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VLOLFD� LV� PRUH� DFWLYH� DQG� OHVV� GHDFWLYDWHG� E\� ZDWHU� WKDQ� XQPRGLILHG� RQH�� &2�� KDV� QR� HIIHFW� RQ� FDWDO\WLF
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,QWURGXFWLRQ

,Q� UHFHQW�\HDUV��'0(�KDV� UHFHLYHG�DWWHQWLRQ�DV� DQ�DOWHU�
QDWLYH�� FOHDQ�GLHVHO� IXHO�EHFDXVH�RI� LWV� WKHUPDO�HIILFLHQFLHV
HTXLYDOHQW� WR� WUDGLWLRQDO� GLHVHO� IXHO�� ORZHU� 12[� HPLVVLRQ�
QHDU�]HUR�VPRNH�DQG�OHVV�HQJLQH�QRLVH�����'0(�LV�DOVR�XVHG
DV� D� UDZ� PDWHULDO� IRU� PDNLQJ� FKHPLFDOV� DQG� DHURVRO� SUR�
SHOODQW�VXFK�DV�KDLU�VSUD\��VKDYLQJ�FUHDP�WR�UHSODFH�R]RQH�
GHVWUR\LQJ�FKORURIOXRURFDUERQV��&)&����5HFHQWO\��WKH�SURFHVV
RI�GLUHFW�V\QWKHVLV�RI�'0(�IURP�V\QJDV�KDV�UHFHLYHG�PXFK
DWWHQWLRQ� GXULQJ� WZHQW\� \HDUV� DQG� UHVHDUFKHUV� DW� +DOGRU
7RSVRH�KDYH�GHYHORSHG�D�K\EULG�FDWDO\VW�E\�WKH�DGGLWLRQ�RI
VSHFLDOO\�WUHDWHG�+�=60���WR�WKH�WUDGLWLRQDO�&X�=Q2�$O �2�

PHWKDQRO�V\QWKHVLV�FDWDO\VW����� ,Q�FRQWUDVW� WR� WKH�SURFHVV�RI
'0(�SURGXFWLRQ�IURP�V\QJDV��VLQFH�&2��K\GURJHQDWLRQ�WR
'0(�SURGXFHV� D� ODUJH� DPRXQW� RI�ZDWHU� LQ� ERWK�PHWKDQRO
V\QWKHVLV�DQG�&2�V\QWKHVLV��UHDFWLRQ������� ����WKH�ZDWHU�FDQ
GHDFWLYDWH�WKH�FDWDO\VW��
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;X� HW� DO�� UHSRUWHG� WKDW� PRVW� RI� WKH� WHVWHG� VROLG�DFLGV
GHDFWLYDWHG� LQ� WKH� SUHVHQFH� RI� ZDWHU� GXULQJ� PHWKDQRO� WR
'0(�UHDFWLRQ���:DWHU�LV�EHOLHYHG�WR�EORFN�WKH�DFWLYH�VLWHV�IRU
PHWKDQRO�FRQVXPSWLRQ�WKURXJK�FRPSHWLWLYH�DGVRUSWLRQ�ZLWK
PHWKDQRO�RQ�WKH�FDWDO\VW�VXUIDFH���7KHUHIRUH��LW�LV�QHFHVVDU\
WR�GHYHORS�WKH�FDWDO\VW�KDYLQJ�JRRG�UHVLVWDQFH�WR�WKH�ZDWHU
SURGXFHG�IURP�&2��K\GURJHQDWLRQ�RU�&2��ULFK�V\QJDV��7KH
DLP�RI�WKH�SUHVHQW�VWXG\�LV�WR�HYDOXDWH�WKH�YDULRXV�VROLG�DFLG
FDWDO\VWV�WR�GHYHORS�D�VXLWDEOH�FDWDO\VW�IRU�RQH�VWHS�V\QWKHVLV
RI�GLPHWK\OHWKHU�IURP�&2��K\GURJHQDWLRQ��HVSHFLDOO\�VWDEOH
IRU�KLJK�SDUWLDO�SUHVVXUH�RI�ZDWHU��

([SHULPHQWDO�6HFWLRQ

&DWDO\VW�SUHSDUDWLRQ��7ZR�NLQGV�RI�γ�DOXPLQD�ZHUH�XVHG
LQ�WKLV�VWXG\��2QH�ZDV�FRPPHUFLDO�JUDGH��VWUHP�FKHPLFDOV�
������� DQG� WKH� RWKHU� ZDV� SUHSDUHG� E\� XVLQJ� %RHKPLWH
�&$7$3$/�%��� 7KHVH� DOXPLQD� FDWDO\VWV� ZHUH� FDOFLQHG� DW
����.�XQGHU�IORZLQJ�GU\�DLU�IRU���K��&RPPHUFLDO�6L2��$O�2�

FDWDO\VW� �$OGULFK�� ��� ZW�� 6L2��� ZDV� DOVR� XVHG��0RGLILHG
γ�$O�2��FDWDO\VWV�ZHUH�SUHSDUHG�E\�WKH�LPSUHJQDWLRQ�PHWKRG
ZLWK�WKH�DSSURSULDWH�DPRXQW�RI�+�%2���6KLQ\R�SXUH�FKHPLFDOV�
�������� =U2�12���Â�+�2� �$OGULFK�� ������ DQG� FROORLGDO
VLOLFD� �$OGULFK�� ��� ZW�� 6L2�� VROXWLRQ��� UHVSHFWLYHO\�� 7KH
UHVXOWDQW�PDWHULDOV�ZHUH�GULHG�DW�����.�RYHUQLJKW�IROORZHG
E\�FDOFLQDWLRQ�LQ�DLU�DW�����.�IRU���K��
5HDFWRU�V\VWHP��0HWKDQRO�GHK\GUDWLRQ�ZDV�FDUULHG�RXW�LQ

D� IL[HG�EHG� UHDFWRU� ��� PP� LQQHU� GLDPHWHU�� ��� FP� OHQJWK�
PDGH�RI� VWDLQOHVV� VWHHO� WXEH�� ,Q� D� W\SLFDO� H[SHULPHQW�� HDFK
FDWDO\VW������J��������PHVK��PL[HG�ZLWK���J�RI�TXDUW]�VDQG
ZDV� ORDGHG� LQ� WKH� UHDFWRU��%HIRUH� WKH� UHDFWLRQ�� WKH�FDWDO\VW
ZDV�DFWLYDWHG�LQ�D�VWUHDP�RI�SXUH�1��DW�����.�IRU���K�XQGHU
DWPRVSKHULF�SUHVVXUH��0HWKDQRO�ZDV�LQWURGXFHG�E\�D�V\ULQJH
SXPS��7KH�SURGXFWV�ZHUH�DQDO\]HG�E\�D�JDV�FKURPDWRJUDSK\
HTXLSSHG� ZLWK� WKHUPDO� FRQGXFWLYLW\� DQG� IODPH� LRQL]DWLRQ
GHWHFWRUV�

5HVXOWV�DQG�'LVFXVVLRQ

&KDUDFWHULVWLFV�� 7DEOH� �� VXPPDUL]HV� WKH� VSHFLILF� %(7
VXUIDFH�DUHDV��SRUH�YROXPHV�DQG�SRUH�GLDPHWHUV�RI�WKH�FDWD�
O\VWV� HPSOR\HG� LQ� WKLV� VWXG\�� 7KH� SUHSDUHG� γ�$O�2�� KDV
KLJKHU� VXUIDFH� DUHD� WKDQ� FRPPHUFLDO� RQH��7KH�FRPPHUFLDO
γ�$O�2�� FDWDO\VWV�PRGLILHG�ZLWK�%�2���=U2��� RU�6L2�� KDYH
VRPHZKDW� ORZHU�%(7� VXUIDFH� DUHDV� WKDQ� WKH� RULJLQDO� RQH�
+RZHYHU�� WKH� PRGLILHG� γ�$O�2�� FDWDO\VWV� SUHSDUHG� XVLQJ
ERHKPLWH�KDYH�UHODWLYHO\�KLJKHU�%(7�VXUIDFH�DUHDV�WKDQ�WKH
XQPRGLILHG�γ�$O�2��FDWDO\VW�SUHSDUHG�IURP�ERHKPLWH��,W�ZDV
FRQILUPHG� WKDW� DOO� WKH� γ�$O�2�� DQG�PRGLILHG� γ�$O�2�� FDWD�
O\VWV�KDYH�WKH�VDPH�;5'�SDWWHUQV��
&DWDO\WLF� UHDFWLRQ�� )URP� WKH� LQGXVWULDO� SRLQW� RI� YLHZ�

7R�ZKRP�DOO�FRUUHVSRQGHQFH�VKRXOG�EH�DGGUHVVHG��H�PDLO��NZMXQ
#NULFW�UH�NU�RU�VHSDUN#NULFW�UH�NU
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γ�$O�2�� DQG� 6L2��$O�2�� DUH� HDVLO\� DYDLODEOH� DPRQJ� WKH
VROLG�DFLG�FDWDO\VWV��&RQVHTXHQWO\��WKHVH�WZR�FDWDO\VWV�ZHUH
HPSOR\HG�LQ�PHWKDQRO�GHK\GUDWLRQ�UHDFWLRQ��)LJXUH���VKRZV
WKH�PHWKDQRO�GHK\GUDWLRQ�UHDFWLRQ�DW�GLIIHUHQW�WHPSHUDWXUHV
RYHU�γ�$O�2��DQG����ZW��6L2��$O�2���7KH�SDUWLDO�SUHVVXUH
RI� PHWKDQRO� ZDV� IL[HG� DW� FD�� ������ 7RUU�� 7KH� PHWKDQRO
FRQYHUVLRQ�LQFUHDVHG�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH�IURP����
.� WR� ���� .�� ,Q� WKH� FDVH� RI� FRPPHUFLDO� γ�$O�2�� FDWDO\VW�
PHWKDQRO�FRQYHUVLRQ�UHDFKHV�WKH�HTXLOLEULXP�YDOXH�DW�����.�
,W�LV�ZHOO�NQRZQ�WKDW�WKH�DFLGLW\�RI�6L2��$O�2��GHSHQGV�RQ

WKH�FDOFLQDWLRQ�WHPSHUDWXUH��7R�LQYHVWLJDWH�WKH�HIIHFW�RI�WKH
FDOFLQDWLRQ� WHPSHUDWXUH�� WKH� UHDFWLRQ� ZDV� FRQGXFWHG� RYHU
FRPPHUFLDO� ���� 6L2��$O�2�� FDWDO\VWV� DW� GLIIHUHQW� FDOFL�
QDWLRQ�WHPSHUDWXUHV��)LJXUH�����,W�ZDV�FRQILUPHG�WKDW�EHWWHU
DFWLYLW\�ZDV�REWDLQHG�DW�KLJKHU�FDOFLQDWLRQ�WHPSHUDWXUH��7KLV
LV� SRVVLEO\� GXH� WR� WKH� FKDQJH� RI� ERWK� K\GURSKLOLFLW\� DQG
DFLGLW\��*HQHUDOO\��GHK\GUR[\ODWHG�6L2��$O�2��EHFRPHV�UDWKHU
K\GURSKRELF�UHVXOWLQJ�LQ�WKH�GHFUHDVH�RI�VRUSWLRQ�FDSDFLW\�RI
ZDWHU���:DWHU� EORFNV� WKH� DFWLYH� VLWHV� IRU� PHWKDQRO� GHK\G�
UDWLRQ�WKURXJK�FRPSHWLWLYH�DGVRUSWLRQ�ZLWK�PHWKDQRO�RQ�WKH
FDWDO\VW�VXUIDFH���7KLV�LV�ZK\�WKH�FDWDO\VW�FDOFLQHG�DW�ORZHU
WHPSHUDWXUH�VKRZHG� ORZHU�DFWLYLW\��%HVLGHV�� WKH�KLJK� WHPSHU�
DWXUH�FDOFLQDWLRQ�PD\�FKDQJH�WKH�VWUHQJWK�RI�WKH�DFLGLW\�
7R�WHVW�WKH�VWDELOLW\�ZLWK�WLPH�RQ�VWUHDP��PHWKDQRO�GHK\G�

UDWLRQ�UHDFWLRQ�ZDV�FRQGXFWHG�RYHU�WZR�FRPPHUFLDO�FDWDO\VWV
IRU�����K��$V� VKRZQ� LQ�)LJXUH����γ�$O�2��H[KLELWHG� VWDEOH
DFWLYLW\� IRU� ���� K� DW� ���� .�� ,Q� WKH� FDVH� RI� 6L2��$O�2��

PHWKDQRO�FRQYHUVLRQ�VOLJKWO\�GHFUHDVHG� LQ� WKH� LQLWLDO� VWDJH�
EXW�WKH�VWDEOH�DFWLYLW\�ZDV�PDLQWDLQHG�DIWHU����K��;X�HW�DO��

UHSRUWHG� WKDW�γ�$O�2�� VKRZHG�DQ� LQLWLDO� GHDFWLYDWLRQ� LQ� WKH
ILUVW����K��7KLV�UHVXOW�LV�GLIIHUHQW�IURP�RXUV��7KLV�LV�OLNHO\�GXH
WR� WKH� GLIIHUHQFH� LQ� WKH� NLQG� RI� WKH� FRPPHUFLDO� γ�$O�2�

FDWDO\VWV�XVHG�
7R�VXUYH\� WKH�HIIHFW�RI�ZDWHU�RQ� WKH�FDWDO\WLF�DFWLYLW\�RI

γ�$O�2���ZDWHU�ZDV�LQWURGXFHG�WR�WKH�UHDFWDQW�ZLWK�WKH�SDUWLDO
SUHVVXUH�RI����7RUU��$V� VKRZQ� LQ�)LJXUH���� WKH� DFWLYLW\� RI
γ�$O�2�� VLJQLILFDQWO\� GHFUHDVHG� E\� WKH� DGGLWLRQ� RI� ZDWHU�
7KHVH� UHVXOWV�DUH�FRQVLVWHQW�ZLWK�RWKHUV��;X�HW�DO�� UHSRUWHG
WKDW�ZDWHU�KDV�D�SRLVRQLQJ�HIIHFW�RQ�WKH�FDWDO\WLF�DFWLYLW\�IRU

7DEOH� ��� 7KH� %(7� VXUIDFH� DUHD� RI� γ�DOXPLQD� DQG� PRGLILHG
γ�DOXPLQD�FDWDO\VWV
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6�� GHQRWHV� FRPPHUFLDO� γ�$O�2�� SXUFKDVHG� IURP� 6WUHP�� %�� GHQRWHV
γ�$O�2��SUHSDUHG�IURP�%RHKPLWH�

)LJXUH� ��� 0HWKDQRO� FRQYHUVLRQ� YV�� UHDFWLRQ� WHPSHUDWXUH� RYHU
γ�$O�2�� DQG� 6L2��$O�2�� �1��  � ���P/�PLQ�� 30H2+�  � ������ 7RUU�
FDWDO\VW�ORDGLQJ� �����J��

)LJXUH� ��� 7KH� HIIHFW� RI� FDOFLQDWLRQ� WHPSHUDWXUH� RQ� PHWKDQRO
GHK\GUDWLRQ� RYHU� 6L2��$O�2�� �1��  � ��� P/�PLQ�� 30H2+�  � �����
7RUU��FDWDO\VW�ORDGLQJ� �����J��

)LJXUH����&DWDO\WLF�VWDELOLW\�WHVW�RI�γ�$O�2��DQG�6L2��$O�2���1�� 
���P/�PLQ��30H2+� �������7RUU��7� �����.��FDWDO\VW�ORDGLQJ� ����
J��

)LJXUH� ��� 7KH� HIIHFW� RI� ZDWHU� RQ� PHWKDQRO� GHK\GUDWLRQ� RYHU
γ�$O�2���1�� ����P/�PLQ��30H2+� �������7RUU�ZLWKRXW�ZDWHU��30H2+
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'0(�IRUPDWLRQ���:DWHU�PROHFXOHV�VHHP�WR�SUHRFFXS\�DFLG
VLWHV�RQ�FDWDO\VW�DQG�SUHYHQW�PHWKDQRO�IURP�EHLQJ�DGVRUEHG
RQWR� WKH�VLWHV��/HZLV�DFLG�VLWH�FDQ�EH�FKDQJHG� WR�%U|QVWHG
DFLG�VLWH� LQ� WKH� SUHVHQFH� RI� ZDWHU�� ,W� LV� DOVR� NQRZQ� WKDW
%U|QVWHG� DFLG�VLWH� RQ� γ�$O�2�� LV� YHU\� ZHDN��� 0RUHRYHU�
NLQHWLF�GDWD�FRQILUP�WKDW�DFWLYDWLRQ�HQHUJ\�LQFUHDVHV�ZLWK�WKH
DGGLWLRQ�RI�ZDWHU��SRVVLEO\�GXH�WR�WKH�EORFNLQJ�RI�WKH�DFWLYH
VLWHV� E\� ZDWHU�� $W� KLJK�ZDWHU� FRYHUDJH�� WKH� KHDW� RI� ZDWHU
DGVRUSWLRQ�RQ�γ�$O�2��LV�NQRZQ�WR�EH�DSSUR[LPDWHO\����NFDO�
PRO����FRQVLVWHQW�ZLWK� WKH� LQFUHDVH� LQ�DFWLYDWLRQ�HQHUJ\�IRU
'0(� V\QWKHVLV�� ,Q� DGGLWLRQ�� ZKHQ� ZDWHU� LV� DGGHG� WR� WKH
UHDFWLRQ�V\VWHP��WKH�HTXLOLEULXP�VKLIWV�EDFNZDUG��7KHUHIRUH�
WKH�SUHVHQFH�RI�ODUJH�DPRXQW�RI�ZDWHU�ZLOO�FOHDUO\�UHWDUG�WKH
PHWKDQRO�GHK\GUDWLRQ�DFWLYLW\��
7R� LQYHVWLJDWH� WKH� HIIHFW� RI� &2��� D� ZHDN� DFLG�� RQ� WKH

FDWDO\WLF�DFWLYLW\�RI�γ�$O�2���&2��ZDV�XVHG�DV�D�FDUULHU�JDV
LQVWHDG�RI�1���$V�VKRZQ�LQ�)LJXUH����&2��KDV�QR�HIIHFW�RQ
PHWKDQRO�GHK\GUDWLRQ�RYHU�γ�$O�2���7KLV�UHVXOW�VXJJHVWV�WKH
DEVHQFH�RI� KLJK�EDVLF�� DFWLYH� VLWHV� RQ� WKH� VXUIDFH�� LQ� JRRG
DJUHHPHQW�ZLWK�;X�HW�DO�¶V�UHVXOW���
7R� VHH� WKH� HIIHFW� RI� FRQWDFW� WLPH��PHWKDQRO� GHK\GUDWLRQ

UHDFWLRQ�ZDV�FDUULHG�RXW�ZLWK�WKH�FKDQJH�RI�FDWDO\VW�DPRXQW
DW� ���� .�� $FFRUGLQJ� WR� )LJXUH� ��� LW� LV� FOHDU� WKDW� γ�$O�2�

UHDFKHV� WKH� WKHUPRG\QDPLF� HTXLOLEULXP� DERYH� WKH� FDWDO\VW
DPRXQW�RI�����J��,Q�WKH�SUHVHQFH�RI�ZDWHU��ZDWHU�SUHVVXUH� 
���7RUU���PRUH� WKDQ� �� J� FDWDO\VW� LV� QHFHVVDU\� WR� UHDFK� WKH

