidently, from these salts pure nitro compounds can be obtained. This prop-

erty of nitric esters makes it possible to use them as nitrating agents (Vol. I). For
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instance pyrrole and indole can be nitrated by means of ethyl nitrate. In effect
a f-nitro compound is produced:

CH——CH CH—C—NO,
] . i

| | — |

CH CH CH CH
N ng”

Like nitrous esters, alkyl esters of nitric acid enter into reaction with a surplus
of Grignard’s reagent to form N-dialkylhydroxylamine.

Certain nitric esters are capable of forming addition products with aromatic
nitro compounds (see pp. 167, 169), as indicated by T. Urbanski [65].

An interesting property of nitric esters, namely their ability to catalyse certain
reactions of addition polymerization has been reported recently. Initially this obser-
vation was made by Rogovin and Tsaplina [66] while polymerizing styrene and
methyl methacrylate in the presence of nitroglycerine. The latter amounted to
5-20 parts by weight corresponding to about 109, of the polymerized substance.
As a result of the increased polymerization speed, the molecular weight of the poly-
mer is smaller than if polymerization is carried out slowly.

Hicks [67] confirmed these observations for the methyl methacrylate—glycol
dinitrate system. The substances have been used at mole ratios ranging from 0.07
to 5.9. Working at temperatures of 25, 60, 80 and 90°C it was established that
from 60 to 90°C partial decomposition of nitroglycol takes place and free radicals
initiating polymerization are formed.

An interesting exception reported by Rogovin and Tsaplina concerns vinyl
acetate which when exposed to the influence of nitric esters, polymerizes very slowly.
The ester radicals - NO,, -ONO; and ions NOY, ONOP, do not scem to influence
appreciably the rate of polymerization and the catalytic action of nitric esters is
not produced by the presence of O—NO, groups.

However, the views of Rogovin and Tsaplina should be revised in the light
of recent experiments of Szyc-Lewariska and Syczewski [67a]. They found that
glycols and glycerol exhibit the same catalytic action as their nitric esters on the
polymerization of styrene and methyl methacrylate. This seems to suggest that the
molecules '

CH,0NO, CH,0H
l and |
CH,ONO, CH,0H

behave in an identical way through the formation of the free radicals

CH,0" CH, -
| and |
CH,O " CH,"

or through alkoxy (CH,0)2© and alkylene (CH,);® ions.
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FORMATION OF NITRIC ESTERS

The simplest and most commonly used method of preparing nitric esters consists
in the “O-nitration” reaction of alcohols with nitric acid, usually in the presence
of sulphuric acid. The reaction is accompanied by reversible hydrolysis, which is
typical of esterification reactions. It is very likely that the main nitrating agent is
the nitronium ion NOY (nitryl cation). It acts through electrophilic substitution.
The presence of sulphuric and perchloric acids in the esterifying mixed acid favours
the esterification, as it increases the concentration of NO? ion.

When investigating the O-nitration of glycerol Ingold et al. [68] established that
primary alcoholic groups are attacked with NOY very quickly and the reaction
is of zero order. The secondary alcoholic group reacts at a lower rate and the
reaction is of the first order.

It was observed that the presence of sulphuric acid promotes the hydrolysis
of esters (e.g. [104, 107, 109]). The rate of hydrolysis is for the most part significantly
lower than the esterification rate. Moreover, as already discussed above, in addition
to the main reaction producing alcohol and nitrating acid, the hydrolysis process
is generally accompanied by side reactions. Acids other than sulphuric, or perchloric
[104), e.g. acetic [106] or phosphoric, if present in the esterifying mixture, hydrolyse
esters to a markedly smaller extent than sulphuric acid. The acid make up of an
esterification mixture in industry is established experimentally. Economic factors
also plays a part here.

In addition to these chemical reactions outlined above oxidation reactions also
take place during the esterification process.

According to certain authors the oxidation reaction is facilitated by the presence
of nitrogen dioxide. Since the oxidation reaction is undesirable, attention should
be paid to the concentration of nitrogen dioxide in the nitrating acid in order to
maintain it as low as possible. Pure nitrogen dioxide is a very strong oxidizing agent.

Kaverzneva, Ivanov and Salov [69] found that isopropyl alcohol, under the
influence of dinitrogen tetroxide at normal temperature, is transformed into acetone.
Ethylene glycol is oxidized rapidly by it to oxalic and glycolic acids.

Owing to oxidation by nitrogen dioxide, 1,2-propanediol is transformed into
hydroxyacetone and pyruvic acid. The authors report that no lactic acid is produced,
which is evidence that in the first place the secondary alcohol groups are oxidized.

Likewise the primary hydroxy groups of cellulose are oxidized to form the
--COOH groups, while the secondary ones give CO-groups (see p. 347).

O-Nitration is an exothermic reaction. Approximate calculations which have
been made (Kagawa [70]; Calvet and Dhers-Pession [71]) on the basis of esterifying
methyl alcohol and cellulose indicate that the esterification of one hydroxyl group
is accompanied by the development of 240.2 kcal of heat (see pp. 46, 147).

Nitric esters are produced by the reaction between nitric acid and derivatives
of ethylene oxide (Hanriot [72]; L. Smith, Wode, Widhe [73]). According to

foial




¥ NITRIC ESTERS — GENERAL OUTLINE 21

Nichols, Magnusson and Ingham [74] oxides having the structure RHCVCHR

CH, can be nitrated by means of 309 nitric acid in presence of

/
ammonium nitrate, the latter being a component counteracting side reactions of
oxidation.

If 1.5 mole of nitric acid for 1 mole of oxide are used then according to the kind
of oxide used monoesters (IV), (V) and (VI) will be obtained with 40-60% theo-
retical yield:

and RHC\O

RHC-———CHR N%_ . RCH—CHR
NV v

OH ONO,
IV
RCH—CH, 2N% , RCH—CH, = RCH—CH,
No” L+ |
OH ONO, ONO,OH
v VI

When acting with dinitrogen tetroxide on ethylene oxide and homologues followed
by hydrolysis a nitric ester of the type (IV) is formed (Pujo ez al. [108], Rossmy [75]).
In some cases, in the laboratory a method of indirect introduction of ONO,
group through the action of silver nitrate upon alkyl halides can be used.
RCl + AgNO3; ——> RONO, (61)
Alkyl nitric esters can also be formed by acting on alkylhydroperoxide with
ethyl nitrite:
R—0—0—H + C;H;ONO —> RONO, + C,H;OH 62
The reaction was discovered by Baeyer and Villiger [75a] and studied in a more
detailed way by Crigee and Schnorrenberg [la]. They suggested that the mechanism
of the reaction is:

R—O0—0—H SHONO R‘O—i—/NO —> RONO,
N
NITRIC ESTERS AS EXPLOSIVES

Alkyl esters of nitric acid are very strong explosives. Their oxygen balance is
obviously higher than in the case of explosive nitro compounds containing the
same number of carbon atoms and nitro groups. Moreover, in many esters the ratio
of O-nitro groups to carbon atoms can be more favourable than in aromatic nitro
compounds. Many nitric esters possess as many nitro-ester groups as carbon atoms.
This is why such esters of nitric acid as e.g. nitroglycerine, nitroglycol and penta-
erythritol tetranitrate are among the most powerful explosives, their explosive
strength exceeding that of such widely used nitro compounds as TNT. The disadvan-
tage of nitric esters is that they are more sensitive to shock and friction and to
high temperature than nitro compounds. Furthermore they can undergo hydrolytic
decomposition.
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CHEMICAL STABILITY

The stability of an explosive may be regarded as its capacity to remain unchanged
during a longer period of storage. The problem of stability is of primary importance
with mitric esters, since their structure exposes them to the risk of being hydrolysed.
However, the purer the ester, the smaller the danger of hydrolysis. It is of excep-
tional importance to keep the ester free from acids and strong bases which could
cause decomposition. Certain nitric acid alkyl esters exist that are insufficiently stable
even in the purest form. Their low stability results, of course, from their chemical
structure, as for instance, with methylene glycol dinitrate. For the most part mnitric
esters of the nitroglycerine, pentaerythritol tetranitrate and nitrocellulose type
are characterized by an adequate stability provided they are in a pure form.

Ropuszyfiski [76] suggests two distinct aspects of stability, namely chemical
stability—which ought to be understood as the stability of the pure chemical
compound; and practical stability—that characterizes a product “stabilized”
by methods applied in practice.

In accordance with these definitions a substance possessing good chemical
stability may still be of insufficient practical stability if it is not fairly pure.

Hydrolytic decomposition has already been discussed. A different type of decom-
position of nitric esters occurs at elevated temperatures. More detailed information
concerning this type of decomposition will be included in the descriptions of the
individual esters properties, in particular those of nitroglycerine and nitrocellulose.

The decomposition of esters at elevated temperatures is of exceptional practical
importance, since it has often been responsible for accidents. Investigations of the
decomposition of esters at elevated temperatures by laboratory tests serve as a rapid
method of estimating their stability.

A number of authors have tried to express the decomposition rate of nitric
esters in mathematical formulae. Thus Berthelot [77] expressed the relation
between the decomposition rate of nitric esters and the temperature as:

V=Kt+C (63)

where: V—the rate of reaction in mg of nitrogen produced from 1 g of the substance;
t—temperature; K, C—constants, of which C depends on the purity of the
substance and its degree of nitration; K depends on the nature of the substance.

Later the relation between the decomposition of alkyl esters of nitric acid and
the temperature was formulated (Will [78]) by means of the eqn. (64):

log N=a+ b-0.9932¢ (64)

where: N—the quantity of mg nitrogen evolved from a 2.5 g sample of the substance
in 15 min; a, b—constants; —temperature.
According to Will for guncotton the following constants have been found:
= 8.8842, b = 22.86.
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It is necessary to take into conmsideration the fact that the decomposition of
nitric esters has an autocatalytic character: water and nitrogen dioxide formed
during the decomposition lead to the formation of nitric and nitrous acids which
accelerate the reaction of decomposition of the nitric ester. The influence of nitric
acid on the rate of decomposition of nitroglycerine was studied by Roginskii [79]
and is described below.

METHODS OF DETERMINING THE STABILITY OF NITRIC ESTERS

All methods of determining the stability of explosives and particularly of nitric
esters consist in examining the behaviour of the substances at an elevated tem-
perature. It is obvious that the most reliable methods of determining stability are
those which are carried out at lower temperatures approaching the ordinary room
temperature.

It is known and has been demonstrated by several authors (by Sapozhnikov
et al. [80] for nitrocellulose; by Lukin [81] for nitroglycerine) that change of tem-
perature alters the composition of the reaction products. As the result of numerous
experiments, particular temperatures were chosen for definite nitric esters. Thus,
owing to the greater ease of decomposition of nitroglycerine as compared with nitro-
cellulose the high temperature heat test for nitroglycerine is carried out at a tem-
perature lower than that for nitrocellulose (120 and 132° C respectively).

The disadvantage of carrying out a stability test at low temperature is of course
the very low rate of the reaction, and hence the very long time required to complete
the experiment. Low temperature tests are applied in special cases only, and methods
employing elevated temperatures are in general use.

Two main categories are distinguished: (a) qualitative, and (b) quantitative
ones. v '

A full description of the methods of determining the stability of explosives are
given in books dealing with analysis of explosives, such as: Kast and Metz [82],
Clift and Fedoroff [83], Olsen and Greene [84], and Avanesov [85].

Qualitative tests

The qualitative tests usually consist in determining the heating period necessary
to produce a noticeable decomposition of the compound or decomposition of the
impurities present in the sample. The higher the stability, the longer the determined
time. ’

Heat test (Abel test). The oldest and the most popular qualitative test is
the heat test introduced in Great Britain by Abel in 1865 [86]. It is called the “Abel
test” on the Continent of Europe and the “KI starch test” in the U.S.A. It consists
in warming a sample of nitroglycerine or nitroceltulose (or dynamite or smokeless
powder) in a test tube in which a potassium iodide—starch paper moistened with
aqueous glycerol solution is suspended (Fig. 1). Warming is carried out until the
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test paper acquires a faint brown colour. A thermostatic bath is used for this pur-

0Sse.
’ The original British heat test [87] consists in heating the samples: 2 cm® of nitro-
glycerine at 160°F (71.1°C) or 1.3 g of nitrocellulose at 170°F (76.7°C), or 1.6 g
of cordite at 180°F (82.2°C). The time the explosive should stand the test is 15 min,
10 min and 30 min respectively.

=

snmons
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FiG. 1. Test tube for the Abel heat test, Soviet pattern [851.

In various countries different standards are accepted; e.g. in the U.S.S.R.
a temperature of 754-0.5°C and in U.S.A. 65.54-1°C is applied. In Germany more
sensitive zinc iodide~starch test paper is used (p. 77).

It is obvious that the heat test does not necessarily indicate the beginning of the
decomposition of the substance. More often it indicates the presence of unstable
impurities (e.g. residual nitrating acid) or unstable by-products more readily de-
composed than the substance itself.

The high sensitivity of the test and its simplicity are of great importance and
these facts account for the popularity of the method as a test of determining the
purity of nitroglycerine and nitrocellulose. The sensitivity of the test is considerably
reduced when mercuric salts (e.g. HgCl,) are present in nitrocellulose. This is the
result of the reaction of mercuric salts with iodine.

Litmus test (Vieille test). This test introduced by Vieille [88] consists in 4
warming a sample of nitrocellulose (2.5 g) or smokeless powder in a hermetically
sealed test tube (Fig. 2) in presence of a band of blue litmus paper inserted within
the tube. The tube is kept in a thermostat warmed to 110°C. The temperature inside
the test tube is 108.5°C. In U.S:%8.R. the temperature of the thermostat is 106.5°C.
The blue paper should not turn definitely red in less than 7 hr.

L When smokeless powder is tested the sample is warmed to 108.5°C for several
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FIG. 2. Tube for litmus test (Vieille test).

days in succession but no longer than 10 br a day (this is described in detail in
Vol. IID).

Heat test at 134.5°C. This heat test is in use in the U.S.A. A sample of 2.5 g
of nitrocellulose or nitrocellulose powder (“single base powder”) is kept in a long
test tube in a constant temperature bath regulated to 134.5+0.5°C. A band of
methyl violet (rosaniline acetate with crystal violet) test paper is kept over the sur-
face of the sample. The test paper should not change to “salmon” colour before
30 min and no visible NO, vapours should be detected before 45 min.

The test is usually continued for a total period of 5 hr, during which no explo-
sion should occur.

Nitroglycerine powder (“double base powder”) is tested at 120°C, the duration
of the test being the same.

Silvered Vessel test. The so-called “Silvered Vessel test” is a stability test
that consists in determining the period of heating necessary to cause exothermic
decomposition of the substance. It is usually limited to determining the stability
of smokeless powder and is described in Vol. III.

It was suggested by J. B. Taylor [89] as a method for the determination of the
stability of nitrocellulose at 135°C. Nitrocellulose can be accepted as stable when,
after 45-60 min heating, the temperature of the sample is not higher than the tem-
perature of the thermostat by 1.1°C.

Qualitative tests at lower temperature (“Warmlagermethode”) are carried out
with powders only and are described in Vol. III.

Quantitative tests

Loss of weight. One of the oldest and simplest quantitative methods is the
determination of the loss of weight of a sample heated at a constant temperature.
The original Sy-test [90] used in the U.S.A. for determining the stability of nitro-
cellulose and nitrocellulose powder (“U.S. Ordnance Department 115° Test”) con-
sisted in heating a sample of the substance on a watch-glass at 11540.5°C.
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Heating is carried out for 8 hr a day. During the first day the sample should
loose only volatile substances (moisture and residual solvent). After that the loss
of weight should not be greater than 17; a day during the next six days. A loss of 17,
or more should be reached on the eighth day. The total loss of weight should be
less than 10%.

In the U.S.S.R. the method was modified by using lower temperatures: 75+
+0.5°C or 9540.5°C. A sample of 15 g is kept in a 50 ml flask fitted with a cork
provided with tubular orifice (Fig. 3). The flask with the sample is weighed every

FiG. 3. Flask for determination of loss of weight (Avanesov [850).

24 hr and the results are plotted on a diagram. After a certain time an increase
in the loss of weight indicates that decomposition has become more rapid. That
time is taken as a criterion of the stability of the substance.

In order to eliminate the necessity of removing the sample from the constant
temperature chamber for weighing Guichard [91] introduced the use of an auto-
matic balance which allows the weight of the sample to be recorded contin-
uously.

Will test. Will [78] developed a method which consists in determining the volume
of nitrogen evolved from nitrocellulose when kept at 135°C, gaseous products being
removed by a stream of CO,. The nitrogen cxides evolved during decomposition
are reduced by hot copper and CO, is absorbed by a concentrated solution of potas-
sium hydroxide. The volume of N, is recorded every 15 min. The test lasts 4 hr.
The method was very useful for research but was difficult to apply as an everyday
control of stability. Besides, the fact that nitrogen oxides are removed from the
sample by the stream of CO, creates conditions which differ from those existing
during storage of nitrocellulose or smokeless powder, when all the decomposition
products remain in contact with the parent substance.

Bergmann and Junk test. The Bergmann and Junk [92] test consists in determi-
ning the quantity of NO-NO, lost by the sample (2 g of nitrocellulose or 5 g of
nitrocellulose powder) when heated at 132°C for 2 hr. The test tube is closed at one
end with a hydraulic seal (Fig. 4). The latter may be ball shaped (a) or (more fre-
quently) bell shaped (b). After the test, the tube is withdrawn from the thermostat

| and cooled to the room temperature. Water is sucked into the tube, which is then
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filled up with more water to the 50 ml mark. The solution is either titrated or its
NO content determined by the Schulze-Tiemann method, after the solution has
been oxidized with potassium permanganate.

One gramme of well stabilized high nitrated nitrocellulose or collodion cotton
should not give off more than 2.5 or 2.0 cm3 of NO, respectively.

The Bergmann and Junk tubes can be used to determine the pH of the solution
obtained after heating nitric esters for varying times, e.g. 1,2,4 and 6 hr. This

Z 7L 7
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Fic. 4. Tubes for Bergmann and Junk test: (a) with balls, and (b) with tubular
. ending, (c) thermostat with tubes.

makes it possible to draw a curve showing the progress of decomposition of the
substance. This method of determining the stability of the esters and smokeless
powders was suggested by Hansen [93] and is frequently used for more detailed
examination of the stability of nitric esters or powders.

Most nitric esters are subjected to heating at 120-132°C. In the case of nitro-
glycerine and nitroglycerine-like explosives, and also of nitrostarch, a tempera-
ture of 110-120°C is used.

Instead of a pH determination, the conductivity of the aqueous solution of the
decomposition products can also be measured (e.g. Phillip [94]; de Bruin and
Pauw [95]; Grottanelli [95a]). This, however, is less suitable for routine work.

Manometric test. The idea of measuring the pressure of the gaseous products
evolved during decomposition of explosives on storage or heating was known as
early as in the middle of the last century. It was mentioned by Abel [96] in his classic
work on the stabilization of nitrocellulose. Ph. Hess [97] examined the decompo-
sition of nitrocellulose at 70°C and measured the pressure of the decomposition
products by means of a mercury manometer. Mittasch [98] applied the same idea
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when studying the kinetics of decomposition of nitrocellulose. The first apparatus
for routine stability measurement based on this principle was introduced by Ober-
miiller [99] and further improved by Obermiiller and Pleus [100]. ﬁ

The main disadvantage of the method consisted in the condensation of some
of the products of decomposition in the tubes connecting the container with the
manometer. This was overcome by Taliani [101] in his manometric method. The
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FIG. 5. Taliani test apparatus: /—tube with a test sample, 2—hydraulic closure, 3—stopcock.

main feature of this method (Fig. 5) consists in warming the sample of 1.3 g (I)
to 135°C at a constant volume which is maintained by the U-tube (2) filled with
liquid paraffin. The stopcock (3) is closed after the temperature has become uniform
and then the pressure is increased by raising the bulb (4) to maintain the same level
of paraffin oil in both branches of the U-tube (2). The experiment is stopped after
300 mm Hg pressure is reached. Goujon [102] modified the method, adopting
a pressure of 100 mm Hg as the end of experiment.

The method of Taliani-Goujon is very useful, although by working under rela-
tively elevated pressure it creates specific conditions which differ from those existing
during the storage of explosives.
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CHAPTER 1
GLYCEROL TRINITRATE (NITROGLYCERINE)

EsTERs of monovalent alcohols and nitric acid do not play a large part as explosives.
Among the polyvalent alcohol esters most useful for that purpose glycerol nitrates
and glycol nitrates are especially important.

NITROGLYCERINE

CH,—ONO,

CH—ONO,

CH,—ONO,

Nitroglycerine (NG), strictly glycerol trinitrate is one of the most widely used ex-
plosives. It is the main component of high explosives such as dynamites, as well as an
ingredient of most mining explosives and it is an essential ingredient of smokeless,
so-called double base propellants. Attempts to nitrate glycerine experimentally
were begun as long ago as 1830. Glycerine was dissolved in nitric acid without
being cooled. The reaction therefore proceeded at a temperature distinctly higher
than room temperature, and in these conditions glycerine did not undergo nitration
but was oxidized, forming water-soluble hydroxy-keto-acids and hydroxy-acids.
It was not until 1847 that nitroglycerine was obtained for the first time by Ascanio
Sobrero [1] who used a nitration mixture of nitric and sulphuric acids at a low
temperature. Afterwards the whole was poured into water. The oily nitroglycerine
sank to the bottom, whence it could be readily separated and freed from acid by
careful washing with water. Sobrero recognized the explosive properties of the
new substance and named it pyroglycerine. However, although these properties
engaged the attention of Sobrero he did not develop the appropriate application,
for the danger of manufacturing and handling seemed likely to prohibit its use
in practice.

Attempts to make use of nitroglycerine as a high explosive shell filling were
carried out in various countries: in Russia they were done by Zinin and his co-
worker Pietruszewski in 1854 [2]. However, the trials proved unsuccessful owing
to the materials sensitiveness to shock.
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The first important steps to develop the manufacture and application of nitro-
glycerine in mining were taken by a Swedish engineer— Alfred Nobel who learned
about nitroglycerine from Zinin 1855, when residing in St. Petersburg [2a]. In 1862
a factory to produce “explosive oil” was built by Nobel in Helleneborg near Stock-
holm and in 1864-66 he was granted patents [3] for the method of nitrating glycerine
by means of a mixed acid composed of nitric and sulphuric acid. At first nitroglyce-
rine was separated from the spent acid by running off the whole into water; after-
wards Nobel improved his method so as to get the nitration product as an indi-
vidual phase.

In spite of numerous failures, as for instance the explosion of his factory in 1864,
Nobel introduced the use of “explosive 0il” in place of black powder (gunpowder)
for mining purposes.

To initiate the nitroglycerine, detonators filled with black powder were used
at first. Later, Nobel [4] invented blasting caps (detonators) charged with mer-
cury fulminate for this purpose.

The liquid consistency of nitroglycerine and its sensitiveness to shock are great
disadvantages in handling and transporting it.

Nobel endeavoured to diminish the sensitiveness of nitroglycerine to shock by
dissolving it in methyl alcohol. The transport of such a solution proved markedly
safer than that of nitroglycerine itself. On the spot, in the mine, this solution was
treated with water and after decanting the upper aqueous-alcoholic layer above
the nitroglycerine, which was precipitated in form of oil, the latter was used as

“a high explosive. However, this operation was troublesome. Based on an observation

that a large quantity of nitroglycerine can be absorbed in diatomaceous earth (kie-
selguhr) to form a doughy mass, guhr dynamite, consisting of 75 parts by weight
nitroglycerine and 25 parts kieselguhr was patented by Nobel in 1867 [5]. This new
explosive rapidly become well known and popular. After 1868 about a dozen factories
were established in various continents to manufacture nitroglycerine and dynamite.

The manufacture of nitroglycerine was also started in Russia by Pietruszewski,
a co-worker of Zinin [2]. Intending to decrease the sensitiveness of nitroglycerine
to shock, Pietruszewski mixed the explosive substance with a solid adsorbent, in
this case magnesium carbonate. Since about 1867 nitroglycerine has been used
in the Upper-Uspienskii district’s gold mines in the Trans-Baykal of Siberia [6].

In 1875 Nobel [7] produced the so-called blasting gelatine by dissolving nitro-
cellulose in nitroglycerine. It is on the basis of this gelatine mixed with oxygen car-
riers, e.g. ammonium or sodium nitrates, that dynamites (“straight” dynamites)
are produced at the present day. It was also Nobel who invented smokeless,
“nitroglycerine” powder (“double base” powder), or so-called ballistite in 1888
[8]. Nitroglycerine has also found wide application as an ingredient of ammonium
nitrate explosives for mining purposes.

The method of manufacturing nitroglycerine mtroduced by Nobel has been
modified and improved. The research work of the authors listed below is cited as
containing the most important achievements in this field: Nathan, Thomson and

GLYCEROL TRINITRATE (NITROGLYCERINE) 33 ‘
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Rintoul [9], A. Schmid [10}, Raczynski [11], Biazzi [12]. A recent improvement
in this field was developed in Swedish factory N. A. B. Gyttorp [13].

A broad review of the history of nitroglycerine and dynamite manufacture was
published recently by Nauckhoff and Bergstrém [13].

PHYSICAL PROPERTIES

Nitroglycerine is an oily liquid and in pure form it is colourless and transparent.
The commercial product is usually yellowish (of straw yellow colour) or pale brown
depending on the purity of the original raw materials and on the conditions of
manufacture. Nitroglycerine has a slight “sweetish” smell perceptible after heating
to temperatures exceeding 50°C and it has a bitter-sweet and “burning” taste.

Freezing point

There are two modifications of nitroglycerine, differing in freezing point and
crystalline forms. With respect to crystal structure the form melting at the lower
temperature represents a labile form (Fig. 6) which can be transformed spontaneously
into the higher melting stable form of nitroglycerine (Fig. 7).

F1G6. 6. Crystals of nitroglycerine, labile form (Hibbert [15]).

L FiG. 7. Crystals of nitroglycerine, stable form (Hibbert [15]).
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The freezing and melting temperatures of these transformations have been
established by Kast [14] who also observed that very pure nitroglycerine is trans-
formed on freezing mainly into the labile crystals, whereas a less pure sample often
crystallizes in the stable form.,

The conditions necessary for the formation of each crystal form were examined
by Hibbert [15]. He found that if recently produced nitroglycerine is mixed with
wood meal or pulverized glass and cooled to the temperature of —40°C, while
being stirred vigorously, the labile form is produced. By introducing a crystal obtained
in this way into another portion of cooled nitroglycerine, crystallization of the labile
form can be induced.

On the other hand, if nitroglycerine is mixed with wood meal and sodium or
ammonium nitrate under the same conditions the stable crystalline form is produced.
Nitroglycerine which had been crystatlized and afterwards melted readily solidifies
again in the same crystalline form it possessed before melting*. However, if nitro-
glycerine is kept after melting for a longer period at a temperature exceeding 50°C,
it is apt to become supercooled and to crystallize like a freshly prepared product
again. Hibbert reported that the labile form of nitroglycerine is converted to the
stable form after some 1-2 weeks’ storage.

Hackel [17] has established that the transformation of the labile into the stable
form does not proceed as readily as indicated by Hibbert. Thus, on keeping labile
nitroglycerine for a period of 4 months in a thermostat at the temperature of 0°C
no traces of conversion to the stable variant were observed. Further, Hackel did
not confirm Hibbert’s view that molten crystals of the stable form, seeded with
labile crystals yielded crystals of. the labile form which were unusually inclined
to transform into the stable form. Simple, vigorous stirring would be enough to cause
this conversion. The cardinal factor determining the stability of either form consists,
according to Hackel, in safeguarding the nitroglycerine against being seeded with
crystals of the other form.

* The capacity of the molten nitroglycerine to crystallize again in its original form was proposed
by Hibbert [16] as evidence for the supposition that both variants are isomiers (A) and (B) differing
in chemical structure:

O O
CHZ-—O——N< OHZ—‘-O~N<
0 J I No
o/
/° |/
/
CH—0—N CN-—O—N
No |
O 0 \O
|
CHZ*O—N< CHZ—-O—N<

Even if the disagreement of these chemical formulae with the accepted method of depicting
the nitro group is disregarded, there is no evidence to confirm the existence of two such isomers.
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Hackel has extended Hibbert’s observations concerning the influence of certain
substances on the formation of nitroglycerine crystals of different forms. Thus,
adding urethane, phenylurethane, collodion, nitrocotton, cyclonite, tetryl, dinitro-
benzene, or centralites I and II promotes the formation of the labile form. Admixtures
of siliceous earth, trinitrobenzene, TNT, favour the creation of the stable form.

Freezing points for both variations of nitroglycerine, as published in different

papers, are collected in Table 6.

TABLE 6

FREEZING TEMPERATURES OF NITROGLYCERINE MODIFICATIONS, °C

Modification Nauckhoff [18] l Kast [14] ‘ Hibbert [15] Hackel [17]
| .
' 1
Labile ] - 2122 | 19 | 19
Stable | 12.4 132 130 | 13.0

Hibbert [15] assumed that the labile form of nitroglycerine belongs to the triclinic
system, while according to Flink [19] the stable form has orthorhombic bipyramidal
crystals.

On the basis of the dipole moment values and viscosity measurements of the
two forms of nitroglycerine, de Kreuk [20] considered that the difference between
the two forms is produced by rotational isomerism. According to this hypothesis
the labile and stable forms would correspond to cis- and trans-isomers respec-
tively. In a non-polar solvent the trans form predominates. In a polar solvent the
content of the cis form increases and reaches a maximum in liquid nitroglycerine.

This can be seen from the figures for dipole moments in various solvents given
below (p. 45).

The heat developed during the transformation of one form of nitroglycerine into
the other is given on p. 46. The linear crystallization rate of nitroglycerine to form
the stable modification at different temperatures was investigated by Nauckhoff
[18] who found the following figures:

temperature, °C rate, mm/min
+5 0.145
0 1.183
-5 0.267
-17 0.125

Solubility
Nitroglycerine is hardly miscible with water. One litre of water dissolves (accord-
ing to Will [21], Naoum [22] and Ochman [108]):
at 15°C 1.6 g nitroglycerine
20°C 1.8 g nitroglycerine
50°C 2.5 g nitroglycerine
The solubility of nitroglycerine in aqueous (1-10%) sodium carbonate is still
lower (of the order of 1.0 g) [108].
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Nitroglycerine is readily dissolved in most organic solvents and itself behaves
as a good solvent. Thus, it is completely miscible in all proportions at room tempera-
ture with the following liquids: methyl alcohol, ethyl acetate, anhydrous acetic
acid, benzene, toluene, xylenes, phenol, nitrobenzene, nitrotoluenes, pyridine, chlo-
roform, dichloroethane, dichloroethylene, and the like.

Further, nitroglycerine can be blended in all proportions with other liquid nitric
esters, such as methyl nitrate, the so-called nitroglycol—ethylene glycol dinitrate,
diethylene glycol dinitrate, dinitroglycerine, trimethylolnitromethane trinitrate (nitro-
isobutylglycerine trinitrate), etc.

The solubility of nitroglycerine in halogeno derivatives of hydrocarbons depends
on their chlorine content. Thus, nitroglycerine can be mixed with dichloroethylene
in all proportions but with 100 parts of trichloroethylene at room temperature only
20 parts of nitroglycerine are miscible, whilst nitroglycerine dissolves with difficulty
in tetrachloroethylene and pentachloroethane.

To an appreciable extent the solubility of nitroglycerine in ethyl alcohol depends
on the temperature of the solvent and its water content. In the cold a limited quantity
of nitroglycerine is dissolved in absolute alcohol, whereas at temperatures of about
50°C it mixes with absolute or 96% alcohol in all proportions. The solubility of
nitroglycerine decreases as water is added to the ethanol. In consequence, when
water is poured into an alcoholic solution, nitroglycerine is precipitated step by step.
This precipitation becomes very considerable after the alcohol has been diluted
from 50 to 25% concentration.

To characterize the solubility of nitroglycerine in ethyl alcohol the data quoted
by Naoum [22] are given below, in Table 7.

TasLE 7

THE SOLUBILITY OF NITROGLYCERINE IN ETHYL ALCOHOL

Temperature | Grammes nitroglycerine dissolved
Ethyl alcobol °C in 100 cm3 ethyl alcohol
Absolute 0 ca. 30
Absolute 20 ca. 43
969%, 20 31.6
50% 20 1.8
25% 20 | 0.7

Similarly other alcohols, such as propyl, isopropyl and amyl alcohols dissolve
nitroglycerine at room temperature to a limited extent only. However, they are
miscible in all proportions at 90-100°C.

In polyhydroxy alcohols nitroglycerine is still less soluble. The best of these
solvents is ethylene glycol. Thus 100 g of ethylene glycol dissolve 12 and 20 g of

nitrogly<l>erine at 20 and 80°C respectively. The solubility of nitroglycerine in glycerol
is very low.
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For analytical purposes, attention must be paid to the solubility of nitroglycerine
in acetic acid and in carbon disulphide, since these solvents can be used to separate
nitroglycerine from aromatic nitro compounds. Thus nitroglycerine dissolves
readily in 65% acetic acid which does not dissolve nitro compounds. In carbon
disulphide, nitroglycerine dissolves with difficulty. At room temperature, 100 ml
of this solvent dissolve about 1.25 g nitroglycerine. Nitro compounds, on the other
hand, are readily dissolved in carbon disulphide.

Both in the cold and in the warm nitroglycerine is slightly soluble in aliphatic
hydrocarbons, for example petrol, ligroine, kerosene, paraffin oil, lubricating oils,
vaseline oil (Table 8).

TABLE 8

SOLUBILITY OF NITROGLYCERINE IN ALIPHATIC HYDROCARBONS
(AFTER NaoUM [22])

Solvent Temperature Gramme§ nitroglycerine dissolved
°C in 100 g solvent
igroi 20 | about 1.5
Ligroi
grome 80 i about 6.0
P 20 ‘ about 2
otrol 80 about 6
Purified oil 20 about 4
80 about 9

A comparatively high proportion of nitroglycerine can be blended with vegetable
oils. For instance, at 20°C 100 g olive oil dissolve 20 g nitroglycerine and at 100°C
about 25 g nitroglycerine are dissolved. Nitroglycerine is also relatively soluble
in castor oil. Nitroglycerine is only very slightly soluble in an aqueous solution
of ammonia, sodium hydroxide and potassium hydroxide. When hot it undergoes
the process of hydrolysis (for more details see p. 7.

From the manufacturing point of view the solubility of nitroglycerine in
sulphuric acid, nitric acid and in their mixtures is most important, hence great
attention has been paid to this question.

Concentrated sulphuric acid readily dissolves nitroglycerine. It has been reported
by Naotim [22] that 100 g of 98%; sulphuric acid at 20°C dissolve about 26 g nitro-
glycerine and 100 g of 70-80% sulphuric acid are capable of dissolving 7.5 g of
nitroglycerine.

In the presence of concentrated sulphuric acid, nitroglycerine is hydrolysed
to form HNO,. According to the concentration of the sulphuric acid the products
are either esters containing a smaller number of nitrate groups or mixed esters of
nitric and sulphuric acids, for instance glyceryl—sulphuric nitrates. At room tempera-
ture anhydrous nitric acid mixes with nitroglycerine in all proportions. The solubil-
ity decreases step by step as the concentration of acid is diminished. Thus a 100 g
portion of 65% nitric acid at 20°C dissolves 8 g nitroglycerine. Solutions of nitro-
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glycerine in nitric acid are unstable since on storage they begin to decompose as
a result of oxidation caused by the nitric acid, and nitric oxides are evolved.

Nathan and Rintoul [23], when studying the solubility of nitroglycerine in mixed
acids, found that compositions with the ratio H,0 : HNO; == 1.1 and sulphuric acid
content from 0 to 609 are particularly dangerous in this respect: they readily
produce an uncontrollable reaction, and no acid of a composition in or near this
zone should ever be allowed to come in contact with nitroglycerine in a manufac-
turing operation. This extremely important observation was recently studied in
detail by Oehman et al. [110], (see Fig. 26, p. 84).

Nathan and Rintoul also examined the solubility of nitroglycerine in acid mixtures
with H,SO,: H,O and H,SO,: HNO, ratios having the constant values: 5.8 and
10.4 respectively.

Their figures were used by Pascal [24] to construct a triangular diagram—Fig. 8
(Table 9).

H20

HNO3 H2S04
Fi6. 8. Solubility (in %) of nitroglycerine in mixtures of nitric acid, sulphuric acid
and water, according to Pascal [24].

TABLE 9
SOLUBILITY OF NITROGLYCERINE IN MIXTURES oF HNO3; anp H,SO4

. . iti i 9 » .
Designation Composition of mixture, % Quantity of dissolved
of mixture HNO; | H,SO, H,0 nitroglycerine, %

M, 24 50 26 135

M, 38 20 42 1.6

M, 13 75 12 2.5

‘GLYCEROL TRINITATE (NITROGLYCERINE) 39
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More recently investigations of the solubility of nitroglycerine in mixed acids
(spent acids) have been made by Oehman [108], Klassen and Humphrys [25] (Fig. 9).

In practice the nitrating conditions most frequently applied are those which permit
the composition of the spent acids after nitration to approximate to the mixture M.

Naotim [22] has established the solubility of nitroglycerine in mixed acids
composed of ingredients resembling approximately the mixture M, (Table 10).

40 T T T T T T T T T
14416
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Per cent HNQ3 in spent acid
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L ! L

12 13 14 15 16 17 18 19 20
Per cent water in spent acid

Fic. 9. Solubility of nitroglycerine in spent acid, according to Klassen and Humphrys {25].

TasLe 10
SOLUBILITY OF NITROGLYCERINE IN MIXTURES OF HNOj3 anD H,SO4

Composition of mixture, % 1 1L I v A"/ VI
Nitric acid, HNO3; 10 10 10 15 15 15
Sulphuric acid, H2SO4 70 75 80 80 75 75
Water, H,O 20 15 10 5 10 15
Quantity of nitroglycerine soluble

in 100 parts by weight of mixed

acid 6.00 { 3.55 | 333 | 437 | 260 | 2.36
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Part of the nitroglycerine dissolved in this mixture of acids undergoes hydrolysis.

Concentrated hydrochloric acid does not dissolve nitroglycerine. On heating,
a gradual decomposition occurs accompanied by a dark yellow colour due to
hydrolysis and the production of nitrosyl chloride.

Nitroglycerine as a solvent. The capacity of nitroglycerine to dissolve aromatic
nitro compounds has been studied for its practical importance, since blends of
nitroglycerine with nitro compounds often form the base components of high
explosives, as for example dynamites and smokeless powders. Investigating systems
which contain nitroglycerine makes it possible for instance to find substances which
decrease the freezing point of nitroglycerine. The first experiments of this kind
were performed by Mikolajczak [26]. In order to lower the freezing point of nitro-
glycerine, dinitroglycerine was added. Afterwards Herlin [27] investigated the
effect of adding nitro compounds. The influence of nitroglycol, dinitrochlorohydrin,
and diglycerol tetranitrate was determined by Sapozhnikov and Snitko [28]

Hackel [29] carried out extensive research by means of thermal analysis to
establish the eutectic composition of both the labile and stable modification of
nitroglycerine with aromatic nitro compounds and with substances used in
manufacturing smokeless powders such as centralites, urethanes and others listed
in Table 11 and Fig. 10.

TasLE 11

COMPOSITION OF EUTECTICS FORMED FROM NITROGLYCERINE

Stable form - Labile form
Nitro- Freezing Nitro- Freezing

glycerine temperature | glycerine temperature

percentage | of eutectic | percentage | of eutectic

in eutectic °C in eutectic °C
Nitrobenzene 45.5 —15.2 515 -229
m-Dinitrobenzene 82.5 5.0 88.0 — 54
2,4-Dinitrotoluene 72.7 ‘ 6.1 89.0 — 4.1
2,4,6-Trinitrotoluene 829 6.3 90.0 — 40
Tetryl 90.0 9.8 94.0 - 0.6
Cyclonite [ 995 12.3 99.7 12
Nitroglycol ca. 20 ca. —30 ca. 40 ca. —40
Pentaerythritol tetranitrate 98.5 12.3 98.9 1.3
Phenyl urethane 90.0 9.6 93.0 — 08
Phthalide 76.5 0.8 8.10 — 8.2
Methyl centralite 96.5 10.6 98.0 0.8
Diphenylamine 93.0 9.8 96.0 — 04

The freezing points of blends of nitroglycerine and nitroglycol have been investi-
gated by Avogadro di Cerrione [30] who established experimentally that both

substances can be dissolved in any quantitative ratio to form the following eutectic
mixtures:
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(1) 299, stable form of nitroglycerine,
719, nitroglycol,
melting point —29°C;

(2) 39% labile form of nitroglycerine,
619, nitroglycol,
melting point —23°C.

Nitroglycerine is able to dissolve nitrocellulose containing a comparatively
low percentage of nitrogen, namely collodion cotton (“soluble nitrocellulose™).
Solution takes place slowly at room temperature, whereas at 60-65°C it is complete
in some 15-20 min. The consistency of the solution obtained depends on the con-
centration of nitrocellulose in the nitroglycerine and on the viscosity of the nitro-
cellulose. For practical purposes, for instance, in the manufacture of blasting gelatine,
collodion cotton that gives high viscosity solutions of jelly consistency should be
used even if they contain only a small quantity of nitrocellulose.

80

60

a0}

20

0-

100% 100% ,
TNT Nitroglycerine

! s 1 L ! { |

Fic. 10. Eutectic of nitroglycerine with TNT (Hackel [17]).

Nitroglycerine can also dissolve a certain amount of inorganic acid. It has been
established by Wallerius [31] that the higher the concentration of nitric acid in the
spent acid, the higher is the residue of nitric acid in the nitroglycerine after it has
been separated. If for instance the HNO; concentration in the spent acid amounts
10% then the quantity of HNO; left in the nitroglycerine amounts to 6.15%. A con-
centration of nitric acid in the spent acid amounting to 14% corresponds with as
much as 8.6% of HNO, retained in the nitroglycerine. As for the content of sulphuric
acid in the nitroglycerine, it remains the same in both cases and amounts only to
0.3% of H,SO,. According to Ochman [32] the acid (unwashed) nitroglycerine
contains about 8% of nitric acid; of the sulphuric acid it contains, 0.1% is dissolved
and 0.5% is emulsified.

In the system nitric acid—nitroglycerine—water, a labile equilibrium is established,
determined by the coefficient of phase separation. Thus under certain conditions as
much as 8% nitric acid passes into the water phase whereas the nitroglycerine does not
contain more than 0.01% HNOj;. A thorough study of the partition of HNO3 and
dinitroglycerine between nitroglycerine and aqueous solutions was made by Ochman
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These data are very important for practical purposes, namely for the problem
of purifying nitroglycerine by washing. This problem is discussed in detail later
(see p. 74).

Very recently Ropuszynski {33] has proved that nitrating glycerine at an elevated
temperature exerts a propitious influence upon the stability of the product. This
is due to the fact that nitroglycerine obtained at a higher temperature before being
stabilized by the usual methods i.e. is washed by means of water and of sodium
carbonate solution, contains less residual acid.

The data in question are collected in Table 12.

TaBLE 12

THE RELATION BETWEEN THE NITRATING TEMPERATURE AND
RESIDUAL ACID CONTENT

Nitrating temperature Residual acid content Heat test
°C min
%HNO; %H2804
15 0.0132 0.0024 15
25 0.0057 0.0017 24
40 0.0052 0.0008 30

Boiling point and vapour pressure

Nitroglycerine begins to boil at a temperature above 180°C. At the same time
decomposition takes place accompanied by the evolution of nitric oxides and water
vapour. In the distillate, dilute nitric acid and some nitroglycerine is present,
probably carried over with the water vapour. The water is formed as a result of
the partial decomposition of nitroglycerine which occurs when it is heated to high
temperature (see. p. 47).

Owing to decomposition, it is impossible to determine the precise boiling point,
though Belayev and Yuzefovich [34] reported that at a pressure of 50 mm Hg the
boiling point of nitroglycerine is 180°C, whereas under a pressure of 2 mm Hg it
is 125°C.

For the vapour pressure of nitroglycerine different data are to be found in the
literature which are incompatible and depend to an appreciable extent upon the
method of measurement chosen. Thus the vapour pressure of nitroglycerine at 25°C
was found by Chiaraviglio and Corbino [35] to be below 0.00012 mm Hg.

