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Abstract 

The paper is focused on the main achievements accomplished during the SOLYST 

project. The project aimed at developing a radically new generation of catalytic 

converters for pollutants emissions. This fundamental research has been achieved 

by four groups lead by young researchers with complementary expertise: 

Politecnico di Torino, Università di Udine, Politecnico di Milano and IRC-CNR di 

Napoli. The University of Udine Research Unit was involved in the development 

of innovative catalytic materials for storage-reduction NOx applications (LNT) and 

for simultaneous removal of NOx and soot (DeNOx - DeSoot). The Unit, during the 

entire project, has been supported by a strong collaboration with the other units, 

mainly Politecnico di Milano Research Unit. The interaction and the constant 

exchange of feedback among the Units allowed to improve progressively the 

formulations and to identify the materials with the best catalytic activity. Herein, 

the best formulations obtained during the project are reported. The work has been 

conducted by a strong synergy with Politecnico di Milano Research Unit, for this 

reason in this first part we will presented the preparation and characterization of the 

best formulations, while in the second part, Politecnico di Milano will showed the 

catalytic activity for simultaneous removal of NOx and soot (DeNOx - DeSoot). 

Silver- and ruthenium-based materials have been synthetized and have been 

extensively characterized by means of BET, XRD and HRTEM experiments. The 

formulations has been investigated for the simultaneous removal of particulate 

matter (soot) and NOx and their behavior is compared with that of a model DPNR 

catalysts. Both the Ag- and Ru-based formulations result active in the soot 

oxidation, more than the traditional Pt-containing DPNR catalyst. Besides, the Ru-

based samples show remarkable performances in the DeNOx - DeSoot activity, 

although their activity in the reduction step of the stored NOx still needs further 

improvements. 

 

Introduction 

The new stringent regulation limits (EURO 6) on the nitrogen oxides (NOx) and 

soot emissions are forcing to develop innovative catalytic systems that combine 

denitrification catalysts (such as NOx adsorption/reduction catalysts, LNT) with 

catalytic filters. The DPNR (Diesel Particulate-NOx Reduction) technology [1] has 
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been proposed to remove simultaneously soot and NOx. The soot combustion is 

accomplished on LNT (Lean NOx trap) catalysts. These catalytic systems work 

under cyclic conditions, alternating a lean phase during which NOx are adsorbed on 

the alkaline or alkaline-earth metal oxide component, and a short rich phase, during 

which the stored nitrate species are reduced to nitrogen thanks to noble metals. 

Soot abatement occurs under both lean and rich conditions. In previous works, 

traditional Pt-based LNT catalysts have been investigated in the simultaneous 

removal of soot and NOx, giving satisfactory results [2], and more recently, the 

combustion of soot was shown to be promoted by the presence of silver [3]. In this 

study, Ag- and Ru-based catalysts supported over CeO2, ZrO2 and Al2O3 have been 

investigated in the DeNOx and DeSoot reaction using Ba, Sr and K as storage 

components and a comparison has been carried out with model Pt-Ba(K)/Al2O3 

LNT formulations. 

 

Materials and Methods 

The materials were prepared by incipient wetness impregnation of ceria (Grace 

Davison), zirconia (MEL Chemicals) and alumina (Sasol Germany GmbH) with 

aqueous solutions of silver nitrate, ruthenium nitrosyl nitrate, barium acetate and 

potassium nitrate (Sigma–Aldrich) in order to obtain the following two series of 

materials: Ag-Ba(Sr)/MxOy and Ru-Ba(K)/MxOy with MxOy = CeO2, ZrO2, Al2O3 

(see Table 1 for the composition). The catalysts have been characterized by BET, 

XRD, HRTEM and the catalytic activity has been investigated in the soot 

combustion assisted by NOx. The DeNOx activity at first and the DeNOx – DeSoot 

activity later on have been also tested, as reported in the abstract part II. 

The catalytic activity for the combustion of soot was determined from peak-top 

temperature (Tp) and onset temperature (Tonset) during Temperature Programmed 

Oxidation (TPO) experiments of catalyst–soot mixtures. A weight soot/catalyst 

ratio of 1:20 was used; the mixture has been obtained by mixing each catalyst with 

soot (Printex-U, Degussa AG) with a spatula for 2 min realizing the so-called loose 

contact between catalyst and soot. In the TPO measurements, 20 mg of the above 

mixture were heated at a constant rate (10 °C/min) in a quartz reactor under 

O2/NO/N2 gas flow (10% O2v/v + 500 ppm NO, balance N2; total flow 0.5 l/min). 

The outlet gas composition (i.e. CO, CO2, NO and NO2) was measured by FT-IR 

gas analyzers (MultiGas 2030, MKS).  

