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The exothermal decomposition of nitrocellulose in mixed acids

Hidetsugu NAKAMURA', Noriaki MATSUURA', Miyako AKTY OSHI’
and Yasutake HARA'

The exothermic decomposition of nitrocellulose in a solution of mixed acid was studied in order
to determine the conditions for safe production of nitrocellulose by means of the nitration of cellu-
lose with mixtures of nitric acid and sulphuric acid. Isothermal decomposition tests were carried
out and a temperature slightly higher than the nitration temperature in manufacturing was adopted
as an experimental condition. The results obtained are as follows.

Nitrocellulose in mixed acid underwent exothermic degradation after a long induction period,
which was affected by the reaction temperature. This degradation showed the maximum rate in
the middle of the reaction, which indicated the reaction to be autocatalytic. The activation ener-
gies obtained by Arrhenius plots of rate constants from the autocatalytic rate equation were 31.4
~59.1 kd/mol. Moreover, plots of the logarithm of the induction period t vs. the inverse of reac-
tion temperature also showed good linearity according to the Arrhenius- type equation, and the
obtained activation enrgies were 37.3~60.4 kJ/mol.

The induction period after which the exothermic reaction commenced decreased with the in-
creasing NC / mixed acids ratio. An increase in the content of nitric acid in the mixed acid then
had a decreasing effect on the induction period. Moreover, this degradation was affected by atmo-

spheric gases, and nitrogen dioxide accelerated the reaction.

1. Introduction

Nitrocellulose (NC, Nitrocotton) is one of the most
reactive chemicals. Because of this reactive nature,
enormous fires and incidental explosions have been
reported in its manufacturing. Moreover, aging of
nitrocellulose under long term storage causes a
change in the practical performance or an inciden-
tal explosion. Extensive data on the aging of explo-
sives have been accumulated from the viewpoint of
safety in manufacturing, storage, and use or opera-
tional reliability” ?**. However, few kinetic data
are available on nitrocellulose decomposition in
mixed acid which are required for safe production.

In this paper, the thermal behavior of nitrocellu-
lose in a solution of mixed acid was studied in order
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to determine the conditions for safe production of
nitrocellulose by means of the nitration of cellulose
with mixtures of nitric acid and sulphuric acid. As
an experimental method, isothermal decomposition
experiments were carried out at temperatures rang-
ing from 50~76 C which are slightly higher than
the nitration temperature in practical manufactur-
ing. Based on the consideration of the effect of tem-
perature, NC/acid ratio, and acid compositionon NC
decomposition in the mixed acid, the thermal de-
composition behavior and mechanisms of nitrocel-
lulose in mixed acid were investigated to under-
stand the thermal behavior of nitration during the
practical nitration process in order to determine the
conditions for safe production.

2. Experimental
2. 1 Materials

Four types of industrial grade NC samples used
in these experiments were supplied by Asahi Chemi-
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cal Industry Co., Ltd. LB type NC is in powdered
form and its nitrogen content is 11.6 %. LA type
NC is in a cotton flake form having a nitrogen con-
tent of 11.8 %. HB type NC is in a powdered form
having an 11.8% nitrogen content. HA type NC is
in a cotton flake form having a 12.1% nitrogen con-
tent.

Mixed acids have the compositions of nitric acid
(HNQy) sulphuric acid (H,S0,)/ water(H,0) = 60/
20/20, 50/30/20, 40/40/20, 30/50/20 and 20/60/20 by
weight. Thermal analyses were carried out for
samples of the mixtures with 960 parts of mixed
acid and 4 parts of NC, 480/4, 240/4, 96/4 and 48/4.

2. 2 Thermal analysis

Thermal analysis was performed using a hand-
made microcalorimetric apparatus under argon gas
atmosphere, in which the heating rate was 2 K/min
and the sample weight was 900 mg (36 mg of NC
and 864 mg of mixed acid). Preliminary experiments
showed that the temperature rise in the sample so-
lution of mixed acid and NC caused by exothermic
decomposition was within 1K.

