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Abstract

Understanding the mechanisms that affect catalytic activity in porous ceramic diesel particulate filters (DPF)
at the temperature range 200 to 400°C is important for the successful modeling of the initiation and evolution of
catalytic regeneration by use of fuel additives. This refers not only to the dry carbon particulate, but also to the
volatile hydrocarbons adsorbed on it. In this paper, a detailed analysis of the hydrocarbon adsorption–desorption
and oxidation behavior of diesel particulate emitted by a modern diesel engine and collected on a SiC diesel filter
is performed by use of thermogravimetric and differential scanning calorimetry analysis (TGA-DSC). Non-
isothermal tests were performed with samples collected directly from a ceramic filter connected to the exhaust
system of the diesel engine running under low and medium speed and load operating conditions with and without
fuel additive. Fuel additive concentration was varied to investigate its effect on the soot oxidation behavior. Based
on the TGA data, the kinetic parameters of the soot oxidation reaction were calculated. The effect of volatile
adsorbed hydrocarbons on the soot oxidation reaction was evaluated by comparing the calculated activation
energies for samples collected from the center and the periphery of the filter at various exhaust temperatures
prevailing at filter loading phase. In particular it was seen that the catalytic activity of the fuel additive is enhanced
by the presence of the volatile organic components. © 2003 The Combustion Institute. All rights reserved.

Keywords: Diesel exhaust emissions; Diesel particulate filters; Catalytic soot incineration; Thermogravimerty; Unburned
hydrocarbons; Volatile organic fraction

1. Introduction

The interest in diesel exhaust after-treatment sys-
tems by the automotive manufacturers is ever-grow-
ing in view of the increasingly stringent US and
European emission standards [1]. As regards partic-
ulate emissions, the wall-flow diesel particulate filter
(DPF) is today the most efficient after-treatment de-
vice [2], attaining filtration efficiencies over 90% (for
dry particulate) under normal operating conditions.

Diesel exhaust particles consist mainly of highly
agglomerated solid carbonaceous material and ash,
and volatile organic and sulfur compounds. Solid
carbon is formed during combustion in locally rich
regions. Much of it is subsequently oxidized. The
result is exhausted in the form of solid agglomerates.
A tiny fraction of the fuel and atomized and evapo-
rated lube oil escape oxidation and appear as volatile
or soluble organic compounds (Soluble Organic
Fraction, SOF) in the exhaust. Metal compounds in
the fuel and lube oil lead to a small amount of
inorganic ash [3]. The U.S. Environmental Protection
Agency defines diesel particulate matter as the mass
collected on a fiber filter from exhaust that has been
diluted and cooled to 52°C or below [4]. The com-
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position of exhaust particulate depends on where and
how they are collected. As the exhaust is diluted and
cooled, nucleation, condensation and adsorption
transform volatile materials to solid and liquid par-
ticulate matter. In the tailpipe, where temperatures
are high, most of the volatile materials are in the
gas-phase. The details of the dilution and cooling
processes determine the relative amounts of material
that adsorb or condense onto existing particles and
nucleate to form new particles [5]. The Soluble Or-
ganic Fraction (SOF) of the particulate is determined
by chemical extraction (Soxlet method), and it is
usually employed in the determination of adsorbed
hydrocarbon speciation. If one is just interested in the
percentage of volatile compounds, it is preferable to
determine, instead, the Volatile Organic Fraction
(VOF), by means of vacuum evaporation. A trap
oxidizer system mechanically filters and collects the
particulate matter from the exhaust gas, thus increas-
ing filter backpressure. Backpressure increase is un-
desirable since it increases fuel consumption and
reduces available torque [6]. Thus, it is necessary to
clean the trap periodically by burning off (oxidizing)
the collected particulate (filter regeneration). Under
the conditions met in diesel exhaust systems regard-
ing exhaust flow and oxygen concentration, the re-
quired reaction rates for complete regeneration are
attained at temperatures above 550°C. These condi-
tions are scarcely attained under normal urban driv-
ing conditions. Numerous regeneration techniques
have been suggested over the last 20 years, the most
simple and effective being based on catalysts (cata-
lytically coated filter [7–10] or fuel doping [11,12]).

The lowering of soot combustion temperature by
doping the fuel with catalytic additives (usually in the
form of organometallic compounds) is a workable
catalytic regeneration technique. The design of suc-
cessful catalytic fuel additive assisted trap systems
depends on the solution of problems related to filter
durability and additive ash accumulation. The ap-
pearance of high thermal stresses resulting from tem-
perature gradients during a low space velocity regen-
eration may cause microcracks which reduce filter
durability [13]. A common type of uncontrolled re-
generation happens upon vehicle deceleration from a
high engine load to idle with a heavily loaded filter.
The presence of significant quantities of adsorbed
hydrocarbons is thought to have a role in this process.

