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Abstract
N,N0-dinitrosopentamethylenetetramine (DNPT), which is a widely used as blowing agent in the rubber industry, tends to be

unstable when affected by high temperature and specific impurities. The runaway of DNPT has caused several accidents and led

to enormous economic losses in the world. We determined its thermal hazard properties and decomposition paths for process

safety. Characteristic parameters of pure and impure (added with water and nitric acid) DNPT were obtained under different

heating rates by differential scanning calorimetry experiments. Those parameters were used to calculate the apparent activation

energy with the Kissinger method. Thermogravimetry was used to obtain exothermic onset temperature and peak temperature

under different heating rates. The apparent activation energy of DNPT decomposition reaction was achieved by model-free

kinetics approach. Quantum mechanics model was used to explore the thermal decomposition reaction pathways of DNPT.

DFT B3LYP density functional method, and the 6-311??G (D) basis set was selected for molecular simulation by Gaussian 09

software. The single point energy, zero-point energy, thermal energy, thermal enthalpy, and thermal free energy were acquired.

The bond dissociation energy (BDE) at different excited states was calculated. By comparing BDE of different excited states,

the thermal decomposition reaction pathways can be predicted. The results of experiments and simulations can be applied as

safety guidance to deal with DNPT’s loss prevention during transportation, handling, and storage, even emergency response.
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Thermal decomposition reaction pathway

List of symbols
Ea Apparent activation energy, kJ mol-1

E0 Total energy of free radicals or molecules at 0 K,

kJ mol-1

mDNPT DNPT sample mass, mg

mH2O Mass of the added water, mg

mHNO3 Mass of the added nitric acid solution, mg

r2 Correlation coefficient, dimensionless

T Thermodynamics temperature, �C
T0 Exothermic onset temperature, �C
Tm Maximum reaction temperature, �C
Tend End temperature of reaction, �C
DE Single point energy variation, kJ mol-1

DE0 Zero-point energy variation, kJ mol-1

DHd Heat of decomposing, J g-1

DZPE Difference between the total zero point of free

radicals or molecules after dissociation and the

zero energy before dissociation, kJ mol-1

a Conversion degree, dimensionless

b Heating rate, �C min-1
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Introduction

N,N0-dinitrosopentamethylenetetramine (DNPT) is a type

of sensitive nitrite organic compound. As an organic

blowing agent, it is widely used in some industries, such as

emulsion explosive, rubber, plastics, and three-dimensional

printing. DNPT has the advantage of large gas volume,

high foaming efficiency, no color change, no pollution, and

low price [1, 2]. Documentation of worldwide explosions

and fires caused by DNPT in the past decades is given in

Table 1. The DNPT spontaneous combustion at Japan

Kobe Port is attributed to the thermal accumulation in the

container under continuous sunlight and impurity incor-

poration [3]. Partial overheating caused by thermal accu-

mulation is the dominant reason for three DNPT accidents

in China [4–6]. These DNPT accidents resulted in 18

deaths and 25 injuries, as well as enormous property

damages.

3,7-Dinitro-l,3,5,7-tetra-azabicyclo[3.3.l]non (DPT) has

a similar structure to DNPT. Radhakrishnan et al. [7]

studied the thermal decomposition properties and the

decomposition products of DPT. The effects of nitric acid

(HNO3), ammonium ion, and ammonium nitrate on the

thermal decomposition of DPT and its influence mecha-

nism were also studied [8, 9, 13]. Due to its extensive use

and thermal risk, numerous studies on the properties of

DNPT have been presented. The effect of rubber on ther-

mal decomposition of DNPT has been extensively inves-

tigated. The decomposition characteristics of DNPT in

different rubber media and different types of rubber media

are entirely different [10–17]. The thermal decomposition

reaction process of DNPT has also been predicted [18], but

has not yet been verified by experiments and simulations.

The active sequence of each nitrogen atom in DNPT during

the decomposition process has been obtained by theoretical

simulation of the charge of nitrogen atom [13]. The reac-

tion mechanism of DNPT under the influence of ammo-

nium nitrate has been explored, but the effects of carbon

atoms have been neglected during the simulation process.