Exothermic properties in the isothermal decom-
position of NC were examined using the handmade
microcalorimetric apparatus under atmospheres of
argon gas, air, and argon with about 1 vol% nitro-
gen dioxide. Isothermal operation of thermal analy-
ses for NC in mixed acid was carried out at tem-
peratures ranging from 50~75 .

3. Results
3. 1 Thermal decomposition of nitrocellulose in mixed
acid
Fig.1 shows an example of the DTA curves for NC
(4 wt%, LB type NC) in mixed acid(96 wt%, HNO,/
H,S0,/H,0=60/20/20 by weight) under argon. NC
began to undergo exothermic decomposition in the
mixed acid at a temperature of 66 °C, evolving ni-
trogen dioxide gas. This exothermic reaction ceased
at the temperature of about 90 °C, producing a
brownish yellow solution. The decomposition tem-
peratures do not differ with the types of NC. Pure
nitrocellulose decomposed thermally at tempera-
tures ranging from 180 ~ 250 °C in argon. Thus,
the NC decomposition in mixed acid occurred at a
lower temperature compared with pure NC.
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Fig. 1 An example of DTA curves of NC in mixed
acid

Temperature
50°C

I N

0 50 100 150

Reaction time ( min. )

Fig. 2 Isothermal decomposition of NC (36 mg) in
mixed acid (864 mg, H,S0,/ HNO,/ water=60/
20/20 by weight) obtained by micro-calorim-
etry

3. 2 Isothermal decomposition of nitrocellulose in mixed
acid

Under isothermal condition, NC underwent exo-
thermic decomposition in mixed acid at tempera-
tures ranging from 50~75 °C within 400 minutes.
Fig.2 shows the results of isothermal decomposition
of NC(36 mg, LB type NC) in mixed acid(864 mg,
H,SO /HNO,/water = 60/20/20 by weight)under ar-
gon obtained by microcalorimetry. There are two
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Table 1 Induction period and kinetic parameters at
various temperatures for the thermal decom-
position of NC in mixed acid under argon

Temp. Rate constant k Induction time
) (min.-1) i (min.)
0 | 0009 | a4
50 | 0.0 l 184
60 | 0. 039 100
70 0. 060 J 55

Mixed acid : NC(LB type NC) ; 96 : 4 (by weight),
Mixed acid; HNO, / H,SO, / H,O = 60/20/20 by
weight.)
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Fig. 3 In t vs. /T plot with regard to Fig.2
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characteristic features of NC decomposition in mixed
acid. One is that the NC exothermic decomposition
had an autocatalytic nature. The other is that the
NC decomposition had an induction period.

Many researchers reported that the thermal de-
composition reaction of pure nitrocellulose is auto-
catalytic. However, the mechanisms of the thermal
decomposition of pure nitrocellulose and that in
mixed acid may not be same.

The induction period is a very important factor
for safe handling in NC production. Table 1 shows
the induction period for the thermal decomposition
of NC (4 wt%, LB type NC) in mixed acid(96 wt%,
HNO,/H,S0,/H,0= 60/20/20 by weight) at various
temperatures under argon. Based on this thermal
analysis, the induction period decreased with in-
creasing reaction temperature. Plots of the loga-
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Fig. 4 Fractional decomposition (x) vs. time curves
obtained from Fig.2

rithm of the induction period t (min) vs. the inverse
of reaction temperature showed good linearity ac-
cording to the following Arrhenius-type equation (1)

Int=Ea/RT +1a A (1)

where t is the induction period, Ea the temperature
dependence for the initiation of the exothermic re-
action (activation energy for initiation) and A a con-
stant. Fig.8 is the In t vs. 1/T plot with regard to
Fig.2, and shows good linearity. Ea obtained from
the decline in this Arrhenius-type plot was 59 kdJ/
mol. As stated below, the induction period decreased
with an increase in the NC/mixed acid ratio or an
increase in the concentration of nitric acid in the
mixed acid.

