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Abstract

The manufacture and the characterisation of alumina foams as alternative catalysts supports for industrial steam reforming processes are presented
here. The possibility of use of alumina foams as catalysts supports in such processes is evaluated by studying their resistance toward mechanical and
chemical stresses. The alumina foams produced are characterised owing to their processing parameters (slurry infiltration, sintering temperature,
template pore size). Their ability to work in hydrothermal atmosphere is assessed by characterising the evolution of microstructures and mechanical
strengths upon aging. Thermodynamic studies of the stability of alumina in industrial steam reforming working conditions are performed and

correlated to the experiments to demonstrate the stability of such a system.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramic foams are today widely used in technological appli-
cations, mainly in filtration (molten metal filters, hot gas filters).
They are also considered for new applications in medicine (bio-
materials, bone substitutes), in catalysis (catalyst supports) or
in automotives (particulate filter for diesel engines). Ceramic
foams are mainly processed by the replication technique, first
described by Schwartzwalder and Somers.! It includes differ-
ent steps: (i) the impregnation with ceramic slurry of reticulated
templates having open porosities, (ii) the removal of the slurry
excess to let the porosity open, (iii) the pyrolisis of the organ-
ics and (iv) the sintering of the ceramic body. Each step of the
preparation has been widely studied and numerous publications
can be found.>™’

In heterogeneous catalysis, the use of foam-supported cat-
alysts is today in development in many processes such as
pollution abatement processes (catalytic converters) or conven-
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tional catalytic processes,® ! including steam reforming (SR)

processes.! "> Considering their high porosity and tortuosity, it
has been found that foam supported catalysts are interesting for
heat and mass transfer limited processes.

Steam reforming (SR) is a highly endothermic process used
to produce Hj or syngas (H2/CO mixture in a 2 to 4.8 molar ratio)
mainly by reacting water and methane.'? This process produces
today the major part of the hydrogen industrially used. Cata-
lysts currently used are pellets, in the form of barrels (cylinders
of approximately 2 cm in diameter and 2 cm in height, crossed in
their height by 1 to 6 channels). This catalyst support is made of
magnesium aluminate or calcium aluminate spinels (refractory
materials, inert in SR reactions) and is prepared by extrusion
or pressing. This support is then impregnated with metal pre-
cursors (mainly nickel) to provide the catalytic active phase.
Catalysts are loaded in metallic tubes measuring 12 m height
and 10-13 cm in diameter. Hundreds of vertical reforming tubes
are located in furnaces heated by fuel or gas burners. Extremely
severe working conditions are required to perform SR reactions:
high temperatures (between 600°C and 900 °C, as the reac-
tion is highly endothermic), high pressures (20—30 bar) and mild
atmospheres containing typically 1.5-3 mol of water per mole of
reactant, depending on the reactant. Such process generally runs
for several years in industrial units before a necessary change
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Fig. 1. Alumina foam preparation by slurry infiltration of PU templates.

of the catalytic load. The main issues currently encountered in
SR industrial processes (tube cracks, corrosion by steam, cata-
lyst deactivation/sintering by overheating, catalyst attrition), are
directly related to the severe operating conditions. A direct draw-
back is a lowering of the life time of the reforming tubes, causing
unexpected shut down of SR plants, with dramatic economical
consequences. Barrel-shaped catalysts have proved to be effi-
cient catalysts for SR processes as they are cheap, robust and
efficient in producing syngas in good yields with high selec-
tivity. However, barrel morphology when staked conducts to
high pressure drops. Moreover stacking defects can appear if
tubes are misfiled, leading to hot-spot formation that shorten the
life-time of metallic tubes by crack formation.'* Today, tubes
are actually changed more often than the catalytic load itself.
To overcome such issues, the use of alumina foams as mono-
lithic catalyst supports for industrial SR processes is currently
studied.

The advantages of monolithic supports over conventional
powders or pelletized catalysts in heterogeneous catalysis are
well established.'®!> Monoliths are uni-body materials with a
homogeneous and well-defined structure. Depending on their
porosity size and design, they can possibly exhibit a low resis-
tance to flow (e.g. low pressure drops). Among these monoliths,
ceramic foam-supported catalysts present several advantages.
Twigg®%!6 and Richardson®%16-18 pointed out experimen-
tally their beneficial effects in terms of pressure drop and
heat/mass transfer. Hot spots are no longer observed because
of the very limited number of stacking defects while filling the
metallic tubes with near net shape foams. In addition, foams
exhibit high surface to volume ratios and thus develop more
exchange surfaces in a catalytic bed. Reaction kinetics is thus
favoured.

