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Abstract The catalytic effect of lead oxide nano- and

microparticles (PbO) on the thermal behavior and decom-

position kinetics of energetic formulations composed of

nitrocellulose (NC), triethyleneglycol dinitrate (TEGDN)

and diaminoglyoxime (DAG) was investigated by simul-

taneous thermogravimetric analysis and differential scan-

ning calorimetry. The results show that lead oxide nano-

and microparticles could significantly alter thermal pattern

of the studied energetic compositions. The effect of lead

oxide content on thermal behavior of energetic composi-

tions was also studied, and the results revealed that addi-

tion of different amounts of lead oxide caused to shift in the

DSC peaks. Moreover, the catalyst decreases activation

energy of the decomposition stage of energetic composi-

tion at about 20–40 kJ mol-1. However, the catalyst

enhances decomposition temperature of TEGDN/NC/DAG

energetic compositions. By the aid of DSC data resulted by

non-isothermal methods, the thermokinetic parameters

such as activation energy (Ea), frequency factor (A), the

critical ignition temperature of thermal explosion, the self-

accelerating decomposition temperature (TSADT) and also

thermodynamic parameters of the studied energetic com-

positions were calculated and compared.

Keywords Lead oxide � Nanoparticles � Combustion

catalyst � Kinetic parameters � TEGDN � Nitrocellulose �
Energetic compositions � Thermal decomposition

Introduction

Triethylene glycol dinitrate (TEGDN), which commonly

utilized as an energetic plasticizer in propellant and

explosive formulations, is a nitrated alcohol ester attained

from the triethylene glycol. This energetic compound with

the chemical structure shown in Scheme 1 is prepared as a

pale yellow oily liquid [1]. Triethylene glycol dinitrate is

somewhat similar to the nitroglycerin and commonly is

being considered as a replacement for the nitroglycerin in

the propellants due to its lower sensitivity. TEGDN/NC as

an energetic mixture is composed of triethyleneglycol

dinitrate and nitrocellulose, while this composition might

be utilized in the double-base propellant formulations.

Diaminoglyoxime (DAG), as an explosophore, is utilized

in the rocket propellant compositions as an additive for

providing both effects of ballistic modification and cooling

[2–5]. Meanwhile, catalyst addition to the propellant for-

mulations may improve their combustion performance

effectively [6]. Lead compounds are widely utilized to

achieve this aim and applied as the ballistic modifiers in the

solid propellant compositions [7].

Transition metal oxides (TMOs) are imperative class of

chemicals with the wide range of applications in various

areas of material science, chemistry and physics [8]. TMOs

such as PbO, CuO, Fe2O3 and TiO2 are utilized in the

production of propellants as catalyst. The particle size of

TMOs is highly effective in their catalytic efficiency, while

nano-sized TMOs could provide interested catalytic effects

in the decomposition of energetic compositions [9–11].

Nano-sized TMOs unveil exclusive physicochemical

properties than those of bulk and these nanoparticles have

received considerable attention recently due to their cat-

alytic, magnetic and electronic properties [8].
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Nanomaterials have attained incredible attention due to

their specific characteristics, i.e., high surface area, small

pore size, and their possible production in three dimen-

sional forms, which make enable their development as the

advanced materials with the sophisticated applications

[12]. Thus, investigation on the effect of nanoparticles on

thermal behavior and decomposition kinetic of energetic

formulations and compositions is vital in order to acquire

valuable information about safe storage, handling and uti-

lization of the compositions contained nanoparticles. This

valuable knowledge could be resulted by thermal analysis

systems, i.e., TG, DSC and DTA [13–26].

In this paper, effect of lead oxide nano- and micropar-

ticles as the combustion catalyst on decomposition reaction

kinetic of the energetic formulation composed of tri-

ethyleneglycol dinitrate (TEGDN), nitrocellulose (NC) and

diaminoglyoxime (DAG) was studied by TG–DSC systems

under non-isothermal conditions. Also, an attempt was

made in this study to determine thermokinetic parameters

correspond to the thermal decomposition of the examined

energetic compositions. This is hoped that the present study

be helpful for future investigations on the characterization

of the propellants composing TEGDN/NC/DAG.

