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Abstract: Two mathematical expressions for calculating the kinetic parameters of exothermic decomposition reaction of

energetic materials ( EMs) are derived from peak temperature of DSC curves at constant heating rates based on Kooij's

formula and van't Hoff's formula, the corresponding numerical method for calculating the kinetic parameters are presented.

The E results obtained with the two derived formulae and Kissinger’ s method, Ozawa’s method, Tang’s method,

Hu-Gao-Zhang method and integral isoconversional non-linear method ( NL-INT) for 2,4 ,6-trinitro-2 ,4,6-triazacyclohex-

anone ( Keto-RDX) , approximate well to each other, showing that taking the value of @ of 0.5 and the value of b of 0. 003

are suitable for calculating the kinetic parameters by the two derived formulae.
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1 Introduction

The apparent activation energy (E) and pre-exponen-
tial constant (A) are two important parameters from the
point of view of evaluation of stability, safety and compati-

bility for energetic materials (EMs). Much research based

-E
on Arrhenius formula, ¥ = Ae®” (where E and A are con-
stant) has already been done in this area''’. Seldom,

however, have the studies on the values of E\ |, A, ,, E

and A, based on Kooij's formula, k = A, , T"exp(%)

and van’t Hoff’ s formula £ = A, yexp(bT) exp( -f;‘;)

(where A in A = Ay, T" and A = A , exp (bT) is not

strictly constant) been reported. In this work, we report
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the theory and numerical method of calculating the kinetic
parameters of exothermic decomposition reaction of EMs
from peak temperature of DSC curves at constant heating
rates based on Kooij’'s formula and van’t Hoff’s formula
wo Eas Aggyand Ay for the

thermal decomposition reaction of Keto-RDX.

and calculate values of E

2 Theory and method of calculating the kinetic

parameters based on Kooij’'s formula

The basic isothermal differential rate equation descri-
bing the change of the conversion degree with time based
on Kooij's formula''"” is

da " _ " E n
ek - aln] -Aorexp(—ﬁ)[l—au)} (1)

where « is the decomposition extent; ¢ is time in s; A, is the
factor, a is any constant in the range of 0.5 to 4.0 with the
step size of 0.5, for thermal decomposition reaction of EMs,
usually the value of a takes 0.5; E,T and R are the appar-
ent activation energy in J + mol ', the temperature in K,
and the gas constant in 8.314 J - mol ' - K", respectively.
It is believed that Eq . ( 1 ) is also valid for non-



644 & M K 1T 5

1a - o P> aQ M. 2 4 2

isothermal cases (at least empirically). When (d c;z) -0 (7)
Setting T, as the initial temperature at which the dr T=T,a=a,

peak on the DSC or DTG curve deviates from its baseline

“', ¢ as heat-

in K,B as the constant heating rate in K - s

ing time in s and T as the reaction temperature at time ¢
in K, we have

T =T, +pt (2)

In order to obtain an overall relationship for non-

isothermal kinetics, Eqgs. (1) and (2) are combined to yield

j§=2v%w(v§ﬁl—MTn" (3)

If the temperature rises at a constant heating rate 8, and
the kinetic parameters at any conversion degree are approxi-
mately equal to those of its neighboring conversion degree,

then by differentiation of Eq. (3) with respect to T,
da Ay ~E/RT
d Raiad d 20 ga E/RT . _ n
pa i) AGTe 0 -amy)
dr dr — dT

[ e (] )

%T“e’mm[n(l _ a(T))'H] . ( _9)

[ S (] ) -

ETM —I:‘/RT[ (1 (T))V]J 'ﬂT' —E/RT(I (T))"
,3 e n o B € «

=LA re T - a() ] -

B
[% +% —n(l = a(T)"" %T‘e’”’"]
a n-1 AO @ -E/RT
:%(% [7+%—n(l—a(T)) FTe ]
T

Rearranging both sides of Eqs. (3) and (4) gives

the following expressions for n and E

da (et da
E =- RTln[ B dT ] = - RTln[ dr ]
AT 1= a(T)]" AT -a(T)]"
aet da
- - RTln[ ar ] (5)

A()TOIS[I - a(T)]"

[:3(3273)/(%)_};;2 _%](1 -a(T))

(-%)

dT

[t & o e

= o (6)

(_dT)

occurs the maximum reaction rate.
Therefore, Eq. (4) at maximum rate gives

a E n-1 AO a —E/RT
—t—==n(l=-a)" —Te v (8)
Tp RTp p B’

and

n(l N ap)n—lAOT;e—E/KT[, _ n(l _ ap)n—lAOT;e—b‘/KTp

a  E ) L(a )
T, RT, T, RT,
_ n(l _ OLI‘)nflzqujwz+lefE/RTp (9)
0+
RT,

where T, and «, are the peak temperature of DSC or DTG
curve and decomposition extent at peak temperature,
respectively.

