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Ammonium nitrate (AN) is considered to be a very hazardous and diffi cult to handle component of mineral ferti-
lizers. Differential thermal analysis coupled with thermogravimetry and mass spectrometry was used to determine 
the possible inhibiting effect of selected magnesium compounds on thermal decomposition of AN. Each additive 
was mixed with AN to create samples with AN:magnesium compound mass ratios of 4:1, 9:1 and 49:1. Most of 
analyzed compounds enhanced thermal stability of ammonium nitrate, increasing the temperature of the begin-
ning of exothermic decomposition and decreasing the amount of generated heat. Magnesium chloride hexahydrate 
was determined to accelerate the decomposition of AN while magnesium sulphate, sulphate heptahydrate, nitrate 
hexahydrate together with magnesite and dolomite minerals were defi ned as inhibiting agents. 
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INTRODUCTION

                   Ammonium nitrate (AN) is a chemical compound 
that has many practical applications. It is mainly used 
in production of fertilizers and explosives1. It is one of 
the most commonly used fertilizers due to its high ni-
trogen content, good solubility in water and a relatively 
low price2. During the production process of nitrogen 
fertilizers, there are various additives used in order to 
change temperature ranges of unwanted phase transi-
tions that might worsen properties of a fertilizer. The 
decomposition of ammonium nitrate is accompanied by 
the formation of large quantities of gaseous products. 
Because of that, ammonium nitrate is considered to be 
a compelling substitute for conventional rocket propel-
lants3–10. There are many defi ned factors known to accel-
erate the decomposition of ammonium nitrate. The rate 
and direction of the ammonium nitrate decomposition 
depends on temperature, conditions of heat and mass 
transfer with the environment, pH and the presence 
of other substances in the system, such as chloride, 
chromium, nickel, copper, cobalt, zinc ions or organic 
compounds11–18. Carbonates, urea, phosphates, sulphates 
and some other compounds were found to slow down 
the exothermic decomposition process19–23. The decom-
position of ammonium nitrate can pose a serious threat 
to people working on the production, transportation or 
storage of fertilizers. Despite all the knowledge about 
the decomposition of this chemical compound, it is still 
dangerous, as evidenced by events happening in various 
locations around the world24. There is a variety of pro-
posed mechanisms that can approximately describe the 
process of the exothermic decomposition of ammonium 
nitrate, however many kinetic models and mechanisms 
of the decomposition are still a topic of discussion up 
to this date25–28.

The aim of this study was to analyze the infl uence of 
selected magnesium compounds on phase transitions 
and the decomposition process of AN. Magnesium is 
considered to be an important element that is necessa-
ry for plants to correctly grow and develop. Since it is 
present in many fertilizers based on ammonium nitrate, 

it is important to analyze the thermal stability of systems 
containing ammonium nitrate mixed with magnesium 
compounds. This work provides fundamental knowledge 
for further investigation on the safety of AN in systems 
with various sources of magnesium.

MATERIALS AND METHODS

Materials
Fertilizer-grade ammonium nitrate was used in the 

study and was obtained from one of the domestic pro-
ducers of nitrogen fertilizers. Magnesium compounds, 
i.e. magnesium chloride hexahydrate (POCH, purity 
≥ 99.0 wt%), magnesium nitrate hexahydrate (POCH, 
purity ≥ 99.5 wt%), magnesium sulphate (CHEMPUR, 
purity ≥ 99.5 wt%), magnesium sulphate heptahydrate 
(POCH, purity ≥ 99.5 wt%), dolomite and magnesite 
(minerals containing magnesium carbonate, both ob-
tained from domestic producer of nitrogen fertilizers) 
were used without any further purifi cation. Contents of 
dolomite and magnesite are given in Table 1. Synthetic 
air (Air Liquide Polska) was used as a purge gas during 
all measurements.
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Every tested sample was prepared with the use of 
agate mortar and pestle. Appropriate amounts of each 
compound, necessary to acquire a desired mass ratio in 
a sample (AN:magnesium compound equal to 4:1, 9:1 and 
49:1), were ground together in order to obtain a homo-
genic mixture. Next, a sample containing approximately 
20.0 mg of AN was weighted and placed in a 0.3 mL 
alumina crucible and closed with a pierced lid.