However, the use of monolithic catalytic charges leads to
new constraints. For instance, while stacking a column of 13 m
of elemental foams of a height of 10cm in an industrial tube,
the foam at the bottom layer of the tube must resist to the
mechanical stress imposed by the weight of the entire column
above it. Moreover that mechanical strength might be affected
by hydrothermal conditions, as alumina can react with water at
elevated temperatures.'%2 In this respect, this study essentially
concern by corrosion (reaction of the gas phase with the support)
and crushing of foams made of alumina.

Alumina has been chosen, as it has several advantages in
comparison with other ceramic materials: it is inexpensive, quite
highly refractory and supposed to be relatively inert with water in
the range of pressure and temperatures of SR industrial processes
(28-32 bar, 600-900 °C).

Although the interest of ceramic foams as catalyst supports
is today well established, their stability against physical and
chemical aggressions during in SR has never been discussed.
In this study, the preparation and the characterisation of alu-
mina foam supports are presented. The stability of the ceramic
foams in hydrothermal atmosphere is first theoretically evalu-
ated by thermodynamic modelling. Then, corrosion experiments
are performed. These experiments are finally correlated to the
evolution of mechanical strengths and microstructures.

2. Experimentals
2.1. Preparation of alumina foams

Alumina foams are prepared by impregnation of commer-
cial polyester based polyurethane (PU) foams: 5 ppi (pore per
inch) Calipore® foams from Caligen (Caligen Europ BV, Breda,
Netherland) and 10 ppi, 20ppi and 30ppi Bulpren® S-type
foams from Recticel (Recticel, Brussels, Belgium). Foams are
cut into cylinders. Alumina slurries are prepared by dispers-
ing commercial alumina CT3000SG® powders (Alcoa Industrial
Chemicals, Pittsburg, USA) with 99.7% purity in water. Organic
additives are used to stabilize the slurry, to favor the uniform
coating of the template, to increase the adhesion of the slurry on
the template or to prevent the blocking of the pores by formation
of “windows”.>® Additives used are dispersing agents (ammo-
nium polymethacrylate), binders (polyvinylacetates), wetting
agents (octan-1-ol, docan-1-ol solution) and antifoaming agents
(polyether siloxane). A block diagram describing the prepara-
tion process is presented Fig. 1. PU foams are impregnated by
immersion in the slurry. The slurry is fluid enough to drain
out of the template by gravity without any need of an addi-
tional driving force. The impregnation is repeated several times
together with a drying in air at room temperature in between two
successive impregnation steps. Using this approach, acceptable
coverage rates are reached. Impregnated foams are then calcined
in two steps. The first step consists in pyrolising the organic
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additives and the PU template, and the second step corresponds
to the sintering of the alumina body at 1600 °C for 1h. Con-
solidated standard alumina foams thus obtained present hollow
struts resulting from the PU template pyrolisis that may lower
mechanical properties.

To strengthen these mechanical properties, a post-
impregnation process has been developed by CTTC (CTTC,
Limoges, France). The slurry used for the first set of
impregnations described previously is twice diluted. The post-
impregnation with that very fluid slurry allows to increase the
struts diameter and to partly fill the holes in those struts. Post-
impregnation is realized on ceramic foams that are pre-sintered
at moderate temperature (1200 °C). Lower sintering temperature
is required to maintain a residual porosity in alumina, in order
to allow the slurry to enter the struts and to fill hollow struts.
After post-impregnation, foams are sintered at 1600 °C for 1 h
for consolidation.

2.2. Thermodynamic modelling and experimental
measurements of corrosion

Thermodynamic modelling of the stability of alumina ceram-
ics under water vapor and reducing gases are performed using
GEMINI methodology.?? It consists on a minimization of the
total Gibbs energy of a multiconstituted and polyphased system
under constant pressure conditions (equation), which leads to
the thermochemical equilibrium of the system.

G = ZX,‘/L[ (1)
i=1

where x; is the molar fraction of specie, u; is the chemical poten-
tial of i and v corresponds to the number of chemical species.

