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2FWDFDUERQ\O� GLFREDOW� LV� D� SUHFXUVRU� LQ� PDQ\� LPSRUWDQW� FDWDO\WLF� DQG� VWRLFKLRPHWULF�

UHDFWLRQV�XVHG�LQ�RUJDQLF�V\QWKHVLV��7KH�DFWLYDWLRQ�RI�WKH�YDULRXV�VXEVWUDWHV�DQG�UHDJHQWV�LQ�

WKRVH�UHDFWLRQV�XVXDOO\�KDSSHQV�LQ�PRUH�RU�OHVV�HVWDEOLVKHG�RQH��DQG�WZR�HOHFWURQ�UHDFWLRQV�

RI�WHWUDFDUERQ\OFREDOW�UDGLFDO�DQG�KHSWDFDUERQ\O�GLNREDOW��ZKLFK�FRPSOH[HV�DUH�IRUPHG�LQ�ORZ�

HTXLOLEULXP�FRQFHQWUDWLRQV�E\�GLVVRFLDWLRQ�RI�WKH�FREDOW�FREDOW�ERQG�DQG�E\�GLVVRFLDWLRQ�RI�D�

FDUERQ�PRQR[LGH�OLJDQG��UHVSHFWLYHO\��

�
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,Q�RUGHU�WR�OHDUQ�PRUH�DERXW�WKH�FKHPLVWU\�RI�WKHVH�FRPSOH[HV�ZH�PDGH�H[SHULPHQWV�WR�

VFDYHQJH� WKH� WHWUDFDUERQ\OFREDOW� UDGLFDO� IURP� VROXWLRQV� RI� RFWDFDUERQ\O� GLFREDOW� XVLQJ�

GLIIHUHQW�VWDEOH�RUJDQLF�IUHH�UDGLFDOV��,Q�DGGLWLRQ�RI�WKH�FKDUDFWHUL]DWLRQ�RI�WKH�QHZ�SURGXFWV�

DQG�WKH�VWRLFKLRPHWU\�RI�WKH�UHDFWLRQV�ZH�VWXGLHG�WKH�NLQHWLFV�DV�ZHOO�LQ�RUGHU�WR�HOXFLGDWH�D�

SRVVLEOH�PHFKDQLVP��2Q� WKH�RWKHU�KDQG� ZH� WULHG� WR�DFWLYDWH� WKH�NQRZQ� FDUEHQH�SUHFXUVRU�

HWK\O� GLD]RDFHWDWH� LQ� VROXWLRQV� RI� RFWDFDUERQ\O� GLFREDOW� WR� JHQHUDWH� QHZ� FREDOW� FDUEHQH�

FRPSOH[HV�DQG�ILQG�QHZ�V\QWKHWLF�DSSOLFDWLRQV��
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+DQGOLQJ� RI� WKH� FRPSOH[HV� ZDV� FDUULHG� RXW� XQGHU� DQ� DWPRVSKHUH� RI� GU\� DQG�

GHR[\JHQDWHG� DUJRQ� RU� FDUERQ� PRQR[LGH� XWLOL]LQJ� VWDQGDUG� 6FKOHQN� WHFKQLTXHV
�
�� 6ROYHQWV�

ZHUH� GULHG� DQG� GLVWLOOHG� XQGHU� DQ� DWPRVSKHUH� RI� DUJRQ� RU� FDUERQ� PRQR[LGH� DFFRUGLQJ� WR�

VWDQGDUG�SURFHGXUHV��

7KH�SURGXFWV�DQG�WKH�VWRLFKLRPHWU\�RI�WKH�UHDFWLRQV�ZHUH�GHWHUPLQHG�E\�XVLQJ�VWDQGDUG�

JDVRPHWULF�DQG�YDULRXV�DQDO\WLFDO�PHWKRGV��&�+�1�&R�DQDO\VLV�� ,5��PXOWLQXFOHDU�105��*&��

*&�06��VLQJOH�FU\VWDO�;�UD\�GLIIUDFWLRQ���

7KH�SURGXFWV�ZHUH� LVRODWHG�E\�HVWDEOLVKHG�SUHSDUDWLYH�PHWKRGV�� ,Q� WKH�FDVH�RI� WKH�QHZ�

GLQXFOHDU�FREDOW�FDUEHQH�FRPSOH[HV��D�ORZ�WHPSHUDWXUH�FROXPQ�FKURPDWRJUDSKLF�PHWKRG�IRU�

WKH�VHSDUDWLRQ�RI�DLU��DQG�KHDW�VHQVLWLYH�FRPSRXQGV�ZDV�GHYHORSHG��

7KH� NLQHWLFV� RI� WKH� UHDFWLRQV� DFFRPSDQLHG� E\� JDV� HYROXWLRQ� RU� JDV� DEVRUSWLRQ� ZHUH�

VWXGLHG�E\�XVLQJ�D�JDVRPHWULF�DSSDUDWXV��

�

����������������������������������������������������	��
���
���� � ����� ���������������  �!�" ��# � $���$�%�&'� ( ) *+����*,� # � -,�/.�$��0 �$�!���1�*���2	��3���45� � ��6����5758�9�: ��;=<�� >�?0@�: @�9�@�� ��
�: <�� � A�@���B C+D�E�F�G �



� ��

,,,��1(:�6&,(17,),&�5(68/76�

�

��� ,W� ZDV� IRXQG� WKDW� RFWDFDUERQ\O� GLFREDOW� UHDFWV� VPRRWKO\� DW� DPELHQW� FRQGLWLRQV� ZLWK�

��������WHWUDPHWK\O���SLSHULGLQ\OR[\� �7(032��� *DOYLQR[\O� �*Â�� DQG� ����GLSKHQ\O�SLFU\O�

K\GUD]\O� IUHH� UDGLFDOV�� 7KHVH� UHDFWLRQV� OHDG� WR� FDUERQ� PRQR[LGH� HYROXWLRQ� DQG� WR�

GLIIHUHQW� W\SH� RI� FREDOW� FRPSRXQGV� GHSHQGLQJ� RQ� WKH� DSSOLHG� IUHH� UDGLFDO�� ,W� ZDV�

HVWDEOLVKHG� WKDW� WKH� UHDFWLRQV� WRRN� SODFH� LQ� GLIIHUHQW� PDQQHU� EDVHG� RQ� WKHLU� NLQHWLF�

EHKDYLRXU��

�

HJI H0I K0I K	L M N=M O P	QRNSM T5U=V L�W�L,X	Y X'NZO Y [SY \5U=V ]�^�U_ `0NSQaX=]'b c PSV d	Y \=]�^�U	V5_ efb H0I H	L [ZY X	T'NZ\5U	V L,X	Y g�O U	V L,T5U�[ZO P'h�U=V5_ ijb

kml l l kk

lon�k

l n k

kplon

�

�

����� 7KH�FRPSOH[�IRUPHG�IURP�RFWDFDUERQ\O�GLFREDOW�DQG�7(032�LV��7(032�&R�&2����

7KH� LQLWLDO� UDWH�RI�FDUERQ�PRQR[LGH�HYROXWLRQ� LV� ILUVW�RUGHU� LQ�7(032������RUGHU� LQ�

RFWDFDUERQ\O� GLFREDOW�� DQG� QHJDWLYH� ���� RUGHU� LQ� FDUERQ� PRQR[LGH�� 7KH� PRVW�

SUREDEOH�PHFKDQLVP�LQ�DFFRUG�ZLWK�WKH�REVHUYHG�NLQHWLFV�LV�WKH�IROORZLQJ��
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����� ,Q� WKH� UHDFWLRQ� RI� RFWDFDUERQ\O� GLFREDOW� DQG� *DOYLQR[\O� D� QHZ� FRPSOH[�� &R�,,�*��

�ZKHUH�*�LV�WKH�DQLRQ�IRUPHG�IURP�*DOYLQR[\O�E\�D�RQH�HOHFWURQ�XSWDNH���LV�IRUPHG���

7KH� LQLWLDO� UDWH� RI� FDUERQ� PRQR[LGH� HYROXWLRQ� LV� ILUVW� RUGHU� LQ� ERWK� GLFREDOW�

RFWDFDUERQ\O� DQG� *DOYLQR[\O� DQG� LV� LQGHSHQGHQW� RI� WKH� FDUERQ� PRQR[LGH�

FRQFHQWUDWLRQ��7KH�PHFKDQLVP�EHORZ�LV�LQ�DFFRUG�ZLWK�WKH�REVHUYHG�NLQHWLFV��
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����� ,Q�WKH�UHDFWLRQ�RI�RFWDFDUERQ\O�GLFREDOW�DQG�����GLSKHQ\O�SLFU\O�K\GUD]\O�IUHH�UDGLFDO�

DORQJ� ZLWK� FDUERQ� PRQR[LGH� HYROXWLRQ� FREDOW�,,�� K\GUR[LGH� LV� IRUPHG�� )URP� WKH�

UHDFWLRQ� PL[WXUH� D� QHZ� FU\VWDO� PRGLILFDWLRQ� RI� ����GLSKHQ\O�SLFU\O�K\GUD]LQH� ZDV�

LVRODWHG�DQG�LGHQWLILHG�E\�VLQJOH�FU\VWDO�U|QWJHQ�GLIIUDFWLRQ�DQDO\VLV��
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7KH� LQLWLDO� UDWH� RI� FDUERQ� PRQR[LGH� HYROXWLRQ� LV� ILUVW� RUGHU� LQ� ����GLSKHQ\O�SLFU\O�

K\GUD]\O� IUHH�UDGLFDO������RUGHU� LQ�RFWDFDUERQ\O�GLFREDOW��DQG� LV� LQGHSHQGHQW�RI� WKH�

FDUERQ� PRQR[LGH� FRQFHQWUDWLRQ�� $� PHFKDQLVP� ZLWK� D� UDWH�GHWHUPLQLQJ� UHDFWLRQ�

EHWZHHQ� WHWUDFDUERQ\O� FREDOW� DQG� WKH� ����GLSKHQ\O�SLFU\O�K\GUD]\O� IUHH� UDGLFDO� LV� LQ�

DFFRUG�ZLWK�WKH�REVHUYHG�NLQHWLFV��
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��� 7KH�UHDFWLRQ�RI�RFWDFDUERQ\O�GLFREDOW�ZLWK�HWK\O�GLD]RDFHWDWH�DW�URRP�WHPSHUDWXUH�DQG�

DWPRVSKHULF� SUHVVXUH� RI� FDUERQ� PRQR[LGH� UHVXOWV� LQ� QHZ� RQH�� DQG� WZR�FDUEHQH�

EULGJHG�FREDOW�FRPSOH[HV�DORQJ�ZLWK�WKH�UHOHDVH�RI�FDUERQ�PRQR[LGH�DQG�QLWURJHQ��7KH�

QHZ�FRPSOH[HV�ZHUH�VHSDUDWHG�DQG�LVRODWHG�E\�FROXPQ�FKURPDWRJUDSK\��

�

����� %\�PL[LQJ�DQ�HTXLPRODU�DPRXQW�RI�HWK\O�GLD]RDFHWDWH�ZLWK�VROXWLRQV�RI�RFWDFDUERQ\O�

GLFREDOW� LQ� Q�RFWDQH� DW� URRP� WHPSHUDWXUH� XQGHU� DWPRVSKHULF� SUHVVXUH� RI� FDUERQ�

PRQR[LGH�UHVXOWV�DFFRUGLQJ�WR�WKH�HTXDWLRQ�LQ�HYROXWLRQ�RI���PROH�RI�D�����PL[WXUH�RI�
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FDUERQ� PRQR[LGH� DQG� GLQLWURJHQ� �FKHFNHG� E\� D� JDV� EXUHWWH� DQG� JDV�

FKURPDWRJUDSK\��� DQG� WKH� IRUPDWLRQ� RI� DQ� RUDQJH�UHG� VROXWLRQ�� IURP� ZKLFK� DQ�

RUDQJH� FRORUHG� FREDOW� FRPSOH[� ZLWK� WKH� FRPSRVLWLRQ� RI� &R��&2���&+&2�(W�� ����

ZDV�LVRODWHG�E\�FROXPQ�FKURPDWRJUDSK\�DW����&�XQGHU�DQ�DUJRQ�DWPRVSKHUH�LQ�����

\LHOG�DV�DQ�RLO��
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������ 7KH� UHDFWLRQ� RI� FRPSOH[��� DQG� WULSKHQ\O� SKRVSKLQH� LQ� D� ���� PRODU� UDWLR� UHVXOWV� LQ�

FU\VWDOOLQH� &R��&2���&+&2�(W��33K��� � ����� � 6LQJOH� FU\VWDO� � U|QWJHQ� GLIIUDFWLRQ�

DQDO\VHV�KDV�VKRZQ�WKDW�WKH�FDUEHQH�OLJDQG�LQ�FRPSOH[���LV�LQ�EULGJLQJ�SRVLWLRQ�7KH�

WULSKHQ\O�SKRVSKLQH� LV� LQ�RSSRVLWH�GLUHFWLRQ� IURP� WKH�FDUEHQH�FDUERQ�� WKH�3���&R��

DQG�&���DWRPV�DUH�SUDFWLFDOO\�DORQJ�D�VWUDLJKW�OLQH��
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������� 2QH�PROH�RI�FDUERQ�PRQR[LGH�KDV�EHHQ�UHSODFHG�LQ�FRPSOH[���E\�DGGLQJ�WULSKHQ\O�

SKRVSKLQH�WR�VROXWLRQV�RI�FRPSOH[����$�VROLG�FRSPOH[�&R��&2���&+&2�(W��33K������

����ZDV�LVRODWHG��IURP�WKH�UHDFWLRQ�PL[WXUH���%DVHG�RQ�WKH�VSHFWURVFRSLF�SURSHUWLHV�

RI� WKLV�FRPSOH[��D�FDUEHQH�DQG�D�FDUERQ�PRQR[LGH� OLJDQG�DUH� LQ�EULGJLQJ�SRVLWLRQ��

DQG�WR�HDFK�FREDOW�EHORQJV�D�WULSKHQ\O�SKRVSKLQH�LQ�WHUPLQDO�SRVLWLRQ��
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����� 8VLQJ� D� ���� PRODU� UDWLR� RI� HWK\O� GLD]RDFHWDWH� DQG� &R��&2��� LQ� WKH� UHDFWLRQ� WKH�

HYROXWLRQ� RI� �� PROH� RI� D� ���� PL[WXUH� RI� FDUERQ� PRQR[LGH� DQG� GLQLWURJHQ� DQG� WKH�

IRUPDWLRQ� RI� DQ� RUDQJH�\HOORZ� FRORUHG� FRPSOH[� ZDV� REVHUYHG� DFFRUGLQJ� WR� WKH�

HTXDWLRQ�� )URP� WKH� UHDFWLRQ� PL[WXUH� D� \HOORZ� RLO� ZLWK� D� FRPSRVLWLRQ� RI�

&R��&2���&+&2�(W�������ZDV�LVRODWHG�LQ�����\LHOG�E\�FROXPQ�FKURPDWRJUDSK\�DW�

���&�XQGHU�DQ�DUJRQ�DWPRVSKHUH���
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6SHFWURVFRSLF� HYLGHQFHV� VXJJHVW� WKDW� ERWK� FDUEHQH� OLJDQGV� LQ� FRPSOH[� �� DUH� LQ�

EULGJLQJ� SRVLWLRQ�� DQG� WKH� FRPSOH[� VKRZ� G\QDPLF� SURSHUWLHV� DFFRUGLQJ� WR� WKH�

UHYHUVLEOH�UHDFWLRQ�EHORZ��
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������� ,Q� WKH� UHDFWLRQ�RI�FRPSOH[��� ZLWK� WULSKHQ\O�SKRVSKLQH�FRPSOH[��� LV� IRUPHG�� ,Q� WKH�

SUHVHQFH� RI� HWKDQRO�� KRZHYHU�� GLHWK\O� PDORQDWH� LV� DQ� DGGLWLRQDO� SURGXFW� RI� WKH�

UHDFWLRQ�� 7KH� IRUPDWLRQ� RI� GLHWK\O� PDORQDWH� FDQ� EH� UDWLRQDOL]HG� E\� DVVXPLQJ� WKH�

UHDFWLRQ�RI�DQ�HWKR[\FDUERQ\ONHWHQH�LQWHUPHGLDWH�ZLWK�HWKDQRO��
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����� 8QGHU� FDUERQ� PRQR[LGH� ERWK� FRPSOH[� �� DQG� �� DUH� FRQYHUWHG� TXDQWLWDWLYHO\� WR�

&R��&2���� ,Q� WKH� SUHVHQFH� RI� HWKDQRO� WKH� &R��&2��� IRUPDWLRQ� SURFHHGV� ZLWK� WKH�

TXDQWLWDWLYH� IRUPDWLRQ� RI� GLHWK\O� PDORQDWH� DFFRUGLQJ� WR� WKH� HTXDWLRQV� EHORZ�� +HUH�

DJDLQ� DQ� LQWHUPHGLDWH� NHWHQ�IRUPDWLRQ� FDQ� EH� DVVXPHG� E\� D� G\QDPLF� FRXSOLQJ� RI�

WKH� FDUEHQH� OLJDQG�V�� ZLWK� FDUERQ� PRQR[LGH�� DQG� WKH� VFDYHQJLQJ� RI� WKH�

HWKR[\FDUERQ\O�NHWHQH�E\�HWKDQRO�WR�IRUP�GLHWK\O�PDORQDWH��
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����� ,Q�WKH�SUHVHQFH�RI�FDWDO\WLF�DPRXQWV�RI�RFWDFDUERQ\O�GLFREDOW�DQG�DW�OHDVW�HTXLPRODU�

DPRXQWV� RI� HWKDQRO� HWK\O� GLD]RDFHWDWH� DQG� FDUERQ� PRQR[LGH� FRQYHUWV� LQWR� GLHWK\O�

PDORQDWH��
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����� (WK\O�GLD]RDFHWDWH�GLVVROYHG�LQ�VDWXUDWHG�K\GURFDUERQV�XQGHU�DWPRVSKHULF�SUHVVXUH�

RI�FDUERQ�PRQR[LGH�GHFRPSRVHV�DW� URRP�WHPSHUDWXUH� LQ� WKH�SUHVHQFH�RI���PRO��

&R��&2����5HSHDWLQJ�WKH�H[SHULPHQW�EXW�XQGHU����EDU�FDUERQ�PRQR[LGH�SUHVVXUH�D�

FRPSOHWH� FRQYHUVLRQ� RI� HWK\O� GLD]RDFHWDWH� LQWR� GLHWK\O� ��GLD]R���R[R�

SHQWDQHGLFDUER[\ODWH�ZDV�IRXQG�LQ���GD\�LQ�DFFRUG�ZLWK�WKH�GHSLFWHG�HTXDWLRQ��
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7KH�HVWDEOLVKHG�QHZ�UHDFWLRQV�RI�RFWDFDUERQ\O�GLFREDOW�ZLWK�VWDEOH�RUJDQLF�IUHH�UDGLFDOV�

DQG� ZLWK� HWK\O� GLD]RDFHWDWH� VXSSRUW� WKH� LGHD� WKDW� LQ� VROXWLRQV� RI� RFWDFDUERQ\O� GLFREDOW�

WHWUDFDUERQ\OFREDOW�UDGLFDO�DQG�KHSWDFDUERQ\O�GLFREDOW�DUH�LQGHHG�WKH�UHDFWLYH�LQWHUPHGLDWHV��

$PRQJ�WKH�QHZ�FREDOW�FRPSOH[HV�SUHSDUHG��WKH�HWKR[\FDUERQ\OFDUEHQH�EULGJHG�GRFREDOW�

FDUERQ\O� FRPSOH[HV� >P��^HWKR[\FDUERQ\O�PHWK\OHQH�`�P���FDUERQ\O��ELV�WULFDUERQ\O�

FREDOW��&R�&R�@�DQG�>GL�P��^HWKR[\FDUERQ\O�PHWK\OHQH�`�ELV�WULFDUERQ\O�FREDOW��&R�&R�@�VKRZ��

D� KLJK� UHDFWLYLW\� WRZDUGV� FDUERQ� PRQR[LGH�� 0RVW� SUREDEO\� E\� FRPELQDWLRQ� RI� WKH�

HWKR[\FDUERQ\OFDUEHQH� DQG� WKH� FDUERQ� PRQR[LGH� OLJDQGV� LQ� WKH� FRRUGLQDWLRQ� VSKHUH� RI�

FREDOW�� DQ� HWKR[\FDUERQ\ONHWHQH� LQWHUPHGLDWH� LV� IRUPHG�� ZKLFK� JLYH� ZLWK� HWKDQRO� RU�

GLHWK\ODPLQH� WKH� FRUUHVSRQGLQJ� PDORQLF� DFLG� GHULYDWLYHV�� 7KH� XQGHUVWDQGLQJ� RI� WKHVH�

VWRLFKLRPHWULF� UHDFWLRQV�SDYHG� WKH� URDG� WR� VXFFHVVIXOO� FDWDO\WLF� DSSOLFDWLRQV� ZLWK� VLJQLILFDQW�

V\QWKHWLF�YDOXH��,Q�WKH�SUHVHQFH�RI���PRO��RFWDFDUERQ\O�GLFREDOW�HWK\O�GLD]RDFHWDWH�FDQ�EH�

WUDQVIRUPHG�DW� URRP� WHPSHUDWXUH�DQG�FDUERQ�PRQR[LGH�SUHVVXUH�VHOHFWLYHO\� LQWR�GLHWK\O���

GLD]R���R[R�SHQWDQHGLFDUER[\ODWH� RU� LQ� WKH� SUHVHQFH� RI� HWKDQRO� RU� GLHWK\ODPLQH� LQWR� WKH�

FRUUHVSRQGLQJ�PDORQLF�DFLG�GHULYDWLYHV�LQ�XS�WR������\LHOG��

7KH� XQSUHFHGHQWHG� KLJK� UHDFWLYLW\� RI� WKH� FREDOW� LQWHUPHGLDWHV� LQ� WKH� GHGXFHG� FDUEHQH�

FDUERQ� PRQR[LGH� FRXSOLQJ� UHDFWLRQ� PD\� VHUYH� � DV� D� VWDUWLQJ� SRLQW� IRU� FRQVLGHULQJ� LW� DV� D�

SRVVLEOH� &�&� ERQG� IRUPLQJ� VWHS� LQ� WKH� )LVFKHU�7URSVFK� UHDFWLRQ� DQG� LQ� WKH� DOFRKRO�

KRPRORJDWLRQ�UHDFWLRQ��
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5HDFWLRQ� RI� RFWDFDUERQ\OGLFREDOW� ZLWK� WKH� IUHH� UDGLFDOV� JDOYLQR[\O� DQG� ����GLSKHQ\O���SLFU\OK\GUD]\O��

$WWHPSWV�WR�VFDYHQJH�WKH�WHWUDFDUERQ\OFREDOW�UDGLFDO�
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2FWDFDUERQ\O� GLFREDOW�FDWDO\]HG� VHOHFWLYH� WUDQVIRUPDWLRQ� RI� HWK\O� GLD]RDFHWDWH� LQWR� RUJDQLF� SURGXFWV�

FRQWDLQLQJ�WKH�HWKR[\FDUERQ\O�FDUEHQH�EXLOGLQJ�EORFN��
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7KH�0HFKDQLVP�RI�WKH�3\ULGLQH�0RGLILHG�&REDOW�&DWDO\]HG�+\GURPHWKR[\FDUERQ\ODWLRQ�RI�����

%XWDGLHQH��

2UJDQRPHWDOOLFV��DFFHSWHG�IRU�SXEOLFDWLRQ��
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&RPELQDWRULDO�&DWDO\VLV���+RPRJHQHRXV��
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