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Abstract 

A group of catalysts were developed with the purpose of enhancing the soot oxidation in the SCR-on 

filter (SCRoF) system, without negatively effecting the NOx conversion associated to NH3 oxidation. 

The impregnation with alkali metal of a series of supports, characterized by a lack of strong superficial 

acid sites, improved soot oxidation simultaneously preventing ammonia adsorption, thus its catalytic 

oxidation. Strong synergy was observed between a ZrO2-CeO2 support and potassium, decreasing the 

T50 of the soot conversion of 170 °C in loose contact. This catalyst was added to a Fe-ZSM5 SCR 

catalyst without negative effect for the SCR activity. The complex interaction between the potassium-

based soot oxidation catalyst and SCR one was investigated. The soot-soot oxidation catalyst-SCR 

catalyst contact mode was found to be a key factor and the increased contact of the soot-soot oxidation 

catalyst is preferable. Such dual component catalyst system was demonstrated to be promising for 

simultaneous removal of NOx and soot on a single filter. 
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1. Introduction 

Diesel engines have higher net efficiency than gasoline ones, for which their use is widespread in 

long haul transport, heavy work machines and passenger vehicles. The emission of NOx and soot 

however remains problematic and, with more stringent regulation, the aftertreatment devices become 

more complex and expensive. Soot abatement remains especially challenging since oxidation with 

oxygen starts only at temperatures above 500 °C [1–4]. Typical exhaust temperatures, however, are 

in the range of 200-400 °C, and exceeding 500 °C only under maximum load or artificial conditions 

like active regeneration by fuel injection [1–4]. The soot oxidation temperature can be reduced by the 

use of the soot oxidation catalysts or through the NOx present in the exhaust gas, NO2 being a much 

stronger oxidant for soot than O2 [1,5,6]. In the latter case, catalytic systems usually involve an active 

component (in most applications Pt) for NO to NO2 oxidation, in the so called continuously 



regenerating trap (CRT) [1], which is practically effective only if both NOx levels and exhaust 

temperatures are within appropriate ranges, as happens for heavy duty diesel engines. However, in 

passenger vehicles, NO2 is present in concentrations which are insufficient to induce appreciable soot 

oxidation by passive regeneration [1,4]. For this reason, active regeneration is the preferred 

mechanism to restore the functionality of the Diesel Particulate Filter (DPF) after reaching its limit 

of soot loading, which is determined by pressured drop constraints as well as the need to avoid the 

risk for an excessive temperature rise inside the filter [4,7,8]. It is preferable to reduce the active 

regeneration temperature on the DPF to avoid filter damage as well as additional high fuel 

consumption. For this, the filter is usually coated with a catalyst, that is capable of catalyzing soot 

oxidation relying mainly on oxygen. These catalysts are necessarily stable and usually based on doped 

cerium oxides, perovskites, Ag or alkali salt [9–12]. 

To achieve the latest Euro 6 regulations a section for NOx reduction in the aftertreatment system has 

to be included. There are generally 2 main types of NOx reduction systems: 

1. NOx reduction by NH3 from decomposition of urea solution. The catalysts are mainly based on Fe 

or Cu zeolites or titania-supported vanadia [13,14], according to the preferred temperature ranges of 

application. 

2. Lean NOx Trap (LNT) catalysts which operate in alternating rich-lean regimes for NOx capture and 

reduction [14]. 

Between these two systems, the urea-based system is preferred in some applications for the real 

driving emission treatment as it presents higher conversion, wider operational temperature window, 

considerably better stability and much lower fuel penalty (0.5% vs 2%) [14,15]. 

The typical aftertreatment system consists of several bricks, as well as a dedicated urea solution 

reservoir, with different functionalities and their integration in vehicles is highly complex and limited 

by space requirements (especially in light duty diesel, LDD). One way to reduce the size of the 

aftertreatment is to integrate diesel particulate filter and urea-mediated Selective Catalytic Reduction 

(SCR) of NOx into the same device, named Selective Catalytic Reduction on Filter (SCRoF) 



[4,5,8,16,17]. With this, the complexity and size are reduced and, due to close coupling, higher 

temperatures can be achieved enabling more efficient operation. For the SCRoF, a monolith is used 

with channels plugged on alternating ends, thus forcing the exhaust gas through the monolith wall, 

with the SCR catalyst which is located inside the filter pores. Soot is filtered and retained inside and 

on the wall, most of it (>80%) present on the top as soot cake. The current state-of-the-art of the SCR 

catalyst in the commercial SCRoF system is Cu-zeolite, more specifically Cu-chabazite, deposited 

inside the pores of SCRoF by BASF [4]. Cu-chabazite offers high SCR activity and hydrothermal 

stability however it lacks any soot oxidation capability [7,8,16,18–20]. For SCRoF, it has been shown 

that soot oxidation and regeneration is inhibited by the much faster SCR reaction which quickly 

consumes the NO2 leaving none for soot oxidation. This leads to much faster pore clogging with soot 

and higher backpressure [7,8,16,18–20]. This can be presented as competing reactions R1-R3: 

Fast SCR reaction:  2NH3 + NO + NO2 → 2N2 + 3H2O  R1 

Soot oxidation by NO2: C + NO2 + O2→ CO + NO   R2    

2C + O2 + 2NO2 → CO2 + 2NO  R3 

Rappe [8] showed that on SCRoF the soot conversion profile was shifted upwards 70 °C in the 

presence of the SCR reaction compared to the case without SCR, under the same conditions. As a 

solution, non-uniform SCR catalyst distribution in the monolith was suggested, with the SCR catalyst 

concentrated in the downstream portion and a NO2/NOx ratio higher than 0.5. Watling, Marchitti and 

Kolstakis [5,7,18] also showed for SCRoF that under 450 °C the soot oxidation and filter regeneration 

was significantly inhibited due to NO2 consumption and only above 450 °C the oxidation by O2 was 

prevalent. It was further suggested that concentrating the catalyst in the downstream portion of the 

filter improved the soot oxidation activity due to smaller NOx conversion at the inlet. As will be 

shown later, the NO to NO2 oxidation and soot oxidation by NO2 reactions cannot be used on SCRoF 

since the NO2 is consumed quickly by the SCR reaction [8]. SCRoF is usually regenerated by raising 

the temperature above 600 °C by injecting hydrocarbons. This is undesirable since excess fuel is 



consumed and elevated temperatures can irreversibly damage the filter or accelerate the ageing of the 

SCR catalyst [4,8]. 

