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HIGHLIGHTS

» Ceria nanofibers were prepared and deposited on DPFs to promote soot combustion.

» The nanofiber arrangement enhances the number of soot-fiber contact points.

» CO, concentration and the pressure drop were recorded during soot ignition.

» Nanofibers showed an oxidation temperature reduction vs nanopowders obtained with SCS.
» This behavior could greatly improve DPF passive regeneration.
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ABSTRACT

Ceria nanofibers were prepared and deposited on SiC diesel particulate filters (DPFs), aiming at improving
the soot-catalyst contact conditions and promote soot combustion at lower temperatures than in the
noncatalytic case. In particular, the nanofibers have been found to be very active with respect to other
ceria catalyst morphologies, due to their arrangement in a network which enhances the number of
soot-fiber contact points.

This effect was initially elucidated in a series of tests of soot temperature programmed combustion,
which were carried out on the catalysts powders mixed with soot in loose contact conditions: a specific
sub-set of nanofibers exhibited a 112 °C anticipation of the onset oxidation temperature (10% of total soot
combustion) with respect to the non-catalytic test, and 38 °C with respect to ceria nanopowders obtained
with the so-called Solution Combustion Synthesis (SCS).

The nanofibers were then supported on Alumina washcoated DPFs, which were loaded with soot for
1h, and subsequently subjected to a progressive temperature increase to induce soot ignition. Both
CO; concentration in the outlet gas, and the pressure drop, were recorded during these tests. The main
advantage given by the nanofiber catalyzed DPF, with respect to the other investigated morphologies,
was not related to the maximum rate of soot oxidation, which was similar for all ceria catalysts, but again
to the onset temperature. In fact, the pressure drop curve started to decrease more than 50 °C before the
DPF catalyzed with ceria through in situ SCS.

This behavior could greatly improve the soot oxidation activity especially for DPF passive regeneration
purposes.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

(the particles exceeding few pm are a negligible fraction), and
the most common ones are around 100-200 nm [1]. However,

Diesel Particulate Matter (PM) is a very complex aerosol system
[1,2], which has been the focus of a number of studies regarding its
effects on human health [3]. PM is mainly constituted by carbona-
ceous particles (often called soot), originated from the incomplete
in-cylinder combustion of the fuel, with diameters ranging from
few nanometers (10-20 nm) to up to hundreds of nanometers
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the carbonaceous fraction is only a component of PM [1,2]: the
nucleation and aggregation of soot particles is also accompanied
by the adsorption of gases and the condensation of vapors (con-
densed volatile hydrocarbons). Moreover sulfur compounds and
metallic ashes are also part of PM.

PM emission reduction is a challenging technological step for
diesel engines, and is being tackled in the framework of a strict
regulation worldwide. Diesel particulate filters (DPFs) are the most
common devices for the collection of particulate matter for
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on-board diesel exhaust after-treatment. The capture of the solid
fraction present in the diesel engine emissions, is carried out
through a physical entrapment, thus preventing its release into
the atmosphere. The filtration occurs in monolith shaped reactors
having a wall-flow structure. The filter cannot accumulate particles
indefinitely, and needs to be thermally regenerated, which involves
the in situ combustion of the trapped PM. Particle removal can be
continuous (passive regeneration), during the normal DPF filtration
activity, or periodical (active regeneration), through a temperature
increase inside the DPF. This temperature rise is induced by the
post-injection of a specific amount of fuel, which burns in a cata-
lytic converter upstream of the DPF itself and heats up the flue
gases entering the filter, until the trapped soot starts to ignite
and is converted to oxidized gaseous products. Active regeneration
is mandatory if gas thermal levels are not sufficient to ensure a
passive regeneration.

Most DPFs perform a catalytically assisted regeneration: the
scope of the catalyst is to lower the active regeneration tempera-
ture, and to allow a certain degree of passive regeneration at suit-
able engine points characterized by high exhaust gas temperatures,
thus delaying the regeneration phase. The drawback of the DPF cat-
alytic coating is the increased pressure drop as compared to the
bare filter, due to the additional resistance to the gas flow opposed
by the washcoat layer.

The catalytic coating is located on the porous walls of the filter,
and is normally constituted by a washcoat on the top of which no-
ble metals are deposited. Alternative catalysts, such as mixed oxi-
des of transition metals, have also been the object of several
studies [4,5]: in fact, despite their lower activity compared to noble
metals, they are characterized by a considerably lower cost.

Among these catalysts, CeO, has been widely investigated as a
catalyst for soot combustion [6-12]: the Ce**/Ce>* redox cycle con-
fers the ability to adsorb gaseous O,, thus forming active oxygen at
the catalyst surface (O,q45), which can be transferred to the soot-
catalyst interface by superficial diffusion. This mechanism coexists
with a temporary storage of the adsorbed oxygen as bulk lattice
oxygen, which is then delivered as active O.qs at the catalyst sur-
face. The latter phenomenon explains the CeO, catalyst activity
even in the absence of O, in the gas phase, at least until the oxide
integrity is preserved [12]. The bulk oxygen uptake/release cycle
can be fostered by doping CeO, with rare earth, alkali or transition
metal oxides, in order to promote bulk oxygen mobility, therefore
speeding-up the soot oxidation rate, and to increase the oxide sta-
bility [7-9,11,12].