Using COACH software (COmputer Aided CHemistry), an
exhaustive thermodynamic database (heat capacity, enthalpy and
entropy of formation, latent heat) of all possible gaseous species
of our system, i.e. volatile aluminium hydroxides AI(OH), and
AI(OH)3, is built.?* Then, after GEMINI calculations, only
gaseous species with a vapor partial pressure above 10~° atm
are considered to be relevant for corrosion.

Finally, the corrosion of alumina foams in steam is exper-
imentally quantified by thermogravimetric analysis (TGA). It
is assumed that observed weight losses can be attributed to
volatilization of gaseous species (e.g. corrosion). TGA mea-
surements are carried out using a Setsys apparatus (Setaram,
Caluire, France) from room temperature to 1000 °C with heat-
ing and cooling rates of 5°C/min and dwell time of 100h at
maximum temperature. A vapor generator (Wetsys) is used to
control the relative humidity of the feed mixture: analyses are
carried out in wet He (95% relative humidity). Bulk polished
alumina samples are used here as it is required to both deter-
mine the surface modifications under vapor and to know the
exact surface developed by the sample.

2.3. Aging of alumina foams

Alumina foams are hydrothermally aged in water rich atmo-
sphere. The samples are submitted to flowing N»/H,O (1:3 molar
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Fig. 2. Linear sintering shrinkage of a 10 ppi standard alumina foam for two
different thermal treatments (1450 °C, 2h or 1600°C, 2 h).

ratio, 120 Lh_l) for 5 or 30 days, at 900 °C and at atmospheric
pressure. Samples are introduced in an open alumina crucible in
the furnace. The inner wall of the furnace is made of Ni-based
metallic alloy resistant to corrosion in the working conditions.
Before introduction in the tubular furnace the water is pre-heated
at 300°C and mixed with nitrogen. Then, the gas mixture is
injected in the furnace heated at 900 °C. The composition of the
atmosphere and the temperature of the treatment are chosen to
be as representative as possible to SR atmosphere.

2.4. Compressive strength measurements

The crush tests are performed on LR 50K Lloyd Instrument
(Lloyd Instruments Ltd., Bognor Regis, UK) equipped with a 5
KN sensor. Compressive strengths are measured for fresh and
aged foams. Tests performed on fresh foams are realized on
cylindrical samples measuring 50 mm in height and 50 mm in
diameter. Tests performed on aged foams are realized on samples
measuring 32 mm in height and 40 mm in diameter.

2.5. Microstructural characterisation of alumina foams

A high-resolution scanning electron microscope equipped
with a Field-Emission Gun (FEG-SEM), Jeol JSM-7400F (Jeol
Ltd., Tokyo, Japan), is used to observe the microstructure of the
surface and of the bulk of alumina foam struts before and after
aging. Samples are prepared by attaching the foam struts to brass
sample carriers with a silver paste. Bulk microstructures are
observed after polishing and thermal etching at a temperature
of 1550 °C for 15 min.

3. Results
3.1. Characterisation of alumina foams

Macroporous supports produced can exhibit different porosi-
ties. The pore size is directly linked to the template chosen for
the impregnation, with additional 16—18% shrinkage due to sin-
tering of alumina (Fig. 2). Alumina foams are labeled according
the porosity of the template used, i.e. 10 ppi, 20 ppi or 30 ppi
foams. A given foam (i) is also characterized by its density (p;),
its apparent porosity (¢;) and its impregnation rate (z;). These
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Fig. 3. Micrographs of foam struts after standard impregnation (A) and post-impregnations (B).

parameters are calculated as follows:
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before impregnation, H; the average height of the alumina foam
and D; its average diameter.

SEM micrographs of the core of standard and post-
impregnated alumina foams struts are seen in Fig. 3. The
advantages of the post-impregnation process over previously
described techniques to strengthen foam struts clearly appear.
In standard foams, hollow struts can be observed as expected
(Fig. 3A). The hole is almost entirely filled in post-impregnated
(Fig. 3B). Direct consequences are observed on the compres-
sive strength of foams (Fig. 4C): crush strength values are at
least doubled by post-impregnation.
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Fig. 4. (A) Influence of impregnation rate on apparent porosity. (B) Influence of apparent porosity and sintering temperature on crush strength. (C) Influence of
apparent porosity and manufacturing process on crush strength. (D) Influence of apparent porosity and pore size on crush strength.
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Fig. 5. Microstructure of the core of foam struts sintered at 1600 °C for 1 h. (A) Polished surface; (B) polished and thermally etched surface.

