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a b s t r a c t

The anodisation of aluminium monoliths was performed in order to generate an alumina layer that
ensures a good adherence of the catalysts. In this study, it is demonstrated that the morphology of the
ccepted 30 March 2009
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produced alumina layer depends on time, temperature, current density and concentration of the selected
electrolyte. When anodisation process with the extreme conditions was applied (30 ◦C, 50 min, 2 A dm−2

and 2.6 M of sulphuric acid) a significant cracks were obtained and used to fix the subsequent catalytic
coatings. The washcoating method was used to cover the monoliths with colloidal solutions of CeO2

and/or Au-CeO2 catalysts. The resulting monolithic catalysts were tested in the CO oxidation reaction
being 1%Au-CeO2 containing system the most active. The structured catalyst prepared this way changed

he ca
O oxidation neither the textural nor t

. Introduction

The gold nanoparticles supported on ceria have been widely
nvestigated in the last few years. Most of these studies have focused
n their unusual low temperature CO oxidation activity [1–3].
oreover this catalytic reaction can be used in applications such

s purification of breathing air in closed spaces, safety masks, gas
ensors for the detection of trace amounts of CO in air, closed-cycle
O2 lasers, automotive exhaust treatments, etc. Normally, the cata-

ysts are used in fixed bed catalytic applications, randomly packed
y powdered micro-granules or extrudated pellets few millimetres
n size. During the last decades, there has been a growing interest
n catalytic reactor engineering based on structured catalytic beds
n different chemical processes, mainly in environmental cataly-
is and combustion processes [4]. Monolithic catalysts comprise
he advantages of a low pressure drop (less than 1/10th of that
f the packed-bed reactor), a high catalytic performance per mass
nit of active-phase, safer operating conditions and easiest catalyst
eparation [5].

The most common material for monolithic structures is
ordierite – the material which suited well the requirements of
utomotive industry [6]. The main reasons are its high mechanical
trength, high resistance to elevated temperatures and temperature

hocks due to its low thermal expansion coefficient [7]. How-
ver, under certain circumstances, it is preferable to use metallic
ubstrates since they present a series of comparative advantages
ith respect to ceramics, i.e., higher mechanical resistance, higher

∗ Corresponding author.
E-mail address: oihane@icmse.csic.es (O. Sanz).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.03.062
talytic properties of the deposited catalytic powders.
© 2009 Elsevier B.V. All rights reserved.

thermal conductivity and better prospects of achieving high cell
densities [8]. Many different metals and alloys have been pro-
posed for the manufacturing of metallic monoliths in the search
for mechanical, chemical and thermal stability and availability in
thin foils, such as Ni–Cr alloys [9], ferritics steel alloys containing
Al [5,10], AISI 304 stainless steel [11] and aluminium [5,12,13]. Nev-
ertheless, the preparation of metallic monoliths has a critical point,
the adhesion of the catalytic coating to the metallic substrate. When
coating the metallic supports with a catalytic material by wash-
coating, an intermediate layer of ceramic material is often used for
better binding [5].

When the working temperature is not too high, aluminium
with its excellent mechanical and thermal properties is an inter-
esting material to prepare the metallic monoliths [5]. Moreover,
aluminium can be coated with alumina obtained by anodisation
and thus the texture can be controlled by tuning up the anodi-
sation parameters such as time, current density, temperature,
electrolyte nature and its concentration [12]. The anodic films are
composed of amorphous anodic alumina and contain fine poros-
ity present as channels perpendicular to the surface reaching the
alumina–aluminium interface [14–16]. This interface is formed by a
barrier layer that separates the pores from the metallic aluminium.
The pores are contained in alumina cells that can self-organize to
a close-packed arrangement [17,18]. The pore diameter and barrier
layer thickness are related to the anodising voltage. The formation
of porosity has been attributed to the accelerated dissolution of the

anodic alumina at the pore bottom due to the high electric field
that exists across the barrier layer [19,20]. In aluminium foams,
when the anodisation conditions are extreme, an important crack-
ing of the surface appears with wide and deep cracks that depend
on the anodisation parameters [13]. The surface roughness can be

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:oihane@icmse.csic.es
dx.doi.org/10.1016/j.cej.2009.03.062
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sed subsequently to improve the adhesion of the catalytic coatings
romoting its mechanical anchorage.