To introduce soot oxidation function on SCRoF, and to reduce the regeneration temperature and time, 

a novel dual layer reactor configuration is proposed here for the first time, a so-called second 

generation SCR-on-filter or “SCR2F”. Dual layer monoliths have been used in diesel aftertreatment 

monoliths such as LNT+SCR combination [14], for widening operational window by the combination 

of Fe and Cu zeolite [13] and for stabilizing SCRoF with silica [21]. In the proposed SCR2F dual 

layer configuration, a soot oxidation catalyst layer is situated on the top of the filter on the inlet side, 

in contact with the soot cake. The SCR catalyst is deposited inside the monolith like in conventional 

SCRoF system. Such dual layer configuration could perform both the NOx reduction and achieve 

significant reduction of the soot regeneration temperature, thus reducing the associated fuel penalty, 

as well as mitigate the conditions that might lead to catalyst and filter damage during active 

regeneration.  

Since the ammonia passes through the top layer first, any ammonia oxidation would be detrimental 

for the SCR reaction. The challenge was to find a catalyst that is highly active for soot oxidation in 

loose contact, however completely inactive for ammonia oxidation. It has been found that catalysts 

with alkali carbonates impregnated on supports with neutral or basic surface (e.g. MgO, sodalite, 

MgAlO, CeO2, ZrO2, etc.) are suitable for such purpose. In this paper, the interaction between a 

suitable catalyst with high soot oxidation activity and a conventional SCR catalyst (Fe-ZSM5) are 

also explored in a laboratory setup. 

 

2. Experimental 

 

2.1. Catalysts’ preparation 

For the soot oxidation catalyst, CeO2-ZrO2 (labelled CZ) with Zr:Ce atomic ratio 9:1 (Alfa-Aesar, 

product number 39216) was impregnated with 20 wt.% K2CO3 by wet impregnation: CZ was placed 



in a 0.03 M aqueous solution of K2CO3 and stirred for 24 h and then water was evaporated at 80 °C. 

The obtained 20 wt.% K2CO3/CeO2-ZrO2 (KCZ) had K:Zr:Ce bulk atomic ratio 3:9:1 determined by 

EDS, or 8 wt.% K. CZ was chosen as the support, as after screening of several different types of 

potential supports (MgO, MgAlO, nepheline, CeO2-CuO) the CZ had the best performance for soot 

oxidation and low ammonia oxidation. The powder was dried overnight at 100 °C and calcined at 800 

°C for 5 h with a heating rate of 10 °C/min. 

To demonstrate the effect of excessive NH3 oxidation on the SCR reaction in the SCR and soot 

oxidation coupled reaction CZ was impregnated with 10 %wt AgNO3 (Ag/CZ). Ag/CZ was chosen 

because of soot oxidation characteristics comparable to KCZ (see Table 1 and [12,22,23]). Other 

catalysts were also prepared by using different supports synthetized with different methods (MgAlO, 

MgO, nepheline, CeO2-CuO) wet impregnated with 20 wt.% K2CO3 by employing the same 

procedure described previously for the KCZ catalyst. These supports were chosen after literature 

review and screening of several potential catalysts. The preparation of these materials are given in 

the supplementary material and in references [24–27]. 

To achieve stable performance and high NOx conversion in a wide temperature range and because of 

its widespread industrial use, for the SCR reaction Fe-ZSM5 was prepared by ion exchange. First 

NH4-ZSM5 (Alfa Aesar, SiO2: Al2O3 = 23) was calcined at 500 °C for 3 h to transform it into H-

ZSM5. H-ZSM5 was placed in a 50 mM aqueous solution of Fe(NO3)3, stirred at 50 °C for 24 hours. 

The slurry was then washed and dried overnight at 100 °C and calcined at 700 °C for 6 h with a 

heating rate of 10 °C/min. Final Fe content in the Fe-ZSM5 was determined by EDS and ICP to be 

0.5 wt.%. 

The soot used in the reactivity tests was a commercial Printex U carbon black from Degussa, 

commonly used as model soot in the scientific literature. The soot had an average particle size 25 nm 

(supplier specification), specific surface area 88 m2/g and cumulative pore volume 0.31 mL/g 

obtained from BET measurement. 

 



2.2. Catalyst characterization 

XRD was conducted for phase verification with X’Pert Philips PW3040 diffractometer equipped with 

Pixel detector using a Cu Kα radiation. The diffractograms were obtained in the 2θ range 20-80° with 

0.013° step size. 

H2 TPR was conducted on TRPDO-1100 equipment (Thermo Scientific) with 5% H2 in Ar as reaction 

gas. Before the test, the samples were pretreated in N2 at 550 °C and cooled to room temperature. 

After that, reduction was performed with 5 °C/min ramp until 850 °C. Soot TPR was performed in 

the reactor setup (see below) by mixing the catalyst and the soot and ball milled for 15 minutes to 

achieve tight contact. The temperature was increased with 5 °C/min rate in N2 gas without oxygen. 

Specific surface area was determined on Tristar II 3020 instrument (Micrometrics) by N2 

physisorption of the catalyst pretreated at 200 °C for 2 hours. The reported values (SBET) were 

calculated according to the BET method. 

Morphology and elemental composition were determined by field emission scanning electron 

microscopy (FESEM) using Zeiss MERLIN Gemini II equipped with EDS at 3 keV accelerating 

voltage and different magnifications. 

