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Abstract−− Single phase γ-Al2O3 ceramic foams 
with high surface area (~180 m2/g) and porosity 
(67%) were prepared by the polyurethane sponge 
method from slurries containing γ-Al2O3 (~40 wt % 
of solids). Different commercial polyurethane 
sponges were tested as templates for the ceramic 
foams, and the better results were obtained with a 
hydrophilated polyester polyurethane with pore den-
sity of 122 ppi, and thermal behavior that suggested 
the presence of fire retardant and smoke suppressor 
additives. 

The mechanical strength of the ceramic foams 
depended on several factors, such as the chemical 
nature of the sponge employed as template, composi-
tion of the slurry, and the heating rate during calci-
nation. It was found that at least four cycles of re-
coating followed by drying were required before cal-
cination to prevent collapse of the ceramic foams. 

Keywords−− γ-alumina; ceramic foams; polyure-
thane sponge; textural properties; porous ceramic; 
X-ray diffraction.  

I. INTRODUCTION 
Porous ceramics are finding increasing applications as 
catalytic supports, ceramics membranes, sensors, filters, 
thermal and acoustic insulators, due to their properties 
such as low density, low thermal conductivity, high 
temperature stability and high resistance to chemical at-
tack (Han et al., 2002, Blachou et al., 1992). The excel-
lent properties of catalysts supports based on porous ce-
ramics has led to the application of this type of catalyst 
to processes such as hydrotreatment, methanation, fuel 
cells and biochemical reaction (Irandoust and Anders-
son, 1988; Ávila et al., 2005) . 

Ceramic foams are a special class of porous materi-
als comprised of large voids (cells), with linear dimen-
sions in the range of 10 μm to 5 mm and possessing a 
geometry that, has been approximated  to that of a tetra-
kaidecahedron (Colombo, 2002). 

They are open-cell ceramic structures that may be 
fabricated in a variety of shapes from a wide range of 

materials, and they exhibit very high porosities with 
good interconnectivity (Twigg and Richardson, 2007). 
Owing to the combination of their special geometry and 
resulting properties, they can be used in a wide range of 
engineering applications. 

The most popular manufacturing route for ceramic 
foams is the polyurethane (PU) sponge replica tech-
nique o polymeric sponge method. This methodology 
allows to obtain open cell porous ceramic structures 
with a controllable pore size, interconnected pores and 
desired geometry (Ramay and Zhang, 2003). The first 
step in the manufacturing route involves dipping a re-
ticulated PU sponge in a ceramic slurry, squeezing out 
the excess liquid and drying the coated foam. Next, the 
PU template is burnt out (at around 500 ºC) and the 
structure is sintered at a temperature depending on the 
desired ceramic material (Blachou et al., 1992, 
Tripkovic et al., 2006). To deposit the suitable amount 
of ceramics particles in a single application, the solids 
content of the slurry has to be high. Alternatively, after 
a first coating of the support with a less viscous slurry 
and thermal treatment, several layers of material can be 
added by additional immersion and thermal treatment 
cycles. It is important to control the slurry viscosity dur-
ing the washcoating process, in order to achieve a high 
loading of ceramic particles, to aid the adhesion of the 
alumina to the substrate and to prevent the plugging of 
structure channels (Blachou et al., 1992). The main 
drawback of ceramic foams produced by this route is 
their mechanical weakness due to the formation of hol-
low struts and residual cracks during processing (Han et 
al., 2002). This limits their performance and their use in 
certain applications. 

The selection of the PU sponge for the preparation 
of the ceramic foam is an important issue, as the phys-
icochemical properties of these polymers may influence 
the sinterization of the ceramics during the calcining 
step. Polyurethane sponge is a cellular solid consisting 
of areas of PU polymer separated by voids (Parsons and 
Mountainm, 2007). The areas containing solid material 
are referred to as struts, whilst the voids may be referred 
to as cells or pores. In mechanical terms, PU sponges 
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may differ in terms of its density, i.e., mass of struts per 
unit volume, and porosity, i.e., percentage of pores per 
unit volume (Parsons and Mountainm, 2007). With re-
gards to their chemical properties, PU sponges may dif-
fer due to the various additives that can be incorporated 
into the polymer mixture, such as flame retardants, 
blowing agents, anti-oxidants and pigments, which are 
included in the reaction mixture in order to impart the 
required characteristics to the final product (Gibson and 
Ashby, 1999; Parsons and Mountainm, 2007, Saggio-
Woyansky et al., 1992). Additionally, PU sponges are 
generally hydrophobic, lacking good liquid absorption 
and wicking characteristics, which makes them less 
suitable for manufacturing absorbent sponges (Herzog 
and Baatz, 2004). This fact can be a problem, as ce-
ramic slurries employed in the foam replica method are 
in general water based suspensions. Currently, absor-
bent sponges are made of polyester- or polyether-
polyurethanes. These sponges exhibit hydrophilic prop-
erties due to the increased polarity of the carboxylic 
acid groups (Herzog and Baatz, 2004).  