Moreover, the apparent porosity of the foams can be tai-
lored by adjusting the impregnation rate (Eq. (4)) during the
preparation (Fig. 4A). Since the average diameter of foam struts
increases when increasing the impregnation rate, its compressive
strength also increases.

SEM images of the foam microstructures, similar to Fig. 4.

A and B, are used to quantify grain size and densification by
image analysis (ImageJ software). The relative density ranges
from 98.5% to 99.5% (Fig. 5A). The average grain size (dso)
of alumina sintered at 1600 °C for 1h foams is 1.3 +0.2 um
(Fig. 5B).

Compressive strength has been evaluated for foams of
different pore sizes (5 ppi, 10 ppi, Fig. 4D), of different appar-
ent porosity (82-94%) and different sintering temperatures
(1440-1650°C, Fig. 4 B). The consequence of the manu-
facturing process on compressive strength, i.e. standard or
post-impregnation, is also evaluated (Fig. 4C).

For a given apparent porosity, almost no variation of the
crush strength is measured in the tested sintering temperature
range (1440-1650 °C, Fig. 4B). It means that the consolidation
of struts at 1440°C is sufficient enough and not the limit-
ing parameter controlling the rupture, in accordance with the
similar densification rates observed (Fig. 2) for two differ-
ent sintering temperatures (1450 °C and 1600 °C). The rupture
is actually controlled by two parameters: (i) the macroscopic
nature of the foam itself (ppi level) and (ii) the thickness of ele-
mentary struts. Concerning the thickness of struts, for a given
ppi level, the higher that thickness is (i.e. high impregnation
rate, low apparent porosity), the larger the surface submitted
to a given load, and thus the lower the stress. Concerning the
ppi level, for a given apparent porosity, the larger the macro-
pores are (i.e. low ppi level), the lower the crush strength
(Fig. 4D): crush strength for 5 ppi and 10 ppi alumina foams
are 1.4 MPa and 2.5-3 MPa respectively, with apparent porosi-
ties in a similar range (around 87%) to allow comparison.
It has to be noticed that a part of the strength loss might
also be attributed to the fact that 5ppi PU templates exhibit
larger foam struts than 10 ppi templates. Consequently the hol-
low ceramic struts formed by pyrolisis are larger for 5ppi
foams.

3.2. Tailored alumina foams architecture

In steam reforming processes such as in steam methane
reforming (SMR), the reaction requires heat to proceed as it is
highly endothermic. Since the current SR processes use homo-
geneously heated SR tubes, thermal gradients appear between
the top part and the bottom part of the catalytic bed, as reac-
tants consumes heat. In order to limit the consequence of the
endothermicity of the steam reforming reaction in terms of tem-
perature gradients, it has been thought that it could be interesting
to control the amount of active phase (i.e. the part of the catalyst
responsible for the control of the reaction kinetics) deposited on
the alumina foam support. In such a system, the active phase is
deposited on the alumina foam struts: the smaller the porosity of
the foam, the higher the surface per volume ratio, the higher the
catalyst loading. As the heat consumed by the reaction is linked
to the number of active sites per volume unit of catalyst, the
control of the porosity can be a crucial parameter to control the
thermal gradient. Since we can decrease the number of active
sites in the top part of the catalytic bed, it is possible to decrease
the amount of heat consumed in the top part of the reactor, and
thus to extend the endothermic event along the catalytic bed.

Based on methods described in the literature for produc-
tion of ceramic foams with porosity gradients,”>’ we have
then produced original alumina foams with tailored architectures
regarding the SR process requirements in terms of temperature
gradients. These original alumina foams exhibit longitudinal
and/or radial porosity gradients (Figs. 6 and 7). Their application
in SR processes is currently evaluated.?$-30

3.3. Stability of alumina foams in hydrothermal atmosphere

3.3.1. Thermodynamic predictions
All calculations are carried out in isothermal and isobar con-
ditions, in the 650—1800 °C temperature range. The solid phase
is chosen in large excess (100:1 in molar ratio) compared to the
gaseous species (CH4, H>O) to avoid its complete consumption.
The main gas species participating to the SR reaction are
methane, which initial partial pressures of 7 and 21 atm.
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Fig. 6. PU foams (left) and as-obtained alumina foams (right) with discontinuous radial porosity gradients.

