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a b s t r a c t

Natural sepiolite-supported catalysts, structured as highly porous ceramic discs were investigated for
their application in diesel exhaust after treatment. Catalysts containing cobalt, potassium and barium,
which are active ingredients for diesel soot combustion and NOx adsorption, were prepared by wet
impregnation of the support materials. The influence of incorporating CeO2 as additive to the clay (sepi-
olite), along with activated carbon as pore generating agent (PGA) which is eliminated during the heat
treatment step was studied. The additives affect the textural properties of the discs, that are related with
their permeability and filtering capacity, but do not significantly alter their catalytic properties when
Co and K are present as the active ingredients. The solids were characterised by several techniques: N2

adsorption, mercury intrusion porosimetry (MIP), TGA-DTA, TPR, XRD and SEM. Different weight losses
were observed as the temperature increased in TGA-DTA experiments owing to dehydrations and dehy-
droxylations of the sepiolite structure. The maximum rate of soot combustion for the Co- and K-containing
catalyst was 366 and 453 ◦C for tight and loose contact, respectively. The bare sepiolite practically does

not interact with NO + O2, however, the addition of potassium and/or Ba caused a notable increase in
the NOx adsorption capacity. The catalytic activity results for the Co,K/sepiolite system and the excellent
rheological properties of pastes that allow extrusion in various shapes which on heat treatment leads
to conformed ceramic bodies with high mechanical strength, thermal resistance and large surface areas

terest
cation
make this material an in
exhaust abatement appli

. Introduction

The main contaminants present in diesel emissions are soot par-
icles and nitrogen oxides. Emissions of hydrocarbons and carbon

onoxide are low and can be reduced still further with a diesel
xidation catalyst (DOC). However, depending solely on improve-
ents in diesel engine design will not be enough to meet the

equirements of future legislation for either soot or NOx, making
fter treatment technologies the object of intense research [1].

An ambitious way to achieve diesel particulate removal is by the
se of filters that support suitable catalysts which enables simul-
aneous soot filtration and combustion [2]. The idea of catalytic
lters consists in the use of a catalyst able to regenerate the fil-
er at temperatures comparable to those of diesel exhaust gases.

Ox absorbers (traps), combined with a reduction catalyst, consti-

ute a relatively new control technology, which has been developed
or both partial lean burn gasoline engines and diesel engines
3]. The absorbers, which are incorporated into the catalyst wash-

∗ Corresponding author. Tel.: +54 342 4536861; fax: +54 342 4536861.
E-mail address: emiro@fiq.unl.edu.ar (E.E. Miró).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.12.049
ing potential candidate for the development of catalytic filters for diesel
s.

© 2010 Elsevier B.V. All rights reserved.

coat, chemically bind nitrogen oxides during lean engine operation.
When the absorber capacity is saturated, the system is regenerated
and released NOx is catalytically reduced during a period of rich
engine operation [4]. Since rich operation is not feasible in diesel
engines periodic fuel injections are necessary.

Recently, soot oxidation in NOx catalytic traps has been pro-
posed as an alternative to simultaneously eliminate both NOx and
particle contaminants [5]. We have shown that, as the Co,Ba,K/CeO2
catalyst pretreated with NO + O2 (370 ◦C) was carefully mixed
with soot (catalyst/soot = 20), soot combustion occurs even in the
absence of gas phase oxygen due to the reaction between the soot
particles and NOx molecules originated by the decomposition of the
trapped nitrate species [6]. The reaction between nitrate species
and soot is the basis of the diesel particulate and NOx reduction
(DPNR Toyota system). Nitrates are formed in a catalytic trap com-
posed of an alkali metal oxide after the NO to NOx reaction takes
place over Pt atoms. It is believed that surface nitrates are decom-

posed producing NO and very active O atoms, responsible for the
soot oxidation [7,8].

Both catalytically active phases for NOx and soot elimination and
suitable materials for filter manufacture are subjects for intense
research. In addition to high collection efficiency, the filter must

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:emiro@fiq.unl.edu.ar
dx.doi.org/10.1016/j.cej.2009.12.049
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ithstand the high temperatures of diesel exhaust gases (up to
pproximately 700 ◦C) and eventually, for short periods of time
emperatures of over 975 ◦C [1]. The major trap types are: ceramic
r metallic foams, ceramic or metallic yarns and wall-flow type
onoliths [9]. The latter are formed from open (flow-through)
onoliths into wall-flow type by plugging alternate channels at

pposite ends of the monolith to force the incoming gases to pass
hrough the porous walls.