The values found by Marshall and Peace [36] are of the same order:

at 20°C 0.00025 mm Hg at 60°C  0.0188 mm Hg

30°C 0.00038 mm Hg 70°C  0.043 mm Hg
40°C 0.0024 mm Hg 80°C 0.098 mm Hg
50°C 0.0072 mm Hg 93.3°C 029 mm Hg

Naoum and Meyer [37], on the other hand, published significantly higher figures.
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By means of the dynamic method they found the following data:

at 20°C 0.011 mm Hg
at 60°C 0.036 mm Hg

Applying the statistical method they have calculated that at 20°C the vapour pressure

of nitroglycerine is 0.0009 mm Hg.
According to Rinkenbach [38] the vapour pressure of nitroglycerine is:

at 20°C 0.0015 mm Hg
at 60°C 0.060 mm Hg

The vapour pressure of nitroglycerine has also been determined by Crater [39]
and Brandner [40]. The latter attempted to remove the discrepancies which exist
between the values published by different investigators. Thus the data of Brandner

arec:
temperature, °C pressure, mm Hg

30 0.0012
35 0.0020
40 0.0030
45 0.0047
50 0.0081

The results of these researches are not in line with the data found by Naoum
and Meyer, nor with those of Crater. These differences seem to be explicable by
suggesting that Naotim, Meyer and Crater did not use absolutely dry nitroglycerine.
The data of Brandner approximate to the results quoted by Rinkenbach [38] and
Marshall and Peace [36] (at higher temperatures).

Using the Marshall data, Roginskii and L. M. Sapozhnikov [41] calculated
the heat of evaporation of nitroglycerine AH, to be:

at T=100°K  20.64 kcal/mole

at T=140°K  20.38 kcal/mole
at T=180°K  20.11 kcal/mole

Using his own data, Brandner has calculated the heat of evaporation of nitro-
glycerine to be AH, = 19.17 kcal/mole. The same author has investigated the
vapour pressure of nitroglycol (see p. 143) and calculated that of nitroglycerine—
nitroglycol mixed solutions. The results are collected in Table 13.

TaBLE 13

VAPOUR PRESSURE OF THE NITROGLYCERINE—NITROGLYCOL BLENDS

Percentage of Total vapour pressure, mm Hg

nitroglycol 10°C | 30°C | 40°C | s0°C
10 00027 | 0.186 0.0433 0.1002
20 0.0051 0.0345 0.1159 0.1841
40 0.0093 0.0624 0.1475 0.3314

el o o e S .

ez

L e i ek e it




GLYCEROL TRINITRATE (NITROGLYCERINE) 45 ‘

Hiussermann [42] reported that a small quantity of nitroglycerine distils with
steam. With the saturated steam produced from 1 1. of water, 8 g of nitroglycerine
are carried over at a temperature of 100°C.

Naotm [22] reported that on exposure of a 20-g sample of nitroglycerine on a
70 mm dia. watch glass for a period of 24 hr the following weight decrease occur-

red:
at 50°C 0.04 g (0.2%)
at 75°C 0.32 g (1.6%)
at 100°C about 2 g (about 10%)
In agreement with reports of Rinkenbach [38] the weight loss of a nitroglycerine
specimen at a temperature of 60°C amounts 0.11 mg/cm?/hr.

- Specific gravity and other physical constants
According to Perkin [43] the specific gravity of nitroglycerine is:

at 4°C  1.614 g/cm3
at 15°C  1.600 g/cm3
at 25°C 1.591 g/cm3

Kast determined the value as 1.5995 g/cm? at a temperature of 15°C.

On freezing nitroglycerine contracts in volume by as much as 8.3%. The specific
gravity of the stable modification at 10°C is 1.735 g/cm® (Beckerhinn, [44]).

The refractive index of nitroglycerine is 7 = 1.4732.

The viscosity of nitroglycerine is higher than that of water but many times less
than that of glycerine. The following results have been published by Naotim:

The time of discharge from a 20-ml pipette is 6 sec for water, 15 sec for
nitroglycerine, and 540 sec for glycerine.

According to de Kreuk [20] the viscosity of nitroglycerine at 20°C is 37.8 cP.
Rinkenbach [38] gives the figure 35.5 cP. See also Table 3 (p. 3).

Dielectric constant &,, = 19.25 and dipole moments u of nitroglycerine were
determined by de Kreuk [20]:

nitroglycerine (pure, liquid) un=2382D

nitroglycerine in hexane u=25D
nitroglycerine in carbon tetrachloride u=288D
nitroglycerine in benzene u=2316D

According to this author different values of u are due to rotational isomers
present in various proportions. Solutions in non-polar solvents would contain
a high proportion of trans-isomer, whose dipole moment is very low.

Absorption spectra
T. Urbanski and Witanowski [109] found that the infra-red absorption spectrum
contains the bands:
NO, asymmetrical stretching vibrations: 1675, 1654, 1645 cm™!
NO, symmetrical stretching vibrations: 1293, 1276 cm—1

Various frequencies are most likely due to rotational isomers (see above).
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THERMOCHEMICAL PROPERTIES

The specific heat of nitroglycerine was determined by Nauckhoff [18] as 0.356 cal/g
and that of the crystalline substance (stable form) as 0.315 cal/g. For liquid nitro-
glycerine Belayev [45] published the value 0.4 cal/g.

The heat of crystallization (freezing) of mitroglycerine has been determined by
many authors (Nauckhoff [18], Beckerhinn [44]). The most complete investigations
were those performed by Hibbert and Fuller [46] who have established the following
data:

heat of crystailization of the stable form 33.2 cal/g
heat of crystallization of the labile form 5.2 calfg

Hence, the heat of transforming the labile variation into the stable one is
28 cal/g.

Heat of combustion and heat of formation of nitroglycerine. It has been reported
by Rinkenbach [47] that the heat of combustion —AH_ at constant volume
should be 368.4 kcal/mole, which corresponds to 1623 keal/kg. Thus the heat of
formation —AH; is+85.3 kcal/mole (+374 kcal/kg).

Values for the heat of formation of nitroglycerine published by other authors
are listed below: '

415 kcal/kg (Brunswig [48])

416 keal/kg (Kast [49])
370 kcal/kg (J. Taylor and Hall [50])

According to information from different sources the heat of nitration of glycerol
to nitroglycerine varies from 120 to 170 kcal per 1 kg of glycerine.

CHEMICAL PROPERTIES

In the presence of reducing agents such as tin and hydrochloric acid, zinc and
acetic acid, alkaline sulphides and hydrosulphides, nitroglycerine is reduced to
form glycerine and ammonia. This is evidence that there are no nitro groups
attached directly to a carbon atom, otherwise amines would be obtained. Like every
ester, nitroglycerine undergoes the reaction of hydrolysis. On heating in a solution
of sodium or potassium hydroxide in water or alcohol, not only is the hydrolytic
process stimulated, but also oxidation and reduction processes accompanied by the
formation of organic acids and of nitrates and nitrites. In consequence the reaction
products are more complicated than might be expected. According to Hay [51, 52]
the reaction proceeds according to eqn. (2), p. 7.

This equation does not comprise the whole complex of simultaneous chemical
reactions, which have already been discussed (p. 7). Later investigators (Vignon
and Bay [53]; Silberrad and Farmer [54], Berl and Delpy [55]) also found such prod-
ucts as aldehyde resins, oxalic acid and ammonia. It is characteristic that from
nitroglycerine hydrolysed in an alkaline medium no glycerine is recovered. Glycerine
can however be obtained again when the hydrolysis is carried out in the presence
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of readily oxidizable substances. Thus it was established by Klason and Carlson
[56] that as a result of hydrolysing nitroglycerine by means of NaOH in the presence
of phenyl mercaptan, glycerine was produced together with diphenyl sulphide.

The action of concentrated sulphuric acid and the formation of mixed sulphuric—
nitric esters, as well as the action of nitric acid and mixtures of nitric—sulphuric
acid and water and of hydrochloric acid have been discussed above. Concentrated
hydriodic acid of 1.5 density decomposes nitroglycerine to glycerol and mitric
oxides.

Dimethyldiphenyl urea (“Carbamite™) and nitroglycerine form a non-homogenous-
ly melting addition product of 1:1 molecular composition according to Hackel [29].

STABILITY

Heating nitroglycerine (particularly moist samples) at a temperature of 75°C
brings about an apparent decomposition within 3—4 days characterized by the
development of acid products. After 6 days the presence of HNOj is clearly distin-
guishable. If the volatile products of decomposition are removed, e.g. by blowing
with air, as quickly as they are developed, then only very slow decomposition of
the nitroglycerine takes place.

Nitroglycerine contaminated with acid as the result of insufficient washing or
due to thermal decomposition undergoes decomposition. Small samples undergo
gentle decomposition to produce oxides of mitrogen, nitric acid and organic acids,
including among others oxalic acid. Naoum reported that 10 g of nitroglycerine
decomposed to form 2 g of oxalic acid and 2.3 g of other crystalline acids and oxi-
dation products. The products are slightly different if the specimen to be decomposed
is kept at a temperature higher than 50°C. The residue is a viscous syrup containing
glyceric acid and other organic acids. A valuable investigation into the relation
between the composition of spent acid and the stability of nitroglycerine was recently
carried out by Oechman et al. [110] (Fig. 26, p. 84).

Decomposition of small unconfined samples of nitroglycerine is not dangerous.
On confinement, however, the reaction takes a different course, since as decompo-
sition proceeds increasing quantities of gaseous reaction products cause a high
pressure to develop and this stimulates further decomposition of the nitroglycerine.
The decomposition of large quantities of nitroglycerine can be dangerous. Eventually
the heat caused by decomposition is not removed quickly enough and an explosion
may take place. It has been proved by Roginskii [57] that such an explosion is not
necessarily due to the elevation of temperature to the point of initiation (i.e. to a
temperature over 180°C). Slow decomposition at a lower temperature in the
presence of the nitric acid, which exerts a catalytic effect, is accompanied by
development of branched reaction chains and an explosion can occur. Owing to
this an explosion is possible even at a temperature considerably lower than 180°C.

Test specimens of 0.3 g nitroglycerine with an admixture of 57, HNO, in sealed
ampoules were kept by Roginskii in a thermostat at a temperature of 41°C. Explosion
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took place after an interval of 320 min, by which time the temperature of the sample
exceeded that of the thermostat by only a few centigrade degrees (Fig. 11).

The decomposition of nitroglycerine is also accelerated in the presence of other
substances produced during the course of reaction. Attention was paid to that
phenomenon by several earlier authors, like e.g. Sapozhnikov [58]. It has been
confirmed by more recent investigations. For instance Lukin [59] has established
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F16. 11. Decomposition of nitroglycerine with 5% HNO; at 41°C according to
Roginskii [57): ab—warming up the sample in a thermostate, cde—self heating of the
sample, e—point of explosion.

that the chief accelerating agents are NO, and water. Nitrogen, NO, CO and CO,,
on the other hand, exert no accelerating effect, Andreyev et al. [60] have shown
that water has the same influence upon nitroglycol.

According to results obtained by Andreyev and Bezpalov [61] dry nitroglycerine
starts to undergo .an autocatalytic decomposition after having been heated for
a period of 40 hr at 100°C, whilst with nitroglycerine containing 0.01% of water
the interval is shortened to 30 hr. In the presence of 1.5% water the time is as
short as 2 hr.

R. Robertson [62] examined the decomposition of nitroglycerine at tempera-
tures from 90 to 135°C, using a carbon dioxide stream to remove volatile decom-
position products. The concentration of nitrogen oxides in the jet of carbon dioxide
was established spectrographically. He found in this way that nitroglycerine decom-
posed in a manner similar to that of fairly well stabilized nitrocellulose, but more
rapidly. In the temperature range of 95—125°C, every 5° elevation of temperature
doubled the decomposition rate in these conditions.

T. Urbanski, Kwiatkowski and Miladowski [63] examined the decomposition
of nitroglycerine at 110°C and found the following figures for the pH of the aqueous
extracts (Table 14):

TABLE 14
pH after heating at 100°C for
Samples
1 hr 2 hr 3 hr
20¢g 3.05 2.77 2.57
25¢g 294 2.70 245
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~ The characteristic shape of the curve of pH as a function of time is given in
Fig. 12.

Addition of nitro compounds (sueh as nitro derivatives of benzene and toluene)
neither changes the pH nor the shape of the curve.

The decomposition of nitroglycerine at higher temperatures was investigated
by Snelling and Storm [64] who established that at a temperature of 135°C the
decomposition is sharply distinct from the lower temperature decomposition and
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Fig. 12. Change of pH of aqueous extract of nitroglycerine heated
at 110°C (T. Urbanski, Kwiatkowski, Mitadowski [63]).

the substance becomes red coloured owing to absorption of the decomposition prod-
ucts. At 145°C decomposition is accompanied by development of gaseous products
and becomes very energetic. At 165°C the process is still more vigorous: dilute
nitric acid and glycerol nitrates are distilled simultaneously. The remainder is
a liquid containing glycerol, its mono- and dinitrates as well as other products
difficult to identify. At a temperature of 180-185°C the nitroglycerine becomes
highly viscous and at 215-218°C detonation occurs.

Temperature of initiation of nitroglycerine is 200-205°C (bath temperature),
the rate of the temperature increase being 20° per min. Above 180°C a distinct
exothermic decomposition of the substance begins, and hence at the moment of
explosion the temperature of the nitroglycerine is higher than that of the bath,
i.e. 215-218°C (Snelling and Storm [64]).

The behaviour of nitroglycerine on a heated metallic surface has been studied
by T. Urbanski and Rychter [65]. A drop of nitroglycerine allowed to fall on a metal
plate heated to a temperature between 215 and 250°C exploded with violence to
deform the plate. These observations suggest that the phenomenon is to be regarded
as detonation or an effect resembling detonation. If the plate is heated to a tempera-
ture exceeding 420°C the drop of nitroglycerine acquires a spherical form and
burns gently. At 470°C the slowest burning, lasting 2.0 sec, was observed.

This phenomenon is illustrated in Fig. 13.
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The activation energy E needed for the thermal decomposition of nitroglycerine
was calculated by T. Urbanski and Rychter to be:
for temperature ranging from 215 to 250°C E = 37.40 kcal/mole
at temperatures over 470°C E = 4975 kcal/moie
The first of those values is of the same order as those obtained by other authors.
Thus considering the numeral data of Robertson [62] and Will {66] the following
values of the activation energy necessary to decompose nitroglycerine were reported
by Semenov [67]:

150-190°C E = 50.0 kcal/mole
125-150°C E = 45.0 kcal/mole
20-125°C E = 42.6 kcal/mole
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Fic. 13. Decomposition of nitroglycerine on a hot metal plate: 4 —violent decompo-
sition, B—quiet decomposition of spheroid (T. Urbanski and Rychter [65]).

Attention was drawn by Semenov to the fact that explosive substances are char-
acterized by a high value of the activation energy F, as well as of the temperature-
independent factor B.

This has been confirmed in a recent reports by Andreyev, Glaskova, Maurina
and Svetlov [60]. According to these authors the activation energy of nitroglycerine
decomposition at 140-150°C is E = 45.0 kcal/mole (log;, B = 20).

It follows from the calculations of T. Urbanski and Rychter that a non-explo-
sive decomposition of nitroglycerine is characterized by a low E value which agrees
with the above considerations of Semenov.

The ability of nitroglycerine to decompose readily when heated to a relatively
low temperature (from 50°C upwards) long ago aroused suspicions that the chemical
stability of this substance is low and that in the course of time it gradually undergoes
spontaneous decomposition at room temperature. Well purified nitroglycerine,
however, does not undergo decomposition during storage as has been realized from
many years experience. Thus for instance, a sample of nitroglycerine obtained by
Sobrero in 1847, preserved in the factory at Avigliana for over 70 years and regularly
examined in the laboratory there has shown no signs of any change in stability.
At 1912 a bore hole filled with nitroglycerine was found in a Swedish mine which
had not been worked for a 38 years. The hole was a relic from the time when nitro-
glycerine was used alone as “blasting oil”. The average annual temperature in this
area is +8°C yet no changes in properties have been established in the nitro-

‘ glycerine [22).
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It was also noted that samples of blasting gelatine and dynamite which had been
manufactured in Europe and delivered to Africa, and then sent back to Europe
after several years showed no marks of decomposition [22]. Actually it is now agreed
that very pure nitroglycerine is sufficiently stable at a temperature corresponding
to the mean climatic temperature experienced in Europe. However, it should be
protected from higher temperatures, and those approaching 50°C must be considered
as dangerous. Nitroglycerine which has been heated to this temperature should be
carefully checked. Similarly nitroglycerine which has been exposed to a direct
sunlight should be tested (see below).

In this connection special attention should be paid to the control of nitroglyc-
erine purity by means of the heat test (also called Abel test) which was described
earlier (p. 23).

In the U.S.A. and some other countries an examination of the acidity of nitroglyc-
erine by means of litmus paper is obligatory as well in addition to the Abel test.

The action of light. The opinion is expressed in the literature (e.g. Naotim [22]) that
diffused daylight has no adverse effect on nitroglycerine. Nevertheless in plants
manufacturing or using mnitroglycerine the latter is protected from direct sunlight.

T. Urbafiski, Malendowicz and Dybowicz [68] examined the behaviour of
nitroglycerine (and of other nitric esters) exposed to ultra-violet rays and established
that nitroglycerine irradiated once for a short period with a quartz lamp started
to undergo slow decomposition which stopped only after an interval of 2-3 days.
A sample of 3 g nitroglycerine was irradiated for 1 hr with rays from quartz lamp
passing through a filter permeable to rays of 3200-4100 A whilst maintained at
a temperature of 15°C. In order to test the decomposition of the specimen, from
time to time 0.25-0.5 g sample of the substance were removed, shaken with water
and the pH values determined. The following results have been obtained: imme-
diately after irradiation pH = 6.86; after 6, 24, 48 and 72 hr—6.12, 4.66, 4.48 and
5.22 respectively.

The decomposition of a sample irradiated for 10 min without any filter was
similar.

By means of the Taliani-Goujon stability test it has been demonstrated that
nitroglycerine which has previously been irradiated decomposes distinctly more
quickly than non-irradiated nitroglycerine.

According to experiments by Deb [69] explosion of nitroglycerine can be provoked
by intensive irradiation with ultra-violet rays (of 900 J strength), if the substance
was previously heated to 100°C.

Kaufman [111] found that nitroglycerine is quite susceptible to y-radiation,
N,, nitrogen oxides, Hy, CO, and CO being evolved.

EXPLOSIVE PROPERTIES

The explosive decomposition of nitroglycerine is generally expressed by the
following equation:
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4C;H5(ONOy); —> 12C0, 4 10H,0 + 6N, + O3 ®

According to Naotim’s [22] calculations the heat of explosion ought to amount
in this case to 1485 kcal/kg, the volume of gases ¥, = 715.7 1./kg (or after conden-
sation of water 469 1./kg), the temperature 3185°C (this number is repeated by the
author after Hess [70]); thence the “force” f = 9292 m.

Tt has been established experimentally by Sarrau and Vieille [71] that the volume
of gases, after the water vapour had been condensed, is 465 1./kg, i.e. a value very
close to the value obtained by calculation. However, the composition of the gases
found by these authors is different, probably in consequence of the incomplete
explosive decomposition of nitroglycerine under the conditions of the experiment

(calorimeter bomb).
After condensation of water vapour, the following composition has been estab-

lished for the gases:

CcO 35.9%
CO, 128%
NO  482%
N, 1.3%
H2 1.6%
CHs 02%

As reported by Bowden and Yoffe [72] the composition of the gaseous products
evolved during explosion of nitroglycerine depends on the method of initiating
the substance (composition of products in per cent):

NO N0 N CO; CO H, O3

Initiated by detonation — — 320 631 — — 49
Initiated by shock 297 23 11,7 288 255 5.0 —
Initiated by heating to 180°C 503 1.0 21 172 289 05 -—

A different equation for the decomposition of nitroglycerine based partly on
the data of Sarrau and Vieille [71] and partly on his own experiments was published
by Kast [49]

32C;H5(ONOp); ——> 96CO;, -+ 80H0 + 6NO + 45Nz + 50, 6]

together with the following figures: heat of explosion 1455 kcal/kg, volume of gases
V = 715 1./kg, temperature 4250°C, “force” f = 12,240 m.
Other sources quote the values listed below (heat of formation—see p. 46):

heat of explosion temperature

1470 kcal/kg (Escales [73)  3153°C (Gody 75D
1478 kcaljkg (Berthelot [74]) 3005°C (Wuich [76D)

Sensitiveness to shock. It was Nobel [77] who first established in 1869 that crystal-
line nitroglycerine is significantly less sensitive to shock than the liquid. Advan-
tage was taken of this property (Mowbrey [78]), in transport. The sensitiveness of nitro-




‘GLYCEROL TRINITRATE (NITROGLYCERINE) ° 53

glycerine has been examined in detail by Hackel [17]. He found that the stable
modification was slightly more sensitive than the labile form. The results of his
experiments are collected below:

liquid nitroglycerine gives 10% explosions due to a shock of 0.08 kgm/cm?
. 50% explosions due to a shock of 0.11 kgm/cm?
crystalline nitroglycerine, stable form 109% explosions due to a shock of 0.51 kgm/cm?
50% explosions due to a shock of 0.65 kgm/cm?

crystalline nitroglycerine, labile form 10% explosions due to a shock of 0.63 kgm/cm?

50%, explosions due to a shock of 0.78 kgm/cm?

In the earlier experiments of Beckerhinn [79], Hess [70] and Will [80] it was re-
ported that in order to bring about an explosion of solid nitroglycerine a 3—4 times
more powerful shock was needed than in the case of liquid nitroglycerine.

Cronquist [81] has found that a mixture containing both liquid and crystalline
nitroglycerine is more sensitive to shock than either of them alone. This is thought
to be the result of friction between the sensitive liquid and the crystals. Nitroglyc-
erine readily explodes on impact with a rifle bullet.

Although nitroglycerine is very sensitive to shock and explodes readily if sti-
mulated in various ways—both mechanical and thermal, it can often undergo
incomplete explosion.

The following data for nitroglycerine for the net expansion in the lead block
(with water tamping), obtained when detonators of different initiating strength were
used, have been reported by Naotim [22]:

detonator No. 1 190 cm3
detonator No. 2 225 cm3
detonator No. 6 460 cm?3
detonator No. 8 590 cm3

In these experiments, Napiim showed that weak initiation with the No. 1 deto-
nator produced only 32% of the effect obtainable by means of the No. 8 detonator.
Nitroglycol and methyl nitrate explode more completely even if initiated with weak
initiation differing in this respect from nitroglycerine.

A certain difficulty in detonating nitroglycerine is to some extent explicable
by its high viscosity and the fact that it is a liquid. If on the other hand nitroglyc-
erine is mixed with diatomaceous earth in the ratio of 75 parts of nitroglycerine
to 25 parts of kieselguhr the detonating capacity of nitroglycerine is increased.
Under these conditions on initiation with a No. 1 detonator the expansion recorded
in the lead block test is 285 cm®, whilst with a No. 8 detonator it is 305 cm®. The
 insignificant difference between these two values is due to the difference in the deto-

nation strength of the initiators themselves and if a correction is applied, the values
are approximately the same. Undoubtedly both the dispersion of the nitroglycerine
over a large surface area on the particles of kieselguhr and its extensive contact
with air contained in the absorbent facilitate explosion.



54 CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES

These considerations would suggest that solid nitroglycerine is likely to explode
more readily than the liquid nitroglycerine as, indeed, it does, as confirmed experi-
mentally by Gorst and Andreyev [82] and by Hackel [29]. The results of Hackel’s
investigations are quoted in Table 15.

TABLE 15

THE LEAD BLOCK EXPANSION* BROUGHT ABOUT BY DETONATION
OF NITROGLYCERINE

. . Sand tamping | Water tamping (with
Type of nitroglycerine cm? admixture of glycerine)
cm3

-

Crystalline nitroglycerine
(both modifications) 390 630
Liquid nitroglycerine 390 510

* The experiments were performed with blocks cooled to a temperature between —2 and
——5°C. This is why the resultant values are lower when compared with the data quoted by
other authors.

Sensitiveness to friction. Nitroglycerine is sensitive to friction. Thus, for
instance, an explosion can take place simply as the result of rubbing it in a porce-
lain mortar with a rough surface.

Rate of detonation. The rate of explosion of a liquid explosive may vary within
wide limits. Thus, according to numerous experiments it has been established that
for liquid nitroglycerine the order of the explosion rate is 1000-8000 m/sec. The
detonation rate of solid nitroglycerine, on the other side, does not vary in this way.
It amounts 8000 m/sec at the maximum density of loading.

The explosion rates of liquid and crystalline nitroglycerine found by different
authors are collected in Tables 16 and 17.

It follows from the data quoted that liquid nitroglycerine explodes with a mod-
erate velocity of the order 1000-2000 m/sec, if the initiation of explosion is insuf-
ficiently strong.

A small diameter of the tube to be filled with the explosive favours a low rate
of explosion. If this is very small, (a few millimetres) the velocity of propagation
of explosive decomposition may be reduced to 700 m/sec, and is variable, so that
the process cannot be regarded as detonation.

Nitroglycerine emulsified with a sufficiently large amount of water does not
detonate. An emulsion of nitroglycerine can, however, detonate if it is composed
of 150 parts (or less) of water and 100 parts of nitroglycerine, as reported by Médard
[96]. The detonation rates of emulsions, when initiated with a No. 8 detonator are

as follows:
water to nitroglycerine ratio rate of detonation
75:100 6400 m/sec
100:100 5530 m/sec
150:100 - 5250 m/sec
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THE EXPLOSION AND DETONATION RATES OF NITROGLYCERINE

Conditions of loading Rate .Of
and initiation explosion Author
m/sec
Liquid
Explosion
Lead tube, 30 mm dia. 1525 Abel [83]
Narrow lead or tin tube, 3-6 mm dia. 1100 Berthelot and Vieille [84]
Iron tube 30 mm dia. 2050 Mettegang [85]
1525 Blochmann [86]
Glass tube 22 mm dia. initiated by No. 8 1165 Andreyev and Dzerzhko-
vich [87]
detonator ca. 700 Ratner and Khariton [88]
Detonation
Glass tube 24 mm dia. initiated by
No. 8 detonator 8000 Hackel [17]
» 7800 Cook [93]
Iron tube 25-37.5 mm dia.
initiated by 1.5 g mercury fulminate 8525 Comey and Hoimes [89]
Gas pipe, initiated by 50 g tetryl 7430 Giinther [90]
Glass tube 22 mm dia. initiated by 10-15 g
crystalline nitroglycerine 9100 Andreyev and Dzerzhko-
Steel tube 22 mm dia. initiated by 75 g ) vich [87]
PETN : 7760-8240 Friedrich [91}
. Tube 35 mm dia. initiated by No. 8 detonator 6500 Naoim and Berthmann [92]
Tube as above, initiated by 50 g
of picric acid 8580 Naotim and Berthmann [92)
Crystaliine
Glass tube 21 mm dia. initiated by No. 10 .
detonator 8100 Chemisch-technische
Reichsanstalt [94]
Iron crucible, initiated by No. 8 detonator ca. 8000 Stettbacher [95]
Glass tube 22 mm dia. initiated by No. 8 Andreyev and Dzerzhko-
detonator stable form 9150 vich [87]
labile form did not detonate{ Andreyev and Dzerzhko- .
vich [87]
labile form, initiated by 20 g tetryl 9100 Andreyev and Dzerzhko-
Glass tube, 24 mm dia., stable form initiated vich [87]
by No. 8 detonator ‘8220 Hackel [17]
labile form initiated by No. 8 detonator ca. 8190 Hackel [17]

An emulsion composed of 200 parts of water and 100 parts of nitroglycerine
is incapable of being initiated. In order to achieve complete safety, however, a ratio
of 300 parts of water to 100 parts of nitroglycerine should be chosen.

In experiments designed to find the difference in the rates of explosion
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between the labile and the stable forms of crystalline nitroglycerine Hackel found
that both detonate with the same rate.

The occurrence of various explosion rates for liquid nitroglyceline has been
explained by Audibert [97] by postulating two successive reaction stages. First
a slightly exothermic chemical reaction (4a) would occur:

C3H5(ONOg); —> 2CO + CO, + 23H; + 13N,0 + 130, + 21 keal (4a)

The decomposition of nitroglycerine can stop at this reaction stage if an initiation
is weak and if the nitroglycerine is not confined. In these circumstances large quanti-
ties of N,O are developed as the nitroglycerine decomposes. If initiation is strong
enough and the nitroglycerine is confined, (e.g. in a tube) then a second reaction
stage (4b) of distinctively exothermic character can follow:

C3Hs(ONOy); —> 3CO;, + 234H,0 + 14N, + $0, + 319 keal (4b)

Audibert’s theory seems to be correct only in certain cases. After a very vigorous
initiation the final reaction probably takes place immediately and the maximum
heat energy is developed.

Sensitiveness to flame. Attention has been paid recently. (Andreyev [98]) to the
fact that there is little precise information available concerning the sensitiveness of
nitroglycerine to flame and its ability to burn. Naoum states in his book [22] that
nitroglycerine is difficult to ignite, yet burns readily. Unquestionably nitroglycerine
burns without difficulty in the open air. However, it behaves otherwise when con-
fined.

It was demonstrated by Andreyev that nitroglycerine placed in a glass tube
of 5.18 or 22 mm dia. can be ignited with a gas flame or with a glowing wire.
Burning is limited, however, to local decomposition and is not transferred to fur-
ther layers. This phenomenon occurs both at room temperature and at 80°C. None
the less an explosion can be brought about without preliminary burning if ignition
of nitroglycerine is repeated on the same spot.

In Andreyev’s experiments nitroglycerine burned in a vessel where the pressure
had been reduced below the atmospheric pressure. The flame died out, however,
when the pressure was increased beyond a certain limit, owing to the evolution
of gaseous decomposition products. In the neighbourhood of that pressure, burning
was very irregular. The critical pressure, when the flame of nitroglycerine is about
to expire, depends upon the conditions of experiment, and varies between 234
and 375 mm Hg. The linear burning rate was estimated as 0.075 cmy/sec.

At a temperature of 98°C the critical pressure was similar, while burning the
rate increased significantly, to about 0.13 cm/sec.

Generalizing, Andreyev reported that nitroglycerine burns steadily at pressures
below 400 mm Hg; the rate of burning depends on the pressure (Fig. 14)
according to the equation:

U = 0.0067 + 0.216p8




. Among the products of burning, substances characteristic of incomplete decom-
position of nitroglycerine, such as formaldehyde, can be detected. Extrapolating
the curve in Fig. 14, Andreyev has determined the rate of burning for nitro-
glycerine at atmospheric pressure to be of about 0.23 g/cm/sec. Crystallized (frozen)
nitroglycerine behaves the same as the liquid. Nitroglycerine with nitrocellulose
dissolved in it (as for instance blasting gelatine) burns distinctly more readily than
pure nitroglycerine and will burn under atmospheric pressure. Andreyev made the
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F1G6, 14. Rate of burning of nitroglycerine as a function of pressure
(Andreyev [60, 61]). -

interesting observation that the higher the viscosity of the solution, the higher is
the pressure at which marked increase of the burning rate occurs. A more detailed
discussion of this is included in Vol. III.

Nitroglycol burns more readily than nitroglycerine, whereas dinitrodiglycol
burns distinctly less so.

TOXICITY

References to the extremely powerful physiological activity of nitroglycerine
were made as early as 1848 by Sobrero [1].

Nitroglycerine is a highly toxic substance. Its effect consists in dilating the blood
vessels and thereby lowering the blood pressure.

Poisoning can take place either from inhalation of the vapour of nitroglycerine
(the very low concentration corresponding with the vapour pressure at room temper-
ature is sufficient) or as the result of penetration through the skin or through the
mucous membranes (the latter occurs with particular ease).

The degree of sensitivity to the action of nitroglycerine varies to a large extent
among different people. The chief symptom of nitroglycerine poisoning is a very
severe headache which gives the impression that the head is being squeezed.
Consumption of alcoholic drinks increases the toxic effect. The human body quickly
becomes accustomed to the presence of nitroglycerine; often this accommodation

GLYCEROL TRINITRATE (NITROGLYCERINE) 57 {
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is complete after a few days work with it. However, the immunity is lost when the
contact with nitroglycerine ceases and the worker’s system must re-adapt itself
when contact is resumed. Workers accustomed to close contact with nitroglycerine
manage to knead dynamite dough with bare hands and to pass in through a sieve,
without suffering any harmful consequences. Review of the medical literature
(Schuchard [99], Evans [100], Ebright [101], Hudson [102]) indicates from many
years of work that nitroglycerine produces no symptoms of chronic poisoning and
that the substance should not be regarded as an industrial poison. It is exceptionally
rare that individuals are found who cannot grow accustomed to handling nitro-
glycerine. Obviously any worker who fails to develop immunity should be trans-
ferred to other work. In cases of accidental poisoning (reported in the medical
press) pain, vomiting, cyanosis, disturbances of the sight, swelling of extremities
and paralysis have been observed. Rare cases of fatal poisoning have been reported.
Antidotes include caffeine and analgesics (pain-relieving remedies) but the first
step is to expose the patient to fresh air. In the case of slight poisoning the symptoms
can be relieved simply by the latter treatment. Nitroglycerine headaches can be
relieved by intramuscular injection of caffeine, sodium benzoate and oral admin-
istration of amphetamine sulphate (Rabinovitch [103]; Schwartz [104]).

After each shift, workers in the nitroglycerine department should change their
clothing and have a bath, since accidents have been reported in which a worker
returning home in his working clothes has caused his family to suffer from nitro-
glycerine poisoning (Lazarev [105]).

According to Weinberg [106] in the human system mtroglycerlne is reduced to
nitrous esters.

For many years the physiological effect of nitroglycerine in promptly decreasing
the blood pressure has been used medically. It was used for the first time in about
1850 under the name glonoinum. For this purposes nitroglycerine is prepared in
the form of a 1% alcoholic solution, which is given orally in doses of one or a few
drops. The maximum single dose is 0.1 mg [107]. The present trend is to use other
esters of nitric acid, namely erithritol tetranitrate (see p. 167), pentaerithritol tetrani-
trate (see p. 183), mannitol hexanitrate (see p. 171) and other similar derivatives
instead of nitroglycerine to reduce the blood pressure. Being crystalline these sub-
stances are not so readily assimilated and therefore act more slowly and produce
a longer lasting effect.
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CHAPTER 11

PRODUCTION OF NITROGLYCERINE

TECHNOLOGICAL PRINCIPLES OF NITROGLYCERINE MANUFACTURE

THE O-nitration of glycerine and similar alcohols is a chemical reaction which
is applicable on a large scale only by special technical methods. The technological
processes used for manufacturing nitroglycerine and other similar nitric esters
differ considerably from the current methods usually applied in the commercial
production of organic compounds. These differences primarily concern:the plant
and are due to a large extent to the danger of the nitration process itself and also
to the risks involved in handling both the product and the spent acids. In the manu-
facture of other organic chemicals the danger factor either does not exist or exists
in a considerably smaller degree.

From experience gained over many years, special equipment and methods
of nitration and purification of nitroglycerine have been developed and certain
traditions established. Recently, however, changes have occurred in this field. Con-
tinuous methods of nitroglycerine manufacture have been introduced. In many
cases they have revolutionized traditional techniques and led to new manufacturing
processes. .

Before describing individual production processes certain general principles will
be outlined.

MIXED ACID COMPOSITION AND YIELD OF THE PROCESS

Theoretical calculation based on the equation. of nitration shows that when 100
parts of glycerine are added to 205.4 parts of HNO, the yield is 246.7 parts of nitro-
glycerine. At the same time 58.7 parts of water are formed. In practice this yield
cannot be obtained because the nitration of glycerine, like every esterification reac-
tion, is in principle a reversible one. The yield is partly defined by the number of
O-nitro groups introduced into the molecule of glycerol.

The stronger the acid concentration, the higher the degree of nitration and the
larger is the yield. An excess of acids establishes equilibria that favour a more
complete reaction. The surplus must not be too large, however, since nitroglycer-
ine is slightly soluble in spent acid and this may considerably decrease the yield of
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final product. For this reason it is necessary to formulate the nitrating acid so as
to achieve as complete a nitration as possible while at the same time minimizing
the loss of product due to its solubility in the spent acid.
Nitroglycerine can be obtained if nitric acid alone is used as a nitrating agent.
In this case a large excess of acid should be used. One part by weight of glycerine
mixed with 10 parts by weight of the strongest nitric acid (99%) below room tempera-
ture and afterwards diluted with 30 parts weight of water and ice yields 1.765 parts
of nitroglycerine. From the separated spent acid a further quantity (0.307 parts
by weight) of the substance can be extracted by means of chloroform. The total
yield therefore amounts to 2.072 parts of nitroglycerine, containing a small admix-
ture of “dinitroglycerine” (glycerol dinitrate), i.e. about 84%; of theoretical yield.
If a smaller quantity of nitric acid is used in the process, e.g. 5 parts of acid
with 1 part of glycerine, the yield decreases and the product represents a mixture
of nitroglycerine and dinitroglycerine in the ratio of 1:3. Clearly an uneconomic
procedure of this kind cannot have any practical application. Therefore even in the
earliest experiments on nitroglycerine manufacture (Sobrero, Nobel, Zinin) a mix-
ture of nitric acid and sulphuric acid was used for nitrating the glycerine. It was
proved that for 1 part of glycerine a strong mixed acid containing 3 parts of nitric
acid 90% and 4.5 parts of concentrated sulphuric acid could be used instead of 10
parts of anhydious nitric acid, the yield being significantly higher, namely from 100
parts glycerine 215 parts of nitroglycerine, corresponding to 879 of the theoretical
yield. The quantity of water should be below this required for H,SO4HO [53, 54].
Experiments on the use of mixtures of nitric acid with phosphoric anhydride
showed this to be impracticable, since separate layers were formed with the phos-
phoric acid at the bottom and nitroglycerine remaining dissolved in the nitric acid
layer from which it had to be separated by adding water. Nor was replacement of
sulphuric acid by anhydrous calcium nitrate of any practical value, as precipitation
of nitroglycerine by the addition of water was necessary. The yield attained by
application of both these methods does not exceed 2 parts of nitroglycerine from
1 part of glycerol. At the time when concentrated nitric acid was very expensive,
attempts were made to nitrate glycerine with a mixture of sulphuric acid and sodium
nitrate (Huntley and Kessel [1]). However, this method found no practical use.
Considerable progress in the field of nitrating glycerine was achieved by Nathan,
Thomson and Rintoul [2] who introduced oleum as a component of the nitrating
acid, thus formulating an anhydrous mixed acid for the nitration process. Its appli-
cation gave larger yields than nitration with acids containing about 57, of water.
For example 100 parts of glycerine react with a mixed acid prepared from 280 parts
of nitric acid 90% and 360 parts of oleum 20% to yield 225 parts nitroglycerine
which corresponds with 91% of the theoretical yield. The development of improved
equipment in full scale plant-makes it possible to obtain 234 parts of nitroglycerine
from 100 parts of glycerine, i. e. 95% of theory.

At present the most commonly used nitrating agent is the anhydrous mixed
acid containing:
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45-50%  HNO;

50-55%, H,S04 {

Mixed acid for nitration should be prepared from pure acids. The waste acids \
remaining after nitrating glycerine are not re-used in the nitration. They are subjected |
to a denitration process (more details are given on p. 84). In some factories ni-
trating acid is produced by mixing nitric acid with the spent acid which remains after ;
the trinitration of toluene, afterwards concentrating the mixture by the addition
of oleum. However such acid includes certain impurities, e.g. tetranitromethane,
traces of which in nitroglycerine may exert a negative influence on the result of the
starch-iodide paper test (heat test [3]). Where this procedure is adopted, during
the final washing of nitroglycerine with sodium carbonate solution a small quantity
of sodium sulphite should be added, since this combines with tetranitromethane ‘
to form a soluble sodium salt of trinitromethanesulphonic acid which can be re-
moved with ease (see Vol. I, p. 589). In general, however, the use of spent acids in the
preparation of mixed acid for the manufacture of nitroglycerine should be consider-
ed as improper. Indeed the use of spent acids for this purpose is forbidden, for
instance, in the U.S.S.R. because despite special stabilizing methods (described
above) nitroglycerine of satisfactory stability cannot be obtained.

Further, attention should be paid to the composition of the nitrating acid, for
it is not without influence upon the stability of nitroglycerine and similar esters.

It has been demonstrated experimentally (L. P. Kuhn, W.J. Taylor and Grog-
gins [4]) that increasing the D.V.S. (Vol. I, p. 139) favours high stability of the
nitrator charge, while decreasing it results in reduced stability. This is explained :
by the fact that increasing the D.V.S. tends to shift the npitration or esterification i
further towards completion, whereas too low a D.V.S. would permit accumulation
of incompletely nitrated material, along with increased dilution, and this would
be favourable to oxidation reactions. It is also of interest to follow the changes
in the value of the D.V.S. ratio during the course of nitration when glycerine is fed
into the mixed acid. Since the amount of sulphuric acid is constant throughout
the nitration and there is no water at the beginning of the nitration, the D.V.S.
ratio is infinity until enough water has been formed to balance the initial negative ;
water content. In a typical glycerine nitration this takes place after about 187,
of the nitration has been completed. The D.V.S. ratio falls rapidly at first and then
more slowly approaches the specified value which is reached at the end of the nitra-
tion.

One of the important factors in maintaining safety during nitration is the neces-
sity for keeping the correct acid to glycerine ratio. In general too large a charge
of glycerine in relation to the amount of acid present may lead to decomposition
with a temperature rise accompanied by oxidation that is very often difficult to
control.

The ratio mixed acid /glycerine should be such as to maintain an excess (ca. 20%)
over the theoretical quantity of required nitric acid. The weight ratio mixed acid/
glycerine is usually 5.5-6.5.

e s




PRODUCTION OF NITROGLYCERINE - 65 1

EQUIPMENT FOR PRODUCTION OF NITROGLYCERINE

For production of nitroglycerine a variety of equipment can be applied, depending
on the method of manufacture to be used, that is either batch or continuous. In
Europe the batch process of nitrating glycerine is performed in nitrators holding
150-250 kg glycerine, in South Africa 400 kg glycerine and in the U.S.A. 600 kg
glycerine. According to MacNab [5] batch nitration was carried out with up to 1400 1b
(635 kg) of glycerine. Continuous processes are much more efficient and safer in
principle. Formerly the most commonly used construction material for nitrators
(Fig. 15) was lead. This substance, used as long ago as the 1870’s by Nobel, has
many advantages.

(1) In the event of an explosion lead does not break into dangerous small frag-

-Compressed air

Cooling
coil

FiG. 15. Diagram of Nobel nitrator made of lead (Nobel, U.S.
Pat, 57175 (1866), after Nauckhoff and Bergstrém [7)).

ments, but being a soft metal it is readily disintegrated or remains at the site of the
explosion or in its neighbourhood as a lumpy mass. Iron vessels, on the other hand,
break up if an explosion occurs and their destructive range may be considerable.

(2) Lead is an acid-resistant material and the lead sulphate formed on the surface
does not contaminate the product of nitration, merely forming a permanent pro-
tective layer against the corrosive effects of the nitrating acids. However, the cover
of lead sulphate acts as a thermal insulator, which is undersirable since it lowers
efficiency of operation, e.g. when leaden cooling coils are used.
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(3) Due to its softness lead can be struck or rubbed with less danger than that
caused by striking or rubbing other materials, e.g. iron.

(4) Since it is a soft material, melting at a low temperature, lead is easily welded.
In nitroglycerine plants, parts of equipment of lead can be constructed without
difficulty in the factory’s own workshops from sheet lead 10-15 mm thick.

Cast iron nitrators (Fig. 16) were used [6] more often than lead ones for nitrating
nitroglycerine in the U.S.A.

Fic. 16. U. S. nitroglycerine nitrator with two mechanical stirrers (ca. 1} ton of
nitroglycerine produced in one batch; Symmes [6]).

In the recently introduced continuous methods of nitroglycerine manufacture
nitrators made from acid resistant steel are used since the art of welding stainless
steel had progressed remarkably by the 1930’s. The design and construction of
nitrators for nitrating glycerine are included in the descriptions of individual
methods of nitration.

Stirring

Good stirring of the mixture in the nitrator is a major safety factor and also
important in securing a good yield. Lead nitrators have been equipped since Nobel’s
times with compressed air stirring, the pressure applied being usually 4 atm. Air
nozzles are situated in the bottom of the nitrator in such way that no dead spaces
remain. The efficiency of stirring is checked by putting corks on the surface of water
led into the nitrator for test purposes.

