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UDQMH�NDYLWDFLMH�MH�SULVXVWYR�SULPHVD�X�WHaQRVWL��.DYLWDFLMH�NRMH�VH�IRUPL�
UDMX�SRG�GHMVWYRP�XOWUD]YXND�UDVWX�GR�NULWLaQH�YHOLaLQH�NRMD�]DYLVL�RG
IUHNYHQFLMH�SULPHQMHQRJ�XOWUD]YXND��]D����N+]�NULWLaQL�UDGLMXV�MH�����µP��
D�]DWLP�QDJOR�LPSORGLUDMX�GRYRGH`L��ORNDOQR��GR�HNVWUHPQLK�YUHGQRVWL�SUL�
WLVND��QHNROLNR�VWRWLQD�DWPRVIHUD��L�WHPSHUDWXUH��RNR�����~&�]D�JDV�X
NDYLWDFLML�L�����~&�]D�WHaQRVW�RNR�NDYLWDFLMH���3RG�RYLP�XVORYLPD�GROD]L
GR�EURMQLK�UHDNFLMD��SD�REODVW�RNR�LPSORGLUDQH�NDYLWDFLMH�SUHGVWDYOMD�PDOR�
DOL�KHPLMVNL�YUOR�X]EXUNDQR�SRGUXaMH��2G�IRUPLUDQMD�NDYLWDFLMH�SD�GR�QMHQH
LPSOR]LMH�SUROD]L�RNR�����PV��SD�VX�EU]LQH�]DJUHYDQMD�L�KOD_HQMD�RNR�PL�
OLRQ�VWHSHQL�X�VHNXQGL��8�VOXaDMX�GD�MH�NDYLWDFLMD�IRUPLUDQD�QD�SRYU^LQL
aYUVWH�ID]H�XURQMHQH�X�WHaQRVW��LPSOR]LMD�NDYLWDFLMH�QLMH�VLPHWULaQD��0HWR�
GRP�IOH^�IRWRPLNURJUDILMH�YLVRNH�EU]LQH�QD_HQR�MH�GD�X�RYRP�VOXaDMX�GR�
OD]L�GR�IRUPLUDQMD�POD]D�WHaQRVWL��HQJ��KDPPHU�MHW��XVPHUHQRJ�ND�SRYU^LQL
aYUVWH�ID]H�NRML�VH�NUH`H�EU]LQRP�RG�RNR�����NPK¬���D�NDR�NUDMQML�UH]XOWDW
SRQRYR�LPDPR�ORNDOQR�]DJUHYDQMH�L�YLVRNH�YUHGQRVWL�SULWLVND��1D�RSLVDQ
QDaLQ�XOWUD]YXN�XNODQMD�SDVLYL]LUDQH�VORMHYH�QD�LQHUWQLP�PDWHULMDOLPD�L�WDNR
RPRJX`DYD�YH`X�SRYU^LQX�QD�NRMRM�VH�GH^DYD�UHDNFLMD��6XVOLFN�������
7DNR_H��SR]QDWR�MH�GD�SULPHQD�XOWUD]YXND�X�HOHNWURKHPLMVNLP�VLVWHPLPD
]QDaDMQR�XWLaH�QD�SURFHVH�NRML�VH�RGLJUDYDMX�XQXWDU�VLVWHPD��SRYH`DYD�SRN�
UHWOMLYRVW�SULVXWQLK�YUVWD�L�XEU]DYD�WUDQVSRUW�PDVH��+ROW�HW�DO���������PHQMD
NRQFHQWUDFLRQH�JUDGLMHQWH��NRQWLQXDOQR�DNWLYLUD�SRYU^LQX��aLVWL�SRYU^LQX
HOHNWURGH�L�XWLaH�QD�GHVRUSFLMX�QDVWDOLK�UHDNFLRQLK�SURL]YRGD��VRQRKHPLMVNL
JHQHUL^H�UHDNFLRQH�YUVWH�NRMH�GDOMH�UHDJXMX�HOHNWURKHPLMVNL��,RUGDFKH�HW�DO�
�������D�XWYU_HQR�MH�GD�XWLaH�L�QD�EU]LQX�VDPRJ�HOHPHQWDUQRJ�SURFHVD
SUHQRVD�QDHOHNWULVDQMD�NUR]�SRYU^LQX�HOHNWURGH�X�RGUH_HQLP�WLSRYLPD
VLVWHPD��.RED\DVKL�HW�DO��������.RED\DVKL�HW�DO��������

&LOM�RYRJ�LVWUDCLYDQMD�ELR�MH�GD�VH�LVSLWD�XWLFDM�XOWUD]YXND�QD�HOHNWUR�
KHPLMVNR�L]GYDMDQMH�YRGRQLND�QD�VOHGH`LP�PDWHULMDOLPD��$O��3E��)H��&X��:
L�JUDILWX�
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¬ $O��)H��3E��&X��:��JUDILW��]D�SUDYOMHQMH�UDGQH�HOHNWURGH�
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VOLFL����.DR�UHIHUHQWQD�HOHNWURGD�NRUL^`HQD�MH�]DVL`HQD�NDORPHORYD�HOHN�
WURGD��D�NDR�SRPR`QD�HOHNWURGD�NRUL^`HQD�MH�SODWLQVND�CLFD��8�WRNX�HOHN�
WUROL]H�EHOHCHQH�VX�YUHGQRVWL�QDSRQD�L]PH_X�UDGQH�L�UHIHUHQWQH��RGQRVQR
UDGQH�L�SRPR`QH�HOHNWURGH��NDR�L�MDaLQD�VWUXMH�HOHNWUROL]H��NRMD�MH
SUHYR_HQD�X�JXVWLQX�VWUXMH�HOHNWUROL]H�]ERJ�UD]OLaLWLK�SRYU^LQD�HOHNWURGD�
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aL^`HQD��GRN�MH�JHRPHWULMD�HNVSHULPHQWD�RGUCDYDQD�VWDOQRP��1D�RVQRYX�GR�
ELMHQLK�SRGDWDND�FUWDQH�VX��D�]DWLP�L�XSRUH_LYDQH�,�(�NULYH��NULYH�]DYLV�
QRVWL�MDaLQH�VWUXMH�RG�QDSRQD��
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¬ SRMDYD�NDUDNWHULVWLaQRJ�SODWRD�QD�,�(�NULYDPD�L�YH`H�VWUXMH�HOHN�
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LVSLWLYDQH�HOHNWURGH��0RCH�VH�SULPHWLWL�GD�VH�VNRN�SRPHUD�XGHVQR�NRG�3E�
&X�L�JUDILWD�QD�VYLP�NRQFHQWUDFLMDPD��$O�L�:�QD�VYLP�NRQFHQWUDFLMDPD
RVLP�QD�QDMYH`RM�JGH�VH�SRPHUD�XOHYR�L�)H�QD�QDMPDQMRM�NRQFHQWUDFLML�JGH
VH��WDNR_H��SRPHUD�XOHYR��6NRN�NULYH�VH�QHMHGQDNR�SRPHUD�X�]DYLVQRVWL�RG
HOHNWURGH�L�NRQFHQWUDFLMH�NLVHOLQH��3RPHUDM�MH�QDML]UD]LWLML�NRG�EDNUD��D
RSDGD�X�VOHGH`HP�QL]X��&X��)H��3E��$O��:��JUDILW�

5D]OLaLW�QDJLE�NULYH�NRG�YROIUDPD�X�RGQRVX�QD�RVWDOH�HOHNWURGQH�PD�
WHULMDOH�REMD^QMDYD�VH�VSHFLILaQRP�DGVRUSFLMRP�YRGRQLND�QD�YROIUDPX�

,DNR�VX�SURPHQH�X�SULVXVWYX�XOWUD]YXND�RaLJOHGQH��RS^WL�]DNOMXaDN�VH
QD�RVQRYX�GRELMHQLK�UH]XOWDWD�QH�PRCH�GRQHWL��.DNR�MH�L]GYDMDQMH
NLVHRQLND�YHRPD�VSRUD�UHDNFLMD��SUHWSRVWDYND�MH�GD�VX�SRPHUDQMD�VNRND
VWUXMH�ND��X�QDMYH`HP�EURMX�VOXaDMHYD��YH`LP�QDGQDSRQLPD�LQGLUHNWQD
SRVOHGLFD�SURPHQD�L]D]YDQLK�QD�DQRGL�SRG�GHMVWYRP�XOWUD]YXND��=D�SUR�
YHUX�RYH�KLSRWH]H�SUHGODCHPR�VQLPDQMH�,�(�NULYLK�QD�WDNDY�QDaLQ�GD
SRPR`QD� HOHNWURGD�EXGH�YDQ�XOWUD]YXaQRJ�NXSDWLOD��1D�RYDM�QDaLQ
SURPHQH�QD�,�(�NULYDPD�ELOH�EL�L]D]YDQH�MHGLQR�GHMVWYRP�XOWUD]YXND�QD
UDGQX�HOHNWURGX��NDWRGQX��L�SURFHVH�QD�QMRM�

3RMDYD�NDUDNWHULVWLaQRJ�SODWRD�QD�,�(�NULYDPD�L�YH`H�VWUXMH�HOHN�
WUROL]H�QD�QHNLP�HOHNWURGDPD��3ODWR�VH�MDYOMD�QDML]UD]LWLMH�NRG�YROIUDPD�
]DWLP�NRG�RORYD�L�JUDILWD�QD�VYLP�NRQFHQWUDFLMDPD�NLVHOLQH�GRN�MH�NRG
JYRC_D�XRaHQ�SUL�QDMYH`RM�NRQFHQWUDFLML�NLVHOLQH��VOLND�����3RMDYD�SODWRD�
]D�NRML�MH�XWYU_HQR�GD�UDVWH�V�SRYH`DQMHP�NRQFHQWUDFLMH�NLVHOLQH��NDUDNWHUL�
VWLaQD�MH�]D�VRQR�HOHNWURKHPLMVNH�HNVSHULPHQWH��DOL�]YDQLaQR�QLMH�REMD�
^QMHQD��0DUNHQ�HW�DO��������1D^D�SUHWSRVWDYND�MH�GD�VH�SODWR�PRCH�MDYLWL
L]�YL^H�UD]ORJD�

���=ERJ�GHMVWYD�XOWUD]YXND�QD�GYRMQL�HOHNWULaQL�VORM��'(6���3UHW�
SRVWDYND�MH�GD�XOWUD]YXN�VPDQMXMH�GHEOMLQX�'(6�X�SHULRGX�GRN�QDSRQ�QD
HOHNWURGDPD�QLMH�GRYROMQR�YHOLNL�GD�aYUVWR�GUCL�MRQH�X]�HOHNWURGX��.DG
QDSRQ�GRYROMQR�SRUDVWH��NULYD�SRaLQMH�GD�UDVWH�LVWLP�QDJLERP�NDR�NULYD�]D�
EHOHCHQD�EH]�XOWUD]YXND��2YDNYD�SUHWSRVWDYND�EL�RSUDYGDOD�MDYOMDQMH�SODWRD
VDPR�QD�QHNLP�HOHNWURGDPD��SR^WR�MH�QD�RGUH_HQLP�PDWHULMDOLPD�PRJX`D
VSHFLILaQD��NRQWDNWQD��DGVRUSFLMD��%RFNULV�HW�DO���������8�WRP�VOXaDMX�XO�
WUD]YXN�QH�EL�PRJDR�]QDaDMQR�GD�VPDQML�GHEOMLQX�GYRMQRJ�HOHNWULaQRJ
VORMD��SD�EL�SRMDYD�SODWRD�L]RVWDOD��'D�XOWUD]YXN�XWLaH�QD�'(6�L�QMHJRY�ND�
SDFLWHW��SRND]DQR�MH�X�X�UDGRYLPD�.RED\DVKL�CMD�L�VDUDGQLND�PHWRGRP
IDUDGHMVNH�LPSHGDQVH��LDNR�QLMH�XWYU_HQ�PHKDQL]DP�RYRJ�GHMVWYD�

���=ERJ�GHMVWYD�XOWUD]YXND�QD�KLGUDWDFLRQL�RPRWDa�MRQD��8OWUD]YXN�
YHURYDWQR��XWLaH�WDNR�^WR�UD]DUD�KLGUDWDFLRQL�RPRWDa�MRQD�^WR�MRQX
RPRJX`DYD�GD�ODN^H��EUCH�L�EOLCH�SUL_H�HOHNWURGQRM�SRYU^LQL��.RED\DVKL�HW
DO��������.RED\DVKL�HW�DO���������3RYH`DQMH�QDSRQD�L�X�RYRP�VOXaDMX�LV�
WRYHWQR�XWLaH�QD�NULYX�MHU��SUL�GRYROMQR�YLVRNLP�QDSRQLPD��HQWDOSLMD
KLGUDWDFLMH�+��MRQD�SUHVWDMH�GD�EXGH�RJUDQLaDYDMX`L�IDNWRU�EU]LQH�UHDNFLMH�
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���=ERJ�XNODQMDQMD�SDVLYL]LUDMX`HJ�VORMD�VD�SRYU^LQH�HOHNWURGH��8
VYHWOX�RYH�SUHWSRVWDYNH��D�QD�RVQRYX�GRELMHQLK�,�(�NULYLK�PRCH�VH�]DN�
OMXaLWL�GD�MH�XOWUD]YXN�]QDaDMDQ�SUL�PDOLP�QDSRQLPD��GRN�SUL�YHOLNLP�GROD]L
GR�SURERMD�SDVLYL]LUDMX`HJ�VORMD��VOLaQR�SURELMDQMX�NRQGHQ]DWRUD��3ULPHU
SDVLYL]DFLMH�YROIUDPRYH�HOHNWURGH�GDW�MH�UHDNFLMRP�

2W + 3O2 → 2WO3

2YD�SUHWSRVWDYND��V�GUXJH�VWUDQH��QH�REMD^QMDYD�SRMDYX�SODWRD�QD
JUDILWQRM�HOHNWURGL��VOLND����NRMD�VH�QH�SDVLYL]LUD��GRN�VH�SRVWDYOMD�SLWDQMH
L]RVWDQND�SODWRD�QD�$O�HOHNWURGL�NRMD�VH�SDVLYL]LUD��8NROLNR�VH�RYD�SUHW�
SRVWDYND�LVSRVWDYL�NDR�WDaQD��SODWR�QD�JUDILWQRM�HOHNWURGL�EL�VH�PRJDR�RE�
MDVQLWL�SULVXVWYRP�RGUH_HQLK�SULPHVD�X�PDWHULMDOX�HOHNWURGH��2GVXVWYR
SODWRD�QD�$O�HOHNWURGL�EL�VH�PRJOR�REMDVQLWL�XNROLNR�VH�SUHWSRVWDYL�GD�MH
RNVLGQL�VORM�QD�SRYU^LQL�DOXPLQLMXPD�L]UD]LWR�NRPSDNWDQ�]ERJ�aHJD�JD�XO�
WUD]YXN�QH�EL�PRJDR�UD]RULWL�

,SDN��NDR�QDMYHURYDWQLML�UD]ORJ�SRMDYH�SODWRD�QD�,�(�NULYDPD�aLQL�VH
VORCHQR�PH_XGHMVWYR�VYD�WUL�SUHGORCHQD�X]URND�

3RQD^DQMH�JYR]GHQH�HOHNWURGH�MH�SRVHEQR�]DQLPOMLYR��V�RE]LURP�QD�WR
GD�VH�SODWR�MDYOMD�VDPR�SUL�QDMYH`RM�NRQFHQWUDFLML�+&O�NRUL^`HQH�X�HNVSHUL�
PHQWX�

�6�RE]LURP�QD�WR�GD�JYRC_H�UHDJXMH�VD�QHRNVLGXMX`LP�NLVHOLQDPD��X
RYRP�VOXaDMX�VD�+&O��RNVLGXMX`L�VH�GR�)H���

Fe(s) + 2H+ → Fe2+
(aq) + H2(g)

GROD]L�GR�QMHJRYRJ�SDVLYL]LUDQMD�]ERJ�QDVWDQND�KLGUDWLVDQRJ�JYRC_H�,,��
KORULGD��)LOLSRYL`��/LSDQRYL`��������3UL�QDMYH`RM�NRQFHQWUDFLML�NLVHOLQH
�NDGD�QDVWDMH�QDMYH`D�NROLaLQD�SDVLYL]LUDMX`HJ�PDWHULMDOD��MDYOMD�VH�SODWR�QD
NULYRM�]DEHOHCHQRM�X�HNVSHULPHQWX�VD�XOWUD]YXNRP��2YD�NULYD�VH�SUL�YH`LP
QDSRQLPD�SULEOLCDYD�NULYRM�NRMD�MH�]DEHOHCHQD�EH]�GHMVWYD�XOWUD]YXND�MHU
WDGD��SR�SUHWSRVWDYFL��GROD]L�GR�SURERMD�SDVLYL]LUDMX`HJ�VORMD�

1D_HQR�MH�GD�VH�X�RGUH_HQLP�VOXaDMHYLPD��NRG�YROIUDPD�L�RORYD�QD
VYLP�L�JYRC_D�L�XJOMHQLND�SUL�YH`LP�NRQFHQWUDFLMDPD�NLVHOLQH��]D�LVWH�YUHG�
QRVWL�QDSRQD�L]PH_X�UDGQH�L�SRPR`QH�HOHNWURGH��GRELMDMX�YH`H�VWUXMH�HOHN�
WUROL]H��VOLND����X�RGQRVX�QD�LVWH�X�WLKLP�XVORYLPD��2YD�aLQMHQLFD�XND]XMH
QD�PRJX`QRVWL�X^WHGH�HQHUJLMH�SUL�LQGXVWULMVNRP�GRELMDQMX�YRGRQLND��DOL�MH
X�YH]L�VD�RYLP�DVSHNWRP�SULPHQH�XOWUD]YXND�SRWUHEQR�VSURYHVWL�GHWDOMQLMD
LVWUDCLYDQMD�
3RPHUDQMH�UDYQRWHCQRJ�SRWHQFLMDOD�UDGQH�HOHNWURGH