As a matter of fact, both the availability of active 0,45 at the cat-
alyst surface, and the number of soot-catalyst contact points, par-
ticipate to the overall catalytic soot oxidation rate [9].

In fact, it is established that when soot is mixed with a catalysts
in a ball mill (tight contact), the oxidation rate is much higher than
when soot and the same catalyst are mixed by a spatula (loose con-
tact). The increased number of contact points in tight conditions is
responsible for this higher activity. In situ microscopy studies of
catalytic soot oxidation, carried out under realistic conditions of
temperature and oxygen partial pressure, confirmed the relation-
ship between the oxidation rate and the nature of the soot-catalyst
contact [13].

However, under practical conditions occurring in a catalytic
DPF, loose contact rather than tight contact is encountered [4]. In
fact, good contact conditions are very difficult to be reached due
to the different orders of magnitude of the soot particle and the
catalyst cluster sizes, which clearly hinders the overall activity of
the catalyst.

In this work, in order to improve the soot-catalyst interaction,
the morphology of the catalyst itself was designed in the attempt
to maximize the number of contact points. CeO, catalysts in the
form of nanofibers were synthesized to this end: instead of having

a foamy morphology, peculiar of the Solution Combustion Synthe-
sis (SCS) technique [10], with inner porosities hardly accessible to
soot particles [11], nanofibers are characterized by a high surface
to volume ratio, typical of nearly mono-dimensional geometrical
structures. Nanofibers are randomly arranged in a network which
enhances the number of soot-fiber contact points, still having a
high open porosity and thus a low associated pressured drop.

Ce0, nanofibers were tested for soot oxidation in the form of
powders, in order to discriminate the effect of the fibrous morphol-
ogy with respect to the one obtained with SCS, in particular at low
temperatures, which are relevant for passive regeneration purposes.

The same experiments were conducted on CeO, nanofibers
coated on a lab-scale DPF, which was then loaded with soot under
real conditions, in order to check the activity of the fiber catalyst
when the real interaction between the coated catalyst and the
deposited soot particle occurs.

2. Experimental procedure
2.1. Powder catalyst synthesis, characterization and testing

The CeO, nanofibers were synthesized by the coprecipitation/
ripening method [14,15]. A 1 M solution of Cerium precursor was
prepared by dissolving Ce(NOs)3-6H,0 (Aldrich, 99%) in distilled
water. A second solution, with different mole ratios of NaOH/citric
acid (0.3, 0.6, 0.8 and 1.0) (Aldrich), was prepared in another bea-
ker. Both solutions were mixed together in a separate beaker and
then kept at 90 °C for 24 h until the fibrous precipitates were ob-
tained. The morphology of the precipitates was influenced by the
NaOH/citric acid ratio: either bundle of sticks, or elongated individ-
ual fibers, or even flakes, were produced by controlling this param-
eter. After the precipitates were aged, the supernatant solution was
analyzed by means of AAS (atomic absorption spectroscopy) to
confirm the complete precipitation of Ce3*. The precipitates were
finally filtered and washed with distilled water, followed by drying
and calcination at different temperatures, between 300 and 600 °C,
for 3 h in air. An aging test at 800 °C, in air for 12 h, was also per-
formed to check the morphology stability.

The fibrous powder catalysts were then characterized: X-ray
diffraction (PW1710 Philips diffractometer equipped with a mono-
chromator, CuKao radiation) was used to check the achievement of
the cerium oxide structure. A field emission scanning electron
microscope (FESEM, Leo 50/50 VP Gemini column) was employed
to analyze the morphology of the CeO, nanofibers, and to correlate
it to the activity towards soot oxidation. Finally, the specific sur-
face areas of the prepared catalysts were evaluated through BET
analysis, using a Micromeritics ASAP 2010 analyzer.

The activity of the oxidation catalysts towards soot combustion
was analyzed by means of temperature programmed combustion
(TPC), which was carried out in a fixed-bed micro-reactor (a quartz
tube, i.d. 5 mm, placed in an electric oven), according to the stan-
dard operating procedure described in [16]: an N, flow containing
10% of 0,, was fed at a constant rate of 100 Nml min~’, to the fixed
bed which was constituted by 50 mg of a mixture of carbon (Prin-
tex U) and powdered catalyst (1:9 on a mass basis), diluted with
~150 mg of inert silica. The resulting amounts of each species were
the following: 45 mg of catalyst, 5 mg of soot and 150 mg of silica.
The loose contact catalyst-carbon mixture was prepared by gently
shaking it in a polyethylene vessel for at least 15 min: in fact, as
previously mentioned, loose contact is representative of the real
contact conditions that occur in a catalytic trap for diesel particu-
late removal [4]. The reaction temperature was controlled through
a PID-regulated oven and varied from 200 to 700 °C at a 5 °C/min
rate. The CO/CO, concentration in the outlet gas was measured
via NDIR analyzers (ABB). The peak temperature T}, of the TPC plot
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of the outlet CO, concentration was taken as an index of the cata-
lytic activity. The onset (T;0y) combustion temperature, defined as
the temperature at which 10% of the initial soot is converted, was
also considered in order to better discriminate the intrinsic cata-
lytic activity of the prepared catalysts. This is particularly impor-
tant in order to rank the catalyst activity vs its morphology, at
low temperatures which could be viable for passive regeneration.
In fact, the onset combustion temperature only depends on the cat-
alytic reaction, in a reaction rate limited regime; whereas, at higher
conversion degrees, other phenomena (for instance, mass transfer
limitations) could influence the real hierarchy of the catalysts.
The inaccuracy of the thermocouple is below 1-2% of the absolute
temperature value.

