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Abstract 

Thermal stabilities for three pentaerythritol tetranitrate (PETN) samples with variable 
surface areas were monitored by isothermal calorimetry and UV spectroscopy over the 
range 363-408 K. Isothermal induction times measured with constant volume calorimetry 
under an air atmosphere, and NO evolution rates monitored by UV absorbance at 213 nm 
under vacuum correlated with the PETN surface area at temperatures equal or exceeding 
383 K. Rate data measured at 383 K are in accord with predictions based on detailed 
kinetic modeling. Below 383 K, NO evolution data suggested that additional geometric 
factors may be significant in controlling PETN stability. Mechanisms for the influence of 
surface area upon the rate-determining step are addressed. 

INTRODUCTION 

Advancing applications technology coupled with increased enivornmen- 
tal, safety, and health regulations require accurate and precise methods for 
surveying the stability of energetic materials subjected to long-term aging. 
These requirements necessitate the need for a more fundamental under- 
standing of the chemistry, in particular the kinetics for degradation, of 
pentaerythritol tetranitrate (PETN). In previous work, it was demonstrated 
that an atmosphere of NO, above PETN within a closed system reduced the 
isothermal induction time, as recorded by conventional isothermal calori- 
metry [l]. These results were shown to be quantitatively in accord with a 
simple phenomenological model based on an autocatalytic rate law arising 
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from combined melt-decomposition and secondary chain initiation by 
NO,. In this paper, the influence of surface area upon the low-temperature 
aging of PETN and evolution of NO was investigated by isothermal 
calorimetry and UV spectroscopy. Rate data are shown to be in accord with 
detailed kinetic modeling for the decomposition of PETN. Specific 
mechanisms to account for the influence of surface area upon the 
low-temperature degradation of PETN and the evolution of NO and NO, 
are discussed. 

EXPERIMENTAL 

Samples of PETN with surface areas of 5000, 5500, and 12 000 cm* g-’ 
were prepared by proprietary processing methods. The specified surface 
areas possessed an uncertainty of *lo%. Isothermal induction times for 
PETN were recorded with a Setaram C-80 calorimeter over the range 
393-408 K. For a typical run, 20 mg samples of PETN were sealed in 
0.15 cm” stainless steel crucibles under an air atmosphere. For an induction 
time measurement, the sealed crucible was placed in the center of the C-SO 
detector and data were collected until completion of the exotherm. 
Induction time was defined as the time-to-maximum rate (TMR). 

Evolution of NO was recorded with a Shimadzu UV-260 spectro- 
photometer at 213 nm. UV spectroscopy was conducted in conjunction with 
C.J. Seliskar, Center for Laser Chemistry, University of Cincinnati, 
Cincinnati, OH. Samples were prepared by loading 100 mg of PETN into a 
small Pyrex vessel to which a 5 cm X 1 cm2 suprasil quartz optical cell 
(cuvette) was attached via a graded seal. The cell had a total volume of 
approximately 6 cm”, and was attached to a greaseless glass manifold with 
black wax via an 18/9 ball joint. The cell was then evacuated to a pressure 
of 2 X lo-’ torr with a turmolecular pump and sealed. Prior to this final 
sealing, however, the region of the vessel where the seal was to be made 
was flamed with a glassblower’s torch while pumping on the vessel. The 
powder was not exposed to elevated temperature during this procedure, 
and was continually pumped to prevent any decomposition products from 
adhering to the power. The pressure was monitored with an ion gauge to 
follow the off-gasing from the thermal decomposition of PETN in the vessel 
seal-off region. When significant amounts of gas were evolved, the heating 
was discontinued and the vessel was reevacuated to a pressure of 2 X 10e5 
torr. This process was repeated until no significant pressure increase was 
observed with additional flaming of the seal-off region. At this point the 
portion of the vessel containing the sample was cooled under liquid Nz, and 
the vessels were evacuated and sealed at 2 X 10m5 torr. The samples were 
subjected to isothermal aging in a convection oven for 260 days. 
Periodically, the vessels were removed from the oven and NO pressure was 
determined from the absorption band at 213 nm. 
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KINETIC YODELING 

