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Abstract

:

Lean nitric oxide (NOx)-trap (LNT) and selective catalytic reduction (SCR) are efficient systems for the abatement of NOx. The combination of LNT and SCR catalysts improves overall NOx removal, but there is a risk that the SCR catalyst will be exposed to high temperatures and rich exhaust during the LNTs sulfur regeneration. Therefore, the effect of exposure to various rich conditions and temperatures on the subsequent SCR activity of a Cu-exchanged chabazite catalyst was studied. CO, H2, C3H6, and the combination of CO + H2 were used to simulate rich conditions. Aging was performed at 800 °C, 700 °C, and, in the case of CO, 600 °C, in a plug-flow reactor. Investigation of the nature of Cu sites was performed with NH3-temperature-programed desorption (TPD) and diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) of probe molecules (NH3 and NO). The combination of CO and H2 was especially detrimental to SCR activity and to NH3 oxidation. Rich aging with low reductant concentrations resulted in a significantly larger deactivation compared to lean conditions. Aging in CO at 800 °C caused SCR deactivation but promoted high-temperature NH3 oxidation. Rich conditions greatly enhanced the loss of Brønsted and Lewis acid sites at 800 °C, indicating dealumination and Cu migration. However, at 700 °C, mainly Brønsted sites disappeared during aging. DRIFT spectroscopy analysis revealed that CO aging modified the Cu2+/CuOH+ ratio in favor of the monovalent CuOH+ species, as opposed to lean aging. To summarize, we propose that the reason for the increased deactivation observed for mild rich conditions is the transformation of the Cu species from Z2Cu to ZCuOH, possibly in combination with the formation of Cu clusters.
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1. Introduction


The need to reduce fuel consumption and greenhouse gas emissions has led to the development of diesel and lean-burn gasoline-powered vehicles. However, this type of engine, operating in excess of air, produces nitric oxides (NOx) that cannot be reduced with conventional three-way catalysts. Net oxidizing exhausts require the need for additional reductants to convert NOx into nitrogen over a catalyst. In the selective catalytic reduction technology (SCR), the reductant can be hydrocarbons from the fuel (HC-SCR) or ammonia obtained from the hydrolysis of urea (NH3-SCR). Cu-exchanged small-pore zeolite is the state-of-the-art catalyst for NH3-SCR. In particular, Cu-exchanged zeolite with a chabazite structure has shown improved SCR activity and hydrothermal stability compared to other Cu-exchanged zeolites [1,2]. The combination of NH3-SCR with a lean NOx-trap catalyst (LNT) has shown enhanced NOx reduction and higher N2 selectivity [3,4,5]. This system is a promising solution to comply with increasingly stringent emission regulations and to tackle low-temperature NOx emission. In this configuration, however, the SCR catalyst can be subjected to rich conditions and high temperatures during the desulfation of the LNT catalyst. Therefore, aging SCR Cu/zeolite in rich conditions or in lean/rich cycling conditions has attracted attention [6,7,8]. In our earlier study, we found that aging in the presence of a high-hydrogen concentration proved to be extremely negative for a Cu/SSZ-13 catalyst compared to hydrothermal aging in lean conditions [6]. The rapid and irreversible migration of Cu ions that forms large Cu0 particles was identified as the cause of the low SCR activity. Moreover, Kim et al. noted an increase in NH3 oxidation to NO after lean/rich aging at 620 °C [8], which decreases net NO reduction.



The NH3 SCR reaction process follows a redox cycle of copper cations [9,10]. The oxidation state and location of Cu cations is, therefore, a determining parameter for catalytic activity. In chabazite zeolites, Cu can be found as isolated Cu2+, balancing two negative charges of nearby Al atoms in the zeolite framework (Z2Cu), or as [CuOH]+, which is connected to one Al (ZCuOH) [11,12]. The Si/Al ratio of the zeolite and the Cu-exchange level influences the partition of these two copper species [13]. Statistically, Si/Al must be low to increase the probability of 2 Al atoms at T-sites in the vicinity of a single Cu cation. Cu+ that balances one negative charge can be obtained with the autoreduction of Cu2+, facilitated with a vacuum or dehydration in an inert atmosphere [12,14,15,16]. Low Cu loading also increases the fraction of Cu+ [10]. Cu can be located in various sites of the SSZ-13 framework such as in the CHA cage, in the double 6-member ring cage (d6r), or in the 8-member ring (8MR). As evidenced by DFT calculations, these sites are not equivalent and have different reactivity and interaction with molecules [17,18,19]. In the d6r, Cu is found as Z2Cu; in 8MR, Cu is found as ZCuOH. Moreover, during SCR reaction conditions these copper species are very mobile [12], which will be discussed more in the following paragraph. The effect of hydrothermal aging in lean and wet conditions has been extensively studied [20,21,22,23,24,25,26] since durability of automotive catalysts is a crucial parameter to meet emission standards throughout the lifetime of a vehicle. Under lean hydrothermal conditions, it was found that the state of Cu is altered, which yielded a lower SCR conversion. Upon aging, ZCuOH is converted into Z2Cu, which is more stable [11,13,24]. Cu migration and the formation of Cu oxide clusters have also been reported [20,25].