2.2. Supported catalyst preparation and testing

The CeO; nanofibers showing the best catalytic activity towards
soot oxidation were supported on a lab-scale DPF. The SiC
wall-flow filter, which was used for this purpose, had the following
geometrical characteristics: 3 cm in length, 1.2 cm in side (square
section), 180 cpsi, and average porosity of 42%. The deposition of
Ce0, nanofibers on the surface of the filter inner channels has been
performed through the two following methods:

e Method 1: the CeO, nanofibers prepared by co-precipitation/
ripening (NaOH/citric acid molar ratio equal to 0.8, calcination
temperature of 300 °C for 2 h in air) were dispersed in a 5%
HNOs solution, acting as a binder between CeO, and the SiC sur-
face. This slurry solution was then ball-milled for 4 h. Grinding
was used to obtain small enough particles to facilitate deposi-
tion on the monolith. The DPF was successively dipped into
the resulting slurry, which adhered to the inner channel surface
of the channels. The excess of slurry remaining in the channels
was forced out by blowing a controlled air flux through the fil-
ter. A final calcination step was performed at 600 °C for 3 h in
air. The load of deposited catalyst was assessed by gravimetric
analysis. This procedure was repeated until the amount of
deposited CeO, fibers catalyst was 14 wt.%, referred to the bare
filter weight.

Method 2: the prepared CeO, nanofibers were deposited on Alu-
mina washcoated DPF. First, a thin layer of y-Alumina (Al,0s)
was deposited at 10% of the total weight of the monolith, in order
to improve the subsequent adhesion of the catalytic powder to
the monolith, and to increase the specific surface area on which
the active CeO, fiber catalyst was deposited. Alumina powder
was ground in a ball mill for 24 h at room temperature after add-
ing 3.5 % of HNOs to obtain a slurry, in order to create an acidic
environment and thus facilitate the dispersion of the particles.
The monolith samples were immersed in the slurry, after which
they were withdrawn slowly and then dried at 200 °C. On the top
of this layer, the CeO, was deposited by dipping the washcoated
filter into a water solution containing the uncalcined fibers.
Finally, a calcination step at 600 °C for 3 h was performed in
air. The amount of deposited CeO, fibers catalyst was also in this
case equal to 14 wt.%.

CeO, nanofiber activity was compared to the one of conven-
tional CeO, nanopowders, in situ synthesized in the DPF by means
of the SCS [10]. The ceramic support was dipped in the aqueous
solution of the precursors (Cerium nitrate and urea) and then
placed into an oven at 600 °C. The aqueous phase was rapidly
brought to boil, the nitrate precursors mixture ignited and the syn-
thesis reaction took place in situ. The specific amount of deposited
CeO, nanopowder was close to the ones reached in the other two
cases, being around 15 wt.% of the bare filter weight. All these
catalyst loadings correspond to ca. 1.37 g of CeO, in our system.

The as-prepared catalyzed monoliths were canistered with ver-
miculite in a stainless steel reactor, and then loaded with soot
through a synthetic soot generator (Aerosol Generator GFG-1000-
PALAS), at an Argon flow rate of 6 NI/min. The soot mass flow rate
was 5 mg/h and the loading time was fixed to 1 h for all investi-
gated DPF samples. Therefore, an average soot loading of 1.15 g/lg..
ter Was achieved, corresponding to 3.65 mg/ganers. Synthetic soot
was employed in order to achieve reproducible data (no hydrocar-
bons were emitted by this carbon source), since real diesel soot
features would be indeed too much dependent on the ever-chang-
ing engine conditions. As a matter of fact, the presence of adsorbed
hydrocarbons in real soot particles introduces a difficult predict-
ability of the aggregation phenomena due to an enhanced sticking
factor, while in the regeneration phase (not treated in this work) it
determines the actual reactivity of the deposited cake layer. During
soot loading, the pressure drop was measured upstream and
downstream of the DPF.

The procedure to investigate the deposited cake layer features,
both in the absence and presence of a catalytic layer on the channel
surface of the filter, was based on images from field emission scan-
ning electron microscopy (FESEM-Leo 50/50 VP with Gemini col-
umn), as described in detail in [17]: at the end of the loading
process, the filter was peripherally cut at half of its axial length,
and then gently broken into two segments. The DPF sections were
then observed to characterize the morphology of the coated cata-
lyst and of the deposited soot cake.

