Thermochimica Acta 666 (2018) 197-207

journal homepage: www.elsevier.com/locate/tca =

Contents lists available at ScienceDirect

Thermochimica Acta

g

thermochimica acta

Solid + liquid equilibria and molecular structure studies of binary mixtures @ M)

for nitrate ester’s stabilizers: Measurement and modeling

Check for
updates

Salim Chelouche™*, Djalal Trache™", Catarina M.S.S. Neves”, Simao P. Pinho®¢,

Kamel Khimeche®, Mokhtar Benziane®

@ UER Procédés Energétiques, Ecole Militaire Polytechnique, EMP, BP 17 Bordj-El-Bahri, Algiers, Algeria

P CICECO - Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, 3810-193 Aveiro, Portugal

€ Associate Laboratory LSRE-LCM, Departamento de Tecnologia Quimica e Biolégica, Instituto Politécnico de Braganga, Braganga, Portugal
d Centro de Investigagdo de Montanha (CIMO), Instituto Politécnico de Braganca, Campus de Santa Apoldnia, 5300-253 Braganga, Portugal

€ Ecole Supérieure du Matériel ESM, BP 188 Beau-Lieu, Algiers, Algeria

ARTICLE INFO ABSTRACT

Solid-liquid equilibria (SLE) data for two binary organic mixtures of N-(2-methoxyethyl)-p-nitroaniline + N-
ethyl-4-nitroaniline (S1) and N-(2-ethanol)-p-nitroaniline + N-ethyl-4-nitroaniline (S2) have been measured
using differential scanning calorimeter to build the corresponding solid-liquid phase diagrams. The quality of the
SLE data has been checked by consistency tests, presenting good quality factors for both systems. Simple eutectic
behavior has been observed for these systems with the presence of a solid-solid transition for S2. The SLE data
have been correlated by means of Wilson, NRTL, and UNIQUAC equations. The used models calculate the
equilibrium temperatures very satisfactorily. The best modeling results were obtained using the Wilson equation
with a root mean square deviation between experimental and calculated values for S1 and S2 of 1.15 and 1.99,
respectively. The Wilson, NRTL, and UNIQUAC equations have also been used to compute excess thermodynamic
functions viz. excess Gibbs energy, enthalpy, and entropy. The obtained results demonstrated a moderate po-
sitive deviation to ideality for S1, and a strong positive deviation for S2, unveiling the nature of the interactions
between the compounds forming each mixture. In addition, microstructural studies have been carried out by
FTIR, XRD and optical microscopy. Weak molecular interactions have been shown for the eutectic compositions.
Jackson’s roughness parameter was calculated and found to be greater than 2, suggesting the faceted mor-
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phology with irregular structures.

1. Introduction

Solid propellants are usually employed in military ammunition. To
ensure a safe life and long storage time under adverse storage condi-
tions with acceptable chemical, thermal, mechanical and ballistic per-
formances, such materials should contain various chemical compounds
such as stabilizers [1]. Solid propellants consisting of nitrocellulose
(NC) and/or other nitrate esters (NE), are inherently chemically un-
stable and tend to decompose even at the normal storage conditions
because of the low bonding energy (155kJ/mol) of the nitrate ester
group (CH,-O-NO,) [2-4]. They undergo slow decomposition and
generate nitrogen oxides (NOx) which react with the residual moisture
present in the propellant and form nitrous and nitric acids. If nothing is
done to inhibit this decomposition reaction, the products act as cata-
lysts in the decomposition of the nitrate ester, and a further decom-
position reaction channel is opened which is commonly named

* Corresponding author.

autocatalytic decomposition [5].

To deal with this natural slow thermal degradation, stabilizers are
commonly added to the NE formulations. These substances are neces-
sary to improve the shelf-life of propellants and to lower the risks as-
sociated with their decomposition during manufacture, storage, and
use. Furthermore, the ballistic performance of propellant has been ob-
served to change with its aging, due to physical changes in degraded
propellant grains [6].

For a safe storage, stabilizers must have a relatively high melting
temperature compared to that of storage. In fact, an energetic substance
containing a stabilizer with a low melting point can cause its fusion.
This could then cause the diffusion of the liquid within the energetic
material, leading to a loss of stabilizing efficiency due to the decrease of
stabilizers amount. Furthermore, the migration of the liquid after the
fusion can lead to the loss of the energetic material structure integrity,
thermal stability reduction, and decrease in the desired chemical,
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mechanical and ballistic characteristics, which can lead to self-ignition
or explosion.

A wide range of chemicals has been investigated as stabilizers in
propellants. However, none of these proposed substances completely
fill the requirements for a safe and effective stabilizer. The research in
this area is very active, seeking stabilizers that are effective and pre-
senting fewer potential negative environmental and health impacts.

The most widely employed stabilizers are from the classes of aro-
matic amines (e.g. diphenylamine) and urea derivatives (Akardite-II,
Akardite-III, ethyl centralite, methyl centralite) [1,2]. Some emerging
substances are also being studied and evaluated (polymers, ionic li-
quids, organic and inorganic materials, etc.), and adding some more
complexity to the search for optimum propellant formulations, stabi-
lizers can be used either singly or in mixtures.

Numerous research studies devoted to the stabilization of nitrate
esters have been conducted without sufficiently elucidating the che-
mical reactions that can occur between the stabilizers in the energetic
material [6-9], but less attention has been paid to their thermodynamic
properties and structural details. In this context, within the last ten
years, several studies have been carried out by our research group with
conclusive and interesting results [3,10-12].

