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Study on the spontaneous ignition mechanism of nitric esters (II)
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Abstract

The thermal behavior of cellulose nitrate (NC) with diphenyl amine (DPA) or a phenol-based oxidation inhibitor (AO80) was investigated
in order to estimate the effect as a stabilizer in a smokeless powder. During the isothermal storage at 393 K, both stabilizers decreased the
amount of the reaction heat of NC, and lengthened the induction period of the exothermic reaction. Those effects might indicate that both
stabilizers were capable of suppressing the spontaneous ignition. However, the effects of DPA and AO80 on the isothermal storage of NC
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ere different. Under the storage in O2, DPA showed larger effect on the induction period but less effect on the released heat reduc
O80 did. Those differences might be understood as follows: DPA mainly prevented the reaction before the autoxidation by trap2,
hile AO80 mainly prevented the autoxidation of NC by trapping ROO•.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Cellulose nitrate (NC) is widely used as an ingredient of
ropellants and dynamites in spite of its unstable characteris-

ic such as spontaneous ignition. The spontaneous ignition of
C has caused serious accidents, which have been reported
ven in recent years.

The spontaneous ignition mechanism of NC has been in-
estigated for a long time. Some reviews[1,2] suggested that
he spontaneous ignition was caused by the reaction between
C and NO2. The NO2 originated from the ONO2 bond
cissions or the hydrolysis. In order to stabilize NC, the sta-
ilizer such as diphenyl amine (DPA) is added. As for DPA
tabilization mechanism, it is known that DPA traps NO2 and
erminates the exothermic reaction. However, the stabiliza-
ion mechanism is not fully understood yet. Therefore, the
nvestigation of the NC stabilization mechanism by DPA is
equired.

∗ Corresponding author. Tel.: +81 3 5841 7293; fax: +81 3 5841 7225.
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Recently, we reported that an exothermic reaction of
hardly took place without O2 [3–6] during the isotherma
storage of NC, and O2, rather than NO2, directly contributed
to the exothermic reaction. The nature of the exothermi
action was thought to be autoxidation caused by atmosp
O2. Accordingly, a phenol-based oxidation inhibitor (AO8
which interferes with the autoxidation, is expected to stab
NC. AO80 is anticipated to be a new stabilizer for prev
ing the spontaneous ignition of NC based on our prop
reaction scheme.

The object of this study is to estimate the effect of D
and AO80 on the NC stability. In the experiments, the t
mal behavior was monitored using C-80 during isothe
storage.

2. Experimental

2.1. Sample

NC in 2-propanol (nitrogen content, 12 wt.%; Sigm
Aldrich Corp.) was dried in vacuo at approximately 29
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2005.01.068
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Fig. 1. Chemical structure of DPA and AO80.

for 3–4 days. Particles with a diameter of less than 100�m
were prepared by sieving, and then the NC was again dried
under the same conditions for 1–2 days. After drying, DPA or
AO80 was added to the NC (50 mg). The chemical structures
of DPA and AO80 are shown inFig. 1. The NC with DPA or
AO80 was placed in vessels (3.7 cm3). The air in the vessel
was removed in vacuo and then replaced by dry air or O2
(Suzuki Shokan Corp., Ltd.). This procedure was repeated
4–5 times to ensure complete replacement.

2.2. Measurement

The sample was stored in C-80 (SETARAM S.A.) at 393 K
to observe the thermal behavior during isothermal storage.

3. Results

3.1. Effect of DPA on stabilization

The isothermal storage of NC with and without DPA at
393 K indicated that DPA affected the heat release reaction
of NC. In dry air, 1 wt.% DPA/NC released 160 J g−1 of the
reaction heat with a 20 h induction period while NC without
DPA released 520 J g−1 of the reaction heat with an 8 h in-
duction period (Fig. 2). The induction period was obtained
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Fig. 2. Thermal behavior of DPA/NC in dry air. Storage temperature: 393 K,
initial pressure: 0.1 MPa at room temperature, initial amount of NC: 50 mg.

Fig. 3. Thermal behavior of DPA/NC in O2. Storage temperature: 393 K,
initial pressure: 0.1 MPa at room temperature, initial amount of NC: 50 mg.

respectively, while NC without AO80 was observed with 8 h
induction period (Fig. 4). And the amount of reaction heat
of AO80/NC decreased from 520 to 330, 260, and 150 J g−1

with 1, 2, and 3 wt.% contents.
In O2, 1, 2, and 3 wt.% AO80 lengthened the induction

period from 7 to 10, 12, and 15 h, and those decreased
the amount of reaction heat from 2390 to 2130, 1950, and
1800 J g−1, respectively (Fig. 5).