If compressed air stirring is used, attention should be paid to the purity of air.
Usually the air coming from the compressor contains a certain amount of lubricat-
ing oil. If this oil were to enter the nitrator it would react with the mixed acid and
produce a dangerous rise in temperature. Thus the air must be purified before
entering the nitrator. Generally a filter filled with coke or pumice is used.
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Between the filter and the nitrator a reservoir of compressed air, fitted with
a safety valve set for 4 atm pressure, should be installed. In the event of any break-
down in the compressor and any pause in the in-flow of compressed air, a steel
cylinder filled with compressed nitrogen (or carbon dioxide) kept ready for this
emergency should be used to supply gas to the stirrer pipe. While stirring is inter-
rupted the supply of glycerine to the nitrator must be stopped.

Stirring by means of compressed air has a drawback, in that a certain quantity
of nitric acid which is volatile is carried out of the nitrator and thus by decreasing
the nitric acid content in the nitrator, can contribute to a diminished yield of the
whole process. Experience has indeed shown that with mechanical stirring the
output is usually higher by about 2% as compared with compressed air stirring.

The cast iron nitrators used in the U.S.A. are equlpped with mechamcal stirrers
(Fig. 16).

According to Nauckhoff and Bergstrém [7] a nitrator with mechanical stirring
was used as long ago as the 1870’s: in 1872 in the British Dynamite Co. in Ardeer
and in 1879 by A. Liedbeck at Isleton in Sw1tzerla.nd Paulilles in France and Avi-
gliana in Italy.

Nowadays nitrators for continuous nitration made from sta.mless steel are fitted
with high-speed mechanical stirrers operating at up to 600 r.p.m. !

The method by which glycerine addition is carried out also exerts an influence
on the uniformity of the nitration process. There exist several arrangements by
means of which the nitrator can be supplied with glycerine, in the form of a few
up to about twenty thin streams or in a finely divided state. On the basis of long years’
experience it has been found, however, that the method of adding the glycerine
to the acid is a secondary factor in comparison with stirring. Hence glycerine can
be added as a 1-1.5 cm stream without any trouble, if the contents of nitrator are
well stirred.

Since the viscosity of glycerine is high, especially at low temperatures, it must
be warmed before it is introduced into the nitrator. In practice glycerine is warmed
to 25-40°C. At a lower temperature its viscosity is too high, and at a more elevated
temperature there is a danger that the temperature could be too high at the moment
of contacting glycerine with the nitrating mixture and that decomposition of the

nitroglycerine formed thus could take place. Because of its low viscosity at tempera- .

tures between 25 and 40°C the stream of glycerme is easily dispersed in the nitrating
acid by stirring.

There are special devices which make it possible to introduce glycenne to
the nitrator by means of compressed air if a convenient inlet valve is opened
manually by pressing with the hand. Then, if there is any danger of an explosion
(e.g. if the temperature is too high, and brown fumes are formed), the glycerine
supply must be stopped quickly. The workman in change of the nitration can do
this easily for simply by lifting his hand he stops the stream of glycerine.

Immediately after the full charge of glycerine has been added and the stirrer
stopped, the glycerine feed arrangement should be removed from the nitrator in
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order to make sure that no more glycerine falls into the nitrator while there is no
stirring. One drop of glycerine can bring about a dangerous explosive decomposi-
tion in these circumstances. An accidental explosion occurred in an emptied nitrator
which was partially destroyed when a drop of glycerine fell to the bottom of the
vessel onto remnants of spent acid and initiated remnants of mnitroglycerine.

Equipment is also available for spraying glycerine under the surface of the
nitrating acid. This arrangement does not offer any special advantages and is liable
to be easily corroded in the presence of acids.

NITRATING TEMPERATURE

Experience has shown that within certain limits the lower the temperature of
nitration, the higher the yield of nitroglycerine. This fact can easily be explained,
because the higher the temperature of nitration, the more intensive the oxidation
reactions. The nitration of glycerine may be performed on a small scale at a tempera-
ture of 40°C, but its yield is then rather low. In large scale manufacture, however,
this temperature is to be considered dangerous, the more so since thermometers
seldom show the temperature in the centres of decomposition, only the average
temperature, so that locally the temperature can be markedly higher and sufficient
to produce a spontaneous decomposition process which usually ends in an explo-
sion. The maximum temperature allowed for nitration on plant scale is usually 30°C.
On the other hand a very low nitrating temperature (e.g. about 0°C) is not recom-
mended, as the nitration then proceeds too slowly.

A nitration temperature within the limits 30-35°C should not be considered
dangerous and is often applied in some factories (e.g. Gyttorp [7]). However, should
any irregularity occur which may be accompanied by an increase in temperature,
obviously less time will be available to lower it than if the working temperature
is lower (e.g. 20-25°C).

Stirring and cooling to keep an even temperature that does not rise above a certain
limit, is an essential feature of the nitrator. During the nitration of glycerine a large
amount of heat is produced ; 120170 kcal/kg glycerine are developed in the reaction
of esterification plus about 200 kcal/kg glycerine due to dilution of the acid. The
cooling arrangements must be able to remove, rapidly, the heat liberated. Until
suitable equipment became available the nitration of large amounts of glycerine
always presented a serious danger. Initially, efforts were made to modify the
manufacturing process itself by dividing it into two stage (Boutmy and Faucher
method [31] see p. 88). Afterwards Nobel [8] designed nitrators carrying leaden
coils having a very large cooling surface and having an outer jacket. It was found,
however, that the jacket is superfluous and that cooling by means of coils is entirely
adequate, provided of course that the coils are fed with sufficiently cold water.
Later the efficiency of the cooling arrangements was further-increased by using
brine or spirit at temperatures below 0°C. In effect nitrating temperatures of about
12°C can be maintained, increasing the yield by 3-4%;.
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The relation between the temperature of nitration and the yield of nitroglycerine
is especially marked if less concentrated mixed acids are used. According to Naoum’s
data, nitrating glycerine in mixed acid containing

39.0% HNO;,

55.5% H,S04
5.5% H>O

at 30°C yielded 205% nitroglycerine, whilst nitration at 0°C increased the yield
to 217%.
The yield differences are smaller if the acid contains less water. Thus, by using
mixed acid comprising
38.7%  HNO;
58.6% H,S0,
2.7% H,0

in the ratio of 6.5 parts of acid to 1 part of glycerine at different nitrating tempera-
tures the following yields were obtained:

at 30°C 2169
at 10°C 2239,
at 0°C 2259,

When nitration is carried out in an anhydrous mixed acid at a temperature
of 30°C the yield is about 4-4.5% smaller then when nitrating at 0-10°C.

Temperatures below 12°C are not usually used, since crystallization of nitro-
glycerine could take place. Lower temperatures (e.g. 5~7°C) can be applied only
when a mixture of glycerine with glycol or diglycerol is nitrated and if there exists
no fear that the mixture of esters resulting from the reaction can freeze. In factory
practice, nitration is performed mainly at temperatures of about 20-25°C or at
25-30°C. The temperature is measured by means of at least two thermometers,
immersed in the vessel at different depths.

A temperature increase in the nitrator accompanied by the evolution of red-
brown oxides of nitrogen indicates that dangerous decomposition and oxidation
processes are occurring. Should these danger signals occur, the glycerine supply
must be stopped instantly. Then, after waiting for a time, if the temperature does
not fall but tends to remain high or to increase further, the contents of the nitrator
should be let down into a special drowning tank.

At the beginning of each day’s work the cooling coil should be checked to ensure
that it is not damaged. A minute hole in the coil can bring about decomposition and
explosion, due to the heat developed by the cooling water penetrating to the acid
through the hole and causing the temperature to rise above the permitted limit.
The condition of the coil can be checked in different ways. The best method is to
remove all water from the coil, to fill the nitrator with acid and to attach the com-
pressed air line (of 3—4 atm) to the coil. Bubbles of air appearing on the surface of
acid indicate that the coil is not leakproof. Another method of checking that
the equipment is undamaged consists in the following operations: an evacuated
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nitrator is allowed to stand over night, with the water inlet valve of the coil open,
the outlet valve being shut. If there are any holes in the coil, water will be found
in the nitrator after a few hours.

Damage to the leaden coil also may be brought about by excessively high water
pressure. In order to avoid this, low pressures of water or an alternative cooling me-
dium should be used. The weaker parts of the coil may be expanded by the action
of water and the weakened place then attacked by corrosion. Welds are also liable
to undergo corrosion and welding should therefore be carried out with great care.

In some factories a suction system is used for the water or cooling liquid in place
of a pressure system. In such systems, slight damage of the coil may be less dangerous,
because the cooling liquid does not escape from the coil into the nitrator or only
to a very small extent, so that it is possible to complete the nitration without
undue risk.

In addition to carrying out all the checks which have been discussed and adopting
appropiate safety measures, an extra routine precaution to be recommended consists
in changing the old leaden coil for a new one after a certain number of nitrations
have been carried out.

DROWNING TANK

If decomposition begins in the nitrator with increasing temperature and evolution
of brown fumes, it is necessary to make the contents of the nitrator harmless
by discharging the whole into the drowning tank.

Decomposition can be caused by the following factors:

(1) insufficient purity of the glycerine, especially if sugars and fatty acids are
present;

(2) defective stirring and insufficient purity of the compressed air;

(3) unadequate cooling or leaks in the cooling coil.

The nitrator should be fitted with a safety outlet of such a cross-section that
the nitrator contents can be discharged into the drowning tank in a period not longer
than half a minute.

The drowning tank is situated beneath the nitrator. It is constructed of concrete
or of wood lined with lead or stainless steel.

Its capacity should be about 10 times greater than that of the nitrator, and it
should be half filled with water. An inlet pipe feeds compressed air into the bottom
of the tank and the air supply should be turned on simultaneously as the safety
valve is opened to evacuate the nitrator. Another solution consists in simultaneously
opening the nitrator and injecting a strong jet of cold water before the mass enters
the drowning tank.

Alternatively, drowning tank may be filled with concentrated sulphuric acid.
In this case, nitroglycerine is not precipitated, but remains in solution. On mixing
with sulphuric acid less heat is evolved than is developed on stirring with water.
As result of both these factors, decomposition ceases, whereas after passing into
water, decomposition continues although the charge has been diluted.
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- The evacuation of nitrator should proceed with the greatest possible speed and
immediately after the respective valves are opened the personnel should leave the
nitration room. Good discipline and the ability to think and act quickly are essential
in the employees (more especially in the nitration foreman). In order to facilitate
operations at times of crisis, various automatic devices are used to ease the manipu-
lation of the valves. When a single lever is touched or a single button pressed
these devices simultaneously actuate, for example,

(1) the discharge valve emptying the nitrator into the drowning tank,

(2) the compressed air valve feeding the drowning tank and

(3) the inlet valve supplying compressed air to the danger warning whistle.

One of the simplest arrangement of this type is illustrated in Fig. 17. By means
of the lever (I) the inflow of compressed air into the cylinder (2), furnished with

7o whistle T l(,‘ompr*essed air

-
To drowning
tank

To drowning tank

Fic. 17. Automatic quick discharge of the nitrator to the emergency
drowning tank.

a movable piston, is started. The movement of the piston in the direction indicated
by the arrow opens the valve (3) which empties the contents of nitrator. When the
piston is pushed through to its farthest position the compressed air passes out,
via the pipe (4) to the drowning tank and to the whistle. The efficiency of any auto-
matic safety device should be checked before every nitration.

NITRATION TIME

The nitration rate depends, of course, on the concentration of the nitrating
acid, on stirring and on the temperature. At the beginning, in the fresh anhydrous
mixed acid, glycerine is nitrated at a high rate. According to Oehman [53] 80%;
of glycerine is nitrated within less then 1 sec. The reaction occurs mainly on the
interface between the two reacting phases. As the nitric acid is consumed and
water is produced the reaction rate gradually decreases. When the nitration is nearing
completion (after 2-6 sec) the mixture of acids contains in addition to nitroglyc-
erine (which is present mainly in suspension and only to a small extent in solution)
dissolved glycerol dinitrates, the so called dinitroglycerines (ca. 4.5% according
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to Oehman [54]), as well as mixed esters of nitric and sulphuric acid. These sub-
stances react gradually with the nitric acid in the mixed acid to give further quantities
of nitroglycerine [27]. However, this process, which is called the secondary separa-
tion of nitroglycerine, requires a long time and it cannot be included in the nitration
period proper as this should be accomplished in the shortest possible time (for
details concerning this process see p. 95). There exist methods (Nathan, Thomson
and Rintoul, Biazzi) in which, for various reasons, the possibility of utilizing these
esters is ignored, and the secondary separation process omitted (see pp. 84, 91, 107).

Above all the time of batch nitrating depends on the cooling surface, on the
temperature of the cooling liquid and on the intensity of stirring. It is also related
to the size of the glycerine charge. On the average the nitration of 100 kg of nitro-
glycerine is completed in 20 min, if the temperature of the cooling water is 10-12°C
and the temperature in the nitrator is 30°C.

The original temperature of the mixture of acids also exerts its influence on the
period of nitrating; the lower it is the sooner the glycerine can be introduced into
the nitrator. In winter, nitration takes less time due to this factor.

In nitrators equipped with mechanical stirrers, as used in the U.S.A., 500 kg
of glycerine are nitrated in 50 min.

SEPARATION OF NITROGLYCERINE FROM ACID

Originally nitroglycerine was separated from the spent acid by pouring the whole
contents of the nitrator into a wooden tank containing a large amount of water.
Afterwards the aqueous solution from above the nitroglycerine was decanted. This
operation was troublesome and dangerous since on dilution a large quantity of
heat was evolved. Further, this method was uneconomic for it was impossible to
recover the spent acid. Later, the technique of removing the nitroglycerine with
a ladle from above the waste acid was introduced, and finally modern methods have
been applied to the separation process.

For several minutes after the nitrator has been fully charged, stirring is discon-
tinued and then either the whole is allowed to remain in the nitrator which in this
stage plays the part of separator, or it is transferred to a special separating funnel.
In continuous production the mixture flows into the separator continuously.

All methods of separating nitroglycerine from acid take advantage of the differ-
ence between the specific gravities of the two liquids. Experience has shown that
the purity of glycerine to be nitrated and the purity of the nitrating acid exert a big
influence on the rate of separation of the two layers. It has been proved that fatty
acids, which frequently occur as impurities in glycerine, delay separation. Similarly
the separation rate of the two phases is decreased by the fine crystalline precipitate
of sulphate (of lead or iron) which is present in the spent acid as a suspension.
All colloidal components in the glycerine and in the acid also slow down the phase
separation. ‘

Normal separation of phases should be complete in 20-30 min. However, under

. " . - . e




PRODUCTION OF NITROGLYCERINE 73

; unfavourable conditions the time required may extend to several hours or more,
and in this event separation can become a dangerous operation. Several serious
explosions took place (between 1904 and 1912) during the separation of nitroglycerine
from spent acid. In most of these incidents the explosion was caused by the lengthy
period of contact between nitroglycerine and spent acid, resulting from the too
slow separation of the nitroglycerine layer.

Much experimental work designed to accelerate the separation of nitroglycerine
from spent acid has been carried out. It has been established that the separation
can be hastened in several ways:

(1) Using shallow separators having a large surface area in which the distance

to be travelled by drops of nitroglycerine is as short as possible.
’ (2) Raising the temperature to 18-20°C in the final stage of nitration. This
is recommended if the nitration has been carried out at a low temperature, e.g.
12-15°C, since separation of the layers proceeds too slowly at such temperatures.

(3) Adding certain substances to the emulsion of nitroglycerine in acid, which
have been shown to accelerate phase separation. The first experiment in which
a marked increase in the rate of separation of the phases was achieved was reported
in 1904 by Naoum [9] who added non-polar substances which do not undergo
nitration, e.g. paraffin oil, vaseline, in the proportion 0.05-0.2% of glycerine by
weight, towards the end of nitration. The paraffin oil remains in the nitroglycerine
layer, to be removed afterwards when the nitroglycerine is washed with water.
By this means the time of separation was halved in the factory at Kriimmel.
To the charge of 250 kg glycerine and 1600 kg mixed acid 100 ml of paraffin oil
were added, thereby reducing the separation time from 30-40 min to 15-20 min.

In the Dynamite Works at Wilmington, the addition of sodium fluoride to hasten
separation has been suggested by Reese [10]. Sodium fluoride has been chosen on
the assumption that rapid separation is hindered due to silicic acid and silicates
present in the nitrating acid. These impurities would be removed by reaction with
hydrofiuoric acid to form silicon fluoride. It is true that in the presence of sodium,
fluoride separation is easier, though the reasons for its effect are different than those
indicated by the inventor. In fact, it has been demonstrated by the investigations
of Rheinische Dynamitfabrik, Opladen, 1912 [11] that with chemically pure sodium
fluoride the separation of the phases is not accelerated. The commercial product
however, containing silica and silicates, has a positive effect. Thus silicon fluoride,
SiF,, seems to be the factor which accelerates the separation of phases, as it is pro-
duced in the form of bubbles which flow towards the surface of the liquid simulta-
neously carrying up the nitroglycerine. For this reason the patent [12] based on these
experiments recommends adding either a mixture of sodium fluoride with silica

or with fluorosilicate. In either case silicon fluoride is formed according to the
following reactions:

4NaF + Si0; + 2H;S0, ~——> 2Na,S04 + H;0 + SiF, )]

NagSiFg + H,S0, —> Na,SO, + 2HF + SiF, @
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In the second case it is possible to take advantage of the resulting hydrofluoric
acid by addition of silica to produce further quantities of silicon fluoride. As reported
in the patent, to a 150-200 kg charge of glycerine approaching the end of nitration,
about 30 g of a mixture composed of sodium fluoride and silica are added. If the
addition is made too soon its effect is lost, since the SiF, is carried away by the air
stream and removed from the system.

Other proposals have also been published, e.g. the suggestion of Westphilisch-
Anhaltische factory [13] to add 0.02-0.05% of talc. Another way of hastening the
separation is found in a patent of Carbonit A.G. in Hamburg [14], wherein additions
of about 1% urea, acetamide or dicyandiamide (calculated in relation to glycerine)
to the mixed acid are recommended. In contact with acid these substances decompose
to form gaseous products which hasten separation in the same way as silicon fluoride.

The quantitative effect of various additives on the rate of separation of nitroglyc-
erine from spent acid has been determined by Moisak and Grigoryev [15]. They
found that in the presence of 0.5% ferric sulphate or lead sulphate, the separation
rate is halved. Further, they established that the separation rate is related to the
composition of the spent acid. The maximum rate of separating was achieved by
using acid composed as follows:

HNO; 17%
H,SO04 709
H,0 13%

An interesting attempt was made by Lehmann [16] to use an electrochemical
method to speed up the separation of nitroglycerine. His theory was that gas evolved
in the course of electrolysis would help nitroglycerine to rise to the surface.

PURIFICATION OF NITROGLYCERINE

After being separated from the spent acid, nitroglycerine still contains about
10% of acid. The composition of the acid absorbed by the nitroglycerine is different
from that of the acid forming the lower layer in the separating funnel, because
nitric acid is absorbed by nitroglycerine more than sulphuric acid. The H,SO,
to HNO, weight ratio in the spent acid has a value of 9, whereas in the acid absorbed
by nitroglycerine the ratio is approximately 1:4 (this was discussed earlier, on p. 42).

The greater part of the acid absorbed in the nitroglycerine is removed in the
primary washing, which is carried out with cold water of about 15°C, usually in the
same room as the nitrator. This primary washing is insufficient to remove the last
traces of absorbed acid which are very difficult to eliminate. The product is therefore
washed again first with hot water, then with a dilute solution of sodium carbonate
(2-4%), again with hot water and finally by a cold water wash. The temperature
of the hot water and sodium carbonate solution should be held at such a level,
¢.g. 60-70°C, that the whole contents of the washing tank can be kept at a tempera-
ture of e.g. 45-50°C. The last cold wash, referred to as stabilization, is carried out
in a separate room, into which acid vapour from the nitration room should not be
allowed to penetrate.

e
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The washing of nitroglycerine would seem to be a simple and safe operation. o

{ Nevertheless numerous explosions have occurred even in the washing tanks. Ex-

plosions of this kind were the more unexpected as right from the start compressed

air was used to mix the nitroglycerine with the water or carbonate solution, so that

there was no risk of friction between metal parts. In 1903 in Great Britain 9 incidents

of explosion in washing tanks were recorded. Analysis of the accidents indicated

that a few of them may have occurred due to friction of nitroglycerine in the numerous

stop-cocks situated beside the tank controlling the outflow of liquid. Several other

explosions were probably caused by the fact that the compressed air supply line

serving the bottom of tank was lying loose on the bottom. The introduction of air

could cause the pipe to move and to strike the walls of tank exploding the nitro-

glycerine. For these reasons in the construction of washing tanks (washers) outlet

cocks for the liquid are omitted, and the compressed air delivery pipe is rigid and

attached firmly to the bottom of tank.
The design of the most widely used type of nitroglycerine washing tank is illus-
trated in Fig. 18. The tank of a cylindrical shape is constructed of sheet lead

7 6 1 T T
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FiG, 18. Design of the tank for washing nitroglycerine (Naoum [11]).

or of a::resinous wood (e.g. pitch-pine) since lead can readily undergo corrosion.
It is equipped with the device (I) for delivering compressed air, pipelines (2) for
cold water supply, and pipes (3) and (4) for hot water and sodium carbonate
solution respectively. It is desirable to equip the tank with a conical lid with a ventila-
tion. duct (5), for carrying off acid vapours evolved during the preliminary washing
of the nitroglycerine, and vapours of nitroglycerine given off during hot washing.
The hose pipe (6) ending in a funnel is used for lowering the upper layer of liquid.
An accident occurred in 1894 [17] in which the rope holding the funnel was broken
f off and the heavy leaden funnel weighing over 10 kg fell into the warm nitroglycerine
| (ca. 50°C) and caused it to explode. Since then the funnels are made of thin tin
; plate, sheet copper or sheet brass. The funnel is fastened to a cable drawn over
1 & pulley fixed in the ceiling.
j The lower layer, i.e. nitroglycerine, is discharged from the tank through the
rubber hose (7) which is normally kept raised in a higher position by means of a hook
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fixed on the upper edge of the tank, so as to close the outlet. In order to open the
nitroglycerine outflow the hose (7) is lowered. After washing the nitroglycerine, com-
pressed air is applied to the hose (7) by means of pipe (8) to expel the nitroglycerine
collected in the lowest part of the hose and to transfer it to the stabilization process.
The tank should be equipped with a thermometer (which is not shown in the illus-
tration) to check the temperature of the nitroglycerine. The diameter of the tank
should be as large as possible and not less than its height. With these dimensions
the precipitation of nitroglycerine in water proceeds rapidly and may take some
10-15 sec. It has been demonstrated experimentally that in a liquid column of 70 cm
separation is accomplished after about 30 sec, while at a depth of 47 cm it requires
only about 10 sec.

If hardwash-water is used, sedimentation of calcium carbonate occurs in the
air supply lines. This materially increases the danger of handling the nitroglycerine
since calcium carbonate is hard and its surface is uneven and friction between nitro-
glycerine and a surface of this kind is more dangerous than contact with the smooth
surface of pure lead. For this reason hard water intended for washing should be
softened before use. Water of high purity should always be used. In accordance
with a report by M. Jacqué [18] at one of the dynamite plants in Mexico great difficulty
was experienced in obtaining nitroglycerine capable of passing a 15-min heat test
at 76°C. Systematic experiments showed that the poor stability of the nitroglyc-
erine was caused by organic pollution of the wash water, derived from sea-weed and
plankton. The difficulty was over-come by careful purification of the water supply.

In different factories various methods of nitroglycerine purification are used.
A description of the British method was given by Marshall [19]. The primary washing
with water at the temperature of 18°C is repeated three times to be followed by the
last, fourth, washing with sodium carbonate solution. Afterwards nitroglycerine
is discharged through a pipe to undergo the final washing at 30°C (the temperature
inside the tank). The final washing comprises five stages;

(1) 15 min with a solution of 3.59% Na,COj;
(2) 30 min with a solution of 3.5% NayCO;
(3) 45 min with a solution of 3.5% NayCOs
(@) 15 min with softened water 3.5% Na2CO3;
(5) 15 min with softened water 3.5% Na,CO;

The amount of water or solution to be used equals 2.5 parts by weight to 1 part
of nitroglycerine.

Following the findings of Naotim [11] the first washing with cold water at 15°C
is succeeded by a series of washings with water wherein a larger and larger quantity
of hot water is utilized. Nitroglycerine is rinsed in this way 3 or 4 times, to attain
in the last washing a temperature of 40°C. Each washing lasts 5 min and consists
in vigorous stirring of the nitroglycerine and water, after which the water is de-
canted. .

Afterwards, washing with a 2-3% sodium carbonate solution heated to about
70°C takes place. After the solution is poured into the tank with the nitroglycerine
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the temperature inside the tank reaches about 50°C. Similarly, each washing with
carbonate solution consists in stirring up the contents of the tank for 15-20 min,
after which the upper solution is decanted. The decanted solution ought to give
an alkaline reaction to phenolphthalein. If not, washing with sodium carbonate
solution should be repeated.

After being washed with carbonate, nitroglycerine is subjected to a final washing
with water: at first with hot water at 50-70°C and finally with cold water, in order
to remove the sodium carbonate completely. Frequently the washing operations
are shortened to 5 min except for the sodium carbonate wash, which lasts each
15 min.

The washed nitroglycerine should be neutral to litmus. If the nitroglycerine
is to be used in the manufacture of mining explosives for immediate use, in certain
countries the litmus paper test is considered to be a sufficient criterion of purity.
If, however, the nitroglycerine is destined for the production of smokeless powders
or high explosives which are to be transported to distant places, the heat test should
be used to determine the purity of the nitroglycerine. German regulations require that
nitroglycerine for smokeless powder manufacture should withstand the zinc iodide-
starch paper test for at least 20 min at a temperature of 82°C. Nitroglycerine to
be used for the production of high explosives should withstand the test with the
less sensitive potassium iodide-starch paper for at least 10 min at 72°C, If a suffi-
ciently high purity nitroglycerine cannot be obtained by means of the normal washing
with sodium carbonate solution a supplementary washing with sodium carbonate
solution (2-39%;) containing 0.1-0.2% sodium sulphite is recommended. The addition
of sodium sulphite is especially efficacious when nitroglycerine is contaminated
with tetranitromethane contained in nitrating mixture prepared from spent acid
from trinitrotoluene manufacture (see also p. 64). In the modern Biazzi process
(p. 107) nitroglycerine is washed with 129 sodium carbonate solution without
preliminary treatment with water.

Recently stabilization of nitroglycerine and nitroglycol by passing them through
a layer of substances adsorbing the residual acids remaining in the nitroglycerine
washed by the usual methods has been suggested (Ropuszynski [20]). Nitroglycerine
purified in the usual way contained 0.0056%, HNO; and 0.0010%; H,SO, and withstood
the heat test at 72°C for 27 min. After passing this nitroglycerine through a layer
of aluminium oxide or an anion exchanger (the commercial product Wofatit MD
was used) nitroglycerine containing practically no acids and withstanding the heat
test for 50 min has been obtained.

The same author (Ropuszynski [21]) claims a slight improvement in the stability
of nitroglycerine achieved if it is washed with water or aqueous sodium hydrogen
carbonate in a magnetic field.

For instance nitroglycerine after preliminary washing (sample 1) was sta-
bilized by washing with water (sample 2) or by washing in a magnetic field
(sample 3) at 23.0°C. The pH of samples heated for 13 and 2% hr at 110°C were
measured :

~
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TABLE 17

| pH after
Sample 1} hr | 2} br

| at 110°C
1. Washed 278 | 275
2, Stabilized at 23°C 2.97 | 2.70

3. Stabilized in magnetic |

field at 23°C [ 313 | 29

FILTERING NITROGLYCERINE

After washing, nitroglycerine is turbid, because water in the form of emulsion
and an insignificant quantity of mechanical impurities are dispersed in it. Both
are usually eliminated by filtering through woollen material (flannel). The fabric
may be loosely covered with a layer of crystalline common salt in order to facili-
tate the separation of water through the salting out phenomenon. It is also possible
to separate water and nitroglycerine simply by settling. Water rises to the surface
to form globules which can be removed with a ladle, and the turbidity is reduced.

If the filtered nitroglycerine is still turbid owing to the presence of water in
suspension, it is usually allowed to stand quietly for a day and night or longer.
Throughout this time the nitroglycerine grows clearer and its content of water
decreases to 0.3-0.4%,, whereas immediately after filtering the water present may
amount to about 0.5%.

The filtrating installation comprises leaden tanks arranged on two or three levels
(Figs. 19 and 20).

Fic. 19. Diagram of filtration of nitroglycerine through flannel:
I--flannel, 2—net, 3—rubber hose.

The tank situated on the uppermost level is fed with recently washed nitroglycerine
through a pipe or gutter. The lower tanks are covered with a fine brass mesh on
which flannel is 1aid. The flow from the upper to the lower tanks proceeds via rubber
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F1G. 20. General view of filtration room (Naoum [11]).

hoses or by hooking the hose at the appropriate height. The flow is regulated me-
chanically by tightening a screw clip. In some factories ebonite stop cocks are used.
The use of stoneware cocks is not considered to be safe enough.

_ An alternative is to filter the nitroglycerine through a thick layer of common
“salt (Fig. 21).

Fic. 21. Diagram of filtration of nitroglycerine through common
salt.

Generally the filtration unit is situated in a separate building where the finished
nitroglycerine is also stored. Here the nitroglycerine is weighed on a non-ferrous
balance, before being transferred to further production.

TRANSPORT OF NITROGLYCERINE

Formerly after primary washing nitroglycerine was transported from the nitra-
tion unit to the stabilization room by means of a gutter-shaped leaden pipeline,
furnished with a jacketed bottom heated in the winter with hot water. The tempera-
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ture of the gutter was controlled by means of thermometers. In order to safeguard
the nitroglycerine from mechanical contamination the gutter was covered with
canvas or with wooden lids. Now aluminium pipelines are used, rubber hoses
(sometimes made of conductive rubber to avoid production of static electricity)
or even glass pipelines equipped with a jacket and heated with hot water during
cold weather. To facilitate the flow of nitroglycerine the pipeline slopes downwards
slightly. Explosion traps are inserted in the nitroglycerine pipe-line to prevent the
spread of explosion should this occur. Various types are used:

(1) The pipeline (or gutter) includes several bends. Since liquid nitroglycerine
has relatively little inclination to detonate it is highly likely that an explosion might
be quenched at one of the curves.

(2) Part of the pipeline (or gutter) between buildings is replaced for a distance
of about 1 m by narrow-bore hose of about 10 mm dia. Any explosion will be
quenched at this point, bzcause within pipes of this diameter nitroglycerine cannot
readily detonate.

(3) The nitroglycerine conduit is equipped with a special detonation breaker.
The detonation breaker (Fig. 22) is a lead tank filled with water to half or two thirds

Water

/ Nitroglycerine

F1G. 22, Diagram of a detonation breaker.

capacity. Nitroglycerine flows into the tank, collects on the bottom and runs on
from below through the siphon. This arrangement interrupts the nitroglycerine
stream. Detonation cannot be transferred readily through the water barrier.
For a time professional publications recommended carrying nitroglycerine
by hand from one site to another in ebonite or brass pails. However, in practice
this method of transfer was responsible for many catastrophic accidents caused
for instance when the workman carrying the nitroglycerine fell, stumbled or slipped.
The transport of stabilized nitroglycerine to the rooms where it is to undergo
final purification, e.g. filtration through a flannel, is now performed by means
of a pipeline. In order to increase the safety of this operation, an emulsion of nitro-
glycerine in water or in an aqueous solution of sodium carbonate is produced by ‘
means of an injector and this emulsion is run through the pipeline. J
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As a safety measure, the ratio of water to nitroglycerine should be not less than
3:1, since at 1.5:1 the emulsion can detonate as shown by the investigations of
Médard [22] already quoted (see p. 54).

It is important to make a stable emulsion which does not tend to form separate
layers. The addition of surface active agents is recommended. According to Desseigne
[23] non-ionic emulsifying agents formed by the condensation of ethylene oxide
with higher alcohols, ¢.g. cetyl or oleyl alcohol should be used. The addition of
protective colloids such as Tylose DKL (carboxymethylcellulose) makes it possible
to economize considerably in the quantity of surface active agents required. For
instance 0.5% of an emulsifier and 0.2% of carboxymethylcellulose may be added to
the water. Tranchant [24] is of the opinion that the emulsifier mentioned above does not
affect adversely the stability of the nitroglycerine if its concentration is 0.5% or less.

The emulsion of nitroglycerine is allowed to run into separating tanks in which
the components are separated into two layers by an upward flow of water. Nitro-
glycerine is discharged from the bottom of the tank and passes to the filters.

Finally the purified, stabilized and filtered nitroglycerine is transported from
the store to the departments where it is required for further manufacturing processes
(to make dynamite or smokeless powder). When required for smokeless powder
manufacture, nitroglycerine can be transported as an aqueous emulsion by means

FiG. 23. Nitroglycerine truck (du Pont de Nemours Co. Repauno)
(Marshall [19]).

of pipelines as described above. Where dry nitroglycerine is required for dynamite
manufacture manual transport is used. From the safety point of view, this should
be mechanized as far as possible. Thus the vessels containing nitroglycerine are
carried in hand trucks equipped with good leaf springs and rubber-tyred wheels,
which travel paths of wood, asphalt or concrete between the buildings (Fig. 23).

Nauckhoff [25] invented a special transport device for nitroglycerine which was
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introduced in the mitroglycerine factory at Gyttorp (Nitroglycerin A. B. Gyttorp).
It comprises a rail over 2 m high on which a container is suspended. The rail and
suspended container (/) are shown in Fig. 24. The container is filled by sucking nitro-
glycerine from the transit tank (2). In the mixing compartment nitroglycerine is trans-
ferred from the container (/) to the kneading machine (3) by means of compressed
air.

Transport of liquid nitroglycerine from the nitroglycerine factory to another
plant is not allowed in Europe. It can be transported only in mixed forms: as dyna-
mites or semi-finished mixtures ready to be used for the manufacture of mining
explosives or of double base powders. Only in U.S.A. is the transport of nitro-
glycerine in special trucks allowed.
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Fi1G. 24. Nitroglycerine transport device S. Nauckhoff system, Gyttorp 1919 (Nauckhoff and
Bergstrom [7]).

RECOVERY OF STABILIZING WATER

Some 29 of nitroglycerine remains in the water and in the sodium carbonate
solution used for washing. In the early days of the manufacture of nitroglycerine
the whole of the waste wash water was allowed to flow into a river or pool, when
the nitroglycerine slowly decomposed, under the influence of direct sunlight in the
presence of water. Clearly, in these conditions decomposition was rather slow and
in certain circumstances more and more nitroglycerine accumulated, and unfortunate
accidents occurred. One explosion occurred on a river bank near to an outlet carrying
waste wash water. Its cause was discussed by Naotim [11]. In rowing a boat away,
the oarsman struck the rocky bank with a metal-clad oar and initiated an explosion
which killed him and destroyed the boat.

According to present practice polluted waste water flows into special trough-
shaped tanks or labyrinths (Fig. 25), made of lead, stoneware or preferably of
rubber-covered iron, and equipped with transverse baffle plates.

The waste water is thereby made to travel a long distance during which drops
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of nitroglycerine settle out on the bottom of the labyrinth. Since acid water from
the first washing is mixed with carbonate solution from the final stabilization the
reaction of the waste water in the labyrinth is neutral or slightly acid. Nitroglycerine
flows down the sloping base of labyrinth, to be returned to the stabilization process.
It is drawn off in the normal way by means of a hose-pipe, avoiding as far as possible,
the use of stoneware stop-cocks.

Stabilization of the recovered nitroglycerine consists in washing and filtering

Aqueous
solution

T
Nitroglycerine

FiG. 25. Diagram of a labyrinth.

by the usual methods. From the stabilization water about 1% of the total nitroglyc-
erine output is recovered.

Water from which the nitroglycerine has separated flows to a tank lined with
lime-stone and after being neutralized it is discharged to a river or pool. Attempts
have been made to recover the appreciable quantity of ions: NOY, SO2 ©and HSOY
still present in the water. In a patent taken out by the Dynamit A.G. in Hamburg
[26] neutralization of the waste water with ammonia was suggested followed by
evaporation. This yields about 8 kg of nitrates and sulphates mixed in the ratio
of approx. 7:3 for every 100 kg of nitroglycerine. It was proposed to use the
mixture as a chemical fertilizer.

N
i
i
i

THE SPENT ACID

After separation of the nitroglycerine, the following remain in the spent acid:
nitroglycerine, dinitroglycerine, mixed esters of sulphuric and nitric acid. The two
latter esters react slowly with the nitric acid contained in the waste acid to form
further nitroglycerine, which floats on the surface of the acid.

There is a further method of obtaining nitroglycerine from the spent acid if
the main product is separated immediately after nitrating. Nitration is commonly
performed at the temperature of 25—30°C. The waste acid is cooled after nitration
is complete, to the temperature of 15°C or less, and as a result a part of the nitro-
glycerine which was dissolved in the acid is separated.

The amount of nitroglycerine recovered from the spent acid amounts to about
2%, of the total output.

The sep'a.rat:ion rate of this supplementary yield of nitroglycerine depends not |
only on the velocity of the additional reaction of esterification, but also on the
purity of the glycerine used and the purity of the mixed acid. It should be borne in
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mind that the separation of nitroglycerine from the spent acid may take several
days and that an acid apparently free from nitroglycerine may represent a source
of danger. Lengthy contact between nitroglycerine and spent acid may be followed
by decomposition. The explosions of nitroglycerine which has risen to the surface
of spent acid have been known to occur, chiefly in the summer. On the basis of
numerous experiments Oehman, Camera and Cotti [27] have constructed a diagram
indicating the composition of spent acid which can be dangerous in contact with

nitroglycerine (Fig. 26).
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FiG. 26. Safety diagram of acidic nitroglycerine, according to Ochman et al. [27].
For comparison, nitroglycol is also indicated.

The supplementary separation is carried on in a special building. Several days’
supply of spent acid is collected in special lead tanks (settlers) each having a capac-
ity sufficient to hold the acid collected from a full-day’s nitration. Nitroglycerine
collected on the surface of the acid may be removed in various ways: by means
of an aluminium spoon (the old system) or by displacing the contents of the tank
from below with the waste acid (the combined process, p. 95). The handling of waste
acid free from nitroglycerine is not wholly safe, since more nitroglycerine may
still separate out.

Taking into account only the inorganic components of the spent acid, its compo-
sition is as follows:

HNO; 9-149;,
H,S0.4 70-75%
H,0 15-17%
sp. gr. 1.74-1.76
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In order to make use of the spent acid it must undergo denitration, which
consists in separating the nitric acid from the sulphuric acid. The spent acid should
be denitrated as soon as possible after the supplementary separation of nitroglyc-
erine.

To lessen the danger of handling the spent acid immediately after the separation
of nitroglycerine, the addition of a certain amount of water was suggested by Nathan,
Thomson and Rintoul [2]. On dilution with water, the solubility of the nitroglycerine
in acid is increased and a loss of nitroglycerine occurs because it no longer separates.
However, the method greatly enhances the safety of handling the spent acid and
capital costs are reduced since no installation for the supplementary separation
of nitroglycerine is required.

Originally 2% of water were added to the spent acid and this prevented the sepa-
ration of nitroglycerine at temperatures from 10 to 15°C. Nevertheless in 1906
a tank filled with this dilute spent acid exploded while being transported. Further
experiments showed that nitroglycerine can separate from acid diluted in that way
if its temperature falls below 10°C. Addition of 5% water was therefore introduced,
to prevent separation of nitroglycerine even at a temperature of 0°C. At the present
time this procedure is widely used with new methods of nitration including con-
tinuous processes.

The addition of water to detain nitroglycerine in the spent acid not only increases
the solubility of nitroglycerine in the acid, it also alters the equilibrium of the reac-
tion between dinitroglycerine, nitroglycerine and acid in such a way that dinitro-
glycerine does not undergo further nitration and the trinitrate is not formed (Renner
‘and Helle [28]).

Spent acid from nitroglycerine manufacture is not used to prepare nitrating
mixture since it contains too much organic matter with which it is undesirable to
contaminate the nitration. Decomposition of these substances during nitration could
make the process difficult to control and might lead to accidents.

Generally, therefore, the spent acid remaining after manufacturing nitroglycerine
and similar nitric esters undergoes denitration. The spent acid should be stored
in lead tanks, and before passing on to the denitration tower, any separated nitro-
glycerine is skimmed from the surface by means of an aluminium ladle.

The denitrating tower () (Fig. 27) consists of a steel shell lined with special
acid-resistant brick, and is packed with quartz or with Raschig rings of refractory
material or of iron with a high silicon content. A distributor at the top of the
tower delivers the spent acid in counter-current to superheated steam and air entering
at the bottom of the tower via a jet (2). A temperature of 300-350°C is maintained
inside the tower by means of superheated steam. The steam and air drive off
nitric acid and nitric oxides (NO and NO,) present in the spent acid or formed
in the denitrating tower as the result of the oxidation of organic compounds. ‘
Denitrated sulphuric acid flows through a syphon outlet (6) at the bottom of |
the tower and is cooled in the tub (7) before being concentrated or used for mixing
with oleum and nitric acid.
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Fic. 27. Recovery (denitration) of spent acid (according to W. de C. Crater [29)).

Nitric acid and nitrogen oxides are driven off together with water vapour
and pass from the tower through the top to a “Bleacher” (3) filled with disks
or cylinders where they pass in counter-current to the condensed acid which
returns from the S-bend condenser (4) of high-silicon iron to flow through (5) to
storage.

When nitric acid alone is used for nitration and the product and acid are drowned
in hot water or hot dilute nitric acid as in the case of cyclonite manufacture, where
no organic substances remain in the acid (all being decomposed), the spent acid
is readily recovered by feeding it to an absorption tower in place of part of the
water normally added. The acid should be fed inata point in the tower where the
concentration of acid is approximately the same as that of the acid being added.

In a plant of this type nitric acid of about 907 and sulphuric acid of 70%; are
obtained. In the absorption towers nitric acid of 30-607% is produced.

According to its size a plant for denitrating spent acid may have a daily output
from 5 to 25 tons of acid.

The denitration system works satisfactorily only for spent acid from the nitration
of glycerine and similar alcohols. In spent acid from trinitrotoluene production

, the high content of dissolved nitrated hydrocarbons causes an excessive reduction
i of nitric acid at the top of the denitrating tower. Thus spent acid from the nitration

B N T T S




7 PRODUCTION OF NITROGLYCERINE 87 ‘

of hydrocarbons are unsuitable for denitration and are utilized instead by mixing
with oleum and concentrated nitric acid (Vol. 1, p. 150).

RAW MATERIALS FOR NITROGLYCERINE MANUFACTURE
GLYCERINE

As already mentioned above, the purity of the glycerine exerts a fundamental
influence on the efficiency and safety of nitroglycerine manufacture. The so-called
dynamite glycerine, a very pure water-free product, distilled several times under
reduced pressure is produced for manufacture of nitroglycerine.

Glycerine is obtained mainly by the hydrolysis of fats. During World War 1
when fats were in short supply in central Europe, glycerine was produced on plant
scale by sugar fermentation. Fermentation glycerine is suitable for the manufacture
of nitroglycerine although it contains certain by-products not present in glycerine
derived from fats, hence the yield of nitroglycerine from fermentation glycerine
is somewhat lower than that from glycerine obtained by the hydrolysis of fats.
The main by-product in fermentation glycerine is trimethylene glycol (see p. 155),
which forms an explosive nitric ester. When it is present the nitration temperature
should be kept lower than that normally maintained during nitration of glycerine
derived by hydrolysis. During the nitration of fermentation glycerine the tempera-
ture should be particularly strictly controlled. Dynamite glycerine is a transparent,
highly viscous, colourless, or yellowish or even pale-brown coloured liquid. The
intensity of colour is not of critical importance, but light-coloured samples are
considered more suitable for nitration than darker ones. Dynamite glycerine usualiy
has a light, distinctive smell resembling that of caramel.

