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This work aims to study magnesium aluminate (MgAl204) ceramic foams obtained by combustion synthesis in
solution without the need of surfactants to stabilize bubbles.The ceramic suspension containing acetone (75
wt%), calcined powder (25 wt%) and a mixture of glycerine (80 % blonde glycerine and 20 % crude glycerine)
in the fraction of 100 % with respect to solids was prepared in an alumina ball mill, for 60 min. Subsequently,
the suspension was heated at 40 °C, for 30 min, until it became rigid. In order to promote foaming, the
suspension was heated to 70 °C and then the following substances were added to it: 2.5 wt% distilled water,
25 wt% AI(NO3)3.9H20), 12.5 wt% (Mg(NOs3)2.6H20) and 0.625 wt% of a glycerine mixture (80 % blonde
glycerine and 20% crude glycerine). After additions the suspension was stirred for 5 min at 950 rpm in a mixer.
The resulting foams were dried at 40 °C, for 24 h, in a muffle and fired in two steps, i.e., heating at 0.5 °C/min
up to 600 °C/120 min and at 5 °C/min up to 1600 °C/120 min.The obtained materials were characterized by
SEM,TEM and from tomographic images. The results showed that the obtained magnesium aluminate foams
have a high porosity (97 %), a high connectivity and pore sizes (diameters) between 30 and 1200 pm.

1. Introduction

The cellular ceramics are increasingly used in various applications such as filtration of molten metals, catalytic
supports, thermal insulation, biomedical implants, etc. (Green and Colombo, 2011). They are generally
prepared by the replication method or by the foaming of ceramic suspensions. In the replication method a
polymeric foam is impregnated with a suspension of a ceramic powder, followed by drying and firing (Studart
et al., 2006). In the foaming method, gas bubbles are stabilized in suspensions of ceramic powders by using
surfactants and then the foam suspensions are gelled. After drying and heat treatment, ceramic foams are
produced with approximately spherical and interconnected cells (Mao et al., 2008). The present processing
methods for the preparation of ceramic foams use synthetic organic polymers and monomers, surfactants and
solvents, which are produced from petroleum as processing additives. Recently, many investigations of
alternative materials to these additives with natural and renewable molecules such as proteins and
polysaccharides are studied for the formation of foams from suspensions of ceramic powders for the
preparation of cellular ceramics, as gelatine (Ortega et al., 2003), as ovalbumin (Dhara and Bharagava, 2003),
as albumin (Garnn et al., 2004) and sucrose, which is a renewable natural molecule, which was used by
Vijayan et al. (2014) to produced ceramic foams with different porosities, using the thermal foaming of
aqueous suspensions of alumina powders.An alternative could be the use of residual blond glycerin as
foaming agent. The residual blond glycerin comes from the biodiesel production from vegetable oils and fats,
i.e., from a renewable resource. However, with the growth in biodiesel production the problem of disposal of
the residual glycerin continues and it may thus represent an economic and environmental problem (Nicolo et
al., 2014).

Thus, this work considers the thermal foaming route for the production of magnesium aluminate (MgAl204)
ceramic foams, making the reuse of glycerin from biodiesel as an activating agent of the foaming reaction.
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2. Methodology

2.1 Materials

In this work, aluminium nitrate nanohydrated, AI(NO3)3.9H20, magnesium nitrate hexahydrated,
Mg(NOs3)2.6H20 (both as foaming agents and MgAl2O4 precursors), crude glycerine (50 % glycerol) and
blonde glycerine (glycerol 76.5 % ) provided by the company BioPar - Bioenergy (Parana-Brazil) and
particulate magnesium aluminate were used as raw materials.