Experimental

Materials

The fibrous NC polymer used in the present research was

of commercial grade with about 12.0% nitrogen content

[27]. TEGDN was prepared in the organic chemistry lab-

oratory (MUT, Tehran) as proposed by refs. [28, 29]. Also,

synthesis and purification of DAG [30] preparation of lead

oxide nanoparticles [31, 32] were carried out, respectively,

in the organic chemistry laboratory and inorganic chem-

istry laboratory (MUT, Tehran) as proposed previously.

Lead oxide microparticles were purchased from Merck

(Germany). The studied energetic sample (control sample

or ES-1) was containing of 66% (by mass fraction) NC,

25% TEGDN, 3% centralite II and 6% DAG. Other ener-

getic samples (ES-2, ES-3) and (ES-4, ES-5) were com-

posed of similar components with previous sample, while

either 1 or 3% PbO nano- or microparticles was introduced

to them and their NC content was reduced to 65 or 63%,

respectively. The energetic samples were prepared homo-

geneously as proposed previously by Refs. [5, 7].

FT-IR, NMR, SEM and XRD characterizations

Diaminoglyoxime was characterized after synthesis and

purification by NMR and FT-IR techniques. NMR spec-

trum of the compound in DMSO was recorded on a

BRUKER 250 MHZ spectrometer. The IR spectrum of

DAG was obtained on a FT-IR spectrometer (PerkinElmer

Spectrum model 1605) utilizing the KBr coins. Scanning

electron microscope (Hitachi S4160) was applied to

examine the morphology and particle size of synthesized

lead oxide nanoparticles and the prepared energetic com-

positions. The X-ray powder diffraction (XRD) analysis

was carried out on a Rigaku D/max 2500 V diffractometer

equipped with a Cu target and a graphite monochromator.

TG–DSC studies

Thermal analyses of the energetic compositions were per-

formed by a Mettler TA4000 thermal analyzer and a DSC

(made by Mettler Toledo Co., Switzerland). The applied

operation conditions during TGA analyses were as: the

sample mass of about 4 mg; an alumina crucible; purging

of N2 gas with the flowing rate of 80 mL min-1; heating

rate (u) of 10 �C min-1 at a temperature range of

50–400 �C. Meanwhile, the applied operating conditions

for the DSC analyses were including: the sample mass of

about 1.5 mg; an alumina crucible; 50 mL min-1 as

flowing rate of N2 purging in a temperature range of

50–300 �C.

Results and discussion

Chemical composition and structure of the synthesized and

purified DAG were investigated by FT-IR and NMR

techniques. FT-IR spectrum of DAG is observed in Fig. 1,

while the typical functional groups of the compound are

obvious the spectrum. The N–H2 groups are responsible for

the peaks at 3369.0, 3463.8 and 1665.3 cm-1, while OH

group are answerable for the observed peaks at 2800–3300
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Scheme 1 Chemical structure

of triethylene glycol dinitrate

(TEGDN)
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and 1444.2 cm-1. Furthermore, C = N and N–O groups

are accountable for the appeared strong peaks at 1573.2

and 951.6 cm-1, respectively.
1H NMR spectrum of the DAG presented in Fig. 2a

reveals two peaks at d = 5.2 ppm and d = 9.7 ppm

attributed to the 4H in NH2 and 2H in OH, respectively. On

the other hand, 13C NMR spectrum of the synthesized DAG

presented in Fig. 2b exhibited a peak at 145.9 ppm which

may be attribute to the bonding of NOH and NH2 groups to

the carbon atom.

Characterization of the prepared PbO nanoparticles

SEM image of the synthesized lead oxide nanoparticles is

given in Fig. 3. As seen, the PbO nanoparticles possess a

spherical geometry with an average diameter about 38 nm.

