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�E�f�f�e�c�t� �o�f� �a�c�i�d� �t�r�e�a�t�m�e�n�t� �o�n� �N�O�x� �r�e�m�o�v�a�l� �a�c�t�i�v�i�t�y� �o�v�e�r� �


�P�l�a�t�i�n�u�m� �i�o�n� �e�x�c�h�a�n�g�e�d� �Z�S�M�-�5� �C�a�t�a�l�y�s�t�s�.�
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�J�a�e�h�o� �B�a�e�,� �J�o�n�g�p�y�o� �Y�o�o�,� �B�y�e�o�n�g�s�e�o�n� �S�h�i�n�,� �S�u�k�j�i�n� �C�h�o�u�n�g�


�D�e�p�a�r�t�m�e�n�t� �o�f� �C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g� �,� �K�y�u�n�g�h�e�e� �U�n�i�v�e�r�s�i�t�y�.�
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�­¼Ð·


�C�u�-�Z�S�M�-�5�¦¸ �ÌÀë¿ÑÇ �N�O�ÇÀ �÷Á¢ÁÐºØÇ �Ý¹ÀÀ �×¹ �ºÅ­Èö¼Ò¼¡¿ �ÇÀÑÇ �±¼ÃÅûÀ �¯Èø¿ �Ý¹ÀÀºÀ �ó»ç´ÑÇ �¡°É´º¼»À �Ã½ç»ÏÇ´¿½À¡¿µµ �Òº¸±ÏÇí° �Ç½¦Á �°Èë¿ó»ÇÀ �®¹¦Á¡Áéµ»À �®°í° �ÖÀÙ´.�[�1�]� �ÌÀ±· �ÌÀ¯ÀÎ· �©¿¯·¡°öÁ �Ý±Ó¼ �ÌÀÂ¿³±¯ÈÈµ �Z�S�M�-�5�ËÃÅ¸ó»¡¿­¼ÇÀ �N�O�x�¦ÁÅ° �º¼É´»À �òÆ¡°ÑÇ �¬¿¸±éµÌÀ �øÁàÇÇµí° �ÖÀÙ´.�[�2�,�4�]� �ûµó¶­¼ �»º �¬¿¸±¡¿­¼µµ �ÌÀ¯·ÑÇ �®¹¦Á¡Áéµ»À �Ø±¹ºÏÇâ± �§ÀÏÇ©¿,� �H�y�d�r�o�c�a�r�b�o�n�»À �¯Èø¿¦ÁÎ· �ÏÇÂ´ �N�O�ÇÀ �¯Èø¿ �Ý¹ÀÀ¡¿ �P�t�-�Z�S�M�-�5� �×¹ �I�r�-�Z�S�M�-�5�ÇÀ �ÀÀë¿ �¡°É´º¼»À �¸ÅøÁÏÇ´¿Ù´.�[�3�]� � �<�F�i�g�.�1�>�


�P�t�Í¿ �I�r�Ý±Ó¼ÇÀ �N�O�x�¦ÁÅ° �°Èº¼ºÀ �H�y�d�r�o�c�a�r�b�o�n�ÇÀ �íÈøÂ �×¹ �A�c�t�i�v�a�t�i�o�n�¯Æº¼ú° �¯Àü°Çµî¾ �ÖÀí° �ã´¼Ã(�Z�S�M�-�5�)�ÇÀ �ê»µµ �Ç¶ÑÇ �¶ÁýÀÇµî¾ �ß¾ �ÑÇÙ´Â´ �Í°»À �Ë¾ �ö¼ �ÖÀÙ´.�[�3�,�4�]� �ÌÀ¡¿ �»º �¬¿¸±¡¿­¼Â´ �é¹Ý±ú° �ÌÀ®¸ãµ �ÌÀÂ¿³±¯ÈÈµ �Z�S�M�-�5�ÇÀ �íÈøÂº¼É´ú° �ø°ÌÀÂ¿Èµ �é¹Ý±-�ÌÀ®¸ãµ �Z�S�M�-�5�ó»¡¿­¼ÇÀíÈøÂ¯Æº¼ �×¹ �ê»¯Æº¼ÇÀ �¯º­È¦¸ �í°ûÂÏÇ©¿ � �D�e�-�N�O�x� �°Èº¼ú°ÇÀ �ó»ü°ü°è°¦¸ �í°ûÂØÇ �¸ºí°®Á �ÑÇÙ´.�
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�<�F�i�g�.�1�>� �N�O�x� �r�e�d�u�c�t�i�n� �m�e�c�h�a�n�i�s�m� �o�n� �P�t�-�I�r�/�Z�S�M�-�5� � � �


� � � � � � � �c�a�t�a�l�y�s�t�[�5�]� �(�u�p�p�e�r�)�


�<�F�i�g�.�2�>� �N�O�x� �r�e�m�o�v�a�l� �e�f�f�i�c�i�e�n�c�y� �r�e�g�i�o�n� �o�f� �P�t�-�I�r�-� �


� � � � � � �R�h�/�Z�S�M�-�5� �w�i�t�h� �v�a�r�i�o�u�s� �P�t�:�I�r�:�R�h� �r�a�t�i�o� �(�R�i�g�h�t�)�


�


�Ç½èÇ


� � � �ç»ë¿Èµ �ËÃÅ¸Â´ �ÏÀÝ¹ûÀ¸ÀÎ· �ßÀ �Ë¾Á·øÁ �ÌÀÂ¿³±¯È �æ¹ý¹¸ÀÎ· �¦Á¶ÁÏÇ´¿í° �ã´¼ÃÂ´ �S�i�/�A�l�ñº¡° �2�3�.�3�ÇÀ �N�a� �t�y�p�e� �Z�S�M�-�5�(�ÏÀ»º �T�o�s�h�o�ç»)�¦¸ �ç»ë¿ÏÇ´¿¸Àç¸ �é¹Ý±ºÀ �H�2�P�t�C�l�6� �ö¼ë¿×¾ú° �¡¿ºÅÃ¿¡¿ �ë¿ØÇ �Ã½²Å �ÌÀ®¸ãµ �I�r�C�l�3�ÌÀ �ø°ÌÀÂ¿ �³±¯ÈÃ½°Åâ± �§ÀÑÇ �üÀ¸±¼ÃÎ· �ç»ë¿Çµú¾Ù´.� �Ç¶ÑÇ �Ç½÷Â �¶ÁÇ°¡¿ �ÎºÕÇÏÇÂ´ �ËÃÅ¸¦¸ �¦Á¶ÁÏÇâ± �§ÀØÇ �M�o�n�o�l�i�t�h�ã´¼Ã �§À¡¿ �W�a�s�h�c�o�a�t�ÏÇ©¿ �°Èº¼ �øÃ¤Á¡¿ �ç»ë¿ÏÇ´¿Ù´.� �ç»ë¿Èµ �M�o�n�o�l�i�t�h�Â´ �ÚÀ¿µ÷Â �ËÃÅ¸ë¿¸ÀÎ· �ü¹ë¿ûÀ¸ÀÎ· �²¾ÌÀÂ´ �4�0�0� �c�e�l�l�/�i�n�2�»À �ç»ë¿ÏÇ´¿í° �Ç½¦Á �Ý¹ÀÀâ± �È¾¡¿ �¾ÅçÀÈµ �ÎºÇÇÂ´ �3�0�.�5�c�c�´¿Ù´.� �Ç½¦Á �ñÈÚ¹¬¿Ò¼ë¿ �£¿øÁ �è¹â±¡°º½¦¸ �ð¸ç»ÏÇâ± �§ÀÑÇ �¡°º½ �¶Áº¼¸ÀÎ· �N�O� �2�5�0� �p�p�m�,� �C�O� �0�.�1�4�v�o�l�%�,� �O�2� �7�%�,� �C�O�2� �1�2�v�o�l�%�,� �C�3�H�6�/�C�3�H�8� �2�0�0�0� �p�p�m�,� �H�2�O� �9�.�8� �v�o�l�%�¡¿ �ë¹±·º½¡°º½Î· �úÁÒ¼¦¸ �ç»ë¿ÏÇ´¿¸Àç¸ �ø°£°Ó¼µµÂ´ �3�0�,�0�0�0�h�r�-�1�¡¡¡¿­¼ �Ç½èÇÏÇ´¿Ù´.� �Ðº®¼ºÀ �N�O�x� �a�n�a�l�y�z�e�r� �(�H�o�r�i�b�a� �C�L�A�5�1�0�s�s�)�Í¿ �A�u�t�o�m�o�t�i�v�e� �E�m�i�s�s�i�o�n� �A�n�a�l�y�z�e�r� �(�H�o�r�i�b�a� �M�E�X�A� �5�7�4�G�E�)�¦¸ �ç»ë¿ÏÇ´¿Ù´.� �ËÃÅ¸éµÇÀ �N�O�x�×¹ �H�y�d�r�o�c�a�r�b�o�n�ÇÀ �íÈøÂ®· �×¹ �íÈøÂÂ¿µµ �ü¹§À¦¸ �Ë¾â± �§ÀØÇ �N�O� �×¹ �P�r�o�p�e�n�e� �Â½Â¿»ÅøÂý¹(�T�P�D�)�¦¸ �ö¼àÇÏÇ´¿¸Àç¸ �Ç¶ÑÇ �íÈøÂåÀ¡Ä(�M�i�c�r�o�m�e�r�i�t�i�c�s�ç»ÇÀ �A�S�A�P�2�0�0�0�C�)�ó»¡¿­¼ÇÀ �N�O�,� �P�r�o�p�e�n�e� �­ÈÐÇíÈøÂ �Ç½èÇ»À �Ç½Ã½ÏÇ´¿Ù´.� �­ÈÐÇíÈøÂÇÀ �üÀ³Ã®¸Â´ �3�5�0�É¡¡¿­¼ �1�2�Ã½£° �d�e�g�a�s�i�n�g�ÑÇÄÈ �ê»Ò¼Í¿ �ö¼Ò¼Î·­¼ �üÀ³Ã®¸ �ÏÇ´¿í° �¢° �Ý¹ÀÀ°¹éµÌÀ �Ý¹ÀÀ»À �ÏÀ¸À°Åâ± �üÀÇÀ �Â¿µµ �(�3�5�É¡)�¡¿­¼ �ç»üÀíÈøÂ»À �ÏÇ´¿Ù´.� �ËÃÅ¸ÇÀ �ê»µµ¦¸ �Ë¾Æ¾ �¸ºâ± �§ÀØÇ �©¿¯· �ËÃÅ¸éµ¡¿ �ë´ØÇ �Ï¾ð¸Ï´Æ¾ �Â½Â¿»ÅøÂý¹ �(�T�P�D�)�ý¹ú° �Æ¾Î¹ûÀ¤Áý¹»À �Ç½Ã½ÏÇ´¿Ù´.� �×±®¸í° �°Èº¼Ý±Ó¼ÇÀ �ÌÀÂ¿¡¡³±¯ÈÇÀ �®ÈÎÀú° �M�e�t�a�l� �C�l�u�s�t�e�r�ÇÀ �üÇº¼ �©¿Îº¦¸ �®ÈÎÀÏÇâ± �§ÀØÇ �X�R�D�×¹ �2�7�A�l�-�N�M�R�Ç½èÇ»À �ßÃ¡°Î· �Ç½Ã½ÏÇ´¿Ù´.�
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�á°ú° �×¹ �äÅÐ·


