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Abstract

:

We have investigated how the exhaust gases from a heavy-duty Euro VI engine, powered with biogas impact a vanadium-based selective catalytic reduction (SCR) catalyst in terms of performance. A full Euro VI emission control system was used and the accumulation of catalyst poisons from the combustion was investigated for the up-stream particulate filter as well as the SCR catalyst. The NOx reduction performance in terms of standard, fast and NO2-rich SCR was evaluated before and after exposure to exhaust from a biogas-powered engine for 900 h. The SCR catalyst retains a significant part of its activity towards NOx reduction after exposure to biogas exhaust, likely due to capture of catalyst poisons on the up-stream components where the deactivation of the oxidation catalyst is especially profound. At lower temperatures some deactivation of the first part of the SCR catalyst was observed which could be explained by a considerably higher surface V4+/V5+ ratio for this sample compared to the other samples. The higher value indicates that the reoxidation of V4+ to V5+ is partially hindered, blocking the redox cycle for parts of the active sites.
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1. Introduction


The combination of decreased carbon dioxide (CO2) and nitrogen oxides (NOx) emissions in recent legislation for heavy-duty vehicles puts a large pressure on the efficiency and durability of the emission control system [1]. The performance of one of the last parts of the emission control system of a heavy-duty vehicle, the selective catalytic reduction (SCR) catalyst which reduces NOx to N2, is of major importance as well as the particulate filter (DPF) which reduces the emissions of particulate matter (PM). The limit for NOx emissions from a heavy-duty vehicle in the present standard in Europe, Euro VI, is set to 0.4 g/kWh (World Harmonized Stationary Cycle, WHSC). This standard also contains limits for emissions of PM, carbon monoxide (CO), hydrocarbons (HC) and ammonia slip, and the emissions need to comply to set limits throughout the lifetime of the vehicle, which is seven years or 700,000 km whichever occurs first [2]. Due to the recent inclusion of limits for CO2 emissions or greenhouse gas (GHG) equivalents, new approaches are needed for engine and emission control. Engines with higher fuel-efficiency will reduce CO2 emissions, however this will also lead to a reduction of the exhaust temperature, which will make it difficult for the emission control system to perform efficiently [3]. Another approach is to move from using fossil based fuels to more sustainable non-fossil fuels like biodiesel and biogas. This will not decrease the amount of CO2 that is emitted from the vehicle but it will move the emissions from fossil carbon towards bio-based carbon. One potential complication from using bio-based fuels is the presence of catalyst poisons such as sulfur (S), phosphorus (P) and alkali metals, which can reduce the activity as well as the selectivity of the catalysts [4,5]. A common way to reduce NOx to N2 is by using an SCR catalyst in combination with a reducing agent. The most commonly used reducing agent in heavy-duty vehicles is urea, which decomposes and hydrolyses to NH3 in the exhaust stream at temperatures above 180 °C [6]. The SCR reaction can proceed through three different routes: the standard, fast and NO2 SCR reaction route shown in Equations (1)–(3), respectively [7].


  4   N O  + 4    N H  3  +  O 2  → 4   N 2  + 6   H 2  O  



(1)







An oxidation catalyst (DOC) is usually placed up-stream of the SCR catalyst and the DPF, and this catalyst oxidizes NO to NO2. The ratio between NO2 and NO dictates which route the SCR reaction mainly follows. When the ratio is around 1 the reaction follows the fast SCR reaction route (Equation (2)).


  2   N O  + 4    N H  3  + 2    N O  2  → 4   N 2  + 6   H 2  O  



(2)







In NO2 excess, NO2 can be reduced to N2 according to the NO2-rich route (Equation (3)).


