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stationary and mobile diesel engines are widely recognized as an
important source of pollution. In particular, diesel engines vehicles
are considered as a leading source of PM emissions, which are
responsible for serious human health problems, including respira-
tory diseases (Sydbom et al., 2001). For this reason, remarkable
efforts are made by car manufacturers to explore innovative tech-
nologies to reduce polluting emissions from diesel engines, and in
particular of soot. Although in the past years the development of
increasingly sophisticated diesel combustion technologies has
the common after-treatment technology used to reduce soot emis-
sions consists in the employment of diesel particulate filters (DPFs)
which trap the soot particles contained in the exhaust stream. In
order to prevent pressure drops caused by the collection of partic-
ulate, DPFs must be periodically regenerated, generally by the tem-
perature increase (e.g. by combustion on the filter of extra-fuel
injected in the exhausts) which leads to the oxidation of the soot
particles (active regeneration). More recently, the use of catalytic
filters, in which DPFs are coated with a catalytic layer that favors
the particulate oxidation at lower temperatures (passive regenera-
tion), has been proposed in order to limit filter overheating and
fuel consumption during the regeneration phase (van Setten
et al., 2001).
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Aiming at the low-temperature oxidation of soot, the exploita-
tion of NO2 as soot oxidizing agent has been considered, being NO2

a stronger oxidant than oxygen (Stanmore et al., 2001). This is
applied in the CRT (Continuously Regenerating Trap) technology,
proposed by Johnson Matthey, which consists of a pre-oxidiser
which eliminates the majority of CO and unburned hydrocarbons
(UHCs), followed by a filter for the particulate. The pre-oxidiser
also converts NO to NO2, which then oxidizes the particulate mat-
ter trapped in the wall-flow filter and is back-reduced to NO
(Cooper and Thoss, 1989). More recently, an after-treatment sys-
tem known as DPNR (Diesel Particulate-NOx Reduction) has been
developed by Toyota (Nakatani et al., 2002; Suzuki and
Matsumoto, 2004). This system consists of both a catalytic filter
and a specific diesel combustion technology, which has the unique
capacity to remove simultaneously both soot and NOx. The new
catalytic converter for DPNR is a porous ceramic filter coated with
a catalytic layer constituted by a high surface area support (e.g. c-
alumina), a noble metal and an alkaline or alkaline-earth metal
oxide, which presents a high NOx-storage capacity. These catalytic
systems work under cyclic conditions, alternating a lean phase
during which the NOx produced by the engine are adsorbed on
the catalyst, with a short rich phase, during which the stored
NOx are reduced to nitrogen. Under lean conditions the DPNR sys-
tem works as a catalyzed soot filter in which soot oxidation occurs
thanks to the presence of both NOx and oxygen in the exhausts. In
previous works from our group (Castoldi et al., 2006; Matarrese
et al., 2014) the activity of model Pt-Ba/Al2O3 and Pt-K/Al2O3 cata-
lysts in the removal of soot and NOx according to DPNR concept
have been addressed. It has been shown that under cycling condi-
tions, i.e. alternating lean/rich phases according to the typical
DPNR operation, NOx are stored onto the catalyst surface and sub-
sequently reduced to nitrogen. In addition, soot oxidation also
occurs during the lean phase, and this has been primarily ascribed
to the NO2 formed upon NO oxidation over Pt sites. Besides, a
specific role of the stored NOx in the oxidation of soot has also been
demonstrated.

