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Abstract

A detailed reaction mechanism for the liquid-phase decomposition of ammonium nitrate (AN) was modeled based on
ab initio calculations, and this model was employed to simulate heat flow curves associated with the decomposition of AN
at various heating rates (1, 2, 4, 5, and 8 K min~") over the temperature range of 443—623 K. A kinetic analysis using the
model-free Friedman method determined the kinetic triplet for AN decomposition. The predicted activation energy for the
exothermic decomposition had a range of approximately 162-168 kJ mol~" with o values between 0.1 and 0.5. The
activation energy value is good agreement with the experimental one of 170 kJ mol~'. The Friedman kinetic model was
used to predict the time to maximum rate under adiabatic conditions (TMR,4) at various initial temperatures, and these
values were compared to the TMR,4 values obtained directly using the detailed reaction mechanism. Accurate predictions
for TMR,4 were obtained at initial temperatures below 623 K. The difference between the TMR 4 values obtained from the
thermal analysis and detailed reaction models at 823 K was larger than one order of magnitude. It was also found that the
dominant decomposition mechanism changes from ionic to radical with increasing temperature, and this explains the
difference in the TMR,y4 values at 823 K.
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Introduction

Ammonium nitrate (AN) is widely used as a fertilizer
ingredient because it is relatively inexpensive. Unfortu-
nately, tragic accidental explosions involving AN have
occurred in the past [1-4], including an incident at a West
Fertilizer Company storage facility in Texas in 2013 that
killed 14 and injured 260 [4]. Following this accident and
others, the use and storage of AN have been strictly
regulated. This background emphasizes the need to
improve our ability to prevent accidental AN explosions.
AN is also used as an oxidizer in industrial explosives
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because it releases almost 100% gaseous products upon
reaction and has a positive oxygen balance (+20.0 g g~ 1.
In addition, AN has been considered as an alternative to
ammonium perchlorate as a solid rocket propellant oxi-
dizer [5]. However, the poor combustion properties of
AN, including low ignitability and sluggish burning rates
under low-pressure conditions, have prevented the appli-
cation of AN-based propellants to date. As a result, there
have been many studies aimed at improving the com-
bustion characteristics of AN in combination with various
catalysts or fuels [5-12]. Despite this prior work, the
combustion properties of AN-based propellants still
require improvement.

Based on the above, it is evident that both the chemical
and physical stability of AN must be increased to prevent
unintended explosions during storage, while, in contrast,
good ignitability and high burning rates are needed to
develop AN-containing propellants. To allow the safe
development and use of AN-containing devices, it is
important to understand both the reaction mechanisms and
the kinetics controlling the combustion and decomposition

@ Springer


http://orcid.org/0000-0003-1349-3214
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-018-7322-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-018-7322-8&amp;domain=pdf
https://doi.org/10.1007/s10973-018-7322-8