  8    N H  3  + 6    N O  2  → 7   N 2  + 12   H 2  O  



(3)







One of the most commonly used SCR catalysts in heavy-duty vehicles is V2O5-WO3 supported on TiO2. The advantage with this catalyst compared to the other commonly used SCR catalyst, Cu-SSZ-13, is that the vanadium-based catalyst is robust towards sulfur poisoning [8,9,10,11]. However, its low-temperature performance is lower compared to that of Cu-SSZ-13. Nevertheless an up-stream oxidation catalyst that converts NO to NO2 to achieve fast SCR conditions could overcome this gap in performance. Deactivation of the vanadium-based catalyst has been extensively studied [4,12,13,14,15]. It has been shown by Blakeman et al. that the amount of sulfur in the feed is a significant parameter where a low concentration of sulfur could benefit the SCR reaction, while a high concentration could cause severe but reversible deactivation of the catalyst [16,17]. The presence of alkali metals and zinc in the fuel, and lube oil can cause severe permanent deactivation by impacting the Brønsted acid sites resulting in a decrease in the adsorption of ammonia, which is an important step in the SCR reactions [13,14,15,18]. When the catalyst is subjected to phosphorus some activity is lost, but most studies found that the deactivation is not proportional to the amount of phosphorus adsorbed on the catalyst. The observed deactivation is lower than expected, and this is likely due to the acidic nature of phosphorus [12,19,20]. It is also most likely due to this acidity, which provides ammonia adsorption sites, that phosphorus could decrease the negative impact on the catalyst caused by alkali compounds. Many of the studies performed have been on single poisons or by impregnating the catalyst with poisons which are quite far from real conditions. Nevertheless, these studies provide valuable input into mechanisms and reaction paths for the deactivation, but full system investigations, using the real fuel in an engine, also needs to be performed.



In the present study, aging of a vanadium-based SCR catalyst after exposure to exhaust-gases from a heavy-duty (Euro VI) engine powered with biogas during 900 h has been investigated. The exhaust after-treatment system is a full Euro VI system. In this way the impact on the SCR catalyst from using biogas as fuel can be evaluated in a real-life exhaust environment.




2. Results and Discussion


After exposing the SCR catalyst samples (described in Table 1) to exhaust from a biogas-powered engine in an engine-bench for 900 h, the performance of these samples in terms of SCR activity was evaluated. The SCR performance was evaluated for three different reaction conditions; standard, fast and NO2-rich SCR. The results for these experiments are presented in Figure 1, Figure 2 and Figure 3, respectively. The activity was evaluated at steady state conditions at six different temperature points. Between these points the temperature was increased linearly at a rate of 10 °C/min. After 900 h of exposure to biogas exhaust, only a minor decrease in NOx conversion during the standard SCR reaction is observed for the first SCR catalyst (SCR1) compared to the fresch sample (Figure 1). This decrease is observed for both the inlet and the outlet part of the catalyst, at temperatures below 300 °C. The measurable error in the measurements is small, +/−0.5 percentage at most, however, since the difference in conversion is minor it is important to be aware of the potential error in the measurement.



Comparing the results from standard and fast SCR conditions, the overall conversion of NOx is significantly higher for the latter reaction condition, and at 300 °C the conversion reaches 100% for all SCR samples. At lower temperatures though, a slight decrease in NOx conversion for the SCR1 inlet and outlet samples can be seen (Figure 2).



When testing the catalyst samples under NO2-rich SCR conditions, the same pattern is observed as under fast and standard SCR conditions. The samples from the first SCR catalyst show a slightly higher degree of deactivation than the samples from the third SCR catalyst (Figure 3).



Even though the decrease in NOx conversion is low, other changes to the catalysts could be observed after the 900 h exposure to biogas exhaust. For the experiments conducted with higher concentration of NO2 in the feed, a slight increase in N2O formation could be seen for the samples originating from the first SCR catalyst (SCR1) at 400 °C. The formation of N2O increased from close to zero to 5 ppm for both the inlet and the outlet sample of the first SCR catalyst after engine-bench aging.