By taking the natural logarithm on both sides of the
Eq. (9), one obtains

Ing =Inn + (n - 1)In(1 - a,) +Ind, +

E E
+1)InT, - — -1 — 10
(a4 DInT, -5 qa+Rn) (10)

Substituting the values of n =1 into Eq. (10), gives

the following equation

lnﬁ:lnAO+(a+1)lnTp—ln(RiT+a)—% (11)

p P

The plot of InB versus TL should give a straight line

p

with the slope ~ g &iving the activation energy E at maxi-
mum rate, and A, can be calculated from the activation en-

ergy E and the intercept InA; + (a +1)InT, —ln( % +a).
p

On rearrangement on both sides of the Eq. (11),

the following equation is obtained

B;( a+ L) E
ln{ M{?Tw. } = In4, - RiTp, (12)
T

Equation (12) may be solved by the iterative meth-
od on the computer when the value of a is supposed. Any
arbitrary value may be assumed for E(E >0), and using
this value and original data (B,,7T,i=1,2,-,L), the
value of the expression on the left-hand side may be cal-
culated for each data point. This, when plotted against

(1/T) by the linear least-squares method, gives new val-

ues of E from the slope and A, from the intercept. This
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modified value of E is used as a starting value for the next
iteration which yields another modified value of E. Thus
after a few iterations, consistent values of £ and A, will
be obtained.

Using Frank-Kameneskii's expression '

T 2
LG—E/RTdT _ %ew/m (13)

Integrating of Eq. (3) for the temperature between 0

and T, and the decomposition extent between 0 and «

results in
G(a) j . j o /R jrdde—E/RT
(1 - Ot(T)] L BE
A a+2 —E/RT 41 o -E/RT
_B (re ) (a+z>—jT ar)
AU +2 —E/RT R r +3 —E/RT
:ﬁE((W“e‘ —0)—(a+2)j;LT“de‘ )
AR
= E( T2 R _ (g +2) 7( 3 o E/RT | ‘L 79 e F/RT))
AOR a+2 —E/RT R a+3 —E/RT
~BE(T e = (a+2) (T —0))
AgR .o pkr
— 7Ta+ _ K
5E (1 (a +2) T)
1
‘"2 AR s
_ 0777 4-"/5’7‘(1 —iET) (14)
BE 2 K

Taking logarithm on both sides of equation (14),

the integral equation (15) may be obtained
1

Gla) a=g G(a)
1‘{7“*2(1 ~(a +2)12T)} B ln{ﬁ(l -ZRT)}
_ m(AoR)_E (15)

For getting the values of £ and A, the data (8,7},
i=1,2,-, L) are fitted to Eq. (15) by the linear

least-squares method in ‘a similar way to solve the
Eq. (12) on the computer.
2.1 Relation of E and E

The relationship between the kinetic constant (k)
and the absolute temperature (T) of reaction is expressed
by Arrhenius equation

k = Aexp( — E/RT) (16)

where E and A are the activation energy and pre-exponen-
tial constant, respectively; R is the gas constant.

