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VLPLODU�WR�86*6�&2$/48$/�GDWDEDVH��EXW�VLPSOLILHG�YHUVLRQ�IRFXVLQJ�RQ�5((�LQ�WKH�VWXG\�DUHD��7R�

DFKLHYH�WKH�REMHFWLYH��WKH�IROORZLQJ�VXE�REMHFWLYHV�DUH�SURSRVHG��

•� 7R�FRPSLOH�WKH�GDWD�EDVH�RI�UDUH�HDUWK�FRQFHQWUDWLRQ�LQ�(DVW�.RRWHQD\�FRDOILHOG�E\�DQDO\]LQJ�

WKH�ILHOG�FROOHFWHG�VDPSOHV���

�

•� 7R�HQULFK�WKH�5((�LQ�WKH�VHOHFW�FRDO�UHODWHG�IHHG�VRXUFH�XVLQJ�EHQFK�VFDOH�SK\VLFDO�VHSDUDWLRQ�

PHWKRGV��

����0DWHULDO�DQG�0HWKRGV�

����6WXG\�$UHD�

,Q�WKLV�VWXG\��VDPSOHV�ZHUH�FROOHFWHG�IURP�(DVW�.RRWHQD\�FRDOILHOG��7KH�(DVW�.RRWHQD\�FRDOILHOG�LV�

ORFDWHG�LQ�VRXWKHDVWHUQ�%ULWLVK�&ROXPELD��)LJXUH����DQG�H[WHQGV�IURP�WKH�0RQWDQD�%ULWLVK�&ROXPELD�

ERUGHU�WR�WKH�(ON�ODNHV��VRPH���NP�QRUWK�RI�(ONIRUG��%&��0LOOV�HW�DO����������,W�LV�FRPSULVHG�RI�WKUHH�

VHSDUDWH�FRDOILHOGV��(ON�9DOOH\�FRDOILHOG��&URZVQHVW�FRDOILHOG��DQG�)ODWKHDG�FRDOILHOG��*ULHYH����������

&RDO�VHDPV�LQ�WKH�(DVW�.RRWHQD\�FRDOILHOGV�DUH�ODUJHO\�RI�PHWDOOXUJLFDO�TXDOLW\��DQG�SUHGRPLQDQWO\�

FODVVLILHG�DV�PHGLXP�YRODWLOH�ELWXPLQRXV�FRDOV�ZLWK�YRODWLOH�PDWWHU�WKDW�UDQJHV�IURP������WR������

)XUWKHUPRUH��WKHVH�FRDOV�DUH�FKDUDFWHUL]HG�E\�D�ORZ�6XOSKXU�FRQWHQW��*LEVRQ��������+ROXV]NR���������,W�LV�

HVWLPDWHG�WKDW�WKH�PLQHDEOH�FRDO�UHVRXUFH�LQ�WKH�.RRWHQD\�FRDOILHOG�LV���ELOOLRQ�WRQQHV��%&�0LQLVWU\�RI�

(QHUJ\��0LQHV�DQG�/RZ�&DUERQ�,QQRYDWLRQ����������

����6DPSOHV�DQG�3UHSDUDWLRQ�

6DPSOHV�XVHG�LQ�WKLV�DVVHVVPHQW�ZHUH�REWDLQHG�IURP�D�YDULHW\�RI�VHDP�H[SRVXUHV�DQG�FRDO�SUHSDUDWLRQ�

SODQWV��7KH�VDPSOHV�ZHUH�JDWKHUHG�IURP�RSHUDWLQJ�PLQHV�DQG�SODQWV�E\�VLWH�JHRORJLVWV�DQG�SODQW�RSHUDWRUV��



��

�

)RU�UDZ�FRDO�VDPSOHV��DSSUR[LPDWHO\����WR����NJ�ZHUH�FROOHFWHG��ZKHUHDV�IRU�SODQW�VDPSOHV�

DSSUR[LPDWHO\����NJ�ZHUH�JDWKHUHG�IRU�WKLV�VWXG\��7R�GHYHORS�WKH�5((�GDWDEDVH��FRDO�VHDP�VDPSOHV�ZHUH�

FROOHFWHG�DORQJ�ZLWK�UHVSHFWLYH�URRI�DQG�IORRU�VDPSOHV��7RWDO�RI�PRUH�WKDQ�����VDPSOHV�ZHUH�FROOHFWHG�

DQG�WKH\�ZHUH�GRXEOH�EDJJHG��VHDOHG��DQG�VKLSSHG�WR�WKH�&RDO�DQG�0LQHUDO�3URFHVVLQJ�ODERUDWRU\�DW�WKH�

8QLYHUVLW\�RI�%ULWLVK�&ROXPELD�LQ�9DQFRXYHU��)LJXUH���VKRZV�WKH�VDPSOLQJ�ORFDWLRQV�DW�WKH�SODQW��

)RU�UDZ�FRDO�VDPSOHV��WRS�SDUWLFOH�VL]H�ZDV�JHQHUDOO\�EHORZ����PP���´��IRU�PRVW�RI�WKH�VDPSOHV��)RU�WKH�

VDPSOHV�FROOHFWHG�IURP�SODQW��WKH�SDUWLFOH�VL]H�RI�VDPSOHV�ZDV�JURXSHG�LQWR���FDWHJRULHV��FRDUVH��������

�PP���PHGLXP�����PP��������PP��DQG�ILQH��������PP��GHSHQGLQJ�RQ�WKH�EHQHILFLDWLRQ�WHFKQLTXH�XVHG�LQ�

WKH�FRDO�SUHSDUDWLRQ�SODQW��,W�VKRXOG�EH�QRWHG�WKDW�WKH�SDUWLFOH�VL]H�RI�WKH�SODQW�VDPSOHV�ZDV�JHQHUDO�

JXLGHOLQH�EXW�GRHV�QRW�UHIOHFW�WKH�DFWXDO�VL]H�UDQJHV�DGRSWHG�LQ�WKH�SURFHVVLQJ�SODQW���

5HSUHVHQWDWLYH�VDPSOHV�ZHUH�REWDLQHG�IRU�WHVWLQJ�IROORZLQJ�WKH�VWDQGDUG�SURFHGXUH�IRU�FRDO�VDPSOH�

SUHSDUDWLRQ�'�����'����0�����$670������D���7KH�VDPSOH�SUHSDUDWLRQ�LV�H[SODLQHG�EHORZ�DQG�

VFKHPDWLFDOO\�VKRZQ�LQ�)LJXUH����,Q�VKRUW��UDZ�FRDO�VDPSOHV�ZHUH�VFUHHQHG�XVLQJ��´�LQFK�������PP��

VLHYH��7KH�VDPSOHV�FRDUVHU�WKDQ��´�LQFK�������PP��VL]H�ZDV�FUXVKHG�XVLQJ�-DZ�FUXVKHU��)LJXUH��$��WR�

REWDLQ������SDVVLQJ��´�LQFK�������PP��VL]H��)LJXUH��%�VKRZV�WKH�FUXVKHU�SODWHV�RI�WKH�MDZ�FUXVKHU�XVHG�

LQ�WKLV�VWXG\��7KH�FUXVKHG�VDPSOH�ZDV�PL[HG�WKH�UHPDLQLQJ�VDPSOHV�DQG�KRPRJHQL]HG�E\�PL[LQJ�WKH�

VDPSOHV�WKRURXJKO\��7KH�KRPRJHQL]HG�VDPSOH�ZDV�VSOLW�LQWR���SRUWLRQV�XVLQJ�ULIIOH�VSOLWWHU��([FHSW�IRU�WKH�

VDPSOHV�ZKLFK�ZHUH�IXUWKHU�SURFHVVHG��WKH�UHPDLQLQJ�VDPSOHV�ZHUH�GRXEOH�EDJJHG�DQG�VWRUHG�LQ�D�FORVHG�

EXFNHW�WR�DYRLG�VDPSOH�GHJUDGDWLRQ�IRU�IXWXUH�XVH��



��

�

�

)LJXUH�� �/RFDWLRQ�RI�(DVW�.RRWHQD\�FRDOILHOGV�DQG�FRDO�PLQHV�LQ�WKH�6RXWKHDVWHUQ�%&��$GDSWHG�IURP�%&�0LQLVWU\�RI�(QHUJ\�DQG�0LQHV�������DQG�%&�0LQLVWU\�RI�

(QHUJ\�DQG�0LQHV�������



�

��
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�

)LJXUH����6DPSOLQJ�SRLQWV�DW�WKH�FRDO�SUHSDUDWLRQ�SODQW�

7KH���´�LQFK�������PP��VDPSOH�ZHUH�IXUWKHU�FUXVKHG�XVLQJ�KDPPHU�PLOO��)LJXUH��&��SDVVLQJ������PP�

DQG�ULIIOH�VSLOW�LQWR���NJ�UHSUHVHQWDWLYH�VDPSOH�EDWFKHV��(DFK�ZDV�ODEHOHG�DSSURSULDWHO\��GRXEOH�EDJJHG��

DQG�VWRUHG�LQ�FORVHG�EXFNHWV�IRU�XVH��'HSHQGLQJ�RQ�WKH�UHTXLUHPHQWV��WKHVH���NJ�VDPSOH�EDWFKHV�ZHUH�

IXUWKHU�FUXVKHG�RU�VSOLW�WR�REWDLQ�UHSUHVHQWDWLYH�VDPSOH�RI�UHTXLUHG�VL]H�IRU�DQDO\VLV���



�

��
�

�

)LJXUH�� �6FKHPDWLFV�RI�VDPSOH�SUHSDUDWLRQ�IRU�DQDO\VLV���

� �
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)LJXUH����&UXVKHU�XVHG�LQ�WKH�VDPSOH�SUHSDUDWLRQ��$��-DZ�FUXVKHU�%��-DZ�FUXVKHU�SODWHV�&��+DPPHU�PLOO�

����6DPSOH�&KDUDFWHUL]DWLRQ�

������3UR[LPDWH�$QDO\VLV��

3UR[LPDWH�DQDO\VLV�ZDV�FRQGXFWHG�RQ�UHSUHVHQWDWLYH�VDPSOHV�LQ�GXSOLFDWHV�XVLQJ�WKH�$670�VWDQGDUG�

PHWKRGV��$670������E������������D������E��IRU�DOO�WKH�VDPSOHV�OLVWHG�LQ�WKH�GDWDEDVH���

7KH�PRLVWXUH�FRQWHQW�RI�WKH�VDPSOH�ZDV�GHWHUPLQHG�E\�ZHLJKW�ORVV�UHVXOWLQJ�IURP�RYHQ�GU\LQJ�RI�D���J�

VDPSOH�LQ�D�GU\�FUXFLEOH�DW�����±�����˚&�IRU���KRXU��7KH�PRLVWXUH�FRQWHQW�ZDV�FDOFXODWHG�DV�IROORZV��

0RLVWXUH�FRQWHQW������ሺௐ−ௐ
ௐ

ሻ����

$� %�

&�
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:KHUH�:L�UHSUHVHQWV�WKH�LQLWLDO�ZHLJKW�RI�WKH�VDPSOH�XVHG��J���DQG�:I�GHQRWHV�WKH�ZHLJKW�RI�WKH�VDPSOH�

DIWHU�KHDWLQJ��J���

7R�GHWHUPLQH�WKH�DVK�FRQWHQW��WKH�GULHG�VDPSOH�IURP�WKH�PRLVWXUH�DQDO\VLV�ZDV�JUDGXDOO\�KHDWHG�LQ�D�

YHQWLODWHG�IXUQDFH�WR�UHDFK�D�WHPSHUDWXUH�RI�����േ����˚&�DW�WKH�HQG�RI���KRXU��)XUWKHU��WKH�WHPSHUDWXUH�RI�

WKH�IXUQDFH�ZDV�LQFUHDVHG�WR�UHDFK�����േ����˚&�DW�WKH�HQG�RI���KRXU��7KH�VDPSOH�ZDV�PDLQWDLQHG�DW�

����േ����˚&�IRU�DQ�DGGLWLRQDO���KRXUV��RU�XQWLO�WKH�PDVV�RI�WKH�UHVLGXH�UHDFKHG�FRQVWDQW�ZHLJKW��7KH�PDVV�
RI�WKH�UHVLGXH�ZDV�GLYLGHG�E\�WKH�LQLWLDO�GULHG�VDPSOH�PDVV�WR�REWDLQ�WKH�DVK�FRQWHQW��7KH�DVK�FRQWHQW�RI�

WKH�VDPSOH�ZDV�FRPSXWHG�DV�IROORZV��

$VK�FRQWHQW������ሺௐ−ௐ
ௐೞ

ሻ����

:KHUH�:F�UHSUHVHQWV�WKH�ZHLJKW�RI�FDSVXOH��FRYHU��DQG�DVK��J���:H�GHQRWHV�WKH�ZHLJKW�RI�WKH�HPSW\�

FDSVXOH�DQG�FRYHU��J���DQG�:V�LV�ZHLJKW�RI�VDPSOH�XVHG�IRU�DQDO\VLV��

7KH�YRODWLOH�PDWWHU�RI�WKH�VDPSOH�ZDV�GHWHUPLQHG�E\�PDVV�ORVV�UHVXOWLQJ�IURP�KHDWLQJ���J�VDPSOH�LQ�D�GU\�

FUXFLEOH�DW�����േ���˚&�IRU���PLQ��7KH�FDOFXODWHG�PDVV�ORVV�ZDV�FRUUHFWHG�IRU�PRLVWXUH�FRQWHQW�WR�REWDLQ�
YRODWLOH�PDWWHU��7KH�YRODWLOH�PDWWHU�RI�WKH�VDPSOH�ZDV�GHWHUPLQHG�DV�IROORZV��

0DVV�ORVV������ሺௐ−ௐ
ௐ−�ௐ

ሻ����

:KHUH�:H�GHQRWHV�WKH�ZHLJKW�RI�WKH�HPSW\�FDSVXOH�DQG�FRYHU��J���:L�UHSUHVHQWV�WKH�ZHLJKW�RI�FDSVXOH��

FRYHU��DQG�VDPSOH�EHIRUH�KHDWLQJ��J���DQG�:I�LV�ZHLJKW�RI�FDSVXOH��FRYHU��DQG�VDPSOH�DIWHU�KHDWLQJ��J���

9RODWLOH�PDWWHU������0DVV�ORVV�����±�0RLVWXUH�FRQWHQW�����

)L[HG�FDUERQ�ZDV�FDOFXODWHG�E\�VXEWUDFWLQJ�WKH�SHUFHQWDJHV�RI�PRLVWXUH��DVK��DQG�YRODWLOH�PDWWHU�IURP�

�����7KH�UHODWLRQ�XVHG�IRU�FRPSXWLQJ�IL[HG�FDUERQ�LV�VKRZQ�EHORZ��

)L[HG�FDUERQ����������±�>0RLVWXUH�������$VK�������9RODWLOH�PDWWHU����@�

������7UHH�5HOHDVH�$QDO\VLV��

7KH�WUHH�UHOHDVH�DQDO\VLV�SURFHGXUH�FDQ�EH�XVHG�WR�JHQHUDWH�D�WKHRUHWLFDO�RSWLPXP�VHSDUDWLRQ�SHUIRUPDQFH�

FXUYH�IRU�WKH�IORWDWLRQ�SURFHVV��ZKLFK�LV�XVHG�IRU�FOHDQLQJ�ILQH�FRDO��0RKDQW\�HW�DO����������7KLV�SURFHGXUH�

ZDV�IROORZHG�IURP�WKH�$XVWUDOLDQ�6WDQGDUGV�$6����������±�������5�������6WDQGDUGV�$XVWUDOLD���������,Q�

WKLV�DQDO\VLV��WKH�FRDO�LV�IORDWHG�WR�REWDLQ�D�FOHDQ�FRDO�FRQFHQWUDWH�DQG�WDLOLQJV��7KH�IORWDWLRQ�SURGXFWV�

�FRQFHQWUDWH�DQG�WDLOLQJV��DUH�VXEMHFWHG�WR�IORWDWLRQ�LQGLYLGXDOO\�WR�REWDLQ�VXFFHVVLYH�FRQFHQWUDWHV�DQG�

WDLOLQJV�LQ�EUDQFKHV��VHH�)LJXUH�����7KH�DVK�FRQWHQW�DQG�\LHOG�RI�WKH�ILQDO�SURGXFWV�DUH�H[SHULPHQWDOO\�

GHWHUPLQHG�DQG�SUHVHQWHG�DV�FXPXODWLYH�\LHOG�YV��DVK�SORW��%\�LQFUHDVLQJ�WKH�QXPEHU�RI�EUDQFKHV��WKH�



�

���
�

DFFXUDF\�RI�WKH�VHSDUDWLRQ�FXUYH�LV�LQFUHDVHG��/DVNRZVNL��������0RKDQW\�HW�DO����������7KH�UHVXOWLQJ�

VDPSOHV�ZLOO�EH�UHSUHVHQWHG�E\�D�VHULHV�RI�SURGXFWV�IURP�D�ORZ��WR�KLJK�DVK�FRQWHQW��ZKLFK�ZLOO�SURYLGH�DQ�

DVVHVVPHQW�RI�WKH�IORDWDELOLW\�RI�WKH�FRDO���7KH�UHOHDVH�DQDO\VLV�LV�FDUULHG�RXW�XQGHU�DQ�LGHDO�FRQGLWLRQ�

�UHDJHQW�DGGLWLRQ�LV�LQ�H[FHVV��DQG�FRDO�LV�IORDWHG�WR�H[KDXVWLRQ�WR�REWDLQ�WKH�FOHDQHVW��PLGGOH�UDQJH�DQG�

GLUWLHVW�LQ�WHUPV�RI�DVK�SDUWLFOHV�LQ�WKH�FRQVHFXWLYH�SURGXFWV��,Q�WKDW�VHQVH�LW�LV�WUHDWHG�DV�WKH�PHWKRGRORJ\�

WR�DVVHVV�PLJUDWLRQ�RI�5((�LQ�WKH�IORWDWLRQ�E\�SURGXFWV��,Q�WKLV�VWXG\��WKHVH�SURGXFWV�DUH�DQDO\]HG�IRU�5((�

FRQWHQWV�ZKLFK�ZLOO�SURYLGH�LQIRUPDWLRQ�RQ�WKH�DVVRFLDWLRQ�RI�WKH�5((�ZLWK�WKH�DVK�IRUPLQJ�PLQHUDOV�DQG�

SRVVLEOH�HQULFKPHQW��LI�DQ\��LQ�WKH�IORWDWLRQ�SURGXFW�VWUHDPV��ZKLFK�LV�FUXFLDO�LQIRUPDWLRQ�IRU�WKH�

H[WUDFWLRQ�RI�WKH�5((�IURP�WKH�FRDO��

7UHH�5HOHDVH�DQDO\VLV�ZDV�FRQGXFWHG�IRU�VHOHFWHG�VDPSOHV��)RU�HDFK�WHVW��D�����J�UHSUHVHQWDWLYH�IHHG�

VDPSOH�ZDV�FUXVKHG�WR�REWDLQ�������P�ZLWK�3����WKH�VL]H�ZKHUH�����RI�SDUWLFOHV�LQ�WKH�VDPSOH�DUH�VPDOOHU�

WKDQ�WKLV�VL]H��RI�IHHG�VDPSOHV�LV������������P��ZKLFK�UHSUHVHQWV�W\SLFDO�IHHG�VL]H�WR�IORWDWLRQ�DW�WKH�

SODQWV��)LJXUH���VKRZV�WKH�IORWDWLRQ�VHWXS�XVHG�IRU�75((�UHOHDVH�DQDO\VLV��)ORWDWLRQ�WHVWV�ZHUH�FRQGXFWHG�

LQ�WKH���OLWHU�'HQYHU�ODERUDWRU\�FHOO�ZLWK�DQ�LQLWLDO�VROLG�FRQWHQW�RI��������S+�RI�WKH�QDWXUDO�VOXUU\�ZDV�

XVHG�LQ�WKH�FRDO�IORWDWLRQ�WHVW�ZLWKRXW�DQ\�PRGLILFDWLRQ��ZKLFK�ZDV�JHQHUDOO\�LQ�WKH�UDQJH�RI���WR������&RDO�

ZDV�FRQGLWLRQHG�IRU���PLQ�ZLWK�DQ�LPSHOOHU�VSHHG�RI������USP��)ORWDWLRQ�UHDJHQW�HPXOVLRQ�RI����J�W�RI�

0,%&�DQG����J�W�RI�NHURVHQH�LQ����P/�RI�ZDWHU�ZDV�PDGH�XVLQJ�D�KLJK�VSHHG�ODERUDWRU\�EOHQGHU�DQG�

DGGHG�WR�WKH�IORWDWLRQ�FHOO��)XUWKHU��WKH�FRDO�VOXUU\�ZLWK�UHDJHQWV�ZDV�FRQGLWLRQHG�IRU����PLQ�IROORZHG�E\�

DQRWKHU����J�W�RI�IURWKHU�DGGLWLRQ�DQG�FRQGLWLRQLQJ�IRU���PLQXWH���

2LO\�FROOHFWRUV�VXFK�DV�GLHVHO�DQG�NHURVHQH�DUH�XVHG�LQ�WKH�IORWDWLRQ�RI�K\GURSKRELF�PDWHULDOV�OLNH�FRDO��

PRO\EGHQLWH�HWF��7KHVH�RLO�EDVHG�UHDJHQWV�DUH�LQVROXEOH�LQ�ZDWHU�DQG�IRXQG�WR�EH�QRW�HIILFLHQW�LQ�

GLVSHUVLQJ�LQ�VOXUU\�DQG�DGVRUELQJ�RQ�SDUWLFOH�VXUIDFHV��ZKLFK�UHVXOWV�LQ�KLJK�UHDJHQW�FRQVXPSWLRQ��ORQJ�

FRQGLWLRQLQJ�WLPH�DQG�GHFUHDVHG�IORWDWLRQ�SHUIRUPDQFH��'LVSHUVLQJ�RLO\�FROOHFWRUV�LQWR�ILQH�GURSOHWV�

WKURXJK�HPXOVLILFDWLRQ�EHIRUH�EHLQJ�DGGHG�WR�IORWDWLRQ�FHOO�KDV�EHHQ�IRXQG�EHQHILFLDO�WR�LPSURYLQJ�

IORWDWLRQ�SHUIRUPDQFH��UHGXFLQJ�UHDJHQW�FRQVXPSWLRQ��DQG�VKRUWHQLQJ�IORWDWLRQ�FRQGLWLRQLQJ�WLPH��<X�HW�

DO���������&KHQ�DQG�3HQJ���������+HQFH��HPXOVLILFDWLRQ�VWUDWHJ\�ZDV�DGRSWHG�LQ�WKLV�VWXG\���

8VLQJ�DQ�DHUDWLRQ�UDWH�RI�����/�PLQ�RI�DLU��WKH�FRQFHQWUDWH�ZDV�FROOHFWHG�XQWLO�WKH�IURWK�ZDV�EDUUHQ��ZKLFK�

ZDV�XVXDOO\�EHWZHHQ���WR���PLQ�RI�IURWK�FROOHFWLRQ�WLPH��7KH�LQLWLDO�SURGXFWV�ZHUH�VXFFHVVLYHO\�IORDWHG�

LQGLYLGXDOO\�LQWR�WKUHH�OHYHOV�RI�EUDQFKHV�WR�REWDLQ�HLJKW�SURGXFWV�DV�VKRZQ�LQ�)LJXUH����7KH�ILQDO�

products�from�the�tree�analysis�were�dried�at�65˚C�and�ZHLJKHG�WR�REWDLQ�\LHOG�GDWD�DQG�DQDO\]HG�IRU�DVK�

FRQWHQW��DV�GHVFULEHG�LQ�VHFWLRQ��������)RU�HDFK�IHHG�VDPSOH��WKH�WUHH�DQDO\VLV�ZDV�FRQGXFWHG�LQ�GXSOLFDWHV��

%DVHG�RQ�WKH�DVK�FRQWHQW�RI�WKH�SURGXFWV��WKUHH�SURGXFWV�ZHUH�VHOHFWHG�ZLWK�ORZ���PHGLXP���DQG�KLJK�DVK�

WR�ILQG�5((�FRQFHQWUDWLRQ�LQ�WKH�IORWDWLRQ�SURGXFWV����
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)LJXUH����6FKHPDWLF�GLDJUDP�RI�WUHH�DQDO\VLV�SURFHGXUH��,Q�WKLV�WHVW��FRDO�VDPSOH��)HHG��ZDV�ILUVW�VHSDUDWHG�XVLQJ�

IORWDWLRQ�LQWR�)ORDW��)��DQG�7DLOLQJV� 7���/HYHO�����,Q�WKH�VHFRQG�VWDJH��/HYHO�����ERWK�)ORDW��)��DQG�7DLOLQJV��7��ZHUH�

UH�IORDWHG�VHSDUDWHO\�WR�REWDLQ���SURGXFWV��)ORDW��))���7DLOLQJV��)7���DQG�)ORDW��7)���7DLOLQJV��77��UHVSHFWLYHO\���,Q�WKH�

WKLUG�VWDJH��/HYHO�����WKH���SURGXFWV�IURP�WKH�VHFRQG�VWDJH�ZHUH�DJDLQ�IORDWHG�WR�REWDLQ�ILQDO�3URGXFWV��)))�WR�777���

<HOORZ�EXEEOH�DQG�JUH\�SRUWLRQ�LQ�WKH�ILJXUH�UHSUHVHQW�IURWK�DQG�WDLOLQJV�REWDLQHG�GXULQJ�IORWDWLRQ�UHVSHFWLYHO\��

�

)LJXUH����)ORWDWLRQ�VHW�XS�XVHG�IRU�75((�UHOHDVH�DQDO\VLV�$��'HQYHU�FHOO�DQG�%��+LJK�VSHHG�EOHQGHU�XVHG�IRU�
HPXOVLRQ�SUHSDUDWLRQ�

�

���� 6HTXHQWLDO�([WUDFWLRQ�

7UDFH�HOHPHQWV�LQ�FRDO�FDQ�EH�DVVRFLDWHG�ZLWK�RUJDQLF�DQG�LQRUJDQLF�PDWWHU�RU�ERWK��)LQNHOPDQ��������

6ZDLQH���������,QRUJDQLF�DVVRFLDWLRQ�FDQ�EH�GLIIHUHQW�IRUPV�VXFK�DV�VLOLFDWHV��VXOILGHV��FDUERQDWHV��R[LGHV��



�
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SKRVSKDWHV��VHOHQLGHV��DQG�KDOLGHV��8QGHUVWDQGLQJ�WKH�PRGH�RI�RFFXUUHQFH�RI�WUDFH�HOHPHQWV�KHOSV�WR�

IROORZ�WKHVH�HOHPHQWV�GXULQJ�FRDO�SUHSDUDWLRQ��FRPEXVWLRQ��DQG�ZDVWH�GLVSRVDO��DV�ZHOO�DV�GXULQJ�WKH�

H[WUDFWLRQ�RI�YDOXDEOH�PHWDOV��'DL�HW�DO���������(TXHHQXGGLQ�HW�DO���������)LQNHOPDQ��������������=KDQJ�

HW�DO����������7KHUH�DUH�GLIIHUHQW�PHWKRGV�WR�LGHQWLI\�WKH�PRGH�RI�RFFXUUHQFH�RI�WUDFH�HOHPHQWV�LQ�FRDO��

LQFOXGLQJ�VFDQQLQJ�HOHFWURQ�PLFURVFRSH�ZLWK�HQHUJ\�GLVSHUVLYH�;�UD\�VSHFWURVFRS\��6(0�(';��IURP�

HOHFWURQ�PLFURVFRSH�HOHPHQWDO�DQDO\VLV��HOHPHQWDO�DQDO\VLV�RI�IUDFWLRQV�REWDLQHG�IURP�GHQVLW\�VHSDUDWLRQ��

OHDFKLQJ��DQG�VWDWLVWLFDO�FRUUHODWLRQ��&UHHOPDQ�	�:DUG��������)LQNHOPDQ�HW�DO���������5DR�	�*OXVNRWHU��

�������

6HTXHQWLDO�H[WUDFWLRQ�ZDV�ILUVW�GHYHORSHG�WR�DQDO\]H�SDUWLFXODWH�WUDFH�PHWDOV��7HVVLHU�HW�DO�����������7KLV�

SURFHGXUH�ZDV�ODWHU�PRGLILHG�IRU�FRDO��)LQNHOPDQ��������)LQNHOPDQ�HW�DO����������'HQVLW\�EDVHG�

VHTXHQWLDO�H[WUDFWLRQ�SURFHGXUH�IRU�5((�LQ�FRDO�ZDV�VXFFHVVIXOO\�DSSOLHG�E\�'DL�HW�DO����������$�VLPLODU�

H[WUDFWLRQ�PHWKRG�ZDV�DOVR�DSSOLHG�WR�RWKHU�WUDFH�HOHPHQWV�LQ�FRDO�VXFK�DV�DUVHQLF��PHUFXU\��DQG�VHOHQLXP�

�%DL�HW�DO���������'DL�HW�DO���������=KDQJ�HW�DO���������=KHQJ�HW�DO���������=KRX�HW�DO���������� DYLGVRQ�

�������SUHVHQWHG�WKH�FRPSDULVRQ�RI�VHTXHQWLDO�H[WUDFWLRQ�SURFHGXUH�XVHG�LQ�GLIIHUHQW�QDWLRQDO�ODERUDWRULHV��

%DVHG�RQ�WKHVH�VWXGLHV��D�IRXU�VWHS�VHTXHQWLDO�H[WUDFWLRQ�SURFHGXUH�ZDV�XVHG�LQ�WKLV�VWXG\�IRU�VHOHFW�

VDPSOHV�WR�XQGHUVWDQG�WKH�5((�DVVRFLDWLRQ�LQWR�WKH�IROORZLQJ�ILYH�W\SHV��WKH�LRQ�H[FKDQJHDEOH�5((��

:HDN�DFLG�VROXEOH�5((��5((�ERXQG�WR�RWKHU�FDUERQDWHV�DQG�PRQRVXOILGHV��5((�DVVRFLDWHG�ZLWK�

GLVXOILGHV��DQG�5((�DVVRFLDWLRQ�ZLWK�VLOLFDWHV�DQG�DOXPLQRVLOLFDWH�IRUP��7DEOH���SURYLGHV�WKH�VHTXHQWLDO�

H[WUDFWLRQ�SURFHGXUH�XVHG�LQ�WKH�VWXG\��

7DEOH����6HTXHQWLDO�H[WUDFWLRQ�SURFHGXUH�DGRSWHG�LQ�WKLV�VWXG\�

6WDJH� 0RGH�RI�RFFXUUHQFH� 3URFHGXUH�

��
,RQ�([FKDQJHDEOH�

5((�

$���J�VDPSOH�ZDV�WUDQVIHUUHG�LQWR�D����P/�EHDNHU��WR�ZKLFK����P/�RI�

�0�DPPRQLXP�DFHWDWH�VROXWLRQ�ZDV�DGGHG��7KH�VOXUU\�ZDV�PDJQHWLFDOO\�

VWLUUHG�IRU���KRXU�DW�URRP�WHPSHUDWXUH�DQG�ILOWHUHG�XVLQJ�:KDWPDQ�JUDGH�

���ILOWHU�SDSHUV��7KH�ILOWHUHG�VROLGV�UHVLGXH�ZDV�dried�at�65˚C��ZHLJKHG��

DQG�D�VPDOO�VXEVDPSOH�ZDV�WDNHQ�IRU�5((�DQDO\VLV��

��
:HDN�DFLG�VROXEOH�

5((�

7KH�GULHG�UHVLGXH�IURP�VWHS���ZDV�PL[HG�ZLWK��0�VRGLXP�DFHWDWH�

VROXWLRQ�DW�OLTXLG�WR�VROLG�UDWLR�RI�����DQG�PDJQHWLFDOO\�VWLUUHG�IRU���KRXUV�

DW�URRP�WHPSHUDWXUH��7KH�VOXUU\�ZDV�ILOWHUHG��GULHG��ZHLJKHG�DQG�D�VPDOO�

VXEVDPSOH�ZDV�VWRUHG�IRU�5((�DQDO\VLV��
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��

5((�ERXQG�WR�RWKHU�

FDUERQDWHV�DQG�

PRQRVXOILGHV�

7KH�GULHG�UHVLGXH�IURP�VWHS���ZDV�H[WUDFWHG�ZLWK��1�+\GURFKORULF�DFLG�

DW�OLTXLG�WR�VROLG�UDWLR�RI�����DQG�PDJQHWLFDOO\�VWLUUHG�IRU����KRXUV�DW�

URRP�WHPSHUDWXUH��7KH�VOXUU\�ZDV�ILOWHUHG��GULHG��ZHLJKHG�DQG�D�VPDOO�

VXEVDPSOH�ZDV�REWDLQHG�IRU�5((�DQDO\VLV���

��
5((�ERXQG�WR�

GLVXOILGHV�

7KH�GULHG�UHVLGXH�IURP�VWHS���ZDV�H[WUDFWHG�ZLWK��1�1LWULF�DFLG�DW�OLTXLG�

WR�VROLG�UDWLR�RI�����DQG�PDJQHWLFDOO\�VWLUUHG�IRU����KRXUV�DW�URRP�

WHPSHUDWXUH��7KH�VOXUU\�ZDV�ILOWHUHG��GULHG��ZHLJKHG�DQG�D�VPDOO�

VXEVDPSOH�ZDV�FROOHFWHG�IRU�5((�DQDO\VLV���

��

5((�ERXQG�WR�

VLOLFDWHV�	�

DOXPLQRVLOLFDWHV�

5((�LQ�WKH�UHVLGXDO�VROLGV��

��

����3K\VLFDO�6HSDUDWLRQ�7HVW�3URFHGXUH�

6HSDUDWLRQ�WHFKQLTXHV�VXFK�DV�GHQVLW\��PDJQHWLF��VL]H��DQG�IORWDWLRQ�ZDV�HPSOR\HG�WR�XQGHUVWDQG�SRWHQWLDO�

RI�SK\VLFDOO\�FRQFHQWUDWLQJ�WKH�5((�IURP�WKH�VHOHFW�VDPSOHV��$�EULHI�GHVFULSWLRQ�RI�WKH�SURFHGXUH�LV�JLYHQ�

LQ�WKLV�VHFWLRQ�DV�IROORZV��

������3DUWLFOH�6L]H�6HSDUDWLRQ�

3DUWLFOH�VL]H�VHSDUDWLRQ�RI�VDPSOHV�ZDV�SHUIRUPHG�XVLQJ�D�VLHYH�VKDNHU�RQ�VHOHFW�VDPSOHV��$�

representative�sample�of�300�g�passing�500�μm�was�wet�sieved�to�separate�ultra�fines�(�����P��IURP�UHVW�

RI�WKH�VDPSOH��%RWK�IUDFWLRQV������	������P��ZHUH�ILOWHUHG��GULHG�DW����&��DQG�ZHLJKHG���'U\�VFUHHQLQJ�

was�conducted�on�the�coarser�fraction�(+25�μm)�XVLQJ�5R�WDS�IRU����PLQ�DQG�VHSDUDWHG�LQWR���PRUH�

IUDFWLRQV��������P��������P�������P��������P�������P��������P������P�������P������P��$OO�WKH�

IUDFWLRQV�ZHUH�FROOHFWHG��ZHLJKHG��DQG�VHQW�IRU�5((�DQDO\VLV�LQ�HDFK�VL]H�IUDFWLRQV�XVLQJ�,&3�06��7KH�

PDVV�ORVV�GXULQJ�WKH�H[SHULPHQW�ZDV�OHVV�WKDQ�����

������'HQVLW\�6HSDUDWLRQ�

'HQVLW\�VHSDUDWLRQ�RI�VDPSOHV�ZDV�FDUULHG�RXW�XVLQJ�WKH�WUDGLWLRQDO�IORDW�VLQN�PHWKRG��$670�'�������IRU�

VHOHFWHG�VDPSOHV�SDVVLQJ������P�ZLWK�3���RI������25�μm��,Q�D�VWDQGDUG�IORDW�VLQN�DQDO\VLV��VHW�DPRXQWV�RI�

WKH�UHSUHVHQWDWLYH�VDPSOH�DUH�FUXVKHG�WR�D�VSHFLILHG�SDUWLFOH�VL]H�DQG�SODFHG�LQ�OLTXLGV�RI�NQRZQ�GHQVLW\�RU�

DFURVV�D�UDQJH�RI�GHQVLWLHV��)RXU�GLIIHUHQW�GHQVLW\�OLTXLGV�ZHUH�VHOHFWHG�IRU�WKH�WHVW��6*������6*������6*�

�����DQG�6*������7KH�IRXU�RUJDQLF�OLTXLGV�ZLWK�GLIIHUHQW�GHQVLWLHV��NHURVHQH�������J�FP���
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SHUFKORURHWK\OHQH�������J�FP���EURPRIRUP�������J�FP���DQG�WHWUDEURPRHWKDQH�������J�FP���ZDV�XVHG�

IRU�WKH�SUHSDUDWLRQ�RI�KHDY\�OLTXLG�PHGLD�IRU�WKH�WHVW��

)RU�HDFK�WHVW��WKH�VDPSOH�ZDV�SODFHG�LQ�WKH�KHDY\�OLTXLG�ZLWK�WKH�ORZHVW�VSHFLILF�JUDYLW\��6*������LQ�D�����

P/�EHDNHU�ZLWK�FDS�DQG�PL[HG��7KH�FORVHG�EHDNHU�ZDV�VKDNHQ�E\�KDQG�WR�HQVXUH�WKRURXJK�GLVSHUVLRQ�RI�

VDPSOH�SDUWLFOHV�LQ�WKH�KHDY\�OLTXLG��7KH�PL[WXUH�ZDV�WKHQ�FHQWULIXJHG�DW������USP�IRU����PLQ�WR�JHW�

IORDW�DQG�VLQN�IUDFWLRQ��7KH�IORDW�IUDFWLRQ�������6*��ZDV�GHFDQWHG�LQWR�VHSDUDWH�EHDNHU�DQG�ILOWHUHG�XVLQJ�

YDFXXP�SXPS��7KH�VLQN�IUDFWLRQ��!����6*��ZDV�WUDQVIHUUHG�LQWR�QH[W�KHDY\�OLTXLG��6*�������7KH�SURFHVV�

ZDV�UHSHDWHG�IRU�DOO�KHDY\�GHQVLW\�OLTXLGV��$OO�FROOHFWHG�IUDFWLRQV�ZHUH�ZDVKHG�ZLWK�DFHWRQH�WR�UHPRYH�

DQ\�UHVLGXDO�KHDY\�OLTXLG��ILOWHUHG��GULHG�DW����&��DQG�ZHLJKHG���$IWHU�VDPSOH�SUHSDUDWLRQ��HDFK�RI�WKH�

IUDFWLRQV�ZHUH�DOVR�VHQW�IRU�HOHPHQWDO�DQDO\VLV�XVLQJ�,&3�06��7KH�PDVV�ORVV�GXULQJ�WKH�H[SHULPHQW�

ZDV�OHVV�WKDQ�������7KH�5((�UHFRYHU\��5��LQ�HDFK�IUDFWLRQ�ZDV�FDOFXODWHG�DV�IROORZV��

5� �
ெೃ∗ೃ
ெಷ∗ಷ

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

:KHUH�0)�DQG�05�LV�WKH�PDVV�RI�IHHG�DQG�GHQVLW\�IUDFWLRQ��UHVSHFWLYHO\��J���&)�DQG�&5�LV�FRQFHQWUDWLRQ�RI�

REE�in�feed�and�density�fraction,�respectively�(μg/g).��

������0DJQHWLF�6HSDUDWLRQ�

0DJQHWLF�VHSDUDWLRQ�WHVW�ZDV�FDUULHG�RXW�XVLQJ�D�EHQFK�VFDOH�&DUSFR�:HW�+LJK�,QWHQVLW\�0DJQHWLF�

6HSDUDWRU��DV�VKRZQ�LQ�)LJXUH����)RU�HDFK�WHVW�����J�VDPSOH�SDVVLQJ��50�μm�ZLWK�3���RI���������μm��ZDV�

PL[HG�ZLWK�����P/�RI�ZDWHU�LQ��/�EHDNHU��7KH�VOXUU\�ZDV�WKRURXJKO\�PL[HG�XVLQJ�DQ�RYHUKHDG�VWLUUHU�IRU�

���PLQV�DQG�IHG�LQWR�VHSDUDWRU�DW�D�IHHG�UDWH�RI��/�PLQ��,Q�WKLV�VWXG\��VDPSOH�ZDV�VXEMHFWHG�WR�WKUHH�

GLIIHUHQW�PDJQHWLF�LQWHQVLW\�OHYHOV������7�������7��	����7��WR�REWDLQ�WRWDO�RI���SURGXFWV��7KUHH�

FRQFHQWUDWHV�DQG�ILQDO�WDLOLQJV���,QLWLDOO\��WKH�PDJQHWLF�LQWHQVLW\�ZDV�DGMXVWHG�WR����7��IUHVKO\�SUHSDUHG�

VOXUU\�ZDV�SDVVHG�LQWR�WKH�VHSDUDWRU�SURGXFLQJ�FRQFHQWUDWH��3URGXFW�����7KH�UHVLGXH�IURP�WKH�VWDJH���ZDV�

VXEMHFWHG�WR�KLJKHU�PDJQHWLF�LQWHQVLW\�RI������7�WR�JHW�VHFRQG�FRQFHQWUDWH��3URGXFW�����)LQDOO\��UHVLGXH�

IURP�VWDJH���VHSDUDWLRQ�ZDV�DJDLQ�VXEMHFWHG�WR�VHSDUDWLRQ�DW�����7�WR�REWDLQ�WKLUG�FRQFHQWUDWH��3URGXFW����

DQG�WDLOLQJV��)LJXUH���GHSLFWV�WKH�PDJQHWLF�VHSDUDWLRQ�SURFHGXUH�XVHG�LQ�WKLV�VWXG\��3URGXFWV�DQG�WDLOLQJV�

ZHUH�FROOHFWHG�VHSDUDWHO\��ILOWHUHG��GULHG�DW����&��DQG�ZHLJKHG�WR�REWDLQ�\LHOG�GDWD��7KH�UHSUHVHQWDWLYH�

SRUWLRQ�RI�FRQFHQWUDWHV�DQG�WDLOLQJV�ZHUH�VHQW�IRU�5((�DQDO\VLV�WR�FDOFXODWH�UHFRYHU\�DQG�HQULFKPHQW�

IDFWRU���

�
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�

)LJXUH�� �%HQFK�VFDOH�KLJK�ZHW�PDJQHWLF�LQWHQVLW\�VHSDUDWRU�XVHG�LQ�WKLV�VWXG\�

�

)LJXUH����0DJQHWLF�VHSDUDWLRQ�WHVW�SURFHGXUH�DGRSWHG�LQ�WKLV�VWXG\�

����� UDYLW\�6HSDUDWLRQ�

7KH�JUDYLW\�VHSDUDWLRQ�ZDV�FRQGXFWHG�XVLQJ�ODE�VFDOH��)/6PLGWK�0RGHO��.&�0'���.QHOVRQ�FRQFHQWUDWRU�

DV�VKRZQ�LQ�)LJXUH����)RU�WKH�WHVW��D���NJ�VDPSOH���106�μm)�ZDV�PL[HG�ZLWK�ZDWHU�WR�SURGXFH�VOXUU\�ZLWK�

����VROLG�FRQWHQW�DQG�ZDV�DGGHG�VORZO\�ZLWK�IOXLGL]DWLRQ�ZDWHU�IORZ�UDWH�RI���/�PLQ��)RU�HDFK�WHVW��WKH�
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VDPSOH�ZDV�VXEMHFWHG�WR�VHSDUDWLRQ�SURFHVV�DW�WZR�GLIIHUHQW�OHYHOV�RI�DSSOLHG�*�IRUFH�����DQG�����LQ�D�

VWDJHG�UHFRYHU\�WR�REWDLQ�WZR�SURGXFW�FRQFHQWUDWHV�DQG�RQH�ILQDO�WDLOLQJV��DV�GHSLFWHG�LQ�)LJXUH�����$W�WKH�

HQG�RI�HDFK�VWDJH�VHSDUDWLRQ�WHVW��IOXLGL]DWLRQ�ZDWHU�ZDV�VWRSSHG��IROORZHG�E\�FRQFHQWUDWH�FROOHFWLRQ�

FKDPEHU�PRWRU�ZDV�WXUQHG�RII�WR�DYRLG�DQ\�FRQFHQWUDWH�ORVV�WR�WKH�WDLOLQJV�ODXQGHU��&RQFHQWUDWH�DQG�

WDLOLQJV�ZHUH�FROOHFWHG�VHSDUDWHO\��ILOWHUHG��GULHG�DW����&��DQG�ZHLJKHG�WR�REWDLQ�\LHOG�GDWD��7KH�

UHSUHVHQWDWLYH�SRUWLRQ�RI�FRQFHQWUDWHV�DQG�WDLOLQJV�ZHUH�VHQW�IRU�5((�DQDO\VLV�WR�FDOFXODWH�UHFRYHU\�DQG�

HQULFKPHQW�IDFWRU��

�

�

)LJXUH����/DE�VFDOH�.QHOVRQ�FRQFHQWUDWRU�XVHG�LQ�WKLV�VWXG\�

�

)LJXUH�����.QHOVRQ�FRQFHQWUDWLRQ�VHSDUDWLRQ�WHVW�SURFHGXUH�DGRSWHG�LQ�WKLV�VWXG\�
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������5((�DQG�&RDO�)ORWDWLRQ�

7KH�VDPSOHV�VHOHFWHG�IRU�5((�PLQHUDOV�FRQFHQWUDWLRQ�XVLQJ�IORWDWLRQ�ZDV�FUXVKHG�WR�WDUJHW�SDUWLFOH�VL]H�RI�

EHORZ�������P�ZLWK�3���RI�IHHG�VDPSOHV�LV���������� �P��%HIRUH�FRQGXFWLQJ�5((�IORWDWLRQ��IHHG�VDPSOH�

ZDV�VXEMHFWHG�WR�FRDO�IORWDWLRQ�WR�UHPRYH�DQ\�H[FHVV�FDUERQDFHRXV�PDWHULDO�SUHVHQW�LQ�WKH�IHHG�VDPSOH��

7KH�IHHG�VDPSOH�UHPRYHG�RI�FDUERQ�PDWHULDO�ZDV�ODWHU�XVHG�IRU�5((�IORWDWLRQ�LQ�DOO�WKH�WHVW���

��������&RDO�)ORWDWLRQ��

)RU�WKH�FRDO�IORWDWLRQ�WHVW��VWDQGDUG���/�'HQYHU�ODERUDWRU\�FHOO�ZDV�XVHG�WR�FRQGXFW�WKH�EDWFK�WHVW��DV�

VKRZQ�LQ�)LJXUH����)RU�FDUERQ��FRDO��UHPRYDO��IORWDWLRQ�WHVW�ZDV�FDUULHG�RXW�LQ�WZR�VWDJHV���

$�UHSUHVHQWDWLYH�IHHG�VDPSOH�ZDV�FUXVKHG�WR�D�WDUJHW�SDUWLFOH�VL]H�EHORZ�������P�ZLWK�3���RI�IHHG�VDPSOHV�

LV���������� �P�DQG�ZHLJKHG�WR�REWDLQ������J�IRU�HDFK�WHVW��7KH�FHOO�ZDV�ILOOHG�WR�����KHLJKW�ZLWK�ZDWHU�

DQG�LPSHOOHU�VSHHG�ZDV�DGMXVWHG�WR������U�PLQ��)HHG�VDPSOH�ZDV�SODFHG�LQ�WKH�FHOO�DQG�FRQGLWLRQHG�IRU���

PLQ�WR�ZHW�WKH�VDPSOH�FRPSOHWHO\��)ORWDWLRQ�WHVWV�ZHUH�FRQGXFWHG�ZLWK�DQ�LQLWLDO�VROLG�FRQWHQW�RI�������

DQG�S+�RI�WKH�QDWXUDO�VOXUU\�ZDV�XVHG�LQ�WKH�FRDO��FDUERQ��IORWDWLRQ�WHVW�ZLWKRXW�DQ\�PRGLILFDWLRQ��ZKLFK�

ZDV�JHQHUDOO\�LQ�WKH�UDQJH�RI���WR������

,Q�WKH�ILUVW�VWDJH��WKH�UHDJHQW�HPXOVLRQ�RI�����J�W�RI�NHURVHQH��&ROOHFWRU��DQG�����J�W�RI�0HWK\O�LVREXW\O�

FDUELQRO��0,%&���IURWKHU��ZDV�XVHG�IRU�FRDO�FRQFHQWUDWH�FROOHFWLRQ��$V�H[SODLQHG�LQ�6HFWLRQ��������WKH�

UHDJHQW�HPXOVLRQ�ZDV�XVHG�IRU�FRDO�IORWDWLRQ��8VLQJ�D�KLJK�VSHHG�ODERUDWRU\�EOHQGHU��WKH�UHDJHQW�HPXOVLRQ�

ZDV�SUHSDUHG�VHSDUDWHO\�E\�SRXULQJ�����P/�RI�ZDWHU�LQ�WKH�EOHQGHU��7KH�UHTXLUHG�DPRXQW�RI�FROOHFWRU�

�.HURVHQH��DQG�RQH�KDOI�RI�WKH�UHTXLUHG�YROXPH�RI�IURWKHU��0,%&��ZDV�DOVR�DGGHG�WR�WKH�EOHQGHU�DQG�

PL[HG�DW�KLJK�VSHHG�IRU����V��7KH�SUHSDUHG�HPXOVLRQ�ZDV�TXLFNO\�WUDQVIHUUHG�LQWR�WKH�FHOO�DQG�FRQGLWLRQHG�

IRU����PLQ��$W�WKH�HQG�RI����PLQ�FRQGLWLRQLQJ�WLPH��WKH�RWKHU�KDOI�RI�IURWKHU�YROXPH�LV�LQWURGXFHG�WR�WKH�

FHOO�DQG�FRQGLWLRQHG�IRU�DGGLWLRQDO���PRUH�PLQXWH��8VLQJ�DQ�DHUDWLRQ�UDWH�RI�����/�PLQ�RI�DLU��WKH�

FRQFHQWUDWH�ZDV�FROOHFWHG�XQWLO�WKH�IURWK�ZDV�EDUUHQ��ZKLFK�ZDV�XVXDOO\�EHWZHHQ���WR���PLQ�RI�IURWK�

FROOHFWLRQ�WLPH��

7KH�UHVLGXDO�VOXUU\�IURP�WKH�ILUVW�VWDJH�LV�IXUWKHU�VFDYHQJHG�IRU�FDUERQDFHRXV�PDWHULDO�XVLQJ�VHFRQG�VWDJH�

DGGLWLRQ�RI�UHDJHQW�HPXOVLRQ�FRQWDLQLQJ�����J�W�RI�NHURVHQH��&ROOHFWRU��DQG�����J�W�RI�0,%&��IURWKHU����

$IWHU�WKH�VHFRQG�VWDJH�RI�FDUERQ�UHPRYDO��WDLOLQJV�ZHUH�SUHVVXUH�ILOWHUHG�DQG�ERWK�ILOWHUHG�WDLOLQJV�	�

concentrate�were�dried�at�65�˚C.�Based�on�the�tailings�yield,�carbon�removal�step�was�carried�out�to�

SURGXFH�HQRXJK�PDWHULDO�IRU�5((�IORWDWLRQ�WHVWV��$IWHU�GU\LQJ��WKH�FRQFHQWUDWH��&RDO��DQG�UHMHFWV��5((�

IORWDWLRQ�IHHG��FROOHFWHG�IURP�GLIIHUHQW�IORWDWLRQ�EDWFKHV�ZHUH�KRPRJHQL]HG�DQG�XVHG�IRU�VXEVHTXHQW�5((�

IORWDWLRQ�WHVW���
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��������5((�)ORWDWLRQ�7HVW�

)RU�WKHVH�WHVWV��IORWDWLRQ�ZDV�FDUULHG�RXW�XVLQJ�D�VWDQGDUG���OLWUH�'HQYHU�ODERUDWRU\�FHOO��7KH�IHHG�VOXUU\�

ZDV�SUHSDUHG�E\�PL[LQJ�����J�RI�VDPSOH�ZLWK����� P/�RI�ZDWHU�LQ�WKH�FHOO�DW�DQ�LPSHOOHU�VSHHG�RI������

USP�DQG�FRQGLWLRQHG�IRU���PLQ��7KH�VOXUU\�S+�ZDV�DGMXVWHG�XVLQJ�����1�+&O�RU�1D2+�DQG�UHTXLUHG�

DPRXQW�RI�FROOHFWRU��VRGLXP�ROHDWH�RU�K\GUR[DPDWH��ZDV�DGGHG�DQG�FRQGLWLRQHG�IRU����PLQ��$IWHU�

FRQGLWLRQLQJ��IURWKHU��')�����ZDV�DGGHG�DQG�FRQGLWLRQHG�IRU�DGGLWLRQDO���PLQ���:LWK�����/�PLQ�RI�DLU�

EXEEOLQJ�WKURXJK�WKH�VOXUU\��WKH�FRQFHQWUDWH�ZDV�FROOHFWHG�IRU���WR���PLQ�RU�XQWLO�WKH�IURWK�ZDV�EDUUHQ��

$IWHU�WKH�WHVW��FRQFHQWUDWH�DQG�WDLOLQJV�OHIW�LQ�WKH�FHOO�ZHUH�ILOWHUHG��GULHG�DW�����&�DQG�ZHLJKHG�WR�REWDLQ�

\LHOG�GDWD��%DVHG�RQ�WKH�OLWHUDWXUH�UHYLHZ��WKH�IORWDWLRQ�WHVW�ZDV�FRQGXFWHG�E\�YDU\LQJ�GLIIHUHQW�SURFHVV�

SDUDPHWHU�LQFOXGLQJ�FROOHFWRU�GRVH��FROOHFWRU�W\SH��VWDJHG�DGGLWLRQ�RI�FROOHFWRU�GRVH��SDUWLFOH�VL]H��VROLG�

GHQVLW\�RI�IHHG�VOXUU\��S+��VOXUU\�WHPSHUDWXUH��DQG�DGGLWLRQ�RI�GHSUHVVDQW��7DEOH���OLVWV�WKH�H[SHULPHQWDO�

FRQGLWLRQV�XVHG�IRU�5((�IORWDWLRQ�WHVW�LQ�WKLV�VWXG\��

����5((�/HDFKLQJ�3URFHGXUH��

7KH�K\GURPHWDOOXUJLFDO�H[WUDFWLRQ�RI�5((�IURP�VHOHFW�VDPSOH�ZDV�FRQGXFWHG�XVLQJ�WZR�OHDFKLQJ�

WHFKQLTXHV�����GLUHFW�DFLG�OHDFKLQJ��'/��DQG����DFLG�EDNLQJ�DQG�ZDWHU�OHDFKLQJ��$%:/���)LJXUH����

VKRZV�WKH�UHDFWRU�VHWXS�XVHG�LQ�WKLV�VWXG\��7KH�UHDFWRU�FRQVLVWV�RI�D���OLWUH�GRXEOH�ZDOOHG�JODVV�EHDNHU�

ILWWHG�ZLWK�YDULRXV�SDUWV��LQFOXGLQJ�DQ�LPSHOOHU��EDIIOH��S+�DQG�253�SUREHV��DQG�D�FRQGHQVHU��7KH�

WHPSHUDWXUH�RI�WKH�V\VWHP�FDQ�EH�FRQWUROOHG�DW�D�SUHGHWHUPLQHG�OHYHO�XS�WR����&�XVLQJ�D�ZDWHU�EDWK��7R�

PDLQWDLQ�DWPRVSKHULF�SUHVVXUH��WKH�UHDFWRU�ZDV�HTXLSSHG�ZLWK�D�FRQGHQVHU��DQG�FROG�ZDWHU�ZDV�FLUFXODWLQJ�

WKURXJK�WKH�FRQGHQVHU�MDFNHW�WR�UHGXFH�HYDSRUDWLYH�ORVV�RI�ZDWHU�LQ�WKH�UHDFWRU��)RU�VHOHFW�H[SHULPHQWV��S+�

DQG�253�GDWD�ZDV�UHFRUGHG�XVLQJ�SUREHV�FRQQHFWHG�WR�WKH�+DFK�6&�����FRQWUROOHU���

������'LUHFW�$FLG�/HDFKLQJ�

7R�REWDLQ�DQ�DFLG�OHDFKLQJ�5((�H[WUDFWLRQ�YDOXH��WKH�OHDFKLQJ�WHVW�ZDV�FRQGXFWHG�XVLQJ���0�VXOIXULF�DFLG�

DW�WKH�GHVLUHG�WHPSHUDWXUH�IRU�D�IL[HG�WLPH��7KH�WHVW�ZDV�FDUULHG�RXW�DW���ZW���VROLG�FRQWHQW��DQG�WKH�VOXUU\�

ZDV�DJLWDWHG�DW�����USP��6ROXWLRQ�VDPSOHV�ZHUH�DOVR�FROOHFWHG�DW�GLIIHUHQW�WLPH�LQWHUYDOV�WR�PRQLWRU�WKH�

H[WUDFWLRQ�SURJUHVV�RYHU�WLPH��)RU�DFLG�OHDFK�WHVWV��D���OLWUH�GRXEOH�ZDOOHG�VWLUUHG�JODVV�OHDFK�UHDFWRU��DV�

VKRZQ�LQ�)LJXUH�����ZDV�XVHG��$W�WKH�HQG�RI�WKH�WHVW��WKH�VOXUU\�ZDV�ILOWHUHG�XVLQJ�:KDWPDQ�JUDGH����

ILOWHU�SDSHU�DQG�ZDVKHG�WKUHH�WLPHV�ZLWK�GHLRQL]HG�ZDWHU��7KH�ILOWHUHG�VROLG�FDNH�ZDV�GULHG�DW����&��

ZHLJKHG��DQG�HOHPHQWDO�FRQFHQWUDWLRQV�ZHUH�GHWHUPLQHG�XVLQJ�,&3�06���
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���
�

������$FLG�%DNLQJ�DQG�:DWHU�/HDFKLQJ

)RU�HDFK�$%:/�WHVW�����J�RI�IHHG�VDPSOH�ZDV�WUDQVIHUUHG�WR�SRUFHODLQ�FUXFLEOHV�DQG�D�NQRZQ�TXDQWLW\�RI�

FRQFHQWUDWHG�VXOIXULF�DFLG��9:5�FKHPLFDOV�%'+��$&6�JUDGH����±�����ZDV�DGGHG�WR�DFKLHYH�WKH�

UHTXLUHG�DFLG�GRVH��$IWHU�WKH�DFLG�DGGLWLRQ��WKH�FRQWHQWV�ZHUH�PL[HG�WKRURXJKO\��ZHLJKHG��DQG�SODFHG�LQ�D�

PXIIOH�IXUQDFH��7KH�PXIIOH�IXUQDFH�XVHG�LQ�WKLV�VWXG\�LV�LOOXVWUDWHG�LQ�)LJXUH�����7KH�WHPSHUDWXUH�RI�WKH�

PXIIOH�IXUQDFH�ZDV�LQFUHDVHG�DW�D�UDWH�RI���&�PLQ�WR�D�GHVLUHG�YDOXH�DQG�EDNHG�IRU�IL[HG�WLPH��$IWHU�WKH�

VHW�EDNLQJ�WLPH��WKH�UHVXOWDQW�EDNHG�VROLGV�ZHUH�FRROHG��ZHLJKHG��DQG�JURXQG�XVLQJ�D�PRUWDU�DQG�SHVWOH�IRU�

WKH�ZDWHU�OHDFK�WHVW��)LJXUH����VKRZV�WKH�WDLOLQJV�VDPSOH�EHIRUH�DQG�DIWHU�EHLQJ�DFLG�EDNHG�DW�����&�

XVLQJ�WKH�PXIIOH�IXUQDFH���
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7DEOH����5DUH�HDUWK�HOHPHQW��5((��IORWDWLRQ�WHVW�FRQGLWLRQV�XVHG�LQ�WKLV�VWXG\

3DUWLFOH�

6L]H
7HPSHUDWXUH &ROOHFWRU )URWKHU 'HSUHVVDQW

μm �& J�W J�W NJ�W

)7� 55 ���� �� ���� +\GUR[DPDWH ��� ��� ��� �

)7��6WDJH�� 55 ���� �� ���� +\GUR[DPDWH ��� �� ��� � �

)7��6WDJH�� 55 ���� �� ���� +\GUR[DPDWH ��� ��� ��� �

)7� +0& ���� �� ���� +\GUR[DPDWH ��� ��� ��� �

)7��6WDJH�� +0& ���� �� ���� +\GUR[DPDWH ��� �� ��� � �

)7��6WDJH�� +0& ���� �� ���� +\GUR[DPDWH ��� ��� ��� �

)7� +0& ���� �� ���� 6RGLXP�2OHDWH ��� ��� ��� �

)7� 55 ���� �� ���� 6RGLXP�2OHDWH ��� ��� ��� �

)7� 55 ���� �� ���� 6RGLXP�2OHDWH ��� ��� � � �

)7� +0& ���� �� ���� 6RGLXP�2OHDWH ��� ��� � � �

)7� +0& ���� �� ���� +\GUR[DPDWH ��� ��� � � �

)7�� 55 ���� �� ���� +\GUR[DPDWH ��� ��� � � �

)7�� +0& ���� �� ���� +\GUR[DPDWH ��� ��� ��� �

)7�� 55 ���� �� ���� +\GUR[DPDWH ��� ��� ��� �

)7�� 55 ���� �� ���� +\GUR[DPDWH ���� ��� ��� � �

)7�� +0& ���� �� ���� +\GUR[DPDWH ���� ��� ��� � �

)7�� +0& ���� �� ���� +\GUR[DPDWH ��� ��� ��� 6RGLXP�6LOLFDWH ��

)7�� 55 ���� �� ���� +\GUR[DPDWH ��� ��� ��� 6RGLXP�6LOLFDWH ��

)7�� 55 ���� �� ���� +\GUR[DPDWH ��� ��� ��� 6RGLXP�6LOLFDWH ��

)7�� +0& ���� �� ���� +\GUR[DPDWH ��� ��� ��� 6RGLXP�6LOLFDWH ��

)7���6WDJH�� 55 ���� �� ���� +\GUR[DPDWH ��� ��� ��� 6RGLXP�6LOLFDWH ��

)7���6WDJH�� 55 ���� �� ���� +\GUR[DPDWH ��� ��� ��� 6RGLXP�6LOLFDWH ��

)7���6WDJH�� +0& ���� �� ���� +\GUR[DPDWH ��� ��� ��� 6RGLXP�6LOLFDWH ��

)7���6WDJH�� +0& ���� �� ���� +\GUR[DPDWH ��� ��� ��� 6RGLXP�6LOLFDWH ��

7HVW�,' 6DPSOH 'HSUHVVDQW&ROOHFWRU�7\SH S+�6ROLGV
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�

� )LJXUH�����/HDFKLQJ�UHDFWRU�VHW�XS��$��RYHUYLHZ�%��GHWDLOV�RI�WKH�UHDFWRU��

�



�
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)LJXUH�����0XIIOH�IXUQDFH�XVHG�IRU�DFLG�EDNLQJ�

:DWHU�OHDFK�WHVWV�ZHUH�FRQGXFWHG�XVLQJ�WKH�VHWXS�VKRZQ�LQ�)LJXUH�����$W�D�FRQVWDQW���ZW���VROLGV�

FRQFHQWUDWLRQ�DQG�����USP�VWLUUHU�VSHHG��ZDWHU�OHDFK�H[SHULPHQWV�ZHUH�SHUIRUPHG�XVLQJ�GHLRQL]HG�ZDWHU�

IRU�D�YDULHG�WLPH�EHWZHHQ���DQG����KRXUV�DW����&��7KH�ORZHU�VROLG�SHUFHQW�ZDV�FKRVHQ�WR�DYRLG�DQ\�

SRWHQWLDO�VROXELOLW\�LVVXHV�GXULQJ�OHDFKLQJ��$W�WKH�HQG�RI�WKH�WHVW��WKH�VOXUU\�ZDV�ILOWHUHG�XVLQJ�:KDWPDQ�

JUDGH����ILOWHU�SDSHU�DQG�ZDVKHG�WKUHH�WLPHV�ZLWK�GHLRQL]HG�ZDWHU��7KH�ILOWHUHG�VROLG�FDNH�ZDV�GULHG�DW�

���&��ZHLJKHG��DQG�HOHPHQWDO�FRQFHQWUDWLRQV�ZHUH�GHWHUPLQHG�ZLWK�,&3�06���

� �

�

� )LJXUH�����3KRWRV�RI�WDLOLQJV�VDPSOH�EHIRUH�DQG�DIWHU�DFLG�EDNLQJ�DW�����&�XVLQJ�D�PXIIOH�IXUQDFH��$��

WDLOLQJV�PL[HG�ZLWK�DFLG��%��DFLG�EDNHG�WDLOLQJV��DQG�&��GH�DJJORPHUDWHG�EDNHG�WDLOLQJV�EHIRUH�ZDWHU�OHDFKLQJ�VWDJH�



�

���
�

����$QDO\WLFDO�0HWKRGV�

������5((�DQG�2WKHU�(OHPHQWV�$QDO\VLV�

)RU�WRWDO�5((��75((��TXDQWLILFDWLRQ��VDPSOH�����J��ZDV�PL[HG�WKRURXJKO\�ZLWK�OLWKLXP�PHWDERUDWH�DQG�

lithium�tetraborate�flux.�The�samples�were�then�fused�in�a�furnace�at�1025˚C.�Finally,�the�resulting�melts�

ZHUH�FRROHG�DQG�GLJHVWHG�LQ�DQ�DFLG�PL[WXUH�FRQWDLQLQJ�QLWULF��K\GURFKORULF��DQG�K\GURIOXRULF�DFLGV��7KH�

GLJHVWHG�VROXWLRQV�ZHUH�WKHQ�DQDO\]HG�E\�LQGXFWLYHO\�FRXSOHG�SODVPD±PDVV�VSHFWURPHWU\��,&3�06���7KH�

DQDO\WLFDO�UHVXOWV�ZHUH�FRUUHFWHG�IRU�LQWHU�HOHPHQWDO�VSHFWUDO�LQWHUIHUHQFH��7KLV�DQDO\VLV�ZDV�FRQGXFWHG�E\�

$/6�*HRFKHPLVWU\�LQ�1RUWK�9DQFRXYHU��%ULWLVK�&ROXPELD��,Q�WKLV�VWXG\��5((�LQ�FRDO�DUH�H[SUHVVHG�DV�

IROORZV��ZKROH�FRDO�EDVLV��5((�FRQFHQWUDWLRQ�LQ�WKH�FRDO�VDPSOH��DQG�DVK�EDVLV��5((�FRQFHQWUDWLRQ�LQ�WKH�

DVK�RI�WKH�FRDO�VDPSOH���7R�HQVXUH�DFFXUDF\�RI�WKH�PHWKRG��WKH�UHVXOWV�ZHUH�FRPSDUHG�DJDLQVW�UHIHUHQFH�

PDWHULDOV�DQG�FDOLEUDWLRQ�VWDQGDUGV���

%DVH�PHWDOV�DQG�RWKHU�PLQRU�HOHPHQWV�ZHUH�DQDO\]HG�E\�IRXU�DFLG�GLJHVWLRQ�IROORZHG�E\�LQGXFWLYHO\�

FRXSOHG�SODVPD±HPLVVLRQ�VSHFWURVFRS\��,&3�(6���)RU�D�IHZ�KLJKO\�UHDFWLYH�VDPSOHV��DTXD�UHJLD�GLJHVWLRQ�

ZDV�XVHG�IRU�WKH�DQDO\VLV��$OO�WKH�FKHPLFDO�DQDO\VLV�ZDV�FRQGXFWHG�E\�$/6�*HRFKHPLVWU\��1RUWK�

9DQFRXYHU��%&���

������;�5D\�'LIIUDFWLRQ�$QDO\VLV�

;�UD\�GLIIUDFWLRQ�DQDO\VLV�ZDV�FRQGXFWHG�RQ�VHOHFW�IRXU�VDPSOHV��6���6����6����DQG�6����WR�XQGHUVWDQG�

VDPSOH�PLQHUDORJ\��)RU�DQDO\VLV��VDPSOHV�ZHUH�UHGXFHG�WR�WKH�RSWLPXP�JUDLQ�VL]H�UDQJH�IRU�TXDQWLWDWLYH�

;�UD\�DQDO\VLV������µP��E\�JULQGLQJ�XQGHU�HWKDQRO�LQ�D�YLEUDWRU\�0F&URQH�;5'�0LOO��5HWVFK�*PE+��

*HUPDQ\��IRU����PLQ��&RQWLQXRXV�VFDQ�;�UD\�SRZGHU�GLIIUDFWLRQ�GDWD�ZHUH�FROOHFWHG�RYHU�D�UDQJH���

����θ�with�CoKα�radiation�on�a�Bruker�D8�$GYDQFH�%UDJJ�%UHQWDQR�GLIIUDFWRPHWHU�HTXLSSHG�ZLWK�DQ�)H�

ILOWHU�IRLO������PP��������GLYHUJHQFH�VOLW��LQFLGHQW��DQG�GLIIUDFWHG�EHDP�6ROOHU�VOLWV�DQG�D�/\Q[(\H�;(�

GHWHFWRU��7KH�ORQJ�ILQH�IRFXV�&R�;�UD\�WXEH�ZDV�RSHUDWHG�DW����N9�DQG����P$��XVLQJ�D�WDNH�RII�DQJOH�RI�

����7KH�;�UD\�GLIIUDFWRJUDPV�ZHUH�DQDO\]HG�XVLQJ�WKH�,QWHUQDWLRQDO�&HQWUH�IRU�'LIIUDFWLRQ�'DWDEDVH�3')�

��DQG�6HDUFK�0DWFK�VRIWZDUH�E\�%UXNHU��;�UD\�SRZGHU�GLIIUDFWLRQ�GDWD�RI�WKH�VDPSOHV�ZHUH�UHILQHG�ZLWK�

5LHWYHOG�SURJUDP�7RSDV������%UXNHU�$;6���7KH�UHVXOWV�RI�TXDQWLWDWLYH�SKDVH�DQDO\VLV�E\�5LHWYHOG�

UHILQHPHQWV�UHSUHVHQW�WKH�UHODWLYH�DPRXQWV�RI�FU\VWDOOLQH�SKDVHV�QRUPDOL]HG�WR�������

������6FDQQLQJ�(OHFWURQ�0LFURVFRSH�DQG�0LQHUDO�/LEHUDWLRQ�$QDO\VLV�

7UDFH�PLQHUDO�FKDUDFWHUL]DWLRQ�ZDV�FDUULHG�RXW�XVLQJ�VFDQQLQJ�HOHFWURQ�PLFURVFRSH�ZLWK�HQHUJ\�GLVSHUVLYH�

;�UD\�VSHFWURVFRS\��6(0�(';���)RU�WKH�DQDO\VLV��DQ�)(,�&RPSDQ\�4XDQWD�����VFDQQLQJ�HOHFWURQ�

PLFURVFRSH��6(0��ZDV�XVHG�DQG�RSHUDWHG�DW���N9�DW�D�ZRUNLQJ�GLVWDQFH�RI���PP���
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)RU�FHUWDLQ�VDPSOHV��6(0�FKDUDFWHUL]DWLRQ�ZDV�FRQGXFWHG�RQ�ORZ�WHPSHUDWXUH�DVK��/7$��VDPSOH�WR�

UHGXFH�LQWHUIHUHQFH�RI�FDUERQDFHRXV�PDWHULDO�GXULQJ�WKH�DQDO\VLV��7R�UHPRYH�UHVLGXDO�RUJDQLF��FRDO��

PDWWHU�LQ�WKH�VDPSOH��ORZ�WHPSHUDWXUH�DVKLQJ��/7$��ZDV�SHUIRUPHG�RQ�WKH�UHSUHVHQWDWLYH�VDPSOH�XVLQJ�D�

39$�7H3OD�,RQ����SODVPD�V\VWHP�XQGHU�R[\JHQ�DWPRVSKHUH��IHG�DW�D�FRQVWDQW�SUHVVXUH�RI����SVL�XQWLO�D�

FRQVWDQW�ZHLJKW�ZDV�UHDFKHG��$IWHU�/7$��VDPSOHV�ZHUH�PRXQWHG�RQ�HSR[\�UHVLQ�DQG�SUREHG�XVLQJ�6(0�

(';�DW�8%&��/7$�ZDV�SHUIRUPHG�DW�&DQPHW(1(5*<�ODERUDWRU\�DW�2WWDZD��&DQDGD���

)RU�VHOHFWHG�VDPSOHV��PLQHUDO�OLEHUDWLRQ�DQDO\VLV��0/$��ZDV�DOVR�FDUULHG�RXW�DW�LQGHSHQGHQW�ODERUDWRU\��

0/$�LV�DQ�DXWRPDWHG�PLQHUDO�DQDO\VLV�V\VWHP�ZKLFK�FDQ�LGHQWLI\�PLQHUDOV�LQ�SROLVKHG�VHFWLRQV�DQG�LV�

XVHG�WR�TXDQWLI\�JUDLQ�VL]H��PLQHUDO�DVVRFLDWLRQ�DQG�OLEHUDWLRQ��0/$�DQDO\VLV�ZDV�FDUULHG�RXW�E\�3URFHVV�

0LQHUDORJLFDO�&RQVXOWLQJ�/LPLWHG��0DSOH�5LGJH��%&���

$�VLQJOH�3ROLVKHG�%ORFN�6HFWLRQ�ZDV�SUHSDUHG�IURP�HDFK�VDPSOH�DQG�V\VWHPDWLFDOO\�PHDVXUHG�ZLWK�WKH�

+LWDFKL�)/(;6(0�HTXLSSHG�ZLWK�WKH�$0,&6�VRIWZDUH�WR�FROOHFW�LQIRUPDWLRQ�RQ�WKH�GHSRUWPHQW�RI�5((�

EHDULQJ�PLQHUDOV��WKHLU�PRGDO�DEXQGDQFH��GHJUHH�RI�OLEHUDWLRQ�DQG�DVVRFLDWLRQ�ZLWK�JDQJXH�PLQHUDOV��$�

VHFRQG�PHDVXUHPHQW�ZLWK�WKH�7HVFDQ�,QWHJUDWHG�0LQHUDO�$QDO\V]HU��7,0$��V\VWHP�ZDV�FRPSOHWHG�WR�

YDOLGDWH�WKH�UHVXOWV��FRPSOHWH�HOHPHQWDO�PDSSLQJ�IRU�5((��DQG�JHQHUDWH�SDUWLFOH�PDSV��

������3HUIRUPDQFH�,QGLFDWRU�

7KH�UHFRYHU\��5��RI�5((�IRU�SK\VLFDO�H[WUDFWLRQ�SURFHVV�ZDV�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ�

5� �
�∗ࡹ
�ࡲ∗ࡲࡹ

������ � � � � � � � � (T������

:KHUH�0)�DQG�0&�LV�WKH�PDVV�RI�WKH�IHHG�DQG�FRQFHQWUDWH��SURGXFW���UHVSHFWLYHO\��J���&)�DQG�&&�LV�WKH�

FRQFHQWUDWLRQ�RI�5((�LQ�WKH�IHHG�DQG�FRQFHQWUDWH��SURGXFW��(μg/g).��

2WKHU�WKDQ�UHFRYHU\��(QULFKPHQW�)DFWRU��()��ZDV�FDOFXODWHG�IRU�SK\VLFDO�H[WUDFWLRQ�SURFHVV��ZKLFK�

LQGLFDWHV�WKH�TXDOLW\�RI�WKH�FRQFHQWUDWH�LQ�WHUPV�RI�5((�FRQFHQWUDWLRQ��()�ZDV�FDOFXODWHG�DV�IROORZV��

()� �
�
ࡲ ������� � � � � � � � � � (T������

&)�DQG�&&�LV�WKH�FRQFHQWUDWLRQ�RI�5((�LQ�WKH�IHHG�DQG�FRQFHQWUDWH��SURGXFW��(μg/g).��

7KH�5((�H[WUDFWLRQ��(��IRU�OHDFKLQJ�WHVW�ZDV�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��

(� �
ࡾࡿ∗ࡾࡿࡹ�−�ࡲ∗ࡲࡹ

ࡲ∗ࡲࡹ
�������� � � � � � � � (T������

:KHUH�0)�DQG�065�LV�WKH�PDVV�RI�IHHG�DQG�VROLG�UHVLGXH��UHVSHFWLYHO\��J���&)�DQG�&65�LV�WKH�FRQFHQWUDWLRQ�

RI�5((�in�feed�and�solid�residue,�respectively�(μg/g).��
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7R�HQVXUH�WKH�UHOLDELOLW\�RI�WKH�UHFRYHU\�GDWD��PDVV�EDODQFH�FDOFXODWLRQV�ZHUH�SHUIRUPHG�RQ�VHOHFWHG�WHVWV�

ZKHUH�HOHPHQWDO�FRQFHQWUDWLRQV�RI�IHHG�ZDV�EDFN�FDOFXODWHG�EDVHG�RQ�WKH�SURGXFW�FRQFHQWUDWHV�DQG�PDVV�

RI�WKH�IHHG�DQG�SURGXFWV���

����5HVXOWV�DQG�'LVFXVVLRQ�

����5((�'DWDEDVH�

$�WRWDO�RI�����VDPSOHV�ZHUH�FROOHFWHG�DQG�DQDO\]HG�GXULQJ�WKH�SHULRG�RI�WKLV�VWXG\��7KHUH�ZHUH����FRDO�

VDPSOHV�����URFN�SDUWLQJV�����URRI�VDPSOHV�����IORRU�VDPSOHV����URFN�VDPSOHV��DQG���WRQVWHLQ�VDPSOHV�

ZHUH�DOVR�FROOHFWHG��'DWD�LV�VWRUHG�LQ�DQ�06�$FFHVV�GDWDEDVH�DQG�FRQWDLQV�SUR[LPDWH�DQDO\VLV�DQG�WUDFH�

HOHPHQW�DQDO\VLV���

5HVXOWV�RI�WKH�SUR[LPDWH�DQDO\VLV�RI�WKH�FRDO�VDPSOHV�DUH�OLVWHG�LQ�7DEOH����$FFRUGLQJ�WR�$670�'������

��������DOO�WKH�FRDO�VDPSOHV�FDQ�EH�FODVVLILHG�DV�ORZ�WR�PHGLXP�YRODWLOH�ELWXPLQRXV�FRDO�DQG�LV�NQRZQ�WR�

EH�RI�D�PHWDOOXUJLFDO�TXDOLW\��)LJXUH����LV�D�VFKHPDWLF�VKRZLQJ�WKH�UHODWLYH�ORFDWLRQV�RI�SDUWLQJ��URRI��DQG�

IORRU�VDPSOHV�ZLWK�UHVSHFW�WR�WKH�FRDO�VHDP��7ZR�WRQVWHLQ�VDPSOHV�EDQGV�ZHUH�DOVR�FROOHFWHG��$OO�VDPSOHV�

ZHUH�DQDO\]HG�IRU�5((�DQG�PXOWL�HOHPHQW�DQDO\VLV�XVLQJ�LQGXFWLYHO\�FRXSOHG�SODVPD�PDVV�VSHFWURPHWU\�

�,&3�06����7KLV�PHWKRG�RI�DQDO\VLV�XVHG�LQ�WKH�PLQLQJ�LQGXVWU\�EHFDXVH�LW�DOORZV�IRU�DQDO\VLV�RI�PXOWLSOH�

HOHPHQWV�DW�RQH�WLPH��KDV�D�ODUJH�DQDO\WLFDO�UDQJH��ORZ�GHWHFWLRQ�OLPLW�DQG�UHTXLUHV�VLPSOH�VDPSOH�

SUHSDUDWLRQ�DQG�ORZ�VDPSOH�YROXPH��:LOVFKHIVNL�	�%D[WHU����������

$QDO\WLFDO�UHVXOWV�ZHUH�ORDGHG�LQWR�DQ�06�$FFHVV�GDWDEDVH�DQG�UHYLHZHG�IRU�WUHQGV�DQG�UHODWLRQVKLSV�LQ�

WKH�GDWD���)RU�WKH�GDWDEDVH��PRUH�WKDQ����SDUDPHWHUV�ZHUH�FROOHFWHG�IRU�HDFK�VDPSOH�LQFOXGLQJ�W\SH��

SUR[LPDWH�DQDO\VLV�DQG�PDMRU���PLQRU��DQG�WUDFH�HOHPHQWV�GDWD��7KH�FRPSOHWH�GDWDVHW�LV�SURYLGHG�DV�D�

VHSDUDWH�ILOH�DORQJ�ZLWK�WKLV�UHSRUW��6HDP�,'�DQG�WKH�VSHFLILF�ORFDWLRQV�RI�WKH�LQGLYLGXDO�VDPSOHV�DUH�QRW�

GLVFORVHG�WR�XSKROG�D�FRQILGHQWLDOLW\�DJUHHPHQW��
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)LJXUH��� �*HQHUDO�VWUDWLJUDSK\�RI�D�FRDO�VHDP�

7DEOH���GHWDLOV�WKH�PLQLPXP��PD[LPXP��DQG�DYHUDJH�WRWDO�5((�SHU�VDPSOH�W\SH��7KH�PD[LPXP�WRWDO�

5((�FRQFHQWUDWLRQ�IRXQG�ZDV�����SDUWV�SHU�PLOOLRQ��SSP��LQ�D�FRDO�VHDP�IORRU�VDPSOH��)ORRU�VDPSOHV�KDG�

WKH�KLJKHVW�DYHUDJH�WRWDO�5((�HTXDOLQJ�����SSP��&RDO�VDPSOHV�FRQWDLQHG�WKH�OHDVW�DPRXQW�RI�5((�RQ�D�

ZKROH�URFN�EDVLV��$PRQJ�WKH����5((��WKH�ILYH�HOHPHQWV�RI�&H��/D��1G��<�DQG�6F�DFFRXQWHG�IRU�PRUH�WKDQ�

����RI�WKH�WRWDO�5((�SUHVHQW�LQ�WKHVH�VDPSOHV��

&RDO�LV�D�URFN�W\SH�NQRZQ�WR�EH�PDGH�XS�RI�PLQHUDO�PDWWHU��NQRZQ�DV�DVK���YRODWLOH�PDWWHU��FDUERQ��DQG�

ZDWHU��7KH�WRWDO�5((�LQ�WKH�DVK�FRPSRQHQW�RI�FRDO�ZDV�FDOFXODWHG��,Q�WKLV�VWXG\�WKH�KLJKHVW�WRWDO�5((�LQ�D�

FRDO�VHDP�PLQHUDO�IUDFWLRQ�ZDV�����SSP��WKH�DYHUDJH�ZDV�����SSP��7KH�DYHUDJH�FUXVWDO�DEXQGDQFH�

�$&$���WKH�FRQFHQWUDWLRQ�H[SHFWHG�LQ�URFNV�ZRUOGZLGH�RQ�DYHUDJH��RI�5((�LV�����SSP��7KHUHIRUH��WKH�

FRQFHQWUDWLRQ�RI�5((�LQ�WKH�FRDOILHOG�LV�HQULFKHG�UHODWLYH�WR�WKH�DYHUDJH�FUXVWDO�DEXQGDQFH��

��

�

�

�

�

�

�

ZŽĐŬ�ZŽŽĨ�;ĐůĂǇƐƚŽŶĞ͕�ƐŝůƚƐŽŶĞ͕�ƐĂŶĚƐƚŽŶĞͿ

�ŽĂů�^ĞĂŵ

ZŽĐŬ�WĂƌƚŝŶŐ�;ĐůĂǇƐƚŽŶĞ͕�ƐŝůƚƐŽŶĞͿ

�ŽĂů�^ĞĂŵ

ZŽĐŬ�ZŽŽĨ�;ĐůĂǇƐƚŽŶĞ͕�ƐŝůƚƐŽŶĞ͕�ƐĂŶĚƐƚŽŶĞͿ
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7DEOH����3UR[LPDWH�DQDO\VLV�UHVXOWV�IRU�FRDO�VDPSOHV��DV�GHWHUPLQHG�EDVLV��IURP�WKH�(DVW�.RRWHQD\�FRDOILHOG��

VRXWKHDVWHUQ�%ULWLVK�&ROXPELD�

�

6DPSOH

,'
7\SH

0RLVWXUH�

FRQWHQW

���

$VK�FRQWHQW

���

9RODWLOH�PDWWHU

���

)L[HG�FDUERQ

���

�� &RDO ��� ��� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ��� ��� ���� ����

�� &RDO ��� ��� ���� ����

�� &RDO ��� ��� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ��� ��� ���� ����

�� &RDO ��� ��� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ��� ��� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ��� ��� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ��� ��� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ��� ���� ���� ����

�� &RDO ���� ����� ����� �����

�� &RDO ���� ����� ����� �����

�� &RDO ���� ���� ����� �����

�� &RDO ���� ����� ����� �����

�� &RDO ���� ����� ����� �����

�� &RDO ���� ���� ���� �����

�� &RDO ���� ����� ����� �����

�� &RDO ���� ����� ����� �����

�� &RDO ���� ����� ����� �����

�� &RDO ���� ����� ����� �����

��� &RDO ���� ����� ����� �����

��� &RDO ���� ����� ����� �����

��� &RDO ���� ����� ����� �����

��� &RDO ���� ����� ����� �����
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7DEOH����7RWDO�5((�FRQFHQWUDWLRQ�E\�VDPSOH�W\SH�

�

5((V�FDQ�EH�JURXSHG�LQWR�OLJKW�UDUH�HDUWK�HOHPHQWV��/5((��DQG�KHDY\�UDUH�HDUWK�HOHPHQWV��+5((���

/5((V�KDYH�ORZHU�DWRPLF�ZHLJKWV�WKDQ�+5((V�DQG�DUH�PRUH�DEXQGDQW��7KH�/5((V�DUH�ODQWKDQXP��

FHULXP��SUDVHRG\PLXP��QHRG\PLXP��VDPDULXP��HXURSLXP��VFDQGLXP�DQG�JDGROLQLXP��DQG�WKH�+5((V�DUH�

WHUELXP��G\VSURVLXP��KROPLXP��HUELXP��WKXOLXP��\WWHUELXP��OXWHWLXP��DQG�\WWULXP��7KH�VDPSOHV�LQ�WKLV�

GDWDVHW�FRQWDLQ�D�KLJKHU�SURSRUWLRQ�RI�/5((�WKDQ�+5((��)LJXUH����VXPPDUL]HV�WKH�/5((�DQG�+5((�

FRQWHQWV�RI�DOO�VDPSOHV��RULHQWHG�1RUWK�WR�6RXWK��OHIW�WR�ULJKW���7KH�JUDSK�VKRZV�D�OLJKW�EOXH�KRUL]RQWDO�

OLQH�IRU�WKH�DYHUDJH�FUXVWDO�DEXQGDQFH��$&$��RI�OLJKW�UDUH�HDUWK�HOHPHQWV������SSP��DQG�D�OLJKW�JUHHQ�OLQH�

IRU�WKH�DYHUDJH�FUXVWDO�DEXQGDQFH�RI�KHDY\�UDUH�HDUWK�HOHPHQWV����SSP���7KH�YDOXHV�IRU�/5((�DUH�

VFDWWHUHG�DERYH�DQG�EHORZ�WKH�FRUUHVSRQGLQJ�/5((�$&$�OLQH��7KH�YDOXHV�IRU�WKH�KHDY\�UDUH�HDUWK�

HOHPHQWV�DUH�DOVR�VFDWWHUHG�DERYH�DQG�EHORZ�WKH�+5((�$&$�OLQH��

�

)LJXUH�����/LJKW�UDUH�HDUWK�DQG�KHDY\�UDUH�HDUWK�HOHPHQW�GDWD�IRU�DOO�VDPSOHV�

�

0LQ 0D[ $YHUDJH 0LQ 0D[ $YHUDJH 0LQ 0D[ $YHUDJH

5RRI �� ��� ��� �� ��� ��� � �� ��

)ORRU �� ��� ��� � ��� ��� � �� ��

3DUWLQJ �� ��� ��� �� ��� ��� �� �� ��

&RDO��ZKROH�URFN� �� ��� �� � �� �� � �� ��

&RDO�$VK ��� ��� ��� � � � � � �

7RQVWHLQ ��� ��� ��� ��� ��� ��� �� �� ��

7RWDO�5(( 7RWDO�/5(( 7RWDO�+5((
6DPSOH�7\SH
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)LJXUH����SORWV�KHDY\�UDUH�HDUWK�FRQFHQWUDWLRQ�DJDLQVW�OLJKW�UDUH�HDUWK�FRQFHQWUDWLRQ��,Q�WKLV�GDWDVHW�WKHUH�

LV�D�SRVLWLYH�UHODWLRQVKLS�EHWZHHQ�WKH�WZR�JURXSV��ZKHUH�WKHUH�LV�DQ�LQFUHDVH�LQ�/5((��WKHUH�LV�DOVR�DQ�

LQFUHDVH�LQ�+5((��

�

)LJXUH�����/5((�YV�+5((�IRU�DOO�VDPSOHV�

7KH�GDWDEDVH�ZDV�VWXGLHG�IRU�WUHQGV�LQ�WKH�GDWD��)LJXUH����WR�)LJXUH����VXPPDUL]H��E\�VDPSOH�W\SH��WKH�

WRWDO�5((�VDPSOH�FRQWHQW�IURP�QRUWK��OHIW�RI�GLDJUDP��WR�VRXWK��ULJKW�RI�GLDJUDP���,Q�DOO�GLDJUDPV��WKH�

DYHUDJH�FUXVWDO�DEXQGDQFH�RI�WRWDO�5((����� SSP��LV�LOOXVWUDWHG�E\�D�KRUL]RQWDO�OLQH��

�

)LJXUH�����5RRI�VDPSOHV�UXQQLQJ�IURP�QRUWK�WR�VRXWK��/HIW�WR�5LJKW��DFURVV�WKH�FRDOILHOG�

�
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5XQQLQJ�IURP�QRUWK�WR�VRXWK��5((�FRQFHQWUDWLRQV�LQ�FRDO�VHDP�URRI�VDPSOHV�UDQJH�EHWZHHQ�����WR�����

SSP�ZLWK�WKH�H[FHSWLRQ�RI�WKUHH�RXWOLHUV��:H�REVHUYHG�QR�QRUWK�WR�VRXWK�WUHQGV�ZLWKLQ�WKH�FRDOILHOG��

�

)LJXUH�����)ORRU�VDPSOHV�UXQQLQJ�IURP�QRUWK�WR�VRXWK�DFURVV�WKH�FRDOILHOG�

5XQQLQJ�IURP�QRUWK�WR�VRXWK��5((�FRQFHQWUDWLRQV�LQ�FRDO�VHDP�IORRU�VDPSOHV�VKRZ�D�ODUJHU�VFDWWHU�WKDQ�

WKH�URRI�VDPSOHV��UDQJLQJ�EHWZHHQ����WR����SSP�ZLWK�WKH�H[FHSWLRQ�RI�WZR�RXWOLHUV��7KH�VL[�IORRU�

VDPSOHV�FROOHFWHG�LQ�WKH�VRXWKHUQ�SRUWLRQ�RI�WKH�FRDOILHOG�KDYH�ORZHU�WRWDO�5((�YDOXHV�WKDQ�WKH�DYHUDJH�

FUXVWDO�DEXQGDQFH��0RUH�GDWD�DUH�QHHGHG�WR�GHWHUPLQH�LI�WKLV�LV�LQ�IDFW�D�UHJLRQDO�WUHQG�LQ�FRDO�VHDP�IORRU�

OLWKRORJLHV��

�

)LJXUH������3DUWLQJ�VDPSOHV�UXQQLQJ�IURP�QRUWK�WR�VRXWK�DFURVV�WKH�FRDOILHOG�
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2QO\�WZR�FRDO�VHDP�SDUWLQJ�VDPSOHV�KDG�WRWDO�5((�YDOXHV�JUHDWHU�WKDQ�WKH�DYHUDJH�FUXVWDO�DEXQGDQFH��7KH�

GDWD�DYDLODEOH�H[KLELWV�D�WUHQG�RI�GHFUHDVLQJ�WRWDO�5((�PRYLQJ�IURP�1RUWK�WR�6RXWK��

�

)LJXUH�����&RDO�VDPSOHV�UXQQLQJ�IURP�QRUWK�WR�VRXWK�DFURVV�WKH�FRDOILHOG�

7KH�WRWDO�5((�FRQFHQWUDWLRQ�LQ�DOO�RI�WKH�FRDO�VDPSOHV�LQ�WKLV�VWXG\�ZDV�ORZHU�WKDQ�WKH�DYHUDJH�FUXVWDO�

DEXQGDQFH��7KHUH�LV�D�ODUJH�VFDWWHU�LQ�WKH�GDWD��ZLWK�DOO�VDPSOH�YDOXHV�IDOOLQJ�EHWZHHQ����WR����SSP��

�

)LJXUH�����0LQHUDO�PDWWHU�LQ�FRDO�VHDP�VDPSOHV�UXQQLQJ�IURP�QRUWK�WR�VRXWK�DFURVV�WKH�FRDOILHOG�

2QFH�WKH�WRWDO�5((�YDOXHV�DUH�FDOFXODWHG�RQ�DQ�³DVK�EDVLV´��DVVXPLQJ�DOO�5((�DUH�LQ�PLQHUDO�IRUP��VRPH�

ODUJH�YDOXHV�EHFRPH�HYLGHQW�ZLWK�D�PD[LPXP�RI����SSP���0RVW�YDOXHV�IDOO�EHWZHHQ�����DQG����SSP��

ZLWK�WKH�H[FHSWLRQ�RI�VL[�RXWOLHUV��1R�QRUWK�VRXWK�WUHQG�LV�HYLGHQW��
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7KH�WZR�WRQVWHLQ�VDPSOHV�ZHUH�QRW�DQRPDORXVO\�KLJK�LQ�5((��ZLWK�WRWDO�YDOXHV�RI�����DQG�����SSP�

UHVSHFWLYHO\���/LNH�WKH�UHVW�RI�WKH�GDWDVHW��WKH\�VKRZ�D�KLJKHU�SURSRUWLRQ�RI�/5((�YV��+5((��%RWK�

WRQVWHLQ�EDQGV�KDG�DQRPDORXVO\�KLJK�OLWKLXP������DQG�����SSP���DQG�RQH�RI�WKH�EDQGV�KDG�DQ�DQRPDORXV�

]LQF�YDOXH�DW����SSP��

����6RXUFH�RI�5DUH�(DUWK�(OHPHQWV�LQ�6(%&�&RDOILHOG�

7KH�PLQHUDO�PRQD]LWH�LV�D�SKRVSKDWH�PLQHUDO�ZLWK�WKH�JHQHUDO�FKHPLFDO�IRUPXOD��5((�32���ZKHUH�5((� �

OLJKW�UDUH�HDUWK�LRQV��%RDWQHU����������0RQD]LWH�LV�D�FRPPRQ�PLQHUDO�LQ�PDJPDWLF��PHWDPRUSKLF��DQG�RUH�

IRUPLQJ�HQYLURQPHQWV��6WHLQ���������,W�LV�FRQVLGHUHG�D�KHDY\�PLQHUDO�DV�LWV�VSHFLILF�JUDYLW\�LV�EHWZHHQ���

DQG������0RQD]LWH�DQG�RWKHU�KHDY\�PLQHUDOV�VXFK�DV�LOPHQLWH��UXWLOH�DQG�]LUFRQ�DUH�UHVLVWDQW�WR�ZHDWKHULQJ�

DQG�UREXVW�HQRXJK�WR�VXUYLYH�IOXYLDO�WUDQVSRUW��7KH\�DUH�FRQFHQWUDWHG�E\�IOXYLR�GHOWDLF�RU�VKDOORZ�PDULQH�

SURFHVVHV�DQG�IRUP�SODFHUV�LQ�WKRVH�GHSRVLWV��:DOO����������

'XULQJ�WKH�ODWH�-XUDVVLF�WR�HDUO\�&UHWDFHRXV�SHULRGV�RUJDQLF�PDWWHU�ZDV�GHSRVLWHG�LQ�D�IRUHODQG�EDVLQ�WKDW�

QRZ�PDNHV�XS�WKH�6(%&�FRDOILHOG��7KLV�IRUHODQG�EDVLQ�ZDV�DQ�HORQJDWH�WURXJK�WKDW�GHYHORSHG�EHWZHHQ�D�

FRQWLQHQWDO�PDUJLQ�PDJPDWLF�DUF�DQG�WKH�1RUWK�$PHULFDQ�&UDWRQ��/HFNLH���������$�IRUHODQG�EDVLQ�LV�D�

GHSUHVVLRQ�WKDW�GHYHORSV�DGMDFHQW�DQG�SDUDOOHO�WR�D�PRXQWDLQ�EHOW�DQG�LV�IRUPHG�ZKHQ�WKH�PDVV�FUHDWHG�E\�

FUXVWDO�WKLFNHQLQJ�DVVRFLDWHG�ZLWK�WKH�FUHDWLRQ�RI�WKH�PRXQWDLQ�EHOW�FDXVHV�WKH�OLWKRVSKHUH�WR�EHQG��0LDOO��

�������7KH�0LVW�0RXQWDLQ�)RUPDWLRQ��ZKLFK�KRVWV�WKH�FRDOV�RI�WKH�VRXWKHDVW�%&�FRDOILHOGV��ZDV�GHSRVLWHG�

LQ�D�GHOWDLF�WR�IOXYLDO�DOOXYLDO�HQYLURQPHQW��ZLWK�LQWHUPLWWHQW�IORRGLQJ�RI�EUDFNLVK�ZDWHU�GXULQJ�GHSRVLWLRQ�

�/HFNLH���������)LJXUH����LOOXVWUDWHV�DQ�DHULDO�IHZ�RI�WKH�GHSRVLWLRQDO�HQYLURQPHQW��RXWOLQLQJ�ULYHUV�DQG�

VWUHDPV�UXQQLQJ�GRZQ�IURP�WKH�PRXQWDLQV�LQ�WKH�ZHVW�WKURXJK�PDUVK�ODQGV�DQG�WRZDUGV�WKH�)HUQLH�6HD��
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)LJXUH�����/DWH�-XUDVVLF�(DUO\�&UHWDFHRXV��ULYHUV�DQG�DOOXYLDO�IDQV�UXQQLQJ�HDVW�DQG�QRUWKHDVW�WRZDUGV�WKH�)HUQLH�
6HD��'RQDOG��������

*LEVRQ��������VXPPDUL]HG�WKUHH�WKHRULHV�RQ�WKH�SURYHQDQFH�RI�WKH�VHGLPHQWV�LQ�WKH�0LVW�0RXQWDLQ�

)RUPDWLRQ��2QH�VXJJHVWV�WKDW�WKH�VHGLPHQWV�ZHUH�GHULYHG�IURP�WKH�:HVWHUQ�5DQJHV�RI�WKH�5RFN\�

0RXQWDLQV��WKH�3XUFHOO�DQG�6HONLUN�0RXQWDLQV�DQG�WKH�6KXVZDS�0HWDPRUSKLF�&RPSOH[�LQ�FHQWUDO�%ULWLVK�

&ROXPELD��$QRWKHU�WKHRU\�VXJJHVWV�WKDW�WKH�VHGLPHQW�VRXUFH�DUHD�FRPSULVHG�PDLQO\�WKH�0DLQ�DQG�)URQW�

UDQJHV�RI�WKH�5RFN\�0RXQWDLQV��<HW�DQRWKHU�WKHRU\�VXJJHVWV�WKDW�WKH�VHGLPHQWV�ZHUH�GHULYHG�IURP�ULVLQJ�

WKUXVW�VKHHWV�GHYHORSLQJ�LQ�WKH�5RFN\�0RXQWDLQV�LQ�WKH�DUHD�HDVW�RI�WKH�5RFN\�0RXQWDLQ�7UHQFK��*LEVRQ��

��������

����3UHOLPLQDU\�(FRQRPLF�(YDOXDWLRQ�IRU�%&�&RDO�6DPSOHV�

6HUHGLQ�DQG�'DL��������HVWLPDWHG�WKDW�D�FRDO�VHDP�ZLWK�D�WKLFNQHVV�JUHDWHU�WKDQ���P�PD\�EH�FRQVLGHUHG�DV�

D�SRWHQWLDO�VRXUFH�RI�5((�LI�LWV�UDUH�HDUWK�R[LGH�FRQWHQW�LV�DERYH����±����SSP�RQ�DQ�DVK�EDVLV��=KDQJ�HW�

DO���������HVWLPDWHG�WKH�PLQLPXP�DYHUDJH�5((�FRQWHQW�WR�EH�����SSP�RQ�DQ�DVK�EDVLV��DVVXPLQJ�D�

YDOHQFH�VWDWH�RI����IRU�DOO�RI�WKH�5((�DQG�D�UHODWLYH�DWRPLF�PDVV�RI��������,Q�WKH�8QLWHG�6WDWHV��FRDO�
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VHDPV�ZLWK�DQ�5((�FRQWHQW�RI�PRUH�WKDQ�����SSP�DUH�FRQVLGHUHG�D�SRWHQWLDO�VRXUFH�RI�5((��8�6��

'HSDUWPHQW�RI�(QHUJ\���������

,W�FDQ�EH�LQIHUUHG�WKDW�WKH�5((�FRQFHQWUDWLRQ�LQ�WKH�IHHG�VDPSOHV��VHH�)LJXUH�����GLG�QRW�PHHW�WKH�FXW�RII�

JUDGH�DV�SURSRVHG�E\�6HUHGLQ�DQG�'DL���������EXW�VRPH�RI�WKH�FRDO�VKRZHG�VLJQLILFDQW�SRWHQWLDO��8VLQJ�

WKH�8�6��'HSDUWPHQW�RI�(QHUJ\¶V��������UHVRXUFH�FXW�RII�RI���� SSP�RI�5((��LW�FDQ�EH�FRQFOXGHG�WKDW�

VRPH�RI�WKH�VDPSOHV�PHW�WKH�FXW�RII�JUDGH�UHTXLUHPHQWV��

2XWORRN�FRHIILFLHQW��&RXWO��LV�DQRWKHU�IDFWRU�WKDW�FDQ�EH�XVHG�WR�DVVHVV�WKH�TXDOLW\�RI�WKH�5((�SUHVHQW�LQ�WKH�

FRDO�VHDP��,W�LV�GHILQHG�DV�WKH�UDWLR�EHWZHHQ�WKH�UHODWLYH�DPRXQWV�RI�FULWLFDO�5((�LQ�WKH�VDPSOH�WR�WKH�

UHODWLYH�DPRXQWV�RI�H[FHVVLYH�5((�LQ�WKH�VDPSOH��6HUHGLQ�DQG�'DL���������,W�FDQ�EH�FDOFXODWHG�DV�

�

&RXWO� �ሺ௦௨�ேௗǡா௨ǡ்ǡ௬ǡாǡ
௧௧�ோாா ሻȀሺ௦௨�ǡுǡ்ǡǡ௨

ሺ௧௧�ோாாሻ � � � � � (T������

�

$�KLJKHU�YDOXH�IRU�WKLV�LQGH[�UHSUHVHQWV�D�KLJKHU�PDUNHW�YDOXH�IRU�WKH�5((�LQ�WKH�FRDO�VHDP�VLQFH�WKH�

FRQFHQWUDWLRQ�RI�FULWLFDO�5((�LQFUHDVHV�ZLWK�WKH�LQGH[��'DL�HW�DO���������SURSRVHG�DQ�HYDOXDWLRQ�SORW�XVLQJ�

5((�FRQFHQWUDWLRQ�DQG�&RXWO��,Q�WKLV�VWXG\��D�VLPLODU�SORW�ZDV�XVHG��)LJXUH�����EXW�PRGLILHG�WR�

DFFRPPRGDWH�WKH�UHVRXUFH�FXW�RII�VXJJHVWHG�E\�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\���������$FFRUGLQJO\��DOO�

RI�WKH�VDPSOHV�ZHUH�GLYLGHG�LQWR�ILYH�FDWHJRULHV��XQSURPLVLQJ�VRXUFH��5((������SSP�RQ�DVK�EDVLV�RU�&RXWO�

�������SURPLVLQJ�UHVRXUFH������5((�����SSP�RQ�DVK�EDVLV�DQG�����&RXWO�������KLJKO\�SURPLVLQJ�

UHVRXUFH������5((�����SSP�RQ�DVK�EDVLV�DQG�&RXWO�!������SURPLVLQJ�VRXUFH��5((�!����SSP�RQ�DVK�EDVLV�

DQG�����&RXWO�������DQG�KLJKO\�SURPLVLQJ�VRXUFH��5((�!��� SSP�RQ�DVK�EDVLV�DQG�&RXWO�!������
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)LJXUH��� �2XWORRN�FRHIILFLHQW��&RXWO��YHUVXV�UDUH�HDUWK�HOHPHQW��5((��FRQFHQWUDWLRQ�IRU�YDULRXV�W\SHV�RI�FRDO�

VDPSOHV�IURP�WKH�(DVW�.RRWHQD\�FRDOILHOG��VRXWKHDVWHUQ�%ULWLVK�&ROXPELD��5((�UHVRXUFH�FDWHJRULHV�IRU�FRDO�VRXUFHV��

JUHHQ��KLJKO\�SURPLVLQJ�VRXUFH��\HOORZ��SURPLVLQJ�VRXUFH��EOXH��KLJKO\�SURPLVLQJ�UHVRXUFH��OLJKW�VDOPRQ��SURPLVLQJ�

UHVRXUFH��

7KH�&RXWO�YDOXHV�IRU�PRVW�RI�WKH�VDPSOHV�DUH�JUHDWHU�WKDQ����LPSO\LQJ�WKDW�WKH�FULWLFDO�5((�FRQFHQWUDWLRQ�LV�

VLJQLILFDQW�DQG�DFFRXQWV�IRU��RQ�DYHUDJH������RI�WKH�WRWDO�5((��)XUWKHU��LW�FDQ�EH�QRWLFHG�JHQHUDOO\�IURP�

7DEOH���WKDW�+5((�FRQFHQWUDWLRQV�DUH�PRUH�VLJQLILFDQWO\�FRQFHQWUDWHG�LQ�FRDO��LQ�VRPH�FDVHV�WKH\�WRWDO�

PRUH�WKDQ�����RI�WRWDO�/5((��WKDQ�LQ�URRI��SDUWLQJV�DQG�IORRU�PDWHULDOV��ZKLFK�FRQWULEXWHV�WR�WKH�EHWWHU�

&RXWO�YDOXHV��7KH�DYHUDJH�&RXWO�IRU�WKH�FRDO�VDPSOHV�LV�IRXQG�WR�EH������$GGLWLRQDOO\��FHUWDLQ�SDUWLQJV�

VDPSOHV�DOVR�VKRZHG�HQULFKHG�+5((�FRQFHQWUDWLRQ�ZKLFK�UHVXOWHG�LQ�KLJKHVW�RXWORRN�FR�HIILFLHQW�

REVHUYHG�DPRQJ�WKH�VDPSOHV�WHVWHG��%HFDXVH�RI�+5((�HQULFKPHQW�LQ�IHZ�VDPSOHV��WKH�JHQHUDO�VWDWLVWLFV�

RI�SDUWLQJV�ZHUH�LPSURYHG�DQG�FRPSDUDEOH�WR�WKDW�RI�FRDO�YDOXHV�LQ�WHUPV�RI�+5((�/5((�UDWLR�DQG�

2XWORRN�FRHIILFLHQW��6LQFH�WKH�UHSRUWHG�&RXWO�IRU�ZRUOG�FRDO�LV�������=KDQJ�HW�DO���������'DL�HO�DO����������

WKHVH�UHVXOWV�VKRZ�WKDW�%&�FRDO�UHODWHG�VDPSOHV�PD\�EH�D�YLDEOH�VRXUFH�RI�5((�LI�H[WUDFWLRQ�SUDFWLFHV�DUH�

UHILQHG��

+LJKO\�SURPLVLQJ�UHVRXUFH�

SURPLVLQJ�UHVRXUFH�

+LJKO\�SURPLVLQJ�

VRXUFH�

3URPLVLQJ�

VRXUFH�



�

���
�

����6DPSOH�&KDUDFWHUL]DWLRQ�5HVXOWV��

������3UHOLPLQDU\�$QDO\VLV�RI�5((�'HSRUWPHQW�GXULQJ�&RDO�)ORWDWLRQ��

5((�LQ�FRDO�FDQ�RFFXU�LQ�GLIIHUHQW�PRGHV��VXFK�DV�LRQ�DGVRUEHG�PLQHUDOV��DOXPLQRVLOLFDWH�PLQHUDOV��

DFFHVVRU\�PLQHUDOV��DXWKLJHQLF�PLQHUDOV��VXE�PLFURQ�PLQHUDOV�DQG�DV�HOHPHQWV�ZLWK�RUJDQLF�PDWWHU�

DVVRFLDWLRQ��'DL�HW�DO���������+RZHU�HW�DO���������+RZHU�DW�DO���������6HUHGLQ�	�'DL��������6HUHGLQ�	�

)LQNHOPDQ��������=KDQJ�HW�DO���������

%URDGO\��5((�LQ�FRDO�FDQ�EH�DVVRFLDWHG�ZLWK�HLWKHU�RUJDQLF�PDWWHU��(VNHQD]\��������6HUHGLQ��������:DQJ�

HW�DO����������RU�LQRUJDQLF�PDWWHU��PLQHUDOV�DVVRFLDWHG�ZLWK�FRDO���'DL�HW�DO���������(VNHQD]\��������%LUN�HW�

DO���������6HUHGLQ��������+RZHU�HW�DO����������7R�XQGHUVWDQG�WKH�5((�GHSRUWPHQW�GXULQJ�FRDO�

EHQHILFLDWLRQ��SUHOLPLQDU\�VDPSOH�FROOHFWHG�IURP�(DVW�.RRWHQD\�FRDOILHOG�ZDV�VXEMHFWHG�WR�75((�5HOHDVH�

DQDO\VLV�DV�H[SODLQHG�LQ�6HFWLRQ���������

7KH�WUHH�UHOHDVH�DQDO\VLV�SURYLGHG�D�VHSDUDWLRQ�SHUIRUPDQFH�FXUYH�DFKLHYDEOH�XQGHU�D�SUHGHWHUPLQHG�VHW�

RI�FRQGLWLRQV�IRU�IORWDWLRQ�RI�WKH�IHHG�VDPSOH��7KH�VKDSH�RI�WKH�SHUIRUPDQFH�FXUYH�LQGLFDWHV�WKH�DELOLW\�WR�

FOHDQ�WKH�FRDO�XVLQJ�IORWDWLRQ�VXFK�DV�LGHDO�VHSDUDWLRQ��HDV\�FOHDQDELOLW\��GLIILFXOW�FOHDQDELOLW\��DQG�

LPSRVVLEOH�VHSDUDWLRQ��/DVNRZVNL����������$V�GHSLFWHG�LQ�)LJXUH�����DW�����DVK������\LHOG�RI�WKH�FOHDQ�

FRDO�FDQ�EH�DFKLHYHG�IRU�IHHG�FRDO��,W�FDQ�EH�VHHQ�IURP�)LJXUH����WKDW�WKH�VDPSOH�H[KLELWV�HDV\�

FOHDQDELOLW\�XVLQJ�IORWDWLRQ�DQG�LWV�FRPEXVWLEOH�UHFRYHU\�H[FHHGHG�����
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)LJXUH�����)ORWDWLRQ�SHUIRUPDQFH�FXUYH�REWDLQHG�IURP�WUHH�DQDO\VLV�RI�WKH�IHHG�VDPSOH��7HVW�ZDV�SHUIRUPHG�LQ�

GXSOLFDWHV�DV�UHSUHVHQWHG�E\�7HVW���DQG�7HVW���GDWD�

7KH�IHHG�VDPSOH�DQG�VHOHFWHG�WKUHH�WUHH�UHOHDVH�DQDO\VLV�SURGXFWV�FRQWDLQLQJ�ORZ����������PHGLXP�����

������DQG�KLJK�DVK��!�����SURGXFWV�ZHUH�DQDO\]HG�IRU�5((�FRQFHQWUDWLRQV��WKH�UHVXOWV�RI�ZKLFK�DUH�

SUHVHQWHG�LQ�7DEOH����7KH�KLJKHVW�FRQFHQWUDWLRQ�RI�5((�RQ�DVK�EDVLV�ZDV�UHSRUWHG�LQ�WKH�ORZ�DVK�IORWDWLRQ�

SURGXFW������SSP��VHH�7DEOH�����2Q�ZKROH�FRDO�EDVLV��KRZHYHU��WKH�FRQFHQWUDWLRQ�RI�5((�LQ�ORZ�DVK�

IORWDWLRQ�SURGXFW�����SSP��VHH�7DEOH����ZDV�VL[�WLPHV�ORZHU�WKDQ�WDLOLQJV������SSP���,W�VKRZV�WKDW�

FRQFHQWUDWLRQ�RI�5((�LQ�WKH�WDLOLQJV�HQULFKHG�GXULQJ�WKH�IORWDWLRQ�SURFHVV��ZKLFK�LQGLFDWHV�WKH�DVVRFLDWLRQ�

RI�5((�ZLWK�PLQHUDO�PDWWHU�LQ�WKH�IHHG�FRDO���



�

���
�

7DEOH����5((�FRQFHQWUDWLRQ�LQ�IHHG�VDPSOH�DQG�WUHH�DQDO\VLV�SURGXFWV��SSP��DVK�EDVLV���/RZ�DVK�GHQRWHV�SURGXFW������DVK��PLGGOLQJV�GHQRWH�SURGXFW�ZLWK����

����DVK�DQG�WDLOLQJV�GHQRWH�SURGXFW�!����DVK���

^ĂŵƉůĞ�
/�� ^ĂŵƉůĞ�EĂŵĞ� �ƐŚ�

;йͿ� ^Đ� �Ğ� �Ǉ� �ƌ� �Ƶ� 'Ě� ,Ž� >Ă� >Ƶ� EĚ� Wƌ� ^ŵ� dď� dŵ� z� zď� dŽƚĂů�Z���

�ϭ� &ĞĞĚ��ŽĂů�ϭ ϯϬ͘ϯϴ� ϭϯ͘ ϵϰ͘ϭϰ� ϳ͘ϱϳ� ϰ͘ϴϳ� Ϯ͘ϲϬ� ϴ͘ϯ ϭ͘ϲϴ� ϱϬ͘ϲϵ� Ϭ͘ϲϯ� ϰϰ͘ϭϭ� ϭϭ͘ϯϵ� ϵ͘ϯϱ� ϭ͘ϯϮ� Ϭ͘ϳϲ� ϰϵ͘ϳϬ� ϰ͘ϱϭ� ϯϬϰ͘ϴϲ�

�Ϯ� &ĞĞĚ��ŽĂů�Ϯ Ϯϰ͘ϴϮ� ϭϮ͘Ϭϵ� ϴϵ͘ϰϲ� ϳ͘ϱϬ� ϰ͘ϲϯ� Ϯ͘ϮϮ� ϴ͘ϱϬ� ϭ͘ϳϯ� ϰϳ͘ϵϱ� Ϭ͘ϲϰ� ϰϭ͘ϱϭ� ϭϬ͘ϲϬ� ϴ͘ϭϬ� ϭ͘Ϯϱ� Ϭ͘ϴϭ� ϰϳ͘ϵϱ� ϰ͘ϴϴ� Ϯϴϵ͘ϴϮ�

�ϯ� &ĞĞĚ��ŽĂů�ϯ ϭϱ͘ϲϭ� ϭϮ͘ϴϭ� ϵϲ͘Ϭϴ� ϴ͘ϴϰ� ϱ͘ϱϳ� Ϯ͘ϱϲ� ϭϬ͘Ϭϲ� ϭ͘ϵϮ� ϰϴ͘ϲϴ� Ϭ͘ϵϬ� ϰϰ͘ϴϰ� ϭϭ͘ϲϲ� ϵ͘ϮϮ� ϭ͘ϲϬ� Ϭ͘ϵϬ ϱϯ͘ϭϲ� ϱ͘Ϯϱ ϯϭϰ͘Ϭ