NOx temperature programmed desorption-oxidation (TPDO) was performed in the reactor (see 

below) on the KCZ sample to determine the NOx adsorption capacity and reactivity. The catalyst was 

fully saturated with 250 ppm NO, 250 ppm NO2, 4% O2 in N2 at 200 °C and desorbed with a heating 

rate of 5 °C/min in 4% O2 in N2 atmosphere with w/f 0.027 gcat·s/mL. To determine the soot-NOx-O2 

reactivity and interaction, the desorption-reaction was done in the presence and absence of soot.  

NH3 TPD was performed in the reactor (see below) by saturating the catalyst with 500 ppm NH3 in 

N2 at 100 °C and desorbed in N2 with a 5 °C/min temperature ramp with w/f 0.027 gcat·s/mL. 

2.3. Catalytic tests 

Catalytic tests were conducted in a 10 mm i.d. quartz tube reactor typically with 270 mg of powdered 

(<100 µm fraction) and/or pelletized (<300 µm fraction) catalyst placed on a porous sintered glass 

membrane inside the tube. The quartz reactor containing the catalyst bed was placed inside a PID-



controlled vertical oven. A thermocouple was vertically put on the top of the catalytic bed in order to 

track and measure the reaction temperature. In all tests, a temperature ramp of 2 °C/min was used, 

starting after the outlet composition stabilized at initial temperature of 200 °C (waiting time c.a. 15 

minutes). Such slow ramp ensured that the NOx and NH3 composition was similar as in isothermal 

test in the observed range. 

A 4-way valve was placed upstream the reactor allowing it to bypass and enabling the analysis of 

both inlet and outlet gas mixture through a single device. The NO, NO2, N2O, NH3, CO and CO2 

species were continuously analyzed with UV (Limas 11, ABB) and NDIR (Uras 14, ABB) analyzers. 

The volumetric flowrate was 600 mL/min in all cases which is typically equivalent to 80 000 h-1 

GHSV or w/f of 0.027 g·s/mL.  

Depending on the test, different gas mixture combinations were used. In soot oxidation tests with 

oxygen, 270 mg of catalyst and 30 mg of soot were mixed gently with spatula to obtain loose contact 

and oxidized in a 4% O2 in N2 gas flow. Soot oxidation in the presence of NOx was also performed, 

in which case 250 ppm NO and 250 ppm NO2 was also added to the oxidizing gas. In some cases, the 

KCZ was saturated with NOx (labeled KCZ-sat) at 200 °C before the reaction to reproduce steady 

state conditions and avoid interference between NOx adsorption and soot reactivity.  

To demonstrate the catalytic effect of KCZ on the soot-NOx-O2 reaction, comparative soot oxidation 

tests were conducted on Fe-ZSM5 and KCZ-sat in a gas mixture containing 500 ppm NOx with initial 

ratio NO2/NOx=0.5. The non-catalytic test was performed by mixing SiC with soot under the same 

conditions. The SCR reaction over Fe-ZSM5 was conducted by feeding 4% O2, 250 ppm NO, 250 

ppm NO2, 500 ppm NH3 in N2 over 270 mg of catalyst with and without 30 mg of soot. 

The SCR conversion was calculated according to the following formula: 

 

while for the N2 selectivity the following one was employed: 

 



The temperatures when 10% 50%, 90% of soot was converted and the COx concentration achieved 

maximum conversion (T10, T50, T90, Tmax) were used for comparison of different catalysts and 

configurations and reference to non-catalytic tests. T10 and T90 are especially useful for the 

comparison of the onset of the soot oxidation and to evaluate the temperature at which the soot is 

fully oxidized. The turnover frequency of the soot oxidation was calculated according to the formula 

for the specific soot oxidation rate proposed in [28,29]. It was evaluated at 400 °C and expressed as 

normalized soot oxidation rate with the units mgoxidized soot · s-1 × ginitial soot · g-2catalyst. The soot oxidation 

reproducibility can be low in loose contact as uncertainty is involved with the mixing mode. Soot 

oxidation was repeated in triplets over several catalysts and the maximum change in Tmax observed 

was always within ± 5 °C. 

The integrated soot oxidation and NOx SCR reactions were performed by employing 270 mg of KCZ, 

270 mg of Fe-ZSM5 and 30 mg of soot with different contact and granulation modes. The flowrate 

of the gaseous reaction mixture was 600 mL/min and consisted of 250 ppm NO, 250 ppm NO2, 500 

ppm NH3 and 4% O2 in N2.  

The relative positioning of the soot oxidation and SCR catalyst was evaluated by dimensional analysis 

to compare the catalyst positioning in the laboratory reactor with the real-life monolith and 

experiments were conducted to demonstrate the importance of the contact mode and occlusion 

between the soot oxidation and SCR catalyst and soot. Two cases were compared in the dimensional 

analysis: 

1. Physical mixture where the SCR and soot oxidation catalyst powders were physically mixed. 

2. Dual-bed configuration with soot catalyst on top and separated with glass wool from the SCR 

catalyst on the bottom. 

To compare the diffusive and convective fluxes, the Peclet number was evaluated. The assumptions 

and equations used are given in the supplementary material. At 300°C the estimated Pe number was 

0.35 in the monolith, meaning that the diffusional fluxes are the main transport form of the reactant 

species. For the dual bed reactor configuration, with the catalyst separated in layers, the estimated Pe 



number 28.32 which means that the SCR reactions in the bottom layer had no effect on the soot 

oxidation in the upper layer and the soot oxidation reactions were not influenced by diffusion and the 

SCR reaction. This drastic difference is because the wall flow velocity in the monolith is almost 7 

times lower than the flow velocity in the tubular reactor [8,16]. The Pe number for the physical 

mixture of the two catalyst in the reactor was 0.95, slightly higher than in the monolith, but the 

characteristic lengths (~100 µm) and the transport mode was still in the diffusional regime and 

approximated the monolith quite well (see e.g. [16,18]). The lower distance between the particles in 

the physical mixture compared to the distance between the dual bed configuration (100 µm compared 

to 3 mm) enabled the diffusional operating regime in the reactor and approximated the monolithic 

configuration closely. 

