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a  b  s  t  r  a  c  t

The  current  soot  oxidation  catalyst  scenario  has  been  reviewed,  the  main  factors  that  affect  the  activity
of powder  catalysts  have  been  highlighted  and  kinetic  soot  oxidation  models  have  been  examined.  A
critical  review  of recent  advances  in  modelling  approaches  has  also  been  presented  in this work.  The
multiscale  nature  of DPFs  lends  itself  to a hierarchical  organization  of  models,  over  various  orders  of
magnitude.  Different  observation  scales  (e.g.,  wall,  channel,  entire  filter)  have  often  been  addressed  with
eywords:
oot oxidation
iesel particulate filter
odelling

atalytic oxidation

separate  modelling  approaches  that  are rarely  connected  to  one  another,  mainly  because  of  computational
difficulties.  Nevertheless,  DPFs  exhibit  an  intrinsic  multi-scale  complexity  that  is  reflected  by  a  trade-off
between  fine  and  large-scale  phenomena.  Consequently,  the  catalytic  behavior  of  DPFs  usually  results  in
a non-linear  combination  of  multi-scale  phenomena.

©  2015  Published  by  Elsevier  B.V.
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. Introduction

Over the last few years, several exhaust gas aftertreatment tech-
ologies have been developed to reduce engine-out emissions. The

atter are sources of the main outdoor air pollutants, that is, volatile
rganic compounds (VOCs), nitrogen oxides (NOx) and particu-
ate matter (PM), which is comprised of solid carbon (soot) and
nburned carbonaceous compounds [1–3]. PM,  in particular, is a
ajor constituent of air pollution and is associated with respira-

ory and cardiovascular diseases as well as skin cell alterations
4]. EU estimates that “air pollution causes 100 million sick days
nd 350,000 premature deaths in Europe. Such health effects also
ave a heavy economic cost: air pollution from heavy goods vehi-
les (HGVs, mostly Diesel engine vehicles) alone costs EEA member
ountries D 43–46 billion per year, making up almost half of the
pproximately D 100 billion cost of air pollution from road trans-
ort” [5].

Consequently, recent legislation has introduced more stringent
M limits for vehicles (e.g., Europe = 0.005 g/km for PM from pas-
enger cars since 2009) and has imposed the use of advanced
atalytic technologies to satisfy the stated standards [1–3]. Among
he different alternatives, the entrapment of particulates from
xhaust gases by Diesel particulate filters (DPFs) has received much
nterest in recent years [6–11].

The soot that forms Diesel exhaust particulate can be burnt off at
emperatures above 600 ◦C, whereas typical Diesel engine exhaust
emperatures fall within the 200–500 ◦C range [10,11]. Therefore,
xidation catalysts are necessary to increase the oxidation rate of
lter traps at low temperatures. Among the many oxidation cata-

ysts developed since the 1980s, Ceria-based catalysts appear to be
he most promising candidates for DPFs, since they exhibit excel-
ent redox properties and are less expensive than noble metals
1]. Moreover, both the activity and stability of Ceria can be fur-
her improved with the addition of metals (e.g., rare-earth metals,
ransition metals, alkali and alkali-earth metals) to the crystal lat-
ice. The main goal of soot combustion Ceria catalysts doping is
o improve the thermal stability, although other physico-chemical
roperties could also change upon doping. Indeed, Diesel soot com-
ustion is a demanding application due to the high temperatures
chieved during combustion: the temperature inside the filter can
ncrease up to ca. 1000 ◦C, and even more in specific hot spots, due
o the highly exothermal soot combustion reaction.

DPFs are dynamic and complex systems, since the operating
onditions vary over time, and different functionalities (=cataly-
is and filtration) are usually assembled on the same monolithic
upport, which is a demanding requirement in terms of space and
ost. Moreover, the feasibility of soot combustion depends to a great
xtent on the catalyst–soot contact conditions, and it is therefore
ecessary to maximize the interaction between the soot parti-
les and the catalyst, both of which are solid materials [12,13]. A
ioneering approach to maximize the soot–catalyst contact was

mplemented by Peugeot-Citroën Société d’Automobiles (PSA) in
arly 2000s, whose key component is a Ce-fuel additive that was
eliably implemented in several million vehicles up to now. PSA
ehicles have an active on board additive system with its own
ank-pump device that allows to dose the proper amount of Ce-
uel additive to the Diesel fuel. This metal organic compound in
uel leads to the formation of CeO2 particles well embedded in the
tructure of diesel particulate, and thus in very good contact with
he soot particles (intimate soot–catalyst contact). Therefore, low-
rs ignition temperatures can be reached by catalytic means, with
he benefit of post-injected fuel savings. This system relies on an

ctive regeneration strategy, activating timing adjustments to the
uel injection in the presence of high-pressure drops, which in turn
ncreases the exhaust gas temperature, initiating the burning of the
oot and regenerating, or clearing, the filter. Moreover, the catalyst
 General 509 (2016) 75–96

stability for a PSA system plays a minor role with respect to cat-
alytic materials dispersed onto the filter surface. Finally, since the
Sulpur-content for on-road vehicle diesel fuels has gone down in
Europe during the last decade (from 350 to 500 ppm to 10 ppm), the
Cerium ash left over after the regeneration in PSA could be an active
soot oxidation catalyst (e.g., in the form of Cerium oxide, Cerium
nitrate and Cerium carbonate, instead of Cerium sulfate). On the
other hand, unlike coated catalysts on the filter walls, its requires
a trap over-sizing, in order to cope with the cerium oxide deposits’
accumulation, and a dedicated storing and fueling strategy [14].

Other generations of fuel additives, which generate a particulate
in which oxides of Fe (SATACEN) or of both Fe and Sr (OCTIMAX)
remain embedded after combustion in the engine chambers. These
solution proved to successfully lower the soot oxidation temper-
ature, although not matching the balance point with exhaust gas
temperatures, and thus still requiring active regeneration [15].

Computer modelling and simulation tools are now well estab-
lished and allow catalysts and active sites to be described, as
well as reaction intermediates and mechanisms. In addition, the
knowledge of the processes that occur in the catalytic systems is
a precondition for the reliability of the models over a wide range
of operating conditions. In recent years, several ways of modelling
exhaust after-treatment devices have been developed, since these
are dynamic and complex chemical reactor systems in mass prod-
ucts [3,16]. In particular, a multiscale modelling approach for DPFs
can be used to predict the operating conditions, in order to allow the
optimization of operation strategies [16]. This may  reduce testing
costs and increase the durability of DPFs.

The multiscale complexity of DPFs requires a hierarchical orga-
nization of models, corresponding to different size scales (namely
wall, channel and entire filter). These sub-models are classified
according to their complexity and they should be combined to
obtain an overall model [17].

This review considers the most important factors (i.e., the cat-
alyst composition, the reaction mechanisms and the catalyst–soot
contact) that can affect the activity of soot oxidation catalysts in
laboratory-scale studies. In addition, advances in the modelling
and simulation of DPFs, over the relevant length scales (from the
atomic level to the macroscale) are discussed critically to reveal the
complexity of DPFs at different observation scales.

2. Evaluation of catalytic soot oxidation activity

In laboratory-scale studies, the soot oxidation activity of
powder catalysts is commonly assessed by means of temperature-
programmed oxidation/combustion experiments (TPO/TPC). In a
typical test, a proper amount of commercial carbon black (used as
a model Diesel soot) and catalyst are loaded into a tubular quartz
reactor and heated in an oxygen-containing atmosphere at a con-
stant heating rate. The COx concentration profiles in the outlet gas
are usually monitored by means of non-dispersive infrared (NDIR)
gas analyzers. The CO2 peak-temperature (generally denoted as Tm)
is often used as an index of the catalytic activity. Other parameters
that are used to study the activity include the CO and CO2 peaks, the
temperature for 50% soot conversion (T50%), and the onset temper-
ature (T10%). However, the catalytic activity can also be investigated
by means of a thermogravimetric (TG) analysis of catalyst–soot
mixtures, using mass spectrometer or gas chromatograph detec-
tors. This approach can be used to obtain useful information from
the mass-temperature plots, such as the temperature of the maxi-
mum  oxidation rate (T0) and the temperature when soot oxidation

begins (Tonset). In general, the main variables that influence the
catalytic performances of soot oxidation catalysts are the soot com-
position, the soot–catalyst ratio, the type of catalyst–soot contact
and the oxygen content in the feed mixture [18,19]. Unfortunately,
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 great variation of these parameters can be found in literature, and
t is therefore difficult to compare the activities of catalysts tested
n different laboratories.

The use of carbon black as a soot surrogate is the best
ommercially available soot mimicking compound for catalysts
creening, since real Diesel soot features are heterogeneous. How-
ver, available commercial soot samples (e.g., Printex-U) can
resent significant differences with Diesel soot, in terms of both
icrostructure and reactivity.
The physico-chemical features of real soot depend on several

spects, including the fuel and lubricating oil used, which con-
ribute to the soluble organic fraction (SOF) content, the type of
he engine and the operating conditions. Model and real soot dif-
er in several aspects, as the amount and nature of ashes, since
eal soot incorporates the metals that Diesel fuels and lubricating
ils contain. Moreover, real soot may  come along with different
mounts of unburned hydrocarbons (paraffin, aromatics and oxy-
enated compounds), which are related to the engine operating
onditions, namely from 5 wt.%, for a loaded engine, to 60 wt.%, for
n idle engine—thus being a complex aerosol better referred as par-
iculate matter rather than soot, which comprises its carbonaceous
raction. On the other hand, model soot samples contain higher
ercentages of fixed carbon and lower percentages of volatile mat-
er, ash and wetness than real soot samples. Therefore, Diesel soot
ombustion generally occurs at lower temperatures than those of
ommercial soot samples (e.g., Printex-U) for both the catalytic and
on-catalytic cases, due to the higher amount of SOF on the soot
article surface which makes ignition easier [18].