This work makes a significant contribution to the understanding
f the preparation parameters for washcoated anodised aluminium
onoliths. The washcoating procedure was selected to incorporate

eO2 and Au-CeO2 colloidal solutions of conventional powder cata-
ysts to anodised aluminium monolith. The rational selection of the
ariables of the anodised process in sulphuric acid are described in
rder to obtain an alumina layer that ensures an adherent catalytic
ayer. Finally the prepared monoliths were tested in the catalytic
xidation of CO as a test reaction.

. Experimental

.1. Structured supports

The aluminium foils (100 �m thickness, 1002 alloy) were
btained from INASA (Industria Navarra del Aluminio S.A.). The alu-
inium foils (24 × 3 cm) were cleaned with detergent and water

efore any use. Acetone was then used to remove the remaining
rganic impurities, and finally the foils were dried.

Anodisation was carried out in an anodisation polypropylene
ank with sulphuric acid. Temperature control of ±0.1 ◦C was
btained with a cooling PTFE coil connected to an external chillier
nd an electrical heater connected to a PID temperature controller.
he power supply used was an Agilent HP 6692A that can operate
etween 0–60 V and 0–110 A allowing current or voltage control.
vigorous air bubbling assured the agitation inside the bath. After

nodisation, foils were taken out of the electrolytic bath, thoroughly
ashed with water to take out the acid, and they were dried at 60 ◦C
uring 1 h and calcined at 500 ◦C for 2 h.

In order to study the influence of the variables affecting the
nodisation process and therefore the final structural properties of
he generated alumina on the aluminium foils surface in sulphuric
cid at 2 A dm−2, the following variable ranges were chosen:

The anodisation time: 30–50 min.
The electrolyte concentration: 1.6–2.6 M.
The electrolyte temperature: 20–30 ◦C.

Al2O3-Al monoliths were prepared by rolling around spindle
lternate previously anodised flat and corrugated foils. The final
onolith is a cylinder of 3 cm height, 1.6 cm diameter and a cell

ensity of 55 cell/cm2.

.2. Powder catalyst preparation

The CeO2 support was prepared according to the precipitation
ethod described in the literature [21,22]. The adequate amount

f cerium nitrate (Ce(NO3)3·6H2O Alfa Aesar, 99.5%) was dissolved
n deionised water at room temperature under stirring. Ammonia
olution (25%) was added drop wise into solution in order to obtain
precipitate that was filtered, washed with deionised water and

ept overnight at 100 ◦C in an oven.
The gold containing catalysts were prepared by the deposition-

recipitation method [2,3]. The adequate amount of HAuCl4·3H2O
Alfa 99.99%) to obtain a gold concentration of 0.1% or 1 wt% in the
nal catalysts was dissolved in deionised water and the pH of the
olution was adjusted to 8.0 by addition of NaOH 0.1 M [21]. Then

he CeO2 colloid at pH 8 was added to the gold dissolution. The

ixture was kept under continuous stirring for 5 h at room tem-
erature. The obtained solid was separated from the solution by
ltration and washed with deionised water until the disappearance
f chloride and Na+. Finally the powder catalyst was dried during 1
ay in an oven at 100 ◦C.
Journal 151 (2009) 324–332 325

2.3. Washcoating

10 wt% colloidal solutions of the different solids were prepared
by dispersing the powders in deionised water with the help of
an ultrasonic bath (Misonix Sonicator 3000, 50 W) during 4 h at
room temperature. The solids content of the colloidal solutions was
kept constant at 10 wt% (beyond this value their viscosity increase
significantly and the colloid is not suitable for homogeneous coat-
ing). The viscosity of the prepared colloidal solutions was around
3 cP. This viscosity was adequate to obtain excellent catalytic coat-
ing. As previously reported by Agrafiotis and co-workers [23,24]
to obtain homogeneous and adherent coatings, the viscosity must
be adjusted: low viscosity values promote good adherence but low
loadings were obtained, and high viscosity induces high solid load-
ing but poor adherence. The isoeloectric point (IEP) of CeO2 is at
around 7 and therefore a pH 3 will ensure a high potential and then
high repulsions between the particles which favours the stability
of the dispersion [25].

