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Abstract: B/Fe2O3 samples were prepared by mixing nano sized boron powder 
with iron oxide xerogels that had been synthesized using a sol-gel method 
that included various types of proton scavengers such as 1,2-epoxybutane, 
tetrahydrofuran, 1,4-dioxane and ammonium hydroxide. The effects of the proton 
scavengers and drying conditions on the textural properties of the iron oxide 
samples and on the heat output and thermal behavior of the nano-composites 
were examined. The iron oxide samples were subjected to direct drying (DD) 
or sequential solvent exchange (SSE). The heat output values of the B/Fe2O3 
nano-composites varied from 240 to 1200 J/g depending on the drying condition 
and the proton scavenger used. It was found that the thermal behaviour 
and the textural properties of B/Fe2O3 nano-composites (such as porosity, 
surface area and crystallinity) could be tailored by both the drying conditions 
and the proton scavenger used.
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1	 Introduction 

The pyrotechnic compositions used in initiator systems are generally activated 
by a specific well defined electrical impulse. These initiators are used in both 
civilian and military systems as gas-generators, igniters, microelectromechanical 
systems (MEMS)-based microthruster systems and also in initiators 
for automobile airbags [1-3]. 

The pyrotechnic compositions may be prepared by various methods 
such as physical mixing, arrested reactive milling and the sol-gel method [4, 5]. 
The sol-gel method is a versatile synthesis technique to produce energetic 
materials and oxidizers. It is a well-known technique for the production of nano-
structured pyrotechnic materials [6-9]. This method is safe for the processing 
of energetic materials at room temperature and low temperature drying. 
The methodology is based on the synthesis of nanoparticles by the reaction 
of components in a solution which is called ‘sol’ and then by linking 
them together in a solid matrix called ‘gel’ with a porous structure [4]. 
Following the synthesis of gel form when the liquid phase is removed from 
the gel by controlled evaporation, high density and porous xerogels are obtained. 
These xerogels have nanometer size particles and pores. The sol-gel methodology 
provides intimate mixing and contact of the components. It is rather an easy 
way to control and tailor the properties of energetic material with the possibility 
of achieving ultrafine particle dispersion which is not practical by conventional 
methods [6]. The new applications of this well-known method are developing 
self-assembled nanocomposites [10, 11] and penetration of oxidizer through 
the silicon substrates [12-14].

This is an example of the “bottom-up” concept that was first brought 
to prominence with Richard Feynman’s talk, “There’s Plenty of Room 
at the Bottom” at the American Physical Society Meeting in 1959 [15]. 
Since that time, the field of nanoparticles has grown and improved with many 
research studies published. However, the application of nanotechnology 
to energetic compositions is a new topic and it seems that nano-sized energetic 
materials will become the next-generation of energetic materials due to their 
controllable surface area, energy density, particle size distribution and power/
heat release. 

Pyrotechnics exhibit highly exothermic oxidation-reduction reactions 
between the oxidizer and the fuel [16]. The sol-gel method offers good control 
of the textural and structural properties of the metal oxides. The particle size, 
porosity, surface area and crystallinity of the metal oxides can be tailored 
by the synthesis and drying conditions [4, 17-19]. These structural properties 
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have great importance for the ignition and combustion performance 
of energetic compositions.

The morphological and structural properties of the oxidizer affect 
the combustion characteristics of the energetic nano-composites depending 
on the particle size, surface area and porosity of the components. A limited 
number of studies have been reported that consider the effect of textural 
properties on ignition and combustion performance [5-9, 20-24]. In these studies, 
significant changes in ignition and combustion performance were observed 
for energetics with 100 nm or smaller particle size. The small particle size, 
the resulting higher surface area, and the intimate contact between particles 
produce a decrease in the mass transport distance between the fuel 
and oxidizer [20, 25]. The pyrotechnics that include nano oxidizer and fuel 
can be defined as nano-composite pyrotechnics, metastable intermolecular/
interstitial composites (MICs) or superthermites [26]. The application of nano 
energetics to MEMS technology may lead to size and mass reductions of many 
munitions systems in the future [3].

