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Abstract

Pyrolysis—GC-MS was used to study the thermal decomposition products of a series of explosives, including
1,3,5-trinitro-1,3,5-triazacyclohexane (RDX), 1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane (HMX), 2,4,6,N-tetra-
nitro-N-methylaniline (tetryl). monoaminotrinitrobenzene (MATB), diaminotrinitrobenzene (DATB) and tri-
aminotrinitrobenzene (TATB). Pyrolysis products were determined as a function of temperature in the range of
400-1000°C. Decomposition products were found to be in the low-molecular-mass range, resulting mainly from the
cleavage of the C—C ring structure in the trinitroaromatic compounds and the C-N ring structure in the nitramines.
Decomposition pathways and processes were determined for the various explosives.

1. Introduction

Chemical mechanisms, kinetic parameters and
thermodynamic properties are key topics in the
understanding of the ignition/combustion pro-
cess and product distribution of explosives. A
structural analysis of the fragments and inter-
mediates resulting from controlled heating of
energetic compounds can yield important infor-
mation relevant to the understanding of the
thermal processes. Moreover, the characteriza-
tion of the individual products resulting from the
combustion process can provide important data
pertinent to the use of incineration of explosives
as a way of disposing of obsolete explosives and
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ammunition. Identification of these products is
important in order to single out those which are
toxic, so as to avoid environmental pollution.
Pvrolysis in combination with various analyti-
cal techniques has been used to study thermal
decomposition of explosives. Pyrolysis—thin layer
chromatography (Py-TLC) has been used to
study the thermal decomposition of 2,4,6-trini-
trotoluene (TNT) [1]; pyrolysis—gas chromatog-
raphy (Py-GC) has been used to identify smoke-
less powders and their residues [2] and to investi-
gate the thermal decomposition of 1,3,5-trinitro-
1,3,5-triazacyclohexane (RDX) and 1,3,5,7-
tetranitro-1,3,5,7-tetrazacyclooctane (HMX) [3];
pyrolysis—atmospheric pressure ionization tan-
dem mass spectrometry (Py—API-MS-MS) has
been used to study the thermal decomposition of
RDX and HMX [4-6]. Thermal decomposition
of RDX and HMX has also been largely studied
by mass spectrometry itself [7-10], and more
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recently by simultaneous thermogravimetry and
modulated beam mass spectrometry [11-15].

The Py-GC-MS technique provides unique
advantages for the identification of the
pyrolysate products. It incorporates the gas
chromatograph for the separation of the various
products and the mass spectrometer as an identi-
fication tool.

GC, MS and GC-MS and their applications in
the analysis of explosives have been extensively
reviewed [16]. Pyrolytic methods and instrumen-
tation [17] and Py—-GC and Py-MS techniques
[18] have also been described.

In order to determine the thermal decomposi-
tion products and contribute to the understand-
ing of the decomposition pathways and pro-
cesses, a Py—GC-MS study of a series of explo-
sives was undertaken. The explosives studied
were RDX (1), HMX (2), tetryl (3), mono-
aminotrinitrobenzene (MATB, trinitroaniline)
(4), diaminotrinitrobenzene (DATB) (5) and
triaminotrinitrobenzene (TATB) (6).
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2. Experimental

Thermal decomposition of the explosives was
carried out with a Pyroprobe 100 solids pyrolyser
(Chemical Data Systems, Oxford, PA, USA)
equipped with a platinum coil desorption probe.
Pyrolysis was carried out with the temperature
ramp (rise time) in the off position; the final
temperature was set at 400-1000°C and held for
2 s. The sample (approximately 100 ug) was
placed in a quartz tube in the form of an acetone
solution. After complete drying, the quartz tube
was positioned in the platinum coil of the py-
rolysis probe. The actual temperatures of the
samples in the pyrolysis experiments are uncer-
tain. Therefore, the temperatures set on the
pyrolyser should be considered as nominal tem-
peratures. The pyrolyser was interfaced to a
Finnigan MAT ITS 40 ion-trap GC-MS system.
GC columns used were a 27.5 m X 0.53 mm L.D.
PoraPLOT Q fused-silica capillary column with a
film thickness of 20 wm (Chrompack, Middel-
burg, Netherlands) and a 30 m x 0.545 mm [.D.
GC-Q porous polymer fused-silica capillary col-
umn (J&W Scientific, Folson, CA, USA). A
split—splitless injector was used.