Tall et al. [19] delved into the degree of filling up of the

volume for thermal decomposition of DNPT. Their results

showed that the value of decomposition heat strongly

depends on the degree of filling up of the volume.

Previous studies on DNPT focused on the applications

of the foaming agent. Few of them considered the trans-

portation and storage of DNPT from the loss prevention

point of view. Studies pertaining to DNPT, effects of

impurities for DNPT, and analysis of DNPT’s decompo-

sition reaction mechanism are insufficient. We studied

thermal hazard and thermal decomposition mechanism of

DNPT by combining experiments with molecular simula-

tions. The aim was to promote an understanding of thermal

hazard of DNPT and provide more theoretical bases for

prevention and control of fire and explosion in the process

of producing, transporting, storing and using, and even

emergency disposal.

Experiment and simulation

Differential scanning calorimetry experiment

The DSC in this article was produced by Beijing Henven

Scientific Instrument Co., Ltd. (Beijing, China) whose type

was HSC-1/2. The sample in the DSC experiment was light

yellow powdery DNPT with a purity of 98 mass%, which

was produced by Shandong Western Asia Chemical

Industry Co., Ltd. (Shandong Province, China) in Western

Shandong Province and dried at 45 �C for 1 h prior to the

experiment. The heating rates of pure DNPT experiment

were 2.0, 4.0, 6.0, 8.0, 10.0, and 12.0 �C min-1. The

heating rates of the experiment were 2.0, 4.0, 6.0, and

10.0 �C min-1 when distilled water or acid solution was

added in DNPT. The acid solution was diluted by HNO3

with a purity of 65–68 mass%. The initial temperature was

room temperature, and the termination temperature was

350 �C. The sample loading was 5.0 ± 0.1 mg per run, and

the process of the reaction was in the air atmosphere.

Thermogravimetry–infrared experiment

We used a combined instrument of thermogravimetry

(Q500, TA Corp., USA) and infrared (Nicolet 6700,

Thermo Scientific, USA). The sample was the same as the

DSC experiment, and the heating rates of the TG experi-

ment were 1.0, 3.0, and 5.0 �C min-1. The initial tem-

perature was room temperature, and the termination

temperature was 350 �C. The sample loading was

20.0 ± 1.0 mg per run, the process of the reaction was in

the dynamic atmosphere of nitrogen, and gas flow rate was

50.0 mL min-1. The infrared spectra of the products were

measured when the mass loss rate was the highest at dif-

ferent heating rates.

Table 1 Selected fires and explosions caused by thermal runaway of

DNPT

Year Country Sector Deaths/injuries

1979 Japan Transportation 0/0

2008 China Storage 0/15

2009 China Transportation 18/10

2013 China Production 0/0
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Molecular simulation

To delve into the thermal decomposition path of DNPT,

Gaussian 09 and Gauss View 5.0 were adopted to optimize

and calculate the energy of free radicals of DNPT mole-

cules and their bond dissociations in the pyrolysis process

by the density functional method (DFT-B3LYP) and the

6-311??G (D) basis set.

Results and discussion

Figure 1 shows heat flow versus temperature curve by DSC

experiments for 98 mass% DNPT under various b.
According to Fig. 1 and Table 2, T0 slightly fluctuated at

approximately 200 �C with the increase in b. The

exothermic onset temperature of DNPT was almost unaf-

fected by b. Tm and Tend tended to increase with the

increase in b. With the growth of b, DHd showed a

decreasing trend.

Figures 2 and 3 illustrate the heat flow versus temper-

ature curve of DNPT with various water content under

different heating rates. Two peaks are shown in both

Figs. 2 and 3. The first endothermic peak was formed by

the endothermic vaporization of the water in the crucible.

The second peak was the exothermic peak, which was the

exothermic reaction peak of DNPT. Table 3 showes the

change in T0 was relatively small with the increase in the

heating rate. The heating rate hardly affected the apparent

onset reaction temperature of DNPT, when water was

added. Tm and Tend both tended to increase with the

increase in b. With the increase in the heating rate, DHd

showed decreasing tendency.

