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The Effect of Fuel Types on Porous Alumina Produced
via Soft Combustion Reaction for Implant Applications
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This article describes the effects of fuel types on the porous structure of alumina produced using a soft
combustion reaction. There are several combustion parameters that could affect the porous structure of the
alumina produced such as fuel-to-oxidizer ratios, ignition temperature, and type of fuels. In this study, the
effect of fuel types on alumina properties was studied. Citric acid, glycine, and urea were used as fuels along
with aluminum nitrate as an oxidizer. The properties of porous alumina produced using three different fuels
were compared to determine the optimum fuel that could produce the best properties for implant appli-
cations. X-ray diffraction analysis showed that single-phase alumina powder was obtained in all samples.
Morphology observation using scanning electron microscope (SEM) on sintered bodies showed open pores
which had potential to be used in implant applications. Porous alumina produced using glycine as fuel (AG)
showed the best properties; high surface area of 8.7 m*/g, porosity of 70% and sintered density 1.37 g/cm’.
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1. Introduction

Alumina is known as an electrically insulating, optically
transparent, chemically stable, bio-inert, and biocompatible
material. These properties make it ideal for use in various
electronic, optoelectronic, sensing, and biomedical applica-
tions. In the medical field, further research on the properties of
alumina is being done for use in cell carriers, artificial organs,
orthopedic, dental, and drug delivery applications (Ref 1-5).
With regard to its bio-inert behavior, alumina has been
structured porously for optimum function in implant applica-
tions. It has been reported that the success of the implants is
dependent on the device’s ability to acquire and retain stable
fixation in the bony site (Ref 6). The key is to have a sphere-
like and open pore structure to allow the capillaries that provide
blood supply to reach the ingrown connective tissue through
the pores (Ref 7). This ingrown tissue increases the interfacial
area between the implant devices-tissue which further restricts
the movement of the device in the implant. Therefore,
biological fixation is enhanced when the interface is established
by the living tissue in the pores (Ref 8).

A combustion synthesis approach is one of the wet chemical
processes which have been studied to produce Cr,O;, Al,O3,
ZnO powders, etc., and owing to its capability to synthesize
submicron and nanoscale powders (Ref 9-11). Although there
are other wet chemical processes that can yield nanocrystal-
lines powders, they are deemed complicated as they require
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multi-step reaction routes and/or long processes (Ref 12). In the
industry, the calcined aluminum hydroxides method is com-
monly used to produce high surface alumina powders. Though
it is not a very complicated process, the advantage of the
combustion synthesis is that high-purity powders can be
obtained at a lower temperature using simpler steps, shorter
synthesis time, and requires no special igniting equipment. The
combustion synthesis involves exothermic reaction based on
thermal decomposition of metal nitrate and fuel to produce
spontaneous flame leading to foamy metal oxides as the main
product, and releases non-toxic gases such as N,, CO,, and
H,0 as by-products directly without getting oxygen from the
environment (Ref 11, 13, 14). Hence, this approach is not only
energy effective as it solely relies on the heat of the chemical
reaction (Ref 15), but also has been claimed as an environ-
mentally clean process (Ref 11, 16) as it releases additional
products that are odorless, colorless, and not harmful. Gener-
ally, a good fuel should react non-violently, produce non-toxic
gases and act as a complexant for metal cations (Ref 17) to
increase the solubility and provide homogenous mixture of
fuel-nitrate. Previous studies have shown that different fuels
perform different thermal reactions and produce different
powder morphologies (Ref 12, 18, 19). In this study, we aim
to discover the fuel which can produce the optimum porous
alumina structure that can potentially be used in implant
applications. Fuels such as urea, glycine, and citric acid have
been chosen since they are cheaper/readily available and
possess good fuel characteristics. The results show that
properties of alumina were dependent on the types of fuel.
Glycine (AG) showed promising results for implant applica-
tions in terms of surface area, porosity, and density, compared
to alumina produced using urea (AU) and citric acid (AC).