2.2 Methods

2.2.1 Preparation of powders

The particulate magnesium aluminate was synthesized from the mixture of their precursors (Al(NO3)3.9H20)
and (Mg(NOs)2.6H20) stoichiometrically balanced by a ratio of 2:1 (mol) so that in a subsequent step they
were magnetically stirred in aqueous solution (20 wt% distilled water) under heating at 70 °C, for 15 min. The
residual blonde glycerine (as fuel) was added (0.71 mol) at the beginning of the reaction, remaining for 60 min.
Subsequently, the mixture was placed in a muffle furnace (preheatedat 500 °C) and then calcined at 900 °C,
for 120 minat 10 °C/min. The obtained powder was dry milled for 15 min in an alumina ball mill (CT 242 -
SERVITECH). Detailed information on the process for synthesis of the magnesium aluminate can be obtained
from Moraes et al. (2014).

2.2.2 Preparation of powder compacts

To determine the firing temperature of the produced foams, with high density walls, the calcined powders were
uniaxially compacted at 5.4 MPa in a cylindrical steel die by means of a hydraulic press (Bovenau P10
ST).The obtained powder compacts (10 x 10 mm) were dried (110 °C/120 min) and fired at 1450 °C, 1500 °C,
1550 °C, 1600 °C and 1650 °C, for 120 min, respectively so that, in a further step, their densities (real and
apparent) were determined.

2.2.3 Preparation of suspensions and ceramic foams

The ceramic suspension containing acetone (75 wt%), calcined powder (25 wt%) and a mixture of glycerine
(80 % blonde glycerine and 20 % crude glycerine) in the fraction of 100 % with respect to solids was prepared
in an alumina ball mill, for 60 min. Subsequently, the suspension was heated at 40 °C, for 30 min, until it
became rigid. In order to promote foaming, the suspension was heated to 70 °C and then the following
substances were added to it: 2.5 wt% distilled water, 25 wt% AI(NO3)3.9H20), 12.5 wt% (Mg(NO3)2.6H20) and
0.625 wt% of a glycerine mixture (80 % blonde glycerin and 20 % crude glycerine). After additions the
suspension was stirred for 5 min at 950 rpm in a mixer (Philips, Walita, 200 W).

The resulting foams were dried at 40 °C, for 24 h, in a muffle (SP Labor, Model SP 100) and fired in two steps,
i.e., heating at 0.5 °C/min up to 600 °C/120 min and at 5 °C/min up to 1600 °C/120 min (best thermal cycle).

2.3 Characterization of materials

The morphology of the powders was investigated by transmission electron microscopy, TEM (JEOL- JEM
1011).The distribution of sizes of agglomerates of the calcined powder was determined using a laser
scattering particle size analyser (Malvern, ZEN-3600).The specific surface area was determined by BET
method (NOVA 1200e, Quantachrome Instruments).

The apparent density (pap) was determined by applying the Archimedes’ principle with immersion in water at
22°C, using a Shimadzu equipment (AX200/401 SMK with accuracy of + 0.001 g) provided with a density
measurement kit SMK 401.The real (preal) or true density of the powder was determined by helium pycnometry
(AccuPyc1340, Micromeritics, USA). The relative density (prel)) was calculated by dividing the apparent density
(pap) and the real density (preal) (EqQ.1).
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prel (%) = % x100 )

The microstructure of pores could be seen from images of fracture surfaces, obtained in a scanning electron
microscope, SEM (JEOL, JSM-6390LV). Through 3-D images reconstructed from the produced ceramic
foams, obtained by X-ray microtomography (XRadia, model Versa XRM-500) and with the aid of an image
analysis software (IMAGO®), the porosity and connectivity of the pore size distribution were determined.

3. Results and discussion

Figure1 refers to a sample of the produced powder which was calcined at 900 °C/120 min in which one can
observe an image of an agglomerated powder containing particles having sizes smaller than 100 nm.

