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0XURGMRQ�6$0$',<��VDPDGL\#LQER[�UX�� 
,ONKDP�860$129��LOKDPX��#JPDLO�FRP�� 
6KDIRDW�1$0$=29��GLDQD-\H#\DQGH[�FRP� 
<DQJL\HU�EUDQFK�RI�7DVKNHQW�&KHPLFDO-7HFKQRORJLFDO�,QVWLWXWH��<DQJL\HU��8]EHNLVWDQ 
 

7KH� DLP� RI� WKH� VWXG\� LV� SRVVLELOLW\� RI� SURFHVVLQJ� WKH� .KDQGL]D� GHSRVLW¶V� ]LQF� FRQFHQWUDWH� � LQWR� ]LQF� FKORULGH�� ,W� KDV� EHHQ�
VKRZQ�WKDW�WKH�H[WUDFWLRQ�RI�]LQF�IURP�WKH�FRQFHQWUDWH�PXVW�EH�FDUULHG�RXW�LQ�DQ�DXWRFODYH��DIWHU�SUHOLPLQDU\�FDOFLQLQJ�WKH�]LQF�FRQ�
FHQWUDWH�DW�D� WHPSHUDWXUH�RI������&�� IROORZHG�E\�SXULILFDWLRQ�RI� WKH�]LQF�FKORULGH�VROXWLRQ�DQG�IXUWKHU�HYDSRUDWLRQ��$�WHFKQRORJLFDO�
VFKHPH�RI�SURGXFWLRQ�KDV�EHHQ�GHYHORSHG�DQG�D�VFKHPH�RI�PDWHULDO�IORZV�KDV�EHHQ�GUDZQ�XS� 

 
.H\ZRUGV��]LQF�FKORULGH��DFLG�GHFRPSRVLWLRQ��K\GURFKORULF�DFLG��]LQF-FRQWDLQLQJ�FRQFHQWUDWH��DXWRFODYH� 
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0XURGMRQ�6$0$',<��VDPDGL\#LQER[�UX�� 
,ONKDP�860$129��LOKDPX��#JPDLO�FRP�� 
6KDIRDW�1$0$=29��GLDQD-\H#\DQGH[�FRP� 
7RVKNHQW�NLP\R-WH[QRORJL\D�LQVWLWXWL�<DQJL\HU�ILOLDOL��<DQJL\HU��2ƍ]EHNLVWRQ 
 

7DGTLTRWQLQJ�PDTVDGL�;RQGL]D�NRQLGDQ�UX[�NRQVHQWUDWLQL�UX[�[ORULGJD�TD\WD�LVKODVK�LPNRQL\DWODULQL�R
UJDQLVK�HGL��5X[QL�NRQWVHQ�
WUDWGDQ�DMUDWLE�ROLVK�DYWRNODYGD��VLQN�NRQVHQWUDWLQL������&�KDURUDWGD�ROGLQGDQ�NDOVLILNDWVL\D�TLOJDQGDQ�VR
QJ��VLQN�[ORULG�HULWPDVLQL�WR]DODVK�
YD�NH\LQFKDOLN�EXJ
ODQLVKGDQ�VR
QJ�DPDOJD�RVKLULOLVKL�NHUDNOLJL�NR
UVDWLOJDQ�� ,VKODE�FKLTDULVKQLQJ�WH[QRORJLN� V[HPDVL� LVKODE�FKLTLOJDQ�YD�
PRGGL\�RTLPODUQLQJ�V[HPDVL�WX]LOJDQ� 

 
ɄɚOLW�VR
]ODU��UX[�[ORULG��NLVORWDOL�SDUFKDODVK��[ORULG�NLVORWDVL��UX[�NRQVHQWUDWL��DYWRNODY� 

�'2,�����������FFH������ 

,QWURGXFWLRQ 
=LQF� FKORULGH� KDV� D� IDLUO\� ZLGH� UDQJH� RI�

DSSOLFDWLRQV��=LQF� FKORULGH� �=Q&O��� LV�ZKLWH� FU\V�
WDOV�RU�IODNHV��VRPHWLPHV�ZLWK�D�\HOORZLVK��FDSDEOH�
RI� DEVRUELQJ� ZDWHU� YDSRU� IURP� WKH� HQYLURQPHQW�
>�@� 

=LQF� FKORULGH� LV� DQ� LPSRUWDQW� FRPSRQHQW�
RI� WKH� IOX[� IRU� VROGHULQJ�PHWDOV� DQG� ILEHUV� >�-�@��
=LQF�FKORULGH�LV�XVHG�DV�D�FRPSRQHQW�IRU� WKH�SUR�
GXFWLRQ� RI� ILEHU�� DV� DQ� DQWLVHSWLF� LPSUHJQDWLRQ� RI�
ZRRG��LQ�SDUWLFXODU�VOHHSHUV��LQ�WKH�PDQXIDFWXUH�RI�
GHQWDO� FHPHQWV�� DQG� IRU� UHILQLQJ� ]LQF� DOOR\�PHOWV��
=LQF� FKORULGH� LV� XVHG� LQ� ILUH-UHVLVWDQW� IRDP�RU� IRU�
LPSUHJQDWLRQ� RI� IDEULFV� DQG� FDUGERDUG�� ,Q� DGGL�
WLRQ�� ]LQF� FKORULGH� LV� XVHG� LQ� FDOLFR� SULQWLQJ�� WKH�
SURGXFWLRQ� RI� G\HV�� DOXPLQXP�� ]LQF� F\DQLGH� DQG�
YDQLOOLQ�� LQ� JDOYDQLF� EDWWHULHV�� LQ� RLO� UHILQLQJ�� IRU�
IUDFWLRQDO� DQDO\VLV� RI� FRDO� VDPSOHV�� DQG� IRU�PDQ\�

RWKHU�SXUSRVHV�>�–�@� 
$W�WKH�SUHVHQW�VWDJH�RI�HFRQRPLF�GHYHORS�

PHQW��LQFUHDVLQJ�WKH�HIILFLHQF\�RI�WKH�XVH�RI�QDWX�
UDO� UHVRXUFHV� KDV� EHFRPH� RQH� RI� WKH� PRVW� LP�
SRUWDQW� VFLHQWLILF�� WHFKQLFDO� DQG� HFRQRPLF� SURE�
OHPV� 

6SHFLDO� VFLHQWLILF� DQG� SUDFWLFDO� LQWHUHVW� LV�
WKH� SUREOHP� RI� HFRQRPLF� HIILFLHQF\� RI� WKH� LQWH�
JUDWHG� XVH� RI� ]LQF� UDZ�PDWHULDOV�� 7KH� VROXWLRQ� WR�
WKH�SUREOHP�RI�WKH�LQWHJUDWHG�XVH�RI�UDZ�PDWHULDOV�
LQ�]LQF�SURGXFWLRQ�LV�GXH�WR�WKH�IDFW�WKDW�LW�LV�QHFHV�
VDU\�WR�VLJQLILFDQWO\�LQFUHDVH�WKH�SURGXFWLRQ�RI�QRQ
-IHUURXV��QREOH�DQG�UDUH�PHWDOV��DV�ZHOO�DV�WKH�SUR�
GXFWLRQ�RI�VXOIXULF�DFLG��7KH�GHJUHH�RI�FRPSOH[LW\�
LV�FKDUDFWHUL]HG�E\�WKH�QXPEHU�RI�H[WUDFWDEOH�FRP�
SRQHQWV�LQ�UHODWLRQ�WR�WKHLU�WRWDO�QXPEHU�LQ�WKH�RUH�
�FRQFHQWUDWH��DQG�LV�H[SUHVVHG�DV�D�SHUFHQWDJH�>�-
�@� 



 

 

�
���� .�, �0�<�2  
YD �NLP\R � W H[QR ORJ L\DV L  

CHEMISTRY AND CHEMICAL ENGINEERING 
ɏɂɆɂə�ɂ�ɏɂɆɂɑȿɋɄȺə�ɌȿɏɇɈɅɈȽɂə  

�� 

0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 
0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 

 ���7KH�FRPSOH[LW\�RI�XVLQJ�]LQF�FRQFHQWUDWHV�
UDQJHV� IURP� ��� WR� ����� ,QFUHDVLQJ� WKH� GHJUHH� RI�
FRPSOH[LW\� RI� WKH� XVH� RI� UDZ�PDWHULDOV� OHDGV� WR� D�
VLJQLILFDQW�H[SDQVLRQ�RI�UDZ�PDWHULDOV�IRU�]LQF�SUR�
GXFWLRQ��GXH�WR�WKH�SRVVLELOLW\�RI�XVLQJ�RUHV�SRRU�LQ�
EDVH�PHWDO��UHGXFHV�WKH�FRVW�RI�SURGXFWLRQ��KHOSV�WR�
LQFUHDVH� ODERU� SURGXFWLYLW\�� LQFUHDVHV� WKH� SURILWD�
ELOLW\� RI� HQWHUSULVHV�� PDNHV� LW� SRVVLEOH� WR� VLJQLIL�
FDQWO\�UHGXFH�KD]DUGRXV�SURGXFWLRQ�ZDVWH�>�-���@� 

,Q� WKH� SURGXFWLRQ� RI� ]LQF� IRU� WKH� SUR�
FHVVLQJ� RI� FRQFHQWUDWHV� LQ� ZRUOG� SUDFWLFH�� DW� SUH�
VHQW�� S\URPHWDOOXUJLFDO� DQG� K\GURPHWDOOXUJLFDO�
PHWKRGV�DUH�XVHG� 

7KH� VWXG\� RI� WKH� EHKDYLRU� RI� UDUH� HOH�
PHQWV� DQG� RWKHU� ]LQF� FRPSDQLRQV� GXULQJ� WKH� SUR�
FHVVLQJ� RI� FRQFHQWUDWHV� DFFRUGLQJ� WR� WKH� DERYH�
VFKHPHV� PDGH� LW� SRVVLEOH� WR� GUDZ� VRPH� FRQFOX�
VLRQV�JLYHQ�EHORZ� 

$W�K\GURPHWDOOXUJLFDO�]LQF�SODQWV��GXULQJ�
WKH� URDVWLQJ� RI� ]LQF� FRQFHQWUDWHV� DW� D� WHPSHUDWXUH�
RI����–�����&��PRVW�RI�WKH�LQGLXP�DQG�JHUPDQLXP�
UHPDLQ�LQ�WKH�FLQGHU��WKDOOLXP�VXEOLPHV�E\���–����
DQG�FRQFHQWUDWHV�LQ�GXVW��VHOHQLXP�DQG�WHOOXULXP�LQ�
WKH�IRUP�RI�R[LGHV��6H2��DQG�7H2���VXEOLPDWH�WR�D�
VLJQLILFDQW� GHJUHH�� SDUWLDOO\� FRQGHQVH� LQ� GXVW�� DQG�
PRVW�RI� LW�� WRJHWKHU�ZLWK� WKH�JDV�SKDVH�� HQWHUV� WKH�
VXOIXULF�DFLG�SURGXFWLRQ��&DGPLXP�LQ� WKH�EXON� UH�
PDLQV�LQ�WKH�FLQGHU�LQ�WKH�IRUP�RI�R[LGH�DQG�FRP�
SOH[�FRPSRXQGV��IHUULWHV��VLOLFDWHV��DOXPLQDWHV��>��
–��@� 

