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Abstract

The purpose of this study was to develop an improved understanding of the condensed phase decomposition
mechanism of ammonium nitrate (AN). To this end, the thermal properties of AN were studied using pressurized
differential scanning calorimetry (PDSC), and evolved gases were analyzed by combining PDSC with Fourier transform
infrared spectroscopy (PDSC-FTIR) and mass spectrometry (PDSC-MS). PDSC results showed that AN undergoes an
exothermic reaction above 0.3 MPa, and that this exothermic reaction offsets the endothermic reaction of AN as the
ambient pressure is increased. Evolved gas analyses demonstrated that AN generates N20 and H20 during the exotherm
and NO: throughout the endotherm. The heat flow associated with the thermal decomposition of AN was simulated
assuming that the decomposition rate of AN is given by —dCan/dt = 10%* exp (— 126000/RT") Cnp; Crnos, that the heat of
reaction is 105 kJ as per the reaction equation HNO; (1) + NH," (1) = N:0 (g)+ H:0* (1) + H20 (g)+105%] and that Cyy;
and Cunvo, are constant due to chemical equilibrium. The heat flow curves calculated in this manner are in good
agreement with the experimental DSC curves obtained at 1.1 MPa.
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1. Introduction
Ammonium nitrate (AN) is widely used as a fertilizer

and as an ingredient in industrial explosives and oxidizing
chemical compositions because it is relatively cheap,
releases almost 100% gaseous products upon reaction, and
has a positive oxygen balance (+20.0g g~ !). In addition,
combinations of AN with suitable combustibles have been
proposed as gas-forming agents for automotive air-bag
deployment systems and as next-generation halogen-free
propellantsV.

Unfortunately, tragic accidental explosions involving
AN have occurred in the past? %, including incidents at a
West Fertilizer Company storage facility in Texas in
2013% and at an AZF plant in Toulouse, France in 2001%.

To allow the safe development and use of AN-containing
devices, it is important to understand the reaction
mechanisms, combustion performances and thermal
stabilities of AN compositions. As such, there have been

many studies on the decomposition and combustion
mechanisms of AN compositions?-¢ =39,

The combustion of energetic materials, including AN, is
typically characterized by a diverse range of physical and
chemical processes that occur in a complex series of
stages, and analyzing the behavior of an energetic
material in the condensed phase is therefore an important
step in obtaining a better understanding of its combustion
behavior. Sinditskii et al. studied the decomposition and
combustion of condensed phase AN at the burning surface
and showed that heat release from the condensed phase
affected  the combustion characteristics.  They
subsequently proposed various condensed phase
combustion models® ?. The present authors have studied
the thermal decomposition and combustion mechanisms of
AN/carbon mixtures® "2, and determined that
sustainable combustion is associated with exothermic
decomposition of the condensed phase?.
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The aim of the present study was to gain a better
understanding of condensed phase decomposition (CPD)
in molten AN. As such, we analyzed the thermal behavior
of AN under high pressure and also studied the evolved
gases. The experimental results were compared with the
theoretically predicted thermal behavior of AN based on
chemical equilibrium calculations.

2. Thermal decomposition mechanism of

ammonium nitrate
Oxley reported that the decomposition mechanism of

AN involves two pathways: an ionic reaction and a
radical reaction. The ionic reaction occurs at low
temperatures and proceeds relatively slowly while the
radical reaction involves active radicals and takes place at
high temperatures at high speed?-'¥.

AN melts at 169 °C and begins to decompose as soon as
it melts. The first step of the ionic reaction involves the
dissociation of NH4sNO3 into NH3 and HNOs, followed by
the oxidation of NH; by HNOs as shown in the following
Equations (1)-(4)?-13.

NH4NOs; = NH:;+HNO3 (1
2HNO3; — NO; NO; +H:0 2
NO; NO; — NO; +NO3 3
NOj +NHs < [NH3NO:2]* — N.O + H:0 4

- = — —

As the temperature increases, the ionic decomposition
of AN is overtaken by radical reactions. Brower
determined the mechanism for the radical reaction of AN
in the high temperature state above 300°C. In this
mechanism, AN initially dissociates into HNOs; and NHs-
like ions [Equation (1)] while the subsequent step is the
homolysis of the O-N bond in HNO3, as shown in Equation
(5)14).

