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Abstract 

Hazards posed by chemical incompatibility, especially in a large-scale industrial 

environment, warrant a deeper understanding of the mechanisms of the reactions involved in 

these phenomena. In this study, reactions between ammonium nitrate and two sodium salts, 

namely sodium nitrate and sodium nitrite, have been studied by ab initio calculations (with 

Density Functional Theory, DFT) and experimental calorimetric methods (with Differential 

Scanning Calorimetry, DSC and Heat Flux Calorimetry, HFC). The agreement between 

theoretical and experimental results allows an understanding of the thermal decomposition 

behaviours of the two sodium salts when exposed to ammonium nitrate. Moreover, this study 

highlighted the critical role of the water that appears to promote the incompatibility between 

ammonium nitrate and sodium nitrite.  
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1. Introduction 

Million ton quantities of ammonium nitrate (AN) are used in the manufacture of inorganic 

fertilizers and industrial mining explosives1, and often specialty formulations are produced 

containing new chemicals which are more cost effective, or contain additives to enhance AN 

usefulness. Plants which manufacture AN-based products necessarily stock many other 

chemicals onsite and, to ensure safe operations, a priori knowledge of AN incompatibilities 

is necessary.  Indeed, AN is a strong oxidizer with known incompatibilities towards many 

substances, such as metals, sulfur, sulfides, halides, and organics.2-9 Such incompatibilities 

are known to reduce the runaway temperatures and sometimes increase the reaction 

enthalpies.10-12 This process can lead to tragic consequences if AN contamination by an on-

site chemical could happen during manufacture, as may have occurred in several accidents.13-

15 Indeed, such an incompatibility between AN and the sodium salt of dichloroisocyanurate 

(SDIC) has been demonstrated experimentally by calorimetric analysis16-17 and more recently 

by theoretical simulations.19-21  

 The focus of the present work is to study the incompatibility of AN towards two process 

chemicals, pure sodium nitrite (NaNO2) and sodium nitrate (NaNO3), using a combined 

experimental and theoretical approach. These chemicals are used in the manufacture of 

water-in-oil ammonium nitrate emulsion (ANE) explosives22 and large quantities of these 

sodium salts may be present in the industrial environment. In particular, NaNO2 represents a 

very inexpensive source to produce nitrogen gas bubbles via a nitrosation reaction when 

mixed into a solution of ammonium nitrate. In an ANE explosive, the presence of such 

evenly dispersed small voids enhances the ignitability and the ability of the explosive to 

undergo steady detonation. The real danger of powdered NaNO2 coming into contact with 

AN emulsion explosive at a manufacturing site has been reported anecdotally.23-25 Sodium 

nitrate is used as a complementary oxidizer which, in aqueous solution with ammonium 

nitrate, aids to reduce the process temperature required to emulsify the oxidizer solution. It 

also enhances the final properties of the ANE towards detonation performance.22 In addition, 

it is a very cheap commodity in some parts of the world, helping in reducing production 

costs. No industrial accident has been reported in the literature concerning a chemical 

incompatibility between AN and sodium nitrate. 

The thermal stability of energetic materials such as ANE is usually estimated by the external 

temperature required to induce an exothermic decomposition. From an experimental point of 

view, the thermal instability of a mixture of AN with additive(s) would be characterized by a 
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lower decomposition temperature, when tested using calorimetric methods and the same 

configuration as pure AN. Differential Scanning Calorimetry (DSC) and Heat Flux 

Calorimetry (HFC) using upwards from 1 to 100 milligram sample sizes are capable of 

indicating such thermal instabilities2,26 and were chosen as the experimental methods in the 

present work. But these experiments do not give details about the molecular reactions 

involved in the decomposition process. 