��� �E�M�B�E�D� �W�o�r�d�.�P�i�c�t�u�r�e�.�6� � �������


� � �W�a�s�h�c�o�a�t�ÏÇ©¿ �¦Á¶ÁÇµî¾øÁ �P�t�,� �P�t�-�I�r�,� �P�t�-�I�r�-�R�h�/�Z�S�M�-�5�ó»¡¿­¼ÇÀ �D�e�-�N�O�x� �°Èº¼»À �øÃ¤ÁÏÇ´¿¸Àç¸ �ÌÀÍ¿Â´ �°ºµµÎ· �P�o�w�d�e�r� �t�y�p�e�ÇÀ �Z�S�M�-�5�ó»¡¿­¼ �¾Á¡·ÇÀ �ÌÀÂ¿³±¯Èý¹ �×¹ �ã´öÁý¹îµ»À �Ç½Ã½ÏÇ©¿ �ËÃÅ¸¦Á¶Á �æ¹ý¹ÇÀ �÷ÂÌÀ¡¿ �ûµ¥¸ �ü°¡Áñº³±¦¸ �Ç½Ã½ÏÇ´¿Ù´.� �


� � �ËÃÅ¸ �¦Á¶Áæ¹ý¹¡¿ �ûµó¶ �öÇÝ°ÑÇ �°Èº¼÷ÂÌÀ¦¸ �¸ºÌÀí° �ÖÀ¸Àç¸ �ÌÀÍ°ºÀ �N�a�-�Z�S�M�-�5�¡¿ �ÌÀÂ¿³±¯È �ÏÇöÁ �Ê¾í° �Ü´ø¼÷È �ã´öÁÈµ �P�t�ËÃÅ¸ÇÀ �æ°ì¿ �í°¥¸ �Ðºê»µµ¦¸ �®°öÁ �ø¸ÏÇí° �°Èº¼ �Ý±Ó¼ÇÀ �ÌÀ¿µ¡¿ �ûµ¥¸ �Ý±Ó¼ÇÀ �¶¹§Ä �öÇó»¸ÀÎ· �ý»¢°ÈµÙ´.� �ÌÀÂ´ �X�R�D� �p�e�a�k�¡¿­¼ �ã´öÁÈµ �æ°ì¿ÇÀ �ËÃÅ¸¡¿­¼ �ý»º¼ÇµÂ´ �Ý±Ó¼ �C�l�u�s�t�e�r�¡¿­¼ �ß¹ß°Çµç¸ �N�M�R�Ç½èÇ �×¹ �°Èº¼ �á°ú°¡¿­¼ �ÌÀ¦¸ �ÞµÞ¹§Ä �ØÇÜÁ»À �Ë¾ �ö¼ �ÖÀú¾Ù´.� �<�F�i�g�.�3�>�


� � �


�<�F�i�g�.�3�>� �X�R�D� �p�a�t�t�e�r�n�s� �o�f� �d�i�f�f�e�r�e�n�t� �p�r�e�p�a�r�a�t�i�o�n� � � � �Ç¶Ù´¥¸ �ü°¡Á¡¿­¼ �ÌÀ®¸ãµ �×¹ �Î·ãµÌÀ �


� � � � � � � �m�e�t�h�o�d� �o�f� �P�t� �c�a�t�a�l�y�s�t�s� �o�n� �N�a�/�Z�S�M�-�5� � � � �·Ã¡°Êµ¡¿ �ûµó¶ �N�O�x�¦ÁÅ° �°Èº¼ÇÀ �ç¾


� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �ó»ºÀ �úÀÂ¿ÊÂ¸ÀÎ· �ÌÀ¿µÏÇÂ´ �Í°¸ÀÎ· �


�¼º �ö¼ �ÖÀú¾Ù´.�¼£F�i�g�.�4�.�¾£ �ÌÀ¯·ÑÇ �ÌÀ®¸ãµÇÀ �µ¿âÇÌÀ �ÌÀ®¸ãµ �Ü´¶µÇÀ �µ¿âÇÎÀöÁ �Ç¶Â´ �ÌÀ®¸ãµú° �é¹Ý±ÇÀ �c�o�m�p�l�e�x�¡¿ �ÇÀÑÇ �Í°ÎÀöÁ¦¸ �¶Áç»ÏÇâ± �§ÀØÇ �N�O� �Â½Â¿ �»ÅøÂ �Ç½èÇ»À �ö¼àÇÏÇ´¿Ù´.� �Ç½èÇ¡¿ �ç»ë¿Èµ �ð¸çµ �ËÃÅ¸éµÇÀ �T�P�D� �p�e�a�k�Â´ �©ÅÔ° �úÀÂ¿ �Îº§À �(�1�5�0�~�1�8�0�É¡)�Í¿ �í°Â¿Îº§À �(�3�0�0�~�3�2�0�É¡)�ÇÀ �Îµ³°ÇÀ �p�e�a�k�»À �¡°üÁ»À �Ë¾ �ö¼ �ÖÀú¾¸Àç¸ �©¿â±¡¿­¼ �ÖÁñ¸ØÇß¾ �ÒÇ �¡ÁºÀ �úÀÂ¿¡¿­¼ �ü°ûÂÇµÂ´ �p�e�a�k�ÇÀ �ç¾ó»ºÀ �ÌÀ®¸ãµ �Ü´¶µÌÀª³ �é¹Ý± �Ü´¶µ¸ÀÎ· �ç»ë¿Éµ§¶Â´ �N�O� �íÈøÂ �É´Â·¡¿ � �«Å �÷ÂÌÀ¦¸ �Ñµ �ö¼ �ø¾Ù´¡° �Îµ �Ý±Ó¼ÌÀ �ø°ÌÀÂ¿³±¯È �Çµú¾»À �æ°ì¿ �N�O� �íÈøÂ®·¡¿ �ó»ç´ÑÇ �¿Èú°¡° �ÖÀ½À»À �Ë¾ �ö¼ �ÖÀÙ´.� �ÌÀ¯·ÑÇ �ÌÀ®¸ãµú° �é¹Ý±£°ÇÀ �m�e�t�a�l� �c�o�m�p�l�e�x�ÇÀ �üÇº¼ÌÀ �úÀÂ¿ �Îº§ÀÇÀ �°Èº¼ �õÁøÁ¡¿ �µ¿âÇ»À �ÖÁú¾½À»À �Ë¾ �ö¼ �ÖÀú¾Ù´.� �Ç¶ÑÇ �F�i�g�.�2�.�¡¿­¼ �¼º �ö¼ÖÀíµÌÀ �P�t�/�Z�S�M�-�5�ËÃÅ¸¡¿ �ë´ÑÇ �ÖÃûÀ �ÌÀ®¸ãµÇÀ �ç¾ºÀ �3�0�ÐºÇÀ �1�¤Áµµ¡° �ÖÃûÀ �¿Èú°¦¸ �ª³¸Å»³Â´Í°¸ÀÎ· �ÇÆí¸Çµú¾Ù´.�
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��� �E�M�B�E�D� �W�o�r�d�.�P�i�c�t�u�r�e�.�6� � ������� ��� �E�M�B�E�D� �W�o�r�d�.�P�i�c�t�u�r�e�.�6� � �������


�F�i�g�.�4�.� �T�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �N�O�x� � � � � �F�i�g�.�5� �T�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �N�O�x� �


� � � � � � �r�e�d�u�c�t�i�o�n� �a�c�t�i�v�i�t�i�e�s� �o�n� �p�r�e�c�i�o�u�s� � � � � � � � � � � � � �r�e�d�u�c�t�i�o�n� �a�c�t�i�v�i�t�i�e�s� �o�n� �p�r�e�c�i�o�u�s� �


� � � � � � �m�e�t�a�l�s� �l�o�a�d�e�d� �Z�S�M�-�5� �f�r�e�s�h� �c�a�t�a�l�y�s�t� � � � � � � � � � �m�e�t�a�l�s� �l�o�a�d�e�d� �Z�S�M�-�5� �a�g�e�d� �c�a�t�a�l�y�s�t�


�


� � �Õ¸úÀ �ËÃÅ¸ÇÀ �S�i�/�A�l�ñº¡¿ �ûµ¥¸ �°Èº¼ç¾ó»ºÀ �©¿¯· �®¹åÇ[�3�,�4�]�¡¿ �¸ºí°Èµ �ë´Î· �S�i�/�A�l�ñº¡° �ô³»Àö¼Ï· �­¿ûÀ �»³¸±º¼ºÀ �õÁøÁÊµ»À �¸º´¿¸Àª³ �×± �ýÀë´ �°Èº¼ �é¸¡¿­¼ �·³ºÀ �S�i�/�A�l� �(�2�3�.�8�)� �¸ºÙ´ �°Èº¼ÌÀ �öÇúÀ÷È �·³ºÀ �Í°¸ÀÎ· �ª³¸Åµ³Ù´.� �ÌÀ¯·ÑÇ �ÌÀ¯ÀÎ· �»º �¬¿¸±¡¿ �ç»ë¿Èµ �ð¸çµ �ËÃÅ¸Â´ �S�i�/�A�l� �=� �2�3�.�3�¸ÀÎ· �Õ±ÏÀ­È �ÏÇ´¿Ù´.� � �­¼Ð·¡¿­¼ �ð¾Þ±ÑÇ �W�a�t�a�n�a�b�e�[�5�]�ÇÀ �Ý¹ÀÀ �m�e�c�h�a�n�i�s�m�¡¿­¼µµ �ì»ìÆ¼º �ö¼ �ÖÀíµÌÀ �H�y�d�r�o�c�a�r�b�o�n�ÇÀ �íÈøÂú° �ÌÀÇÀ �ßÁ£°¼Ã �ý»º¼ÌÀ �N�O�x� �¯Èø¿ÇÀ �Ù±ø¿ÌÀ �Êµ»À �®ÈÎÀÏÇí°ÚÀ �P�r�o�p�e�n�e� �T�P�D�Ç½èÇ»À �Ç½Ã½ØÇ �¸ºÒ¾Ù´.� � �©¿â±­¼ �¼º �ö¼ �ÖÀÂ´ �Í°ºÀ �P�t�,� �I�r�ÌÀ �Ü´¶µÌÀÂ¿³±¯ÈÇµî¾ �ÖÀ»À �æ°ì¿(�D�u�p�l�e�t� �p�e�a�k�)�¡¿ �ñºØÇ � �Í¿ �Îµ �Ý±Ó¼ÌÀ �ø°ÌÀÂ¿ �³±¯ÈÇµî¾ �ÖÀ»À �§¶(�T�r�i�p�l�e�t� �p�e�a�k�)�ÇÀ �Ð³î¾øÁ �Â¿µµ �ü¹§Àª³ �õÁ¡°Èµ �p�r�o�p�e�n�e� �íÈøÂ®· �¸ÀÎ· �é¹Ý±ú° �ÌÀ®¸ãµÇÀ �ø°ÌÀÂ¿ �³±¯ÈÃ½ �õÁøÁÇµÂ´ �D�e�-�N�O�x�°Èº¼»À �³¼í¸ÒÇ �ö¼ �ÖÀú¾Ù´.�
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