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Abstract
The influence of cobalt, copper, iron(III), manganese and zinc nitrate salts on phase transitions and thermal stability of 
ammonium nitrate (AN) has been studied and discussed. Differential thermal analysis/differential scanning calorimetry 
coupled with thermogravimetry and mass spectrometry were used to evaluate the stability of analyzed systems. Each nitrate 
salt was appropriately mixed with ammonium nitrate to create samples with AN:salt mass ratios of 4:1, 9:1 and 49:1. It was 
concluded that the addition of every studied nitrate influenced phase transitions of AN. Most analyzed salts decreased the 
stability of AN by accelerating its exothermic decomposition process. Iron and cobalt nitrates were defined as the most haz-
ardous additives, resulting in a creation of a highly destabilized mixture. Copper and manganese nitrates were also defined 
as catalysts of the AN decomposition process, lowering the initial decomposition temperature and increasing the rate of the 
observed process. Zinc nitrate hexahydrate was the only salt considered to be relatively neutral in such systems, especially 
in small amounts. The study allowed to define the influence of selected metal nitrate salts on the thermal stability of AN 
under conditions that are considered as potentially unsafe for such systems.

Keywords  Ammonium nitrate · Thermal analysis · Nitrate salts · Exothermic decomposition · Phase transitions

Introduction

Ammonium nitrate (AN) is a substance of high importance 
in the mineral fertilizer industry. Due to its high nitrogen 
content available to plants in two forms (ammonium—
NH4

+ and nitrate—NO3
−), excellent solubility in water and 

a simple manufacturing process, AN is commonly used 
as an inorganic fertilizer [1–3]. However, this substance 
has a tendency to undergo a rapid exothermic decomposi-
tion that may result in a detonation when heated or upon 
impact. Ammonium nitrate has strong oxidizing properties 
and decomposes almost exclusively into gaseous products, 
making it a valid and innovative chloride-free propellant and 
an explosive agent used in mining [4–7]. Furthermore, its 
strong hygroscopicity causes excessive caking of fertilizer 
granules during storage and transportation [8].

AN is used as the main ingredient in CAN, UAN and 
NPK fertilizers [9]. There is an evident tendency for mineral 
fertilizer manufacturers to include micronutrient-enriched 
fertilizers in their product portfolio. Numerous research-
ers have argued that even small amounts of micronutrients, 
such as boron, copper, iron, manganese and zinc, have a 
significant impact on proper and healthy plant growth. They 
affect crop quality and increase total yield. In addition, an 
optimal concentration of selected micronutrients can pro-
tect the plant from various diseases, such as chlorosis. Even 
other metals, such as cobalt, chromium or selenium, can be 
considered beneficial if supplied to plants in an appropriate 
amount [10–13].

Ammonium nitrate has several known crystal structures 
that are dependent on temperature, pressure and other vari-
ous factors, e.g., moisture content. Six crystalline phases 
have been defined to exist under standard pressure condi-
tions. Table 1 contains known temperature ranges of five 
ammonium nitrate phases with a defined structure [14–16].

The uncontrolled decomposition of ammonium nitrate 
is considered as an extremely hazardous process. Since 
the invention of the Haber–Bosch process of ammonia 
synthesis, there have been reports of numerous disasters 
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resulting from explosions of systems containing ammo-
nium nitrate. Circumstances of these accidents are remem-
bered in the history of chemistry and humanity as particu-
larly tragic events because of the number of victims and 
value of property damage caused by the self-accelerating 
explosive decomposition of ammonium nitrate. The most 
well-known incidents include explosions that occurred on 
following dates:

•	 On September 21, 1921, in Oppau, Germany—a mix-
ture of ammonium nitrate and ammonium sulfate 
exploded after small charges of dynamite were used to 
loosen the caked fertilizer mass, resulting in 561 killed 
and 1952 injured people,

•	 On April 16, 1947, in Texas City, USA—a cargo ship, 
containing ammonium nitrate, caught fire which was 
tried to be extinguished by filling cargo rooms with 
large amounts of steam, resulting in explosions of two 
ships and causing at least 581 fatalities,

•	 On December 13, 1994, in Port Neal, USA—a massive 
explosion occurred at an ammonium nitrate plant due 
to “a direct result of unsafe operating procedures and 
conditions”, causing 4 deaths and injuring 18 people,

•	 On September 21, 2001, in Toulouse, France—an 
explosion occurred in a nitrogen fertilizer factory due 
to a chloride contamination, resulting in 30 killed and 
2242 injured people,

•	 On April 17, 2013, in West, USA—an ammonium 
nitrate explosion occurred on site of the fertilizer com-
pany, which was caused by a fire of unknown origin, 15 
fatalities and over 200 injured were reported,

•	 On August 12, 2015, in Tianjin, China—the suspected 
cause of the fire was the autocatalytic decomposition of 
nitrocellulose that resulted in the explosion of ammo-
nium nitrate that was stored nearby, killing 173 and 
injuring almost 800 people,

•	 On August 4, 2020, in Beirut, Lebanon—a catastrophic 
explosion occurred in a warehouse located near the 
residential district, as a large mass of AN was stored 
and neglected for years before the incident happened, 
resulting in 204 fatalities and over 7000 injured people 
[17–22].