Pyrolysis was performed with a flow of helium
at a pressure of 20 p.s.i. The flow-rate of helium
through the GC column, at 10 p.s.i., was 1
ml/min, which was passed into the ion-trap mass
spectrometer. As both GC columns were mega-
bore columns, in order to obtain low flow-rates
(necessary for the ion trap), a 0.5-m piece of
microbore fused-silica capillary column was con-
nected between the GC column and the ion trap.

The GC conditions were as follows: injector
temperature, 175°C; initial column temperature,
35°C (hold time S min); heating rate, 15°C/min;
final temperature, 200°C (hold time 20 min). The
ion trap was operated in the electron impact (EI)
mode at a temperature of 220°C and a helium
pressure of about 3-10 * Torr (the gauge read-
ing of the housing pressure was 310> Torr).
Explosive samples were obtained from the US
Army Armament Research Development and
Engineering Center, Picatinny Arsenal, NI,
USA.
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3. Results and discussion
3.1. RDX and HMX

Figs. 1 and 2 show the Py-GC-MS recon-
structed ion chromatograms (RIC) (total ion
chromatograms) of RDX and HMX, respective-

ly, at 1000°C. One can observe the typical
similarity of the two chromatograms.

Fig. 3 shows an example of a mass spectrum of
a decomposition product of RDX from pyrolysis
at 1000°C. The m/z of this product is 70 and is
probably due to C;H,N,. The full list of the
molecular ions obtained is given in Table 1.
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Fig. 1. Py-GC-MS: reconstructed ion chromatogram of RDX at 1000°C.
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Fig. 2. Py-GC-MS: reconstructed ion chromatogram of HMX at 1000°C.
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Fig. 3. Py—~GC-MS: Py—GC-MS mass spectrum of a decomposition product of RDX from pyrolysis at 1000°C.

Fig. 4 shows an example of a mass spectrum of
a decomposition product of HMX from pyrolysis
at 1000°C. The m/z of this product is 81 and is
probably due to C;H,N; .

As the ion trap is operated at a high pressure
of helium, ion-molecule reactions might occur
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resulting in MH " ions. These MH™ ions should
not be confused with the molecular ions. One
way to differentiate between them is to look at
the mass chromatographic peak shapes. An
example is given in Fig. 5, showing the mass
chromatograms of m/z 74 and 75 ions in the
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Fig. 4. Py-GC-MS: mass spectrum of a decomposition product of HMX from pyrolysis at 1000°C.
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Fig. 5. Mass chromatograms of m/z 74 and 75 ions in the Py—-GC-MS of RDX.

Py-GC-MS of RDX. The peak of m/z 75 is
much narrower than that of m/z 74, indicating
that it is formed through an ion—molecule reac-
tion, when its concentration reached an optimum
level.

Table 1 shows the molecular ions obtained in
the Py—-GC-MS of RDX and HMX and their
suggested interpretation. The reproducibility of
the pyrograms over an extended period of time
was about *20%. Under these conditions no
distinct temperature effect was found in the
range 500-~1000°C (at 100°C intervals). At 400°C
several ions were observed which did not appear
at higher temperatures. Table 1 also shows the
ions observed in the Py-MS of RDX and HMX
by Snyder and co-workers [4,6]. When trying to
identify some of the thermal decomposition
products, we could only rely on the EI mass
spectra and on previously published work [4-6].
The suggested species are shown in Table 2. To
obtain positive identification it is necessary to
compare the mass spectra with the mass spectra
of standards and to carry out MS-MS of both
with collision-induced dissociation.

Some of the species listed in Table 1 do not
seem to have been observed before, either in
pyrolysis studies [4—6] or in thermal decomposi-

tion studies [11-15]. Examples are the ions at
m/z 100, 105 and 106, which probably represent
residues containing the original RDX ring. The
ion at m/z 97 (oxy-s-triazine) was previously
observed as an important intermediate in the
decomposition of RDX [12].

In order to determine the decomposition pro-
cesses in RDX and HMX, as a first step, mainly
the ions observed in both compounds were taken
into consideration, as the decomposition pro-
cesses in both compounds are expected to be
similar. The pattern of thermal decomposition
will therefore be shown here only for the case of
RDX.