Organic eutectics may act as blend materials, and hence their in-
vestigation for possible use in the synthesis of energetic materials is
important and should be done in detail. In this paper we perform phase
equilibria and microstructure studies by means of differential scanning
calorimetry (DSC), Fourier transform infrared (FTIR), x-ray diffraction
(XRD) and optical microscopy, for two binary mixtures of organic sta-
bilizer’s, that is N-(2-methoxyethyl)-p-nitroaniline + N-ethyl-4-ni-
troaniline (S1) and N-(2-ethanol)-p-nitroaniline + N-ethyl-4-nitroani-
line (S2), respectively. In particular, SLE data have been correlated by
means of Wilson, NRTL and UNIQUAC equations, which were also
employed to compute excess thermodynamic functions, helping to un-
derstand the kind of interaction between the constituents of both sys-
tems.

2. Experimental and methods
2.1. Materials

In this work, three chemical products have been used to prepare the
two binary mixtures of stabilizers. Chemical structures of studied
compounds are given in Fig. 1. N-(2-methoxyethyl)-p-nitroaniline
(MENA) and N-(2-ethanol)-p-nitroaniline (ENA) were synthesized and
purified following the method indicated by Gibson [13]. Their purities
were checked by DSC and FTIR analysis and evaluated to be greater
than 98(wt.%). For the new synthesized compounds MENA and ENA,'H
and '3C NMR spectra are given as SM (Figs. $1-S4). The N-ethyl-4-
nitroaniline (NENA) was supplied by Sigma-Aldrich. Its mass purity was
certified by the manufacturer to be greater than 99 (wt.%) and has been
used without further purification. Table 1 compiles the source and
purity of the compounds.

(0]
Hsc/ \/\NH

NO,
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H3C/\NH
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Their melting temperatures and fusion enthalpies were measured by
differential scanning calorimetry (DSC). Table 2 lists the obtained re-
sults and their comparison with the available literature data. The
knowledge of these physicochemical properties is of great importance
for the determination of the activity coefficients as well as for the
thermodynamic modeling. Additionally, Table 2 presents also the ex-
perimental molar volumes (Vy, cm>/mol), which are calculated ac-
cording to Eq. (1) [14]:

@

where M is the mass molar (g/mol) of the pure compound and p its
density (g/cm®) measured at 298.15K.

2.2. Apparatus and procedure

Before carrying out the DSC experiments, a series of solid binary
mixtures have been first prepared. Considerable caution has been paid
in preparing the samples; each mixture is placed in a separate Pyrex
glass test tube and kept airtightly. The solids are slowly mixed and
heated up to a temperature about 15°C above to the melting tem-
perature of component presenting higher melting temperature. When
the first droplets of liquid appear, rapid and continuous stirring is re-
commended in order to ensure a good homogeneity of the binary
mixture. Then, instantaneous cooling in the nitrogen liquid is carried
out, in order to solidify the mixture and to keep the same homogeneous
structure of the binary mixture. The resultant solid was powdered in a
clean agate mortar with a little pressure as possible and dried in de-
siccators. The rapid cooling of molten samples ensured a uniform steric
concentration of components in the mixtures and homogeneity of the
final molecular blend.

The thermal properties measurements were carried out by means of
a Perkin-Elmer DSC8000 (PerkinElmer, Inc.,710 Bridgeport Avenue
Shelton, CT 06484-4794, USA). DSC device was calibrated with high
pure indium and confirmed by analysis with zinc. The precision is
within = 0.1K and + 2% for the temperature of fusion (onset of
melting peak) and the enthalpy of fusion (integral over the melting
peak), respectively.

A cleaning of the measuring equipment is done ahead by infusing
with nitrogen gas and then heating to a temperature of 500 °C. This
procedure is carried out every time a new material series is going to be
analyzed. For each measurement, 4-6 mg (Mettler H31 balance, preci-
sion = 0.0002 g) of the sample is charged to cramped aluminum cru-
cibles, while an empty pan of the same type is employed as a reference.

The procedure for DSC measurements is similar to those im-
plemented in our research group for analogous mixtures [3,10,11]. It
guarantees the quality and precision of the data as different heating and
cooling rates, or isothermal periods, resulted in similar thermograms,
without the appearance of unexpected thermal phenomena. Each
sample undergoes first a heating cycle in which it is heated to a tem-
perature higher than that of the mixture’s component presenting the
higher melting temperature, at a heating rate of 10 K/min, and then

HO\/\NH

NO,

(b)

NO,
(c)

Fig. 1. Chemical structure of the studied compounds: (a) N-(2-methoxyethyl)-p-nitroaniline (MENA); (b) N-ethyl-4-nitroaniline (NENA); (c) N-(2-ethanol)-p-ni-

troaniline (ENA).

198



S. Chelouche et al.

Table 1
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Source, purification method and final mass fraction purity of the studied compounds.

Chemical name Source Initial mass fraction Purification method Final mass fraction Analysis method
purity purity
N-(2-methoxyethyl)-p-nitroaniline Synthesis in our lab - Filtration + Repeated crystallization 0.98 NMR*®
(MENA) FTIR"
DSC®
N-ethyl-4-nitroaniline (NENA) Sigma-Aldrich 0.99 none 0.99 -
N-(2-ethanol)-p-nitroaniline (ENA) Synthesis in our lab - Filtration + Repeated crystallization  0.98 NMR*
FTIR"
DSC*

# Nuclear Magnetic Resonance spectroscopy.
Y Fourier transformed infrared.
¢ Differential scanning calorimeter.

Table 2

Physical properties of pure compounds: molar volume at density temperature
T, = 298.15K (V**®9), the melting temperature (T,,) and the enthalpy of
melting (AH,,) in the DSC experiments, at p = 0.1 MPa.