Also, the XRD pattern of the prepared lead oxide

nanoparticles is given in Fig. 4. As seen in this figure, all

the diffraction peaks appeared in the resulted pattern are in

agreement with the crystalline structure of the lead oxide

from the diffraction software (JCPDS No 038-1477). The

average crystallite size of product particles was calculated

by Debye–Scherrer equation where in this equation (Eq. 1)

D is accountable for the mean crystalline size, the X-ray

wavelength (k) for Cu Ka is equal to 1.5418 Å, b is cor-

responding to the full peak width at the half maximum

(FWHM) and h is attributed to the diffraction angle [33].

The results of calculation showed that the obtained PbO

nanoparticles have an average crystalline size less than

40 nm.
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Fig. 2 a H-NMR spectrum of the prepared DAG. b C-NMR

spectrum of the prepared DAG
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D ¼ 0:9k
b cos h

ð1Þ

Thermal behavior of the pure components

Thermoanalytical curve of DAG presented in Fig. 5 shows

an endothermic peak at about 200 �C corresponding to the

melting phenomenon. However, DAG is decomposed

exothermally at 205.5 �C, exactly after it’s melting (at

200 �C). These results are compatible with previous report

on DAG [34] which explained the occurrence of a main

thermal degradation of DAG at the temperature ranges of

180–230 �C, simultaneous with the melting of the

compound.

Thermal analysis result of the nitrocellulose sample

(with 12.0% nitrate content) is given in Fig. 6. As seen, the

DSC curve exhibits a single sharp exothermic behavior

Fig. 3 SEM images of the prepared PbO nanoparticles
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with a maximum temperature of 202.3 �C, which is in

agreement with the previous study [27]. Meanwhile, the

DSC curve of TEGDN, presented in Fig. 7, shows a single

sharp exothermic peak during its decomposition with a

maximum temperature of about 199 �C.

Characterization of the energetic compositions

by SEM

Figure 8 shows the SEM images for the prepared energetic

samples. SEM image of the energetic sample in the

absence of PbO nanoparticles (Fig. 8a) shows that the

sample is homogeneous and no agglomeration of the

ingredients was observed. On the other hand, Fig. 8b, c

present the SEM images for the energetic samples con-

taining 1 and 3% PbO nanoparticles (ES-2 and ES-3),

respectively. As seen in the SEM images, the nanoparticles

are distributed through the samples uniformly and no

considerable agglomeration of the ingredients was

observed.

Catalytic effect of PbO nano- and microparticles

on thermal behavior of energetic compositions

The results of this report reveal the catalytic effect of lead

oxide particles as additive on the thermal behaviors of

TEGDN/NC/DAG energetic compositions. It has been

reported [35, 36] that metal compounds could yield two

types of catalytic effects: (a) positive catalytic effect,

which increases the burning rate and in contrast lowers the

required activation energy for initiating thermal decom-

position of the composition, and (b) negative catalysts,

which exhibit a reverse trend. Previous researches per-

formed about catalytic effect of metal compounds shows

diverse influences on burning rate and thermal decompo-

sition of the energetic compositions [36, 37]. In this work,

the catalytic activity of the nano- and microparticles on

thermal decomposition of TEGDN/NC/DAG energetic

composition was studied by thermal analysis. TG–DSC

curves of the investigated energetic compositions at the

heating rate of 10 �C min-1 are shown in Fig. 9. In Fig. 9a

thermal pattern of TEGDN/NC/DAG sample in the absence

of lead oxide (ES-1) is given, which exhibits a single mass

loss stage starting from 194.7 �C. The maximum DSC peak

temperature of 196.6 �C with the mass loss about 80.3% is
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Fig. 8 SEM images of the investigated energetic samples a without

PbO nano- and microparticles, b with 1% PbO nanoparticles and

c with 3% PbO nanoparticles
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observed for this stage. DSC curve of the energetic sample

containing 1% PbO nanoparticles (ES-2) shows a sharp

exothermic event with the onset temperature of 196.6 �C
and maximum peak temperature of 199.8 �C; while TG

analysis of the sample reveals a mass loss of about 77.0%

for this stage (Fig. 9b). DSC curve of the sample con-

taining 3% PbO nanoparticles (ES-3) shows similarly a

sharp exothermic behavior which starts from 195.4 �C and

maximizes at the temperature of 200.5 �C; also the mass

loss of the sample at this stage is about 73.5%. (Figure 9c).
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Fig. 9 TG/DSC curves for energetic samples at heating rate of

