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1.  │∂╘⌐ 

 

1.1 ─ ≤  
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⇔√ ≤ ה ⅜ ≤⌂∫≡™╢⁹⇔⅛⇔⁸ ꜠ⱬꜟ

HLLW ─●ꜝ☻ │ ─ ─└≤≈≢№╡⁸ ﬞ ⌐⅔™

≡╙ ╟℮╛ↄ ─√╘─ⱡ►Ɫ►⅜ ≢⅝√⌐∆⅞⌂™⁹

─ ─ ∞↑≢⌂ↄ⁸ ﬞ ─ ⇔√ ─√╘⌐╙⁸⇔∫⅛╡

≤⇔√●ꜝ☻ ─ ⅜ ≢№╢⁹ 

●ꜝ☻ ─ ╙ ⅝⌂ │⸗ꜞⱩ♦fi ☼כ▼ⱨכ꜡◄▬╢╟⌐ ≤ⱷꜟ

─┼כ♃ ⌐Ɽꜝ☺►ⱶ(Pd)⁸ꜟ♥♬►ⱶ(Ru)⁸꜡☺►ⱶ(Rh) ─ ≢№╢⁹

─ │⁸ ⅜ ↄ⁸ ≢─ ╖ 30,000 

MWd/t⁸150 1♩fi ╡⌐ ╕╣╢ Pd⁸Ru⁸Rh─ │∕╣∙╣ 1.20kg⁸2.09 kg⁸

0.36 kg≢№╡⁸⸗ꜞⱩ♦fi(Mo)│↕╠⌐ ↄ 3.13kg≢№╢⁹ │●ꜝ☻⌐╒≤╪≥

∑∏⁸ ─ Pd⁸Ru⁸Rh│ⱷꜟ♃כ ≢ⱨ꜡♇◒╩ ⇔⁸ⱷꜟ♃כ ⌐ ₁⌐

↕╣╢⁹ⱷꜟ♃כ ─ ●ꜝ☻ ─ │∑™−™ 0.5wt ≢№╢─⌐

⇔≡⁸ ⅜ ⇔√ ─●ꜝ☻≢│⁸∕─ │ 10wt ⌐ ⇔⁸●ꜝ

☻─ ≤ ⌐ ⅜ ∆╢⁹∕─ ⁸ ꜟכꜙ☺╢╟⌐ ─ ╛●ꜝ

☻ ה ה ⌂≥─ ⅜ ⇔⁸●ꜝ☻ ─ ⅜≢⅝⌂ↄ⌂╢⁹ 

⁸Mo │⸗ꜞⱩ♦fi ≤⇔≡ ⇔⁸●ꜝ☻⌐ ⇔⅝╣⌂⅛∫√⸗ꜞⱩ♦fi │

╩☼כ▼ⱨכ꜡◄▬≡⇔ │☼כ▼ⱨכ꜡◄▬⁹╢∆ ≢№╢√╘⌐ⱷꜟ♃כ

⅛╠ ⇔╛∆ↄ⁸ ≤ Mo ─ ⌐╟∫≡●ꜝ☻─ │ ⌐⌂╢⁹↓─√╘

─ⱷꜟ♃כ─ ≢│⁸⸗ꜞⱩ♦fi ─ ╛ ⇔√ ╩ ∆╢√╘

─ ╛♪꜠▬fi▪►♩╩ ⇔≡™╢⁹↓╣╠─ ⌐╟╡ⱷꜟ♃כ─ ⅜

⌐│⌂╢⅜⁸●ꜝ☻ ─ ⅜ ⌐ ∆╢⁹╙⇔⁸Mo ≤ ⅜ ⌐

HLLW ⅛╠ ╡ ↑╣┌⁸●ꜝ☻ ⌐ ─╟℮⌂ⱷꜞ♇♩⅜№╢⁹ 

 

(1)●ꜝ☻ ⱪ꜡☿☻≢ ≤↕╣╢ HLLW ─ ⁸ ⁸♪꜠▬fi▪►♩⌂≥─

⅜ ⌐⌂╡⁸●ꜝ☻ ╩ 40 ≢⅝╢⁹ 

(2)Mo ╩ ☼כ▼ⱨכ꜡◄▬┌╣⅝≢ ⅜ ↕╣⁸●ꜝ☻─ HLLW ─

╩ ⅝ↄ≢⅝╢ ⁹ⱱ►◔▬ ●ꜝ☻┼─ HLLW ─ ╩ ─ 22

⅛╠ 35 ╕≢ ≢⅝⁸(1)─ ≤ ╦∑╣┌⁸●ꜝ☻ ╩ ─

⌐╕≢ ≢№╢⁹ 

 

╕√⁸ⱷꜟ♃כ─ ⅜ ⌐⌂╡⁸ ⅜ ≢⅝╢≤≤╙⌐⁸♪꜠▬fi▪►♩⌐

℮ⱷꜟ♃כ─ √⌂ →⌐ ℮ⱷꜟ♃כ─ ╩ ≢⅝⁸ ⱷꜟ♃כ≢ ≤

⌂∫√ ─ ⌂≥╩ ⅞⁸ⱷꜟ♃כ─ ⌐╙ ≢№╢⁹ 
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1.2 ─ ™≤  

─ ™│⁸☿ꜝⱵ♇◒☻ ⌐ⱨ▼꜡◦▪fi ▪ꜟⱵ♬►ⱶ AlHCF ╩ ≤⇔√

ⱨ▼꜡◦▪fi ╩ ⇔√ ╩ ⇔⁸HLLW ⅛╠─ Mo ≤ ─

ה ╩ ∆╢↓≤⌐╟╡⁸ ≢ ═√╟℮⌂●ꜝ☻ ─ ≤⁸

─☼כ▼ⱨכ꜡◄▬ ┘ⱷꜟ♃כ⅛╠─ ●ꜝ☻─ ⌐╟╢●ꜝ☻ ─

╩ ⌐ ∆╢↓≤≢№╢⁹ 1-1⌐ ≢ ∆╢ Mo ≤

╩ ℮●ꜝ☻ ◦☻♥ⱶ╩ ∆⁹ 

 

 

1-1 ≢ ∆╢ Moה ╩ ℮●ꜝ☻ ◦☻♥ⱶ 

 

◦☻♥ⱶ│⁸ᵑⱨ▼꜡◦▪fi ☿ꜝⱵ♇◒☻ ⌐╟╢ Mo⁸ ─

ⱪ꜡☿☻⁸ᵒ ↕╣√ⱨ▼꜡◦▪fi ─ ⱪ꜡☿☻⁸ᵓ ⱪ꜡☿☻

ꜞfi ⌐╟╢ Mo ⁸▪Ⱶ♪ ⌐╟╢ ─ ⁸ᵔ

●ꜝ☻ⱷꜟ♃⁹╢⌂╠⅛כ 

≢│⁸ᵑ⌐ ⇔≡│⁸∆≢⌐ ⱨ▼꜡◦▪fi ⌐ ∆╢ ꜠ⱬꜟ ─

╩ ™⁸ⱨ▼꜡◦▪fi ⌐╟╡ HLLW ⅛╠ ⌐ ⁸Mo⁸☿◦►ⱶ Cs ╩

≢⅝╢↓≤╩ ╠⅛⌐⇔≡⅔╡⁸ ⌐ AlHCF ⅜ Mo⁸ ⁸Cs─ ⌐

≢№╢↓≤╩ ⇔≡™╢⁹ᵒ⌐ ⇔≡│⁸ ─ ─√╘⌐

⇔√ Cs ⱨ□꜡◦▪fi ─ ה ⌐≈™≡ ◄fi☺♬▪ꜞfi◓ֿפ

◔Ⱶ◌ꜟ◄fi☺♬▪ꜞfi◓ֿפ ⁸ פֿ ≤─ ╩ ⇔⁸Cs

ⱨ▼꜡◦▪fi ─ ⌐ ∆╢ ⌂ ╩ ∫≡™╢⁹ᵓ⌐ ⇔≡│⁸ ⌐

⌐≈™≡⁸ ≢№╢ ≤ ─ ≢ ⇔≡™╢▪Ⱶ

♪ ⁸▪Ⱶfi ┘▪Ⱶfi ☻ꜟⱨ▫♪ ─ ⱪ꜡☿☻⌂
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≥─ ╩ ⅎ≡™╢⁹ᵔ⌐ ⇔≡│⁸ 21 ⅛╠ ↕╣√⁸ ◄Ⱡꜟ◑כ ה

╖ ₈●ꜝ☻ ⱪ꜡☿☻ ₉⌐⅔™≡ HLLW ─ⱱ

►◔▬ ●ꜝ☻┼─ ⌐≈™≡ ⅜№╡⁸ ⌐∕─ ╩⁸ ⱪ꜡☿☻─

⌐ ℮ HLLW ─●ꜝ☻ ┼─ ⌐ ∆╢ ≢№╢⁹ 

≢│⁸ ─╟℮⌂ ≤ ╩ ⅛⇔≡⁸☿ꜝⱵ♇◒☻ ⌐ AlHCF ╩ ≤⇔

√ⱨ▼꜡◦▪fi ╩ ⇔√ ╩ ⇔≡ HLLW ⅛╠─ Mo ≤ ─

ה ╩ ⇔⁸●ꜝ☻ ─ ≤●ꜝ☻┼─ HLLW ─ ⌐╟╡

●ꜝ☻ ─ ≤●ꜝ☻ ─ ╩ ∆⁹↕╠⌐⁸ ╠╣√ ⅛

╠ ─ Mo⁸ ⱪ꜡☿☻─ ╩ ⇔⁸ ┼─ ╩

∆╢⁹ 

 

1.3 ⌐⅔↑╢ ⌐ ∆╢  

  ≢│⁸ⱨ▼꜡◦▪fi ⌐╟╢ Mo ≤ ─ ה ⱪ꜡☿☻⅜ ⌂

≤⇔≡ ↑╠╣≡⅔╡⁸ⱨ▼꜡◦▪fi ─ ≤≤╙⌐⁸ ⱷ◌♬☼

ⱶ─ ⌐╙ ╡ ╪∞⁹ ∆╢╟℮⌐⁸ⱨ▼꜡◦▪fi ┼─ Mo ╛ ─ ⌐

│ ⁸ ⁸ ─ ≈─Ɽ♃כfi⅜№╢↓≤⅜ ╠⅛≤⌂∫√⅜⁸↓╣╠╩

⌂ ≤ ╠⇔ ╦∑╢≤ ─╟℮⌐ ↑╠╣╢⁹ 

 

ₒ ₓ ⁸ ⅎ┌ ≤ ⁸ ≤ ⁸ ≤ ⁸№╢™│ ─ ⅜

⇔≡™╢≤⅝⁸ ─ ╕√│ ⅜ ─ ≤∕─ ≢ ⌂∫≡ ⌐

№╢  

ₒ ₓ ╛ ⅜ ─ ⌐ ↕╣⁸╕√∕─ ⌐╙ ↕╣╢↓≤⁹ ≤

≤⅜ ⌐ ↓╢ ⁸╕√⁸ ⅛ ⅛─ ⅜ ≢⌂™ ⌐ ™╢  

 

  ≈╕╡⁸ ≈─Ɽ♃כfi─℮∟ ─╖⅜₈ ₉⌐ ⇔⁸∕╣ ╩ ╘√

╩╕≤╘≡ ∆╢ │₈ ₉⅜ ≤⌂╢⁹⇔√⅜∫≡⁸ ─ ≢│ ⌐

╩ ≡╢ │₈ ₉≤ ∆╢↓≤≤⇔√⁹ 

  √∞⇔⁸ ♃▬♩ꜟ≢ ╦╣≡™╢₈ ₉⌐≈™≡│⁸ ╛ ⌐⅔™≡

⌐ ™╠╣≡⅝≡⅔╡⁸ ≤│™ⅎ ≢─ ⅜ ⇔™↓≤⅛╠⁸∕─╕╕

₈ ₉╩ ™≡™╢⁹↓─√╘⁸ ♃▬♩ꜟ≤ ⌐⅔™≡₈ ₉≤₈ ₉─

⅜ ∂≡™╢⅜⁸ ─ ⌐╟╢╙─≤⇔≡↔ ™√∞⅝√™⁹ 
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2.   

 

2.1  

  2-1 ⌐ ─ ╩ ∆⁹ │ ◌ ≢№╡⁸ ⅝ↄ₈Mo⁸

─ ₉ ₈Mo⁸ ⱪ꜡☿☻ ─●ꜝ☻

┼─ ₉ ₈Mo⁸ ─ ⱪ꜡☿☻─ ₉─ ≈─ ╩ ⇔⁸

●ꜝ☻ ─ ≤ ╩ ∆╢ Mo⁸ ⱪ꜡☿☻ ─√╘

─ ╩ ∆╢⁹ 

  ₈Mo⁸ ─ ₉≢│⁸ⱨ▼꜡◦▪fi ╩☿ꜝⱵ♇

◒☻ ⌐ ⇔√ ╩ ∆╢≤≤╙⌐⁸∕─ ⌐⅔↑╢ ─

╩ ℮⁹ 26 ≢│⁸ⱨ▼꜡◦▪fi ⁸ ┘☿ꜝⱵ♇◒☻ ∕╣∙╣⌐≈™

≡ ⁸ ╩ ⅎ≡ Mo⁸ ─ ╩ ∆╢⁹╕√ 27⁸28 ≢

│⁸ⱨ▼꜡◦▪fi ☿ꜝⱵ♇◒☻ ╩ ⇔⁸ ┘ ꜠

ⱬꜟ ≢─ ╩ ╕ⅎ≡ ╛ ─ ╩ ╡⁸Mo⁸

ⱪ꜡☿☻─ ╙ ∑≡ ∆╢⁹ 

⌐⅔↑╢ ≢│⁸ 26⁸27 ⌐ ה ה ⁸◒

ꜝ▬○ ⁸ ┘ XAFS ⌐╟╢ ⅛╠ ─ ⁸

⁸▬○fi ╩ ה ∆╢⁹╕√⁸∕╣╠─ ⌐ ≠⅝⁸ 27⁸28

⌐ ⸗♦ꜟ╩ ה ⇔⁸ ─ ─ ╩ ╢⁹ 

  ₈Mo⁸ ⱪ꜡☿☻ ─●ꜝ☻ ┼─ ₉≢│⁸Mo⁸

─ ⌐╟╢●ꜝ☻ ┼─ ╩ ℮⁹╕∏⁸ 26⁸27

⌐ TG-DSC/Cp ⌐╟╢ ─●ꜝ☻ ≢─ ─ ⁸∕─

◦☻♥ⱶ ⌐╟╢●ꜝ☻┼─ ─ ─ ⁸ ┘

⌐╟╢●ꜝ☻ ⅛╠─ ▬○fi ╩ ⇔⁸Mo⁸ ─

╩ ⇔√●ꜝ☻ ─ ╩ ™⁸∕─ ⌐ ≠⅝ 28 ⌐●ꜝ☻

─ ה ⅛╠ √ ─ ╩ ∆╢⁹ 

╕√⁸↓╣≤ ⇔≡ ╩ ≤⇔√ ─ ⌂╢●ꜝ☻╩ ⇔⁸ ≤ ⌂

╩ ⇔√●ꜝ☻ ─ ┘ ╩ ∆╢⁹ 

₈Mo⁸ ─ ⱪ꜡☿☻─ ₉≢│⁸ ─ ╩ ≤⇔√ Mo⁸

╩ ╗ ─ ⁸ ─ ⅛╠─ Mo⁸ ─

┘ ─ ╩ ℮⁹ 26 │⁸ ⌐ ─ ─√╘─▪Ⱶ

♪ ─ ⁸ ┘ ─ ─ ╩ ℮⁹╕√ 27⁸28 │

─ ⅛╠─ Mo⁸ ─ ⁸▪Ⱶ♪ ⌐╟╢ ─ ⁸

┘ HDEHP ⌐╟╢ Mo ╩ ™⁸Mo⁸ ─ ⱪ꜡☿☻─ ╩

∆╢⁹ 

↕╠⌐⁸ 27⁸28 ⌐ ╠⅛♃כ♦─ ⱪ꜡☿☻─ ╛

╩ ⇔⁸Mo⁸ ╩ ℮●ꜝ☻ ◦☻♥ⱶ─ ╩ ™⁸●ꜝ☻

─ ≤ ⁸ ┘ ╩ ∆╢◦☻♥ⱶ─ ⌐ ∆

╢ ╩ ∆╢⁹
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2-1 ₈●ꜝ☻ ─ ה ─√╘─ ⱪ꜡☿☻─ ₉─ 

