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This work assessed the pyrolysis of a well-established gas generating agent consisting of a mixture of guanidine
nitrate (GN) with basic copper nitrate (BCN), using thermogravimetry-differential scanning calorimetry in
conjunction with high resolution mass spectrometry (TG/DSC/HRMS). This instrumentation simultaneously
determined mass changes and heat flow, and also permitted evaluation of evolved gases on an accurate mass
basis. Fragmentation ratio correction was used to analyze the MS data acquired via electron ionization. GN/BCN
mixtures were found to undergo pyrolysis to evolve HoO, N3, NO’, CO2 and N2O. Using HRMS, species having
similar masses, such as CO3 and N0, CO and N», and NH3 and OH’, were successfully distinguished. The thermal
analysis data and the gas evolution results allowed a pyrolysis mechanism to be proposed. In this mechanism, a
copper(I) complex obtained from the BCN catalytically decomposes NH3 generated from the GN to produce Ny
and H0. The pyrolysis of a mixture of GN and BCN thus provides a synergistic effect that increases the heat and

gas output.

1. Introduction

Gas generation compounds such as those used in automobile airbag
systems must be capable of rapidly evolving large quantities of gaseous
products via exothermic reactions. These systems are thus based on
energetic materials that store energy in their chemical structures and
can be employed to generate heat and pressure when initiated. The
substances in such devices must also be chemically and mechanically
stable, demonstrate adequate burning rates under various pressures, and
ideally produce large amounts of nontoxic gases with minimal solid
residue. Mixtures in which guanidine nitrate (GN) acts as a fuel and
basic copper nitrate (BCN; Cuy(NO3)(OH)3) acts as an oxidizer (GN/
BCN) are currently well-established as gas generating agents and have
been widely applied in automobile airbag systems [1]. To date, GN/BCN
mixtures have satisfied the requirements for gas generation in such
systems. However, increasingly strict regulations and the requirements

to achieve smaller and lighter airbag inflators require improvements in
the performance of such mixtures. Specifically, the flame temperature,
solid residue generation and toxicity of the evolved gases must all be
improved. There have been significant efforts devoted to mitigating the
disadvantages of GN/BCN systems or to enhancing the performance of
these mixtures, as well as to developing novel gas generators as
alternatives.

A detailed understanding of the reason for the improved perfor-
mance as well as the potential disadvantages of such novel generating
systems is helpful for the effective development of next generation gas
evolution agents. To this end, the reaction mechanisms for a wide range
of highly energetic materials have been studied based on various
analytical techniques by many researchers [2-7]. Thermal analysis
combined with evolved gas analysis (TA/EGA) has been frequently used
for this purpose. In particular, TA/EGA based on thermogravimetry
(TG)/differential scanning calorimetry (DSC) or /differential thermal
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analysis (DTA) together with mass spectrometry (MS) and infrared (IR)
spectroscopy are powerful tools for investigating the reaction mecha-
nisms for energetic materials. These techniques can assess gas evolution
characteristics while determining the thermal profile of the material,
and can thus provide significant insights into reaction mechanisms. For
these reasons, thermal and evolved gas analyses have been employed in
studies of GN and GN/BCN mixtures [8-13] and to a wide range of other
energetic compounds [14-18].

Even so, present-day TG/MS and /IR techniques have several
drawbacks when applied to the assessment of energetic materials. These
substances typically undergo pyrolysis to generate NHz, HyO, CO, N,
NO’, CO2, N2O, NO3 and HNO3, some of which are difficult to distinguish
based on low-resolution MS data. As examples, the members of the CO,
and N3O, CO and Ny, and NH3z and OH" (representing a HyO fragment)
pairs have similar m/z values to one another. IR spectroscopy can
distinguish between CO2 and N3O but cannot detect species that do not
absorb in the IR range. The inability of IR analysis to detect N can be
especially problematic when studying the reaction mechanisms for en-
ergetic materials, because Nj is nontoxic and thus the most desirable
gaseous product from combustion and pyrolysis processes. These
drawbacks have limited our understanding of the pyrolysis of energetic
compounds, including GN/BCN mixtures, many of which generate gases
that are difficult to conclusively identify with MS and IR techniques.

