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ARTICLE INFO ABSTRACT

Keywords: Melamine (Mel) was used as host matrix for liquid nitroglycerin (NG), to prepare Mel/NG solid
Melamine powdered compounds containing up to 45 wt% of this explosive. The two preparation processes
Nitroglycerin

used for this purpose consisted in evaporating a solution of both components, either in ambient

ﬁiﬂlr?iwe conditions or under reduced pressure by the Spray Flash-Evaporation (SFE) process. In Mel/NG
Inclusion materials, amorphous nitroglycerin is distributed in the crystallized melamine matrix as in-
Composite clusions, which were found to be smaller in size in the material prepared by the SFE process. Mel/

NG materials are not stable over time: they gradually lose the nitroglycerin they contain by
evaporation.

1. Introduction

Nitroglycerin is a liquid substance under ambient conditions, which has particularly high explosive strength and explosion heat [1].
Despite these interesting properties, nitroglycerin is dangerous to handle in liquid state owing to its particularly low sensitivity
threshold to impact (~0.2 J) [2]. The hazardous properties of nitroglycerin are related to its physical state. First, nitroglycerin is a
viscous liquid [3] which traps the minute bubbles formed by its evaporation. The heat released by the adiabatic compression of these
bubbles by an impact results in hot spots which easily activate the reaction of the explosive [4]. On the other hand, the thin layers of
nitroglycerin formed by spilling the liquid on surfaces are more sensitive to percussion than the bulk explosive. Stabilising nitro-
glycerin in solid form is therefore necessary to handle this explosive safely and to use it in energetic compositions. Nitroglycerin is
classically desensitized by the top-down approach invented and patented by Nobel, which consists in impregnating the explosive into
inert porous substrates such as diatomaceous earth (kieselguhr), wood sawdust or charcoal [5] or to gelatinize it with nitrocellulose
[6], to obtain dynamites. Nitroglycerin is currently used in ammonium nitrate-based industrial explosives to increase their explosive
power, as well as plasticizer in double and triple-base propellants [7].

Contemporary research on nitroglycerin focuses mainly on its use for medicinal purposes [8,9], and work on its use as component
for new energetic materials is fairly rare [10]. The sorption of nitroglycerin in polymers used to package tablets containing it [11] or in
the polyvinyl chloride tubes used to administer it [12], and in nitrocellulose [13] shows that it can be trapped in certain materials for
which it has an affinity. An orientation study carried out as part of this research, which involved investigating the interaction of
nitroglycerin with a series of molecules from a qualitative point of view, showed that melamine had a particularly good affinity for
nitroglycerin. The thermogravimetric study published by Costa and Camino shows that melamine exhibits good thermal stability, at
least up to 300 °C [14]. The thermal stability range of melamine overlaps that of nitroglycerin, enabling it to be used as a host matrix
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for the latter. Another interesting property of melamine lies in its ability to form supramolecular architectures [15,16], in which
nitroglycerin could be trapped in even greater quantities than in pure melamine. Stabilising nitroglycerin in the form of a fine-grained
solid powder is essential for using it in solid detonating compositions such as NSTEX [17,18]. NSTEX are hybrid energetic materials
which are formulated by mixing a nanothermite with a high explosive in fine powder. In these composite explosives, the fast com-
bustion of the nanothermite activates the transition from deflagration to detonation of the explosive [19]. The use of nitroglycerin in
these compositions could be a means of designing initiation dynamites that are insensitive to mechanical stress, but capable of
detonating under the action of flame ignition.

The aim of this research was to trap nitroglycerin in a melamine host matrix by bottom-up approaches. For this purpose, two
processes were used which consist to remove the solvent in which the both components are dissolved, either by spontaneous evap-
oration or by spray flash-evaporation (SFE) [20,21].

2. Materials and methods
2.1. Materials

The nitroglycerin was provided by Nitrochemie AG (Wimmis, Switzerland) in a methanol solution with a mass concentration of 5%.
The solvent was evaporated under reduced pressure (T = 66 °C, P < 200 mbar) and its full removing was checked by infrared
spectroscopy. Melamine (99%, lot MKCF8887) was received from Sigma-Aldrich. Absolute ethanol was from VWR Chemicals (99.98%,
AnalaR NORMAPUR® ACS, Reag. Ph. Eur., lot 21A134010).