Compound V2815 (ecm®/  Tu(K) AH,,(kJ/mol)
mol)
N-(2-methoxyethyl)-p- 152.7 358.9" 27.3
nitroaniline (MENA) 154.1¢ 356.15-359.15 25.95 [30]
151.4¢ [13] 24.35 [31]
N-ethyl-4-nitroaniline (NENA) 127.2 367.3" 22.7
130.9° 367.15-368.15 22.7 [11]
125.7¢ [29] 22.76 [30]
368.21" [11] 19.21 [31]
N-(2-ethanol)-p-nitroaniline 137.5 381.0™ 26.5
(ENA) 138.6¢ 380.65-383.15 29.45 [30]
[13] 25.65 [31]
Standard uncertainties u are u(V) = = 0.4 cm®/mol, u(T,,) = * 0.4K, u(AH,)

= * 0.7kJ/mol, u(T,) = = 0.07K, u(p) = 0.05.
* This work.
2 Onset temperature.
> Ppeak top temperature.
¢ Girolami’s method [32].
4 Imerizi’s method [32].

maintained at that temperature for 20 min, before being cooled to
298.15K at a cooling rate of 10 K/min. At the end of this treatment, the
sample is maintained at 298.15K for 20 min. After a second heating is
performed in a nitrogen atmosphere (20 cm®/min) in the temperature
range 313-390K for the first system MENA(1)+NENA(2) and
323-400K for the second ENA(1) + NENA(2), at a heating rate of 2K/
min. This scanning rate is low enough to approach the equilibrium
measurement conditions and to increase the accuracy of the enthalpy of
fusion calculations. Any further attempt to use a slower heating rate
does not influence the quality and the precision of the measured data.

The determination of the enthalpies and temperatures of melting
and the processing of the thermograms were done with Perkin-Elmer’s
Pyris software (PerkinElmer Life and Analytical Science, Chalfont Road,
Seer Green, Buckinghamshire, HP9 2FX, UK). Measurement un-
certainties were estimated to be = 0.0005 for the mole
fraction, = 0.4K for the temperature and did not exceed = 0.7 kJ/
mol for the enthalpy of fusion.

For pure compounds, melting temperatures are obtained from the
extrapolated onset temperature of the heat flow curves. This approach
is followed by several authors [15-17] and can be explained by the fact
that this point is independent of the sample mass. However, there are
no such recommendations, about which temperatures to be used for
binary mixtures. On the other hand, solidus (or eutectics) corresponds
to the formation of a first liquid droplet in equilibrium with a bulk solid
phase; hence, onset temperatures are used as eutectic temperatures, as
it was applied by the vast majority of the authors [16-21]. At the same
time, liquidus is defined as the disappearance of the last crystals in the
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Fig. 2. DSC thermograms of (a) SI(MENA(1)+NENA(2)), (b) S2 (ENA(1)
+NENA(2)).

liquid phase, and thus onset temperatures are probably not the best
choice. The determination of the liquidus temperatures is not obvious.
In fact, some studies identified Tjiquiqus from the onset temperature
despite the qualitatively different nature of melting in a mixture to that
in a pure substance [21]. Other studies have identified Tjjquiaus as the
peak top temperature [22,23]. However, it has been shown that this
former represents the point where the energy exchange between the
sample and thermocouples is at a maximum and does not correspond to
the point of complete dissolution [21,24]. Some other studies have
adopted numerical procedures applying post-experiments that take into
account factors influencing the shape of the thermogram to identify
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Table 3

Experimental solid-liquid equilibrium data for MENA (1) + NENA (2) system at
different MENA mole fractions (x;) and p = 0.1 MPa: the liquidus temperature
(T), the eutectic temperature (T%), the melting enthalpy of the mixture (AH,y,),
the melting enthalpy at the eutectic (AHE).

X1 T (K) Tg(K) AH,, (J/8) AHg (J/g) Solid phase
0.0000 367.3 - 136.6 0.0 NENA (cr)
0.0496 366.0 334.5 115.0 7.6 NENA (cr)
0.0998 363.8 334.7 100.6 17.7 NENA (cr)
0.1481 362.2 334.7 87.7 30.8 NENA (cr)
0.2001 359.7 335.0 75.6 43.0 NENA (cr)
0.2501 357.8 3349 64.2 50.2 NENA (cr)
0.3000 354.4 335.0 53.5 68.7 NENA (cr)
0.3501 351.7 334.7 48.4 82.7 NENA (cr)
0.4004 348.1 334.8 34.6 93.0 NENA (cr)
0.4516 3425 334.8 19.9 104.5 NENA (cr)
0.4995 339.4 334.9 7.7 114.4 NENA (cr)
0.5493 337.4 335.0 2.9 121.0 MENA (cr)
0.6002 341.5 3349 18.0 102.6 MENA (cr)
0.6506 344.8 334.8 31.0 85.6 MENA (cr)
0.7003 347.4 334.7 45.4 69.3 MENA (cr)
0.7480 348.8 334.3 65.8 56.5 MENA (cr)
0.7990 351.2 334.2 85.9 41.6 MENA (cr)
0.8500 353.2 333.9 99.6 26.0 MENA (cr)
0.9021 355.1 333.4 111.0 12.2 MENA (cr)
0.9485 356.9 333.5 125.0 6.3 MENA (cr)
1.0000 358.9 - 139.1 0.0 MENA (cr)

Standard uncertainties u are u(x)= # 0.0005, u(T)
= +3.6J/g, u(p) = 0.05.

