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Experimental study of the interaction between soot combustion and 
NH3-SCR reactivity over a Cu–Zeolite SDPF catalyst
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The interplay between the NH3 SCR reactions and the oxidation of particulate matter (PM) is system-atically investigated in view
of the development of SDPF systems, which consist of a Selective Catalytic Reduction (SCR) catalyst coated on a diese
particulate filter (DPF). Both steady state and dynamic cat-alytic activity runs are performed on a commercial Cu-promoted zeolite
catalyst supported on a SiC DPF crushed to powders and mixed with synthetic soot (Printex U). Three main effects are addressed
namely:(i) the influence of NO and/or NO2 on soot combustion, (ii) the influence of the co-presence of NH3 and NOx on soo
combustion, and (iii) the influence of soot on the SCR reactions. It is found that NO2 oxi-dizes soot to COx at much lowe
temperatures than O2, but the co-presence of NH3 strongly reduces such a downshift of the soot combustion light-off. In fact, ou
results clearly point out that the NH3-SCR reactions successfully compete with soot combustion for NO2 usage, the reactivity
with NH3 being the NO2 preferred reaction pathway at low temperature. In addition, the Standard and the Fast SCR reactions
(NO2/NOx ≤ 1/2) are slightly but negatively affected by the presence of soot, while in case of NO2 excess (NO2/NOx > 1/2) the
SCR deNOx activity benefits from the soot/NO2 interaction.
1. Introduction

,

molecules: it is thus suspected to induce many health diseases,
Diesel engines are extensively used for HD vehicles; more
recently, they have become popular also for LD vehicles and passen-
ger cars. This class of lean-burn engines is associated however with
the emission of many pollutants in the exhaust gases, including
NOx, particulate matter (PM), CO and hydrocarbons [1].

Nitrogen oxides is the generic term used for a group of highly
reactive gases, which contain nitrogen and oxygen in different pro-
portions [2]. NOx are primary pollutants, directly emitted from
combustion processes. After their emission into the atmosphere
they are subjected to diffusion, transport and deposition phenom-
ena. They can also give origin to new pollutant species, such as
nitric acid (HNO3) and nitrous acid (HNO2), which are responsible
for acid rains. Particulate matter (PM), or soot, is a complex het-
erogeneous carbonaceous framework with hundreds of different
chemical compounds which are responsible for the soot’s chemical
and physical features [3–5]. The diesel soot shows a high intrin-
sic toxicity, which could be even amplified by other adsorbed
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such as increased morbidity, cardiovascular and respiratory sick-
ness, lung and bladder cancer [6–9].

On these bases, and also considering the increasing pressing
emission regulations present in many countries, it is essential to
put more efforts in the direction of developing new technologies
to after-treat the lean exhausts from mobile sources (cars, trucks,
trains and ferries).

In the field of simultaneous NOx and PM abatement, the SDPF
system is one of the emerging technologies [10]. The SDPF sys-
tem consists of an NH3 Selective Catalytic Reduction (SCR) catalyst
coated onto a wall-flow diesel particulate filter (DPF). Combining
two functions in a single unit, it represents an effective solution
for the limited volume available onboard of vehicles. Furthermore,
SDPF devices can help during the cold start, enabling the SCR cat-
alyst to reach the working temperature faster. They can ensure
also an improved DPF regeneration, avoiding hot-spots formation
along the monolithic substrate, since the presence of NO2, a better
oxidizing agent than O2, promotes the soot combustion at lower
temperature. It is well-known in the literature, however, that NO2
plays an important role in the SCR reactions as well, as it enables
the so called Fast-SCR reaction which increases the DeNOx activity
in the low temperature region, typically below 250 ◦C [11].
D 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
016.01.027
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Although the SDPF technology relies on two well-established
echniques (NH3/urea SCR and DPF), it is still controversial if and
ow the two chemistries affect each other. Undoubtedly, SCR reac-
ions and soot oxidation proceed in different temperature ranges
10], but it is also worth remarking that the nature and the activity
f the SCR coating and the specific soot features, together with the
resence of promoting or inhibiting agents (e.g., NO2 or hydrocar-
ons), can eventually result in some overlapping of their operating
anges. Indeed, it is nowadays well known [12,13] that NO2 can pro-
ide additional and more effective reaction pathways to oxidize the
oot (“passive regeneration”).