However, little has been published on the effect of rich conditions on the interconversion of Cu species. Reductant rich exhausts and high temperature can occur in vehicles equipped with a tandem LNT-SCR system during, for instance, desulfation of the LNT. Ligand molecules such as H2O and NH3 have shown the ability to solvate Cu2+ tethered to a framework Al [10]. The solvated Cu cations become mobile in the CHA cages [27]. In the presence of CO, which is a Lewis base, similar solvation and mobility of Cu2+ might be possible. High Cu mobility can lead to strong deactivation as we have shown in the presence of 1% H2 [6]. Since CO is produced during the purge of the LNT catalyst and can be converted into H2 according to the water-gas shift reaction, it is important to evaluate the consequence of CO and H2 exposure on Cu/SSZ-13 SCR catalyst.



However, there are to our knowledge, no studies available where the effect of different reductants during rich aging of Cu/SSZ-13 have been examined, which is the objective of the current work. As such, this study investigates the effect of the reductant and temperature on the subsequent SCR and NH3 oxidation activity of a Cu/SSZ-13 catalyst. DRIFT spectroscopy and NH3-temperature-programmed desorption (TPD) provided new insight into the evolution and the nature of the copper species.




2. Results and Discussion


2.1. SCR Activity of Degreened and Rich-Aged Catalysts


The activity of a Cu/SSZ-13 catalyst for standard SCR is reported in Figure 1 as the conversion of NO. The activity of degreened samples was reproducible, thus indicating reproducible monolith preparation (Figure S1). Therefore, only one curve corresponding to Sample 3 is presented as a reference. The degreened catalyst had low activity below 150 °C and showed a sharp increase in activity between 150 and 200 °C. From 250 to 350 °C, nearly 100% NO conversion was reached before activity declined at higher temperatures. The effect of various reductants was evaluated at 800 °C and 700 °C. After 8 h of aging at 800 °C, the light-off temperature increased significantly and the maximum NO conversion attained was lower. At 800 °C, the nature of the gas atmosphere played an important role, which is depicted in Figure 1. It is clear that reducing atmosphere causes more severe aging than lean atmosphere. In addition, the reducing agent also plays an important role. Activity deterioration was more pronounced with 2000 ppm H2 (and 10% H2O, 10% CO2, 500 ppm NO) than with 2000 ppm CO (and 10% H2O, 10% CO2, 500 ppm NO), especially in the temperature window of 300–400 °C. Earlier, we have demonstrated that a high concentration of H2 (1%) causes tremendous deactivation of Cu/SSZ-13 due to migration and agglomeration of exchanged Cu that forms large particles outside the zeolite framework [6]. Interestingly, also lower concentrations of H2 (2000 ppm) were found in this study to cause severe deactivation. The combination of CO and H2 led to the lowest activity below 350 °C and this combination seemed to affect the low-temperature mechanism more than H2 or CO alone. At higher temperatures, however, the samples aged with CO + H2 and H2 presented similar activity. The nature of the reductant was found to play a major role in the deactivation process of Cu/SSZ-13 at 800 °C and the results clearly show that the deactivation is significantly higher in rich compared to lean conditions that use low reductant concentrations.



The results obtained after aging at 700 °C are shown in Figure 2. The consequence of aging on activity was moderate and characterized by a moderate shift of the light-off towards higher temperatures. However, less deactivation was noted above 250 °C. The results in Figure 2 indicate that CO, H2, CO + H2, and C3H6 have equal effects on deactivation at 700 °C. It should be noted that the catalyst aged with H2 showed lower activity, from 300 °C, than the other samples after degreening. The apparent decrease observed in Figure 2 for the sample above 300 °C is, consequently, not related to aging, but to small variations in the fresh monolith. Despite the slight influence of the reducing agent, the conditions played a role in aging at 700 °C. Figure S2 represents the SCR activity of a catalyst aged in lean conditions at 700 °C and shows less-pronounced deactivation at low temperature for this sample than for the rich-aged samples. Note that this monolith was prepared from another Cu/SSZ-13 batch.



