
*UDIWLQJ�RI�6%$����E\�$PLQRSURS\OWULHWKR[\VLODQH�IRU
,Q�6LWX�$OGRO�&RQGHQVDWLRQ�RI�)XUIXUDO�DQG�$FHWRQH

1�6RVD���.�)|WWLQJHU��DQG�-�:LWWD\DNXQ��*�
�� 6FKRRO� RI� &KHPLVWU\�� 6XUDQDUHH� 8QLYHUVLW\� RI� 7HFKQRORJ\�� 1DNKRQ�
� 5DWFKDVLPD���������7KDLODQG��
�� ,QVWLWXWH�RI�0DWHULDOV�&KHPLVWU\��7HFKQLVFKH�8QLYHUVLWlW�:LHQ��9LHQQD��������
$XVWULD��

* &RUUHVSRQGLQJ�$XWKRU: MDWXSRUQ#VXW�DF�WK

$EVWUDFW.  7KLV�ZRUN� DLPV� WR� VWXG\� WKH� DFWLYLW\� RI� 6%$�1 5  JUDIWHG�ZLWK� 3 -
DPLQRSURS\O�WULHWKR[\VLODQH��$37(6��LQ�DQ�LQ�VLWX�DOGRO�FRQGHQVDWLRQ�EHWZHHQ�
IXUIXUDO� DQG�DFHWRQH�� 7KH� 6%$�1 5  JUDIWHG�ZLWK�$37(6� �$3�6%$�1 5 )  ZDV�
SUHSDUHG� LQ� WROXHQH� E\� D� FRQYHQWLRQDO� PHWKRG�� 7KH� JUDIWLQJ� OHDGV� WR� WKH�
IRUPDWLRQ�RI�FRYDOHQW�ERQGV�EHWZHHQ�VXUIDFH�VLODQRO�RI�WKH�6 15 DQG�$37(6�
ZLWKRXW� VLJQLILFDQW� FKDQJHV� LQ� WKH� VWUXFWXUDO� FKDUDFWHULVWLFV� RI�6%$�1 5 .  7KH�
VDPSOH� ZLWK� WKH� QHZ� VXUIDFH� VSHFLHV� KDV� VPDOOHU� VSHFLILF� VXUIDFH� DUHDV� DQG�
KLJKHU�EDVLFLW\�WKDQ�WKH�SDUHQW�6%$�1 5 ��$OGRO�FRQGHQVDWLRQ�ZDV�SHUIRUPHG�LQ�
DQ� LQ� VLWX� UHDFWRU� DQG� PRQLWRUHG� FRQWLQXRXVO\� E\� WKH� $75�)7,5� WHFKQLTXH��
%HFDXVH�RI�KLJKHU�EDVLFLW\�� WKH�$ 1 5  SURGXFHG�IXUIXU\OEXWHQRQH��)%�
IRUPDWLRQ�PRUH�WKDQ�WKH�SDUHQW�6%$�1 5 .  0RUHRYHU��WKH�)%�IRUPDWLRQ�RQ�WKH�
$3�6% 15 LQFUHDVHG�ZLWK�WKH�WHPSHUDWXUH��

.H\ZRUGV: 6%$�����$37(6��$OGRO�FRQGHQVDWLRQ��)XUIXUDO��$FHWRQH��

�� ,QWURGXFWLRQ
)XUDQLF� FRPSRXQGV� VXFK� DV� IXUIXUDO� DQG� ��K\GUR[\PHWK\OIXUIXUDO� �+0)�� DUH� SURPLVLQ
ELRPDVV�EDVHG�IHHGVWRFNV�IRU�IXHOV�RU�RWKHU�YDOXHG�FKHPLFDOV�>�@��,PSRUWDQWO\��WKH�XVH�RI�WKHVH
FKHPLFDOV�GRHV�QRW�FRPSHWH�ZLWK�WKH�QHHGV�RI�IRRG�FURSV��IRGGHU��DQG�QDWXUDO�KDELWDW��$PRQJ
VXFK�IXUDQLF�FRPSRXQGV��IXUIXUDO�KDV�EHHQ�XVHG�DV�D�SODWIRUP�PROHFXOH�LQ�YDULRXV�ELRPDVV
FRQYHUVLRQV��0RUHRYHU�� DFHWRQH�DV� D� E\�SURGXFW�RI�SKHQRO� SURGXFWLRQ� KDV�EHHQ� FRPPRQO\
XVHG��%RWK�IXUIXUDO�DQG�DFHWRQH�DUH� QRW�H[SHQVLYH�DQG�FRPPHUFLDOO\�DYDLODEOH��+HQFH�� WKH\
FDQ� EH� FRQYHUWHG� WR� YDOXH�DGGHG� FKHPLFDOV� VXFK� DV� MHW� RU� GLHVHO� IXHO� LQWHUPHGLDWHV� YLD� D
FRQYHQWLRQDO�DOGRO�FRQGHQVDWLRQ�

$OGRO�FRQGHQVDWLRQ�KDV� EHHQ�ZLGHO\� H[SORLWHG� WR�FRQYHUW�ELRPDVV� WR�GHVLUHG� FKHPLFDOV�
WKURXJK�WKH�IRUPDWLRQ�RI�FDUERQ�FDUERQ��&�&��ERQGV��7KH�UHDFWLRQ�FDQ�EH�RSHUDWHG�LQ�HLWKHU�
JDV�RU�OLTXLG�SKDVH�LQ�WKH�SUHVHQFH�RI�DFLG�RU�EDVH�FDWDO\VWV��$FFRUGLQJ�WR�PDQ\�VWXGLHV��WK
UHDFWLRQ�KDV�EHHQ�FDUULHG�RXW�LQ�WKH�SUHVHQFH�RI�KRPRJHQHRXV�FDWDO\VWV�ZKLFK�DUH�GLIILFXOW�W
UHJHQHUDWH��7R�VROYH�WKLV�GUDZEDFN�� WKH�SURFHGXUH� FRXOG�EH� FDUULHG�RXW�ZLWK�KHWHURJHQHRXV�
VROLG�FDWDO\VWV���

687�,QWHUQDWLRQDO�9LUWXDO�&RQIHUHQFH�RQ�6FLHQFH�DQG�7HFKQRORJ\�
1DNKRQ�5DWFKDVLPD��7KDLODQG�

��WK $XJXVW������

3/6�����(Invited�Paper)
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� 1XPHURXV�W\SHV�RI�VROLG�EDVH�FDWDO\VWV�VXFK�DV�0J�$O�OD\HUHG�GRXEOH�K\GUR[LGH��/'+���
PDJQHVLD�]LUFRQLD� �0J2�=U2����DQG�FDOFLXP�R[LGH�]LUFRQLD� �&D2�=U2���KDYH�EHHQ�XVHG� LQ�
DOGRO�FRQGHQVDWLRQ��+RZHYHU��ERWK�OHDFKLQJ�RI�DFWLYH�VSHFLHV�DQG�ZDWHU�LQWHUDFWLRQ�GHDFWLYDWH�
WKHVH�FDWDO\VWV�>�@��7R�DYRLG�WKLV�GUDZEDFN��WKH�PDWHULDO�VXUIDFH�FRXOG�EH�PRGLILHG�E\�RUJDQLF�
PROHFXOHV�WR�IRUP�FRYDOHQW�ERQGV�EHWZHHQ�D�GHVLUHG�DFWLYH�JURXS�DQG�PRGLILHG�VXSSRUW���
� *UDIWLQJ� LV� DPRQJ�PDQ\� YHUVDWLOH� DSSURDFKHV� WR� JHQHUDWH� DPLQR�PRGLI\LQJ� VSHFLHV� RQ�
PDWHULDO�VXUIDFHV�YLD�FRYDOHQW�ERQGLQJ�EHWZHHQ�DQ�RUJDQRVLODQH�DQG�VXUIDFH�VLODQRO�JURXSV
7KH� DGYDQWDJHV� RI� WKH� PHWKRG� DUH� EHWWHU�GHILQHG� VWUXFWXUH� DQG� K\GURO\WLF� VWDELOLW\� RI� WK
SURGXFHG�PDWHULDOV� >�@��9DULRXV�RUJDQLF� IXQFWLRQDO�JURXSV�KDYH�EHHQ�XVHG� IRU�JUDIWLQJ�� IRU�
H[DPSOH��YLQ\O�>����@��VXOIRQLF�DFLG�>����@��FDUER[\OLF�DFLG�>�����@��DQG�DPLQHV�>��@��$PRQJ
WKHVH�SUHFXUVRUV����DPLQRSURS\OWULHWKR[\VLODQH��$37(6��LV�IUHTXHQWO\�XVHG�DV�DQ�RUJDQRVLODQH�
GXH�WR�LWV�OHVV�VWHULF�KLQGUDQFH��0RUHRYHU��WKH�IUDPHZRUN�RI�SRURXV�VXSSRUWV�FDQ�EH�SUHVHUYHG�
� 0HVRSRURXV�VLOLFHRXV�PDWHULDOV�KDYH�EHHQ�XVHG�DV�D�VXSSRUW�IRU�JUDIWLQJ�>��@��IRU�H[DPSO
7HFK�PROHFXODU� VLHYHV� �706���KH[DJRQDO�PHVRSRURXV� VLOLFD� �+06���0RELO�FRPSRVLWLRQ�RI�
PDWWHU��0&0���6DQWD�%DUEDUD�DPRUSKRXV��6%$���3DUWLFXODUO\��6%$����>������@�LV�DPRQJ�
SURPLVLQJ� PDWHULDOV� EHFDXVH� RI� D� WKLFN� SRUH� ZDOO� >���� ��@�� ,W� KDV� EHWWHU� K\GURWKHUPDO�
WKHUPDO�VWDELOLW\�WKDQ�RWKHU�VLOLFD�PDWHULDOV
� 8S�WR�GDWH��WKHUH�DUH�QR�UHSRUWV�DERXW�WKH�LQ�VLWX�FDWDO\WLF�VWXGLHV�RI�6%
$37(6� IRU� DOGRO� FRQGHQVDWLRQ� EHWZHHQ� IXUIXUDO� DQG� DFHWRQH�� 7KLV� ZRUN� LQYHVWLJDWHV� WKH�
IHDVLELOLW\�RI� XSJUDGLQJ�IXUIXUDO�YLD� DOGRO� FRQGHQVDWLRQ�RYHU� $37(6�PRGLILHG�PHVRSRUR
6%$����LQ�DQ�DTXHRXV�FRQGLWLRQ��
�
���([SHULPHQWDO�
2.1 Preparation of SBA-15 as a siliceous mesoporous support 