Silver catalysts supported on modified sepiolite supports have
ecently been reported as efficient soot combustion catalysts [10].
epiolite is a natural hydrated magnesium silicate clay with the
hemical composition (Si12Mg8O30(OH)4(H2O)4·8H2O) that has
icroporous channels of molecular dimensions within the fibres.

he advantages of natural sepiolite as a catalytic support are the
xcellent rheological properties of pastes, produced using water
s the lubricant, which allow extrusion in various shapes, that
fter heat treatment lead to conformed ceramic bodies with high
echanical strength, thermal resistance and surface areas [11].
ith respect to diesel exhaust abatement, the porosity of this clay

ould play an important role in particulate trapping. Thus, this
aterial is an interesting potential candidate for the development

f catalytic filters for diesel exhaust abatement applications, hav-
ng been successfully used by other groups for the development
f monolithic catalysts for other environmental processes such as
2O reduction [12].

The objective of this work was to study the use of sepiolite and
odified sepiolite as supports of catalytically active phases for the

batement of diesel pollutants. Furthermore, the potential appli-
ation of this material to manufacture catalytic filters was also
xamined. Structured supports in the shape of discs were prepared
y extrusion in order to study the textural properties. Powder cata-

ysts with similar compositions were prepared to investigate their
erformance as active phase supports. Catalytic experiments for
oth soot combustion and NOx adsorption, together with character-

sation of the structure and chemical properties of the solids were
ndertaken.

. Experimental

.1. Catalysts and structured supports preparation

Natural sepiolite (Tolsa S.A.), whose chemical composition
expressed as oxides) is: 60.8 wt.% SiO2; 20.3 wt.% MgO; 4.6 wt.%
l2O3; 1.2 wt. % Fe2O3; 1.2 wt.% CaO; 1.1 wt.% K2O and 0.4 wt.%
a2O, was used to prepare structured catalysts as laminas that were

ubsequently cut as discs. These structured supports were made by
xtrusion of a paste prepared by kneading a mixture of sepiolite and
n equal weight of activated carbon powder (AC, Chemviron) with
ater. The higher performance of sepiolite structured supports pre-
ared with carbon as a pore generating agent (PGA) with respect
o those without PGA has been recently demonstrated [13]. The
GA increases the porosity of the ceramic body due to its thermal
egradation during the later heat treatment step.

Conformed supports were produced from extruding pastes with
epiolite and CeO2, at a weight ratio of 65/35 with an equal weight
f AC. The disc shaped materials were dried at room temperature
or 48 h, then at 110 ◦C for 24 h and finally treated at 830 ◦C for 4 h
o eliminate the PGA and form the stable ceramic. After heat treat-

ent the discs were approximately 22 mm in diameter and 2 mm
hick. The supports were designated as Sep and SepCe; indicating

iscs made from sepiolite with a 1/1 weight ratio sepiolite/PGA or
5/35/100 weight ratio for the sepiolite/CeO2/PGA material. The
ctive phases of Co, K or Ba were incorporated by impregnation of
he conformed materials after calcination at 830 ◦C to remove the
GA and form the stabilised ceramic composite.
g Journal 157 (2010) 530–538 531

In order to perform soot combustion and NOx adsorption exper-
iments using conventional laboratory apparatus, powder catalysts
were prepared by impregnation of either natural sepiolite or milled
discs. Cobalt, potassium, cobalt–potassium and barium–potassium
samples were prepared, employing solutions of Co(acetate)2, KNO3
and Ba(acetate)2, so as to obtain the following weight percent-
ages in the final catalysts: 5 wt.% K, 12 wt.% Co and 16 wt.% Ba. In
the case of the bimetallic catalysts (Co–K and Ba–K) the precursor
salts were simultaneously co-impregnated. After the impregnation
procedure, the solids were calcined at 400 ◦C for 2 h in air. Some
samples were also calcined for 2 h at 950 ◦C in order to study the
effect of high temperatures on the structure of the catalysts.

2.2. Catalysts characterisation

2.2.1. Scanning electronic microscopy (SEM)
Morphologies were examined using a JEOL JSM-35C instrument,

equipped with a secondary electron acquisition imaging system
operated at 20 kV. Samples were added over the metallic sample
holders using silver paint and were subsequently covered with gold
by sputtering under an argon atmosphere.

2.2.2. X-ray diffraction (XRD)
The X-ray diffractograms were obtained with a Shimadzu XD-

D1 instrument with monochromator using Cu K� radiation in the
continuous mode from 2� = 5–80◦ at a scanning rate of 1◦/min. The
Shimadzu XD-D1 analysis software package was used for phase
identification.

2.2.3. Nitrogen adsorption
The textural properties of the discs (specific surface areas (SBET),

micropore and mesopore volumes) were calculated from nitrogen
adsorption at −196 ◦C determined on a Micromeritics Tristar appa-
ratus. The samples were previously outgassed overnight at 300 ◦C
(P < 1.33 × 10−2 Pa). The micropore volume was calculated from a
t-plot analysis [14], taking the thickness of an adsorbed layer of
nitrogen as 0.354 nm and assuming the arrangement of nitrogen
molecules as hexagonal closed packed. The Harkins–Jura equation
was chosen to relate the thickness of the adsorbed layer to the rel-
ative pressure since this employs a non-porous oxide to obtain the
standard curve [15].