Table 1. Contents of selected mineral additives
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Methodology
Measurements were performed with the use of diffe-

rential thermal analysis coupled with thermogravimetry 
and mass spectrometry (DTA–TG–MS). A thermal 
analyzer STA 449 F3 with a thermobalance and a mass 
spectrometer QMS 403 C, Netzsch, were used . The 
equipment was previously calibrated.

It is important to focus on exothermic decomposition 
of AN, as it is the main cause of disasters experienced 
in the past, in order to correctly defi ne thermal stabi-
lity of samples containing AN mixed with magnesium 
compounds. When the mass of a sample is low or the 
surface-to-volume ratio is high, the dissociation process 
dominates the observed decomposition and an endother-
mic peak is obtained during a thermal analysis of AN-
-containing sample. As stated in previous work studying 
thermal stability of AN in systems with potassium salts29, 
the use of a 0.3 mL alumina DTA crucible, pierced lid 
and the mass of approximately 20.0 mg of AN allows 
observing the exothermic peak during the ammonium 
nitrate decomposition process.

Each sample was heated up to 450oC at the rate of 
5oC/min in synthetic air with a 30 mL/min total fl ow 
of the purge gas. Every measurement was preceded by 
heating an empty crucible to 600oC in order to remove 
any impurities and a correction to 500oC for a compen-
sation of thermal effects associated with characteristics 
of the crucible. Before each measurement, the furnace 

chamber was evacuated three times and fi lled with 
synthetic air. Each mixture was analyzed three times in 
order to ensure that obtained thermograms are correct 
and mean values with corrected standard deviation for 
each sample were presented in Table 2. In the same 
way, for comparison purposes, a 20.0 mg sample of 
ammonium nitrate without the addition of any fi ller 
was also examined with the use of an empty crucible 
as a reference material. Obtained results were analyzed 
with the use of a professional software supplied by the 
manufacturer of the measuring equipment. The selected 
ion monitoring for mass-to-charge ratios (m/z) consisted 
of following signals: 12 (CO, CO2), 15 (NH3), 17 (NH3, 
H2O), 18 (H2O), 29 (CO), 30 (NO, NO2), 36 (HCl), 44 
(N2O, CO2), 46 (NO2) and 64 (SO2).

RESULTS AND DISCUSSION

Ammonium nitrate
Parameters that defi ne an enhanced thermal stability 

of ammonium nitrate are: higher temperature of phase 
transitions from the IV to III or II crystalline phases or 
the lack of them, increased temperature of the beginning 
of the AN decomposition and the slower rate of the 
decomposition process. These parameters are valuable 
mainly because they allow defi ning a safe temperature 

Table 2. Effects of selected magnesium compounds on thermal stability of AN
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which is confi rmed by a slight increase in the signal for 
H2O registered by mass spectrometry. The 4:1 sample 
was characterised by the maximum of the exothermic 
signal obtained at 285.1oC and the end of decomposition 
at almost 303oC. Characteristically for the addition of 
chloride salts to AN, presence of MgCl2 ∙ 6H2O in ana-
lyzed systems caused a signifi cant increase in the value 
of heat generated during the decomposition process of 
tested mixtures. As described in the study of potassium 
chloride29, the addition of 10 and 2 wt% of magnesium 
chloride hexahydrate allowed observing two different 
stages of the decomposition reaction. During the fi rst, 
more violent stage, hydrogen chloride was formed along 
with nitrogen oxides, ammonia and water. After the 
hydrogen chloride left the analyzed system, there was 
a change in the mechanism of the observed decomposi-
tion process and the transition to stage 2, characteristic 
for the pure AN sample. Obtained DTA and TG results 
for all 3 examined samples are shown in Figure 3. MS 
signals obtained for 4:1 and 9:1 samples of AN:MCH 
were presented in Figure 4.

during the manufacturing process and hazards connected 
with production and storage of products containing AN.