Despite numerous studies and expert opinions, accidents 
of uncontrolled, self-accelerated explosive decomposition of 
ammonium nitrate have still been observed in recent years, 
such as disasters that occurred in Tianjin or Beirut. Due to 
the fact that a universal decomposition inhibitor of AN has 
not yet been discovered, investigations of the thermal stabil-
ity of ammonium nitrate systems with various additives are 
still being considered as necessary [23, 24].

As a result of the potential application of AN in mineral 
fertilizers, the safety during production, transportation and 
storage processes is a significant topic. Studies on the ther-
mal stability of ammonium nitrate under various conditions 
have been conducted by many researchers. Currently, there 
are several considered decomposition mechanisms described 
in the literature; however, all of them are hypothetical and 
exact reaction pathways have yet to be defined. Establishing 
a consistent description of ammonium nitrate decomposition 
has been extremely difficult because of many factors that 
influence the process, such as temperature, pressure, heating 
rate or the presence of impurities in the system. Presently, it 
is considered that the first stage of the AN decomposition is 
an endothermic dissociation to ammonia and nitric acid that 
occurs above 169 °C (reaction 1).

The exothermic effect of the decomposition of AN is 
associated with the occurrence of secondary reactions of 
a parallel and subsequent type caused by products of the 
endothermic dissociation. Above 290 °C is believed to pro-
ceed according to a set of irreversible exothermic reactions 
that are presented below (reactions 2–6). Depending on the 
surface-to-volume ratio, the decomposition may be domi-
nated by the endothermic evaporation [8, 25–28].

The effect of various chemical compounds on the ther-
mal decomposition of AN has been studied and presented 
in many scientific papers. A group of substances that 
increase the intensity of the exothermic decomposition 
includes chlorides, most of inorganic acids and organic 
compounds, metal-containing compounds and many more. 
Chlorides have a significant impact on the thermal stability 

(1)NH4NO3 ⇌ HNO3 + NH3

[

2180 J ⋅ g−1
]

(2)NH4NO3 → N2O + 2H2O
[

− 452 J ⋅ g−1
]

(3)NH4NO3 → 3∕4N2 + 1∕2NO2 + 2H2O
[

− 1322 J ⋅ g−1
]

(4)NH4NO3 → N2 + 2H2O + 1∕2O2

[

− 1481 J ⋅ g−1
]

(5)
8NH4NO3 → 5N2 + 4NO + 2NO2 + 16H2O

[

− 841 J ⋅ g−1
]

(6)NH4NO3 → 1∕2N2 + NO + 2H2O
[

− 360 J ⋅ g−1
]

Table 1   Crystalline phases of ammonium nitrate

Crystalline phase Temperature range/°C Crystal system

I 169.5↔125.2 Cubic
II 125.2↔84.2 Tetragonal
III 84.2↔32.3 Orthorhombic
IV 32.3↔− 18 Orthorhombic
V − 18↔− 103 Orthorhombic
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of ammonium nitrate, because even their trace amount can 
reduce the temperature of its decomposition by up to 70 °C 
and increase its flammability and explosiveness, intensi-
fying the exothermic effect obtained during decomposi-
tion [29–35]. The previously studied influence of selected 
metal-containing additives is presented in the discussion 
part of this study, to allow for an easy comparison between 
literature and obtained results.

The current knowledge suggests that most carbonates, 
sulfates, phosphates and potassium salts can increase the 
thermal stability of AN and partially inhibit the decompo-
sition process [1, 16, 36–39]. There are many other poten-
tial additives with a positive effect on phase transitions 
that, despite their advantages, cannot be used because they 
destabilize the product by lowering the start temperature 
of the decomposition or increasing the susceptibility to 
transfer the detonation. These are mainly oxides, sulfides 
or sulfates of aluminum, chromium, copper, iron and 
nickel [40].

Because ammonium nitrate is also commonly consid-
ered as a valid component of studied propellant and ener-
getic systems, numerous studies regarding the enhanced 
properties of multicomponent systems containing AN have 
been performed. Co-crystallization technology has been 
considered promising in recent years, especially since it is 
possible to include additional catalysts to better optimize 
desired properties of such systems [4, 7, 41–45].

The aim of this study was to analyze the effect of 
selected micronutrients (cobalt, copper, iron, manganese 
and zinc) as nitrate salts on phase transformations and the 
decomposition process of AN under limited mass transfer 
conditions that are supposed to simulate hazardous condi-
tions of production and storage of large masses of ferti-
lizer. Until now, only limited, general information regard-
ing the influence of selected metal sources on the thermal 
stability of AN has been presented by multiple research 
groups. Majority of performed studies define the inhibiting 
or catalytic effect of these additives on the endothermic 
decomposition of ammonium nitrate. Investigations under 
conditions of limited mass exchange allow to see the prac-
tical influence of a given micronutrient on the thermal 
stability of ammonium nitrate. During its decomposition, 
the generated gas phase plays a key role in any reactions 
that occur in studied systems. Using an open system makes 
it impossible to observe the interaction of the produced gas 
phase with the micronutrient compound contained in the 
system. Currently, products containing ammonium nitrate 
and micronutrient additives are available on the fertilizer 
market, although studies on thermal stability and process 
safety are not available in the literature. This work pro-
vides a basis for further research on the safety of using AN 
and its mixtures with other micronutrient sources used in 
agriculture.