The initial combustion reactions in a binary fuel-oxidizer system of thermites/
pyrotechnics are assumed to be controlled by transport processes, such as mass 
diffusion and heat transfer between the component particles [22, 27]. Heat transfer 
is produced only by heat conduction in non-porous structures. For efficient 
combustion the heat transfer mechanism should involve both conduction 
and convection. Therefore, porous structures are necessary for an efficient 
and uniform combustion via heat convection and conduction mechanisms. 
In addition, the oxide layer around the fuel particles acts as a passivation 
layer to protect/isolate them from their surroundings. Oxygen must diffuse 
through this passivation layer from the oxidizer in order to directly contact 
the fuel particles. Thus the mass diffusion between the oxidizer and the fuel acts 
as a rate controlling step for the combustion reaction of pyrotechnics [28, 29]. 
Since pyrotechnic reactions are diffusion-limited processes, a higher 
surface area facilitates uniform combustion and enhances the combustion 
performance of the thermites/pyrotechnics. The particle size and the surface 
area of metal oxides synthesized by the sol-gel method depends strongly 
on the drying conditions and the proton scavenger used. The strong interaction 
between the polar solvent residues and the metal oxide gel requires elevated 
drying temperatures. It is known that the direct drying (DD) process leads 
to the formation of capillary forces inside the pore walls of the gel structure 
and this capillary force results in shrinkage and collapse of the gel matrix. 
In order to prevent shrinkage, solvent exchange could be applied in which 
polar solvent residues are exchanged with non polar solvents prior to drying. 
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Therefore, the solvent exchange method provides better control of surface area 
and porosity, avoiding contraction of the matrix.

In this present study the effect of proton scavengers (used to initiate 
the gelation mechanism of the precursor, Fe(NO3)3·9H2O) on the textural 
properties of the iron oxide samples and the influence of the type of proton 
scavenger on the heat output were investigated. The energetic performance 
of sol-gel synthesized Fe2O3 was examined in Fe2O3-boron pyrotechnic reactions 
which can be described by Equation 1 [30]:

2B + Fe2O3   →   B2O3 + 2Fe	 ∆H = –2473 J/g� (1)

The effect of solvent exchange on the textural properties and thermal behavior 
of B/Fe2O3 nano-composites was also studied.

2	 Materials and Methods

2.1	 Materials 
Iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, ≥99.8%, Sigma Aldrich) 
was used as precursor. Ethanol (≥99.8%, Sigma Aldrich) was used as solvent. 
1,2-Epoxybutane (99%, Aldrich), tetrahydrofuran (THF, anhydrous, 99.9%, 
Sigma Aldrich), 1,4-dioxane (anhydrous, 99.8%, Sigma Aldrich) and ammonium 
hydroxide solution (28% NH3 in H2O, Sigma Aldrich) were used as proton 
scavengers. Boron powder (≥98.5%) with an average particle size of 200 nm 
was provided by a local supplier and used as fuel. All materials were used in their 
as received conditions.

2.2	 Synthesis of iron oxide samples
Iron oxide samples were synthesized by the sol-gel method. 4.0 g of Fe(NO3)3·9H2O 
was hydrolyzed in 6.4 cm3 of ethanol producing a clear red-orange solution 
in a glass beaker that was constantly stirred at 400 rpm using an explosion 
proof magnetic stirrer (2 mag magnetic motion atexMIXdrive 1) under 
ambient conditions. After hydrolysis, gelation was carried out by the slow 
addition of one of the proton scavengers to the solution. In all synthesis work, 
64.6 mmol of the proton scavenger was used except 1,4-dioxane (32.3 mmol) 
and ammonium hydroxide solution (128 mmol). The samples were dried 
by conventional oven drying method at 70 °C for 6 days to remove the solvent 
and other volatiles. The solvent exchange method was used to remove 
the residual ethanol and other volatiles by successive treatment of the gel sample 
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by a series of ethanol-hexane mixtures containing 25, 50 and 75 wt.% hexane. 
The gel samples were treated with each solvent mixture for 3 days at room 
temperature and the solvent was drained completely after each step. The solvent 
exchange process was followed by drying of the samples at 90 °C overnight.