The washcoating of the monoliths was carried out by dipping
them in the colloidal solutions for 1 min and withdrawing at a con-
stant speed of 3 cm/h. Afterward, the monoliths were centrifuged at
400 rpm for 10 min to eliminate the excess colloid, and then dried at
60 ◦C for 1 h. This washcoating procedure was repeated three times
to load ∼=100 mg catalyst on the monolith. Finally the monoliths
were calcined at 300 ◦C for 4 h.

2.4. Catalytic activity

The catalytic oxidation of CO was performed in a conventional
continuous flow U-shaped glass reactor working at atmospheric
pressure. The composition of the inlet and outlet gases was ana-
lyzed with a Balzers Omnistar Bentchtop mass spectrometer with
capabilities for quantitative analysis. The light-off curves for CO
oxidation (300 ◦C, 5 ◦C min−1) were obtained with a gas mixture
containing 3.4%CO and 21%O2 balanced by He at a total flow rate
of 42 ml min−1. A blank reaction in the absence of the metallic
monolith (empty reactor), showed no activity under these condi-
tions. The catalytic devices were pre-activated “in situ” at 300 ◦C
for 60 min in synthetic air. The effect of water on catalytic activity
was determined by a second test in which the feed bubbles before
entering in the reactor through a water saturator at 25 ◦C (3%H2O,
v/v).

Catalytic measurements over the powder catalysts were carried
out in the same operating conditions and equivalent contact time to
the monolithic devices. For that purpose a similar amount of pow-
der catalyst (∼=100 mg) was diluted in the glass balls to the volume
occupied by the monolithic devices.

2.5. Characterization

X-ray diffraction (XRD) analysis was performed on Siemens
Diffractometer D500. Diffraction patterns were recorded using
Cu-K� radiation (� = 0.15404 nm) over a 20–80◦ 2�-range and a
position-sensitive detector with 0.05◦ step size at a scan rate of
1◦ min−1.

The sample morphology was examined with a scanning electron
microscope (SEM) Hitachi S-2700. High resolution SEM micro-
graphs were recorded by FE-SEM (HITACHI S-4800).

The adherence of the scale and catalytic layer to the substrate
was evaluated using the ultrasonic method [26]. This consists in the
measurement of the weight loss caused by the ultrasound treat-

ment. The monoliths were submitted in an ultrasonic bath (Cole
Palmer, 47 kHz and 130 W) for 60 min at room temperature and in
acetone solution. After that, the samples were dried and calcined.
The weight loss was determined by the difference in the mass of
the samples before and after the ultrasonic test. The results are
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Table 1
Influence of the anodisation conditions on the amount and properties of the alumina (electrolyte: sulphuric acid; current density: 2 A dm−2).

t (min) T (◦C) Electrolyte concentration
(M)

g Al2O3/monolith Smonolith

(m2/monolith)
SBET

(m2/g)
Vp-monolith

(cm3/monolith)
Vp (cm3/g) Dpmax

(nm)
� (pores/m2) Thickness

(�m)

50 20 1.6 1.73 17.7 10.2 0.070 0.040 11 0.62 × 1015 24.0
50 25 1.53 26.7 17.5 0.122 0.080 15 0.83 × 1015 23.7
50 30 1.30 38.5 29.6 0.184 0.142 21 1.12 × 1015 23.5

50 20 2.0 1.78 25.2 14.2 0.110 0.062 12 0.71 × 1015 26.3
50 25 1.57 32.2 20.5 0.146 0.093 15.5 0.92 × 1015 25.2
50 30 1.24 42.8 34.5 0.210 0.169 20 1.21 × 1015 23.9

50 20 2.6 1.67 29.0 17.4 0.131 0.078 13 0.83 × 1015 25.8
50 25 1.41 36.4 25.8 0.169 0.120 16 1.08 × 1015 24.2
50 30 1.16 45.9 39.6 0.230 0.198 20 1.29 × 1015 23.7
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resented in terms of adherence, where the adherence is the
etained quantity on the monolith expressed in percentage.

.6. Roughness was measured with a Mitutoyo SJ-201P surface
oughness tester

Textural properties were studied by N2 adsorption–desorption
easurements at liquid nitrogen temperature in a Micromeritis
SAP 2020 apparatus between 0.1 and 0.995 mmHg with a home-
ade cell that allows complete monolith analyzing. Before analysis,

he monoliths were degassed for 2 h at 150 ◦C in vacuum.
The amount of alumina generated during anodisation was deter-

ined by means of gravimetry. It was calculated from the weight
ifference of the anodised sheet before and after the chemical treat-
ent which dissolves selectively the alumina layer. The dissolving

olution contained 35 ml of phosphoric acid (PROBUS 85%) and 20 g
f chromic acid (PANREAC) in 1 L distilled water. The dissolution
rocess was carried out at 80–100 ◦C for 10 min.