Alumina is thermodynamically stable under reforming con-
ditions up to 950 °C (Fig. 8). At this temperature, low partial
pressures of 2.75 x 10~8 atm of gaseous aluminum hydroxides
AI(OH)3 and Al(OH), are formed, which is not significant.
AI(OH); is the predominant hydroxide since the Al'l is more
stable than AI"! in reducing atmospheres (Table 1). The Al,O3
solid phase begins to be unstable from 1450 °C, with formation
of a significant amount of aluminum hydroxides. Since the SR
process is working between 650 °C and 900 °C, such a corrosion
effect should not be observed in SR reactors. Alumina is thus
considered to be thermodynamically stable in SR atmospheres.

3.3.2. Experimental characterization of the alumina foam
hydrothermal stability

The thermodynamic results have been correlated to exper-
imental measurements. At 1000 °C, the thermodynamic data
have established that alumina does not react with water at the

equilibrium. The weight variations in steam at 1000 °C have
been measured during 100 h dwell time, to confirm those ther-
modynamic results (Fig. 9). No variations can be observed at
this temperature. It is thus considered that our alumina foams
are stable upon aging in water-rich atmosphere at 1000 °C.

3.4. Alumina foams microstructure and mechanical
properties upon aging

Alumina foams have been aged at 900 °C, for different length
times (5 days, 30 days) in a water-rich atmosphere (HyO/N, 3:1
in molar ratio). The surface and the core of alumina foams have
been observed before and after aging. The initial microstruc-
ture of the surface of alumina foams exhibits facetted alumina
particles with well-defined edges (Fig. 10A). No changes are
observed after 2 days of aging treatment (Fig. 10B). However,
after 30 days, the surface of the foam appears slightly modified,

Fig. 7. Alumina foam with longitudinal continuous porosity gradient.
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Fig. 9. TGA analysis of alumina foam in water-rich atmosphere.

the grain facets being less marked (Fig. 10C). Moreover nano-
sized particles with a diameter of 30—50 nm are observed at the
grain boundaries (Fig. 10D). Those tiny particles are assumed
to be contaminants traces present in the water, mainly salts,
accumulated during 30 days of aging treatment.

Table 1

309

On the contrary, no effect of aging is observed in the bulk.
After 2 days and 30 days, microstructure similar to that presented
in Fig. 5B is retained.

To confirm direct observations, compressive crush strength
measurements have been performed on alumina foams initially
aged for 5 days at 900 °C in a water-rich atmosphere (Fig. 11).
The results are compared to foams with exactly the same size
but without aging treatment from a different fabrication batch
which explains the slight difference in terms of apparent poros-
ity (Fig. 4). Obviously, there is no change of the mechanical
properties of foams upon aging as expected regarding the ther-
modynamic stability of alumina.

4. Discussions
4.1. Advantages of the use of foams in catalysis

The performances of alumina foams produced are currently
tested in terms of pressure drops and temperature gradients in
pilot tests. Although the benefits of such foam catalyst supports
have been outlined in the literature, only a few applications have
been developed at the industrial scale.3%!1:1217.18 Since foams
are highly porous (porosity ranging from 80% to 95%), they cre-
ate lower pressure drops than pellets, developing at the same time
equivalent or higher geometric surface area.!” The pressure drop
through foams increases when decreasing the pore size. Elevated
porosity make foams preferential supports for heat and mass
transfer limited processes.'® Twigg and Richardson provide a
list of reactions for which foam catalyst supports can be useful.®
Higher turn-over frequencies have been reached by the use of
foams, in comparison to pellets, in dry reforming of methane.>!
Interesting results from patents are reported in references' 11 for
steam reforming applications. Usually reforming tubes of 12m
length are required to attain the thermodynamic equilibrium of
the SMR reaction. The typical temperature gradient observed in
industrial SMR reactions is represented in Fig. 12. It has been
claimed that with foams SMR reaction can be performed within
one-half of the reforming tube, and that temperature gradient in
the front of the tube appeared considerably reduced.

Thermodynamic evolution of the feed composition and of the alumina support in SMR-like conditions.

