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Abstract: In this research, in order to coating PETN particles, nano-pigment of red
litholrubine B 57:1 (NLR) was used in a surfactant environment of cetyltrimethyl
ammonium bromide (CTAB) using solvent/none-solvent (water-acetone) method. After
structural studies of PETN-NLR nanocomposite by infrared (FT-IR) and field emission
scanning electron microscopy-Energy dispersive X-ray (FESEM-EDX) methods,
Taguchi statistical design method was used to investigation and optimization of light
reflectance of nanocomposite at 532 nm. The effect of four factors of NLR
concentration, solvent flow rate, surfactant type and surfactant concentration in three
levels on light reflection was investigated and analysis of variance (ANOVA) showed
that NLR concentration with the participation of 67.24 percent had highest effect.
Optimal conditions to achieve a minimum light reflectance were obtained of NLR 5
wt%, solvent flow rate 1 mLmin™, surfactant of CTAB and surfactant concentration
1x10*molLit. The lowest light reflectance by analyzing the data variance for optimum
conditions was estimated 4.67 + 2.14%. Also the mean experimental result for light
reflectance of the nanocomposite under optimum conditions was obtained 5.54 percent.
Follows, thermal behavior and vacuum stability of the optimal sample was investigated
that the results, due to the no significance difference in the melting point and the
thermal decomposition mechanism of the nanocomposite compared to pure PETN,
indicating the compatibility of NLR and CTAB with PETN.

Keywords: Optical Properties, Coating, PETN, Thermal Kinetic Decomposition,
Solvent-non solvent, Taguchi Statistical Design.

1. INTRODUCTION

The absorption or reflection of various compounds due to the use of light
energy in recent decades has been attractive and has significantly extended in
basic sciences and various industrial technologies [1-5]. In this regard, many
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studies have also been reported on the interaction of high-energy materials with
light waves, especially for improving of the production, safety and
transportation process.

Some research has been carried out on propellant and pyrotechnic materials [6-
8], and numerous studies have been reported on nitrate esters and nitro amine
compounds [9-11].The use of light rays in combustion of high-energy materials
is more safe, environmentally friendly, than conventional methods, such as
electrical and mechanical combustion with toxic chemical compounds [11].
When light beam incidence on the surface of an object, a fraction of the light
energy is absorbed on its surface. The amount of the absorbed energy is related
to the optical, physical and thermal properties of the substance [12].Combustion
of energetic materials is widely used in various applications, such as air bags in
vehicles or aircraft launch systems. The mechanism of ignition, is hot spots
formation that is related to the stimulating reactions due to the thermal
heterogeneities in the matter [13].

According to many researches, the flammability of energetic materials has a
thermal phenomena by light waves, and light radiation acts as a heat source for
the absorbed matter and so the hot spots star the thermal decomposition
reactions [14].

The molecular structure of energetic compounds for light ignition should be
absorbing light waves easily from an optical source. If the absorption properties
of these compounds are not suitable, these properties should be modified using
light absorbents such as magnesium, zirconium or carbon particles. It has been
observed that by increasing these powders, the threshold energy of the energetic
targets will be reduced to start the ignition [9].One of the methods for light
sensitization for energetic materials is their coating by a secondary compound
contain light absorbing groups such as metal nanoparticles [11, 15, 16], organic
pigments [17], carbon nanotubes[18, 19]and graphene oxide [20].In this manner
organic pigments are preferred because of their high light absorptions and
chemical compatibilities with high-energy materials.

In recent years, coating pretreatments such as microencapsulation [21],
emulsion solvent evaporation [22], crystallization [23], spray drying [24] and
solvent-non solvent (SNS) [20, 25, 26] methods were used widely to coating of
explosives compounds. SNS techniques because of its easy carrying out, single
pot process, lower cost, high efficiency and simple equipment is preferable from
the others methods.