2. Materials and Methods

Aluminum nitrate (A1(NO53);'9H,0) and three types of fuels:
glycine (C,H5NO,), citric acid (CgHgO), and urea (CH4N,O)
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were mixed following stoichiometry ratios in a minimum
volume of deionized water to obtain transparent aqueous
solutions (Table 1). The mixtures were each heated at 80 °C on
a hot plate to undergo thermal dehydration to remove excess
solvent. This step is important to produce viscous liquids
(hereafter termed as precursors). When the viscous liquid was
formed, the hot plate temperature was increased to 200 °C. At
this stage, the viscous liquids swelled and auto ignited to form
foamy soft-agglomerated powder.

In this study, the stoichiometry ratios were calculated
according to the propellant chemistry concept whereby the
stoichiometry mixtures of fuel and oxidant were theoretically
correct for complete oxidation process (Ref 11). However, the
x-ray diffraction analysis (XRD) revealed that the as-synthe-
sized powder contained some impurity phases that indicated
incomplete combustion process. In order to remove traces of
undecomposed products, the voluminous powders were cal-
cined in air with a ramp speed of 5 °C/min to 1100 °C, and
dwelled for 2 h to obtain pure and stable phase alumina
powders. The alumina powders obtained were named as AG
(glycine as fuel), AU (urea as fuel), and AC (citric acid as fuel).
Thermogravimetric analysis (TGA) of the powders was carried
out at a heating rate of 5 °C/min in air. The phase presence in
the compounds was analyzed using x-ray diffractometer using
CuKa irradiation. The surface area analysis of the alumina
powders was carried out using a standard BET technique with
N, adsorption. The powders were then isostatically pressed into
pellets with 150 MPa load and sintered at 1250 °C with a ramp
speed of 5 °C/min. The morphology of the sintered samples
was observed using scanning electron microscopy (ZUPRA
VPFSEM).

3. Results and Discussion

In the soft combustion synthesis of a fuel-nitrate mixture, an
exothermic reaction occurred whereby the mixture underwent a
self-propagating and none explosive reaction. Different types of
fuels caused different thermal reactions. Combustion reactions
occurred following different fuel-to-nitrate mixtures. They can
be expressed as follows (Ref 11, 13, 14):

Stoichiometry ratio of urea:aluminum nitrate

2A1(NO;);-9H,0 + S5CO(NH,),— Al O3 + 8N, + 28H,0
+5C0, (Eq 1)

6A1(NO3)3-9H20 + 5COgHgO7 - H,O — 3A1,03 + 9N,
+ 20H,0 + 30CO,
(Eq 2)

Table 1 Stoichiometry ratio and maximum temperature
of the combustion reaction for different types
of fuel-to-nitrate mixture

Mixture of Stoichiometry Maximum
fuel-nitrate ratio temperature, °C
Glycine-nitrate 1.67 172
Urea-nitrate 2.5 185

Citric acid-nitrate 0.833 160
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Stoichiometry ratio of glycine:aluminum nitrate

6AI(NO;);-9H,0 + 10C,Hs0,N — 3AL,05 + 14N, + 25H,0
+20C0, (Eq 3)

When the fuel-nitrate solutions were subjected to heat, the
water in the precursor solutions evaporated and formed a sticky
solution (gel). Under continuous heating, the chemicals in the
gel decomposed. Decomposition of aluminum nitrate involves
an elimination of nitrate groups (Ref 20) that produces oxides
of nitrogen (NO,) and yields metal oxide. The decomposition
of AI(NO3);-9H,0 can be expressed as below:

AI(NO3); 9H,0 2 AI(NO3);— 1/2A1,05 + 3/2NO,

dissolvation

+3/2NO +3/20,
(Eq 4)

The resulting NO, result from above reaction contains
oxidizing element of O, and this causes them to react with the
reducing element from the decomposition of the fuels. When
urea’ and glycine’s amine group decomposed, they release NHj
in the form of gases (Ref 19), while citric acid’s CH,-containing
group releases CH; and H, in the form of gases (Ref 21, 22).
Redox reaction took place when both reducing and oxidizer
element reacts with each other thus causing more heat and
gases to generate combustion process.