In this respect many studies are available in the literature con-
cerning the oxidation of soot by NOx, with particular reference to
NO2 (e.g. see the very comprehensive review by Stanmore et al.
(2008) and references therein) under conditions relevant to after-
treatment technologies. However, a significant interest still per-
sists on the mechanisms and kinetics of the NO2-assisted soot com-
bustion. In particular, despite there is a general consensus on the
fact that soot oxidation with NO2 is enhanced by the presence of
O2, different CANO2AO2 reaction mechanisms have been proposed
so far and the specific role of NO2 and O2 in the accelerated com-
bustion of soot is still debated. Jacquot et al. (2002) attributed
the large increase in the soot oxidation rate, observed when O2 is
added to the NO2-feed gas, to the reaction between oxygen and
the surface intermediates species resulting by the interaction
between carbon and NO2. Accordingly, Setiabudi et al. (2004), by
correlating flow-reactor experiments with the DRIFT analysis of
soot oxidation intermediates, proposed that soot oxidation is initi-
ated by the NO2-soot interaction that creates surface oxygen com-
plexes which are more reactive to oxygen than pristine soot at
temperatures where the oxidation with only O2 is not significant.
In agreement with this hypothesis, Müller et al. (2012) found that
initially highly functionalized types of soot are less susceptible to
this effect. The CANO2AO2 oxidation mechanism has been also
investigated by Jeguirim et al. (2004, 2005, 2007, 2009a) who sug-
gested the occurrence of two distinct reactions: (i) a direct reaction
between NO2 and the carbon surface; (ii) a cooperative reaction
involving simultaneously O2 and NO2. In the latter case, NO2 has
been indicated to foster the decomposition surface oxygen com-
plexes originated by O2. More recently, Christensen et al. (2017)
ascribed the increase of soot oxidation rate, observed in the
presence of NO2, to the weaker OANO bond in NO2 than the
OAO bond in O2 and to the radical nature of NO2 which are
expected to favor the oxygen transfer and thus soot combustion.

Based on these considerations the aim of the present work is to
further investigate the soot oxidation by NO2 and O2. For this pur-
pose, isothermal combustion experiments were carried out at dif-
ferent temperatures and over a wide range of NO2 and O2

concentrations, both in the absence and in the presence of water,
in order to determine the respective contribution to the combus-
tion process in conditions close to automotive exhaust gas after-
treatment.

Given that the type and structural characteristics of soot (e.g.
elemental composition, surface area, particle size, degree of organi-
zation) can affect its oxidation behavior (Leistner et al., 2012;
Pahalagedara et al., 2012; Sharma et al., 2012) a commercial soot
(Printex U, Evonik-Degussa) was used as model soot, which is
widely used as a surrogate for diesel soot laboratory experiments
(Fino et al., 2016) and whose properties are well described in the
literature (Atribak et al., 2010; Liu et al., 2010; Setiabudi et al.,
2004).
2. Experimental

Isothermal temperature oxidation (ITO) experiments were used
to evaluate the un-catalyzed soot (i.e. Printex U) oxidation charac-
teristics. All reactivity tests were performed in a micro flow-reactor
equipment consisting of a quartz tube reactor (7 mm I.D.) con-
nected to a mass spectrometer (ThermoStar 200, Pfeiffer Vacuum)
for on-line analysis of O2, H2O, N2; an UV-Analyzer (Limas 11 HV,
ABB) for on-line analysis of NO and NO2 and a micro GC (Agilent
3000 A) for the on-line analysis of CO and CO2.

The soot oxidation activity was investigated under diluted con-
ditions in order to achieve nearly isothermal conditions thus limit-
ing the temperature rise due to the exothermicity of the reaction.
For this purpose in the tests 6 mg of soot (Printex U) were used,
diluted with 100 mg of quartz powder. The reactor was inserted
into an electric furnace driven by a PID temperature controller/pro-
grammer (Eurotherm 2408). The temperature of the sample was
measured and controlled by a K-type thermocouple (outer diame-
ter 0.5 mm) directly immersed in the quartz/soot bed. The total gas
flow was always set at 200 cm3/min (at 0 �C and 1 atm).

Before the isothermal oxidation tests, the soot sample was con-
ditioned under helium at 500 �C (heating rate 15 �C/min). As sug-
gested e.g. by Yezerets et al. (2005), this procedure removes
weakly adsorbed species like adsorbed hydrocarbons (soluble
organic fraction, SOF) which could affect the soot oxidation activity
and hence the reproducibility of the experiments. Of note, limited
mass loss was observed upon heating the soot, generally below 1–
3% of the total mass. This is in line with the structure of Printex U
mainly consisted of carbon framework with low fraction of volatile
material (Atribak et al., 2010; Liu et al., 2010; Setiabudi et al.,
2004). After this pre-treatment, the sample was cooled at the
desired temperature (in the range 250–350 �C) and the reactant
gas mixture for the oxidation experiment was fed to the reactor.

In the standard run the temperature was set at 300 �C and a
flow of He + O2 (5% v/v) + H2O (2% v/v) was fed to the reactor. Then,
a rectangular step feed of NO2 (300 ppm) was admitted in the gas
stream.