The effect of aging temperature is shown in more detail in Figure 3 in which the SCR activity of fresh catalyst is compared with catalysts aged in 2000 ppm CO (and 10% H2O, 10% CO2, 500 ppm NO) at 600, 700, and 800 °C. The results show that the deactivation is strongly linked to aging temperature with a greater deactivation measured after aging at a higher temperature, as expected. However, it is remarkable that aging at only 600 °C with 2000 ppm CO (and 10% H2O, 10% CO2, 500 ppm NO) leads to a loss in activity, which illustrates the specific impairing effect of CO and reducing conditions. After aging at 700 °C, deactivation was only significant below 300 °C. Aging at 800 °C was required to influence high-temperature SCR activity.




2.2. NH3-TPD Analysis


NH3 TPD was carried out to characterize the amount and strength of acid sites. In Cu-exchanged zeolites, Lewis acid sites are mainly isolated Cu2+ and Brønsted acid sites are the Al-OH-Si bridges. The degreened samples showed similar TPD profiles. Therefore, only two profiles are used for reference in Figure 4a,b. The degreened catalysts showed two NH3 desorption peaks at ca. 300 and 390 °C. These were assigned to Lewis acid sites and Brønsted acid sites, respectively [28]. In addition, NH3 strongly adsorbed on Cu2+ have also contributed to the high-temperature desorption peak [28,29]. Aging at 800 °C significantly decreased the NH3 storage capacity (Figure 4a) of both desorption peaks, but the high-temperature peak decreased to greater extent. The combination of H2 and CO led to the lowest NH3 storage. The multiple possible locations for Cu2+ in the zeolite framework make the NH3 desorption feature complex. Figure 4a shows a NH3 desorption peak at 305 °C for the catalyst aged with CO. The desorption temperature for the catalysts aged with H2 and H2 + CO was significantly higher at 325 °C, indicating the influence of the aging atmosphere on the population of the Cu species. TEM analysis coupled with EDS mapping was performed on the catalyst aged with CO at 800 °C to check for possible growth of Cu particles. Brighter areas of 2–3 nm in diameter with a composition slightly richer in Cu than the surrounding matrix were detected. However, they were too small to conduct a full EDS mapping of the catalyst particles and conclude accurately on the presence and quantity of Cu particles. In our earlier study, more severe aging was performed using 1% H2 (and 10% H2O, 10% CO2, 500 ppm NO) [6]. Due to the high H2 concentration the Cu migration was further promoted, and clear large Cu particles were observed using STEM-EDS. Thus, it is likely that the observed bright areas for the STEM analysis for aging in milder conditions are due to copper clusters, although it cannot be confirmed by EDS, due to the resolution of our EDS measurements.



Figure 4b represents the NH3 TPD after various aging conditions at 700 °C and aging with CO at 600 °C. Despite moderate activity loss after aging at 700 °C (Figure 2), all catalysts lost a great amount of high-temperature NH3 storage sites, which mostly corresponded to Brønsted acid sites. It is interesting that the catalyst aged with 2000 ppm CO at 600 °C, which showed minor SCR deactivation, lost a large amount of storage sites in the high-temperature region. This result demonstrates the non-trivial relationship between SCR activity and NH3 storage sites, especially the sites that strongly bond NH3. After aging at 700 °C, all samples suffered similar deactivation of low-temperature SCR and similar loss of mostly Brønsted acid sites. The loss of Brønsted acid sites indicates dealumination of the zeolite [25], however, dealuminated CHA zeolites can preserve their crystalline structure [6,22].




2.3. NH3 Oxidation Activity


Figure 5 shows the NH3 conversion measured during the NH3 oxidation test performed on monolithic catalysts. The production of N2O and NO never exceeded 5 ppm, indicating high selectivity to N2. Representative activity profiles of the degreened catalysts are shown with dashed lines in Figure 5a,b. The activity remained below 25% up to 400 °C and seemed to level off. Above 400 °C, however, activity increased sharply with temperature to reach nearly 100% at 500 °C. This dual behavior suggests two different mechanisms for ammonia oxidation on degreened catalyst. After aging at 800 °C, the activity increased progressively with temperature throughout the whole temperature range and the low-temperature feature of the degreened catalyst disappeared. Aging with CO promoted NH3 oxidation to N2 from 400 °C, unlike the SCR. This effect is specific to CO aging at 800 °C since H2 and H2 + CO lead to the deactivation of both SCR and NH3 oxidation throughout the whole temperature range. The activity measured after aging at 700 °C is shown in Figure 5b. It can be seen in that figure that the promoting effect of CO aging was absent following aging at 700 °C and 600 °C. Aged catalysts displayed similar profiles as degreened ones up to 400 °C, i.e., when the low-temperature mechanism applies. However, at higher temperatures, aging at 700 °C decreased the ammonia oxidation for all reductants. Aging in CO at 600 °C consistently caused less modification of the catalyst activity than at aging at 700 °C and 800 °C.