From the NH3-TPD experiments, another change was seen in the engine-bench aged samples. These samples have a decreased ability to adsorb NH3, especially the outlet samples are impacted. As seen in Table 2, the outlet samples of the engine-bench aged catalysts lost 50% of their ammonia adsorption capacity while the inlet sample only lost 25 and 15%, respectively for SCR catalyst 1 and 3. This loss in NH3 adsorption capacity is not reflected in the decrease in activity for the engine-bench aged samples. The decrease in NH3 adsorption capacity for the outlet samples could be due to the slight increase of sulfur concentration in the outlet part of both catalyst samples as seen by X-ray fluorescence (XRF) measurements (PANalytical Epsilon 3XL) in Table 3. The outlet samples contain slightly higher concentrations of vanadium due to uneven coating which means that the decrease in NH3 adsorption is not due to less vanadium on these samples. For the inlet sample of SCR catalyst 1, the temperature where maximum NH3 desorption occurs (Tmax) is shifted towards higher temperatures, while the remaining engine-bench aged samples have a Tmax relatively close to that of the fresh SCR sample. This shift is likely part of the explanation to the slight decrease in activity for this sample at lower temperatures.



Ammonia does not only participate in the SCR reactions, under certain circumstances the ammonia could be undesirably oxidized by O2 to N2 and H2O which is not desired. Below 300 °C the vanadium-based SCR catalyst used in this study shows no activity towards ammonia oxidation during NH3 oxidation conditions. However at 350 °C, some oxidation of ammonia occurs as can be seen in Figure 4, where the conversion of ammonia in the presence of oxygen and water is presented. The ammonia is oxidized into N2 and H2O at temperatures up to 400 °C, which is the maximum temperature the engine-bench aged samples are tested at to avoid any regeneration during testing. At temperatures above 400 °C, the fresh SCR catalyst also starts to convert some NH3 to N2O, NO and NO2.



Up-stream of the SCR catalysts, an oxidation catalyst and a particulate filter are placed. These emission control components will partially capture catalyst poisons from the exhaust gas, which means that the gas feed that enters the first SCR catalyst is relatively clean from contaminants such as sulfur and phosphorus. Data for the oxidation catalyst have recently been published [21], showing that the majority of the phosphorus in the biogas exhaust ends up on the inlet part of the oxidation catalyst which indicates that it adsorbs on the first surface it comes in contact with. Most of the phosphorus sticks in the form of P2O5 or phosphorus glass, however, small amounts of phosphorus will continue to the particulate filter and downstream components of the emission control system. However, sulfur is not as likely to mainly adsorb on the inlet part of the oxidation catalyst, but is rather distributed evenly over the length of the oxidation catalyst. Sulfur will, to a larger extent, continue to the emission control system components downstream the oxidation catalyst. To try to elucidate where in the emission control system the catalyst poisons end up, the particulate filter as well as the SCR catalyst samples were analyzed by X-ray fluorescence (XRF) spectrometry, see Table 3. The data published for the oxidation catalyst [21] shows that high concentrations of phosphorus are found in the inlet part of the catalyst (DOC in) while lower amounts are found in the outlet part (DOC out). For the next consecutive component of the emission control system, the particulate filter, it can be seen in Table 3 that some phosphorus has accumulated as well as some sulfur. Higher concentrations of poisons are observed in the outlet part of the DPF compared to the inlet part, as opposed to what was observed for the DOC. This is due to the design of the particulate filter, which is a wall-flow filter with alternately plugged channels, in the inlet and outlet part of it, causing accumulation of ash, particulate matter and poisons mainly on the outlet part of the filter. The accumulation of poisons on the DOC and the DPF is, however, not only beneficial for the performance the SCR catalyst since the deactivation of these components will cause a decrease in NO2/NOx ratio [21], which in turns leads to a decreased capacity for NOx reduction in the SCR catalyst [22].



The results from the XRF analysis show that no significant amounts of phosphorus or calcium are accumulated in the samples of the SCR catalyst after engine-bench aging for 900 h using biogas as fuel. Sulfur is found in slightly higher amounts on the engine-bench aged samples and then in particular in the outlet samples, which could explain the significant decrease in NH3 storage capacity for these samples, see Table 2.