2.2.4. Mercury intrusion porosimetry (MIP)
A CE Instruments Pascal 140/240 apparatus was used to deter-

mine pore volume and neck size distributions over the range of
7.5 nm to 300 �m. The Washburn Equation [16] was used to analyse
the pressure/volume data assuming a cylindrical non-intersecting
pore model, taking the mercury contact angle and surface tension
as 141◦ and 484 mN m−1, respectively [15]. Samples were dried
overnight at 150 ◦C previous to the measurement to ensure that
they were free from any loosely bound adsorbed species.

2.2.5. Permeability (Ks)
According to Darcy’s Law, Q = KsA�p/(L�), the permeability coef-

ficient, Ks, was estimated from the variation of pressure drop
generated by each material when a dry air flow passed through
a calibrated area of a disc of the material with a constant thick-
ness using a cell which is schematised in Fig. 1. A series of discs for
each support were manufactured with different thicknesses and

the experiments were carried out varying the total flow and mea-
suring the pressure drop produced with each material at a constant
cross-section area of 36.8 mm2. The total flow was varied between
100 and 400 ml min−1, and the thickness of the discs between 1.5
and 4 mm.
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formed solids were determined by combination of the results from
Fig. 1. Scheme of the cell used for permeability measurements.

.2.6. Temperature-programmed reduction (TPR)
TPR experiments were performed in an Okhura TP-2002S sys-

em. The TPR runs were conducted using a heating rate of 10 ◦C/min
n a flow of 5% H2/Ar (45 ml/min) from room temperature up to
00 ◦C.

.2.7. Catalytic soot combustion and NOx adsorption
The soot was obtained by burning diesel fuel (Repsol – YPF,

rgentina) in a glass vessel and subsequently collecting the soot
rom the vessel walls. Subsequently it was dried at 120 ◦C for 24 h
efore mixing with the powdered catalysts in an agate mortar for
min to obtain a tight contact or shaking the mixture in a pot to
btain a loose catalyst soot contact. In all cases, the weight ratio
etween the soot and the catalyst was 1/20.

The activity of the solids for the soot combustion was studied
y TGA in a Mettler Toledo TGA/SDTA 851 equipment. Usually,
0 mg of mixes of catalyst + soot were heated from 25 to 700 ◦C
t 10 ◦C/min in an air flow of 90 ml/min. TGA results are pre-
ented as w/w◦ (relative mass), being “w” the weight corresponding

o any temperature T and “w◦” the initial weight of the mixture
oot + catalyst. In the case of the SDTA experiments, the informa-
ion obtained from the equipment is (Ts–Tref), where “Ts” and “Tref”
re the sample and the set temperatures, respectively.

Fig. 2. SEM images of the Sep/PGA mixture calcined at 830 ◦C: (a) general view and (b) d
g Journal 157 (2010) 530–538

The effect of the presence of 0.1% NO was studied by feeding O2
(18%) + NO (0.1%) diluted in helium and carrying out the catalytic
tests in a flow equipment. The exhaust gases were analysed with
a Shimadzu GC-2014 chromatograph (with TCD detector), the CO
concentration being negligible.

Micro-gravimetric experiments were performed in a Cahn 2000
equipment to study the interaction of the solid with NO + O2. The
sample was dried for 2 h at 400 ◦C in He and then stabilised at
70 ◦C, at which point the sample weight was determined (w◦). Sub-
sequently a mixture of NO (4%) + O2 (18%) (He balance) was fed,
until the sample was stabilised at 70 ◦C. After a constant weight
was obtained the sample was heated to 490 ◦C at 5 ◦C/min; then
maintained at this temperature for 10 min before cooling to 70 ◦C.
The feed mixture was then changed to He and after stabilisation
the sample was weighed. The heating program was subsequently
repeated in He flow and the sample weighed at the end of this
treatment at 70 ◦C.

3. Results and discussion

3.1. Textural properties of sepiolite-based discs

The fibrous nature of the sepiolite support may be observed in
the SEM image shown in Fig. 2. The left picture (Fig. 2a) corresponds
to the sepiolite sample, i.e., the solid mixed with activated carbon
and calcined at 830 ◦C, where bundles of fibres of 0.1 �m × 1 �m
are observed. A detail of a macropore (diameter about 2–2.5 �m)
is shown in Fig. 2b, in addition to a soot aggregate scheme (usu-
ally soot aggregates are about 200–250 nm [17]). The size of the
macropore shown in Fig. 2b is greater than those frequently found
in sepiolite due to the addition of the PGA during the preparation of
the material and subsequent decomposition when heated to 830 ◦C
in air. As may be observed, soot aggregates can pass through sepi-
olite macropores but would be retained in the mesopores present
among the bundles of fibres, which implies the potentiality of the
system as a soot filter.

