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ABSTRACT 

�-hydroxymethylfurfural (HMF), derived from glucose, is one of the most important 
building blocks to produce the high value-added chemicals and biofuels. The direct 
conversion of glucose to HMF combines of isomerization of glucose with subsequent 
dehydration of fructose to HMF, promoted by Lewis acid and Bronsted acid, respectively. 
Moreover, side reactions, such as the hydration of HMF to levulinic acid is promoted by 
Bronsted acid and polymerization of HMF to humins is promoted by Lewis acid, may 
accompany. Consequently, amounts of acid site and appropriate Lewis/BrØnsted acid ratio of 
catalyst are important to determine the rate of glucose conversion and HMF yield. In this 
research, layered-double oxides (LDO), which has Bronsted acidity, is used as support-phase 
and ion of metals, which has Lewis acidity, are used as active-phase for heterogeneous 
catalyst. 5IFǰSFBDUJPOǰJTǰIFMEǰBUǰ���o$ǰ��ǰCBSǰGPSǰ�ǰIPVSTǰBOEǰHJWFTǰPVUǰ).'ǰZJFMEǰGPSǰ�ǰUPǰ�ǰ
percent. This may be the result from inappropriate ratio of Lewis acidity and BrØnsted acidity. 
Therefore, this research anticipates using of metal ions impregnated on LDO to study the 
potential of the heterogeneous catalyst for the glucose-to-HMF conversion. 
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ïììĊęǰ� 
ïìîĞć 

 
��� ÙüćöđðŨîöćĒúąöĎúđĀêčÝĎÜĔÝ 

 
ÖúĎēÙÿǰ	glucose)<�> đðŨîîĚĞćêćúēöđúÖčúđéĊę÷üĀøČĂìĊęđøĊ÷ÖüŠćǰöĂîĂĒàÙÙćĕøéŤǰ	monosaccharide) 

ÿĎêøēöđúÖčúÙČĂǰC�H��O� éšćîēÙøÜÿøšćÜìćÜđÙöĊǰÖúĎēÙÿëĎÖÝĆéđðŨîîĚĞćêćú C� àċęÜöĊēÙøÜÿøšćÜìĊęđĀöćąĒÖŠÖćø
îĞćĕðđðŨîÿćøêĆĚÜêšîĔîÖćøñúĉêÿćøđÙöĊĂČęîėǰöćÖöć÷ǰĂĊÖìĆĚÜÖúĎēÙÿ÷ĆÜÝĆéđðŨîĒĀúŠÜóúĆÜÜćîìĊęÿĞćÙĆâĒÖŠđàúúŤ
×ĂÜÿĉęÜöĊßĉüĉêđÖČĂïìčÖßîĉéǰÖúĎēÙÿÿćöćøëóïĕéšöćÖĔîñúĂÜčŠîÿčÖ îĚĞćñċĚÜǰĒúąñúĕöšìĊęöĊøÿĀüćîǰîĂÖÝćÖ
ðøąē÷ßîŤéšćîßĊüüĉì÷ćĒúšüÖúĎēÙÿ÷ĆÜÿćöćøëîĞćĕðÿĆÜđÙøćąĀŤđðŨîǰ�-ĕăéøĂÖàĊđöìĉúđôĂøŤôŗüøĆúǰ (�-
hydroxymethylfurfural, HMF) àċęÜÿćöćøëîĞćĕðđðŨîÿćøêĆĚÜêšîĔîĂčêÿćĀÖøøöĀúćÖĀúć÷ðøąđõìǰđßŠîǰ
ĂčêÿćĀÖøøöóĂúĉđöĂøŤĒúąĂčêÿćĀÖøøöđßČĚĂđóúĉÜßĊüõćóđðŨîêšî 

 HMF<�> đðŨîÿćøßĊüēöđúÖčúàċęÜöĊēÙøÜÿøšćÜðøąÖĂïéšü÷üÜôŗüĒøî (furan) ĒúąĀöĎŠôŦÜÖŤßĆîĒĂúéĊĕăéŤ 
(aldehyde) ĒúąĒĂúÖĂăĂúúŤ (alcohol) àċęÜÝćÖúĆÖþèąìćÜēÙøÜÿøšćÜ×ĂÜǰHMF ìĞćĔĀšǰHMF ÿćöćøëîĞćĕð
êŠĂ÷ĂéđðŨîĂîčóĆîíŤĕéšĀúćÖĀúć÷éĆÜĒÿéÜĔîøĎðìĊęǰ�ǰđßŠîǰÖćøÿĆÜđÙøćąĀŤÖøéǰ�,�-ôŗüĒøîĕéÙćøŤïĂÖàĉúĉÖ (��-
furandicarboxylic acid, FDA) ĔîĂčêÿćĀÖøøöñúĉêõĆèæŤóĂúĉđöĂøŤǰĀøČĂǰÖćøÿĆÜđÙøćąĀŤ ��-ĕéđöìĉúôŗüĒøîǰ
(��-dimethylfuran, DMF) ĔîĂčêÿćĀÖøøöđßČĚĂđóúĉÜßĊüõćóǰàċęÜ DMF ÿćöćøëîĞćĕðñúĉêđßČĚĂđóúĉÜßĊüõćóìĊę
ĔĀšóúĆÜÜćîöćÖÖüŠćĕïēĂđĂìćîĂúǰ(bioethanol) îĂÖÝćÖîĊĚÖćøÿĆÜđÙøćąĀŤǰHMF ìĊęöĊðøąÿĉìíĉõćóÙüøĔßš
êĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤđóøćąêĆüđøŠÜðäĉÖĉøĉ÷ćßîĉéîĊĚÝąĕöŠúąúć÷đðŨîđîČĚĂđéĊ÷üÖĆïÿćøúąúć÷ǰìĞćĔĀšÜŠć÷êŠĂÖćø
Ē÷ÖĂĂÖÝćÖñúĉêõĆèæŤǰàċęÜÿćöćøëúéÙŠćĔßšÝŠć÷ĕéšđðŨîÝĞćîüîöćÖĔîøąéĆïĂčêÿćĀÖøøöǰéĆÜîĆĚîñĎšüĉÝĆ÷ÝċÜöĊ
ĒîüÙĉéìĊęÝąýċÖþćÖøąïüîÖćøÿĆÜđÙøćąĀŤǰHMF ÝćÖÖúĎēÙÿēé÷ĔßšêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤßîĉéêŠćÜǰėǰđóČęĂĀć
êĆüđøŠÜðäĉÖĉøĉ÷ćĒúąÿõćüąìĊęđĀöćąÿöìĊęÿčéĔîÖćøÿĆÜđÙøćąĀŤǰHMF îĆĚîđĂÜ 

 

 

 
 
 

 
 

øĎðìĊęǰ�: ñúĉêõĆèæŤöĎúÙŠćđóĉęöÝćÖǰHMF 
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��� üĆêëčðøąÿÜÙŤÜćîüĉÝĆ÷ 
 
ýċÖþćÖćøđðúĊę÷îÖúĎēÙÿđðŨîǰHMF ēé÷ĔßšêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤßîĉéêŠćÜė 
 

��� ðøąē÷ßîŤìĊęÙćéüŠćÝąĕéšøĆï 
 

ĕéšêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤìĊęđĀöćąÿöÿĞćĀøĆïÖćøđðúĊę÷îÖúĎēÙÿđðŨîǰHMF 
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ïììĊęǰ� 

ìùþãĊĒúąÜćîüĉÝĆ÷ìĊęđÖĊę÷ü×šĂÜ 

 
���ǰÖúĎēÙÿǰ(Glucose) 
 

 ÖúĎēÙÿđðŨîîĚĞćêćúðøąđõìöĂîĂĒàÙÙćĕøéŤǰ 	monosaccharide) ìĊęöĊÙüćöÿĞćÙĆâìĊęÿčéĔîÖúčŠö
ÙćøŤēïĕăđéøêéšü÷ÖĆîǰđàúúŤ×ĂÜÿĉęÜöĊßĊüĉêìčÖßîĉéĔßšÖúĎēÙÿđðŨîĒĀúŠÜóúĆÜÜćî ÖúĎēÙÿđðŨîĀîċęÜĔîñúñúĉêĀúĆÖ
×ĂÜÖćøÖøąïüîÖćøÿĆÜđÙøćąĀŤĒÿÜǰ	photosynthesis)<�> ĒúąđðŨîĒĀúŠÜóúĆÜÜćîÿĞćĀøĆïÖøąïüîÖćøĀć÷ĔÝ
øąéĆïđàúúŤǰ	cellular respiration) ēÙøÜÿøšćÜēöđúÖčúêćöíøøößćêĉìĊęóïöćÖ×ĂÜÖúĎēÙÿ ÝąĂ÷ĎŠĔîøĎð×ĂÜǰD-
glucose ĀøČĂđøĊ÷ÖĂĊÖĂ÷ŠćÜđéĘÖēêøÿǰ (dextrose) àċęÜðøąÖĂïéšü÷üÜÙćøŤïĂîĀÖđĀúĊę÷öǰĀöĎŠĒĂúéĊĕăéŤ 
(aldehyde) ĒúąĀöĎŠĕăéøĂÖàĉúǰ(hydroxyl group)  
 

����� Glucose-to-HMF conversion 
 

 Ă÷ŠćÜìĊęĕéšÖúŠćüĕð×ĆĚîêšîüŠćÖúĎēÙÿÿćöćøëĔßšđðŨîÿćøêĆĚÜêšîĔîÖćøÿĆÜđÙøćąĀŤǰHMF<�> ĕéšàċęÜðäĉÖĉøĉ÷ć
ÖćøÿĆÜđÙøćąĀŤǰHMF ÝąđøĊ÷ÖüŠćǰðäĉÖĉøĉ÷ćÖćøđðúĊę÷îÖúĎēÙÿđðŨî HMF (glucose-to-HMF conversion) àċęÜ
ðäĉÖĉøĉ÷ćîĊĚÝąðøąÖĂïéšü÷ÿĂÜ×ĆĚîêĂî÷ŠĂ÷ÙČĂǰðäĉÖĉøĉ÷ćĕĂēàđöĂøŤĕøđàßĆî×ĂÜÖúĎēÙÿđÖĉéđðŨîôøčÖēêÿ Ēúą
ðäĉÖĉøĉ÷ćÖćøÙć÷îĚĞć×ĂÜôøčÖēêÿđÖĉéđðŨîǰHMF àċęÜìĆĚÜÿĂÜðäĉÖĉøĉ÷ćîĊĚÝąđÖĉé×ċĚîĕéšéĊĔîÿõćüąìĊęöĊêĆüđøŠÜðäĉÖĉøĉ÷ć
ìĊęÿöïĆêĉ×ĂÜÖøéúĉüĂĉÿǰ(Lewis acid) ĒúąÖøéïøĂîÿđêêǰ(Bronsted acid)<�> êćöúĞćéĆï 

 
ÝćÖøĎðìĊęǰ� ÝąĒÿéÜĔĀšđĀĘîëċÜ×ĆĚîêĂîÖćøĒðúÜÖúĎēÙÿđðŨîǰHMF ÞąîĆĚîđóČęĂĔĀšðäĉÖĉøĉ÷ćÖćøđðúĊę÷î

đÖĉé×ċĚîĕéšĂ÷ŠćÜÿąéüÖĒúąöĊðøąÿĉìíĉõćóǰÝąêšĂÜĔßšêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤĒïïÿĂÜĀîšćìĊęǰ(bifunctional 
heterogeneous catalyst) ìĊęðøąÖĂïéšü÷ÿöïĆêĉÖøéúĉüĂĉÿĒúąÖøéïøĂîÿđêéđðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć<�>  
 
 
 
 
 
 
 
 

øĎðìĊęǰ�ǰ: ðäĉÖĉøĉ÷ćÖćøđðúĊę÷îÖúĎēÙÿđðŨîǰHMF 
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���ǰ�-ĕăéøĂÖàĊđöìĉúđôĂøŤôŗüøĆúǰ	�-hydroxymethylfurfural, HMF) 
  