814

Y. Izato, A. Miyake

properties. There have been many studies of the AN
decomposition mechanism, and a number of reasonable
schemes have been proposed and summarized in the liter-
ature [5]. The decomposition mechanism of AN has been
shown to have two potential pathways, based on ionic or
radical reactions. The former path involves various ions
and proceeds relatively slowly at low temperatures
(< 563 K) [1, 13], while the latter involves active radicals,
proceeds more rapidly, and is predominant at high tem-
peratures (> 563 K) [13]. It is known that AN melts at
442 K and begins to decompose after it melts. The first step
of the low-temperature decomposition process involves the
dissociation of NH4;NO; (NH; and NOj) into NH; and
HNO;. The next step involves the self-decomposition of
HNOj; into NOZ, NO3 and H,0, followed by the oxidation
of NH; by the NOEL [1]. Park and Lin [14] and Skarlis et al.
[15] have also proposed another decomposition path that
proceeds via NH;OH™, while Manelis et al. [8] have sug-
gested that HNOj; oxidizes NH; directly. In systems with a
large excess of HNOj, the predominant reaction changes to
oxidation by N,Os. Our previous work [16] analyzed the
ionic decomposition of AN in the liquid phase, using
computations based on quantum mechanics to confirm the
identity of products observed in past experimental studies.
During these calculations, the CBS-QB3//wB97XD/6-
311++G(d,p) method [17, 18] was employed. It was found
that one of the most reasonable reaction pathways is
HNO; + NH; — NH3NO; + H,0 followed by
NH3N02+ + NO3 — NH,;NO, + HNOj;. The other path is
HNO; + HNO; — N,Os + H,O followed by N,Os5 +
NH; — NH,NO, 4+ HNOj, after which the nitramide
(NH,NO,) decomposes to N,O and H,O. The thermal
decomposition of AN in the liquid phase can therefore be
summarized as NHI 4+ NO3 (AN) —» N,O + 2H,O0.
Although the proposed details of the AN decomposition
reaction differ among researchers, the overall condensed-
phase decomposition may be expressed as NH;NO; —
N,O + 2H,0. The gases resulting from the ionic reactions
are primarily N,O and H,O, with N, as a minor product
[19, 20]. As the temperature increases, the ionic decom-
position of AN is thought to be overtaken by high-tem-
perature radical decomposition and Brower et al. [13]
suggested a mechanism for the radical reaction of AN at
elevated temperatures (> 563 K). In this mechanism, AN
initially dissociates into HNO; and NHs, followed by
homolytic cleavage of the HO-N bond in HNOj3. Following
this cleavage, a high-speed radical chain reaction develops
and yields large amounts of gaseous N,, NO, and H,O.
Since the activation energy for the homolysis of HNO; is
very high (approximately 190 kJ mol '), this represents
the rate controlling step and radical reactions do not play
an important role at low temperatures (< 563 K) [13].
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Thermal analysis is a powerful tool for the investigation of
the decomposition kinetics of various materials. Kinetic
analysis can have either a theoretical or a practical purpose.
The theoretical purpose of kinetic analysis is typically inter-
pretation of experimentally determined kinetic triplets, while
the most common practical purpose is the prediction of pro-
cess rates and material lifetimes. The goal of kinetic analysis
is to parameterize the process rate in terms of variables such
as temperature, extent of conversion, and, in some cases,
pressure. Parameterization is accomplished by evaluating the
parameters of equations that describe the effects of variables
on the process rate. To date, there have been many studies of
AN decomposition kinetics. Kinetic analysis based on thermal
analysis is a useful means of examining the kinetics of AN
decomposition, and much research regarding AN has been
performed under various conditions, with the results sum-
marized in Ref. [21]. The AN thermal decomposition kinetics
depend on several factors, including temperature, pressure,
isothermal or non-isothermal conditions, extent of reaction,
catalysis, and reactive species. The activation energies
reported by various researchers had a range of
30-200 kJ mol~', depending on the specific sample analyzed
and the experimental methods. Willis et al. [19] investigated
the kinetics of decomposition of liquid AN (AN (L) — N,O
(G) 4+ 2H,0 (G)) in the temperature range 498-548 K using
a flow reactor and also reported the activation energy of
liquid-phase decomposition is 170 kJ mol .

In the present work, we examined both the theoretical
and practical purposes of kinetic analysis based on detailed
reaction simulations. The specific goals were: (i) to simulate
the AN decomposition thermal behavior based on a detailed
reaction model, (ii) to analyze the kinetics using the model-
free Friedman method so as to compare the kinetics
obtained in Ref. [19], and (iii) to simulate thermal behavior
at various temperatures based on the kinetic analysis and
detailed reaction model. Kinetic analysis can also simulate
the thermal behaviors of materials under extreme conditions
that cannot readily be achieved during thermal analysis. The
resulting predictions are reliable only when sound kinetic
models involving adequate kinetic parameters (the activa-
tion energy, the pre-exponential factor, and the reaction) are
used. This work verifies the kinetics based on the model-
free Friedman method and compares the predictions from
the kinetic analysis and the detailed reaction simulation.

Computational
Detailed reaction model
The detailed reaction model consists of two parts: a col-

lection of elementary reactions with their rate coefficients
and thermodynamic data. The present work employed the
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YNU-L 1.0 model, consisting of various kinetic parameters
(a total of 44 reactions) and the thermodynamic data for 29
species.

The rate coefficient, ktgt, of the generic reaction
A + B — products can be calculated on the basis of tra-
ditional transition state theory (TST) using the well-known