+ 0.4K, u(AH,,)

Table 4

Experimental solid-liquid equilibrium data for ENA (1) + NENA (2) system at
different ENA mole fractions (x;) and p = 0.1 MPa: the liquidus temperature
(T), the eutectic temperature (T%), the solid-solid transition temperature (T ans
ss), the melting enthalpy of the mixture (AH,,), the melting enthalpy at the
eutectic (AHg).

X1 TK  TeK)  Tuansss (K)  AHy (J/g)  AHg (J/g)  Solid phase
0.0000 367.3 - - 136.6 0.0 NENA (cr)
0.0513 366.8 3534 - 118.4 9.6 NENA (cr)
0.0995 365.4 353.9 348.7 97.4 15.4 NENA (cr)
0.1512  364.1 353.5 3489 76.1 28.2 NENA (cr)
0.2044 361.6 353.4 3489 57.7 40.2 NENA (cr)
0.2504 360.2 353.5 349.3 42.0 50.5 NENA (cr)
0.3004 358.7 353.3 349.2 23.4 74.1 NENA (cr)
0.3508 357.1 353.2 349.2 8.9 85.9 NENA (cr)
0.4017 355.4 353.3 349.8 2.1 93.3 ENA (cr)
0.4492 358.8 353.1 349.5 5.5 86.9 ENA (cr)
0.5011 360.8 352.7 349.1 9.4 77.4 ENA (cr)
0.5494 363.4 352.7 349.1 15.3 70.7 ENA (cr)
0.5997 366.0 352.4 348.9 21.2 61.9 ENA (cr)
0.6514 369.5 353.0 349.3 24.6 52.0 ENA (cr)
0.7011 3719 3529 349.2 34.9 43.3 ENA (cr)
0.7512 373.6 3526 - 44.1 35.8 ENA (cr)
0.8018 375.7 351.8 - 55.6 28.0 ENA (cr)
0.8449 377.4 3516 - 71.7 18.6 ENA (cr)
0.9000 379.2 351.1 - 86.0 14.0 ENA (cr)
0.9478 380.3 351.4 - 114.6 5.4 ENA (cr)
1.000 381.0 - - 145.5 0.0 ENA (cr)
Standard uncertainties u are u(x) = = 0.0005, u(T)= * 0.4K, u(AH_)

+3.6J/g, u,(p) = 0.05.

Tiiquidus from the data [25,26]. Still that these methods are limited by
several factors [21].

In their recent work, Oakley et al. [21] reported the use of the
endset temperature, without reference to any numerical model, as a
robust and straightforward means of identifying Tiiquidus in hydrocarbon
mixtures which results in a consistent liquidus temperatures data.
Furthermore, other studies, that have adopted this approach, con-
sidered that the use of a slow enough scan rate results in a good ap-
proximation [27,28]. This approach is kept for the determination of the
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Fig. 3. Tamman plot of the studied binary systems (a) MENA + NENA, (b)
ENA + NENA.

liquidus temperatures in the case of our organic binary mixtures.

The onset temperature is determined from the intersection between
the tangent to the maximum rising slope upon melting, and the sample
baseline curve measured prior to any melting whereas the endset
temperature is determined in the same way, but in the opposite direc-
tion (the right part of the thermogram).

Components densities were measured using a Helium gas pycn-
ometer (Micromeritics, AccuPyc II 1340, Georgia, USA). The volume of
the three components is measured by replacing their void space with
helium. The density is determined by independent and simultaneous
measurements of the mass. The measurements were made three times,
where each one consisted of 10 measurement cycles, providing 10 data
points. Measurement uncertainties for all the components were esti-
mated to be less than + 0.003 g/cm® whereas the uncertainty asso-
ciated with the temperature of the density experiments was evaluated
to be less than 0.07 K.

For FTIR Analysis, samples were embedded in KBr pellets and
analyzed by using a Shimadzu spectrometer 8400S. The spectra were
recorded in transmittance mode in the range of 4000-600cm ™ '. 64
scans were co-added to achieve an acceptable signal-to-noise ratio. In
all measurements, spectra resolution was maintained at 4 cm ™.

XRD analysis was carried out using a PANanyticalX’Pert Pro Multi-
Purpose Diffractometer with Cu Ka radiation. An X’Celerator detector
was used to collect data over an angular range of 10-30°/26, with a step
size of 0.0170/20 and a count time of 50.1650s at each step. The vol-
tage was chosen to be 45kV with a current of 40 mA. Powdered spe-
cimens were prepared for X-ray diffraction analysis using the
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Table 5
Comparison between the experimental coordinates for the eutectic temperature
(Tg) and the mole fraction (x; ) with calculated values.

System Te(K) X1,E
Exp. Cal. Exp. Cal.

MENA (1) + NENA (2) 335.0° 335.5° 0.5275" 0.5412¢
337.1¢ 0.5480¢
337.8° 0.5486°
334.7' 0.5156"

ENA (1) + NENA (2) 353.8° 356.5¢ 0.3959" 0.3676°
356.5¢ 0.3825¢
355.7¢ 0.3693°
343.6' 0.4017"

@ Experimental eutectic temperature uncertainty u(Tg) = * 0.4K.