In this context, a systematic work was carried out in our labs,
ocusing on three different fundamental aspects: (i) understanding
he effect of the nature and composition of the oxidizing reac-
ion environment on the soot combustion, (ii) clarifying how the
imultaneous presence of NOx and NH3 affects the PM combustion
hemistry, and (iii) studying the impact of soot on the NH3-SCR
hemistry, with focus on the key role played by NO2.

. Experimental and methods

A commercial SDPF, based on a Cu–zeolite catalyst coated on a
all-flow SiC substrate, fully representative of the state-of-the-art

DPF technology, was tested in the form of powder. After removing
he plugs at both ends, the original washcoated wall-flow monolith
as crushed and sieved in order to obtain a grain size within the

ange 95–106 �m. The grain size was selected to prevent bypass,
o mitigate pressure drop and to afford operation in a chemical
egime.

In each SCR activity run, 70 mg of Cu–zeolite was mixed
ith 70 mg of cordierite as a diluent, and loaded in the flow-
icroreactor. In the case of combined SCR/soot oxidation runs,

0 mg of Cu–zeolite was mixed with 50 mg of cordierite and 5 mg
f PrintexU (Degussa) according to a loose contact methodology
14–17]. PrintexU was used as synthetic model soot to ensure a
igh level of reproducibility and to avoid spurious influences due
o: e.g., noble metal traces and/or VOC adsorbed on real engine soot.

oreover, the properties of PrintexU are well-known and available
n the literature [14]. During each run, the whole load of PrintexU

as completely burnt out, so that a new batch had to be loaded for
he next run.

A flow-microreactor consisting of a quartz tube (6 mm i.d.)
laced into an electric furnace was used in the experiments, with a
hermocouple directly immersed in the powder bed to measure the
eaction temperature. In order to directly compare the results, the
wo sets of experiments, with and without soot, were performed
t different volumetric flows (172 and 241 Ncc/min, respectively)
o ensure the same space velocity, defined as volumetric flow rate
ver Cu–zeolite catalyst load.

The reactor outlet was directly connected to three gas analy-
ers in a parallel configuration: a quadrupole mass spectrometer
Balzers QMS 200) for analysis of NH3, N2O, NO, NO2, N2 and
2O, a UV-Analyser (ABB LIMAS 11HW) for analysis of NO, NO2,
H3, and a Non Dispersive IR-Analyser (ABB URAS-14) for CO
nd CO2 in parallel. NH3, NO, NO2, O2 and He were dosed from
ylinders with calibrated gas mixtures via mass flow controllers,
hile water vapor was added by means of a saturator. Kinetic runs

ncluded both isothermal steady-state experiments and temper-
ture programmed reaction (TPR) experiments performed within
he 150–500 ◦C and 150–700 ◦C T-ranges, respectively. In the case of
he TPR runs the heating rate was slow (2 ◦C/min), resulting in quasi

teady-state behavior: during diagnostic runs, the measured outlet
oncentrations were found overlapped with those of steady-state
uns at each examined temperature. Typical feed concentrations of
Ox (with 0 ≤ NO2/NOx ≤ 1) and NH3 were 250 or 500 ppm, always
in the presence of O2 (8% v/v) and H2O (5% v/v) and balance He. A
more detailed description of the experimental rig and procedures
can be found in Refs. [11,18,19].

For each run in which PrintexU was used, the C-balance was
checked according to the following equation:

Carbonbalance% = 100 × molCOx × CarbonMW
0.922 × WPrintexUloaded

(E.1)

where 0.922 represents the carbon weight fraction in PrintexU [14],
and molCOx (CO + CO2) is the cumulative molar amount of COx
released during the TPR run, evaluated by integration of the COx
curves.