ĔîðŦÝÝčïĆîÖćøđÿćąĒÿüÜĀćìøĆó÷ćÖøÝćÖßĊüöüúđóČęĂìéĒìîĂčêÿćÖøøöðŗēêøđúĊ÷ö<�> ÖĞćúĆÜĕéšøĆï
Ùüćöîĉ÷öđóĉęö×ċĚîĂ÷ŠćÜêŠĂđîČęĂÜǰĂĆîđîČęĂÜéšü÷ÙüćöÖĆÜüúìćÜđýøþåÖĉÝĒúąÿĉęÜĒüéúšĂöǰĀîċęÜÿćøđÙöĊìĊęđðŨîìĊę
îŠćÿîĔÝÖĘÙČĂǰHMF îĆĚîÖĘđðŨîđóøćąüŠćǰHMF đðŨîÿćøöĆí÷ĆîêøŤ (intermediate) ìĊęÿĆÜđÙøćąĀŤĕéšÝćÖÖúĎēÙÿĒúą
ÿćöćøëîĞćĕðêŠĂ÷ĂéĕéšĔîĀúćÖĀúć÷ĂčêÿćĀÖøøöǰĂćìĉđßŠîǰĂčêÿćĀÖøøö÷ćǰĂčêÿćĀÖøøöóúćÿêĉÖǰĒúą
ĂčêÿćĀÖøøöđßČĚĂđóúĉÜßĊüõćóǰđĀêčìĊęǰHMF ÿćöćøëîĞćĕðêŠĂ÷ĂéĕéšĔîĂčêÿćĀÖøøöĂČęîėǰĕéšöćÖöć÷îĆĚîÖĘđðŨî
đóøćąēÙøÜÿøšćÜìćÜđÙöĊ×ĂÜêĆüöĆîìĊęðøąÖĂïéšü÷üÜĒĀüîǰfuran ĀöĎŠđöìĉúǰ	methyl group) ĒúąĀöĎŠĕăéøĂÖ
àĉúǰ	hydroxyl group) Ă÷ŠćÜĕøÖĘêćöÖćøÿĆÜđÙøćąĀŤǰHMF ÝćÖÖúĎēÙÿîĆĚîöĊÙüćö÷čŠÜ÷ćÖđóøćą×ĆĚîÖĞćĀîé
ðäĉÖĉøĉ÷ćǰ(rate determining step) ×ĂÜÖøąïüîÖćøîĊĚÝąĂ÷ĎŠìĊęÖćøĂĉîĂúĕúđàßĆî (enolization) ×ĂÜÖúĎēÙÿ
<�> àċęÜđðŨîĀîċęÜĔî×ĆĚîêĂîÖćøĕĂēàđöĂĕøđàßĆî×ĂÜÖúĎēÙÿđóČęĂĔĀšĕéšôøčÖēêÿǰĒúąêĆüôøčÖēêÿđĂÜ÷ĆÜÿćöćøëđÖĉé
ðäĉÖĉøĉ÷ć×šćÜđÙĊ÷ÜđðŨîñúĉêõĆèæŤĂČęîėǰĕéšĂĊÖöćÖéĆÜĒÿéÜĔîøĎðìĊęǰ� ÞąîĆĚîÖćøđúČĂÖêĆüđøŠÜðäĉÖĉøĉ÷ćìĊęđĀöćąÿöÝċÜ
đðøĊ÷ïđÿöČĂîĀĆüĔÝĀúĆÖ×ĂÜÖćøÿĆÜđÙøćąĀŤǰHMF ÝćÖÖúĎēÙÿ 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 

øĎðìĊęǰ3 : ĂîčóĆîíŤ×ĂÜÖúĎēÙÿ 
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���ǰêĆüđøŠÜðäĉÖĉøĉ÷ćìĊęđĀöćąÿöÿĞćĀøĆïÖćøÿĆÜđÙøćąĀŤǰHMF ÝćÖÖúĎēÙÿ 
  

ĔîÜćîüĉÝĆ÷îĊĚöčŠÜđîšîìĊęÝąýċÖþćêĆüđøŠÜðäĉÖĉøĉ÷ćìĊęöĊÙüćöđĀöćąÿöĔîÖćøÿĆÜđÙøćąĀŤǰHMF ÝćÖÖúĎēÙÿǰ
ĒúąĂ÷ŠćÜìĊęÖúŠćüĕðĔî×šćÜêšîüŠćÖøąïüîÖćøîĊĚÝąđÖĉé×ċĚîĕéšéĊđöČęĂĔßšêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíǰčŤĒïïÿĂÜĀîšćìĊęǰ
đîČęĂÜÝćÖÖćøĔßšêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíǰčŤĒïïÿĂÜĀîšćìĊęÝąßŠü÷úéēĂÖćÿÖćøđÖĉéðäĉÖĉøĉ÷ć×šćÜđÙĊ÷Üǰ(side 
reaction) đßŠîǰðäĉÖĉøĉ÷ćÖćøđÖĉéăĉüöĉîǰ(humins-formation) ĂĊÖìĆĚÜêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤÝąßŠü÷ĔĀšđÖĉé
ÙüćöÿąéüÖĔîÖćøĒ÷ÖêĆüđøŠÜðäĉÖĉøĉ÷ćĂĂÖÝćÖñúĉêõĆèæŤ ÞąîĆĚîĀúĆÖđÖèæŤĔîÖćøđúČĂÖĔßšêĆüđøŠÜðäĉÖĉøĉ÷ćĔî
ÜćîüĉÝĆ÷îĊĚÝąêšĂÜöĊìĆĚÜÿöïĆêĉÖøéúĉüĂĉÿĒúąÖøéïøĂîÿđêé ĒúąĕöŠúąúć÷đðŨîđîČĚĂđéĊ÷üÖĆîÖĆïÿćøúąúć÷ǰ
(immiscible)<��>  
 

����� đúđ÷ĂéĆïđïĉúĂĂÖĕàéŤ (Layer-double oxides, LDO) 
 

LDO đðŨîÿćøđÙöĊìĊęöĊúĆÖþèąìćÜÖć÷õćóđðŨîñÜÿĊ×ćüĒúąöĊÿöïĆêĉ×ĂÜÖøéïøĂîÿđêéĂ÷ĎŠöćÖǰēé÷
ÿćøđÙöĊßîĉéîĊĚÿćöćøëđêøĊ÷öĕéšÝćÖÖćøĒÙúàĉđîßĆîǰ(calcination) ×ĂÜđúđ÷ĂéĆïđïĉúĕăéøĂÖĕàéŤǰ(layer-
double hydroxides, LDH) éĆÜĒÿéÜĔîøĎðìĊęǰ4 àċęÜÖćøĒÙúàĉđîßĆîÝąßŠü÷ĔĀšĕăēéøđÝîìĊęđÖćąĂ÷ĎŠĀúčéĂĂÖÝćÖ
óČĚîñĉü×ĂÜǰLDH ĒúąìĞćĔĀšēÙøÜÿøšćÜēöđúÖčú×ĂÜǰLDH öĊøąđïĊ÷ïöćÖ×ċĚîǰìĆĚÜîĊĚÖćøìĊęēÙøÜÿøšćÜ×ĂÜǰLDO öĊ
øąđïĊ÷ïöćÖÖüŠćǰLDH ÝąìĞćĔĀšǰLDO ÿćöćøëéĎéàċö×ĂÜđĀúüĕðđÖĘïĕüš ĔîßŠĂÜüŠćÜøąĀüŠćÜēöđúÖčúǰ
(intermolecular space) ĕéšéĊ÷ĉęÜ×ċĚîǰéšü÷đĀêčîĊĚđĂÜǰLDO ÝċÜöĊÙüćöîŠćÝąđðŨîìĊęÝąÿćöćøëîĞćöćĔßšđðŨî 
support-phase ĔĀšĒÖŠêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíǰčŤÿĞćĀøĆïðäĉÖĉøĉ÷ćÖćøđðúĊę÷îÖúĎēÙÿđðŨîǰHMF ĕéš 
 

 

 

����� ĕĂĂĂî×ĂÜĕìđìđîĊ÷ö(IV) (Titanium(IV) ion, Ti4+) 
 

ĕĂĂĂî×ĂÜĕìđìđîĊ÷ö(IV)<��> ÝąöĊÿöïĆêĉ×ĂÜÖøéúĉüĂĉÿĂ÷ĎŠÝċÜöĊÙüćöđĀöćąÿöìĊęÝąîĞćöćĔßšđðŨîǰ
active-phase ĔĀšĒÖŠêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíǰčŤÿĞćĀøĆïðäĉÖĉøĉ÷ćÖćøđðúĊę÷îÖúĎēÙÿ àċęÜēé÷ðÖêĉĕĂĂĂî×ĂÜ
ĕìđìđîĊ÷ö(IV) ÝąöĊÙüćöĕüêŠĂðäĉÖĉøĉ÷ćǰ(reactivity) ÿĎÜöćÖǰîĆĚîÝċÜìĞćĔĀšüĉíĊÖćøđêøĊ÷öĕĂĂĂî×ĂÜĕìđìđîĊ÷ö
(IV) ìĊęÜŠć÷ìĊęÿčéÙČĂÖćøđêøĊ÷öĔîøĎð×ĂÜĕìđìđîĊ÷ö(IV) ĂĂÖĕàéŤǰ(titanium(IV) dioxide, TiO�) àċęÜöĊúĆÖþèąìćÜ
Öć÷õćóđðŨî×ĂÜđĀúüÿĊđĀúČĂÜĂŠĂîǰēé÷ÖćøđêøĊ÷öǰTiO� îĆĚîÿćöćøëđêøĊ÷öĕéšēé÷Ĕßšǰprecursor đðŨî
ĕìđìđîĊ÷ö (IV) ïĉüìĘĂÖĕàéŤ ǰ (titanium(IV) butoxide, Ti(OBu)4) ĒúąîĞćĕðñŠćîðäĉÖĉøĉ÷ćĕăéøĂĕúàĉÿǰ
(hydrolysis) ĒúąðäĉÖĉøĉ÷ćóĂúĉÙĂîđéîđàßĆîǰ(polycondensation) éĆÜĒÿéÜĔîøĎðìĊęǰ� 

øĎðìĊęǰ4: ÖćøđêøĊ÷öǰLDO ÝćÖǰLDH ñŠćîÖøąïüîÖćøđñćǰ(calcination) 
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����� ÖøéîĊēĂïĉÖ (Niobic acid, Nb�O�•nH�O) 
 

ÖøéîĊēĂïĉÖ<��> öĊúĆÖþèąìćÜÖć÷õćóđðŨîñÜÿĊ×ćüìĊęÿćöćøëúąúć÷îĚĞćĕéšǰàċęÜÖćøúąúć÷ÖøéîĊēĂïĉÖ
ĔîîĚĞćÝąĔĀšĕĂĂĂî×ĂÜîĊēĂđïĊ÷ö(V) àċęÜÿćöćøëĔĀšÿöïĆêĉ×ĂÜÖøéúĉüĂĉÿĕéšǰÞąîĆĚîÖøéîĊēĂïĉÖÝċÜöĊÙüćöîŠćÿîĔÝ
ìĊęÝąîĞćöćđðŨîǰactive-phase ĔĀšĒÖŠêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíǰčŤìĊęöĊǰLDO đðŨîǰsupport-phase ÿĞćĀøĆïðäĉÖĉøĉ÷ć
ÖćøđðúĊę÷îÖúĎēÙÿđðŨî HMF îĆĚîđĂÜǰ 
 

����� ĕĂĂĂî×ĂÜđĀúĘÖ (Iron(III) ion, Fe3+) 
 

ĕĂĂĂî×ĂÜđĀúĘÖ(III) đöČęĂúąúć÷Ĕîÿćøúąúć÷ÝąĔĀšÿćøúąúć÷ÿĊđĀúČĂÜđ×šöìĊęöĊÿöïĆêĉ×ĂÜÖøéúĉüĂĉÿ
Ă÷ĎŠ<��> ēé÷ĕĂĂĂî×ĂÜđĀúĘÖ(III) ÿćöćøëđêøĊ÷öĕéšÝćÖÖćøúąúć÷×ĂÜđĀúĘÖ(III) ĕîđêøê (đĀúĘÖ(III) nitrate, 
Fe(NO�)�) ĔîîĚĞćǰÞąîĆĚîĕĂĂĂî×ĂÜđĀúĘÖ(III) ÝċÜöĊÙüćöđðŨîĕðĕéšìĊęÝąđðŨîǰactive-phase ĔĀšĒÖŠêĆüđøŠÜðäĉÖĉøĉ÷ć
üĉüĉíóĆîíǰčŤÿĞćĀøĆïðäĉÖĉøĉ÷ćÖćøđðúĊę÷îÖúĎēÙÿđðŨîǰHMF 
 

����� Amberlyst-�� 
 

Amberlyst-��ǰöĊúĆÖþèąìćÜÖć÷õćóđðŨîđöĘé×ĂÜĒ×ĘÜÿĊéĞćìĊęĕöŠÿćöćøëúąúć÷îĚĞćĕéšǰĒúąöĊÙčèÿöïĆêĉ
×ĂÜÖøéúĉüĂĉÿìĊęÿćöćøëđðŨîêĆüđøŠÜðäĉÖĉøĉ÷ćĔĀšĒÖŠðäĉÖĉøĉ÷ćÖćøÙć÷îĚĞć×ĂÜôøčÖēêÿĕéš<��> éšü÷đĀêčìĊę ǰ
Amberlyst-�� ĕöŠÿćöćøëúąúć÷îĚĞćĕéšÝċÜĕöŠÿćöćøëîĞćöćñŠćîÖćøĂĉöđóøĘÖđîßĆîǰ (impregnation) úÜïîǰ
LDO đóČęĂìĞćĀîšćìĊęđðŨîǰactive-phase ĔĀšĒÖŠêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíǰčŤĒïïĀîšćìĊęĕéšǰĂ÷ŠćÜĕøÖĘêćöǰAmberlyst-
��ǰÖĘöĊÙüćöÿćöćøëĔîÖćøĔßšđðŨîêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíǰčŤĕéšéšü÷êĆüöĆîđĂÜĂ÷ĎŠĒúšüǰÞąîĆĚîÖćøîĞćǰAmberlyst-
��ǰöćĔßšĔîðäĉÖĉøĉ÷ćÖćøđðúĊę÷îÖúĎēÙÿđðŨîǰHMF ÖĘîĆïüŠćöĊÙüćöđðŨîĕðĕéšîĆĚîđĂÜ 
 