The thermal fragmentation pathways of the
RDX molecule are depicted in Fig. 6. There is
an initial loss of most NO, groups as a result of
the cleavage of the N-N bond, followed by
cleavage of two C-N bonds. Some of these
fragments decompose further to produce the
lower molecular mass fragments C,H,, CN”,
CH,N", CO™, NO', CH,0", CHNO" and
CH,NO".

It is assumed that the thermal fragmentation
pathways of HMX are similar, as most of the
ions obtained in the Py-GC-MS of HMX are
identical with those of RDX.
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Table 1
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Molecular ions obtained in the Py-GC-MS of RDX and HMX

m/z RDX HMX Suggested formula Refs. [4] and [6)
RDX HMX Formula
26 + + C,H; or CN*
28 + + CH,N" or CO"
30 + + NO™ or CH,0"
43 +* +° CHNO" or C,H,N”~ + C,H,N
44 + + CH,NO" or C,H,N"
45 - +° CH,NO" + CH,NO
53 + + C,H,N" or C;HN;
57 +° - C,H,NO" or C,H,N; + C,H,NO
58 + + C,HNO™ or C,HN;
59 + + C,H,NO" or CH,N,0" + C,H,NO
60 - +* CH,N,O"
70 + + C,HN; + C,;H(N,
71 - +* C,H,N,0" or C,H,NO’
72 + - C,H,NO"
73 + + C,H,NO" + C,H,NO
74 +* +° C,HN,O" + C,HNN,O
75 - +° CH,N,O, or C,H,N,0"
81 + + C,H,N;
82 + - C,HN; + C,H,N,
96 + - C,HN,0"
97 + + C,H,N,0" + C,H,;N,0
98 + - C,H,N,O"
99 + - C,H,N,0"
100 - + C,H,N,0" or CH,N,O"
105 +* - C,H,N,O,
106 - +° C,HyN,0; or C,H,N,O,
+ = Obtained; — = not obtained.
* Obtained only at a low temperature of 400°C.
Table 2
Suggested thermal decomposition species in RDX and HMX
m/z of Suggested species Formula Also seen
molecular in Ref.
ion
H
43 Ethylenimine HyC /E\CH: (13]
N-Methylmethyleneimine H,CN=CH,
45 Formamide HCONH,
59 Acetamide CH,CONH, [12]
Methylformamide HCONHCH,
70 - CH,=NCH,N=CH, 13]
73 N,N-Dimethylformamide HCON(CH,), [12,15]
74 N-Nitrosodimethylamine (CH,),NNO
81 Triazine C,H,N,
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Fig. 6. Thermal fragmentation pathways of RDX.
3.2. MATB, DATB and TATB from pyrolysis at 800°C. This product is probably
due to C,H,N,

Fig. 7 shows the Py~GC-MS RIC of MATB Table 3 shows the molecular ions obtained in
at 800°C. Fig. 8 shows an example of a mass the Py—-GC-MS of MAT, DATB and TATB and
spectrum of a decomposition product of MATB their suggested interpretation. No major tem-

1887 _

TOT~“ .

| T T I T
600 1288 18080 2408 Scan No
i18:08 28:98 30:88 48:898 Time (min)

Fig. 7. Py-GC-MS: reconstructed ion chromatogram of MATB at 800°C.
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Table 3
Molecular ions obtained in the Py—-GC-MS of MATB, DATB and TATB

m/z MATB DATB TATB Suggested formula
26 + + + CN’
28 + + + CH,N' or CO'
30 + + + NO™
43 - + + CHNO'
44 - + + CH,NO" or CO,
45 + — - CH,NO™ or HCO;
51 + - - C,HN’
53 + - C,HN,
54 + - - C,H,N;
57 - - + C,H,NO"
58 + + + C,H,NO' or CNO,
59 - + + CHNO; or C,H.NO"~
63 - - + CH,NO,
78 - + - C.H;N,
79 + - - C.H,N;
82 - + - C.H,NO"
87 - - + C,H,N,0;
91 + - - C:H;N;
96 - - + C,H/N,O"
98 + - - C]HZNZO£
104 + - - C,H,N,O;
+ = Obtained; — = not obtained.
188 7’8 _
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Fig. 8. Py-GC-MS: mass spectrum of a decomposition product of MATB from pyrolysis at 800°C.
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perature effect was found in the range 400-—
1000°C. No published information was found on
the decomposition species of MATB and DATB.
Land et al. [19] investigated the thermal de-
composition of TATB by thermogravimetric
modulated beam mass spectrometry. They found
that the major decomposition products formed
were the lower molecular mass species: H,O,
HCN, CO, NO, HNCO, CO, and C,N,, al-
though significant amounts of high-molecular-
mass species in the range m/z 210-256 were also
formed and assigned to furoxan and furazan
derivatives. Apparently these compounds were
not stable at the pyrolysis temperature used,
which was 340°C. TATB seems to form signifi-
cant amounts of cyanogen (m/z 26 in Table 3).
We could not find any correlation between the
low-molecular-mass decomposition products and
the number of NH, groups in the molecule.
Fig. 9 shows suggested decomposition path-
ways of MATB. The main fragmentation path-
way is through cleavage of two C-C bonds. In
some instances this occurs while keeping part or
all of the NH, and NO, groups still bonded to