2.3	 Preparation of boron/iron oxide energetic composites
B/Fe2O3 composites were obtained by physical mixing of specific amounts 
of boron powder with iron oxide samples that had been prepared via the sol-gel 
method. The compositions have a specific mass ratio which can be described 
as an equivalence ratio. The equivalence ratio is the ratio of the actual mass 
ratio of fuel to oxidizer to the stoichiometric mass ratio of fuel to oxidizer. 
It is calculated by using the main chemical reaction between the boron 
and iron oxide (Equation 1) as Equation 2:

ɸ =
�𝐦𝐦𝐦𝐦𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟 𝐦𝐦𝐦𝐦𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐟𝐟𝐟𝐟𝐨𝐨𝐨𝐨� �

𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐟𝐟𝐟𝐟𝐚𝐚𝐚𝐚𝐟𝐟𝐟𝐟
�𝐦𝐦𝐦𝐦𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟 𝐦𝐦𝐦𝐦𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐟𝐟𝐟𝐟𝐨𝐨𝐨𝐨� �

𝐬𝐬𝐬𝐬𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐬𝐬𝐬𝐬𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐬𝐬𝐬𝐬

     (2) 

 

𝐿𝐿𝐿𝐿 = 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽(𝜃𝜃𝜃𝜃)

       (5) 

 

� (2)

The B/Fe2O3 samples subjected to thermal analysis were fuel rich 
compositions. The equivalence ratio of the samples is given in Table 1. 
The equivalence ratios take into account that 2 moles of B should be added 
to 1 mole of Fe2O3 or 2 moles of Fe(NO3)3·9H2O for a stoichiometric reaction. 
Therefore, for a 3FR composition, 6 moles of B should be added to 1 mole 
of Fe2O3 or 2 moles of Fe(NO3)3·9H2O. 

Table 1.	 Fuel and oxidizer content of B/Fe2O3 nano-composites

Sample B content
[mmol]

Fe2O3 content
[mmol]

Equivalence ratio, 
φ 

3FR 6 1 3

3	 Material Characterization

3.1	 Nitrogen gas adsorption analysis 
The textural properties of the iron oxide samples synthesized via the sol-gel method 
using various proton scavengers were examined using the N2-BET method. 
The nitrogen adsorption-desorption isotherms of the samples were analyzed 
with a Quantachrome Autosorb-6iS Instrument. The samples were degassed 
at 200 °C for a minimum of 24 h under vacuum. The surface area, pore size 
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distribution and pore volume were determined by the nitrogen adsorption-
desorption isotherms.

3.2	 X-Ray diffraction (XRD)
The X-ray diffraction (XRD) analysis of Fe2O3 samples were performed at room 
temperature by Rigaku ULTIMA IV X-ray diffractometer using monochromatic 
CuKα X-Rays with a wavelength of 0.15405 nm between 2θ range of 3-90° 
with a scan speed of 0.5°/min and a sampling step of 0.02°. Database PDF-2 
from ICDD was used to specify the lattice structures and phases. 

3.3	 Thermal analysis
The thermal analyses of B/Fe2O3 compositions were carried out using 
a NETZSCH STA 449 F3 Simultaneous TG-DSC analyzer to characterize 
the onset temperature and energy release of the samples. TG-DSC measurements 
were performed by loading 1.5-2.0 mg of samples into Al2O3 crucibles 
and heating from room temperature up to 1400 °C at a heating rate of 30 °C/min 
with an accuracy of 0.0001 mg. The measurements were performed under a high 
purity (99.999%) nitrogen atmosphere.

4	 Results and Discussion

4.1	 Nitrogen gas adsorption analysis 
In this study, the effect of proton scavenger, solvent exchange and drying 
conditions on the textural properties were examined using the N2-BET method. 
The adsorption-desorption isotherms and pore size distribution of Fe2O3 
samples are presented in Figures 1 and 2, and Table 2. The samples prepared 
by the sequential solvent exchange (SSE) and DD methods exhibit a Type IV 
isotherm with a hysteresis loop which indicates a mesoporous structure [31-33]. 
The hysteresis loops over the relative pressure of 0.5 indicate the presence 
of mesopores in the skeletal matrix.
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(a)

(b)
Figure 1.	 SSE Fe2O3 samples synthesized with 1,2-epoxybutane, THF, 

1,4-dioxane, ammonium hydroxide: (a) the nitrogen adsorption/
desorption isotherms and (b) the pore size distributions
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(a)

