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Abstract 

The thermal decomposition of nitrocellulose (NC) 12.1% N, has been studied with regard to 
kineties, mechanism, morphology and the gaseous products thereof, using thermogravimetry 
(TG), differential thermal analysis (DTA), IR spectroscopy, differential scanning calorimetry 
(DSC) and hot stage microscopy. 

The kinetics of the initial stage of thermolysis of NC in condensed state has been investigated 
by isothermal high temperature infrared spectroscopy (IR). The decomposition of NC in KBr ma- 
trix in the temperature range of 142-151~ shows rapid decrease in O-NO2 band intensity, sug- 
gesting that the decomposition of NC occurs by the rupture of O-NO2 bond. The energy of 
activation for this process has been determined with the help of Avrami-Erofe'ev equation ( n - 1 )  
and is ~188.35 kJ.mo1-1. Further, the IR spectra of the decomposition products in the initial stage 
of thermal decomposition of NC, indicates the presence of mainly NO2 gas and aldehyde. 
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Introduction 

Thermal decomposition data constitutes an essential component in the study 
of explosive properties of polynitro compounds. Nitrocellulose (NC) is widely 
used as a chief ingredient in the production of smokeless powder, blasting gel- 
atine, dynamite, single-base, double-base and triple-base propellants. 

The gun and rocket propellants based on NC and nitroglycerine (NC) dete- 
riorate on storage due to liberation of nitrogen peroxide and nitric oxide. These 
oxides react with moisture to give nitric acid (HNO3) which causes further deg- 
radation of NC and NG. This process of breakdown of NC and NG continues 
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and is termed as 'auto-catalytic'. The breakdown of NC, leads to deterioration 
of ballistic and mechanical properties as well as chemical stability of propel- 
lants. 

The study of effect of heat on NC is likely to provide a clue for degradation 
of NC [1-4]. The decomposition of NC proceeds [1, 3] through the intermedi- 
ate formation of aldehyde, alcohol, NOz gas. Beard et al. [5] studied the surface 
changes of thermally aged NC and suggested formation of amines, oximes and 
urethanes as products of secondary reactions of NO2 with the NC residue. Jutier 
and coworkers [4] carried out the non-isothermal decomposition study of NC 
films using Fourier transform infrared (FTIR) spectroscopy. They pointed out 
that the basic carbon skeleton of NC does not change drastically during the de- 
composition. The decomposition has been found to be autocatalytic [ 1, 4]. 

Since the products of initial thermal decomposition also decompose simulta- 
neously with NC, the kinetic parameters determined by mass loss studied are 
likely to give an average value for all the decomposition reactions. A precise 
study of the kinetics of initial thermal decomposition of NC is possible by fol- 
lowing the change in the chemical bond involved in the decomposition process. 
The high temperature IR spectroscopic technique has been used in the present 
study to determine the structural rearrangement and mechanism of the initial 
thermal decomposition of NC in conjunction with hot stage microscopy and 
product analysis by IR. The kinetics of the initial isothermal decomposition has 
also been followed by the same technique. 

E x p e r i m e n t a l  

Materials 

NC, nitrogen content 12.1-12.3%, was obtained from the Ordnance Fac- 
tory, Bhandara. It was dried under vacuum. The spectroscopic grade potassium 
bromide (KBr) was used as a matrix material for IR spectroscopic studies. 

Thermal analysis 

Thermal analysis was carried out using a simultaneous thermal analyser, 
STA 409, (Netzsch, West Germany). The Pt-10% Ir thermocups (cylindrical in 
shape) with Pt-Pt 10% Rh thermocouples forming an integral junction with the 
thermocup were used and the reference material was calcined alumina. The sample 
used for thermal analysis was 5.0 mg and heating rate was 10 deg.min -1. 

High temperature 117 spectroscopic technique 

A specially designed cylindrical brass furnace with a temperature program- 
mer was used for high temperature studies [6]. It has an arrangement for hold- 
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ing KBr pellet of 1.6 cm in diameter. The KBr pelletis connected by means of 
a chromel/alumel thermocouple to the Stanton Redcroft's universal temperature 
programmer for temperature sensing, measurement and control. The accuracy 
of temperature measurement was +I~ of the set temperature. The spectra of the 
sample in KBr matrix were recorded in the frequency range 4000 to 200 cm -~, 
at the desired elevated temperature at regular time intervals, using medium 
speed of scanning. It was verified that the peak intensity of the band at 
1285 cm -~ (corresponding to -NO2 symmetric stretching vibration of O-NO2 
bond) varies linearly with the mass of the sample showing applicability of 
Beer's law in the concentration range of 0.1 to 0.75% NC in KBr matrix. 