Figure 1: TEM micrograph related to a sample of the produced powder (calcined at 900 °C/120 min)

The real density, obtained with aid of a pycnometer, for powders calcined at 900 °C/120 min, was 3.24 g/cm?
and the specific surface area obtained by BET method was 111.50 m?/g which is greater than that of powders
produced with the most widely used fuel, 32m?/g (mixture of urea and glycine) (Baiet al, 2011). The size
distribution of the agglomerates of the calcined powder showed that 50 % of the particles have sizes of about
0.33 um (330 nm). Ceramic particles of this size are appropriated for obtaining powder compacts with good
sinterability since, according to Chen et al. (2002), the sintering time and temperature can be significantly
reduced for powders having narrow distribution and small particle sizes.

Figure 2shows relative densities for compact powders fired at different temperatures for 120 min. The relative
density as shown in Figure 2 increases as the firing temperature increases, reaching maximum densification
(89 %) at 1600 °C and remained constant up to 1650 °C.
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Figure 2: Relative density of powder compacts fired at different temperatures for 120 min

The consolidation of ceramic foams implies dense struts since the increase of the porosity of the cell structure
results in decreased mechanical strength. Thus, in this work, the temperature of 1600 °C has been found
suitable for the production of ceramic foams.

Figure 3 shows a SEM micrograph of the obtained ceramic foams (fired at 1600 °C for 120 min). Figure 3
shows that the pores have different sizes, i.e., a fraction of pores sizes (diameters) between 30 and 300 ym
and another fraction with pore size of approximately 1200 ym.

10KV X25

Figure 3: SEM micrograph of a produced ceramic foam fired at 1600 °C for 120 min

Figure 4 shows that the cell walls (struts) are very dense (substantially free of pores) and are composed of
relatively small grains well defined and well evidenced by their boundaries. This result may be related to a
better packing of the nanoparticles occurred in the colloidal processing of the synthetic precursors, i.e., better
dispersion of the particles and formation of a film of glycerine around them. In addition, the cell walls are
thinner which also favours a better packing of the particles. On the other hand, the produced compacts from
the synthesized powders form strongly linked agglomerates, as evidenced in Figure 1, resulted in materials
with some residual porosity, i.e., 22 % for powder compacts fired at 1600 °C for 120 min. For the production of
ceramic foams, the cell walls with high densities are important because they can resist higher mechanical
stresses compared to the same material (with same porosity), but with less dense walls.
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Figure 4: SEM micrograph of the cell walls microstructure of a ceramic foam fired at 1600 °C for 120 min

The results of tomography analyses of a ceramic foam sample can be seen in Figure 5 (a) and (b).
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Figure 5: Porosity curve (a) and pore size distribution for a ceramic foam sample fired at 1600 °C/120 min (b)
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Figure 5 (a) shows the average porosity (97 %) calculated from 600 images of a ceramic foam sample. The
connectivity function gives the probability that two voxels (elementary volume - the smallest element of a
three-dimensional digital image) separated by a given distance belong to the same porous phase (Gonzalez
and Woods, 2008).Thus, was possible to identify a high connectivity of the produced porous foams (the value
where the curve tends to be nearly constant connectivity), i.e., between 94 and 95 %.

Figure 5 (b) shows the pore size distribution for the analysed sample. The distribution curve is bimodal with
pore sizes (diameters) ranging from 30 to 1200 pm.

4. Conclusions

Magnesium aluminate ceramic foams were successfully obtained after firing process at 1600 °C for 120 min.
TEM micrographs showed that the synthesized magnesium aluminate powders showed particle sizes smaller
than 100 nm and agglomerates (50 % of them have sizes of about 0.33 um). The real density of calcined
powders at 900 °C/120min was 3.24 g/cm® and the specific surface area was 111.50 m?/g. The SEM
micrographs and the tomographic analysis of the produced ceramic foams (fired at 1600°C/120 min) showed
that the pores have different sizes (bimodal distribution), i.e., a fraction of the pore size between 30 and 300
um and another fraction with pore size of approximately 1200 ym. The results of the tomography analyses of
the produced ceramic foams showed a porosity of 97% with high connectivity. The cell walls (struts) are dense
(practically free of pores) and consist of relatively small grains well delimited by their boundaries.
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