formula krsy = k‘%ﬁ%exp(*ﬁf") is the

where kg

Boltzmann constant, T is the temperature, 4 is the Planck
constant, Q; is the partition function of the reactant and
transition state (TS), AE, is the energy barrier to activation,
and R is the universal gas constant. The TST provides rate
of an elementary reaction, if we obtain Q; and AE, of TS
and reactants. Both of Q; and AE, can be computed by
quantum chemical calculation. In our previous work [16],
liquid-phase reactions were investigated based on quantum
chemical calculation at the CBS-QB3 [17] //@B97XD [18]
/6-3114++G(d,p)/SCRF = (solvent = water) level of theory
and the associated potential energy diagrams, reactants,
and TS structures were identified and investigated. The TS
is a surface in configuration space that divides reactants
from products and passes through the saddle point of the
potential energy surface. In this study, we calculated krst
of reactions identified in our previous study [16, 22].
Variational TS theory (VTST) was applied to the analysis
of dissociation reactions without barriers. The VTST is
distinguished by varying the definition of the TS to mini-
mize the one-way rate coefficient. These calculations were
aided by the GPOP software package developed by
Miyoshi [23]. Radical recombinations and proton transfers
with no barriers were modeled as diffusion-limited reac-
tions with rate coefficients set at 10'> cm® mol™' s™'. The
important reactions associated with the decomposition of
liquid-phase AN and the associated kinetic parameters for
the modified Arrhenius equation are provided in Table 1
(for the ionic pathway) and Table 2 (for the radical
pathway).

Thermal correction, entropy (Syq), and heat capacity
(Cp) values were calculated from the Q; using statistical
machinery, employing the GPOP software package [23].
The heats of formation for gas-phase molecules (AfH;as)
was calculated by the traditional atomization method
(ARM-1) [24] combined with the G4 [25] /SCRF = (sol-
vent = water) level of theory using the Gaussian 09 pro-
gram package [26]. Solvent effects were included by
applying the self-consistent reaction field (SCRF) and
polarizable continuum model (PCM) options within the
program when investigating the liquid species in molten
AN. Unfortunately, the solvent effect of molten AN is not
known. The dielectric constant for solid AN has been
reported to be approximately 40 [—] at 383 K [27], and it is
known that this value tends to increase along with tem-
perature. Thus, molten AN could be considered as a highly

polar solvent, so we employed the water solvation effect as
a substitute for molten AN. It is noted that the water sol-
vation effect should be replaced with a more adequate
solvation effect in future work. In the interim, we believe
that the use of water solvation is a practical means of
obtaining some insights regarding the liquid-phase
decomposition of AN.

The standard heat of formation for a compound in
solution is obtained from the gas-phase heat of formation
and the enthalpy of solvation at 298.15 K, as in the fol-
lowing two equations.

AtHy, = AHg + AoyH (1)
- Hgas,calc (2)

Here, Afoiq is the heats of formation for liquid-phase

Asole{ = Hliq,calc

compounds, AfH;as is the heats of formation for gas-phase

compounds, AgyH~ is the solvation enthalpy, and Hiig calc
and Hgyg calc are the heats of formation at 298.15 K calcu-
lated directly using G4 methods. Table 3 lists the ther-
modynamic data for liquid-phase compounds obtained at
the G4 level of theory.

Detailed reaction simulation

The YNU-L 1.0 mechanism was employed to simulate the
heat flow curves for AN decomposition under non-
isothermal conditions in an adiabatic reactor (at constant
enthalpy and volume). These calculations were performed
with the CHEMKIN-PRO software package [28]. The
initial density was set to 1.725 g cm ™, which is the den-
sity of pure liquid AN [5, 6], and the decomposition
reactions were simulated at heating rates of 1, 2, 4, 5, and
8 K min~' (the heating rates typically used in thermal
analysis) from 443 to 623 K. The resulting heat flow curves
were investigated using the Friedman method as shown
below.

The YNU-L 1.0 mechanism was also employed to pre-
dict the temperature rise in an adiabatic reactor (at constant
enthalpy and volume) when applying initial temperatures
of 423, 523, 623, and 823 K. The temperature rise data
obtained in this manner were compared to those generated
from kinetic analysis based on the Friedman method.

Kinetic analysis and thermal behavior prediction

The basic equation for kinetic analysis is:

do E(a)
& = Amex (o)) 3

where o is the reaction progress, ¢ is the time, f(o) is the
reaction model, A(o) is the pre-exponential factor (note
that both f(o) and A(o) are functions of the reaction
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Table 1 Important reactions

and associated rate coefficients
employed during the kinetic A? n AEg
modeling of ionic