A semi-implicit Euler method [2] employing a step size of 10m7 was used 
to solve the initial value problem for decomposition of PETN under 
vacuum at 383 K. Product evolution profiles were determined by solution of 
a series of stiff differential equations expressed in the general form 

d[Rl 
dt = C k~~[RjIIRHl~ [C k,[RH]] [RI 

i i 
s Initiation + Termination (1) 

where Rj and R, are intermediate radicals, RH is any molecular species, kjj 
is the specific rate constant for production of Ri from Ri and RH, and kj is 
the specific rate constant for destruction of Ri by reaction with RH. A 
complete list of all reactions and rate constants used in the model is given 
in Appendices A and B. The sensitivity of the calculated NO evolution 
profile with respect to the rate constants was assessed by varying the 
activation energies for selected reactions. 

The model was based on the following heterogeneous initiation 
mechanism: 

(1, -1) C(CH~ONO~~)~(~) ;It C(CH,ONO,), 

(2, -2) C(CH~ONO~)~(c) ;rl: C(CH~ONO~)~CH~O + NO, 

(3, -3) C(CH,ONO,), z$ C(CH,ONO,),CH,O + NO, 

(4) C( CH,ONO,),CH,O ---+ C( CH,ONO,), + H,CO 

(5) C(CH,ONOJ, -3 2CH,ONO, + 2C0 + NO 

(6) WKONO,), -+ 2CH,ONO, + NO + H,CO + CO 

(7, -7) CH,ONO, + CH,O + NO, 

where C(CHzONO ). ( ) 2 a c corresponds to PETN in the crystalline phase. All 
other species are assumed to be in the gas phase. Reactions (2), (4), and (5) 
were proposed by Ng et al. [3] on the assumption of solid state kinetics. 
Reaction (6) was postulated in the present work as an alternative pathway 
for destruction of the trimethylene nitrate methyl radical C(CH,ONO,),, 
formed in reaction (4). Secondary propagation and transfer reactions listed 
in Appendix A which lead to the observed product distribution for PETN 
(primarily CO, CO*, H20, N20, NOz, NO, NZ, H,CO) arise from gas phase 
decomposition of CH,ONO,. 

Values for the specific rate constants were taken from the literature 
[3-lo] and selected compilations [ll-131. Rate constants for reactions (5) 
and (6) were estimated from group additivity with the assumption of 
“half-bonded” five-center transition states [14]. Termination reactions, i.e. 
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recombination of atoms or small polyatomic radicals, were expressed as 
k,[Ri][Rj][M] where k, is the recombination rate constant and M is a third 
body. The pressure of M was assigned a reasonable value of 150 torr. 

RESULTS 

Representative thermograms for the decomposition of PETN at 398 K 
with three different surface areas are illustrated in Fig. 1. A summary of the 
TMR data for each PETN sample is given in Table 1. In order to quantify 
the temperature dependence of TMR, the apparent reaction rate was 
expressed as 

da 
dt = AIO-E’ef(~) 

where da/dt is the dimensionless rate, A is the apparent pre-exponential 
factor, E is the activation energy, f(a) is a function related to the reaction 
mechanism, and 8 is 2.303RT kJ mall’. Rearrangement of eqn. (2) and 
integration from 0 to the time-to-maximum rate yields 

log[TMR-‘I= logA[/f(a,,.)-‘du]-’ -f 

where (Y, is the extent of reaction at the TMR. Equation (3) indicates that a 
plot of log[TMR-‘1 versus the reciprocal of the absolute temperature 
should yield a straight line with a slope of El(2.303R) and an intercept of 
logA[Sf(cr,)-’ da]-‘. A rate plot based on eqn. (3) for average values of 
the TMR data is given in Fig. 2. 
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Fig. 1. Influence of surface area on TMR for PETN decomposition at 398 K. 
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TABLE 1 