According to Fig. 4 and Table 4, T0, Tm, Tend, and DHd

increased when more water was added. As for thermal

safety, water can improve the exothermic onset tempera-

ture of DNPT. From the perspective of energy, the apparent

activation energy of DNPT reaction also rose sharply when

more water was added. As listed in Table 5, the apparent

activation energy increased with the amount of water.

Higher activation energies render a higher sensitivity

toward temperature variation. An extremely very slow

reaction at low temperatures may become fast and there-

fore dangerous at higher temperatures [20]. However, Tm,

Tend, and DHd also increased when more water was added,

revealing the reaction was faster and more dangerous.

Therefore, keeping DNPT and the environment dry was

beneficial to the transportation and storage safety of DNPT.

In view of emergency preparedness and response, using

water is improper to lessen the risk of thermal runaway of

DNPT.
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Fig. 1 Heat flow versus

temperature curve of pure

DNPT by DSC

Table 2 Characteristic parameters for thermal decomposition of pure

DNPT by DSC

b/�C min-1 m/mg T0/�C Tm/�C Tend/�C - DHd/J g
-1

2.0 5.1 198.6 201.5 202.4 1.45

4.0 4.9 202.6 206.9 208.6 1.23

6.0 5.0 200.0 206.8 208.5 1.10

8.0 5.1 201.6 208.1 212.7 1.02

10.0 5.1 200.3 209.9 214.9 0.98

12.0 5.0 200.9 210.6 216.9 0.95
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Fig. 2 Heat flow versus

temperature curve of DNPT

with 2.0 mg H2O by DSC
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Fig. 3 Heat flow versus

temperature curve of DNPT

with 5.0 mg H2O by DSC

Table 3 Characteristic

parameters for thermal

decomposition of DNPT with

H2O by DSC

b/�C min-1 mDNPT/mg mH2O/mg T0/�C Tm/�C Tend/�C - DHd/J g
-1

2.0 5.0 2.0 198.2 205.5 208.0 1.49

4.0 5.0 2.0 203.0 207.5 209.0 1.35

6.0 4.9 2.0 203.4 209.9 212.5 1.32

10.0 5.0 2.0 204.2 212.9 217.6 1.11

2.0 5.1 5.0 205.8 207.6 209.0 1.88

4.0 5.1 5.0 202.2 209.5 208.6 1.49

6.0 5.1 5.0 205.4 210.7 214.8 1.46

10.0 4.9 5.0 203.7 212.3 217.6 1.24
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During production, transportation, and storage process

of DNPT, not only could water be mixed, but dilute acid

which was the most common acid in the production envi-

ronment of DNPT could also be mixed. Therefore, dilute

nitric acid was used as an acid impurity. Adding HNO3 of

different pH values to the DNPT sample was used to

compare the effect of acid concentration on the thermal

stability of DNPT. As shown in Fig. 5 and Table 6, T0, Tm,

and Tend of DNPT decreased first and then increased fol-

lowing the increase in the pH. Inorganic acids contributed

to the reaction of DNPT, but H2O of the acid solution can

also affect the reaction. The effect of acid on the reaction

was stronger than that of water when the pH was less than

or equal to 1. When pH was larger than or equal to 3, H2O

in the solution became the decisive factor affecting the

reaction.

The DSC experiment was carried out in air atmosphere,

but not all DNPT could contact with the air due to the large

amount of DNPT in the transportation and storage pro-

cesses. To further study the thermal decomposition prop-

erties of DNPT, the TG-IR experiment under inert

atmosphere was employed.

Figure 6 shows the analysis curves of TG and DTG, in

which both consisted of two stages. The first stage was near

100 �C, and DNPT lost about 5 mass% in this stage. DNPT

lost approximately 90 mass% in the second stage, which

was near 200 �C. According to the temperature range and

percentage of loss of mass, the first stage was the process of

dehydration and the second stage was the process of ther-

mal decomposition. The characteristic parameters of ther-

mal decomposition are given in Table 7. The greater the

heating rate was, the more visible the temperature hys-

teresis was.