Catalytic regeneration by use of fuel additives is a
quite complex process, which is not yet well under-
stood and modeled. The instability to the appearance
and evolution of regeneration at temperatures down
to 200°C under favorable engine and filter operating
conditions (city part load driving conditions), is one
of the most significant problems since it is related to
filter durability as mentioned above. This behavior is

known as erratic regeneration behavior and observed
at low temperatures [14]. It depends on the presence
of volatile hydrocarbons. The volatile fraction origi-
nates from unburned fuel and lubricating fuel and is
found adsorbed/condensed on the soot particles at
temperatures below 190°C. Due to the very close
contact with the catalyst metal oxides these hydro-
carbons may be oxidized at temperatures below
250°C. Thus, a slow regeneration procedure may
start in specific points where the local soot loading,
composition, and temperatures are favorable. Under
certain circumstances the heat release from the oxi-
dized VOF leads to further carbon oxidation by the
additive oxides at temperatures higher than 350°C.
The resulting additional exothermic reactions may
further locally increase the temperature to above
500°C, thus allowing fast oxidation of carbon by
exhaust gas oxygen. This leads to a more or less
complete regeneration of the filter. Such a behavior
was first systematically reported by Lepperhoff et al.
[15] on a particulate trap installed on a 1.9 liter IDI
diesel engine by use of cerium fuel additive. The
hydrocarbons present as the soluble organic fraction
of the particulate are completely gasified and de-
sorbed at higher temperatures, and eventually, soot is
composed exclusively of dry carbon particulate, at
temperatures beyond 400°C.

Design optimization of this type of diesel exhaust
after-treatment systems is increasingly dependent on
efficient modeling of the filter regeneration process
[16]. Zero-dimensional and 1-D models have been
presented, following the pioneering work of Bisset
[17], (for thermal regeneration, without catalyst), as
extended by Koltsakis and Stamatelos [18,19], to
cover also catalytic regeneration. This class of mod-
els was proved capable of predicting the propagation
of regeneration in the filter in real world operation on
the vehicle or engine bench. They are employed to-
day in the form of commercial software (CATWALL
[20]), in filter and exhaust system design, as well as
in catalytic dosimetry optimization. They employ re-
duced reaction scheme to represent the complex
chemistry of fuel additive assisted soot oxidation.
Their main drawback is that they consider only dry
soot oxidation, without separately addressing ad-
sorbed hydrocarbons (VOF) behavior. VOF maybe
oxidized at temperatures below 200°C and desorbs
from the particulate at higher temperatures. So these
models fail to predict the erratic regeneration behav-
ior. Past attempts to model HC influence to the DPF
regeneration behavior faced a lot of difficulties. In
reference [21], a first approach based on modeling of
VOF oxidation behavior was presented. The results
were presented in the form of predicted equilibrium
regeneration ranges during steady state experiments.
It was concluded that the successful introduction of a
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valid scheme that will cover also VOF oxidation in a
transient model, would require more detailed study of
oxidation and sorption behavior of real diesel partic-
ulate produced by modern DI engines when run on
catalyst-doped fuel.

Thermal analysis methods (TGA-DSC) are com-
monly used in the investigation of diesel soot VOF
[7,22], oxidation behavior and the determination of
kinetic parameters, also in association with reactor
experiments [23–27]. Although these methods are
simple to use the results must be carefully analyzed
because of the influence of parameters as instrumen-
tal factors and sample characteristics. These param-
eters are summarized below, because they must be
taken into account in interpreting the results of our
investigations to be applicable in the further devel-
opment of our computational tools [28]:

Y Instrumental (thermobalance) factors (furnace
heating rate, furnace atmosphere, geometry of
sample holder and furnace, sample holder ma-
terial, thermocouple location)

Y Sample characteristics (amount of sample, par-
ticle size, sample packing, nature of sample,
thermal conductivity, heat capacity of the sam-
ple material)

A considerable amount of research has been car-
ried out in recent years to investigate the influence of
the above parameters [10,29,30]. Another significant
factor that must be considered to the extraction of
kinetic parameters is the oxygen transport mecha-
nism inside the bed. In the case of thermobalance the
oxygen is supplied to the bed by diffusion only. So
the conditions on the thermobalance do not represent
the real conditions during filter regeneration where
the oxygen is supplied mainly by forced convection
[31]. Further attention is necessary to the determina-
tion of the kinetic parameters since a TGA curve may
consist of more than one usually overlapping pro-
cesses.

In the present paper, a first approach to the un-
derstanding of soot (collected directly from the filter)
oxidation behavior (regular and catalyst doped) is
presented. Furthermore, activation energies are com-
puted, based on the TGA-DSC curves, for HC and
soot oxidation reactions. These are required for our
modeling, where we leave only the frequency factors
as tunable parameters. The influence of soot VOF
content to the soot oxidation is investigated too.