According to the standards applicable in different countries, dynamite glycerine
should meet the following requirements:

(1) colour — as pale as possible;

(2) odour — no unpleasent smell should develop on heating to 100°C;

(3) density at 15.6°C — not less than 1.262 g/ml;

(4) reaction neutral;

(5) glycerine content should be at least 98.5-99%, the limiting water content
being 19, or in some countries 1.5%;

(6) mineral impurities should not exceed 0.05-0.15%;

(7) maximum content of non-volatile organic substances — not higher than
0.1-0.15%;

(8) it should be free from carbohydrates, proteins and other nitrogen-containing
compounds, acrolein, sulphites and sulphides. Sometimes the presence of white
arsenic as well as calcium, magnesium or ammonium salts is admissible, but in trace
quantity only. Sulphates and chlorides are permitted only in traces e.g. not more
than 0.01%; calculated as NaCl;

(9) no oils or fats, i.e. glycerides of fatty acids, may be present. In the U.S.A.
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standards the admissible amount of fats is equivalent to 0.1% of Na,O, used
as NaOH for hydrolysis. Further no fatty acids should be present.

" The most reliable method of determining the quality of glycerine is the labora-
tory nitrating test. This should be carried out under conditions that correspond
as closely as possible to those prevailing in the plant. During the laboratory nitration,
temperature, the rate of separation of the nitroglycerine and the acid layers, the
contact surface of phases and so on should be recorded.

After separating and washing the products as in large-scale operations the yield
is determined. According to the temperature applied this should amount to:
nitrating temperature yield
30°C 225-226%
15°C 228-2299%,
For experimental nitration either the Schlegel-Novak apparatus [30] simulat-
ing a large scale nitrator or Hofwimmer’s nitration burette [31] are usually used.
Normal laboratory apparatus with a mechanical stirrer can also be used.

ACIDS

Acids for nitrating glycerine must be as pure as possible. Nitric acid (sp. gr. 1.50)
should not contain more than 19, N,O,.

Sulphuric acid (sp. gr 1.84) and oleum (20-25%) should be virtually free from
lead sulphate which is liable to be present in old installations constructed of lead,
and also from sulphates of iron, as these substances hinder the separation of nitro-
glycerine and acid. Since such acid is not always available storage of sulphuric
acid and oleum in special cast iron tanks is recommended in order to allow impuri-
ties to settle. Acid is drawn from the upper part of the tank so that the slime com-
posed of iron and lead sulphates remains on the bottom. Similarly, the mixed acid
is stored in tanks so designed that the precipitate can collect on the bottom.

BATCH METHODS OF NITROGLYCERINE MANUFACTURE
OLD PROCESSES

The oldest recorded method of manufacturing nitroglycerine was a most prim-
itive process that consisted of dropping small amounts of glycerine, e.g. 350 g,
into a cast iron pot containing a mixture of nitric and sulphuric acid. The pot was
cooled by standing in a larger, stoneware vessel containing water and ice, and hand
stirring was performed with an iron rod. When the nitration was completed (or if
danger of decomposition arose) the contents of the cast-iron pot were turned out
into the water and ice. Water was then removed by decantation and the blasting
oil was washed. In that way a 200% yield of nitroglycerine was obtained.

The design of apparatus to facilitate rapid and efficient removal of the heat
produced during nitration was not known at that time. Solution of these difficul-
ties was therefore sought in modification of the manufacturing process itself, as
suggested by Boutmy and Faucher [32]. They divided the nitrating process into two
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stages. At each stage a certain amount of heat is developed, which is less, of course,
than the total heat of nitration.

The stages suggested by Boutmy and Faucher are as follows:

(1) Dissolving glycerine in sulphuric acid to form glyceryl-sulphuric acid.

(2) Adding nitric acid to the solution of glycerine in sulphuric acid.

The greater part of the heat is produced during the relatively safe process (1). The
amount of heat developed during nitration proper (2) is therefore relatively small and
the temperature can be controlled easily even if primitive methods of cooling are used.

For several years (until 1882) the Boutmy—Faucher method was used in France
and Great Britain. In completely primitive apparatus, about 680 kg nitroglycerine
were made at a time. The disadvantage of this method was that the mitroglycerine
obtained by nitrating according to reaction (2) separated only very slowly from
the acid. In the standard method the contents of the nitrator were allowed to stand
overnight to permit separation of the nitroglycerine. This lengthy contact between
the nitroglycerine and the acid involved the danger of decomposition. Indeed, in
factories where this method of nitroglycerine manufacture was practised frequent
explosions occurred during the separation stage. Finally this method had to be
abandoned and at the present time it is of historical importance only.

NOBEL PROCESS

Nobel invented a radically new design of nitrator for the manufacture of nitro-
glycerine. Originally it was made of sheet lead and equipped with a cooling coil
supplied with water, (Fig. 15, p. 65) and later a water-cooled jacket made of wood
was added (Fig. 28). In later versions of the Nobel nitrator the cooling jacket
was omitted in favour of a four-fold cooling coil with which it was easier to
control the nitration temperature.

Before starting the nitration the cooling coil and the compressed air inflow should
be checked to ensure that they are not damaged, and it is also necessary to ensure
that the lower discharge stoneware cock is well lubricated with vaseline and that
its discharge outlet is situated above the drowning tank. The inlet valve admitting the
cooling water to the coil and to the jacket is then opened fully, and through
the pipe (/) mixed acid is introduced to fill the nitrator to %—% its volume. Afterwards
compressed air is introduced by means of three pipes (2), (3) and (4) and then the
glycerine pipeline closed by a tap (5) and the lever (6) is opened. The lever (6)
is fitted with a spring which closes the cock instantly when the nitration foreman
ceases to press the lever.

Glycerine is run into the nitrator through a funnel in the cover. The part of
pipe containing (5) and (6) is joined by means of a hose to the stiff pipe for
feeding glycerine.

During nitration the temperature inside the nitrator is measured by thermometers
(7) and (8) and is controlled by the operator who reduces the flow of glycerine
if the temperature rises too high. Acid vapours together with the air used for mixing



90 CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES

AHAdHHdBHAMK

F1G. 28. Nobel nitrator, old pattern.

is removed through the ventilator duct (9). The conical cover of the nitrator is equip-
ped with several sight windows through which it is possible to observe the interior
of the nitrator.

After a measured amount of nitroglycerine has been introduced the exit of the
glycerine supply pipe is pushed as far as possible away from the funnel, and under
the lower discharge tap a leaden gutter is attached to permit the contents of the
nitrator to flow into a separator. Several minutes after the glycerine feed has been
stopped the cooling and then the compressed air supply are interrupted, after which
the lower cock is opened immediately to allow the nitroglycerine and acid emulsion
to stream via the gutter to the separator (Fig. 29).

The separator is a rectangle-shaped tank with a conical bottom and is made
of sheet lead. Its cover, also of lead plate reinforced with lead-coated iron rods,
is equipped with a number of windows through which it is possible to observe the
liquid surface in the separator. The exhaust duct with a sight glass, and a thermo-
meter are also fitted in the cover. Sometimes a compressed air line is led through
the cover to be opened in case the separator contents have to be discharged to the
drowning tank. In the lowest part of the separator there is a window (1) and three
outlet valves: two at the side for acid (2) and nitroglycerine (3) respectively and
one at the bottom leading to the drowning tank (4). While the separator is being
filled and during the separation process the tap (4) is connected with the drowning
tank. At the side of the separator, slightly higher than the separation line between
the nitroglycerine and acid phases, a cock (5) is fitted for discharging the nitroglycer-

‘ ine into the primary washing tank (6). The level at which the cock (5) is fitted is
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FiG. 29. Nobel separator (Naoim (11}).

determined accurately by calculation of the charge and of the nitroglycerine yield
from one nitrator.

When through the sight glass (7) a distinctly clear separation line is visible be-
tween the phases, the main yield of nitroglycerine is removed by means of the cock
(5). Then acid is discharged through the tap (2) to leaden settling tanks situated
in another room. The separation surface of the two phases is observed through
the window (/) so that the tap (2) can be closed at the right time and the cock (3)
opened. The amount of nitroglycerine discharged via the tap (3) is added to the
main yield of nitroglycerine in the washing tank (6).

After-separators wherein the waste acid is stored, are open tanks of lead. Nitro-
glycerine that collects on the surface is removed every few hours with an aluminium
ladle, and is to be poured into the preliminary drowning tank situated in the same
room.

After the primary washing nitroglycerine is transferred to the final washing by
the usual methods. The solutions and water remaining after washing are transferred
to the labyrinth. The flow-sheet is shown in Fig. 30 and a complete view of the plant
is given in Fig. 31.

NATHAN, THOMSON AND RINTOUL PROCESS

As compared with the Nobel process for nitroglycerine manufacture certain
innovations were introduced in this method, namely:

(1) new design of the nitrator;

(2) use of the nitrator as a separator;

(3) omission of nitroglycerine discharge cocks connecting the separator to the
washer;

(4) abandoning the additional recovery of nitroglycerine from the spent acid
and hence the elimination of settling tanks.
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To denitration

The nitrator-separator used in the Nathan, Thomson and Rintoul process is
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Mixed
acid
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Fi6. 30. Flow-sheet of Nobel system of manufacture of nitroglycerine.
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F1G. 31. General view of nitrator, separator and pre-wash tank,
Nobel system (Naoum [11]).

. a cylindrical vessel with a conical cover carrying a small chimney (Fig. 32).
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Fic. 32. Nitrator—separator of Nathan, Thomson, Rintoul [2].

The cover, the chimney and the cylindrical part of the nitrator are fitted with
sight glasses so that it is possible to watch the nitrator contents. The bottom of the
vessel slopes downwards at one side. Inside the nitrator there is a four-fold cooling
coil, a compressed air pipe connected to the bottom, and two thermometers (one
of the two visible in the drawing). The lowest part of the nitrator is connected with
a duct that branches into three pipes (Z, 2, 3). Pipe (J) is used for removing the spent
acid to denitration, after the separation of nitroglycerine is complete. Pipe (2) allows |
the nitrator contents to be discharged into the drowning tank. Pipe (3) has two bran-
ches leading to the acid tanks situated above the nitration house. One of these tanks



94 CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES

holds nitrating mixture and the other spent acid. Spent acid is used to displace the
nitroglycerine layer through the overflow (4) in the upper part of the nitrator. In order
to avoid any leakage of nitroglycerine from the nitrator to pipe (3), for instance during
stirring, the three-way discharge pipe is kinked at a point about 30 cm below the
Jowest part of the nitrator. Nitroglycerine is discharged from the nitrator through
the overflow (4). Acid vapours are drawn off through the chimney by means of an
exhauster fan. '

In the nitration house two nitrators are situated with the primary washing tank
between them (Fig. 33).

Glycerine
dosing tank

0
00 z
000
Nitrator - DRSS Nitrator -
separator i separator

Fic. 33. A unit composed of two nitrator-separators and pre-wash tank.

The course of nitration is as follows: the nitrator is fed with the mixed acid
Then the cooling water and compressed air lines are opened and glycerine is forced
through the nitrator chimney in the form of a spray by means of compressed air.
When the whole of the glycerine has been introduced into the nitrator its contents
are stirred for a certain time and then the cooling water inlet is closed and stirring
is stopped. The suspension is allowed to stand in the nitrator until the nitroglycerine
has separated, the progress of separation being watched through the inspection window.
Water is then added to prevent further separation of nitroglycerine.

When the separation is complete spent acid is introduced upwards into
the nitrator through the pipe (3) to displace the nitroglycerine, the latter passing
through the overflow (4) into a washer filled with cold water stirred by means of
compressed air. There are some plants where the separation of nitroglycerine and
acid is repeated after a lapse of at least 2 hr after the end of nitration, water then
being added as described below. When the nitroglycerine has been removed from
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the nitrator part of the spent acid (about } of the nitrator’s capacity) is discharged '
to a pressure-egg situated beneath the nitrator, the water inlet to the cooling coil
is opened again and stirring with compressed air is renewed in order to cool the
spent acid to 15°C or less, 5% of water being added through the nitrator chimney.
The temperature of the acid is increased approximately by 3°C for 1% water. The
acid is cooled to about 15°C and transferred via the pipe (/) to the tank below
the nitrator, when it goes to the denitration process. Sometimes a certain amount
of nitroglycerine is separated from the dilute acid on cooling. This should be dis-
charged to the washer by displacement with spent acid as already described.

While one of the nitrators is in use as a separator, nitration is carried outinthe
other one and vice versa thus maintaining uninterrupted operation.

The nitroglycerine, washed twice with cold water, is then transferred to the
final purification stage in another building and the wash water is transferred to the
labyrinth in the usual way.

According to British reports from World War I [33], during nitroglycerine
manufacture the nitrogen content of the nitric acid (including that recovered by
denitration) was consumed as follows:

95.69, chemically combined in nitroglycerine

4.0% lost during nitration
0.4°, lost during denitration

COMBINED PROCESS

The method of Nathan, Thomson, and Rintoul was used only in a few factories
and generally on the Continent a combined process incorporating the advantages
of the Nobel process with those of the Nathan, Thomson and Rintoul process was
used.

In this arrangement the nitrator—separator of the Nathan system was combined
with settlers of improved design so as to achieve a more precise separation of the
nitroglycerine and spent acid. This settler is reminiscent of the Nathan nitrator
(Figs. 34 and 35).

It comprises a cylindrical vat with a conical cover with which a glazed or glass

1

Fic. 34. Spent acid after separating tank (settler) in the combined
method.
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Fi1G. 35. General view of a battery of secondary separation tanks (Naoum [11}).

chimney with a small duct (J) is connected, made of a down-bent pipe. Spent acid
from the nitrator-separator is run into the settler through a pipe in its cover. The
bottom is sloping and to its lowest part a pipe is connected through which spent
acid can be led to the settler from a high-level tank by means of the cock (3). Another
branch of this pipe permits the contents of settler to be discharged if the valve “@
is opened. The capacity of each settler is large enough to contain the full day’s output
of one nitrator. A flow-sheet is given on Fig. 36.

After nitration is completed, the contents of the nitrator are allowed to stand

Spent Mixed .
acid acid Glycerine
; Primar
Nitrator wash[ng

Final

washing
S
E Nitroglycerine
=
S Settler : .
) Labyrinth ~ Nitroglycerine

: —— Water

[ Nitroglycerine )

Fi. 36, Flow-sheet of the combined method of nitroglycerine manufacture,

P
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quietly while the other nitrator comes into operation. When the layers of nitro-
glycerine and acid have separated, spent acid is introduced into the bottom of the
nitrator-separator from the upper waste acid tank to displace the nitroglycerine
which is transferred for primary washing. The spent acid free from nitroglycerine,
after passing through a transit tank, flows to the settlers. At intervals of a few
hours nitroglycerine collecting on the surface of acid is displaced by means of spent
acid flowing down from the upper tank and into the settler from below. The over-
flowing nitroglycerine passes through a gutter to an aluminium vessel. By repeating
this operation every few hours lengthy contact between the nitroglycerine and the
acid, which involves the risk of nitroglycerine decomposition, is avoided. Separation
of nitroglycerine is almost 1009 and of course the safety of the operation is consid-
erably increased.

In one of German plants in which this method was used the following materials
balance based on the average of a years’ production, was achieved:

From 100 parts by weight of glycerine, 228.7 parts by weight of nitroglycerine
were obtained. :

Consumption of glycerine:
94.19%, converted to nitroglycerine passed directly to filtration,
3.0% converted to nitroglycerine recovered from the spent acid,
0.8%, converted to nitroglycerine recovered from the wash waters.
Total yield was 97.7%.

2.1% of glycerine was lost,

Consumption of nitric acid:

For 100 parts by weight of glycerine, altogether 261 parts by weight of nitric
acid were used, whereof:

74.09, were combined to form nitroglycerine,

17.8%; were recovered in the denitration process,

8.2%, represent losses (of which the washing water accounted to 7.3%, and the

denitration process 0.9%).

Consumption of sulphuric acid:

For 100 parts by weight of glycerine, 314.5 parts by weight of H,SO, were used,
whereof:

999, were recovered in the denitration process, 1% was lost.

CONTINUOUS METHODS OF NITROGLYCERINE
MANUFACTURE

The manufacture of nitroglycerine is one of the most dangerous operations
in the whole explosives industry, due to the high sensitiveness of nitroglycerine to
impact and friction and its ability to burn to detonation. The decomposition of
nitroglycerine can readily be induced by autocatalytic chemical decomposition in
contact with mineral acids.
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All this makes the manufacture of nitroglycerine particularly dangerous and all
that has been said previously with regard to the danger of TNT manufacture and
the advisability of producing it by continuous methods applies with much greater
emphasis to nitroglycerine.

Continuous nitration of glycerine was suggested as early as 1866 by Nobel [8]
who mixed the two reactants by pouring them through a perforated funnel, and by
Rudberg [34]. The latter system was in limited operation for a short time. The nitrator
is shown diagrammatically in Fig. 37. It comprised a lead trough (/) with a step
shaped bottom, to which cooling was applied, in the form of a stream of cold water,

— Water

- Cooling water

y Spent acid

FiG. 37. Continuous nitration of nitroglycerine according to Rudberg: I —nitrator,
2—glycerine, 3—mixed acid, 4—separator.

to maintain a temperature below 30°C. Two streams: one of glycerine from
a container (2) and the other of mixed acid from (3) were introduced into the
nitrator. Reaction occurred as they flowed down into a tub (4) filled with water.
Nitroglycerine was collected through an overflow.

Two patents for the continuous nitration of glycerine by Kurtz appeared in
1878-1879 [35] and other methods comprising a continuous manufacturing scheme
where glycerine and nitrating acid were mixed in a spraying nozzle were patented
by Maxim in 1891 [36] and Evers in 1902 [37]. These ideas were incorporated into
the modern plants (p. 114).

However, largely because of doubts about the safety of the innovations proposed,
they have not found acceptance and it was not until 1927 when the Schmid process
was devised and 1935, when the Biazzi process was developed that these continuous
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SCHMID PROCESS

The continuous method of nitroglycerine manufacture invented by A. Schmid
[38] involves not only continuous nitration, but also continuous separation and
washing of the product. A novel idea introduced by Schmid was the nitrator made
of acid-resistant steel with mechanical stirring (Fig. 38).

oy

Fic. 38. Nitrator for continuous nitroglycerine manufacture according
to Schmid (original pattern).
H

The nitrator is constructed of acid-resistant steel and equipped with refrigerating
coils (/) (a baffle formed by the coil separates the interior of the nitrator from the
cooled section). Their cooling surface is four times larger than in the usual nitrators,
thus cooling is efficient in spite of the high flow rate of the liquid. The propellers
of the mechanical stirrer (2) revolving at a speed of 200-300 revolutions per
minute, extend to within 0.5-1.0 cm of the coils. Above the propellers steel plates
(3) parallel to the axis of the nitrator are fixed to promote a better circulation of
liquid. Itis also possible to attach above the main propellers (2) another pair of smal-
ler ones acting in the opposite direction. In the cover a sight glass and a thermo-
meter (4) are installed. Due to the high flow velocity of the liquid during nitration
the thermometer must be protected by a metal sheath.

Before nitration starts, the nitrator is filled with spent acid up to the level of the
overflow (5). The water inlet to the cooling coils is opened, the stirrer is set in motion,
and through pipes (6) and (7) fresh mixed acid is introduced to be carried off with
the stream of liquid and blended with the spent acid. Mixing takes place without
any notable thermal effect. Part of the liquid is recirculated via the pipe (8) and
part is run through the overflow (5) to a separator. Glycerine enters through the
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pipe (9) in one or several streams. Should decomposition of the nitroglycerine occur
the contents of nitrator are discharged through a valve (10) into a drowning tank.

For efficient operation, a steady supply of glycerine and acid at a pre-determined,
constant ratio is necessary. The raw materials are delivered by means of pumps
driven by a common motor and regulated in such way that a constant relation
is established governing the quantity of liquid pumped. The pumps are placed in
an auxiliary room above the nitration house. Further tanks for glycerine and mixed
acid are located in the same room.

Due to the high velocity of stirring and to the large cooling surface the output
of this nitrator is about 10 times larger than that of conventional nitrators of the
same capacity.

An improvement to the Schmid nitrator has been introduced by Nauckhoff [25].
He replaced the cooling coils by a tubular cooler (Fig. 39).

In the separator for continuous separation of nitroglycerine and acid originally
used in the Schmid process, certain faults were detected, which were later eliminated
in a new design of 1928 (Fig. 40).

The separator, made of acid-resistant sheet-steel, resembles an inclined cylinder
and its method of operation is as follows. The emulsion from the nitrator enters
through the conduit (I). To facilitate the separation of acid and nitroglycerine
baffles (4) of corrugated steel sheets and a cooling jacket (5) are installed. The spent
acid is collected in the lower region to form the layer (2) while nitroglycerine collects
in the upper part of the separator as the layer (3). Nitroglycerine is removed continu-
ally through the outflow (6) while the spent acid is discharged from below over
the siphon (7), which is a situated at the same level as pipe (6).

A general view of a nitrator and separator is given in Fig. 41.

Washing nitroglycerine. According to the Schmid process the continuous washing
of nitroglycerine is carried out in towers made of cylindrical glass segments carrying
perforated plates shelves of stainless steel between the segments (Fig. 42). All is
strengthened on the outside by means of steel rods. Washing towers can also
be constructed of stainless steel. An air outlet is connected to the cover of the
tower.

Nitroglycerine leaving the separator enters an injector fed with water or with
a solution of sodium carbonate or of ammonia, to form an emulsion which flows
into the tower from below. Compressed air is also introduced to facilitate mixing
and the shelves are also intended to ensure thorough mixing of the emulsion. The
latter rises to flow through a siphon pipe into a separator. The separator is built
of wood impregnated with paraffin, or of sheet aluminium. It is fitted out with
several baffle plates and its construction resembles that of a labyrinth (see Fig. 22).
Here the emulsion forms separate layers. Water flows out through the upper siphon
pipe, and nitroglycerine through the lower one.

For washing, two towers are usually used: one in which the nitroglycerine is
washed with water, the other for washing with sodium carbonate solution or with

l ' dilute aqueous ammonia.
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In a small plant equipped with a nitrator of 25 1. capacity yielding about
100 kg of nitroglycerine per hour, towers of the following dimensions are used:
for water washing the diameter is 0.2 m, and the height 2 m; for alkaline washing
the diameter is 0.3 m and the height 2.5 m.

965
635

Fic. 39. Nitrator for continuous manufacture of nitroglycerine according to Schmid, improved
ﬁﬂ pattern with tubular cooler by Nauckhoff (Nauckhoff and Bergstrom [7]).
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Fic. 40. Continuous separator according to Schmid.

8

FiG. 41. Schmid nitrator (centre) and separator (left) in Nitroglycerine Aktiebolaget,
Gyttorp, Sweden.

A flow-sheet for nitroglycerine manufacture by the continuous Schmid method
is shown in Fig. 43.

The whole apparatus is usually located in one room so as to facilitate super-
vision of the operation. During continuous manufacture the amount of nitroglycerine
present in the apparatus is several times smaller (4—5 times) than that in common
methods of batch nitrating. The purified product is removed from the column
30-45 min after nitration begins, whereas in existing batch processes nitroglycerine
washing does not take place earlier than 2 hr after the start of nitration. The manu-
facture of nitroglycerine by the continuous method is therefore safer and its safety
is further increased, since long pipelines for carrying acid contaminated with
nitroglycerine are eliminated, and nitroglycerine passes through the valves in an
emulsified form only so that handling of such cocks is less hazardous.

-
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Fi1G. 42. Continuous washing of nitroglycerine according to Schmid.
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FiG. 43. Flow-sheet of continuous manufacture of nitroglycerine according to Schmid.

Some data published by. Stettbacher [39] concerning the Schmid plant at Gyttorp’

Sweden, which had a production capacity of 600 kg nitroglycerine per hour are
listed below:

r capacity of nitrator 75 1.
| cooling surface 15 m2
temperature of the cooling liquid +10°C
nitrating temperature +18°C
composition of mixed acid 50% HNO;3;+509% H,SO0.,
glycerine to acid ratio 1:5

yield 231.5%

- T
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SCHMID-MEISSNER PROCESS

The process invented by Schmid and improved and developed by Meissner [40]
has since been adopted in many factories. A distinctive feature of the improved
method consists in the extensive use of metering devices and rotameters.

A diagram of the plant is illustrated in Fig. 44. It operates as follows. Nitrating
acid filtered through a ceramic filter (Z) is transferred by compressed air from
tanks (2) and (3) over a rotameter into the nitrator (14). Glycerine heated in the
heater (9) is transported by means of the pump (10) through a bronze mesh filter
(11) to the metering tank (/2) from which it is discharged by a pressure con-
trolled on the board (I6). In order to permit the use of a rotameter for metering
the glycerine a temperature of 40°C is maintained in the glycerine feed tank, so
that no variation in viscosity occurs which would otherwise prevent the use of
a rotameter. From the compressed air tank (I3) an air pressure of about 1.5 atm
is applied to both the glycerine and the mixed acid contained in measuring tanks.
Thus the glycerine and acid are delivered under the same pressure and any changes
in the pressure applied to the raw materials are the same for both liquids.

Nitroglycerine is discharged from the separator (I7) through an overflow (17a)
and passing through injectors (22¢) (23c), (24c) it enters in turn the washing columns
(22), (23) and (24).

In the earlier design when the plant was started up, the first nitroglycerine pro-
duced may be polluted by slime from the nitrator and separator. It is therefore
transferred to a “hand” washer (I7b) to be washed as in batch production.

In more modern designs there is no slime in the nitrator and separator as the
whole installation is constructed of high-grade acid-resistant steel. The washing
tank is maintained, however, in order to wash the residue of nitroglycerine remaining
in the separator when the installation is shut down.

To the separator, an overflow for spent acid (I8a) is fitted, by means of which
the height of the boundary layer between the two liquid phases can be regulated.
Spent acid flows down to a pressure-egg (19), from which it is discharged by means
of compressed air to a tank (8) (only a part of the pipe is shown) and then to
setling tanks as in the combined process, (p. 95).

Columns for nitroglycerine washing are built of glass rings of 200—300 mm.

diameter, resting on acid-resistant steel plates. Into the first column (22) an emulsion
of nitroglycerine with cold water produced in the injector (22¢) is introduced from
below. The temperature inside the column is shown by a remote thermometer (22b).
In the second column (23) the washing is carried out in an identical manner except
that a warm 3% sodium carbonate solution is used here, while in the third column
(24) warm water is used to remove sodium carbonate from the nitroglycerine.
The primary separation of nitroglycerine from water or sodium carbonate solution
is performed in separators (22a), (234) and (24a). The lower parts of these columns
and separators are equipped with cocks by means of which the residue of

. nitroglycerine remaining after a shut down is removed together with an aqueous
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solution or water to a labyrinth (25). Nitroglycerine collects here to be sent to a wash-
er (I7b).

Through the injector (26) and by means of rubber pipes nitroglycerine stabilized
with an extermely dilute solution of sodium carbonate is transferred to the separating
tanks (27) wherein the final separation of the emulsion into layers is accomplished.
Nitroglycerine is passed through a filter (28), whilst the aqueous layer flows down
into the labyrinth (29). The product removed from the labyrinth is stabilized in the
washing tank (17b).

RACZYNSKI PROCESS

The distinctive feature of the process invented by Raczynski [41] is exact metering
of mixed acid and glycerine by means of automatic mechanical devices.

The nitrating acid is metered by means of tipping vessel fixed on a horizontal
shaft (Fig. 45a).

Acid flows into the vessel (/) from a pipe ending inside a container constructed
of acid-resistant steel or lead, in which the tipping vessel is located. The stream
of acid fills the vessel, and as a determined weight is reached it tips over and another

F1G. 45. Apparature for continuous dosage of acid () and glycerine (b) according to Raczynski [41].

empty vessel swings into place under the acid inlet pipe. This fills in turn and tips
over to pour off its contents and so the cycle continues. A volume-meter connected
to the equipment indicates the volume of liquid measured out. Acid from this device
passes into the nitrator.

Glycerine is metered by means of a bucket conveyer (Fig. 45b) driven by hydraulic
turbine.

The arrangements for introducing measured quantities of acid and glycerine
are connected by a lever (2) in such a way that the influx of acid and nitroglycerine
into the nitrator proceeds at a pre-determined ratio. Movement of the tipping vessel
exerts a pull on the lever and this takes the brakes off the bucket conveyer. At once
the conveyer starts to move and continues to do so until the acid metering vessel

o returns the lever to its former position and stops the conveyer again.

et . L . e
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A diagram of a plant for nitroglycerine manufacture by the continuous Ra-
czynski process, including the separating and washing units, is outlined in Fig. 46.

For nitration a nitrator (I) equipped with cooling coils and a mechanical stirrer
comprising a cylindrical rotor equipped internally with turbine paddles is used.
At a sufficiently high rate of rotation, the liquid flows rapidly through the rotor
" in one direction thus ensuring correct circulation between the coils.

Fic. 46. Flow-sheet of continuous method of manufacture of nitroglycerine according
to Raczynski [41).

The emulsion of nitroglycerine and acid flows to a cylindrical separator (2)
from which the upper nitroglycerine layer flows over the high level pipeline to
a primary washing tank (3). The spent acid is removed from below by a hydraulic
system (4). Should any danger of decomposition arise it is possible to empty the
contents of the nitrator or separator into the drowning tank (5). As the separator
is emptied the compressed air inlet valve should be opened simultaneously to mix
the nitroglycerine with the acid again.

BIAZZI PROCESS .

An original version of the continuous process worked out by Biazzi (Vevey,
Switzerland since 1935) [42] includes a new type of acid-resistant steel nitrator
(Fig. 47) and the application of “tangential” separators, the liquid content of which
is constantly in motion.
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One of the first plants nitrating glycerine by the Biazzi process was in operation
at Schlebusch in Germany [43]. For a plant with a rated output of 800-1000 kg
nitroglycerine per hour a nitrator of 250 1. capacity was used.

The flow sheet of a more modern Biazzi automatic plant is given in Fig. 43.

According to the original description [44] glycerine and glycol are pumped to an
intermediate tank (I3). :

. . Glycerol or
Mixed acid feed jgfg[ feed

Col

Sogo 0009
9065, 00003
000 080
96003 90008
08996 09996
- 6003 | |, 80008

o

0008 N 8000
Overflow 96068 96608

96668 96668

965069 966069

86008 96608

96609 9600

09996 60005

56009 S000

86003 26008 .

06 000§ Displacement

/ acid

Fic. 47. Continuous nitrator for Biazzi nitroglycerine manufacture g
(according to Kuhn, W. J. Taylor, Groggins {4]). ]

Soda to denitration
10

Glycerine

Acid

 mige el e L

storage
tank

| Fic. 48. Flow-sheet for nitroglycerine manufacture according to Biazzi (Stettbacher [45]).
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A metering pump introduces the required quantity of glycerine to the nitrator.

The mixed acid (J2), brought to the nitration house by means of a centrifugal
pump, is fed into the nitrator via a metering pump. The flow of the two
reacting liquids is maintained in the correct proportion by means of speed
controller.

A high speed stirrer (ca. 600 r.p.m.) [45] emulsifies the content of the nitrator (1).

The temperature in the nitrator is kept within 10-15°C by cooling coils fed
with cold water, brine (—5°C) or freon [45, 46]. The temperature is kept constant
by means of a thermostatically controlled valve,

The suspension of nitroglycerine in acid flows from the nitrator to acid-
resistant steel separator (2). The separator inlet enters the vessel tangentially about
0.6 m below the nitrator outlet. The separator itself is a shallow cylindrical vessel
having a large diameter which is nearly twice as big as that of the nitrator. Its
upper part is conical, topped with a cylindrical chimney.

A stream of emulsion enters the separator to meet the emulsion already present
there. Above the emulsion there is a nitroglycerine layer, and below it an acid layer.
Owing to the tangential direction of flow, the emulsion circulates slowly with
respect to the two stationary layers already separated. Since the diameter of the
separator is large this rotary movement is extremely slow (peripheral rate of 2-3
cm/sec) and therefore favourable for the agglomeration of small drops of both
liquid phases. According to the data contained in Biazzi’s patent, by this system
separation is accomplished in a time not longer than 10 min.

The temperature inside the separator is determined by means of thermometers
situated at two levels: the upper one in the separated nitroglycerine and the lower
one in the acid layer. The separator is equipped with a sight glasses through which
the boundary line of the liquid phases can be observed.

The spent acid leaves the separator from below to flow via a siphon, the height
of which can be automatically controlled, to a diluter (6) where 1-2% water is
added and then to a spent acid mixer (8). Dilute spent acid is pumped to tank (9),
and is used for displacement of nitroglycerine from the nitrator and separator
after nitration has finished. Most of the dilute acid is sent to denitration.

Acid nitroglycerine flows into a battery of stainless steel continuous washing
tanks (3) and (4) provided with stirrers (580 r.p.m.). The first tank (3) is fed with
12% sodium carbonate solution. This is one of the characteristic features of the
Biazzi process and represents a radical change in approach to the stabilization
of nitroglycerine since for the first time the acid nitroglycerine is treated directly’
with sodium carbonate solution without previous water washing. The heat of neu-
tralization in tank (3) is removed by means of a water cooling jacket.

This direct neutralization has the advantage of eliminating the appreciable loss
of the nitroglycerine which occurs with acidic wash water systems. No further
washing of nitroglycerine is necessary after direct treatment with sodium carbonate
solution. Tank (3) is supplied with sodium carbonate solution through an auto-
matic outlet valve coupled with a pH-meter. To neutralize 100 kg of nitroglycerine’
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ca. T kg anhydrous sodium carbonate is required (i.e. 52 1. of 127, solution). Each
washing tank contains ca. 160 kg of emulsion.

A sample of the washed nitroglycerine is subjected to a heat-test. After removing
sodium carbonate to max. 0.04%, nitroglycerine should give a positive test for
20 min at 80°C.

After stabilizing in the washing tanks the emulsion flows to another separator
where the nitroglycerine is removed and sent for storage prior to incorporation.
There is no final separator in the most recent Biazzi plants [44, 46]. The stabilized
nitroglycerine is emulsified with warm water in (5) and flows to a low level storage
tank. v

The flow-sheet for the remote control of the nitroglycerine storage, transport
and weighing installation is given in Fig. 49.

Stabilized nitroglycerine in the form of an aqueous emulsion flows into storage
tank (7). If every batch of nitroglycerine is subjected to heat-test two storage tanks
should be provided.

Water separated from the emulsion flows over to tank (2). The small quantity
of nitroglycerine collected at the bottom can be sent back to (/) through the water
pump (3) or drained through valve (4). If the nitroglycerine level is too high or too
low a signal is given in the control room, that automatically sets in motion a number
of injectors (5). They transport nitroglycerine from (I) to the weighing house and
settling tank (6) until the level in the tank becomes satisfactory. The separated
water flows to tank (7) and nitroglycerine collected at the bottom can be sent back
through the water pump (8) or drained through valve (9). Nitroglycerine, free from
water, passes through a common salt filter (10). Here the last traces of water are
removed and the nitroglycerine is weighed in tank (/1) which is mounted on
scale (12).

Automatic filling of the weighing tank (1) is effected by pneumatic remote control
through valve (12) and micrometric valve (13). The valves close automatically when
the desired weight is reached.

Nitroglycerine flows out to the mixing room. The quantity of nitroglycerine in
the weighing house is ca. 150 kg. As a rule no workmen come into contact with
nitroglycerine in either the storage or the weighing house.

The great advantage of the Schmid-Meissner and the Biazzi processes is the
small amount of separated explosive present in the plant at any given time—up
to 10% (and 4%, respectively) of the output per hour—the remainder of the nitro-
glycerine in the system is in a safe emulsified form.

The largest nitroglycerine plant in the world has been in operation since 1956
by I.C.L. of Australia and New Zealand Ltd. at Deer Park, Victoria [47]. The Biazzi
system is used there. The normal output from this unit is 4400 lbs per hour of nitro-
glycerine, and it can be raised to 6600 1b [46].

One of most up-to-date Biazzi plants which came into operation in 1956 is the
plant run by the Nobel Division of I.C.I. at Ardeer, Great Britain [48]. It has

' a production capacity of about 2500 Ibs/hr (1130 kg/hr). The installation com-

e e e e
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Fic. 50. Nitroglycerine manufactu:e' — a general view of the nitrator, separator and washing
equipment in a remote controlled Biazzi continuous plant (Ardeer Factory, Nobel Division,
Imperial Chemical Industries Ltd., Great Britain, photograph of Vista of Glasgow, Glasgow, C 3).

Fic. 51. Nitroglycerine manufacture — the remote control room of a Biazzi continuous plant
(Ardeer Factory, Nobel Division, Imperial Chemical Industries Ltd., Great Britain, photograph
of Vista of Glasgow, Glasgow, C 3).
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VI. Automatic discharge of the contents of nitrator and separator into a drowning
tank occurs, if the temperature in either exceeds the upper of safety limit.
VII. The contents of the drowning tank are subjected to forcible stirring by means
of a strong jet of cold water flowing into the tank automatically.

The electrical control system is powered by means of 24-V batteries which
are charged automatically from a rectified a.c. supply. All the control devices are 1
located beyond the safety wall. The separator is monitored by a closed circuit tele-
vision system.

Klassen and Humphrys [49] quote data comparing the main features of the
Biazzi process as compared with batch nitration. The most recent data [50] are
given in Table 18.

The Biazzi process has been applied to the nitration of other substances, to *
produce not only esters similar to nitroglycerine, but also for the preparation of
such substances as PETN, cyclonite and TNT.

TaABLE 18 ‘
l
Nitrators producing 1200 kg :
nitroglycerine/hr
Biazzi |  batch
Nitrator capacity, 1. : 125 305
Total cooling surface, m2 10 23
Unit cooling surface, m2/l. 0.08 0.0075
Time in nitrator, min 10 50
Heat transfer, kcal/m2°C hr 800 365
Brine inlet temp., °C -5 —25 to—20 «
Nitroglycerine in nitrator (at 4.7:1 acid %
ratio), kg 80 1590 '
' Raw materials and labour per
100 kg dry nitroglycerine
Glycerine (and ethylene glycol 50:50), kg 4272 42.2
Sulphuric acid (1009%,), kg 101 99
Nitric acid (100%), kg 104 99
Sodium carbonate, kg 6.0 1.7
Operating, labour-man-hours 0.04 0.18 ;
Maintenance, labour-man-hours 0.01 0.08 ;
- 1
N. A.B. INJECTOR NITRATION PROCESS (NILSSEN AND BRUNNBERG OR N. A. B, i
PROCESS) '

This new method of manufacturing nitroglycerine developed by Nilssen and Brunn-
berg in 1950 at Nitroglycerin Aktiebolaget Gyttorp, Sweden [51] consists essentially
in nitrating glycerine in an injector and separating nitroglycerine in a centrifuge.
The flow of nitrating acid through an injector sucks in the correct amount of
glycerine mixed with air. Nitroglycerine forms an emulsion with the spent acid.
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After cooling, the emulsion flows into a centrifuge. Here nitroglycerine is sepa-
rated from the spent acid and transferred to the washing house.

The main features of the N.A.B. process applied industrially since 1956 are
as follows:

(1) Mixed acid. The nitrating acid is a conventional mixed acid, and spent

' acid is added in such a quantity that the HNO, content is 26.5-27.5%; HNO; and
the water content 9.5-10.0%. This water content is below the limit which may cause
incomplete nitration. The ratio spent acid : mixed acid is 1.6-1.75.

(2) Ratio acid : glycerine. The flow of glycerine into the nitration injector
is controlled by the flow of acid and this gives a high degree of safety for a reduction
in the acid flow to less than the normal operating level results in a greater reduction
of the glycerine flow.

The inlet pressure of the acid into the injector is 3.5 kg/em? (50 p.s.i.) above C
atmospheric pressure.

(3) Temperature. A most important parameter characterizing nitration by
injection is its high temperature, which lies within the limits 45-50°C. Small varia-
tions in temperature during normal operation are the result of small variations
in the flow ratio of the reactants or in the initial temperature of the nitrating acid.
This high temperature can be maintained for a short while owing to the particular
conditions of the nitration, in which the heat of reaction is absorbed by a large
mass of nitrating acid. Thus the temperature of the system is not dependent on the
immediate removal of the heat of reaction as in other processes.

- The glycerine or glycerine—glycol mixture (50:50) is pre-heated to 45-50°C
before entering the injector.

The temperature of the mixed acid is 0°C.

The temperature increase during nitration, i.e. the difference between the ni-
trating temperature and the temperature of the incoming mixed acid, is a very good
index of the ratio of glycerine to mixed acid. The exact value of the temperature
rise depends on the HNO, content in the incoming mixed acid and on the spent
acid, and the HNO,; content of the latter depends (for a given concentration of
mixed acid) on the ratio of glycerine to mixed acid.

In practice it has been found that an additional temperature rise of about 3°C
corresponds to about a 19 decrease in the HNO, content of the spent acid and that
a 19 higher HNO, content in the mixed acid gives a 1.7°C temperature rise for
the HNO, content in the spent acid remaining constant. With the help of the diagram
(Fig. 52) it can be seen what temperature increase will be obtained for a given mixed
acid composition and for a given HNO,; content in the spent acid.

1 If the temperature rises 4°C above the normal temperature, a warning signal
is given and the flow of glycerine is reduced by the nitration operator. Should the
amount of glycerine remain uncorrected despite the warning signal, and the tempera-
ture continues to rise, the electromagnet is de-energized at -+-54°C and the nitration
process is stopped.

The nitroglycerine-acid emulsion enters a cooling system immediately after
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FIG. 52. Temperature diagram for injection nitration.
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Fie. 53. Flow-sheet of injector nitration of glycerine and centrifugal separation of nitroglycerine
at Gyttorp (Nitroglycerin Aktiebolaget Gyttorp, Sweden): I and 9—tubular coolers (—12°C),
2—glycerine suction tank with a constant level, 3—glycerine rotameter, 4—acid rotameter, 5 —in-
jector-nitrator, 6 —electromagnet, 7—needle valve for the air inlet to the injector, 8—cold water
cooler, 10—injector to supply nitroglycerine-water emulsion, /I —rotameter supplying water to
10,12,14,15 —thermometers, 13—vacuum-meter, J6—glass thermometer, 17—alarm bell, 18—cur-
rent switch, 19—relay to electromagnet 6.
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leaving the injector and the temperature of 45-50°C is maintained for only about
half a second. During the next 80-90 sec the mixture is cooled to 15°C. In the follow-
ing 30 sec the nitroglycerine is separated from the spent acid.

Cooling is achieved in two stages: the mixture is cooled to 25°C by ordinary
water at 15°C and then it is cooled to +15°C by a cooling brine composed of a 30%
solution of sodium nitrate at —12°C.

The flow sheet for injector-nitration and centrifugal separation is given in Fig.53
and the general view of the injector-nitrator in Figs. 54 and 55.

(4) Separator (Fig. 56). Another characteristic feature of the N.A.B. system
is the continuous centrifugal separation of nitroglycerine from the spent acid.
The centrifuge operates at 3200 r.p.m. For a unit with a capacity of 2500 L/hr the
quantity of nitroglycerine in the separator bowl during operation is 3.5 kg. The
separated acid nitroglycerine is emulsified immediately by the wash-jet to form
a non-explosive mixture and is removed continuously from the separator house
to the nitroglycerine wash-and-weigh house.

The spent acid from the separator contains a small amount of emulsified nitro-
glycerine. The portion which is to be used to prepare fresh mixed acid need not
separated further, since when nitrating acid is added the emulsified oil redissolves
and returns to the cycle.

The remainder of the spent acid is allowed to separate in the usual way and
normally yields a maximum of 0.1, emulsified nitroglycerine. Instead of after-
separation, water can of course be added to prevent separation.

(5) Nitration. To start the nitration, current from the switch (18) (Fig. 53) is
applied to the electromagnet (6), which closes the air inlet to the injector. Mixed

T

Fic. 54. Injector nitration apparatus at Gyttorp, general view (Nitroglycerine
A. B. Gyttorp).
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acid is admitted by opening the valve under the acid rotameter (4). The injector
now comes into operation. The manometer (/3) must show full vacuum. The needle
valve (7) is then opened and the vacuum adjusted to ca. 300 mm Hg. The glyc-
erine—glycol mixture is sucked in through the rotameter (3) to the injector from (2).

Fig. 55. Injector nitration apparatus at Gyttorp, side view (Nitroglycerine
A. B. Gyttorp).

FiG. 56. Centrifugal separator of nitroglycerine at Gyttorp (Nitroglycerine
A. B. Gyttorp).
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The exact setting of the acid and glycerine rotameters is adjusted by means of the
corresponding valves and the nitrating temperature is checked. It should be 40-45°C
higher than the temperature of the incoming mixed acid.

Through the inspection glass nitroglycerine can be seen leaving the separator
within about 2 min after nitration has begun.

To stop the process the circuit through the electromagnet (6) is broken at (18),
so that air rushes into the injector and the glycerine in the pipe and in rotameter
(3) runs back to (2). Mixed acid should be allowed to flow for 1 min in order to
flush the pipes and cooling system. The separator is stopped about 10 min later
and empties automatically.

