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Abstract

The spontaneous ignition mechanism of cellulose nitrate (NC) was analyzed in terms of the pressure change and the thermal behavior
during isothermal storage at 393 K. During storage of the NC, atmosphgvi@®©consumed during an exothermic reaction. The heat release
behavior as well as thefQlecreasing behavior could be fitted to a first-order reaction. The rate constant (K) and the inductionpexfod (t
the heat release behavior almost coincided with those for ftie€reasing behavior (@ecreasing behaviok =7.7x 10°s™, tj,qc=10h;
heat release behavidt=8.1x 10-°s™2, tj,¢c=9.2 h). The reaction heat did not increase even if the initial amount of NC increased under a
limited O, condition. These results would suggest that NC released reaction heat due to autoxidation which was propagation inaolging O
radical species generated from NC. Even in a 4.7 vol.%/iDatmosphere, the amount of reaction heat did not significantly change from
those in dry air. The reaction order was also not affected by the partial pressurg.ddN@e one hand, tHeéwas slightly higher, and thig,qc
was shorter in the 4.7 vol.% Nir (K=1.8x 1074s7%; tingc = 3.4 h) than those in dry air. These results would indicate that NC accumulated
reaction heat due to autoxidation by atmospheticadd NQ contributed to the initiation process before the autoxidation occurred.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction as the ignition mechanism, and Japanese Industrial Standards
stipulates a stability test for NC based on it.
Cellulose nitrate (NC) is widely used as an ingredi- Contrary to the ignition mechanism including NO

ent in propellants and dynamites in spite of its unstable Kimura and coworkef3-5] suggested that atmospherie O
character which is liable to undergo spontaneous ignition. contributed to the spontaneous ignition using a chemical lu-
The spontaneous ignition of NC has caused serious acci-minescence analysis technique. In addition, they recently
dents, and such tragedies have been reported even in recersuggested that unstable substances such as peroxides were
years. produced during a long-term storage6].

The spontaneous ignition mechanism of NC has been in- A likely explanation for the controversial mechanism may
vestigated for a long time. Some reviels2] described the  be that not only N@, but also Q patrticipates in the spon-
cause of the spontaneous ignition as heat accumulation. Theaneous ignition, and then peroxides are generated in the re-
heat was generated during the reaction between NC and NO action between these gases and NC. In the previous study
NO, was considered to originate by the-0, bond scission [7-10], we have reported that an exothermic reaction hardly
or the hydrolysis. This mechanism has been widely acceptedtook place without @ even if NG was excessively present

in the storage atmosphere. The reaction with @ther than
* Corresponding author. Tel.: +81 3 5861 7293; fax: +81 35841 7225.  the reaction with N@, directly contributed to the exothermic
E-mail addressk_katoh@explosion.t.u-tokyo.ac.jp (K. Katoh). reaction. This might indicate that the exothermic reaction
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mechanism was due to autoxidation caused by atmospheric Mi1dx1.S
O,. Therefore, the spontaneous ignition mechanism needs to 3.2 /

be clarified for safe storage. o T
In this paper, the spontaneous ignition mechanism was
analyzed in terms of the pressure change and the thermal J L / “

behavior during isothermal storage. ] 3/
[
] y

2. Experimental %

2.1. Sample

NC in 2-propanol (N contents: 12 wt.%; Sigma—Aldrich -~
Corp.) was dried in vacuo at ambient temperature for 3—4 h_
days. Particles with a diameter of less than {L@® were
prepared with a sieve, and then the NC was again dried un-
der the same conditions for 1-2 days. The dried NC (50 mg) 22
was placed in the vessel (Rigaku Corp.) having a capacity
of approximately 3.7 ci(Fig. 1). The air in the vessel was F16.9 |
removed in vacuo and then replaced by dry air, 4.7vo0l.%
NOy/air, or an Q/N2 mixture gas with different @ partial - %
pressure (Suzuki Shokan Corp. Ltd.). This procedure was re-
peated four to five times to ensure complete replacement of
the ambient gases.

10 . 3.45

80

49

2.2. Measurement

The NC was stored using C-80 (SETARAM S.A.) at 393K
to observe the overall pressure change and the thermal behav-

ior during the isothermal storage. RS
In addition, the NC was stored in a constant temperature \*’/
bath (Yamato Corp.) at 393 K. After storage, the ambient . / - b

gas in the vessel was analyzed by gas chromatography (Shi-
madzu Corp. GC8A, TCD). The{partial pressure was de-

- 1 o5
termined in comparison with theJ\partial pressure based —‘ o
on the assumption that the absolute amount gfdidi not 1
change.
Fig. 1. The draft for the calorimeter vessel (mm).

