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Abstract

Considering the limitation of now available adiabatic kinetic analysis, a method to calculate activation ener-

gy by dealing with pressure data obtained from the adiabatic measurement is proposed. New kinetic equation is estab-

lished and the apparent activation energies for the thermal decomposition of di-tert-butyl peroxide and

2-methyl-4-nitrobenzenesulfonic acid are calculated. The obtained apparent activation energies are compared with the

values in the literature and the values obtained from other methods, and the difference between them and the underlying

reasons are discussed.
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Adiabatic measurement is now widely used to evaluate the
thermal stability of reactive materials due to the advantage that
the decomposition of sample is related only to the properties of
materials themselves and independent of the external factors'',
So the study of adiabatic kinetic is becoming more and more
important in simulating the behavior of the system.

The activation energy is always determined from the con-
ventional adiabatic Kkinetic equation, which was given by
Townsend and Tou in 1980 However, those calculation
methods have not satisfied the usage of adiabatic calorimetry,
especially when endothermic processes are encountered or/and
when the adiabatic calorimetry system, such as Accelerating
Rate Calorimeter (ARC), cannot provide the necessary response
or data of temperature that would allow an acceptable analysis.

In this paper, we propose a kinetic equation expressed by
pressure through establishing the relation between the reaction
degree and pressure. Then the activation energy can be deduced
by using the pressure data of an adiabatic test and the application

fields of the adiabatic test may be extended.

1 Establishment of kinetic model
1.1 Conventional temperature equation

Under adiabatic condition, the simple nth-order decom-
position reaction rate is expressed as

_de _

ar kc" (1)
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where c is the concentration of the reactant at temperature 7' (or
time t); n is the reaction order; k is the rate constant of the
reaction at temperature 7, which can be expressed according the

Arrhenius law k = Aexp ( —%) , where A and E. are the ap-

parent pre-exponential factor and the apparent activation energy
respectively, R is the universal gas constant.

With the assumption that the heat capacity of the system
remains constant throughout the reaction, the energy conversa-
tion law gives the reaction degree « as follows'?'

Co —C _ T-T
Co ATad (2)

where ¢y is the initial concentration; A T. = T:— To is the adi-

o=

abatic temperature rise, 7o and Tt are the initial and final tem-
peratures of the reaction, respectively.

The self-heating rate, my, is obtained by differentiating
eqn(2) with respect to 7 and substituting it into eqn(1),

_dr_ (Ti=-T
T dr k( AT

Rearranging eqn(3), the pseudo rate constant at temperature 7,

mr ) ATcy™! (3)

k7, may be defined as

mr

7 =keh T = (4)
(T=IYar,
AT,
H H * n=1 Ed 1
According to the relation In k7 =In(ct™"' + A) —F(F) , the

plot of In k7 ws 1/ T'is, therefore, expected to be a straight line
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providing the order of the reaction n is correctly chosen. Then
the apparent activation energy FE. can be calculated from the
slope of the plot ultimately.
1.2 Establishment of a new pressure equation
For a simple system under adiabatic condition, assuming
the product is stable and do not go a further decomposition,
there are relations as following
dp_dT_ _dc
dt  de dt
and the relation between ¢y and c is
cxEpi—p
co<Ap
where pr is the final pressure of the system; p is the pressure at
t; Ap = pe— po is the pressure rise; and po is the initial pres-
sure.

For a gassy system, if the ideal gas law is obeyed, then

Cc _piTp (5)
Co Ap
or c=co 22 (6)
Ap

Differentiating and rearranging eqn(5), the rate of the change of

the concentration ¢ with pressure p is given by

de_ __c«
s (7)
o dp_dp . de
According to = de A it is clear that
dp_(__co) (s
L ( Ap) (= ke*) (8)

By substituting eqn(6) into eqn(8), the pressure rise rate can
be defined as

d AN
My =4 =k(%‘2) Apci™! 9)

k, can be written as
k; =kc8"fn£n— (10)
( Ap ) Ap
The apparent activation energy can be calculated using the same
procedure mentioned above. Here the ideal gas law is just used
to simplify the deduction. Through making corrections to real
gas, this method should be suitable to real gas equally.

By using eqn(10), the kinetic parameter may be calculated
easily. But for the decomposition reactions of solid materials,
the kinetic aspects are complex. The concentration is very dif-
ficult to be measured, because it is not a defined property and
the characteristic of the solid may change during the course of
the reaction.

So replacing ¢ with «, the reaction rate can be expressed

as
da _
& =kf o) (11)

where f(a) symbolizes the kinetic model.

Substituting eqn(6) into eqn(2), « can be given as

azm (]2)
Ap

Differentiating eqn(12) with respect to ¢ and comparing with

eqn(11), it is obtained

my == ap - e E o (002 (13)
then the following equation can be deduced
=g U Ap)-E L (14)
- 1)) R T
v

The plot of In——"2— 45 T-! should give a straight line with
f( p —go)
Ap
a slope — E./ R providing the kinetic model is correctly cho-
sen. Different kinetic models are used to try to find the best
linearity of the linear regression, from which the activation en-

ergy can be calculated'’.