However, the convenience of using Printex-U, as a substitute
f Diesel soot, in catalyst screening experiments lies in the fact
hat conservative results are generally obtained with Printex-U,
ue to the absence of SOF in its composition. Differences of tens
o a hundred of Celsius degrees can occur between soot oxidation
emperatures of real and model soot, the latter exhibiting higher
nes, at identical testing conditions [18], although these differ-
nces become less relevant in the presence of a catalyst. It is worth
entioning that discrepancies in reactivity are also related to the

ifferent crystalline structure of the carbonaceous fraction itself,
epending on the nature of the fuel generating the particles, as

ater detailed.
Many soot-catalyst weight ratios have been reported in litera-

ure, with typical values ranging from 1/5 to 1/20. An increase in
he soot-catalyst ratio beyond a certain value, at which the catalyst
s no longer available to come into contact with the soot particles,

ill result in a shift in the oxidation temperatures to higher values.
n other words, soot-catalyst ratios below ca. 1/10 do not generally
nfluence the oxidation rate, while negative effects can be observed
n catalytic activity for values above ca. 1/5 [18].

The contact between soot and catalyst plays a key role in
olid–solid reactions, since the catalytic activity depends on the
nteraction between the two solids and the gas [20]. Two types of
atalyst–soot contact conditions have been reported in the litera-
ure for laboratory-scale studies:

 a “Loose” contact condition is obtained by gently shaking the
catalyst–soot mixture with a spatula. This procedure is sufficient
to homogenize the mixture, but still allows the two  solid phases
to be put in contact loosely. Although the procedure is very
short (1–2 min), the established contact leads to reproducible
catalytic performances. Neeft et al. [20] observed that the con-
tact between the catalyst and soot in a DPF is as loose as that of
materials mixed roughly with a spatula.
 a “Tight” contact condition is usually prepared through ball
milling (or in a mortar) to obtain close contact between the cat-
alyst and soot. This method maximizes the number of contact
points and, although it is less representative of the real contact
 General 509 (2016) 75–96 77

conditions that occur in a catalytic trap, it is able to discriminate
the morphologies better [21].

The composition of the feed also affects the catalytic activ-
ity. Oxygen is the reactive gas that is generally used to oxidize
Diesel soot, even though NO2 is a more powerful oxidant, and
then higher oxidation activity can be obtained in a NOx/O2 atmo-
sphere. The oxygen concentration in the gas mixture generally
varies from 5% to 21%, with air being used most often [21–25]. Thus,
under these conditions, oxygen is not the limiting reactant [22].
Moreover, the gas-hourly space velocity (GHSV) should be cho-
sen so that the reaction occurs under a catalytic controlled regime:
values from 20,000 to 60,000 h−1 are usually considered in the cat-
alyst screening experiments for soot oxidation in DPFs, although
above 100,000 h−1 occur in selected points of the engine map. As
reported in [26], the operating conditions can summarize the com-
plex regime of an engine: for a light-duty 2.0 l displacement Diesel
engine, urban extra-urban and highway conditions have flue gas
flow rates of nearly 120, 200 and 300 m3/h, which correspond to
24,000, 40,000 and 60,000 h−1 (for a close-coupled filter volume
of 5 l). More complete reactions (total oxidation processes) can be
obtained under low flow rates, since the molecules have longer
residence times.

3. Mobility of oxidizing species

Soot oxidation catalysts exhibit different activities, which
depend on two  main factors, namely the structural parameters and
the reaction mechanisms: (i) the former (e.g., catalyst morphology,
surface area, particle sizes, etc.) may  affect the interaction between
the soot and catalyst, which in turn could influence the utilization
of the active sites; (ii) the latter (e.g., kinetic phenomena at solid
surface) influence the reactivity of active sites [1,3].

It is worth noting that the active sites are not static at solid
surfaces and may interact with each other through transport
phenomena and surface flexibility [27–30]. This means that soot
oxidation catalysts are dynamic entities that continuously adapt
their physico-chemical properties under operating conditions.

Good activity cannot be attained under “loose” contact condi-
tions, which are characterized by a low number of contact points,
unless a certain mobility of the active species is achieved. It has
been shown that a good understanding of the intrinsic reactivity
of the “tight” contact combustion of soot over alkaline (Na, K, Cs)
and alkaline-earth metal (Ca, Ba, Mg)  oxides can be obtained [31].
The soot combustion reactivity has been found to be correlated to
the electropositivity of metal ions, thus confirming the beneficial
effect of the electron-donor elements. However, this correlation
does not appear under “loose” contact conditions, where the mobil-
ity of some oxidizing species must be hypothesized to justify the
activity orders. Hence, the oxidizing intermediates can be divided
into two main categories [19]:

3.1. Long-distance oxidizing intermediates

3.1.1. NO2 molecules
NO2 molecules obtained by means of NO oxidation in the pres-

ence of O2. Nitrogen oxides are present in Diesel exhaust fumes and
several studies have reported that NO, in particular, has a benefi-
cial effect on the catalyst activity of soot combustion, as it forms
NO2, which is a strong oxidant [32]. Thus, a direct reaction occurs

between NO2 and the carbon surface together with a simultaneous
involvement of O2 and NO2 (denoted as the “NO2-assisted mech-
anism”). This leads to a higher soot oxidation rate in the Diesel
exhaust temperature window [1–3,9,32].
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.1.2. Catalytic molecules in the vapor phase
Catalytic molecules in the vapor phase obtained either by evap-

ration from a melting catalyst (e.g., Cu(oxy) chlorides from the
u/Mo/V/Cl catalysts [33], as shown by Neeft et al. [20]) or via a
eaction among several catalyst components (e.g., KI coupled to
VO3, which releases I2 vapors; Fino et al. [34]). However, this
echanism is practically inapplicable, as the catalyst is eventually

estroyed and harmful compounds are released into the atmo-
phere.

.1.3. Eutectic liquid compositions
Eutectic liquid compositions, which originate at temperatures

ithin the Diesel exhaust range of interest (e.g., Cu/K/V/Cl catalysts,
s shown by Serra et al. [35]; CsSO4·V2O5 catalysts by Setiabudi et al.
36]). This category is often accompanied by some volatility (e.g.,
u/K/V/Cl catalysts release chlorides) or solubility in water, or even
he risk of the plugging of filter pores by the melted catalyst. This
rocess renders the exploitation of these catalysts unlikely, unless
adically innovative filter concepts are devised.

.2. Short-distance oxidizing intermediates

.2.1. Surface oxygen species over perovskites, spinels or other
ixed oxides

Investigations by Fino et al. [37] have demonstrated that �-type
xygen chemisorbed on mixed oxides shows remarkable activity
nder “loose” contact conditions. The amount of active oxygen
epends on the number of oxygen vacancies on the oxide surface.
herefore, perovskites, spinels or other mixed oxides that maxi-
ize this type of chemisorbed oxygen should be pursued.

.2.2. Oxygen species over metal-doped CeO2
Studies by Bueno López et al. [38] have shown that La-doped

eO2 is characterized by enhanced redox activity and by the pres-
nce of surface oxygen species, which, however, can only be spilled
ver soot to exert their action at short distances, thus requiring a
ood contact between the catalyst and soot, as well as new catalyst
orphologies [19]. In fact, spillover oxygen creates (and regener-

tes) catalytic sites, which can be used several times [27,39].

. Soot oxidation kinetics

The kinetics of soot oxidation have been addressed in detail in
he literature. One of the first extensive research works on uncat-
lyzed soot oxidation is that of Neeft et al. [40]: different soot
ources were investigated (flame soot-Printex-U and Diesel soot),
nd the effect of oxygen concentration and the addition of water
ere described. In particular, it was shown that the reaction order

n O2 is ca. 1, while in soot conversion it is ca. 0.73; the presence of
2O improves the Printex-U oxidation rate by increasing the asso-
iated pre-exponential factor, while the activation energy remains
nchanged (168 kJ/mol). The overall similarity between Printex-U
nd Diesel soot data has suggested the use of Printex-U as a surro-
ate for Diesel soot laboratory experiments, which is now common
ractice, as can be seen in the literature. A subsequent work by
ezerets et al. [41] reached similar conclusions by resorting to the
tep response technique, in order to achieve differential soot con-
umption in the test and assess the conversion-specific parameters
f soot oxidation. The average activation energy was found to be
37 and 132 kJ/mol for Diesel and model soot while the reaction
rder in O2 was equal to 0.61 and 0.71, respectively, and almost
ndependent of the temperature.
The effect of NO2 on soot oxidation is of paramount importance
nd it is at the basis of Diesel particulate filters operated in passive
egeneration mode, which are now known as CRT© (continuously
egenerating traps). The higher oxidation potential of NO2 than O2
 General 509 (2016) 75–96

makes it convenient to use the oxidized NOx from the upstream
DOC, which is positioned in a close-coupled position with the trap,
in order to oxidize soot at lower temperatures than those that
would be obtained if oxygen was used. The oxidation of soot by
NO2 has been described extensively by, among others, Messerer
et al. [42] and Tighe et al. [43]. The work of Messerer et al. [42] sep-
arately evaluated the contributions of O2 and NO2 in the kinetics of
soot oxidation, and reached the following conclusions: an activa-
tion energy for Diesel soot of around 100 kJ/mol was necessary for
O2-promoted soot combustion, that is, a lower value than reported
in earlier studies, and of 40–70 kJ/mol for the NO2-promoted one.
These activation energies can be considered apparent ones, since
they include adsorption and reaction contributions, which were
calculated by Messerer et al. [42]. Tighe et al. [43] later extended
these measurements to different Diesel soot samples with different
Diesel qualities (i.e., the nature of the hydrocarbons constituting the
Diesel as well as the combustion operating conditions). The result-
ing activation energies were in the 62 kJ/mol (heavy duty engine)
and 72 kJ/mol (ultra-low sulpur Diesel) range for NO2-promoted
soot oxidation.