 

Results and Discussion 

Catalyst characterization - Table 1 summarizes composition and BET surface 

areas of the supports and of all the supported catalysts. In all cases the addition of 

the metals (i.e. Ag and Ru) and alkaline / alkaline-earth oxides (i.e. Ba, Sr, K) 

results in a drop of surface area at the loadings used in this study. This is typically 

observed upon addition to high-surface area supports of oxides possessing high 

specific weight and low porosity and the effect is more pronounced at high 

loadings.  
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Table 1. Composition and BET surface areas of the supports and of the supported 

catalysts (composition by weight) 

 

Sample  Surface area (m
2
/g) 

CeO2 49 

ZrO2 59 

Al2O3 180 

Ag(5%)-Ba(10%)/CeO2 31 

Ag(5%)-Ba(10%)/ZrO2 38 

Ag(5%)-Ba(10%)/Al2O3 144 

Ag(5%)-Sr(10%)/CeO2 20 

Ru(1%)-Ba(10%)/ZrO2 37 

Ru(1%)-Ba(10%)/Al2O3 123 

Ru(1%)-K(10%)/ZrO2 18 

Ru(1%)-K(10%)/Al2O3 103 

 

In the XRD experiments, for all the materials, peaks belonging to the supports 

(CeO2, ZrO2 and Al2O3) are clearly observed. The fluorite phase was detected for 

ceria, zirconia samples crystallize in a mixture of monoclinic and tetragonal phase 

(around 95% and 5%, respectively) while for alumina XRD reveals the presence of 

γ-Al2O3 phase. In the case of Ag-based catalysts (Figure 1), the presence of signals 

at 2θ = 38.1°, 44.3° and 64.5° indicates formation of metallic silver.  
 

Ag-Sr/CeO2 

Ag-Ba/CeO2 

Ag-Ba/ZrO2 

Ag-Ba/Al2O3 

� 

◊ 

 
Figure 1. X-ray diffraction profiles of Ag-Ba(Sr)/MxOy (MxOy = CeO2, ZrO2, 

Al2O3) and Ag-Sr/CeO2 catalysts (*CeO2; �ZrO2; �Al2O3; �BaCO3; ◊BaO; �Ag; 

� SrCO3). 

 

XRD experiments reveal also the presence of orthorhombic barium carbonate 
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whereas no crystalline BaO is observed (with exception of Ag–Ba/Al2O3 whereas 

small diffraction signal due to BaO has been detected). The weak intensities of 

BaCO3 peaks indicate a low crystallization degree of the carbonate crystallites on 

the oxides supports. Similarly, in Ag–Sr/CeO2 catalyst, signals due to metallic Ag 

and to SrCO3 are observed, in addition to the peaks due to the support; no evidence 

for the presence of Ag2O crystallites was obtained. On the other hand, in the case 

Ru-based samples (not shown), no evidence of the presence of ruthenium 

crystallites (metallic or oxide) was obtained. This could be due either to the low 

amount of Ru and/or to the high dispersion of the ruthenium phase over the 

supports, as confirmed by HRTEM (not shown). Barium (or potassium) carbonate 

peaks were also detected. 

HRTEM analysis of as prepared catalysts was also used with the aim to elucidate 

the morphology and distribution of the different species present. Ag–Ba/CeO2 

catalyst contains ceria crystallites ranging about 10–20 nm in size, well-dispersed 

silver particles corresponding to metallic Ag and some particles corresponding to 

Ag2O. It is worth noticing that metallic Ag is more abundant than Ag2O; this is 

likely at the origin of the fact that X-ray diffraction data reveal only the presence of 

metallic Ag, which might be due to the low concentration of Ag2O particles. Ag–

Sr/CeO2 sample, which is constituted by a good dispersion of metallic Ag 

nanoparticles of about 5 nm, is quite similar to the Ba-containing sample; however, 

no Ag2O has been detected. Ag–Ba/ZrO2 contains crystalline ZrO2 particles of 

about 20–30 nm, and in addition only metallic Ag crystallites have been observed. 

Finally, the Ag–Ba/Al2O3 catalyst contains a broad distribution of Ag metal 

particles ranging from 5 up to 50 nm in size; accordingly, the dispersion of Ag in 

Al2O3 is therefore poor compared to CeO2 and ZrO2. 