2 Experimental

In order to check the validity of the method, the thermal
decomposition of di-tert-butyl peroxide(DTBP) and 2-methyl-
4-nitrobenzenesulfonic acid (MNBS) were studied.

2.1 Instrument and samples

Accelerating Rate Calorimeter(ARC) used is a product of
the Columbia Scientific Industries, Austin, TX, USA.

DTBP(b. p.: 111 C) is produced by Beijing Guohua Chem-
ical New Material Co., C.R.; 2-methyl-4-nitrobenzenesulfonic
acid is purchased from Beijing Chemical Industry, laboratorial
reagent.

2.2 Experimental principle

ARC is an adiabatic calorimeter that can track the process
of the reactive materials’ decomposition and record their pressure
and temperature data. The detailed description of the ARC has
been published elsewhere'" ™/,

The sample of known mass in a suitable bomb is heated to a
preset start temperature. The external heater then tracks the
sample temperature to ensure adiabaticity. Heat-wait-search
mode is employed in all of the tests. Measurement conditions
are listed in Table 1.

2.3 Experimental results and discussion
ARC curves of DTBP and MNBS are given in Fig. 1 and

Table 1 Measurement conditions of ARC
Parameters DTBP MNBS
Bomb type Ti Ti
Start temperature (C ) 50 100
Slope sensitivity (T * min~") 0.02 0.02
Heat step(T) 5 5
Wait time (min) 10 10
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Fig.1 Adiabatic decomposition curves of DTBP Fig.2 Adiabatic decomposition curves of MNBS

measured by ARC
(@T-1t p—t; ()mr—T; (c)dp/dt-T

Fig. 2. From Fig. 1(a), it is seen that the decomposition of
DTBP starts at 102. 5 C. With the increase of the temperature,
a large amount of gases generate and the pressure rises sharply.
The pressure rise rate changes with the temperature rise rate
linearly at early reaction stage, and then the linearity is lost as
the reactant is depleted, the curves of the temperature rise rate
and the pressure rise rate vs temperature are all decreased (see
Fig. 1(b) and (c)) . There is a small rise at the back of the
curve (see Fig. 1(c)), it may be due to the decomposition of
impurity or product. So this part is excluded during the follow-

Table 2  The influence of thermal inertia on the

value of activation energy

Sample mass(g) thermal inertia( ¢) E./KJ * mol™'
4.1910 1. 42 165. 32
2.8822 1. 60 167. 22
1. 1511 2.16 168. 53

measured by ARC
(@T-t p—t; O)mr=T; (c)dp/dt-T

ing treatment.

Fig. 2(a) shows that the pressure rise sharply after
2-methyl-4-nitrobenzenesulfonic acid starts to decompose at
175.04 C. The linearity displayed in Fig.2(c) explains the
relation between the pressure rise rate and temperature.

The thermal decomposition of DTBP is a typical first-order
reaction. The plot of pseudo rate constant calculated according
to eqn(10) at any pressure vs temperature is shown in Fig. 3.

In this case, dispersive points are observed, which might
be caused by the low sensitivity of ARC. The sensitivity of ARC
for the heating-rate is 0. 02 C *min~'. That is to say, ARC
regards the case as the beginning of an exothermic reaction when
the heating-rate of a system is larger than 0. 02 C *min~'. To
avoid the influence of these occasional factors in calculating the
activation energy, several data at the beginning of the reaction

should not be used.
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Table 3  Regression results of kinetic
parameters for MNBS
Reaction order InA R E./KJ * mol ™'
n=0 34. 14 0.9797 148. 05
n=1 42.76 0. 9870 179. 86
n=2 52.48 0.9971 216. 25

R : correlation coefficient for linear regression

Linear regression of the middle part of the data gives a
reasonably straight line, which leads to the apparent activation
energy 168. 53 kJ-mol~'. This result is in good agreement with
that of in literature[9] ((167 £6) kJ-mol~").

Volatilization of samples should be considered in terms of
pressure. In addition, for any adiabatic measurement, the ther-
mal inertia( ¢) cannot be neglected owing to some heat and

" In order to reinforce the

pressure loss to the sample bomb
validity of the procedure, three experiments with different
amounts of sample are carried out to demonstrate the behavior of
the method on vapor pressure and ¢ factor. The calculated re-
sults are listed in Table 2.

From Table 2, it can be seen that little difference exists in
the apparent activation energy obtained from three experiments.
Combining with the onset temperature of DTBP which is prior to
the boiling point, we think that though vapor pressure and
thermal inertia may have some influence on this calculated
method, it still can give satisfied results within the range of

measurement.
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Fig.4 The pseudo-order rate constant k, vs
temperature for the adiabatic decompo-

sition of MINBS

Because the order of the decomposition reaction of 2-methyl-
4-nitrobenzenesulfonic acid is not defined, three different values
0, 1 and 2 are selected to fit the experiment data according to
eqn(10) . The curves of the fitting lines are shown in Fig. 4,
and the results of the linear regression are listed in Table 3.