2.4. DRIFT Spectroscopy Study of NH3 Adsorption


NH3 adsorption, monitored with DRIFT spectroscopy, provided additional information regarding the state of copper sites, the nature of acid sites, and the extent of dealumination. NH3 adsorption was performed at 150 °C for 20 min on dehydrated catalysts. Figure 6 presents the spectra obtained at the end of exposure of degreened and aged catalysts to NH3 in the spectral region corresponding to T-O-T vibrations. Since the degreened powder was pure and the aged catalysts contained ≈ 75 wt % cordierite, the reported signal intensity of degreened catalyst was divided by a factor of four in order to facilitate comparison. The presence of exchanged Cu is known to disturb the vibration of a zeolite framework. When NH3 interacts with exchanged Cu, the Cu-induced perturbation of the T-O-T vibration weakens, and negative IR absorption bands appear [11]. Two Cu species were identified: Cu2+ bound to two Al-, denoted Z2Cu; and [Cu(OH)]+ bound to one Al−, denoted ZCuOH. The degreened Cu/SSZ-13 spectra showed two negative bands centered at 900 cm−1 and 950 cm−1, respectively, the former being more pronounced. The band at 900 cm−1 was assigned to the Z2Cu sites, connected to two Al, while the band at 950 cm−1 was assigned to ZCuOH [11,30].



The results after aging at 800 °C are presented in Figure 6a, where a clear effect on the intensity of these bands upon aging is visible. The lowest intensity was obtained after aging in 2000 ppm H2, suggesting the loss of exchanged Cu in these aging conditions. This result is in line with the lower conversion noted after H2 aging than after CO aging. The intensity ratio of the two bands was modified after aging at 800 °C. The ZCuOH band at 950 cm−1 was poorly resolved and, in the case of CO aging, it resembled a shoulder of the 900 cm−1 band. Luo et al. [11] and Song et al. [30] have observed the conversion of ZCuOH sites into Z2Cu sites with hydrothermal aging. This phenomenon was reproduced by aging in lean conditions in our study (data not shown). This appears not to occur when aging is conducted in a rich environment, since both FTIR peaks decreased in intensity. Instead, it is suggested that a fraction of exchanged Cu was reduced and migrated outside the zeolite. This was found for aging with 1% H2 [6]. Figure 6b shows that, after aging at 700 °C in either H2 or H2 + CO, both absorption bands were more intense, and the 950 cm−1 was well-resolved. Aging in CO at 600 °C yielded the greatest band intensity, demonstrating the milder effect of lower aging temperature on the amount of exchanged Cu sites. Based on the relative intensity of the bands at 900 and 950 cm−1, the DRIFTS results indicate an increase in the ZCuOH/Z2Cu ratio with aging in rich conditions, which is the opposite of what has been reported for hydrothermal aging [11,30]. To summarize, we propose that the reason for the increased deactivation observed for mild rich conditions is the transformation of the Cu species from Z2Cu to ZCuOH.



Figure 7 shows the N-H stretching vibration region of the DRIFT spectra where two main features can be seen at 1622 cm−1 and 1462 cm−1 on the degreened sample. The former was assigned to NH3 coordinated to Cu2+ while the latter was assigned to NH4+, indicating the protonation of NH3 on Brønsted acid sites [11,31,32,33]. These two bands were used to titrate Lewis and Brønsted sites on Cu-exchanged zeolites. Before aging, the absorbance band caused by NH4+ at 1462 cm−1 was slightly more intense than the Lewis band at 1622 cm−1. However, after aging at 800 °C, Figure 7a shows that the Lewis site band at 1622 cm−1 became more pronounced, indicating the loss of Brønsted acid sites. The intensity ratio 1622 cm−1/1462 cm−1 is dependent on aging conditions, and it was higher after H2 aging, which yielded very weak Brønsted site band. The Brønsted band also shifted towards lower wavenumbers after aging at 800 °C. At lower aging temperatures (Figure 7b), a similar shift was noted, even after aging in CO at 600 °C. However, for aging with CO at 600 °C, the intensity of the Brønsted band (1462 cm−1) was very strong. Moreover, for the NH3 TPD experiments the CO aging at 600 °C, it resulted in less aging compared to the other samples. However, a clear loss of Brønsted acid sites was still visible, which was not the case for the DRIFT data. This demonstrates that the assignment of the NH3 desorption peaks is not a trivial task and that a fraction of the high-temperature desorption peak is due to NH3 strongly adsorbed on Cu. These species were affected by aging in CO at 600 °C.