'XULQJ� WKH� SURFHVVLQJ� RI� ]LQF� FRQFHQ�
WUDWHV�DFFRUGLQJ�WR�S\URPHWDOOXUJLFDO�WHFKQRORJ\�LQ�
WKH�SURFHVV�RI�DJJORPHUDWLQJ� URDVWLQJ�� WKH� IROORZ�
LQJ�DUH�VXEOLPDWHG��FDGPLXP�E\���–�����WKDOOLXP�
E\���–�����JHUPDQLXP�SDUWLDOO\�YRODWLOL]HV�LQ�WKH�
IRUP�RI�FKORULGH�DQG�R[LGHV��PRVW�RI�WKH�VHOHQLXP�
DQG� WHOOXULXP� LV� VXEOLPDWHG������RI� OHDG� LV�VXEOL�
PDWHG�IURP�WKH�FRQFHQWUDWH��7KHVH�PHWDOV�DUH�FRQ�
FHQWUDWHG�LQ�GXVW�>��–��@� 

7KH� PRVW� LPSRUWDQW� SURSHUW\� RI� QRQ-
IHUURXV� PHWDOOXUJ\� UDZ� PDWHULDOV� LV� WKH� DELOLW\� WR�
VLJQLILFDQWO\� UHOHDVH� KHDW� GXULQJ� LWV� SURFHVVLQJ��$�
KXJH� DPRXQW� RI� HQHUJ\� LV� KLGGHQ� DQG� UHOHDVHG� LQ�
WKH�SURFHVV�RI�S\URPHWDOOXUJLFDO�SURFHVVLQJ�RI�YDU�
LRXV� VXOILGH� UDZ� PDWHULDOV�� ZKLFK� LQFOXGH� VXOILGH�
]LQF�FRQFHQWUDWHV��DV�ZHOO�DV�FRSSHU��QLFNHO�VXOILGH�
FRQFHQWUDWHV� DQG� LQWHUPHGLDWH� SURGXFWV� RI� WKHLU�
SURFHVVLQJ��7KLV�HQHUJ\�IRUPV�D�VLJQLILFDQW�SDUW�RI�
VHFRQGDU\�HQHUJ\�UHVRXUFHV��,W�LV�PRUH�WKDQ�����RI�
WKH�WRWDO�DPRXQW�RI�VHFRQGDU\�HQHUJ\�UHVRXUFHV�LQ�
QRQ-IHUURXV�PHWDOOXUJ\�>��-��@� 

5HVHDUFK�PHWKRGV 
7KH�REMHFWV�RI�VWXG\�ZHUH�]LQF-FRQWDLQLQJ�

RUHV� RI� WKH� .KDQGL]D� GHSRVLW�� ORFDWHG� LQ� WKH� 6XU�
NKDQGDU\D�UHJLRQ��LQ�WKH�VRXWKZHVWHUQ�VSXUV�RI�WKH�
*LVVDU�5DQJH�RI�&HQWUDO�$VLD�>��-��@� 

,Q�WKLV�ZRUN��]LQF�FRQFHQWUDWHV�REWDLQHG�DW�
WKH�.KDQGL]D�GHSRVLW�ZHUH�VWXGLHG��,Q�8]EHNLVWDQ��
WKH�³$OPDO\N�0LQLQJ�DQG�0HWDOOXUJLFDO�&RPELQH´�
-67� LV� SURFHVVLQJ� SRO\PHWDOOLF� RUHV� IURP� WKH�
.KDQGL]D�GHSRVLW�>��@� 

=LQF�ZDV�GHWHUPLQHG�E\�WKH�;-UD\�IOXRUHV�
FHQFH�PHWKRG�>��-��@��7KH�PHWKRG�LV�EDVHG�RQ�WKH�
FROOHFWLRQ�DQG�VXEVHTXHQW�DQDO\VLV�RI�WKH�VSHFWUXP�
WKDW�RFFXUV�ZKHQ�WKH�PDWHULDO�XQGHU�VWXG\�LV�LUUDGL�
DWHG� ZLWK� ;-UD\V� -� WKLV� LV� D� IDVW�� QRQ-GHVWUXFWLYH�
DQG�HQYLURQPHQWDOO\�IULHQGO\�DQDO\VLV�PHWKRG�ZLWK�
KLJK� DFFXUDF\� DQG� UHSURGXFLELOLW\� RI� UHVXOWV�� 7KH�
PHWKRG� DOORZV� TXDOLWDWLYH�� VHPL-TXDQWLWDWLYH� DQG�
TXDQWLWDWLYH� GHWHUPLQDWLRQ� RI� DOO� HOHPHQWV� IURP�
EHU\OOLXP� WR� XUDQLXP� LQ� SRZGHU�� VROLG� DQG� OLTXLG�
VDPSOHV� 