4. Discussion

In the previous study[3–6], we proposed the spontaneous
ignition mechanism of NC as shown in the reactionScheme 1.
The reactions, R.1–4, describe the initiation process during
rom the intersection of a tangent on the maximum inclina
oint of heat flow and the line of heat flow = 0. Two wei
ercentage of DPA/NC showed no heat release even a
8 h storage.

The O2 atmosphere accelerated the heat release an
ithout DPA released 2390 J g−1 of the reaction heat in 7
owever, DPA reduced the heat release of NC even in2.
n amount of 1 and 2 wt.% of DPA/NC did not release

eaction heat until the storage period reached 20 and
nd also reduced the amount of the reaction heat from

o 2320 and 2160 J g−1, respectively (Fig. 3).

.2. Effect of AO80 on stabilization

It was newly discovered that AO80 also might have a
ilization ability for NC. In isothermal storage in dry air
93 K, the induction period of AO80/NC was observed a
torage for 11, 13, and 14 h with 1, 2, and 4 wt.% conte



170 K. Katoh et al. / Thermochimica Acta 431 (2005) 168–172

Fig. 4. Thermal behavior of AO80/NC in dried air. Storage temperature:
393 K, initial pressure: 0.1 MPa at room temperature, initial amount of NC:
50 mg; exothermic upwards.

the degradation of NC. They show that the bond scission and
the hydrolysis of ONO2 bond occur (R.1 and 2), and then
NO2 and RO• abstract the hydrogens from NC (R.3 and 4).
The overall initiation process generates R• [7,8]. The gen-
eration of R• starts the propagation called autoxidation (R.5
and 6)[9,10]. During the propagation process, O2 molecule
in the ambient gas reacts with R•, and produced ROO• ab-
stracts hydrogen NC. In this reaction scheme, it is considered
that the propagation process and the subsequent termination
process are quite conducive to heat release since each reac-
tion in those processes releases more reaction heat than that
in initiation process.

The thermal behaviors of DPA/NC and AO80/NC were
different from another in the induction period and the amount

F K,
i mg;
e

Scheme 1.

of reaction heat. In O2, the induction period of DPA/NC was
extended significantly (Fig. 6), while the reduction of the
reaction heat of DPA/NC was less than that of AO80/NC
(Fig. 7). It is known that DPA traps NO2 [11]. From this,
it can be said that DPA trapped NO2 and, thus, DPA mainly
takes effect on the initiation process which hardly contributed
to the heat release.

For AO80/NC under O2, the induction period increased
slightly, and the reaction heat decreased significantly. This
phenomenon might be due to the radical trapping character
of AO80 to suppress autoxidation. AO80 is well known for
deactivating ROO• as shown inFig. 8 [12]. Therefore, it was
considered that AO80 trapped ROO• generated in the au-
toxidation (R.4) and, thus, AO80 prevented the propagation
which was conductive to the heat release.
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Fig. 7. Relationship between amount of reaction heat and content of stabi-
lizer in O2.�: DPA, ©: AO80, temperature: 393 K, initial pressure: 0.1 MPa
at room temperature, initial amount of NC: 50 mg.

Fig. 8. Stabilization mechanism of AO80.

The behavior in dry air was different from that in O2
(Figs. 9 and 10). The reaction heat of DPA/NC decreased
more than that of NC/AO80. Those differences might be un-
derstood as follows: in limited O2 atmosphere such as the dry
air, R• which was reduced by DPA was quenched before the
reaction proceeded to autoxidation.

F er in
d a at
r

Fig. 10. Relationship between amount of reaction heat and content of sta-
bilizer in dry air.�: DPA, ©: AO80, temperature: 393 K, initial pressure:
0.1 MPa at room temperature, initial amount of NC: 50 mg.

5. Conclusion

The thermal behavior of NC with DPA or AO80 was in-
vestigated in order to estimate the effect as a stabilizer in a
smokeless powder.

During isothermal storage at 393 K, both stabilizers de-
creased the amount of the reaction heat of NC, and length-
ened the induction period of the exothermic reaction. Those
effects might indicate that both stabilizers were capable of
suppressing the spontaneous ignition.

However, the effects of DPA and AO80 on the isothermal
storage of NC were different. DPA showed larger effect on
the induction period but less effect on the released heat reduc-
tion than AO80 did. Those differences might be understood
as follows: DPA mainly prevented the reaction before the au-
toxidation by trapping NO2, while AO80 mainly prevented
the autoxidation of NC by trapping ROO•.
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