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a  b  s  t  r  a  c  t

Compared  to the  conventional  ammonium  perchlorate  based  solid  rocket  propellants,  burning  of  ammo-
nium nitrate  (AN) based  propellants  produce  environmentally  innocuous  combustion  gases.  Application
of  AN  as  propellant  oxidizer  is  restricted  due  to  low  reactivity  and  low  energetics  besides  its  near  room
temperature  polymorphic  phase  transition.  In the  present  study,  anatase–brookite  mixed  phase  TiO2

nanoparticles  (∼10 nm)  are  synthesized  and  used  as  catalyst  to  enhance  the  reactivity  of  the environmen-
eywords:
ano titanium dioxide
atalysis
tructure-property relationships
mmonium nitrate

soconversional kinetics

tal  friendly  propellant  oxidizer  ammonium  nitrate.  The  activation  energy  required  for  the  decomposition
reactions,  computed  by  differential  and  non-linear  integral  isoconversional  methods  are  used  to  establish
the catalytic  activity.  Presumably,  the  removal  of  NH3 and  H2O,  known  inhibitors  of  ammonium  nitrate
decomposition  reaction,  due  to the  surface  reactions  on  active  surface  of  TiO2 changes  the  decomposition
pathway  and  thereby  the  reactivity.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The application of nanoparticles has extended to almost all con-
eivable field of science ranging from medicine to rocketry. Even
hough, the nano-scale technology is multifaceted in its application,
he use of nanoparticles as catalysts is perhaps the most capti-
ating. Good catalytic activity of transition metal oxides (TMO) is
ttributed to their partially filled penultimate d orbitals and the
ubsequent binding sites provided to the intermediates formed
uring the reaction. The applications of TMO  in industrial pro-
ess as well as in thermal decomposition reactions are long known
1–3]. Moreover, the addition of TMO  is known to improve the
erformance of solid propellants [4].  Hence, there is an interest

n understanding the mechanism of action of TMO  catalysts on the
ecomposition of propellants and its major ingredients such as oxi-
izer. The catalytic property evaluation of transition metal oxides,
e2O3, CuO, Cu2O, ZnO, CdO, NiO, TiO2 and VO2, both in micro and
ano size on the decomposition and combustion of ammonium per-
hlorate and ammonium perchlorate based propellant systems are
ommonly found in literature [5–7].
Environmental effects of the exhaust products of conven-
ional ammonium perchlorate based rocket propellants have been
ssessed by different investigators [8]. Areas of concern have

∗ Corresponding author. Tel.: +91 40 66794919; fax: +91 40 23012460.
E-mail address: dr anuj@ymail.com (A.A. Vargeese).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.06.036
included stratospheric ozone, acid rain, toxicity, air quality and
global warming. Since then, there is an increased interest in
research and development of eco-friendly solid propellant systems.
Irrespective of its drawbacks, such as phase transitions, low perfor-
mance and low burning rate, ammonium nitrate (AN) is receiving
a reinvigorated interest as a possible substitute for ammonium
perchlorate, due to eco-friendly plumes, smokelessness and low
sensitivity [9,10].

One of the main drawbacks which restrict the application of
AN as propellant oxidizer is its low reactivity and low energetics.
Since TMOs are good catalyst for thermal decomposition reac-
tions, increased reactivity of AN can be achieved by nano sized
TMOs. Consequently, the interest in understanding and evaluat-
ing the effect of TMOs in the ultrafine particle form has attracted
wide attention [11]. The competence of TiO2, in micro as well
as nano size, is well demonstrated in fields varying from photo-
catalysis to fuel cell applications. Even though, nano TiO2 (NT)
is an intensely studied material for catalytic applications [12,13],
the investigations on the application of this material in tailoring
energetic reactions are restricted to a few [11]. In Particular, the
effect and application of TMO  nanoparticles as catalyst for the
decomposition reactions of AN still remains unexplored. Even if,
a substantial increase in reactivity of the chemical decomposition

reactions by nanocatalyst assistance might be anticipated, such
decompositions are often dependent on the material property of
the nanoparticles. The material property of the nanocomponents,
which can influence the catalytic efficiency and possible reaction

dx.doi.org/10.1016/j.jhazmat.2011.06.036
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:dr_anuj@ymail.com
dx.doi.org/10.1016/j.jhazmat.2011.06.036


f Haz

p
c
e

o
t
e
m
n
t
T
u
l
o
w
a
w
w
t
t
a
e
w
i
z
n
d
a
a
o

2

2

o
w
i
w
t
a
a
r
t
o
w
t
m
n
a
u
T

2

v
b
p
i
b
A
r
f

A.A. Vargeese, K. Muralidharan / Journal o

athways could be surface area, shape, spatial distribution, surface
omposition, electronic structure, thermal and chemical stability,
tc. [14].