The thermal behavior of as-combustion powder with
different types of fuel-to-nitrate mixture was analyzed using
TGA, as shown in Fig. 1. Different fuels show different thermal
decomposition behaviors. Decomposition starts below 200 °C
with a weight loss of 13 and 10% for AU and AC, respectively.
This possibly corresponds to the loss of volatile matters as
indicated by the endothermic peak on the DTA curves. For
glycine, it happens at temperatures below 400 °C with a weight
loss of 1.5%. Exothermic peaks do support the claim that the
main decomposition occurred in the temperature range of 220-
280 °C for AU. It was very steep, showing that the reaction
took place rapidly. In the AC sample, the slope was less steep
when compared to AU, indicating lesser decomposition at the
temperature range of 200-600 °C. Meanwhile, the process
occurred in the range of 400-800 °C for AG. The main
decomposition occurred with weight loss of 72, 35, and 4.5%
for AU, AC, and AG, respectively. This is due to the
decomposition of hydroxycarbonate that might have been left
over in the as-combustion powder. At temperatures above
600 °C, the decomposition of carbonate residue occurred due to
low synthesis temperature (below 200 °C) that caused an
incomplete combustion reaction (Fig. 2).

3.1 X-ray Diffraction Analysis

Figure 3(a) shows an XRD spectra of as-combusted pow-
ders. AC and AG were in amorphous structure. Although AU
was in crystalline structure, the presence of phases, 3-Al,O3
and 0-Al,O3, in the samples shows that the transaction of
alumina phases is yet to reach alpha phases. At about 820 °C,
an intense peak was observed for AC samples. According to
Chandradass et al. (Ref 18), the intense exothermic peak
corresponds to the powder crystallization. To explain the
structural changes, XRD was carried out for powders calcined
at 800 °C. The XRD spectra (Fig. 3b) shows structural change
from amorphous to semi-crystalline, indicating the presence
of 8-Al,O3 and y-Al,O; phases. The exothermic process
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Fig. 1 TGA curves of alumina powders synthesized using different
types of fuel; (a) urea, (b) citric acid, and (c) glycine

concluded above 1100 °C. When powders were subjected to
calcination at that temperature, well crystalline peaks corre-
sponding to o-Al,O3 phases were observed. Therefore, the
calcination temperature was chosen to be at 1100 °C to obtain
pure o-Al,O3 phases (Fig. 3c).

The crystallite size was calculated from XRD analysis using
Scherrer’s formula taken at (300) peak of calcined powders
x-ray pattern as shown in Table 2 (Ref 23).

D = 0.91/Bcosd (Eq 5)

where D is the crystallite size in nm, A is the radiation wave-
length (0.1542 nm), 0 is the diffraction peak angle, and B is
the line width at half peak intensity.  can be calculated using
the Gaussian function:

B> =B — B (Eq 6)

where B, is the measured full width at half maxima (FWHM)
and P is the FWHM of a standard silicon sample.
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Fig. 2 DTA curves of alumina powders synthesized using different
types of fuel; (a) urea, (b) citric acid, and (c) glycine

The use of citric acid as fuel creates AC with larger
crystallite size as compared to AU and AG. The lowest
maximum temperature was generated and it helps to ensure
that the agglomerate did not break during the calcination
process. When the agglomerate slowly increases its size with
the lowest maximum temperature this creates crystallite size
with larger size (Ref 14). The surface area of AC was the
lowest when compared to AU and AG, and this correlated
with the density results of alumina powders calcined at
1100 °C (see Table 2) which were obtained by pycnometer
measurement. AU has the highest surface area when com-
pared to AC and AG. The surface area result was in good
agreement with the SEM micrographs whereby the micro-
structure of porous AU consisted of more pores compared to
AG and AC (Fig. 4; Table 3).
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Fig. 3 XRD spectra of synthesized porous alumina prepared by
three types of fuels: (a) as-synthesized powder, (b) samples calcined
at 800 °C, and (c) samples calcined at 1100 °C