Temperature (°C) Feed mixture (atm)

Catalyst support evolution

H,O H, CHy4 COy CcO N, Al>O3 (mol) Al(OH); (atm) Al(OH)3 (atm)
650 16.2 7.8 4.6 1.8 0.4 0.1 1.0000E +02 0.00E +00 0.00E + 00
750 13.3 11.3 3.0 2.0 1.3 0.1 1.0000E + 02 0.00E + 00 0.00E + 00
850 10.8 14.3 1.4 1.8 2.6 0.1 1.0000E +02 0.00E +00 0.00E +00
950 9.5 15.9 0.4 1.5 3.6 0.1 1.0000E + 02 2.75E—08 0.00E + 00
1050 9.2 16.3 0.1 1.2 4.0 0.1 1.0000E +02 2.79E-07 1.16E-07
1150 9.3 16.3 0.0 1.1 4.2 0.1 1.0000E + 02 1.97E—06 5.09E-07
1250 9.4 16.2 0.0 0.9 43 0.1 1.0000E +02 1.08E—05 1.84E—06
1350 9.5 16.1 0.0 0.8 44 0.1 1.0000E + 02 4.76E—05 5.70E-06
1450 9.5 16.1 0.0 0.8 4.5 0.1 1.0000E +02 1.76E—04 1.54E-05
1550 9.6 16.0 0.0 0.7 4.6 0.1 9.9999E + 01 5.62E—04 3.72E—-05
1650 9.7 16.0 0.0 0.7 4.6 0.1 9.9996E +01 1.58E-03 8.17E—-05
1750 9.7 15.9 0.0 0.6 4.7 0.1 9.9990E + 01 4.02E—03 1.65E—04
1800 9.7 15.9 0.0 0.6 4.7 0.1 9.9985E+01 6.18E—03 2.29E-04
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Fig. 10. Microstructure of the alumina foam surface before aging (A) and after 5 days (B) and 30 days (C and D) of aging treatment in water rich atmosphere at

900°C.

In addition to the higher porosity and tortuosity of foams
over pellets, barrels and other catalyst supports, graded catalytic
beds have been successfully used to increase the control of the
temperature for heat limited processes (highly endothermic or
exothermic) in industrial reactors.3>37 Various temperature pro-
files can be obtained by diluting the catalytic bed with inert
materials.3? It is therefore also established that the dilution with
inert material can affect the conversion rate of the reaction.?’
The principle of dilution is to locally decrease in the reac-
tor the density of active sites by introducing inert materials
such as quartz or corundum. Consequently, the reaction is more

80% 85% 90% 95% 100%
= 491 #Before aging 40
% 30 4 M After aging L 30
E 20 - * F20
£ {
£ 10 1.0
Q

0.0 e e B L S B e s B S S S 0.0
80% 85% 90% 95% 100%
Apparent porosity (%)

Fig. 11. Crush strengths of alumina foams before and after 5 days aging in
hydrothermal atmosphere.

homogeneously distributed along the reactor and not only in
the feeding region. The optimum thermal profile for a reaction
can be obtained by varying the ratio of inert material/catalyst
along the catalytic bed, or by using dilutants of different
sizes.??

Foams as catalyst supports are interesting alternatives to the
use of dilutants. Foams can be produced in various shapes and
sizes, according to the process concerned, by simply modify-
ing the template used for their fabrication. Furthermore ceramic
foams showing porosity gradients have been developed. They
allow to control the amount of active phase along the catalytic
bed of the reactor.”8 30 Porosity gradients can also be achieved
simply by stacking foam monoliths with different porosity.
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—~ 1200 - ety - 1200
% 1000 jf'_'__'__'__',f_ ....................... 1000
2 80017 - 800
g 600 | e Intemal skin temperature L 600
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Tubelength (m)

Fig. 12. Typical temperature profile in SMR tubes.
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4.2. Alumina foams upon aging

Since alumina foams are used in industrial processes, the
safety levels requirements are high. In addition to the risks, the
cost of unit shutdown is dramatically elevated. In SR processes,
foams must keep their integrity at elevated temperatures and
pressures, and with respect to the nature of the hydrothermal
atmosphere which is highly reductive (CH4, Hy) and corro-
sive (CO, Hj). Water is known to favour materials transport.
Moreover, one key feature of foams vs. conventional barrels is
that damaging by attrition (friction between pellets) does not
occur. Finally, the density of foams (0.4-0.7 gcm™?) is much
lower than that of barrels (1.3—1.6 gcm™), thus leading to a
lower compressive stress on the catalytic charge. The maximum
acceptable compressive stress value at the bottom of the cat-
alytic bed can be calculated considering tubular reactors of 12 m
height and 10 cm diameter, filled with 60 kg of alumina foams
showing 85% porosity (i.e. a density of 600 kg m~3). The maxi-
mum acceptable compressive stress is estimated by reporting the
weight of the foam stacking to the section of a tube (0.008 m?): it
is estimated to be around 0.75 MPa for foams of 10 cm diameter.
After a post-impregnation process (Fig. 4) followed by aging
(Fig. 11), the compressive stresses measured (around 4 MPa)
exceed the required value.

