
 Procedia Chemistry   21  ( 2016 )  509 – 516 

1876-6196 © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the organizing committee of ATALANTE 2016

doi: 10.1016/j.proche.2016.10.071 

Available online at www.sciencedirect.com

ScienceDirect

�WK�,QWHUQDWLRQDO�$7$/$17(�&RQIHUHQFH�RQ�1XFOHDU�&KHPLVWU\�IRU�6XVWDLQDEOH�)XHO�&\FOHV�

6LPXODWLRQ�RI�89�YLV�VSHFWUD�RI�&\0H�%7%3�DQG�VRPH�RI�LWV�
GHJUDGDWLRQ�SURGXFWV�

7RPiã�.RXEVNêD
��+ROJHU�6FKPLGWE��*LXVHSSH�0RGRORE��/DGLVODY�.DOYRGDD�
aCzech Technical Universtiy in Prague, Department of Solid State Engineering, Trojanova 13, Prague 12000, Czech Republic 

bForschungszentrum J lich GmbH, Institut f r Energie-  und Klimaforschung Nukleare Entsorgung und Reaktorsicherheit  (IEK 6), J lich,

Germany. 

:HW�H[WUDFWLRQ�DQG�VHOHFWLYH�VHSDUDWLRQ�PHWKRGV�RI�DFWLQLGH�HOHPHQWV�IURP�KLJKO\�DFWLYH�VSHQW�QXFOHDU�IXHO�FRQVWLWXWHV�D�NH\�VWHS�
LQ� WKH� FXUUHQW� ZDVWH� UHSURFHVVLQJ� WHFKQRORJLHV�� 7KH� TXDGULGHQWDWH� ���µ�ELV�������WULD]LQ���\O�����µ�ELS\ULGLQH� OLJDQGV� �%7%3V��
IRUP� D� YHU\� SURPLVLQJ� JURXS� RI� H[WUDFWLRQ� DJHQWV� LQYHVWLJDWHG� DW� UHFHQW�� 5DGLDWLRQ� GHFD\� SURFHVV� RI� RQH� RI� WKH� %7%3V�
UHSUHVHQWDWLYHV��&\0H�%7%3��LV�LQGLUHFWO\�DQDO\]HG�E\�VLPXODWLQJ�WKH�89�9LVLEOH�DEVRUSWLRQ�VSHFWUD�RI�WKH�RULJLQDO�FRPSRXQG�
DQG�RQH�SURSRVHG�SRVVLEOH�&\0H�%7%3�DQG���RFWDQRO�DGGXFW�DQG�FRPSDULQJ�WKH�REWDLQHG�FRXUVHV�ZLWK�H[SHULPHQWDOO\�REVHUYHG�
GDWD��$E�LQLWLR�7'')7� DSSURDFK� XVLQJ� ������*�G�S�� EDVLV� VHW� DQG�Z%��;��&$0�%�/<3�� /&�Z3%(� IXQFWLRQDOV� LV� DSSOLHG��
3DUWLDO�DJUHHPHQW�RI�WKH�VLPXODWHG�DQG�H[SHULPHQWDO�GDWD�LV�IRXQG�DQG�GLVFXVVHG��
�
�������7KH�$XWKRUV��3XEOLVKHG�E\�(OVHYLHU�%�9��
3HHU�UHYLHZ�XQGHU�UHVSRQVLELOLW\�RI�WKH�RUJDQL]LQJ�FRPPLWWHH�RI�$7$/$17(�������

Keywords:�&\0H��%7%3��DE�LQLWLR�')7��7'')7��89�9LV�VSHFWUD��JDPPD�LUUDGLDWLRQ�

'XULQJ� VHYHUDO� SDVW� GHFDGHV�� PXFK� HIIRUW� KDV� EHHQ� VSHQW� RQ� GHYHORSPHQW� RI� ZHW� H[WUDFWLRQ� DQG� VHOHFWLYH�
VHSDUDWLRQ�PHWKRGV�RI�DFWLQLGH�HOHPHQWV�IURP�KLJKO\�DFWLYH�VSHQW�QXFOHDU�IXHO��7KH�ODWWHU�FRQVWLWXWH�D�NH\�VWHS�LQ�WKH�
FXUUHQW�ZDVWH�UHSURFHVVLQJ�WHFKQRORJLHV����

�

�

�&RUUHVSRQGLQJ�DXWKRU��7HO���������������������ID[�������������������

E-mail address:�WRPDV�NRXEVN\#IMIL�FYXW�F]�

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the organizing committee of ATALANTE 2016