(b)
Figure 2.	 DD Fe2O3 samples synthesized with 1,2-epoxybutane, THF, 

1,4-dioxane, ammonium hydroxide: (a) the nitrogen adsorption/
desorption isotherms and (b) the pore size distributions
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Table 2.	 The surface area, pore size and pore volume of Fe2O3 compositions

Proton scavenger
Surface area 

[m2/g]
Pore volume* 

[cm3/g]
Average pore diameter* 

[nm]
DD SSE DD SSE DD SSE

1,2-Epoxybutane 176.2 267.6 0.462 0.432 9.553 5.653
THF 109.1 231.7 0.087 0.179 3.804 3.776
1,4-Dioxane 150.9 190.5 0.103 0.427 3.406 1.654
Ammonium hydroxide 67.1 123.3 0.022 0.063 1.646 1.664

* The pore volumes and the average pore diameter were obtained from nitrogen desorption 
isotherms by the BJH theory

The specific surface area, pore volumes and average pore diameter of the 
iron oxide samples prepared using the DD method varied between 67-176 m2/g, 
0.022-0.462 cm3/g and 1.646-9.553 nm, respectively. On the other hand, the 
specific surface area and the pore volume of the samples prepared by the SSE 
method were significantly higher than the samples prepared by the DD method. 
The specific surface area, pore volumes and average pore diameter of the iron 
oxide samples prepared by SSE varied between 123-268 m2/g, 0.063-0.432 cm3/g 
and 1.654-5.653 nm, respectively. The wide range in the surface area can be 
explained by the different mechanisms, which follow through during the gelation 
process, depending on the proton scavenger used. 

The results show that the iron oxide samples synthesized by the sol-gel method 
were in the xerogel form having mesoporous structures except for the samples 
synthesized using ammonium hydroxide and subjected to the DD method. 
The evaporation of the ethanol and other volatiles from the gel sample by direct 
drying led to excessive capillary forces on the gel’s pore structure and these 
capillary forces resulted in shrinkage of the gel matrix. Besides, the solvent 
removal rate and drying is favored by the presence of non polar solvent 
and the porous structure was preserved after drying at 90 °C.

The sample prepared using ammonium hydroxide resulted in the smallest 
surface area and pore volume, because the ammonium hydroxide is more basic 
compared to other proton scavengers. As a result, the rapid precipitation of Fe2O3 
phase and crystallization process may lead to destruction of the porous structure. 
However, the particle size, porosity, surface area and crystallinity of the iron oxide 
can be tailored by the synthesis and drying conditions.

4.2	 X-Ray diffraction (XRD)
XRD patterns of iron oxide samples which were synthesized using various proton 
scavengers and which were prepared by both the DD and SSE methods are given 
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in Figure 3. The broad peaks of the samples prepared with 1,2-epoxybutane, 
THF and 1,4-dioxane may be attributed to the structure of the maghemite 
phase of γ-Fe2O3 according to PDF card no 00-004-0755 of the ICDD database 
as shown in Figure 3.

(a)

(b)
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(c)

(d)
Figure 3.	 The XRD patterns of DD and SSE Fe2O3 samples synthesized 

wi th   (a )  1 ,2-epoxybutane ,  (b)  THF,  (c )  1 ,4-d ioxane , 
and (d) ammonium hydroxide
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The spinel structure of γ-Fe2O3 consists of layers of tetrahedral and octahedral 
positions [18, 34] and Fergusan et al. [35] indicated that the octahedral sites 
of maghemite involve cation vacancies. These cation vacancies are important 
for the iron oxide which is used as an oxidizer in pyrotechnic compositions. 
The pyrotechnic reactions are based on the oxidation-reduction mechanism 
between the iron oxide and the fuel used in the compositions and the existence 
of these cation vacancies affect the structural properties of the iron oxide 
xerogels and as a result they also affect the pyrotechnic reaction mechanism [36]. 
Moreover, the pyrotechnic reaction threshold is influenced by changes 
in the crystal structure and the lattice defects of the iron oxide xerogel [37-39]. 

The peaks observed at 2θ = 20° for samples prepared with epoxybutane, 
THF and 1,4-dioxane (Figures 3(a)-(c)) indicate a super lattice structure 
with the ordering of cation vacancies in the maghemite crystal lattice 
which is specific to sol-gel synthesized samples. The intensity of these diffraction 
peaks was found to be relatively small presumably because of the lower 
crystallinity of the xerogel structure [34, 40-43]. 