To investigate the influence of the individual gas components
(i.e. H2O, NO2 and O2) on the soot oxidation, their concentrations
have been varied while keeping constant the concentration of the
other components. The total gas flow rate was kept constant by
adjusting the He flow.

In each test, after oxidation of up to 80% of the initial soot car-
bon mass, the experiment was completed upon increasing the tem-



perature at 400 or 800 �C. This led to a complete soot oxidation.
The C-balance, estimated from the initial soot loading and the
amounts of evolved COx during the whole experiment, always
closed within ±5%.
3. Results and discussion

3.1. Oxidation of Printex U by NO2-O2 mixture

Fig. 1 shows the results obtained in the soot oxidation at 300 �C
with the standard reactor feed (300 ppm NO2, 5% O2 and 2% H2O in
He).

Upon NO2 admission to the reactor (t = 0 s), soot oxidation takes
place and NO, CO and CO2 evolution is observed due to the occur-
rence of the following global reaction:

NO2 þ C ! NOþ CO ð1Þ
2NO2 þ C ! 2NOþ CO2 ð2Þ
In particular, upon NO2 admission, an immediate formation of

both CO2 and CO is observed. CO2 and CO concentrations initially
reach a level near 60 ppm and 20 ppm respectively; then they pro-
gressively increase with time showing a maximum near 80 ppm
and 30 ppm, respectively, after 11,000 s. According to literature
indications, the initial increase of the oxidation rate might indicate
the initial increase of the soot surface area upon combustion
(Mendiara et al., 2007; Zouaoui et al., 2010). Then CO2 and CO con-
centrations decrease with time on stream, due to the decrease of
the soot amounts.

At 32,000 s. (i.e. at roughly 85% conversion), the NO2 supply is
switched off and a temperature programmed oxidation in O2 and
NO2 was carried out to quantify the residual soot (not shown in
Fig. 1).

Fig. 1 also shows the NO and NO2 outlet concentrations. The
sum of nitrogen oxides NOx (@NO + NO2) is also displayed which
equals the NO2 inlet concentration during the hole isothermal step,
if one excludes the initial transient period during which the total
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Fig. 1. Printex U oxidation at 300 �C (300 ppm NO2, 5% O2 and 2% H2O). Inset A: magnifica
O2 and 2% H2O). Inset C: Printex U oxidation at 300 �C in the presence of NO and oxyge
NOx concentration is smaller than the NO2 inlet concentration
(see inset A of Fig. 1). In particular, upon NO2 admission to the
reactor (t = 0 s), the NO outlet concentration shows a sharp maxi-
mum (ca. 300 ppm) whereas the NO2 outlet concentration trace
exhibits an initial dead time and then slowly increases. This sug-
gests that NO2 adsorbs onto the carbon surface in the form of
nitrates ad-species, according to the stoichiometry of the following
disproportionation reaction leading to the evolution of NO
(Azambre et al., 2006; Shirahama et al., 2002):

NO�
2 þ NO2 ! NO�

3 þ NO ð3Þ

where NO2
� is a NO2 adsorbed species and NO3

� is a surface nitrate
species.

After this transient regime, the NO concentration profile resem-
bles that of COx, showing a maximum of 150 ppm after 11,000 s,
and then decreases with time on stream. The NO2 concentration
is specular to the NO profile showing a minimum of 130 ppm after
11,000 s, and then progressively increasing near the end of the run,
in correspondence of the decrease of the CO2 and CO
concentrations.

Finally, Fig. 1 also shows the values of the parameter DO (=
2CO2 + CO). This parameter accounts for the participation of gas-
eous oxygen in the soot oxidation. In fact, when the oxygen pro-
vided for soot oxidation comes from NO2 alone, the DO trace
should be superimposed to that of NO, this latter being produced
according to reactions (1) and (2). If DO is higher than the NO con-
centration trace, the involvement of gaseous O2 should be invoked
to account for COx production. As it clearly appears from Fig. 1, the
DO profile is higher than that of NO, indicating a substantial con-
tribution of molecular oxygen in the soot oxidation process.

To evaluate the reactivity of soot towards O2 only, soot oxida-
tion experiments were also performed in the absence of NO2 under
the same experimental conditions (300 �C, 5% O2 and 2% H2O in
He). The results are reported in the inset B of Fig. 1 in terms of
CO and CO2 production. Upon O2 addition to the reactor (t = 0 s),
negligible amounts of CO2 are observed (near 4 ppm), without
any formation of CO. This indicates that the O2-soot reaction is
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almost negligible in the absence of NO2. This behavior is in agree-
ment with the results of Jeguirim et al. (2005) who observed no
significant gasification of carbon by oxygen in the temperature
range 300–400 �C.

