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INTRODUCTION

Nitric oxides(NOx) are commonly produced from transportation, other industrial sources and contribute largely to a variety of air pollution : the formation of acid rain, visibility degradation, smog, greenhouse effect, and so forth. A number of possible combustion modifications can substantially lower NOx emissions ; however, more active and more stable after-treatments are required due to the stricter environmental regulations. In industries, the abatement is generally achieved through a selective catalytic reduction(SCR) process using ammonia as a reducing agent. But it has some difficulties to adapt in transportation. So, the SCR of NO using hydrocarbons(HCs) in the presence of excess oxygen has attracted much attention with reference to exhaust gas treatment for lean-burn gasoline engines and diesel engines. The SCR of NO by hydrocarbon has the advantages of using a gas mixture very similar to that found in exhausts. 

Most of the reports published so far are related to zeolite catalysts such as Fe-ZSM-5, Co-ZSM-5, Cu-ZSM-5 and Ce-ZSM-5. Though the zeolite based catalysts were reported to be highly active for this reaction, its narrow operating windows, diffusion limitation and unstability under thermal and hydrothermal conditions, makes it unsuitable in practical point of view. In contrast, oxide supported metal catalysts has good thermal and hydrothermal stability and wide operating windows. Also the composition of metal oxides can be varied to a great extent and diffusion limitation can be avoided in metal oxide catalysts. 

Bethke et al. proposed that the catalytic properties are determined more by the electronic and chemical properties of the metal ions than by the nature of support. Actually V, Cu, Cr and Co supported on alumina showed good activity similar to the ion exchanged zeolite. And, Shimizu et al. revealed that transition metal-aluminate catalysts are active as comparable to Cu ZSM-5 for SCR by C3H6. Bolt et al. and J. S. Armijo proposed that spinel formation rate follows the sequence of FeAl2O4< NiAl2O4<CoAl2O4<CuAl2O4 and defect spinel structure of (-Al2O3 may have a beneficial effect on the solid-state reaction.

In this study, we have selected Cu as an active metal and used (-alumina as a support. La and Mn were selected as a sub-metal to aid partial oxidation of NO. Copper loading and calcination temperature were varied to prepare the catalysts for aluminate structure. XRD, XPS, ESR, EXAFS were used to characterize the catalyst properties. Lab scale test was performed with the variation of reducing agent and engine dynamometer was used to evaluate the prepared catalysts.

EXPERIMENTAL

Copper-loaded aluminum catalysts were prepared by the incipient wetness impregnation method using a rotary vacuum evaporator. Briefly, the commercial support Al2O3 (pellets with surface area-246m2/g, Spheralite 501 model, PROCATALYSE) was immersed into an aqueous solution of copper nitrate(Cu(NO3)23H2O, 1stgrade, Duksan pure chemical ltd.) with desired metal loading. The prepared catalysts were dried at 400K for 3h and calcinated at either 723K or 1073K for 10h in air. 

Mn or La added catalysts were prepared based on 10wt% copper loaded catalyst. 10wt% copper loaded catalyst was dried at 400K for 3h and contacted with an appropriate concentrations of manganese acetate (Mn(CH3COO)2 -3H2O, 1stgrade, Duksan pure chemical ltd.) or lanthanum nitrate(La(NO3)36H2O, 1stgrade, Duksan pure chemical ltd.). The prepared catalysts were dried at 400K for 3h and calcinated at either 723K or 1073K for 10h in air. 

X-ray diffraction measurements(XRD) was made using a Rigaku Dmax (( X-ray diffractometer(Scan speed-2(/min, range-10~90(, source - CuK(, taerget-Ni, Rigaku Co.). Electron spin resonance(ESR) spectra were recorded with a Brucker ER200D spectrometer. Prior to measurements, samples were outgassed for 1h at room temperature. Specra were recorded at 77K. X-ray-excited electron spectra(XPS) were recorded with a VG ESCALAB220I-XL spectrometer, using Al K( radiation(1486.6 eV). The vacuum in the analysis chamber was better than 5(10-8mbar, and X-ray power was 150W. Binding energies (BE) were determined relative to C1s, BE=284.6ev.

The catalytic activity was tested in a conventional flow reactor and nitric oxide(1000ppm), He(balance gas), SO2(500ppm) and O2 (10%) were controlled using MFC(Bronkhorst Co.). Propylene (1000ppm) or NH3(500ppm) was used as reducing agent. NO conversion was measured simultaneously with gas analyzer (Greenline Co.) and G.C. Data were acquired with the range of 423K~773K. 