Experimental

Materials

In the study, fertilizer-grade ammonium nitrate was 
used. AN was obtained directly after the neutralization 
step and delivered by one of the domestic nitrogen ferti-
lizer producers. Nitrate salts, i.e., cobalt nitrate hexahy-
drate (CHEMPUR, purity ≥ 99.0 mass%), copper nitrate 
hemi(pentahydrate) (Honeywell Fluka, purity ≥ 98.0 
mass%), iron(III) nitrate nonahydrate (Sigma-Aldrich, 
purity ≥ 98.0 mass%), manganese nitrate hydrate (Aldrich 
Chemistry, purity ≥ 98.0 mass%) and zinc nitrate hexa-
hydrate (Sigma-Aldrich, purity ≥ 99.0 mass%) were used 
without further purification.

An agate mortar and pestle were used for the prepa-
ration of each test sample. Adequate amounts of each 
substance, necessary to acquire a desired mass ratio in a 
sample (AN:nitrate salt equal to 4:1, 9:1 and 49:1), were 
ground together until the obtained mixture was considered 
homogenic. Subsequently, a sample containing approxi-
mately 20.0  mg of AN was weighted and placed in a 
0.3 cm3 alumina crucible and closed with a pierced lid for 
DTA-TG measurements. Pure substances were also stud-
ied with the use of DSC-TG and masses of approximately 
10.0 mg were chosen for the experiment with a 0.085 cm3 
alumina crucible without a lid.

Methodology

Measurements were performed with the use of differen-
tial thermal analysis or differential scanning calorimetry 
coupled with thermogravimetry and mass spectrometry 
(DTA/DSC–TG–MS). A thermal analyzer STA 449 F3 
with a thermobalance and mass spectrometer QMS 403 
C, Netzsch, were used.

The choice of the correct methodology was essential 
to properly define the influence of selected nitrate salts 
on the thermal stability of ammonium nitrate. As proven 
by multiple research groups, the decomposition of AN is 
strongly influenced by heat and mass transfer conditions, 
the heating rate, atmosphere of the measurement and mass 
of the sample [9, 32, 36]. Synthetic air has been chosen 
as a purge gas because it is the most common atmosphere 
used in AN storage. Whenever the thermal stability of AN-
based systems has to be examined, it is vital to simulate 
exothermic reactions that occur during the decomposition 
of AN. This is a very significant detail, as these processes 
are the main cause of multiple disasters that have occurred 
over past years. It has been underlined in a previous study 
[46] that the high value of the surface-to-volume ratio may 
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cause the dissociation process to dominate the decompo-
sition and an endothermic peak to be observed during a 
thermal analysis measurement. It should always be taken 
under consideration, unless the precise objective of the 
performed study is to define the influence of used additives 
on the dissociation reaction. It was decided that the use of 
DTA-TG and appropriate AN mass allowed to record the 
exothermic peak during the ammonium nitrate decomposi-
tion process. This may be defined as the most precise sim-
ulation of a typical decomposition that causes an explosion 
of large masses of ammonium nitrate that simultaneously 
allows to monitor gaseous products of the studied process.

The equipment was calibrated prior to the analysis of 
studied systems and the procedure was performed accord-
ing to the producer’s guidelines and consisted of appropri-
ate temperature programs set for indium, tin, bismuth, zinc, 
aluminum and gold. The heating rate was set to 5 °C min−1 
with a 30 cm3 min−1 total flow of the purge gas to simulate 
conditions of the planned program for ammonium nitrate 
measurements. Each thermal analysis was evaluated after-
ward, and correct temperature and sensitivity calibration 
files were created.

Samples were heated to 450 °C at 5 °C min−1 with a 
total purge gas flow equal to 30 cm3 min−1. Before each 
measurement, an empty crucible was heated to 600 °C to 
remove any remaining possible impurities and a correction 
to 500 °C was performed to compensate for thermal effects 
associated with properties of the crucible. Before each meas-
urement, the furnace chamber was evacuated three times 
and filled with synthetic air. Measurements were performed 
three times to validate the repeatability of obtained curves. 
Obtained results were analyzed with the use of 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: 15 (NH3), 18 
(H2O), 30 (NO, NO2), 44 (N2O) and 46 (NO2). DSC-TG and 
DTA-TG results for pure nitrate compounds were presented 
as separate figures.