The nitrogen adsorption–desorption isotherms shown in Fig. 3
for sepiolite with and without CeO2 correspond to type IIb [18],
with hysteresis loops typical for materials with ill defined meso-
pores that extend into the macropore range, in accordance with
the SEM results and with results observed by Blanco et al. [19] for
Pt/sepiolite.

The total pore volume and pore size distribution of the con-
the corresponding nitrogen adsorption/desorption isotherms and
MIP curves. In Table 1 the mesoporosity was calculated from the
amount adsorbed at a relative pressure of 0.96 on the desorption
branch, equivalent to the filling of all pores with a diameter below

etail of a macropore, where a soot aggregate (size about 200 nm) is schematised.
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Table 1
Textural properties of the supports.

Support Vp (cm3 g−1),
mesoa,b, 2–50 nm

Vp (cm3 g−1), macrob,
50 nm to 10 �m

Vp (cm3 g−1),
Totala,b

THD (�m) SBET (m2 g−1) Ks (m2)

Sep 0.30 0.12 0.42 0.08 53 –
Sep (PGA) 0.26 1.40 1.66 3.8 45 1.2
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pressure drop generated when an air flow pass through a piece
of each material with constant cross-section and thickness. From
the data presented in Fig. 5 it may be observed that the inclusion of
SepCe (PGA) 0.15 1.49

a As determined from N2 adsorption experiments. No microporosity was observe
b As determined from MIP experiments.

0 nm. The macroporosity was determined as the pore volume
bove 50 nm from the corresponding MIP curve. To combine the
esults from these two techniques, desorption data from the nitro-
en isotherm was transformed into a diameter versus cumulative
olume relationship by use of the Kelvin equation and correcting for
he thickness of the adsorbed layer by employing the Harkins–Jura
quation. In pore diameters above 50 nm the data obtained from
he corresponding MIP curve was used. From these data, in Table 1
t may be seen that when CeO2 was used as additive the specific sur-
ace area (SBET = 32 m2 g−1) was lower than for sepiolite (45 m2 g−1).
ince CeO2 was added at a ratio of 65/35 by weight of sepiolite and
xide and taking into account that the PGA was burn out on heat
reatment at 830 ◦C in air, then the specific surface area of the con-
ormed materials after calcination would be due to the sum of the
reas of the two remaining components if no reaction between the
wo had taken place. Thus, the 30% reduction in the specific surface
rea after CeO2 incorporation was expected since ceria has a very
ow specific surface area. The corresponding t-plots for the materi-
ls calcined at 830 ◦C indicated that these supports did not possess
icropores due to the folding of the sepiolite structure that occurs
fter the calcination at high temperature (330–600 ◦C).
The cumulative pore volume curves for the two supports after

eat treatment at 830 ◦C obtained by combining the results from N2
dsorption/desorption isotherms and MIP are presented in Fig. 4.

ig. 3. Nitrogen adsorption–desorption isotherms for sepiolite supports without
eO2 (a) and with CeO2 (b).
1.64 4.9 32 1.5

For the material with Ce incorporated the reduction in the pore
volume in pores of less than 200 nm, in accordance with the results
obtained from the corresponding nitrogen isotherms (Fig. 3), indi-
cated that this oxide was practically non-porous and the pore
volume in this region was solely due to the sepiolite compo-
nent. Above 200 nm the cumulative curves rose in accordance with
the increased porosity created by the decomposition of the PGA,
although the curve was displaced to wider pore diameters com-
pared with the Sep/AC material (Fig. 4b).

The bimodal pore size distribution displayed by the materials
after conformation and heat treatment is due to the mesopores
within the bundles of sepiolite fibres, centred at about 40 nm, and
the macropores centred at about 3 �m that are created during the
combustion of the pore generating agent during heat treatment in
air.

As described in Section 2, the permeability of these materials
that are shown in Table 1, were determined by measuring the
the CeO2 in the support slightly increased the permeability of the
material (Ks = 1.5) compared to that observed for the sepiolite sup-

Fig. 4. Cumulative pore volumes (a) and pore size distribution (b) obtained by
MIP + N2 adsorption isotherms.



534 V.G. Milt et al. / Chemical Engineering Journal 157 (2010) 530–538

F
S
v
i

p
o

t
t
a
o
i
l
S

3

o
a
9
(
T
fi
t
(
a
t
(
t
a
o
s
s
d
(
l
w

r
d

3

s
s
2
a
a
i
n
c
i
u

was formed by the decomposition of Ba(acetate)2. The signals
corresponding to the sepiolite support were also observed in
addition to KNO3 peaks that appear together with the BaCO3
peaks.
ig. 5. Variation of the pressure drop obtained with supports, ( ) Sep and ( )
ep-Ce as a function of the total flow for discs of 2 mm thickness. The total flow was
aried between 100 and 400 ml min−1. (For interpretation of the references to color
n this figure caption, the reader is referred to the web version of the article.)

ort (Ks = 1.2). This behaviour could be related to the differences
bserved in the porosities of these materials.