 

  26  27  28  

(1) Mo⁸ ─        

ᵑ ─ ┘ ה  

  

   

 

  
  
  
  

  
  
 
 

  
  

ᵒⱨ▼꜡◦▪fi ─Mo⁸ ─ 

≤ ─  

 

  
  
 
 

  
  
 
 
 

  
  
  
 
 
 

ᵓ ꜠ⱬꜟ ⌐⅔↑╢

─  

 

  
  
  
 

  
  
  
 

  
  
  
 

 
   

(2)  Mo, ⱪ꜡☿☻ ─●ꜝ☻

┼─  
   

  
  

ᵑ HLLW╩ ™√●ꜝ☻ ─

≤∕─  
 

    
  
 

 
 
 

  

ᵒ ●ꜝ☻ ≤∕─  
 

 
 

 
 

 
 

(3) Mo⁸ ─ ⱪ꜡☿☻─     

ᵑMo⁸ ─  

 

 

 

 

 

 

 

ᵒ●ꜝ☻ ◦☻♥ⱶ ─√╘─  

 
 

  
 
 
 

 

ᵓMo⁸ ╩ ∫√●ꜝ 

☻ ◦☻♥ⱶ─  
  

 
 

(4)   
   

 

(5)  
   

 

─ ≤

Mo, (PGE)─

 

─ Mo,PGE

 

─ Mo,PGE

 

Mo,PGE

◦☻♥ⱶ 

 

Fe,Al ─ ⌐╟╢ 

●ꜝ☻ ─  

  

─  

 

 

⌐╟╢ 

─  

⌐╟╢

─  

─ 

─

PGE  

 

─  

─

≤  

  

─  

TG╩ ™√ ─ 

─  

HLW ─ ╩ 

⇔√ ─ 

●ꜝ☻

─ ≤  

●ꜝ☻ ─

┼─  

PGE─ ─√╘

─▪Ⱶ♪ ─  ▪Ⱶ♪ ⌐╟╢ PGE  

HDEHP⌐╟╢Mo  

HLLW ─ ─  

─ ⅛╠─

Mo⁸PGE  

    

   

⌐╟╢  

─  

XAFS⌐╟╢  

▬○fi  

≤ ─ɘ  

─ɘ  

  

Mo⁸PGE ◦☻♥ⱶ─  

─  

─  

◒ꜝ▬○ TEM⌐╟╢

─  

─ ≤

⸗♦ꜟ─  

◒ꜝ▬○ TEM⌐╟╢

─  

⸗♦ꜟ

≤  

◒ꜝ▬○ TEM─ 

 

≤

 

●ꜝ☻┼─ HLLW  

≤  

⅛╠─ 

 

╩ ™√●ꜝ☻┼─

─ ─  

⅛╠

─  
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─ ╩ ∆╢⌐ ╡⁸ ╛●ꜝ☻ ⌂≥─ ╩ ≤∆╢

╩ ⇔⁸ ⌐ 2 ⁸ 6 ─ ╩ ⇔⁸ ─ ─ ⅛

╠─ ╛ ╩ ↑⁸ ⌐ⱨ▫כ♪Ᵽ♇◒∆╢⁹ 

⌂⅔⁸ │₈(1) -ᵑ ─ ┘ ה ₉⌐⅔↑╢☿ꜝⱵ

♇◒☻ ─ ⁸₈(1) -ᵓ ꜠ⱬꜟ ⌐⅔↑╢ ─ ₉⌐⅔↑╢

꜠ⱬꜟ ⌐╟╢ ─ ─ ⁸ ┘₈(2) -ᵑ HLLW ╩ ™√

●ꜝ☻ ─ ≤∕─ ₉⌐⅔↑╢●ꜝ☻ ●ꜝ☻╩ ╗ ⅛╠─

▬○fi ─ ╩ ∆╢⁹╕√⁸ │₈(1) -ᵒⱨ▼꜡◦▪fi ─ Mo⁸

─ ≤ ─ ₉╩ ⇔⁸ │₈(3) -ᵑMo⁸

─ ₉─℮∟⁸ ⌐▪Ⱶ♪ ⌐╟╢ ╩ ∆╢⁹ 



3.1-1 

 

3.  ─ ┘  

 

3.1 Mo⁸ ─  

 

3.1.1 ─ ┘ ה β  

 ₁│⁸ 25 ₈ ▬♬◦▪♥▫Ⱪ₉FS ─ⱨ▫כ☺

ⱦꜞ♥▫☻♃♦▫ ⌐⅔™≡⁸ ꜠ⱬꜟ ⅛╠─ Ru⁸Rh⁸Pd ┘

⸗ꜞⱩ♦fi Mo ─ ╩ ⌐⁸ ₁⌂ⱨ▼꜡◦▪fi ╩ ⇔⁸ ꜠ⱬ

ꜟ ≢─∕╣╠ⱨ▼꜡◦▪fi ─ ▬○fi ╩ ═⁸ⱨ▼꜡◦▪fi ⌐╟∫≡

HLLW ⅛╠ ⁸Mo╩ ⌐ ≢⅝╢↓≤╩ ╠⅛⌐⇔√⁹ ⌐ⱨ▼꜡◦▪fi

▪ꜟⱵ♬►ⱶ AlHCF ⅜ Mo⁸ ⁸Cs ─ ⌐ ≢№╢↓≤╩ ⇔√ 
[1]⁹ 

 ≢│⁸↓─ⱨ▫כ☺ⱦꜞ♥▫☻♃♦▫ ─ ╩ ↑⁸ⱨ▼꜡◦▪fi ─

╩ ↕∑⁸╕√⁸☿ꜝⱵ♇◒☻ ⌐ AlHCF ╩ ≤⇔√ⱨ▼꜡◦▪fi ╩ ⇔√

╩ ⌐ ⇔⁸HLLW ⅛╠─ Mo≤ ─ ה ╩ ∆╢↓≤

⌐╟╡⁸●ꜝ☻ ─ ≤●ꜝ☻ ─ ╩ ⌐ ∆╢↓≤╩

∆⁹ 

 ⱨ▼꜡◦▪fi ─ ┘ ⁸☿ꜝⱵ♇◒☻ ─ ┘ ⁸ⱨ▼꜡◦▪fi

╩ ↕∑√ ─ ┘ ⌐≈™≡⁸∕╣∙╣╕≤╘≡ ∆╢⁹↕╠⌐⁸

◌ꜝⱶ─ Mo⁸ ─ ⁸ ┘ Mo⁸ ◦☻♥ⱶ

─ ה ─ ⌐≈™≡ ═╢⁹ 

β ─℮∟ │☿ꜝⱵ♇◒☻ ⌐ ∆╢ ╩  

 

ⱨ▼꜡◦▪fi ─ ┘Mo⁸ H26 H28  

 ≢│₈ⱨ▼꜡◦▪fi ─ ≤ Mo, ─ H26 ₉⁸₈ ─

H27 ₉⁸₈ ─ Mo⁸ H27 ₉⁸₈ ─

┘ ה H28 ₉─ⱨ▼꜡◦▪fi ⌐ ∆╢ ╩ ∆╢⁹ 

 

ᵑ 26 ─ⱨ▼꜡◦▪fi ─  

 ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ ⌐ ╩ ⇔ ≢ ∆╢↓≤⌐╟╡⁸ⱨ▼

꜡◦▪fi ─ ╩ √⁹ │⁸Al, Mn, Fe, Co─ 4 ╩ ™√⁹╕√⁸ 25

₈ ▬♬◦▪♥▫Ⱪ₉FS ⅔™≡⁸Mo⁸ ─ ⌐

╙ ≢№╢↓≤⅜ ╠⅛≤⌂∫√ AlHCF ⌐ ⇔≡│⁸ ─ ™╩ ╘≡ 10

#42A, 42B, 43, 47A, 47B, 44, 49A, 49B, 48A, 48B─ AlHCF╩ ⇔√⁹ ⇔√ⱨ▼꜡◦▪fi

─ ╩ 3.1-1⌐ ∆ #43, 44, 49B│⁸ ╩ ╢↓≤⅜≢⅝⌂⅛∫√ ⁹ 

 ⱨ▼꜡◦▪fi ─ ⌂ │⁸ ─ ╡≢№╢⁹♫☻ⱨꜝ☻◖⌐ⱨ▼꜡◦▪fi ◌

ꜞ►ⱶ K4[Fe
2+

(CN)6]3הH2O ╩ 3.75 g 10 mmol⁸1 eq. ≤ⱴ◓Ⱡ♅♇◒☻♃כꜝכ

╩ ⅎ⁸ 40 mL⌐ ↕∑√⁹∕↓┼ 30 mL─ ⌐ ↕∑√ 20 mmol⁸

2 eq. ╩╝∫ↄ╡ ⇔⁸ ⌐ 10 mL ╩ ™≡ ™ ╖╩ ∫√⁹∕─ ⁸ ≢

⇔ↄ ⇔√⁹24 ⁸ 100 mL ┼ ⇔⁸ ╩ ™ 3000 rpm 30 min ⁸ 



3.1-2 

 

42A 42B 47A 47B 49A 48A 48B

50 51 52

Mn Fe Co

Al
FS Fe : Al = 1 : 3

 

3.1-1 ⇔√ⱨ▼꜡◦▪fi ─ (1) 

 

╖ ╩ ⇔√⁹∕↓┼ ╩ 70 mL ⅎ⁸ ╩ ⁸ ≢ 5 ⇔⁸

∕─ ╩ ℮ ╩ 6 ╡ ⇔√⁹6 ─ ⁸ ╖ ╩ ⇔⁸

╠╣√ ╩ 75ϴ─ ⌐ ╣⁸ 24 ⇔√⁹╕√│⁸ 3 ⁸

⇔√⁹ ╠╣√ ╩ⱷⱡכ ≢ ↄ∆╡ ⇔ ⌐⇔√ כ♃כ◔◦♦⁸ ≢ 24

╩ ∫√⁹ 

 

(i) AlHCF#42A ┘#42B─ FS─ ─  

 25 ₈ ▬♬◦▪♥▫Ⱪ₉FS ⅔™≡⁸ ─

AlHCF#33 ─ ⅜ ─ AlHCF#32 ╟╡╙⁸ꜝfi♃ⱡ▬♪ ⌐ ∆╢ ⅜ ↄ⁸

Mo ┘ ⌐ ∆╢ ⅜ ™↓≤⅜ ↕╣√⁹ ─ FS ─ ─ ╩

∆╢√╘⌐⁸AlHCF#42A ≤#42B ⁸ ─ ─ ╩ ∫√⁹ 

 

(ii) AlHCF#43 ─ ─ Fe2+≤ Fe3+─ ™  

 ⌐⅔↑╢ AlHCF ─ ⌂ │⁸ ⌐ ─ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ Ⱬ

◐◘◦▪ⱡ (II) ◌ꜞ►ⱶ , 10 mmol ≤ ▪ꜟⱵ♬►ⱶ  (20 mmol)╩ ™

╢⁹↓─ (II ) ─ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ╩ ─ⱨ▼ꜞ◦▪fi ◌ꜞ►ⱶ Ⱬ◐◘◦▪

ⱡ (III ) ◌ꜞ►ⱶ, 10 mmol ⌐ ⅎ⁸∕─ ╩ ═√⁹ 

─ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ╩ ™√ │⁸ ⁸ 15 ⅛╠ ⅜ ∂



3.1-3 

 

⅜ ↄ ╡ ╘╢⅜⁸ ─ⱨ▼ꜞ◦▪fi ◌ꜞ►ⱶ≢│⁸ ≢ 3 ╩ ∫≡╙⁸

⌐ ⅜ ╠╣⌂⅛∫√⁹ ─ ╟╡⁸ ▪ꜟⱵ♬►ⱶ ≤ⱨ▼ꜞ◦▪fi

◌ꜞ►ⱶ Fe
3+ ╩ ⇔≡╙ │ ∂∏⁸AlHCF │⁸ ▪ꜟⱵ♬►ⱶ ≤ⱨ▼꜡◦

▪fi ◌ꜞ►ⱶ Fe
2+ ╩ ∆╢↓≤⌐╟╡ ∆╢↓≤⅜ ╠⅛≤⌂∫√⁹ 

 

(iii) AlHCF#47 ─  

 ⌐⅔↑╢ AlHCF─ ⌂ ─ │ 24 ≢№╢⅜⁸↓─

╩ ↄ⇔√ ─ ╩ ═√⁹24 ─ ─ │⁸ ™ ⅜⅛∫√ ≢№╢⅜⁸

ﬞ ⇔√≤↓╤⁸ ™ ⌐⌂∫√⁹↕╠⌐ ╩ ↑⁸ ﬞ ⌐│⁸ ⅜↕╠⌐

ↄ⌂∫√⁹ #47A ≤ #47B ╩ ∫√⁹ 

 

 (iv) AlHCF#44 ─ Fe : Al = 1  : 1  

 ⌐⅔↑╢ AlHCF ─ ⌂ ─ ─ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ≤ ▪ꜟⱵ♬

►ⱶ─ │⁸⸗ꜟ ≢ 1 : 2≢№╢⅜⁸1 : 1⌐⇔√ ─ ╩ ═√⁹ ⌐╟╡ ∂

√ ─ ⅜ ⌐ ⅛ↄ⁸ ≢│⁸ ╖ ⅜ ≢№∫√⁹ 2 ⁸

⅜◖꜡▬♪ ⌐⌂╡⁸ ╩ ∫≡╙⁸ ⅜ ⇔⌂ↄ⌂∫√⁹Fe : Al = 1 : 1

─ │ ╕⇔ↄ⌂™↓≤⅜ ⅛∫√⁹ 

 

(v) AlHCF#44─ Fe : Al = 1 : 3  

 ─ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ≤ ▪ꜟⱵ♬►ⱶ─ ╩⁸⸗ꜟ ≢ 1 : 3⌐⇔√

─ ╩ ═√⁹1 : 2─ │⁸ 15 ←╠™⅛╠ ⅜ ∫╔ↄ ╡ ╘╢⅜⁸1 : 3≢│⁸

∆←⌐ ╡ ╘√⁹ ╩ 49A⁸ ╩ 49B ≤⇔√⁹ ≢│⁸ ⅛

╠⁸ ™ ⅜ ⇔√⁹ ╩ ⇔⁸XRD ╩ ⇔√≤↓╤⁸ │ KNO3≢

№∫√⁹ ⅜ ≢№∫√ ⅜ ⅎ╠╣╢⁹KNO3 ─ ⌂ ⅜ ≢№∫√√

╘⁸ 49B│ ▬○fi ⌐│ ™⌂⅛∫√⁹ 

 

(vi) AlH CF#48─  

 ⌂ ─ 6 ≢ ╩ ∫√⁹ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ╩ 60 mmol⁸ ▪

ꜟⱵ♬►ⱶ ╩ 120 mmol ™√⁹ ╩ 48A⁸ ╩ 48B≤⇔√⁹ 

 