Corrosion mechanisms of alumina in water vapour atmo-
sphere have not yet been fully investigated in the literature.
Experiments realised by Opila and Myers show that volatili-
sation can occur by formation of AI(OH)3 gaseous compounds
following Eq. (5), in flowing water vapour atmosphere, leading
to weight losses.?"

Al O3(s) + 3H20(g) = 2A1(OH)3(g)
AH= 210 £ 20kJmol ™! (@)

The previous authors also show that this compound is present
but in negligible amounts at 1250 °C, for water partial pressure
ranging between 0.15 and 0.68 atm. In static atmosphere, cor-
rosion phenomenon is observed at higher temperatures. That
corrosion is accompanied by a weight increase although there
is volatilisation of Al(OH)3.?? The modification of the lattice
parameters together with that weight increase is explained by
insertion of water in the hexagonal structure of alumina. Both
water uptake (weight gain) and AI(OH)3 volatilisation (weight
loss) are assumed to be responsible for corrosion. In any cases
(flowing or static atmosphere), surface rearrangement faceting
the grains is observed, coupled with grain coarsening.?%->? Such
a phenomenon is an experimental evidence of alumina volatili-
sation. To our knowledge, no data is found on the hydrothermal
stability of alumina between 600 °C and 900 °C, even though
volatilisation of alumina should not be a problem below 1000 °C.
However, grain coarsening could dramatically decrease the
mechanical strength of monoliths.

In the present study, such issues are not observed for alumina
foams in the temperature range of interest for SR. In fact, no
changes in the bulk microstructure and in crush tests performed
before and after aging are observed. In addition, thermodynamic
predictions (Fig. 8, Table 1) and TGA measurements (Fig. 9) in

Fig. 13. Higher magnification of polished surfaces of alumina foam struts after
aging in water rich atmosphere.

the temperature range 650—1800 °C both attest of the stability
of alumina in water-rich atmosphere. However a low surface
corrosion is observed after long term aging (Fig. 10C and D).
It might be the result of a surface migration of alumina. We
have confirmed such a phenomenon on polished samples aged
in air and in a water-rich atmosphere (HyO/N> 3:1 in molar
ratio) at 900 °C for 5 days. The surface of aged samples shows
different microstructures depending on the nature of the aging
atmosphere. Before any aging treatment, the grain boundaries
are not visible on the alumina surface. No changes are observed
after aging in air, whereas grain boundaries are etched after aging
in water-rich atmosphere (Fig. 13). Impurities of commercial
alumina, such as SiO, (0.03%), Na,O (0.08%), CaO (0.02%),
Fe,03 (0.02%) and MgO (0.09%), are mainly located at the grain
boundaries. Water vapour increases the mobility of these oxides
at grain boundaries (Fig. 10D), which are either volatilised or
moved from grain boundaries into a thermodynamically more
stable configuration.

5. Conclusion

Foams are today considered as potential catalyst supports.
The use of ceramic materials to manufacture foams is advan-
tageous in processes requiring stability at high temperatures
and under corrosive atmospheres. Alumina foams obtained by
impregnation of sponge-like PU templates have been prepared
by single or post-impregnation procedure. The resistance to
compressive stresses has been increased by post-impregnation.
The thermodynamic stability of alumina in a water-rich atmo-
sphere has been evaluated through thermodynamic calculations.
Negligible amounts of volatile aluminum hydroxides can be
formed in the temperature range of interest for SR reactions, even
though water is shown to cause limited corrosion of the surface at
grain boundaries upon long lasting aging treatments. However,
this corrosion phenomenon is only limited to the surface. The
influence of aging in water-rich atmospheres on the resistance
of foams to compressive stresses has been evaluated. It has been
shown that aging treatment does not affect that resistance.
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Foams produced exhibit different pore sizes, with porosity
gradients enabling to control the active phase concentration in
the catalytic bed. Traditionally, the use of graded active phase
concentration is a solution to control the temperature in exother-
mic and endothermic processes. Foams with porosity gradients
are then interesting alternatives to graded catalytic beds.
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