No. Reaction K = A-T" exp(— A/RT)

decomposition 1 AN = NH; + HNO, 3.03 x 10'° - 095 41.1
2 AN = NH{ + NO;j 6.50 x 107 - 2.01 65.1
3 NH; + HNO; = NH,NO, +H,0 1.22 x 10 3.11 168.7
4 NH; + HNO; = NH;3;NO7 +H,0 450 x 10° 3.66 123.1
5 AN + HNO; = NH,NO, + HNO; + H,0 1.16 x 10 3.58 123.1
6 HNO; + HNO; = N,Os + H,0 2.19 x 10? 3.20 89.9
7 NH; + N,0Os = NH,NO, + HNO; 1.72 x 10* 2.98 222
8 NH; + N,O5 = NH;NOj +HNO; 520 x 10° 3.26 88.5
9 NH;NOF 4 NO;3 = NH,NO, + HNO; 1.00 x 10" 0.0 0.0
10 NH;NO? 4 NH; = NH,NO, + NH; 1.00 x 102 0.0 0.0
11 HNO; + HONO = t-ONONO, + H,0 9.45 x 107! 3.60 5.3
12 t-ONONO, = NO, + NO, 2.95 x 102 0.17 33.1
13 t-ONONO, + NH; = NH,NO + HNO, 1.00 x 10'? 0.0 0.0
14 t-ONONO, 4+ NH; = NH;NO* 4 HNO; 1.44 x 10* 3.21 60.6
15 NH;NO' 4+ NO3 = NH,NO + HNO; 1.00 x 10'? 0.0 0.0
16 NH;NO" + NH; = NH,NO + NH} 1.00 x 10" 0.0 0.0
17 NH,NO, = NHNO,H 2.10 x 107! 3.20 128.7
18 NH,NO, + H,0 = NHNO,H + H,0 1.47 3.09 53.6
19 NHNO,H = N,0 + H,0 8.77 x 10° 1.23 134.9
20 NHNO,H + H,0 = N,0 + H,0 + H,0 5.46 3.58 99.8
21 NHNO,H + NO; = N,O + H,0 + NO; 7.52 x 10% 3.41 35.6
22 NHNO,H + NH; = N,0 + H,0 + NH; 2.03 x 107" 3.34 - 26
23 H;0" + OH = H,0 + H,0 1.00 x 102 0.0 0.0
24 NH; + H,0 = NH} + OH 1.00 x 10" 0.0 0.0
25 NH; + H,0 = NH; + H;0" 1.00 x 102 0.0 0.0
26 HNO; + H,O = NOj + H;0" 1.00 x 102 0.0 0.0
27 NO; + H,0 = HNO; + OH 1.00 x 10'? 0.0 0.0
*Frequency factor A is given in units of cm®, mol, and s
PActivation energy AE, is in units kJ mol ™'

progress), R is the gas constant, T is the temperature of the f;o (S(t) — B(r))dt

materials (7 is constant in isothermal tests or a function of &% = =9 (S(r) — B(1))dr (5)

time in non-isothermal tests), and E(o) is the apparent fo

activation energy. doe  S(¢) —B(1) (6)

The kinetic procedure employed in this study was based  dr
on the differential iso-conversion method of Friedman [29]
and Ozawa [30]. The formula associated with the Friedman
method [Eq. (4)] is obtained by the rearrangement of

i (S(t) — B(r))dt

Here, S(¢) is a differential-type signal obtained from ther-
mal analysis techniques such as differential scanning

Eq. (3). calorimetry (DSC) or differential thermogravimetric anal-

d E ysis (DTG) and B(¢) is the S(r) baseline. For a given set of

In <da> =InA(x)f (o) — R7("(Z)) (4) do/dt values, a plot of In (da/dr) values acquired at dif-
t t

The values of o and da/dr are determined from thermal
analysis based on the following relationships.

@ Springer

ferent heating rates as a function of 1/7 can be fitted to a
straight line, the slope of which gives the apparent acti-
vation energy. This method permits estimation of E(x)
without knowing f (o) (model-free). The Friedman method
is often used for the analysis of data obtained from scan-
ning tests performed at a constant heating rate. However,
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Table.2 Reactions an§ No. Reaction X

associated rate coefficients

employed during the kinetic A? n AEE

modeling of radical

decomposition 28 HNO; = NO, + OH 4.63 x 10'? 1.40 181.6
29 NH; + OH = NH, +H,0 9.09 x 10? 3.10 10.3
30 NH; + NO, = NH, + HONO 5.46 3.58 99.8
31 NH; + NO, = NH, + HNO, 1.92 x 10! 3.54 125.1
32 NH, + NO, = NH,NO, 1.00 x 10" 0.0 0.0
33 NH, + NO, = NH,ONO 2.00 x 10° 2.81 —15.0
34 NH,ONO = NH,O + NO 9.45 x 10'? 0.30 54.1
35 NH, + NO = NH,NO 1.00 x 10'? 0.0 0.0
36 NH,NO = NHNOH 2.15 x 107! 3.82 98.4
37 NHNOH = N, + H,0 1.76 x 10" 0.89 99.4
38 NHNOH + H,0 = N, + H,0 + H,0 4.60 3.96 54.6
39 NHNOH + NH; = N, + H,0 + NH;4 6.55 3.65 —-17
40 NHNOH + NH; = N, + H,0 + NH;4 5.49 3.96 4.1
41 NH,NO + H,0 = NHNOH + H,0 6.02 x 1073 3.79 40.4
42 NH,O + NO, = HNO + HONO 3.25 x 10! 2.98 32.6
43 HNO, + NO, = HONO + H,0 7.54 x 10" 3.05 56.2
44 HNO, + HNO, = HONO + HONO 1.89 x 107* 4.42 21.8