The transport of gas through the body of the discs made from
hese materials would be related to both the width of the widest
hrough pores, indicated by the threshold diameters of the materi-
ls and the volume of these larger pores that reduce the tortuosity
f the system. The threshold diameters (THD) from the correspond-
ng MIP curves were: 3.8 and 4.9 �m, whereas the volumes of pores
arger than 200 nm were: 1.23 and 1.36 cm3 g−1 for Sep (PGA) and
epCe (PGA), respectively.

.2. Thermal behaviour during calcination of discs

The DTA profiles between 200 and 950 ◦C, obtained
n heating sepiolite and doped sepiolite in flowing
ir are shown in Fig. 6. For Sep, at approximately
0 ◦C the loss of hygroscopic water was observed
Si12Mg8O30(OH)4(H2O)4·8H2O→Si12Mg8O30(OH)4(H2O)4+8H2O).
he endothermic peak at 295 ◦C corresponded to the
rst structural change, implying the loss of two of
he four water molecules coordinated to magnesium
Si12Mg8O30(OH)4(H2O)4 → Si12Mg8O30(OH)4(H2O)2 + 2H2O)
nd the reversible folding of the structure. At 518 ◦C
he loss of the other two water molecules occurs
Si12Mg8O30(OH)4(H2O)2 → Si12Mg8O30(OH)4 + 2H2O), leading
o the irreversible folding of the structure. The signal observed
t approximately 705 ◦C could be associated to the presence
f calcite, a spurious material frequently found with natural
epiolite [20]. The well-defined signal observed at 830 ◦C corre-
ponds to the loss of the constituent water of the structure by
ehydroxylation with the subsequent formation of clinoenstatite
Si12Mg8O30(OH)4 → 8MgSiO3 + 4SiO2 + 2H2O), as reported in the
iterature [21–23]. The DTA curves for the impregnated sepiolite

ere qualitatively similar to that of the undoped solid.
In Fig. 7 the corresponding TGA curves are presented. These

esults, together with the different phase formations, will be further
iscussed in Section 3.3.

.3. XRD characterisation

XRD diffraction patterns of the solids calcined at 400 ◦C are
hown in Fig. 8. The natural sepiolite exhibited all the diffraction
ignals corresponding to this structure (2� = 7.35; 13.32; 20.19;
6.73; 33.64; 37.57; 40.58; 47.76 and 62.70◦) [24]. Peaks at 8.58
nd 10.96◦ were also observed, which correspond to the sepiolite
nhydride formed on calcination at 400 ◦C. Other signals observed

n the diffractograms correspond to different oxides present in the
atural sepiolite. When potassium was added to this structure, the
rystallinity of the sepiolite appears enhanced. Signals correspond-
ng to KNO3 were also observed since this salt does not decompose
ntil temperatures higher than 600–700 ◦C [25].
Fig. 6. Thermal behaviour (DTA) of pure and doped sepiolite. 10 mg of catalyst was
heated from 25 to 700 ◦C at 10 ◦C/min in an air flow of 90 ml/min.

The sample containing Ba (Ba,K/Sep), prepared for NOx adsorp-
tion experiments, was also examined by XRD. For this catalyst,
peaks associated with BaCO3 were observed; due to its ther-
mal stability (decomposes at 1337 ◦C [26]). Barium carbonate
Fig. 7. Sepiolite-supported catalysts: TGA curves. 10 mg of catalyst was heated from
25 to 700 ◦C at 10 ◦C/min in an air flow of 90 ml/min.
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ig. 8. Crystalline phases for the solids calcined at 400 ◦C (detected by XRD) ( )
o3O4; (�) BaCO3; (©) KNO3.

Calcination at 400 ◦C of the cobalt doped sample (Co/Sep) gave
ise to peaks corresponding to Co3O4, whereas when cobalt and
otassium were incorporated (Co,K/Sep) after calcination at 400 ◦C
eaks associated with both Co3O4 and KNO3 were observed, in
ddition to the support signals.

The effect of a calcination temperature of 950 ◦C on the crys-
alline phases for the undoped and doped sepiolite is shown
n Fig. 9. As expected, calcination of the sepiolite structure at
emperatures higher than 800–830 ◦C provokes the complete dehy-
roxylation of the clay, leading to the formation of clinoenstatite
MgSiO3) and SiO2 [21,27]. However, in the K/Sep system a mixed
rystalline oxide of magnesium and silicon, Mg2SiO4 (forsterite),
as also formed. Comparing the diffractograms presented in

igs. 8 and 9 it may be observed that the higher calcination tem-
erature caused decomposition of the KNO3.