For comparison purpose, the reactivity of the NO/O2 mixture
(300 ppm NO, 5% O2 and 2% H2O in He) was also investigated at
300 �C. The results (see inset C in Fig. 1) show that soot oxidation
is negligibly affected by the presence of NO. In fact, the evolution of
both CO2 and CO is negligible also in this case. Of note, no oxidation
of NO to NO2 (not shown in the figure) has been monitored. This
result is in line with several literature reports (Jelles et al., 1999;
Liu et al., 2001; Matarrese et al., 2008; Setiabudi et al., 2002), indi-
cating that the beneficial effect of NO on soot oxidation in the pres-
ence of O2 is observed only in the presence of a NO-oxidation
catalyst (e.g. platinum), thus pointing out the key-role of NO2 for-
mation in the soot combustion.

To investigate more in details the oxidation of carbon by the
NO2AO2 gas mixture and in particular to clarify the specific role
of both NO2 and O2 a systematic study on the effect of these species
was performed.

The effect of the O2 partial pressure on the soot oxidation was
investigated at 300 �C with the standard reactor feed (300 ppm
NO2, 2% H2O in He) by varying the O2 concentration from 0% to
10%. The results are displayed in Fig. 2A in terms of temporal evo-
lution of mc/mc0 (i.e. the residual soot carbon mass normalized by
its initial value) versus time, for different O2 contents. From Fig. 2A
it clearly appears that the soot consumption rate increases upon
increasing the oxygen concentration. In fact, while in the absence
of oxygen the residual soot approaches 20% (e.g. 80% conversion)
after ca. 70,000 s, in the presence of 1% and 5% of oxygen 80% soot
conversion is attained after ca. 45,000 s and 28,000 s, respectively.
Upon further increase in the oxygen concentration (up to 10%) a
negligible effect on soot oxidation is observed, thus suggesting
the presence of surface saturation effects in the reaction mecha-
nism, as will be discussed at the end of this section (see below).
This is also in line with the observations of Messerer et al.
(2006). Fig. 2B illustrates the contribution of molecular oxygen to
the soot oxidation process, pointed out by the parameter (DOANO)
estimated during the experiments carried out by varying the oxy-
gen concentration in the feed. Here, DO accounts for the whole
oxygen consumed upon soot oxidation while NO (in ppm) repre-
sents the amount of oxygen provided by the conversion of NO2

due to reactions (1) and (2). Data are reported at different values
of the soot conversion f. As expected, Fig. 2B shows that in the
absence of molecular oxygen in the feed (O2, 0%), the (DOANO)
value is, within experimental error, near to zero, because NO2 is
the only available oxidant agent. On the contrary, in the presence
of oxygen (O2, 1–10%), the DO value exceeds the NO concentration
(i.e. the difference (DOANO) is not nihil) indicating the contribu-
tion of molecular oxygen to the soot combustion. Notably, the par-
ticipation of gaseous O2 in soot combustion increases with the
increasing oxygen concentration from 1% to 10% although the rate
of soot oxidation is not affected at the highest concentration, as
shown in Fig. 2A where it appears that the runs performed with
5% and 10% of oxygen show very similar soot oxidation rates.

Concerning the selectivity of the soot combustion towards CO
and CO2 (not shown in the figure), data show that the presence
of oxygen does not significantly affect the CO2/CO ratio which
has been found close to 2.5–3.5 at all the investigated O2 concen-
trations and also nearly independent of the soot conversion.