The aim of the present study was to investigate the gases evolved
from GN/BCN mixtures, using TG and DSC in conjunction with high-
resolution MS (HRMS). The latter technique offers the advantages of
rapid scanning and acquisition of the full mass spectra of the fragment
ions of compounds on an accurate mass basis. HRMS has the potential to
address the disadvantages associated with standard MS and IR methods
and so to provide additional insights into the reaction mechanisms for
GN/BCN mixtures. The present study used this technique and also
applied fragmentation ratio correction to the MS data to provide a better
understanding of the gas evolution behavior of GN/BCN mixtures.

2. Experimental methods
2.1. Materials

TA/EGA assessments were conducted with pure BCN and GN as well
as GN/BCN mixtures. Powdered GN (97 % purity) and BCN (98 % pu-
rity) were purchased from Fujifilm Wako Pure Chemical Industries, Ltd.
and Nihon Kagaku Sangyo Co., Ltd., respectively, and used as received.
GN/BCN mixtures were prepared manually in glass ampoules at a molar
ratio of 9:4, based on the stoichiometry required for complete combus-
tion by the reaction 9 GN + 4 BCN — 9 CO3 + 20 N3 4+ 33 H20 + 9 Cu
[9].

2.2. TG/DTA/MS

TG/DTA/MS analyses were conducted to assess the pyrolysis of BCN.
BCN contains Cu, H, N and O but not C, and so HRMS was not a helpful
analytical tool in this case. The TG-DTA-MS apparatus consisted of an
STA 2500 Regulus thermogravimetric analyzer (Netsczh) and a JMS-
Q1050GC instrument (JEOL) equipped with an in-line EGA accessory
(Netsczh). An approximately 3.0 mg quantity of BCN was placed in an
aluminum pan (¢ 5.2 mm x 5.1 mm) and heated from 50 to 400 °C at
10°C min~! under a continuous 50 mL min~! He purge. An empty Al
pan was used as a reference. Prior to heating, the TG-DTA instrument
was evacuated for 5 min and then filled with He to a pressure of 1 atm.
The gaseous decomposition products were analyzed using the MS in-
strument connected to the TG-DTA apparatus by a heated quartz capil-
lary (I.D. 0.5 mm x5 m, 300 °C), operating in electron ionization mode
with an acceleration voltage of 70 eV and scanning over the m/z range
from 10 to 100.
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2.3. TG/DSC/HRMS

TG/DSC/HRMS analyses were conducted in conjunction with the
pyrolysis of both pure GN and GN/BCN mixtures. The TG-DSC-high
resolution time of flight mass spectrometer (HRTOFMS) apparatus
consisted of an STA 449 F1 Jupiter thermogravimetric analyzer
(Netsczh) and a JMS-MT3010HRGA INFITOF instrument (JEOL)
equipped with an in-line EGA accessory (Netsczh). The latter featured a
multi-turn technology that provided a variable length ion flight path of
up to 200m in a very compact analyzer (200 mm x 200 mm). The
experimental procedure was similar to that employed during the TG-
DTA-MS experiments, as described in Section 2.2. In each trial, an
approximately 5.0 mg (GN) or 1.0 mg (GN/BCN) sample was placed in
an aluminum pan (¢ 6.7 mm x 2.7 mm) and heated from 30 to 350 °C at
10 or 5°C min ", respectively, under a continuous 100 mL min ! helium
purge. A smaller sample size was used for the GN/BCN to avoid self-
heating, while a slower heating rate was applied so as to differentiate
the two exothermic peaks generated by this mixture. These peaks are
known to overlap at a heating rate of 10°C min~! [9,11]. Prior to
heating, the TG-DSC instrument was evacuated for 5 min and then filled
with He to a pressure of 1 atm. An empty Al pan was used as a reference.
The gaseous decomposition products were analyzed using the
HRTOFMS instrument connected to the TG-DSC apparatus by a heated
quartz capillary held at 300°C. This unit was operated in electron
ionization mode at 70 eV, with scanning over the m/z range from 10 to
100. The resolution of this instrument was 10,000 full width at half
maximum, which was sufficient to identify the evolved gases in this
study.

3. Results and discussion
3.1. TG/DTA/MS analysis of gas evolution with BCN

The TG/DTA/MS data demonstrated that the BCN exhibited an
endothermic reaction accompanied by a mass loss and gas evolution
beginning at approximately 200 °C (Fig. 1). MS peaks at m/z values of 18
(H20™), 30 (NO™), 32 (03), 44 (N,O™), 46 (NO3) and 63 (HNO3) were
observed. These results are in agreement with prior reports concerning
the MS analysis of BCN [9,10]. These data established that the primary
evolved gases were Ho0, NO’, O,, NO5, and HNO3.