2. Factors affecting VOF content in diesel
particulate

The percentage of VOF in the particulate emitted
by a diesel engine depends on the engine design

characteristics (DI, IDI, turbocharged), the fuel injec-
tion system (injection principle, injection pressure
and timing, nozzles characteristics), the exhaust gas
recirculation (EGR) rate, and engine operation point
(speed and load, exhaust temperature) [32].

The percentage of VOF that will eventually re-
main adsorbed on the dry soot accumulated in the
filter depends on the filter temperature. So if the filter
temperature exceeds the 380 to 420°C most VOF is
vaporized and only dry soot remains accumulated on
the filter wall. On the other hand, prolonged opera-
tion of a heavily loaded filter with dry soot under low
load and speed conditions can lead to the readsorp-
tion of heavy hydrocarbons emitted in the particulate
layer, thus increasing its VOF content. The process of
adsorption of hydrocarbons on a soot-loaded ceramic
filter, as function of temperature is quite complex and
not yet well understood because of the lack of exper-
imental investigations on that direction (in the liter-
ature, experimental studies of hydrocarbon adsorp-
tion is limited to Teflon-coated glass-fiber filters in
diluted exhaust, following the existing legislative
standard procedure for diesel particulate emissions
measurement [5]).

The percentage of VOF as function of exhaust gas
temperature varies considerably with diesel fuel com-
position. High-boiling point components contained in
fuel, such as higher boiling point parafines or aro-
matics adsorbed from particulates emitted by the en-
gine, are reported to increase VOF content [33]. If we
compare distillation curves for typical diesel fuels
with different compositions and constituents’ boiling
points, we find that 50% distillation points lie in the
range from 220 to 320°C. Apparently, most diesel
fuels evaporate in the range between 200 and 380°C.
We could assume, as a first step, that the particulate
VOF fraction evaporates and adsorbs according to
the distillation curve of the diesel fuel from which it
originates. This assumption is in accordance with the
observation that low temperature catalytic activity is
diminished as we approach 380°C [21].

3. Experimental

The collection of particulate samples was per-
formed directly from the filter without dilution of the
exhaust gas flow. The filter fitted to the exhaust
system of a 2.0 liter displacement HDI turbocharged
passenger car engine, running on the LTTE (Labora-
tory of Thermodynamics and Thermal Engines) en-
gine test bench on carefully selected steady state
operation points. The engine and diesel filter speci-
fications are presented in Table 1. Figure 1 presents
the experimental layout of the filter loading experi-
ments.
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First, a mapping process is performed to assess
the engine exhaust temperature under the low and
medium load operating range. Temperatures were
measured simultaneously at the exhaust pipe 50 mm
after turbine exit, at the inlet of the filter, and inside
the filter, along a filter diameter 1.5 cm deep from the
end (Fig. 1). The results are presented in Fig. 2. Fig.
2 shows a map of filter wall temperatures near filter
exit, at center and periphery. Comparison of wall
temperatures at center and periphery shows that pe-
riphery is systematically colder than the center by

from about 25°C (low exhaust gas flowrate-low en-
gine rpm) to about 10°C (high exhaust gas flowrate-
high engine rpm). Of course, the observed tempera-
ture differences may be suppressed by an improved
insulation of the filter shell.

The following strategy is applied in the determi-
nation of the exact protocol for filter loading tests:
Low engine speed points are selected as more repre-
sentative of city driving, and engine load is varied to
result in a range of filter wall temperatures from 200
to 420°C. This range of filter wall temperatures re-
sults in varying VOF content of collected particulate.
The test protocol, as it designed based on engine
mapping, is presented in Table 2. Loading experi-
ments with various fuel additive concentration levels
in fuel, are performed to investigate the influence of
additive concentration on soot oxidation behavior.
The shift to a set of experiments with different fuel
additive concentration was performed after filter
cleaning and continuous running of engine for 6 h to
prevent possible memory effects to the soot compo-
sition. After completion of the particulate collection
procedure at each operation point, the filter was re-
generated.

The DGA-DSC tests performed on a Rheometric-
Scientific STA 1500H model thermogravimetric an-
alyzer (Temperature range Ambient—1500°C, Tem-
perature ramp rates 0.2–60°C/min, Crucible size 50–

Fig. 1. Experimental layout. Engine and digitally controlled dynamometer installation is shown along with exhaust gas
analysers, main diesel filter measurement lines, and data acquisition system.

