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Abstract

Thermal analysis of nitrocellulose (NC) containing water was carried out using an accelerating rate calorimeter (ARC)
under the Heat-Wait-Search mode. The results were compared with those of our previous study conducted under
isothermal conditions using a heat-flux calorimeter (C80). In the ARC results, the heat-release temperature (7Tarc) of NC
with 2.0-25 wt% water was observed at 105°C, whereas that of dry NC was 150-155°C. In the case of NC with more than
5.0 wt% water, Tarc stayed constant at approximately 130°C. The water amount of 2.0-25 wt%, at which the lowest Turc
was observed, corresponded to the saturated vapor amount at 105°C. From this observation, it was concluded that NC
was most destabilized when all the additive water vaporized and is saturated as vapor in the sample vessel. This
tendency agrees well with the C80 results under isothermal conditions at 120°C. On the other hand, in the C80 results at
80°C under isothermal conditions, NC was most destabilized when more water was added than the saturated vapor
amount, unlike in the ARC results. The reason for this difference was assumed to be that at low temperatures (around
80°C or less), the additive water did not vaporize completely, even when only the saturated vapor amount in the vessel
was added to NC.
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1. Introduction
Nitrocellulose (NC, Figure 1) is widely used in various

industrial fields in applications such as lacquers, films,
celluloid products, and explosives. However, NC has a
tendency to cause spontaneous ignition, and many
accidents have been reported in the past! .

The spontaneous ignition mechanism of NC has been
investigated in some previous studies. Generally, it is

known that spontaneous ignition occurs through the
acceleration of NC degradation. The initial degradation
process results from the following hydrolysis®’ :

RONO2+H:0—ROH + HNO:3
RONO:: NC (Figure 1)

The hydrolysis is thought to be caused by water
adsorbing on NC or by water in the atmosphere. The
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Figure 1 Chemical structure of NC.

hydrolysis is autocatalytically accelerated by the nitric
acid generated. In addition, the sulfuric acid used in the
synthesis process affects the stability of NC”~9. Therefore,
if not adequately removed in the washing process, such
acids will further accelerate the hydrolysis®. Then, the
nitric acid generated from the hydrolysis and thermal
dissociation of the O-NO: bond release NOi and NC
gradually degrades through the reaction between NC and
NO.. It may be that more complicated reactions involving
radical species or other reactive substances are conducive
to the degradation of NC”-19-12 hut it is commonly
understood that water contributes to the degradation and
stability of NC. In addition, we reported in our previous
study that the thermal stability of NC is degraded by
water',

On the other hand, it is also known that NC containing
excessive amounts of water is more stable than dry NC.
For example, the UN recommendation states that NC
containing 25 wt% water is exempt from application as an
explosive material. Thus, it is expected that there is an
inflection point in the relationship between NC stability
and water content. However, the influence of water on the
thermal stability has hardly been evaluated quantitatively
in previous studies.

In the present study, for the investigation of the
influence of water on the thermal stability of NC, thermal
analysis of NC containing various amounts of water was
carried out using an accelerating rate calorimeter (ARC),
and the results were compared with the thermal behavior
observed with the heat-flux calorimeter (C80) in our
previous study'?.

2. Experimental
2.1 Materials

NC (N% = 10.9) provided by Asahi Kasei Chemicals
Corp. was used as the experimental sample. The NC was
dried under vacuum at ambient temperature for more
than three days. The dry NC (100mg) was put in a
spherical sample vessel (material : Hastelloy C; capacity :
24mL) used for the ARC measurements, and a given
amount of deionized water (Milli-Q water) was added to
the dry NC in the vessel.

2.2 Procedure

The reaction vessel containing the NC prepared as
described in Section 2.1 was attached to the ARC
assembly (Arthur D. Little, Inc., ARC2000). A
thermocouple was attached to the bottom outer surface of
the reaction vessel. Then, the thermal behavior of the NC

containing water under pseudo-adiabatic conditions was
observed in the Heat-Wait-Search mode (temperature
detection sensitivity : 0.02 K'min ! ; waiting and searching
time : 30 min ; temperature step : 5K)1%.

