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a  b  s  t  r  a  c  t

Biodiesel  as  a  renewable  energy  allows  to  partly  resolve  environmental  and  economic  problems  by  reduc-
ing vehicle  greenhouse  gases,  polluting  emissions  and  dependency  on  fossil  oil energy.  It  can  also  reduce
emissions  of PM, THC,  and  CO  emissions  when  used  in  diesel  engine.  The  reactivity  of soot  arising  from
this  fuel  and  trapped  in a catalysed  diesel  particle  filter  (CDPF)  was  investigated  and  compared  to a ULSD
soot (Ultra  Low  Sulphur  Diesel).  A  different  behaviour  was  expected  especially  due  to the  amount  of  oxy-
gen  present  in  the  original  fuel  (rapeseed  methyl  ester,  RME).  Indeed  results  of  reactivity  tests  showed
that B30  soot  formed  from  B30  fuel  containing  30%  vol.  of  RME  was  more  reactive  than  ULSD  soot.  Besides
its  greater  oxygen  content  (8%),  surface  area  and  structure  evolution  during  oxidation  were  also  found
to be  reasons  for  the  important  reactivity  of  B30  soot.  A  specific  combustion  mode  was  highlighted  by

transmission  electronic  microscopy  that facilitates  access  of  oxygen  in  this  soot  structure  and  thus  its
reactivity.

Tests were  also  conducted  to  evaluate  the  interactions  occurring  between  soot  and  the  other  pollutants
on the  CDPF:  CO, HC,  NOx.  B30 soot  appeared  to have  a greater  impact  than  ULSD  soot  around  light-off
temperature,  especially  concerning  the competition  with  other  reductants  to  access  oxidants  available
in the  feed:  HC and  CO oxidation  by  oxygen  on  one  hand  and  NO  oxidation  by  oxygen  to  form  NO2 and

 hand
oxidize  soot  on the  other

. Introduction

As an effort to reduce vehicle greenhouse gases, polluting
missions and dependency on fossil oil energy, governments are
ncreasingly making the use of various types of biofuels manda-
ory with a view to partly resolve environmental and economic
roblems.

Biodiesel or methyl ester of fatty acid is the most common type
f biofuel in Europe. It is produced from trans-esterification of
egetable oils or animal fats. The main resources for biodiesel pro-
uction can be obtained from plant species such as soy, rapeseed,

atropha, mahua, and mustard.
The overall lifecycle emissions of carbon dioxide, well-to-wheel,
rom biodiesel are very variable [1–3], locally dependent and often
nreliable, but a saving of between 50% and 80% (and even more

n the case of waste-oil biodiesel [1,2]) with respect to petroleum
iesel emissions could be accepted as a high confidence range.

∗ Corresponding author.
E-mail address: jacques.lavy@ifpenergiesnouvelles.fr (J. Lavy).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.01.011
.
© 2011 Elsevier B.V. All rights reserved.

Biodiesel fuels have an interesting potential to reduce chemical
emissions. However, the effect of biodiesel is specific for each of
the different pollutant species and depends on the type of engine,
engine operating conditions, ambient conditions, origin and quality
of biodiesel, etc.

Regulated pollutants are nitrogen oxides (NOx), particulate mat-
ter (PM), total hydrocarbons (THC), and carbon monoxide (CO).
Previous studies [4,5] have confirmed that combustion of B100
(neat biodiesel) in diesel engines results in an average increase
in NOx exhaust emissions of 12% and decreases in PM,  THC, and
CO emissions of 48, 77, and 48%, respectively, versus petrodiesel.
For B20 soybean oil methyl ester (SME) blends, NOx emissions are
increased by 0–4% in comparison to petrodiesel, but PM,  THC, and
CO emissions are reduced by 10, 20 and 11% respectively [6].