Among the factors affecting to the coating efficiency of SNS process, the
solvent nature, weight ratio of the coating agent to the explosive, time of non-
solvent addition and the mixing rate are more important. With proper change of
the each factors, a composite with special properties will be produced that can
be used for a particular purpose [20].
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One of the many ways to optimizing of the main factors is the Taguchi method
[27]. 1t can identify and organize system interactions within experimental data
for an analysis lead to an optimal design [28, 29]. Moreover, it is proven that
this method can be capable to solve a variety of problems including continuous,
discrete and qualitative design variables [30, 31]

Taguchi method classifies the factors as controllable factors and noise factors.
Noise factors are variables that influence on the response of a process but
cannot be controlled economically. They are not maintained at particular levels
during the process period for the expected performance and due to their control
difficulties cannot be considered [32, 33].

In this research, Lithol Rubin B nanopigment (NLR) was coated on the surface
of pentaerythritol tetranitrate (PETN) powder by solvent-non solvent method in
a media contains cetyltrimethyl ammonium bromide (CTAB) via Taguchi
statistical design (orthogonal array, 3*) method. In this regard, the
nanocomposite light reflections were evaluated by different factors of NLR
mass fraction, solvent flow rate, surfactant type and surfactant concentration.

2. EXPERIMENTAL

2.1. CHEMICAL

High pure PETN was prepared by defense industry (Iran). Lithol Rubin B
nanopigment (NLR) was obtained from Main Chem. (Fujian, China) with a
particle size range of 20-40 nanometers. The surfactants of sodium dodecyl
sulphate (SDS), TritonX-114 (TX114) and N-cetyl-trimethyl ammonium
bromide (CTAB) purchased from Across (NewlJersey, USA). Ultra-pure water
was obtained by a Millipore system (Bedford, England) and the other chemicals
were provided from Merck (Darmstadt, Germany).

2.2. EQUIPMENTS

Fourier transform infrared spectrometer (FT-IR) spectra were obtained with a
Nicolette 800. A field emission scanning electron microscopy-Energy dispersive
X-ray (Mira3Tscan) was used for morphology and elemental analysis.
PerkinElmer-Lambda-950 has been used to light reflection measurements in
400-1100 nm. Thermal studies were achieved by Netzsch-DSC14 applying
heating rate of 5 ‘Cmin™ under nitrogen atmosphere. Chemical compatibility
measurements were carried out using a vacuum stability test according to
STANAG4556 standard. All data handling of Taguchi method was performed
by using MiniTab-17 software.

2.3. PROCEDURE

Inside a 200 ml backer containing 100 ml of aqueous surfactant, a specific
weight of NLR (according to Tab. 1), was added to the backer and the mixture
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was subjected to ultrasonic waves (100 Watts) at 40°C for 30 minutes. The
PETN solution in acetone was then added drop wise to the mixture meanwhile
stirring at 60 "C. After ca. 80% solvent was evaporated, the remaining solution
was filtrated. The precipitate was washed 3 times with 5 mL of water and 2
times with ethanol. The precipitant was dried at 60 'C for 24 hours and then its
light reflection was measured. Due to the efficient coating of PETN powder by
NLR particles, parameters of the coating process were optimized by using of
Taguchi statistical method. This experimental design based on OAg (3%) was
performed by changing of four variables (i.e., NLR mass fraction, solvent flow
rate, surfactant type and surfactant concentration) at 3 levels that was
summarized in Table I.

Table 1. Arrangement for the factors and levels of the experiments (OAg matrix)

Tri NLR mass  Solvent flow Surfactant
rial fracti Surfactant .
no. raction ratg type Concentratlon
(Wt %) (mLmin?) (molLit?)
1 1 1 SDS 1.0x 10
2 1 2 TX114 2.0x 107
3 1 3 CTAB 4.0x 10
4 3 1 TX114 4.0x 107
5 3 2 CTAB 1.0x 10
6 3 3 SDS 2.0x 107
7 5 1 CTAB 2.0x 107
8 5 2 SDS 4.0x 10
9 5 3 TX114 1.0x 10