Recently, in an attempt to better understand reaction pathways leading to instabilities, 

theoretical methods have been developed.20,27-28 In particular, a complete Density Functional 

Theory (DFT) study performed on pure AN, pure SDIC and on the system of AN-SDIC 

identified all the structures of the intermediates and products involved in the decomposition 

reactions and clarified the incompatibility between these substances. It evidenced the 

catalytic role of water in promoting the decomposition of AN when in contact with SDIC 

through a significant decrease of the activation energy of the rate-determining step of the 

reaction mechanism. In a similar way, this work aims to clarify the potential incompatibility 

of AN with sodium salts NaNO2 and NaNO3 using a combined experimental and theoretical 

approach based on calorimetric analysis and the DFT approaches. Our previous detailed work 

on the chemical incompatibility between AN and SDIC20 suggested that through the analysis 

of the rate determining step, the reaction between ammonia and nitric acid in the presence of 

sodium salts already provides valuable information on the presence (or absence) of a 

chemical incompatibility. Following this indication, the present DFT work will be focused 

only on the evaluation of different chemical factors on the energetics of the rate-determining 

step of the reaction mechanism between AN and sodium salts in order to identify the 

presence of a chemical incompatibility.  

 

2. Materials and methods 

2.1. Experimental details  

Chemicals: 

AN (ACS reagent grade, 95% min. purity, Alfa Aesar) was dried overnight at 70°C in an 

explosion-proof oven to promote bulk water loss and further minimize dissociation of the salt 

to HNO3 and NH3. Immediately after drying, the free-flowing white crystals were stored with 

desiccant under a positive pressure of argon since AN is hygroscopic. All calorimetric tests 

were performed using the same batch of dried AN. Sodium nitrate (≥ 99% purity, Sigma 

Aldrich) was dried at 105°C and stored under argon before use. Sodium nitrite (> 99% purity, 
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J.T. Baker) was used as received. The loss of crystal-bound or otherwise surface-adsorbed 

water molecules using high temperatures was not attempted to avoid degradation of the pure 

sample. 

 

Calorimetry: 

A TA Instrument 2910 DSC with associated analysis software was used for the thermal study 

of AN, NaNO2, NaNO3 and binary mixtures thereof. This calorimeter works on the principle 

of supplying a linear heating rate to a furnace containing a reference and sample holder, each 

equipped with appropriate temperature sensors. The differential behaviour of the sample is 

recorded as the heat flow into and out of the holders, and provides enthalpy data regarding 

endothermic or exothermic events. A Setaram C80 Calvet heat flux calorimeter was used for 

larger scale thermal stability testing of AN+NaNO2. In this calorimeter the sample size is 

typically 100X larger than that used in DSC. A 3D arrangement of thermopiles surrounds the 

sample and allows very small temperature excursions to be detected when using a very slow 

ramp rate (i.e., 0.1 °C min-1). These quasi-adiabatic conditions with the larger sample size 

enable self-heating effects to be detected if a reaction is sufficiently exothermic. 

The DSC was calibrated for temperature and heat flow using standard methods.29-30 The 

samples were heated at 5 °C min-1 under an inert purge atmosphere of 50 mL min-1 of 

nitrogen gas, and encapsulated within hermetically sealed (cold welded) aluminum pans 

having an internal volume of approximately 30 microliters and pressure capability of 0.2 MPa 

(2 atm). This volume permitted approximately one to five milligrams of the pure salt or the 

mixture to be tested; however, pressure from decomposition gases sometimes ruptured the 

aluminum weld.  Since manipulation at milligram scale was required, the most reproducible 

method to obtain representative DSC thermograms involved directly adding the appropriate 

weight of components directly to the DSC pan. Only a few dried crystals of each salt were 

required so a 50/50 mass ratio was targeted for the mixtures, and final AN/salt mass ratios 

between 52/48 to 60/40 were attained. The samples were prepared dry under < 40% relative 

humidity conditions to minimize adsorbed moisture and, additionally, showed no drift when 

weighing on an ultra-microbalance capable of ±0.00001 mg resolution. When known 

amounts of water were required, a micro droplet of 18 MΩ distilled deionized water was first 

syringed into an empty pan and allowed to evaporate while on a microbalance until the 

appropriate weight was obtained, then the dried powders were quickly added and the pans 

were sealed. The AN/salt mixture was noted to be humid with mass % water between ~1-3% 
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and the individual crystals still free flowing. A mixture containing excess water was noted at 

~10 mass % water, in which case all the crystals were lightly agglomerated into a single 

mass. Mixtures were tested in at least duplicate runs. 

