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1. Introduction

Precious metal-loaded zeolites [1] such as Pt-ZSM-5 and Pd-MOR are widely recognized as the most active catalysts in selective catalytic reduction (SCR) of nitric oxide (NO) at low temperatures. Among precious metals, Ru has been reported to be active for the NO and N2O abatement [2]. However, there is not enough data reported in this area to clearly prove its applicability in practice. Recently, direct interactions between carbonaceous deposits and NOx over precious metal-loaded zeolites are assumed [3]. The interactions are believed to proceed by a series of reaction steps via adsorbed N-containing compounds such as isocyanates, nitriles and nitrites, which all have been proposed to be key intermediates toward N2 formation. However, the role of carbonaceous deposits is still unclear. This work is aimed at the elucidation of the role of carbonaceous deposits in changing the temperature by applying a temperature swing reaction (TSR) technique. 

2. Experimental
2.1. Preparation of catalysts

The catalysts used in this work were prepared by conventional ion exchange of the parent HZSM-5 and Hbeta (provided by PQ Corp.) with the aqueous solutions of salts. After ion exchanging, the catalysts were washed with deionized water and dried at 383K for 2h and finally calcined at 823K for 2h in air. All heating rates used in the drying and calcination step were kept constant at 10K/min. The catalysts made by impregnation and cocation exchange were also prepared. Metal loadings of the catalysts were determined by ICP-AES. Ion exchange levels of the catalysts were calculated with taking the valence of cations in precursor solutions into consideration. 

2.2. Reaction studies

The reactions were carried out in a tubular quartz microreactor in a plug-flow mode. Prior to catalytic measurements, all catalysts were pretreated with He flow at 823K for 1h. A temperature programmer (PID-type) and a K-type thermocouple were installed in contact with the catalyst bed, and the temperature was accurately controlled within (0.5K. The reactant gas mixture in use was obtained by blending four different gases (NO/He, propene/He, O2, He), and each of them was controlled by independent mass flow controllers. The gas space velocity was 60000h-1 and the typical composition of the reactant mixture was 1000ppm of NO, 3.0% of O2, 1000ppm of propene with He balance. The effluent was analyzed by GC (Yanaco G1800) and a NO / NOx analyzer (Rosemount 951A). The conversion of NO to NO2 was calculated by the difference between the NO + NO2 and NO in the effluent, as determined by the NO/NOx analyzer. The conversion of NO to N2O was determined by GC. 

After the reactions, the spent catalysts were collected and amounts of carbonaceous deposits on the catalysts were determined by elemental analysis, based on the carbon content. For TSR experiments, the catalysts were set to a specific temperature, i.e., 573K for Ru-HZSM-5, and maintained for 30 minutes with steady flow of the reactant mixture and then the temperature was raised to 598K at the rate of 10K/min. The temperature was also maintained for 30 minutes and cooled to initial temperature at the rate of 5K/min. These cyclic runs were repeated two times. To observe the transient behavior of the catalysts in detail, the measurements of the conversions were performed every minute.

3. Results and discussion 
3.1 NO reduction at steady state runs

Before the experiments, we carried out a blank reactor test at various temperatures (373-823K) to examine the possibility of noncatalytic oxidation of NO to NO2, taking place at the inside of experimental apparatus, which was reported by Li and Hall. [4] As a result of the test, noncatalytic conversion of NO to NO2 was observed below 5% at all temperature regions, so we could exclude the possibility of noncatalytic conversion of NO to NO2 at the inside of the experimental apparatus.

Catalytic conversions of NO to N2 over various catalysts were investigated as a function of the reaction temperature. Notwithstanding the narrow temperature window, Pt-HZSM-5 showed the best activity at low temperatures. Cu-HZSM-5 showed a wide temperature window around 623-723K. Ru-HZSM-5 showed fairly high catalytic activity above 598K and the maximum conversion of NO to N2 was observed at 623K and amounted to 50%. It is noteworthy that Pt-Ru-ZSM-5, a cocation exchanged zeolite, was observed to have a unimodal activity profile with respect to reaction temperature, although a bimodal profile compounded of those of Ru-HZSM-5 and Pt-HZSM-5 was anticipated. Although the reason of it is still unclear, it may be interpreted that the coexistence of Ru and Pt sites in the same catalysts gives a certain synergic effect. 

The effect of water vapor addition over Ru-HZSM-5 was also tested. With the adding 9.5% water vapor to the reactant mixture, the maximum conversion of NO to N2 was decreased by 10% and the reaction temperature giving the maximum conversion was also shifted to 623K, compared to that of 598K in no water vapor. Inhibition by the addition of water vapor was not observed to be severe. 

3.2 Propene oxidation at steady state runs

Catalytic conversion of propene to CO2 over the catalysts was tested with respect to the selected reaction temperatures. Propene was totally oxidized over Pt-HZSM-5 catalyst at 473K. Over Cu-HZSM-5 catalyst, propene was totally oxidized at 673K. Over the Ru-HZSM-5 catalyst, the total oxidation of propene was observed at 598K. The temperature of getting a maximum NO conversion was coincident with that of propene oxidation of 100%. These findings can be interpreted that moderate activity of hydrocarbon oxidation is deeply related to the width of temperature window and the unique characteristics of Ru among precious metals are partly originated from in this respect. 