Results of the thermal analysis of the 20.0 mg pure 
ammonium nitrate sample are shown in Figure 1. A par-
tial transition IV→II was observed at around 51.0oC as 
a fi rst endothermic signal. Ammonium nitrate undergoes 
a transition from IV to II crystalline phase when there is 
almost no water in the system. III→II transition occurred 
at 84.5oC and a II→I crystallographic transformation at 
124.0oC. The sample melted approximately at 166.5oC. 
The decomposition took place in the temperature range 
from 220 to 298oC. Thermal decomposition resulted in 
a complete mass loss. Mass spectrometry results con-
fi rmed that evacuated gaseous products consisted of 
H2O, NH3, NO, NO2 and N2O. MS signals obtained for 
the sample of pure AN were presented in Figure 2. The 
baseline was a linear function beginning at the tempera-
ture of fi rst MS signals generation of said products up 
to the point of the DTA signal stabilization.

Figure 1. DTA-TG results for the pure AN sample

Figure 3. DTA and TG results for AN:magnesium chloride 
hexahydrate samples

Figure 2. MS signals for gaseous products created during 
thermal analysis of the pure AN sample

Magnesium chloride hexahydrate
The phase transition from IV to II crystalline phase 

was visible for all AN samples containing magnesium 
chloride hexahydrate at temperatures close to 51oC, other 
endothermic signals differed signifi cantly from signals 
characteristic for pure ammonium nitrate. 3 wt% losses 
were recorded at 112.2, 121.2 and 223.1oC for samples 
4:1, 9:1 and 49:1, respectively. Low temperatures of 
the beginning of a gradual decrease in mass are caused 
by the release of water contained in the used additive, 

Magnesium nitrate hexahydrate
Magnesium nitrate hexahydrate is used in the fertilizer 

industry as a nitrogen fertilizer which is also a source of 
magnesium with a composition of 10.5-0-0-15Mg. De-
creases in mass of tested samples at low temperatures was 
caused by the release of water of crystallization, which 
was confi rmed by obtained increases in MS signals for 
water. 20 wt% addition of the described salt to AN caused 
a decrease in the transition temperature between phase 
IV and II by 3.5oC in comparison to AN, an increase 
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in temperature of III→II transformation by almost 2oC 
and a disappearance of the endothermic melting signal. 
The exotherm maximum of the decomposition of the 
4:1 mixture was obtained at 302.9oC, and the end of the 
process was observed at 312.9oC. The thermal analysis 
of the 9:1 sample resulted in obtaining very similar 
endothermic signals to the 4:1 sample. The maximum 
of the exotherm was obtained at 291.5oC. The melting 
process of the 49:1 sample was visible on the DTA curve 
at 161.3oC. Despite the small amount of magnesium ni-
trate hexahydrate in the system, a signifi cant increase in 
temperature was obtained for the end of the exothermic 
decomposition and no increase in total heat released 
during the process was registered. It allows concluding 
that magnesium nitrate hexahydrate can be qualifi ed as 
an inhibitor of exothermic decomposition of ammonium 
nitrate. Figure 5 shows DTA and TG results of above-
described samples. MS data obtained for the 4:1 sample 
is presented in Figure 6.

Magnesium sulphate
DTA and TG curves obtained for mixtures containing 

AN and magnesium sulphate are presented in Figure 
7. Thermal analyzes showed slight mass losses starting 
at low temperatures for all samples. These effects were 
associated with vague MS signals for water. The pres-
ence of water in the system may have been caused by 
the signifi cant hygroscopicity of anhydrous magnesium 
sulphate and the binding of water during sample prepa-
ration in a mortar. Endothermic signals for IV→II and 

II→I transformations and melting were obtained at very 
similar temperatures as signals for pure ammonium 
nitrate. The 4:1 sample had a clearly split exothermic 
decomposition signal, suggesting at least two separate 
mechanisms of the process. The fi rst exotherm maximum 
was obtained at 286.3oC, while the end of decomposition 
was recorded at 348.2oC. The TG curve and obtained MS 
signals for gaseous products confi rmed the multi-stage 
nature of the observed exothermic decomposition pro-
cess, indicating three separate stages of decomposition. 
At all stages, presence of water, ammonia and nitrogen 
oxides was detected, while the presence of sulphates in 
the stream of gaseous products was recorded as a small 

Figure 4. MS signals for gaseous products created during 
thermal analysis of the 4:1 AN:magnesium chloride 
hexahydrate sample