The heat flux calorimeter was factory calibrated for heat flow using the joule effect, and 

verified using metal standards for enthalpy and temperature.29-30 A quartz liner was used to 

contain a 150 mg sample of dried AN and NaNO2 powder in a 50/50 mass ratio. The quartz 

liner was loaded into a 10 mL stainless steel vessel equipped with a pressure transducer, 

flushed with dry air. Pressure, temperature and heat flow were recorded as the vessel was 

heated at 0.1°C min-1 from room temperature to 300°C.  

2.2. Computational details 

All the calculations were performed using the Gaussian 09 software package.31 Stationary 

point optimizations were performed using the M06-2X functional32 and 6-311+G(2d,2p) 

basis set.33-34 This level of theory has been proven to provide the most accurate energetics 

data, among a large series of functionals and basis sets, for the decomposition of pure 

ammonium nitrate.27 The nature of the stationary points was checked by vibrational analysis 

and minima (no imaginary frequency) and transition states (one imaginary frequency) were 

so identified. For transition-state structures (TS), when the inspection of the normal mode 

related to the imaginary frequency was not sufficient to confidently establish its connection 

with the initial and final stable species, Intrinsic Reaction Coordinate (IRC) calculations were 

performed.35 Total energies, enthalpies and Gibbs free energies were computed for all the 

identified intermediates and products at standard conditions (25°C, 1 atm). 

All radicals were calculated within a spin-unrestricted formalism and spin contamination, 

monitored by the expectation value of S2, was found to be negligible. Finally, the catalytic 

and/or solvation role of water is taken into account by the addition of an explicit water 

molecule and/or an implicit solvent model. In the last case, the integral equation formalism 

(IEF) extension of the polarizable continuum model (PCM)36 was also used.  

 

3. Results and discussion   

3.1. Calorimetry results 

Calorimetry test results of the pure salts and the effect of the addition of NaNO2 or NaNO3 to 

AN are presented in Figure 1. Strong melting endotherms of pure NaNO2 and NaNO3 were 

detected at 280°C and 308°C respectively, consistent with the supplier data.37 Pure AN 

showed the expected endotherms due to solid-solid phase transitions at 55°C, 125°C and 
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melting at 169°C, followed by exothermic decomposition starting from 220°C.38 In this 

particular sample, the uneven shape of the AN exotherm indicated that pressure due to the 

generation of gaseous decomposition products breached the aluminum pan cold weld.  

The mixtures showed varying thermal behaviours depending on the amount of water present.  

In the case of the AN+NaNO2 mixtures (Figure 1a), only the first solid-solid AN phase 

transition at 55°C is detected. This small transition is immediately followed by a significant 

exotherm in both the dry and wetted samples. Although this low temperature exotherm 

consumes most of the AN and sodium nitrite, residual unreacted salt may still be present. 

This is indicated by the appearance of a second (sharp) exotherm in the dry system, 

approaching the region where pure AN is shown to decompose. So, an incompatibility is 

highlighted between AN and NaNO2. 

In the case of AN+NaNO3 mixtures (Figure 1b), the first two solid-solid AN phase transitions 

at 55°C and 125°C were still detected separately in the dry and wetted samples since the 

amount of added water was not sufficient to dissolve AN. Close examination of the dried 

AN+NaNO3 sample showed an onset to decomposition starting at ~ 220°C likely followed by 

catastrophic rupture of the aluminum container (visible on the pan weld after the completed 

experiment). The addition of water to the mixture not only reduced the detectability of the 

AN endothermic transitions but also greatly diluted the AN decomposition enthalpy as 

indicated by the very weak and broad exotherm. Additional exotherms were not detected 

indicating no thermal incompatibility with NaNO3.  