10�Cmin-1 in N2 atmosphere: a control sample or ES-1, b control

sample ? 1% nano-PbO or ES-2, c control sample ? 3% nano-PbO

or ES-3, d control sample ? 1% micro-PbO or ES-4, e control

sample ? 3% micro-PbO or ES-5
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DSC curve of the sample containing 1% PbO microparti-

cles (ES-4) shows similarly a sharp exothermic behavior

which starts from 177.8 �C and maximizes at the temper-

ature of 199.1 �C. (Figure 9d); also DSC curve of the

sample containing 3% PbO microparticles (ES-5) shows

similarly a sharp exothermic behavior which starts from

176.5 �C and maximizes at the temperature of 201.6 �C.

(Figure 9e). A summary of DSC results for TEGDN/NC/

DAG energetic compositions containing different amounts

of PbO nano- and microparticles are also presented in

Table 1. According to the DSC data, it could be concluded

that both nano- and micro-PbO particles enhance the

decomposition temperature of TEGDN/NC/DAG energetic

composition. By comparing the maximum peak tempera-

ture of the investigated energetic samples in presence of

nano- and micro-PbO; generally it is obvious that there is

no significant difference between thermal decomposition

temperatures of TEGDN/NC/DAG energetic composition

modified with nano- and microparticles.

Addition of PbO catalyst (either micro or nano) to the

samples efficiently decreases the heat of decomposition for

the energetic composition. Nevertheless, increasing of PbO

catalyst contents (either micro or nano) in the samples

slightly decreases the heat of decomposition released from

this energetic composition. The described trend in the

decrement of the heat of decomposition is shown in

Fig. 10. As seen in this figure, the energetic sample in the

absence of PbO catalyst has the highest heat of decompo-

sition while the sample containing 3% of the nano-catalyst

has the lowest.

Effect of DSC heating rate on decomposition

of energetic samples

Figure 11 presents DSC curves for decomposition of the

studied energetic samples at different heating rates (i.e., 2,

5, 7 and 10�C min-1). As seen in this figure, decomposi-

tion peaks of the samples were shifted to the higher tem-

peratures by increasing the heating rate. Table 1 shows

these shifts in the peak temperatures quantitatively.

Kinetic parameters for thermal decomposition

of energetic samples

The involved processes during solid-state decomposition

reactions generally are complex and their thermokinetic

parameters could be determined by some well-known

methods, i.e., Kissinger, Starink and Ozawa–Flynn–Wall

(O.F.W.) [38–48]. These methods were jointly employed in

the present study to calculate the Arrhenius parameters,

i.e., activation energy (Ea) and pre-exponential factor

(A) based on the DSC data for the studied energetic sam-

ples. The first utilized method for determining the Arrhe-

nius parameters was Kissinger [38–43], in which the

activation energy is obtained as follow (Eq. 2):

Ln
u
T2

m

¼ Ln
AR

Ea

� Ea

R Tm

ð2Þ

While, u is the DSC heating rate, Tm is the temperature

of the DSC peak at maximum heat flow, and R is the

universal gas constant. The activation energies for the

studied energetic samples were obtained by DSC data

resulted at different heating rates (Table 1). The results of

drawing Ln u
T2

m

� �
against 1/Tm were linear plots for all

studied samples, which confirm thermal decomposition of

the samples undergoes no distinction at different applied

heating rates [44–46]. Meanwhile, the slope of these linear

plots was equal to -Ea/R. In the next step, the Arrhenius

factor or log (A/S-1) was calculated via following equation

recommended by ASTM E698 (Eq. 3) [47] using the cal-

culated value of activation energy (Ea).