 
 
 
 

øĎðìĊęǰ�: ÖøąïüîÖćøđêøĊ÷öǰTiO� ÝćÖǰTi(OBu)4 
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����� àĆúēôđîđêéÙćøŤïĂî (Sulfonated carbon)  
 
àĆúēôđîđêéÙćøŤïĂî ĀøČĂÙćøŤïĂîßîĉéÖøé đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ćìĊęöĊĀöĎŠÖøéàĆúēôîĉÖǰ(sulfonic acid 

group, –SO�H) éĆÜĒÿéÜĔîøĎðìĊęǰ�ǰĂĊÖìĆĚÜ÷ĆÜöĊđÿëĊ÷øõćóĒúąĕöŠúąúć÷ĔîõćüąêĆüìĞćúąúć÷ÖøéĒúąđïÿǰĂĊÖ
ìĆĚÜêĆüđøŠÜðäĉÖĉøĉ÷ćîĊĚ÷ĆÜöĊÙčèÿöïĆêĉ×ĂÜÖøéúĉüĂĉÿĂ÷ĎŠéšü÷[��> ĕéšǰÞąîĆĚîÖćøîĞćêĆüđøŠÜðäĉÖĉøĉ÷ćßîĉéîĊĚöćĔßšĔî
ðäĉÖĉøĉ÷ćÖćøđðúĊę÷îÖúĎēÙÿđðŨîǰHMF ÖĘîĆïüŠćöĊÙüćöîŠćÿîĔÝǰ 

 
 
 
 
 
 
 
 
 

 
 
 
 

 

 
����� àĆúēôđîđêéÙćøŤïĂî (Sulfonated carbon)  

 
êĆüđøŠÜðäĉÖĉøĉ÷ćÝąöĊüĆäõćÙìĊęĒêÖêŠćÜÝćÖÿćøìĊęđ×šćìĞćðäĉÖĉøĉ÷ćǰēé÷ðÖêĉêĆüđøŠÜðäĉÖĉøĉ÷ćÝąđðŨî×ĂÜĒ×ĘÜ

Ă÷ĎŠĔîÿćøđ×šćìĞćðäĉÖĉøĉ÷ćàċęÜđðŨîüĆäõćÙ×ĂÜđĀúüĀøČĂüĆäõćÙĒÖŢÿǰÖćøđøŠÜðäĉÖĉøĉ÷ćéšü÷êĆüđøŠÜüĉüĉíóĆîíčŤđÖĉé×ċĚî
đöČęĂēöđúÖčú×ĂÜÿćøìĊęđ×šćìĞćðäĉÖĉøĉ÷ćÿĆöñĆÿÖĆïêĞćĒĀîŠÜÖĆööĆîêŤǰ(active site) àċęÜĂ÷ĎŠõć÷ĔîóĂøŤĀøČĂøĎóøčîǰ
(pore) ×ĂÜêĆüđøŠÜðäĉÖĉøĉ÷ćǰĔîðäĉÖĉøĉ÷ćđĂÿđìĂøĉôŗđÙßĆîǰÖćøđøŠÜðäĉÖĉøĉ÷ćÝąđÖĉéïøĉđüèêĞćĒĀîŠÜÖøéìĊęĂ÷ĎŠïî
óČĚîìĊęñĉüõć÷ĔîøĎóøčî×ĂÜêĆüđøŠÜðäĉÖĉøĉ÷ćǰÖúĕÖÖćøđøŠÜðäĉÖĉøĉ÷ćïîêĆüđøŠÜðäĉÖĉøĉ÷ćðøąđõìüĉüĉíóĆîíčŤǰ7 ×ĆĚîêĂîǰ
éĆÜøĎðìĊęǰ7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

øĎðìĊęǰ�ǰ: ēÙøÜÿøšćÜēöđúÖčú×ĂÜàĆúēôđîđêéÙćøŤïĂî 

øĎðìĊęǰ7: ×ĆĚîêĂîÖćøđøŠÜðäĉÖĉøĉ÷ćïîñĉüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíǰčŤ<��> 
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×ĆĚîêĂîìĊęǰ� ēöđúÖčú×ĂÜÿćøđ×šćìĞćðäĉÖĉøĉ÷ćÝćÖüĆãõćÙ×ĂÜ×ĂÜñÿöǰ(bulk phase) ĒóøŠñŠćîßĆĚîôŗúŤö
øąĀüŠćÜüĆäõćÙ×ĂÜÿćøìĊęđ×šćìĞćðäĉÖĉøĉ÷ćĒúąêĆüđøŠÜðäĉÖĉøĉ÷ćĕð÷ĆÜñĉüßĆĚîîĂÖ×ĂÜĂîčõćÙ
êĆüđøŠÜðäĉÖĉøĉ÷ć 

×ĆĚîêĂîìĊęǰ� ēöđúÖčú×ĂÜÿćøđ×šćìĞćðäĉÖĉøĉ÷ćĒóøŠÝćÖðćÖóĂøŤñŠćîóĂøŤõć÷ĔîêĆüđøŠÜðäĉÖĉøĉ÷ćĕð÷ĆÜóČĚîìĊęñĉü 
õć÷ĔîêĆüđøŠÜǰèǰÝčéàċęÜÝąđÖĉéðäĉÖĉøĉ÷ć 

×ĆĚîêĂîìĊęǰ� ēöđúÖčú×ĂÜÿćøđ×šćìĞćðäĉÖĉøĉ÷ćëĎÖéĎéàĆïïîêĞćĒĀîŠÜÖøéìĊęĂ÷ĎŠïîóČĚîìĊęñĉüĒúąøĎóøčî×ĂÜ 
êĆüđøŠÜðäĉÖĉøĉ÷ć 

×ĆĚîêĂîìĊęǰ4 ēöđúÖčú×ĂÜÿćøđ×šćìĞćðäĉÖĉøĉ÷ćđÖĉéðäĉÖĉøĉ÷ćïîêĞćĒĀîŠÜÖøéĒúąĕéšñúĉêõĆèæŤ 
×ĆĚîêĂîìĊęǰ� ēöđúÖčú×ĂÜñúĉêõĆèæŤÙć÷ĂĂÖÝćÖêĞćĒĀîŠÜÖøé 
×ĆĚîêĂîìĊęǰ� ēöđúÖčú×ĂÜñúĉêõĆèæŤõć÷ĔîêĆüđøŠÜðäĉÖĉøĉ÷ćĒóøŠĕð÷ĆÜðćÖóĂøŤ×ĂÜñĉüõć÷îĂÖ×ĂÜêĆüđøŠÜ 

ðäĉÖĉøĉ÷ć 
×ĆĚîêĂîìĊęǰ7 ēöđúÖčú×ĂÜñúĉêõĆèæŤĒóøŠÝćÖóČĚîìĊę ñĉü×ĂÜêĆü đøŠ ÜðäĉÖĉ øĉ ÷ćñŠćîßĆĚîôŗúŤöøąĀüŠćÜ 

üĆäõćÙ×ĂÜÿćøìĊęđ×šćìĞćðäĉÖĉøĉ÷ćĒúąêĆüđøŠÜðäĉÖĉøĉ÷ćĕð÷ĆÜüĆäõćÙ×ĂÜ×ĂÜñÿö 
 
 

��4 øąïïêĆüìĞćúąúć÷ÿĂÜüĆäõćÙǰ(Biphasic solvent system) 
 

 Ă÷ŠćÜìĊęĕéšÖúŠćüĕðĒúšüüŠćðäĉÖĉøĉ÷ćÖćøđðúĊę÷îÖúĎēÙÿđðŨîǰHMF ĂćÝđÖĉéðäĉÖĉøĉ÷ć×šćÜđÙĊ÷ÜĂĆîÝąđðŨî
ÖćøìĞćĔĀšñúĕéš×ĂÜǰHMF úéúÜǰÞąîĆĚîĀîċęÜüĉíĊìĊęÿćöćøëðŜĂÜÖĆîÖćøđÖĉéðäĉÖĉøĉ÷ć×šćÜđÙĊ÷Ü×ĂÜǰHMF ĕéšîĆĚîÖĘÙČĂ
ÖćøĔßšøąïïêĆüìĞćúąúć÷ÿĂÜüĆäõćÙéĆÜĒÿéÜĔîøĎðìĊęǰ8 ēé÷ĀúĆÖÖćø×ĂÜøąïïîĊĚÙČĂǰÝąĔĀšÖúĎēÙÿàċęÜöĊÙčèÿöïĆêĉ
ìĊęÿćöćøëúąúć÷îĚĞćĕéšđîČęĂÜÝćÖöĊ×ĆĚüÿĎÜÝąđÖĉéðäĉÖĉøĉ÷ćÖćøĒðúÜĔîßĆĚî×ĂÜüĆäõćÙîĚĞćǰ(aqueous phase) Ēúą
đöČęĂĕéšñúĉêõĆèæŤđðŨîǰHMF àċęÜöĊ×ĆĚüêęĞćĒúšüǰHMF ÝąëĎÖÿÖĆéĕð÷ĆÜßĆĚîüĆäõćÙĂĉîìøĊ÷Ť (organic phase) ēé÷
ĂćýĆ÷ĀúĆÖÖćø×ĂÜÿćøöĊ×ĆĚüĒúąĕöŠöĊ×ĆĚüǰàċęÜÖćøÿÖĆéǰHMF ìĊęđÖĉé×ċĚîĕð÷ĆÜüĆäõćÙĂĉîìøĊ÷ŤîĊĚǰÝąßŠü÷ðŜĂÜÖĆîÖćø
đÖĉéðäĉÖĉøĉ÷ć×šćÜđÙĊ÷ÜĒúąđðŨîÖćøđóĉęöñúĕéš×ĂÜǰHMF îĆĚîđĂÜ 
 

 
 

 
 
 
 
 

øĎðìĊęǰ8: ÖćøìĞćÜćî×ĂÜøąïïêĆüìĞćúąúć÷ÿĂÜüĆäõćÙĔîðäĉÖĉøĉ÷ćÖćøĒðúÜÖúĎēÙÿđðŨîǰHMF 
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���ǰÜćîüĉÝĆ÷ìĊęđÖĊę÷ü×šĂÜ 
  

Xiangcheng Li.<��> ĒúąÙèąǰýċÖþćêĆüđøŠÜðäĉÖĉøĉ÷ćĒïïÙĂöēóÿĉê×ĂÜîĉüēĂđïĊ÷ïîüĆÿéčÙćøŤïĂîǰ
(Nb/C) ëĎÖÿĆÜđÙøćąĀŤ×ċĚîēé÷üĉíĊÖćøĕăēéøđìĂøŤöĂúĒúąÖćøÙćøŤïĂĕîàŤ×ĂÜîĉēĂđïĊ÷öìćđìøê (niobium 
tatrate) ÖøéóćøćēìúĎĂĊîàĆúēôîĉÙ (p-toluenesulphonic acid) ÖøéàĉêøĉÖ (citric acid) ĒúąÖúĎēÙÿđóČęĂǰ
ĒúąöĊÖćøĔßšðøĉöćèîĉüēĂđïĊ÷öđóîìĂÖĕàéŤìĊęĒêÖêŠćÜÖĆîǰ	���ǰ���ǰ���ǰĒúąǰ��� ēé÷îĚĞćĀîĆÖ) ĔßšĔî
ÖćøđøŠÜðäĉÖĉøĉ÷ćÖćøđðúĊę÷îÖúĎēÙÿĒúąđàúúĎēúÿđðŨîǰ�-ĕăéøĂÖàĊđöìĉúđôĂøŤôŗüøĆú (HMF) ÝćÖñúÖćøüĉđÙøćąĀŤ 
Nb/C óïüŠćöĊÖćøđÖćąøüöÖĆî×ĂÜĂîčõćÙîĉēĂđïĊ÷ìĞćĔĀšüĆÿéčöĊÙüćöĒøÜ×ĂÜÖøéĂ÷ĎŠĔîßŠüÜÖøéĂŠĂîëċÜÖøéðćî
ÖúćÜǰĒúąöĊĂĆêøćÿŠüî×ĂÜÖøéïøĂîÿđêé (Brønsted) êŠĂÖøéúĉüĂĉÿ (Lewis) ìĊęđĀöćąÿöđöČęĂĔßšĔîðäĉÖĉøĉ÷ć
ĕăēéøĕúàĉÿĒúąéĊĕăđéøßĆî×ĂÜđàúúĎēúÿđóČęĂđðúĊę÷îĕðđðŨîǰHMF óïüŠćǰNb/C-��ǰĔĀšñúĕéš (HMF yield) 
�����ǰđöČęĂĔßšÖúĎēÙÿðøĉöćèǰ����� ēé÷îĚĞćĀîĆÖǰìĊęĂčèĀõĎöĉǰ���ǰĂÜýćđàúđàĊ÷ÿǰđðŨîøą÷ąđüúćǰ8 ßĆęüēöÜǰĔî
ÿõćüąéĆÜÖúŠćüêĆüđøŠÜðäĉÖĉøĉ÷ćĒÿéÜÙüćöüŠĂÜĕüĔîÖćøđÖĉéðäĉÖĉøĉ÷ćìĊęéĊǰîĂÖÝćÖîĊĚǰêĆüđøŠÜðäĉÖĉøĉ÷ć÷ĆÜÿćöćøë
îĞćÖúĆïöćĔßšĔĀöŠĕéšëċÜǰ8 ÙøĆĚÜǰ 