Table 1 lists the enthalpies of decomposition for the first exotherm in both systems; 

AN+NaNO2 is significantly more energetic and less thermally stable than pure AN or 

AN+NaNO3. The onset temperature to decomposition is consistently low for AN+NaNO2, 

and of sufficient energy output, to warrant isothermal tests near room temperature. As such, 

the quasi-adiabatic calorimetry test (HFC) shown in Figure 1c is a slow ramp from room 

temperature and resulted in the largest enthalpy of all tests.  A decomposition reaction was 

recorded after five hours at which time the sample had only reached 54°C. These results 

strongly suggest that the presence of NaNO2 in a manufacturing environment, for example in 

the form of a layer of dust, would need to be safely isolated from coming into contact with 

solid AN. 

3.2. Theoretical results 

 

3.2.1.  Reminder of the decomposition of pure AN and of the mixture AN - SDIC 
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The decomposition mechanism of pure ammonium nitrate in the gas phase was studied in our 

first study concerning ammonium nitrate27 and the main reaction channels were identified. 

Briefly, the first step of the decomposition of AN (described by reaction 1) is a slightly 

exothermic dissociation of the molecule (∆G = 4.9 kcal mol-1) into ammonia and nitric acid.  

 

1) NH4NO3  HNO3 + NH3 

 

The nitric acid then undergoes a homolytic breaking of the N-O bond at higher energy (G = 

40.2 kcal mol-1), giving the formation of nitrogen dioxide and hydroxyl radicals (see reaction 

2).  

 

2) HNO3  ●NO2 + OH● 

 

This is the rate determining step of the decomposition of pure AN. Then, the hydroxyl radical 

reacts with the ammonia molecule forming the amidogen radical (NH2
●) and water, and 

starting from this step different radical couplings can occur between amidogen and nitrogen 

dioxide, producing all the products characterized experimentally (N2, H2O, O2, HNO).  

The incompatibility between AN and SDIC was analyzed in our second work20 and the 

identified mechanism involved the reaction between ammonia (formed by AN 

decomposition) and the sodium salt of dichloroisocyanuric acid. In this case, the rate 

determining step is a concerted transfer of the chlorine atom of SDIC to the nitrogen atom of 

ammonia and a hydrogen atom of NH3 to the carbon atom of the chlorate sodium salt. This 

step is high in energy in the gas phase (58.0 kcal mol-1) but a water molecule catalyzes the 

reaction, inducing a significant decrease of the energy barrier (down to 32.1 kcal mol-1), so 

that the reaction between AN and SDIC becomes competitive with the decomposition of the 

pure AN, according to reaction 3.  

 

3) SDIC + NH3 + H2O  SMIC + NH2Cl + H2O 

The pivotal role of water (even at trace levels) in the chemical incompatibility between the 

two substances, also indicated in DSC experiments published in earlier literature16,17, is due 

to its role as a bridge to allow a hydrogen transfer between NH3 and SDIC.  

 

3.2.2. AN-NaNO2 reaction 



 

8 

 

Decomposition of pure NaNO2 

According to Sutton and Addison39, NaNO2 may be considered as a stable substance since the 

decomposition takes place much above the melting point at high temperature (between 400°C 

and 600°C). Here, in the commonly accepted decomposition mechanism39, a metal nitrite 

decomposes to form nitrogen and the corresponding metal oxide.  

In agreement with published literature39-40, it was found that the decomposition does not 

occur at standard conditions because the reaction requires a Gibbs free energy (G) of 71.9 

kcal mol-1 to form sodium monoxide (NaO) and nitrogen monoxide (NO) according to 

reaction 4: 

 

4) NaNO2 → NaO + NO 

 

Reaction mechanism of the mixture AN-NaNO2 

Following the procedure defined to study the incompatibility between AN and SDIC20 once 

the decomposition of pure products is characterized, the attention is focused on the 

identification of the reaction mechanism of AN-NaNO2 mixture, with a particular attention to 

the rate determining step20: the direct reaction between the products of the first 

decomposition of AN (NH3 or HNO3) and the contaminant.  