3. Results and discussion nation process are quite conducive to heat release since each

reaction in those processes releases more reaction heat than
3.1. Chemical kinetics that in the initiation process.

For the autoxidation mechanism, the rate equationof O

Inthe previous stud§7—10], we proposed the spontaneous decrease can be written as follows:
ignition mechanism of NC as shown B¢heme 1. d[O2] .

Egs. (R1)—(R4), describe the initiation process during the ~ gy k[O2][R*] 1)
degradation of NC. They show that the bond scission and
the hydrolysis of @NO2 bond occur (Egs. (R1) and (R2)),
and then N@ and RO abstract the hydrogen from NC (Egs.
(R3) and (R4)). The overall initiation process generatés R
[11,12].

The generation of Rstarts the propagation called autoxi-  R; = k,,[ROC*]? + k,,[R*][ROO*] + k;,[R*]? 2)
dation[13,14](Egs. (R5) and (R6)). During the propagation 12 _ _ _ _
process, an @molecule in the ambient gas reacts with R~ FOrks, = 2(ki ki3)™'%, EQ.(2) is transcribed into E¢(3):
and a produced ROCabstracts a hydrogen. Bcheme 1, it 1/2 1/20s an 2
is considered that the propagation and the subsequent termiRi = (kiy [ROO°] + ki, “[R°]) ©)

Given that a steady-state approximation is applied for the O
decrease rate equation (E@)), the rate of initiationR;, is
same as the rate of the termination process. Accordifyly,
is
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Initiation
RO-NO, + H.0 L NO: + NO efc) R.1
RO-NO- — RO- + NO; R R2
R-H + NO. — R- + HNO; R.3
R-H + RO- —- R- + ROH R.4
Propagation
R- + 02 — R-00- k R.5
R-O0- + R-H — R-OOH + R- k. R.6
Termination
2R0O0O- — ROCR + O ka R.7
R- + ROO- — ROOR ke R.8
2R- — R-R ke R.9

Scheme 1.

When only R is generated during the initiation process and

the steady-state approximation applies to R

R; + kp[ROO*][RH] = k[R°*][O2] + kl/Z[R']Rl/Z @)

is obtained. Similarly, when the steady-state approximation

applies to RO®:

k[OZ][R.] = kp[RH][ROO‘] + kl/Z[ROO‘]Rl/Z (5)

is obtained. From Eq¢4) and (5), [R] can be described to

R(kp[RH] + k. *RY?)
[RH] + kkl‘]_[OZ] + (kllkt3R) /

(6)

[R°] = 1/2

Combining Eqs(1) and (6), and the ©decrease rate equa-

tion, —d[O2]/dt, is

1/2 1/2 1/2)

d[0g]  K[O2IR;"“(kplRH] + ki,
df  koki/ 2[RH] + kkiy [O2] + (kiykeg Ri)Y/2

()

Given that the chain length is long enough; thakjp$RH] >
kl/ 2 l/ 2 , EQ.(7) is rewritten to

d[02]  kkp[O)[RHIR;?
dt " koki[RH] + kkiy[O2]

8

Additionally, based on the assumption that the rate of Eq.
(R5) is slower in terms of the heterogeneous reaction(&q.

is transcribed into

d 12
A —woa () ©

In this way, the @ decrease rate equation is expressed by the

first-order reaction for @

3.2. Reaction of NC with ©

3.2.1. Q decrease behavior

When NC was stored under dry air, the overall pressure did
not change for 3 h, and then the pressure gradually decreased
(Fig. 2). A pressure decrease of approximateky 402 MPa
was observed after 8 h, and then the pressure slowly rose.
An analysis of the gas composition by gas chromatography
showed that the pressure change was due to a decrease of the
O partial pressure.

3.2.2. Kinetic study

In Fig. 3, the Q@ conversion and the heat conversion
showed a similar behavior. The,Qonversion was rep-
resented as 4 [O2]/[O2]o. [O2]o Was expressed as initial
pressure of @ The heat conversion was obtained by dividing
the reaction heat by the overall reaction heat as shown in
Eqg. (10). The heat generation was accompanied by an O
decrease. In the experiments, the plot-dh([O2])/[O2]o)
had a linear relationship with the storage time as shown in
Fig. 4. Therefore, the ©decreasing behavior was of the
first order. The heat release behavior was also represented
by the first-order reaction. When the heat conversion was
denoted ag, the plot of—In(1 — x) against storage time had
a linear relationship with the correlation coefficient of 0.999
as shown irFig. 4. The first-order reaction constant (K; see
Eqg. (11)) and the induction period;fgc) almost coincided
with those of the @ conversion (Table 1):

fto (ndr [lq@)dr
(t) d  AH

heat conversion (x= (10)