Zouaoui et al. [44,45] conducted a comprehensive work on
uncatalyzed soot oxidation. This work deals with the influence of
O2 and NO2 on soot oxidation, and provides kinetic parameters for
both CO and CO2 yielding reactions. The cooperative interaction
of O2 and NO2, which leads to a faster reaction than that which
would occur with just an additive contribution of both oxidants, is
also pointed out. Moreover, the fostering effect of water which had
been already observed experimentally by Neeft et al. [40] is also
taken into account. The full set of reactions and associated kinetic
expressions is the following (Zouaoui et al. [44]):

C + O2 → CO2 (1)

C + 0.5O2 → CO (2)

C + 2NO2 → CO2 + 2NO (3)

C + NO2 → CO + NO (4)

C + NO2 + 0.5O2 → CO2 + NO (5)

C + 0.5O2(+NO2) → CO(+NO2) (6)

without the water effect:

R1−6 =
(

k1f XO2 + k2f XO2

)
+ k3f XNO2 + k4f XNO2

+
(

k5f + k6f

)
X0.3

O2
XN2O (7)

with the water effect:

R1−6 =
(

k1f XO2 + k2f XO2

)
·
(

1 + c (T) X�
H2O

)

+ k3f XNO2

(
1 + a(T)X˛

H2O

)
+ k4f XNO2

(
1 + b(T)Xˇ

H2O

)

+
(

k5f + k16f

)
X0.3

O2
XNO2 (8)

where Xi are molar fractions, while kj are intrinsic kinetic constants
expressed as s−1 which are intended as grams of soot oxidized per
initial gram of soot and per unit time. The activation energy of the
O2 mediated oxidations leading to CO2 is 127 kJ/mol, while the one
that leads to CO is 170 kJ/mol. In a similar way to the NO2 mediated
mechanism, the activation energy are 39 and 66 kJ/mol for CO2 and
CO, respectively. These values are in agreement with the above-
mentioned estimations. The full set of pre-exponential values and
constants in Eqs. ((1)–(6)) can be found in Zouaoui et al. [44].

However, the CRT© concept requires lower temperatures than

those that can be provided by uncatalyzed soot oxidation with NO2,
in order to achieve a real passive regeneration at the Diesel engine
outlet temperatures. For this reason, the NO2 produced by the DOC
needs to be re-oxidized several times inside the DPF, in order to
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ig. 1. Redox mechanisms involving CeO2 and Pt during soot oxidation reaction un
ssisted  by NOx (Section B). Adapted from Ref. [47].

se it more than once during its residence time in the filter. This
e-oxidation requires a catalyst inside the DPF, that is, namely Plat-
num, which is very active at such low temperatures (250–350 ◦C).
eguirim et al. [45] stated that the individual contributions of O2
nd NO2 to soot oxidation are only influenced negligibly by Pt,
hose main effect is the re-oxidation of NO–NO2. However, the

imultaneous presence of both oxidants has an enhancing effect
n soot oxidation, which is fostered by Pt: an overall mechanism
nvolving the formation of atomic oxygen over Pt sites, followed by
ts transfer to the carbon surface, is established. Thus, the pres-
nce of a Pt-based catalyst increases the surface concentration
f C(O) complexes, which then react with NO2, and this leads to
nhanced carbon consumption (Jeguirim et al. [45]). Various active
upports can be used to load Pt and enhance the soot oxidation
ctivity, e.g., Ceria: the Ce4+/Ce3+ redox cycle confers the ability
o adsorb gaseous O2, thus active oxygen is formed at the surface
Oads), which in turn can be transferred to the soot–catalyst inter-
ace by superficial diffusion [38,46]. This mechanism coexists with
he temporary storage of the adsorbed oxygen as bulk lattice oxy-
en, which is then delivered as active Oads to the catalyst surface.
he redox processes that take place during the catalyzed oxidation
f soot, either in the presence or absence of NOx, are schematized in
ig. 1. The buffering properties of Ceria with Pt allow the dissociated

 formed on Pt through spillover phenomena to be conferred at the
oot–catalyst contact points (Section A) [47]. In the co-presence of
2 and NO2, Ceria also acts as a storage mean of NO2 under the form
f nitrate at low-to-moderate temperatures (below 400 ◦C). Above
hese temperatures, NO–NO2 oxidation would very limited due to
hermodynamic equilibrium, while the stored NO2 can be released
rom the Ceria to the soot oxidation reaction (Section B) [47].

.1. Catalytic soot oxidation over Ceria-based catalysts: kinetics
nd reaction mechanisms

Over the years, many works have considered the reaction mech-
nisms of soot combustion for non catalytic [41,42,48–50] or
atalytic processes [51–59]. However, detailed kinetic studies have
ot been reported in most of these publications. A reason for the

ack of good kinetic models is that this catalytic system is highly
omplex, involving two solid phases (catalyst and soot) and a gas
hase (oxygen and reaction products such as carbon dioxide). These
hree phases have to be in close contact to make it possible the reac-

ion and then the intensity of physical interaction between the soot
nd the catalyst determines the reaction rate. Therefore, an accu-
ate description of soot combustion over solid catalysts requires a
ulti-population kinetics approach [60]. Ceria is one of the most
2 (Section A). Mechanisms taking place on Pt when the same oxidation process is

effective materials for soot combustion, due to its excellent oxygen-
buffering capacity, and hence many studies have been dedicated to
the kinetic and reaction mechanism of soot with CeO2 as redox cata-
lyst. Based on the experimental evidence, Gross et al. [61] proposed
a reaction mechanism for the catalytic combustion of soot on Ceria
involving the formation of superoxides, peroxides, oxygen vacan-
cies, surface diffusion and the change of type of contact between
the carbon and the catalyst during the combustion. The reaction
mechanism is rather complex and several steps are involved:

nCeOx + O2 → [nCeOx]+O2
− (9)

(formation of superoxide species)

[nCeOx]+O2
− ↔ [nCeOx]2+O2

2− (10)

(conversion of superoxide into peroxide ions)

[nCeOx]+O2
− ↔ nCeOy (11)

(conversion of superoxide into the oxidized form of cerium oxide,
‘y’ being greater than ‘x’)

[nCeOx]2+O2
2− + C → [nCeOx]2+[CO2]2− (12)

[nCeOx]2+[CO2]2− → [nCeOx]2+[]2− + CO2 (13)

(reaction of peroxide with soot and formation of carbon dioxide)

[nCeOx]2+[]2− → nCeOx (14)

(diffusion of oxygen species to yield reduced sites).
This is a strict mechanism, however, according to both exper-

imental and theoretical evidences, some simplifications can be
actuated in the kinetic model considering the relative rates of each
step [62]. Then, the following simplifications have been actuated:
(i) peroxides ions do not form superoxides ions; this means that
peroxides are the active oxygen species that react with soot and
it is supposed that this reaction is faster than the reaction that
yields superoxides; (ii) the steps that describe CO desorption and
the oxygen vacancy migration are fast; (iii) not all the carbon atoms
of soot are in contact with the catalyst; then, it has to be consid-
ered the combustion of carbon atoms that are not in the interface
catalyst–soot (namely, C*). During the reaction, those carbon atoms
that initially were not in contact with the catalyst, may change their
position from the soot–gas interface to the soot–catalyst interface
(C* → C). This dynamic behavior is not only due to the movement

of the carbon, but also to the movement of the active species on
the catalyst surface. The carbon atoms that are in the catalyst-soot
interface are reached by oxygen surface diffusion, whereas those
that are in the soot-gas interface are reached by oxygen spillover.
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oreover, it must be pointed out that the calcination conditions of
eria has an important effect on the catalytic activity: as the calci-
ation temperature increases (i.e., from 450 to 800 ◦C), the amount
f cerium superoxide and peroxide increases, thus accelerating the
ombustion reaction.

The equations to be considered to model the kinetics of soot
ombustion, taking into account the reaction steps of the proposed
echanism, are the following:

∂[nCeOx]
∂t

= −k1 · [CeOx] · PO2 + k2 ·
[
[CeOx]2+O2−

2

]
· [C]

+ k3 ·
[
[CeOx]2+O2−

2

]
· [C∗] (15)

∂
[
[nCeOx]+O−

2

]
∂t

= k1 · [CeOx] · PO2 − k4 ·
[
[CeOx]+O−

2

]
(16)

∂[[nCeOx]2+O2
2−]/∂t = k4·[[CeOx]+O2

−]

− k2·[[CeOx]2+O2
2−]·[C] − k3·[[CeOx]2+O2

2−]·[C∗] (17)

[C]/∂t = −k2·[[CeOx]2+O2
2−]·[C] + k5·[C∗] (18)

[C∗]/∂t = −k3·[[CeOx]2+O2
2−]·[C∗] − k5·[C∗] (19)

CO2 = Wc ·
{

k2
[
[CeOx]2+O2−

2

]
· [C] + k3 ·

[
[CeOx]2+O2−

2

]
· [C∗]

}

(20)

n which ki represent the kinetic rate constants of the reaction
teps in the above described mechanism. The concentration of each
pecies in the set of equations is given in mol/g, wc (g) is the mass
f catalyst, and FCO2 (mol s−1) the molar flow of CO2 at the reac-
or exit. This reaction mechanism is valid for a tight-contact mode
etween the soot and the catalyst. In order to simulate the oper-
ting conditions of a real catalytic trap, the mechanism has to be
oupled with mass and energy transfer steps. Nevertheless, it is
ifficult to develop such complete model of this catalytic system.
nother approach could be to evaluate global kinetic parameters

hat can fit the kinetic response of the catalytic system under loose-
ontact mode. The latter case corresponds to an empirical model
hat might be useful for design purposes, but will not provide a
etailed description of the reaction mechanism [62].