The catalytic activity of the DPF catalyzed with the CeO, nanof-
ibers was tested in a temperature programmed combustion (TPC)
apparatus, hosting the canistered filter inside the reactor, after its
loading with the soot produced by the aerosol generator. The reac-
tor temperature was controlled through a PID regulated oven and
it was increased during a TPC run from 200 to 700 °C at a 5 °C/
min rate with a gas flow of 10% O, in N,, at a total flow rate of
3 Nl/min. The analysis of the reactor outlet gas was performed by
means of a CO/CO, NDIR analyzer (ABB). The temperature of the
gases out-flowing from the DPF was measured by a thermocouple
placed close to the filter outlet. The temperature corresponding to
the CO, concentration peak (T,) was taken as an index of the cata-
lytic activity of each tested catalyst: the lower the T, value, the
higher the catalytic activity.

The pressure drop evolution was also recorded during the test,
and its evolution was directly related to the progressive soot oxida-
tion occurring inside the filter. Although the pressure drop de-
crease is not a direct measurement of soot consumption, which
might not be complete even at the end of the test due to the pos-
sible presence of dead zones inside the filter, the simultaneous CO,
concentration measurement was used to correlate soot oxidation
to the pressure drop decrease.

A TPC run was also performed in the absence of the catalyst in
order to set a reference for comparison purposes.

3. Results and discussion
3.1. Powder catalyst characterization

Several CeO, nanofibers were synthesized by varying the NaOH/
citric acid molar ratio: in particular, ratios of 0.3, 0.6, 0.8 and 1
were used to select the most appropriate morphology to our pur-
pose. As has been reported in [15], a NaOH/citric acid molar ratio
below 0.6 lead to the formation of sticks, characterized by an elon-
gated structure but collected in thick bundles which makes inac-
cessible most of the available surface. Conversely, a NaOHj/citric
acid molar ratio around one generates a morphology closer to a
flake than a filament, still having elongated stick-wise sub-sub-
structures. In-between, i.e. for a ratio equal to 0.8, a clear fibrous
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structure was obtained, as depicted in Fig. 1. If one focuses on this
specific case, the length of the fibers ranges from some pm to tens
of um, while the fiber diameter goes from ~100 nm to few hun-
dreds of nm.

Fig. 1 shows the morphology of the CeO, nanofibers synthesized
with a NaOH/citric acid molar ratio equal to 0.8, hereafter denoted
as Ce0, (0.8), which seems not to be considerably affected by the
calcination temperature: in particular, 3 h lasting calcinations in
air at 300 °C and 600 °C were performed, the latter being more ade-
quate to the temperatures normally encountered inside the DPF. It
is therefore encouraging that the fibrous structure does not col-
lapse after this thermal treatment.

The effect of the calcination temperature was investigated
through XRD; also in this case, the analysis has been reported only
for the most relevant sub-set of CeO, nanofibers, i.e. the CeO, (0.8),
in Fig. 2. It can be seen that the XRD spectrum of the CeO, (0.8)
treated at 300 °C shows a rather amorphous structure as compared
to the more crystalline one of the sample calcined at 600 °C, as can
be observed from the peak corresponding to the fluorite structure
of Ce02 (JCPDS card No. 34-0394).

This apparent stability of the fibrous morphology with respect
of the calcination temperature, at which actually corresponds a
certain modification in the crystalline structure of the sample,
was accompanied by a drastic variation in terms of specific surface
areas (SSA). Hence, the CeO, (0.3), (0.6), (0.8) and (1) nanofibers,
calcined at 300 °C, were all characterized by high SSA, ranging from

Al

Fig. 1. FESEM images of CeO, (0.8) fibers calcined at different temperatures: (a)
300 °C and (b) 600 °C.
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Fig. 2. XRD spectra of CeO, (0.8) fibers calcined at different temperatures: (a)
300 °C and (b) 600 °C.

107 to 120 m?/g. However, a higher calcination temperature lead
to a strong SSA decrease in all tested samples. For instance, the
Ce0, (0.8) fibers calcined at 300 °C had a SSA of 115 m?/g, which
decreased to 21.5 m?/g when the treatment was carried out at
600 °C: the reason behind this strong decrease lies in the collapse
of the smallest pores at the fiber surface, still preserving the main
fibrous morphology of this prepared catalyst.

The catalytic activity tests which follow will enlighten the rela-
tionship between the morphological characteristics of the catalysts
and their performances.

3.2. Powder catalyst activity

All prepared CeO, morphologies were tested towards the oxida-
tion of soot in TPC runs, in order to select the structure which max-
imized the contact between soot and the catalyst itself.

Both tight contact and loose contact conditions were investi-
gated. As previously mentioned in the introduction, tight contact
forces the soot particle and the catalyst to be in intimate contact;
generally, this analysis is used to discriminate the catalysts in
terms of intrinsic activity, because soot oxidation is not rate-lim-
ited by a poor soot-catalyst contact. Loose contact conditions were
also evaluated: in this case, the morphology of the catalyst plays a
relevant role in determining the nature of the soot-catalyst contact.