(vii) MnHCF#50, FeHCF#51, CoHCF#52─ ⱨ▼꜡◦▪fi ⱴfi●fi⁸ ⁸◖Ᵽꜟ♩  

  3.1.1(1) - 2 (b) ─ⱨ▼꜡◦▪fi ─ ⌂ ⌐ ∫≡⁸ⱨ▼꜡◦▪fi ⱴfi●fi

MnHCF#50 ⁸ⱨ▼꜡◦▪fi FeHCF#51 ⁸ⱨ▼꜡◦▪fi ◖Ᵽꜟ♩ CoHCF#52 ╩

⇔√⁹ │⁸ ╩ ∫√⁹ 

 

ᵒ 26 ─ ⱨ▼꜡◦▪fi ╩ ™√ 8 Pd, Ru, Rh, Cs, Na, Fe, Mo, Gd

 

 ⱨ▼꜡◦▪fi │⁸Cs ▬○fi╩ ⌐ ↄ ∆╢↓≤⅜╟ↄ ╠╣≡⅔╡⁸

≤ Cs─ ≢│⁸Cs⅜ ─ ╩ ∆╢↓≤⅜ ↕╣╢⁹╕√⁸Na ╛ Fe⁸Mo



3.1-4 

 

╙ ─ ⌐ ╩ ╓∆ ⅜ ⅎ╠╣⁸FS ≢│⁸ ⇔√ⱨ▼꜡◦▪fi

─ ▬○fi ╩ ∆╢⌐ √╡⁸Pd⁸Ru⁸Rh─ ⌐ Cs⁸

Na⁸Fe⁸Mo ╩ ⅎ√ 7 ≢─ⱨ▼꜡◦▪fi ─ ▬○fi ╩ ™⁸

╩ ═√⁹∕─ ⁸ ─ ⅜ ∆╢ⱨ▼꜡◦▪fi Co, Ni, Fe, Cd

≤ ─ ⅜ ╠╣⌂™ⱨ▼꜡◦▪fi Al, Mn, Pb ⅜ ∆╢↓≤⅜ ╠⅛≤⌂∫

√⁹╕√⁸AlHCF│ Mo⌐ ⇔≡ ™ ╩ ⇔≡™╢↓≤⅜ ╠⅛≤⌂∫√⁹ 

 ≢ √⌐ ⇔√ⱨ▼꜡◦▪fi ─ ▬○fi ╩ ∆╢⌐ √∫≡⁸FS

≢ ∫√ 7 ⌐⁸ꜝfi♃ⱡ▬♪─●♪ꜞ♬►ⱶ Gd ╩ ⅎ√⁸8

╩ ∫√⁹●♪ꜞ♬►ⱶ╩ ⅎ√ │⁸FS ─ ꜠ⱬꜟ ╩ ™√ AlHCF

─ ⌐⅔™≡⁸ ↕∑√◘fiⱪꜟ│⁸ ↕∑√◘fiⱪꜟ╟╡╙ꜝfi♃ⱡ▬

♪⌐ ∆╢ ⅜ ↄ⁸ ┘ Mo⌐ ∆╢ ⅜ ⅛∫√√╘⁸ꜝfi♃ⱡ

▬♪⌐ ∆╢ ╩ ∆╢√╘≢№╢⁹ 

 Pd, Ru, Rh, Cs, Fe, Mo, Gd ▬○fi 1 mM⁸Na ⅜ 100 mM─ 1.5 M ╩

⇔⁸ ╩ ∫√⁹Na │ ꜠ⱬꜟ HLLW ⌐ ™ ≢ ⇔≡™╢

↓≤⅜ ╠╣≡™╢√╘⁸ ─ ─ 100 ™ ≢ ⅎ√⁹ 

 ™√ │⁸AlHCF#42A, 42B, 47A, 47B, 48A, 48B, 49A, MnHCF#50, FeHCF#51, CoHCF#52

─ⱨ▼꜡◦▪fi ⁸ 10 ≢№╢⁹15 mLⱦ○ꜝ⸗ ⌐ ╩ 20 mg 0.2w% ⅎ⁸

∕↓┼ ▬○fi╩ ╗ 1.5 M 10 mL╩ ⅎ√⁹ ╩ ≢ 16 ⇔ↄ

⇔√⁹∕─ ⁸ ╖ ╩ 0.22ɛm─◦ꜞfi☺ⱨ▫ꜟ♃כ≢ ⇔⁸ ╩ ⌐⅛↑√

10000 rpm⁸10 min ⁹ ╖ ─ ╩ ⱪꜝ☼ⱴ ICP-AES ╕√

│ AA ╩ ™≡ ⇔⁸ ╩ ⇔√ ( ─

╖─ ) ─ ×100 ⁹ 

 ╩ 3.1-1⌐ ∆⁹ ─ ─ ≤ Al#20│⁸FS ⌐⅔↑╢ Gd╩ ╕⌂™

7 ─ ╩ ∆⁹ 

AlHCF│⁸AlHCF#42A≤ 42B⌐⅔™≡⁸FS ─ ⅜ ╠╣⁸ Pd, Ru, 

Rh ≤ Mo ⌐ ∆╢ ⅜ ↄ⁸ꜝfi♃ⱡ▬♪─ Gd ⌐ ∆╢ │ ↄ⁸Mo⁸

─ ⌐ ⇔≡™╢↓≤⅜ ⅛∫√⁹ 

 8 ─ Gd ⌐ ∆╢ │⁸FS ─ ꜠ⱬꜟ 26 ─

Gd ≤ ⌐ ∆╢─│ ≢№╢≤ ⅎ╠╣╢⁹ ⁸ ─ꜝfi♃ⱡ▬♪⌐ ∆

╢ ╩ ∆╢√╘⌐│⁸ ꜠ⱬꜟ 26 ╙ ™⁸8

≤ 26 ─ ╩ ∆╢ ⅜№╢⁹ 

─ ╩ ═√ AlHCF#47A≤ 47B⁸ ─ AlHCF#48A≤ 48B─

Pd, Ru, Rh ⌐ ∆╢ │⁸FS ─#20⁸ ─ AlHCF#42A≤ 42B≤╒╓ ∂

≤⌂∫√⁹Mo ⌐ ∆╢ │⁸ 10% ⇔√⁹ ─ ╩ ↕∑√ AlHCF#49A

≢│⁸Rh ⌐ ∆╢ ⅜ ─ ≢│ 30% ≢№╢─⌐ ⇔≡⁸53.8%≤⌂╡⁸

─ ⅜ ╠╣√⁹↓╣╠─ ╙⁸ ⁸Gd─ ≤ ⁸26 ╙ ™⁸∕─

╩ ∆╢ ⅜№╢≤ ⅎ╠╣╢⁹ 

 



3.1-5 

 

3.1-1 Pd Ru Rh Cs Fe Mo╩ ╗ 1.5 M ╩ ™√ 8  

Pd Ru Rh Cs Na Fe Mo Gd

[%] [%] [%] [%] [%] [%] [%] [%]

Al #20*
FS

100 92.9 28.6 25.1 0.0 0.0 51.8 ˈ

Al #42A 100 93.6 30.9 29.2 -4.3 5.0 53.3 1.9

Al #42B 100 93.9 30.1 27.1 -4.8 -46.7 54.5 6.5

Al #47A 100 94.4 37.5 27.0 -4.8 14.6 60.2 13.6

Al #47B 100 94.6 28.5 26.9 -5.2 -20.3 63.4 21.4

Al #48A 100 94.7 33.5 26.9 -5.2 32.3 61.0 33.8

Al #48B 100 95.1 32.7 26.8 -6.1 -6.1 66.0 29.2

Al #49A Fe : Al = 1: 3 100 96.0 53.8 26.7 -3.9 21.2 47.9 31.2

Mn #50
100

(100)

84.4

(89.1)

31.8

(19.3)

26.6

(38.7)

6.5

(3.42)

40.8

(14.4)

41.9

(15.6)
36.9

Fe #51
100

(99.9)

68.4

(24.7)

27.0

(10.9)

26.5

(16.4)

9.1

(0.00)

-22.3

(0.00)

43.6

(13.1)
41.6

Co #52
93.3

(99.4)

46.4

(7.72)

24.7

(22.0)

26.4

(10.5)

12.2

(0.00)

36.5

(4.02)

38.6

(1.21)
42.8

 

β ─ │⁸ FS ─ Pd, Ru, Rh, Cs, Na, Fe, Mo ─  

 

 AlHCF ─ MnHCF#50⁸FeHCF#51⁸CoHCF#52≢│⁸FS ≢ ⇔⁸ Pd, Ru, 

Rh, Cs, Na, Fe, Mo ╩ ∫√ ≤ ⇔≡⁸ Pd, Ru, Rh ⌐ ∆╢

⅜ ⇔√⁹╕√⁸Mo ≤ Gd⌐ ∆╢ ╙ 40% ≤ ⌐ ⇔√⁹ ↄ─ ▬○

fi⌐ ∆╢ ⅜ ⇔⁸ ⅜ ↄ⌂∫≡™╢≤ ⅎ╠╣╢⁹FS ─ ⅜

╠╣⌂⅛∫√ ≤⇔≡│⁸FS ≢│⁸↓╣╠─ ─ ─ │ 2 ≢№∫

√⅜⁸ ≢│⁸AlHCF ─ ≤ ╦∑╢√╘⌐ 24 ⇔√⁹↓─ ─ ™

⅜⁸ ─ ™⌐ ⇔√≤ ⅎ╠╣╢⁹╕√⁸ICP-AES ⌐╟╢ ▬○fi ─

─ ⅛↕⅜ ⇔≡™╢≤ ⅎ╠╣╢ 27 ⌐ ⅜ ╠╣√ ⁹ 

 

ᵓ ╕≤╘ 

 Al, Mn, Co, Fe─ ⅜ ⌂╢ ─ⱨ▼꜡◦▪fi ╩ ⇔√⁹ ⇔√ⱨ▼꜡◦▪

fi ╩ ™≡⁸ ⅛╠─ ▬○fi Pd, Ru, Rh, Cs, Na, Fe, Mo, Gd ╩

∫√⁹∕─ ⁸AlHCF ⅜⁸Mo ┘ ⌐ ∆╢ ⅜ ╙ ↄ⁸Mo⁸

─ ⌐ ⇔≡™╢↓≤⅜ ⅛∫√⁹ 

 AlHCF ⌐ ⇔≡│⁸ ─ ╩ ™⁸ ─ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ≤ ▪ꜟⱵ♬

►ⱶ─ ⁸ ─ ─ ⁸ ⁸ ─ ╩ ═√⁹ⱨ▼꜡◦▪fi ◌ꜞ►



3.1-6 

 

ⱶ≤ ▪ꜟⱵ♬►ⱶ─ │⁸ ─ ⅜ ≢№∫√⁹╕√⁸ ─ ─ │⁸

≢│ AlHCF─ ⅜ ∂⌂™↓≤⅜ ⅛∫√⁹ ─ ⌐⅔™≡⁸ AlHCF│⁸

AlHCF ⌐ ═≡⁸Gd─ ⅜ ↄ⁸Mo ┘ ⌐ ∆╢ ⅜

⅛∫√⅜⁸8 ≢│⁸∕─ ⅜ ╠╣⌂⅛∫√⁹╕√⁸ ─ ─

─ ⌐≈™≡╙⁸ 8 ≢│ ⌂ ⅜ ╠╣⌂⅛∫√√╘⁸8 ─ ─

╩ ∆╢√╘⌐⁸ HLW 26 ─ ╙ ∑≡ ℮ ⅜№╢ 27

⌐ ⁹ 

 

ᵔ 27 ─ⱨ▼꜡◦▪fi ─  

ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ ⌐ ╩ ⇔ ≢ ∆╢↓≤⌐╟╡⁸ⱨ▼

꜡◦▪fi ─ ╩ √⁹ │⁸Al, Fe, Cu, Ni, Cd, Pb, Mn, Co─ 8 ╩ ™√⁹

╕√⁸ 25 ₈ ▬♬◦▪♥▫Ⱪ₉FS ┘ 26 ─

⌐⅔™≡⁸Mo⁸ ─ ⌐ ╙ ≢№╢↓≤⅜ ╠⅛≤⌂∫√ AlHCF ⌐ ⇔

≡│⁸ ─ ≢ AlHCF#z5⁸#z7 ⁸ ─ ⌐≡ AlHCF#65A⁸

#65B ⁸ ╩ ∫√⁹ ⇔√ⱨ▼꜡◦▪fi ─ ╩ 3.1-2⌐ ∆⁹ 

 

#60
FeHCF

#61
CuHCF

#62
NiHCF

#63
CdHCF

#64
PbHCF

#65
AlHCF

#66
MnHCF

#67
CoHCF

 

3.1-2 ⇔√ⱨ▼꜡◦▪fi ─ (2) 



3.1-7 

 

(i) ─ AlHCF#z5 ┘#z7─  

 25 ₈ ▬♬◦▪♥▫Ⱪ₉FS ┘ 26 ─ ⌐

⅔↑╢ AlHCF ┘ ⌐⅔™≡⁸ ─ ─ ∆═⅝ ⅜ ∂√⁹ ─

│⁸(A) ⌐⅔↑╢ ─ ─ ─ ⁹ │⁸(B) ≤

─ ⌐⅔™≡⁸ꜝfi♃ⱡ▬♪ ⌐ ∆╢ ⌐ ⅜ ∂╢ ─ ⁹

─ ─ ╩ ⇔⁸ 26 ╕≢─ ⌐⅔™≡⁸Mo⁸ ⌐ ∆╢ ⅜

╙ ⅛∫√ AlHCF ─ ≢№╢⁸Ⱬ◐◘◦▪ⱡ (II) ◌ꜞ►ⱶ ≤ ▪ꜟⱵ♬

►ⱶ ─⸗ꜟ ╩ 1 2 ≤⇔√ AlHCF#z5 ⁸ ┘ 26 ─ ⌐⅔™≡⁸

⅜ ≢№∫√ ⅜ ™ ≢№╢⁸Ⱬ◐◘◦▪ⱡ (II ) ◌ꜞ►ⱶ

≤ ▪ꜟⱵ♬►ⱶ ─⸗ꜟ ╩ 1 3≤⇔√ AlHCF#z7 ─⁸ ─

⌐⅔™≡ ╩ ™⁸∕╣∙╣ ≤ ─ ─ ≢ ↕∑⁸

─ AlHCF ╩ √⁹ (B)─ ≤ ─ ⌐⅔↑╢⁸ ─ ⌐ ∆╢

│⁸₈3.1.1 ─ Mo⁸ ₉⌐⅔™≡ ∆╢⁹ ≢│⁸

(A)─ ⌐⅔↑╢ ─ ─ ─ ⌐≈™≡ ═╢⁹ 

 AlHCF ─ ⌂ ─ ─ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ≤ ▪ꜟⱵ♬►ⱶ─

│⁸⸗ꜟ ≢ 1 : 2≢№╢⅜⁸ 26 ─ ⌐⅔™≡⁸⸗ꜟ ╩ 1 : 3⌐⇔√ ─ ╩

═√⁹ ╩ AlHCF#49A⁸ ╩#49B ≤⇔√⁹ ─#49B ≢│⁸

⅛╠ ™ ⅜ ⇔√ 3.1-3 ⁹↓─ ╩ ⇔⁸XRD ╩ ⇔√≤↓╤⁸

│ ─ ≢№╢ KNO3≢№∫√⁹ 26 ─ ─ⱨ▼꜡◦▪fi

─ │⁸ ╩ 6 ╡ ⇔ ╩ ⇔≡™√⅜⁸↓─ ⅜ ≢№∫√

⅜ ↕╣√⁹╕√⁸ ─ ≤⇔≡⁸ 26 ─ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ

≤ ▪ꜟⱵ♬►ⱶ─ 1 : 2─ ≤ ─ ≢ 5 ╩ ∫√

≤↓╤⁸∕─ ─ XRD ⌐╙⁸KNO3─Ⱨכ◒⅜ ↕╣√ 3.1-4 ⁹╟∫≡⁸

26 ─ ─ ≢№╢ 6 │ ≢№╡⁸ ─ ─ ─

⅜ ≤⌂∫√⁹ 

 