The MS profiles obtained from the BCN were examined using the
fragmentation ratio correction method. When employing electron ioni-
zation, the gaseous products are typically fragmented into smaller spe-
cies, and the fragmentation ratios for NH3, H,O, NO" and NO> at an
acceleration voltage of 70 eV are provided in a NIST database [19] while
that for HNO3 can be found in the literature [20]. The supporting in-
formation provides an example on how the ratio values were obtained
from the fragmentation correction method. The associated calculations
are presented below as Egs. 1 through 5.
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Fig. 1. (a) TG/DTA data and (b) MS profiles acquired from BCN at a heating
rate of 10°C min ",
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Here, I ;) is the relative intensity of the MS peak for ionized gas i or ion
fragment i having m/z = n and related to species f. Using these calcu-
lations, the relative intensity plots in Fig. 2 were obtained.

Fig. 2 summarizes the evolution of various gases from BCN at a
heating rate of 10 °C min ™~ and demonstrates that the primary pyrolysis
products were Hz0, O;, NO3 and HNO3. Note that, although an intense
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Fig. 2. The gas-evolution behavior of BCN at 10 °C min~! based on MS data.
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peak is observed at m/z = 30 (corresponding to NO™) in Fig. 1, the NO’
peak in Fig. 2 is minimal. This is because the majority of the NO*
observed in the MS data is believed to have been derived from HNO3 and
NO5. Thus, this fragmentation ratio method prevented the over-
estimation of NO" generation and is a helpful means of identifying
evolved gas species from fragmentation patterns in electron ionization
data.

Based on the above results, it is possible to examine potential reac-
tion mechanisms. BCN has the formula Cu(NO3)(OH)3 and thus is a
double salt comprising a copper(Il) cation with nitrate and hydroxide
anions. Thus, BCN can be assumed to initially decompose simply to
copper(Il) nitrate (Cu(NOs)z) and copper(Il) hydroxide (Cu(OH)j).
These two salts are known to decompose by the following routes.

Cu(OH), — CuO + H,O (R1)
Cu(NO3); — CuO + 2 NO3 + 1/2 O, (R2)

Fig. 2 demonstrates the formation of H20, O3 and NO3, as would be
expected from these decomposition routes. Adding both sides of R1 and
R2, the primary pyrolysis route for BCN can be written as follows.

CUZ(N03)(OH)3 — 2 CuO + 372 HQO + NO‘Z + 1/4 02 (RS)

Followed the initial decomposition, small portions of the NO3 pro-
duced from the Cu(NOs); and the HyO generated from the Cu(OH); react
to form HNO3 according to:

2 NOj + H,O — HNO; + HONO (R4)

This reaction generates the HNOs that is evident in Fig. 2. The other
product HONO is thermally unstable and undergoes the following
autoredox reaction at high temperature, which also generates a small
amount of NO'.

3 HONO — HNOj; + 2 NO' + H,0 (R5)

3.2. TG/DSC/HRMS analysis of gas evolution with GN

Fig. 3 shows the TG/DSC/HRMS results obtained from heating the
GN. The TG/DSC data (Fig. 3(a)) demonstrate two endothermic peaks;
one at 213 °C without a mass change that is associated with melting, and
the other with a mass loss between approximately 260 and 335 °C due to
pyrolysis. This thermal behavior is fairly typical and similar results have
been reported in the literature [9,10]. Approximately 25 % of the
original mass remained after heating to 350 °C as a solid residue, and GN
is known to produce a solid that consists of polymers such as melamine
and melon derived from the intermediate compound HNCNH [8,13].

The HRMS data exhibit peaks at m/z values of 17.0073 (OH™),
17.0305 (NH3F), 18.0153 (H0™), 28.0101 (CO™), 28.0134 (N3),
30.0061 (NO™), 43.0247 (HNCO™), 44.0095 (CO3), 44.0128 (N,O™)
and 46.0055 (NO3), and the variations in the peak intensities with
temperature are shown in Fig. 3(b). The primary evolved gases were
determined to be NH3, H,0, CO, N3, NO’, HNCO, CO5, N,O and NO5.
Although these products have all been qualitatively identified in prior
studies [8-11], the present HRMS data clearly distinguished between
17.0073 (OH™) and 17.0305 (NH3), and between 44.0095 (CO3) and
44,0128 (N,O™).