Figure 5. DTA and TG results for AN:magnesium nitrate 
hexahydrate samples

Figure 6. MS signals for gaseous products created during 
thermal analysis of the 4:1 AN:magnesium nitrate 
hexahydrate samples
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signal during the last stage of the decomposition of 
the mixture. Obtained MS data for the 4:1 sample is 
presented in Figure 8. The thermogram obtained for 
the 9:1 sample was very similar to the sample contain-
ing 20 wt% of magnesium sulphate, with the difference 
between the intensity of exothermic signals obtained 
on the DTA curve and proportions of mass decreases 
during each individual stage of the decomposition. The 
thermal analysis of the 49:1 sample showed that even the 
addition of 2 wt% of magnesium sulphate can stabilize 
the decomposition of ammonium nitrate by reducing the 
intensity of exothermic decomposition and increasing its 
end temperature to over 315oC.

Magnesium sulphate heptahydrate
Previously described analyzes showed that anhydrous 

magnesium sulphate can be considered as an inhibitor 
of the ammonium nitrate decomposition, so the cheaper 
form of this additive that is used in fertilization had 
to be examined. Figure 9 contains all results acquired 
after thermal analyzes of 3 samples containing AN and 
magnesium sulphate heptahydrate. Tested samples gener-
ated signals for all transitions between crystallographic 
forms in the analyzed temperature range and lost parts 
of their initial mass as the temperature increased due 
to the evaporation of water from the system. The 
thermal analysis of the 4:1 sample generated an endo-
thermic melting signal at 159.4oC. The fragment of the 
TG curve corresponding to the process of exothermic 
decomposition of the tested sample resembled the result 
of thermogravimetric analysis for the 9:1 sample of am-
monium nitrate with anhydrous magnesium sulphate. The 
similarity might indicate that, after evaporation of the 
water of crystallization, magnesium sulphate remaining 
in the system affects the thermal stability of ammonium 
nitrate in a similar way to the anhydrous equivalent of 
this additive. The shape of the obtained exotherm differed 
from results obtained for samples containing magnesium 
sulphate, because the fi rst part of the exothermic signal 
was more intense than the signal generated in other two 
stages of the decomposition. The exothermic decomposi-
tion of ammonium nitrate was signifi cantly prolonged to 
the higher temperature of 344.1oC. Figure 10 shows MS 
signals obtained for the 4:1 sample. Samples containing 
10 and 2% wt of magnesium sulphate heptahydrate 
generated lesser amounts of heat during the exothermic 

Figure 7. DTA and TG results for AN:magnesium sulphate 
samples

Figure 9. DTA and TG results for AN:magnesium sulphate 
heptahydrate samples

Figure 8. MS signals for gaseous products created during 
thermal analysis of the 4:1 AN:magnesium sulphate 
sample
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Figure 10. MS signals for gaseous products created during thermal 
analysis of the 4:1 AN:magnesium sulphate heptahy-
drate sample

Figure 11. DTA and TG results for AN:dolomite samples

Figure 12. MS signals for gaseous products created during thermal 
analysis of the 4:1 AN:dolomite sample

decomposition process and the process itself ended at 
higher temperatures than the decomposition of pure AN.

Dolomite
DTA and TG results for samples of AN mixed with 

dolomite are shown in Figure 11 and MS data for the 
sample containing 20 wt% of dolomite is shown in 
Figure 12. Ground dolomite is a commonly used fi ller 
in the production of ammonium nitrate fertilizers. The 
addition of ground dolomite did not cause changes in 
temperatures of endothermic phase transitions recorded 
on the DTA curve. The 4:1 sample lost 3% of its mass 
at 240.7oC, reached the maximum exothermic signal 
at 311.4oC and fi nished decomposing after reaching 
322.7oC. The shape of the obtained exothermic effect 

