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��Å��{��d§�³��Y�«�Ö]ZË��Y�{�Â»�|Ì¿ZÌ��[~m�dÆm�¡�»�ºze�Äf�Âa�dÌ¸]Z«�,Ö]�ne�Ä ·Z�»�¾ËY��{�
�®Ì���ÂeZ]Â°¿Y��°Ì��ÃZ´f�{��{�¾Ì »�pH�Á��z�»�ÄÌ·ÁY�d�¸£�Z]�|Ì¿ZÌ��µÂ¸v»��Y��fÌ·�Ö¸Ì»�����,cZ�ËZ»�M��Y�Ä¸u�»
��{�¹�³�Ö¸Ì»��������|Ì¿ZÌ��ÄÌ·ÁY�d�¸£�,�Ä¬Ì«{�������À¯YÁ�½Z»��,pH��������,¦¸fz»�ÕZÅ�f»Y�Za��ÌiZe��|��Ã{Y{
�Ö�]Á��Ö¿Á�f°·Y�_Â°�Á�°Ì»���Âe�[}Zm�ÖËZÌ¼Ì���ZfyZ���d§�³��Y�«�Ö���]�{�Â»��¹�³����
���[}Zm��Á{�Á���fÌ·
�ºze�Äf�Âa��ËZ��Âa�Á�Ã�ËÁ�t���duZ�»��d§�³�c�Â��EDX��Ì·Z¿M�¾ÌÀr¼Å�Á����XL�µ|»��bÌ¸Ì§�d¯���dyZ�
�½ÂÌ�Y�fÌe��Á����Âe�[~m�|ÀËY�§�¹Zn¿Y��Y�| ]�Á�¶^«�d�¸£��d§�³��Y�«��nÀ��{�Â»�BJH��Á�BET�¹�eÁ�ËY�Z]�¡�»

�|��Õ�Ì³�Ã�Y|¿Y�|f»�{�Y|¿Zf�Y��{�Ã|���¯}
�cZ^Ì¯�e��ËZ��Á�d�Y�Ã|��¶Ì°�e�ºÌ�¸¯��Y�Ze|¼���z]�Ä¯�{Y{�½Z�¿�EDX��Á��Z]�¡�»�ºze�Äf�Âa��Ì·Z¿M
�����{�|Ì¿ZÌ��[~m�½Z»|¿Y��¾Ë�eÓZ]�Ä¯�d�Y�½M��´¿ZÌ]��ËZ»�M�lËZf¿��d�Y�cZ°Ì¸Ì��Á�¹ÂÌÀ»Â·M�,¾ÅM�,ºË�ÌÀ»�¶»Z��½M
�Ö»�w���fÌ·��{�¹�³�Ö¸Ì»�����]Y�]�|Ì¿ZÌ��ÄÌ·ÁY�d�¸£�Á�Ä¬Ì«{�����Z¼e�½Z»��,¹�³��
���]Y�]�[}Zm��Á{�½Y�Ì»�,pH��
�Äf�Âa��{�|Ì¿ZÌ��[~m�¹�eÁ�ËY��|À¯�Ö»�dÌ ^e�Á{�Äm�{�Ä^��[~m�®ÌfÀÌ���Y�Ä¯�{Y{�½Z�¿�[~m�®ÌfÀÌ��Ö���]��|Å{

�|À¯�Ê»�dÌ ^e��ËÂ¼´¿Ó�µ|»��Y��Ì¿�¡�»�ºze
�º¯�ÄÀË�Å�Á�ÓZ]�½Z»|¿Y��Z]�[}Zm�®Ë�,|WY��{YÂ»�½YÂÀ��Ä]�¡�»�ºze�Äf�Âa�,lËZf¿�Ä]�ÄmÂe�Z]

�|�Z]�Ö»�Öf À��[Ô�Z§��Y�|Ì¿ZÌ��¥~u�ÕY�]�\�ZÀ»��ÄÀË�³
®ÌfÀÌ��,¹�eÁ�ËY�,|Ì¿ZÌ��,[~m�,¡�»�ºze�Äf�Âa�
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�ÄÀÌ»���{������µZ���{�½Z�¿Y�Z°¼Å�Á�Ö»Y�M�¾ÌÀr¼Å�Á�,¶°Ì¿�Á�[��
�¥~u��{��iÂ»�[}Zm�¡�»�ºze�Äf�Âa�{Y{�½Z�¿�����»�«�d¯�ËY{�²¿��¥~u
��Z�f¿Y�Á�|Ì¿ZÌ��ÕÓZ]�dÌ¼��Ä]�ÄmÂe�Z]����������|�Z]�Ö»�ZÅ�Ã|ÀËÓM�¾ËY
�ºze�Äf�Âa��{Âa��{�]�Z¯�½Z°»Y��¥|Å�Z]���Zu�Ä ·Z�»�d�Ë���Ìv»��{�½M
�®ÌffÀ��[Ô�Z§��Y�|Ì¿ZÌ��¥~u��{�d¼Ì«�½Y��Y�[}Zm�®Ë�½YÂÀ ]�¡�»