2.5. NO Adsorption on Oxidized Cu/SSZ-13


To study the nature of Cu sites in further detail, NO adsorption was performed at 30 °C in the DRIFT cell after an oxidizing pretreatment at 500 °C. NO is a suitable probe molecule that binds to Cu and allows discernment of the redox state and possibly the location of Cu. Figure 8 presents the spectra collected after a 20-min exposure to NO. Nitrates and adsorbed NO2 were formed on the surface of the catalyst as attested by the absorption bands in the region 1500–1700 cm−1 on all catalysts (not shown). A broad and intense feature, composed of three peaks at 2213, 2183, and 2158 cm−1, was found on degreened and aged catalysts at 800 °C. These peaks were assigned to NO+ in cationic sites (2158 cm−1) and NO+NO2 adducts (2213, 2183 cm−1) [34,35]. A less intense band, attributed to NO adsorbed on isolated Cu2+ [20,36,37], was found in the 1850–1950 cm−1 region. The degreened catalyst showed a peak at 1913 cm−1 and an unresolved shoulder at higher wavenumbers. The sharp peak at 1948 cm−1, corresponding to NO adsorbed on Cu2+ in the 6-member ring reported by Szanyi et al. [36,37] and Kim et al. [21], was not present on either the degreened or aged catalysts, but a shoulder in this region was found on the degreened sample. Aging at 800 °C in reducing conditions provoked a shift to lower wavenumbers of the 1913 cm−1 peak, with the growth of a new peak at 1895 cm−1, as well as the growth of a shoulder at 1866 cm−1. The N-O vibration frequency correlates with the Cu2+ site on which NO is adsorbed. This sginals a shift in νNO indicates the modification of Cu sites. DFT and FTIR results have suggested that νNO is higher for NO adsorbed on Z2Cu than NO adsorbed on ZCuOH in Cu/SSZ-13 zeolite [17]. The shift of Cu2+-NO and the rise of a peak at 1866 cm−1 suggest that aging in rich conditions changed the distribution of Cu sites in favor of ZCuOH. In addition, the peak at 1895 cm−1 has been observed by Giordanino et al., who assigned it to a monovalent complex likely to be [CuOH]+ [16].



During NO adsorption, bands around 1900 cm−1 and 2158 cm−1 developed immediately and reached a maximum after 10 or 15 min before starting to decline during the last 5 min of NO exposure. The bands diminished severely during the subsequent Ar step, except for the degreened catalyst, which showed weak adsorption or subsequent oxidation of NO into nitrates or NO2 adsorbed. Both characteristic bands increased throughout the NO step and the band at 1629 cm−1 (NO2 ads) remained constant or increased slightly when the NO feed was cut off. Similar observations were made after aging at 700 °C in H2 and CO + H2 and at 600 °C in CO (Figure 8b). The shift of the NO-Cu2+ band related to the degreened sample and was also observed, although less pronounced. The broad feature at 2150–2250 cm−1 was composed of the same three peaks with a more even intensity between NO+ (2158 cm−1) and NO + NO2 adducts (2213, 2183 cm−1). No sign of Cu+, characterized by a band at ca. 1810 cm−1 [21,36,37,38], was detected, which can be expected after an oxidizing pretreatment [14]. However, this means that the observed NO+ was not formed by a reduction of Cu2+ with NO.



To conclude, the results from the NO DRIFTS is in line with the NH3 DRIFTS where the Cu species are transformed from Z2Cu to ZCuOH, which is opposite compared to lean aging. This could be the reason for the increased aging observed with mild rich conditions compared to lean conditions (Figure 1).