It is widely considered that the catalysts which accelerate the
xidizer decomposition enhance the burning rate of propellant, but
here is no well established proof for the argument. The catalytic
ffect of TMO  on the thermal decomposition may  be attributed to
any reasons, such as semiconductor properties (degree of p or n

ature), charge transfer process or electron transfer process, but
he actual mechanism of activity still not known to any certainty.
he p type semiconduction nature of oxides is reportedly contrib-
tory in enhancing the reactivity [3].  Earlier investigators report a

inear dependency between the degree of catalytic activity of TMO
n propellants with their redox potentials and the heat of reaction
ith the electron transfer process [4].  In the present study, the cat-

lytic activity of NT on the AN decomposition behaviour/reaction
as evaluated. Anatase–brookite mixed phase TiO2 nanoparticles
ere synthesized by sol–gel method, via hydrolysis and peptiza-

ion of titanium isopropoxide solution and used as the nanocatalyst
o enhance the thermal decomposition rate of AN. The catalytic
ctivity and efficiency of NT was estimated by computing the
nergy of activation values of AN and AN in presence of varying
eight percentage of NT. For kinetic computations, two  different

soconversional methods, Friedman’s differential [15] and Vya-
ovkin’s non-linear integral [16] methods, employing a series of
on-isothermal experiments, were used. The normalized heat of
ecomposition (�Hd) of AN and AN–NT mixture were evaluated
nd compared to ascertain any change in heat of reaction. These
nalyses were used to establish the catalytic activity and assistance
f NT on the decomposition reaction of AN.

. Material and methods

.1. Synthesis of nano TiO2 nanocatalyst

Most TiO2 synthesis route involves the use of titanium alkoxide
r titanium chloride as precursor [17–20].  In the present study, NT
ith uniform size was synthesized by the hydrolysis of titanium

sopropoxide solution. The procedure in brief, 250 mL  deionized
ater was taken in a beaker and the pH of the solution was adjusted

o 2 using dilute HNO3 solution. 5 mL  titanium isopropoxide was
dded to 15 mL  of isopropyl alcohol, mixed vigorously, and then
dded drop wise to the pH adjusted deionized water with stir-
ing (at 200 rpm). After 10 min, the stirring speed was reduced
o 50 rpm and evaporated over a hot plate while the temperature
f the reaction mixture was maintained at 80 ◦C. The evaporation
as continued till the volume of the reaction mixture was  reduced

o ∼25 mL  (∼18 h) and then it was transferred to a hot air oven
aintained at 100 ◦C. After 3 h heating, an off-white solid of TiO2

anoparticles was collected. The solid was washed with ethanol
nd then heated at 200 ◦C for 3 h (as per TG-DT analysis) and then
sed for further experiments. The NT was characterized by PXRD,
EM and TG-DTA.

.2. Preparation of AN–NT mixture

AN–NT mixtures with varying weight percentage of NT content
iz., 0.5, 1 and 2% (referred as AT0.5, AT1 and AT2) were prepared
y blending on a mechanical stirrer for 12 h. Crushed and sieved
articles in the size of 105–180 �m of AN was used for the exper-

ments. Since the molecular weight of AN and TiO2 are very close

y, the percentage values can be directly considered as molar ratios.
fter preparation the mixture was dried over fused calcium chlo-
ide under reduced pressure for 30 min. The dried mixture was used
or catalytic activity evaluation and decomposition kinetic analysis.
ardous Materials 192 (2011) 1314– 1320 1315

2.3. Thermal analysis

Thermogravimetric analysis (TGA) measurements were carried
out on a Mettler–Toledo TGA/DSC 1 instrument. In all experiments
∼1 mg  of samples was  loaded in open 90 �L alumina pans and
heated. Nitrogen at a flow rate of 30 mL/min was used as the purge
and protective gas.

2.4. TEM analysis

The HRTEM study was carried out on a FEI Tecnai G2 F20 S-
Twin Transmission Electron Microscope. The samples for TEM and
HRTEM analyses were obtained by diluting the dispersed solution
with ethanol and then placing a drop of the diluted solution onto
a Formvar covered copper grid and evaporated in air at room tem-
perature.