Frequency factor is given in units of cm®, mol, and s

PActivation energy is in units kJ mol !

this approach is based on differential kinetic law, and
therefore, it can be applied to results from scanning or
isothermal evaluations [29, 30]. In this study, the Friedman
method was employed to elaborate the heat flow curves
from detailed reaction simulations based on the YNU-L1.0
model. The AKTS thermokinetics software was used dur-
ing kinetic analysis to provide a model-free Friedman
kinetic model. This model simulated the adiabatic tem-
perature rise at initial temperatures of 423, 523, 623, and
823 K, assuming a constant specific heat capacity of
15Kg "1 h

Results and discussions

Figure 1 shows the heat flow curves obtained from calcu-
lations for a heating rate of 5 K min ™' using the YNU-L1.0
model as well as the experimental results acquired using a
P-DSC apparatus [20, 31]. A heating furnace of the DSC
can be pressurized up using any gases which is supplied
from external compressed gas cylinders or gas supply lines.
In our previous studies [20, 31], heating funeral was
pressurized by helium gas at 1.1 MPa, and the gases in
furnace purged to external of it. The P-DSC results
demonstrated that AN exhibits an exothermic reaction
above approximately 500 K with evolving N,O, H,O and
minor N, gases at pressures [20, 31]. The calculated sum of
the moles of AN, NHZr and NHj3, indicating the unreacted

moles of AN, is plotted in Fig. 2. This value begins to
decrease at approximately 500 K, based on the criteria of a
1% reduction from the initial value. AN is known to
undergo exothermic decomposition between 473 and
503 K [5], and so this model successfully predicts the
decomposition onset temperature. Figure 1 also demon-
strates that the moles of the major products N,O and H,O
increase beginning at this same onset temperature and that
the final quantity of H,O is twice that of N>O. Omitting
minor products, the reaction can be summarized as
AN — N,0 + 2H,0O. This new model therefore predicts
the same evolved gases as reported in previous studies
[19, 20]. Thus, we concluded that the YNU-L 1.0 model
accurately predicted the decomposition behavior of AN,
taking into account that the detailed kinetics do not include
any adjustable or empirical parameters. However, the ini-
tial calculated heat flows were found to be higher than the
experimental values, and the detailed model did not predict
the endothermic peak in experimental DSC curve follow-
ing the exothermic peak maximum. One reason for these
deviations could be physical changes of the specimen,
including evaporation and gasification, since AN melts at
442 K and begins to gasify as soon as it melts. The first
step of the decomposition involves the dissociation of
NH4NOs; into NH3 and HNO;, followed by the endother-
mic evaporation of NH3; and HNO5: AN(l) - NH;5(g) +
HNO;(g) — 174 kJ mol~'. Other evolved gases will also
evaporate from the molten AN. These endothermic phase

@ Springer
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Table 3 Calculated thermodynamic values for species associated with AN decomposition