Table 1 gathers the results of the performed TPC runs with CeO,
catalysts calcined at 300 °C: both the peak temperature (T,) and
the onset temperature (T;ox) are here reported. All values refer to
the conversion of soot to CO,, since the CO concentration was al-
ways almost negligible as compared to the one of CO,.

Starting from T}, one can observe that all CeO, morphologies are
considerably active in promoting soot combustion at temperatures
well below the ones of non-catalytic combustion. In particular, for
tight contact conditions, a very narrow interval of T, was obtained
for all catalyst, being around 400 °C; this means an anticipation of
200 °C in the T, of non-catalytic soot oxidation.

The same trend was noticed for the tests performed in loose
contact conditions. Hence, although the T, was 50 °C higher on
average with respect to the results obtained under tight contact,
the reason of which has been attributed to the comparatively lower
number of contact points, the morphology was not relevant in dis-
criminating the various CeO, catalysts (all T, were between 438 °C
and 447 °C). In this regard, one can state that, when the soot oxida-
tion rate is at its maximum value (corresponding to T, in a CO vs
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Table 1

Soot combustion activity results, under loose and tight contact conditions, of CeO, nanofibers calcined at 300 °C and CeO, powders synthesized with SCS.

Catalyst T, tight contact (°C) T, loose contact (°C) Tox tight contact (°C) T10x loose contact (°C)
No-catalyst 600 470

CeO, nanofibers (0.3) 400 440 341 376

CeO, nanofibers (0.6) 399 445 346 373

CeO, nanofibers (0.8) 401 447 349 354

CeO, nanofibers (1) 397 438 353 358

CeO, with SCS 408 465 365 388

temperature plot), other factors than the number of contact points
might be reaction rate-limiting for the soot oxidation, such as the
oxygen availability at the soot-catalyst interface. The morphology
is thus not decisive in these cases.

If one focuses on the onset temperatures, in our case fixed as
10% of the total soot conversion to CO,, it is again clear that a
remarkable advantage is obtained as compared to non-catalytic
combustion. In case of tight contact conditions, a temperature de-
crease of around 120-130 °C was achieved, depending on the se-
lected CeO, morphology. As for Tp, tight contact shades the effect
of the morphology, due to the intimate soot-catalyst contact ob-
tained by exerting an external mechanical force.

A totally different situation occurs for T;oy in loose contact con-
ditions. In fact, CeO, (0.8) and (1) nanofibers are much more reac-
tive than the other morphologies, as demonstrated by a ~20 °C
decrease in Tjgy With respect to CeO, (0.3) and (0.6). This is prob-
ably due to the better accessibility of the catalyst surface to the
soot particle; in other words, CeO, (0.8) reached an optimal match
between the soot particle and catalyst fiber sizes, among the ob-
tained morphologies.

This result is certainly not ascribed to the SSA, since all CeO, fi-
bers were characterized by almost the same values.

The CeO, (0.8) nanofibers were also calcined at 600 °C: no con-
siderable T, increase was observed with respect to the results
shown in Table 1, neither in tight (400 °C) nor in loose (445 °C)
contact conditions [15]. This confirms that small scale porosities,
which might collapse due to sintering and crystallite rearrange-
ment at 600 °C treatments, are not so relevant in controlling the
reaction rate of soot oxidation. Indeed, the fibrous network of the
synthesized nanofibers seems to be at the grounds of the obtained
soot oxidation activity (see Table 1).

A further aging of the CeO, (0.8) nanofibers at 800 °C in air, for
12 h, proved that the stability of the fibers was compatible with the
temperatures occurring during soot oxidation: in fact, the T, in
tight and loose contact conditions were 409 °C and 457 °C, respec-
tively [15], thus very close to the ones reported in Table 1.

All these results can be compared to the performance of powder
CeO, obtained through SCS: in all cases, the CeO, nanofibers were
slightly better towards soot oxidation; the only relevant improve-
ment can be seen for Tgx in loose contact conditions (being of
34 °C between CeO, (0.8) nanofibers and SCS powders), where
again the fibrous morphology seems to play a significant role in
promoting a better soot-catalyst contact than does the foamy
structure peculiar of SCS powders.

3.3. Supported catalyst characterization

FESEM direct observation of the deposited CeO, catalytic layer
was performed. Figs. 3 and 4 depict the outcome of the two CeO,
(0.8) fiber deposition methods, before any soot loading.

More specifically Fig. 3, refers to the catalytic coating obtained
with the above-described Method 1. After several attempts, in
which the grinding process and the calcination duration were opti-
mized, it had been possible to bind the nanofibers to the bare SiC
surface. However, two drawbacks characterized this deposition

Fig. 3. FESEM images of CeO, (0.8) fibers synthesized, calcined and deposited on
the DPF channel surface, according to Method 1.

method. The first one regards the fibers: in order to obtain a slurry
that could easily flow and impregnate the whole axial length of the
lab-scale DPF during dipping, an intense ball milling had to be
operated, which however partially destroyed the original fibrous
morphology. The second one is directly connected to the former:
hence, the so-formed catalytic layer was very compact instead of
being characterized by a high open porosity as initially expected.
This generated a strong pressure drop across the filter, especially
because a quite inhomogeneous catalyst loading occurred in the
DPF channels, some of them being by far too much heavily loaded.
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POLITO

Fig. 4. FESEM images of CeO, (0.8) fibers synthesized, deposited on Alumina
washcoat and in situ calcined on the DPF channel surface, according to Method 2.