In order to satisfy emission standards which become increas-
ingly stringent, actions on the engine alone are not sufficient. It

is thus important to approach the problem on the whole and to
account also for the fuel and the exhaust gas after treatment. Sev-
eral after treatment systems have been developed in recent years
for diesel engines such as the particulate filter, NOx trap, and the
combination of both.

dx.doi.org/10.1016/j.cattod.2011.01.011
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:jacques.lavy@ifpenergiesnouvelles.fr
dx.doi.org/10.1016/j.cattod.2011.01.011
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The Catalysed Diesel Particulate Filter (CDPF) which is used in
ur study consists of a porous material positioned in the exhaust
ine and designed to collect particulate matter with an efficiency of
0%. It has a catalytic coating to burn off the collected particulate
atter into carbon dioxide and water at a lower temperature.
Several chemical and physical techniques are described in the

iterature to characterize soot collected on a DPF. Among others,
itrogen-BET or SAXS surface area measurements combined
ith TEM (transmission electron microscopy) data highlight the

tructural evolution of soot during its combustion: Kandas et al.
7] observed that the volatilization of condensables removes the
dsorbed compounds, providing access to the porous structure.
xidation then further opens up porosity leading to complete
ccess to the internal surfaces, before reaction continues at
pproximately constant density because of shrinkage due to struc-
ural ordering during oxidation. Van der Wal  et al. [8] found that
ome primary particles have hollow interior outer shell exhibiting
vidence of graphitization, depending on the oxidation history of
he sample. Song et al. [9] found that this hollowing is significant
uring the early oxidation stage of oxidation of a B100 soot (neat
oybean-derived biodiesel fuel) which is far more reactive than
ther diesel soots, including soot from neat Fischer–Tropsch diesel
FT100). This higher reactivity has also been found in other works
10,11] and is attributed to the greater surface oxygen functionality
f the B100 soot.

However, to our knowledge, although the characteristics and
eactivity of biodiesel soot have been studied by several research
roups, there is a lack of information about its impact on the catal-
sed particulate filter. We  found that the presence of soot partly
an inhibit NOx storage and CO and HC conversion around 300 ◦C
n a 4-way catalytic converter, as described in Millet et al. [12]
n a recent paper, Castoldi et al. [13] also highlighted the negative
nfluence of soot on the NOx storage capacity of such a catalyst.

The purpose of this work is hence to assess the impact of
iodiesel soot (arising from a 30% RME  diesel fuel) on the behaviour
f a CDPF, compared to soot issued from a conventional fuel: filter
egeneration and interactions with other catalytic reactions. The
oot composition and structure were examined (BET surface area,
RTEM), and the soot loaded CDPF behaviour was examined under

ealistic conditions by tests conducted on a flow reactor.
. Experimental

.1. Fuels

The two following fuels were considered:

Fig. 1. Devices used to collect soot loaded in a full size CDPF (a
day 176 (2011) 219– 224

• An ultra low sulphur diesel fuel (ULSD) with 4 wt ppm sulphur,
no oxygen and 22 wt% total aromatics. This fuel is used as a refer-
ence to assess the impact of biofuels on exhaust pollutants (NOx,
HC. . .)  and soot composition, properties and reactivity.

• A 30% biodiesel blended in ULSD fuel (named ‘B30’) produced
from rapeseed methyl ester (RME). This blend could be consid-
ered as a future formulation considering an increasing content
of biodiesel in conventional diesel fuel. It can also be noticed
that at present, diesel blends with 30% of ester are already
being used by some dedicated fleets. Moreover, such an impor-
tant content of biodiesel will allow to more clearly highlight its
effects.

2.2. Soot collection

The commercial catalysed diesel particulate filter (CDPF) that
was investigated in this study is a porous monolithic honeycomb
structure, 1.44 L in volume and 300 cells/in.2 (cpsi) in cell density.
Filter channels are alternatively plugged so as to ensure particle
filtration. Main components of the support material are 40% Al2O3,
36% ZrO2 and 4.5% CeO2 (mass composition). Active species for oxi-
dation is Pt (2%). The catalyst was directly loaded with soot on an
engine bench, either in its full size or cut into small samples. The
latter were 25 mm in diameter and 50 mm in length. Channels were
replugged where necessary.

The engine used in this study is a PSA Peugeot-Citroën 2.0 L 4-
cylinder automotive diesel engine (DW10B). It has 4 valves per
cylinder, a common rail fuel injection, a variable geometry tur-
bocharger, a high pressure exhaust gas recirculation circuit (EGR),
including a control valve and a cooler, and an intake throttle. In our
study, the engine was used to generate 9 g/h of soot on the follow-
ing stabilized operating point: engine speed 1500 rpm and BMEP 5
bar.