. Classification of soot oxidation catalysts

Many soot oxidation catalysts have been studied since the early
980s, as soot combustion is a total oxidation reaction and hence
ophisticated materials, with appropriate physico-chemical pro-
rieties, are not required [3,6–19]. Although noble metal-based
atalysts have dominated the automotive exhaust catalysis area,
ainly because of their high catalytic activity and stability, their

imited availability and high costs have always been a reason for
he search for alternative catalysts [63]. A number of non-noble

etal materials have been found to be active for the oxidation of
oot in catalyzed Diesel filters [64,65]. The most recent synthesis
rocedures focus on stable materials that exhibit good mobility of
he oxidizing species and, if possible, they should be active on NOx

batement (vide supra).  The latter systems include different mobile
atalysts:
i) Ceria-based catalysts, which have received a great deal of
attention because CeO2 alone, or in combination with other met-
als/metal oxides, may  exhibit promising soot oxidation activity
 General 509 (2016) 75–96

[1–3,6–25,64–66]. Thus, zirconium and many rare earth ele-
ments (e.g., La, Pr, Sm,  Y, Gd, Tb, Lu, Hf and Nd) have been
introduced into the Ceria framework to improve the oxida-
tion activity (=oxygen storage capacity and redox properties)
of CeO2-based materials and their stability at high tempera-
tures. The redox behavior and the availability of chemisorbed
oxygen (�-species) are important factors in the oxidation activ-
ity of Ceria based materials [67–69]. Bueno López et al. [38] have
provided evidence of the involvement of CeO2 lattice oxygen in
soot oxidation (via a Mars–van Krevelen mechanism [1,3,19]),
although details on the reaction mechanisms have yet to be
clarified [19].

Over the years, there has been significant progress in the
nanoscale controlled synthesis of CeO2-based materials for catal-
ysis. Many Ceria nanostructures have been synthesized using
methods designed by various research groups (e.g., Piumetti
et al. [21] prepared CeO2-nanocubes of ca. 50–150 nm,  which
have been shown to be very effective for soot combustion,
Fig. 2). Ceria nanomaterials with well-defined reactive (1 0 0)
and (1 1 0) planes are usually more active than conventional
polycrystalline Ceria NPs with preferred exposure of (1 1 1)
planes [21]. Data reported for several catalytic reactions sug-
gest that the order of chemical reactivity for CeO2-nanostructures
is nanocubes > nanofibers > polycrystalline Ceria NPs [21]. This
sequence reflects the reverse order of the surface stability of Ceria:
(1 0 0) and (1 1 0) < (1 1 1) facets. However, the beneficial role of the
textural properties (e.g., specific surface area, total pore volume,
pore diameter and so on) on the overall catalytic activity of CeO2
for various reactions, including soot combustion, is well known.
Therefore, it is necessary to maximize the exposure of more reac-
tive surfaces of CeO2 using high surface area materials as supports,
to be coated on the filter wall surface.

On the other hand, nanofibers are mainly characterized by
(1 1 1) facets [25] and low specific surface areas (SSA) [13,25] and
are in principle less reactive towards soot oxidation than highly
porous materials, especially in terms of onset temperature. How-
ever, thanks to the nanofibers’ ability to form randomly arranged
networks, which increase the number of soot-fiber contact points
by allowing a better penetration of soot in the nanofiber structure,
the soot oxidation activity can be enhanced under specific con-
ditions of loose contact [13]. The coated layers of nanofibers on
DPF walls possess a high open porosity, and thus a low associated
pressure drop, and may  lead to overall lower oxidation tempera-
tures with respect to polycrystalline Ceria NPs, provided that their
structure is fully retained in the coating process [25].

Guillén-Hurtado et al. [70] have synthesized a new Ce0.5Pr0.5O2
mixed oxide, with high surface area (125 m2 g−1) and small
particle size (7 nm). The latter catalyst has been tested under NOx-
containing gas mixtures, and has proven to be even more active
than a Pt-based commercial catalyst. Nanostructured materials are
interesting because of their small-featured size, which endows
them with size- and shape-dependent properties due to the high
surface-to-volume ratio (a higher number of coordinatively unsat-
urated sites), and their unique electronic features (quantum size
effects) [71–75]. The higher activity of nanostructured Ceria-based
materials has been confirmed in several reactions, such as CO
oxidation, the CO2 reforming of methane, methanol and ethanol
reforming, low-temperature WGS  and, more recently, soot oxida-
tion [21,76–79].

Wei  et al. [80] have successfully synthesized three-
dimensionally ordered macroporous (3DOM) Au/Ce1–xZrxO2,

Au-CeO2/ZrO2 and Au-Pt/Ce1–xZrxO2 catalysts; they found that
with the assistance of NOx, these catalysts could decrease the
ignition temperature of soot to lower than 250 ◦C, even in loose
contact conditions. In absence of NOx, the advantages of Pt should
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Fig. 2. TEM images of CeO2 nanocubes effective for soot oxidation reaction. Adapted from Ref. [21].
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Fig. 3. SEM images of a nanofibrous LaMnO

e markedly weakened [81]. Indeed, Ceria–zirconia nanocata-
ysts (either porous or non-porous systems) are active for soot
ombustion [82].

ii) Perovskite/spinel/hydrotalcite/delafossite catalysts which have
received attention because they are rather stable materials
[83,84] that are able to deliver oxidizing species and promote
NOx decomposition [85]. The main findings in this area are:

 General Motors (GM) researchers have claimed that Sr-doped
LaMnO3 materials have been employed successfully to substi-
tute Pt in both DOC (Diesel Oxidation Catalysts) and in NSC (NOx

Storage Catalysts), thereby paving the way towards less expen-
sive catalysts [86].

 Li et al. [87,88]; Ura et al. [89] have shown that K-promoted CoM-
gAlO hydrotalcite can not only favor soot combustion, but can
also lead to a 30% conversion of NOx under “real” conditions.

 Lin et al. [90] have shown surprisingly high activity of BaAl2O4
systems for the simultaneous combustion of soot and the
removal of NOx, even under “loose” contact conditions.

 Apart from the Authors’ work on Li- and Ni-based perovskites,
which guarantee high �-oxygen availability (Fino et al. [91]),
other researchers have studied perovskite catalysts for soot com-
bustion purposes. The developments that deal with metals that
are suitable for exploitation in an aftertreatment system (e.g., La-
Sr FeO3 perovskites [92]; La-K-CoFeO3 [93]; nanofibrous LaMnO3

catalysts [94]) are particularly interesting. Lanthanum ferrites
have also been shown (Furfori et al. [95,96]) to act as catalysts in
the reduction of NOx with in-situ generation of H2 using a small
on-board reformer. The same property has also been exhibited
lyst on silica fibers. Adapted from Ref. [94].

in mixed oxide catalysts, such as Ce2Zr1.5Me0.5O8 (with Me = Co,
Rh, or Co-Noble Metal [97]). Nanofibre materials could be suit-
able for the tailoring of new catalytic layers, thus offering the
possibility of closer contact between the catalyst and soot. Fig. 3
shows SEM images of fibrous-oxide LaMnO3 catalysts obtained
on silica fibers [94]. The silica fibers were coated with a 6-�m-
thick layer of nanofibrous LaMnO3 and the final diameter of the
rods was about 20 �m.  The latter catalysts have resulted to be
highly effective soot trapping and combustion systems [94].

� Lithium Chromite delafossites were investigated by the Authors
from powder catalysts to the full-scale filter, obtaining the
best performances with the Cr sub-stoichiometric formulation
(LiCr0.9O2) [98]. The so-catalyzed trap reached a one-third fold
reduction of the time required for the filter regeneration (and
of the related fuel penalty) as well as a much more complete
regeneration compared to that of a non-catalytic trap.

(iii) Other metal oxides/mixed metal oxides, which are possibly
even more stable than the above-mentioned counterparts and
rather easy to be synthesized.The following results have been
obtained in recent years:

� Sánchez et al. [99] have shown that La2O3 doped with K, Rh or Pt
can promote a simultaneous reduction of NOx and soot, although
only under “tight” contact conditions.
� Castoldi et al. [31] have shown that alkaline and alkaline-earth
metal oxides, under “loose” contact conditions, exhibit catalytic
activity that is proportional to the electronegativity of the con-
tained metal (vide supra).
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ig. 4. Scheme of the DPF wall, catalytic-coating-influenced Layer I and top Layer II
hich is not in the sphere of influence of the catalyst. Adapted from Ref. [102].

 Olong et al. [100] in an extensive study commissioned by Bosch,
pointed out that exceptional soot oxidation activity is obtained
with Pb10La5Co85Ox catalyst, although they expressed some
doubts regarding the applicability of Pb. Moreover, these Authors
showed that Cs3Co97 oxides are promising soot oxidation cata-
lysts, with better stability than K-promoted Ceria catalysts.

 Recently, a hierarchically porous zeolite beta has been prepared
via surfactant-assisted hydrothermal treatment and subsequent
alkali etching approach [101]. High Cu and Mn  contents were
then dispersed into the as-synthesized hierarchically porous
zeolite beta. The composite catalyst exhibited high activity and
stability for soot oxidation, mainly due to a synergetic effect
between valence-varied active species Cun+ and Mnn+. In addi-
tion, the obtained catalyst revealed excellent water resistance, as
a consequence of the hydrophobic crystalline zeolite framework.