- The contents of the separator are collected in a special small separation vessel.
The emulsified explosive oil is separated and delivered direct to the wash jet (10).
After rinsing with separated spent acid, the separator is ready to be restarted.

A general view and a diagram of the operating room is given in Fig. 57 and
58 respectively. o

Continuous washing of nitroglycerine is carried out in three wash columns:
3, (6) and (9), (Fig. 59).

Nitroglycerine Aktiebolaget Gyttorp quote the following figures which refer
to the plant which has been in operation since 1956:

production: 500-650 kg nitroglycerine/hr

acid consumption: 2600-3400 kg/hr

glycerine consumption: 216-281 kg/hr

the yield of nitroglycerine-nitroglycol mixture is
231-232.5 kg of explosive oil, i.e. 93.9-94.5% of
theoretical

Fia. 57. Operating room, general view (Nitroglycerine A. B. Gyttorp).
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brine (30% NaNO3) consumption (Fig. 53):
cooler (I):ca. 75 1./min
cooler (9):ca. 100 1./min
water consumption cooler (8):80-100 1L./min
compressed air at 4 kg/cm? consumption: 1 m3/min

SEMI-CONTINUOUS PROCESSES

The invention of continuous methods of nitration of glycerine stimulated the
improvement of the old batch processes by transformation into semi-continuous
ones. One such methods was designed by Jarek [52] and is in use in Poland (Fig. 60).

The batch nitrator (I) is connected with a separator (2) and the drowning tank
(3). The displacing acid tank (4) can produce a flow of nitroglycerine from the
separator through the pipe (6) to the wash columns (7), (9) and (7). These columns
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FiG. 58. Operating room, diagram (Nitroglycerine A. B. Gyttorp): I —glycerol vessel, 2 —glycerol
meter, 3—temperature control valve, 4 —draining and manual by pass, 5—flow indicator glycerine,
6 —flow indicator acid, 7—flow indicator wash water, 8 —signal lamps, 9—switch board, 10 —tem-
perature recorder controller, 11 —instrument board, 12—temperature recorder, 13 —nitration ther-

' mometer, I4—vacuum valve, 15—vacuum gauge, /6 —air filter, /7 —emergency nitrating stopper.




Fic. 59. Flow-sheet of washing nitroglycerine at Gyttorp: A —separator of acid wash-water, B—se-

parator of alkaline wash-water, C—separator of warm wash-water, D—storage tanks, with wash-

equipment, E—storage tanks with refrigerating coils, F—nitroglycerine waggon on a balance, 7, 4,
7 —air separators, 2, 5—injectors, 3, 6, 9—wash-columns.

2E Wash water

Pure NG

P
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Wzrm water

| Sodium carbonate solution
. _ Cold water

i Compressed air

FiG. 60. Semi-continuous method of manufacture of nitroglycerine according to Jarek [52]

are connected with the separators (8), (10) and (12) respectively. The columns (7),
(9) and (11) are fed with cold water, aqueous sodium carbonate solution and warm
water respectively. The contents of the columns are agitated by means of compressed
air fed to the bottom of the columns. Washed nitroglycerine flows from the bottom
of the separators (8) and (10) to the columns (9) and (11) respectively. Nitroglycerine
leaving the separator (12) is ready for use.

The method uses a batch nitrator but the separator (2) and the wash-columns
run continuously.
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GENERAL SAFETY RULES

The earliest plants for nitroglycerine manufacture were installed in buildings
of very light construction made of planks and surrounded by a high mound of
earth (Fig. 61). s
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Fic. 61. Light building for manufacture of nitroglycerine with direct access to the
lower and upper storeys.
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Explosion of nitroglycerine is always violent and produces a large number
of fragments partially retained by the safety mound. However, buildings of such
light comstruction were unable to withstand the blast produced by an explosion
in the neighbourhood. Another disadvantage was that in the event of explosion,
not all the splinters were caught by the protective ramparts, and those that were
projected beyond could initiate explosion in neighbouring parts of the plant.

Later, during World War I and since then, massive underground buildings
made of concrete have become customary. Formerly this type of construction was
used only for storage buildings. The underground buildings are semicylindrical
in design and are completely buried except for the end intended for entrance and
exit (Figs. 62 and 63).

Fic. 62. Heavy underground building for manufacture of nitro-
glycerine. !

If an explosion occurs the building is destroyed. However, owing to its robust
construction no fragments are projected. Further the danger that the detonation
might be transmitted from one building to another is reduced to a minimum. To-
wards the end of World War I 360 kg of nitroglycerine exploded in a German
factory in the Rhineland but owing to its massive underground construction effects
of the explosion were limited to the building concerned. Being situated in hollows, 4
the buildings are fairly well earth-protected and danger of explosion by lightning
is reduced to the minimum. Some disadvantage arises from the limited space which
precludes certain changes or repairs, and from the high cost of the exhaust system.




Fic. 63. General view of a heavy underground building.

e

TennEr

Fia. 64. Nitration Biazzi system building surrounded by earth mound with service tanks in
centre and right foreground. The nitration building is protected by lightning arrestors [47]. (I.C.1L
of Australia and New Zealand Ltd. at Deer Park, Victoria).

There is now a tendency to revert from underground buildings to less expensive
lightly constructed surface ones, as for example the buildings for the modern
Biazzi plant shown in Fig. 64.

The floor inside each building should be lined with sheet-lead, turned up at
the edges close to the walls and door in order to form a border about 10 cm high,
intended to contain any nitroglycerine that may be spilt.
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Nitroglycerine that escapes onto the floor or onto parts of the machinery, etc.
should be removed by means of a sponge from which it is then extracted and rinsed
under a stream of water into a special vessel for nitroglycerine waste. The spillage
area should then be washed with water, by means of another sponge. If acid escapes
the area should be covered with siliceous earth or with fine sand, and the whole
removed by means of a shovel and drowned in a large amount of water. A copper
or aluminium shovel is necessary in case nitroglycerine is present in the acid.

All leaden apparatus should be cleaned and washed inside at least once a
week to remove “lead slime”. In all departments scrupulous cleanliness should be
observed.

An old safety precaution required all work to stop in the nitroglycerine and
dynamite factory during a thunderstorm passing over head. In the nitrating house
no fresh charge could be started. All the men were to leave the building except those
in charge of nitration and separation. Nowadays since the design of lightning-
conductors has considerably improved, this regulation is not so necessary.

Every building must have a notice board at the entrance showing the maximum
number of workman that may be in it at one time. Usually this number should
not exceed two.

The maximum quantity of explosives in the building should also be limited and
indicated. ,

In some factories the number of loose articles (e.g. bottles, buckets, thermo-
meters) allowed in each house is also limited; accidents have been caused by heavy
objects dropping or falling.
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CHAPTER 1V

OTHER GLYCERINE ESTERS

THE most important drawbacks in the use of nitroglycerine are the danger of
manufaéturing and handling the material and its comparatively high freezing point.
The danger of production has been partially overcome by improvements in manu-
facturing process and by strict observation of safety rules elaborated on the basis
of many years’ experience.

Much scientific effort has been devoted to the problem of how to lower the freezing
point of nitroglycerine. This is very important from the practical point of view.
If the nitroglycerine present in dynamite or in smokeless powder in the form of
a gel is frozen, it separates in the form of an oil on melting. This seldom happens
in the case of nitroglycerine powder, owing to its relatively low content of nitro-
glycerine, but the phenomenon is very frequent with dynamites. Handling dynamite
from which oily nitroglycerine has partially separated is very dangerous because of
the high sensitiveness of the oil to mechanical stimuli.

The problem of lowering the freezing point of nitroglycerine has been solved
in many ways. Most of these methods are now of historical interest only, since they
involved the use of substances which either weakened the explosive power of the
nitroglycerine significantly or increased the price of product appreciably.

The first experiments on lowering the freezing point of nitroglycerine were
undertaken by Rudberg [1] who blended nitroglycerine with nitrobenzene. Nobel 2]
suggested admixing methyl and ethyl nitrate, nitrobenzene and glyceryl acetates.
Methyl or ethyl nitrates certainly achieved the desired aim but owing to their high
volatility, their use was of no practical value. Addition of the other substances
mentioned reduced the explosive effect of the product.

The first effective work was carried out by Wohl [3], who proposed polymerizing
the glycerine prior to nitration. At first the method was not widely used owing to
various technical difficulties but eventually it found an application many years
later (see p. 138). A Polish chemist, Antoni Mikolajezak (A. Mikolajczak) [4]
is credited with being the inventor of the so-called low-freezing dynamites. In 1904
he obtained a patent for the production of glycerol dinitrate (so-called dinitroglyc-
erine) and suggested adding this to nitroglycerine with a view to lowering the
freezing point. Dinitroglycerine is a cheap substance and for several years Mikotaj-
czak’s invention was widely used. It also opemed the way for further investi-
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gations. In later patents of various authors the substances proposed for lowering
the freezing point of nitroglycerine are glycerine derivatives, each molecule of which
contains two nitrate groups, the third hydroxy group being esterified by another
acid or being converted to an ether. Substances of this type include the so-called
dinitrochlorohydrin, formyldinitroglycerine, acetyldinitroglycerine and tetranitro-
diglycerine. Compounds containing one nitrate group, such as the so-called mononitro-
glycerine, nitrodichlorohydrin and nitroglyceride have found limited application.

The first theoretical basis for calculating the decrease of freezing point according
to van’t Hoff law as applied to nitric esters was given by Nauckhoff [5].

As progress was made in application of synthetic methods in the chemical
industry, ethylene glycol obtained from ethylene became available and large scale
manufacture of glycol dinitrate for blending with nitroglycerine in low-freezing
dynamites began. Diethylene glycol also became a commercial product and yielded
dinitrate used as an ingredient of smokeless (“double base”) powders.

GLYCEROL MONONITRATE

Glycerol mononitrate (or “mononitroglycerine”) exists in two isomeric forms,

a and B: CH,0NO, CH,OH
CHOH CHONO,
| |
CH,OH CH,OH
a
m.p. 58-59°C m.p. 54°C
b.p. 155-160°C (15 mm Hg) b.p. 155-160°C (15 mm Hg)
sp. gr. 1.53
The pure a-isomer was first obtained by Hanriot [6] by nitrating glycide:
CH,OH
CH:
o
CHj

The properties of mononitroglycerine were investigated by Will et al. [7] and
Naoum [8].

Mononitroglycerine, mainly as the a-isomer, is a by-product accompanying
dinitroglycerine produced by Mikotajczak’s method [4]. Naotim’s method of separat-
ing of mononitroglycerines conmsists in making use of their appreciable solubility
in water and relatively low solubility in ether, in which they differ from dinitro-
glycerines which are barely soluble in water but dissolve fairly well in ether. Thus, |
in order to isolate mononitroglycerines an aqueous solution of crude dinitroglycerine
is prepared, and the dinitrates are extracted with ether. Mononitrates remain in the
aqueous solution, from which water is removed by evaporating under reduced pressure
to leave the mononitrates.
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Pure a-mononitrate can be obtained by converting dinitroglycerine into “nitro-
glycide® which in the presence of hot water is hydrolysed to form the mononitrate.
Afterwards water is removed under reduced pressure:

CH,0NO,
|

l
CHOH N CH,0NO,

l \ | CH,0NO,
CH,0NO, CE\_

o 2%, cHom
CH20N02 CH2 |
CH,0H
CHONO, Nitroglycide
CH,0H

Both the free hydroxyl groups readily undergo esterification. By chemical reaction
with benzoyl chloride, dibenzoates are obtained, namely:
a-nitrate forms a dibenzoate of m.p. 68-69°C
p-nitrate forms a dibenzoate of m.p. 52°C
A characteristic addition product is formed by the a-nitrate with calcium nitrate
(m.p. 117°C). Its composition is: [C;H(OH,)(ONO,)],.Ca(NO;),. The product
is purified by crystallization in alcohol. f-Nitrate does not form such a compound.
Glyceryl mononitrates are stable substances which do not undergo decompo-
sition when heated to a moderate temperature. In a sealed tube they decompose
explosively at a temperature of about 170°C. ;
Mononitroglycerines are weak explosives. In consequence of a distinctively ;
negative oxygen balance, only 434 kcal/kg are evolved on explosive decomposition |
(water in the form of vapour). Their sensitiveness to impact is extremely low. Indeed ‘
they are virtually insensitive. Their liability to detonate depends on their physical
state. According to Naoum the lead block expansion produced by liquid mononitro-
glycerine is 75 cm3 only and products of incomplete decomposition, e.g. acrolein,
are evolved. The crystalline product, on the other hand, detonates readily to produce
an expansion amounting to 245 cm3.

GLYCIDOL NITRATE

CH,0NO,

|
™
cng”

Glycidol nitrate (“nitroglycide”) decomposes if boiled under normal pressure at
a temperature of 174-175°C. Under a pressure of 20 mm Hg boiling takes place
at 94°C. The specific gravity is 1.332 at 20°C.

0]
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As is stated above, glycidol nitrate is produced by hydrolysis of both isomeric |
glycerol dinitrates (Naodm, 1907) [8]. According to Naoum hydrolysis of the dini-
trates is carried out by means of a 30% solution of KOH atroom temperature. After
a time the oily glycidol nitrate is precipitated with a yield of 95%,. The oil is separated,
washed with water and dried in desiccator. Nitroglycide dissolves slightly in cold
water (5 g in 100 ml of water at 20°C). When boiled in water it yields a-glyceryl
nitrate. Nitroglycide readily dissolves collodion cotton. Its explosive properties
are well established. The heat of explosion is 824 kcal/kg. It detonates readily
on impact (2 kg from 10-20 cm), and it explodes on heating to a temperature
of 195 to 200°C. In a lead block with water tamping it produces an expansion

of 430 cm®.

GLYCEROL DINITRATE (“DINITROGLYCERINE”)

Two isomeric glycerol dinitrates (dinitroglycerines) are known. . ‘

CH,ONO, CH,ONO,
v I I

CHOH CHONO,

| I

CH,ONO, CH,O0H

a (or X) B (or )

According to Will et al. [7] and Naotm (8] the commercial product contain-
ing both isomers has a specific gravity of 1.47 at 15°C. On cooling it freezes at
a temperature of —40°C. Under a pressure of 15 mm Hg it distils at 146°C almost
without decomposition. It dissolves in water up to 8.67, at 20°C [25]. The
product readily dissolves in most of organic solvents. It is insoluble in carbon
tetrachloride and petrol. Being hygroscopic it picks up 109, of water at room tempera-
ture. It readily dissolves collodion cotton. Dinitroglycerine is nearly twice as vola-
tile as mitroglycerine. Its physiological activity resembles that of nitroglycerine. The
viscosity of dinitroglycerine is approximately twice as high as that of nitroglycerine
due to intermolecular hydrogen bonds between the hydroxyl groups.

The isomers of dinitroglycerine have been separated by Will, Haanen and St6hrer
[7], utilizing the capacity of the a-isomer to form a crystalline hydrate. Thus by
cooling dinitroglycerine with a 3.2% water content, crystallization of the hydrate
occurs, whilst the f-isomer hydrate remains in solution. The a-isomer hydrate,
melting at 26°C, has the formula: [C;H(OH)(ONO,),l;.H,0. It dissolves readily
in water and benzene. At a temperature of 40°C both hydrates lose their combined
water.

According to Will et al. the chemical structure of the isomers can be demons-
trated as follows. By introducing one more mnitro group to the a-mononitrate,
two isomeric dinitrates — a symmetric @' and an asymmetric 8/ — are formed.
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By nitrating the f-mononitrate, on the other hand, only one product, i.e. the asym-
metric dinitrate §’, can result.

CH,ONO, OH,ONO, CH,ONO,

CHOH —> CH,ONO, and CHOH

| | 1

CH,OH CH,OH CH,ONO,
a g’ a’

CH,0H CH,0NO,

I

CHONO, —> CH,ONO,

l

CH,0H CH,0H
B g

As mentioned above, dinitroglycerine is hydrolysed in the cold in the presence
of a concentrated potassium hydroxide solution to form nitroglycide.

Dinitroglycerine is more resistant to heating than nitroglycerine: it begins to
show signs of decomposition after 14 days’ heating at a temperature of 75°C. On
heating to 150°C it evolves brown fumes of oxides of nitrogen, on heating above
170°C it undergoes explosive decomposition, the latter being the more violent the
larger the amount of the substance heated.

EXPLOSIVE PROPERTIES

According to Naotm [8] the explosive decomposition of dinitroglycerine can
be expressed by the equation:

C3H5(OH)ONO,); —> 2CO, + CO + 2H,0 + N, + H, + 1201 keal/kg

The large thermal effect entitles this substance to be regarded as a very powerful
explosive. Its sensitiveness to shock is barely less than that of nitroglycerine, as it
explodes under the impact of a 2 kg weight dropped from a height of 7-10 ¢ 1.

The crystalline a-dinitrate hydrate explodes under the impact of a weight dropped
from a height of 90-100 cm; for explosion of the liquid B-isomer a drop of only
30-40 cm is required.

In the lead block with water tamping, dinitroglycerine gives an expansion of
500 cm®. Under these conditions nitroglycerine causes an expansion of 600 cm®.
A 927 blasting gelatine made from dinitroglycerine produces an expansion of 440 cm?,
whereas the same gelatine made of pure nitroglycerine produces an expan-
sion of 585 cm®. Considering these experiments and the heat of detonation, the
explosive strength of dinitroglycerine seems to amount about 80%, of that of nitro-
glycerine.

To bring about complete detonation, as with liquid nitroglycerine, a rather
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powerful initiator is necessary. Thus the expansion in the lead block test, using
a No. 1 detonator amounts to 290 cm®, whereas that produced by a No. 8 detonator
is 500 cm® (with water tamping).

The detonation rate of 92% dinitroglycerine blasting gelatine is 3300 m/sec,
according to Blochmann [9] the corresponding value for nitroglycerine being
7000 m/sec.

For a 75% Kieselguhr dynamite made from dinitroglycerine the rate of detonation
is 4300 m/sec (with nitroglycerine it is 6800 m/sec).

According to Blochmann transmission of detonation from a 100 g charge of
blasting gelatine made from dlmtroglycerme is 5 c¢cm, whereas for nitroglycerine
gelatine it is 25 cm.

MANUFACTURE OF DINITROGLYCERINE

The sole commercially important method of manufacturing dinitroglycerine
is that developed by Mikotajczak [4]. Glycerine is dissolved at a temperature
of 15-20°C in 3-4 parts of nitric acid as free as possible from oxides of nitrogen.
In order to achieve complete nitration the solution is allowed to stand for 2-6 hr.
Then it is diluted with water in the proportion of 1 part of water and ice to 1 part
of acid, and finally neutralized with calcium carbonate thus forming a concentrated
calcium nitrate solution (1.51 g/ml). Being insoluble in this solution, which is of
high density, dinitroglycerine rises to the surface to form an oily layer. This oil
is separated and washed by means of a concentrated sodium chloride solution
containing sodium carbonate or ammonia. Sodium chloride is added to lower
the solubility of the dinitroglycerine, so that washing can be carried out even at
40-50°C with negligeable loss of the product. (8 parts of dinitroglycerine dissolve
in 100 parts of water at 20°C whereas only about 2 parts dissolve in 100 parts of
a 30% solution of sodium chloride). Finally the dinitroglycerine is rinsed with
a solution of sodium chloride. In order to minimize the loss of dinitroglycerine, the
same solution of sodium chloride is used several times.

If nitrous and nitric oxides are present in the nitric acid, products of oxida-
tion may contaminate the main product. Such dinitroglycerine should be washed
with special care. The product is dried by passing a stream of warm air through it.

The calcium nitrate solution is treated with a calculated quantity of ammonium
sulphate to precipitate calcium sulphate and ammonium nitrate is recovered from
the resulting solution by evaporation, for use in the manufacture of explosives.

The raw materials consumption in the production of 100 kg of dinitroglycerine
is as follows:

glycerine 71.4 kg
nitric acid 250 kg
ice 75 g

calcium carbonate 125 kg

ammonium sulphate 165 kg
ammonia 1.5 kg
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The following by-products are obtained:

ammonium nitrate
calcium sulphate

200 kg
165 kg

The consumption of raw materials is such that the price of dinitroglycerine
is higher than that of nitroglycerine.

The Mikolajczak process is usually safer than nitroglycerine manufacture.
It is necessary, however, to maintain a low nitrating temperature and to use acid
free from oxides of nitrogen which favour oxidation reactions. Local overheating
should be carefully avoided, because dilute acid is specially prone to produce oxi-
dation processes. ‘

According to du Pont Company [10}, ammonia can bz used for the neutralization
of the dilute solution of dinitroglycerine in nitric acid, thus producing a solution
of ammonium nitrate which is recoverable.

Piitz [11] obtained a patent for the preparation of dinitroglycerine relatively
free from the trinitrate by dissolving 1 part of glycerine in 3.3 parts of nitric acid
(sp. gr. 1.5) below 15°C. The solution was diluted with 1 part of water and neutra-
lized with calcium carbonate. The product was separated as an oil and a small
quantity was extracted with ether from the aqueous solution.

Dinitroglycerine was also obtained from nitroglycerine by denitrating it with
sulphuric acid [12, 25]. The denitration occurs simply by dissolving nitroglycerine
in conc. sulphuric acid without cooling. The solution is dissolved in water and
the dinitroglycerine extracted with ether.

Commercial dinitroglycerine contains a certain amount of glycerol mononitrate
and trinitrate. In dynamites dinitroglycerine is blended with nitroglycerine, hence
in a number of patents it has been proposed to nitrate glycerine in conditions which
enable a low freezing mixture of nitroglycerine and dinitroglycerine to be obtained
in one operation. In principle a higher yield is obtained when more acid is used
for the nitration. For the nitration of 100 parts by weight of glycerine, Naotim [8]
obtained the following results which are tabulated below (Table 19).

- TABLE 19
THE RESULTS OF NITRATING 100 PARTS BY WEIGHT OF GLYCERINE (AFTER NAOUM)

Amount of 95% Yield of esters, parts by weight Percentage ratio
HNO;

.used to nitra:te, total nitro- dinitro- nitro- dinitro-

in parts by weight ] glycerine glycerine glycerine glycerine
250 71.3 6.8 70.5 9 91
350 | 127.5 20.5 107.0 16 84
450 ! 175.6 44.8 130.8 26 74
500 | 1910 51.0 140 27 73

A few papers [7, 25] and patents [13] suggest the preparation of dinitroglycerine
by nitrating with a dilute mixed acid (e.g. containing 99; water), followed by dilution

I T s




r ' ~ OTHER GLYCERINE ESTERS 133
of the whole with water to separate dinitroglycerine. This method, however, is
uneconomic.

Other patents [4, 11] recommend manufacturing blends of dinitroglycerine
and nitroglycerine in any ratio by nitrating glycerine with mixed acid containing
less sulphuric acid than usual, for example, a mixture containing

HNO; 60%
H,S04 30%
H,0 10%

yields an oily product, the dinitrate to trinitrate ratio of which is ca. 70:30.
The separation of the oil is followed by dilution of the spent acid with water to
precipitate a further quantity of oil containing a higher proportion of dinitroglyc-
erine, e.g. ca. 90:10.

MIXED GLYCERINE ESTERS

CHLOROHYDRIN NITRATES

Mononitrochlorohydrin

Mononitrochlorohydrin is a chlorohydrin mononitrate, existing in the three
isomeric forms shown below:

CH,0NO, .CH,OH CH,0NO,
l | i

CHOH CHONO, CHCI

l l I

CH,Cl CH,C! CH,0H

All are obtained by nitrating chlorohydrin with not overmuch concentrated
nitric acid, e.g. with a threefold excess of 807 acid. They can also accompany dinitro-
chlorohydrin as impurities. Owing to the presence of a hydroxy group they are
moderately soluble in water. In the warm they dissolve collodion cotton. Mononi-
trochlorohydrin has weak, but distinct explosive properties; it can be made to
detonate by a strong initiator though it is not exploded by impact.

Dinitrochlorohydrin

The most important of the chlorohydrin nitrates are the chlorohydrin dini-
trates (“dinitrochlorohydrins™), existing in two isomeric forms:

L
CH,0NO, CH,0NO,
CHONO, CHCI
CH,(Cl CH,0NO,
a-dinitrochlorohydrin B-dinitrochlorohydrin

(m.p. +5°C) (m.p. -+16.2°C)
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Dinitrochlorohydrin was first obtained by Henry [14] and Volney (15] who was
the first to call attention to its explosive properties. It was used in blends with nitro-
glycerine for the manufacture of non-freezing dynamites [16, 17] as early as in 1904
and since then it has been rapidly adopted for this purpose in some countries, owing
to its relative cheapness and simplicity of manufacture. The commercial product
is a mixture of both isomers, the a-isomer predominating. Cooling to a temperature
of —20°C usually fails to convert the substance into a solid since it is liable to super-
cooling. The specific gravity is 1.541 at 15°C. At 190°C commercial dinitrochloro-
hydrin boils and rapid decomposition occurs, whereas “boiling” under reduced
pressure at 10 mm Hg occurs at 117.5°C with little decomposition. Dinitrochloro-
hydrin is more volatile than nitroglycerine. Naoum reported that the loss of weight
from a vessel of 50 mm diameter after standing for a day at 75°C was 3.1%, for
dinitrochlorohydrin and 0.35% for nitroglycerine. It is non hygroscopic and dis-
solves in water only to small extent (about 2.3 g in 11. of water at 15°C). It dissolves
with ease in most organic solvents, except carbon disulphide and petrol. Dinitro-
chlorohydrin mixes with nitroglycerine at any proportion, such mixtures having
a very low freezing point. A blend of 75% nitroglycerine with 257, dinitrochloro-
hydrin can be considered practically non-freezing.

Collodion cotton is soluble with difficulty in pure dinitrochlorohydrin. Disso-
lution takes place more rapidly in the warm, but on cooling the dinitrochlorohydrin
separates again from the sol. In blends of dinitrochlorohydrin with nitroglyc-
erine nitrocellulose dissolves with great ease. Dinitrochlorohydrin is less viscous
than ﬁi_troglycerine. According to Naoum [8] its relative viscosity is 155, taking
the viscosity of water as 100, as compared with 278 for the relative viscosity of
nitroglycerine.

The chemical stability of dinitrochlorohydrin is higher than that of nitroglycerine.
It withstands the Abel heat test at 72°C for 30 min. On heating at a temperature
of 75°C, the first signs of decomposition and the development of acid fumes do not
appear before 10-12 days. A small quantity of chlorohydrin dinitrate heated in
a test tube undergoes decomposition with the evolution of oxides of nitrogen at
temperature above 170°C. Complete decomposition takes place (without explosion
at 180°C. Larger quantities of the substance decompose with a weak explosion,
if heated rapidly to a temperature of about 190°C.

The explosive properties of dinitrochlorohydrin are as follows. The heat of
explosion determined by Naotim [8] in a calorimeter bomb (water in the liquid state,
hydrogen chloride as hydrochloric acid) is 1140 kcal/kg. This value corresponds
to*a heat of explosion of 1000 kcal/kg when water and hydrogen chloride are as-
sumed to be in the gaseous state in agreement with the equation given by Naoum:

C;HsCI(ONO,), —> €O + 2CO + 2H,0 + HCl + Np + 1000 keal/kg
Decomposition in accordance with the following equation is also possible:

C3;HsC(ONOy), —> 2CO; + CO + H0 + H; + HCIl + N; 4 1050 kcal/kg
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Dinitrochlorohydrin can be ignited with difficulty to burn calmly without explo-
sion. Chlorohydrin dinitrate placed in a can and thrown into a fire bums quietly,
whereas in these circumstances nitroglycerine explodes. Dinitrochlorohydrin is
less sensitive to shock than nitroglycerine or dinitroglycerine. According to Kast
[18] in a drop test with a weight of 2 kg dinitroglycerine explodes on impact from
a height of 10-20 cm (for nitroglycerine a height of 4 cm is sufficient to initiate
explosion). The explosion of dinitrochlorohydrin caused by impact is appreciably
weaker than that of nitroglycerine. Owing to its low sensitiveness to impact and
the small risk of explosion on burning [19] in Germany chlorohydrin dinitrate was
regarded as an explosive safe for transport by rail in containers of 25—200 kg.

Dinitrochlorohydrin produces the following expansion in the lead block
| (Naoum) [8]:

} with a No. 8 detonator and water tamping 475 cm3
with a No. 1 detonator and water tamping 380 cm3
blasting gelatine (made with 42%, of dinitrochlorohydrin) 440 cm3

The rate of detonation of dinitrochlorohydrin is lower than that of nitroglyoerine
but no exact data have been reported.

The explosive strength of dinitrochlorohydrin is assumed to be about 80%
that of nitroglycerine. As a component of mining explosives chlorohydrin dinitrate
has the disadvantage of producing hydrogen chloride on explosion. It does not seem
to be any more of practical use.

The raw material from which dinitrochlorohydrin is produced is chlorohydrin,
made by treating glycerine with hydrochloric acid at a temperature of 100-120°C
under pressure [20]. The substitution product is a mixture of a- and S-isomers.
(The boiling point of a-chlorohydrin is 130°C at 18 mm Hg; that of ﬂ-chlorohydnn
is '146°C at 18 mm Hg). .

Chlorohydrin for the manufacture of dinitrochlorohydrin must be as pure as
possible and should contain the minimum amount of water, HCl and polymeriza-
tion products of glycerine, since:the presence of these substances favours the forma-
tion of an emulsion during nitration and washing. Usually chlorohydrin was made
in the explosives factory. After a single distillation the substance was transferred
to the nitrating unit generally in admixture with glycerine.

Dinitrochlorohydrin is formed by nitrating monochlorohydrin with mixed acid
in a manner analogous to the nitration of glycerine. Less heat is evolved than during
the nitration of glycerine, and the operation can therefore be carried out more
rapidly. Chlorohydrin is also less viscous than glycerine so that separation of the
nitrated product is accomplished in a shorter time than in the corresponding pro-
cess in nitroglycerine manufacture.

When 450 parts by weight of mixed acid composed of

40% HNO;

60% H2S04
are used to treat 100 parts of chlorohydrin at a temperature of 10-15°C, 161.5 parts
of dinitrochlorohydrin- (both isomers) are obtained, i.e. an 899, theoretical yield.
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The composition of the spent acid is:

HNO; 16.6%
H,S0. 75.0%
H,0 7.4%

The solubility of dinitrochlorohydrin in the spent acid is negligible.

In practice, usually a mixture of chlorohydrin with 10-20% of glycerine is ni-
trated, to yield 165-175 parts of chlorohydrin dinitrates with nitroglycerine.

The pure isomers are obtained by the following chemical reactions:

CHz\ CH,ONO,
o |
CH” + 2HNO; —> CHONO, + H,0 [14]
l |
CH,Cl CH,Cl1
Epichlorohydrin a-dinitrochlorohydrin
CH,0ONO, CH,ONO,
2CHOH + PCls — > 2CHCl + POCl, (8]
i solution l
CH,ONO, CH,ONO,
a-glycerol dinitrate B-dinitrochlorohydrin

DICHLOROHYDRIN NITRATES

Two isomers of dichlorohydrin nitrate exist, also called “nitrodichlorohydrins”
[141:

CH,Cl CH,ONO,
CHONO, CHCI
CH,CI CH,CI
b.p. 174°C b.p. 182-183°C

A mixture of these isomers has been suggested for addition to nitroglycerine
for the production of low-freezing dynamites [21]. However, it possesses many
p:bperties undesirable for a component of explosives. It is more volatile than dinitro-
chlorohydrin, it is a poor solvent of collodion cotton and its explosive strength
is insignificant. The heat of explosion developed by nitrodichlorohydrin is approxi-
mately 350 kcal/kg and the lead block expansion is 75 cm® including the effect
produced by the initiator. For these reasons nitrodichlorohydrin has not found
practical application. Nitrating dichlorohydrin by means of a water-free mixed
acid is carried out with ease to produce a 94.5% yield (127.5 parts of nitrodichloro-
hydrin are obtained from 100 parts of dichlorohydrin).
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FORMYLGLYCEROL DINITRATE

CH,ONO,

l

CHONO,

|
CH,OCHO

a-Formylglycerol dinitrate (“dinitroformylglycerine”) is a strong explosive, its
explosion producing about 1000 kcal/kg of heat. It is obtained as follows: 2 moles
of glycerine are heated with 1 mole of anhydrous oxalic acid to a temperature
of 140-150°C during a period of 20 hr to form monoformylglycerol:

CH,OH CH,OCHO

| COOH |

CHOH + | —> CHOH + H,0 + CO,
| COOH |

CH,OH CH,OH

A proportion of the glycerine remains unchanged and the resulting product is a solu-
tion of formylglycerol in glycerine. This is nitrated by means of a mixed nitric and
sulphuric acid to yield a mixture containing 70% of nitroglycerine and 30% of
dinitroformylglycerol.

The explosion of this mixture which was proposed by Vender [22] as an additive
to nitroglycerine in the manufacture low-freezing dynamites produces approxi-
mately 90%, of the explosive power of nitroglycerine.

ACETYLGLYCEROL DINITRATE

Acetylglycerol dinitrate (“dinitroacetin®, “nitroacetin™) exists in two isomeric
forms:

CH,0NO, CH,0NO,
CHOCOCH, CHONO,
CH,0NO, CH,0COCH;

This is another explosive suggested by Vender [22] for lowering the freezing
point of nitroglycerine.

The commercial product composed of both isomers does not freeze at —20°C.
Its boiling point is 147°C under 15 mm Hg. The specific gravity is about 1.42 at 15°C.
Commercial nitroacetin is more volatile than nitroglycerine but less so than dinitro-
chlorohydrin. It is insoluble in water. Lower and even higher nitrated cellulose is
dissolved in it with ease. The substance is a little less stable than nitroglycerine,
because it undergoes a distinct decomposition accompanied by the evolution of
oxides of nitrogen after being kept for 24 hr at a temperature of 75°C. Heated in
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a test tube it starts to decompose at 160°C. At 170—180°C decomposition proceeds
violently. According to Naotum [8] explosive decomposition is accompanied by the
production of about 660 kcal/kg of heat.

Acetylglycerol dinitrate is almost insensitive to shock. Initiated with a No. 8
detonator it gives a lead block expansion of about 200 cm®. A 929 blasting gelatine
made from dinitroacetin produces an expansion of about 145 cm’.

In comparison with dinitrochlorohydrin, dinitroacetin is more expensive but
has the advantage that it does not evolve gases detrimental to health. In spite of
this, the substance found only limited and transient application.

For blasting purposes mixtures in the proportion of 80 parts of nitroglycerine
to 20 parts of dinitroacetin were usually used. This composition has an explosive
strength of about 907 that of nitroglycerine. The manufacture of dinitroacetin,
reported by Vender [22], consists in nitrating monoacetyl glycerol (monoacetin)
by means of anhydrous mixed acid at a temperature below 25°C in the same kind
of apparatus as that used for nitrating glycerine, the product being washed in the
usual way. The yield is 159 parts by weight of dinitroacetin from 100 parts of
monoacetin, i.e. 95% of theoretical.

POLYGLYCEROL ESTERS

As mentioned earlier the idea of nitrating glycerine polymerized by dehydration
was suggested by Wohl [3]. He obtained a low-freezing blasting oil. However, this
idea has not found an immediate practical application. One problem was the difficulty
of feeding a nitrator with polyglycerine either dispersed as droplets or in the form
of a thin stream owing to its very high viscosity. An even greater drawback was the
tendency of polyglycerol nitrate to form emulsions not easy to separate and purify
due to the presence of impurities.

Wohl proposed to polymerize glycerine by heating it with a small amount of
sulphuric acid at a temperature between 130 and 160°C. Further investigations
were reported by Will [23] who discovered that polymerization accompanied by
the formation of water is most successful when glycerine plus a small quantity
of sodium carbonate or sulphite (about 0.5%) is heated to a temperature approaching
its boiling point. i.e. 290°C. The main product is diglycerol ether, more strictly
2,2'.3,3'-tetrahydroxydipropyl ether [sym-bis(2,3-dihydroxypropyl) ether], or the
so called “diglycerine”:

2C3Hy(OH); —> CH,0H—CHOH—CH;—0—CH;—CHOH—CH,0H + H)0

Triglycerine and polyglycerine are produced in inappreciable quatities (4-67;).
The residual 30-40% is unchanged glycetine. The mixture can be nitrated directly
and none of the difficulties accompanying the nitration of polyglycerol reported
by Wohl occur. Diglycerine, the chief component of the mixture, starts to boil
under a reduced pressure of 8 mm Hg at a temperature of 245-250°C. Its specific
gravity is 1.33 and its viscosity is about 11 times greater than that of glycerine.
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\ DIGLYCEROL TETRANITRATE

By nitrating “diglycerine” diglycerol tetranitrate, also called “tetranitrodiglycerine*
or simply “nitrodiglycerine”, is obtained:

CH,ONO,—CHONO,—CH;—0—CH,—CHONO,—CH,0NO,

Nitrodiglycerine is a liquid more viscous than nitroglycerine, which does not
freeze even if subjected to the strongest cooling. It does not dissolve in water and is
non-hygroscopic. Like nitroglycerine, it dissolves in the majority of organic solvents.
Collodion cotton is only partially dissolved by it. The chemical stability of dinitro-

[ glycerine is not less than that of nitroglycerine.

The explosive properties of nitrodiglycerine are as follows. According to the
{ work of Naoum [8] and Will [7] nitrodiglycerine is capable of undergoing an explosive
‘ decomposition in accordance with the following equation:

CsH1oN4Oy3 —> 2CO; + 4CO + SH,0 + 2N, + 1330 kcal/kg

Thus the substance is one of the strongest explosives known, and 4 composition
made from 757 of nitroglycerine and 25% of nitrodiglycerine gives practically the
same thermal effect as that caused by pure nitroglycerine.

In comparison with nitroglycerine, nitrodiglycerine has the advantage of being
less sensitive to shock; it explodes on the impact of a 2 kg weight falling from
a height of 8-10 c¢m.

The nitration of diglycerine to nitrodiglycerine is usually performed in the same
way as the nitration of glycerine, certain differences being occasioned by the different
properties of the substances. For the nitration of diglycerine slightly less mixed
acid is needed than in the case of nitroglycerine. This is clear from the stoichiometric

' proportions and also follows from the fact that diglycerine is more prone to oxida-
tion than glycerine and more sensitive to the action of an excess of nitrating acid.
Owing to its high viscosity, diglycerine is heated up to 50-60°C before being intro-
duced into the nitrator.

The separation of nitrodiglycerine is slower than that of nitroglycerine, mainly
due to the high viscosity of nitrodiglycerine and to its tendency to form emulsions.
The more impure the diglycerine, the easier is the formation of emulsions. After the
separation of nitrodiglycerine, washing with a solution of common salt follows, the
presence of which prevents emulsification. Moisture retained by the washed product
is appreciably more difficult to remove than from nitroglycerine.

100 parts of diglycerine yield 168 parts of nitrodiglycerine, i.c. 81% of the theo-
retical yield. In practice the most commonly used method is the nitration of a mixture
of 60-70% glycerine with diglycerine, from which a virtually non-freezing mixture
of nitric esters is obtained [24].

Nitrodiglycerine is superior to dinitrochlorohydrin in low-freezing dynamites
since it does not evolve hydrogen chloride among the explosion products. Also
in favour of nitrodiglycerine is the fact that it does not dissolve in water. A further
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advantage is the ease of preparation of mixtures of diglycerine and glycerine. On the
other hand, however, the temoval of impurities from such mixtures presents difficulty,
and their presence leads to difficulties in manufacturing the nitric ester. The high
viscosity of diglycerine and of the resulting nitration product is also a disadvantage

in the manufacturing process.
For these reasons, nitrodiglycerine has not been adopted in practice in some coun-

tries e.g. in Germany, where dinitrochlorohydrin was for many years the most
widely used raw material until it was replaced recently by nitroglycol. Nitrodiglyc-
erine came into a broad use only in Great Britain in the years between 1920 and

World War 1I.
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CHAPTER V

GLYCOL ESTERS

ETHYLENE GLYCOL ESTERS

THE first reference to the application of ethylene glycol dinitrate (“nitroglycol”),
as a component of explosive mixtures was published by Claessen [1] as early as 1904
and Propach [2] in 1905. Subsequently in the years 1909-1914 [3] the original ex-
periments were carried out aimed at decreasing the freezing temperature of nitro-
glycerine by adding nitroglycol. At that time the manufacture of glycol was based
on the hydrolysis of dibromoethane. The method was very expensive and did not
produce an economic yield, so glycol was not then manufactured on a commercial
scale.

As a result of the acute shortage of glycerine that occurred in Germany during
World War I a method was developed for manufacturing ethylene glycol by the
hydrolysis of dichloroethane. However, this reaction produces a number of glycols
of different chain length composed of various numbers of ethylene oxide units.
Hence the method was superseded by another, which is still in use, consisting in
the following chemical reactions:

CH, CH,OH CH2\ CH,OH

| +H0+c,—> | 20 | 20 mmweis I M

—HCl / 180-210°C, 15—20 atm
CH, CH,Cl CH, CH,0H

In the presence of hypochlorous acid ethylene reacts to form ethylene chlorohydrin
which, by means of calcium hydroxide in aqueous solution, is converted into ethylene
oxide. The ethylene oxide is then hydrolysed with water to form glycol. In addition
to ethylene glycol (“glycol”) a certain amount of diethylene glycol (“diglycol”) and
triethylene glycol (“triglycol”) are formed. On the average the percentage composition
of the product is as follows:

glycol 87-899%,
diglycol 9-11%,
triglycol 2-39,

All these components are capable of being nitrated.
Glycol, diglycol and triglycol are at present used for manufacturing their nitric
esters all over the world. Glycol dinitrate, or nitroglycol, is the most important

[141]
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additive to nitroglycerine in the preparation of low-freczing dynamites. The marked

volatility of this substance precludes its use for the production of smokeless powder. e_
Diglycol (2,2'-dihydroxydiethyl oxide) is also used as a substitute for glycerine.

Diglycol dinitrate, or dinitrodiglycol, is less volatile than nitroglycol and most

of it is utilised for the production of smokeless powder.

ETHYLENE GLYCOL MONONITRATE

CH,O0NO,
!
I
CH,0H

Glycol mononitrate (mononitroglycol) is a by-product accompanying the
nitration of glycol in the manufacture of nitroglycol (glycol dinitrate). Mononitro-
glycol is a liquid with a boiling point of 91-92°C under a vacuum pressure of 10 mm
Hg. Its specific gravity at 20°C is 1.35, its viscosity being slightly higher than that
of nitroglycol. Mononitroglycol is soluble in water and in most organic solvents.
It readily dissolves collodion cotton. It is powerful enough explosive, its heat of explo-
sion is 855.6 kcal/kg (water as vapour) and in the lead block test it produces an
expansion of 375 cm® [4].

Mononitroglycol may be obtained in a manner analogous to the Mikolajczak
process. Glycol is dissolved in 3 parts of nitric acid (density 1.51 g/cm®) at a tempera-
ture of 0°C, the solution is poured onto ice and neutralized with a sodium carbonate
solution. An oil consisting of glycol mononitrate (75%) and dinitrate (25%) separates
[4]. From this oil mononitroglycol is extracted with water and purified by distilla-

" tion under reduced pressure. The mononitrate can be further purified by re-dis-
solving in water and re-distillation. The yield of mononitrate is about 52, of
theoretical.- Mononitroglycol can be obtained from ethylene oxide and dinitrogen
tetroxide. Nitrito-nitrate is formed and then the O-nitroso group is hydrolysed
with sodium carbonate solution [39].

The simpliest laboratory method of preparing mononitroglycol consists in
reacting ethylene bromohydrin with silver nitrate [5] in acetonitrile solution [6]:

CH,Br CH,ONO,
| + AgNO; —> | + AgBr @
CH,OH CH,0OH

ETHYLENE GLYCOL DINITRATE (“NITROGLYCOL”)

CH,ONO,

CH,ONO,
Physical properties
Ethylene glycol dinitrate (EGDN, GDN, or nitroglycol respectively) is a trans-

parent liquid characterized by the following physical parameters: freezing point
—22.3 or —22.8°C; boiling point 197.5, 105.5 (19 mm Hg) or 70°C (2 mm Hg);
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density 1.5176 (at 0), 1.496 (at 15) or 1.489 g/ml (at 20°C). The latent heat of
fusion of the frozen product is 30 kcal/kg. Nitroglycol, like nitroglycerine, is fairly
sotuble in the majority of organic solvents except carbon tetrachloride and petrol
in which it dissolves to a smaller extent. Water mixes with it slightly more readily
than with nitroglycerine. The solubility of nitroglycol in 100 ml of water varies
with temperature (Naoum ([4]):

at 15°C 062 g
20°C 068 g
50°C 092 g

Other authors [40] quote the following value:
at 0°C 057 g

Nitroglycol dissolves collodion cotton with the greatest ease even in the cold, in this
respect performing better than nitroglycerine. Nitroglycol is practically non-hygro-
scopic, and is significantly more volatile than nitroglycerine.