Calculated eutectic molar fraction uncertainty u(xg) = *+ 0.0156.
¢ Calculated by Wilson.

4 Calculated by NRTL.

¢ Calculated by UNIQUAC.

f Calculated by Ideal model.

b

PANaltiycal powder sample preparation Kit and back-loaded into
nickel-coated steel sample holders. FTIR and XRD analysis were carried
out at ambient temperature.

The microstructure characterization of the pure components and
their eutectic compositions has been performed using an optical mi-
croscope type “Leica DM 2500M”.The samples were analyzed with the
magnifications of 5, 10, 20 and 50 times. The stabilizers are placed on
glass slides in small quantities and then heated until melting. The re-
crystallization is carried out at ambient temperature.

3. Results and discussion
3.1. Solid-Liquid equilibria

3.1.1. Solid-liquid phase diagrams

DSC thermograms for the two binary systems MENA(1) + NENA(2)
and ENA(1)+NENA(2) are presented, respectively, in Fig. 2, while
Tables 3 and 4 provide the experimental results for both systems.

Thermograms of pure components exhibit only an endothermic ef-
fect, corresponding to the melting phenomenon. A good agreement
with literature data has been observed concerning the melting tem-
perature of pure compounds [13,29]. For the melting enthalpy and
molar volume no experimental data was possible to find, except for
NENA, and instead estimating methods were applied [30-32], showing
satisfactory coherence with the values measured in this work.

In the binary mixtures S1 and S2, two melting DSC peaks were
observed. The first one was assigned to the melting of the eutectic while
the second, registered at a higher temperature, was attributed to the
liquidus line. In addition to those two peaks, a third one was observed
in the case of the second binary mixture S2. This transition does not

Table 6
Quality factors values for the studied systems.

Thermochimica Acta 666 (2018) 197-207

appear in the pure compounds (ENA or NENA) but can be seen for some
mixture fractions at a constant temperature, lower than that of the
eutectic. It is the result of a solid-solid transition, which occurs for
fractions of ENA ranging from 0.1 to 0.7 mol fraction. The observed
solid-solid transition may be interpreted as the decomposition of an
intermediate solid below the eutectic, such as a peritectoid reaction
[33].

The eutectic temperature is observed for each system, at a constant
value, unlike that of the mixture melting point, which changes with the
composition, so the two systems studied by DSC exhibit a simple eu-
tectic behavior with complete miscibility in the liquid phase and im-
miscibility in the solid phase.

From the well-known Tamman’s plot, and the linear regression of
the eutectic enthalpy of melting versus the mole fraction [34] (Fig. 3(a)
and (b)), the eutectic compositions of the MENA(1) + NENA(2) and
ENA(1) + NENA(2) systems were determined as: x; g = 0.5275 and
x1,g = 0.3959, respectively. The uncertainty associated with the esti-
mated eutectic molar fraction is evaluated to be less than + 0.0156.

In order to accurately determine the eutectic temperatures, the two
eutectics have been prepared based on their respective molar fraction
defined from Tamman plot and then analyzed by DSC under similar
conditions as mentioned above. As can be observed in plots (a) and (b)
in Fig. S5 of the Supplementary materials, the thermogram corre-
sponding to the first eutectic only presents one endothermic peak (eu-
tectic melting) whereas that of the second system show two en-
dothermic peaks (solid-solid transition and eutectic fusion
respectively). The eutectic melting temperature measured for both S1
and S2 are found to be equal to 335.0K and 353.8 K, respectively.
Likewise, the experimental enthalpies of melting of the two eutectics
are evaluated to be equal to 22.3 kJ/mol and 16.3 kJ/mol, respectively.

The eutectics coordinates are summarized in Table 5. However, the
uncertainties associated with each experimental eutectic temperature,
molar fraction and melting enthalpy are found to be equal to the ex-
perimental errors associated to the measured samples given above.

The melting temperature of stabilizers intended to be introduced in
energetic materials formulations must be high enough to prevent sta-
bility issues [1]. From the solid-liquid equilibria investigation, the two
studied systems have relatively high eutectic temperatures compared to
the ambient temperature. Therefore, theses eutectics can be safely in-
corporated into nitrate ester based-energetic materials formulations.

3.1.2. Consistency tests

Consistency tests for all type of phase equilibria were proposed by
Kang et al [35]. The procedures proposed are essential for the valida-
tion of the experimental data and the development of high quality
prediction and correlation models. Solid-liquid equilibrium experi-
mental data of the two binary mixtures, together with relevant prop-
erties of pure compounds are used to verify the consistency of the data
measured in this work. A quality factor Qs ranging between 0 and 1 is
computed based on the differences between the melting temperature
and enthalpy estimated from binary solubility data and the pure

MENA + NENA Exp. (pure) From SLE A Quality factors Qsie
Tf1/K 358.9 358.8 0.1 F1 1 *0.25 0.928
Tf2/K 367.3 367.8 0.5 F2 1 *0.25

Slope 1 0.0255 0.0262 0.027 F3 1 *0.25

Slope 2 0.0203 0.0260 0.280 F4 0.714 *0.25

ENA + NENA Exp. (pure) From SLE A Quality factors Qsie
Tf1/K 381.1 381.4 0.3 F1 1 *0.25 0.654
Tf2/K 367.3 367.8 0.5 F2 1 *0.25

Slope 1 0.0220 0.0358 0.627 F3 0.319 *0.25

Slope 2 0.0203 0.0341 0.679 F4 0.295 *0.25
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Correlation of the (solid + liquid) data of the two binary mixtures by means of Wilson, NRTL and UNIQUAC equations: values of parameters and deviations.