Pressure/MPa

Storage time/h

Fig. 2. The overall pressure change during the storage. Storage temperature:

393 K; atmosphere: dry air; initial pressure: 0.1 MPa at room temperature;

initial amount of NC: 50 mg.
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Fig. 3. The Q conversion and the heat conversion against the storage time.
Storage temperature: 393 K; atmosphere: dry air; initial pressure: 0.1 MPa
at room temperature; initial amount of NC: 50 mg.

3.5

3.0

2.5

2.0

~In(1-x)

-In(1-Heat conversion)
0.5

O -In(1-O, conversion)

0.0 L L L L L L
15 20 25

Storage time/h

Fig. 4. —In(1— x) vs. storage time. Storage temperature: 393 K; atmosphere:
dry air; initial pressure: 0.1 MPa at room temperature; initial amount of NC:
50 mg.

Table 1
Comparison between Qlecrease behavior and heat release behavior
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3.0 T T T T T T T

2.5

2.0

In{ Ax/ At)+12

0.5

00 1 1 1 1 1 1 1
4

In(x)+5

Fig. 5. In(—Ax/At) vs. Ix(t). Solid line: plot of In(—AX/At) vs. Ix(t);
broken line: approximated curve; storage temperature: 393 K; atmosphere:
dry air; initial pressure: 0.1 MPa at room temperature; initial amount of NC:
50 mg.

wheret is the storage timelp the origin-point of reaction,
andt; is the end-point of reaction.
[O2]

_ln([02]o>:Kt’ KZk( )1/2

The result of Van't Hoff's differential calculus, which was
another method in order to investigate a reaction order,
indicated the plot of In(Ax/Astorage time) againsiirifad
a liner relationship with a slope of 0.97, and the correlation
coefficient was 0.992 (Fig. 5). The heat release behavior
was represented by a first-order reaction since this result
corresponded to a first-order equation (ER)).K obtained
by Van't Hoff's differential calculus well agreed with that
by integral calculus (Table 1):

) 1/2

The O decrease behavior and the heat release behavior
could be explained by an autoxidation mechanism which was
also a first-order reaction with respect to thed@crease.

R;
kty

(11)

R;

kg

d[O]

—In
dr

=In[0O2]+InK, K= ( 12)

Amount of reaction heat (J¢)

First-order rate constant (%) Induction period (h)

O, decrease behavior under dry air
Thermal behavior under dry air

Integral calculus

Van't Hoff’s differential calculus 460
Thermal behavior under 4.7 vol.% N@ir
Integral calculus
9 450

Van't Hoff’s differential calculus

7.7x10°5 10

8.1x 10°° 9.2
7.%10°°

1.8x 1074 3.4
1.5 104
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Fig. 6. The relationship between the amount of reaction heat and the ini- Fig. 8. —In(1— x) vs. storage time under the storage in dry air and 4.7 vol.%

tial amount of NC. Storage temperature: 393 K; atmosphere: dry air; initial NO,/air. Storage temperature: 393 K; initial pressure: 0.1 MPa at room tem-
pressure: 0.1 MPa at room temperature. perature; initial amount of NC: 50 mg

3.2.3. Effects of initial amount of NC and initial partial
pressure of @

The amount of reaction heat did not increase although the
initial amount of NC increased from 50 to 100 mg (Fig. 6).
On the other hand, the reaction heat of 50 mg of NC increased
with the O partial pressure (Fig. 7). These results showed
that the amount of reaction heat depended on thedbtial

3.3. Reaction of NC with NO©

3.3.1. Kinetic study

In 4.7vol.% NQ/air, NC released about the same
amount of heat as in dry air. The heat flow behavior in
4.7vol.% NQ/air was similar to that in the dry air. The

; plot of —In(1 — x) had a linear relationship with the storage
pressureand not the amount of NC. These behaviors would time in 4.7vol.% NGair (Fig. 8), and the correlation

sgpport the auto>_<|dat|on was involved in the heat release. lncoefficient was 0.999. Similarly, the plot of In(AX/A1)
Fig. 7, the reaction heat became constant above 0.08 MPaa ainst In(x) had a linear relationship with 0.992 of the
of the & partial pressure. This indicated that the amount of 9 P '

