
Introduction

Typically, pyrotechnic formulations consist of carbo-

naceous fuels with metal salts added to oxidize the

fuel and colour the flame. These combinations tend to

produce an abundance of noxious smoke and ash, the

result of partial combustion, and the generation of

non-gaseous products, particularly metal oxides.

Chlorinated polymers were introduced for colour en-

hancement but they still produce large amounts of

smoke. High-nitrogen compounds were also intro-

duced with more success. Chavez and Hiskey have re-

ported work on 3,6-dihydrazino-s-tetrazine (DHT) in

which it was mixed with non-metallic oxidizers and

5 mass% coloring agents, resulting in the production

of little smoke and ash [1].

Other high-nitrogen compounds studied for use

as low smoke pyrotechnic fuels are BTAw

(bis-(1(2)H-tetrazol-5yl)-amine monohydrate),

shown in Fig. 1, and 5,5-'-bis-1H-tetrazole (BT).

These compounds are diprotic acids that react with

basic amines to form mono- and di-aminated salts,

and react with metal carbonates or hydroxides to form

metal salts. Chavez et al. have recently reported that,

by preparing BTAw and BT with different ratios and

compositions, it is possible to achieve greater control

and variability in burn rate and ignitability of high-ni-

trogen pyrotechnic formulations than with DHT

alone [2]. Various characteristics of these two mole-

cules, their hydrates and salts, were examined by

Chavez, including impact sensitivity, thermal behav-

iour by TG as well as the dehydration of BTAw to

BTA (bis-(1(2)H-tetrazol-5yl)-amine) [2]. It was

noted that BTA exhibited greater impact sensitivity

than the hydrated form, BTAw. Nedelko et al. studied

the kinetics and decomposition products of BTA us-

ing thermogravimetry, volumetry, calorimetry,

IR-spectroscopy and mass spectroscopy [3].

The present paper includes a detailed description

of the current work on BTAw. Two variable heating

rate studies on BTAw, one using DSC and the other us-

ing TG, a study of the thermal decomposition using si-

multaneous TG-DTA coupled with FTIR and MS, and

an investigation of the thermal stability of BTAw and

BTA in air and argon atmospheres using accelerating

rate calorimetry (ARC) are described in this paper.

Experimental

Samples of BTAw containing 20% water were used as

starting materials. These as-received samples were

1388–6150/$20.00 Akadémiai Kiadó, Budapest, Hungary

© 2006 Akadémiai Kiadó, Budapest Springer, Dordrecht, The Netherlands

Journal of Thermal Analysis and Calorimetry, Vol. 86 (2006) 3, 641–649

THE THERMAL BEHAVIOUR OF BTAw, A HIGH NITROGEN FUEL

D. E. G. Jones
*
, K. Armstrong, T. Parekunnel and Q. S. M. Kwok

Canadian Explosives Research Laboratory, Natural Resources Canada, 555 Booth Street, Ottawa, ON, K1A 0G1, Canada

BTAw (bis-(1(2)H-tetrazol-5yl)-amine monohydrate) has recently been considered for use as a low-smoke pyrotechnic fuel. There

is relatively little information available in the literature concerning the thermal properties of BTAw or its precursors. In the present

work, various thermoanalytical experiments were performed on BTAw and BTA (bis-(1(2)H-tetrazol-5yl)-amine) in an effort to

better characterize the thermal stability and decomposition of these compounds.

Variable heating rate studies were carried out on BTAw samples in a helium atmosphere using DSC and TG. Two steps were

seen in the results: dehydration followed by decomposition. Kinetic parameters were determined for both of these steps using a

number of methods. Experiments using simultaneous TG-DTA coupled with FTIR and MS were performed on BTAw in both he-

lium and dry and CO2 free air atmospheres, and evolved gas analysis was used to determine the gaseous decomposition products.

The thermal stability of BTAw and BTA was examined using accelerating rate calorimetry (ARC).