HNO; - :OH+NO: ()

Following this homolysis, a high-speed radical chain
reaction develops, as summarized by Equations (6) - (7).
However, since the activation energy for the homolysis of
HNO:s is very high, at approximately 190 k] mol~!, this
represents the rate-controlling step'¥.

NHs;+-OH — NH:+ H:0 (6)
NH:+NO; — [NH2NO:2] - N.O+ H:0 (7)

Manelis et al. determined that the rate of thermal
decomposition of AN may be expressed by Equation (8)*%.

—dCan/dt = 2k:Cn,o0, +szN114w Cn,0, +k::CN114> Cuno,  (8)

Here Ci is the concentration of chemical species i
[mol L1, ¢ is time [s], and % is the rate constant. The
decomposition typically proceeds primarily through the
oxidation of NH4 by HNOs, and so the main contribution is
from the third term of Equation (8), although in systems
with a large excess of HNOs the predominant reaction
mechanism transitions to oxidation by N:05®. The
thermal decomposition rate for AN wunder typical
conditions can therefore be described as in Equations (9)
and (10).

Pressure regulator

Gas cylinder
Figure 1 Experimental setup of PDSC.
—dCan/dt = ksCnu,su+ Crno, )
ks = 10%* exp (— 125520/RT'), L mol ! (10)

Here R is the universal gas constant [J K™! mo 1] and 7 is
the temperature [K].

3. Experimental
3.1 Materials
AN (purity > 99%) was obtained from Wako Chemicals.

3.2 Pressurized differential scanning calorimetry
(PDSC)

A Mettler Toledo differential scanning calorimeter
(DSC; Mettler Toledo DSCHP27) was used to study the
thermal behavior of AN under pressure. A heating
furnace of the DSC can be pressurized up to 7 MPa using
any gases which is supplied from external compressed gas
cylinders or gas supply lines. In this trial, we connected
the DSC with an argon gas cylinder using stainless tubes
and valves. The experimental setup is shown in Figure 1.
In each trial, a sample of approximately 10mg was placed
in an open aluminum pan incorporating a pinhole,
following which various pressures were applied (0.1, 0.3,
0.5, 0.7 and 1.1 MPa) in an argon atmosphere, followed by
heating from 30 to 350 °C at 5 K min~! with a concurrent
200mL min~' Ar flow. High pressure was applied during
these trials since AN has been found to undergo
endothermic evaporation after melting at a pressure of 0.1
MPa and thus either sealing or pressurizing are required
to prevent the AN from evaporating. However, too high
pressurizing using inert gas dilute evolved gases from AN,
and it is difficult to detect the evolved gases under such a
condition using MS spectrometer and FT-IR described
below. Thus, we investigate thermal behavior of AN under
various pressures and determined the sufficient value of
pressure.

3.3 PDSC coupled with mass spectroscopy (PDSC-MS)

DSC (Mettler Toledo DSCHP27) coupled with a mass
spectrometer (MS; Shimadzu QP-2010) was employed for
non-isothermal and isothermal outgassing studies under
pressurized conditions (PDSC-MS). The experimental
setup is shown in Figure 2. The associated PDSC-MS data
were acquired simultaneously to determine the thermal
behavior of the AN samples upon heating while evolved
gases were analyzed. Approximately 10 mg samples were
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Figure2 Experimental setup of PDSC-MS.

placed in aluminum pans with pinholes and heated from 30
to 350°C at a heating rate of 5 K min~! at 1.1 MPa under
helium with continuous purging at 500mL min~! with
helium. The evolved gases were transferred to the MS by
the helium carrier gas and analyzed. The MS was
operated in the electron impact ionization mode with
selected ion monitoring for m/z = 16, 17, 18, 28, 30, 32, 44,
46 and 63. As indicated 3.2, optimized pressure is
important to detect evolved gases and prevent AN from
evaporation. From the results of PDSC, we selected the
pressure of 1.1 MPa as one of optimized pressures from
the aspects of preventing evaporation and gas detection.

3.4 PDSC coupled with Fourier transform infrared
spectroscopy (PDSC-FTIR)

DSC (Mettler Toledo DSCHPZ27) coupled with a Fourier
transform infrared spectrometer (FT-IR; Shimadzu IR
Prestige21) was employed for non-isothermal and
isothermal outgassing studies wunder pressurized
conditions. The experimental setup is shown in Figure 3.
The PDSC-FTIR data were acquired simultaneously to
determine the thermal behavior of the AN samples and to
identify the gases evolved upon heating. Samples with
masses of approximately 10 mg were placed in aluminum
pinhole pans and heated from 30 to 350 °C at a heating rate
of 5 K min~! at 1.1 MPa under argon, with a continuous
purge of 200mL min~! argon. The evolved gases from
samples were carried to the gas cell of the FT-IR by the
argon carrier gas and their infrared adsorption spectra
were acquired. For the same reason indicated 3.3, we
selected the pressure of 1.1 MPa.