3.3 The influence of carbonaceous deposits

In this work, we pay attention to the possible catalytic importance of carbonaceous deposits, which can be formed on the catalysts at light-off temperatures or lower. Coking of catalysts was significantly occurred below the reaction temperature of having the maximum conversion activity of NO. The amount of carbonaceous deposits formed on the Ru-HZSM-5 catalyst was larger than that of Ru-Beta and Pt-HZSM-5. Among the catalysts, Ru-HZSM-5 showed carbon content of 5.0% after 3h reaction at 573K. However, the carbon content of spent Ru-HZSM-5 was drastically decreased to 0.05% at 623K, which was the reaction temperature of having the maximum conversion of NO in steady state run. In the case of propene and O2 reaction (viz. absence of NO), amounts of carbonaceous deposits over the catalysts were significantly decreased to 0.5% at 573K. From these findings, the presence of NOx in the reactant mixture seemed to promote the formation of the carbonaceous deposits and / or inhibits the consumption of the carbonaceous deposits.[5] Considering the difference of acidity between HZSM-5 and Hbeta, these results are understood that the acidity of the mother zeolite may be one of the factors determining the amount and the way in which to form the carbonaceous deposits on the catalyst surface. 

3.4 TSR measurements 

TSR measurements for Ru-HZSM-5 and the effect of the addition of water vapor were investigated. In the case of TSR run over Ru-HZSM-5, the conversion was transiently increased up to 75% with duration of one minute. These phenomena were almost reproducible at the next cycle. This remarkable enhancement of the conversion by TSR runs seemed to be originated from a sudden activation of carbonaceous deposits accumulated on the catalyst surface. In other words, the carbonaceous deposits were readily activated at light-off temperature and the interactions between them and NOx species were transiently accelerated. After the duration of one minute, the enhancement effect was gradually reduced and finally disappeared. Thus, a well-designed TSR run over Ru-HZSM-5 catalysts can be proposed as an advantageous method to enhance catalytic activity, although hydrocarbons may be wasted due to combustion with oxygen.

The effect of water vapor addition was also tested. With the adding 9.5% water vapor to the reactant mixture, the transient conversion at 598K decreased to 47%, compared to 75% without water vapor. It is noteworthy that, by water vapor addition, the duration of the transient conversion was remarkably prolonged, viz. up to 5 minutes. Similar results were obtained over Cu-HZSM-5 catalysts. One plausible explanation of these findings is that water vapor retards to some extent the interactions between of carbonaceous deposits and adsorbed NOx species. Notwithstanding the enhancement of conversion of NO to N2, the conversion of NO to NO2 was not noticeably changed during a TSR run over Ru- and Cu-HZSM-5. Taking these differences into consideration, we are able to explain that active sites for NO oxidation are discriminated from the sites for the conversion of N-containing intermediates to N2, and carbonaceous deposits activate the latter sites only. [5] These results are believed to support a bifunctional mechanism, which involves that metal sites catalyze oxidation of NO to NO2 and the interactions between N-containing intermediates and NO2 take place at the other sites. [6] Precious metal-loaded zeolites have a narrow temperature window because they are generally very active in oxidation of hydrocarbons. This may be a reason why the moderate activity to oxidize hydrocarbon is a crucial factor in SCR of NO. 
Recently, NOx storage catalysts, composed of a NOx adsorbent coupled to a NOx reduction catalyst are emerging as a new catalyst system.[7, 8] This system has both a trap component which adsorbs NOx and the precious metals for reduction of NOx. The trapped NOx is periodically desorbed and presented to NOx reduction catalyst when the condition is optimal. To get the optimal condition to release the adsorbed NOx, the concentration of O2 or hydrocarbon reductants are need to be controlled in complicated ways with various sensors and actuator units. We suggest the TSR technique in this work can be an alternative to some deNOx systems, taking the intrinsic simplicity of the control of reaction temperature into consideration.

3.5 Life-time of Ru-HZSM-5

It has been reported that Ru forms volatile Ru-oxides and sublimes significantly at the temperatures above 1073K in oxidative atmosphere due to vaporization from RuO2 to RuO3 and RuO4 [5] and the decrease of Ru content can affect to the life-time of the catalysts. We have examined the aging up to 96 hours of various catalysts and at various reaction conditions. In elemental analysis of the catalysts using ICP and crystallinity tests using XRD, a decrease of the Ru content was not detected. There was no structural change of the catalysts before and after various kind of experiments. Thus, we have confirmed there is no major Ru loss or structural deformation of Ru-HZSM-5 in the scope of this work, noting that our reaction temperatures are always below 823K, which are the calcination temperature of the catalysts.

In conclusion, Ru-HZSM-5 have a special feature, especially in TSR measurements : the conversion of NO to N2 was remarkably increased in the period of elevating temperature. With the adding of water vapor, the duration of the enhancement is significantly prolonged. It is believed that a sudden activation of carbonaceous deposits accumulated on the catalyst plays an important role in these phenomena. We can suggest that the TSR technique using Ru-HZSM-5 catalyst is an advantageous method in the SCR of NO, considering the activity enhancement and the simplicity in operation.
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