Keywords: pyrotechnic fuel, thermal stability of BTA and BTAw

Fig. 1 Structure for BTAw

* Author for correspondence: djones@nrcan.gc.ca



used in the DSC heating rate study. Two methods were

used to pre-dry the BTAw. One method involved dry-

ing the BTAw in situ, i.e. in the ARC studies, for 3 h at

120°C in an open system. The other method consisted

of drying BTAw in an oven at 50 or 120°C for several

hours. BTAw sample with no excess water was ob-

tained by dying at 50°C, whereas BTA was generated

by removing water of hydration at 120°C. The

pre-dried sample at 50°C was used in the TG and

TG-DTA-FTIR-MS studies. Samples obtained from

both methods were used in the ARC studies.

A TA Instrument (TAI) 2910 DSC was used for

a variable heating rate study of BTAw following

ASTM standard test method E 698-01 [4]. Hermetic

pin-hole Al pans (75 �m hole) containing about

0.25 mg of BTAw were heated from 30 to 350°C at

the rates of 0.5, 1, 2, 5, 8 and 10°C min
–1

. The DSC

was calibrated for heat flow [5] and temperature [6].

An empty pan was used as the reference.

TG studies on BTAw were conducted using two

different modules: the TAI 2950 and the TAI Q500.

The consistency of results between both modules was

verified by performing repeat measurements at the

same heating rate. Sample sizes of 1 mg were placed

in aluminum pans. The system was purged with he-

lium at a flow rate of 100 mL min
–1

, split 60:40 be-

tween the furnace and the balance. The samples were

heated from 30 to 350°C at rates of 1, 2, 5 and

10°C min
–1

. TG instruments were calibrated for mass

using the procedures recommended by the manufac-

turer and for temperature using the Curie point

method as described in ASTM method E1582 [7].

Details of the instruments used to obtain simulta-

neous TG-DTA-FTIR-MS data can be found in an

earlier publication [8]. The TG-DTA-FTIR-MS data

were acquired simultaneously to study the thermal be-

haviour of BTAw and to identify the gases that

evolved while the BTAw sample was heated. Samples

and reference (Pt foil) of 5 mg were heated in alumina

pans at a rate of 5°C min
–1

. Samples were purged in

helium and in air at rates of 100 and 50 mL min
–1

, re-

spectively. The acquisition rate of the FTIR was two

and one scans every minute for helium and air, re-

spectively. Data were acquired using bargraph scan,

from 5 to 100 amu (atomic mass unit) at a speed of

0.2 s amu
–1

. The MS was calibrated for mass align-

ment and amplifier signal.

The ARC measurements were performed using

two instruments: one adiabatic calorimeter was dis-

tributed by TIAX LLC (formerly known as

Arthur D. Little Inc.) while the other was a Thermal

Hazard Technology (THT) instrument. Samples of

about 0.5 g were placed in lightweight spherical tita-

nium vessels. The ARC experiments were started at

an ambient pressure of either air or argon. The stan-

dard ARC procedure of ‘heat-wait-search’ (HWS)

was used [9, 10] with a 5°C heat step.

Results and discussion

Dehydration

DSC results

Typical thermal curves of BTAw obtained at various

heating rates are shown in Fig. 2. The inset shows the

entire range of the thermal curve obtained at

5°C min
–1

, including an endotherm in the 125 to

150°C range, which is attributed to the dehydration of

BTAw. The average enthalpy of dehydration is

268�15 J g
–1

or 43�2 kJ (mol BTAw)
–1

. Hydrogen

bonding energies for formic acid are 20 kJ mol
–1

[11].

Thus, the result for BTAw suggests that there is

strong hydrogen bonding between the water and BTA

molecules.

Kinetic parameters for the dehydration step were

determined from a series of variable heating rate ex-
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Fig. 2 DSC curves for BTAw at — 5°C min
–1

,

– – – 2°C min
–1

, ����� 1°C min
–1

and – ��� – 0.5°C min
–1

Fig. 3 Plot of –ln[�T
–2

/(K
–1

min
–1

)] vs. 10
3

K/T for the dehy-

dration step using data from DTG and DSC.

