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Abstract—Methods for providing stabilization of ammonium nitrate and expanding the application field of
this oxidizing agent in gas-generating compositions used for various purposes were sought for. The results of a
study of the physicochemical properties of ammonium nitrate with a melamine—potassium nitrate double additive
introduced by mechanical mixing and crystallization from an aqueous (nonaqueous) solution at the boiling point
are presented. The phase diagrams of the ammonium nitrate—-melamine and ammonium nitrate—melamine—po-
tassium nitrate systems, based on the results of a differential-thermal analysis, demonstrated that a phase-stable
ammonium nitrate can be formed by using the method of crystallization from an aqueous (nonaqueous) solution
at the boiling point. The resulting samples were examined by IR spectroscopy and X-ray diffraction analysis, and
a conclusion was made that a new thermodynamically stable phase can be formed in the system with individual
additives, and the introduction of a double additive leads to a combined effect: a thermodynamically stable crys-
tal structure is formed, with the simultaneous slowing down of the nucleation and growth of a new phase in the

course of a phase transformation.

DOI: 10.1134/S1070427217090038

Ammonium nitrate (AN) is a promising oxidizing
agent for highly energetic gas-generating fuels that can be
used in various fire-extinguishing systems based on gas
generators, systems for intensification of oil extraction,
those aimed to produce selective gases, autonomous
systems for refloating of sunken objects, automobile
safety bags, etc. [1-6].

The four polymorphic modifications in the temperature
range from —50 to +100°C, and, accordingly, three phase
transformations (V < IV at —17°C, IV « III at 32°C,
and III < II at 84°C) restrict the application of this
readily available and inexpensive oxidizing agent in
gas-generating formulations because the shape, volume,
and density of crystals change in the course of a phase
transformation (at 32°C, there occurs transition from one
rhombic modification to another, which is accompanied
by a 3% increase in the crystal volume; at a temperature
of 84°C, crystals of the rhombic bipyramidal form become
rhombic monoclinic, with the crystal volume decreasing).

Therefore, articles based on AN will disintegrate in
storage. One more characteristic feature of AN is its
ability to crystallize into the so-called intermediate or
metastable form II” at a temperature of 54-55°C, with
unit cell parameters different from those for II phase [ II',
tetragonal unit cell (A): a = 5.68, ¢ = 4.92; 11, tetragonal
unit cell (A): a=5.75,c=15.00] [7, 8].

It has been found that introduction of a potassium
nitrate (PN) additive can stabilize AN in phase III in a
prescribed temperature interval due to the formation of
an energetically stable formulation that is a mixture of
solid solutions and double salts, formed in the course of
joint crystallization of the components from a solution
or melt [9]. The effect of stabilization of the AN phase
state upon addition of certain organic substances due
to the intermolecular interactions has been observed
[10-12]. An analysis of the existing methods for phase
stabilization of AN made it possible to distinguish three
effective ways: thermodynamic, kinetic, and combined. A
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thermodynamically stable AN—additive formulation can
be obtained via introduction of isomorphic atoms, e.g.,
potassium ion (potassium nitrate) into the AN unit cell;
the kinetic way consists in controlling the appearance
and growth rates of nuclei in a phase transformation of
AN; and the combined way includes development of a
thermodynamically stable structure and the simultaneous
control over processes in which a new AN phase nucleates
and grows.

Effective gas-generating formulations containing PN
and melamine are known [13—15]. Therefore, these two
components can be used as phase-stabilizing additives
for AN.

The goal of our study was to analyze the effect of the
double additive containing an inorganic compound PN
and organic substance melamine (2,4,6-triamino-1,3,5-
triazine) on the physicochemical properties of AN.

It was expected that introduction of a double additive
via isothermal crystallization from an aqueous or
nonaqueous solution at the boiling point would eliminate
the phase transitions of AN and simultaneously provide
high performance of the fuel based on this oxidizing
agent.

EXPERIMENTAL

We used AN of chemically pure grade, PN of
analytically pure grade, and melamine of pure grade.
Samples of the system were obtained in two ways, by
mechanical mixing and by isothermal crystallization from
an aqueous or nonaqueous solution (ethylene or butylene
glycol) at the boiling point [16]. After the drying and
separation of the <500 pum fraction, AN samples with
additives were examined by physicochemical analytical
methods: differential-thermal, IR spectroscopic, and
X-ray diffraction XRD) analyses [17-19]. The results
obtained were used to construct phase diagrams and
make conclusions.