In order to meet future expectations favoring Diesel engines, it is
ecessary to develop catalysts with high performances and robust-
ess but low costs. Therefore, efforts should be addressed towards
he development of solid catalysts that decrease, or eliminate, the
se of Pt and other precious metals.

In particular, CeO2-nanostructures [21] have shown a good ther-
al  stability during multiple TPO tests (e.g., up to 700 ◦C for a couple

f hours in the absence of steam), although accelerated deactiva-
ion tests (e.g., 50 h at 850 ◦C in 10% steam) are necessary to evaluate
ossible candidates for real application in DPFs.

. Study of the soot–catalyst interaction phenomena

.1. Modelling

On the grounds of experimental evidence, a “Two-Layer model”
as often been used to account for the 2-stage reaction rate pattern
f soot combustion during TPO runs. This model was  first developed
y Lorentzou et al. [102] to describe the influence of soot–catalyst
roximity, as schematized in Fig. 4. In can be observed that “Layer

” is a region over which a spatial “field of catalyst activity” exists.
oot particles oxidize when they are within this region and are in
ontact with the catalyst surface. This layer can “load” an appro-
riate amount of soot (which depends on the coating structure and
ltration velocity) until it is filled. “Layer II” (or the soot cake layer)

s instead formed by soot particles that form a “queue” on top of
he filled catalyst Layer I. The model considers an exchange of soot
etween the two zones, according to the following equations:

d
y1

dt
= kyy2/3

1
mcat

m01
P1/2

O2
(21)

d
y2

dt
= ky(1 − y1)ny2/3

2
mcat

m01
P1/2

O2
(22)
01 + m02 = m0 (23)

here y1 and y2 are, respectively, the ratios of the current masses
m1 and m2) to the initial masses (m01 and m02) of soot pertaining
 General 509 (2016) 75–96

to the first and the second fractions, which are implicitly contained
in the model as parameters.

As a whole, the soot combustion rate in catalyzed filters exhibits
two-peaks (bi-modal distribution) versus temperature. Experi-
ments have been carried out heating the filter at a fixed rate
(3 ◦C/min) under 10% O2 in N2. The lower temperature peak mainly
originates from the catalytic oxidation of soot, while the second
peak at a higher temperature, appears as a consequence of the
thermally oxidized soot. The Two-Layer model is able to describe
the soot oxidation rates of different catalyzed filters with an accu-
racy of ±5% [102]. Similar approaches have also been proposed
by the Authors’ research group and by Ciambelli for TPC runs on
catalyst-soot powder mixtures, to justify the presence of two  com-
bustion modes [103]. However, the weak feature of this approach
is that it is not an “a-priori method” and any fitting parameter can
account for other phenomena beyond contact. Some early specu-
lations made by the Authors’ group [35] were in fair agreement.
It has been shown, on the grounds of an Ozawa kinetics analysis
of DSC catalyzed soot combustion conducted through a kinetics
assessment, that soot combustion on Cu–K–V–Cl catalysts does not
only depend on the soot–catalyst interaction, but also on the mor-
phology of the soot particles. Therefore, further studies have to be
conducted to take into account the morphology of soot particles
in the model. Soot reactivity (in terms of soot oxidation tempera-
ture) was correlated to the crystallinity of soot by using TEM [104],
although not fully quantitatively. Low-aromatic fuels showed more
crystallite structures, clear union spheres, and more ordered mor-
phology than high-aromatic fuels. Conversely, the highly ordered,
crystalline structure requires much more energy to be oxidized
than for the less ordered structure (the latter especially at the defect
points in the structure). As a result, model soot, namely Printex-U,
could even be less refractory to oxidation than the soot originated
from recent fuels, which are characterized by a poor aromatic con-
tent [104].

6.2. In-situ microscopy characterization

The pioneers in this area are the “Industrial Catalysis”
researchers at Delft University who, together with the “reactor
and catalysis engineering” group of Delft University of Technology
[105,106] first tested the occurrence of catalyzed soot combus-
tion in an in-situ reactor placed in a Raman spectrometer. The
same research group then moved onto visible microscopy [36],
and the researchers were able to take in-situ micrographies, like
those reported in Fig. 5, related to Cs2SO2·V2O5 catalyst–soot mix-
tures. Among the most interesting findings of these researchers, the
following are worth mentioning:

� the CsSO4·V2O5 catalyst actually “moves” and does so even
before melting;

� when the catalyst is molten, it becomes very active and the reac-
tion rate is maximized;

� the observation, coupled with image processing, can be used to
estimate soot combustion kinetics, even though some pitfalls
of this procedure (mostly related to 2-D imaging) have been
pointed out by the researchers.

These visible microscopy studies have revealed the possible
presence of moving sites and possible molten salts that catalyze
soot oxidation, thus confirming the dynamic behavior of a soot
combustion reaction over solid catalysts.

Similar tests have also been performed by Fino et al. [34] in a

heated microscope: the pictures reported in Fig. 6 show that, at
360 ◦C, the Cs2O·V2O5 catalyst droplet does not tend to “wet” the
carbon tablet on which it is located, and the contact between the
catalyst and carbon remains limited (solid catalyst). However, at
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Fig. 5. Microscope images of a Cs2SO2·V2O5 catalyst-soot mixture, taken at 262 ◦C and 362 ◦C. Soot 1 and 2 represent two different soot particles. The images were taken at
a  magnification of 50×.  Adapted from Ref. [106].
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ig. 6. Images of a Cs2O·V2O5 sample obtained in a thermal microscope under ca
ormation); (c) 420 ◦C (molten catalyst). From Ref. [34].

igher temperatures (namely at 390 and 420 ◦C), a better interac-
ion between the carbon and catalyst particle can be observed, due
o the partially melted catalyst.

It is important to consider the oxidation process as it actually
ccurs, in a real catalyzed filter. In this context, a detailed analysis
as been carried out by Yapaulo et al. [107] on the fate of soot in
eal DPF filters, with special attention being paid to the intra-wall
istribution: VP-SEM images of wafer samples loaded onto a barely
oot cake were obtained at two filtration velocities (4 and 8 cm/s) in
rder to reveal the soot penetration depth and distribution within
he wall of the wafers and how these are affected by different filtra-
ion conditions. Carbon maps, collected at different locations along
he cross-section of the wafers loaded with soot were obtained.
rom the data obtained by Yapaulo et al. [107] it can be stated that:

 The filtration velocity has a significant effect on the wall loading
performance of the filter. It changes the partitioning between the
soot trapped in the wall and on the filter surface (soot cake layer).
In fact, filling wafers with a higher filtration velocity resulted in
a higher wall loading capacity.

 The filtration velocity does not affect the soot penetration depth
in the filter wall. These data, along with the observed higher wall
loading capacity with a higher filtration velocity, imply that the
soot has a higher packing density within the wall as a direct result
of the higher filtration velocity.

 The characteristics of the soot significantly affect both wall load-
ing and soot cake layer performance. The slope of the pressure
drop curve during soot cake layer growth is more dependent
on soot characteristics than on the filtration velocity. I fact, wall
loading is more limited when the wafer is filled by smaller par-
ticles in a lower concentration exhaust flow.

 Imaging results from the VP-SEM analysis suggest that loading

the wafers with smaller particles results in a deeper soot pene-
tration in the wall. This means that the soot penetration depth
is governed more by the particulate characteristics than by the
filtration velocity.
: (a) 360 ◦C (solid catalyst); (b) 390 ◦C (slightly before the start of eutectic liquid

� Imaging results from all the loading cases suggest that, although
some soot manages to penetrate deep into the wall, the majority
of the soot stays very close to the wall surface.

Similar investigations need to be carried out on catalytically
wash-coated filters, and it is also necessary to obtain new insights
into this research area via the use of non-destructive analyses
e.g., micro-nanotomography or visible microscopy analyses in
newly conceived rigs. An interesting approach introduced to non-
destructively measure CeO2-Carbon black (CB) systems has been
shown by Issa et al. [108], who found that whenever CeO2 and
CB are in close contact, a new signal can be recorded by means
of Electron Paramagnetic Resonance (EPR). This technique paves
the way  towards rapid and effective contact assessment methods
under real operating conditions: hence, a more recent work exploit-
ing this technique is the one of Toops et al. [109], who  measured the
soot cake profiles during normal filtration mode as well as during
regeneration along time, thus achieving to assess experimentally
the local soot cake density.

6.3. Contact conditions between soot and catalyst

The particle number and size distribution are important aspects
to qualify Diesel engine emissions, considering the new limits, in
term of particle number, of Euro 6 regulations. In this scenario it
is important to study particulate matter (PM) emissions, not only
during engine normal operating mode, but also during Diesel par-
ticulate filter (DPF) regeneration processes. The results have shown
that, under normal operating conditions, the engine and DOC  out-
let particle number and mass size distributions appear to be very
similar, with a peak diameter around 60 nm,  while the DPF exhibits
high values of filtration efficiency on a particle number basis, even
in the nanoparticle range (Fig. 7). Regeneration mode causes a par-

ticle number increase of one order of magnitude, with a substantial
shift of the number distribution peaks toward larger diameters (it
shifts from 60 nm to 150 nm during regeneration) [110]. These are
all gas-phase concentrations. Once soot deposits inside the filter, it
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Fig. 7. Particle number (left y axis) and mass (right y axis) size distributions, emitted by a light duty Diesel engine (4 stokes, 1248 cm3, 4 cylinders in line, maximum power
of  55 kW @ 4000 rpm, bore × stroke: 69.6 mm × 82 mm,  compression ratio of 16.8:1) at 1750 rpm/3.5 bar bmep. Log (top) and linear (bottom) y axis scales. Adapted from Ref.
[110].
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Fig. 8. Light-off for soot combustion as a function of the contact type between the catalyst and the soot: 40 mg soot/400 mg CeO2 under 40 mL/min 50% O2/Ar. Adapted from
Ref.  [111].
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Fig. 9. Particle size distribution of soot, Ceria and soot–Ceria mixtures in

orms a cake in which the original particle size and morphology is
ot retained, since pressure exerts a force that compacts the soot

ayer. This new “agglomerate” at the micrometer scale is directly in
ontact with the catalytic layer underneath, which is coated on the
lter wall surface. The contact degree between the catalyst and the
ake is of paramount importance in the estimation of soot oxidation
inetics.