According to the Friedman method, the apparent acti-

vation energy of DNPT can be obtained by model-free

kinetics. Figure 7 gives the apparent activation energy and

the correlation coefficient. The apparent activation energy

also fluctuated with respect to a value. The first peak of the

apparent activation energy curve was the apparent activa-

tion energy of the initial reaction of DNPT, and the

apparent activation energy was 165.4 kJ mol-1.
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Fig. 4 Heat flow versus

temperature curve of DNPT

with different mass of water by

DSC

Table 4 Characteristic

parameters for thermal

decomposition of DNPT with

various mass of H2O by DSC

b/�C min-1 m/mg mH2O/mg T0/�C Tm/�C Tend/�C - DHd/J g
-1

6.0 5.0 – 200.0 206.8 208.5 1.10

6.0 4.9 2.0 203.4 209.9 212.5 1.32

6.0 5.1 5.0 205.4 212.0 214.8 1.46

Table 5 Apparent activation energy of DNPT with various mass of

water by Kissinger method

No. Samples Ea/kJ mol-1 r2

1 DNPT 160.83 0.9341

2 DNPT ? 2.0 mg H2O 172.80 0.9678

3 DNPT ? 5.0 mg H2O 285.30 0.9990
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The thermal decomposition path of DNPT contributes to

understanding the reaction mechanism of DNPT and for-

mulating control measures to forestall thermal runaway of

DNPT. According to the DNPT characteristic parameters

obtained experimentally, the decomposition path of DNPT

could be reasonably predicted by molecular simulation.

Gaussian software was adopted to optimize and calculate

the groups which were formed after breaking these bonds.

The bond dissociation energy (BDE) is defined as the

minimum energy required for chemical bond breakage
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Fig. 5 Heat flow versus

temperature curve of DNPT

with different pH values by

DSC

Table 6 Characteristic

parameters for thermal

decomposition of DNPT with

different pH values by DSC

pH b/�C min-1 mDNPT/mg mHNO3/mg T0/�C Tm/�C Tend/�C - DHd/J g
-1

– 6.0 5.0 – 200.0 206.8 208.5 1.10

1 6.0 5.0 5.0 190.2 195.2 199.6 1.39

3 6.0 5.0 5.0 200.2 212.7 214.9 1.28

5 6.0 5.1 5.0 207.5 214.5 216.7 1.35

7 6.0 5.1 5.0 205.4 212.0 214.8 1.46
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and TG for DNPT on various b
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[21]. The smaller the bond dissociation energy is, the more

favorable it is for covalent bonds dissociation. Accord-

ingly, BDE is often used to predict the stability of the

covalent bond in compound molecules [22]. At 298 K and

1.01 9 105 Pa, Eqs. (1) and (2) for calculating the BDE of

the covalent bond (A–B) in the compound molecules are

expressed as follows:

BDE0ðA� BÞ ¼ E0ðA�Þ þ E0ðB�Þ � E0ðA� BÞ ð1Þ
BDEðA� BÞ ¼ BDE0ðA� BÞ þ DZPE ð2Þ

Figure 8 shows a stable configuration after molecular

optimization. Furthermore, the Gaussian software could

calculate the single point energies of the optimized DNPT

molecules. The single point energy of the DNPT molecule

was - 1.78 9 106 kJ mol-1. According to Eqs. (1) and

(2), the BDEs of all C–N, N–N, and N=O were calculated

and compared. Table 8 summarizes the most probable

bond dissociation pathways in the pyrolysis process of

DNPT, strictly for the energy change at each stage and the

dissociation mode on minimum BDE.

In the process of molecular thermal decomposition, the

dissociation and generation were concomitant. The free

radicals or atoms dissociated in the process of DNPT

thermal decomposition would recombine and ultimately

generate the reaction products. DNPT thermal

decomposition will generate N2, HCHO, and (CH2)6N4,

and the chemical equation of the thermal decomposition is

expressed as follows [23]:

ðCH2Þ5N4ðNOÞ2 �!D2N2 þ 2HCHOþ 1

2
ðCH2Þ6N4 ð3Þ

In the process of simulation, free radicals or atoms, such

as 1M2, 4M0
3, 4M0

2, 5M6, 6M3, 7M1, and 7M2, were

generated. The reaction path of DNPT thermal decompo-

sition was predicted, as shown in Fig. 9. N2 and HCHO

were created by the combination 1M2, 4M
0
3, 5M6 and 7M2.