7KH� GHQVLW\� RI� VROXWLRQV� DQG� SXOSV� ZDV�
GHWHUPLQHG� XVLQJ� D� 3=K-�� S\FQRPHWHU� ZLWK� D�
PHDVXUHPHQW�DFFXUDF\�RI������UHO����7KH�NLQHPDW�
LF� YLVFRVLW\� RI� VROXWLRQV� DQG� SXOSV�ZDV�PHDVXUHG�
ZLWK� JODVV� FDSLOODU\� YLVFRPHWHUV� 93=K-�� DQG�
93=K-��ZLWK�DQ�HUURU�RI������>��-��@� 

7KH� GHQVLW\� YDOXH� ZDV� FDOFXODWHG� E\� WKH�
IRUPXOD 

ȡ� �P�Y������������ 
ZKHUH�P�LV�WKH�PDVV�RI�WKH�SXOS��J��Y�LV�WKH�FDSDFL�
W\�RI�WKH�S\FQRPHWHU��FP�� 

9LVFRVLW\�ZDV�GHWHUPLQHG�DFFRUGLQJ�WR�WKH�
IROORZLQJ�IRUPXOD 

Ș� �țÂȡÂĲ��������������������������������������������������������������������������������������
ZKHUH�ț� LV�WKH�YLVFRPHWHU�FRQVWDQW�DQG�LV�HTXDO�WR�
������� DQG� ������� UHVSHFWLYHO\�� IRU� 93=+-�� DQG�
93=+-��ZLWK� D� FDSLOODU\� GLDPHWHU� RI� �����PP��ȡ��
LV� WKH�SXOS�GHQVLW\� LQ� J�FP��� Ĳ� LV� WKH� WLPH�RI�SDV�
VDJH� RI� WKH� SXOS� WKURXJK� WKH� FDSLOODU\� RI� WKH� YLV�
FRPHWHU��V� 

3ODVPD� $WRPLF� (PLVVLRQ� 6SHFWURPHWHU�
,&3(-������7KH�PHWKRG�RI�DWRPLF�HPLVVLRQ�VSHF�
WURPHWU\� XVLQJ� LQGXFWLYHO\� FRXSOHG� SODVPD� �,&3��
DV�D�VRXUFH�RI�H[FLWDWLRQ�RI�DWRPV��:KLFK�LV�D�KLJK�
O\�LRQL]HG�LQHUW�JDV��DUJRQ��ZLWK�WKH�VDPH�QXPEHU�
RI� HOHFWURQV� DQG� LRQV� VXSSRUWHG� E\� DQ� 5)� �UDGLR�
IUHTXHQF\�� ILHOG�� 7KH� WHPSHUDWXUH� REWDLQHG� LQ� WKH�
SODVPD�GHVROYDWHV��FRQYHUWV�LQWR�YDSRU�DQG�LRQL]HV�
WKH�DWRPV�RI�WKH�VDPSOH�XQGHU�VWXG\�E\�PDVV�VSHF�
WURPHWU\� �06�� DQG� DWRPLF� HPLVVLRQ� VSHFWURPHWU\�
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�$(6���7\SLFDOO\��GHWHFWLRQ�OLPLWV�UDQJH�IURP�OHVV�
WKDQ� -� QDQRJUDP� �,&3-06�� WR� OHVV� WKDQ� -� PL�
FURJUDP��,&3-$(6��SHU�OLWHU�>��@� 

 
5HVXOWV�DQG�'LVFXVVLRQ 
3UHYLRXVO\��VWXGLHV�ZHUH�FDUULHG�RXW�RQ�WKH�

H[WUDFWLRQ�RI� ]LQF� LQ� D� VROXWLRQ�ZLWK�K\GURFKORULF�
DFLG��LW�ZDV�IRXQG�WKDW�DW�DWPRVSKHULF�SUHVVXUH��WKH�
GHJUHH�RI�H[WUDFWLRQ�RI�]LQF�IURP�WKH�]LQF�FRQFHQ�
WUDWH�RI� WKH�.KDQGL]D�GHSRVLW�GRHV�QRW�H[FHHG���-
�����UHJDUGOHVV�RI�RWKHU�WHFKQRORJLFDO�SDUDPHWHUV�
RI�WKH�SURFHVV��3UHOLPLQDU\�FDOFLQDWLRQ�RI�WKH�]LQF�
FRQFHQWUDWH�PDNHV�LW�SRVVLEOH�WR�UDLVH�WKH�GHJUHH�RI�
GHFRPSRVLWLRQ�WR���������7KH�RSWLPDO�WHFKQRORJL�
FDO�SDUDPHWHUV�RI�DXWRFODYH�H[WUDFWLRQ�RI�]LQF�LQWR�
VROXWLRQ�ZHUH�HVWDEOLVKHG��FDOFLQDWLRQ� WHPSHUDWXUH�
����ɋ��K\GURFKORULF�DFLG�FRQFHQWUDWLRQ������PR�
ODU� UDWLR�=Q�+&, �������7�/ ����� WHPSHUDWXUH� ��-
��� �ɋ�� SUHVVXUH� ��� DWP� DQG� SURFHVV� GXUDWLRQ� ���
KRXUV��,W�LV�VKRZQ�WKDW�WKH�SURFHVVHV�RI�SXULILFDWLRQ�
RI� VROXWLRQV� RI� ]LQF� FKORULGH� ZLWK� FDOFLXP� K\SR�
FKORULGH� DW� D� VWRLFKLRPHWULF� UDWLR� RI� )H�&D�&O2���
DQG� &D2�=Q�2+�� ����-����� PDNH� LW� SRVVLEOH� WR�
SXULI\�WKH�VROXWLRQ�IURP�LURQ�XS�WR���������DQG�LWV�
FRQWHQW�GRHV�QRW�H[FHHG��������>��@��7KH�UHVXOWV�
REWDLQHG� LQ� WKH� ODERUDWRU\� VHUYHG� DV� WKH� EDVLV� IRU�
WKH� GHYHORSPHQW� RI� D� WHFKQRORJLFDO� VFKHPH� IRU�
REWDLQLQJ� ]LQF� FKORULGH� IURP� WKH� ]LQF-FRQWDLQLQJ�
FRQFHQWUDWH�RI�WKH�.KDQGL]D�GHSRVLW��DV�ZHOO�DV�WKH�
FDOFXODWLRQ� RI� PDWHULDO� IORZV� DQG� WKH� SUHSDUDWLRQ�
RI�D�PDWHULDO�EDODQFH� 