Different authors have published divergent values for the volatility of nitro-
glycol. Thus Moreschi [7] reported a vapour pressure of 0.3 mm Hg at 20°C. Accord-
ing to Rinkenbach [8] at a temperature of 22°C the vapour pressure is 0.0565
mm Hg. The data quoted are cited both by Naoum and Meyer [9] and by Crater
[10]. The most accurate values are those published by Marshall [11] for the tem-
perature range 0—100°C:

temperature, °C 0 20 40 60 80 100
pressure, mm Hg 0.0044 0.038 026 13 59 220

According to the work of Brandnmer [12] the vapour pressure of nitroglycol
at different temperatures is as follows:

temperature, °C 20 30 40 50
pressure, mm Hg 0.048 0.125 0299 0.648

The vapour pressure of solutions of nitroglycol in nitroglycerine has been reported
on p. 4 (Table 13).

In a publication of Rinkenbach [13] the volatility of nitroglycol was reported
to be 2.2 mg/cm?/hr. This value is 20 times greater than that for nitroglycerine.
Since it possesses a sufficiently high vapour pressure at 100°C nitroglycol can be
slowly steam distilled.

The viscosity of nitroglycol is appreciably lower than that of nitroglycerine
(Moreschi [7]). At 15°C it amounts to 0.08056 P while at 40°C it is 0.02831 P.
Rinkenbach {8] has reported a viscosity of 0.0363 P at 23.6°C the corresponding
viscosity of nitroglycerine being 0.288 (and that of water 0.01 P), while in more
recent data by the same author [13] a value of 4.2 ¢P (0.042 P) at 20°C is reported.
The refractive index (n) is:

temperature, °C . 0 15 25 35
n 1.4546 1.4491 1.4454 1.4417

.
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Values for the physical constants of ethylene glycol dinitrate found by de Kreuk
[14], and Boileau and Thomas [I5] are given in Tables 2 and 3 respectively
(p. 3). Dipole moments are given in Table 4 (p. 4).

Chemical stability

Like nitroglycerine, on heating with aqueous solutions of sodium or potassium
hydroxides, nitroglycol is hydrolysed. In contact with an alcoholic solution of potas-
sium hydroxide, it reacts vigorously to yield potassium nitrite and potassium glycolate.

Again like nitroglycerine, it is hydrolysed to some extent by hot water, the
degree of hydrolysis (0.008% of the substance at 60°C during 5 days) being rather
more marked than that of nitroglycerine. This is most probably due to the higher
solubility of nitroglycol.

Like nitroglycerine, nitroglycol decomposes on prolonged contact with concen-
trated acids. Nevertheless numerous experiments have shown nitroglycol to be
more stable than nitroglycerine. Thus when maintained at a temperature of 75°C the
first symptoms of decomposition do not occur until after 11 days’ heating. In spite of
this nitroglycol usually fails to pass a heat test at 72°C. This is due to its high volatility
and hydrolysis of the product that condenses on the potassium iodide-starch
paper. Heating to a temperature of 195-200°C provokes an explosion less violent
than that of nitroglycerine.

The activation energy E of the thermal decomposition of nitroglycol has been
estimated ;

by Apin, Khariton and Todes [16] as 35.0 kcal/mole

by Andreyev et al. [17] as 35.7 kcal/mole

(for the coefficient B the authors found values of log,, B = 14 and 14.3 respecti-
vely).

Explosive properties
Nitroglycol is a powerful high explosive, which detonates with complete decom-
position: :
CH,ONO,

\ —> 2C0, +2H,0 + N, 3)
CH,0NO,

Owing to thorough utilization of the carbon, hydrogen and oxygen the thermal
effect of explosion is larger than in the case of nitroglycerine. An explosion of 1 kg
nitroglycol is accompanied by the evolution of 1580 kcal (water vapour) or 1705 kcal
(condensed water), i.e. 7% more than that produced by nitroglycerine. The heat
of formation —AH; of nitroglycol is 67.7 kcal/mole.

Nitroglycol is less sensitive to impact than nitroglycerine. It explodes under
a 2-kg weight falling from a height of 20-25 cm.

According to Andreyev’s [17] experiments when contacted with a flame nitro-
glycol behaves in a slightly different way from nitroglycerine: it burns quietly at
atmospheric pressure. In glass tubes 4 mm dia. within a pressure range of 300-770
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mm Hg at 14-15°C, its burning rate increases linearly with the pressure, in accor-
dance with the equation

U=A+ Bp

Burning ceases as soon as the pressure drops below 230 mm Hg.

The same linear relation between the rate of burning and the pressure holds
for values up to 10 kg/cm?, after which a further increase in pressure causes a -aster
increase in the rate of burning, until detonation occurs.

Analysis of the combustion products of nitroglycol obtained at atmospheric
pressure (Altukhova and Andreyev [18] indicates a high content of NO (nearly all
the nitrogen being present in that form), and of CO,, CO and CH,.

The combustion of large amounts of the substance can lead to explosion. Liquid
nitroglycol is more readily initiated by means of a detonator than liquid nitroglyc-
erine, and explosive combinations containing nitroglycol behave similarly.

Nitroglycol, like nitroglycerine. can detonate with high or low velocity. The
following figures indicate the rate of detonation: '

TaBre 20

DATA CHARACTERIZING THE DETONATION RATE OF NITROGLYCOL

State ! Metho‘d Initiation Rate Author
of aggregation of loading m/sec

liquid in an iron pipe, No. 8 detona- 7830 Naoim and
. 32-38 mmdia. | tor Berthmann {19]

liquid in an iron pipe 80 g picric acid]  8200-8300 Naotim and
32-38 or 3543 in. Berthmann [19]

dia.

liquid in a crucible No. 8 detonator 1000-3000 Stettbacher [20]
solid (—70°C) | in a crucible No. 8 detonator over 8000 Stettbacher [20]

In a lead block with water tamping nitroglycol causes an expansion of 650 cm®,
i.e. 1109 of that produced by nitroglycerine.

The biological properties of nitroglycol resemble those of nitroglycerine, but
the effect caused by breathing the vapour of nitroglycol is usually stronger, on
account of its higher volatility and hence its higher concentration in air, though
less persistent for the same reason of higher volatility [21].

Manufacture of nitroglycol

The first papers discussing methods of preparing glycol dinitrate from glycol
and its properties were published by Champion [22] and Henry [5]. At that time
they were only of theoretical interest in the absence of economic methods of pre-
paring ethylene glycol. According to a report by Kekulé [23] published as early
as 1869, by passing ethylene through a mixture of nitric and sulphuric acids an oily
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substance was obtained which was hydrolysed in the presence of water vapour

to form nitric acid, oxides of nitrogen, glycolic acid and oxalic acid. By reduction 4
with sodium amalgam, a certain amount of glycol and ammonia were obtained. :
It was not until 1920 that Wicland and Sakellarios [24] made it clear that the compo- }
nents of Kekulé’s oil were: nitroglycol (glycol dinitrate) (I) and nitric ester of
B-nitroethyl alcohol, i.e. B-nitroethyl nitrate (II). They suggested that the reaction l
of nitrating ethylene proceeds as defined by equations (4) and (5).

CH, HO CH,OH CH,ONO,
| o+l ] P @
CH, NO, CH,NO, CH,NO,
II
CH, wo CHONO _ — CHONO,
—] 2 H 3
| +2HNO, > | Mo )
CH, CH,ONO, CH,0ONO,
I

Fifty to sixty per cent of ethylene reacts in accordance with eqn. (4), and 40-50%,
in accordance with eqn. (5). Numerous attempts to use an oil comprising a mixture
of (I) and (II) in the manufacture of explosives have been unsuccessful, because
B-nitroethyl alcohol nitrate is insufficiently stable. Experiments have been made
to partially hydrolyse the oil with hot water at 80-90°C. Under these conditions
nitroethyl nitrate undergoes decomposition, whereas nitroglycol remains unchanged
(Ochme [25]). However, the method was not adopted in practice because the yield
of nitroglycol is relatively low, i.e. about 40% by weight of the oily product.

Finally in 1920 Oehme proposed a method for the nitration of ethylene oxide,
whereby an oil composed mainly of nitroglycol is produced. Unfortunately, the
quality of the product is appreciably impaired by other products which are formed
simultaneously, hence the method was not accepted by the industry.

A later method proposed by Oehman [26] produces glycol nitrate and dicthylene
glycol from ethylene by electrolysis. A platinum wire mesh submerged in an acetone
solution of calcium nitrate acts as anode, ethylene being blown through the solution
continuously. The cathode space behind the aluminium cathode is filled with a solu-
tion of calcium nitrate in nitric acid. At the anode the nitrate ion forms a free radical
NO; which combines partially with ethylene to produce nitroglycol (6);

CH, CH,0NO,
| +2NO; —> | (6)
CH, CH,ONO,

According to Oechman a proportion of the free nitrate radicals reacts with
one another according to reaction (7) probably accompanied by the evolution
of oxygen that combines with NO, radicals to form diethylene glycol dinitrate, as
outlined in eqn. (8):

2NO; —> N,05 + [0] 22O, 21NO, —> 2NO, M

o
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CH,—-ONO;

l
CH, /CH2
| +101+2N0; —> oC 8)
CH, CH,

|

CH,—ONO,

The anode liquor is neutralized by means of calcium hydroxide, and acetone
is removed by distillation. The residue consists of calcium nitrate and glycol dinitrate.
These are separated by filtering and the product is washed with water in the usual
way. For a certain time this method was used industrially.

In the present time nitroglycol is produced in exactly the same way as nitro-
glycerine.

Particularly extensive investigation into the kinetics of ethylene glycol nitration
have been carried out by Ochman et al. [40, 41], Roth, Stow and Kouba [27]. The
mixed acid ranged in composition from 11.5 to 209, of water, 18-40% of HNO,
and 45-68.57, of H,SO,. The ratio of mixed acid to ethylene glycol weight ranged
from 12 to 24.

Roth et al. found that with mixed acids containing less than 159 water, conversion
of glycol to ethylene glycol dinitrate was quantitative. Increase in the temperature
of the nitrator content can serve as a criterion. of the progress of the reaction.

The heat evolution of the reaction is strongly influenced by the amount of water
in the mixed acid (Fig. 65). The bottom curve (mixed acid with 209 H,0) has practic-
ally no slope. In these experiments no glycol dinitrate was obtained. The initial
increase of temperature here is probably due to the heat of solution of glycol in
mixed acid followed by slow nitration.

The heat of nitration AH, from the equation: Glycol + 2HNO,; (lig.) —>
—> GDN + 2H,0 (liq.) + AH, was found to be 8.5 kcal/per mole of glycol.

The reaction carried out in larger equipment duplicated the data found on a small
scale.

The reaction is virtually finished after 1-1% sec.

The manufacture of nitroglycol on an industrial scale consists in the nitration
of glycol in the same type of plant as those used for the production of nitroglycerine.

German standards [28] require that glycol used for nitrating should correspond
to the following conditions: the limits of boiling temperature to be 196-200°C,
density 1.1130-1.1135 g/cm® (20°/4°), acidity below 0.1, and saponification value
below 1.0 (Na,0).

In consequence of the slightly different properties of the raw materials and the
products, there exist some divergencies in the course of nitrating glycol as compared
with glycerine nitration. No pre-heating of the glycol is necessary before nitration,
since the viscosity of glycol is appreciably lower than that of glycerine. The heat
produced during the nitration of glycol is a little less than with glycerine, and the
slightly higher nitration rate makes the process quicker. Furthermore, it is possible
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to use more intensive cooling without any danger of freezing the product. The
optimal temperature of nitrating is 10-15°C, higher temperature reduces the yield.

In view of the higher solubility of nitroglycol in water as little water as possible
should be used for washing. Both for the above reason and because of the higher
volatility of nitroglycol, the use of very warm wash water should be avoided. In
order to minimize the loss caused by the volatility of nitroglycol gentle stirring with
water and neutralizing solutions by means of compressed air must be carried out
with care. This does not exert any adverse effect on the purity of product, because
the viscosity of nitroglycol is lower than that of nitroglycerine and vigorous stirring
is not necessary.
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Fic. 65. Heat evolution on nitration of ethylene glycol with nitrating mixtures of
variable water content (Roth, Stow and Kouba [27]).

Ropuszyaski [29] reports 2 more elevated temperature for nitrating glycol giving
a product containing less residual acid (as observed by the same author in the case
of 'nitroglycerine)— Table 21.

TABLE 21
Temp. of nitration Residual acid content Heat test
°C % HNO3 % H2S04 min
15 0.0088 0.0015 16
25 0.0041 0.0010 18




GLYCOL ESTERS ‘ 149

Since nitroglycol is more soluble and more volatile a marked loss of product
occurs so that the yield of nitroglycol is relatively lower than that of nitroglycerine.
100 kg of glycol at 10-12°C yield 222 kg of nitroglycol, i.e. 90.5% of the theoretical
yield of 245 kg.

Handling the spent acid from nitroglycol manufacturing is appreciably safer
than handling spent acid from the manufacture of nitroglycerine, since nitroglycerine
remains longer in contact with spent acid than nitrogtycol. This factor, plus the
lower sensitiveness of nitroglycol to impact and its smaller tendency to explode
by ignition combine to make the manufacture of nitroglycol less dangerous than
the production of nitroglycerine. That there is less danger of nitroglycol contacting
spent acid as compared with nitroglycerine can also be seen from the diagram of
Oehman, Camera and Cotti [42] (Fig. 26, p. 84).

In practice a mixture of glycerine and glycol in a 50/50 ratio is usually nitrated,
so as to produce in one operation a product suitable for use in low-freezing dynamites.

DIETHYLENE AND TRIETHYLENE GLYCOL ESTERS
DIETHYLENE GLYCOL DINITRATE
CH,0NO,—CH,—0—CH,~CH,0NO,

Diethylene glycol dinitrate is also known as diglycol dinitrate and DEGDN
(dinitrodiethylene glycol) or, more exactly, di-(ethyl-2-ol) ether dinitrate or 2,2'-
dihydroxydiethyl ether dinitrate. Its commercial names are: Dinitrodiglycol,
Nitrodiglycol and DNDG. In English speaking countries the abbreviations DEGDN,
DGDN or DEGN are commonly used.

Physical properties

Dinitrodiglycol exists in two crystalline forms — a stable form melting at a tempera-
ture of +2°C and a labile one whose melting point is —10.9°C (thus resembling
nitroglycerine). At 20°C it is an oily liquid of density 1.385 g/cm®, boiling and simul-
taneously decomposing at 160°C. Its refractive index is 1.4517 (at 20°C).

Dinitrodiglycol is more volatile than nitroglycerine. Its vapour pressure is
0.0036 mm Hg at 20°Cand 0.130 mm Hg at 60°C. Tts volatility at 60°Cis 0.19 mg/cm?/hr.

Dinitrodiglycol dissolves in nitroglycerine, nitroglycol and in some organic sol-
vents. It is scarcely miscible with ethyl alcohol, carbon tetrachloride and carbon
disulphide. The solubility in 100 g water is 0.40 g at 25°C and 0.46 g at 60°C. Ochman
[43] and Aubertein [44] made a detailed investigation of the solubility of dinitrodi-
glycol in mixed acids (Fig. 66).

Hackel and Kuboszek [30] have examined the eutectics of both forms of DEGDN
with sym-trinitrobenzene and a-trinitrotoluene (Table 22).

Collodion cotton is very readily dissolved in diethylene glycol dinitrate, more
so than in nitroglycerine. The viscosity of diethylene glycol dinitrate at 20°C is 8.1 cP,
i.e. lower than that of nitroglycerine.
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Fi1G. 66. Solubility of DEGDN in mixed acids [44].

TABLE 22
Eutectics
The second Stable form Labile form
component % of the second | freezing temp. | % of the second | freezing temp.
component °C component °C
TNB 8.0 | —13.2 115 —14
TNT 17.0 —15.5 20.5 -30

Stability and thermal decomposition

The chemical stability of dinitrodiglycol resembles that of nitroglycerine. Heated
with water it undergoes hydrolysis more slowly than nitroglycerine: on being main-
tained for 5 days at 60°C only 0.003% is decomposed. Hydrolysis in the presence
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of acids (Fig. 67) or sodium hydroxide is also more difficult. On the other hand dini-
trodiethylene glycol decomposes more readily than nitroglycerine when exposed

to action of spent acid probably due to the presence of ether-oxygen in the mole-
cule.

} formed

I Nitroglycerine
It I Nitroglycol
1l Dinitrodiglycol

| ;

VS ST S ) IO
100 200 300 360
Time in minutes .
Fic. 67. Rate of denitration of nitroglycerine, nitroglycol and dinitrodiglycol with mixed acid
containing 7.5-10.5% HNO; and 0.5-1.1% H,C (Oehman [43]).
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The relation between the chemical stability and nitrating temperature observed
by Ropuszyriski [29] in the instance of nitroglycerine (p. 43) and nitroglycol (p. 148)
has been also confirmed with dinitrodiglycol. Diglycol nitrated at a higher temperature
demonstrates improved stability owing to its lower content of residual acids. The

relevant data are shown in Table 23.
TABLE 23

THE RELATION BETWEEN THE NITRATING TEMPERATURE
AND RESIDUAL ACID CONTENT

Residual acid
Nitrating temperature content Heat test
°C min
%HNO3 | %H2804
15 0.138 0.0025 22
25 -0.0069 0.0015 30

Dinitrodiglycol is as toxic as mitroglycerine. It explodes at a temperature of
200°C developing a relatively small heat of detonation that amounts to 1070 kcal/kg.
Advantage is taken of this property in the manufacture of flashless and non-errosive
low calorific smokeless (“double base”) powder.

Dinitrodiglycol is incomparably less sensitive to shock than nitroglycerine,
in this respect approaching nitrocompounds, such as TNT. It explodes on impact
with a 2-kg weight dropped from a height of 160 cm. It is ignited by a direct flame
with some difficulty and having been ignited it does not explode like nitroglycerine.
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It follows from the investigations of Andreyev [17] that dinitrodiglycol is less
capable of burning than nitroglycerine. Thus in glass tubes of 5-6 mm dia. it
does not burn at 15°C. To obtain burning the tube diameter must be increased
to 8 mm or the initial temperature to 40°C. The linear velocity of burning is at
that time only half that of nitroglycol.

The increments of pressure required to increase the velocity of burning can be
determined by the following equation.:

U =0.0162 + 0.0122p

At a pressure of 55 kg/cm® the burning acquires a pulsating character and its
velocity increases rapidly. This behaviour is similar to that of the majority of nitric

esters. |

Explosive properties

Dinitrodiglycol detonates either at a high velocity of 6800 m/sec, or at a low
velocity of 1800-2300 m/sec. Its ability to detonate is less than that of nitro-
glycerine. Its lead block expansion value is 425 cm®, i.e. about 70% that of nitro-
glycerine.

Diglycol dinitrate is widely used in the explosives industry owing to its excellent
capacity of dissolving nitrocellulose, the relative safety of handling it and most
of all to its comparatively low price, which is less than that of nitroglycol and only
slightly higher than that of nitroglycerine. Its weak point is its particular tendency
to decompose in the presence of acid, so that storing spent acid is more dangerous
than in nitroglycerine manufacture.

Methods of production

The raw material for the production of dinitrodiglycol, i.e. diethylene glycol,
was synthesized as early as 1859 by Wurtz who saturated water and glycol with ethylene
oxide at a temperature of 100°C. He tried to nitrate diethylene glycol, but the reaction
yielded solely oxidation and hydrolysis products: glycolic acid, oxalic acid and other
acids, probably because the temperature was too high. Rinkenbach [8a] published
the first description of the properties of dinitrodiethylene glycol, while the industrial
nitration process was originally reported by Rinkenbach and Aaronson [31]. These
authors established that the largest yield was obtained by using a mixture of acids
composed of

: 50% HNO;
45% H,S804
5% H,0

in the proportion of 367 parts of mixed acid to 100 parts by weight of diethylenc
glycol at a temperature of 10-15°C.

In this way, from 100 parts of diethylene glycol, these authors obtained 158
parts of the product. This is 85.4% of the theoretical yield. Laboratory scale
nitration can give 93% yield [42].
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In the factory at Kriimmel [28] the first stage of manufacturing dinitrodiethylene
glycol was the conversion of glycol and ethylene oxide into diethylene glycol accord-
ing to the equation:

CH,0H CHp . . CHOH CHOH

; + el |
CH,0H cuy (320w CH,—O—CH,

®

Diethylene glycol was separated from the reaction product by fractional
distillation. Its properties should meet the following standard requirements. It must
be an odourless, transparent, colourless or slightly coloured liquid, with a specific
gravity of 1.1157-1.1165 at 20°C and maximum water content of 0.5%. Under
a pressure of 760 mm Hg 99 parts by weight should distil within temperatures
of 241.0°C (at the beginning of distillation) and 246.5°C, the residual 1% coming
over below 250°C. The whole distillation should take 25 min. (For barometric
pressure a correction of 0.05° for every millimeter of mercury is applicable). Acidity
lower than 0.02% (as H,80,) is required, the saponification value may be up to
0.05%; (as Na,0), chlorides can be present only in traces, reducing agents must be
absent and the maximum permissible glycol content is 2%.

Diethylene glycol is highly hygroscopic (more so than ethylene glycol), and so
must be stored in sealed containers. The viscosity of diethylene glycol is a little
higher than that of ethylene glycol, but it is appreciably less viscous than nitroglyc-
erine, hence it is not necessary to heat diethylene glycol before feeding it into the
nitrator.

At Kriimmel [28] the mixed acid composed of
65% HNO;
35% H,S04
was prepared by mixing nitric acid of 98-99% with oleum 26% and with sulphuric
acid. The nitrating acid should be freed from oxides of nitrogen as carefully as possible.

The nitration was carried out by a batch method, each charge comprising 420 kg
diglycol and 1218 kg mixed acid. As a safety precaution for storing the spent acid,
an excess of 293 kg HNO; was added to the mixed acid (theoretically 499 kg of
HNO; are necessary for nitrating 420 kg of diglycol).

The nitration process was performed in the usual equipment, controlling the
temperature, which should not exceed 25°C, by cooling with a 35% sodium nitrate
solution, the temperature of which was —15°C. Under these conditions nitration
lasted about 25 min. When the nitration was completed, the contents of the nitrator
were cooled down to 15°C and transferred to a separator. The separation was
accomplished within 7 min and the spent acid was immediately sent to the denitra-
tion unit. Special care had to be taken to ensure that no spent acid remained in the
tank, because decomposition of the residual dinitrodiethylene glycol may start
within a few hours. None the less such decomposition is less hazardous than that
of nitroglycerine, since dinitrodiethylene glveol produces a spontaneous explosion
only in the instance when the tank is confined.
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The spent acid consisted of:

HNO; 28-29%
H,S0, 44-46%,
H,0 20-249,

Dinitrodiglycol 4-5%

The high proportion of nitric acid in the spent acid inhibits hydrolytic decom-
position of DEGDN.

Diethylene glycol dinitrate was washed twice after separation, the primary
washing being carried out with some 300 1. of water, to give an acid wash water

containing
3-49, HNO3;
5% H>S0,4
2-3% dinitrodiglycol

~ When the dinitrodiglycol has been separated, the washings were transferred for
denitration.

For the second, final washing, 500 1. of cold water were used, after which the
product is neutralized with 150 1. of a 5% sodium carbonate solution heated to
a temperature of 60°C, and then washed using 500 1. of water.

A sample of dinitrodiglycol subjected to the heat test should withstand a tempera-
ture of 82°C for 20 min. Should the product fail the test washing with sodium carbon-
ate solution and water should be repeated.

From each nitration charge 710-715 kg of dinitrodiethylene glycol were produced,
i.e. about 92% of the theoretical yield.

TRIETHYLENE GLYCOL DINITRATE

Triethylene glycol dinitrate (dinitrotriethylene glycol, nitrotriglycol, dinitrotriglycol
or triglycol dinitrate):

CH,0NO, CH,ONO,

| |

CH,—0—CH,—CH,—~0—CH,

is an oily liquid, with a specific gravity of 1,335. It is characterized by a wholly
insignificant sensitiveness to shock, resembling that of dinitrobenzene. Its stability
is similar to that of dinitrodiethylene glycol. Its heat of detonation is 750 kcal/kg.
The raw material for manufacturing dinitrotriethylene glycol i.e. triethylene
glynol (“triglycol”), should meet the following requirements. It should be a trans-
parent liquid of yellowish colour, with a faint smell. It should not contain glycol
and the maximum content of water should be 0.19. Specific gravity should be
1.1217 at 20°C, and the refractive index at 20°C should be 1.4552. On distillation
95.2 parts by volume should distill over within the temperatures range of 278.8
to 310°C, leaving a solid residue not exceeding 0.0019;,. Maximum acid content
should be 0.005% (as H,SO,), the maximum saponification value 0.632% (as Na,O),
chlorine may be present only in traces, and reducing agents must be absent.

L, T T 5 o
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According to information from the factory at Kriimmel [28] triethylene glycol

was nitrated with an acid mixed in the proportion:
HNO; 70%
H>S04 30%

For a 500 kg charge of triglycol, 1250 kg of nitrating acid were used, nitration
being carried out during a period of 30 min.

The solubility of dinitrotricthylene glycol in the spent acid is exceptionally
high amounting to 8-9%. Denitrating such an acid can be hazardous in view of
the presence of such a large amount of an explosive substance. Separation takes
place slowly and lasts over half an hour. This is an added hazard, since dinitro-
triglycol readily decomposes in the presence of spent acid. It is therefore necessary
to add water to the spent acid before the oily explosive material is separated, and
the residual spent acid is transferred to the denitration unit. The separated oil is
washed twice with water, then with a sodium carbonate solution and finally with
water. A sample of washed and neutralized triethylene glycol dinitrate should
withstand the heat test for 20 min at 82°C. ‘

From 500 kg of triglycol, 650 kg of dinitrotriethylene glycol, i.e. 72.6%, are obtained.

A laboratory scale reaction can give 86-87% yield [43].

ESTERS OF OTHER GLYCOLS
METHYLENE GLYCOL DINITRATE

_/ONO,
CH,

\ON02

Methylene glycol dinitrate, or “nitromethylene glycol®, is an oily liquid having
a boiling point of 75-77°C at 20 mm Hg.

It is a strong explosive, capable of dissolving collodion cotton. However it is
not stable, being readily hydrolysed and therefore it is of no practical significance.

A method of obtaining this explosive, by the nitration of moist paraformal-
dehyde was patented by Travagli and Torboli [32]. They utilised the well-known
property of formaldehyde of reacting like methylene glycol in the presence of water.

According to Travagli [33] methylene glycol dinitrate is obtained as follows:
paraformaldehyde is dissolved in sulphuric acid and added drop-wise at 3-5°C
into a mixture of nitric and sulphuric acid. The resulting oil is separated and washed
with water to give a final yield of 35%.

TRIMETHYLENE GLYCOL DINITRATE

Trimethylene glycol dinitrate, 1,3-propylene glycol dinitrate (1,3-propanediol
dinitrate) or nitropropylene glycol
0,NO—CH,—CH,--CH,—ONO,
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is an oily liquid boiling at 180°C under 10 mm Hg, with a specific gravity of 1.393
at 20°C. It is more volatile and less viscous than nitroglycerine. It is miscible with
the same solvents as nitroglycerine. It dissolves collodion cotton fairly well. For
the various physical constants of 1,3-propylene glycol dinitrate (such as viscosity,
refractive index, dielectric constant, dipole moment) — see Tables 2, 3, and 4
(pp- 3 and 4).

Concentrated nitric acid decomposes it with oxidation.

The chemical stability of trimethylene glycol dinitrate is excellent. A sample
kept at a temperature of 75°C for a period of 25 days does not decompose. In the
heat test, the iodide-starch paper is coloured only because of the volatility of the
substance.

Nitropropylene glycol is a strong explosive. According to Naotum [4] the heat of
detonation is 1138.5 kcal/kg (water as vapour). When heated it explodes at 225°C.
Its sensitiveness to impact is very low: a 2-kg weight falling from a height of 100 cm
fails to initiate an explosion. According to Naoum it gives an expansion of 540 cm3
in the lead block with water tamping, which is equivalent to 90% of that produced
by nitroglycerine. The expansion produced by a 93% blasting gelatine made from
trimethylene glycol dinitrate is 470 cm3, i.e. 80% of the effect produced by the same
gelatine made from nitroglycerine.

Trimethylene glycol dinitrate aroused interest during World War I, since a
considerable amount of trimethylene glycol occurs in glycerine obtained by the
fermentation method. Furthermore glycerine may be converted to trimethylene
glycol by bacterial action, as demonstrated by Freund [34] as early as 1881. It has
been established that the amount of glycol formed during glycerol fermentation
is insignificant and that it is formed mainly from glycerine as a result of
secondary fermentation processes. A high concentration of sulphite in the fermen-
tation vats prevents the formation of glycol, but its formation is stimulated by
decreasing the sugar content of the mash.

Most of the trimethylene glycol can be separated from glycerine by distillation
since glycol has a significantly lower boiling point. \

The presence of glycol does not have any adverse effect on nitration, it merely
reduces the yield.

Pure trimethylene glycol boils at 211°C, its specific gravity is 1.0526 (at 18°C).
Trimethylene glycol distilled from fermentation glycerine contains a certain amount
of sulphur compounds (0.6-0.7% expressed as sulphur).

Agcording to Naoum [4] the nitration of trimethylene glycol requires a lower
temperature than that used for nitrating glycerine, because the central methylene
group is readily oxidized at a higher temperature. A temperature between 0
and 10°C is recommended since decomposition is possible even at 15°C, while
at 20°C yellow fumes are evolved. Separating the product from the spent acid occurs
with ease at 10°C. From 100 parts of trimethylene glycol, 198 parts of dinitrate
are produced corresponding to 90.6% of the theoretical yield.

The spent acid behaves differently from that remaining after the nitration of
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nitroglycerine, since after an interval of time the glycol dinitrate contained in the
solution undergoes oxidation, accompanied by a temperature rise of as much as
30°C and by the evolution of oxides of nitrogen, and carbon dioxide.

As shown by Naotim [4] a mixture of glycerine with 5-10% trimethylene
glycol can be nitrated without difficulty at 30°C, the mixture behaving like pure
glycerine. Nevertheless, if the proportion of trimethylene glycol amounts to 20%,
the inclination to oxidation is evident initially at a temperature of 20°C but if the
reaction is carefully controlled it is possible to perform the nitration at 25°C. The
spent acid that remains after nitrating such mixtures behaves like the acid resulting
from the nitration of glycerine, except that its content of NO, developed by the
oxidation processes is greater.

METHYL GLYCOL DINITRATE

CH,;—CHONO,

CH,ONO,

Methyl glycol dinitrate (propylene-1,2-glycol dinitrate or 1,2-propanediol dini-
trate) is an oily liquid, boiling at 92°C at 10 mm Hg. Its specific gravity is 1.368
(at 20°C). The liquid does not freeze at a temperature of —20°C. It is more volatile
than the isomeric propylene-1,3-glycol dinitrate.

Various physical constants of 1,2-propyleneglycol dinitrate (such as viscosity,
refractive index, dielectric constant, dipole moment) are given in Tables 2 and 4
(pp. 3 and 4).

In physical properties and explosive parameters methyl glycol dinitrate resem-
bles its isomer. The heat of detonation as 1110 kcal/kg (water as vapour). The expan-
sion produced in the lead block with water tamping is 540 cm® [4].

As early as in 1904 the substance was proposed [35] as an additive to lower
the freezing temperature of nitroglycerine, but its practical application on a large
scale was hindered by lack of the raw material, propan-1,2-diol. It is only recently
that the synthesis of glycol from ethylene led to the development of a method for
producing methyl glycol from propylene via chlorohydrin. Even so, propylene-
1,2-glycol is somewhat more expensive than glycols derived from ethylene.

1,2-Propylene glycol was nitrated by Naotm [4] using mixed acid composed of

40% HNO;
60% H2S04
at a temperature of 20°C to produce 187 parts of product from 100 parts of glycol,
i.e. an 86% yield.
A mixed acid containing
47.5% HNO;
455%  H,S04
7% H20
was used by Matignon, Moureau and Dode [36] at 10°C. By using 10% excess of
HNO, they achieved a yield of 91-93%.
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1,3-BUTYLENE GLYCOL DINITRATE

CH;—CHONO,—CH,~CH,0NO,

Butylene-1,3-glycol dinitrate (1,3-butanediol dinitrate), also called “dinitro-
butylene glycol”, is an oily liquid (at 15°C) which does not freeze at a temperature
of —20°C. Its specific gravity is 1.32. Dinitrobutylene glycol is more volatile than
nitroglycerine, but less so than nitroglycol. Collodion cotton dissolves in it fairly
easily [4,37].

For other physical constants of 1,3-butanediol dinitrate see Tables 2 and 4
(rp. 3 and 4).

The substance is characterized by excellent chemical stability. Its explosive
strength, as measured by the expansion produced in the lead block, is equivalent
to about 75% of the explosive strength of nitroglycerine.

As early as in 1911 butylene-1,3-glycol dinitrate was suggested [38] as a compo-
nent of explosives either alone or blended with nitroglycerine.

Its raw material, 1,3-butylene glycol, is produced from acetaldehyde by con-
version into acetaldol and reduction to the glycol:

2CH;CHO —-> CH;-CHOH-CH,-CHO —> CH,CHOH-CH,-CHOH  (10)

Naotm [4] nitrated 1,3-butylene glycol and obtained a yield of 93.7%, i.e. from
100 parts of butylene glycol, 187.5 parts of dinitrate were obtained. (See also Mati-
goon et al. [36], Aubry [37]). Aubertein [42], however, pointed out the difficulty of
nitrating 1,3-butylene glycol with nitric-sulphuric acid mixtures.

LITERATURE
. 1
. H. CLAEsseN, Ger. Pat. 179789 (1904). ‘
2. W. ProPACH, according to S. NAuckuOFF and O. BERGSTROM, Nitroglycerin och Dynamit,
Nitroglycerin Aktiebolaget, Gyttorp, 1959.
3. Société Anonyme d’Explosifs et de Produits Chimiques, Mém. poudres 16, 72, 214 (1911-12);
17, 175 (1913-14).
4. PH. NaoUM, Nitroglycerin u. Nitroglycerinsprengstoffe, Springer, Betlin, 1954.
5. L. HENRY, Ann. chim. phys. [4], 27, 243 (1872).
6. A. F. Ferris, K. W. McLEaN, J. G. Marks and W. D. EmMons, J. Am. Chem. Soc. 75,
4078 (1953).
7. A. MoREscHI, Atti Rend. Accad. Lincei V, 28, 1, 277, 428 (1919).
8. VJ. H. RINKENBACH, Ind. Eng. Chem. 18, 1195 (1926).
8a. W. H. RINKENBACH, Ind. Eng. Chem. 19, 474 (1927).
9. Pu. Naotm and K. H. MEYER, Z. ges. Schiess- u. Sprengstofiw. 24, 88, 177 (1929); 25, 110 (1930).
10. W. C. CRrATER, Ind. Eng. Chem. 21, 670 (1929).
11. A. MarsHALL, Explosives, Vol. 3, Churchill, London, 1932; J. Soc. Chem. Ind. 49, 32 (1930).
12. J. D. BRANDNER, Ind. Eng. Chem. 30, 881 (1938).
13. W. H. RINKENBACH, Encyclopaedia of Chemical Technology (Edited by Kirk & Othmer),
‘Vol. 6, Interscience, New York, 1951.
14. L. J. b KREUK, Rec. trav. chim. 68, 819 (1942).

—




F GLYCOL ESTERS 159

15. J. BoiLeau and M. THoMAs, Mém. poudres 33, 155 (1951).

16. A. YA, APIN, Yu. B. KHARITON and O. M. Tobss, Acta Physicochim. U.S.S.R. 5, 655 (1936).

17. K. K. ANDREYRV, Termicheskoye raslozheniye i goreniye vzryvchatykh veshchestv, Gosener-
goizdat, Moskva-Leningrad, 1957.

18. T. F. ALtuksovA and K. K. ANDREYEv, according to K. K. ANDREYEv, ref. [17], p. 125.

19. PH. NaoUM and A. BERTHMANN, Z. ges. Schiess- u. Sprengstoffw. 26, 188 (1931).

20. A. STETTBACHER, Schiess- u. Sprengstoffe, Barth, Leipzig, 1933.

21. E. Gross, M. Bock and F., HELLRUNG, Arch. exp. Path. Pharmak. 200, 271 (1942).

22, P. CHAMPION, Compt. rend. 73, 571 (1871).

23. F. A. KexULE, Ber. 2, 329 (1869).

24. H. WiIELAND and E. SAKELLARIOS, Ber. 53, 201 (1920).

25. H. OenME, Ger. Pat. 310789, 338056, 341720 (1918); 349349, 360445 (1919); 376000, 377268,
384107 (1920); 386687, 410477 (1921); 414376 (1923).

26. V. OeBMAN, Z. Elektrochem. 42, 862 (1936).

21. ). RotR, F. S. Stow, Jr., and D. L. KouBa, Ind. Eng. Chem. 50, 1283 (1958).

28. Technical Report P.B. p. 25, Explosives Plants D.A.G.: Kriimmel, Diineberg, Christianstandt,
U.S. Dept. of Commerce, Washington, 1945.

29. S. RoruszyNsK1, Chemia stosowana 2, 341 (1958).

30. J. HackeL and R. KuBoszek, Bull. Acad. Polon. Sci., sér. chim. 8, 143 (1960).

31. W. H. RiNkeNBACH and H. AARONSON, Ind. Eng. Chem. 23, 160 (1931).

32. G. O. TravacLl and TorsoLr, Ital. Pat. 338080 (1935).

33. G. O. TrAVAGLL, Gazz. chim. ital. 68, 718 (1938); Chimica ed Ind. 20, 389 (1938).

34. A. FREUND, Monatsh. 2, 638 (1881).

35. H. CrassseN, Ger. Pat. 179789 (1904).

36. C. MATIGNON, H. Moureau and M. DobE, Mém. poudres, 25, 176 (1932-33).

37. Ausry, Mém. poudres, 25, 194 (1932-33).

38. H. HisBerT, U.S. Pat. 994841, 994842 (1911).

39. G. RossMy, Chem. Ber. 88, 1969 (1955).

40. V. OEHMAN, Die Phasen- u. Reaktionsgleichgewichte bei der Darstellung von Nitroglykol, Inge-
nidrsvetenskaps akademien, No. 139, Stockholm, 1936.

42, V. OraMaN, E. Camera and L. Corri, Explosivstoffe 9, 95 (1961).

41. V. OeaMAN, E. CaMera and J. BoUurGEols, Chem. Ztg.-Chem. Apparatur 83, 399 (1959).

43, V. OEHMAN, Svensk Kem. Tidskr. 56, 328 (1944).

44. P. AUBERTEIN, Mém. poudres 30, T (1948).



CHAPTER VI

MONOHYDROXYLIC ALCOHOL ESTERS 4

METHYL NITRATE

FoRr a long time methyl nitrate CH;ONO, has aroused interest, for it is the simplest
ester of nitric acid and at the same time one of the strongest explosives. However,
its high volatility and low boiling point prevented practical application until World
War II, though it was used in the nineteenth century for a certain time in the
organic chemical industry as a methylating reagent, e.g. instead of methyl sulphate.
This application soon ceased owing to the danger of handling the substance.
During World War II, it was used in Germany under the name myrol as a rocket
fuel.

PHYSICAL PROPERTIES

Naotm [1] describes methyl nitrate as a colourless liquid boiling at 65-66°C,
very mobile and possessing a viscosity lower than that of water. Its specific gravity

is 1.21.
Pauling and Brockway [2] established the structure of methyl nitrate and the
length and bond angles, using the electron diffraction method (p. 2). :

It is slightly miscible with water: 100 ml of water dissolve 3.85 g of methyl
nitrate at room temperature. Methyl nitrate is capable of dissolving collodion
cotton and higher nitrated cellulose with the greatest ease. It has a distinctive,
agreeable odour. Breathing vapours of methyl nitrate causes headaches. The physio-
logical action is similar to the effect of inhaling nitroglycerine, with the difference ,
that the symptoms are noticeable in a very short time and that they disappear more ty
swiftly. Vapours of methyl nitrate are inflammable: heating to a temperature of
150°C causes explosion. )

Many investigations have been made into the mechanism of its explosive decom-
position in the gaseous phase on heating to a sufficiently high temperature, e.g.
250-300°C, or by a spark or irradiation.

STABILITY AND THERMAL DECOMPOSITION

Decomposition of methyl nitrate under these conditions produces a spontaneous
explosion. Apin, Khariton and Todes [3] on the basis of original experiments

T
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in this field, suggested that the spontaneous decomposition is caused by the exo-
thermic character of the reaction:

2CH,;0ONO, —> CH,0H -+ CH,0 + 2NO, m

The explosion of gaseous methyl nitrate subjected to the influence of an electric
spark at 25°C was investigated by Zeldovich and Shaoulov [4] who found that
it differs from an explosion initiated by heat. According to these authors, the follow-
ing equations express the decomposition reaction caused by an electric spark:

induction: CH30NO, —> CO + NO 4 H,0 +.H, @
explosion: CH;ONO, —> ;CO + $H,0 4 ;CO; + 3N, )]

The thermal decomposition of methyl nitrate has been studied by Phillips [5],
who suggested that the reactions occurring at the initial stages of decomposition
of methyl nitrate and of other simple nitric esters are as follows:

RCH,0ONO, == RCH,0° + NO, ' @

RCH,0° + RCH,0ONG, —> RCH,OH + RgHONOZ ‘ 6]
R(e',‘HONOZ —> RCHO + NO, ®

R—CH,0® —> ;R—CHO + :R—CH,0H ’ ')

Alternate oxidation and reduction reactions take place between the products
to form such gases as nitrous oxide and carbon monoxide.

Gray and Rogers [6] have studied the decomposition of methyl nitrate induced
both thermally and by irradiation. They postulate that a spontaneous decom-
position occurs at 300°C, in the following stages: initiation of the reaction ac-
cording to eqn. (2) is followed by oxidation reactions:

CO + H,0 —> CO, + H, ®)
2NO 4 2CO —> 2C0, + N, ®
2NO + 2H, —> 2H,0 + N, (10)

Summing up, decomposition may be formulated in a single equation:
CH,ONO, —> 0.95 NO + 0.025 N, + 0.75 CO + 0.25 CO, + 0.7 H, + 0.8 H,0 (1)

The reaction induced by an electric spark proceeds according to the following
equation:

CH,0NO, —> 0.175 NO + 0.41 N, + 0.49 CO + 0.51 CO, + 0.175 H; + 1.31 H,0 (12)

As for the reaction occurring as the result of irradiating methyl nitrate Gray and
Rogers suggest that this chemical change may be expressed by means of the equation:

CH;ONO, —> 0,30 NO + 0.35 N, + 0.50 CO + 0.50 CO, + 1.2 HyO + 030 H, (13)
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Gray and Rogers are of the opinion that free radicals take part in all explosive
decomposition reactions of methyl nitrate.

The thermal effect from exploding methyl nitrate (1609-1612 kcal/kg) is 19 higher
than that developed by the explosion of nitroglycerine according to equations:

2CH30NO, —> CO, + CO + 3H,0 + N, (14
and 2CH3ON02 —> 2C02 + 2H20 + Hz + N2 (]5)

(Berthelot [7]).

Methyl nitrate is less sensitive to impact than nitroglycerine: it detonates under
the impact of a 2-kg weight falling from a height of 40 cm. Andreyev and Purkaln [8]
established that it burns in a glass tube at atmospheric pressure with a linear velocity
of about 0.12 cm/sec, i.e. about 4 times faster than nitroglycerine. Burning continues
to take place quietly under increased pressure until a value of 1.5 kg/cm? is exceeded.
Under higher static pressures, pulsation becomes visible and further increase of
pressure, e.g. up to 4 kg/em? may produce explosion.