2.5. Powder XRD

The powder X-ray diffraction (PXRD) patterns were obtained
using a ‘Bruker D8 Advance’ instruments at room temperature
(25 ◦C) and the sample was  scanned over a 2� range of 10–70◦. A
step size or sampling interval of 0.001◦ and a scan time of 7.6 s was
used for the characterization. From the obtained PXRD patterns, the
interplanar distances (d) were calculated by Bragg’s equation and
compared with the JCPDS data.

2.6. Decomposition kinetic analysis

Thermogravimetric analysis (TGA) measurements were used
to determine the decomposition kinetics of the samples. Non-
isothermal TGA runs were conducted at heating rates 2.5, 5, 10
and 20 ◦C/min and the extend of conversion (˛) has been computed
from the weight loss data using the reported standard method [21].
�  ̨ of 0.01 and a �˛ of 0.025 were respectively used to compute the
activation energy (E˛) from the differential and the integral meth-
ods. For comparison and plotting, constant  ̨ values were shown at
an interval of 0.05.

2.7. Friedman (differential) method

The differential isoconversional method of Friedman [15] is
based on the Arrhenius Eq. (1).

d˛

dt
= A exp

(
− E

RT

)
f (˛) (1)

Friedman analysis applies the logarithm of the conversion rate
d˛/dt as a function of the reciprocal temperature at different
degrees of the conversion ˛. This modification results in Eq. (2)

ln
(

d˛

dt

)
˛,i

= ln [A˛f (˛)] −
(

E˛

RT˛,i

)
(2)

Hence by plotting ln(d˛/dt) versus 1/T  at constant  ̨ values a
family of straight lines with slope −E˛/R is obtained. Similar way
the activation energy of AN and AN–NT mixtures was  computed.

2.7.1. Vyazovkin (non-linear integral) method
Vyazovkin method is a non-linear integral isoconversional

method which can be used for non-isothermal experiments. Vya-
zovkin method provides more precise activation energy values by

performing numerical integration [16]. For a set of n experiments
carried out at different heating rates, the activation energy can be
determined at any particular value of  ̨ by finding the value of E˛ for
which the given function, Eq. (3),  is a minimum. The minimization
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Fig. 2. Nanosized TiO2 (a) TEM image with Electron Diffraction pattern inset (b)
Fig. 1. PXRD pattern of anatase–brookite mixed phase nano TiO2.

rocedure is repeated for each value of  ̨ to find the dependency of
he activation energy on the extent of conversion.

n

i

n∑
j /=  i

[
I(E˛, T˛,i)ˇj

]
/
[
I(E˛, T˛,j)ˇi

]
= min  (3)

here I(E, T) =
T∫
0

exp
(

− E

RT

)
dT (4)

ˇ in Eq. (3) denotes the heating rates and the indexes i and j
enote set of experiments performed under different heating rates
nd n is the total number of experiments performed.

The third degree approximation (Eq. (6)) proposed by Senum
nd Yang [22] has been used in the present study to evaluate the
ntegral Eq. (4).

(E, T) = E

R
f (x) (5)

here f (x) = exp(−x)
x

× x2 + 10x + 18
x3 + 12x2 + 36x  + 24

(6)

nd x = E

RT
(7)

MATLAB 7.0.1 was used to perform the kinetic computations.

. Results and discussion

.1. Synthesis and structural characterizations of TiO2
anocatalyst

A mixture of titanium isopropoxide and isopropyl alcohol was
sed to synthesize the NT. The formation of NT is explained as fol-

ows, the pH of the hydrolysis solution was adjusted to 2 and in the
igh acidic medium, because of the polarizability of Ti4+ ions, dif-

erent complexes with varying valances are formed. The oxolation
nd olation process occurs simultaneously during nucleation and
urther leads to the precipitation of hydrous oxide [23]. Heating
he solution (thermolysis process) promotes these reactions and in
urn the precipitation of NT.