Table 1
Engine technical data and diesel filter specifications

Engine manufacturer PSA
Engine type HDI turbocharged engine

(DW 10 ATED)
Cylinders 4, in-line
Displacement 1997 cm3

Rated power/rpm 80 kW/4000 rpm
Rated torque/rpm 250 Nm/2000 rpm
Diesel Filter Manufacturer Ibiden
Filter Type SiC 14/200 cpsi (cells

per square inch)
Filter Diameter � length 143.8 mm � 150 mm
Cell pitch 1.89 mm
Filter Wall thickness 0.4 mm
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100 �L). Samples ranging from 3.5 to 5.5 mg were
collected each time from the center and the periphery
of the filter. To give an idea of the temperatures
prevailing inside the filter during loading, Fig. 3
presents the results of a filter loading experiment
comprising an initial filter preheating—loading at

2000 rpm—no load conditions (500 s duration), fol-
lowed by a step load change 60 Nm, (engine speed
remains at 2000 rpm). Backpressure is observed to
increase from 40 to 120 mbar in about 4500 s during
the loading at 60 Nm engine load. Exhaust gas tem-
perature at filter inlet, (turbine exit), and at two points

Fig. 2. Map of channel wall temperatures (oC) measured at the center and periphery of the filter, at a distance of 15 mm from
the end of the respective channels.

Table 2
Experimental protocol

Speed
(rpm)

Torque
(Nm)

Exhaust gas
mass flow rate
(g/sec)

T exhaust
(°C)

TF inlet
(°C)

TF wall
center
(°C)

TF wall
periphery
(°C)

ppm Ce

1800 30 23 275 254 250 235
0

75 34 375 355 350 328
1500 30 23 240 226 220 206

25
1800

30 28 274 256 250 237
50 31 317 302 300 280
75 34 371 353 350 327

110 37 429 401 400 373
125 41 440 415 415 388

1500 30 21 238 223 218 200

50
1800

30 28 277 257 250 235
50 31 323 304 300 283
75 34 375 356 350 329

110 36 430 400 400 375
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at filter exit channels (center and periphery) is mea-
sured. The clearly observable exhaust gas and filter
temperature increase trend, is due to the effect of
backpressure increase on the engine cycle (reduction
of break mean effective pressure due to the increase
in pumping losses). According to this figure, temper-
ature difference between center and periphery during
loading is of the order of 25°C at the specific oper-
ation point. This temperature difference decreases at
higher flowrates as explained above. Generally, due
to this difference, the VOF content is expected to be
higher at the periphery. Each sample was packed in a
platinum receptacle, immediately after the end of the

filter loading at the respective operation point. The
packing procedure was performed very carefully to
achieve uniform distribution of sample mass inside
the receptacle. Non- isothermal tests were performed
with each sample, with a heating rate of 10°C per
minute. The experiments were carried out in air and
also in nitrogen environment (for the determination
of VOF content). A gas flow of 10 mL/min in the
case of synthetic air experiments and of 35 mL/min
in the case of nitrogen was maintained over the re-
ceptacle chamber. The scan rate was adjusted to 1 s.

4. Results and discussion

First, a set of indicative TGA tests was performed
to assess the fuel and engine lubrication oil behavior
in the TGA to be employed as a reference point for
the particulate behavior. EN-590 (European Norm)
diesel fuel was found to 50% evaporate at 240°C, and
95% evaporate at 350°C. SAE-30 SG lubricant was
found to 50% evaporate at 370°C and 95% evaporate
at 430°C.

As a second step, TGA/DSC analysis is per-
formed on diesel soot samples collected with the
engine operating on regular (not fuel additive-doped)
fuel at the following two characteristic points:

Engine speed:1800 rpm, Engine Load: 30 Nm
resulting filter wall temperature ca. 250°C

Engine speed:1800 rpm, Engine Load: 70 Nm
resulting filter wall temperature ca. 350°C.

The mass reduction-heat release graphs are com-
paratively presented in Fig. 4. Starting from the soot
sample collected at 250°C, we observe, in the mass
reduction curve, a first decrease up to about 150°C,

Fig. 3. Evolution of exhaust gas and filter exit channels
(center and periphery) temperatures during a typical loading
procedure, which comprises two steps: first, 2000 rpm—no
load for about 500 s. Then, step change to 2000 rpm, �60
Nm, and loading for about 4500 s. Evolution of filter back-
pressure is also recorded.

Table 3
Fuel additive ash computations

Speed
(rpm)

Torque
(Nm)

Ce
(ppm)

Fuel
Consumption
(g/h)

Soot
Emissions
(g/h)

Calculated Ce
Accumulation
(mg/h)

Calculated
Ce in soot
(%)

TGA Ash
residual
(%)

1500 30

25

1840 5 46.00 0.92 16.04

1800

30 2440 5.6 61.00 1.09 17.22
50 3120 5 78.00 1.56 32.48
75 3980 4.9 99.50 2.03 40.03

110 5010 4.84 125.25 2.59 55.56
125 5860 4.11 146.50 3.56 65.6

1500 30

50

1780 5.9 89.00 1.78 35.62

1800

30 2440 5.6 122.00 2.18 33.84
50 3120 5 156.00 3.12 36.75
75 3980 4.9 199.00 4.06 57.84