 

#49B
 

3.1-3 AlHCF#49B Fe : Al = 1 : 3 ─ ─  

 



3.1-8 
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       400
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          0
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KNO3

Prussian blue
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K4Fe(CN)6
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XRD

 

3.1-4 ⅜ ⌂ Fe : Al = 1 : 2 ─ ─ XRD 

 

 ─ ─ ─ ╩ ⇔⁸AlHCF ─ ⌐⅔™≡⁸ ─ ╖ ─

╩ ▪☼꞉fi AS650 ≢ ⇔√⁹ 10 ≢⁸ ╖ ─ ⁸

⁸ ⅜╒╓♀꜡≤⌂∫√⁹↓─ ╩ ≈⌐ ↑⁸∕╣∙╣ ≤ ─

─ ⌐╟∫≡ ↕∑√⁹ ╩ AlHCF#z5A⁸ ╩#z5B ≤⇔√⁹

─ ─ XRD ╩ ⇔√≤↓╤⁸ⱨ▼꜡◦▪fi ⌐ ∆╢Ⱨכ◒─╖⅜ ↕╣⁸

KNO3 ─Ⱨכ◒│ ╠╣⌂⅛∫√⁹↓─↓≤⅛╠⁸ ─ ╖ ─ ⅜♀꜡⌐⌂∫√

≢⁸ ─ ≤ ∆╢↓≤≤⇔√⁹ 

 ─↓≤⅛╠⁸ⱨ▼꜡◦▪fi ─ ─ ─ │⁸ ─ ╖ ─

╩ ⇔⁸ ⅜♀꜡≤⌂∫√ ╩ ─ ≤⇔√⁹↓╣ ⁸ ≡─ⱨ▼꜡◦▪fi

─ ⌐⅔™≡⁸↓─ ╩ ⇔√⁹ 

 

(i i ) ─ ⌂╢ⱨ▼꜡◦▪fi ─  

 Fe (FeHCF#60)⁸Cu (CuHCF#61)⁸Ni (NiHCF#62)⁸Cd (CdHCF#63)⁸Pb (PbHCF#64)⁸Mn 

(MnHCF#66)⁸Co (CoHCF#67) ─ⱨ▼꜡◦▪fi ╩ ⇔√⁹ │⁸™∏╣╙

─╖╩ ∫√⁹⌂⅔⁸FeHCF#60│⁸ ⌂ ─ 10 ≢ ╩ ∫√⁹ 

 

(i ii ) AlHCF─  

 AlHCF ─ ╩ ∫√⁹AlHCF#65A ≢│ ⌂ ─ 12 ≢⁸

AlHCF#65B≢│ ⌂ ─ 6 ≢⁸ ╩ ∫√⁹ 

 

ᵕ 27 ─ⱨ▼꜡◦▪fi ─Mo⁸ ─  

↕╣√ⱨ▼꜡◦▪fi ─ Mo⁸ ─ ╩ ™⁸Mo⁸ ─

╩ ⇔√⁹ ⌐№√╡⁸ 26 ─ ≤ ⌐⁸Mo ╛ Pd⁸Ru⁸



3.1-9 

 

Rh ⌐ ⅎ≡⁸∕─ ⌐ ╩ ╓∆ ─№╢ Cs⁸Na⁸Fe⁸↕╠⌐⁸ꜝfi♃ⱡ▬♪

─ Gd╩ ⅎ√ 8 ─ ▬○fi╩ ∆╢ 8 ⌐⅔™≡

╩ ∫√⁹ 

Gd ╩ ⅎ╢ │⁸ 25 ₈ ▬♬◦▪♥▫Ⱪ₉FS ─

꜠ⱬꜟ ╩ ™√ ⌐⅔™≡⁸ ⌐ ╩⇔√ AlHCF │ ↕∑√

╙─≤ ═≡ꜝfi♃ⱡ▬♪⌐ ⇔≡ ⅜ ↄ⁸Mo⁸ ⌐ ⇔≡ ™ ╩

∆╢≤™℮ ⅜ ╠╣≡™╢↓≤⅛╠⁸ ─ ─ ™⅜ꜝfi♃ⱡ▬♪─

⌐ ╩ ⅎ╢≤ ⅎ╠╣⁸↓─ ╩ ⇔ⱨ▼꜡◦▪fi ─ ─ ╩

∆╢√╘≢№╢⁹ 

⇔⅛⇔⌂⅜╠⁸ 26 ─ ⌐⅔™≡ ─ 8 ⌐⅔™≡ ╩

⇔√ ≢│⁸ ─ ™⅜ꜝfi♃ⱡ▬♪─ ─ ⌐ ⅎ╢ ⌐ ⇔≡⁸

FS ≢─ ≤─ ⅜ ╠╣⌂⅛∫√⁹ ≢⁸ 27 ⁸ ─

╛ ≤ ≤─ⱴ♩ꜞ♇◒☻─ⱴ♇♅fi◓ ⌂≥╩ ∆↓≤≢

ⱪꜝ☼ⱴ ⌐╟╢ ─ ─ ⌐ ⇔√⁹ 

∕↓≢⁸ ─ ╩ ⇔ √⌐ 27 ⌐ ⇔√ ─ ⌂╢ ⱨ▼꜡

◦▪fi ∞↑≢⌂ↄ⁸ 26 ⌐ ⇔ ⌐ ⇔√ AlHCF⌐≈™≡╙⁸ ─

╩ ⇔⁸ ⇔√ ─ ≢ ─ ─ ╩ ⇔

─ ╩ ∆╢↓≤≢⁸Mo⁸ ─ ⌐ ⇔√ⱨ▼꜡◦▪fi ⌐≈™≡

ה ⇔√⁹ 

─ ⌂╢ AlHCF ⌐╟╢ 8 ⌐⅔↑╢ ─ ╩ 3.1-2 ⌐

∆⁹ ─ AlHCF#48A⁸#48B─ ─ ─ │ 26 ⌐ ─ ⌐≡ ⇔

√ ─ ╩ ⇔≡™╢⁹AlHCF#48A⁸#48B │⁸∕╣∙╣⁸ ─ ⌐⅔™≡

⁸ ⇔√╙─≢№╢⁹AlHCF#z5A⁸#z5B │ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ≤ ▪ꜟⱵ

♬►ⱶ─ ╩ 1 2 ─ ≢ ⇔√╙─≢№╡⁸ ⌐⁸∕╣∙╣⁸ ⁸

⇔√╙─≢№╢⁹AlHCF#z7A⁸#z7B│ ╩ 1 3─ ≤⇔≡ ⇔√╙─≢№╡⁸

⌐⁸∕╣∙╣⁸ ⁸ ⇔√╙─≢№╢⁹ 

 ─ ⁸™∏╣─ AlHCF ⌐⅔™≡╙⁸Mo⁸ ⌐ ∆╢ ™ ⅜ ↕╣

√⅜⁸ 26 ⌐ ⇔√ ─ ≤│ ⌂╡⁸ ─ ⁸ ≤™∫√

⌐╟╠∏⁸ꜝfi♃ⱡ▬♪─ Gd ⌐ ∆╢ │ ╠╣⌂⅛∫√ ≡─ AlHCF ⌐⅔™

≡ Gd │ 0.0% ⁹ 27 ⁸ ─ ╩ ∫√↓≤≢ ╠⅛⌐⌂∫√↓

≤≢№╡⁸ ─ ⌐ ═≡⁸ ─ │ ↄ⁸8 ⌐⅔™≡⁸

AlHCF ─ ─ ⁸ ≤™∫√ ─ ™│ꜝfi♃ⱡ▬♪─ ⌐

╩ ⅎ⌂™↓≤⅜ ╠⅛⌐⌂∫√⁹ 

 ╕√⁸ ─ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ≤ ▪ꜟⱵ♬►ⱶ─ ⅜ 1 2 ─ ⁸

⌐ ⇔√ AlHCF#48A⁸#z5A ─ ⌐│⁸ ─ Al ─ ⅜ 71.9 mg/L⁸84.0 

mg/L ≢№╢─⌐ ═≡ ⌐ ⇔√ AlHCF#48B⁸#z5B ─ Al ─ │ 101 

mg/L⁸91.4 mg/L≤⌂∫≡⅔╡ ≢№╢ Al ─ ⅜ ⅛∫√⁹ 

 ↕╠⌐⁸AlHCF ─ ─ ╩ ™⁸ ─ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ≤ ▪ꜟⱵ♬►

ⱶ─ ─ ╩ ═√ ⁸AlHCF#z7A⁸AlHCF#z7B ─╟℮⌐⁸ⱨ▼꜡◦▪fi ◌ꜞ►
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ⱶ≤ ▪ꜟⱵ♬►ⱶ─ ⅜ 1 3─ ⌐│ Al ─ │ ⁸ ⇔√╙──

≢ 101 mg/L≤⌂∫≡⅔╡⁸ ⅜ 1 2─ ≤ ═≡ Al ─ ⅜ ↄ ╠╣√⁹ 

 ─ ⇔╩ ∫√ ⌐≈™≡⁸ ⇔√ AlHCF#48A≤#z5A⁸ ⇔√

AlHCF#48B ≤#z5B ≢ ⇔≡╖╢≤⁸ ⇔√╙─≢│ ╩ ⇔√ ⌐│ Ru⁸

Fe─ ⅜ ∆╢ ≢⁸Rh⁸Cs Mo ─ ─ ⅜ ↕╣√⁹Pd⁸Na⁸Gd⌐ ∆

╢ │╒╓ ╦╠⌂⅛∫√⁹╕√⁸Al ─ │ ⇔≡⅔╡ │ ⇔√⁹

⇔√╙─≢│ ╩ ⇔√ ⌐│ Ru⁸Rh⁸Cs⁸Mo ─ ⅜ ∆╢ ≢⁸Fe─

─ ⅜ ↕╣√⁹Pd⁸Na⁸Gd⌐ ∆╢ │╒╓ ╦╠⌂⅛∫√⁹╕√⁸Al ─

│ ⇔≡⅔╡ │ ⇔√⁹ 

 ─ ╩╕≤╘╢≤⁸AlHCF ─ ─ ⌐⅔™≡⁸ ≢│⌂ↄ ╩

⇔⁸ ─ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ≤ ▪ꜟⱵ♬►ⱶ─ ╩ 1 2 ≤∆╢↓≤≢⁸

ꜝfi♃ⱡ▬♪─ Gd ╩ ∑∏⁸⅛≈⁸ ⇔⌐ↄ™ AlHCF ╩ ≢⅝╢↓≤⅜╦⅛∫√⁹∕

⇔≡⁸ ─ ⌐⅔™≡ Mo─ ⌐ ∆╢≤ ╩ ⇔√ ⅜╟╡ ™

≢ Mo╩ ≢⅝╢↓≤⅜╦⅛∫√⁹ 

 ╩ ⇔⁸ 27 ⌐ ⇔√ ─ ⌂╢ⱨ▼꜡◦▪fi ⁸↓↓≢│⁸

FeHCF#60⁸CuHCF#61⁸AlHCF#65B╩ ™≡ 8 ⌐⅔™≡ ╩ ∫√ ╩

3.1-3 ⌐ ∆⁹™∏╣─ ⌐⅔™≡╙ Mo ┘ ⌐ ∆╢ ⅜ ╠╣√⅜

AlHCF#65B⅜ ─ ⌐ ═≡ ╙ ™ ╩ ⇔√ Pd: 100.0%⁸Ru: 92.7%⁸Rh: 35.0%⁸

Mo: 47.5% ⁹CuHCF#61│ Pd≤ Cs⌐ ⇔≡ ─ ≤ ═≡ ™ ╩ ∆╢↓≤⅜

↕╣√ Pd: 99.9%⁸Cs: 30.2% ⁹ ⁸ ─ ⌂╢ⱨ▼꜡◦▪fi ╩ ™≡ ₁⅜

⇔√ ─ ≤ ⇔≡⅔╡ ⅜ ↕╣√⁹ 
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3.1-2 ─ ⌂╢ AlHCF⌐╟╢ 8 ⌐⅔↑╢ ─  

Pd Ru Rh Cs Na Fe Mo Gd Al

[%] [%] [%] [%] [%] [%] [%] [%] [mg/L]

Al #48A Fe:Al=60:120
H26

100

100

92.4

94.7

15.7

33.5

30.0

26.9

0.0

-5.2

15.5

32.3

39.0

61.0

0.0

33.8
71.9

Al #48B Fe:Al=60:120
H26

100

100

93.0

95.1

29.1

32.7

36.1

26.8

0.47

-6.1

-23.6

-6.1

52.3

66.0

0.0

29.2
101

Al #z5A Fe:Al=5:10
H27

100 89.8 19.0 30.9 0.03 9.1 51.9 0.0 84.0

Al #z5B Fe:Al=5:10
H27

100 76.2 18.5 27.8 0.47 -13.0 50.8 0.0 91.4

Al #z7A Fe:Al=5:15
H27

100 84.9 21.8 38.3 1.78 -13.3 45.1 0.0 101

Al #z7B Fe:Al=5:15
H27

100 92.9 15.9 41.6 0.0 -32.5 49.9 0.0 101

 

βAlHCF#48A⁸#48B│ 26 ⌐ ⇔√╙─⁸AlHCF#z5A⁸#z5B⁸#z7A⁸#z7B│

─ ╩ ⇔ 27 ⌐ √⌐ ⇔√╙─≢№╢⁹ ─ ⌐ ─ │

26 ⌐ ─ ⌐≡ ⇔√ ─ ╩ ⇔≡™╢⁹ 

 

 

 

3.1-3 ─ ⌂╢ⱨ▼꜡◦▪fi ⌐╟╢ 8 ⌐⅔↑╢ ─  

Pd Ru Rh Cs Na Fe Mo Gd M

[%] [%] [%] [%] [%] [%] [%] [%] [mg/L]

Fe #60 H27
99.8 18.6 4.0 20.4 0.9 -52.5 5.5 0.0 84.8

Cu #61 H27
99.9 3.4 1.0 30.2 0.9 -14.6 1.3 0.0 88.9

Al #65B Fe:Al=30:60
H27

100.0 92.7 35.0 24.1 0.9 3.8 47.5 0.0 82.6

 

βFeHCF#60⁸CuHCF#61⁸AlHCF#65B│ ─ ╩ ⇔ 27 ⌐ √⌐ ⇔

√╙─≢№╢⁹ 

 

 



3.1-12 

 

ᵖ 28 ─ⱨ▼꜡◦▪fi ─  

 ⱨ▼꜡◦▪fi ◌ꜞ►ⱶ ⌐ ╩ ⇔ ≢ ∆╢↓≤⌐╟╡⁸ⱨ▼

꜡◦▪fi ─ ╩ √⁹ │⁸Al, Fe, Cu─ 4 ╩ ™⁸ 27 ⌐ ↕

∑√ ≢ ⇔√⁹ 

 

ᵗ 28 ─ⱨ▼꜡◦▪fi ─ 7 HLLW╩ ™√  

 ●ꜝ☻ ┼─ HLLW ─ ╩ ∆√╘⁸ ﬞ ⌐⅔↑╢▪ꜟ◌ꜞ

≤─ ─ HLLW ⅛╠─ ╩ ⇔⁸ 27 ╕≢ ⇔≡™√ 8

HLLW Na, Fe, Cs, Mo, Ru, Rh, Pd, Gd╩ ╗⁸ 1 mM⁸Na─╖ 100 mM ⅛╠ Na╩

⇔√⁸Na ─ 7 HLLW ╩ √⌐ ⇔⁸ ╩ ∫√⁹ ⇔√ Fe⁸

Cu⁸Al ─ⱨ▼꜡◦▪fi ─ ╩ 3.1-4 ⌐ ∆⁹Na─ ≢⁸ ─ ⅝⌂

│ ╠╣∏⁸AlHCF⅜ Mo⁸ ⌐ ⇔≡ ╙ ™ ╩ ⇔√⁹ 

 