The effect of the NO2 concentration on soot combustion was
also investigated. Accordingly experiments were performed at
300 �C with the standard reactor feed (5% O2 and 2% H2O in He)
in the presence of different NO2 concentration, in the range 60–
500 ppm. Fig. 2C shows the temporal evolution of mc/mc0 versus
time at different NO2 contents. Clearly, the soot oxidation activity
increases with the increasing the NO2 concentration. Such a pro-
moting effect is particularly evident at the lowest investigated
NO2 concentrations (e.g. in the 60–200 ppm range) while at con-
centrations above 200 ppm a minor increase is apparent. In partic-
ular, surface saturation effects are visible at the highest
investigated NO2 inlet concentrations, i.e. 400 and 500 ppm, where
the results are nearly superimposed. The contribution of molecular
oxygen to the soot oxidation has also been analyzed in this case
and showed in Fig. 2D in terms of (DOANO) values vs. soot conver-
sion f, for the different investigated NO2 concentrations. From
Fig. 2D it clearly appears that the participation of gaseous O2 in
soot combustion is favored at high NO2 inlet concentration, and
shows a saturation effect above 400 ppm NO2. Also during these
experiments the CO2/CO ratio has been found to be almost inde-
pendent on the soot conversion and always in the range 2.5–3.5
for all the investigated NO2 concentrations.

Finally, the influence of the NO2 concentration on the soot oxi-
dation was investigated at 300�C in the presence of water but with-
out oxygen. Of note, at variance from the experiments performed
in the presence of oxygen, in this case the CO2 and CO concentra-
tion traces (data here not reported) decreased with time on stream
without showing any maximum, i.e. the rate of soot oxidation
decreases with the soot conversion. In line with the results of the
previous experiments (Fig. 2C), it was found that also in this case
the soot oxidation activity increases upon increasing the NO2 inlet
concentration from 100 to 500 ppm (Fig. 2E). Oxygen plays a rele-
vant role in the oxidation, as can be seen by comparing the traces
at the same NO2 concentration of Fig. 2C and E. As a matter of fact,
with 300 ppm of NO2 in the feed stream and in the absence of oxy-
gen the amount of residual soot approaches 20% (e.g. 80% conver-
sion) after ca. 69,000 s (see Fig. 2E) while in the presence of oxygen
the same conversion is attained much faster, i.e. after ca. 28,000 s
(see Fig. 2C). The same beneficial effect of oxygen is evident with
all the other investigated NO2 inlet concentrations (i.e. 100 and
500 ppm). As expected, in this case the values of the (DO–NO)
parameter as function of the soot conversion f are centered near
zero (see Fig. 2F), because in the absence of O2 all the oxygen pro-
vided for the soot oxidation comes from NO2.

During these experiments the CO2/CO ratio in the formed COx

does not depend on the NO2 concentration in the investigated
range. However a slightly lower CO2/CO ratio, near 2.5–3, has been
measured if compared to the experiments performed in the pres-
ence of O2. This is in line with the higher oxidation activity of
the NO2AO2 gas mixture with respect to pure NO2, which favors
both soot combustion and CO2 formation.

From the bulk of the data reported above, it is clear that the
combustion of soot is greatly enhanced in the presence of NO2 with
respect of pure oxygen. As a matter of fact, soot oxidation is
observed at 300�C in the presence of both NO2 and O2, but not of
only oxygen. This observation is in agreement with several litera-
ture reports indicating the NO2 as a better oxidant than O2, which
can oxidize soot at relatively low temperatures (Jelles et al., 1999;
Setiabudi et al., 2002; Stanmore et al., 2001, 2008). However oxy-
gen participates in the reaction, as pointed out by the parameter
DO (= 2CO2 + CO) (see Fig. 1). Hence this indicates a cooperative
effect between O2 and NO2 towards soot oxidation when they are
both present in the feed gas. In line with mechanistic indications
taken from literature (Jeguirim et al., 2005; Muckenhuber and
Grothe, 2006; Setiabudi et al., 2004; Stanmore et al., 2008; Tighe
et al., 2012), it can be suggested that soot oxidation is initiated at
low temperatures by NO2 via formation of oxygen complexes on
the carbon surface (C(O) species), eventually resulting in the for-
mation of CO and/or CO2 according to reactions (4) to (6) of the fol-
lowing simplified mechanistic scheme:

CAC + NO2 !CAC(NO2) !CAC(O) + NO ð4Þ
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Fig. 2. Effect of oxygen concentration on Printex U oxidation in the presence of NO2 (300 ppm): residual soot carbon mass normalized by the initial value, mc/mc0 vs. time (A)
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CAC(O) + NO2 !CAC(NO3) !C(O)C(O) + NO ð5Þ
CðOÞCðOÞ þ NO2 ! CO2 þ COþ NO ð6Þ
This has been pointed out by DRIFT studies (Setiabudi et al.,

2004) showing the formation of different types of surface oxygen
complexes (e.g. carboxylic, lactone and/or anhydride groups) as
soot oxidation intermediates, upon CANO2 interaction.
In addition, gas phase O2 is expected to further react with the
surface oxygen complexes originated by NO2, forming less stable
complexes that decompose according to reactions (7) and (8):

CAC(O) + 1 / 2 O2 !C(O)C(O) ð7Þ

CðOÞCðOÞ þ 1=2O2 ! CO2 þ CO ð8Þ



Formation of oxygen surface complexes by NO2 explains the
participation of oxygen in the soot combustion in the presence of
NO2, even at temperatures where oxygen alone is not reactive.