Aluminum oxide or alumina, Al2O3, is an important 
material that can be prepared in several different phases. 
The most stable form is α-Al2O3 (Corundum), which is 
employed as a ceramic material, and is characterized by 
its high crystallinity and octahedral coordination of 
aluminum. Other phases of alumina, so-called transition 
aluminas, are widely used as catalysts, catalytic sup-
ports or adsorbents. Among the transition aluminas, γ-
Al2O3 is probably the most employed one for applica-
tions in catalysis and adsorption, because it can be pre-
pared with high surface area and porosity, has good 
thermal stability up to 700 ºC and useful acid-base sur-
face properties.   

Due to the high calcination temperatures employed 
in the conventional preparation of alumina foams, α-
Al2O3 is always obtained (Han et al., 2002). For cata-
lytic applications, post-treatments such as washcoating 
of the γ-Al2O3 monoliths with suspensions of γ-Al2O3 or 
sol-gel deposition procedures can be employed in order 
to obtain materials with higher surface areas (Twigg and 
Richardson, 2002). However, when the foam is coated 
with γ-alumina or any hydrated form of alumina, the 
maximum useful temperature is limited to approxi-
mately 700°C to avoid loss of surface area as the result 
of the transformation to more crystalline forms of alu-
mina (Han et al., 2003). 

To our best knowledge, there has been only one, 
very recent report on the preparation of single phase γ-
Al2O3 ceramic foam (Zhang et al., 2009). The same 
work also reports the use of these macroporous, mono-
lithic supports for catalytic applications. Another recent 
article deals with engineering aspects of the use of ce-
ramic foams for gas phase catalytic applications (Zuer-
cher et al., 2009). 

In the present work, the preparation of single phase 
γ-alumina foams of high surface area employing the 
polyurethane sponge replica technique is reported. 
Polyurethane sponges with different characteristics and 

slurries of two γ-aluminas of varying textural properties 
were tested for the preparation of the ceramic materials.  

II. METHODS 
Three commercial polymeric sponges (“A”, “B”, and 
“C”) were tested as templates for the preparation of ce-
ramic foams. Sponge “A” corresponds to open cell PU 
sponge (Marzano Form) with pore density of 5 ppi. 
(pores per inch). Sponge “B” is an open cell one also 
made of PU and with pore density of 26 ppi. (Arix Maxi 
TM). Sponge “C” (ACE Hardware Corp) corresponds to 
hydrophilated polyester polyurethane with pore density 
of 122 ppi. The thermal decomposition of the PU 
sponges was studied by thermogravimetry (TGA): 
sponge samples were heated from room temperature to 
700 °C in a Du Pont 990 Thermogravimetric Analyzer 
under flow of air (100 mL/min) at a heating rate of 
10°C/min. 

Two alumina sources were used in the present study 
for preparing the slurries used in the impregnation proc-
ess: A commercial γ-alumina with BET surface area of 
222 m2/g, pore volume of 0.64 cm3/g and mean pore ra-
dius of 7.8 nm; and a synthesized one prepared in this 
laboratory following the method reported by Xu et al. 
(2006), and which has 283 m2/g BET area, 0.53 cm3/g 
pore volume and mean pore radius of 7.6 nm.  