A ¼
½uEa exp ð Ea

RTm
Þ�

RT2
m

ð3Þ
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Fig. 10 The heats of decomposition for the energetic samples (the

values are resulted from the average DSC exothermic peak areas

obtained at various heating rates)

Table 1 Maximum peak temperature of the investigated energetic

samples at different heating rates

Heating rate/�C min-1 Decomposition temperature/�C

ES-1 ES-2 ES-3 ES-4 ES-5

2 182.9 181.9 184.8 181.2 184.9

5 187.2 191.3 189.7 188.7 194.0

7 192.5 195.9 193.1 193.7 198.6

10 196.6 199.8 200.5 199.1 201.6
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The resulted values of the activation energy and

Arrhenius factor for the studied energetic samples are

presented in Table 2. On the other hand, activation energy

(Ea) values for these energetic samples were computed via

Starink method [48] by the aid of Eq. 4. In this method, the

plot of Lnðu T�1:92
m Þ against the inverse of maximum peak
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Fig. 11 Effect of DSC heating rate on decomposition temperature of

investigated energetic samples: a control sample (ES-1); b control

sample in the presence of 1% nano-PbO (ES-2); c control sample in

the presence of 3% nano-PbO (ES-3); d control sample in the

presence of 1% micro-PbO (ES-4); e control sample in the presence

of 3% micro-PbO (ES-5)
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temperature at different heating rates permits the prediction

of the activation energy. Fortunately, this method is usable

for computing the activation energy by the aid of following

equation, neglected of a accurate knowledge about the

reaction mechanism:

Lnð u
T1:92

m

Þ þ 1:0008
Ea

RTm

¼ C ð4Þ

The results of drawing of Ln (u T�1:92
m ) against reverse

of peak temperature at maxima for the studied energetic

samples were straight lines, while their slopes were utilized

to calculate the values of the activation energy. Meantime,

the corresponded values of Arrhenius factor (A) for each of

these energetic samples were obtained by Eq. (3) [49].

Also, Ozawa–Flynn–Wall (O.F.W.) as the third method

was employed to predict the values of activation energy

(Ea) for the studied energetic samples. This method is

based on the kinetics equations utilized for the heteroge-

neous chemical reactions and could be presented as Eq. 5

[49–51]. As seen in this equation, plotting of the heating

rate logarithm against the converse of the maximum peak

temperatures resulted by different DSC peaks at various

heating rates permits the computation of the activation

energy. In this method, similar to the previous methods,

determination of the activation energy without an exact

knowledge about the reaction mechanism is possible via

utilizing Eq. 5.

logu ¼ log
AEa

RgðaÞ � 2:315 � 0:4567
Ea

RTm

ð5Þ

In this equation, g(a) represents integral function of the

conversion. O.F.W. is a multiple scanning method and

belongs to the model-free isoconventional approaches;

thus, this method allows predicting of the activation energy

independently [49]. Also, the values of Arrhenius factor

(A) for the energetic samples were computed by Eq. (3)

[52–54]. Table 2 gives the resulted values of activation

energy (Ea) and Arrhenius factor (log A) for decomposition

of the investigated energetic samples calculated by Kis-

singer, Starink and O.F.W. methods for comparison. In

fact, the presented data in this table are helpful for

checking the validity and constancy of the values of acti-

vation energy obtained by different methods. As seen in

this table, the activation energies and Arrhenius factors

computed by Kissinger method for decomposition of the

energetic samples are comparable with those resulted by

Starink and O.F.W. methods. However, the computed

values by O.F.W. method are faintly lower than those

resulted by two other methods. Totally, these results con-

firm the reliability of the calculations. The resulted kinetic

data point out that TEGDN/NC/DAG energetic composi-

tions treated with (micro or nano) PbO catalyst have lower

activation energy values and thus require lower energy for

initiating of their decomposition reaction. In fact, positive

catalytic effect of PbO particles lowers the required energy

for initiation of the reaction and later increases the burning

rate [55]. Therefore, PbO catalyst is capable to reduce the

energetic barrier for commencing of the reactions and

hence leads to acceleration of the decomposition process

[56]. Meantime, comparing catalytic effect of micro- and

nanoparticles of lead oxide on the thermal decomposition

of TEGDN/NC/DAG energetic composition shows that

PbO microparticles have lower positive catalytic effect on

the thermal decomposition of energetic compositions in

comparison with PbO nanoparticles, while this behavior

may arise from the specific characteristics of nanoparticles,

i.e., small particle size and high surface area.