Two types of loading were conducted:
Full size CDPF loading: the CDPF was  mounted in the exhaust

line and loaded for 2 h. Soot was  then removed from the filter by
blowing and collected (Fig. 1(a)).

CDPF sample loading: A revolver cylinder like device was used to
load 18 samples at once with about 100 mg  of soot per CDPF sample
(Fig. 1(b)).
2.3. Soot characterization

Soot was characterized by using a number of macroscopic and
microscopic techniques: composition analysis (thermal conductiv-

) and to load CDPF samples (b) on the engine test bench.
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Table 1
Characteristics of ULSD and B30 fuels. ULSD: ultra low sulphur diesel, B30: 30%
biodiesel blend in ULSD fuel.

Fuels ULSD B30

Oxygen content (wt%) <0.50 2.25
Aromatics (wt%) 22.0 15.4
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Table 2
Characteristics of ULSD and B30 soot. ULSD: ultra low sulphur diesel, B30: 30%
biodiesel blend in ULSD fuel.

Soot ULSD B30

C (wt%) 91.8 89.3
H  (wt%) 0.53 0.58
N  (wt%) <0.05 <0.05

a ‘C–O’ bond located at edges would be preferentially oxidized by
gaseous O2, compared to a ‘C–C’ bond or a ‘C–O’ bond located inside
the basal plane of a graphene layer.
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B30 so ot

ULSD soot
Cetane numbera 51 54
Heating value (MJ/kg) 41.7 40.4

a Measured by CFR engine.

ty for carbon, hydrogen and nitrogen and by coulometry for oxygen
nd sulphur), surface area (BET) and structure (transmission elec-
ron microscopy or TEM). TEM images were taken with a JEOL JEM
00CX transmission electron microscope, operating at 100 kV mode
ringe of lattice, it has an effective resolving power of 3 Å, which
llows to view the profile of carbon planes (separated by at least
.35 Å which is the value for graphite) and gives access to soot
tructure and microtexture.

The soot reactivity study was carried out on a synthetic gas
ench under atmospheric pressure and flow conditions represen-
ative of diesel exhaust gases. The sample (soot alone or loaded on

 CDPF) was placed in a quartz tube. A thermocouple in front of the
ample was used to control the temperature and another one was
nserted downstream from the sample. The quartz tube was  placed
n an electrically heated oven.

Two different types of experiments were performed:

Isothermal oxidation tests of 10 mg  of soot alone with 10% of O2
and N2 as balance with a 100 L/h flow rate.
Light-off tests during a temperature ramp of 10 ◦C min−1 with
a CDPF sample loaded with soot. The gas composition was cho-
sen close to a lean diesel environment with a 0.3 equivalence
ratio (900 ppmC C3H6 + 300 ppm NO + 700 ppm CO + 15% O2 + 4%
CO2 + 4% H2O + N2 balance). Propylene was used to represent
unburned hydrocarbons emitted by engine combustion. The flow
rate was 750 L/h.

All gases were fed to the reactor via mass flow controllers, while
ater vapour was injected through a vaporizer in an N2 flow. Anal-

sed gases were CO, CO2 (NDIR), O2 (paramagnetic), HC (FID), NOx,
O and NO2 (chemiluminescence).

. Results and discussion

.1. Fuel characteristics

The fuel characteristics are listed in Table 1.
ULSD oxygen content is very low and increases with the addi-

ion of RME, due to the oxygen present in the ester groups. Cetane
umbers are quite close considering a measurement uncertainty of
4.5. This is in agreement with cetane numbers of neat rapeseed
sters found in the literature, which range from 48 to 56 [14]. The
romatic content decreases between the ULSD fuel and the B30 fuel
ue to dilution, since RME  is free of aromatic compounds. The RME
eating value was found to be 37.6 MJ/kg which is in agreement
ith literature saying that heating power of neat rapeseed esters

anges between 37 and 39 [14]. The B30 fuel has an intermediate
eating value.