110 4990 4.84 249.50 5.15 62.67
125 — — — — —
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which we assume to be mainly due to the water
evaporation–desorption. A second mass decrease is
observed between 200 and 420°C. This is assumed to
be due to hydrocarbon desorption. From the associ-
ated heat release curve, we could possibly suspect a
slight hydrocarbon oxidation to start above 300°C.
Continuing with the soot sample collected at 350°C,
we do not see, in the mass reduction curve, an ob-
servable mass decrease in the temperature range be-
tween 200 and 350°C. This could be expected, since
the particulate collection was at 350°C. We observe a

small decrease in the temperature range from 350 to
420°C, from which we can deduce a significantly
lower VOF content for this second soot sample. Pro-
ceeding to higher temperatures, we could observe
that the TGA/DSC behavior of the two samples con-
verges very much above 450°C. Both DSC curves
indicate an ignition temperature (temperature at
which the soot oxidation rate is maximized) of the
order of 630°C. Arrhenius plots were calculated (ac-
cording to the methodology described in Appendix
1), based on the recorded mass reduction graphs in
the temperature range between 550 to 630°C. The
results (Table 5) indicate activation energy levels of
the order of 190 kJ/mole for both cases. The different
VOF content of the two samples does not seem to
affect the kinetics of soot oxidation. This could be
expected because of the separate temperature win-
dows of the two processes (HC desorption—soot
oxidation by exhaust gas oxygen).

In the literature the published values of activation
energy of uncatalyzed soot oxidation is found to
cover a range between 140 and 210 kJ/mole. Low
values of the order of 140 to 150 kJ/mole reported by
Ciampelli et al. [34] and Otto et al. [35]. Neeft et al.
[36], report a somewhat lower value of 170 kJ/mol,
for the oxidation of flame soot in a flow reactor with
a different atmosphere (10% O2 in Ar). Stanmore et
al. [31] report higher values of 210 kJ/mole obtained
under isothermal tests of soot samples collected from
a filter fitted to the exhaust of a naturally aspirated,
indirect injection 1.9 liter diesel engine.

As a next step, TGA/DSC experiments with soot
emitted by the engine operating with 25ppm Cerium
doped fuel (DPX9 commercial fuel additive, contain-
ing an organometallic Ceria compound) were per-
formed.

Figure 5 presents a comparison of the results
(mass reduction and heat release) of TGA/DSC anal-
ysis, with soot collected on the following six engine
operating points:

Speed: 1500 rpm, load: 30 nm resulting filter
wall temperature ca. 220°C

Speed: 1800 rpm, load: 30 nm resulting filter
wall temperature ca. 250°C

Speed: 1800 rpm, Load: 50 Nm resulting filter
wall temperature ca. 300°C

Speed: 1800 rpm, load: 70 nm resulting filter
wall temperature ca. 350°C

Speed: 1800 rpm, load: 100 nm resulting filter
wall temperature ca. 400°C

Speed: 1800 rpm, Load: 120 Nm resulting
filter wall temperature ca. 420°C

We could observe two characteristic regions of
catalytic soot oxidation in this diagram:

Fig. 4. TGA (mass reduction) and DSC (heat release)
curves for regular (no additive) soot samples taken directly
from the filter channel, after moderate particulate loading at
250 and 350°C filter channel wall temperatures.

Table 4
VOF content of soot samples collected from central and
peripheric filter channels (various operation points)

Operation point VOF Content (%)

Speed
(rpm)

Torque
(Nm)

Ce (ppm) Center Side

1800
30

0
6.82 7.64

75 1.43 1.63
1500 30

25

8.18 9.37

1800

30 6.47 7.43
50 5.45 6.22
75 3.46 4.49

110 2.91 3.23
125 2.47 2.94

1500 30

50

8.92 10.34

1800

30 7.12 7.94
50 5.12 5.82
75 3.65 3.92

110 3.10 3.42
125 — —
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Y The first in the range of 300 to 420°C, in which
a new peak on the DSC curve appears. This
peak precedes the regular peak of soot oxida-
tion by oxygen, and is observed to gradually
diminish as we shift to soot samples collected
with increasing filter wall temperature This
region should be related to the catalytic oxida-
tion of hydrocarbons adsorbed on the particu-
late (VOF). The new peak is clearly observable
in the DSC curves of all six samples, which
indicates that the presence of the catalyst in
soot significantly promotes adsorbed hydrocar-
bon oxidation. An analogous behavior has
been reported in [22] with other types of cat-
alysts mixed with plain soot in a U-type quartz
glass micro-reactor.