 

ÜćîüĉÝĆ÷×ĂÜǰSyed M. Al-Amsyar<��> ĒúąÙèąǰýċÖþćêĆüđøŠÜðäĉÖĉøĉ÷ćĂúĎöĉđîĊ÷öĂĂÖĕàéŤàĉúĉÖć/
ÙćøŤïĂîÙĂöēóÿĉêǰēé÷ÜćîüĉÝĆ÷ÝąÖúŠćüëċÜÖøøöüĉíĊĂ÷ŠćÜÜŠć÷ĔîÖćøđêøĊ÷öÙĂöóĂÿĉê×ĂÜĂąúĎöĉđîĊ÷öĂĂÖĕàéŤ
àĉúĉÖć�ÙćøŤïĂîǰ	Al-SiO�/C) ÝćÖĒÖúïǰēé÷ǰAl-SiO�/C ÝąëĎÖĔßšđðŨîêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤĒïïÿĂÜĀîšćìĊę
àċęÜöĊÿöïĆêĉìĆĚÜÖøéúĉüĂĉÿǰ	Lewis acidity) ĒúąÖøéïøĂîÿđêéǰ	Bronsted acidity) ÿĞćĀøĆïÖćøđðúĊę÷îÖúĎēÙÿ
đðŨîǰ�-ĕăéøĂÖàĊđöìĉúôŗüđôĂøŤøĆúǰ	�-hydroxymethylfufural, HMF) ÖćøüĉđÙøćąĀŤÿöïĆêĉìćÜÖć÷õćóĒúą
đÙöĊ×ĂÜêĆüđøŠÜðäĉÖĉøĉ÷ćîĊĚǰóïüŠćõćóëŠć÷ĒïïǰScanning electron microscopy (SEM) ĒÿéÜĔĀšđĀĘîëċÜÖćøöĊ
Ă÷ĎŠ×ĂÜĂîčõćÙǰAl-SiO�/C ìĊęöĊ×îćéøąéĆïîćēîđöêøĒúąïøøÝčĂ÷ŠćÜĒîŠîĀîćïîóČĚîñĉü×ĂÜêĆüđøŠÜðäĉÖĉøĉ÷ćǰ
×šĂöĎúÝćÖǰX-ray diffraction (XRD) ÷Čî÷ĆîüŠćêĆüđøŠÜðäĉÖĉøĉ÷ćîĊĚöĊēÙøÜÿøšćÜĒïïĂÿĆèåćîǰĕĂēàđìĉøŤö×ĂÜÖćø
éĎéàĆïĒúąÖćøÙć÷ĒÖŢÿĕîēêøđÝîïŠÜïĂÖüŠćĂąúĎöĉđîĊ÷öĕöŠöĊñúêŠĂÿöïĆêĉìćÜÖć÷õćóĒúąđÙöĊ×ĂÜêĆüđøŠÜ
ðäĉ Öĉ øĉ ÷ ć ǰ ĒúąÖćøýċ ÖþćÖćøéĎ éàĆ ïóĉ øĉ éĊ î ǰ 	Pyridine) éš ü ÷ đìÙîĉ Ù ǰ Fourier transform infrared 
spectroscopy (FTIR)  ÿćöćøëêøüÝÿĂïÿöïĆêĉ×ĂÜÖøéúĉüĂĉÿĒúąÖøéïøĂîÿđêéǰêĆüđøŠÜðäĉÖĉøĉ÷ćîĊĚöĊñúĕéš
×ĂÜ ǰHMF đìŠ ćÖĆ ï ǰ�� ǰ đðĂøŤ đ àĘ îêŤ đ öČę ĂìĞ ćðäĉ Öĉ øĉ ÷ ćìĊę ĂčèĀõĎöĉ ǰ��� ǰĂÜýć đàú đàĊ ÷ÿĒúąĔßš ǰN-
methylpyrrolidone (NMP) đðŨîêĆüìĞćúąúć÷ǰĂĊÖìĆĚÜêĆüđøŠÜðäĉÖĉøĉ÷ćîĊĚ÷ĆÜöĊđÿëĊ÷øõćóēé÷ĕöŠĒÿéÜÖćøÿĎâđÿĊ÷
×ĂÜđðĂøŤđàĘîêŤñúĕéšĂ÷ŠćÜöĊîĆ÷÷ÿĞćÙĆâĒöšÝąëĎÖîĞćÖúĆïöćĔßšĔĀöŠĔîðäĉÖĉøĉ÷ćĀúć÷ÙøĆĚÜ 
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ïììĊęǰ3 
üĉíĊÖćøéĞćđîĉîÜćîüĉÝĆ÷ 

 
���ǰĂčðÖøèŤĒúąÿćøđÙöĊ 
  
�����ǰ ĂčðÖøèŤĒúąđÙøČęĂÜöČĂìĊęĔßš 
 
 - ïĊÖđÖĂøŤǰ	beaker) 
 - ÖøąéćþúĉêöĆÿǰ	litmus paper) 
 - ĀúĂéÞĊé÷ćǰ	syringe) ĒúąêĆüÖøĂÜǰ(nylon) 
 - ×üéÿćøêĆüĂ÷ŠćÜǰ(vial) 
 - đÙøČęĂÜßĆęÜÿćøǰ	analytical balance) 
 - đÙøČęĂÜÖüîÿćøóøšĂöđêćĔĀšÙüćöøšĂîǰ(hot-plate stirrer) 

- đÙøČęĂÜðäĉÖøèŤĂĂēêđÙúôǰ��ǰöĉúúĉúĉêø (stainless-TUFFMǰBVUPDMBWFǰ��ǰN-
 
-  đÙøČęĂÜēÙøöćēìøÖøćôßîĉé×ĂÜđĀúüðøąÿĉìíĉõćóÿĎÜ (high performance liquid   

chromatography: HPLC) ÷ĊęĀšĂǰABIX 
- đêćĀúčöĔĀšÙüćöøšĂîǰ(heating Mantle) 
-  êĎšĂïĕôôŜć (electric oven) 
-  đêćđñćÙüćöøšĂîÿĎÜǰ(muffle furnace) 
-  đÙøČęĂÜðŦũîđĀüĊę÷Üǰ	Centrifuge) 
-  ĒìŠÜĒöŠđĀúĘÖǰ(magnetic bar) ×îćé ���� mm 

  
�����ǰ üĆêëčéĉïĒúąÿćøđÙöĊ 
  

- ÖúĎēÙÿǰ	glucose) 
-  ÖøéàĆúôĎøĉÖǰ	sulfuric acid) 
- ÖøéàĉêøĉÖǰ(citric acid) 
-  đììøąĕăēéøôŗüĒøî (tetrahydrofuran, THF) 
-  ÿćøúć÷ÖøéĕăēéøÙúĂøĉÖǰ(hydrochloric acid, HCl) Ùüćöđ×šö×šîǰ��ǰWol% 
-  ĕìđìđîĊ÷ö(IV) ïĉüìĂÖĕàéŤǰ(titanium(IV) butoxide, Ti(OBu)4) 
-  ÿćøúąúć÷ĒĂöēöđîĊ÷öĕăéøĂÖĕàéŤǰ(ammonium hydroxide, NH4OH) Ùüćöđ×šö×šîǰ�� 

vol% 
-  îĚĞćÖúĆęîǰ	Distilled water)  
-   ēàđéĊ÷öÙúĂĕøéŤǰ	Sodium chloride) 
-  đúđ÷ĂøŤéĆïđïĉúĕăéøĂÖĕàêŤđÖøéđßĉÜóćèĉß÷Ť (commercial-graded layered double 

hydroxide, LDH) 
-  đĀúĘÖ(III) ĕîđêøêǰ(iron(III) nitrate) 
-  ĒĂöēöđîĊ÷öîĊēĂđïêĂĂÖàćđúêĕăđéøêǰ(ammonium niobate oxalate hydrate) 



14 
 

-  àĆúēôđîđêéÙćøŤïĂî (sulfonated carbon) 
-  ĒĂöđïĂøŤúĉÿêŤ-�� (amberlyst-��) 
- ĒÖŢÿĕîēêøđÝîǰ(nitrogen gas) 
 

���ǰøć÷úąđĂĊ÷éüĉíĊÖćøìéúĂÜ 
  

ÜćîüĉÝĆ÷îĊĚýċÖþćðäĉÖĉøĉ÷ćÖćøÿĆÜđÙøćąĀŤǰHMF ÝćÖÖúĎēÙÿ ēé÷đøĉęöÝćÖÖćøđðúĊę÷îÖúĎēÙÿĕðđðŨîôøĆÖ
ēêÿĒúąÝćÖôøĆÖēêÿĕðđðŨîǰHMF óïüŠćĔîĒêŠúą×ĆĚî×ĂÜðäĉÖĉøĉ÷ćÝąđĀöćąÿöÖĆïêĆüđøŠÜðäĉÖĉøĉ÷ć  

 
����� ÖćøüĉđÙøćąĀŤêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤ 

 
������� ÖćøÿĆÜđÙøćąĀŤêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤ (Ti/LDO) Ēúąǰēé÷ĔßšüĉíĊĂĉöđóøÙđîßĆîĒïïđðŘ÷ÖóĂéĊǰ

(incipient wetness impregnation method) 
 
	�
 îĞćêĆüøĂÜøĆïǰLDH ìĊęđðŨîđÖøéÖćøÙšćĕðßĆęÜîĚĞćĀîĆÖǰÝćÖîĆĚîîĞćÿćøĕðđñćìĊę ���ǰĂÜýć

đàúđàĊ÷ÿđðŨîđüúćǰ�ǰßĆęüēöÜ đóČęĂìĞćĔĀšđðŨîǰLDO 
	�
 đêøĊ÷öÿćøúąúć÷ĕìđìđîĊ÷öéšü÷ǰTi(OBu)4 ĒúąǰHCl ÝćÖîĆĚîĀ÷éÿćøìĆĚÜÿĂÜúÜĔîïĊÖđÖĂøŤǰ

ĒúąÖüîìĉĚÜĕüšìĊęĂčèĀõĎöĉĀšĂÜǰ�ǰîćìĊ đóČęĂĔĀšÿćøúąúć÷đðŨîđîČĚĂđéĊ÷üÖĆî 
	�
ǰ đêøĊ÷öÿćøúąúć÷ǰcitric acid éšü÷îĚĞćÖúĆęîǰĒúąǰcitric acid ĒúąÖüîìĉĚÜĕüšìĊęĂčèĀõĎöĉĀšĂÜǰ�ǰ

îćìĊ đóČęĂĔĀšÿćøúąúć÷đðŨîđîČĚĂđéĊ÷üÖĆî 
(4)  îĞćÿćøúąúć÷ĕìđìđîĊ÷ö ÖĆïǰÿćøúąúć÷ǰcitric acid öćñÿöÖĆîĒúąÖüîìĉĚÜĕüšìĊęĂčèĀõĎöĉĀšĂÜǰ

�� îćìĊ 
	�
 îĞćÿćøúąúć÷ìĊęđêøĊ÷öĕéšÝćÖ×šĂ (4) öćìĞćĔĀšđðŨîÖúćÜēé÷Ĕßšǰammonium hydroxide 

(NH4OH) Ùüćöđ×šö×šîǰ�� vol% ÝîöĊ pH đìŠćÖĆï 7 
	�
ǰ îĞćÿćøúąúć÷ìĊęđðŨîÖúćÜĒúšüÙŠĂ÷ǰėǰĀ÷éïîêĆüøĂÜøĆï LDO ÝćÖ×šĂǰ	�
 óøšĂöÖĆïÖćøÖüî

ñÿöĔĀšÿćøúąúć÷Ă÷ŠćÜìĆęüëċÜǰìĉĚÜĕüšÿĆÖÙøĎŠđóČęĂĔĀšêĆüøĂÜøĆïĂĉęöêĆüéšü÷ÿćøúąúć÷ 
(7) îĞćÿćøìĊęđêøĊ÷öĕéšÝćÖ×šĂ 	�
ǰĕðĂïìĊęǰ��ǰĂÜýćđàúđàĊ÷ÿđóČęĂĕúŠÙüćößČĚîĂĂÖ đðŨîđüúćǰ�ǰüĆîǰ

ÝćÖîĆĚîîĞćÿćøìĊęñŠćîÖćøĂïĕúŠÙüćößČĚîĒúšüĕðđñćđðŨîđüúćǰ4 ßĆęüēöÜǰêćöĂčèĀõĎöĉìĊęêšĂÜÖćø
ýċÖþć 

 
������� ÖćøÿĆÜđÙøćąĀŤêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤ Nb/LDO Ēúą Fe/LDO ēé÷ĔßšüĉíĊĂĉöđóøÙđîßĆîĒïï