The PXRD pattern of the NT was obtained as described in the

xperimental section and is shown in Fig. 1. Examination of the
XRD pattern indicated two possibilities, either the formation of
iO2 brookite phase or a mixture of brookite and anatase phase. The
00% intensity peak of rutile (1 1 0) was not observed in the pattern
HRTEM image with corresponding FFT inset.

and hence its presence was  ruled out. Formation of agglomerates
of nanosized particles was  indicated by the broadness of the X-ray
diffraction lines. Even though the hydrolysis of titanium isopropox-
ide reportedly leads to the formation of TiO2 anatase phase [24],
sol–gel synthesis of titania typically produces a mixture of brookite
and anatase [25]. The presence of brookite phase was clearly evi-
dent from the well distinguished peaks corresponding to h k l values
1 2 1 and 2 2 1. The 100% intensity (1 0 1) peak of anatase and the
100% intensity (1 2 0) and 80% intensity (1 1 1) peaks of brookite are
very nearby (JCPDS 21-1272 and 29-1360). Since anisotropic peak
broadening, related to crystallite shape, defects, and microstrain,
occur in nanomaterials, these higher intensity peaks may  overlap.
The peak overlap of anatase and brookite phases has been reported
by earlier investigators and suggests numeric deconvolution tech-

nique to separate these peaks [26]. Since such a study does not
fall in the perspective of this work and well distinguished higher
intensity peaks of anatase (2 0 4) and brookite (1 2 1) were iden-
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Fig. 3. TG-DTA of nanosized TiO2.

ified, the obtained NT is considered as a mixture of brookite and
natase phase. The brookite phase content of the mixture, from the
XRD peak intensities, can be estimated to be about 25% or probably
lightly more.

TEM images, shown in Fig. 2, were used to investigate the
article size, crystallinity and morphology of the synthesized NT.
he TEM micrograph shows a relatively narrow size distribution
f nanoparticles with a mean particle diameter of 10 nm.  How-
ver, the TEM also illustrates the presence of small aggregates of
iO2 with diameter ∼50 nm.  Observations in several zones show
hat most of the particles crystallize in platelet morphology with
ositive and negative curvature. The high resolution TEM image
hows lattice fringes related to the crystal structure of the par-
icles. The electron diffraction pattern exhibited the presence of
oth anatase and brookite phase with two characteristic diffraction
ings (1 2 1 and 2 2 1) corresponding to the brookite phase. Hence,

he electron diffraction data is in good agreement with the PXRD
bservations.

To confirm the chemical composition, TG-DT analysis of the
T was performed. The measured curve (Fig. 3) indicated a total

Fig. 4. TG-DTA of AN–NT mixtu
ardous Materials 192 (2011) 1314– 1320 1317

weight loss of ∼12% below 375 ◦C in the exposed temperature range
30–900 ◦C. The initial weight loss at ∼100 ◦C is associated with an
endothermic peak, which shows the dehydration of TiO2·H2O as
well as the removal of surface attached H2O due to physisorb-
tion. Approximately 4% of the weight loss can be attributed to
the H2O removal. The remaining 8% weight loss is due to the
removal of organic impurities crystallized along with the particles.
At around 375 ◦C, the weight becomes constant indicating com-
plete removal of organic impurities. Furthermore, no endothermic
peak was observed suggesting any crystallographic phase transi-
tion occurred in the temperature region in which the compound
was  exposed [27]. Since approximately 70% of the total weight loss
occurs before 200 ◦C, the sample was  annealed at this temperature
for 3 h before evaluating the catalytic efficiency.

3.2. Catalytic decomposition of ammonium nitrate

AN–NT mixtures with NT content viz., 0.5, 1 and 2% were
prepared by physical mixing. The TG-DTA curves measured at
10 ◦C/min heating rate, shown in Fig. 4, were used to study the
decomposition temperature and thermal stability of the samples.
The measured curves clearly indicate a shift in the decomposition
temperature corresponding to the concentration of the nanocata-
lyst. The peak decomposition temperature observed and the �Hd
values are tabulated in Table 1. Also, in the DTA thermogram, the
melting peak is influenced by the presence of nanocatalyst, proba-
bly behaving as an impurity, causing a decrease in the melting point.
These observations were invariably similar in the data obtained at
different heating rates.

In addition, the �Hd values of the samples obtained were com-
pared. Surprisingly, the endothermicity of the AN decomposition
was  significantly brought down, i.e., the decomposition reaction
became more exothermic in nature with respect to the catalyst
concentration. Since, the enhancement of heat of reaction by cata-
lyst assistance is thermodynamically incorrect, the possible reason
may be a change in the reaction pathway. In view of the fact
that, a variety of decomposition reaction pathways that AN can

undergo and are (except proton transfer reaction) exothermic in
nature [28], the possibility of a change in the reaction pathway due
to the catalyst assistance is more likely indicated as a change in
�Hd.

res obtained at 10 ◦C/min.
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Fig. 5. E˛ dependency on  ̨ computed by Friedman method.
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Fig. 7. Isoconversional Arrhenius plots based on Freidman’s method at  ̨ = 0.4.

can occur in a variety of pathways, but the reaction is initiated

T
D

Fig. 6. E˛ dependency on  ̨ computed by Vyazovkin method.