3. RERULTS AND DISCUSSION

3.1. FT-IR SPECTROSCOPY

Infrared spectroscopy was used to the composition investigation of the produced
nanocomposite. Fig. 1 shows the FT-IR spectrum of the PETN, CTAB, NLR
and the synthesized nanocomposite samples. In Fig. 1-a, related to PETN
spectrum, main absorption peaks are occurred at 2932, 1646, 1269, 1000 and
851cm™, which are corresponding to the stretching vibrations of CHo,
NOz(symmetry), NO, (asymmetry), CO and NO groups respectively. CTAB
spectrum (Fig. 1-b) has a three strong absorption peak of symmetric and
asymmetric stretching vibration for CH; groups at 2847, 2918 &3012 cm™.
Peaks at 1350-1800 cm™ related to stretching vibration for CN and CH, groups.
Also the stretching vibrations of quaternary amine [RN(CHs)s']is observed at
600-1000 cm™. NLR spectrum (Fig. 2-c) has a broad absorption peak of
stretching vibration for hydroxyl groups at 3168-3658 cm™. As shown in Fig. 1-
d, related to the nanocomposite spectrum, the CTAB and NLR peaks are seen
along with the PETN. Also the appearance abroad peak at 3270-3560 cm™ is
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related to hydroxyl groups of NLR. Thus, the interaction of CTAB and NLR
compounds with PETN in nanocomposites is confirmed.
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Fig. 1. FT-IR spectra of: (a) PETN; (b) CTAB; (c)NLR and (d) PETNANLR\CTAB
nanocomposite.

3.2. MORPHOLOGICAL-ELEMENTAL ANALYSIS

The morphology, and elemental analysis of PETN, NLR and the synthesized
nanocomposite were analyzed via FESEM-EDX system. The results are shown
in Fig. 2 (a, b and ¢) respectively. Fig. 2a-1 relate to FESEM image of pure
PETN. As seen PETN crystal has complex tetragonal shaped with relatively
smooth surfaces and sharp edges. EDX analysis (Fig. 2a-2) of PETN shows its
composition contains carbon, nitrogen and oxygen. FESEM image of NLR is
brought in Fig. 2b-1. It shows amorphous particles with a size range of 20-
40nm. Elemental analysis of NLR is seen in Fig. 2b-2. FESEM-EDX analysis of
the prepared nanocomposite are shown in Fig. 2c-1,2. FESEM image indicates
that NLR particles completely cover the surface of the PETN, and the sharpness
of the edges, compared to the pure crystals, is lost and a core-shell structure is
formed. According to Fig. 2c-2, the results of elemental analysis at the
nanocomposite surface indicate that the content of carbon, nitrogen and oxygen
is in agreement with the NLR pigment. This result shows that the NLR
completely covers the surface of the PETN.

NLR contains hydroxyl groups, and the interaction between these groups with
nitro groups in the structure of the PETN causes hydrogen bonding between the
hydroxy! group and the oxygen of the nitro group and thus enhances the coating
of NLR on the surface of the PETN.
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Fig. 2. FESEM- EDX of (a) PETN, (b) NLR and (c) synthesized nanocomposite.

3.3. OPTICAL REFLECTION SPECTROSCOPY

The reflection spectra of the nanocomposites were obtained using circular
surfaces with 30 mm diameter in a wavelength range of 400 - 1100 nm. The
optical properties of nanocomposites were achieved by spectrometer reflective
mode and at deviation angle of 8 degrees with a 2 nm interval.

The kubelka-Munk equation (Eqg. 1) is used to determine the light absorption.
This equation expresses the relationship between absorption, emission and
reflection of radiation. In this equation, K is the absorption coefficient, S is the
emission coefficient and R is the reflection intensity.
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K (1 -R)

5 2R (1)
In accordance with the conditions listed in Table I, the reflection spectra of the
synthesized nanocomposites are shown in Fig. 3 Also the reflectance (%) of the
specimens at 532 nm was measured and the results are presented in Table II.

—
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Fig. 3. Reflectance Spectra of PETN-NLR nanocomposites.