Moreover, in line with this reaction scheme, it is suggested that
the saturation effects observed for the O2 concentration (see
Fig. 2A and B) can be related to the fact that reactions 4 and 5, lead-
ing to the formation of the surface C oxygen complexes by NO2,
become rate limiting.

3.2. Effect of temperature

The influence of temperature on the soot combustion was
investigated with the standard reactor feed (300 ppm NO2, 5% O2

and 2% H2O in He) in the range 250–350 �C (i.e. 250, 263, 275,
300, 325, 337 and 350 �C). As an example, Fig. 3A and 3B show
the outlet gas concentrations for the experiments carried out at
the lowest and the highest investigated temperatures, i.e. 250 �C
and 350 �C, respectively. In both cases the results show similar
behavior with respect to the run performed at 300 �C (see Fig. 1),
i.e. the evolution of CO2, CO and NO upon NO2 admission to the
reactor at t = 0 s, due to the occurrence of soot combustion reac-
tions (1) and (2). As expected, the soot oxidation activity increases
with temperature. In fact when soot combustion is performed at
250 �C (Fig. 3A), very low levels of CO2 and CO are observed (ca.
30 and 10 ppm, respectively, vs. 60 and 20 ppm observed at
300 �C, Fig. 1). Conversely, at the highest investigated temperature
(350 �C, Fig. 3B) the production of ca. 120 and 40 ppm of CO2 and
CO, respectively, is observed. Of note, as already observed for the
isothermal run performed at 300 �C, the concentration of both
CO2 and CO changes with time-on-stream, e.g. it increases during
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Fig. 3. Printex U oxidation at 250 �C (A) and 350 �C (B) with 300 ppm NO2, 5% O2

and 2% H2O.
the initial stages, showing a maximum, and then decreases as soot
is consumed. Notably, the maximum in the COx concentration is
shifted to lower time-on-stream upon increasing the temperature,
being near 30,000 s at 250 �C and decreasing down to 11,000 and
5000 s at 300 and 350 �C, respectively.

The effect of temperature is displayed in Fig. 4A in terms of mC/
mC0 (i.e. the temporal evolution of the residual soot carbon mass
normalized by its initial value) versus time, for all the experiments
performed in the temperature range 250–350 �C.

As expected, the rate of soot consumption increases with tem-
perature. Temperature favors the participation of NO2 through
reactions (1) and (2), and accordingly higher NO2 consumption
can be observed during the experiment performed at 350�C
(Fig. 3B) in comparison to the experiment performed at lower tem-
peratures, e.g. 300 and 250 �C (Figs. 3A and 1, respectively). In
addition, the temperature favors the participation of gaseous O2

as shown in Fig. 4B where the values of the (DOANO) parameter
are plotted for the soot oxidation experiments carried out at all
the investigated temperatures.
3.3. Effect of H2O

The influence of water on the soot oxidation was investigated at
300�C by changing the inlet H2O content from 0% to 5% in the pres-
ence of 300 ppm NO2 and 5% O2. The results are illustrated in
Fig. 5A in terms of mC/mC0 versus time. A lower oxidation activity
is observed in the absence of water: in fact in this case 80% of soot
conversion is reached after ca. 60,000 s while in the presence of 2%
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H2O the same conversion is achieved after ca. 28,000 s. Besides the
CO2 and CO concentration traces (data not reported) didn’t show
any maximum but decreased with time during the test performed
without water. For further increase in the inlet water concentra-
tion, up to 5%, a weak effect on soot oxidation is observed indicat-
ing the occurrence of surface saturation effects as shown in other
literature reports (Messerer et al., 2006; Jung et al., 2008).