The diffractogram of the Ba,K/Sep system calcined at 950 ◦C
hows the presence of both MgSiO3 and Mg2SiO4 (although this
atter mixed oxide appears in a lower relative proportion than in

he case of the K/Sep solid) and BaCO3.

When the Co/Sep solid was calcined at 950 ◦C, the signals of
o3O4 observed in the solid calcined at 400 ◦C disappear but the
ormation of another mixed oxide was observed: Co2SiO4, in addi-

ig. 9. Effect of the calcination temperature on the crystalline phases formed (solids
alcined at 950 ◦C). (�) BaCO3; (�) Mg2SiO4; (�) Co2SiO4; ( ) SiO2; (©) MgSiO3.
Fig. 10. Reducibility of the catalysts (solids calcined at 400 ◦C). TPR runs were con-
ducted using a heating rate of 10 ◦C/min in a flow of 5% H2/Ar (45 ml/min) up to
900 ◦C.

tion to the presence of clinoenstatite and forsterite. In the case of
the potassium-containing system (Co,K/Sep), the crystalline phases
were the same as those observed in the undoped material, the only
difference being the higher degree of crystallinity when the alkaline
metal was present.

In general, two effects can be observed in samples contain-
ing potassium: the preferential formation of the forsterite phase
(Mg2SiO4) in comparison with the formation of the clinoestatite
mixed oxide (MgSiO3), and the higher crystallinity of the samples. It
has been suggested that, due to it low melting point, K improves the
interaction between different phases thus increasing crystallinity
and favoring the formation of mixed oxides. As a fact, similar effects
have been observed in the case of Ba,Co mixed oxides, in which
for the Ba,Co,O solid calcined at 1000 ◦C the presence of K induces
both the development of the BaCoO2.94 phase and the increase in
crystallinity [6].

Considering the XRD results (Figs. 8 and 9) along with the
TGA results described in the previous section (Fig. 7), the follow-
ing aspects should be emphasized. There is a different behaviour
for Co/Sep and Co,K/Sep when heating at temperatures higher
than 400 ◦C. In both catalysts the Si12Mg8O30(OH)4 phase is
formed at temperatures up to 500 ◦C, which was previously
indicated as the irreversible folding of the sepiolite structure. How-
ever, the catalyst containing K (Co,K/Sep) exhibits an additional
weight loss between 500 and 700 ◦C due to KNO3 decomposi-
tion (2KNO3 → K2O + 2NO2 + 1/2O2), and correspondingly, smaller

weight values are observed in its TGA profile. At higher tempera-
tures (T > 700 ◦C) the decomposition of the Si12Mg8O30(OH)4 phase
begins. According to the XRD patterns, despite the fact that both cli-
noenstatite and forsterite are formed in Co/Sep and Co,K/Sep after
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ig. 11. Thermal evolutions when heating the bare sepiolite with or without soot an
b). 10 mg of mixes of catalyst + soot were heated from 25 to 700 ◦C at 10 ◦C/min in

alcinations at 950 ◦C, MgSiO3 is preferentially formed in Co/Sep
nd Mg2SiO4 in Co,K/Sep (Fig. 9). Nevertheless, the evolutions of
oth phases imply the same difference in weight (the same amount
f water is lost in both cases):

i12Mg8O30(OH)4 (s) → 8MgSiO3 (s) + 4SiO2 (s) + 2H2O (g)

i12Mg8O30(OH)4 (s) → 4Mg2SiO4( s) + 8SiO2 (s) + 2H2O (g)

On the other hand, cobalt silicate is formed by
he reaction between cobalt and SiO2 as follows:
Co3O4(s) + 3SiO2(s) → 3Co2SiO4(s) + O2(g), which implies a

oss of oxygen and, consequently, an additional small decrease in
eight. However, at high temperatures K2O reacts with oxygen to

ive KO2, which is the most thermodynamically stable potassium
xide. This is the reason for the lower decrease in weight for
o,K/Sep as compared with Co/Sep at temperatures higher than
00 ◦C. The same behaviour is observed when comparing K/Sep
nd the bare Sepiolite.