Different configurations were tested to demonstrate the influence of different contact modes, the 

importance of the soot catalyst-soot contact, the impact of the SCR catalyst acting as a barrier as well 

as the influence of diffusion and NOx adsorption (also shown schematically on Figure 1). To do this, 

different granulations of the used catalysts were implemented, the “powdered” catalysts refer to finely 

crushed catalyst, which was easily sieved through the 100 µm sieve, while the “pelletized” fraction 

refer to the fraction between 300-500 µm : 

1. 270 mg of pelletized KCZ mixed in loose contact with 30 mg of soot and with powdered 270 

mg Fe-ZSM5 also in loose contact.  

2. 270 mg of powdered KCZ and 30 mg of soot in loose contact, mixed with pelletized 270 mg 

of the SCR catalyst in loose contact 

3. To determine the worst-case scenario for the SCR reaction, powdered 270 mg of KCZ-Sat 

was mixed with 30 mg of soot in loose contact and with powdered 270 mg of the SCR catalyst. 

4. 270 mg of KCZ and 270 mg of Fe-ZSM5 catalyst pelletized together in tight contact and 

mixed with 30 mg of soot in loose contact. 



5. In the dual bed reactor system, the 270 mg of Fe-ZSM5 was placed on the bottom and sealed 

with glass wool. In the upper layer 270 mg of KCZ-sat was mixed in loose contact with 30 

mg of soot. 

6. To demonstrate the negative effect of ammonia oxidation, powdered 270 mg of Ag/CZ was 

used as soot oxidation catalyst mixed with 30 mg of soot and 270 mg of Fe-ZSM5. 

 

Figure 1. Schematics of different reactor configurations used for the physical mixture experiments. 

 

While there is a lot of research reports and patents concerning the use of K in aftertreatment devices 

(LNT, DPNR, CRT) [9,30,31], the main issue that have prevented their wide-spread use is the low 

stability. To check the stability of the KCZ catalyst, the following tests were conducted: 

1. Low temperature stability: repeated tests of soot combustion with O2 were performed with the 

same catalyst. During each test, the temperature was allowed to reach 650°C regardless if the 

soot was burned completely. 

2. High temperature stability in wet atmosphere: the KCZ catalyst was hydrothermally treated 

at 700°C for 7 h in 4 % O2 and 5 % H2O in N2. This accelerated ageing is equivalent to c.a. 

30 000 km of normal operation [31]. 

 

3. Results and discussion: 

3.1. Characterization results 



The diffractograms of the CZ and KCZ catalysts, reported in Figure S1, are practically equal 

suggesting that the no phase transformation occurred. The potassium carbonate phase was not 

detected as it was uniformly distributed on the CZ support surface and likely because of the 

overlapping of the main diffraction peaks of the K2CO3 with CZ [32]. Indeed, for potassium insertion 

to occur in the zirconia lattice prolonged calcination at temperatures above 900 °C is required [33]. 

Characteristic peaks revealed the tetragonal structure of Ce-stabilized ZrO2 (Zr0.88Ce0.12O2-t) as the 

dominant phase with smaller amount of monoclinic phase zirconia (ZrO2-m). The average crystallite 

size, calculated according to the Scherrer equation, was 22.5 nm. 

The FE-SEM images, shown in Figure S2, reveal uniform coating of CZ with the K2CO3 on the KCZ 

sample. After impregnation, the particle size slightly increased and the edges of the CZ became 

rounder as they were covered with potassium (see Figure S2A and S2B). After hydrothermal ageing, 

aggregates of recrystallized potassium salts were found in several spots, indicating that the 

hydrothermally aged catalyst had lower potassium dispersion (Figure S2C). These crystals were likely 

formed by the excess potassium that is not adhering strongly to the support surface. 

The BET surface area and microporosity for both the CZ and KCZ samples were low, 8.51 m2/g and 

9.42 m2/g respectively. The addition of potassium did not change significantly the surface area. 

The ammonia TPD profile, reported in Figure 2A, indicates the presence of small amount of acid sites 

on the CZ support. However, after adding potassium on the CZ support, all the acid sites disappeared 

and there was no NH3 adsorption/desorption on the sample. From this, we can infer that the acid sites 

(both Lewis and Bronsted) are poisoned and/or blocked by the potassium that prevents any ammonia 

reactivity [35]. In contrast, by adding Ag on CZ, the number of acid sites increased. In fact, a 

pronounced peak can be observed in the low temperature region, while the NH3 signal quickly 

decreases, most likely because the adsorbed ammonia was oxidized by the Ag. 



 

Figure 2. (A) NH3 TPD of CZ, KCZ and Ag/CZ samples; (B) NOx TPDO of the KCZ sample in 

absence (full lines) and presence (dashed lines) of soot. 

 

In Figure 2B the NOx TPDO of the KCZ catalyst is shown. During saturation, both NO and NO2 were 

adsorbed on the sample with simultaneous evolution of CO2, suggesting that the following reaction 

occurred: 

K2CO3 + 2 NO2 → 2 KNO3 + CO2   R4 

KNO3 → KNO2 + 1/2O2    R5 

2 KNO2 → K2O + 2NO + 1/2O2   R6 

2K2NO3 + C → 2K2O + CO2 + 2NO   R7 

During NOx TPDO, 2 peaks were identified on the KCZ-sat samples: a small peak at 450 °C of the 

chemisorbed nitrites, and another at 740 °C of the reactively adsorbed nitrite and nitrated potassium 

salts (Figure 2B) [35,36]. Complete decomposition occurred slightly above 800 °C (R6). During 

adsorption most of the adsorbed species on the catalyst were NO2, forming nitrates (R4) and the 

adsorption of NO was minimal. While most of the adsorbed species were NO2, NO was the main 

component observed during desorption. This was likely because of the nitrate decomposition into 

nitrite above 500 °C according to R5 [37]. When soot was added to the saturated KCZ in loose contact, 

the NOx adsorption and desorption dynamics during the TPDO changed significantly, and NOx was 

released at significantly lower temperatures. Additional peak was observed at much lower 



temperature (at 360 °C), simultaneously accompanied with significantly higher soot combustion rates 

(see Figure 2B). This indicates that the NO2 adsorbed on K has higher reactivity with soot and KCZ 

catalyzes not only the oxidation of soot with O2 but also the soot-NO2-O2 reaction (see Figure 4 for 

corresponding the soot oxidation). Similar phenomena were investigated in more detail on Pt-K/Al2O3 

[35–39], however in our case higher desorption temperature and no platinum group metal was used. 