In the presence of water, the NO/NO2 ratio (see Fig. 5B) greatly
increases due to the increase of the NO2-carbon reactivity thus
leading to the higher production of NO according to reactions (1)
and (2). In addition, the presence of water seems also to positive
affect the participation of gaseous oxygen in soot combustion. This
clearly appears from Fig. 5C showing that the (DOANO) values,
representative of the oxygen contribution to the soot combustion,
increase upon increasing the water content.

Of note, when soot oxidation was performed in the presence of
water but without O2 (see Fig. 2F) (DOANO) values always equal to
zero were found, indicating that the oxygen atoms of water are not
consumed for the combustion of soot by NO2. This indicates that
water seems to play a catalytic effect on both the CANO2 and
CAO2 reactions rather than to directly take part as a reactive spe-
cies in the soot combustion. The positive effect of water on the
CANO2 reaction has been attributed to the increased formation
of oxygen complexes on carbon surface via the intermediate for-
mation of traces of nitric and nitrous acids, which enhance the rate
of the carbon oxidation by NO2 without modifying the global
mechanism reaction (Jacquot et al., 2002; Jeguirim et al., 2005,
2009b). Accordingly, such a surface activation could explain also
the increasing contribution of gaseous O2 to the carbon-NO2

reaction.
Finally, the presence of water was found to positively affect also

the CO2 selectivity of the combustion process, which is in line with
the higher soot oxidation activity observed in the presence of
water and in agreement with the previous results of Neeft et al.
(1997). This is shown in Fig. 5D where the CO2/CO ratios vs. soot
conversion f are plotted for soot oxidation experiments preformed
in the absence and in the presence of water: CO2/CO ratios in the
range of 3–3.5 and 2–2.5 are observed with and without water,
respectively.
3.4. Kinetic analysis

3.4.1. Reaction order of carbon
For the analysis and description of the soot oxidation data the

following kinetic equation was applied:
ðdxc=dtÞ ¼ �kmðTÞxn
c ð9Þ

wherexc is the fraction of residual soot (i.e. the residual mass of
soot /initial mass of soot), km is the Arrhenius rate constant and n is
the reaction order of soot (carbon). Both O2 and NO2 concentra-
tions have been considered near-constant and homogeneous, con-
sidering the reactor to operate under differential mode.
Accordingly experiments with less than 10% of NO2 consumption
were considered, whereas the oxygen consumption was small dur-



ing all the experiments. The reaction order in soot (i.e. n) was
determined by applying the Eq. (9) in the linearized form (10), as
it is shown in Fig. 6 for representative soot oxidation experiments:
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Fig. 6 shows that the reaction order in carbon changes with soot

conversion, being negative at low conversion region and positive at
high conversion region, respectively. This is in agreement with the
experimental data described in the previous section, since during
the run performed with the NO2/O2 mixture under wet conditions
a maximum in the CO2 and CO concentration traces is observed,
indicating a variable dependence of the oxidation rate with soot
conversion. In particular, at high conversion degree, a reaction
order near 0.7 is estimated, that is close to the value of 0.67
expected from the shrinking-core model (Neeft et al., 1997) which
considers soot particles as non-porous spheres with decreasing
radius as the oxidation proceeds at the external particle surface.

The change of carbon reaction order with conversion and the
poor accuracy of the shrinking-core model at low conversion
degree have been observed also by Wang-Hansen et al. (2011)
for O2 based oxidation of Printex U. The same Authors suggested
that the modification of carbon accessibility, which is likely related
to changes in the surface area, can be invoked to explain the
observed changes in the combustion rate during isothermal oxida-
tion. In this respect, several studies (López-Fonseca et al., 2007;
Strzelec et al., 2013; Wang-Hansen et al., 2011; Yezerets et al.,
2005) showed an increase of the specific surface area of soot upon
oxidation in O2 which is remarkably greater than that predicted by
the shrinking-core model. This has been explained as the develop-
ment of an internal porosity during combustion rather than a con-
ventional shrinking-core behavior via surface oxidation. More
recently Strzelec et al. (2016) analyzed, by means of BET surface
area measurements and HRTEM analyses, the burning mode of die-
sel particulate in NO2, especially in comparison to oxygen. The BET
results showed that, as opposed to O2, oxidation in NO2 alone fol-
lows the shrinking core model where only the surface carbon is
being oxidized. Accordingly, the HRTEM results showed that the
oxidation by O2 proceed via opening pores leading to surface area
increase in the particle (i.e. by preferentially attacking high curved
lamella), while oxidation by NO2 reacts indiscriminately upon con-
tact with the external particulate surface. On this regard, it is
worth recalling that the soot oxidation rate (indicated by the CO2
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and CO concentration traces) didn’t show any maximum during
the experiments performed in the presence of NO2 only (i.e. with-
out oxygen) which could be in agreement with a shrinking core
burning mode. Interestingly, the same result was observed during
the experiment performed in the absence of water. These results
clearly indicate that water and oxygen promote the formation of
an internal porosity upon soot oxidation in the presence of NO2.
3.4.2. Rate coefficients and activation energy
The reaction rate constant was calculated by considering the