3. 3 Kinetic study of the decomposition of nitrocellulose
in mixed acid

Once the decomposition is initiated, the rate in-
creased with the reaction time and reached a maxi-
mum in the middle of the exothermic reaction. This
exothermic reaction rate increased with an increase
of NC / mixed acid ratio or an increase in the con-
centration of nitric acid in the mixed acid. Frac-
tional decomposition (x) at time t is defined as the
ratio of the peak area up to the time t to the total
area at the end of the reaction. Fractional decom-
position (x) vs. time curves(Fig.4) obtained from
Fig.2 have an s-shape. It is known that an S-shape
for a fractional decomposition vs. reaction time curve
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Fig 5 Applicability of the results of Fig.3 to the au-
tocatalytic rate equation (2)
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often represents an autocatalytic reaction. Fig.5
shows the applicability of the results of Fig.4 to the
autocatalytic rate equation (2):

In(x/(1-x)) =kt 2

where x is the fractional decomposition of nitrocel-
lulose calculated from the thermogram in Fig.2, k
the rate constant for the autocatalytic decomposi-
tion and t the reaction time. This plot shows good
linearity, and the obtained rate constants are shown
in Table 1. Arrhenius plots of the rate constants k
obtained from Fig.4 gave an activation energy of 57
kd/mol.

Many NC decomposition studies indicate that the
decomposition of pure dry NC follows the autocata-
lytic rate equation® due to the catalytic nature of

the product nitrogen oxides. Our NC decomposi-
tion experiments in mixed acid also follows the same
rate equation but with a longer induction period.
The activation energy of the dry decomposition also
differs from that in the mixed acid, and those val-
ues were reported to be 180~200 kJ/mol®. Thus, it
can be deduced that the decomposition mechanisms
of NC in the dry condition and in the mixed acd are
different.

3. 4 Effect of some factors on the decomposition of ni—
trocellulose in mixed acid -

In order to consider the effect of compositions of
mixed acid, isothermal experiments were carried out
for the mixed acid which consisted of nitric acid
(HNOy)/sulphuric acid (H,SO,)/ water(H,0) = 60/20/
20, 50/30/20, 40/40/20, 30/50/20 and 20/60/20 by
weight, respectively. Every composition had anin-
duction period, and fractional decomposition vs. time
curves showed a sigmoidal shape. Table 2 shows
the induction periods and kinetic parameters for
various acid compositions. As stated before, the in-
duction period decreased with an increase in the
NC / mixed acid ratio or with an increase in the con-
centration of nitric acid in the mixed acid. Regard-
ing the rate constants, the same results were ob-
tained with respect to the induction time. That is,
the rate constant k for the autocatalytic decomposi-
tion increased with an increase in the NC / mixed
acid ratio or with an increase in the concentration
of nitric acid in the mixed acid.

Fractional decomposition (x) vs. time curves ob-
tained from the isothermal decomposition of NC in

Table 2 Kinetic parameters for the decomposition of NC in mixed acid

for various acid compositions

Rate constant {Induction time)

N:S:W iEa (Inﬂﬁcﬁon time)ﬂ
(by wt.) k (min.) ’ (kd/mol)
Temp. C 40 50 60 70 1
60:20:20 0.039(187) | 0. 063( 96) | 0. 105( 72) | 0.162( 36) [ 43.1(46.7)
50:30:20 0. 023(240) | 0.044(129) | 0.077( 82) | 0.132( 43) 48.0(50. 1)
40:40:20 0.018(294) | 0.035(144) | 0.057( 89) | 0. 101( 48) | 51.3(52.9)
30:50:20 0.012(352) | 0.022(159) | 0.040( 96) | 0.075( 53) | 55. 2(55. 3)
20:60:20 0. 008(458) 10.017(244) 0.036(117) | 0.058( 59) ' 59. 1(60. 4)

N; Nitric acid, S; Sulfuric acid, W; Water, Ea in brackets; Culculated values from induction
time, Mixed acid : NC (LB type NC);96:4 (by weight)
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Table 3 Kinetic parameters for the isothermal de-
composition of nitrocellulose in the argon-

NO, atmosphere
Temp. Rate constant k | Induction time
(C) (min.-1) (min.)
30 | 0.472 0
40 ! 0.679 0
50 ; 1. 232 0

Acid (mixed acid), Sulfuric acid: Nitric acid:
Water = 60:20:18 by weight, Mixed acid: NC (LB
type NC); 96:4 (by weight)