The experimental HRMS profiles were corrected based on the frag-
mentation ratio method and the associated calculations are presented
below as Egs. 6 through 14. The fragmentation ratios are provided in a
NIST database [19] while that for HNCO can be found in the literature
[21].
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Fig. 3. (a) TG/DSC data and (b) HRMS profiles obtained from GN at a heating
rate of 10°C min’.

3113 1008
I8 2 T 4 RO o)+ BYSE) = I 4+ it 4 e
@)
Joul o 440095 4 p28.0101 — JAA0095 981 440005 (8)
co, = ‘co; co*(co;) co; 9999 coy
Iito = IR + 180 o + e ncor)
21.7 13.8
=Iinco + Tgplinco. + Joglinco: ©)
Joml o 30.0061 _ 730.0061 _ 730.0061
No- — Not NO'(N,0") NO™(NO, ™)
3113 9999
__ 730.0061 __ 44.0128 46.0055
=ho™" ~gggglno” 37030 (10)
1
Ill\?;al ~ 11%12'0]34 _ I%Ij.(()ll\ﬁzt)*) +§ ;’4{,0067
1008 11379 1008
— [pR0134 _ 440128 | - 280134 _ 7440128 11
N, 9999 N:0 29999 \ M 9999 N:0 an
981
otal ~, 728.010 28.010 __ 728010 009
15 = B — I = T — e 12
2122
158 = 1RO 1G0T o) = IS + S ling'® a3
If\?f.ﬁ ~ 1;]1.8305 4 160226 __ 717.0305 +8007 17.0305 (14)

NHj (NHf) T ONHY

9999 NH

Fig. 4 plots the evolution of various gaseous products from GN at a
heating rate of 10°C min~! and establishes that NH3s, H50, N», HNCO,
CO4, N30, and NO5 were all obtained. NHj3 first appeared at 260 °C, at
which point an endothermic reaction also began, while the evolution of
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Fig. 4. The gas evolution behavior of GN at 10 °C min ! based on MS data.

the other gases followed at approximately 280 °C. The peaks at m/z
values of 28.0101 (CO™) and 30.0061 (NO') were reduced by the
fragmentation corrections, showing that only very small amounts of CO
and NO" were actually generated.

The mechanism proposed in our previous theoretical study [22] can
be used to explain the gas evolution behavior observed in this work. Our
prior research investigated various sets of GN reactions using quantum
chemistry calculations and identified the most probable reaction scheme
on a thermodynamic basis. However, these theoretical predictions
required experimental validation. Although experimental data exist to
support our proposed reaction process, the TG/DSC/HRMS results pre-
sented herein provide more definitive validation.

Based on this mechanism, the initial pyrolysis proceeds endo-
thermically via two different paths involving either decomposition of
CN3Hjs or reaction between CN3Hs and HNOs. Both paths equate to the
same overall reaction:

GN — CHsN3 + HNO3; — HNCNH + NH3 + HNO3 (R6)

The NHj3 from this initial pyrolysis is that identified in the HRMS
profiles in Fig. 4. HNCNH (m/z 42) was not found in the evolved gases,
and so evidently remained in the liquid phase or was consumed in some
manner. HNCNH is known to undergo exothermic polymerization to
produce materials such as melamine and melon, which would form a
solid residue. Another possibility is that this compound is oxidized by
HNOs, starting with homolysis of the HO-NO bond, as in the reaction
below. The energy barrier to this bond cleavage is high, and so it is likely
that the cleavage occurs above approximately 280°C [23-25]. The
temperature at which the pyrolysis was observed to occur was therefore
sufficient to homolytically decompose HNOs3.

HNO;3; — OH" + NO3 (R7)

The formation of NO5 but not OH" is evident above 280 °C in Fig. 4.
However, OH' is a highly reactive radical, and so would be expected to
rapidly react with other compounds. The OH" and NO3 radicals resulting
from the above reaction could attack HNCNH to form N,O and HNCO,
the latter of which then decomposes to CO, as shown below [22,23].

HNCNH + OH" — HNCN' + H,0 (R8)
HNCN' + NOj; — HNCO + N,0 (R9)

The HNCO generated in this process reacts with HoO to form NHs and
CO4, based on the following reaction, both of which are found in Fig. 4.



Y.-i. Izato et al.