Since AN decomposes into nitric acid and ammonia, passing through a weakly endothermic 

step (G = 4.9 kcal mol-1), the reaction of sodium nitrite with both species has been 

considered:   

 

5) NaNO2 + NH3 → NaH + NH2NO2 

6) NaNO2 + HNO3 → NaOH + 2NO2 

Our calculations suggest that reaction 5), leading to the formation of NaH and a nitramide 

molecule (NH2NO2), has a very high activation barrier (G = 101.0 kcal mol-1), whereas 

reaction 6), giving NaOH and two molecules of NO2, is characterized by a transition state 

(see Figure 2) with a relative Gibbs free energy of 44.1 kcal mol-1. The very high barrier of 

the first path makes it significantly less probable than the second, so that only the latter 

(reaction 6) will be further considered (see Table 2). Two major points should be retained 

from these results. The first one concerns the energy barrier which is higher than the 

decomposition of AN (49.0 vs 40.2 kcal/mol), thus ruling out an incompatibility between the 

two species as shown by experimental results (see Figure 1). The second relevant point 
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concerns the difference with respect to the AN-SDIC reaction. In the case of SDIC, the origin 

of the incompatibility is rationalized in terms of a reaction between ammonia and the 

contaminant, while in the case of sodium nitrite and ammonium nitrate, it is the nitric acid 

that plays a key role in the interaction with NaNO2. It should be also noted that the computed 

enthalpies for the transition state and the products are very close to each other (47.4 kcal/mol 

vs 47.7 kcal/mol) indicating a strong delocalization of the molecular configuration, stemming 

from the relevant contribution of the larger number of vibrational states to the enthalpy.  

i. Role of the water on AN-NaNO2 reaction 

Sodium nitrite and AN are two extremely hygroscopic salts and in the experimental protocol 

samples were not subjected to complete drying. But water could have a strong influence on 

decomposition mechanisms, as demonstrated for the AN-SDIC incompatibility20. Therefore, 

water was introduced in the theoretical model to simulate the experimental conditions and to 

better understand the reaction mechanism between sodium nitrite and nitric acid. At first, the 

effect of a water molecule on the transition state was considered (see Figure 2), as done for 

the AN-SDIC mixture20. As shown in Figure 3, the presence of a water molecule causes a 

decrease in the activation barrier for the reaction of 7.4 kcal mol-1 which makes the reaction 

between AN and sodium nitrite (G = 36.7 kcal mol-1) competitive in comparison to the 

decomposition of the pure AN (G = 40.2 kcal mol-1). This result, consistent with 

experimental data, evidenced the role of water on the incompatibility between the two 

substances. However, unlike the reaction between the AN and SDIC20, the water is not 

directly involved in the reaction but facilitates the reaction by promoting the formation of a 

complex network of non-covalent interactions between the atoms involved in the transition 

state.  

In order to have a clearer idea of the role of water, solvent bulk effects were also added using 

the PCM approach on both the AN-NaNO2 dimer, and the AN-NaNO2-H2O trimer. In both 

cases, an increase of the activation energy barrier (8.5 and 9.9 kcal mol-1, respectively) is 

observed (see Table S1). This increase is directly related to the stabilization of charge 

separated complexes, where the positive charge localized on the Na atom increases, while the 

negative charge on the NO2 group (located on the opposite side of the OH moiety, see Figure 

2) decreases (more negative). Indeed, using the polarizable continuum model, the geometry 

of the transition state is slightly different: the NaOH molecule tends to its ionic form (Na+ 

and OH-) and NO2 groups tend to NO2
- ion (Figure 2). In contrast, in the presence of an 
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explicit water molecule, this charge separation is less important and the tendency to form 

ionic species is actually less significant. Globally a direct relation between the increasing of 

the Na charge and the activation energy can be traced (see Figure 4). However, the clear 

discrepancy with respect to the experimental data indicate that, in this specific case, 

continuum solvent models (PCM) are not realistic and we believe that the simple system with 

an explicit water model is more representative. 

3.2.3. AN-NaNO3 reaction 

Decomposition of pure NaNO3 

After the study of sodium nitrite, interest was focused on sodium nitrate and its reaction 

mechanism with AN. Sodium nitrate is a crystalline compound, colourless, odourless which 

finds application in many fields, ranging from agriculture to explosives.41 It is used in the 

production of fertilizer for its low cost and its ability to increase the amount of nitrogen in the 

soil, but it is also used as a pesticide, as an antimicrobial agent in the food industry to ensure 

conservation, in the manufacture of fireworks and in the production of explosives42. 