The X-ray photoelectron spectroscopy (XPS) measurements of a small section of the SCR samples do not show a significant amount of phosphorus on the surface. The P 2p signal visible in Figure S1 in the supplementary material is not changing in intensity for the different samples. No sulfur signal is detected for any of the samples, which is the opposite to the XRF results. The S 2p signal is likely below the detection limit because XPS is a highly surface sensitive technique compared to XRF, which probes the whole sample.



Detailed spectra of the vanadium 2p region are compiled in Figure 5. The V 2p3/2 peaks are deconvoluted into two components centered around 517.1 ± 0.1 eV and 515.9 ± 0.1 eV. Based on the binding energy positions the components are assigned to V5+ in V2O5 (higher binding energy) and V4+ in VO2 (lower binding energy) [23]. The ratio of the V4+ and V5+ signal with respect to the total V 2p signal (as shown in Figure 6) is fairly similar for all samples with the exception of the SCR1 in sample. For this sample the V4+/V5+ ratio is considerably higher when compared to the other samples. The higher ratio indicates that the reoxidation of V4+ to V5+ is partially hindered, blocking parts of the active sites and hence, causing the activity for NOx reduction to decrease.



The O 1s spectra that are shown in the supplementary material exhibit two distinct components at 529.9 eV and at high/V4+er binding energy at about 532.3 eV. Oxygen 1s signals around 530 eV are found for most metal oxides while a signal around 532.4–533 eV is reported for SiO2 [24], which is also part of the catalyst material in the present study. However, also the signal of OH groups that can form is located close to 532 eV for most metal oxide materials [25]. As seen in Figure S2, the outlet samples exhibit a higher intensity at about 532 eV which could be interpreted as a higher amount of OH groups present on the surface of those samples. However, a clear assignment of the oxide and OH-related signal is not possible due to the presence of various metal oxides in the samples (see further discussion in the Supplementary Materials). Hence at this point we can only speculate that those additional OH groups may be another explanation of the reduced NH3 adsorption capacity at the outlet parts of the SCR samples.




3. Materials and Methods


An engine-bench including a heavy-duty engine from Volvo (G13C 460 hp) and an Euro VI type emission control system (Volvo Group Trucks Technology, Gothenburg, Sweden) was used for aging the catalysts. The emission control system is shown schematically in Figure 7. The type of engine used is a dual-fuel type using 90% biogas and 10% diesel as fuel for a duration of 900 h. The aging corresponds to half a lifetime in temperature exposure and around 25–30% of a lifetime in terms of chemical exposure. The average sulfur content in biogas could be around 5 mg/m3 which gives a lifetime exposure of 300 g sulfur, which means that the exposure during the engine-bench aging is around 75–90 g of sulfur. The concentration of phosphorus in biogas is generally low and the contribution of phosphorus in the exhaust is assigned to the lubrication oil used in the engine. The gas flow to the engine was altered in cycles for the duration of the engine aging to replicate driving on roads. The inlet temperature of the first consecutive SCR catalyst during the engine-bench aging varied between 170 and 550 °C during the entire aging. After 900 h of engine-bench aging, each part of the emission control system was investigated separately.



3.1. Catalyst Material


The NOx reduction catalyst used in this study is a commercially available tungsten promoted vanadium-based V2O5-WO3/TiO2 SCR catalyst. From the catalysts used in the engine-bench aging, smaller sample cores were drilled out (11 mm diameter and 19 mm length). These smaller sample cores were used for the evaluation of catalyst performance in a synthetic gas bench and for catalyst characterization. The loading of vanadia in the sample, including support, was around 1–1.5 wt%, the tungsten loading was between 4 and 8 wt%, the cell density and geometry of the sample was 260 cpsi and the V2O5-WO3 was impregnated on a fiberglass-reinforced TiO2 substrate in a corrugated shape. Samples were obtained from the inlet and outlet parts of the first and last SCR catalyst to detect any differences over the length of the catalyst. The engine-bench aged SCR catalyst samples were compared with a fresh reference sample. The particulate filter used was a Pt/Pd supported on alumina type DPF. The DPF was only tested for catalyst poison content in this study and samples from both the inlet and outlet of the DPF were analyzed for content of P, S, Ca and Zn.