Common optimization procedures for stabilizing a multistage process are
sequential and simultaneous methods [34, 35]. In sequential methods (one each
time optimization), there are some difficulties with them such as slow
convergence and too many experiments [36]. In simultaneous optimization
methods such as mixture designs [37] and factorial designs [38], the mentioned
problems not exists and the optimum conditions would be determined with
constructing a response surface or by an extrapolated graph. A clear defect of
the factorial designs is that when number of variables increases, the number of
the required experimental trials increases geometrically. Therefore, the
implement of these trials is not feasible and fast. This problem can be decreased
by using of fractional factorial experiments, such as Plackett-Burman schemes
or orthogonal array designs (OAD). In comparison to previous two-level
designs, OAD has three-level designs and more precise information could be
resulted.

In designing experiments, Taguchi applied OAD, which represent the least
fractional factorials and is used for the most experiment designs (Eq. 2). The
number of possible designs, N, in a full factorial design is as followed:

N=L" 2

Where L is number of levels for each factor and m = number of factors. Thus, if
the qualities of a given product depend on four factors and each factor is to be
tested at three levels, a full factorial experiment would require 3* (81). This
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array identified by the symbol Ly (OAg) and is used to design experiments
involving up to four three-level factors [39, 40].

In this research, four factors (NLR mass fraction, solvent flow rate, surfactant
type and surfactant concentration) at three levels were considered and Taguchi
method based on OAg, with 9 experiments, was applied for the reflection studies
of the prepared nanocomposites. The practical results Reflection values (%) are
summarized in Table Il. As shown, the maximum and minimum reflectances
were resulted in experiments no. 2 and no. 7, respectively.

Table 11. Result of the reflective test of NLR-PETN nanocomposites.

:cr)'a' 1 2 3 4 5 6 7 8 9 PETN

Reflectio 581 256 242 176 104 215 67 189 92 1000
nin 532

nm (%) 1 3 4 5 1 0 0 1 2 0

Since the maximum light absorption or minimum reflection in the sample is
considered, the mean values and the effect for the applied factors (along with
the mean of means) on the reflection was calculated using Minitab software and
are given in Fig. 4 a-d. It reveals how the reflection of the optimal
nanocomposite will change when each level of the factor is altered.
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Reflection (%)
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Fig. 4. Effect of optimization parameters along with the mean of means on light

reflection (%). (a): NLR mass fraction, (b): solvent flow rate, (c): Surfactant type, (d):
Surfactant concentration.
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As shown in Figure (4-a), the increase in NLR amounts increase the
absorbance intensity at 532 nm significantly, resulting in a much decrease the
reflectance. By increasing the amount of NLR to 5% by weight, increases the
interaction of NLR hydroxyl group with nitro groups on the surface of the
PETN and ultimately, due to the higher coating of NLR on the PETN, decreases
the reflection.

Regarding to Fig. 4-b, it seems that the solvent flow rate afterimLmin™ has a
small effect on the nanocomposite reflectance. In general, decreasing the
solvent flow rate results to the formation of larger crystals of PETN and so
interaction between NLR hydroxyl groups with nitro groups on the PETN
surface will be increased. This effect ultimately improves the coating process on
the PETN.

Effect of surfactant types on the reflectance of the coated PETN was studied
with SDS, CTAB and CTAB. The analysis of Taguchi results in Fig. 4-c show
that CTAB has the best influence on the light reflection. CTAB is a surfactant
that contains amine groups with positive charge in its structure. Cationic CTAB
groups in the vessel media interact with anionic groups on the NLR surface and
provide better dispersion along with good stability of the pigment in the
solution. As a result better interaction has been occurred for NLR with PETN,
and due to the full coating of the surface, the amount of light reflectance has
decreased. This effect is not seen by using of anionic SDS and nonionic TX114.

Fig. 5-d shows that by using surfactant concentration of 1x107 molLit?, the
reflection quantity of the synthesized nanocomposite was decreased. By
increasing the concentration of CTAB, the surfactant monomers progress to
micelle formation and so ideal dispersion and good stability of NLR in the
solution, due to its agglomeration, has not been well done. Therefore the coating
yield and following it the amount of light reflection was reduced.