The AN-melamine phase diagram (mechanical
mixing) shows in the whole range of concentration
under study an additivity of the physicochemical
characteristics of the starting components: the phase
transformations of AN and melamine are preserved. An
analysis of the phase diagram of the system produced via
crystallization from an aqueous or nonaqueous solution
at the boiling point (Fig. 1) demonstrated that the [V-III
phase transition of AN is preserved up to 50% content
of melamine (curve /7).
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Fig. 1. Phase diagram of the AN-melamine system (isothermal
crystallization from an aqueous solution at the boiling point).
(7) Temperature and (¢) melamine content. (/) IV-III AN phase
transition, (2) III-II AN phase transition, (3) II-I AN phase
transition, (4) AN melting, (5) AN decomposition, (6) melamine
decomposition.

Raising the amount of the additive further results in
that crystals are formed in the intermediate state II', with
transition to phase I of AN (absence of curves / and
2). Raising the content of melamine to more than 70%
leads to a phase stabilization (absence of curves /-3
corresponding to phase transitions in AN), which may
be due to the slower rates of nucleation and growth of
a new phase in the course of the phase transformation
of AN, i.e., this occurs due to the kinetic factor of the
phase stabilization of AN. An eutectic with mp 150°C is
observed for samples containing up to 60% AN (curve 4).

An analysis of the system with a double PN—
melamine additive (crystallization from an aqueous or
nonaqueous solution at the boiling point) demonstrated
that introduction of 5% PN leads to a phase stabilization
of AN at melamine content exceeding 20% due to the
combined influence exerted on AN crystals by the
thermodynamic and kinetic factors. Raising the amount
of PN additive to 10, 20, and 30% results in that the AN
phase transition IV-III completely disappears, i.e., the
thermodynamic stabilization factor starts to predominate
due to the formation of a stable AN-PN structure. The
AN phase transition II-I is preserved up to melamine
content of 80%, and the eutectic at 150°C, up to AN
content of 10%.

Analysis of the IR spectra of samples in the AN—
melamine system with varied composition shows that, on
changing the method by which solid phases are obtained
to that via crystallization at the boiling point (irrespective
of the solvent used: water, ethylene- or butylene
glycol), the crystals precipitated into the solid phase

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 90 No. 9 2017



1394

NIV \\\W/’Lw_\w A ﬂ \\LLLJ
, \\M\WWM, L
4000 3200 2400 1600 800 v

Fig. 2. IR spectra of the AN-melamine system (isothermal
crystallization from an aqueous solution at the boiling
point). (v) Wave number. Content (%): (/) 100 melamine,
(2) 40 melamine—60 AN, (3) 30 melamine-70 AN,
(4) 20 melamine—80 AN, (5) 10 melamine—90 AN, (6) 100 AN.

contain functional groups of melamine [3115 cm~!,N-H
(secondary amines) and 1647 cm~!, C=N bond (cyclic
vibrations)]. Also, ammonium ions [3300 cm! (stretching
vibrations) and 1411 cm~! (bending vibrations)] and
NO;~ ions (1297 cm!) appear in the spectra (Fig. 2,
curves /—6) [18].

As the AN content increases, changes are observed in
the intensity of vibrations of the functional groups, with
the melamine band still dominating. This is indicative of
an active interaction of modifier molecules with AN ions,
with the possible formation of a thermodynamically stable
melamine-based phase. Introduction of the PN additive
into the solid phases in amounts of 5 to 30% has no effect
on the IR spectra of the samples.