7KH� HVVHQFH� RI� WKH� WHFKQRORJ\� OLHV� LQ� WKH�
DFLG� GHFRPSRVLWLRQ� RI� ]LQF-FRQWDLQLQJ� FRQFHQ�
WUDWHV�ZLWK� D�K\GURFKORULF� DFLG� VROXWLRQ�� IROORZHG�
E\�VHSDUDWLRQ�RI�WKH�VROLG�SKDVH��REWDLQLQJ�D�VROX�
WLRQ� RI� ]LQF� FKORULGH�� FOHDQLQJ� WKH� VROXWLRQ� IURP�
LPSXULWLHV� DQG� IXUWKHU� HYDSRUDWLRQ� RI� WKH� OLTXLG�
SKDVH�WR�REWDLQ�D�VDOW�SUHFLSLWDWH�RI�]LQF�FKORULGH� 

:KHQ� FRQGXFWLQJ� UHVHDUFK�� ZH� XVHG� ]LQF�
FRQFHQWUDWH� RI� WKH� .KDQGL]D� GHSRVLW� RI� FRPSRVL�
WLRQ� �ZW����� =Q�–� �����-�������6L�–� �����-�������
)H�–�����-������3E�–�����-����� 

7KH�SURFHVV�RI�SURFHVVLQJ�]LQF�FRQFHQWUDWH�
IRU�]LQF�FKORULGH�FRQVLVWV�RI�WKH�IROORZLQJ�VWDJHV� 

-�FDOFLQDWLRQ�RI�]LQF�FRQFHQWUDWH�DW������&� 
-� K\GURFKORULF� DFLG� GHFRPSRVLWLRQ� RI� WKH�

]LQF�FRQFHQWUDWH�RI�WKH�.KDQGL]D�GHSRVLW�LQ�D�KLJK-
SUHVVXUH�DXWRFODYH�DW�W� �����&� 

-� VHSDUDWLRQ� RI� ]LQF� FKORULGH� VROXWLRQ� DQG�
SXULILFDWLRQ�IURP�DVVRFLDWHG�LPSXULWLHV� 

-�HYDSRUDWLRQ�RI� WKH�SXULILHG�]LQF�FKORULGH�

VROXWLRQ�WR�REWDLQ�LQGXVWULDO�]LQF�FKORULGH� 
-� SDFNDJLQJ� DQG� VWRUDJH� RI� WKH� ILQLVKHG�

SURGXFW� 
=LQF-FRQWDLQLQJ� FRQFHQWUDWH� ZDV� IHG� LQWR�

WKH� DXWRFODYH� UHDFWRU�� DQG� WKHQ� K\GURFKORULF� DFLG�
VROXWLRQ�ZDV�DGGHG��7KH� UHDFWLRQ� WDNHV�SODFH� LQ�D�
WLJKWO\� FORVHG� DXWRFODYH� UHDFWRU�� WKH� JDV� UHOHDVHG�
GXULQJ�WKH�GHFRPSRVLWLRQ�RI�]LQF�FRQFHQWUDWH�ZLWK�
K\GURFKORULF� DFLG� FUHDWHV� D� KLJK� SUHVVXUH� LQVLGH�
WKH�UHDFWRU�DQG�DW�WKH�VDPH�WLPH�LQFUHDVHV�WKH�WHP�
SHUDWXUH�� 7KH� UHDFWLRQ� ZDV� FDUULHG� RXW� IRU� ���
KRXUV�� DIWHU� WKH�HQG�RI� WKH� UHDFWLRQ�SXOS� IURP� WKH�
DXWRFODYH� ZDV� VHQW� WR� WKH� ILOWHU� XQLW�� $IWHU� ILOWUD�
WLRQ��WKH�OLTXLG�SKDVH�ZDV�SXULILHG�IURP�DFFRPSD�
Q\LQJ�LPSXULWLHV�E\�VHGLPHQWDWLRQ��WKHQ�]LQF�FKOR�
ULGH�ZDV�VHSDUDWHG�E\�HYDSRUDWLRQ� 

7KH� GHYHORSHG� WHFKQRORJ\� IRU� WKH� SUR�
FHVVLQJ� RI� ]LQF-FRQWDLQLQJ� FRQFHQWUDWH� ZLWK� WKH�
SURGXFWLRQ� RI� ]LQF� FKORULGH� GLIIHUV� VLJQLILFDQWO\�
IURP� WKH� NQRZQ� SURGXFWLRQ� RI� ]LQF� FKORULGH� DQG�
WKH�SURFHVVLQJ�RI�]LQF-FRQWDLQLQJ�ZDVWH� 