Results and discussion

Ammonium nitrate

Whenever the thermal stability and safety of ammonium 
nitrate systems are studied with the use of thermal analysis, 
multiple varying methods are used during the assessment 
process. General trends tend to focus more on parameters 
such as the temperature of the start of the decomposition, 
temperature of the exotherm maximum, temperature range 
of the decomposition, kinetic parameters of the process and 
total heat generated during the decomposition [28, 35, 37, 
47]. In addition to thermal stability and reactivity, there are 

also so-called physical parameters that are considered in the 
safety estimation of production processes and transporta-
tion/storage of AN-based fertilizer products. These are the 
existence or temperature changes of phase transitions from 
the IV to III and II crystallographic phases, as they result in 
a significant volume change of the granulated product and 
lead to an increase in porosity and worsened durability of 
the fertilizer. All these parameters describing the decompo-
sition process are often the main focus during the research 
stage as they allow to create a relative guidance on the safe 
temperature limit that should not be exceeded during the 
manufacturing process and to evaluate the reaction rate for 
any safety protocols to be followed in case the temperature 
is exceeded. In this work, the temperature of the beginning 
of the decomposition process was defined as the temperature 
at which signals for produced gaseous products were first 
recorded and the rate of mass loss achieved the value of 1 
mass% of AN contained in the sample per minute.

In order to show distinctive differences between the 
endothermic and exothermic decomposition of AN, both 
DTA-TG and DSC-TG measurements are shown in Fig. 1a. 
Since the exothermic decomposition is the main focus of 
this study, only DTA-TG results were described in detail 
and included in Table 2 containing all parameters used for 
the thermal stability assessment of analyzed samples. Even 
though the exothermic decomposition process of ammonium 
nitrate has already been defined in previous work [46, 48], 
authors deemed it necessary to provide an extensive discus-
sion of obtained results to provide readers with all crucial 
information. As the thermal stability assessment is mainly 
comparative and the pure AN sample is used as a reference, 
DTA-TG and MS results obtained during the measurement 
of the pure AN sample were described below and presented 
in Fig. 1.

During the heating program, ammonium nitrate under-
went a sequence of endothermic phase transformations typi-
cal for the compound. Phase transitions IV→III and IV→II 
were recorded at approximately 52 °C. This atypical crystal-
lographic transformation is often observed when ammonium 
nitrate is very dry. The II→I crystallographic transformation 
was observed at around 125 °C and the sample began to melt 
slightly below 169 °C. The decomposition occurred in the 
range from 235 to 299 °C, resulting in a complete loss of 
the sample mass. The exotherm maximum was obtained at 
almost 285 °C. Because the pierced lid was used, a strong 
and sharp exothermic signal of the decomposition process 
was registered on the DTA curve. Mass spectrometry results 
confirmed the presence of gaseous products (H2O, NH3, NOx 
and N2O) during the whole process. The comparison with 
the mostly endothermic decomposition, registered during 
the DSC-TG measurement of the pure AN sample, showed 
that the exothermic process began at a higher temperature 
and was characterized as more rapid than the endothermic 
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dissociation of ammonium nitrate. Obtained results clearly 
indicate that the DTA-TG method was the better method to 
use in order to properly assess the thermal stability of AN 
containing systems in terms of risk and hazard estimation.

Cobalt nitrate hexahydrate systems

DSC-TG and DTA-TG measurements of pure cobalt nitrate 
hexahydrate are shown in Fig. 2a. It began melting around 
47 and 53 °C in the open and semi-closed system respec-
tively, with dehydration happening from the beginning of 
the analysis up to almost 200 °C for the closed system and 
175 °C in the case of an open crucible. The dehydration 
processes showed visible steps for a sample without a lid 
that could limit the mass transfer conditions and a single 
step for a semi-closed system, indicating that a limiting fac-
tor was the rate of H2O leaving the crucible. A two-step 
decomposition began after the dehydration process for the 
sample undergoing DTA-TG analysis, while a three-step 
decomposition was visible for the sample in the open cruci-
ble. The first step was related to the generation of H2O, NO2 
and small amounts of N2O, while the second step, start-
ing at around 235 °C, was characterized by the creation of 
various nitrogen oxides. Decomposition temperatures of the 
sample in the open crucible were significantly lower, as the 
last stage of the process began around 219 °C. Obtained 
results are similar to or slightly more detailed than findings 
reported in previous studies of the thermal decomposition 
of cobalt nitrate, and the remaining black residue could only 
be defined as Co3O4 [49–51].

The influence of cobalt compounds, such as CoZnO and 
CoFe2O4, was previously studied by other research groups. 
Both studies defined the influence of the cobalt compound 
on the thermal decomposition of AN as catalytic; however, 

the oxide catalyzed the endothermic decomposition process 
and, in the ferrite study, the obtained exothermic signals 
were peculiar at best. These studies also used compounds 
that contained other metals as well, so the individual influ-
ence of cobalt could not have been defined. Nonetheless, 
cobalt compounds used in both studies were the strongest 
catalysts among other analyzed metal-containing compounds 
[44, 52]. A similar effect has been reported by Skordilis and 
Pomonis [53], however, the system containing cobalt was 
not the least stable. All discussed studies have made cobalt 
containing compounds to be generally regarded as highly 
destabilizing and hazardous in mixtures with ammonium 
nitrate.