3.2 Microstructure Analysis

Microstructure analysis showed that different types of fuels
resulted in different microstructures of porous alumina pow-
ders as shown in Fig. 4 and 5. The AG sample possessed a
sphere-like and open pore structure, while the AC sample
consisted of spherical pores with closed pores that were not
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Table 2 Specific surface area and crystallite size
of alumina powders produced by using urea (AU),
citric acid (AC), and glycine (AG)

Density, Specific surface Crystallite
Sample g/cm3 area, cmzlg size, nm
AU 2.94 9.00 26.8
AC 3.01 1.85 31.9
AG 2.98 7.18 29.8

Table 3 Density and surface area of compacted alumina
sintered at 1250 °C

Density, Surface area, Apparent
Samples glem® m*/g Porosity, %
AU 22 6.6 60
AC 34 52 35
AG 1.4 8.7 70

well distributed (Fig. 4). On the other hand, AU had a coral-
like structure with the existence of interconnected pores. In
this study, pore size was measured from SEM micrographs.
AG had the largest pore size with a size range of up to
submicron scale (50-630 nm). This result proved that a higher
surface area can be obtained using AG. The pattern observed
in glycine samples is concurrent with previous study (Ref 12)
where they acquire more loose and porous structure that can
be attributed to the evolution of large amount of gases during
combustion reaction. Even though AU has the highest
temperature during the combustion process, the characteristic
of its indecent flame growing after auto-ignition may cause
partial sintering resulting in pore size shrink. For AU and AC,
pore sizes were in the range of 10-90 nm and 20-90 nm,
respectively.

In this study, porous alumina produced was aimed toward
implant applications. To fit the material to this application,
alumina powder was pressed into a body and sintered at
1250 °C. The fractured surface micrographs of the body are
illustrated in Fig. 5. The microstructures for all samples were
porous but for different types of fuels, the pore structures
and pore sizes were also different. For AC and AG samples
(Fig. 5Sb  and c¢), foamy agglomerated structures were
obtained. All samples showed larger pore sizes after the
sintering process. The pore size of AU increased to 40-
80 nm, AC to 150-210 nm and AG to 130-220 nm. The
increase of pore size of the sintered body is possibly due to
the uneven pore size of the powders. The pressing process
does not fragment the pore size to be uniform and lead to a
slower and non-uniform densification during the sintering
process. The agglomerated structure of a compacted powder
also contributes to larger pores. Agglomerates do looser
packing. When compacted powder densifies, free surfaces are
replaced by grain boundaries that migrate leading to grain
growth. However, the densification occurs unevenly and
causes some parts to become rigid, preventing optimum
densification between agglomerations and creating large
pores around the locally densifying particle agglomerates.
In this study, the combustion method using urea, glycine,
and citric acid as fuel produced porous structures with a

Volume 21(3) March 2012—421



Fig. 5 SEM micrographs of fractured surface of porous alumina produced using different types of fuels (a) AU, (b) AC, and (c) AG. The sam-
ples were sintered at 1250 °C

presence of open pores that are likely to meet requirements 4. Conclusion
for implant applications. For AU, the porous structure is
most likely to have intergranular pore shapes although in
compacted form, while AG and AC have spherical-like
porous structure.

In this study, porous alumina powders were successfully
produced by soft combustion technique using different types of
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fuel, i.e., glycine (AG), urea (AU), and citric acid (AC). Pure o~
Al,O5; phase was obtained after calcination at 1100 °C. AG
possessed the largest surface area, lowest density, and the
optimum pore size that could be beneficial for implant
applications, compared to AC and AU.
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