 

3.1-4 ⱨ▼꜡◦▪fi ⌐╟╢ 8 ┘ 7 HLLW ⌐⅔↑╢  

8 ⁸ 7  

1 mM (Na 100 mM) 1.5 M 10 mL 20 mg 16h

Pd Ru Rh Cs Na Fe Mo* Gd M

[%] [%] [%] [%] [%] [%] [%] [%] [mg/L]

Fe #60
99.8 

100

18.6

20.0 

4.0 

0.0

20.4 

16.2

0.9

-

-52.5 

-47.9

5.5 

5.6

0.0

0.0

84.8

-

Cu #61
99.9 

100

3.4 

0.5

1.0 

0.0

30.2 

22.8

0.9

-

-14.6 

-17.3

1.3 

0.0

0.0

0.0

88.9

-

Al #65B Fe:Al=30:60

100

100

92.7 

82.6

35.0

25.7 

24.1 

14.7

0.9 

-

3.8

1.5

47.5

42.6

0.0 

0.0

82.6

-

Gd

Mo Mo
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ᵘ 28 ─ⱨ▼꜡◦▪fi ▪ꜟⱵ♬►ⱶ─ 25 HLLW╩ ™√  

 AlHCF╩ ™≡⁸ 27 ╕≢ ⇔≡™√ 26 HLLW Na, P, K, Fe, Cr, Ni, Co, 

Cs, Sr, Ba, Zr, Mo, Mn, Ru, Rh, Pd, Ag, Zn, Te, Y, La, Ce, Pr, Nd, Sm, Gd╩ ╗ 1.5 M ⅛

╠ Na╩ ⇔√⁸Na ─ 25 HLLW ╩ √⌐ ⇔⁸ ╩ ↕∑√

╩ ∫√ 100, 200, 400 mg/5 mL ⁹ ╩ 3.1-5 ⌐ ∆ 25 ─℮∟⁸

AlHCF─ ⅜ ⅛∫√ 11 ─ ⁹ 27 ─ 26 HLLW ╩ ™√ ≢

│⁸AlHCF 200 mg⁸ 5 mL≢ ╩ ∫≡™√⁹AlHCF─ ╩ 100 mg⌐ ╠∆≤

⌂ ⅜ ⅜╡⁸400 mg⌐ ╛∆≤ ⅜ ⇔√⁹26 ─ ≤ ⇔≡⁸Mo ─

─ ⅜ ╠╣√ Mo: 74.4%⅛╠ 28.0% ⁹↓╣│⁸26 ─ │ Mo ─ ≤⇔≡⸗ꜞⱩ

♦fi ♫♩ꜞ►ⱶ╩ ™≡™√⅜⁸25 ≢│ Mo ╩ ⇔√ ⅜ ╣√ ⅜

ⅎ╠╣╢⁹╕√⁸Ru ┘ Cs⌐⅔™≡╙ ─ ⅜ ╠╣√⅜⁸ ─ ▬○fi

│ ICP-AES─╖╩ ™≡ ⇔≡™╢√╘⁸ ─ ╩ →╢√╘⌐│⁸ICP-MS╩ ™

√ ⌐╟╢ ─ ⅜ ≢№╢⁹ 

 

 

3.1-5 AlHCF⌐╟╢ 25 HLLW ⌐⅔↑╢  

[g] wt%

Al Fe Co Ni Zn Mo* Ru Rh Pd Ag Cs

[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

Al 0.1 2.0 -143.8 0.6 9.6 13.1 5.4 13.3 28.1 22.1 99.3 84.7 2.7

Al 0.2 4.0 -267.8
9.9

(27.3)

25.0

(59.5)

37.9

(81.6)

20.0

(48.3)

28.0

(74.4)

49.5

(67.2)

37.3

(31.5)

99.3

(98.8)

87.5

(93.4)

2.0

(37.7)

Al 0.4 8.0 -583.0     43.5 73.9 87.4 56.0 55.8 64.4 51.5 99.4 89.4 2.7

25 AlHCF 11 5 mL 16h

26 , 20160602 AlHCF#65

-20
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Mo Mo
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]

25 AlHCF 11
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☿ꜝⱵ♇◒☻ ─ ≤ ┘ H26 27  

 ≢│₈☿ꜝⱵ♇◒☻ ─ ≤ H26 ₉⁸₈☿ꜝⱵ♇◒☻ ─

H26 ₉⁸₈ ─ H27 ₉⁸₈ ─ Mo⁸

H27 ₉─☿ꜝⱵ♇◒☻ ⌐≈™≡─ ╩ ∆╢⁹ 

 

ᵑ ☿ꜝⱵ♇◒☻ ◕ꜟ ☿ꜝⱵ♇◒☻ ⌐≈™≡ 

─ ⌐ ™╢☿ꜝⱵ♇◒☻ ─ ≤⌂╢◕ꜟ ☿ꜝⱵ♇◒☻⌐

≈™≡│⁸♂ꜟ-◕ꜟ ╩ ⇔√ ⌐╟╢ [2]╩ ™⁸∕─ ╩⇔≡™╢

♩כ▪ ⅛╠ ⇔√⁹ ⌐⅔™≡ ⇔√ │⁸ ⌐

⅜№╢ ≤⇔≡ ╠╣≡™╢▪ꜟⱵ♫(Al2O3)⁸◦ꜞ◌(SiO2)⁸▪ꜟⱵⱡ◔▬ ─ ≢№╢

ⱶꜝ▬♩(Al6Si2O13)⁸☺ꜟ◖♬▪(ZrO2)[3] ┘♅♃♬▪(TiO2)[4]╩ ≤∆╢ 5 ─◕ꜟ

≢№╢⁹ 

 

ᵒ ☿ꜝⱵ♇◒☻ ─  

◕ꜟ ☿ꜝⱵ♇◒☻│⁸55 65 ºC≢ 24 ⇔≡ ╩ ↕∑╢⅜⁸

⅜ ∆╢√╘⁸ ⌐ ⅜ ↕╣╢╟℮⌐⌂╢⁹ ⌐≈™≡│⁸▬○fi

⌐╟╢ ⅜ ≢⅝╢⅜⁸↓╣╕≢─ [5]⌐╟╢≤⁸ ╩ ∆╢◕

ꜟ ☿ꜝⱵ♇◒☻│⁸ ─ ⌐ ⇔ ↄ⁸ ≤⇔≡ ∆╢↓≤│≢⅝

⌂⅛∫√⁹╟∫≡ ╩ ↕∑╢√╘⌐⁸ ≢ ⇔≡ ╩ ⇔⁸ ─ ☿

ꜝⱵ♇◒☻⌐ ∆╢ ⅜№╢⁹⇔⅛⇔⌂⅜╠⁸ ─ ™⌐╟∫≡⁸ ⁸

⁸ ⁸ ⅜ ∆╢↓≤⅜ ↕╣╢√╘⁸☿ꜝⱵ♇◒☻ ─ ⌐

╩ ╓∆≤ ⅎ╠╣╢↓╣╠─ ─ ╩ ™⁸ ╠╣√ │ ─

⌐ ∆╢ ≡⇔≥♃כ♦ ∆╢↓≤⌐⇔√⁹ 

 

ᵓ ☿ꜝⱵ♇◒☻ ─  

╩ ∆╢√╘⌐ 600ºC⅛╠ 1200ºC╕≢─ ≢ ⇔√☿ꜝⱵ♇◒☻ ⌐≈™≡⁸

╩ ⇔√≤↓╤⁸ ─ ╩ √⁹ 

 

a.  

⇔√ ─◕ꜟ ☿ꜝⱵ♇◒☻╩ ⇔√ ⁸ ⇔√ ☿ꜝⱵ♇◒☻ ─

⌐≈™≡ SEM: scanning electron microscope╩ ™≡ ⇔√ ╩  3.1-5

⌐ ∆⁹ ⅛╠▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻ ┘♅♃♬▪ ☿ꜝⱵ♇◒☻⌐≈™≡│⁸ ⌐

╠╣╢╟℮⌐ ─ ⌐ ⌂ ─ ⅜╖╠╣√⁹╕√⁸◦ꜞ◌ ☿ꜝⱵ♇◒☻

⌐≈™≡│⁸└∞ ─ ⅜ ≢⅝√⁹∕─ ─☿ꜝⱵ♇◒☻ ⌐≈™≡│⁸ ─ ⌐

╩ ╓∆╟℮⌂ ⌂ │ ↑╠╣⌂⅛∫√⁹ 

 

b.  

☿ꜝⱵ♇◒☻ ─ │⁸ ─ ⌐╟∫≡│⁸ ─ ╩ ∆╢ ⅝⌂

≤ ╡ ╢⁹↓↓≢│⁸1000ºC≢ ⇔√ ☿ꜝⱵ♇◒☻ ─ ⌐≈™≡ BET ╩

™≡ ⇔√⁹ 3.1-6 ⌐ ╠╣╢╟℮⌐▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻─ ⅜ ⅝⅛∫√⁹ 
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(1) 3 ☿ꜝⱵ♇◒☻ SEM  

(2) 4 ☿ꜝⱵ♇◒☻ SEM  

( ) Ɫ▬♥◒ⱡ꜡☺כ☼ S-3400N TYPEII 

 
 

3.1-5 ☿ꜝⱵ♇◒☻ SEM  
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3 ⌐ ∆╢ ─℮∟▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻─ │⁸5 nm⅛╠ 8 nm⌐ ↄ ⁸

◦ꜞ◌ ☿ꜝⱵ♇◒☻─ │⁸4 nm ⌐ ⁸╕√ⱶꜝ▬♩ ☿ꜝⱵ♇◒☻⌐≈™≡│⁸

6 nm ⌐ ↄ ⇔⁸ ⅜ ⅝ↄ⌂╢╒≥ ∆╢ ╩ ⇔√⁹ ⁸ 4 ⌐ ∆╢

─℮∟⁸♅♃♬▪ ☿ꜝⱵ♇◒☻─ │⁸∕─ ↄ⅜ 3 nm ⅛╠ 5 nm─ ⌐ ⇔≡

™√⁹╕√☺ꜟ◖♬▪ ☿ꜝⱵ♇◒☻─ │⁸ⱶꜝ▬♩ ☿ꜝⱵ♇◒☻≤╒╓ ≢№∫

√⅜⁸2.5 3.5 nm ⌐ ∫≡⅔╡⁸ⱷ♁ⱳכꜝ☻ ─ ≢№╢╟℮⌐ ⅎ╠╣╢⁹ 

 

 

ה ( ⱬꜟ( BELSORP 28SA) 

●☻ BET  

: =N
2

=0.162 nm
2
, =77 K  

 

3-4 ☿ꜝⱵ♇◒☻ ─ ⌐ ∆╢ ─℮∟▪ꜟⱵ♫ ☿ꜝ

Ⱶ♇◒☻─ │ 5 nm⅛╠ 8 nm⌐ ↄ ◦ꜞ◌ ☿ꜝⱵ♇◒☻─ │ 4 nm 

⌐ ╕√ⱶꜝ▬♩ ☿ꜝⱵ♇◒☻⌐≈™≡│ 6 nm ⌐ ↄ ⇔ ⅜

⅝ↄ⌂╢╒≥ ∆╢ ╩ ⇔√⁹ 4 ⌐ ∆╢ ─℮∟ ♅♃♬▪

☿ꜝⱵ♇◒☻─ │ ∕─ ↄ⅜ 3 nm ⅛╠ 5nm─ ⌐ ⇔≡™√⁹╕√☺ꜟ◖

♬▪ ☿ꜝⱵ♇◒☻─ │ ⱶꜝ▬♩ ☿ꜝⱵ♇◒☻≤╒╓ ≢№∫√⅜ 2.5-

3.5 nm ⌐ ∫≡⅔╡ ⱷ♁ⱳכꜝ☻ ─ ≢№╢╟℮⌐ ⅎ╠╣╢⁹ 

 

 

 

 

3.1-6 ☿ꜝⱵ♇◒☻ ─  

 

 

c. ☿ꜝⱵ♇◒☻ ─  

♂ꜟ-◕ꜟ ≢☿ꜝⱵ♇◒☻ ╩ ∆╢ ⁸ ╩ ≤⇔≡ ▪ꜟ◖◐◦♪╩

↕∑√ⱳꜞⱷ♃꜡◐◘fi⅜∕─ ≤⌂╢⁹ⱳꜞⱷ♃꜡◐◘fi⌐│⁸☺ꜟ◖♬►ⱶ Zr ┘

O ─╒⅛⁸n-C4H9 ╛ CH3COCH2COOC2H5⅜ ⇔≡™╢√╘⁸ ⇔√◕ꜟ ☿ꜝⱵ

♇◒☻ ╩ ⇔≡╙⁸ ─ ⅜☿ꜝⱵ♇◒☻ ⌐ ╕∫≡⇔╕℮⁹◕ꜟ ☿

ꜝⱵ♇◒☻│ ≢ ⇔≡⁸☿ꜝⱵ♇◒☻ ⌐ ∆╢⅜⁸ ∆╣┌⁸ ≢№╢

│⁸ ↕╣╢╙─≤ ⅎ╠╣╢⁹1000ºC≢ ⇔√ ☿ꜝⱵ♇◒☻ ╩ ∆╢

⌐≈™≡ ⇔√≤↓╤⁸  3.1-7⅛╠ ─ ⅜ ≢⅝√⁹ 

 

ה  ( ⱬꜟ( BELSORP 28SA) 

●☻ BET  

: =N
2

=0.162 nm
2
, =77 K  
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3-5  ☿ꜝⱵ♇◒☻ ─ ⌐⅔™≡ ≢ ╪≢™╢ │

─ ≤ ⌐ ∆╢Ⱨכ◒ ┘ KBr ⌐ ↕╣≡™√ ─Ⱨכ◒

≢№╡ ⇔√☿ꜝⱵ♇◒☻ ╩ ∆╢ ╩ ⇔≡™╢╙─≢│⌂™⁹☿ꜝⱵ♇◒

☻ ╩ ∆╢ ╩ ⇔≡™╢Ⱨכ◒│ ─ 400 cm-1⅛╠ 1400 cm-1─ ⌐╖╠╣

╢╙─≢№╡ ☿ꜝⱵ♇◒☻ ⌐ ∆╢ ─ ⌐⅛⅛╢Ⱨכ◒│ √╠⌂™⁹ 

 

ⱨכꜞ◄ ( ) FT/IR-4100  

◌ꜞ►ⱶ(KBr)  

 
 

3.1-7 ☿ꜝⱵ♇◒☻ ─  

 

⌐⅔™≡ ≢ ╪≢™╢ │ ─ ≤ ⌐ ∆╢Ⱨ⁸◒כ ┘

KBr ⌐ ↕╣≡™√ ─Ⱨ⁸╡№≢◒כ ⇔√☿ꜝⱵ♇◒☻ ╩ ∆╢

╩ ⇔≡™╢╙─≢│⌂™⁹☿ꜝⱵ♇◒☻ ╩ ∆╢ ╩ ⇔≡™╢Ⱨ⁸│◒כ ─

400 cm
-1⅛╠ 1400 cm

-1─ ⌐╖╠╣╢╙─≢№╡⁸☿ꜝⱵ♇◒☻ ⌐ ∆╢ ─

⌐⅛⅛╢Ⱨכ◒│ √╠⌂™⁹ 

 

d.  