NC needed at least 0.08 MPa of the @artial pressure to

complete oxidation.
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2000 | # d) - 20k 4
d) ~
—
- +
o =
= 1500 | i E sk i
2 3
= 5
5 T
§ 1000 | q} -1 10
34
4
05 F b
500 D _
O'O 1 1 1 1 1 1 1
0 L 1 L 1 L 0 1 2 3 4 5 6 7 8
0 0.02 0.04 0.06 0.08 0.1 .12

In(x)+5
Initial partial pressure of O,/MPa
Fig. 9. —In(AXx/At) vs. Inx. Solid line: plot of—In(Ax/At) vs. Inx; broken
Fig. 7. The relationship between the amount of reaction heat and the initial line: approximated curve; storage temperature: 393 K; atmosphere: 4.7 vol.%
partial pressure of @ Storage temperature: 393 K; initial amount of NC:  NOy/air; initial pressure: 0.1 MPa atroom temperature; initial amount of NC:
50 mg; initial pressure: 0.1 MPa at room temperature. 50 mg.
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Fig. 10. The relationship between the induction perigdd) and the initial . . . .
amount of NC. Storage temperature: 393 K: initial pressure: 0.1MPa at room F19- 11. The relationship between the first-order rate constgnaid the
temperature: initial partial pressure 05®.02 MPaztindc: the intersection initial amountofNC_. St_oraget_emperature: 393 K;initial pressure: 0.]? MPaat
of line in plot of —In(1 — x) vs. storage time andIn(1— x)=0 room tgmperature; initial partial pressure of. 0.02 MPaK: the inclination

of line in plot of —In(1 — x) vs. storage time.

correlation coefficient, and its slope was 0.92 (Fig. 9). These action between NO andZpmight play an important role in
results indicated that the heat release behavior of NC in terms of the NQ generation.
4.7v0l.% NQ/air was expressed by a first-order reaction ~ However, the reaction betweerp@nd NO (Eq.(R10))
as well as that in dry air. NOwould hardly affect the hardly contributed to the © decrease. Atkinson et al.
propagation process since N@id not affect the reaction  [17] reported that a reaction constaiho-.no,, of Eq.
order. (R10) was 2.19x 10-38mol~2cmPs~1. Kawaguchi et al.
Thetingc value in 4.7 vol.% NG/air was shorter than that ~ [18] estimated that the NO generation rate of NC was
in dry air, and the< in 4.7 vol.% NGy/air was slightly larger ~ approximately 1.% 10°molcn3s™! per 50mg NC
than that in dry air (Table 1). The hydrogen-abstract rate @t 338K. If [NOJ in Eg. (13) was constant at the NO
became higher during the initiation process due to higher concentration after 24 h, the pseudo-first-order constant
NO, partial pressure, and the alkyl radical concentration (KINOJ?) was estimated to be 4:210~1%s~1. This value
further increased. Therefore, N@vould play an important

role in the initiation process, but NChardly contributed 10.0 T T T T T
to heat generation processes such as the propagation
process.
9.0 F -
3.3.2. Effect of initial amount of NC -
With an increase of the initial amount of NC (20, 40, 50, % | |
70, 80, 100 mg), théngc decreased (Fig. 10), and tKein- g
creased (Fig. 11) in dry air, whereas, the amount of reaction §
heat did not change. These results were thought to suggestg 70 k 4
that the initiation process was accelerated by the W@ich =
was increased with the amount of NC.
6.0 |- E

3.4. Reaction of @with NO

. . . 5.0 1 1 1 1 1
Thg thermal behavior under dlffgrent partlal pressure of 002 000 0.0 008 o o2

Oy indicated that thg,qc decreased with an increase of the O N .
initial pressure (Fig. 12). This showed the initiation process Initial partial pressure of O,/MPa
would be accelerated with anincrease of the initial pressure of _. . _ _ .
0. Volltrauer and Fonti'ir[15] and Nakamura and cowork- Fig. 12. The relationship between the induction perigdd) and the initial

2: ) ) ) partial pressure of @ Storage temperature: 393 Kl; initial pressure: 0.1 MPa
ers[16] suggested that NO was the major component in gasesat room temperature; initial amount of NC: 50 migic: intersection of a

evolved from NC. The reaction described in ER10) (re- tangent on the maximum inclination point of heat flow and heat flow =0.

<
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was adequately lower thaK in the present study. In  Acknowledgments
addition, the rate of Eq{R10) will become lower because

Eq. (R10)is equilibrium reaction. These indicated that Eq. This work was partly supported by financial aid for re-
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2NO + Oy = 2NO, (R10)
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