The total amount of NOx adsorbed-desorbed on the catalyst was 1.24 mmol NOx/gcat in both cases, 

meaning about 65% of K was present in the nitrate/nitrite form. The rest of the K is possibly in the 

form -O-K on the surface or covered and inaccessible for NOx adsorption [32].  

In Figure 3 the soot-TPR and H2-TPR are shown. CZ in tight contact with soot showed small ability 

to generate reactive oxidizing species during soot-TPR, i.e. the oxygen mobility was low. K2CO3 

alone, however, could oxidize higher amount of soot. The mechanism for this, suggested in [27], is: 

C + K2CO3 → CO2 + K2O R8 

In [27] it was also investigated in detail the reason why K2CO3 impregnated on ZrO2 and CeO2 could 

oxidize higher amount of soot. The support, coupled with potassium (K+) with high electron 

positivity, could destabilize the oxygen on the surface in the form of O-K bonds [35–37]. This 

increased the surface oxygen mobility of the support and facilitated oxygen spillover to activate the 

soot oxidation. 

Furthermore, the activity for the Boudouard reaction or incomplete soot oxidation (R9) on potassium-

containing samples was increased at temperatures above 600°C as high CO production was observed. 

C + CO2 → 2CO R9 

The enhanced reducibility of the support by potassium was further confirmed by H2-TPR. The H2 

reduction of CZ had a single peak at 610 °C, which corresponds to the reduction of the CeO2 to Ce2O3 

in the sample. According to the stoichiometric calculations, the total amount of H2 uptake (465 

µmol/g) on CZ corresponded to the Ce4+ to Ce3+ reduction. While K2CO3 by itself was not reducible 

by H2, the KCZ sample had higher H2 uptake (761 µmol/g), nearly double the amount of the CZ 

sample. It is hypothesized that the addition of K enhanced the reducibility of ZrO2, which is not 



reducible by itself  [38]. Visually the same color change was observed, the fresh KCZ was 

transformed from pale yellow to dark brown after H2-TPR. 

 

Figure 3. Soot (A) and H2 (B) TPR of K2CO3, CZ and KCZ samples. 

 

3.2. Catalytic activity of the soot oxidation catalyst 

In Figure 4 and Table 1 the effect of different supports impregnated with K2CO3 on the oxidation of 

soot is compared. The CZ support demonstrated superior performance with respect to the other 

supports and it was chosen for further testing. Supports with redox capability (e.g. CeO2-CuO, CeO2-

ZrO2) had some synergistic effect with potassium, while neutral supports (e.g. MgO, MgAlO) always 

had worse performance than pure K2CO3 (see Table 1). As illustrated in Figure S3, the optimal 

loading was found to be 20 wt.% K2CO3 on CZ, while above this loading the conversion decreased. 

The optimal K loading amount found matches closely the reported values in literature as optimal 

[10,22,24,25,39,40]. As can be seen from Table 1 and Figure 4, the CZ support alone had no effect 

on soot oxidation in loose contact and it was practically the same as the blank test with SiC. The 

K2CO3 powder had lower soot oxidation activity than KCZ, suggesting strong interaction and synergy 

between the CZ support and potassium. In fact, the KCZ catalyst in loose contact had much better 

soot oxidation activity than the CZ support in tight contact with soot (Figure 4), i.e. the improvement 

of the soot oxidation activity cannot be attributed simply to enhanced contact.  



 

Figure 4. Soot TPO activity comparison of potassium carbonate, CZ support, KCZ and KCZ-Sat on 

soot oxidation. Reaction conditions: w/f 0.027 gcat·s/mL, 4% O2 in N2, 9:1 catalyst:soot mass ratio, 

loose contact, 2 °C/min heating ramp. 

 

Table 1. Soot oxidation characteristics of the screened catalyst active for soot oxidation with O2. 

Reaction conditions same as in Fig.4. 

Catalyst T10 [°C] T50 [°C] Tmax 
[°C] 

T90 [°C] CO2 
selectivitya 
[%] 

Specific soot 
oxidation 
ratec 

SiC 528 587 594 620 51 0 
CZ loose contact 526 579 586 610 63 0 
CZ tight contact 408 450 443 489 91 1.25 
K2CO3 391 483 497 536 88 1.13 
KCZ-Sat 355 405 425 448 95 2.83 
KCZ-Satb 354 391 356 433 95 3.2 
10% K2CO3/CZ 407 470 472 526 92 1.53 
20% K2CO3/CZ 
(KCZ) 

348 417 429 470 93 2.91 

30% K2CO3/CZ 412 475 478 534 93 1.99 
40% K2CO3/CZ 418 488 498 540 91 0.71 
20% K2CO3/MgAlO 473 524 526 570 92 0.14 
20% K2CO3/MgO 471 537 544 571 78 0.12 
20%K2CO3/Nepheline 475 536 544 569 79 0.17 
20% K2CO3/CeO2-
CuO 

430 448 494 540 98 0.40 

Ag/CZ 434 485 469 552 99 0.28 
aCO2 selectivity at Tmax, selectivity changes little (±2%) during the reaction. 
bIn this case the reaction gas also contained 250 ppm NO and 250 ppm NO2. 
cThe specific soot oxidation rate was calculated at 400 °C and expressed as [mgoxidized soot · s-1 × ginitial 

soot · g-2catalyst] 
 
 