the C atoms. A typical example is the fragment
ion in MATB at m/z 98, due to C;NH,NO,.
These fragments then decompose further,
producing the low-molecular-mass species
CNO,, HCO,, CO, NO and CN.

3.3. Tetryl

Tetryl is both a nitroaromatic and a nitramine
compound. Fig. 10 shows the Py-GC-MS RIC
of tetryl at 1000°C and Fig. 11 shows an example
of a mass spectrum of tetryl at that same tem-
perature. Decomposition species from tetryl
have not been previously reported.

Table 4 shows the molecular ions obtained in
the Py—GC-MS of tetryl in the range 400-
1000°C. No major temperature effect was found
in this range. Table 4 shows the fragments also
found in RDX, HMX, MATB, DATB and
TATB. Fig. 12 shows suggested thermal de-
composition pathways of tetryl. Most of the
fragments are produced through cleavage of the
bond between the carbon atom of the nitro-
aromatic ring and the nitraminic nitrogen atom.
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Fig. 9. Thermal fragmentation pathways of MATB.
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Fig. 10. Py-GC-MS: reconstructed ion chromatogram of tetryl at 1000°C.
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Fig. 11. Py-GC-MS: mass spectrum of a decomposition product of tetryl from pyrolysis at 1000°C.
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Molecular ions obtained in the Py—-GC-MS of tetryl

241

m/z Suggested formula Also found in
RDX HMX MATB DATB TATB
28 CH,N’ or CO” + + + + +
29 CH,N* - - - -
30 NO" + + + + +
43 CHNO' + + - + +
44 CH,NQ’ + + - + +
45 CH,NO"* - + + - -
52 C,H,N* - - - -
53 C,H,N" or C_HN, + + + - -
57 C_H,NO" or CHN,O" + - - - +
58 CH,N,O" or CNO, + + + + +
59 CH,N,0" or CHNO, + + - + +
0 CH,NO; - + - - -~
65 C,NH; - - - -
77 CH,N.O, or C,NH; - - - -
103 C,H,N,0; or CHN,O; - - - - -
+ = Obtained; — = not obtained.
CH,y NG
9
N
0N NO,
NGy
CH\3 /N02 CHs NNCo CH\3 /N02
N N
O,N NO, O,N NO, OpN NO,
NO, NO, NO,
CH,NO (miz 44)  CHoNO,(mvz 60} C3HN5 (m/z 65) CaH3Nz05 (m/z 103)
CHNO (m/z 43)  CHgNoO (m/z 59) C4HN, (m/2 77)
NO (m/z 30) CH,NLO (m/z 58)

CHaN (mz29)  CHN,O (mvz 57)
CH N (m/z 28)  CHaNO (mvz 45)

Fig. 12. Thermal fragmentation pathways of tetryl.
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This fragmentation produces the species having
low molecular mass up to m/z 60. Higher molec-
ular mass fragments are formed through cleavage
of two C—C bonds of the nitroaromatic ring.

4. Conclusions

Important chemical species were observed in
the pyrolysis of several explosives in the tem-
perature range of 400-1000°C, consisting of
mostly low-molecular-mass species. These prod-
ucts resulted mainly from the cleavage of the
C-C ring structure in the nitroaromatic com-
pounds and the C-N ring structure in the nit-
ramines. As expected, many of the higher molec-
ular mass species, formed under thermal de-
composition conditions at much lower tempera-
tures, were not found. In several explosives,
toxic species were formed during pyrolysis.
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