Species AtHp /KT mol™' Sy /Tmol™' K™' /T K" mol™!
300K 400 500 600 800 1000 1500

H,0 - 2576 194.5 33.44 34.02 3491 35.95 382 40.57 45.98
NO 88.1 205.2 29.16 29.44 30.00 30.74 32.26 33.49 35.30
NO,- 26.6 239.9 36.95 39.99 42.95 45.56 49.45 51.96 55.08
N,O 74.6 219.3 37.97 41.94 45.08 47.66 51.57 54.28 58.04
N,Os - 62 344.9 91.59 10527 11586 12401 13513  141.87  150.02
tONONO, 16.5 340.3 81.65 91.70 99.61 10580 11442 11978 12639
HNO; — 1544 271.1 52.44 62.13 69.87 75.90 84.32 89.80 97.52
HONO - 921 2532 4434 50.33 55.17 59.02 64.59 68.42 74.25
HNO, — 688 238.1 3826 4351 48.84 53.59 61.00 66.19 73.64
HNO 95.3 220.6 33.68 34.95 36.86 38.99 43.04 4631 51.42
NH; — 558 198.1 34.69 37.19 40.24 43.35 49.24 54.54 64.68
NH,- 173.6 194.7 33.53 34.25 3530 36.50 39.15 41.87 47.53
AN — 2819 336.7 89.51 103.68 11673 128.14 14615 15923  179.22
NH,0 374 2254 34.59 37.22 40.42 43.57 49.08 53.59 61.51
NH,NO, — 245 274.0 57.33 68.90 78.42 86.04 97.10 10469  116.12
NHNO,H 20.3 273.9 57.38 69.35 79.07 86.73 97.70 10517 116.40
NH,0NO 76.2 286.8 65.28 74.46 82.34 88.89 98.82 10591  116.86
NH,NO 552 258.9 49.89 57.24 63.75 69.19 77.45 83.43 92.99
NHNOH 62.5 254.6 46.90 55.15 62.28 68.11 76.82 83.02 92.80
NH(OH)NO 50.9 284.3 65.38 75.05 83.24 89.92 99.74 10659  117.10
HNOHNO 96.6 263.8 58.06 68.60 77.85 85.53 9698 10494 11673
N, —24 191.5 29.11 29.20 29.47 29.93 31.16 32.37 34.48
OH- 244 178.2 29.1 29.10 29.12 29.19 29.58 30.26 32.30
H;0* - 1072 198.8 35.41 38.05 41.00 43.92 49.39 54.35 64.17
NH; —53.0 191.5 34.63 38.14 43.01 48.19 57.96 66.41 81.74
NH;NO; 126.5 284.7 63.97 75.70 86.09 9492 108.64  118.67  134.43
NH;NO* 163.2 278.7 61.69 69.28 75.84 81.53 90.95 9847  111.46
NO; — 184.0 245.5 44.43 52.29 58.81 63.85 70.54 7443 78.95
OH' —96.5 172.3 29.10 29.10 29.13 29.21 29.62 3034 32.40

changes occur in the molten AN, offsetting the exothermic
reaction. The YNU-L1.0 model does not include such
physical changes, and so the experimental heat flow data
prior to the peak top will be lower than the calculated
values.

Figure 3 presents the simulated heat flow curves
obtained at heating rates of 1, 2, 4, and 8§ K min~!. The
average heat of reaction was 1940 & 39 J g, which is
higher than the value of 1182 J g~ ' obtained from previous
sealed DSC experiments [1]. This discrepancy is also
attributed to the neglect of physical changes in the detailed
kinetic model. These heat flow curves were elaborated by
the Friedman method.

Figure 4 shows iso-conversion plots obtained from the
heat flow curves. The E(o)/R value is determined from the

@ Springer

slope of the line generated by plotting ln(%) against

1/T(¢) at a given conversion rate. Figure 5 plots the acti-
vation energy E(o) and InA(a)f(«) values as functions of
the reaction progress. The kinetic triplet (f(«), E, and InA)
in Eq. (3) should be constant, assuming a single-step
reaction. However, a number of the reactions included in
AN decomposition involve multiple steps that contribute to
the overall reaction rate measured in thermal analysis
experiments. If a process involves several steps with dif-
ferent activation energies, the overall reaction rate will
vary with both temperature and extent of conversion.

The E(o) and InA(a)f () plots in Fig. 5 demonstrate
that both values tend to remain constant with increasing o
(0.1 < o <0.5), and E(x) exhibits a range of approxi-
mately 165-168 kJ mol~'. The activation energy reported
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(b) YNU-L1.0 model (a) P-DSC

Endo. <— > Exo.

0.5W g

Heat flow/W g~!

450 500 550 600 650

Temperature/K

Fig. 1 Heat flow curves at 5 K min™" obtained from the a P-DSC and
b YNU L1.0 simulations

0.025 -
0.020 -
0-015 F AN + NH, + NH,

0.010 -

0.005 -

0.000 -

Mole number of reactants and products/mol

420 440 460 480 500 520 540 560 580 600 620 640
Temperature/K

Fig. 2 Variations in the AN decomposition species over temperature
at a heating rate of 5 K min™"

for the liquid-phase thermal decomposition of AN is
170 kJ mol~" [19]. The calculated activation energy is
good agreement with the experimental one, and this sup-
ports the validity of the YNU-L 1.0 model.