đðŘ÷ÖóĂéĊǰ(Incipient wetness impregnation method) 
 

	�
 úąúć÷ÿćøĒĂöēöđîĊ÷öĕîēĂđïêĂĂÖàćđúêĕăđéøêéšü÷îĚĞćÿĞćĀøĆïÖćøđêøĊ÷öêĆüđøŠÜðäĉÖĉøĉ÷ćǰ
Nb/LDO 

	�
 úąúć÷ÿćøĕĂĂĂîĕîđêøêéšü÷îĚĞćÿĞćĀøĆïÖćøđêøĊ÷öêĆüđøŠÜðäĉÖĉøĉ÷ćǰFe/LDO 
	�
 Ā÷éÿćøúąúć÷ìĊęđêøĊ÷öĕéšÝćÖǰ	�
ǰĀøČĂǰ	�
ǰïîêĆüøĂÜøĆïǰLDO óøšĂöÖĆïÖćøÖüîñÿöĔĀš

ÿćøúąúć÷Ă÷ŠćÜìĆęüëċÜǰìĉĚÜĕüšÿĆÖÙøĎŠđóČęĂĔĀšêĆüøĂÜøĆïĂĉęöêĆüéšü÷ÿćøúąúć÷ 
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(4) îĞćÿćøìĊęđêøĊ÷öĕéšÝćÖ×šĂ 	�
ǰĕðĂïìĊęǰ��ǰĂÜýćđàúđàĊ÷ÿđóČęĂĕúŠÙüćößČĚîĂĂÖ đðŨîđüúćǰ�ǰüĆîǰ
ÝćÖîĆĚîîĞćÿćøìĊęñŠćîÖćøĂïĕúŠÙüćößČĚîĒúšüĕðđñćđðŨîđüúćǰ4 ßĆęüēöÜǰêćöĂčèĀõĎöĉìĊęêšĂÜÖćø
ýċÖþć 
 

����� ýċÖþćðäĉÖĉøĉ÷ćÝćÖêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤìĊęÿĆÜđÙøćąĀŤĕéš 
 

	�
 đêøĊ÷öÿćøìĊęêšĂÜÖćøîĞćĕðìĞćðäĉÖĉøĉ÷ćēé÷ÖćøîĞćÖúĎēÙÿ ����ǰÖøĆö ĒúąēàđéĊ÷öÙúĂĕøéŤǰ
����ǰÖøĆö ĕðñÿöÖĆïîĚĞćǰ����ǰÖøĆö ĔîǰAutoclave ÝćÖîĆĚîđêĉöêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤìĊęñŠćî
ÖćøĂïĕúŠÙüćößČĚîĒúąÖćøđñćĒúšüǰ����ǰÖøĆö Ēúą THF �����ǰÖøĆö êćöúÜĕð ĒúąÖüî
ÿćøúąúć÷ĔĀšđ×šćÖĆîǰÝćÖîĆĚîĔÿŠĒìŠÜĒöŠđĀúĘÖúÜĕð ĀúĆÜÝćÖđêøĊ÷öÿćøđÿøĘÝĔĀšøĊïðøąÖĂï
ĂčðÖøèŤÿĞćĀøĆïßčé Autoclave ĔĀšđøĊ÷ïøšĂ÷đóČęĂðŜĂÜÖĆîÿćøøąđĀ÷ǰǰǰǰ 

	�
 đêĉöĒÖŢÿĕîēêøđÝîÙüćöéĆîǰ��ǰCBSǰđóČęĂđóĉęöÝčéđéČĂéÿćøõć÷ĔîǰAutoclave 
	�
 îĞć Autoclave ìĊęñŠćîÖćøĂĆéĒÖŢÿĒúšüĕðêĆĚÜïîđÙøČęĂÜĔĀšÙüćöøšĂî ÝćÖîĆĚîðøĆïĂčèĀõĎöĉìĊę

êšĂÜÖćøýċÖþćǰĒúąêĆĚÜìĉĚÜĕüšđüúćǰ�ǰßĆęüēöÜǰđöČęĂÙøïđüúćìĊęêšĂÜÖćøĒúšüǰîĞćǰAutoclave ĕðêĆĚÜ
ĔîîĚĞćđ÷ĘîđóČęĂðøĆïĂčèĀõĎöĉĔĀšúéúÜǰÝćÖîĆĚîîĞćÿćøúąúć÷đìĔÿŠïĊÖđÖĂøŤĒúąîĞćĕðÖüîìĊę
ĂčèĀõĎöĉĀšĂÜǰđðŨîđüúćǰ�ǰîćìĊ 

(4) đìÿćøúąúć÷ìĊęñŠćîÖćøÖüîĒúšüĔÿŠĀúĂéđàîêĉôŗüÝŤǰ�ǰĀúĂéĔĀšĕéšîĚĞćĀîĆÖĔÖúšđÙĊ÷ÜÖĆî 
	�
 îĞćĀúĂéđàîêĉôŗüÝŤĕððŦũîđĀüĊę÷ÜìĊęÙüćöđøĘüǰ����ǰSQN đðŨîđüúćǰ��ǰîćìĊ 
	�
 îĞćÿćøúąúć÷ĀúĆÜÖćøðŦũîđĀüĊę÷ÜđìĔÿŠïĊÖđÖĂøŤǰÝćÖîĆĚîðŗđðêÿćøĔîßĆĚîüĆäõćÙîĚĞćǰĒúąßĆĚîüĆä

õćÙĂĉîìøĊ÷Ťéšü÷ĀúĂéÞĊé÷ćĒ÷ÖĔÿŠ×üéĔÿŠÿćø ēé÷ÿćøĔîßĆĚîüĆäõćÙĂĉîìøĊ÷ŤĔĀšóĆîéšü÷
óćøćôŗîôŗúŤöđóČęĂðŜĂÜÖĆîÿćøøąđĀ÷ǰ 

(7) îĞć×üéĔÿŠÿćøđÖĘïĔîêĎšđ÷ĘîđÖĘïÿćøđóČęĂøĂÖćøüĉđÙøćąĀŤéšü÷đÙøČęĂÜǰHPLC 
 

����� üĉđÙøćąĀŤñúĉêõĆèæŤìĊęĕéšēé÷ĔßšđìÙîĉÙ high performance liquid chromatography (HPLC)  
 
ēé÷ÝąĒïŠÜÖćøüĉđÙøćąĀŤđðŨîǰ�ǰđôÿǰÙČĂǰßĆĚîüĆäõćÙîĚĞćìĊęđÝČĂÝćÜĒúšüǰ��ǰđìŠćēé÷Ĕßšǰ internal 

standard đðŨî �-ïĉüìćēîî (�-butanone) Ùüćöđ×šö×šîǰ���ǰēöúćøŤǰàċęÜĔîÖćøüĉđÙøćąĀŤÝąĔßšÿĆéÿŠüîÿćø
êĆüĂ÷ŠćÜêŠĂǰinternal standard đðŨîǰ�ǰêŠĂǰ�ǰÿĞćĀøĆïßĆĚîüĆäõćÙĂĉîìøĊ÷ŤǰÝąĔßšǰÖøéǰ��-ôŗüĒøîĕéÙćøŤïĂÖàĉ
úĉÖǰ(�,�-furandicarboxylic acid, FDCA) ����ǰēöúćøŤǰđðŨîǰinternal standard ĒúąĔßšÿĆéÿŠüîÿćøêĆüĂ÷ŠćÜ
Ēúąǰinternal standard đðŨîǰ8 êŠĂǰ�ǰđßŠîđéĊ÷üÖĆî ÝćÖîĆĚîđêøĊ÷öĔÿŠ×üéÿćøêĆüĂ÷ŠćÜđóČęĂđêøĊ÷öîĞćĕðÞĊé
üĉđÙøćąĀŤ 

êćøćÜìĊęǰ���ǰõćüąìĊęĔßšĔîÖćøüĉđÙøćąĀŤÙŠćĀćÙüćöđ×šö×šî×ĂÜ HMF       
õćüą ÙŠć 

Mobile phase 4VMGVSJDǰBDJEǰ�����ǰ. 
Stationary phase (column) Aminex HPX-87H 
Flow rate ��� 
Temperature oven ��ǰr$ 
pressure ��� bar 
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����� üĉíĊÖćøÙĞćîüèðøĉöćèÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ, ðøĉöćèôøčÖēêÿìĊęđÖĉé×ċĚîǰĒúąðøĉöćè HMF ìĊę
đÖĉé×ċĚî  

ðøĉöćèÖúĎēÙÿìĊęđðúĊę÷îĒðúÜǰ= 
ðøĉöćèÖúĎēÙÿìĊęđðúĊę÷îĒðúÜĕð

ðøĉöćèÖúĎēÙÿĒøÖđøĉęö
 

ðøĉöćèôøčÖēêÿìĊęđÖĉé×ċĚîǰ= 
ÝĞćîüîēöú×ĂÜôøčÖēêÿìĊęđÖĉé×ċĚî

ÝĞćîüîēöúĀîŠü÷×ĂÜđăÖēàÿĒøÖđøĉęöĔîôøčÖēêÿ
 

ðøĉöćè HMF ìĊęđÖĉé×ċĚî = 
ÝĞćîüîēöú×ĂÜ ୌ ìĊęđÖĉé×ċĚî

ÝĞćîüîēöúĀîŠü÷×ĂÜđăÖēàÿĒøÖđøĉęöĔîÖúĎēÙÿ
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ïììĊęǰ4 
ñúÖćøìéúĂÜĒúąüĉÝćøèŤñúÖćøìéúĂÜ 

 
��� øšĂ÷úąñúĕéš×ĂÜ HMF ÝćÖÖćøĔßšêĆüđøŠÜðäĉÖĉøĉ÷ćßîĉéêŠćÜė 
 

 

 
 
 

øĎðìĊęǰ�: ĒñîõĎöĉđðøĊ÷ïđìĊ÷ïÙüćöÿĆöóĆîíŤ×ĂÜøšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿǰĒúąñúĕéš×ĂÜǰHMF ÝćÖêĆüđøŠÜðäĉÖĉøĉ÷ć Ti/LDO êćöÿĆéÿŠüîêŠćÜ ė 
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ÝćÖøĎðìĊęǰ� ÝąđĀĘîĕéšüŠćđöČęĂđóĉęöðøĉöćèǰTi4+
 ìĊęĔßšĔîÖćøĂĉöđóøĘÖđîßĆîúÜïîǰLDO ÝąöĊĒîüēîšöĔĀšÙŠć

đðĂøŤđàĘîêŤÖćøđðúĊę÷î×ĂÜÖúĎēÙÿöćÖ×ċĚîđúĘÖîšĂ÷ǰĔî×èąìĊęđðĂøŤđàĘîêŤñúĕéš×ĂÜǰHMF ÖúĆïêęĞćúÜǰàċęÜĂćÝđðŨî
ñúöćÝćÖðøĉöćèÖøéúĉüĂĉÿĔîêĆüđøŠÜðäĉÖĉøĉ÷ćìĊęÿĎÜđÖĉîĕðǰÝîìĞćĔĀšĂĆêøćÖćøđÖĉé×ĂÜ HMF ĕöŠÿćöćøëđĂćßîą
ĂĆêøćÖćøđÖĉé×ĂÜðäĉÖĉøĉ÷ć×šćÜđÙĊ÷ÜĕéšǰàċęÜÝąđĀĘîĕéšÝćÖđÖĉéóï÷Ăé×ĂÜÖøéđúüĎúĉîĉÖĒúąđôĂøŤôŗüøĆúǰ(furfural) 
ĔîēÙøöćēêĒÖøöǰ[øĎðǰÖ��-Ö��>ǰéĆÜîĆĚîĔîÖćøìéúĂÜêŠĂĕðÝąđúČĂÖĔßšÖćøðøĉöćèǰTiO� �XU% loading àċęÜ
ÙćéüŠćîŠćÝąöĊðøĉöćè×ĂÜÖøéúĉüĂĉÿĂ÷ĎŠĔîøąéĆïìĊęđĀöćąÿöǰ 
 ĂîċęÜÖćøìĊęđúČĂÖĔßšǰ�wt% �XU% Ēúąǰ���XU% loading îĆĚîđðŨîđóøćąǰLDO îĆĚîÿćöćøëéĎéàċöîĚĞćĕéš
đóĊ÷Üǰ��-��� êŠĂîĚĞćĀîĆÖ×ĂÜêĆüöĆîđĂÜĒúąéšü÷đĀêčìĊęîĚĞćìĊęÿćöćøëĔßšĔîÖćøúąúć÷ǰTi(OBu)4 îĆĚîöĊĂ÷ĎŠĂ÷ŠćÜ
ÝĞćÖĆéÝċÜìĞćĔĀšðøĉöćèÿĎÜÿčéìĊęÿćöćøëîĞćöćĂĉöđóøĘÖúÜïîǰLDO ĕéšÙČĂðøąöćèǰ���XU% đìŠćîĆĚî 
 