Thermal analyses of studied mixtures are presented in 
Fig. 2b and c. The addition of cobalt salt removed the pres-
ence of AN phase transitions in the system, probably due to 
the creation of double salts or complexes, which seems to 
be quite typical for systems containing ammonium nitrate 
with other nitrate compounds. Even endothermic signals for 
the melting of both nitrates are barely or not visible at all 
for the mixture containing 20 mass% of the used additive. 
The exothermic decomposition of the 4:1 sample had a very 
rapid and sudden progression and the thermal effect could 
be defined with a sharp exotherm with a maximum at around 
285 °C. Gases generated during the observed process con-
sisted of H2O, N2O and NOx. Results obtained during the 
MS analysis of the 4:1 sample are presented in Fig. 2d. The 
decomposition process could not be divided into steps, as the 
steep mass loss on the TG curve occurred in a narrow tem-
perature range of about 48 °C from the beginning to the end 
of the process, what was the narrowest temperature range of 
the decomposition process of any AN system studied in this 
work. Although the initial temperature of the beginning of 
the decomposition remained relatively typical for AN-based 
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systems, the exothermic process quickly accelerated and 
could be defined as being more volatile than that for pure 
ammonium nitrate. Small amounts of cobalt nitrate hexa-
hydrate in mixtures with AN caused the additional endo-
thermic effect to appear at around 117 °C and the decrease 
in the heat of the melting process. For lower amounts of 
cobalt nitrate hexahydrate addition to AN (9:1 and 49:1), 
it was possible to monitor two steps of the decomposition 
process that are visible on the DTA curve. The second step 
did not result in the generation of the N2O gas product. The 
lower the amount of added cobalt nitrate hexahydrate in the 
heated system, the higher the temperature of the second step 
of the catalyzed decomposition, and the smaller the effect of 
the additive on the shape of obtained DTA signal. The most 
obvious conclusion drawn from studied systems’ decomposi-
tion processes is that the addition of cobalt salt to pure AN 
worsens the thermal stability of the obtained mixture, result-
ing in systems that may be considered as more dangerous 
and unstable than typical ammonium nitrate products. Both 

the high-temperature production process and storage of such 
products containing cobalt would require additional safety 
protocols, as the exothermic decomposition of analyzed mix-
tures is extremely rapid and may result in hazardous explo-
sions that are highly difficult to control.

Copper nitrate hemi(pentahydrate) systems

Pure copper nitrate hemi(pentahydrate) underwent dehy-
dration with simultaneous melting at around 115 °C. For 
an open system, the decomposition process started at the 
temperature of the melting, while in a semi-closed system 
it was defined that above 160 °C the decomposition began. 
It could be divided into 3 main steps and the final product 
was CuO. The literature suggests that nitrate and hydroxide 
double salts can be created during the observed process, as 
well as copper hydroxide nitrate (Cu2(OH)3(NO3). H2O, N2O 
and NOx were main gaseous products of the dehydration 
and consecutive decomposition process. Obtained results 
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Fig. 2   a DTA-TG and DSC-TG results for pure cobalt nitrate hexahydrate samples, b DTA and c TG results for AN:cobalt nitrate hexahydrate 
samples, d MS signals for gaseous products created during thermal analysis of the 4:1 AN:cobalt nitrate hexahydrate sample



5316	 M. Kaniewski et al.

1 3

are shown in Fig. 3a. Similarly to cobalt nitrate, the thermal 
decomposition of pure copper nitrate hemi(pentahydrate) 
occurred in accordance with previously reported studies for 
pure copper nitrate salts [50, 51, 54, 55].

Likewise previously described cobalt compounds, CuZnO 
and CuFe2O4 were also analyzed in systems containing 
ammonium nitrate and defined as strong catalysts of the 
decomposition process. Among Co, Cu, Mg and Zn ferri-
tes, the copper-containing material was second only to the 
cobalt compound [42, 43]. Other research groups analyzed 
the influence of CuO, Cu(NO3)2 and Cu(NO3)2·3Cu(OH)2 
on the thermal stability of ammonium nitrate, defining all 
substances as catalysts of the decomposition process. One of 
suggested pathways of the catalyzed decomposition includes 
a formation of diamine copper nitrate complex [53, 56–58].

Ammonium nitrate and copper nitrate hemi(pentahydrate) 
mixtures were analyzed in mass ratios of 4:1, 9:1 and 49:1. 
Obtained results allowed to observe that the more copper 

nitrate in the system, the less visible any phase transitions 
during heating of the sample, including melting of both com-
ponents. The phenomenon was similar to the one described 
during the analysis of cobalt mixtures. The possible creation 
of [Cu(NH3)2](NO3)2 might have been the cause; however, 
previous studies only confirmed the creation of the com-
plex at elevated temperatures. This might indicate either the 
presence of a double salt or a lower creation temperature of 
beforementioned diamine copper nitrate. The mass loss at 
lower temperatures was caused by the evacuation of water 
from the system and no visible decomposition of copper 
nitrate began above 160 °C, which indicated that all the addi-
tive had already reacted into a different compound, that was 
more thermally stable than pure Cu(NO3)2, in all tested sam-
ples. Lesser amounts of the additive in the mixture resulted 
in more visible AN phase transitions, but even with 2 mass% 
of copper nitrate in the system, the melting started at lower 
temperature of around 164 °C and had a smaller thermal 
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Fig. 3   a DTA-TG and DSC-TG results for pure copper nitrate 
hemi(pentahydrate) samples, b DTA and c TG results for AN:copper 
nitrate hemi(pentahydrate) samples, d MS signals for gaseous prod-