Analysis of variance (ANOVA) was applied to a survey statistical or
guantitative evaluation of effects of each factor on reflection. According to the
numerical values of F ratio, value of solvent flow rate is less than its F critical
value (at 90 % confidence level ) and, thus this factor must be pooled [41].
Table Il was obtained after pooling the data for one time. According to the
results, NLR mass fraction with participation of 67.24 percent has the highest
influence on the reflection. With respect to the data, the main factors show that
the optimum conditions proposed are sequentially as: NLR mass fraction= 5
wt%, Solvent flow rate = 1.0mLmin?, Surfactant type= CTAB, Surfactant
concentration= 1.0x10 molLit™.



90 * Journal of Optoelectronical Nanostructures Autumn 2019/ Vol. 4, No. 4

Table 111. ANOVA results for the Light reflection of Nanocomposite by an OAg matrix with
Hso as the response (cm)

Factor ng DFO S Vv DO S PooledF, P
NLR mass fraction (Wt A 2 320.7 160.3 2 319.3 2318 67.24
Solvent flow rate B 2 1383 0692 - . . .
Surfactant type C 2 1243 6217 2 1229 89.89 2589
Surfactant concentration D 2 28;47 14;23 2 27.08 20;58 5.70

Error 0 - - 2 1383 - 1.17

DOF: degree of freedom, S: standard deviation, V: variance, S': standard deviation after
pooling, F': calculated value for the F test; P': participation of each factor on the result
after pooling.

2The critical value was at 90% confidence level; pooled error results from pooling
insignificant effect.

As a general rule, the optimum performance (here, for light reflection test with
highest Hso) could be calculated by Eqg. (3):

¥, —T+(A |+ (5 T‘]+(c T‘]+(D y
e =t (e g) + (Bl (Gmg)+ (22 3)

Where Yo (reflection at the optimum conditions) is equal to the T/N (ratio of
the grand total of all results to the total number of all experiments) plus the
contributions of As (NLR mass fraction at level 3, 5wt%), B: (Solvent flow rate
at level 1, 1.0 mLmin®), C, (Surfactant type at level 2, CTAB) and D
(Surfactant concentration at level 1, 1.0x10° molLit?). The procedure for
computation the confidence interval (CI) of the optimum performance is
explained following by Eq. (4).

Cl=+ IIM (4)

e
A g

Where, F, (f1, f2) is the critical value for F at degrees of freedom (DOF) f; and f,
at the significance confidence level (In this work a= 90%) f1 is DOF of the
mean (which always equals to 1), f,= DOF of the error term, V. is the variance
of error term (from ANOVA), ne is defined as effective number of replications,
and expressed by n. = number of trials/(f. + DOF of all factors applied in the
estimation of optimum results). Statistical calculations for prediction the result
and CI at optimum conditions revealed that the reflection of the nanocomposite
will be 4.67+ 2.14%.

Due to validation of the optimal conditions obtained by Taguchi method, the
light reflection test was applied for the optimum nanocomposite. The reflection



Study of Optical Properties, Thermal Kinetic Decomposition and Stability of Coated ... * 91

for optimum nanocomposite is equal to 5.54%. This result is in the range of
formerly confidence interval and so it is acceptable for this work.

3.4. THERMAL ANALYSIS STUDIES

The thermal performance of high-energy materials is considered as a key
property and it affects the preparation process, storage and transportation.
Therefore, the study of thermal behavior (including stability, sensitivity and
energy content) and thermo-decomposition mechanism of PETN or its
nanocomposite is essential [42, 43]. The thermal stabilities of pure PETN and
the optimal nanocomposite investigated by differential scanning calorimetric
analysis (DSC) and the thermograms were shown in Fig. 5.