4. Results and discussion
4.1 Thermal analysis

The DSC profiles obtained from AN under variable
pressures are shown in Figure 4. AN is known to
evaporate with the appearance of an endothermic peak
after melting under a pressure of 0.1 MPa in open
conditions? ¥, and to exhibit exothermic reaction under in
closed condition or high pressure condition3”. In the PDSC
results, AN exhibits an endothermic reaction above its
melting point of 169 °C under a pressure of 0.1 MPa.
However, the AN also appears to undergo an exothermic
reaction above 0.3 MPa and this exothermic process offset
the endothermic reaction as the pressure is increased,
suggesting that elevated pressures prevent the AN from
evaporating.

There are three types of AN decomposition reactions :

Figure 3 Experimental setup of PDSC-FTIR.
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Figure4 PDSC curves obtained for AN under various initial
pressures at a heating rate of 5 K min L.

condensed phase, gasliquid two phase and gas phase.
Under the 200mL min~! argon flow conditions applied in
this study, evolved gaseous HNOs and NH3 did not remain
in the open sample pan and thus we believe that these
PDSC result reflect only the thermal behavior of
condensed phase reactions.

4.2 Evolved gas analysis and visual observation

Figures 5 and 6 present the PDSC-MS and PDSC-FTIR
profiles obtained for AN at a pressure of 1.1 MPa,
indicating that an exothermic reaction occurs above
approximately 230 °C, exothermic peak top is at
approximately 300°C, and an endothermic reaction
subsequently starts to take place at above approximately
300 °C. In Figure 5, the total ion chromatogram (TIC) plot
does not exhibit any increase below the exothermic onset
temperature of 230°C, and therefore no gases were
evolved from the AN prior to the exothermic reaction. As
a result of the 1.1 MPa pressurization, the AN was
prevented from evaporating during the endothermic
reaction, and thus evolved gases from the exothermic
reaction could be analyzed.

In Figure 5, the AN exhibits an exothermic reaction
above 230 °C, generating gases with fragment masses of
44 and 18. The mass spectra in Figure 5 show the average
relative intensities of the ions generated between 230 and
300 °C, in which the primary 7 /z values are 44, 30, 18 and
17. These values are attributed to the production of N2O
(m/z= 44, 30, and 28%*Y) and H2O (m/z= 18 and 17%)
during the exothermic reaction. In Figure 6, the
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Figure5 PDSC-MS results for AN under 1.1 MPa at a heating rate of 5 K min~L. The black line indicates PDSC data and colored
plots indicate ion intensities. The mass spectrum (right) represents the average ion counts from gases evolved between

230 and 330 °C.
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Figure6 PDSC-FTIR results for AN under 1.1 MPa at a
heating rate of 5 K min~! The black line indicates

PDSC data and colored plots indicate absorbance at
2230cm~! (red) and 1620 cm ! (blue).

absorbance at 2230 cm !, resulting from N20%, is seen to
increase with the exothermic reaction above 230 °C.
Therefore, we conclude that the overall condensed phase
decomposition reaction of AN may be written as follows.

AN (1) — N0 (g)+2H-0 (g) (11)

Figure 6 demonstrates that, above 300 °C, the absorbance
at 1620cm~! resulting from NO2* increases as the
endothermic reaction proceeds. In Figure 5, ions with m/z
values of 46, 30, 28, 17 and 16 are observed in conjunction
with the endothermic reaction above the same
temperature. These ions are attributed to NO2 (m/z = 46
and 30%Y), N; (m/z = 28%*Y) and NH;s (m/z = 17 and 16°?). It
is known that the dissociation of AN to HNO3 and NH3

(Equation (12)V) and the decomposition of HNOs

(Equations (13) and (14)*) are endothermic.