Sodium nitrate has a melting point near 308°C. If heated to decomposition, it emits toxic 

gases (including nitrogen oxides), but the salt itself is non-detonable.43 Literature indicates 

that the decomposition of the sodium nitrate begins, slowly, at 600°C and accelerates from 

756°C.44 

According to experiments conducted by Freeman in 195644, the reaction is generally 

completed at 910°C and the weight loss curves obtained by thermogravimetry indicates the 

presence of only sodium oxide and nitrogen dioxide that excludes the occurrence of more 

than one reaction. However, data from another study performed by mass spectrometry45 

pointed out that the first step of the decomposition of the sodium nitrate mainly involves the 

formation of sodium nitrite and oxygen and that the decomposition of sodium nitrite into 

sodium oxide only takes place in a second step.  

Two different reactions, consistent with those proposed in literature, were taken into account. 

The first one (reaction 7) is a reaction that, starting from sodium nitrate, leads directly to the 

formation of sodium oxide and nitrogen dioxide (products experimentally identified by 

thermogravimetry) with a Gibbs free energy of 82.3 kcal mol-1:  

 

7) NaNO3 →NaO + NO2. 
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The second one (reaction 8) is a reaction which provides the decomposition of the sodium 

nitrate into sodium nitrite and oxygen (products experimentally identified by mass 

spectrometry) with a Gibbs free energy of 132.6 kcal mol-1:  

 

8) NaNO3 → NaNO2 + 1/2O2 

 

The G obtained for both reactions confirm what the literature and calorimetric results 

(Figure 1b) suggest, namely that sodium nitrate does not decompose at room temperature. 

Moreover, it can be observed that among the two reactions, the one leading directly to 

sodium oxide and nitrogen dioxide is favoured (in terms of energy) compared to the other 

one.  

 

Reaction mechanism of the mixture AN-NaNO3 

After the study of decomposition of pure sodium nitrate, a decomposition mechanism 

between the sodium salt and AN has been considered. As for the sodium nitrite study, the 

decomposition of the mixture has not been the subject of a complete study of the reaction 

mechanism: only the rate determining steps of the direct reaction between the two products 

(reactions: NH3 + NaNO3 and HNO3 + NaNO3) were analyzed in detail: 

9) NaNO3 + NH3 → NaOH + NH2NO2 

10) NaNO3 + HNO3 → NaOH + N2O5 

The first reaction (reaction 9)), leads to the formation of sodium hydroxide (NaOH) and 

nitramide (NH2NO2) with an activation Gibbs free-energy of 71.8 kcal mol-1. The second one, 

(reaction 10)), gives a sodium hydroxide and a dinitrogen pentoxide molecule (N2O5) with an 

activation Gibbs free energy of 50.7 kcal mol-1.  

As before, the reaction between nitric acid and sodium nitrate is favoured in comparison to 

the reaction between ammonia and sodium nitrate. For this reason, only the latter will be 

retained for the rest of the theoretical study, aiming to investigate the incompatibility 

experimentally observed (Figure 1b). 

Comparing the energies obtained for the decomposition of pure AN (G = 40.2 kcal mol-1) 

with the ones obtained for the reaction between AN and sodium nitrate (G = 50.7 kcal mol-

1), the study confirms the results shown by calorimetry (Figure 1b): no incompatibility exists 

between the two chemicals. In fact, the presence of the sodium nitrate does not cause a 

decrease in the activation energy barrier. 
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The geometry of the transition state of reaction 10) shown in Figure 5 presents a similarity 

with the transition state of the reaction between sodium nitrite and nitric acid (Figure 2). 

From a qualitative point of view, by visualization of the normal vibration mode, it is possible 

to see that in both cases the atoms involved are O-N-O, wherein the first oxygen comes from 

NaOH, nitrogen comes from NO2 and the second oxygen comes from NO2 or NO3 

(depending on the salt under study) and that the imaginary frequency of the two transition 

states has a similar value (TS_NaNO3 = 256i cm-1 and TS_NaNO2 = 202i cm-1).  