3.2. SCR Performance


A synthetic gas bench reactor (SGB, Chalmers University of Technology, Gothenburg, Sweden) was used to assess the catalyst performance in terms of standard, fast and NO2-rich SCR. The experimental protocol is seen in Table 4. The SGB reactor, described elsewhere [26], consists of a horizontal quartz tube in a plane position heated by a resistive heating coil. Bronkhorst Hi-Tech mass flow controllers (Bronkhorst High-Tech B.V., Ruurlo, The Netherlands) were used to control the gas flow and the water feed was controlled by a Bronkhorst CEM system. The outlet gas concentrations from the SGB were analyzed by Fourier transform infrared spectrometry (FTIR) using an MKS 2030 HS device (MKS instruments, Andover, MA, USA). The temperature was controlled using a thermocouple located in a blank monolith up-stream the catalyst.




3.3. Characterization


To analyze if the NH3 oxidation activity of the SCR catalyst changed after 900 h in the engine-bench, NH3-oxidation tests were performed. This experiment was performed in the same gas bench reactor as the SCR performance tests and the experimental protocol can be seen in Table 4.



To quantify the NH3 adsorption capacity of the catalysts, temperature-programmed desorption (TPD) of NH3 was conducted according to the second part of the experimental protocol in Table 4.



X-ray fluorescence spectrometry was performed using a PANalytical Epsilon 3XL analyzer (Malvern Panalytical B.V., Almelo, The Netherlands) to semi-quantatively determine the elemental composition of the fresh and engine-bench aged SCR catalyst samples as well as samples from the DPF. Around 2 g of each of the samples were used for the analysis and the catalyst material as well as the fiberglass-reinforced TiO2 substrate was analyzed. A ball mill was used to mix the samples with a binder (300 rpm, 10 min) and this mixture was pressed into flat discs (150 kN, 3 min).



X-ray photoelectron spectroscopy was employed to obtain information about the chemical state at the very surface of the samples. The spectrometer (VersaProbe III Scanning XPS Microprobe, Physical Elecronics, Chanhassen, MN, USA) houses a monochromatized Al Kα radiation source (1486.6 eV). As a result that the samples were not electrically conductive, an electron neutralizer and an ion gun (Ar+) were used to compensate for charging effects. Preparation of the samples was performed by first cutting pieces from the catalyst sample and then fixing them to the sample holder with carbon tape. The samples were dried under vacuum over night at room temperature to desorb the majority of water. The area scanned with by XPS was about 500 × 500 μm2). Based on the inelastic mean free path of the photoelectrons, an information depth of about 5 nm is estimated. The carbon 1s spectrum located at 284.5 eV [27] was used to calibrate the binding energy scale. The V 2p spectra shown in Figure 5 were normalized to the intensity on the low binding energy side. The spectra were then deconvoluted using a symmetric Doniach-Šunjić (DS) line profile with a DS half width of 0.5 eV [28] convoluted with a Gaussian whose half width was allowed to vary between 1.65 and1.9 eV. A Shirley type background was subtracted prior to fitting.