AN = HNO; (g)+ NH; (g)— 174 k] mol~! (12)

HNO; (1)=NO:(g)+0.5H:0 (g)+0.250: (g)— 86 k] mol !
13)

HNO;(1)=-0OH (g)+NO:(g)—246 k] mol~! (14)

Thus NH3 will have evolved as in Equation (12) and NO2
will have been produced as in Equations (13) and (14),
while N2 will have been generated by a radical reaction in
the gas phase according to Equation (15). Brower has
reported that this radical reaction occurs above 300 °C and
proceeds according to this mechanism!¥. However,
although this mechanism has a high heat of reaction, PDSC
measurements in the present study did not show any heat
of reaction in the gas phase.

SHNO; (g)+3NH; (g) =4N:(g) +9H>0 (g)+1362Kk] (15)

4.3 Modeling of condensed phase decomposition

The concentrations of NO3 and HNO3 in the molten AN
were calculated based on chemical equilibrium
considerations. The equilibrium in molten AN can be
represented by the following reaction.

NH.NO; (1) — NO; (1)+NH," (1)=HNO; (1) +NHs (1)

(16)

The associated equilibrium constant, KAN, was
obtained from the following equation.

Kan = Cuno, Cvi,/Croz Ciy = Kaniry IKarivo, (17)

Here K. is the acid dissociation constant. The temperature
dependence of the equilibrium constant is obtained from
Equation (18).

InK = —AG/RT (18)

The following equation is then derived from Equations
(17) and (18).

In Koy = — (4G 4y~ AGfino, ) IRT (19)

Here 4G° is the standard Gibbs energy change for the

acid dissociation ; AGﬁH; is 52.8 k] mol ™!, and 4Gy, is 25

k] mol™39. The concentrations of the various species were
obtained from the equations below.

Cunoy = Cniy, = Coany Kan (20)
Cros = Crir; = Coan (1—vKav) 1)
Coan = pan/Man (22)




102 Yu-ichiro Izato et al.

Here oan is the density of AN (1725g L™!) and Maw is the
molecular weight of AN (80g mol™})V. Substituting
Equations (19) and (22) into Equations (20) and (21), we
can obtain the concentrations of chemical species, as
shown below.

Civo, = Crr, = pan /Mo - exp(— 1/2(4G . — AGjo, )IRT |

NH}
(23)
Crno; = CNH,I* = oan/Man [1 — exp(— 1/2 (AG};)‘H‘; —AG;}NO:{)/RT)]
(24)

We assumed that the condensed phase decomposition of
AN proceeded such that liquid HNOs3 oxidized liquid NH4*,
and the rate of this reaction may be expressed by
Equations (9) and (10). It was also assumed that the
concentrations of liquid HNO3 and NHs* were constant,
based on chemical equilibrium, and these assumptions
were used to define our AN CPD model. In this model, the
heat flow associated with thermal decomposition is
obtained from the following equation.

q = Qan/oan -dCan/dt (25)

Here g [J s™! g~ !] is the heat flow and Qa~ is the heat of
decomposition (105 k] mol'3) obtained from Equation
(26). As a result, the following equation may be written.

HNO; (l)-‘-]\][’l[r (l)= N20O (g)+H:;O* (l)-‘erO (g)
+105k] (26)

Based on the evolved gas analysis in this study, the main
products of the condensed phase decomposition were
determined to be N20 and H:0. By substituting Equations
(9), (10), (23) and (24) into Equation (25), we obtain the
calculated heat flow for condensed phase decomposition.
Figure 7 presents the heat flow curves obtained from
calculations based on the CPD model as well as the
experimental results acquired using PDSC. It can be seen
that the AN onset temperature and the initial stages of its
exotherm were correctly predicted by the CPD model
Thus we conclude that the initial thermal decomposition of
AN in the condensed phase proceeds according to the
assumptions in the CPD model. However, as the
decomposition progresses, the experimental heat flows are
evidently lower than the calculated values. The PDSC
results shown in Figure7 suggest an endothermic
reaction following the peak exotherm, indicating that some
endothermic reactions based on Equations (12) to (14)
occurred in the liquid phase AN, offsetting the exothermic
reaction predicted by the CPD model.

4.4 Thermal decomposition and combustion
mechanism of ammonium nitrate

Figure 8 presents a reaction scheme for the thermal
decomposition and combustion of AN, based on the results
of this study. In the first step, NO3~ and NH4* are formed
by the dissociation of molten AN above its melting point of
169 °C, followed by proton transfer from NHs* to NOs3~ to
produce HNO3 and NH3 in chemical equilibrium. In the
second stage, HNOs; and NHs; undergo endothermic
vaporization to the gas phase. This vaporization

- Io.s Wig

Exo.—>

CPD model curve

-_ F% PDSC curve

Heat flow [W/g]

< Endol‘

L L L L L L L L B L LN
0 50 100 150 200 250 300 350
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Heat flow curves obtained from AN under 1.1 MPa
at 5 K min~L Theoretical plots are also included,

obtained from calculations based on a CPD model
using Equation (21).