ucts created during thermal analysis of the 4:1 AN:copper nitrate 
hemi(pentahydrate) sample
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effect than the melting of the pure AN sample. The main 
exothermic effect of the decomposition process is strongly 
shifted toward higher temperatures. The decomposition of 
studied mixtures could be divided into two separate steps, 
the first being less intensive, and the second resulting in a 
sharp exothermic peak. During the less intensive process, 
the creation of H2O, N2O and NH3 predominated, while the 
creation of NO2 was the highest during the second, rapid 
step. The ratio between two exothermic signals depended 
on the amount of the copper compound in tested systems, 
as the 49:1 sample was characterized with the main step 
being the first, less rapid one, while 4:1 and 9:1 samples 
had a sharp exothermic effect during the second step of the 
decomposition process with its maximum at around 296 and 
300 °C, respectively. Even though the main heat generation 
was shifted toward higher temperatures in samples contain-
ing 20 and 10 mass% of copper nitrate, the decomposition 
began earlier than in the case of pure ammonium nitrate 
and studied mixtures were definitely less stable than AN 
without any additives. Obtained results allowed to determine 
that copper nitrate hemi(pentahydrate) substantially destabi-
lizes ammonium nitrate and should not be used in production 
processes that involve elevated temperatures. TG and DTA 
results are presented in Fig. 3b and c with MS signals for the 
4:1 sample shown in Fig. 3d.

Iron nitrate nonahydrate systems

Pure iron nitrate nonahydrate began to melt at around 43 °C 
in the open system and at 49 °C when the lid was used. 
During the DSC-TG analysis, it started to dehydrate at the 
beginning of the measurement until it reached 87 °C. The 
dehydration process for the semi-closed system was pro-
longed and lasted until around 127 °C. For both samples, the 
decomposition process began with the second simultaneous 
dehydration step, since the MS analysis showed the gen-
eration of H2O and NOx. The rapid decrease in mass ended 
after the system reached approximately 165 °C in both cases. 
Surprisingly, the decomposition process in open systems 
seemed to be significantly more complicated than in a semi-
closed system, indicating that the possible abundance of air 
from the purge gas strongly influenced the mechanism of the 
decomposition process. A slow mass decrease continued to 
300 °C. As previous studies have shown, the final residual 
product of the decomposition was Fe2O3 [50, 59, 60]. DTA-
TG and DSC-TG curves for iron nitrate nonahydrate samples 
are presented in Fig. 4a.

The influence of iron compounds on the thermal stability 
of ammonium nitrate has been investigated multiple times, 
as iron is both a micronutrient used in fertilizer production 
and a very common contaminant. Systems containing AN 
with iron(III) oxide, rust, pyrite, iron(III) nitrate or iron(III) 
sulfate were studied by various scientists and all substances 

were defined as catalysts of the AN thermal decomposition 
[34, 61–63].

DTA-TG and MS results obtained during measurements 
of systems containing iron are shown in Fig. 4a–c. DTA-TG 
measurements of ammonium nitrate-iron nitrate nonahydrate 
systems indicated the creation of double salts or complexes, 
as typical endothermic phase transitions of AN were signifi-
cantly less visible compared to pure AN and there was no 
heat effect connected with the melting of the 4:1 sample. 9:1 
and 49:1 samples were characterized with a lesser endother-
mic effect and a lower temperature of the melting process 
of around 161 and 168 °C, respectively. The dehydration 
process consisted of two steps, further proving that iron 
nitrate nonahydrate cannot be characterized with a single-
step dehydration. The decomposition of studied samples was 
connected with the highest variance of all systems defined in 
this work and it was difficult to obtain precisely repeatable 
results, even when multiple analyses of the systems were 
carried out. It could indicate that such processes consist of 
multiple competitive reactions that can be strongly influ-
enced by temperature gradients present in used DTA-TG 
crucibles. The general tendency of observed decomposition 
processes was that 9:1 samples had the lowest temperature of 
the end of mass loss, caused by the higher rate of reactions 
that occurred during the process. The decomposition process 
was the most complicated of all mixtures of AN with other 
nitrates. Analysis of TG and DTA curve shapes, together 
with obtained MS results, indicated that the decomposition 
process consisted of at least three steps. The first one initi-
ated the decomposition and lasted to approximately 238 °C, 
with N2O being generated even before the temperature of 
180 °C was achieved by the 4:1 sample. Afterward, two 
simultaneous reaction mechanisms were observed that lasted 
until the decomposition was complete. The second process 
did not generate NO2. Observed thermal decompositions of 
AN-iron nitrate mixtures generated higher amounts of heat 
and began at temperatures lower than those of their respec-
tive analogues described for copper and cobalt systems. 
The creation of nitrogen oxides was recorded at much lower 
temperatures (below 180 °C for N2O and below 210 °C for 
NOx), further indicating the catalytic effect of the added 
compound. The processes also occurred over a wider range 
of temperatures. As it stands, the increased variability of 
the catalyzed decomposition process has to be classified as 
a highly negative aspect of studied systems, hence the iron 
nitrate nonahydrate should be defined as a compound that 
strongly destabilizes AN.