The isoeletric point of the CeO2 support was determined by
easuring (Malvern Zetamaster) the electrophoretic mobility of

queous dispersions as a function of pH, at a constant ionic strength.
he pH was varied by adding HCl or NaOH as needed.

The bulk amount of gold was quantified by inductively coupled
lasma optical emission spectroscopy (ICP-OES) on a ICP Perkin-
lmer Optima 3000DV spectrometer.

The chemical composition of powder catalysts was determined
y X-ray fluorescence (XRF) on a Siemens SRS 3000 sequential spec-
rophotometer equipped with a rhodium tube. XRF measurements
ere performed onto pressed pellets (sample included in 10 wt% of
ax).
Particle-size distributions were measured with the aid of a laser
article-size analyzer Malvern Mastersizer Instruments.

The monoliths characterization was realised by the combination
f textural properties, alumina dissolution and SEM micrographs.
he table that presents the influence of the anodisation condi-

Fig. 1. Variation of the pore diameter with ele
15.8 0.039 0.043 13 1.42 × 1015 13.0
40.5 0.157 0.155 15 1.87 × 1015 18.8
39.6 0.230 0.198 20 1.29 × 1015 23.7

tions on anodic alumina layer is divided in different columns. The
amount of generated alumina per monolith (gAl2O3/monolith) was
calculated from the oxide dissolution with phosphoric–chromic
acid solution. The total surface area of each monolith (Smonolith,
m2/monolith) is directly obtained by applying the BET equation to
the nitrogen adsorption data. The specific surface area of the gener-
ated alumina (SBET, m2/g) was calculated by dividing the measured
area for the anodised monoliths on the amount of calculated alu-
mina from the gravimetry measurements. The pore volume in the
alumina per monolith (Vp-monolith, cm3/monolith) was obtained by
the nitrogen adsorption measurement. The specific porosity of the
alumina (Vp, cm3/g) was obtained by dividing the pore volume on
the oxide amount of the monolith. The mean pore diameter (Dp,
nm) was as well obtained by nitrogen adsorption measurement,
assuming that all the pores are cylindrical. The pore number (NP,
pores/m2 Al) was calculated from the pore volume and the mean
pore diameter, assuming straight pores of constant cross-section
[27] and indicates the mean number of pores per square meter of
aluminium. The thickness (�m) refers to the alumina layer thick-
ness, and it presents an approximated value observed on several
SEM micrographs (± 20%).

3. Results

3.1. Structured supports

As it is seen from Table 1, the amount of the electrogenerated
aluminium oxide per monolith and its thickness decrease slightly
with the increase of the temperature independently of the sulphuric
acid concentration. Simultaneously, the monolith and alumina spe-

cific surface areas increase with the electrolyte temperature and
concentration. This result has been attributed to the increment of
pore density, pore volume and pore size, as can be seen on pore
diameter distribution curves (Fig. 1). The increase of the temper-
ature from 20 to 30 ◦C increases the alumina porosity more than

ctrolyte temperature and concentration.
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Fig. 2. SEM micrographs of top view of anodised aluminiu

he change of the electrolyte concentration from 1.6 to 2.6 M. The
orosity increment with the concentration is due to the increase
f the pores number, since the pore diameter remains practically
nchanged. However, the porosity increment with the temperature
as due to both, the increment of the pores number and diame-

er.
Fig. 2 shows FE-SEM top view micrographs of alumina surface

roduced at different anodisation temperatures for 50 min in 1.6 M
2SO4. These images show that the pore diameter and pore number

ncrease with electrolyte temperature from 20 to 30 ◦C which is
n agreement with the calculated values from N2 adsorption. The
nodic alumina pores are perpendicular to the aluminium surface
s can be seen in Fig. 3.

Textural properties of the alumina layer were also affected by
he anodisation time (see Table 1). The amount of alumina and its
pecific surface area increased as the anodisation time increased
rom 30 to 50 min (at 30 ◦C and 2.6 M H2SO4). This result has been
ttributed to the increment of pore diameter and pore volume (see
ig. 4). The alumina layer thickness increased as can be concluded
rom generation of alumina with higher porosity.