3. Results and discussion

3.1. Reference NH3-SCR activity runs

The NH3-SCR activity (without soot) was first evaluated, via
steady-state runs, for the following, most representative react-
ing systems: NH3 oxidation, Standard-SCR, Fast-SCR and NO2-SCR.
Results are summarized in Fig. 1.

When feeding 500 ppm of ammonia in the presence of 5% v/v
H2O and 8% v/v O2 to the tested Cu–zeolite catalyst, Fig. 1A shows
the onset of some oxidation activity around 250 ◦C and a full
light off above 400 ◦C, in line with the NH3 oxidation behavior
of state-of-the-art Cu-promoted small-pore-zeolite catalysts [20].
Furthermore, a complete selectivity to N2 in the whole temperature
range was observed, according to:

2NH3 + 3
2

O2 → N2 + 3H2O (R.1)

Fig. 1B shows the results collected at Standard SCR conditions:
500 ppm of both NH3 and NO were fed to the quartz microflow
reactor with 5% v/v H2O and 8% v/v O2. The commercial Cu–zeolite
powdered catalyst exhibits a high DeNOx activity, reaching com-
plete NO and NH3 conversions already at 250 ◦C. In the explored
temperature range, N2O formation was below the detection limit
of our analyzer (about 10 ppm). These results are in line with the
occurrence primarily of the Standard SCR Reaction (R.2):

NH3 + NO + 1
4

O2 → N2 + 3
2

H2O (R.2)

Fig. 1C shows the results collected at Fast SCR conditions, feeding
500 ppm of NH3 and 250 ppm each of NO and NO2 in the presence
of H2O and O2. As expected [11,21], the Fast SCR reaction

2NH3 + NO + NO2 → 2N2 + 3H2O (R.3)

proceeds already at very low temperature, with high conversions
and N2-selectivities up to 500 ◦C.

In the case of the NO2-SCR conditions (results shown in Fig. 1D),
only NH3 and NO2, 500 ppm each, were fed to the reactor again in
the presence of H2O and O2. In order to prevent severe ammonium
nitrate build-up, the temperature steps started from 200 ◦C [22].

The equimolar consumption of ammonia and NO2 visible
between 200 and 250 ◦C indicates NH4NO3 formation according to
Reaction (R.4):

2NH3 + 2NO2 → NH4NO3 + H2O + N2 (R.4)

At temperatures higher than 200 ◦C ammonium nitrate is
then decomposed to N2O. N2O formation reaches a maximum of
100 ppm at around 300 ◦C and then is gradually reduced to 40 ppm
at 500 ◦C.

◦
Above 250 C, the NO2-SCR Reaction (R.5) suddenly becomes
very active,

NH3 + 3
4

NO2 → 7
8

N2 + 3
2

H2O (R.5)
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ig. 1. SCR steady state runs. Flow rate = 241 cm3/min (STP), feed: H2O = 5%(v/v
Ox = 500 ppm, NO2/NOx = 0.5; (D) NOx = 500 ppm, NO2/NOx = 1.

onverting the entire ammonia feed. Above 400 ◦C the NO2 decom-
osition reaction produces a slip of NO according to Reaction (R.6)
everse:

O + 1
2

O2 ↔ NO2 (R.6)

.2. Soot oxidation in the presence of NOx

The following step of the work consisted in the investigation
f the soot combustion. For this purpose, oxidizing gas mixtures
iffering in both nature and amount of the oxidizing agents have
een tested. Results are summarized in Fig. 2A–D.