����� 95% confidence limits



periments following the ASTM method E698 [4].

The results were determined from Fig. 3, which is a

plot of –ln[�T
–2

/(K
–1

min
–1

)] vs. 10
3

K/T for the peak

temperatures (T) of the dehydration endotherm at dif-

ferent heating rates (�). The activation energy, E, was

found to be 197�5 kJ mol
–1

, indicating that the water

molecule is strongly bound to BTA. Using this value

of E in conjunction with the calculated pre-exponen-

tial factor, ln(Z/min
–1

)=46�1, the rate constant was

determined to be ln[k(144°C)/min
–1

]= –11�2.

TG results

A two-step mass loss was observed in all experi-

ments, the first step represents dehydration and the

second step is a result of decomposition. Figure 4

shows a typical TG curve obtained from the variable

heating rate study. An initial 9–10% mass loss was

observed in the 130–160°C range. This corresponds

to the loss of 1 mol of H2O from 1 mol of BTAw, for

which the calculated mol% H2O is 10.5.

In a study by Chavez et al. [2], it was reported

that hydrated water in a BTAw sample was lost from

74 to 116°C. In this particular study the heating rate

used during the TG experiment was 0.1°C min
–1

,

which is substantially lower than the heating rates

used in the present work. Thus, the loss of hydrated

water at lower temperatures was expected because of

the much slower heating rate.

Kinetic parameters, E/(kJ mol
–1

) and ln(Z/min
–1

),

were obtained for the dehydration step using ASTM

method E 1641 [12], which is based on the assump-

tion that the dehydration obeys first-order kinetics.

As recommended by the ASTM method, calculations

were carried out at several different levels of conver-

sion: 5, 10, 15 and 20%. The results can be seen in

Fig. 5, which is a plot of ln� vs. 10
3

K/T, where T is

the temperature of these different conversion levels,

�, obtained at various heating rates (�). Table 1

shows that the values of E do not vary between the

range of conversion level examined and an average

value of 193�5 kJ mol
–1

was determined. This result

is in good agreement with the DSC results in this

study, as seen from Fig. 3. An average value of the

pre-exponential factor was also calculated, giving

ln(Z/min
–1

)=57�2.

With the peak temperatures from the DTG data,

ASTM method E698 [4] was employed as another

technique to determine kinetic parameters. The re-

sults are shown in Fig. 3. Calculations of the kinetic

parameters yielded E=182�4 kJ mol
–1

and

ln(Z/min
–1

)=41�1.

Using the calculated kinetic parameters, E and

lnZ, previously mentioned, the values for lnk were cal-

J. Therm. Anal. Cal., 86, 2006 643

THERMAL BEHAVIOUR OF BTAw

Fig. 4 TG and DTG curves for BTAw for �=5°C min
–1

Fig. 5 Plot of ln(�/K min
–1

) vs. 10
3

K/T for the dehydration

step with various heating rates

Table 1 Comparison of kinetic parameters from the variable heating rate studies

Method Conversion/%

Dehydration Decomposition

E/(kJ mol
–1

) ln(Z/min
–1

) ln(k/min
–1

)
a

E/(kJ mol
–1

) ln(Z/min
–1

) ln(k/min
–1

)
b

DSC ASTM E698 – 197�5 46�1 –11�2 222�16 38�4 –12�6

DTG – 182�4 41�1 –11�1 236�5 41�1 –12�1

MFK – 178�3 – –1�1 – – –

TG ASTM E1641

5 192�6 57�2 2�3 180�6 43�1 –

10 194�5 57�2 1�3 197�9 46�3 2�3

15 194�5 57�1 1�2 203�10 47�2 2±3

20 193�5 57�1 1�2 209�8 48�2 1�3

a
calculated at 144°C,

b
calculated at 265°C



culated for the dehydration step at a common tempera-

ture of 144°C in order to compare the results obtained

by ASTM E698 and ASTM E1641. The value for the

DTG data was ln(k/min
–1

)= –11�1, which is in agree-

ment with the value calculated from the DSC data.