6%$���� ZDV� SUHSDUHG� DFFRUGLQJ� WR� WKH� OLWHUDWXUH� >��@�� 3OXURQLF�� 3���� �DYHUDJH� 0Z
�������6LJPD�$OGULFK��������J��ZDV�GLVVROYHG�LQ�����P/�RI�����0�+&O�LQ�D�����P/�URXQG
ERWWRP�IODVN�FRQQHFWHG�ZLWK�D�JODVV�FRQGHQVHU��7KH�WHPSODWH�VROXWLRQ�ZDV�VWLUUHG�DW�����&�IRU�
���K��7HWUDHWK\O�RUWKRVLOLFDWH��7(26���������)OXND�&KHPLND��������P/��ZDV�VORZO\�GURSSHG�
LQWR�WKH�WHPSODWH�VROXWLRQ��7KH�FROORLGDO�PL[WXUH�ZDV�VWLUUHG�IXUWKHU�DW����&�IRU���K��7KHQ��WKH�
PL[WXUH� ZDV� WZLFH� GLYLGHG� LQWR� WZR� RI� ����P/� 7HIORQ�OLQHG� DXWRFODYHV�� 7KH\�ZHUH� DJHG
ZLWKRXW�VWLUULQJ�DW�����&�IRU����K��7KH�VROLG�SURGXFWV�ZHUH�ZDVKHG�E\�GHLRQL]HG�ZDWHU�XQWLO�
WKH�S+�EHFDPH������DQG�GULHG�DW����&�IRU����K��)LQDOO\��WKH�VDPSOHV�ZHUH�FDOFLQHG�DW�����&�IRU�
���K�ZLWK�D�KHDWLQJ�UDWH�RI���&�PLQ���
� �
2.2 Conventional grafting of SBA-15 with 50 wt. % of APTES 

6%$����ZDV�JUDIWHG�E\�$37(6�XVLQJ�D�PHWKRG�IURP�WKH�OLWHUDWXUH�>��@��6%
ZDV�SUH�GULHG�DW�����&�IRU���K��7KHQ��WKH�GULHG�SRZGHU�������J��ZDV�VXVSHQGHG�WR�����P/�RI
WROXHQH���������45s&70��LQ�D�����P/�URXQG�ERWWRP�IODVN��HTXLSSHG�ZLWK�D�JODVV�FRQGHQVHU
XQGHU�1��gas flow. APTES (99%, Acrōs Organics) of 50 wt. %, 0.54 mL was added dropwiVH�
YLD�D���P/�SODVWLF�V\ULQJH�ZLWK�D�QHHGOH�XQGHU� ��JDV�IORZ��7KH�VXVSHQVLRQ�ZDV�VWLUUHG�DW�URRP�
WHPSHUDWXUH�IRU����K��ILOWHUHG�WKURXJK�D�WKLPEOH��ZDVKHG�E\�DEVROXWH�HWKDQRO���������&DUOR�
(UED���H[WUDFWHG�YLD�D�6R[KOHW�H[WUDFWRU�XVLQJ�DEVROXWH�HWKDQRO�IRU����K��DQG�GULHG�DW����&�I
���K��7KLV�VDPSOH�ZDV�QDPHG�$3�6%$�����
�
2.3 Materials characterization of SBA-15 grafted by APTES �

;�UD\�GLIIUDFWLRQ��;5'��SDWWHUQV�ZHUH�REWDLQHG�XVLQJ�D�%UXNHU�;5'�'��$GYDQFH�ZLWK�
&X�.������c��UDGLDWLRQ�DW�D�YROWDJH�RI����N9�DQG�D�FXUUHQW�RI����P$�XVLQJ�D�/<1;(<(�
GHWHFWRU�ZLW �UDQJH�IURP�����WR������ZLWK�D�VWHS�VL]H�RI��������7KH�LQWHUSODQDU�VSDFLQJ�RI�WKH�
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SODQH���������G��������DQG�XQLW�FHOO�SDUDPHWHU�� R��RI�WKH�SUHSDUHG�VDPSOHV�ZHUH�FDOFXODWHG�IURP�
WKH�IROORZLQJ�HTXDWLRQV����

   (100)
λd =  2 sin θ � ��������������������

(100)

o

2d
A =

3 � ���������������������
� 1LWURJHQ��1���DGVRUSWLRQ�GHVRUSWLRQ�LVRWKHUPV�ZHUH�REWDLQHG�DW�D�WHPSHUDWXUH�RI� �����
XVLQJ�D�%(/6253�PLQL�,,��%HIRUH�D�PHDVXUHPHQW��VDPSOHV�ZHUH�GHJDVVHG�DW�����&�IRU����K��
%RWK� VSHFLILF� VXUIDFH� DUHD� DQG� SRUH� YROXPH�ZHUH� FDOFXODWHG� E\� D�%UXQDXHU�(PPHWW�7HOOHU
�%(7��PHWKRG��3RUH�VL]H�ZDV�FRPSXWHG�IURP�WKH�DGVRUSWLRQ�EUDQFK�XVLQJ�D�%DUUHWW�-R\QHU�
+DOHQGD��%-+��PHWKRG���
�� )7,5�VSHFWUD�ZHUH�FROOHFWHG�E\�D�%UXNHU�9HUWH[����5DP,,�)7,5�VSHFWURVFRS\�HTXLSSHG�
ZLWK� DQ� )7�5DPDQ� LQVWUXPHQW�PDQLSXODWHG� LQ� DQ� DWWHQXDWHG� WRWDO� UHIOHFWDQFH� �$75��PRG
XVLQJ�D�UDQJH�RI�ZDYHQXPEHU�IURP�����WR�������F ���ZLWK�D�UHVROXWLRQ�RI��� ���DQG�D�VFDQ
QXPEHU�RI��
�
2.4 Catalytic testing of aldol condensation between furfural and acetone by in situ ATR-FTIR 

,Q�VLWX�$75�)7,5�WHFKQLTXH�LV�XVHG�DV�D�UHDO�WLPH�DQDO\VLV�IRU�DQ�LQ�VLWX�DOGRO�FRQGHQVDWLRQ
RI�IXUIXUDO�DQG�DFHWRQH��=Q6H�ZDV�HPSOR\HG�DV�DQ�LQWHUQDO�UHIOHFWDQFH�HOHPHQW��%HIRUH�VWDUWLQJ
WKH�UHDFWLRQ�WHVWLQJ��WKH�FDWDO\VW�SRZGHU�ZDV�GULHG�XQGHU�D�KRW�DLU�RYHQ�DW����&�IRU���K��7KH�
SUH�GULHG� FDWDO\VW� RI� ��� PJ� ZDV� GLVSHUVHG� LQ� HWKDQRO�� VRQLFDWHG� IRU� VHYHUDO� PLQXWHV�� DQG�
GHSRVLWHG�RQ� WKH�=Q6H� VXUIDFH��$IWHUZDUG�� WKH�=Q6H� SODWH�ZDV� IL[HG� RQ�D� FHOO� KROGHU��7KH�
PL[WXUH�RI�IXUIXUDO�DQG�DFHWRQH�ZLWK�WKH�PROH�UDWLR�RI������ZDV�GLVVROYHG�LQ�WKH�VROXWLRQ�RI�
ZDWHU�DQG�HWKDQRO�ZLWK�WKH�YROXPH�UDWLR�RI������7KHQ��WKH�VROXWLRQ�ZDV�LQWURGXFHG�WKURXJK�WKH�
FHOO� DOLJQHG� LQ� WKH� LQ� VLWX� LQVWUXPHQW� DW� URRP� WHPSHUDWXUH�� ,5� VSHFWUD� ZHUH� UHFRUGHG� DQG
GHILQHG���
�
���5HVXOWV�DQG�'LVFXVVLRQV�
3.1 Characterization results of AP-SBA-15  