7KH�PDLQ� SDUDPHWHUV� RI� WKH� WHFKQRORJLFDO�
PRGH� RI� SURFHVVLQJ� ]LQF-FRQWDLQLQJ� FRQFHQWUDWHV�
IRU�]LQF�FKORULGH�DUH��FDOFLQDWLRQ�RI�WKH�FRQFHQWUDWH�
DW������ɋ��PRODU�UDWLR�=Q�+&,� ��������DW�WKH�UDWLR�
7�/ �����WHPSHUDWXUH�����ɋ��SUHVVXUH����DWP���UHV�
LGHQFH� WLPH� LQ� WKH� UHDFWRU� ��� KRXUV�� SXOS� GHQVLW\�
�����-������J�FP�� 

0HWDO� LPSXULWLHV� SUHVHQW� LQ� WKH� UHVXOWLQJ�
]LQF�FKORULGH� VROXWLRQ�ZHUH� UHPRYHG�E\� VHGLPHQ�
WDWLRQ� 

,Q� WDEOH� VKRZV� WKH� WHFKQRORJLFDO� SDUDPH�
WHUV�IRU�WKH�SURGXFWLRQ�RI�FRPPHUFLDO�]LQF�FKORULGH�
IURP�]LQF�FRQFHQWUDWHV�IURP�WKH�.KDQGL]D�GHSRVLW� 

7KH� UHVXOWLQJ� SURGXFW� LV� FKDUDFWHUL]HG� E\�
WKH� IROORZLQJ� TXDOLW\� LQGLFDWRUV� �ZW����� =Q&O�� –�
�������&D�–���������)H�–��������&X�–���������&G�–�
��������3E�–� ��������.�–� ���������ɇ�Ɉ�–� �������
7KH�VDPSOHV�ZHUH�WUDQVIHUUHG�WR�$YWRWUDFWRUUDGLD�
WRU�-6&�IRU�WKH�SRVVLEOH�XVH�RI�WHFKQLFDO�=Q&O��RE�
WDLQHG�IURP�]LQF�FRQFHQWUDWHV�� 

'XULQJ� WKH� WHVW� SHULRG�� ����� NJ� RI� ]LQF�
FKORULGH�ZHUH�REWDLQHG�IRU�D�WRWDO�DPRXQW�RI�PRUH�
WKDQ� ���PLOOLRQ� VRXPV�� ZKLFK�PHHWV� WKH� UHTXLUH�
PHQWV� IRU� WHFKQLFDO� ]LQF� FKORULGH� LQ� DFFRUGDQFH�
ZLWK�*267�����-���JUDGH�$�DQG�FRQWDLQV��RQ�DY�
HUDJH��ZW�����=QɋO�-�����-������)H-���-������62�-�
����-������ɧ�ɨ�-������1ɇ�-����� 

$V�WKH�WHVW�UHVXOWV�VKRZHG��WKH�WHFKQRORJ\�
IRU�SURFHVVLQJ�]LQF�FRQFHQWUDWHV�LQWR�]LQF�FKORULGH�
LV�WHFKQRORJLFDOO\�VLPSOH��GRHV�QRW�UHTXLUH�VSHFLDO�

0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 

0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 
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�� 

HTXLSPHQW��HQHUJ\-��UHVRXUFH-�DQG�PDWHULDO-VDYLQJ� 
$� FRPSOHWH� WHFKQRORJLFDO� VFKHPH� IRU� WKH�

SURFHVVLQJ� RI� ]LQF-FRQWDLQLQJ� FRQFHQWUDWHV� IURP�
WKH� .KDQGL]D� GHSRVLW� LQWR� ]LQF� FKORULGH� KDV� DOVR�
EHHQ�GHYHORSHG��7KLV�VFKHPH�PDNHV�LW�SRVVLEOH�WR�

REWDLQ� WHFKQLFDO� =Q&O�� JUDGH� ³$´� ZLWK� D� =Q&O��
FRQWHQW�RI�DW�OHDVW������� 

2Q� ILJXUH� �� VKRZV� WKH� PDWHULDO� IORZV� RI�
SURFHVVLQJ� ]LQF-FRQWDLQLQJ� FRQFHQWUDWHV� IRU� ]LQF�
FKORULGH�EDVHG�RQ������NJ�RI�WHFKQLFDO�VDOW�� 

0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 
0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 

3URGXFWLRQ�SDUDPHWHUV�RI�]LQF�FKORULGH 

1DPH�RI�SDUDPHWHUV 0HDQLQJ 
&DOFLQDWLRQ�RI�]LQF�FRQFHQWUDWH 

7HPSHUDWXUH���ɋ ���-��� 
$FLG�GHFRPSRVLWLRQ�RI�WKH�FRQFHQWUDWH�LQ�DQ�DXWRFODYH 

7HPSHUDWXUH���ɋ �� 
0RODU�UDWLR�=Q�+&, ����� 
3UHVVXUH��$WP �� 
3URFHVV�GXUDWLRQ��KRXU �� 
6�/�UDWLR ��� 

6HSDUDWLRQ�RI�OLTXLG�DQG�VROLG�SKDVHV 
7HPSHUDWXUH���ɋ ��-�� 
3URFHVV�GXUDWLRQ��PLQ ��-�� 
6�/�UDWLR �����-� 

3XULILFDWLRQ�RI�]LQF�FKORULGH�VROXWLRQ 
7HPSHUDWXUH���ɋ ��-�� 
)H�&D�&O2���UDWLR ��� 
ɇɋ,�&D2�UDWLR ��� 
&D2�=Q�2+���UDWLR ���-��� 