This range of activation energy values does not match
that of the key elementary reaction: HNO; + HNO; —
N,Os5 + H,O (R6 in Table 1 is the rate-determining step
based on an analysis of the rate of production using the
CHEMKIN-PRO software [28]). The rate of production
analysis also found that the major reactions that follow R6
are R7, R18, and R22, and the activation energy values of
these reactions do not match the apparent activation energy
from the Friedman method. This result is quite natural
because the apparent kinetic triplet (f(«), E and InA) is
influenced by every elementally reaction composed

Endo. «—> Exo.

Heat flow/W g

450 500 550 600 650

Temperature/K

Fig. 3 Heat flow curves obtained from YNU L1.0 simulations at
heating rates of 1, 2, 4, and 8 K min~!

-5

In (der/dt)

1.9
1000 T-1/K-1

Fig. 4 Iso-conversional plots of Friedman method for heat flow
curves shown in Fig. 2

detailed kinetic model, and the model in this study is quite
complicated.

Based on kinetics, we simulated the adiabatic tempera-
ture rise obtained using initial temperatures of 423, 523,
623, and 823 K. In addition, we simulated the thermal
behavior at these same temperatures based on the YNU-L
1.0 model, employing the CHEMKIN-PRO software. Fig-
ure 6 shows the predicted temperature changes over time,
which exhibits an abrupt rise in temperature following an
induction time, clearly indicating a runaway reaction. This
figure also shows time to maximum rate under adiabatic
condition (TMR,4) values for the various initial tempera-
tures. The YNU-L 1.0 model predictions include higher
adiabatic temperature increases than those obtained from
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Fig. 5 Activation energy as a function of the reaction progress as
determined based on the Friedman method for heat flow curves from
YNU-L1.0 model
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kinetic analysis. These differences are ascribed to varia-
tions in the decomposition products. The ionic condensed-
phase decomposition of AN is known to generate N,O and
H,O. Figure 2 plots the generation of products at a heating
rate of 5 K min~! from 443 to 623 K (the associated heat
flow profile is shown in Fig. 1). Within this temperature
range, the decomposition yields primarily N,O and H,O
with only a small amount of N,. In contrast, at higher
temperatures, AN decomposes to yield N, and H,O via
radical decomposition. As discussed in Introduction, the
ionic decomposition produces N,O and H,O. Figure 7
plots the products obtained under the adiabatic conditions
at an initial temperature of 523 K. The mole number of
N,O gradually increases as the temperature rises (the
associated temperature profile is shown in Fig. 6b). Fol-
lowing the TMR,q4, the temperature sharply increases and
N, gas is also evolved simultaneously. In the YNU-L 1.0
model, AN can decompose to N, and H,O at high tem-
peratures based on the radical reactions listed in Table 2.

(b) To=523K
(ii) YNU-L 1.0 model
2500 -
(i) Model-free /
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© 1500 |-
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Fig. 6 Temporal profiles of Temperatures simulated from (i) model-free Friedman model and (ii) YNU-L 1.0 model at various initial

temperatures
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Fig. 7 Temporal profiles of N, and N,O from AN decomposition at
initial temperature of 523 K. This profile was simulated based on the
YNU-L 1.0 model

Due to the high chemical stability of Ny, the formation of
N, produces more heat than N,O generation. The original
exotherms elaborated in the model-free Friedman model
(Fig. 3) were primarily the result of the generation of N,O
rather than N,. Thus, the net heat of reaction and adiabatic
temperature changes obtained using the model-free Fried-
man model are smaller than those obtained from the YNU-
L 1.0 model.

Although the heat of reaction for the runaway decom-
position given by the model-free Friedman model is
underestimated, the model does accurately predict TMR 4
(within one order of magnitude of error) at initial temper-
atures of 423, 523, and 623 K. Exothermic thermal
decomposition to N,O and H,O increases the temperature
until the runaway reaction begins and there is an abrupt rise
in temperature. Figure 7 demonstrates that N,O and H,O
are produced during the induction time (via ionic decom-
position) rather than N, (via radical decomposition) prior
to the runaway reaction. Because the major reaction in the
model-free Friedman model is the same as that during the
induction reaction (representing ionic decomposition), the
predictions obtained from the model-free Friedman model
for the TMR,4 values at initial temperatures of 423, 523,
and 623 K are accurate.