Summary of TMR data for PETN decomposition 

Surface area/cm’ g-’ # Obs. Temperature/K TMR/h a 

5000 4 408 

8 403 

6 398 
6 393 

5500 4 408 
6 403 
5 398 

5 393 

12 000 4 408 

6 403 
4 398 

6 393 

3.1 zt 0.1 
8.6 f 1.4 

13.6 f 2.1 
23.0 f 5.9 

3.7 f 0.1 
11.1 f 0.9 
28.2 f 2.1 
48.3 f 5.5 

4.1 f 0.3 
15.4 f 1.1 
40.2 f 4.2 

164.6 f 41.0 

a Error estimates are one standard deviation. 
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Fig. 2. Rate plot for PETN decomposition from 408 to 393 K: A, 50OOcm*g~‘; 0, 

5500 cm’ g-‘; Cl, 12 000 cm* g-‘. 
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Fig. 3. Observed NO evolution from PETN at 383 K: 0, 5000 cm2 g-‘; X, 5.500 cm2 g-‘. 

Reaction profiles for evolution of NO determined at 383 and 363 K under 
vacuum by UV for PETN with initial surface areas in the range of 5000 to 
12 000 cm2 g-’ are given in Figs. 3 and 4. Figure 5 is a comparison of the NO 
evolution for PETN with an initial surface area of 5500 cm2 g-’ to results 
obtained from kinetic modeling for PETN under vacuum at 383 K. Figure 6 
illustrates the calculated NO evolution at 383 K for PETN under an initial 
pressure of 15 torr of NO,. 

10, 

Time, d 

0 

Fig. 4. Observed NO evolution from PETN at 363 K: 0, 5000 cm’ g-‘; 0, 5500 cm* 
12OOOcm*g~‘. 

g-l; X, 
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Time, d 

Fig. 5. Observed and calculated NO evolution profiles at 383 K: X, obs. NO; 0, talc. NO for 
5500 cm’ g-’ PETN. 
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Fig. 6. Predicted NO and NO, evolution profiles at 383 K under an initial pressure of 15 torr 
of NO,: X, obs. NO for 5500cm2 g-’ PETN under vacuum; 0, talc. NO for P& = 15 torr; 
A, Calc. NO, for P& = 15 torr. 

DISCUSSION 

Figures 1 and 2 reveal that TMR- is correlated to surface area; TMR 
increases with the surface area. The breadth of the temperature range for 
the data given in Fig. 2 prohibits a totally quantitative analysis; however, 
three points are significant. Firstly, the apparent slopes for the data suggest 



194 L.R. Dosser, J.M. Pickard/Thermochim. Acta 226 (1993) 187-200 

that each sample reacts with different A and E parameters; variations of 
activation parameters with surface area are contrary to expectations that 
decomposition occurs homogeneously, with E equivalent to the O-NO, 
bond fission enthalpy [l, 31. The 5000 cm2 g-’ PETN is the only sample 
that indicates activation parameters consistent with homogeneous bond 
fission. Secondly, at the high end of the temperature range, the data suggest 
coalescence to a common point; this indicates that reactivity may be 
independent of initial surface area at high temperature. Thirdly, the 
magnitudes of the slopes given in Fig. 2 indicate that the stability order with 
respect to surface area is 5000 < 5.500 < 12 000 cm2 g-‘. 

It is known that thermal aging changes the surface area of PETN. This 
observation suggests that reactivity is governed by changes in surface area 
and perturbations arising from stabilizers and residual solvents. Thermal 
aging would minimize the surface free energy, decrease the surface area, 
and increase the mean particle size of PETN. Free energy minimization 
would be dominated by an increase in lattice entropy and increase the 
number of sites within the lattice available for decomposition. This 
mechanism is in accord with the reactivity-particle-size correlation of 
Myers [15], and the crystal habit study of Rogers and Dinegar [16]. 

