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7KH� UHVHDUFK� DFWLYLW\� KDV� EHHQ� IRFXVHG� RQ� WKH� GHYHORSPHQW� RI� LQQRYDWLYH�

PDWHULDOV� IRU� DSSOLFDWLRQ� LQ� GLIIHUHQW� ILHOGV�� FXOWXUDO� KHULWDJH�� PHGLFLQH��

HQYLURQPHQWDO�DQG�EXLOGLQJ��7KLV�ZRUN�FDQ�EH�GLYLGHG�LQ�WZR�SDUWV��WKH�ILUVW�SDUW�

UHJDUGV� WKH� H[WUDFWLRQ�� IXQFWLRQDOL]DWLRQ�� FKDUDFWHUL]DWLRQ� DQG� DSSOLFDWLRQ� RI�

FHOOXORVH�QDQRFU\VWDOV�EDVHG�PDWHULDOV��WKH�VHFRQG�SDUW�FRQFHUQV�WKH�GHYHORSPHQW�

RI�JHRSRO\PHU�PDWHULDOV�IRU�VXVWDLQDEOH�EXLOGLQJ���

�

3DUW�,�LV�GLYLGHG�LQWR�WKUHH�FKDSWHUV��

• &KDSWHU�����

7KH�ILUVW�&KDSWHU�LV�IRFXVHG�RQ�WKH�SRVVLELOLW\�RI�H[WUDFWLQJ�QDQRFHOOXORVH�IURP�

GLIIHUHQW� VRXUFHV�� VXFK� DV� FRWWRQ�� ZDVWHSDSHU� DQG� ZDVWH� IURP� DJULFXOWXUDO�

SURGXFWLRQ�� 3DUWLFXODU� DWWHQWLRQ� KDV� EHHQ� SDLG� WR� WKH� FKDUDFWHUL]DWLRQ� RI� WKH�

REWDLQHG�SURGXFWV� WR�HVWDEOLVK�WKH�PRUSKRORJ\�� WKH�W\SH�RI�SRO\PRUSK�DQG�WKH�

GHJUHH� RI� FU\VWDOOLQLW\� RI� HDFK� VRO�� 6RPH� VXUIDFH� IXQFWLRQDOL]DWLRQV� RI� WKH�

QDQRFU\VWDOV�DUH�SUHVHQWHG��ZLWK�SDUWLFXODU�DWWHQWLRQ�WR�WKH�SUHVHQFH�RI�WKH�QHZO\�

DGGHG�IXQFWLRQDO�JURXSV��7KH�DELOLW\�RI�QDQRFHOOXORVH�WR�DFW�DV�D�FDUULHU�IRU�VLOYHU�

QDQRSDUWLFOHV��ZKRVH�ELRFLGDO�DFWLYLW\�DJDLQVW�JUDP��DQG�JUDP��EDFWHULD�KDV�EHHQ�

UHSRUWHG��LV�DOVR�VWXGLHG��

• &KDSWHU�����

7KH�VHFRQG�&KDSWHU�UHJDUGV�WKH�DSSOLFDWLRQ�RI�QDQRFHOOXORVH�VXVSHQVLRQV�DV�QHZ�

DQG� VXVWDLQDEOH� PDWHULDO� DV� SUHVHUYDWLYH� DQG� FRQVROLGDQW� IRU� OLJQRFHOOXORVLF�

VXEVWUDWHV�LQ�WKH�ILHOG�RI�FXOWXUDO�KHULWDJH��7KH�DELOLW\�WR�QRW�DOWHU�WKH�VXEVWUDWH�

FKURPDWLFDOO\�� EHIRUH� DQG� DIWHU� DFFHOHUDWHG� DUWLILFLDO� DJHLQJ� F\FOHV�� DQG� WKH�

PHFKDQLFDO�SURSHUWLHV�RI� WKH� WUHDWHG�VDPSOHV�KDYH�EHHQ�HYDOXDWHG��7KH� UHVXOWV�
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REWDLQHG� KDYH� EHHQ� FRPSDUHG� ZLWK� WKRVH� REVHUYHG� E\� XVLQJ� $TXD]RO� ����� D�

FRPPHUFLDO�SURGXFW�VWLOO�XWLOL]HG�LQ�UHVWRUDWLRQ��

• &KDSWHU�����

,Q�WKH�ODVW�&KDSWHU�WZR�GLIIHUHQW�PDWULFHV�EDVHG�RQ�QDQRFHOOXORVH�DUH�SURSRVHG�

IRU� PHGLFDO� DQG� HQYLURQPHQWDO� DSSOLFDWLRQV�� UHVSHFWLYHO\�� )RU� WKH� ILUVW�

DSSOLFDWLRQ���'�SULQWHG�K\GURJHO�VFDIIROGV�PDGH�RI�QDQRFHOOXORVH�DQG�DOJLQDWH��

PL[HG�ZLWK�VLOYHU�QDQRSDUWLFOHV�WR�SURPRWH�DQWLPLFURELDO�DFWLRQ�DUH�VWXGLHG��)RU�

WKH�VHFRQG� W\SH�RI�DSSOLFDWLRQ�� WKUHH�GLPHQVLRQDO�K\GURJHO� VFDIIROGV��PDGH�RI�

FDUER[\PHWK\OFHOOXORVH� PL[HG� ZLWK� QDQRFHOOXORVH�� REWDLQHG� E\� IUHH]H�WKDZ�

PHWKRG��IRU�WKH�UHPRYDO�RI�KHDY\�PHWDOV�LQ�ZDWHU�DUH�SUHVHQWHG���
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&1&��&HOOXORVH�1DQRFU\VWDOV�

&1&�&/��&HOOXORVH�1DQRFU\VWDOV�H[WUDFWHG�IURP�FRWWRQ�OLQWHU�

&1&�:3��&HOOXORVH�1DQRFU\VWDOV�H[WUDFWHG�IURP�ZDVWHSDSHU�

&1&�+��&HOOXORVH�1DQRFU\VWDOV�H[WUDFWHG�ZLWK�K\GURFKORULF�DFLG�

&1&,,��&HOOXORVH�1DQRFU\VWDOV�SRO\PRUSK�,,�

&0)��&HOOXORVH�0LFUR�)LEULOODWHG�

&0&��&DUER[\PHWK\OFHOOXORVH�

72&1&��7(032�R[LGDWH�FHOOXORVH�QDQRFU\VWDOV�

7(032����������7HWUDPHWK\OSLSHULGLQH���R[\O�

$37(6����$PLQRSURS\O�WULHWKR[\VLODQH�

3'06��3RO\GLPHWK\OVLOR[DQH�

('&�+&O����HWK\O������GL��PHWK\ODPLQRSURS\O��FDUERGLLPLGH�K\GURFKORULGH�

1+6��1�K\GUR[\VXFFLQ�LPLGH�

39$��3RO\�YLQ\O�DOFKRO�

&XOPLQDO�����������������FRPPHUFLDO�PHWK\O�FHOOXORVH��YLVFRVLW\�QXPEHU�VXEVFULSW��

0.��PHWDNDROLQLWH�

6���������VLOLFD�VDQG�

39�������H[SDQGHG�JODVV��

'\QDPRQ�65���VXSHUSOVWLFL]HU�

'HKVFRIL[��SODVWLFL]HU��ZDWHU�UHGXFLQJ�DJHQW��

6WDUYLV�6��)��ZDWHU�UHVHUYRLU�

6LORSRQ�������DLU�HQWUDLQLQJ�DJHQW�

/�����JHRSRO\PHU�ELQGHU�IRU�PRUWDU�

/3�����JHRSRO\PHU�ELQGHU�IRU�SODVWHU�

0��0���JHRSRO\PHU�PRUWDU�
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W�Zd�/�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϲ�

�ydZ��d/KE͕�&hE�d/KE�>/��d/KE͕��,�Z��d�Z/��d/KE��E���WW>/��d/KE�K&�

��>>h>K^��E�EK�Zz^d�>^Ͳ��^���D�d�Z/�>^�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϲ�

ϭͲ� /ŶƚƌŽĚƵĐƚŝŽŶ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϲ�

ϭ͘ϭͲ��ĞůůƵůŽƐĞ͕�ŶĂŶŽĐĞůůƵůŽƐĞ͕�ĞǆƚƌĂĐƚŝŽŶ�ĂŶĚ�ĨƵŶĐƚŝŽŶĂůŝǌĂƚŝŽŶ�ŽĨ�ŶĂŶŽĐƌǇƐƚĂůƐ�͘ ͘�ϭϲ�

ϭ͘ϮͲ�EĂŶŽĐĞůůƵůŽƐĞͲďĂƐĞĚ�ŵĂƚĞƌŝĂůƐ�ĨŽƌ�ĐŽŶƐŽůŝĚĂƚŝŽŶ�ŽĨ�ůŝŐŶŽͲĐĞůůƵůŽƐŝĐ�ĂƌƚǁŽƌŬƐ

�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�Ϯϯ�

ϭ͘ϯͲ�dŚƌĞĞ�ĚŝŵĞŶƐŝŽŶĂů�ƐĐĂĨĨŽůĚƐ�ďĂƐĞĚ�ŽŶ�ŶĂŶŽĐĞůůƵůŽƐĞ�ĨŽƌ�ĂƉƉůŝĐĂƚŝŽŶ�ŝŶ�

ŵĞĚŝĐĂů�ĂŶĚ�ĞŶǀŝƌŽŶŵĞŶƚĂů�ĨŝĞůĚƐ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�Ϯϱ�

�,�Wd�Z�ϭ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�Ϯϴ�

�E���ydZ��d/KE͕��,�Z��d�Z/��d/KE��E��^hZ&����&hE�d/KE�>/��d/KE�͘͘͘͘�Ϯϴ�

ϭͲ� �ďƐƚƌĂĐƚ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�Ϯϴ�

ϮͲ��ǆƉĞƌŝŵĞŶƚĂů�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�Ϯϵ�

Ϯ͘ϭͲ�DĂƚĞƌŝĂůƐ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�Ϯϵ�

�����&1&�H[WUDFWLRQ�IURP�FRWWRQ�OLQWHU�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϯϬ�

Ϯ͘ϯͲ��E��ĞǆƚƌĂĐƚŝŽŶ�ĨƌŽŵ�ǁĂƐƚĞƉĂƉĞƌ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϯϭ�

Ϯ͘ϰͲ�ZĞĂĐƚŝŽŶ�ŽĨ�ŵĞƌĐĞƌŝǌĂƚŝŽŶ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϯϭ�

Ϯ͘ϱͲ��E��ĞǆƚƌĂĐƚŝŽŶ�ĨƌŽŵ��ǇŶĂƌĂ�ƐĐŽůǇŵƵƐ�>͘�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϯϭ�

Ϯ͘ϲͲ�ZĞĂĐƚŝŽŶ�ŽĨ�ŽǆŝĚĂƚŝŽŶ�ŽĨ�ĐĞůůƵůŽƐĞ�ƐŽƵƌĐĞƐ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϯϯ�

Ϯ͘ϲ͘ϭͲ�WƌĞƉĂƌĂƚŝŽŶ�ŽĨ�d�DWKͲŽǆŝĚĂƚĞĚ�ŶĂŶŽĐĞůůƵůŽƐĞ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϯϯ�

Ϯ͘ϲ͘ϮͲ�EŽŶͲƐĞůĞĐƚŝǀĞ�ŽǆŝĚĂƚŝŽŶ�ŽĨ�ĐĞůůƵůŽƐĞ�ƐŽƵƌĐĞƐ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϯϰ�
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Ϯ͘ϳͲ�ZĞĂĐƚŝŽŶ�ŽĨ�ĂŵŝĚĂƚŝŽŶ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϯϱ�

Ϯ͘ϳ͘ϭͲ��E��ĨƵŶĐƚŝŽŶĂůŝǌĂƚŝŽŶ�ǁŝƚŚ����ͬE,^�ƐǇƐƚĞŵ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϯϱ�

Ϯ͘ϳ͘ϮͲ��E��ĨƵŶĐƚŝŽŶĂůŝǌĂƚŝŽŶ�ǁŝƚŚ�;ϯͲ�ŵŝŶŽƉƌŽƉǇůͿ�ƚƌŝĞƚŚŽǆǇƐŝůĂŶĞ�;�Wd�^Ϳ�͘͘͘͘͘͘͘�ϯϱ�

Ϯ͘ϴͲ��E��ĨƵŶĐƚŝŽŶĂůŝǌĂƚŝŽŶ�ǁŝƚŚ�ƉŽůǇĚŝŵĞƚŚǇůƐŝůŽǆĂŶĞ�;W�D^Ϳ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϯϲ�

Ϯ͘ϵͲ��E��ĨƵŶĐƚŝŽŶĂůŝǌĂƚŝŽŶ�ǁŝƚŚ�ƐŝůǀĞƌ�ŶĂŶŽƉĂƌƚŝĐůĞƐ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϯϲ�

ϯͲ��ŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϯϳ�

ϯ͘ϭͲ�Ɖ,�ŵĞĂƐƵƌĞŵĞŶƚƐ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϯϳ�
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/ŶƚƌŽĚƵĐƚŝŽŶ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϬ�

ϭͲ� �ďƐƚƌĂĐƚ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϮ�



� ϭϯ�

ϮͲ��ǆƉĞƌŝŵĞŶƚĂů�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϯ�

Ϯ͘ϭͲ�DĂƚĞƌŝĂůƐ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϯ�

Ϯ͘ϮͲ��ŝŶĚĞƌ�ĨŽƌŵƵůĂƚŝŽŶƐ�ĨŽƌ�ƚŚĞ�ĚĞǀĞůŽƉŵĞŶƚ�ŽĨ�ŵŽƌƚĂƌ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϰ�

Ϯ͘ϯͲ��ŝŶĚĞƌ�ĨŽƌŵƵůĂƚŝŽŶ�ĨŽƌ�ƚŚĞ�ĚĞǀĞůŽƉŵĞŶƚ�ŽĨ�ƉůĂƐƚĞƌ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϱ�

Ϯ͘ϰͲ�&ŽƌŵƵůĂƚŝŽŶƐ�ĨŽƌ�ƚŚĞ�ĚĞǀĞůŽƉŵĞŶƚ�ŽĨ�ŵŽƌƚĂƌ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϱ�

Ϯ͘ϱͲ�&ŽƌŵƵůĂƚŝŽŶƐ�ĨŽƌ�ƚŚĞ�ĚĞǀĞůŽƉŵĞŶƚ�ŽĨ�ƉůĂƐƚĞƌ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϲ�

Ϯ͘ϲͲ�^ĂŵƉůĞƐ�ŵŽƵůĚŝŶŐ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϴ�

ϯͲ��ŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϴ�

ϯ͘ϭ�DĞĐŚĂŶŝĐĂů�ƚĞƐƚƐ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϴ�

ϰͲ�ZĞƐƵůƚ�ĂŶĚ�ĚŝƐĐƵƐƐŝŽŶ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϵ�

ϰ͘ϭͲ��ŝŶĚĞƌ�ĨŽƌŵƵůĂƚŝŽŶƐ�ĨŽƌ�ƚŚĞ�ĚĞǀĞůŽƉŵĞŶƚ�ŽĨ�ŵŽƌƚĂƌ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϵ�

ϰ͘ϭ͘ϭͲ�&d/Z�ƐƉĞĐƚƌŽƐĐŽƉǇ�ĐŚĂƌĂĐƚĞƌŝǌĂƚŝŽŶ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϯϵ�

ϰ͘ϭ͘ϮͲ�yͲƌĂǇ�ƉŽǁĚĞƌ�ĚŝĨĨƌĂĐƚŝŽŶ�;yZW�Ϳ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϰϬ�

ϰ͘ϭ͘ϯͲ�DĞĐŚĂŶŝĐĂů�ƚĞƐƚ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϰϭ�

ϰ͘ϮͲ��ŝŶĚĞƌ�ĨŽƌŵƵůĂƚŝŽŶƐ�ĨŽƌ�ƚŚĞ�ĚĞǀĞůŽƉŵĞŶƚ�ŽĨ�ƉůĂƐƚĞƌ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϰϮ�

ϰ͘Ϯ͘ϭͲ�&d/Z�ƐƉĞĐƚƌŽƐĐŽƉǇ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϰϮ�

ϰ͘Ϯ͘ϮͲ�DĞĐŚĂŶŝĐĂů�ƚĞƐƚ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϰϯ�

ϰ͘ϯͲ�&ŽƌŵƵůĂƚŝŽŶƐ�ĨŽƌ�ƚŚĞ�ĚĞǀĞůŽƉŵĞŶƚ�ŽĨ�ŵŽƌƚĂƌ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϰϰ�

ϰ͘ϯ͘ϭͲ�&d/Z�ƐƉĞĐƚƌŽƐĐŽƉǇ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϰϱ�

ϰ͘ϯ͘ϮͲ�yͲƌĂǇ�ƉŽǁĚĞƌ�ĚŝĨĨƌĂĐƚŝŽŶ�;yZW�Ϳ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϰϱ�

ϰ͘ϯ͘ϯͲ��ŝĨĨĞƌĞŶƚŝĂů�^ĐĂŶŶŝŶŐ��ĂůŽƌŝŵĞƚƌǇ�;�^�Ϳ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϰϲ�

ϰ͘ϯ͘ϰͲ�^ĐĂŶŶŝŶŐ��ůĞĐƚƌŽŶ�DŝĐƌŽƐĐŽƉĞ�;^�DͿ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϰϳ�



� ϭϰ�

ϰ͘ϯ͘ϱͲ��ĚĚŝƚŝǀĞƐ�ŝŶĨůƵĞŶĐĞƐ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϰϴ�

ϰ͘ϯ͘ϱ͘ϭͲ��ĚŚĞƐŝǀĞ�ƚǇƉĞ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϰϴ�

ϰ͘ϯ͘ϱ͘ϮͲ��ĞůůƵůŽƐĞ�ĂŶĚ�ƐƵƉĞƌƉůĂƐƚŝĐŝǌĞƌ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϰϵ�

ϰ͘ϯ͘ϱ͘ϯͲ��ŽƌƌĞĐƚŝŽŶ�ƚŝŵĞ�ĂŶĚ�ĂĚŚĞƐŝŽŶ�ƚŽ�ƚŚĞ�ƐƵƉƉŽƌƚ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϱϭ�

ϰ͘ϰͲ�&ŽƌŵƵůĂƚŝŽŶƐ�ĨŽƌ�ƚŚĞ�ĚĞǀĞůŽƉŵĞŶƚ�ŽĨ�ƉůĂƐƚĞƌ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϱϰ�

ϰ͘ϰ͘ϭͲ�&d/Z�ƐƉĞĐƚƌŽƐĐŽƉǇ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϱϱ�

ϰ͘ϰ͘ϮͲ�yͲƌĂǇ�ƉŽǁĚĞƌ�ĚŝĨĨƌĂĐƚŝŽŶ�;yZW�Ϳ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϱϲ�

ϰ͘ϰ͘ϯͲ��ŝĨĨĞƌĞŶƚŝĂů�^ĐĂŶŶŝŶŐ��ĂůŽƌŝŵĞƚƌǇ�;�^�Ϳ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϱϳ�

ϰ͘ϰ͘ϰͲ�^ĐĂŶŶŝŶŐ��ůĞĐƚƌŽŶ�DŝĐƌŽƐĐŽƉĞ�;^�DͿ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϱϳ�

ϱͲ��ŽŶĐůƵƐŝŽŶƐ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϱϴ�

ZĞĨĞƌĞŶĐĞƐ�͘ ͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϲϬ�

�ĐŬŶŽǁůĞĚŐĞŵĞŶƚƐ�͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘͘�ϭϴϰ�
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�� ,QWURGXFWLRQ�
�
�����&HOOXORVH��QDQRFHOOXORVH��H[WUDFWLRQ�DQG�IXQFWLRQDOL]DWLRQ�RI�
QDQRFU\VWDOV�
�

&HOOXORVH�

&HOOXORVH�LV� WKH�PRVW�DEXQGDQW�ELRSRO\PHU�SURGXFHG�RQ�HDUWK��� LW� LV�SUHVHQW� LQ�

KLJKHU�SODQWV��PDULQH�DQLPDOV��WXQLFDWHV��DQG�DOJDH��IXQJL��EDFWHULD��LQYHUWHEUDWHV��

,W� ZDV� ILUVW� LVRODWHG� LQ� ����� � &HOOXORVH� DSSHDUV� DV� D� KLJK� PROHFXODU� ZHLJKW�

KRPRSRO\PHU��ZKRVH�DQK\GUR�'�JOXFRVH�XQLWV�DUH�OLQNHG�E\�D�����ERQGV��URWDWHG�

E\�������7KH�QXPEHU�RI�JOXFRVH�XQLWV�RU�GHJUHH�RI�SRO\PHUL]DWLRQ��'3��LV�XS�WR�

���������)LJXUH���VKRZV�WKH�FKHPLFDO�VWUXFWXUH�RI�FHOOXORVH��7ZR�JOXFRVH�XQLWV�

IRUP�WKH�UHSHDWLQJ�VHJPHQW�NQRZQ�DV�FHOORELRVH��,Q�HDFK�FHOORELRVH�PRLHW\�WKHUH�

DUH�VL[�K\GUR[\O�JURXSV�DEOH�WR�IRUP�LQWHU�DQG�LQWUDPROHFXODU�K\GURJHQ�ERQGV��

(DFK�FHOOXORVH�FKDLQ�SRVVHVVHV�DQ�DV\PPHWU\�DERXW�LWV�PROHFXODU�D[LV��RQH�HQG�

LV� D� FKHPLFDOO\� UHGXFLQJ� IXQFWLRQDOLW\� DQG� WKH� RWKHU� KDV� D� SHQGDQW� K\GUR[\O�

JURXS�� WKH� QRPLQDO� QRQ�UHGXFLQJ� HQG�� ,W� LV� NQRZQ� IURP� WKH� OLWHUDWXUH� WKDW�

DSSUR[LPDWHO\����FHOOXORVH�FKDLQV�DJJUHJDWH�WR�IRUP�SURWRILEULOV�ZKLFK�OHG�WR�WKH�



� ϭϳ�

IRUPDWLRQ�RI�PLFURILEULOV��WKDW�LQ�WXUQ�IRUP�ILEHUV�WKDW�DUH�WKH�EDVLV�RI�SODQW�FHOO�

ZDOOV���

�

)LJXUH����&HOOXORVH�VWUXFWXUH�

�

&HOOXORVH� FDQ� RFFXU� LQ� IRXU� GLIIHUHQW� SRO\PRUSKV�� FHOOXORVH� ,�� FHOOXORVH� ,,��

FHOOXORVH�,,,�DQG�FHOOXORVH�,9��7KH�PRVW�FRPPRQ�DUH�SRO\PRUSK�,�DQG�SRO\PRUSK�

,,��&U\VWDO�SDFNLQJ�RI�SRO\PRUSK�,�LV�FKDUDFWHUL]HG�E\�SDUDOOHO�FKDLQV��3RO\PRUSK�

,�LV�WKHQ�GLYLGHG�LQ�WZR�FU\VWDOOLQH�SKDVHV��SRO\PRUSK�,α�LV�SUHVHQW�LQ�EDFWHULDO�

FHOOXORVH� DQG� SRO\PRUSK� ,β� LV� W\SLFDO� LQ� ZRRG� FHOOXORVH�� 7KH� FRQYHUVLRQ� RI�

SRO\PRUSK�,�WR�SRO\PRUSK�,,�FDQ�WDNH�SODFH�LUUHYHUVLEO\�E\�PHUFHUL]DWLRQ�ZLWK�

1D2+� DFTXHRXV� VROXWLRQ� DW� KLJK� SHUFHQWDJH� FRQFHQWUDWLRQV� RU� E\� FKHPLFDO�

UHJHQHUDWLRQ�ZLWK�D�VXLWDEOH�VROYHQW�DQG�UHSUHFLSLWDWLRQ��3RO\PRUSK�,,�KDV�D�PRUH�

ULJLG� VWUXFWXUH� GXH� WR� WKH� DQWL�SDUDOOHO� DUUDQJHPHQW� RI� WKH� FKDLQV�� WKLV�

FKDUDFWHULVWLF� LV�H[SORLWHG� LQ�SDSHU� LQGXVWU\���7\SH� ,,,�FHOOXORVH� LV�REWDLQHG�E\�

WUHDWLQJ�SRO\PRUSKV�,�RU�,,�ZLWK�OLTXLG�DPPRQLD��DW�ORZ�WHPSHUDWXUH��RU�RUJDQLF�

DPLQHV�� VXFK� DV� HWK\OHQHGLDPLQH� �('$��� WKH� WUDQVIRUPDWLRQ� LV� UHYHUVLEOH��

3RO\PRUSK�,9�LV�REWDLQHG�E\�KLJK�WHPSHUDWXUH�WUHDWPHQW�RI�SRO\PRUSK�,,,��

�

1DQRFHOOXORVH�H[WUDFWLRQ�

&HOOXORVH�QDQRFU\VWDOV��&1&��DUH�DGYDQFHG�ELRPDWHULDOV�REWDLQHG�E\�FKHPLFDO�

RU�PHFKDQLFDO�WUHDWPHQWV�RI�FHOOXORVH��7KH�WHUP�QDQRFHOOXORVH�UHIHUV�WR�FHOOXORVLF�

H[WUDFWV� KDYLQJ� VWUXFWXUDO� GLPHQVLRQV� RQ� WKH� QDQRPHWULF� VFDOH�� (YHQ� LI� WKH�

VWUXFWXUH�RI�WKH�FHOOXORVH�DSSHDUV�RUGHUHG��WKHUH�DUH�VRPH�DPRUSKRXV�DUHDV�WKDW�



� ϭϴ�

UHVXOW�IURP�WKH�GLVWRUWLRQ�RI�WKH�ILEHUV��7KH�UHPRYDO�RI�WKHVH�]RQHV�WDNHV�SODFH�RQ�

WKH�K\GUR[\O�JURXSV�–2+��WKDW�FDQ�EH�HVWHULILHG�E\�RUJDQLF�RU�LQRUJDQLF�DFLGV��

DQG�RQ�WKH�R[\JHQ�DWRP�RI�WKH�JO\FRVLGLF�ERQG��WKDW�FDQ�EH�EURNHQ�E\�PHFKDQLFDO�

RU�FKHPLFDO�WUHDWPHQW��$V�D�UHVXOW��SDUWLDOO\�FU\VWDOOLQH�QDQRFHOOXORVH�LV�REWDLQHG��

$FFRUGLQJ�WR�WKH�W\SH�RI�WUHDWPHQW�DSSOLHG�IRU�WKH�H[WUDFWLRQ��DQG�WR�WKH�FHOOXORVH�

VRXUFH�� WKUHH� GLIIHUHQW� QDQRFHOOXORVHV� FDQ� EH� REWDLQHG�� �L�� QDQRFU\VWDOOLQH�

FHOOXORVH� �&1&��� PDLQO\� REWDLQHG� E\� FKHPLFDO� WUHDWPHQW� RI� FHOOXORVH�� �LL��

QDQRILEULOODWHG� FHOOXORVH� �&1)��� REWDLQHG� E\� PHFKDQLFDO� GLVDJJUHJDWLRQ� RI�

FHOOXORVH���LLL��EDFWHULDO�QDQRFHOOXORVH��%1&���SURGXFHG�E\�VRPH�EDFWHULD��VXFK�

DV� DFHWREDFWHU�� 1DQRFU\VWDOOLQH� FHOOXORVH� �&1&�� LV� WKH� PRVW� ZLGHVSUHDG�� LWV�

QDQRFU\VWDOV� KDYH� D� GLDPHWHU� RI� ����� QP� DQG� D� OHQJWK� RI� VHYHUDO� KXQGUHG�

QDQRPHWHUV��&HOOXORVH�QDQRFU\VWDOV�H[KLELW� LQWHUHVWLQJ�SURSHUWLHV�VXFK�DV� ODUJH�

VXUIDFH� DUHD�� KLJK� HODVWLF� PRGXOXV�� KLJK� WKHUPDO� VWDELOLW\� DQG� RSWLFDO� FODULW\��

ELRFRPSDWLELOLW\��QRQ�WR[LFLW\�DQG�ORZ�SURGXFWLRQ�FRVW��7KH\�DUH�REWDLQHG�GXULQJ�

WKH�DFLG�K\GURO\VLV�RI�WKH�FHOOXORVH�ILEHUV�GXH�WR�WKH�GHJUDGDWLRQ�RI�WKH�JO\FRVLGLF�

ERQGV�RI�WKH�DPRUSKRXV�DUHDV�ZKLFK�DUH�PRUH�HDVLO\�DWWDFNHG�E\�WKH�DFLG��7KH�

FHOOXORVH�VRXUFHV�VXLWDEOH�IRU�H[WUDFWLRQ�FDQ�EH�RI�GLIIHUHQW�NLQGV�DQG�DPRQJ�WKHVH�

DUH�ZRRG�SXOS��FRWWRQ��ZKHDW�VWUDZ��DOJDH��EDQDQD�ILEHUV��VXJDU�EHHW�� 7KH�PRVW�

FRPPRQO\� XVHG� DFLGV� IRU� K\GURO\VLV� DUH� VXOIXULF� DFLG�� K\GURFKORULF� DFLG��

K\GUREURPLF�DFLG��SKRVSKRULF�DFLG�RU�D�PL[WXUH�RI�DFLGV��$V�UHJDUGV�WKH�UHDFWLRQ�

ZLWK�VXOIXULF�DFLG�� WKLV�UHDJHQW� LV�FRQVXPHG��LQ�DGGLWLRQ�WR� WKH�FDWDO\VLV�RI�WKH�

K\GURO\VLV�� LQ� WKH�IRUPDWLRQ�UHDFWLRQ�RI� WKH�VXOIXULF�HVWHU�EHWZHHQ� WKH�SULPDU\�

2+� RI� WKH� JO\FRVLGLF� ULQJ� DQG� WKH� DFLG� LWVHOI�� 7KH� FROORLGDO� VROXWLRQV� RI�

QDQRFU\VWDOV� SURGXFHG� DUH� VWDEOH� WKDQNV� WR� WKH� HOHFWURVWDWLF� UHSXOVLRQ� RI� WKH�

VXOSKDWH�DQLRQV�SUHVHQW�RQ�WKH�VXUIDFH�RI�WKH�FU\VWDOV��RULJLQDWHG�E\�WKH�WUHDWPHQW��

7ZR� UHDFWLRQ� PHFKDQLVPV� IRU� WKH� DFLG� K\GURO\VLV�� VKRZQ� LQ� ILJXUH� ��� DUH�

UHSRUWHG���+\GURO\VLV�ZLWK� K\GURFKORULF� DFLG�� �ILJXUH� ���� GRHV� QRW�PRGLI\� WKH�



� ϭϵ�

SULPDU\�K\GUR[\O�JURXSV�RI�FHOOXORVH��WKHUHIRUH�QRQ�IXQFWLRQDOL]HG�QDQRFU\VWDOV�

DUH�SURGXFHG��

�

�

�
)LJXUH����D��$FLG�K\GURO\VLV�DQG�E��HVWHULILFDWLRQ�ZLWK�VXOIXULF�DFLG����

�

�

)LJXUH����$FLG�K\GURO\VLV�ZLWK�K\GURFKORULF�DFLG��

�
�
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�6XUIDFH�IXQFWLRQDOL]DWLRQV�RI�QDQRFHOOXORVH�

1DQRFHOOXORVH� FDQ� EH� FKHPLFDOO\� IXQFWLRQDOL]HG���� WR� PRGLI\� DQG� LPSURYH� LWV�

SURSHUWLHV��7KH�SUHVHQFH�RI�QXPHURXV�VXUIDFH� �2+�JURXSV�PDNH�HVWHULILFDWLRQ��

R[LGDWLRQ�� DQFKRULQJ� RI� SRO\PHUV�� HWF��� HDVLO\� IHDVLEOH� �ILJXUH� ���� $OO� WKHVH�

FKHPLFDO�IXQFWLRQDOL]DWLRQ�UHDFWLRQV�DLP�WR�LQWURGXFH�UHDFWLYH�IXQFWLRQDO�JURXSV�

RU� VXUIDFH� FKDUJHV�� 7KH� FKDQJH� PXVW� RFFXU� H[FOXVLYHO\� RQ� WKH� VXUIDFH��

PDLQWDLQLQJ� WKH� RULJLQDO�PRUSKRORJ\�� DYRLGLQJ� D�SRO\PRUSKLF� FRQYHUVLRQ� DQG�

PDLQWDLQLQJ�WKH�LQWHJULW\�RI�WKH�FU\VWDOOLQH�VWUXFWXUH���

�

)LJXUH����3RVVLEOH�VXUIDFH�IXQFWLRQDOL]DWLRQV�RI�FHOOXORVH�QDQRFU\VWDOV�

�

%HORZ�DUH�UHSRUWHG�WZR�W\SHV�RI�SRVVLEOH�IXQFWLRQDOL]DWLRQV�WKDW�KDYH�EHHQ�WHVWHG�

GXULQJ�WKLV�UHVHDUFK��FRYDOHQW�PRGLILFDWLRQV��LQ�ZKLFK�WKH�SULPDU\�2+�JURXSV�RQ�

WKH� VXUIDFH� DUH� VXEVWLWXWHG�� DQG� QRQ�FRYDOHQW� PRGLILFDWLRQV�� LQ� ZKLFK� WKH�

PROHFXOHV�DUH�DGVRUEHG�RQ�WKH�VXUIDFH�RI�WKH�QDQRFU\VWDOV�WKURXJK�HOHFWURVWDWLF�

DQG�YDQ�GHU�:DDOV�LQWHUDFWLRQV��

�



� Ϯϭ�

&RYDOHQW�IXQFWLRQDOL]DWLRQV�FRQFHUQ�WKH�SRVVLELOLW\�RI�LQWURGXFLQJ�PROHFXOHV�RQ�

WKH�SULPDU\�DOFRKRO�JURXS��IRU�H[DPSOH�XVLQJ�WKH���$PLQRSURS\O�WULHWKR[\VLODQH�

�$37(6�� �ILJXUH� ���� WKH� SULPDU\� K\GUR[\O� JURXS� RI� WKH� JO\FRVLGLF� ULQJV� DUH�

UHDFWHG�ZLWK�WKLV�PROHFXOH�IROORZLQJ�WKH�UHDFWLRQ�SURSRVHG�E\�.KDQMDQ]DGHK��

7KH�UHDFWLRQ�FDQ�EH�GLYLGHG�LQ���VWHSV��K\GURO\VLV�RI�WKH�DONR[LGH�JURXSV�RI�WKH�

VWDUWLQJ� VLODQH� WR�JLYH� WKH�FRUUHVSRQGLQJ� VLODQRO�� DGVRUSWLRQ�RI� VLODQROV�RQ� WKH�

VXUIDFH�RI�WKH�QDQRFHOOXORVH�VXEVWUDWH��FRQGHQVDWLRQ�UHDFWLRQ�EHWZHHQ�VLODQRO�2+�

DQG�EHWZHHQ�VLODQRO�2+�DQG�SULPDU\�FHOOXORVLF�2+��7KH�DPLQR�JURXS� �RI� WKH�

LQLWLDO�$37(6��LV�WKHQ�JUDIWHG�RQWR�WKH�QDQRFHOOXORVH�YLD�6L�2�&�VLOR[DQH�ERQG�

DQG�IXUWKHUPRUH�WKH�FUHDWLRQ�RI�D��'�QHWZRUN�DURXQG�WKH�QDQRFHOOXORVH�YLD�6L�2�

6L�ERQGV�RFFXUV��

�

�

)LJXUH����)XQFWLRQDOL]DWLRQ�RI�FHOOXORVH�QDQRFU\VWDOV�ZLWK�$37(6���

�



� ϮϮ�

2QH� RI� WKH� PRVW� LQYHVWLJDWHG� &1&� IXQFWLRQDOL]DWLRQV� LV� WKH� R[LGDWLRQ� RI� WKH�

SULPDU\�K\GUR[\O�JURXS�WR�D�FDUER[\O�JURXS��7KH�R[LGDWLRQ�PHGLDWHG�E\���������

7HWUD0HWK\O3LSHULGLQH�2[\O� �7(032�� LV� WKH�PRVW�VWXGLHG�R[LGDWLRQ�PHWKRG���

�ILJXUH�����7(032�LV�D� FRPPHUFLDOO\� DYDLODEOH�� VWDEOH��ZDWHU�VROXEOH�QLWUR[\O�

UDGLFDO�� 7KLV� LV� D� KLJKO\� VHOHFWLYH� R[LGDWLRQ�� SULPDU\� K\GUR[\O� JURXSV� DUH�

FRQYHUWHG�LQWR�WKH�FDUER[\O�IRUP��PHGLDWHG�E\�7(032�LQ�WKH�SUHVHQFH�RI�1D%U�

�FR�FDWDO\VW��DQG�1D&O2��SULPDU\�R[LGDQW���2SWLPDO�FRQGLWLRQV�DUH�S+����DQG�

WHPSHUDWXUH� EHWZHHQ� �� DQG� ��� �&�� 7KHVH� FRQGLWLRQV� DOORZ� R[LGDWLRQ� RQ� WKH�

QDQRFU\VWDOV�VXUIDFH��OHDYLQJ�WKH�LQWHUQDO�VWUXFWXUH�RI�WKH�FU\VWDO�XQFKDQJHG���

�

)LJXUH����5HDFWLRQ�RI�&1&�R[LGDWLRQ�ZLWK�7(032��

7KH� VXUIDFH� FKDUJHV� RI� QDQRFHOOXORVH� FDQ� LPSDUW� VSHFLILF� SURSHUWLHV� WR� WKH�

VXVSHQVLRQV��,Q�WKLV�UHJDUG�QDQRFHOOXORVH�VXVSHQVLRQV�FDQ�EH�XVHG�DV�FDUULHU�IRU�

PHWDO�QDQRSDUWLFOHV����0DGH�WKHVH�SUHPLVHV��WKH�SUHVHQW�ZRUN�DLPV�WR�VWXG\�WKH�

SRVVLELOLW\�RI� H[WUDFWLQJ�QDQRFHOOXORVH� VWDUWLQJ� IURP�GLIIHUHQW� VRXUFHV�� VXFK�DV�

FRWWRQ��ZDVWHSDSHU�DQG�DJULFXOWXUDO�SURGXFWLRQ�ZDVWH��7KH�FKDUDFWHUL]DWLRQV�RI�

WKH�SURGXFWV�REWDLQHG�KDYH�DOORZHG�XV�WR�GHILQH�WKH�JRRGQHVV�RI�WKH�UHDFWLRQV�DQG�

WR�VWXG\�WKH�PRUSKRORJ\��WKH�W\SH�RI�SRO\PRUSK�DQG�WKH�GHJUHH�RI�FU\VWDOOLQLW\�RI�



� Ϯϯ�

WKH�VDPSOHV��6RPH�VXUIDFH�IXQFWLRQDOL]DWLRQ�UHDFWLRQV�RI�WKH�QDQRFU\VWDOV�KDYH�

EHHQ�LQYHVWLJDWHG��ZLWK�SDUWLFXODU�DWWHQWLRQ�WR�WKH�SUHVHQFH�RI�WKH�QHZO\�DGGHG�

IXQFWLRQDO�JURXSV��VXFK�DV�FDUER[\ODWH�QHJDWLYHO\�FKDUJHG�JURXSV��7KH�DELOLW\�RI�

QDQRFHOOXORVH�WR�DFW�DV�D�FDUULHU�IRU�VLOYHU�QDQRSDUWLFOHV�KDV�EHHQ�DOVR�VWXGLHG��

�

����� 1DQRFHOOXORVH�EDVHG� PDWHULDOV� IRU� FRQVROLGDWLRQ� RI� OLJQR�
FHOOXORVLF�DUWZRUNV��

�
&RQVLGHULQJ� WKH� LQWHUHVWLQJ� SURSHUWLHV� RI� QDQRFHOOXORVH� �LQ� SDUWLFXODU� WKH�

PHFKDQLFDO� UHVLVWDQFH�� WKH� WUDQVSDUHQF\�� WKH� JDV� DQG� YDSRU� EDUULHU� DQG� WKH�

SRVVLELOLW\� RI� IXQFWLRQDOL]DWLRQ��� LWV� VXVSHQVLRQV� FDQ� EH� FRQVLGHUHG� YHUVDWLOH�

PDWHULDO�IRU�GLIIHUHQW�XVHV�LQ�WKH�ILHOG�RI�FXOWXUDO�KHULWDJH��&HOOXORVH�QDQRFU\VWDOV�

KDYH�UHFHQWO\�EHHQ�LQWURGXFHG�LQ�WKH�UHVWRUDWLRQ�WKDQNV�WR�WKHLU�QDWXUDO�DIILQLW\�

ZLWK�WKH�FHOOXORVH�RI�WKH�VXEVWUDWHV�RI�PDQ\�DUWZRUNV��ZRRG��QDWXUDO�WH[WLOH�ILEHUV�

DQG� SDSHU��–���� 0RUHRYHU�� WKH� LQWHUHVW� RI� QDQRFHOOXORVH� GHULYHV� IURP� WKH� ORZ�

HQYLURQPHQWDO�LPSDFW�DQG�WKH�QRQ�WR[LFLW\�IRU�WKH�RSHUDWRUV��7KHVH�SDUDPHWHUV�

VDWLVI\�WKH�VWULQJHQW�UHJXODWLRQV�RQ�WKH�XVH�RI�FKHPLFDO�SURGXFWV��2WKHU�DVSHFWV�WR�

KLJKOLJKW� DUH� WKH�SUHYHQWLYH� UHVWRUDWLRQ�DQG�PLQLPXP� LQWHUYHQWLRQ�� ,Q� WKH� ODVW�

GHFDGHV�D�SURJUHVVLYH�GHFUHDVH�RI�LQYDVLYH�DSSURDFKHV�LQ�WKH�UHVWRUDWLRQ�RI�ZRUNV�

RI� DUW� KDV� EHHQ� REVHUYHG���� $WWHQWLRQ� KDV� EHHQ� SDLG� WR� WKH� LPSRUWDQFH� RI�

SUHYHQWLRQ� DQG� WR� WKH� LQWURGXFWLRQ� RI� H[WHUQDO�PDWHULDOV� LQWR� DUWLIDFWV� LQ� YHU\�

OLPLWHG� TXDQWLWLHV�� *UHDW� DWWHQWLRQ� KDV� EHHQ� SDLG� WR� QDQRVWUXFWXUHG� PDWHULDOV��

WKDQNV� WR� WKHLU�KLJK� VXUIDFH� DUHD��ZKLFK�DOORZV� WKH� XVH�RI�PLQLPDO�TXDQWLWLHV��

REWDLQLQJ�YHU\�KLJK�HIILFLHQF\����7KDQNV�WR�LWV�SURSHUWLHV��QDQRFHOOXORVH�FDQ�EH�

XVHG� LQ� WKLV� FRQWH[W�� IRU� H[DPSOH�� LW� FDQ� EH� XWLOL]HG� DV� FRQVROLGDQW� IRU�

OLJQRFHOOXORVLF�VXEVWUDWHV�VXFK�DV�SDSHU�DQG�FDQYDV�SDLQWLQJV��7KH�QDQRFHOOXORVH�

FDQ� SURYLGH� UHLQIRUFHPHQW� WR� WKH� GHJUDGHG� FHOOXORVH� ILEHUV� RI� WKH� VXEVWUDWHV��

DYRLGLQJ�LQYDVLYH�RSHUDWLRQV��,W�LV�LPSRUWDQW�WR�QRWH�WKDW�LQ�D�SDLQWLQJ��LQ�DGGLWLRQ�



� Ϯϰ�

WR�WKH�FHOOXORVH�IUDFWLRQ��WKHUH�DUH�RWKHU�PDWHULDOV�WKDW�IRUP�GLIIHUHQW�OD\HUV��–���

�ILJXUH�����

• FDQYDV��OLQHQ��FRWWRQ��KHPS��MXWH��HWF���WLHG�WR�D�IUDPH��

• DQLPDO�JOXHV�RU�VWDUFK�WR�VWLIIHQ�WKH�FDQYDV�DQG�ILOO�WKH�LQWHUVWLWLDO�YRLGV��

• SUHSDUDWRU\� OD\HU�FRQVLVWLQJ�RI�SODVWHU�DQG�DQLPDO�JOXH��ZKLWH� OHDG�DQG�

OLQVHHG� RLO�� FDOFLXP� FDUERQDWH�� IORXU�� HWF��� WR� SURYLGH� D� VPRRWK� DQG�

KRPRJHQHRXV�VXUIDFH�IRU�WKH�SDLQWLQJ��

• D�SLFWRULDO�OD\HU�ZLWK�PLQHUDO�RU�RUJDQLF�SLJPHQWV�DQG�D�ELQGHU��OLQVHHG�

RLO��DQLPDO�JOXH��HJJ��PLON��HWF����

• YDUQLVK��WHUSHQH�UHVLQV�WR�SURWHFW�WKH�FRORU�OD\HU���

�

�
)LJXUH����'HVFULSWLRQ�RI�SDLQWLQJ�FDQYDV�OD\HUV�

7KH� ILUVW� FDXVH� RI� GHWHULRUDWLRQ� RI� FHOOXORVH�EDVHG� PDWHULDOV� FRQFHUQV� WKH�

SKRWRFKHPLFDO�UHDFWLRQV�RU�R[LGDWLRQ�RI�WKH�K\GUR[\O�JURXSV��:KHQ�WKH�FDUER[\O�

LV� IRUPHG�� LW� FDQ� GLVVRFLDWH�� DQG� WKH� SURWRQ� FDWDO\]HV� WKH� K\GURO\VLV� RI� WKH�

JO\FRVLGLF�ERQG��FDXVLQJ�D�FKDLQ�VFLVVLRQ��$�SURJUHVVLYH�GHSRO\PHUL]DWLRQ�RI�WKH�

FKDLQV�LV�QRWHG��ZLWK�D�GHFUHDVH�LQ�WKH�PHFKDQLFDO�SURSHUWLHV�����

6RPH� UHVHDUFKHUV� XVHG� QDQRFHOOXORVH� DQG� IXQFWLRQDOL]HG� QDQRFHOOXORVH� IRU�

FRQVROLGDWLRQ�RI�SDSHU���DQG�SDLQWLQJ�FDQYDV��–����7KH�SURGXFWV�ZHUH�DSSOLHG�LQ�

VXVSHQVLRQ�DQG�DIWHU�HYDSRUDWLRQ�RI�WKH�VROYHQW��ZHUH�GHSRVLWHG�RQ�WKH�VXUIDFH�RI�



� Ϯϱ�

WKH� ILEHUV�� IRUPLQJ� GHQVH� DQG� FRKHVLYH� ILOPV�� 7KLV� LPSOHPHQWHG� WKH�<RXQJ’V�

PRGXOXV�DQG�WHQVLOH�VWUHQJWK�RI�WKH�GHJUDGHG�VXEVWUDWH��HVSHFLDOO\�DIWHU�PXOWLSOH�

WUHDWPHQW�F\FOHV��)XUWKHUPRUH��LW�KDV�EHHQ�REVHUYHG�WKDW�WKLV�PDWHULDO�GRHV�QRW�

FDXVH�DQ\�WUDQVIRUPDWLRQV�LQ�WKH�DSSHDUDQFH�RI�WKH�RULJLQDO�FDQYDVHV��HYHQ�DIWHU�

FKDQJHV�LQ�UHODWLYH�KXPLGLW\����

'HVSLWH� WKH� DGYDQWDJHV� GHULYLQJ� IURP� WKH� XVH� RI� QDQRFHOOXORVH�� LW� PXVW� EH�

FRQVLGHUHG�WKDW�WKH�DTXHRXV�PHGLXP�UHSUHVHQWV�D�SUREOHP�IRU�WKH�ZRUNV�RI�DUW��

6WXGLHV� DUH� IHZ� DQG�PDQ\� SUREOHPV� UHPDLQ� RSHQ�� )RU� H[DPSOH�� LW� VKRXOG� EH�

LPSRUWDQW�WR�XQGHUVWDQG�LI�WKH�DPRXQW�RI�ZDWHU�RQ�DUWLVWLF�DUWHIDFWV�FDQ�EH�UHGXFHG�

using application methods (nebulization, rigid gels…); if the high surIDFH�DUHD�

DQG�WKH�UHDFWLYLW\�RI�WKH�SURGXFW�FDQ�IDYRU�R[LGDWLRQ�SKHQRPHQD�DQG�OHDG�WR�WKH�

GHYHORSPHQW� RI� DFLG� JURXSV� GXULQJ� DJHLQJ�� LI� WKH� IXQFWLRQDOL]DWLRQ� FDQ� EULQJ�

DGYDQWDJHV� LQ� WHUPV� RI� SURGXFW� UHYHUVLELOLW\�� GLVSHUVLRQ� LQ� D� ZLGHU� UDQJH� RI�

VROYHQWV��UHGXFWLRQ�RI�K\GURSKLOLFLW\��

7KH� SUHVHQW� ZRUN� DLPV� WR� DGG� D� SLHFH� WR� WKH� NQRZOHGJH� RI� WKH� EHKDYLRU� RI�

QDQRFHOOXORVH�DV�D�FRQVROLGDQW�IRU�SDSHU�DQG�SDLQWLQJ�FDQYDV��)RU�FRPSDULVRQ��

WKH� EHKDYLRU� RI� FRPPHUFLDO� PDWHULDO� FXUUHQWO\� XVHG� LQ� WKH� UHVWRUDWLRQ�� ZDV�

HYDOXDWHG��7KH�SKHQRPHQRQ�RI�DFFHOHUDWHG�DUWLILFLDO�DJLQJ�ZDV� LQYHVWLJDWHG� WR�

HYDOXDWH� LI� WKH� FRQVROLGDQWV� OHDG� WR� FKDQJHV� RI� PHFKDQLFDO� UHVLVWDQFH� RI� WKH�

FHOOXORVLF�ILEUHV��,Q�DGGLWLRQ��DQ\�FKURPDWLF�YDULDWLRQV�FDXVHG�E\�WKH�FRQVROLGDQWV�

XVHG�ZHUH�HYDOXDWHG��7KH�UHVXOWV�REWDLQHG�EHIRUH�DQG�DIWHU�DUWLILFLDO�DJHLQJ�ZHUH�

FRPSDUHG���

�

����� 7KUHH� GLPHQVLRQDO� VFDIIROGV� EDVHG� RQ� QDQRFHOOXORVH� IRU�
DSSOLFDWLRQ�LQ�PHGLFDO�DQG�HQYLURQPHQWDO�ILHOGV�

�

'XH�WR�JURZLQJ�HQYLURQPHQWDO�SUREOHPV��WKH�XVH�RI�UHQHZDEOH�DQG�VXVWDLQDEOH�

ELRSRO\PHUV� WR�GHVLJQ�HQYLURQPHQWDOO\� IULHQGO\�PDWULFHV�KDV�EHHQ�H[WHQVLYHO\�
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H[SORUHG�� 7KHVH� VXSSRUWV� FDQ� EH� DSSOLHG� LQ� HQYLURQPHQWDO� �L�H�� ZDVWHZDWHU�

UHPHGLDWLRQ��� SKDUPDFHXWLFDO� �L�H�� GUXJ� GHOLYHU\� V\VWHPV��� PHGLFDO� �L�H��

UHJHQHUDWLYH�PHGLFLQH��DQG�PDQ\�RWKHU�ILHOGV���–�����

%LRSRO\PHUV�� GXH� WR� WKHLU� SURSHUWLHV� VXFK� DV� ORZ� GHQVLW\�� ORZ� FRVW�� HDV\�

DYDLODELOLW\�DOVR�IURP�UHQHZDEOH�VRXUFHV��ELRGHJUDGDELOLW\�DQG�HDV\�SURFHVVLQJ��

KDYH� DURXVHG� JUHDW� LQWHUHVW� DPRQJ� UHVHDUFKHUV�� DV� D� SRVVLEOH� DOWHUQDWLYH� WR�

V\QWKHWLF� SRO\PHULF�PDWHULDOV��7KH�PRVW� XVHG� ELRSRO\PHUV� IRU� WKH� FUHDWLRQ� RI�

WDLORUHG� VWUXFWXUHV� DUH� FHOOXORVH�� FKLWRVDQ�� DOJLQDWH�� SRO\ODFWLF� DFLG� DQG� LWV�

GHULYDWLYHV��WR�QDPH�D�IHZ��,Q�WKH�PHGLFDO�ILHOG��WKH�GHYHORSPHQW�RI�LQQRYDWLYH�

ELRPDWHULDOV�IRU�DGYDQFHG�WKHUDSHXWLF�VROXWLRQV�LV�RI�JUHDW�FRQFHUQ��,QQRYDWLYH�

GHYLFHV� EDVHG� RQ� ELRSRO\PHUV� IRU� WKH� WUHDWPHQW� RI� LQIHFWHG� ZRXQGV� DUH�

SDUWLFXODUO\�LQWHUHVWLQJ�����͘�$OJLQDWH�LV�D�ELRFRPSDWLEOH�SRO\VDFFKDULGH�IRXQG�LQ�

WKH�FHOO�ZDOOV�RI�EURZQ�DOJDH����,W�KDV�EHHQ�XVHG�IRU�PDQ\�PHGLFDO�GHYLFHV��GXH�

WR� LWV� ORZ� WR[LFLW\�� ELRFRPSDWLELOLW\� DQG�PLOG� JHOOLQJ� DELOLW\� DIWHU� DGGLWLRQ� RI�

GLYDOHQW� FDWLRQV�������&HOOXORVH�QDQRFU\VWDOV� GXH� WR� WKHLU�KLJK� VXUIDFH� DUHD� DQG�

FU\VWDOOLQLW\�� JRRG� PHFKDQLFDO� SURSHUWLHV� DQG� ELRFRPSDWLELOLW\� DUH� JRRG�

FDQGLGDWH�WR�EH�XVHG�LQ�ELRPHGLFDO�DSSOLFDWLRQV�DQG�HVSHFLDOO\�LQ�WKH�XVH�RI��'�

SULQWLQJ� IRU� WLVVXH�HQJLQHHULQJ�DQG�ZRXQG�KHDOLQJ� VFDIIROGV������1DQRFHOOXORVH�

PL[HG� LQ� WKH� IRUPXODWLRQ� ZLWK� DOJLQDWH� LPSURYHV� WKH� HODVWLFLW\� DQG� IUDFWXUH�

UHVLVWDQFH�RI�WKH�VFDIIROGV��6LOYHU�LV�D�EURDG�VSHFWUXP�DQWLPLFURELDO�DJHQW��ZKLFK�

XVHV�YDULRXV�QRQ�VSHFLILF�PHFKDQLVPV�DQG�LV�WKHUHIRUH�VXLWDEOH�IRU�RYHUFRPLQJ�

WKH�SUREOHP�RI�DQWLELRWLF�UHVLVWDQFH�������7KH�LQFRUSRUDWLRQ�RI�VLOYHU�QDQRSDUWLFOHV�

LQ� DOJLQDWH�EDVHG� K\GURJHOV� UHLQIRUFHG� ZLWK� FHOOXORVH� FU\VWDOV� FRPELQHV� WKH�

ELRFLGDO�SURSHUWLHV�RI�PHWDO�QDQRSDUWLFOHV�ZLWK�WKH�SK\VLFDO�FKDUDFWHULVWLFV�RI�WKH�

K\GURJHO��+\GURJHO�VFDIIROGV�ZLWK�D�ZHOO�GHILQHG��'�VWUXFWXUH��ZHUH�EXLOGHG�E\�

D�PHWKRG�GHYHORSHG�E\�(OYLUL�HW�DO����
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,Q�WKH�HQYLURQPHQWDO�ILHOG��GXH�WR�WKH�LQFUHDVH�RI�WKH�DLU�DQG�ZDWHU�SROOXWLRQ��WKH�

GHYHORSPHQW�RI�QHZ�WHFKQRORJ\�EDVHG�RQ�HFRIULHQGO\�PDWHULDO�DQG�SURFHVVHV��KDV�

EHFRPH�D�SULRULW\��,Q�UHFHQW�GHFDGHV��WKH�FRQWDPLQDWLRQ�RI�DTXHRXV�V\VWHPV�E\�

WR[LF�KHDY\�PHWDOV�KDV�EHFRPH�D�VHULRXV�HQYLURQPHQWDO�SUREOHP��(YHQ�DW�WUDFH�

OHYHO�WKHVH�PHWDOV�FDQ�FDXVH�HFRORJLFDO�DQG�KHDOWK�GDPDJH��GXH�WR�WKHLU�WR[LFLW\�

DQG�ELR�DFFXPXODWLRQ�WHQGHQF\��KLJK�VROXELOLW\�DQG�VWDELOLW\�LQ�DTXHRXV�PHGLD��

PLJUDWLRQ� DFWLYLW\�� $PRQJ� WKH� YDULRXV� SURFHVVHV� HPSOR\HG� WR� UHPRYH� KHDY\�

PHWDOV� IURP� ZDWHU� V\VWHPV� DGVRUSWLRQ� LV� RQH� WKH� PRVW� XVHG� DQG� HIIHFWLYH�

WHFKQLTXHV����7KH�UHPRYDO�RI�SROOXWDQWV�IURP�ZDVWHZDWHU�DQG�WKH�VWXG\�WR�GHYHORS�

WKHLU�SXULILFDWLRQ� UHSUHVHQW� WKH�FKDOOHQJHV� WR� LPSURYH� WKH�TXDOLW\�RI�ZDWHU�������

)XQGDPHQWDO�SDUDPHWHU�WR�FRQVLGHU�LV�WKDW�WKH�DGVRUEHQW�PDWHULDO�LV�QRW�UHOHDVHG�

LQWR� WKH� HQYLURQPHQW� GXULQJ� WKH� SROOXWDQW� UHPRYDO� DFWLYLW\� LQ� WKH�ZDWHU�� 2QH�

VROXWLRQ� FRXOG� EH� WKH� LPPRELOL]DWLRQ� RI� ELRSRO\PHUV� IRUPLQJ� PHPEUDQHV� RU�

K\GURJHOV��–���� ,Q� WKLV�ZRUN��D�VLPSOH�DQG�HIIHFWLYH�PHWKRG� LV�SURSRVHG�ZKLFK�

LQYROYHV�WKH�XVH�RI�IUHH]H�WKDZ�F\FOHV�RQ�FDUER[\PHWK\OFHOOXORVH�DV�D�VXEVWUDWH�

IRU� WKH� IRUPDWLRQ� RI� D� VWDEOH� K\GURJHO� VFDIIROG�� REYLDWLQJ� WKH� XVH� RI� IXUWKHU�

SRO\PHUV�RU�FURVVOLQNHUV��–�����7KH�HIILFLHQF\�RI�WKLV�PDWHULDO�LV�WKHQ�VWXGLHG�ZLWK�

WKH�SRVVLELOLW\�RI�LPSOHPHQWLQJ�LWV�DGVRUEHQW�FDSDFLW\�ZLWK�WKH�LQWHUDFWLRQ�ZLWK�

IXQFWLRQDOL]HG� FHOOXORVH� QDQRFU\VWDOV� DQG� ZLWK� LWV� GLIIHUHQW� SRO\PRUSKV�������

0RUHRYHU�� WKH� QDQRFHOOXORVH� DQG� LWV� IXQFWLRQDOL]HG� VXVSHQVLRQV� KDYH� EHHQ�

HPSOR\HG�LQ�WKH�SUHSDUDWLRQ�RI�WKH�K\GURJHO�WR�LQFUHDVH�WKH�LQWULQVLF�PHFKDQLFDO�

SURSHUWLHV� RI� WKLV� ELRSRO\PHU� �HODVWLFLW\� DQG� UHVLVWDQFH� WR� EUHDNDJH����� ,Q�

K\GURJHOV�SURGXFHG�XVLQJ�FDUER[\PHWK\OFHOOXORVH�WKHUH�LV�WKH�DGYDQWDJH�RI�XVLQJ�

D� PDWUL[� WKDW� LQWHUDFWV� ZLWK� QDQRFHOOXORVH� DQG� DFWV� DV� D� FURVV�OLQNHU� WKURXJK�

LQWHUPROHFXODU� RU� FRYDOHQW� LQWHUDFWLRQV��$� IXUWKHU� DGYDQWDJH� LV� RIIHUHG� E\� WKH�

LPSURYHPHQW�RI�WKH�PHFKDQLFDO�SURSHUWLHV�JLYHQ�E\�WKH�V\QHUJ\�RI�WKH�FHOOXORVH�

EDVHG�PDWHULDOV�XVHG��ZKLFK�DOORZV�XV�WR�REWDLQ�D�FRPSDFW�DQG�VWDEOH�K\GURJHO�

RYHU�WLPH��
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�
�
&1&�(;75$&7,21��&+$5$&7(5,=$7,21�$1'�

685)$&(�)81&7,21$/,=$7,21�

�� $EVWUDFW��

7KLV�&KDSWHU�PDLQO\�UHJDUGV�WKH�H[WUDFWLRQ�PHWKRGV�RI�QDQRFU\VWDOOLQH�FHOOXORVH�

IURP�GLIIHUHQW�VRXUFHV��&RWWRQ��ZDVWHSDSHU�DQG�ELRPDVV�IURP�DJULFXOWXUDO�ZDVWHV�

KDYH�EHHQ�FRQVLGHUHG��6HYHUDO�IDFWRUV��VXFK�DV�QDWXUH�RI�WKH�DFLG��WHPSHUDWXUH��

UHDFWLRQ�WLPH��DFLG�FHOOXORVH�UDWLR�KDYH�EHHQ�WDNHQ�LQWR�DFFRXQW��6XOIXULF�DFLG�DQG�

K\GURFKORULF�DFLG�KDYH�EHHQ�SULPDULO\�XWLOL]HG�DV�UHDJHQWV��7LPH�DQG�WHPSHUDWXUH�

RI� WKH� K\GURO\VLV� UHDFWLRQV� KDYH� DOVR� EHHQ� FRQVLGHUHG�� REVHUYLQJ� WKDW� KLJK�

WHPSHUDWXUHV� OHDG� WR� UHGXFHG� UHDFWLRQ� WLPHV�� UHGXFHG� GLPHQVLRQV� RI� WKH�

QDQRFU\VWDOV� DQG� FRQVHTXHQW� LQFUHDVH� LQ� VXUIDFH� FKDUJHV��+LJK� UHDFWLRQ� WLPHV�

WRJHWKHU�ZLWK�D�KLJK�DFLG�FHOOXORVH�UDWLR�UHVXOWHG�LQ�D�WLJKWHU�VL]H�GLVWULEXWLRQ�RI�

WKH� QDQRFU\VWDOV���� &HOOXORVH� SRO\PRUSK� ,,� KDV� EHHQ� REWDLQHG� E\� LUUHYHUVLEOH�

FKHPLFDO� UHJHQHUDWLRQ� RI� FHOOXORVH� ,�� WKURXJK� PHUFHUL]DWLRQ� ZLWK� 1D2+����

3RO\PRUSKV� ,� DQG� ,,� KDYH� EHHQ� H[WHQVLYHO\� FKDUDFWHUL]HG� E\� PHDQV� RI�

VSHFWURVFRSLF� DQG� GLIIUDFWRPHWULF� PHWKRGV�� 7KH� FU\VWDOOLQLW\� LQGH[� DQG� WKH�

WKHUPDO�VWDELOLW\�KDYH�DOVR�EHHQ�HYDOXDWHG���

&HOOXORVH� QDQRFU\VWDOV� KDYH� EHHQ� IXQFWLRQDOL]HG� WR� REWDLQ� QHZ�PDWHULDOV�ZLWK�

LQWHUHVWLQJ�SURSHUWLHV��7KH�PRGLILFDWLRQ�RI�QDQRFHOOXORVH�FDQ�EH�GLIIHUHQW��WKHUH�
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FDQ�EH�QRQ�FRYDOHQW�PRGLILFDWLRQV��LQ�ZKLFK�VPDOO�PROHFXOHV�RU�PDFURPROHFXOHV�

DUH�DGVRUEHG�RQ�WKH�VXUIDFH�RI�WKH�QDQRFU\VWDOV�E\�H[SORLWLQJ�WKH�HOHFWURVWDWLF�DQG�

YDQ� GHU�:DDOV� LQWHUDFWLRQ�� RU� FRYDOHQW� PRGLILFDWLRQV� ZKHUH� WKH� SULPDU\� 2+�

JURXSV�DUH�UHSODFHG�RQ�WKH�XQLWV�RI�VXUIDFH�JOXFRVH��3DUW�RI�WKH�UHVHDUFK�ZDV�WKHQ�

GHGLFDWHG�WR�ILQGLQJ�WKH�RSWLPDO�FRQGLWLRQV�WR�FDUU\�RXW�WKH�VHOHFWLYH�R[LGDWLRQ�RI�

QDQRFHOOXORVH�XVLQJ�WKH�7(032�UHDJHQW��,Q�WKLV�V\VWHP�WKH�UHDFWLRQ�FRQGLWLRQV�

KDYH�EHHQ�PRGLILHG��SD\LQJ�DWWHQWLRQ�WR�WKH�LQIOXHQFH�RI�WKH�FR�FDWDO\VWV��7KLV�

UHDFWLRQ�DOORZHG�WR�REWDLQ�&1&�ZLWK�FDUER[\OLF�VXUIDFH�IXQFWLRQV��KLJK�VXUIDFH�

FKDUJH�DQG�FRQVHTXHQWO\�GLIIHUHQW�UHDFWLYLW\��FRPSDUHG�WR�WKH�XQPRGLILHG�&1&��

DQG�UHSUHVHQWHG�WKH�VWDUWLQJ�PDWHULDO�IRU�D�IXUWKHU�UHDFWLRQ�LQYROYLQJ�('&�1+6�

V\VWHP��OHDGLQJ�WR�WKH�IRUPDWLRQ�RI�D�SHQGDQW�DPLGH�JURXSV�RQ�WKH�QDQRFU\VWDOV���

$� VHFRQG� W\SH� RI�PRGLILFDWLRQ� RI� QDQRFHOOXORVH� UHJDUGHG� WKH�PL[LQJ� RI�&1&�

DTXHRXV�VXVSHQVLRQV�ZLWK�GLIIHUHQW�PDWHULDOV�LPSDUWLQJ�VSHFLILF�SURSHUWLHV��&1&�

VXVSHQVLRQV�KDYH�EHHQ�PL[HG�ZLWK�SRO\PHUV�VXFK�DV�3'06��REWDLQLQJ�SURGXFWV�

ZLWK� LQWHUHVWLQJ� K\GURSKRELF� IXQFWLRQ�� )LQDOO\�� WKH� DELOLW\� RI�&1&� WR� DFW� DV� D�

FDUULHU�IRU�PHWDO�QDQRSDUWLFOHV�ZDV�H[SORUHG��&1&�VXVSHQVLRQV�KDYH�EHHQ�PL[HG�

ZLWK� VLOYHU� QDQRSDUWLFOHV�� ZKRVH� ELRFLGDO� DFWLYLW\� DJDLQVW� JUDP� �� DQG� JUDP� ��

EDFWHULD�KDV�EHHQ�LQYHVWLJDWHG���

�

���([SHULPHQWDO��
�����0DWHULDOV�

&RWWRQ�OLQWHU�ZDV�SXUFKDVH�E\�3DUFKLQ�&KHPLFDO�,QGXVWULHV�&R���7HKUDQ��,UDQ��WKH�

UHF\FOHG� SDSHU� ZDV� 3DOXFDUW��� 6XOIXULF� DFLG� ���–����� 0HUN�� 'DUPVWDGW��

*HUPDQ\��DQG�+\GURFKORULF�DFLG��)OXND��'DUPVWDGW��*HUPDQ\��ZHUH�XVHG�IRU�WKH�

K\GURO\VLV�� 7KH� GLDO\VLV� WXEH� �FHOOXORVH� PHPEUDQH�� PROHFXODU� ZHLJKW� FXW�RII�

������������'D��ZDV�XVHG�IRU�WKH�SXULILFDWLRQ��&HOOXORVH�PLFURILEULOODWHG�ZDV�

SXUFKDVHG� E\�$UERFHO� ��5� ����� 7KH� DUWLFKRNH�ZDVWH�ZDV� SXUFKDVHG� LQ� ORFDO�
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PDUNHW��6RGLXP�K\GUR[LGH�DQG�VRGLXP�ELFDUERQDWH��&DUOR�(UED��(PPHQGLQJHQ��

*HUPDQ\���JODFLDO�DFHWLF�DFLG��VRGLXP�FKORULGH�DQG�HWKDQRO��0HUFN��'DUPVWDGW��

*HUPDQ\���ZHUH�XVHG�IRU�VHSDUDWLRQ�RI�FHOOXORVH�IURP�&\QDUD�VWHPV�DQG�EUDFWV��

7KH�R[LGDWLRQ�UHDFWLRQ�LQYROYHV�WKH�XVH�RI���������7HWUDPHWK\OSLSHULGLQH���R[\O�

�7(032���DQG�0H2+��0HUFN��'DUPVWDGW��*HUPDQ\���1D%U�DQG�1D&O2��&DUOR�

(UED��(PPHQGLQJHQ��*HUPDQ\���7KH�UHDFWLRQ�ZLWK�('&��1+6�LQYROYHV�WKH�XVH�

RI� (WK\OHQGLDPLQH�� 1�K\GUR[\VXFFLQ�LPLGH� �1+6��� ��HWK\O������GL��

PHWK\ODPLQRSURS\O��FDUERGLLPLGH�K\GURFKORULGH��('&ā+&O���7ULHWK\ODPLQH�DQG�

(WK\O�DFHWDWH��0HUFN��'DUPVWDGW��*HUPDQ\���'LFKORURPHWKDQH��9:5�&KHPLFDOV�

%'+����$J12�� DQG�3RO\�YLQ\O� DOFKRO� �39$�� �0HUFN��'DUPVWDGW��*HUPDQ\���

DQG� 1D%+�� �&DUOR� (UED�� (PPHQGLQJHQ�� *HUPDQ\�� ZHUH� XVHG� IRU� WKH� VLOYHU�

QDQRSDUWLFOHV�VRO�����$PLQRSURS\O��WULHWKR[\VLODQH��$37(6���0HUFN��'DUPVWDGW��

*HUPDQ\���ZHUH�XVHG�WR�LPSDUW�FKDLQ�ZLWK�WHUPLQDO�1+���3RO\GLPHWK\O�VLOR[DQH�

�3'06���0HUFN��'DUPVWDGW��*HUPDQ\��JLYHV�WKH�K\GURSKRELFLW\���

�

�����&1&�H[WUDFWLRQ�IURP�FRWWRQ�OLQWHU�

�
7KH�H[WUDFWLRQ�RI�&1&�ZDV�FDUULHG�RXW�E\�K\GURO\VLV�XVLQJ�+�62��������RU�+&O��

7KH� DFLG�VDPSOH� UDWLR� ZDV� ����� PO� J−�� IRU� HDFK� K\GURO\VLV���� 7LPH� DQG�

WHPSHUDWXUH�IRU�WKH�UHDFWLRQ�ZHUH�LQFOXGHG�LQ��������&�DQG�������PLQXWHV�UDQJH��

7KH�DFLG��WKH�WHPSHUDWXUH�DQG�WKH�UHDFWLRQ�WLPH�KDYH�EHHQ�YDULHG�WR�HQVXUH�EHWWHU�

UHDFWLRQ�HIILFLHQF\��7KH� UHDFWLRQ�ZDV�TXHQFKHG�ZLWK� LFH�ZDWHU� ����� �Y�Y�� UDWLR�

ZLWK� DFLG�� DQG� OHIW� WR� FRRO� DW� URRP� WHPSHUDWXUH�� 7KH� SURGXFWV� ZHUH� ZDVKHG�

UHSHWLWLYHO\� ZLWK� GLVWLOOHG� ZDWHU� LQ� RUGHU� WR� UHVXVSHQG� WKH� QDQRFU\VWDOV�� DIWHU�

FHQWULIXJDWLRQ��7KH�VROV�REWDLQHG�ZHUH�SXULILHG� LQ�GLDO\VLV� WXEH�� IRU�RQH�ZHHN��

XQWLO�QHXWUDO�S+��7KH�VROV�ZHUH�FDOOHG�&1&�&/�DQG�&1&�+�IRU�&1&�REWDLQHG�

IURP�FRWWRQ�OLQWHU�LQ�VXOIXULF�DFLG�K\GURO\VLV�DQG�&1&�REWDLQHG�LQ�K\GURFKORULF�

DFLG��UHVSHFWLYHO\��
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�

�����&1&�H[WUDFWLRQ�IURP�ZDVWHSDSHU�
�

7KLV� H[WUDFWLRQ� ZDV� SHUIRUPHG� PRGLI\LQJ� WLPH�� WHPSHUDWXUH� DQG� DFLG�

FRQFHQWUDWLRQ��UHVSHFW�WR�WKH�H[WUDFWLRQ�IURP�FRWWRQ�OLQWHU��WR�DOORZ�WKH�UHDFWLRQ�

WR�WDNH�SODFH�LQ�D�FRQWUROOHG�ZD\���7KH�DFLG�VDPSOH�UDWLR�ZDV�PDLQWDLQHG�DW������

PO�J−���7KH�UHDFWLRQ�WHPSHUDWXUH�ZDV�PDLQWDLQHG�DW�����&�IRU����PLQXWHV�DQG�WKH�

VXOIXULF�DFLG�ZDV�GLOXWHG�DW����ZW���7KH�SURFHGXUH�WR�REWDLQ�&1&�ZDV�WKH�VDPH�

DV�UHSRUWHG�DERYH��7KH�ILQDO�VXVSHQVLRQ�ZDV�FDOOHG�&1&�:3��� �

�

�����5HDFWLRQ�RI�PHUFHUL]DWLRQ�
�

7KH�XVH�RI�1D2+�VROXWLRQ�������DW�����&�IRU���K�DOORZV�WR�REWDLQ�SRO\PRUSK�,,�

IURP� PLFURILEULOODWHG� FHOOXORVH� SRZGHU�� 7R� UHPRYH� WKH� H[FHVV� RI� VRGLXP�

K\GUR[LGH�� WKH� VDPSOHV� ZHUH�ZDVKHG� VHYHUDO� WLPHV�ZLWK� GLVWLOOHG�ZDWHU�� XQWLO�

QHXWUDO�S+��7KH�SRZGHU��REWDLQHG�E\�HYDSRUDWLRQ��ZDV�FDOOHG�&0)�,,��+\GURO\VLV�

ZLWK�VXOIXULF�DFLG��IROORZLQJ�WKH�SURFHGXUH�GHVFULEHG�LQ�SDUDJUDSK�������OHG�WR�WKH�

IRUPDWLRQ�RI�VWDEOH�VXVSHQVLRQ�FDOOHG�&1&�0)���

�

�����&1&�H[WUDFWLRQ�IURP�&\QDUD�VFRO\PXV�/��

7KH�XVH�RI�D�KLJK�FRQFHQWUDWLRQ�DONDOLQH�WUHDWPHQW�LV�D�IXQGDPHQWDO�VWHS�IRU�WKH�

UHPRYDO�RI�OLJQLQ�IURP�UDZ�VDPSOHV��$W�WKH�VDPH�WLPH�WKLV�DOORZV�WR�REWDLQ�WKH�

SRO\PRUSK�,,�RI�FHOOXORVH�DQG�DIWHU�DFLG�K\GURO\VLV�� WKH�VXVSHQVLRQ�RI�&1&�,,�

�&1&�SRO\PRUSK�,,���7KHUHIRUH��WR�HOLPLQDWH�WKH�SDUWV�WKDW�DUH�QRW�RI�LQWHUHVW�DQG�

REWDLQ�SXUH�FHOOXORVH�WR�EH�SURFHVVHG�IXUWKHU��DQ�DONDOLQH�WUHDWPHQW�RI�WKH�VDPSOH�

LV�IRUHVHHQ��,Q�GHWDLO��WKH�DUWLFKRNHV�ZDVWH�ZDV�ZDVKHG�LQ�ZDWHU�DW�����&��GULHG�LQ�

D� YHQWLODWHG� RYHQ� DW� ��� �&� IRU� ��� KRXUV� DQG� ILQDOO\� PLQFHG�� 7ZR� GLIIHUHQW�
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SURFHGXUHV�ZHUH�WHVWHG�WR�HOLPLQDWH�DOO�FRPSRQHQWV�RWKHU�WKDQ�FHOOXORVH����7KH�

ILUVW�SURFHGXUH��$��LQFOXGHV��

• D�VROXWLRQ�RI�WROXHQH���HWKDQRO��������Y���Y��LQ�D�6R[KOHW�DSSDUDWXV�IRU���

KRXUV�

• YDFXXP�SXPS�WR�GU\�WKH�VROLG�UHVLGXH�

• HWKDQRO�IRU���K�WR�UHPRYH�UHVLGXDO�WROXHQH�DQG�YDFXXP�GU\LQJ�

6ROXEOH� DQG� LQVROXEOH� IUDFWLRQV� �PDLQO\� ZD[HV� DQG� IDWW\� DFLGV�� DUH� UHPRYHG�

WKURXJK�PL[WXUHV�RI�SRODU�DQG�QRQ�SRODU�VROYHQWV��7KH�GHOLJQLILFDWLRQ�WDNHV�SODFH�

XVLQJ����0�1D2+�LQ�VROLG�VROXWLRQ�UDWLR������Z�Y��DW�����&�IRU���KRXUV��ZKLOH�IRU�

WKH�EOHDFKLQJ�SURFHGXUH�� WKH�VDPSOH�ZDV�GLVSHUVHG� LQ�ZDWHU�DW�����&��6RGLXP�

FKORULGH�DQG�DFHWLF�DFLG�� LQ�D�PRODU�UDWLR�RI������ZHUH�DGGHG�DW� LQWHUYDOV�RI����

PLQXWHV��LQ�D�����UDWLR�ZLWK�WKH�SXOS���7KH�WUHDWPHQW�ZDV�UHSHDWHG���WLPHV��7KH�

XVH� RI� VRGLXP� ELFDUERQDWH�� LQ� D� FRQFHQWUDWLRQ� RI� �0� DW� ��� �&� IRU� �� KRXUV��

JXDUDQWHHV�WKH�UHPRYDO�RI�WKH�KHPLFHOOXORVH�IURP�WKH�SXOS�ZDVKHG�LQ�ZDWHU�DQG�

GULHG�LQ�DQ�RYHQ�DW�����&��7KH�VROLG�UHVLGXH�ZDV�WKHQ�VHSDUDWHG�E\�FHQWULIXJDWLRQ��

ZDVKHG�ZLWK�GLVWLOOHG�ZDWHU��ILOWHUHG��DQG�GULHG�DJDLQ���

)RU�WKH�VHFRQG�SURFHGXUH��%���

• &\QDUD�ZDVWH�ZDV�ERLOHG�LQ�GLVWLOOHG�ZDWHU�DW�����&�IRU���K�DQG�GULHG�DW�

����&�IRU����K��7KH�SURFHVV�ZDV�UHSHDWHG�WZLFH�

• 1D2+���0��ZDV�XVHG�IRU�WKH�GHOLJQLILFDWLRQ��ZLWK�VROLG��VROXWLRQ�UDWLR�����

�Z�Y���DW�����&�IRU���K����

• 7KH�SXOS�ZDV�ZDVKHG�LQ�GLVWLOOHG�ZDWHU�DQG�GULHG�IRU����K�DW�����&���

• 6RGLXP�FDUERQDWH�ZDV�XVHG�WR�UHPRYH�WKH�KHPLFHOOXORVH�DQG�WR�EOHDFKLQJ�

SURFHVV�ZLWK�GU\�SXOS�1D�&2��UDWLR�RI�������Z�Z����

• 7KH�SURGXFW�ZDV�KHDWHG�DW�����&� IRU� WZR�KRXUV�XQWLO� WKH�VROLG�EHFDPH�

ZKLWH���

7KH�GLVSHUVLRQ�ZDV�FHQWULIXJHG�WR�UHPRYH�WKH�H[FHVV�UHDJHQWV�DQG�FHOOXORVH�ILEHUV�

ZHUH�ZDVKHG�DQG�GULHG��
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7KURXJK�ERWK�SURFHGXUHV�$�DQG�%�LW�LV�SRVVLEOH�WR�REWDLQ�WKH�SXOS�DQG�WKHQ�H[WUDFW�

WKH�QDQRFHOOXORVH�XVLQJ�VXOIXULF�DFLG�DW�����Z�Y��DW�����&�IRU����PLQ��IROORZLQJ�

WKH�PHWKRG�GHVFULEHG�LQ�FKDSWHU����SDUDJUDSK������

$V�UHJDUGV�SURFHGXUH��$��WKH�VRO�ZDV�FDOOHG�&1&�6�DQG�IRU�SURFHGXUH��%��&1&�

16���

�

�����5HDFWLRQ�RI�R[LGDWLRQ�RI�FHOOXORVH�VRXUFHV�

�������3UHSDUDWLRQ�RI�7(032�R[LGDWHG�QDQRFHOOXORVH�

7KH� VHOHFWLYH� R[LGDWLRQ� RI� SULPDU\� DOFRKRO� ZDV� SHUIRUPHG� XVLQJ� ��������

7HWUDPHWK\OSLSHULGLQH� ��R[\O� �7(032��� 7KH� &1&� VXVSHQVLRQ� �&1&�&/� RU�

&1&�+�� GHVFULEHG� LQ� FKDSWHU� ��� SDUDJUDSK� ����� ZDV� WUHDWHG� ZLWK� WKH�

7(032�1D%U�1D&O2� UHDFWLRQ� V\VWHP�XQGHU�YDULRXV� FRQGLWLRQV��7(032�ZDV�

DGGHG�WR�D�&1&�VXVSHQVLRQ��NHHSLQJ�WKH�PPRO�UDWLR�RI�7(032�J�RI�FHOOXORVH�

FRQVWDQW��7KH�DPRXQWV�RI�1D%U�DQG�1D&O2�ZHUH�YDULHG��DV�UHSRUWHG�LQ�7DEOH����

$IWHU�WKH�HVWDEOLVKHG�UHDFWLRQ�WLPH��WKH�UHDFWLRQ�ZDV�TXHQFKHG�E\�DGGLQJ��P/�RI�

HWKDQRO��)LQDOO\��D�����0�+&O�VROXWLRQ�ZDV�XVHG�WR�QHXWUDOL]H�WKH�UHDFWLRQ�PL[WXUH��

ZKLFK�ZDV� WKHQ�SXULILHG� LQ�GLDO\VLV� WXEH�XQWLO� QHXWUDO� S+��7DEOH��� UHSRUWV� WKH�

H[SHULPHQWDO� FRQGLWLRQV� WR� REWDLQ� R[LGL]HG� &1&�� 7KH� VDPSOH� LV� ODEHOOHG� DV�

“TOCNC” foOORZHG�E\�WKH�QXPEHU�RI�WKH�H[SHULPHQW���

�

�

�

�
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7DEOH����([SHULPHQWDO�GDWD�IRU�7(032�PHGLDWHG�R[LGDWLRQ�UHDFWLRQ�RI�&1&�

6DPSOH�
&1&�

VRXUFH�
&HOOXORVH�

�J��

7(032�

�PPRO�J��

1D%U�

�PPRO�J��

1D&O2�

�PPRO�J��
7���&��

5HDFWLRQ�

WLPH�

72&1&��� &1&�&/� ����� �� ���� �� ��� �K�

72&1&��� &1&�+� ����� �� ���� �� ��� �K�

72&1&��� &1&�&/� ����� �� ���� ��� ��� �K�

72&1&��� &1&�&/� ����� �� ���� �� ��� �K�

72&1&��� &1&�+� ����� �� �� �� ��� �K�

72&1&��� &1&�+� ����� �� �� �� ��� �K�

72&1&���� &1&�+� ����� �� ��� �� ��� �K�

72&1&���� &1&�&/� ����� �� �� �� ��� �K�

72&1&���� &1&�&/� ����� �� �� �� ��� �K�

72&1&���� &1&�&/� ����� �� �� �� ��� �K�

72&1&���� &1&�+� ����� �� ��� �� ��� �K�

72&1&���� &1&�+� ����� �� ��� �� ��� �K�

72&1&���� &1&�+� ����� �� �� �� ��� �K�

72&1&���� &1&�+� ����� �� �� �� ��� �K�

72&1&���� &1&�+� ����� �� �� �� ��� �K�

72&1&���� &1&�+� ����� �� �� �� ��� �K�

�������1RQ�VHOHFWLYH�R[LGDWLRQ�RI�FHOOXORVH�VRXUFHV�

1RQ�VHOHFWLYH� R[LGDWLRQ� UHDFWLRQV� RI� FHOOXORVH� LQYROYH� K\GURJHQ� SHUR[LGH� DV�

R[LGDWLRQ� UHDJHQW�� 0LFURILEULOODWHG� FHOOXORVH� SRZGHU� ZDV� XVHG� DV� FHOOXORVH�

VRXUFH��7KH�UHDFWLRQ�ZDV�FDUULHG�RXW�IROORZLQJ�WKH�SURWRFRO�UHSRUWHG�E\�)DQ�������

P/� RI� +�2�� ����� ZW�� DQG� �� PJ� RI� )H62�ā�+�2� ZHUH� DGGHG� WR� �� J� RI�

PLFURILEULOODWHG�FHOOXORVH��7KH�VXVSHQVLRQ�ZDV�VRQLFDWHG�IRU����PLQXWHV�DQG�WKHQ�

VWLUUHG�DW�����&�IRU���KRXUV��7KH�SURGXFW��&1&�R[��ZDV�FHQWULIXJDWHG�XQWLO�QHXWUDO�

S+��
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�����5HDFWLRQ�RI�DPLGDWLRQ�
�

)XQFWLRQDOL]DWLRQ�ZLWK�DPLQR�JURXSV�ZDV�SHUIRUPHG�IROORZLQJ�WZR�PHWKRGV��WKH�

('&�1+6� V\VWHP� DQG� WKH� $37(6� DGGLWLRQ� RQ� &1&� RU� R[LGDWHG� &1&�

VXVSHQVLRQV��,Q�ERWK�UHDFWLRQV�WKH�IRFXV�ZDV�WKH�LQWURGXFWLRQ�RI�WKH��1+��PRLHW\�

RQWR�WKH�FHOOXORVH�QDQRFU\VWDOV��

�

�������&1&�IXQFWLRQDOL]DWLRQ�ZLWK�('&�1+6�V\VWHP�

$FFRUGLQJ� WR�5XL]�3DORPHUR����R[LGL]HG�QDQRFHOOXORVH� �72&1&�VDPSOHV�ZLWK�

����PPRO�J�RI�FDUER[\ODWH�JURXSV���('&�+&O������PPRO��DQG�1+6������PPRO��

ZHUH�VXVSHQGHG�LQ�0H2+�LQ�DQ�LQHUW�DWPRVSKHUH�IRU����PLQXWHV��6HSDUDWHO\�D�

0H2+�VROXWLRQ�ZDV�SUHSDUHG�FRQWDLQLQJ����PPRO�RI�HWK\OHQHGLDPLQH�DQG�����

PPRO�RI� WULHWK\ODPLQH��7KH�PL[�RI� WKH� WZR�VROXWLRQV�ZDV�NHSW�XQGHU�FRQVWDQW�

VWLUULQJ�IRU����KRXUV�DW� URRP�WHPSHUDWXUH��7KH�SURGXFW�ZDV� WKHQ�SXULILHG�ZLWK�

GLFKORURPHWKDQH� DQG� HWK\O� DFHWDWH� WR� UHPRYH� LPSXULWLHV��7KHQ��GLVWLOOHG�ZDWHU�

ZDV�XVHG�WR�QHXWUDOL]H�S+��7KH�SRZGHU�ZDV�GULHG�LQ�WKH�RYHQ�DW�����&��7KH�ILQDO�

SURGXFW�LQ�IRUP�RI�SRZGHU�ZDV�ODEHOOHG�DV�&1&�1+��

������� &1&� IXQFWLRQDOL]DWLRQ� ZLWK� ���$PLQRSURS\O��
WULHWKR[\VLODQH��$37(6��

�

$� FHUWDLQ� DPRXQW� RI� PLFURILEULOODWHG� FHOOXORVH� RU� FHOOXORVH� QDQRFU\VWDOV� ZDV�

GLVSHUVHG�LQ�GLVWLOOHG�ZDWHU�XQGHU�VWLUULQJ�DQG�VRQLFDWLRQ�F\FOHV�LQ�D�IODVN�RI�WKH�

DSSURSULDWH�YROXPH�XQWLO�D�FROORLGDO�VXVSHQVLRQ�ZDV�REWDLQHG�WR�ZKLFK�$37(6�

ZDV� DGGHG� >�� �J�� QDQRFHOOXORVH��� �� �P/��$37(6��� ���� �P/��+�2�@����*ODFLDO�

DFHWLF�DFLG�ZDV�DGGHG� WR� WKH�UHDFWLRQ�PL[WXUH� WR� UHDFK�S+���� WKH� UHDFWLRQ�ZDV�

EURXJKW�WR�UHIOX[�IRU���KRXUV�XQGHU�VWLUULQJ��7KH�UHDFWLRQ�PL[WXUH�ZDV�WUDQVIHUUHG�
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WR�D�FU\VWDOOL]HU�DQG�OHIW� WR�HYDSRUDWH�XQGHU�D�KRRG��WR�IRUP�D�ILOP��ZKLFK�ZDV�

WUDQVIHUUHG�WR�WKH�PXIIOH�DQG�EURXJKW�WR������&�IRU�RQH�KRXU��7KH�UHDFWLRQ�UDZ�

SURGXFW�ZDV�WKHQ�UHGLVSHUVHG�LQ�ZDWHU�DQG�VRQLFDWHG�IRU����PLQXWHV�WR�REWDLQ�D�

VXVSHQVLRQ� ZKLFK� ZDV� SXULILHG� ZLWK� ��� FHQWULIXJDWLRQ�ZDVKLQJ� F\FOHV� ZLWK�

GLVWLOOHG� ZDWHU�� 7KH� ILQDO� VXVSHQVLRQV� ZHUH� QDPHG� &1&�$37(6� DQG� &0)�

$37(6��UHVSHFWLYHO\��

�

�����&1&�IXQFWLRQDOL]DWLRQ�ZLWK�SRO\GLPHWK\OVLOR[DQH��3'06���

 Stable CNC suspensions were mixed with hydrophobic polydimethylsiloxane 

(PDMS-OH): 20 mL of aqueous suspension of CNC (1% w/v) was mixed with 2 

mL of PDMS. The reaction was stirred at room temperature until completely 

mixed. The final suspension was called CNC-PDMS. �

�

�����&1&�IXQFWLRQDOL]DWLRQ�ZLWK�VLOYHU�QDQRSDUWLFOHV�
�

7KH�ELRFLGDO�DFWLYLW\�ZDV�HYDOXDWHG�LQWURGXFLQJ�PHWDOOLF�VLOYHU�QDQRSDUWLFOHV�LQWR�

FHOOXORVH� QDQRFU\VWDOV� VXVSHQVLRQ�� $J�� QDQRSDUWLFOHV� ZHUH� V\QWKHVL]HG� LQ�

DTXHRXV�VROXWLRQ�VWDUWLQJ�IURP�$J12���39$�����Z�Y��DQG�1D%+��IROORZLQJ�D�

SURFHGXUH�GHVFULEHG�LQ�WKH�OLWHUDWXUH�������$IWHUZDUGV�WKH�VROXWLRQ�ZDV�XVHG�LQ�D�

���� YROXPHWULF� UDWLR� WR� D� NQRZQ� YROXPH� RI� &1&� ���� Z�Y��� 7KH� ILQDO�

FRQFHQWUDWLRQ�RI�VLOYHU�QDQRSDUWLFOHV�LQ�WKH�&1&�VXVSHQVLRQ�ZDV�����SSP��7KH�

VRO�ZDV�FDOOHG�&1&�$J���

�

�

�
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���&KDUDFWHUL]DWLRQ�
�����S+�PHDVXUHPHQWV�

�

The pH of the CNC aqueous suspensions was measured with a Crison Basic 20 

pH meter. The pH measurements were made in triplicate and the average of these 

values was considered.�

�

�

�����<LHOG���DQG�&RQFHQWUDWLRQ�GHWHUPLQDWLRQ��
�

The yield % of CNC suspensions were calculated following the formula (1):�

� 𝑌𝑖𝑒𝑙𝑑 (%) =  𝑚𝑓∗𝑉𝑖𝑚𝑖∗𝑉𝑓 ∗ 100�����������������
�

where mi is the initial mass of cellulose, Vi is the volume of the total CNC 

suspension obtained, mf is the mass of dry CNC and Vf is the volume of the 

suspension.�

The determination of the concentration of the samples was carried out 

gravimetrically, by drying an aliquot of the samples in an oven at 40 °C. The 

following formula (2) was applied to calculate the concentration:�

� C = 𝑚(𝑔)𝑉(𝑚𝐿) ∗ 100                    (2)�

�

where m represents the weight in grams of the sample after drying in an oven and 

V the volume of dried suspension expressed in mL.�

�
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����� '\QDPLF� OLJKW� VFDWWHULQJ� �'/6�� DQG� (OHFWURSKRUHWLF� OLJKW�
VFDWWHULQJ��(/6��
�

%URRNKDYHQ���3OXV�1DQRSDUWLFOH�6L]H�$QDO\]HU�RSHUDWLQJ�LQ�WKH�UDQJH�RI�����QP–

6 μm, by dynamic light scattering (DLS) was used to determine hydrodynamic 

GLDPHWHU�RI�WKH�VDPSOHV�REWDLQHG��7KH�]HWD�SRWHQWLDO�PHDVXUHPHQWV�HVWDEOLVKHG�

WKH�VXUIDFH�FKDUJH�RI�WKH�QDQRFU\VWDOV�E\�HOHFWURSKRUHWLF�OLJKW�VFDWWHULQJ��(/6���

7KH�PHDVXUHPHQWV�ZHUH�FROOHFWHG�DW����&����VFDQV�IRU�HDFK�DQDO\VLV���$OO�VROV�

ZHUH�GLOXWHG�LQ�GLVWLOOHG�ZDWHU�ZLWK�D�ILQDO�FRQFHQWUDWLRQ�RI�DERXW������PJ�P/��

�

�����5DPDQ�VSHFWURVFRS\�

All powder samples were investigated with Raman spectroscopy. The spectra 

were recorded at 632.8 nm (He-Ne, 15 mW) with a Horiba - Jobin Yvon LabRam 

microspectrometer, equipped with 1800 lines/mm holographic grating and a 

Peltier cooled CCD detector (1024 × 256), using an ultralong working distance 

x50 microscope objective (Olympus MSPlan ULWD, numerical aperture 0.55). 

The silicon band at 520.6 cm−1 was used to calibrate the system. The laser power 

on the samples was less than 1 mW, obtained by means of density filters. Typical 

exposures were 10−60s, with 5–9 repetitions. The data analysis was performed 

by Labspec 5 (Horiba) software. �

�����)RXULHU�7UDQVIRUP�,QIUDUHG�6SHFWURVFRS\��)7,5���

The FTIR spectra, in ATR mode, of all samples were obtained using the Thermo- 

Nicolet Nexus spectrometer equipped with Thermo Smart Orbit ATR diamond 

accessory, in the range 4000–400 cm−1, with a spectral resolution of 4 cm−1. For 

the study of polimorph I and II, the curve fitting was carried out by LabSpec 5 

software (Jobin Yvon Horiba, Kyoto, Japan), after background subtraction by a 
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2nd degree polynomial. The number of peaks involved were determined based on 

the second derivative of FTIR spectra in the range 3300–3700 cm−1 54.�

�����;�5D\�'LIIUDFWLRQ��;5'���
�

7KH� ;�UD\� GLIIUDFWLRQ� FKDUDFWHUL]DWLRQ� ZDV� SHUIRUPHG� ZLWK� D� 7KHUPR� $5/�

X’TRA X�UD\�GLIIUDFWRPHWHU�ZLWK�6L�/L�GHWHFWRU��XVLQJ�&X�Kα radiation at 40 kV 

and 40 mA. The samples were scanned in a 2θ range of 5–�����7KH�FU\VWDOOLQLW\�

LQGH[��&,���RI�WKH�&1&V�ZDV�FDOFXODWHG�DFFRUGLQJ�WR�WKH�PHWKRG�SURSRVHG�E\�

6HJDO��������

𝐶𝐼(%) = 𝐼200−𝐼𝑎𝑚𝐼200 ∗ 100���������������������
ZKHUH�,����LV�WKH�PD[LPXP�SHDN�LQWHQVLW\�FRUUHVSRQGLQJ�WR�WKH�������UHIOHFWLRQ�

at 2θ ≈ 22�� for cellulose II and ≈ 23�� for cellulose Iβ, which represents the 

FU\VWDOOLQH� UHJLRQ�� ZKLOH� ,DP�� ZKLFK� FRQFHUQV� WKH� DPRUSKRXV� SRUWLRQ�� LV� WKH�

minimum intensity value at 2θ ≈ 1��·�����EHWZHHQ�WKH�SHDNV�UHODWLYH�WR�WKH�������

DQG� ������ UHIOHFWLRQV���� 7R� JDLQ� IXUWKHU� VWUXFWXUDO� GHWDLOV� RI� WKH� FHOOXORVH�

QDQRILEHUV� LQ� WHUPV� RI� FU\VWDO� VL]H�� SRO\PRUSK� LGHQWLILFDWLRQ�� SUHIHUUHG�

RULHQWDWLRQ��DQG�DPRUSKRXV�IUDFWLRQ��D�5LHWYHOG�UHILQHPHQW�ZDV�FDUULHG�RXW�RQ�WKH�

RYHUDOO�;�UD\�GLIIUDFWLRQ�SDWWHUQ��7R�GHILQH�WKH�GLIIUDFWLRQ�SHDNV�VKDSH��D�SVHXGR�

Voigt profile function was adopted where the gaussian contribution (G(θ)) is 

H[SUHVVHG�E\�������

G(θ) = GUtan2θ + GVtanθ + GW + GP/cos2θ���������������

*8�� *9�� DQG� *:� FRUUHVSRQG� WR� WKH� &DJOLRWL� SDUDPHWHUV� GHVFULELQJ� WKH�

LQVWUXPHQWDO� FRQWULEXWLRQ� RI� WKH� YDULDWLRQ� LQ� IXOO�ZLGWK� DW� KDOI� PD[LPXP�

�):+0��DV� D� IXQFWLRQ� RI� WKH�GLIIUDFWLRQ�DQJOH� �REWDLQHG�E\� WKH� ILWWLQJ�RI� WKH�

VWDQGDUG�$O�2����7KH�*3�WHUP�LV�XVHG�LQ�WKH�6FKHUUHU�HTXDWLRQ�������
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CS (crystal size) = Kλ/π √ GP�����������������

ZKHUH�&6�LV�WKH�DYHUDJH�GLDPHWHU�RI�WKH�FU\VWDOV��.�LV�D�IRUP�IDFWRU��WDNHQ������

in spherical approximation), and λ is the wavelength of the incident beam. GP is 

WKH�):+0�FRUUHODWHG� WR� WKH� LQWHJUDO�ZLGWK� IRU� HDFK� UHIOHFWLRQ�DQG�GHSHQGHQW�

IURP�WKH�&6���

2ULJLQ� �� VRIWZDUH� �2ULJLQ/DE�&RUSRUDWLRQ��1RUWKDPSWRQ��86$��ZDV� XVHG� IRU�

SHDN�GHFRQYROXWLRQ��

�����&RQGXFWLPHWULF�WLWUDWLRQ�

The degree of oxidation of TOCNC samples was determined by conductometric 

titration following the method reported by Habibi57 using a Dosimat 665 

Metrohm doser and a Crison microCM 2201 conductivity meter. In details, 50 μL 

of 1.2 M HCl was added before starting the titration. The samples were titrated 

with a standardized 0.00978 M NaOH solution on potassium hydrogen phthalate 

and the titration was checked using the automatic burette. After each addition, 

the conductivity value of the solution was measured. Some trials were carried out 

to find the number of points that would be most suitable to record to construct 

the titration curve. 15 mL of titrant has been used and measure at 1 mL intervals 

between 0 - 4 mL, at 0.3 mL intervals between 4 - 8 mL, and at 1 mL intervals 

between 8 - 15 mL. Once the data for each sample was collected, the data was 

then processed by finding the equivalence volume corresponding to the strong 

acid titration and the equivalence volume corresponding to the weak acid 

titration. The difference between these two volumes of equivalence corresponds, 

as number of equivalents, to the quantity of weak acid present in the solution, 

associated with the quantity of oxidized nanocrystals. The first part of the curve 

(figure 1) corresponds to the titration of the strong acid, added in a known 

quantity to each sample: the measured conductivity decreases linearly with the 

volume of NaOH added, due to the consumption of free protons that contribute 
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to the conductivity of the solution. When the buffer system is reached, the curve 

shows a plateau ; carboxylated cellulose nanocrystals behaves like a weak acid�

CNC-COOH ⇄ CNC-COO- + H+�

Finally, after the addition on NaOH excess, the conductivity increases following 

the addition of OH- ions to the solution. From the titration curve, to find the 

equivalent volume each time, it is necessary to find the length of the plateau, 

obtainable from the difference between the volume of titrant in which the buffer 

system ends and the volume in which it begins. The starting volume of the buffer 

system corresponds to the intersection between the line that best interpolates the 

points corresponding to the strong acid line (orange line in figure 1) and the line 

that best interpolates the points of the buffer section (black line in figure 1). 

Similarly, the end volume of the buffer system is given by the intersection 

between the line that best interpolates the points corresponding to the flat section 

of the curve and the line that interpolates the excess base (blue line in figure 1).�

�

)LJXUH����,OOXVWUDWLRQ�RI�WKH�PHWKRG�XVHG�WR�FDOFXODWH�WKH�HTXLYDOHQW�YROXPH�

After obtaining the two equivalence volumes V1 and V2, formula (6) was used to 

calculate the degree of oxidation (DO %) of the individual samples57�

𝐷𝑂 (%) = 162 𝑥 𝐶 𝑥 (V2−𝑉1)𝑤−36 𝑥 𝐶 𝑥  (𝑉2−𝑉1) 𝑥 100           (6)�
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where C is the concentration of NaOH (mol / l), V1 and V2 are the volumes of 

NaOH (L), and w (g) is the mass of the sample dried; the value 36 corresponds 

to the difference between the molecular weight of an AGU and that of a unit of 

sodium salt, while 162 is the molecular mass of an AGU57. The error associated 

with the degree of oxidation was also calculated, spreading the uncertainty over 

the volumes on the above parameter. The uncertainty on the volume corresponds 

to 1/1000 of the flow rate of the burette, which in this case corresponds to 50 ml.�

�����7KHUPRJUDYLPHWULF�DQDO\VLV��7*$��
�

7KHUPRJUDYLPHWULF�DQDO\VLV�ZDV�FDUULHG�RXW�WR�DVVHVV�WKH�WKHUPDO�VWDELOLW\�RI�WKH�

VDPSOHV��7*$�DQDO\VHV�ZHUH�FDUULHG�RXW�E\�PHDQV�RI�D�3HUNLQ�(OPHU�7*$�����

LQVWUXPHQW� �PDVV� VDPSOH�� �–�� PJ�� DW� D� KHDWLQJ� UDWH� RI� ��� �&� PLQ−�� LQ� WKH�

WHPSHUDWXUH� UDQJH� ��–���� �&�� 7KH� PHDVXUHPHQWV� ZHUH� SHUIRUPHG� DW� DQ�

DWPRVSKHULF�SUHVVXUH�XQGHU�DLU�DWPRVSKHUH��7KH�'7*�FXUYHV�ZHUH�FDOFXODWHG�E\�

VHFRQG�GHULYDWH�RQ�7*$�FXUYHV�XVLQJ�/DE6SHF���VRIWZDUH��-RELQ�<YRQ�+RULED��

.\RWR��-DSDQ���

�

�����7UDQVPLVVLRQ�(OHFWURQ�0LFURVFRSH��7(0���

The JEOL 2200FS field emission microscope operating at 200 kV accelerating 

voltage, equipped with two High Angle Annular Dark Field detectors (HAADF) 

and the Energy Dispersive X-ray Spectrometer (EDX) was used to investigate 

the shape and size of the cellulose particles in the samples. All the investigations 

were performed in the HAADF Scanning TEM (STEM) mode to detect the Z 

contrast in the images and to obtain compositional maps of the samples by EDX. 

The samples for the observations were prepared by dropping a diluted sample 

(0.01, w/w% in water) onto 300-mesh holey carbon copper grids. �
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������6ROLG�6WDWH�105��66105��

SSNMR measurements were carried out on a Bruker Avance Neo spectrometer 

working at Larmor frequencies of 500.13 and 125.77 MHz for 1H and 13C nuclei, 

respectively. Depending on the sample amount, either a double-resonance 

CP/MAS (cross polarization/magic angle spinning) probe-head, accommodating 

rotors with external diameter of 4 mm, or a triple-resonance H/X/Y CP/MAS 

probe-head, accommodating rotors with external diameter of 2.5 mm, was used. 

The 13C experiments were performed at different MAS frequencies (from 5 to 15 

kHz) using a 1H-13C CP pulse sequence with a contact time of 1 ms, chosen based 

on variable contact time experiments and literature data58, and a recycle delay of 

5-7 s. From 400 to 40000 scans were accumulated, depending on the sample and 

on the probe-head. The 13C chemical shift was referenced to the signal of 

adamantane at 38.46 ppm, used as external standard. All experiments were 

performed at room temperature using dry air as spinning gas. �

������%LRFLGDO�DFWLYLW\�
�

7KH� EDFWHULD� (VFKHULFKLD� FROL� �*UDP� QHJDWLYH�� DQG� %DFLOOXV� VXEWLOLV� �*UDP�

SRVLWLYH��ZHUH�XVHG�WR�WHVW�WKH�DQWLPLFURELDO�DFWLYLW\�RI�&1&�IXQFWLRQDOL]HG�ZLWK�

VLOYHU� �&1&V�$J��� 7KH�PLQLPXP� LQKLELWRU\� FRQFHQWUDWLRQ� �0,&�� YDOXHV�ZHUH�

GHWHUPLQHG�E\�WKH�EURWK�GLOXWLRQ�PHWKRG��(DFK�WHVW�FRQGLWLRQ�ZDV�UHSOLFDWHG�IRXU�

WLPHV�� 7KH� JURZWK� RI� WKH� (�� FROL� DQG� %�� VXEWLOLV� LQ� 76%� PHGLXP� �7KHUPR�

6FLHQWLILF70�7U\SWRQH�6R\�%URWK��ZDV�HYDOXDWHG�DV�FRQWURO��7KH�EDFWHULD������μO��

ZHUH�LQRFXODWHG�LQWR����ZHOOV�RI�D�PLFURWLWUDWLRQ�SODWH�LQ�ZKLFK�ZHUH�LQRFXODWHG�

���� μO� RI� &1&�&/�� &1&�:3�� &1&�&/�$J�� &1&�:3�$J� DQG� VLOYHU�

QDQRSDUWLFOHV�VXVSHQVLRQV��GHFUHDVLQJ�FRQFHQWUDWLRQ�XS����SSP�WR������SSP��WR�

WHVW� WKHLU� VHQVLWLYLW\�� 7KH� WHVWV� ZHUH� LQFXEDWHG� IRU� ��� K� DW� ��� �&�� 7KHQ�� WKH�

DEVRUEDQFH� DW� ���� QP� �$EV����� ZDV� PHDVXUHG�� $W� WKH� VDPH� ZDYHOHQJWK� WKH�
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DEVRUEDQFH�UHODWLQJ�RQO\�WR�WKH�VXVSHQVLRQV�WHVWHG�ZLWK�WKH�EDFWHULD�ZHUH�UHFRUGHG�

WR�VXEWUDFW�WKLV�YDOXH�DW�WKH�PHGLXP��

�

������(OHPHQWDO�DQDO\VLV�

7R�TXDQWLI\�WKH�SUHVHQFH�RI�WKH�HOHPHQWV�LQ�WKH�VDPSOHV��HOHPHQWDO�DQDO\VHV�ZHUH�

SHUIRUPHG�RQ�D�7KHUPR�)LVFKHU�6FLHQWLILF�)ODVK6PDUW�&+16�DQDO\]HU��7KH�VROV�

ZHUH�GULHG�DQG�WKH�SRZGHUV�REWDLQHG�ZHUH�DQDO\]HG���

�

���5HVXOWV�DQG�GLVFXVVLRQ�
�����S+�PHDVXUHPHQWV�

)RU�DOO�VROV�REWDLQHG�DIWHU�K\GURO\VLV�S+�YDOXHV�ZHUH�PHDVXUHG�DQG�WKHLU�YDOXHV�

DUH� UHSRUWHG� LQ� WDEOH� ��� *HQHUDOO\�� WKH� XVH� RI� GLIIHUHQW� DFLG� JLYHV� WKH� DFLGLW\�

�S+����ZKLOH� WKH� DPLQR�JURXSV�RU�1D2+� �S+����FRQIHU� WKH� DONDOLQLW\��7KH�

GLDO\VLV�SURFHVV�DOORZV�WR�HOLPLQDWH�WKH�H[FHVV�UHDJHQWV�EXW�DOVR�WR�KDYH�S+�YDOXHV�

DURXQG�QHXWUDOLW\���

7DEOH����S+�YDOXHV�RQ�&1&��6WDQGDUG�GHYLDWLRQ�LQ�SDUHQWKHVHV��

6DPSOH� S+�

&1&�&/� ��������

&1&�+� ��������

&1&�:3� ��������

&1&�6� ��������

&1&�16� ��������

72&1&�� ��������

&1&�R[� ��������

&1&�$37(6� ��������

&1&�1+� ��������

&1&�3'06� ��������

&1&�$J� ��������



� ϰϱ�

�

�����<LHOG���DQG�FRQFHQWUDWLRQ�GHWHUPLQDWLRQ��

)ROORZLQJ�WKH�IRUPXODV�����DQG�����UHSRUWHG�LQ�FKDSWHU����SDUDJUDSK������WKH�\LHOG�

DQG�WKH�FRQFHQWUDWLRQ�IRU�HDFK�&1&�ZHUH�FDOFXODWHG���7KH�YDOXHV�REWDLQHG�DUH�

VXPPDUL]HG�LQ�WDEOH����7KH�EHWWHU�\LHOG�������LV�REWDLQHG�IRU�WKH�H[WUDFWLRQ�IURP�

FRWWRQ�OLQWHU�E\�+�62���������SUREDEO\�GXH�WR�WKH�HIILFLHQF\�RI�WKH�DFLG�W\SH�DQG�

WKH�SXUH�VXEVWUDWH�XVHG��:KHQ�D�QRQ�SXUH�PDWHULDO�LV�XVHG�DV�VWDUWLQJ�PDWHULDO��

VXFK� DV� ZDVWHSDSHU� RU� DJULFXOWXUDO� ZDVWH�� WKH� XVH� RI� DQ� DFLG� ZLWK� D� ORZHU�

FRQFHQWUDWLRQ� ������ LV� QHFHVVDU\� EHFDXVH� KLJK� FRQFHQWUDWLRQV� DUH� YHU\�

DJJUHVVLYH��FDXVLQJ�WKH�FRPSOHWH�FDUERQL]DWLRQ�RI�WKH�SURGXFW��2Q�WKH�RWKHU�KDQG��

WKH�XVH�RI�D�UHGXFHG�DFLG�FRQFHQWUDWLRQ�FDXVHV�D�ORZHU�\LHOG�DV�VKRZQ�LQ�WDEOH����

)RU�VDPSOH�&1&�+�ORZ�\LHOG�LV�REVHUYHG��SUREDEO\�GXH�WR�D�PLQRU�HIILFLHQF\�RI�

WKH�K\GURFKORULF�DFLG�ZLWK�UHVSHFW�WR�WKH�VXOIXULF�DFLG���

7KH�FRQFHQWUDWLRQ�LV�DURXQG�����Z�Y��IRU�DOO�&1&�VDPSOHV���

�
7DEOH����<LHOG�DQG�FRQFHQWUDWLRQ��H[SUHVVHG�LQ�SHUFHQWDJH��RI�WKH�SURGXFW�REWDLQHG��

6DPSOH� <LHOG����� &RQFHQWUDWLRQ�����

&1&�&/� ��� �����

&1&�+� ��� ����

&1&�:3�
�

��� �����

&1&�6� ��� �����

&1&�16� ��� �����

�



� ϰϲ�

����� '\QDPLF� OLJKW� VFDWWHULQJ� �'/6�� DQG� (OHFWURSKRUHWLF� OLJKW�
VFDWWHULQJ��(/6��

'\QDPLF� /LJKW� 6FDWWHULQJ� ZDV� XVHG� WR� LQYHVWLJDWH� WKH� &1&� K\GURG\QDPLF�

GLDPHWHU��7DEOH�����7KH�VXVSHQVLRQV�KDYH�DOPRVW�XQLIRUP�VL]H�GLVWULEXWLRQ��DQG�

WKHLU�VWDELOLWLHV�KDYH�EHHQ�HYDOXDWHG�E\�(/6�PHDVXUHPHQWV��*HQHUDOO\��YDOXHV�RI�

]HWD� SRWHQWLDO� RXWVLGH� ����P9� �� ����P9� UDQJH�� LQGLFDWH� JRRG� VRO� VWDELOLW\� DV�

UHSRUWHG� E\� %KDWWDFKDUMHH���� 7KH� QHJDWLYH� � 3RWHQWLDO� LQGLFDWHV� IRUPDWLRQ� RI�

VWDEOH�VXVSHQVLRQV�LQ�DOO�&1&�������H[FHSW�IRU�&1&�+��'XULQJ�WKH�DFLG�K\GURO\VLV�

ZLWK�VXOIXULF�DFLG�WKH�HVWHULILFDWLRQ�RI�K\GUR[\O�JURXSV�OHDGV�WR�WKH�SUHVHQFH�RI�

VXOIDWH�JURXSV�ZLWK�QHJDWLYH�FKDUJH�RQ�WKH�VXUIDFH�RI�WKH�FU\VWDOV��7KH�QHJDWLYHO\�

FKDUJHV�FRQWULEXWH�WR�WKH�VWDELOL]DWLRQ�RI�WKH�VXVSHQVLRQV�WKDQNV�WR�HOHFWURVWDWLF�

UHSXOVLRQ�����,W�FDQ�EH�QRWHG�WKDW�LQ�WKH�FDVH�RI�&1&�H[WUDFWHG�E\�ZDVWH�PDWHULDOV�

VXFK� DV� VDPSOHV�&1&�6��&1&�16� DQG�&1&�0)�� WKHUH� DUH� ORZHU�� 3RWHQWLDO�

YDOXHV�WKDQ�WKRVH�REWDLQHG�E\�&1&�IURP�FRWWRQ�OLQWHU��7KLV�FDQ�EH�H[SODLQHG�E\�

WKH� GLIIHUHQW� FRQFHQWUDWLRQ� RI� VXOIXULF� DFLG� XVHG� GXULQJ� WKH� K\GURO\VLV� SKDVH��

ZKLFK�WKHUHIRUH�EULQJV�D�VPDOOHU�QXPEHU�RI�QHJDWLYH�VXUIDFH�FKDUJHV��7KH�YDOXHV�

RI� WKH� GLDPHWHU� RI� WKH� QDQRFU\VWDOV� DUH� UHIHUUHG� WR� WKH� K\GURG\QDPLF� UDGLXV��

FRQVLGHULQJ�WKH�VSKHUH�RI�K\GUDWLRQ��7KH�KLJK�YDOXH�RI�K\GURG\QDPLF�GLDPHWHU�

IRU�&1&�16�LV�SUREDEO\�GXH�WR�WKH�WDQJOHG�QHWZRUN��7KH��SRWHQWLDO�RI�&1&�6�

LV� WKHUHIRUH� FRPSDUDEOH� WR� WKDW� RI� WKH� &1&�0)�� ,W� LV� DOVR� REVHUYHG� WKDW� WKH�

FHOOXORVH�VXVSHQVLRQV�REWDLQHG�E\�K\GURO\VLV�ZLWK�K\GURFKORULF�DFLG�KDYH�D�YHU\�

ORZ�]HWD�SRWHQWLDO�DV�H[SHFWHG�IURP�D�SUDFWLFDOO\�DEVHQW�VXUIDFH�FKDUJH��WKLV�LV�WKH�

FDVH� RI� VDPSOH� &1&�+�� ,Q� WKH� FDVH� RI� R[LGDWHG� QDQRFHOOXORVH� VXVSHQVLRQV�

�72&1&� VDPSOHV�� WKH� FRQWULEXWLRQ� RI� WKH� FDUERQ\O� JURXS� SURGXFHV� D� JRRG�

HOHFWURVWDWLF� UHSXOVLRQ�EHWZHHQ� WKH�QDQRFU\VWDOV� LQFOXGHG� LQ� WKH�VWDELOLW\� UDQJH�

IRU� FROORLGDO� VXVSHQVLRQV�� )RU� WKH� VRO� RI� QDQRFHOOXORVH� IXQFWLRQDOL]HG� ZLWK�

$37(6��D�ORZHU�VWDELOLW\�LV�REVHUYHG�ZLWK�D�WHQGHQF\�WR�SUHFLSLWDWH�D�IHZ�GD\V�
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DIWHU�SUHSDUDWLRQ��7KLV�FDQ�EH�H[SODLQHG�FRQVLGHULQJ�WKH�KLJK�YDOXH�RI�WKH�PHDQ�

K\GURG\QDPLF�GLDPHWHU�RI�WKH�SDUWLFOHV��$OO�VXVSHQVLRQV�FRQWDLQLQJ�&0)�SRZGHU�

ZHUH�QRW�DQDO\]HG�EHFDXVH�VWDEOH�GLVSHUVLRQV�LQ�ZDWHU�ZHUH�QRW�REWDLQHG�GXH�WR�

WKHLU�ODUJH�SDUWLFOH�VL]H����

�
7DEOH����'/6�DQG� SRWHQWLDO�RQ�&1&�

6DPSOH� +\GURG\QDPLF�GLDPHWHU��QP�� �3RWHQWLDO��P9��
&1&�&/� ��������� ��������
&1&�+� ��������� �������
&1&�:3� ��������� ��������
&1&�6� ��������� ��������
&1&�16� ��������� ��������
&1&�0)� ��������� ��������

&1&�$37(6� ��������� ��������
&1&�R[� ��������� ���������
72&1&��� �������� ���������
72&1&��� ��������� ��������
72&1&��� ��������� ��������
72&1&��� ��������� ��������
72&1&���� ��������� ��������
72&1&���� ��������� ��������
72&1&���� ��������� ��������

� � �
�

�����5DPDQ�VSHFWURVFRS\�
�

5DPDQ�VSHFWURVFRS\�LV�XVHIXO�IRU�IXQFWLRQDO�JURXSV�LGHQWLILFDWLRQ�DV�ZHOO�DV�IRU�

LGHQWLILFDWLRQ�RI�FU\VWDOOLQLW\�RI�WKH�VDPSOHV���,Q�SDUWLFXODU�LQ�ILJXUH���WKH�5DPDQ�

VSHFWUD� RI� VDPSOHV� &1&�&/� DQG� &1&�:3� DUH� UHSRUWHG� DQG� FRPSDUHG� ZLWK�

VDPSOH� RI� SXUH� FHOOXORVH�� 7KH� VSHFWUD� ZHUH� QRUPDOL]HG� WR� WKH� PDLQ� SHDN� RI�

FHOOXORVH�DW������FP����7KH�SHDN�DW������FP����DVVLJQHG�WR�VWUHWFKLQJ�YLEUDWLRQ�RI�

&�2�ERQG��LV�UHODWHG�WR�WKH�FHOOXORVH�FU\VWDOOLQLW\����,Q�WKH�UHJLRQ�����������FP�

��WKH�YLEUDWLRQDO�EDQGV�RI�&+�DQG�&+��GHIRUPDWLRQ�PRGHV�ZLWK�&�2�VWUHWFKLQJ�

PRGHV����DW������FP���DQG������FP���WKH�EHQGLQJ�PRGHV�RI�&+���DUH�IRXQG��ZLWK�

FRQWULEXWLRQ�IURP�ν�+�&�2+���DW������FP���WKH�&+�EHQGLQJ�DQG�DW������FP���WKH�

&+��WZLVWLQJ�DQG�&��2+�EHQGLQJ��7KH�SHDNV�DW������DQG������FP���DUH�DVVLJQHG�
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WR�D�FRPELQDWLRQ�RI�νDV&�2�&�ZLWK�+�&�2�RXW�RI�SODQH�GHIRUPDWLRQ��7KH�SHDNV�

DW�ORZHU�ZDYHQXPEHUV�DUH�GXH�WR�WKH�ODWWLFH�PRGHV�RI�WKH�S\UDQRVLF�ULQJ��

�

)LJXUH����5DPDQ�VSHFWUD�RI�SXUH�FHOOXORVH��&1&�&/�DQG�&1&�:3�

�
�����)RXULHU�7UDQVIRUP�,QIUDUHG�6SHFWURVFRS\��)7,5��
�

7KH�)7,5� VSHFWURVFRS\� DOORZV� LGHQWLI\LQJ� WKH� IXQFWLRQDO� JURXSV� RI�&1&� DQG�

PRQLWRULQJ�WKH�JRRGQHVV�RI�UHDFWLRQV��)7,5�FDQ�EH�DOVR�XVHG�WR�GHILQH�WKH�HPSLULF�

FU\VWDOOLQLW\�LQGH[��7KH�)7,5�VSHFWUD�RI�GULHG�VDPSOHV�RI�&1&�&/�DQG�&1&�:3�

DUH�UHSRUWHG� LQ�FRPSDULVRQ�ZLWK�SXUH�FHOOXORVH� LQ� ILJXUH����7KH�2+�VWUHWFKLQJ�

YLEUDWLRQV�������DQG������FP−���LQ�ERWK�&1&�DUH�VKLIWHG�WR�ORZHU�ZDYHQXPEHUV�

UHVSHFW� WR� SXUH� FHOOXORVH� VDPSOH� ������ FP−��� EHFDXVH� WKH� LQWUDPROHFXODU�

K\GURJHQ�ERQGV�LQ�WKH�FU\VWDOOLQH�GRPLQH�DUH�VWURQJHU����7KH�EDQG�DW������FP���

DWWULEXWHG� WR� &+�� bending vibration, is described as “crystalline absorption 

band”����7KH�UDWLR�EHWZHHQ�WKLV�LQWHQVLW\�DQG�WKH�YLEUDWLRQ�DW�����FP−���DVVLJQHG�

WR� &�2�C β�JO\FRVLGLF� OLQNDJHV�� GHILQHV� the “empiric crystallinity index” of 

QDQRFHOOXORVH��0DQ\�DXWKRUV��–���UHSRUW�WKDW�DQ�LQFUHDVH�LQ�LQWHQVLW\�RI�WKH�EDQGV�

DW�����FP−��������FP−��������FP−��������FP−��DQG�DW�����FP−��FRUUHVSRQGV�WR�

DQ�LQFUHDVH�LQ�WKH�FU\VWDOOLQLW\�RI�WKH�QDQRFHOOXORVH���
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�

)LJXUH����)7,5�VSHFWUD�RI�SXUH�FHOOXORVH��&1&�&/�DQG�&1&�:3�

�
5HJDUGLQJ�WKH�VDPSOHV�REWDLQHG�IURP�DUWLFKRNH�ZDVWH��IROORZLQJ�WZR�GLIIHUHQW�

H[SHULPHQWDO�PHWKRGRORJLHV�RI�H[WUDFWLRQ�DV�UHSRUWHG�LQ�WKH�H[SHULPHQWDO�SDUW��

)7,5�WHFKQLTXH�DOORZV�WR�FKDUDFWHUL]H�WKH�&1&�REWDLQHG�DQG�WR�GLVFULPLQDWH�WKH�

W\SH�RI�SRO\PRUSK��,Q�ILJXUH���� WKH�&1&�&/��&1&�6��&1&�16�DQG�&1&�0)�

VSHFWUD�ZHUH�QRUPDOL]HG�ZLWK�UHVSHFW�WR�&+�VWUHWFKLQJ�YLEUDWLRQV������������FP�

�� UDQJH��� )RU� WKH� &1&�6� DQG� &1&�16� VSHFWUD�� WKH� IHDWXUHV� RI� OLJQLQ�

FRPSRQHQWV����ν&�2�RI�DFHW\O�DQG�HVWHU�JURXSV�DW������FP����ν& &�RI�DURPDWLF�

ULQJ�DW�DERXW�����������FP���DQG�ν&�2�RI�DU\O�JURXSV�DW������FP���DUH�DEVHQW����

$V� NQRZQ� IURP� WKH� OLWHUDWXUH�� WKH� DONDOL� WUHDWPHQW� OHDGV� WR� WKH� IRUPDWLRQ� RI�

SRO\PRUSK� ,,�� 7KLV� FRQYHUVLRQ� FDQ� EH� PRQLWRUHG� E\� )7,5�� 7KH� GLIIHUHQFHV�

between polymorph Iβ and II are evident in the ν2+�YLEUDWLRQ�UHJLRQ��,Q�IDFW��WZR�

QHZ�VLJQDOV�DSSHDU�DW������FP���DQG������FP���DVVLJQHG�WR�ν2�+�HQJDJHG�LQ�+�

ERQGV�IRU�SRO\PRUSK�,,�LQ�VDPSOHV�&1&�6��&1&�16�DQG�&1&�0)��0RUHRYHU��

WKH�EDQG�DW������FP���GXH�WR�&+��DQG�WKH�EDQG�DW�����FP���DVVLJQHG�WR�ν&�2�&�

RI� WKH� β�JO\FRVLGLF� OLQNDJH���� IRXQG� LQ� WKH� VSHFWUXP� RI� &1&�&/� VDPSOH�

�SRO\PRUSK� ,��� DUH� VKLIWHG� DW� ����� FP��� DQG� ���� FP���� UHVSHFWLYHO\���� LQ� WKH�

VSHFWUD�RI�&1&�6��&1&�16�DQG�&1&�0)��)LQDOO\��WKH�GLIIHUHQFHV�EHWZHHQ�WKH�

WZR�SRO\PRUSKV�DUH� HYLGHQW� LQ� WKH����������FP��� UHJLRQ�� GXH� WR� WKH�GLIIHUHQW�



� ϱϬ�

LQWHUPROHFXODU�DQG�LQWUDPROHFXODU�ERQGV��7DEOH���VKRZV�WKH�)7,5�EDQGV�DQG�WKHLU�

DVVLJQPHQW��������

�
)LJXUH����)7,5�VSHFWUD�RI�&1&�H[WUDFWHG�IURP�FRWWRQ�OLQWHU��&1&�&/�DQG�&1&�0)��DQG�IURP�&\QDUD�

VFRO\PXV�/���&1&�16�DQG�&1&�6��

7DEOH����7KH�DVVLJQPHQW�RI� WKH�PDLQ�)7,5�EDQGV�RI�&1&�,β� �&1&�&/��DQG�&1&�,,� �&1&�0)��&1&�6��
&1&�16��DFFRUGLQJ�WR�UHIHUHQFHV��WKH�EDQG�VKLIW�DQG�DEVRUEDQFH�LQWHQVLW\�YDULDWLRQ�IURP�FHOOXORVH�,β�DQG�
FHOOXORVH�,,��5HSURGXFHG�ZLWK�SHUPLVVLRQ�IURP�5HI����

:DYHQXPEHU��FP���� ν (cm������$EVRUEDQFH�FKDQJH� $VVLJQPHQW�

CNC Iβ� &1&�,,� � �

����� ����� ������� ν2�+���2��LQWUDPROHFXODU�+�ERQGV�

����� ����� ������� ν2�+���2��LQWUDPROHFXODU�+�ERQGV�

����� ����� ������ νCH�

����� ����� ����� δCH��

����� ����� �����∇� δCH (C1)�

����� ����� ����∇� δC–+�

����� ����� ���∇� δ&2+�LQ�SODQH��&��RU�&���

����� ����� ������ δCOH in plane (C6)�

����� ����� ����� δCOH in plane�

����� ����� ����∇� νDV&2&�����JO\FRVLGLF�ERQG��

����� ����� �����∇� νC�2+�RI�&��

���� ���� ����� &�2�YDOHQFH�YLEUDWLRQ�RI�&��

���� ���� ���� &2&�RI�WKH�ν�JO\FRVLGLF�ERQG�DQG�RU�HWKHU�JURXS�

���� ���� ����� δCOH out of plane�

���� � � τOH�RI�&��

.H\�WR�V\PEROV��ν��VWUHWFKLQJ��δ��EHQGLQJ��τ��WRUVLRQ��Δ��LQFUHDVH��∇��GHFUHDVH�����HTXDO��
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7KH�)7,5�LQYHVWLJDWLRQ�DOORZV�DOVR�WR�VWXG\�WKH�HPSLULFDO�UHODWLRQVKLS�RQ�WKH�UDWLR�

RI�WKH�DEVRUSWLRQ�EDQGV�DW������FP���DQG������FP����NQRZQ�DV�+\GURJHQ�%RQG�

,QWHQVLW\��+%,���WR�REWDLQ�LQIRUPDWLRQ�RQ�WKH�GHJUHH�RI�LQWHU��DQG�LQWUDPROHFXODU�

+�ERQGLQJ����$FFRUGLQJ�WR�OLWHUDWXUH�WKHUH�LV�DQ�LQYHUVH�UHODWLRQVKLS�EHWZHHQ�&,�

DQG�+%,�������7KH�&1&�&/�LV�FKDUDFWHUL]HG�E\�KLJKHU�&,��DQG�D�ORZHU�+%,�������

�����FRPSDUHG�WR�WKH�PHUFHUL]HG�VROV��&1&�0)� �����������&1&�6� ����������

&1&�16�  � ����� �� ���� 7KH� XVH� RI� DONDOL� VROXWLRQ� FDXVHV� WKH� EUHDNLQJ� RI� WKH�

LQWUDPROHFXODU� K\GURJHQ� ERQG� WKDW� VWDELOL]HV� WKH� β�JO\FRVLGLF� OLQNDJH� LQ�

FU\VWDOOLQH�FHOOXORVH����7KH�LUUHYHUVLEOH�FRQYHUVLRQ�RI�WKH�SRO\PRUSK�FDXVHV�WKH�

PRGLILFDWLRQ�RI�YRLGV�DQG�SRUHV�LQ�WKH�ILEHUV�DQG�FU\VWDO�VWUXFWXUH��)LJXUH���VKRZV�

WKH� K\GURJHQ� ERQG� QHWZRUNV� LQ� FHOOXORVH� ,β� �ILJ��D�� DQG� ,,� �ILJ�� �E��� 7KH�

JOXFRS\UDQRVH�XQLW�KDV�WKUHH�K\GUR[\O�JURXSV�WKDW�FDQ�EH�LQYROYHG�LQ�LQWHU�DQG�

LQWUDPROHFXODU�K\GURJHQ�ERQGV�ZLWK�DGMDFHQW�PROHFXOHV�RU�RI� WKH�VDPH�FKDLQ��

7KH� LQWHUPROHFXODU� K\GURJHQ� ERQGV� DUH� DOPRVW� RUWKRJRQDO� WR� WKH� D[LV� RI� WKH�

FHOOXORVH�FKDLQV��ZKLOH�WKH�LQWUDPROHFXODU�RQHV�DUH�DOPRVW�SDUDOOHO��

�
)LJXUH����3DWWHUQV�RI�LQWHU��DQG�LQWUDPROHFXODU�ERQG�LQ�FHOOXORVH�,β��D��DQG�,,��E���7KH�F\DQ�DQG�
OLJKW�JUHHQ�GRWWHG�OLQHV�LQGLFDWH�LQWUD��DQG�LQWHU��PROHFXODU�K\GURJHQ�ERQGV��UHVSHFWLYHO\��

5HSURGXFHG�ZLWK�SHUPLVVLRQ�IURP�5HI����
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�
)LJXUH����'HFRQYROXWLRQ�RI�WKH�)7,5�VSHFWUD�DQG�VHFRQG�GHULYDWLYH�RI��D��&1&�&/��SRO\PRUSK�
,β��DQG��E��&1&�16��SRO\PRUSK�,,��LQ�WKH�����������FP���UHJLRQ��7KH�F\DQR�DQG�OLJKW�JUD\�
FRORXUV�UHIHU�WR�LQWUD��DQG�LQWHUPROHFXODU�+�ERQGV��UHVSHFWLYHO\��5HSURGXFHG�ZLWK�SHUPLVVLRQ�

IURP�5HI����

)LJXUH���VKRZV�WKH�FRQYROXWLRQ�RI�PXOWLSOH�VXE�EDQGV�LQ�WKH�YLEUDWLRQ�UHJLRQ�RI�

WKH�2+�VWUHWFKLQJ�� ,Q� ILJXUH��D� WKH� LQWHUPROHFXODU�K\GURJHQ�ERQGV� �OLJKW�JUD\�

FRORU�� LQYROYH� SULPDU\� DOFRKROV� DV� SURWRQ� GRQRUV� ZKLOH� WKH� LQWUDPROHFXODU�

K\GURJHQ�ERQGV��F\DQ�FRORU��DUH�SUHIHUDEO\�PDLQWDLQHG�E\�VHFRQGDU\�DOFRKROV��,Q�

ILJXUH� �E� WKH�2+�JURXSV� DUH� LQYROYHG� LQ� D� FRPSOH[� �'� QHWZRUN� RI�+� ERQGV�

EHWZHHQ�WKH�DQWLSDUDOOHO�DQG�VWDJJHUHG�FKDLQV����������

)7,5� VSHFWURVFRS\� DOORZV� WR� PRQLWRU� WKH� &1&� IXQFWLRQDOL]DWLRQ� UHDFWLRQV��

WKDQNV�WR�FKDUDFWHULVWLF�VLJQDOV�GXH�WR�QHZ�FRYDOHQW�ERQGV�RQ�WKH�VXUIDFH�RI�WKH�

QDQRFU\VWDOV��)RU�WKH�7(032�PHGLDWHG�R[LGDWLRQ�RI�&1&��DOO�VDPSOHV�REWDLQHG�

�72&1&��ZHUH�LQYHVWLJDWHG�ZLWK�WKH�)7,5�VSHFWURVFRS\��$V�VKRZV�LQ�ILJXUH����

WKH�FKDUDFWHULVWLF�YLEUDWLRQDO�VWUHWFKLQJ�RI�FDUERQ\O�JURXSV�DSSHDUV�DW������FP���

�������LQGLFDWHG�LQ�ILJXUH���ZLWK�D�GRWWHG�OLQH���1R�IXUWKHU�FKDQJHV��VXFK�DV�GHFUHDVH�

LQ�WKH�FU\VWDOOLQLW\��GHSRO\PHUL]DWLRQ�RU�YDULDWLRQ�RI�SRO\PRUSK��IURP�,�WR�,,��

DUH� REVHUYHG�� 7KH� )7,5� LQYHVWLJDWLRQ� LV� QRW� TXDQWLWDWLYH� EXW� DOORZV� WR�

GLVFULPLQDWH�WKH�SUHVHQFH�RI�FDUER[\O�RU�FDUERQ\O�JURXSV�������DQG������FP���

UHVSHFWLYHO\� DV� UHSRUWHG� LQ� OLWHUDWXUH�������� 7KH�7(032�PHGLDWHG� R[LGDWLRQ� RI�

FHOOXORVH�LV�D�VHOHFWLYH�UHDFWLRQ�WR�WKH�SULPDU\�2+�JURXS�DQG�GRHV�QRW�LQYROYH�WKH�

RWKHU� VHFRQGDU\� K\GUR[\O� JURXSV�� OHDYLQJ� WKH� LQWHU� DQG� LQWUDPROHFXODU�

LQWHUDFWLRQV�RI�FHOOXORVH�SRO\PRUSK�,�DOPRVW�XQDOWHUHG���
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�����

)LJXUH����)7,5�VSHFWUD�DFTXLUHG�RQ�72&1&�VDPSOHV�

�

7KH� )7,5� VSHFWUD� RI� WKH� SURGXFWV� REWDLQHG� E\� IXQFWLRQDOL]DWLRQ� ZLWK� DPLQR�

JURXSV� DUH� UHSRUWHG� LQ� ILJXUHV� �D� DQG��E�� 7KH� W\SLFDO� VLJQDOV� RI� FHOOXORVH� DUH�

HYLGHQW�LQ�DOO�VSHFWUD��WKH�EDQG�DW������FP���LV�DVVLJQHG�WR�2+�VWUHWFKLQJ��DW������

FP���is present the CH stretching, νDV�&2&�DW������FP��, the ν C�2+�DW������FP�

��and the COC of the ν�JO\FRVLGLF�ERQG�DW�����FP����,Q�DGGLWLRQ��LW�LV�SRVVLEOH�WR�

REVHUYH�WKH�SUHVHQFH�RI�D�SHDN�DW������FP���DWWULEXWDEOH�WR�WKH�1�+�EHQGLQJ�RI�

WKH�SULPDU\�DPLQH�SUHVHQW� LQ� WKH�RUJDQLF�SHQGDQW�JUDIWLQJ�RQWR� WKH� VXUIDFH�RI�

IXQFWLRQDOL]HG�QDQRFHOOXORVH�VDPSOHV���

�

�
)LJXUH����D��)7,5�VSHFWUXP�DFTXLUHG�RQ�&1&�1+�VDPSOH��E��)7,5�VSHFWUD�FRPSDULQJ�&1&�

&/�DQG�&1&�$37(6�VDPSOHV���
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7R� HYDOXDWH� WKH� JRRGQHVV� RI� WKH� K\GURSKRELF� IXQFWLRQDOL]DWLRQ�� WKH� )7,5�

LQYHVWLJDWLRQ�ZDV�XVHG�WR�KLJKOLJKW�WKH�SUHVHQFH�RI�WKH�VLOR[DQH�JURXS��)LJXUH���

UHSRUWV� WKH� FRPSDULVRQ� EHWZHHQ� VSHFWUD� RI� &1&� IXQFWLRQDOL]HG� ZLWK� 3'06�

�VSHFWUXP�LQ�UHG��DQG�WKDW�RI�SXUH�3'06��VSHFWUXP�ZLWK�EODFN�OLQH���7KH�W\SLFDO�

VLJQDOV�RI�WKH�SRO\PHU���DUH�HYLGHQW�DQG�WKH�DWWULEXWLRQ�RI�WKH�VLJQDOV�DUH�UHSRUWHG�

LQ�WDEOH����

7DEOH����)7�,5�DEVRUSWLRQ�EDQGV�DQG�WKHLU�DVVLJQPHQWV�WR�3'06�IXQFWLRQDO�JURXSV�

:DYHQXPEHU��FP���� $VVLJQPHQW�

����� DV�&+��

����� �&+��

����� �&+��

���� �&+��

����� DV�6L�2�6L�

����� �6L�2�6L�

���� �6L�&�

�

�

�
)LJXUH����)7,5�VSHFWUD�RQ�&1&�3'06��UHG�OLQH��DQG�SXUH�3'06��EODFN�OLQH��
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�����;�5D\�3RZGHU�'LIIUDFWLRQ��;53'���
�

7KH�;53'�WHFKQLTXH�ZDV�SULPDULO\�XVHG�WR�LGHQWLI\�WKH�FU\VWDOOLQH�SKDVHV�DQG�WR�

HYDOXDWH�WKH�FU\VWDOOLQLW\�LQGH[�RI�WKH�REWDLQHG�PDWHULDOV�IROORZLQJ�WKH�PHWKRG�RI�

6HDJDO� �VHH� IRUPXOD� ���� LQ� FKDSWHU� ��� SDUDJUDSK� ������ $V� UHSRUWHG� LQ� WKH�

OLWHUDWXUH������ both polymorphs (Iβ and II) crystallize in the same monoclinic 

V\PPHWU\� �3��� VSDFH� JURXS�� EXW� WKH\� DUH� FKDUDFWHUL]HG� E\� D� GLIIHUHQW� VSDWLDO�

GLVWULEXWLRQ�RI�WKH�SRO\PHULF�FHOOXORVH�FKDLQV��DOLJQHG�DORQJ�WKH�F�D[LV�EXW�ZLWK�D�

GLIIHUHQW�SDFNLQJ�PHGLDWHG�E\�LQWHUPROHFXODU�K\GURJHQ�ERQGV��ILJXUH������7KH�

WZR�FU\VWDO� VWUXFWXUHV�DQG�FRUUHVSRQGLQJ�DWRPLF�SRVLWLRQV�ZHUH�REWDLQHG� IURP�

HDUOLHU�OLWHUDWXUH�������

�
)LJXUH�����&U\VWDO�SDFNLQJ�RI�SRO\PRUSKV�,E�DQG�,,�RI�FHOOXORVH��5HSURGXFHG�ZLWK�SHUPLVVLRQ�

IURP�5HI����

�

)RU�SRO\PRUSK�,��WKH�SODQDU�VKHHWV�RI�SRO\VDFFKDULGH�FKDLQV�DUH�VWDFNHG�DORQJ�

WKH�E�D[LV��ZKHUHDV�SRO\PRUSK�,,�LV�FRQVWLWXWHG�RI�D�KRQH\FRPE�OLNH�GLVWULEXWLRQ�

RI�WKH�FKDLQV��7KH�GHWDLOHG�VWUXFWXUH�PD\�EH�IRXQG�LQ�OLWHUDWXUH��������

6DPSOHV�&1&�&/�DQG�&1&�0)�KDYH�EHHQ�VHOHFWHG�DV�VWDQGDUG�IRU�SRO\PRUSK�

,�DQG�SRO\PRUSK�,,��UHVSHFWLYHO\��)LJXUH���D�VKRZV�WKH�5LHWYHOG�UHILQHPHQW���

EDVHG�RQ�WKH�FU\VWDO�VWUXFWXUH�IRU�WKH�,β�SKDVH�DQG�IHDWXUHG�E\�WKH�WKUHH�LQWHQVH�

SHDNV�DW�2θ = 22.7° (200 crystallographic plane), peaks at 2θ = 14.7° (1–���FU\VWDO�

planes), 2θ = 16.4° (110 crystal planes), 2θ = 20.5° (012 + 102) and peak at 2θ = 

�������������$V�UHSRUWHG�E\�)UHQFK���WKH�LQWHQVLW\�RI�����FU\VWDOORJUDSKLF�SODQH�



� ϱϲ�

is related to the fraction of crystalline cellulose, while the region 2θ ∼� ����
EHWZHHQ�WKH�������DQG��������KDYH�D�PLQLPXP�RI�LQWHQVLW\�DQG�LW�LV�DVVRFLDWH�WR�

the amorphous fraction of the Iβ������

�

������ �
)LJXUH�����5LHWYHOG�DQDO\VLV�IRU�D��SRO\PRUSK�,β��DFTXLUHG�RQ�VDPSOH�&1&�&/��DQG�E��

SRO\PRUSK�,,��DFTXLUHG�RQ�&1&�0)���7KH�WLFNV�PDUN�WKH�UHIOHFWLRQV�RI�WKH�PRQRFOLQLF�FU\VWDO�
VWUXFWXUH�DQG�WKH�EODFN�OLQH�LQGLFDWHV�WKH�FDOFXODWHG�ILWWLQJ���

�

7KH�5LHWYHOG�UHILQHPHQW�FRQYHUJHV�WR�D�YDOXH�RI�*3�LQGLFDWLQJ�D�FU\VWDO�VL]H�RI�

DSSUR[LPDWHO\����QP��:LWK�0DUFK�'ROODVH�FRUUHFWLRQ�IRU�SUHIHUUHG�RULHQWDWLRQ��

DQ� HYLGHQW� LPSURYHPHQW� RI� WKH� VWUXFWXUDO� UHILQHPHQW� \LHOGV� ILQDO� DJUHHPHQW�

IDFWRUV� 5S ������ 5ZS ������ 6XFK� HIIHFW� LV� H[SHFWHG�� FRQVLGHULQJ� WKDW� WKH�

FHOOXORVH�ILEHU�JURZV�DORQJ� WKH�F�D[LV�DQG� WKH�UHIOHFWLRQV�VKRZLQJ�DSSUHFLDEOH�

LQWHQVLW\�EHORQJ�WR�WKH�KN��FODVV��7KLV�SURILOH�KDV�EHHQ�REVHUYHG�IRU�VDPSOHV�RI�

&1&�&/�DQG�&1&�:3��

7KH�5LHWYHOG�UHILQHPHQW�IRU�WKH�SRO\PRUSK�,,�VWDQGDUG��&1&�0)�VDPSOH��ZDV�

SHUIRUPHG�IROORZLQJ�WKH�VDPH�SURFHGXUH��,W�LV�UHSRUWHG�LQ�ILJXUH���E��7KH�FU\VWDO�

VL]H�DSSURDFKHV����QP�LQGLFDWLQJ�D�VOLJKW�GHFUHDVH�RI�WKH�FU\VWDOOLWHV�GLPHQVLRQ�

LI�FRPSDUHG�WR�WKH�,β�FRXQWHUSDUW��7KHVH�SURILOHV�KDYH�EHHQ�REVHUYHG�IRU�VDPSOHV�

&1&�0)��&1&�6�DQG�&1&�16�DV�LQGLFDWHG�LQ�ILJXUH�����

�
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�
)LJXUH�����;�UD\�GLIIUDFWLRQ�VSHFWUD�RI�WKH�PHUFHUL]HG�&1&�VDPSOHV��&1&�16��&1&�6�DQG�

&1&�0)���5HSURGXFHG�ZLWK�SHUPLVVLRQ�IURP�5HI������

�

)LJXUH����VKRZV�WKH�GLIIUDFWLRQ�SDWWHUQ�RI�VHOHFWHG�R[LGDWHG�VDPSOHV��72&1&��

DQG�72&1&�����HYLGHQFLQJ�WKH�W\SLFDO�SURILOH�RI�SRO\PRUSK�,��

�
)LJXUH�����;5'�FRPSDULVRQ�RI�&1&�&/�DQG�72&1&���DQG�72&1&����

,Q� ILJXUH� ��� WKH� SDWWHUQ� RI� WKH� VDPSOH� REWDLQHG� ZLWK� QRQ�VHOHFWLYH� R[LGDWLRQ�

�FKDSWHU���SDUDJUDSK��������LV�VKRZQ��,W�VXJJHVWV�D�SURILOH�FRPSDUDEOH�ZLWK�WKDW�

RI�SRO\PRUSK�,�EXW�WKH�H[WHQGHG�DPRXUSKRXV�UHJLRQ�SUHYHQWHG�XV�WR�GR�IXUWKHU�

DQDO\VHV���



� ϱϴ�

�
)LJXUH�����;53'�RQ�R[LGDWH�&1&�

�

)ROORZLQJ�IRUPXOD�����LW�LV�SRVVLEOH�WR�FDOFXODWH�WKH�FU\VWDOOLQLW\�LQGH[��&,���RI�

DOO�VDPSOHV�DQDO\]HG��7DEOH���UHSRUWV�WKH�&,��RI�VHYHUDO�VDPSOHV�RI�&1&�DQG�

R[LGDWHG�&1&��REWDLQHG�IROORZLQJ�WKH�SURFHGXUHV�GHVFULEHG�LQ�WKH�H[SHULPHQWDO�

SDUW�� 7KH� &,�� IRU� &1&�6� DQG� &1&�16� LV� ���� DQG� ���� UHVSHFWLYHO\�� 7KH�

FU\VWDOOLQLW\� LQGH[�YDOXH�RI�&1&�16�LV�VLPLODU�WR�WKDW�IRXQG�IRU�VDPSOH�&1&�

0)��7KH�&,��REWDLQHG�IRU�&1&�&/�������LV�KLJKHU�EHFDXVH�RI�WKH�XVH�RI�D�SXUH�

FRWWRQ�UDZ�FHOOXORVH�PDWHULDO�DQG�D�IHZHU�QXPEHU�RI�H[WUDFWLRQ�VWHSV��

�
7DEOH����&U\VWDOOLQLW\�LQGH[��&,���RI�&1&V�FDOFXODWHG�ZLWK�WKH�6HJDO�PHWKRG�

6DPSOH� &,�� 6DPSOHV�72&1&� &,��

&1&�16� ��� 72&1&��� ���

&1&�0)� ��� 72&1&��� ���

&1&�6� ��� 72&1&��� ���

&1&�&/� ��� 72&1&��� ���

&1&�:3� ��� 72&1&��� ���

&1&�R[� ��� 72&1&���� ���

� � 72&1&���� ���

� � 72&1&���� ���

� � 72&1&���� ���

� � 72&1&���� ���
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�

)RU�DOO�R[LGDWHG�VDPSOHV�UHSRUWHG�LQ�WDEOH����D�KLJK�&,��LV�REVHUYHG��)RU�VDPSOHV�

72&1&����SUREDEO\� WKH�XVH�RI� WRR�PXFK�1D&O�RU� WRR� OLWWOH�1D%U�DIIHFWV� WKH�

FU\VWDOOLQLW\�E\�FUHDWLQJ�VHFRQGDU\�UHDFWLRQ�SURGXFWV�RU�E\�GHSRO\PHUL]LQJ�WKH�

&1&��$Q�H[FHOOHQW�FRPSURPLVH�KDV�EHHQ�IRXQG�IRU�WKH�72&1&������VDPSOHV��

,Q�WKHVH�R[LGL]HG�&1&V�VDPSOHV�WKH�FU\VWDOOLQLW\�LQGH[�LV�VOLJKWO\�ORZHU�WKDQ�WKDW�

REWDLQHG�IURP�&1&V�H[WUDFWHG�IURP�FRWWRQ�DQG�FRPSDUDEOH�ZLWK�&1&�:3��7KLV�

FRQILUPV� WKDW� WKH�7(032�PHGLDWHG�R[LGDWLRQ�RI� FHOOXORVH�GRHV�QRW� DIIHFW� WKH�

RYHUDOO�FU\VWDOOLQLW\�RI�WKH�VWDUWLQJ�PDWHULDO��

�

�����&RQGXFWLPHWULF�WLWUDWLRQ�

7R�HYDOXDWH�WKH�'HJUHH�2[LGDWLRQ��'2���DQG�WKH�JRRGQHVV�RI�R[LGDWLRQ�UHDFWLRQ�

WKH� FRQGXFWLPHWULF� WLWUDWLRQ� ZDV� SHUIRUPHG�� ,Q� WDEOH� �� WKH� GHJUHH� R[LGDWLRQ�

�'2��� UHVXOWV� REWDLQHG� IROORZLQJ� WKH� IRUPXOD� ���� DUH� UHSRUWHG��$FFRUGLQJ� WR�

+DELEL���WKH�GDWD�DUH�LQ�WKH�UDQJH�������EDVHG�RQ�WKH�GRVDJH�RI�1D&O2�XVHG�DQG�

RQ� WKH� RWKHU� SDUDPHWHUV�ZKLFK� FKDUDFWHUL]HG� WKH� V\QWKHVLV� RI� HDFK� VDPSOH�� ,Q�

VDPSOH�72&1&���PPRO�J�RI�1D&O2�ZDV�XVHG��LQ�WKLV�H[SHULPHQW�WKH�R[LGDWLRQ�

ZDV�XQVXFFHVVIXO��$�ODUJH�LQFUHDVH�LQ�WKH�GHJUHH�RI�R[LGDWLRQ�ZDV�REVHUYHG�ZKHQ�

1D&O2� GRVDJH� YDULHG� IURP� �� WR� ��� PPRO� �VDPSOH� 72&1&� �� DQG� VDPSOH�

72&1&���UHVSHFWLYHO\���7KHUHIRUH��WDNLQJ�LQWR�FRQVLGHUDWLRQ�RQO\�WKH�'2����DQ�

H[SRQHQWLDO�LQFUHDVH�LQ�WKH�HIILFLHQF\�RI�WKH�UHDFWLRQ�LV�REVHUYHG�E\�LQFUHDVLQJ�

WKH�TXDQWLW\�RI�1D&O2��6DPSOHV�72&1&������DQG�����RQ�WKH�RWKHU�KDQG��GLIIHU�

RQO\� LQ� WKH� DPRXQW� RI� 1D%U�� $Q� LQFUHDVH� LQ� WKH� GHJUHH� RI� R[LGDWLRQ� FDQ� EH�

REVHUYHG�EHWZHHQ�VDPSOHV�WUHDWHG�ZLWK���DQG���PPRO�J��DOPRVW�GRXEOH��+RZHYHU��

QR� VLJQLILFDQW� GLIIHUHQFH�ZDV� REVHUYHG� E\� LQFUHDVLQJ� WKH� GRVH� WR� ���PPRO�J��

+DYLQJ�FHUWLILHG�WKH�LPSRUWDQFH�RI�WKH�GRVDJH�RI�WKLV�FRPSRXQG�RQ�WKH�HIILFLHQF\�

RI�WKH�UHDFWLRQ��IXUWKHU�WHVWV�ZHUH�FDUULHG�RXW��DLPHG�DW�GHWHUPLQLQJ�KRZ�PXFK�



� ϲϬ�

FR�FDWDO\VW�ZDV�QHFHVVDU\�WR�REWDLQ�DQ�DSSUHFLDEOH�UHDFWLRQ�VSHHG�EXW�DW�WKH�VDPH�

WLPH�PLQLPL]LQJ�WKH�XVH�RI�ERWK�WKH�ODWWHU�DQG�RI�SULPDU\�R[LGDQW��WKXV�DLPLQJ�

IRU�D�JRRG�FRPSURPLVH�EHWZHHQ�UHDFWLRQ�WLPHV�DQG�\LHOG���

�
7DEOH����'HJUHH�R[LGDWLRQ�RI�DOO�VDPSOHV��
QG �QRW�GHWHUPLQDEOH�GXH�WR�ORZ�GHJUHH�RI�R[LGDWLRQ�

6DPSOHV�72&1&� '2�����
72&1&��� ���������

72&1&��� ��������

72&1&��� ���������

72&1&��� 
QG�

72&1&��� ��������

72&1&��� ��������

72&1&���� ��������

72&1&���� ��������

72&1&���� ��������

72&1&���� ��������

72&1&���� ����������

72&1&���� ��������

72&1&���� ��������

72&1&���� ���������

72&1&���� ��������

72&1&���� ��������

�

7ZR�SDLUV�RI�VDPSOHV��72&1&�������DQG�72&1&��������ZHUH�R[LGL]HG�XVLQJ�

UHVSHFWLYHO\���PPRO�RI�1D&O2�IRU�WKH�ILUVW�SDLU�DQG���PPRO�RI�1D&O2�IRU�WKH�

VHFRQG� SDLU�� ,Q� ERWK� FDVHV�� WKH� R[LGL]HG� VDPSOHV� ZLWK� D� JUHDWHU� DPRXQW� RI�

FRFDWDO\VW�UHVXOW�PRUH�R[LGL]HG��&RPSDULQJ�VDPSOHV�72&1&����DQG�����LW�FDQ�

EH�REVHUYHG�WKDW�LQ�WKH�VHFRQG�FDVH�LW�ZDV�SRVVLEOH�WR�REWDLQ�DQ�R[LGDWLRQ�GHJUHH�

WKDW�ZDV�QRW�VLJQLILFDQWO\�GLIIHUHQW�IURP�WKH�ILUVW�GHVSLWH�XVLQJ�D�VPDOOHU�TXDQWLW\�

RI�R[LGDQW��WKDQNV�WR�WKH�LQFUHDVH�LQ�WKH�FRFDWDO\VW�GRVDJH���



� ϲϭ�

6DPSOHV�72&1&���������DQG����ZHUH�LQVWHDG�GHVLJQHG�WR�YHULI\�WKH�HIIHFWV�RI�

WKH�EDVLFLW\�RI�WKH�UHDFWLRQ�HQYLURQPHQW��EHIRUH�DGGLQJ�WKH�SULPDU\�R[LGDQW��WKH�

PROHV�RI�1D2+�ZHUH�DGGHG� LQ� UDWLRV�RI���PPRO��J��72&1&��������PPRO��J�

�72&1&� ���� DQG� ��� PPRO��J� �72&1&� ���� UHVSHFW� WR� WKH� &1&�� ,W� FDQ� EH�

REVHUYHG�WKDW�D�KLJK�S+�YDOXH�DFKLHYHG�WKURXJK�DGGLWLRQ�RI�VWURQJ�EDVH�VHHPV�

QRW�WR�IDYRU�WKH�UHDFWLRQ�VLJQLILFDQWO\��D�VLJQ�WKDW�WKH�SULPDU\�R[LGDQW��RQFH�DGGHG��

PDNHV� WKH� DOUHDG\� EDVLF� S+� VXIILFLHQW� WR� WULJJHU� WKH� UHDFWLRQ�� )LQDOO\�� VRPH�

V\QWKHVHV� ZHUH� SHUIRUPHG� WR� GHWHUPLQH� WKH� WLPH� UHTXLUHG� IRU� WKH� UHDFWLRQ� WR�

FRPSOHWH��7R�REWDLQ�D�YHU\�KLJK�GHJUHH�RI�R[LGDWLRQ����KRXUV�PD\�EH�VXIILFLHQW��

DV� GHPRQVWUDWHG� E\� WKH� GHJUHH� RI� R[LGDWLRQ� RI� VDPSOHV� 72&1&� ���� ZKLOH�

72&1&�������K�RI�UHDFWLRQ��KDV�D�YHU\�ORZ�'2����

�

�����7KHUPRJUDYLPHWULF�DQDO\VLV��7*$��
�

7KHUPRJUDYLPHWULF�DQDO\VLV�KDV�EHHQ�SHUIRUPHG�RQ�&1&�DQG�RQ�R[LGL]HG�&1&�

VDPSOHV��)LJXUH���D�VKRZV�WKH�WKHUPRJUDYLPHWULF�FXUYHV��7*��DQG�ILJXUH���E�WKH�

FRUUHVSRQGLQJ�GHULYHG�FXUYHV��'7*��RQ�&1&�REWDLQHG�IURP�FRWWRQ�OLQWHU��&1&�

&/��� WKURXJK�6R[KOHW� �&1&�6��DQG�QR�6R[KOHW� �&1&�16��H[WUDFWLRQ�PHWKRGV�

DQG�E\�PHUFHUL]DWLRQ�SURFHVV��&1&�0)��DV�GHVFULEHG�LQ�WKH�H[SHULPHQWDO�SDUW��

7KH�LQLWLDO�ZHLJKW�ORVV��OHVV�WKDQ������DW�����&�DQG������&�FDQ�EH�DWWULEXWHG�WR�

WKH�ORVV�RI�KXPLGLW\�DEVRUEHG�E\�WKH�VXUIDFH��LQFOXGLQJ�FKHPLVRUEHG�ZDWHU�DQG�RU�

K\GURJHQ�ERXQG� ZDWHU���� $W� WHPSHUDWXUHV� DERYH� ���� �&�� &1&�&/� KDYH� WZR�

S\URO\VLV� SURFHVVHV�� REVHUYHG� LQ� WKH� '7*� FXUYH� EHWZHHQ� �������� �&� �����

ZHLJKW�ORVV��DWWULEXWHG�WR�WKH�SUHVHQFH�RI�VXOIDWH�JURXSV��RQ�WKH�FU\VWDOV�WKDW�OHDGV�

WR�D�GHFUHDVH�LQ�WKH�DFWLYDWLRQ�HQHUJ\�GXH�WR�&1&�GHJUDGDWLRQ��PDNLQJ�WKH�VDPSOH�

PRUH�VHQVLWLYH� WR� WKHUPDO�GHJUDGDWLRQ��DQG����������&� �����ZHLJKW� ORVV�� WKH�

GHJUDGDWLRQ�RI�WKH�FHOOXORVLF�QHWZRUN�������)XUWKHUPRUH��WKH�VPDOO�GLPHQVLRQV�RI�

WKH�&1&�&/�FU\VWDOV�JLYH�D�KLJK�VXUIDFH�DUHD�ZKLFK�FRXOG�SOD\�DQ�LPSRUWDQW�UROH�



� ϲϮ�

LQ� GHFUHDVLQJ� WKHLU� WKHUPDO� VWDELOLW\���� )RU� DOO� SRO\PRUSK� ,,� VDPSOHV� �&1&�6��

&1&�16��&1&�0)��WKH�GHJUDGDWLRQ�SURFHVV��ZLWK�D�ZHLJKW�ORVV�RI�DURXQG������

LV� UHFRUGHG� DW� KLJKHU� WHPSHUDWXUHV� ��������� �&��� SUREDEO\� GXH� WR� WKH� PRUH�

WDQJOHG�QHWZRUN�ZLWK�JUHDWHU�LQWHUDFWLRQ�RI�WKH�JURXSV��2+��ZKLFK�UHTXLUH�PRUH�

HQHUJ\�WR�LQLWLDWH�WKH�GHJUDGDWLRQ�SURFHVV��'XULQJ�WKH�PHUFHUL]DWLRQ�SURFHVV�WKH�

K\GUR[LGH�LRQV�SHQHWUDWH�ZLGHO\�LQVLGH�WKH�FU\VWDOV�SURGXFLQJ�D�VZHOOLQJ�RI�WKH�

&1&�DQG�DIWHU� WKHLU� UHPRYDO�GXULQJ�GLDO\VLV�� WKH�FHOOXORVH�FKDLQV� UHFU\VWDOOL]H�

LQWR�FHOOXORVH�,,��7KH�UHPRYDO�RI�KHPLFHOOXORVH�DQG�OLJQLQ�LPSURYHV�WKH�WKHUPDO�

VWDELOLW\�� 7KH� ODWHVW� ZHLJKW� ORVV� DERYH� ���� �&� LV� GXH� WR� WKH� FDUERQ� UHVLGXHV�

GHSRO\PHUL]DWLRQ�������

:LWK� WKH� 7(032�PHGLDWHG� R[LGDWLRQ�� VRPH� VXOIDWH� JURXSV� DUH� UHSODFHG� E\�

FDUERQ\O� JURXSV��$V� UHSRUWHG� LQ� ILJXUH� ��� F�G�� WKH� WKHUPRJUDP� RI�72&1&���

VDPSOH� VKRZV� EHWWHU� WKHUPDO� VWDELOLW\� WKDQ� LWV� VWDUWLQJ� VXEVWUDWH� �&1&�&/���

0RUHRYHU��WKH�SUHVHQFH�RI�FDUER[\O�JURXSV�DOORZV�WR�UHDFK�KLJKHU�WHPSHUDWXUHV�

WKDQNV�WR�WKH�EHWWHU�FURVV�OLQNLQJ�SURSHUWLHV�RI�WKHVH�JURXSV����2Q�WKH�FRQWUDU\��

ZKHQ� WKH� R[LGDWLRQ� LV� FDUULHG� RXW� RQ� QHXWUDO� &1&� �&1&�+���ZLWKRXW� VXUIDFH�

VXOSKDWH�JURXSV��D�GHFUHDVH�RI�WKHUPDO�VWDELOLW\�RI�WKH�R[LGDWHG�SURGXFW��72&1&�

����FDQ�EH�REVHUYHG��7KH�DEVHQFH�RI�QHJDWLYH� VXOIDWH�JURXSV� HQVXUHV� WKH� EHVW�

WKHUPDO�VWDELOLW\��WKH�GLIIHUHQFHV�EHWZHHQ�WZR�VXEVWUDWHV�DUH�HYLGHQW�LQ�ILJXUH����

H�I�LQ�ZKLFK�WKH�&1&�&/�KDV�D�YHU\�ORZ�WKHUPDO�VWDELOLW\�UHVSHFW�WR�&1&�+��$V�

UHSRUWHG� LQ� OLWHUDWXUH���WKHUH� LV� D� FRUUHODWLRQ� EHWZHHQ� WKHUPDO� VWDELOLW\� DQG� WKH�

VXUIDFH� FKDUJH� RI� WKH� VDPSOH�� )XUWKHUPRUH�� VXOIXULF� DFLG� FDWDO\]HV� WKH�

GHSRO\PHUL]DWLRQ�UHDFWLRQV�RQ�WKH�QDQRFU\VWDOV��,Q�GHWDLOV��DV�FDQ�EH�VHHQ�LQ�ILJXUH�

���G�DQG����K��IRU�DOO�WKH�VDPSOHV�D�ZHLJKW�ORVV�LV�REVHUYHG��HTXDO�WR������IRU�

72&1&��� DQG� DSSUR[LPDWHO\� ����� IRU�72&1&����� EHORZ� ���� �&��ZKLFK� LV�

DWWULEXWHG�WR�WKH�HYDSRUDWLRQ�RI�WKH�VXUIDFH�PRLVWXUH�RI�WKH�VDPSOH��



� ϲϯ�

�

�

�

�
)LJXUH�����7*$�RQ�D��&1&�SRO\PRUSKV�,�DQG�,,��F��&1&�&/�DQG�72&1&���H��&1&�&/�DQG�
&1&�+��J��&1&�+�DQG�72&1&�����'7*�RQ�E��&1&�SRO\PRUSKV�,�DQG�,,��G��&1&�&/�DQG�
72&1&���I��&1&�&/�DQG�&1&�+��K��&1&�+�DQG�72&1&�����)LJ��D��E�UHSURGXFHG�ZLWK�

SHUPLVVLRQ�IURP�5HI�����

�



� ϲϰ�

7KH�WKHUPRJUDP�RI�72&1&���VDPSOH��ILJXUH���G���VKRZV�WKH�ORVV�RI�DERXW�����

RI�WKH�LQLWLDO�PDVV�LQ�D�VLQJOH�VWHS��2Q�WKH�RWKHU�KDQG��WKH�WKHUPRJUDP�RI�72&1&�

��� VDPSOH� VKRZV� D� PXOWLVWHS� GHJUDGDWLRQ� SURFHVV�� $� ILUVW� GHFRPSRVLWLRQ� LV�

REVHUYHG�ZLWK�D�ZHLJKW�ORVV�RI�������ZKLFK�LV�DWWULEXWDEOH�WR�WKH�UHOHDVH�RI�WKH�

ZDWHU� ERXQG� LQWHUQDOO\� WR� WKH� FHOOXORVH� FKDLQV�� $� VHFRQG� GHFRPSRVLWLRQ� LV�

REVHUYHG��ZLWK� D�ZHLJKW� ORVV� HTXDO� WR� ���� DURXQG� ���� �&� DWWULEXWDEOH� WR� WKH�

GHFDUER[\ODWLRQ�RI� WKH�PDWHULDO����)LQDOO\��DV� WKH� WHPSHUDWXUH�ULVHV� IXUWKHU�� WKH�

SURFHVV�HQGV�ZLWK�D�WKLUG�GHJUDGDWLRQ�VWHS�DURXQG������&���

�

�

�����7UDQVPLVVLRQ�(OHFWURQ�0LFURVFRSH��7(0���
�

7KH�PRUSKRORJLFDO�DVSHFW�RI�FHOOXORVH�QDQRFU\VWDOV�KDV�EHHQ�HYDOXDWHG�E\�7(0�

DQDO\VLV��$�W\SLFDO�67(0�+$$')�LPDJH�RI�SDUWLFOHV�LQ�&1&�&/�DQG�&1&�:3�

VDPSOHV�DUH�UHSRUWHG�LQ�ILJXUHV���D�DQG���E��7KH�QDQRFU\VWDOV�DSSHDU�LQ�URG�OLNH�

ZKLVNHUV�IRUP����ZLWK�D�OHQJWK�RI�DERXW�����QP�DQG�D�ZLGWK�RI�DERXW����QP��ZHOO�

VHSDUDWHG�IRU� WKH�&1&�&/�DQG�PRUH�WDQJOHG�LQ�WKH�FDVH�RI�WKH�&1&�:3��7KH�

DYHUDJH�DVSHFW�UDWLR��OHQJWK�RYHU�ZLGWK��RI�WKH�ILEHUV�FDQ�EH�HVWLPDWHG�LQ�WKH�UDQJH�

RI���–�����



� ϲϱ�

������ �

���� �
�

)LJXUH�����67(0�+$$')�LPDJH�RI�D��&1&�&/��E��&1&�:3��F��&1&�6�DQG�G��&1&�16��
5HSURGXFHG�ZLWK�SHUPLVVLRQ�IURP�5HI�������

,Q� ILJXUH� ��F� WKH� FU\VWDOV� RI� &1&�6� VDPSOH� DSSHDU� LQ� WKH� IRUP� RI� URG�OLNH�

ZKLVNHUV�� ZLWK� OHQJWK� DERXW� ���� QP� DQG� ��� QP� RU� OHVV� WKLFN�� ,Q� ILJXUH� ��G��

SDUWLFOHV� LQ�&1&�16�VDPSOH�DUH� LQ� WKH� IRUP�RI� WDQJOHG�FU\VWDOV�� HPEHGGHG� LQ�

DPRUSKRXV�PDWHULDO��7KLV�IDFW�SUHYHQWHG�XV�WR�VWXG\�WKH�LQGLYLGXDO�FU\VWDOV��7KH�

LPDJHV� RI� ERWK� VDPSOHV� DUH� HYLGHQWO\� QRLV\� GXH� WR� WKH� VKRUW� DFTXLVLWLRQ� WLPH��

QHFHVVDU\�WR�DYRLG�WKH�IDVW�FRQWDPLQDWLRQ�XQGHU�WKH�EHDP�LUUDGLDWLRQ���

7KH� (';� WHFKQLTXH� LV� SDUWLFXODUO\� XVHIXO� WR� HYDOXDWH� WKH� GLVSHUVLRQ� RI�PHWDO�

QDQRSDUWLFOHV�RQ�&1&�VDPSOHV��$V�VKRZQ�LQ�ILJXUH���F��LQ�ZKLFK�WKH�PDSV�RQ�

VLOYHU� QDQRSDUWLFOHV� LV� UHSRUWHG��� WKH� $J� QDQRSDUWLFOHV� DUH� KRPRJHQRXVO\�

GLVSHUVHG�RQWR�WKH�QDQRFU\VWDOV��&1&�&/�$J���7KH�$J�13V�GLDPHWHU�PHDVXUHG�

is in the range 8−10 nm.� 2Q� &1&�:3�$J� VHYHUDO� $J13V� DJJUHJDWLRQ� LV�

REVHUYHG��
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�
�

)LJXUH�����67(0�+$$')�LPDJHV�RI�D��&1&�&/�$J��E��&1&�:3�$J�DQG�F��(';�PDS�RI�&1&�
:3�$J�UHSRUWHG�LQ�E���5HSURGXFHG�ZLWK�SHUPLVVLRQ�IURP�5HI�����

�

������6ROLG�VWDWH�105��66105���
�
�+���&�&3�0$6� VSHFWUD�ZHUH� DFTXLUHG� RQ� D� VDPSOH� RI� FRPPHUFLDO� FHOOXORVH�

QDQRFU\VWDOV��&1&��DQG�RQ�VDPSOHV�RI�VXOSKDWHG�&1&��&1&�&/���R[LGL]HG�&1&�

�72&1&���DQG�DPLGDWHG�&1&��&1&�1+��� LQ�RUGHU�WR�PRQLWRU�DQG�YHULI\�WKH�

PRGLILFDWLRQ� RI� WKH�PDWHULDO� DQG� DOVR� WR� YDOXH� WKH� FU\VWDOOLQLW\� GHJUHH� RI� WKH�

VDPSOHV��

7KH�FDUERQ�DWRPV�DUH�ODEHOOHG�DV�LQGLFDWHG�LQ�WKH�VFKHPH�EHORZ��ILJXUH������
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�
)LJXUH�����$QLGURJOXFRVH�XQLW�UHSRUWLQJ�WKH�FRQYHQWLRQDO�ODEHOOLQJ�VFKHPH�IRU�WKH�FDUERQ�

DWRPV�

�

�$V�VKRZQ�LQ�ILJXUH����LQ�DOO�VSHFWUD�VLJQDOV�RI�FHOOXORVH�FDUERQV�DUH�REVHUYHG�LQ�

FKDUDFWHULVWLF�VSHFWUDO�UHJLRQV��VLJQDOV�RI�&��EHWZHHQ�����DQG�����SSP��VLJQDOV�

RI�&���&���DQG�&��EHWZHHQ����DQG����SSP��VLJQDOV�RI�&��EHWZHHQ����DQG����SSP��

DQG�VLJQDOV�RI�&��EHWZHHQ����DQG����SSP��–����7KH�VSHFWUD�RI�&1&�DQG�&1&�

1+�VKRZ�EURDGHU�OLQHV��LQGLFDWLQJ�D�ORZHU�GHJUHH�RI�RUGHU�IRU�WKHVH�VDPSOHV���

�
)LJXUH������+���&�&3�0$6�VSHFWUD�RI�VDPSOHV�&1&��&1&�&/��72&1&���DQG�&1&�1+��

DFTXLUHG�XQGHU�WKH�IROORZLQJ�H[SHULPHQWDO�FRQGLWLRQV��VSLQQLQJ�IUHTXHQF\����N+]�������VFDQV�
IRU�&1&��VSLQQLQJ�IUHTXHQF\����N+]��������VFDQV�IRU�&1&�&/��VSLQQLQJ�IUHTXHQF\����N+]��
����VFDQV�IRU�72&1&���VSLQQLQJ�IUHTXHQF\�����N+]��������VFDQV�IRU�&1&�DFH��VSLQQLQJ�

IUHTXHQF\����N+]�������VFDQV�IRU�&1&�1+��

�
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)RU�WKH�&��FDUERQ��WKH�VKDUSHU�VWUXFWXUHG�VLJQDO�EHWZHHQ����DQG����SSP�FDQ�EH�

DVFULEHG� WR� FHOOXORVH� FDUERQV� LQ� WKH� LQWHULRU� RI� QDQRFU\VWDOV� �1&V���ZKLOH� WKH�

EURDGHU�IHDWXUHOHVV�VLJQDO�FHQWHUHG�DW�DERXW����SSP�FDQ�EH�DVVLJQHG�WR�FHOOXORVH�

FKDLQV�RQ�WKH�VXUIDFH�RI�1&V��,Q�WKH�OLWHUDWXUH��D�GHWDLOHG�DVVLJQPHQW�RI�SHDNV�LQ�

WKH� &�� VSHFWUDO� UHJLRQ� KDV� EHHQ� SHUIRUPHG�� DV� IROORZV��–����� FU\VWDOOLQH� ,α�

FHOOXORVH� DW� ���������� SSP�� FU\VWDOOLQH� ,α�,β� FHOOXORVH� DW� ���������� SSP��

FU\VWDOOLQH� ,β� FHOOXORVH� DW� ���������� SSP�� SDUDFU\VWDOOLQH� FHOOXORVH� �FU\VWDOOLQH�

GRPDLQV�LQ�ILEULOV�ZLWK�KLJKHU�PRELOLW\��RU�ORZHU�RUGHU��WKDQ�FHOOXORVH�,α�DQG�,β��

DW�����������SSP��DFFHVVLEOH�FHOOXORVH�ILEULO�VXUIDFH�DW�����������SSP�DQG���������

SSP��LQDFFHVVLEOH�FHOOXORVH�ILEULO�VXUIDFH�DW�����������SSP��+LJKHU�FKHPLFDO�VKLIW�

YDOXHV�ZHUH�UHSRUWHG�E\�.RQR�����PRVW�SUREDEO\�EHFDXVH�RI�D�GLIIHUHQW�FKHPLFDO�

VKLIW� UHIHUHQFLQJ��&HOOXORVH�RQ�ILEULO� VXUIDFHV�KDV�DOVR�EHHQ� LQGLFDWHG�E\�VRPH�

DXWKRUV�DV�DPRUSKRXV�FHOOXORVH���

2Q�WKH�RWKHU�KDQG��SHDNV�RI�&��FHQWHUHG�DW�DERXW����SSP�DQG����SSP�KDYH�EHHQ�

DVFULEHG� WR� WJ� DQG� JW� FRQIRUPDWLRQV� RI� WKH� H[RF\FOLF� &+�2+� JURXS�� LQ� WXUQ�

DVVRFLDWHG�WR�FU\VWDOOLQH�DQG�DPRUSKRXV�FHOOXORVH�FRPSRQHQWV��UHVSHFWLYHO\�����

)RU� WKH�UHPDLQLQJ�FHOOXORVH�FDUERQV��VLJQDOV�DULVLQJ�IURP�DPRUSKRXV�FHOOXORVH�

XQGHUOLH�WKRVH�IURP�FU\VWDOOLQH�FHOOXORVH��

)LQDOO\��WKH�UHVROYHG�SHDNV�REVHUYHG�IRU�&��KDYH�EHHQ�DVVLJQHG�WR�FU\VWDOOLQH�,α�

DQG� ,β�FHOOXORVH��FDUERQV� LQ� ,α� FU\VWDOV�JLYH�VLJQDOV�DW�������������SSP��ZKLOH�

WKRVH�LQ�,β�FU\VWDOV�UHVRQDWH�DW�������������DQG�������������SSP������������DJDLQ��

KLJKHU�FKHPLFDO� VKLIWV�ZHUH� UHSRUWHG�E\�.RQR�����0RUHRYHU��EURDG�XQUHVROYHG�

SHDNV�ZHUH�IRXQG�E\�OLQHVKDSH�ILWWLQJ�E\�VRPH�DXWKRUV�DW�������������DQG�������

SSP�DQG�DVFULEHG�WR�&��FDUERQV�LQ�OHVV�RUGHUHG�FHOOXORVH�FRPSRQHQWV����

7KH� UHODWLYH� LQWHQVLW\� RI� WKH� VLJQDOV� IURP� LQWHULRU� �FU\VWDOOLQH�� DQG� VXUIDFH�

�DPRUSKRXV��FHOOXORVH�LQ�&1&V�FDQ�EH�H[SORLWHG�WR�HVWLPDWH�WKH�UHODWLYH�DPRXQWV�

RI�WKH�GLIIHUHQW�FRPSRQHQWV�DQG�D�FU\VWDOOLQLW\�LQGH[��&,����������&RQVLGHULQJ�WKH�

VLJQDO� RYHUODS�� D� XQLYRFDO� GHFRQYROXWLRQ� RI� WKH� GLIIHUHQW� FRPSRQHQWV�



� ϲϵ�

FRQWULEXWLQJ�WR�WKH�&��VLJQDO�LV�SRVVLEOH�RQO\�ZKHQ�DOO�RI�WKHP�JLYH�SHDNV�DW�OHDVW�

SDUWLDOO\�UHVROYHG�LQ�WKH�VSHFWUXP��2Q�WKH�RWKHU�KDQG��WKH�LQWHQVLW\�RI�&��VLJQDOV�

FDQ�EH�XVHG�WR�HVWLPDWH�WKH�UDWLR�EHWZHHQ�WJ�DQG�JW�FRQIRUPDWLRQV��DOVR�UHODWHG�WR�

FHOOXORVH�FU\VWDOOLQLW\��)LQDOO\��WKH�UHODWLYH�LQWHQVLWLHV�RI�WKH�VLJQDOV�DULVLQJ�IURP�

WKH�&��FDUERQV�DQG�IURP�WKH�FU\VWDOOLQH�FRPSRQHQWV�RI�WKH�&��FDUERQV�FDQ�EH�

HPSOR\HG�WR�HYDOXDWH�WKH�UHODWLYH�FRQWHQW�RI�FU\VWDOOLQH�,α�DQG�,β�FHOOXORVH��

7R� GHWHUPLQH� WKH� FRQWULEXWLRQV� IURP� WKH� GLIIHUHQW� FU\VWDOOLQH� DQG� DPRUSKRXV�

FHOOXORVH�FRPSRQHQWV��D� ILWWLQJ�RI�WKH�VSHFWUDO� OLQHVKDSHV�ZDV�SHUIRUPHG�XVLQJ�

WKH� QRQ�OLQHDU� OHDVW� VTXDUHV� SURFHGXUH� LPSOHPHQWHG� LQ� WKH� 63257�105�

VRIWZDUH�����WKH�UHVXOWV�DUH�UHSRUWHG�LQ�ILJXUHV�������DQG�7DEOHV�������,Q�DOO�FDVHV��

WKH�ILWWLQJ�ZDV�SHUIRUPHG�IROORZLQJ�WKH�OLWHUDWXUH�DQG�XVLQJ�WKH�PLQLPXP�QXPEHU�

RI�SHDNV�WR�UHSURGXFH�WKH�VSHFWUD�LQ�RUGHU�WR�DYRLG�RYHULQWHUSUHWDWLRQ��/RUHQW]LDQ��

*DXVVLDQ��RU�PL[HG�/RUHQW]LDQ�*DXVVLDQ�IXQFWLRQV�ZHUH�XVHG�GHSHQGLQJ�RQ�WKH�

VLJQDO��

�
)LJXUH�����)LWWLQJ�RI�WKH��+���&�&3�0$6�VSHFWUXP�RI�&1&�DW�D�VSLQQLQJ�IUHTXHQF\�RI����N+]�
ZLWK�SHDNV�UHSRUWHG�LQ�7DEOH����/HIW��H[SHULPHQWDO��EODFN��DQG�FDOFXODWHG��UHG��VSHFWUD��ULJKW��

H[SHULPHQWDO�VSHFWUXP��EODFN��DQG�SHDNV�XVHG�LQ�WKH�ILWWLQJ��EOXH���

�
)LJXUH�����)LWWLQJ�RI�WKH��+���&�&3�0$6�VSHFWUXP�RI�&1&�&/�DW�D�VSLQQLQJ�IUHTXHQF\�RI����
N+]�ZLWK�SHDNV�UHSRUWHG�LQ�7DEOH�����/HIW��H[SHULPHQWDO��EODFN��DQG�FDOFXODWHG��UHG��VSHFWUD��

ULJKW��H[SHULPHQWDO�VSHFWUXP��EODFN��DQG�SHDNV�XVHG�LQ�WKH�ILWWLQJ��EOXH���



� ϳϬ�

�
)LJXUH�����)LWWLQJ�RI�WKH��+���&�&3�0$6�VSHFWUXP�RI�72&1&��DW�D�VSLQQLQJ�IUHTXHQF\�RI����
N+]�ZLWK�SHDNV�UHSRUWHG�LQ�7DEOH�����/HIW��H[SHULPHQWDO��EODFN��DQG�FDOFXODWHG��UHG��VSHFWUD��

ULJKW��H[SHULPHQWDO�VSHFWUXP��EODFN��DQG�SHDNV�XVHG�LQ�WKH�ILWWLQJ��EOXH���

�
)LJXUH�����)LWWLQJ�RI�WKH��+���&�&3�0$6�VSHFWUXP�RI�&1&�1+�DW�D�VSLQQLQJ�IUHTXHQF\�RI���
N+]�ZLWK�SHDNV�UHSRUWHG�LQ�7DEOH�����/HIW��H[SHULPHQWDO��EODFN��DQG�FDOFXODWHG��UHG��VSHFWUD��

ULJKW��H[SHULPHQWDO�VSHFWUXP��EODFN��DQG�SHDNV�XVHG�LQ�WKH�ILWWLQJ��EOXH���

�

7KUHH�SHDNV�ZHUH�XVHG�WR�UHSURGXFH�WKH�&��VLJQDO��ZLWK�FKHPLFDO�VKLIW�RI�������

�������������������SSP��DQG��������������DVFULEDEOH�WR�FU\VWDOOLQH�,β�FHOOXORVH�

WKH�ILUVW�WZR�DQG�WR�,α�FHOOXORVH�WKH�ODWWHU��)RU�WKH�&��FDUERQ��WKUHH�SHDNV�DW�������

����������� DQG� ���������� SSP�ZHUH� HPSOR\HG� IRU� WKH� FU\VWDOOLQH� FRPSRQHQWV��

ZKLOH�WKUHH�EURDGHU�SHDNV�ZHUH�QHFHVVDU\�IRU�WKH�VXSHUILFLDO�FHOOXORVH�DW������

������ ������ DQG� ����� SSP�� ,W� PXVW� EH� SRLQWHG� RXW� WKDW�� IRU� WKH� FU\VWDOOLQH�

FRPSRQHQWV��WKH�FRQWHQW�RI�SDUDFU\VWDOOLQH�FHOOXORVH�DQG�,β�FHOOXORVH�FRXOG�QRW�EH�

GHWHUPLQHG�LQGHSHQGHQWO\�EHFDXVH�RI�WKH�TXLWH�FORVH�FKHPLFDO�VKLIW�YDOXHV�RI�WKHLU�

VLJQDOV��ERWK�PRVW�SUREDEO\�FRQWULEXWLQJ�WR�WKH�SHDN�DW�����������SSP��0RUHRYHU��

WKH�EURDG�DQG� IHDWXUHOHVV�VLJQDO�RI� WKH�VXSHUILFLDO�FRPSRQHQWV�GLG�QRW�DOORZ�D�

XQLYRFDO� GLVFULPLQDWLRQ� RI� VXUIDFH� FDUERQV� LQ� DFFHVVLEOH� DQG� LQDFFHVVLEOH�

FU\VWDOOLWH�VXUIDFH�UHJLRQV��)RU�&���&���DQG�&��FDUERQV��VLJQDOV�ZHUH�IRXQG�DW�

��������������������������������������������DQG������SSP�IRU�DOO�VDPSOHV��)RU�WKH�

6SHFWUXP Q� �

6SHFWUXP Q� �



� ϳϭ�

&��FDUERQ��WZR�VLJQDOV�DW�����������DQG������SSP�ZHUH�IRXQG�IRU�WKH�FU\VWDOOLQH�

FRPSRQHQW�DQG�D�EURDG�VLJQDO�DW�����������SSP�IRU�WKH�DPRUSKRXV�RQH��
�
7DEOH����%HVW�ILW�YDOXHV�RI�WKH�FKHPLFDO�VKLIW�DQG�UHODWLYH�DUHD�RI�SHDNV�REWDLQHG�IURP�WKH�DQDO\VLV�
RI�WKH��+���&�&3�0$6�VSHFWUXP�RI�&1&�VKRZQ�LQ�ILJ�����

&KHPLFDO�VKLIW��SSP�� $UHD��D�X��� $UHD��� $VVLJQPHQW�

������� ����� ���� &�� �����

������� ����� ����

������� ������ ����

������ ���� ����� &�FU\VW� ����

������ ������ ����

������ ����� ����

������ ����� ���� &�DP� ����

������ ����� ����

������ ����� ����

������ ������ ��� &������ �����

������ ����� ����

������ ������ ����

������ ������ ���

������ ����� ����

������ ����� ���� &�FU\VW� ����

������ ����� ����

������ ����� ���� &�DP� ����

�

�
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�

�

7DEOH� ���� %HVW� ILW� YDOXHV� RI� WKH� FKHPLFDO� VKLIW� DQG� UHODWLYH� DUHD� RI� SHDNV� REWDLQHG� IURP� WKH�
DQDO\VLV�RI�WKH��+���&�&3�0$6�VSHFWUXP�RI�&1&�&/�VKRZQ�LQ�ILJ�����

&KHPLFDO�VKLIW��SSP�� $UHD� $UHD��� $VVLJQPHQW�

������� ����� ���� &�� �����

������� ����� ����

������� ����� ����

������ ����� ���� &�FU\VW� �����

������ ����� ����

������ ����� ����

������ ����� ���� &�DP� ����

������ ������ �����

������ ����� ����

������ ����� ���� &������ �����

������ ����� ����

������ ����� ���

������ ����� ���

������ ����� ���

������ ����� ���� &�FU\VW� �����

������ ����� ����

������ ����� ���� &�DP� ����

�
�

�

�

�
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�

�
7DEOH� ���� %HVW� ILW� YDOXHV� RI� WKH� FKHPLFDO� VKLIW� DQG� UHODWLYH� DUHD� RI� SHDNV� REWDLQHG� IURP� WKH�
DQDO\VLV�RI�WKH��+���&�&3�0$6�VSHFWUXP�RI�72&1&��VKRZQ�LQ�ILJ�����

&KHPLFDO�VKLIW��SSP�� $UHD� $UHD��� $VVLJQPHQW�

������� ����� ���� &�� �����

������� ����� ����

������� ����� ����

������ ����� ����� &�FU\VW� �����

������ ����� ����

������ ����� ����

������ ����� ���� &�DP� ����

������ ����� ����

������ ����� ����

������ ����� ���� &������ �����

������ ����� ����

������ ����� ����

������ ���� ���

������ ����� ����

������ ����� ���� &�FU\VW� ����

������ ����� ����

������ ����� ���� &�DP� ����

�

�
�

�

�

�

�
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7DEOH� ���� %HVW� ILW� YDOXHV� RI� WKH� FKHPLFDO� VKLIW� DQG� UHODWLYH� DUHD� RI� SHDNV� REWDLQHG� IURP� WKH�
DQDO\VLV�RI�WKH��+���&�&3�0$6�VSHFWUXP�RI�&1&�1+�VKRZQ�LQ�ILJ�����

&KHPLFDO�VKLIW��SSP�� $UHD� $UHD��� $VVLJQPHQW�

������� ������ ���� &�� �����

������� ������ ����

������� ������ ����

������ ������ ���� &�FU\VW� ����

������ ������ ����

������ ������ ����

������ ������ ���� &�DP� ����

������ ������ ����

������ ������ �����

������ ������ ���� &������ �����

������ ������ ����

������ ������ ���

������ ������ ���

������ ������ ���

������ ������ ���� &�FU\VW� ����

������ ������ ����

������ ������ ���� &�DP� ����

�

7KH�DUHDV�RI�WKH�&��VLJQDOV�DULVLQJ�IURP�WKH�LQWHULRU�DQG�WKH�VXUIDFH�RI�FU\VWDOOLWHV�

�7DEOHV� ������ZHUH� HPSOR\HG� WR� GHWHUPLQH�&,� YDOXHV� IRU� DOO� WKH� VDPSOHV�� WKH�

UHVXOWV�DUH�VKRZQ�LQ�7DEOH�����)RU�FRPSDULVRQ��&,�YDOXHV�ZHUH�DOVR�GHWHUPLQHG�

E\�VLJQDO� LQWHJUDWLRQ�� WR� WKLV�HQG��DUHDV�ZHUH�PHDVXUHG� LQ� WKH�VSHFWUDO� UHJLRQV�

EHWZHHQ����DQG����SSP��$�������IURP�DOO�&��VLJQDOV��DQG�EHWZHHQ������DQG����

SSP��$�������IURP�FU\VWDOOLQH�&��VLJQDOV��DQG�&,�ZDV�FDOFXODWHG�DV������

�



� ϳϱ�

𝐶𝐼 = 𝐴86−93𝐴80−93 × 100�������������
�

7KH�REWDLQHG� UHVXOWV�DUH� UHSRUWHG� LQ�7DEOH�����$V�FDQ�EH�REVHUYHG��VLPLODU�&,�

YDOXHV� ZHUH� REWDLQHG� ZLWK� WKH� WZR� PHWKRGV�� WKH� ODUJHU� GLVFUHSDQF\� EHLQJ�

REVHUYHG�IRU�&1&�&/��7KH�ODWWHU�VDPSOH�VKRZV�WKH�KLJKHVW�&,�YDOXH��DERXW����

�������ZKLOH� WKH� ORZHVW�YDOXH�ZDV�IRXQG�IRU�&1&��DERXW������� IRU� WKH�RWKHU�

VDPSOHV�&,�LV�DERXW������

7KH� UHODWLYH� LQWHQVLWLHV�RI� WKH�&�� VLJQDO� FRPSRQHQWV� FDQ�DOVR�EH� HPSOR\HG� WR�

HVWLPDWH� WKH� ODWHUDO� GLPHQVLRQV� RI� FHOOXORVH� ILEULOV� �/)'V���������� ,Q� SDUWLFXODU��

DVVXPLQJ�WKDW�FHOOXORVH�1&V�KDYH�D�VTXDUH�FURVV�VHFWLRQ��T��ZKLFK�LV�GHWHUPLQHG�

E\�WKH�UDWLR�EHWZHHQ�FHOOXORVH�RQ�WKH�1&�VXUIDFH�DQG�WRWDO�FHOOXORVH�LQ�WKH�ILEULOV��

L�H���WKH�FRPSOHPHQW�RI�&,�����WR����LV�UHODWHG�WR�WKH�QXPEHU�RI�FHOOXORVH�SRO\PHU�

FKDLQV�SHUSHQGLFXODU�WR�WKH�1&�FURVV�VHFWLRQ��Q��E\�WKH�HTXDWLRQ������

� 𝑞 = 4𝑛−4𝑛2 ��������������������

8VLQJ�DQ�DYHUDJH�GLPHQVLRQ�RI������QP�SHU�FHOOXORVH�SRO\PHU��D�PHDQ�YDOXH�RI�

/)'�FDQ�EH�FDOFXODWHG�DV������

� 𝐿𝐹𝐷 = 0.57 × 𝑛�����������������
7KH�YDOXHV�RI�/)'�IRXQG�IRU�RXU�VDPSOHV�DUH�UHSRUWHG�LQ�7DEOH�����$V�LW�FDQ�EH�

REVHUYHG��ODUJHU�/)'�YDOXHV�DUH�DVVRFLDWHG�WR�KLJKHU�&,�YDOXHV��&1&�&/�VKRZV�

WKH�ODUJHVW�ILEULOV��DERXW���QP���ZKHUHDV�WKH�DYHUDJH�ILEULO�GLPHQVLRQ�LV�RQO\���

QP� LQ� &1&�� WKH� RWKHU� VDPSOHV� KDYH� /)'� YDOXHV� RQ� WKH� RUGHU� RI� ���� QP��

0RUHRYHU��WKH�UDWLR�EHWZHHQ�WKH�UHODWLYH�LQWHQVLWLHV�RI�WKH�&��SHDNV�FHQWHUHG�DW�

DERXW����SSP�DQG����SSP�ZHUH�HPSOR\HG�WR�HVWLPDWH�WKH�UDWLR�EHWZHHQ�WJ�DQG�JW�

FRQIRUPDWLRQV��WKH�REWDLQHG�UHVXOWV�DUH�UHSRUWHG�LQ�7DEOH�����%HLQJ�WKH�WJ�JW�UDWLR�



� ϳϲ�

UHODWHG�WR�WKH�UDWLR�EHWZHHQ�FU\VWDOOLQH�DQG�DPRUSKRXV�FHOOXORVH��WKLV�SDUDPHWHU�

IROORZV�D�WUHQG�DQDORJRXV�WR�WKDW�RI�&,���
�
7DEOH�����&U\VWDOOLQLW\�LQGH[��&,���ODWHUDO�ILEULO�GLPHQVLRQ��/)'���DQG�UDWLR�EHWZHHQ�WJ�DQG�JW�
FRQIRUPDWLRQV��GHWHUPLQHG�IRU�WKH�LQGLFDWHG�VDPSOHV�E\�VSHFWUDO�DQDO\VLV�DQG�VLJQDO�LQWHJUDWLRQ��
(UURUV�DUH����RQ�WKH�ODVW�GLJLW��

6DPSOH� V�U�� SUREH� 0HWKRG� &,� /)'� WJ�JW�

&1&� ���N+]� ��PP� LQWHJUDWLRQ� ����� ����QP� �

&1&� ���N+]� ��PP� ILWWLQJ� ����� ����QP� ����

� � � � � � �

&1&�&/� ���N+]� ����PP� LQWHJUDWLRQ� ����� ����QP� �

&1&�&/� ���N+]� ����PP� ILWWLQJ�� ����� ����QP� ����

� � � � � � �

72&1&�� ���N+]� ��PP� LQWHJUDWLRQ� ����� ����QP� �

72&1&�� ���N+]� ��PP� ILWWLQJ� ����� ����QP� ����

� � � � � � �

&1&�1+� ��N+]� ��PP� LQWHJUDWLRQ� ����� ����QP� �

&1&�1+� ��N+]� ��PP� ILWWLQJ�� ����� ����QP� ����

�

%HVLGHV�WKH�VLJQDOV�RI�FHOOXORVH�FDUERQV��VLJQDOV�DULVLQJ�IURP�DGGHG�IXQFWLRQDO�

JURXSV�FDQ�EH�REVHUYHG� LQ� WKH�VSHFWUD�RI�72&1&���ILJXUH������DQG�&1&�1+�

�ILJXUH������,Q�SDUWLFXODU��D�SHDN�DW�������SSP�LV�REVHUYHG�IRU�WKH�&22+�FDUERQ�

RI�72&1&����–����DQG�SHDNV�DW�DERXW����DQG�����SSP�DUH�REVHUYHG�IRU�WKH�&+��

DQG�&2�FDUERQV�RI�&1&�1+���������,Q�DOO�FDVHV��WKH�YHU\�VPDOO�VLJQDOV�REVHUYHG�

IRU�WKH�IXQFWLRQDO�JURXSV�LQGLFDWH�D�YHU\�ORZ�IXQFWLRQDOL]DWLRQ�GHJUHH��$�UHOLDEOH�

TXDQWLILFDWLRQ�RI�WKH�IXQFWLRQDOL]DWLRQ�IURP�VLJQDO�DUHDV�LV�QRW�SRVVLEOH�EHFDXVH�

RI�WKH�PXFK�ORZHU�LQWHQVLWLHV�RI�WKHVH�VLJQDOV�ZLWK�UHVSHFW�WR�WKRVH�RI�FHOOXORVH��

DV� ZHOO� DV� EHFDXVH� WKH� SDUDPHWHUV� XVHG� IRU� UHFRUGLQJ� WKH� &3� VSHFWUD� GR� QRW�

JXDUDQWHH�WKDW�WKHVH�VLJQDOV�ZHUH�DFTXLUHG�TXDQWLWDWLYHO\��



� ϳϳ�

�

�
)LJXUH�����([SDQVLRQ�RI�WKH��+���&�&3�0$6�VSHFWUXP�RI�72&1&��LQ�WKH�VSHFWUDO�UHJLRQ�

VKRZLQJ�WKH�&22+�VLJQDO��

�

�
)LJXUH�����([SDQVLRQV�RI�WKH��+���&�&3�0$6�VSHFWUXP�RI�&1&�1+�LQ�WKH�VSHFWUDO�UHJLRQ�

VKRZLQJ�WKH�&+���OHIW��DQG�WKH�&2��ULJKW��VLJQDOV��

�

������%LRFLGDO�DFWLYLW\�

)URP�JURZWK�H[SHULPHQWV� UHSRUWHG� LQ� ILJXUH����� WKH�&1&�H[HUWV�D�VWLPXODWLQJ�

HIIHFW�RQ�WKH�JURZWK�RI�(VFKHULFKLD�FROL��ILJXUH���D��ZLWK�D�EHWWHU�UHVSRQVH�RI�WKH�

FHOOV�WR�WKH�&1&�:3��$�FRPSDUDEOH�LQFUHDVH�ZDV�REVHUYHG�LQ�%DFLOOXV�VXEWLOLV�

�ILJXUH���E���ZLWK�D�PRUH�HYLGHQW�UHVSRQVH�WR�&1&�&/�DW����SSP��7R�LQKLELW�WKH�

JURZWK� RI� EDFWHULD�� &1&� KDV� EHHQ� XVHG� DV� D� FDUULHU� IRU� VLOYHU� QDQRSDUWLFOHV��

ZKLFK��DV�LW�LV�NQRZQ��VKRZ�DQ�HIILFLHQW�ELRFLGDO�DFWLYLW\��$V�VKRZQ�LQ�ILJXUH�����

WKH� SUHVHQFH� RI� WKH� FROORLGDO� VLOYHU� VXVSHQVLRQ� DOORZV� WR� GHILQH� WKH�PLQLPXP�

LQKLELWRU\�FRQFHQWUDWLRQ��0,&��IRU�ERWK�EDFWHULD��0,&�RQ�(VFKHULFKLD�FROL�LV������

SSP�� ZKLOH� IRU� %DFLOOXV� VXEWLOLV� WKH� 0,&� UHDFKHV� ��� SSP�� $V� UHSRUWHG� E\�

%HUJDPRQWL���� WKLV� PD\� EH� GXH� WR� VWUXFWXUDO� GLIIHUHQFHV� DQG� WKH� SUHVHQFH� RI�

IXQFWLRQDO�JURXSV�SUHVHQW� LQ� WKH�FHOO�ZDOOV�RI�EDFWHULD��0RUHRYHU�� WKH�HIIHFW�RI�

VLOYHU�QDQRSDUWLFOHV�RQ�GLIIHUHQW�EDFWHULD�KDV�EHHQ�UHSRUWHG�LQ�OLWHUDWXUH�����:KHQ�

WKH�&1&�DFWV�DV�D�FDUULHU�IRU�WKH�VLOYHU�QDQRSDUWLFOHV��D�ELRFLGDO�DFWLRQ�HIILFDF\�

���������������
SSP

&22+

����������������
SSP

&+�

���������������
SSP

&21+
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FRPSDUDEOH�WR�WKDW�RI�WKH�VRO�$J�LV�REVHUYHG�E\�=KDQJ�����&1&�&/�$J������SSP�

RQ�(��FROL�RU�&1&�:3�$J����SSP�RQ�%��VXEWLOLV���

�
)LJXUH�����D��*URZWK�RI�(VFKHULFKLD�FROL�DQG�E��%DFLOOXV�VXEWLOLV�ZLWK�&1&��&1&�$J�DQG�$J�

QDQRSDUWLFOHV�DW�GLIIHUHQW�FRQFHQWUDWLRQV�

�

������(OHPHQWDO�DQDO\VLV�
�

&+16�DQDO\VLV�ZDV�SHUIRUPHG�RQ�VRPH�&1&�GULHG�VDPSOHV�UHSRUWHG�LQ�WDEOH�����

7KH� UHVXOWV� VKRZ� WKDW� WKH� SUHVHQFH� RI� VXOIXU� LV� HYLGHQW� RQO\� LQ� WKH� VDPSOH�

VXEMHFWHG�WR�WKH�DFLG�K\GURO\VLV�ZLWK�VXOIXULF�DFLG��ZKLOH�WKH�DEVHQFH�RI�VXOIXU�IRU�

WKH�&1&�+��+&O��DQG�&0)�VDPSOHV�LV�MXVWLILDEOH�E\�WKH�DFWXDO�ODFN�RI�VXUIDFH�

VXOSKDWH�JURXSV�GXH�WR�WKH�W\SH�RI�K\GURO\VLV�SHUIRUPHG���

�
7DEOH�����&+16�DQDO\VLV�RQ�&1&��&0)�DQG�IXQFWLRQDOL]HG�&1&�

6DPSOH� &����� +����� 1����� 6�����
&1&� ������ ����� �� �����

&0)� ������ ����� �� ��

&1&�+� ��� ����� �� ��
&1&�$37(6� ������ ����� �� �����

&0)�$37(6� ������ ����� ����� ��

&1&�1+� ������ ����� ����� �����



� ϳϵ�

,Q�DJUHHPHQW�ZLWK�ZKDW�ZDV�IRXQG�LQ�WKH�)7,5�VSHFWUXP��WKH�SUHVHQFH�RI�QLWURJHQ�

LQ� WKH� VDPSOHV�ZLWK�$37(6� LV� DQ� LQGLFDWLRQ� RI� DQ� HIIHFWLYH� IXQFWLRQDOL]DWLRQ��

WKHVH�YDOXHV�DUH�HYLGHQW�LQ�WDEOH����DQG�DUH�DEVHQW�LQ�WKH�VWDUWLQJ�PDWHULDOV��

�

���&RQFOXVLRQV�
�

([WUDFWLRQ� RI� QDQRFHOOXORVH� ZDV� REWDLQHG� IURP� SXUH� FRWWRQ� DQG� IURP� ZDVWH�

PDWHULDOV��VXFK�DV�ZDVWHSDSHU�DQG�DUWLFKRNH�ZDVWH��)RU�HDFK�UHDFWLRQ�FDUULHG�RXW��

WKH�PHWKRG�ZDV�RSWLPL]HG�WR�REWDLQ�WKH�EHVW�\LHOG���DQG�WKH�KLJKHVW�FU\VWDOOLQLW\�

RI�WKH�SURGXFW��,Q�WKLV�FKDSWHU��DWWHQWLRQ�KDV�EHHQ�JLYHQ�WR�WKH�FKDUDFWHUL]DWLRQ�RI�

WKH�WZR�W\SHV�RI�SRO\PRUSKV�WKDW�FDQ�EH�REWDLQHG��SRO\PRUSK�,�DQG�SRO\PRUSK�

,,�� 7KH� JRRGQHVV� RI� DOO� UHDFWLRQV� FDUULHG� RXW� ZDV� LQYHVWLJDWHG� WKURXJK�

VSHFWURVFRSLF�DQG�GLIIUDFWRPHWULF� WHFKQLTXHV��7KHVH�DOORZHG�XV� WR� LGHQWLI\� WKH�

IXQFWLRQDO�JURXSV��WKH�VL]H�DQG�WKH�GLVWULEXWLRQ�RI�WKH�QDQRFU\VWDOV��WKH�W\SH�RI�

SRO\PRUSK� DQG� WKH� FU\VWDOOLQLW\� LQGH[�� 7KH� VXUIDFH� FKDUJH� DQG� WKH� WKHUPDO�

UHVLVWDQFH� RI� WKH� VROV� KDYH� DOVR� EHHQ� GHWHUPLQHG�� $IWHU� WKH� &1&� H[WUDFWLRQ��

GLIIHUHQW� UHDFWLRQV� KDYH� EHHQ� WHVWHG� RQ� WKHVH� SURGXFWV� WR� LPSDUW� VRPH�

FKDUDFWHULVWLFV�VXFK�DV��IRU�H[DPSOH��D�ELRFLGDO�HIILFDF\�DQG�K\GURSKRELFLW\�GXH�

WR� WKH� SUHVHQFH� RI� VLOYHU� QDQRSDUWLFOHV� DQG� 3'06�� UHVSHFWLYHO\�� 7KH� &1&�

R[LGDWLRQ�PHWKRG�ZDV�LQYHVWLJDWHG�� WKH�DLP�LQ�WKLV�FDVH�ZDV�WR�REWDLQ�WKH�EHVW�

R[LGDWLRQ� GHJUHH�� ZLWK� WKH� PLQLPXP� XVH� RI� UHDJHQWV�� 6DWLVIDFWRU\� UHVXOWV�� LQ�

DJUHHPHQW� ZLWK� ZKDW� LV� UHSRUWHG� LQ� WKH� OLWHUDWXUH�� KDYH� EHHQ� REWDLQHG� E\� WKH�

HYDOXDWLRQV� ZLWK� FRQGXFWLPHWULF� WLWUDWLRQV�� )XUWKHU� UHDFWLRQV� DUH� FRQGXFWHG� WR�

LQWURGXFH�IXQFWLRQDO�JURXSV�RQ�FHOOXORVH�QDQRFU\VWDOV��IRU�H[DPSOH��WKH�DPLQDWLRQ�

UHDFWLRQ�KDV�EHHQ� LQYHVWLJDWHG�� WKH�SUHVHQFH�RI� �1+��ZDV� FRQILUPHG�E\�)7,5�

PHDVXUHPHQWV�DQG�E\�&+16�DQDO\VLV��



� ϴϬ�

&+$37(5���
�
�

�

�
&1&� %$6('� 0$7(5,$/6� )25� 6867$,1$%/(�
75($70(176� 21� 3$3(5� 6$03/(6� $1'� 21�
&$19$6�3$,17,1*6�

�
�� $EVWUDFW���

�

7KH� VHFRQG�&KDSWHU� UHJDUGV� WKH�XVH�RI�QDQRFHOOXORVH� VXVSHQVLRQV� DV�QHZ�DQG�

VXVWDLQDEOH�PDWHULDO�WR�EH�XVHG�DV�SUHVHUYDWLYH�DQG�FRQVROLGDQW�IRU�OLJQRFHOOXORVLF�

VXEVWUDWHV��,Q�WKLV�VWXG\�:KDWPDQ�SDSHU�VDPSOHV�DQG�SDLQWHG�FDQYDV�KDYH�EHHQ�

FRQVLGHUHG�DV�VXSSRUWV����������

7R� VWXG\� WKH� FRQVROLGDWLQJ� FDSDFLW\� RI� &1&�EDVHG� WUHDWPHQWV�� VDPSOHV� RI�

:KDWPDQ�SDSHU�ZHUH�XVHG�DQG�PHFKDQLFDO�VWUHQJWK�WHVWV�ZHUH�FDUULHG�RXW������������

%LRFLGDO�DFWLYLW\��LPSDUWHG�E\�VSHFLILF�PHWDOOLF�SDUWLFOHV��ZKLFK�FDQ�EH�LQWURGXFHG�

LQWR�WKH�WUHDWPHQW�ZHUH�HYDOXDWHG����–������

7KH�VHFRQG�SDUW�RI�WKH�UHVHDUFK�DFWLYLW\�FRQFHUQHG�WKH�VWXG\�RI�WKH�FRQVROLGDWLQJ�

FDSDFLW\� RI� WUHDWPHQWV� EDVHG� RQ� &1&� RQ� VHYHUDO� VHWV� RI� FDQYDV� VDPSOHV� WKDW�

UHSURGXFH� WKH� SLFWRULDO� OD\HUV� RI� D� SDLQWLQJ�� 7KH� FRQVROLGDWLQJ� FDSDFLW\� ZDV�

FRPSDUHG�ZLWK� WKDW�RI� WKH�ZHOO�NQRZQ� FRPPHUFLDO� FRQVROLGDQW��$TXD]RO������

7KH�HIIHFW�RI�FRQVROLGDQWV�DIWHU�DFFHOHUDWHG�DUWLILFLDO�DJLQJ�RI�WKH�VDPSOHV�ZDV�

DOVR�HYDOXDWHG�E\�PHDQV�RI�VSHFWURVFRSLF�DQG�FRORULPHWULF�PHWKRGV��WR�YHULI\�WKDW�

WKH�W\SH�RI�WUHDWPHQW�GRHV�QRW�DOWHU�WKH�VXSSRUW�RYHU�WLPH���



� ϴϭ�

���([SHULPHQWDO�
�����0DWHULDOV�

1DQRFHOOXORVH�VXVSHQVLRQV�REWDLQHG�E\�PHWKRG�GHVFULEHG�LQ�FKDSWHU����SDUDJUDSK�

����ZDV�XVHG�DW�����Z�Y��RQ�SDSHU�DQG���������Z�Y��RQ�FDQYDV�SDLQWLQJ�VDPSOHV��

7KH�$TXD]RO�����RU�3ROL����HWLO��RVVD]ROLQD��ZDV�SXUFKDVHG�IURP�$1�7�$�5(6�

VUO� �%2� �� ,WDO\��� &1&�$J� �FKDSWHU� ��� SDUDJUDSK� ����� ZDV� DSSOLHG� RQO\� RQ�

:KDWPDQ�SDSHU�VDPSOHV��&1&�3'06��FKDSWHU����SDUDJUDSK������ZDV�XVHG�IRU�

K\GURSKRELF� WUHDWPHQW�� 7KH� FDQYDV� ����� SXUH� OLQHQ� �ZHLJKW� ���� J�P��� �[��

ZLUHV�FP���ODSLQ�JOXH��J\SVXP�RI�%RORJQD��6LHQQD�QDWXUDO�SLJPHQW�DQG�OLQHQ�RLO�

ZHUH�SXUFKDVH�IURP�&WV�VUO��0,��,WDO\����

�����7UHDWPHQW�RQ�:KDWPDQ�SDSHU�VDPSOHV�ZLWK�&1&�$J�
�

$ERXW����PO�RI�&1&�&/��&1&�:3�DQG�&1&V�$J�VXVSHQVLRQV�ZHUH�DSSOLHG�E\�

EUXVK�RQ�:KDWPDQ�SDSHU�VDPSOHV�����î�����PP��LQ���SDVVHV�ZLWK�DQ�LQWHUYDO�RI�

��� PLQ� IURP� HDFK� RWKHU�� 7KH� WUHDWPHQWV� ZHUH� DSSOLHG� DOVR� E\� LPPHUVLRQ� WR�

HYDOXDWH�WKH�EHVW�PHWKRG�RI�DSSOLFDWLRQ��

�

�����7UHDWPHQW�RQ�:KDWPDQ�SDSHU�VDPSOHV�ZLWK�&1&�3'06�
�

7KH�VXVSHQVLRQ�&1&�3'06�REWDLQHG�DV�GHVFULEHG�LQ�FKDSWHU����SDUDJUDSK������

ZHUH�DSSOLHG�RQ�:KDWPDQ�SDSHU�VDPSOHV�E\�EUXVK�WR�WHVW�WKH�K\GURSKRELFLW\��7KH�

WUHDWPHQW�ZDV�DSSOLHG�LQ�WZR�SDVVHV�IROORZLQJ�WKH�SHUSHQGLFXODU�GLUHFWLRQV�RI�WKH�

SDSHU�VDPSOHV��7KH�VDPSOHV�VL]H�ZDV��[���FP���

�

�����7UHDWPHQW�RQ�FDQYDV�
�

7R�REWDLQ� WKH� SDLQWLQJ� FDQYDV� VDPSOHV�� WKH� WUDGLWLRQDO� SDLQWLQJ� WHFKQLTXH�ZDV�

UHSURGXFHG��7KH�SURFHGXUH�LQYROYHV�WKH�IROORZLQJ�VWHSV��ILJXUH�����



� ϴϮ�

• 7KH� OLQHQ� FDQYDV� ZDV� ZDVKHG� LQ� ERLOLQJ� ZDWHU� DQG� OHIW� WR� DLU� GU\�

ZLWKRXW�ZULQJLQJ�LW�VR�DV�QRW� WR� LQGXFH�WZLVWV� LQ�WKH�ZDUS�DQG�ZHIW�

WKUHDGV�� $IWHU� GU\LQJ�� WKH� FDQYDV� ZDV� GLYLGHG� LQWR� SLHFHV� WR� EH�

WHQVLRQHG�� WKH�QHZ�VDPSOHV�ZHUH�DOLJQHG�WR�WKH�HGJHV�RI�WKH�ORRPV�

IROORZLQJ�WKH�VWUDLJKW�HGJH�DQG�VWLIIHQHG�ZLWK�/DSLQ�JOXH�GLOXWHG�LQ�

ZDWHU�� DSSOLHG� KRW�� WR� ORFN� WKH� ZDUS� DQG� ZHIW� LQ� D� SHUSHQGLFXODU�

SRVLWLRQ�

• 3UHSDUDWLRQ�RI�WKH�VWXFFR��WKH�/DSLQ�JOXH�ZDV�GLVVROYHG�LQ�D�ZDWHU�EDWK�

DQG�SODVWHU�RI�%RORJQD�ZDV�DGGHG�XQWLO�D�WKLFN�PL[WXUH�ZDV�REWDLQHG��

7KLV�PL[WXUH�ZDV� VSUHDG�RQ� WKH�FDQYDV�E\�EUXVK� LQ� WZR�VXFFHVVLYH�

OD\HUV� DSSOLHG� ZLWK� SHUSHQGLFXODU� GLUHFWLRQV� WR� HDFK� RWKHU�� $IWHU�

GU\LQJ��WKH�ILOOHU�ZDV�OHYHOHG�ZLWK�VDQGSDSHU�XQWLO�D�VPRRWK�OD\HU�ZDV�

REWDLQHG�� 7KH� SRURVLW\� RI� WKLV� OD\HU�� SUHSDUDWRU\� WR� SDLQWLQJ�� ZDV�

VDWXUDWHG�ZLWK�D�GLOXWHG�VROXWLRQ�RI�/DSLQ�JOXH�������Y�Y��

• 7KH� FRORU� ZDV� SUHSDUHG� E\� PL[LQJ� D� QDWXUDO� 6LHQD� SLJPHQW� ZLWK�

OLQVHHG�RLO��7KH�GRXJK�ZDV�DSSOLHG�E\�EUXVK�RYHU�WKH�SUHSDUDWLRQ�LQ�

WZR�OD\HUV�



� ϴϯ�

�

)LJXUH����6DPSOH�SUHSDUDWLRQ�SKDVHV��D��HYDOXDWLRQ�RI�\DUQ�RULHQWDWLRQV��E��WHQVLRQLQJ�RQ�WKH�
IUDPH��F�G��SODVWHU�DQG�JOXH�SUHSDUDWLRQ��H���I��GUDIWLQJ�RI�WKH�SUHSDUDWRU\�OD\HU��J�K��

SUHSDUDWLRQ�RI�RLO�FRORU��L��DSSOLFDWLRQ�RI�WKH�SLFWRULDO�OD\HU�LQ�RLO�

�

7R� LQYHVWLJDWH� WKH� LQWHUDFWLRQ� RI� WKH� FRQVROLGDQW� �&1&� VXVRHQVLRQV� DQG�

$TXD]RO��ZLWK�DOO�WKH�FRQVWLWXHQW�OD\HUV�RI�DQ�RLO�SDLQWLQJ��LW�ZDV�QHFHVVDU\�WR�

VHSDUDWH�WKHVH�OD\HUV�DQG�FUHDWH�WKUHH�VHWV�RI�VDPSOHV��

• 7(��FDQYDV�QRW�WUHDWHG�

• *&��FDQYDV�ZLWK�SUHSDUDWLRQ�OD\HU��SODVWHU�DQG�DQLPDO�JOXH��

• &2��FDQYDV�ZLWK�SUHSDUDWLRQ�OD\HU�DQG�FRORU��GU\LQJ�RLO�DQG�SLJPHQW��

7KH� VDPSOHV�ZHUH� REWDLQHG� DIWHU� UHPRYLQJ� WKH� SLHFHV� RI� FDQYDV� IURP� WKH�

ORRP��FXWWLQJ�RXW���[��FP�UHFWDQJOHV�DQG�VXEGLYLGLQJ�WKHP�DFFRUGLQJ�WR�WKH�



� ϴϰ�

ZDUS� DQG�ZHIW� GLUHFWLRQV�� 6LPLODUO\�� D� FDQYDV� SUHYLRXVO\� SDLQWHG�ZLWK� RLO�

FRORU�ZDV�XVHG�DV�D�UHIHUHQFH��5,)����

2Q�HDFK�VDPSOH�VHW��&1&�DW�����Z�Y��ZDV�DSSOLHG�E\�EUXVK��7R�FRPSDUH�WKH�

FRQVROLGDWLRQ�HIILFLHQF\��$TXD]RO�����ZDV�XVHG�DW�����Z�Y���WKH�SRZGHU�ZDV�

GLVSHUVHG� LQ� GLVWLOOHG�ZDWHU� DW� URRP� WHPSHUDWXUH� XQGHU� YLJRURXV�PDJQHWLF�

VWLUULQJ�XQWLO�FRPSOHWH�GLVVROXWLRQ���

%HIRUH�DQG�DIWHU� WKH� WUHDWPHQWV��DOO�VDPSOHV�ZHUH�FRQGLWLRQHG�DW�����&�IRU�

��K��7R� LGHQWLI\� WKH� LQGLYLGXDO� VDPSOHV�� DEEUHYLDWLRQV�ZHUH� FKRVHQ�ZKLFK�

LQFOXGH�WKH�VHW�RI�RULJLQ��7(� �FDQYDV��*&� �SODVWHU�DQG�JOXH��&2� �FRORXU��

5,)� �UHIHUHQFH���WKH�W\SH�RI�FRQVROLGDWRU�DSSOLHG��17� �QR�WUHDWPHQW��&1&�

 �QDQRFHOOXORVH�FU\VWDOOLQH��$4� �$TXD]RO������DQG�\DUQ�GLUHFWLRQ��0'� �

PDFKLQH�GLUHFWLRQ��&'� �&URVV�PDFKLQH���7KH�WUHDWPHQWV�ZHUH�DSSOLHG�RQ�WKH�

EDFN�RI�HDFK�VDPSOH��

�

���&KDUDFWHUL]DWLRQ�
�

7KH�)7,5�VSHFWURVFRS\�ZDV�SHUIRUPHG�DFFRUGLQJ�WR�FKDSWHU��SDUDJUDSK������

�

�

�����:HLJKW�SHUFHQWDJH�JDLQ��:3*��
�

$OO�WKH�VDPSOHV�ZHUH�FRQGLWLRQHG�LQ�DQ�RYHQ�DW�����&��5+� ������IRU����K��7KH\�

ZHUH�WKHQ�ZHLJKHG�EHIRUH�DQG�DIWHU�WKH�WUHDWPHQWV�WR�GHWHUPLQH�WKH�ZHLJKW�JDLQ�

RI�WKH�WUHDWHG�VDPSOHV��7KH�IRUPXOD�����ZDV�XVHG�WR�FDOFXODWH�WKH�SHUFHQWDJH�JDLQ�� 𝑊𝑃𝐺 = (𝑊𝑡𝑛 − 𝑊0𝑊0 ) × 100                                   (1)�
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ZKHUH�:WQ�WKH�ZHLJKW�RI�WKH�DQK\GURXV�VDPSOH�DIWHU�Q�WUHDWPHQW�F\FOHV�DQG�:��

WKH�ZHLJKW�RI�WKH�DQK\GURXV�VDPSOH�EHIRUH�WUHDWPHQW��$�6DUWRULXV�PRG�&3�����'�

DQDO\WLFDO�EDODQFH��G� ������PJ��ZDV�XVHG�WR�HYDOXDWH�WKH�FKDQJHV�LQ�PDVV��

�

�����&RORULPHWU\�

7KH�FKDQJHV�LQ�WKH�VXUIDFH�DSSHDUDQFH�RI�WKH�FHOOXORVLF�VDPSOHV�ZHUH�GHWHUPLQHG�

E\� FRORULPHWULF� PHDVXUHPHQWV� FDUULHG� RXW� E\� D� 6SHFWUR�� 'HQVLWRPHWHU�

7(&+.21�6SHFWUR'HQV��$W�OHDVW���UHJLRQV�RI�D�IHZ�PP��LQ�DUHD�ZHUH�H[DPLQHG�

DQG�DYHUDJHG�RQ�HDFK�VDPSOH��EHIRUH�DQG�DIWHU�WKH�DSSOLFDWLRQ�RI�WKH�FRQVROLGDQWV��

DQG�EHIRUH��GXULQJ�DQG�DIWHU�WKH�DFFHOHUDWHG�DUWLILFLDO�DJLQJ�WHVW��LQ�ERWK�GLUHFWLRQV��

to determine the total color difference ΔE* according WR�81,�(1�������������

7KH�&,(/DE�UHIHUHQFH�V\VWHP�ZDV�FRQVLGHUHG��XVLQJ�'���������.��DV�VWDQGDUG�

LOOXPLQDQW� DQG� &,(� ����� ���� ��� DV� VWDQGDUG� REVHUYHU�� 7KH� WKUHH� FRORULPHWULF�

FRRUGLQDWHV� DUH�� /
� WKH� EULJKWQHVV� �ZKLWH�EODFN� RSSRVLWLRQ��� D
� �UHG�JUHHQ�

RSSRVLWLRQ��DQG�E
��\HOORZ�EOXH�RSSRVLWLRQ��FKURPDWLFLW\�FRRUGLQDWHV��7KH�FRORU�

GLIIHUHQFH�(ΔE*), and the variation of the colorimetric coordinate b* (Δb*) were 

FDOFXODWHG�DFFRUGLQJ�WR�WKH�IROORZLQJ�IRUPXODV�����DQG������

∆𝐸∗ = √(∆𝐿∗2 + ∆𝑎∗2 + ∆𝑏∗2)�������������������
Δ𝑏∗ = √Δ𝐸∗2 −  Δ𝐿∗2 −  Δ𝑎∗2��������������������

If ΔE* > 3, the color YDULDWLRQ�LV�SHUFHSWLEOH�WR�WKH�QDNHG�H\H��LI�LW�LV�EHWZHHQ���

and 3 it is not perceptible, while if it is ΔE* < 1 it is not significant. However, for 

practical purposes, in some cases, color differences 3 < ΔE * < 6, although 

SHUFHSWLEOH��DUH�FRQVLGHUHG�DFFHSWDEOH��81,����������������The value of Δb* is 

LQGLFDWLYH�WR�KLJKOLJKW�DQ\�\HOORZLQJ�RI�WKH�FRQVROLGDQWV�DQG�VDPSOHV��3RVLWLYH�

YDOXHV�RI�E
�LQGLFDWH�DQ�LQFUHDVH�LQ�WKH�\HOORZ�FRPSRQHQW��FRQYHUVHO\��QHJDWLYH�
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YDOXHV�RI�E
�LQGLFDWH�DQ�LQFUHDVH�LQ�WKH�EOXH�FRPSRQHQW��,I�WKH�YDOXH�RI�E
�!����

WKH�FKURPDWLF�YDULDWLRQ�FRXOG�EH�SHUFHLYHG�ZLWK�WKH�QDNHG�H\H��

�����$FFHOHUDWH�DJHLQJ��
�

7KH� VDPSOHV�ZHUH�KRXVHG� LQ� WKH�489�$FFHOHUDWHG�:HDWKHULQJ�7HVWHUV� DJLQJ�

FKDPEHU�RI�4�/DE�&RUSRUDWLRQ�DQG�H[SRVHG�WR�89�UDGLDWLRQ�F\FOHV��ZDYHOHQJWKV�

EHWZHHQ�����QP�DQG�����QP��89$�����ODPS�ZLWK�UDGLDWLRQ�RI������:�P���DQG�

FRQWUROOHG�WHPSHUDWXUH�ZLWK�WKH�VXUIDFH�H[SRVHG�WR�WKH�ODPSV��7ZR�WHPSHUDWXUH�

YDOXHV�KDYH�EHHQ�VHW�WR�EH�UHSHDWHG�LQ�GDLO\�F\FOHV�XS�WR�D�WRWDO�RI�����K��

,�F\FOH��7� �����&��89� ������:�P���W� ���K�

,,�F\FOH��7� �����&��89� ������:�P���W� ���K�

�

�����&RQWDFW�DQJOH��
�

)RU� WKH� FRQWDFW� DQJOH� PHDVXUHPHQWV�� KRPHPDGH� LQVWUXPHQWDWLRQ� ZDV� XVHG��

FDOLEUDWHG�KRUL]RQWDO�SODQH�RQ�ZKLFK�WKH�VDPSOHV�ZHUH�SRVLWLRQHG�DQG�LOOXPLQDWHG�

LQ�WKH�SHUSHQGLFXODU�GLUHFWLRQ�E\�D�ODPS�ZKRVH�OLJKW�LV�ILOWHUHG�E\�DQ�RSDTXH�SODWH�

WR�GHWHUPLQH�WKH�H[DFW�SURILOH�RI�WKH�ZDWHU�GURS�GHSRVLWHG�RQ�WKH�VXUIDFH�RI�WKH�

VDPSOH��7KH�PHDVXUHPHQW�RI�WKH�FRQWDFW�DQJOH�RI�WKH�GURS�ZDV�FDOFXODWHG�XVLQJ�

WKH�SURJUDP�“Image J”.�

�����0HFKDQLFDO�WHVW�

7HQVLOH�VWUHQJWK�PHDVXUHPHQWV�RQ�SDSHU��ILJXUH����DQG�FDQYDVHV�ZHUH�FDUULHG�RXW�

DFFRUGLQJ� WR� ,62� ������������ VWDQGDUGV�� 7KH� VDPSOHV� ���î���î����PP������

ZHUH�PHDVXUHG�E\�D�8QLYHUVDO�7HVWLQJ�0DFKLQH� ����PP�PLQ���%HIRUH� WHVW��DOO�

VDPSOHV�ZHUH�FRQGLWLRQHG�DW�����&��5+� ������IRU����K��)RU�HDFK�WUHDWPHQW����

WHVW�SLHFHV�ZHUH�DQDO\]HG�DQG�WKH�UHVXOWV�ZHUH�DYHUDJHG��7$33,�7����������������

7KH� 7HQVLOH� VWUHQJWK� LV� WKH� PD[LPXP� WHQVLOH� IRUFH� �GHYHORSHG� LQ� WKH� WHVW�
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VSHFLPHQ�EHIRUH�UXSWXUH��SHU�XQLW�ZLGWK�RI�WHVW�VSHFLPHQ��1�P���WKH�VWUHWFK�LV�WKH�

PD[LPXP�WHQVLOH�VWUDLQ��GHYHORSHG�LQ�WKH�WHVW�VSHFLPHQ�EHIRUH�UXSWXUH��H[SUHVVHG�

DV� D� SHUFHQWDJH�� WKH� WHQVLOH� LQGH[� LV� WKH� WHQVLOH� VWUHQJWK� �LQ�1��P�� GLYLGHG� E\�

JUDPPDJH��LQ�J�P���DQG�WKH�7HQVLOH�(QHUJ\�$EVRUSWLRQ��7($��LV�FDOFXODWHG�DV�

WKH�UDWLR�EHWZHHQ�WKH�DUHD�XQGHU�ORDG�HORQJDWLRQ�FXUYH��LQ�-��DQG�WKH�VSHFLPHQ�

VXUIDFH� �LQ�P����7ZR�SHUSHQGLFXODU�GLUHFWLRQV� FRUUHVSRQGLQJ� WR�0'��PDFKLQH�

GLUHFWLRQ�� DQG�&'� �FURVV�PDFKLQH� GLUHFWLRQ���ZHUH� FRQVLGHUHG� WR� FRQVLGHU� WKH�

DQLVRWURS\�RI� WKH� SDSHU� VDPSOHV��7HQVLOH� VWUHQJWK� RI� WKH� VDPSOHV� WUHDWHG�ZLWK�

&1&� DQG�&1&V�$J� FRPSDUHG� WR� WKH� UHIHUHQFH� SDSHU� DQG� DOO� VDPSOHV� IRU� WKH�

FDQYDV�VHWV�ZHUH�HYDOXDWHG��

�

)LJXUH����3DSHU�VDPSOH�GXULQJ�WKH�PHFKDQLFDO�WHVW��OHIW��DQG�DIWHU�WKH�EUHDN��ULJKW��

7KH�WHQVLOH�VWUHQJWK�RI�WKH�VDPSOHV�ZDV�WHVWHG�LQ�WKH�WZR�GLUHFWLRQV�RI�0'�DQG�

&'�DQG� WKH�DYHUDJH�YDOXHV�RI� WHQVLOH�VWUHQJKW� �σ���SHUFHQWDJH�HORQJDWLRQ��ε���

ZHUH�REWDLQHG�E\�PHDQV�RI�HTXDWLRQV�����DQG�����UHVSHFWLYHO\��

σ = F𝐴0 ����
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ZKHUH�)�LV�WKH�PD[LPXP�IRUFH�VXSSRUWHG�E\�WKH�VDPSOH�EHIRUH�EUHDNLQJ�DQG�$��

LV�WKH�LQLWLDO�VHFWLRQ�RI�WKH�VDPSOH��

ε% =  𝐿1− 𝐿0𝐿0 ∗ 100 ��������
ZKHUH�/��/�� LV� WKH� LQFUHDVH� UHFRUGHG�E\� WKH� LQVWUXPHQW� DQG�/�� LV� WKH�GLVWDQFH�

EHWZHHQ�WKH�WHUPLQDOV��

7KH�HQHUJ\�DEVRUEHG�E\�WKH�VDPSOHV�EHIRUH�EUHDNLQJ��ZKLFK�LV�DQ�LQGH[�RI�WKHLU�

WRXJKQHVV�� ZDV� REWDLQHG� IURP� WKH� DUHD� XQGHUO\LQJ� WKH� VWUHVV� �� VWUDLQ� GLDJUDP�

EHIRUH�EUHDNLQJ�DFFRUGLQJ�WR�HTXDWLRQ������

𝑡𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 = ∫ σ(ε𝑚𝑎𝑥ε0 ε)dε��������
�
�����%LRFLGDO�DFWLYLW\�

7KH� HIIHFW� RI� &1&� EDVHG� WUHDWPHQWV� RQ� SDSHU� ZDV� HYDOXDWHG� E\� VSRWWLQJ�

$VSHUJLOOXV� QLJHU� IXQJXV� VSRUHV� RQWR� �� GLIIHUHQW� SLHFHV� RI�:KDWPDQ�SDSHU� ���

FP����RQH�ZLWKRXW�DQ\�WUHDWPHQW��WKH�RWKHUV�FRDWHG�ZLWK�&1&�VXVSHQVLRQ��VLOYHU�

QDQRSDUWLFOHV�DQG�WKHLU�PL[��7KH�LQRFXODWHG�SDSHU�SLHFHV�ZHUH�SODFHG�RQ�&]DSHN�

'R[�DJDU�DQG�LQFXEDWHG�IRU�RQH�ZHHN�DW�����&��7KH�GHYHORSPHQW�RI�WKH�FRORQ\�

ZDV�WKHQ�REVHUYHG���

���5HVXOWV�DQG�GLVFXVVLRQV�
�����:HLJKW�3HUFHQWDJH�*DLQ��:3*��

�

7R� GHWHUPLQH� ZKLFK� LV� WKH� PHWKRG� RI� DSSO\LQJ� D� VXUIDFH� WUHDWPHQW� RQ� SDSHU�

VDPSOHV�� WZR� PHWKRGV� ZHUH� WHVWHG�� EUXVK� GHSRVLWLRQ� DQG� LPPHUVLRQ� RI� WKH�

VDPSOH��7KH�:3*V�UHODWLQJ�WR�ERWK�PHWKRGV�ZHUH�FDOFXODWHG��DV�VKRZQ�LQ�WDEOH�
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���)RU�:KDWPDQ�SDSHU�VDPSOHV�WUHDWHG�ZLWK�&1&�VRO�E\�EUXVK�DQG�GULHG�LQ�RYHQ�

DW�����&�IRU���K��WKH�ZHLJKW�SHUFHQWDJH�JDLQ�ZDV�RQ�DYHUDJH��������������7KH�

DSSOLFDWLRQ�RI�&1&�E\�LPPHUVLRQ�JLYHV�KLJKHU�:3*�YDOXHV�ZLWK�UHVSHFW�WR�WKH�

DSSOLFDWLRQ�RI�WKH�VDPH�VRO�E\�EUXVK��EXW��LQ�WKLV�FDVH��WKH�VDPSOHV�GULHG�UHVXOWHG�

GHIRUPHG��)RU�WKLV�UHDVRQ��DOO�VXEVHTXHQW�WUHDWPHQWV�ZHUH�DSSOLHG�E\�EUXVK��

7DEOH����:3*�FDOFXODWHG�IRU�DOO�SDSHU�VDPSOHV�WUHDWHG�ZLWK�GLIIHUHQW�DSSOLFDWLRQ�PHWKRG�

6DPSOHV� 7UHDWPHQW� :3*��

6��� &1&�E\�EUXVK� ����

6��� &1&�E\�EUXVK� ����

6��� &1&�E\�EUXVK� ����

6��� &1&�E\�EUXVK� ����

6��� &1&�E\�EUXVK� ����

6��� &1&�E\�LPPHUVLRQ� ����

6��� &1&�E\�LPPHUVLRQ� ����

6��� &1&�E\�LPPHUVLRQ� ����

6��� &1&�E\�LPPHUVLRQ� ����

6���� &1&�E\�LPPHUVLRQ� ����

6���� &1&�3'06�E\�EUXVK� ����

6���� &1&�3'06�E\�EUXVK� ����

6���� &1&�3'06�E\�EUXVK� ����

6���� &1&�3'06�E\�EUXVK� ����

6���� &1&�3'06�E\�EUXVK� ����

6�����0'�� &1&�$J�E\�EUXVK� ����

6�����&'�� &1&�$J�E\�EUXVK� ����

�

7KH�&1&�$J�VRO�ZDV�WHVWHG�DV�FRQVROLGDQW�DQG�WR�HYDOXDWH�WKH�ELRFLGDO�DFWLYLW\��

7KH�:3*�ZDV�FDOFXODWHG�RQ�:KDWPDQ�SDSHU�VDPSOHV�LQ�ERWK�GLUHFWLRQV�RQ�ZKLFK�

WKH�WUHDWPHQW�ZDV�DSSOLHG�DQG�WKH�YDOXHV��VKRZQ�LQ�WDEOH����DUH�FRPSDUDEOH�ZLWK�

WKRVH�REWDLQHG�E\�DSSOLFDWLRQ�RI�&1&�E\�EUXVK��,Q�WKLV�FDVH��WKH�UHFRUGHG�:3*�

KDV�YDOXHV�RI�����DQG�����IRU�6���DQG�6��VDPSOHV��UHVSHFWLYHO\��



� ϵϬ�

$TXD]RO��$4��ZDV�FKRVHQ�DV�WKH�UHIHUHQFH�WUHDWPHQW�WR�FRPSDUH�WKH�&1&�EDVHG�

PHWKRG��7KH�:3*�YDOXHV�REWDLQHG�DIWHU�WKH�WUHDWPHQWV�RQ�WKH�FDQYDV�DUH�VKRZQ�

LQ�WDEOH���DQG�FRPSDUHG�ZLWK�WKRVH�ZLWK�&1&��)RU�WKH�7(�VHW�WKHUH�LV�D�JUHDWHU�

TXDQWLW\�RI�FRQVROLGDQW�WKDQNV�WR�WKH�K\GURSKLOLF�QDWXUH�RI�WKH�WH[WLOH�ILEHUV��7KH�

JDLQ� LV�GUDVWLFDOO\� UHGXFHG� IRU� WKH�*&��&2�DQG�5,)�VHWV��ZKHUH� WKH� ILEHUV�DUH�

LVRODWHG�E\�WKH�DQLPDO�JOXH�DQG�RQ�WKH�VXUIDFHV��WKHUH�DUH�PXOWLSOH�OD\HUV�RI�RWKHU�

PRUH�RU�OHVV�K\GURSKLOLF�PDWHULDOV��

�
7DEOH����:3*�FDOFXODWHG�RQ�HDFK�VHW�RI�FDQYDV��%RWK�GLUHFWLRQV� �0'�DQG�&'��DUH� UHSRUWHG��
6WDQGDUG�GHYLDWLRQ�LQ�SDUHQWKHVHV��

6DPSOH� 'LUHFWLRQ� :3*��

7(�&1&� 0'� ��������

7(�&1&� &'� ��������

7(�$4� 0'� ��������

7(�$4� &'� ��������

*&�&1&� 0'� ��������

*&�&1&� &'� ��������

*&�$4� 0'� ��������

*&�$4� &'� ��������

&2�&1&� 0'� ��������

&2�&1&� &'� ��������

&2�$4� 0'� ��������

&2�$4� &'� ��������

5,)�&1&� 0'� ��������

5,)�&1&� &'� ��������

5,)�$4� 0'� ��������

5,)�$4� &'� ��������

�
�

�
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�����)RXULHU�7UDQVIRUP�,QIUDUHG�6SHFWURVFRS\��)7,5��
�

)7,5�VSHFWURVFRS\�JLYHV�LQIRUPDWLRQ�DERXW�WKH�LQWHUDFWLRQV�EHWZHHQ�WKH�VXEVWUDWH�

DQG�WKH�FRQVROLGDQW�PDWHULDO��DQG�LW�FDQ�DOVR�GHWHFW�PRGLILFDWLRQ�RI�WKH�PDWHULDOV�

DIWHU�WKH�WUHDWPHQW�RU�DIWHU�WKH�DFFHOHUDWLQJ�DJHLQJ��

7KH�)7,5�VSHFWUXP�RI�:KDWPDQ�SDSHU�VDPSOHV��ILJXUH����WUHDWHG�ZLWK�&1&�GRHV�

QRW�VKRZ�GLIIHUHQFHV�FRPSDUHG�WR�XQWUHDWHG�:KDWPDQ�SDSHU�VDPSOHV�ZKLFK�KDYH�

WKH� VDPH�FKDUDFWHULVWLF�SHDNV�RI� FHOOXORVH�� ,Q� WKH�)7,5� VSHFWUXP�RI� WKH� SDSHU�

WUHDWHG�ZLWK�WKH�&1&�3'06��WKH�VLJQDOV�DW������FP���DQG�����FP���DUH�FOHDUO\�

GLVWLQJXLVKDEOH�DWWULEXWDEOH�WR�3'06��DV�GHVFULEHG�LQ�FKDSWHU����SDUDJUDSK������

�

�
)LJXUH����)7,5�VSHFWUD�DFTXLUHG�RQ�:KDWPDQ�SDSHU�XQWUHDWHG��WUHDWHG�ZLWK�&1&�E\�EUXVK�DQG�

&1&�3'06�

,Q�ILJXUH��D�WKH�)7,5�VSHFWUXP�DFTXLUHG�RQ�QRW�WUHDWHG�FDQYDV�LV�UHSRUWHG��7KH�

VLJQDOV�FKDUDFWHULVWLF�RI�WKH�FHOOXORVLF�PDWHULDOV�DUH�HYLGHQW��LQ�WKH�UHJLRQ������
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�����FP���WKH�VWUHWFKLQJ�YLEUDWLRQ�RI�WKH�2+�DQG�&+�JURXSV�DUH�SUHVHQW�DQG�LQ�

WKH�UHJLRQ�DW�����������FP���WKHUH�DUH�VWUHWFKLQJ�YLEUDWLRQV�RI�WKH�&�2�&�JURXSV��

7KH� )7,5� VSHFWUXP� DFTXLUHG� RQ� WKH� $TXD]RO� SRZGHU� �ILJXUH� �E�� VKRZV� WKH�

W\SLFDO�SDWWHUQ�RI�WKLV�FRQVROLGDQW��$V�UHSRUWHG�LQ�OLWHUDWXUH��������WKH�VSHFWUXP�LV�

FKDUDFWHUL]HG�E\�WKH�W\SLFDO�VWUHWFKLQJ�YLEUDWLRQDO�EDQGV�GXH�WR�WKH�WHUWLDU\�DPLGH��

WKH� SHDN� DW� ����� FP��� DQG� ����� FP��� are assigned to the νC=O and νC�1��

UHVSHFWLYHO\�� 7KH� SHDNV� DW� ����� FP���� ����� FP��� DQG� ����� FP��� DUH� RI� WKH�

VWUHWFKLQJ�YLEUDWLRQ�RI�&+��DQG�&+��JURXSV��ZKLOH�WKHLU�YLEUDWLRQDO�EHQGLQJ�DUH�

HYLGHQW�DW������FP���������FP���DQG������FP����7KH�&�&�VWUHWFKLQJ�YLEUDWLRQDO�

SHDN� DUH� SUHVHQW� LQ� WKH� UHJLRQ� EHWZHHQ� ���������� FP���� )RU� WKH� VLFFDWLYH� RLO�

�ILJXUH��F��WKH�FKDUDFWHULVWLF�)7,5�SHDNV�DQG�WKHLU�DVVLJQPHQW�DUH�UHSRUWHG�EHORZ��

• DW������FP���WKH�2+�YLEUDWLRQDO�VWUHWFKLQJ��

• DW������FP���WKH�EDQG�RI�ROHILQLF�&+�VWUHWFKLQJ�YLEUDWLRQ��

• DW������FP���H������FP���DUH�SUHVHQW�WKH�SHDNV�DVVLJQHG�WR�V\PPHWULF�DQG�

DV\PPHWULF� YLEUDWLRQDO� VWUHWFKLQJ� RI� PHWK\OHQH� JURXSV� –&+���

UHVSHFWLYHO\��

• WKH�VWURQJ�VWUHWFKLQJ�YLEUDWLRQ�RI�& 2�RI�WKH�IDWW\�DFLG�HVWHU�LV�DW������

FP���

• LQ�WKH�UHJLRQ������FP���H������FP���EDQGV�UHODWHG�WR�WKH�EHQGLQJ�YLEUDWLRQ�

RI�DOLSKDWLF��&+��DUH�HYLGHQW��

• WKH�EDQG�DW�����FP���LV�DVVLJQHG�WR�WKH�URFNLQJ�YLEUDWLRQ�RI�WKH�PHWK\OHQH�

JURXSV�

• WKH�VWUHWFKLQJ�YLEUDWLRQ�RI�&�2�JURXSV�LV�DW������FP���

/DSLQ� JOXH� LV� RI� DQLPDO� RULJLQ� DQG� FRQVLVWV� RI� D� GLVSHUVLRQ� ZLWK� D� KLJK�

FROODJHQ�FRQWHQW��$V� UHSRUWHG� LQ� OLWHUDWXUH���–���� WKH�VWUHWFKLQJ�YLEUDWLRQ�RI�

DPLGLF�JURXS�1�+�LV�DW������FP����7KH�WZR�SHDNV�DW������FP���DQG������FP�

��DUH�DVVLJQHG�WR�DV\PPHWULF�DQG�V\PPHWULF�&+���UHVSHFWLYHO\��,Q�WKH�UHJLRQ�
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���������� FP��� DUH� SUHVHQW� WKH� VWUHWFKLQJ� YLEUDWLRQ� RI� & 2�� WKH� EHQGLQJ�

YLEUDWLRQ�RI�1�+�DQG�WKH�VWUHWFKLQJ�YLEUDWLRQ�RI�&�1��ILJXUH��G����

�

�
)LJXUH����)7,5�VSHFWUD�RQ�D��FDQYDV�OLQHQ��E��$TXD]RO������F��VLFFDWLYH�RLO��G��/DSLQ�JOXH��H��

%RORJQD�J\SVXP�DQG�I��6LHQQD�SLJPHQW�

�

,Q� ILJXUH��H�WKH�)7,5�VSHFWUXP�RI�WKH�J\SVXP�LV�UHSRUWHG��������� WKH�VWUHWFKLQJ�

YLEUDWLRQ�RI�DV\PPHWULF�DQG�V\PPHWULF�2+��FU\VWDOOL]DWLRQ�ZDWHU��DUH�DW������

FP��� DQG� ����� FP��, respectively. The bending vibration (δH�2�+�� RI�

FU\VWDOOL]DWLRQ�ZDWHU�DUH�DW������FP���H������FP����7KH�VXOIDWH�JURXS�SUHVHQW�WKH�

IHDWXUHV�DW������FP���(asymmetric νSO�
����DQG�DW�����FP���(symmetric νSO�

�����

$W�����FP���DQG�����FP���the bending vibration of δSO�
���LV�REVHUYHG���6LHQQD�LV�

D� SLJPHQW� RI�PLQHUDO� RULJLQ� FRQWDLQLQJ� FDOFLXP� FDUERQDWH�� NDROLQLWH�� J\SVXP��

TXDUW]�DQG�R[LGHV� �KHPDWLWH��JRHWKLWH��DQG� LURQ�K\GUR[LGHV����� ,Q� WKH�VSHFWUXP�
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UHSRUWHG� LQ� ILJXUH� �I�� WKH� SHDNV� DW� ����� FP���DQG� DW� ����� FP��DUH� DVVLJQHG� WR�

LQWHUOD\HU�ZDWHU�VWUHWFKLQJ�YLEUDWLon in the crystal lattice of kaolinite. The νSiO 

RI�WKH�NDROLQLWH�ODWWLFH�DUH�SUHVHQW�DW������FP���DQG�DW������FP����7KH�IHDWXUHV�RI�

FDOFLXP�FDUERQDWH�DUH�SUHVHQW�DW������FP��������FP���DQG�����FP���DV�LQGLFDWHG�

E\�WKH�DUURZV��7KH�SHDNV�DW�����FP���DQG�DW�����FP���FDQ�EH�DWWULEXWHG�WR�KHPDWLWH���

7KH� FRPSDULVRQ� RI� WKH� )7,5� VSHFWUD� EHWZHHQ� WKH� VHWV� WUHDWHG�ZLWK� &1&� DQG�

$TXD]RO��EHIRUH�DQG�DIWHU�WKH�DFFHOHUDWHG�DJHLQJ��DUH�UHSRUWHG�LQ�ILJXUHV������)RU�

WKH�VHW�7(��WKH�IHDWXUHV�RI�WKH�FHOOXORVH�DUH�HYLGHQW�DV�GLVFXVVHG�DERYH�� ,Q�WKH�

VDPSOH�ZLWK�$TXD]RO��ILJXUH��D��WKH�WZR�SHDNV�DW������FP���DQG�DW������FP���

UHODWHG� WR� WKH� WUHDWPHQW� DSSOLHG� DUH� KLJKOLJKWHG� ZLWK� DQ� DVWHULVN�� $IWHU� WKH�

DFFHOHUDWHG� DJHLQJ� �ILJXUH� �E�� LQ� WKH� VDPSOH� QRW� WUHDWHG�SHDNV� �LQGLFDWHV�ZLWK�

WULDQJOHV��GXH�WR�WKH�GHSRO\PHUL]DWLRQ����DUH�SUHVHQW��DW������FP���LV�SUHVHQW�WKH�

VWUHWFKLQJ�DVVLJQHG�WR�WKH�FDUER[\O�JURXS��DW������FP���WKH�SUHVHQFH�RI�GLNHWRQH�

YLEUDWLRQDO�VWUHWFKLQJ�DQG�DW������FP���DQG������FP���WKH�VWUHWFKLQJ�YLEUDWLRQV�RI�

WKH�&�2�JURXSV�DUH�IRXQG��,Q�ILJXUH���WKH�)7,5�VSHFWUD�RI�WKH�VHW�*&�DUH�UHSRUWHG��

2EYLRXVO\��WKH�VLJQDOV�RI�J\SVXP�DUH�SUHGRPLQDQW�UHVSHFW�WR�WKRVH�RI�FHOOXORVH�

DQG�JOXH��$IWHU�DFFHOHUDWH�DJHLQJ��ILJXUH��E��RQO\�VPDOO�YDULDWLRQV�LQ�WKH�LQWHQVLW\�

RI�WKH�EDQGV�DVVRFLDWHG�ZLWK�WKH�/DSLQ�JOXH�DUH�QRWHG��KLJKOLJKWHG�LQ�WKH�ILJXUH�

ZLWK� FLUFOHV�� ,Q� ILJXUH� �D� WKH� IHDWXUHV� RI� WKH� GLIIHUHQW�PDWHULDOV� SUHVHQW� LQ� WKH�

VDPSOHV�&2�LQGLFDWHG�ZLWK�OHWWHUV�7��FDQYDV���*��J\SVXP���2��VLFFDWLYH�RLO��DQG�

6��6LHQQD��DUH�HYLGHQW��$IWHU�DFFHOHUDWHG�DJHLQJ��ILJXUH��E��LQ�DOO�VDPSOHV��H[FHSW�

LQ� WKH� VDPSOH� WUHDWHG�ZLWK�&1&�� WKH� VWUHWFKLQJ� YLEUDWLRQ� RI�&+�� GHFUHDVHV� LQ�

LQWHQVLW\��DV�ZHOO�DV�WKDW�UHODWLQJ�WR�EHQGLQJ��SUREDEO\�GXH�WR�WKH�UXSWXUH�RI�WKH�

K\GURFDUERQ�FKDLQV�RI�WKH�RLO��)URP�WKH�FRPSDULVRQ�EHIRUH�DQG�DIWHU�DFFHOHUDWHG�

DUWLILFLDO� DJLQJ� ERWK� WUHDWPHQWV� PDNH� WKH� VDPSOH� PRUH� UHVLVWDQW� WR� R[LGDWLYH�

SURFHVVHV�WULJJHUHG�E\�WHPSHUDWXUH�DQG�89�UDGLDWLRQ��,Q�ILJXUH��D�WKH�VWUHWFKLQJ�

YLEUDWLRQ�RI�WKH�SURWHLQ�FRPSRQHQW��LQGLFDWHG�ZLWK�&
��LV�HYLGHQW��VKLIWHG�WR�ORZHU�

ZDYHQXPEHUV�UHVSHFW�WR�WKH�PRGHUQ�UHIHUHQFH�JOXH��$V�LQ�WKH�&2�VHW��DOVR�LQ�WKH�
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FDVH�RI� WKH� UHIHUHQFH�VDPSOH�� WKH� WUHDWPHQWV� VHHP� WR� VORZ�GRZQ�WKH�R[LGDWLYH�

SKHQRPHQD�WKDW�RFFXU�LQ�WKH�OLQVHHG�RLO�GXULQJ�DJHLQJ��

�

�

�
)LJXUH����FRPSDULVRQ�EHWZHHQ�WKH�)7,5�VSHFWUD�RI�WKH�7(�VDPSOH�VHW��D��EHIRUH�DJLQJ��E��DIWHU�
DJLQJ��7KH�DVWHULVN�LQGLFDWHV�WKH�DEVRUSWLRQ�EDQGV�RI�$4��WKH�WULDQJOHV�WKH�FKDQJHV�LQ�WKH�

DEVRUSWLRQ�EDQGV�DIWHU�DFFHOHUDWHG�DJHLQJ�



� ϵϲ�

�
)LJXUH����FRPSDULVRQ�RI�WKH�)7,5�VSHFWUD�RI�WKH�*&�VDPSOH�VHW��D��EHIRUH�DJLQJ��E��DIWHU�

DJHLQJ��7KH�FLUFOHV�LQGLFDWH�WKH�FKDUDFWHULVWLF�EDQGV�RI�WKH�DQLPDO�JOXH�

�
)LJXUH����FRPSDULVRQ�EHWZHHQ�WKH�)7,5�VSHFWUD�RI�WKH�&2�VDPSOH�VHW��D��EHIRUH�DJLQJ��E��DIWHU�
DJHLQJ��7KH�DOSKDEHWLFDO�DEEUHYLDWLRQV�UHIHU�WR�WKH�PDWHULDOV�PDNLQJ�XS�WKH�OD\HUV�RI�WKH�

VDPSOH�
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�
)LJXUH����FRPSDULVRQ�EHWZHHQ�WKH�)7,5�VSHFWUD�RI�WKH�5,)�VDPSOH�VHW��D��EHIRUH�DJLQJ��E��DIWHU�

DJHLQJ�

�
�����&RORULPHWU\�PHDVXUHPHQW�
�������7UHDWPHQW�RQ�SDSHU�ZLWK�&1&�DQG�&1&�$J��

�

7KH� FRORULPHWULF� PHDVXUHPHQWV� ZHUH� FDUULHG� RXW� RQ� :KDWPDQ� SDSHU� VDPSOH�

EHIRUH�DQG�DIWHU�WKH�WUHDWPHQWV�ZLWK�&1&�DQG�&1&�$J�VXVSHQVLRQV�WR�YHULI\�WKDW�

WKH�VXUIDFH�RI�WKH�SDSHU�VDPSOHV�ZDV�QRW�DOWHUHG��7KH�WRWDO�FRORU�GLIIHUHQFH�Δ(
�

IRU�&1&�LV�������������6����VDPSOHV��ZKHUHDV�WKH�DGGLWLRQ�RI�$J�QDQRSDUWLFOHV�

VOLJKWO\�LQFUHDVHV�LWV�YDOXH��Δ(
� �����������IRU�6���DQG�����������IRU�6���VDPSOH���

ZH�PD\� WKHQ�FRQFOXGH� WKDW� WKH� FRORU� FKDQJH�EHIRUH� DQG�DIWHU� WUHDWPHQW� LV� QRW�

VLJQLILFDQW�WR�WKH�KXPDQ�H\H��

�

�������7UHDWPHQW�RQ�SDSHU�ZLWK�&1&�3'06�
�

7KH� FRORULPHWULF� YDULDWLRQ� RI� :KDWPDQ� SDSHU� FRDWHG� ZLWK� WKH� &1&�3'06�

VXVSHQVLRQ� ZDV� HYDOXDWHG�� 7KH� UHVXOWV� UHSRUWHG� LQ� WDEOH� �� VKRZ� WKH� JRRG�



� ϵϴ�

HIILFLHQF\�RI�WKH�&1&�WUHDWPHQW�E\�EUXVK�DQG�E\�LPPHUVLRQ��$OO�VDPSOHV�KDYH�

(
�YDOXHV�OHVV�WKDQ����LQGLFDWLQJ�WKDW�WKH�WUHDWPHQWV�DUH�QRW�SHUFHSWLEOH�WR�WKH�

KXPDQ� H\HV��$W� WKH� VDPH�� IRU�E
� FRRUGLQDWH�� WKH� SRVLWLYH� LQFUHPHQWV� RI� WKH�

YDOXHV� YHUVXV� WKH� \HOORZLQJ� DUH� QRW� UHOHYDQW�� 6LPLODUO\�� WKH� &1&�3'06�

WUHDWPHQW�GRHV�QRW�SURGXFH�FRORULPHWULF�YDULDWLRQ���

�
7DEOH� ��� (YDOXDWLRQ� RI� FRORULPHWULF� YDULDWLRQ� RI� &1&�3'06� WUHDWPHQW�� ,Q� SDUHQWKHVHV� DUH�
UHSRUWHG�WKH�VWDQGDUG�GHYLDWLRQ��

6DPSOH� (
� E
�

6��� �������� ����������

6��� �������� ����������

6��� �������� ����������

6��� �������� ���������

6��� �������� ����������

6��� �������� ����������

6��� �������� ����������

6��� �������� ����������

6��� �������� ���������

6���� ���������� ����������

6���� ���������� ����������

6���� ���������� ����������

6���� �������� �����������

6���� ���������� ����������

6���� ���������� ����������

�
�

�������7UHDWPHQWV�RQ�FDQYDV�ZLWK�&1&�FRPSDUHG�WR�$48$=2/��
�

%HIRUH�DQG�DIWHU�WKH�WUHDWPHQW�DSSOLFDWLRQV�RQ�HDFK�VHW�RI�SDLQWLQJ�FDQYDV��(
�

DQG�E
�ZHUH�FDOFXODWHG�IROORZLQJ�WKH�IRUPXOD�����H������ ,Q�WDEOH���WKH�YDOXHV�

REWDLQHG�IRU�WKH�WZR�GLUHFWLRQV�DUH�UHSRUWHG��([FHSW�IRU�WKH�VHWV�7(�$4�LQ�ERWK�
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GLUHFWLRQV��LQ�DOO�RWKHU�FDVHV�(
�UHVXOW�XQGHU�WKH�YDOXH���WKDW�UHSUHVHQW�WKH�OLPLW�

RI�SHUFHSWLRQ��)RU�WKH�E
�RQO\�WKH�VHWV�7(�$4�DQG�5,)�$4�LQ�ERWK�GLUHFWLRQV��

KDYH�YDOXHV�KLJKHU�WKDQ�WKH�OLPLW�LPSRVHG�E\�WKH�81,�(1��������������

�

�
7DEOH����&RORULPHWULF�YDULDWLRQ�FDOFXODWHG�RQ�FDQYDV�VHWV�EHIRUH�DQG�DIWHU�DFFHOHUDWH�DJHLQJ�

6DPSOH� 'LUHFWLRQ� (
�EHIRUH�DJHLQJ� (
�DIWHU�

DJHLQJ�

E
�EHIRUH�

DJHLQJ�

E
�DIWHU�

DJHLQJ�

7(�17� 0'� �� �� �� ��

7(�17� &'� �� �� �� ����

7(�&1&� 0'� ���� �� ���� ����

7(�&1&� &'� ���� �� ���� ��

7(�$4� 0'� ���� ��� ���� ����

7(�$4� &'� ���� �� ���� ����

*&�17� 0'� �� ���� �� ����

*&�17� &'� �� ���� �� ����

*&�&1&� 0'� ���� �� ���� ����

*&�&1&� &'� ���� �� ���� ��

*&�$4� 0'� ���� ���� ���� ����

*&�$4� &'� ���� ���� ���� ����

&2�17� 0'� �� �� �� ��

&2�17� &'� �� �� �� ��

&2�&1&� 0'� ���� �� ���� ��

&2�&1&� &'� ���� �� ���� ��

&2�$4� 0'� ���� �� ���� ��

&2�$4� &'� ���� �� ���� ��

5,)�&1&� 0'� ���� �� ���� ��

5,)�&1&� &'� ���� �� ���� ��

5,)�$4� 0'� ���� ��� ���� ��

5,)�$4� &'� ���� ��� ���� ���

�

�

$IWHU�DUWLILFLDO�DJHLQJ�WKH�LQFUHPHQWV�RI�(
�DQG�E
�DUH�HYLGHQW�IRU�DOO�VDPSOHV�

VHW�� *HQHUDOO\�� WKH� PDMRU� LQFUHPHQW�� LQ� WHUPV� RI� (
�� LV� UHJLVWHUHG� IRU� WKH�

WUHDWPHQWV�ZLWK�$TXD]RO��ZKLOH�WKH�XVH�RI�&1&�LV�XQGHU�WKH�OLPLW� LPSRVHG�E\�
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81,���������������3UREDEO\�WKH�%RORJQD�SODVWHU�PL[HG�ZLWK�DQLPDO�JOXH�DSSOLHG�

LQ�WKLV�SUHSDUDWLRQ�OD\HU�LV�QRW�DIIHFWHG�E\�SKRWRR[LGDWLYH�DJHLQJ��DW�OHDVW�XQGHU�

WKH� DSSOLHG� FRQGLWLRQV�� 7KH� FRORU� YDULDWLRQ� RI� WKH� &2� VHWV� LV� GXH� WR� WKH�

SKRWRR[LGDWLYH�DJLQJ�RI�WKH�OLQVHHG�RLO��,W�LV�REVHUYHG�WKDW�WKH�VDPSOHV�RULHQWHG�

ZLWK�&'�JLYH�higher values of ΔE* in all sets (except GC in which however the 

FRORU�YDULDWLRQ�LV�QHJOLJLEOH���3UREDEO\�WKH�RULHQWDWLRQ�RI�WKH�VDPSOHV�DIIHFWV�WKH�

SHQHWUDWLRQ�RI�WKH�FRQVROLGDQW��,Q�IDFW��WKH�ZDUS�LV�WKLQQHU�DQG�PRUH�WZLVWHG��DQG��

LQ�WKH�WHQVLRQLQJ�RI�D�FDQYDV��LW�LV�WKH�RQH�WKDW�KDV�PRUH�VWUHWFKLQJ��7KH�VDPSOHV�

REWDLQHG�ZLWK�WKH�ORQJ�VLGH�SDUDOOHO�WR�WKH�ZDUS�KDYH�D�JUHDWHU�GHQVLW\�RI�YRLGV�

ZKLFK�DOORZ�JUHDWHU�SHQHWUDWLRQ�HYHQ�IRU�D�ODUJH�PROHFXOH�VXFK�DV�WKDW�RI�$TXD]RO�

�����ZKLFK��LQ�PRVW�FDVHV��SURYHV�WR�FDXVH�JUHDWHU�FRORU�YDULDWLRQV��)RU�WKH�E
��

RQO\� WKH� WHVWV� RQ� WKH� VHW�*&� DUH� XQGHU� WKH� SHUFHSWLRQ� OLPLW�� )RU� DOO� WKH� RWKHU�

VDPSOHV�� WKH� LQFUHDVH� RI� WKLV� FRPSRQHQW� LV� UHFRUGHG� DV� D� WHQGHQF\� WRZDUGV�

\HOORZLQJ��7KH�\HOORZLQJ� LV�FRQVLVWHQW�ZLWK� WKH�SKRWRR[LGDWLYH�GHJUDGDWLRQ�RI�

WKH�VLFFDWLYH�RLO��

�

�����&RQWDFW�DQJOH�PHDVXUHPHQW�
�

7KLV�LQYHVWLJDWLRQ�ZDV�SHUIRUPHG�WR�HYDOXDWH�WKH�K\GURSKRELFLW\�RI�WKH�WUHDWPHQW�

ZLWK� 3'06� DSSOLHG� RQ� WKH� :KDWPDQ� SDSHU� VDPSOHV�� 7KLV� SDUDPHWHU� LV�

IXQGDPHQWDO�EHFDXVH� LW� FRQVLGHUV� WKH�SRVVLELOLW\�RI�SURWHFWLQJ�D�SDSHU�DUWZRUN�

IURP�KXPLGLW\�RU�SUHVHUYLQJ�LWV�LQWHJULW\��7KH�PHDVXUHPHQW�RI�WKH�FRQWDFW�DQJOH�

DOORZV� XV� WR� QXPHULFDOO\� HYDOXDWH� ZKHWKHU� D� VXUIDFH� FDQ� EH� GHILQHG� DV�

K\GURSKRELF�RU�QRW��,Q�ILJXUH���UHSRUWV�WKH�LPDJH�RI�D�ZDWHU�GURS�GHSRVLWHG�RQ�D�

QRW�WUHDWHG�:KDWPDQ�SDSHU�VDPSOH��ILJXUH��D��DQG�RQ�D�VDPSOH�WUHDWHG�ZLWK�&1&�

3'06��ILJXUH��E���7KH�DEVHQFH�RI�DQ\� WUHDWPHQW�DOORZV� WKH�ZDWHU�GURS� WR�EH�

FRPSOHWHO\�DEVRUEHG�E\�WKH�K\GURSKLOLF�VXUIDFH��)LJXUH��E�VKRZV�WKH�SUHVHQFH�RI�

ZDWHU�GURS�� WKH�K\GURSKRELFLW\�ZDV� HVWLPDWHG�E\�FRQWDFW� DQJOH�PHDVXUHG� WKDW�



� ϭϬϭ�

FRUUHVSRQG� WR� ������ 7KLV� YDOXH�� HYHQ� LI� QRW� KLJK� HQRXJK� WR� DOORZ� VXSHU�

K\GURSKRELFLW\�� LV� KLJKHU� WKDQ� ����� WKHUHIRUH� LW� DOORZV� XV� WR� VWDWH� WKDW� WKH�

WUHDWPHQW�LV�DGHTXDWH�DQG�VDWLVILHV�WKH�UHTXLUHG�UHTXLUHPHQWV��

�

�

���� �
)LJXUH����&RQWDFW�DQJOH�PHDVXUHG�RQ�D��:KDWPDQ�SDSHU�QRW�WUHDWHG�DQG�E��:KDWPDQ�SDSHU�

WUHDWHG�ZLWK�&1&�3'06�

���

�����0HFKDQLFDO�SURSHUWLHV�
�������7HQVLOH�WHVWV�RQ�:KDWPDQ�SDSHU�VDPSOHV�

�

7KH�JRRGQHVV�RI�WKH�WUHDWPHQW�LQ�WHUPV�RI�FRQVROLGDWLRQ�RI�WKH�SDSHU�VXSSRUW�RQ�

ZKLFK� LW�ZDV� DSSOLHG�ZDV� HYDOXDWHG� XVLQJ� WHQVLOH� WHVWV�� )LJXUH� ��� UHSRUWV� WKH�

WHQVLOH�IRUFH�SHU�XQLW�RI�ZLGWK�ZLWK�UHVSHFW�WR�WKH�SHUFHQWDJH�WHQVLOH�GHIRUPDWLRQ��

,W�LV�LPSRUWDQW�WR�QRWH�WKDW�SDSHU�VDPSOHV�DUH�LQWULQVLFDOO\�DQLVRWURSLF��7KH�WZR�

GLUHFWLRQV� RI� WKH� VKHHW� RI� :KDWPDQ� SDSHU� PXVW� EH� GHILQHG�� WKH� ORQJLWXGLQDO�

GLUHFWLRQ��0'��DQG�WKH�SHUSHQGLFXODU�GLUHFWLRQ��&'����&1&�&/��&1&�:3�DQG�

&1&V�$J�VROV�KDYH�EHHQ�FKRVHQ� IRU�:KDWPDQ�SDSHU� VDPSOHV� WUHDWPHQWV��)RU�

ERWK�GLUHFWLRQV��WKH�WHQVLOH�VWUHQJWK�GRHV�QRW�FKDQJH�ZLWK�WKH�&1&�&/��&1&�:3�

DQG�&1&V�$J�WUHDWPHQWV�ZKLOH�WKH�VWUHWFK�LQFUHDVHV�XS�WR�������7KHVH�UHVXOWV�

VXJJHVW� WKDW� WKH�WUHDWPHQW��ZLWK�DQG�ZLWKRXW�VLOYHU�QDQRSDUWLFOHV�� LPSURYHV�WKH�

SODVWLF� SURSHUWLHV� RI� WKH� SDSHU� ZKLFK� SURYHV� WR� EH� PRUH� H[WHQVLEOH� EHIRUH�

EUHDNLQJ�� ,W� FDQ� EH� K\SRWKHVL]HG� WKDW� WKH� KLJK� DIILQLW\� EHWZHHQ� WKH� FKHPLFDO�



� ϭϬϮ�

VWUXFWXUHV� RI� WKH� &1&� DQG� WKH� SDSHU� ILEHUV� LV� GXH� WR� WKH� K\GURJHQ� ERQGLQJ�

LQWHUDFWLRQV� WKDW� DUH� HVWDEOLVKHG���� $V� UHSRUWHG� LQ� WDEOH� �� WKH� WHQVLOH� HQHUJ\�

DEVRUSWLRQ� �7($�� UHSUHVHQWV� WKH� DEVRUELQJ� HQHUJ\� ZKLFK� FRQVLGHUV� WHQVLOH�

VWUHQJWK�LQ�UHODWLRQ�WR�HORQJDWLRQ�DQG�PHDVXUHV�WKH�WRXJKQHVV�RI�WKH�SDSHU��7KH�

ODVW�SDUDPHWHU�LV�LQFUHDVHG�E\�WKH�&1&�WUHDWPHQW��SUREDEO\�GXH�WR�WKH�WUDQVIHU�RI�

VWUHVV�EHWZHHQ�WKH�LQWHU��ILEHU�LQ�WKH�PDWHULDO�WR�WKH�ORDG�RI�WKH�&1&�ZKLFK�LQ�WKLV�

ZD\� SUHVHUYHV� WKH� ILEHU�ILEHU� ERQGV� DW� KLJKHU� WHQVLOH� VWUHVVHV����� )RU� WKH� QRW�

WUHDWHG�VDPSOHV��WKH�HQHUJ\�DEVRUEHG�LQ�0'�LV�ORZHU�WKDQ�LQ�WKH�&'��:LWK�WKH�

&1&� WUHDWPHQWV�� WKH� LQFUHDVH� LQ�7($� LV� UHFRUGHG� ������� IRU� WKH� ORQJLWXGLQDO�

GLUHFWLRQ�ZLWK�UHVSHFW�WR�WKH�WRXJKHU�SHUSHQGLFXODU�GLUHFWLRQ���

�

�

)LJXUH�����0HFKDQLFDO�SURSHUWLHV�RQ�SHUSHQGLFXODU�GLUHFWLRQV�RI�WKH�:KDWPDQ�SDSHU��D��0'��
E��&'� 5HSURGXFHG�ZLWK�SHUPLVVLRQ�IURP�5HI�����

�

7KH�PHFKDQLFDO�SURSHUWLHV�RI�:KDWPDQ�SDSHU�VDPSOHV�WUHDWHG�ZLWK�&1&�3'06�

ZHUH�FRPSDUHG�ZLWK�WKRVH�RI�QRW�WUHDWHG�SDSHU��WDEOH�����7KH�WZR�:KDWPDQ�SDSHU�

GLUHFWLRQV�ZHUH�HYDOXDWHG��$V�HYLGHQW�IURP�WKH�GDWD�UHSRUWHG�LQ�WDEOH����WKH�&1&�

3'06�FRDWLQJ�GHFUHDVHV� WKH�SHUFHQWDJH�HORQJDWLRQ�RI�ILEHUV�EHIRUH� WKH�EUHDN��

PDNLQJ�VDPSOHV�VWLIIHU�LQ�ERWK�GLUHFWLRQV���

�

�



� ϭϬϯ�

�
7DEOH����(YDOXDWLRQ�RI�PHFKDQLFDO�SURSHUWLHV�RQ�SDSHU�VDPSOHV� WUHDWHG�ZLWK�&1&V��6WDQGDUG�
GHYLDWLRQ�LQ�SDUHQWKHVLV��5HSURGXFHG�ZLWK�SHUPLVVLRQ�IURP�5HI �

6DPSOH� 7HQVLOH�

VWUHQJWK�
�N1�P��

7HQVLOH�LQGH[�

�1P�J��

6WUHWFK����� 7HQVLOH�HQHUJ\�

DGVRUSWLRQ�
�-�P���

17��0'�� �������� ����� �������� �������

17��&'�� �������� ����� �������� ���������

&1&�&/��0'�� �������� ����� �������� ��������

&1&�&/��&'�� �������� ����� �������� ���������

&1&�:3��0'�� �������� ����� �������� ���������

&1&�:3��&'�� �������� ����� �������� ���������

&1&�&/�$J�

�0'��

�������� ����� �������� ���������

&1&�&/�$J�

�&'��

�������� ����� �������� ��������

&1&�:3�$J�

�0'��

�������� ����� �������� ���������

&1&�:3�$J�

�&'��

�������� ����� �������� ��������

�

�
7DEOH����0HFKDQLFDO�SURSHUWLHV�RI�:KDWPDQ�SDSHU�VDPSOHV� WUHDWHG�DQG�QRW� WUHDWHG��6WDQGDUG�
GHYLDWLRQ�LQ�SDUHQWKHVLV���

6DPSOH� 7HQVLOH�VWUHQJWK�

�N1�P��

6WUHWFK����� 7HQVLOH�HQHUJ\�

DGVRUSWLRQ��-�P���

17��&'�� ���������� ���������� ��������

17��0'�� ���������� ���������� ��������

&1&�3'06��&'�� ���������� ���������� ��������

&1&�3'06�

�0'��

���������� ���������� ��������
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�
�������7HQVLOH�WHVWV�RQ�FDQYDV�VDPSOHV��

�

7KH�GDWD�RQ�WHQVLOH�VWUHQJWK��σ�LQ�03D���VWUHWFK��ε�LQ����DQG�7($��0-�P����IRU�

DOO�VDPSOHV�EHIRUH�DQG�DIWHU�DFFHOHUDWHG�DJHLQJ�DUH�UHSRUWHG�LQ�WDEOH����6DPSOHV�

of TE set, treated with CNC, show values of σ, for both directions, higher respect 

WR� WKH� VDPSOHV� WUHDWHG�ZLWK�$TXD]RO�� EHIRUH� DFFHOHUDWHG� DJHLQJ�� 6LPLODUO\�� DOO�

VDPSOHV�LQ�VHW�*&�CNC have higher values (both σ and ε%) respect to samples 

LQ�*&�17�DQG�VDPSOHV�LQ�*&�$4��LQ�ERWK�GLUHFWLRQV��,Q�WKH�VHW�&2�WKH�VDPSOHV�

WUHDWHG�ZLWK� &1&� VKRZ� YDOXHV� FRPSDUDEOH�ZLWK� QRW� WUHDWHG� VDPSOHV�� EXW� WKH�

WHQVLOH�VWUHQJWK�DQG�7($��RQO\�LQ�0'��DUH�EHWWHU�WKDQ�WKH�VDPSOHV�LQ�*&�$4��

5HVSHFW�WR�WKH�XQWUHDWHG�DQG�WUHDWHG�ZLWK�$TXD]RO��LQ�WKH�UHIHUHQFH�VHW��WKH�WHQVLOH�

strength and ε% are higher for the CNC treatment, in CD. After accelerated 

DJHLQJ�WKH�GLIIHUHQFHV�EHWZHHQ�WKH�WZR�GLUHFWLRQV�DUH�WKH�VDPH��VDPSOHV�LQ�&'�

VKRZ� KLJKHU� WHQVLOH� VWUHQJWK� YDOXHV�� ZKLOH� LQ� WKH� 0'� RULHQWDWLRQ� D� KLJKHU�

SHUFHQWDJH�HORQJDWLRQ�LV�REVHUYHG��,Q�WKH�VHW�7(��IRU�QRW�WUHDWHG�VDPSOHV��WKH�7($�

YDOXHV�GHFUHDVH�IRU�ERWK�GLUHFWLRQV��)RU�WKH�*&�VHW�WKH�DFFHOHUDWH�DJHLQJ�GRHsn’t 

LQIOXHQFH� WKH� PHFKDQLFDO� SURSHUWLHV�� $V� HYLGHQW� LQ� WDEOH� ��� DOO� SDUDPHWHUV�

LQYHVWLJDWHG�IRU� WKH�&2�VHW��VKRZ�JRRG�UHVXOWV�IRU�WKH�&1&�WUHDWPHQW��)RU�WKH�

5,)�VHW�WKH�7($�GHFUHDVH�LQ�DOO�VDPSOHV��2Q�WKH�RWKHU�KDQG��WKH�&1&�WUHDWPHQW�

JLYHV�KLJKHU�WHQVLOH�VWUHQJWK�UHVSHFW�WR�WKH�5,)�AQ (in MD) and the ε% is high 

LQ�ERWK�GLUHFWLRQV���

�

�

�
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7DEOH� ��� &RPSDULVRQ� RQ� PHFKDQLFDO� SURSHUWLHV� RQ� DOO� FDQYDV� VHWV� EHIRUH� DQG� DIWHU� WKH�
DFFHOHUDWHG�DJHLQJ��6WDQGDUG�GHYLDWLRQ�LQ�SDUHQWKHVLV�

6DPSOH� 'LUHFWLRQ� σ(MPa) 
%HIRUH�

DJHLQJ�

σ 
�03D��

$IWHU�

DJHLQJ�

ε (%)�
%HIRUH�

DJHLQJ�

ε (%)�
$IWHU�

DJHLQJ�

7($�
�0-�P���

%HIRUH�

DJHLQJ�

7($�
�0-�P���

$IWHU�

DJHLQJ�

7(�17� 0'� ������� ������ ������� ������ ���������� ���������

7(�17� &'� ������� ������ ������ ����� ���������� ���������

7(�&1&� 0'� ������ ������ ������ ������ ��������� ���������

7(�&1&� &'� ������ ������ ����� ������ ��������� ���������

7(�$4� 0'� ������ ������ ������ ������ ��������� ���������

7(�$4� &'� ������ ������ ����� ����� ��������� ���������

*&�17� 0'� ������ ������ ����� ������ ��������� ���������

*&�17� &'� ������ ������ ����� ����� ��������� ���������

*&�&1&� 0'� ������ ������ ������ ������ ��������� ���������

*&�&1&� &'� ������ ������ ����� ����� ��������� ���������

*&�$4� 0'� ������ ������ ����� ����� ��������� ���������

*&�$4� &'� ������ ������ ����� ����� ��������� ���������

&2�17� 0'� ������ ������ ������ ����� ��������� ���������

&2�17� &'� ������ ������ ����� ����� ��������� ���������

&2�&1&� 0'� ������ ������ ����� ����� ��������� ���������

&2�&1&� &'� ������ ������ ����� ����� ��������� ���������

&2�$4� 0'� ������ ������ ����� ������ ��������� ���������

&2�$4� &'� ������ ������ ����� ����� ��������� ���������

5,)�17� 0'� ������ �� ������ �� ��������� ��

5,)�17� &'� ������ �� ����� �� ��������� ��

5,)�

&1&�

0'� ������ ������ ������ ������ ��������� ���������

5,)�

&1&�

&'� ������ ������ ����� ������ ��������� ����

5,)�$4� 0'� ������ ������ ������ ������ ��������� ���������

5,)�$4� &'� ������ ������ ����� ����� ��������� ���������

�
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�����%LRFLGDO�DFWLYLW\�

$QRWKHU�LPSRUWDQW�SURSHUW\�WR�EH�HYDOXDWHG�LQ�WKH�HYHQW�RI�D�IXQJDO�DWWDFN�LV�WKH�

DELOLW\� RI� WKH� DSSOLHG� WUHDWPHQW� WR� GHYHORS� D� ELRFLGDO� DFWLYLW\��������� +HUH� LV�

UHSRUWHG�WKH�ELRFLGDO�DFWLYLW\�RQ�$VSHUJLOOXV�QLJHU�WKDW�ZDV�YHULILHG�RQ�VDPSOHV�

RI� :KDWPDQ� SDSHU� WUHDWHG� ZLWK� WKH� &1&V�� $J� QDQRSDUWLFOHV� DQG� &1&V�$J�

FRDWLQJV��$V�UHSRUWHG�LQ�ILJXUH�����WKH�SUHVHQFH�RI�WKH�$J�QDQRSDUWLFOHV�SUHYHQWV�

WKH�JURZWK�RI�WKH�IXQJXV��RQ�WKH�FRQWUDU\�LQ�WKH�XQWUHDWHG�DQG�WKH�&1&�FRDWHG�

VDPSOHV�WKH�JURZWK�RI�WKH�IXQJXV�KDV�QRW�EHHQ�SUHYHQWHG����

������ �

)LJXUH�����D��%LRFLGDO�WHVW�RQ�:KDWPDQ�SDSHU�VDPSOHV�WUHDWHG�ZLWK�VLOYHU�QDQRSDUWLFOHV��&1&�&/�DQG�
&1&�&/�$J��E��:KDWPDQ�SDSHU�FRDWHG�ZLWK�$J��&1&�:3�$J�DQG�&1&�:3��,Q�ERWK�H[SHULPHQWV�QRW�

WUHDWHG�VDPSOHV��17��DUH�XVHG�VXFK�DV�FRQWURO��5HSURGXFHG�ZLWK�SHUPLVVLRQ�IURP�5HI����

�

���&RQFOXVLRQV�
�

�&1&� EDVHG� WUHDWPHQWV� KDYH� EHHQ� FRQVLGHUHG� ERWK� RQ� SDSHU� DQG� RQ� FDQYDV�

VDPSOHV��DQG�WKHLU�HIIHFWLYHQHVV�KDV�EHHQ�FRPSDUHG�ZLWK�WKDW�RI�WKH�ZHOO�NQRZQ�

FRPPHUFLDO�FRQVROLGDQW�$TXD]RO��

7KH�)7,5�VSHFWUD�SURYLGHG�LQIRUPDWLRQ�RQ�WKH�LQWHUDFWLRQ�RI�FRQVROLGDQWV�ZLWK�

VDPSOHV�EHIRUH�DQG�DIWHU�DUWLILFLDO�DFFHOHUDWHG�DJHLQJ��,W�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�

DJHG�VDPSOHV�WUHDWHG�ZLWK�&1&�VXVSHQVLRQV�GR�QRW�HYLGHQFH�SHDNV�DWWULEXWDEOH�

WR�FHOOXORVH�R[LGDWLRQ���
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,Q� WKH� FDVH� RI� :KDWPDQ� SDSHU� VDPSOHV� WKH� &1&� EDVHG� WUHDWPHQW� OHG� WR� DQ�

LPSURYHPHQW�RI�WKH�VWUHWFK�DQG�WRXJKQHVV�RI�WKH�FHOOXORVLF�VXSSRUW��,Q�WKH�FDVH�RI�

SDLQWLQJ�FDQYDV�PHFKDQLFDO�WHVWV�KDYH�EHHQ�SHUIRUPHG�EHIRUH�DQG�DIWHU�DUWLILFLDO�

DJHLQJ��VKRZLQJ�SURPLVLQJ�UHVXOWV��FRPSDUHG�ZLWK�WKRVH�REWDLQHG�RQ�QRQ�WUHDWHG�

FDQYDV�DQG�RQ�FDQYDV�WUHDWHG�ZLWK�$TXD]RO��$IWHU�DFFHOHUDWLQJ�DJHLQJ�WUHDWPHQW��

LPSURYHPHQW�RQ�VWUHWFK�KDYH�EHHQ�REVHUYHG�RQ�DOO�&1&�EDVHG�WUHDWPHQW�VDPSOHV��

&1&�EDVHG�FRDWLQJV�GR�QRW�FKURPDWLFDOO\�PRGLI\� WKH�VXUIDFH��VKRZLQJ�YDOXHV�

ORZHU�WKDQ�WKH�SHUFHSWLRQ�RI�WKH�KXPDQ�H\H��)LQDOO\��WKH�HYDOXDWLRQ�RI�WKH�ELRFLGDO�

DFWLYLW\�DJDLQVW�$VSHUJLOOXV�QLJHU��H[SORUHG�WKURXJK�WKH�LQKLELWLRQ�WHVW��DOORZV�WKH�

&1&�$J�VRO�WR�EH�FDWDORJHG�DV�D�YDOLG�SURGXFW�DJDLQVW�WKH�IXQJDO�DWWDFN��



� ϭϬϴ�

�

&+$37(5���
�
�

�
&1&�%$6('�+<'52*(/�6&$))2/'6�

�

�

�
���$EVWUDFW�

�

,Q�WKLV�FKDSWHU��WZR�GLIIHUHQW�PDWULFHV�EDVHG�RQ�QDQRFHOOXORVH�DUH�SURSRVHG��RQH�

IRU�PHGLFDO�DSSOLFDWLRQV�DQG�WKH�RWKHU�IRU�HQYLURQPHQWDO�DSSOLFDWLRQV���

7KH�ILUVW�NLQG�RI�PDWUL[�LV�D��'�SULQWHG�K\GURJHO�VFDIIROG�PDGH�RI�QDQRFHOOXORVH�

DQG� DOJLQDWH��PL[HG�ZLWK� VLOYHU� QDQRSDUWLFOHV� WR� SURPRWH� DQWLPLFURELDO� DFWLRQ�

��������������� 7KH� VHFRQG� LV� D� WKUHH�GLPHQVLRQDO� K\GURJHO� VFDIIROG�� PDGH� RI�

FDUER[\PHWK\OFHOOXORVH� PL[HG� ZLWK� QDQRFHOOXORVH�� REWDLQHG� E\� IUHH]H�WKDZ�

PHWKRG��IRU�WKH�UHPRYDO�RI�KHDY\�PHWDOV�LQ�ZDWHU���������

7KH� K\GURJHO� VFDIIROGV� ZLWK� D� ZHOO�GHILQHG� �'� VWUXFWXUH� KDYH� EHHQ� EXLOGHG�

IROORZLQJ�D�PHWKRG�GHYHORSHG�E\�(OYLUL�HW�DO�����7KH�VFDIIROGV�ZHUH�FKDUDFWHUL]HG�

E\�SK\VLFR�FKHPLFDO�PHWKRGV�DQG�E\�6(0�('6�WR�YHULI\�WKH�PRUSKRORJ\�DQG�

WKH� GLVWULEXWLRQ� RI� VLOYHU� QDQRSDUWLFOHV� ����������7KH�PHFKDQLFDO� SURSHUWLHV�ZHUH�

HYDOXDWHG�E\�PHDVXULQJ�WKH�HODVWLF�PRGXOXV��,Q�DGGLWLRQ��DQWL�PLFURELDO�WHVWV�ZHUH�

FDUULHG�RXW�RQ�6WDSK\ORFRFFXV�DXUHXV�DQG�3VHXGRPRQDV�DHUXJLQRVD��

5HJDUGLQJ�WKH�HQYLURQPHQWDO�ILHOG��FDUER[\PHWK\O�FHOOXORVH�K\GURJHO�VFDIIROGV�

PL[HG�ZLWK�YDULRXVO\�IXQFWLRQDOL]HG�QDQRFHOOXORVH��KDYH�EHHQ�SUHSDUHG�WKURXJK�

WKH�IUHH]H�WKDZ�PHWKRG�DQG�DUH�KHUH�SURSRVHG�DV�QRQ�WR[LF�DQG�ELRFRPSDWLEOH�

DGVRUEHQW� PDWHULDOV� IRU� PHWDO� FDWLRQV� LQ� ZDWHU����� &DUER[\PHWK\O� FHOOXORVH�
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�&0&��LV�D�ZDWHU�VROXEOH�DQLRQLF�ELRSRO\PHU�GHULYHG�IURP�FHOOXORVH�E\�SDUWLDO�

VXEVWLWXWLRQ�RI�K\GUR[\O�JURXSV�ZLWK�FDUER[\PHWK\O�JURXSV��:KHQ�GLVSHUVHG�LQ�

ZDWHU�� LQ� WKH� SUHVHQFH� RI� PHWDO� LRQV� LW� WHQGV� WR� IRUP� FURVV�OLQNHG� JHOV�� 7KH�

DGGLWLRQ� RI� FHOOXORVH� QDQRFU\VWDOV� LQ� WKH� IRUPXODWLRQ� FRQWULEXWHV� WR� WKH�

PHFKDQLFDO� SURSHUWLHV� RI� WKH� K\GURJHO�� 'LIIHUHQW� W\SHV� RI� QDQRFHOOXORVH� ZHUH�

DGGHG� LQ� WKH� K\GURJHO� VFDIIROG� IRUPXODWLRQ�� WR� WHVW� WKH� DGVRUSWLRQ� HIILFLHQF\�

WRZDUGV�PHWDO�FDWLRQV�����+\GURJHO�VFDIIROGV�KDYH�EHHQ�FKDUDFWHUL]HG�E\�SK\VLFR�

FKHPLFDO�PHWKRGV� DQG� E\� 6(0�('6� DQDO\VLV�� 7KH� UHPRYDO� HIILFLHQF\� RI� WKH�

K\GURJHO�VFDIIROGV�WRZDUGV�&X����&R����1L���KDV�EHHQ�YHULILHG�LQ�DTXHRXV�VROXWLRQ�

E\�89�9LV�VSHFWURSKRWRPHWU\������������

�

���([SHULPHQWDO�
�����0DWHULDOV�

�

6RGLXP� DOJLQDWH� �PROHFXODU� ZHLJKW� ���–���� N'D��� FDOFLXP� FKORULGH� &RSSHU�

DFHWDWH��&REDOW�DFHWDWH�DQG�1LFNHO�DFHWDWH�ZHUH�IURP�&DUOR�(UED��0LODQ��,WDO\���

&HOOXORVH�QDQRFU\VWDOV�SRO\PRUSKV�,�DQG�,,��R[LGDWH�&1&�DQG�VLOYHU�QDQRSDUWLFOHV�

ZHUH�SUHSDUHG�DV�GHVFULEHG�LQ�FKDSWHU����6RGLXP�FDUER[\PHWK\OFHOOXORVH��&0&��

PROHFXODU�ZHLJKW�������'D��ZDV�SXUFKDVH�E\�1RXU\RQ�&KHPLFDOV��)LQODQG����

�

������'�SULQWHG�+\GURJHO�6FDIIROGV��
�

)RUPXODWLRQV�IRU��'�SULQWLQJ�ZHUH�SUHSDUHG�DV�GHVFULEHG�E\�%HUJRQ]L����%ULHIO\��

DOJLQDWH��$/*��SRZGHUV�ZHUH�GLVVROYHG�DW�URRP�WHPSHUDWXUH�LQ�XOWUDSXUH�ZDWHU�

WR�REWDLQ�D�FRQFHQWUDWLRQ�RI����Z�Y��$�VHFRQG�GLVSHUVLRQ�ZDV�REWDLQHG�XVLQJ�

$/*�����Z�Y��DQG�&1&�����Z�Y��LQ�XOWUDSXUH�ZDWHU�RU�LQ�DQ�DTXHRXV�VXVSHQVLRQ�

RI�VLOYHU�QDQRSDUWLFOHV��7KH�$J�VXVSHQVLRQ�ZDV�V\QWKHWL]HG�IROORZLQJ�WKH�PHWKRG�

UHSRUWHG� LQ� FKDSWHU� ��� SDUDJUDSK� ���� DW� FRQFHQWUDWLRQ� RI� ���� SSP�� 7KH�
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IRUPXODWLRQV�REWDLQHG�ZHUH�VWRUHG�DW����&��)RU�WKH�VFDIIROGV�SURGXFWLRQ�ZLWK�WKH�

�'�SULQWHU��WKH�PHWKRG�UHSRUWHG�E\�%HUJRQ]L�HW�DO�ZDV�IROORZHG����0RUSKRORJ\�

FRQVLVWV�RI�DQ�RUWKRJRQDO�JULG�PDGH�RI�FURVVHG�ILODPHQWV�RI�DERXW������P��WKDW�

FRPSRVH�VTXDUH�VHFWLRQ�FKDQQHOV�RI�DERXW������P�SHU�VLGH��7KH�VFDIIROGV�DUH�

IRUPHG�E\����OD\HUV�DQG�KDYH�GLPHQVLRQV�RI���;����;���FP��$Q�LPDJH�RI�WKH�

K\GURJHO�VFDIIROG�LV�UHSRUWHG�LQ�ILJXUH����

� �
)LJXUH����,PDJH�RI�D�VFDIIROG�

�����)UHH]H�WKDZHG�+\GURJHO�VFDIIROGV��
�

7R� UHDOL]H� WKH� K\GURJHO� VFDIIROG� WKURXJK� IUHH]H�WKDZ�PHWKRG�� FDUER[\PHWK\O�

FHOOXORVH��&0&��ZDV�XVHG�DV�VWDUWLQJ�PDWHULDO�WR�IRUP�WKH�K\GURJHO��7KH�SRZGHU�

ZDV�GLVVROYHG�LQ�GLVWLOOHG�ZDWHU�DW�URRP�WHPSHUDWXUH�WR�REWDLQ�D�VXVSHQVLRQ�ZLWK�

ILQDO�FRQFHQWUDWLRQ�RI����Z�Y��&1&��&1&�,,��SRO\PRUSK�,,��RU�R[LGDWHG�&1&�

�72&1&��ZDV�DGGHG�LQ�������Z�Z��UDWLR��6XFFHVVLYHO\���PO�RI�+�62�����0��ZHUH�

GURSSHG�LQWR�WKH�PL[WXUH�DQG�LW�ZDV�NHSW�VWLUUHG�IRU��K��7KH�VXVSHQVLRQV�ZHUH�FDVW�

LQ�URXQG�SODVWLF�PROG�RI���FP�GLDPHWHU��7KH�PDWHULDO�ZDV�VXEMHFWHG�WR���IUHH]H�

WKDZ��)7��F\FOHV��LW�ZDV�IUR]HQ�LQ�D�UHIULJHUDWRU�DW������&�IRU���K�DQG�VXFFHVVLYHO\�

WKDZHG� DW� URRP� WHPSHUDWXUH� IRU� �� K���� 7KH� K\GURJHO� REWDLQHG�ZDV� UHSHDWHGO\�

ZDVKHG�LQ�GLVWLOOHG�ZDWHU�WR�UHPRYH�WKH�DFLG�H[FHVV�XQWLO�QHXWUDO�S+��$OO�K\GURJHO�

VFDIIROG�IRUPXODWLRQV�DUH�UHSRUWHG�LQ�WDEOH�����
7DEOH����'HVFULSWLRQ�RI�K\GURJHO�VFDIIROG�IRUPXODWLRQV��

6DPSOH� &DUER[\PHWK\O�
FHOOXORVH��PJ��

&HOOXORVH������PJ��

&��� ���� &HOOXORVH�QDQRFU\VWDOV�
&��� ���� &HOOXORVH�QDQRFU\VWDOV�SRO\PRUSK�,,�
&��� ���� 2[LGDWHG�&HOOXORVH�QDQRFU\VWDOV�
&��� ���� ��

�
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�������5HPRYDO�RI�ZDWHU�SROOXWDQW�E\�DGVRUSWLRQ�SURFHVV�
���������89�9LV�6SHFWURVFRS\��

�

7KH�K\GURJHO�VFDIIROG�DGVRUSWLRQ�FDSDFLW\�WRZDUGV�PHWDO�FDWLRQV��&X��,,���&R��,,��

DQG�1L��,,���LQ�VROXWLRQ�DW�GLIIHUHQW�FRQFHQWUDWLRQV��������������������DQG�������0�

IRU�FRSSHU������������DQG������0�IRU�FREDOW�DQG�QLFNHO��ZDV�HYDOXDWHG�E\�89�YLV�

VSHFWURVFRS\���������7KH�VDPSOHV�ZLOO�EH�FODVVLILHG�ZLWK�D�QXPEHU�UHODWLQJ�WR�WKH�

W\SH�RI�VFDIIROG��&���&���&��DQG�&���DV�UHSRUWHG�LQ�WDEOH�����IROORZHG�E\�D�OHWWHU�

UHODWLQJ�WR�WKH�FRQFHQWUDWLRQ�XVHG�IRU�HDFK�H[SHULPHQW��DV�UHSRUWHG�LQ�WDEOH����The 

UV-Vis absorption PHDVXUHPHQW was carried out using the Perkin Elmer Lambda 

Bio 20 spectrophotometer. The Origin 8 program was used for processing VSHFWUD. 

To perform the test, 3 mL of metal solution were taken at pre-established time 

intervals, up to a maximum of 360 minutes. �

7DEOH����&ODVVLILFDWLRQ�RI�PHWDO�FRQFHQWUDWLRQ�XVHG�LQ�WKH�H[SHULPHQWV�

Copper concentration (M)� Reference letter�

0,05� A�

0,025� B�

0,01� C�

0,005� D�

Cobalt and Nickel concentration (M)� Reference letter�

0,15� A�

0,1� B�

0,05� C�

�

Each aliquot was subjected to centrifugation and subsequently filtered with a 

syringe filter with a nylon membrane having a pore size of 0.45 m. 7KH�PHWDO�

LRQV�FRQFHQWUDWLRQ�ZDV�HVWLPDWHG�E\�DEVRUEDQFH�PHDVXUHPHQWV��DFFRUGLQJ�WR�WKH�



� ϭϭϮ�

/DPEHUW�%HHU�ODZ�����DW�WKH�PD[LPXP�DEVRUSWLRQ�ZDYHOHQJWK�PD[������QP�IRU�

&X��,,�������QP�IRU�&R��,,��DQG�����QP�IRU�1L��,,����

�

��������$GVRUSWLRQ�DQG�NLQHWLFV�VWXG\�
�

$GVRUSWLRQ�LV�D�PDVV�WUDQVIHU�SURFHVV�LQYROYLQJ�WKH�GHSRVLWLRQ�RI�VXEVWDQFHV�DW�

WKH�LQWHUIDFH�EHWZHHQ�WZR�SKDVHV��VXFK�DV�VROLG���OLTXLG�LQWHUIDFH�����7KH�DGVRUEHG�

substance is called “adsorbate” while the adsorbing material is called 

“adsorbent”.� 7KH� LQWHUDFWLRQ� EHWZHHQ� DGVRUEDWH� DQG� DGVRUEHQW� FDQ� GHSHQG� RQ�

YDULRXV�IDFWRUV�VXFK�DV�WKH�SUHVHQFH�RU�DEVHQFH�RI�VXUIDFH�FKDUJHV��WKH�SRURVLW\�

RI�WKH�DGVRUEHQW�DQG�WKH�S+�RI�WKH�VROXWLRQ����7KH�DGVRUSWLRQ�SURFHVV��LQ�D�VROLG�

OLTXLG� V\VWHP�� LQYROYHV� WKH� UHPRYDO�RI� WKH� VROXWHV� IURP� WKH� VROXWLRQ� DQG� WKHLU�

DGVRUSWLRQ�RQWR�WKH�VROLG�VXUIDFH��7KH�DGVRUSWLRQ��RU�UHPRYDO��SHUFHQWDJH��$GV�

�����FDQ�EH�GHWHUPLQHG�E\�WKH�IROORZLQJ�IRUPXOD������𝐴𝑑𝑠 % = 𝐶0−𝐶𝑒𝐶0  100�����������
ZKHUH� &�� UHSUHVHQWV� WKH� LQLWLDO� FRQFHQWUDWLRQ� DQG� &H� WKH� FRQFHQWUDWLRQ� DW�

HTXLOLEULXP��

$W�HTXLOLEULXP��WKH�DGVRUSWLRQ�FDSDFLW\��L�H��WKH�DPRXQW�RI�DGVRUEDWH�WKDW�FDQ�EH�

DEVRUEHG�RQ�WKH�DGVRUEHQW�VXUIDFH��H[SUHVV�DV�TH�LQ�PJ�J�FDQ�EH�GHWHUPLQHG�E\�

WKH�HTXDWLRQ������ 𝑞𝑒 = 𝐶0−𝐶𝑒𝑤  𝑉�����������������������
ZKHUH� Z� �J�� LV� WKH� DGVRUEHQW� ZHLJKW� DQG� 9� �P/�� LV� WKH� DGVRUEDWH� VROXWLRQ�

YROXPH�������

7KH�DGVRUSWLRQ�NLQHWLFV�ZHUH�VWXGLHG�E\�ILWWLQJ�WKH�H[SHULPHQWDO�GDWD�WR�SVHXGR�

ILUVW�RUGHU��3)2��DQG�SVHXGR�VHFRQG�RUGHU��362��NLQHWLF�PRGHOV��GHVFULEHG�E\�

WKH�GLIIHUHQWLDO�HTXDWLRQV�����DQG������UHVSHFWLYHO\���–�����



� ϭϭϯ�

𝑑𝑞𝑡𝑑𝑡 = 𝑘1(𝑞𝑒 − 𝑞𝑡)����������������������������������
�� 𝑑𝑞𝑡𝑑𝑡 = 𝑘2(𝑞𝑒 − 𝑞𝑡)2�����������������

ZKHUH�TW�DQG�TH��PJ�J−1��ZHUH�WKH�DGVRUSWLRQ�DPRXQWV�DGVRUEDWH�RQ�WKH�DGVRUEHQWV�

DW�WLPH�W��PLQ��DQG�DW�HTXLOLEULXP��UHVSHFWLYHO\��DQG�N���PLQ−1��DQG�N���J��PJ�PLQ���

DUH�WKH�DGVRUSWLRQ�UDWH�FRQVWDQWV�IRU�3)2�DQG�362��UHVSHFWLYHO\���

,Q�WKH�3)2��LQWHJUDWLQJ�HTXDWLRQ�����DW�WKH�LQLWLDO�FRQGLWLRQ��W� ���TW� ��������𝑙𝑛 𝑞𝑒𝑞𝑒−𝑞𝑡 = 𝑘1𝑡����������������������
ZKHUH�N��LV�WKH�VORSH�RI�WKH�OLQHDU�ILW�RI�OQ�TH��TH�− q���YV��W�DQG�LQGLFDWHV�WKH�VSHHG�

ZLWK�ZKLFK�HTXLOLEULXP�LV�UHDFKHG�����

)RU�362���������ZKLW�WKH�LQLWLDO�FRQGLWLRQ�W� ����TW� ���LQWHJUDWLQJ�HTXDWLRQ�����DQG�

UHDUUDQJLQJ��WKH�OLQHDUL]HG�IRUP�FDQ�EH�REWDLQHG���𝑡𝑞𝑡 = 1𝑘2𝑞𝑒2 + 𝑡𝑞𝑒���������������������
7KH�UDWH�FRQVWDQW�FDQ�EH�HVWLPDWHG�E\�D�OLQHDU�ILW�WR�W�TW�YV��W����–�����

��

���&KDUDFWHUL]DWLRQ�
�����6FDQQLQJ�HOHFWURQ�PLFURVFRS\��6(0���

7KH� 6(0�('6� LQYHVWLJDWLRQ� ZDV� SHUIRUPHG� WR� VWXG\� WKH� VDPSOHV�

PRUSKRORJ\�DQG�WKH�GLVWULEXWLRQ�RI�KHDY\�PHWDOV���

-HRO�-60������6FDQQLQJ�(OHFWURQ�0LFURVFRSH�HTXLSSHG�ZLWK�DQ�2[IRUG�,Q�

LQVWUXPHQWV�/LQN�$QDO\WLFDO�6L��/L��(QHUJ\�'LVSHUVLYH�6\VWHP�GHWHFWRU��6(0�

('6��ZDV�WR�KLJKOLJKW�WKH�VLOYHU�QDQRSDUWLFOHV�SUHVHQFH�DQG�WKH�PRUSKRORJ\�RI�

WKH��'�VFDIIROGV�EHIRUH�DQG�DIWHU�WKH�DGVRUSWLRQ�H[SHULPHQWV��7KH�GDWD�DQDO\VLV�

ZDV�SHUIRUPHG�XVLQJ�WKH��,QFD��VRIWZDUH��$OO�VDPSOHV�ZHUH�GULHG�IROORZLQJ�WKH�

SURFHGXUH�GHVFULEHG�EHORZ��7KH�VDPSOHV�ZHUH�VXEMHFWHG�WR�UHSHDWHG�ZDVKLQJ�LQ�



� ϭϭϰ�

HWKDQRO�WR�UHPRYH�ZDWHU��&ULWLFDO�3RLQW�'U\LQJ��%DOVHU]�8QLRQ��)/��86$��ZDV�

XVHG� LQ�FRQGLWLRQV�RI����DWP�DQG�����&�� WR�HOLPLQDWH� WKH�HWKDQRO��$IWHU�EHLQJ�

GULHG�� VDPSOH� SLHFHV�ZHUH� FXW� RXW� RI� WKH� VFDIIROGV� WR� EH� DEOH� WR� DQDO\]H� ERWK�

VXUIDFH�DUHD�DQG�FURVV�VHFWLRQ��

7R�LQYHVWLJDWH�WKH�PRUSKRORJ\�RQ�WKH�VXUIDFH�DQG�LQ�VHFWLRQ�RI�WKH�K\GURJHOV��WKH�

PHDVXUHPHQWV�ZHUH�SHUIRUPHG�ZLWK�6FDQQLQJ�(OHFWURQ�0LFURVFRSHV�)(,�1RYD�

1DQR6(070�� ZLWK� ,Q�OHQV� 6(� GHWHFWRU� �7/'�6(�� �+LJK� 9DFXXP� H� /RZ�

9DFXXP���7KH�PLFURDQDO\VLV�ZDV� REWDLQHG� XVLQJ�;�('6�%UXNHU�48$17$;�

���� GHWHFWRU�;IODVK� ��� ��PP��� ���H9��7R� HOLPLQDWH� WKH�ZDWHU� FRQWHQW� LQ� WKH�

K\GURJHO��WKH�VDPSOHV�ZHUH�GULHG�ZLWK�DQ�LQIUDUHG�ODPS�

��� ��0HFKDQLFDO�WHVW��
�

7KH� WHQVLOH� VWUHQJWK� DQG� WKH� HORQJDWLRQ� ZHUH� GHWHUPLQHG� E\� PHFKDQLFDO� WHVW�

SHUIRUPHG�DFFRUGLQJ�WR�FKDSWHU���SDUDJUDSK������

�

�����%LRFLGDO�DFWLYLW\��
�

7KH� DQWLPLFURELDO� DFWLYLW\� RI� WKH� �'� VFDIIROG� ZDV� WHVWHG� DJDLQVW� VWUDLQV� RI�

6WDSK\ORFRFFXV�DXUHXV��$7&&���������0DQDVVDV��9$��86$��DQG�3VHXGRPRQDV�

DHUXJLQRVD� �$7&&� ������� �0DQDVVDV�� 9$�� 86$��� 7KH� �'� VFDIIROGV� ZHUH�

SUHSDUHG�DV�GLVN�RI��PP�GLDPHWHU��VXEVHTXHQWO\�VWHULOL]HG�LQ�(W2+������Y�Y���

ZDVKHG�ZLWK�ZDWHU�DQG�VWRUHG�DW���&���

7KH� GLIIXVLRQ� GLVN�PHWKRG� �RU�.LUE\�%DXHU� WHFKQLTXH�� KDV� EHHQ� DGRSWHG� DQG�

PRGLILHG� DG� KRF� WR� DQDO\]H� �'� SULQWHG� K\GURJHO� VFDIIROGV����� 7KH� VFDIIROGV�

���î��[��PP����$/*�DQG�$/*�&1&�$J13�IUHH�VFDIIROGV��DV�FRQWURO��ZHUH�FXW�

DV�GLVN�IRUP�ZLWK��PP�GLDPHWHU��WKHQ�VWHULOL]HG�LQ�����Y�Y�HWKDQRO��ZDVKHG�DQG�



� ϭϭϱ�

VWRUHG�DW����&��6FDIIROGV�FRQWDLQLQJ�$J13V�DW�GLIIHUHQW�FRQFHQWUDWLRQ��IURP���WR�

����SSP��ZHUH�WHVWHG�WR�GHILQH�WKH�0,&���

%DFWHULDO�VWUDLQV�ZHUH�LQRFXODWHG�LQ�0XHOOHU�+LQWRQ�EURWK�DW�����&�IRU��–��KRXUV��

6XEVHTXHQWO\��WKH�VFDIIROGV�ZHUH�SODFHG�LQVLGH�SHWUL�GLVKHV�LQFXEDWHG�DW�����&�IRU�

������KRXUV��$�SRVLWLYH�FRQWURO��D�3HWUL�GLVKHV�VHHGHG�ZLWK�EDFWHULD��DQG�QHJDWLYH�

FRQWURO��RQO\�VFDIIROG��ZHUH�DOVR�VHWWOHG��

7KH�DQWLPLFURELDO�DFWLYLW\�LV�HYDOXDWHG�E\�WKH�PHDVXUHPHQW�RI�WKH�GLDPHWHU�RI�WKH�

LQKLELWLRQ�ULQJ��

� �



� ϭϭϲ�

����5HVXOWV�DQG�GLVFXVVLRQ�
������'�SULQWHG�+\GURJHO�6FDIIROGV��
��������6FDQQLQJ�HOHFWURQ�PLFURVFRS\��6(0��

�

7KH�PRUSKRORJ\�RI� �'�SULQWHG� K\GURJHO� VFDIIROGV� LV� FKDUDFWHUL]HG� E\� D�ZHOO�

GHILQHG�JHRPHWU\��WKH�ILODPHQW�RI�DERXW����������P�IRUP�D�XQLIRUP�ODWWLFH�ZLWK�

VLGHV� RI� DERXW� ���� �P� �ILJXUH� �$� DQG� �&��� 7KH� VLOYHU� QDQRSDUWLFOHV�� ZKHQ�

LQWURGXFHG�LQ�WKH�IRUPXODWLRQ��DUH�KRPRJHQHRXVO\�GLVWULEXWHG�LQWR�WKH�VFDIIROG�

PDWUL[��DQG�QR�DJJORPHUDWLRQ�RI�QDQRSDUWLFOHV�LV�YLVLEOH��ILJXUH��(�DQG��)���

�

���� �
)LJXUH����6(0�LPDJHV�DFTXLUHG�RQ�$��VFDIIROG�DOJLQDWH�DW�PDJQLILFDWLRQ���;��%��VFDIIROG�
DOJLQDWH�DW�PDJQLILFDWLRQ����;��&��VFDIIROG�DOJLQDWH�&1&�EDVHG�DW���;��'��FURVV�VHFWLRQ�RI�
DOJLQDWH�&1&�VFDIIROG����;���(��('6�PDS�DQG�('6�VSHFWUXP�RI�VLOYHU�QDQRSDUWLFOHV�LQ�

DOJLQDWH�VFDIIROG����;���)��('6�PDS�DQG�('6�VSHFWUXP�RI�VLOYHU�QDQRSDUWLFOHV�LQ�DOJLQDWH�
&1&�VFDIIROG����;���5HSURGXFHG�ZLWK�SHUPLVVLRQ�IURP�5HI�����

�



� ϭϭϳ�

7KH�6(0�LPDJH�RI�D�FURVV�VHFWLRQ�RI�WKH�DOJLQDWH�VFDIIROG��ILJXUH��%��VKRZV�D�

UHJXODU�VWUXFWXUH�RI�WKH�LQWHUFRQQHFWHG�DQG�VWUDWLILHG�SRUHV��GLDPHWHU�LQ�WKH�UDQJH�

���45 μm). 7KH�VFDIIROG�PDGH�RI�DOJLQDWH�&1&�PL[��ILJXUH��'��VKRZV�KROORZ�

WXEXODU�ILEHUV�ZLWK�GLDPHWHU�LQ�WKH�UDQJH�EHWZHHQ����126 μm.�

�������0HFKDQLFDO�WHVW�
�

7KH� PHFKDQLFDO� SURSHUWLHV� RI� WKH� VFDIIROGV� ZLWKRXW� WKH� DGGLWLRQ� RI� VLOYHU�

QDQRSDUWLFOHV� ZHUH� HYDOXDWHG� E\�PHDQV� RI� WHQVLOH� WHVWV�� ,Q� WKH� DOJLQDWH�EDVHG�

VFDIIROG� VDPSOH�� WKH� WHQVLOH� VWUHQJWK� LV�����1��ZKLOH� LQ� WKH�FDVH�RI�$/*�&1&�

EDVHG�VFDIIROG�LW�LV�VOLJKWO\�ORZHU��DURXQG�����1��ILJ���D���7KH�VDPH�WUHQG�FDQ�EH�

REVHUYHG�IRU�WKH�HODVWLFLW\��LQ�VDPSOHV�ZLWK�&1&�D�YDOXH�RI�����03D�LV�UHFRUGHG�

ZKLFK�LV�VOLJKWO\�ORZHU��FRPSDUHG�WR�����03D�UHIHUUHG�WR�VDPSOHV�ZLWK�DOJLQDWH�

RQO\��ILJ��E���1HYHUWKHOHVV��WKH�VFDIIROGV�VKRZ�VXIILFLHQW�PHFKDQLFDO�SURSHUWLHV�

WKDW�DOORZ�WKHLU�XWLOL]DWLRQ��

�� �
)LJXUH����D��7HQVLOH�VWUHQJWK��1��RQ�DOJLQDWH�DQG�DOJLQDWH�&1&�VFDIIROGV��E��(ODVWLFLW\��03D��

RQ�DOJLQDWH�DQG�DOJLQDWH�&1&�VFDIIROGV�

�������%LRFLGDO�DFWLYLW\�
�

7KH�DQWLPLFURELDO�DFWLYLW\�DJDLQVW�3��DHUXJLQRVD�DQG�6��DXUHXV� �ILJ���D�E��ZDV�

HYDOXDWHG�IROORZLQJ�WKH�SURFHGXUH�GHVFULEHG�LQ�WKH�H[SHULPHQWDO�SDUW��6FDIIROGV�

EDVHG�RQ�DOJLQDWH��DOJLQDWH�&1&�DQG�DOJLQDWH�&1&�$J�ZHUH�WHVWHG�� ,Q�WKH�ODVW�

IRUPXODWLRQ�� GLIIHUHQW� FRQFHQWUDWLRQV� RI� WKH� FROORLGDO� VROXWLRQ� RI� VLOYHU�

QDQRSDUWLFOHV� ���� ��� ���� ���� SSP�� ZHUH� WHVWHG� WR� GHWHUPLQH� WKH� PLQLPXP�



� ϭϭϴ�

FRQFHQWUDWLRQ� QHFHVVDU\� WR� LQKLELW� WKH� JURZWK� RI� WKH� EDFWHULDO� VWUDLQV� WHVWHG��

6DWLVIDFWRU\�UHVXOWV�ZHUH�REWDLQHG�IRU�WKH�IRUPXODWLRQV�FRQWDLQLQJ�����SSP�DQG�

���SSP�RI�VLOYHU��ZLWK�DQ�LQKLELWLRQ�ULQJ�GLDPHWHU�RI���PP�IRU�DOO�H[SHULPHQWV��

1R�LQKLELWLRQ�ZDV�UHFRUGHG�EHORZ�WKLV�FRQFHQWUDWLRQ��7KH�0,&�DW����SSP�LV�WKHQ�

GHILQHG� IRU� ERWK� EDFWHULDO� FXOWXUHV��$V� VSHFLILHG� LQ� WKH� H[SHULPHQWDO� SDUW�� WKH�

DQWLPLFURELDO�DFWLYLW\�ZDV�DOVR�WHVWHG�RQ�VFDIIROGV�ZLWKRXW�VLOYHU�QDQRSDUWLFOHV�

�DOJLQDWH�DQG�DOJLQDWH�&1&���,Q�WKLV�FDVH��QR�LQKLELWLRQ�DFWLYLW\�LV�UHFRUGHG��

�
)LJXUH����$QWLPLFURELDO�WHVW�RQ�D��3��DHUXJLQRVD�DQG�E��RQ�6��DXUHXV��$��$OJLQDWH��%��$OJLQDWH�

&1&��&��$OJLQDWH�&1&�$J�VFDIIROGV��LQ�SDUHQWKHVHV�WKH�$J�FRQFHQWUDWLRQ��

�

�����)UHH]H�WKDZHG�+\GURJHO�VFDIIROGV��
�������6FDQQLQJ�HOHFWURQ�PLFURVFRS\��6(0��

�

7KH� IUHH]H�WKDZHG� K\GURJHO� VFDIIROG� VDPSOHV� ZHUH� DQDO\]HG� ZLWK� 6(0�� 7KH�

K\GURJHOV�XVHG�IRU�WKH�DGVRUSWLRQ�H[SHULPHQWV�WRZDUGV�FREDOW�DUH�QRW�LQYHVWLJDWHG�

EHFDXVH�WKH�VDPSOH�SUHSDUDWLRQ�ZDV�QRW�SRVVLEOH��,Q�ILJXUH���D�F�WKH�6(0�LPDJHV�

RI� WKH� SRZGHUV� XVHG� IRU� WKH� K\GURJHO� IRUPDWLRQ� DUH� UHSRUWHG�� FHOOXORVH�

QDQRFU\VWDOV��FDUER[\PHWK\OFHOOXORVH�DQG�WKHLU�PL[�LQ�����Z�Z�UDWLR��7KH�JUDLQV�

RI�&1&� SRZGHU� KDYH� D� VSKHULFDO� VKDSH�ZLWK� GLDPHWHU� GLPHQVLRQV�ZLWKLQ� WKH�

UDQJH���·����P��WKLV�VLJQLILHV�WKDW�QDQRFU\VWDOV�WHQG�WR�DJJORPHUDWH�DQG�IRUP�

URXQGHG� JUDLQV� ZKHQ� GULHG� RU� LQ� IRUP� RI� SRZGHU�� 7KH� &0&� SRZGHU� VKRZV�

HORQJDWHG�URGV�VKDSH�RI�GLIIHUHQW�OHQJWKV�UDQJLQJ�IURP�D�IHZ�WHQV�RI�PLFURQV�WR�

����P��,Q�ILJXUH��F�DUH�FOHDUO\�YLVLEOH�WKH�SUHVHQFH�RI�WZR�SRZGHUV��



� ϭϭϵ�

�� �� �
)LJXUH����6(0�LPDJHV�RI�D��FHOOXORVH�QDQRFU\VWDOV�SRZGHU��E��FDUER[\PHWK\OFHOOXORVH�SRZGHU�

DQG�F��&1&�&0&�SRZGHU��UDWLR�����Z�Z��

7KH�6(0�LPDJH�RI�&��VDPSOH��ILJXUH���D��VKRZV�D��'�VWUXFWXUH�ZLWK�OD\HUV�DQG�

SRUHV�ZLWK�GLIIHUHQW�GLDPHWHU�GLPHQVLRQV���������PP���,Q�ILJXUH��E�LV�UHSRUWHG�

WKH�('6�HOHPHQWDO�PDS�DFTXLUHG�RQ�WKH�DUHD�LQ�WKH�\HOORZ�ER[�LQ�ILJXUH��D��7KH�

SUHVHQFH� RI� VXOIXU� LV� GXH� WR� WKH� VXOSKDWH� JURXS� SUHVHQW� RQ� WKH� FHOOXORVH�

QDQRFU\VWDOV�� GXH� WR� WKH� DFLG� K\GURO\VLV�� 7KH� SUHVHQFH� RI� $X� LV� GXH� WR� WKH�

PHWDOOL]DWLRQ�SURFHVV�RI�WKH�VDPSOH���

�

�
)LJXUH����D��6(0�LPDJH�RQ�&��VDPSOH��E��('6�PDS�RQ�WKH�\HOORZ�ER[�LQ�D��

�

)LJXUH��D�DQG��E�VKRZ�WKH�PRUSKRORJLFDO�DVSHFW�RI�K\GURJHO�VDPSOH�&��DIWHU�

LPPHUVLRQ� LQ� WKH� KLJKHVW� DQG� ORZHVW� FRSSHU� FRQFHQWUDWLRQV� �VDPSOH�&�$� DQG�

&�'��UHVSHFWLYHO\��DQDO\]HG�WR�YHULI\�LI�WKH�PHWDO�FRQFHQWUDWLRQ�LQIOXHQFHV�WKH�

VWUXFWXUH��7KH��'�VWUXFWXUH�RI�WKH�VFDIIROG�DIWHU�FRSSHU�DGVRUSWLRQ�VHHPV�WR�EH�

PRUH�FRPSDFW�WKDQ�EHIRUH�WKH�DGVRUSWLRQ��7KH�VFDIIROG�FRQWDLQLQJ�R[LGDWHG�&1&�

LV�FKDUDFWHUL]HG�E\�ODUJH�FDYLWLHV��7KH�VFDIIROG�PDGH�RI�QDQRFHOOXORVH�SRO\PRUSK�

,,�VKRZV�PRUH�FRPSDFW�UHJLRQV��SUREDEO\�GXH�WR�WKH�WDQJOHG�VWUXFWXUH�RI�&1&�



� ϭϮϬ�

SRO\PRUSK�,,��)LJXUH��D�G�VKRZV�WKH�('6�VSHFWUD�DFTXLUHG�RQ�WKH�WRWDO�DUHD�RI�

ILJXUH��D�G��7KH�VLJQDO�RI�&X�LV�HYLGHQW�LQ�DOO�VSHFWUD�ZLWK�FRPSDUDEOH�LQWHQVLW\���

�

�
)LJXUH����6(0�LPDJHV�RQ�D��&�$��E��&�'��F��&�'�DQG�G��&�'�WHVWHG�ZLWK�FRSSHU�

�



� ϭϮϭ�

�

)LJXUH����('6�VSHFWUD�DFTXLUHG�RQ�LPDJHV�LQ�ILJXUHV��D��&�$�VDPSOH���E��&�'�VDPSOH���F��
&�'�VDPSOH�DQG��G��&�'�VDPSOH�WHVWHG�ZLWK�FRSSHU�

)LJXUH��D�F�VKRZV�6(0�LPDJHV�DFTXLUHG�RQ�VDPSOHV�DIWHU�DGVRUSWLRQ�RI�1LFNHO�

LRQV���7KH�PRUSKRORJ\�RI�WKH�VDPSOHV�LV�FKDUDFWHUL]HG�E\�ZLGH�FDYLWLHV��7KH�('6�

PDS�DQG�VSHFWUXP��DFTXLUHG�RQ�WKH�DUHD�LQ�WKH�\HOORZ�ER[�LQ�ILJXUH��D��KLJKOLJKW�

WKH�SUHVHQFH�RI�WKH�QLFNHO�DQG�LWV�KRPRJHQHRXV�GLVWULEXWLRQ��

�

�
)LJXUH����D��6(0�LPDJH�RQ�&�&�VHFWLRQ�WHVWHG�ZLWK�QLFNHO��E��('6�PDS�DFTXLUHG�RQ�WKH�\HOORZ�

ER[�LQ�ILJXUH��D�DQG�F��('6�VSHFWUXP�



� ϭϮϮ�

�������0HWDO�LRQV�DGVRUSWLRQ�VWXGLHV��
�

7R�GHILQH� WKH� DGVRUSWLRQ�SHUFHQWDJH� DQG� WKH�XSWDNH� IRU� DOO� K\GURJHO� VFDIIROGV�

WHVWHG�YHUVXV�PHWDO�VROXWLRQV��ZHUH�DSSOLHG�WKH�IRUPXODV�����DQG�����UHSRUWHG�LQ�

WKLV�FKDSWHU��SDUDJUDSK����������,Q�WDEOHV�����DUH�VXPPDUL]HG�WKH�UHVXOWV�REWDLQHG�

DIWHU�����PLQ�RI�DGVRUSWLRQ�H[SHULPHQWV��,Q�ILJXUH����DUH�UHSRUWHG�WKH�K\GURJHO�

VFDIIROG�EHIRUH��ILJXUH���D��DQG�DIWHU��ILJXUH���E�G��PHWDO�LRQV�UHPRYDO��)RU�D�

SUHGHWHUPLQHG�DPRXQW�RI�DGVRUEHQW��DW�ORZ�LQLWLDO�FRQFHQWUDWLRQV�RI�PHWDO�LRQV��

WKHUH�DUH�PDQ\�DFWLYH�VLWHV�RQ�WKH�VXUIDFH��DGVRUSWLRQ�LV�UDSLG�DQG�HTXLOLEULXP�LV�

UDSLGO\�UHDFKHG��2Q�WKH�FRQWUDU\��DW�KLJK�LQLWLDO�FRQFHQWUDWLRQV�RI�PHWDO�LRQV��WKH�

DGVRUEHQW�VXUIDFH�LV�SURJUHVVLYHO\�RFFXSLHG��7KLV�FDXVHV�D�GHFUHDVH�RI�DYDLODEOH�

DFWLYH�VLWHV�DQG�VORZV�GRZQ�WKH�UDWH�RI�DEVRUSWLRQ����������

�

� �

�
)LJXUH�����D��K\GURJHO�VFDIIROG�EHIRUH�PHWDO�DGVRUSWLRQ��E��&RSSHU�DGVRUSWLRQ�RQ�&�$�VDPSOH��

F��&REDOW�DGVRUSWLRQ�RQ�&�$�VDPSOH��G��1LFNHO�DGVRUSWLRQ�RQ�&�$�VDPSOH�

�



� ϭϮϯ�

7KH�$GV���YDOXHV�UHSRUWHG�LQ�WDEOH���VKRZ�WKH�VDPH�WUHQG�IRU�DOO�VFDIIROGV�VHW�

WHVWHG��,Q�GHWDLO�RQO\�WKH�&��VHW�VKRZV�D�UHODWLYHO\�ORZ�DGVRUEHQW�FDSDFLW\��$GV�

����)RU�WKH�&��PDWHULDO��D�PD[LPXP�DGVRUSWLRQ�RI�����LV�UHFRUGHG�IRU�VDPSOH�

&�'�� )RU� &��� LQ� ZKLFK� WKH� VDPSOHV� FRQVLVW� RQO\� RI� &0&�� ORZHU� DGVRUSWLRQ�

SHUFHQWDJHV�DUH�REWDLQHG��7KLV�GHPRQVWUDWHV� WKDW� WKH�QRQ�IXQFWLRQDOL]HG�&1&��

HPEHGGHG� LQ� WKH� FDUER[\PHWK\OFHOOXORVH� PDWUL[�� LPSURYHV� WKH� DGVRUSWLRQ�

FDSDFLW\� RI� WKH� VFDIIROG�� ,QWHUHVWLQJO\�� WKH�&��PDWHULDO� KDV� DQ� DGVRUSWLRQ� UDWH�

KLJKHU�WKDQ������3UREDEO\�WKH�QHJDWLYH�VXUIDFH�FKDUJHV�SUHVHQW�RQ�WKH�R[LGL]HG�

FHOOXORVH�QDQRFU\VWDOV�KDYH�D�EHWWHU�LQWHUDFWLRQ�ZLWK�WKH�PHWDO�����7KH�EHKDYLRU�

RI� WKH� K\GURJHO� VFDIIROGV� VWXGLHG� VKRZV� VDWLVIDFWRU\� DGVRUSWLRQ� FDSDFLWLHV�

HVSHFLDOO\�DW�ORZ�FRSSHU�FRQFHQWUDWLRQV���

�
7DEOH����$GVRUSWLRQ�FDSDFLW\�DQG�DGVRUSWLRQ�SHUFHQWDJH�IRU�K\GURJHO�VFDIIROG�WHVWHG����������DQG����ZLWK�
FRSSHU�DW�GLIIHUHQW�FRQFHQWUDWLRQ��$��%��&�DQG�'���6WDQGDUG�GHYLDWLRQ�LQ�SDUHQWKHVHV��.��DUH�FDOFXODWHG�
H[SHULPHQWDOO\�����

6DPSOH� &RQFHQWUDWLRQ� TH��PJ�J�� $GV��� U�� .��

&�$� ����� ��������� ��������� ������ �����

&�%� ������ ��������� ��������� ������ ����

&�&� ����� ��������� ��������� ������ �����

&�'� ������ �������� ��������� ������ �����

&�$� ����� ��������� ��������� ������ �����

&�%� ������ ��������� ���������� ������ �����

&�&� ����� ��������� ��������� ������ �����

&�'� ������ ��������� ��������� ������ �����

&�$� ����� ��������� ��������� ������ ����

&�%� ������ ��������� ��������� ������ ����

&�&� ����� ��������� ��������� ������ ����

&�'� ������ ��������� ��������� ������ �����

&�$� ����� ��������� ��������� ������ �����

&�%� ������ ��������� ��������� ������ �����

&�&� ����� ��������� ��������� ������ �����

&�'� ������ ��������� ��������� ������ �����



� ϭϮϰ�

7UHDWPHQW� RI� WKH� DGVRUSWLRQ� NLQHWLFV� GDWD� ZHUH� FDUULHG� RXW� E\� ILWWLQJ� WKH�

H[SHULPHQWDO� GDWD� WR� ERWK� SVHXGR�ILUVW� RUGHU� �3)2�� DQG� SVHXGR�VHFRQG� RUGHU�

�362��PRGHOV��DV�GHVFULEHG�LQ�WKH�H[SHULPHQWDO�VHFWLRQ��7KH�DGVRUSWLRQ�NLQHWLFV�

RI�DOO�PHWDO�LRQV�DGVRUEHG�RQ�WKH�VFDIIROGV�ILW�ZHOO�ZLWK�WKH�SVHXGR�VHFRQG�RUGHU�

PRGHO�ZLWK� UHVSHFW� RI� WKH� FDOFXODWHG�DFWLYH� VLWHV�RQ� WKH�DGVRUEHQW� �U��≥ 0.98). 

)LJXUHV����D�G�FRPSDUH�WKH�GLIIHUHQW�K\GURJHOV�VFDIIROGV�H[SRVHG�WR�FRQWDFW�ZLWK�

WKH�PHWDO�VROXWLRQ�DW�WKH�VDPH�FRQFHQWUDWLRQ��D������0��E�������0��F������DQG�G�

������ 0��� 7KH� SORWV� DUH� REWDLQHG� E\� ILWWLQJ� WKH� H[SHULPHQWDO� GDWD� WKURXJK�

HTXDWLRQ�����W�TW�YV��W�IRU�WKH�SVHXGR�VHFRQG�RUGHU��$V�UHSRUWHG�LQ�OLWHUDWXUH�������

WKH�DGVRUSWLRQ�UDWH�LQ�362�PRGHO�LV�SURSRUWLRQDO�WR�WKH�LQLWLDO�FRQFHQWUDWLRQ�RI�

WKH�DGVRUEHG�VSHFLHV�DQG�WR�WKH�VTXDUH�RI�WKH�QXPEHU�RI�HPSW\�VLWHV��

)XUWKHU�H[SHULPHQWV�DLPHG�DW� LQYHVWLJDWLQJ� WKH�PHFKDQLVP�RI�DGVRUSWLRQ�ZHUH�

QRW�FDUULHG�RXW�VLQFH�WKH\�GLG�QRW�ILW�LQWR�WKH�LPPHGLDWH�VFRSH�RI�WKLV�ZRUN��,W�ZLOO�

EH� KRZHYHU� LQWHUHVWLQJ� WR� LQYHVWLJDWH� LQ� WKH� IXWXUH� WKH� RULJLQ� RI� WKLV� RUGHU� RI�

UHDFWLRQ��DQG�LI�GLIIHUHQW�PHFKDQLVPV�WDNH�SODFH�DW�GLIIHUHQW�PHWDO�FRQFHQWUDWLRQ�

RU�DIWHU�D�SDUWLDO�ORDGLQJ�RI�WKH�PDWHULDO��



� ϭϮϱ�

�
)LJXUH�����362�ILWWHG�RQ�W�TW�YV��W��&RPSDULVRQ�RI�DOO�K\GURJHO�VFDIIROGV�ZLWK�GLIIHUHQW�FRSSHU�
FRQFHQWUDWLRQV��D�������0��E��������0��F�������0�DQG�G��������0��/DEHOV�RI�WKH�K\GURJHO�

VDPSOHV�DUH�H[SOLFDWHG�LQ�WDEOH����

�

$V�UHSRUWHG�LQ�WDEOHV���DQG����IRU�WKH�RWKHU�WZR�PHWDOV�WHVWHG��WKH�$GV��DUH�ORZHU�

UHVSHFW�WR�WKH�DGVRUSWLRQ�FDSDFLW\�UHFRUGHG�IRU�FRSSHU��7KH�KLJKHVW�SHUFHQWDJH�RI�

DGVRUSWLRQ�IRU�FREDOW�LV�����DW�WKH�LQLWLDO�FRQFHQWUDWLRQ�RI������0��&��DQG�&��

VFDIIROGV��� ,Q�WKH�FDVH�RI�QLFNHO�� LW� LV�QRWHG�WKDW�ZKHQ�WKH�FRQFHQWUDWLRQ�RI�WKH�

PHWDO�GHFUHDVHV��WKH�DGVRUSWLRQ�SHUFHQWDJH�LQFUHDVHV�IURP������WR������8VLQJ�

IXQFWLRQDOL]HG�&1&��D�KLJKHU�HIILFLHQF\�WKDQ�&0&�DORQH�RU�PL[HG�&0&�ZLWK�

QRQ�IXQFWLRQDOL]HG�&1&�ZDV�REVHUYHG��)RU�WKH�VWXGLHV�FDUULHG�RXW�ZLWK�FREDOW��

ORZ�TH�YDOXHV�DUH�UHFRUGHG��FRPSDUHG�WR�WKRVH�REWDLQHG�LQ�WKH�H[SHULPHQWDWLRQ�

ZLWK�QLFNHO���



� ϭϮϲ�

7KH�$GV��YDOXHV�DUH�KLJKHU�IRU�&X�,,���IROORZHG�E\�WKRVH�RI�1L�,,��ZKLFK�DUH�

FORVH�WR�WKRVH�RI�&R�,,���LQ�JHQHUDO�WKH�ORZHVW�IRU�WKH�ODWWHU�LRQ���7KLV�WUHQG�VHHPV�

WR� IROORZ�� SHUKDSV� H[SHFWHGO\�� WKH� ,UYLQJ�:LOOLDPV� VHULHV� RI� WKH� GLYDOHQW�

FDWLRQV���������7KH�,UYLQJ�:LOOLDPV�VHULHV�LV�DQ�HPSLULFDO�UHODWLRQVKLS�EHWZHHQ�WKH�

IRUPDWLRQ� FRQVWDQWV� RI� WKH� FRPSOH[HV� RI� WKH� FDWLRQV� RI� WKH� ILUVW� URZ� RI� WKH�

WUDQVLWLRQ�G�EORFN�LQ�WKHLU����R[LGDWLRQ�VWDWHV��*LYHQ�D�VSHFLILF�OLJDQG��WKH�,UYLQJ�

:LOOLDPV�VHULHV�SUHGLFWV�WKDW�WKH�RUGHU�RI�VWDELOLW\�RI�WKH�FRPSOH[HV�ZLWK�WKH�VDPH�

VWRLFKLRPHWU\�LV�0Q�,,����)H�,,����&R�,,����1L�,,����&X�,,��!�=Q�,,���,Q�WHUPV�RI�

WKH�VHULHV��&X�,,��LV�LQGHHG�SUHGLFWHG�WR�IRUP�WKH�PRVW�VWDEOH�FRPSOH[HV��ZKLFK�

OLNHO\�LV�DW�WKH�RULJLQ�RI�WKH�PXFK�KLJKHU�$GV��FRPSDUHG�ZLWK�WKRVH�RI�WKH�RWKHU�

WZR�FDWLRQV��$V�IRU�1L�,,��DQG�&R�,,���WKH�$GV��VHHPV�WR�FRSH�ZLWK�WKH�,UYLQJ�

:LOOLDPV�VHULHV��KRZHYHU�ZLWK�SHFXOLDU�WUHQGV�ZLWKLQ�WKH�GDWD�FROOHFWHG�IRU�WKH�

VDPH�PDWHULDOV��:H�SXW�IRUZDUG�WKH�K\SRWKHVLV�WKDW�WKH�GLIIHUHQW�SUHIHUHQFH�RI�

WKH�FDWLRQV�IRU�WKH�GRQRU�DWRPV�LQ�WKH�PDWHULDO��1L�,,��VRIWHU�WKDQ�&R�,,���DQG�WKH�

SUHIHUHQFH� IRU� GLIIHUHQW� FRRUGLQDWLRQ� QXPEHUV� PD\� EH� DW� WKH� RULJLQ� RI� WKH�

REVHUYHG�WUHQGV�RI�WKH�YDOXHV�UHSRUWHG�LQ�WKH�WDEOHV��

$V�IRU�WKH�NLQHWLFV�RI�XSWDNH��ILJXUH�����IRU�DOO�VFDIIROGV�WHVWHG��ILW�ZHOO�ZLWK�362��

DV�LQ�WKH�FRSSHU�FDVH�VWXG\��

�

�

�

�

�

�

�



� ϭϮϳ�

7DEOH����$GVRUSWLRQ�FDSDFLW\�DQG�DGVRUSWLRQ�SHUFHQWDJH�IRU�GLIIHUHQW�K\GURJHO�WHVWHG��������DQG�
���ZLWK�FREDOW�DW�GLIIHUHQW�FRQFHQWUDWLRQ��$��%�DQG�&���6WDQGDUG�GHYLDWLRQ�LQ�SDUHQWKHVHV��.��DUH�
FDOFXODWHG�H[SHULPHQWDOO\�����

6DPSOH� &REDOW�

&RQFHQWUDWLRQ��

TH��PJ�J�� $GV��� U�� .��

&�$� ����� ��������� ��������� ������ �����

&�%� ���� ��������� �������� ������ ����

&�&� ����� ��������� ��������� ������ ����

&�$� ����� ��������� ������� ������ �����

&�%� ���� ���������� �������� ������ ����

&�&� ����� ���������� �������� ������ �����

&�$� ����� ��������� ��������� ������ �����

&�%� ���� ��������� ������� ������ �����

&�&� ����� ���������� ������� ������ ������

&�$� ����� ��������� ��������� ������ ����

&�%� ���� ��������� �������� ������ �����

&�&� ����� ��������� ��������� ������ �����

�
7DEOH����$GVRUSWLRQ�FDSDFLW\�DQG�DGVRUSWLRQ�SHUFHQWDJH�IRU�GLIIHUHQW�K\GURJHO�WHVWHG����������DQG����ZLWK�
QLFNHO� DW� GLIIHUHQW� FRQFHQWUDWLRQ� �$�� %� DQG� &��� 6WDQGDUG� GHYLDWLRQ� LQ� SDUHQWKHVHV�� .�� DUH� FDOFXODWHG�
H[SHULPHQWDOO\��

6DPSOH� 1LFNHO�&RQFHQWUDWLRQ� TH��PJ�J�� $GV�� U�� .��

&�$� ����� ��������� ������� ������ �����

&�%� ���� ��������� ��������� ����� ����

&�&� ����� ��������� ��������� ������ �����

&�$� ����� ��������� ��������� ������ �����

&�%� ���� ��������� ��������� ������ �����

&�&� ����� ��������� ��������� ������ ����

&�$� ����� ��������� ��������� ������ �����

&�%� ���� ��������� ��������� ������ ������

&�&� ����� ��������� ��������� ������ �����

&�$� ����� ��������� �������� ������ �����

&�%� ���� ��������� ��������� ������ ����

&�&� ����� �������� ��������� ������ �����

�



� ϭϮϴ�

�
)LJXUH�����362�ILWWHG�RQ�W�TW�YV��W��&RPSDULVRQ�RI�DOO�VFDIIROGV�ZLWK�GLIIHUHQW�FREDOW��D�F��DQG�
QLFNHO��G�I��FRQFHQWUDWLRQV��/DEHOV�RI�WKH�K\GURJHO�VDPSOHV�DUH�H[SOLFDWHG�LQ�WDEOH���DQG�WDEOH����

�

�



� ϭϮϵ�

���&RQFOXVLRQV�
�

,Q�WKLV�FKDSWHU�WKUHH�GLPHQVLRQDO�K\GURJHO�VFDIIROGV�KDYH�EHHQ�SUHSDUHG�XVLQJ�

QDQRFHOOXORVH� DV� VWDUWLQJ� DQG� DFWLYH� PDWHULDO�� $� �'� SULQWLQJ� WHFKQRORJ\� DQG�

IUHH]H�WKDZ�PHWKRG�ZDV�XVHG�GHSHQGLQJ�RQ�WKH�PL[WXUH�RI�ELRSRO\PHU�XVHG��7KH�

VXUIDFH�PRUSKRORJ\�RI�WKH�VFDIIROGV�ZDV�VWXGLHG�ZLWK�6(0�LQYHVWLJDWLRQ�ZKLFK�

DOORZHG�WR�QRWH�WKH�KRPRJHQHLW\�RI�GLVWULEXWLRQ�RI�WKH�HOHPHQWV��WKH�DEVHQFH�RI�

DJJUHJDWHV� DQG� SRUHV� RQ� WKH� VXUIDFH�� 7KH� DFWLYLW\� RI� WKH� VLOYHU� QDQRSDUWLFOHV��

LQVHUWHG� LQ� WKH� IRUPXODWLRQ� E\� �'� SULQWLQJ� WHFKQRORJ\� WRZDUGV�3VHXGRPRQDV�

DHUXJLQRVD�DQG�6WDSK\ORFRFFXV�DXUHXV�ZDV�HYDOXDWHG���

$� WUDGLWLRQDO� IUHH]H�WKDZ� PHWKRG� RI� REWDLQLQJ� WKUHH� GLPHQVLRQDO� K\GURJHOV�

VFDIIROGV�RI�FDUER[\PHWK\O�FHOOXORVH�ZDV�LQYHVWLJDWHG��,Q�WKLV�FDVH�WKH�DLP�ZDV�

WR� HYDOXDWH� WKH� EHVW� HIILFDF\� RI� GLIIHUHQW� NLQGV� RI� QDQRFHOOXORVH�� LQ� WHUPV� RI�

UHPRYDO�RI�WKH�PHWDOOLF�SROOXWDQW�SUHVHQW�LQ�WKH�DTXHRXV�VROXWLRQ��7KDQNV�WR�WKH�

H[SHULPHQWV�WKDW�ZHUH�VHW�XS�LQ�WKLV�VWXG\��LW�ZDV�SRVVLEOH�WR�GHILQH�WKH�DPRXQW�

RI�PHWDO�UHPRYHG��$GV����WKH�DGVRUSWLRQ�FDSDFLW\��TH��DQG�WKH�W\SH�RI�NLQHWLFV��

7KH�EHVW�UHVXOWV�ZHUH�REWDLQHG�IRU�FRSSHU�WHVWV��DW�ORZ�PHWDO�FRQFHQWUDWLRQ�ZDV�

UHFRUGHG�KLJK�DGVRUSWLRQ�FDSDFLW\��7KH� WHVWV�ZLWK�QLFNHO�VKRZ�WKH�VDPH�WUHQG��

REVHUYHG�DW�ORZHU�SHUFHQWDJHV�RI�PHWDO��7KH�H[SHULPHQW�FDUULHG�RXW�ZLWK�FREDOW�

VKRZHG�EHWWHU�DGVRUSWLRQ�SHUFHQWDJH�RI�WKH�VFDIIROGV�DW�KLJK�PHWDO�FRQFHQWUDWLRQ��

)LQDOO\��WKH�DGVRUSWLRQ�NLQHWLFV�VWXGLHV�ZHUH�FDUULHG�RXW�WKURXJK�WKH�OLQHDU�ILW�RI�

WKH�H[SHULPHQWDO�GDWD�WR�SVHXGR�VHFRQG�RUGHU�NLQHWLF�PRGHO��

2YHUDOO�RXU�UHVXOWV�VHHPV�WR�GHPRQVWUDWH�WKDW�WKH�PDWHULDOV�DUH�JRRG�DGVRUEHQWV�

IRU�&X�,,���$V�IRU�1L�,,��DQG�&R�,,���LQWHUHVWLQJ�GDWD�ZHUH�REWDLQHG�LQ�WHUPV�RI�

DGVRUSWLRQ� FDSDFLWLHV� DQG� IHDWXUHV� ZKHQ� HYDOXDWHG� DW� GLIIHUHQW� PHWDO�

FRQFHQWUDWLRQV�� +RZHYHU�� QR� UHDO� KLJK� XSWDNH� SURSHUWLHV� RU� VHOHFWLYLW\� ZHUH�

REVHUYHG�IRU�HLWKHU�PHWDO��KLJKOLJKWLQJ�WKDW�IXUWKHU�RSWLPL]DWLRQ�RI�WKH�FHOOXORVH�

PDWHULDOV�DUH�DGYLVDEOH�WR�DFKLHYH�WKHVH�SHUIRUPDQFHV��LI�GHVLUDEOH��



� ϭϯϬ�

�

3$57�,,�
�
�

�

�
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�

�

7KH� VHFRQG� SDUW� FRQFHUQV� WKH� GHYHORSPHQW� RI� *HRSRO\PHU� PDWHULDOV� IRU�

VXVWDLQDEOH� EXLOGLQJ�� 7KLV� UHVHDUFK� LV� LQFOXGHG� LQ� WKH�321�SURMHFW� “5LFHUFD� H�

6YLOXSSR� GL� QXRYL� PDWHULDOL� DYDQ]DWL� SHU� FRVWUX]LRQL� HFR�VRVWHQLELOL�� FRQ�

FDUDWWHULVWLFKH� GL� HOHYDWD� HIILFLHQ]D� HQHUJHWLFD� H� VLFXUH]]D� DQWL� VLVPLFD�� GD�

RWWHQHUVL� FRQ� VLVWHPL� DYDQ]DWL� GL� SURGX]LRQH� DG� DOWH� SUHVWD]LRQL�� HIILFLHQWL� HG�

ecocompatibili” Programma Operativo Nazionale «Imprese e CompetitLYLWjª�

�����������)(65�QXPHUR�)�����������;����&83�%��O��������������

�

7KH�ZRUN�LV�GLYLGHG�LQWR�WKUHH�SDUWV���

• 'HYHORSPHQW�RI�WKH�JHRSRO\PHU�ELQGHU�ZLWK�VROLG�DONDOL�DFWLYDWRUV��

• 'HYHORSPHQW�RI�JHRSRO\PHU�EDVHG�PRUWDU�DQG�SODVWHU��

• )LQDO�IRUPXODWLRQV�DQG�FKDUDFWHUL]DWLRQ�RI�WKH�SURGXFWV��

�

,QWURGXFWLRQ�
�

7KH�ILJKW�DJDLQVW�SROOXWLRQ�UHGXFWLRQ�DQG�FOLPDWH�FKDQJH�LV�D�WRSLF�RI�SDUWLFXODU�

LPSRUWDQFH� DW� JOREDO� OHYHO�� 7KH� EXLOGLQJ� VHFWRU� UHSUHVHQWV� RQH� RI� WKH� PRVW�

VLJQLILFDQW�VRXUFHV�RI�SROOXWLRQ��DSSUR[LPDWHO\����RI�JOREDO�&2��HPLVVLRQV�DUH�



� ϭϯϭ�

DWWULEXWDEOH�WR�WKH�SURGXFWLRQ�DQG�PDQXIDFWXULQJ�RI�3RUWODQG�FHPHQW��7KH�QHHG�

WKHUHIRUH�DULVHV�WR�GHYHORS�PDWHULDOV�WKDW�UHSUHVHQW�DQ�HFR�VXVWDLQDEOH�DOWHUQDWLYH��

,Q� UHFHQW� \HDUV� DONDOLQH� DFWLYDWHG�PDWHULDOV�� VXFK� DV� JHRSRO\PHUV�� KDYH� EHHQ�

H[WHQVLYHO\� LQYHVWLJDWHG�DV� D�SRVVLEOH� VXEVWLWXWH� WR� FRQYHQWLRQDO� FHPHQW���–�����

Geopolymers are a class of “artificial” inorganic three�GLPHQVLRQDO� SRO\PHUV�

REWDLQHG�E\�SRO\FRQGHQVDWLRQ�UHDFWLRQ�RI�DOXPLQRVLOLFDWH�DW�ORZ�FDOFLXP�FRQWHQW�

ZLWK�DONDOLV��7KH�DOXPLQRVLOLFDWH�VWDUWLQJ�VRXUFHV�FDQ�EH�RI�QDWXUDO�RULJLQ�VXFK�DV�

FOD\V�� IHOGVSDUV��YROFDQLF�DVKHV��SR]]RODQV�RU�RI� LQGXVWULDO�RULJLQ�VXFK�DV�EODVW�

IXUQDFH�VODJV��IO\�DVK�HWF���–�����7KH�DONDOL�DFWLYDWRUV�DUH�K\GUR[LGHV�DQG�VLOLFDWHV�

RI� DONDOL� PHWDOV� 7KH� WHUP� �JHRSRO\PHU�� ZDV� FRLQHG� IRU� WKH� ILUVW� WLPH� E\�

'DYLGRYLWV����LQ��������JHR��LQGLFDWHV�WKDW�WKHVH�PDWHULDOV�PLPLF�PDWHULDOV�RI�D�

JHRORJLFDO�QDWXUH��L�H��SK\OORVLOLFDWHV����SRO\PHU��LQGLFDWHV�WKDW�WKHVH�PDWHULDOV�

DUH�REWDLQHG�IURP�WKH�SRO\PHUL]DWLRQ�RI�UHSHDWLQJ�XQLWV�RI�ROLJRPHUV�–^�6L�2�P�

$O�2�`Q�MXVW�OLNH�WKH�SRO\PHUV��$IWHU�WKH�DGGLWLRQ�RI�DONDOL�DFWLYDWRUV��IROORZLQJ�

WKH� UDZ� PDWHULDOV� GLVVROXWLRQ�� QHZ� FKHPLFDO� ERQGV� DUH� IRUPHG� GXULQJ� WKH�

JHRSRO\PHUL]DWLRQ�SURFHVV�ZKLFK�OHDG�WR�REWDLQ�DQ�DPRUSKRXV�RU�VHPLFU\VWDOOLQH�

PDWHULDO� ZLWK� SURSHUWLHV� FRPSDUDEOH� WR� WKRVH� RI� LQRUJDQLF� PDWHULDOV�� VXFK� DV�

KDUGQHVV��FKHPLFDO�VWDELOLW\��KLJK�WKHUPDO�VWDELOLW\��!�������&��DQG�PHFKDQLFDO�

SURSHUWLHV� WKDW�PDNH�WKHVH�PDWHULDOV�VXLWDEOH�IRU�YDULRXV�DSSOLFDWLRQV��PDWULFHV�

IRU� UHIUDFWRU\� DQG� IODPH� UHWDUGDQW� FRPSRVLWHV�� VWUXFWXUDO� DQG� SRURXV� EXLOGLQJ�

PDWHULDOV��PDWULFHV�IRU�WKH�LQHUWLQJ�RI�WR[LF�DQG�UDGLRDFWLYH�ZDVWHV��PRUWDUV�IRU�

UHVWRUDWLRQ�DQG�PRUH���–�����

,Q�WKH�JHRSRO\PHUL]DWLRQ�SURFHVV�WKH�DONDOLQH�VROXWLRQ�SOD\V�D�IXQGDPHQWDO�UROH�

DOORZLQJ� WKH� GLVVROXWLRQ� RI� WKH� DOXPLQRVLOLFDWHV� RI� WKH� VWDUWLQJ� PDWHULDO�� WKH�

K\GURO\VLV� RI� WKH� $O��� DQG� 6L��� FRPSRXQGV� DQG� WKH� SRO\FRQGHQVDWLRQ� RI� WKH�

K\GUR[\�DOXPLQDWH� DQG� K\GUR[\�VLOLFDWH� VSHFLHV���–����� 7KH� JHRSRO\PHUL]DWLRQ�

SURFHVV�FDQ�EH�GLYLGHG�LQWR�WKUHH�VWDJHV��ILJXUH������L��GLVVROXWLRQ�K\GURO\VLV���LL��

SRO\FRQGHQVDWLRQ�� �LLL�� VROLGLILFDWLRQ�FU\VWDOOL]DWLRQ�� �L��7KH� DONDOLQH� DFWLYDWLQJ�
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VROXWLRQ�� WKURXJK� WKH� FRQVXPSWLRQ� RI� ZDWHU� DQG� WKDQNV� WR� WKH� DFWLRQ� RI� WKH�

K\GUR[\O� JURXSV�� SURPRWHV� WKH� GLVVROXWLRQ� RI� WKH� DOXPLQR�VLOLFDWH� QHWZRUN�

OHDGLQJ�WR�WKH�IRUPDWLRQ�RI�DOXPLQDWH�DQG�VLOLFDWH�PRQRPHUV������

�

�
)LJXUH����3RVVLEOH�UHDFWLRQ�VFKHPH�RI�JHRSRO\PHUL]DWLRQ�

�

7KH� PRQRPHUV� IRUP� D� FRPSOH[� PL[WXUH� RI� DOXPLQDWHV�� VLOLFDWHV� DQG�

DOXPLQRVLOLFDWHV�LQ�HTXLOLEULXP�ZKLFK�FRQGHQVHV�OHDGLQJ�WR�WKH�DSSHDUDQFH�RI�WKH�

ILUVW�ROLJRPHUV�ZLWK�WKH�IRUPDWLRQ�RI�D�GLVRUGHUHG�JHO��7KH�JHO�DSSHDUV�DV�D�WZR�

SKDVH�PL[WXUH�� DOXPLQRVLOLFDWHV� DQG�ZDWHU�� ZKLFK� ILOOV� WKH� VSDFH� EHWZHHQ� WKH�

SDUWLFOHV�ZLWKRXW�UHDFWLQJ���LLL��)LQDOO\��WKHUH�LV�D�UHDUUDQJHPHQW�RI�WKH�SRO\PHU�

JHO� ZKLFK� HYROYHV� LQWR� D� WKUHH�GLPHQVLRQDO� QHWZRUN� E\� LQFUHDVLQJ� WKH�

FRQQHFWLRQV� EHWZHHQ� WKH� FKDLQV�� 7KH� UHVXOWLQJ� SRO\PHUL]DWLRQ� OHDGV� WR� WKH�

KDUGHQLQJ�RI�WKH�ZKROH�V\VWHP���

�

�� $EVWUDFW�
�

7KH� UHVHDUFK� DFWLYLW\�ZDV� IRFXVHG� RQ� WKH� VWXG\� RI� LQQRYDWLYH� HFR�FRPSDWLEOH�

JHRSRO\PHU�PRUWDUV�DQG�SODVWHUV��*HRSRO\PHULF�ELQGHUV�EHORQJ�WR�WKH�FODVV�RI�

DONDOLQH� DFWLYDWHG�PDWHULDOV� DQG� DUH� REWDLQHG� E\� SROLFRQGHQVDWLRQ� UHDFWLRQ� RI�
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QDWXUDO� DOXPLQRVLOLFDWHV� �VXFK� DV� PHWDNDROLQLWH�� RU� LQGXVWULDO� ZDVWHV� �VXFK� DV�

VLOLFD� IXPHG� DQG� VODJ��ZLWK� DQ� DONDOLQH� VROXWLRQ��7KH� SUHVHQW� UHVHDUFK�PDLQO\�

IRFXVHV�RQ�WKH�SRVVLELOLW\�RI�UHSODFLQJ�WKH�OLTXLG�DONDOLQH�DFWLYDWRU��������ZLWK�D�

VROLG�DONDOLQH�DFWLYDWRU��7KH�REWDLQHG�“RQH�SDUW”�SUHPL[�FDQ�EH�HDVLO\�XVHG�LQ�UHDO�

VLWXDWLRQV������������� ,Q� “RQH�SDUW”� FRPSRQHQW�� WKH� GLVVROXWLRQ� RI� WKH� DONDOL�

DFWLYDWRU�VWDUWV�DIWHU�ZDWHU�DGGLWLRQ�� WKHUHIRUH�D�FRPSOHWH�UHDFWLRQ�ZLWK�D�VROLG�

VRXUFH� RI� DOXPLQRVLOLFDWH� PD\� WDNHV� ORQJHU� WKDQ� XVLQJ� DONDOL� DFWLYDWRU� LQ�

VROXWLRQ��–���LQ� WKH� VR� FDOOHG� �WZR�part” reaction. )RU� WKH� GHYHORSPHQW� RI�

ELQGHUV�� PRUWDUV� DQG� SODVWHUV�� SDUDPHWHUV� VXFK� DV� ZRUNDELOLW\� �FRQVLVWHQF\��

SODVWLFLW\� DQG� FRKHVLRQ�� PXVW� EH� FRQVLGHUHG��������� 2QH�SDUW� ELQGHUV� ZHUH�

LQYHVWLJDWHG��WKH�SRZGHU�SUHFXUVRUV�ZHUH�YDULHG�WR�HYDOXDWH�WKH�SURGXFW�ZLWK�EHVW�

SHUIRUPDQFH��$IWHU�FKRRVLQJ� WKH�ELQGHU��PRUWDUV�DQG�SODVWHUV�ZHUH�GHYHORSHG��

7KHQ��IRU�ERWK�PDWHULDOV��VHYHUDO�IRUPXODWLRQV�ZHUH�SURSRVHG��3DUWLFXODU�DWWHQWLRQ�

KDV� DOVR� EHHQ� SDLG� WR� WKH� XVH� RI� YDULRXV� QDWXUDO� DGGLWLYHV�� VXFK� DV� VWDUFK� DQG�

FHOOXORVH�� GXH� WR� WKHLU� DGKHVLYH� SURSHUWLHV� DQG� UKHRORJLFDO� PRGLILHUV��

UHVSHFWLYHO\��ZKLFK�LQIOXHQFH�WKH�SURSHUWLHV�RI�WKH�IUHVK�DQG�KDUGHQHG�PRUWDU��DV�

WKH�W\SH�DQG�TXDQWLW\�RI�DGGLWLYHV�YDU\��ZRUNDELOLW\��DGKHVLRQ�WR�WKH�VXEVWUDWH�DQG�

PHFKDQLFDO�UHVLVWDQFH�ZHUH�HYDOXDWHG��)LQDOO\��PRUWDUV�DQG�SODVWHUV�ZHUH�DSSOLHG�

RQ� DXWRFODYHG� DHUDWHG� FRQFUHWH� EORFNV�� WKH� FRUUHFWLRQ� WLPH� DQG� WKH� DGKHUHQFH�

ZHUH�HYDOXDWHG��

$OO� SURGXFWV� ZHUH� IXOO\� FKDUDFWHUL]HG�� WR� DVVHVV� WKH� FKHPLFDO�� SK\VLFDO� DQG�

PHFKDQLFDO�SURSHUWLHV���

�

���([SHULPHQWDO�
�����0DWHULDOV�

�

0HWDNDROLQLWH� �%$6)��� K\GUDWHG� VRGLXP� VLOLFDWH� �%ULWHVLO� &���� S+� ����� ��

&URVVILHOG��� SRWDVVLXP� VLOLFDWH� ���.� �7LOOPDQV� 6�3�$���� FDOFLXP� K\GUR[LGH�
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�8QLFDOFH���EODVW�IXUQDFH�VODJ��1HXYHQGLV���ZKLWH�FHPHQW�������&%��,WDOFHPHQWL���

$GGLWLYHV�� PDL]H� VWDUFK� ZDV� SXUFKDVHG� LQ� WKH� ORFDO� PDUNHW�� PHWK\O� FHOOXORVH�

�&XOPLQDO�������KLJK�YLVFRVLW\�+9��&XOPLQDO������PHGLXP�YLVFRVLW\�09��DQG�

&XOPLQDO������ORZ�YLVFRVLW\�/9���DQG�VLORSRQ�������DLU�HQWUDLQLQJ�DJHQW��ZHUH�

SXUFKDVHG� E\� $VKODQG�� 'HKVFRIL[� �SODVWLFL]HU�� ZDWHU� UHGXFLQJ� DJHQW�� ZDV�

SURYLGHG� E\� 1HXYHQGLV�� 6WDUYLV� 6��)� �ZDWHU� UHVHUYRLU�� DQG� '\QDPRQ� 65��

�VXSHUSOVWLFL]HU��ZDV�SXHFKDVHG�E\�%$6)��H[SDQGHG�JODVV��39��ZDV�SXUFKDVHG�

E\�325$9(5��EDVDOW�ILEHUV��VLOLFD�VDQG�����H�����ZHUH�SURYLGHG�E\�%DFFKL�V�S�D��

�

�����%LQGHU�IRUPXODWLRQV�IRU�WKH�GHYHORSPHQW�RI�PRUWDU�
�

To evaluate the performance of the new “one�pot” geopolymers with respect of 

WKH� WZR�SDUW�FODVVLFDO�JHRSRO\PHU��D� IRUPXODWLRQ�ZLWK�DONDOL� DFWLYDWRU� VROXWLRQ�

ZDV�SUHSDUHG��%ULHIO\��PHWDNDROLQLWH��0.��DQG�DONDOL�DFWLYDWRU�VROXWLRQ��$$6��LQ�

D�����UDWLR�DUH�PL[HG�IRU���PLQXWHV�LQ�D�PHFKDQLFDO�PL[HU��ZLWK�D�ZDWHU�ELQGHU�

UDWLR��Z�E�� ������7KH�DFWLYDWLQJ�VROXWLRQ�FRQVLVWV�RI�VRGLXP�K\GUR[LGH���0��DQG�

VRGLXP�VLOLFDWH�LQ�WKH�UDWLR������Z�Z���7KH�VDPSOH�ZDV�FDOOHG�/����
The “one�pot” binders, called from /��WR�/��ZHUH�REWDLQHG�E\�PL[LQJ�PHWDNDROLQ�

DQG� DONDOL� DFWLYDWRU� LQ� SRZGHU� IRUP� �$$3�� LQ� WKH� UDWLR� RI� ������ �Z�Z��� 7KH�

DONDOLQH�DFWLYDWRU�DQG�Z�E�DUH�GLIIHUHQW�LQ�WKH�YDULRXV�IRUPXODWLRQV��

/��–�VRGLXP�VLOLFDWH�FDOFLXP�K\GUR[LGH �����Z�E� ������

/��–�VRGLXP�VLOLFDWH��FDOFLXP�R[LGH� ������Z�E� ������

/��–�SRWDVVLXP�VLOLFDWH��FDOFLXP�K\GUR[LGH� �����Z�E� ������

/��–�SRWDVVLXP�VLOLFDWH���FDOFLXP�R[LGH� ������Z�E� ������

�

�

�

�
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�����%LQGHU�IRUPXODWLRQ�IRU�WKH�GHYHORSPHQW�RI�SODVWHU�
�

'LIIHUHQW�IRUPXODWLRQV�KDYH�EHHQ�LQYHVWLJDWHG�WR�REWDLQ�D�VXLWDEOH�ELQGHU�IRU�WKH�

GHYHORSPHQW�RI�SODVWHU��,Q�WKHVH�IRUPXODWLRQV��PHWDNDROLQ�ZDV�VXEVWLWXWHG�ZLWK�

EODVW�IXUQDFH�VODJ��%)6��ZDVWHV��7KH�GLIIHUHQW�IRUPXODWLRQV�DUH�OLVWHG�EHORZ��7KH�

SHUFHQWDJH�RI�%)6�DQG�DONDOL�DFWLYDWRU�LQ�SRZGHU�IRUP��$$3��LQGLFDWHG�LQ�WKH�

GHVFULSWLRQ��UHIHUV�WR�WKH�WRWDO�VROLG�PDVV�RI�ELQGHU��7KH�IRUPXODWLRQV�DUH�QDPHG�

IURP�/3��WR�/3���

/3����%)6���������$$3��1D�6L2���.2+��&D&2�����������Z�E� ������

/3���%)6�������$$3��1D�6L2���&D�2+����&D&2������Z�E� ������

/3����%)6���������$$3��1D�&2���&D�2+����������Z�E� ������

/3����%)6���������$$3��1D�6L2���&D�2+����������Z�E� ������

/3����%)6���������$$3��1D�6L2���.2+��&D&2����������Z�E� ������

/3����%)6������$$3��1D�6L2���&D�2+����&D&2����������Z�E� ������

/3����%)6���������$$3��1D�6L2���&D�2+����1D+&2�����������Z�E� ������

�

�����)RUPXODWLRQV�IRU�WKH�GHYHORSPHQW�RI�PRUWDU��
�

)ROORZLQJ�WKH�UHVXOWV�REWDLQHG�RQ�WKH�GLIIHUHQW�ELQGHU�IRUPXODWLRQV��IURP�/��WR�

/����ZKLFK�ZLOO�EH�UHSRUWHG�LQ�WKH�UHVXOWV�DQG�GLVFXVVLRQ��SDUDJUDSK������WKH�/��

ELQGHU� �FDOFLXP� K\GUR[LGH� DQG� SRWDVVLXP� VLOLFDWH�� ZDV� FKRVHQ� IRU� WKH�

GHYHORSPHQW� RI� WKH�PRUWDU�� 7KH�PRUWDUV� ZHUH� SUHSDUHG� E\� DGGLQJ� VDQG�� LQ� D�

ELQGHU�VDQG�UDWLR�RI�����RU������Z�Z���DQG�GLIIHUHQW�QDWXUDO�DGGLWLYHV�WR�WKH�ELQGHU��

7DEOH���VXPPDUL]HG�WKH�PRUWDUV�IRUPXODWLRQV�SUHSDUHG���

7KH�ILQDO�PRUWDUV�ZHUH�QDPHG�0��WR�0���

�

�
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7DEOH����'HVFULSWLRQ�RI�PRUWDU�IRUPXODWLRQV��7KH�DGGLWLYHV�SHUFHQWDJH�����LV�UHIHUUHG�WR�WKH�WRWDO�
VROLG�PDVV�RI�WKH�PRUWDU��7KH�Z�E�UDWLR�LV�FDOFXODWHG�RQ�WKH�PDVV�RI�ELQGHU���

6DPSOH� Z�E�UDWLR� $GGLWLYHV������

0�� ���������������� ��

0�� �� $OJLQDWH���������

0�� ����� 5LFH�6WDUFK������

0�� ���� 0DL]H�6WDUFK��������

0�� ���� 0DL]H�6WDUFK���������&XOPLQDO������

09��������

0�� ���� 0DL]H�6WDUFK���������&XOPLQDO������+9�

��������'\QDPRQ�65����������

0�� ���� 0DL]H�6WDUFK���������PLFURILEULOODWHG�

FHOOXORVH�&0)���������'\QDPRQ�65��

��������

0�� ���� 0DL]H�6WDUFK���������QDQRFU\VWDOOLQH�

FHOOXORVH�&1&���������'\QDPRQ�65��

��������

�����)RUPXODWLRQV�IRU�WKH�GHYHORSPHQW�RI�SODVWHU���
�

)ROORZLQJ�WKH�UHVXOWV�REWDLQHG�RQ�WKH�GLIIHUHQW�IRUPXODWLRQV�RI�ELQGHU��IURP�/3��

WR�/3����ZKLFK�ZLOO�EH�UHSRUWHG�LQ�WKH�UHVXOWV�DQG�GLVFXVVLRQ��SDUDJUDSK������WKH�

/3��ELQGHU��$$3��1D�6L2���&D�2+����&D&2���ZDV�FKRVHQ�IRU�WKH�GHYHORSPHQW�

RI� SODVWHU�� )RU� WKH� IRUPXODWLRQ� RI� WKH� SODVWHU�� WKH� ELQGHU�ZDV�PL[HG�ZLWK� WKH�

DJJUHJDWHV� �VLOLFD� VDQG� �6������ H[SDQGHG� JODVV� �39� ������ PP��� DQG� GLIIHUHQW�

DGGLWLYHV��PHWK\O�FHOOXORVH�&XOPLQDO�����DQG�&XOPLQDO�������6LORSRQ������6WDUYLV��

'\QDPRQ� 65�� DQG� EDVDOW� ILEHU��� ,Q� 7DEOH� �� DUH� VXPPDUL]HG� WKH� SODVWHU�

IRUPXODWLRQV� GHYHORSHG�� ,Q� WKH� FDVH� RI� WKH� SODVWHU�� D� PHGLXP�ORZ� YLVFRVLW\�

FHOOXORVH�ZDV�XVHG��WR�REWDLQ��DW�WKH�VDPH�WLPH��D�JRRG�FDSDFLW\�WR�UHWDLQ�ZDWHU�
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IRU� WKH� WLPH� QHFHVVDU\� WR� WULJJHU� WKH� JHRSRO\PHUL]DWLRQ� UHDFWLRQV�� ZLWKRXW�

KRZHYHU�DIIHFWLQJ�WKH�JRRG�IOXLGLW\�RI�WKH�PL[WXUH��

�
7DEOH����'HVFULSWLRQ�RI�SODVWHU� IRUPXODWLRQV��7KH�ELQGHU��DJJUHJDWH�DQG�DGGLWLYHV�SHUFHQWDJH�
LQGLFDWH�DUH�UHIHUUHG�WR�WKH�WRWDO�PDVV�RI�SODVWHU��6Q� �VDQG��39Q� �H[SDQGHG�JODVV��Q� �DJJUHJDWH�
VL]H�LQ�PP��

6DPSOH� %LQGHU�
���� $JJUHJDWH����� Z�E� $GGLWLYH�����

3��� ����� ������6�����39�������39����� �����
�����&XOPLQDO������

6LORSRQ������'\QDPRQ�65���

3��� ����� ������6�����39�������39����� �����
�����&XOPLQDO�������

6LORSRQ������'\QDPRQ�65���

3��� ����� ������6�����39�������39����� �����
�����&XOPLQDO������

'\QDPRQ�65���

3��� ����� ������6�����39�������39����� �����
�����&XOPLQDO�������

'\QDPRQ�65���

3��� ����� ������6�����39�������39����� �����

����&XOPLQDO�������

6LORSRQ������'\QDPRQ�65���

6WDUYLV�6��)��

3��� ����� ������6�����39�������39����� �����

�����&XOPLQDO�������

6LORSRQ������'\QDPRQ�65���

6WDUYLV�6��)��

3��� ����� ������6�����39������� �����

�����&XOPLQDO�������

6LORSRQ������%DVDOW�ILEHU��

6WDUYLV�6��)��

3��� ����� ������6�����39�������)LOOHU�� �����

�����&XOPLQDO�������

6LORSRQ������'\QDPRQ�65���

%DVDOW�ILEHU��6WDUYLV�6��)��

3��� ����� ������6�����6�����39������� �����

�����&XOPLQDO�������

6LORSRQ������'\QDPRQ�

65���6WDUYLV�6��)��%DVDOW�

ILEHU��'HVFKRIL[��
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�
�����6DPSOHV�PRXOGLQJ�

�

7KH� SUHSDUDWLRQ� RI� WKH� ELQGHU�� PRUWDU� DQG� SODVWHU� IRUPXODWLRQV� ZDV� PDGH� LQ�

DFFRUGDQFH�ZLWK�WKH�81,�(1���������������QRUPDO��7KH�PL[WXUHV�ZHUH�REWDLQHG�

E\�DGGLQJ�WKH�SUHGHWHUPLQHG�TXDQWLW\�RI�ZDWHU�WR�WKH�SRZGHUHG�UHDJHQWV�XVLQJ�

0$7(67�PL[HU� IRU���PLQ��7KH�PL[LQJ� WLPHV�ZHUH� ORQJHU� WKDQ� IRU� WUDGLWLRQDO�

FHPHQWV��WR�IDYRU�WKH�GLVVROXWLRQ�RI�WKH�DOXPLQRVLOLFDWH�UHDJHQWV�E\�WKH�DONDOLQH�

DFWLYDWRU��7KH�PL[WXUHV�ZHUH�SRXUHG� LQWR���[��[����PP��PRXOGV��7KH�PROGV�

FRPSO\�ZLWK�WKH�81,�(1�������������)RU�HDFK�IRUPXODWLRQ�DQG�IRU�HDFK�FXULQJ�

WLPH����VDPSOHV�ZHUH�FDVW��7KH�JHRSRO\PHU�ELQGHUV��PRUWDUV�DQG�SODVWHUV�KDYH�

EHHQ� FRPSOHWHO\� FKDUDFWHUL]HG� LQ� WKHLU� FKHPLFDO�SK\VLFDO� DQG� PHFKDQLFDO�

SURSHUWLHV��

�

���&KDUDFWHUL]DWLRQ�
�

)RXULHU� 7UDQVIRUP� ,QIUDUHG� 6SHFWURVFRS\� �)7,5��� ;�UD\� SRZGHU� GLIIUDFWLRQ�

�;53'�� DQG� WKH� 6FDQQLQJ� (OHFWURQ� 0LFURVFRSH� �6(0�� ZHUH� SHUIRUPHG� WR�

FKDUDFWHUL]H� WKH� IXQFWLRQDO�JURXSV�� WKH�FU\VWDOOLQH�SKDVHV�DQG� WKH�PRUSKRORJ\��

UHVSHFWLYHO\��RI�WKH�SURGXFW�REWDLQHG�LQ�WKH�H[SHULPHQWV��7KH�LQVWUXPHQWV�KDYH�

EHHQ�GHVFULEHG�LQ�FKDSWHU����SDUDJUDSKV�����DQG�����DQG�FKDSWHU����SDUDJUDSK������

����0HFKDQLFDO�WHVWV�
�

7KH�IOH[XUDO�DQG�FRPSUHVVLYH�WHVWV�ZHUH�SHUIRUPHG�RQ�DOO�ELQGHU��/��WR�/���/3��

WR�/3����PRUWDU��0��WR�0���DQG�SODVWHU��3��WR�3���IRUPXODWLRQV�DIWHU���DQG����

GD\V�IURP�FDVWLQJ��DFFRUGLQJ�WR�(1�������������������

)OH[XUDO�WHVWV�ZHUH�FDUULHG�RXW�RQ�SULVPDWLF�VDPSOHV�XQGHU�D�WKUHH��SRLQW�EHQGLQJ�

VFKHPH��E\�XVLQJ�D�076���0�8QLYHUVDO�WHVWLQJ�PDFKLQH��$IWHU�IDLOXUH��WKH�WZR�

UHPDLQLQJ� KDOYHV� ZHUH� WHVWHG� LQ� FRPSUHVVLRQ�� E\� XVLQJ� DQ� ,167521� �����



� ϭϯϵ�

8QLYHUVDO�PDFKLQH�ZRUNLQJ�XQGHU�ORDGLQJ�FRQWURO��6WHHO�SODWHQV��ZLWK�GLPHQVLRQ�

��� PP� [� ��� PP�� ZHUH� LQWHUSRVHG� EHWZHHQ� VDPSOH� VXUIDFHV� DQG� WKH� WHVWLQJ�

PDFKLQH��

$GKHVLRQ�WR�WKH�VXSSRUW�ZDV�GHWHUPLQHG�RQ�WKH�PRUWDUV��0���0��DQG�0���DQG�

SODVWHU��3����E\�SXOO�RII�WHVW�DFFRUGLQJ�WR�(1�������������ZLWK�D�0$7(67�SXOO�

RII� WHVWHU��$���PP� WKLFN�PRUWDU� OD\HU�ZDV� DSSOLHG� WR� DQ� DXWRFODYDWHG� DHUDWHG�

FRQFUHWH� �$$&�� EORFN� DQG� FRQGLWLRQHG� IRU� ��� GD\V� DW� ODERUDWRU\� FRQGLWLRQV�

�������&��������5+���$GKHVLYH�VWUHQJWK�ZDV�GHWHUPLQHG�XVLQJ�D�FLUFXODU�SODWH��

RI����PP�LQ�GLDPHWHU��JOXHG�E\�PHDQV�RI�HSR[\�UHVLQ�WR�WKH�VXUIDFH�RI�WKH�PRUWDU��

7KH� WHQVLOH� ORDG� LV�DSSOLHG� WKURXJK� WKH�SXOO�RII� WHVWHU��D�FRQVWDQW�VSHHG� WHQVLOH�

ORDG�ZDV�DSSOLHG� WR� WKH�SODWH�� VR� WKDW� IDLOXUH� WRRN�SODFH�EHWZHHQ����DQG����V��

$GKHVLYH�VWUHQJWK�LV�REWDLQHG�E\�WKH�PD[LPXP�EUHDNLQJ�ORDG�GLYLGHG�E\�WKH�WHVW�

DUHD���

�

���5HVXOW�DQG�GLVFXVVLRQ�
�����%LQGHU�IRUPXODWLRQV�IRU�WKH�GHYHORSPHQW�RI�PRUWDU�
�������)7,5�VSHFWURVFRS\�FKDUDFWHUL]DWLRQ�

�

Inorganic aluminosilicate polymers are composed of “Si�O” tetrahedra and “Al�

O” octahedra connected to each other by oxygen bridges. By convention the 

ERQGV� RI� VLOLFRQ� DUH� LGHQWLILHG� E\� WKH� QXPEHU� Q� RI� R[\JHQ� EULGJHV� DQG� DUH�

GHQRPLQDWHG�ZLWK�4Q��Q� �����������������$PRUSKRXV�VLOLFD�LV�DVVXPHG�WR�FRQVLVW�

RQO\�RI�4��VSHFLHV��ZKLFK�IRUP�D�FRQWLQXRXV��QHWZRUN��RI�WHWUDKHGURQV�DUUDQJHG�

LQ� D� GLVRUGHUO\�ZD\�����'XULQJ� WKH� JHRSRO\PHUL]DWLRQ� UHDFWLRQ� WKLV� QHWZRUN� LV�

GLVVROYHG� ZLWK� IRUPDWLRQ� RI� D� ODWWLFH� RI� VLOLFRQ� WHWUDKHGUD� DQG� DOXPLQXP�

WHWUDKHGUD��$O�PRGLI\�LWV�RULJLQDO�RFWDKHGUDO�FRQILJXUDWLRQ���

,Q� ILJXUH� �� DUH� UHSRUWHG� WKH� )7,5� VSHFWUD� RI� DOO� ELQGHUV� �/����� DQG� RI� WKH�

PHWDNDROLQLWH��0.��VWDUWLQJ�UHDJHQW�IRU�FRPSDULVRQ��,Q�WKH�)7,5�VSHFWUXP�RI�/��



� ϭϰϬ�

�WKH�ELQGHU�IRUPXODWHG�ZLWK�DONDOL�DFWLYDWRU�LQ�VROXWLRQ��WKH�EDQGV�PDUNHG�ZLWK�

DVWHULVN�DUH�UHODWHG�WR�WKH�VWUHWFKLQJ�DQG�EHQGLQJ�YLEUDWLRQV�RI�WKH�2+�JURXSV�RI�

WKH�DEVRUEHG�ZDWHU������DW������FP���DQG������FP����7KH�EDQGV�DW������FP��������

FP���DQG�����FP���DUH�DVVLJQHG�WR�WKH�VWUHWFKLQJ�YLEUDWLRQV�RI�ν6L�2�RI�4��XQLWV��

ν6L�2�$O��WKH�IRUPDWLRQ�RI�$O2��XQLWV�������7KH�EDQG�FHQWHUHG�DW������FP��� LV�

DWWULEXWHG�WR�WKH�YLEUDWLRQ�RI�WKH�FDUERQDWH�LRQ�IRUPHG�GXULQJ�FXULQJ��,Q�WKH�/����

VDPSOHV�WKH�EDQG�FHQWHUHG�DW������FP���DQG�WKH�SHDNV�DW�����FP���DQG�����FP���

are due to the vibrations of the carbonate ion (νCO�
���� IRUPHG�E\� UHDFWLRQ� RI�

&D�2+��� ZLWK� DWPRVSKHULF� &2��� 7KH� SHDNV� DW� ����� FP��� DQG� ���� FP��� DUH�

DVVLJQHG� WR� FDOFLXP�PRQRFDUERDOXPLQDWH��7KH�GHFUHDVH�RI�4�� XQLWV� IROORZLQJ�

VLOLFDWH� GLVVROXWLRQ� DQG� WKH� LQFUHDVH� RI� 4�� XQLWV� GXULQJ� JHRSRO\PHU� ODWWLFH�

IRUPDWLRQ�LV�HYLGHQW�LQ�WKH�UHG�VKLIW�������FP����������FP����DVVRFLDWHG�ZLWK�WKH�

6L�2�VWUHWFKLQJ�YLEUDWLRQ�RI�4��XQLWV��

�
)LJXUH����)7,5�VSHFWUD��0.�DQG�ELQGHU�/����FRPSDULVRQ�

�������;�UD\�SRZGHU�GLIIUDFWLRQ��;53'��
�

7KH�;53'�GLIIUDFWRJUDPV�ZHUH�UHFRUGHG�RQ�DOO�JHRSRO\PHU�ELQGHUV��ILJ������,Q�

DOO�WKH�GLIIUDFWLRQ�SDWWHUQV�DUH�HYLGHQW�D�ODUJH�EDFNJURXQG�FHQWHUHG�EHWZHHQ����

������θ��GXH�WR�WKH�DPRUSKRXV�FRPSRQHQW�E\�JHRSRO\PHUL]DWLRQ�SURFHVV�����7KH�

SHDNV� DW� �θ�  � ������ DQG� ������ DUH� GXH� WR� WKH� UHIOHFWLRQ� SODQHV� ���� DQG� ����



� ϭϰϭ�

LGHQWLI\LQJ� WKH� TXDUW]�� ZKLFK� GRHV� QRW� SDUWLFLSDWH� LQ� WKH� JHRSRO\PHUL]DWLRQ�

UHDFWLRQ�GXH�WR�LWV�ORZ�GLVVROXWLRQ�NLQHWLFV���������The peaks at 2θ = 23.0° 25.47°, 

������ DQG� ������ DUH� DWWULEXWDEOH� WR� K\GUDWHG� DOXPLQXP� VLOLFDWHV� �VRGLXP��

SRWDVVLXP�RU�FDOFLXP��IRUPHG�IROORZLQJ�JHRSRO\PHUL]DWLRQ�����,Q�VDPSOHV�/��WR�

/��WKH�SHDNV�RI�FDOFLXP�FDUERQDWH�PDUNHG�E\�WKH�V\PERO�����UHODWLQJ�UHVSHFWLYHO\�

WR�WKH�UHIOHFWLRQ�SODQHV�����������������������������������DUH�FOHDUO\�UHFRJQL]DEOH��

�

�
)LJXUH����;5'�FRPSDULVRQ�RI�/��/���7KH�V\PEROV�LQGLFDWH�WKH�DWWULEXWLRQV�

�

�

�
�������0HFKDQLFDO�WHVW�

�

7KH�IOH[XUDO�DQG�FRPSUHVVLYH�VWUHQJWK�WHVWV��ILJ���D�E�UHVSHFWLYHO\��ZHUH�FDUULHG�

RXW� DW� �� DQG� ��� GD\V� RI�PDWXUDWLRQ� RQ� JHRSRO\PHU� ELQGHU�/�� WR� /��� $OO� WKH�

IRUPXODWLRQV�REWDLQHG�ZLWK�WKH�DONDOL�DFWLYDWRU�LQ�SRZGHU�IRUP��/��WR�/���VKRZ�

EHWWHU�PHFKDQLFDO�SURSHUWLHV�WKDQ�/��IRUPXODWLRQ���



� ϭϰϮ�

�
)LJXUH����D��)OH[XUDO�DQG�E��FRPSUHVVLYH�VWUHQJWK�WHVW�RI�/��/��ELQGHUV�

�

7R� UHDOL]H� WKH�PRUWDU�� WKH�/�� ELQGHU�EDVHG�RQ�&D�2+��� DQG�.�VLOLFDWH��ZKLFK�

VKRZHG� KLJK� FRPSUHVVLYH� VWUHQJWK� DOUHDG\� DIWHU� �� GD\V� DQG� JRRG� IOH[XUDO�

VWUHQJWK��ZDV�FKRVHQ��7KH�DGYDQWDJHV�RI�XVLQJ�WKLV�IRUPXODWLRQ�EDVHG�RQ�FDOFLXP�

K\GUR[LGH�DQG�SRWDVVLXP�VLOLFDWH�FRQFHUQ�WKH�VDIHW\�RI�WKHLU�XVH�DV�WKH�UHDFWLRQ�LV�

QRW� H[RWKHUPLF� DQG� WKH� SRWDVVLXP� VLOLFDWH� DYRLGV� WKH� IRUPDWLRQ� RI� VDOLQH�

HIIORUHVFHQFH�RU�WKH�IRUPDWLRQ�RI�J\SVXP��

�
�����%LQGHU�IRUPXODWLRQV�IRU�WKH�GHYHORSPHQW�RI�SODVWHU�
�������)7,5�VSHFWURVFRS\�

�

7KH�)7,5�VSHFWUD�DFTXLUHG�RQ�WKH�/3��WR�/3��JHRSRO\PHU�ELQGHUV�DUH�VKRZQ�LQ�

ILJXUH����7KH�EDQGV�DW������FP��� DQG������FP��� DUH�GXH� WR� WKH�VWUHWFKLQJ�DQG�

EHQGLQJ� YLEUDWLRQV� RI� WKH� DGVRUEHG� ZDWHU�� 7KH� VWUHWFKLQJ� YLEUDWLRQV� RI� WKH�

FDUERQDWH�LRQ�DUH�HYLGHQW�DW������FP��������FP���DQG�����FP����7KH�SUHVHQFH�RI�

FDUERQDWHV�ZDV�DOVR�KLJKOLJKWHG�IRU�WKH��/��ELQGHUV�EDVHG�RQ�PHWDNDROLQLWH�DQG�

XVHG�IRU�WKH�GHYHORSPHQW�RI�WKH�PRUWDU��7KLV�LV�GXH�WR�WKH�UHDFWLRQ�EHWZHHQ�WKH�

DONDOLQH�DFWLYDWRU�DQG�DWPRVSKHULF�&2��
�����GXULQJ�WKH�FXULQJ�SURFHVV��7KH�SHDN�

DW������FP���LV�DVVRFLDWHG�ZLWK�WKH�6L�2�VWUHWFKLQJ�YLEUDWLRQ�RI�WKH�4��XQLWV��ZKLOH�

WKH�EDQG�DW�����FP���LV�LQGLFDWLYH�RI�WKH�SUHVHQFH�RI�4��XQLWV��SUREDEO\�GHULYLQJ�

IURP�WKH�GLVVROXWLRQ�RI�WKH�VWDUWLQJ�VLOLFDWHV�LQ�DONDOLQH�HQYLURQPHQW��7KH�VPDOO�



� ϭϰϯ�

EDQG� DW� ���� FP��� LV� GXH� WR� 6L�2�$O� EHQGLQJ�� 7KH� DVWHULVNV� LQGLFDWH� EDQGV�

DVVRFLDWHG�ZLWK�WKH�VWDUWLQJ�VODJ���

�
)LJXUH����)7,5�VSHFWUD�RI�/3�JHRSRO\PHUV��7KH�DVWHULVNV�LQGLFDWH�YLEUDWLRQV�GXH�WR�WKH�VWDUWLQJ�

PDWHULDO�

�
�������0HFKDQLFDO�WHVW�

�

)LJXUHV��D�DQG��E��VKRZ�WKH�IOH[XUDO�DQG�FRPSUHVVLYH�WHVWV�RQ�WKH�/3��WR�/3��

IRUPXODWLRQV��7KH�/3��DQG�/3��VDPSOHV�VKRZ�YHU\�KLJK�IOH[XUDO�VWUHQJWK��ZKLOH�

/3��DQG�/3��KDYH�KLJKHU�FRPSUHVVLYH�VWUHQJWK���

�
)LJXUH����D��)OH[XUDO�VWUHQJWK�DQG�E��FRPSUHVVLYH�VWUHQJWK�RQ�/3��/3��DW���DQG����GD\V�RI�

FXULQJ�

�

%DVHG�RQ�WKH�UHVXOWV�RI�WKH�SUHOLPLQDU\�H[SHULPHQWDWLRQ��WKH�/3��IRUPXODWLRQ�ZDV�

FKRVHQ�DV�D�ELQGHU�IRU�WKH�SODVWHU��ZKLFK�KDV�H[FHOOHQW�PHFKDQLFDO�SHUIRUPDQFH��



� ϭϰϰ�

7KH�/3��DQG�/3��GHVSLWH�WKH�H[FHOOHQW�PHFKDQLFDO�SHUIRUPDQFH��ZHUH�QRW�XVHG�

IRU�WKH�IRUPXODWLRQ�RI�WKH�SODVWHU�EHFDXVH�WKH\�DUH�QRW�ZRUNDEOH�GXULQJ�PL[LQJ��

7KH�ELQGHU�/3���FRQWDLQLQJ�.2+�LQ�WKH�DONDOLQH�DFWLYDWRU�IRUPXODWLRQ��ZDV�QRW�

VHOHFWHG�EHFDXVH�LW�GHYHORSV�WRR�PXFK�UHDFWLRQ�KHDW�GXULQJ�PL[LQJ���

�

�����)RUPXODWLRQV�IRU�WKH�GHYHORSPHQW�RI�PRUWDU�
�

7R� REWDLQ� D� PRUWDU� ZLWK� JRRG� FKHPLFDO�SK\VLFDO� FKDUDFWHULVWLFV� DQG� KLJK�

PHFKDQLFDO�SHUIRUPDQFH��YDULRXV�PL[HV�ZHUH�PDGH��VXPPDUL]HG�LQ�7DEOH�����,Q�

WKH� IRUPXODWLRQV� WKH� DGGLWLYHV��ZDWHU�ELQGHU� UDWLR�� DJJUHJDWH�ELQGHU� UDWLR�ZHUH�

YDULHG��7KH� VLJQLILFDQW� UHVXOWV� REWDLQHG� RQ� WKH� YDULRXV�PRUWDUV�PDGH�ZLWK� WKH�

VHOHFWHG�JHRSRO\PHU�ELQGHU�/��DIWHU�WKH�LQLWLDO�H[SHULPHQWDWLRQ�SKDVH��DUH�VKRZQ�

EHORZ�� $WWHQWLRQ� LV� SDLG� WR� WKH� XVH� RI� PRUWDUV� SUHSDUHG� ZLWK� WKH� DGGLWLRQ� RI�

SRO\VDFFKDULGH� DGGLWLYHV� WR� YHULI\� WKH� LQIOXHQFH� WKH\� KDYH� RQ� WKH�PHFKDQLFDO�

SURSHUWLHV��7KH�WHVWHG�PRUWDUV�ZHUH�IRUPXODWHG�ZLWK�WKH�VDPH�SHUFHQWDJH�UDWLRV�

RI�FRUQ�VWDUFK�DQG�SODVWLFL]HU��'HKVFRIL[��EXW�ZLWK�FHOOXORVH�RI�D�GLIIHUHQW�QDWXUH�

DQG� LQ� GLIIHUHQW� UDWLRV�� KLJK� DQG� PHGLXP� YLVFRVLW\� FHOOXORVH�� PLFURILEULOODWHG�

FHOOXORVH��&0)��DQG�QDQRFU\VWDOOLQH�FHOOXORVH��&1&���7KDQNV�WR�LWV�KLJK�VXUIDFH�

DUHD��PLFUR�DQG�QDQRFU\VWDOOLQH�FHOOXORVHV�LQIOXHQFH�WKH�PHFKDQLFDO�SURSHUWLHV�RI�

WKH�PDWHULDO�HYHQ�LQ�YHU\�ORZ�TXDQWLWLHV��0HGLXP�DQG�KLJK�YLVFRVLW\�FHOOXORVHV��

ZKLOH� H[HUWLQJ� D� FRQVLGHUDEOH� LQIOXHQFH� RQ� WKH� PDWHULDO�� DOORZ� WR� PDLQWDLQ�

DGHTXDWH�PHFKDQLFDO�SURSHUWLHV��0RUHRYHU��WKH�XVH�RI�IOXLGLI\LQJ�DGGLWLYHV�ZKLFK�

LPSURYH�WKH�ZRUNDELOLW\�RI�WKH�PRUWDU��KDV�D�JUHDW�LPSRUWDQFH��$IWHU�HYDOXDWLQJ�

WKH� LQIOXHQFH� RI� DGGLWLYHV� DQG� FHOOXORVH� RQ� WKH� ZRUNDELOLW\� DQG� PHFKDQLFDO�

SHUIRUPDQFH� RI� WKH� PRUWDU�� WKH� DGKHVLRQ� SURSHUWLHV� DQG� FRUUHFWLRQ� WLPH� RQ�

DXWRFODYHG� DHUDWHG� EORFNV� ZHUH� HYDOXDWHG�� )LQDOO\�� WKH� PRUWDU� ZLWK� WKH� EHVW�

SURSHUWLHV�ZDV�VHOHFWHG�DQG�FRPSOHWHO\�FKDUDFWHUL]HG��

�



� ϭϰϱ�

�������)7,5�VSHFWURVFRS\�
�

$V�GLVFXVVHG�IRU�WKH�/��ELQGHU��DOVR�WKH�)7,5�VSHFWUXP�RI�WKH�PRUWDU�0��ZLWKRXW�

DGGLWLYHV��ILJXUH����SURYLGHV�WKH�VDPH�YLEUDWLRQDO�EDQGV�UHODWLQJ�WR�WKH�VWUHWFKLQJ�

YLEUDWLRQV�RI�WKH�2+�JURXSV��VWUHWFKLQJ�DQG�EHQGLQJ�RI�WKH�FDUERQDWH�LRQ��ZLWK�

WKH�SUHVHQFH�RI�SHDNV�DVVLJQHG�WR�FDOFLXP�PRQRFDUERDOXPLQDWH��7KH�GRXEOHW�DW�

���� DQG� ���� FP��� LV� DWWULEXWDEOH� WR� .�&2��� IRUPHG� DV� D� VHFRQGDU\� UHDFWLRQ�

EHWZHHQ� SRWDVVLXP� VLOLFDWH� DQG� FDOFLXP� K\GUR[LGH�� 7KH� EDQG� DW� ����� FP��� LV�

DVVLJQHG�WR�6L�2�6L�VWUHWFKLQJ�YLEUDWLRQ��ZKLOH�WKH�EDQG�DW������FP���LV�DWWULEXWHG�

WR�WKH�VWUHWFKLQJ�YLEUDWLRQ�RI�WKH�6L�2�7�JURXSV���7KH�SHDNV�DW�����FP���DQG�����

FP���FRUUHVSRQG�WR�WKH�VWUHWFKLQJ�DQG�EHQGLQJ�YLEUDWLRQV��UHVSHFWLYHO\��7KHVH�WZR�

ODVW�SHDNV�DUH�GXH�WR�WKH�QHZ�6L�2�7�JURXSV�RI�WKH�4��XQLWV��IRUPHG�IROORZLQJ�WKH�

JHRSRO\PHUL]DWLRQ�SURFHVV��

�

�
)LJXUH����)7,5�VSHFWUXP�RQ�PRUWDU�0���7KH�DUURZV�KLJKOLJKW�WKH�IXQFWLRQDO�JURXSV�DQG�

ZDYHQXPEHUV�RI�WKH�SHDNV��

�

�������;�UD\�SRZGHU�GLIIUDFWLRQ��;53'��
�

)LJXUH���VKRZV�WKH�GLIIUDFWLRQ�SDWWHUQ�RI�WKH�PRUWDU�0��ZLWKRXW�DGGLWLYHV��$V�D�

FRPSDULVRQ��WKDW�RI�WKH�ELQGHU�ZDV�DOVR�UHSRUWHG��,Q�ERWK�;53'�SDWWHUQV�ZH�QRWH�

WKH�SUHVHQFH�RI�WKH�DPRUSKRXV�EDFNJURXQG�DW��θ�EHWZHHQ�����DQG������ZKLFK�FDQ�



� ϭϰϲ�

EH�DVVRFLDWHG�ZLWK�WKH�GLVRUGHUHG�VWUXFWXUH�RI�WKH�JHRSRO\PHUV�����7KH�GLIIHUHQW�

SHDNV�UHODWLQJ�WR�WKH�FU\VWDOOLQH�SKDVHV�TXDUW]��FDOFLXP�PRQRFDUERDOXPLQDWH�DQG�

FDOFLXP�FDUERQDWH��DUH�KLJKOLJKWHG�LQ�ILJXUH���ZLWK�WKH�V\PEROV�GHVFULEHG�LQ�WKH�

OHJHQG�� 2WKHU� SHDNV� ZHUH� DWWULEXWHG� WR� .�� &D� VLOLFDWH� DQG� DOXPLQXP� VLOLFDWH��

ZKLFK�DUH�GXH�WR�UHDUUDQJHPHQW�RI�WKH�$O�2�DQG�6L�2�QHWZRUN�IURP�PHWDNDROLQLWH�

DIWHU�UHDFWLRQ�ZLWK�DONDOL�DFWLYDWRU�VROXWLRQ��3HDNV�DWWULEXWDEOH�WR�WKH�.�]HROLWH�

OLNH�DQG�S\UR[HQH�SKDVHV�ZHUH�DOVR�LGHQWLILHG�LQ�WKH�GLIIUDFWRJUDP�RI�WKH�PRUWDU��

�
)LJXUH����;5'�SDWWHUQ�RQ�ELQGHU�/��DQG�WKH�PRUWDU�0���

�

�������'LIIHUHQWLDO�6FDQQLQJ�&DORULPHWU\��'6&��
�

7KH�WKHUPRJUDP�DQG�WKH�GLIIHUHQWLDO�DQDO\VLV�RI�WKH�ELQGHU�/��DQG�PRUWDU�0��XS�

WR������&�DUH�VKRZQ�LQ� ILJXUH����)RXU�GLIIHUHQW�ZHLJKW� ORVVHV�DUH�QRWHG�LQ�WKH�

WKHUPRJUDP��PDUNHG�ZLWK� ,�� ,,�� ,,,� WR� ,9���7KH� WKHUPRJUDP�RI� WKH�0��PRUWDU�

VKRZV�WKUHH�LQIOHFWLRQV�GXH�WR�WKH�ORVV�RI�WKH�DEVRUEHG�ZDWHU��,���WKH�UHPRYDO�RI�

WKH�FKHPLFDOO\�ERXQG�ZDWHU��,,��DQG�ILQDOO\��WKH�GHK\GUR[\ODWLRQ�RI�WKH�VLOR[DQH�

2+�JURXSV��,,,���7KH�UHOHDVH�RI�&2�� LQ�WKH�GHFRPSRVLWLRQ�RI�WKH�FDUERQDWHV�LV�

SUHVHQW�LQ��,9���,Q�WKH�WKHUPRJUDP�RI�ELQGHU�/��WKH�VDPH�ZHLJKW�YDULDWLRQV�DUH�

QRWHG�ZLWK�WZR�DGGLWLRQDO�SHDNV��DW������&�WKHUH�LV�WKH�GHK\GUR[\ODWLRQ�RI�WKH�



� ϭϰϳ�

VLOR[DQH�2+�JURXSV�DQG�FRQVHTXHQW�SRO\FRQGHQVDWLRQ� LQ�6L�2�6L�ERQGV�DQG�D�

SHDN�DW������&�GXH�WR�WKH�GHK\GUR[\ODWLRQ�RI�&D�2+����ZKLFK�GLG�QRW�UHDFW�ZLWK�

WKH�PDWDNDROLQLWH��

�
)LJXUH����7KHUPRJUDYLPHWULF�DQDO\VLV�RQ�ELQGHU�/��DQG�PRUWDU�0���

�

�������6FDQQLQJ�(OHFWURQ�0LFURVFRSH��6(0��
�

0RUSKRORJLFDO�LQYHVWLJDWLRQ�DQG�HOHPHQWDO�DQDO\VLV�ZHUH�SHUIRUPHG�RQ�WKH�0��

PRUWDU� E\� 6(0�('6�� 7KH� ('6� PLFURDQDO\VLV� ZDV� DFTXLUHG� RQ� WKH� DUHD�

KLJKOLJKWHG� LQ� UHG� LQ� WKH� EDFNVFDWWHUHG� HOHFWURQ� LPDJH� �ILJXUH� ��D���7KH� WDEOH�

�ILJXUH���F��VKRZV�WKH�VHPL�TXDQWLWDWLYH�DQDO\VLV�UHODWLQJ�WR�WKH�('6�VSHFWUXP��

7KH� SUHVHQFH� RI� $X� LV� GHWHUPLQHG� E\� WKH�PHWDOOL]DWLRQ� SURFHVV� WR� ZKLFK� WKH�

VDPSOH�KDV�EHHQ�VXEMHFWHG��



� ϭϰϴ�

�
)LJXUH�����D��,PDJH�DFTXLUHG�LQ�EDFNVFDWWHUHG�HOHFWURQV�RQ�0��PRUWDU��E��('6�PLFURDQDO\VLV��

6HPL�TXDQWLWDWLYH�WDEOH�UHODWHG�WR�WKH�('6�VSHFWUXP��F���

*UDLQV�ZLWK����μP�LQ�VL]H��HPEHGGHG�LQ�WKH�PDWUL[�DUH�FOHDUO\�YLVLEOH�LQ�ILJXUH�

��D�� ,UUHJXODU� VXEPLOOLPHWHU�FODVWV�DQG�KLJK�6L�FRQWHQW�ZHUH�GXH� WR� WKH�TXDUW]�

VDQG�DGGHG�LQWR�WKH�PRUWDU��7KH�PDLQ�HOHPHQWV�GHWHFWHG�E\�('6�PLFURDQDO\VLV�

ZHUH�&D��$O�DQG�6L��ZLWK�ORZHU�.�FRQWHQW��

�

�������$GGLWLYHV�LQIOXHQFHV��
���������$GKHVLYH�W\SH�
�

7R� HYDOXDWH� WKH� LQIOXHQFH� RI� WKH� SRO\VDFFKDULGH� DGGLWLYHV� ZHUH� WHVWHG� WKUHH�

GLIIHUHQW�PRUWDU�IRUPXODWLRQ��DOUHDG\�UHSRUWHG�LQ�WDEOH����0��ZLWK�DOJLQDWH��0��

ZLWK�ULFH�VWDUFK�DQG�0��ZLWK�PDL]H�VWDUFK��7DEOH���DQG�ILJXUH����VKRZ�WKH�UHVXOWV�

RI� WKH� FRQVLVWHQF\� DQG� PHFKDQLFDO� UHVLVWDQFH� WHVWV�� 7KHVH� SDUDPHWHUV� DUH�

IXQGDPHQWDO� WR� HYDOXDWH� LI� WKH� SRO\VDFFKDULGHV� XVHG� LPSURYH� WKH� DGKHVLRQ�

EHWZHHQ�PRUWDU�DQG�DHUDWH�DXWRFODYHG�EORFN���
�

7DEOH����,QIOXHQFH�RI�DGKHVLYH�DGGLWLYHV�RQ�PRUWDU�FRQVLVWHQF\�

6DPSOH� Z�E�UDWLR� &RQVLVWHQF\��PP��

0�� �� ����

0�� ����� ����

0�� ���� ����

�
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7KH�VHOHFWHG�GRVDJHV�RI�WKH�WKUHH�DGKHVLYHV�SURYLGHG�VLPLODU�FRQVLVWHQF\�YDOXHV�

IRU� WKH� PRUWDU�� ZKLOH� LQ� WHUPV� RI� PHFKDQLFDO� SHUIRUPDQFHV�� WKH� DGGLWLRQ� RI�

DOJLQDWH�ZDV�QRW�VDWLVIDFWRU\�VLQFH�WKH�DFKLHYHG�FRPSUHVVLYH�VWUHQJWK�ZDV�ORZHU�

WKDQ���03D��2Q�WKH�FRQWUDU\��WKH�WZR�PRUWDUV�ZLWK�ULFH�VWDUFK��0���DQG�PDL]H�

VWDUFK� �0��� SURYLGHG� YHU\� VLPLODU� FRPSUHVVLYH� DQG� IOH[XUDO� WHQVLOH� VWUHQJWKV��

ZLWK� YDOXHV� DURXQG� �� 03D� DQG� ���� 03D�� UHVSHFWLYHO\�� 7KH� PRUWDU� ZLWK� WKH�

DGGLWLRQ�RI�PDL]H� VWDUFK�KDG� WZR�PDLQ� DGYDQWDJHV�� D� ORZHU� UHTXLUHG�DGKHVLYH�

GRVDJH��DQG� WKH�SRVVLELOLW\�RI�DGGLQJ� LW� WR� WKH�DGPL[WXUH�DW� URRP�WHPSHUDWXUH��

,QVWHDG�� ULFH� VWDUFK� VKRXOG� EH� SUHOLPLQDU\� GLVVROYHG� LQ� ZDUP� ZDWHU�� DW� D�

WHPSHUDWXUH� RYHU� ���� &�� ZKLFK� VHHPHG� QRW� IHDVLEOH� IRU� SRVVLEOH� RQ�VLWH�

DSSOLFDWLRQV�� ,Q� FRQFOXVLRQ�� WKH� PRVW� SURPLVLQJ� FDQGLGDWH� IRU� JHRSRO\PHULF�

PRUWDU�LV�0����

�
)LJXUH�����,QIOXHQFH�RI�DGKHVLYH�DGGLWLYHV�RQ�PRUWDU�PHFKDQLFDO�VWUHQJWK�

�

���������&HOOXORVH�DQG�VXSHUSODVWLFL]HU�
�

&HOOXORVH� LV� XVXDOO\� DGGHG� LQ� PRUWDUV� IRU� LWV� ZDWHU� UHWHQWLRQ� SURSHUWLHV� DQG�

WKLFNHQLQJ�HIIHFW��WKDW�LPSURYHV�WKH�FRQVWUXFWLRQ�SHUIRUPDQFH�DQG�ZRUNDELOLW\�RI�
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WKH�ILQDO�SURGXFW��,Q�WKLV�VWXG\��WKH�DGGLWLRQ�RI�PHGLXP�YLVFRVLW\�FHOOXORVH�LQ�0��

PRUWDU� �DV� UHSRUWHG� LQ� WDEOH� ��� GHWHUPLQHG�KRZHYHU� D� VLJQLILFDQW� UHGXFWLRQ� RI�

PHFKDQLFDO�SURSHUWLHV��DV�VKRZQ�LQ�ILJXUH�����7KH�PHFKDQLFDO�SURSHUWLHV�RI�WKH�

IROORZLQJ�PRUWDUV�ZHUH�FRPSDUHG��0��ZLWK�VWDUFK��0��ZLWK�VWDUFK�DQG�FHOOXORVH�

DQG�0��ZLWK�VWDUFK��FHOOXORVH�DQG�VXSHUSODVWLFL]HU��$V�HYLGHQW�LQ�ILJXUH���D��WKH�

PRUWDU� FRQWDLQLQJ� ERWK� FHOOXORVH� DQG� VXSHUSODVWLFL]HU� DFKLHYHG� DQ� DFFHSWDEOH�

FRPSUHVVLYH�VWUHQJWK��UHVXOWLQJ�DV�WKH�EHVW�FDQGLGDWH��7KH�LQIOXHQFH�RI�FHOOXORVH�

W\SH� RQ� PRUWDU� SURSHUWLHV� �ILJXUH� ��E�� ZDV� DOVR� VWXGLHG�� E\� VXEVWLWXWLQJ� WKH�

PHGLXP�YLVFRVLW\�FHOOXORVH�ZLWK�PLFURILEULOODWHG��&0)���0���RU�QDQRFU\VWDOOLQH�

FHOOXORVH��&1&���0����7KH� W\SH�DQG�DPRXQW�RI�VXSHUSODVWLFL]HU�ZHUH�NHSW� WKH�

VDPH�IRU�DOO�WKH�PRUWDUV��7KH�FRUUHVSRQGLQJ�UHVXOWV�DUH�VXPPDUL]HG�LQ�7DEOH�����

�

�
)LJXUH�����D��,QIOXHQFH�RI�FHOOXORVH�DQG�VXSHUSODVWLFL]HU�DGGLWLRQ�RQ�PRUWDU�PHFKDQLFDO�

VWUHQJWKV��E��,QIOXHQFH�RI�FHOOXORVH�W\SH�RQ�PRUWDUV�PHFKDQLFDO�VWUHQJWKV��

�
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)RU�PRUWDUV�0�� DQG�0�� ORZHU� FRQVLVWHQF\� UHVSHFW� WR� WKH� RWKHU� WZR�PRUWDUV�

UHSRUWHG� LQ� WDEOH� �� ZHUH� REVHUYHG�� 7KH� LQIOXHQFH� RI� PLFURILEULOODWHG� DQG�

QDQRFU\VWDOOLQH�FHOOXORVH�ZDV�UHPDUNDEOH�HYHQ�DW�ORZ�GRVDJHV��GXH�WR�WKHLU�KLJK�

VXUIDFH�DUHD��7KLV�HIIHFW�ZDV�SRVLWLYH�DERXW�FRQVLVWHQF\�PHDVXUHPHQWV�EXW�OHG�WR�

DQ�H[FHVVLYH�UHGXFWLRQ�RI�PHFKDQLFDO�VWUHQJWKV��ILJXUH���E���QRW�FRPSDWLEOH�ZLWK�

WKH�XVDJH�LQ�EHDULQJ�PDVRQU\�VWUXFWXUHV���

�
7DEOH����,QIOXHQFH�RI�GLIIHUHQW�W\SHV�RI�FHOOXORVH�RQ�PRUWDU�FRQVLVWHQF\�

6DPSOH� Z�E�UDWLR� &RQVLVWHQF\��PP��

0�� ���� ����

0�� ���� ����

0�� ���� ����

0�� ���� ����

� � �

���������&RUUHFWLRQ�WLPH�DQG�DGKHVLRQ�WR�WKH�VXSSRUW�
�

)RU� WKUHH� RI� WKH� WHVWHG�PRUWDUV� �WKDW� LV� WKH� UHIHUHQFH�PRUWDU�0��� DQG� WKH� WZR�

PRUWDUV�ZLWK�FHOOXORVH�0���RU�ZLWK�FHOOXORVH�DQG�VXSHUSODVWLFL]HU�0����FRUUHFWLRQ�

WLPH� DQG� DGKHVLRQ� WR� WKH� VXSSRUW� ZHUH� DOVR� GHWHUPLQHG�� 7KH� YDOXHV� RI� WKH�

PHDVXUHG�FRUUHFWLRQ�WLPH�DUH�UHSRUWHG�LQ�7DEOH����7KH�UHIHUHQFH�PRUWDU�DQG�WKH�

PRUWDU�ZLWK� WKH� DGGLWLRQ� RI�PHGLXP� YLVFRVLW\� FHOOXORVH� GLG� QRW� DGKHUH� WR� WKH�

VXSSRUW��:LWK� WKH� DGGLWLRQ� RI� WKH� VXSHUSODVWLFL]HU�� D� JRRG� FRUUHFWLRQ� WLPH� RI�

PRUWDU�0��HTXDO�WR���PLQ�ZDV�DFKLHYHG���
7DEOH����&RUUHFWLRQ�WLPH�RQ�0���0��DQG�0��

6DPSOH� &RUUHFWLRQ�WLQH��PLQ��

0�� 1R�DGKHVLRQ�

0�� 1R�DGKHVLRQ�

0�� ��
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�

7KH�UHVXOWV�RI�DGKHVLRQ�WHVWV�DUH�VXPPDUL]HG�LQ�7DEOH����)RU�WKH�UHIHUHQFH�PRUWDU��

DQ� DGKHVLYH� IUDFWXUH� ZDV� REVHUYHG�� ZLWK� IDLOXUH� DW� WKH� LQWHUIDFH� EHWZHHQ� WKH�

PRUWDU�DQG�WKH�VXEVWUDWH��)RU�0��DQG�0��PRUWDUV��D�FRKHVLYH�IUDFWXUH�WRRN�SODFH��

ZLWK�IDLOXUH�ZLWKLQ�WKH�PRUWDU�OD\HU��$OO�WKH�UHVXOWV�UHSRUWHG�DERYH�LQGLFDWH�WKDW�

WKH�EHVW�FRPSURPLVH�LV�IRU�0��PRUWDU���
7DEOH����$GKHVLYH�VWUHQJWK�IRU�WKUHH�VHOHFWHG�PRUWDUV�

6DPSOH� $GKHVLYH�VWUHQJWK��03D�� )DLOXUH�PRGH�

0�� ����� $�

0�� ����� %�

0�� ����� %�

�

7R�LQFUHDVH�FRUUHFWLRQ�WLPH��WKH�SRVVLEOH�DGGLWLRQ�RI�RWKHU�FRPPHUFLDO�DGGLWLYHV�

FRPPRQO\� XVHG� LQ� PRUWDUV� ZDV� DOVR� H[SORUHG�� DOWKRXJK� ZLWK� QRW� VDWLVI\LQJ�

UHVXOWV�� 6WDUWLQJ� IURP�0�� PRUWDU�� WDUWDULF� DFLG� ZDV� DGGHG� DV� UHWDUGHU�� ZKLOH�

SRO\PHULF�JHO�ZDV�XVHG�WR�HQKDQFH�WKH�UHVLVWDQFH�WR�PRLVWXUH�DQG�ZDWHU�VHHSDJH��

7KH� PRUWDU� IRUPXODWLRQV� �0�� WR�0���� DUH� VXPPDUL]HG� LQ� WDEOH��� ,Q� WKHVH�

DWWHPSWV��KLJK�YLVFRVLW\�FHOOXORVH�ZDV�PL[HG�ZLWK�D�VPDOO�SHUFHQWDJH���������RI�

D�GLIIHUHQW�W\SH�RI�FHOOXORVH��WR�LPSURYH�ZDWHU�UHWHQWLRQ��7KH�LQIOXHQFH�H[HUWHG�

E\� WKHVH� IXUWKHU�DGGLWLYHV� IRU� WKH� FRQVLVWHQF\��FRUUHFWLRQ� WLPH�DQG�PHFKDQLFDO�

VWUHQJWKV� DW� ��� GD\V� RI� FXULQJ�� LV� VKRZQ� LQ�7DEOH� ���&RUUHFWLRQ� WLPH�ZDV� QRW�

LPSURYHG��EXW�PHFKDQLFDO�VWUHQJWKV�ZHUH�UHGXFHG��$�FRUUHFWLRQ�WLPH�JUHDWHU�WKDQ�

���PLQ�ZDV� RQO\� REWDLQHG� IRU�0���� +RZHYHU�� WKH� FRUUHVSRQGLQJ� GHFUHDVH� LQ�

FRPSUHVVLYH�VWUHQJWK�ZDV�XQDFFHSWDEOH���

�

�

�

�



� ϭϱϯ�

7DEOH����$GPL[WXUHV�ZLWK�FRPPHUFLDO�DGGLWLYHV�WR�LPSURYH�FRUUHFWLRQ�WLPH�

6DPSOH� 0�� 0��� 0���

Z�E�UDWLR� ���� ���� ����

$GGLWLYHV� 0DL]H�VWDUFK���������

FHOOXORVH����������

WDUWDULF�DFLG�����������

VXSHUSODVWLFL]HU�

��������

0DL]H�VWDUFK���������

FHOOXORVH����������WDUWDULF�

DFLG�����������

VXSHUSODVWLFL]HU����������

SRO\PHU�JHO���������

0DL]H�VWDUFK���������

FHOOXORVH����������

WDUWDULF�DFLG�����������

VXSHUSODVWLFL]HU�

����������SRO\PHU�JHO�

��������

&RQVLVWHQF\�

�PP��

���� ���� ����

0HDQ�

FRPSUHVVLYH�

VWUHQJWK��03D��

���� ���� ����

0HDQ�IOH[XUDO�

VWUHQJWK��03D��

����� ����� �����

&RUUHFWLRQ�WLPH�

�PLQ��
��� 1R�DGKHUHQFH� ���

�

$V�HYLGHQW�IURP�WKH�UHVXOWV�UHSRUWHG�LQ�WDEOH����WKH�DGGLWLRQ�RI�UHWDUGDQW�DQG�RI�

WKH�SRO\PHULF�JHO��GHFUHDVHV�WKH�PHFKDQLFDO�SURSHUWLHV��7KHUHIRUH��WKH\�DUH�QRW�

VXLWDEOH� IRU� WKH� DSSOLFDWLRQ�� 2QO\� PRUWDU�0�� UHSUHVHQWV� WKH� PRVW� DFFHSWDEOH�

FRPSURPLVH�� LQ�ZKLFK� WKH� FRUUHFWLRQ� WLPH� LV� ��PLQ� DQG� WKH� FRPSUHVVLYH� DQG�

IOH[XUDO� VWUHQJWK�DUH�FRPSDUDEOH�ZLWK� WKRVH�RI�0��PRUWDU��7KHVH� WZR�PRUWDUV�

UHSUHVHQW�WKH�SURGXFWV�ZLWK�WKH�EHVW�SHUIRUPDQFH��

�

�

�

�



� ϭϱϰ�

�����)RUPXODWLRQV�IRU�WKH�GHYHORSPHQW�RI�SODVWHU�
�

$V� UHSRUWHG� LQ� WKH� H[SHULPHQWDO� SDUW�� YDULRXV�PL[WXUHV� RI� SODVWHU� �UHSRUWHG� LQ�

7DEOH� ��� ZHUH� VWXGLHG�� 6RPH� SDUDPHWHUV� ZHUH� YDULHG�� VXFK� DV�� DGGLWLYHV��

ZDWHU�ELQGHU�UDWLR��LQHUW�ELQGHU�UDWLR��7DEOH���VXPPDUL]HV�WKH�UHVXOWV�REWDLQHG�IRU�

IOH[XUDO�DQG�FRPSUHVVLYH�VWUHQJWK�DQG�WKH�DGKHUHQFH�RQ�VXSSRUWV��,Q�SDUHQWKHVHV�

WKH�GD\V�RI�PDWXUDWLRQ�DUH�VSHFLILHG��)RU�VRPH�VDPSOHV��3��DQG�3���LW�ZDV�QRW�

SRVVLEOH�WR�GHYHORS�WHVWV��*RRG�IOH[XUDO�DQG�FRPSUHVVLYH�VWUHQJWK�YDOXHV�ZHUH�

UHFRUGHG� IRU�DOO� VDPSOHV�� �2Q� WKH�RWKHU�KDQG�� WKH�DGKHUHQFH�RQ�VXSSRUW� LV�QRW�

VDWLVIDFWRU\�LQ�DOO�SODVWHUV��7KH�RQO\�H[FHSWLRQ�LV�IRU�3��SODVWHU��

�
7DEOH����0HFKDQLFDO�SURSHUWLHV�RQ�3��WR�3��SODVWHUV�

6DPSOH�
)OH[XUDO�

VWUHQJWK��03D��
&RPSUHVVLYH�

VWUHQJWK��03D��
$GKHUHQFH�
RQ�VXSSRUW�

3���
������GD\V��

��������GD\V��

�������GD\V��

��������GD\V��
1R�

3���
������GD\V��

��������GD\V��

�������GD\V��

��������GD\V��
1R�

3��� ���������GD\V�� ���������GD\V�� 1R�

3��� �� �� 1R�

3��� �� ��������GD\V�� 1R�

3��� ��������GD\V�� ��������GD\V�� 1R�

3��� ���������GD\V�� ���������GD\V�� 1R�

3��� ���������GD\V�� ��������GD\V�� <HV�

�

)URP�WKH�H[SHULPHQWDO�UHVXOWV�VKRZQ�LQ�WDEOH����LW�LV�SRVVLEOH�WR�VHOHFW�3��VDPSOH�

DV�WKH�EHVW�JHRSRO\PHU�SODVWHU��FKDUDFWHUL]HG�E\�JRRG�PHFKDQLFDO�SURSHUWLHV��7R�

GHILQH� WKH� IDLOXUH� PRGH� IRU� WKH� DGKHVLRQ� WHVW�� �� VDPSOHV� RI� 3�� SODVWHU� ZHUH�
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SUHSDUHG��7DEOH�����7KH�VWUHQJWK�RI�DGKHVLRQ�WR�WKH�VXSSRUW�ZDV�HYDOXDWHG�E\�SXOO�

RII�WHVW����DV�GHVFULEHG�LQ�SDUDJUDSK�������
7DEOH����$GKHUHQFH�WHVW�RQ�3��VDPSOHV��

6DPSOH� )X��1�� $UHD�PP�� $GKHUHQFH�VWUHQJWK�IX�
�03D��

)DLOXUH�PRGH�

�� ������ ����� ����� $�&�

�� ������ ����� ����� $�

�� ������ ����� ����� $�&�

�� ������ ����� ����� &�

�� ������ ����� ����� &�

�

7ZR�W\SHV�RI�IDLOXUH�RFFXUUHG��W\SH�$��DGKHVLRQ�IUDFWXUH�DQG�W\SH�&��FRKHVLRQ�

IUDFWXUH�� 7\SH� $� IUDFWXUH� LV� D� IUDFWXUH� DW� WKH� LQWHUIDFH� EHWZHHQ� SODVWHU� DQG�

VXEVWUDWH��7\SH�&�IUDFWXUH��RQ�WKH�RWKHU�KDQG��FDXVHV�WKH�IUDFWXUH�RI�WKH�VXSSRUW��

�

�������)7,5�VSHFWURVFRS\�
�

)LJXUH� ��� VKRZV� WKH� )7,5� VSHFWUD� RI� WKH� ELQGHU�/3�� �$$3�� VRGLXP� VLOLFDWH��

FDOFLXP�K\GUR[LGH�DQG�FDOFLXP�FDUERQDWH��DQG�RI�WKH�DONDOLQH�DFWLYDWHG�SODVWHU�

3���7KH�YLEUDWLRQ�EDQG�DW�����FP���DQG�WKH�VKRXOGHU�DW������FP����YLVLEOH�LQ�WKH�

SODVWHU�VSHFWUXP��DUH�DWWULEXWHG�WR�VWUHWFKLQJ�YLEUDWLRQV�RI�WKH�6L�2�$O�JURXSV�DQG�

6L��2�6L�RI�4��XQLWV��UHVSHFWLYHO\���������7KH�EDQG�DW������FP���LV�DVVRFLDWHG�ZLWK�

WKH�GHFUHDVH�RI�4��XQLWV�IROORZLQJ�WKH�GLVVROXWLRQ�RI�WKH�VLOLFDWHV��7KH�EDQG�DW�����

FP����DWWULEXWHG�WR�WKH�V\PPHWULFDO�VWUHWFKLQJ�YLEUDWLRQ�RI�WKH�6L–2–$O�JURXSV��

DOORZV�XV� WR�FRQILUP� WKDW� VRPH�4��XQLWV�ZLWKLQ� WKH�6L–2–6L� ODWWLFH�KDYH�EHHQ�

UHSODFHG�E\�$O2��XQLWV�WR�IRUP�WKH�JHO�SRO\PHULF�����7KH�EDQG�DW������FP���DQG�

DW������FP��DQG�WKH�SHDNV�DW�����FP��������DQG�����FP���DUH�GXH�WR�WKH�YLEUDWLRQV�

RI�WKH�FDUERQDWH�LRQ��ν&2�
����RI�WKH�FDOFLXP�FDUERQDWH�IRUPHG�E\�UHDFWLRQ�ZLWK�

DWPRVSKHULF�&2���7KH�IRUPDWLRQ�RI�FDUERQDWHV�LV�D�IUHTXHQW�SKHQRPHQRQ���
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�
)LJXUH�����)7,5�VSHFWUXP�RI�WKH�ELQGHU�/3��DQG�WKH�SODVWHU�3��

�������;�UD\�SRZGHU�GLIIUDFWLRQ��;53'��
�

7KH� GLIIUDFWLRQ� SDWWHUQ� RI� SODVWHU� 3��� UHSRUWHG� LQ� ILJXUH� ���� VKRZV� YDULRXV�

FU\VWDOOLQH� SKDVHV�� TXDUW]� IURP� WKH� VWDUWLQJ� VODJ�� FDOFLXP� FDUERQDWH� �FDOFLWH��

IRUPHG�IROORZLQJ�WKH�FDUERQDWLRQ�UHDFWLRQ�RI�WKH�&D�2+���SUHVHQW�LQ�WKH�DONDOLQH�

DFWLYDWRU��DQG�PDJQHVLWH��SUREDEO\�SUHVHQW�LQ�WKH�VWDUWLQJ�VODJ��7KH�EDFNJURXQG�

FHQWHUHG�EHWZHHQ��θ�DW�����DQG�����LV�GXH�WR�WKH�DPRUSKRXV�IUDFWLRQ�W\SLFDO�RI�

WKH�JHRSRO\PHULF�PDWUL[�����

�
)LJXUH�����'LIIUDFWLRQ�SDWWHUQ�RI�WKH�SODVWHU�3��DIWHU����GD\V�RI�FXULQJ���

�



� ϭϱϳ�

�������'LIIHUHQWLDO�6FDQQLQJ�&DORULPHWU\��'6&��
�

)LJXUH� ��� VKRZV� WKH� '6&� FXUYH� RI� WKH� SODVWHU� 3��� 7KH� FXUYH� VKRZV� VRPH�

HQGRWKHUPLF�SHDNV�DVVRFLDWHG�ZLWK�WKH�ORVV�RI�ZDWHU��LQ�WKH�UHJLRQ�EHWZHHQ�����

�&�DQG������&��7KH� ILUVW� WZR�HQGRWKHUPLF�SHDNV�DUH� UHODWHG� WR� WKH� ORVV�RI� WKH�

ERXQG�DGVRUEHG�ZDWHU� DQG� WR� WKH� ORVV�RI� WKH� LQWHUOD\HU�ZDWHU�RI� WKH�K\GUDWLRQ�

SURGXFWV��7KH�WKLUG�SHDN��DW������&��PD\�EH�UHODWHG�WR�WKH�ORVV�RI�VWUXFWXUDO�ZDWHU�

IURP�WKH�JHRSRO\PHULF�ODWWLFH�DQG�K\GUDWHG�FDOFLXP�DOXPLQRVLOLFDWHV��0RUHRYHU��

WKHUH�DUH�QR�H[RWKHUPLF�SHDNV�DVVRFLDWHG�ZLWK�QHZ�FU\VWDOOL]DWLRQV�IDYRUHG�E\�WKH�

WHPSHUDWXUH��(YLGHQWO\�LQ�WKH�FXULQJ�SKDVH�WKH�FU\VWDOOLQH�SKDVHV�DVVRFLDWHG�ZLWK�

WKH�IRUPDWLRQ�RI�WKH�SRO\PHULF�QHWZRUN�KDYH�DOUHDG\�EHHQ�FRPSOHWHG��

�
)LJXUH�����'6&�FXUYH�RI�SODVWHU�3��DW����GD\V�

�
�������6FDQQLQJ�(OHFWURQ�0LFURVFRSH��6(0��
�

,Q�ILJXUH����DUH�UHSRUWHG�WKH�PRUSKRORJLFDO�LQYHVWLJDWLRQ��ILJXUH����D��DQG�RI�WKH�

('6� PLFURDQDO\VLV� �ILJXUH� ��E�� UHVXOWV� REWDLQHG� IRU� 3�� SODVWHU�� 7KH� ('6�

PLFURDQDO\VLV�ZDV�DFTXLUHG�RQ�WKH�DUHD�KLJKOLJKWHG�LQ�UHG�LQ�WKH�EDFNVFDWWHUHG�

HOHFWURQ� LPDJH�� 7KH� SUHVHQFH� RI� $X� LV� GXH� WR� WKH�PHWDOOL]DWLRQ� SURFHVV�� 7KH�

SODVWHU�3��KDV�D�YHU\�SRURXV�VWUXFWXUH�ZLWK�VXEPLOOLPHWULF�SRUHV�GLVWULEXWHG�LQ�WKH�



� ϭϱϴ�

ELQGHU� PDWUL[�� 7KH� FODVWV�� GXH� WR� WKH� LQHUW� PDWHULDO�� DUH� ZHOO� FHPHQWHG�� 1R�

IUDFWXUHV� DUH� YLVLEOH� LQ� WKH� PDWUL[�� 7KH� PDLQ� HOHPHQWV� GHWHFWHG� E\� ('6�

PLFURDQDO\VLV�ZHUH�&D��$O��6L�DQG�1D��DOUHDG\�SUHVHQW�LQ�WKH�/3��ELQGHU��

�

�
)LJXUH�����D��,PDJH�DFTXLUHG�LQ�EDFNVFDWWHUHG�HOHFWURQV��[���PDJQLILFDWLRQ����E��('6�

PLFURDQDO\VLV�RI�VDPSOH�3��

$OO�UHVXOWV�VXJJHVW�WKDW�WKH�EHVW�JHRSRO\PHU�SODVWHU�IRUPXODWLRQ�LV�3���DV�DOUHDG\�

GLVFXVVHG��,Q�WKLV�IRUPXODWLRQ�WKH�SUHVHQFH�RI�QDWXUDO�DGGLWLYHV�DQG�ILOOHU��DOORZHG�

WR�REWDLQ�WKH�VDWLVIDFWRU\�SHUIRUPDQFHV�IRU�IOH[XUDO�DQG�FRPSUHVVLYH�VWUHQJWK�DQG�

IRU�WKH�DGKHUHQFH�RQ�DXWRFODYHG�DHUDWHG�EORFN��

�

���&RQFOXVLRQV�
�

7KLV�UHVHDUFK�DFWLYLW\�ZDV�IRFXVHG�RQ�WKH�GHYHORSPHQW�RI�QHZ�HFR�VXVWDLQDEOH�

PDWHULDOV� IRU� EXLOGLQJ�� 7KH� JHRSRO\PHULF�PRUWDUV� DQG� SODVWHUV� KHUH� SURSRVHG��

were obtained in a “one�part” reaction, in which alkali activators were used in 

SRZGHU�� $WWHQWLRQ�ZDV� SDLG� WR� WKH� QDWXUDO� DGGLWLYH� LQIOXHQFHV�� WKHLU� DFWLRQ� LV�

HVVHQWLDO�WR�LPSURYH�WKH�SURSHUWLHV�RI�WKH�EOHQG��VXFK�DV�HODVWLFLW\��DGKHVLRQ�DQG�

FRUUHFWLRQ�WLPH��$V�WKH�XVH�RI�DGGLWLYHV�LQ�WKH�IRUPXODWLRQV�GHFUHDVHV�WKH�IOH[XUDO�

DQG�FRPSUHVVLYH�VWUHQJWKV�� LW�KDV�EHHQ�QHFHVVDU\�WR�ILQG�WKH�ULJKW�FRPSURPLVH�

EHWZHHQ�WKH�EHVW�PHFKDQLFDO�SURSHUWLHV�REWDLQDEOH�DQG�WKH�TXDQWLW\�RI�DGGLWLYHV�

XVHG����



� ϭϱϵ�

,Q� WKLV� FKDSWHU� WKH� JHRSRO\PHU�EDVHG� ELQGHU� IRU� PRUWDU� DQG� SODVWHU� KDV� EHHQ�

VWXGLHG��$IWHU�FKRRVLQJ�WKH�W\SH�RI�VXLWDEOH�ELQGHU��FDOOHG�/��DQG�/3����PRUWDUV�

DQG� SODVWHUV� ZHUH� GHYHORSHG�� 6XFFHVVLYHO\�� IRU� ERWK� PDWHULDOV�� VHYHUDO�

IRUPXODWLRQV�ZHUH�SURSRVHG��EHVW�UHVXOWV�ZHUH�REWDLQHG�IRU�0��PRUWDU�DQG�3��

SODVWHU�� UHVSHFWLYHO\�� 7KH� LQIOXHQFH� RI� DGGLWLYHV� ZDV� HYDOXDWHG�� %DVHG� RQ� WKH�

H[SHULPHQWDO� UHVXOWV�� WKH� IROORZLQJ� FRQFOXVLRQV� FDQ� EH� KLJKOLJKWHG� RQ�PRUWDU�

IRUPXODWLRQV���

���PDL]H�VWDUFK�LV�SURPLVLQJ�DV�DGKHVLYH�DGGLWLYH�LQ�DONDOL�DFWLYDWHG�PRUWDUV��VLQFH�

LWV� DGGLWLRQ� GRHV� QRW� SURGXFH� DQ� H[FHVVLYH� GHFUHDVH� RI� PRUWDU� PHFKDQLFDO�

SHUIRUPDQFHV��2Q�WKH�FRQWUDU\��WKH�XVH�RI�DOJLQDWH�RU�ULFH�VWDUFK�LV�OHVV�IHDVLEOH���

�� �FHOOXORVH� W\SH� KDV� D� OLPLWHG� HIIHFW� RQ�PRUWDU� ZRUNDELOLW\��ZKLOH� LW� VWURQJO\�

LQIOXHQFHV�WKH�PHFKDQLFDO�SHUIRUPDQFHV���

���VXSHUSODVWLFL]HU�DGGLWLRQ�LPSURYHV�ERWK�WKH�FRUUHFWLRQ�WLPH�DQG�WKH�DGKHVLRQ�RI�

WKH�PRUWDU� WR� WKH� DXWRFODYHG� DHUDWH� EORFN�� 7KH� DGGLWLRQ� RI� RWKHU� FRPPHUFLDO�

DGGLWLYHV�� VXFK�DV� WDUWDULF�DFLG�DQG�SRO\PHU�JHO�� KDV�D�QHJOLJLEOH� LQIOXHQFH�RQ�

WKRVH�SURSHUWLHV���

2Q�WKH�RWKHU�KDQG��IRU�SODVWHU�IRUPXODWLRQ�WKH�SUHVHQFH�RI�WKH�DLU�HQWUDLQLQJ�DJHQW��

WKH�ZDWHU� UHVHUYRLU�� WKH� VXSHUSODVWLFL]HU�� WKH�H[SDQGHG�JODVV�� WKH� ILOOHU�DQG� WKH�

PHWK\O�FHOOXORVH��DOORZ�WR�REWDLQ�WKH�VDWLVIDFWRU\�SHUIRUPDQFHV�IRU�IOH[XUDO�DQG�

FRPSUHVVLYH� VWUHQJWK� DQG� IRU� WKH� DGKHUHQFH� RQ� DXWRFODYHG� DHUDWHG� EORFN��

6DWLVIDFWRU\�UHVXOWV�KDYH�EHHQ�REWDLQHG�IRU�3��SODVWHU��)RU�H[DPSOH��DV�HYLGHQFHG�

E\� )7,5� DQG� ;5'� LQYHVWLJDWLRQV�� HYHQ� ZLWK� WKH� XVH� RI� SRZGHU� SURGXFWV��

FRPSOHWH�JHRSRO\PHUL]DWLRQ�FDQ�EH�REVHUYHG��7KH�PRUSKRORJLFDO�LQYHVWLJDWLRQ�

E\� 6(0� VKRZV� WKH� SUHVHQFH� RI� FODVWV� ZHOO� LQFRUSRUDWHG� LQVLGH�� 7KH� UHVXOWV�

REWDLQHG�DUH�SURPLVLQJ��EXW�IXUWKHU�VWXGLHV�DUH�UHTXLUHG�LQ�RUGHU�WR�GHYHORS�WKH�

KLJKHVW�SHUIRUPLQJ�SURGXFW�WR�EH�XVHG�LQ�WKH�EXLOGLQJ�VHFWRU���

�

�



� ϭϲϬ�

5HIHUHQFHV�
�

��� 3\ONNlQHQ�5��0RKDPPDGL�3��$UROD�6��HW�DO��,Q�9LWUR�6\QWKHVLV�DQG�6HOI�

$VVHPEO\�RI�&HOOXORVH�,,�1DQRILEULOV�&DWDO\]HG�E\�WKH�5HYHUVH�5HDFWLRQ�

RI� &ORVWULGLXP� WKHUPRFHOOXP� &HOORGH[WULQ� 3KRVSKRU\ODVH��

%LRPDFURPROHFXOHV�� �����������������������

GRL���������DFV�ELRPDF��F������

��� .OHPP� '�� +HXEOHLQ� %�� )LQN� +3�� %RKQ� $�� &HOOXORVH�� )DVFLQDWLQJ�

ELRSRO\PHU� DQG� VXVWDLQDEOH� UDZ� PDWHULDO�� $QJHZDQGWH� &KHPLH� ��

,QWHUQDWLRQDO� (GLWLRQ�� �����������������������

GRL���������DQLH�����������

��� +DELEL�<��/XFLD�/$��5RMDV�2-��&HOOXORVH�QDQRFU\VWDOV��&KHPLVWU\��VHOI�

DVVHPEO\�� DQG� DSSOLFDWLRQV�� &KHP� 5HY�� �����������������������

GRL���������FU������Z�

��� +DELEL�<��.H\�DGYDQFHV�LQ�WKH�FKHPLFDO�PRGLILFDWLRQ�RI�QDQRFHOOXORVHV��

&KHP�6RF�5HY������������������������GRL���������F�FV�����G�

��� .URRQ�%DWHQEXUJ�/0-��.URRQ�-��7KH�&U\VWDO�DQG�0ROHFXODU�6WUXFWXUHV�RI�

&HOOXORVH�,�DQG�,,��9RO������������

��� /HIHEYUH� -��*UD\�'*��$)0�RI�DGVRUEHG�SRO\HOHFWURO\WHV�RQ�FHOOXORVH� ,�

VXUIDFHV� VSLQ�FRDWHG� RQ� VLOLFRQ� ZDIHUV��&HOOXORVH�� ��������������������

GRL���������V�����������������

��� /X�3��+VLHK�<� OR�� 3UHSDUDWLRQ� DQG�SURSHUWLHV� RI� FHOOXORVH� QDQRFU\VWDOV��

5RGV�� VSKHUHV�� DQG� QHWZRUN�� &DUERK\GU� 3RO\P�� ��������������������

GRL���������M�FDUESRO�������������

��� $UDNL�-��:DGD�0��.XJD�6��2NDQR�7��)ORZ�3URSHUWLHV�RI�0LFURFU\VWDOOLQH�

&HOOXORVH� 6XVSHQVLRQ�3UHSDUHG� E\�$FLG� 7UHDWPHQW� RI�1DWLYH�&HOOXORVH��

9RO�������������



� ϭϲϭ�

��� 6XQDVHH�5��+HPUD]�8'��6\QWKHWLF�VWUDWHJLHV�IRU�WKH�IDEULFDWLRQ�RI�FDWLRQLF�

VXUIDFH�PRGLILHG� FHOOXORVH� QDQRFU\VWDOV�� )LEHUV�� �����������

GRL���������),%��������

���� .KDQMDQ]DGHK� +�� %HKURR]� 5�� %DKUDPLIDU� 1�� HW� DO�� 6XUIDFH� FKHPLFDO�

IXQFWLRQDOL]DWLRQ� RI� FHOOXORVH� QDQRFU\VWDOV� E\� ��

DPLQRSURS\OWULHWKR[\VLODQH�� ,QW� -�%LRO�0DFURPRO�� ��������������������

GRL���������M�LMELRPDF�������������

���� 5DILHLDQ� )�� -RQRREL� 0�� <X� 4�� $� QRYHO� QDQRFRPSRVLWH� PHPEUDQH�

FRQWDLQLQJ�PRGLILHG�FHOOXORVH�QDQRFU\VWDOV�IRU�FRSSHU�LRQ�UHPRYDO�DQG�G\H�

DGVRUSWLRQ� IURP� ZDWHU�� &HOOXORVH�� ����������������������

GRL���������V������������������

���� +DELEL�<��&KDQ]\�+��9LJQRQ�05��7(032�PHGLDWHG�VXUIDFH�R[LGDWLRQ�RI�

FHOOXORVH�ZKLVNHUV��&HOOXORVH�� ��������������������GRL���������V������

���������\�

���� %HUJDPRQWL�/��3RWHQ]D�0��+DJKLJKL�3RVKWLUL�$��HW�DO��$J�IXQFWLRQDOL]HG�

QDQRFU\VWDOOLQH� FHOOXORVH� IRU� SDSHU� SUHVHUYDWLRQ� DQG� VWUHQJWKHQLQJ��

&DUERK\GU�3RO\P������������GRL���������M�FDUESRO�������������

���� %|KPH�1��$QGHUV�0��5HLFKHOW�7��6FKXKPDQQ�.��%ULGDUROOL�$��&KHYDOLHU�

$��1HZ�WUHDWPHQWV�IRU�FDQYDV�FRQVROLGDWLRQ�DQG�FRQVHUYDWLRQ��+HULW�6FL��

�����������GRL���������V���������������\�

���� %DVLOH� 5�� %HUJDPRQWL� /�� )HUQDQGH]� )�� HW� DO�� %LR�LQVSLUHG� FRQVROLGDQWV�

GHULYHG� IURP� FU\VWDOOLQH� QDQRFHOOXORVH� IRU� GHFD\HG� ZRRG�� &DUERK\GU�

3RO\P��������������������GRL���������M�FDUESRO�������������

���� :HGGLJHQ�(��/�DWWHQ]LRQH�DOOH�VXSHUILFL�SLWWRULFKH��PDWHULDOL�H�PHWRGL�SHU�

LO� FRQVROLGDPHQWR� H� PHWRGL� VFLHQWLILFL� SHU� YDOXWDUQH� O� HIILFDFLD�� ,Q�� ��

�����������



� ϭϲϮ�

���� *LRUJL�5��'HL�/��&HFFDWR�0��6FKHWWLQR�&��%DJOLRQL�3��1DQRWHFKQRORJLHV�

IRU� FRQVHUYDWLRQ� RI� FXOWXUDO� KHULWDJH�� 3DSHU� DQG� FDQYDV� GHDFLGLILFDWLRQ��

/DQJPXLU�������������������������GRL���������OD������G�

���� Penava Ž, Penava DŠ, Tkalec 0�� ([SHULPHQWDO� DQDO\VLV� RI� WKH� WHQVLOH�

SURSHUWLHV�RI�SDLQWLQJ�FDQYDV��$XWH[�5HVHDUFK�-RXUQDO�����������������

�����GRL���������DXW�����������

���� 0WWNNQEXUJ� �/DXUD� 0)�� /RSUA� )�� )DLOXUH� 0HFKDQLVPV� LQ� &DQYDV�

6XSSRUWHG� 3DLQ�7LQJV�� $SSURDFKHV� IRU� 'HYHORSLQJ� &RQVROLGDWLRQ�

3URWRFROV���������

���� 6DQGX�,&$��6FKlIHU�6��0DJULQL�'��%UDFFL�6��5RTXH�&$��&URVV�VHFWLRQ�DQG�

VWDLQLQJ�EDVHG� WHFKQLTXHV� IRU� LQYHVWLJDWLQJ� RUJDQLF�PDWHULDOV� LQ� SDLQWHG�

DQG� SRO\FKURPH� ZRUNV� RI� DUW�� $� UHYLHZ�� ,Q�� 0LFURVFRS\� DQG�

0LFURDQDO\VLV��9RO���������������������GRL���������6�����������������

���� =DQHWWL�0��&DOYLQL� 3��'DOOD� WXWHOD� DO� UHVWDXUR� GHO� SDWULPRQLR� OLEUDULR� H�

DUFKLYLVWLFR�6WRULD��HVSHULHQ]H��LQWHUGLVFLSOLQDULHWj�D�FXUD�GL�/D�FKLPLFD�H�

LO� UHVWDXUR�GHL�PDQRVFULWWL�4XDOFKH� OXFH��PROWH�RPEUH��3XEOLVKHG�RQOLQH�

������GRL���������������������6$%3������

���� %ULGDUROOL� $�� 2GO\KD� 0�� 1HFK\SRUFKXN� 2�� HW� DO�� (YDOXDWLRQ� RI� WKH�

$GKHVLRQ� DQG� 3HUIRUPDQFH� RI�1DWXUDO� &RQVROLGDQWV� IRU� &RWWRQ�&DQYDV�

&RQVHUYDWLRQ�� $&6� $SSO� 0DWHU� ,QWHUIDFHV�� �������������������������

GRL���������DFVDPL��E������

���� &DWDOGL�$��%HUJOXQG�/��'HIORULDQ�)��3HJRUHWWL�$��$�FRPSDULVRQ�EHWZHHQ�

PLFUR�� DQG� QDQRFHOOXORVH�ILOOHG� FRPSRVLWH� DGKHVLYHV� IRU� RLO� SDLQWLQJV�

UHVWRUDWLRQ�� 1DQRFRPSRVLWHV�� �������������������

GRL�������������������������������

���� 1HFK\SRUFKXN�2��.ROPDQ�.��2ULROD�0��3HUVVRQ�0��+ROPEHUJ�.��%RUGHV�

5�� $FFHOHUDWHG� DJHLQJ� RI� FRWWRQ� FDQYDV� DV� D� PRGHO� IRU� IXUWKHU�



� ϭϲϯ�

FRQVROLGDWLRQ� SUDFWLFHV�� -� &XOW� +HULW�� �����������������

GRL���������M�FXOKHU�������������

���� *UDQGH�&-��7RUUHV�)*��*RPH]�&0��&DUPHQ�%Dxy�0��1DQRFRPSRVLWHV�RI�

EDFWHULDO� FHOOXORVH�K\GUR[\DSDWLWH� IRU� ELRPHGLFDO� DSSOLFDWLRQV�� $FWD�

%LRPDWHU�����������������������GRL���������M�DFWELR�������������

���� (LFKKRUQ� 6-�� 'XIUHVQH� $�� $UDQJXUHQ� 0�� HW� DO�� 5HYLHZ�� &XUUHQW�

LQWHUQDWLRQDO� UHVHDUFK� LQWR� FHOOXORVH� QDQRILEUHV� DQG� QDQRFRPSRVLWHV�� -�

0DWHU�6FL�������������������GRL���������V�����������������

���� .LP� -�� <XQ� 6�� 2XQDLHV� =�� 'LVFRYHU\� RI� FHOOXORVH� DV� D� VPDUW�PDWHULDO��

0DFURPROHFXOHV�������������������������GRL���������PD������H�

���� %HUJRQ]L�&��5HPDJJL�*��*UDLII�&��HW�DO��7KUHH�GLPHQVLRQDO���G��SULQWHG�

VLOYHU�QDQRSDUWLFOHV�DOJLQDWH�QDQRFU\VWDOOLQH�FHOOXORVH�K\GURJHOV��6WXG\�RI�

WKH� DQWLPLFURELDO� DQG� F\WRWR[LFLW\� HIILFDF\��1DQRPDWHULDOV�� ������������

GRL���������QDQR���������

���� %HUJDPRQWL� /�� *UDLII� &�� %HUJRQ]L� &�� HW� DO�� 3KRWRGHJUDGDWLRQ� RI�

3KDUPDFHXWLFDO� 3ROOXWDQWV�� 1HZ� 3KRWRFDWDO\WLF� 6\VWHPV� %DVHG� RQ� �'�

3ULQWHG� 6FDIIROG�6XSSRUWHG� $J�7L2�� 1DQRFRPSRVLWH�� &DWDO\VWV��

������������GRL���������FDWDO���������

���� $[SH� (�� 2\HQ� 0/�� $SSOLFDWLRQV� RI� DOJLQDWH�EDVHG� ELRLQNV� LQ� �'�

ELRSULQWLQJ��,QW�-�0RO�6FL���������������GRL���������LMPV���������

���� $GHULELJEH�%$��%X\DQD�%��$OJLQDWH�LQ�ZRXQG�GUHVVLQJV��3KDUPDFHXWLFV��

������������GRL���������SKDUPDFHXWLFV���������

���� .QLOO� &-�� .HQQHG\� -)�� 0LVWU\� -�� HW� DO�� $OJLQDWH� ILEUHV� PRGLILHG� ZLWK�

XQK\GURO\VHG�DQG�K\GURO\VHG�FKLWRVDQV�IRU�ZRXQG�GUHVVLQJV��&DUERK\GU�

3RO\P��������������������GRL���������M�FDUESRO�������������

���� ,QEDWKDPL]K�/��3RQQX�70��0DU\�(-��,Q�YLWUR�HYDOXDWLRQ�RI�DQWLR[LGDQW�DQG�

DQWLFDQFHU� SRWHQWLDO� RI� 0RULQGD� SXEHVFHQV� V\QWKHVL]HG� VLOYHU�



� ϭϲϰ�

QDQRSDUWLFOHV�� -� 3KDUP� 5HV�� �����������������

GRL���������M�MRSU�������������

���� &KHUQRXVRYD�6��(SSOH�0��6LOYHU�DV�DQWLEDFWHULDO�DJHQW��,RQ��QDQRSDUWLFOH��

DQG�PHWDO��$QJHZDQGWH�&KHPLH���,QWHUQDWLRQDO�(GLWLRQ������������������

������GRL���������DQLH�����������

���� (OYLUL�/��)RUHVWL�5��%HUJRQ]L�&��HW�DO��+LJKO\�GHILQHG��'�SULQWHG�FKLWRVDQ�

VFDIIROGV�IHDWXULQJ�LPSURYHG�FHOO�JURZWK��%LRPHGLFDO�0DWHULDOV��%ULVWRO���

������������GRL�����������������;�DD�����

���� 5HVKP\�5��3KLOLS�(��0DGKDYDQ�$��HW�DO��1DQRFHOOXORVH�DV�JUHHQ�PDWHULDO�

IRU�UHPHGLDWLRQ�RI�KD]DUGRXV�KHDY\�PHWDO�FRQWDPLQDQWV��-�+D]DUG�0DWHU��

����������GRL���������M�MKD]PDW�������������
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7KH�3K'�DFWLYLW\�ZDV�PDGH� SRVVLEOH� WKDQNV� WR� WKH� FROODERUDWLRQ� RI� QXPHURXV�

SURIHVVLRQDO� ILJXUHV�� ,� ZDQW� WR� WKDQN� &DULSDUPD� IRXQGDWLRQ� IRU� IXQGLQJ� WKH�

UHVHDUFK��'DYLQHV� V�S�D�� �$�'��GRWW��3DROR�*RL���(.258�V�U�O�� �9ROOD�1$�� IRU�

GHPRQVWUDWLQJ� LQWHUHVW� LQ� WKH� UHVHDUFKV� FRQGXFWHG�� 7R� GHYHORS� 321� SURMHFW�

“5LFHUFD�H�6YLOXSSR�GL�QXRYL�PDWHULDOL�DYDQ]DWL�SHU�FRVWUX]LRQL�HFR�VRVWHQLELOL��

FRQ�FDUDWWHULVWLFKH�GL�HOHYDWD�HIILFLHQ]D�HQHUJHWLFD�H� VLFXUH]]D�DQWL� VLVPLFD��GD�

RWWHQHUVL� FRQ� VLVWHPL� DYDQ]DWL� GL� SURGX]LRQH� DG� DOWH� SUHVWD]LRQL�� HIILFLHQWL� HG�

ecocompatibili” Programma Operativo Nazionale «Imprese e Competitività» 

������ ����� )(65� QXPHUR� )�����������;���� &83� %��O������������� WKH�

FROODERUDWLRQ�ZLWK�SURI��'DQLHOH�)HUUHWL��SURI�VVD�(OHQD�0LFKHOLQL��'HSDUWPHQW�RI�

(QJLQHHULQJ�DQG�$UFKLWHFWXUH��8QLYHUVLWj�GL�3DUPD��DQG�GRWW��)UDQFHVFR�7DOHQWR�

�%DFFKL� V�S�D��� ZDV� IRXQGDPHQWDO�� 7KDQNV� WR� 6WXGLR� 00� V�U�O�� �&(2� GRWW��

0LFKHOH�0D]]RQL�� IRU� WKH� VWXG\� RI� JHRSRO\PHULF�PDWHULDOV�� 7KH� DQWLEDFWHULDO�

DFWLYLW\� ZDV� PDGH� SRVVLEOH� WKDQN� WR� SURI�VVD� $QQD� 0DULD� 6DQDQJHODQWRQL�

�'HSDUWPHQW� RI� &KHPLVWU\�� /LIH� 6FLHQFH� DQG� (QYLURQPHQWDO� 6XVWDLQDELOLW\��

8QLYHUVLWj� GL� 3DUPD��� SURII�VVD�0DULD� &ULVWLQD�2VVLSUDQGL� DQG� GRWW�VVD� &LQ]LD�

5HYHUEHUL��'HSDUWPHQW�RI�9HWHULQDU\�6FLHQFH��8QLYHUVLWj�GL�3DUPD���7KDQNV�WR�

SURI�� 5XJJHUR� %HWWLQL� DQG� SURI�VVD� /LVD� (OYLUL� �)RRG� DQG� GUXJ� GHSDUWPHQW��

8QLYHUVLWj�GL�3DUPD��IRU�WKH�FUHDWLRQ�RI��'�VFDIIROGV��7KH�5DPDQ�VSHFWURVFRS\�

DQDO\VLV�ZDV�PDGH�LQ�FROODERUDWLRQ�ZLWK�SURI��3LHU�3DROR�/RWWLFL�DQG�SURI��'DQLOR�

%HUVDQL� �'HSDUWPHQW� RI� 0DWKHPDWLFDO�� 3K\VLFDO� DQG� &RPSXWHU� 6FLHQFHV��

8QLYHUVLWj�GL�3DUPD���7KDQNV� WR�SURI�VVD�/DUD�5LJKL� DQG�SURI��0DWWHR�7HJRQL�

�'HSDUWPHQW� RI� &KHPLVWU\�� /LIH� 6FLHQFH� DQG� (QYLURQPHQWDO� 6XVWDLQDELOLW\��

8QLYHUVLWj�GL�3DUPD��IRU�WKH�VFLHQWLILF�VXSSRUW�����

,�ZDQW�WKDQN�WR�GRWW��/DXUD�/D]]DULQL��,QVWLWXWH�RI�0DWHULDOV�IRU�(OHFWURQLFV�DQG�

0DJQHWLVP�� 1DWLRQDO� 5HVHDUFK� &RXQFLO�� ,0(0�&15�� 3DUPD�� IRU� WKH� 7(0�
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(QYLURQPHQWDO�6XVWDLQDELOLW\��8QLYHUVLWj�GL�3DUPD�� IRU�WKH�6(0�LQYHVWLJDWLRQ��

GRWW�VVD� &ODXGLD� )RUWH� DQG� GRWW�VVD� /XFLD� &DOXFFL� �,VWLWXWR� GL� &KLPLFD� GHL�

&RPSRVWL�2UJDQRPHWDOOLFL���&RQVLJOLR�1D]LRQDOH�GHOOH�5LFHUFKH��,&&20�&15��

3LVD�� IRU� WKH� 66105� DQDO\VLV�� GRWW�VVD� 5REHUWD� 0DJQDQL� �'HSDUWPHQW� RI�

&KHPLVWU\��/LIH�6FLHQFH�DQG�(QYLURQPHQWDO�6XVWDLQDELOLW\��8QLYHUVLWj�GL�3DUPD��

IRU� ;53'� DQG� 7*$� LQYHVWLJDWLRQ�� GRWW�� *LDQIUDQFR� *DOOL� �'HSDUWPHQW� RI�

0DWKHPDWLFDO�� 3K\VLFDO� DQG�&RPSXWHU� 6FLHQFHV��8QLYHUVLWj� GL� 3DUPD�� IRU� WKH�

'/6�PHDVXUHPHQWV��SURI�VVD�$QWRQHOOD�&DVROL��'HSDUWPHQW�RI�&KHPLVWU\��/LIH�

6FLHQFH� DQG� (QYLURQPHQWDO� 6XVWDLQDELOLW\�� 8QLYHUVLWj� GL� 3DUPD�� GRWW�� 0DUFR�

%DUWROLQL�� GRWW�VVD� 0DUFHOOD� ,RHOH�� GRWW�VVD� %DUEDUD� /DYRULQL�� GRWW�VVD� 3DWUL]LD�

*LDFRPD]]L��,VWLWXWR�&HQWUDOH�GHO�5HVWDXUR��,&5��5RPD�H�0DWHUD��IRU�WKH�UHVHDUFK�

RQ�FXOWXUDO�KHULWDJH��

)LQDOO\�� WKDQNV� WR� P\� VXSHUYLVRUV� 3URI�� &ODXGLD� *UDLII� DQG� 3URI�� /DXUD�

%HUJDPRQWL��IRU�JXLGHG�DQG�VXSSRUWHG�PH�GXULQJ�WKHVH�WKUHH�\HDUV��
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