.2. Soot properties
Table 2 presents the composition and surface area of soot aris-
ng from ULSD and B30 fuel engine combustion and collected from
he CDPF. Major soot components are carbon and oxygen, with a
mall amount of hydrogen. Nitrogen and sulphur concentrations
S  (wt%) <0.10 <0.10
O  (wt%) 7.20 8.90
BET  surface area (m2/g) 414 448

are below detection levels. Results show that B30 soot has a higher
oxygen content than ULSD soot (+24%), which is due to the oxy-
genated RME. Both soot samples have a rather large surface area
and B30 soot surface area is 8% above ULSD soot.

3.3. Effect of biofuel on particle reactivity

The reactivity of soot alone was studied on the synthetic gas
bench. An isothermal oxidation at 570 ◦C was  performed in a simple
feed (10% O2 in N2). Soot appeared to burn moderately fast at this
temperature. The soot oxidation rate vs. conversion is displayed in
Fig. 2. Two  oxidation stages can be distinguished: a first ‘initiation
phase’ with a rapidly increasing oxidation rate that peaks when soot
conversion reaches 10% and a second ‘propagation phase’ during
which oxidation is slower. CO2 formation is promoted during the
initiation phase: the CO2/(CO + CO2) ratio peaks at 64% compared
to about 56% during the propagation phase (not displayed). These
results are in agreement with those obtained by Yezerets et al. [15]
which attributed the initial boost in reactivity to the presence of
some type of highly reactive surface species like oxygen containing
groups. Carbon–oxygen functional groups like C O, C–O–C or C–OH
were actually detected by Müller et al. [16] on diesel soot samples
and they are expected to be very reactive sites [9]. The slower oxi-
dation rate observed during the propagation phase is attributed to
the oxidation of the remaining C–C bondings of the carbon atoms
within the particles.

The comparison of ULSD and B30 soot reactivity on the synthetic
gas bench shows that B30 is the most reactive soot during both
oxidation phases. This is due to its much larger oxygen content and
to its higher BET surface area. This difference in reactivity may be
related to the location of the ‘C–O’ bond inside the soot structure:
0.0E+00

0% 20% 40% 60% 80% 100%

 Conversion rate (%)

Fig. 2. Soot oxidation rate vs. conversion rate – 570 ◦C, 10% O2 in N2.
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Fig. 3. HRTEM images at 570 ◦C at three differ
.4. Effect of biofuel on particle morphology

Soot structure was investigated by using high-resolution trans-
ission electron microscopy (HRTEM) in order to find correlations
ith soot reactivity. HRTEM images are displayed in Fig. 3 for
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Fig. 4. CO and HC conversion rate measured downstream from the CDPF during a
rnoff stages of ULSD soot (a) and B30 soot (b).
ULSD (Fig. 3(a)) and B30 (Fig. 3(b)) soot samples, before oxi-
dation (top images), and at 50 and 75% conversion. Oxidized
soot samples were prepared during isothermal oxidation tests at
570 ◦C, which were stopped when the desired conversion was
reached.

40 0 45 0 500 550 60 0 65 0 70 0

emp erature  (°C )

HC - UL SD HC  - B3 0

CO - UL SD CO - B3 0

 light-off test on ULSD and B30 soot loaded samples – 0.3 equivalence ratio.
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Fig. 5. Soot oxidation rate during a light-off test on U

HRTEM images of soot in its initial state show a core and shell
tructure nearly identical between the ULSD and B30 soots: the
rimary particle appears as an amorphous core surrounded by
ell-ordered graphene planes. An average particle size of about

3 nm was measured for the two soots on a large set of TEM infor-
ation, with negligible differences. This shows that the structure

nd morphology of the collected soot samples are not sufficient
o predict differences in soot reactivity. Nevertheless, works from
he literature Fig. 4 report that soot structure can evolve in differ-
nt ways during oxidation, depending on the initial properties of
oot.