1D�GRELMHQLP�NULYDPD�XRaHQR�MH�SRPHUDQMH�UDYQRWHCQRJ�SRWHQFLMDOD
UDGQH�HOHNWURGH�X�RGQRVX�QD�LVWL�X�WLKLP�XVORYLPD��NRMH�MH�L]UDaXQDWR�SR
IRUPXOL��∆�(U� ��(U�XOWUD]�¬��(U�WLKR��JGH�MH�∆�(U�SURPHQD�UDYQRWHCQRJ�SRWHQ�
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FLMDOD���(U�XOWUD]�UDYQRWHCQL�SRWHQFLMDO�UDGQH�HOHNWURGH�SRG�GHMVWYRP�XOWUD]�
YXND�L��(U�WLKR�UDYQRWHCQL�SRWHQFLMDO�UDGQH�HOHNWURGH�EH]�GHMVWYD�XOWUD]YXND�
5H]XOWDWL�VX�GDWL�X�WDEHOL���

7DEHOD����3URPHQH�UDYQRWHCQRJ�SRWHQFLMDOD��∆�(U��UDGQH�HOHNWURGH�XRGQRVX�QD�UDYQRWHCQL�SRWHQFLMDO�X�WLKLP�XVORYLPD�[P9]

NRQFHQWUDFLMD+&O�[PRO�/]
UDGQH�HOHNWURGH
$O 3E &X )H : JUDILW

����� ¬��� ¬�� ¬��� ¬� ¬��� ¬���
����� ¬��� ¬��� ¬��� ¬��� ¬��� ¬��
���� ¬�� ¬��� ¬��� ¬��� ¬�� ¬��
*UH^ND�PHUHQMD�L]QRVLOD�MH������P9

3RMDYX�SURPHQH�UDYQRWHCQRJ�SRWHQFLMDOD��∆�(U� �¬���P9��XRaLR�MH�L
.RED\DVKL�VD�VDUDGQLFLPD��������QD�EDNDUQRM�HOHNWURGL�SUL�aHPX�MH�HOHN�
WUROLW�ELR�����PRO/¬��&X62��������PRO/¬��+�62���6OLaQR�SRQD^DQMH�LVSL�
WLYDQLK�HOHNWURGD�XND]XMH�GD�EL�RYR�PRJOD�ELWL�RS^WD�VRQR�HOHNWURKHPLMVND
SRMDYD��.DNR�MH�UDYQRWHCQL�SRWHQFLMDO�HOHNWURGH�PRJX`H�GRYHVWL�X�YH]X�VD
NRQVWDQWDPD�EU]LQH�NDWRGQRJ�L�DQRGQRJ�SURFHVD��>X^L`��������GD�VH�SUHW�
SRVWDYLWL�GD�EL�XOWUD]YXN�PRJDR�GD�PHQMD�UDYQRWHCQL�SRWHQFLMDO�DNR�XWLaH
QD�EU]LQX�HOHPHQWDUQRJ�DNWD�SUHQRVD�QDHOHNWULVDQMD�L�LOL�GUXJH�SURFHVH�NRML
PX�SUHWKRGH�LOL�JD�VOHGH�

=DNOMXaDN
2YR�LVWUDCLYDQMH�SUHOLPLQDUQRJ�NDUDNWHUD�MH�SRND]DOR�GD�XSRWUHED�XO�

WUD]YXND�SUL�HOHNWURKHPLMVNRP�L]GYDMDQMX�YRGRQLND�LPD�UD]OLaLWH�SRVOHGLFH�
L]D]LYD�SURPHQH�X�SRODUL]DFLML�HOHNWURGH�X�RGQRVX�QD�WLKH�XVORYH��PHQMD
WRN�,�(�NULYLK�GRYRGH`L�GR�SRMDYH�SODWRD�SUL�RGUH_HQLP�XVORYLPD��YRGL�ND
YH`LP�VWUXMDPD�HOHNWUROL]H�L�PHQMD�UDYQRWHCQH�SRWHQFLMDOH�UDGQH�HOHNWURGH�
6YH�XRaHQH�SURPHQH�]DYLVH�RG�WLSD�HOHNWURGH�L�VDVWDYD�LVSLWLYDQRJ�VLVWHPD�
DOL�VWURJH�SUDYLOQRVWL�QLVX�XRaHQH��0RCH�VH�]DNOMXaLWL�GD�VX�UD]OLNH�PH_X
UH]XOWDWLPD�GRELMHQLP�SUL�PHUHQMX�VD�UD]OLaLWLP�HOHNWURGDPD�QDVWDOH�NDR
SRVOHGLFD�UD]OLNH�X�QMLKRYRM�UHDNWLYQRVWL�DOL�MH�]ERJ�VORCHQRVWL�RYLK�VLVWHPD
L�MR^�XYHN�QHGRYROMQR�UD]YLMHQH�RS^WH�WHRULMH�GHORYDQMD�XOWUD]YXND�X�KHPLM�
VNLP�VLVWHPLPD�GXEOMD�DQDOL]D�L]X]HWQR�WH^ND�

=DKYDOQRVW��=DKYDOMXMHPR�VH�GU�'UDJDQX�0DQRMORYL`X�VD�+HPLMVNRJ
IDNXOWHWD�X�%HRJUDGX�QD�NRULVQLP�VDYHWLPD�L�VXJHVWLMDPD�
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/LWHUDWXUD
%RFNULV�-��2±0���%RQFLRFDW�1���*XWPDQQ�)��������$Q�,QWURGXFWLRQ�WR(OHFWURFKHPLFDO�6FLHQFH��/RQGRQ��:\NHKDP�3XEOLFDWLRQV�/7'
%RFNULV�-��2±0���.KDQ�6��8��������6XUIDFH�(OHFWURFKHPLVWU\��1HZ�<RUN�3OHQXP�3UHVV
%DOO�-�&���&RPSWRQ�5��*��������(OHFWURFKHPLVWU\����������
)LOLSRYL`�,���/LSDQRYL`�6��������2S`D�L�DQRUJDQVND�KHPLMD��=DJUHE��>NRO�VND�NQMLJD
+ROW�.��%���&DPSR�-��'���)RRUG�-��6���&RPSWRQ�5��*��������-��(OH�FURDQDO��&KHP�����������
,RUGDFKH�,���1HFKLWD�0��7���5RVFD�,���$HOHQHL�1��������7XUNLVK��-��(QJ�(QY��6FL����������
.RED\DVKL�.���&KLED�$���0LQDPL�1��������8OWUDVRQLFV����������
.RED\DVKL�.���&KLED�$���7VX]XNL�.���DQG�2NDGD�+��������7KH�HIIHFWV�RIXOWUDVRXQG�RQ�FDWKRGLF�DQG�DQRGLF�HOHFWURGH�UHDFWLRQV�LQ�DFLG�FRSSHUV\VWHPV��:&8������3URFHHGLQJV��3DULV��VHSWHPEHU�������������'RV�WXSQR�QD��ZZZ�VID�DVVR�IU�ZFX�����SURFV�ZHEVLWH�DUWLFOHV��������SGI
.RED\DVKL�.���&KLED�$���7VX]XNL�.��DQG�0LQDPL�1��������7KH�(IIHFWVRI�XOWUDVRXQG�RQ�IDUDGDLF�SURFHVVHV�DQG�WKH�LQWHUIDFHV�RI�PHWDO�HOHF�WURO\WH�LQ�FRSSHU�HOHFWURGHSRVLWLRQ�V\VWHPV��,Q�3URFHHGLQJV�RI�WKH��WK�,QWHUQDWLRQDO�&RQJUHVV�RQ�$FRXVWLFV��5RPH��SS����������
0DUNHQ�)���&RPSWRQ�5��*���������(OHFWURFKLPLFD�$FWD�����������
0HQWXV�6��������(OHNWURKHPLMD��%HRJUDG��)DNXOWHW�]D�IL]LaNX�KHPLMX�
6XVOLFN�6��.��������7KH�&KHPLFDO�(IIHFWV�RI�8OWUDVRXQG��6FLHQWLILF�$PHUL�FDQ�������������
>X^L`�0��������(OHNWURKHPLMD��%HRJUDG��1DXaQD�NQMLJD

0LOR^�%DOMR]RYL`�DQG�$OHNVDQGUD�'XPL`
,QIOXHQFH�RI�WKH�8OWUDVRXQG�RQ�(OHFWURFKHPLFDO�3URGXFLQJ�RI
+\GURJHQ�RQ�'LIIHUHQW�(OHFWURGHV