In the case of Ru-based materials HRTEM analysis focused the presence, for all the 

catalysts, of ruthenium nanoparticles (from 0.5 to 4.5 nm in size, depending on the 

samples) having an excellent dispersion over the supports. For Zr-based materials 

and Ru-K/Al the distribution of Ru particle size ranges from about 0.5 nm to 1.5 

nm, while in Ru-Ba/Al Ru metal nanoparticles are centered at 3.2 nm. It is worth to 

note that the dispersion of Ru over Zr is excellent and the Ru nanoparticles are very 

homogeneous in size, measuring about 0.5 nm. The biggest particles, centered near 

3.2 nm, are constituted by metallic Ru, as pointed out by the analysis of the lattice 

fringes. Notably, when the Ru particles size is large enough to measure the lattice 

fringes (i.e. for the particles centered near 3.2 nm), the spacing correspond to Ru 

metal. 

Catalyst activity – Figure 2 summarizes the results of the soot combustion 

experiments (TPO) carried out in NO/O2/N2 atmosphere. The two most important 

parameters usually used to compare the TPO results, namely the onset temperature 

(green column) and the peak temperature (blue column) are reported. The first is 

evaluated in correspondence of 20 ppm of CO2 produced by the oxidation process, 

while the latest corresponds to the maximum production of CO2. All the 

investigated catalysts are active in soot oxidation with a remarkable decrease of 
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oxidation onset temperature compared to uncatalyzed reaction; the catalytic 

oxidation is highly selective to CO2 (only negligible amount of CO were formed), 

whereas the uncatalyzed reaction produces CO along with CO2. 
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Figure 2. Tonset (green column) and Tpeak (blue column) for soot combustion under 

O2/NO/N2 atmosphere (10% O2 v/v + 500 ppm NO, balance N2). 

 

For silver-based formulations, the higher oxidation temperature (i.e. the lowest 

oxidation activity) is found with the Al2O3-based catalyst, and is likely related to 

the low Ag dispersion observed over these materials, while Ba and Sr do not seem 

to strongly influence the activity (compared Ag-Ba/Ce and Ag-Sr/Ce). Moreover, 

in all cases the oxidation of soot is complete at the end of the experiment. It is well 

known that metallic silver can form several sub-oxide species in oxidation 

atmosphere [4] and can also promote the formation of superoxide O
2
−ions [5]; 

these species might assist the carbon oxidation by O2 [3]. All the catalysts are also 

active in the oxidation of NO to NO2 and the onset temperature for the NO2 

evolution is observed below 250 °C (not shown for brevity), i.e. at a temperature 

lower than the onset temperature for soot oxidation. The NO2 concentration 

initially increases with temperature due to the occurrence of the NO oxidation 

reaction; then the NO2 concentration decreases due to its involvement in the soot 

oxidation and to thermodynamic reasons. A correlation between the NO2 

production and the peak temperature for soot oxidation can be found. Indeed, the 

presence of metallic Ag can influence the rate of NO2 formation that in turn can be 

transported via the gas phase over soot particles, oxidizing carbon while being 

reduced back to NO. Therefore, both NO2-assisted and O2-promoted soot oxidation 

mechanisms can be observed here. 

For ruthenium-based catalysts, Ba-doped samples are moderately active, while the 

presence of K significantly affects their catalytic activity. Moreover, the activity is 

not correlated with the nature of the supports and all the K-containing catalysts 

exhibit a peak temperature at around 390 °C. A comparison with the traditional Pt-
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based LNT materials shows that the addition of Ru is particularly beneficial in 

NOx-assisted soot oxidation with a decrease of combustion temperature of around 

40 °C and 65 °C, respectively for Ba and K-doped formulations. In all investigated 

samples, a remarkable decrease of the onset temperature is achieved by adding 

ruthenium: comparing Ba–Al-doped materials, Ru-catalyst exhibits an onset 

temperature of 320 °C vs 425 °C for Pt catalyst, while the substitution of Ba with K 

induces a further decrease of Tonset down to 235 °C confirming the excellent soot 

oxidation properties of Ru-based catalysts and particularly the K-based ones. The 

presence of metallic ruthenium seems to enhance the activity, possibly due to the 

formation of active oxygen species. In our case, HRTEM measurements detected 

metallic ruthenium nanoparticles very well dispersed over the support for all the 

materials. Over these nanoparticles a dissociative adsorption of oxygen could take 

place generating active oxygen [6] and promoting soot oxidation activity.  

 

Main Conclusions 

It has been found that all the tested catalysts are able to oxidize soot in the presence 

of NO/O2 at temperatures near 390–490 °C, remarkably lower if compared to the 

uncatalyzed soot oxidation and to the corresponding model Pt-containing sample. 

In particular, the Ru-based catalyst is by far more active in the soot combustion 

than the Pt-based catalyst, possibly due to the participation of oxygen active 

species from ruthenium. The activity in the removal of NOx and in the 

simultaneous removal of soot and NOx has been investigated by Politecnico di 

Milano and will be presented in the second part of this presentation. 
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