3. Materials and Methods


3.1. Catalyst Preparation


The zeolite support was synthesized by conversion of Y zeolite, according to the procedure described by Zones et al. [39]. Sodium trisilicate (250 g, Na2SiO3, VWR) and deionized water (320 g, Millipore) were poured into 200 mL of 1 M NaOH solution, prepared by dissolving NaOH pellets (Sigma Aldrich, >98% anhydrous pellets, St. Louis, MO, USA) in deionized water. After 15 min of stirring, 25 g of zeolite Y (Zeolyst, CBV720) was added to the solution and stirred for 30 min at room temperature. Finally, 105 g of the structure-directing agent (SDA), N,N,N-trimethyl-1-adamantanamine iodide (TMAAI, ZeoGen SDA 2825), was added to the solution. Before being transferred to the Teflon cup of a Parr stainless steel autoclave, the slurry was stirred constantly for 30 min. Hydrothermal aging was carried out in autoclaves filled up to 2/3 of their volume at 140 °C in an oven for six days without mechanical stirring. The solid fraction was then separated with centrifugation and washed repeatedly with deionized water until the solution reached a neutral pH. The powder was then dried for at least 12 h at room temperature and calcined for 8 h at 550 °C at a heating rate of 0.5 °C/min.



The sodium form of the zeolite (Na/SSZ-13) was then ion-exchanged twice with ammonium nitrate. The zeolite powder was slowly poured into a volume of ammonium nitrate solution (2 M) corresponding to 33.33 mL/g of zeolite. The mixture was heated and maintained at 80 °C in an oil bath for 15 h under stirring. The powder was collected with centrifugation and washed with deionized water until the pH was neutral. The powder was dried for 12 h at room temperature and the ion-exchange and washing procedure was carried out a second time before Cu exchange. A copper nitrate solution (0.2 M) was prepared by dissolving copper nitrate hemi(penta-hydrate) (CuN2O6·2.5H2O, Sigma-Aldrich, St. Louis, MO, USA) in deionized water. The volume of solution employed was 100 mL for 3 g of NH4+-exchanged SSZ-13. After washing and subsequent drying for at least 12 h, the Cu-exchanged SSZ-13 powder was calcined for 4 h at 550 °C (5 °C/min heating rate). The final elemental composition was determined with inductively-coupled plasma atomic emission spectroscopy (ICP-AES, performed at ALS Scandinavia, Luleå, Sweden). The copper content was 1.63 wt %, and the Si/Al ratio was 18.



Activity tests and NH3-TPD were performed on monolithic catalysts made of cordierite monolithic substrate (400 cpsi, Corning, Corning, NY, USA) coated with a blend of 95 wt % Cu/SSZ-13 and 5 wt % binder (Disperal P2, Sasol, Johannesburg, South Africa). The coating procedure consisted of immersing the monolith in a slurry containing the solid phase (catalyst + binder) dispersed in a liquid solvent (50 wt % water + 50 wt % ethanol). The liquid-to-solid ratio was ≈ 4, initially. Except during the monolith dipping step, the slurry was stirred. The monolith was continuously rotated and flipped under an air stream (≈ 50 °C) to ensure homogenous drying and deposition of the washcoat. The washcoated monolith was then dried under a hot-air flow (≈ 500 °C) for 1 min to ensure complete evaporation of the solvent before weight measurement. The dipping and drying procedure was repeated until ≈ 750 mg washcoat was deposited on the monolith. The monolith was 2 cm long and its diameter was 2 cm.




3.2. Activity Test (SCR, NH3 Oxidation, and NH3-TPD)


A synthetic gas bench plug-flow reactor was used to carry out three types of experiments on the washcoated monoliths: standard SCR and NH3 oxidation activity measurements and NH3-temperature-programmed desorption (TPD). The sample was wrapped in quartz wool to prevent gas bypassing it and placed in a horizontal quartz tube reactor (Technical Glass Product Inc., Painesville Twp., OH, USA). The heating was provided with an electrical resistance coiled around the tube and connected to a power supply. A thick layer of quartz wool surrounding the reactor tube provided thermal insulation. The temperature was measured with two thermocouples inserted at the outlet of the reactor. One thermocouple measured the temperature of the inlet gas, ca. 1 cm upstream of the catalyst and steered the heating system (Eurotherm, Worthing, UK). The second thermocouple was inserted at the center of the monolith to measure the catalyst temperature. Gases were diluted in argon, which was the carrier gas in all experiments. The desired gas flow rates were delivered with mass flow controllers (Bronkhorst, Ruurlo, Netherlands), and water vapor was generated with controlled evaporation and a mixing system (CEM-system, Bronkhorst Ruurlo, Netherlands). The outlet gas composition was analyzed using a calibrated gas FTIR spectrometer equipped with a 200 mL gas cell with a 5.11-m effective pathlength (Multigas 2030, MKS Instruments Inc., Andover, MA, USA). This allowed the quantitative measurement of NH3, NO, NO2, N2O, H2O, CO, C3H6, and CO2.