.4. TPR results

TPR experiments were carried out to study the behaviour of
he catalysts in the presence of a reducing mixture since catalytic
ctivity for soot combustion is related to the oxidant capacity of
he catalysts. The pure sepiolite (Fig. 10) displayed reduction peaks
etween 500 and 800 ◦C, probably due to the reduction of impuri-
ies present in the natural clay support. The K/Sep catalyst exhibited
reduction peak at 558 ◦C, which was probably related to the KNO3

eduction. In the case of the Co/Sep catalyst, the low temperature
eduction peak (maximum at 331 ◦C) corresponded to Co3O4 reduc-
ion. Nevertheless, the peaks that appear at higher temperatures

ould either correspond to the reduction of cobalt species retained
n the sepiolite structure or to the reduction of mixed compounds
ormed by the reaction between cobalt and the other oxides in the
epiolite (as impurities). The Co,K/Sep TPR profile was similar to
hat observed for Co/Sep, where the wide peak between 390 and
atalytic effect of cobalt and potassium. SDTA experiments (a) and TGA experiments
flow of 90 ml/min.

700 ◦C was probably due to the reduction of KNO3, together with
Co species reduction, as in the case of Co/Sep.

3.5. Abatement of diesel exhaust pollutants: diesel soot
combustion

TGA experiments with mixtures of soot and catalysts were per-
formed, using both powdered sepiolite impregnated with active
ingredients and calcined at 400 ◦C and milled discs. Although the
thermal evolutions were different (the discs had been previously
calcined at 830 ◦C thus the evolutions of sepiolite transformations
were not present) the activity for soot combustion was unaffected.
On bare sepiolite calcined at 400 ◦C soot burns with a maximum
in the SDTA curve at 520 ◦C (Fig. 11a), although the broad signal
also involves the sepiolite transformations. Two endothermic peaks
at 295 and 518 ◦C when heating sepiolite in air corresponded to
the reversible and irreversible folding of the sepiolite structure,
respectively. Considering that non-catalytic combustion of soot
takes place at ca. 600 ◦C, the undoped support exhibited some cat-
alytic activity, probably related to the presence of impurities in the
natural clay.

Fig. 11a also shows the SDTA curves for the Co,K/Sep catalyst
mixed with soot both under tight and loose contact, with the cor-
responding TGA profiles shown in Fig. 11b. In the case of tight
contact the maximum in the SDTA curve appeared at 366 ◦C and
for loose contact at 453 ◦C, although this latter peak displayed two
contributions, which would correspond to the burning of soot on
sites of different types or could be associated with heterogene-
ity in the soot–catalyst mixture under loose contact. Although the
TGA profiles were similar (Fig. 11b), they show some differences.
A significant weight loss was observed at the beginning of the pro-

file, i.e., at temperatures lower than 300 ◦C (>15 wt.%), which was
consistent with the high water retention capacity of this solid. It
should be pointed out that the expected weight loss due to the
thermal decomposition of soot was 5 wt.%. Thus, the weight lost
in the 200–700 ◦C range involved not only the combustion of soot
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Table 2
Characteristic temperatures for soot burning.

Catalyst + soot Tignition (◦C) Tmax (◦C) Tfinal (◦C) Soot contact

Sepiolite 300 520 600 Tight
SepCe 296 481 608 Tight
Co/SepCe 289 461 590 Tight
K/SepCe 247 403 509 Tight

Co/Sep 254 454 585 Tight
340 538 619 Loose

K/Sep 284 430 528 Tight
352 523 582 Loose

Co,K/Sep 190 366 446 Tight
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301 453 589 Loose

Co,K/SepCe 236 360 445 Tight
247 453 520 Loose

ut also the multiple dehydrations of the clay support. In the case
f the tight contact, the slope of the curve changed at ca. 400 ◦C,
hereas for the loose contact, it takes place at ca. 500 ◦C, associated
ith two phenomena: ending of soot burning and support folding.
t 600–700 ◦C the thermal decomposition of KNO3 cause a weight

oss observed in the TGA profiles, which was consistent with XRD
atterns, where for the sample calcined at 400 ◦C the peaks corre-
ponding to KNO3 were observed but not for the sample calcined
t 950 ◦C.

To the best of our knowledge the only previous reported work
oncerning the use of sepiolite as soot combustion catalyst supports
s that of Güngör et al. [10], who reported that Ag/sepiolite catal-
sed soot oxidation with a temperature of maximum combustion
ate of 500 ◦C. Our Co,K/Sep catalyst appears to enhance the cat-
lytic properties of the sepiolite in a very effective way, reducing
he temperature of maximum combustion rate by ca. 120 ◦C with
espect to the reported catalyst.

Table 2 resumes the temperatures of maximum oxidation rate
or the cobalt and/or potassium-containing catalysts either sup-
orted on the bare sepiolite or on the sepiolite that cointained CeO2
s an additive (SepCe). Although CeO2 is considered as an oxygen
torage element, it seems to play no significant role in the studied
ystems, i.e., the activity of the solids was practically the same for
oth supports when Co and K were present as the active ingredi-
nts. Possibly, the heating of the support, with the corresponding
olding of the structure, could produce an occlusion of the cerium
n the support. An interesting effect of ceria could be the help in
he the adjustment of specific surface, porosity and permeability,
hich are fundamental properties to be considered for the filter

fficiency. The synergic effect of cobalt and potassium should be
oted, where the oxidation activity, when both were present, was
nhanced for both supports.