Slurries (with approximately 40 wt% of solids) were 
prepared using the following procedure: 18 g of pulver-
ized commercial γ-Al2O3 or 21.8 g of the synthesized 
alumina was mixed with 24 mL of deionized water and 
5 mL of concentrated HCl. These weights of either alu-
mina allowed obtaining adequate viscosities of slurries 
and proper mechanical strengths of the ceramic foams. 
The resulting slurries were stirred at room temperature 
for 48 hours at 80-112 rpm. Viscosity measurements of 
the slurries were carried out with a Cannon-Fenske vis-
cometer. The washcoating process comprises the im-
mersion of the sponges in the slurry for 30 s, blowing 
with air to remove the excess of slurry, and drying at 
100 °C for 0.5 h in a convection oven. The dried piece 
was submitted to a second immersion in the slurry and 
dried again at 100 °C for 0.5 h, and this immersion-
drying treatment was repeated up to four drying cycles. 
The PU cylinder was compressed before the first im-
mersion and allowed to expand within the slurry in or-
der to infiltrate it. Subsequent immersions were made 
without compressing the dried piece. Finally, the coated 
cylinder was calcined at 600°C for 6 h. It was found that 
a minimum of four immersion-drying cycles were re-
quired in order to attain self supporting ceramic cylin-
ders that could withstand the calcination treatments 
without collapsing. Thus, all the samples prepared were 
submitted to four impregnation-drying cycles and a final 
calcinations step. This procedure follows a technique 
developed previously (Zhu et al., 2001), but in that case 
each cycle included a calcination step after drying. The 
dimensions of the resulting cylindrical ceramic pieces 
were 1.4 cm in diameter and 1.8 cm length.  
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Different analysis techniques were used to character-
ize the ceramic samples: X-ray diffraction patterns were 
collected using a Siemens D-5005 diffractometer, em-
ploying CuKα radiation in the 2θ range between 5° and 
70°. The operating voltage and current were 40 kV and 
45 mA. Photographs of some samples were taken with a 
digital camera (Casio, Japan). Scanning Electron Mi-
croscopy micrographs were obtained out with a Hitachi 
S-2400 instrument. The textural properties of the ce-
ramic samples were characterized by N2 adsorption po-
rosimetry (Micromeritics, ASAP 2010).  The samples 
were first degassed at 300°C under vacuum for more 
than 24 h until the sample passed the degassing test. Ni-
trogen adsorption isotherms were measured at liquid N2 
temperature (77 K) and N2 pressures ranging from 10-6 
to 1.0 P/Po. The BJH method was applied to calculate 
the pore size distribution.  

A. Results and Discussion 
Polyurethane sponge characterization and selection 
Preliminary experiments showed that of the three poly-
meric sponges tested to prepare ceramic cylinders of γ-
alumina, foams prepared with PU sponges “A” and “B” 
always collapsed upon calcination. On the other hand, 
pieces made with the PU sponge “C” after proper pro-
cedures (see below), kept their cylindrical shapes. In or-
der to understand the different behavior of the polymers, 
some characterization tests were carried out.  

Figure 1 shows the thermal decomposition behavior 
of 4-mg samples of each of the PU sponges heated at 
10ºC/min under air flow of 100 mL/min in the TGA 
equipment at normal pressure. The top panels of Figs. 
1a to 1c show plots of the remaining mass of solid (m) 
normalized by the initial sample mass (mo): 

Sf = m/mo       (1) 
where Sf is the solid mass fraction. The bottom panels 
of the same figures show the derivative of the solid 
mass fraction with respect to the temperature (dSf/dT). 
Thus, figures 1a to 1c show the normalized decomposi-
tion plots for the PU sponges. The presence of several 
steps (top)/peaks or shoulders (bottom) in these curves 
is indicative that the decomposition of PU sponge is 
complex and consists of many chemical reactions.  

Figures 1a and 1b show similar profiles, decomposi-
tion beginning at approximately 240 °C and extending 
to 380 °C, as clearly observed from the DTG curves. 
The maximum decomposition rates were observed at 
about 300-350 °C. In the case of sponge “C”, Fig. 1c 
shows a different shape. The main decomposition oc-
curred between 210 and 590 °C. This sample losses the 
larger weight percentage (49%) at a temperature of 
350°C, corresponding to the maximum rate of decom-
position. Furthermore, there are several small peaks and 
shoulders in the DTG curve of sample “C”. Total com-
bustion occurs at about 590°C. These results show that 
the decomposition behavior of samples “A” and “B” are 
similar and less complex than that of sample “C”, and 
thus it is likely that the chemical nature of the latter PU 
sponge is different from that of samples “A” and “B”. 