☿ꜝⱵ♇◒☻ ─ ╩ ⇔√≤↓╤⁸  3.1-8 ⅛╠  3.1-12 ⌐ ∆╟℮⌐∕╣

∙╣─ ⌐≈™≡ ≤ ≤─ ╩ ╢↓≤⅜≢⅝√⁹⌂⅔⁸ ⌐ ⇔√ ≤

│⁸ ─ ╡≢№╢⁹ 

ה ( )ꜞ●◒ MiniFlex  

Goniometerה Ⱶ♬ⱨ꜠♇◒☻ ◗♬○ⱷה ♃כAttachment ⱱꜟ♄ 

ScanningModeה 2theta/thetaהScanningType Continuos Scanning 

X-Rayה 30 kV/15 mA    ה ☻ꜞ♇♩ Variable 

ה ☻ꜞ♇♩ 4.2 deg    ה ☻ꜞ♇♩ 0.3 mm 
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3.1-8 ♅♃♬▪ ☿ꜝⱵ♇◒☻─ X Ɽ♃כfi≤  

 

♅♃♬▪ ☿ꜝⱵ♇◒☻≢│⁸80ºC≢ ⇔√◕ꜟ ♅♃♬▪ ☿ꜝⱵ♇◒☻╩ 500 ºC⅛╠

1000 ºC≢ ⇔⁸ ─ X Ɽ♃כfi╩ ⇔√≤↓╤⁸ 3.1-8─╟℮⌂ ─

⅜╖╠╣√⁹↓↓≢ │ ⌐ ⇔≡™╢⁹∆⌂╦∟⁸80 ºC≢ ⇔√ │⁸

Ⱨכ◒⅜ ⌂Ⱪ꜡כ♪⌂ Ɫ꜡כⱤכ♃fi ╩ ⇔≡™╢⅜⁸↓╣╩ 500 ºC⅛╠

800 ºC≢ ∆╢↓≤⌐╟╡⁸ ♀כ♃♫▪⌂⅛╠ ─ X Ɽ♃כfi⅜ ≢⅝╢

⅜ ╠╣╢⁹↕╠⌐⁸800 ºC ⌐ ♀כ♃♫▪⁸≡∫╟⌐≥↓╢∆ ♅♃♬▪│ ₁⌐

⇔⁸ 900 ºC─ ♀כ♃♫▪⁸│≢ ≤ꜟ♅ꜟ ⅜ ∆╢↓≤╩

∆Ⱨכ◒⅜ ╠╣╢╟℮⌐⌂∫√⁹╕√ 1000 ºC─ ≢│⁸ √╢ ⅜ꜟ♅

ꜟ ≤⌂╢↓≤⅜ ⇔√⁹ 

 

 

(a) Diagram of rutile crystal 

(b) Diagram of anatase crystal 



3.1-19 
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3.1-9 ☺ꜟ◖♬▪ ☿ꜝⱵ♇◒☻─ X Ɽ♃כfi≤  

 

☺ꜟ◖♬▪ ☿ꜝⱵ♇◒☻≢│⁸500 ºC⅛╠ 1200 ºC─ ≢◕ꜟ ☺ꜟ◖♬▪ ☿ꜝⱵ

♇◒☻╩ ⇔√≤↓╤⁸ 3.1-9 ⌐ ∆ ─ ⅜ ╠╣√⁹↓↓≢ ─ ⌐ ⇔≡

™╢ │⁸☺ꜟ◖♬▪ ☿ꜝⱵ♇◒☻─ ≢№╢⁹ ⌐╟╢≤⁸ 500 ºC≢

⇔√ │⁸╛╛ ≢│№╢⅜ ≢№╢≤ ≢⅝⁸ ⅜ 600 ºC─

⌐⅔™≡⁸ ⌂ ─ X Ɽ♃כfi⅜ ↕╣√⁹☺ꜟ◖♬▪ ☿ꜝⱵ♇◒☻ │⁸

╩ ╘╢↓≤⌐╟∫≡ ⇔⁸ 800 ºC─ ≢│⁸ ≤ ⅜

∆╢↓≤╩ ∆Ⱨ⁸√╕⁸⅜◒כ 1000 ºC─ ≢│⁸ ≤ ⌐ ⅎ≡

─Ⱨ⁹√╣╦╠№⅜◒כ↕╠⌐ 1200 ºC≢ ⇔√ ≢│ ─ ─╖

─ X Ɽ♃כfi⅜ ╠╣√⁹ ⁸ ⇔√ │ ⌐ ╠╣≡™╢☺ꜟ◖♬▪

─ ≤│ ⌐ ⇔≡™╢⅜ ⅜ ≢№╢ ⁸⇔┌⇔┌╖╠╣╢

≢№╢[6]⁹ 
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3.1-10 ▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻─ X Ɽ♃כfi≤  

 

▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻─ X Ɽ♃כfi≤ ╩ 3.1-10 ⌐ ∆⁹▪ꜟⱵ♫─

│⁸ ⌐╟∫≡ ╩ ↓⇔⁸ ⌐╟∫≡↕╕↨╕⌂ ▪ꜟⱵ♫ 8 ╩

∆╢⁹↓↓≢ⱬכⱴ▬♩ Boehmite: Ŭ-AlO(OH) ⅜ ─ ⁸500ºC╕≢│ɔ-▪ꜟⱵ

♫ ⅜ ≢№╡⁸↕╠⌂╢ ⌐⅔™≡⁸800 ºC╕≢⌐ ŭ-▪ꜟⱵ♫ ɔҜɗ ─

⌐⁸↕╠⌐ 1000 ºC╕≢⌐ɗ-▪ꜟⱵ♫ ⌐ ⇔⁸ ⌐│ 1150 ºC

⌐⅔™≡⁸ ╙ ⌂ Ŭ-▪ꜟⱵ♫ ╩ ∂╢[7][8]⁹ ⌐⅔™≡⁸◕ꜟ ▪ꜟⱵ

♫ ☿ꜝⱵ♇◒☻╩ ⇔√≤↓╤⁸600 ºC≢│⁸ ⌂ ─Ɽ♃כfi│ ≢⅝⌂⅛∫

√⅜⁸800 ºC ⌐⅔™≡ ɔ-▪ꜟⱵ♫─Ⱨ⁸1200╡⌂⌐℮╟╢╣╠╖⅜◒כ ºC≢│⁸Ŭ-▪ꜟⱵ

♫⌐ ⇔≡™╢↓≤⅜╦⅛∫√⁹ 

◦ꜞ◌ ☿ꜝⱵ♇◒☻≢│⁸◕ꜟ ◦ꜞ◌╩ 1200 ºC╕≢ ⇔√≤↓╤⁸ 3.1-11─╟℮⌂

X Ɽ♃כfi─ ⅜ ⇔√⁹ ⅛╠│⁸™∏╣─ ⌐⅔™≡ ⇔√ ⅛╠

╙ ⌂ ╩ ∆Ⱨכ◒│ ∑∏⁸™╦™╢ ─ ◦ꜞ◌─╟℮⌂ ⅜ ╠

╣√╟℮⌐ ⅎ╠╣╢⁹ 

ⱶꜝ▬♩ ☿ꜝⱵ♇◒☻≢│⁸◕ꜟ ⱶꜝ▬♩╩ ⇔⁸X ╩ ∫√ ⁸ 3.1-12

⌐ ╠╣╢╟℮⌐⁸800 ºC╕≢│⁸ ≢№╢↓≤╩ ∆Ɫ꜡כⱤ♃כfi⅜ ╠╣√⁹

╕√⁸1000 ºC≢ ⇔√≤↓╤⁸Al6Si2O13─ ≢ ∆↓≤─≢⅝╢ⱶꜝ▬♩ ⅜ ⇔

√⁹ 

 

3-6(3) ▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻─ X Ɽ♃כfi≤ ⌐≈™≡ ▪ꜟⱵ♫─

│ ⌐╟∫≡ ╩ ↓⇔ ⌐╟∫≡↕╕↨╕⌂ ▪ꜟⱵ♫ 8

╩ ∆╢⁹↓↓≢ⱬכⱴ▬♩(Boehmite: Ŭ-AlO(OH))(⅜ ─ 500 ϴ╕

≢│ɔ-▪ꜟⱵ♫( ⅜ ≢№╡ ↕╠⌂╢ ⌐⅔™≡ 800 ϴ╕≢⌐ŭ-▪ꜟ

Ⱶ♫ ɔҜɗ ─ ⌐ ↕╠⌐ 1000 ϴ╕≢⌐ɗ-▪ꜟⱵ♫ ⌐ ⇔

⌐│ 1150 ϴ ⌐⅔™≡ ╙ ⌂ Ŭ-▪ꜟⱵ♫ ╩ ∂╢[6-7]⁹

⌐⅔™≡ ◕ꜟ ▪ꜟⱵ♫ ╩ ⇔√≤↓╤  600 ϴ≢│ ⌂ ─

Ɽ♃כfi│ ≢⅝⌂⅛∫√⅜ 800 ϴ ⌐⅔™≡ɔ-▪ꜟⱵ♫─Ⱨכ◒⅜╖╠╣╢╟℮

⌐⌂╡ 1200 ϴ≢│ Ŭ-▪ꜟⱵ♫⌐ ⇔≡™╢↓≤⅜╦⅛∫√⁹ 
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3.1-11 ◦ꜞ◌ ☿ꜝⱵ♇◒☻─ X Ɽ♃כfi 

 

 

3.1-12 ⱶꜝ▬♩ ☿ꜝⱵ♇◒☻─ X Ɽ♃כfi≤  
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e.  

≢ ⇔√ 5 ─☿ꜝⱵ♇◒☻ ─ ≤ ≤─ ╩ 3.1-13 ⌐ ∆⁹

⌐╟╢≤⁸▪ꜟⱵ♫ ⁸ⱶꜝ▬♩ ┘☺ꜟ◖♬▪ ─☿ꜝⱵ♇◒☻ │⁸ ⌐

⇔≡⁸ ⅝⇔╕∫≡ ⅜ ∆╢╟℮≢№╢⁹ ⁸♅♃♬▪ ☿ꜝⱵ♇◒☻│⁸

♀כ♃♫▪⁸⅜ ɟ:3.90 g/cm
3
[9] ⅛╠ꜟ♅ꜟ ɟ:4.27 g/cm

3
[9] ┼ ∆╢─⌐ ™⁸ ⅜

╕╢╟℮⌐ ↕╣√⅜⁸ ─ ≢│⁸ ⇔√⌐╙⅛⅛╦╠∏⁸ │╒≤╪≥

⇔⌂⅛∫√⁹╕√⁸◦ꜞ◌ ☿ꜝⱵ♇◒☻─ X Ɽ♃כfi─  3.1-11 ⌐╟╢≤⁸

◦ꜞ◌≤ ⅎ╠╣╢ ╩ ⇔⁸ ⌐ ℮ │╖╠╣⌂⅛∫√⅜⁸ ⌐≈™≡

│ 800ºC ─ ≢ ⇔≡™√⁹ 

 

 

3.1-13 ☿ꜝⱵ♇◒☻ ─ ≤ ≤─  
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f.  

│⁸ ≤∆╢ ─ ╩ ╢℮ⅎ≢⁸ ⌂ ≤⌂╡ ╢⁹↓↓≢│⁸

●☻ ⌐╟╢ BET ╩ ∫√⁹∕─ ⁸  3.1-14 ⌐ ∆╟℮⌐⁸

╒≥ ⅜ ∆╢↓≤⅜╦⅛∫√⁹ 

⌂ ≤⇔≡ ⅜ ™╒≥⁸ │ ↕ↄ⌂∫≡™╢⁹√∞⇔⁸ⱶꜝ▬♩ ☿

ꜝⱵ♇◒☻─ │⁸800 ºC╕≢│╛╛ ⇔⁸∕╣ ─ ⌐⅔™≡ ⌐ ∂≡

™╢⁹↓─ │ⱶꜝ▬♩ ☿ꜝⱵ♇◒☻─ ≤ ≤─ ≤╒╓ ≢№╡⁸

⌐╟╢ ≢№╢╟℮⌐ ╦╣╢⁹ │⁸ ⅜ 600 800 ºC⌐⅔™≡│⁸◦ꜞ◌

☿ꜝⱵ♇◒☻⅜ ╙ ↄ 400 m
2
/g ≢№╡⁸▪ꜟⱵ♫ ⁸♅♃♬▪ ⁸☺ꜟ◖♬▪ ─ ≤

⌂╢⁹ⱶꜝ▬♩ ☿ꜝⱵ♇◒☻─ ⁸600 ºC⌐⅔™≡│⁸╒╓☺ꜟ◖♬▪ ≤ ≢№╢⅜⁸

800 ºC⌐⅔™≡│⁸♅♃♬▪ ╟╡╙ ↄ⌂╢⁹1000 ºC ─ ⌐⅔↑╢ │⁸™∏

╣─☿ꜝⱵ♇◒☻ ≤╙ ⌐ ™ │∆╢⅜⁸ ─ ≢▪ꜟⱵ♫ ⅜ ╙ ™⁹ɔ-▪

ꜟⱵ♫⅜ Ŭ-▪ꜟⱵ♫⌐ ∆╢↓≤⌐╟╡⁸▪ꜟⱵ♫─ ⅜ ∆╢ │⁸

─פֿ ⌐╙ [10]⅜╖╠╣╢⁹∆⌂╦∟⁸ ⅜ ╡ ∫≡™╢▪ꜟⱵ♫─ │⁸

ɔ-▪ꜟⱵ♫⌐⅔™≡ 150 m
2
/g ≢№╢⅜⁸Ŭ-▪ꜟⱵ♫⌐ ∆╢≤ 4-13 m

2
/g ⌐ ∆╢╟℮

≢№╡⁸ ─ ≤ ⌂ ╩ ⇔≡⅔╡⁸ ≢ ⇔√▪ꜟⱵ♫ ☿ꜝⱵ♇◒

☻╙ ⌂▪ꜟⱵ♫─ ⌐ ⇔√ ╩≤╢╟℮≢№╢⁹ 

 

 

 

 

 

3.1-14 ☿ꜝⱵ♇◒☻ ─ ≤ ≤─  

ה Quantachrome 4 ה NOVA- 4200e )  

ה ה ●☻ ה☻● ( ) (77.35K)  

ה 110 ºC 6 h ─ ה /0.05<P/P0<0.3  
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ᵔ ☿ꜝⱵ♇◒☻ ─╕≤╘ 

─ ⌂╢ ◕ꜟ ╩ ⇔≡☿ꜝⱵ♇◒☻ ╩ ⇔√⁹ 

↓╣╠─ │⁸ ╩ ↕∑╢↓≤⌐╟╡ ─ ⅜ ∆╢ ⅜ ™─≢⁸

─ ⌐ ≤⌂╢ ╩ ⇔⁸ ─ ⌐ ∆╢↓≤⌐⇔√⁹ 

≢│⁸ ⅜№╢≤ ╠╣≡™╢ ─℮∟⁸ 4 ╕√│ 3 ⌐ ∆╢

╩ ⇔≡ ╩ ⇔≡™╢⁹ ╠╣√ │ ≡ ╩ ⇔√

≢№╡⁸ ≤╙ ≢│ ∂╟℮⌐ ↕╣√⅜⁸↓╣╠─ │ 3.1-6 ─≤⅔╡

≡ ⌂∫≡™√⁹ 

 

3.1-6 ⇔√☿ꜝⱵ♇◒☻ ⌐ ╢  

ϴ 600 800 1000 1200 600 800 1000 1200

BET nm - - 3-5 - - - Ⱨכ◒⌂⇔ -

FT-IR - - - Ti-O - - - Zr-O -

XRD -
(anatase) (anatase)

(anatase

+rutile)