Surface roughness of the alumina layer has been studied by SEM.
ig. 5 shows the influence of anodisation temperature and sulphuric
cid electrolyte concentration of the series prepared for 50 min on
he surface morphology. Surface morphology of the generated alu-

ina layer remains smooth after anodisation with 1.6 M sulphuric
cid. At 2.0 M, SEM micrographs show that alumina surface is still
mooth for the temperatures inferior to 25 ◦C. However, at 30 ◦C a
ew relief appeared. The complete surface was covered by irregular

lits with crests that grew at increasing electrolyte concentration to
.6 M. Lateral view of cracked alumina layer (see Fig. 6) shows that
his new morphology corresponds to at least 10–20% of the layer
hickness being the rest conventional porous but compact alumina.

ig. 3. FESEM micrographs of lateral view of anodic alumina layer prepared at 1.6 M
2SO4, 25 ◦C, 50 min and 2 A dm−2.
1.6 M H2SO4 and 50 min: (A) 20 ◦C, (B) 25 ◦C and (C) 30 ◦C.

The cracking phenomenon also depends on anodisation time.
Fig. 7 shows the effect of the anodisation time (at 30 ◦C and 2.6 M)
on the surface roughness. Surface cracking is a phenomenon that
appeared only at 40 min and increased at 50 min of anodisation
time. On the other hand, the thickness of the layer continued to
grow as a function of time (see Table 1). However, the amount of
generated alumina was slightly higher. Therefore, the increment of
the alumina layer thickness is due to the increment of the alumina
porosity accompanied by a significant cracking of the surface.

According to the SEM observations, the roughness of the metal-
lic surface increase from 0.7 to 4.5 �m after anodisation time of
50 min measured by surface roughness tester. Adherence tests put
in evidence the good adherence between the anodised alumina and
the base metal, since less than 1wt% loss of alumina is observed.

The singular morphology of the cracked alumina surface offers
interesting opportunities to fix catalytic coatings on aluminium
monoliths in order to prepare structured catalytic systems, as could
be seen in our previous work on aluminium foams [13]. In this con-
text, the alumina morphology obtained at 30 ◦C, 50 min, 2 A dm−2

and 2.6 M of concentration of sulphuric acid was used as a support
for the catalytic layer selected for this work.

3.2. Powder catalysts

Table 2 summarizes the textural properties of the powder cata-
lysts as well as the pore size distribution (see Fig. 8). According to
IUPAC classification the obtained isotherms corresponds to a typi-
cal mesoporous materials with complex pores structures made up

of interconnected networks of pores of different size and shape. On
the other hand, it has to be noted that CeO2 impregnated with gold
present higher surface area.

The XRF results show that the obtained gold contents of the
powder catalysts (0.096 and 1.3 wt%) were close to the selected

Fig. 4. Variation of the pore diameter with the anodisation time. Conditions:
30 ◦C/2.6 M.
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Fig. 5. SEM top view of the alumina surface at 2 A dm−2, 50 min. (A) 20 ◦C/1.6 M, (B) 25 ◦C/1
(H) 25 ◦C/2.6 M and (I) 30 ◦C/2.6 M.

Fig. 6. SEM micrograph of the cross-section of anodised layer at 30 ◦C, 50 min,
2 A dm−2 and 2.6 M.

Table 2
BET surface area and textural properties of the powders catalysts and monoliths.

Sample Catalyst coating (mg) SBET (m2/monolith)

Powder CeO2 – –
0.1%Au-CeO2 – –
1%Au-CeO2 – –

MonolithAl2O3-Al – 45.9
CeO2/Al2O3-Al 98 7
0.1%Au-CeO2/Al2O3-Al 108.6 20
1%Au-CeO2/Al2O3-Al 98.6 28
.6 M, (C) 30 ◦C/1.6 M, (D) 20 ◦C/2.0 M, (E) 25 ◦C/2.0 M, (F) 30 ◦C/2.0 M, (G) 20 ◦C/2.6 M,

nominal ones (0.1 and 1 wt%). The XRD patterns of the solids are
shown in Fig. 9. The catalytic support presents peaks correspond-
ing to fluorite-structure of CeO2 (JCPDS 34-0394) being assigned
to the (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (3 3 1) and (4 2 0)
planes of cerianite. The crystal size of support calculated using the
Scherrer equation was 8 nm. No changes of the structure of CeO2
support due to the introduction of gold were detected. Diffraction
lines ascribed to the presence of gold were completely absent in
the XRD patterns for Au-CeO2 powder catalysts indicating that gold
particles are highly dispersed on the support and/or the Au content
was too low to detect.