On the other hand Fig. 4, reports the outcome of Method 2. In
this case, the support for the fibers was given by the washcoat of
Alumina, and no ball milling was required. The fibers were depos-
ited by impregnating the washcoated DPF with the nanofiber solu-
tion, after which the calcination occurred in situ. In this way, the
fibrous structure was totally preserved, and the arrangement of
the catalytic layer was more suitable to the gas flow, as confirmed
by the lower recorded pressure drop with respect to the former
case. This was mainly due to a more even coating inside the DPF
channels.

Fig. 5 depicts the structure of the cake layer in a cross section of
the DPF, after the filter loading. In particular, the DPF was in-
spected at half of its axial length, where inlet or outlet perturba-
tions are minimum. Both the bare filter and catalyzed one show
the deposition of the soot cake on the top of the surface of the filter
channels. From Fig. 5b it is difficult to assess the degree of penetra-
tion of soot into the fibrous structure: it is likely that part of the
cake actually penetrates into the CeO, fibrous layer, but most of
it appears to accumulate on the top of the catalytic surface. The
contact points between soot and the layer of nanofibers can be
clearly assimilated to a loose contact; therefore the maximization

50 pm

POLITO

Fig. 5. FESEM images of the soot cake build-up on the top of (a) the bare DPF
channel surface and (b) the CeO, (0.8) fiber layer, deposited according Method 2.

of the number of these contact points is extremely relevant, espe-
cially at low temperatures, in determining the soot oxidation rate.

3.4. Supported catalyst activity

Fig. 6 reports the pressure drop evolution during the soot load-
ing test. The following samples were tested: a bare DPF; a cata-
lyzed DPF with CeO, (0.8) nanofibers, deposited according to
Method 1 (i.e. via monolith dipping into a slurry of calcined and
ball milled nanofibers); a catalyzed DPF with CeO, (0.8) nanofibers,
deposited according to Method 2 (i.e. via Alumina washcoated
monolith dipping into an aqueous solution containing the disper-
sion of uncalcined nanofibers); a catalyzed DPF with a CeO, nano-
powders deposited by in situ SCS.

It can be seen that the bare DPF is the one characterized by the
slowest pressure drop increase; this is due to its poor filtration effi-
ciency, which delays the formation of the soot cake. Hence, once
the latter is built up, the slope of the curve is quite similar to
one occurring in the other tests, since the soot layer, rather than
the filter itself, becomes the real filtrating medium and reaches fil-
tration efficiencies close to 1 [18].
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Fig. 6. Pressure drop evolution across the DPF during the soot loading phase,
performed at ambient temperature, for a bare DPF (non-catalytic), a DPF with a
catalytic layer of CeO, (0.8) nanofibers deposited according to Method 1 and
Method 2, and a DPF coated with CeO, in situ synthesized with the SCS technique.

If one focuses on the curve referred to the CeO, (0.8) nanofibers
deposited according to Method 1, one can see that the compactness
of the catalytic layer, and its inhomogeneous distribution inside
the filter channels along the axial coordinate (due to the viscosity
of the slurry which did not adequately permeate the inner parts of
the filter), conferred a very high filtration efficiency, as testified by
the rapid pressure drop increase in the cake building phase. How-
ever, this is unsustainable if placed in the after-treatment line, be-
cause it would lead to an excessive resistance to the gas flow.
Hence, all commercial monoliths and catalytic coatings have a
porosity which is a compromise between filtration efficiency and
gas flow resistance.

Finally, the CeO, (0.8) nanofibers deposited according to Meth-
od 2, and the CeO, nanopowders deposited by in situ SCS exhibited
similar pressure drop evolutions. As previously mentioned, the
steeper increase of the pressure drop is due to greater soot filtra-
tion capacity of these catalytic DPFs as compared to the bare one.
Conversely, the initial pressure drop (i.e. of the clean filters) is
more or less the same as the one of the bare DPF, which means that
the coating is not detrimental to the initial resistance of the filter
opposed to the gas flow. Although the soot generator provides a
constant soot mass flow rate, a direct measurement of the depos-
ited soot in the filter was not possible: in fact, a fraction of the soot
particles in the flow sticks to the housing inner surfaces, or impacts
and deposits at the front surface of the filter, instead of being
trapped in the inner porosities of the DPF. This amount is not pre-
dictable, and cannot be directly assessed since the removal of the
loaded filter from the housing, with the purpose of weighting it,
would prevent the filter from being re-canistered. Hence, canister-
ing occurs at temperatures above 600 °C to enable vermiculite acti-
vation and expansion, which would also burn all the soot present
in the filter.