In addition, the thermodynamic parameter values cor-

responding to the thermal activation of the studied ener-

getic samples are calculable utilizing the following

equations [57–60]. Thus, Eqs. 6–8 were utilized to predict

the values of activation entropy (DS#), activation enthalpy

(DH#) and free energy of activation (DG#).

A exp
�Ea

RT
¼ m exp

�DG6¼

RT
ð6Þ

DH 6¼ ¼ Ea � RT ð7Þ

DG 6¼ ¼ DH 6¼ � TDS 6¼ ð8Þ

Table 2 Comparison of kinetic parameters for thermal decomposi-

tion of energetic samples obtained by Kissinger, Starink and O.F.W.

methods

Sample Method Ea/kJ mol-1 Log/A/s-1 r Q

ES-1 Kissinger 190.4 19.4 0.9620 0.2223

Starink 190.6 19.4 0.9621 0.2223

O.F.W. 188.3 19.2 0.9648 0.2222

ES-2 Kissinger 151.7 14.9 0.9989 0.0364

Starink 151.9 14.9 0.9989 0.0364

O.F.W. 151.6 14.8 0.9991 0.0362

ES-3 Kissinger 171.0 17.1 0.9441 0.2787

Starink 171.1 17.1 0.9477 0.2806

O.F.W. 169.9 16.9 0.9434 0.2804

ES-4 Kissinger 152.0 14.9 0.9860 0.1286

Starink 152.2 15.0 0.9861 0.1288

O.F.W. 151.8 14.9 0.9873 0.1339

ES-5 Kissinger 162.7 16.0 0.9980 0.0501

Starink 162.9 16.0 0.9980 0.0501

O.F.W. 162.1 15.9 0.9981 0.0511

r Linear regression

Q Standard mean square deviation

Catalytic effect of lead oxide nano- and microparticles on thermal decomposition kinetics of… 945

123



In Eq. 6, m ¼ KBT=h (while h and KB symbolized Plank

and Boltzmann constants, respectively). Table 3 presents

the resulted values for the thermodynamic parameters

corresponding to the studied energetic samples. As seen in

this table, the positive values of DH 6¼ and DG6¼ for the

energetic samples confirm that their decomposition reac-

tions are non-spontaneous and initiation of their reactions

requires introducing of the heat.

Calculation of decomposition reaction rate constant

The rate constant for decomposition reaction (k) of the

energetic samples was computed by Eq. (9). The order of

decomposition reaction for the studied energetic samples

was assumed as the first order [61]:

log k ¼ logA� Ea=2:3RT ð9Þ

The values of reaction rate constant (k) for the energetic

samples were computed by the use of activation energy

(Ea) and Arrhenius factor (A) values resulted by different

methods (i.e., Kissinger, Starink and O.F.W.) at 25 �C as

the environment temperature. Table 3 gives the resulted

values of log k for the energetic samples. By comparing of

the reaction rate constant values, it could be found that the

modified energetic samples with PbO nano- and

microparticles (ES-2 to ES-5) have reaction rate constants

considerably higher than that the energetic sample without

lead oxide treatment (control sample or ES-1). These val-

ues of log k for the energetic samples confirm that both

PbO nano- and microparticles have catalytic effects on the

decomposition of the energetic samples and increase their

decomposition reaction rate.

Critical ignition temperature

The safe storage and process of the studied energetic

compositions require knowledge about another significant

factor which is known as the critical ignition temperature

(Tb). This factor shows the maximum temperature at which

the composition undergoes a thermal runaway [46, 52].

