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5HFHLYHG�-XQH���������
(IIHFW� RI� V\QWKHVLV� FRQGLWLRQV� �SUHFLSLWDWLRQ� WHPSHUDWXUH�� WKLRXUHD� FRQFHQWUDWLRQ�� RQ

&G6� SDUWLFOHV�PRUSKRORJ\� KDV� EHHQ� VWXGLHG� XQGHU� SUHFLSLWDWLRQ� IURP� ������ ���� DQG� ��0
FDGPLXP�QLWUDWH�VROXWLRQV�XVLQJ�WKLRXUHD��'HFUHDVH�RI�WHPSHUDWXUH�WR���Ü���&�RU�LQFUHDVH
RI� WKLRXUHD� FRQFHQWUDWLRQ� DERYH� WKH� VWRLFKLRPHWULFDO� YDOXH� OHDGV� WR� IRUPDWLRQ� RI� WKH
VSKHULFDO� SDUWLFOHV��8VH� RI�PLFURZDYH�SURPRWHV� IRUPDWLRQ�RI� WKH� VSKHULFDO�SDUWLFOHV�ZLWK
WKH�IRUP�RI��IORZHUV��FRQVLVWLQJ�RI�VPDOO�SODWHV�ZLWK�ZDOO�WKLFNQHVV�RI���Ü���QDQRPHWHUV�
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���,QWURGXFWLRQ
6HPLFRQGXFWRU�QDQRSDUWLFXODUV�DUH�LQYHV�

WLJDWHG� LQWHQVLYHO\� EHFDXVH� WKHLU� RSWLFDO�
HOHFWURQLF� DQG� FDWDO\WLF� SURSHUWLHV� HVVHQ�
WLDOO\� GLIIHU� IURP� WKRVH� IRU� PDFUR�FU\VWDOV
PDWHULDOV� DQG� GHSHQG� RQ� PRUSKRORJLFDO
FKDUDFWHULVWLFV� RI� WKH� SDUWLFOHV�� &KDQJLQJ
JHRPHWULFDO� VL]HV� DQG� IRUP� RI� WKH� SDUWLFOHV
LW� LV� SRVVLEOH� WR� FRQWURO� WKHLU� RSWLFDO�� HOHF�
WULF� DQG� VWUXFWXUDO� SURSHUWLHV�� 2QH� RI� WKH
SHUVSHFWLYH� VHPLFRQGXFWRU�PDWHULDOV� LV�&G6
�(J� ����� H9���&G6� QDQRSDUWLFXODUV� DWWUDFWD�JUHDW�DWWHQWLRQ�EHFDXVH�RI�SRWHQWLDO�SRVVL�
ELOLW\�RI� WKHLU�XVH� LQ�HOHPHQWV�RI�VRODU�EDW�
WHULHV�>�Ü�@��RSWRHOHFWURQLFV�>����@��ELRPDUN�
HUV� >�Ü�@� DQG� SKRWRFKHPLVWU\� >�@�� 6XFK
QDQRSDUWLFXODUV� FDQ� EH� DOVR� FRQVLGHUHG� DV