In this regard, Iojoiu et al. [111] have conducted a study on the
eaction mixtures of soot and Ceria catalysts, prepared according to
our different procedures: (i) shaking the two powders directly in
he reactor (“highly loose contact”); (ii) mixing soot and the cata-
yst with a spatula (“loose contact”); (iii) grinding Ceria and soot in

 mortar (“tight contact”); (iv) ball milling of Ceria and soot (“highly

ight contact”). The soot sample was collected from Diesel engine
xhausts through filtration. The catalytic activities obtained as a
unction of time (Fig. 8) did not show any significant difference
etween the two “loose” contact conditions and the “tight” ones.
”, “tight” and “highly tight” contact conditions. Adapted from Ref. [111].

However, the light-off temperature in the “loose” condition is 60 ◦C
higher than that of “tight” contact. Moreover, for “tight” contact
conditions, the temperature increases very rapidly after soot igni-
tion and reaches a maximum peak in a short time (few seconds),
as does the CO2 signal. Conversely, in the case of “loose” contact
conditions, the temperature increases slowly and reaches the light-
off temperature for the thermal combustion of the soot at 370 ◦C,
which then takes place more progressively. Moreover, the parti-
cle size distributions of the Ceria catalyst and soot in the mixtures
have been studied for “loose”, “tight” and “highly tight” contact
conditions. It has been observed that, despite applying quite strong
mechanical forces to the soot-catalyst mixture, it is not possible to
break the soot-catalyst aggregates down to less than a few microns,

thus showing a bi-modal distribution of the particle sizes, with the
main peak centered at about 15 �m (Fig. 9) [111].

Using a Raman-probe microscope, the same Authors noticed
that “loose” contact states are characterized by the presence of soot
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Fig. 11. Scheme of the infrared (IR) catalyst characterization system: (A) outer alu-
minium reactor wall; (B) base plate; (C) prism DS IR camera; (D) gas inlet; (E) fan;
Fig. 10. Inkjet dispensing system used for library synthesis. From Ref. [113].

ich and Ceria rich zones. Whenever soot is taken from powder, van
er Waals forces give rise to larger agglomerates (up to 500 �m)
han the original soot particles in the exhaust line [110,112]. Conse-
uently, there is still need to study soot-catalyst contact dynamics
ore realistically by loading real soot onto catalytic filters under

perating conditions.

. Combinatorial catalysis

Over the last few years, there has been some interest in
ast screening catalyst compositions for many catalytic reactions,
ncluding soot combustion. Among the various attempts, two major

orks are worth mentioning:

 The work by Reichenbach et al. [113], which can be considered
pioneering. Their approach was based on the use of a library of
catalysts prepared on a support plate by means of a so-called
polymerizable-complex-method from organic precursor solu-
tions dispensed along with metal nitrate solutions. Fig. 10 shows
the drop-on-demand printer that was used to prepare the soot
oxidation catalysts; the latter combines syringe pumps with
inkjet dispensers and incorporates a computer controlled x–y–z
table. This device allows binary libraries to be obtained with 15
elements generated using precursor solutions. After deposition,
each library can be processed to synthesize the final oxide pow-
ders [113]. Then, soot-catalysts mixtures can be prepared either
manually (the soot solution is usually dispensed using a pipette)
or through the ink-jet dispersing apparatus under suspension
of a solvent, which evaporates quickly. The final sample is then
heated in the combinatorial library sample holder and the soot
combustion effect of each catalyst spot is revealed by means of
an infrared (IR) camera, as schematized in Fig. 11. This tech-
nique was used to characterize the soot oxidation with Ce–K–O,
Cu–K–O, Ce–Na–O and Cu–Na–O systems. The conclusion of this
study was that both K and Na are very effective in reducing the
onset temperature of soot oxidation temperature, as compared
CuO or CeO2 alone. However, some problems can emerge when
this technique is used:
i) the powder caps may  collapse when the soot is dosed.

ii) the behavior changes from cap to cap, and an uneven picture
can therefore be taken by the camera, thus causing problems
as far as the reliability of the method is concerned;

iii) radiant effects from the walls may  disturb the measurements;

iv) the soot layer covering the samples may  shade the thermal

effect;
v) the thermal effects can be too small to be revealed by the IR

camera.
(F)  thermofoil heater; (G) combinatorial library sample holder; (H) CaF2 window; (I)
mirror and stand; (J) gas exhaust port; (K) thermocouple and furnace power leads.
From Ref. [113].

� Olong et al. [100] tackled some of the above problems with a
screening technique using “emissivity-corrected IR thermog-
raphy” that was capable of perceiving temperature differences
of 0.02◦. They studied “loose” contact mixtures of soot and
catalysts and dosed them in parallel reaction wells on a
plate placed inside the IR vision apparatus (Fig. 12). An IR
transparent window on the top of the reactor allowed the tem-
perature changes to be recorded directly by the IR-Camera at
the desired reaction conditions (e.g., flow rate/composition,
TOS, temperature, etc.). An example of these primary catalyst
screening data is shown in Fig. 13: at the reaction temperature
of 350 ◦C (Section A), only the Pb10La5Co85 catalyst is con-
siderably active; when the catalyst library is tested at 400 ◦C
(Section B), another two catalysts (namely Na10La5Co85 and
Ce10La5Co85) become active and the activity of Pb10La5Co85
decreases since most of the soot has already been combusted
at a lower temperature.

8. Highlights on the development of multifunctional traps:
modelling approaches

DPFs are highly complex chemical reactors that combine mul-
tiphase reactions, separation and material transformations over a
range of temporal and spatial domains [2,3,16]. The huge poten-
tial market impact, as well as the spin-off potential to many other
fields (e.g., TPOX, laser printers, etc.), justify a concerted effort to
improve the current level of understanding of these multifunctional
catalytic systems.

An interesting arena for the modelling and simulation of DPFs
has been shown by Konstandopoulos et al. [17]. The multiscale
nature of DPFs can be reflected through various orders of mag-
nitude, as schematized in Fig. 14. Such scales have often been
addressed through modelling approaches, though very rarely con-

nected to one another, mainly because of computational difficulties.
When parts of a system are independent, they do not provide
redundant information and cannot be visible at a large-scale.
Independence indicates a large quantity of information at a fine
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Fig. 12. A slate plate for catalyst–soot samples (Section A) and IR-camera and reactor with a catalyst library for IR-thermography (Section B). From Ref. [100].

Fig. 13. The emissivity-corrected IR-thermographic image of catalyst library at 350 ◦C (Section A) and 400 ◦C (Section B) for soot combustion reaction. Adapted from Ref.
[100].

Fig. 14. The multiscale nature of a DPF. Adapted from Ref. [17].
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Fig. 15. The hierarchical structure of sub-models at the variou

cale, while dependence denotes information at a larger scale.
his scheme reflects a trade-off of complexity at different scales
f observation (=multiscale complexity). The multiscale nature of
PFs lends itself to a hierarchy of multiscale modelling of different

patial regimes. Hence, the models of each domain are classified
ccording to their complexity and detail in the representation of
he problem. As a whole, there are three coexisting length scales
hat need to be taken into account in the modelling of DPFs. The
rst scale (at the microscopic level) describes the phenomena that
ccur over the soot layer and the filter walls, the second one (at the
ingle channel level) reflects the phenomena that take place along
he filter channels, and the largest scale (at the macroscopic level)
efers to the entire DPF. This means that three sub-models, corre-
ponding to the different size scales (wall, channel, entire filter), can
e combined to give an overall model of the filter, as schematized

n Fig. 15.
From an analysis of the recent literature on such modelling

fforts, the following issues can be highlighted:

 At the smallest scale, the only rigorous approach is the
Lattice–Boltzmann (LB) algorithm applied to reconstructed
microporous filter walls with discrete particle tracking [114],
especially if the complexity of the catalyst–soot contact has to
be fully understood in order to design new catalysts.

 At the single channel level, the most frequently studied case is defi-
nitely the 1-D PDE (Partial Differential Equations) single channel.
Some of the critical features of the DPF performance can be seen
at this scale, especially for the regeneration step (e.g., uneven-
ness of the regeneration, dependence of the regeneration on the
soot ignition strategy, etc.).