This temperature for each composition is predictable based

on the burning theory, while some thermokinetic parame-

ters, i.e., activation energy, Arrhenius factor and heat of

reaction are essential. In the present study, the critical

temperatures corresponding to the thermal explosion (Tb)

of the energetic samples were obtained via Eqs. (10–11) as

follows [62, 63]:

Te ¼ Te0 þ bui þ cu2
i ; i ¼ 1 � 4 ð10Þ

Tb ¼
Ea �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2

a � 4EaRTp0

p
2R

ð11Þ

In Eq. 10, b and c are the coefficients, while R is the

universal gas constant. Te0 is commonly called self-accel-

erating decomposition temperature (TSADT), while this

symbol is attributed to the onset temperature (Te) while

u ! 0 and computed by Eq. (10). However, the resulted

values were utilized for computation of critical tempera-

tures. The resulted temperatures are given in Table 3.

Comparison thermal stability of investigated

energetic samples

TG/DSC curves for the investigated energetic samples in

the absence and/or presence of the nano- and micro-PbO

are presented in Fig. 9. The blank sample (ES-1 which has

no PbO content) and the modified samples with nano- and

micro-PbO (ES-2 and ES-3 containing 1 and 3%

nanoparticles and ES-4 and ES-5 containing 1 and 3%

microparticles, respectively) present similar thermal pat-

terns, and all of them display a single exothermic event

during their thermal decomposition. However, the resulted

curves showed that thermal decomposition of the energetic

samples modified with nano- and micro-PbO occurred at

the higher temperatures. On the other hand, by comparison

thermal stability of the blank sample (ES-1) with the

samples containing nano- and micro-PbO, it was appeared

that the modified samples with nano- and microparticles

have lower activation energy about 20–40 kJ mol-1. It

means that introducing of nano- and micro-PbO makes the

decomposition of TEGDN/NC/DAG energetic composition

more easily. However, comparing of the maximum peak

temperature of the investigated energetic samples in the

presence of nano- and micro-PbO shows that there is not

significant difference between thermal decomposition

temperatures, activation energies and frequency factors of

TEGDN/NC/DAG energetic composition modified with

nano- and microparticles.

Table 3 Thermodynamic data for decomposition of the studied

energetic samples

Sample DG6¼/

kJ mol-1
DH 6¼/

kJ mol-1
DS 6¼/

J mol-1

Log k Tb/

�C
TSADT/

�C

ES-1 129.6 186.6 123.9 -13.9 196.2 172.9

ES-2 131.5 148.0 36.9 -11.7 185.5 140.8

ES-3 131.3 167.2 79.2 -12.8 190.9 144.3

ES-4 134.6 148.3 30.3 -11.6 189.1 208.0

ES-5 136.1 159.0 50.7 -12.4 189.4 175.9

946 V. Mirzajani et al.

123



Conclusions

The effect of PbO nano- and microparticles on thermal

decomposition of TEGDN/NC/DAG energetic composi-

tions was investigated via simultaneous differential scan-

ning calorimetery (DSC) and thermogravimetery (TG)

techniques. Thermokinetic and thermodynamic parameters

corresponding to the decomposition of different energetic

compositions were computed based on their DSC curves.

The values of the activation energy and frequency factor

for the studied energetic compositions were computed by

some well-known methods. The results of this study show

that the decomposition temperature of the energetic com-

positions in the presence of nano- and micro-PbO is higher

than the similar composition without PbO particles. How-

ever, the energetic samples containing nano- and micro-

PbO possess lower frequency factors and activation ener-

gies. There is no significant difference between thermal

decomposition temperatures and activation energy values

of TEGDN/NC/DAG energetic composition modified with

nano- and microparticles. Besides, lower values of the

critical ignition temperature (Tb) and the self-accelerating

decomposition temperature (TSADT) of the energetic sam-

ples in the presence of nanoparticles show higher sensi-

tivity of the energetic samples containing PbO

nanoparticles in comparing samples modified with the

microparticles. Based on the results of this study it could be

concluded that the addition of PbO (either nano- or

microparticles) has a considerable effects on thermal

behavior of TEGDN/NC/DAG energetic compositions,

while PbO particle size has no substantial diverse effects

on thermal decomposition of these energetic samples.
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