Taking natural logarithm on both sides of the
Eq. (16), Eq. (17) is obtained

E
Ink = Ind - — 1
nk n RT (17)

On differentiation, rearrangement on both sides of

the Eq. (17), Eqgs. (18) and (19) are obtained
dlnk = b;sz (18)
_ 2 dlnk
E = RT T (19)

Similarly, the following equations can be obtained if
k=A,Texp( — E,/RT)

Ink = InA, + InT" £, (20)
nk = In + In _RT

dr* Eo

a + 2
T RT
aT"_'dT Eo

= + ZdT
T RT

dlnk =0 + dT

E
2ar + "
T RT

dInk
dT

Combining Eqs. (19) and (22), we obtain
E = E, + aRT (23)
Equation (23) is the relation formula between the E
and E,.

ar (21)

E, + aRT = (22)

3 Theory and method of calculating the kinetic

parameters based on van’'t Hoff’'s formula

The basic isothermal differential rate equation descri-
bing the change of the decomposition extent with time
based on van't Hoff's formula''"” is

da
dit

= k[1 - a(t) ]’

Aoexp(bT)exp(—%)[l -a(t)]” (24)

where b is any constant in the range of 0. 0001 to 0. 01,
for thermal decomposition reaction of EMs, usually the
value of b takes 0.003.
It is believed that Eq. (24) is also valid for non-
isothermal cases (at least empirically).
In order to obtain an overall relationship for non-
isothermal kinetics, Eqs. (24) and (2) are combined to yield
da _ A

T E
ar = B exp( RT)““”” (25)

If the temperature rises at a constant heating rate B,
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and the kinetic parameters at any decomposition extent f R exp( _ E)dT _ ( B E) Lexp( bE u)du
are approximately equal to those of its neighboring decom- 0 RT R7J= u Ru
position extent, then by differentiation of Eq. (26) with  _ ( _ E) ’ de(ﬂ L)
respect to T, R bE + Ru’
I 2R Eu’ I
da AO bT 7L/R[ T p 2 (R _“) - 723 (R“_“) K
Fa d(TT) d(B - fa )) T bE + Ru? (bE + Ru*)°
= = 3 4 2
47" dr a7 6ERu* (bE - Ru*) L) +6ERI (F’“)d[ u (bE —Rzu 5)]
A (bE +Ru’)’ (bE + Ru’)
- EO[ pe!l - o /R f(a) PR 2N (RLTZ) f(a) " 77H)[ YR EW ]
bE + Ru’ (bE + Ru*)?
o AT f ' a) - (%)] ; 2B
T B RE e =
= ﬁ[be” ce M fla) e e (i) fla)+ T LRT + E - ? (33)
B RT ( RTz)
bT —F/RT 0 /rT -E/RT E
e f ( ) B € f(a)] “ da _ i RTZ e(w-ﬂ%,) 1 - T3 (34)
AO bT -E/RT AO bT —E/RT o 26 Of(a) B bRT‘Q + E ( b + 7) 2
=g e g )] (26) e
d’a 1 1
e = 1 -1| =
When (de)T:T 0 (27) nFE L, 1[(1 —o ]
occurs the maximum reaction rate. ﬂ R2T2 _ ZR; TE 2] e(l»T—%) (35)
The nth order reaction equation f(a) = (1 —a)”", B bRT" + E (bRT" + E)
f'(a)=(-1)n(1l —a)""". Therefore, Eq. (26) at Eq. (28) becomes
maximum rate gives b + E7
E A (1-a) =1 (36)
b+ = n(l —a) " 2. e (28) S
RTIZ, P 0 MTeTR,
B
and . .
Combining Eqs. (35) and (36), T'=T,, yields
P n(l —a,)" ' Age' - e " (29) JRITE
= l-(1l-a)"] =1 -—=0TE 1 (37
b+ L poqil - (L-e)™] [ (bRT2+E)2] (37)
RT?
P 2
h h k f When ﬂ<<l ields
where T, and «, are the peak temperature of DSC or DTG (bRT” + E) » Y
curve and decomposition extent at peak temperature,
n-1 —
respectively. n — 1[1 (-] =1 (38)
By taking the natural logarithm on both sides of the n(l - ap)"" =1 (39)
Eq. (29), one obtains Combining Eqs. (30) and (39), yields
Ing = Inn(1 - a,)"" +InA
ng = Inn( a,)" +1Ind; + 1nﬁ+ln( Ez)_pr = Ind, _% (40)
pr—i—ln(bJriz) (30) v p
RT, RT, On rearrangement on both sides of the Eq. (40),
Integrating of Eq. (25) for the temperature between the following equation is obtained
0 and T, and the decomposition extent between 0 and «, E
B (b + —) E
results in ln{ 7”]?71 = I, - RT, (41)
“ da _Ao " E AT (31 ¢
o fla) EJ; € exp( - ﬂw) ) Equation (41) may be solved by the iterative meth-
E od on the computer. Any arbitrary value may be assumed
u = — (32)

for E(E>0),

and using this value and original data (g,,
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T,,i=1,2,---,L), the value of the expression on the The endothermic peak at 195 °C is the phase change

left-hand side may be calculated for each data point.
This, when plotted against (1/7,,) by the linear least-
squares method, gives new values of E from the slope and
A, from the intercept. This modified value of E is used as
a starting value for the next iteration which yields another
modified value of E. Thus after a few iterations, consist-

ent values of E and A, will be obtained.