SHUVSHFWLYH� VRUEHQWV� RI� UDGLR� QXFOLGHV� DQG
LRQV� RI� KHDY\� PHWDOV� IURP� ZDWHU� VROXWLRQV
>��Ü��@���

7KHUH�DUH�PDQ\�PHWKRGV�RI�&G6�QDQRSDU�
WLFXODUV� SURGXFWLRQ�� HOHFWURFKHPLFDO� >��@�
PLFHOOH� >��@�� VROYRWKHUPDO� >��Ü��@�� K\�
GURWKHUPDO�>������@�DQG�RWKHU�PHWKRGV��7KH
PRVW� VLPSOH� DQG� HIILFLHQW� PHWKRG� RI� &G6
SDUWLFOHV� REWDLQLQJ� LV� SUHFLSLWDWLRQ� IURP
ZDWHU� VROXWLRQV� XVLQJ� WKLRXUHD� RU� VRGLXP
VXOILGH�� 'HVSLWH� RI� DSSDUHQW� VLPSOLFLW\� RI
WKH�PHWKRG��WKH�SDUWLFOHV�IRUPDWLRQ�SURFHVV
ZLOO� GHSHQG� RQ� PDQ\� IDFWRUV� �WHPSHUDWXUH
DQG�GXUDWLRQ�RI� V\QWKHVLV�� FRQFHQWUDWLRQ�RI
FRPSRQHQWV��HWF���WKDW�DOORZV�WR�REWDLQ�SDU�
WLFXODUV�ZLWK� YDULRXV�PRUSKRORJ\� DQG�� FRQ�
VHTXHQWO\��ZLWK�GLIIHUHQW�RSWLFDOO\��FDWDO\WLF

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�
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DQG� HOHFWURQLF� SURSHUWLHV�� ,Q� VSLWH� RI� WKH
IDFW� WKDW� WKH� PHFKDQLVP� RI� PHWDO� VXOILGHV
IRUPDWLRQ� IURP� WKLRXUHD� VROXWLRQV� LV� ZHOO
VWXGLHG� >������@�� WKH� DWWHQWLRQ� WR� LQIOXHQFH
RI� V\QWKHVLV� SDUDPHWHUV� RQ� PRUSKRORJLFDO
SURSHUWLHV�RI�FDGPLXP�VXOILGH�SDUWLFOHV�ZDV�
Q�W�VXIILFLHQWO\�LQYHVWLJDWHG�

7KH� DLP� RI� WKLV� ZRUN� ZDV� VWXG\� RI� WKH
HIIHFW� RI� SUHFLSLWDWLRQ� FRQGLWLRQV� �WHPSHUD�
WXUH� DQG� FRQFHQWUDWLRQ� WKLRXUHD�� RQ� WKH
PRUSKRORJLFDO� FKDUDFWHULVWLFV� RI� WKH� &G6
SDUWLFOHV�REWDLQHG�IURP�WKLRXUHD�VROXWLRQV�

���([SHULPHQWDO�
)RU� SUHSDUDWLRQ� RI� VROXWLRQV

&G�12�����+�2� ������ ���� �1+���&6� �70�DQG�ZDWHU�VROXWLRQ�RI�DPPRQLXP�K\GUR[LGH
IURP� �5HDFKLP�� ZHUH� XVHG�� $OO� VROXWLRQV
ZHUH�SUHSDUHG�RQ�WKH�GLVWLOOHG�ZDWHU���

3UHFLSLWDWLRQ�&G6�FDUULHG�RXW�DV�IROORZV�
����PO� RI� VROXWLRQ�&G�12���� ZLWK� S+� ���ZHUH� SODFHG� LQ� ���� PO� IODVNV�� &RQFHQWUD�
WLRQV� RI�&G�12���� VROXWLRQV� ZHUH� ������ ���RU� �� 0�� S+� ZDV� FRUUHFWHG� E\� DGGLWLRQ� RI
ZDWHU� VROXWLRQ� RI� DPPRQLXP� K\GUR[LGH�
7KHQ� WKLRXUHD�ZDV� DGGHG� LQ� WKHVH� IODVNV� LQ
PROH�UDWLRV�&G���70����������RU�����DW�FRQ�
WLQXRXV�PL[LQJ��7KH�UHFHLYHG�PL[WXUHV�ZHUH
KHDWHG��W� ������������&��DQG�PDLQWDLQHG�VHW
WLPH��7KH�&G6�SUHFLSLWDWHV�ZHUH�FHQWULIXJHG
DQG� ZDVKHG� VHYHUDO� WLPHV� ZLWK� GLVWLOOHG
ZDWHU�� DQG� GULHG� DW� ���&� IRU� DERXW� �� K�
'HSHQGLQJ� RQ� V\QWKHVLV� FRQGLWLRQV� WKH� SUH�
FLSLWDWHV� DUH� REWDLQHG� OHPRQ� \HOORZ� RU� UHG
FRORUV��

0LFURZDYH�V\QWKHVLV�ZDV�FDUU\�RXW�LQ�PL�
FURZDYH� HTXLSPHQW� 0$56� �*(0� &RUSRUD�
WLRQ� 0DWWKHZV�� 86$��� ��� PO� RI� ���� 0
&G�12���� VROXWLRQ� ZLWK� S+� ���� �S+� ZDVFRUUHFWHG�E\�DGGLQJ�RI�ZDWHU�VROXWLRQ�RI�DP�
PRQLXP� K\GUR[LGH�� ZHUH� SODFHG� WR� ���� PO
WHIORQ� IODVNV�� 7KHQ� WKLRXUHD� ZDV� DGGHG� LQ
PROH�UDWLRV�&G���70����������RU�����DW�FRQ�
WLQXRXV�PL[LQJ��7KH�UHDFWLRQ�ZDV�SHUIRUPHG
XQGHU� PLFURZDYH� LUUDGLDWLRQ� ������ 0+]�
IRU� ���PLQ� DW� ��� DQG� ����&��$IWHU� FRROLQJ
WR� DPELHQW� WHPSHUDWXUH�� WKH� SUHFLSLWDWHV
ZHUH� FHQWULIXJHG� DQG� ZDVKHG� VHYHUDO� WLPHV
ZLWK� GLVWLOOHG�ZDWHU�� DQG� GULHG� DW� ���&� IRU
DERXW� �� K�� ,Q� UHVXOW� \HOORZ� FRORUV� SUHFLSL�
WDWHV�ZHUH�REWDLQHG��

7R� REWDLQ� WKH� )7�,5� VSHFWUD�� D� 63(&�
7580� 21(� �3HUNLQ(OPHU�� LQIUDUHG� VSHF�
WURPHWHU� RSHUDWLQJ� ZLWK� D� VSHFWUDO� UHVROX�
WLRQ�RI���FPÜ��ZDV�XVHG��7KH�;�UD\�GLIIUDF�
WLRQ� �;5'�� SDWWHUQV� RI� WKH� VDPSOHV� ZHUH
PHDVXUHG�RQ�D�6LHPHQV�'����GLIIUDFWRPHWHU
XVLQJ� PRQRFKURPDWL]HG� &X±.D� UDGLDWLRQ�O� ��������c�� DW� ��� N9� DQG� ����P$�� 7KH

VFDQQLQJ�UDQJH�ZDV�������T�������DQG�H[SR�
VLWLRQ�ZDV����V�SHU�SRLQW��7KH�PRUSKRORJLHV
DQG�PLFURVWUXFWXUHV� RI�DV�SUHSDUHG�VDPSOHV
ZHUH� DQDO\]HG� E\� D� -60�����/9� VFDQQLQJ
HOHFWURQ� PLFURVFRSH� �6(0�� DQG� (0����
WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRSH� �7(0��
'XULQJ�ERWK�PLFURZDYH�DQG�WKHUPDO�KHDWLQJ
SURFHVVHV�� WKH� FRPSRVLWLRQ� RI� JDV� PL[WXUH
DQG� SDUWLDO� SUHVVXUHV� RI� FRPSRQHQWV� ZHUH
PHDVXUHG� E\� DQ� ,3'2��� PDVV�VSHFWURPHWHU
>��@��

���5HVXOWV�DQG�GLVFXVVLRQ
$W�WKH�LQLWLDO�VWDJH�RI�SUHFLSLWDWLRQ�SURF�

HVV� IURP�����Ü��0�&G�12���� VROXWLRQV� IRU�PDWLRQ� RI� OHPRQ� \HOORZ� SUHFLSLWDWHV� LV� RE�
VHUYHG��,Q�WKH�IROORZLQJ�FRXUVH�RI�V\QWKHVLV
WKH� SUHFLSLWDWHV� JUDGXDOO\� DFTXLUH� UHG� FRO�
RXU�� 'XUDWLRQ� RI� WKH� ILUVW� VWDJH� IRUPDWLRQ
RI�OHPRQ�\HOORZ�SUHFLSLWDWHV�LV�DERXW����PLQ
DW� ��Ü���&� DQG� LW� LQFUHDVHV� ZKHQ� WKH� SUH�
FLSLWDWLRQ� WHPSHUDWXUH� GHFUHDVHV�� 6R�� DW
WHPSHUDWXUH� RI� ���&� OHPRQ� \HOORZ� FRORULQJ
RI�D�SRZGHU�UHPDLQV�ZLWKLQ����PLQ�RI�SUH�
FLSLWDWLRQ�� ,W� ZDV� UHYHDOHG� WKDW� FRQFHQWUD�
WLRQV� RI� DQ� LQLWLDO� VROXWLRQ� RI� FDGPLXP� QL�
WUDWH� DQG� WKLRXUHD� GRQ�W� HIIHFW� HVVHQWLDOO\
RQ�OHPRQ�\HOORZ�FDGPLXP�VXOILGH�IRUPDWLRQ�

)LJ����VKRZV�WKH�;5'�SDWWHUQV�RI�OHPRQ
\HOORZ� DQG� UHG� SUHFLSLWDWHV� REWDLQHG� IURP
����0�FDGPLXP�QLWUDWH�VROXWLRQ��$OO�V\QWKH�
VL]HG� VDPSOHV� DUH�&G6� SRZGHUV�� OHPRQ� \HO�
ORZ� SUHFLSLWDWHV� LV� ZXUW]LWH� PRGLILFDWLRQ
ZLWK� ODWWLFH� FRQVWDQW� RI�D� �������c� DQG
F� �������c� LV� FRQVLVWHQW�ZLWK�VWDQGDUG� OLW�
HUDWXUH�GDWD��DQG�UHG�SUHFLSLWDWHV�LV�D�PL[�
WXUH� FRQVLVW� RI�ZXUW]LWH� DQG�EOHQGH�PRGLIL�

)LJ����� 7\SLFDO� ;5'� SDWWHUQ� RI� =Q6� OHPRQ
\HOORZ� �D�� DQG� UHG� �E�� E\� V\QWKHVL]HG� IURP
����0�FDGPLXP�QLWUDWH�VROXWLRQV�

'�6�6RIURQRY�HW�DO����)RUPDWLRQ�RI�QDQR��DQG����

��� )XQFWLRQDO�PDWHULDOV�������������



FDWLRQV��7KH�FDOFXODWHG�EOHQGH�PRGLILFDWLRQV
ODWWLFH�FRQVWDQW�RI�D� �������c�LV�FRQVLVWHQW
ZLWK�VWDQGDUG� OLWHUDWXUH�YDOXH��7KH�FRQFHQ�
WUDWLRQ�ZXUW]LWH�PRGLILFDWLRQ�LQ�UHG�SUHFLSL�
WDWHV�GRHVQ�W�H[FHHG�RI����PDVV����

)LJ���� VKRZV� WKH�PLFURSKRWRV� RI� V\QWKH�
VL]HG�SRZGHUV��,UUHVSHFWLYH�RI�FRQFHQWUDWLRQ
RI� DQ� LQLWLDO� VROXWLRQ� RI� FDGPLXP� QLWUDWH
DQG�WHPSHUDWXUH�DW�WKH�LQLWLDO�VWDJH�SUHFLSL�
WDWLRQ��OHPRQ�\HOORZ�&G6��LW�LV�REVHUYHG�WKH
SDUWLFOHV� IRUPDWLRQ�DV� LQ� WKH� IRUP�RI� VPDOO
SODWHV� ZLWK� YDULRXV� VKDSHV� �)LJ���D�� DQG
ZLWK� VL]HV� IURP� ��� WR� ���� QP� DV� PRUH
ODUJHU� SDUWLFOHV� LQ� WKH� IRUP� RI� UHFWDQJXODU
SODWHV� ZLWK� VL]HV� IURP� ���� WR� ���� QP�� $Q
LQFUHDVH�RI�SUHFLSLWDWLRQ�WLPH�OHDGV�WR�IRUPD�
WLRQ� RI� ODUJHU� SDUWLFXODUV� �)LJ���EÜG�� ZLWK
VL]HV�IURP�����WR������QP��UHG�SRZGHU����

7KH�PRVW� HVVHQWLDO� IDFWRU� LQIOXHQFLQJ�RQ
PRUSKRORJLFDO� FKDUDFWHULVWLFV� RI�&G6� SDUWL�
FOHV�LV�WKLRXUHD�FRQFHQWUDWLRQ�DW�WKH�V\QWKH�
VLV�RI�&G6�SDUWLFXODUV��6R��LQWURGXFWLRQ�RI��
RU� �� PXOWLSOH� H[FHVV� RI� WKLRXUHD� SURPRWHV
WKH� IRUPDWLRQ� RI� VSKHULFDO� SDUWLFOHV� RI� WZR
IRUPV� �)LJ���H��� VSKHULFDO� SDUWLFOHV� ZLWK� D
VL]H� RI� ���Ü�� PP� DQG� VSKHULFDO� SDUWLFOHV
ZLWK� D� VL]H� DERXW� �� PP� WKDW� FRQVLVWLQJ� RI

SODWHV� ZLWK� WKLFNQHVV� RI� D� ZDOO� RI
��Ü���QP��

2Q�)LJ����WKH�)7�,5�VSHFWUD�RI�&G6�SRZ�
GHUV�V\QWKHVL]HG�IURP�WKLRXUHD�VROXWLRQ�DUH
SUHVHQWHG�� )RU� WKH� DOO� VDPSOHV� ZH� FDQ� VHH
WKH�EDQGV�DW�����Ü�����FPÜ��ZLWK�D�PD[L�
PXP� DW� ����� FPÜ�� DQG� ����� FPÜ�� UHODWHG
WR� WKH� SUHVHQFH� RI� DGVRUEHG� ZDWHU� RQ� VXU�
IDFH� RI� FDGPLXP� VXOILGH� SDUWLFOHV�� %HVLGHV�
ZH�FDQ�VHH�WKH�EDQG�DW������FPÜ��DQG�EDQG
DW� ���Ü����� FPÜ�� ZLWK� PD[LPXP� DW

)LJ�����6(0�DEG�7(0�LPDJHV�RI�WKH�DV�SUHSDUHG�&G6� VDPSOHV��D�Û���0�&G�12���� VROXWLRQ�����&����PLQ��PROH�UDWLR�&G���70 �����OHPRQ�\HOORZ�FRORUV���E�Û���0�&G�12����VROXWLRQ�����&�����PLQ�&G���70 ���� �UHG�FRORUV���F�Û�����0�&G�12���� VROXWLRQ�����&�����PLQ��&G���70 ���� �UHG�FRORUV��G�Û�����0�&G�12����VROXWLRQ�����&�����PLQ��&G���70 �����UHG�FRORUV���H�Û���0�&G�12����VROXWLRQ����&�����PLQ����&G���70 �����UHG�FRORUV���I�Û�DIWHU�DQQHDO�DW�WHPSHUDWXUH�RI�����&�DQG���K�

)LJ����� )7�,5� VSHFWUD� RI� =Q6� OHPRQ� \HOORZ
�D���UHG��E��DQG�DIWHU�DQQHDO�DW�WHPSHUDWXUH�RI
����&�DQG���K��F��

'�6�6RIURQRY�HW�DO����)RUPDWLRQ�RI�QDQR��DQG����
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�����FPÜ��� :H� FRQQHFW� WKHLU� H[LVWHQFH� LQ
WKH� VSHFWUD� ZLWK� WKH� SUHVHQFH� RI� 12�±�LRQ
LPSXULW\� RZLQJ� WR� XVH� RI� FDGPLXP� QLWUDWH
DW�V\QWKHVLV�

'XULQJ� WKH�SURFHVV� RI�YDFXXP�DQQHDOLQJ
RI�&G6� SRZGHUV� WKH� UHPRYDO� RI�+�2� LQ� WKHWHPSHUDWXUH� UDQJH�RI���Ü����&��1+�� ����Ü����&��DQG�12������Ü����&��IURP�WKH�SDUWL�FOHV� VXUIDFH� RFFXUV� WKDW� FRQILUPV� E\� WKH
GDWD�RI�PDVV�VSHFWURPHWHU�DQDO\VLV��)LJ�����
$OVR�ZH�FDQ�VHH�VPDOO�LQFUHDVH�RI�1��DQG�+�FRQFHQWUDWLRQV� �LW� LV� QRW� VKRZQ� LQ� WKH� )LJ�
XUH��LQ�JDV�DWPRVSKHUH�DW�WHPSHUDWXUH����Ü
����&� WKDW� LV� UHODWHG� WR� GHFRPSRVLWLRQ� RI
1+�� DW� WKHVH� WHPSHUDWXUHV�� ,UUHVSHFWLYH� RIV\QWKHVLV� FRQGLWLRQV� IRU� WKH�DOO�SRZGHUV�ZH
FDQ�VHH�HPLVVLRQ�RI�12��DW�WKH�WHPSHUDWXUHRI����Ü����&�WKDW�LV�WHVWLILHG�WR�SUHVHQFH�DW
LQLWLDO�VDPSOHV�RI�QLWUDWHV�LPSXULW\��)RU�H[�
DPSOH� LQ� WKH� )7�,5� VSHFWUXP� RI� WKH� DQ�
QHDOHG� VDPSOHV� ZH� GLG� � QRW� REVHUYH� WKH
EDQGV� DW� ����� FPÜ�� DQG� LQ� WKH� UDQJH� RI
���Ü�����FPÜ�� �)LJ���F��WKDW�FRQILUPV�WKDW
WKH� JLYHQ� EDQGV� KDYH� EHHQ� FRQQHFWHG� ZLWK
WKH�SUHVHQFH�RI�QLWUDWHV�LPSXULW\��,W�VKRXOG
EH�QRWLFHG�WKDW�LQ�WKHUPDO�DQQHDOLQJ�SURFHVV
RI�&G6� VDPSOHV� LW� ZDV� QRW� IL[HG� WKH� SUHV�
HQFH� RI� SURGXFWV� RI� WKHUPDO� GHFRPSRVLWLRQ
RI�WKH�RUJDQLF�LPSXULWLHV�LQ�JDV�DWPRVSKHUH�
$FFRUGLQJ�WR�7(0�GDWD�WKH�WKHUPDO�SURFHVV�
LQJ� RI�&G6� SDUWLFOHV� DW� WKH� WHPSHUDWXUH� RI
����&� UHVXOWV� WR� EDNLQJ� QDQRSDUWLFXODUV� LQ
ODUJHU�SDUWLFOHV��)LJ���I��

,W� LV� NQRZQ� WKDW� GHFUHDVLQJ� RI� WHPSHUD�
WXUH� SUHFLSLWDWLRQ� FDQ� SURPRWH� SURGXFWLRQ
RI�SDUWLFOHV�ZLWK�WKH�VPDOOHU�VL]H�EHFDXVH�RI
VORZGRZQ� RI� YHORFLW\� RI� SDUWLFOHV� JURZWK�
$V�PRGHOLQJ� VROXWLRQV� ���� DQG� ��0� QLWUDWH
FDGPLXP�VROXWLRQV�ZHUH�XVHG��3UHFLSLWDWLRQ
ZDV�FDUULHG�RXW�DW� WHPSHUDWXUH�RI����&�IRU
�����DQG����K��$V�D�UHVXOW�RI�V\QWKHVLV�WKH
OHPRQ� \HOORZ� &G6� SRZGHUV� ZHUH� REWDLQHG

�ZXUW]LWH�PRGLILFDWLRQ�ZLWK� ODWWLFH�FRQVWDQW
RI�D� �������c�DQG�F� �������c���,W�ZDV�UH�
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