Kinetics 

The kinetics of thermal decomposition [6] was followed by Perkin-Elmer. IR 
spectrophotometer, model 683, with double beam ratio recording system, which 
generally require no correction for sample temperature. 

The kinetics of decomposition of NC was followed by the intensity of absorp- 
tion of O-NO2 band at 1285 cm -1. For calculating fraction of NC decomposed 
(o~), the peak intensity after attaining the desired temperature, was taken as in- 
itial concentration. The cz was then plotted as a function of time and at the de- 
sired temperature, kinetics was deduced using standard expressions [7-10] for 
various exponential 'n' values and also first order equation. 

Gas analysis by 1R 

A specially designed experimental set up and IR gas cell with KBr windows 
were used to study the gaseous decomposition products of the thermal decom- 
position of NC. 

Hot stage microscopy 

Leitz orthoplan polarising microscope with hot stage was used under dy- 
namic heating conditions to characterise the morphological sequence of decom- 
position. The photomicrographs were taken at different temperatures and 
magnification of 100. The temperature was programmed through the Univer- 
sal Temperature Programmer of Stanton Redcroft. 

Differential scanning calorimetry 

DSC experiment was carried out on Perkin-Elmer DSC-7. The sample used 
for DSC was 0.8 mg and heating rate was 10 deg.min -1. 
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Fig. 1 Thermal analysis curve of nitrocellulose (TG-25 mg, DTA-0.1 mv, DDTA-0.5 mv, 
Atmosphere: static air) 

R e s u l t s  a n d  d i s c u s s i o n  

Figure 1 shows DTA, DDTA and TG curves for NC. Thermogravimetric 
curve of NC does not show any change in weight up to 167~ From 168 to 
188.5~ there is a very steep loss in weight amounting to about 99% of the 
original weight. DTA curve shows sharp exothermic change with peak maxi- 
mum at 187.2~ 

The DSC curve (Fig. 2) shows a sharp dominant exothermic change, with si- 
multaneous release of 2591.02 J/g energy in the temperature range 181.5- 
248~ with peak maxima at 206.88~ 

The microphotographs recorded at different time intervals during heating are 
shown in Fig. 3 (A-F). It is seen that NC shows thread like transparent struc- 
ture at room temperature (26~ The transparency gradually decreases with an 
increase in temperature and at about 160-170~ brown gas evolution starts. The 
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Fig. 2 DSC trace of nitrocellulose. (Atmosphere: nitrogen) 

rapid movement of fibrous structure of NC is observed during 180-185~ fol- 
lowed by disappearance of fibrous structure. The profuse evolution of brown 
gas is also observed with increased intensity of brown gas at localised points. 
Some of the localised points are transformed into holes through which gaseous 
products bubbled out and finally giving a dark brownish black residue. - 

Standard IR spectra of NC in KBr matrix (Fig. 4) shows absorption bands at 
1655, 1285, 830-840, 750 and 680 cm -1 which are due to O-NO2 bond and 
1060-1080 cm q due to C-O stretching in C-O-C'  bridge [4]. Figure 4 repre- 
sents the variation of band intensity for different groups with time at 151~ 
during decomposition of NC. The bond energy data of different linkages in NC 
shows that the O-NO2 is the weakest linkage and as a result, the O-NO2 band 
intensity shows a loss at faster rate than other bands. This indicates that the de- 
composition starts at the O-NO2 bond first followed by further decomposition. 

The gaseous products evolved in the initial stage of the thermal decomposi- 
tion of NC, shows IR absorption band of medium intensity at 1621 cm -~ due to 
NO2. The analysis of the solid residue left afte[ the initial stage of decomposi- 
tion of NC, by IR shows mainly the presence of aldehyde. The formation of NO2 
and aldehyde indicates that the initial thermal decomposition occurs at the 
O-NO2 bond and is supported by high temperature IR study. 