4 Experimental

Keto-RDX used in this work was prepared and purified
by the Modern Chemistry Institute , Lanzhou, Gansu, China.
The sample was kept in a vacuum desiccator before use.

DSC experiments of Keto-RDX were carried out with
a model CDR thermal analyzer made in the Shanghai
Balance Instrument Factory, using a Ni/Cr-Ni/Si thermo-
couple plate and working in static air with heating rates
0.5-22 K+ min"'. a-Al,O, was used as the reference
material. The DSC curves were obtained with a cell of
aluminum (5 mm x3 mm), the side of which was rolled
up . The heating rate was calculated according to the ac-
tual rate of temperature rise from 50 °C to the temperature
at the end of the decomposition. The amount of sample
used was about 0.7 mg. DSC curves obtained under the
same conditions overlap each other, indicating that the

reproducibility of tests was satisfactory.
S Results and discussion

5.1 The thermal decomposition behavior of Keto-
RDX under static air conditions
A typical DSC curve at a heating rate of
22.73 K - min "' is shown in Fig. 1. From Fig. 1 it can
be seen that Keto-RDX decomposes partly before melting,

and the melting is accompanied by decomposition.
40

dHidt/ mJ-s”
1
endo -—exo

-

100 B0 _ 200 20
TIK
Fig.1 DSC curve of the thermal decomposition of

Keto-RDX at a heating rate of 22.73 K + min "'

from solid to liquid. The exothermic peak at 208 C is
caused by the rapid decomposition reaction in molten state.
5.2 Analysis of kinetic data

In order to obtain the kinetic parameters (the appar-
ent activation energy E and pre-exponential constant A) of
the major exothermic decomposition reaction of Keto-RDX,
the seven multiple heating methods in Tables 1 and Table
2 are employed. Form the original data in Table 1, the
values of E, and A, obtained by Kissinger's method"""”
and the values of E,, E,, E,,, Ey i obtained by Oza-
wa's method""”” | Tang’s method'""™, Hu-Gao-Zhang
method'"'” and integral isoconversional non-linear meth-
od"'"* in Table 1, and the values of Eyand £, obtained by
Egs. (12) and (41) based on Kooij's formula and van't-
Hoff formula in Table 2 are obtained, indicating that the
values of Ey; and E , obtained from Egs. (12) and (41)
when the values of @ and b in Egs. (12) and (41) take 0.5
and 0.003, respectively approach to the values of E, , E,
E,, E,.,and E, \; in Table 1. This may be the reason why
the value of @ in Eq. (12) takes 0.5 for calculating the val-
ue of E from Eq. (12) and the value of b in Eq. (41)
takes 0.003 for calculating the value of E from Eq. (41).

The value (T ) of the peak temperature (T,) cor-
responding to 8—0 by Eq. (42) taken from''*"
the data of T and B in Table 1 is 439.56 K
T, =T, +bB +cB +dB] +ep i=1,2,,6(42)

The values of the critical temperature of thermal

using

decomposition (T, ) obtained from Eq. (43) taken from''*”

using the values of T, and E, in Table 1 , and E; corre-

sponding to ¢ =0.5 and E ; corresponding to b =0.003 in
Table 2 are 448.71, 448.68 and 448.66 K, respectively.