The tubular reactor hosting the loaded filters was then directly
transferred inside an oven, where the temperature was progres-
sively increased to assess the catalyst activity towards soot oxida-
tion. The loaded soot, exposed to a gas containing 10% of oxygen, as
in common diesel exhaust flue gases, was progressively consumed:
this behavior was followed by the evolving pressure drop across
the filter, and by the CO, concentration at the DPF outlet. A ther-
mocouple was positioned just downstream of the DPF, and it re-
corded the outlet gas temperature: it is worth mentioning that
this is not the temperature occurring at the catalyst surface, which
is much higher than the one recorded by the thermocouple. There-
fore, the results of Fig. 7 should be considered only in comparative
terms.

In Fig. 7, the normalized pressure drop was plotted against the
temperature: in fact, as can be seen from Fig. 6, all loaded mono-
liths show a different pressure drop due to the different soot load-
ings and the presence/absence of the catalytic layer. In this way,
the pressure evolution trends could be better compared. It can be
seen that, at increasing temperature, all monolith samples exhibit
the same pressure drop profile in the first part of the curve. The
pressure drops were characterized by exactly the same slope for
all samples, which is simply due to the viscosity increase of the
gas, and its higher velocity inside the filter.

Then, the profiles start to differentiate, due to the individual
features of soot combustion inside the DPFs. It can be seen that
the uncatalyzed DPF shows a soot combustion interval, character-
ized by a relevant pressure drop decrease, between 330 °C and
520 °C. This temperature range is greatly modified by the presence
of the CeO, catalytic coating.

In particular, the DPF catalyzed with CeO, (0.8) nanofibers
deposited with Method 1 seems not to confer a substantial antici-
pation of soot oxidation: the pressure drop curve starts to decrease
approximately at the same temperature of the uncatalyzed DPF,
which means that the contribution of the catalyst at lower temper-
ature is negligible. However, when the system slightly heats up,
the effect of the CeO, catalytic coating is very active towards the
oxidation reaction, as proven by the fact that soot is rapidly con-
sumed until combustion completion (occurring at 460 °C). One
should bare in mind that a higher amount of soot was present in
this DPF, catalyzed according to Method 1, than in any other tested
DPF (see Fig. 6). This is probably the reason for the different slope
of the pressure drop decrease during soot oxidation, with respect
to the other catalyzed filters.

If one analyzes the behavior of the DPF catalyzed with in situ
SCS synthesized CeO,, one notices that there is a slight anticipation
(around 40 °C) of the pressure drop decrease, ascribed to soot oxi-
dation, with respect to the DPF catalyzed with CeO, (0.8) nanofi-
bers deposited with the Method 1. This is certainly due to a good
soot-catalyst contact, which has been previously discussed to be
a relevant aspect in the oxidation of soot at low temperatures.
After this “transitory”, the main chemical features of ceria, i.e. its
ability to deliver active oxygen at the soot-catalyst surface, become
dominant and, as for the T}, of the powder CeO, catalysts, no notice-
able differences are detected between the various DPFs, regarding
the temperature interval of the pressure drop decrease.
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Fig. 7. Pressure drop evolution across the DPF during the soot oxidation phase, for a
bare DPF (non-catalytic), a DPF with a catalytic layer of CeO, (0.8) nanofibers
deposited according to Method 1 and Method 2, and a DPF coated with CeO, in situ
synthesized with the SCS technique.
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Finally, the analysis of the curve referred to the CeO, (0.8)
nanofibers deposited with Method 2, suggests the occurrence of
a substantially different phenomenon: the pressure drop curve
bends well before all the other curves, and becomes almost flat
for a quite large temperature interval (between 230°C and
350 °C). This signifies that the soot oxidation rate generates a vir-
tual pressure drop decrease, which is balanced by the increasing
velocity of the flow, and thus its friction losses inside the filter.
Although these temperatures are representative of the gas temper-
ature, and not of the real temperature inside of the DPF, it is a
remarkable result since this happens 150 °C before the uncatalyzed
case, and more than 50 °C before the CeO, deposited by in situ SCS.
This behavior is clearly attributed to the morphology of the cata-
lyst, and to its capacity to entrap the soot particles in way that
maximizes the number of contact points, at least in the proximity
of the interface between the catalytic layer and the soot layer.

This is a very interesting finding since the morphology alone is
responsible for this behavior, which confirms the results obtained
in Table 1 with the nanofibers against the other morphologies. If
we compare this result with the one of the DPF catalyzed according
to Method 1, one can see that the latter is definitely not a suitable
method to deposit the synthesized CeO, (0.8) nanofibers, because
their highly porous and fibrous network was completely destroyed
in the ball milling operation.

Finally, when CeO, entered in its suitable temperature range to
show the highest activity, the morphology ceased to be the dis-
criminating aspect, and the pressure drop decreased following
the same trend observed for the other catalyzed DPFs.

A deeper insight in the real contribution of the catalyst to soot
oxidation, in the unique soot-catalyst contact conditions occurring
inside the DPF, can be derived from Fig. 8. In this figure, the CO,
evolution during soot combustion was recorded, so that the tem-
perature range of the pressure drop decrease could be associated
to the soot-to-CO, oxidation. The experiments performed on the
bare DPF and on the one catalyzed with CeO, (0.8) nanofibers
according to Method 2, which proved to be the best way to pre-
serve the fibrous structure even after calcination and deposition,
are here reported.