 

 
Figure 1. TGA of polyurethane sponges; 10 °C/min; 100 
mL/min. air. (a) Sponge “A”, 5 ppi.; (b) Sponge “B”, 26 ppi.; 
(c) Sponge “C”, 122 ppi. 

In a study of the thermal degradation of PU sponges 
with varying additives, Tang et al. (2002) reported three 
characteristic temperature regions for PU sponge: (1) 
120-140 C, (2) 270–280°C and (3) up to ~480°C. The 
first region was assigned to evolution of moisture from 
the sponge, the second to thermal pyrolysis of the poly-
mer, and the third to combustion of the sponge residues 
(Tang et al., 2002).  Dick et al. (2001) reported thermal 
profiles under air showing two regions around 300 and 
550 °C, the first one assigned to pyrolysis and the sec-
ond to combustion of PU. The discrepancies between 
those results probably stem from the presence of differ-
ent additives. Thermal degradation of neat PU has been 
reported to start in the temperature range 110-270°C, 
while PU materials containing fire retardant additives 
became degraded at temperatures in excess of 400ºC  
(Chlystek, 1977) 

Fire retardant additives (or "Combustion Modifying 
Additives") added to flexible polyurethane sponge will 
cause the sponge to be more difficult to ignite, burn less 
rapidly, or lose less weight during a fire than sponges 
without additives. Flame retardants are often based on 
chlorine or bromine compounds, which upon sufficient 
heating produce chlorine and/or bromine radicals that 
interfere with the combustion chemistry in the gas 
phase, resulting in enhanced charring or carbonization.  
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Figure 2. X-ray photoelectron spectra of polyurethane sponge 
“C” after heating at 400 ºC in the region of Al2p, Br3d. 

Halogen presence in the three sponges was checked (Na 
fusion plus testing with AgNO3 solution) and only sam-
ple “C” gave a positive result. Indeed, XPS measure-
ments in the Al2p3/2 -Br3d5/2 region of the “C” sponge 
(Fig. 2) showed low intensity peaks assigned to both 
these elements, where aluminum could be assigned to 
another type of additive, e.g., a smoke suppressor based 
on a metal oxide. None of the metal oxides is an effec-
tive flame retardant on its own, but their use in conjunc-
tion with halogen compounds often results in systems 
which are very effective for this role (Hirschler, 1984).  

On the other hand, the reported composition of the 
PU “C” corresponds to hydrophilated polyester polyure-
thane, whose hydrophilic characteristics could help to 
absorb more efficiently the aqueous slurry of alumina 
into the sponge pores.   

In the second stage of weight loss of sponge “C”, re-
lated to PU combustion, it occurs the oxidation of the 
carbonaceous skeleton which remains after the initial 
decomposition. This can be appreciated by comparing 
Figs. 3 and 4 that show micrographies of “C” sponge 
before (Fig. 3) and after (Fig. 4) calcination in a muffle 
furnace at 400 °C. As can be seen in Fig. 4, the carbo-
naceous skeleton is preserved and shows morphology 
similar to the starting PU pore system. It has been 
shown that the rate of oxidation is dependent on the 
heating rate. At slow heating rates (2.5 °C/min or 
slower) a more porous carbon skeleton is formed, allow-
ing oxidation to proceed at a higher velocity. Faster 
heating rates would produce less porous carbon skele-
tons, resulting in slower oxidation rates (Kirk-Othmer, 
2001, Luda et al, 2004). In the cases of sponges “A” and 
“B”, calcination at 400°C produced powdered ashes 
with no cellular structure independently of the heating 
rate. 

Thus, PU sponge “C” was selected for all the prepa-
rations. An additional consideration is that generally the 
polymeric sponge decomposes and gives out large 
amounts of gas during the firing process. The removal 
of the polymeric skeleton and the impact of the large 
volumes of gas, produce defects and cracks in the struc-
ture  of  the  ceramics  foams,  which  leads  to  collapse.  

           
Figure 3. SEM of polyurethane sponge “C”.  

             
Figure 4.  SEM of polyurethane sponge “C” after heating in 
air at 400 ºC. 