was signifi cantly different from the pure AN sample, 
and reactions that occured during the decomposition 
process took place in a much wider temperature range. 
Recorded MS signals showed the appearance of carbon 
dioxide, water and ammonia in the gas stream leaving 
the furnace chamber at a temperature of about 215oC, 
while nitrogen oxides began to appear at a temperature 
close to 278oC. The 9:1 sample had similar thermal 
characteristics as the 4:1 sample. MS signals obtained 
for gaseous products of the exothermic decomposition 
were in similar temperature ranges. Addition of 2 wt% of 
dolomite caused a slight delay in reaching the maximum 
of the exotherm and an increase in the temperature of 
the end of the exothermic decomposition to 318.2oC. 
The amount of generated heat during the decomposition 
process of all analyzed samples decreased in comparison 
to the pure AN sample. The reactivity of the used fi ller 
was adequate and no reactions were observed at lower 
temperatures It effectively inhibited the exothermic AN 
decomposition in tested samples.

Magnesite
Ground magnesite did not cause changes in tempera-

tures of observed endothermic transformations of am-
monium nitrate. The thermal analysis of the 4:1 sample 
showed a relatively high temperature of the 3% mass 
loss at 248.6oC. The temperature of the exotherm maxi-
mum was not signifi cantly distant from the temperature 
obtained for the pure ammonium nitrate sample, while 
the temperature of the end of the decomposition was 
about 15oC higher. The shape of recorded TG and DTA 
curves indicated a multistage process of the sample 
decomposition, which resulted in a rapid weight loss 
starting at the temperature of 256.0oC together with the 
generation of water, ammonia, carbon dioxide and small 
amounts of nitrogen oxides. As the decomposition process 
progressed, more intense signals for nitrogen oxides and 
a change in the shape of the TG slope were obtained. 
After the sample reached a temperature of 298.5oC, 
a slight increase on the DTA curve was obtained and 
a clear signal indicating the presence of chlorides and 
nitrogen dioxide in the gas stream was recorded. The 9:1 
sample showed very similar thermal characteristics to the 
sample containing 20 wt%   of magnesite. Sample 49:1 had 
a recorded 3% mass loss at a visibly lower temperature 



  Pol. J. Chem. Tech., Vol. 22, No. 2, 2020 7

than previous two mixtures (232.8oC). The end of the 
decomposition, as in the case of ground dolomite, was 
observed at elevated temperature in comparison to the 
pure AN sample. Figure 13 contains all DTA and TG 
curves for analyzed samples of AN with magnesite. MS 
signals for the 4:1 sample are shown in Figure 14.

AN decomposition process, increasing the temperature 
of the exotherm maximum and end of the decomposi-
tion in a similar way to additives used by producers of 
ammonium nitrate fertilizers. However, it is necessary 
to examine the effect of these stabilizing additives on 
the granulation process and hygroscopicity of manu-
factured products. Dolomite and magnesite, obtained 
from a domestic producer of nitrogen fertilizers, did not 
show excessive reactivity and can be used to stabilize 
ammonium nitrate.

ACKNOWLEDGEMENT

The work was supported by the Ministry of Science and 
Higher Education of Poland within a frame of statutory 
activity grant realized in Faculty of Chemistry, Wroclaw 
University of Science and Technology (No. 0401/0117/18 
-W3/Z14, 2018-2019).

LITERATURE CITED
1. Zygmunt, B. & Buczkowski, D. (2007). Infl uence of 

Ammonium Nitrate Prills’ Properties on Detonation Velocity 
of ANFO. Propellants Explos. Pyrotech. 32(5), 411–414. DOI:  
10.1002/prep.200700045.

2. Najlepsze Dostępne Techniki (BAT) Wytyczne dla Bran-
ży Chemicznej w Polsce (2005), Przemysł Wielkotonażowych 
Chemikaliów Nieorganicznych, Amoniaku, Kwasów i Nawozów 
Sztucznych, 13–75, 98–111, Min. Środ., Warszawa.

3. Oommen, C. & Jain, S.R. (1999). Ammonium nitrate: 
a promising rocket propellant oxidizer. J. Hazard. Mater. A67, 
253–281. DOI: 10.1016/S0304-3894(99)00039-4.

4. Kumar, P., Joshi, P.C. & Kumar, R. (2016). Thermal 
decomposition and combustion studies of catalyzed AN/KDN 
based solid propellants. Combust. Flame. 166, 316–332. DOI: 
10.1016/j.combustfl ame.2016.01.032.