KCZ-Sat had higher activity than KCZ, however this was due to the effect of NOx present on the 

catalyst. The KCZ catalyzes the reaction between the adsorbed NOx and soot since the presence of 

soot improved the release of NOx on KCZ-Sat (see Figure 2B), which is accompanied by high soot 

oxidation rates (Figure 4). The mechanism of the soot oxidation over cerium and doped cerium oxides 

was investigate extensively in literature by different methods. It is generally accepted that the 

oxidation of the soot and NO is initiated with the activation and adsorption of gas phase oxygen on 

the surface, which is subsequently transferred to the reacting species [11,28,29,41]. The promoting 

effect of potassium on this catalytic cycle is still disputed, however the evidence points for the 

electron transfer mechanism (e.g. [9,25,27]), proved by UPS and FTIR. Potassium, due to its high 

electron positivity, enhances the electron transfer between the support surface and the molecule 

receiving it. In the case of potassium doping it is still disputed if oxygen receives the electron forming 

reactive gaseous oxidative radicals (e.g. CO32-, O22-) or it is directly transferred to soot [9, 22, 25-27, 

35]. To demonstrate the catalytic effect of KCZ on the soot-NOx-O2 reaction, comparative soot 

oxidation tests were conducted on Fe-ZSM5 and KCZ-sat in a gas mixture containing 500 ppm NOx 

with initial ratio of NO2/NOx 0.5. The difference in the NO2/NOx ratio on Fe-ZSM5 and KCZ 

indicates the rate and efficiency of NO2 utilization for soot oxidation. This is illustrated in Figure S4, 

where the NO2/NOx ratio during the soot oxidation with NOx is much lower in the presence of KCZ 

than on Fe-ZSM5. Fe-ZSM5 has no catalytic effect for soot oxidation with NO2 (see e.g. [18] and 

Figure S5) meaning that the NO2 is reacting with the soot from the gas phase and the NO2/NOx ratio 

during the soot oxidation remains always higher than 0.25. NO2 however, becomes more reactive 

with soot in presence of KCZ and during the reaction almost all the NO2 is effectively utilized for 

soot oxidation. With potassium the NO2 is adsorbed and activated becoming more reactive with soot. 

This was also confirmed with the NOx TPDO in the presence of soot, as illustrated in Figure 2B. 

For the application of the dual layer, it is necessary that the soot oxidation catalyst is not oxidative 

towards ammonia and allows the SCR reaction to proceed. Over the KCZ and over catalysts described 

in Table 1, neither ammonia adsorption nor oxidation in O2 and O2 + NOx atmosphere was observed. 



The NH3 oxidation started at temperatures higher than 500 °C and it was practically the same as the 

non-catalytic oxidation (Figure S5). This was achieved by tailoring the catalyst surface properties as 

the potassium poisoned the acid sites on the catalyst and prevented ammonia adsorption and 

activation thereby reaction (see Figures S2 and S5 and [34]). In contrast, the CZ support and the 

Ag/CZ catalyst had high ammonia conversion and NO production. 

 

3.3. Catalytic activity of SCR catalyst 

For the SCR catalyst the Fe-ZSM5 catalyst was chosen because of high NOx conversion in wide 

operational temperature range, as it has been investigated in detail in the scientific literature and 

because of its widespread commercial use [13,42–44]. Cu zeolite was not used as at higher 

temperatures the NOx conversion decreased and ammonia oxidation was more pronounced 

[8,13,17,18,44]. As illustrated in Figure 5A, Fe-ZSM5 had no catalytic effect on the soot oxidation 

in oxygen and was the same as the non-catalytic oxidation. In the presence of NOx, the soot oxidation 

by the gas phase NO2 started already at low temperatures (T10 = 384 °C) however the soot oxidation 

rate was rather slow due to limited NOx availability. However, using the same reaction conditions 

and in the presence of NH3, the oxidizing effect of NO2 was lost due to much faster NO2 consumption 

by the fast SCR and the soot conversion showed the same profile as the soot oxidation in only O2. 

This finding is important, since it indicates that soot oxidation mediated by NO2 cannot be applied on 

SCRoF and for the SCR2F configuration, as NOx is consumed in the SCR reaction and not available 

for soot oxidation. 



 

Figure 5. (A) Soot TPO on Fe-ZSM catalyst with different gas composition. Reaction conditions: w/f 

0.027 gcat·s/mL, 4% O2 in N2, 9: 1 catalyst: soot mass ratio, loose contact, 2 °C/min heating ramp. 

When indicated, 250 ppm NO, 250 ppm NO2 and 500 ppm NH3 was also added; (B) SCR activity of 

Fe-ZSM5. Reaction conditions: w/f 0.027 gcat·s/mL, 500 ppm NOx (NO2/NOx = 0 for standard SCR 

and 0.5 for fast SCR), 500 ppm NH3, 4% O2 in N2, 9:1 Fe-ZSM5:soot mass ratio, loose contact, 2 

°C/min heating ramp. 

 

Table 2. Soot oxidation on Fe-ZSM5 in different gas compositions. Reaction conditions same as in 

Figure S5. 

Gas composition T10 [°C] T50 [°C] Tmax [°C] T90 [°C] CO2 selectivitya 
[%] 

O2 515 583 594 613 52 
O2+NO+NO2 384 500 516 600 72 

O2+NO+NO2+NH3 517 584 605 629 48 
SiC 528 587 594 620 51 

aCO2 selectivity at Tmax 
 

Fe-ZSM5 had very good fast-SCR performance in the observed temperature region, always keeping 

NOx conversion around 90% even with the high value of GHSV used in this study (Figure 5B). The 

Fe-ZSM5 was however very sensitive to standard SCR conditions [42] and NOx conversion 

significantly decreased when the NO2/NOx ratio was lower than 0.5. The NOx conversion activity and 

the obtained trends over Fe-ZSM5 are comparable to the ones reported in literature under similar 



reaction conditions [13,16,42-44] and are compared in Table S1. The presence of soot was not 

significant for the SCR reaction due to the fact that the SCR reaction was kinetically much faster 

compared to the soot oxidation. Slightly lower NOx conversions were obtained due to slightly lowered 

NO2 concentration which was used for the soot oxidation. The N2 selectivity was also high in the 

whole range (>95%) and N2O production was always lower than 10 ppm (Figures 5B and S6). 