4. Conclusions


Exposure to biogas exhaust for a duration of 900 h in an engine-bench set-up has only minor impact of the NOx) reduction ability for the vanadium-based SCR catalyst. Compared to the fresh catalyst sample a small decrease in activity for the NOx reduction in fast, standard and NO2-rich SCR conditions at temperatures below 300 °C was observed for the engine-bench aged samples, in particular for the samples taken from the SCR catalyst located at the furthest up-stream position. A likely explanation for the low degree of deactivation of the SCR catalysts is that the catalyst poisons present in the engine exhaust mainly stick to the up-stream parts of the emission control system, primarily the oxidation catalyst, but also the particulate filter, where higher concentrations of P, S and Ca were found using XRF, SEM-EDX and XPS. Even if the effect of biogas exhaust exposure on the SCR activity was minor, other changes to the SCR catalysts were observed. The ability of the SCR catalyst to adsorb NH3 decreased considerably after exposure to biogas exhaust, where the outlet samples were particularly impacted. This could be explained by a more significant accumulation of sulfur on the outlet parts of the SCR catalysts. The deactivation observed for the inlet sample of the first SCR catalyst could be explained by the shift in V4+/V5+ ratio, which was seen for this sample using XPS. The ratio was considerably higher for the inlet sample of the first SCR catalyst when compared to the other samples indicating that the reoxidation of V4+ to V5+ is partially hindered, blocking the redox cycle for parts of the active sites hence, causing the activity for NOx reduction to decrease. The importance of addressing the deactivation of the entire emission control system becomes clear in this study. Since the deactivation of the SCR catalyst itself is not severe one could assume that the amount of NOx emitted from the system is low. This is not the case though, especially at low temperatures where the deactivation of the up-stream oxidation catalyst causes a decrease in NO2 formation which results in an overall lower NOx conversion in the SCR catalyst hence, increased emission of NOx.
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Figure 1. Conversion of NOx over the fresh selective catalytic reduction (SCR) catalyst (SCR fresh), the inlet and outlet samples of SCR catalyst 1 (SCR1 in and SCR1 out, respectively) and the inlet and outlet samples of SCR catalyst 3 (SCR3 in and SCR3 out, respectively) at steady state for six temperatures, 150, 200, 250, 300, 350 and 400 °C at standard SCR conditions. The feed consisted of 1100 ppm NH3, 1000 ppm NO, 8% O2, 5% H2O with argon as balance. The space velocity used was 45,000 h−1. 
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Figure 2. Conversion of NOx over the fresh SCR catalyst (SCR fresh), the inlet and outlet samples of SCR catalyst 1 (SCR1 in and SCR1 out, respectively) and the inlet and outlet samples of SCR catalyst 3 (SCR3 in and SCR3 out, respectively) at steady state for six temperatures, 150, 200, 250, 300, 350 and 400 °C at fast SCR conditions.The feed consisted of 1100 ppm NH3, 500 ppm NO, 500 ppm NO2, 8% O2, 5% H2O with argon as balance. The space velocity used was 45,000 h−1. 
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Figure 3. Conversion of NOx over the fresh SCR catalyst (SCR fresh), the inlet and outlet samples of SCR catalyst 1 (SCR1 in and SCR1 out, respectively) and the inlet and outlet samples of SCR catalyst 3 (SCR3 in and SCR3 out, respectively) at steady state for six temperatures, 150, 200, 250, 300, 350 and 400 °C at NO2-rich SCR conditions. The feed consisted of 1100 ppm NH3, 250 ppm NO, 750 ppm NO2, 8% O2, 5% H2O with argon as balance. The space velocity used was 45,000 h−1. 
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Figure 4. Conversion of NH3 over the fresh SCR catalyst (SCR fresh), the inlet and outlet samples of SCR catalyst 1 (SCR1 in and SCR1 out, respectively) and the inlet and outlet samples of SCR catalyst 3 (SCR3 in and SCR3 out, respectively) at steady state for five temperatures, 200, 250, 300, 350 and 400 °C at NH3 oxidation conditions. The SCR fresh sample was also measured at 450 and 500 °C. The feed consisted of 1000 ppm NH3, 8% O2, 5% H2O with argon as balance. The space velocity used was 45,000 h−1. 
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Figure 5. Vanadium 2p3/2 core level spectra of the fresh SCR catalyst and the inlet and outlet samples of SCR catalyst 1 and 3, respectively. Data points after background subtraction are shown as dots, the solid line represents the result of curve fitting by the two shaded components shown. 
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Figure 6. Fraction of V5+ and V4+ relative to the total V 2p3/2 signal. 
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Figure 7. Emission control system set-up with the oxidation catalyst (DOC), particulate filter (DPF), SCR catalysts (SCR 1-3) and ammonia slip catalyst (ASC). 
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Table 1. Sample description and nomenclature.
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	Sample Name
	Description