470.04 K
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Uf
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E
=
E
O
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o
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ch nano composite
— PETN
350 400 450 500 550

Temparture(K)
Fig. 5. DSC thermograms of pure PETN (a) and the synthesized nanocomposite (b)

As shown in Fig. 5, two peaks are observed for DSC curves of PETN and the
prepared nanocomposite. The first sharp endothermic peaks in 414-415 K which
correspond to their melting points and the second are broad exothermic peaks in
range of 467-471 K that relate to thermal decomposition of pure PETN [44]. So
no significant changes were observed on the melting and decomposition
temperatures of the synthesized nanocomposite compared to pure PETN and
therefore this negligible difference indicated to thermal adaptability of NLR and
CTAB with PETN.

To determine the thermal decomposition kinetic parameters of PETN and the
nanocomposite, their DSC behaviors were studied by non-isothermal
measurements under different heating rates of 5, 10, 15 and 20 Kmin® by
Kissinger method [43, 45]. As it can be seen in Fig. 6(a-1 and b-1) with
increasing of heating rates, the temperature of the exothermic peak increases
sequentially. Kissinger's equation is presented by Eq. (5).
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T\ E ARy

n(F)-me (2 ®)
Where T, is the temperature of exothermic peak (K), Bis the heating rate (K
min™), Ea is the activation energy (J-mol™),R is the ideal gas constant (8.314
J-mol™* K*) and A is the pre-exponential factor. According to equation (4) when
Ln (T,2 B*) values are plotted against 10°T,™ values, a straight line is obtained
that E. and A factors are the slope and intercept of the line respectively. The
calculated activation energies of PETN and the nanocomposite were resulted
152.33 kJmol™ and 146.63 kJmol™ respectively (Fig.6-a2 and 6-b2). Reduction
in the activation energy equal to 5.7 kJmol™ for nanocomposite, exhibits greater
activity than the pure PETN. However the partial change in activation energy
between pure PETN and the synthesis nanocomposite showed that the added
NLR was not altered the decomposition mechanism of the pure PETN.
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Fig. 6. DSC curves with Kissinger plots of PETN (a-1,2) and nanocomposite (b-1,2).

3.5. VACUUM STABILITY TEST

One of the few ways for measuring chemical compatibility for explosives is
vacuum stability test (VST) method. In this technique, the volume of released
gas from an energetic compound is measured under a defined temperature at a
specific time and then the result compares with the standard value. If the
resulting quantity is less than standard value, the examined compound is stable.
According to the STANAG4556 standard, required temperature for PETN is
120 °C through 20 hours. The VST results for pure PETN and the prepared



Study of Optical Properties, Thermal Kinetic Decomposition and Stability of Coated ... * 93
nanocomposite are shown in Tab. 4.The data given indicate to chemical

compatibility of NLR and CTAB with PETN.

Table 1V. Data Results of vacuum stability test for PETN and the prepared
nanocomposite.

Sample Evolved gas Standard evolved gas
PETN 0.18 2.0
Optimal 0.28 2.0

4. CONCLUSION

In this research, nanocomposite of PETN\NLR\CTAB was prepared via
solvent-non solvent method. FT-IR, FESEM and EDX analysis indicated that
PETN particles were coated by NLR along with CTAB. Taguchi design method
was considered to optimize experimental conditions of the coating process. In
this manner, four factors (NLR mass fraction, solvent flow rate, surfactant type
and surfactant concentration) at three levels were considered and light reflection
response was used to the experimental design optimization. According to
Taguchi method, the optimal composition of the synthesized nanocomposite
was obtained as 5 wt% NLR mass fraction (P%=67.24), Surfactant type of
CTAB (P%=25.89) and 1.00x10° molLit* CTAB concentration (P%=5.70).
The ANOVA analysis showed that the effect of the solvent flow rate was
negligible. The light reflection under optimum conditions was predicted by
Taguchi design (4.67 + 2.14%) and experiment results (5.54%) were in
satisfactory agreement. It is mentioned that compared to the pure PETN, with
this process the light reflection decreased from 100.0 to 6.7%. To
complementary studies, thermal analysis (decomposition kinetics) and vacuum
stability test methods showed to thermal adaptability and chemical
compatibility of NLR and CTAB with PETN in the produced nanocomposite.
The obtained results revealed that this method is a proper process for the PETN
coating with the negligible energy reduction.
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