 

3.4. Catalytic activity of the integrated soot oxidation and NOx SCR reactions 

3.4.1. Soot oxidation activity of the integrated soot oxidation and NOx SCR reactions 

By mixing our soot oxidation catalyst (KCZ) with the SCR catalyst (Fe-ZSM5), the soot oxidation 

was significantly improved (Figure 6A). However, the contact mode between the SCR and soot 

oxidation catalyst played a major role. The best soot oxidation activity was obtained when the KCZ 

catalyst was in powdered form and the SCR in pellets, as the best contact between the soot oxidation 

catalyst and soot was achieved. In this case, the soot oxidation profile was comparable to the profile 

of soot oxidation in only O2, since NO2 was converted by the SCR catalyst. A small portion was 

however still segregated from the KCZ. This is indicated through T10 and T50 which were practically 

the same as with soot oxidation on KCZ in O2. T90 was however much higher in the physical mixture 

configuration, i.e. it was more difficult to completely burn all the soot. This also confirmed that in 

the physical mixture configuration, without strong NO to NO2 oxidation, the NOx played no 

significant role in soot oxidation since it was consumed by the SCR reaction. In contrast, when the 

KCZ catalyst was in pellets and Fe-ZSM5 in powdered form only a small initial catalytic activity was 

observed. Since Fe-ZSM5 acted like a physical barrier there was little contact between KCZ and soot 

and most of the soot was burned by non-catalytic thermal oxidation. The worst result was obtained 

by co-pelletizing the Fe-ZSM5 and KCZ; by this way the catalytic soot oxidation was significantly 

inhibited. From the above results, we can conclude that when soot is mixed in loose contact with both 

KCZ and Fe-ZSM5 the effective range of KCZ is not higher than few μms [45] and if the soot 

oxidation catalyst is not powdered (well dispersed) soot is physically segregated from KCZ by the 



SCR catalyst. In general, the catalytic soot oxidation activity is related more to the external 

morphology of the catalyst while the specific surface area has little influence [11, 28,29,39]. Catalyst 

morphology with shapes that contribute to formation of active oxygen and increased contact points 

with soot, e.g. nanocubes, nanorods, etc, have better soot oxidation performance [11,28,29,39]. As 

can be seen on the SEM images on figure S2 the CZ surface was coated with the potassium 

compounds (carbonates, hydroxides and nitrates). In several studies it was highlighted that these salts 

can form melts on the surface which in turn improves the soot-catalyst contact [9,26,27]. In the 

physical mixture the granulation was more important as the SCR catalyst, when in powdered form 

(diameter <100 µm), presented a barrier and prevented the soot-soot oxidation catalyst contact. When 

KCZ was saturated and used in pellets and Fe-ZSM5 in powder, the release and increased reactivity 

of NOx on KCZ-sat enabled high initial soot oxidation rate. However, once the nitrates were depleted 

from the catalyst, the oxidation rate dropped significantly, and the second portion of soot was oxidized 

without significant enhancement deriving from the NOx.  

In the dual-bed reactor configuration, the SCR reaction had no effect on soot oxidation since the 

distance between the two layers (c.a. 3 mm) was too large and diffusion played no role (see above the 

Pe number). During soot oxidation NOx could be utilized and the best results were obtained for this 

type of setup. Considering however the distances between the two layers on the potential SCR2F (in 

the range of few µms) the dual bed reactor setup is not representative, and it more closely resembles 

a separate two-unit system. 

From these findings, we can infer that the monolith coating method with the soot oxidation catalyst 

would be a key factor. A thin uniform KCZ layer coated on the top of the monolith wall would provide 

the best contact with soot. Deposition inside the pores with the SCR catalyst would likely have 

negative effect since it would only increase the pressure drop, while the contact with soot would be 

minimal [8].  

During the soot oxidation by employing only Fe-ZSM5, the selectivity towards CO2 was low (only 

52%) and the CO concentration was high. For this reason, in commercial systems SCRoF must be 



followed by an oxidation catalyst. In contrast, with the physical mixture configuration, the CO2 

selectivity remained high during the reaction (>90%) and this would eliminate the need for another 

oxidation aftertreatment unit.   

 

Figure 6. A) Soot oxidation in the physical mixture configuration. B) Corresponding SCR activity in 

the physical mixture configuration. Reaction conditions: w/f 0.054 gcat·s/mL, 250 ppm NO, 250 ppm 

NO2 and/or 500 ppm NH3 4% O2 in N2, 9:9:1 KCZ: Fe-ZSM5: soot mass ratio, loose contact, 2 °C/min 

heating ramp. 

 

Table 3. Soot oxidation on Fe-ZSM5 and KCZ physical mixture configuration with different 

granulation. Reaction conditions same as in Fig 6. 

Configuration T10 
[°C] 

T50 
[°C] 

Tmax 
[°C] 

T90 
[°C] 

CO2 
selectivitya [%] 

Specific 
soot 
oxidation 
rateb 

Fe-ZSM5 powder, KCZ 
pellet 

390 550 585 605 89 0.59 

Fe-ZSM5 pellet, KCZ 
powder 

360 418 377 510 94 2.90 

Fe-ZSM5 powder, KCZ-
sat pellet 

390 402 474 575 93 2.89 

Fe-ZSM and KCZ 
pelletized together 

426 550 590 604 84 0.67 

Dual bed reactor 
configuration 

354 398 355 445 94 3.79 

Fe-ZSM5 with Ag/CZ 375 446 454 513 99 1.69 
SiC 528 587 594 620 51 0 



aCO2 selectivity at Tmax 
bThe specific soot oxidation rate was calculated at 400 °C and expressed as [mgoxidized soot · s-1 × ginitial 

soot · g-2catalyst] 
 

3.4.2. SCR activity of the integrated soot oxidation and NOx SCR reactions 

Figure 6B illustrates the NOx conversion in the physical mixture configuration. The addition of 

powdered KCZ to the mixture slightly decreased the NOx conversion by ca. 3-5% compared to the 

case of Fe-ZSM5 without KCZ. This was most likely because the KCZ was catalytically active for 

the soot-NO2 reaction rate and slightly lowered the NO2/NOx ratio. As shown in Figure S4, the 

NO2/NOx ratio during soot oxidation on KCZ decreased which in turn had negative influence on the 

SCR reaction. This deviation in NO2/NOx ratio from the ideal 0.5 means that the fast SCR was 

partially inhibited. Only at temperatures above 550 °C there was a significant decrease in NOx 

conversion, however this was only due to the desorption of NO (see NOx-TPDO in Figure 2B).  