3.3. Washcoating

Three structured catalysts were prepared by washcoating

on anodised aluminium monoliths: CeO2/Al2O3-Al, 0.1%Au-
CeO2/Al2O3-Al and 1%Au-CeO2/Al2O3-Al. In order to prepare the
structured catalyst, different colloids were prepared from the pre-
viously synthesized powder catalyst. The colour of the colloidal
solutions changed from light yellow for CeO2 colloid trough light

SBET (m2/g) Vp (cm3/monolith) Vp (cm3/g) Dp (nm)

71 – 0.115 5.6
93 – 0.204 8.0

108 – 0.241 7.9

– 0.198 – 20
68 0.015 0.149 5.6
81 0.051 0.210 10.5

124 0.057 0.251 9.8
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Fig. 7. SEM top view of the alumina surface at 2 A dm−2, 30 ◦C and 2.6 M H2SO4. (A) 30 min, (B) 40 min and (C) 50 min.
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and 225 C for 0.1 and 1%Au-CeO2 catalyst, respectively, as well in
powder as in the coated monoliths. The effect of water was positive
for gold catalysts, reducing the oxidation temperature with around
20 ◦C.
Fig. 8. N2 adsorption–desorption isotherms a

iolet for 0.1%Au-CeO2 and strong red-violet for 1%Au-CeO2 colloid.
hose changes indicate some changes in the size, shape, and/or state
f aggregation of gold as discussed previously [28].

The nominal concentrations of gold in the colloidal solutions
ere corroborated by ICP-OES. In this sense the values (0.12 and

.3 wt% respect to the ceria) were very close to XRF results of the
owders catalyst.

The majority of the CeO2 particles have an average size of 59 nm.
old/ceria catalyst presents a very similar particle size distribution.

Table 2 summarizes the amount of catalyst deposited and the
extural properties of the coated monoliths (see Fig. 10). The spe-
ific surface area, pore volume and pore diameter of the monoliths
oated with ceria or gold/ceria catalyst decreased drastically com-
ared to the non-coated anodised aluminium monolith.

The XRD difractograms confirm that crystalline cerianite has
een effectively deposited on the monoliths (JCPDS 34-0394) and
old could not be detected (see Fig. 9). Peaks due to metallic sub-
trate (aluminium) are identified at 2� = 44.9◦, 62.25◦ and 78.36◦

JCPDS 03-0932).
The SEM micrographs of the monoliths coated with the

%Au/ceria catalysts show a homogeneous layer of solids deposited
n the anodised aluminium monolith surface (Fig. 11). In the SEM
ateral view, it can be seen that the particles of the catalyst are
nserted in the cracks of the rough alumina (see Fig. 12).

The adherence of catalyst coating after the ultrasound test
howed less than 2.0 wt% weight lost.

.4. Catalytic activity

Fig. 13 presents the activity for the oxidation of CO of the pre-
ared monoliths and powder catalysts with gold in presence and

bsence of water showed as light off curves. CO conversion for the
ncoated monoliths (not showed in the figure) was fairly low start-

ng at 400 ◦C and reaching 19% of conversion at 500 ◦C. CeO2 coating
n anodised aluminium monolith largely improved the catalytic
ctivity oxidising 20% CO at 240 ◦C.
re size distribution of the powders catalysts.

Gold clearly enhances the catalytic activity in the oxidation of
CO achieving a complete conversion at temperatures close to 250

◦

Fig. 9. XRD patterns of the powders and monolithic catalysts.
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Fig. 10. N2 adsorption–desorption isotherms and pore size distribution of monolithic catalysts.

Fig. 11. SEM top and lateral view of the 1%Au-CeO2/Al2O3-Al monolith.

Fig. 12. SEM lateral view of the 1%Au-CeO2/Al2O3-Al monolith: SE (left) and BS (right) images.