Y The second in the range of 420 to 490°C, in
which the dry soot oxidation takes place with
an ignition temperature of the order of 490°C
irrespectively of VOF content. Thus, the pres-
ence of the catalyst in soot is now associated
with a shift of the regular soot oxidation peak
toward lower temperatures (490 vs. 630°C).

An exception can be observed in the temperature
location of this second peak, for the sample from soot
collected at 250°C. The DSC curves from five sam-
ples taken at this loading point, systematically dem-
onstrate the same behavior, with the peak shifted to
520°C. This could be attributed to the fact that engine
emissions at the specific loading operation point were

Fig. 5. TGA (mass reduction) and DSC (heat release)
curves for soot samples taken directly from the filter chan-
nel, after moderate particulate loading at various filter chan-
nel wall temperatures. All soot samples are taken from a
filter loaded with the engine running with 25 ppm Ce- doped
diesel fuel.
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increased compared to the standard emissions levels
(see Table 3). Thus, ceria concentration in the par-
ticulate was reduced (assumed constant fuel con-
sumption).

Another observation is related to the percentage
residual that is left at high temperatures that can be
deduced from the right side of Fig. 5. The respective
calculations are summarized in Table 3. This residual
is generally considered to be composed mainly of
fuel additive ash, but also of heavy metallic com-
pounds originating from lube oil [3,37]. Now, if we
compare the last two columns of this Table, we
clearly observe that the percentage of residual to the
overall soot mass, is at least an order of magnitude
higher than an indicative percentage that would be
expected based on the extremely simplifying assump-
tions that

Y The ash is 100% ceria
Y 100% of the particulate emitted by the engine

during the loading duration remained collected
in the filter at the time we took the sample, and

Y No ceria remained in the filter from previously
regenerated soot due to incomplete cleaning of
the filter.

The significant discrepancy between the two col-
umns denies the validity of at least one of these
assumptions. It is also observed that the percentage of
the residual increases with exhaust temperature levels
prevailing during filter loading (i.e., increases with
engine load during filter loading). This observation
could be at least partially justified by the fact that this
engine is characterized by decreasing particulate
emissions per kg fuel consumed, in the range of part
engine load that we are studying.

The role of Ceria in the VOF oxidation in the
range of 300 to 420°C is apparent in all these results.
As a next step, we focus on the effect of VOF content
on the kinetics of catalytic soot oxidation by Ceria.
This effect should be assessed by a comparison of the
Arrhenius plots performed on TGA analysis results
from Fig. 5 for the soot samples collected at 250, 300,
350, 400oC filter wall temperatures. The Arrhenius
plots are presented in Fig. 6 These plots have been
calculated with reaction order assumed equal to 1
also for the catalytic oxidation [38]. Each plot com-
prises two distinct temperature ranges, in which the
linear regression was of an acceptable quality (R
squared value higher than 0.98). We prefer not to
perform the regression in the range between 410 to
440 C, because in this range the regression is not
good. Obviously, the group of Arrhenius plots at the
left side of the figure corresponds to the dry soot
oxidation by Ceria, whereas the group at the right
side corresponds to the VOF oxidation by Ceria. A

certain degree of overlap between these two pro-
cesses, with a gradually diminishing VOF role due to
desorption–oxidation, could be happening between
the two temperature ranges. The overall results indi-
cate that the presence of the catalyst in soot signifi-
cantly lowers the activation energy of dry soot oxi-
dation (Arrhenius plots at left side of the figure). This
observation agrees with the results reported by Sum-
mers et al. [14] and Lahaye et al. [39] who found that
the addition of Ce in the fuel is lowering the activa-
tion energy of soot oxidation from 170 to 120 kJ/
mole. Ciampeli et al. [34] also reported lower values
of activation energy for soot oxidation after its im-
pregnation with Cu/V/K catalyst. In contrast with the
above observation Stanmore et al. [31] reported un-
changed activation energy of 210 kJ/mole (obtained
for the uncatalyzed oxidation) for the soot oxidation
with cerium present. In the same direction Jelles et al.
reported unchanged values of activation energy for
the oxidation of cerium activated soot which, how-
ever, have been taken with a different type of reactor
and a flow containing 10vol% O2 in Argon [26].
According to our results, the presence of VOF re-
duces activation energy for soot oxidation by Ceria in
the range of 420 to 490°C. Thus, soot collected at 250
and 300°C filter wall temperature (rich in VOF) is
oxidized with E of order of 80 to 85 kJ/mole, whereas
soot collected at 350 and 400°C filter wall tempera-