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 øĎðìĊęǰ��: ĒñîõĎöĉđðøĊ÷ïđìĊ÷ïÙüćöÿĆöóĆîíŤ×ĂÜøšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿǰĒúąñúĕéš×ĂÜǰHMF ÝćÖêĆüđøŠÜðäĉÖĉøĉ÷ć Ti/LDO �XU�ǰìĊęĂčèĀõĎöĉêŠćÜ ė 
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ÝćÖøĎðìĊęǰ�� ÝąĒÿéÜĔĀšđĀĘîëċÜÖćøđðøĊ÷ïđìĊ÷ïøąĀüŠćÜÖøèĊǰTi/LDO ìĊęîĞćĕðĂïìĊęĂčèĀõĎöĉǰ��� 
ĂÜýćđàúđàĊ÷ÿđìŠćîĆĚîǰÖĆïÖøèĊìĊęîĞćĕðĂïìĊęĂčèĀõĎöĉǰ�� ĂÜýćđàúđàĊ÷ÿĒúąđñćìĊęĂčèĀõĎöĉǰ��� ĂÜýćđàúđàĊ÷ÿǰ
àċęÜÖćøđðøĊ÷ïđìĊ÷ïîĊĚöĊÝčéðøąÿÜÙŤÙČĂÖćøýċÖþćēÙøÜÿøšćÜ×ĂÜǰTiO� đöČęĂĂ÷ĎŠĔîÿõćóøĎĕìøŤǰ(rutile) ÝćÖÖćø
đêøĊ÷öìĊęÿõćüąêŠćÜÖĆîǰÝąÿŠÜñúêŠĂđðĂøŤđàĘîêŤÖćøđðúĊę÷îÖúĎēÙÿĒúąđðĂøŤđàĘîêŤñúĕéš×ĂÜ HMF Ă÷ŠćÜĕøǰàċęÜ 

ÝćÖÖćøñúúĆóíŤ×ĂÜÖćøìéúĂÜĔîøĎðìĊęǰ�� ÝąóïüŠć ÖćøîĞćĕðĂïìĊęǰ���ǰĂÜýćđàúđàĊ÷ÿĂ÷ŠćÜđéĊ÷üÝą
ĔĀšđðĂøŤđàĘîêŤÖćøđðúĊę÷îÖúĎēÙÿìĊęÿĎÜöćÖǰĒêŠÝąóïđðĂøŤđàĘîêŤñúĕéš×ĂÜôøčÖēêÿĒúą HMF ìĊęêęĞćöćÖǰĔî×èąìĊę
đöČęĂîĞćĕðĂïìĊęǰ�� ĂÜýćđàúđàĊ÷ÿĒúąđñćêŠĂìĊęǰ��� ĂÜýćđàúđàĊ÷ÿÝąóïüŠćöĊđðĂøŤđàĘîêŤÖćøđðúĊę÷îÖúĎēÙÿ
êęĞćúÜĒêŠđðĂøŤđàĘîêŤñúĕéš×ĂÜôøčÖēêÿđóĉęö×ċĚîǰÝąĂîčöćîĕéšüŠćÖćøîĞćêĆüđøŠÜðäĉÖĉøĉ÷ćĕðđñćĀúĆÜÖćøĂĉöđóøĘÖ
đîßĆîîĆĚîÝąßŠü÷ìĞćĔĀšêĆüđøŠÜðäĉÖĉøĉ÷ćĂ÷ĎŠĔîÿõćóóøšĂöĔßšÜćîöćÖ×ċĚîǰ 
 îĂÖÝćÖîĊĚđöČęĂđðøĊ÷ïđìĊ÷ïÖĆïÖøèĊìĊęîĞćĕðđñćìĊęǰ��� ĂÜýćđàúđàĊ÷ÿàċęÜđðŨîĂčèĀõĎöĉìĊęÿćöćøëđðúĊę÷î
TiO� ĔĀšöĊēÙøÜÿøšćÜĒïïĂîćđìÿǰ(anatase) àċęÜÙüøÝąĔĀšđðĂøŤđàĘîêŤñúĕéšǰHMF ÿĎÜ×ċĚîĒêŠÝćÖÖćøìéúĂÜÖúĆï
óïüŠćÙŠćìĊęĕéšîĆĚîĒëïĕöŠöĊÙüćöĒêÖêŠćÜǰàċęÜÿćđĀêčĂćÝöćÝćÖÖćøìĊęðøĉöćèǰTiO� ìĊęĂĉöđóøĘÖúÜïîǰLDO îĆĚî
îšĂ÷đÖĉîĕðđöČęĂđìĊ÷ïÖĆïðøĉöćè×ĂÜǰLDO ĒúšüÝċÜìĞćĔĀšêĆüđøŠÜðäĉÖĉøĉ÷ćĕöŠÿćöćøëđøŠÜðäĉÖĉøĉ÷ćÖćøóĂúĉđöĂĕøđà
ßĆî×ĂÜÖúĎēÙÿÝîđÖĉéđðŨîôøčÖēêÿĔĀšĕéšÿĆéÿŠüîìĊęđĀöćąÿöÖĆïÖøéïøĂîÿđêé ĂîċęÜÖćøìĊęēÙøÜÿøšćÜĒïïĂîć
đìÿÙüøÝąĔĀšđðĂøŤđàĘîêŤñúĕéšöćÖÖüŠćēÙøÜÿøšćÜĒïïøĎĕìøŤîĆĚîÖĘđðŨîđóøćąüŠćēÙøÜÿøšćÜĒïïĂîćđìÿÝąöĊÙüćö
đðŨîøąđïĊ÷ïĔîÖćøÝĆéđøĊ÷ÜēöđúÖčúöćÖÖüŠćìĞćĔĀšöĊóČĚîñĉü×ĂÜêĆüđøŠÜðäĉÖĉøĉ÷ćöćÖÖüŠćéĆÜĒÿéÜĔîøĎðìĊę �� 
 
 

 
 
 
 
 
 
 
 
 

 

 
 

 
 

 
 
 
 

øĎðìĊęǰ��: ÖćøÝĆéđøĊ÷ÜēöđúÖčú×ĂÜēÙøÜÿøšćÜĒïïøĎĕìøŤǰ(a) ĒúąēÙøÜÿøšćÜĒïïĂîćđìÿǰ(b) ×ĂÜǰTiO� 
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 ÝćÖøĎðìĊęǰ�� ÝąĒÿéÜĔĀšđĀĘîÖćøđðøĊ÷ïđìĊ÷ïÖćøĔßšǰNb�� ìĊęñŠćîÖćøÖøøöüĉíĊÖćøđêøĊ÷öìĊęĒêÖêŠćÜÖĆî 
àċęÜÿćđĀêčìĊęđúČĂÖĔßšǰNb�� đðŨîǰactive-phase ĔĀšĒÖŠêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíǰčŤîĆĚîÖĘđóøćąüŠć×ǰNb�� ÝąöĊ
ÙüćöÿćöćøëĔîÖćøøĆïĂĉđúĘÖêøĂîǰ�ǰêĆüàċęÜöćÖÖüŠćǰTi4+ îĆĚîĀöć÷ÙüćöüŠćǰNb�� ÝąöĊÿöïĆêĉÖøéúĉüĂĉÿìĊęÿĎÜ
ÖüŠćǰTi4+ îĆĚîđĂÜǰĒúÖÝćÖñúÖćÜìéúĂÜÝąóïüŠćđðĂøŤđàĘîêŤñúĕéš×ĂÜǰHMF ÷ĆÜĕöŠöĊÖćøđðúĊę÷îĒðúÜđöČęĂđìĊ÷ï
ÖĆïêĆüđøŠÜðäĉÖĉøĉ÷ćÖŠĂîĀîšćîĊĚǰĔî×èąìĊęđðĂøŤđàĘîêŤÖćøđðúĊę÷îÖúĎēÙÿ÷ĆÜÙÜÿĎÜĂ÷ĎŠđĀöČĂîđéĉöǰéĆÜîĆĚîĂćÝÝąÖúŠćü
ĕéšüŠćÿćđĀêčìĊęđðĂøŤđàĘîêŤñúĕéš×ĂÜǰHMF öĊÙŠćîšĂ÷îĆĚîĂćÝöćÝćÖÖćøìĊęðøĉöćèÖćøéĎéàċöîĚĞć×ĂÜ LDO öĊĕöŠöćÖ
óĂìĞćĔĀšÖćøĂĉöđóøĘÖđîßĆîĕĂĂĂî×ĂÜēúĀąúÜĕðîĆĚîëĎÖÝĞćÖĆéǰĀøČĂĂćÝÝąöĊÿćđĀêčöćÝćÖìĊęðøĉöćèÖøéúĉüĂĉÿìĊę
öĊĂ÷ĎŠĔîêĆüđøŠÜðäĉÖĉøĉ÷ćîĆĚîöĊÙŠćÿĎÜđÖĉîĕðǰÝîìĞćĔĀšđÖĉéðäĉÖĉøĉ÷ć×šćÜđÙĊ÷ÜĂ÷ŠćÜðäĉÖĉøĉ÷ćóĂúĉđöĂĕøđàßĆî×ĂÜǰ
HMF đÖĉéđðŨîăĉüöĉîÿŤöćÖđÖĉîĕðîĆĚîđĂÜ  
 