At first, the simplest oxidizing agent was studied: 8% v/v O2 in
he presence of 5% v/v H2O and He as carrier gas was fed to the

icroflow reactor loaded with PrintexU mixed with the Cu–zeolite
atalyst powders (Fig. 2A). On increasing the temperature from
50◦ to 700 ◦C, the PrintexU combustion was enabled according
o the reactions below:

+ 1
2

O2 → CO (R.7)

+ O2 → CO2 (R.8)

Indeed, as clearly apparent in Fig. 2A, CO2 starts being produced
round 250 ◦C, probably due to the presence of some volatile com-

ounds in the soot, while the onset of CO production is detected
t higher temperature. The COx formation remains however quite
imited below 450–500 ◦C, but at this temperature the full light-off
f the soot combustion is achieved, Reactions (R.7) and (R.8) pro-
= 8%(v/v), NH3 = 500 ppm. (A) NOx = 0 ppm; (B) NOx = 500 ppm, NO2/NOx = 0; (C)

ducing large amounts of CO2 and CO with a peak around 580 ◦C.
Over the entire range of investigated temperatures CO2 appears to
be the main soot combustion product.

Subsequently, after reloading a new batch of PrintexU soot in
the reactor mixed with the Cu–zeolite catalyst powders, the oxi-
dation of soot by NO was addressed, feeding 500 ppm of NO with
oxygen, water and He while the reactor was again heated up to
700 ◦C. The results, presented in Fig. 2B, show that the NO outlet
concentration remained constant and equal to the feed value over
the whole temperature range. It is also evident that, up to 450 ◦C,
only a marginal CO and CO2 evolution was detected. Starting from
450 ◦C a great COx production was measured, with a maximum
around 580 ◦C. The COx curves in Fig. 2B are almost equal to those
obtained when only oxygen was fed to the system (Fig. 2A): this
clearly indicates that NO does not interact with soot even in the
presence of the Cu–zeolite catalyst. We conclude that the effect of
NO alone on soot combustion is essentially negligible in both the
low and the high temperature range.

Next, soot combustion runs were carried out while feeding
250 ppm of NO and NO2 (Fig. 2C). A strong effect was clearly appar-
ent in this case, associated with a higher soot combustion activity in
the low temperature region [16]. As a consequence of this boosted
activity, evidently due to the co-presence of NO2, the light off tem-
perature for soot combustion was shifted to 200–250 ◦C, roughly
100–150 ◦C lower than in the runs in Fig. 2A and B, carried out with

oxygen and with NO/oxygen, respectively. Furthermore, the NO2
consumption, which started around 200 ◦C, was associated with an
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ig. 2. PrintexU combustion runs in the presence of NOx. Flow rate = 172 cm3/min (
C) NOx = 500 ppm, NO2/NOx = 0.5; (D) NOx = 500 ppm, NO2/NOx = 1.

quivalent amount of released NO. The data are therefore in line
ith the following reactions:

+ NO2 → CO + NO (R.9)

+ 2NO2 → CO2 + 2NO (R.10)

herein NO2 oxidizes the soot to a CO/CO2 mixture, while the nitro-
en oxidation state is reduced from +4 in NO2 to +2 in NO. To ensure
hat the NO released during the run is actually due to the Print-
xU consumption, also the N-balance was estimated: as shown in
ig. 2C, the overall NOx remained constant and equal to 500 ppm
uring the whole run, confirming that NO directly comes from NO2
eduction by soot. Fig. 2C also points out that, even in presence
f 250 ppm of NO2, a COx peak is still evident at 580 ◦C, that is
elated to soot combustion by O2 as discussed above; indeed, at
uch high temperatures O2 can effectively compete with NO2 for
he oxidation of the residual PrintexU still present in the reactor.