System Parameters (J/mol) Deviation o” (K)
Wilson Wilson NRTL NRTL UNIQUAC UNIQUAC Wilson NRTL UNIQUAC Ideal
Ar2- Anq Azi- Ao 812- 811 821- 822 12 o1
MENA(1) + NENA(2) 6901.27 -2107.67 —2571.40 5002.98 179.478 117.399 1.15 1.25 1.36 2.38
ENA(1) + NENA(2) 4081.24 1073.75 —222.579 5135.80 656.685 533.759 1.99 2.23 2.35 6.69
2 According to Eq. (5).
370
a ApnH (1 1 AnC Ton1—T T
(@™ lnx1y1=—m—1(———) 4 oSt Ton=T T
365 R \T Ty, R T m.1 @)
1 where x, ApHy, A, Cp1 and Ty, ; stand, respectively, for the mole
360 . ’ L s . .
| fraction, the enthalpy of melting, the difference in the heat capacity
355 between liquid and solid states at the melting temperature, and melting
i temperature of pure solute 1, T is equilibrium temperature of the binary
350 - system and R is the universal gas constant. As suggested by Prausnitz
é, J et al. [37], the first term on the right hand side of Eq. (2) is dominant.
345 The heat capacity term is generally small enough and not known, and
1 then is usually neglected when compared to the other terms. Since of
340 4 the unavailability of Cp values of the pure components in both liquid
] and solid states, some tests were performed. In fact, testing different
3354 . . values for the heat capacity change of NENA, which presents the lower
330 1 fusion entropy among the pure compounds studied, even when this

T(K)

340 i T i T i T 5 T
0.0 0.2 0.4 0.6 0.8

1.0

X

Fig. 4. Experimental and predicted SLE phase diagrams of (a)MENA (1) +
NENA (2), (b)ENA (1) + NENA (2) ; (W liquidus ; (A)eutectic;(v)Wilson ; (e)
NRTL ; (o) UNIQUAC ; (- - -) Ideal.

component property values. The detailed procedure can be found in the
work by Kang et al. [35]. The obtained results for Qg are reported in
Table 6, where the good quality of the measured data is confirmed since
the global quality factors are 0.928 and 0.654 for S1 and S2, respec-
tively. The divergence on the melting enthalpy remains the most sig-
nificant component contributing to the decrease of the quality factor of
the second system.

3.1.3. Application of semi-empirical models

For the two studied systems, the components are not miscible in the
solid phase and completely miscible in the liquid phase. Therefore the
activity coefficient (;) of the component, in the liquid phase, can be
calculated according to Eq. (2) [3,10,36]:
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value is as high as 50 J/mol.K, the importance of the second term in the
right side of Eq. (2) is always lower than 3.7 %, guaranteeing the va-
lidity of the simplification.

The deviation from ideal behavior and the type of interactions
governing the systems can be better explained by means of excess
thermodynamic functions, namely excess Gibbs energy (G®), enthalpy
(H), and entropy (S®) [38-40]. These functions give a more quantita-
tive idea about the nature of molecular interactions and are expressed
as the difference between the thermodynamic functions of a real system
and the ideal one at the same temperature and pressure. In this study,
three methods based on the local compositions theory [37] were used to
calculate the solute activity coefficients and to correlate the SLE data:
Wilson, the NRTL, and the UNIQUAC models.

The unknown parameters of models were found by minimizing the
objective function F, using simplex method [41]:

n
F = Z {TP—T (Gas, Ay, AP

i=0

3

where n is the number of experimental points, T and T¢?! are, re-
spectively, the experimental and calculated equilibrium temperatures
at a given concentration x; and A; and A, are the two adjustable
parameters of each correlation model.
The root mean square deviation of temperature was defined as:
n (Tiexp_Tical)z

2
or =
|5

where m is the number of adjustable parameters which is equal to 2 in
our case. The NRTL equation contains three parameters, but the re-
duction of experimental data for a large number of binary systems in-
dicates that the non-randomness parameter oy, varies from about 0.20
to 0.47. A typical choice is aj; = 0.3 [3,11,37], here adapted. Further-
more, the pure component structural parameters r (volume parameter)
and g (surface parameter) in the UNIQUAC equations were calculated
according to the procedure suggested by Hofman and Nagata [42].
The estimated parameters and corresponding root-mean-square
deviations are summarized in Table 7. Fig. 4 provides a comparison
between the experimental data and the correlation results as well as
with the liquidus line assuming ideality. The three models calculate
equilibrium temperatures satisfactorily with standard deviations for

n—m
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calculated eutectic).

NRTL and UNIQUAC, respectively, of 1.25K and 1.36 K for the first
system and of 2.23K and 2.35K for the second. Nevertheless, the
Wilson model fitted the experimental data better than the two former
ones with a root square mean deviation for S1 and S2 of 1.15K and
1.99K respectively.

As shown in Table 5, the deviation between the experimental and
calculated values of Ty in the case of ideal solubility is more pro-
nounced in the case of the second system. However, the eutectic co-
ordinates calculated by the Wilson, NRTL and UNIQUAC equations are
closer to the experimental values found based on the Tamman plot.

3.1.4. Excess thermodynamic functions

The excess thermodynamic functions, viz excess Gibbs enthalpy,
enthalpy and entropy of the mixture are fundamental properties, which
can provide a measure and type of the molecular interactions and the
departure to ideal behavior.

