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Abstract

In order to achieve BaAl,O, formation via combustion synthesis, two types of recipes were designed: single fuel recipes (urea,
glycine, P-alanine or hexamethylenetetramine) and innovative fuel mixture recipes (urea- glycine, urea- fB-alanine and urea-+
hexamethylenetetramine respectively). No combustion reactions were noticed in the case of single fuel recipes based on urea or
hexamethylenetetramine. The only crystalline phase present in the case of the powders obtained in such a way was unreacted Ba(NO3),.
Glycine and B-alanine generated smoldering reactions, leading to the formation of black powders, which consist of Ba(NO3),, BaCO;
and traces of BaAl,Oy4 (in the case of B-alanine). Fuel mixture recipes proved to be better than single fuel recipes, yielding BaAl,O4 as
main crystalline phase. The specific surface area of the resulted powders ranges between 2.0 and 3.9 m?/g. The urea and glycine fuel
mixture was the most efficient yielding BaAl,O, with an average crystallite size of 60 nm.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Barium aluminates are important materials with applica-
tions in various fields, such as refractory cements, catalysts,
humidity sensors and especially phosphor materials with high
initial luminescence intensity, long afterglow and chemical
stability [1-6].

The first compound to be discovered in the BaO-Al,0;
system was BaAl,O4 (barium monoaluminate), which is a
member of the compact trydimite tetrahedral structure
[7,8]. Other well-known compounds in the system are
3Ba0 - Al,O3, BaO -4Al,0;3 and BaO - 6A1,05 [9-11].

Various methods have been tested for the preparation of
BaAl,O4 powders. For instance, Zaki et al. [9] obtained
barium monoaluminate as major crystalline phase using
the ceramic method, after annealing a mechanical mixture
of a-Al,O3 and BaCOj; at 1200 °C for 2 h.

One of the most frequently used synthesis method is
based on the annealing of the precursors resulted from
sol-gel process [12-14]. Other methods reported in the
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literature include mechano-chemical route [15], wet chemi-
cal conversion route [16], hydrothermal precipitation—
calcination route [17], self-propagating high temperature
synthesis [18] or solution combustion synthesis [19-21].

In this context, the paper is aimed on obtaining nano-
crystalline BaAl,Oy4 directly from the combustion reaction,
using fuel mixtures as a novel alternative to the less
efficient single fuel approach.

2. Experimental procedure
2.1. Preparation of ceramic powders

The starting raw materials used in all experiments were
pro analysi reagents. Molar compositions of the investi-
gated samples are shown in Table 1. Samples 1-4 corre-
spond to stoichiometric metal nitrates — single fuel recipes,
using urea, glycine, B-alanine, and hexamethylenetetramine
as fuels. Samples 5-7 are novel stoichiometric recipes,
since they involve the use of two fuel mixtures (urea-+
glycine, urea+ B-alanine, urea+ hexamethylenetetramine).
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Table 1
Molar ratio of the investigated samples.
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Oxidizing agents

No.

Reducing agents (fuels)

Ba(NO;),, AI(NO3); - 9H,0 CH,N,O, C,Hs5NO,, B-C5H,NO,, CeH,2N,
Merck p.a. Merck p.a. Merck p.a. Fluka p.a. Merck p.a. Reactivul p.a.

1. 3 6 20 - - -

2. 9 18 - 40 - —

3. 3 6 - - 8 -

4. 9 18 - - - 10

5. 9 18 45 10 -

6. 3 6 15 — -

7. 18 36 90 - - 5
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Fig. 1. Flowchart of the aqueous combustion synthesis of BaAl,O4
powders.

Recipes were calculated for a yield of 0.03 mol of BaAl,Oy,
assuming the reaction by-products are H,O, CO, and N,.