From the TG data, an average was taken of the rate

constants and found to be ln(k/min
–1

)=1�2, which is

significantly higher than those found using the DSC

and DTG data. This was expected given the difference

in pre-exponential factors. This difference could be

due to the fact that the values calculated using the TG

data were obtained in the early stages of the dehydra-

tion in comparison with the values from the DSC and

DTG data, which were obtained at much later stages.

The software IsoKin [13] was then used to per-

form a model free kinetic (MFK) analysis on the first

mass loss from the TG results. The model-free ap-

proach makes use of an isoconversional method that al-

lows for evaluating a dependence of the effective acti-

vation energy on the extent of conversion [14]. These

results can be found in Fig. 6, which shows the depend-

ence of the activation energy on the extent of reaction.

The MFK results show that the activation energy re-

mains consistent throughout the extent of the dehydra-

tion step, indicating a single-stage process, with a

mean value of 178�3 kJ mol
–1

for 0.1���0.8. From the

MFK analysis, the mean value of ln[f(�)Z/min
–1

] is

49.7�0.8, where f(�) is the reaction model.

Decomposition

DSC results

The results of the heating rate study, using ASTM

method E698 [4], on the decomposition of BTAw are

shown in Fig. 7, which is a plot of

–ln[�T
–2

/(K
–1

min
–1

)] vs. 10
3

K/T. This plot was used

to determine the values of the kinetic parameters, E and

ln(Z/min
–1

), for BTAw. Only results from the 0.5, 1, 2

and 5°C min
–1

heating rates were included as the heat

generated for the 8 and 10°C min
–1

runs exceeded the

maximum heat generation limit of 8 mW recom-

mended in the ASTM method E968 [5]. The kinetic

parameters determined are E=222�16 kJ mol
–1

and

ln(Z/min
–1

)=38�4. A ln(k/min
–1

) value of –12�6 was

calculated at 265°C.

To confirm the kinetic results, a sample of BTAw

was aged at 234°C for 64 min, the calculated half-life

of BTAw at this temperature from analysis of the data,

and then immediately quenched to a temperature at

least 50°C lower. This aged sample was then heated at

5°C min
–1

and its thermal curve recorded. The peak

area for this curve was 737�5 J g
–1

. When compared to

1.48�0.01 kJ g
–1

, the peak area for the unaged sample

of BTAw run at the same heating rate, it is seen that the

peak area of the aged sample shows good agreement

with the predicted value. Thus, the values determined

for the kinetic parameters are good estimates for

BTAw. The DSC thermal curves for the aged and

unaged samples of BTAw are shown in Fig. 8.

Using the data collected from the DSC, a MFK

analysis was performed with the IsoKin software

package [13]. The results for E and ln[f(�)Z/min
–1

]
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Fig. 6 BTAw (pre-dried at 50°C) IsoKin TG dehydration re-

sults (�=1 to 10°C min
–1

)

Fig. 7 Plot of –ln[�T
–2

/(K
–1

min
–1

)] vs. 10
3

K/T for the thermal

decomposition step using data from DTG and DSC.

����� 95% confidence limits

Fig. 8 Comparison of the DSC thermal curve of an aged BTA

sample with that of an unaged sample



are shown in Fig. 9. E has increasing values as the ex-

tent of conversion, �, increases to 0.6. This observa-

tion suggests that parallel reactions are occurring

from 0.1���0.6.

TG results

The second observed mass loss corresponds to ther-

mal decomposition. This step occurred with a mass

loss of approximately 60% in the 250–290°C range,

as shown in Fig. 4. When using ASTM

method E1641 [11] to evaluate kinetic parameters for

the decomposition step, the calculated values for E

and ln(Z) were observed to increase as the extent of

conversion increased (Table 1 and Fig. 10).

Decomposition of BTAw was reported [2] to

commence at approximately 175°C using a heating

rate of 0.1°C min
–1

. With a heating rate significantly

lower than those used in this study, it was expected

that the onset temperature in the literature work

would also be lower due to the dependence of the on-

set temperature on the heating rate.