510   Tomáš Koubský  et al.  /  Procedia Chemistry   21  ( 2016 )  509 – 516 

2QH�VWUDWHJ\�IRU�UHGXFLQJ�WKH�UDGLRWR[LFLW\�RI�WKH�UHPDLQLQJ�ZDVWH�LQYROYHV�SDUWLWLRQLQJ�DQG�WUDQVPXWDWLRQ�RI�WKH�
ORQJ�OLYHG�PLQRU�DFWLQLGHV�LQWR�VKRUWHU�OLYHG�RU�VWDEOH�HOHPHQWV�E\�QHXWURQ�ILVVLRQ��+RZHYHU��LW�LV��DW�ILUVW��QHFHVVDU\�
WR�VHSDUDWH�WKH�DFWLQLGHV�IURP�WKH�ODQWKDQLGHV�DQG�RWKHU�ILVVLRQ�SURGXFWV�GXH�WR�WKH�KLJK�FURVV�VHFWLRQV�RI�ODQWKDQLGHV�
IRU�QHXWURQ�FDSWXUH��7KHUHIRUH�� VHSDUDWLRQ�RI� WKH� UDGLRDFWLYH�PLQRU�DFWLQLGHV� IURP� WKH� ODQWKDQLGHV� LWVHOI� UHSUHVHQWV�
RQH�RI�WKH�PDLQ�FKDOOHQJHV�RI�WRGD\¶V�QXFOHDU�ZDVWH�UHSURFHVVLQJ���
,W�KDV�EHHQ�VKRZQ� WKDW� OLJDQGV�ZLWK� VRIW�1�GRQRU�DWRPV�FDQ�GLVWLQJXLVK�EHWZHHQ� WKH�DFWLQLGHV�DQG� ODQWKDQLGHV��

$PRQJ�RWKHUV��WKH�1�KHWHURF\FOLF�OLJDQG�FODVV�KDYH�HPHUJHG�DV�D�SDUWLFXODUO\�SURPLVLQJ�RQH��WKH�TXDGULGHQWDWH����µ�
ELV�������WULD]LQ���\O�����µ�ELS\ULGLQH� OLJDQGV� �%7%3V��ZLWK� LWV� UHSUHVHQWDWLYH�&\0H�%7%3� �)LJXUH����� ,Q�JHQHUDO��
WKH� %7%3� OLJDQGV� FDQ� EH� FRQVLGHUHG� DV� FXUUHQWO\� WKH� PRVW� VXLWDEOH� OLJDQGV� IRU� WKH� KHUHLQ� PHQWLRQHG� VHSDUDWLRQ�
WDVNV�����

�

)LJXUH����&KHPLFDO�IRUPXOD�RI�&\0H�%7%3

7R�HYDOXDWH�WKH�DSSOLFDELOLW\�RI�H[WUDFWDQWV�IRU�SURFHVV�GHYHORSPHQW��LW�LV�QHFHVVDU\�WR�GHPRQVWUDWH�QRW�RQO\�WKHLU�
JRRG� H[WUDFWLRQ� DQG� VHOHFWLYH� SURSHUWLHV�� EXW� DOVR� WKHLU� UHVLVWDQFH� DJDLQVW� GHJUDGDWLRQ� FDXVHG� E\� FRQWDFW� RI� WKH�
H[WUDFWLQJ�SKDVH�ZLWK�KLJKO\�UDGLRDFWLYH�VROXWLRQV�DQG�KLJKO\�FRQFHQWUDWHG�QLWULF�DFLG��'HWDLOHG�LQYHVWLJDWLRQ�RI�WKH�
GHJUDGDWLRQ�PHFKDQLVPV� RI� &\0H�%7%3� DQG� LGHQWLILFDWLRQ� RI� LWV� GHJUDGDWLRQ� SURGXFWV� LV� WKXV� YHU\� GHVLUDEOH� LQ�
UHODWLRQ�WR�WKH�IXUWKHU�H[WUDFWLRQ�SURFHVV�GHYHORSPHQW���
,Q� WKLV� SDSHU�� ZH� SUHVHQW� UHVXOWV� RI� TXDQWXP� PHFKDQLFDO� VLPXODWLRQV� RI� RQH� W\SH� RI� WKH� H[SHFWHG� PDMRU�

GHJUDGDWLRQ�SURGXFWV��7KH�VWUXFWXUH�JXHVV�ZDV�PDGH�DFFRUGLQJ�WR�PHDVXUHG�PDVV�VSHFWUD�RI�&\0H�%7%3���RFWDQRO�
VROXWLRQ� EHIRUH� DQG� DIWHU� LUUDGLDWLRQ�� 7RJHWKHU� ZLWK� WKDW�� ZH� SUHVHQW� HYROXWLRQ� RI� 89�9LVLEOH� DEVRUSWLRQ� VSHFWUD�
PHDVXUHG�RQ� WKH� VDPH� H[SHULPHQWDO� V\VWHP�DQG� FRPSDUH� WKHP�ZLWK� WKH� VLPXODWHG� VSHFWUD� FDOFXODWHG�ERWK� IRU� WKH�
SXUH�&\0H�%7%3�DQG�WKH�VHOHFWHG�GHJUDGDWLRQ�SURGXFW�E\�VHYHUDO�TXDQWXP�PHFKDQLFDO�VLPXODWLRQ�PHWKRGV���

)RU�WKH�JHRPHWULFDO�RSWLPL]DWLRQV��WKH�'HQVLW\�)XQFWLRQDO�7KHRU\��')7��PHWKRG�ZDV�XVHG�DV�LPSOHPHQWHG�LQ�WKH�
*DXVVLDQ����FRGH��ZLWK� WKH�K\EULG�H[FKDQJH�FRUUHODWLRQ� IXQFWLRQDO�%�/<3�������� DQG� WKH�����*�G�S��EDVLV�VHW��7KH�
3&0�FDYLW\�DSSUR[LPDWLRQ�RI�VROYHQW�LV�XVHG�ZLWK���RFWDQRO���)RU�WKH�VLPXODWLRQ�RI�89�9LVLEOH�DEVRUSWLRQ�VSHFWUD��
WKH�WLPH�GHSHQGHQW�')7��7'')7��PHWKRG�ZDV�XVHG�WRJHWKHU�ZLWK�WKH�������*�G�S��EDVLV�DQG�WKUHH�GLIIHUHQW�ORQJ�
UDQJH�FRUUHFWHG�H[FKDQJH�DQG�FRUUHODWLRQ�IXQFWLRQDOV��Z%��;����&$0�%�/<3����DQG�/&�Z3%(����������7KHVH�WKUHH�
GLIIHUHQW�PHWKRGV�ZHUH�XVHG� LQ�RUGHU� WR�HYDOXDWH� WKH� OHYHO�RI� WKH�SRVVLEOH�GHSHQGHQFH�RI� WKH�FDOFXODWHG�HOHFWURQLF�
H[FLWDWLRQV� RQ� WKH� DSSOLHG� DE�LQLWLR� WKHRU\� OHYHO��&RPSDULVRQ�RI� WKH� UHVXOWV� REWDLQHG�E\� WKH� WKUHH� VHOHFWHG�ZLGHO\�
XVHG�PHWKRGV�SURYLGHV�DQ�HVWLPDWH�RI�VXFK�GHSHQGHQFH��7KH� UHOD[DWLRQ� OHYHO�RI� WUDQVLWLRQ�VWDWH�ZDV�FRQILUPHG�E\�
VXEVHTXHQW�YLEUDWLRQDO�DQDO\VLV���

3.1. CyMe4BTBP molecular structure 

$V�DOUHDG\�VKRZQ�� WKH� IUHH�%7%3�W\SH� OLJDQGV�DUH�H[SHFWHG� WR�DGRSW� WKH� µWUDQV¶�FRQIRUPDWLRQ� �WKH�PROHFXOH� LV�
FORVH� WR� &�K� V\PPHWU\�� WUDQV�&\0H�%7%3� LQ� )LJXUH� ���� ZKHUH� WKH� FHQWUDO� ERQG� EHWZHHQ� WZR� S\ULGLQH� ULQJV�
FRPSULVHV� WKH� FHQWHU� RI� V\PPHWU\�� WKH� µFLV¶� FRQIRUPDWLRQ� �&�Y� SRLQW� JURXS�� LV� OHVV� HQHUJHWLFDOO\� IDYRUHG������ 7KH�
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UHVXOWV� FDOFXODWHG� IRU� &\0H�%7%3� FRQILUPHG� VXFK� H[SHFWDWLRQ�� WKH� µFLV¶� FRQIRUPDWLRQ� LV� ���� NFDO�PRO� KLJKHU� LQ�
HQHUJ\�WKDQ�WKH�µWUDQV¶�FRQIRUPDWLRQ�SRVVHVVLQJ�WKH�DFWLYDWLRQ�HQHUJ\�����NFDO�PRO��$FFRUGLQJO\��ZH�IXUWKHU�DVVXPH�
WKDW�PDMRULW\� RI�&\0H�%7%3�PROHFXOHV� LQ� WKH� VROXWLRQ� DGRSW� WKH� µWUDQV¶� FRQIRUPDWLRQ��7KH� IXUWKHU� LQYHVWLJDWLRQ�
VKRZV� WKDW� DOVR� WKH� WRUVLRQ� DQJOH� RI� WKH� WULD]LQH�S\ULGLQH� ERQGV� SOD\V� D� UROH� LQ� WKH� WRWDO� HQHUJ\� RI� WKH�PROHFXOH��
7XUQLQJ�RI�VXFK�ERQG�E\�����GHJUHHV�ZLWK�UHVSHFW�WR�WKH�FRPSOH[LQJ�FRQIRUPDWLRQ��ERQG�/��WUDQV�&\0H�%7%3�/�LQ�
)LJXUH����FDXVHV�WKH�GURS�LQ�HQHUJ\�RI�DERXW�����NFDO�PRO��&KDQJLQJ�WKH�WRUVLRQ�DQJOH�RI�WKH�VHFRQG�WULD]LQH�S\ULGLQH�
ERQG�KDV�WKH�VDPH�HIIHFW��VHH�7DEOH����

���� ���� �

)LJ�����&KHPLFDO�FRQIRUPDWLRQV�RI�&\0H��%7%3��,Q�WKH�WUDQV�&\0H�%7%3�/5�VWUXFWXUH���
WKH�SUREDEOH�SRVLWLRQ�RI�WKH�&�+��2�JURXS�DUH�PDUNHG��D��E��DQG�F���

��������������7DEOH����(QHUJ\�RI�GLIIHUHQW�&\0H�%7%3�FRQIRUPDWLRQV��

0ROHFXODU�V\VWHP� SRWHQWLDO�HQHUJ\��NFDO�PRO��

WUDQV�&\0H�%7%3�/5� �����

WUDQV�&\0H�%7%3�/� �����

WUDQV�&\0H�%7%3� �����

FLV�&\0H�%7%3� �����

3.2. Prevailing reaction products 

7KH� +3/&�06� DQDO\VLV� RI� LUUDGLDWHG� &\0H�%7%3� VROXWLRQV� LQ� ��RFWDQRO� VKRZHG� WKDW� LQ� VXFK� FDVH� QR�
GHJUDGDWLRQ� RI� WKH� GLVWULEXWLRQ� UDWLRV� RFFXUV� DQG� WKH� UHVXOWLQJ� VROXWLRQ� FRQWDLQV�� LQ� DGGLWLRQ� WR� WKH� RULJLQDO�
&\0H�%7%3�PROHFXOHV�� VRPH� DGGXFW� RI� ��RFWDQRO� WR� &\0H�%7%3���� ,W� LV� WKXV� SODXVLEOH� WR� H[SHFW� WKDW� WKH� FRUH�
VWUXFWXUH� RI� WKH� DGGXFWV� �� LQYROYLQJ� WKH� YLFLQLW\� RI� WKH� FRPSOH[LQJ� QLWURJHQ� DWRPV� �� UHPDLQV� WKH� VDPH� DV� LQ�
&\0H�%7%3��%DVHG�RQ�WKLV�DVVXPSWLRQ��ZH�KDYH�VHOHFWHG�WKUHH�SRVLWLRQV�ZKHUH�WKH�RFWDQRO�FDQ�EH�DWWDFKHG�WR�WKH�
&\0H�%7%3�PROHFXOH� �VHH� WUDQV�&\0H�%7%3�/5� LQ�)LJXUH���� DQG�RSWLPL]HG� WKH� VWUXFWXUHV� �PDUNHG�$��%��&� LQ�
ILJXUH�����

���� ���� �

� )LJ�����&KHPLFDO�VWUXFWXUHV�RI�WKH�LQYHVWLJDWHG�DGGXFWV�RI�&\0H�%7%3�DQG���RFWDQRO�� �

,Q�WKLV�FDVH��WKH�UROH�RI�WRUVLRQ�RI�WKH�WULD]LQH�S\ULGLQH�ERQG�LV�IXUWKHU�FRPSOLFDWHG�E\�WKH�LQWHUDFWLRQ�RI�WKH�DOSKD�
K\GUR[\RFW\O�IXQFWLRQ�JURXS�ZLWK�WKH�UHPDLQLQJ�VWUXFWXUH��7KHUHIRUH��WKH�FRUH�FRQIRUPDWLRQ�LV�QRW�LGHQWLFDO�LQ�WKLV�
FDVH� ZLWK� WKH� DERYH� GHVFULEHG� WUDQV�&\0H�%7%3�/5� FRQIRUPDWLRQ�� PRVW� IDYRUDEOH� LQ� FDVH� RI� WKH� RULJLQDO�
&\0H�%7%3�PROHFXOH��$IWHU� WKH�JHRPHWULFDO�RSWLPL]DWLRQ�� WKH�HQHUJ\�RI�IRUPDWLRQ�ZDV�FDOFXODWHG�DQG�FRPSDUHG�
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IRU� DOO� WKUHH� VWUXFWXUHV�� 7KH� REWDLQHG� HQHUJHWLF� GLIIHUHQFH� EHWZHHQ� WKH� VWUXFWXUHV� $�� %�� &� LV� VPDOO�� SUHVXPDEO\�
FRPSDUDEOH�WR�WKH�HQHUJ\�RI�WKHUPDO�YLEUDWLRQV���
$VVXPLQJ� WKDW� WKH� DWWDFKPHQW� RI� WKH� DSOKD�K\GR[\RFW\O� JURXS� UXQV� WKURXJK� WKH� QXFOHRSKLOLF� VXEVWLWXWLRQ�� WKH�

PRVW� VXVFHSWLEOH� SRVLWLRQ� RI� WKH� UHDFWLRQ� VKRXOG� EH� SRVLWLRQ� µE¶� WKDQNV� WR� WKH� LQGXFWLYH� HIIHFW�� 6XUSULVLQJO\�� WKH�
VWUXFWXUH�%�LV�QRW�WKH�RQH�VKRZLQJ�WKH�ORZHVW�HQHUJ\��2Q�WKH�RWKHU�KDQG��LQ�VWUXFWXUHV�$�DQG�&��WKH�SRVVLELOLW\�RI�DQ�
+�ERQG� FUHDWLRQ� EHWZHHQ� WKH� DOSKD�K\GUR[\RFW\O� JURXS� DQG� WKH� QHLJKERULQJ� WULD]LQH� RU� S\ULGLQH� JURXS� DULVHV�
HTXDOL]LQJ�OLNHO\�WKH�SUHIHUHQFH�RI�WKH�µE¶�SRVLWLRQ�DQG�FDXVLQJ�WKDW�WKH�VWUXFWXUHV�$�DQG�&�FDQ�VXFFHVVIXOO\�FRPSHWH�
ZLWK�WKH�VWUXFWXUH�%��7KH�FRQIRUPDWLRQV�RI�$��%��DQG�&�ZLWK�WKH�ORZHVW�HQHUJ\�DUH�GHSLFWHG�LQ�)LJXUH���DQG�WKHLU�
HQHUJ\�LV�SUHVHQWHG�LQ�7DEOH����6LQFH�WKH�HQHUJ\�GLIIHUHQFHV�RI�WKH�VWUXFWXUHV�$��%��DQG�&�DUH�VPDOO�DQG�VLJQLILFDQWO\�
VHQVLWLYH� WR� VPDOO� SRVVLEOH� FRQIRUPDWLRQ� FKDQJHV�� DOO� WKUHH� VWUXFWXUHV� VKRXOG� EH� LQFRUSRUDWHG� LQ� IXUWKHU�
LQYHVWLJDWLRQV���

��������������7DEOH����(QHUJ\�RI�IRUPDWLRQ�FDOFXODWHG�IRU�WKH�RSWLPL]HG�PROHFXODU�VWUXFWXUHV��

0ROHFXODU�V\VWHP� SRWHQWLDO�HQHUJ\��NFDO�PRO��

SURGXFW�$� �����

SURGXFW�%� �����

SURGXFW�&� �����

3.3. UV-Visible absorption spectra 

7KH� H[SHULPHQWDO� 89�9LVLEOH� DEVRUSWLRQ� VSHFWUD� UHFRUGHG� EHIRUH� DQG� DIWHU� VHYHUDO� GLIIHUHQW� GRVHV� RI� JDPPD�
LUUDGLDWLRQ�DUH�SUHVHQWHG�LQ�ILJXUH����:LWK�WKH�DEVRUEHG�GRVH�LQFUHDVLQJ�XS�WR�����N*\��WKH�EURDG�DEVRUSWLRQ�EDQGV�
EHWZHHQ�����������QP�GHFUHDVH�LQ�LQWHQVLW\��)XUWKHU�LUUDGLDWLRQ�UHVXOWV�LQ�D�VOLJKW�UHYHUVDO�RI�WKH�LQWHQVLW\�GHFD\�LQ�
WKH�UDQJH�RI� ORQJHU�ZDYHOHQJWKV��a�����������QP���7KH�VKRUW�ZDYHOHQJWKV�DEVRUSWLRQ�LV�VWHDGLO\�JURZLQJ�ZLWK�WKH�
DEVRUEHG�GRVH��:LWKLQ�D�FORVH�YLFLQLW\�RI�WKH�ZDYHOHQJWK�SRLQW�ORFDWHG�DW�FD������QP��WKH�REVHUYHG�VSHFWUDO�FRXUVHV�
FRUUHVSRQGLQJ� WR� WKH� GLIIHUHQW� LUUDGLDWLRQ� GRVHV� DUH� LQWHUVHFWLQJ�� VXJJHVWLQJ� WKXV� WKH� SRVVLELOLW\� WKDW� WKH� REVHUYHG�
VSHFWUDO�FKDQJHV�FDQ�EH�LQWHUSUHWHG�E\�D�FKHPLFDO�WUDQVLWLRQ�RI�WKH�LQLWLDO�&\0H�%7%3�PROHFXOHV�LQWR�D�PL[WXUH�RI�
SURGXFWV�FKDUDFWHUL]HG��LQ�DYHUDJH��E\�D�VWURQJHU�H[WLQFWLRQ�LQ�WKH�UHJLRQ�DW�WKH�³OHIW´�DQG�D�ZHDNHU�H[WLQFWLRQ�DW�WKH�
³ULJKW´� IURP� WKH� LQWHUVHFWLRQ� UHJLRQ�� 5HPDUNDEO\�� WKH� VSHFWUXP� PHDVXUHG� DIWHU� LUUDGLDWLRQ� ZLWK� ���� N*\� GRVH�
GLJUHVVHV�IURP�WKH�SUHYLRXV�PRQRWRQLF�VSHFWUDO�HYROXWLRQ�ERWK�LQ�VHQVH�RI�WKH�UHG�VKLIW�RI�WKH�LQWHUVHFWLRQ�SRLQW�DQG�
WKH�UHYHUVDO�RI�WKH�H[WLQFWLRQ�GHFD\�LQ�WKH�UHJLRQ�RI�ZDYHOHQJWKV�ORQJHU�WKDQ�����QP��6XFK�EHKDYLRU�FDQ�VXJJHVW�WKDW�
WKH�RULJLQDO�&\0H�%7%3�PROHFXOHV�DUH�DOUHDG\�GHSOHWHG�DQG�VRPH�QH[W�VWHS�RI�WKH�UDGLDWLRQ�GHFD\�VWDUWV�WR�SURFHHG���
,Q�RUGHU�WR�FRQILUP�VHOHFWLRQ�RI�WKH�UHSUHVHQWDWLYH�SURGXFWV�$��%��DQG�&��WKH�89�9LVLEOH�DEVRUSWLRQ�VSHFWUD�ZHUH�

VLPXODWHG� IRU� ERWK� &\0H�%7%3� DQG� WKH� FKRVHQ� GHJUDGDWLRQ� SURGXFWV� DQG� WKH� UHVXOWV� FRPSDUHG� ZLWK� WKH�
H[SHULPHQWDO� GDWD�� 7KH� VSHFWUD� REWDLQHG� IRU� RULJLQDO�&\0H�%7%3�PROHFXOH� DUH� SUHVHQWHG� LQ� ILJXUH� ��� 7KH� UHVXOW�
REWDLQHG� ZLWK� WKH� Z%��;'� IXQFWLRQDO� FDQ� EH� SHUKDSV� SUHIHUUHG� EHFDXVH� RI� D� FORVHU� VLPLODULW\� RI� WKH� FDOFXODWHG�
VSHFWUDO�FRXUVH�ZLWK�WKH�H[SHULPHQWDO�RQH�DV�ZHOO�DV�GXH�WR�WKH�IDFW�WKDW�WKH�&$0�%�/<3�IXQFWLRQDO�KDV�SURYLGHG�
YHU\�VLPLODU�UHVXOWV�DQG�VXSSRUWHG�WKH�UHOLDELOLW\�RI�WKHP��
7KH�FDOFXODWHG�HQYHORSH�FXUYHV�DUH�IHDWXULQJ�IRXU�DEVRUSWLRQ�PD[LPD�ZLWKLQ�WKH�VWXGLHG�UHJLRQ�IRU�/&�Z3%(��WKH�

VKRUW�ZDYHOHQJWK�PD[LPXP�SUHGLFWHG�E\�[%��;'��a�����QP��LV�YHU\�ZHDN�DQG�FRLQFLGHV�ZLWK�WKH�VKRXOGHU�RI�WKH�
VWURQJHU�EDQG�ORFDOL]HG�DW�FD�a�����QP�LQ�FDVH�RI�WKH�&$0�%�/<3��7KH�VSHFWUD�REWDLQHG�ZLWK�Z%��;'�DQG�&$0�
%�/<3�DUH�FORVH�WR�HDFK�RWKHU�LQ�WKH�UHJLRQ�RI�ORQJHU�ZDYHOHQJWKV�EXW�GLIIHU�LQ�WKH�RVFLOODWRU�VWUHQJWK�DQG�SRVLWLRQ�RI�
WKH� KLJK� HQHUJ\� EDQG�� 0XFK� ZHDNHU� DEVRUSWLRQ� RI� WKH� ODWWHU� LV� SUHGLFWHG� E\� &$0�%�/<3�� 7KH� VSHFWUDO� FRXUVH�
FDOFXODWHG�XVLQJ�/&�Z3%(�LV�FRPSDUDEOH� LQ�VKDSH�WR� WKH�RQHV�REWDLQHG�ZLWK�Z%��;'�DQG�&$0�%�/<3��EXW� WKH�
SRVLWLRQV� RI�PD[LPD� VKRZ� DOO� D� ������ QP� EOXH� VKLIW��:LWK� H[FHSWLRQ� RI� WKH� UHVXOWV� REWDLQHG�ZLWK� &$0�%�/<3�
IXQFWLRQDO�� WKH� VLPXODWHG� VSHFWUD� FRQWDLQ� WKH� VDPH� QXPEHU� RI� DEVRUSWLRQ� PD[LPD� DV� WKH� H[SHULPHQWDO� FRXUVHV��
KRZHYHU�� WKH�FDOFXODWHG�EDQG�SRVLWLRQV� VKRZ�DOO� D� VLJQLILFDQW�EOXH� VKLIW� �a� ����QP� IRU� WKH� VSHFWUD� FDOFXODWHG�ZLWK�
Z%��;'�DQG�&$0�%�/<3��FRPSDUHG�ZLWK�WKH�H[SHULPHQWDO�RQHV��(QHUJHWLF�VKLIW�RI�VXFK�H[WHQW����������H9��DQG�
GLUHFWLRQ� KDYH� EHHQ� DOUHDG\� UHSRUWHG� LQ� FRQQHFWLRQ� ZLWK� 7'')7� VLPXODWLRQV� RI� HOHFWURQLF� H[FLWDWLRQV� LQ� VPDOO�
RUJDQLF�PROHFXOHV����
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�

)LJ�����([SHULPHQWDO�DEVRUSWLRQ�VSHFWUD�RI�&\0H�%7%3�LQ���RFWDQRO�DIWHU�YDULRXV�DEVRUEHG�GRVHV�ZLWK�DEVRUSWLRQ�PD[LPD�DW�������QP��
������QP��DQG�������QP��

� ��

)LJ�����6LPXODWHG�DEVRUSWLRQ�VSHFWUD�RI�&\0H�%7%3�E\�7'')7���Z%��;'��&$0�%�/<3��/&�Z3%(��

6SHFWUDO� SRVLWLRQV� RI� HOHFWURQLF� WUDQVLWLRQV� FDOFXODWHG� IRU� WKH� PROHFXODU� IUDJPHQWV� $�� %�� DQG� &� �ILJXUH� ��� DUH�
VLPLODU�WR�WKRVH�REWDLQHG�IRU�&\0H�%7%3�EXW�WKH�FRPSXWHG�RVFLOODWRU�VWUHQJWK�RI�WKH�PRVW�LQWHQVH�DEVRUSWLRQ�EDQG�
DW�a�����QP�LV�UHPDUNDEO\�UHGXFHG��$JDLQ��WKH�VSHFWUXP�FDOFXODWHG�ZLWK�/&�Z3%(�LV�EOXH�VKLIWHG�LQ�UHVSHFW�WR�WKH�
WZR�RWKHU�VSHFWUD��7KH�YHU\�ZHDN�PD[LPXP�DW�WKH�EOXH�VLGH�VKRXOGHU�RI�WKH�����QP�EDQG�LV�PLVVLQJ�LQ�FDVH�RI�WKH��
&�VWUXFWXUH� DQG� Z%��;'� DQG� &$0�%�/<3� IXQFWLRQDOV�� KRZHYHU�� WKH� PD[LPXP� LV� SUHVHUYHG� LQ� WKH� /&�Z3%(�
VSHFWUD��7KH�DSSDUHQW�GLIIHUHQFHV�LQ�WKH�LQWHQVLW\�DQG�SRVLWLRQ�RI�WKH�WZR�PD[LPD�DW�a�����QP�DQG�a�����QP�EHWZHHQ�
$��%��DQG�&�DUH�SUREDEO\�OLQNHG�WR�WKH�GLIIHUHQW�WRUVLRQ�DQJOHV�RI�WKH�WULD]LQH�S\ULGLQH�ERQGV��7KH�HIIHFW�DSSHDUV�LQ�
WKH�UHVXOWV�REWDLQHG�ZLWK�DOO�WKUHH�DSSOLHG�WKHRUHWLFDO�PHWKRGV��7DNLQJ�LQ�DFFRXQW�WKH�DOUHDG\�PHQWLRQHG�V\VWHPDWLF�
VKLIW� LQ�HQHUJ\�EHWZHHQ�WKH�FDOFXODWHG�DQG�H[SHULPHQWDO�VSHFWUD��DQG�WKH�IDFW� WKDW� WKH�UHDO�H[SHULPHQWDO�DEVRUSWLRQ�
VSHFWUXP� LV� FRPSRVHG� IURP� FRQWULEXWLRQV� RI� DOO� WKHUPRG\QDPLFDOO\� IHDVLEOH� PROHFXODU� VWUXFWXUHV� H[LVWLQJ� LQ� WKH�
VROXWLRQ�XQGHU�WHVW��WKH�VLPXODWHG�VSHFWUD�TXDOLWDWLYHO\�DJUHH�ZLWK�WKH�REVHUYHG�HYROXWLRQ�RI�WKH�H[SHULPHQWDO�VSHFWUD�
LQ� WKH�VSHFWUDO�UHJLRQ�a���������QP��2Q�WKH�RWKHU�KDQG�� WKH�REVHUYHG�LQFUHDVH�RI�H[WLQFWLRQ�LQ� WKH�UHJLRQ�RI�VKRUW�
ZDYHOHQJWKV�LV�QRW�FRSLHG�E\�WKH�VLPXODWHG�VSHFWUD�RI�WKH�FRPSRXQGV�$��%��DQG�&��,Q�WKLV�UHJDUG��WKH�FORVHVW�PDWFK�
SURYLGHV�WKH�/&�Z3%(�IXQFWLRQDO��
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)LJ�����6LPXODWHG�DEVRUSWLRQ�VSHFWUD�RI�WKH�VWUXFWXUHV�$��%��DQG�&�E\�7'')7���Z%��;'��&$0�%�/<3��/&�Z3%(��
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(YDOXDWLRQ�RI� WKH� HOHFWURQLF� WUDQVLWLRQV� REWDLQHG�ZLWK� WKH�Z%��;'� IXQFWLRQDO� VKRZV� WKDW� WKH�PDLQ� H[FLWDWLRQV�
RFFXU�SUHGRPLQDQWO\�EHWZHHQ�WKH�ʌ�RUELWDOV�HQHUJHWLFDOO\�FORVH�WR�WKH�+202�DQG�WKH�ʌ
�RUELWDOV�FORVH�WR�WKH�/802�
�WKH�GHWDLOV�DUH�QRW�SUHVHQWHG�GXH� WR� WKH�UHVWULFWHG�DUWLFOH�H[WHQG���:H�IXUWKHUPRUH�QRWH� WKDW�EHFDXVH� WKH�GRPLQDQW�
RUELWDOV� LQYROYHG� LQ� WKH�HOHFWURQLF� WUDQVLWLRQV�DUH�RQO\�ZHDNO\�DIIHFWHG�E\� WKH�SUHVHQFH�RI� WKH���RFWDQRO� FKDLQ��QR�
VXEVWDQWLDO�FKDQJH�RI�WKH�89�9LV��VSHFWUD�FDQ�EH�H[SHFWHG�GXH�WR�WKH�FKDQJLQJ�WKH�ELQGLQJ�SRVLWLRQV�µD¶��µE¶��DQG�µF¶���

7KH�PROHFXODU�VWUXFWXUH�RI�&\0H�%7%3�DQG�WKUHH�SRVVLEOH�GHJUDGDWLRQ�SURGXFWV�ZHUH�RSWLPL]HG�E\�WKH�TXDQWXP�
PHFKDQLFDO�VLPXODWLRQ�PHWKRGV�DQG�LWV�PROHFXODU�VWUXFWXUH�IHDWXUHV�ZHUH�LQYHVWLJDWHG��)RU�WKH�RULJLQDO�VWUXFWXUH�DQG�
WKUHH� SUREDEOH� GHJUDGDWLRQ� SURGXFWV� VHOHFWHG� RQ� WKH� EDVLV� RI� WKH� +3/&�06� DQDO\VLV�� 89�9LVLEOH� VSHFWUD� ZHUH�
VLPXODWHG� DQG� FRPSDUHG� ZLWK� WKH� H[SHULPHQWDO� UHVXOWV�� 7KH� GLIIHUHQW� VLPXODWLRQ� PHWKRGV� ZHUH� IRXQG� WR� EH�
TXDOLWDWLYHO\�LQ�DJUHHPHQW��7KH�FKDQJHV�LQ�VLPXODWHG�VSHFWUD�EHWZHHQ�WKH�RULJLQDO�OLJDQG�DQG�WKH�SURGXFWV�ZLWK�RQH�
��RFWDQRO�JURXS�DWWDFKHG�FRUUHODWH�DW� OHDVW�TXDOLWDWLYHO\�ZLWK� WKH�REVHUYHG�HYROXWLRQ�RI� WKH�H[SHULPHQWDO�VSHFWUD�DW�
WKH�ORQJHU�PHDVXUHG�ZDYHOHQJWKV��+RZHYHU��WKH�H[WLQFWLRQ�HQKDQFHPHQW�ZLWK�WKH�DEVRUEHG�GRVH�WKDW�LV�REVHUYHG�DW�
WKH�KLJK�HQHUJ\�HQG�RI�WKH�H[SHULPHQWDO�VSHFWUD�KDV�QR�DGHTXDWH�FRXQWHUSDUW�LQ�WKH�VLPXODWHG�UHVXOWV��7KXV��D�ODUJHU�
JURXS�RI�WKH�SRVVLEOH�SURGXFWV�RI�WKH�&\0H�%7%3�UDGLDWLRQ�LQGXFHG�WUDQVIRUPDWLRQ�PXVW�EH�FRQVLGHUHG�DQG�WHVWHG���
7KH� UHDO� H[SHULPHQWDO� VSHFWUD� DUH�PHDVXUHG� DW� WKHUPRG\QDPLF� FRQGLWLRQV� DOORZLQJ� IRU� H[LVWHQFH� RI� WKHUPDOO\�

H[FLWHG� PROHFXODU� FRQIRUPDWLRQV� FRQWULEXWHG� WKXV� WR� WKH� UHVXOWLQJ� VSHFWUDO� FRXUVH�� )LWWLQJ� RI� WKH� H[SHULPHQWDO�
VSHFWUXP�E\�D�VLPXODWHG�FRXUVH�FRQVWUXFWHG�DV�D�ZHLJKWHG�DYHUDJH�RI�WKH�VHOHFWHG��PRVW�WKHUPRG\QDPLFDOO\�IHDVLEOH�
PROHFXODU�FRQIRUPDWLRQ� FRQVWLWXHQWV� FRXOG� SURYLGH� XV� ZLWK� DQ� LPSURYHG� OHYHO� RI� WKH� DJUHHPHQW� EHWZHHQ� WKH�
H[SHULPHQWDO� DQG� WKH� VLPXODWHG� UHVXOWV��5HVXOWV� REWDLQHG�ZLWK� WKH� XVH� RI� VXFK� SURFHGXUH�ZLOO� EH� SUHVHQWHG� LQ� WKH�
IRUWKFRPLQJ�DUWLFOH��

7KLV�ZRUN�KDV�EHHQ�FDUULHG�RXW�XQGHU�WKH�(XURSHDQ�6$&6(66�3URMHFW��)3��)LVVLRQ����������������0HWKRGLFDO�
VXSSRUW� LV� DFNQRZOHGJHG� RI� WKH� 6WXGHQW� *UDQW� 6\VWHP� RI� WKH� &]HFK� 7HFKQLFDO� 8QLYHUVLW\� LQ� 3UDJXH� �*UDQW� 1R��
6*6�������2+.���7����� DQG� WKH� &]HFK� 6FLHQFH� )RXQGDWLRQ� �JUDQW� 1R�� ��������*��� $FFHVV� WR� FRPSXWLQJ� DQG�
VWRUDJH� IDFLOLWLHV� RZQHG� E\� SDUWLHV� DQG� SURMHFWV� FRQWULEXWLQJ� WR� WKH� 1DWLRQDO� *ULG� ,QIUDVWUXFWXUH� 0HWD&HQWUXP��
SURYLGHG� XQGHU� WKH� SURJUDPPH� µ3URMHFWV� RI� /DUJH� ,QIUDVWUXFWXUH� IRU� 5HVHDUFK�� 'HYHORSPHQW�� DQG� ,QQRYDWLRQV¶�
�/0��������� LV� JUHDWO\� DSSUHFLDWHG�� 7KH� DXWKRUV� ZRXOG� OLNH� WR� WKDQN� SURI�� -DURVODY� %XUGD� IRU� LQYDOXDEOH�
GLVFXVVLRQV��

��� 0DGLF� &�� 2YHUYLHZ� RI� WKH� +\GURPHWDOOXUJLFDO� DQG� 3\URPHWDOOXUJLFDO� 3URFHVVHV� 6WXGLHG�:RUOGZLGH� IRU� WKH� 3DUWLWLRQLQJ� RI� +LJK� $FWLYH�
1XFOHDU�:DVWHV��3URF��RI�2&'(�1($��WK�,QIRUPDWLRQ�([FKDQJH�0HHWLQJ�RQ�3	7��0DGULG��������S��������

��� 0DWKXU�-1��0XUDOL�06��1DVK�./��$FWLQLGH�SDUWLWLRQLQJ���$�UHYLHZ��Solvent Extraction and Ion Exchange������� �����������
��� *HLVW� $�� +LOO� &�� 0RGROR� *�� )RUHPDQ� 0�� :HLJO� 0�� *RPSSHU� .�� +XGVRQG� 0-�� ���
�%LV���������WHWUDPHWK\O���������WHWUDK\GUR�
EHQ]R>�����@WULD]LQ���\O�� >���
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/DQWKDQLGHV��Solvent Extraction and Ion Exchange�������� �����������

����)RUHPDQ�0��+XGVRQ�0-��'UHZ�0*%��+LOO�&��0DGLF�&��&RPSOH[HV�IRUPHG�EHWZHHQ�WKH�TXDGULGHQWDWH��KHWHURF\FOLF�PROHFXOHV����
�ELV������
GLDON\O�������WULD]LQ���\O�����
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