��d�Y�Ã|��¹Zn¿Y

�ºË|��|Ì¿ZÌ���{Âa��Y�Ã{Z¨f�Y�Z]�Á�Äf�ÂÌaZ¿�c�Â��Ä]�Ö]�ne�Ä ·Z�»�¾ËY
�d�Y|Æ] �Ã|°�¿Y{ ��Ìv» �Ö¼Ì� �ÃZ´�ËZ»�M ��{ �pË�|·M �d¯�� �µÂ�v»
�Ä ·Z�»�¹Zn¿Y�dÆm��|��¹Zn¿Y������µZ���{�½Y|¼Å�Ö°��a�¹Â¸��ÃZ´�¿Y{
�¶u��Y��{Z»�µÂ¸v»�½YÂÀ ]��fÌ·��{�¹�³�Ö¸Ì»������d�¸£�Z]�|Ì¿ZÌ��Y|f]Y
�d�¸£��{�|Ì¿ZÌ��ÕZÅ�µÂ¸v»��|Ë{�³�ÄÌÆe���¬»�[M��{�ºË|��|Ì¿ZÌ��½{�¯
�Ä¿Â¼¿��{�|Ì¿ZÌ��d�¸£��nÀ���|Ë{�³�ÄÌÆe��{Z»�µÂ¸v»��Y��ZÌ¿�{�Â»�ÕZÅ
�Ã�¬¿�cY�fÌ¿�Z]�½ÂÌ�Y�fÌe��Á���Y�¡�»�ºze�Äf�Âa�Z]�Ã|��ÄÌ¨�e�Á�ÄÌ·ÁY�ÕZÅ
�Äf�ÂÌaZ¿��ËZ»�M���d§�³�c�Â��|f»�{�Y|¿Zf�Y�[Zf¯��{�Ã|���¯}��Á��Z]
��¦¸fz»�ÉZÆ»�m��Â�u��{�Á�É�fÌ·�Ê¸Ì»�����ÉZÆÀ·�Y��Y�Ã{Z¨f�Y�Z]�[~m
��Y��fÌ·�Ê¸Ì»�����ºnu��{���
��,�
��,��
���,��
��,���¡�»�ºze�Äf�Âa
��ÂeZ]Â°¿Y��°Ì���Y�ZÅ�Ä¿Â¼¿��ÔfyY�dÆm��|��¹Zn¿Y��|Ì¿ZÌ��ÉÁZu�µÂ¸v»
�dÆm��|��Ã{Z¨f�Y�Ä¬Ì«{��{��Á{�����d����Z]��Z»�M���Za�d¯���dyZ��
�µZ»�¿��
��{Â��ZË�®Ë�Â¨·Â��|Ì�Y��Y�Ê���]�{�Â»�ÉZÅ�Ä¿Â¼¿�pH��ÌÌ¤e
�Ê¸Ì»��������Ã{Á|v»��{�ZÅ�Ä¿Â¼¿��{�|Ì¿ZÌ��ÄÌ·ÁY�d�¸£��|Ë{�³�Ã{Z¨f�Y
�½YÂÀ ]�Ä¯�ZÅ�Õ�a�ÖÀË�Ì��Á�ZÅ�Õ{ZÀ«��Y�¡�»�ºze�Äf�Âa��{Â]��fÌ·��{�¹�³
�Á�Ã|��Äf�����¬»�[M�Z]��Z]�¾Ë|Àq�Y|f]Y��|¿|��Õ�ÁM��¼m�|Àf�Å�|ËY��{YÂ»
��»��Ã�Y|¿Y�Z]�ASTM�{�Y|¿Zf�Y�ÕZÅ�®·Y�Z]�½ÁM�{�½{�¯�®�y��Y��a
�Ã|��ÄÌÆe��f�¯Zy�Ã�ËÁ�t����|¿|��Õ|À]�Ä¿Y{���f»�Ö¸Ì»��
������������
BET��Brunauer���¹�eÁ�ËY�[~m�µ|»�Á�c�Y��Z³�[~m��Y�Ã{Z¨f�Y�Z]
�Äz�¿ � ��Y �Ã{Z¨f�Y �Z] �Ä�Â]�» �cZ^�Zv»�Á �¾ÌÌ e ��Emmett�Teller
�Z]�É�ÅZ���ZfyZ��cZ�z�»��|��Ã{Z¨f�Y�¾aY��Belsorp��Y�§Y�¹�¿�ºnÀa
��|��¾ÌÌ e��bÌ¸Ì§�d¯���EDX�Ä]��Æn»�Ö�]Á��Ö¿Á�f°·Y�_Â°�Á�°Ì»
Perkin–�Y�Ã{Z¨f�Y�Z]�[~m��Y�| ]�Á�¶^«�,[}Zm�Öv���Ö¸»Z��ÕZÅÁ�³
�¾ËY��{���|��¾ÌÌ e��Elmer spectrophotometer spectrum
��{�¹�³�Ö¸Ì»����������ÄÌ·ÁY�d�¸£��Ì�¿�¦¸fz»�ÉZÅ�f»Y�Za��iY�Ä ·Z�»
�Á���fÌ·��{�¹�³�� –��
����[}Zm�d�¸£�,�������À¯YÁ��Ìv»�pH�,��fÌ·
��{�Ã|��[~m�|Ì¿ZÌ��½Y�Ì»�¾ÌÌ e��|��Ê���]���Ä¬Ì«{��������Z¼e�½Z»�
�[~m�¹�eÁ�ËY�¾ÌÌ e�dÆm��|��¹Zn¿Y���Ä·{Z »��Z�Y��]�[}Zm�¹�m�|uYÁ
�Á��Ì¼´¿Ó�,pÌ·|¿Á�§�[~m�ÉZÆ·|»�cÓ{Z »��Y�¡�»�ºze�Äf�Âa��{�|Ì¿ZÌ�
��Y�Ö°Ë�½YÂÀ��Ä]�Ä¯�[}Zm�pHzpc�¾ÌÀr¼Å��|Ë{�³�Ã{Z¨f�Y��pËÁÂ¯{Y�
�¾ÌÌ e�dÆm��|Ë{�³�¾ÌÌ e�{Â��Ö»�Ö¬¸e�[}Zm�ºÆ»��Ö³�ËÁ�Á�cZÌ�Â�y
��
���|ËY�¸ �̄ºË|���fÌ·�Ö¸Ì»����¹Y|¯�Å��{�Ä �̄¾·�Y����Y�,[}Zm�Ö³�ËÁ�¾ËY
��b���|Ë{�³�ºÌ�Àe����Ze���Ã{Á|v»��{�pH�Á��d�Y�Ã|��ÄfzË���ÓÂ»
�c|»�Ä]�Á�|��Ä§Z�Y�ZÅ�¾·�Y��Y�¹Y|¯��Å�Ä]�Ä ·Z�»�{�Â»�[}Zm��Y�¹�³��
�
��a��|¿|��Ã{Y{��Y�«�Ä¬Ì«{��{��Á{�����d����Z]���°Ì»�ÕÁ���]�d�Z����
��Âa�Z]�¾¼eYÁ�Ö§Z��~£Z¯��Y�Ã{Z¨f�Y�Z]�Y��ZÅ�Ä¿Â¼¿�½Z»��c|»�¾ËY�d�~³��Y
�Ö·ZfÌnË{��f»��pH�Z]�Ä¿Â¼¿��Å�ÖËZÆ¿�pH�Á�Ã{� �̄¥Z��½Á�°Ì»�����ËZ�
�ÕÁ���]�Y��ÖËZÆ¿�Á�ÄÌ·ÁY�pH��Y|¬»�,pHpzc�¾ÌÌ e�dÆm������|��dWY�«
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��Ìv» �Ö³{Â·M �,½Z�¿Y �ÕÁ� ��Ìa �ÕZÅ ��·Zq �¾Ë�f¼Æ» ��Y �Ö°Ë �Ã�Á�»Y
�ÖÀÌ»� ��Ë� �Á �Öv�� �[M ��]ZÀ» ��|�Z] �Ö» �Ö]M ��]ZÀ» �Z�Â�z» �,d�Ë�
�,�]ZÀ»�Ö³{Â·M�{�YÂ»�¾Ë�f ËZ���Y��|�Z]�Ö»�¦¸fz»�Ö³{Â·M��� »��{�Ã�YÂ¼Å
��Y�Ö°Ë��{�¯�Ã�Z�Y�­Z¿��y�Á�¾Ì´À��cY�¸§���Âe�Ö³{Â·M�Ä]�½YÂe�Ö»
�Á{��Y�d�Ë���Ìv»��{�|Ì¿ZÌ���Â�u��|�Z]�Ö»�|Ì¿ZÌ��ZÅ�Ã|ÀËÓM�¾Ë�f¼Æ»
�½ZÅZÌ³���Âe�|Ì¿ZÌ��|Ì·Âe�Ö Ì^���^À»�¶»Z��Ä �̄{�Ì³�Ö»�Z�À»�Ö¸�Y��^À»
�Ö»��¦¸fz»��ËZÀ���{�Ã{Z¨f�Y��dyZ��½Z�¿Y��^À»�Á��ZÅ�º�Ì¿Z³�YÁ�°Ì»�Á
��{Â��Ö»�d�Ë���Ìv»�Ä]�|Ì¿ZÌ���Y �ÖËÓZ]�d�¸£�{Á�Á�h�Z]�Ä¯�|�Z]
�Á�dÌ¿ZÌ��,cZ¿ZÌ��Ä]�½YÂe�Ö»�Ä¯�d�Y�Ö¨¸fz»�cZ^Ì¯�e�ÕY�Y{�|Ì¿ZÌ�
��ËZÀ���{�ÕY�Ã{�f�³�c�Â�]�|Ì¿ZÌ��cZ^Ì¯�e������{�¯�Ã�Z�Y�ZÅ�¶Ë�fÌ¿
�,Õ�Z°]M��ËZÀ��Ä]�½YÂe�Ö»��ËZÀ��¾ËY��Y������{Â��Ö»�Ã{Z¨f�Y�½Â³Z¿Â³
��ËZÀ��,cY�ÅYÂm�Á�Ô��dyZ���ËZÀ��,Ö�Z°��,Ã�¬¿�Á�Ô��kY�zf�Y�½{Z »
�¾Ì¼ze�,d À���{�|Ì¿ZÌ��¥��»�Z]��{�¯�Ã�Z�Y�Ã�Ì£�Á�ZÅ��¯�d§M�|Ì·Âe
��Ìv»�{�YÁ�Ä¿ZÌ·Z��|Ì¿ZÌ��¹�³Â¸Ì¯�½ÂÌ¸Ì»����{Á|u�Ä¯�d�Y�Ã|��Ã{�
�Á�½Z�¿Y�ÕY�]�ÓZ]�dÌ¼��ÕY�Y{��Ìv»��{�|Ì¿ZÌ���Â�u������{Â��Ö»�d�Ë�
��Y|Ì�¯Y�¹Á�¯ÂfÌ��ºË�¿M�ÕY�]�|Ì¿ZÌ��ÕÓZ]�dÌ¼�������d�Y�d�Ë���Ìv»
��Z¼e�����
���{Â��{ZË��¨Àe�Ã|¿�Y{�Z]�½YÂÀ ]�|Ì¿ZÌ���Y�Ä¯�{Â��Ö»�h�Z]
�Á�\¸«�½Z]����ËY�§Y�,¹{�Z]�Á�¹{�{Y| e��ËY�§Y�h�Z]�|Ì¿ZÌ��Z]�c|»�ÃZeÂ¯
�,½�Á��ÅZ¯�h�Z]�c|»�Ö¿ÓÂ���Z¼e��{�Á�{Â��Ö»�Ö^���cY�ÌiZe��ËZ�
��{Â��Ö»�±�»�dËZÆ¿��{�Á�Ö^���ÃZ´f�{�\Ë�ze�,|ÌWÁ�Ìe�ÕÁ���]��ÌiZe
�Ö»�d�Âa��{�duY�m�Á�ºy��{ZnËY�h�Z]�|Ì¿ZÌ��ÕÁZu��ËZ»�Z]�Öf�Âa��Z¼e
�½�Á�|ÌÅ�Á�|Ì¿ZÌ��½ÂË�,Y��dÌ¼��¾Ë�eÓZ]�|Ì¿ZÌ��cZ^Ì¯�e�¾Ì]��{������{Â�
�,ºË|��|Ì¿ZÌ��ÕZÅ�®¼¿�¾ÌÀr¼Å������|ÀÅ{�Ö»��Z�fyY�{Ây�Ä]�|Ì¿ZÌ�
�®¼¿�¾ËY��|Àf�Å�ÖËÓZ]�dÌ¼��ÕY�Y{��Ì¿�ºÌ�¸¯�|Ì¿ZÌ��Á�ºÌ�Zfa�|Ì¿ZÌ�
�[M��{�Ä¸�Z§Ô]�¾ËY�]ZÀ]�|¿�Y{�Ö]M�ÕZÅ��Ìv»��{�ÖËÓZ]�µÔv¿Y�dÌ¸]Z«�ZÅ
�Á�ºË|��|Ì¿ZÌ��Ã|À�¯��Á{�½Y�Ì»������|¿Â��Ö»�ÄË�ne�|Ì¿ZÌ��µZ°Ë{Y��Ä]
�Ã|À�¯���Á{�¾ÌÀr¼Å�Á�d�Y��fÌ·��{�¹�³�Ö¸Ì»���������|Ì¿ZÌ��ºÌ�Zfa
��Ìv»�d�Z¨u�½Z»�Z�������
���d�Y��fÌ·�{�¹�³�Ö¸Ì»����|Ì¿ZÌ��½�Á�|ÌÅ
�Ã{�¯�¾ËÁ|e�Y� �|Ì¿ZÌ��ÕÁZu��ËZÀ��[Z�a�ÄÌ¸ze�{Â¼ÀÅ��Z°Ë�»M �d�Ë�
�ÕZÅ��Á��������d�Y�Ã|��¾ÌÌ e��fÌ·�{�¹�³�Ö¸Ì»��
���Y|¬»�¾ËY�Ä¯�d�Y
��Y�«�Ö���]�Á�Ä ·Z�»�{�Â»�ZÅ�[Z�a��Y�|Ì¿ZÌ��d§ZË�Z]�Á�¥~u�dÆm�Ö¨¸fz»
�������Â° »��¼�Y�,�����½ÂË�µ{Z^e�ÕZÅ��Á��Ä]��½YÂe�Ö»�Ä �̄d�Y�Äf§�³
�,Õ�^ÅY��ÕÓZ]�ÄÀË�Å�Ä]�½YÂe�Ö»�ZÅ��Á��¾ËY�\ËZ »��Y���{� �̄Ã�Z�Y�Ã�Ì£�Á
�Ã�Z�Y�Ö°Ì¿Á�f°·Y�Á�µZ°Ì¿Z°»�cY�ÌÆne�Ä]��ZÌ¿�,Õ�^ÅY���ÅZ»�ÕÁ�Ì¿�Ä]��ZÌ¿
��Y�Õ�ZÌ�]��{�©Â§�ÕZÅ��Á���Y�Ã{Z¨f�Y�{Â��Ö»�h�Z]�{�YÂ»�¾ËY�Ä¯�{�¯
�ÕY�]�µÂ^«�{�Â»�Á�Ã{Z��ÕZÅ��Á���Y�Ö°Ë��|�Z^¿�Ä§���Ä]�½Á�¬»�{�YÂ»
��Á���Y�Ö°Ë�Öv���[~m���|�Z]�Ö»�Öv���[~m�|ÀËY�§�ZÅ�Ã|ÀËÓM�¥~u
�,µZ §�¾]� �̄�Ì�¿�{| f»�ÕZÅ�[}Zm��Y�Ä �̄Ã{Â]�|Ì¿ZÌ��¥~u��{�|»M�Z �̄ÕZÅ
�Äf�Âa�,l¿�]�­Âf¸��,Ã�¬¿�Á�¶°Ì¿�,�»�,¾ÅM�Z]�Ã|��sÔ�Y�µZ §�¾]�¯
�Z] ������
����d�Y�Ã|Ë{�³�Ã{Z¨f�Y�dÌ·Á�Ìa�Á�ºÌ¿ZfÌe�|Ì�¯Y�Õ{�,½Á�¸u
�Õ�Ì³�Z°]����ÌyY�ÕZÅ�µZ���{�½M�ÕZÌuY�Á�µZ §�¾]� �̄ÕÓZ]�ÄÀË�Å�Ä]�ÄmÂe
�{YÂ»�¾ËY�Ä¸¼m��Y��d�Y�Äf§ZË�Ä �Âe����f�{��{�Á�d¼Ì«�½Y��Y�ÕZÅ�[}Zm
�ºÌ�¸¯��ZfyZ��ÕY�Y{�Ä¯�d�Y�¡�»��ºze�Äf�Âa���f�{��{�Á�d¼Ì«�½Y��Y
�[}Zm�½YÂÀ��Ä]�|¿YÂe�Ö»�ÕY�Ã�¨u��ZfyZ��¶Ì·{�Ä]�Á�Ã{Â]�dÌeZaM�Ö�¯Á�|ÌÅ
���Âe�Ã|��¹Zn¿Y�ÕZÅ�Ö���]�������{Â��Ã{Z¨f�Y�ZÅ�Ã|ÀËÓM�¥~u��{�\�ZÀ»
���¹Á�¯�¥~u��{�[}Zm�½YÂÀ��Ä]�¡�»�ºze�Äf�Âa�{�]�Z¯�ÄÀÌ»���{�Z¯ZÀmÂq
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��pH ��ËY�§Y �Z] � �� ��Y{Â¼¿ � �lËZf¿ �ª]Z�» ��d�Y �Ã|� �Ã{Y{ �½Z�¿ ��

�Ö»��|��{�����Ä]������]Y�]�pH��{�Á��|]ZË�Ö»��ËY�§Y�[~m�½Y�Ì»
�Ö¸Ì» ��� ��,�� ��]Y�] � �pH � ��{ �¡�»�ºze�Äf�Âa �[~m�dÌ§����|��
�½YÂÀ��Ä]����pH�Ä¸u�»�¾ËY�lËZf¿�Ä]�ÄmÂe�Z]��|��¾ÌÌ e�¹�³��]�¹�³

�|��[Zzf¿Y �ÄÀÌÆ]

�[~m�|ÀËY�§��]�|Ì¿ZÌ��d�¸£�Á��Z¼e�½Z»���ÌiZe
��ËY�§Y�Z]�|Ì¿ZÌ��¥~u�½Z»|¿Y��|Å{�Ö»�½Z�¿����Y{Â¼¿�Ä°Ë�Â�¿Z¼Å
�Äf�Y{ ��ËY�§Y ��Z¼e �½Z»� ��ËY�§Y �Z] �Á ��ÅZ¯ �|Ì¿ZÌ� �ÄÌ·ÁY �d�¸£
�½Z»��Ä¬Ì«{����d�~³���Y�| ]�|Å{�Ö»�½Z�¿�lËZf¿�Ä°Ë�Â�¿Z¼Å��d�Y
�Ä] �Ä¬Ì«{ ��� ��Z¼e �½Z»� �¾ËY�]ZÀ] ��|� �d]Zi �¥~u �½Z»|¿Y� ��Z¼e

�|��[Zzf¿Y��ËZ»�M�¶uY�»�Ä»Y{Y��{�ÄÀÌÆ]��Z¼e�½Z»��½YÂÀ�

�[~m�|ÀËY�§��]�[}Zm��Á{��ÌiZe
�Ã|� �{Y{ �½Z�¿ �� ��Y{Â¼¿ ��{ �[}Zm ��Á{�ÌiZe �Ö���] ��Y �¶�Zu �lËZf¿
��Ä]�¹�³��
���Y�[}Zm�¹�m��ËY�§Y�Z]�Ä¯�|Å{�Ö»�½Z�¿�lËZf¿��d�Y
��ËY�§Y��฀���Ä]��฀�����Y�µÂ¸v»��{�|Ì¿ZÌ��¥~u�½Y�Ì»��fÌ·��{�¹�³
��|Ì¿ZÌ� �¥~u �½Z»|¿Y� �[}Zm �½Y�Ì» ��ËY�§Y �Z] �|Àq�Å ��d�Y �Äf§ZË
�½Y�Ì»��ËY�§Y�Z]��Ä¯�d�Y�½M�|ËÂ»����Y{Â¼¿�lËZf¿��Z»Y�Äf§ZË��ËY�§Y
�Ä]�|]ZË�Ö»��ÅZ¯�[}Zm�¹�m�|uYÁ��{�Ã|��[~m�Ã|ÀËÓM��Y|¬»�[}Zm
��¹�³��
� �|u��{�[}Zm�\�ZÀ»��Á{�cZ^�Zv»�¾ËY ��Z�Y��] �Ä°Ë�Â�
�d§�³��Y�«�Ã{Z¨f�Y�{�Â»�Ä ·Z�»�ÕZÆ�z]��ËZ���{�Á�¾ÌÌ e��fÌ·��{
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�� �[~m�ÕZÅ�¹�eÁ�ËY �¾ÌÌ e ����
�pH��Á�[}Zm��Á{�,\�ZÀ»��Z¼e�½Z»��¾ÌÌ e��Y�| ]�Ä ·Z�»�¾ËY��{
��] ���¿ �{�Â» �Ã|ÀËÓM �[~m �¹�eÁ�ËY �Z] ��^e�» �ÕZÅ �Ä�z�» �[~m
�µ|» �Z] �[~m �µ{Z e �Ö]�ne �ÕZÅ �Ã{Y{ ��|Ë{�³ �¾ÌÌ e � �[}Zm �ÕÁ�
�{�Â» � �pËÁÂ¯{Y� �¾Ì]Á{ � �Á � ��Ì¼´¿Ó�, �xÌ·|¿Á�§ �[~m�¹�eÁ�ËY �ÕZÅ
�ÕZÆ·|» �¾ËY �Z] �ZÅ �Ã{Y{ �ª]Z�e �Ö���] �ÕY�] ��d§�³ ��Y�« �Ö���]
�lËZf¿ ��|��Ã{Z¨f�Y �ZÆ·|» �¾ËY �Ö¸¯ �cÓ{Z » �Ö�y�ÕZÆf·Zu ��Y �[~m
�¹�eÁ�ËY ��Y �¡�» �ºze �d�Âa �ÉÁ��] �|Ì¿ZÌ� �[~m �|ÀËY�§ �{Y{ �½Z�¿
�Á �b �d]Zi �\ËY�� ��Ë{Z¬» �Á ��� ��Y{Â¼¿ �� �|À¯ �Ê» �dÌ ^e ��ËÂ¼´¿Ó
�Ö¸Ì» ����
�� �Á � ��
� ��� �µ{Z » �\Ìe�e �Ä] �[~m �dÌ§�� ��j¯Y|u
��Ì¿ �É�Z�Y|m �\Ë�� �ZË �| ] �½Á|] ��Âf¯Z§ ��|�Z] �Ö» �¹�³ ��] �¹�³