øĎðìĊę ��: ĒñîõĎöĉđðøĊ÷ïđìĊ÷ïÙüćöÿĆöóĆîíŤ×ĂÜøšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿǰĒúąñúĕéš×ĂÜǰHMF ÝćÖêĆüđøŠÜðäĉÖĉøĉ÷ć Nb/LDO �XU�ǰìĊęĂčèĀõĎöĉêŠćÜ ė 
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øĎðìĊę ��: ĒñîõĎöĉđðøĊ÷ïđìĊ÷ïÙüćöÿĆöóĆîíŤ×ĂÜøšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿǰĒúąñúĕéš×ĂÜǰHMF ÝćÖêĆüđøŠÜðäĉÖĉøĉ÷ć Fe/LDO �XU�ǰìĊęĂčèĀõĎöĉêŠćÜ ė 
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 ÝćÖñúÖćøìéúĂÜĔîøĎðìĊęǰ��ǰÝąóïüŠćÖøèĊÖćøĔßšǰFe�� ìĊęñŠćîÖćøĂïìĊęǰ�� ĂÜýćđàúđàĊ÷ÿĒúąÖćø
đñćìĊęǰ��� ĂÜýćđàúđàĊ÷ÿÝąĔĀšñúúĆóíŤìĊęĕöŠĒêÖêŠćÜÝćÖÖøèĊÖŠĂîĀîšćìĆĚÜĀöéǰÝčéìĊęîŠćÿîĔÝ×ĂÜÖćøĔßšǰFe�� 
ÙČĂÖøèĊìĊęĔßšǰFe�� ìĊęñŠćîÖćøĂïìĊęǰ��� ĂÜýćđàúđàĊ÷ÿđìŠćîĆĚîǰĒúąÖøèĊìĊęĔßšǰFe�� ìĊęñŠćîÖćøĂïìĊęǰ�� ĂÜýć
đàúđàĊ÷ÿǰĒúąÖćøđñćìĊęǰ���ǰĂÜýćđàúđàĊ÷ÿǰàċęÜìĆĚÜÿĂÜÖøèĊĔßšĂčèĀõĎöĉĔîÖćøìéúĂÜđðŨîǰ��� ĂÜýćđàúđàĊ÷ÿǰ
óïüŠćìĆĚÜÿĂÜÖøèĊÝąĔĀšđðĂøŤđàĘîêŤÖćøĒðúÜÖúĎēÙÿîšĂ÷úÜǰđðĂøŤđàĘîêŤñúĕéš×ĂÜôøčÖēêÿÿĎÜ×ċĚîǰĒúąĒëïĕöŠöĊ
đðĂøŤđàĘîêŤñúĕéš×ĂÜǰHMF àċęÜÝćÖìĆĚÜÿĂÜÖøèĊÝąßŠü÷÷Čî÷ĆîĕéšüŠćðøĉöćèÖøéúĉüĂĉÿĔîêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤ
îĆĚîĕöŠđóĊ÷ÜóĂêŠĂÖćøđøŠÜðäĉÖĉøĉ÷ćóĂúĉđöĂĕøđàßĆî×ĂÜÖúĎēÙÿ đóøćąëċÜĒöšÖćøĂïìĊęǰ��� ĂÜýćđàúđàĊ÷ÿĂćÝìĞć
ĔĀšǰFe�� ĕöŠĂ÷ĎŠÿõćóìĊęóøšĂöĔßšÜćîǰĒêŠĀćÖóĉÝćøèćÖøèĊìĊęîĞćĕðđñćìĊęǰ���ǰĂÜýćđàúđàĊ÷ÿàċęÜîŠćÝąìĞćĔĀšǰFe�� 
Ă÷ĎŠĔîÿõćóóøšĂöĔßšÜćîĕéšĒúšüǰóïüŠćñúÖćøìéúĂÜĒëïĕöŠĒêÖêŠćÜÖĆîđú÷ǰîĆĚîĀöć÷ÙüćöüŠćĕöŠüŠćǰFe�� ÝąĂ÷ĎŠ
ĔîÿõćóĕĀîÖĘĕöŠĕéšÿŠÜñúÖøąìïêŠĂÖćøìĞćÜćî×ĂÜêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤđú÷ǰĀøČĂÖĘÙČĂêĆüđøŠÜìĊęìĞćĀîšćìĊęđøŠÜ
ðäĉÖĉøĉ÷ćÖćøĒðúÜÖúĎēÙÿêĂîîĊĚöĊđóĊ÷ÜǰLDO àċęÜöĊÿöïĆêĉ×ĂÜÖøéïøĂîÿđêéđìŠćîĆĚî 
 îĂÖÝćÖîĊĚÝćÖøĎðìĊęǰ�� ÷ĆÜßŠü÷ïĂÖĕéšüŠćĂčèĀõĎöĉìĊęđĀöćąÿöĔîÖćøìĞćÖćøìéúĂÜÙČĂǰ��� ĂÜýć
đàúđàĊ÷ÿđóøćąđðŨîĂčèĀõĎöĉìĊęĂĆêøćÖćøđÖĉé×ĂÜôøčÖēêÿĂ÷ĎŠĔîĂĆêøćìĊęóĂđĀöćąǰĒêŠêĆüđøŠÜðäĉÖĉøĉ÷ćöĊðøĉöćè
ÖøéúĉüĂĉÿĕöŠÿĂéÙúšĂÜÖĆïðøĉöćèÖøéïøĂîÿđêéõć÷ĔîêĆüđøŠÜðäĉÖĉøĉ÷ćîĆĚîđĂÜ 
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øĎðìĊę �4: ĒñîõĎöĉđðøĊ÷ïđìĊ÷ïÙüćöÿĆöóĆîíŤ×ĂÜøšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ÝćÖêĆüđøŠÜðäĉÖĉøĉ÷ćìĆĚÜĀöé 
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 ÝćÖøĎðìĊęǰ�4 ÝąĒÿéÜĔĀšđĀĘîëċÜÖćøđðøĊ÷ïđìĊ÷ïñúúĆóíŤÝćÖêĆüđøŠÜðäĉÖĉøĉ÷ćìĆĚÜĀöéĔîÜćîüĉÝĆ÷ àċęÜÝćÖ
ìĊęÖúŠćüĕðĔîÿŠüîÖŠĂîĀîšćîĊĚüŠćêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤîĊĚ÷ĆÜóøŠĂÜĔîÿŠüî×ĂÜÿöïĆêĉÖøéúĉüĂĉÿǰÞąîĆĚîÝċÜöĊÖćøĔßšǰ
Amberlyst-��ǰĒúąǰSulfonated carbon đóĉęöđ×šćöćđîČęĂÜÝćÖǰAmberlyst-��ǰđðŨîêĆüđøŠÜðäĉÖĉøĉ÷ćìĊęöĊÿöïĆêĉ
×ĂÜÖøéúĉüĂĉÿĂ÷ĎŠǰĔî×èąìĊęǰSulfonated carbon öĊÙüćöÿćöćøëßŠü÷đøŠÜðäĉÖĉøĉ÷ćóĂúĉđöĂĕøđàßĆî×ĂÜÖúĎēÙÿ
ĕéšǰēé÷ÝćÖñúÖćøìéúĂÜóïüŠćÖøèĊìĊęĔßšǰAmberlyst-�� ĒúąǰLDO ñÿöÖĆîĒúąìĞćÖćøìéúĂÜìĊęĂčèĀõĎöĉǰ
��� ĂÜýćđàúđàĊ÷ÿÝąĔĀšÙŠćđðĂøŤđàĘîêŤÖćøđðúĊę÷îÖúĎēÙÿìĊęêęĞćúÜĂ÷ŠćÜöćÖǰøüöĕðëċÜđðĂøŤđàĘîêŤñúĕéš×ĂÜǰHMF
ÖĘúéúÜĂ÷ŠćÜöćÖǰàċęÜÖćøìĊęñúúĆóíŤđðŨîĂ÷ŠćÜîĊĚĂćÝĂíĉïć÷éšü÷đĀêčìĊęüŠćðøĉöćèǰLDO ìĊęĔßšúéúÜìĞćĔĀšđðĂøŤđàĘîêŤ
ÖćøđðúĊę÷îÖúĎēÙÿúéúÜĒêŠĔî×èąđéĊ÷üÖĆîðøĉöćèÖøéúĉüĂĉÿÝćÖǰAmberlyst-��ǰÖĘĕöŠđóĊ÷ÜóĂêŠĂðäĉÖĉøĉ÷ćóĂ
úĉđöĂĕøđàßĆî×ĂÜÖúĎēÙÿǰĀøČĂĂćÝđÖĉéÝćÖðøĉöćèÖøéúĉüĂĉÿõć÷ĔîǰAmberlyst-��ǰÿĎÜöćÖđÖĉîĕð ÿĎÜöćÖ
đÖĉîĕðĒúąìĞćĔĀšðäĉÖĉøĉ÷ć×šćÜđÙĊ÷ÜđÖĉé×ċĚîĕéšéĊÖüŠć đßŠîǰðäĉÖĉøĉ÷ćÖćøđÖĉéǰHumins đðŨîêšî 
 ĔîÖøèĊìĊęĔßšǰAmberlyst-�� ÙüïÙĎŠÖĆïǰNb/LDO óïüŠćđðĂøŤđàĘîÖćøđðúĊę÷î×ĂÜÖúĎēÙÿÿĎÜ×ċĚîǰàċęÜĂćÝ
đðŨîÿćđĀêčöćÝćÖÖćøìĊęēÙøÜÿøšćÜ×ĂÜǰLDO öĊĂîčõćÙ×ĂÜîĊēĂđïĊ÷öĕĂĂĂîđ×šćĕðđÖćąêĉéìĞćĔĀšēÙøÜÿøšćÜöĊ
ÙüćöđÿëĊ÷ø×ċĚîĒúąÿćöćøëđøŠÜðäĉÖĉøĉ÷ćÖćøÙć÷îĚĞć×ĂÜôøčÖēêÿĕéšéĊ×ċĚîǰÿŠüîđðĂøŤđàĘîêŤñúĕéš×ĂÜôøčÖēêÿìĊę
úéúÜÖĘđðŨîđóøćąđöČęĂöĊǰNb�� ìĊęöĊÿöïĆêĉÖøéúĉüĂĉÿǰ÷ĉęÜìĞćĔĀšÿöïĆêĉÖøéúĉüĂĉÿ×ĂÜêĆüđøŠÜðäĉÖĉøĉ÷ćÿĎÜ×ċĚîÝćÖđéĉöìĊę
öĊđóĊ÷ÜÿŠüî×ĂÜǰAmberlyst-��ǰìĞćĔĀšôøčÖēêÿìĊęđÖĉé×ċĚîđÖĉéðäĉÖĉøĉ÷ć×šćÜđÙĊ÷ÜĕéšéĊ÷ĉęÜ×ċĚî 
 ĒúąÖøèĊÿčéìšć÷ÙČĂÖćøĔßšǰSulfonated carbon ÙüïÙĎŠÖĆïǰNb/LDO ìĞćÖćøìéúĂÜìĊęĂčèĀõĎöĉǰ��� 
Ēúąǰ��� ĂÜýćđàúđàĊ÷ÿóïüŠćìĊęĂčèĀõĎöĉǰ���ǰĂÜýćđàúđàĊ÷ÿÝąĕéšđðĂøŤđàĘîêŤñúĕéš×ĂÜǰHMF öćÖÖüŠćàċęÜĂćÝ
ĂîčöćîĕéšüŠćǰSulfonated carbon ÿćöćøëđøŠÜðäĉÖĉøĉ÷ćóĂúĉđöĂĕøđàßĆî×ĂÜÖúĎēÙÿĕéšéĊđöČęĂĂčèĀõĎöĉÿĎÜ×ċĚîǰ
Ă÷ŠćÜĕøÖĘêćöìĊęĂčèĀõĎöĉǰ��� ĂÜýćđàúđàĊ÷ÿÝąóïüŠćđðĂøŤđàĘîêŤÖćøđðúĊę÷îÖúĎēÙÿúéúÜĒúąđðĂøŤđàĘîêŤñúĕéš
×ĂÜôøčÖēêÿÿĎÜ×ċĚîîĆĚîÖĘđðŨîđóøćąÿćđĀêčìĊęĕéšÖúŠćüĔðĔîÿŠüîÖŠĂîĀîšćüŠćǰLDO ÝąđøŠÜðäĉÖĉøĉ÷ćÙć÷îĚĞć×ĂÜôøčÖ
ēêÿĕéšöĊðøąÿĉìíĉõćóìĊęĂčèĀõĎöĉǰ��� ĂÜýćđàúđàĊ÷ÿǰēé÷ÝąĔĀšĂĆêøćÖćøđÖĉéĒúąÿúć÷ôøčÖēêÿìĊęóĂđĀöćąǰ
ÞąîĆĚîÝćÖÖćøìéúĂÜìĆĚÜÿĂÜÖøèĊÝąÿćöćøëĂîčöćîĕéšüŠćǰSulfonated carbon ĕöŠđĀöćąìĊęÝąĔßšÜćîøüöÖĆïǰ
LDO đóøćąöĊĂčèĀõĎöĉìĊęđĀöćąÿöĔîÖćøđøŠÜðäĉÖĉøĉ÷ćêŠćÜÖĆîîĆĚîđĂÜ 
 
���ǰñúÖćøüĉđÙøćąĀŤĂÜÙŤðøąÖĂïÝćÖéšü÷đÙøČęĂÜēÙøöćēìÖøćôßîĉé×ĂÜđĀúüðøąÿĉìíĉõćóÿĎÜ  
     (high- performance liquid chromatography, HPLC) 
  

ÖćøüĉđÙøćąĀŤĂÜÙŤðøąÖĂï×ĂÜêĆüĂ÷ŠćÜñúĉêõĆèæŤÝćÖðäĉÖĉøĉ÷ćÖćøđðúĊę÷îÖúĎēÙÿđðŨîǰHMF éšü÷đÙøČęĂÜ
ēÙøöćēìøÖøćôßîĉé×ĂÜđĀúüðøąÿĉìíĉõćóÿĎÜ (HPLC) ÝćÖÖćøìĞćǰcalibration curve ×ĂÜÿćøĔîĒêŠúąßĆĚî
óïüŠćĂÜÙŤðøąÖĂïĔîüĆäõćÙîĚĞć[øĎðìĊęǰ��> öĊǰretention time ìĊęĒêÖêŠćÜÖĆîǰÙČĂǰÖúĎēÙÿ öĊǰretention time 
���ǰîćìĊ , ôøčÖēêÿ öĊǰretention time 8.8 îćìĊ , ÖøéđúüĎúĉîĉÙ öĊǰretention time ����ǰîćìĊ , HMF öĊǰ
SFUFOUJPOǰUJNFǰ����ǰîćìĊ, đôĂøŤôŗüøĆú öĊǰretention time ��ǰîćìĊǰĒúąǰ�-ïĉüìćēîî öĊǰretention time 
����ǰîćìĊǰēé÷üĉđÙøćąĀŤÝćÖđÙøČęĂÜêøüÝÝĆïĒïï Refractive Index (RID) Ĕî×èąìĊęǰĂÜÙŤðøąÖĂïĔîüĆäõćÙ
ĂĉîìøĊ÷Ť [øĎðìĊę ��> öĊǰretention time éĆÜîĊĚǰHMF öĊǰSFUFOUJPOǰUJNFǰ����ǰîćìĊ, đôĂøŤôŗüøĆú öĊǰretention 
time ����ǰîćìĊ ĒúąǰFDCA öĊǰSFUFOUJPOǰUJNFǰ����ǰîćìĊ ēé÷üĉđÙøćąĀŤÝćÖđÙøČęĂÜêøüÝÝĆïĒïï Ultra 
violet (UV) 
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øĎðìĊęǰ��: Calibration curve ×ĂÜñúĉêõĆèæŤĔîüĆäõćÙîĚĞćǰ 
 

øĎðìĊęǰ��: Calibration curve ×ĂÜñúĉêõĆèæŤĔîüĆäõćÙĂĉîìøĊ÷Ť 
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�����ǰ êĆüĂ÷ŠćÜēÙøöćēêĒÖøö×ĂÜñúĉêõĆèæŤÝćÖüĆäõćÙîĚĞćĒúąüĆäõćÙĂĉîìøĊ÷Ť×ĂÜêĆüđøŠÜðäĉÖĉøĉ÷ćǰ
Ti/LDO 3wt% 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

øĎðìĊęǰ ēÙøöćēêĒÖøö×ĂÜñúĉêõĆèæŤÝćÖßĆĚîǰaqueous ×ĂÜǰTiO� /LDO 3% 
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øĎðìĊęǰ ēÙøöćēêĒÖøö×ĂÜñúĉêõĆèæŤÝćÖßĆĚîǰorganic ×ĂÜǰTiO� /LDO 3% 

 
 
 
 
 
 

 