Figure 7

characterizes the thermal decomposition of AN at 0.1 MPa.
As shown in Equation (12), the associated heat of
vaporization is significant. Thus, at 0.1 MPa, the AN does
not combust but rather decomposes. At elevated
pressures, however, the exothermic reaction offsets the
endothermic process, since higher pressures prevent the
AN from vaporizing and promote the exothermic reaction
according to Equation (26). Thus, AN evolves N20O and
Hz0 in a condensed phase reaction under high pressure. In
the third step, we propose that HNO3 decomposes to OH
radicals and NO: above approximately 300 °C. Brower has
reported that a radical reaction initiated by Equation (5)
occurs at above approximately 300°CY¥, while the
homolysis of HNO3 is highly endothermic as shown in
Equation (14). Thus, AN exhibits an endothermic reaction
in the liquid phase above 300°C. In future, more detailed
studies of this endothermic reaction mechanism are
required. Finally, evolved gases from the condensed phase
combust to produce Nz H20, Oz and NOx in the gas
phase!?- 29,

5. Conclusions
The PDSC results obtained in this work demonstrated

that AN exhibits an exothermic reaction above
approximately 230 °C at pressures above 0.3 MPa and does
not exhibit an endothermic reaction just above its melting
point of 169 °C. The TIC plot obtained from the PDSC-MS
analysis showed that no gases were evolved below 230 °C
and that evaporation was prevented at 1.1 MPa. There are
three types of AN decomposition reactions: condensed
phase, gas-liquid and gas phase. The experimental
conditions applied in this study, involving an open sample
pan under an argon gas flow, did not constrain gases
generated by the sample, while evaporation of the AN was
inhibited by the application of pressure. Thus, we are
confident that the PDSC trials observed only the thermal
behavior associated with condensed phase reactions.
PDSC-MS data demonstrated that AN exhibited an
exothermic reaction accompanied by the generation of
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Figure8 Thermal decomposition and combustion scheme of
ammonium nitrate.

gases with fragment masses of 44 and 18, and an
endothermic reaction that produced gases having
fragment masses of 46, 30, 28, 17 and 16. PDSC-IR data
showed that AN underwent an exothermic reaction
producing a gas that absorbed at 2230cm™! (meaning
N20) and an endothermic reaction accompanied by the
evolution of a gas that absorbed at 1620cm ™! (meaning
NOg). Therefore, we conclude that AN evolved N20 and
H20 during the exothermic reaction above 230°C and
generated NO2, Nz and NH3 during the endothermic
reaction. Brower has reported that the radical reaction
initiated by HNO;(l)=-OH (g)+NO:(g)—246 k] mol !
occurs above 300 °C and this reaction proceeds in the gas
phase according to equation 5HNOs(g)+3NHs(g)=
4N:2 (g)+9H-0 (g)+1362Kk]. Thus, we believe that Nz is
evolved from a gas phase radical reaction.

A CPD model was proposed in which the condensed
phase decomposition of AN proceeds in such a manner
that liquid HNOs oxidizes liquid NH4, as summarized by
HNOs (1) + NH (l) = N:O (g9) + H:0"(l) +H:0 (g)
+105k]. At chemical equilibrium, where AGuvo,and AGwu;
are constant, the rate of this reaction is expressed by
equations —dCan/dt = 10% exp (—126000/RT ) CZanvKav (1
—VKan). A simulated heat flow curve generated by this
CPD model predicts an exothermic reaction above
approximately 230 °C and is in good agreement with the
initial exothermic behavior of AN as observed in the PDSC
data acquired at 1.1 MPa. Therefore, we conclude that the
initial condensed phase decomposition of AN proceeds
according to the mechanism proposed in the CPD model.

The reaction scheme for the thermal decomposition and
combustion of AN is summarized in Figure 8. In this
scheme, the melting of AN is followed by two endothermic
reactions, the vaporization of NHs and HNOs; and the
decomposition of HNOj; along with the exothermic
oxidization of NHi{ by HNOs. These reactions proceed in
parallel in the liquid phase.
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