Fig. 13. Water effect on conversion of CO using gold/ceria catalyst as powder (left) and as coated anodised aluminium monoliths (right). Symbols: CeO2 with water (�) and
without water (�); 0.1%Au-CeO2 with water (�) and without water (�); 1%Au-CeO2 with water (�) and without water (©).
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. Discussion

Previous studies carried out in our laboratory using aluminium
heets and foams [12,13] showed that texture of the anodisation
lumina is the result of two concurrent processes, i.e., the alu-
ina generation and its dissolution inside the pores. The second

rocess is controlled by the solubility of alumina that depends
ainly on electrolyte type, concentration (pH), and anodisation

emperature. Furthermore the local temperature depends on the
eat generation/dissipation during the anodisation, and therefore
n applied electrical current. Aluminium oxide production and its
issolution–precipitation control the size of the pores, and hence,
he final textural properties of the generated alumina layer [12].

The variations in the anodisation process produced changes on
he electrogenerated alumina layer. The increase of the tempera-
ure and the electrolyte concentration produces an increase of the
orosity of the oxide layer due to the formation of more pores with
igher diameter, whereas the thickness of the alumina layer do not
how important variations (see Table 1 and Fig. 1). This effect should
e related to the fact that when electrolyte temperature and its
oncentration increase the Ohmic resistance decreases, decreasing
otential of the process. Several authors observed that the potential
f the process is inversely proportional to the pore density [29–31].
n other hand, the increment of the pore density must be due to

he increase in the alumina dissolution process that also produces
qualitative change in the outer side of the alumina layer (see

ig. 5). The anodic alumina pores are perpendicular to the surface
see Fig. 3) and this enables the transport of the electrical current
y the electrolyte that fills these pores, while dissolved ions are
ransported out of anodised layer. Pores are not perfectly cylindri-
al, showing an increase in diameter from the bottom to the top.

hen the growing of the pore mouth reaches the adjacent pores,
he external surface of alumina cannot continue the coherent grow-
ng and deep cracks appear all over the surface (see Fig. 5F and
).

The amount of alumina per monolith increases as the anodis-
tion time increases (see Table 1). Therefore, the alumina surface
rea generated per monolith increases markedly. This increase of
pecific surface area of the alumina layer is due to the increase of
he pore diameter, which could be related to the alumina dissolu-
ion due to the local temperature rise produced by the alumina
ayer thickness increment (see Fig. 4). This thickness increment
roduces a temperature increment by both the Ohmic resistance

ncrement [27] and resistance to the entrance of fresh electrolyte
12,32]. Therefore, it can be said that at higher anodisation time,
he amount of generated alumina is higher, but its dissolution in
he pores is also higher. This change is accompanied by a significant
racking of the surface (see Fig. 6).

The singular morphology of the cracked alumina surface offers
nteresting opportunities to fix catalytic coatings on aluminium

onoliths in order to prepare a structured catalytic system, as could
e seen in our previous work on aluminium foams [13]. Anchoring
nd interlocking of the washcoat particles within the surface irreg-
larities of the support play an important role on the adhesion of a
ashcoat to the support [13,23]. Anodisation treatments of the alu-
inium under conditions that produce surface cracks wider than

he catalyst particle size increase the adhesion of catalyst washcoat-
ng, due to mechanical anchoring caused by the presence of deep
racks that allocate the catalyst particles [13,33]. In this sense, the
lumina morphology obtained at 30 ◦C, 50 min, 2A dm−2 and 2.6 M
f sulphuric acid was used as a support for the catalytic layer studied

n this work.

Three structured catalyst were prepared by washcoating
n anodised aluminium monolith: CeO2/Al2O3-Al, 0.1%Au-
eO2/Al2O3-Al and 1%Au-CeO2/Al2O3-Al. The specific surface area,
ore volume and diameter of the coated monoliths decreased
Journal 151 (2009) 324–332 331

drastically compared to the non-coated anodised aluminium
monolith (see Fig. 10). This might be due to the fact that the pores
of the anodic alumina layer were totally sealed. Comparing the
diameters of powders with those of coated monoliths, it can be
seen that they are similar (see Table 2). Furthermore, the specific
surface area and the pore volume per gram of catalyst retained
on the monolith are similar to those of the corresponding powder
catalyst. On other hand, the effect of Au on textural properties of
CeO2 was also observed on the coated monoliths. The CeO2 impreg-
nated with gold presented higher surface area. Similar results are
found by Somorjai and co-workers when they incorporated gold
nanoparticles onto silicate materials MCM-41 and MCM-48 [34].
These authors explain these observations by the expansion of the
mesoporous structure of the support because of the introduction
of gold nanoparticles inside the structure.