For pressures within the range 0.175-2.0 kg/cm?, the linear velocity of burning
may be estimated from the equation

U=0010+0.133 p

EXPLOSIVE PROPERTIES

The sensitiveness of methyl nitrate to shock produced by detonation is one
of highest ever known — it is appreciably higher than that for nitroglycerine.
Thus, detonation of methyl nitrate can be initiated even by a No. 1 detonator.
The lead block expansion with water tamping was found to be (Naoum [1]):

520 cm3 with a No. 1 detonator (nitroglycerine 190 cm3)
615 cm3 with a No. 8 detonator (nitroglycerine 590 cm3)

The excellent aptitude to detonate may be explained to some extent by the
exceptionally low viscosity of the substance. Similarly the low viscosity of methyl
nitrate favours a high detonation rate.

Berthelot [9] has published some data concerning the rate of detonation of methyl
nitrate. They are listed below:

in a glass tube dia. 3/12 mm 2480 m/sec
in a glass tube dia. 3/7 mm 2190 m/sec
in a steel tube dia. 3/15 mm 2085 m/sec

In a tube 30-40 mm dia. the detonation rate is 8000 m/sec. In a small diameter
tube a detonation rate of about 1500 m/sec has been found, while in a wide tube
detonation is propagated at a rate exceeding 6000 m/sec (Ratner [10]).

MANUFACTURE

On a small scale methyl nitrate can be obtained by carefully distilling a mixture
of methyl alcohol with nitric acid containing urea nitrate [18] or with nitric—
sulphuric acid mixture at 40 or 18°C [19].

Commercial quantities are manufactured in a way similar to nitroglycerine, except

3
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that because of the high volatility of methyl alcohol and methyl nitrate, the contents
of the nitrator should not be stirred by compressed air. Thus Schmid systém
nitrators with mechanical stirrer were used in Germany during World War II
[11]. Also, on account of the low boiling point and high volatility of methyl nitrate,
hot water is not used for washing. Its low viscosity enables the product to be
washed thoroughly with cold water and cold solutions.

100 parts of methyl alcohol yield 200 parts of methyl nitrate, i.e. 83% of the
theoretical yield. .

ETHYL NITRATE, C,H,0ONO,
PHYSICAL AND THERMOCHEMICAL PROPERTIES

Ethyl nitrate is a liquid boiling at 87°C, with a specific gravity of 1.12. It is scarcely
miscible with water, but readily dissolved by organic solvents. Collodion cotton
is dissolved in it with ease.

The substance aroused interest as long ago as in Berthelot’s [7] day. He deter-
mined the O-nitration heat of ethanol as 6.2 kcal/mole. Thomson [12] has esti-
mated the heat of combustion —AH, to be 324.04 kcal/mole.

Naotim [1] investigated its explosive properties (see further) and reported the
heat of explosion to be 816 keal/kg (water as liquid). Despite the fact that its appre-
ciable explosive properties had long been recognized, no further attention was paid
to ethyl nitrate for some time, because there seemed no possibility to finding a prac-
tical use for it. Very recently, however, it has been used as an ingredient of liquid
rocket fuels. This has stimulated investigations designed to determine its properties
more accurately.

Thus the heat of explosion (under oxygen-free conditions) has been determined by
Wheeler, Whittacker and Pike [13] to be — Q = 77.6 kcal/mole, i.c. 853 kcal/kg,
which is close to the value reported by Naoum [1].

From the thermochemical data quoted, Gray, Pratt and Larkin [14] have cal-
culated both the heat of formation of ethyl nitrate at 25°C and other thermo-
chemical constants including the latent heat of evaporation. These data are col-
lected in Table 24.

TABLE 24

THERMOCHEMICAL PROPERTIES OF ETHYL NITRATE

Property in question Amount of heat
Heat of formation of the liquid substance at 25°C —AH; 45.7 kcal/mole
Heat of formation of the gaseous substance —AH; 37.0 kcal/mole
Latent heat of evaporation (AH,) at 25°C 8.7 kcal/mole
Latent heat of evaporation (AH,) at boiling point 8.1 kcal/mole
Entropy (in relation to absolute zero) of the liquid substance at 25°C | 59.08 cal/mole/degree
Entropy of formation of the liquid at 25°C —118.1 cal/mole/degree
Gibbs free energy of formation AFF of the liquid substance at 25°C —10.5 kcal/mole
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These authors have also determined the vapour pressure over the range 0 to
68°C. They found the following values:

temperature °C 0 20 30 40 50 60
pressure, mm Hg 163 499 81.8 129 197 292

These values fit the equation of Antoine

1329

] mm) = 7145 — -2
0810 p (mm) £C 1 224C

EXPLOSIVE PROPERTIES

According to Naoum [1] the expansion produced by ethyl nitrate in the lead
block with water tamping is 345 cm®, the rate of detonation in wide diameter tubes
being of the order of 6000-7000 m/sec. Médard [15] has reported that the substance
can be detonated in thick-walled metal tubes by strong initiation, for instance
by about 40 g of PETN. Using a tube of 27 mm inner dia., the rate of detonation
was found to be 5800 m/sec, while in a tube 60 mm diameter it was 6020 m/sec.
Attempts to detonate ethyl nitrate in glass tubes 10 mm dia. were unsuccessful.
The lead block expansion caused by explosion of ethyl nitrate is about 207 greater
than that of picric acid. According to Médard the sensitiveness of ethyl nitrate to
shock is not very high: drop tests with a 2-kg weight falling from a height of 50
cm caused explosion in 50%.

The use of ethyl nitrate as a component of rocket fuel involves the problem of
thermal decomposition. Levy [16] has studied the decomposition of ethyl nitrate
in the gaseous phase, in the temperature range 161 and 201°C under a pressure
of a few centimeters of mercury. He found that ethyl nitrite is the main decompo-
sition product. By-products include methyl nitrite, nitromethane, nitrogen dioxide
and nitrous oxide.

At 181°C the yield of nitromethane corresponds to 8-9% of the decomposed
ethyl nitrate. ’

Nitromethane and methyl nitrite are probably synthesized from free methyl
radicals which react with NO,.

Using their own data on the decomposition of ethyl nitrate between 180 and
215°C under pressures of 30-50 mm Hg, Adams and Bawn [17] have calculated the
activation energy F and the constant B:

E=139.90 keal, log,, B=15.8

Ethyl nitrate is produced [1] by disssolving ethyl alcohol in the cold in concen-
trated nitric acid (density 1.41 g/cm®) free from nitrogen oxides followed by distil-
lation of the product.

In the presence of nitrogen oxides, ethyl alcohol is readily oxidized to acetal-
dehyde and this chemical change can upset the nitration reaction, if the acid contains
appreciable amounts of nitrogen dioxide.
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n-PROPYL NITRATE, n-C;H,ONO,

n-Propyl nitrate is a liquid boiling at 110.5°C. Its specific gravity is 1.063. Its
explosive properties are not marked and it can be detonated only with great diffi-
culty. The calculated heat of detonation is 549 kcal/kg (water as vapour). Expansion
in the lead block test is only 15 cm?, after correction for the expansion produced
by the detonator. When mixed with kieselguhr in the proportions of 71.5-28.5,
however, it produces a distinct detonation and in a lead block test it gives an expan-
sion of 230 cm® [1]. n-Propyl nitrate is prepared in the same way as ethyl nitrate.

ISOPROPYL NITRATE

The boiling point of isopropyl nitrate is 101-102°C. It can only be obtained
indirectly from isopropyl iodide and silver nitrate. Direct nitration of isopropyl
alcohol is difficult due to oxidation at the carbon atom carrying the secondary
hydroxyl group.
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CHAPTER VII

POLYHYDROXYLIC ALCOHOL ESTERS

BUTANE-1,2,4-TRIOL TRINITRATE
CH,0ONO,—CHONO,—CH,—CH,0NO,

BUTANE-1,2,4-TRIOL trinitrate, also called “nitrobutanetriol”, is a good solvent of
collodion cotton. It is less volatile than nitroglycerine and a chemically stable com-
pound. Its explosive strength is not much inferior to that of nitroglycerine. Its heat
of explosion is 1440 kcal/kg [1].
During World War II, it was produced in Germany on a semi-commercial scale.
Its manufacture largely depends on the availability of the raw material, 1,2,4-bu-
tanetriol, which is produced from acetylene by a sequence of chemical changes as

outlined below [2]:
+H,0

' — Cu,C, —
CH=CH + 2CH,0 —:>* > HOCH,-C=C-CH,0H 1,50, + HgsO,

> HOCH,—CO—CH,—CH,0H Yz, HOCH,—~CHOH—CH,—CH,0H (1)

BUTANE-1,2,3-TRIOL TRINITRATE
CH,0ONO,— CHONO,-CHONO, — CHj

Groll [3] suggested the manufacture of butane-1,2,3-triol trinitrate for use as an
explosive. The possibility of using it in practice depends upon the industrial synthesis
of the raw material, butane-1,2,3-triol. Reppe [2] has suggested the following method:

CH=CH + CH,;CHO .“*®, CH=C—CHOH-CH, H:_,

> CH,=CH—CHOH-CH; H9% . CH,0H--CHCI-CHOH—CH, 2%

-—> CH,0H—CHOH—CHOH—CH, @

ERYTHRITOL TETRANITRATE

Erythritol tetranitrate (butanetetraol tetranitrate), also called “nitroerythrite”,
is. a solid melting at 61°C. It was obtained as early as in 1849 by Stenhouse [4],
by dissolving erythritol in nitric acid in the cold and afterwards precipitating the
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product by means of sulphuric acid. It is readily crystallized from an alcoholic

solution.

According to T. Urbanski [5, 6, 7] it forms a number of eutectics with nitro
compounds and nitric esters. The composition of some of these and their melting
points are given in Table 25.

TABLE 25
i Eutectics
The second Content of
component erythritol m.p. Literature
tetranitrate, °C
wt. %
i
p-Nitrotoluene 47 324 T. Urbanski [5]
m-Dinitrobenzene 70 424 T. Urbanski [5]
2,4-Dinitrotoluene 61 40.1 - T. Urbanski [7]
sym-Trinitrobenzene 67 45.8 T. Urbanski [7]
Pentaerythritol 95 59.5 T. Urbanski [5}
tetranitrate

It also forms molecular addition compounds with a-trinitrotoluene and 2,4,6-tri-
nitroanisole (T. Urbanski [6, 7]).
Compounds of erythritol tetranitrate:
with 2,4,6-trinitroanisole 2:1 mol., m.p. 61.6°C

with a-trinitrotoluene 4:1 mol., m.p. ca. 65.5°C
(non-homogeneous melting)

Its chemical stability and sensitiveness to impact resembles those of nitroglycerine.
It is an extremely strong explosive possessing a positive oxygen balance [8]:

C4H4(ONO,), —> 4CO, + 3H,0 + 2N, + $0, + 1414 keal/kg 3

Wide practical application of erythritol tetranitrate has been prevented by the
lack of readily available raw material. The main sources of erythritol are certain
kinds of moss and sea-weeds, though chemical synthesis from acetylene, according
to the following scheme, has been suggested by Reppe [2]:

CH=CH + 2CH,0 %% | HOCH,—C=C-CH,0H 2,
—> HOCH,~CH=CH—CH,OH M2+ H:0: | HOCH,-CHOH-CHOH—CH,0H (4

Nitroerythrite is used in medicine in place of nitroglycerine, its physiological
effect being similar but slower and more prolonged.
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PENTITOL PENTANITRATES
CH,O0NO,—(CHONO,); —CH,ONO,

A number of pentitols (xylitol, ribitol and arabinitol) have been nitrated by
I. G. Wright and Hayward [9] to yield the pentanitrates.
The melting points of the nitrates are:
ribitol pentanitrate  33.5-34.0°C
xylitol pentanitrate 37-40°C
L-(—)arabinito]l pentanitrate 26.5-27.5°C
The pentanitrates can be partially and fully denitrated by warming with pyridine
and by hydrogenating with hydrogen over palladium-on-charcoal catalyst respec-
tively. In the latter case the original pentitols were recovered.

D-MANNITOL HEXANITRATE (“NITROMANNITOL”)

CH,0NO,~(CHONO,),—CH,0NO,

D-Mannitol hexanitrate, “nitromannitol” or “nitromannite” was obtained by
Sobrero [10] by nitrating D-mannitol. In view of its high sensitiveness to impact
and great ease of detonation Sobrero suggested that it could act as an initiator.
However, experiments carried out in the arsenal at Torino, Italy, have not con-
firmed this. Nitromannitol has also been obtained by Domonte and Ménard [11].

HNO3

H20

Fic. 68. Nitration of mannitol according to Kunz and Giber [16b]. Nitrogen content: I—over
18%; 2—17.8-18.0%; 3—17.6-17.8%; 4—16.6-17.6%; 5—16.0-16.6%.

Owing to the ease of preparation and purification, the chemical and explosive
properties of mannitol hexanitrate have been thoroughly investigated. The follow-
ing papers are worth attention: Sokolov [12], Berthelot [13], Sarrau and Vieille [14],
Wigner [15], C. Taylor and Rinkenbach [16], Médard [l6a].

The widest investigation on nitration of D-mannitol in nitric acid-sulphuric
acid nitration mixture at 0°C was recently reported by Kunz and Giber [16b]. The
authors built a triangle diagram (Fig. 68) known as “Sapozhnikov diagram” described
in detail in the chapter dedicated to nitrocellulose (p. 333). The curves of equal
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nitrogen content showed shapes similar to those of nitrocellulose. The highest
nitrogen content (17.8-18.09%) was obtained with the nitrating mixture of 44%
HNO3, 489, H,S04 and 8% H,O0.

The curves of yield possess a similar shape as those of nitrogen content.

The rate of O-nitration of D-mannitol depends mainly on the activity of nitric
acid in the acid mixtures.

PHYSICAL AND CHEMICAL PROPERTIES

D-Mannitol hexanitrate crystallizes from ethyl alcohol in the form of needles
melting at 112-113°C. Its specific gravity is 1.604. It is immiscible with water, dis-
solves readily in ether and hot ethanol and with difficulty in cold ethyl alcohol. With

‘aromatic mononitro compounds, e.g. nitrobenzene, p-nitrotoluene, p-nitroanisole,
a-nitronaphthalene, mannitol hexanitrate forms addition compounds melting in
a non-homogeneous way, as shown by T. Urbanski [5, 6, 7, 17].

The main data are collected in Table 26.

TABLE 26
Compound
Second Mole ratio Bent
component nitro com-
pound : ni- | weight % of mp., °C
tromannitol | pitromannitol
o-Nitroanisole 2:1 34 45.5
p-Nitroanisole 2:1 58 78
Nitrobenzene 2:1 50 60
a-Nitronaphthalene 1:1 27 56
o-Nitrotoluene 2:1 39 51
m-Nitrotoluene 2:1 43 58
p-Nitrotoluene 2:1 54 71

The thermal analysis of these systems can be represented by a general curve —
Fig. 69, o
I 2 U T ¥ T T T T T i A
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F16. 69. Nitromannitol and nitrobenzene system melting points

(T. Urbanski [17]).
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Ordinary eutectics are formed by nitromannitol with higher nitrated aromatic
compounds (Table 27).

TaBLE 27
| Eutectics
Second component i o/
Welght ,o'of mp., °C
nitromannitol
i \

m-Dinitrobenzene f 52.5 65.5
2,4-Dinitrotoluene 40.0 56.2
sym-Trinitrobenzene | 55.0 78.7
a-Trinitrotoluene i 42.5 62.8

Heated in a test tube, nitromannitol explodes at a temperature of 160-170°C.
There is a divergence of opinion concerning its chemical stability. The stability
of a very carefully purified, repeatedly crystallized sample is high, resembling that
of nitroglycerine (Guastalla and Racciu [18]). However, a product crystallized only
once or twice withstands heating at 75°C for only a few hours, after which brown
fumes start to develop.

According to areport of Tikhanovich [19] nitromannitol in contact with an ethereal
solution of ammonia undergoes a partial denitration to form D-mannitol penta-
nitrate (m.p. 81-82°C) together with derivatives of an ether-alcohol mannitane
C,Hy(OH),, namely mannitane tetranitrate CgHgO(ONO,), (an oily liquid) and
crystalline mannitane tetramine C;HgO(NH,),.

Later, Wigner [15] found that by heating with pyridine nitromannitol is deni-
trated to mannitol pentanitrate, and Hayward [20] has confirmed the denitration to
pentanitrate. by means of pyridine, occurring even at room temperature. After some
15 hr about a 65% yield is obtained.

Hayward produced evidence that the pentanitrate so obtained has the structure
of D-mannitol-1,2,3,5,6-pentanitrate. Methylation of the pentanitrate with silver
oxide and methyl iodide gave 4-methyl-D-mannitol pentanitrate (m.p. 111-112°C).

EXPLOSIVE PROPERTIES

Nitromannitol is a strong explosive with a positive oxygen balance. Its decom-
position proceeds according to the equation:

CHg(ONO,)g —> 6CO, + 4H,0 + 3N, + O, + 1512 kealkg

It is initiated by shock as readily as nitroglycerine: a two kilogram weight
dropped from a height of 4 cm causes a sample to explode. In direct contact with
flame it melts and burns in the open air with difficulty. It burns evenly only after
it has been warmed up. Andreyev [21] has reported that nitromannitol burns with
appreciably more difficulty than nitroglycerine. In order to cause it to burn in a glass
tube it was necessary to heat it to 95°C and to reduce the pressure to 85 mm Hg.

o R e
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The rate of burning is thereafter rather high: 0.104 g/sec/cm?, appreciably higher
than that of nitroglycerine burning under the same conditions. Once it is kindled
mannitol hexanitrate burns rapidly and large quantities may explode. In the lead
block with water tamping an expansion of 560 cm® is produced, i.e. 93% of that
produced by nitroglycerine.

The rate of detonation is:

for a loading density 0.9 g/cm3

in an iron pipe dia. 25/35 mm 5600 m/sec (Naoum [8])
for a loading density 1.5 g/cm3

in an iron pipe dia. 4 mm 7000 m/sec (Berthelot [13])
for a loading density of 1.75 g/cm3 \

in an iron pipe dia. 12.8 mm 8260 m/sec (Kast [21a])

Formerly the raw material for the production of nitromannitol, i.e. mannitol,
was prepared from the juice of berries, in particular from Traxinus ornus (manna).
At present it is produced by reducing D-mannose or D-fructose; in the latter case
D-sorbitol is also formed. ' .

Nitromannitol can be obtained by nitrating mannitol with a mixture of nitric
acid and sulphuric acid. The method is inconvenient, however, since the reaction
produces a thick crystalline mass and the nitration proceeds unevenly [8]. Generally
therefore, mannitol is dissolved in a five-fold amount of nitric acid (d = 1.51) at
a temperature below 0°C, which is maintained while a ten-fold quantity of sulphuric
acid (d = 1.84) is added to the solution. Fine crystals of the product are precipitated
which were separated on a vacuum filter. The product is slightly impure due to the
presence of mannitol pentanitrate. The acid product is drowned quickly in cold
water, filtered again, washed with cold water, neutralized by means of dilute sodium
bicarbonate solution and once again washed with water. Nitromannitol is crystal-
lized from alcohol, to which a stabilizer (diphenylamine) is added.

Mannitol hexanitrate is now used as a secondary charge in some detonators,
instead of tetryl. Thus it is used in detonators in which the primary initiator is
“diazonitrophenol. There also exist detonators wherein nitromannitol is used with
tetrazene. Such a blend behaves as an initiator.

On crystallization nitromannitol forms needles which easily felt together into an
unpourable mass which makes filling the detonators practically impossible. The crystal-
lization process is therefore carried out so as to precipitate the product as granules,
by adding protective colloids, triphenylmethane dyestuffs or similar substances.

Nitromannitol is used for medicinal purposes instead of nitroglycerine, since
its physiological effect is slower and longer lasting.

DULCITOL HEXANITRATE (“NITRODULCITOL”)

Dulcitol hexanitrate, D- or L-galactitol hexanitrate, “nitrodulcite” or “nitrodul-
citol”, is a crystalline product, melting at 94-95°C. It was obtained as early as 1860
by Béchamp [22]. Dulcitol is an isomer of mannitol, hence the properties of nitro-
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dulcite are similar to those of nitromannite (Wigner [15], Taylor and Rinkenbach
[16], Patterson and Todd [23]).

Dulcitol occurs in plants (manna from Madagascar). It can also be obtained
by reduction of D-galactose or lactose.

The preparation and chemical properties of dulcitol hexanitrate were studied
in detail by Hayward and McKeown [24]. They found that the hexanitrate is partly
denitrated by warming to 50°C with pyridine. The denitration product was charac-
terized as D- or L-galactitol-1,2,4,5,6-pentanitrate (m.p. 85-86°C).

D-SORBITOL HEXANITRATE

Sorbitol hexanitrate, or nitrosorbitol, is an isomer of nitromannitol. In normal
conditions it is a crystalline material melting at 55°C. It has been obtained by Berg-
heim [25] and by Tettamanzi and Arnaldi [26].

Davis [27] has described its physical state as an oily liquid, which was used
in the United States as an additive to nitroglycerine in low-freezing dynamites.

The discrepancy has been explained by the experiments of T. Urbanski and
Kwiatkowska [28] who found that by dissolving sorbitol in a five-fold quantity
of concentrated nitric acid (d = 1.52) at 0°C followed by precipitating the prod-
uct with the help of a ten-fold amount of 20% oleum at +5°C, hexanitrate only
slightly contaminated with pentanitrate was formed. When, however, the temperature
of nitration and precipitation is —10°C an oily mixture of sorbitol hexa- and pen-
tanitrates was produced. Most probably it was a mixture of this kind that Davis
described, as sorbitol pentanitrate exists under normal conditions in the form of
an oil. The explosive properties- of nitrosorbitol resemble those of nitromannitol.

Sorbitol is at present manufactured commercially by catalytic reduction of
D-glucose. Hence the nitrated product may attain greater practical importance.

DINITRATES OF DIANHYDROHEXITOLS

CH2—CHONO2CH—CH—CHONO2CH2

2,5-Dinitrates of 1,4;3,6-dianhydrohexitols have been prepared by Formann,
Carr and Krantz [29] in an attempt to obtain vasodilatory substances. Jackson
and Hayward [30] studied their chemical properties.
They prepared 1,4;3,6-dianhydrides of D-mannitol, D-glucitol and vr-iditol:
isomannide dinitrate, m.p. 64.5-65.5°C

isosorbide dinitrate, m.p. 50.5-51.5°C
iso-idide dinitrate, m.p. 68-69°C .
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POLYVINYL NITRATE

Attempts to obtain polyvinyl alcohol nitrate, (polyvinyl nitrate), were made
with the object of producing a synthetic polymer capable of replacing nitrocellulose.

The earliest experiments began in 1929 when Borschman and Funk [31] dis-
solved polyvinyl alcohol in concentrated sulphuric acid at a temperature of ca. 0°C
and then introduced the solution slowly into the nitrating mixture which was heated
gradually to 40-50°C, polyvinyl nitrate being precipitated. The originally plastic
precipitate, after being filtered and washed changes into a brittle substance which
can be pulverized readily. The product contains ca. 10%, of nitrogen. Burrows and
Filbert [32] reacted polyvinyl alcohol with nitric acid at 10-20°C to obtain the
nitrate. The authors pointed out that the alcohol is readily oxidized and that measures
to counteract this are necessary.

Noma, Oya and Nakamura [33] examined the reaction of nitrating polyvinyl
alcohol and concluded that neither nitration with a mixture of nitric and sulphuric
acid, nor nitration with nitric and acetic acid can bring about the esterification
of all the hydroxyl group. This is probably due to simultaneous hydrolysis. They
recommend nitrating either with a composition of nitric acid and acetic anhydride
or a solution of nitric acid in carbon, tetrachloride, where by a higher nitrated prod-
uct, softening at a temperature of 40-50°C, is obtained.

According to Deans and Nicholls [34] polyvinyl nitrate of 13-15%; N content
produced a lead block expansion of 153-342 cm® (TNT produced 255 cm?).

Le Roux and Sartorius [35] have determined the content of nitrogen in poly-
vinyl alcohol nitrate to be 13.5-14.5%, whereas its theoretical maximum content
of nitrogen is 15.75%. The detonation of polyvinyl alcohol nitrate is propagated
with a rate similar to that of nitrocellulose of the same nitrogen content. The
rate of detonation of polyvinyl nitrate, containing 13.4% of nitrogen, in cardboard
cartridges 30 mm dia. is:

at a loading density

0.3 g/cm3 2030 m/sec
0.6 g/cm3 3450-3520 m/sec
1.0 g/cm3 4920-5020 m/sec
1.4 g/cm? 6090 m/sec
1.5 g/crn'3 6560 m/sec

Polyvinyl nitrate is a readily inflammable substance which burns without melting.
It has not been used industrially on account of its poor chemical stability. Further,
unlike nitrocellulose, it cannot form solutions which after evaporation of the sol-
vent, leave a film of high mechanical strength. This is probably the result of lack
of orientation of the molecular chains.
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CHAPTER VHI

POLYHYDROXYLIC BRANCHED-CHAIN AND CYCLIC
ALCOHOL ESTERS

PENTAERYTHRITOL TETRANITRATE (PETN)

0O,NOCH H,CONO
2 2\C / 2 2

/N

0,NOCH, H,CONO,

PENTAERYTHRITOL tetranitrate (“nitropentaerythrite”) also has numerous trade
names which are different in various countries: PETN, Penthrite, Penta (English
speaking countries), Pentrit, Niperyth, Nitropenta, NP (Germany), Pentryt, NP
(Poland), Ten (U.S.S.R.). PETN was first obtained by the Rheinisch-Westfélische
Sprengstoff A.G. in 1894 [1], by nitrating pentaerythritol.

PENTAERYTHRITOL

Pentaerythritol was obtained by Tollens and Wigand in 1891 [2] from acet-
aldehyde and formaldehyde according to the following reaction:

CH,CHO + 4CH,0 + $Ca(OH), —> C(CH,0H), + }(HCOO) ,Ca O

Addition of copper salts permits substantial improvement of yield. The reaction
appears to proceed in two stages. Initially an aldol condensation occurs between
three molecules of formaldehyde and one molecule of acetaldehyde:

3CH,0 + CH;CHO ©H®) _ C(CH,0H),CHO )

Afterwards the pentaerythrose reacts with a fourth molecule of formaldehyde
according to Cannizzaro’s reaction: :

Ca Ca
CH,0 + C(CH,OH);CHO + ?OH —> C(CH,0OH), + HC00—2~ €3]

This reaction scheme was proposed by Tollens and Wigand [2].
[175]
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More recent investigations into the mechanism of formation of pentaerythritol
have been made both by Wawzonek and Rees [3] and by Barth, Snow and Wood ‘
[4]. Both groups tried to explain the process in terms of the formation of sym-pen-
taerythritol ether (dipentaerythritol), and other ethers, e.g. the methyl ether.
The latter is produced whenever the formaldehyde used for the reaction contains
methyl alcohol:

CH;0H + HOCH,0H —> CH,0CH,OH + H,0 (4b)
CH;OCH,0H + CH,CHO %%, CH,0CH,CH,CHO

CH;0CH,CH,CHO + 3CH,0 - NaOH —>

CH,OH
| ;
—> CH;0CH,—~C—CH,0H + HCOONa (4c)

CH,OH

Numerous investigations have been carried out with the aim of increasing the
yield of pentaerythritol. These are geviewed in the monograph of Berlow, Barth
and Snow [5]. Recently the use of basic ion exchange resins instead of calcium &
hydroxide was recommended [5a]. Some sym-pentaerythritol ether (dipentaeryth- "
ritol) is produced albng with pentaerythritol as shown by Friedrich and Briin [6].
The proportion of this substance depends upon the reaction conditions (see p. 195).

In spite of its great explosive strength and high chemical stability large-scale
production of PETN could not be achieved until formaldehyde and acetaldehyde
became available industrially. Therefore during World War I PETN was only
of theoretical interest. During World War II it was used for filling detonators as
the secondary high explosive charge instead of tetryl boosters, detonating fuses,
small arms (e.g. 20 mm) ammunition and for making blends with various explo-
sives. Some 1440 tons of pentaerythritol tetranitrate per month were produced in
Germany during this period. |

PETN. PHYSICAL PROPERTIES

PETN is a white crystalline substance which melts at 140-141°C. The melting
point of the pure chemical substance is 141.3°C. Its boiling point was reported by
Belayev and Yuzefovich [7] to be

160°C at 2 mm Hg
180°C at 50 mm Hg
200°C at 760 mm Hg

3 R . o +
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The ultra-violet absorption spectrum of a single crystal of PETN is characterizad
by a marked absorption at wave lengths above 280 mu (Deb [8], Fig. 70). '

PETN usually forms needle or column-shaped crystals, in which state it
pours with difficulty. It is however possible to produce cubic crystals, which pour
easily, by recrystallization from ethyl acetate. PETN has been subjected to many
crystallographic studies. On the basis of X-ray measurements carried out by Booth
and Llewellyn [9] the interatomic distances have been shown to be:

C—C=1504, C-0=1374, O-N=1364,
N—O (nitro group) = 1.27A

T 3 T T
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FiG. 70. Ultra-violet absorption spectrum of a single crystal of PETN (Deb,
according to Bowden and Yoffe [29)].

The vapour pressure, according Edwards [10], is:

temperature, °C pressure, cm Hg

97.0 8.38x10~5
110.6 3.12x104
121.0 1.09x1073
131.6 3.76 X103
138.8 7.08 X103

From these data Edwards has deduced an empirical equation:
1
logp =16.73 — 7750?

where p - the vapour pressure in cm Hg
T — absolute temperature.
PETN is practically insoluble in water. According to Desvergnes [l i], 100 g
water dissolve 0.01 g of PETN at 50°C and 0.035 g at 100°C. It is soluble in most

{
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organic solvents. Values for the solubility of pentaerythritol tetranitrate (expressed
in g dissolved in 100 g of solution) found by T. Urbanski and Kwiatkowski [12]
are tabulated in Table 28.

TABLE 28

SOLUBILITY OF PENTAERYTHRITOL TETRANITRATE IN ORGANIC SOLVENTS

i
|
|

PETN (g) dissolved in 100 g of solution

Temperature
¢ Ethyl Ether Acetone Benzene Toluene
alcohol

0 0.070 0.200 14.37 - 0.150
10 0.085 0.225 16.43 0.150 0.170
20 0.115 0.250 20.26 0.300 0.230
30 0.275 0.340 24.95 0.450 0.430
40 - 0.450 — — —
40 0.415 — 36.16 1.60 0.620
50 0.705 — — 2.010 1.100
60 1.205 — o 3.350 2.490
62 — - ; 42.68 — -
70 2.225 — — 5.400 3.290
78.4 3.795 -— — 5.400 —
80.2 — - — 7.900 —
90 — — — — 9.120
113 i ‘ — — 30.960

Values for its solubility in ethyl acetate and pyridine, as reported by Desvergnes,
are given in Table 29.

TABLE 29

SOLUBILITY OF PENTAERYTHRITOL TETRANITRATE (DESVERGNES [11D

Temperature PETN (g) dissolved in 100 g of solvent
°C Ethyl acetate { Pyridine
19 ; 6.322 | 5.436
50 ; 17.868 | 8.567

it is of special importance for industrial practice to know the solubility of PETN
in mixtures of acetone with water. Data reported by Aubertein [13] are listed in
Table 30,

The recently published solubility data of Roberts and Dinger [14] agree
well with those reported by T. Urbanski and Kwiatkowski. The differences are
only apparent, owing to the fact that the solubility is reported by the latter authors
as grammes of pentaerythritol tetranitrate dissolved in 100 g of solvent (Table 31).

.
L_ i :
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TABLE 30

SOLUBILITY OF PENTAERYTHRITOL TETRANITRATE IN ACETONE-WATER
MIXTURES (AUBERTEIN [13])

Amount of PETN Acetone concentration
dissolved in 100 g N N " S s
of solvent ss% | 70% | 80% | 90% | 92%
g Temperature of solution, °C
1 41 e -
2 52 - = -
2.5 - 245 — —
4 62 : - | - -
5 ~ 41.5 2 - -
10 — 54.5 38.5 I 15 10
: 15 62 48 245 20.5
! 17.5 - 65 ~ — -
5 20 - - 54 345 29
25 — - 59 41.5 34
: 30 — . 63 46.5 40.5
| 35 — — - 51.5 45
40 - — — 55 50
45 — — | — 58.5 54 .
50 - 4 = | 6Ls | 515
55 Lo -~ - - 60.5
! 60 I — e 625
]
TasLE 31
SOLUBILITY OF PENTAERYTHRITOL TETRANITRATE (AFTER RoBERTS and DINGERr [14])
Temperature °C Acetone Benzene Ethanol
15 20.81 — —
20 24 .84 0.275 0.125
25 30.56 — —
30 34.56 0.496 0.213
| 40 44.92 0.834 0.378
1 50 58.76 i 1.448 0.657
60 — | 238 1.196

Dimethylformamide is also a good solvent for PETN (Lang [15])

at 40°C 100 g of solution contain 40 g PETN
~at 60°C 100 g of solution contain 50 g PETN
at 100°C 100 g of solution contain 70 g PETN

Furthermore, it dissolves in liquid or fused aromatic nitro compounds and in
nitric esters to form eutectics. T. Urbafiski [16] has reported the composition and
melting temperatures of the eutectics specified below (Fig. 71).
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20% PETN with 809% m-dinitrobenzene m.p. 82.4°C
10% PETN with 90% 2,4-dinitrotoluene m.p. 67.3°C
13% PETN with 87%, a-trinitrotoluene m.p. 76.1°C
30% PETN with 709 tetryl m.p. 111.3°C
20% PETN with 809% mannitol hexanitrate m.p. 101.3°C

Similar systems were examined by Desseigne [105].

According to Hackel [17] PETN forms eutectics with nitroglycerine (see p. 41).
With diethyldiphenylurea (centralite I) it produces an eutectic containing 12%
of pentaerythritol tetranitrate, melting at 68.0°C.

Ternary systems giving eutectics composed of 16%, PETN, 8.5% trinitro-m-
xylene, 75.5% m-dinitrobenzene and 12.5% PETN, 71.0% m-dinitrobenzene and

C
140 T y T T T
L 4
120+ 4
100t .
80
60 L I L 1 ) i . . |
0 0 20 30 40 50 60 70 80 90 100
PETN, %
M0 90 80 70 60 50 40 30 20 10 0
VT, %

Fig. 71. PETN and TNT system melting points (T. Urbafiski [16]).

16.5% 1,8-dinitronaphthalene were investigated by Khaybashev and Bogush [18]. The
melting points of these eutectics are 79.5 and 69°C, respectively.

PETN differs from other nitric esters in failing to produce a colloid solution
with nitrocellulose. This is the result of the symmetrical structure of PETN, , which
has a zero dipole moment. PETN is completely non-hygroscopic. Its specific gravity
in crystalline form is 1.77. On compression the following density values are obtained:

pressure, kg/cm?2 density, g/cm3
351 1.575
703 1.638
1406 1.710
2109 1.725
2812 1.740

Ebert, Eisenschiitz and Hartel [19] examined the dipole moment of PETN in
dilute benzene solution and found it be ca. 2.0 D.

Mortimer, Spedding and Springall [20] determined the dipole moments of
pentaerythritol and a few of its derivatives including PETN. They found the dipole
moment of pentaerythritol to be ca. 2.0 D and that of PETN in dioxane u = 2.5 D.

. This led them to conclude that there is free rotation about the C—O bond in the
nitrate. It also indicates that the shortening of this bond in crystals observed by
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Booth and Llewellyn [9] cannot be due to possession of any marked degree of
double-bond character.

The specific heat of pentaerythritol tetranitrate is 0.4 cal/g/°C, the heat of com-
bustion is 1974 kcal/kg, and hence the heat of formation is +390 kcal/kg or
—AH; = +123 kcal/mole.

The heat of fusion has been estimated by Roberts and Dinger [14] to be
23-24 kcal/mole. This value has been calculated from experimental solubility cata
in organic solvents at different temperatures.

The latent heat of sublimation of PETN is 36.34-0.5 kcal/mole (Edwards
[10D.

. PETN. CHEMICAL PROPERTIES

Due to its symmetrical structure, pentaerythritol tetranitrate is characterized
by high resistance to many reagents. Thus PETN, differing from the majority of
nitric esters, is not readily decomposed by sodium sulphide at 50°C. On the other
hand, it is decomposed quite quickly by boiling in a ferrous chloride solution. Boiling
with a 2.57; solution of sodium hydroxide causes very slow decomposition, whereas
nitrocellulose rapidly decomposes under these conditions.

Experiments by Aubertein and Rehling [21] have shown that treatment with
water at approximately 100°C causes PETN to hydrolyse. At 125°C, and under
pressure, hydrolysis proceeds quite quickly, and is considerably speeded up by the
presence of 0.1, of HNO,. Whether it occurs in water alone or in water acidified
with nitric acid, the hydrolysis produces mainly pentaerythritol dinitrate. A dilute
sodium hydroxide solution causes PETN to hydrolyse more rapidly than acidified
water. PETN neither reduces Fehling’s reagent nor enters into addition products
with any aromatic nitro compound. In this respect it differs from both nitroerythritol
and nitromannitol.

The chemical stability of pentaerythritol tetranitrate is very high and exceeds
that of all other nitric acid esters. It withstands the heat test at 80°C for several
hours. As heating continues decomposition is gradually perceptible at temperatures
above the melting point, i.c. above 140°C. Aubertein and Rehling [21] have found
that water is occluded in crystals of PETN purified by recrystallization from
acetone-water. The presence of these occlusions has an adverse effect on the results
obtained by examining the stability of penthrite at 132°C. Removal by grinding
and drying the crystals improves the result of the stability test.

It has been established experimentally (T. Urbanski, Kwiatkowski, Mitadowski
[22]) that the addition to pentaerythritol tetranitrate of such nitro compounds as
nitrobenzene, nitrotoluene, dinitrobenzene, dinitrotoluene, trinitrobenzene, and
trinitrotoluene, decreases its stability as determined by heating to 120-135°C. The
degree of decomposition of PETN, heated alone or in mixtures, can be estimated

in terms of the pH-values determining the acidity of the decomposition products
(Table 32, Fig. 72).
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Fi1G. 72. Change of pH of PETN alone and with TNT on heating
at 120°C (T. Urbanski, Kwiatkowski, Mitadowski [22}).

TABLE 32

CHANGES IN STABILITY OF PETN AT PRESENCE OF ADMIXTURES (T. URBANSKI,

KWIATKOWSKI AND MILADOWSKI [22])

pH-Value of a water extract from the
Admixtures sample kept at 120°C
1 hr 2 hr 3 hr 6 hr
Pure PETN 7.16 7.15 6.33 5.86
9.1% p-nitrotoluene 534 3.50 3.19 1.92
9.1% 2,4-dinitrotoluene 6.30 4.20 3.13 2.92
9.1%  a-trinitrotoluene 6.54 5.70 3.32 3.03

- Similar results have been found by estimating the time needed to attain a stand-
ard pressure (300 mm Hg) due to vapours evolved on decomposition at 134.5°C
(the Taliani-Goujon method, p. 28). The following times were recorded (Fig. 73)

for PETN 68.5 min
for PETN with 9.1% p-nitrotoluene 26.5 min
for PETN with 9.19 24-dinitrotoluene 27.5 min
for PETN with 9.19% a-trinitrotoluene 30.5 min

‘The lower stability is probably due to the fall in melting point of pentaeryth-
ritol tetranitrate, and hence its transition at a relatively low temperaturc mto

the higher energy hquld state.
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mm Hg PETN with TNT
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FIG. 73. Pressure evolved by PETN alone and with TNT on heating at 134.5°C
(Taliani-Goujon method). (T. Urbafiski, Kwiatkowski, Miladowski [22]).

Other substances exert a similar influence on the stability of PETN, for example
solvents capable of lowering its melting temperature.

The U.S. military specification MIL-P-387 A lays down the following technical
condltlons for PETN

minimum melting point s 140.0°C
minimum nitrogen content - 17.50 %
substarices insoluble in acetone =~ - . max, 0.10 9%
acid- or alkali content. max. 0.003% . -

vacuum stability at 120°C, max. 5 ml gas evolved in a 20 hours’ test.

The action of PETN on the human system is the same as that produced by all
other nitric esters. Nevertheless inhalation of PETN is not dangerous, as its vapour
pressure is negligible. Similarly, breathing small amounts of penthrite in the form of
dust.causes no deleterious effect owing to its low solubility. Lazarev [23] reports the
toxicity of pentaerythritol tetranitrate to be lower than that of nitroglycerine.

. PETN was introduced into clinical medicine for the treatment of angina pectoris
as a long-acting coronary vasodilator [24]. The administration of PETN has very
little effect on peripheral arterial vasodilation [25]..

PETN. EXPLOSIVE PROPERTIES

Pure PETN heated above its melting point explodes violently at 205-225°C.
In. the primary stage of thermal decomposition, within the temperature range of
161-233°C, the activation energy E equals 47.0 kca.l/mole while log,, B = 19.8,
according to A. J. B. Robertson [26]. ‘ :
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The following equation of decomposition, using a 1000 g sample of PETN,
has been established by A. Schmidt [27]:

Cy5.5H25.30380N12.7 = 12.13CO + 3.38C0, + 10.35H,0 + 1.71H, + 0.1CH, +

-+ 0.1C,H, + 0.2NH; + 0.1HCN + 6.23N,

heat of explosion 1530 kcal/kg
volume of gases Vo= 768 L/kg
temperature of explosion ¢ = 4230°C

It has been found by Haid and Schmidt [28] that the equation of decomposition
is practically independent on the loading density. The proportion of gascous
products resulting from the explosive decomposition of PETN under the influence
of different stimuli, shown in Table 33, was determined by Bowden and Yoffe [29].

TaBLE 33

GASEOUS PRODUCTS OF EXPLOSIVE DECOMPOSITION OF PETN, 9,

Initiation NO>; | NO | N,O N, ‘ CO; 1 CO H " (023

i
Detonation — 53 — 22.8 I 37.0 | 26.7 6.8 1.4
Impact — 243 5.3 9.4 ! 19.1 35.4 6.5 —
Thermal decomposition at I

1 63210 20 | —

210°C 120 | 476 | 9.5 1.6

Sensitiveness to shock. T. Urbanski [30] has reported that PETN is exploded
with a 50% probability on impact by a kinetic energy of 0.20 kgm/cm?® (in com-
parison with about 0.95 kgm/cm® needed for tetryl). The data of Naoum [31] and
Izzo [32] are similar. Stettbacher [33] on the other hand considered the sensitiveness
to impact of PETN to be almost the same as that of tetryl. On account of its rela-
tively high sensitiveness PETN is generally used after being desensitized (“phlegma-
tized”) by adding 10% of montan (lignit) wax. This desensitization has practically
no effect on the completeness of detonation.

PETN is not very sensitive to friction but it is characterized by a very high sensi-
tiveness to initiation by explosion. It is detonated by 0.01 g lead azide, the minimum
amount required for tetryl being 0.025 g of lead azide. PETN blended with desen-
sitizing agents does not readily lose its aptitude for detonation. Thus, according
to the researches of T. Urbanski and Galas [34] PETN mixed with 407, of water
can be initiated by a No. 8 detonator, which fails to detonate TNT containing barely
15% of water. Thus it is obvious why pentaerythritol tetranitrate detonates with
ease when blended with 10%, montan wax. On account of its high explosive power
and appreciable sensitiveness, PETN is itself an excellent explosive for transmitting
a detonation from an initiating explosive to a high explosive charge, i.e. as a “sec-
ondary filling” of detonating cups or as a filling for gaines (boosters).
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Initiation by an electric spark. PETN can be detonated by a 2000-12000 V
electric spark produced by discharging a condenser, as demonstrated by Basset
and Basset [35].

Initiation by ultra-violet rays. When a crystal of PETN is subjected for a period
of 1.2 msec to an intensive irradiation with ultra-violet rays, producing 900 J
of energy, prompt decomposition occurs. Cracks occur on the faces of the crystal
resembling those which appear in other explosives as the result of heating. PETN
heated to a temperature slightly above its melting point can be exploded however
by exposure for 20 usec to irradiation producing an energy of 480 J (Deb [8])).
It is decomposed by irradiation with y-rays [104, 104a].

PETN ignites with difficulty on contact with a flame, differing this respect from
straight-chain nitric esters such as nitroglycerine, nitroglycol etc. In accordance
with studies of Andreyev [36] PETN does not burn even in a tube as wide as 18 mm
in diameter. Only after pre-heating to 95°C is it possible to induce burning, which
proceeds with the extraordinary low linear rate of 0.047 cm/sec. Under a pressure
of 20 kg/cm? or more, it burns uniformly with a rate depending on the pressure
according to the linear relationship:

U = 0.02 + 0.0180p

The rate of detonation of PETN is 8500 m/sec. Results concerning the detonation
rate of pentaerythritol tetranitrate at different loading densities are collected in
Table 34.