øĎðìĊęǰ��: ēÙøöćēêĒÖøö×ĂÜñúĉêõĆèæŤÝćÖüĆäõćÙîĚĞćĒúąüĆäõćÙĂĉîìøĊ÷ŤđöČęĂĔßšêĆüđøŠÜðäĉÖĉøĉ÷ćđðŨî 5J�-%0ǰ�XU% 
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ïììĊęǰ� 
ÿøčðñúÖćøìéúĂÜĒúą×šĂđÿîĂĒîąĔîÜćîüĉÝĆ÷ 

 
ÖćøìéúĂÜđóČęĂĀćêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíǰčŤĒïïÿĂÜĀîšćìĊęÿĞćĀøĆïÖćøÿĆÜđÙøćąĀŤǰHMF ÝćÖðäĉÖĉøĉ÷ć

ÖćøđðúĊę÷îÖúĎēÙÿ ēé÷ÖćøĔßš LDO đðŨîǰsupport-phase ìĊęöĊÿöïĆêĉÖøéïøĂîÿđêé ĒúąĔßšÖćøĂĉöđóøĘÖđîßĆî
éšü÷ĕĂĂĂî×ĂÜēúĀąßîĉéêŠćÜėǰđðŨîǰactive-phase đóČęĂđóĉęöÿöïĆêĉÖøéúĉüĂĉÿǰÝąóïüŠćđðĂøŤđàĘîêŤñúĕéš×ĂÜǰ
HMF îĆĚîöĊÙŠćîšĂ÷öćÖĒúąĒëïĕöŠöĊÙüćöĒêÖêŠćÜĔîǰactive-phase ìĊęĒêÖêŠćÜÖĆîǰàċęÜÝąĕéš×šĂÿøčðüŠćÿćđĀêč
×ĂÜñúúĆóíŤìĊęĕöŠĒêÖêŠćÜîĊĚöćÝćÖÖćøìĊęǰLDO ÿćöćøëéĎéàċöîĚĞćĕéšîšĂ÷ǰàċęÜìĞćĔĀšÖćøĂĉöđóøĘÖđîßĆîĕĂĂĂî×ĂÜ
ēúĀąêŠćÜėǰúÜĕðîĆĚîöĊ×šĂÝĞćÖĆé ÿŠÜñúĔĀšÿĆéÿŠüîÿöïĆêĉ×ĂÜÖøéúĉüĂĉÿĔîêĆüđøŠÜðäĉÖĉøĉ÷ćüĉüĉíóĆîíčŤìĊęĕéšîĆĚîĕöŠ
đĀöćąÿöÖĆïÿöïĆêĉÖøéïøĂîÿđêé×ĂÜêĆüđøŠÜðäĉÖĉøĉ÷ć 

îĂÖÝćÖîĊĚÝćÖÖćøìéúĂÜ÷ĆÜÿøčðĕéšüŠćĂčèĀõĎöĉìĊęđĀöćąÿöÿĞćĀøĆïÖćøĔßšǰLDO đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ćîĆĚî
ÝąĂ÷ĎŠìĊęǰ��� ĂÜýćđàúđàĊ÷ÿǰđóøćąđðŨîĂčèĀõĎöĉìĊęĂĆêøćÖćøđÖĉéĒúąÿúć÷ôøčÖēêÿÿĎÜ àċęÜđĀöćąÿĞćĀøĆïÖćø
đÖĉéðäĉÖĉøĉ÷ćÖćøÙć÷îĚĞćđóČęĂĔĀšđÖĉéǰHMF êŠĂĕð ÞąîĆĚîĔîÖćøĔßšǰLDO đðŨîêĆüĔĀšÿöïĆêĉÖøéïøĂîÿđêéĀúĆÖĒÖŠ
êĆüđøŠÜðäĉÖĉøĉ÷ćÙüøÝąìĞćìĊęĂčèĀõĎöĉîĊĚîĆĚîđĂÜ 

 
×šĂđÿîĂĒîąĔîÜćîüĉÝĆ÷ 
 

�� ÙüøýċÖþćêĆüĒðøĔîÖćøìĞćðäĉÖĉøĉ÷ćđóĉęö×ċĚî đßŠî ðøĉöćè×ĂÜêĆüđøŠÜðäĉÖĉøĉ÷ćìĊęĔßšǰđßŠîǰ���ǰ��� Ēúą 
���ǰēé÷îĚĞćĀîĆÖ×ĂÜÖúĎēÙÿđðŨîêšî øüöĕðëċÜøą÷ąđüúćĔîÖćøìĞćÖćøìéúĂÜ đóČęĂđðøĊ÷ïđìĊ÷ïøšĂ÷
úąñúĕéš×ĂÜ HMF ìĊęĕéšÝćÖÖćøÖćøðøĆïÙŠćêĆüĒðøêŠćÜ ė üŠćêĆüĒðøĔéÿŠÜñúêŠĂđðĂøŤđàĘîêŤñúĕéš×ĂÜ
ñúĉêõĆèæŤöćÖìĊęÿčé Ēúą đóČęĂýċÖþćñú×ĂÜÖćøìĞćÜćî×ĂÜêĆüđøŠÜðäĉÖĉøĉ÷ćđóĉęöđêĉö ĔîĒÜŠ×ĂÜ
ÙüćöÿĆöóĆîíŤøąĀüŠćÜđðĂøŤđàĘîêŤñúĕéš×ĂÜñúĉêõĆèæŤÖĆïêĆüĒðøìĊęýċÖþć 

 
�� ýċÖþćÿöïĆêĉ×ĂÜñúĉêõĆèæŤìĊęĕéšÝćÖðäĉÖĉøĉ÷ć×šćÜđÙĊ÷ÜđîČęĂÜÝćÖñúÖćøìéúĂÜ è ðŦÝÝčïĆîìĊęĕéšîĆĚîöĊÖćø

đÖĉéñúĉêõĆèæŤ×šćÜđÙĊ÷ÜđĀúŠćîĊĚđðŨîÝĞćîüîöćÖ  
 

�� üĉđÙøćąĀŤÙčèÿöïĆêĉ×ĂÜêĆüđøŠÜðäĉÖĉøĉ÷ćđóĉęöđêĉö đßŠî ēÙøÜÿøšćÜêŠćÜ ė ×ĂÜêĆüđøŠÜðäĉÖĉøĉ÷ć ÿöïĆêĉÖøé
úĉüĂĉÿ ÖøéïøĂîÿđêé ĒúąÖćøÖøąÝć÷êĆü×ĂÜĂîčõćÙǰactive-phase ïîǰsupport-phase đóČęĂđðŨî
ðøąē÷ßîŤĔîÖćøđúČĂÖêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąÖćøüĉđÙøćąĀŤĀćüĉíĊÖćøðøą÷čÖêŤĔßšǰLDO ĔĀšđÖĉé
ðøąÿĉìíĉõćóêŠĂĕðĔîĂîćÙê 

 
 

 
 
 
 
 
 



 
 

 
 

 
õćÙñîüÖ 
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õćÙñîüÖǰÖ 
 
ñúÖćøìéúĂÜ 
 
êćøćÜìĊę Ö��ǰ øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš �wt% Ti/LDO    
đñćìĊę ���ǰĂÜýćđàúđàĊ÷ÿ đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęĂčèĀõĎöĉ ��� ĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� ����� ���� 
� ����� ���� 
3 ����� ���� 
4 ����� ���� 

 
êćøćÜìĊęǰÖ��ǰ øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš �XU�ǰ5J/LDO    
đñćìĊę ���ǰĂÜýćđàúđàĊ÷ÿ đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęĂčèĀõĎöĉ ��� ĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� ����� ���� 
� ����� ���� 
3 ����� ���� 
4 ����� ���� 

 
êćøćÜìĊęǰÖ.3  øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš ���XU�ǰ5J/LDO    
đñćìĊę ���ǰĂÜýćđàúđàĊ÷ÿ đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęĂčèĀõĎöĉ ��� ĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� ����� ���� 
� ����� ���� 
3 ����� ���� 
4 ����� ���� 

 
êćøćÜìĊęǰÖ.4  øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš �XU�ǰ5J/LDO    
đñćìĊę ��� ĂÜýćđàúđàĊ÷ÿ đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęĂčèĀõĎöĉ ��� ĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� ����� ���� 
� ����� ���� 
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êćøćÜìĊęǰÖ��ǰ øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš �XU�ǰ5J0��LDO    
đñćìĊę ��� ĂÜýćđàúđàĊ÷ÿ đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęĂčèĀõĎöĉ ��� ĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� ����� ���� 

 
êćøćÜìĊęǰÖ��ǰ øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš �XU�ǰ/C/LDO    
đñćìĊę ��� ĂÜýćđàúđàĊ÷ÿ đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęĂčèĀõĎöĉ ��� ĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� ����� ���� 
� 73.38 ���� 

 
êćøćÜìĊęǰÖ.7  øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš �XU�ǰ'F/LDO    
đñćìĊę ��� ĂÜýćđàúđàĊ÷ÿ đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęĂčèĀõĎöĉ ��� ĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� ����� ���� 

 
êćøćÜìĊęǰÖ.8  øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš �XU�ǰ'F/LDO    
đñćìĊę ��� ĂÜýćđàúđàĊ÷ÿ đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęĂčèĀõĎöĉ ���ǰĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� ����� ���� 

 
êćøćÜìĊęǰÖ��ǰ øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš �XU�ǰ'F/LDO    
đñćìĊę ��� ĂÜýćđàúđàĊ÷ÿ đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęĂčèĀõĎöĉ ���ǰĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� ����� ���� 

 
êćøćÜìĊęǰÖ���ǰ øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš �XU�ǰ/C/LDO    
đñćìĊę ��� ĂÜýćđàúđàĊ÷ÿ đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęĂčèĀõĎöĉ ���ǰĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� ����� ���� 
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êćøćÜìĊęǰÖ���ǰ øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš �XU�ǰ/C/LDO    
đñćìĊę ��� ĂÜýćđàúđàĊ÷ÿ đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęĂčèĀõĎöĉ ���ǰĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� ����� ���� 

 
êćøćÜìĊęǰÖ���ǰ øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš Amberlyst-�� ĒúąǰLDO  
đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęǰ��� ĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� ����� ���� 

 
êćøćÜìĊęǰÖ���ǰ øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF é÷Ĕßš �XU�ǰ/C/LDO Ēúąǰ 
Amberlyst-��đñćìĊę ��� ĂÜýćđàúđàĊ÷ÿ đðŨîêĆüđøŠÜðäĉÖĉøĉ÷ćǰĒúąìĞćðäĉÖĉøĉ÷ćìĊęĂčèĀõĎöĉ ���ǰĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� �� ���� 

 
êćøćÜìĊęǰÖ���ǰ øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš Sulfonated carbon Ēúąǰ
/C�-%0ǰ�XU% đñćìĊęǰ��� ĂÜýćđàúđàĊ÷ÿǰđðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęǰ���ǰĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� �� ���� 

 
êćøćÜìĊęǰÖ���  øšĂ÷úąÖćøđðúĊę÷î×ĂÜÖúĎēÙÿ Ēúąñúĕéš×ĂÜ HMF ēé÷Ĕßš Sulfonated carbon Ēúąǰ
/C�-%0ǰ�XU% đñćìĊęǰ��� ĂÜýćđàúđàĊ÷ÿǰđðŨîêĆüđøŠÜðäĉÖĉøĉ÷ć ĒúąìĞćðäĉÖĉøĉ÷ćìĊęǰ��� ĂÜýćđàúđàĊ÷ÿ 
 

ÙøĆĚÜĔîÖćøìĞćðäĉÖĉøĉ÷ć øšĂ÷úą×ĂÜÖúĎēÙÿìĊęđðúĊę÷îĒðúÜ øšĂ÷úąñúĕéš×ĂÜǰHMF 
� ����� ���� 
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ñúüĉđÙøćąĀŤĂÜÙŤðøąÖĂï×ĂÜñúñúĉêìĊęĕéš 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

øĎðìĊę Ö.�� ēÙøöćēêĒÖøö×ĂÜñúĉêõĆèæŤÝćÖüĆäõćÙîĚĞć×ĂÜ Ti/LDO �XU� 
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øĎðìĊę Ö.�� ēÙøöćēêĒÖøö×ĂÜñúĉêõĆèæŤÝćÖüĆäõćÙĂĉîìøĊ÷Ť×ĂÜ Ti/LDO �wt% 

 



34 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

øĎðìĊę Ö.3: ēÙøöćēêĒÖøö×ĂÜñúĉêõĆèæŤÝćÖüĆäõćÙîĚĞć×ĂÜ Ti/LDO �wt% 
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 øĎðìĊę Ö.4: ēÙøöćēêĒÖøö×ĂÜñúĉêõĆèæŤÝćÖüĆäõćÙĂĉîìøĊ÷Ť×ĂÜ Ti/LDO �wt% 
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øĎðìĊę Ö��: ēÙøöćēêĒÖøö×ĂÜñúĉêõĆèæŤÝćÖüĆäõćÙîĚĞć×ĂÜ Ti/LDO ���wt% 
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øĎðìĊę Ö��: ēÙøöćēêĒÖøö×ĂÜñúĉêõĆèæŤÝćÖüĆäõćÙĂĉîìøĊ÷Ť×ĂÜ Ti/LDO ���wt% 
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