The presence of the NO in the reactor feed induces that the
oot combustion rate maximum takes place at lower temperatures,
oth under loose and tight contact conditions (Fig. 12). The NO can
eact with O2 giving NO2 as a product. As it is well-known, the
O2 oxidation capacity is higher than that of O2. Moreover, this
itrogen oxide can be adsorbed on the surface as NOx and act as
surface oxygen source for soot oxidation [6]. The effect of NO is
ore pronounced under loose contact conditions. Probably, under

ight contact conditions dissociated oxygen is readily available at
he catalyst surface.

.6. Abatement of diesel exhaust pollutants: NOx adsorption

apacity

The interaction between the samples and NO + O2 is shown in
ig. 13. The graph is divided into two parts, where the left cor-
esponds to heating under NO + O2 flow and the right to heating
Fig. 12. Soot combustion: effect of NO (0.1%) in the gaseous feed. (a) Tight contact,
(b) loose contact: (�) O2 (20%); (�) O2 (20%) + NO (0.1%). For other experimental
conditions see Fig. 11.

under a helium stream. Neither the cooling under the oxidising
atmosphere nor the cooling in helium is represented in the graph.
The “y” axis shows the relative mass (w/w◦), where “w” is the sam-
ple mass at any temperature (T) and w◦ is the mass at the beginning
of the NO + O2 treatment, i.e., after the helium pre-treatment up to
400 ◦C. When w/w◦ = 1 means no interaction between the sample
and NOx (no NOx adsorption) was observed.

The bare sepiolite practically does not interact with NO + O2
(Fig. 13), however, the addition of potassium (K/Sep) caused a
notable NOx adsorption at 70 ◦C. When heating under NO + O2, the
weight did not change up to 200 ◦C but subsequently up to 490 ◦C
it decreased. With cooling under NOx the NOx storage capacity
observed at 70 ◦C at the beginning of the treatment was not recov-
ered and heating under the inert atmosphere did not modify the
weight. Although potassium was added to the catalyst as KNO3 (salt
saturated in NO2 that does decompose below 490 ◦C as observed in
the TGA experiments), the strong interaction between K/Sep and
NO + O2 at 70 ◦C would be associated to the strong basicity given

by the KNO3 alkaline salt. It should be noted that although natu-
ral sepiolite contained Na and K (see Section 2), in the prepared
catalysts it was added in a much higher proportion (5 wt.%).

The system containing both barium and potassium (Ba,K/Sep)
exhibited an even higher adsorption capacity of NO + O2 at 70 ◦C
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ig. 13. NOx adsorption for catalysts calcined at 400 ◦C, being “w(T)” the weight
orresponding to any temperature T and w◦ that obtained after the He pre-treatment
t 400 ◦C. For other conditions see Section 2.

han the system only containing potassium. Heating under NO + O2
ow produces increasing weights up to 425 ◦C but above this tem-
erature the weight decreased slightly. The adsorption increased
hen cooled in NO + O2 and heating in helium diminished the
eight very little. Thus, after the complete experiment in the
icrobalance the relative mass of the Ba,K/Sep catalysts was
1, which implied a very good NOx trapping capacity of this

ystem. We have previously detected a similar behaviour for
he Ba,K/CeO2 system [6], although for the Ba,K-containing sys-
em supported on CeO2 the decreasing tendency observed above
25 ◦C was not observed. This decrease in weight is not occa-
ioned by a structural change of the sepiolite (Fig. 13), but
ould be associated to the presence of potassium (since the reac-
ion between Ba and NO2 to give barium nitrate is irreversible:
aCO3 + 2NO2 + 1/2O2 → Ba(NO3)2 + CO2).

. Conclusions

The catalytic activity results indicate that the Co,K/Sepiolite sys-
em demonstrated a good behaviour for diesel soot combustion.
he support material (natural sepiolite) permitted easy extrusion
o that the studied Co,K/Sepiolite system had a good potential
or the preparation of catalytic filters for the elimination of par-
iculate matter from diesel combustion. During soot combustion
imultaneous transformations in the sepiolite structure, due fun-

amentally to the loss of water, took place. Sepiolite was chosen
or the extrusion of pastes that on firing led to ceramic supports
ith controllable textural characteristics due to their excellent rhe-

logical properties. However, after firing at high temperature to
ecompose the PGA and gain mechanical strength the stable phases

[
[
[
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are clinoenstatite and forsterite. The use of PGA’s is necessary in
order to increase the porosity both in terms of pore volume and
pore width. Wide macro-pores in the range of 10–50 �m are neces-
sary to trap the soot particles without causing an excessive pressure
drop when conformed as “wall-flow” monolithic structures.
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