An increase of the rate of detonation can be achieved by driving out the air
retained among the crystals of PETN and replacing it by a non explosive liquid,
e.g. water, as shown by the investigations of T. Urbanski and Galas [34]. The au-
thors reported detonation rates for charges with a loading density of 1.45 g/cm’ to be:

for dry PETN rate of detonation 7295 m/sec
for PETN with 10% of water rate of detonation 7445 m/sec

for charges with a loading density of 1.40 g/cm®:

for dry PETN rate of detonation 7125 m/sec
for PETN with 20% of glycerine rate of detonation 7825 m/sec

The expansion produced by PETN in the lead block with sand tamping is 500 cm’
and with water tamping, 560 cm®. This is equivalent to about 93% of the strength
of nitroglycerine or about 170% of that of picric acid.

THE MANUFACTURE OF PENTAERYTHRITOL TETRANITRATE

Of the various methods of manufacturing PETN, the most widely used involves
pouring pentaerythritol into nitric acid (d = 1.50-1.52) at a temperature not
exceeding 25°C. PETN is scarcely soluble in nitric acid. The product which is pre-
cipitated towards the end of the nitration, is ﬁltcred washed w1th water and re-
crystallized from acetone.




186 CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES

TABLE 34

THE DETONATION RATE OF PENTAERYTHRITOL TETRANITRATE, m/sec

Laffitte T. Urbanski Cook
Roth [41] | Friedrich [40} and and Galas [43]
Parisot [42]8 [34]°

0.45 31502
0.50 39654
0.76 g 4200
0.80 i 4400
0.84 ‘ 4860
0.85 5330 (311t
091 53003 5120
1.00 5320 5550
1.03 . 56155 ‘

1.04 57303 j
1.22 63556 |
1.35 6950
1.40 7125
1.45 73753 7295
1.48 6945 [39]
1.50 74207
1.60 7200 [39] ! ‘
1.62 8000 [37] 79137 ‘ :
1.70 8300
171 | 8340 [38]
1.72 P 85003
1.73 83507
175 | 7750 [39]¢

in an iron pipe, 25 mm dia.

ir a bakelite pipe 6/8.5mm dia.
in a bakelite pipe 4.5/6.3 mm dia.
in a copper pipe, 15/17 mm dia.
in a glass pipe, 11.4/13 mm dia.
in a copper tube 10/10.6 mm dia.
without confinement

in a pipe, 6 mm dia.

in an iron pipe 21/25mm dia.

- B B SR

Certain workers (e.g. Stettbacher [44]) have suggested precipitating PETN
from nitric acid by adding sulphuric acid at 20°C, filtering the product only after
thi7 operation. This method is not to be recommended, since sulphuric acid causes
the precipitation of certain impurities dissolved in nitric acid, so that the slight
increase in yield is offset by the diminished purity of the product.

Another method suggested by T. Urbariski [45] consists in diluting the acid
remaining after the nitration with water. If the final concentration of acid is 30-507;
HNO,, complete precipitation of PETN occurs, while the impurities remain in
the solution. However, the method can only be used if pentaerythritol of the highest
purity is available as the raw material. In practice, two methods are in use: (1)

L . e sk




POLYHYDROXYLIC BRANCHEMHAIﬁ ALCOHOL ESTERS 187

nitration with nitric acid alone without dilution; (2) nitration followed by dilution
with water.

Pentaerythritol destined for the preparation of PETN must be exceptionally
pure. In Germany, nitrating grade pentaerythritol (“grade M”) had to conform to
the following technmical specification:

The substance should contain at least 85%, of crystals passing through a 2-mm
sieve dnd retained by 0.2-mm sieve. No more than 15% may pass through the latter.

The mineral content max. 0.5%
moisture content less than 0.79,
dipentaerythritol content max. 2%,
reducing substances absent

A laboratory test nitration should produce a yield over 98%.

Pentaerythritol (LG grade) manufactured by the reaction of formaldehyde
and acetaldehyde in the presence of sodium hydroxide at a temperature within
the range 10-14 to 37°C was also used for nitrating purposes.

The melting point of pentaerythritol corresponding with the above mentloned
specification lies within 250 and 260°C (pure pentaerythritol melts at 261-262°C).
To produce it an aqueous solution of acetaldehyde is treated with formaldehyde
in the presence of milk of lime, the temperature being gradually increased from 15
to 55°C. When the reaction is complete, the whole is treated with sulphuric acid
sufficient to precipitate the lime as calcium sulphate. This is filtered off, and the
solution concentrated under reduced pressure. The crystallized product is cen-
trifuged and then recrystallized from water. The yield is about 62% (calculated
with respect to acetaldehyde) or 51% if related to formaldehyde.

German method

The nitration of pentaerythritol to produce PETN by a semi-continuous method
as used at Kriimmel [46] was carried out as follows (Fig. 74).

A nitrator (1) of 500 1. capacity is charged with 1000 kg of concentrated nitric acid
(98-99%) and 200 kg of pentaerythritol. Nitric acid passes from a storage tank into
a metering tank and thence into the nitrator. Pentaerythritol is sucked by vacuum
from a storage tank into a metering tank, from which a worm conveyer transfers
it to the nitrator. The weighing of the raw materials takes 10 min, the nitration
itself about 40 min. A temperature of 15-20°C is maintained in the nitrator by the
use of a jacket and of a cooling coil refrigerated by a solution of sodium nitrate
(—5 down to —10°C).

Shortly after the nitration has been started a new batch of raw material is weighed
and fed gradually into the nitrator so that the contents of the nitrator () are removed
by an overflow to another nitrator (2). This unit, with a capacity of 170 L., is cooled
by means of a jacket only. In it the incoming product is cooled to 10°C.

The vapours are drawn off the nitrators via a ventilator and flow upwards into
a tower where they are sprayed with water, and recovered as 20% nitric acid.
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In nitrator (2) a suspension of PETN-crystals in 807, nitric acid is present.
From here the contents pass to diluter (3) cooled by a coil and jacket. Here
sufficient water is introduced to lower the nitric acid concentration to 30%, while
the temperature is kept at 15-20°C.

The suspension of crystals of PETN contained in the diluter flows into one
of a batch of vacuum filters (4). As each filter is filled with PETN, the stream is
directed to another filter, while from the first acid is removed as completely as
possible by suction, after which an outlet in the centre of the filter-floor, closed
by a conical stopper is opened. The PETN is washed out of the filter with water
and carried to a battery of continuously operated washers.

The first unit in the washing installation is a tank (5) for washing with water,
from which the suspension is pumped to a vacuum filter (6) to extract the acid
washings. After being washed, the PETN enters a neutralizer (7), where it is mixed
with sodium carbonate solution at 60°C for 1} hr. It is then filtered in the vacuum
filter (8). The liquor from this filter should be alkaline.

The yield of PETN amounts 96.8%, (100 parts of pentaerythritol yield 225 parts
of PETN). The raw materials required for the manufacture of 100 kg of PETN are:
44.4 kg of pentaerythritol
and 224 kg of nitric acid (98-99%)

of which 80 kg enter into the reaction

16 kg are lost )
and 128 kg are recovered as 30% nitric acid.

Afterwards the crude washed PETN is purified by continuous recrystallization.
PETN containing about 10%, of water is transferred to a tank (9), where it is dissolved
in acetone at 45°C. A little sodium carbonate is added (for a 200 kg nitration charge
of pentaerythritol, 1000 1. of acetone and 3 kg of sodium carbonate are used). After
warming up to 50°C the solution is passed through a filter (10). After being diluted
at 60°C by adding an amount of water to obtain a concentration of acetone of 50-55%,
the liquor with PETN crystals suspended in it passes to a battery of six stills (13)
equipped with stirrer and heating jacket, some also having an internal heater. Acetone
is distilled off and its vapours condensed in (I4). In the first still a temperature
of 85°C and an acetone concentration of 12-15% is maintained. In the second,
3-5% of acetone is present at 90°C, while in the third, fourth and fifth stills the
temperature is 100°C and only traces of acetone remain. As the acetone is distilled
off the PETN crystals assume their final shape. PETN purified in this way is sepa-
rated from water on the filter (12). The diluted acetone recovered in the condensers
is purified by distillation.

The “phlegmatization” of PETN consists in thorough mixing with montan wax
in the proportion of 90% PETN to 10% montan wax [47]. The process is as follows.
A mixing tank, equipped with gentle stirrers, is filled with 1200 1. of water heated
to 85°C. 315 kg of purified PETN which still contains 109 water is added followed
by 250 ml of dilute Sudan red solution intended to distinguish the phlegmatized
product, and finally the appropriate amount of melted montan Wwax. The whole
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is stirred for 10 min at 85°C, and then the contents of the vessel are cooled rapidly :

to 70°C by a spray of cold water. The phlegmatized product is filtered, rinsed with

cold water and dried by two stages at 70°C in a convection air drier (ventilation

drier). The product is thus dried first to a moisture content of 10-15%, then passed

through 4-mm mesh sieve, and finally dried and passed through a 2-mm mesh sieve.
Unphlegmatized PETN is left with a water content of 10-15%, and in this form

it is transported and used for the manufacture of mixtures.

Old Soviet method

* The method outlined below for the manufacture of PETN was described by
Shapshal and Belenkii {48].

A nitrator filled with 300 kg of 93-95% nitric acid is fed with 60 kg pentaery-
thritol previously dried at 100°C. By means of a cooling jacket a temperature of 20°C
is maintained in the nitrator. The equipment is constructed of aluminium, and
fitted with a stirrer operating at 120 r.p.m., with a funnel for adding the penta-
erythritol and with an outlet for discharging the product at the bottom.

After all the pentaerythritol has been introduced the contents of nitrator are
mixed for half an hour, after which the nitration product is allowed to flow to
a vacuum filter. As pentaerythritol tetranitrate is present in the form of crystals,
filtration is very easy and is complete in about 10-15 min. The concentration of the
filtered acid is 78%, while the residual acid content in the separated PETN does not
exceed 25%.

The product is transferred to a washing tank of acid-resistant steel, to be drowned
in 800 1. of water, and stirred for 15 min. The washer has a double bottom, the
upper porous stoneware layer acting as a filter-floor. After being washed PETN
is separated on the filter where it is washed again three times with 180 1. batches
of water. The washed product contains 1%, of acid. It is neutralized in a special
tank by means of an eight to tenfold amount of 1% sodium carbonate solution at
85-90°C, the process taking 1 hr before being centrifuged prior to crystallization.
At this stage it still contains 0.3-0.5% of acid.

Crystallization is carried out as follows: 2.2 kg of acetone and twice as much
sodium carbonate as needed to neutralize the acid contained in the substance are
used for every 1 kg of PETN. The solution is warmed to 58°C and stirred at this
temperature for 1 hr after which it is passed under a pressure of 1 atm through
a filter and into a crystallizer. The filter should be heated to a temperature of 50—
55°C. and the crystallizer to 45-50°C. The contents of the crystallizer are cooled
very slowly: first at a rate of 1°C per 5 min, later at 2-2.5°C per 1 min. Crystalliza-
tion is finished within 2 hr. |

The crystalline PETN is separated from the solvent jn a vacuum filter down ‘
to a 15-20%; acetone content. The residual acetone is later removed by washing
with a small amount of ethyl alcohol. The final product is dried at 40°C. PETN
crystallized from acetone should fulfil the following conditions: m.p. 138-140°C,
content of moisture and volatile components max. 0.1%, substances unsoluble in

L,__M_MMM e
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acetone max. 0.1%, mineral content (as ash) max. 0.2%. PETN should be com- |

pletely free from acid. After keeping a sample at a temperature of 110°C for
8 hr, the pH-value of a water extract should lie between 5.0 and 7.0.

Japanese method

At the Maizuru plant, in Japan [49] PETN was manufactured in World War II
in a plant comprising a nitrator lined with acid-resistant steel and provided with
a stirrer (140 r.p.m.), a tank made from acid-resistant steel, a centrifuge, a steel
crystallizer and unit for recovering acetone.

The nitrator is charged with 825 kg of concentrated nitric acid (98%) and cooled
to 10-15°C, after which 150 kg of pentaerythritol are adgied slowly, while the tem-
perature is kept below 15°C. The addition of pentaerythritol takes about 2} hr.
The contents of the mitrator are then allowed to stand quietly for half an hour
before being drowned in some 2000 1. of water.

The aqueous solution of acid is decanted from above the penthrite and run to
waste since the acid is too dilute to be worth recovering. PETN is stirred with water
which is then decanted. In order to ensure thorough washing this operation is repeat-
ed five times. To the last wash aqueous sodium hydroxide solution is added to form
a 0.5% solution. Next the PETN is washed again by alternate agitation with water
and decantation, four times. An aqueous suspension of the washed product is run
into a centrifuge by means of an impeller pump. After being centrifuged, PETN
is transported to another building to be purified.

To purify the product, 60 kg of moist PETN are thrown into 150 kg of acetone
warmed to 50-55°C and stirred until completely dissolved. The solution is then
filtered through a cotton cloth into a vessel filled with 150 L. of water. The precipi-
tated pentaerythritol tetranitrate is centrifuged and dried in a special room for 22 hr
at 55°C.

MIXED PENTAERYTHRITOL ESTERS AND ESTERIFIED ETHERS

The problem of producing asymmetric pentaerythritol tetranitrate esters of nitric
acid, i.e. mixed pentaerythritol esters and pentaerythritol ether esters, is tackled
- - from time to time in investigations which have the dual aims:

(1) To produce explosive derivatives of pentaerythritol less sensitive than

- pentaerythritol tetranitrate, which could be applied for desensitizing PETN
and lowering its melting point, so as to make it possible to fill shells with
a molten explosive mixture containing penthrite.

(2) To produce explosive derivatives of pentaerythritol which would have an
asymmetrical polar structure, capable of dissolving nitrocellulose. Sub-
stances of this kind could find application as components of smokeless
powder. ‘

Patents covering a method of producing mixed pentaerythritol esters were pub-

lished in 1936 by Westfilisch-Anhaltische Sprengstoff A.G. [50]. These substances,
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containing two or three hydroxyl groups esterified with nitric acid, possess a lower
sensitiveness to impact than PETN. To produce these compounds diesters of acids
other than nitric acid are nitrated. For example pentaerythritol mono- or di-chloro-
hydrin, pentaerythritol mono- or di-formate or pentaerythritol acetate etc. were

nitrated. The first two yielded the compounds I and II.
CIH,C CH,ONO, ClH, CH,ONO,
o N
02N0H2C/ \CH20N02 cmzc/ \CH20N02 i
I : I

A mixture of the two substances melting at a temperature of 43-50°C gives
a lead block expansion 107% that of TNT, and is less sensitive to shock than TNT. !
(See also Elrick, Gardner, Marans and Preckel [51]).

Particularly interesting properties have been discovered [50] in the pentaery-
thritol methyl ether nitrates, which are formed by nitrating monomethyl or dimethyl
pentaerythritol ether.

CH,0H,C CH,ONO,
N
02NOH2C/ \CH20N02
HI

Monomethyl pentaerythritol ether trinitrate (III) melts at 79-80°C, produces
an expansion in the lead block of the same order as TNT, and is less sensitive to
impact than TNT.

CH,0H,C CH,ONO,
<
CH;0H,C “CH,ONO,
v
Dimethyl pentaerythritol ether dinitrate (IV) which melts at 53-54°C, produces
an expansion in the lead block of about 95% that of TNT. It is insensitive to impact.
Mixed pentaerythritol esters have also been described [50] that contain in their
molecule hydroxyl groups substituted by organic acids, which possess nitro groups
either in ester form or as C-nitro compounds joined with the acid, alongside simple
nitrate ester groups.
Thus, the nitration of glycolic acid pentaerythritol diester yields a tetranitrate (V):

O,NOH,C CH,O00C—-CH,ONO
\C / 2 2 2
O2NOH2C/ \CH200C~CH20N02
v ?
This is a liquid explosive. Its strength estimated by the lead block test amounts *,
to about 90% of the strength of TNT. ;‘
Nitration of pentaerythritol benzoate causes both esterification of hydroxyl j
groups with nitric acid, and a simultaneous nitration of the benzene ring to

e
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produce pentaerythritol trinitrate p-nitrobenzoate (pentaerythritol trinitrate ester
of p-nitrobenzoic acid, p-nitrophenylenecarbonyl-pentaerythritol trinitrate) vD:

O,NOH,C CH,ONO
2 2 \/C / 2 2
0,NOH,C” \CH,000—CH;NO,

VI

This is a crystalline substance of great explosive strength, possessing a low sensi-
tiveness to shock.

Pentaerythritol trinitrate esters of nitrobenzoic acid have been also obtained
by Marans, Elrick and Preckel [52] who have esterified pentaerythritol trinitrate
by means of the corresponding nitrobenzoyl chloride.

In this way they have prepared, among other esters:

pentaerythritol trinitrate o-nitrobenzoate m.p. 94-95 °C
pentaerythritol trinitrate m-nitrobenzoate m.p. 102-103°C
pentaerythritol trinitrate p-nitrobenzoate m.p. 106-108°C

pentaerythritol trinitrate 3,5-dinitrobenzoate m.p. 109-110°C

They also prepared pentaerythritol trinitrate formate (m.p. 62-63°C), acetate
(87-88°C), propionate (m.p. 39-40°C) and their higher homologues; pentaerythritol
trinitrate oxalate (m.p. 97-100°C), glutarate (m.p. 87-88°C), succinate (m.p. 88-90°C),
adipate (m.p. 82-83°C), benzoate (m.p. 89-90°C) and phthalate (m.p. 125.0-126.5°C).

Wagner [53] prepared pentaerythritol dinitrate diacetate and pentaerythritol
trinitrate monoacetate and examined their explosive properties.

Wyler [54] suggested to producing mixed esters of nitric acid and of an organic
acid also containing a hydroxylic group which would also be esterified by the nitric
acid (a similar ester (V) was described above). This method has been applied by
Wyler to obtain (nitrate-lactoyl)-pentaerythritol trinitrate, i.e. (a-nitroxypropionyl-
pentaerythritol trinitrate):

O;NOH,C\ <CH20N02

OzNOHZC/ CH,OCOCHCH,

ONO,
viI

Evans and Gallaghan [55] have nitrated mono- and di-allyl-pentaerythritol
to produce trinitrate or dinitrate:

O;NOCH /CHZOCHZCH=CH2 O;NOCH /CHZOCHZCH=CH2
OzNOCHz/ CH20N02 OzNOCH Z/C\CHZOCHzcﬂ = CHz
viin X

Both these ether-esters are liquids of specific gravity dag = 1.373 and 1.191
respectively.
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The same authors succeeded in obtaining glyceryl pentaerythritol ether and
diglyceryl pentaerythritol ether, and converted them by nitration into pentanitrate
and hexanitrate respectively:

ONO,
|

|
0,NOCH, ~CH,—OCH,-- CH—CH,0ONO,
N/
OZNOCHZ/ \CH20N02
X
(m.p. 55°C)

ONO,

O,NOCH,  ,CH,0--CH,—CH—CH,0NO,
N
OZNOCHZ/ \CH20~CH2—CH—CH20NOZ

ONO,
XI

The ether-ester (XI) is an oily liquid, of specific gravity dzg = 1.540.

PENTAERYTHRITOL TRINITRATE

Initially, attempts to introduce fewer nitro groups into a molecule of pentaery-
thritol by means of direct nitration were unsuccessful. When less concentrated nitric
acid was used the only result was a decreased yield of PETN contaminated by
small quantity of pentaerythritol trinitrate.

For a long time the only practicable method was the nitration of an organic
acid pentaerythritol ester followed by removal of the acyl.

In this way Marans, Elrick and Preckel [52] have obtained pentaerythritol
monoacetate together with certain amounts of di- and triacetate by heating pen-
taerythritol tetra-acetate with pentaerythritol at 180-185°C. The monoacetate was
nitrated to yield pentaerythritol acetate trinitrate (XII). Careful hydrolysis of the
latter produced pentaerythritol trinitrate (XIII):

O,NOCHy, CH,0—COCH; ONOCHp, ,CH;0H
>C ple
0,NOCH,”  \CH,0NO, o,NOoCH,”  \CH,0NO,
X1 XIII
m.p. 87-88°C m.p. 27-28°C

E.owever, it has been discovered that pentaerythritol trinitrate can also be
produced by direct nitration of pentaerythritol with a mixed acid composed of 80%,
nitric acid and 80% sulphuric acid (Camp, Marans, Elrick and Preckel [56]). The
nitration is performed at a temperature close to 0°C. The product, representing
a mixture of PETN with trinitrate, is precipitated by adding water. To separate
the components the acetone solution neutralized by means of ammonium carbonate
is treated with aqueous alcohol so as to form a mixture of 7 parts of acetone, 3 parts

i
e
]
;
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of water and 2 parts of ethanol. PETN precipitates from this solution, while pen-
taerythritol trinitrate remains in the liquor to be completely separated as a precipi-
tate by further treatment with hot water. The yield of trinitrate amounts to about
50%.

Pentaerythritol trinitrate can be used for preparing a range of mixed pentaery-
thritol esters.

DIPENTAERYTHRITOL HEXANITRATE (NITRODIPENTA, DiPEHN)

DIiPEHN melting at 72°C, and the alcohol from which the ester is derived,
have been obtained by Friedrich and Briin [6].

O,N—OCH, CH,0 -NO,
O,N--OCH,—C—CH,-0—CH,;—~C—CH,0—-NO,

| |

0,N—-OCH, CH,0—NO,

Their work has shown that some dipentaerythritol is always produced alongside
pentaerythritol during chemical combination of acetaldehyde and formaldehyde.
The proportion of dipentaerythritol formed depends on the conditions under which
the reaction of the two aldehydes takes place. ‘

According to Wawzonek and Rees [3] dipentaerythritol is formed as ‘a result
of a series of reactions, in which acrolein is one of the intermediates:

. OHS
CH,CHO + HCHO > HOCH,CH,CHO === CH,=CHCHO + H,0

6CH,0O
HOCH,CH,CHO -+ CH,=CHCHO === O(CH,CH,CHO), -2~

" CH,0H CH,OH

| |

— > HOCH,—C—CH,—0—CH,—C—CH,0H

| |

CH,OH . CH,OH

‘Barth, Snow é.nd Wood [4] have proposed another reaction scheme approaching
to that outlined by Tollens and Wigand [2], in which they assume that formal-
dehyde is present in the form of a polyoxymethylene chain:

OHC—CH; + HO—CH,0CH,OH -+ CH;CHO —>

6CH,O
——i

~—> OHC—CH,CH;0CH,CH,~CHO =

CH,OH CH,OH

l |

CH,0H CH,0H
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In order to produce dipenta [6] one equivalent of acetaldehyde is allowed to
react with three equivalents of formaldehyde in the presence of half a mole of
calcium hydroxide. In that way, pentaerythritol containing about 15% of dipenta-
erythritol is formed. This mixture melts at 221°C.

The melting point of pure dipentaerythritol is 221-222.5°C. From pentaeryth-
ritol and dipentaerythritol a eutectic mixture of 70% pentaerythritol and 30%;
dipentaerythritol melting at 190°C is formed.

Nitrodipenta resembles PETN in its physical and chemical properties. Nitro-
dipenta dissolves in acetone more readily than PETN, and this is used to separate
the two nitrates. The specific gravity of single crystals of nitrodipenta is 1.630 at
15°C, while pellets prepared under a pressure of 2500 kg/cm?® acquire a specific
gravity of 1.589. Nitrodipenta is less sensitive to impact and to friction than PETN
and its temperature of initiation is higher. In spite of this, its chemical stability
at 100°C is distinctly less than that of PETN. This is the main reason why the presence
of nitrodipenta in PETN is undesirable.

Besides, nitrodipenta is a less effective explosive than PETN. As determined
by Briin [38] the rate of detonation is 7410 m/sec for nitrodipenta of specific gravity
1.589, the net expansion in the lead block being 75% as that of PETN.

The method of preparing nitrodipenta reported by Friedrich and Briin [6]
consists in nitrating pentaerythritol rich in dipentaerythritol and in afterward sepa-
rating the two components by utilizing their different solubility.

The mixture of alcohols undergoes nitration with nitric acid in the same manner
as pentaerythritol, after which the crude product is treated with an equal portion
(by weight) of acetone. PETN is insoluble, while nitrodipenta remains in solution
with a small quantity of PETN. Water added carefully causes the residual pen-
taerythritol tetranitrate to precipitate. The solution separates into two layers: the
upper composed of fairly hydrated acetone containing a small amount of nitrodi-
penta, and the lower which consists of a saturated solution of nitrodipenta in acetone
containing a little water. The bottom layer is removed and treated with an excess
of alcohol. Almost pure dipentaerythritol hexanitrate is precipitated.

It is possible to convert hexanitrate into the original alcohol — dipentaerythritol
— by treating its solution in acetone with boiling alkaline sulphide solution in alcohol.

OTHER MIXED ESTERS
Tripentaerythritol octanitrate (Nitrotripenta)
CH,0ONO, CH,ONO, CH,0NO,

l I

0,NOCH,—~C—CH,—0—CH,~C—CH,—0—CH,—C—CH,0NO,
I z’ |
CH,0ONO, CH,ONO, CH,ONO,
Tripentaerythritol octanitrate (Nitrotripenta) melting at 82-83°C was prepared
by Wyler [57] by nitrating tripentaerythritol (m.p. 248-250°C), another by-product
of the pentaerythritol reaction. o

o
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The formation of tripentaerythritol is favoured by keeping high alkalinity in
the pentaerythritol reaction, by using potassium hydroxide or by carrying out the
pentaerythritol reaction in the presence of pentaerythritol or dipentaerythritol [58].

Nitrotripenta has been prepared by the nitration of tripentaerythritol with 99%
nitric acid at 0-10°C. Nitrotripenta is readily soluble in hot benzene and in acetone,
soluble in alcohol and chloroform, insoluble in water. Because of its relatively
low melting point, nitrotripenta can be melted and poured, and can therefore be
used as a coating agent and sensitizer for ammonium nitrate.

Tetrapentaerythritol decanitrate (Nitrotetrapenta)

CH,0NO, CH,ONO, CH,ONO, CH,ONO,
0,NOCH,—C—CH,—0—CH,—C—CHy—0—CH,—C~CH,~0—CH,—C~CH,0NO,
! l

CH,0NO, CH,0ONO, CH,ONO, CH,0NO,

Tetrapentaerythritol decanitrate (Nitrotetrapenta) m.p. 70°C was prepared by
Wyler [59] by nitrating tetrapentaerythritol (m.p. 234°C).

Tetrapentaerythritol was isolated by the same author from technical pentaery-
thritol by fractional crystallization. It was nitrated with 98%, nitric acid at —5 to
+-5°C. It is readily soluble in acetone and ethylene dichloride. It has been sug-
gested as a coating agent and sensitizer for ammonium nitrate.

Dihydrated pentaerythritol nitrate

Pentaerythritol has been converted to polymeric ethers by the action of heat,
preferably in presence of small amounts of acids [60]. Wyler [61] nitrated it and
obtained an explosive of the formula [(C;Hg)(ONO,),0],, where x has a value between
1 and 7. ‘

1,1,1-Trimethylolethane trinitrate

1,1,1-Trimethylolethane trinitrate (trimethylolmethylmethane trinitrate, nitro-
pentaglycerine, “nitrometriol®)
CH,ONO,
i
CH;—C—CH,0NO,

CH,0NO,

has been proposed by Hertz [62] as an explosive capable of partly or totally re-
placing nitroglycerine.

Colson [63] has described it as a liquid freezing at —60°C with a specific gravity
of 1.4685 at 20°C, and a refractive index of 1.4760 at 17.5°C. Its solubility in water
at 19°C is 0.516 g/1. while at 36°C it is 0.685 g/l. According to Médard [64] the melt-
ing point of pure nitrometriol is 51°C.
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Collodion cotton is readily dissolved by nitrometriol, which in this respect
differs from PETN. The heat of explosion is 1270 kcal/kg. The lead block expansion
is about 85% that of penthrite and 1157 that of picric acid.

According to Médard [64] the rates of detonation developed with non confined
nitrometriol cartridges, 30 mm dia., were:

density, g cm3 1.39 148 1.50
rate, m/sec 6750 7040 7060

After being fused the explosive solidifies to form a mass having a density of 1.48
to 1.50 g/em?®, which needs a very strong initiation by about 30 g PETN to detonate
under these conditions with a rate of estimately 6300 m/sec. Being less sensitive
to mechanical shock than PETN, methyltrimethylolmethane trinitrate explodes
under an impact energy more or less like that needed for tetryl.

Médard has suggested using it in blends with ammonium nitrate (see Vol. LII).

During the last war a certain amount was manufactured in Germany for use
as a component of smokeless (double-base) powder. The extent of production was
limited, however, due to inadequate supplies of propionaldehyde. Trimethylol-
methylmethane is produced in an analogous way to pentaerythritol by reacting
propionaldehyde with formaldehyde:

CH,OH

CH;CH,CHO + 3CH,0 —> CH;—C—-CH,OH + HCOOH

CH,OH

Nitrometriol is obtained by nitrating metriol in a manner resembl ing the produc-
tion of nitroglycerine.

Colson [63] has reported that as a result of nitrating 100 parts by weight of .
1,1,1-trimethylolethane at 10°C by means of a mixed acid containing 45, HNO,
and 55% H,SO,, 197-198 parts by weight of its nitric ester were obtained i.e. about
93% of the theoretical yield. The author considers that it is possible to increase
the yield up to 97-98% of theoretical, by using mixed acid fortified with 20, oleum.
A continuous method of nitration has also been outlined by Colson: trimethylol-
methylmethane was first dissolved in sulphuric acid and then introduced into the ni-
trating mixture.

The preparation of mixed trimethylolethane esters, i.e. of acetate-nitrates, was
described by Marans and Preckel [65]. By heating metriol in the presence of metriol
triacetate at 175-180°C, a mixture of mono- and diacetate is obtained together
with unchanged trimethylolethane.

From the nitration of metriol monoacetate metriol acetate-dinitrate is formed
as an oily liquid of specific gravity 4> = 1.362. Cautious hydrolysis of this substance
in contact with sodium hydroxide solution in ethanol at room temperature produces
trimethylolethane dinitrate with a yield of 75%.

The dinitrate is a liquid, d%° = 1.362, n¥ = 1.4692.
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Metriol diacetate can be nitrated to yield trimethylolethane diacetate-nitrate.
The latter, subjected to mild hydrolysis, yields metriol mononitrate, a crystalline
substance which melts at 76-77°C.

1,1,1-Trimethylolpropane trinitrate (ethyltrimethylolmethane trinitrate)

CH,ONO,
C,H;--C— CH,0ONO,
CH,ONO,

This solid melting at 45°C (Spaeth [66]) is an explosive approaching tetryl in
strength. Its sensitiveness to shock lies between that of picric acid and TNT.

To produce the raw material, trimethylolpropane, formaldehyde is condensed
with butyraldehyde in an alkaline medium:

CH,OH

|

C,H,CH,CHO - 3CH,0 —> C,Hs—C—CH,0H + HCOOH
CH,OH

Anhydroenneaheptitol pentanitrate

Anhydroenneaheptitol pentanitrate (3,3,5,5-tetramethylol-4-hydroxypyran penta-
nitrate) is a derivative of an alcohol called anhydroenneaheptitol produced by
esterifying it with nitric acid.

/CH;0NO,
CH,—C :
f | “CH,ONO,

.
O  CHONO,
o
| cHoNO,
cHy—c{
CH,ONO,

It was first obtained by Hertz [67] who proposed its use as an explosive, since
(in the authors opinion) it develops greater explosive strength that PETN but is
less sensitive. Tollens and Apel [68] have prepared the initial alcohol (m.p. 156°C)
resulting from the reaction of acetone with formaldehyde in the presence of calcium
hydroxide, to which they attributed the structure of an enneaheptitol anhydride
without, however, determining which hydroxyl groups were dehydrated.

Latter this has been made clear by Mannich and Brose [69] who reported that
the pyran ring structure:
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/CHZOH

CH,—

ii : T\CHZOH

O CHOH

| |

. /CHOH

CHp—
CH,OH

is to be regarded as most probable.

Anhydroenneaheptitol pentanitrate has found no practical application, since
the yield of alcohol is low owing to the fact that in the main acetone and formaldehyde
react with one another to form polymers of vinyl methyl ketone (methylene
acetone) CH,=CHCOCH, (Miiller [70D.

CYCLIC ALCOHOL ESTERS

Inositol hexanitrate

9 &

Inositol hexanitrate (“nitroinosite”, “nitroinositol”), a solid melting at 132.5°C,
and quebrachitol hexanitrate (“nitroquebrachite”), an oily liquid, are esters of
isomeric cyclic alcohols. Their common constitutional formula is:

CHONO,

/N

0,NOCH CHONO,
|-

0,NOCH CHONO,

NS

CHONO,

Both esters, and specially hexanitroinositol, were suggested by Crater [71] for
use in explosives practice instead of tetryl for filling detonators and boosters. In
explosive strength, sensitivencss to mechanical shock, and stability both esters
are similar to nitromannite. References to quebrachitol pentanitrate can be found
in the patents of Burke and McGill [72].

Tetramethylolcyclohexanol pentanitrate

Tetramethylolcyclohexanol pentanitrate (“nitrohexanol”) is a solid, melting at
122.5°C

ONO,

|
0,NOH,C CH  enoNo,
MO N

02N0H2C/ \ ‘ \CH20N02

H2C\ /CH2

CH, .
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Attention has been drawn to this substance as an explosive by Friedrich and
Flick [73]. L. Wohler und Roth [74] have established its explosive character, deter-
mining the heat of explosion to be 900 kcal/kg, f= 11,700 m and the rate of
detonation of a sample of density 1.44 g/cm® to be 7670 m/sec.

Nitrohexanol is produced as a result of nitrating the corresponding alcohol
(ID) obtained from cyclohexanone:

0
‘1 HOH,C CH,OH
2 2
+ 4CH,0 >|A/ rcducuon
T il
) HOH,C )\CHZOH
AN
K
H  OH. ONO2

N
HOH C CH,0 0O,NOCH CH,ONO;
NSNS \/\< 20N02

Hom ¢ |\ /\CHon ) NOCH/ | ) CH,ONO,

An intermediate product is tetramethylolcyclohexanone (I). Subjected to nitration,
this compound yields its tetranitrate (“nitrohexanone”) melting at 66°C. The heat

" of explosion of nitrohexanone is 825 kcal/kg, f = 12,110 m, rate of detonation being

7740 m/sec at a density of 1.51 gfem’.
Up to the present none of these substances are used in practice.

Tetramethylolcyclopentanol tetranitrate
Tetramethylolcyclopentanol tetranitrate (“nitropentanol”) is a solid melting at

92°C.

ONO,
|

i
i

CH,ONO,
C/\ o

02N0H2c/ ) | \CH20N02
CH, —CH,

O;NOH;C\

It was first described by Friedrich and Flick [73] and its explosive properties
were examined by L. Wohler and Roth [74]. Nitropentanol is a strong explosive:
its heat of explosion is 1035 kcal/kg, the rate of detonation is 7360 m/sec at a density
of 1.57 g/em®, f= 12,550 m.

It is obtained by the nitration of an alcohol (IV) obtained from cyclopentanone:

o
I HOH,C_ ) CH,0H

i/\l + 4CH,0 \m<c reduction
Riha —> / —_
L HOHC” H,0H
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H OH H\ _ONO,
HOH C .CH,OH 0,NOCH. < ,CH,ONO,
- 2 \/\\‘\ 2 N 2 \\/\x/ 2 2
HOH <L~ Nenyon oNocH” L Memsono,
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Tetramethylolcyclopentanone (III) is an intermediate product in the above
reaction chain. It can be nitrated to give a tetranitrate, m.p. 74°C (nitropentanone).
Friedrich and Flick report the explosion heat of nitropentanone as 820 kcal/kg,
f = 10,680 m and the detonation rate 7940 m/sec at a density of 1.59 g/em®. These
substances are not in practical use at present.

NITROALCOHOL ESTERS

Nitroalcohols are produced when nitroparaffins react with formaldehyde in an
alkaline medium (Henry [75]). In the case of primary paraffins, the reaction
proceeds as below: ’

CH,0H
R—CH,NO, - 2CH,0 OH" | R_C--NO,

CH,OH

With nitromethane, a trihydric alcohol, trimethylolnitromethane, so called

_ nitroisobutylglycerine, is formed:

CH,OH
CH;NO, + 3CH0 — > HOCH, - C~NO,
CH,OH

Trimethylolnitromethane trinitrate ‘
CH,ONO,
0,N—C—CH,0NO,
|
CH,ONO,

Trimethylolnitromethane trinitrate, known also as nitroisobutylglycerine trini-
trate (other nmames are nitroisobutanetriol trinitrate, NIB-glycerine trinitrate) is
an oily liquid, freezing at —39°C (Hofwimmer [76]), but crystallizing only with
the greatest difficulty. It is immiscible with water, but soluble in the most of organic
solvents except petroleum ether (like nitroglycerine). It is capable of dissolving
collodion cotton but not so effectively as nitroglycerine. Its specific gravity is 1.68.
The substance is more viscous and less volatile than nitroglycerine.

Opinions about the chemical stability of nitroisobutylglycerine trinitrate do




POLYHYDROXYLIC BRANCHED-CHAIN ALCOHOL ESTERS 203

not agree. Naoum [31] reported its stability between the temperatures of 70 and 80°C
to be the same as that of nitroglycerine. Other sources, on the contrary, report
inadequate stability which, however, can be ascribed to the presence of impurities
difficult to remove (see further under preparation of the substance).

Trimethylolnitromethane trinitrate has attracted considerable interest as an
explosive owing to its ideal oxygen balance. Explosive decomposition results in produc-
tion of heat exceeding that produced by nitroglycerine by 7%

NO, C(CH;ONO,); —> 4CO, + 3H,0 - 2N, + 1707 kcaljke

Its sensitiveness to impact is of the same order as that of nitroglycerine. The
initiation temperature is 180°C.

In the lead block trimethylolnitromethane trinitrate produces an expansion
slightly greater than that of nitroglycerine, i.e. 105-110% of the value for nitrogly-
cerine. Blasting gelatine made from nitroisobutylglycerine trinitrate is, in spite of
this, somewhat weaker than blasting gelatine from nitroglycerine because nitrogly-
cerine applied as a component of gelatine furnishes it with some oxygen to oxidize
the nitrocellulose component of this explosive. Thus, according to Naodm [31],
a 939 blasting ‘gelatine from trimethylolnitromethane trinitrate gave a 580 cm®
expansion in the lead block, while gelatine from nitroglycerine gave 600 cm®.

The mode of preparation of nitroisobutylglycerine trinitrate investigated par-
ticularly by Aubry [77] consists in nitrating NIB-glycerine with a mixture of nitric
and sulphuric acid under conditions more or less approximating to those applied
in nitroglycerine manufacture. Being more viscous the nitrated product compares
unfavourably with nitroglycerine in that 'acids are washed out with difficulty. The
yield is nearly 909, of theoretical (about 243 parts of nitrate from 100 parts of tri-
methylolnitromethane).

The quality of the product and especially the effectiveness of water washing
are dependent on the purity of the original raw material since the presence of impu-
rities cause the ester to form emulsions with water.

Nitroisobutylglycerine for nitrating purposes should have a melting point not
lower than 150°C (the pure compound melts at 164-165°C).

Its practical application depends on the manufacture of nitromethane, which
can be now obtained by vapour phase nitration (Hass et al, [78]; T. Urbanski
and Slon [79]).

Dimethylolnitroethane dinitrate

CH;,
1
0,N —C--CH,0NO,

~

CH,ONO,

Dimethylolnitrocthane dinitrate (2-nitro-2-methylpropanediol-1,3-dinitrate) is
a solid melting at 38°C, of low volatility, dissolving nitrocellulose readily enough.
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The substance was first described in a report by Bergheim [80] and afterwards
by Wyler [81] and Médard [82]. It is an explosive a little weaker than nitroglycerine,
but slightly stronger than cyclonite. Its heat of explosion is about 1250 kcal/kg.
Its sensitiveness to impact is distinctly less than that of nitroglycerine. Wyler
has estimated the sensitiveness to shock as approximately the same as TNT. Médard
has reported it to be slightly higher than that of tetryl, and comparable with cyclonite.

When compressed the product can attain the following densities:

under a pressure of 1360 kg/em? d = 1.58
under a pressure of 2760 kg/em® d = 1.61

Meédard has established that the chemical stability of this compound is insuf-
ficient for any wider use in explosives technology.

Dimethylolnitropropane dinitrate

CoHs
0,N—C—CH,0NO,

CH,0NO,

Dimethylolnitropropane dinitrate (2—ethy1—2—nitropropanediol-1,3-dinitrate) is
a liquid that does not dissolve nitrocellulose.

Médard [83] found that it is a stronger explosive than picric acid, producing in
the lead block an expansion some 25% larger. Its sensitiveness to mechanical shock
is appreciably smaller than that of picric acid.

Nitromethoxymethanol nitrate

CH,—0—NO,

0
|

CH,—~NO,

This ester, known as methyl ether nitronitrate (more correctly as nitromethoxy-
methanol nitrate), is a colourless, oily liquid, boiling at 48°C at 15 mm Hg
with a specific gravity 1.50 at 20°C. It readily dissolves collodion cotton, and is
more volatile than nitroglycol. It was first produced by Moreschi [84] by nitrating
sym-dichlordimethyl ether formed by reacting a 40%, formaldehyde solution with
gaseous hydrogen chloride:

CH,CI CH,CI CH,ONO,
! | E

. fe) _HNO'
2CH,0 + 2HCl —> O+ H,0; (H,500 0

| l \

CH,C! CH,CI CH,NO,
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T. Urbanski and Magiera [85] have examined the chemical stability and explosive
properties of the ester and conclude that neither the substance itself nor a solution
of nitrocellulose in it are sufficiently stable for practical application. Its tempera-
ture of initiation is 150°C (whereas nitroglycol is initiated at 220°C), and it is con-
siderably more sensitive to impact than nitroglycol. They also found that an
impact energy of 0.91 kgm/cm? is necessary to ensure a 10% probability explo-
sion of nitroglycol, as compared with barely 0.11 kgm/cm? for the ester.

Nitromethoxy methanol nitrate produced a lead block expansion of 420 cm®
whereas the net expansion produced by nitroglycol in the same series of experiments
was 450 cm’.

During the reaction between formaldehyde and hydrogen chloride a chloroether
is also produced: CICH,0CH,0CH,Cl. According to Houben and Pfankuch [36]
nitration of this substance produces a nitronitrate O,NOCH,—O0—CH,0CH,NO,
boiling at a temperature of 88°C under 9 mm Hg. It is less volatile than the other
nitronitrate, though more volatile as nitroglycol.

T. Urbanski and Magwra have found that this compound had similar explosive
properties, low chemical stability, high sensitiveness to shock, and produced
a large expansion in the lead block (440 cm’).

Neither of these substances has been used in practice, owing to their low sta-
bility. '

NITROAROMATIC ALCOHOL NITRATES

There exists a range of explosives which are prepared by the nitration of aromatic
alcohols. None of these explosives has found practical application, though this
might be possible providing the costs of production were not too great and the
explosive strength sufficiently high. This group of materials includes such compounds
as: dinitrobenzyl nitrate [106], trinitrohydroxyethylbenzene nitrate, trinitrophen-
oxyethyl nitrate and the like.

Trinitrohydroxyethylbenzene nitrate

Trinitrohydroxyethylbenzene nitrate or trinitrophenyl-g-ethyl nitrate, melting
at 83°C, is obtained from trinitrotoluene, that undergoes an addition reaction
with formaldehyde in an alkaline medium to produce the corresponding alcohol
@m.p. 112°C), which is then nitrated (Vender [87]):

CH, CH,CH,OH CH,CH,ONO,

| | |
0,N—/ \——NO, o,N—""\_No, o,N—" N\ No,

| I

NO, NO, NO,
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Trinitrophenoxyethyl- w-nitrate

OCH,CH,ONO,
7
OZN——K\{,——NOg
n
NS

NO,

This is a white crystalline powder with a melting point of 104.5°C, soluble
in acetone and capable of gelatinizing collodion cotton.

It can be obtained by reacting sodium hydrogen ethylene glyoxide and chloro-
dinitrobenzene followed by nitration, or chlorotrinitrobenzene, as reported by
Faibourne and Toms [88]:

cl