	SCR fresh
	Fresh sample of the SCR catalyst



	SCR1 in
	Inlet sample of the first consecutive engine-bench aged SCR catalyst



	SCR1 out
	Outlet sample of the first consecutive engine-bench aged SCR catalyst



	SCR3 in
	Inlet sample of the third and last consecutive engine-bench aged SCR catalyst



	SCR3 out
	Outlet sample of the third and last consecutive engine-bench aged SCR catalyst



	DPF in
	Inlet sample of the engine-bench aged DPF



	DPF out
	Outlet sample of the engine-bench aged DPF
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Table 2. Desorption of NH3 during a heating ramp from 150 to 400 °C at a rate of 10 °C/min relative to the desorption for the SCR fresh sample. Temperature for maximum NH3 desorption, Tmax, is also presented. The feed during the heating ramp consisted of 5% H2O in argon. Gas hourly space velocity (GHSV): 45,000 h−1.
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Sample

	
Desorbed Amount of NH3 [% of SCR Fresh]

	
Tmax [°C]






	
SCR fresh

	
100

	
236

	




	
SCR1 in

	
76

	
253

	




	
SCR1 out

	
48

	
229

	




	
SCR3 in

	
87

	
238

	




	
SCR3 out

	
48

	
226

	











[image: Table] 





Table 3. Content of P, S, Ca and Zn in the fresh SCR catalyst (SCR fresh), the inlet and outlet samples of SCR catalyst 1 (SCR1 in and SCR1 out, respectively), the inlet and outlet samples of SCR catalyst 3 (SCR3 in and SCR3 out, respectively), the inlet and outlet samples of the particulate filter (DPF in and DPF out, respectively), the fresh oxidation catalyst (DOC fresh) and the inlet and outlet samples of oxidation catalyst (DOC in and DOC out, respectively) as obtained by XRF analysis. * The binder used when preparing the samples for XRF analysis contains 82 ppm phosphorus. ** Results for the DOC samples are published in reference [21].
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	Sample
	Phosphorus [%]
	Sulfur [ppm]
	Calcium [ppm]
	Zinc [ppm]





	SCR fresh
	0.19 *
	400
	1.7
	-



	SCR1 in
	0.17 *
	630
	1.5
	-



	SCR1 out
	0.20 *
	820
	1.6
	-



	SCR3 in
	0.18 *
	650
	1.5
	-



	SCR3 out
	0.18 *
	840
	1.6
	-



	DPF in
	0.06 *
	890
	380
	160



	DPF out
	0.09 *
	1300
	1000
	480



	DOC fresh **
	0.00
	0
	280
	-



	DOC in **
	0.18
	2700
	470
	-



	DOC out **
	0.04
	2500
	320
	-
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Table 4. Experimental protocol for activity tests. Base feed for all experiments except NH3-TPD: 8 vol.-% O2, 5 vol.-% H2O with Ar used as balance.The space velocity used was 45,000 h−1. The SCR steps were performed at 150, 200, 250, 300 and 400 °C, the NH3 oxidation at 200, 250, 300, 350 and 400 °C while the NH3-TPD was performed during a temperature ramp from the exposure temperature 150 °C to 400 °C at a heating rate of 10 °C/min. The fresh SCR sample was tested up to 500 °C but to avoid regeneration of the engine-bench aged samples they were only evaluated up to 400 °C except during TPD when the temperature went o 500 °C for all samples.
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	Step
	NO [vol.-ppm]
	NO2 [vol.-ppm]
	NH3 [vol.-ppm]
	Description





	1
	1000
	-
	1100
	Standard SCR



	2
	500
	500
	1100
	Fast SCR



	3
	250
	750
	1100
	NO2-rich SCR



	4
	-
	-
	1000
	NH3 oxidation



	5
	-
	-
	-
	Cooling to 150 °C in pure argon



	6
	-
	-
	400
	NH3 adsorption for TPD



	7
	-
	-
	-
	Argon flush



	8
	-
	-
	-
	NH3 desorption at a heating rate of 10 °C/min to 500 °C
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