Profiles for NO evolution from PETN at 383 K given in Fig. 3 imply 
a stability order consistent with the TMR data discussed above. These 
observations agree with the conclusion of Myers [15] related to gas 
evolution from single crystals of PETN at 393 K: reaction rates for single 
crystals are directly proportional to particle size; particle size is inversely 
proportional to surface area. However, these observations are contrary to 
the trend given in Fig. 4 at 363 K which suggests that stability decreases with 
increasing surface area. The data of Fig. 4 are in accord with NO, evolution 
determined at 323 K by Volltrauer [17] which indicates enhanced reactivity 
with higher surface area. Below 383 K, thermal microscopy [16] indicates 
that aging of high surface area PETN may produce additional crystal 
imperfections as the mean particle size increases and the surface area 
decreases. This phenomenon would lead to additional surface-active sites; 
therefore, the apparent dichotomy between the TMR data and the NO 
evolution observed at 363 K could be altered at lower temperatures. 

Figure 5 reveals that agreement between the observed and calculated 
NO evolution at 383 K is reasonable. The explicit assumption that initiation 
is primarily in the solid state is consistent with the absence of an endotherm 
[3] in the thermograms depicted in Fig. 1 and the fact that gas phase 
initiation governed by sublimation (reaction (1, -1)) is too small to account 
for the observed pressure change associated with decomposition below the 
normal melting point. Reactions (8) and (9) 

(8) C(CH,ONO,), + NO, + C(CH,ONO,),CHONO, + HNO, 

(9) C(CH,ONO,),CHONO, -+ C(CH,ONO,), + CO + HNO, 
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were proposed as a potential mechanism for gas-phase autocatalysis in the 
decomposition of PETN. The importance of these reactions is also limited 
by the sublimation pressure of PETN; however, they would be significant in 
the liquid phase at temperatures above the melting point. 

Inclusion of the equilibrium represented by reaction (11, - 13) was 
necessary in order to ensure that the NO reaction rate decreased at times 
exceeding 100 days 

(11, -11) 2NH0, zz H,O + NO + NO, 

Reactions (11, -11) were used by Lin et al. [S] in kinetic modeling for the 
chain reaction of H&O and NO, (reaction (20) in Appendix A). The 
sensitivity analysis performed by varying the activation energies for 
selected reactions revealed that the calculated NO profile was strongly 
influenced by reactions (2), (5), (6), (11, -111, and (20). 

The NO evolution profile calcufated numerically for PETN under an 
initial pressure of 15 torr of NO, given in Fig. 6 indicates that NO2 
accelerates the production of NO. Elimination of k,,[HNO,]’ from the 
series of reactions given in Appendix A by application of the steady state 
assumption for [NHO,] and neglect of reaction (46) leads to eqns. (4) and 

(5) 

WOI - = Z, + {k,[C(CH,0N02),] + k,,[CH,O] 
dt 

+ k&X0] + kn[Hl + h@%COl 
+ kz,[CH@NOz] + k&OlHNO,l 
- {k,,[CHO] + k&H@] + k&O1 

f k&h] + 2LENOl[Qf 
+ k~~~Hl~~l}~NOl (4) 

F = I2 + {k,,[OH] + k,,[O,] + 2k,,[O,][NO]}[NO] 

- {{kz + k,)[C(CJWNO,)GW] + k,fCKO] 

+ k,~~~~O] + k,~~CHO] + kn[H] 

+ k&WWzl (5) 
where 

Z, = (k, + k6)[C(CHzON0&] + k,[C(CH~ONO,),CHONO,] 

+ k,fCH,ONO] + k-~~~NHO~]~~] + k~tNH01[01 
+ k,[NHO][H] + k,,[CHO][HNO] - kctc,[NHOJOH] 

- k,, [NH04 WI 



196 

and 

L. R. Dosser, J.M. Pickard/Thermochim. Acta 226 (1993) 187-200 

4 = W(CH,ONW,Wl + W(CH,ONO,),l 
+ k,[CH,ONO,] + k,[C(CH,ONO,),CHONO,] 

+ b,[CH,ONO,l + UHNOl[Ol 
Equations (4) and (5) indicate that the relative rates of NO and NO, 
production will be determined by the relative concentrations of NO, NO;?, 
and 0,. Equation (4) predicts that addition of NO, will accelerate and 
decelerate NO production in the early and latter stages of reaction, 
respectively. In eqn. (5) the rate of change of NO, will be dominated by 
reactions (16), (17), and (34) and the relative concentrations of 0, and 
NO,. Under conditions where 0, pressure is high, e.g., an air atmosphere, 
eqn. (5) indicates that NO, will exhibit a maximum due to the oxidation of 
NO in reaction (34). When 0, pressure is low or if NO, is present initially, 
the rate will be dominated by reactions such as (16) and (17) involving H 
and CHO radicals. The analysis is consistent with the numerical calcula- 
tions illustrated in Fig. 6. 