Compared to its initial state, ULSD soot shows a deterioration of
he global organization of carbon planes at 50%. A hollow of about

 nm in diameter begins to form at 75% conversion, surrounded
ith short and defective graphene layers. B30 soot exhibits a dif-
erent oxidation mode. A 5 nm hollow is already visible in primary
articles from 50% conversion and pairs of cores combine at 75%
onversion into one single hollow surrounded by well-crystallized
arbon layers. From 50% conversion, the B30 soot behaviour is in
greement with what was described in the literature for a B100 soot
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Fig. 6. NO2 conversion measured downstream from the CDPF during a light-
 tem per ature (°C)

nd B30 soot loaded samples – 0.3 equivalence ratio.

sample: Song et al. [9] found that soot undergoes such an inter-
nal burning after 40% burnoff. They suggest that this burning of
the more reactive internal carbon occurs once sufficient microp-
ores have been developed to penetrate to the particle core. They
attribute the fastest micropore development of the biodiesel type
particle to the reaction of the initial oxygen groups leading to short
and defective graphene layers.

3.5. Effect of catalytic converter

To further analyze soot reactivity in conditions closer to a real-
istic engine exhaust line, light-off tests were conducted on soot
loaded CDPF samples on the synthetic gas bench. These tests aimed
to highlight the interactions that occur on the catalyst between
gaseous components and soot in a lean feed typical of a diesel

environment (0.3 equivalence ratio).

CO, HC and soot conversion vs. temperature are displayed in
Figs. 4 and 5 respectively, for both soot loaded samples. Soot oxi-
dation rate was calculated by subtracting CO2 emissions due to HC
and CO oxidation and CO2 in the inlet feed from CO2 measured

400 45 0 50 0 55 0 60 0 65 0 70 0

emperature (°C)

ULSD

B30

off test on ULSD and B30 soot loaded samples – 0.3 equivalence ratio.
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ownstream from the catalyst, so as to isolate CO2 due to soot. This
ndirect determination appeared to be very repeatable, although
he CO2 analyser had to be used on a large 0–20% range. CO and
C light-off temperatures (50% conversion) are respectively 170
nd 200 ◦C independently of the type of soot. ULSD soot oxidation
nly becomes significant once a complete HC and CO conversion
as been performed, i.e. around 360 ◦C with a maximum at 550 ◦C.
30 soot oxidation evolves in a different way. It starts at a lower
emperature of 230 ◦C, with a slow increase until 400 ◦C where it
ccelerates to peak at 550 ◦C. Unlike ULSD soot, the oxidation of
30 soot starts before CO and HC are fully oxidized (conversion

s about 85%) and significantly slows down the end of their con-
ersion. NO2 was measured downstream from the CDPF sample
Fig. 6), as it is known as an efficient oxidising agent of soot at tem-
eratures between 250 ◦C and 500 ◦C [12]. The presence of B30 soot
ppears to have a stronger impact soot on NO2 emission between
30 and 450 ◦C, as it decreases by almost 40% compared to ULSD
oot. Thermodynamic equilibrium is reached above 450 ◦C so that
oot influence stops at high temperature. Besides its well-known
ctivity as a promoter of CO and HC oxidation, reports suggest that
t indirectly contributes to soot oxidation by catalysing the oxida-
ion of NO into NO2 by O2 [17,18] The impact of soot oxidation on
O and HC conversion can then be ascribed to a competition for Pt
atalytic sites, or for oxygen activated and split over from those Pt
ites.

. Conclusions

The behaviour of ULSD and B30 soots in a CDPF was investigated
n a synthetic gas bench (SGB) fed with all reactants present in diesel
ehicle exhaust gases: CO, HC, NOx, O2, CO2, H2O, etc. B30 soot
ppears more reactive than ULSD, because of its greater oxygen
ontent and surface area which accelerate its oxidation rate, with
nternal burning starting from 50% of soot conversion compared to
5% for ULSD soot.
B30 soot starts to oxidize at a lower temperature than ULSD soot
ue to a stronger impact of NO2 as an oxidant. This yields significant

nteractions with CO and HC conversion which are ascribed to a
ompetition to access active Pt sites or for oxygen activated and
plit over from those Pt sites.

[

[

[
[

day 176 (2011) 219– 224

Further tests are needed to complete our global understanding
of the reactivity of soot arising from a biodiesel fuel, with the role of
the soluble organic fraction. In addition, further soot characterisa-
tion by FTIR spectroscopy should allow us to analyze surface oxygen
groups, to be correlated to soot reactivity.
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