2
T = Eo orKjorvH — «/Eo orKjorvH — 4Eo or Kj or \llRTp(] (43)
b 2R
where R is the gas constant (8.314 J - mol™' - K™")
and K, i, 18 apparent activation energy obtained by

Ozawa’s method or Eq. (12), or Eq. (41).
The 1gA versus E relationship can be described by

mathematic expression for the kinetic compensation
effect, 1gA =a,E +b,, for Keto-RDX
lgA, «; =0.8197E,, -133.344 r,=1.0

lg, ,,, =0.2282E , —21.436 r, =1.0.
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Table 1 Kinetic parameters of thermal decomposition of Keto-RDX under static atmosphere calculated

by Kissinger’s method, Ozawa’s method, Tang’s method, Hu-Gao-Zhang method and NL-INT method"

EK E(l

ET EH(}Z ENLVNI'I'

/K -lrgmn" Tk /kJ + mol ~! le(Ax/s70) /kl = mol™" kI +mol™'  /kJ+mol™'  /kI+ mol! Tt /K
0.5172 446.15 184.69 18.55 182.95 184.82 185.41 184.82 439.56 448.71
1.008 453.15
2.162 461.15
5.385 470.15
10.47 474.15
22.73 481.15

Note: 1) B, heating rate; T, maximum peak temperature; k£, apparent activation energy; A, pre-exponential constant; subscript K, data obtained by

Kissinger’s method ; subscript O,data obtained by Ozawa’s method; subscript T,data obtained by Tang’s method; subscript HGZ,data obtained by

Hu-Gao-Zhang method; subscript NL-INT, data obtained by integral isoconversional non-linear method; 7, ,the value (T, ) of the peak temperature

(Tp) corresponding to B—0 by Eq. (42); T, ,data obtained from Eq. (43) using the data of E_ and Ty

Table 2 Kinetic parameters of thermal decomposition
of Keto-RDX under static air conditions

calculated by Eqs. (12) and (41)

Eq. (12) Eq. (41)
/K] {Egor' le(ow/s™) b ‘-E;:orl le( Ao /5™

0 185.41 18. 64 0 189.26 21.74
0.5  183.53 17.09  0.001  187.48 21.34
0.6  183.15 16.78  0.002  185.70 20.93
0.7  182.77 16.47  0.003  183.91 20.53
1.0 181.64 15.55  0.004  182.13 20.12
1.5 179.76 14.00  0.005  180.35 19.71
2.0 177.87 12.46  0.006 178.56 19.31
2.5 175.99 10.91  0.007 176.78 18.90
3.0 174,10 9.36  0.008 175.00 18.49
3.5 11222 7.82  0.009 173.21 18.09
4.0 170.33 6.27  0.010  171.43 17.68
4.5 168.45 473 0.011  169.65 17.27
5.0 166.56 3.18 0.012 167.86 16.87
5.5 164.68 1.64 0.013 166.08 16.46
6.0  162.79 0.09  0.014  164.30 16.05
6.5  160.91 .45 0.015  162.51 15. 64
7.0 159.02 3.00  0.016  160.73 15.24
7.5 157.14 454 0.017  158.95 14.83

0.018 157.16 14.42

0.019  155.38 14.01

0.020  153.60 13.61

6 Conclusions

(1) The two formulae of calculating the kinetic

parameters of exothermic decomposition reaction of EMs

are derived from peak temperature (7,) of DSC curves at
different constant heating rates () based on Kooij's
equation and van't Hoff's equation.

(2) The corresponding numerical methods for calculat-
ing the values of Ey , A, E,, and A, , are presented.

(3) With the help of data, B,, T, i=1,2,---,6, the
values of E,, and E , obtained from Eqs (12) and (41)
based on Kooij's equation and van’t Hoff’s equation when
the values of @ and b take 0.5 and 0. 003 respectively,
which approach to the values of E,, E,, E,;, and Ey
obtained from Kissinger’ s equation, Ozawa’s equation,
Tang's equation, Hu-Gao-Zhang equation and the integral
isoconversional non-linear equation based on Arrhenius
formula.

(4) For the thermal decomposition reaction of Keto-
RDX, when a = 0.5, E; =183.53 kJ  mol ™', 4, |, =
107 s~" and when b =0.003, E, =183.91 kJ - mol ',
Ay oy =1077 571

(5) The critical temperature of thermal explosion of
Keto-RDX is 448. 68K.

(6) For Keto-RDX, the mathematic expression for

0,vH

the kinetic compensation effect may be written as
lgA, , =0.8197 E; —133.344 r;=1.0
lgAd,  =0.2282 K, -21.436 r, =1.0.

v
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