On the other hand, the XRD patterns of the sample synthesized using 
ammonium hydroxide are different from those of the samples synthesized 
with other proton scavengers as shown in Figure 3(d). The sharp peaks 
of the sample synthesized using ammonium hydroxide may be attributed 
to the structure of residual ammonium nitrate (NH4NO3). The presence 
of NH4NO3, presumably arises from the reaction of free NO3

– ions 
which are generated during the hydrolysis step of Fe(NO3)3∙9H2O as given 
in the following Equations 3 and 4. The other peaks of the sample synthesized 
using ammonium hydroxide may be attributed to the maghemite phase of γ-Fe2O3 
according to PDF card no 00-004-0755 of the ICDD database.

Fe(NO3)3·9H2O   →   Fe(NO3)3 + 9H2O� (3)

Fe(NO3)3 + 3NH4OH + 9H2O   →   3NH4NO3 + Fe(OH)3 + 9H2O� (4)

XRD patterns of samples synthesized with ammonium hydroxide and prepared 
by the DD and SSE methods consisted of similar sharp peaks attributed 
to the residual NH4NO3. However, XRD patterns of samples synthesized 
using epoxybutane, THF and 1,4-dioxane and prepared by the DD method 
are very similar to those of samples obtained by the SSE method except 
for a slight increase of peak intensity after sequential solvent exchange 
which can be explained by Ostwald ripening during solvent exchange. The nano-
scale structures of the iron oxide utilized as the oxidizer resulted in a higher 
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mass transport rate which is known as the controlling step of the pyrotechnic 
combustion reaction.

Based on the XRD patterns of iron oxide samples synthesized 
using 1,2-epoxybutane, THF and 1,4-dioxane and prepared by the DD 
and SSE methods, the crystallite size (L), was calculated from the (311) 
XRD peak which is common to γ-Fe2O3 (maghemite) using the Scherrer 
equation [44, 45]:

ɸ =
�𝐦𝐦𝐦𝐦𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟 𝐦𝐦𝐦𝐦𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐟𝐟𝐟𝐟𝐨𝐨𝐨𝐨� �

𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐟𝐟𝐟𝐟𝐚𝐚𝐚𝐚𝐟𝐟𝐟𝐟
�𝐦𝐦𝐦𝐦𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟 𝐦𝐦𝐦𝐦𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐟𝐟𝐟𝐟𝐨𝐨𝐨𝐨� �

𝐬𝐬𝐬𝐬𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐬𝐬𝐬𝐬𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐨𝐬𝐬𝐬𝐬

     (2) 

 

𝐿𝐿𝐿𝐿 = 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽(𝜃𝜃𝜃𝜃)

       (5) 

 

� (5)

where K is a constant related to crystallite shape (0.94), λ is the X-ray wavelength 
(0.15405 nm for CuKα), β is the full width at half maximum (FWHM) 
of (311) γ-Fe2O3 diffraction maximum in radians and θ is the diffraction angle. 
The calculated values on the basis of Equation 5 may be considered 
as a preliminary measure of the crystallite sizes of iron oxide xerogels 
synthesized with 1,2-epoxybutane, THF and 1,4-dioxane. 

The crystallite sizes of SSE samples are slightly higher than those of DD 
samples according to the data evaluated by recalculating of FWHM value from 
the XRD patterns as given in Table 3. The higher peak intensity and crystallite 
size of SSE samples may be explained by Ostwald ripening occurring during 
solvent exchange.