The generation of a small amount of N, can be seen in Fig. 4, and this
is thought to have resulted from a free radical reaction between NH3 and
HNOj. NHj is thermally stable and difficult to oxidize, but a small
amount of this compound was evidently attacked by radicals to produce
N, and H0 [26,27].

3.3. TG/DSC/HRMS analysis of gas evolution from GN/BCN

Fig. 5 presents the TG/DSC/HRMS results for GN/BCN mixtures.
Comparing these results to the data obtained from pure BCN and GN, it is
apparent that the thermal behavior of GN/BCN mixtures differed dras-
tically from that of the components. Here, the thermal behavior (shown
in Fig. 5(a)) can be divided into two regions from 133 to 210 °C (termed
pyrolysis I) and 210-275°C (pyrolysis II). Pyrolysis I begins with an
endothermic reaction associated with a mass loss at approximately at
133°C, followed by an exothermic reaction at 169 °C. The following
pyrolysis II starts at 210 °C with a sharp endothermic peak that corre-
sponds to the melting point of GN (213 °C). Immediately following
melting, an exothermic reaction with rapid heat flow and mass loss
occurs.

Fig. 5(b) demonstrates the variations in gas evolution with
increasing temperature based on the HRMS profiles. Peaks are present at
m/z values of 17.0073 (OH™), 17.0305 (NH3), 18.0153 (H,0™), 28.0101
(CO™), 28.0134 (N3), 30.0061 (NO™), 44.0095 (CO3), and 44.0128
(N,O™). These peaks were also corrected based on fragmentation ratios,
using Egs. 6 through 14.

Fig. 6 summarizes the variations in mass, heat flow and gas evolution
with temperature. Comparing these data to those acquired from pure
BCN (Fig. 2) and GN (Fig. 4), the generation of gaseous products from a
GN/BCN mixture is seen to be significantly different. Specifically, the
mixture produced less HNO3 and NO5 compared to pure BCN and less

a‘ T T T T T T

ol 1100
TG —

'§:_ 180

o I 1Wg!

i {60 =
lbDi i 2
= 140 S
x | psc
= 120
® |
Q
= | 10

(a) TG-DSC profiles

44.0128 (N,0”

“40095€0,H N o~

30.0061 (NO") s 0

OO

28.0101 (CO*)

17.0305 (NH,")

Intensity / -

L N W
(b) HRTOFMS profiles . )
0 50 100 150 200 250 300 350

Temperature / °C

Fig. 5. (a) TG-DSC data and (b) HRMS profiles obtained from a GN/BCN

mixture at a heating rate of 5°C min™'.
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NH3 and HNCO but more H,0, Ny, and CO2 compared to pure GN.

During the pyrolysis I phase, gas evolution began with the endo-
thermic formation of H,O at 130 °C, after which N5, NO’, CO,, N5O and
additional HoO were generated at 160 °C in an exothermic process. In
this temperature range, both GN and BCN are solids, and so the pyrolysis
reactions likely took place at points of contact between the powder
surfaces. In one possible reaction, GN dissociates to give HNO3 and
CN3Hs, as follows.

GN — HNOj3; + CHsN3 (R11)

The strong acid HNO3 would neutralize the weak base copper(Il)
hydroxide to produce copper(Il) nitrate and free HoO as in the reaction
below.

Cu(OH); + 2HNO3 2 Cu(NO3), + 2H,0 (R12)

This would explain the H,O detected beginning at 130 °C. The gua-
nidine moiety in the GN would undergo pyrolysis to form HNCNH and
NH; as showed in the section 3.2. To explain pyrolysis mechanisms of a
composition involving NHs, HNOs, and copper(I) nitrate, the mecha-
nism established for ammonium nitrate (the salt of NH3 and HNO3) and
copper(Il) nitrate/oxide mixtures [28-30] can be used. Tetra- or
di-ammine copper(II) complexes were produced from a mixture of Cu
(NO3); and ammonium nitrate upon heating in the range of 160-220 °C
[30]. In temperature range of pyrolysis of GN/BCN mixture, the
di-ammine complex ([Cu(NH3)2](NO3)2) would preferentially form.
NH; from GN would react with copper(Il) nitrate to form copper

ammine complexes as in the reaction below.
Cu(NO3); + 2NHj3 2 [Cu(NH3),](NO3), (R13)

The [Cu(NH3)2]1(NO3), can be hydrolyzed to basic copper(Il) nitrate,
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NHj3, and HNO3 [31]. Although reactions R12 and R13 are reversible,
elimination of HyO to gas-phase enhances forward reactions. Copper(II)
ammine complex is a highly reactive material and it is known to have
explosion properties equal to initiation explosives (low
impact-sensitivity, large heat of combustion, and high burning rate) [32,
33]. Production of [Cu(NH3)2](NOg3)2 would play an important role in
pyrolysis of GN/BCN mixture. This ammine complex promptly pyrolyze
to produce CuO, Ny Hy0, and NO5 with large exothermic heats [30].