The data shown in Table 3 present that the linearity is the
best when the reaction order is two. The corresponding value of
the apparent activation energy is 216. 25 kJ*mol ~'.

According to eqn(14), linear regression is carried out by

1191 The fitting results and

substituting 16 kinds of kinetic models
the estimated kinetic parameters are listed in Table 4.

It is shown that the form of (1 — «)? may be the most prob-
able kinetic model of the decomposition reaction of
2-methyl-4-nitrobenzenesulfonic acid by comparing the value of
correlative coefficient given in Table 4, from which the activa-
tion energy calculated are 232. 12 kJ*mol ~'. It is in agreement
with the value calculated according to eqn(10).

In order to compare with other methods, the results ob-

tained from different methods are listed in Table 5.

001 y=-20271.02x+45.08
F From Table 5, it can be seen that the activation energies
000 obtained from methods 1, 2 and 4 are in good agreement, but
. . . . there is a small different in the value obtain from method 3. This
380 400 00 M0 460 480
T/ K(Plotted as 1/T) may be due to the many simplification processes''’.
Fig.3  The pseudo-order rate constant k, vs
T for the adiabatic decomposition
of DTBP
Table 4 Estimation of kinetic parameters for MNBS
fla) R E./KJ * mol ™' fla) R E./KJ * mol !
1/(2a) 0.91785 64. 10 3/2(1-a)[-In(1 = o) ]'? 0. 98888 158. 59
2a'? 0.97710 208. 30 41— a)[ =In(1 = ) *" 0.97813 111.61
(1-a) 0. 98831 196. 18 3a*? 0. 97529 224. 32
1-a) 0. 99184 232.12 3(1 - a)*? 0. 97509 136. 27
2(1 - a)?? 0. 99030 214. 15 2(1 — a)'? 0.97718 142. 26
[-In(l-a)]! 0.97508 272. 99 3(1-a)[ =In(1 - a)]?? 0. 98250 121. 00
3/2(1 - a)??[1 = (1= a)'?]"! 0. 72892 29. 34 21— a)[1=In(1 - a)]'? 0. 97446 136. 95
3/2(1+ a)??[(1+ ) =11""  0.95240 82. 38 2/3[0-a) 7 =11"" 0. 83097 41. 33
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Table 5 Results of calculated kinetic parameters References
of MNBS using different methods 1 Townsend, D.I.; Tou, J. C. Thermochimica Acta, 1980, 37: 1
Methods E./kJ * mol~! 2  Wang, Y.; Feng, C.G.; Zheng, R. Energetic Materials, 2000,
1 Eqn(4) 216. 25 8(3): 119 [ #&, KM K e, FHREEH( Hanneng Cailiao),
5 Eqn(10) 997.12 2000. 8(3): 119]
3 Time to maximum rate * 186. 84 3  Qian, X.M.; Wang, Y.; Feng, C.G. Acta Phys. -Chim. Sin.,
1 Eqn(14) 939 12 2001, 17(1): 70 [HM, £ F=, KA . W bk
- - ( Wuli Huaxue Xuebao), 2001, 17(1): 70]
# Discussed in reference[1]
4 Qian, X. M.; Fu, Z.M.; Zhang, W. M. ; Feng, C.G. Energetic
3 Conclusion Materials, 2001, 9(4): 156 (B M 3K SCHT 14
By establishing the kinetic equation expressed by the pres- ERER R ( Hanneng Cailiao), 2001, 9(4): 156]
sure, i.e., eqns(10) and (14), a reliable method to calculate 5 Sempere, J. ; Momen, R.; Serra, R.; Cardillo, P. J. Loss
the apparent activation energy of adiabatic decomposition reac- Prev. Process Ind., 1997, 10(1): 55
tion is proposed. It makes the best usage of the pressure data of 6  Feng, C.G.; Liu, L.; Qian, X. M.; Zhu, H. Q. Thermal stability
adiabatic test and brings ARC into a wider thermoanalysis field and adiabatic kinetics of four explosives. In: Huang, P.; Li, 5.C.;
. Wang, Y.J. Ed. Theory and practice of energetic materials. Beijing:
where the ARC system cannot provide the necessary response or
Science Press. 2003: 177 ~ 182
data of temperature. In addition, less assumption is required for 7 Accelerating Rate Calorimeter Instruction, Columbia Scientific
calculation with the present method. However, the feasibility of Industries Corporation, Austin, Texas, USA. 1990
this method is discussed tentatively in this paper, and further 8 Lambert, P. G. Chemical Reactions Hazards, London: Institution
studies would be carried to solve the problem of the reproduc- of chemical Engineers, 1990
tivity of the pressure data and improve the precision of this 9  Sempere, J.; Nomen, R.; Serra, R.; Gallice, F. Journal of
method. Thermal Analysis and Calorimetry, 1999, 58: 215
10 Hu, R.Z.; Shi, Q.Z. Thermal analysis kinetics. Beijing: Science
Press, 2001: 79 [HIZMH, s)rwi . #obrah Ji2% . dbat: Bl
i, 2001: 79]
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