5HVLGXH�RI�SXULILHG�]LQF�FKORULGH�VROXWLRQ�WR�REWDLQ�]LQF�FKORULGH 
7HPSHUDWXUH���ɋ ���-��� 

)LJXUH����%ORFN�GLDJUDP�RI�PDWHULDO�IORZV�DQG�PDWHULDO�EDODQFH�RI�SURFHVVLQJ�]LQF-FRQWDLQLQJ�FRQFHQWUDWHV�IRU�]LQF�FKORULGH� 
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7KH� WHFKQRORJLFDO� VFKHPH� IRU� REWDLQLQJ�
FRPPHUFLDO� ]LQF� FKORULGH� IURP� ]LQF-FRQWDLQLQJ�
FRQFHQWUDWHV�LV�VKRZQ�LQ�)LJXUH��� 

7KH� UHVXOWV� RI� WHVWLQJ� WKH� WHFKQRORJ\� IRU�
SURFHVVLQJ� ]LQF-FRQWDLQLQJ� FRQFHQWUDWHV� LQWR� ]LQF�
FKORULGH� XVLQJ� DQ� DXWRFODYH� DQG� DQ� HYDSRUDWRU�
VKRZHG� WKH� IXQGDPHQWDO�SRVVLELOLW\�RI� SURFHVVLQJ�
]LQF-FRQWDLQLQJ� FRQFHQWUDWHV�� 7KH� WHFKQRORJ\� KDV�
EHHQ� WHVWHG� LQ� LQGXVWULDO� FRQGLWLRQV� DQG� DFFHSWHG�
IRU�LPSOHPHQWDWLRQ�DW�³$OPDO\N�0LQLQJ�DQG�0HW�
DOOXUJLFDO�&RPELQH´�-6&� 

7KH� WHFKQRORJLFDO� VFKHPH� IRU� REWDLQLQJ�
FRPPHUFLDO� ]LQF� FKORULGH� IURP� ]LQF-FRQWDLQLQJ�
FRQFHQWUDWHV�LV�VKRZQ�LQ�)LJXUH��� 

7KH�]LQF-FRQWDLQLQJ�FRQFHQWUDWH�LV�IHG�LQWR�
WKH� FDOFLQDWLRQ� IXUQDFH� �SRV�� ��� IRU� WKHUPDO� WUHDW�
PHQW��DQG�WKHQ�WKH�FDOFLQHG�FRQFHQWUDWH�LV�IHG�LQWR�
WKH�DXWRFODYH�UHDFWRU��SRV������HTXLSSHG�ZLWK�D�VWLU�
UHU�� WKHUPRPHWHU� DQG� SUHVVXUH� JDXJH� IRU� DFLG� GH�
FRPSRVLWLRQ�ZLWK� K\GURFKORULF� DFLG�� DQG� WKHQ� WKH�
UHDFWLRQ�PDVV� LV� IHG� WR� ILOWHUV� �SRV�� ��� IRU� VHSDUD�

WLRQ�RI� VROLG�DQG� OLTXLG�SKDVHV��7KH� ILOWHUHG� VROX�
WLRQ�RI�]LQF�FKORULGH�IURP�WKH�WDQN��SRV�����HQWHUV�
WKH�PL[LQJ�WDQN��SRV�����WR�VHSDUDWH�LPSXULWLHV�WKDW�
SROOXWH� WKH� ]LQF� FKORULGH� VROXWLRQ�� WKH� VROXWLRQ� LV�
IHG� WR� WKH� ILOWHU� �SRV�� ��� WR� VHSDUDWH� VHGLPHQWDU\�
LPSXULWLHV��WKHQ�WKH�SXULILHG�VROXWLRQ�IURP�WKH�WDQN�
�SRV�� ��� LV� IHG� LQWR� D� YDFXXP� HYDSRUDWRU� ZLWK� D�
FU\VWDOOL]HU��SRV������7KH�UHVXOWLQJ�]LQF�FKORULGH�LV�
IHG� E\� D� FRQYH\RU� �SRV�� ��� WR� D� SDFNDJLQJ� SODQW�
�SRV������ 

 
&RQFOXVLRQ 
7KH� UHVHDUFK� RQ� DXWRFODYH� H[WUDFWLRQ� RI�

]LQF� IURP� WKH� ]LQF� FRQFHQWUDWH� RI� WKH� .KDQGL]D�
GHSRVLW�PDGH� LW�SRVVLEOH� WR�GHYHORS�D� WHFKQRORJL�
FDO� VFKHPH� IRU� SURFHVVLQJ� ]LQF� FRQFHQWUDWH� LQWR�
]LQF� FKORULGH�� WR� GUDZ� XS� D� VFKHPH� RI� PDWHULDO�
IORZV��7KH�GDWD� LQGLFDWH� WKH�SRVVLELOLW\�RI�REWDLQ�
LQJ�]LQF�FKORULGH�DQG�ORFDO�UDZ�PDWHULDOV� 

�� 

0$7(5,$/6�6&,(1&(�$1'�(1*,1((5,1* 
ɆȺɌȿɊɂȺɅɈȼȿȾȿɇɂȿ�ɂ�ɌȿɏɇɈɅɈȽɂə 

0$7(5,$/6+8126/,.�9$�7(;12/2*,<$, 

)LJXUH����7HFKQRORJLFDO�VFKHPH�RI�D�SLORW�SODQW�IRU�WKH�SURFHVVLQJ�RI�]LQF�FRQFHQWUDWHV�LQWR�FRPPHUFLDO�]LQF�FKORULGH� 
��–�FDOFLQLQJ�IXUQDFH����–�DXWRFODYH�UHDFWRU�������–�ILOWHUV�������–�WDQNV����–�PL[LQJ�WDQN����–�YDFXXP�HYDSRUDWRU�ZLWK�D�FU\VWDOOL]HU�� 