Nedelko et al. reported [3] kinetic parameters

corresponding to both first order decomposition and a

first order catalytic reaction. For the first order de-

composition of BTAw, kinetic parameters of

E=197�5 kJ mol
–1

and ln(Z/min
–1

)=40�5 were given.

A value for lnk= –6�5 was calculated from this data at

242°C. In order to compare this value with the rate

constants from this study, values for lnk were also cal-

culated at 242°C. From the TG data at 5% conversion,

it was found that ln(k/min
–1

)=1�2, and at 10% conver-

sion, ln(k/min
–1

)=0�3. These values agree with the re-

sults from Nedelko within the margin of error. From

the DSC data, a value of ln(k/min
–1

)= –14�5 was

found. This value was also within the margin of error

in comparison with Nedelko’s results; however, using

data from the DTG results to calculate the rate con-

stant gave ln(k/min
–1

)= –14�2, which did not fall

within the range of error.

Using the DTG peak temperatures and ASTM

method E698 [4], kinetic parameters of

E=236±5 kJ mol
–1

and ln(Z/min
–1

)=41�1 were calcu-

lated (Fig. 7). Both of these values are consistent with

those obtained from the DSC heating rate study and

provide a good estimate of the kinetic parameters for

BTAw. Values for ln(k/min
–1

) were calculated using a

common temperature of 265°C. The DTG lnk value

was found to be –12�1 min
–1

while the TG value at

10% conversion was 2�3 min
–1

. This difference was

not unexpected as the results from ASTM

method E1641 (Fig. 10) showed that the kinetic pa-

rameters vary with extent of conversion. The DTG

value for lnk was consistent, however, with that ob-

tained from the DSC results.

The MFK results for this second step, seen in

Fig. 11, revealed that E slowly increases for ��0.6.

In this range, MFK analysis also showed that the val-

ues of ln[f(�)Z/min
–1

] slowly increased from about 30

to 50. The variation of E with � is consistent with the

results obtained using ASTM method E1641

(Fig. 10). As in the DSC decomposition results, this

dependence of E on � and its increasing nature sug-

gest that parallel reactions are occurring in the range

up to �<0.6.

TG-DTA-FTIR-MS results

The thermal decomposition of BTAw was also stud-

ied using TG-DTA-FTIR-MS. A TG-DTA-FTIR-MS
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Fig. 9 BTAw IsoKin DSC results for �=0.5 to 5°C min
–1

Fig. 10 Plot of ln(�/K min
–1

) vs. 10
3

K/T for the thermal de-

composition step with various heating rates

Fig. 11 BTAw (pre-dried at 50°C) IsoKin TG decomposition

results for �=1 to 10°C min
–1



plot for the thermal decomposition in helium is shown

in Fig. 12. A 10–15% mass loss is observed in the 125

to 150°C range. This mass loss was attributed to de-

hydration, verified by the evolved gas analysis: the

absorbance peak in the FTIR spectrum at 3854 cm
–1

and the ion current peak for m/e=18 in the MS. A peak

for the OH ion (m/e=17) was also present as a result of

electron impact fragmentation of the water molecule.

The mass of the water lost indicates that there is ap-

proximately 1 mol of water per mol of BTAw.

Hydrogen azide (2153 and 1165 cm
–1

), ammonia

(967 cm
–1

) and hydrogen cyanide (714 cm
–1

) appear

as the major products in the FTIR trace in helium be-

ginning at approximately 240°C. This is supported by

the MS data with peaks appearing for m/e=17, 29

and 43. The second peak of m/e=17 was due to the

evolution of ammonia, since no significant water

(m/e=18) evolution was observed. A strong peak in

the MS for m/e=28 could be due to CO and N2 formed

either by electron impact fragmentation of HN3, or by

the thermal decomposition of BTAw. The total mass

loss for this decomposition slowly approaches 80%

by 350°C.

A TG-DTA-FTIR-MS plot for the thermal de-

composition of BTAw in air is shown in Fig. 13.