2.2. Preparation methods of inclusion compounds

2.2.1. Safety warning

Pure nitroglycerin is very sensitive to impact, especially when it contains gas bubbles or when it forms a thin layer on the surface of
objects. Pure nitroglycerin as well as materials prepared from this explosive should be handled with care, in small quantities (typically
1-2 g), by experienced scientists and in accordance with local laws and regulations. The authors decline all responsibility for any
misuse of the results reported in this article.

The first formulation method consists in weighing the appropriate amount of melamine and nitroglycerin, in a 1:1 M ratio, to obtain
a final sample mass of less than half a gram. These compounds were dissolved in about 150 mL of absolute ethanol in a crystallizing
dish. The inclusion compound, subsequently referred to as Mel/NG-SE, is formed by the spontaneous evaporation (SE) of ethanol under
ambient conditions, which takes about one day.

The second formulation method used the Spray Flash-Evaporation (SFE) process which was described in Refs. [20,21]. The so-
lution, which was composed of melamine (0.3 g) and nitroglycerin (0.5 g) dissolved in a mixture of ethanol (500 mL) and water (100
mL), was sprayed through a 100 pm nozzle kept at 100 °C, by applying an upstream pressure of 40 bar, in an atomization chamber
maintained under dynamic vacuum (5 mbar). The temperature of the sprayed solution was set to obtain the highest possible pressure
ratio between saturation pressure and chamber pressure [22], while minimizing nitroglycerin evaporation. The slight natural acidity of
the melamine solution (pH = 5) and the very short heating time of the solution (a few seconds) do not allow the hydrolysis of
nitroglycerin, which was observed by Halasz et al. in an aqueous alkaline medium (pH = 9-12) under the action of prolonged heating
[23]. The sample, subsequently referred to as Mel/NG-SFE, was collected on a metallic filter.

Mel/NG samples were stored in airtight containers at room temperature (15-25 °C).

2.3. Characterization techniques

Fourier-transform infrared (FT-IR) transmission spectra were recorded with a Tensor 27 apparatus from Bruker. 3D Raman imaging
was performed with confocal Raman microscope LabRAM HR Evolution from Horiba equipped with a solid state laser emitting at 532
nm. The morphology of the materials was studied using a FEI Nova NanoSEM 450 scanning electron microscope (SEM), after
metallization of the samples by a thin layer of gold deposited by sputtering. Thermogravimetric (TGA) experiments were performed
with a SDT 650 apparatus from TA Instruments, using 90 pL open alumina cups. The dynamic TGA analyses were carried out under
nitrogen flow (100 mL/min) using a heating rate of 5 K/min. TGA experiments to study the desorption kinetics of nitroglycerin from
the melamine matrix were performed in isothermal conditions from 60 °C to 100 °C in 10 °C steps on samples of 1-3 mg, under an Ar/
O, (98/2) flow. X-Ray Diffraction patterns of the materials were recorded with a D8 Advance AXS from Bruker. The sensitivity
thresholds to impact were measured with the BFH-12 model of BAM fall hammer apparatus from OZM research, on 40 mm® samples.

2.4. Study of the desorption kinetics
Nitroglycerin evaporation from melamine matrix was studied using a zero order mechanism (R1) [24] in which the mass fraction of

evaporated nitroglycerin (0 < a < 1) increases linearly with time (« = k x t). The k value was used in an Arrhenius’ equation to
represent graphically the evolution of In k according to the reciprocal of isotherm temperature:
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where:

m A is the pre-exponential factor,

m E is the activation energy of nitroglycerin evaporation (J/mol),

= R is the molar gas constant (~8.314 J mol ' K1),

m T is the isotherm temperature (K).

Heliyon 9 (2023) 20306

The activation energy of nitroglycerin evaporation is finally calculated from the slope of the corresponding line.