The calculated activation energy (E˛) values of the decompo-
ition reaction of AN were plotted against extend of conversion
˛) and shown in Figs. 5 and 6. Activation energy may  be cor-
elated to bond energy data [29] and is generally considered
s a measurement of the energy barrier to a controlling (rate
imiting) bond rupture or bond redistribution step [30]. The acti-
ation energy can provide reasonable information about critical
nergy needed to start the decomposition reaction of the com-
ound. Hence, a reduction in the activation energy can be directly
orrelated to the catalytic activity of the compounds under inves-
igation.

It is well accepted by the previous researchers that the overall
ecomposition reaction of AN is described by the first order reaction
inetics, but the reported values of activation energy for the process
aries from 86.2 to 206.9 kJ mol−1 [31,32]. A recent work reports the

hermal gasification of AN has a similar kinetics in the solid and liq-
id phase and requires an activation energy of ∼90 kJ mol−1 [33]. A
eaction system following first order reaction kinetics (or unifica-

able 1
ecomposition data of AN and AN–TiO2 mixtures at heating rate 10 ◦C/min.

Ammonium nitrate (%) Catalyst TiO2 (%) Peak decomposition
temperature (◦C)

100 0 247 

99.5  0.5 240 

99 1  236 

98  2 221 
NH4NO3  NH3 + HNO3

Scheme 1. Thermal dissociation of ammonium nitrate.

tion of multiple-reaction mechanisms) can be identified from the
independent relation between E˛ and ˛, which remains true for AN
in the present study.

For all the catalyzed reactions a significant reduction in the
activation energy was  observed. The plots of E˛ against  ̨ of AT2
indicate a change in the decomposition reaction pathway besides a
significant reduction in the E˛ values. In other words, instead of the
earlier reported first order reaction kinetics and a linear relation,
the E˛ value of AT2 varies significantly as the reaction proceeds. The
E˛ and  ̨ plot obtained using Friedman’s method, especially of AT2,
show a gradual decrease in the E˛ values strongly indicating the cat-
alytic activity. More precisely, the isoconversional Arrhenius plots
at ˛ = 0.4 shown in Fig. 7 illustrates a substantial slope difference
for the mixtures and a corresponding change in the E˛ values. The
variation in activation energy could occur due to the heterogeneous
nature of the solid sample or due to a complex reaction mechanism.
Two  or more elementary steps, with independent activation energy
can also affect the rate of reaction.

Even though all the mixtures showed a change in the reaction
pathway, resultant to the percentage of the catalyst, the decom-
position pathway of AT0.5 and AT1 did not show a noticeable
difference as in the case of AT2. This could be considered as an
indication of the minimum catalyst quantity required to signifi-
cantly influence the reaction pathway. The non-linear relation of
E˛ with  ̨ for AT2 can be explained with respect to the thermal
decomposition of AN. The thermal decomposition reaction of AN
by an endothermic proton transfer reaction (Scheme 1) [28]. Con-
sidering the fact that the DTA thermogram exhibited endothermic
nature of the decomposition, and all other reported decomposi-

Heat of decomposition
(normalized) (Jg−1)

E˛ by Friedman
method (kJ mol−1)

E˛ by Vyazovkin
method (kJ mol−1)

−803 119 (±2.5) 109 (±8)
−614 88 (±4.7) 89 (±1.4)
−583 84 (±5.4) 85 (±1.8)
−523 38 (±6.4) 76 (±4.3)
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Fig. 8. Mechanism of catalytic decom

NH3 NH2 + H
2NH2 N2H4

N2H4 N2 + 4H
4H + O2 2H2O

a)
b)
c)
d)

Scheme 2. Surface reactions after NH3 adsorption.

HNO3 OH  +  NO2

NO
a)
b)
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Scheme 3. Decomposition of ammonium nitrate dissociation products.

ion pathways are exothermic in nature, the possibility of reaction
hown in Scheme 1 seems apparent in the present system. In the
on-catalyzed AN decomposition, the dissociation product HNO3

urther dissociates and reacts with NH3 to form N2O and H2O
28].