In order to reproduce the “worst-case scenario” for the NOx conversion, the KCZ soot oxidation 

catalyst was saturated with NOx before the test. With KCZ-Sat the pre-adsorbed NOx was released 

during the continuous temperature increase. A drop in the NOx conversion was observed at 

temperatures corresponding to the peaks in the NOx TPDO at 360 °C and 440 °C (see Figure 2B). 

This temporary decrease in the NOx conversion was modest (ca. 12%) and it was never lower than 

70%. After the release of all the NOx from the KCZ-sat, the conversion returned to the original value. 

In real application, the NOx adsorption on the potassium could have positive effect in dynamic 

conditions since it would store NOx at high concentration and low temperatures when the SCR 

catalyst is less active and releasing it during higher temperatures when NOx conversion and soot 

oxidation rate is higher. The addition of basic component to induce inertia in NOx emission was 

shown recently by [49] for physical mixture of Ba/Al2O3 and Cu-zeolite to be highly beneficial for 

reducing cold start emissions. In the dual bed reactor configuration, the KCZ-sat in the upper layer 

had no significant effect on the subsequent SCR reaction and the NOx conversion was the same as in 

the physical mixture of Fe-ZSM5 with KCZ-sat. 



By using the Ag/CZ catalyst the SCR reaction could not proceed because ammonia was oxidized 

(Figure 6B). At lower temperature, when there was excess NH3, high N2O production was observed 

and the selectivity was lowered (Figure S6). At higher temperatures, the NOx conversion decreased 

significantly, because the ammonia oxidation on Ag/CZ was competitive with SCR. This highlights 

the importance that the soot oxidation catalyst used in the proposed dual layer catalyst SCR2F 

configuration should be inert towards ammonia. 

 

3.5. Stability of KCZ catalyst 

The catalyst showed satisfactory low-temperature stability in the repeated soot combustion and after 

6 cycles the T50 was increased by only 23 °C (see Table 4). The difference in the onset of the soot 

oxidation was however more pronounced, T10 increasing by 42 °C. 

The high temperature and harsh hydrothermal ageing lowered the soot oxidation rate compared to 

fresh KCZ and T50 increased by 115 °C. The FE-SEM analysis revealed that, under hydrothermal 

conditions, the potassium tends to recrystallize and form aggregates. This causes the loss of contact 

between the support and the potassium and the positive synergistic effect is lost. However, the activity 

remaining after the harsh treatment was still significant and comparable to soot oxidation catalysts in 

the literature (Table 1 or e.g. [47]). 

 

Table 4. Stability of the KCZ catalyst under different conditions 

Configuration T10 
[°C] 

T50 
[°C] 

Tmax 
[°C] 

T90 
[°C] 

CO2 
selectivitya [%] 

Specific 
soot 

oxidation 
rateb 

CZ 526 579 586 610 63 0 
Fresh KCZ 348 417 429 470 93 2.91 

Hydrothermally aged KCZ 454 532 560 580 93 1.37 
KCZ 3rd run 368 426 432 481 92 2.51 
KCZ 6th run 390 440 440 497 92 2.38 

aCO2 selectivity at Tmax 
bThe specific soot oxidation rate was calculated at 400 °C and expressed as [mgoxidized soot · s-1 × ginitial 

soot · g-2catalyst] 
 



4. Conclusions 

It has been demonstrated that soot oxidation can be integrated on SCRoF by using specifically tailored 

soot oxidation catalyst, which is inactive towards ammonia oxidation. When only Fe-ZSM5 (an SCR 

catalyst) was used, the soot oxidation was inhibited by the SCR reaction because NO2 was not 

available. In general, in SCRoF the strategy of soot oxidation by NOx cannot be exploited because of 

the fast SCR reaction is consuming most of the NO2.  

The soot oxidation catalyst used in this study was potassium based. 20 wt.% potassium carbonate 

impregnated on CeO2-ZrO2 had strong synergistic effect with the support and high activity for soot 

oxidation with O2. Furthermore, the addition of potassium poisoned the acid sites of the support and 

inhibited any ammonia reactivity. By physically mixing the SCR catalyst (Fe-ZSM5) and the soot 

oxidation catalyst (KCZ), activity of soot oxidation was successfully coupled with ammonia-

mediated NOx reduction. In the physical mixture, KCZ had no negative effect for NOx reduction, 

while the Ag/CZ, employed for comparison, inhibited the SCR reaction by oxidizing ammonia, 

thereby lowering selectivity and conversion. 

In the physical mixture the contact and granulation mode played a significant role for the soot 

oxidation activity and the best results were obtained when KCZ was powdered and Fe-ZSM5 

pelletized. In the reversed case, powdered Fe-ZSM5 acted as a barrier between soot and KCZ and the 

soot oxidation was inhibited. This has further implication for the monolith coating method, i.e. the 

contact between soot oxidation catalyst with soot should be maximized and that with the SCR catalyst 

minimized. 

It should be noted that in this study the catalytic activities and interactions were studied on powdered 

catalysts. While the length-scales (order of magnitude ~100 µm) and diffusion phenomena are similar 

as in a monolith, the interaction described are mainly of chemical nature, i.e. the reactivity, 

adsorption-desorption phenomena etc. Further studies on real monolith will be performed to describe 

the macroscopic physical phenomena since the addition of a soot oxidation coating layer on the 



monolith would most likely have significant effect on the diffusion rate of the reacting species and 

the pressure drop through the monolith wall. 
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