5. Kohga, M. & Okamoto, K. (2011). Thermal decomposition 
behaviors and burning characteristics of ammonium nitrate/
polytetrahydrofuran/glycerin composite propellant. Combust. 
Flame. 158, 573–582. DOI: 10.1016/j.combustfl ame.2010.10.009.

6. Shiota, K., Matsunaga, H. & Miyake, A. (2017). Effects 
of amino acids on solid-state phase transition of ammonium 
nitrate. J. Therm. Anal. Calorim. 127, 851–856. DOI: 10.1007/
s10973-016-5416-8.

7. Asgari, A., Ghan,i K., Keshavarz, M.H., Mousaviazar, 
A. & Khajavian, R. (2018). Ammonium nitrate-MOF-199: 
A new approach for phase stabilization of ammonium nitrate. 
Thermochim. Acta 667, 148–152. DOI: 10.1016/j.tca.2018.07.018.

8. Dana, A.G., Shter, G.E. & Grader, G.S. (2014). Thermal 
analysis of aqueous urea ammonium nitrate alternative fuel. 
RSC Adv. 4, 1–14. DOI: 10.1039/C4RA04381B.

9. Keskar, M., Vittal Rao, T.V. & Sali, S.K. (2010). Solid state 
reactions of UO2, ThO2 and (U,Th)O2 with ammonium nitrate. 
Thermochim. Acta 510, 68–74. DOI: 10.1016/j.tca.2010.06.024.

10. Kohga, M. & Togo, S. (2018). Infl uence of iron oxide 
on thermal decomposition behavior and burning characteristics 
of ammonium nitrate/ammonium perchlorate-based composite 
propellants. Combust. Flame. 192, 10–24. DOI: 10.1016/j.com-
bustfl ame.2018.01.040.

11.  Oxley, J.C., Smith, J. L., Rogers, E. & Yu, M. (2002). Am-
monium nitrate: thermal stability and explosivity modifi ers. Ther-
mochim. Acta 384, 23–45. DOI: 10.1016/S00406031(01)00775-4.

12. Yang, M., Chen, X., Wang, Y., Yuan, B., Niu, Y., Zhang, 
Y., Liao, R. & Zhang, Z. (2017). Comparative evaluation of 
thermal decomposition behavior and thermal stability of powde-
red ammonium nitrate under different atmosphere conditions. J. 
Hazard. Mater. 337, 10–19. DOI: 10.1016/j.jhazmat.2017.04.063.

Figure 14. MS signals for gaseous products created during thermal 
analysis of the 4:1 AN:magnesite sample

Figure 13. DTA and TG results for AN:magnesite samples

CONCLUSIONS

All tested magnesium-containing additives visibly 
affected the thermal stability of ammonium nitrate. 
Magnesium chloride hexahydrate showed undesirable 
properties of accelerating and intensifying the exother-
mic decomposition of ammonium nitrate. Magnesium 
sulphate, magnesium sulphate heptahydrate and ma-
gnesium nitrate hexahydrate signifi cantly inhibited the 



8 Pol. J. Chem. Tech., Vol. 22, No. 2, 2020

13.  Yang, M., Chen, X., Yuan, B., Wang, Y., Rangwala, 
A.S., Cao, H., Niu, Y., Zhang, Y., Fan, A. & Yin, S. (2018). 
Inhibition effect of ammonium dihydrogen phosphate on the 
thermal decomposition characteristics and thermal sensitivity 
of ammonium nitrate. J. Anal. Appl. Pyrol. 134, 195–201. 
DOI: 10.1016/j.jaap.2018.06.008.

14. Izato, Y. & Miyake, A. (2015). Thermal decomposition 
mechanism of ammonium nitrate and potassium chloride mi-
xtures. J. Therm. Anal. Calorim. 121, 287–294. DOI: 10.1007/
s10973-015-4739-1.

15. Gunawan, R. & Zhang, D. (2009). Thermal stability and 
kinetics of decomposition of ammonium nitrate in the presen-
ce of pyrite. J. Hazard. Mater. 165, 751–758. DOI: 10.1016/j.
jhazmat.2008.10.054.