The same dehydration process is seen in the 125 to

150°C range. However, at approximately 262°C,

a sharp mass loss totalling almost 100% was observed.

This was accompanied by the evolution of mainly hy-

drogen cyanide and ammonia, as well as small amounts

of carbon monoxide, carbon dioxide and various other

gases for which the identification is inconclusive.

FTIR absorbance in the 2280 to 2285 cm
–1

re-

gion suggests the evolution of a nitrile compound in

both He and air. The presence of m/e=42 suggests this

nitrile may be cyanamide, however further work is

needed for a definitive identification. The peak of

m/e=42 can also be a fragment of HN3. However, a

comparison of the intensities for m/e=42 and 43 sug-

gests that m/e=42 is unlikely to only result from HN3.

Nitrogen gas is thought to be evolved based on previ-

ous studies of the thermal decomposition of 5-amino-

tetrazole done by Levchik et al. [15]. However, there

is no supporting evidence at this time due to the pres-

ence of nitrogen in the purge gas.

Tetrazole and 5-aminotetrazole both exhibit tau-

tomerism, which is known to affect the mechanism of

their thermal decomposition. When the thermal de-

composition of tetrazole occurs in a melt, nitrogen is

evolved as a result of breakdown of the azido-form of

the molecule and approximately 5% of the sample de-

composes with the elimination of hydrogen azide

from the ring form of the molecule [16, 17].

With 5-aminotetrazole, fragmentation of the imino
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Fig. 12 5 mg BTAw heated in helium at 5°C min
–1

:

a – TG-DTA, b – FTIR and c – MS

Fig. 13 5 mg BTAw heated in air at 5°C min
–1

: a – TG-DTA,

b – FTIR and c – MS



form, the main isomer of the molecule in the solid

state, most likely gives HN3 [15, 18]. However, upon

heating the imino form converts to the amino form

and decomposition results in the elimination of nitro-

gen gas and ammonia. Using these two molecules for

comparison, BTAw may undergo a tautomeric iso-

merization in which one form of the molecule has one

or both tetrazole rings in an imino form and results in

the elimination of hydrogen azide.

ARC results

The thermal behaviour of BTAw and BTA using

ARC was studied in atmospheres of air and argon at

ambient pressure. Figure 14 is an example of the re-

sults for a typical ARC experiment, showing tempera-

ture and pressure vs. time. A comparison of

ln[R/(°C min
–1

g
–1

)] vs. reciprocal temperature for the

various methods used is shown in Fig. 15. Table 2

presents a summary of the ARC results using the vari-

ous drying methods.

BTAw samples were dried in situ at 120 °C fol-

lowed by a HWS performed in an ambient air atmo-

sphere using an initial temperature of 150°C. In this

set of experiments, each reaction concluded with an

exothermic reaction with a self-heating rate greater

than the set maximum rate of 1°C min
–1

. The experi-

ments displayed consistent results, having onset tem-

peratures of 213 and 215�5°C and each ending in a

runaway reaction.

In addition, samples of BTAw were dried exter-

nally at 50°C. HWS experiments were performed on

these samples in both ambient argon and air. The re-
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Fig. 14 Example of ARC results for BTAw: pre-dried at 50°C,

and run in a closed system of ambient argon

Fig. 15 Comparison of rate vs. temperature for various meth-

ods. Dried in situ at 120°C and then run in ����� ambient

air, pre-dried externally at 50°C and then run in

– – – ambient argon, pre-dried externally at 50°C and

then run in — ambient air, pre-dried externally at

120°C and then run in – ��� – ambient argon

Table 2 Comparison of ARC results from the various drying methods

Drying

method
Atmosphere

Sample

mass/g
Ti /°C (To �5)/°C

a
Pf /MPa

b
E/(kJ mol

–1
) ln(Z/min

–1
) ln(k/min

–1
)