30°C
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Fig. 6 Isothermal decomposition of nitrocellulose

under argon-NO, atmosphere

(NO, flow has been stopped at the time indi-

cated by the arrows, and argon flow has been

started thereafter.)
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the mixed acid in the argon— NOQO, atmosphere also
had an s- shape. Rate constants for the NO,-cata-
lyzed NC decomposition are shown in Table 3.
Arrhenius plots of this rate constant k gave a very

low activation energy of 30.4 kdJ/mol. However, the
isothermal decomposition of nitrocellulose in the
argon-NO, atmosphere showed the following char-
acteristic features compared with the experiment
without NO,. One is that NC decomposes immedi-
ately without any induction period. This tells us
that NO, accelerates the initial reaction of the de-
composition. Another is that the NC decomposition
is never completed in the NO, containing atmo-
sphere in spite of the accelerating effect of NO,. This
tells us that NO, accelerates the NC decomposition,
but that the decomposition stops on the way, show-
ing a kind of equilibrium between the reaction spe-
cies and NO,. Fig.6 shows the experimental evi-
dence of the catalytic action of NO, on NC decompo-
sition, in which the isothermal decomposition was
carried out under argon-NO, flow until the time
when the decomposition stopped(this time is indi-
cated by the arrows in Fig.6), and thereafter only
argon was kept flowing. In this experiment, though
a kind of equilibrium was once attained under ar-
gon-NO, flow, the exothermic reaction again oc-
curred in argon.

Table 4 shows the effect of acid amount on the
exothermal decomposition of NC in mixed acid. The
induction period decreased with the increasing NC/
mixed acid ratio. Table 5 shows the effect of the
type of NC on the exothermal decomposition of NC
in mixed acid. Induction periods were different with
different kinds of NC, but the activation energies
obtained from the induction periods and the kinetic
parameters have the same value regardless of the

Table 4 Effect of acid amount on the exothermal decomposi-

tion of NC in mixed acid

Acid:NC |

Induction time Ea
(by wt.) i {min.) (kJ/mol)
Temp. C } 50 60 70
48:4 57 33 16 | 57.1(58.4)
96:4 181 100 55 | 57.0(59.4)
240:4 2080 | 1235 590 | 58.4(57.9)
480:4 7162 | 3937 | 2016 | 57.0(58.3)
960:4 10059 | 5086 | 2912 | 56.9(57.1)

Acid (mixed acid), Sulfuric acid: Nitric acid: Water =
60:20:18 by weight, Ea in brackets; Calculated Ea from
induction period, NC; LB type NC
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Table 5 Effect of type of NC on the exothermal decomposition of

NC in mixed acid

Type of NC
a Temp. C| 40
LB
HB 211
HA
LA 530

Induction time

Ea
(min.) i (kJ/mol)
50 | 60 | 70
181 | 100 | 55 | 57.0(59.4)
124 | 76 | 50 | 39.7(43.0)
54 | 36 | 24 | 31.4(37.3)
312 | 176 | 120 | 41.9(44.9)

Acid (mixed acid), Sulfuric acid: Nitric acid: Water = 60:20:18
by weight, Mixed acid: NC (LB type NC); 96:4 (by weight),
Ea in brackets; Calculated Ea from induction period '

type of NC.

4. Conclusions

Nitrocellulose in mixed acid underwent autocata-
lytic degradation after a long induction period, which
was affected by the reaction temperature. The acti-
vation energy obtained from the autocatalytic rate
equation was about 31.4~59.1 kJ/mol. Moreover,
the induction period decreased with an increasing
NC/ mixed acid ratie. An increase in the content of
nitric acid in the mixed acid had a decreasing effect
on the induction period. Plots of the logarithm of
the induction period t vs. the inverse of the reaction
temperature showed good linearity according to the
Arrhenius-type equation, and the obtained Ea was

about 37.3~60.4 kJ/mol.

Nitrocellulose in the mixed acid underwent auto-
catalytic degradation after a long induction period,
which was affected by the reaction temperature, the
amount of acid, and its composition. Moreover, ni-
trogen dioxide shortened this induction period and
accelerated the reaction.
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