  Engine dynamometer test was also performed. The exhaust contained 80~200ppm NO, 5-20ppm NO2, 25ppm of SO2, 800~1,000ppm CO, NMHC 340ppm, 18.9% O2 concentration and others are not checked. Gas composition is analyzed in front of the catalyst chamber and after passed through the chamber, continuously. For analyzing the variation of NO and NO2 concentration, gas analyzer(Luminescent 200, Thermal Converter 501, Air Pollution Instrument) was used and other gases were analyzed by flue gas analyzer(KM Quintox portable gas analyzer, Kane International). 10 wt% Cu/alumina(surface area-303m2/g, density-0.526g/cm3, Procatalyse Co.) sample calcined at 1073OC was coated into honeycomb substrate(200cells/in2, 150(150(100 mm, Corning glass Co.) by use of washcoating method with the help of General System Technology Co. Propylene and ethanol was used as a reducing agent. Ethanol was sprayed into the preheating line by use of atomizer and propylene was controlled with an mass flow controller(F-100C, Bronkhorst Co.).

RESULTS AND DISCUSSION

To examine the evolution of the bulk oxide buildup as a function of copper loading, two most prominent peaks allocated for CuO be found at 35.6 and 38.8o 2(. 

In case of low copper loading(4, 7 wt %), no peak was shown at 35.6 and 38.8o 2(, but as copper loading was increased(10, 20 wt %), CuO species on surface was increased. At high copper loadings, peak intensity of CuO at 35.6 and 38.8o 2( was also intensified. It is well coincided with previous work, which the height of the major CuO diffraction patterns show remarkable linearity. But no other copper peaks were obtained. When copper was loaded at the same content, calcined at high temperature catalyst had low intensity of CuO peak and showed intensified peaks for CuAl2O4 at 36.8 and 65.1 o Shimizu et. al proposed that at high calcination temperatures, copper migrates into the alumina support, forming a thin defect spinel layer. In this spinel, copper is present mainly in a distorted octahedral coordination while in bulk CuAl2O4, tetrahedral coordination predominates. XRD results also suggest that addition of Mn affected catalyst structure and suppressed the formation of bulk CuO phase. As a results, 10Mn10CuAl catalyst(10wt% Mn-10wt% Cu/Al2O3 – calcined at 1073K) has no CuO peaks, and its peak patterns are close to that of CuAl2O4. La added catalysts had rather CuO species than CuAl2O4 ones.

EPR spectra showed that 4 wt% copper loaded catalyst, calcined at 1073K has a typical axial symmetry, with a 4-line weak hyperfine splitting indicative of isolated paramagnetic ions. The resolution decreases with increasing copper content, i.e., from 4wt% to 20wt% and hyperfine structure smears out as a result of dipolar interaction between copper ions close to interact with one another. Calculated g value was 2.12528(4wt% Cu), 2.12579(10wt% Cu), 2.13224(20wt% Cu). It is supposed that the lower the copper content, dissociated Cu2+  ions are abundant in surface and unchained. 

Catalyst, calcined at high temperature(1073K) with same copper loading shows better activity than other catalysts calcined at relatively low temperature. It is caused by the presence of surface copper aluminate species formed through high temperature calcination. This result is well coincided with previous work, which asserted that surface copper aluminate had good effect on abatement of NO. In general, as the copper content increases, the activity for both NO reduction and propylene combustion increases. So the total conversion be decreased. But in high temperature, copper migrates into the alumina support, forming a thin defect spinel layer. Combined with the XRD and EPR results, copper migrates into alumina and maintains capability of NO reduction and suppresses propylene combustion. Calcined at low temperature catalysts((873K) showed low conversion of NO. It is resulted from the surface CuO species, formed through low temperature calcination, which is active for oxidation of C3H6. To aid the convert of NO into NO2 which is known as “rate determining step”, Mn and La were added. Mn itself has low reduction capability, but helps NO oxidation. However, addition of Mn or La has no positive effect on converting NO. But when NH3 was used as reducing agent, maximum conversion of NO increases from 46% to 86% at 573K. 

NO conversion was also measured by engine dynamometer. Reducing agent was varied and other conditions were the same as real condition. In comparison with lab-scale test, NO conversion was decreased. It is caused by the deactivation of active site with SO2 and phosphorus. And C3H6 was more effective reducing agent for NO reduction than C2H5OH.

CONCLUSION
The catalysts calcined at high temperature exhibits enhanced activity in the selective catalytic reduction. It attributes to the copper aluminate formed through calcination at high emperature and high metal loading. Optimum copper loading for the formation of copper-aluminate was 10wt%. Though addition of Mn or La had no positive effect on converting NO with the reducing agent of C3H6, maximum conversion of NO increased, when NH3 was used as reducing agent. Engine dynamometer test showed that C3H6 is more effective rather than C2H5OH to abate nitric oxide with 10wt% copper loaded aluminate catalysts. 
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