Fig. 2D illustrates the run performed feeding NO2 only
500 ppm) in the presence of H2O and O2. Clearly, on doubling
he NO2 feed content there was a further benefit in the low tem-
erature soot oxidation, which started already below 200 ◦C and
ontinued up to 570 ◦C. In this case, however, the COx peak at 580 ◦C
ue to soot oxidation by oxygen was not clearly evident, since the
ore effective soot removal by NO2 at low temperature was able

o complete the combustion of the carbonaceous species in the

rintexU [23] before oxygen became active. Remarkably, during
he temperature ramp the NO2 consumption was associated with
n equivalent NO release, in line with Reactions (R.9) and (R.10). It
s also worth noticing that at the end of the combustion process,
eed: H2O = 5%(v/v), O2 = 8%(v/v). (A) NOx = 0 ppm; (B) NOx = 500 ppm, NO2/NOx = 0;

due to soot depletion (around 625 ◦C and 575 ◦C, respectively, in
Figs. 2C–D), there was a slip of NO2, which partially decomposed to
NO and O2.

3.3. NH3 + NOx SCR activity in the presence of soot

The third stage of the work addressed the effect of the soot on
the NH3-SCR reactions. The data were obtained by carrying out
quasi steady-state SCR activity runs (TPR = T-ramps with slow heat-
ing rate of 2K/min) on the commercial Cu–zeolite catalyst powders
mixed with 10% w/w of PrintexU. Like for the previous cases, the
H2O and O2 feed concentrations were kept at 5% and 8%, respec-
tively. The results are shown in Fig. 3A–D for each one of the four
investigated reacting systems.

As illustrated in Fig. 3A, NH3 oxidation started at 350 ◦C, showing
100% selectivity to N2 up to 550 ◦C, while significant formation of
NO was observed at high temperatures.

The Standard-SCR reaction (Fig. 3B) exhibited a full selectivity
to N2 together with a 1:1 NH3/NO molar conversion ratio up to
350 ◦C. At higher temperatures the ammonia oxidation started to
compete, being responsible for a slip of NO which increased with
growing temperature, reaching 350 ppm at 700 ◦C.

Even with PrintexU, the Fast-SCR (Fig. 3C) was the best per-
forming SCR reaction, effecting a complete NOx removal already

at 250 ◦C with a very limited N2O formation. Above 350 ◦C, again
ammonia oxidation started to play an important role, determining
a decrease in N2 production, accompanied by substantial NO slip.
It is important to highlight that below 250 ◦C the 1:1 NO2/NO con-
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performed with PrintexU is 10–20% higher than in the baseline case.
The higher activity is also confirmed by the N2 traces (Figs. 1 A vs.
ig. 3. SCR runs in the presence of PrintexU. Flow rate = 172 cm3/min (STP), feed: H2O
C) NOx = 500 ppm, NO2/NOx = 0.5; (D) NOx = 500 ppm, NO2/NOx = 1.

umption ratio typical of the Fast SCR reaction was not satisfied,
O2 being converted in greater amounts.

The data in Fig. 3D reflect a typical NO2-SCR behavior in which
oth NH3 and NO2 were consumed by Reaction (R.4). Due to the
xcess of NO2, N2O formation was significant, with a maximum at
00 ◦C.

Fig. 4 shows the CO and CO2 traces measured during the same
CR runs in the presence of soot presented in Fig. 3. During NH3
xidation and Standard-SCR experiments (Fig. 4A and B) there was
marginal CO–CO2 production below 400 ◦C, while the soot oxida-

ion by O2 originated COx peaks at 580 ◦C. In both cases, the soot
ombustion was quantitatively completed at temperatures around
40 ◦C.

Under Fast-SCR reacting conditions, when feeding 250 ppm of
oth NO and NO2, the CO2 production was marginally increased
Fig. 4C) below 400 ◦C. Even though NO2 was present, the combus-
ion process was activated only at high temperatures generating
he characteristic COx peak at 580 ◦C.