Fig. 6. Non-isothermal kinetic analysis of the TGA curves
of Fig. 5. All soot samples taken from filter loaded by
engine running on 25 ppm Ce- doped fuel. Arrhenius plots
are performed in the two temperature ranges where high
quality linear regression is possible. These two ranges cor-
respond to dry soot (left group) and VOF (right group)
oxidation. Each group corresponds to four different filter
wall temperature levels during loading (250, 300, 350, and
400°C).
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ture (dry-soot) is oxidized with E of order of 120 to
130 kJ/mole. The effect of VOF to the apparent
kinetics of diesel soot oxidation is related with the
modifications which take place to the particulate
structure during the oxidation of VOF. According to
Ahlstrom and Odenbrand [40] an increase of the
surface area of the soot after VOF oxidation is ob-
served and leads to a more porous structure which
allows the easier access of oxygen through the pores.
The VOF content on these points was calculated from
the TGA curves obtained in Nitrogen environment as
the percentage of mass reduction in the range of
150°C (water free) to 380°C. According to Zinbo et
al. [41] in this temperature range the TGA method
yields a comparable measure of volatile components
with those obtained by solvent extraction. The results
indicate a variation of the VOF content in the range
from 2.5 to 8% for samples collected from filter
center and 3 to 9.5% for samples collected from filter
periphery (Table 4). The minimum VOF variation
between center and periphery is observed at high load
engine operation, presumably due to the higher ex-
haust gas flowrates caused by the activation of the
turbocharger.

As a next step, a more detailed analysis of soot
oxidation in the temperature range between 350 to
420°C (adsorbed hydrocarbons oxidation) is per-
formed. The group of Arrhenius plots presented at the
right side of Fig. 6 in this temperature range indicates
activation energy for the catalytic VOF oxidation of
the order of 130 to 140 kJ/mole irrespective of soot
VOF-content (Table 5). We are not aware of analo-
gous published results to compare with.

To confirm and further extend the above-men-
tioned observations, a new set of measurements was
performed with soot collected on the engine operat-
ing with 50 ppm Cerium doped fuel. We executed the
same series of filter loading experiments except the
last (1800 rpm, 120 Nm) where the regeneration
process was started earlier because of the increase to
the Cerium concentration in fuel. The results are
presented in Fig. 7, which is analogous to Fig. 5 with
50 ppm instead of 25 ppm Cerium concentration in
fuel. From a comparison between the two figures, it is
obvious that VOF oxidation activity at low temper-
atures is intensified with the higher Ce concentration.
A quantitative assessment of the effect of increased
Ce concentration on the kinetics of the reactions of
interest, is carried out by performing Arrhenius plots
for the new sets of TGA analysis data, with the
results presented in Fig. 8. By a comparison of these
results with those of Fig. 6, it should become appar-
ent that the calculated activation energies of catalytic
oxidation of dry soot are not affected by Cerium
concentration in the range of 420 to 490°C for soot
collected at 220, 250, and 300°C filter wall temper-

ature. On the other hand, a reduction of the order of
10 and 20 kJ/mole was observed for soot collected at
350 and 400°C, respectively. The situation is differ-
ent with the region between 350 to 420°C, where the

Fig. 7. TGA (mass reduction) and DSC (heat release)
curves for soot samples taken directly from the filter chan-
nel, after moderate particulate loading at various filter chan-
nel wall temperatures. All soot samples are taken from a
filter loaded with the engine running with 50 ppm Ce- doped
diesel fuel.

Fig. 8. Non-isothermal kinetic analysis of the TGA curves
of Fig. 7. All soot samples taken from filter loaded by
engine running on 50 ppm Ce- doped fuel. Arrhenius plots
are performed in the two temperature ranges where high
quality linear regression is possible. These two ranges cor-
respond to dry soot (left group) and VOF (right group)
oxidation. Each group corresponds to four different filter wall
temperature levels during loading (250, 300, 350, and 400°C).

166 G.A. Stratakis, A.M. Stamatelos / Combustion and Flame 132 (2003) 157–169



catalytic VOF oxidation is assumed to happen. The
resultant activation energies from the Arrhenius plots
in the range of 350 to 420°C, are of the order of 160
to 180 kJ/mole (Table 5). Again, we are not aware of
analogous published results to compare with.

The role of Ce concentration to the initiation of
catalytic soot oxidation was investigated too. The
comparison of TGA results between the two different
Cerium concentrations in fuel (25 and 50 ppm),
shows a slight shift of the initiation of catalytic soot
oxidation in the case of 50 ppm to lower tempera-
tures, presumably due to the earlier oxidation of
VOF. This can be deduced from Fig. 9 in which the
oxidation rates for the 25 ppm and 50 ppm additive
concentration at 220 and 400°C filter wall tempera-
tures are presented. In the same figure a significant
increase to the reaction rate of catalytic VOF oxida-
tion for the soot produced by combustion of the 50
ppm Cerium-doped fuel is observed. Any attempt to
explain these complex effects on the kinetics of soot
oxidation by Ceria, should take first into account
in-cylinder particulate formation by injection and
combustion of additive-doped fuel at different fuel
injection rates and profiles that correspond to the
different levels of engine load. This type of investi-
gations would be necessary especially for engines
equipped with modern common-rail injection sys-

tems, as is our case. Further interactions are reported
to be produced by the fuel additive effect on the
combustion of the particulate. According to [39],
increasing Cerium concentration in fuel diminishes
the mean particle size of the soot during formation
and lowers the ignition temperature under oxidation.