Table 3.	 Crystallite sizes on the basis of Scherrer analysis of (311) XRD peaks

Proton Scavenger
Crystallite size* 

[nm]
Crystallite size 

[nm]
2θ for (311) peak 

[°]
DD SSE DD SSE DD SSE

1,2-Epoxybutane 3.5 3.6 3.0 1.1 35.78 34.66
THF 3.0 3.2 1.3 3.3 35.37 34.83
1,4-Dioxane 3.5 3.7 2.9 3.1 34.94 35.14

* These data were evaluated by recalculating the full width at half maximum (FWHM) value 
from the XRD patterns rather than getting them directly from the XRD measurements

4.3	 Thermal analysis

4.3.1	General characteristics
The thermal characteristics of Fe2O3 prepared by the DD and SSE methods 
were characterized in B/Fe2O3 nano-composites. TG/DSC heating curves 
for fuel rich B/Fe2O3 composites representing the equivalence ratio of 3 
are presented in Figure 4.
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Figure 4.	 Plots as a function of temperature B/Fe2O3 samples synthesized 

with 1,2-epoxybutane (curve 1), THF (curve 2), 1,4-dioxane 
(curve 3) and ammonium hydroxide (curve 4) obtained in the 
DSC tests for: (a) DD and (b) SSE methods, as well as obtained 
in the TG tests for: (c) DD and (d) SSE methods

The samples prepared by different proton scavengers and obtained 
by the DD and SSE methods exhibited exothermic peaks across a broad range 
of temperatures. The melting temperature of boron is very high (2077 °C) 
and no endothermic peak was observed within the temperature range investigated. 
Therefore, the pyrotechnic reactions observed in the temperature range 
600-1400 °C took place between solid phases of B and Fe2O3. The thermal events 
and mass loss of direct dried compositions up to 300 °C might be associated 
with the evaporation of the ethanol and organic residues inside the structure.

4.3.2	The effects of drying condition and proton scavenger 
on the thermal behavior of pyrotechnic compositions 

The first exothermic events were observed above 850 °C for samples prepared 
using 1,2-epoxybutane. The exotherm of the SSE sample at 870 °C overlapped 
with an additional peak at a temperature slightly higher than 950 °C. The total 
heat output of the DD sample was 243.3 J/g while the total heat output 
of SSE sample was 354.6 J/g as given in Table 4 and Figures 4(a) and 4(b).

It is observed that the first exotherm above 600 °C for the DD composition 
prepared using THF had a heat output of 166.3 J/g at 629.3 °C while the first 
exotherm above 600 °C of SSE sample had a heat output of 496.9 J/g at 667.0 °C. 
When the results are compared for the exothermic events that took place 
above 600 °C, it can be seen that the onset temperatures of the exotherms 
of the SSE sample were slightly higher than those of the DD sample as shown 
in Figures 4(a) and 4(b). It was observed that the last exothermic event 
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of the SSE sample started at 1188.9 °C with a heat output of 605.9 J/g and the last 
exothermic event of the DD sample started at 1100.7 °C with a heat output 
of 511.9 J/g. Another exotherm can be seen which overlaps the last exothermic 
event for both the SSE and DD samples. The onset temperature of this exotherm 
was 1302.6 °C for the SSE sample and 1203.6 °C for the DD sample. 
Similar to the results between 600-900 °C, the onset temperatures 
of the exothermic events above 1000 °C for the SSE sample were slightly 
higher than those of the DD sample. The total heat output of the DD sample 
was 967.8 J/g while the total heat output of the SSE samples was 1188.7 J/g 
as given in Figures 4(a) and 4(b).

The first exothermic event of the DD sample prepared using 1,4-dioxane 
had a heat output of 185.9 J/g at 159.2 °C. The exotherm above 600 °C for the DD 
composition had a heat output of 424.5 J/g at 867.7 °C which overlapped 
with the exotherm at 1046.7 °C while the first exotherm above 600 °C 
of the SSE sample had a heat output of 336.8 J/g at 639.3 °C and the second 
exotherm had a heat output of 329.4 J/g at 855.1 °C (see Figures 4(a) and 4(b)). 
The total heat output of the DD sample was 622.6 J/g while the total heat output 
of the SSE samples was 718.1 J/g.