Finally, Fig. 4D shows the results obtained under typical NO2-
CR conditions. Due to the excess of NO2 fed to the reactor
500 ppm), the enhancement of the PrintexU combustion at low
emperature was even more significant than in Fig. 4C, but again
he amount of NO2 was not sufficient to complete the process.
ccordingly the O2 combustion route, active at high temperature,
ventually concluded the soot oxidation, resulting in the typical

Ox peak at 580 ◦C.
v/v), O2 = 8%(v/v), NH3 = 500 ppm. (A) NOx = 0 ppm; (B) NOx = 500 ppm, NO2/NOx = 0;

3.4. Effect of soot on NH3 + NOx SCR

Being the amount of the NH3 stored onto the SCR catalyst one
of the key factors for the NH3-SCR activity [20,24], a dedicated NH3
adsorption + TPD run was performed first to evaluate the impact of
soot. The estimate of the NH3 storage capacity from the adsorp-
tion phase (not shown) (0.255 mmolNH3/gcat) was 10% higher in
the case of Cu–Zeolite + PrintexU than for the clean Cu–zeolite
(0.227 mmolNH3/gcat), indicating that PrintexU can adsorb NH3. In
both runs, the isothermal adsorption phase was followed by TPD
runs, which are displayed in Fig. 5. The analysis of the TPD curves
points out that the additional ammonia adsorbed on soot is more
strongly bonded to the soot surface than on the Cu–Zeolite, result-
ing in a shift of the NH3 TPD peak to higher temperatures (Fig. 5).
The acid sites [3], which could be produced by heating the soot in
the presence of an oxidizing agent such as O2, are likely responsible
for such a strong interaction between NH3 and PrintexU.

To analyze the soot influence on the different SCR reacting sys-
tems, a direct comparison between the SCR reference data (Fig. 1)
and PrintexU/SCR is presented in Fig. 6 in terms of NH3 and NOx
conversions. The results of the NH3 oxidation runs carried out with
and without PrintexU show (Fig. 6A) comparable NH3 conversions
up to 350 ◦C, but above this temperature the conversion in the run
3 A), suggesting that the soot promotes the ammonia oxidation.
A possible explanation could directly come from the nature of the
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oot used in this work. PrintexU is primarily a carbon framework
∼92% content) with the addition of O2 and H2: O2 may form oxy-
enated compounds and acid sites [25] in the PrintexU structure.
he acid sites of the soot are responsible for the observed additional

H3 storage, while the oxygenated surface compounds could play
role in catalyzing the ammonia oxidation, since they can work as

activated oxygen donors” [3,26]. Such “donors” can also be formed
y the gaseous O2 adsorbed on the soot surface [27]: this process
Temperature, °C

cting conditions (conditions as in Fig. 3).

could be emphasized by the high surface area that characterizes
PrintexU [3] improving the gas–solid contact.

Fig. 6B compares NH3 and NOx conversions in Standard-SCR
baseline runs and in Standard-SCR runs over the Cu–zeolite cata-
lyst mixed with PrintexU. The presence of soot results in lower NO
and NH3 consumptions at 150–350 ◦C, which is the most interest-
ing temperature range for Standard-SCR. Since it has been already
demonstrated that co-feeding NH3 and NO has no effect on the soot
combustion, and furthermore NO does not interact with PrintexU, a
possible explanation for the observed inhibition could derive from
an adverse effect of soot coverage on the Cu–zeolite active sites
[28]. The facts that relatively large amounts of soot were loaded
(10% w/wcat) in the microreactor, and that soot particles are three
orders of magnitude smaller than the Cu catalytic powder [29],
support this assumption. On the other hand, soot particles are still
too big to block the pores of the zeolite support, the SCR reactions
mainly occurring inside the zeolite framework structure. Accord-
ing to an alternative explanation, soot could compete with the SCR
catalyst for NH3 adsorption, reducing the NH3 coverage on the
Cu–zeolite. Nevertheless, our NH3-TPD data suggest that soot just
provides more (and stronger) ammonia adsorption sites in addi-
tion to those on the Cu–zeolite. Thus, it seems that more dedicated
work is needed to fully clarify the physic-chemical reasons for the
reduced SCR activity in the presence of soot.