��|� �¾ÌÌ e ��
���

�cZ°¿�¾Ë�f¼Æ»��Y �Ö°Ë�[}Zm�®Ë��ZfyZ���{�{ÂmÂ»�cZ^Ì¯�e�¾ÌÌ e
��Z�Y�]��{�Ì³��Y�«�ÄmÂe�{�Â»�|ËZ]�Ä¯�d�Y�[~m�|ÀËM�§��{�ÄmÂe�{�Â»
�\Ì¯�e � �Ä¯�{�¯�Õ�Ì³�ÄnÌf¿ �½YÂe �Ö»� �Ä ·Z�»�¾ËY ��Y �Ä¸�Zu�lËZf¿
�|��{���
���{Á|u�Ä¯�|�Z]¬Ö»�ºÌ�¸¯�[}Zm�¾ËY��ZfyZ���{�\·Z£
�¹Zn¿Y �cZ ·Z�» ��{ � ��|Å{ �Ö» �¶Ì°�e �Y� �Ã{Z¨f�Y �{�Â» �[}Zm ��ZfyZ�
�c�Â��Ä ·Z�»�¾ÌÀrÅ�Á�����µZ���{�½Y�Z°¼Å�Á�ÕZ�e���Âe�Ã|�
�Äf�Âa�Ö¸�Y�\Ì¯�e������µZ���{�½Y�Z°¼Å�Á�ZÀË��ZeZ¯���Âe�Äf§�³
�[~m�cZ ·Z�»��{����� �
����d�Y�Ã|Ë{�³���Y�³�ºÌ�¸¯�¡�»�ºze
��{�ZÅ�Ã|ÀËÓM�¥~u�dÆm��ÄmÂe�{�Â»�Á�\·Z£�Ã|Ë|a�Ä°ÀËY�Ä]�ÄmÂe�Z]
�¶»YÂ� �Á �ZÆ]}Zm �Êv���cZÌ�Â�y��|Å{ �Ê»�w� �[}Zm �{YÂ» �t��
��d�Y{�|ÅYÂy�[~m��{�Ê¼Æ»��ZÌ�]��¬¿�t���¾ËY�dÌ �Á��{��iÂ»