Considering the hygroscopic nature of AN and sodium nitrate and the catalytic effect that 

water exerts on the incompatibility reaction between AN and SDIC, and between AN and 

NaNO2, a study including water was also performed.  

   

ii. Role of the water on AN-NaNO3 reaction 

In a first step, an explicit water molecule has been introduced in the geometry of the 

transition state (TSNaNO3+HNO3), as shown in Figure 5. As in the case of sodium nitrite, water 

in the TSNaNO3+HNO3 does not intervene directly in the reaction, but forms a complex network 

of non-covalent interactions between atoms involved in the transition state. Although the 

weak interactions formed between atoms cause a decrease in the activation barrier of the 

reaction of 9 kcal mol-1, the energy associated with the barrier remains higher (G = 41.7 

kcal mol-1) compared to the decomposition energy of pure AN (G = 40.2 kcal mol-1). So, 

even in a wet environment, no incompatibility can be evidenced. 

The influence of using PCM on the AN-NaNO3 dimer and the AN-NaNO3-H2O trimer was 

also tested. Data obtained confirmed the trend already observed for sodium nitrite: in both 

cases, an increase of the activation energy of about 16 kcal mol-1 occurs (see Figure 6). As in 

the case of NaNO2, the behaviour of the energy towards the method used to model water can 

be explained by the charges formed on the atoms involved in the transition state. Indeed, 

PCM on AN-NaNO3 dimer and NaNO3-H2O trimer involves a charge separation (Table S2) 

that entails small geometric changes in the transition state as shown in Figure 5. Again a 

direct relation between an increasing Na charge and the activation energy can be traced (see 

Figure 4). 

Overall, similar to NaNO2, data obtained show that in the reaction between sodium nitrate 

and AN, only the explicit water molecule acts towards an energy barrier decrease. However, 

unlike the previous case, the stabilization provided by the explicit water molecule is 

insufficient to render the reaction between AN and NaNO3 competitive with the 
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decomposition of pure AN. Therefore, in accordance with experimental results, no 

incompatibility has been identified between AN and sodium nitrate, neither in the gas phase 

nor in the presence of water (or moisture).  

 

4. Conclusion 

Calorimetry is a useful screening tool for assessing materials in process which are 

incompatible with AN. Adjusting a parameter, such as humidity, to simulate the industrial 

environment allows better definition of the conditions which may promote an adverse 

chemical reaction. However, in part due to the hygroscopic nature of AN and also to avoid 

potential damaging effects on costly instrumentation, the degree of experimental control is 

limited. Instead, results of the theoretical study of the reactions between AN and sodium salts 

(based only on the rate-determining steps of the reactions) are in qualitative agreement with 

the calorimetric experiments performed. They confirm the relevance of molecular modeling 

in the comprehension (and prediction) of chemical incompatibility specific to AN, in 

complement with experimental analysis. Indeed, theoretical results suggested a different 

behaviour for the interaction of AN with NaNO2 and NaNO3 that could imply a different 

degree of compatibility for these two similar systems NaNO2/NaNO3. The important role of 

water in the understanding of AN thermal decomposition in contact with sodium nitrite was 

also confirmed by both experimental and theoretical approaches. Associated with our 

previous theoretical studies dedicated to AN thermal decomposition with contaminants, this 

work confirms the role that ab initio methods could play in the safety management of 

chemicals in industrial and laboratory contexts in general allowing a better understanding of 

the subjacent reaction mechanisms.       
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Table 1. Enthalpy of decomposition for the first exotherm detected by DSC and HFC in 

Figure 1  

 

 Decomposition Onset 

Temperature / °C 

Enthalpy / kJ g-1 (kcal mol-1)* 

 Dry Humid Excess 

water 

Dry Humid Excess 

water 

(DSC) AN 220 -- -- 0.47 (8.6) -- -- 

(DSC) AN+NaNO2 55 55 55 1.34 (23.8) 1.36 (21.8) 1.35 (21.7) 

(DSC) AN+NaNO3 218 185 182 0.08** (1.6) 0.25 (4.6) 0.35 (5.7) 

(HFC) AN+NaNO2  54   1.77 (29.6)   

 

* The conventional enthalpy (integrated area, kJ g-1) obtained using calorimeter analysis 

software, and conversion to kcal mol-1 calculated using total moles of all starting 

materials. 