In this measurement, the sample vessel was heated in
5K increments. At each temperature step, the
temperature was maintained for approximately 30min,
and the sample vessel was monitored for any temperature
change. If the temperature change by the self-heating
reaction did not exceed 0.02K'min’!, the sample was
heated to the next temperature step. This temperature
control was repeated until a temperature change of up to
002K'min"! was detected. Upon detection of heat
exceeding 0.02K'min!, the system automatically switched
to “exothermic mode”; the external temperature was
controlled to the same temperature as the sample vessel,
allowing the temperature of the sample to be observed
under pseudo-adiabatic conditions. In this study, the
temperature at which heat release of more than 0.02 K-
min~! is observed is defined as Turc, and is used as the
index of NC stability.

3. Results and discussion
3.1 Relationship between Tarc and additive water
amount

As an example of the ARC measurement, the thermal
behaviors of NC alone and NC with 25wt% water are
shown in Figure 2. Turc of NC with 25wt% water was
observed at approximately 105°C, while that of dry NC
was 150-155°C. Figure 3 shows the relationship between
Tarc and the additive water amount. Tarc of NC with water
was lower than that of dry NC. In addition, it can be seen
that NC containing 2.0-2.5 wt% water showed the lowest
Tarc. In the case of more than 3.0-5.0 wt% water, Tarc
increased and stayed constant at approximately 130°C.

Next, to investigate why NC had such an inflection point
on the plot of Turc against additive water amount, we
investigated the relationship between Tarc and the phase
state of the additive water in the vessel. In the present
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Figure2 Thermal behavior of NC and its mixture with water.
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Figure 3 Change in Tarc of NC as a function of additive water
amount in NC.
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Figure4 Change in Tarc of NC as a function of R value.

study, as a parameter of the phase state of the additive
water, R is defined by the following equation :

_ Whi,0!V—04
0A

R 1)
where Whu,o is the additive water amount, V' is the vessel
volume (approximately 24 mL), and o4 is the amount of
saturated water vapor per unit volume. R shows the ratio
of liquid water and the vapor amount in the system,
because Wmo /V - pa and pa in Equation (1) correspond
to the liquid water and vapor amount, respectively.

Figure 4 indicates the change in Turc as a function of R,
which was calculated from o4 at 105°C, that is, the lowest
Turc. Tarc showed a minimum value at R = 0. The value R
=0 implies that the additive water vaporizes completely
and is saturated as vapor in the system. Under such

conditions, NC will react with water vapor and be most
destabilized. Conversely, when an excessive amount of
water is added to NC, it is considered that the liquid water
increases Tuarc slightly through absorption of the reaction
heat. For instance, in the case of NC with 5.0 wt% water, it
was calculated that 3.3 mg of water from an added amount
of 50mg remained in NC as liquid. The concept of the
relationship between R and NC stability is illustrated in
Figure 5 (A).

3.2 Comparison with 120°C isothermal experiment

In our previous study'?, the thermal behavior of NC (50
mg) containing water was investigated under isothermal
conditions at 80°C and 120°C using the heat-flux
calorimeter (C80, SETARAM Instrumentation). In this
study, NC stability was evaluated in terms of the induction
period (fcso), which is the time elapsed before heat release
from the beginning of storage. In this section, we compare
the ARC results observed in the present study with the
C80 results at 120°C.

Figure 6 shows the relationship between fcsp and
additive water content in conjunction with the ARC
results (Figure 3). In this figure, the water contents at
which Tarc and fcsp show their minimum values are
different; the water content at the lowest Turc is 2.0-25
wt%, whereas that at the lowest fcso is 10 wt% for 120°C
isothermal storage. Therefore, it can be said that the NC
stability is not determined by the additive water content.

As the reason for this difference, it is considered that
the phase state of the additive water is different for the
ARC and C80 measurements because the vessel capacities
(ARC:24mL; C80:4mL) and sample amounts (ARC:
100mg; C80:50mg) are different. Therefore, Turc and tcso
were plotted again as a function of R, as shown in Figure
7. In this figure, both Tarc and fcso show minimum values at
approximately R = 0. This result supports the assumption
that the NC stability decreases most when most of the
additive water vaporizes and is saturated as vapor in the
system, as described in Section 3.1.