HTXLOLEULXP� FRQYHUVLRQ�� ,Q� RWKHU� ZRUGV�� PHWKDQRO� FRQYHU�
VLRQ� LQFUHDVHV� ZLWK� LQFUHDVLQJ� WKH� DPRXQW� RI� FDWDO\VW� DQG
GRHV�QRW�UHDFK�WKH�HTXLOLEULXP�YDOXH�LQ�WKH�SUHVHQFH�RI�ZDWHU�
7KLV� VXJJHVWV� WKDW� WKH� GHFUHDVH� RI�PHWKDQRO� FRQYHUVLRQ� LQ
WKH�SUHVHQFH�RI�ZDWHU�LV�QRW�GXH�WR�WKH�HTXLOLEULXP�OLPLW�EXW
PDLQO\�GXH�WR�WKH�FDWDO\VW�GHDFWLYDWLRQ��
$FFRUGLQJ�WR�WKH�DERYH�UHVXOWV��LW�FDQ�EH�H[SHFWHG�WKDW�WKH

DPRXQW� RI�ZDWHU� DGVRUEHG� VKRXOG� EH� GHFUHDVHG� WR� DFKLHYH
EHWWHU�DFWLYLW\�RYHU�γ�$O�2���7KXV��γ�$O�2��ZDV�LQ�VLWX�SUH�
WUHDWHG�DW�����.�IRU���K�XQGHU�1��DWPRVSKHUH�WR�UHPRYH�WKH
ZDWHU�DGVRUEHG�RQ� WKH�FDWDO\VW� VXUIDFH�EHIRUH� WKH� UHDFWLRQ�
7HPSHUDWXUH�ZDV�IL[HG�DW�����.�EHFDXVH�WKH�WHPSHUDWXUH�LV
WKH� KLJK� OLPLW� DOORZDEOH� LQ� '0(� V\QWKHVLV�� RYHU� ZKLFK
WHPSHUDWXUH�WKH�IRUPDWLRQ�RI�K\GURFDUERQV�DV�E\�SURGXFWV�LV
LQHYLWDEOH��7DEOH���VXPPDUL]HV�WKH�UHVXOWV��,Q�WKH�DEVHQFH�RI
ZDWHU��WKH�FRQYHUVLRQ�RI�SUHWUHDWHG�FDWDO\VW�ZDV�����KLJKHU
WKDQ�WKDW�RI�XQWUHDWHG�FDWDO\VW��$OVR�LQ�WKH�SUHVHQFH�RI�ZDWHU�
WKH�FRQYHUVLRQ�RI�SUHWUHDWHG�FDWDO\VW�ZDV�KLJKHU�WKDQ�WKDW�RI
XQWUHDWHG�FDWDO\VW�E\�����
0RGLILFDWLRQ�RI�γγ�$O�2���7R�LPSURYH�WKH�FDWDO\WLF�SHUIRU�

PDQFH�� WKH� FRPPHUFLDO� γ�$O�2��ZDV�PRGLILHG�ZLWK�%�� =U�
DQG�6L�� UHVSHFWLYHO\��7KH�SUHSDUHG� γ�$O�2�� IURP�%RHKPLWH
ZDV�DOVR�PRGLILHG�ZLWK�WKH�VDPH�FRPSRQHQW��7DEOH���VXP�
PDUL]HV� WKH� DFWLYLW\� FRPSDULVRQ� RYHU� YDULRXV� PRGLILHG
γ�$O�2�� FDWDO\VWV�� %�2��PRGLILHG� FDWDO\VWV� VKRZHG� UDWKHU
ORZHU�DFWLYLWLHV�EXW�=U2��PRGLILHG�FDWDO\VWV�VKRZHG�DOPRVW
VLPLODU�SHUIRUPDQFHV�LQ�FRPSDULVRQ�ZLWK�XQPRGLILHG�γ�$O�2��
+RZHYHU��6L2��PRGLILHG�FDWDO\VWV�VKRZHG�EHWWHU�SHUIRUPDQFH

)LJXUH����7KH�HIIHFW�RI�&2��RQ�PHWKDQRO�GHK\GUDWLRQ�RYHU�γ�$O�2�

�1�� ����P/�PLQ��30H2+� �������7RUU��7� �����.��FDWDO\VW�ORDGLQJ
 �����J��

)LJXUH����7KH�HIIHFW�RI�FRQWDFW�WLPH�RQ�PHWKDQRO�GHK\GUDWLRQ�RYHU
γ�$O�2���1�� ����P/�PLQ��30H2+� �������7RUU�ZLWKRXW�ZDWHU��30H2+
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