 At the largest scale (overall DPF canned in a pipe), continuous mul-
tichannel simulations are rare [115] because of the huge number
of cells that have to be considered, although they are needed to
a priori assess some uneven patterns of soot filtration and tem-
perature profiles during regeneration, in order to differentiate
the central channels from the peripheral ones;

 Over the last few years, several researchers have tried to simplify
the modelling approaches at two extreme scales in order to make
progress in the quest for a modelling tool to design new and
higher performing traps, by exploiting:

i) The unit collector concept [116]. This approach deals with
the basic principles of the deep filtration process that takes
place in the first filtration phases, until a soot cake is estab-
lished. It is possible to take in account the effect of particle

accumulation on the filtration process through the unit-cell-
based filtration theory by extending it to include a local
re-computation of the evolving unit-cell geometry caused
by soot deposition. An example of the unit-cell filtration
ial scales employed for DPF modelling. Adapted from Ref. [17].

model is schematized in Fig. 16; the unit-cell is formed by a
unit collector (diameter = dc) and a “empty” envelope (diam-
eter = b),which are matched to the macroscopic porosity of
the filter. The unit-cell evolves over time, the size of the
collector becomes a fraction of b,and a transient filtration
model appears [116]. This approach leads to results that are
in fair agreement with the experimental data. However, this
method cannot be used to assess the nature of catalyst-soot
contact.

ii) The Two-Layer model.  This approach was  first proposed for
soot over catalytically coated channel walls by Konstan-
dopoulos et al. (vide supra) [116]. Similar approaches have
also been developed by Serra et al. [35], and Ciambelli et al.
[103], for TPC runs on catalyst-soot powder mixtures to high-
light the presence of two  combustion modes. The model is of
a fitting type, and it can only be used for the “zone of catalyst
influence”. However, it does not provide any insight into the
fundamentals of catalyst-soot contact or into the “migration”
of oxidizing species (spillover effects).

iii) From 1-D to 3-D. In an attempt to move from 1-D to 3-D mod-
elling of the channel, Bensaid et al. [117,118] have shown
that it is important to properly assess the uneven distri-
bution of soot along the axial coordinate, a feature that is
expected to have an important influence on the dynamics of
the regeneration phase. Our research group has shown that
at a 3-D channel level a Eulerian–Eulerian does not imply sig-
nificant errors, compared to a Lagrangian–Eulerian approach
[119], which requires a tremendous computational effort. It
has also been observed that the design of the filter, as well
as the feed section, can have a relevant impact on the soot
accumulation pattern [120].

� Most of the modelling work done so far has been more of a
“single-shot” type or, in the case of Konstandopoulos et al. [17]
and Koltsakis et al. [121], of a continuous path type in which one
step is added after another to model the current DPFs, but which
does not prove a real tool to design or check new strategies. This
was  mentioned by Konstandopoulos when he said that, after
about fifteen years of work in this field “[. . .]  from a research point
of view, DPF simulation will focus on providing a deeper under-
standing and more detailed description of the coupled transport,
structural and reaction micro-phenomena that occur at the wall
and pore scales, to materialize the vision for an a priori design of
advanced microstructures, hosting multifunctional catalysts for the

highly compact and efficient emission control devices of the future”
[17]. Another example has been provided by Lee et al. [122] who,
with the aim of optimizing filters as they are, analyzed the effect
of the geometrical parameters (L/D, the cpsi, wall thickness, soot
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Fig. 16. Unit-cell filtration model

Fig. 17. Representative image of two neighboring (inflow–outflow) channels (Sec-
tion parallel to the flow) showing the distribution of ash (reddish) and soot (black)
a
f

�

drying a solution aerosol. This method allows the particles to
t  the outlet-mid part of DPF. Exhaust gas flows from the left to the right and is
orced thorough the porous walls to the adjacent outflow channels. From Ref. [123].

loading), even under dynamic conditions, but failed to propose
any trade-off or new design.

 One crucial aspect, in the case of Diesel exhaust treatment, is that
of the presence of ash. A recent study [123] has shown that the
problem of ash is paramount if one has to set up a “fit-for-life”
multifunctional DPF with direct contact between the catalyst and
soot. Ash in fact accumulates not only at the rear of the channels
(where many studies on “fast regeneration” consider regenera-
tion to start, e.g., [124–125]) but also on the channel walls. An
example is illustrated in Fig. 17, in which two  channels can be
seen (section parallel to the flow) showing the distribution of ash
(red) and soot (black) at the mid  part of a DPF outlet [123]. Ash
originates above all from the sulfur in the fuel, but also from the
lubricants (S, Mg,  Ca and Zn being the key components). There
is no doubt that by lowering the sulfur content in the fuel, the
problem will progressively be limited. It could also be expected
that new, ashless lubricants could be developed. These seem to
be prerequisites for the multifunctional trap concept to become
a reality. However, it should be underlined that the process will
not be driven by the potential development of a perfect catalytic
trap itself.

A pioneering study on ash deposition modelling was con-
ducted by Deuschle et al. [126], even though it was more focused
on the modelling of the fate of ash in time along the channels than
on the specific issue of its interaction with a potential catalyst.

The knowledge of ash deposition profiles inside the filter, and
their impact on the pressure drop of the filter, are particularly
important in regeneration strategies, which are based only on
. Adapted from Ref. [116b].

pressure drop: this signal could be misleading in identifying the
correct soot loading to start filter regeneration.

� A key aspect that still needs to be taken into account for the mod-
elling of DPFs is the necessity of moving from a single particle size
picture to include a size distribution effect. This Eulerian–Eulerian
approach, which was  adopted by Toops et al. [109], is particularly
interesting because it could easily be coupled to a population
balance equation (PBE) for the description of poly-dispersed
solid–gas flows, which would result in much lower computa-
tional costs than alternative Eulerian–Lagrangian approaches. In
fact, a real soot distribution could be substituted by a series of
mono-dispersed particle distributions, whose size and volume
fraction could be calculated by means of a very efficient algo-
rithm [127], and each of these populations could be treated as
an independent dispersed phase, following the so-called “direct
quadrature method of moments” [128]. These methods allow
to know the proper soot deposition profile inside the filter and,
ultimately, to select the most appropriate regeneration temper-
atures and strategies to avoid hot spots in the filter.

� Another important aspect is to move from equivalent “spheri-
cal” soot particles to soot particles with fractal dimensions [116],
especially if the catalyst–soot contact conditions are to be pre-
dicted accurately. Konstandopoulos et al. [116] were the first to
notice that the fractal structure of soot agglomerates provides
“elastic” behavior to the soot cake, which is compressed at high
GHSV values and returns to a more open structure when the
engine starts to idle. Similarly, these Authors [129] have demon-
strated that the morphology of the soot cake is influenced by the
fractal nature of the soot, and the latter has a considerable influ-
ence on “mild” regeneration strategies. An important effect of
the “elastic” behavior of soot cakes is that when high GHSV val-
ues are applied, the cake becomes compressed and the filtration
efficiency is improved.

Small soot particles are roughly spherical, but particles of
approximately 100 nm (the most frequent in a Diesel soot dis-
tribution) are far from being spherical (fractal dimension >2), as
can be shown in Fig. 18 [116]. However, a fractal dimensions >2
can also be observed for larger soot particles (up to 600 nm), thus
showing the complex nature of soot generated by Diesel engines
operating under different conditions.

This is a crucial factor that needs to be taken into account in
modelling and simulation, especially after the work of Yang et al.
[130]. These Authors, using a very clever single-channel proce-
dure, assessed the effect of the filtration properties of cordierite
and SiC monoliths on ammonium sulfate particles generated by
easily be washed away and a filtration run on a single filter to
be restarted. Fig. 19 shows a schematic representation of the
apparatus used by Yang et al. for the coating of a single wall DPF
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Fig. 18. Fractal dimension of soot aggregates with different mobility diameters obtained with different engines and operating conditions. Measurements from one Euro II
and  two Euro III Diesel engines and a Diesel generator. Adapted from Ref. [116c].

F l DPF 

t

ig. 19. Schematic representation of the experimental setup for coating single wal
he  central tube (Section B). Adapted from Ref. [130].

with (NH4)2SO4 particles (Section A) as well as a photograph of
the clear tube with an attached filter (Section B) [130]. Two scan-
ning mobility particle sizers (SMPSs), and a condensation particle

counter (CPC), were used to characterize the size distributions
of the particles during the experiments. The Authors combined
with ammonium sulface particles (Section A). Picture of a single wall DPF glued to

this experimental setup with an accurate filter characterization
and with LB modelling, and showed that:
i) The filters are less efficient on soot particles in the 80–200 nm
range, which is exactly the range in which soot particles would
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ig. 20. DPF samples mounted inside the hosting module (left) and DPF sample pr
).  Adapted from Ref. [131].

be less spherical; Brownian diffusion is very effective below
80 nm and interception is effective above 200 nm.

ii) The LB method that they have implemented, with some simpli-
fied assumptions, overestimates the filtration efficiencies, thus
showing that a rigorous assumption is actually needed, without
any simplifying factor.

ii) The interaction phenomenon with soot (and its fractal nature)
may  change, and for this reason the Authors are planning to test
filters with real soot.
New test rigs and good filter characterization techniques are
urely needed to validate the models. For instance, the above-
entioned Yang et al. model [130] needs to use 2 SMPS in parallel,
ion (right) (Section A); soot layer thickness profile along the DPF channel (Section

one at the entrance and one at the outlet of the filter to obtain
reliable data.

Fino et al. [131] were able to reconstruct the filtering media
and quantify the soot loading profile well, without cutting the fil-
ter: small lab-scale DPF samples were loaded downstream from
the Diesel oxidation catalyst (DOC) in an ad hoc designed reac-
tor that is capable of housing five samples, with part of the entire
flow produced by an automotive Diesel engine (Fig. 20A). Soot
layer thickness was  estimated by means of Field emission scan-
ning electron microscope (FESEM) analysis after sample sectioning
at progressive locations that were obtained through a procedure

that had been defined to avoid affecting the distribution of the
soot inside the filter and to enable the estimation of the actual soot
thickness along the channel length (Fig. 20B).
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Fig. 21. Inner structure of DPF is obtained by X-ray CT technique. Upper figure shows
t
i

b
m
f
t
m
F
s
l
t

reaction-limiting.
he  image area of the filter in x–y plane, and lower figure shows digitized data used
n  simulation. From Ref. [132].