(CH2)6N4 was generated by the combination of 4M0
2, 6M3,

and 7M1, which agrees with Eq. (3).

Figure 10 shows the infrared spectra of DNPT when the

mass loss rate on the TG-IR experiments was the maxi-

mum. Decomposition products of DNPT contained func-

tional groups including aldehydes (C = O, C–H) and

tertiary amines (C–N, C–H). This result was beneficial to

study the decomposition paths of DNPT by molecular

simulation.

Table 7 Characteristic temperature for the decomposition of DNPT

by TG

b/�C min-1 Sample mass/mg T0/�C Tm/�C Tend/�C

1.0 19.6 185.3 205.3 216.4

3.0 19.9 196.8 217.9 229.4

5.0 20.1 200.9 217.0 223.8
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Fig. 7 Curves of the apparent

activation energy and the

correlation coefficient

Fig. 8 Stable configurations after molecular optimization
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Conclusions

In air atmosphere, the exothermic onset temperature of

DNPT was 198.6–202.6 �C by DSC experiment, the

maximum reaction temperature was 201.5–210.6 �C, and
the apparent activation energy of DNPT was

160.83 kJ mol-1 by Kissinger method.

The exothermic onset temperature of DNPT was

200.8–206.2 �C in the air when water was added, and the

maximum reaction temperature was 201.5–210.6 �C by

DSC experiment. T0, Tm, Tend, and DHd all increased when

more water was added. The apparent activation energy also

increased depending on the amount of water. Water not

only reduced the initial temperature of the DNPT reaction,

but also increased the reaction intensity. Therefore, dry

Table 8 Energy change and bond decomposition energy during thermal decomposition of DNPT

No. Group/molecular Broken covalent bond DE/2627 kJ mol-1 DHd/2627 kJ mol-1 DE0/2627 kJ mol-1 BDE/2627 kJ mol-1

1 DNPT 1B2,3 0.0669 0.0594 0.0107 0.0562

2 1M3 2B3,4 129.9927 129.9834 0.00674 129.9860

3 2M3,4 3B6,7 0.1040 0.0945 0.0120 0.0921

4 3M6 4M6,7 0.1236 0.1199 0.0041 0.1195

3M7 4B0
2,3 0.1401 0.1344 0.0081 0.1320

5 4M6,7 5B5,6 0.1085 0.1052 0.0046 0.1039

6 5M5 6B2,3 0.1256 0.1171 0.0099 0.1156

7 6M2 7B1,2 0.1839 0.1770 0.0095 0.1744
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Fig. 9 Schematic diagram of
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path of DNPT
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DNPT and the environment are beneficial to the trans-

portation and storage safety of DNPT. In view of property

loss prevention and emergency response, adding a large

amount of water is inappropriate for reducing the risk of

thermal runaway of DNPT.

Inorganic acids did contribute to the reaction of DNPT

in air. The effect of water in the solution on the reaction

was stronger than that of acid when the pH was larger than

or equal to 3. When pH was less than or equal to 1, acid

became the decisive factor affecting the reaction. Specific

measures should be taken to avoid mixing acids with

DNPT.

The exothermic onset temperature of DNPT was

185.3–200.9 �C by TG experiment, and the maximum

reaction temperature was 205.3–217.9 �C. The apparent

activation energy also fluctuated with respect to a value,

and the apparent activation energy of the initial reaction of

DNPT was 165.35 kJ mol-1. Considering the safety of

hazardous chemicals, the accumulated temperature of

DNPT in storage must be below 185 �C. Collision and

friction should be avoided during the entire operating

process, including transportation and handling.

Infrared spectroscopy experiments were carried out,

when the mass loss rate of the reactant was the fastest in

TG experiments. According to the infrared spectra results,

reaction products contained aldehydes and tertiary amines.

HCHO and (CH2)6N4 were produced in the thermal

decomposition process of DNPT. The most possible dis-

sociation path of DNPT thermal decomposition was found

by Gaussian software to simulate decomposition mecha-

nism. The combination of 1M2, 4M0
3, 5M6, and 7M2

generated N2 and HCHO. The combination of 4M0
2, 6M3,

and 7M1 generated (CH2)6N4.
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