The values of excess thermodynamic functions for systems S1 and
S2 reported, respectively in Tables S1 and S2 of the supplementary
materials are calculated using the temperature values obtained by the
three models Wilson, NRTL, and UNIQUAC. Figs. 5 and 6 show these
thermodynamic functions with respect to the mole fraction composi-
tion. All models give values highly comparable for a qualitative and
quantitative analysis. Only the excess enthalpy and entropy calculated
by UNIQUAC in system S1 present opposite trends to those calculated
by the other two models and will, therefore, be excluded from the ex-
cess thermodynamic functions discussion.

Inversely to what has been found often in the literature [43-46],
where mathematical extremes had been found for those properties ex-
actly at the eutectic composition, in this study it is not possible to ob-
serve a global maximum or minimum of those properties at the eutectic
point. Nevertheless, the excess values at these particular mole fractions
are in general close to the recorded minima or maxima, which can be
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most probably attributed to a consequence of the minimum tempera-
ture value at the eutectic.

As a rule, the sign and magnitude of the enthalpy and Gibbs energy
of excess reproduce differences in the intensity of intermolecular at-
tractions between pairs of dissimilar species on one hand, and pairs of
like species on the other [47-49]. Like shown in Fig. 4(a), system
MENA(1) + NENA(2) presents a moderate positive deviation to ideality,
both GE/RT and HE/RT (absolute values) are always smaller than 0.1,
which is a result of a moderate self-association between the same pairs
of the mixture components. Moreover, the application of the Wilson
and NRTL model to S1 results in negative values of excess enthalpy and
entropy while the excess Gibbs energy is positive meaning that the
entropic effect is dominant.

Similarly, ENA(1) + NENA(2) mixture shows a strong positive de-
viation to ideality. Both G/RT and H:/RT are positive, which is a ty-
pical behavior for mixtures of an associative and a nonpolar compound,
which it is not the case, even if NENA is for sure less polar than ENA.
This large positive deviation to ideality can be explained by the pre-
sence of OH group (ENA) and the dominant effect of hydrogen bonding
between ENA molecules (self-association), which will be shown by FTIR
analyses.

The structural contribution of the component fragment reproduces
the sign and magnitude of excess entropy. Structure infringement in-
volves a positive contribution to excess entropy and structure building a
negative contribution to excess entropy [50]. From the negative values
of the excess entropy obtained for both systems, it is likely that a
structure building takes place owing to gathering forces which makes
clustering within the solution.

3.2. Microstructure studies of the eutectic mixtures

The letters (a), (b), (c), (d) and (e) in Figs. 7 and 8, refer respectively
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to MENA, NENA, ENA,
(ENA + NENA).

eutectic (MENA + NENA) and eutectic

3.2.1. Fourier transform infrared spectroscopy analysis (FTIR)

FTIR studies are considered to provide information about molecular
interactions between the mixture’s components, especially at the eu-
tectic composition. The FTIR spectra of pure components and the eu-
tectic mixture under study are shown in plots (1) and (2) of Fig. 7. In
general, hydrogen bonding to an X-H group results in a decrease in the
X-H stretching frequency accompanied by a broadening and in-
tensification of this band [51,52]. Both OH and NH groups are found to
exhibit highly characteristic changes with hydrogen bonding [52].

From FTIR spectrum of ENA (Fig.7(c)), it can be revealed that in the
solid state the ENA molecules are associated with each other by an
intermolecular hydrogen bond. The stretching frequency of H-bonded
—OH group appears at 3440 cm™! which is much lower than the
stretching frequency of a non-hydrogen bonded OH group, generally
observed at higher frequencies, from 3580 up to 3670 em ™! [52,53], in
particular when the molecular structure of the compound presents a
steric hindrance [52] as is the case of ENA molecules. NH groups of the
ENA have also involved hydrogen bonding since the NH stretching
frequency (3272 cm™?!) is relatively lower than that of free NH group
generally observed at higher frequencies (3300-3500 cm 1) [52,53].

The FTIR spectrum of MENA (Fig. 7(a)) and NENA (Fig. 7(b)) shows
the inexistence of an inter or intramolecular hydrogen bonding since
the functional group capable of giving rise to such bonding (NH) is
observed as free group at FTIR stretching frequencies of 3341 cm ™! for
MENA and 3347 cm'for NENA. The absence of such characteristic
bands in those pure compounds reveals their inability to form inter-
molecular hydrogen bonding and predicts weak interactions between
similar MENA and NENA molecules that can be broken easily.

We can clearly confirm that for the MENA + NENA system, the
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eutectic spectra (Fig. 7(d)) gather the totality of the characteristic fre-
quencies of their respective pure components with no sensitive trans-
lation or shape modification of peaks, suggesting very weak molecular
interaction between the two components in the eutectic mixture and
supporting the moderate positive departure to ideality revealed by ex-
cess thermodynamic functions calculation.

The higher broadened frequency of the H-bonded —OH group at the
eutectic of the second mixture ENA + NENA (Fig. 7(e)) indicates weak
interaction due to the polarity difference between the two mixture
components. This promotes weak attractive forces between unlike
molecules and reflects the dominant behavior of intermolecular hy-
drogen bonding in ENA, supporting the large positive trends obtained
for the excess thermodynamic functions.

3.2.2. X-ray diffraction analysis (XRD)

The X-ray diffraction is used to highlight the crystal structure of the
different compounds. Its application to the eutectic composition aims to
study whether any possible change in the crystal structure occurs under
molecular interaction effect.