Manganese nitrate hydrate systems

DSC-TG and DTA-TG analyses of pure manganese nitrate 
hydrate are presented in Fig. 5a. Both samples melted at 
temperatures lower than the starting temperature of the 
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heating program. The dehydration process lasted until 130 
and 150 °C for DSC and DTA measurements, respectively. 
On the basis of generated TG curves, the studied nitrate 
salt could probably be defined as a tetrahydrate. After that 
temperature was reached, the decomposition process began 
as the simultaneous dehydration continued. Observations 
of obtained TG curves allowed to conclude that the decom-
position process consisted of two stages of the competitive 
type, as mass transfer conditions in studied systems influ-
enced values of total mass decrease in studied samples and 
contribution of both steps. After a temperature of around 
183 °C for open and 195 °C for semi-closed systems was 
achieved, all the water was evaporated from the sample 
and the last stage of the non-accelerated decomposition 
began and lasted until about 245 °C. MnO2 was the main 
final product of the decomposition; however, there might 
have been small amounts of Mn2O3 present in the residue 
after the DTA-TG measurement, as the final mass loss of 
the sample was greater than during the DSC-TG analysis. 

Obtained results were mainly consistent with information 
given in the literature [50, 51].

The influence of manganese compounds on the thermal 
stability of AN has, surprisingly, been studied quite scarcely. 
Skordilis and Pomonis studied the system of manganese 
nitrate and ammonium nitrate obtained by first dissolving 
chosen salts in water and then drying the obtained gel for 
24 h at 105 °C [53]. It must have been slightly erroneous to 
assume a prefect ratio in relation to dissolved amounts of 
salts, as both substances might have decomposed slightly 
during the drying process. Nonetheless, obtained results 
indicated that higher amounts of manganese in systems with 
AN catalyzed the thermal decomposition of the obtained 
mixture.

It was assumed that double salts or complexes were cre-
ated after ammonium nitrate and manganese nitrate were 
mixed, as the disappearance of characteristic phase transi-
tions of AN and the decomposition of manganese nitrate 
hydrate were observed, as was the case for other previously 
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described systems. DTA-TG curves obtained during meas-
urements of 4:1, 9:1 and 49:1 samples are presented in 
Fig. 5b and c. The steady mass decrease, lasting up to about 
230 °C, was caused by the release of water contained in the 
manganese salt. Only two endothermic signals recorded for 
the 4:1 mixture were visible at temperatures corresponding 
to AN phase transitions, IV and III→II at around 51 °C and 
the II→I at above 125 °C; however, the second endothermic 
effect was significantly smaller than for the pure AN. The 
exothermic decomposition process of the 4:1 sample started 
at the highest temperature of all systems studied during this 
research, while the temperature range of the decomposition 
was narrower than most, second only to cobalt mixtures. The 
observed decomposition of the studied 4:1 mixture could 
be separated into two stages, the initial stage with the crea-
tion of H2O, N2O and NOx, with N2O being the dominant 
product, and the second, more rapid and intensive stage 
that resulted in a sharp exothermic peak on the DTA curve 
and the creation of large amounts of H2O and NOx, mostly 
containing NO2 and possibly NO. Lessening the amount of 

manganese nitrate in the system caused the shift in propor-
tions between two discussed decomposition stages—the 
initial one became more dominant as the mass ratio of AN 
to the additive increased. Recorded gaseous products that 
escaped the furnace during heating of the 4:1 sample are 
presented as the MS graph in Fig. 5d. It is apparent that 
the addition of manganese to ammonium nitrate caused the 
system to become more unstable and hazardous, hence the 
manganese nitrate hydrate should be considered as a catalyst 
of the AN decomposition process.

Zinc nitrate hexahydrate systems

The thermal analysis of pure zinc nitrate hexahydrate 
showed that the salt melted at around 35 °C in the semi-
closed system and at 29 °C in the open system. The relatively 
slow dehydration began immediately after the measurement 
began, and its dependence on the mass transfer conditions 
was similar to that of the rest of studied nitrates. The dehy-
dration process lasted until the system reached a temperature 
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Fig. 5   a DTA-TG and DSC-TG results for pure manganese nitrate hydrate samples, b DTA and c TG results for AN:manganese nitrate hydrate 
samples, d MS signals for gaseous products created during thermal analysis of the 4:1 AN:manganese nitrate hydrate sample
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of 260 °C and the simultaneous exothermic decomposition 
began, occurring until a temperature of around 340 °C was 
achieved. Obtained results are presented in Fig. 6a. The final 
product of the decomposition process was defined as ZnO by 
other research groups in their studies [50, 51, 64].