��{�ZÅ�Ã|ÀËÓM�[~m�½Y�Ì»��{��iÂ»�Ê�Ìv»�¶»YÂ��¾Ë�f¼Æ»��Y�Ê°Ë
��{ �Ê¨À» �Á �d^j» �Êv�� �ÉZÅ�Z] �Ê³|À¯Y�a �dÌ �Á �|»Zm �sÂ��
�¾ËY ��d�Y ��À¯YÁ ��Ìv» �pH ��Y �Ê ]Ze �Ä¯ �|�Z] �Ê» �[}Zm �t��
�ÉZÅ �Ã|ÀËÓM �[~m�½Y�Ì» �Ê°Ë�f°·Y �ÉZÅ�Z] �µ{Z e ��{ ��ÌÌ¤e �Z] �¶»Z�
��Z�Y�¾Ì¼Å��]��|Å{�Ê»��Y�«��ÌiZe�dve�{| f»�sÂ����{�Y��¦¸fz»
�ÉZÆ]}Zm���Âe�¦¸fz»�ÉZÅ�Ã|ÀËÓM�[~m��{��f»Y�Za�¾ËY��ÌiZe�¾ÌÌ e
�|Å{ �Ö» �½Z�¿ �Ä ·Z�» �¾ËY ��Y �Ä¸�Zu �lËZf¿ ��d�Y �É�Á�� �½Â³Z¿Â³
��Y~³�ÌiZe �|Ì¿ZÌ��¥~u�½Z»|¿Y���]��Ìv»�pH �cY�ÌÌ¤e�Ä¯����Y{Â¼¿�
�|Ì¿ZÌ� �[~m �½Y�Ì» ��ËY�§Y �h�Z] ��� �Ä] �� ��Y � �½M ��ËY�§Y �Á �d�Y
��pHZPC �Á �|Ì¿ZÌ� � �Ö¿ÂÌ¿M ��ZfyZ� �Ä] �Ã|Ë|a �¾ËY �d¸� ��{{�³ �Ê»
�pH ��{ �|Å{ �Ö» �½Z�¿ �ZÅ �Ö���] ��{�Y{ ��Z^e�Y �¡�» �ºze �d�Âa
�ÉY�Y{�[}Zm�t����{�{ÂmÂ»�Ê°Ë�f°·Y�ÉZÅ�Z]�pHZPC�Z]�µ{Z »
�Ö°Ë�f°·Y��Z]�pHZPC���Y��e�¾ÌËZa�Á��eÓZ]�pH��{�Z»Y�Ã{Â]�µ{Z e
�{�Y{ ��Â�u�d^j» �ZË �Ö¨À» �c�Â��Ä] �ZÆ]}Zm �t����{ �\·Z£ �Öv��
���¿ �{�Â» �Ã|ÀËÓM �Ê¿ÂÌeZ¯ �ZË �Ê¿ÂÌ¿M ��ËY���ÃY�¼Å�Ä] ��ËY���¾ËY �Ä¯
�Ä ·Z�»�¾ËY�lËZf¿��Z�Y��]��|Å{�Ê»��Y�«��ÌiZe�dve�Y��¥~u�½Z»|¿Y�
��Ä¯�d¨³�½YÂe�Ê»�|Ë{�³�¾ÌÌ e���µ{Z »�¡�»�d�Âa�pHZPC��Ä¯
�Ö¨À»�¡�»�ºze�d�Âa�t����{�\·Z£�Êv����Z]����Y��eÓZ]�pH��{
�[}Zm�t����{�¶Ì�¯Á�|ÌÅ�ÉZÆ¿ÂÌ¿M��¼ne�¶Ì·{�Ä]��»Y�¾ËY�Ä¯�d�Y
�ºÅ��|Ì¿ZÌ��Ä°ÀËY�¶Ì·{�Ä]���d�Y��^e�»�Ö¨À»�ÕZÅ�Z]�{Y| e���ËY�§Y�Á
�½Y�Ì»���ËY�§Y�Ä]��nÀ»�º¯Zu��ËY����ÌiZe�|ÀËM�]�{�Y{�Ê¿ÂÌ¿M�dÌÅZ»
�®Ë��Y���¿�{�Â»�Ã|ÀËÓM�Ê¿ÂÌ¿M�dÌÅZ»�Y�Ë���d�Y�Ã|��|Ì¿ZÌ��[~m
��{�Ê¨À»�Ê°Ë�f°·Y�ÉZÅ�Z]��¼ne�|ËÂ»�Ä¯��Ìv»�pH��ËY�§Y�Á�Â�
�Ä¯�Ã|��Ã|ÀËÓM�Á�[}Zm�½ZÌ»�½ÂÌ¿M�µ{Z^e�Ä]��nÀ»�d�Y�[}Zm�t��
�ÕZÅ�ÃÁ�³ �Ö���] ��{{�³ �Ê»�|Ì¿ZÌ� �[~m�½Z»|¿Y� ��ËY�§Y �Ä] ��nÀ»
�Á�O–H,�C–O,C�H�{Y{�½Z�¿�¡�»�ºze�Äf�Âa�t����{�Ö¸»Z�
�lËZf¿ ��|À�Z] �Ö» �[}Zm �¾ËY �t����{ �Ö¸»Z� �ÕZÅÁ�³ �Ã|¼� �N–H
��{��ÌÌ¤e�¾Ë�f�Ì]�{Y{�½Z�¿�|Ì¿ZÌ���Y�| ]�Ö¸»Z��ÕZÅÁ�³�¾ËY�Ö���]
�½Z�¿�kÂ»�µÂ��Ã{Á|v»�¾ËY��|��¶�Zu�������Ze������kÂ»�µÂ�
�d�Y �½M �|ËÂ» �lËZf¿ �¾ËY ��|�Z] �Ö» �O–H �Ö¸»Z� �ÕZÆÅÁ�³ �Ã|ÀÅ{
�Á �Äf§ZË �µ{Z^e �[}Zm �t����{ �O–H �Ö¸»Z� �ÕZÅÁ�³ �Z] �|Ì¿ZÌ� �Ä¯
��e�]�¹�Ì¿Z°»�½ÂË�µ{Z^e�|ÀËY�§�d¨³�½YÂfÌ»�¾ËY�]ZÀ]���{Â��Ö»�¥~u
�Ã|��¹Zn¿Y�cZ ·Z�»���d�Y�¡�»�ºze�Äf�Âa�ÕÁ���]�|Ì¿ZÌ��[~m��{
��eÓZ]�pH��{�Ä¯�d�Y�Ã{Y{�½Z�¿�����������µZ���{�Ö�ËÁ{���Âe
�d�Y�Ö¨À»�Ö°Ë�f°·Y��Z]�ÕY�Y{�Ä¯�d�Y�\·Z£�Ä¿Â³�{Y�M�|Ì¿ZÌ������Y
�|Ì¿ZÌ� �[~m �Ä¯ �{Y{ �½Z�¿ ����� ��¿Y�Z°¼Å �Á �ÕÂ�Â» �cZ ·Z�» �Á
�|Àq�Å � ��|À°Ì» �dÌ ^e �Ö¿ÂË �µ{Z^e �¹�Ì¿Z°» ��Y �pHzpc<pH � ��{
��{ �pH ��ÌiZe ��Z�Y �Á �ÄËZa �Z»Y �d�Y �cÁZ¨f» ��ËZ»�M �¹Zn¿Y ��ËY��
�ÄÌ·ÁY �d�¸£ ��ÌiZe �¾ÌÌ e � ��|¿�Y{ �d¬]Z�» �Ô»Z¯ �|Ì¿ZÌ� �[~m �|¿Á�
�ÊËZÅ�f»Y�Za �¾Ë�f¼Æ» ��Y �Ê°Ë �[~m �ÉZÅ �ºf�Ì� �Ä] �É{Á�Á �Ã|ÀËÓM
�lËZf¿ ��{�Ì³ ��Y�« �Ê���] �{�Â» �[~m �ÉZÅ �ºf�Ì� ��{ �|ËZ] �Ä¯ �d�Y
��� �|u �Ze �|Ì¿ZÌ� �ÄÌ·ÁY �d�¸£ ��ËY�§Y �Z] �Ä¯ �{Y{ �½Z�¿ �Ä ·Z�» �¾ËY
��Y ��eÓZ] ��Ë{Z¬» ��{ �Z»Y �Äf§ZË ��ËY�§Y �[~m �½Y�Ì» ��fÌ· ��{ �¹�³ �Ê¸Ì»
��d�Y�Äf�Y|¿�[~m�½Y�Ì»��{�É�ÌiZe�Ã|ÀËÓM�ÄÌ·ÁY�d�¸£��ËY�§Y�½M
�[~m��{������µZ���{��¿Y�Z°¼Å�Á�ÕÂ�Â»����Âe�ÊÆ]Z�»�lËZf¿
�¾°¼»�Ã|Ë|a�¾ËY�������d�Y�Ã|����Y�³�Äf�a�d�Âa�ÕÁ�]�|Ì¿ZÌ�

��{ �¹�³ �Ö¸Ì» ��� �|Ì¿ZÌ� �ÄÌ·ÁY �d�¸£�[~m �|ÀËY�§ ��{ �¡�» �ºze �Äf�Âa ��{ ��ÌiZe ��� ��Y{Â¼¿
�����pH�Á�Ä¬Ì«{�����Z¼e�½Z»�,�fÌ·

¡�»�ºze�Äf�Âa��ÕÁ��]��|Ì¿ZÌ��[~m�ÕZÅ�¹�eÁ�ËY�����Y{Â¼¿
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��{�{ÂmÂ»�ÉZÆf»ÁZ¬»��]�Ä^¸£�dÆm��ZÌ¿�{�Â»�Ä¯�v»�ÉÁ�Ì¿�Ä]�d�Y
���Âe �Ä¯ �|�Z] ��^e�» �|»Zm ��Z§ �Ä] ��ËZ» ��Z§ ��Y �Ã|ÀËÓM �d¯�u ��]Y�]
��eÓZ] � �ÄÌ·ÁY �ÉZÆf�¸£ �Y�Ë� � ��d�Y �Ã|� ���Y�³ ��Ì¿ ��´Ë{ �¾Ì¬¬v»
�µZ¬f¿Y�d»ÁZ¬»��]�Ä¯�Ã{�¯�ÊÆmÂe�¶]Z«��¿Y��ÉÁ�Ì¿�{ZnËY�Ä]��nÀ»
�Ã|Ë|a�¾ËY��|À¯�Ê»�Ä^¸£��fuY��|»Zm��Z§�Ä]�µÂ¸v»��Z§��Y�Ã|ÀËÓM�¹�m
�[~m �,|Ì¿ZÌ� ��f¼¯ �ÉZÆf�¸£ ��{ �Ä¯ �|�Z] �d¸� �¾ËY �Ä] �d�Y �¾°¼»
�É{Á�Á �Ä¿ZÅ{ �Ä] �®Ë{�¿ �ÊuYÂ¿ ��{ �ZË �k�§ �Á �¶¸y�É{Á�Á �ÊuYÂ¿ ��{
�¾ËY��{��Z�f¿Y��Ì�»�½{Â]�ÃZeÂ¯�¶Ì·{�Ä]�Ä¯�|Å{�Ê»�w��k�§�Á�¶¸y
�[~m�Ã|ÀËÓM�¾Ì »��Y|¬»�®Ë�[~m�ÉY�]�Ê§Z¯�ÉZ�§��Â�u�Á�d·Zu
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Abstract

Introduction: Cyanides as carbon-nitrogen radicals are very toxic compounds and 
highly harmful to humans and aquatic organisms. �e e�cacy of eggshells (ES) was 
investigated in this research work as an adsorbent for the elimination of cyanide from 
polluted streams.
Material and Methods: In this experimental study, the capability of ES to adsorb cyanide 
ions was conducted using a series of batch tests in a shaker-incubator instrument. For 
each batch run, 100 mL of solution containing a known initial concentration of cyanide 
and with the preferred level of pH was shacked. �e e�ects of selected parameters  
such as pH (11-3), reaction time (60–5 min) cyanide concentrations (150–50 mg/L)
and the adsorbent dosage (2–0.25 g/L) were investigated on the removal cyanide as a 
target contaminate. Chemical composition ES were analyzed using a Philips model XL-
30 scanning electron microscope (SEM) with energy-dispersive X-ray microanalysis 
(EDX). �e speci�c surface and pore size distributions of ES were measured via 
Brunauer-Emmett-Teller (BET) isotherm and Barrett-Joyner-Halenda (BJH) methods 
using a Micrometrics particle size analyzer. �e concentration of cyanide in solution 
before and a�er treatment was determined using the titrimetric method as described in 
the standard methods.
Results: Analysis of the ES component using the EDX technique showed that the 
main part of it consisted of calcium and its other components were magnesium, iron, 
aluminum and silicate. �e experimental data showed that the maximum cyanide 
removal occurred at pH of 11, adsorbent dose (0.5 g/L) and 40 min contact time. �e 
kinetic evaluation indicated that the pseudo-second-order kinetic had the best �t to the 
experimental results predicting a chemisorption process. �e equilibrium adsorption of 
cyanide onto ES was well represented by the Langmuir equation.
Conclusion: As a result, ES as waste materials was revealed as a very e�cient and low-cost 
adsorbent and a promising option for removing cyanide from industrial wastewaters.
Key Words: Eggshells, Adsorption, Cyanide, Isotherm, Kinetic
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