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$%675$&7��5HDO�WLPH�105�VSHFWURVFRS\�KDV�SURYHQ�WR�EH�D�UDSLG�DQG�DQ�HIIHFWLYH�PRQLWRULQJ�

WRRO� WR� VWXG\� WKH�K\SHUYDOHQW� LRGLQH� �,,,��PHGLDWHG� F\FORSURSDQDWLRQ��:LWK� WKH� HYHU� LQFUHDVLQJ�

QXPEHU�RI�QHZ�V\QWKHWLF�PHWKRGV�IRU�FDUERQ�FDUERQ�ERQG�IRUPDWLRQ��WKH�105�LQ�VLWX�PRQLWRULQJ�

RI�UHDFWLRQV�LV�EHFRPLQJ�D�KLJKO\�GHVLUDEOH�HQDEOLQJ�PHWKRG��,Q�WKLV�VWXG\��ZH�KDYH�GHPRQVWUDWHG�

WKH�YHUVDWLOLW\�RI�EHQFKWRS�105�XVLQJ�LQOLQH�DQG�RQOLQH�UHDO�WLPH�PRQLWRULQJ�PHWKRGV�WR�DFFHVV�

PXWXDOO\�FRPSOHPHQWDU\�LQIRUPDWLRQ�IRU�SURFHVV�XQGHUVWDQGLQJ��DQG�GHYHORSHG�QHZ�DSSURDFKHV�

IRU�UHDO�WLPH�PRQLWRULQJ�DGGUHVVLQJ�FKDOOHQJHV�DVVRFLDWHG�ZLWK�EHWWHU�LQWHJUDWLRQ�LQWR�FRQWLQXRXV�

SURFHVVHV��

.(<:25'6�� %HQFKWRS� 105� VSHFWURVFRS\�� LQ� 6LWX� UHDFWLRQ� PRQLWRULQJ�� )ORZ� SURFHVV��

&\FORSURSDQDWLRQ��6ROYHQW�VZLWFKLQJ�SURFHVV��&RPSDFW�0DVV�VSHFWURVFRS\����

�

,1752'8&7,21��7KH� XQGHUVWDQGLQJ�� TXDOLW\� DQG� FRQWURO� RI� FKHPLFDO� SURFHVVHV� LV� RI� YLWDO�

LPSRUWDQFH� IURP� HDUO\� GLVFRYHU\� WKURXJK� WR� SURFHVV� RSWLPL]DWLRQ� DQG� VFDOH�XS� RQWR� IXOO� VFDOH�

PDQXIDFWXULQJ��&KHPLFDO�PDQXIDFWXULQJ�� LQ�IDFW��GLFWDWHV� WKH�QHHG�IRU�VLJQLILFDQW�UHVRXUFHV�DQG�

HIIRUW� WR�EH� LQYHVWHG� LQ�SURFHVVHV�NQRZOHGJH�DW�DQ�HDUO\� VWDJH� WR� LQFUHDVH�EXVLQHVV�HIILFLHQF\���

6LPLODUO\��WKH�4XDOLW\�E\�'HVLJQ�DSSURDFK�WR�FKHPLFDO�V\QWKHVLV�UHOLHV�RQ�WKH�NQRZOHGJH�DFTXLUHG�

E\� SURFHVV� PRQLWRULQJ� IRU� FRQWURO� DQG� ULVN�PLQLPL]DWLRQ� DW� VRXUFH��� 7KLV� LV� EHVW� DFKLHYHG� E\�

PRQLWRULQJ�WKH�FKHPLFDO�SURFHVVHV�XVLQJ�D�EDVLV�RI�UHDO�WLPH�DQDO\WLFV��6LPLODUO\��LQWHJUDWLQJ�UHDO�

WLPH� DQDO\VLV� LV� IXQGDPHQWDO� WR� GHOLYHULQJ� WKH� JUHHQ� FKHPLVWU\� DJHQGD��� ,Q� WKLV� UHVSHFW�� WKH�

DSSOLFDWLRQ�RI�3URFHVV�$QDO\WLFDO�7HFKQRORJLHV��3$7��LV�DQ�HVWDEOLVKHG�DSSURDFK�IRU�FRPSOLDQFH�

DFURVV�D�QXPEHU�RI�LQGXVWULHV���)XUWKHUPRUH��WKH�UHOLDQFH�RQ�DSSURSULDWH�WHFKQRORJLHV�IRU�HIILFLHQW�

GDWD�SURFHVVLQJ�LQ�UHDO�WLPH�EHFRPHV�HYHU�PRUH�DSSDUHQW��,Q�IDFW��WKH�DFTXLVLWLRQ�RI�ODUJH�GDWD�LV�

RI� OLWWOH� YDOXH�ZLWKRXW� VXLWDEOH� WRROV� WR� H[WUDFW� WKH� FUXFLDO� NQRZOHGJH��+HQFH�PXOWLYDULDWH� GDWD�
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SURFHVVLQJ�DORQJ�ZLWK�RWKHU�VWDWLVWLFDO�WRROV�DQG�LQWHOOLJHQW�DOJRULWKPV�DUH�DOUHDG\�EHLQJ�DSSOLHG�WR�

GDWD�DQDO\VLV���2Q�WKH�RWKHU�KDQG��WKH�³,QWHUQHW�RI�7KLQJV´�LV�D�UHYROXWLRQ�DOUHDG\�XQGHUZD\��EDVHG�

RQ�D�YLVLRQ�LQ�ZKLFK�HYHU\�HOHPHQW�RI�D�SURFHVV�LV�FRQQHFWHG�YLD�QHWZRUN��DOORZLQJ�FRQWLQXRXV�

GDWD�H[FKDQJH�LQ�UHDO�WLPH��7KLV�HQWDLOV�VLJQLILFDQW�UHYHQXH�RSSRUWXQLWLHV�IRU�UHVHDUFK�DQG�SURFHVV�

PDQXIDFWXULQJ� LQWHJUDWHG� ZLWK� UHDO�WLPH� DQDO\WLFV�� DQ� DUHD� ZKLFK� LV� H[SHFWHG� WR� VLJQLILFDQWO\�

LPSDFW�DQG�JURZ�RYHU�WKH�IROORZLQJ�\HDUV��$SSURDFKHV�EDVHG�RQ�FRQWLQXRXV�IORZ�SURFHVV�KDYH�

DGGUHVVHG� D� QXPEHU� RI� LQKHUHQW� V\QWKHVLV� FKDOOHQJHV� RYHU� WKH� GHFDGHV�� RZLQJ� WR� LWV� ZHOO�

HVWDEOLVKHG� EHQHILWV� DQG� DPHQDELOLW\� WRZDUGV� DXWRPDWLRQ�� /LNHZLVH�� WKH� SRWHQWLDO� IRU� QHZ�

XQGHUVWDQGLQJ� RI� UHDFWLRQ� SURFHVVHV� FDQ� EH� UHDOL]HG� ZKHQ� IXOO\� LQWHJUDWHG� ZLWK� DSSURSULDWH�

DQDO\WLFV��5HFHQW�VWXGLHV��LQ�IDFW��KDYH�VKRZQ�WKH�DSSOLFDWLRQ�RI�IORZ�WHFKQRORJLHV�ZLWK�UHDO�WLPH�

DQDO\VLV� RIIHULQJ� DQ� LQVLJKW� LQWR� LQWHOOLJHQW� UHDFWLRQ� RSWLPL]DWLRQ��� ,Q� WKH� UHFHQW� \HDUV�� WKH�

LPSURYHPHQWV�LQ�DQDO\WLFDO�WHFKQRORJLHV�E\�DFKLHYLQJ�HQKDQFHG�VHQVLWLYLW\��LPSURYHG�DFTXLVLWLRQ�

DQG�VDPSOLQJ�WHFKQLTXHV�KDV�SURJUHVVLYHO\�SUHVHQWHG�D�JUHDWHU�HIILFLHQF\��7HFKQLTXHV�VXFK�DV�PDVV�

VSHFWURPHWU\� DQG� LQIUD�UHG� VSHFWURVFRS\�� DUH� LQFUHDVLQJO\� EHLQJ� DSSOLHG� IRU� LQ� VLWX� UHDFWLRQ�

PRQLWRULQJ��� $PRQJ� WKHVH� PHWKRGV�� WKH� LQKHUHQW� YHUVDWLOLW\� RI� 1XFOHDU� 0DJQHWLF� 5HVRQDQFH�

�105��VSHFWURVFRS\�HQDEOHV�VLPXOWDQHRXV�VWUXFWXUH�LGHQWLILFDWLRQ�DQG�TXDQWLILFDWLRQ�LQ�SURFHVV�

XQGHUVWDQGLQJ��WKHUHIRUH�WKH�GHPDQG�IRU�UDSLG�UHDFWLRQ�PRQLWRULQJ�XVLQJ�105�VSHFWURPHWHUV�LV�

VLJQLILFDQWO\�RQ�WKH�LQFUHDVH���7KH�UHFHQW�GHYHORSPHQW�RI�FRPSDFW�105�VSHFWURVFRS\��EDVHG�RQ�

KLJK�KRPRJHQHLW\� SHUPDQHQW� PDJQHW� GHVLJQV�� KDV� HQDEOHG� 105� WR� HPHUJH� DV� D� FRQYHQLHQW�

DQDO\WLFDO�DQG�TXDOLW\�FRQWURO�WRRO�ZLWK�LPSURYHG�VHQVLWLYLW\�IRU�SURFHVV�VWXG\�RI�ERWK�EDWFK�DQG�

IORZ� UHDFWLRQV��� ,Q� WKH� ZRUN� UHSRUWHG� EHORZ� ZH� GHPRQVWUDWH� WKH� SRWHQWLDO� DQG� UHOLDELOLW\� RI�

EHQFKWRS�105�DV�DQ�LQ�VLWX�PRQLWRULQJ�WRRO�IRU�FRQWLQXRXV�SURFHVVLQJ�HPSOR\LQJ�LQOLQH�DQG�RQOLQH�

PHWKRGV��,Q�WKH�VWXG\��ZH�KDYH�GHYHORSHG�D�FRQWLQXRXV�IORZ�SURFHVV�WKDW�LV�IXOO\�LQWHJUDWHG�ZLWK�
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EHQFKWRS� 105� WHFKQRORJ\� IRU� D� K\SHUYDOHQW� LRGLQH� �,,,�� PHGLDWHG� F\FOL]DWLRQ� WR� JHQHUDWH�

VXEVWLWXWHG�F\FORSURSDQHV��5HDO�WLPH�PRQLWRULQJ�XVLQJ�WKH�EHQFKWRS�105�IRU�WKLV�VWXG\�SURYHG�

WR� EH� DQ� LGHDO� LQIRUPDWLYH� DQDO\WLFDO� WRRO� IRU� F\FORSURSDQDWLRQ� GXH� WR� LWV� GLVWLQFWLYH� VSHFWUDO�

IHDWXUHV��,Q�WKLV�DSSOLFDWLRQ�ZH�DOVR�VXFFHVVIXOO\�GHYHORSHG�DQ�LQOLQH�VROYHQW�VZLWFKLQJ�GHYLFH�WR�

DLG�WKH�PRQLWRULQJ�SURFHVV��0RUHRYHU��DXWRPDWHG�VFULSWLQJ�ZDV�GHYHORSHG�WR�H[SDQG�RQ�WKH�105�

PRQLWRULQJ�FDSDELOLWLHV�E\�JHQHUDWLQJ�VHTXHQFHV�RI�ERWK�RQH�DQG�WZR�GLPHQVLRQDO�KRPRQXFOHDU�

SURWRQ� 105� H[SHULPHQWV�� 7KLV� HQDEOHG� XV� WR� VWXG\� WKH� HYROXWLRQ� RI� WKH� GLVWLQFWLYH� FRXSOLQJ�

UHODWLRQVKLSV�RI�F\FORSURSDQH�SURWRQV�RYHU�WLPH�ZKHQ�XVLQJ��'�FRUUHODWLRQ�VSHFWURVFRS\��&26<��

DQG�-�UHVROYHG�VSHFWURVFRS\��-�5(6���)LQDOO\��ZH�KDYH�DOVR�LQWHJUDWHG�FRPSDFW�PDVV�VSHFWURPHWU\�

LQWR� WKH� LQOLQH� 105� VHWXS�� GHPRQVWUDWLQJ� D� FRPSOHPHQWDU\� DSSURDFK� WR� PXOWLSOH� PRQLWRULQJ�

WHFKQLTXH�WR�SURYLGH�DGGLWLRQDO�LQVLJKWV�LQWR�RXU�SURFHVV�XQGHUVWDQGLQJ�� �

5($&7,21�021,725,1*� 6<67(0�$1'�0(7+2'6�� �L��7KH� %HQFKWRS�105� 6\VWHP��

5HDFWLRQ�PRQLWRULQJ�LQ�WKLV�VWXG\�ZDV�EDVHG�RQ�SURWRQ�105�PHDVXUHPHQWV�FDUULHG�RXW�XVLQJ�WKH�

6SLQVROYH�EHQFKWRS�105�VSHFWURPHWHU��GHVLJQHG�E\�0DJULWHN�DQG�EXLOW�ZLWK�D�SHUPDQHQW�PDJQHW�

EDVHG�RQ�D�+DOEDFK�GHVLJQ��ZRUNLQJ� DW� D� IUHTXHQF\�RI�������0+]��7KH�EHQFKWRS�105�KDV� D�

YHUWLFDO�WKURXJK�ERUH�WKDW�UXQV�IURP�WRS�WR�ERWWRP�RI�WKH�GHYLFH��7KLV�DOORZV�PHDVXUHPHQWV�WR�EH�

PDGH�XVLQJ�WZR�W\SHV�RI�105�IORZ�FHOOV���L��37)(�WXELQJ�LQVHUWHG�LQWR�D�JODVV�FHOO�JXLGH�WR�FHQWHU�

WKH� WXELQJ� WKURXJK� WKH�105�ERUH�� DQG� �LL�� JODVV�105� IORZ� FHOO� WXEH� GHVLJQHG� WR� SURYLGH� DQ�

HQODUJHG� VDPSOH� YROXPH� DW� WKH� 105� PHDVXUHPHQW� ]RQH�� WKXV� PD[LPL]LQJ� VHQVLWLYLW\�� ZKLOVW�

PLQLPL]LQJ�YROXPH�HOVHZKHUH����,Q�WKLV�ZRUN��WKH�JODVV�105�IORZ�FHOO�ZDV�SULPDULO\�XVHG�XQOHVV�

RWKHUZLVH� VWDWHG�� )RU� FRQWLQXRXV� IORZ� SURFHVV�� WKH� EHQFKWRS� 105� ZDV� LQWHJUDWHG� ZLWK� WKH�

9DSRXUWHF�5���5��IORZ�V\VWHP�DV�LOOXVWUDWHG�LQ�)LJXUH����'XULQJ�D�W\SLFDO�H[SHULPHQW��WKH�IORZ�

RXWSXW�ZDV�VWUHDPHG�WKURXJK�WKH�JODVV�105�FHOO��7KH�EHQFKWRS�105�FDQ�EH�LQWHUIDFHG�ZLWK�WKH�
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6SLQVROYH�VRIWZDUH��ZKHUH�WKH�FROOHFWHG�GDWD�DUH�GLVSOD\HG�DQG�SURFHVVHG�XVLQJ�0129$�LQ�UHDO�

WLPH��LQFOXGLQJ�DXWRPDWLF�VSHFWUXP�EDVHOLQH�FRUUHFWLRQ�DQG�SKDVLQJ��

�LL��5HDFWLRQ�0RQLWRULQJ�0HWKRGRORJLHV��)RU�WKH�SXUSRVH�RI�RXU�UHDFWLRQ�PRQLWRULQJ�VWXGLHV��WZR�

PDLQ�DSSURDFKHV�ZHUH�DGRSWHG�XVLQJ�ERWK�RQH�DQG�WZR�GLPHQVLRQDO�SURWRQ�105�H[SHULPHQWV��

QDPHO\�LQOLQH�PRQLWRULQJ�DQG�RQOLQH�PRQLWRULQJ����7KH�LQOLQH�DSSURDFK��ZDV�EDVHG�RQ�VXEMHFWLQJ�

WKH�FRQWLQXRXV�IORZ�UHDFWLRQ�VWUHDP�WR�D�VHULHV�RI�SURWRQ�105�PHDVXUHPHQWV��ZLWK�DFTXLVLWLRQV�

W\SLFDOO\�EHWZHHQ�����WR�����VHFRQGV�� WR�SURILOH� WKH�VWHDG\�VWDWH�RI� WKH�IORZ�UHDFWLRQ�DQG�REWDLQ�

LQIRUPDWLRQ�RQ�WKH�IORZ�VWUHDP�FRPSRVLWLRQ��)LJXUH�����:LWK�WKLV�PHWKRG��WKH�FRQWLQXRXV�SURFHVV�

JLYHV� WKH� LQWULQVLF� DGYDQWDJH� RI� DOORZLQJ� D� VHTXHQWLDO� YDU\LQJ� RI� UHDFWLRQ� FRQGLWLRQV�� EHWWHU�

HVWDEOLVKHG�ZKHQ�GLVSHUVLRQ�RI�FRQFHQWUDWLRQ�JUDGLHQW�LV�PLQLPL]HG�EHWZHHQ�UHDFWLRQ�UXQV��

�

)LJXUH����'HIDXOW�VHWXS�IRU�UHDFWLRQ�PRQLWRULQJ�ZLWK�6SLQVROYH�EHQFKWRS�105�LQWHJUDWHG�ZLWK�

9DSRXUWHF� 5���5�� IORZ� V\VWHP� �OHIW��� *ODVV� 105� IORZ� FHOO� SODFHG� RXWVLGH� WKH� 105� ERUH�

�PLGGOH���5HDFWLRQ�PRQLWRULQJ�FRQILJXUDWLRQ� �ULJKW���/HJHQG�� �$��9DSRXUWHF�5���GRXEOH�SXPS�

XQLW�� �%��9DSRXUWHF�5�� IORZ� UHDFWRU� XQLW�� �&�� )ORZ� VWUHDP� LQSXW� LQWR� WKH� EHQFKWRS�105�� �'��

%HQFKWRS�105���(��)ORZ�VWUHDP�RXWSXW�IURP�WKH�105�WXEH���)��*ODVV�105�IORZ�FHOO���*��,QOLQH�

UHDFWLRQ�PRQLWRULQJ�FRQILJXUDWLRQ�XQGHU�FRQWLQXRXV�IORZ�FRQGLWLRQV��

�
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,Q�WKLV�VWXG\��ZH�IXUWKHU� LQWHJUDWHG�WKH�LQOLQH�PHWKRGRORJ\�ZLWK�WKH�VROYHQW�HYDSRUDWLRQ�GHYLFH�

EHWZHHQ�WKH�IORZ�RXWOHW�DQG�WKH�EHQFKWRS�105��LQ�RUGHU�WR�DOORZ�WKH�VZLWFKLQJ�IURP�UHDFWLRQ�WR�

DQDO\WLFDO�PHGLXP��KHQFH�UHFRUGLQJ�VSHFWUD�LQ�D�VHPL�GHXWHUDWHG�PHGLD��YLGH�LQIUD���2Q�WKH�RWKHU�

KDQG��WKH�RQOLQH�PRQLWRULQJ�RI�UHDFWLRQ�DSSURDFK�DOORZHG�IRU�WUDFNLQJ�WKH�UHDFWLRQ�SURJUHVV�ZLWK�

UHVSHFW� WR� FKDQJHV� LQ� UHDFWDQW� RU�SURGXFW� FRQFHQWUDWLRQ� RFFXUULQJ� RYHU� WLPH��7KH� UHDFWLRQ�ZDV�

FDUULHG�XQGHU�EDWFK�XVLQJ�WKH�5��JODVV�UHDFWRU��HDVLO\�DFFRPPRGDWHG�LQWR�WKH�9DSRXUWHF�5��XQLW�

KROGHU�� FRXSOHG� ZLWK� WKH� EHQFKWRS� 105� V\VWHP� DV� LOOXVWUDWHG� LQ� )LJXUH� 6�� RI� VXSSRUWLQJ�

LQIRUPDWLRQ��&LUFXODWLRQ�RI�WKH�UHDFWLRQ�VWUHDP�IURP�WKH�5��JODVV�UHDFWRU�DQG�WKURXJK�WKH�105�

PDJQHW�]RQH�ZDV�DFKLHYHG�E\�XVLQJ�D�5HJOR��GLJLWDO�SHULVWDOWLF�SXPS��DOORZLQJ�PHDVXUHPHQWV�DW�

GHVLUHG� LQWHUYDOV��7KH�RQOLQH�DSSURDFK�ZDV�IRXQG� WR�EH�D�FRQYHQLHQW�PHWKRG�IRU�REVHUYLQJ� WKH�

UHDFWLRQ� SURJUHVV� RYHU� WLPH�� ZKLOH�PDNLQJ� XVH� RI� WKH� UHODWLYHO\� ORZ� UHDFWLRQ� YROXPH�ZLWK� WKH�

DGYDQWDJH�RI�WKH�LQWULQVLF�UHDFWLRQ�FRQVLVWHQF\�JLYHQ�E\�WKH�XVH�RI�RQH�VLQJOH�VWRFN�VROXWLRQ�XQGHU�

XQSHUWXUEHG�VWDWH�� )RU�ERWK� LQOLQH�DQG�RQOLQH�PHWKRGV��RSWLPDO� IORZ�UDWHV�ZHUH�HYDOXDWHG�ZLWK�

UHVSHFW�WR�WKH�PL[WXUH¶V�FRQFHQWUDWLRQ�LQ�RUGHU�WR�HQVXUH�HIIHFWLYH�DFTXLVLWLRQ�RI�WKH�PDJQHWL]HG�

VHFWLRQ�RI� WKH� IORZ�VWUHDP� WR� HQKDQFH� WKH� VLJQDO�WR�QRLVH� UDWLR��5HDFWLRQ� WLPHV� UHSRUWHG� IRU�DOO�

UHDFWLRQV� LQ� WKLV� ZRUN� WDNH� LQWR� DFFRXQW� WKH� WLPH� QHFHVVDU\� IRU� WKH� VROXWLRQ� WUDQVIHU� EHWZHHQ�

UHDFWLRQ� FKDPEHU� DQG�105�GHWHFWLRQ� ]RQH�� JLYHQ� E\� WKH� YROXPH� GLYLGHG� E\� IORZ� UDWH��105�

VSHFWUD� WLPHOLQH�� KRZHYHU�� FRUUHVSRQG� WR� WKH� VRIWZDUH� PHDVXUHPHQW� WLPHV��ZKLFK� LV�PDQXDOO\�

DFWLYDWHG�ZLWK�WKH�ILUVW�VDPSOH�DOLTXRW�UHDGLQJ��

�

�LLL��6ROYHQW�6ZLWFKLQJ�6\VWHP��&RPSDUHG�WR�KLJK�ILHOG�105��WKH�IDVW�DXWRPDWLF�KDUGZDUH�ORFN�

XVLQJ�DQ�H[WHUQDO�ORFN�FRQILJXUDWLRQ�RI�WKH�EHQFKWRS�105�DOORZV�WKH�XWLOL]DWLRQ�RI�QRQ�GHXWHUDWHG�

VROYHQW��+RZHYHU�WKH�QHHG�WR�FDUU\�DQDO\VLV�LQ�GHXWHUDWHG�PHGLD�PD\�VWLOO�EH�GHVLUDEOH�LQ�FDVHV�

Page 7 of 39

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



�

6XEPLWWHG�0D\���������� �

ZKHUH�WKH�UHDFWLRQ¶V�VROYHQW�DQG�LWV�VDWHOOLWH�VLJQDOV�IRXQG�WR�REVFXUH�DUHDV�RI�LQWHUHVW�LQ�WKH�105�

VSHFWUXP��7KLV�ZDV�WKH�FDVH�LQ�VRPH�RI�RXU�PRQLWRULQJ�H[SHULPHQWV��DQG�KHQFH�WKH�QHHG�WR�LQWHJUDWH�

D�VROYHQW�VZLWFKLQJ�VWHS�ZKLOH�HQDEOLQJ�XQLQWHUUXSWHG�UHDFWLRQ�WR�DQDO\VLV�SURFHVV�ZDV�UHDOL]HG��

$OWKRXJK�FRQWLQXRXV�VROYHQW�UHPRYDO�DQG�VZLWFKLQJ�LV�ZLGHO\�XVHG�RQ�DQ�LQGXVWULDO�VFDOH�DV�ZHOO�

DV� RQ� PLFURIOXLGLF� VFDOHV�� KRZHYHU�� WKHUH� LV� D� JURZLQJ� GHPDQG� IRU� FRQWLQXRXV� HYDSRUDWLRQ�

WHFKQLTXHV� LQ� GLVFRYHU\� ODERUDWRU\� VFDOHV� WR� IDFLOLWDWH� GRZQVWUHDP� SURFHVVLQJ�� 5HFHQWO\�� ZH�

UHSRUWHG�D�FRQYHQLHQW�DQG�HIILFLHQW�SURWRW\SH�GHYLFH�IRU�HYDSRUDWLRQ��FRQFHQWUDWLQJ�DQG�VZLWFKLQJ�

VROYHQWV� LQ� FRQWLQXRXV� IORZ���� 7KLV� VLPSOH� DQG� UREXVW� SURWRW\SH� ZDV� FRQVWUXFWHG� IURP�

FRPPHUFLDOO\�DYDLODEOH�SDUWV��DQG�GHYHORSHG�EDVHG�RQ�H[SRVXUH�RI�D�KLJK�VXUIDFH�VSUD\�RI�VROXWLRQ�

WR�D�GHVROYDWLQJ�JDV�VWUHDP��UHPRYLQJ�VROYHQW�TXLFNO\�DQG�HIILFLHQWO\��DQG�FRPSDWLEO\�ZLWK�WKH�

H[LVWLQJ�IORZ�FKHPLVWU\�HTXLSPHQW��.H\�SDUDPHWHUV�DIIHFWLQJ�WKH�VROYHQW�VZLWFKLQJ�VXFK�DV�WKH�

VSUD\HU�GLPHQVLRQV�ZHUH�VWXGLHG�DQG�RSWLPL]HG��,Q�WKLV�ZRUN��DQ�LQ�KRXVH�PRGLILHG�YHUVLRQ�RI�WKH�

LQLWLDO�SURWRW\SH�VROYHQW�HYDSRUDWLRQ�V\VWHP�ZDV�XVHG��EDVHG�RQ�D�SRO\PHULF�VSUD\LQJ�GHYLFH�ZLWK�

D�PRUH�FRPSDFW�DVVHPEO\��PLQLPL]LQJ�WKH�DPRXQW�RI�FRPSRQHQWV�QHFHVVDU\�IRU�UHSODFHPHQW�DQG�

HDVH�RI�VHUYLFLQJ��7KLV�PRGLILHG�VROYHQW�HYDSRUDWLRQ�GHYLFH�FRQVLVWV�RI�WZR�EORFNV�RI�FKHPLFDOO\�

UHVLVWDQW�37)(�DWWDFKHG�E\�D� VLQJOH� WKUHDGHG�VFUHZ��DQG� ILWWHG� LQWR�D�VWDQGDUG�2PQLILW��JODVV�

FROXPQ�DFWLQJ� DV� WKH� HYDSRUDWLRQ� FKDPEHU�� DV� LOOXVWUDWHG� LQ� WKH� VXSSRUWLQJ� LQIRUPDWLRQ� VHFWLRQ��

�)LJXUH�6����7KH�ILQDO�DVVHPEO\�FRXOG�HDVLO\�DFFRPPRGDWH�RQ�D�9DSRXUWHF�5��KHDWLQJ�MDFNHW��7KH�

VZLWFKLQJ�SURFHVV�ZDV�FRQILJXUHG�WR�DOORZ�IRU�D�FRPSOHWH�LQWHJUDWHG�RSHUDWLRQ�RI�)ORZ�(YDSRUDWH�

$QDO\]H�SURWRFRO��L�H��FDUU\LQJ�RXW�IORZ�UHDFWLRQ��WKHQ�HYDSRUDWH�DQG�VZLWFK�WR�GHXWHUDWHG�VROYHQW��

IROORZHG� E\� GLUHFW� 105� DQDO\VLV� �)LJXUH� ���� 'XULQJ� WKH� VZLWFKLQJ� RSHUDWLRQ�� WKH� FRQWLQXRXV�

UHDFWLRQ�RXWSXW�ZDV�SXPSHG� LQWR� WKH� HYDSRUDWLRQ�GHYLFH��ZKLOH� WKH�GHVROYDWLQJ� DLU� VWUHDP�ZDV�

PDLQWDLQHG� DW� DQ� RSWLPDO� IORZ� UDWH� DOORZLQJ� IRU� VSUD\� IRUPDWLRQ� LQ� WKH� FKDPEHU�� 'HXWHUDWHG�

Page 8 of 39

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



�

6XEPLWWHG�0D\���������� �

FKORURIRUP�ZDV�WKHQ�SXPSHG�LQWR�WKH�GHYLFH¶V�FKDPEHU�DQG�WKH�UHVXOWLQJ�GLOXWHG�FUXGH�PL[WXUH�

ZDV� VWUHDPHG� LQWR� WKH� EHQFKWRS� 105� XVLQJ� WKH� SHULVWDOWLF� SXPS�� 3DUDPHWHUV� IRU� WKH� VROYHQW�

HYDSRUDWLRQ� DQG� VZLWFKLQJ� ZHUH� LQLWLDOO\� RSWLPL]HG� EDVHG� RQ� D� GLFKORURPHWKDQH� �'&0�� DQG�

FKORURIRUP��&+&O���V\VWHP��PLPLFNLQJ�WKH�UHDFWLRQ�PHGLXP�DQG�GHXWHUDWHG�VROYHQW�UHVSHFWLYHO\��

7KH� RSWLPL]DWLRQ� VWXG\�ZDV� FDUULHG� RXW� DFFRUGLQJ� WR� D� VHW� RI� YDULDEOHV�� QDPHO\� �D��'&0�DQG�

FKORURIRUP�VROYHQW�IORZ�UDWHV���E��FKORURIRUP�VROYHQW�WLPH�RI�LQMHFWLRQ���F��JDV�VWUHDP�IORZ�UDWH�

DQG��G��HYDSRUDWLRQ�FKDPEHU�WHPSHUDWXUH��7KH�RSWLPXP�VHW�RI�FRQGLWLRQV�OHG�WR�D�VDWLVIDFWRU\������

&+&O��'&0�UDWLR�PRQLWRUHG�E\�WKH�EHQFKWRS�105��7DEOH�6��DQG�)LJXUH�6��DQG�6��

�

)LJXUH����)ORZ�(YDSRUDWH�$QDO\]H�RSHUDWLRQ�VHW�XS��

�

5(68/76�$1'�',6&866,21�

�L�� 2QOLQH� 0RQLWRULQJ� RI� 0DORQRQLWULOH� �� &\FORSURSDQDWLRQ� 5HDFWLRQ� 3URJUHVV�� 7KH�

F\FORSURSDQDWLRQ� UHDFWLRQ� RI� ROHILQV� ZLWK� PDORQRQLWULOH� LQ� WKH� SUHVHQFH� RI� 3K,�2$F���

�GLDFHWR[\LRGREHQ]HQH�RU�',%��JLYHV�DFFHVV�WR�D�UDQJH�RI������GLF\DQRF\FORSURSDQH�GHULYDWLYHV�

XQGHU�PLOG�R[LGDWLYH�FRQGLWLRQV��&RPSDUHG�ZLWK�RWKHU�FRPPRQ�URXWHV�WR�VXEVWLWXWHG�F\FORSURS\O�
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VXEVWUDWHV��WKLV�PHWKRG�KDV�WKH�DGYDQWDJH�RI�QRW�UHTXLULQJ�WKH�XVH�RI�WUDQVLWLRQ�PHWDO�FDWDO\VLV��WKXV�

PDNLQJ� WKH� SURFHVV� FOHDQHU� DQG� DYRLGLQJ� DGGLWLRQDO� VFDYHQJLQJ� VWHSV�� 7R� LQLWLDWH� WKH� UHDFWLRQ�

PRQLWRULQJ�VWXG\�ZH�VHOHFWHG�WKH�GLUHFW�SUHSDUDWLRQ�RI�����GLF\DQRF\FORSURSDQH���GHULYHG�IURP�

WKH� DFWLYDWHG� PHWK\OHQH� PDORQRQLWULOH� �� DQG� ��WHUW�EXW\OVW\UHQH� �� �6FKHPH� ���� EDVHG� XSRQ�

OLWHUDWXUH�SUHFHGHQWV�RQ�WKH�',%�PHGLDWHG�F\FORSURSDQDWLRQ�ILUVW�UHSRUWHG�E\�:LUWK�HW�DO���DQG�ODWHU�

E\�=KDQJ�HW�DO�������,W�ZDV�REVHUYHG�WKDW�WKH�RSWLPL]HG�EDWFK�FRQGLWLRQV�RI�WKH�UHDFWLRQ�UHTXLUHG�DQ�

LQHUW�DWPRVSKHUH��DQG�UHSODFLQJ�PROHFXODU�R[\JHQ�ZLWK�',%�WR�REWDLQ�WKH�F\FORSURSDQH�PRLHW\�

H[FOXVLYHO\�ZKLOH�VXSSUHVVLQJ�WKH�K\GUR�F\DQDWLRQ�RI�WKH�ROHILQ�VXEVWUDWH����

�

6FKHPH���+\SHUYDOHQW�LRGLQH��,,,��PHGLDWHG�V\QWKHVLV�RI�����GLF\DQRF\FORSURSDQH����

�

7KH� LQLWLDO� VHOHFWLRQ� RI� D� V\VWHP� IRU� UHDO�WLPH� PRQLWRULQJ� VWXGLHV� IRXQG� WKDW� UHDFWLQJ� ��WHUW�

EXW\OVW\UHQH���ZLWK�PDORQRQLWULOH����LQ�H[FHVV�',%�DQG�.�&2��LQ�����GLFKORURHWKDQH��'&(��DW����

�&�DIIRUGHG�F\FORSURSDQH���LQ�JRRG�\LHOG�������DQG�RYHU�D�UHODWLYHO\�VKRUW�WLPH����KUV����+DYLQJ�

WKHUHIRUH�IRXQG�VDWLVIDFWRU\�UHDFWLRQ�FRQGLWLRQV��ZH�VHW�RXW�WR�LQYHVWLJDWH�WKH�UHDFWLRQ�SURJUHVV�RYHU�

WLPH�XVLQJ�WKH�RQOLQH�PHWKRG�DV�SUHYLRXVO\�GHVFULEHG��)LJXUH�6����,Q�RUGHU�WR�SUHYHQW�DQ\�SRWHQWLDO�

EORFNDJHV��ZH�VHJUHJDWHG�WKH�KHWHURJHQHRXV�.�&2��IURP�WKH�FLUFXODWLQJ�VWUHDP�XVLQJ�D�ILOWHU�DW�

WKH�UHDFWRU�RXWOHW��7KLV�ILOWUDWLRQ�ZLOO�DOVR�DYRLGV�WKH�SHUWXUEDWLRQ�RI�WKH�105�ILHOG�KRPRJHQHLW\�

LI�D�KHWHURJHQHRXV�VWUHDP�SDVVHV�WKURXJK�WKH�105�GHWHFWLRQ�]RQH��$OWKRXJK�WKH�EHQFKWRS�105�

H[KLELW�DQ�H[WHUQDO�ORFN�IHDWXUH��WKH�UHDFWLRQ�ZDV�QHYHUWKHOHVV�FDUULHG�RXW�LQ�GHXWHUDWHG�FKORURIRUP�

IRU�JUHDWHU�VSHFWUXP�FODULW\���7KH�UHDFWLRQ�PL[WXUH�ZDV�FRQWLQXRXVO\�FLUFXODWHG�WKURXJK�WKH�105�
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GHWHFWLRQ�]RQH� WR� FDUU\�RXW�D� VHULHV�RI��'�SURWRQ�105�PHDVXUHPHQWV� LQ� LQWHUYDOV��'XH� WR� WKH�

DEVHQFH� RI� KHDWLQJ� DQG� WKH� QHHG� IRU� .�&2��� ZH� DVVXPHG� WKDW� WKH� UHDFWLRQ� GRHV� QRW� DGYDQFH�

VLJQLILFDQWO\�LQ�WKH�SDWK�EHWZHHQ�UHDFWLRQ�EXON�DQG�105�GHWHFWLRQ�]RQH��0HDVXUHPHQWV�ZHUH�WKHQ�

WDNHQ�DW�WKH�LQWHUYDOV�RI���������������������DQG����PLQXWHV��UHSUHVHQWLQJ�D�JRRG�PRQLWRULQJ�ZLQGRZ�

WR�REVHUYH�SURGXFW�IRUPDWLRQ�DV�SUHGRPLQDQW��JHQHUDWLQJ�D�WRWDO�RI�VL[�VWDFNHG�VSHFWUD�WR�SURILOH�

WKH�UHDFWLRQ�SURJUHVV�DV�VKRZQ�LQ�)LJXUH��D��:LWK�HDFK�PHDVXUHPHQW��LQWHJUDWLRQ�YDOXHV�RI�ILYH�

VHOHFWHG�UHVRQDQFHV�RQ�WKH�VSHFWUXP��ZHUH�DXWRPDWLFDOO\�GHULYHG�E\�WKH�0129$�VRIWZDUH��)LJXUH�

�E��� )URP� ERWK� UHSUHVHQWDWLRQV� LQ� )LJXUH� ��� ZH� ZHUH� DEOH� WR�PRQLWRU� WKH� FRQVXPSWLRQ� RI� WKH�

OLPLWLQJ�UHDFWDQW�VW\UHQH���DQG�WKH�IRUPDWLRQ�RI�WKH�F\FORSURSDQH�DGGXFW����$V�SURILOHG�LQ�)LJXUH�

�D��WKH�VWDUWLQJ�PDWHULDO������DQG�',%�ZHUH�SUHGRPLQDQWO\�SUHVHQW�DW�WKH�LQLWLDO�PHDVXUHPHQW�DW����

PLQ�UHDFWLRQ�WLPH��:LWKLQ����PLQXWHV��WKH�PDMRULW\�RI�WKH�VW\UHQH���ZDV�FRQVXPHG��FRLQFLGLQJ�ZLWK�

WKH�DSSHDUDQFH�RI�WKH�GLVWLQFWLYH�SHDNV�RI�WKH�YLFLQDO�&+D�RI�F\FORSURSDQH����/+����������DQG�WKH�

JHPLQDO�+F�&�+E��/+�����������3URJUHVVLYH�GLVDSSHDUDQFH�RI�VWDUWLQJ�PDWHULDOV�PDORQRQLWULOH�DQG�

',%�ZDV�DOVR�VXFFHVVIXOO\�GHWHFWHG�E\�PRQLWRULQJ�RI�SHDNV�3N��DQG�3N���ZKLOH�WKH�FKHPLFDO�VKLIW�

RI�3N���RQ�WKH�RWKHU�KDQG��GLG�QRW�FKDQJH�RYHUDOO��GXH�WR�WKH�SUHVHQFH�RI�WKH�WHUW�EXW\O�PRLHW\�RQ�

ERWK� WKH� VW\UHQH��� DQG� WKH� DGGXFW� ��� �0RUHRYHU�� WKH� SURJUHVV� SURILOH� RI� WKH� F\FORSURSDQDWLRQ�

UHDFWLRQ�LQ�)LJXUH��E��DFTXLUHG�IURP�WKH��+�105�PHDVXUHPHQWV��JDYH�D�YLVXDO�DQG�TXDQWLWDWLYH�

DFFRXQW� RI� UHDJHQW� FRQVXPSWLRQ� DQG� SURGXFW� IRUPDWLRQ�� ZLWK� UHVSHFW� WR� VHOHFWHG� UHVRQDQFHV��

H[SUHVVHG�DV�UHODWLYH�LQWHJUDWLRQ�YV��WLPH�FRRUGLQDWH��7KH�FOHDU�DGYDQWDJH�RI�VXFK�W\SH�RI�RXWSXW�LV�

LQ�WKH�QXPHULFDO�YDOXHV�ZKLFK�FDQ�EH�XVHG�DV�WULJJHUV�GXULQJ�FRPSXWHU�FRQWUROOHG�SURFHVVHV��IRU�

LQVWDQFH��LQ�RUGHU�WR�VXSSUHVV�DOWHUQDWLYH�UHDFWLRQ�SDWKZD\V�RU�LQ�GHILQLQJ�RSWLPDO�SURFHVV�WLPHV��

,Q� WKH�SURJUHVV�SURILOH�VKRZQ�LQ�)LJXUH��E��KRZHYHU��RVFLOODWLRQ�RI� WKH�UHFRUGHG�FKHPLFDO� VKLIW�

LQWHQVLW\�WUHQGV�ZHUH�REVHUYHG��7KLV�LV�HVSHFLDOO\�QRWLFHDEOH�IRU�3N��ZKLFK�FRUUHVSRQGV�WR�WKH�WHUW�
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EXW\O� PRLHW\� SUHVHQW� LQ� ERWK� VXEVWUDWH� �� DQG� SURGXFW� ��� DV� RSSRVHG� WR� WKH� H[SHFWHG� FRQVWDQW�

SURJUHVV�WUHQG��7KLV�IOXFWXDWLRQ�LQ�105�VLJQDO�LQWHQVLW\�LV�OLNHO\�FDXVHG�E\�WKH�IORZ�WXUEXOHQFHV�

FUHDWHG�GXH�WR�WKH�SHULVWDOWLF�SXPSLQJ�PHFKDQLVP�DV�ZHOO�DV�WKH�HQODUJHPHQW�RI�WKH�105�IORZ�FHOO�

DW�WKH�PHDVXUHPHQW�]RQH��

�

�

)LJXUH����2QOLQH�PRQLWRULQJ�RI�WKH�F\FORSURSDQDWLRQ�UHDFWLRQ�RI���ZLWK���XVLQJ�6SLQVROYH�EHQFKWRS�

105�����0+]����D���+�105�DUUD\�SORW� IURP�������PLQ�UHDFWLRQ� WLPH�� �E��3URILOH�RI� UHDFWLRQ�

SURJUHVV�DFTXLUHG�XVLQJ�WKH��+�105�GDWD�UHIHUHQFHG�WR�VHOHFWHG�UHVRQDQFHV��

�D��

�E��
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,W�LV�LPSRUWDQW�WR�SRLQW�RXW�WKDW�ERWK�UHSUHVHQWDWLRQV�VKRZQ�LQ�)LJXUH����DUH�HTXDOO\�LPSRUWDQW�DQG�

EHQHILFLDO�LQ�WKHLU�RZQ�ULJKW��WKH�105�VSHFWUD�DUUD\��DOWKRXJK�QRQ�QXPHULFDO��FDQ�YLVXDOO\�KHOS�

GHWHFW�DOO�HYHQWV�LQFOXGLQJ�WKH�XQH[SHFWHG�RQHV��ZKHUHDV�WKH�UHODWLYH�LQWHJUDWLRQ�SURILOH�KLJKOLJKWV�

WKH�SURJUHVV�RI�D�SUH�VHOHFWHG�UHVRQDQFHV��

)XUWKHUPRUH��WKH�PRQLWRULQJ�RI�WKH�F\FORSURSDQDWLRQ�UHDFWLRQ�SURJUHVV�RI�PDORQRQLWULOH���ZLWK���

ZDV�DOVR�FRUUHODWHG�ZLWK�WKH�WZR�GLPHQVLRQDO�KRPRQXFOHDU�FRUUHODWLRQ�VSHFWURVFRS\�H[SHULPHQWV�

�&26<���7KH�F\FORSURSDQH�VWUXFWXUH�OHQGV�LWVHOI�ZHOO�WR�WKLV�WHFKQLTXH��GXH�WR�WKH�SUHVHQFH�RI�D�

QXPEHU� RI� GLVWLQFWLYH� FRXSOLQJ� UHODWLRQVKLSV� EHWZHHQ� LWV� SURWRQV�� :KLOH� WKH� XVH� RI� &26<� LV�

WUDGLWLRQDOO\�DQG�ODUJHO\�XVHG�IRU�GHWDLOHG�FKDUDFWHUL]DWLRQ�SXUSRVHV��LWV�DSSOLFDWLRQ�DV�D�UHDFWLRQ�

PRQLWRULQJ�WRRO�LV�EHFRPLQJ�LQFUHDVLQJO\�DWWUDFWLYH��7KH�WUDGLWLRQDO��'�&26<�105�KDV�D�ORQJ�

DFTXLVLWLRQ� GXUDWLRQ�� ZKLFK� FRQVLGHUHG� VORZ� IRU� UHDFWLRQ� PRQLWRULQJ� SXUSRVHV�� :LWK� UHFHQW�

DGYDQFHV� LQ� EHQFKWRS�105� VSHFWURVFRS\�� KRZHYHU�� GHYHORSPHQW� RI� QHZ� �'� SXOVH� VHTXHQFHV�

WHFKQRORJ\� VXFK� DV� 4XLFNFRV\� KDV� EHHQ� UHDOL]HG� WR� HQDEOH� IDVW� DQG� HIILFLHQW� �'� 105�

PHDVXUHPHQWV�ZLWKLQ� D� VLQJOH� VFDQ� DW� D�PHGLXP� ILHOG����:H� WRRN� DGYDQWDJH� RI� WKH�4XLFNFRV\�

H[SHULPHQW�SURWRFRO�SURYLGHG�E\�WKH�6SLQVROYH�EHQFKWRS�105��RQH�VFDQ�HYHU\����PLQ��ZKLFK�LV�

PRUH�VXLWHG�IRU�PRQLWRULQJ�WKH�SURJUHVV�RI�F\FORSURSDQDWLRQ�RI�PDORQRQLWULOH���ZLWK����WR�LGHQWLI\�

WKH�LQWHUDFWLRQV�EHWZHHQ� WKH�FRXSOHG�SURWRQV�LQ�WKH�UHDFWLRQ�PL[WXUH�� WKXV�HQDEOLQJ�WR�WUDFN�WKH�

VLPXOWDQHRXV� IRUPDWLRQ� DQG� GLVDSSHDUDQFH� RI� FRUUHODWLRQV� RYHU� WLPH�� � 7KH� PHDVXUHG� &26<�

FRQWRXU�DW�����������DQG����PLQ�UHDFWLRQ�WLPHV��GLVSOD\HG�D�QXPEHU�RI�GLDJRQDO�DQG�RII�GLDJRQDO�

�FURVV�� FRUUHODWLRQV� UHSUHVHQWLQJ� FRXSOHG� SURWRQV� �)LJXUH� ���� $W� �� PLQ� RI� UHDFWLRQ� WLPH�� WKH�

SUHVHQFH�RI�XQUHDFWHG�VW\UHQH���VXEVWUDWH�ZDV�FRQILUPHG�E\�WKH�FRXSOLQJ�UHODWLRQVKLS��&���DW�/+�

��������� EHWZHHQ� LWV� JHPLQDO� +H�&�+I� DQG� YLFLQDO� &+G�� 7KH� SUHVHQFH� RI� VWDUWLQJ� VXEVWUDWHV�

PDORQRQLWULOH���DQG�',%�ZDV�HVWDEOLVKHG�VLPSO\�WKURXJK�WKH�GLDJRQDO�SHDNV�&��DQG�&���GXH�WR�QR�
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FRXSOLQJ�LQWHUDFWLRQ�ZLWKLQ�WKHLU�VWUXFWXUHV��$V�WKH�UHDFWLRQ�SURJUHVVHG��WKH�FRUUHODWLRQ�SHDNV�IRU�

DOO�VWDUWLQJ�VSHFLHV�SURJUHVVLYHO\�GHFUHDVHG��ZKLOH�WKH�FKDUDFWHULVWLF�FURVV�DQG�GLDJRQDO�FRUUHODWLRQ�

RI� WKH� F\FORSURS\O� DGGXFW��� GXH� WR� WKH�YLFLQDO� DQG� JHPLQDO� FRXSOLQJ� LQWHUDFWLRQV� �&�� DQG�&���

LQWHQVLILHG�E\����PLQ�RI�UHDFWLRQ��7KH�RYHUDOO�REVHUYDWLRQ�RI�UHDFWDQW�FRQVXPSWLRQ�DQG�SURJUHVVLYH�

DSSHDUDQFH�RI�F\FORSURSDQH���XVLQJ��'�4XLFNFRV\�FRLQFLGHG�ZLWK�WKDW�RI�WKH��'��+�105��8VHG�

LQ� FRPELQDWLRQ� ZLWK� �'�� JHQHUDOO\� �'� WHFKQLTXHV� � FDQ� RIIHU� D� FRPSOHPHQWDU\� TXDQWLWDWLYH��

TXDOLWDWLYH�DV�ZHOO�DV�FKDUDFWHUL]DWLRQ�LQIRUPDWLRQ�RQ�WKH�F\FORSURSDQDWLRQ�SURJUHVV�PRQLWRULQJ�RI�

���

�

�

)LJXUH�����D��&26<�FRQWRXU�DUUD\�SURILOLQJ�WKH�UHDFWLRQ�SURJUHVVLRQ�RYHU�WLPH�RI�F\FORSURSDQDWLRQ�

RI���XVLQJ�4XLFNFRV\���E��&ORVH�XS�UHJLRQ��RI�UHDFWLRQ�PRQLWRUHG�DW����PLQ��EHWZHHQ�/+����������

KLJKOLJKWLQJ�WKH�JHPLQDO�DQG�YLFLQDO�FRUUHODWLRQV��

�

�D�� �E��
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�LL�� ,QOLQH� 0RQLWRULQJ� RI� 0DORQRQLWULOH� �� &\FORSURSDQDWLRQ� XQGHU� &RQWLQXRXV� 3URFHVV�� $�

FRQWLQXRXV� IORZ� SURFHVV� IRU� WKH� K\SHUYDOHQW� LRGLQH� �,,,�� PHGLDWHG� SUHSDUDWLRQ� RI� ����

GLF\DQRF\FORSURSDQH� �� ZDV� GHYHORSHG� DQG� FRQILJXUHG� WR� DOORZ� IRU� D� FRPSOHWH� FRQWLQXRXV�

RSHUDWLRQ�RI�WKH�)ORZ�(YDSRUDWH�$QDO\]H�SURWRFRO�DV�GHVFULEHG�HDUOLHU��7KLV�DSSURDFK�DOORZHG�XV�

WR�VXFFHVVIXOO\�DGGUHVV�RQH�RI�WKH�PDMRU�FKDOOHQJHV�DVVRFLDWHG�ZLWK�LQWHJUDWLQJ�WKH�UHDO�WLPH�105�

DQDO\VLV� ZLWK� IORZ� SURFHVV�� 'XULQJ� PRQLWRULQJ� RI� WKH� F\FORSURSDQDWLRQ� UHDFWLRQ�� SHDN�

LGHQWLILFDWLRQ�DQG� LQWHJUDWLRQ�SURYHG�FKDOOHQJLQJ�GXH�WR� WKH�XVH�RI�D�SURWRQDWHG�VROYHQW��ZKLFK�

REVFXUHG�VRPH�RI�WKH�VSHFWUDO�IHDWXUHV��8VLQJ�WKH�9DSRXUWHF�5���5��IORZ�V\VWHP��WKH�SUHSDUDWLRQ�

RI� WKH� F\FORSURSDQH� �� XQGHU� FRQWLQXRXV� IORZ� FRQGLWLRQV� ZDV� FDUULHG� RXW� LQ� GLFKORURPHWKDQH�

�'&0��E\� LQWURGXFLQJ�D������0�VROXWLRQ�RI�PDORQRQLWULOH��� DQG� VW\UHQH��� DORQJ�ZLWK������0�

VROXWLRQ�RI�',%��WKURXJK�D�SUH�SDFNHG�FROXPQ�RI�.�&2���RYHU����PLQ�UHVLGHQFH�WLPH��)LJXUH�����

7KH�UHDFWLRQ�VWUHDP�RXWSXW�ZDV�WKHQ�GLUHFWHG�WR�WKH�VROYHQW�HYDSRUDWLRQ�GHYLFH�DQG�WKHQ�LQWR�WKH�

105�GHWHFWLRQ�]RQH��7KH�XVH�RI�SUHSDFNHG�.�&2��FDUWULGJH�ZDV�IRXQG�EHVW�ZKHQ�PL[HG�ZLWK���

PP�VL]HG�JODVV�EHDGV��WR�DYRLG�WKH�DJJORPHUDWLRQ�RI�WKH�.�&2��VDOWV�DV�WKH�RUJDQLF�UHDFWLRQ�PHGLD�

ZDV�IORZHG�WKURXJK�WKH�UHDFWRU��VXEVHTXHQWO\�EORFNLQJ�WKH�IORZ�VWUHDP�RYHU�WLPH��,Q�DGGLWLRQ��WKH�

DGYDQWDJH�RI�VXSHUKHDWLQJ�XQGHU� IORZ�FRQGLWLRQV�DOORZHG� WKH�XVH�RI�PRUH�YRODWLOH�'&0�LQ� WKH�

V\VWHP�LQVWHDG�RI�WKH�FRQYHQWLRQDO�'&(��WKHUHIRUH�LPSURYLQJ�WKH�VROYHQW�H[FKDQJH�SURFHVV��7KH�

LQOLQH�PRQLWRULQJ�RI�PDORQRQLWULOH���F\FORSURSDQDWLRQ�ZDV�FDUULHG�RXW�XVLQJ�WKH�6SLQVROYH�UHDFWLRQ�

PRQLWRULQJ� SURWRFRO� �50��� DQG� ZLWK� HDFK� PHDVXUHPHQW� WKH� LQWHJUDWLRQ� YDOXHV� RI� VHOHFWHG�

UHVRQDQFHV�ZHUH�H[WUDFWHG�WR�SURGXFH�D�VHULHV�RI�WUHQGV��UHSUHVHQWLQJ�WKH�VHOHFWHG�UHVRQDQFHV��WR�

SURILOH� WKH� VWHDG\�VWDWH� RI� WKH� FRQWLQXRXV� UHDFWLRQ� LQ� UHDO�WLPH� PRGH� �)LJXUH� ���� 8SRQ� FORVHU�

H[DPLQDWLRQ�RI� WKH� VWHDG\�VWDWH�SURILOH�� LW�ZDV� FOHDU� WKDW� D� VLJQLILFDQW� UHDFWLRQ� FRQYHUVLRQ� WRRN�
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SODFH�DV�DQ�LQFUHDVH�LQ�WKH�UHODWLYH�LQWHJUDWLRQ�YDOXHV�RI�WKH�F\FORSURSDQH�ULQJ�SURWRQV�RI�SURGXFW�

��ZHUH�REVHUYHG�FRPSDUHG�WR�WKDW�RI�WKH�VWDUWLQJ�VXEVWUDWHV�PDORQRQLWULOH���DQG�VW\UHQH����

�

)LJXUH� ��� ,QOLQH�PRQLWRULQJ� VHW�XS� RI�PDORQRQLWULOH��� F\FORSURSDQDWLRQ� XQGHU� IORZ� FRQGLWLRQV�

XVLQJ�WKH�)ORZ�(YDSRUDWH�$QDO\]H�SURWRFRO���

)LJXUH����,QOLQH�PRQLWRULQJ�RI�F\FORSURSDQDWLRQ�RI���XVLQJ�6SLQVROYH�EHQFKWRS�105�����0+]���

6WHDG\�VWDWH�SURILOH�XQGHU�IORZ�FRQGLWLRQV�DFTXLUHG�XVLQJ�WKH��+�105�GDWD�UHIHUHQFHG�WR�VHOHFWHG�

UHVRQDQFHV��
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�LLL�� 2QOLQH� 5HDFWLRQ� 3URJUHVV� 0RQLWRULQJ� RI� (WK\O�QLWURDFHWDWH� �� &\FORSURSDQDWLRQ�� $Q�

DQDORJRXV� DSSURDFK� IRU� WKH� RQOLQH� PRQLWRULQJ�� DV� SUHYLRXVO\� GHVFULEHG�� ZDV� H[WHQGHG� WR� WKH�

F\FORSURSDQDWLRQ� RI� HWK\O�QLWURDFHWDWH� ��� 7KLV� K\SHUYDOHQW� LRGLQH� �,,,�� PHGLDWHG� F\FOL]DWLRQ�

SURYLGHV� DFFHVV� WR� D� UDQJH� RI� ��QLWUR���F\FORSURS\O� FDUER[\ODWHV�ZKLFK� DUH� YDOXDEOH� V\QWKHWLF�

EXLOGLQJ�EORFNV�XOWLPDWHO\�OHDGLQJ�WR�F\FORSURSDQH�.�DPLQR�DFLGV����,Q�RUGHU�WR�H[HPSOLI\�IXUWKHU�

WKH�XVH�RI�WKH�EHQFKWRS�105��ZH�VHOHFWHG�WKH�SUHSDUDWLRQ�RI�F\FORSURSDQH�FDUER[\ODWH���GHULYHG�

IURP�WKH�HWK\O�QLWURDFHWDWH���DQG���WHUW�EXW\OVW\UHQH��� �6FKHPH�����$V�D�VXLWDEOH�FDQGLGDWH��WKH�

F\FOLVDWLRQ�ZDV�FDUULHG�RXW�XVLQJ�WKH�FRQGLWLRQV�EDVHG�RQ�WKH�ZRUN�RI�&KDUHWWH�HW�DO���WR�JHQHUDWH�

LRGRQLXP�\OLGH�LQ�VLWX�IURP�WKH�.�QLWURHVWHUV�ZKLFK�VXEVHTXHQWO\�XQGHUJRHV�F\FORSURSDQDWLRQ�ZLWK�

ROHILQV�YLD�WKH�JHQHUDWHG�FDUEHQH�LQ�WKH�SUHVHQFH�RI�5K�,,��FDWDO\VW����

�

6FKHPH� ��� +\SHUYDOHQW� LRGLQH� �,,,�� PHGLDWHG� V\QWKHVLV� RI� (WK\O���QLWUR�����WHUW�EXW\O��

F\FORSURSDQH�FDUER[\ODWH����

,Q�LQLWLDO�H[SHULPHQWV��ZH�UHDFWHG�HWK\O�QLWURDFHWDWH���LQ���IROG�H[FHVV�RI�VW\UHQH���DW�DQ�DPELHQW�

WHPSHUDWXUH�LQ�WKH�SUHVHQFH�RI�����HTXLYDOHQWV�',%��DQG�FDWDO\WLF�DPRXQWV�RI�ELV��UKRGLXP��.��.��

.¶�� .¶�WHWUDPHWK\O�����EHQ]HQHGLSURSLRQLFDFLG�� 5K��HVS���� SURYLGLQJ� WKH� F\FORSURSDQH�

FDUER[\ODWH���LQ�PRGHUDWH�\LHOG�������ZLWK�(�=�UDWLR�RI������LQ�VXEVWLWXWHG�F\FORSURSDQH�LVRPHU�(�

LQGLFDWHV�D�WUDQV�UHODWLRQVKLS�EHWZHHQ�WKH�YLFLQDO�QLWUR�DQG�DU\O�JURXS��ZKHUHDV�=�LQGLFDWHV�WKH�FLV�

UHODWLRQVKLS���
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7KH� XVH� RI� VW\UHQH� �� LQ� H[FHVV� LQ� VROYHQW�OHVV� FRQGLWLRQV�� KRZHYHU�� ZDV� XQGHVLUDEOH� ZLWK� WKH�

PRQLWRULQJ�VWXG\��WKHUHIRUH�ZH�DLPHG�DW�UHGXFLQJ�WKH�DPRXQW�RI�VW\UHQH���WR�DQ�HTXLPRODU�UDWLR��

LQ�WKH�SUHVHQFH�RI�DQ�HTXLYDOHQW�RI�',%��DW�����&��SURYLGLQJ�F\FORSURSDQH���LQ������DIWHU���KRXUV��

7KH�RQOLQH�UHDFWLRQ�PRQLWRULQJ�ZDV�FDUULHG�RXW�ZLWK�XQ�RSWLPL]HG�FRQGLWLRQV�LQ�&'&O��XVLQJ�WKH�

5��JODVV� UHDFWRU� FRXSOHG�ZLWK� WKH� EHQFKWRS�105� VHW�XS� VKRZQ� LQ� )LJXUH�6���$V� WKH� UHDFWLRQ�

VWUHDP�ZDV�FRQWLQXRXVO\�GHOLYHUHG�LQWR�WKH�105�GHWHFWLRQ�]RQH��D�VHULHV�RI��'�SURWRQ�VFDQV�ZHUH�

PHDVXUHG�DW�LQWHUYDOV�EHWZHHQ���PLQ�DQG���KRXUV��JHQHUDWLQJ�DQ�105�DUUD\�RI�QLQH�VSHFWUD��)LJXUH�

�D���$IWHU���PLQ�RI�UHDFWLRQ�WLPH��WKH�SUHGRPLQDQW�VSHFLHV�ZHUH�WKH�VWDUWLQJ�VW\UHQH����.�QLWURHVWHU�

�� DQG� ',%� VXEVWUDWHV�� DQG� ZLWKLQ� �� KRXU�� WKH� VWDUWLQJ� VSHFLHV� DSSUHFLDEO\� GHFUHDVHG�� ZKLOH�

F\FORSURSDQH���EHJDQ�WR�DSSHDU��2YHUODSSHG�SHDNV�RI�WKUHH�GLIIHUHQW�UHVRQDQFHV�DSSHDUHG�LQ�WKH�

UHJLRQ�RI�/+����������DVVLJQHG�IRU�WKH�YLFLQDO�&+D�RQ�WKH�F\FORSURSDQH�ULQJ��WKH�&+��RQ�WKH�HWK\O�

PRLHW\�RI���� DQG� WKH�&+��RI� WKH�HWK\O�JURXS�RI����7KRVH�FRLQFLGHG�ZLWK� WKH�DSSHDUDQFH�RI� WKH�

PXOWLSOHW� DW�/+� �������� DVVLJQHG� WR� WKH� JHPLQDO� F\FORSURS\O� SURWRQV� �+E�&�+F���0RUHRYHU�� WKH�

F\FOL]DWLRQ�SURFHVV�ZDV�EHWWHU�PRQLWRUHG�WKURXJK�WKH�HYROXWLRQ�RI�WKH�WULSOHW�DW�/+����������DVVLJQHG�

WR�WKH�&+��RQ�WKH�HWK\O�PRLHW\�RI����7KH�IRUPDWLRQ�RI�DFHWLF�DFLG�ZDV�HYLGHQW�DV�WKH�VLQJOHW�DW�/+�

�����DSSHDUHG�FRQFXUUHQWO\�ZLWK�WKH�GLVDSSHDUDQFH�RI�WKH�',%¶V�DFHWDWH�OLJDQG�VLQJOHW�DW�/+�������

7KLV�ZDV�H[SHFWHG� IURP� WKH�',%�GXH� WR� WKH�VWURQJO\� HOHFWURSKLOLF�QDWXUH�RI� WKH� LRGLQH� LQ�',%��

OHDGLQJ�WR�GLVSODFHPHQW�RI�DFHWLF�DFLG�DQG�LRGREHQ]HQH�E\�SURGXFW����$OWKRXJK�WKH�VLQJOHW�DVVLJQHG�

WR�WKH�PHWK\OHQH�PRLHW\�RI����/+������RYHUODSSHG�ZLWK�WKH�&+H�RI�VW\UHQH����/+�����������LW�ZDV�

QRQHWKHOHVV� SRVVLEOH� WR� WUDFN� LW¶V� GLVDSSHDUDQFH�� 7KH� SURILOH� RI� WKH� F\FORSURSDQDWLRQ� SURJUHVV�

DFTXLUHG�XVLQJ�WKH��+�105�GDWD�IURP�WKH�QLQH�VSHFWUD�DUUD\�FOHDUO\�GHPRQVWUDWHG�WKH�SURJUHVVLRQ�
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RI�WKH�HWK\O�JURXS�RQ�SURGXFW����/+����������LQ�SDUDOOHO�WR�WKH�GLVDSSHDUDQFH�RI�WKH�DFHWDWH�OLJDQGV�

RI�',%��WKH�PHWK\OHQH�PRLHW\�RI�.�QLWURDFHWDWH���DQG�WKH�JHPLQDO�SURWRQV�RI�VW\UHQH����)LJXUH��E���

�

)LJXUH����2QOLQH�PRQLWRULQJ�RI�F\FORSURSDQDWLRQ�RI���XVLQJ�6SLQVROYH�EHQFKWRS�105�����0+]���

�D���+�105�DUUD\�SORW���E��3URILOH�RI�UHDFWLRQ�SURJUHVV�DFTXLUHG�XVLQJ�WKH��+�105�GDWD�UHIHUHQFHG�

WR�VHOHFWHG�UHVRQDQFHV��7DEOH�6����

�

�LY�� ,QOLQH�0RQLWRULQJ� RI�(WK\O�QLWURDFHWDWH���&\FORSURSDQDWLRQ� XQGHU�&RQWLQXRXV�3URFHVV��$�

FRQWLQXRXV� IORZ� SURFHVV� IRU� WKH� SUHSDUDWLRQ� RI� WKH� ��QLWUR���F\FORSURS\OFDUER[\ODWH� ��� ZDV�

GHYHORSHG�� ,QLWLDOO\� WKH� LQOLQH� PRQLWRULQJ� RI� F\FORSURSDQDWLRQ� RI� ��ZDV� FDUULHG� RXW� XVLQJ� WKH�

9DSRXUWHF�5���5��IORZ�V\VWHP�E\�SDVVLQJ�D������0�VROXWLRQ�RI�HWK\O�QLWURDFHWDWH���DQG�VW\UHQH���

LQ�'&0�DORQJ�ZLWK������0�VROXWLRQ�RI�',%�DQG�FDWDO\WLF�DPRXQWV�RI�5K��HVS��������PRO����WKURXJK�

D�KHDWHG�37)(�FRLO�WR�SURYLGH�SURGXFW���LQ�XQ�RSWLPL]HG�����\LHOG��)LJXUH�����7KH�UHDFWLRQ�RXW�

VWUHDP�ZDV�SDVVHG�LQWR�WKH�VROYHQW�HYDSRUDWLRQ�GHYLFH��WR�IDFLOLWDWH�WKH�H[FKDQJH�RI�'&0�ZLWK�D�

WRWDO�RI���P/�&'&O��DW����&��8SRQ�105�PHDVXUHPHQWV��WKH�JHQHUDWHG�VWHDG\�VWDWH�SURILOH�IRU�WKH�

F\FORSURSDQDWLRQ�RI���LQ�)LJXUH����DORQJ�ZLWK�VWDFNHG��+�105�GDWD��)LJXUH�6�����GHPRQVWUDWHG�

WKH� SDUWLDO� FRQVXPSWLRQ� RI� WKH� VWDUWLQJ� VSHFLHV� HWK\O�QLWURDFHWDWH� ��� ZKLOH� WKH� IRUPDWLRQ� RI�

�D�� �E��
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F\FORSURSDQH� �� ZDV� REVHUYHG� E\� WKH� LQFUHDVHG� WUHQG� DVVLJQHG� IRU� WKH� JHPLQDO� SURWRQV� RI�

F\FORSURSDQH����DORQJ�ZLWK�LWV�HWK\O�JURXS��$V�WKH�VSHFWUXP�ZDV�UHFRUGHG�RII�D�FUXGH�PL[WXUH��WKH�

VWHDG\�VWDWH�SURILOH�DSSHDUV�UDWKHU�QRLV\�GXH�WR�WKH�ORZ�UHDFWLRQ�\LHOG��,W�LV�QRWHZRUWK\�WKDW�HYHQ�LQ�

QRQ�LGHDO�FRQGLWLRQV��WKH�VWHDG\�VWDWH�LV�VWLOO�REVHUYHG�DQG�WKH�SURGXFW�FDQ�EH�WUDFNHG��,Q�DGGLWLRQ�

WKH�WUDFNLQJ�RI�WKH�UHODWLYH�LQWHJUDWLRQ�IRU�WKH�F\FORSURSDQH�YLFLQDO�SURWRQ�H[SHFWHG�DW�/+������ZDV�

FKDOOHQJLQJ�GXH�WR� WKH�RYHUODSSLQJ�ZLWK�RWKHU� UHVRQDQFHV�H[KLELWLQJ�VLPLODU�FKHPLFDO�VKLIWV�� ,Q�

IDFW�� WKH� �+�105� VSHFWUXP� REWDLQHG� E\� WKH� LQOLQH� PRQLWRULQJ� RI� WKH� F\FORSURSDQDWLRQ� RI� ���

GLVSOD\HG�D�QXPEHU�RI�RYHUODSSLQJ�VLJQDOV��3HDN�RYHUODSSLQJ�LV�DQ�LQKHUHQW�SUREOHP�DVVRFLDWHG�

ZLWK� 105� VSHFWURVFRS\� HVSHFLDOO\� DW� ORZHU� ILHOG�� KRZHYHU�� �'� 105� VSHFWURVFRS\� SURYHG�

SDUWLFXODUO\�XVHIXO�LQ�LGHQWLI\LQJ�UHVRQDQFHV��:H�GHPRQVWUDWHG�HDUOLHU�KRZ�WKH�RQOLQH�PRQLWRULQJ�

RI� F\FORSURSDQDWLRQ� RI�PDORQRQLWULOH��� ZLWK�4XLFNFRV\� IDFLOLWDWHG� WKH� WUDFNLQJ� RI� FRUUHODWLRQV�

EHWZHHQ� FRXSOHG� SURWRQV� XQGHU� UHDFWLRQ� FRQGLWLRQV�� /LNHZLVH�� LQOLQH� PRQLWRULQJ� XVLQJ� WKH�

4XLFNFRV\�IRU�WKH�F\FORSURSDQDWLRQ�RI���XQGHU�FRQWLQXRXV�IORZ�HQDEOHG�E\�WKH�XVH�RI�WKH�6SLQVROYH�

DXWRPDWHG� VFULSWLQJ�� DOORZHG�PRUH� IOH[LELOLW\� LQ�PRQLWRULQJ� VFHQDULRV��+HQFH��ZH� GHYHORSHG� D�

/(<��'�&26<�VFULSW�WR�UXQ�D�ORRS�VHTXHQFH�RI��'��+�105�DQG��'�&26<��H[HFXWHG�HYHU\����

PLQXWHV� RYHU� �� ORRSV� �)LJXUH� 6���� 105� H[SHULPHQW� VFULSWLQJ� WKXV� FUHDWHV� WDLORU�PDGH�

H[SHULPHQWDO�VHTXHQFH�DXWRPDWLRQ�DOORZLQJ�VLJQLILFDQW�WLPH�VDYLQJ�DQG�HQDEOLQJ�UHSHWLWLYH�UXQV�

LQ�ORRSV��
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�

�

)LJXUH����,QOLQH�PRQLWRULQJ�VHW�XS�RI�HWK\O�QLWURDFHWDWH���F\FORSURSDQDWLRQ�XQGHU�IORZ�FRQGLWLRQV�

XVLQJ�WKH�)ORZ�(YDSRUDWH�$QDO\]H�SURWRFRO��

�

�

)LJXUH����,QOLQH�PRQLWRULQJ�RI�F\FORSURSDQDWLRQ�RI���XVLQJ�6SLQVROYH�EHQFKWRS�105�����0+]���

6WHDG\�VWDWH�SURILOH�XQGHU�IORZ�FRQGLWLRQV�DFTXLUHG�XVLQJ�WKH��+�105�GDWD�UHIHUHQFHG�WR�VHOHFWHG�

UHVRQDQFHV��

�

7KH�VWHDG\�VWDWH�PRQLWRULQJ�RI�F\FORSURSDQDWLRQ�RI���ZLWK�WKH�/(<��'�&26<�VFULSW�SURGXFHG�

WKUHH�&26<�FRQWRXUV�DORQJ�ZLWK�WKUHH��'�SURWRQ�VSHFWUD��GHPRQVWUDWLQJ�D�QXPEHU�RI�GLDJRQDO�DQG�

FURVV�FRUUHODWLRQV��)LJXUHV�6���	�6�����7KH�SUHVHQFH�RI�XQUHDFWHG�VW\UHQH���ZDV�YHULILHG�WKURXJK�

FURVV�FRUUHODWLRQV�DERYH�DQG�EHORZ�WKH�GLDJRQDO�OLQH�RI�LWV�ROHILQLF�SURWRQV�DW�/+����������ZKLOH�WKH�
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UHVLGXDO�VXEVWUDWH�RI�HVWHU���DSSHDUHG�ZLWK�D�GLDJRQDO�SHDN�DW�/+�����DVVLJQHG� WR� LWV�PHWK\OHQH�

PRLHW\��7DNLQJ�D�FORVHU�ORRN�DW�WKH�&26<�KRUL]RQWDO�UHJLRQ�EHWZHHQ�/+����������SSP��)LJXUH������

WKH�IRUPDWLRQ�RI�F\FORSURS\O�FDUER[\ODWH���ZDV�HVWDEOLVKHG�WKURXJK�LWV�FRUUHODWLRQ�SHDNV�S��DQG�

S�¶�GXH�WR�LWV�YLFLQDO�FRXSOLQJ��ZKLOH�WKH�&+��DQG�&+��SURWRQV�RI�F\FORSURSDQH���HWK\O�PRLHW\�

FRUUHODWHG�DW�S��DQG�S�¶��&RXSOLQJ�EHWZHHQ�WKH�&+��DQG�&+��SURWRQV�RI�WKH�HWK\O�PRLHW\�RI���ZDV�

REVHUYHG�E\�WKH�DSSHDUDQFH�RI�FURVV�SHDNV�S��DQG�LWV�SDLU�S�¶��7KH�RYHUODSSHG�SHDNV�LQ�WKH�UHJLRQ�

RI�/+����������FRUUHVSRQGHG�WR�WKH�FURVV�SHDNV�RYHU�WKH�&26<�FRQWRXU�S�¶��S�¶�DQG�S�¶��DQG�RQ�D�

FORVHU�REVHUYDWLRQ�RI�WKRVH�FURVV�SHDNV�WKH�H[WHQW�RI�RYHUODSSLQJ�ZDV�FODULILHG�WR�EH�RYHU�D�SRUWLRQ�

RI�����SSP�ZLGH��6LPLODUO\��WKH�JHPLQDO�SURWRQV�RQ�WKH�F\FORSURSDQH���ZHUH�IRXQG�RYHUODSSLQJ�

ZLWK� WKH�XQUHDFWHG�DFHWDWH�SHDN�RI�',%�RYHU�D�SRUWLRQ�RI������SSP�ZLGH��5HDFWLRQ�PRQLWRULQJ�

XVLQJ�WKH��'��+�105��LQ�VXPPDU\��DOORZHG�XV�WR�FOHDUO\�GLVWLQJXLVK�DQG�WUDFN�VWDUWLQJ�VSHFLHV�

FRQVXPSWLRQ�DQG�SURGXFW�IRUPDWLRQ�LQ�UHJLRQV�RI�VLJQDO�RYHUODS��RWKHUZLVH�XQVROYDEOH�E\��'��+�

105��

)LJXUH� ���� ,QOLQH� VWHDG\�VWDWH� PRQLWRULQJ� RI� F\FORSURSDQDWLRQ� RI� �� ZLWK� /(<��'�&26<�� �'�

&26<�FRQWRXU�KRUL]RQWDO�UHJLRQ�EHWZHHQ�/+�������SSP��5HVRQDQFHV������HWK\O�&+��RI��������WHUW�

%XW\O�RI���	��������HWK\O�&+��RI������±',%������JHPLQDO�&+�RI��������YLFLQDO�&+�RI��������HWK\O�&+��

RI������HWK\O�&+��RI�����)XUWKHU�LQIRUPDWLRQ�RQ�WKH�/(<��'�&26<�H[SHULPHQW�DUH�IRXQG�LQ�WKH�

VXSSOHPHQWDU\�VHFWLRQ���

�
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$Q� DGGLWLRQDO� �'� 105� -�UHVROYH� VSHFWURVFRS\� ��+� -�5(6�� H[SHULPHQW� ZDV� XVHG� IRU� WKH�

GHFRQYROXWLRQ�RI�UHJLRQV�RI�SHDN�RYHUODS��,Q�-�5(6�WKH�FKHPLFDO�VKLIW�DQG�VSLQ�VSLQ�FRXSOLQJ�DUH�

VHSDUDWHG��WKHUHIRUH�DOORZLQJ�D�VSLQ�VSLQ�FRXSOLQJ�FRQVWDQW�-��+]��SORW�DJDLQVW�FKHPLFDO�VKLIW�/+�

�SSP���$V�D�UHVXOW��WKH�VLJQDO�PXOWLSOLFLW\�REVHUYHG�LQ�WKH��'�SURWRQ�105�FRDOHVFHV�LQWR�D�SHDN�

LQ� WKH� FKHPLFDO� VKLIW� FRRUGLQDWH� �KRUL]RQWDO��� WKH� VLJQDO� PXOWLSOLFLW\� LQIRUPDWLRQ�� KRZHYHU�� LV��

WUDQVIHUUHG�LQWR�WKH�YHUWLFDO�D[LV��-�LQ�+]���+HQFH�RYHUODSSHG�PXOWLSOHW�VLJQDOV�VKRXOG�FRDOHVFHQFH�

VHSDUDWHO\�� UHVXOWLQJ� LQ� D� GLVFUHWH� VHW� RI� EURDGHU� VLJQDOV�� DFFRUGLQJ� WR� WKHLU� VSHFLILF� UHVRQDQFH�

HQYLURQPHQW�� 7KH� �'� -�5(6� VSHFWUXP� LQ� WKH� UHJLRQ� RI� �������� SSP� VKRZQ� LQ� )LJXUH� ��D��

FRUUHVSRQGV�WR�WKH�VLJQDOV�RI�WKH�FUXGH�IORZ�PL[WXUH�IURP�WKH�F\FORSURSDQDWLRQ�UHDFWLRQ�RI����ZLWK�

SURWRQ�VLJQDOV�PDUNHG�$�WR�+��5HVRQDQFH�$��D�WULSOHW�RQ�WKH��'�105�VSHFWUXP��ZDV�FRDOHVFLQJ�

LQWR�D�VLQJOHW�RQ�WKH�-�5(6�KRUL]RQWDO�D[LV��ZLWK�-� �����+]��DVVLJQHG�WR�WKH�&+��RI�HWK\O�JURXS�RI�

���2Q�WKH�RWKHU�KDQG��RYHUODSSHG�UHVRQDQFHV�DW�/+����������DSSHDUHG�DOO�UHVROYHG�LQWR�WKUHH�GLVWLQFW�

VLQJOHWV�RI�UHVRQDQFHV��)��*��+��RQ�WKH�KRUL]RQWDO�D[LV�RI�WKH�-�5(6�VSHFWUXP��ZKHUH�WKRVH�PDUNHG�

DV�*� DQG�+� FRUUHVSRQGHG� WR� WKH�&+��PRLHW\� RI� WKH� HWK\O� JURXS� RI��� DQG��� UHVSHFWLYHO\�� 7KH�

UHPDLQLQJ�UHVRQDQFH�)�RQ�WKH�-�5(6�DVVLJQHG�WR�WKH�F\FORSURSDQH�ULQJ�&+D�SURWRQ��DSSHDULQJ�DV�

D�GRXEOHW�RI�GRXEOHW�LQ�WKH��'�VSHFWUXP��)URP�WKLV�GRXEOHW�RI�GRXEOHW�WKH�YLFLQDO�FRXSOLQJV�ZDV�

GHGXFHG�IRU�&+D�ZLWK�-FLV� �����+]�DQG�-WUDQV� �����+]��LQ�OLQH�ZLWK�WKH�H[SHFWDWLRQ�RI�-FLV!-WUDQV�IRU�

D�F\FORSURSDQH�ULQJ�GXH�WR�WKH�ULJLG�GLKHGUDO�DQJOH��0RUHRYHU�WKH�ULQJ�ULJLGLW\�DQG�WKH�VXEVWLWXHQW�

HIIHFW�RQ�WKH�F\FORSURSDQH���ZDV�IRXQG�WR�KDYH�D�SRVLWLYH�HIIHFW�RQ�WKH�JHPLQDO�FRXSOLQJ�EHWZHHQ�

&+E�DQG�&+F�WR�JLYH�-JHP�RI�����+]��H[WUDFWHG�IURP�WKH�WZR�VLQJOHWV�RI�UHVRQDQFHV�(�DQG�(¶��)LJXUH�

�����)XUWKHUPRUH��FDUU\LQJ�WKH�-�5(6�PHDVXUHPHQW�RI�WKH�LVRODWHG�LVRPHU�(��PDMRU��DQG�LVRPHU�=�

�PLQRU��RI���QLWUR���F\FORSURS\OFDUER[\ODWH����ZH�ZHUH�DOVR�DEOH� WR�REVHUYH� WKH�GLIIHUHQFHV� LQ�

FKHPLFDO�VKLIWV�EHWZHHQ�ERWK�LVRPHUV�DV�GHPRQVWUDWHG�LQ�)LJXUH���E�DQG�6����UHVSHFWLYHO\��7KH�
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GLVWLQFWLRQ�LQ�WKH�105�VSHFWUD�EHWZHHQ�WKH�(�DQG�=�LVRPHU�ZDV�DWWULEXWHG�WR�WKH�RULHQWDWLRQ�RI�WKH�

DU\O�JURXS�ZLWK� UHVSHFW� WR� WKH�QLWUR�PRLHW\�RQ� WKH�F\FORSURSDQH� ULQJ��7KH�&+D�VLJQDO�RI� WKH�(�

LVRPHU�RYHUODSSHG�ZLWK�WKH�&+��RI�WKH�HWK\O�JURXS��ZKLOH�ERWK�WKH�JHPLQDO�SURWRQV�&+E�DQG�&+F�

IRUPV�D�PXOWLSOH�RI�RYHUODSSHG�SHDNV�EHWZHHQ���������SSP��)LJXUH���E���2Q�WKH�RWKHU�KDQG�WKH�

VWHULF�FRPSXOVLRQ�E\�WKH�DU\O�JURXS�DQG�WKH�DQLVRWURSLF�HIIHFW�E\�WKH�QLWUR�JURXS�RQ�WKH�=�LVRPHU�

RI�F\FORSURSDQH���FDXVHG�WKH�HWK\O�HVWHU�JURXS�WR�VKLIW�GRZQILHOG��LQ�FRPSDULVRQ�WR�WKH�(�LVRPHU��

ZKHUHDV�ERWK�&+D�DQG�&+E�ZHUH�PLOGO\�PRUH�VKLHOGHG��DQG�WKH�&+F��QRZ�WUDQV�WR�&+D��VOLJKWO\�

VKLIWHG�WR�GRZQILHOG��,W�DSSHDUHG�WKDW�WKH�-�5(6�RI�WKH�(�LVRPHU�ZDV�YLVXDOO\�VLPLODU�WR�WKDW�RI�WKH�

F\FORSURSDQDWLRQ�UHDFWLRQ�FUXGH��FRQILUPLQJ�WKDW�WKH�(�LVRPHU�RI���ZDV�WKH�SUHGRPLQDQW�LVRPHU�LQ�

WKH� UHDFWLRQ� PL[WXUH�� +HQFH�� WKURXJK� WKLV� H[DPSOH�� WKH� -�5(6� GHPRQVWUDWHG� LWV� SRWHQWLDO� LQ�

SURYLGLQJ�DQ�LQVLJKWIXO�IHHGEDFN�KHOSLQJ�WR�UHILQH�DQG�LPSURYH�UHDFWLRQ�PRQLWRULQJ�IXUWKHU��

�

)LJXUH������D���+�-�5(6�VSHFWUXP�DW���������SSP�RI�F\FORSURSDQDWLRQ�UHDFWLRQ�RI���FUXGH�PL[WXUH��

ZLWK� SURWRQ� VLJQDOV� PDUNHG� $� WR� +�� �E�� �+� -�5(6� VSHFWUXP� RI� LVRODWHG� >(@� ��QLWUR���

�D�� �E��
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F\FORSURS\OFDUER[\ODWH�����)RU��+�-�5(6�RI�LVRPHU�>=@�RI���UHIHU�WR�)LJXUH�6������5HVRQDQFHV��$�

��HWK\O�&+��RI����%���WHUW�%XW\O�RI����&���HWK\O�&+��RI����'���',%��(�	�(¶��JHPLQDO�&+�RI����)��

YLFLQDO�&+�RI����*���HWK\O�&+��RI����+���HWK\O�&+��RI����

�

)XUWKHU�RSWLPL]DWLRQ�RI�WKH�F\FORSURSDQDWLRQ�UHDFWLRQ�RI�HWK\O�QLWURDFHWDWH���ZLWK�DQ�HTXLPRODU�

DPRXQW�RI�VW\UHQH���XQGHU�FRQWLQXRXV�IORZ�ZDV�VRXJKW��IROORZLQJ�WKH�LQLWLDO�����\LHOG�REWDLQHG�

IRU�F\FORSURSDQH��� �(�DQG�=�FRPELQHG���7KLV�PRGHUDWH�\LHOG�ZDV�DWWULEXWHG�WR�WKH�KLJK�GLOXWLRQ�

FRQGLWLRQV�RI�WKH�UHDFWLRQ��DV�OLWHUDWXUH�PHWKRGV�KLJKOLJKW�WKH�LPSRUWDQFH�RI�XVLQJ�DONHQH�LQ�H[FHVV��

ZLWK� UHDFWLRQV� FDUULHG� RXW� XQGHU� QHDW� FRQGLWLRQV�� 6HYHUDO� DWWHPSWV� DW� LPSURYLQJ� WKH� UHDFWLRQ�

FRQGLWLRQV�ZHUH�PDGH��QDPHO\��L��LQFUHDVLQJ�WKH�UHDFWLRQ�WHPSHUDWXUH���LL��LQFUHDVLQJ�WKH�RYHUDOO�

UHDFWLRQ�FRQFHQWUDWLRQ�DQG��LLL��LQFUHDVLQJ�WKH�QXPEHU�RI�HTXLYDOHQW�RI�',%�DORQH��GLWWR���ZLWK�QR�

VXFFHVV�GXH�WR�ORZ�VROXELOLW\�RI�',%��+RZHYHU��E\�IORZLQJ�DQ�HTXLPRODU�VROXWLRQ�RI�VW\UHQH���LQ�

'&0�DORQJ�ZLWK�5K�,,��WKURXJK�DQ�2PQLILW�FROXPQ�SUHSDFNHG�ZLWK�����HTXLYDOHQWV�RI�VROLG�',%�

DQG���PP�UHF\FODEOH�JODVV�EHDGV��F\FORSURSDQH���ZDV�DIIRUGHG�LQ�����\LHOG��(�=���������LQ����PLQ�

UHVLGHQFH�WLPH��5HDFWLRQ�VHW�XS�XQGHU�FRQWLQXRXV�IORZ�LV�LOOXVWUDWHG�LQ�)LJXUH�����

�

�

)LJXUH�����)ORZ�UHDFWLRQ�VHWXS�IRU�F\FORSURSDQDWLRQ�RI���XQGHU�RSWLPL]HG�UHDFWLRQ�FRQGLWLRQV��

�
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�Y��0XOWLSOH�0RQLWRULQJ�7HFKQLTXH�IRU�&\FORSURSDQDWLRQ�RI�3KHQ\O�,RGRQLXP�<OLGH���XVLQJ�&06�

105��$�PXOWLSOH�PRQLWRULQJ�WHFKQLTXH�DSSURDFK��XVLQJ�FRPSDFW�PDVV�VSHFWURPHWU\�ZLWK�EHQFKWRS�

105��&06�105���ZDV�GHYHORSHG�LQ�RUGHU�WR�SURYLGH�FRPSOHPHQWDU\�DQDO\WLFDO�LQIRUPDWLRQ�IRU�

WKH�F\FORSURSDQDWLRQ�RI�SKHQ\O�LRGRQLXP�\OLGH��3KHQ\O�LRGRQLXP�\OLGH�GHULYDWLYHV�DUH�ZLGHO\�XVHG�

LQ� FDUEHQH�WUDQVIHU� UHDFWLRQV� LQFOXGLQJ�F\FORSURSDQDWLRQ��SUHVHQWLQJ� D� FRPSDUDEOH� UHDFWLYLW\� WR�

WKHLU�GLD]R�FRXQWHUSDUWV�XQGHU�PLOGHU�FRQGLWLRQV����7KH�LRGRQLXP�\OLGH�PHWKRG�WDNHV�DGYDQWDJH�RI�

WKH� UHDGLO\� JHQHUDWHG� FDUEHQH� VSHFLHV�� LQGXFHG� E\� PHWDO� FDWDO\VLV�� GLVSODFLQJ� WKH� PROHFXODU�

LRGREHQ]HQH�ZKLFK�WKHQ�F\FOL]HV�LQ�WKH�SUHVHQFH�RI�DQ�ROHILQ��+RZHYHU�� LW�KDV�EHHQ�HVWDEOLVKHG�

WKDW�WKH�LRGRQLXP�\OLGH�FDQ�DOVR�SURYLGH�GLPHUL]DWLRQ�SURGXFWV�YLD�WKH�FRPSHWLQJ�GHFRPSRVLWLRQ�

RI�FDUEHQH�LQWHUPHGLDWH����$V�IXUWKHU�GLVFXVVHG�ZLWKLQ��PDVV�VSHFWURPHWU\�SURYLGHG�D�EHWWHU�LQVLJKW�

LQWR� WKH�RFFXUUHQFH�RI� VXFK�GHFRPSRVLWLRQ�� FRPSDUHG� WR�105�ZKLFK�SURYHG�FKDOOHQJLQJ�ZLWK�

UHVRQDQFH� VLJQDO� RYHUODS�� ,Q� DGGLWLRQ�� ZKLOVW� 105� PRQLWRULQJ� FRXOG� KHOS� WR� PRQLWRU� WKH�

F\FORSURSDQDWLRQ�RI� WKH�ROHILQ�PRLHW\�� WKH�06�FRXOG�DOVR�KHOS� WR� LGHQWLI\� WKH� LRGREHQ]HQH�E\�

SURGXFW� IRUPDWLRQ�� $� FRQWLQXRXV� SURFHVV� ZDV� VHW� IRU� WKH� SKHQ\O� LRGRQLXP� \OLGH� �� PHGLDWHG�

F\FORSURSDQDWLRQ� XVLQJ� WKH� 9DSRXUWHF� 5���5�� IORZ� V\VWHP� FRQILJXUHG� ZLWK� WKH� 6SLQVROYH�

EHQFKWRS�105� DQG� WKH�$GYLRQ� FRPSDFW�06�ZLWK�$WPRVSKHULF� 3UHVVXUH�&KHPLFDO� ,RQL]DWLRQ�

�$3&,��GHWHFWRU� �)LJXUH�6�����8VLQJ� WKLV�FRPELQHG�&06�105�VHWXS�� WKH�F\FORSURSDQDWLRQ�RI�

SKHQ\O�LRGRQLXP�\OLGH���ZLWK���WHUW�EXW\OVW\UHQH���ZDV�FDUULHG�RXW�XQGHU�FRQWLQXRXV�IORZ�LQ�WKH�

SUHVHQFH�RI�5K�,,��FDWDO\VW��WR�DIIRUG�F\FORSURSDQH�����GLFDUER[\ODWH����6FKHPH�����<OLGH���ZDV�

SUHSDUHG� IURP� WKH� UHDFWLRQ� RI� GLPHWK\OPDORQDWH� �� ZLWK� ',%� XQGHU� DONDOLQH� FRQGLWLRQV� LQ� GU\�

DFHWRQLWULOH��DQG�REWDLQHG�DV�DQ�DPRUSKRXV�VROLG�LQ�����RI�FUXGH��ZLWKRXW�IXUWKHU�SXULILFDWLRQ�WR�

DYRLG�GHFRPSRVLWLRQ�RI�WKH�\OLGH��6FKHPH�����

�

Page 26 of 39

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



�

6XEPLWWHG�0D\���������� ���

�

6FKHPH����+\SHUYDOHQW�LRGLQH��,,,��PHGLDWHG�V\QWKHVLV�RI�F\FORSURSDQH�����GLFDUER[\ODWH����

�

6FKHPH����6\QWKHVLV�RI�3KHQ\O�LRGRQLXP�\OLGH����

'XH�WR�WKH�SRRU�VROXELOLW\�RI�SKHQ\O�LRGRQLXP�\OLGH���LQ�'&0��ZH�RSWHG�IRU�WKH�SUH�SDFNLQJ�LQWR�

DQ�2PQLILW�JODVV�FROXPQ�DORQJ�ZLWK���PP�UHF\FODEOH�JODVV�EHDGV��PRUHRYHU�SUHYHQWLQJ�WKH�FDNLQJ�

RI� WKH� \OLGH� RYHU� WLPH�� 7KH� UHDFWLRQ� VXFFHVVIXOO\� WRRN� SODFH� E\� LQWURGXFLQJ�'&0� VROXWLRQ� RI�

VW\UHQH���DORQJ�ZLWK�D�VROXWLRQ�RI�����PRO���5K��HVS����WKURXJK�WKH�SUH�SDFNHG�FROXPQ�RI�\OLGH���

RYHU����PLQ�ZKLOH�FRROHG�DW��������&��)LJXUH������7KH�\OLGH�JUDGXDOO\�FRQVXPHG�DQG�GLVDSSHDUHG�

IURP�WKH�SUH�SDFNHG�FROXPQ�DV�WKH�VW\UHQH���VROXWLRQ�LV�VWUHDPHG�WKURXJK��OHDYLQJ�EHKLQG�WKH�JODVV�

EHDGV��$Q�DOLTXRW�RI�WKH�UHDFWLRQ�RXWIORZ�ZDV�SHULRGLFDOO\�UHGLUHFWHG�WR�WKH�06�GHWHFWRU�]RQH�E\�

PHDQ� RI� D� 5KHRG\QH��05$� VSOLWWLQJ� GHYLFH�� ZKLOH� PRVW� RI� WKH� UHDFWLRQ� VWUHDP� RXWSXW� ZDV�

HQULFKHG�ZLWK�GHXWHUDWHG�FKORURIRUP�E\�SDVVLQJ�WKURXJK�WKH�HYDSRUDWRU��SULRU�WR�105�DQDO\VLV��

)URP�WKH�UHVXOWDQW�06�PHDVXUHPHQWV��WKH�F\FORSURSDQH�DGGXFW�ZDV�LGHQWLILHG�E\�WKH�PROHFXODU�

LRQ�SHDN�DW�P�]�����>0�+@�DFFRPSDQLHG�E\�LWV�IUDJPHQW�SHDN�DW�P�]������ZKLOH�WKH�LRGREHQ]HQH�

E\�SURGXFW�ZDV�LGHQWLILHG�DW�P�]�����>0�+@��)LJXUH�6�����&\FORSURSDQH��� IRUPDWLRQ�ZDV�DOVR�

LGHQWLILHG�XVLQJ��+�105�PRQLWRULQJ�E\�WKH�SUHVHQFH�RI�WKH�WZR�GLPHWKR[\�PRLHWLHV�DSSHDUHG�DV�
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WZR�VHSDUDWH�VLQJOHWV�DSSUR[LPDWHO\�DW�/+�����DQG������DV�RSSRVHG�WR�WKH�GLPHWKR[\�PRLHWLHV�RI�WKH�

VWDUWLQJ�LRGRQLXP�\OLGH���H[SHFWHG�DV�D�RQH�VLQJOHW�DW�����SSP��)LJXUHV�6���DQG�6������

�

�

)LJXUH�����0XOWLSOH� UHDFWLRQ�PRQLWRULQJ�VHW�XS� IRU� WKH�F\FORSURSDQDWLRQ�RI�\OLGH���XQGHU� IORZ�

FRQGLWLRQV���

$OWKRXJK�\OLGH���GHPRQVWUDWHG�OLPLWHG�VROXELOLW\�LQ�WKH�UHDFWLRQ�PHGLXP��KRZHYHU��OHDFKLQJ�RI�WKH�

H[FHVV�\OLGH�IURP�WKH�SUH�SDFNHG�FROXPQ�ZDV�GHWHFWDEOH�ZLWK�WKH�06�E\�LWV�PROHFXODU�LRQ�IUDJPHQW�

REVHUYHG�DW�����P�]��ZKLOH�WKH�\OLGH���PROHFXODU�LRQ�>0�+@�ZDV�QRW�REVHUYHG�XQGHU�WKH�$3&,�

FRQGLWLRQV� �)LJXUH� 6����� $GGLWLRQDOO\�� WKH� FRPSHWLQJ� GHFRPSRVLWLRQ� SDWKZD\� RI� \OLGH� �� YLD�

GLPHUL]DWLRQ�ZDV�EHVW�HVWDEOLVKHG�E\�06�UDWKHU�WKDQ�105�GXH�WR�SRWHQWLDO�VLJQDO�RYHUODS��ZLWK�

SURGXFW� DQG� \OLGH�� LQ� WKH� UHJLRQ� RI� /+� ��������� 7KLV� GHFRPSRVLWLRQ� ZDV� GHPRQVWUDWHG� E\� WKH�

FRQWUROOHG�UHDFWLRQ�FDUULHG�LQ�WKH�SUHVHQFH�RI�5K�,,��FDWDO\VW�ZKHUH�XSRQ�06�DQDO\VLV�WKH�PROHFXODU�

LRQ�>0�+@�ZDV�LGHQWLILHG�DW�P�]������)LJXUH�6�����:KHQ�PDVV�PRQLWRULQJ�RI�WKH�F\FORSURSDQDWLRQ�
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UHDFWLRQ� FDUULHG� DW� ������ �&�� RQ� WKH� RWKHU� KDQG�� QR� GLPHUL]DWLRQ� ZDV� REVHUYHG� SURYLQJ� WKH�

GHFRPSRVLWLRQ�SDWKZD\�GLG�QRW�WDNH�SODFH��

��YLL�� 6FRSH� RI� +\SHUYDOHQW� LRGLQH� �,,,�� F\FORSURSDQDWLRQ� XQGHU�&RQWLQXRXV� )ORZ�&RQGLWLRQV��

)LQDOO\��WKH�SRWHQWLDO�RI�WKH�FRQWLQXRXV�SURFHVV�RI�WKHVH�F\FORSURSDQDWLRQV�ZHUH�IXUWKHU�H[SORUHG�

DW�SUHOLPLQDULO\�OHYHO�E\�VWXG\LQJ�WKH�RYHUDOO�SURILOH�RI�DOO�GLVFXVVHG�VXEVWUDWHV��PDORQRQLWULOH����

HWK\O�QLWURHVWHU��� DQG�SKHQ\O� LRGRQLXP�\OLGH����ZLWK�D�QXPEHU�RI� VW\UHQH�GHULYDWLYHV� WR�DIIRUG�

VXEVWLWXWHG�F\FORSURSDQHV�LQ�PRGHUDWH�WR�JRRG�\LHOGV��7DEOH�����7KH�EHVW�F\FORSURSDQDWLRQ�\LHOGV�

ZHUH� REVHUYHG� ZLWK� WKH� ��WHUW�EXW\OVW\UHQH�� ZKLOH� ORZHU� \LHOGV� REVHUYHG� ZLWK� WKH� VW\UHQH�

GHULYDWLYHV� EHDULQJ� HOHFWURQ�ZLWKGUDZLQJ� JURXSV��0RUHRYHU�� D� FRXSOH� RI� WUHQGV� HPHUJHG� ZLWK�

UHVSHFW�WR�UHDFWLRQ�SDUDPHWHUV��$OWKRXJK�ZH�REVHUYHG�WKDW�KLJKHU�UHDFWLRQ�FRQFHQWUDWLRQ�JHQHUDOO\�

LPSURYHV�WKH�SURGXFWLYLW\��KRZHYHU��H[FHVVLYH�FRQFHQWUDWLRQ�FDQ�IDYRU�VXEVWUDWH�GHFRPSRVLWLRQ�LQ�

WKH� FDVH� RI� WKH� PDORQRQLWULOH� UHDFWLRQV�� )XUWKHU� FKDOOHQJHV� RI� DFKLHYLQJ� RSWLPDO� UHDFWLRQ�

FRQFHQWUDWLRQ�LQ�IORZ��ZHUH�GXH�WR�UHDJHQW�OLPLWHG�VROXELOLW\�LQ�WKH�FDVH�RI�',%��7KLV�SUREOHP�FDQ�

EH� HOLPLQDWHG�E\� XVH�RI� SRO\PHU� VXSSRUWHG�',%� UHDJHQWV�RU�E\� HQKDQFLQJ� VROXELOLW\�ZLWK� ULQJ�

IXQFWLRQDOL]DWLRQ�VXFK�DV�R�DONR[\SKHQ\OLRGRQLXP�GHULYDWLYHV����$�VLPLODU�EDODQFH�LV�IRXQG�ZLWK�

UHDFWLRQ�WHPSHUDWXUH�ZKLFK��ZKLOH�JHQHUDOO\�IDYRULQJ�UHDFWLYLW\��FDQ�DOVR�FUHDWH�SRO\PHUL]DWLRQ�RI�

VRPH�VW\UHQH�VXEVWUDWHV�DW�KLJKHU�WHPSHUDWXUHV�HVSHFLDOO\�ZKHQ�EHDULQJ�DQ�HOHFWURQ�ZLWKGUDZLQJ�

JURXS��7KHVH�SUHOLPLQDU\� VWXGLHV�JHQHUDOO\�GHPRQVWUDWH� WKH�SRWHQWLDO�RI� WKH�K\SHUYDOHQW� LRGLQH�

�,,,��PHGLDWHG�F\FORSURSDQDWLRQ�FRQWLQXRXV�SURFHVV��

�

�

�

�
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&21&/86,21�� ,Q� FRQFOXVLRQ�ZH�KDYH� UHSRUWHG� WKH� HIILFLHQW�XVH�RI� VWDWH�RI�WKH�DUW� EHQFKWRS�

105�WHFKQRORJ\�IRU�RQOLQH�PRQLWRULQJ�RI�UHDFWLRQ�SURJUHVV�RYHU�WLPH��DQG�LQOLQH�WUDFNLQJ�RI�WKH�

VWHDG\�VWDWH�RI�FRQWLQXRXV�IORZ�SURFHVVHV��'HVSLWH�WKH�ORZHU�ILHOG�RI�WKH�UHSRUWHG�EHQFKWRS�105��

VXUSULVLQJO\� XVHIXO� LQIRUPDWLRQ� DULVHV� DV� D� UHVXOW� RI� WKH� KLJK�KRPRJHQHLW\� SHUPDQHQW� PDJQHW�

GHVLJQ�� DQG� WKH� HIILFLHQW� UHDFWLRQ� PRQLWRULQJ� KDUGZDUH� DQG� VRIWZDUH� LQWHUIDFH�� $� QXPEHU� RI�

K\SHUYDOHQW� LRGLQH� �,,,�� PHGLDWHG� F\FORSURSDQDWLRQ� UHDFWLRQV� ZHUH� VWXGLHG� WR� SURYLGH� D� JRRG�

H[DPSOH� RI� LQ� VLWX� PRQLWRULQJ� RI� FDUERQ�FDUERQ� ERQG� IRUPDWLRQ� UHDFWLRQ�� :H� PDGH� XVH� RI�

FRPELQDWLRQ�RI�RQH�GLPHQVLRQDO�DQG�WZR�GLPHQVLRQDO�105�VSHFWURVFRS\�E\�XVH�RI� WHFKQLTXHV�

VXFK�DV�&26<�WR�PRQLWRU�FRUUHODWLRQV�EHWZHHQ�SURWRQV��DQG�-�5(6�WR�LPSURYH�UHDFWLRQ�PRQLWRULQJ�

E\�UHVROYLQJ�UHVRQDQFH�RYHUODS�LQ�WKH�RQH�GLPHQVLRQDO�VSHFWUXP��,Q�SDUWLFXODU��DXWRPDWHG�VFULSWLQJ�

RI� 105� H[SHULPHQWV� WR� FUHDWH� FXVWRPL]HG� PRQLWRULQJ� VFHQDULRV� DGGHG� DQRWKHU� GLPHQVLRQ� WR�

UHDFWLRQ�FRQWURO�DQG�VWXG\��FOHDUO\�GHPRQVWUDWLQJ�WKH�IXWXUH�SRWHQWLDO�RI�EHQFKWRS�105�WHFKQRORJ\�

DV�D�KLJKO\�YHUVDWLOH�DQG�VRSKLVWLFDWHG�PRQLWRULQJ�WRRO��0RUHRYHU��DFFHVV�WR�UHDO�WLPH�QXPHULFDO�

GDWD� IURP� UHDFWLRQ�PRQLWRULQJ� RIIHUV� WKH� FOHDU� DGYDQWDJH� RI� HQDEOLQJ� GHFLVLRQ� PDNLQJ� ZLWKLQ�

VHFRQGV�RI�GDWD�DFTXLVLWLRQ�E\�DFWLQJ�DV�WULJJHUV�GXULQJ�FRPSXWHU�FRQWUROOHG�SURFHVVHV�WR�IDFLOLWDWH�

UHDFWLRQ�RSWLPL]DWLRQ��7KH�EHQFKWRS� WHFKQRORJ\�DOVR�SURYHG� LWV�DGDSWDELOLW\� LQ� LQWHUIDFLQJ�ZLWK�

RWKHU� HQDEOLQJ� WRROV�� ,Q� SDUWLFXODU�� ZH� VXFFHVVIXOO\� DGGUHVVHG� WKH� UHTXLUHPHQW� IRU� WKH� XVH� RI�

GHXWHUDWHG�PHGLD�E\�GHYHORSLQJ�DQ�HIILFLHQW�VROYHQW�VZLWFKLQJ�V\VWHP�LQWHJUDWHG�ZLWK�WKH�EHQFKWRS�

105�� )LQDOO\�� FRXSOLQJ�ZLWK�PDVV� VSHFWURPHWU\� KLJKOLJKWHG� WKH� HIIHFWLYHQHVV� RI� WKH� PXOWLSOH�

WHFKQLTXH�DSSURDFK�WR�SURYLGH�D�PXOWL�DQJOH�SHUVSHFWLYH�WR�SURFHVV�XQGHUVWDQGLQJ�DQG�FRQWURO��LQ�

DFFRUG�ZLWK�RQJRLQJ�DGYDQFHV�LQ�DQDO\WLFDO�WHFKQLTXHV�SURYLGLQJ�QHZ�VRSKLVWLFDWHG�DSSOLFDWLRQV�

LQFUHDVLQJO\�PRYLQJ� WRZDUGV�PLQLDWXUL]HG� DQG� K\EULG�PRQLWRULQJ� V\VWHPV�ZLWK� XQSUHFHGHQWHG�

SHUVSHFWLYHV�LQWR�UHDO�WLPH�PRQLWRULQJ��
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(;3(5,0(17$/��

�(��� 2QOLQH� PRQLWRULQJ� RI� PDORQRQLWULOH� �� F\FORSURSDQDWLRQ�� %DVHG� RQ� WKH� RQOLQH�

FRQILJXUDWLRQ� VHW�XS� GHVFULEHG� LQ� ³UHDFWLRQ� PRQLWRULQJ� V\VWHP� DQG� PHWKRGV´� �)LJXUH� 6���� $�

PL[WXUH�RI�3K,�2$F��������PJ������PPRO���.�&2���������PJ������PPRO���PDORQRQLWULOH�����PJ��

����PPRO��DQG���WHUW�EXW\OVW\UHQH���������/������PPRO��ZDV�SODFHG�DQG�GLVVROYHG�ZLWK�&'&O��

�����P/�� LQ� DQ� RYHQ� GULHG�5�� JODVV� UHDFWRU� ILWWHG� LQWR� D�9DSRXUWHF�5��XQLW�� XQGHU� DUJRQ��7KH�

UHVXOWDQW�UHDFWLRQ�PL[WXUH�ZDV�VWUHDPHG�WKURXJK�WKH�105�DW�����P/�PLQ���VHW�WR�PHDVXUH�D�VHULHV�

RI��'�DQG��'�SURWRQ�105�LQ�LQWHUYDOV��ZKLOH�FLUFXODWLQJ�WKH�UHDFWLRQ�PL[WXUH�IURP�DQG�WR�WKH�

UHDFWRU��VWLUUHG�DW�����&��$IWHU�FRPSOHWLRQ��WKH�FUXGH�PL[WXUH�ZDV�FRROHG�WR�DPELHQW�WHPSHUDWXUH�

IROORZHG� E\� H[WUDFWLRQ�ZLWK�'&0� ��� î���P/�� XSRQ� DQ� DTXHRXV�ZDVK�� WKHQ� FRQFHQWUDWHG� DQG�

SXULILHG�E\�IODVK�FKURPDWRJUDSK\�XVLQJ�����(W2$F��+H[DQH�WR�JLYH���DV�D�ZKLWH�VROLG�LQ�����

\LHOG��

�(��� ,QOLQH� PRQLWRULQJ� RI� PDORQRQLWULOH� �� F\FORSURSDQDWLRQ� FRQWLQXRXV� SURFHVV�� 7KH�

IROORZLQJ�VROXWLRQV�ZHUH�SUHSDUHG���L��D�PL[WXUH�RI�PDORQRQLWULOH�����PJ������PPRO��ZLWK���WHUW�

EXW\OVW\UHQH��������/������PPRO��LQ�GU\�'&0����P/���DQG��LL��3K,�2$F��������PJ������PPRO��LQ�

GU\�'&0������P/���8VLQJ�D�9DSRXUWHF�5���5��IORZ�V\VWHP��ERWK�VROXWLRQV�ZHUH� LQGLYLGXDOO\�

ORDGHG�LQWR���P/�3)$�ORRSV��WKHQ�GHOLYHUHG�VLPXOWDQHRXVO\�DW�IORZ�UDWHV�RI������P/�PLQ���HDFK��

WKURXJK�DQ�2PQLILW�FROXPQ������P/��FRQWDLQLQJ�.�&2�������J�������PPRO��ZLWK���PP�VL]HG�JODVV�

EHDGV��ILWWHG�ZLWK����SVL�EDFN�SUHVVXUH�UHJXODWRU��DQG�KHDWHG�DW�����&�RYHU����PLQ�UHVLGHQFH�WLPH��

7KH� UHDFWLRQ� IORZ�RXWSXW�ZDV� GLUHFWHG� LQWR� WKH� VROYHQW� VZLWFKLQJ� GHYLFH� DW� D� IORZ� UDWH� RI� ����

P/�PLQ����LQWR�WKH�HYDSRUDWLRQ�FKDPEHU�KHDWHG�DW�����&�WR�H[FKDQJH�ZLWK�&'&O�����P/��DW�����

P/�PLQ����ZKLOH�XVLQJ�DLU�IORZ�DW�����P/�PLQ����7KH�FRQFHQWUDWHG�FUXGH�LQ�GHXWHUDWHG�FKORURIRUP�

ZDV� WKHQ� VWUHDPHG� LQWR� WKH� EHQFKWRS�105� DW� ����P/�PLQ��� XVLQJ� ,VPDWHF�� GLJLWDO� SHULVWDOWLF�
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SXPS��VHW�WR�PHDVXUH�D�VHULHV�RI��'�SURWRQ�105�LQ�LQWHUYDOV��7KH�FUXGH�PL[WXUH�ZDV�FRQFHQWUDWHG�

XQGHU�UHGXFHG�SUHVVXUH�DQG�WKH�UHVLGXH�ZDV�SXULILHG�E\�IODVK�FKURPDWRJUDSK\�ZLWK�����(W2$F��

KH[DQH�SURYLGLQJ�F\FORSURSDQH���DV�D�ZKLWH�VROLG�LQ�����\LHOG��

�(��� 2QOLQH� PRQLWRULQJ� RI� HWK\O�QLWURDFHWDWH� �� F\FORSURSDQDWLRQ�� %DVHG� RQ� WKH� RQOLQH�

FRQILJXUDWLRQ� VHW�XS� GHVFULEHG� LQ� ³UHDFWLRQ� PRQLWRULQJ� V\VWHP� DQG� PHWKRGV´� �)LJXUH� 6���� $�

PL[WXUH�RI�3K,�2$F��������PJ������PPRO���5K��HVS������PJ������PRO�����HWK\O�QLWURDFHWDWH���������

�/������PPRO��DQG���WHUW�EXW\OVW\UHQH���������/������PPRO��ZDV�SODFHG�DQG�GLVVROYHG�ZLWK�&'&O��

�����P/�� LQ� DQ� RYHQ� GULHG�5�� JODVV� UHDFWRU� ILWWHG� LQWR� D�9DSRXUWHF�5��XQLW�� XQGHU� DUJRQ��7KH�

UHVXOWDQW�UHDFWLRQ�PL[WXUH�ZDV�VWUHDPHG�WKURXJK�WKH�105�DW�����P/�PLQ���VHW�WR�PHDVXUH�D�VHULHV�

RI��'�SURWRQ�105�LQ� LQWHUYDOV��ZKLOH�FLUFXODWLQJ� WKH� UHDFWLRQ�PL[WXUH� IURP�DQG� WR� WKH� UHDFWRU�

VWLUUHG�DW�����&��7KH�UHVXOWLQJ�FUXGH�PL[WXUH�ZDV�ILOWHUHG�WKURXJK�D�36�78������PJ������PPRO�J�

���� FRQFHQWUDWHG� DQG� SXULILHG� E\� IODVK� FKURPDWRJUDSK\� XVLQJ� ��� (W2$F�� KH[DQH� WR� JLYH�

F\FORSURSDQH�DGGXFW���DV�SDOH�\HOORZ�RLO�LQ��������\LHOG��

�(��� ,QOLQH� PRQLWRULQJ� RI� HWK\O�QLWURDFHWDWH� �� F\FORSURSDQDWLRQ� FRQWLQXRXV� SURFHVV��7KH�

IROORZLQJ�VROXWLRQV�ZHUH�SUHSDUHG���L��D�PL[WXUH�RI�HWK\O�QLWURDFHWDWH���������/������PPRO��ZLWK�

��WHUW�EXW\OVW\UHQH���������/����PPRO��LQ�GU\�'&0����P/���DQG��LL��3K,�2$F��������PJ������PPRO��

ZLWK�5K��HVS������PJ������PRO����LQ�GU\�'&0����P/���8VLQJ�D�9DSRXUWHF�5���5��IORZ�V\VWHP��

ERWK�VROXWLRQV�ZHUH�LQGLYLGXDOO\�ORDGHG�LQWR���P/�3)$�ORRSV�ZKLFK�WKHQ�GHOLYHUHG�VLPXOWDQHRXVO\�

WKURXJK���P/�37)(�IORZ�FRLO��ILWWHG�ZLWK����SVL�EDFN�SUHVVXUH�UHJXODWRU��KHDWHG�DW�����&�RYHU����

PLQ�UHVLGHQFH�WLPH��7KH�UHDFWLRQ�IORZ�RXWSXW�ZDV�GLUHFWHG�LQWR�WKH�VROYHQW�VZLWFKLQJ�GHYLFH�DW�D�

IORZLQJ�UDWH�RI������P/�PLQ��� LQWR�WKH�HYDSRUDWLRQ�FKDPEHU�KHDWHG�DW�����&�� WR�H[FKDQJH�ZLWK�

&'&O�����P/��DW�����P/�PLQ����ZKLOH�XVLQJ�DLU�IORZ�DW�����P/�PLQ����7KH�FRQFHQWUDWHG�FUXGH�LQ�

GHXWHUDWHG�FKORURIRUP�ZDV�WKHQ�VWUHDPHG�LQWR�WKH�EHQFKWRS�105��VHW�WR�FDUU\�D�VHULHV�RI��'�RU�
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�'�SURWRQ�105�H[SHULPHQWV�LQ�LQWHUYDOV��$V�WKH�IORZ�RXWSXW�HPHUJHG�IURP�WKH�105��WKH�FUXGH�

VROXWLRQ�ZDV�ILOWHUHG�WKURXJK�D�SUH�SDFNHG�FROXPQ�RI�36�78������PJ������PPRO�J�����FRQFHQWUDWHG�

DQG�SXULILHG�ZLWK�IODVK�FKURPDWRJUDSK\�XVLQJ�����(W2$F��+H[DQH�WR�JLYH���LQ�����\LHOG�DV�D�OLJKW�

\HOORZ�RLO�RI�(�DQG�=�LVRPHU�FRPELQHG������UDWLR���

�(��� 2SWLPL]HG� FRQWLQXRXV� FRQGLWLRQ� IRU� F\FORSURSDQDWLRQ� RI� HWK\O�QLWURDFHWDWH� ��� 7KH�

IROORZLQJ�VROXWLRQV�ZHUH�SUHSDUHG���L��D�PL[WXUH�RI�HWK\O�QLWURDFHWDWH���������/������PPRO���DQG�

5K��HVS��������PJ������PRO����LQ�GU\�'&0����P/���DQG��LL����WHUW�EXW\OVW\UHQH��� ������/������

PPRO�� LQ� GU\� '&0� ��� P/��� 8VLQJ� D� 9DSRXUWHF� 5���5�� IORZ� V\VWHP�� ERWK� VROXWLRQV� ZHUH�

LQGLYLGXDOO\�ORDGHG�LQWR���P/�37)(�ORRSV��ZKLFK�WKHQ�GHOLYHUHG�VLPXOWDQHRXVO\�DW������P/�PLQ���

HDFK��WKURXJK�DQ�2PQLILW�FROXPQ������P/��FRQWDLQLQJ�3K,�2$F��������J������PPRO��ZLWK���PP�

VL]HG�JODVV�EHDGV��KHDWHG�DW�����&�RYHU����PLQ��$IWHU�SDVVLQJ�WKH�EDFN�SUHVVXUH�UHJXODWRU�����SVL���

WKH�IORZ�RXWSXW�ZDV�VWUHDPHG�WKURXJK�D�SUHSDFNHG�FROXPQ�RI�36�78�FROXPQ����J������PPRO�J�����

7KH� FROOHFWHG� FUXGH� PL[WXUH� ZDV� FRQFHQWUDWHG� XQGHU� UHGXFHG� SUHVVXUH� DQG� SXULILHG� E\� IODVK�

FKURPDWRJUDSK\�XVLQJ����(W2$F�KH[DQH�SURYLGLQJ�F\FORSURSDQH�DGGXFW���DV�D�OLJKW�\HOORZ�RLO�LQ�

����\LHOG�RI�(�DQG�=�LVRPHU�FRPELQHG������UDWLR���

�(���6\QWKHVLV�RI�ELV��PHWKR[\FDUERQ\O��SKHQ\OLRGLQLR��PHWKDQLGH�\OLGH����,Q�D�����P/�RYHQ�

GULHG�IODVN�XQGHU�DUJRQ�FRROHG�WR���&��ZHUH�DGGHG�SHOOHWV�RI�SRWDVVLXP�K\GUR[LGH������J�����PPRO���

GU\�0H&1� ���� P/�� IROORZHG� E\� GLPHWK\O� PDORQDWH� ����� P/�� �� PPRO��� 7KH� UHVXOWLQJ� PLON\�

VXVSHQVLRQ�PL[WXUH�ZDV�WKHQ�VWLUUHG�IRU���PLQXWHV�DW����&��EHIRUH�DGGLWLRQ�RI�3K,�2$F��������J������

PPRO���7KH�UHDFWLRQ�PL[WXUH�ZDV� OHIW� WR�VWLU�IRU���KRXUV�DW����&�OHDGLQJ� WR�D� WKLFN�DQG�FUHDP\�

FRORUHG�PL[WXUH��$IWHU�UHDFWLRQ��+�2�����P/��ZDV�DGGHG�DQG�OHIW�WR�VWLU�IRU���PLQ��IROORZHG�E\�

ILOWUDWLRQ�RI�WKH�IOXII\�VXVSHQVLRQ�XQGHU�YDFXR��7KH�VROLG�ZDV�WKHQ�ZDVKHG�ZLWK�+�2�����P/�î�����

IROORZHG�E\�(W�2�����P/���WKHQ�OHIW�WR�GU\�XQGHU�YDFXXP�IRU����PLQ�DQG�GULHG�XQGHU�KLJK�YDFXXP�

Page 34 of 39

ACS Paragon Plus Environment

Organic Process Research & Development

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



�

6XEPLWWHG�0D\���������� ���

RYHUQLJKW�SURYLGLQJ�LRGRQLXP�\OLGH���LQ��������FUXGH�\LHOGV�DV�D�FUHDP�WR�ZKLWH�VROLG�ZLWK�QR�

IXUWKHU�SXULILFDWLRQ���

�(���,QOLQH�PRQLWRULQJ�RI�F\FORSURSDQDWLRQ�FRQWLQXRXV�SURFHVV�RI�\OLGH�����

8VLQJ�WKH�9DSRXUWHF�5���5��IORZ�V\VWHP��D�VROXWLRQ�RI���WHUW�EXW\OVW\UHQH�������/������PPRO��

DQG��5K��HVS������PJ������PRO����Z�U�W�\OLGH��LQ�GU\�'&0����P/���ZDV�ORDGHG�LQWR���P/�3)$�ORRS�

ZKLFK�ZDV�WKHQ�VWUHDPHG�DW������P/�PLQ���WKURXJK�DQ�2PQLILW�FROXPQ����P/��FRQWDLQLQJ�SKHQ\O�

LRGRQLXP�\OLGH��������PJ����PPRO��ZLWK���PP�VL]HG�JODVV�EHDGV��RYHU����PLQ�UHVLGHQFH�WLPH�DW�

������&�XVLQJ�ZDWHU�LFH�EDWK��7KH�UHDFWLRQ�VWUHDP�RXWSXW��ZDV�VDPSOHG�WR�WKH�$GYLRQ�FRPSDFW�

PDVV�VSHFWURPHWHU�XVLQJ�WKH�5KHRG\QH�05$�VSOLWWLQJ�GHYLFH����SRUWV��WR�SHULRGLFDOO\�VDPSOH�WKH�

SRVW�IORZ�VWUHDP�ZLWK�VSOLW�UDWLR�PDUN�����������XVLQJ�+3/&�FDUULHU�VROYHQW�PL[WXUH�RI�0H&1�+�2�

�����ZLWK����IRUPLF�DFLG��DW�IORZ�UDWH������P/�PLQ����7KH�UHPDLQLQJ�UHDFWLRQ�VWUHDP�RXWSXW�ZDV�

GLUHFWHG�LQWR�WKH�HYDSRUDWLRQ�FKDPEHU�DW�����&��WR�H[FKDQJH�ZLWK�&'&O�����P/��DW�����P/�PLQ����

ZKLOH� XVLQJ� DLU� IORZ� DW� D� UDWH� RI� ����P/�PLQ���� 7KH� FUXGH� LQ� GHXWHUDWHG� FKORURIRUP�ZDV� WKHQ�

VWUHDPHG�WKURXJK�WKH�EHQFKWRS�105��XVLQJ�WKH�37)(�105�FHOO��WR�FDUU\�D�VHULHV�RI��'�SURWRQ�

105�H[SHULPHQWV��7KH�FROOHFWHG�FUXGH�VROXWLRQ�ZDV�WKHQ�ILOWHUHG�WKURXJK�D�36�78������PJ������

PPRO�J�����FRQFHQWUDWHG�DQG�SXULILHG�XVLQJ�IODVK�FKURPDWRJUDSK\�ZLWK�����(W2$F��+H[DQH� WR�

DIIRUG�F\FORSURSDQH�����GLFDUER[\ODWH���DV�D�FRORUOHVV�RLO�LQ�����\LHOG��

�

�

�

�

�

�
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$662&,$7('�&217(17�

6XSSRUWLQJ�,QIRUPDWLRQ�

7KH�6XSSRUWLQJ�,QIRUPDWLRQ�LV�DYDLODEOH�RQ�WKH�$&6�3XEOLFDWLRQV�ZHEVLWH�DW�'2,��[[[[[[[[[[��

,QIRUPDWLRQ� LQFOXGHV�� FKDUDFWHUL]DWLRQ� RI� FRPSRXQGV�� DGGLWLRQDO� GHWDLOV� RI� UHDFWLRQ�PRQLWRULQJ�

PHWKRGV�DQG�VHW�XS���

'DWD�$UFKLYH����

�

�� $87+25�,1)250$7,21�

&RUUHVSRQGLQJ�$XWKRU�

(PDLO���EDWRRODKPHGRPHU#JPDLO�FRP���

7KH�DXWKRUV��%�$�2����(�6���DQG��6�9�/��GHFODUH�QR�FRPSHWLQJ�ILQDQFLDO�LQWHUHVW���

-RKQ�3DXO�&HUURWL�GHFODUHV�WKDW�KH�LV�HPSOR\HG�E\�0DJULWHN�*PE+��WKH�VXSSOLHU�RI�WKH�EHQFKWRS�

105�LQVWUXPHQW�XVHG�LQ�WKLV�VWXG\��

3UHVHQW�$GGUHVVHV�

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�&DPEULGJH��/HQVILHOG�5RDG��&DPEULGJH�&%���(:��

8.��

)XQGLQJ�6RXUFHV�

8QLYHUVLW\�RI�&DPEULGJH�IXQGLQJ�'DSKQH�-DFNVRQ�)HOORZVKLS��%$2���L&21�IXQGLQJ�5*������

WKURXJK�&0$&��(�6����8.�(QJLQHHULQJ�DQG�3K\VLFDO�6FLHQFHV�5HVHDUFK�&RXQFLO��&ULWLFDO�0DVV�

JUDQW��(365&��(3�.������.�����WKH�(365&�&RUH�&DSDELOLW\�JUDQW��(365&�JUDQW�(3�.����������

�(6��DQG��69/���
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�

�� $&.12:/('*0(17��

7KH�DXWKRUV�JUDWHIXOO\�DFNQRZOHGJH�WKH�VXSSRUW�RI�'DSKQH�-DFNVRQ�7UXVW�IRU�WKH�'DSKQH�-DFNVRQ�

)HOORZVKLS�IXQGHG�E\�WKH�8QLYHUVLW\�RI�&DPEULGJH��%$2���&0$&��(6���DQG�8.�(QJLQHHULQJ�DQG�

3K\VLFDO�6FLHQFHV�5HVHDUFK�&RXQFLO�&ULWLFDO�0DVV�JUDQW�DQG�WKH�(365&�&RUH�&DSDELOLW\�JUDQW��

�� $%%5(9,$7,216�

�+�105��SURWRQ�QXFOHDU�PDJQHWLF�UHVRQDQFH��&26<��FRUUHODWLRQ�VSHFWURVFRS\��-�5(6��-�UHVROYHG�

VSHFWURVFRS\��&06��FRPSDFW�PDVV�VSHFWURVFRS\��50��UHDFWLRQ�PRQLWRULQJ��

�

5()(5(1&(6�

��D��=KRX��)��;���%HUWHOV��7��-��%XV��&KHP��������������������E��%DUQKDUW��7��0��&UHDWLQJ�D�/HDQ�

5	'�6\VWHP��7D\ORU�	�)UDQFLV�*URXS��%RFD�5DWRQ��)ORULGD��������
��<X��/��;��3KDUP��5HV���������������������
��$QDVWDV��3��7���:DUQHU��-��&��*UHHQ�&KHPLVWU\��7KHRU\�DQG�3UDFWLFH��2[IRUG�8QLYHUVLW\�3UHVV��

1HZ�<RUN��������
��&KDQGD��$���'DO\��$��0���)ROH\��'��$���/D3DFN��0��$���0XNKHUMHH��6���2UU��-��'���5HLG��*��/���

7KRPSVRQ��'��5���:DUG��+��:��2UJ��3URFHVV�5HV��'HY�������������������
���D��)HUUHLUD��$��3���7RE\Q��0��3KDUP��'HY��7HFKQRO�������������������������E��/DSNLQV��$��$���

&ODXGLD��+��&XUU��2SLQ��&KHP��(QJ����������������
���D��/H\��6��9���)LW]SDWULFN��'��(���%DWWLORFFKLR��&��$��2UJ��3URFHVV�5HV��'HY��������������������

������E��+ROPHV��1���$NLHQ��*��5���6DYDJH��5��-��'���6WDQHWW\��&���%D[HQGDOH��,��5���%ODFNHU��$��-���

7D\ORU��%��$���:RRGZDUG��5��/���0HDGRZVH��5��(���%RXUQH��5��$��5HDFW��&KHP��(QJ��������������

������F��0RRUH��-��6���-HQVHQ��.��)��2UJ��3URFHVV�5HV��'HY������������������������G��:LUWK��7���

5DVKHHG��0��$QJHZ��&KHP��,QW��(G����������������������H��-HQVHQ��.��)���0F0XOOHQ��-��3��2UJ��

3URFHVV�5HV��'HY�����������������������
��D��5RVFLROL��.��0���=KDQJ��;���/L��6��;���*RHW]��*��+���&KHQJ��*���=KDQJ��=���6LHPV��:��)���+LOO��

-U��+��+��,QW��-��0DVV�6SHFWURP���������������������E��/H\��6��9���%URZQH��'��/���%D[HQGDOH��,��5���

7XUQHU��5��0���'XQQDJH��6���'HDGPDQ��%��-���:ULJKW��6��5DSLG�&RPPXQ��0DVV�6SHFWURP��������

���������������������������������������� ���������
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���������������������������������������� ���������������������������������������� ���������������������������������������� ������������������������������������ �

�����������F��/H\��6��9���&DUWHU��&��)���/DQJH��+���%D[HQGDOH��,��5���:LWWNDPS��%���*RRGH��-��*���

*DXQW��1��/��3URFHVV�5HV��'HY��������������������������G��0DU]LDQR��,��6KDUS��'��&��$���'XQQ��3��

-���+DLOH\��3��$��2UJ��3URFHVV�5HV��'HY��������������������
��D��6DQV��9���3RUZRO��/���'UDJRQH��9���&URQLQ��/��&KHP��6FL�����������������������E��)ROH\��'��

$���%H]��(���&RGLQD��$���&ROVRQ��.��/���)H\��0���.UXOO��5���3LUROL��'���=HOO��0��7���0DUTXH]��%��/��

$QDO�� &KHP�� ������ ���� ������������� �F�� )ROH\�� '�$���:DQJ�� -���0DUDQ]DQR�� %��� =HOO��0�� 7���

0DUTXH]��%��/���;LDQJ��<���5HLG��*��/��$QDO��&KHP�����������������������
���D��3DUNHU�7���/LPHU��(���:DWVRQ��$�'���'HIHUQH]��0���:LOOLDPVRQ��'���.DWH�.HPVOH\��(��7UHQGV�

$QDO��&KHP���������������������E��3DJqV��*���*HUGRYD��$���:LOOLDPVRQ��'���*LODUG��9���0DUWLQR��

5���0DOHW�0DUWLQR��0��$QDO��&KHP�������������������������F��'DOLW]��)���&XGDM��0���0DLZDOG��

0���*XWKDXVHQ��*���3URJ��1XFO��0DJQ��5HVRQ��������������������G��*RXLOOHX[��%���&KDUULHU��%���

'DQLHOL���(���'XPH]��-�1���$NRND��6���)HOSLQ��)�;���5RGULJXH]�=XELUL��0���*LUDXGHDX��3��$QDO\VW��

����������������������
���2QOLQH�EHQFKWRS�105�UHDFWLRQ�PRQLWRULQJ��KWWS���ZZZ�PDJULWHN�FRP�ZS�

FRQWHQW�XSORDGV���������0DJULWHN�6SLQVROYH�5HDFWLRQ0RQLWRULQJ�%URFKXUH�'HF��������

ZHE�SGI��ODVW�YLVLWHG�������������
����D��)ROH\��'��$���=HOO��0��7���'XQQ��$��/��0DJQ��5HVRQ��&KHP��������GRL���������PUF������Q�D�

Q�D���E��0RRUH��-��6���-HQVHQ�.��)��$QJHZ��&KHP��,QW��(G����������������������
���/H\��6��9���'HDGPDQ��%��-���6OLZLQVNL��(���%DWWLORFFKLR��&���$��*UHHQ�&KHP�����������������

������
���:LUWK��7���$OWHUPDQQ��6���%LODQG��$��6��ù5.,92&�������YL�����������
���/LQ��6���/L��0���'RQJ��=���/LDQJ��)���=KDQJ��-��2UJ��%LRPRO��&KHP�����������������������
��� �D��*LUDXGHDX��3���5RGULJXH]�=XELUL��0���)HOSLQ��)�;���$NRND��6���'XPH]�� -�1���'DQLHOL��(���

&KDUULHU��%���*RXLOOHX[��%��$QDO\VW������������������������E��*LUDXGHDX��3���)U\GPDQ��/��$QQX��

5HY��$QDO��&KHP��������������������F��=KDQJ��=���6PLWK��3��(��6���)U\GPDQ��/��-��&KHP��3K\V��

��������������������G��)RU�4XLFNFRV\�SOHDVH�YLVLW�KWWS���ZZZ�PDJULWHN�FRP���
����D��&KDUHWWH��$��%���0RUHDX��%��-��$P��&KHP��6RF���������������������������E��&KDUHWWH��$��%���

:XU]��5��3��2UJ��/HWW��������������������������
���&KDUHWWH��$��%���:XU]��5��3��-��2UJ��&KHP�����������������������
���:LUWK��7���2FKLDL��0���9DUYRJOLV��$���=KGDQNLQ��9��9���.RVHU��*��)���7RKPD��+���.LWD��<��7RSLFV�

LQ� &XUUHQW� &KHPLVWU\�� +\SHUYDOHQW� ,RGLQH� &KHPLVWU\�� 0RGHUQ� 'HYHORSPHQWV� LQ� 2UJDQLF�

6\QWKHVLV��6SULQJHU�9HUODJ��%HUOLQ����������������������
���0XOOHU��3���)HUQDQGH]��'��+HOYHWLFD�&KHPLFD�$FWD��������������������
����D��*RXGUHDX��6��5���0DUFRX[��'���&KDUHWWH��$��%��2UJ��6\QWK����������������������E��3RPHUDQW]��

0���/HZPRQ��0���*X��;���5DVLND�'LWWV��+��9��7HWUDKHGURQ�����������������������������
����D��=KX��&���<RVKLPXUD��$���-L��/���:HL��<���1HP\NLQ��9��1���=KGDQNLQ�9��9��2UJ��/HWW��������

��������������������E��/H\��6��9���%D[HQGDOH��,��5���%UXVRWWL��*���&DOGDUHOOL��0���0DVVL��$���1HVL��

0���,,�)DUPDFR���������������������F��/H\��6��9���7KRPDV��$��:���)LQFK��+��-��&KHP��6RF���3HUNLQ�

7UDQV��������������������
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