The washcoated anodised aluminium monoliths showed very
high adherence, less than 2 wt% was lost after the adherence test.
This result can be related to the mechanical anchoring caused by
the presence of deep cracks bigger than the catalyst particles size
[13]. It has been shown, that the adhesion of the coating depends
primarily on the particle size of the deposited powders. Agrafio-
tis et al. [23,24,35] studied the effect of powder characteristics and
processing parameters on the properties of alumina, zirconia and
titania washcoats deposited on ceramic supports. They concluded
that adhesion of the washcoat layer on the support takes place pri-
marily by a mechanical mechanism and, to a much lower extent,
via chemical or affinity ones. Zamaro et al. [36] reported results for
ZSM5, mordenite and ferrierite washcoated on a cordierite mono-
lith in which observed that the stability order correlates well with
the size of the zeolite aggregates: higher adhesion is obtained with
lower sizes. Bigger aggregates cannot enter inside the cordierite
pores; thus poor adhesion is obtained.

Finally, the powders and the anodised monolith, with and with-
out coating, were tested in CO oxidation. The non-coated monolith
presented very low catalytic activity and the CeO2 coating largely
improved the catalytic activity of the monolith. The majority of the
investigated supports to CO oxidation are reducible metal oxides
(Fe2O3, TiO2, CeO2, etc.), which have been described as the more
appropriate ones [37–39]. Non-reducible supports, such as Al2O3
and SiO2, have been considered as less active systems.

The gold clearly enhances the catalytic activity as much in pow-
der as in coated monoliths (see Fig. 13) and the activity increases
with the Au loading as previously reported for the gold systems
[40,41] since the catalytic activity is related to the number of active
sites.

Furthermore the effect of water is positive as previously reported
for similar systems [11,42]. An improvement of CO oxidation in
“wet” conditions has been detected at temperatures higher than
80 ◦C over a Au-CeO2 catalysts coated on stainless monolith sug-
gesting that the presence of water provokes a modification of the
catalysts properties as the temperature increases [43]. Water con-
tributes to the surface cleaning by removing surface impurities at
temperatures higher than 80 ◦C. However, the main effect of water
is the oxidation of the catalysts surface generating active species
in the oxidation reaction [43]. In this sense, water exerts a clear
influence in the redox reactions implied in the catalytic oxidation
of CO favouring the mobility of the oxygen species and stabilizing
the oxidation state of gold. Metallic gold are generally considered
the active species for the oxidation reaction [44], although oxi-
dized species have also been proposed to contribute to this reaction
[45,46]. Previously published results have shown [37] that gold dis-

persion is affected by the redox mechanisms taking place between
CO, gold species, ceria ions and hydroxyl groups on the surface. The
interaction of CO with the catalysts surface results in the evolution
of CO2 and H2, in which the hydroxyl groups of the surface play
a fundamental role both through the decomposition of formatted
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pecies and through the formation of [Au(CO)2]+ species. Also, a
eep reduction of the surface (oxygen vacancy creation) provokes
hange of the gold dispersion and the migration of oxygen atoms
rom the bulk to the surface, generating oxidized species [37].

Little or none difference in activities are observed between the
onolith and powder catalyst, suggesting that no difusional limi-

ations are present in the monolith channels.

. Conclusions

Anodisation procedure was used in order to generate an alumina
ayer over aluminium monolith in order to ensure a good adherence
f the catalysts. In this study it has been shown that the textural
roperties of the electro-generated alumina layer are affected by
he time, temperature and concentration of the electrolyte. Under
xtreme conditions (30 ◦C, 50 min, 2A dm−2 and 2.6 M of sulphuric
cid) the alumina layer acquires a cracked morphology that was
sed to fix the catalytic coatings. In this sense, the monolithic
evices were successfully coated with colloidal solutions that were
repared using conventional CeO2 and Au-CeO2 powders catalysts.
he monoliths prepared this way were active in the oxidation of CO
here the oxidation capability of gold atoms is combined with the

edox properties of the ceria support. The structured catalyst prepa-
ation changed neither the textural nor the catalytic properties of
he deposited catalytic powders.
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