16. Han, Z., Sachdeva, S., Papadaki, M.I. & Sam Mannan, M. 
(2015). Ammonium nitrate thermal decomposition with additives. 
J. Loss Prevent. Proc. 35, 307–315. DOI: 10.1016/j.jlp.2014.10.011.

17. Han, Z., Sachdeva, S., Papadaki, M.I. & Sam Mannan, 
M. (2016). Effects of inhibitor and promoter mixtures on 
ammonium nitrate fertilizer explosion hazards. Thermochim. 
Acta 624, 69–75. DOI: 10.1016/j.tca.2015.12.005.

18. Sinditskii, V.P., Egorshev, V.Y., Levshenkov, A.I. & Seru-
shkin, V.V. (2005). Ammonium nitrate: combustion mechanism 
and the role of additives. Propell. Explos. Pyrot. 30(4), 269–280. 
DOI: 10.1002/prep.200500017.

19. Tan, L., Xia, L., Wu, Q., Xu, S. & Liu, D. (2015). Effect 
of urea on detonation characteristics and thermal stability of 
ammonium nitrate. J. Loss Prevent. Proc. 38, 169–175. DOI: 
10.1016/j.jlp.2015.09.012.

20. Madany, G.H. & Burnet, G. (1968). Inhibition of the 
thermal decomposition of ammonium nitrate. J. Agr. Food 
Chem. 16(1), 136–141.

21. Klimova, I., Kaljuvee, T., Turn, L., Bender, V., Trikkel, A. 
& Kuusik, R. (2011). Interactions of ammonium nitrate with 
different additives. J. Therm. Anal. Calorim. 105, 13–26. DOI: 
0.1007/s10973-011-1514-9.

22. Kaljuvee, T., Edro, E. & Kuusik, R. (2008). Infl uence 
of lime-containing additives on the thermal behaviour of am-
monium nitrate. J. Therm. Anal. Calorim. 92, 215–21. DOI: 
10.1007/s10973-007-8769-1.

23.  Popławski, D., Hoffmann, J., Hoffmann, K., Effect 
of carbonate minerals on the thermal stability of fertilisers 
containing ammonium nitrate. J. Therm. Anal. Calorim. 124, 
1561–1574. DOI: 10.1007/s10973-015-5229-1.

24. Pittman, W., Han, Z., Harding, B., Tosas, C., Jiang, J., 
Pineda, A. & Sam Mannan, M. (2014). Lessons to be learned 
from an analysis of ammonium nitrate disasters in the last 
100 years. J. Hazard. Mater. 280, 472–477. DOI: 10.1016/j.
hazmat.2014.08.037.

25.  Cao, H., Jiang, L., Duan, Q., Zhang, D., Chen, H. 
& Sun, J. (2019). An experimental and theoretical study of 
optimized selection and model reconstruction for ammonium 
nitrate pyrolysis. J. Hazard. Mater. 364, 539–547. DOI: 10.1016/j.
jhazmat.2018.10.048.

26. Yang, M., Chen, X., Wang, Y., Yuan, B., Niu, Y., Zhang, 
Y., Liao, R. & Zhang, Z. (2017). Comparative evaluation of 
thermal decomposition behavior and thermal stability of powde-
red ammonium nitrate under different atmosphere conditions. J. 
Hazard. Mater. 337, 10–19. DOI: 10.1016/j.jhazmat.2017.04.063.

27.  Skarlis, S.A., Nicolle, A., Berthout, D., Dujardin, C. & 
Granger, P. (2014). Combined experimental and kinetic mode-
ling approaches of ammonium nitrate thermal decomposition. 
Thermochim. Acta. 584, 58–66. DOI: 10.1016/j.tca.2014.04.004.

28. Izato, Y., Shiota, K. & Miyake, A. (2019). Condensed-
-phase pyrolysis mechanism of ammonium nitrate based on 
detailed kinetic model. J. Anal. Appl. Pyrol. DOI: 10.1016/j.
jaap.2019.104671.

29. Kaniewski, M., Hoffmann, K. & Hoffmann, J. (2019). Infl u-
ence of selected potassium salts on thermal stability of ammonium 
nitrate. Thermochim. Acta. 678. DOI: 10.1016/j.tca.2019.178313.