From Fig. 2C–D it is possible to conclude that NO2 is able to
◦

this high propensity to react with soot, in addition to the nega-
tive coverage effect proposed above, could be the reasons of the
inhibition observed below 300 ◦C when performing the Fast-SCR
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Fig. 6. Effect of PrintexU on DeNOx efficiency (conditions

eaction in the presence of soot (Fig. 6C). Support to this hypoth-
sis directly comes from Fig. 3C, in which it is apparent that the
quimolar NO/NO2 ratio peculiar of the Fast-SCR was not respected;
ndeed, the PrintexU oxidation, Reactions (R.9) and (R.10), subtracts
O2 otherwise available for the Fast-SCR reaction and prevents to
chieve its optimal 1/2 NO2/NOx molar ratio.

As opposite to what was observed so far, when operating under
O2-SCR conditions (500 ppm of NH3 and NO2 with 8% and 5% of
2 and H2O, respectively) a significant enhancement of both NH3
nd NOx conversions was observed (Fig. 6D). The promoting effect
ssociated with the presence of the PrintexU is evident in a temper-
ture range where both Standard-SCR and Fast-SCR are adversely
ffected by the presence of carbon black. It is a matter of fact
hat the NO2/NOx ratio strongly affects the catalyst DeNOx perfor-

ance, since it governs the occurrence of different SCR reactions:
tandard-SCR (NO2/NOx = 0), Fast-SCR (NO2/NOx = 1/2) and NO2-
CR (NO2/NOx = 1/1). Moreover, it is well-known that NO2-SCR is
he slowest SCR reaction and the catalyst performance progres-
ively increases while reducing the NO2/NOx ratio: the activity
chieves a maximum at NO2/NOx molar ratio = 1/2, which corre-
ponds to the Fast-SCR stoichiometry. Furthermore, it was shown
hat the NO2-SCR and PrintexU combustion can compete, at low
emperature, for the NO2 usage, ending up with a partial NO2 con-
umption and NO generation associated with PrintexU oxidation.
hus, under NO2 SCR conditions in the presence of soot, the soot-
O2 reactivity shifts the actual NO2/NOx ratio from 1 to a value

loser to 0.5, which is associated with a more effective DeNOx activ-
ty. In addition, as evident in Fig. 7, a further beneficial effect due to
he presence of PrintexU, which moderately consumes NO2, is the
Fig. 7. Effect of PrintexU on N2O selectivity under NO2-SCR conditions (conditions
as in Figs. 1 D and 3 D): w = with PrintexU, w/o = without PrintexU.

reduced selectivity to N2O at 250–400 ◦C. N2O formation in fact is
correlated to a simultaneous excess of both NH3 and NO2 [11,30].

3.5. Effect of NH3 + NOx on soot oxidation

The effect of the co-presence of NH and NOx on the soot com-
3
bustion was eventually investigated. Fig. 8 compares CO and CO2
production in the experiments performed burning soot in the pres-
ence of NOx only (dashed lines, same results as in Fig. 2) and in those
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Fig. 8. Effect of NH3 addition (500 ppm) on PrintexU combustion runs (co

erformed burning soot in the presence of both NOx and ammonia,
ith 500 ppm feed concentration (solid lines).

In Fig. 8A–B, related to the experiments performed in the pres-
nce of oxygen only, and NO and oxygen, respectively, the COx
utlet concentration curves for runs with ammonia are almost
verlapped to those without ammonia, but for a slight shift in the
Ox peaks toward lower temperatures. Notably, in these exper-

ments two chemistries proceed in parallel, and compete for O2
sage, namely the PrintexU combustion by O2 Reactions (R.7) and
R.8) and some of the typical reactions proceeding in SCR convert-
rs, namely the NH3 oxidation Reaction (R.1) and the Standard SCR
eaction (R.2). The results in Fig. 8A and B show that the soot com-
ustion is essentially unaffected by the presence of either NO or
O + NH3, indicating that neither NO nor NH3 participate in soot
ombustion.