Predictions based on eqns. (4) and (5) and the numerical calculations in 
Fig. 6 have been recently confirmed by Dosser [19], who monitored 
depletion of NO, at 550nm. Preliminary data for 12000cm2 g-’ PETN 
under an initial pressure of 40 torr of NO, illustrated in Fig. 7 confirms that 
the addition of NO, accelerates the production of NO. The qualitative 
consistency between the predictions of eqns. (4) and (5) and the 
experimental data given in Fig. 7 adds credibility to the detailed 

Time, d 

Fig. 7. Observed acceleration of NO evolution with added NO* at 363 K: 0, obs. NO for 
12OOOcm*g~’ PETN with PKo2= 40 torr; X, obs. NO evolution for 12 000 cm* g-’ PETN 
under vacuum; 0, obs. depletion of NO, for P’&,, = 40 torr. 
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mechanism used in the kinetic modeling. The kinetic model also provides a 
quantitative explanation for the fact that TMR is reduced when NO, and/or 
0, are present in the atmosphere. Here, secondary reactions arising from 
chain transfer and initiation by NO, (reactions (lo), (16), (17), (20), and 
(21)), or oxidation of NO by 0, (reaction (34)) reduce the magnitude of the 
differential f(a)-’ da which leads to a smaller TMR. 
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APPENDIX A: REACTIONS FOR KINETIC MODELING OF PETN 

DECOMPOSITION 

Number Reaction 

1, -1 C(CH,ONO,),(c) = C(CH,ONO,), 

2, -2 C(CH,ONO,),(c) = C(CH,ONO,),CH,O + NO2 

3, -3 C(CH,ONO,), = C(CH,ONO,),CH,O + NO2 
4 C(CH,ONO,),CH,O + C(CH,ONO,), + H,CO 
5 C(CH,ONO,), + 2CH,ONO, + 2C0 + NO 
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APPENDIX A (continued) 

Number Reaction 

6 C(CH,0N02)3 + 2CH,ONO, + NO + H&O + CO 
7, -7 CH,ONO, ti CH,O + NO, 
8 C(CH,ONO,), + NO,+ C(CH,ONO,),CHONO, + HNO, 
9 C(CH,ONO,),CHONO,+ C(CH,ONO,), + CO + HNO, 

10 CH,O + NO, + H&O + HNO, 
11, -11 2HN0, = H,O + NO + NO, 
12 NO, + H,O -+ HNO, + OH 
13 CH,O + H,CO + CH,OH + CHO 
14 CHO+NO+CO+NHO 
15 2HN0 -+ HZ0 + N,O 
16 CHO+NO,+H+CO,+NO 
17 H+N02-zOH+N0 
18 H+H,CO+CHO+H, 
19 OH + H,CO + CHO + H,O 
20 H&O + NO,+ CHO + HNO, 
21 CH,ONO, + NO, + CH,ONO, + HNO, 
22 CH,ONO, + H,CO + NO* 
23 H&O + CH,ONO, + CH,ONO, + CHO 
24 CHO + CH,ONO, + CH,ONO, + CO 
25 OH+CO+H+CO, 
26, -26 CH,ONO = CH,O + NO 
27 CH,O + NO + H,CO + HNO 
28 NO,+CO+NO+CO, 
29 NO+N20-+N0,+N, 
30, -30 a OH+NO+MGHNOz+M 
31 H+N*O+OH+N, 
32 HNO+OH+H,O+NO 
33 O,+NO+O+NO, 
34 2N0 + Oz + 2N0, 
35 co+o,~co,+o 
36” CO+O+M+CO,+M 
37 CHO+OH+H,O+CO 
38 a NO+H+M+HNO+M 
39 HNO+O-+NO+OH 
40 HNO+H-+H,+NO 
41 HNO+O+NO*+H 
42 CHO + HNO+ H&O + NO 
43 a 20+M+O,+M 
44 HNO, + OH + NO, + H,O 
45 HNO,+H+NO,+H, 
46 NO + HNO,--+ NO, + HNO 
47 OH+O+H+O, 
48 OH+H,+H,O+H 
49 20H+H,O+O 