reaction order in carbon equal to 0.7, e.g. by applying the
shrinking-core model over the entire conversion interval, accord-
ing to the following equation:

ðdxc=dtÞ ¼ �kmðTÞx0:7
c ð11Þ

Fig.7A shows the dependence of the reaction rate constant k on
carbon mass conversion f for experiments performed with stan-
dard reactor feed (300 ppm NO2, 5% O2, and 2% H2O in He) at dif-
ferent temperatures. At constant temperature, km is constant only
in the high conversion region, where soot oxidation is well
described by the shrinking-core model. As expected, the kinetic
rate constant km increases with temperature, and the apparent
activation energy was determined from the following equation
by using an Arrhenius plot:

lnðkmðTÞÞ ¼ lnðkm0Þ � Eatt=R1=T ð12Þ
Fig. 7B shows the Arrhenius plots for different soot conversion

degrees. Of note, a decreasing activation energy with the increasing
conversion has been found ranging from 44 kJ/mol at 30% conver-
sion to 36 kJ/mol at 60% conversion, respectively. Note that the
apparent value of the activation energy describes the overall oxida-
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tion rate by NO2 and O2. A similar behavior has been pointed out by
Wang-Hansen et al. (2011) for the O2-based oxidation of Printex U
(e.g. the activation energy was found to decrease by approximately
20 kJ/mol over all the conversion range). Along similar lines in a
very recent study by Gaddam et al. (2016) the activation energy
was found to vary over the course of soot oxidation depending
on both the initial carbon nanostructure and structures modifica-
tions occurring during combustion. Besides, most of the studies
reported single values for the overall activation energy ranging
from 40 to 90 kJ/mol for soot oxidation by NO2 and from 170 to
200 kJ/mol for soot combustion by O2, in the temperature range
200–450 �C, depending on the different type of soot (e.g. real Diesel
or model soot), as summarized by the review of Stanmore et al.
(2008). Hence, the average value of the activation energy of 40 kJ/-
mol obtained in the present study is reasonable and in agreement
with the values found by Jung et al. (2008) for the combustion of
Printex U by O2 and NO2, under similar experimental conditions.
4. Conclusions

The non-catalytic oxidation of a synthetic soot (i.e. Printex U) 
has been investigated by isothermal experiments performed at dif-
ferent temperatures and using NO2/O2 mixture in a wide range of 
concentrations, both in the absence and in the presence of water. 
In the investigated reaction conditions soot oxidation is dominated 
by NO2 as the main oxidant with respect to oxygen. As a matter of 
fact, the soot-NO2 reaction proceeds at low temperatures, where 
the soot-O2 reaction is ineffective. Besides, it has been found that 
soot oxidation occurs faster in the presence of both NO2 and O2 

with respect to O2 alone or pure NO2, pointing out the contribution 
of molecular oxygen to the soot-NO2 reaction. The oxidation of soot 
by NO2 and NO2/O2 is enhanced by temperature. The soot oxida-
tion rate is further increased in the presence of water possibly 
due to the formation of nitric and nitrous acid, whose presence 
seems to positively affects both soot-NO2 reactivity and the contri-
bution of molecular oxygen. However no direct involvement of 
oxygen atoms of water has been pointed out.

From the kinetic analysis, the average activation energy for soot 
oxidation with NO2-O2AH2O was calculated near 40 kJ/mol. A non-
negligible dependence of the kinetic parameters (e.g. activation 
energy and soot oxidation reaction order) on soot conversion was 
found. This outcome, together with the observed changes in oxida-
tion rate during isothermal soot oxidation, suggests the occurrence 
of physicochemical changes in the carbon structure occurring dur-
ing combustion.
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