Fig. 8C shows the effect of ammonia on soot combustion in the
resence of an equimolar mixture of NO and NO2. Looking at the
O and CO2 profiles, it appears that the light off temperature for the
oot combustion increases in the presence of ammonia, resulting in
clearly reduced COx production in the intermediate temperature

ange (250–500 ◦C). This behavior can be explained considering
hat the Fast-SCR Reaction (R.3) proceeds at these conditions, with
H3 reducing both NO and NO2 in equimolar proportion [31,32].
hus, in the presence of NH3 Reaction (R.3) subtracts the NO2 other-
ise available for the low temperature soot combustion according
o Reactions (R.9) and (R.10). This suggests that the preferred reac-
ion pathway for NO2 is the NH3-SCR chemistry, rather than its
eactivity with soot.
Temperature, °C

ns as in Figs. 2 and 4): solid lines = with NH3, dashed lines = without NH3.

Fig. 8D shows the effect of ammonia on a run carried out with
500 ppm NO2 and NH3, plus 5% of H2O and 8% of O2, in the feed
stream. In the presence of ammonia (solid lines), the COx produc-
tion due to soot combustion slowly increased from 200 ◦C up to
500 ◦C, which is the light-off temperature for the O2-assisted soot
oxidation: upon ignition, this oxidation lead to a 500 ppm peak
of CO2 and a 175 ppm peak of CO between 550 and 580 ◦C. It is
clearly evident from Fig. 8D that the presence of ammonia reduced
the significant soot oxidation activity observed below 500 ◦C in
the absence of ammonia (dashed lines), as in this temperature
range NO2 reacted primarily with NH3 according to the NO2-SCR
pathway, Reaction (R.4) [32]. Thus, Fig. 8D confirms that the NO2-
activated soot combustion is adversely affected by the presence of
ammonia, since NO2 preferentially reacts with NH3 to give N2 and
H2O according to the SCR chemistry.

4. Conclusions

We have presented a systematic experimental study of the
mutual interactions of NH3-SCR and soot combustion over a
Cu–zeolite catalyst from a coated SDPF device, using PrintexU as
model soot. The study addresses three aspects related to the simul-
taneous NOx-soot removal chemistries: (i) the effect of the nature
and composition of the oxidizing reaction mixture on the soot com-
bustion activity, (ii) the effect of the simultaneous presence of NOx

and NH3 on the soot combustion, and (iii) the impact of soot on the
NH3-SCR chemistry, with focus on the role played by NO2.

After carrying out reference SCR activity runs, the impact of
nature and composition of the O2–NOx oxidizing mixture on the
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[

rintexU combustion was first studied. The results rule out any
mpact of NO on the combustion of soot, as no difference was noted

hen feeding either NO + O2/H2O or just O2/H2O. On the contrary,
he presence of NO2 is advantageous, since feeding 250 ppm of both
O2 and NO + O2/H2O shifted the threshold temperature for the
rintexU combustion 100 ◦C lower than in the absence of NO2. The
ain in the low temperature combustion activity was even greater
hen the NOx feed mixture included only NO2. In both runs involv-

ng NO2, NO2 reacted with soot forming NO, thus keeping the total
Ox balance constant.

When NH3 was added to the same previously analyzed react-
ng systems, a negligible influence was detected on the PrintexU
ombustion in the absence of NO2. When simultaneously feeding
H3 and NO2, however, the downshift of the PrintexU combustion

ight-off associated with the presence of NO2 almost disappeared,
ndicating that the SCR reactions are the preferred reaction path-

ay for NO2. From a practical perspective, this implies of course
hat the passive regeneration of the soot-loaded filter effected by
O2 from the upstream DOC will be substantially reduced in the
DPF configuration.

We have also found that PrintexU somewhat enhanced the
mmonia oxidation, while both the Standard SCR and the Fast SCR
ctivities suffered from the presence of PrintexU, resulting in a
light loss of DeNOx performance. On the opposite, the NO2-SCR
ctivity benefited from the NO2 reaction with soot at low tempera-
ure, which drives the NO2/NOx local molar ratio from unity down
o a lower value closer to the optimal 1/2.
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