3. Results and discussion

The composite materials formed by trapping nitroglycerin in melamine are powdered solids, in which the presence of both mol-
ecules is confirmed by infrared spectrometry in Fig. 1(a). The absence of the characteristic broad and intense band attributed to the
stretching of hydroxyl functional groups in FT-IR spectra (3200-3700 cm ') of Mel/NG-SE and Mel/NG-SFE materials also shows that
they do not contain the solvents (ethanol and ethanol/water, respectively) which were used to formulate them. The bands observed in
the nitroglycerin spectrum at 1265 cm ™! and 1630 cm™!, which respectively correspond to the symmetric (vs) and asymmetric
stretching (v,s) of -NO» groups [25], are found in Mel/NG-SE and Mel/NG-SFE materials. While there is no significant wavenumber
shift of these bands for Mel/NG-SE, shifts of ~8 cm™! and ~6 cm™ to higher and lower wavenumbers are respectively observed for
symmetric and asymmetric stretching of -NO5 groups for Mel/NG-SFE. The changes in -NO5 stretching means that the melamine
matrix influences the energy level of the liquid nitroglycerin trapped in the inclusions, meaning that the latter are very small in size. No
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Fig. 1. (a) FT-IR spectra of the materials and their components, (b) 3D Raman spectra of the Mel/NG-SE compound in which melamine is rep-

resented in red and nitroglycerin in green.
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shift of the stretch bands attributed to melamine —-NH; groups at 3468 cm’l, 3417 ecm™}, 3325 cm~! and 3122 ecm ™! [26] is observed
for Mel/NG-SE and Mel/NG-SFE materials, meaning that the trapping of nitroglycerin has no influence on the melamine matrix.
Nitroglycerin has only interfacial contact with melamine and has no influence on the solid crystal lattice of melamine molecules. The
3D Raman spectra in Fig. 1(b) show that nitroglycerin is irregularly distributed throughout the volume of the melamine matrix, in
small inclusions (areas in yellow/orange) and in larger micron-sized pockets (areas in green). The NG contained in a Mel/NG-SE
sample (29 wt% NG) is highly desensitized to impact, with a sensitivity threshold increasing from less than 0.25 J to 5.5 J.

As shown in Fig. 2, the X-Ray diffraction peaks of melamine (Fig. 2(a); JCPDS card: 00-039-1950) are identified in the diffraction
pattern of the Mel/NG-SE material (Fig. 2(b)). As no new diffraction peak is observed, the Mel/NG-SE material is neither a cocrystal nor
a solvate, but a compound in which amorphous nitroglycerin is trapped in the crystallized melamine matrix. In other words, nitro-
glycerin, whose melting point (13.5 °C) is much lower than that of melamine (345 °C) [27], is trapped as liquid inclusions in the latter.

The particles of commercial melamine observed by SEM in Fig. 3(a) are non-porous and have micrometric sizes. The Mel/NG-SE
particles shown in Fig. 3(b and c) are larger; their surface is covered with open pores, whose diameter is ranging from submicron scale
to several tens of microns. The morphology of the material suggests that it is formed by the slow crystallization of melamine from the
solution around nitroglycerin droplets which act as template. The growth process of the melamine matrix around nitroglycerin in-
clusions is governed by the evaporation of ethanol. The Mel/NG-SFE material is composed of aggregates of angular particles whose
internal porosity is essentially formed by interconnected cavities, which result from the coalescence of nitroglycerin bubbles which
escape from the material during SFE processing. The size of elementary nitroglycerin inclusions in the melamine matrix (5-50 nm) was
estimated from the imprints left by their evaporation during the formation of the material, which correspond to the smallest single
cavities observed in Mel/NG-SFE particles (0.2-1 pm, Fig. 3(d)). The presence of nitroglycerin in Mel/NG particles observed by SEM
was qualitatively detected by the degradation of the samples under the electron beam during observations performed at higher
magnifications. The effect produced is a swelling of the observed area, which is attributed to the heat-induced release of nitroglycerin
from the melamine matrix. Mel/NG materials are stable when observed at lower magnifications, such as those used to record SEM
images of the materials (Fig. 3).

