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+LJKO\ VHQVLWLYH IOXRUHVFHQW GHWHUPLQDWLRQ RI VXOILGH XVLQJ�

%6$�FDSSHG &G6 TXDQWXP GRWV�

:HLGDQ 1D� ;LDRWRQJ /LX� 7LDQ\X +X DQG ;LQJJXDQJ 6X �
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'HSDUWPHQW RI $QDO\WLFDO &KHPLVWU\� &ROOHJH RI &KHPLVWU\� -LOLQ 8QLYHUVLW\� &KDQJFKXQ� ���������

&KLQD��

&RUUHVSRQGLQJ DXWKRU� 7HO�� ����������������� (�PDLO DGGUHVV� VX[J#MOX�HGX�FQ��
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7KLV ZRUN SUHVHQWHG D QRYHO QDQRVHQVRU IRU UDSLGO\ GHWHFWLRQ RI VXOILGHÈZKLFK ZDV EDVHG RQ WKH��

IOXRUHVFHQFH ³WXUQ RII�RQ´ RI ERYLQH VHUXP DOEXPLQ�FDSSHG &G6 TXDQWXP GRWV �%6$�&G6 4'V����

&G�� FRXOG UHDFW ZLWK 6�� WR JHQHUDWH IOXRUHVFHQW &G6 4'V LQ WKH SUHVHQFH RI %6$� :KHQ 3E�,,���

ZDV DGGHG WR WKH %6$�&G6 4'V VROXWLRQ� WKH IOXRUHVFHQFH RI &G6 4'V ZRXOG ³WXUQ RII´ GXH WR��

WKH FRRUGLQDWLRQ RI WKH 3E�,,� DQG %6$ SUHVHQWHG RQ WKH &G6 4'V VXUIDFH� 7KH TXHQFKHG��

IOXRUHVFHQFH RI &G6 4'V FRXOG EH ³WXUQ RQ´ XSRQ WKH DGGLWLRQ RI VXOILGH E\ IRUPLQJ WKH VWDEOH��

3E6 FRPSRXQG� 4XDQWLWDWLYH DQDO\VLV ZDV SHUIRUPHG E\ PRQLWRULQJ WKH IOXRUHVFHQFH LQWHQVLW\��

YDULDWLRQ RI &G6 4'V� 8QGHU WKH RSWLPXP FRQGLWLRQV� D JRRG OLQHDU UDQJH IRU VXOILGH GHWHFWLRQ��

IURP �������� �PRO�/ ZDV UHDOL]HG� :LWK WKH GHWHFWLRQ OLPLW GRZQ WR ���î���� PRO�/� WKH��

QDQRVHQVRU H[KLELWHG JRRG VHOHFWLYLW\ IRU VXOILGH LQ WKH SUHVHQFH RI RWKHU DQLRQV���

��

.H\ ZRUGV VXOILGH DQLRQV� IOXRUHVFHQFH GHWHFWLRQ� &G6 TXDQWXP GRWV��

��

�� ,QWURGXFWLRQ��

6XOILGH LV ZLGHO\ SUHVHQW LQ PDQ\ HQYLURQPHQWV� DV VXOILGH DQLRQV DUH JHQHUDWHG QRW RQO\ DV D��

E\SURGXFW IURP LQGXVWULDO SURFHVVHV EXW DOVR LQ ELR V\VWHPV�� 6XOILGH LV ZLGHO\ XVHG LQ GLIIHUHQW��

ILHOGV� IRU LQVWDQFH� FRQYHUVLRQ LQWR VXOIXU DQG VXOIXULF DFLG� G\HV DQG FRVPHWLF PDQXIDFWXULQJ���

SURGXFWLRQ RI ZRRG SXOS�� ([SRVXUH WR D KLJK OHYHO RI VXOILGH FDQ FDXVH DGYHUVH HIIHFWV RQ KXPDQ��

KHDOWK LQFOXGLQJ ORVV RI FRQVFLRXVQHVV� LUULWDWLRQ RI PXFRXV PHPEUDQHV� DQG UHVSLUDWRU\ SDUDO\VLV���

2QFH SURWRQDWHG� VXOILGH DQLRQV WXUQV LQWR +6í RU +�6 ZKLFK DUH PRUH WR[LF DQG FDXVWLF� 5HFHQW��

VWXGLHV KDYH VKRZQ WKDW SURWRQDWHG VXOILGH LV LQYROYHG LQ PXOWLSOH SK\VLRORJLFDO SURFHVVHV� )RU��

H[DPSOH� FDXVH D UHGXFWLRQ LQ EORRG SUHVVXUH� LQKLELWLRQ RI LQVXOLQ VLJQDOLQJ DQG UHJXODWLRQ RI��

LQIODPPDWLRQ���� ,Q DGGLWLRQ� LW LV UHODWHG WR VHYHUDO GLVHDVHV� VXFK DV $O]KHLPHU
V GLVHDVH� 'RZQ
V��

V\QGURPH� GLDEHWHV� DQG OLYHU FLUUKRVLV���� %HFDXVH RI WKH ZLGHO\ VSUHDG RI VXOILGH DQLRQV DQG WKH��

KD]DUGRXV HIIHFW WR ERWK KXPDQV DQG RWKHU RUJDQLVPV� WKH GHYHORSPHQW RI VHOHFWLYH DQG VHQVLWLYH��

GHWHFWLRQ RI VXOILGH KDV DWWUDFWHG LQFUHDVLQJ DWWHQWLRQV���

8S WR GDWH� PDQ\ VWUDWHJLHV KDYH EHHQ SURSRVHG IRU WKH GHWHFWLRQ RI VXOILGH DQLRQV� :KHUHDV��

WKH PRVW XVHIXO DQG HIIHFWLYH PHWKRG IRU VXOILGH DQLRQV GHWHFWLRQ DUH WKH IOXRUHVFHQFH�EDVHG��

PHWKRGV� 5HFHQWO\� VHYHUDO JURXSV KDYH PDGH JUHDW SURJUHVV LQ WKH GHYHORSPHQW RI IOXRUHVFHQFH��
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SUREHV IRU PRQLWRULQJ VXOILGH DQLRQV� 7KHVH SUREHV DUH PDLQO\ EDVHG RQ VSHFLILF VXOILGH LQGXFHG��

UHDFWLRQV� LQFOXGLQJ TXHQFKHU �VXFK DV FRSSHU�,,�� UHPRYDO����� D]LGH UHGXFWLRQ������ QLWUR UHGXFWLRQ��

�� DQG QXFOHRSKLOLF UHDFWLRQ ����� WR DFKLHYH D IOXRUHVFHQW WXUQ�RQ UHVSRQVH� =KDQJ HW DO� GHVLJQHG��

DQG V\QWKHVL]HG D KLJKO\ OXPLQHVFHQW 5X�,,�±ELS\ULGLQH FRPSOH[� ,W FRXOG UHDFW ZLWK &X�� WR IRUP��

D KHWHUR ELPHWDOOLF 5X�,,�±&X�,,� FRPSOH[� WKH OXPLQHVFHQFH ZDV VWURQJO\ TXHQFKHG WKURXJK DQ��

H[FLWHG�VWDWH HOHFWURQ WUDQVIHU PHFKDQLVP� ,Q WKH SUHVHQFH RI VXOILGH� GXH WR WKH KLJK DIILQLW\ RI 6����

WR &X��� VWDEOH &X6 ZDV IRUPHG DQG WKH OXPLQHVFHQFH RI WKH 5X�,,� FRPSOH[ ZDV UHVWRUHG >�@� <H��

HW DO� GHVLJQHG DQG V\QWKHVL]HG D GLQXFOHDU UXWKHQLXP�,,�±FRSSHU�,,� FRPSOH[���

>5X�ES\���SKHQ�F\F�&X@�3)���� ZLWK ZHDNO\ OXPLQHVFHQFH� ZKLFK FRXOG UDSLGO\ UHDFW ZLWK +�6��

DQG JLYH D VWURQJ UHG OXPLQHVFHQFH VLJQDO LQ DTXHRXV PHGLD�� 7KHVH OXPLQHVFHQW SUREHV FRXOG EH��

XVHG IRU WKH UDSLG DQG DFFXUDWH GHWHFWLRQ RI VXOILGH DQLRQV� +RZHYHU� WKH GHYHORSPHQW RI VXFK��

FKHPLFDO FRPSRXQGV XVXDOO\ UHTXLUHV D ZKROH VHW RI VRSKLVWLFDWHG RUJDQLF UHDFWLRQV DQG��

SXULILFDWLRQ� 3UREHV EHDULQJ WKHVH IXQFWLRQDO JURXS XVXDOO\ KDYH WKH ORZ VROXELOLW\ LQ DTXHRXV��

VROXWLRQ ZKLFK QHHGV RUJDQLF VROYHQWV IRU VXOILGH DQLRQV GHWHFWLRQ���

6HPLFRQGXFWRU TXDQWXP GRWV �4'V� KDYH JHQHUDWHG PDUYHORXV LQWHUHVW LQ WKH ILHOGV RI��

SK\VLFV� FKHPLVWU\ DQG ELRORJ\ RZLQJ WR WKHLU LGHDO RSWLFDO SURSHUWLHV LQ WKH SDVW GHFDGH� $V D FODVV��

RI IOXRUHVFHQFH SUREH� 4'V ZLWK YDULDEOH VXUIDFH FDSSLQJ OLJDQGV KDYH EHHQ H[WHQVLYHO\ XVHG IRU��

FHOO ODEHOLQJ� WXPRU LPDJLQJ DQG FOLQLFDO GLDJQRVLV LQ ELRORJ\ DQG PHGLFLQH������ 7KH\ DUH XVXDOO\��

XVHG WR GHWHFW FDWLRQV VXFK DV 3E��� &G�� DQG +J�� YLD DQDO\WH�LQGXFHG FKDQJHV LQ��

SKRWROXPLQHVFHQFH LQ DTXHRXV VROXWLRQ��� 5HFHQWO\� 4'V KDYH EHHQ DSSOLHG WR WKH GHWHFWLRQ RI��

DQLRQV DV ZHOO� *RUH HW DO� GHVLJQHG D VLPSOH IOXRUHVFHQW SUREH IRU WKH GLUHFW GHWHFWLRQ RI VXOILGH��

DQLRQV E\ YLUWXH RI WKH IOXRUHVFHQFH TXHQFKLQJ RI 03$�FDSSHG &G6 4'V��� 5DMDEL HW DO� UHSRUWHG��

D VLPSOH� IDVW SUHFLSLWDWLRQ PHWKRG IRU SUHSDULQJ WKH XOWUD�VPDOO =Q����0Q����6 TXDQWXP GRWV LQ��

DTXHRXV PHGLD� ZKRVH IOXRUHVFHQFH FRXOG EH HIIHFWLYHO\ TXHQFKHG E\ VXOILGH DQLRQV YLD WKH��

HIIHFWLYH HOHFWURQ WUDQVIHU IURP 4'V WR VXOILGH DQLRQV��� 7KH 4'V�EDVHG PHWKRGRORJ\ DUH VLPSOH��

DQG TXLWH VWUDLJKWIRUZDUG DQG FRXOG UHDOL]HG D FRPSDUDWLYH ORZ GHWHFWLRQ OLPLW���

,Q WKLV ZRUN� ZH SUHVHQWHG D QRYHO VHQVLQJ PHWKRG E\ XVLQJ &G6 4'V�EDVHG UHFHSWRU IRU��

VXOILGH DQLRQV UHFRJQLWLRQ� $V VKRZQ LQ 6FKHPH �� WKH IOXRUHVFHQW &G6 4'V FRXOG EH JHQHUDWHG LQ��

WKH SUHVHQFH RI &G��� 6�� DQG %6$� 7KH %6$ VHUYHG DV WKH FDSSLQJ PROHFXOH DQG ZDV HPSOR\HG WR��

UHQGHU WKH &G6 4'V VWDEOH DJDLQVW DJJUHJDWLRQ DQG ZDWHU�VROXEOH� $V ZHOO�NQRZQ� WKH��
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IOXRUHVFHQFH SURSHUWLHV RI 4'V KDG D FORVH FRQQHFWLRQ WR WKH FRPSRVLWLRQ RI VXUIDFH FDSSHG OD\HUV���

$EXQGDQW DPLQR JURXSV� �� GLVXOILGH ERQG DQG � WKLRO H[LVWHG RQ WKH %6$ RI 4'V� WKXV� WKH��

VXUIDFH RI WKH %6$�&G6 4'V FRXOG HIIHFWLYHO\ ELQG SE�� YLD IRUPLQJ 3E���%6$�&G6 FRPSOH[���

ZKLFK FRXOG OHDG WR WKH IOXRUHVFHQFH TXHQFKLQJ YLD D FKDUJH WUDQVIHU SURFHVV RQ WKH VXUIDFH RI WKH��

4'V� 7KH DGGLWLRQ RI 6�� DQLRQV FRXOG WXUQ RQ WKH IOXRUHVFHQFH RI %6$�&G6 4'V� EHFDXVH 6����

FRXOG VQDWFK WKH 3E�� LRQV IURP WKH 3E���%6$�&G6 FRPSOH[ WR IRUP PRUH VWDEOH 3E6� 'XH WR WKH��

UHODWLYHO\ HDV\ GHVLJQ DQG FRQYHQLHQW KDQGOLQJ� ZH GHYHORSHG D QRYHO IOXRUHVFHQFH SUREH IRU UDSLG��

DQG KLJKO\ VHQVLWLYH GHWHFWLRQ RI VXOILGH���

��

��

��

6FKHPH � 6FKHPDWLF LOOXVWUDWLRQ RI WKH %6$�&G6 4'V�EDVHG VHQVLQJ V\VWHP IRU VXOILGH GHWHFWLRQ����

���

�� ([SHULPHQWDO VHFWLRQ���

��� UHDJHQWV���

$OO UHDJHQWV ZHUH RI DW OHDVW DQDO\WLFDO JUDGH� 7KH ZDWHU XVHG LQ DOO H[SHULPHQWV KDG D UHVLVWLYLW\���

KLJKHU WKDQ �� 0 FP��� &DGPLXP �,,� FKORULGH �&G&O��� VRGLXP K\GUR[LGH �1D2+�����

6RGLXPVXOILGH QRQDK\GUDWH �1D�6��+�2�� WULK\GUR[\PHWK\O DPLQRPHWKDQH �7ULV� DQG���

K\GURFKORULF DFLG ZHUH SXUFKDVHG IURP %HLMLQJ &KHPLFDO :RUNV� /HDG �,,� DQG %RYLQH VHUXP���

DOEXPLQ ZHUH SXUFKDVHG IURP 6LJPD�$OGULFK &RUSRUDWLRQ� 7KH ��� PRO�/ 7ULV�+&O EXIIHUHG���
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VROXWLRQ �S+ ���� ZDV XVHG DV WKH PHGLXP IRU GHWHFWLRQ SURFHVV����

��� $SSDUDWXV���

7KH IOXRUHVFHQFH VSHFWUD ZHUH REWDLQHG E\ XVLQJ D 6KLPDG]X 5)����� 3&���

VSHFWURIOXRURSKRWRPHWHU HTXLSSHG ZLWK D [HQRQ ODPS XVLQJ ULJKW�DQJOH JHRPHWU\� 89�YLV���

DEVRUSWLRQ VSHFWUD ZHUH REWDLQHG E\ D 9DULDQ *%& &LQWUD ��H 89�YLV VSHFWURPHWHU� ,Q ERWK���

H[SHULPHQWV� D � FP SDWK�OHQJWK TXDUW] FXYHWWH ZDV XVHG� )7�,5 VSHFWUD ZHUH UHFRUGHG ZLWK D���

%UXNHU ,)6��9 )7�,5 VSHFWURPHWHU HTXLSSHG ZLWK D '*76 GHWHFWRU� $OO S+ PHDVXUHPHQWV ZHUH���

PDGH ZLWK D 3+6��& S+ PHWHU� 7UDQVPLVVLRQ HOHFWURQ PLFURVFRS\ �7(0� H[SHULPHQWV ZHUH���

SHUIRUPHG RQ D 3KLOLSV 7HFQDL )�� 7(0 RSHUDWLQJ DW ��� .9 DFFHOHUDWLRQ YROWDJH� 7KH ;�5D\���

SRZGHU 'LIIUDFWLRQ �;5'� SDWWHUQV ZHUH REWDLQHG E\ D (PS\UHDQ ;5'� 6DPSOHV XVHG IRU ;5'���

PHDVXUHPHQWV ZHUH VROLG SRZGHUV SUHSDUHG E\ GU\LQJ WKH 4' SUHFLSLWDWH LQ YDFXXP����

���

��� 3UHSDUDWLRQ RI %6$�&G6 4'V���

%6$�&G6 4'V ZHUH V\QWKHVL]HG LQ DTXHRXV VROXWLRQ� ��� �/ ��� PPRO�/ %6$ VROXWLRQ� ��� �/���

�� PPRO�/ &G&O� VROXWLRQ DQG ��� PRO�/ 7ULV�+&O EXIIHU �S+ ���� ��� �/� ZHUH DGGHG LQWR � P/���

FDOLEUDWHG WHVW WXEH� DQG VKDNHQ WKRURXJKO\ IRU �� PLQXWHV� $IWHU WKDW� �� �/ �� PPRO�/ 1D�6���

VROXWLRQ ZDV DGGHG LQWR WKH WHVW WXEH DQG GLOXWHG WR ���� �/ ZLWK GHLRQL]HG ZDWHU IROORZHG E\ WKH���

WKRURXJKO\ VKDNLQJ DQG HTXLOLEUDWHG IRU �� PLQXWHV� $OO WKH UHDFWLRQ FRQGLWLRQV IRU WKH SUHSDUDWLRQ���

RI %6$�&G6 4'V KDYH EHHQ RSWLPL]HG� �� �/ %6$�&G6 4'V ZDV GLOXWHG WR ���� �/ ZLWK���

GHLRQL]HG ZDWHU� 7KH IOXRUHVFHQFH VSHFWUD ZHUH UHFRUGHG IURP ��� QP WR ��� QP ZLWK WKH���

H[FLWDWLRQ ZDYHOHQJWK RI ��� QP� 7KH VOLW ZLGWKV RI H[FLWDWLRQ DQG HPLVVLRQ ZHUH ERWK �� QP����

��� 7KH TXHQFKLQJ HIIHFW RI 3E��RQ WKH %6$�&G6 4'V���

7KH %6$�&G6 4'V VROXWLRQ ��� �/�� ���PRO�/ 7ULV�+&O EXIIHU �S+ ���� ����/�� DQG GLIIHUHQW���

DPRXQW RI 3E�� ZDV DGGHG LQWR D ��� P/ FDOLEUDWHG WHVW WXEH� 7KHQ� WKH VROXWLRQ ZDV GLOXWHG WR���

���� �/ ZLWK GHLRQL]HG ZDWHU IROORZHG E\ WKH WKRURXJKO\ VKDNLQJ DQG HTXLOLEUDWHG IRU � PLQ XQWLO���

WKH VROXWLRQ ZDV IXOO\ PL[HG� 7KH IOXRUHVFHQFH VSHFWUD ZHUH UHFRUGHG IURP ��� QP WR ��� QP���

ZLWK WKH H[FLWDWLRQ ZDYHOHQJWK RI ��� QP� 7KH VOLW ZLGWKV RI H[FLWDWLRQ DQG HPLVVLRQ ZHUH ERWK �����
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QP����

��� 7KH GHWHFWLRQ RI VXOILGH���

�� �PRO�/ 3E�� ZDV DGGHG WR D �PO WHVW WXEH FRQWDLQLQJ �� �/ %6$�&G6 4'V VROXWLRQ DQG �����

PPRO S+ ��� 7ULV�+&O EXIIHU� DQG WKH PL[WXUH ZDV LQFXEDWHG IRU � PLQ� 'LIIHUHQW FRQFHQWUDWLRQV���

RI VXOILGH ZHUH VXFFHVVLYHO\ DGGHG LQWR WKH FDOLEUDWHG WHVW WXEH DQG GLOXWHG WR WKH ���P/ PDUN ZLWK���

GHLRQL]HG ZDWHU IROORZHG E\ WKH WKRURXJKO\ VKDNLQJ� 7KH RWKHU SURFHVV ZDV WKH VDPH DV WKDW LQ WKH���

GHWHFWLRQ RI 3E��� 7KH IOXRUHVFHQFH �)/� LQWHQVLW\ RI WKH PD[LPXP HPLVVLRQ SHDN ZDV XVHG IRU WKH���

TXDQWLWDWLYH DQDO\VLV RI VXOILGH����

��� 'LVSRVDO RI ODNH ZDWHU VDPSOH���

7KH ODNH ZDWHU VDPSOHV ZHUH REWDLQHG IURP WKH 1DQKX ODNH LQ &KDQJFKXQ� 7KH ODNH ZDWHU VDPSOHV���

ZHUH ILOWHUHG VHYHUDO WLPHV WKURXJK TXDOLWDWLYH ILOWHU SDSHU EHIRUH DQDO\VLV DQG GLIIHUHQW���

FRQFHQWUDWLRQV RI VXOILGH ZHUH DGGHG WR SUHSDUH WKH VSLNHG VDPSOHV����

�� 5HVXOWV DQG 'LVFXVVLRQ���

��� 6SHFWUD RI WKH %6$�&G6 4'V���

7(0 LPDJH LQ )LJ� ��$� UHYHDOHG WKH VKDSH RI %6$�&G6 4'V ZDV QHDUO\ VSKHULFDO ZLWK WKH���

DYHUDJH GLDPHWHU RI � QP� $V VKRZQ LQ )LJ� ��%�� WKHUH ZDV DQ LQFUHDVHG DEVRUSWLRQ EHORZ ��� QP���

DQG D VKRXOGHU DURXQG ��� QP WKDW ZDV WKH UHVXOW RI �6K±�6H H[FLWRQLF WUDQVLWLRQ FKDUDFWHULVWLF RI���

&G6 4'V��� 7KH IOXRUHVFHQFH HPLVVLRQ VSHFWUD RI WKH %6$�&G6 4'V VKRZHG D IOXRUHVFHQW SHDN���

ZLWK PD[LPXP HPLVVLRQ ZDYHOHQJWK RI ��� QP ZKLFK DULVHG IURP H[FLWRQLF HPLVVLRQ RI &G6���

4'V���� �� 7KH UHVXOWV RI ;5' VWXGLHV RI WKH %6$�&G6 4'V VKRZQ LQ )LJ� 6�� WKH ������ ������ DQG���

����� SODQHV DUH FOHDUO\ GLVWLQJXLVKDEOH LQ WKH SDWWHUQ� ,W LV HYLGHQW IURP WKH ILJXUH WKDW WKH FU\VWDO���

VWUXFWXUH RI WKH %6$�&G6 4'V LV FXELF� �����

���

���
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)LJ� ��$� 7(0 LPDJH RI %6$�&G6 4'V� �%� 7KH 89�YLV DEVRUSWLRQ �'DVK OLQH� DQG IOXRUHVFHQFH���

HPLVVLRQ VSHFWUD �6ROLG OLQH� RI %6$�&G6 4'V����

���

7KH )7�,5 VSHFWUD RI WKH &G6 FU\VWDOV ZLWK DQG ZLWKRXW %6$ DV VWDELOL]HUV ZHUH FRPSDUHG WR���

FRQILUP WKH FRRUGLQDWLRQ RI WKH %6$ RQ WKH VXUIDFH RI WKH &G6 4'V� $V VKRZQ LQ WKH )LJXUH 6����

FXUYH E� WKH PDMRULW\ RI %6$ IXQFWLRQDO JURXSV FRXOG EH FOHDUO\ IRXQG WKURXJK WKH DPLGH , EDQG���

����� FP���� DPLGH ,, ����� FP��� EDQG DQG DPLGH ,,, ���������� FP��� IRU ±&21+ JURXS� ZKLFK���

ZHUH WKH FKDUDFWHULVWLF SHDN RI %6$������ 7KH GLVDSSHDUDQFH RI SHDNV DURXQG ����±���� FPí�����

ZKLFK LV DFWXDOO\ FRUUHVSRQGLQJ WR WKH 6�+ ERQG� VXSSRUWV WKH IRUPDWLRQ RI &G�6 ERQGV RQ WKH���

4'V VXUIDFH� ,Q DGGLWLRQ� SHDNV REVHUYHG DW ��� FPí� LQGLFDWHV WKH SUHVHQFH RI &G�6 ERQGV��� $QG���

WKHVH FKDUDFWHULVWLF SHDNV ZHUH QRW REVHUYHG LQ WKH )7�,5 VSHFWUD RI XQFDSSHG &G6 FU\VWDOV���

�)LJXUH 6� FXUYH D� ZKLFK LQGLFDWHG WKH VXFFHVVIXO FDSSLQJ RI %6$ RQ WKH VXUIDFH RI WKH &G6 4'V����

��� 7KH RSWLPL]DWLRQ���
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)LJ� ��$� 7KH )/ LQWHQVLW\ RI %6$�&G6 4'V ZLWK GLIIHUHQW %6$ FRQFHQWUDWLRQV ������ ����� ��������

����� ����� ���� PPRO�/ �� �%� 7KH TXHQFKLQJ HIIHFW RI �� �PRO�/ 3E�� RU �� �PRO�/ +J��� &X������

$J�� &D��� 0Q��� 1D�� 0J��� )H��� )H��� &G�� DQG =Q�� RQ WKH IOXRUHVFHQFH RI %6$�&G6 4'V� �&����

)OXRUHVFHQFH LQWHQVLW\ RI %6$�&G6 4'V DVVD\ V\VWHP ZLWKRXW 3E�� �FXUYH D� DQG ZLWK �� �PRO�/���

3E�� �FXUYH E� LQ GLIIHUHQW S+ HQYLURQPHQWV �S+ ��������� �'� 7KH TXHQFKLQJ HIIHFW RI 3E�� RQ WKH���

IOXRUHVFHQFH RI %6$�&G6 4'V DW GLIIHUHQW LQFXEDWLRQ WLPH����

���

)LUVWO\� ZH VWXGLHG WKH HIIHFW RI WKH FRQFHQWUDWLRQV RI %6$ RQ WKH )/ LQWHQVLW\ RI %6$�&G6 4'V����

$V VKRZQ LQ )LJ� ��$�� WKH )/ LQWHQVLW\ RI %6$�&G6 4'V LQFUHDVHG GUDPDWLFDOO\ ZLWK WKH LQFUHDVH���

RI WKH FRQFHQWUDWLRQ RI %6$ LQ WKH UDQJH IURP ���� WR ���� PPRO�/ DQG GHFUHDVHG UDSLGO\ ZKHQ���

WKH FRQFHQWUDWLRQV RI %6$ ZDV KLJKHU WKDQ ���� PPRO�/� 7KH UHVXOWV LQGLFDWHG WKDW WKH RSWLPDO���

FRQFHQWUDWLRQ RI %6$ XVHG IRU %6$�&G6 4'V ZDV ���� PPRO�/����

7R JHQHUDWH D VHQVLWLYH DQG VWDEOH QDQRVHQVRU ZLWK D ORZ GHWHFWLRQ OLPLW IRU VXOILGH� LW LV���

VLJQLILFDQW WR FKRRVH WKH VXLWDEOH PDWHULDO LQ WKH VHQVRU IDEULFDWLRQ SURFHVV� 6R ZH LQYHVWLJDWHG WKH���

TXHQFKLQJ DELOLW\ WR WKH %6$�&G6 4'V E\ VHYHUDO FRPPRQO\ PHQWDO LRQV LQFOXGLQJ 3E��� +J������
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�

&X��� $J�� &D��� 0Q��� 1D�� 0J��� )H��� )H��� &G�� DQG =Q�� � 7KH )/ LQWHQVLW\ RI %6$�&G6 4'V���

DIWHU DGGLWLRQ RI �� �PRO�/ 3E�� RU �� �PRO�/ RWKHU PHWDO LRQV ZHUH VKRZQ LQ )LJ� ��%�� 7KH���

UHVXOWV GHPRQVWUDWHG WKDW 3E�� FRXOG FDXVH WKH ELJJHVW IOXRUHVFHQFH TXHQFKLQJ RI WKH %6$�&G6���

4'V� &RPSDUHG ZLWK 3E��� +J�� DQG &X�� VKRZHG D UHODWLYHO\ ORZ )/ TXHQFKLQJ DELOLW\� 7KRXJK���

&X�� ZDV DOZD\V XVHG IRU IDEULFDWLQJ WKH VHQVRU IRU VXOILGH� WKH &X���EDVHG VHQVRU IRU 6�����

UHFRJQLWLRQ ZRXOG EH VHULRXVO\ LQWHUIHUHG ZLWK WKH F\DQLGH���� �� /LWWOH FKDQJH LV REVHUYHG ZKHQ WKH���

%6$�&G6 4'V ZDV PL[HG ZLWK RWKHU PHWDO LRQV �$J�� &D��� 0Q��� 1D�� 0J��� )H��� )H��� &G�� DQG���

=Q�� � HYHQ ZLWK D KLJKHU FRQFHQWUDWLRQ ����PRO�/� WKDQ 3E�� ����PRO�/�� LQGLFDWLQJ WKH DSSURDFK���

RIIHUV H[FHOOHQW VHOHFWLYLW\ WRZDUGV 3E�� LRQV� 7KHUHIRUH� 3E��ZDV VHOHFWHG WR IDEULFDWH WKH VXOILGH���

VHQVRU����

,Q WKLV ZRUN� WKH HIIHFW RI WKH VROXWLRQ S+ RQ WKH IOXRUHVFHQFH LQWHQVLW\ RI WKH %6$�&G6 4'V���

DQG 3E���%6$�&G6 4'V ZDV LQYHVWLJDWHG� 7KH %6$� WKH VWDELOL]HU RI &G6 4'V LQ WKLV VWXG\� KDG D���

S, HTXDO WR ���� 7KHUHIRUH� %6$�&G6 4'V ZDV HOHFWURQHJDWLYH ZKHQ WKH S+ YDOXH KLJKHU WKDQ �������

ZKLFK FRXOG HQKDQFH WKH HOHFWURVWDWLF LQWHUDFWLRQ EHWZHHQ %6$ DQG 3E��� $V VKRZQ LQ )LJXUH ��&�����

LW FRXOG EH VHHQ WKDW WKH )/ LQWHQVLW\ RI %6$�&G6 4'V LQFUHDVHG ZLWK WKH LQFUHDVH RI WKH S+ YDOXH���

LQ WKH UDQJH IURP ��� WR ��� DQG NHSW D UHODWLYHO\ VWDEOH ZKHQ WKH S+ YDOXH ZDV KLJKHU WKDQ �������

7KH )/ LQWHQVLW\ RI 3E���%6$�&G6 4'V LQFUHDVHG VORZO\ ZKHQ WKH S+ YDOXH LQFUHDVHG IURP ��� WR���

���� 7KH TXHQFKLQJ DELOLW\ RI 3E�� WR %6$�&G6 4'V UHDFKHG WKH PD[LPXP YDOXH DW S+ �������

7KHUHIRUH� S+ YDOXH ��� ZDV DGRSWHG LQ WKH IXUWKHU H[SHULPHQWV����

7KH HIIHFW RI LQFXEDWLRQ WLPH RQ WKH IOXRUHVFHQFH LQWHQVLW\ RI %6$�&G6 4'V LQ WKH���

SUHVHQFH RI ��� �PRO�/ 3E��ZDV VWXGLHG� 7KH UHVXOW LQ )LJ� ��'� VKRZHG WKDW WKH TXHQFKLQJ HIIHFW���

RI 3E�� RQ WKH IOXRUHVFHQFH RI %6$�&G6 4'V ZDV FRPSOHWHG ZLWKLQ �� V DQG NHHS DOPRVW FRQVWDQW���

XQWLO ��� V� 7R HQVXUH WKH FRPSOHWHQHVV RI IOXRUHVFHQFH TXHQFKLQJ RI %6$�&G6 4'V� ZH FKRVH���

WKH ���V DV WKH RSWLPXP LQFXEDWLRQ WLPH����

��� 7KH TXHQFKLQJ HIIHFW RI 3E�� RQ WKH IOXRUHVFHQFH RI %6$�&G6 4'V���
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���

)LJ� � 7KH IOXRUHVFHQFH VSHFWUD RI %6$�&G6 4'V LQ WKH SUHVHQFH RI GLIIHUHQW FRQFHQWUDWLRQV RI���

3E��� 7KH FRQFHQWUDWLRQV RI 3E�� LV �� �� ���� �� �� ���� ��� ��� ��� ��� ����� �� DQG �� �PRO�/����

UHVSHFWLYHO\� 7KH LQVHW VKRZHG WKH UHODWLRQVKLS EHWZHHQ )�)� DQG WKH FRQFHQWUDWLRQ RI 3E��� ) DQG���

)� ZHUH WKH IOXRUHVFHQFH LQWHQVLW\ RI %6$�&G6 4'V LQ WKH SUHVHQFH DQG DEVHQFH RI 3E������

UHVSHFWLYHO\����

���

,Q WKLV ZRUN� ZH VWXGLHG WKH TXHQFKLQJ HIIHFW RI 3E�� RQ WKH IOXRUHVFHQFH RI %6$�&G6 4'V� $V���

VKRZQ LQ )LJ� �� DIWHU WKH DGGLWLRQ RI 3E�� WR WKH %6$�&G6 4'V V\VWHP� WKH )/ LQWHQVLW\ RI���

%6$�&G6 4'V DW ��� QP ZDV JUDGXDOO\ GHFUHDVHG ZLWK WKH LQFUHDVLQJ FRQFHQWUDWLRQ RI 3E������

ZKLFK ZDV GXH WR D FKDUJH WUDQVIHU SURFHVV EHWZHHQ 3E�� DQG %6$�&G6 4'V� $OVR� D EOXH VKLIW���

ZDV REVHUYHG ZKHQ WKH 3E�� FRQFHQWUDWLRQ ZDV KLJKHU WKDQ �� �PRO�/� ZKLFK ZDV D FRQVHTXHQFH���

RI WKH FKDQJH RI TXDQWXP FRQILQHPHQW RI WKH 4'V���� �� 7KH ,QVHW LQ )LJ� � VKRZHG WKDW WKH UHODWLYH���

IOXRUHVFHQFH LQWHQVLW\ )�)� �) DQG )� ZHUH WKH IOXRUHVFHQFH LQWHQVLW\ RI %6$�&G6 4'V LQ WKH���

SUHVHQFH DQG DEVHQFH RI 3E��� UHVSHFWLYHO\� DQG WKH FRQFHQWUDWLRQ RI 3E�� H[KLELWHG D OLQHDU���

UHODWLRQVKLS LQ WKH UDQJH RI � � ���PRO�/� :H FKRVH �� �PRO�/ 3E�� WR IDEULFDWH WKH QDQRVHQVRU IRU���

VXOILGH DQLRQV GHWHFWLRQ����

���
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��

��� )OXRUHVFHQFH GHWHFWLRQ RI VXOILGH DQLRQV���

���

)LJ� � 7KH IOXRUHVFHQFH VSHFWUD RI %6$�&G6 4'V�3E�� V\VWHP LQ WKH SUHVHQFH RI GLIIHUHQW���

FRQFHQWUDWLRQV RI 6��� 7KH FRQFHQWUDWLRQV RI 6�� LV ����� ���� ���� ���� ���� ���� ��� DQG ��� �PRO�/����

UHVSHFWLYHO\� 7KH FRQFHQWUDWLRQV RI 3E�� ZDV �� �PRO�/� 7KH LQVHW VKRZHG WKH UHODWLRQVKLS���

EHWZHHQ )�)� DQG WKH FRQFHQWUDWLRQ RI 6�� �IURP ���� WR ��� �PRO�/�� )� DQG ) ZHUH WKH )/���

LQWHQVLW\ RI %6$�&G6 4'V DQG 3E���%6$�&G6 4'V V\VWHP DIWHU WKH DGGLWLRQ RI 6��� UHVSHFWLYHO\����

���

,W LV ZHOO�NQRZQ WKDW 3E�� FDQ FRRUGLQDWH ZLWK VXOILGH DQLRQV WR IRUP WKH VWDEOH VSHFLHV� $V WKH���

VWDELOLW\ FRQVWDQW RI WKH 3E6 IRUPHG E\ 6�� DQG 3E�� LV ODUJHU WKDQ WKDW RI WKH FRPSOH[ RI 3E�� DQG���

%6$�&G6 4'V� WKXV WKH SE���%6$�&G6 V\VWHP FRXOG JLYH VRPH UHVSRQVH WR WKH WDUJHW 6�� DQLRQV����

6�� DQLRQV FDQ VQDWFK WKH SE�� IURP WKH %6$�&G6 4'V WR IRUP PRUH VWDEOH 3E6 DQG UHVWRUH WKH���

IOXRUHVFHQFH RI %6$�&G6 4'V WR ³WXUQ RQ´ VWDWH� )LJ� � VKRZV WKH HYROXWLRQ RI IOXRUHVFHQFH���

VSHFWUD RI 3E���%6$�&G6 4'V V\VWHP ZLWK LQFUHDVLQJ 6�� FRQFHQWUDWLRQ XQGHU WKH RSWLPXP���

H[SHULPHQWDO FRQGLWLRQV� ,W FRXOG EH VHHQ WKDW WKH )/ LQWHQVLW\ RI 3E���%6$�&G6 V\VWHP REYLRXVO\���

UHVWRUHG ZKHQ 6�� FRQFHQWUDWLRQ LQFUHDVHG IURP � WR ��� �PRO�/� )XUWKHUPRUH� ,QVHW LQ )LJ� ����

VKRZHG WKDW WKHUH ZDV D JRRG OLQHDU UHODWLRQVKLS EHWZHHQ WKH UHODWLYH IOXRUHVFHQFH LQWHQVLW\ UDWLR���

)�)� DQG WKH 6�� FRQFHQWUDWLRQ LQ WKH UDQJH IURP ���� �PRO�/ WR ��� �PRO�/� 7KH UHJUHVVLRQ���
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HTXDWLRQ LV���

)�)� ���������������>6��@� �PRO�/���

7KH FRUUHVSRQGLQJ UHJUHVVLRQ FRHIILFLHQW �5�� LV ������ DQG WKH GHWHFWLRQ OLPLW IRU 6�� LV �������

�PRO�/� 6RPH DQDO\WLFDO SDUDPHWHUV LQ RWKHU PHWKRGV IRU WKH GHWHFWLRQ RI 6�� ZHUH OLVWHG LQ 7DEOH���

6������� &RPSDUHG ZLWK WKRVH UHSRUWV DERXW 6�� DVVD\� RXU SUHVHQW PHWKRG RIIHUHG D ORZHU GHWHFWLRQ���

OLPLW� 7KH UHVXOW LQGLFDWHG WKDW WKH SURSRVHG 3E���%6$�&G6 V\VWHP ZDV PRUH VHQVLWLYH IRU 6�����

GHWHFWLRQ����

���

��� ,QWHUIHUHQFH VWXG\���

���

)LJ� � )OXRUHVFHQFH UHVWRUHG EHKDYLRU RI ���/ %6$�&G6 4'V LQ WKH SUHVHQFH RI ���PRO�/ 3E�����

DQG � �PRO�/ 6�� RU ��� �PRO�/ SRWHQWLDO FRH[LVWLQJ DQLRQV� %DUV� ��� %6$�&G6 4'V RQO\� ������

3E��� ��� 3E���6��� ��� 3E���&1�� ��� 3E���%U�� ��� 3E���)�� ��� 3E���&O�� ��� 3E���62�
��� ������

3E���12�
�� ���� 3E���+&2�

�� ���� 3E���+�%2�� ���� 3E���&+�&22�� 5HDFWLRQ FRQGLWLRQ� �����

PPRO� / 7ULV�+&O EXIIHU VROXWLRQ �S+ ���� DW �������

���

6HOHFWLYLW\ LV D YHU\ LPSRUWDQW SDUDPHWHU WR HYDOXDWH WKH SHUIRUPDQFH RI D QHZ VHQVRU� D KLJKO\���
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��

VHOHFWLYH UHVSRQVH WR WKH WDUJHW RYHU RWKHU SRWHQWLDOO\ FRPSHWLQJ VSHFLHV LV QHFHVVDU\� 7KHUHIRUH����

ZH IXUWKHU HYDOXDWHG WKH VHOHFWLYLW\ RI RXU QDQRVHQVRU ZLWK YDULRXV FRH[LVWHQFH DQLRQV DGGHG� ,Q���

RUGHU WR LQYHVWLJDWH WKH LQIOXHQFH RI GLIIHUHQW FRH[LVWLQJ DQLRQV RQ WKH IOXRUHVFHQFH LQWHQVLW\ RI���

3E���%6$�&G6� D VHULHV RI ��� �PRO�/ DQLRQV LQFOXGLQJ &1�� %U�� )�� &O�� 12�
�� 62�

��� +&2�
�����

+�%2� DQG &+�&22� ZHUH LQWURGXFHG WR 3E���%6$�&G6 V\VWHP� $V VKRZQ LQ )LJ� �� WKH���

IOXRUHVFHQFH RI %6$�&G6 4'V ZDV TXHQFKHG DIWHU WKH DGGLWLRQ RI 3E��� 2QO\ 6�� KDG D KLJKO\���

VSHFLILF UHVSRQVH WR 3E���%6$�&G6 FRPSOH[ DQG WKH IOXRUHVFHQFH RI &G6 4'V FRXOG EH���

HIIHFWLYHO\ UHVWRUHG� 7KH RWKHU DQLRQV KDG OLWWOH DELOLW\ WR UHFRYHU WKH )/ LQWHQVLW\ RI %6$�&G6���

4'V TXHQFKHG E\ 3E�� HYHQ ZLWK D �� WLPHV KLJKHU FRQFHQWUDWLRQ WKDQ WKDW RI VXOILGH� 7KH UHVXOWV���

VKRZHG WKDW WKLV VXOILGH GHWHFWLRQ V\VWHP FRXOG SURYLGH ZHOO DELOLW\ LQ UHVLVWLQJ LQWHUIHUHQFH����

���

��� $QDO\WLFDO DSSOLFDWLRQV���

7R IXUWKHU LQYHVWLJDWH WKH SUDFWLFDO DSSOLFDWLRQV RI WKLV PHWKRG� WKH GHWHFWLRQ RI VXOILGH LQ ODNH���

ZDWHU ZDV FDUULHG RXW� 7KH FODVVLFDO PHWK\OHQH EOXH �0%� FRORULPHWULF PHWKRG� D VWDQGDUG PHWKRG���

IRU K\GURJHQ VXOILGH GHWHUPLQDWLRQ LQ QDWXUDOZDWHU� ZDV XVHG DV D FRQWUDVW PHWKRG WR GHWHFW VXOILGH���

LQ ODNH ZDWHU VDPSOHV���� �� 7KH DYHUDJH UHFRYHU\ WHVW ZDV PDGH E\ XVLQJ WKH VWDQGDUG DGGLWLRQ���

PHWKRG� DQG WKH UHVXOWV ZHUH OLVWHG LQ 7DEOH 6�� )URP 7DEOH 6�� LW FRXOG EH VHHQ WKDW WKH UHVXOWV���

REWDLQHG E\ WKH SURSRVHG IOXRUHVFHQFH PHWKRG DUH LQ JRRG DJUHHPHQW ZLWK WKRVH REWDLQHG E\ WKH���

FRQYHQWLRQDO PHWKRG� 7KH 56' ZDV ORZHU WKDQ ����� DQG WKH DYHUDJH UHFRYHULHV RI VXOILGH LQ WKH���

UHDO VDPSOHV ZDV LQ WKH UDQJH RI ���±����� $OO WKH REWDLQHG UHVXOWV LQGLFDWHG WKDW WKLV PHWKRG KDV���

SRWHQWLDO LQ HQYLURQPHQWDO DSSOLFDWLRQV IRU VXOILGH GHWHFWLRQ����

���

�� &RQFOXVLRQ���

,Q VXPPDU\� D QRYHO QDQRVHQVRU� 3E���%6$�&G6 FRPSOH[� KDG EHHQ GHVLJQHG IRU WKH UHFRJQLWLRQ���

DQG GHWHFWLRQ RI VXOILGH� 7KH IOXRUHVFHQW %6$�&G6 4'V FRXOG EH TXHQFKHG E\ 3E�� GXH WR WKH���

FKDUJH WUDQVIHU EHWZHHQ %6$�&G6 4'V DQG 3E��� 6XEVHTXHQW DGGLWLRQ RI 6�� WR 3E���%6$�&G6���
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��

VROXWLRQ OHDG WR WKH IOXRUHVFHQFH UHFRYHU\ RI %6$�&G6 4'V WKURXJK IRUPLQJ WKH VWDEOH 3E6���

FRPSRXQG� ,W FRQVWLWXWHG D ³WXUQ RII�RQ´ W\SH IOXRUHVFHQFH VHQVLQJ V\VWHP� &RPSDUHG ZLWK WKH���

OLWHUDWXUHV DERXW 6�� DVVD\� RXU SUHVHQW PHWKRG RIIHUHG D IDVW DQG FRQYHQLHQW DQDO\WLFDO PHWKRG E\���

XVLQJ &G6 4'V� 7KLV PHWKRG SURYLGHV DQ DOWHUQDWLYH IRU WKH VHQVLWLYH DQG VHOHFWLYH GHWHFWLRQ RI���

VXOILGH����

$FNQRZOHGJHPHQWV���

7KLV ZRUN ZDV ILQDQFLDOO\ VXSSRUWHG E\ WKH 1DWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &KLQD �1R����

��������� 1R� ��������� DQG WKH VFLHQFH DQG WHFKQRORJ\ GHYHORSPHQW SURMHFW RI -LOLQ SURYLQFH����

&KLQD �1R� �������������

���

5HIHUHQFHV���

� ;� )� <DQJ� /� :DQJ� +� ;X� 0� =KDR� $QDO\WLFD &KLPLFD $FWD� ����� �� ���������

� &� .DU� *� 'DV� -RXUQDO RI 3KRWRFKHPLVWU\ DQG 3KRWRELRORJ\ D�&KHPLVWU\� ����� �������

�����������

� ;� /RX� +� 0X� 5� *RQJ� (� )X� -� 4LQ� =� /L� $QDO\VW� ����� �� �����������

� /� 7DQJ� ;� 'DL� 0� &DL� -� =KDR� 3� =KRX� =� +XDQJ� 6SHFWURFKLPLFD $FWD 3DUW D�0ROHFXODU���

DQG %LRPROHFXODU 6SHFWURVFRS\� ����� ���� �����������

� %� 6HQ� 0� 0XNKHUMHH� 6� 3DO� .� 'KDUD� 6� .� 0DQGDO� $� 5� .KXGD�%XNKVK� 3����

&KDWWRSDGK\D\� 5VF $GYDQFHV� ����� ��� ���������������

� +� +XDQJ� 4� /L� -� :DQJ� =� /L� ;� )� <X� 3�.� &KX� 3ODVPRQLFV� ����� �� ���������

� )� =KHQJ� 0� :HQ� )� =HQJ� 6� :X� 6HQVRUV DQG $FWXDWRUV %�&KHPLFDO� ����� �������

�������������

� 5� =KDQJ� ;� <X� <� <LQ� =� <H� *� :DQJ� -� <XDQ� $QDO\WLFD &KLPLFD $FWD� ����� ���� ���������

� =� <H� ;� $Q� %� 6RQJ� :� =KDQJ� =� 'DL� -� <XDQ� 'DOWRQ 7UDQVDFWLRQV� ����� ������

���������������

�� 0� /L� 4� /LDQJ� 0� =KHQJ� &� )DQJ� 6� 3HQJ� 0� =KDR� 'DOWRQ 7UDQVDFWLRQV� ����� ������

���������������

�� .� :DQJ� +� 3HQJ� 1� 1L� &� 'DL� %� :DQJ� -RXUQDO RI )OXRUHVFHQFH� ����� �� �������

�� 1� $GDUVK� 0� 6� .ULVKQDQ� '� 5DPDLDK� $QDO\WLFDO FKHPLVWU\� ����� ��� �������������
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��

�� %� &KHQ� 3� :DQJ� 4� -LQ� ;� 7DQJ� 2UJDQLF 	 %LRPROHFXODU &KHPLVWU\� ����� ������

�������������

�� =� :X� <� )HQJ� %� *HQJ� -� /LX� ;� 7DQJ� 56& $GYDQFHV� ����� ��� ���������������

�� -� %DH� -� &KRL� 7� -� 3DUN� 6� .� &KDQJ� 7HWUDKHGURQ /HWWHUV� ����� �� �������������

�� 4� +XDQJ� ;� )� <DQJ� +� /L� '\HV DQG 3LJPHQWV� ����� �� �����������

�� 0� $� $OL� 6� 6ULYDVWDYD� 0� .� 3DQGH\� 9� 9� $JUDZDO� 5� -RKQ� %� '� 0DOKRWUD� $QDO\WLFDO���

FKHPLVWU\� ����� �� �������������
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 Schematic illustration of the BSA-CdS QDs-based sensing system for sulfide detection 
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