Fig. 1 shows the preparation scheme of BaAl,O4
powders via aqueous combustion synthesis. The appro-
priate amount of barium nitrate was dissolved in 40 mL of
distilled water at 70 °C (solution 1). The required amount
of aluminum nitrate and fuel(s) were dissolved in 10 mL of
distilled water at 50 °C (solution 2).

After the complete dissolution of raw materials, the
two clear solutions (1 and 2) were mixed in a porcelain
evaporating dish. Due to its low solubility, some of the
barium nitrate precipitates from the solution. Ignition of
the combustion reactions was done by placing the porce-
lain dish in a heating mantle, preheated at 400 °C.

As the temperature of the precursor increased, a self-
propagating combustion reaction occurred (except for samples
1 and 4), leading to the formation of a fluffy material. Digital
video recordings of the combustion reactions were used to
estimate the time span between the ignition of the combustion
reactions and their completion. The fluffy material resulted at
the end of the combustion process was hand-crushed with a
pestle. Small portions of each sample were annealed for 1 h at
900 °C in order to determine the loss on ignition.

The phase composition of the powders was established
by X-ray diffraction, using a Rigaku Ultima IV diffract-
ometer operating at 40 kV and 40 mA. The X-ray diffrac-
tion patterns were recorded using the Ni filtered Cug,
radiation. Crystallite size and lattice parameters were
calculated using the whole pattern profile fitting method
(WPPF) and PDXL2 software.

Heating behavior of the combustion synthesized pow-
ders was monitored by thermal analysis using a Netzsch
STA 449 C instrument equipped with Pt crucibles. The
TG curves were recorded under artificial air flow of
20 mL/min, over the interval 25-900 °C at a heating rate
of 10 °C/min. BET specific surface area of the powders was
measured by Ny, adsorption technique using a Micro-
meritics ASAP 2020 instrument. Particle morphology was
investigated by SEM, using a FEI Inspect S scanning
electron microscope.

3. Results and discussion
3.1. Observations on the combustion reactions

Analyzing the combustion reactions one may notice the
way the reaction evolves in the case of single fuel recipes
1-4 highly depends on the used fuel (Fig. 2). Urea and
hexamethylenetetramine are not capable of producing self-
propagated combustion reactions. A high amount of gases
evolves but the samples do not reach incandescence and
the combustion front cannot be distinguished. In the case
of sample 4, prepared with hexamethylenetetramine, the
gas evolving does not last as long as in the case of sample 1
prepared with urea.

In the case of samples 2 and 3 prepared with glycine and
B-alanine, the reactions evolve in a self-propagated man-
ner. As soon as the combustion reaction is ignited, the
combustion front spans across the raw material mixture
leading to a black reaction product containing residual
carbon. These experimental findings question the efficiency
of using a single fuel for the preparation of BaAl,O4 via
combustion synthesis.
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Considering the above mentioned findings and also the
literature data [22—24] suggesting that there is a predilec-
tion of metal nitrates with respect to certain fuels, a new
approach has been suggested: using fuel mixtures instead
of a single fuel. Basically, in the case of fuel mixture
recipes the assumption was made that urea will react with
Al(NOs); whilst glycine, B-alanine or hexamethylenetetra-
mine will react with Ba(NO3),.

The combustion reactions of the samples prepared with
fuel mixtures (samples 5-7) stand out by a much shorter
duration of the redox processes (Fig. 2) and also by a
stronger incandescence of the combustion front. The
images captured during the combustion reactions (Fig. 3)
in the case of samples 2 (single fuel — glycine) and 5 (urea
and glycine fuel mixture) highlight the different incandes-
cence and exothermicity developed in the two approaches.
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Fig. 2. Combustion reaction time determined based on the digital video
recordings.

raw materials

raw materials after4 s after12 s

after 136 s after 160 s

The fact that fuel mixture recipes generate more exother-
mic redox reactions than the conventional single fuel
recipes increases the chances of obtaining BaAl,O4 directly
from the combustion reaction, with no additional anneal-
ing being required.