Control of the heating rate is thus an important factor to 
avoid collapse during calcination. Slow heating is also 
needed for reducing the rate of gas evolution and to 
maintain the pore structure. In the present work, a heat-
ing rate of 1°C/min was chosen for heat treatment (cal-
cination) of the ceramic foams obtained from PU “C”, a 
condition that prevents the collapse of the ceramics 
pieces upon firing. 
Preparation of γ-alumina foams  
The alumina coating was applied by repeated immer-
sion-drying cycles of the substrate (PU sponge “C”) in 
one of the alumina slurries. The viscosity of the slurry 
prepared with commercial γ-alumina at pH 3.5 was 65 x 
10-4 Pa.s; for the slurry prepared with the synthesized 
alumina, it was 103 x 10-4 Pa.s. These viscosity values 
are within the expected range, according to previous lit-
erature reports (Blachou et al., 1992).  

The PU support coated with the wet slurry was 
blown with air to remove excess slurry and subse-
quently dried at about 100°C. After the fourth coat-
ing/drying cycle, it was calcined. In order to choose the 
conditions for the firing step, PU sponges were tested 
employing TGA, as described above, in order to deter-
mine the temperature range through which slow heating 
is needed.  

The PU sponge “C” impregnated with the slurries 
was heated at the rate of 1°C/min between 25 and 600ºC 
and kept at this final temperature for 6 h, without col-
lapse of the resulting ceramic foams. Figure 5 shows a 
photograph of a typical alumina ceramic foam sample 
obtained by application of the indicated preparation 
methods, employing the alumina sample synthesized in 
the laboratory. 
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Figure 5. Photographs of γ-alumina foams prepared from 
polyurethane “C” and synthesized γ-alumina.  

Mechanical strength of the ceramic foams 
Calcined alumina foams showed mechanical strength 
(resistance to breakup/crushing) of the order of 100 kPa 
for the samples obtained from the commercial alumina 
and 315 kPa for those produced from the synthesized 
alumina. While these mechanical strength values are not 
particularly high if compared with data reported for α-
alumina foams, it must be taken into account that the 
present ceramic materials are calcined at relatively low 
temperatures in order to keep the alumina in the γ-
phase, which is the interesting one from the cataly-
sis/adsorption point of view. For the sake of compari-
son, Han et al. (2002), reported mechanical strengths in 
the range between 275 kPa and 1.3 Mpa for α-alumina 
foams showing BET areas close to 4 m2/g.  

The observed differences in mechanical properties 
could be assigned to a lower particle size of the synthe-
sized alumina (hence the higher surface area), allowing 
the preparation of more viscous slurries that permit a 
better impregnation of the PU template with the alumina 
solids. The thickness of the covering layers on the poly-
meric sponges depends on the viscosity of the slurry. It 
was found experimentally that slurries with viscosities 
above 130 x 10-4 Pa.s tend to produce thicker layers 
with tendency to break during the drying stage. 

Textural properties of γ-Al2O3 ceramic foams 
The initial aluminas keep their crystalline properties af-
ter preparation of the ceramic structures as shown by the 
XRD patterns (Fig. 6), which present three main peaks 
placed at d-spacings of 0.239, 0.197, and 0.139 nm, cor-
responding respectively to the d311, d400, d440 reflections 
of the γ-Al2O3 phase (Xu et al., 2006). 

However, the intensity of the peaks decrease when 
passing from the alumina precursors (Fig. 6-a, and 6-c) 
to the ceramic foams (Fig. 6-b, and 6-d), and this effect 
is more pronounced for the commercial precursor.  

Table 1 collects the results of textural characteriza-
tion of the prepared solids. It reports the BET surface 
area, total pore volume obtained from the N2 physisorp-
tion isotherm at 0.99 relative pressure, and mean pore 
radius (from BJH method). The ceramic foams, as well 
as the initial aluminas, are characterized by a low mi-
cropore volume (below 0.01 cm3/g, calculated from t-
plot method) and mean pore radius in the range of 
mesopores.  

 
Figure 6. XRD patterns of: (a) commercial γ-alumina; (b) γ-
alumina ceramic foam prepared from commercial alumina; (c) 
synthesized γ-alumina; (d) γ-alumina ceramic foam prepared 
from synthesized alumina. 