The catalysts were degreened in the reactor for 3 h at 600 °C in a gas flow containing 500 ppm NO, 500 ppm NH3, 8% O2, 5% H2O, balanced by Ar for a total flow of 3.5 L/min. A total flow of 3.5 L/min, corresponding to a gas hourly space velocity (GHSV) of 33,423 h−1, was used in all experiments conducted on monolithic catalysts. SCR, NH3 oxidation, and NH3-TPD measurements were preceded by a 20-min oxidation step at 500 °C (8% O2 and 5% H2O in Ar). Standard SCR was performed in the range 125–500 °C with the same gas composition as the degreening. The conversion reported at each temperature was measured after 40 min to ensure steady-state operation. The ammonia direct-oxidation activity was measured between 200 °C and 500 °C with 500 ppm NH3 and 8% O2 in the presence of 5% H2O. NH3-TPD consisted of 1 h NH3 adsorption at 200 °C (500 ppm NH3 and 5% H2O) followed by an argon step of 20 min to flush loose NH3. The temperature of the catalyst was then raised at a controlled pace (5 °C/min) of 3.5 L/min Ar to desorb NH3.




3.3. Aging


The catalysts were aged in the reactor described above for 8 h in a gas flow containing 10% H2O, 10% CO2, 500 ppm NO, and a reductant species (CO, H2, C3H6). Each sample was assigned a reductant and aging conditions that are summarized in Table 1. To simulate the exhaust composition during the deSOx period of LNT catalysts, aging in the presence of 2000 ppm CO was studied. Then, following the thermodynamic equilibrium of the water-gas shift reaction (CO + H2O ↔ H2 + CO2), aging in a CO/H2 equimolar mixture and H2 alone was also studied at 800 °C and 700 °C. Finally, C3H6 was studied as a reductant in the proportion required to reduce the same amount of O2 as 2000 ppm CO, namely 222 ppm C3H6.




3.4. DRIFT Measurements


NH3 and NO adsorption were conducted on powder samples placed in a heated Praying Mantis DRIFT cell (Harrick Scientific Products, Pleasantville, NY, USA) equipped with KBr windows and mounted on a Vertex 70 FTIR spectrometer (Bruker, Billerica, MA, USA) equipped with a liquid N2-cooled MCT detector. The monolithic aged catalysts were crushed and sieved to select particles between 40 and 80 µm. The fresh catalyst powder was degreened in the reactor set-up according to the procedure for the degreening pretreatment applied to each monolithic sample. Before the adsorption of probe molecules, the samples were dehydrated for 30 min in 8% O2/Ar at 500 °C followed with cooling to the adsorption temperature in Ar. The total flow was 50 mL/min. A background spectrum (48 scans) was recorded at each adsorption temperature under Ar flow. NH3 adsorption was carried out at 150, 250, and 350 °C. The catalyst was exposed to 1000 ppm NH3 for 30 min followed by 60 min flushing with argon (50 mL/min). Absorbance spectra (24 scans) were collected every 5 min to monitor the evolution of adsorbed species during the NH3 step and subsequent Ar flushing. NO adsorption was carried out only at room temperature. To saturate the catalyst, 1000 ppm NO/Ar was fed for 20 min with a total flow of 50 mL/min.





