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$EVWUDFW�
/DQWKDQXP� FKURPLWH�EDVHG� PDWHULDOV� KDYH� D� JUHDW� SRWHQWLDO� IRU� XVH� LQ� YDULRXV� KLJK�

WHPSHUDWXUH� DSSOLFDWLRQV� DQG� DV� 62)&� �VROLG� R[LGH� IXHO� FHOO�� VHSDUDWRUV�� 6XEPLFURQ�

FU\VWDOOLQH� ODQWKDQXP� FKURPLWH�ZDV� SUHSDUHG� E\� WKH� DXWRLJQLWLRQ� RI� D� FLWUDWH�� QLWUDWH� JHO��

7KH� HIIHFW� RI� WKH� IXHO�� R[LGDQW� PRODU� UDWLR� DQG� VDPSOH� IRUP� SULRU� WR� FRPEXVWLRQ� ZDV�

LQYHVWLJDWHG� LQ� WHUPV� RI� SKDVH� IRUPDWLRQ�� SDUWLFOH� VL]H�� PRUSKRORJ\�� DQG� DJJORPHUDWH�

IRUPDWLRQ�� 9DULRXV� FKDUDFWHUL]DWLRQ� PHWKRGV�� LQFOXGLQJ� ;�UD\� SRZGHU� GLIIUDFWLRQ� DQG�

WKHUPDO� DQDO\VLV�� VFDQQLQJ� HOHFWURQ� PLFURVFRS\� DQG� %(7� PHDVXUHPHQW�� ZHUH� XVHG� WR�

HYDOXDWH� SRZGHU� FKDUDFWHULVWLFV�� ,W� ZDV� VKRZQ� WKDW� WKH� UHDFWLRQ� SHULRG� GHSHQGV� RQ� WKH�

IXHO�R[LGDQW�UDWLR�DQG�UHDFWLRQ�PL[WXUH�SDFNLQJ��7KH�ODQWKDQXP�FKURPLWH�SRZGHUV�SUHSDUHG�

YLD� WKH� FRPEXVWLRQ� URXWH� H[KLELWHG� VXUIDFH� DUHDV� RI� DERXW� ���P��J� IRU� WKH� ORRVH� SDFNHG�

OD\HU�SUHSDUHG�VDPSOHV�DQG�����WR����P��J�IRU�WKH�VDPSOHV�SUHSDUHG�IURP�D�SHOOHW���

�

,QWURGXFWLRQ�

3UHSDUDWLRQ�RI�FRPSOH[�PHWDO�R[LGHV� LV� WUDGLWLRQDOO\�FDUULHG�RXW�XVLQJ�VROLG�VWDWH�

V\QWKHVLV�� L�H�� WKH� ³FDOFLQLQJ´� PHWKRG�� $� QXPEHU� RI� VSHFLDOL]HG� SRZGHU� SUHSDUDWLRQ�

WHFKQLTXHV� VXFK� DV� WKH� VROLG�VROXWLRQ�SUHFXUVRU� PHWKRG�
�
� VRO�JHO� V\QWKHVLV�

�
� FR�

SUHFLSLWDWLRQ�
�
�DQG�IUHH]H�GU\LQJ

�
�KDYH�EHHQ�XVHG�IRU�WKH�SUHSDUDWLRQ�RI�PXOWLFRPSRQHQW�

R[LGHV�� (DFK� PHWKRG� KDV� LWV� RZQ� FKDUDFWHULVWLF� FRPSRVLWLRQDO� KRPRJHQHLW\�� SRZGHU�

PRUSKRORJ\�DQG�GHJUHH�RI�DJJORPHUDWLRQ��&RPEXVWLRQ�V\QWKHVLV�IURP�VROXWLRQ�RIIHUV�D�

QXPEHU� RI� DGYDQWDJHV� VLQFH� LWV� ORZ� HQHUJ\� DQG� WLPH� GHPDQGV� PDNHV� LW� D� SURPLVLQJ�

SRZGHU� SUHSDUDWLYH� WHFKQLTXH�� 7KH� FULWLFDO� IDFWRUV� RI� FRPEXVWLRQ� V\QWKHVLV� DUH� WKH�

IXHO�R[LGDQW� UDWLR� DQG� WKH� VDPSOH� SDFNLQJ� SULRU� WR� LJQLWLRQ�� WKHVH� GHWHUPLQH� WKH�

WHPSHUDWXUH� DQG� UHDFWLRQ� WLPH�� WKH� GHJUHH� RI� FRQYHUVLRQ�� SKDVH� IRUPDWLRQ�� SDUWLFOH�

PRUSKRORJ\�DQG�WKH�QDWXUH�RI�WKH�DJJORPHUDWHV��$�ODUJH�YROXPH�RI�UHOHDVHG�JDV��ZKLFK�

SUHYHQWV�FRDUVHQLQJ�DQG�KDUG�DJJORPHUDWH�IRUPDWLRQ��DFFRPSDQLHV�WKH�H[RWKHUPLF�HIIHFW�

GXULQJ� WKH� IXHO� DQG�QLWUDWH� UHDFWLRQ�� ,Q� FRPSDULVRQ�ZLWK� VRPH�H[SORVLYH�PL[WXUHV� OLNH�
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FRPELQDWLRQV� RI� QLWUDWHV� ZLWK� XUHD� RU� JO\FLQH�� WKH� FLWUDWH�� QLWUDWH� JHO� FRPEXVWLRQ�

UHDFWLRQV� DUH� PRUH� FRQWUROODEOH� GXH� WR� WKHLU� PXFK� ZHDNHU� H[RWKHUPLF� UHDFWLRQV�� WKXV�

DOORZLQJ�WKH�SUHSDUDWLRQ�RI�ODUJHU�DPRXQWV�RI�WKH�SURGXFW���

'XH�WR�LWV�FKHPLFDO�VWDELOLW\�DW�HOHYDWHG�WHPSHUDWXUHV�DQG�LWV�HOHFWULFDO�SURSHUWLHV��

ODQWKDQXP� FKURPLWH� LV� RI� SRWHQWLDO� XVH� DV� D�PDWHULDO� LQ� KLJK� WHPSHUDWXUH� DSSOLFDWLRQV�

VXFK� DV� WKH� LQWHUFRQQHFW� LQ� VROLG� R[LGH� IXHO� FHOOV� DQG� WKH� HOHFWURQLF� FRQGXFWRUV� IRU�

KHDWLQJ�HOHPHQWV��+RZHYHU��ODQWKDQXP�FKURPLWH�EDVHG�PDWHULDOV�DUH�GLIILFXOW�WR�SURFHVV�

LQWR�D�GHQVH�JDV�WLJKW�VHSDUDWRU�EHWZHHQ�WKH�HOHFWURGHV��6RPH�RI�WKH�GLIILFXOWLHV�ZLWK�WKH�

LQWHUFRQQHFW�IRUPDWLRQ�FDQ�EH�GLPLQLVKHG�LI�WKH�SRZGHU�SDUWLFOHV�DUH�VPDOO����P����

,Q�WKH�SUHVHQW�FRQWULEXWLRQ�WKH�IXHO�R[LGDQW�UDWLRV�LQ�WKH�UHDFWLRQ�PL[WXUHV�YDULHG�

DQG�WKH�EXUQLQJ�SURFHHGHG�HLWKHU�LQ�WKH�SHOOHW�IRUP�RU�LQ�WKH�ORRVH�SDFNHG�OD\HU�IRUP��

7KH�LQIOXHQFH�RI�VDPSOH�IRUP�SULRU�WR�FRPEXVWLRQ�RQ�WKH�SRZGHU�FKDUDFWHULVWLFV��SKDVH�

IRUPDWLRQ� DQG� GHJUHH� RI� FRQYHUVLRQ� IRU� XQGRSHG� ODQWKDQXP� FKURPLWH� SUHSDUHG� E\�

FLWUDWH�QLWUDWH�JHO�FRPEXVWLRQ�V\QWKHVLV� LV�GHVFULEHG��7KH�DSSOLHG�PHWKRG�ZDV�GHULYHG�

IURP� D� FLWUDWH�JHO� SUHFXUVRU� V\QWKHVLV
�
� DQG� ZDV� ILUVW� XVHG� WR� SUHSDUH� WKH� R[LGH�

VXSHUFRQGXFWRU�LQ�DQ�<�%D�&X�2�V\VWHP�
�
�

�

([SHULPHQWDO�

6DPSOHV� ZLWK� WKH� QRPLQDO� FRPSRVLWLRQ� /D&U2�� ZHUH� SUHSDUHG� E\� FRPEXVWLRQ�

V\QWKHVLV� RI� FLWUDWH�� QLWUDWH� JHO�� ,Q� WKH� FRPEXVWLRQ� V\QWKHVLV�� WKH� VWDUWLQJ� PDWHULDOV�

�DQDO\WLFDO� UHDJHQW�JUDGH��ZHUH�/D�12�����+�2�DQG�&U�12�����+�2��7KH\�ZHUH�PL[HG�

LQ�DQ�DSSURSULDWH�PRODU�UDWLR��GLVVROYHG�LQ�D�PLQLPXP�TXDQWLW\�RI�ZDWHU��DQG�����0�FLWULF�

DFLG� VROXWLRQ�ZDV�DGGHG��7KH�FLWUDWH��QLWUDWH� UDWLRV� LQ� WKH� UHDFWLRQ�PL[WXUHV�ZHUH�������

�����DQG�������7KH�GLVK�ZDV�NHSW�RYHU�D�ZDWHU�EDWK�DW����
R
&�XQGHU�YDFXXP������N3D��

XQWLO� WKH� VROXWLRQ� WUDQVIRUPHG� LQWR�D�GDUN�YLROHW�JHO��7R�VWXG\� WKH� LQIOXHQFH�RI� VDPSOH�

SDFNLQJ�SULRU�WR�FRPEXVWLRQ�V\QWKHVLV��WKH�JHOV�ZHUH�SUHSDUHG�LQ�WZR�GLIIHUHQW�ZD\V��RQH�

JHO�ZDV�SUHSDUHG�DV�D�ORRVH�SDFNHG�OD\HU��KHLJKW�a�PP��ZKLOH�WKH�RWKHU�ZDV�XQD[LDOO\�

SUHVVHG�����03D�� LQWR�D�SHOOHW� ����PP�LQ�GLDPHWHU��KHLJKW����PP��U ����J�FP
�
���7KH�

VDPSOHV�ZHUH�SODFHG�LQ�DQ�$O�2��FUXFLEOH�DQG�LJQLWHG�DW�RQH�HQG�RI�WKH�UHDFWLRQ�PL[WXUH�

WR� JLYH� ODQWKDQXP� FKURPLWH� SRZGHUV�� 7KH� UHDFWLRQ�PL[WXUH� FRPSRVLWLRQ� DQG� LWV� IRUP�

EHIRUH�LJQLWLRQ�DUH�VXPPDUL]HG�LQ�7DEOH����
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6DPSOHV�ZHUH�FKDUDFWHUL]HG�E\�;�UD\�SRZGHU�GLIIUDFWLRQ�XVLQJ�D�3KLOLSV�3:������

DSSDUDWXV��'DWD�ZHUH�FROOHFWHG�LQ����WR���
R
��4� UDQJH�LQ�VWHSV�RI�����

R
�IRU��V�SHU�VWHS��

7*� DQDO\VLV� ZDV� SHUIRUPHG� RQ� D� 1(7=6&+� 67$� ���&�� $�0LFURPHULWLFV� *HPLQL� ,,�

�����DSSDUDWXV�ZDV�XVHG�WR�GHWHUPLQH�WKH�VSHFLILF�VXUIDFH�DUHDV�XVLQJ�WKH�%(7�PHWKRG��

7KH�VDPSOHV�ZHUH�DOVR�DQDO\]HG�E\�6(0��6FDQQLQJ�(OHFWURQ�0LFURVFRSH��-HRO�7�������

7DEOH����([SHULPHQWDO�FRQGLWLRQV�IRU�WKH�FRPEXVWLRQ�V\QWKHVLV�

6DPSOH� F�Q� 6DPSOH�SDFNLQJ�SULRU�FRPEXVWLRQ�

1$� ����� ORRVH�SDFNHG�OD\HU�

1%� ����� ORRVH�SDFNHG�OD\HU�

1&� ����� ORRVH�SDFNHG�OD\HU�

1$�� ����� SHOOHW�

1%�� ����� SHOOHW�

1&�� ����� SHOOHW�

�FLWUDWH�QLWUDWH�UDWLR�

�

5HVXOWV�DQG�GLVFXVVLRQ�

&DOFXODWLRQV�RI�WKH�VWRLFKLRPHWULF�IXHO�R[LGDQW�UDWLR�ZHUH�EDVHG�RQ�WKH�DVVXPSWLRQ�

WKDW�WKH�R[LGDWLRQ�VWDWH�RI�WKH�SURGXFW�VSHFLHV�LV�QRW�UHVWULFWHG�WR�RQH�YDOXH�EXW�PD\�YDU\��

%\�FRPSDULVRQ�ZLWK�WKH�UHDFWLRQ�VFKHPH�RI�=KDQJ�DQG�FRZRUNHU�
�
�FRPSRVLWLRQV�ZLWK�F�Q�

UDWLRV�RI������DQG������DUH�LQ�WKH�VWRLFKLRPHWULF�UHJLRQ��ZKLOH�WKH�UDWLR������LV�FRQVLGHUHG�

IXHO�ULFK��7KHLU�FDOFXODWLRQV�RI�WKH�VWRLFKLRPHWULF�IXHO��R[LGDQW�UDWLR�ZHUH�DOVR�EDVHG�RQ�

WKH� DVVXPSWLRQ� WKDW� WKH� R[LGDWLRQ� VWDWH� RI� WKH� SURGXFW� VSHFLHV� LV� QRW� UHVWULFWHG� WR� RQH�

YDOXH�EXW�PD\�YDU\��)RU�LQVWDQFH��WKH�R[LGDWLRQ�VWDWH�RI�QLWURJHQ�LQ�WKH�UHDFWLRQ�SURGXFW�

PD\�YDU\�IURP����DV�LQ�1���WR�����12����

7KH� VSHFLILF� VXUIDFH� DUHDV� �66$�� RI� SURGXFWV�� VKRZQ� LQ� 7DEOH� ��� GHFUHDVH� ZLWK�

LQFUHDVLQJ� FLWUDWH� FRQWHQW� LQ� WKH� UHDFWLRQ� PL[WXUH�� )XUWKHUPRUH�� YLVXDO� REVHUYDWLRQ�

UHYHDOHG� WKDW�PL[WXUHV�ZLWK� F�Q� UDWLRV� RI� ����� DQG� ����� EXUQHG� DW� KLJKHU� WHPSHUDWXUHV�

WKDQ� WKH� PL[WXUH� ZLWK� D� F�Q� UDWLR� RI� ������ 7KH� UHDFWLRQ� SHULRG� IRU� WKH� OD\HU�IRUPHG�

SUHFXUVRUV�LV�VKRUWHU��IURP���WR����VHFRQGV��WKDQ�IRU�WKH�SHOOHW�IRUPHG�RQHV��IURP����WR�

����VHFRQGV��GXH�WR�WKH�IDFW�WKDW�WKH�KHDW�WUDQVIHU�WR�WKH�VXUIDFH�RI�WKH�SHOOHW�LV�UHWDUGHG��

([DPSOHV�RI�FRPEXVWLRQ�RI�1$�DQG�1$��VDPSOHV�SUHSDUHG�IURP�GLIIHUHQW�IRUPV�RI�WKH��
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SUHFXUVRU�DUH� VKRZQ� LQ�)LJ����7KH�PD[LPXP�EODFN�ERG\� WHPSHUDWXUH�RI�ERWK� VDPSOHV�

ZDV�HVWLPDWHG�WR�EH������
R
&���

D��EHIRUH�V\QWKHVLV�� E��GXULQJ�V\QWKHVLV�

�
F��EHIRUH�V\QWKHVLV�� G��GXULQJ�V\QWKHVLV�

�
)LJXUH����3KRWRJUDSKV�RI�WKH�FRPEXVWLRQ�V\QWKHVLV�RI�1$�VDPSOHV�SUHSDUHG�LQ�D�ORRVH�SDFNHG�OD\HU��D��E��

DQG�1$��SUHSDUHG�LQ�SHOOHW�IRUP��F��G��

�

7KH�66$�RI�WKH�SHOOHW�IRUPHG�SRZGHUV�LQFUHDVHG�IURP�����WR������P
�
�J�ZLWK�GHFUHDVLQJ�

F�Q�UDWLR��ZKLOH� WKH�66$�RI� WKH�OD\HU�IRUPHG�SRZGHUV�YDULHG�EHWZHHQ������WR������DQG�

ZDV�QRW�PDUNHGO\� LQIOXHQFHG�E\� WKH� FLWUDWH��QLWUDWH� UDWLR��'XULQJ�FRPEXVWLRQ�� VDPSOHV�

ZLWK�KLJKHU�F�Q�UDWLRV�OLEHUDWH�D�ORZHU�DPRXQW�JDV��ZKLFK�GLPLQLVKHV�WKH�FRDUVHQLQJ�RI�

WKH� UHDFWLRQ� SURGXFWV�� UHVXOWLQJ� LQ� D� KLJKHU� VXUIDFH� DUHD�� %HWWHU� FRQWDFW� EHWZHHQ� WKH�

SDUWLFOHV� LQ� SHOOHW� OHDGV� WR� WKH� DXWRFDWDO\WLF� UHDFWLRQ� DQG� PRUH� SURQRXQFHG� HIIHFW� RI�

HVFDSLQJ�JDV�WKDQ�LQ�ORRVH�UHDFWLRQ�PL[WXUH���
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�
)LJXUH����6(0�PLFURJUDSKV�RI�DV�SUHSDUHG�VDPSOHV��

��PP�

1%�� 1%�

1$�� 1$�

1&�� 1&�
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7DEOH����6SHFLILF�VXUIDFH�DUHD�IRU�DOO�VDPSOHV�

6DPSOH� 66$�

�P
�
�J��

1$� �����

1%� �����

1&� �����

1$�� �����

1%�� �����

1&�� �����

�

�
)LJXUH����6(0�PLFURJUDSKV�RI�VDPSOHV�1%��DQG�1$��

�

$V� H[SHFWHG� IURP� WKH� GLIIHUHQW� H[SHULPHQWDO� FRQGLWLRQV� WKH� VFDQQLQJ� HOHFWURQ�

PLFURJUDSKV� RI� WKH� SURGXFWV� �JLYHQ� LQ� )LJ� ��� VKRZ�PDUNHG� GLIIHUHQFHV� DOVR�� 6DPSOHV�

SUHSDUHG�IURP�WKH�PL[WXUH�ZLWK�D�F�Q�UDWLR�RI������DUH�FRPSRVHG�RI�GHQVH�DJJORPHUDWHV��

'XH� WR� WKH� ORZHU� FRPEXVWLRQ� WHPSHUDWXUH�� QHLWKHU� 6(0�PLFURJUDSK� VKRZV� DQ\� JUDLQ�

VWUXFWXUH�� 6DPSOHV� SUHSDUHG� IURP� WKH� SHOOHW� IRUP�ZLWK� F�Q� UDWLRV� RI� ����� DQG� ����� DUH�

FRPSRVHG�RI�ILQH�SDUWLFOHV��ZKLOH�WKRVH�LQ�WKH�OD\HU�IRUP�KDYH�D�OHVV�SURQRXQFHG�JUDLQ�

VWUXFWXUH�� 7KH�1%�� VDPSOH� LV� FRPSRVHG� RI� SDUWLFOHV� IURP� ��� WR� ���� QP� LQ� VL]H�ZLWK�

SDUWLDO�VLQWHULQJ�REVHUYHG�GXULQJ�V\QWKHVLV��ZKHUHDV� WKH�SRURXV�VWUXFWXUH�RI� WKH�VDPSOH�

1$��LV�PRUH�XQLIRUP�DQG�FRPSRVHG�RI�VSKHULFDO�SDUWLFOHV�DERXW����QP�LQ�VL]H��)LJ������

1$��1%��

��PP�
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7KH�WKHUPDO�EHKDYLRU�RI�WKH�SUHSDUHG�SURGXFWV�GHSHQGV�RQ�WKH�FLWUDWH�QLWUDWH�UDWLR�

DQG� WKH� SUHFXUVRU� IRUP� SULRU� WR� FRPEXVWLRQ� �)LJ������ 7RWDO� PDVV� ORVV� LQFUHDVHV� ZLWK�

LQFUHDVLQJ�FLWUDWH��QLWUDWH� UDWLR��0LQRU�PDVV� ORVVHV� �IURP������ WR�������ZHUH�REVHUYHG�

GXULQJ�WKHUPDO�DQDO\VLV�RI�WKH�SHOOHWLVHG�VDPSOHV��ZKLOH�PDVV�ORVVHV�RI�����WR��������IRU�

WKH�OD\HU�IRUP�RI�WKH�SUHFXUVRU�LQGLFDWHV�D�ORZHU�GHJUHH�RI�FRQYHUVLRQ�RI�WKHVH�VDPSOHV��

7KH�RSWLFDOO\� LQGLFDWHG�ORZHU�FRPEXVWLRQ�WHPSHUDWXUH�DQG�VKRUWHU�UHDFWLRQ�WLPH�DW� WKLV�

WHPSHUDWXUH� IRU� VDPSOH� 1&� ZDV� FRQILUPHG� E\� D� QRWLFHDEOH� PDVV� ORVV� ������� LQ� WKH�

WHPSHUDWXUH�UHJLRQ�IURP�����WR�����
R
&�GXH�WR�WKH�UHPRYDO�RI�WKH�RUJDQLF�UHVLGXHV��7KH�

1$�DQG�1%�VDPSOHV�SUHSDUHG� LQ� WKH� OD\HU� IRUP�VKRZHG�PDVV� ORVVHV�RI�����DQG�������

UHVSHFWLYHO\��GXH�WR�ZHDN�FRQWDFW�EHWZHHQ�WKH�UHDFWLRQ�PL[WXUH�SDUWLFOHV��0DVV�ORVVHV�RI�

���� DQG� ����� LQ� WKH� SHOOHWLVHG� VDPSOHV�1$�� DQG�1%��� UHVSHFWLYHO\�� LQGLFDWH� D� KLJKHU�

GHJUHH�RI�FRQYHUVLRQ�LQ�WKHVH�VDPSOHV��

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

� ��� ���� ����

7HPSHUDWXUH��
R
&�

0
DV
V�
FK
DQ
J
H�
��

�

1$�
1%�

1$ 1%

1&�

1&

�
)LJXUH����7*�RI�DOO�VDPSOHV�DIWHU�FRPEXVWLRQ�V\QWKHVLV�

�

7KH�SKDVH�FRPSRVLWLRQ�RI�DOO� VDPSOHV�ZDV�GHWHUPLQHG�E\�;�UD\�GLIIUDFWLRQ��7KH�

DV�SUHSDUHG�VDPSOHV�ZHUH�QRW�ZHOO�FU\VWDOOL]HG��EHLQJ�PDLQO\�FRPSRVHG�RI�D�SHURYVNLWH�

FU\VWDOOLQH�SKDVH�� ,Q� OD\HU� IRUPHG�SUHFXUVRUV�1$�DQG�1%��D�VHFRQGDU\�SKDVH�/D�&U2��

ZDV�IRXQG��,Q�WKH�VDPSOHV�1&�DQG�1&��SUHSDUHG�IURP�WKH�PL[WXUH�ZLWK�D�F�Q�UDWLR������

/D&U2��ZDV�GHWHFWHG��

�
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$IWHU� FDOFLQDWLRQ� DW� ����
R
&� WKH� VDPSOH� 1&� �)LJ� �D�� FRQWDLQV� WZR�PDLQ� SKDVHV��

ODQWKDQXP� FKURPDWH� �/D&U2���� DQG� ODQWKDQXP� FKURPLWH� �/D&U2���� $FFRUGLQJ� WR� WKH�
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