-

g/cm
3 4.52 4.57 4.32 4.42 5.69 5.79 6.23 6.26

BET m
2
/g 83.53 29.11 1.24 1.42 15.13 18.04 24.03 21.10

ϴ 600 800 1000 1200 600 800 1000 1200

BET nm - - 5-8 - - - <4 -

FT-IR - - - Al-O - - - Si-O -

XRD -
(ɔ-Al 2O3) (ɔ-Al 2O3) (Ŭ-Al 2O3)

-

g/cm
3 2.79 3.08 3.56 3.70 2.55 2.94 2.26 2.23

BET m
2
/g - 133.73 128.28 42.85 401.00 300.00 61.20 2.48

ϴ 600 800 1000 1200

BET nm - - Ⱨכ◒⌂⇔ -

FT-IR - - - Al-Si-O -

XRD - -

g/cm
3 2.93 2.89 3.44 3.31

BET m
2
/g 15.66 51.30 8.80 4.07

♅♃♬▪ ☿ꜝⱵ♇◒☻ ☺ꜟ◖♬▪ ☿ꜝⱵ♇◒☻

▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻ ◦ꜞ◌ ☿ꜝⱵ♇◒☻

ⱶꜝ▬♩ ☿ꜝⱵ♇◒☻
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ᵕ ☿ꜝⱵ♇◒☻ ─  

a)  

⇔√☿ꜝⱵ♇◒☻ │⁸ ꜠ⱬꜟ ─ ╩ ∆╢√╘─

╕√│ⱨ▼꜡◦▪fi ╩ ∆╢√╘─ ≤⇔≡ ∆╢⁹ ⇔√╟℮⌐⁸

☿ꜝⱵ♇◒☻ │⁸∕─ ≢№╢◕ꜟ ☿ꜝⱵ♇◒☻ ╩ 500ºC⅛╠ 1200ºC≢ 24

∆╢↓≤⌐╟╡ ⇔≡™╢⁹ ─☿ꜝⱵ♇◒☻ ╩ ™√

│⁸  3.1-15─ ⌐ ™⁸25ºC─ ≢ 24 ╩ ∆╢↓≤⌐╟╡

∫√⁹ ╡─ ─ │⁸☿ꜝⱵ♇◒☻ ⌐≈™≡│ 250 mg⁸ ┘

╩ ∆╢ │ 10 mL≢№╢⁹╕√ ─ │ 2 mol/L≢№╡⁸ ⌐│

≤∆╢ ≢№╢ Ru⁸Rh╕√│ Pd⅜ ≢ 0.1 mmol/L─ ⌐≡ ↑ ╪≢™

╢⁹⌂⅔⁸ ≢│ ─ │ ╡ ╦⌂™⁹ 

⁸ ⌐ ∆╢ ─ ⌐≈™≡│⁸ ─ ⌐╟╡ ⇔√⁹ 

 (%) = [(Cb Ca)/ Cb]×100      ( 3-1-1) 

  Cb ⌐ ─ ─  (g) 

Ca ⌐ ─ ─  (g) 

↓↓≢⁸ ─ ─ ⌐│⁸ICP ( )

ULTIMA2 ╩ ™≡™╢⁹ 

 

 

3.1-15 ☿ꜝⱵ♇◒☻ ─  

 

 

b) ≤  

a.  Ru⌐ ∆╢  

⇔√ ⌐⅔™≡⁸Ru ╩ ∆╢ ≤ ☿ꜝⱵ♇◒☻ ≤╩ ⇔√

─∟⁸Ru ⌐ ∆╢☿ꜝⱵ♇◒☻ ─ ╩ ⇔√≤↓╤⁸ 3.1-16⌐ ∆ ╩ ╢↓

≤⅜≢⅝√⁹ ⅛╠⁸800 ºC≢ ⇔√▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻─ Ru │ 20%≢№╡⁸

≡─☿ꜝⱵ♇◒☻ ─ ≢ ╙ ™ ≢№╢⁹▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻─ ⁸ ⅜

800 ºC╟╡╙ ™≤ │ ∆╢⅜⁸↓╣│ ≢│ ╩ ∆╢ ɔ-Al2O3⅜

▪ꜟⱵ♫╩ ≡⁸ ≢│╟╡ ⌂ Ŭ-Al2O3⌐ ∆╢√╘≢№╢╟℮⌐ ⅎ╠╣╢⁹

⌐⅔↑╢ ─☿ꜝⱵ♇◒☻ │⁸ ⅜ ⇔≡ ⅜ ⅝ↄ ∆╢↓≤⅜

╠╣≡⅔╡⁸☺ꜟ◖♬▪ ☿ꜝⱵ♇◒☻╩ ↄ☿ꜝⱵ♇◒☻─ ⅜ ≢ ∆╢─│

↓─ ⌐╟╢ ⅜ ™⁹▪ꜟⱵ♫ ─☿ꜝⱵ♇◒☻─℮∟⁸♅♃♬▪ ≤☺ꜟ◖♬▪
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☿ꜝⱵ♇◒☻│ Ru ⌐ ⇔≡ 5% ─ ⅜№╡⁸ ⁸◦ꜞ◌ ≤ⱶꜝ▬♩ ☿ꜝ

Ⱶ♇◒☻│⁸Ru ╩╒≤╪≥ ⇔⌂™⁹↓↓≢☺ꜟ◖♬▪ ☿ꜝⱵ♇◒☻ │⁸ ╩

╘╢↓≤⌐╟∫≡ ∆╢⁹↓╣╠─ ⌐≈™≡ ─ ↕[11]╩ ∆╢≤⁸

─ ⌐⌂╡⁸Ru ─ ╙↓╣⌐ ⇔≡ ⇔≡™╢─≢☺ꜟ◖♬

▪ ☿ꜝⱵ♇◒☻─ ⁸Ru ⌐ ∆╢ ≤ ─ ↕⌐│ ⅜№╢╟℮⌐

ⅎ╠╣╢⁹ 

 

 

3.1-16 Ru⌐ ∆╢☿ꜝⱵ♇◒☻ ─  
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b.  Rh⌐ ∆╢  

3.1-17 ⌐ ╠╣╢╟℮⌐⁸ ⇔√☿ꜝⱵ♇◒☻ ─ ⁸Rh ⌐ ∆╢ │

ↄ⁸ ╙ Rh╩ ⇔√ 800 ºC≢ ⇔√▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻≢╙ 7 ≢№∫√⁹∕─

─ ⌐≈™≡│⁸ⱶꜝ▬♩ ⅜ 3 ⁸◦ꜞ◌ ⅜ 1 ⁸╕√♅♃♬▪ ≤☺ꜟ

◖♬▪ ☿ꜝⱵ♇◒☻│ ╩ ↕⌂⅛∫√⁹ 

 

 

3.1-17 Rh⌐ ∆╢☿ꜝⱵ♇◒☻ ─  

 

 

c.  Pd⌐ ∆╢  

Pd⌐ ∆╢☿ꜝⱵ♇◒☻ ─ ⌐≈™≡ ╩ ∫√≤↓╤⁸ 3.1-18 ⌐ ∆

╩ ╢↓≤⅜≢⅝√⁹ ⅛╠⁸Pd ⌐ ∆╢ │⁸ⱶꜝ▬♩ ☿ꜝⱵ♇◒☻⅜ ╙

ↄ⁸ 600 ºC─☿ꜝⱵ♇◒☻⌐⅔™≡ 27%╩ ⇔≡™╢⁹√∞⇔⁸ 600 ºC─

▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻─ ⁸ ≢ ⅜ ⅜♃כ♦⌐╘√√⇔ ≢⅝∏⁸

3.1-16 18⅛╠ ⅎ╠╣╢ ⌂ ⌐ ╖≡⁸ 600ºC≢ ⇔√▪ꜟⱵ♫ ☿ꜝⱵ

♇◒☻─ ⌐ ∆╢ ╩ ╘╣┌⁸ⱶꜝ▬♩ ☿ꜝⱵ♇◒☻─╟℮⌂ ╩ ╢

↓≤⅜≢⅝╢╟℮⌐⌂╢≤ ⅎ╠╣╢⁹╕√⁸☺ꜟ◖♬▪ ☿ꜝⱵ♇◒☻─ │⁸╒≤╪≥

⌐ ∑∏ 5 6%≢№╡⁸∕─ ─☿ꜝⱵ♇◒☻ ⌐≈™≡│⁸Pd ⌐ ∆╢

│╒≤╪≥ ╠╣⌂⅛∫√⁹ 
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3.1-18 Pd⌐ ∆╢☿ꜝⱵ♇◒☻ ─  

 

d.  ☿ꜝⱵ♇◒☻ 1⸗ꜟ⌐ ∆╢ ─  

─ ⌐⅔™≡⁸☿ꜝⱵ♇◒☻ ─ ╩ ╢√╘⌐⁸ ≤☿ꜝ

Ⱶ♇◒☻ ╩ ⇔⁸ ⅜☿ꜝⱵ♇◒☻ ⌐ ∆╢⅛⌐≈™≡ ⌐

⇔√≤↓╤⁸ 3.1-19 ⅛╠ 3.1-21 ⌐ ∆ ╩ ╢↓≤⅜≢⅝√⁹↓↓≢⁸ ☿ꜝⱵ

♇◒☻ ╩⁸ O ╩ 1 ⸗ꜟ ∆╢☿ꜝⱵ♇◒☻ ≤ ⇔⁸ ⅎ┌⁸◦ꜞ◌

SiO2 ─ │ Si0.5O╩ 1⸗ꜟ ≤∆╢⁹ 

3.1-19 ⌐ ∆╟℮⌐⁸Ru ╩ ☿ꜝⱵ♇◒☻ ⌐ ↕∑√≤↓╤⁸▪ꜟⱵ♫ ☿

ꜝⱵ♇◒☻─ ⅜ ⅝ↄ⁸800ºC≢ ⇔√▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻ 1 mol ⌐ ⇔≡⁸

0.0265 mmol/mol-O ─ Ru ⅜ ⇔√⁹∕─ ─☿ꜝⱵ♇◒☻ ⌐ ∆╢ │⁸0 0.01 

mmol/mol-O ≢№╢⁹ 

3.1-20⌐ ∆╟℮⌐⁸ ☿ꜝⱵ♇◒☻ ≤╙ Rh ⌐ ∆╢ │ ™⁹ ╙

™ ╩ ⇔≡™╢▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻⌐⅔™≡╙ 0.0095 mmol/mol-O≢№╡⁸∕─ ─

☿ꜝⱵ♇◒☻ ─ │⁸0.004 mmol/mol-O ≢№╢⁹ 

3.1-21⌐ ∆╟℮⌐⁸Pd │ⱶꜝ▬♩⌐╟ↄ ↕╣≡⅔╡⁸ 600 ºC⌐⅔™

≡ 0.033 mmol/mol-O ≢№∫√⁹↓╣╟╡ ≢ ⇔√ⱶꜝ▬♩ ☿ꜝⱵ♇◒☻─

│ ⇔ↄ ∆╢⁹╒≤╪≥─☿ꜝⱵ♇◒☻ ─ │⁸ ⅜ ™╒≥ ∆╢

╩ ⇔≡™╢⅜⁸☺ꜟ◖♬▪ ☿ꜝⱵ♇◒☻─╖│⁸ ≢ ⅜╛╛ ╕╢ ⅜№

∫√⁹↓╣│⁸☺ꜟ◖♬▪─ ⌐ ⇔≡™╢╙─≤ ⅎ╠╣⁸ ∆╢↓≤⌐╟╡

⅜ Ҝ Ҝ ⌐ ⇔≡⅔╡⁸ ─ ─ ⅛╠ ╢≤⁸ ─

⅝⌂☺ꜟ◖♬▪ │ ⅜ ↄ⁸ ⌐╙ ╩ ╓⇔≡™╢╟℮⌐ ↕╣╢⁹ 
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3.1-19 ☿ꜝⱵ♇◒☻ ┼─ Ru─  

 

 

3.1-20 ☿ꜝⱵ♇◒☻ ┼─ Rh─  



3.1-30 

 

 

3.1-21 ☿ꜝⱵ♇◒☻ ┼─ Pd─  

 

e.  ─☿ꜝⱵ♇◒☻ ♃כ♀─  

♪▬꜡◖⁸│≥(ɕ)♃כ♀ ─ ╛ ─ ╩ ∆ ≢№╢⁹ ⌐

│ mV╩ ™≡⅔╡⁸ ─◖꜡▬♪ ─ ╛ ╩ ∆╢√╘⌐ ↕╣≡™╢

⅜⁸ ─ ╩ ∆╢↓≤⅜≢⅝╢√╘⁸ ─ɕ ╩ ⇔√≤↓╤⁸

3.1-22 ─ ╩ ╢↓≤⅜≢⅝√⁹⇔⅛⇔⌂⅜╠ ⌐│▬○fi ⇔≡™⌂™

╙ ⇔≡™╢ ⅜№╢─≢⁸∕─╟℮⌂ ⌐≈™≡│⁸Van der Waals ─

⌂ ⌐╟∫≡ ∆╢╟℮⌐ ⅎ╠╣╢⁹⌂⅔⁸☿ꜝⱵ♇◒☻ ─ ≤ ─

│⁸╟╡ ┘≈⅝⅜ ⌂ ┼≤ ∆╢ ⅜№╢⁹ 

600 1200 ºC≢ ⇔√ ☿ꜝⱵ♇◒☻ ⌐≈™≡⁸ 20 ºC─ ⌐ ⇔√≤

⅝─ɕ ╩ ⇔√≤↓╤⁸pH0.9 1.0─ ⌐⅔↑╢ ─ɕ │⁸ⱶꜝ▬♩ ☿

ꜝⱵ♇◒☻╩ ⅝⁸ ≤│ ⌂ↄ 50mV⅛╠ 100mV─ ≢ ☿ꜝⱵ♇◒☻≤╙╒╓

─ ╩ ⇔√⁹ɕ ─ ⅝↕│⁸◦ꜞ◌ (95 mV) ☺ꜟ◖♬▪ (66 mV) ▪ꜟⱵ♫ (64 

mV) ♅♃♬▪ (50 mV)≤⌂╢⁹╕√ pH1.8 2.0─ ⌐⅔↑╢ ─ɕ ─ ⁸

pH0.9 1.0─≤⅝─ɕ ≤ ⌐⁸ⱶꜝ▬♩ ≤♅♃♬▪ ╩ ™≡ ≤─ │╒

≤╪≥╖╠╣∏⁸▪ꜟⱵ♫ (38 mV) ◦ꜞ◌ (4 mV) ☺ꜟ◖♬▪ ( 60 mV)─ ≢№∫√⁹

↓↓≢ ─ ─ ─ │ 2 mol/L≢№╡⁸pH ⌐ ∆╢≤⅔⅔╟

∕ 0.3⌐⌂╢⁹↓─ ≢│⁸ ─ ⌐ ⇔√ ≡─☿ꜝⱵ♇◒☻ │ ⌐

⇔⁸ ─ ▬○fi╩ ⅝≈↑╢↓≤⌐⌂╢⁹ [12,13,14]─ ⁸ ─

≢ ▬○fi≤⇔≡ ∆╢ │⁸Ru─ ⁸RuNO(NO3)3╩ ≤∆╢⁸ ⅎ┌⁸

[RuNO(NO3)4H2O] , [RuNO(NO3)4OH]
2

, H2[RuNO(NO3)5]  ─ ▬○fi≢№╢⁹ ⌐ Rh⌐≈
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™≡│⁸[RhNO3(H2O)5]
3+─╟℮⌂ ▬○fi╩ ∆╢╟℮≢№╡⁸Rh ─ ▬○fi⌐≈™≡

╩♃כ♦⁸│ ∆↓≤⅜≢⅝⌂⅛∫√⁹⌂⅔⁸☿ꜝⱵ♇◒☻ ─ Rh⌐ ∆╢ ⅜ ⅛

∫√─│⁸Rh ▬○fi⅜⁸ ⌐ ⇔≡™╢☿ꜝⱵ♇◒☻ ⌐ ⅝ ∑╠╣⌐ↄ⅛

∫√↓≤╙ ─└≤≈≢№╢╟℮⌐ ↕╣╢⁹Pd─ ⁸ ≢│⁸

[Pd(NO3)(H2O)3]
+⁸[PdNO3(H2O)2]⁸ ┘/╕√│[PdNO3(H2O)] ─™∏╣⅛─ ╩≤╢╟℮

≢№╡⁸☿ꜝⱵ♇◒☻ ⌐ ↕╣√─│⁸[PdNO3(H2O)] ≢№╢ ⅜ ⅝™⁹↓─

╟℮⌂ ─ ▬○fi│⁸ ⌐ ⌐ ↕╣╢↓≤⅜ ╠╣≡⅔╡[15]⁸

☿ꜝⱵ♇◒☻ ─ ╙∕─╟℮⌂ ⌂ ⌐╟╢╙─≤ ⅎ╠╣╢⁹ 

 

 
Dispersion Technology TD-1202 ◖꜡▬♪  

3.1-22 ⌐⅔↑╢☿ꜝⱵ♇◒☻ ─ɛ  

 

f.   