The interaction between TiO2, especially of anatase phase,
nd ammonia is well established by different investigators [34].
iO2 exhibits reasonable catalytic activity in the oxidation of
mmonia to N2 and N2O in the temperatures below 300 ◦C [35].
he titanium atoms remaining after dehydroxylation are incom-
letely coordinated (and behave as Lewis acid centres) and can
herefore fix either a water molecule or an ammonia molecule
36]. Hence, the NH3 formed during the dissociation of AN may
ond coordinatively to two different types of Lewis sites on the
natase surface. After adsorption, a surface reaction occurs in which
ydrazine is formed as an intermediate. As shown below, the
dsorbed NH3 on the nanocatalyst give rise to N2 through the
ecomposition of hydrazine produced by the dimerization of NH2
pecies that is generated by the oxydehydrogenation (Scheme 2)
37,38].

The Oxygen required for the reaction could have produced
ue to the dissociation of NO2 which in turn produced by the
omolytic dissociation of HNO3 (Scheme 3). The proposed reaction
echanism is schematically represented in Fig. 8. In the reaction
echanism, the reaction follows step (1) dissociation of ammo-

ium nitrate, step (2) absorption of NH3 on TiO2 surface, step (3)
issociation of HNO3 produced from ammonium nitrate, step (4)
ormed NO2 further dissociates to NO and O2, and step (5) O2 inter-
cts with TiO2. The step 1, step 3 and step 4 are the reported thermal

ecomposition pathway of AN [39].

It has been demonstrated by earlier investigators that, NH3
nd H2O inhibit the AN decomposition and on the other hand
NO3 promotes the decomposition [39]. In the present study, the
position of ammonium nitrate.

TiO2 presumably removes the NH3 from the system and hence
the inhibitor concentration will be reduced as the reaction pro-
ceeds. The higher specific surface area of the NTs might facilitate
higher adsorption of NH3. The NH3 removal process will percepti-
bly increase the rate of decomposition resulting in lesser E˛ values.
This change in the reaction path way appears to have altered the E˛

with  ̨ relation and hence the kinetics. The variation of E˛ values
of a reaction during its progress can be attributed to a systematic
change in the reaction kinetics. At lower concentration of NT, the
active surface sites would have more rapidly inhibited by the higher
concentration of NH3, released from AN.

The activation energy required for the thermal decomposition
of AN is 119 kJ mol−1 as per the differential method (or 109 kJ mol−1

as per the integral method), while that of AT0.5, AT1 and AT2
are 88, 84 and 38 kJ mol−1 (89, 85, and 76 kJ mol−1), respectively.
This shows that the numerical values of activation energy obtained
by different isoconversional methods vary significantly. These dif-
ferences could be due to the approximation of the temperature
integral used in the isoconversional methods [40]. The differential
method gives actual information of decomposition reaction while
numerical integration suppresses this information. Most popu-
lar and conventional integral method of Flynn–Wall and Ozawa
(linear integral method) has also been used for the comparison
(supplementary data), which showed a similar trend and slightly
higher numerical values than the non-linear integral method. Since
Friedman’s differential method uses the instantaneous rate values
and sensitive to experimental noise, it gives larger variations in E˛

dependency on conversion degree. Approximately, a difference of
20% in the absolute value of E˛ obtained by differential and integral
isoconversional methods is reported [41]. Hence, irrespective of the
difference in numerical values the studies show a strong catalytic
activity as well as a reaction pathway change in the NT assisted
thermal decomposition of AN.

4. Conclusions

The catalytic efficiency of NT has been proved by demonstrat-
ing a significant reduction in the activation energy required for the
NT assisted decomposition reaction of ammonium nitrate. At molar
ratios (ammonium nitrate–TiO2) as low as 49:1, the nanocatalyst
changed the reactivity of ammonium nitrate decomposition by pos-
sibly altering the decomposition pathway. The activation energy

values obtained by differential and non-linear integral methods
showed similar reaction kinetics and E˛ dependency on ˛. Probably
the removal of ammonium nitrate decomposition reaction inhi-
bition species, such as NH3 on the TiO2 surface and subsequent
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xidation leads to the change in the decomposition pathway. The
ndings of this work can be useful in realizing more environmen-
ally benign solid propellant systems based on ammonium nitrate.
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