The TGA curves of the materials presented in Fig. 4(a) show that nitroglycerin evaporation and melamine sublimation occur in
separated temperature ranges extending from 105 to 187 °C, and from 230 °C to 330 °C, respectively. This makes it possible to
determine the mass content of nitroglycerin in Mel/NG-SE (41.3%) and Mel/NG-SFE (44.7%). Nitroglycerin evaporation is observed in
Mel/NG materials, although at lower temperatures, as shown in Fig. 4(b), which means that nitroglycerin hosted in melamine
evaporates more readily than in its pure liquid state. The lower evaporation temperature of nitroglycerin in Mel/NG-SFE material is
attributed to the miniaturization of nitroglycerin inclusions. This was confirmed by calculating the activation energy of nitroglycerin
evaporation from the experimental data obtained in TGA isothermal experiments for pure nitroglycerin (98 kJ/mol), Mel/NG-SE (82
kJ/mol) and Mel/NG-SFE (47 kJ/mol) materials. Interestingly, these values are of the same order as those reported by Suceska (~=81.9
kJ/mol) [28] and Tompa (x75.3 kJ/mol) [29] for desorption of nitroglycerin from double-base propellants. However, in Mel/NG
materials, the activation energy of nitroglycerin evaporation is strongly influenced by the size of the explosive domains in the mel-
amine matrix, as illustrated by the difference noticed between Mel/NG-SE and Mel/NG-SFE materials. The lowering of the melamine
sublimation temperature observed for Mel /NG materials was attributed to its higher surface area. The volume initially occupied in the
melamine matrix by nitroglycerin is released by the evaporation of the latter, resulting in a highly porous material. The lower sub-
limation temperature of the melamine formed by the decomposition of the Mel/NG-SFE material, shows that its porosity is more finely
structured than the one of melamine formed by the degradation of Mel/NG-SE material, and that the size of the nitroglycerin inclusions
in the former material is smaller than in the latter.

The time required to completely desorb nitroglycerin from the melamine matrix in Mel/NG materials, relative to sample mass, was
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Fig. 2. X-Ray diffraction patterns of (a) melamine and (b) the Mel/NG-SE compound.
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: (b—c) Mel/NG-SE at low and higher magnification, (d) Mel/NG-SFE.
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studied isothermally by thermogravimetry at different temperatures between 60 °C and 100 °C and represented in Fig. 4(c). For both
samples, desorption time evolves according to an exponential decay law with increasing temperature. It can be noticed that Mel/NG-
SFE material is more stable along time than the material prepared by simple evaporation. As the nitroglycerin contents of both samples
are similar, this means that the explosive is trapped more efficiently by the melamine matrix in the material prepared by SFE process. It
can also be seen that the desorption time decreases more sharply with increasing temperature in the Mel/NG-SFE material, which is in
good agreement with the fact that the activation energy for nitroglycerin evaporation is lower for this material than for that prepared
by the simple evaporation process. Evaporation loss of nitroglycerin in Mel/NG materials is a relatively slow phenomenon, however,
which can be limited by storing these materials in hermetically sealed containers, with a volume appropriate to that of the sample, and
kept at room temperature.

4. Conclusions

Solid powdered materials in which nitroglycerin is trapped in a melamine matrix were prepared from solutions in ethanol by
processes involving either a slow (SE) or a rapid (SFE) evaporation of the solvent. These compounds contain up to 45% by weight of
nitroglycerin, which is distributed in the crystallized melamine matrix as liquid inclusions, which are smaller in size (typically
nanoscale) in the material prepared by the SFE process. Melamine/nitroglycerin compounds are not stable over time as they lose
nitroglycerin they contain by evaporation. This phenomenon is strongly accelerated by heating Mel/NG materials. The energetic
performance of these new nitroglycerin based composite materials, should be enhanced by using energetic molecules as host matrices
such as hydrazine sulphate or erythritol tetranitrate instead of melamine.
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