The sharp endothermic peaks up to 250 °C observed for the DD samples 
prepared using ammonium hydroxide are given in Figure 4(a). The endothermic 
peaks between 50-150 °C correspond to the crystal transformation IV → III, 
III → II and II → I and the endothermic peaks above 150 °C may be related 
to the melting of residual ammonium nitrate [46, 47]. The NH4NO3 phase inside 
the structure may be produced during the gelation process with ammonium 
hydroxide according to the following possible reactions:

3NH4OH + Fe(NO3)3   →   3NH4NO3 + Fe(OH)3� (6)

Fe(OH)3   →   FeOOH + H2O� (7)

2FeOOH   →   Fe2O3 + H2O� (8)

The first exotherm was observed above 500 °C for the DD composition 
prepared using ammonium hydroxide with a heat output of 696.9 J/g 
at 542.7 °C while the first exotherm for the SSE sample was observed 
at 198.3 °C with a heat output of 631.6 J/g. When the results are compared 
for the exothermic events that took place above 650 °C, it can be seen that 
the onset temperature and heat output of the exotherm of the SSE sample 
are slightly higher than those of the DD sample as shown in Figures 4(a) 
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and 4(b). The last exothermic event of the DD sample started at 1095.7 °C 
with a heat output of 162.3 J/g which was not observed for the SSE sample. 
The total heat output of the DD sample was 961.6 J/g while the total heat output 
of SSE samples was 1006.7 J/g. 

The onset temperatures of the SSE samples prepared using THF, 1,4-dioxane 
and ammonium hydroxide were slightly higher than those of the DD samples. 
Wang et al. [48] proposed that pyrotechnic ignition is controlled by the transport 
of bound oxygen ions from the oxidizer and is related to the internal structure 
of the oxidizer [49]. Therefore, the difference in the onset temperatures 
of the SSE and DD iron oxide xerogels may be attributed to slight differences 
in the structure, such as vacancies, defects and oxygen bonds.

The heat outputs of the SSE samples were approximately 5-45% greater than 
the heat outputs of the DD samples prepared using 1,2 epoxybutane, THF, 
1,4-dioxane and ammonium hydroxide (see Table 4). The enhancement 
of the heat output might be related to the textural properties of the samples which 
strongly depend on the drying conditions as the drying method is known to affect 
the mechanism of extraction/evaporation of the solvent within the porous 
structure of gel.

The theoretical and experimental values of the heat of reactions for the 3FR 
both SSE and DD samples are shown in Table 4. The actual calorific values 
are approximately 15-60% of the theoretical values. It can be concluded that 
the SSE method has an enhancing effect on the heat output due to enhancement 
in the structure, the increase in the surface area and pore volume. 
It can be seen that the heat output not only depends on the drying conditions 
but also strongly depends on the type of proton scavenger. The highest 
heat outputs were obtained with samples prepared using THF and ammonium 
hydroxide. Despite the lowest surface area occurred for the sample prepared 
using ammonium hydroxide, it had an enhancing effect on the heat output. 
This may be related with ammonium nitrate obtained during the gelation process. 
It is known that ammonium nitrate has an enhancing effect on heat output 
due to it being a strong oxidizing agent for boron powder. On the other hand, 
samples prepared using 1,2-epoxybutane had the highest surface area. 
However, 1,2-epoxybutane may inhibit the ignition conditions of the B/Fe2O3 
as it is more stable compared to other proton scavengers.
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5	 Conclusions 

Energetic nano-composites of boron and iron oxide xerogels synthesized 
using THF, 1,4-dioxane and ammonium hydroxide are promising materials 
for pyrotechnic compositions. Moreover, the sequential solvent exchange method 
improves the crystallinity and textural properties of Fe2O3 which also enhances 
the thermal properties of B/Fe2O3 pyrotechnics. The sequential solvent exchange 
samples prepared using ammonium hydroxide and THF had the highest total 
heat output (more than 1000 J/g) of all the compositions studied.

The results show that the structural properties of Fe2O3 xerogels 
are strongly affected by the type of proton scavenger used. The highest 
surface area was obtained using 1,2-epoxybutane and 1,4-dioxane. The results 
also indicate that the proton scavengers affect not only the surface area 
but also the thermal behavior of the B/Fe2O3 composites. From the material 
characterization point of view, 1,2-epoxybutane and 1,4-dioxane are the most 
promising proton scavengers to improve the structural behavior of xerogels 
by increasing the surface area. On the other hand, from the thermal behavior 
point of view; ammonium hydroxide and THF are the most promising proton 
scavengers to enhance the total heat output of the nano-composites. 

The iron oxide with a mesoporous structured matrix can be derived 
by utilizing all the proton scavengers mentioned above. It is possible to adjust 
the structural and thermal behavior of the B/Fe2O3 xerogels by varying 
the synthesis and drying conditions.
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