7KH�DLP�RI�WKLV�SURMHFW�ZDV�WR�LQYHVWLJDWH�WKH�LQIOXHQFH�RI�WKH�XOWUD�
VRXQG�RQ�HOHFWURFKHPLFDO�SURKLELWLRQ�RI�K\GURJHQ�RQ�GLIIHUHQW�HOHFWURGHV�
7KH�XOWUDVRXQG�XVHG�LQ�FKHPLVWU\�KDV�WKH�IUHTXHQF\�EHWZHHQ����DQG����
N+]��%HFDXVH�RI�WKH�KLJK�ZDYHOHQJWK��LW�GRHV�QRW�HIIHFW�PROHFXOHV�GLUHFWO\�
EXW�FDXVHV�FDYLWDWLRQ��&DYLWLHV�H[SDQG�DQG�LPSORGH�FDXVLQJ�D�VKDUS�VKRFN
ZDYH�ZLWK�H[WUHPH�ORFDO�YDOXHV�RI�WHPSHUDWXUH��DERXW������.�RI�JDV�LQ�
VLGH�WKH�FDYLW\��DQG������.�RI�OLTXLG�DURXQG�WKH�FDYLW\��DQG�SUHVVXUH��VHY�
HUDO�KXQGUHGV�RI�DWPRVSKHUHV���7KH�XOWUDVRXQG�UHPRYHV�OD\HUV�ZKLFK�FRYHU
VXUIDFHV�RI�GLIIHUHQW�PDWHULDOV�JLYLQJ�D�ELJJHU�UHDFWLYH�VXUIDFH��$OVR��LW�LV
ZHOO�NQRZQ�WKDW�DSSO\LQJ�WKH�XOWUDVRXQG�LQ�HOHFWURFKHPLFDO�V\VWHPV�DIIHFWV
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SURFHVVHV�LQVLGH�WKH�V\VWHP��PRYHPHQW�RI�VSHFLHV��PDVV�WUDQVSRUW��+ROW�HW
DO���������DOWHUDWLRQ�RI�FRQFHQWUDWLRQ�JUDGLHQWV��FRQWLQXRXV�DFWLYDWLRQ�RI�WKH
HOHFWURGH�VXUIDFH��FOHDQLQJ�DQG�DEUDGLQJ�HIIHFWV�XSRQ�DQ�HOHFWURGH�VXUIDFH
DQG�SURGXFWV�GHVRUSWLRQ��VRQRFKHPLFDO�IRUPDWLRQ�RI�VSHFLHV�WKDW�UHDFW�HOHF�
WURFKHPLFDOO\��,RUGDFKH�HW�DO���������,W�ZDV�DOVR�IRXQG�WKDW�LW�DIIHFWV�WKH
UDWH�RI�WKH�HOHPHQWDU\�VWHS�RI�FKDUJH�WUDQVIHU�WKURXJK�WKH�HOHFWURGH�VXUIDFH
LQ�FHUWDLQ�V\VWHPV��.RED\DVKL�HW�DO��������

7KH�V\VWHP�ZDV�IRUPHG�DV�VKRZQ�LQ�)LJXUH����$V�D�UHIHUHQW�HOHFWURGH�
ZH�XVHG�D�VDWXUDWHG�FDORPHO�HOHFWURGH�DQG�DV�DQ�DX[LOLDU\�HOHFWURGH��D
SODWLQXP�ZLUH�LV�XVHG��:H�ZRUNHG�ZLWK�WKUHH�FRQFHQWUDWLRQV�RI�K\GURFKOR�
ULF�DFLG�������0�������0�DQG�����0��$V�D�ZRUNLQJ�HOHFWURGH�ZH�XVHG�VL[
GLIIHUHQW�PDWHULDOV��$O��3W��)H��&X��:�DQG�JUDSKLWH��(OHFWURO\VLV�ZHUH�UH�
SHDWHG�IRU�HYHU\�ZRUNLQJ�HOHFWURGH�DQG�HDFK�FRQFHQWUDWLRQ�RI�DFLG�WZR
WLPHV�¬�ZLWK�DQG�ZLWKRXW�WKH�XOWUDVRXQG��%HWZHHQ�HOHFWURO\VLV��HOHFWURGHV
ZHUH�FOHDQHG��ZKLOH�WKH�JHRPHWU\�RI�WKH�H[SHULPHQW�ZDV�KHOG�FRQVWDQW��:H
KDYH�PHDVXUHG�WKH�FXUUHQW�GHQVLW\��SRWHQWLDO�GLIIHUHQFH�EHWZHHQ�ZRUNLQJ
DQG�UHIHUHQW�HOHFWURGH��DQG�EHWZHHQ�WKH�ZRUNLQJ�DQG�DX[LOLDU\�HOHFWURGH�
7KH�UHVXOWV�ZHUH�XVHG�WR�GUDZ�,�(�FXUYHV�

7KH�LQIOXHQFH�RI�WKH�XOWUDVRXQG�ZDV�GHWHFWHG�RQ�,�(�FXUYHV�E\�PDQ\
HIIHFWV��PRYLQJ�RI�MXPS�RI�FXUYH�V��VKRZLQJ�GHSHQGHQFH�RI�FXUUHQW�GHQ�
VLW\�RQ�RYHUSRWHQWLDO��DSSHDULQJ�RI�SODWHDXV�RQ�FXUYHV�VKRZLQJ�GHSHQGHQFH
RI�FXUUHQW�GHQVLW\�RQ�WKH�SRWHQWLDO�EHWZHHQ�ZRUNLQJ�DQG�DX[LOLDU\�HOHF�
WURGHV��PRYLQJ�RI�FXUYH�VKRZLQJ�GHSHQGHQFH�RI�FXUUHQW�GHQVLW\�RQ�SRWHQ�
WLDO�EHWZHHQ�ZRUNLQJ�DQG�DX[LOLDU\�HOHFWURGH�DERYH�WKH�VDPH�FXUYH�LQ
VLOHQW�FRQGLWLRQV�DQG�FKDQJHV�RI�HTXLOLEULXP�SRWHQWLDO�RI�HOHFWURGH�WR�ORZHU
FXUUHQF\�

0RYLQJ�RI�MXPS�RI�FXUYH�V��VKRZLQJ�GHSHQGHQFH�RI�FXUUHQW�GHQVLW\
RQ�RYHUSRWHQWLDO��)LJXUH�����2Q�DOPRVW�DOO�FXUYHV��WKH�MXPS�PRYHG�WRWKH
ULJKW��,QWHQVLW\�RI�PRYHPHQW�LV�GHFUHDVLQJ�LQ�WKH�IROORZLQJ�RUGHU��&X��)H�
3E��$O��:��JUDSKLWH�

$SSHDULQJ�RI�SODWHDX�RQ�FXUYHV�VKRZLQJ�GHSHQGHQFH�RI�FXUUHQW
GHQVLW\�RQ�SRWHQWLDO�EHWZHHQ�ZRUNLQJ�DQG�DX[LOLDU\�HOHFWURGH��)LJXUH����
$SSHDUDQFH�RI�WKH�SODWHDX�LV�VWLOO�QRW�H[SODLQHG���2XU��$VVXPSWLRQ�LV�WKDW
WKH�SODWHDX�DSSHDUV�EHFDXVH�RI�WKH�HIIHFW�RI�WKH�XOWUDVRXQG�RQ�WKH�HOHFWULFDO
GRXEOH�OD\HU��('/���EHFDXVH�RI�WKH�HIIHFW�RI�WKH�XOWUDVRXQG�RQ�WKH�K\GUDWD�
WLRQ�OD\HU��EHFDXVH�RI�WKH�HOHFWURGH�SDVLYLVDWLRQ��RU�EHFDXVH�RI�D�FRPSOH[
FRPELQDWLRQ�RI�DOO�WKUHH�HIHFWV�

0RYLQJ�RI�FXUYH�VKRZLQJ�GHSHQGHQFH�RI�FXUUHQW�GHQVLW\�RQ�SRWHQ�
WLDO�EHWZHHQ�ZRUNLQJ�DQG�DX[LOLDU\�HOHFWURGHV�DERYH�WKH�VDPH�FXUYH�LQ
VLOHQW�FRQGLWLRQV��'XULQJ�WKH�ZRUN�RQ�:�DQG�3E�HOHFWURGHV��RQ�DOO�DFLG
FRQFHQWUDWLRQV���DQG�RQ�)H�DQG�JUDSKLWH�HOHFWURGHV�RQO\�RQ�WZR�KLJKHU�DFLG
FRQFHQWUDWLRQV��ZH�JRW�D�KLJKHU�FXUUHQW�GHQVLW\�IRU�WKH�VDPH�SRWHQWLDO�EH�
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WZHHQ�ZRUNLQJ�DQG�DX[LOLDU\�HOHFWURGHV��7KLV�GDWD�KDV�JUHDW�WHFKQRORJLFDO
LPSRUWDQFH�EHFDXVH�LW�FDQ�SURYLGH�VSHQGLQJ�OHVV�HQHUJ\�IRU�K\GURJHQ�SUR�
GXFWLRQ�

0RYLQJ�RI�HTXLOLEULXP�SRWHQWLDO�RI�HOHFWURGH�WR�ORZHU�FXUUHQF\��2Q
WKH�FXUYHV�ZH�QRWLFHG�D�PRYLQJ�RI�HTXLOLEULXP�SRWHQWLDO�RI�HOHFWURGHV�WR
D�ORZHU�FXUUHQF\��.RED\DVKL��DQG�DVVLVWDQWV��DOVR�QRWLFHG�WKLV���������,W
VKRZV�WKDW�WKLV�FRXOG�EH�D�JHQHUDO�VRQRHOHFWURFKHPLFDO�DSSHDUDQFH�

7KH�ILQDO�FRQFOXVLRQ�LV�WKDW�WKH�GLIIHUHQFHV�EHWZHHQ�WKH�UHVXOWV�ZKHQ
XVLQJ�GLIIHUHQW�HOHFWURGH�PDWHULDOV�DSSHDU�DV�D�FRQVHTXHQFH�RI�WKHLU�UHDF�
WLYLW\��%HFDXVH�RI�WKH�FRPSOH[LW\�RI�WKH�VWXGLHG�V\VWHPV�DQG�DQ�LQVXIIL�
FLHQWO\�GHYHORSHG�WKHRU\�RI�XOWUDVRXQG�HIIHFWV��LW�LV�QRW�SRVVLEOH�WR�SHUIRUP
DQ�LQ�GHSWK�DQDO\VLV�
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