The X-ray diagrams for the eutectic compositions of the two studied
systems superposed with those of the pure components are presented in
plots (1) and (2) of Fig. 8. The Bragg angles, the inter-reticular distances
and the Miller indices of the eutectic mixture, as well as the pure
compounds, were evaluated by the EXPO 2014 software [54].

It is obvious from Fig. 8(1) that MENA and NENA crystallize sepa-
rately in their own crystals. In fact, the X-ray patterns of the first eu-
tectic gather all the peaks of its pure compounds. Regarding the XRD
data of the first eutectic and its respective pure components, it can be
inferred that there is a difference in the interplanar distances (evaluated
by Expo software) and the relative intensity suggesting thereby that the
studied eutectic is a mechanical system [55] as it should be for a eu-
tectic. The slight variation in the relative intensity of reflections of pure
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components in the first eutectic can be explained by the subsistence of
weak molecular interactions between the components of the eutectic.

In the second eutectic (plot (2) of Fig. 8), we can clearly verify the
absence of some peaks of the pure ENA and the presence of all those of
NENA. In fact, the eutectic of the second system crystallizes in the same
crystalline system as NENA. The absence of those of ENA in the eutectic
should be explained by the development of a new phase corresponding
to the formation of an intermediate solid below the eutectic, such as a
peritectoid reaction.

3.2.3. Optical microscopy microstructure characterization

Microstructure studies are another important feature, which helps
to understand the crystallization behavior of the materials and to know
more about the disposition of the pure compound grains and eventual
modifications undergone during the formation of the eutectics. The
microstructures of pure components and the eutectic compositions are
shown in Fig. 9. The microstructure of pure MENA (a) and ENA (c)
shows lamellar type structure. It is evident that pure NENA (b) exhibits
an irregular structure. The eutectic of the first system (d) shows trian-
gular shaped crystals arranged in an irregular fashion, whereas that of
the second (e) displays an irregular microstructure.

The microstructures and facet size are influenced by various factors
such as steady state diffusion, interfacial contact angle, kinetic equili-
brium characteristics, growth rate, composition, ease of nucleation of
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faceted phase, etc [43]. It also depends on the number of defects viz.
voids, growth twins, dislocations, etc. However, the microstructure of
the eutectic mixtures could be predicted from the values of the melting
entropy. According to Hunt and Jackson, the type of growth from a
binary melt can be predicted on the basis of roughness parameter a,
defined as follows [56]:

o= gAsE/R - gAHE/

RT; 5)

where £ is a geometrical coefficient often called as the crystallographic
factor, depending upon the geometry of the molecules and has a value
less than or equal to 1, AHg and Tg correspond to the experimental
eutectic melting properties. The values of a (Table 8) were calculated
by substituting the & value by 0.5 and 1. It is reported that when the
roughness parameter a is greater than 2, solidus-liquidus interfacial
growth takes place with faceted morphology [56]. The values of a for
the two eutectics are found to be greater than 2, thus they possessed
faceted morphology with irregular structures. The surface obtained is
rather smooth and the crystal develops with morphology side by side,
with no interstices.

4. Conclusions

In this work, (solid + liquid) phase equilibria for two binary mix-
tures of energetic material’s stabilizers have been studied in order to
predict their evolution and to see their thermodynamic behavior with
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Fig. 9. Optical microscope microstructure at 50 X magnification and at T = 298.15, (a) MENA, (b) NENA, (c) ENA, (d) eutectic of MENA + NENA, (e) eutectic of

ENA + NENA.

Table 8
Roughness factors for the eutectics: AHg, a, & denote the eutectic melting en-
thalpy, the roughness parameter, and the crystallographic factor, respectively.

System AHE, exp (kJ/mol) a

£=05 £E=1.0
MENA + NENA 22.3% 4.00 8.00
ENA + NENA 16.3 2.77 5.54

@ Calculated eutectic enthalpy of melting uncertainty u is u(AHgca)
+ 0.7 kJ/mol.

respect to temperature changes. Obviously, the DSC technique is fairly
satisfactory for the measurement of SLE, with very satisfactory con-
sistency quality factors. All the investigated systems are simple eutectic.
The data concerning the SLE, principally the eutectic composition of the
studied systems is of great importance in the stability evaluation of
energetic materials. The obtained results demonstrate that it is im-
perative, prior to any introduction of stabilizer mixtures in an energetic
material formulation, to check, the temperature of the eutectic point
because if the latter is close to the ambient one, more particularly, in
the hot regions, a loss of the stability will be recorded leading to un-
desired phenomena.

The Wilson, NRTL and UNIQUAC models are capable of correlating
accurately the binary SLE data and represent very satisfactorily the
solid-liquid phase diagrams for the binary systems. Inversely to what
has been found often in the literature, excess properties at the eutectic
composition do not present a minimum or maximum.

Microstructural studies have shown weak molecular interaction
between the two components in the two eutectic mixtures. Also, the
eutectics display irregular microstructure and has been confirmed by
the calculation of their roughness parameters.

This study will certainly contribute to a good understanding of the
mixtures behavior of stabilizers and will be of great utility in the choice
of storage conditions for ammunition. The results obtained will un-
doubtedly provide valuable information on the SLE of the stabilizers
used in propellant grains and NC-based gun-powders. Thermodynamic
and microstructural investigations carried out in this work allowed to
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verify that the eutectic compositions of binary mixtures of organic
stabilizers can be introduced into the formulations of propellant based
nitrate esters.
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