2[Cu(NH3)2](NO3); — 2 CuO + 3 N, + 6 HyO + 2 NO3 (R14)

This chemical reaction can explain evolving large amounts of N, and
H20 and few of NH3 from GN/BCN (Fig. 6). The CuO and HNO3 would
also be expected to react to regenerate Cu(NOs3),, as follows.

CuO + 2HNOj3; — Cu(NO3), + H,0 (R15)

The Cu(NO3); would react with NH3 to form [Cu(NH3)2](NO3)s
again (R13). This cycle would therefore catalytically decompose
(persistent and toxic) NH3 to N and H0, and the NO3 from R14 would
be consumed to produce NO" according to reactions R4 and R5.

The gases generated during the pyrolysis II stage and their corre-
sponding peak intensities were similar to those produced in the pyrolysis
I region, and so the reaction scheme was also likely similar to that shown
above. The pyrolysis II process starts with melting of the GN, after which
the molten GN surrounds the solid BCN such that the contact area is
greatly increased compared to the solid-solid reaction process in the
pyrolysis I phase. In addition, the temperature at which the pyrolysis II
stage begins equals the pyrolysis point of BCN, and this is expected to
enhance the pyrolysis of the GN/BCN mixture. Thus, the reaction rate is
increased and more heat is released.

During the pyrolysis of the GN/BCN mixture, the chemical and
physical properties of the components and the intermediate species
combined to enhance each reaction. Fig. S1 in the Supporting Infor-
mation provides a summary of the thermal characteristics obtained from
TA-EGA and the proposed chemical reaction equations for the pure GN
and BCN and for the GN/BCN mixture. As noted, the pyrolysis II stage of
the GN/BCN includes the melting points of GN and the pyrolysis tem-
perature of BCN. In addition, the initial intermediate species NH3 and
HNOs produced by the GN can be catalytically decomposed on copper
(I) nitrate and copper(I) oxide generated by the BCN. We therefore
believe that the improved performance of the mixture of the two com-
pounds is derived from these synergistic effects.

4. Conclusion

This work performed a detailed investigation of the thermal prop-
erties and gas evolution characteristics of GN/BCN mixtures, which are
used as gas generators in automobile airbag systems. HRMS was
employed to distinguish between different species having similar
masses, such as CO, and N0, based on rapid scanning and acquisition of
the full mass spectra of the fragment ions of compounds on an accurate
mass basis. The HRMS data were also modified by correcting the
apparent intensities of the fragments by summing related peaks and
subtracting overlapping unrelated peaks, to obtain the true intensities of
the various gases. This correction prevented overestimation of the
amounts of certain evolved gases. This research demonstrates that TG/
DSC/HRMS is a powerful tool for assessing the pyrolysis of energetic
materials, and is superior to standard MS and IR-based approaches
especially when combined with thermal analysis.

Possible schemes for the pyrolysis of pure GN and BCN and of a GN/
BCN mixture were determined based on TA-EGA data. The pyrolysis of
BCN was proposed to proceed based on the simultaneous reactions of
copper(I) nitrate and copper(Il) hydroxide, with HyO, O,, NO3 and
HNOj3 as the main gaseous products. GN was determined to undergo
pyrolysis via the reaction series GN — CHsN3 + HNO3 - HNCNH + NH3
-+ HNOs. The HNCNH is subsequently attacked by OH" and NO3 radicals

Journal of Analytical and Applied Pyrolysis 151 (2020) 104918

generated by the homolysis of HNOg to form N»O and HNCO. In the case
of GN/BCN pyrolysis, the mechanisms described above for pure GN and
BCN work in concert and enhance one another. As a result, the toxic NH3
normally produced by the pyrolysis of GN is effectively decomposed into
Ny and H,O. This intermeshing of various reaction mechanisms explains
why the GN/BCN combination provides exceptional performance as a
gas generating agent.
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