The difference between the TMR,y values tend to
gradually increase with increasing or decreasing from
decomposition onset temperature of approximately 500 K.
Especially, the difference between the TMR,4 values
generated by the model-free Friedman model and the
YNU-L1.0 model at 823 K is greater than one order of
magnitude, as shown in Fig. 6d). Figure 8 presents a plot
of product formation under the adiabatic conditions at an
initial temperature of 823 K. Here, the amounts of both
N,O and N, gradually increase over time as the

—~
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Fig. 8 Temporal profiles of N, and N,O from AN decomposition at
initial temperature of 823 K. This profile was simulated based on the
YNU-L 1.0 model

temperature rises (the associated temperature profile is
shown in Fig. 7d). More N, is generated compared to N,O
during the induction time, meaning that both ionic and
radical decomposition take place during the TMR,4 span
and that the rate-determining reaction in the radical
mechanism is the homolytic cleavage of HNO;3 (R28 in
Table 2). The primary decomposition process changes
from ionic to radical with increasing temperature, and this
leads to the difference in the TMR,4 values obtained from
the model-free Friedman model and YNU-L 1.0 model at
823 K. This result demonstrates that kinetic analysis does
not work well if the reaction employed in the thermal
analysis is different from the reaction under the associated
experimental conditions.

Thermal explosion of AN is important phenomenon to
consider the safe development and use of AN-containing
devices. The temporal temperature profiles in Fig. 6 show a
thermal explosion behavior of AN at various initial tem-
peratures. The temperature gradually increases during the
induction period, and then, the temperature sharply rises
(the ignition). In the induction period at initial temperature
of 523 shown in Fig. 7, the mole number of N,O increases
at first, and then, N is produced. Production of N,O is the
result of ionic mechanism discussed above, and production
of N, is the result of radical mechanism in Table 2. The
ionic reaction of AN occurs during the induction period,
and AN mainly decomposes to N,O and H,O with
increasing temperature. As a result of increasing tempera-
ture, the radical mechanism overwhelms the ionic reaction.
Then followed chain growth reactions yield N,, H,O with
larger heat of reaction. Although the YNU-L1.0 model
successfully simulates a thermal explosion behavior of AN,
the model does not include physical changes, evaporation,
and gasification. Further study is needed to improve the
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model and to obtain precise prediction on the thermal
explosion of AN.

Conclusions

We analyzed the kinetics of the thermal decomposition of
liquid AN based on results obtained from detailed reaction
simulations. The model employed included both ionic and
radical reaction mechanisms associated with AN. Rate
coefficients were calculated to allow TS theory analyses of
the reactions identified in a previous study. The rate
coefficients for radical recombination reactions and proton
transfers with no energy barriers were set to the diffusion-
limited value of 10~ ¢cm® mol™' s~!. Thermal correction,
entropy, and heat capacity values were then calculated
from the partition function using statistical machinery. The
heats of formation for gas-phase molecules were deter-
mined by the traditional atomization method combined
with the G4 level of theory. The heats of formation of
molecules in solution were obtained from the gas-phase
heats of formation and the enthalpies of solvation at
298.15 K. An ab initio model was used to simulate thermal
behavior (i.e., heat flow) during AN decomposition. The
simulated heat flow curves were elaborated by the Fried-
man method. The activation energy for the exothermic
decomposition had a range of approximately 162-
168 kJ mol " with o values between 0.1 and 0.5. The
activation energy reported for the liquid-phase thermal
decomposition of AN is 170 kJ mol ™! [19], and this
agreement supports validity of the YNU-L 1.0 model.
Calculations of TMR,4 based on the Friedman kinetic
model provided accurate predictions below 623 K. There
was a difference of more than one order of magnitude
between the TMR,4 values obtained from the model-free
Friedman model and YNU-L 1.0 model approaches at
823 K. Analyses of variations in the evolved products
indicated that the dominant mechanism transitions from
ionic to radical decomposition with increasing temperature.
Thermal behavior predictions based on kinetic analysis
using thermal analysis are evidently accurate when the
dominant reaction in the thermal analysis is the same as the
reaction under the experimental conditions. TMR4-based
studies using the model-free kinetics were found to gen-
erate errors when the dominant reaction mechanism chan-
ges with temperature. These errors should be taken into
consideration when TMR,4 values are being calculated to
evaluate the safe operational temperatures of chemicals
based on kinetic data.

Detailed chemical reaction simulations revealed that the
thermal explosion occurs after an induction period. The
ionic reaction, AN — N,O + 2H,0, starts the decompo-
sition reaction with exothermic heat during the induction

@ Springer

period and the temperature increases gradually. As a result
of increasing temperature, the radical mechanism over-
whelms the ionic mechanism. After radical initiation, a
thermal explosion is ignited, and the temperature rises

sharply.
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