��–�FRQYH\RU�����–�SDFNDJLQJ�XQLW�����–�GLVWLOOHU� 



 

 

�
���� .�, �0�<�2  
YD �NLP\R � W H[QR ORJ L\DV L  

CHEMISTRY AND CHEMICAL ENGINEERING 
ɏɂɆɂə�ɂ�ɏɂɆɂɑȿɋɄȺə�ɌȿɏɇɈɅɈȽɂə  

5()(5(1&(6 
 

�� %DEX�.�.��6DKX�%�'��3DQGH\�=LQF� UHFRYHU\� IURP�VSKDOHULWH�FRQFHQWUDWH�E\�GLUHFW�R[LGDWLYH� OHDFKLQJ�ZLWK�DPPRQLXP��VRGLXP�DQG�SRWDVVLXP�
SHUVXOSKDWHV��+\GURPHWDOOXUJ\���������������-���� 

�� <DQ�/L��$QKXDL�/X��6RQJ�-LQ��&KDQJTLX�:DQJ��3KRWRUHGXFWLYH�GHFRORUL]DWLRQ�RI�DQ�D]R�G\H�E\�QDWXUDO�VSKDOHULWH��&DVH�VWXG\�RI�D�QHZ�W\SH�RI�
YLVLEOH�OLJKWVHQVLWL]HG�SKRWRFDWDO\VW��-��+D]DUG��0DWHU����������������-���� 

�� 5RGLRQRYD� ,�$��(NRQRPLFKHVND\D� L� VRWVLDO¶QD\D�JHRJUDIL\D�PLUD� >(FRQRPLF� DQG�VRFLDO� JHRJUDSK\�RI� WKH�ZRUOG@��3DUW����D� WH[WERRN� IRU� RSHQ�
VRXUFH�VRIWZDUH��0RVFRZ��8UDLQ�3XEO������������� 

�� 0DUFKHQNR�1�9��0HWDOOXUJL\D�W\D]KHO\NK�WVYHWQ\NK�PHWDOORY�>0HWDOOXUJ\�RI�KHDY\�QRQ-IHUURXV�PHWDOV@��0HWDOOXUJ\�RI�KHDY\�QRQ-IHUURXV�PHWDOV��
������SS���-��� 

�� :RUOG�0HWDO�6WDWLVWLFV�<HDUERRN��/RQGRQ��:RUOG�%XUHDX�RI�0HWDO�6WDWLVWLFV����������-��� 
�� .OHLQ�6�(��7VYHWQD\D�PHWDOOXUJL\D��2NUX]KD\XVKFKD\D�VUHGD�>1RQ-IHUURXV�PHWDOOXUJ\��(QYLURQPHQW@��<HNDWHULQEXUJ��8678�3XEO�������������� 
�� 7DUDVRY�$�9���6KHLQ�<D�3��2EVKFKD\D�PHWDOOXUJL\D�>*HQHUDO�PHWDOOXUJ\@��0RVFRZ��0HWDOOXUJ\�3XEO������������� 
�� *XGLPD��1�9���6KH\Q�<D�3��.UDWNL\�VSUDYRFKQLN�SR�PHWDOOXUJLL�WVYHWQ\NK�PHWDOORY�>%ULHI�UHIHUHQFH�ERRN�RQ�QRQ-IHUURXV�PHWDOOXUJ\@��0RVFRZ��

0HWDOOXUJ\�3XEO������������� 
�� 1DER\FKHQNR�6�6���$JHHY�1�*���'RURVKNHYLFK�$�3��3URWVHVV\�L�DSSDUDW\�WVYHWQR\�PHWDOOXUJLL�>3URFHVVHV�DQG�DSSDUDWXVHV�IRU�QRQ-IHUURXV�PHWDOOXU�

J\@��<HNDWHULQEXUJ��8678�3XEO�������������� 
��� .D]DQEDHY�/�$���.R]ORY�3�$���.XEDVRY�9�/��*LGURPHWDOOXUJL\D�WVLQND��RFKLVWND�UDVWYRURY�L�HOHNWUROL]��>+\GURPHWDOOXUJ\�RI�]LQF��SXULILFDWLRQ�RI�

VROXWLRQV�DQG�HOHFWURO\VLV�@��2UH�DQG�PHWDOV����������-���� 
��� 0DWYHHY�<X�1���6WUL]KNR�9�6��7HRUL\D�PHWDOOXUJLFKHVNRJR�SURL]YRGVWYD�WVYHWQ\NK�PHWDOORY��WHRUL\D�L�SUDNWLND��>7KHRU\�RI�PHWDOOXUJLFDO�SURGXF�

WLRQ�RI�QRQ-IHUURXV�PHWDOV��WKHRU\�DQG�SUDFWLFH�@��0RVFRZ��0HWDOOXUJ\�3XEO������������� 
��� 6KLYULQ�*��1��0HWDOOXUJL\D�VYLQWVD�L�WVLQND�>0HWDOOXUJ\�RI�OHDG�DQG�]LQF@��0RVFRZ��0HWDOOXUJ\������������� 
��� /DNHUQLN�0�0���3DNKRPRYD�*�1��0HWDOOXUJL\D�WVLQND�L�NDGPL\D�>0HWDOOXUJ\�RI�]LQF�DQG�DGPLXP@��0RVFRZ��0HWDOOXUJ\�3XEO�������������� 
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