Table 1. Textural properties of γ-alumina ceramic foams and 
of alumina precursors. 

Sample SBET 
(m2g-1) 

Vpor 
(cm3g-1) 

Dp 
(nm) 

Commercial γ-Al2O3 222 0.64 7.8 
Synthesized γ-Al2O3 283 0.53 7.6 

Commercial  γ-Al2O3 ceramic foam 178 0.57 10.1 
Synthesized  γ-Al2O3 ceramic foam 179 0.48 9.8 

SBET : Total Surface Area (BET) 
Vpor : Pore volume  
Dp : Pore diameter (DBJH)  

Figures 7-a, 7-c, 8-a, and 8-c show the N2 physisorp-
tion isotherms of the commercial and synthesized γ-
Al2O3 and of the ceramic foams prepared from these 
precursors. The shapes of the isotherms correspond to 
type IV of the BET classification, characteristic of 
mesoporous materials (Gregg and Sing, 1982). 

The pore size distribution curves were derived from 
the N2 physisorption isotherms according to the BJH 
method, Figs. 7-b, 8-b, 7-d, and 8-d show, respectively, 
the pore size distributions for the commercial and syn-
thetic γ-Al2O3; and the ceramic foams obtained from the 
same aluminas. The trends are similar in both cases, i.e., 
the ceramic foams show broader pore size distributions 
than the parent aluminas. The commercial alumina 
shows a distribution centered at 7.8 nm, while the foam 
prepared from this material shows a maximum around 
the same value, but also a shoulder at higher pore di-
ameter. The synthesized alumina is characterized by a 
narrower distribution centered around 7.6 nm. The foam 
prepared from this alumina shows a bimodal distribu-
tion, with a maximum of low intensity at 6.5 nm and a 
second higher intensity maximum at about 9.8 nm.  

The porosities of the fired products were calculated 
by means of the equation (Park et al., 2005): 

Porosity = (ρr - ρb) / ρr      (2) 
where ρr and ρb are the real and bulk densities, respec-
tively. For the cylindrical structures, the bulk densities 
were simply calculated from their weight and geometric 
volumes. As for the real densities, the cylinders were 
first ground to powder and then measured with a py-
conmeter. The average porosity of the alumina foams 
was close to 67 %. 
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Figure 7. (a) N2 physisorption isotherm of commercial γ-
alumina; (b) Pore size distribution of commercial γ-alumina; 
(c) N2 physisorption isotherm of commercial γ-alumina ce-
ramic foam; (d) Pore size distribution of commercial γ-
alumina ceramic foam. 

 
Figure 8. (a) N2 physisorption isotherm of synthesized γ-
alumina; (b) Pore size distribution of synthesized γ-alumina; 
(c) N2 physisorption isotherm of synthesized γ-alumina ce-
ramic foam; (d) Pore size distribution of synthesized γ-
alumina ceramic foam.  

 
Figure 9. SEM micrographs of γ-alumina ceramic foam pre-
pared from polyurethane sponge “C” and synthesized γ-
alumina. 

Morphology of γ-alumina ceramic foams 
Figure 9 shows a micrograph of the ceramic alumina 
foam obtained employing sponge “C” and the synthe-

sized γ-alumina, where it can be appreciated the pres-
ence of regular shaped pores (between 0.3 and 0.5 mm) 
with some smooth surfaces and channels. From the 
comparison of Figs. 9 and 3, the template effect of the 
PU sponge procedure is evident.  

The combined results of the present study demon-
strate the feasibility of producing γ-Al2O3 ceramic 
foams with high surface areas and porosities, showing 
relatively good mechanical strength, which could have 
potential interest for applications in adsorption and ca-
talysis.  

III. CONCLUSIONS 
The synthesis method employed in the present work al-
lowed to obtain γ-Al2O3 ceramic foams of high surface 
area (~180 m2/g) and porosity (67%). The mechanical 
strength of the ceramic foams depends on the composi-
tion of the slurry, nature of the sponge used as template 
(i.e., hydrophilicity, presence of additives), heating rate 
during calcination, and the need of several cycles of re-
coating before calcination. The phase composition and 
structural properties of the aluminas employed were not 
changed after its use in the preparation of the alumina 
foams. 
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