**ΔH of partial exotherm before DSC pan rupture 
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Table 2. Relative energies (kcal mol-1) of the reactions between AN and sodium salts in gas 

phase 

 

  ΔE ΔH ΔG 

AN + NaNO2 reaction    

NH4NO3 0.0 0.0 0.0 

NH3+HNO3 15.3 14.0 4.9 

TSNaNO2+HNO3 50.0 47.4 49.0 

NaOH + 2NO2 49.5 47.7 45.6 

AN + NaNO3 reaction    

NH4NO3 0.0 0.0 0.0 

NH3 + HNO3 15.3 14.0 4.9 

TSNaNO3+HNO3 57.9 55.4 55.6 

NaOH + N2O5 40.8 38.8 45.8 
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Figure captions  

Figure 1. Thermograms of NaNO2, NaNO3 and their mixtures with ammonium nitrate. 

Figure 2. Geometry of the transition state of the reaction between sodium nitrite and 

ammonium nitrate in gas phase, with water molecule, with the PCM approach on AN-NaNO2 

dimer and with the PCM approach on AN-NaNO2-H2O trimer.      

Figure 3. Comparison of M06-2X/6-311+G(2d,2p) Gibbs energy profiles (kcalmol-1) for the 

reaction between AN and NaNO2 in gas phase (black), with one explicit water molecule 

(blue), with PCM (red) and with the discrete-continuum model (green) (PCM + one explicit 

water molecule). 

Figure 4. Relation between the sodium charge and the activation energy for the reaction AN 

+ NaNO2 and AN + NaNO3 with a water molecule. 

Figure 5. Geometry of the transition state of the reaction between sodium nitrate and 

ammonium nitrate in gas phase, with a water molecule, with the PCM approach on AN-

NaNO3 dimer and with the PCM approach on AN-NaNO3-H2O trimer.  

Figure 6. Comparison of M06-2X/6-311+G(2d,2p) Gibbs energy profiles (kcal/mol) for the 

reaction between AN and NaNO3 in gas phase (black), with one explicit water molecule 

(blue), with PCM (red) and with the discrete-continuum model (green) (PCM + one explicit 

water molecule). 
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Figure 1. Thermograms of NaNO2, NaNO3 and their mixtures with ammonium nitrate.  

A) DSC of [AN + NaNO2], B) DSC of [AN+NaNO3] and C) HFC of [AN + NaNO2]. For 

DSC thermograms the data has been transposed on the y-axis for clarity. The position of the 

endothermic AN solid-solid phase transition at 55°C is indicated by a red arrow on the x-axis 

for each system. 
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Figure 2. Geometry of the transition state of the reaction between sodium nitrite and 

ammonium nitrate in gas phase, with water molecule, with the PCM approach on AN-NaNO2 

dimer and with the PCM approach on AN-NaNO2-H2O trimer.      
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Figure 3. Comparison of M06-2X/6-311+G(2d,2p) Gibbs energy profiles (kcal/mol) for the 

reaction between AN and NaNO2 in gas phase (black), with one explicit water molecule 

(blue), with PCM on AN-NaNO2 (red) and with PCM on AN-NaNO2-H2O trimer (green).  
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Figure 4. Relation between the Mulliken sodium charge and the activation energy for the 

reaction AN + NaNO2 and AN + NaNO3 with a water molecule. 

  



 

25 

 

 

Figure 5. Geometry of the transition state of the reaction between sodium nitrate and 

ammonium nitrate in gas phase, with a water molecule, with the PCM approach on AN-

NaNO3 dimer and with the PCM approach on AN-NaNO3-H2O trimer. 
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Figure 6. Comparison of M06-2X/6-311+G(2d,2p) Gibbs energy profiles (kcal/mol) for the 

reaction between AN and NaNO3 in gas phase (black), with one explicit water molecule 

(blue), with PCM on AN-NaNO3 dimer (red) and with PCM on AN-NaNO3-H2O trimer.  
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