;5'� SDWWHUQV� RI� DOO� VDPSOHV� DUH� VKRZQ� LQ� )LJXUH� ��D��� 7KH� 6%$���� VKRZV� WKUHH�
FKDUDFWHULVWLF�SHDNV�DW�������������DQG�������ZKLFK�FRUUHVSRQG�WR�WKH�SODQH���������������DQG
�������UHVSHFWLYHO\��RI�6%$����>��@��7KH�;5'�SDWWHUQ�RI�$3�6%$����KDV�D�ORZHU�LQWHQVLW\�
WKDQ�WKDW�RI� WKH�SDUHQW��7KHUH� LV�D�VOLJKW�FKDQJH�LQ� WKH�;5'�SHDN� WR�D�KLJKHU�GHJUHH��%RWK
LQWHUSODQDU�VSDFLQJ�DQG�ZDOO�WKLFNQHVV�DUH�OLVWHG�LQ�7DEOH����7KHVH�LPSOLHG�WKDW�WKH�$37(6�
VSHFLHV�GLG�QRW�FKDQJH� WKH�6%$����VWUXFWXUH��7KLV� ILQGLQJ� LV�VLPLODU� WR� WKH�ZRUNV�R Yang  
et al��>��@�DQG� et al��>��@��
� 1�� DGVRUSWLRQ�GHVRUSWLRQ� LVRWKHUPV� RI�DOO� VDPSOHV�DUH� VKRZQ� LQ� )LJXUH���E��� ,VRWKHUPV�
IURP�DOO�VDPSOHV�DUH�W\SH�,9�D��DFFRUGLQJ�WR�WKH�,83$&�FODVVLILFDWLRQ�>��@��,W�LV�FKDUDFWHULVWLF�
DGVRUSWLRQ�RI�PHVRSRURXV�PDWHULDOV�LQFOXGLQJ�WKH�IRUPDWLRQ�RI�PRQROD\HU�DQG�PXOWLOD\HU�RQ�
WKH� PHVRSRUH� ZDOOV� EHIRUH� WKH� SRUH� FRQGHQVDWLRQ�� %HVLGHV�� DOO� VDPSOHV� H[KLELW� D� W\SH� +��
K\VWHUHVLV�ORRS�ZKLFK�LQGLFDWHV�D�QDUURZ�UDQJH�RI�XQLIRUP�PHVRSRUHV�ZLGHU�WKDQ���QP� >��@��
6SHFLILF�VXUIDFH�DUHD��SRURVLW\��DQG�SRUH�ZDOO�WKLFNQHVV�RI�VDPSOHV�DUH�VXPPDUL]HG�LQ�7DEOH�
���%RWK�VXUIDFH�DUHD�DQG�SRURVLW\�RI� WKH�JUDIWHG�VDPSOH� DUH� VPDOOHU� WKDQ� WKDW�RI� WKH�SDUHQW�
LQGLFDWLQJ� WKH� IRUPDWLRQ�RI�QHZ�VXUIDFH�FRPSRQHQWV�RQ� WKH� VXSSRUW� VXUIDFH��0RUHRYHU�� WKH�
SUHVHQFH� RI� QHZ� JUDIWLQJ�$37(6� VSHFLHV� VOLJKWO\� LQFUHDVHG� WKH� SRUH�ZDOO� WKLFNQHVV� RI� WKH
6%$����VXSSRUW�DFFRUGLQJ�WR�WKH�;5'�SHDN�VKLIW��7KHVH�UHVXOWV�DUH�LQ�JRRG�DJUHHPHQW�ZLW
WKH�OLWHUDWXUH�>��@��
� 7R�IXUWKHU�FRQILUP�WKH�SUHVHQFH�RI�QHZ�IXQFWLRQDO�JURXSV��,5�VSHFWUD�DQG�SHDN�DVVLJQP
DUH� LOOXVWUDWHG� LQ� )LJXUH� ��� 7KH� SDUHQW� 6%$���� VKRZV� WKH� FKDUDFWHULVWLF� YLEUDWLRQ� PRGHV�
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LQFOXGLQJ� WKH� LQWHQVH� VWUHWFKLQJ� ���6L�2��� RI� GHQVH� VLOLFD� QHWZRUN�� WKH� LQ�SODQH� VWUHWFKLQJ��
��LQ�SODQH�6L�2���RI�VLODQRO��6L�2+��JURXSV��DQG�WKH� V\PPHWULF�VWUHWFKLQJ� ��6L�2�6L���RI�WKH�
VLOLFHRXV�IUDPHZRUN�>��@��7KH�$3�6%$����VKRZV�VHYHUDO�QHZ�YLEUDWLRQDO�EDQGV�FRQVLVWLQJ�RI�
WKH� VWUHWFKLQJ� ��&�+��� DQG� EHQGLQJ� ��6L�&��� RI� WKH� K\GURFDUERQ� FKDLQ� EHORQJHG� WR�
DPLQRSURS\O��7KH�SHDN�LQWHQVLW\�RI�WKH�VLODQRO�JURXS�GHFUHDVHV�LQGLFDWLQJ�WKH�FKHPLFDO�ERQG�
IRUPDWLRQ� WKURXJK� WKH�FRQGHQVDWLRQ�EHWZHHQ�WKH�$37(6�DQG�VXUIDFH� VLODQRO�RI� WKH�VXSSRUW�
VLPLODU�WR�WKH�ZRUN�E\�3HUHLUD et al��>��@��+HQFH��WKHVH�)7,5�UHVXOWV�FRQILUPHG�WKH�SUHVHQFH�RI�
QHZ�VXUIDFH�$37(6�VSHFLHV�RQ�WKH�6%$����VXUIDFH�WKURXJK�D�FKHPLFDO�ERQG�IRUPDWLRQ��7K
ILQGLQJ�LV�LQ�DFFRUGDQFH�ZLWK�WKH�OLWHUDWXUH�>����������@
�

�
�

)LJXUH� ��� D��;5'� SDWWHUQV� DQG� E�� �� VRUSWLRQ� LVRWKHUPV� IURP� WKH� SDUHQW� DQG� $3�6%$���
�)LOOHG�V\PERO� �DGVRUSWLRQ�EUDQFK�DQG�KROORZ�V\PERO� �GHVRUSWLRQ�EUDQFK��

�
7DEOH����6SHFLILF�VXUIDFH�DUHD��PHVRSRUH�YROXPH��SRUH�GLDPHWHU��DQG�ZDOO�WKLFNQHVV�RI�SDUHQW�
DQG�$3�6%$�����

6DPSOH� 6%(7�
�P��J��D�

9%-+�
�FP��J��E�

'%-+��QP��
F�

G�������QP��
G�

$R��QP��H� :��QP��I�

6%$���� ���� ����� ����� ������ ������ �����
$3�6%$���� ���� ����� ����� ������ ������ �����
D�6%(7�LV�D�VSHFLILF�VXUIDFH�DUHD�FDOFXODWHG�E\�WKH�%(7�PHWKRG�XVLQJ�DQ�DGVRUSWLRQ�EUDQFK��
E�9%-+�LV�D�SRUH�YROXPH�FDOFXODWHG�E\�WKH�%-+�PHWKRG���
F�'%-+�LV�D�SRUH�GLDPHWHU�FDOFXODWHG�E\�WKH�%-+�PHWKRG���
G�G������LV�LQWHUSODQDU�VSDFLQJ�DW�������SODQH FDOFXODWHG�IURP�WKH�HTXDWLRQ������
H�$R�LV�D�XQLW�FHOO�SDUDPHWHU�FDOFXODWHG�IURP�WKH�HTXDWLRQ������
I�:�LV�ZDOO�WKLFNQHVV�FDOFXODWHG�IURP�:� R�–�'%-+��
�

��
)LJXUH����,5�VSHFWUD�DQG�SHDN�DVVLJQPHQW�RI�WKH�SDUHQW�DQG�$3�6%$���
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3.2 In situ aldol condensation between furfural and acetone  
3.2.1 Effect of surface species on catalytic activity 
7KH�DOGRO�FRQGHQVDWLRQ�EHWZHHQ�IXUIXUDO�DQG�DFHWRQH�ZDV�PRQLWRUHG�E\�LQ�VLWX�$75�)7,5�

PHDVXUHPHQWV�DW����&�XS�WR���K��7KH�VSHFWUD�RI�WKH�UHDFWLRQ�VROXWLRQ�XQGHU�WKH�SUHVHQFH�RI�
6%$����DQG�$3�6%$����DUH�VKRZQ� LQ�)LJXUH����7ZR�SHDNV�DW�������DQG�������F ���ZHU
DVVLJQHG� WR� WKH� ILQJHUSULQW� RI� VWDUWLQJ� UHDJHQWV� DQG� IXUIXU\OEXWHQRQH� �)%�� DV� WKH� GHVLUHG�
SURGXFW�� UHVSHFWLYHO\� LQ� DQ� DTXHRXV� VROXWLRQ�� 6%$���� VKRZV�RQO\� WKH� SHDN� RI� WKH� VWDUWLQJ�
DJHQWV�LPSO\LQJ�WKDW�LW�LV�QRW�DFWLYH�EHFDXVH�LW�KDV�RQO\�ZHDN�EDVH�VLWHV�IURP�WKH�VXUIDFH�VLODQRO�
JURXS�>��@���
� 5HPDUNDEO\��$3�6%$����SURYLGHG�D�KLJKHU�DFWLYLW\�LQ�WHUPV�RI�WKH�)%�I
VXIILFLHQW� EDVH� VWUHQJWK� WR� JHQHUDWH� DQ� HQRODWH� IURP� DFHWRQH�FRUUHVSRQGLQJ� WR� WKH�ZRUN� RI�
/DXZDHUW�et al��>��@��7KH\�H[SODLQHG�WKDW�D�EDVLF�DPLQH�VLWH�DIIHFWHG�WKH�QXFOHRSKLOLF�DGGLWLRQ�
RI� DFHWRQH� WR� IRUP� DQ� HQDPLQH� LQWHUPHGLDWH� EHIRUH� UHDFWLQJ�ZLWK� DQRWKHU� FDUERQ\O�� 7KHVH�
UHVXOWV� VXJJHVWHG� WKDW� WKH� DOGRO� FRQGHQVDWLRQ� EHWZHHQ� IXUIXUDO� DQG� DFHWRQH� UHTXLUHG� EDVH�
FDWDO\VWV�WR�IDFLOLWDWH�WKH�)%�IRUPDWLRQ�DW�WKH�PLOG�UHDFWLRQ�WHPSHUDWXUH��%HFDXVH�$3�6%$����
JDYH�WKH�EHVW�)%�IRUPDWLRQ��LW�ZDV�IXUWKHU�VWXGLHG�WR�GHWHUPLQH�WKH�RSWLPDO�WHPSHUDWXUH��
�

�� �
�
)LJXUH����,5�VSHFWUD�RI�WKH�UHDFWLRQ�VROXWLRQ�XQGHU�WKH�SUHVHQFH�RI�6%$����DQG�$3�6%$���
GXULQJ�WKH�DOGRO�FRQGHQVDWLRQ�EHWZHHQ�IXUIXUDO�DQG�DFHWRQH�DW�����&�
�

3.2.2 Effect of reaction temperature on the formation of furfurylbutenone in an in situ aldol 
condensation 
,Q�VLWX�,5�VSHFWUD�RI�UHDFWLRQ�VROXWLRQ�IURP�WKH�DOGRO�FRQGHQVDWLRQ�EHWZHHQ�IXUIXUDO�DQG�

DFHWRQH�FDWDO\]HG�E\�$3�6%$����DUH�VKRZQ�LQ�)LJXUH����7KH�UHVXOWV�VKRZ�WKDW�WKH�WHPSHUDWXUH�
RI�DW� OHDVW����&�HQDEOHV� WKH� VKLIW�RI� WKH�SHDN�DW������� WR������ ���LQGLFDWLQJ�WKH� HIIHFW� RI�
WHPSHUDWXUH�FRXOG�IDFLOLWDWH� WKH�)%�IRUPDWLRQ�LQ�WKH�DTXHRXV�VROXWLRQ��0RUHRYHU��WKH�ORQJHU�
UHDFWLRQ�WLPH�JLYHV�WKH�KLJKHU�SHDN�LQWHQVLW\�DW�������F ���LPSO\LQJ�WKH�ODUJHU�)%�IRUPDWLRQ�
ZDV�REWDLQHG��%HVLGHV��WKHVH�)7,5�VSHFWUD�ZHUH�GHFRQYROXWHG�WR�GLIIHUHQWLDWH�WKH�HIIHFW�RI�WKH�
UHDFWLRQ�WHPSHUDWXUH�LQ�GHWDLO��
� 7KH�UHODWLYH�SHDN�DUHD�FXUYHV�RI�)%�DW�GLIIHUHQW�UHDFWLRQ�WHPSHUDWXUHV�DJDLQVW�WKH�UHDF
WLPH�DUH�VKRZQ�LQ�)LJXUH����5HDFWLRQ�WHPSHUDWXUHV�DIIHFWHG�QRW�RQO\�WKH�FDWDO\WLF�DFWLYLW\�EXW�
DOVR� WKH�HTXLOLEULXP�RI�)%�IRUPDWLRQ��)URP�WKH�FXUYHV�� WKH�)%�IRUPDWLRQ� LQFUHDVHG�ZLWK�D�
UHDFWLRQ�WLPH�XQWLO� WKH\�UHDFKHG���K��$W�WKH�WHPSHUDWXUH�DERYH����&�� WKH�IRUPDWLRQ�EHFDPH�
QHDUO\� FRQVWDQW� DIWHU� �� K�� ,Q� FRQWUDVW�� DW� ���&�� WKH� IRUPDWLRQ� VWLOO� LQFUHDVHG�� 7KHVH� UHVXOWV�
FRQILUPHG�WKDW�WKH�UHDFWLRQ�GHSHQGHG�RQ�WKH�WHPSHUDWXUH��7KLV�ILQGLQJ�DJUHHV�ZLWK�WKH�OLWHUDWXUH�
E\�+H\QGHULFN[�>��@�VWXG\LQJ�WKH�NLQHWLFV�RI�DOGRO�FRQGHQVDWLRQ�EHWZHHQ�EHQ]DOGHK\GH�DQG�
KHSWDQDO�� ,W� ZDV� SURSRVHG� WKDW� WKH� UHDFWLRQ� UHDFKHG� HTXLOLEULXP� PRUH� TXLFNO\� DW� KLJKHU�
WHPSHUDWXUHV����
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WHPSHUDWXUHV

�
���&RQFOXVLRQ
6%$����ZDV� VXFFHVVIXOO\�JUDIWHG�ZLWK�$37(6��SURGXFLQJ�$3�6%$�����)URP�;5'�UHVXOWV��
WKH� FRQYHQWLRQDO� JUDIWLQJ� GLG� QRW� DIIHFW� WKH� FKDUDFWHULVWLF� VWUXFWXUH� RI� 6%$����� )URP� 1��
VRUSWLRQ� DQDO\VLV�� WKH� JUDIWLQJ� $37(6� VSHFLHV� ZDV� RQ� WKH� SRUH� ZDOOV� RI� 6%$����� ,W� ZDV
FRQILUPHG�E\�)7,5�WKDW�WKH�JUDIWLQJ�VSHFLHV�FKHPLFDOO\�ERQGHG�ZLWK�WKH�VLODQRO�JURXSV�RQ�WKH
6%$����VXUIDFH��7KH� FDWDO\WLF�DFWLYLW\�RI� WKH� VDPSOHV�ZDV� HYDOXDWHG� LQ� DOGRO� FRQGHQVDWLRQ
EHWZHHQ�IXUIXUDO�DQG�DFHWRQH�PRQLWRUHG�E\�WKH�LQ�VLWX�$75�)7,5�VSHFWURVFRS\��$3�6%$��
JDYH� D� KLJKHU� GHJUHH� RI� WKH� IRUPDWLRQ� RI� IXUIXU\OEXWHQRQH�� ZKLOH� WKH� SDUHQW� 6%$���� OHVV�
DIIHFWHG�WKH�UHDFWLRQ�DFWLYLW\��7KH�)%�IRUPDWLRQ�LQFUHDVHG�ZLWK�WKH�UHDFWLRQ�WLPH��7KH�RSWLPDO�
UHDFWLRQ�WHPSHUDWXUH�IRU�WKH�LQ�VLWX�DOGRO�FRQGHQVDWLRQ�ZDV����&��7KXV�� WKH�6%$����JUDIWHG�
ZLWK�$37(6�ZDV�SURSRVHG�DV�D�SURPLVLQJ�FDWDO\VW�IRU�WKH�XSJUDGLQJ�RI�IXUIXUDO
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