The above-mentioned possible deviations in the amount of
deposited soot inside the filter, from one loading test to the other
one, which are also reflected by the slightly different integrals of
the CO, curves, should not greatly affect the temperature at which
soot oxidation occurs, due to the very low amount of oxidized soot
as compared to the high thermal dilution effect given by gas flow
rate.
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Fig. 8. CO, profiles during the soot oxidation phase for a bare DPF (non-catalytic)

and a DPF with a catalytic layer of CeO, (0.8) nanofibers deposited according to
Method 2.

It is worth noticing that the maximum slopes of the pressure
drop decrease, observed in the two tests in Fig. 7, correspond to
the CO, concentration main peaks depicted in Fig. 8. In reality,
one can notice that the test with the CeO, (0.8) nanofibers depos-
ited according to Method 2, show a double peak: the first and
greater one in correspondence of the pressure drop decrease as-
cribed to the catalyst, while the second one is aligned to the one
of non-catalytic combustion.

This CO, profile is peculiar of the soot combustion inside cata-
lyzed DPFs, where part of the deposited soot is in contact with
the catalytic layer, while part of it is inaccessible to the catalytic
surface (as can be seen from Fig. 5b). Therefore, it happens that
both catalyzed and uncatalyzed combustion occurs, and in this
case the two phenomena can be clearly identified. This abstraction
is known as two-layer model [19,20], and the deconvolution of the
CO, concentration curve into the two contributions can be per-
formed, in order to quantitatively assess the share of the catalytic
oxidation with the respect to the overall amount of combusted
soot. It has been estimated that 67% of soot was oxidized catalyti-
cally, while the remaining part occurred via the non-catalytic path.

The curve related to the CeO, (0.8) nanofibers, deposited
according to Method 2, also shows that the slow and progressive
pressure drop decrease occurring at low gas outlet temperatures
(from 200 °C on, as visible in Fig. 7) was effectively due to soot
combustion, which is demonstrated by the CO, presence, mea-
sured at the very same temperatures (Fig. 8).

It should be recalled that this behavior is particularly interest-
ing in the sake of fostering the passive regeneration of the filter,
thus delaying the active one and reducing the associated consump-
tion of fuel.

4. Conclusions

Ceria-based catalysts for soot oxidation were investigated in
this paper, with a specific focus on their morphology. In fact, soot
combustion rate can be limited either by the oxygen availability
at the soot-catalyst interface, which depends on the intrinsic activ-
ity of the catalyst in delivering active oxygen, or by the extension
of the soot-catalyst interface itself. Since soot particles and the cat-
alyst grain sizes often have different orders of magnitude, this
leads to a poor accessibility of the soot particles to the catalyst in-
ner porosities. This aspect could be rate-limiting especially at low
temperatures.

For these reasons, CeO, nanofibers were obtained through the
coprecipitation/ripening method, by controlling the pH using dif-
ferent NaOH/citric acid mole ratios, which lead to the formation
of several kinds of structures, such as stick in bundle, fibers and
flakes, as confirmed by FESEM images. The fibrous morphology
(NaOH/citric acid = 0.8) was sought in the attempt to maximize
the number of contact points between soot and the catalyst, by
allowing a better penetration of soot in the network of nanofibers,
which is characterized by a very high open porosity.

This concept was tested in soot oxidation tests. The most inter-
esting finding was the following: while no major differences were
noticed among all ceria catalysts in the tests performed in tight
contact conditions, the catalyst morphology was quite relevant in
loose contact ones. In particular, nanofibers promoted soot com-
bustion at lower temperatures than the other kinds of structures,
especially as far as the onset temperature (T;o%x) was concerned.
CeO; nanofibers reduced by 112 °C the noncatalytic onset temper-
ature, and by 38 °C the one of CeO, nanopowders obtained by Solu-
tion Combustion Synthesis (SCS). This proves that, when the ceria
catalysts are intimately mixed to soot, they exhibit very close per-
formances; whereas, if the soot-catalyst contact is limited, the
morphology plays a relevant role, especially at low temperatures.
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The CeO, nanofibers were then deposited on the channel sur-
face of lab-scale DPFs, which were loaded with soot: in this way,
the real contact conditions between the catalyst coating and the
soot cake can be obtained, instead of resorting to the tight/loose
concepts. The best deposition method involved a 10 wt.% Alumina
washcoating, after which the DPF was impregnated by the uncal-
cined nanofiber suspension, and then a final thermal treatment
in air at 600 °C for 2 h.

From soot combustion tests of the catalyzed monoliths, it has
been found that no significant differences are noticed at the tem-
peratures characterized by the highest oxidation activity, which
occurred in correspondence of the steepest pressure drop decrease.
However, the DPF coated with nanofibers anticipated by more than
50 °C the initial soot oxidation inside the filter with respect to the
other morphologies (including the one obtained by in situ SCS),
likely due to the better soot-catalyst contact conditions occurring
inside the filter.

In order to fully understand this phenomenon, and to further
improve the morphology of the catalytic layer, soot filtration and
combustion should be investigated in different fluid-dynamic re-
gimes and operating conditions.
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