c

In situ

at 120°C
air

0.48 150 213
0.37

at 20°C
418�7 100�2 –2�3

0.49 150 215
0.30

at 22°C
425�10 101�2 –3�3

Externally

at 50°C
argon

0.53 100 205
0.27

at 38°C
322�3 77.2�0.7 –1�1

0.53 100 203
0.68

at 21°C
319�3 76.2�0.7 –2�1

Externally

at 50°C
air

0.51 100 211
0.52

at 20°C
365�3 87.2�0.7 –2�1

0.49 100 201
0.51

at 26°C
315�4 75�1 –2�1

Externally

at 120°C
argon

0.50 100 203
0.48

at 25°C
351�2 84�5 –2�5

0.50 100 198
0.53

at 39°C
326�2 78.1�0.6 –1.4�0.8

a
uncertainty from the extrapolation of the onset temperature,

b
pressure recorded at ambient temperature following the run,

c
lnk calculated at 220°C



sults in argon exhibited similar behaviour with onset

temperatures of 205 and 203�5°C. These runs also

showed some unusual behaviour in which the heating

rate attained the pre-determined self-heating rate

limit, 1°C min
–1

, which triggered cooling of the ARC,

but after cooling had begun, the heating rates were in

excess of 10°C min
–1

for a short time before cooling

resumed. Similar experiments in ambient air did not

exhibit this unusual behaviour and the onset tempera-

tures for these experiments were 211 and 201�5°C.

In spite of the potential oxidizing potential in air,

there is no apparent difference between the onset tem-

peratures for the ARC experiments conducted in inert

gas or air.

Finally, HWS runs in ambient argon were car-

ried out on samples of BTAw that were pre-dried at

120°C. This method of pre-drying removed all water

content and resulted in BTA (verified by conducting a

TG study on the sample). Onset temperatures of 198

and 203�5°C were observed, which are similar to, but

slightly lower than, the previous experiments con-

ducted in argon on a sample pre-dried at 50°C, sug-

gesting that BTA is less thermally stable than BTAw.

In addition, when comparing this sample to the sam-

ple dried in situ at 120°C, a significant decrease was

seen in the onset temperature. This indicated that an

increase in drying time – approximately 16 h for the

external drying compared to 3 h for in situ drying – re-

sults in a decrease in the thermal stability and thus,

the onset temperature.

From Fig. 15, it is apparent that all the experi-

ments demonstrate similar variation of R with recipro-

cal temperature, with the exception of the sample

dried in situ. For this sample, the onset temperature is

slightly higher and the values of R are significantly

larger than the other experiments throughout the en-

tire temperature range. It should be noted that the ini-

tial temperature was also higher for this sample and

this may have had an effect on these observations.

Conclusions

A DSC heating rate study was performed on the dehy-

dration and decomposition of BTAw using the rates

of 0.5, 1, 2 and 5°C min
–1

. For the dehydration step,

an activation energy of 197�5 kJ mol
–1

and

a ln(Z/min
–1

) value of 46�1 were obtained. For the de-

composition step, values of 222�16 kJ mol
–1

and

38�4 min
–1

were calculated for the activation energy

and the pre-exponential factor, respectively. The re-

sults from the half-life test indicated that the ASTM

method E698 [4] provided a good estimate of the ki-

netic parameters for BTAw.

A second heating rate study, this time using TG,

was performed on BTAw using 1, 2, 5 and

10°C min
–1

. This yielded an activation energy of

236�5 kJ mol
–1

and a ln(Z/min
–1

) value of 41�1.

These results, in conjunction with the DSC results,

provide a good estimate of the kinetic parameters for

decomposition of BTA.

Results from DSC, TG, TG-DTA-FTIR-MS and

ARC all suggest that BTAw first loses water before

undergoing any exothermic reaction and that BTAw

is more thermally stable than BTA. The enthalpy for

the dehydration step is consistent with the energy of

strong hydrogen bonding. Results from

TG-DTA-FTIR-MS experiments indicate that

BTAw decomposes with similar gaseous products as

those from tetrazole and 5-aminotetrazole, which

may suggest a similar mechanism of decomposition

is involved. However, further studies are required,

including an analysis of the solid residue left over af-

ter decomposition.
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