Simulation of soot combustion and deposition in DPFs have
een also achieved through the use of latest generation nano- and
icro-tomography [132]. A side stream of research could arise

rom the work of Fischerauer et al. [133], who have demonstrated
he general suitability of radiofrequency techniques for the deter-

ination of the soot content in Diesel particulate filters (in-situ).
ig. 21 shows a computer tomography (CT) image of the inner filter

tructure. The spatial resolution is 1 �m/pixel, which is the finest
evel in the reported CT measurements; the upper CT-image shows
he image area of the filter in the x–y plane, whereas the lower
 General 509 (2016) 75–96

CT-image shows the digitized data used in the simulation. It is pos-
sible to observe a complex porous framework with different pore
sizes. Similarly, Fig. 22A shows the velocity field inside the filter,
which is under a steady state with limited velocity perturbations
(before soot deposition). Three different slice images are shown:
(a) x = 40 �m,  (b) x = 190 �m and (c) x = 340 �m.  Fig. 22B shows the
flow field and accumulated soot in the x–y plane at z = 32 �m (left)
and in the y–z plane at x = 49 �m (right). These profiles are obtained
at times = 104, 311 and 518 �s, respectively. However, these tech-
niques might be more useful for control purposes than for filter
characterization.

� A particular test rig is going to be assembled to follow regen-
eration conversely. It is based on an idea of Martirosyan et al.
[134] in Houston. These Authors investigated the features of non-
catalytic soot combustion. Fig. 23 shows temperature images
corresponding to different combustion modes. In some cases,
ignition occurs at a single point on the surface, creating a very
hot region separated by sharp temperature fronts from the sur-
rounding colder zones (Section A). The temperature fronts causes
the hot zone to propagate both down-stream (in the flow direc-
tion) and upstream (opposite the flow direction) as well in the
direction perpendicular to the flow. The high combustion rate
in the hot zone leads to rapid soot combustion. However, igni-
tion may  occur at several different points on the DPF, and the
ignited hot zones expand, due to the motion of the hot fronts.
A typical thermal image is shown in Section B. The two  black
areas in that image are two locations at which the ignition has
started, whereas the surrounding yellow hot zones are formed
by collision of the moving fronts that originated from the ignition
centers. Finally, the soot combustion proceeds uniformly at all
the points on the planar DPF layer (Section C). It is worth noting
that the combustion modes depend on the thickness soot layer.
Indeed, Fig. 24 shows that for a thick soot layer (<150 �m),  regen-
eration shifts from homogenous regeneration, characterized by
infinite ignition points, to a finite number of ignition points, and
finally to a single point for the thickest soot layers.

Most of the modelling done so far on regeneration is based
on a 1-D approach [121]. However some particular characteristics
should be noticed. For instance, Eigenberger et al. [124] stated that,
in heterogeneous reactions, such as in a soot–gas system, the solid
temperature profile inside a plug flow reactor is shaped according
to the heat produced by the reaction rate in a slab, while the heat
removed from the slab is shaped by the convective gas flow and
solid axial conduction. These heats are either produced or removed
at finite rates that can be different: if the thermal front (the speed of
heat transported by convection and conduction) is slower than the
reaction front (the speed at which the reaction advances in the axial
direction), as soon as the solid attains the ignition temperature, it
burns rapidly until it is locally consumed completely. An example
of this is when the reaction rate is limited by solid depletion. Con-
versely, if the thermal front is faster than the reaction front, the local
production of heat contributes to increase the solid temperature
very rapidly, and favors the solid temperature homogenization in
adjacent slabs. Another effect that could favor low reaction fronts,
compared to thermal ones, would be oxygen depletion. If the two
fronts have similar rates (i.e., the heat produced by soot combus-
tion, at a certain axial position and in certain time steps, is enough
to pre-heat and ignite the adjacent slab in the same time step), the
temperature grows very rapidly, because the process is locally self-
sustained and “confined”, at least until one of the reactants becomes
A particular condition of a thermally-led reaction, is rear solid
combustion in the plug flow, with ignition at the end. This is only
possible in the case of the back-heating of the solid (conduction
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Fig. 22. Flow field and filter region shown by gray region; (a) x = 40 �m,  (b) x = 190 �m,  a
at  z = 32 �m.  Adapted from Ref. [132].
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ig. 23. Thermal images of soot regeneration during combustion by: (A) single igni-
ion  point; (B) two-ignition points and (C) uniform combustion. Adapted from Ref.
134].

inus convection, the latter being opposite the reaction front) and

t is self-sustained only if the back-conducted heat produced by the
eaction is higher than that removed by the convective flow.

In the case of soot oxidation within DPFs, the homogeneous
eaction can be regarded as a condition in which the thermal front
nd (c) x = 340 �m (Section A); profiles of flow field and deposited soot in x–y plane

is faster than the reaction one, while fast regeneration occurs when
the reaction is faster than the thermal front and the speed of the
cake layer consumption is only physically limited by the soot cake
thickness itself. A dangerous condition that should be avoided is
that in which the reaction rate is very high and there is no O2 deple-
tion that could limit it. In this case, high flow rates must be used in
order to avoid excessive temperatures and consequently the melt-
ing of the solid ceramic support (high flow rates have the effect of
reducing the speed of the thermal front). In fact, very high tem-
peratures are obtained when the thermal and the reaction fronts
have approximately the same speed: the reaction propagates to
the adjacent slab because it is self-sustained by thermal propaga-
tion and thus, temperature overshooting occurs. The data obtained
by D. Luss in his experiments can most likely be explained on the
grounds of these arguments.

� Along with the catalytic combustion of soot, the effect of oxida-
tive fragmentation should be investigated in detail. Our group
studied this aspect and discovered nanoparticles slip for very
fast regeneration. A very active catalyst acts exactly where the
slip occurs, by de-blocking the pores that had been plugged by
soot in the early filtration stages, before the soot cake builds
up and cake filtration starts. It has been shown, in Cauda et al.
[135,136], that fast regeneration is detrimental to these advan-
tages, when a catalyst appears in a highly foamy shape to favor
the soot-catalyst contact.

� Studies on the optimal catalytic distribution in a trap should be
made cautiously with any improved modelling tool. Some of the
studies carried out so far can be considered doubtful, they pro-
vide conclusions that are too clear-cut, and they are based on
rather weak assumptions. For instance, Bosch researchers [125]

stated that a catalytic DPF with no DOC would only regenerate
at the end of the channels, by means of HC conversion, which
reaches a maximum at the rear end of the filter. Both the exper-
imental data and operating conditions are reported in Fig. 25.
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Fig. 24. Dependence of ignition points on PM layer thickness. Adapted from Ref. [134].
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Fig. 25. Regeneration of a catalytic DPF initiated by H

 There is no doubt that, if the aim of a study is to examine a mul-
tifunctional catalytic trap, all the reactions and activity species
have to be considered and the interferences between the func-
tions should be outlined. The simultaneous removal of soot and
NOx in a single catalyzed filter (single brick solution) is the
most ambitious strategy in this field, in view of the considerable
advantages that would be attained in terms of both invest-
ment costs and pressure drop reduction. However, the dynamic
behavior of soot–NO–O2 reacting systems is very complex, and
synergistic effects may  arise in the active sites of multicompo-
nent catalysts [39].

. Conclusions

The current soot oxidation catalyst scenario has been reviewed
riefly, highlighting both the kinetic aspects of soot combustion
nd the main factors that affect the activity of powder catalysts.

ifferent experimental conditions may  be found in literature, and
ence the comparison of catalyst activities measured in different

aboratories remains a fundamental problem. In recent years, many
oot oxidation catalysts have been investigated and the most recent
version. Initial temperature = 400 ◦C. From Ref. [125].

catalytic technologies focus on stable materials that exhibit high
mobility of the oxidizing species.

It has been shown that active sites are not static at solid surfaces
and may  interact with each other through transport phenomena
and surface flexibility. As a whole, the dynamic behavior of DPF
systems is very complex, due to the nonlinear interplay of the reac-
tion kinetics, the presence of different functionalities assembled on
the same monolithic support (catalysis and filtration), the transfer
phenomena and the operating conditions that vary over time. Nev-
ertheless, the stability of soot combustion catalysts is fundamental
for application of catalytic materials in DPFs and hence acceler-
ated deactivation procedures are necessary to evaluate possible
candidates.

Several DPF modelling and simulation approaches have been
developed in order to investigate a wide range of experimental con-
ditions, for optimization purposes. The multiscale nature of DPFs
lends itself to a hierarchical organization of models, across various
orders of magnitude (from the atomic regime to the macroscale).

These sub-models are usually classified according to their com-
plexity and detail in the representation of the phenomena, and are
combined to give an overall model. Different observation scales
(e.g., wall, channel, entire filter) have often been addressed with
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eparate modelling approaches but they have rarely been con-
ected to one another, mainly because of computational problems.
owever, catalytic traps exhibit an intrinsic multiscale complex-

ty, which is reflected by a trade-off between fine and large-scale
henomena. Consequently, the behavior of multifunctional traps
sually results in a non-linear combination of transport and kinetic
actors that are therefore different from a sum of the elemen-
ary phenomena. This means that new modelling approaches will
e necessary to correctly and simultaneously compute the per-
ormance of catalytic traps. On the catalytic material side, new
hallenges would be addressed towards the synthesis of multi-
omponent catalysts based on a combination of metal oxides and,
n the other hand, the modification of the structural parameters
ia the design of advanced nanoshapes, which can lead to inter-
sting physico-chemical properties. Many solid catalysts, that are
ow widely applied in automotive technology, have been designed

n an empirical way. However, improvements of these catalysts,
ith resulting benefits to catalytic activity, have derived from the

ecent development of in-situ characterization techniques, molec-
lar modelling and novel synthesis procedures. Such a trend should
ontinue in the future with the new generations of scientists and
ngineers.
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