Zinc compounds in systems with AN have been studied to 
a limited extent in the form of ZnFe2O4, Zn(NO3)2, ZnSO4 
and ZnO, but only limited data are currently available and 
no extensive description was given in any previously written 
manuscript [52, 61].

Results of DTA-TG-MS measurements of systems con-
taining AN and the zinc compound are shown in Fig. 6b–d. 
As observed for samples containing 20 mass% of zinc nitrate 
hexahydrate, the formation of double salts or complexes was 
apparent from results obtained on the DTA curve. Only the 
first phase transition, which occurs slightly above 51 °C, was 
typical for pure AN and the endothermic effect of melting 
was not visible at all. That might have indicated that the 
mixture becomes reactive at temperatures above the temper-
ature of the first phase transition. Since the decomposition 

process of zinc nitrate begins above 260 °C, it is impossible 
to define whether the salt decomposes on its own or together 
with AN. The beginning of the exothermic decomposition 
process of the 4:1 sample was observed above 230 °C, what 
is a lower value than the one characteristic for pure AN, but 
the process itself was significantly less dynamic than the 
decomposition process of ammonium nitrate or its mixtures 
with copper, cobalt, iron or manganese nitrate in the same 
mass ratios. However, in the case of the zinc nitrate additive, 
N2O was generated at lower temperatures (from approxi-
mately 190 °C) than during a typical ammonium nitrate 
decomposition, indicating that the slow decrease in sample 
mass mainly resulted from the generation of this product. 
NOx were also produced above 200 °C at a slow rate. The 
observed decomposition was also composed of two sepa-
rate steps, with the second one beginning at around 305 °C 
and lasting up to the temperature of 318 °C. The second 
step resulted in the creation of higher amounts of NOx than 
in the first step, even though only 7 mass% of total mass 
decreased during this step. When the amount of zinc nitrate 
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hexahydrate in the system is lower, the second step of the 
decomposition process is more visibly separated from the 
first one. Even though the heat evolved during the decom-
position has been higher for 4:1 and 9:1 samples than in the 
case of pure AN and the beginning of the decomposition is 
noticeable at lower temperatures, the influence of zinc nitrate 
on the thermal stability of ammonium nitrate should not be 
defined as a negative one. Zinc nitrate hexahydrate creates 
the least hazardous mixtures with ammonium nitrate in com-
parison with other studied nitrate salts, by a large margin, in 
the case of linear heating conditions. Additional isothermal 
analyzes could be suggested to further assess the possible 
instability of the system at constant elevated temperatures 
of 180–200 °C.

Conclusions

The performed research has shown that most of studied 
d-metal nitrate salts negatively influence the thermal stabil-
ity of ammonium nitrate. Every additive, when mixed with 
AN in a significant enough amount, visibly affected the pres-
ence of all phase transitions that would be expected in sam-
ples containing ammonium nitrate. Substances that decom-
posed at lower temperatures also did not undergo standard 
decompositions in systems with AN, indicating the presence 
of more stable double salts or complexes.

Cobalt nitrate hexahydrate has been proven to be the rela-
tively strongest catalyst of the AN exothermic decomposi-
tion among all tested substances. It visibly increased the 
rate of the observed process and sharpened the shape of the 
generated DTA curve during the decomposition. Although 
the amount of generated heat was much lower than in the 
case of pure AN, the substance could not be considered safe 
for use in any high-temperature fertilizer production process. 
Manganese and copper compounds had an effect on AN sim-
ilar to that of the studied cobalt nitrate and were identified 
as potent catalysts of the thermal decomposition process. 
Even small amounts of both additives visibly destabilized 
analyzed systems.

Iron nitrate nonahydrate had different destabilizing effects 
on ammonium nitrate. Higher amounts of the additive sig-
nificantly lowered the temperature of the beginning of the 
decomposition process and increased the amount of gen-
erated heat. Observed decomposition processes of studied 
systems were more complex and consisted of multiple vis-
ible steps. Obtained mixtures also behaved less repeatably, 
indicating that such systems were more sensitive to the 
temperature gradient during measurements. Even though 
observed decomposition processes were not the most rapid 
of all studied systems, the analyzed iron compound should 
be considered to be the most hazardous and destabilizing in 
mixtures with AN among all researched nitrate salts.

Zinc nitrate hexahydrate mixed with ammonium nitrate 
was the most stable of all studied systems. It should not be 
considered as an inhibitor of the thermal decomposition of 
ammonium nitrate, though its influence in higher amounts 
could be defined as borderline destabilizing, while small 
amounts might be considered neutral in mixtures with AN.

Presented results only define the thermal stability of sam-
ples tested under described conditions and additional studies 
should be performed if the influence of studied substances 
is of interest in practical cases not focused on a fertilizer 
production. Additional measures might have to be taken 
if any multicomponent fertilizers containing ammonium 
nitrate and studied metal ions are to be produced. Research 
on the thermal stability of ammonium nitrate mixtures and 
risks related to their use and production should be broadly 
studied and an increase in popularity of this topic is neces-
sary for the safety of chemical engineers and people living 
near chemical plants and warehouses used for storage of 
such products.
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