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�


�È¾üÇõ¿,� �ç¾çÀµ¿,� �ÌÀ¢ÃÏÇ


�¬¿¼¼ë´ÐÇ³± �ø°ú°ë´ÐÇ �­ÈÐÇø°ÐÇú°


�


�A� �S�t�u�d�y� �o�n� �S�o�r�p�t�i�o�n� �K�i�n�e�t�i�c�s� �o�f� �Z�e�o�l�i�t�e� �1�3�X�


�


�H�y�u�n�g�-�W�o�o�n�g� �A�h�n�,� �J�a�e�y�o�u�n�g� �Y�a�n�g�,� �C�h�a�n�g�-�H�a� �L�e�e�


�D�e�p�t�.� �o�f� �C�h�e�m�.� �E�n�g�,� �Y�o�n�s�e�i� �u�n�i�v�e�r�s�i�t�y�,� �K�o�r�e�a�


�


�­¼Ð·


�¦ÁÃ¿ó¶ÌÀ®Æ¡¿ �ÇÀÑÇ �Ðº®¸ø°¤ÁºÀ �íÈøÂòÆüÇ �Ó»¸¸Æ¾Ï´ó¶ �ÐºÚÀ¼ÃÛÀë¿¡¿ �ÇÀÑÇ �Ðº®¸Í¿ �Ó¼µµÐ·ûÀÎÀ �Ðº®¸¦¸ �ëÅØÇ­¼µµ �ÌÀç·î¾öÁç¸,� �ÌÀ¦¸ �Ô±í¸ÏÇâ±§ÀØÇ �íÈøÂòÆüÇ¡¿ �ü°ÑÇ �¬¿¸±Í¿ �õ´Òºî¾ �íÈøÂÓ¼µµ¡¿ �ë´ÑÇ �¬¿¸± �Ç¶ÑÇ �ÊÇö¼Òº¡°á°ÏÇÙ´í° �ÒÇ �ö¼ �ÖÀÙ´.�[�1�]� � � � �


�º¼üÇ¦ÁÃ¿ó¶ÌÀ®Æ¡¿­¼ÇÀ �®Èê»ÇÀ �æ°ì¿¦¸ �¼º �§¶,� �×± �â±ø°¸±¶Á¡¿ �ûµó¶ �ë´â±ø°®Èê»(�m�a�c�r�o�p�o�r�e� �d�i�f�f�u�s�i�o�n�)�ú° �Ì¹¼¼ø°®Èê»(�m�i�c�r�o�p�o�r�e� �d�i�f�f�u�s�i�o�n�)�,� �×±®¸í° �Ü¿ÎºÇÀ �°¹úÁüÀÞ´(�e�x�t�e�r�n�a�l� �m�a�s�s� �t�r�a�n�s�f�e�r�)�ÇÀ �¼¼¡°öÁ �Þ¸¿ÄÏ´òÁ¸ÀÎ· �©ÅÔ° �¸±Ðº �¡°É´ÏÇç¸,� �¤Á®ÈÑÇ �®Èê»è°ö¼ÇÀ �øÃ¤Á»À �ëÅØÇ �¯À¿È®Èê»è°ö¼(�e�f�f�e�c�t�i�v�e� �d�i�f�f�u�s�i�v�i�t�y�,� �a�p�p�a�r�e�n�t� �d�i�f�f�u�s�i�v�i�t�y�)�Í¿ �öÁè¹ûÀÎÀ �®Èê»æ°Î·,� �®Èê»è°ö¼ÇÀ �Â¿µµ �×¹ �ó³µµ �ÇÀ¸Áº¼¡¿ �ë´ÑÇ �¬¿¸±ÇÀ �ÊÇä¿º¼ÌÀ �¦Áâ±Çµî¾ �Ô¿Ù´.�[�2�]�


� � �¦ÁÃ¿ó¶ÌÀ®Æ¡¿­¼ÇÀ �®Èê»è°ö¼Â´ �Å°Ã½ûÀ �×¹ �Ì¹Ã½ûÀÎÀ �æ¹ý¹¡¿ �ÇÀØÇ �øÃ¤ÁÇµî¾úÁ �ö¼ �ÖÀÂ´¥µ,� �Å°Ã½ûÀ �æ¹ý¹¸ÀÎ·Â´ � �g�r�a�v�i�m�e�t�r�i�c�ý¹,� �v�o�l�u�m�e�t�r�i�c�ý¹,� �f�r�e�q�u�e�n�c�y� �r�e�s�p�o�n�s�e�ý¹,� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�ý¹ �×¹ �W�i�c�k�e�-�K�a�l�l�e�n�b�a�c�h�ý¹ �îµÌÀ �ç»ë¿Çµî¾ �Ô¿¸Àç¸,� �Ì¹Ã½ûÀ �æ¹ý¹¸ÀÎ·Â´ �N�M�R�ý¹,� �n�e�u�t�r�o�n�-�s�c�a�t�t�e�r�i�n�g�øÃ¤Áý¹ �îµÌÀ �ÖÀÙ´.�[�3�]�


� � �®Èê»è°ö¼ÇÀ �øÃ¤ÁºÀ �®Èê»â±¸±ÇÀ �Ù´ç¾ÔÇú° �ÏÀ¤Á¡Ä �Ê¾ºÀ �â±ø°Ðº÷ÆÎ· �ÎÀØÇ �ó»ç´÷È �î¾Á·ì¿ç¸,� �¿µÏÀÑÇ �è°¡¿ �ë´ØÇ­¼µµ �øÃ¤Áæ¹ý¹¡¿ �ûµó¶ �«Å �÷ÂÌÀ¦¸ �¸ºÌÀÂ´¥µ,� �ÌÀÂ´ �§À¡¿­¼ �¦ÁÃ½ÑÇ �¼¼¡°öÁ �®Èê» �Þ¸¿ÄÏ´òÁ �ßÁ �Ü¿ÎºÇÀ �°¹úÁüÀÞ´ �×¹ �­¿üÀÞ´ÇÀ �µ¿âÇ»À �«¹Ã½ÏÇÂ´¥µ­¼ �ª³¸Åª³Â´ �÷ÂÌÀó¶í° �¸º©¿øÁÙ´.�


� � �ë´â±ø°®Èê»ÇÀ �æ°ì¿ �â±ø°®Èê»(�p�o�r�e� �d�i�f�f�u�s�i�o�n�)�ú° �¥Çé¸®Èê»(�s�u�r�f�a�c�e� �d�i�f�f�u�s�i�o�n�)�¸ÀÎ· �Ðºù·Çµç¸,� �â±ø°®Èê»ÇÀ �æ°ì¿ �â±ø° �×¹ �íÈøÂúÁÇÀ �÷Áæ°ÇÀ �ó»ë´ûÀÎÀ �©Åâ±¡¿ �ûµó¶ �ÐºÚÀ®Èê»(�m�o�l�e�c�u�l�a�r� �d�i�f�f�u�s�i�o�n�)�µ¿ª¿ú° �K�n�u�d�s�e�n� �d�i�f�f�u�s�i�o�n�µ¿ª¿¸ÀÎ· �¸±ÐºÇµí°,� �ÌÀ �Îµ �d�i�f�f�u�s�i�o�n�ÇÀ �µ¿âÇÌÀ �ð¸Îµ �ßÁä¿ÑÇ �æ°ì¿(�i�n�t�e�r�m�e�d�i�a�t�e� �r�e�g�i�o�n�)� �B�o�s�a�n�q�u�i�t�’�s� �e�q�u�a�t�i�o�n�¡¿ �ÇÀØÇ �Îµ �®Èê» �ð¸Îµ¡° �í°Á·Çµî¾øÁÙ´.�[�2�]� �§ÀÍ¿°°ÌÀ �Ù´ç¾ÑÇ �®Èê»â±¸±éµ»À �ÑÃý°ÏÇ©¿ �ò¾î¾øÁ �¯À¿È®Èê»è°ö¼Â´ �Ç½¦Á �íÈøÂÐº®¸ø°¤ÁÇÀ �³¼è° �×¹ �s�i�m�u�l�a�t�i�o�n�¡¿ �Î³®¸ �ÌÀë¿Çµî¾öÁí° �ÖÀÙ´.�


�


�M�o�d�e�l�l�i�n�g�


� � �»º �Ç½èÇ¡¿­¼Â´ �ßÁ®·ý¹¡¿ �ÇÀÑÇ �Ü¿Îº �íÈøÂúÁÇÀ �ÏÀ¤Áó³µµó»ÂÅ¡¿­¼ÇÀ �¸ÈÐºíÈøÂ¡¿ �ÇÀÑÇ �®Èê»è°ö¼ �øÃ¤Á»À �ÏÇ´¿¸ÀÇ¹Î· �ÌÀ¡¿ �ûµ¥¸ �¡°¤ÁºÀ �Ù´½Àú° �°°Ù´.�


�1�)� �íÈøÂó»¡¿ �ñºØÇ �â±ó»ÇÀ �ÎºÇÇ¡° �Å¸ì¿ �¿Ä­¼ �íÈøÂÌÀ �ÏÀî¾ª³Â´ �¿µÈ¾ÇÀ �â±ó»ÇÀ �Ð¾


� � �Â·¯º­ÈÂ´ �ø¾Ù´.�


�2�)� �íÈøÂúÁó³µµÇÀ �¯º­È¡° �Å¸ì¿ �ÛÀâ± �§¶®¹¡¿ �u�p�t�a�k�e�¿µÈ¾ÇÀ �®Èê»è°ö¼Â´ �ÏÀ¤ÁÏÇÙ´.�


�


� � �Ç½èÇûÀÎÀ �u�p�t�a�k�e� �c�u�r�v�e�Î· �ÎºÍÅ �®Èê»è°ö¼ �×¹ �­¿üÀÞ´è°ö¼¦¸ �¸±ÏÇâ± �§ÀÑÇ �ö¼ÐÇûÀÎÀ �ð¸¨µºÀ �©ÅÔ° �íÈøÂ¦ÁÇÀ �Â¿µµ¯º­È¡¿ �ûµó¶ �îµÂ¿íÈøÂÓ¼µµð¸üÇú° �ñºîµÂ¿íÈøÂÓ¼µµð¸üÇ¸ÀÎ· �¸±ÐºÇµî¾úÁ �ö¼ �ÖÀ¸Àç¸,� �¢°¢°ÇÀ �æ°ì¿¡¿ �ë´ÏÇ©¿ �Ì¹¼¼ø°®Èê»²ÀÓ¼ �×¹ �ë´â±ø°®Èê»²ÀÓ¼¸ÀÎ· �ª³©´î¾ �úÁ �ö¼ �ÖÀÙ´.� �ÌÀ �æ°ì¿ �®Èê»ÇÀ �Ü¿ÎºúÀ×ÇºÀ �«¹Ã½ÏÇ´¿Ù´.�


� � �ñºîµÂ¿íÈøÂÓ¼µµð¸üÇ¡¿­¼ �ë´â±ø°²ÀÓ¼ÎÀ �æ°ì¿,� �¸±üÇÔÀÚÀ»³¡¿­¼ÇÀ �°¹úÁö¼öÁÄ½ �×¹ �íÈøÂ­¿ÇÀ �ß¹ý»¡¿ �ûµ¥¸ �­¿ö¼öÁÄ½»À �öÁè¹æ¹¤ÁÄ½¸ÀÎ· �ÏÇ©¿ �ûÀç´ÑÇ �ÊÃâ±,� �æ°è° �¶ÁÇ°»À �ûÀë¿ÏÇé¸ �Ù´½ÀÇÀ �Ä½»À �ò¾»À �ö¼ �ÖÀÙ´.�[�6�]�


�


��� �E�M�B�E�D� �E�q�u�a�t�i�o�n�.�2� � ��������� �E�M�B�E�D� �E�q�u�a�t�i�o�n�.�2� � ������� � � � � � � � � � � � � � � � � � �(�1�)�


�


�§À¡¿­¼ ��� �E�M�B�E�D� �E�q�u�a�t�i�o�n�.�2� � �������ºÀ �Ù´½ÀÄ½ÇÀ �ç¾ÇÀ �n�ø¹°Â �ØÇÌÀç¸,�


�


��� �E�M�B�E�D� �E�q�u�a�t�i�o�n�.�2� � ������� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �(�2�)�


�


� � �á¥Â´ �®Èê»Ó¼µµÍ¿ �Ü¿Îº­¿üÀÞ´ �Ó¼µµÇÀ �ñº¦¸,� �â¥Â´ �­¿¿Èú°¡¿ �ÇÀÑÇ �òÆüÇ¡ÁÇÀ �ÌÀ¿µ(�òÆüÇíÈøÂ®·ÇÀ �¯º­È)�¦¸ �ª³¸Å»³Â´ �Å¸³°¯ºö¼,� ��� �E�M�B�E�D� �E�q�u�a�t�i�o�n�.�2� � �������Â´ �f�r�a�c�t�i�o�n�a�l� �u�p�t�a�k�e�Ù´.� �


� � �Ì¹¼¼ø°®Èê»ÇÀ �æ°ì¿¡¿Â´ �(�1�)�ÇÀ �Ä½¡¿­¼ �ë´â±ø°®Èê»è°ö¼ ��� �E�M�B�E�D� �E�q�u�a�t�i�o�n�.�2� � �������Í¿ �çÆ´¸ÇÀ �Ý¹öÁ§¸�� �E�M�B�E�D� �E�q�u�a�t�i�o�n�.�2� � �������¡° �Ì¹¼¼ø°®Èê»è°ö¼�� �E�M�B�E�D� �E�q�u�a�t�i�o�n�.�2� � �������Í¿ �c�r�y�s�t�a�l�Ý¹öÁ§¸ÎÀ ��� �E�M�B�E�D� �E�q�u�a�t�i�o�n�.�2� � �������Î· �Þ´ó¶øÁ �¯Àç»ÑÇ �Ä½»À �ò¾Ô° �ÈµÙ´.� �


�§ÀÍ¿°°ºÀ �u�p�t�a�k�e�Ä½»À �Ç½èÇ»À �ëÅØÇ �ò¾î¾øÁ �f�r�a�c�t�i�o�n�a�l� �u�p�t�a�k�e� �c�u�r�v�e�¡¿ �î°±¼ñÈÍ±(�c�u�r�v�e� �f�i�t�t�i�n�g�)�ÏÇ©¿ �®Èê»è°ö¼¦¸ �¸±ÒÇ �ö¼ �ÖÀ¸Àç¸,� �ÌÀ§¶ �î°±¼ñÈÍ±ý¹¸ÀÎ·Â´ �N�e�l�d�e�r�-�M�e�a�d�ð¸üÇ½Åö»ý¹ú° �Z�B�R�E�N� �r�o�u�t�i�n�e�»À �ÌÀë¿ÏÇ´¿Ù´.�[�8�]�


�


�Ç½èÇæ¹ý¹


� � �»º �Ç½èÇºÀ �2�7�3�K�,� �2�8�3�K�,� �2�9�3�K�ÇÀ �Â¿µµÍ¿ �0�-�1�a�t�m�ÇÀ �Ð¾Â·ü¹§À¡¿­¼ �øÁàÇÇµú¾¸Àç¸,� �íÈøÂ¦ÁÎ·Â´ �¦ÁÃ¿ó¶ÌÀ®Æ �1�3�X�(�B�a�y�l�i�t�h� �W�E�-�G� �6�3�9�)�¦¸ �ç»ë¿ÏÇ´¿Ù´.� �íÈøÂúÁÎ·Â´ �ø¼µµ �9�9�.�9�%�ÌÀó»ÇÀ �C�H�4�,� �C�O�2�,� �N�2�â±¼Ã¦¸ �ç»ë¿ÏÇ´¿Ù´.�


� � �T�r�a�n�s�i�e�n�t� �u�p�t�a�k�e� �×¹ �òÆüÇíÈøÂ®·ºÀ �C�a�h�n� �2�0�0�0� �e�l�e�c�t�r�o�b�a�l�a�n�c�e�¦¸ �ÌÀë¿ÏÇ©¿ �ßÁ®·ý¹¸ÀÎ· �øÃ¤ÁÏÇ´¿Ù´.� �Å¸ �Ç½èÇ¶¸Ù´ �íÈøÂ¦ÁÂ´ �3�4�0�É¡,� �1�0�-�5�m�m�H�g�¡¿­¼ �7�Ã½£°ÌÀó» �°Èº¼­ÈÃ½×Ä¸Àç¸,� �è°¦¸ �øÁø°Ã½°Åâ± �§ÀÏÇ©¿ �o�i�l� �r�o�t�a�r�y� �v�a�c�u�u�m� �p�u�m�p�¦¸ �ÌÀë¿ÏÇ´¿Ù´.� �íÈøÂúÁÇÀ �Ð¾Â·ºÀ �ö¼ºÀ �m�a�n�o�m�e�t�e�r�Î· �øÃ¤ÁÏÇ´¿¸Àç¸,� �íÈøÂú°¤ÁßÁ �îµÂ¿¶ÁÇ°»À �¯ÀöÁÏÇâ± �§ÀÏÇ©¿ �Â¿µµ �c�o�n�t�r�o�l�l�e�r�¡° �¬¿á°Èµ �×ÇÂ¿¶Á¦¸ �³¼¡ÄÏÇ©¿ �ç»ë¿ÏÇ´¿Ù´.� �Ç¶ÑÇ �t�r�a�n�s�i�e�n�t� �u�p�t�a�k�e�Â´ �c�a�h�n� �b�a�l�a�n�c�e� �c�o�n�s�o�l�e�¡¿ �¬¿á°Èµ �¹·ÚÄõ´¦¸ �ÌÀë¿ØÇ �â±Ï·ÏÇ´¿Ù´.�


� � �¢° �u�p�t�a�k�e�Ç½èÇºÀ �®Èê»è°ö¼ÇÀ �ó³µµÇÀ¸Áº¼»À �ÖÃÒ¼­ÈÏÇâ± �§ÀÏÇ©¿ �Ð¾Â·¯º­È¦¸ �5�-�6�c�m�H�g�¤ÁµµÎ· �ÛÀÔ° �¯ÀöÁÏÇé¸­¼ �¬¿Ó¼ûÀ¸ÀÎ· �àÇØÇ³ÁÙ´.�


�


�Ç½èÇá°ú° �×¹ �í°ûÂ


� � �F�i�g�.� �1�ºÀ �2�7�3�K�¡¿­¼ �¦ÁÃ¿ó¶ÌÀ®Æ �1�3�X�¡¿­¼ÇÀ �N�2�,� �C�H�4�,� �C�O�2� �íÈøÂ¡¿­¼ �ª³¸Å­³ �u�p�t�a�k�e� �c�u�r�v�e�¦¸ �ñºîµÂ¿íÈøÂÓ¼µµð¸üÇú° �îµÂ¿íÈøÂÓ¼µµð¸üÇ¡¿ �¢°¢° �ûÀë¿Ã½ÑÄ �¸ºÒ¾»À§¶ �ò¾î¾öÁÂ´ �®Èê»è°ö¼ÇÀ �ñº¦¸ �ª³¸Å½³ �Í°ÌÀÙ´.� �C�H�4�,� �N�2�,� �C�O�2�ÇÀ �ø¼¸ÀÎ· �ñºîµÂ¿º¼ÌÀ �¿ÄüÁ»À �Ë¾ �ö¼ �ÖÀ¸Àç¸,� �ÌÀ �×±²¸¸ÀÎ·ÎºÍÅ �¦ÁÃ¿ó¶ÌÀ®Æ1�3�X�¡¿ �ë´ÑÇ �C�H�4�,� �N�2�,� �C�O�2� �íÈøÂÇÀ �æ°ì¿ �îµÂ¿¶ÁÇ°¸ÀÎ· �ÎºÍÅ �ó»ç´÷È �þ¹î¾ª³ �ÖÀ½À»À �ª³¸Å»³í° �ÖÀÙ´.� �Ð¾Â·ÌÀ �õÁ¡°ÔÇ¡¿ �ûµó¶ �®Èê»è°ö¼ÇÀ �ñº¡° �¿ÄöÁÂ´ �ÌÀ¯ÀÂ´ �Ð¾Â·ÌÀ �õÁ¡°ÔÇ¡¿ �ûµó¶ �íÈøÂ­¿ÌÀ �õÁ¡°ÏÇí° �i�s�o�b�a�r�ÇÀ �â±ï¿â± �Ç¶ÑÇ �õÁ¡°ÏÇâ± �§¶®¹¡¿ �u�p�t�a�k�e� �ÊÃÝ¹¡¿­¼Â´ �­¿üÀÞ´¡¿ �ñºÏÇ©¿ �üº¥¸ �®Èê»ú° �Â¿µµó»Â½¡¿ �ÇÀÑÇ �ûÀºÀ �ç¾ÇÀ �íÈøÂÌÀ �Çµî¾öÁÂ´ �Ý¹é¸,� �u�p�t�a�k�e� �ÄÈÝ¹¡¿­¼Â´ �u�p�t�a�k�e� �ÊÃÝ¹¡¿ �ß¹ý»ÑÇ �íÈøÂ­¿ÌÀ �u�p�t�a�k�e�ÄÈÝ¹¡¿­¼ �­¿üÀÞ´Çµî¾ �öÁÇ¹Î· �íÈøÂòÆüÇÌÀ �ÌÀç·î¾öÁÂ´ �Ã½¡ÁÌÀ �­¿üÀÞ´ÌÀ �Ï¿á·Çµî¾öÁÂ´ �Ã½£°î±öÁ �îµÂ¿ÇÀ �æ°ì¿¸ºÙ´ �À¿¡· �É°®¸Ç¹Î· �®Èê»Ó¼µµ¡° �À´Á·öÁâ± �§¶®¹¸ÀÎ· �ý»¢°Çµî¾øÁÙ´.�


� � �F�i�g�.� �2�,� �F�i�g�.� �3�,� �F�i�g�.� �4�¡¿­¼Â´ �Ù´¥¸ �íÈøÂ¦Á �çÆ´¸©Åâ±¡¿ �ûµ¥¸ �C�O�2�,� �C�H�4�,� �N�2�ÇÀ �íÈøÂÓ¼µµó»ö¼¦¸ �ñº³±ÏÇ©¿ �¸ºÒ¾Ù´.� �ÌÀ �Ç½èÇºÀ �Ù´¥¸ �çÆ´¸©Åâ±ÇÀ �íÈøÂ¦Á¡¿­¼ �ò¾î¾øÁ �íÈøÂÓ¼µµÎ·ÎºÍÅ �ò¾î¾øÁ �®Èê»è°ö¼¦¸ �ñº³±ÏÇ©¿ �®Èê»öÁè¹â±¸±¦¸ �á°¤ÁÏÇâ± �§ÀÑÇ �Ç½èÇÌÀÙ´.� �¼¼¡°öÁ �æ°ì¿ �ð¸Îµ¡¿­¼ �çÆ´¸ �Ý¹öÁ§¸ÇÀ �÷ÂÌÀÎ· �ÎºÍÅ �Ù´¥¸ �®Èê»è°ö¼¡° �ò¾î¾³Á¸Àç¸,� �ÌÀÍ°ºÀ �ë´â±ø°®Èê»²ÀÓ¼(�m�a�c�r�o�p�o�r�e� �d�i�f�f�u�s�i�o�n� �c�o�n�t�r�o�l�l�e�d�)�ÓÀ»À �ª³¸Å»³í° �ÖÀÙ´.�
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