3.3 Comparison with 80°C isothermal experiment

We compared the ARC results with the C80 results'* at
80°C. As shown in Figure 8, the water amounts at which
and fcso indicate their minimum values are
comparatively close ; the water content at the lowest Tarc
is 20—2.5 wt%, whereas that at the lowest fcso is 4.8 wt%
for 80°C isothermal storage. On the other hand, unlike the
ARC results, the plots of tcso versus R have larger
deviations from R=0;the minimum value of fcso at 80°C
occurs at R=1 (Figure 9).

Regarding this phenomenon, we assumed that the
difference in R values at the minimum 7arc and fcso values
resulted from the difference between the vaporization
behaviors because of the temperature. At low
temperatures (such as the 80°C isothermal condition), as
shown in Figure 5 (B), a part of the additive water is
thought to absorb in the NC in the liquid state, even if the
same amount of water as saturated vapor amount is
added. In other words, the water vapor is not saturated in

Tarc
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Figure5 Conceptual figure showing the relationship between the vaporization behavior of
additive water and NC stability, based on the results of the present study.
fIn this figure, white circles in the gas phase denote saturated water amount
(capacity). For instance, if all white circles in the gas phase change to blue circles, it
implies that water was saturated in the gas phase.
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Figure6 Change in Tarc and tcso(120°C) as a function of Figure7 Change in Tarc and tcso(120°C) as a function of R
additive water amount in NC. value.

the vessel. When the amount of water added to the NC is
greater than saturated vapor amount, the water vapor is
finally saturated in the system. This assumption can
explain the experimental result that the minimum fcso
value is observed when water with R slightly more than 0
is added to NC. On the other hand, in the case of ARC
measurements and isothermal storage at 120°C, Tarc and
tcso are minimized at R = 0, because the additive water is
almost completely vaporized when the additive water
amount is the same as the saturated vapor amount, as
shown in Figure 5 (A).

3.4 Vaporization behavior of water added to cotton

For the investigation of the vaporization behaviors at
different temperatures, a simple experiment was
conducted using wet cotton as a simulated sample. In this
experiment, screw-top glass tubes (~114mL) containing
dried cotton (6g) with water (2g) or water alone (2g) were
stored at 77 or 117°C using a constant-temperature oven.
The glass tubes were opened at intervals of approximately
10min. By measuring the weight of the tubes after
heating, the residual water amount was predicted.

At 117°C, a small amount of residual water was
observed after storage for 60 min (Figure 10), regardless of
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Figure10 Vaporization behavior of water and water added to
cotton.

whether or not cotton was present. However, it was
observed that the profiles were not completely consistent
with each other; water was difficult to volatilize in the
presence of cotton. This tendency was increased at 77°C.
Namely, approximately 70% of the water remained in the
cotton after 250 min, and in the case of water alone, the
residual water after storage for 250 min was 37%. From
this, it is concluded that the vaporization behavior differs
substantially in accordance with temperature, and water
remains for longer when an adsorptive material such as
cotton is present. Therefore, we consider that these
results support the hypothesis described in Section 3.3
about the difference between the ARC and C80 results
under 80°C isothermal conditions.

4. Conclusion
For the investigation of the influence of water on the

thermal stability of NC, thermal analysis of NC containing

water was carried out using ARC under the Heat-Wait-

Search mode. The results were compared with the

thermal behavior under isothermal conditions observed by

C80 in a previous study. The following conclusions can be

drawn :

(1)In ARC measurements, Tarc of NC with water (Tarc=
105-130°C) was lower than that of dry NC (Tarc=150—
155°C). NC with 2.0—-2.5 wt% water showed the lowest
Tarc (105°C). In the case of NC with more than 5 wt%
water, Tarc remained constant at approximately 130°C.

(2)When the relationship between Tarc and the R value
Equation (1) was investigated, Turc showed its
minimum value at R =~ 0. Since the value R = 0
corresponds to the water amount at which the additive
water vaporizes completely and is saturated as water
vapor in the system, NC is destabilized most under such
conditions. This result agreed well with the C80 results
under isothermal conditions at 120°C.

(3)In the C80 results under the 80°C isothermal condition,
the induction time before heat release, fcso, was
minimized at R = 1, unlike in the ARC results. As the
reason for this difference, it is considered that at low
temperatures, the water vapor is not saturated because
some of the additive water exists in the NC in its liquid
state, even if the amount of water added to the NC is
the same as the saturated vapor amount.
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