Fig. 4 shows the images of the powders 1-7 prepared by
combustion synthesis, after manual grinding. The powders
obtained with a single fuel have colors varying from white
to yellowish and black. On the other hand, fuel mixture
recipes lead to white or gray powders.

3.2. XRD characterization

XRD patterns of powders 1-7 resulted from the com-
bustion process are presented in Fig. 5. The phase
composition can be very well correlated to the evolution
of the reactions. Ba(NOj3), is the only crystalline phase
present on the diffraction patterns of samples 1 and 4
(single fuel recipes), where no visible combustion reaction
occurred.

It is worth mentioning that other authors [19,21] who
had used urea as fuel also reported the presence of
Ba(NO3), in the reaction product. The XRD pattern of
sample 3 indicates the presence of BaCO; alongside
with very small amounts of Ba(NO3), and BaAl,O,.
Sample 2 contains mainly unreacted Ba(NO3), and traces
of BaCO3.

The presence of Ba(NOj), in all the samples prepared
with a single fuel shows that no combustion reactions have
actually taken place in the case of samples 1 and 4, and
also confirms the low exothermicity of the combustion
reactions in the case of samples 2 and 3. The formation of
BaCOj; in samples 2 and 3 may be explained by the
presence of CO, in the combustion generated gases,
corroborated with the relatively low temperature reached
during the combustion process. The absence of BaAl,O4

after 22 s after42 s white powder

Fig. 3. Relevant image sequence during the evolution of combustion reactions (samples 2 and 5).
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Fig. 4. Photographic images of samples 1-7 after manual grinding.
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Fig. 5. XRD patterns of samples 1-7 prepared by combustion synthesis.

Table 2
Crystallite size, lattice parameters and BET surface area of powders 5-7.

No. D [nm] a [A] c[A] Sger [m*/g]
5. 60 10.450 8.789 2.0
6. 50 10.448 8.795 3.9
7. 54 10.450 8.793 2.2

from samples 1, 2 and 4, as well as the presence of very
small amounts of BaAl,O,4 in sample 3 indicates that the
temperature developed within the raw material mixture
was not high enough.

On the other hand, combustion reactions involving the
use of fuel mixtures (samples 5-7) are highly exothermic,
which makes BaAl,O4 the main crystalline phase present
on the XRD patterns (Fig. 5). The phase composition of
sample 5 consists of single phase BaAl,O,4, with an average
crystallite size of 60 nm (Table 2). Obtaining BaAl,O4
crystallites of this size may prove to be very useful in the
synthesis of phosphor materials, where the overall proper-
ties and especially the afterglow period are positively
influenced by the large crystallite size.

In the case of samples 6 and 7, BaCOj3 and even Ba(NO3),
traces (sample 7) could be noticed on the XRD patterns
alongside BaAl,O4. This indicates a lower combustion
temperature than in the case of sample 5, which is also
confirmed by the lower crystallite size in the case of
samples 6 and 7 (Table 2). At the same time, the specific
surface of samples 6 and 7 are higher than that in the case
of sample 5. BaAl,Oy4 crystallite size varies between 50 and
60 nm and the calculated cell parameters are very close to
those mentioned in the PDF file 17-0306 (a=5b=10.44 A,
¢=8.794 A).
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Fig. 6. TG curves of powders 1, 2 and 5, prepared by combustion
synthesis.
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Fig. 7. Loss on ignition of samples 1-7 prepared by combustion synthesis.

3.3. Thermal analysis investigations

Thermal analysis represents a very efficient method to
assess the degree of completion in the case of combustion
reactions, by performing the analysis on the powders
resulted from the combustion itself. In an ideal situation,
BaAl,O4 would form directly from the combustion reaction
and the mass of the sample subjected to heating should be
constant, which translates into a mass versus temperature
variation represented by a horizontal straight line.