4. Conclusions


In this study, we examined the deterioration of NH3 SCR activity via rich aging of a Cu/SSZ-13 catalyst. The deactivation power of various realistic rich feeds and the effect of aging temperature were assessed. It was clear that aging is much worse in rich conditions than in lean ones. CO and H2 showed a unique ability to modify the Cu species. In addition, a clear reduction of the number of acid sites was found after the aging and higher aging temperature led to greater drop of acid sites. Aging at 800 °C led to more severe deactivation for SCR and NH3 oxidation than aging at 700 °C. Aging at 800 °C with 2000 ppm CO (and 10% H2O, 10% CO2, 500 ppm NO) led to SCR deactivation at low and, to a lesser extent, high temperatures. Aging in the presence of 2000 ppm H2, alone or in combination with CO, significantly lowered SCR activity in the whole temperature range (125–500 °C). After aging at 700 °C, the deactivation was limited to low temperatures (<250 °C) and was comparable for all rich conditions tested, including 222 ppm propene. Signs of SCR deactivation were observed after treatment at 600 °C in the presence of CO, which highlights the aging power of CO. NH3 oxidation was also lowered, in general, by aging in rich conditions. Aging at 800 °C with CO was, however, an exception since it led to greater high-temperature NH3 oxidation. The nature of Cu sites was investigated with DRIFT spectroscopy. NH3 adsorption confirmed the important loss of Brønsted acid sites and isolated Cu2+. This indicates the enhanced dealumination and Cu cations mobility under rich conditions. Regarding the nature of Cu, DRIFT analyses showed an unusual increase in the ZCuOH/Z2Cu ratio brought about by aging in rich conditions. Studies of hydrothermal aging in lean conditions have all shown the conversion of ZCuOH to the more stable Z2Cu species. Aging in rich conditions was therefore more favorable to ZCuOH than lean conditions. This, possibly in combination with the formation of Cu clusters, can be the cause of the more severe SCR deactivation under rich conditions than under lean conditions.
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Figure 1. Effect of reductant nature on standard selective catalytic reduction (SCR) activity for catalysts aged 8 h at 800 °C. NO conversion measured in the range of 125–500 °C on degreened catalyst. Experimental conditions: 500 ppm NH3, 500 ppm NO, 8% O2, 5% H2O in Ar, total flow 3.5 L/min. 
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Figure 2. Effect of reductant nature on standard SCR activity for catalysts aged 8 h at 700 °C. NO conversion measured in the range of 125–500 °C on degreened catalyst. Experimental conditions: 500 ppm NH3, 500 ppm NO, 8% O2, 5% H2O in Ar, total flow 3.5 L/min. 
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Figure 3. Effect of aging temperature on standard SCR activity for catalysts aged with 2000 ppm CO for 8 h. NO conversion measured in the range of 125–500 °C on degreened catalysts and catalysts aged at 600 °C, 700 °C, and 800 °C. Experimental conditions: 500 ppm NH3, 500 ppm NO, 8% O2, 5% H2O in Ar, total flow 3.5 L/min. 
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Figure 4. NH3-temperature-programmed desorption (TPD). (a) Catalysts aged at 800 °C and (b) catalysts aged at 700 °C and 600 °C. NH3 adsorption conditions: 500 ppm NH3, 5% H2O in Ar, total flow 3.5 L/min, 30 min at 200 °C. Desorption conditions: 5 °C/min up to 600 °C, 3.5 L/min Ar. 
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Figure 5. NH3 oxidation in the range of 250–500 °C. (a) Catalysts aged at 800 °C and (b) catalysts aged at 700 °C and 600 °C. Experimental conditions: 500 ppm NH3, 8% O2, 5% H2O in Ar, total flow 3.5 L/min. 
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Figure 6. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) spectra of the T-O-T vibration region (1050–850 cm−1) after NH3 adsorption at 150 °C (1000 ppm, 20 min). (a) Catalysts aged at 800 °C and (b) catalysts aged at 700 °C and 600 °C. The catalysts were pretreated at 500 °C (8% O2 in Ar, 30 min). The degreened catalyst signal was divided by four and the aged catalysts were crushed monolith, containing ca. 75 wt % cordierite. 
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Figure 7. DRIFT spectra of NH3 adsorption at 150 °C (1000 ppm, 20 min) recorded after pretreatment at 500 °C (8% O2 in Ar, 30 min). (a) Catalysts aged at 800 °C and (b) catalysts aged at 700 °C and 600 °C. The degreened catalyst signal was divided by 4, and the aged catalysts were crushed monolith, containing ca. 75 wt % cordierite. 
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Figure 8. DRIFT spectra of NO adsorption at 30 °C (1000 ppm, 20 min) recorded after pretreatment at 500 °C (8% O2 in Ar, 30 min). (a) Catalysts aged at 800 °C, and (b) catalysts aged at 700 and 600 °C. 
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Table 1. Reaction conditions during aging. Note that in all aging conditions, 10% H2O, 10% CO2, and 500 ppm NO were always present.
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	Sample
	Reductant
	Aging Temperature (°C)





	1
	2000 ppm CO
	600



	2
	2000 ppm CO
	700



	3
	2000 ppm CO
	800



	4
	2000 ppm H2
	700



	5
	2000 ppm H2
	800



	6
	2000 ppm H2 + 2000 ppm CO
	700



	7
	2000 ppm H2 + 2000 ppm CO
	800



	8
	222 ppm C3H6
	700
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