a In reactions (30) (36) (38), and (43) the concentration of the third body was fixed at 
[M] = 0.03184. 
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APPENDIX B: RATE PARAMETERS FOR PETN DECOMPOSITION 

REACTIONS a 

Reaction number log A n E Ref. 

199 

1 14.0 0.0 146.3 
-1 -0.84 0.0 -0.3 

2 14.3 0.0 160.9 
-2 9.6 0.0 0.0 

3 16.5 0.0 165.1 
-3 9.6 0.0 0.0 

4 15.0 0.0 20.9 
5 13.0 0.0 108.6 
6 13.0 0.0 100.3 
7 14.5 0.0 163.8 

-7 9.6 0.0 0.0 
8 9.2 0.0 96.1 
9 13.0 0.0 41.8 

10 8.6 0.0 0.0 
11 8.8 0.0 34.7 

-11 3.23 0.0 0.0 
12 10.3 0.0 185.5 
13 8.3 0.0 0.0 
14 10.84 -0.4 0.0 
15 5.92 0.0 16.3 
16 9.93 0.0 0.0 
17 11.4 0.0 3.4 
18 6.47 1.27 11.0 
19 10.0 0.0 0.7 
20 8.46 0.0 53.7 
21 9.2 0.0 108.7 
22 11.0 0.0 8.2 
23 9.0 0.0 0.0 
24 11.0 0.0 0.0 
25 4.17 1.3 -3.2 
26 15.8 0.0 172.2 

-26 10.3 0.0 0.0 
27 9.6 0.0 0.0 
28 9.1 0.0 115.3 
29 11.4 0.0 209.0 
30 11.2 -0.5 0.0 

-30 15.6 0.0 206.1 
31 10.7 0.0 54.3 
32 9.1 0.5 8.3 
33 4.86 1.49 190.6 
34 6.42 0.0 -1.67 
35 10.2 0.0 171.4 
36 11.8 0.0 12.5 
37 10.5 0.0 0.0 
38 9.73 0.0 -2.5 
39 5.69 0.5 8.31 
40 10.11 0.0 16.6 

4 
b 

11 
h 

133 
h 

c 

c 

7 
h 

c 

d 

5 
5 

c 

c 

5 
8 

h 

8 
6 

13 
6 

b 

10 
6 
6b 
6b 
6 
6 
6 
6 
6 
6 
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APPENDIX B (continued) 

Reaction number log A n E Ref. 

41 7.69 0.5 8.4 6 
42 9.3 0.0 20.9 6 
43 7.27 0.0 7.5 6 
44 10.0 0.0 12.5 6 
45 9.0 0.0 4.18 6 
46 11.0 0.0 118.7 C 

47 11.56 -0.5 0.0 6 
48 10.72 0.0 27.2 6 
49 5.77 1.3 0.0 6 

a Rate constants are expressed as k = AT”lO-E’B where 8 = 2.303RT kJ mall’. Units of A 
for second- and third-order reactions are dm3 mol-’ ss’ and dmh mall* ss’, respectively. 
b Estimated from reverse reaction thermochemistry using log(Ai/A_:) = (AS:, - 
AnR(l +ln(R’T))/(2,303R) and Emi = E, -AH:,-- AnRt. Units for R and R’ are 
J K-’ mol-’ and dm3 atm K-’ mol-i, respectively. ’ Estimated from group additivity. 
’ Estimated from k,/k,, = 2.7 from ref 9. 