In reality, the actual shape of the TG curves of samples
1 and 2 (Fig. 6) suggests the development of further
processes accompanied by a significant mass loss: 38.5%
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Fig. 8. SEM images of samples 5-7 prepared by combustion synthesis.

for sample 1 and 23.5% for sample 2. The higher mass loss
in the case of sample 1 is in accordance with the reaction
development: no visible combustion reaction was noticed in
the case of sample 1 prepared with urea, whilst a smoldered
reaction was noticed in the case of sample 2 prepared with
glycine.

The mass loss of samples 1 and 2 may be assigned
on one hand, to the Ba(NOs3), and BaCO; decomposition
(these phases have already been confirmed by XRD, Fig. 5)
and on the other hand, to the removal of the organic residue
originating from the used fuel.

Sample 5 (prepared with a mixture of urea and glycine)
presents 2.4% mass loss, which suggests a much more
energetic development of the combustion reaction, com-
pared with samples 1 and 2. Moreover, one may notice that
this mass loss mainly takes place below 200 °C.

Fig. 7 shows the loss on ignition of samples 1-7 deter-
mined by annealing the initial powders at 900 °C for 1 h.
It should be noted that there is an excellent agreement
between the mass loss of samples 1, 2 and 5 determined by
thermal analysis and the loss on ignition of the samples.

The samples obtained with a single fuel (1-4) present
over 23% loss on ignition, which is in accordance with the
observations concerning the reactions development and the
XRD results. Since no combustion reactions were noticed
in the case of samples 1 and 4, these powders exhibit
the highest loss on ignition, over 37%. Samples 2 and 3
resulted from smoldering combustion reactions, therefore
they present a lower loss on ignition than samples 1 and 4.

The samples prepared with fuel mixtures (5-7) show
much lower losses on ignition (below 6%), which confirm
once again that fuel mixture recipes are able to generate
higher combustion temperature than single fuel recipes.
Sample 5, where BaAl,O4 is the single crystalline phase,
presents the lowest loss on ignition. Samples 6 and 7 show
slightly higher losses on ignition due to the presence of
BaCOj; and Ba(NOs), traces (Fig. 5).

3.4. SEM characterization

The SEM images of the powders 5-7 indicate that the
particles have an irregular shape and are strongly agglom-
erated, independently of the used fuel mixture (Fig. 8).
This is a consequence of the large volume of gases evolving
during the combustion reactions and the high temperature
obtained within the reaction mixture, which enhances

BaAl,O, formation and particle agglomeration in micro-
structures with size below 10 pm.

4. Conclusions

Two types of recipes were used in order to obtain
BaAl,O4 via combustion synthesis:

- single fuel recipes (urea, glycine, B-alanine and hexa-
methylenetetramine);

- new fuel mixture recipes (urea+ glycine, urea + p-alanine,
urea + hexamethylenetetramine).

The classical single fuel recipes did not yield pure BaAl,O4
directly from the combustion reaction; in fact, no typical
combustion reaction was noticed at all in the case of the
recipes using urea and hexamethylenetetramine as single fuels.
The only crystalline phase evidenced on the XRD patterns of
the samples obtained in such a way was Ba(NOs),. Glycine
and B-alanine generated smoldering combustion reactions
leading to black powders. The phase analysis of these powders
showed the presence of Ba(NOj;),, BaCO; and traces of
BaAl,Oy4 (in the case of B-alanine recipe).

The innovative fuel mixture approach proved to be
superior to the traditional single fuel approach and yielded
BaAl,O, as the main crystalline phase. The resulted
powders have a specific surface area varying between 2.0
and 3.9 m?/g. Urea and glycine fuel mixture was the most
efficient and yielded single phase BaAl,O,4, with a crystal-
lite size of 60 nm. Traces of BaCO3; and even Ba(NOs),
were still found in the case of recipes using urea + pB-alanine
and urea+ hexamethylenetetramine fuel mixtures.
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