For kinetic studies, at the desired temperature, the fraction of NC decom- 
posed (ct) in time t, was calculated from the loss in peak intensity of the band 
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corresponding to O-NO2 linkage. The a - t  curves of NC by high temperature IR 
spectroscopy, in the range of 142 to 151~ are shown in Fig. 5. The a - t  curves 
are sigmoidal in nature. The reaction has an induction period followed by an ac- 
celeratory region and then a deceleratory one. The induction period is consid- 
erably brought down at higher temperatures. The decomposition of NC is best 
described by Avrami-Erofe'ev equation, n=  1. 

[-In(1 - a)] v" : k(t - to) (1) 

where 
n 

13 
X 
r 

k 
t 
to 

exponent and is = 13 + K 
number of steps involved in nucleus formation 
number of dimensions in which nuclei grow 
fraction decomposed 
rate constant 
time 
initial time. 

The plot of I - log( l -a) ]  vs. time, (t-to), is a straight line, from the slope of 
which k was calculated. The activation energy was determined from the Ar- 
rhenius plot and the value is 188.3 kJ.mol -t. 

The IR spectroscopic studies under isothermal conditions show an additional 
band at 1840 cm -~ at the time of decomposition of NC and appears to be due to 
NO. This is, ho'wever, somewhat at lower frequency than the usual NO fre- 
quency which is reported at 1880 cm -t and is likely to diffuse out of matrix 
similar to CO. This also confirms the formation of NO2, in the first stage of de- 
composition of NC, which reacts with MX (matrix) giving NOX (X=Br). 

2NO2+ MX ~ MNO3 +NOX (2) 

This is in accordance with the findings of Bent et al. [11]. Further, disap- 
pearance of this additional band at 1840 c m  -1 o n  continued heating is due to the 
dissociation of NOX in the following manner 

2NOX ~ X2+ 2NO (3) 

The rate of reverse reaction is likely to decline, in the KBr matrix, as NO 
diffuses out of matrix. It is, therefore expected that the NOX will exhibit meta- 
stability as observed. The additional peak at 2320-40 cm -t during isothermal 
decomposition is likely due to CO2 suggesting the formation of CO2 during de- 
composition of NC, after the formation of NO. The additional peaks at 
1725-50 cm -1 and 1150-1170 cm -1 are due to CO and CH2 respectively in IR 
spectra of NC residue obtained after the initial stage of decomposition and 
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Fig .  4 IR Spec t ra  o f  n i t roce l lu lose  at  151~ as a func t ion  o f  t i m e  (rain) 
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shows the presence of formaldehyde structural grouping [12]. The presence of 
aldehyde, NO2 and CO2 is also supported by the work of Saunders and co-work- 
ers I1]. 

The data of high temperature IR spectroscopic studies, product analysis and 
hot stage microscopic analysis clearly shows that the primary step in the decom- 
position of NC is the cleavage of O-N bond, leading to the formation of RCH20 
free radical [1, 13]. 

RCH2ONO2 --~ RCH20" + NO2 
(NC) 

(4) 

This free radical is converted into intermediate decomposition product such 
as HCHO (formaldehyde), which may further react with NO2 formed during de- 
composition, leading to the formation of CO2. 
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Zusammenfassung ~ Im Hinblick auf Kinetik, Mechanismus, Morphologie und den gasf6r- 
migen Produkten wurde mittels Thermogravimetrie und Differential-Thermoanalyse, IR-Spek- 
troskopie, Differential-Seanningkalorimetrie und dem Heiztisehmikroskop die thermische 
Zersetzung von Nitrozellulose (NC) mit 12.1% N untersueht. 
Die Kinetik des einleitenden Schrittes der Thermolyse yon ArC im kondensierten Aggregatzus- 
tand wurde mittels isothermer Hochtemperatur-Infrarotspektroskopie (IR) untersucht. Die 
Zersetzung yon NC in einer KBr-Matrix im Temperaturbereich 142-151~ zeigt ein schnelles 
Abnehmen der O-NO2 Bandenintensit/it, was darauf hindeutet, dab die Zersetzung von NC 
dutch die Spaltung der O-NO2 Bindung erfolgt. Die Aktivierungsenergie f/Jr diesen Vorgang 
wurde mittels der Gleichung von Avrami-Erofe'ev ( n = l )  ermittelt und betr/igt ca. 188.35 
kJ/mol. Weiterhin zeigen die IR-Spektren der Zersetzungsprodukte im einleitenden Schritt der 
thermischen Zersetzung yon NC die Gegenwart yon haupts~ichlieh NO2-Gas und Aldehyd. 

J. Thermal Anal., 45, 1995 