An XRD analysis of samples in the AN—melamine
system demonstrated that the joint crystallization of AN
with 10% melamine yields crystals with the common
crystal lattice that is close to AN phase IV (Fig. 3,
curve 4) and raising the content of melamine to 50%
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Fig. 3. XRD patterns of samples in the AN—
melamine system (isothermal crystallization from
an aqueous solution at the boiling point). Content
(%): (1) 100 melamine, (2) 80 melamine—20 AN,
(3) 50 melamine—50 AN, (4) 10 melamine-90 AN,
(5) AN phase IV (Acyk,, 20 = 10-50).
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(curve 3) gives a structure different from those of the
starting compounds, melamine and AN (curves / and
3, respectively) [19]. Further increase in the content of
melamine results in that a phase is formed with crystal
structure close to that of melamine (curve 2). This
appearance of the XRD pattern confirms that there is an
active interaction in the AN—-melamine system to give a
new phase in the course of the joint crystallization and
indirectly confirms the combined effect on the phase
stability of the structures being formed.

Introduction of the second additive (10% PN) into
the AN—melamine system has no effect of the structure
of the solid phases being formed (Fig. 4). This means
that the main part is played in phase-stable crystals
by melamine, which can be incorporated in the form
of clusters between the crystalline blocks of AN, with
thermodynamically stable formulations formed at a
simultaneous kinetic influence on the growth of nuclei
of a new AN phase [11].
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The results obtained in the study confirmed the
efficiency of the combined method for affecting the phase
transformations in AN via formation in the course of
crystallization of a thermodynamically stable structure
with additive components and a simultaneous influence
exerted on the kinetics of the process in which nuclei
of a new phase are formed and grow in these phase
transformations.

The method we developed can yield a phase-stable
NA-based oxidizing agent that improves the ecological
properties of combustion products (due to the absence
of a condensed phase and toxic components) and makes
lower the production cost of solid fuels because of
the use of the inexpensive AN. It becomes possible to
control the phase-stable AN-based formulation via joint
crystallization with an organic substance (melamine) or
with a potassium nitrate—melamine double additive. In
the AN-based oxidizing agent, the PN additive serves as
oxidizing agent and, simultaneously, acts as initiator of the
thermal decomposition of AN. Melamine will execute in
these compositions several functions; it is a gas-forming
component (fuel) that releases when decomposing the
nontoxic and fire-proof nitrogen and also can serve
as a binder and provide technological and mechanical
properties of the whole gas-generating formulation. One
more advantage of the given method for obtaining an
AN-based oxidizing agent is the possibility of varying
the relative amounts of the additive components, PN
and melamine. This will make it possible to control the
combustion temperature of the formulation and expand
the applicability area of the gas-generating composition
[20-23].

CONCLUSIONS

(1) It was found that samples of the ammonium
nitrate—melamine system, produced by crystallization
from an aqueous or nonaqueous solution (ethylene and
butylene glycol) at the boiling point and containing 50%
melamine and more, exhibit phase stability due to the
formation of a new crystal structure. This was confirmed
by physicochemical analytical methods, differential-
thermal, IR spectroscopic, and X-ray diffraction analyses.

(2) It was shown that introduction of the second
potassium nitrate additive into the ammonium nitrate—
melamine system (crystallization from an aqueous or
nonaqueous solution at the boiling point) results in that
phase-stable samples are formed at a lower melamine
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Fig. 4. XRD patterns of samples in the AN-melamine-10%
PN system (co-crystallization from an aqueous solution
at the boiling point). Content (%): (/) 100 melamine,
(2) 90 melamine—10 AN, (3) 70 melamine—30 AN,
(4) 50 melamine—50 AN, (5) AN phase IV (Acyx, 26 =
10-50).

content: with 5% potassium nitrate, stabilization occurs at
20% lower content of melamine, and with 10% and more
potassium nitrate, at 0% melamine. This effect is due to
the combined influence exerted by additives on the phase
stabilization of ammonium nitrate due to the formation
in the crystallization process of a thermodynamically
stable structure with the additive components and to the
simultaneous effect on the kinetics of the process in which
anew phase nucleates and grows in phase transformations
of ammonium nitrate.

(3) The results obtained in a study of the system
constituted by ammonium nitrate and double potassium
nitrate—melamine additive confirmed that a phase-stable
ammonium nitrate can be obtained as a result of the
combined effect: formation of a thermodynamically stable
structure with potassium nitrate and melamine (solid
solutions, double salts, eutectic) and the simultaneous
kinetic hindrance of the process of nucleation and growth
of'anew phase in the course of the phase transformation of
ammonium nitrate due to the incorporation of the organic
additive in the form of clusters between crystalline blocks
of ammonium nitrate.
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