�ϰ� &ĞĞĚ��ŽĂů�ϰ ϯϮ͘ϳϯ ϭϮ͘ϮϮ� ϳϬ͘ϱϴ� ϱ͘ϯϴ ϯ͘ϯϯ� ϭ͘ϳϭ ϲ͘ϭϰ ϭ͘ϭϲ� ϰϬ͘ϯϯ Ϭ͘ϰϵ� ϯϯ͘ϲϭ� ϴ͘ϳ ϲ͘ϳϴ� Ϭ͘ϵϮ� Ϭ͘ϱϱ ϯϰ͘ϴϯ� ϯ͘Ϯϳ ϮϯϬ͘Ϭϯ�

�ϱ� &ĞĞĚ��ŽĂů�ϱ� ϭϬ͘ϱϰ E� ϴϳ͘Ϯϳ� ϴ͘ϵϮ� ϱ͘ϭϮ� Ϯ͘Ϭϵ ϳ͘ϵϳ� ϭ͘ϵϬ ϰϳ͘ϰ Ϭ͘ϳϲ� ϯϵ͘ϴϰ� ϭϬ͘ϰ ϴ͘ϲϯ� ϭ͘ϰϮ� Ϭ͘ϵϱ ϱϮ͘ϭϳ ϱ͘ϮϮ� ϮϴϬ͘ϭϮ�

�ϲ� &ĞĞĚ��ŽĂů�ϲ� ϭϵ͘Ϯϱ� ϭϱ͘ϱϴ ϴϳ͘ϳϳ� ϴ͘Ϭϱ ϱ͘ϭϰ� Ϯ͘Ϭ ϴ͘ϳϯ� ϭ͘ϴϮ� ϰϳ͘Ϯϲ Ϭ͘ϴ ϰϮ͘Ϭϳ� ϭϬ͘ϲϱ ϴ͘ϱϳ ϭ͘ϰϱ� Ϭ͘ϳϴ� ϰϵ͘ϯϰ� ϰ͘ϴϴ� Ϯϵϰ͘ϵ

�ϳ� �ŽĂů�ϭ�dĞƐƚ�ϭ�&&&� ϰ͘Ϯϰ� E�� ϮϰϬ͘ϯϳ� ϭϵ͘ϱϲ� ϭϮ͘ϰϵ� ϱ͘ϲϲ� Ϯϯ͘ϯϯ ϰ͘ϰϴ� ϭϮϰ͘ϵ ϭ͘ϴϵ ϭϭϬ͘ϳ Ϯϵ͘ϮϮ Ϯϯ͘ϯϯ ϯ͘ϱϯ� Ϯ͘ϯϲ� ϭϮϳ͘Ϯϲ� ϭϭ͘ϱ ϳϰϬ͘ϲϴ�

�ϴ� �ŽĂů�ϭ�dĞƐƚ�ϭ�dd&� ϱϵ͘ϭϮ� ϭϬ͘ ϳϲ͘ϴ ϲ͘ϭϮ� ϯ͘ϴϳ� ϭ͘ϴϯ� ϲ͘ϴϬ� ϭ͘ϯϱ� ϰϭ͘ϳϴ� Ϭ͘ϱϴ� ϯϱ͘ϱ ϵ͘ϰϬ� ϳ͘Ϯϳ ϭ͘Ϭ Ϭ͘ϱϵ� ϯϳ͘ϳϮ� ϯ͘ϳϰ� Ϯϰϰ͘ϱϵ�

�ϵ� �ŽĂů�ϭdĞƐƚ�ϭ�ddd� ϴϭ͘ϵϮ� ϳ͘ϯϮ� ϴϯ͘Ϯ ϲ͘Ϭϱ ϯ͘ϳϰ ϭ͘ϵϬ� ϳ͘Ϯϴ ϭ͘ϯϰ� ϰϲ͘ϬϮ Ϭ͘ϱϳ ϯϴ͘ϵϰ� ϭϬ͘ϮϬ� ϳ͘ϴϬ� ϭ͘Ϭϵ� Ϭ͘ϱ ϯϳ͘ϵ ϯ͘ϱϱ� Ϯϱϳ͘ϲ

�ϭϬ� �ŽĂů�Ϯ�dĞƐƚ�ϭ�&&&� ϰ͘ϱϬ� E� ϭϳϳ͘ϲϲ� ϭϰ͘ϲϲ ϵ͘ϱϱ� ϰ͘Ϯ ϭϱ͘ ϯ͘ϱϱ� ϵϳ͘ϳ ϭ͘ϯϯ ϴϮ͘ϭ Ϯϭ͘ϭ ϭϱ͘ϯϮ� Ϯ͘ϰϰ� ϭ͘ϯϯ� ϵϯ͘Ϯϳ� ϵ͘ϯϯ� ϱϰϵ͘ϰϭ�

�ϭϭ� �ŽĂů�Ϯ�dĞƐƚ�ϭ�dd&� ϯϱ͘ϵϮ ϭϭ͘ ϳϲ͘ϴϯ� ϲ͘ϲϱ� ϰ͘Ϯϵ� ϭ͘ϳϬ� ϳ͘ϭϬ� ϭ͘ϰϱ ϰϭ͘Ϯ Ϭ͘ϲ ϯϯ͘ϵϲ ϵ͘ϬϮ� ϲ͘ϵϵ ϭ͘ϭϳ� Ϭ͘ϳϮ ϰϮ͘ϴϳ� ϰ͘Ϯϵ� Ϯϰϵ͘ϵ

�ϭϮ� �ŽĂů�Ϯ�dĞƐƚ�Ϯ�ddd� ϴϱ͘ϱ ϳ͘Ϭϭ� ϲϰ͘ϴ ϰ͘ϴϳ� ϯ͘Ϭϲ� ϭ͘ϰϯ� ϱ͘ϲϬ� ϭ͘Ϭϴ� ϯϰ͘ϵϱ Ϭ͘ϰϲ� ϯϬ͘ϭϲ� ϳ͘ϴϳ� ϱ͘ϵϯ Ϭ͘ϴϳ� Ϭ͘ϰϲ� ϯϬ͘ϴ Ϯ͘ϴϴ� ϮϬϮ͘ϯϰ�

�ϭϯ� �ŽĂů�ϯ�dĞƐƚ�ϭ�&&&� ϰ͘Ϭϲ� E�� Ϯϭϵ͘ϯϬ� ϮϬ͘ϰϱ� ϭϯ͘ϯϭ� ϱ͘ϵ Ϯϭ͘ϰϰ� ϰ͘ϲϴ� ϭϭϱ͘ϴϭ� Ϯ͘ϮϮ� ϭϬϭ͘Ϭ Ϯϲ͘ϴ ϭϵ͘ϳ ϯ͘ϰϱ Ϯ͘ϮϮ ϭϮϴ͘ϭϯ� ϭϯ͘ϱϱ� ϲϵϴ͘Ϭ

�ϭϰ� �ŽĂů�ϯ�dĞƐƚ�ϭ�Θ�dĞƐƚ�Ϯ�dd&� ϲϬ͘Ϯϲ� ϵ͘ϵϲ ϳϴ͘ϰϵ� ϱ͘ϲ ϯ͘ϯϱ� Ϯ͘ϬϮ ϳ͘ϱϳ� ϭ͘Ϯϲ ϰϱ͘ϯϬ Ϭ͘ϱϬ� ϯϳ͘ϲϳ� ϵ͘ϰϰ� ϳ͘ϳϴ� ϭ͘Ϭ Ϭ͘ϱϲ ϯϰ͘ϯϱ ϯ͘ϰϬ� Ϯϰϴ͘ϯ

�ϭϱ� �ŽĂů�ϯ�dĞƐƚ�Ϯ�ddd� ϴϰ͘ϵϯ� ϳ͘Ϭϲ� ϳϭ͘ϱϵ ϰ͘ϲ Ϯ͘ϲϭ� ϭ͘ϳ ϲ͘ϳϲ Ϭ͘ϵϯ� ϯϵ͘ϴ Ϭ͘ϯϵ� ϯϯ͘ϲ ϴ͘ϲϯ� ϲ͘ϴ Ϭ͘ϵϭ Ϭ͘ϯϴ Ϯϱ͘ϳϵ� Ϯ͘ϯϳ Ϯϭϰ͘ϭϬ�

�ϭϲ� �ŽĂů�ϰ�dĞƐƚ�Ϯ�&&&� Ϯ͘ϰϭ� ϭϮϰ͘Ϯϱ� ϯϬϲ͘ϰϵ� Ϯϭ͘ϭϮ ϭϮ͘ϴϰ� ϳ͘ϰϲ� Ϯϲ͘ϱϭ ϰ͘ϱϲ� ϭϲϵ͘ϴϭ� Ϯ͘Ϭϳ� ϭϰϬ͘ϴϮ� ϯϱ͘ϲϮ� Ϯϳ͘ ϯ͘ϳϯ ϭ͘ϲϲ� ϭϰϬ͘ϴϮ� ϭϮ͘ϴ ϭϬϯϴ͘ϯϱ�

�ϭϳ� �ŽĂů�ϰ�dĞƐƚ�ϭ�dd&&� ϯϱ͘ϱϴ ϭϰ͘Ϭϱ� ϳϭ͘ϲϲ� ϱ͘ϭϰ� ϯ͘ϱϰ� ϭ͘ϲϯ ϱ͘ϴϱ ϭ͘ϭϴ� ϰϭ͘ϱϵ Ϭ͘ϱϯ ϯϮ͘Ϭ ϴ͘ϰ ϲ͘ϯϮ� Ϭ͘ϴϳ Ϭ͘ϱϭ� ϯϰ͘ϴϱ� ϯ͘ϰϯ� Ϯϯϭ͘ϲϴ�

�ϭϴ� �ŽĂů�ϰ�dĞƐƚ�ϭ�dddd� ϳϰ͘ϵϳ ϵ͘ϯ ϱϴ͘ ϰ͘ϯϲ� Ϯ͘ϳϯ ϭ͘ϯϵ ϱ͘ϮϬ� Ϭ͘ϵ ϯϰ͘ϬϮ Ϭ͘ϰϯ� Ϯϳ͘ϳϱ� ϳ͘Ϯϲ ϱ͘ϱϰ� Ϭ͘ϳϱ� Ϭ͘ϰϱ� Ϯϵ͘Ϭ Ϯ͘ϲϳ� ϭϵϬ͘ϰϵ�

�ϭϵ� �ŽĂů�ϱ�dĞƐƚ�ϭ�&&&� Ϯ͘ϵϭ� E� ϭϵϱ͘ϳ ϭϳ͘ϱ ϭϬ͘ϵ ϰ͘ϰϲ� ϭϱ͘ϰϱ� ϰ͘ϭϮ� ϭϬϲ͘ϰϲ� ϭ͘ϳϮ� ϴϱ͘ϴϱ� Ϯϯ͘ϯϱ� ϭϱ͘ϰϱ� Ϯ͘ϳϱ Ϯ͘Ϭϲ� ϭϭϯ͘ϯϮ� ϭϭ͘ϯϯ� ϲϭϬ͘ϱϳ�

�ϮϬ� �ŽĂů�ϱ�dĞƐƚ�Ϯ�d&&� ϭϭ͘ϰ ϭϳ͘ϰϳ� ϴϬ͘ ϴ͘ϱϲ� ϱ͘ϯϯ� Ϯ͘Ϭϭ ϴ͘ϯϵ ϭ͘ϵϮ� ϰϮ͘ϴϬ� Ϭ͘ϳϵ ϯϴ͘ ϵ͘ϲϭ� ϴ͘Ϭϰ� ϭ͘ϰϴ� Ϭ͘ϴϳ ϱϬ͘ϲ ϱ͘ϰϮ� ϮϴϮ͘ϭϮ�

�Ϯϭ� �ŽĂů�ϱ�dĞƐƚ�ϭ�Θ�dĞƐƚ�Ϯ�ddd� ϴϵ͘ϳϲ ϳ͘ϴϬ� ϱϭ͘Ϯϱ� ϰ͘ϰϭ� Ϯ͘ϲ ϭ͘ϯϳ ϱ͘ϱϬ� Ϭ͘ϵϬ� Ϯϳ͘Ϯ Ϭ͘ϯϵ� Ϯϳ͘ϭ ϲ͘ϲϰ ϱ͘ϳ Ϭ͘ϴϬ Ϭ͘ϯϵ� Ϯϵ͘ϱϮ Ϯ͘ϯϯ ϭϳϰ͘Ϭϵ�

�ϮϮ� �ŽĂů�ϲ�dĞƐƚ�ϭ�&&&� ϰ͘ϰϮ� ϰϱ͘Ϯϯ ϭϲϬ͘ϱϲ� ϮϬ͘ϯϱ� ϭϮ͘ϲϲ ϯ͘ϴϰ� ϭϲ͘ϵϲ� ϰ͘Ϭ ϵϮ͘ϳϮ� Ϯ͘Ϭϰ ϳϲ͘ϴϵ� ϭϵ͘ϰ ϭϲ͘Ϭ ϯ͘ϭϳ� Ϯ͘Ϭϰ� ϭϮϰ͘ϯϴ� ϭϮ͘ϲ ϲϭϯ͘Ϭ

�Ϯϯ� �ŽĂů�ϲ�dĞƐƚ�ϭ�d&&� Ϯϴ͘ϯϵ� ϭϰ͘ ϴϮ͘Ϭϴ� ϳ͘ϯϲ� ϰ͘ϲϭ� Ϯ͘ϭϭ� ϳ͘ϵϲ� ϭ͘ϱ ϰϮ͘ϲϮ� Ϭ͘ϳϬ� ϯϴ͘ϰϬ� ϵ͘ϳϵ ϴ͘ϬϬ ϭ͘ϮϬ� Ϭ͘ϳϰ� ϰϰ͘Ϭϯ ϰ͘ϱϴ� Ϯϲϵ͘ϴϳ�

�Ϯϰ� �ŽĂů�ϲ�dĞƐƚ�ϭ�ddd� ϴϳ͘ϵϭ� ϳ͘ϵϲ ϳϬ͘Ϭϳ� ϱ͘Ϭϴ� Ϯ͘ϴ ϭ͘ϱϬ� ϱ͘ϴϱ� Ϭ͘ϵϳ� ϯϴ͘ϭϭ� Ϭ͘ϰϱ� ϯϱ͘ ϴ͘ϲϵ� ϲ͘ϴϬ� Ϭ͘ϵ Ϭ͘ϰϯ� ϯϬ͘ϰϴ� Ϯ͘ϴϯ� Ϯϭϴ͘ϭϴ�

7RWDO�5((� �6F���&H���'\��(U���(X���*G���+R���/D���/X���1G���3U���6P���7E���7P���<���<E��

1$� �1RW�$YDLODEOH�
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)XUWKHU��5((�GLVWULEXWLRQ�FDOFXODWHG�XVLQJ�WKH�PDVV�EDODQFH�RQ�WKH�ORZ�DVK�SURGXFWV�������DVK���

PLGGOLQJ�����±���� DVK���DQG�WDLOLQJV��!����DVK��DV�REWDLQHG�IURP�WKH�WUHH�DQDO\VLV�UHYHDOHG�WKDW�PRVW�RI�

WKH�5((�E\�ZHLJKW�SHUFHQW�UHSRUWHG�WR�WKH�PLGGOLQJV�DQG�WDLOLQJV�VWUHDPV�DV�VKRZQ�LQ�)LJXUH�����7DLOLQJV�

FRQWDLQHG�D�PDMRU�SRUWLRQ�RI�5((�LQ�IHHG�VDPSOH�FRDOV�������DQG����ZKHUHDV�WKH�PDMRULW\�RI�5((�LQ�IHHG�

FRDOV���DQG���ZHUH�IRXQG�LQ�WKH�PLGGOLQJV��6LQFH�RQO\�WKUHH�SURGXFWV�IURP�WKH�WUHH�DQDO\VHV�ZHUH�VHOHFWHG�

IRU�DQDO\VLV��IHHG�FRDO���GLG�QRW�IROORZ�WKH�JHQHUDO�WUHQG�LQ�)LJXUH�����

'DL�HW�DO�������� VKRZHG�WKDW�FRDO�VDPSOHV�IURP�WKH�6KLWDQMLQJ��6KL]XLVKDQ��DQG�)HQIHQJ�FRDOILHOGV�

FRQWDLQ�DERXW�����RI�5((�DVVRFLDWHG�ZLWK�DOXPLQXP�VLOLFDWH�PLQHUDOV��XVLQJ�D�VHTXHQWLDO�H[WUDFWLRQ�

SURFHGXUH��&RDO�VDPSOHV�IURP�WKH�(DVW�.RRWHQD\�FRDOILHOG�LQ�%&�FRQWDLQHG�DSSUR[LPDWHO\�����RI�5((�

WKDW�ZHUH�DVVRFLDWHG�ZLWK�LQRUJDQLF�FRQVWLWXHQWV�RI�WKH�FRDO��2QO\�����RI�5((��RQ�DYHUDJH��ZHUH�

DVVRFLDWHG�ZLWK�WKH�RUJDQLF�SKDVH��)XUWKHU��+RZHU�HW�DO���������GLIIHUHQWLDWHG�WKDW�RUJDQLF�DVVRFLDWLRQ�

�FKHPLFDOO\�ERXQG�HOHPHQWV�ZLWK�RUJDQLFV��LV�SULQFLSDOO\�GLIIHUHQW�IURP�DVVRFLDWLRQ�ZLWK�RUJDQLFV��ZKLFK�

GHQRWHV�WKH�GLVSHUVLRQ�RI�YHU\�ILQH�HOHPHQWV�ZLWKLQ�WKH�FRDO�PDWUL[�WKDW�FDQQRW�EH�UHPRYHG�E\�IORDW�VLQN�

RU�FKHPLFDO�PHWKRGV���

�

)LJXUH�����'LVWULEXWLRQ�RI�5((�E\�ZHLJKW�����LQ�WKH�WUHH�DQDO\VLV�IORWDWLRQ�SURGXFWV�FDOFXODWHG�XVLQJ�GDWD�VKRZQ�LQ�

7DEOH����/RZ�DVK�GHQRWHV�SURGXFW������DVK��PLGGOLQJV�GHQRWH�SURGXFW��������DVK�DQG�WDLOLQJV�GHQRWH�SURGXFW�

!����DVK��

6LQFH�IORWDWLRQ�SURFHVVHV�GR�QRW�DFFRXQW�IRU�WKH�ILQH�JUDLQHG�PLQHUDOV�GLVSHUVHG�ZLWKLQ�WKH�FRDO�PDWUL[��LW�

PD\�KDYH�OHG�WR�WKH�HUURQHRXV�DVVLJQPHQW�RI�RUJDQLF�DVVRFLDWHG�5((�SHUFHQWDJHV��+HQFH��D�GLUHFW�

PHDVXUHPHQW�RI�5((�XVLQJ�6(0�RU�RWKHU�DGYDQFHG�FKDUDFWHUL]DWLRQ�WHFKQLTXHV�VKRXOG�EH�LQFRUSRUDWHG�LQ�

RUGHU�WR�XQGHUVWDQG�WKH�H[DFW�QDWXUH�RI�RUJDQLFDOO\�DVVRFLDWHG�5((�LQ�WKH�VDPSOH���
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7KH�WZR�WUHH�UHOHDVH�DQDO\VLV�SURGXFWV�ZLWK�WKH�KLJKHVW�FRQFHQWUDWLRQ�RI�5((��ORZ�DVK�SURGXFW��$�����DQG�

WDLOLQJV��$����ZHUH�VHOHFWHG�IRU�6(0�(';�FKDUDFWHUL]DWLRQ�LQ�RUGHU�WR�ILQG�WKH�5((�PLQHUDO�DVVRFLDWLRQ�

LQ�WKH�VDPSOH���

)LJXUH����VKRZV�WKH�6(0�(';�LPDJHV�RI�D�ORZ�DVK�SURGXFW�DQG�WDLOLQJV��6SRW�DQDO\VHV�VKRZHG�WKDW�

5((�ZHUH�DVVRFLDWHG�ZLWK�DOXPLQRVLOLFDWH�PLQHUDOV��OLNHO\�FOD\V��LQ�ERWK�ORZ�DVK�SURGXFWV�DQG�WDLOLQJV��

$OO�RI�WKH�VSRWV�DQDO\]HG�RQ�ORZ�DVK�SURGXFWV�UHYHDOHG�RQO\�WKH�SUHVHQFH�RI�TXDUW]�DQG�DOXPLQRVLOLFDWH�

PLQHUDOV��ZKLFK�PLJKW�EH�UHSRUWHG�WR�WKH�IURWK�GXH�WR�WKH�SDUWLDO�HQWUDLQPHQW�DQG�RU�DV�XQOLEHUDWHG�PLQHUDO�

SKDVH��5((�DVVRFLDWHG�ZLWK�FOD\V�ZHUH�SUHYLRXVO\�UHSRUWHG�LQ�WKH�-XQJDU�FRDOILHOG��&KLQD��+XDLEHL�

FRDOILHOG��&KLQD��$QWDLEDR�PLQLQJ�GLVWULFW��&KLQD��)DU�(DVW�GHSRVLWV��5XVVLD��DQG�LQ�)LUH�FOD\�FRDO��8QLWHG�

6WDWHV��+RZHU�HW�DO��������D��+RZHU�HW�DO��������E��:DQJ�HW�DO���������=KDQJ�HW�DO����������

8VLQJ�WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\��+RZHU�HW�DO���������VKRZHG�WKH�SUHVHQFH�RI�QDQRVFDOH�5((�

PLQHUDOV�LQ�%OXH�*HP�FRDO�IURP�WKH�8QLWHG�6WDWHV��ZKHUHLQ�RUJDQLFDOO\�DVVRFLDWHG�5((�ZHUH�SUHYLRXVO\�

UHSRUWHG��HVSHFLDOO\�LQ�ORZ�DVK�DQG�ORZ�UDQN�FRDOV��'DL�	�)LQNHOPDQ��������(VNHQD]\�������(VNHQD]\�

�������+XJJLQV�DQG�+XIIPDQ��������H[SODLQHG�WKH�WUDQVLWLRQ�RI�RUJDQLFDOO\�DVVRFLDWHG�HOHPHQWV�WR�

LQRUJDQLF�DVVRFLDWLRQV�DV�D�UHVXOW�RI�WKH�GHFDUER[\ODWLRQ�SURFHVV��ZKLFK�RFFXUV�GXULQJ�WKH�FRDOLILFDWLRQ�RI�

ORZ�UDQN�FRDO�WR�KLJKHU�ELWXPLQRXV�UDQN�FRDO��'XULQJ�WKH�GHFDUER[\ODWLRQ�SURFHVV��WKH�FDWLRQV�DVVRFLDWHG�

ZLWK�FDUER[\O�JURXSV���&220��ZKHUH�0�UHSUHVHQWV�WKH�FDWLRQV��XQGHUJR�GHFRPSRVLWLRQ�DQG�DUH�

HYHQWXDOO\�LQFRUSRUDWHG�LQWR�FOD\V�DQG�RWKHU�PLQHUDOV��VXFK�DV�R[LGHV�DQG�R[\K\GUR[LGHV��6LQFH�WKH�VSRW�

DQDO\VHV�RQ�WKH�ORZ�DVK�SURGXFW�VKRZHG�5((�DVVRFLDWLRQ�ZLWK�FOD\��DQG�WKH�FRDO�XQGHU�VWXG\�EHORQJV�WR�

KLJK�UDQNV��LW�LV�OLNHO\�WKDW�QRW�DOO�5((�LQ�D�ORZ�DVK�SURGXFW�KDYH�DQ�RUJDQLF�DVVRFLDWLRQ��+HQFH��WKH�DFWXDO�

DPRXQW�RI�RUJDQLFDOO\�DVVRFLDWHG�5((�LQ�WKH�FRDO�PLJKW�EH�OHVV�WKDQ�WKH�UHSRUWHG�YDOXH�LQ�WKH�5((�

GHSRUWPHQW�DQDO\VLV�VKRZQ�LQ�)LJXUH����UHVXOWV��)XUWKHU�DGYDQFHG�FKDUDFWHUL]DWLRQ�ZRXOG�EH�UHTXLUHG�LQ�

WKH�IXWXUH�WR�TXDQWLI\�RUJDQLF�DVVRFLDWHG�5((�LQ�WKH�VDPSOH��,W�FDQ�EH�IXUWKHU�FRQFOXGHG�WKDW�LQRUJDQLF�

DVVRFLDWLRQ�LV�WKH�GRPLQDQW�PRGH�RI�5((�RFFXUUHQFH�LQ�WKH�VWXGLHG�FRDO�VDPSOHV���
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�

� )LJXUH�����6(0�(';�LPDJHV�RI�FOHDQ�FRDO��$����DQG�WDLOLQJV��$��(OHPHQWV�REVHUYHG�LQ�WKH�KLJKOLJKWHG�

JUDLQV�DUH�DV�IROORZV��7RS�/HIW��$�����$O��%D��&D��(X��2��3��6��6U�7RS�5LJKW��$�����$O��(U��2��6L��%RWWRP�/HIW��$����$O��

%D��%U��&D��&H��2��3��6L��%RWWRP�5LJKW��$����$O��%D��%U��&D��&H��/D��2��3��6L�

������6HTXHQWLDO�([WUDFWLRQ�5HVXOWV�

6LQFH�WKH�SUHOLPLQDU\�DQDO\VLV�LQGLFDWHG�WKH�LQRUJDQLF�5((�DV�GRPLQDQW�PRGH�RI�5((�DVVRFLDWLRQ�LQ�WKH�

VDPSOH��IRXU�VDPSOHV�IURP�WKH�GDWDEDVH��6���6����6���DQG�6����UHSUHVHQWLQJ�GLIIHUHQW�SDUWV�RI�FRDO�VHDP�

LQFOXGLQJ�FRDO��6�����URRI��6����IORRU��6�����DQG�SDUWLQJV��6����ZLWK�KLJKHVW�5((�FRQFHQWUDWLRQ�ZDV�

VHOHFWHG�IRU�GHWDLOHG�DQDO\VLV�RI�5((�LQRUJDQLF�DVVRFLDWLRQ�XVLQJ�FKHPLFDO�EDVHG�VHTXHQWLDO�H[WUDFWLRQ�

SURFHVV��DV�GHVFULEHG�LQ�6HFWLRQ��������)LJXUH����VKRZV�WKH�VHTXHQWLDO�H[WUDFWLRQ�UHVXOWV�IRU�WKH�VHOHFW�

VDPSOHV��ZKLFK�FDWHJRULHV�WKH�5((�DVVRFLDWLRQ�LQWR�WKH�IROORZLQJ�ILYH�W\SHV��WKH�LRQ�H[FKDQJHDEOH�5((�

�6WDJH�����ZHDN�DFLG�VROXEOH�IRUP��6WDJH�����5((�ERXQG�WR�RWKHU�FDUERQDWHV�DQG�PRQRVXOILGHV��6WDJH�����

5((�DVVRFLDWHG�ZLWK�GLVXOILGHV��6WDJH�����DQG�5((�DVVRFLDWLRQ�ZLWK�VLOLFDWHV�DQG�DOXPLQRVLOLFDWH�IRUP�
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�6WDJH�����,W�FDQ�EH�REVHUYHG�WKDW�PRUH�WKDQ�����E\�ZHLJKW�RI�5((�LV�DVVRFLDWHG�ZLWK�VLOLFDWHV�DQG�

DOXPLQRVLOLFDWH�PLQHUDOV�IRU�DOO�WKH�VDPSOHV��5((�DVVRFLDWLRQ�ZLWK�DFLG�VROXEOH�IRUP��6WDJH���	�6WDJH����

DFFRXQWV�IRU�DERXW������������DQG�����UHVSHFWLYHO\�IRU�VDPSOHV�6���6����6����DQG�6����2QH�RI�WKH�PRGHV�

RI�RFFXUUHQFHV�RI�5((�LQ�FRDO�LV�LQ�DQ�LRQ�H[FKDQJHDEOH�IRUP��,W�ZDV�SUHYLRXVO\�VKRZQ�WKDW�LRQ�

H[FKDQJHDEOH�5((�FDQ�EH�H[WUDFWHG�XVLQJ�PRQRYDOHQW�VDOW�VROXWLRQV�VXFK�DV�DPPRQLXP�VXOIDWH�

�0ROGRYHDQX�	�3DSDQJHODNLV���������������7KH�VWDJH���H[WUDFWLRQ�XVLQJ�DPPRQLXP�VXOIDWH�LQGLFDWHV�WKDW�

5((�LQ�WKH�LRQ�H[FKDQJHDEOH�IRUP�LQ�VDPSOHV�6����6����6���ZHUH�LQVLJQLILFDQW�DQG�6��FRQWDLQV�DURXQG�

�����RI�5((�LQ�LRQ�H[FKDQJHDEOH�IRUP����

�

)LJXUH�����6HTXHQWLDO�H[WUDFWLRQ�UHVXOWV�RI�VDPSOHV��6���6����6����6����VKRZLQJ�WKH�GLVWULEXWLRQ�RI�5((�LQ�YDULRXV�

PRGHV�RI�RFFXUUHQFHV��0LVVLQJ�FRORU�LQGLFDWHV�WKH�H[WUDFWLRQ�LQ�WKH�FHUWDLQ�VWDJH�ZHUH�QHJOLJLEOH��

$V�SUHYLRXVO\�GHVFULEHG��ILQH�JUDLQHG�5((�PLQHUDOV�ORFNHG�LQ�WKH�DOXPLQRVLOLFDWH�PLQHUDO�PDWUL[�VXFK�DV�

FOD\V�ZRXOG�QRW�EH�UHDFKHG�E\�UHDJHQWV�XVHG�IRU�VHTXHQWLDO�H[WUDFWLRQ�ZLWKRXW�SURSHU�OLEHUDWLRQ��)LJXUH�

���DOVR�LQGLFDWHV�WKH�SUHVHQFH�RI�ILQH�5((�PLQHUDOV�LQ�WKH�FOD\�PDWUL[��+HQFH��WKH�UHVXOWV�SUHVHQWHG�RQ�

TXDQWLILFDWLRQ�VKRXOG�QRW�EH�FRQVLGHUHG�DV�DQ�DEVROXWH�YDOXH�IRU�WKH�VDPSOH��%XW�IRU�DOO�SUDFWLFDO�SXUSRVHV��
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LW�FDQ�EH�LQIHUUHG�WKDW�5((�PLQHUDOV�ZRXOG�EHKDYH�DV�WKRXJK�SDUW�RI�FOD\�PLQHUDO�GXULQJ�SK\VLFDO�

EHQHILFLDWLRQ�SURFHVV�IRU�WKH�VDPSOH�VWXGLHG���

������0LQHUDORJLFDO�&KDUDFWHUL]DWLRQ�

0LQHUDORJLFDO�DQDO\VLV�XVLQJ�;�UD\�GLIIUDFWLRQ��;5'��DQG�6(0�(';�DQDO\VLV�ZDV�FRQGXFWHG�WR�LGHQWLI\�

PDMRU�PLQHUDO�SKDVH�DQG�5((�PLQHUDO�FDUULHU�LQ�WKH�VHOHFW�IRXU�VDPSOHV��6���6����6����DQG�6�����$PRQJ�

WKH�IRXU�VDPSOHV��;5'�DQDO\VLV�ZDV�FRQGXFWHG�RQO\�IRU�6���6����DQG�6����6LQFH�WKH�VDPSOH�6���LV�FRDO�

VDPSOH�ZLWK�ORZ�DVK�FRQWHQW��LW�ZDV�QRW�VXLWDEOH�IRU�;5'�DQDO\VLV�GXH�WR�LQWHUIHUHQFH�IURP�FDUERQDFHRXV�

PDWHULDO���

7KH�SKDVH�LGHQWLILFDWLRQ�UHVXOWV�IRU�6���6����DQG�6���DUH�VKRZQ�LQ�)LJXUH�����,W�FDQ�EH�REVHUYHG�WKDW�WKH�

PDMRULW\�RI�PLQHUDOV�SUHVHQW�LQ�DOO�RI�WKUHH�VDPSOHV�ZHUH�FOD\V�VXFK�DV�NDROLQLWH�DQG�LOOLWH��ZKLFK�

DFFRXQWHG�IRU�DURXQG����WR�����RI�WKH�GHWHFWHG�FU\VWDOOLQH�SKDVHV�LQ�WKH�VDPSOH��4XDUW]�FRQWULEXWHG�DERXW�

���WR�����RI�WKH�FU\VWDOOLQH�SKDVH��2WKHU�PLQHUDOV�VXFK�DV�DQDWDVH��UXWLOH��FDUERQDWHV��DQG�S\ULWH�ZHUH�DOVR�

UHSRUWHG�LQ�PLQRU�DPRXQWV��6LQFH�WKH�FRQFHQWUDWLRQ�RI�5((�PLQHUDOV�LV�EHORZ�WKH�GHWHFWLRQ�OLPLW�IRU�;5'�

DQDO\VLV��WKH\�ZHUH�QRW�LGHQWLILHG�GXULQJ�WKH�DQDO\VLV���

7R�LGHQWLI\�5((�PLQHUDO�FDUULHU�LQ�WKHVH�VDPSOHV��6(0�(';�FKDUDFWHUL]DWLRQ�ZDV�FRQGXFWHG�RQ�DOO�IRXU�

VHOHFWHG�VDPSOHV��6���6����6���DQG�6�����)LJXUH����VKRZV�WKH�5((�JUDLQV�LGHQWLILHG�LQ�DOO�IRXU�VDPSOH�

DORQJ�ZLWK�RWKHU�HOHPHQWV�REVHUYHG�GXULQJ�(';�DQDO\VLV�RI�WKH�JUDLQ��5((�JUDLQV�ZHUH�JHQHUDOO\�

DVVRFLDWHG�ZLWK�VLOLFDWH�DQG�DOXPLQRVLOLFDWHV��ZKLFK�LV�H[SHFWHG�EDVHG�RQ�WKH�PDMRU�PLQHUDOV�LGHQWLILHG�LQ�

WKH�;5'�UHVXOWV���

8VLQJ�WKH�(';�UHVXOWV��5((�JUDLQV�ORFDWHG�ZHUH�]RRPHG�IXUWKHU�LQ�WKH�6(0�DQG�(';�PDSSLQJ�ZDV�

FRQGXFWHG�RQ�5((�JUDLQ��7KH�(';�PDSSLQJ�RI�VHOHFW�JUDLQV�UHYHDOHG�WKH�SUHVHQFH�RI�DSDWLWH��PRQD]LWH��

[HQRWLPH��DQG�]LUFRQ�LQ�WKH�VDPSOH��)LJXUH����WR�)LJXUH����VKRZV�WKH�DSDWLWH��PRQD]LWH��[HQRWLPH��DQG�

]LUFRQ�PLQHUDO�LGHQWLILHG�LQ�WKH�VDPSOH��,W�VKRXOG�EH�QRWHG�WKDW�ERWK�DSDWLWH��PRQD]LWH�DQG�[HQRWLPH�DUH�

5((�SKRVSKDWH�PLQHUDOV��ZKHUHDV�=LUFRQ�LV�VLOLFDWH�PLQHUDO��ZKLFK�XVXDOO\�FRQWDLQV�PLQRU�DPRXQWV�RI�

<�5((��3�DQG�RWKHUV���

�

�

�
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�3$B6��UDZB� 4XDUW]�ORZ �������
.DROLQLWH��$ ������
$QDWDVH ������
3\ULWH ������
,OOLWH�0XVFRYLWH��0� �������
5XWLOH ������
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)LJXUH�����4XDQWLWDWLYH�;�UD\�GLIIUDFWLRQ�DQDO\VLV�UHVXOWV�IRU�VHOHFW�VDPSOHV��$��6��%��6���&��6���
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)LJXUH�����6(0�(';�LPDJHV�RI�VDPSOH�6���6����6���DQG�6����(OHPHQWV�REVHUYHG�LQ�WKH�KLJKOLJKWHG�
JUDLQV�DUH�DV�IROORZV��7RS�/HIW��6����<W��<��&D��6L��2��7RS�5LJKW��6������5((��%D��)H��&O��$O��6L��2�

%RWWRP�/HIW��6�����/D��&H��<��6F��$O��6L��1D��3��2��%RWWRP�5LJKW��6�����&H��<��=U��&D��.��$O��6L��)��3��2��
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� )LJXUH��� �6(0�(';�PDSSLQJ�RI�$SDWLWH��&D��32���)��PLQHUDO�LGHQWLILHG�LQ�WKH�VDPSOH�6���
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)LJXUH��� �6(0�(';�PDSSLQJ�RI�;HQRWLPH��<32���PLQHUDO�LGHQWLILHG�LQ�WKH�VDPSOH�6����

�

�

�

�

�

�

�

�



�

���
�

�

�

�
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)LJXUH�����6(0�(';�PDSSLQJ�RI�;HQRWLPH��<32���PLQHUDO�LGHQWLILHG�LQ�WKH�VDPSOH�6���
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� )LJXUH�����6(0�(';�PDSSLQJ�RI�PRQD]LWH��/LJKW�5DUH�(DUWK�3KRVSKDWH��PLQHUDO�LGHQWLILHG�LQ�WKH�/7$�

VDPSOH�RI�FRDO���WDLOLQJV���

)XUWKHU��DXWRPDWHG�OLEHUDWLRQ�DQDO\VLV�ZDV�FRQGXFWHG�IRU�WZR�VDPSOHV��6���DQG�FRDO���WDLOLQJV���)RU�HDFK�

VDPSOH��WZR�VL]H�IUDFWLRQV���106+75�μm�and��53+25�μm)�analyzed�and�results�are�depicted�in�)LJXUH����

DQG�)LJXUH������

7KH�WZR�IUDFWLRQV�RI�6DPSOH�6���FRQVLVWV�SUHGRPLQDQWO\�RI�TXDUW]������������� ZW����DQG�PXVFRYLWH�LOOLWH�

�������������ZW����ZLWK�PLQRU�DPRXQWV�����ZW����RI�NDROLQLWH��������������ZW����DQG�FDUERQDWHV������������

ZW�����DQG�WUDFH�DPRXQWV�RI��������ZW����5((�EHDULQJ�SKDVHV��ZLWKRXW�D�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�

WKH�WZR�IUDFWLRQV���$�WRWDO�RI���PRQD]LWH�JUDLQV�UDQJLQJ�LQ�VL]H�IURP����P�WR�����P�ZHUH�GHWHFWHG�DV�ZHOO�

DV�RQH�RFFXUUHQFH�RI�WKH�<�SKRVSKDWH�[HQRWLPH��7KH�PDMRULW\�RI�WKH�PRQD]LWH�ZDV�REVHUYHG�LQ�WKH�����

IUDFWLRQ�LQ�DVVRFLDWLRQ�ZLWK�TXDUW]�DQG�PXVFRYLWH�LOOLWH��7KH�PRVW�DEXQGDQW�DFFHVVRU\�SKDVH�LV�]LUFRQ�ZLWK�

���REVHUYHG�JUDLQV���

�
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� )LJXUH�����*UDLQ�VL]H�GLVWULEXWLRQ�IRU�GLIIHUHQW�5((�EHDULQJ�PLQHUDOV�LQ�WKH�VDPSOH��$��&RDO���WDLOLQJV�%��6��
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)LJXUH��� �0LQHUDO�OLEHUDWLRQ�DQG�DVVRFLDWLRQ�DQDO\VLV�UHVXOWV�IRU�VHOHFW�VDPSOHV��7RS��FRDO���WDLOLQJV�DQG�%RWWRP��6���
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7KH�WZR�IUDFWLRQV�RI�6DPSOH�FRDO���WDLOLQJV�FRQVLVW�SUHGRPLQDQWO\�RI�TXDUW]��������������ZW����DQG�

PXVFRYLWH�LOOLWH��������������ZW�����PRGHUDWH�DPRXQWV�RI�NDROLQWH�������ZW�����)H�R[\�K\GUR[LGHV��������

�����ZW�����)H�FDUERQDWHV����������� ZW����ZLWK�PLQRU�DPRXQWV�����ZW����RI�&D�0J�FDUERQDWHV�����������

ZW����DQG�FDUERQDWHV���������� ZW�����7KH�RQO\�5((�EHDULQJ�SKDVH�GHWHFWHG�ZDV�[HQRWLPH��+5((��

ZKLFK�ZDV�REVHUYHG�LQ���RFFXUUHQFHV��7KH�PRVW�DEXQGDQW�DFFHVVRU\�SKDVH�LV�]LUFRQ�ZLWK����REVHUYHG�

JUDLQV��$GGLWLRQDO�PHDVXUHPHQWV�XWLOL]LQJ�D�5((�HOHPHQWDO�PDSSLQJ�RI�SDUWLFOHV�ZHUH�HPSOR\HG�LQ�RUGHU�

WR�LGHQWLI\�5((�HQULFKPHQW�XQUHODWHG�WR�PRQD]LWH��EXW�DQDO\VLV�UHVXOWV�GLG�QRW�ILQG�DQ\�RWKHU�PLQHUDOV��

7KH�RYHUDOO�REVHUYHG�JUDLQ�FRXQWV�DUH�YHU\��ZKLFK�ZDV�H[SHFWHG�JLYHQ�WKH�YHU\�ORZ�5((�JUDGH�RI�WKH�

VDPSOHV��

$�GLUHFW�FRPSDULVRQ�RI�;5'�GDWD�REWDLQHG�IURP�GLIIUDFWLRQ�DQDO\VHV�DQG�WKH�SUHVHQWHG�DXWRPDWHG�6(0�

GDWD�UHYHDOV�GLVFUHSDQFLHV�ZKLFK�DUH�SDUWO\�UHODWHG�WR�GLIIHUHQW�VDPSOH�W\SHV��EXON�URFN�YHUVXV�VL]H�

IUDFWLRQV��DQG�SDUWO\�WR�WKH�LQKHUHQW�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�RI�HDFK�DQDO\WLFDO�PHWKRG��:KLOH�;5'�

WHQGV�WR�RYHU�UHSRUW�VKHHW�VLOLFDWH�DQG�XQGHU�UHSRUW�PLQRU�SKDVHV��DXWRPDWHG�6(0�V\VWHPV�RIWHQ�VWUXJJOH�

ZLWK�FOD\V�DQG�YHU\�ILQH�JUDLQHG�VOLPHV�PDWHULDO�GXH�WR�WKH�FRPSOH[�VSHFWUD��

����3K\VLFDO�&RQFHQWUDWLRQ�7HVW�5HVXOWV�

������3DUWLFOH�6L]H�6HSDUDWLRQ�5HVXOWV�

$OO�IRXU�GLIIHUHQW�VDPSOH�W\SHV��FRDO��URRI��IORRU��DQG�SDUWLQJV��ZHUH�VLHYHG�WR�REWDLQ�VL[�GLIIHUHQW�VL]H�

IUDFWLRQV��(DFK�RI�WKHVH�VL]H�IUDFWLRQV�ZDV�ZHLJKHG�WR�REWDLQ�ZHLJKW�GLVWULEXWLRQ�RI�VDPSOH�LQ�HDFK�RI�

WKHVH�VL]H�IUDFWLRQV�DQG�UHSUHVHQWDWLYH�VDPSOH�ZDV�VHQW�IRU�5((�DQDO\VLV��7RWDO�5((�����ODQWKDQLGHV�SOXV�

6F�DQG�<��H[FHSW�3P��GLVWULEXWLRQ�LQ�HDFK�RI�WKHVH�VL]H�IUDFWLRQV�DUH�VKRZQ�LQ�)LJXUH����DORQJ�ZLWK�WKH�

VDPSOH�ZHLJKW�GLVWULEXWLRQ�IRU�HDFK�VL]H�IUDFWLRQV���

,W�FDQ�EH�QRWHG�WKDW�WKH�ZHLJKW�SHUFHQWDJH�RI�WRWDO�5((�LQ�HDFK�VL]H�IUDFWLRQ�DQG�VDPSOH�ZHLJKW�

GLVWULEXWLRQ�ZDV�DOPRVW�WKH�VDPH�IRU�DOO�WKH�VL]H�IUDFWLRQV��LQGLFDWLQJ�WKDW�5((�DUH�HYHQO\�GLVWULEXWHG�

EHWZHHQ�GLIIHUHQW�SDUWLFOH�VL]H�IUDFWLRQV��DQG�QR�VLJQLILFDQW�HQULFKPHQW�RI�5((�ZDV�REVHUYHG�LQ�DQ\�JLYHQ�

VL]H�IUDFWLRQ��7KH�HYHQ�GLVWULEXWLRQ�RI�5((�LQ�DOO�WKH�VL]H�IUDFWLRQ�GHSLFWV�WKDW�SDUWLFOH�VL]H�UHGXFWLRQ�ZDV�

QRW�DEOH�WR�HIIHFWLYHO\�UHOHDVH�5(�PLQHUDOV�IURP�WKH�JDQJXH�PDWUL[��

)XUWKHU��LW�FDQ�EH�REVHUYHG�WKDW�ZHLJKW�RI�5((�LQ�HDFK�VL]H�IUDFWLRQV�IRU�URRI��IORRU��DQG�SDUWLQJV�IROORZV�

VLPLODU�WUHQG��H[FHSW�IRU�FRDO��6����ZKLFK�JHQHUDWHG�PRUH�ILQHU�PDWHULDO�IRU�VLPLODU�VDPSOH�SUHSDUDWLRQ�

WHFKQLTXH�IROORZHG�IRU�DOO�WKH�VDPSOHV�LQGLFDWLQJ�WKH�VRIW�QDWXUH�RI�FRDO���

�
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� )LJXUH�����7RWDO�5((�GLVWULEXWLRQ�E\�ZW������LQ�GLIIHUHQW�VL]H�IUDFWLRQ�IRU�VHOHFW�IRXU��6���6����6���DQG�6����

VDPSOHV��

� ���� )ORDW�DQG�6LQN�5HVXOWV�

'HQVLW\�EDVHG�VHSDUDWLRQ�LV�SUHGRPLQDQWO\�XVHG�LQ�FRDO�EHQHILFLDWLRQ�IRU�VHSDUDWLQJ�RUJDQLF�PDWHULDO�IURP�

LQRUJDQLF�PDWWHU��ZKLFK�DUH�JHQHUDOO\�KHDYLHU�WKDQ�FDUERQDFHRXV�PDWHULDO��6LPLODUO\��GHQVLW\�GLIIHUHQFH�

EHWZHHQ�WKH�GLIIHUHQW�PLQHUDOV�LV�DOVR�XWLOL]HG�IRU�FRQFHQWUDWLQJ�KHDYLHU�PLQHUDO�IURP�UHVW�RI�WKH�VDPSOH��

7KH�GHQVLW\�RI�PRQD]LWH��[HQRWLPH��DQG�EDVWQDVLWH��WKUHH�FRPPRQ�5(�PLQHUDOV��DUH�LQ�WKH�UDQJH�RI���WR�

����J�FP���7KH�KLJKHU�GHQVLW\�RI�5(�PLQHUDOV�DUH�WUDGLWLRQDOO\�XVHV�DV�WHFKQLTXH�IRU�FRQFHQWUDWLQJ�5(�
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PLQHUDOV�IURP�EHDFK�VDQG�GHSRVLWV��.ULVKQDPXUWK\�	�*XSWD���������+HQFH��WKH�SRWHQWLDO�RI�FRQFHQWUDWLQJ�

5((�XVLQJ�KHDY\�GHQVLW\�OLTXLG�ZDV�WHVWHG�DQG�UHVXOWV�DUH�SUHVHQWHG�LQ�)LJXUH������

�

� )LJXUH�����5((�UHFRYHU\�DQG�HQULFKPHQW�XVLQJ�GHQVLW\�VHSDUDWLRQ�IRU�VHOHFW�IRXU��6���6����6���DQG�6����

VDPSOHV���

7KH�UHVXOWV�VKRZ�WKH�5((�UHFRYHU\�LQ�HDFK�GHQVLW\�IUDFWLRQ�DQG�WKH�FRUUHVSRQGLQJ�HQULFKPHQW�IDFWRU��

ZKLFK�LQGLFDWHV�WKH�TXDOLW\�RI�5((�FRQFHQWUDWH�DUH�DOVR�JLYHQ�LQ�WKH�)LJXUH�����7KH�HIIHFWLYH�GHQVLW\�RI�

5(�PLQHUDOV�DUH�GLOXWHG�E\�SUHVHQFH�RI�ORZHU�GHQVLW\�PLQHUDO�PDWUL[�FRPSRQHQWV��ZKLFK�UHGXFHV�WKH�

GHQVLW\�VHSDUDWLRQ�HIILFLHQF\��,W�FDQ�EH�QRWLFHG�WKDW�5((�UHFRYHU\�LQ�ORZHU�GHQVLW\�SURGXFW�6*������DQG�

6*������LV�VWLOO�FRQVLGHUDEOH��%XW�DQ\�OLEHUDWHG�5(�PLQHUDO�KDYH�FRQFHQWUDWHG�LQ�WKH�KHDYLHU�IUDFWLRQ��6*�

�����DQG�6*�������DV�LQGLFDWHG�E\�HQULFKPHQW�IDFWRU�RI�PRUH�WKDQ���LQ�DOO�WKH�SURGXFW�JUHDWHU�WKDQ�6*�RI�

�����$PRQJ�DOO�WKH�VDPSOHV�WHVWHG��FRDO��6����VKRZHG�WKH�PRVW�SURPLVLQJ�UHVSRQVH�IRU�5((�FRQFHQWUDWLRQ�
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E\�GHQVLW\�PHWKRG��7KH�HQULFKPHQW�IDFWRU�RI�DOPRVW���LQGLFDWLQJ�WKH�FRQFHQWUDWH�SURGXFW�FRQWDLQV�WKH�

5((�FRQFHQWUDWLRQ�WZLFH�WKDW�RI�WKH�IHHG�VDPSOH��7KH�ORZHU�5((�UHFRYHU\�DW�KLJKHU�GHQVLW\�SURGXFW�FRXOG�

EH�DWWULEXWHG�WR�SRRU�OLEHUDWLRQ�RI�5(�PLQHUDO��)XUWKHU��LW�FDQ�DOVR�EH�LQIHUUHG�WKDW�OLEHUDWLRQ�RI�5((�

PLQHUDO�XVLQJ�JULQGLQJ�ZRXOG�DOVR�HQKDQFH�WKH�5((�FRQFHQWUDWH�TXDOLW\��+HQFH��LW�FDQ�EH�VWDWHG�WKDW�

GHQVLW\�EDVHG�VHSDUDWLRQ�LV�RQH�RI�WKH�SURPLVLQJ�PHWKRGV��ZKLFK�VKRXOG�EH�VWXGLHG�LQ�GHWDLO�IRU�5((�

HQULFKPHQW�LQ�WKH�%&�FRDO�UHODWHG�VDPSOHV���

7KH�GHQVLW\�VHSDUDWLRQ�IRU�FRDO�EHQHILFLDWLRQ�JHQHUDOO\�FDUULHG�RXW�EHORZ�6*�RI������+HQFH��WKH�UHMHFW�

IURP�WKH�FRDO�SUHSDUDWLRQ�SODQW�FDQ�EH�JRRG�VRXUFH�PDWHULDO�IRU�5((�LQ�WKH�VWXG\�DUHD��ZKLFK�FDQ�EH�

SURFHVVHG�IXUWKHU�WR�SURGXFH�5((�FRQFHQWUDWH�IRU�GRZQVWUHDP�RSHUDWLRQV���

������:HW�+LJK�0DJQHWLF�,QWHQVLW\�6HSDUDWLRQ�7HVW�5HVXOWV�

0RQD]LWH�DQG�[HQRWLPH�DUH�SDUDPDJQHWLF�UDUH�HDUWK��5(��PLQHUDOV��ZKLFK�UHVSRQG�WR�WKH�DSSOLHG�H[WHUQDO�

PDJQHWLF�ILHOG��0DJQHWLF�VHSDUDWLRQ�LV�JHQHUDOO\�XVHG�DV�5(�EHQHILFLDWLRQ�IRU�EHDFK�VDQG�GHSRVLWV��

)XUWKHU��LW�DOVR�XVHG�WR�SURGXFH�VHSDUDWH�[HQRWLPH�IURP�PRQD]LWH�GXH�WR�GLIIHUHQFH�LQ�PDJQHWLF�

VXVFHSWLELOLW\��.ULVKQDPXUWK\�	�*XSWD���������6LQFH�PLQHUDORJLFDO�DQDO\VLV�LQGLFDWHG�WKH�SUHVHQFH�RI�

ERWK�PRQD]LWH�DQG�[HQRWLPH�LQ�WKH�VDPSOH��PDJQHWLF�VHSDUDWLRQ�WHVW�ZDV�FRQGXFWHG�WR�DVVHVV�WKH�SRWHQWLDO�

RI�SURGXFLQJ�5((�FRQFHQWUDWH��

)LJXUH����VKRZV�WKH�5((�UHFRYHU\�DQG�FRQFHQWUDWH�HQULFKPHQW�IRU�PDJQHWLFDOO\�VHSDUDWHG�SURGXFWV�IRU�

VDPSOHV�6���6����6����DQG�6����,W�FDQ�EH�QRWHG�IURP�WKH�ILJXUH�WKDW�RQ�DYHUDJH��PRUH�WKDQ�����5((�

UHFRYHUHG�LQ�WDLOLQJV�PHDQLQJ�PRVW�RI�5((�UHSRUWHG�WR�QRQ�PDJQHWLF�IUDFWLRQ��)XUWKHU��HQULFKPHQW�IDFWRU�

IRU�DOO�WKH�SURGXFWV�DQG�WDLOLQJV�VWUHDPV�LV�URXJKO\�HTXDO�WR����ZKLFK�FOHDUO\�VKRZV�WKDW�5((�GLG�QRW�

UHVSRQG�WR�PDJQHWLF�VHSDUDWLRQ�SURFHVV�IRU�WKH�VWXGLHG�VDPSOHV��

)XUWKHU��;5'�DQDO\VLV�VKRZHG�WKDW�VDPSOHV�FRQWDLQ�TXDUW]�DQG�FOD\V�DV�D�GRPLQDQW�PLQHUDO�VSHFLHV�DQG�

GRHV�QRW�FRQWDLQ�DQ\�PDMRU�PDJQHWLF�PLQHUDO��)XUWKHU��ILQH�JUDLQ�VL]HG�5((�PLQHUDOV�DUH�QRW�VXIILFLHQWO\�

OLEHUDWHG�IRU�PDJQHWLF�VHSDUDWLRQ��,W�LV�ZHOO�NQRZQ�WKDW�HIILFLHQF\�RI�PDJQHWLF�VHSDUDWLRQ�GURSV�

considerably�below�10�μm�particle�size��:LOOV���������+HQFH��LW�FDQ�EH�FRQFOXGHG�WKDW�PDJQHWLF�

VHSDUDWLRQ�LV�QRW�D�VXLWDEOH�FRQFHQWUDWLRQ�PHWKRG�IRU�WKH�VDPSOHV�VWXGLHG���

�



�

���
�

�

� )LJXUH�����5((�UHFRYHU\�DQG�HQULFKPHQW�RI�PDJQHWLFDOO\�VHSDUDWHG�SURGXFWV�IRU�VHOHFW�IRXU��6���6����6���

DQG�6����VDPSOHV���

� ���� .QHOVRQ�&RQFHQWUDWLRQ�7HVW�5HVXOWV�

*UDYLW\�EDVHG�VHSDUDWRUV�VXFK�DV�.QHOVRQ�FRQFHQWUDWRU�DUH�XVHG�LQ�WKH�SURFHVVLQJ�RI�WUDGLWLRQDO�KHDY\�

PLQHUDO�VDQGV�IRU�FRQFHQWUDWLQJ�5((�XVLQJ�KLJKHU�VSHFLILF�JUDYLW\�RI�5(�PLQHUDOV��!���J�FP���FRPSDUHG�

WR�VLOLFDWHV��.ULVKQDPXUWK\�	�*XSWD���������.QHOVRQ�FRQFHQWUDWLRQ�WHVW�UHTXLUHV�DW�OHDVW���NJ�VDPSOH��

KHQFH��SODQW�UHMHFW��5HIOX[�UHMHFW�DQG�KHDY\�PHGLD�F\FORQH�WDLOV��FROOHFWHG�IURP�RSHUDWLQJ�SODQW�ZLWK�

KLJKHVW�5((�FRQFHQWUDWLRQ�ZHUH�XVHG�IRU�WHVW��
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7KH�SUR[LPDWH�DQDO\VLV�RI�WKHVH�VDPSOHV�VKRZHG�WKH�SUHVHQFH�RI�FRQVLGHUDEOH�TXDQWLW\�RI�FDUERQDFHRXV�

PDWHULDOV��+HQFH��FDUERQ�UHPRYDO�IORWDWLRQ�ZDV�FRQGXFWHG�RQ�WKHVH�WZR�VDPSOHV��DV�SUHVFULEHG�LQ�VHFWLRQ�

���������7KH�WDLOLQJV�IURP�WKH�FDUERQ�UHPRYDO�IORWDWLRQ�ZHUH�XVHG�DV�IHHG�IRU�.QHOVRQ�FRQFHQWUDWLRQ�WHVW�

DQG�UHVXOWV�DUH�VKRZQ�LQ�)LJXUH�����7KH�FRQFHQWUDWLRQ�WHVW�ZDV�FRQGXFWHG�LQ�WZR�VWDJHV�ZLWK�LQFUHDVLQJ�*�

IRUFH�DW�HDFK�VWDJH�SURGXFLQJ�WZR�FRQFHQWUDWHV�DQG�ILQDO�WDLOLQJV��

7KH�FRQFHQWUDWH�\LHOGV�ZHUH�URXJKO\�LQ�WKH�UDQJH�RI�����WR����IRU�DOO�WKH�VDPSOHV��7KH�HQULFKPHQW�IDFWRU�

RI�URXJKO\���IRU�DOO�WKH�SURGXFWV�GHSLFW�WKDW�QR�VLJQLILFDQW�XSJUDGLQJ�RI�5((�FRQFHQWUDWLRQ�LQ�DQ\�RI�WKH�

SURGXFWV��+HQFH��WKH�.QHOVRQ�FRQFHQWUDWLRQ�LV�QRW�D�VXLWDEOH�PHWKRG�IRU�5((�HQULFKPHQW�LQ�WKH�VDPSOH�

VWXGLHG��2QH�RI�WKH�SURPLQHQW�UHDVRQV�IRU�IDLOXUH�RI�.QHOVRQ�FRQFHQWUDWLRQ�FRXOG�EH�DWWULEXWHG�WR�QRQ�

OLEHUDWHG�ILQH�JUDLQ�QDWXUH�RI�5((�PLQHUDOV�LQ�WKH�VDPSOH���

�

)LJXUH�����5((�UHFRYHU\�DQG�\LHOG�IRU�JUDYLW\�FRQFHQWUDWHG�SURGXFW�IRU�VHOHFW�VDPSOHV�

� ������)ORWDWLRQ�7HVW�5HVXOWV�

)URWK�IORWDWLRQ�LV�RQH�RI�WKH�FRPPRQO\�DSSOLHG�EHQHILFLDWLRQ�WHFKQLTXHV�IRU�UDUH�HDUWK�RUHV�DQG�FDQ�EH�

DGDSWHG�WR�GHSRVLW¶V�PLQHUDORJ\��$PRQJ�WKH�5((�PLQHUDOV��EDVWQDHVLWH�KDV�VXFFHVVIXOO\�FRQFHQWUDWHG�

XVLQJ�IORWDWLRQ�DW�LQGXVWULDO�VFDOH�LQ�%D\DQ�2ER��&KLQD��DQG�0RXQWDLQ�3DVV��86$��GHSRVLWV��=KDQJ�	�

(GZDUGV���������%DVHG�RQ�WKH�OLWHUDWXUH�UHYLHZ�RI�IORWDWLRQ�FKHPLVWU\��UHDJHQW�VFKHPHV�DQG�FRQGLWLRQV�

XVHG�IRU�5((�PLQHUDO�IORWDWLRQ��GLIIHUHQW�SURFHVVLQJ�SDUDPHWHUV�DUH�DVVHVVHG�LQ�WKLV�VWXG\��

6LQFH�WKHUH�ZHUH�QR�VXIILFLHQW�PLQH�VDPSOHV��6���6����6����DQG�6����IRU�IORWDWLRQ�H[SHULPHQWV��SODQW�

UHMHFWV��5HIOX[�UHMHFW��55�DQG�+HDY\�PHGLD�F\FORQH�UHMHFW��+0&��ZLWK�KLJKHVW�5((�FRQFHQWUDWLRQ�ZHUH�



�

���
�

VHOHFWHG�IRU�5((�PLQHUDO�IORWDWLRQ�UHVSRQVH�LQ�WKH�FRDO�UHODWHG�IHHG�SURGXFWV��7KH�FDUERQ�UHPRYDO�

IORWDWLRQ�ZDV�FRQGXFWHG�RQ�WKHVH�WZR�SODQW�VDPSOHV�WR�UHPRYH�DQ\�UHVLGXDO�FDUERQDGRHV�PDWHULDO��7KH�

SURFHGXUH�GHVFULEHG�LQ�VHFWLRQ���������ZDV�XVHG�IRU�FRDO�IORWDWLRQ�LQ���NJ�EDWFKHV��7RWDO�RI����EDWFKHV�RI�

FDUERQ�UHPRYDO�IORWDWLRQ�ZHUH�FRQGXFWHG�IRU�HDFK�VDPSOH�WR�SURGXFH�HQRXJK�WDLOLQJV�PDWHULDO�IRU�5((�

IORWDWLRQ�IHHG��7KH�DVK�FRQWHQW�RI�5((�IORWDWLRQ�IHHG�ZDV�DURXQG�����DQG�����IRU�55�DQG�+0&�WDLOLQJV��

UHVSHFWLYHO\��

5((�IORWDWLRQ�DUH�JHQHUDOO\�FDUULHG�RXW�XVLQJ�R[K\GU\O�FROOHFWRUV�VXFK�DV�K\GUR[DPDWHV�DQG�FDUER[\ODWHV�

�%XODWRYLF���������+\GUR[DPLF�DFLGV�DQG�WKHLU�VDOWV��ZKLFK�DUH�UHIHUUHG�DV�K\GUR[DPDWHV��DUH�IRXQG�WR�EH�

PRVW�HIIHFWLYH�IORWDWLRQ�FROOHFWRUV�IRU�EDVWQDHVLWH�DQG�PRQD]LWH�IORWDWLRQ��%XODWRYLF��������=KDQJ�	�

(GZDUGV���������0DULRQ�HW�DO���������UHYLHZHG�WKH�IORWDWLRQ�UHDJHQWV�XVHG�IRU�5(�PLQHUDO�LQ�GHWDLO��

7R�DVVHVV�WKH�HIIHFW�RI�FROOHFWRU�GRVH�DQG�W\SH�RQ�5((�IORWDWLRQ��IORWDWLRQ�H[SHULPHQWV�ZHUH�FRQGXFWHG�

XVLQJ�WZR�GLIIHUHQW�W\SHV�RI�FROOHFWRUV��+\GUR[DPDWH�DQG�6RGLXP�2OHDWH��ZLWK�YDU\LQJ�GRVH�DQG�UHVXOWV�

DUH�GHSLFWHG�LQ�)LJXUH����DQG�)LJXUH�����,W�FDQ�EH�REVHUYHG�WKDW�HQULFKPHQW�IDFWRU�IRU�ERWK�FROOHFWRU�W\SH�

�+\GUR[DPDWH�DQG�6RGLXP�2OHDWH��ZDV�URXJKO\���DQG�VDPH�IRU�+0&�WDLOV�VDPSOH�LQGLFDWLQJ�QR�RQH�

FROOHFWRU�W\SH�LV�PRUH�HIIHFWLYH�WKDQ�RWKHU�IRU�WKH�FRQGLWLRQV�WHVWHG��)RU�55�WDLOV�VDPSOH��K\GUR[DPDWH�

FROOHFWRU�SURGXFHG�FRQFHQWUDWH�ZLWK�()�RI�������ZKLFK�VKRZV�WKDW�VSHFLILF�PLQHUDO�ORZHU�LQ�5((�

DVVRFLDWLRQ�LQ�WKH�VDPSOH�ZDV�VHOHFWLYHO\�FROOHFWHG�LQ�WKH�FRQFHQWUDWH�FUHDWLQJ�UHYHUVH�5((�IORWDWLRQ�

HIIHFW��0RUH�PLQHUDORJLFDO�DQDO\VLV�RQ�IORWDWLRQ�SURGXFWV�VKRXOG�EH�FDUULHG�RXW�LQ�WKH�IXWXUH�WR�XQGHUVWDQG�

UHYHUVH�IORWDWLRQ�VWUDWHJ\���

$V�WKH�FROOHFWRU�GRVH�ZDV�LQFUHDVHG�IURP�����J�W�WR������J�W��WKHUH�ZDV�DQ�DGGLWLRQDO�����LQFUHDVH�LQ�

FRQFHQWUDWH�\LHOG�IRU�55�VDPSOH��7KH�FRQFHQWUDWH�()�LQFUHDVHG�IURP������WR������SURGXFLQJ�5((�

HQULFKHG�FRQFHQWUDWH�FRPSDUHG�WR�ORZHU�FROOHFWRU�GRVH��)RU�+0&�VDPSOH��WKHUH�ZDV�D�PRGHVW�LQFUHDVH�LQ�

FRQFHQWUDWH�()�DORQJ�ZLWK�LQFUHDVH�LQ�FRQFHQWUDWH�\LHOG�IRU�+0&�VDPSOH�ZLWK�DGGLWLRQDO����FRQFHQWUDWH�

\LHOG��

�



�

���
�

�

� )LJXUH�����(IIHFW�RI�FROOHFWRU�W\SH�RQ�5((�UHFRYHU\�DQG�HQULFKPHQW�IDFWRU�RQ�FRQFHQWUDWH�REWDLQHG�XVLQJ�

IURWK�IORWDWLRQ�IRU�VHOHFW�VDPSOHV������J�W�FROOHFWRU������J�W�IURWKHU������S+��������VROLGV�����&��

�

�

� )LJXUH�����(IIHFW�RI�FROOHFWRU�GRVH�RQ�5((�UHFRYHU\�DQG�HQULFKPHQW�XVLQJ�IURWK�IORWDWLRQ�IRU�VHOHFW�VDPSOHV�

�����J�W�IURWKHU������S+��������VROLGV�����&��

7KH�HIIHFW�RI�S+�RQ�5((�IORWDWLRQ�KDV�VKRZQ�WKDW�PRVW�RSWLPXP�S+�JHQHUDOO\�OLHV�DURXQG���IRU�

K\GUR[DPDWH�FROOHFWRU��0DULRQ�HW�DO����������,Q�DGGLWLRQ��PD[LPXP�PRQD]LWH�UHFRYHULHV�DUH�UHSRUWHG�DW�

ORZHU�DFLG�S+�RI�DURXQG�����DQG�LQ�WKH�QHXWUDO�UDQJH�RI���WR����3DYH]�HW�DO����������+RZHYHU��RSWLPXP�S+�
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ZRXOG�YDU\�IRU�IHHG��GHSHQGLQJ�RQ�WKH�5((�PLQHUDO�W\SH�DQG�UHDJHQW�GRVH��+HQFH��HIIHFW�RI�S+�RQ�WKH�

VDPSOH�ZDV�VWXGLHG�DQG�UHVXOWV�DUH�GHSLFWHG�LQ�)LJXUH�����

�

� )LJXUH�����(IIHFW�RI�S+�RQ�5((�UHFRYHU\�DQG�HQULFKPHQW�XVLQJ�IURWK�IORWDWLRQ�IRU�VHOHFW�VDPSOHV��$��S+�

HIIHFW�IRU�VRGLXP�ROHDWH�FROOHFWRU�RQ�UHIOX[�UHMHFW��55��WDLOV�VDPSOH��%��S+�HIIHFW�IRU�VRGLXP�ROHDWH�FROOHFWRU�RQ�KHDY\�

PHGLD�F\FORQH��+0&��WDLOV�VDPSOH��&��S+�HIIHFW�IRU�K\GUR[DPDWH�FROOHFWRU�RQ�UHIOX[�UHMHFW��55��WDLOV�VDPSOH��'��S+�

HIIHFW�IRU�K\GUR[DPDWH�FROOHFWRU�RQ�KHDY\�PHGLD�F\FORQH��+0&��WDLOV�VDPSOH��

)RU�VRGLXP�ROHDWH�FROOHFWRU��ORZHU�DFLG�S+�RI���GLG�QRW�VKRZ�DQ\�PDUNHG�GLIIHUHQFH�FRPSDUHG�WR�EDVLF�

S+�RI���IRU�ERWK�VDPSOHV��55�DQG�+0&���DV�VKRZQ�LQ�)LJXUH���$�DQG�%��$V�WKH�S+�ZDV�GHFUHDVHG�IURP�

����WR���ZLWK�K\GUR[DPDWH�DV�FROOHFWRU��WKH�UHYHUVH�IORWDWLRQ�HIIHFW�VHHQ�IRU�55�VDPSOH�ZDV�ORVW��DV�QRWLFHG�



�
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IURP�FRQFHQWUDWH�()�LQFUHDVH�IURP������WR�������)LJXUH���&���:KHUHDV�IRU�+0&�VDPSOH��ORZHU�S+�GRHV�

QRW�DIIHFW�WKH�TXDOLW\�RI�WKH�FRQFHQWUDWH��)LJXUH���'����

7KH�IHHG�VOXUU\�VROLG�FRQWHQW�KDV�DOVR�IRXQG�QRW�WR�DIIHFW�WKH�SURGXFW�TXDOLW\��DV�VKRZQ�LQ�)LJXUH�������

�

�

)LJXUH�����(IIHFW�RI�IHHG�VROLGV�FRQWHQW�RQ�5((�UHFRYHU\�DQG�HQULFKPHQW�XVLQJ�IURWK�IORWDWLRQ�IRU�VHOHFW�VDPSOHV�

6LQFH�OLEHUDWLRQ�RI�PLQHUDO�LV�RQH�RI�WKH�IDFWRUV�DIIHFWLQJ�WKH�IORWDWLRQ�FRQFHQWUDWLQJ�SURFHVV��WKH�IHHG�

SDUWLFOH�JULQG�VL]H�ZDV�GHFUHDVHG�IURP���� WR��106�μm�top�size.�The�flotation�both�coarse�and�fine�feed�

PDWHULDO�GRHV�QRW�VKRZ�DQ\�PDUNHG�LPSURYHPHQW�LQ�WKH�5((�IORWDWLRQ�UHVSRQVH��DV�VKRZQ�LQ�)LJXUH�����

However,�the�particle�size�of�REE�mineral�grain�in�the�sample�are�generally�less�than�25�μm�()LJXUH������

Hence,�future�study�should�reduce�the�grind�size�further�down�to�p80�of�25�μm�or�suitably�lower�and�test�

WKH�UHVSRQVH�RI�IORWDWLRQ����
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�

)LJXUH�����(IIHFW�RI�SDUWLFOH�VL]H�RQ�5((�UHFRYHU\�DQG�HQULFKPHQW�XVLQJ�IURWK�IORWDWLRQ�IRU�VHOHFW�VDPSOHV�

7KH�IORWDWLRQ�PRGLILHUV�VXFK�DV�VRGLXP�VLOLFDWH�KDV�VKRZQ�WR�GHSUHVV�JDQJXH�PLQHUDOV�LQFOXGLQJ�VLOLFDWHV��

FDUERQDWHV�VXFK�DV�GRORPLWH��FDOFLWH��+RZHYHU��D�YHU\�ODUJH�GRVHV�RI�GHSUHVVDQW�ZDV�QHHGHG�IRU�VXFFHVVIXO�

IORWDWLRQ�RI�5((�PLQHUDOV��-RUGHQV�HW�DO����������7KH�HIIHFW�RI�GHSUHVVDQW�RQ�WKH�5((�IORWDWLRQ�ZDV�

SHUIRUPHG�IRU�ERWK�VDPSOHV�DQG�UHVXOWV�DUH�VKRZQ�LQ�)LJXUH�����7KH�WHVW�ZDV�FDUULHG�RXW�LQ�WZR�VWDJHV��

ZKHUH�UHVLGXH�IURP�VWDJH���ZDV�XVHG�DV�IHHG�IRU�VHFRQG�VWDJH�ZLWK�DQG�ZLWKRXW�GHSUHVVDQW��:LWKRXW�

GHSUHVVDQW��ERWK�VDPSOHV�VKRZQ�D�VOLJKW�LPSURYHPHQW�LQ�VWDJH���FRQFHQWUDWH�()��$V�WKH�GHSUHVVDQW�GRVH�

LQFUHDVHG�IURP���WR����J�W��WKH�VHFRQG�VWDJH�FRQFHQWUDWH�()�IRU�ERWK�VDPSOHV�VKRZQ�D�PDUNHG�

LPSURYHPHQW��:LWK�GHSUHVVDQW��WKH�FRQFHQWUDWH�()�RI������DQG������KDV�DFKLHYHG�IRU�55�DQG�+0&�

VDPSOH��UHVSHFWLYHO\���

7KH�EHKDYLRXU�RI�VDPSOH�WR�GLIIHUHQW�IORWDWLRQ�FRQGLWLRQV�KDV�LQGLFDWHG�WKDW�IORWDWLRQ�FRXOG�EH�RQH�RI�WKH�

WHFKQLTXHV�VKRZQ�5((�FRQFHQWUDWLQJ�SRWHQWLDO�LQ�WKH�VDPSOH��+RZHYHU��GXH�WR�OLPLWHG�VFRSH�RI�WKLV�VWXG\��

IXUWKHU�GHWDLOHG�VWXGLHV�DUH�UHTXLUHG�WR�RSWLPL]H�FRQGLWLRQV�WR�DFKLHYH�YHU\�VHOHFWLYH�5((�IORWDWLRQ�IRU�

LQGXVWULDO�DSSOLFDWLRQV��

��
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�

)LJXUH�����(IIHFW�RI�VWDJHG�DGGLWLRQ�RI�GHSUHVVDQW�RQ�5((�UHFRYHU\�DQG�HQULFKPHQW�XVLQJ�IURWK�IORWDWLRQ�IRU�VHOHFW�

VDPSOHV��&RQGLWLRQV������ μP������J�W�FROOHFWRU������J�W�IURWKHU������S+��������VROLGV�����&�

����5((�/HDFKLQJ�([WUDFWLRQ�5HVXOWV�

7KH�W\SLFDO�5((�H[WUDFWLRQ�IORZVKHHW�LQYROYHV�PLQLQJ��SK\VLFDO�FRQFHQWUDWLRQ��DQG�K\GURPHWDOOXUJLFDO�

H[WUDFWLRQ�VWHSV�LQFOXGLQJ�OHDFKLQJ��LPSXULWLHV�UHPRYDO��DQG�D�VHSDUDWLRQ�DQG�SXULILFDWLRQ�SURFHVV�WR�

REWDLQ�PL[HG�UDUH�HDUWK�R[LGH��5(2��RU�LQGLYLGXDO�5(2��'HSHQGLQJ�RQ�WKH�W\SH�RI�5(�FRQFHQWUDWH�DQG�LWV�

ILQDO�JUDGH��GLIIHUHQW�OHDFKLQJ�WHFKQLTXHV�DUH�SUDFWLFHG�ZLWK�YDULHG�FRPSOH[LW\�OHYHOV�IRU�WKH�

GHFRPSRVLWLRQ�RI�WKH�FRQFHQWUDWH�ZKROH�RUH��LQFOXGLQJ�GLUHFW�OHDFKLQJ��DFLG�URDVWLQJ��FDXVWLF�FUDFNLQJ��DQG�

FKORULQDWLRQ���
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,Q�WKLV�VWXG\��WKH�DPHQDELOLW\�RI�5((�H[WUDFWLRQ�XVLQJ�OHDFKLQJ�ZDV�SHUIRUPHG�XVLQJ�GLUHFW�DFLG�OHDFKLQJ�

�'/��DQG�DFLG�EDNLQJ��$%:/��SURFHVV�IRU�VHOHFWHG�VDPSOH�DQG�UHVXOWV�DUH�GHSLFWHG�RQ�)LJXUH�����:LWK�

GLUHFW�DFLG�OHDFKLQJ�XVLQJ��0�VXOIXULF�DFLG��WKH�WRWDO�5((�H[WUDFWLRQ�IRU�WKH�VDPSOHV�YDULHG�IURP�����WR�

�����ZKLFK�ZDV�LQFUHDVHG�VLJQLILFDQWO\�XVLQJ�$%:/�SURFHVV��WKH�5((�H[WUDFWLRQ�UDQJHV�EHWZHHQ����DQG�

����IRU�$%:/�WHFKQLTXH���

)XUWKHU��5((�H[WUDFWLRQ�ZLWK�GLUHFW�DFLG�OHDFKLQJ�IDYRXUHG�WRZDUGV�+5((��+5((��7E�WR�/X���<��

FRPSDUHG�WR�/5((��/5((��/D�WR�*G���6F���7KH�+5((�H[WUDFWLRQ�YDULHG�IURP����WR�����DPRQJ�WKH�

GLIIHUHQW�VDPSOHV��ZKLFK�URXJKO\�WZLFH�WKH�H[WUDFWLRQ�RI�/5((��6LPLODU�H[WUDFWLRQ�EHKDYLRXU�EHWZHHQ�

/5((�DQG�+5((�ZDV�DOVR�UHSRUWHG�SUHYLRXVO\�LQ�WKH�,OOLQRLV�EDVLQ�FRDO�VRXUFH��<DQJ�HW�DO����������7KH�

SUHIHUHQWLDO�OHDFKLQJ�WRZDUGV�RQH�JURXS�ZDV�DWWULEXWHG�WR�WKH�GLIIHUHQW�PRGH�RI�RFFXUUHQFHV�EHWZHHQ�WKHVH�

WZR�JURXSV�RI�5((��)LQNHOPDQ�HW�DO���������TXDQWLILHG�WKDW�LQ�KLJK�UDQN�FRDOV���±����RI�5((�FDQ�EH�

DVVRFLDWHG�ZLWK�FDUERQDWHV��7KH�REVHUYDWLRQ�LQGLFDWHV�RI�D�URXJKO\����WR�����5((�DVVRFLDWLRQ�ZLWK�

FDUERQDWHV�LQ�WKLV�VWXG\��DV�VKRZQ�LQ�)LJXUH�����PDWFKHV�WKH�JHQHUDO�WUHQG�IRU�ELWXPLQRXV�FRDO�UHSRUWHG�LQ�

WKH�OLWHUDWXUH��7KLV�WUHQG�RI�KLJKHU�+5((�OHDFKLQJ�FDSDELOLW\�FDQ�VLJQLILFDQWO\�LPSDFW�WKH�HFRQRPLFV�RI�

WKH�SURMHFW�VLQFH�LW�VKRXOG�EH�QRWHG�WKDW�+HDY\�5((�JHQHUDOO\�\LHOG�PRUH�SULFH�LQ�WKH�PDUNHW�FRPSDUHG�WR�

/5((���)XUWKHU�GHWDLOHG�VWXGLHV�DUH�UHTXLUHG�WR�RSWLPL]H�WKH�SURFHVV�FRQGLWLRQV�IRU�LQGXVWULDO�VFDOH�

DSSOLFDWLRQ��

�

)LJXUH��� �5((�OHDFKLQJ�H[WUDFWLRQ�IRU�VHOHFW�VDPSOHV�XVLQJ�WZR�GLIIHUHQW�OHDFKLQJ�WHFKQLTXHV��'LUHFW�DFLG�OHDFKLQJ�

DQG�$FLG�EDNLQJ�IROORZHG�E\�ZDWHU�OHDFKLQJ��$%:/��
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����6XPPDU\�DQG�&RQFOXVLRQV��

,Q�WKLV�VWXG\��5((�GDWDEDVH�IURP�ILHOG�FROOHFWHG�VDPSOHV�ZDV�FUHDWHG�DQG�WKH�IHDVLELOLW\�RI�FRQFHQWUDWLQJ�

5((�IURP�(DVW�.RRWHQD\�&RDOILHOG�VDPSOHV�ZDV�H[SORUHG�XVLQJ�FRQYHQWLRQDO�VHSDUDWLRQ�WHFKQRORJLHV��

7KH�PDMRU�ILQGLQJV�RI�WKH�UHVHDUFK�DUH�OLVWHG�EHORZ��

•� 2QH�RI�WKH�PDLQ�REMHFWLYHV�RI�WKH�VWXG\�ZDV�WKH�GHYHORSPHQW�RI�D�UDUH�HDUWK�HOHPHQW��5((��

GDWDEDVH�IRU�WKH�(DVW�.RRWHQD\�FRDOILHOG��,Q�WKLV�UHJDUG��PRUH�WKDQ�����FRDO�VDPSOHV�IURP�WKH�

(DVW�.RRWHQD\�FRDO�GHSRVLWV�ZHUH�WHVWHG�IRU�WKH�SUHVHQFH�RI�5((�DQG�LW�ZDV�IRXQG�WKDW�WRWDO�5((�

FRQFHQWUDWLRQV�RQ�DVK�EDVLV�YDULHG�IURP����WR�����SSP���

•� 7KH�SUHOLPLQDU\�HFRQRPLF�DQDO\VLV�RI�WKH�GDWDEDVH�UHVXOWV�KDV�VKRZQ�WKDW�(DVW�.RRWHQD\�FRDOILHOG�

VDPSOHV�FRXOG�EH�5((�IHHG�VRXUFH�ZLWK�GHYHORSPHQW�RI�VXLWDEOH�H[WUDFWLRQ�SURFHVV��

•� 5((�GHSRUWPHQW�DQDO\VLV�XVLQJ�IORWDWLRQ�RI�FRDO�VDPSOHV�LQGLFDWHG�WKDW�PRVW�RI�WKH�5((�LQ�WKH�

VDPSOH�UHSRUWV�WR�PLGGOLQJV�DQG�WDLOLQJ�VWUHDPV��6HTXHQWLDO�H[WUDFWLRQ�UHVXOWV�IXUWKHU�H[SODLQHG�

WKH�LQRUJDQLF�DVVRFLDWLRQ�RI�5((�LQ�WKH�VDPSOHV���

•� 0LQHUDORJLFDO�DQDO\VLV�RI�WKH�VHOHFW�VDPSOHV�KDV�VKRZQ�WKDW�PRQD]LWH��[HQRWLPH��DQG�]LUFRQ�DUH�

WKH�GRPLQDQW�5((�EHDULQJ�PLQHUDOV�LQ�WKH�VDPSOH�DQG�5((�PLQHUDOV�ZHUH�JHQHUDOO\�ORFNHG�LQ�WKH�

FOD\�PDWUL[��

•� %HFDXVH�RI�WKH�GRPLQDQW�LQRUJDQLF�DVVRFLDWLRQ��PLQHUDO�PDWWHU��RI�5((�LQ�WKH�JLYHQ�VDPSOH��

ZDVWH�VWUHDPV�IURP�WKH�FRDO�SURFHVVLQJ�SODQW�ZHUH�LGHQWLILHG�DV�SRWHQWLDO�IHHG�VRXUFHV�IRU�

H[WUDFWLQJ�5((�VLQFH�FRVW�RI�PLQLQJ�DQG�SUHSDUDWLRQ�ZRXOG�EH�DEVRUEHG�ZLWK�FRDO�SURFHVV�LWVHOI��

:DVWH�VWUHDPV�IURP�FRDO�SODQW�ZRXOG�DOVR�UHGXFH�DQ\�IXUWKHU�ODQG�GLVWXUEDQFH�IRU�5((�IHHG�

VRXUFH��

•� 3UHOLPLQDU\�DVVHVVPHQW�ZDV�FRQGXFWHG�RQ�FRQFHQWUDWLQJ�WKH�5((�XVLQJ�W\SLFDO�SK\VLFDO�

VHSDUDWLRQ�SURFHVV�XVHG�LQ�WKH�FRQYHQWLRQDO�5((�RUH�GHSRVLWV��7KH�UHVXOWV�VKRZQ�WKDW�GHQVLW\�

EDVHG�VHSDUDWLRQ�DQG�IORWDWLRQ�ZDV�IRXQG�WR�EH�PRVW�VXLWDEOH�HQULFKPHQW�SURFHVV��+RZHYHU��

IXUWKHU�GHWDLOHG�IRFXVHG�VWXG\�QHHGV�WR�EH�FDUULHG�RXW�LQ�IXWXUH�IRU�RSWLPL]LQJ�DQG�LQGXVWULDO�VFDOH�

DSSOLFDWLRQ��)XUWKHU��5((�FRQFHQWUDWLRQ�XVLQJ�PDJQHWLF�VHSDUDWLRQ�ZDV�IRXQG�WR�EH�LQHIIHFWLYH�

GXH�WR�ILQH�JUDLQHG�QDWXUH�RI�5((�PLQHUDOV�LQ�WKH�VDPSOH�VWXGLHG��

•� 'LUHFW�H[WUDFWLRQ�RI�5((�ZLWKRXW�SK\VLFDO�SUHFRQFHQWUDWLRQ�ZDV�DOVR�SHUIRUPHG�XVLQJ�GLUHFW�DFLG�

OHDFKLQJ�DQG�DFLG�EDNLQJ�SURFHVV��:LWK�OHDFKLQJ��KLJKHVW�5((�H[WUDFWLRQ�RI�DURXQG�����ZDV�

DFKLHYHG�IRU�SUHOLPLQDU\�VFRSLQJ�WHVW���

•� :LWK�GHWDLOHG�VWXG\��WKH�FRPELQDWLRQ�RI�SK\VLFDO�FRQFHQWUDWLRQ�DQG�OHDFKLQJ�EDVHG�IORZVKHHW�FDQ�

EH�GHYHORSHG�IRU�VXFFHVVIXO�H[SORLWDWLRQ�RI�5((�IURP�WKH�%&�FRDO�EDVHG�VRXUFH���
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$FNQRZOHGJPHQWV�

)LQDQFLDO�VXSSRUW�IRU�WKH�SURMHFW��1�������������IURP�*HRVFLHQFH�%&�LV�JUHDWO\�DSSUHFLDWHG��7KH�DXWKRUV�

JUDWHIXOO\�DFNQRZOHGJH�WKH�VFKRODUVKLS�UHFHLYHG�IURP�*HRVFLHQFH�%&�DQG�0LWDFV������±��������

5HIHUHQFHV�

$OLSDQDK��0���3DUN��'��0���0LGGOHWRQ��$���'RQJ��=���+VX�.LP��+���-LDR��<���	�-LQ��+����������7HFKQR�

(FRQRPLF�DQG�/LIH�&\FOH�$VVHVVPHQWV�IRU�6XVWDLQDEOH�5DUH�(DUWK�5HFRYHU\�IURP�&RDO�%\SURGXFWV�

XVLQJ�%LRVRUSWLRQ��$&6�6XVWDLQDEOH�&KHPLVWU\�DQG�(QJLQHHULQJ��������������±�������

KWWSV���GRL�RUJ���������$&6686&+(0(1*��&������

$670�������D���'�����'����0����6WDQGDUG�SUDFWLFH�IRU�SUHSDULQJ�FRDO�VDPSOHV�IRU�DQDO\VLV��$670�

,QWHUQDWLRQDO��KWWSV���GRL�RUJ���������'����B'����0����

$670�������E���'��������6WDQGDUG�WHVW�PHWKRG�IRU�DVK�LQ�WKH�DQDO\VLV�VDPSOH�RI�FRDO�DQG�FRNH�IURP�

FRDO��$670�,QWHUQDWLRQDO��KWWSV���GRL�RUJ���������'��

$670����������'������� 6WDQGDUG�SUDFWLFH�IRU�SUR[LPDWH�DQDO\VLV�RI�FRDO�DQG�FRNH��$670�

,QWHUQDWLRQDO��KWWSV���GRL�RUJ���������'�����

$670�������D���'�����'�������D�6WDQGDUG�WHVW�PHWKRG�IRU�PRLVWXUH�LQ�WKH�DQDO\VLV�VDPSOH�RI�FRDO�DQG�

FRNH��$670�,QWHUQDWLRQDO��KWWSV���GRL�RUJ���������'����B'����0���$�

$670�������E���'������� 6WDQGDUG�WHVW�PHWKRG�IRU�YRODWLOH�PDWWHU�LQ�WKH�DQDO\VLV�VDPSOH�RI�FRDO�DQG�

FRNH��$670�,QWHUQDWLRQDO��KWWSV���GRL�RUJ���������'��������

%DL��-���:DQJ��4���:HL��<���	�/LX��7����������*HRFKHPLFDO�RFFXUUHQFHV�RI�UDUH�HDUWK�HOHPHQWV�LQ�RLO�VKDOH�

IURP�+XDGLDQ��-RXUQDO�RI�)XHO�&KHPLVWU\�DQG�7HFKQRORJ\������������±�����

KWWSV���GRL�RUJ�KWWS���G[�GRL�RUJ���������6���������������������

%LUN��'���	�:KLWH��-��&����������5DUH�HDUWK�HOHPHQWV�LQ�ELWXPLQRXV�FRDOV�DQG�XQGHUFOD\V�RI�WKH�6\GQH\�

%DVLQ��1RYD�6FRWLD��(OHPHQW�VLWHV��GLVWULEXWLRQ��PLQHUDORJ\��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\��

����±�������±�� KWWSV���GRL�RUJ����������������������������%�

%RDWQHU��/��$����������6\QWKHVLV��6WUXFWXUH��DQG�3URSHUWLHV�RI�0RQD]LWH��3UHWXOLWH��DQG�;HQRWLPH��5HYLHZV�

LQ�0LQHUDORJ\�DQG�*HRFKHPLVWU\�����������±�� KWWSV���GRL�RUJ���������50*�����������

%U\DQ��5��&���5LFKHUV��'���$QGHUVHQ��+��7���	�*UD\��7����������$VVHVVPHQW�RI�5DUH�(DUWK�(OHPHQWDO�

&RQWHQWV�LQ�6HOHFW�8QLWHG�6WDWHV�&RDO�%DVLQV.�https://doi.org/114‐910178X‐100‐REP‐R001‐00�

%XODWRYLF��6��0����������+DQGERRN�RI�)ORWDWLRQ�5HDJHQWV��&KHPLVWU\��7KHRU\�DQG�3UDFWLFH��,Q�+DQGERRN�
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RI�)ORWDWLRQ�5HDJHQWV��&KHPLVWU\��7KHRU\�DQG�3UDFWLFH��9RO������(OVHYLHU��

KWWSV���GRL�RUJ���������&���������������

&UHHOPDQ��5��$���	�:DUG��&��5����������$�VFDQQLQJ�HOHFWURQ�PLFURVFRSH�PHWKRG�IRU�DXWRPDWHG��

TXDQWLWDWLYH�DQDO\VLV�RI�PLQHUDO�PDWWHU�LQ�FRDO��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\���������±����

KWWSV���DF�HOV�FGQ�FRP��������������������V���������������������PDLQ�SGI"BWLG ���DE����

F�EG���H��E��D����� DDE�I��	DFGQDW ����������BG�HD�H����F��F��H��ED�I�EF�GF�D��

'DL��6���&KHNU\]KRY��,��<���6HUHGLQ��9��9���1HFKDHY��9��3���*UDKDP��,��7���+RZHU��-��&���:DUG��&��5���5HQ��

'���	�:DQJ��;����������0HWDOOLIHURXV�FRDO�GHSRVLWV�LQ�(DVW�$VLD��3ULPRU\H�RI�5XVVLD�DQG�6RXWK�

&KLQD���$�UHYLHZ�RI�JHRG\QDPLF�FRQWUROV�DQG�VW\OHV�RI�PLQHUDOL]DWLRQ��*RQGZDQD�5HVHDUFK���������

��±����KWWSV���GRL�RUJ���������-�*5�������������

'DL��6���	�)LQNHOPDQ��5��%����������&RDO�DV�D�SURPLVLQJ�VRXUFH�RI�FULWLFDO�HOHPHQWV��3URJUHVV�DQG�IXWXUH�

SURVSHFWV��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\����������±����

KWWSV���GRL�RUJ���������-�&2$/�������������

'DL��6���/L��'���&KRX��&��/���=KDR��/���=KDQJ��<���5HQ��'���0D��<���	�6XQ��<����������0LQHUDORJ\�DQG�

JHRFKHPLVWU\�RI�ERHKPLWH�ULFK�FRDOV��1HZ�LQVLJKWV�IURP�WKH�+DHUZXVX�6XUIDFH�0LQH��-XQJDU�

&RDOILHOG��,QQHU�0RQJROLD��&KLQD��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\������±�������±��

KWWSV���GRL�RUJ���������M�FRDO���������

'DL��6���/L��'���5HQ��'���7DQJ��<���6KDR��/���	�6RQJ��+����������*HRFKHPLVWU\�RI�WKH�ODWH�3HUPLDQ�1R�����

FRDO�VHDP��=KLMLQ�&RDOILHOG�RI�6RXWKZHVW�&KLQD��,QIOXHQFH�RI�D�VLOLFHRXV�ORZ�WHPSHUDWXUH�

K\GURWKHUPDO�IOXLG��$SSOLHG�*HRFKHPLVWU\�������������±���

KWWSV���GRL�RUJ���������M�DSJHRFKHP���������

'DL��6���5HQ��'���&KRX��&��/���)LQNHOPDQ��5��%���6HUHGLQ��9��9��	�=KRX��<����������*HRFKHPLVWU\�RI�WUDFH�

HOHPHQWV�LQ�&KLQHVH�FRDOV��$�UHYLHZ�RI�DEXQGDQFHV��JHQHWLF�W\SHV��LPSDFWV�RQ�KXPDQ�KHDOWK��DQG�

LQGXVWULDO�XWLOL]DWLRQ��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\�������±����

KWWSV���GRL�RUJ���������-�&2$/����������

'DL��6���5HQ��'���	�/L��6����������2FFXUUHQFH�DQG�VHTXHQWLDO�FKHPLFDO�H[WUDFWLRQ�RI�UDUH�HDUWK�HOHPHQWV�LQ�

FRDOV�DQG�6HDP�URRIV��-RXUQDO�RI�&KLQD�8QLYHUVLW\�RI�0LQLQJ�	�7HFKQRORJ\������������±�����

'DL��6���=KRX��<��3���5HQ��'��<���:DQJ��;��%���/L��'���	�=KDR��/����������*HRFKHPLVWU\�DQG�PLQHUDORJ\�

RI�WKH�/DWH�3HUPLDQ�FRDOV�IURP�WKH�6RQJ]R�&RDOILHOG��&KRQJTLQJ��VRXWKZHVWHUQ�&KLQD��6FLHQFH�LQ�

&KLQD��6HULHV�'��(DUWK�6FLHQFHV������������±���� KWWSV���GRL�RUJ���������V������������

'DYLGVRQ��5����������0RGHV�RI�2FFXUHQFH�RI�7UDFH�(OHPHQWV�LQ�&RDO��5HVXOWV�IURP�DQ�,QWHUQDWLRQDO�
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&ROODERUDWLYH�3URJUDPPH��

'RQDOG��5��/����������6HGLPHQWRORJ\�RI�WKH�0LVW�0RXQWDLQ�IRUPDWLRQ��LQ�WKH�)RUGLQJ�5LYHU�DUHD��

VRXWKHDVWHUQ�&DQDGLDQ�5RFN\�0RXQWDLQV�>8QLYHUVLW\�RI�%ULWLVK�&ROXPELD@��

KWWSV���GRL�RUJ�������������

(TXHHQXGGLQ��6��0���7ULSDWK\��6���6DKRR��3��.���	�5DQMDQ��$����������*HRFKHPLFDO�FKDUDFWHULVWLFV�DQG�

PRGH�RI�RFFXUUHQFH�RI�WUDFH�HOHPHQWV�LQ�FRDO�DW�:HVW�%RNDUR�FRDOILHOG��,QWHUQDWLRQDO�-RXUQDO�RI�

&RDO�6FLHQFH�	�7HFKQRORJ\�����������±�����KWWSV���GRL�RUJ���������V������������ [�

(VNHQD]\��*�0����������$VSHFWV�RI�WKH�JHRFKHPLVWU\�RI�UDUH�HDUWK�HOHPHQWV�LQ�FRDO��DQ�H[SHULPHQWDO�

DSSURDFK��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\������������±��� KWWSV���GRL�RUJ���������6�����

����������������

(VNHQD]\��*UHWD�0����������5DUH�HDUWK�HOHPHQWV�LQ�D�VDPSOHG�FRDO�IURP�WKH�3LULQ�GHSRVLW��%XOJDULD��

,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\�����������±��� KWWSV���GRL�RUJ�������������

����������

(WHULJKR�,NHOHJEH��2���+DUUDU��+���	�%DGD��6����������5DUH�HDUWK�HOHPHQWV�IURP�FRDO�DQG�FRDO�GLVFDUG�±�$�

UHYLHZ��0LQHUDOV�(QJLQHHULQJ���������������KWWSV���GRL�RUJ���������-�0,1(1*������������

)LQNHOPDQ��5��%����������0RGHV�RI�RFFXUUHQFH�RI�WUDFH�HOHPHQWV�LQ�FRDO�>8QLYHUVLW\�RI�0DU\ODQG�	�

8QLWHG�6WDWHV�*HRORJLFDO�VXUYH\@��KWWSV���SXEV�HU�XVJV�JRY�SXEOLFDWLRQ�RIU�����

)LQNHOPDQ��5��%����������0RGHV�RI�RFFXUUHQFH�RI�SRWHQWLDOO\�KD]DUGRXV�HOHPHQWV�LQ�FRDO��OHYHOV�RI�

FRQILGHQFH��)XHO�3URFHVVLQJ�7HFKQRORJ\������±������±��� KWWSV���GRL�RUJ��������������

����������������

)LQNHOPDQ��5��%����������3RWHQWLDO�KHDOWK�LPSDFWV�RI�EXUQLQJ�FRDO�EHGV�DQG�ZDVWH�EDQNV��,QWHUQDWLRQDO�

-RXUQDO�RI�&RDO�*HRORJ\��������±��� KWWSV���GRL�RUJ���������M�FRDO�������������

)LQNHOPDQ��5��%���3DOPHU��&��$���.UDVQRZ��0��5���$UXVFDYDJH��3��-���6HOOHUV��*��$���	�'XORQJ��)��7��

��������&RPEXVWLRQ�DQG�OHDFKLQJ�EHKDYLRU�RI�HOHPHQWV�LQ�WKH�$UJRQQH�3UHPLXP�&RDO�6DPSOHV��

(QHUJ\�	�)XHOV�����������±���� KWWSV���GRL�RUJ���������HI�����D����

)LQNHOPDQ��5��%���3DOPHU��&��$���	�:DQJ��3����������4XDQWLILFDWLRQ�RI�WKH�PRGHV�RI�RFFXUUHQFH�RI����

HOHPHQWV�LQ�FRDO��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\����������±�����

KWWSV���GRL�RUJ���������-�&2$/�������������

*LEVRQ��'��:����������6WUDWLJUDSK\��VHGLPHQWRORJ\�DQG�GHSRVLWLRQDO�HQYLURQPHQWV�RI�WKH�FRDO�EHDULQJ�

-XUDVVLF�&UHWDFHRXV�.RRWHQD\�*URXS��$OEHUWD�DQG�%ULWLVK�&ROXPELD��S��������0LQLVWU\�RI�6XSSO\�

DQG�6HUYLFHV�&DQDGD��KWWS���SXEOLFDWLRQV�JF�FD�FROOHFWLRQV�FROOHFWLRQB�����UQFDQ�QUFDQ�0�������
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HQJ�SGI�

*ULHYH��'��$����������*HRORJ\�DQG�UDQN�GLVWULEXWLRQ�RI�WKH�(ON�9DOOH\�FRDOILHOG��VRXWKHDVWHUQ�%ULWLVK�

&ROXPELD����*�������-�������������������,Q�%ULWLVK�&ROXPELD�0LQLVWU\�RI�(QHUJ\��0LQHV�DQG�

3HWUROHXP�5HVRXUFHV��

KWWS���ZZZ�HPSU�JRY�EF�FD�0LQLQJ�*HRVFLHQFH�3XEOLFDWLRQV&DWDORJXH�%XOOHWLQ,QIRUPDWLRQ�%XOOHWLQ

V$IWHU�����'RFXPHQWV�%XOO���SGI�

+ROXV]NR��0��(����������:DVKDELOLW\�FKDUDFWHULVWLFV�RI�%ULWLVK�&ROXPELD�FRDOV��

KWWS���ZZZ�HPSU�JRY�EF�FD�0LQLQJ�*HRVFLHQFH�3XEOLFDWLRQV&DWDORJXH�3DSHUV�'RFXPHQWV�3DSHU���

����SGI�

+RZHU��-��&���%HUWL��'���+RFKHOOD��0��)���	�0DUGRQ��6��0����������5DUH�HDUWK�PLQHUDOV�LQ�D�³QR�WRQVWHLQ´�

VHFWLRQ�RI�WKH�'HDQ��)LUH�&OD\��FRDO��.QR[�&RXQW\��.HQWXFN\��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�

*HRORJ\���������±����KWWSV���GRL�RUJ���������-�&2$/�������������

+RZHU��-��&���%HUWL��'���+RFKHOOD��0��)���5LPPHU��6��0���	�7DXOEHH��'��1����������6XEPLFURQ�VFDOH�

PLQHUDORJ\�RI�OLWKRW\SHV�DQG�WKH�LPSOLFDWLRQV�IRU�WUDFH�HOHPHQW�DVVRFLDWLRQV��%OXH�*HP�FRDO��.QR[�

&RXQW\��.HQWXFN\��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\���������±����

KWWSV���GRL�RUJ���������-�&2$/���������

+RZHU��-��&���5XSSHUW��/��)���	�(EOH��&��)����������/DQWKDQLGH��\WWULXP��DQG�]LUFRQLXP�DQRPDOLHV�LQ�WKH�

)LUH�&OD\�FRDO�EHG��(DVWHUQ�.HQWXFN\��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\������±�������±�����

KWWSV���GRL�RUJ���������6���������������������

+XJJLQV��)��(���	�+XIIPDQ��*��3����������+RZ�GR�OLWKRSKLOH�HOHPHQWV�RFFXU�LQ�RUJDQLF�DVVRFLDWLRQ�LQ�

ELWXPLQRXV�FRDOV"�,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\������������±�����

KWWSV���GRL�RUJ���������-�&2$/�������������

-RUGHQV��$���&KHQJ��<��3���	�:DWHUV��.��(����������$�UHYLHZ�RI�WKH�EHQHILFLDWLRQ�RI�UDUH�HDUWK�HOHPHQW�

EHDULQJ�PLQHUDOV��0LQHUDOV�(QJLQHHULQJ��������±�����

KWWSV���GRL�RUJ���������-�0,1(1*�������������

.ULVKQDPXUWK\��1���	�*XSWD��&����������([WUDFWLYH�0HWDOOXUJ\�RI�5DUH�(DUWKV���QG�HG����&5&�3UHVV��

KWWSV���GRL�RUJ���������E������

/DVNRZVNL��-���-DQXV]�����������&RDO�IORWDWLRQ�DQG�ILQH�FRDO�XWLOL]DWLRQ���VW�HG����(OVHYLHU��

/HFNLH��'��$����������Evolution�of�fluvial�landscapes�in�the�Western�Canada�foreland�basin :�late�

-XUDVVLF�WR�WKH�PRGHUQ��*HRORJLFDO�6XUYH\�RI�&DQDGD��

0DULRQ��&���/LQ��5���	�:DWHUV��.��(����������$�UHYLHZ�RI�UHDJHQWV�DSSOLHG�WR�UDUH�HDUWK�PLQHUDO�IORWDWLRQ��
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$GYDQFHV�LQ�&ROORLG�DQG�,QWHUIDFH�6FLHQFH�������������������

KWWSV���GRL�RUJ�KWWSV���GRL�RUJ���������M�FLV�������������

0LDOO��$��'����������,QLWLDWLRQ�RI�WKH�:HVWHUQ�,QWHULRU�IRUHODQG�EDVLQ��*HRORJ\������������±��

KWWSV���GRL�RUJ���������)2&86���������

0LOOV��'���6HZDUG��$��-���	�.QLJKW��$��-����������1,����������7HFKQLFDO�5HSRUW�RQ�WKH�0LQHUDO�5HVRXUFH�

DQG�0LQHUDO�5HVHUYH�(VWLPDWHV�IRU�WKH�*UHHQKLOOV�2SHUDWLRQ��

KWWS���ZZZ�VHGDU�FRP�*HW)LOH�GR"ODQJ (1	GRF&ODVV ��	LVVXHU1R ��������	LVVXHU7\SH ��	S

URMHFW1R ��������	GRF,G ��������

0LQLVWU\�RI�(QHUJ\�0LQHV�DQG�/RZ�&DUERQ����������%ULWLVK�&ROXPELD�FRDO�LQGXVWU\�RYHUYLHZ�������

KWWSV���ZZZ��JRY�EF�FD�JRY�FRQWHQW�LQGXVWU\�PLQHUDO�H[SORUDWLRQ�PLQLQJ�EULWLVK�FROXPELD�

JHRORJLFDO�VXUYH\�SXEOLFDWLRQV�

Mohanty,�M.�K.,�Honaker,�B.�Q.,�Patwardhan,�A.,�&�Ho,�K.�(1998).�Coal�Flotation�Washability :�An�

(YDOXDWLRQ�RI�WKH7UDGLWLRQDO�3URFHGXUHV��&RDO�3UHSDUDWLRQ������±������±���

KWWSV���GRL�RUJ�����������������������

0ROGRYHDQX��*��$���	�3DSDQJHODNLV��9��*����������5HFRYHU\�RI�UDUH�HDUWK�HOHPHQWV�DGVRUEHG�RQ�FOD\�

PLQHUDOV��,��'HVRUSWLRQ�PHFKDQLVP��+\GURPHWDOOXUJ\�����±�������±����

KWWSV���GRL�RUJ���������M�K\GURPHW�������������

0ROGRYHDQX��*��$���	�3DSDQJHODNLV��9��*����������5HFRYHU\�RI�UDUH�HDUWK�HOHPHQWV�DGVRUEHG�RQ�FOD\�

PLQHUDOV��,,��/HDFKLQJ�ZLWK�DPPRQLXP�VXOIDWH��+\GURPHWDOOXUJ\�����±��������±����

KWWSV���GRL�RUJ���������-�+<'520(7�������������

1LHWR��$���	�=KDQJ��.��<����������&XWRII�JUDGH�HFRQRPLF�VWUDWHJ\�IRU�E\SURGXFW�PLQHUDO�FRPPRGLW\�

RSHUDWLRQ��UDUH�HDUWK�FDVH�VWXG\��0LQLQJ�7HFKQRORJ\�������������±�����

KWWSV���GRL�RUJ�������������������<������������

3DYHO��&��&���/DFDO�$UiQWHJXL��5���0DUPLHU��$���6FK�OHU��'���7]LPDV��(���%XFKHUW��0���-HQVHLW��:���	�

%ODJRHYD��'����������6XEVWLWXWLRQ�VWUDWHJLHV�IRU�UHGXFLQJ�WKH�XVH�RI�UDUH�HDUWKV�LQ�ZLQG�WXUELQHV��

5HVRXUFHV�3ROLF\���������±���� KWWSV���GRL�RUJ���������M�UHVRXUSRO�������������

3DYH]��2���%UDQGDR��3��5��*���	�3HUHV��$��(��&����������$GVRUSWLRQ�RI�ROHDWH�DQG�RFW\O�K\GUR[DPDWH�RQ�WR�

UDUH�HDUWKV�PLQHUDOV��0LQHUDOV�(QJLQHHULQJ�����������±�����KWWSV���GRL�RUJ����������

����������������

5DR��3��&���	�*OXVNRWHU��+��-����������'(3$570(17�2)�5(*,675$7,21�$1'�('8&$7,21�67$7(�

2)�,//,12,6�2FFXUUHQFH�DQG�'LVWULEXWLRQ�RI�0LQHUDOV�LQ�OOLQRLV�&RDOV��
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KWWSV���ZZZ�LGHDOV�LOOLQRLV�HGX�ELWVWUHDP�KDQGOH������������RFFXUUHQFHGLVWUL���UDRF�SGI"VHTXHQFH

 ��

6HUHGLQ��9��9����������5DUH�HDUWK�HOHPHQW�EHDULQJ�FRDOV�IURP�WKH�5XVVLDQ�)DU�(DVW�GHSRVLWV��,QWHUQDWLRQDO�

-RXUQDO�RI�&RDO�*HRORJ\������������±��� KWWSV���GRL�RUJ������������������������������

6HUHGLQ��9��9���	�'DL��6����������&RDO�GHSRVLWV�DV�SRWHQWLDO�DOWHUQDWLYH�VRXUFHV�IRU�ODQWKDQLGHV�DQG�

\WWULXP��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\��������±����

KWWSV���GRL�RUJ���������M�FRDO�����������

6HUHGLQ��9��9���	�)LQNHOPDQ��5��%����������0HWDOOLIHURXV�FRDOV��$�UHYLHZ�RI�WKH�PDLQ�JHQHWLF�DQG�

JHRFKHPLFDO�W\SHV��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\������������±���

KWWSV���GRL�RUJ���������-�&2$/������������

6WDQGDUGV�$XVWUDOLD����������$6����������������5�������&RDO�SUHSDUDWLRQ�+LJKHU�UDQN�FRDO���)URWK�

IORWDWLRQ���6HTXHQWLDO�SURFHGXUH��S�������6WDQGDUGV�$XVWUDOLD��KWWSV���LQIRVWRUH�VDLJOREDO�FRP�HQ�

XV�VWDQGDUGV�DV���������������U������������

6WHLQ��+��-����������'DWLQJ�DQG�7UDFLQJ�WKH�+LVWRU\�RI�2UH�)RUPDWLRQ��7UHDWLVH�RQ�*HRFKHPLVWU\��6HFRQG�

(GLWLRQ��������±�����KWWSV���GRL�RUJ���������%��������������������������

6ZDLQH��'��-����������7UDFH�HOHPHQWV�LQ�FRDO��%XWWHUZRUWK��

7HVVLHU��$���&DPSEHOO��3��*��&���	�%LVVRQ��0����������6HTXHQWLDO�([WUDFWLRQ�3URFHGXUH�IRU�WKH�6SHFLDWLRQ�

RI�3DUWLFXODWH�7UDFH�0HWDOV��$QDO\WLFDO�&KHPLVWU\������������±��

KWWSV���GRL�RUJ���������DF�����D����

86�'HSDUWPHQW�RI�(QHUJ\���Q�G����&ULWLFDO�0LQHUDOV�6XVWDLQDELOLW\�3URJUDP��5HWULHYHG�6HSWHPEHU�����

������IURP�KWWSV���ZZZ�QHWO�GRH�JRY�FRDO�UDUH�HDUWK�HOHPHQWV�SURJUDP�RYHUYLHZ�EDFNJURXQG�

:DOO��)����������5DUH�HDUWK�HOHPHQWV��,Q�6��(OLDV�	�'��$OGHUWRQ��(GV����(QF\ORSHGLD�RI�*HRORJ\��6HFRQG��

SS�����±������(OVHYLHU��KWWSV���GRL�RUJ���������%��������������������������

:DQJ��:���4LQ��<���6DQJ��6���=KX��<���:DQJ��&���	�:HLVV��'��-����������*HRFKHPLVWU\�RI�UDUH�HDUWK�

HOHPHQWV�LQ�D�PDULQH�LQIOXHQFHG�FRDO�DQG�LWV�RUJDQLF�VROYHQW�H[WUDFWV�IURP�WKH�$QWDLEDR�PLQLQJ�

GLVWULFW��6KDQ[L��&KLQD��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\������������±��

KWWSV���GRL�RUJ���������-�&2$/�����������

:LOOV��%��$����������0LQHUDO�3URFHVVLQJ�7HFKQRORJ\��$Q�,QWURGXFWLRQ�WR�3UDFWLFDO�$VSHFWV�RI�2UH�

7UHDWPHQW�DQG�0LQHUDO�5HFRYHU\��%XWWHUZRUWK�+HLQHPDQQ��

:LOVFKHIVNL��6��&���	�%D[WHU��0��5����������,QGXFWLYHO\�&RXSOHG�3ODVPD�0DVV�6SHFWURPHWU\��,QWURGXFWLRQ�
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WR�$QDO\WLFDO�$VSHFWV��7KH�&OLQLFDO�%LRFKHPLVW�5HYLHZV������������±�����

KWWSV���GRL�RUJ����������$$&%���������

<DQJ��;���:HUQHU��-���	�+RQDNHU��5��4����������/HDFKLQJ�RI�UDUH�(DUWK�HOHPHQWV�IURP�DQ�,OOLQRLV�EDVLQ�

FRDO�VRXUFH��-RXUQDO�RI�5DUH�(DUWKV������������±�����KWWSV���GRL�RUJ���������M�MUH�������������

=KDQJ��-���	�(GZDUGV��&����������$�UHYLHZ�RI�UDUH�HDUWK�PLQHUDO�SURFHVVLQJ�WHFKQRORJ\����WK�$QQXDO�

0HHWLQJ�RI�7KH�&DQDGLDQ�0LQHUDO�3URFHVVRUV��&,0��2WWDZD������

=KDQJ��:���1REOH��$���<DQJ��;���	�+RQDNHU��5����������$�&RPSUHKHQVLYH�5HYLHZ�RI�5DUH�(DUWK�

(OHPHQWV�5HFRYHU\�IURP�&RDO�5HODWHG�0DWHULDOV��0LQHUDOV��������������

KWWSV���GRL�RUJ���������PLQ���������

=KDQJ��:���5H]DHH��0���%KDJDYDWXOD��$���/L��<���*URSSR��-���	�+RQDNHU��5����������$�UHYLHZ�RI�WKH�

RFFXUUHQFH�DQG�SURPLVLQJ�UHFRYHU\�PHWKRGV�RI�UDUH�HDUWK�HOHPHQWV�IURP�FRDO�DQG�FRDO�E\�SURGXFWV��

,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�3UHSDUDWLRQ�DQG�8WLOL]DWLRQ������������±�����

KWWSV���GRL�RUJ�������������������������������

=KDQJ��<���/LX��*���&KRX��&��/���:DQJ��/���	�.DQJ��<����������6HTXHQWLDO�VROYHQW�H[WUDFWLRQ�IRU�WKH�

PRGHV�RI�RFFXUUHQFH�RI�VHOHQLXP�LQ�FRDOV�RI�GLIIHUHQW�UDQNV�IURP�WKH�+XDLEHL�&RDOILHOG��&KLQD��

*HRFKHPLFDO�7UDQVDFWLRQV������������KWWSV���GRL�RUJ������������������������

=KHQJ��/���/LX��*���4L��&���=KDQJ��<���	�:RQJ��0����������7KH�XVH�RI�VHTXHQWLDO�H[WUDFWLRQ�WR�GHWHUPLQH�

WKH�GLVWULEXWLRQ�DQG�PRGHV�RI�RFFXUUHQFH�RI�PHUFXU\�LQ�3HUPLDQ�+XDLEHL�FRDO��$QKXL�3URYLQFH��

&KLQD��,QWHUQDWLRQDO�-RXUQDO�RI�&RDO�*HRORJ\������������±�����

KWWSV���GRL�RUJ���������M�FRDO�������������

=KRX��&��&���=KDQJ��1��1���3HQJ��&��%LQ��&RQJ��/��)���2X\DQJ��&��+���	�+DQ��5����������$UVHQLF�LQ�&RDO��

0RGHV�RI�2FFXUUHQFH��'LVWULEXWLRQ�LQ�'LIIHUHQW�)UDFWLRQV��DQG�3DUWLWLRQLQJ�%HKDYLRU�GXULQJ�&RDO�

6HSDUDWLRQ���$�&DVH�6WXG\��(QHUJ\�DQG�)XHOV�������������±������

KWWSV���GRL�RUJ���������DFV�HQHUJ\IXHOV��E������
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