The variation of particulate VOF content at the
filter periphery due to the lower wall temperatures
seems to have an observable effect on the calculated
activation energies. Calculated activation energies
for catalytic soot oxidation in the temperature range
420 to 490°C, of soot samples collected from the
filter periphery (higher VOF content) was lower than
those of soot samples collected from filter center.
This observation needs to be further investigated by
additional experimental work, before an attempt is
made to interpret such effects.

5. Concluding remarks

A systematic effort was made to study the sorp-
tion and oxidation behavior of soot emitted by a
modern diesel engine run on catalyst-doped fuel, col-
lected on a diesel particulate filter, in a number of
steady state operation points. For this purpose, sam-
ples have been taken directly from the filter surface.

The presence of Cerium in diesel fuel was ob-
served to lower the TGA ignition temperature of soot
emitted by a modern passenger car diesel engine
from 630 to 490°C. The observed catalytic ignition
temperature was unchanged with 25 and 50 ppm
Cerium- doped fuel.

The initiation of soot oxidation occurs at lower
temperatures as the Cerium concentration in the fuel
increases. This may be attributed to the faster cata-
lytic oxidation of adsorbed hydrocarbons.

The VOF content does not appear to affect the
oxidation behavior of soot emitted by the engine run
without fuel additive. The kinetic parameters are un-
changed (E: 190 kJ/mole)

The presence of adsorbed hydrocarbons seems to
result in a variation of activation energy (80–130kJ/
mole) for soot oxidation by Ceria in the range of 420
to 490°C. The activation energy in this range de-
creases as VOF increases for each Cerium concen-
tration.

The variation of Cerium concentration from 25 to
50 ppm was not observed to have any effect on the
catalytic soot oxidation activation energy in the range
of 420 to 490°C (dry soot oxidation) for soot samples
collected at 220 to 300°C filter wall temperatures.
However a decrease of the activation energy was
observed in the cases of samples collected at 350 and
400°C. Furthermore, an increase of the activation
energy was observed in the range of 300 to 420°C

Fig. 9. Oxidation rates produced by processing of TGA
(mass reduction) curves, for a matrix of soot samples cor-
responding to two levels of Ce concentration in fuel (25 and
50 ppm) and two different filter wall temperatures during
loading (lowest and highest temperatures with respect to
VOF content in soot). A marked increase in VOF oxidation
rates for the soot produced by combustion of the 50 ppm
Cerium-doped fuel is observed. Also, an observable shift to
lower ignition temperatures, both for VOF and dry soot,
maybe seen with the 50 ppm soot samples.
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(range where the adsorbed hydrocarbons oxidation is
assumed to take place).

The wall temperature difference between center
and periphery of the filter results in a variation of the
VOF content, probably due to the condensation of the
high boiling components to the soot particulate sur-
face.

A continuation of this work with further investi-
gation of the mechanisms of VOF–soot interaction on
a diesel filter during loading and regeneration is nec-
essary to enhance our understanding and improve our
modeling of diesel particulate filter operation.

Appendix 1

Calculation of kinetic parameters from the TGA
curves

The calculation of kinetic data from the TGA
curve is based on the formal kinetic equation:

�
dm

dt
� k�T� f�m� (1)

where:

m: the actual mass of sample undergoing re-
action

t: time
k: specific rate constant
T: absolute temperature

The dependence of the specific rate constant k is
expressed by the Arrhenius equation:

k � Ae�E/RT (2)

where:

A: the frequency factor
E: the activation energy
R: the molar gas constant

The mass function f(m) depends on the reaction
mechanism. We used the expression applied for cal-
culation of the kinetic parameters of homogenous
thermal processes:

f�m� � mn (3)

Where n is the reaction order. This form is generally
acceptable and often applied by researchers for het-
erogeneous thermal processes such as soot oxidation
[42].

By substitution of Eqs. 2, (3) into (1) the follow-
ing form of kinetic equation is obtained:

�
dm

dt
� Ae�E/RTmn

If the time step is set small enough we can assume
that the TGA curve is composed of very small linear
segments of �T length at which the reaction rate is
constant.

So the derivatives on the above equation may be
replaced by differences:

�
�m

�t
� Ae�E/RTmn

The logarithmic form of the above equation gives:

ln��
�m

�t
m�n� � ln A �

E

R�1

T�
E and A are calculated from the slope and intercept of
a parametric plot of ln[(�m/�t) m-n] vs. 1/T.

The assumption of n � 1 is made for the analysis
carried out in this paper, which is explained in the
text.
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