↓╣╕≢─ ⅛╠⁸ ─ ─℮∟⁸ ▬○fi⌐≈™≡│⁸☿ꜝⱵ♇

◒☻ ⌐ ⅝ ∑╠╣≡⁸∕─ ↄ⌐ ∆╢ ╩ ∆↓≤⅜╦⅛∫√⁹ ⇔√

│ ⌂ ⌐╟∫≡☿ꜝⱵ♇◒☻ ⌐ ∆╢╟℮≢№╢⁹ ≤│⁸ ⅜ ∆╢

─ ─ ⅜ ⇔≡ ⌐ ∆╢ ≢№╡⁸ ≤ ⌐⌂∫√

─ ⅜ ─Ɽꜝⱷ⁹╢⌂≥♃כ ⁸ ─ ⌐⅔™≡ ─ ─

⌐⅔↑╢ ╩ ⇔√╙─╩ ≤ ╪≢⅔╡⁸ ─ ╩ ╢↓≤⅜≢⅝

╢⁹ 

⇔√ ─℮∟⁸ 3 ⌐ ∆╢☿ꜝⱵ♇◒☻ ⌐≈™≡ ╩ ⇔≡╖√⁹

3.1-23 ⅛╠ 3.1-25 ⌐⁸◦ꜞ◌ ⁸▪ꜟⱵ♫ ⁸ ┘ⱶꜝ▬♩ ☿ꜝⱵ♇◒☻ ⌐≈™≡

Ru⁸Rh ┘ Pd ⌐ ∆╢ ╩ ⇔√⁹↓↓≢⁸ │⁸ ⌐⅔™≡

⌐⌂∫√ ╩ ⇔≡⅔╡⁸╕√ │☿ꜝⱵ♇◒☻ ⌐ ⇔≡ ⌐⌂
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∫√ ─ ╩ ⇔≡⅔╡⁸ ⇔√☿ꜝⱵ♇◒☻ │⁸ ⌐ Freundlich

⌐ ™ ╩ ⇔≡™╢⁹Freundlich ⌐╟╢≤⁸ ⅛⌂ ⌐ ↕╣╢↓

≤⌂ↄ⁸ ╩♃כ♦ ─ ⌐ ≡│╘≡⁸ ⌂ ╩╙≤╘╢↓≤⅜≢⅝╢⁹

⌐ ∆ Freundlich ─ ╩ ™√ ⅜╟ↄ ↕╣≡™╢⁹ 

 

qe = Kf*C
1/d

   (Freundlich )     ( 3-1-2) 

↓↓≢ qe ⌐⅔™≡ ╡⌐ ⇔√ ─  

    C ─ ─ ─  

    Kf ╩ ∆  (Freundlich ) 

    1/d ─ ⅝↕⌐ ∆╢  

 

 

3.1-23 Ru⌐ ∆╢☿ꜝⱵ♇◒☻ ─  

 



3.1-33 

 

 

3.1-24 Rh⌐ ∆╢☿ꜝⱵ♇◒☻ ─  

 

 

 

3.1-25 Pd⌐ ∆╢☿ꜝⱵ♇◒☻ ─  
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g. ☿ꜝⱵ♇◒☻ ─ ⌐ ∆╢╕≤╘ 

─ ≤⇔≡ ⇔√☿ꜝⱵ♇◒☻ ─℮∟⁸800ºC≢ ⇔√▪ꜟⱵ♫

⅜ ⌐ ™ ╩ ⇔√⁹╕√⁸▪ꜟⱵ♫╩ ⇔≡™╢ⱶꜝ▬♩ ☿ꜝⱵ♇◒

☻ 600 ºC ╙ Pd─ ⌐ ™ ⅜ ╘╠╣√⁹ ⁸ ∂ 3 ─ ≢№

╢◔▬ ╩ ™≡ ⇔√◦ꜞ◌ ☿ꜝⱵ♇◒☻│ ≤⇔≡│ ⇔≡™⌂™↓≤⅜╦⅛∫√⁹

⇔⅛⇔⌂⅜╠◦ꜞ◌ ☿ꜝⱵ♇◒☻─ ⁸↓╣╕≢─ ≢ ⌐│ ⅜№╢↓≤⅜╦

⅛∫≡™╢─≢⁸ⱨ▼꜡◦▪fi ╩ ∆╢√╘─ ≤⇔≡ ™╢↓≤⅜ ⌂╟℮≢№╢⁹ 

↓─╟℮⌂☿ꜝⱵ♇◒☻ ─ ╩ ∆═ↄ⁸♀כ♃ ╩ ⇔√≤↓╤⁸ ⌂

⌐ ∫≡⁸╟╡ ─ ≢│⁸ ≡─☿ꜝⱵ♇◒☻ ⅜ ⌐ ⇔≡™╢↓

≤⅜╦⅛∫√⁹↓╣⌐╟╡⁸ ─ ─℮∟⁸ ≤⇔≡ ▬○fi⌐ ⇔√

⅜☿ꜝⱵ♇◒☻ ↄ⌐ ↕╣⁸ ⅜ ⌂ ⁸╕√│ Van der Waals ⌐╟╡

☿ꜝⱵ♇◒☻ ⌐ ↕╣√╟℮⌐ ↕╣√⁹ ─ ⌐≈™≡

╩ ™≡ ⇔≡╖√≤↓╤⁸☿ꜝⱵ♇◒☻ ⌐│⁸Freundlich ≢ ∑╢╟

℮⌂ ╩ ╢↓≤⅜≢⅝√⁹ 
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ⱨ▼꜡◦▪fi ─ ┘ Mo⁸ H27

H28  

 ≢│₈ ─ H27 ₉⁸₈ ─ Mo⁸

H27 ₉⁸₈ ─ ┘ ה H28 ₉─ⱨ▼꜡◦▪fi

⌐≈™≡─ ╩ ∆╢⁹ 

 

ᵑ 27 ─ⱨ▼꜡◦▪fi ─  

 ⅜ ₈ ☿ꜝⱵ♇◒☻ ─ ≤ ≤

H26 27 ₉≢ ⇔√⁸ZrO2 1200°C ┘ ─ ◦ꜞ◌◕ꜟ

◦ꜞ◦▪ ⁸CARiACT Q-700⁸ 50 ɛm⁸ 700 nm ╩ ™≡⁸ⱨ▼꜡◦▪fi

─ ╩ ╖√⁹4 ─ ⌐≡ ╩ ∫√⁹ ⌐⁸ ─ ₈(iv)

◦ꜞ◌◕ꜟ ≢─ⱨ▼꜡◦▪fi FeHCF ⌐╟╢ ₉⌐╟╡⁸

⌐ ∆╢─⌐ ⌂ ─ ╩ ╢↓≤⌐ ⇔√⁹ 

 

(i) ZrO2 ┘◦ꜞ◌◕ꜟ┼─AlHCF ─  

 ⌐≡ ⇔√⁸ ◕ꜟ ⌐╟╢ ─ ◦ꜞ◌◕ꜟ┼─

[16]╩ ⌐⇔⁸ ─ ≢─ AlHCF ─ ┼─ ╩ ╖√⁹ ◕ꜟ

⌐╟╢ ─ ◦ꜞ◌◕ꜟ┼─ ─ ╩ 3.1-26⌐ ∆⁹ 

 

A B

C D

 

3.1-26 ◕ꜟ ⌐╟╢ ─ ◦ꜞ◌◕ꜟ┼─  

 

 

 ◕ꜟ ⌐╟╢ ─ │⁸ ⸗ⱡⱴכ ☺ⱷ♅ꜟ▪◒ꜞꜟ▪Ⱶ♪ ⁸

N,N'-ⱷ♅꜠fiⱦ☻▪◒ꜞꜟ▪Ⱶ♪ ⁸ 2,2'-▪♂ⱦ☻(▬♁Ⱪ♅꜡♬♩ꜞ

ꜟ) ╩ ╗☺ⱷ♅ꜟⱱꜟⱶ▪Ⱶ♪ DMF ⌐⁸ ╩ ↕∑⁸∕↓┼ ◦ꜞ◌◕ꜟ
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╩ ↕∑╢⁹ ⁸ ∆╢↓≤⌐╟╡ ╩ ⇔⁸◦ꜞ◌◕ꜟ ≢

◕ꜟ╩ ↕∑╢⁹ ⁸ ╩ ∆╢↓≤⌐╟╡⁸ ⇔√ ⅜

◕ꜟ⌐╟∫≡◦ꜞ◌◕ꜟ ⌐ ↄ◖כ♥▫fi◓↕╣√ ⅜ ╠╣╢ ─

│⁸ 3.1-26 B⁹◦ꜞ◌◕ꜟ ─ SEM │⁸ 3.1-26 D ⁹ 

 │⁸ZrO2 1200°C ≤ ─ ◦ꜞ◌◕ꜟ─ ╩ ™√⁹

─ ⁸ ╩ ╗Ᵽ▬▪ꜟ ─ ╩כ●꜡♃כ♦╩ ™≡ ⇔√⁹ZrO2

⁸◦ꜞ◌◕ꜟ⁸ ≤╙ ⌐ ∂╢ ⌂ ⅜ ↕╣⌂⅛∫√↓≤⅛╠⁸

◕ꜟ─ ⅜ ↓╠⌂⅛∫√≤ ⅎ╠╣╢⁹╕√⁸ ™√ AlHCF#48A-1 26 ⌐

─ DMF ≢─ ⅜ ↄ⁸Ᵽ▬▪ꜟ ─ ⌐ ⇔⁸ ┼─ ⅜ ↄ™⅛

⌂⅛∫√⁹ 

 

(i i ) ZrO2 ≢─ FeHCF ⌐╟╢  

 ⌐≡⁸ ≢ ⇔√⁸ ◕ꜟ [10]⌐╟╢ AlHCF ─ ┼─ ⅜

ↄ™⅛⌂⅛∫√√╘⁸ ⌐⁸ ╠⅜ ⇔√⁸ ─ ≢ⱨ▼꜡◦▪fi

╩ ∆╢↓≤⌐╟╢ ╩ ⇔√⁹AlHCF │ ─ ⅜ ⌐ ™√╘⁸

⅜ ™ FeHCF─ ╩ ╖√⁹  

30 mL♫☻ⱨꜝ☻◖⌐ ZrO2 1.0 g≤ Fe(NO3)3Ι9H2O─ 1 M 10 mL╩ ⅎ⁸꜡כ♃

╩כ♃כ꜠Ᵽⱳ◄כꜞ ™≡⁸ ╩╝∫ↄ╡≤ ⇔√⁹ ⌐⁸75ϴ 108 

hPa ≢ 8.5 ⅛↑≡ ╩ ∫√⅜⁸ⱨꜝ☻◖ ⌐ ─╙─⅜ ╡⁸ ⌐ ↕∑

╢↓≤⅜≢⅝⌂⅛∫√⁹ ≤ ─ ─ │ 120.5ϴ ⅜ ↕╣∏⌐ ∫≡

⇔╕∫√ ⅜№╢⁹∕─ ⁸85°C ─○▬ꜟⱣ☻⌐ ⇔⁸ ╩ 6 ∫√≤↓╤⁸

⅜ ╠╣√⁹↓╣⌐⁸K4[Fe(CN)6]Å3H2O─ 0.5 M  10 mL╩ ⅎ⁸ ≢ 1

⇔√⁹FeHCF─ ⅜ ∂√⁹ ╩ ⌐ ╣⁸ ╩ 26 ∫√⁹⇔⅛⇔

⌂⅜╠⁸ ↕╣⌂⅛∫√ FeHCF⅜⁸ ─ ╖ ⌐™≈╕≢╙ ∫≡⇔╕™⁸

⅜ ≢№∫√⁹ ⌐⁸ ─ ⅜ 55 mg ╠╣√⅜⁸ ⅜ ⌐ ⅛∫√⁹ 

 

(i ii ) ZrO2 ≢─ FeHCF ⌐╟╢  

 (ii) ≢│⁸ZrO2 ⌐ Fe(NO3)3Ι9H2O ╩ ⅎ√ ╩כ♃כ꜠Ᵽⱳ◄כꜞ♃כ꜡─ ™

√ ⌐⅔™≡⁸ⱨꜝ☻◖ ⌐ ─╙─⅜ ╡⁸ ⌐ ↕∑╢↓≤⅜≢⅝⌂⅛∫√⁹

↓╣│⁸Fe(NO3)3Ι9H2O ─ ⅜ ⌐ ⌐ ∫√√╘≢№╢≤ ⅎ╠╣╢⁹∕↓

≢(iii) ≢│⁸ ─ ╩ ↕∑╢√╘⌐⁸Fe(NO3)3Ι9H2O ≤ K4[Fe(CN)6]Å3H2O ╩ ⅎ╢

╩ ⌐⇔≡⁸ ─ ╩ ∫√⁹ 

 30 mL♫☻ ⱨꜝ☻◖⌐ ZrO2╩ 1.0 g≤ 0.5 M K4[Fe(CN)6]Ι9H2O 10 mL╩ ⅎ√ כ꜡⁸

╩כ♃כ꜠Ᵽⱳ◄כꜞ♃ ™≡ 25°C⁸ (108 hPa)≢ ╩ ZrO2⌐ 3 ↕∑√ ⁸

75°C⌐ ╩ →⁸ (108 hPa)≢ ╩ 1 h ↕∑√⁹ ╩ ↕∑√

╩ 75°C ≢ 14 ╩ ∫√≤↓╤⁸(ii) ─ ≤│ ⌂╡⁸∆←⌐ ⇔√⁹∕─

─ │⁸(ii) ≤ ─ ≢ ∫√⁹ ⁸100 ɛm ─ⱨ▫ꜟ♃כ≢╤ ╩ ∫√≤↓

╤⁸ⱨ▫ꜟ♃כ⌐ ⅜ ╠∏⁸ ⌐ ⅜ ≢⅝√⅜⁸ ⌐ ⅛⌂ ≢№╡⁸

≢№╢─⅛ⱨ▼꜡◦▪fi ≢№╢─⅛ ⌂ ≢№∫√⁹ZrO2 ⅜ ⇔√⅛⁸ ⅛
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ↄ ↕╣√≤ ⅎ╠╣╢⁹ 

 ─ ╟╡⁸ ZrO2 │ ™ ⅜ ↕╣√⁹ⱨ▼꜡◦▪fi ─ ≤⇔

≡ ™╢ ⁸ ╛ ⌐ ∆╢ ┘ ⅜ ™↓≤⅜ ╘╠╣╢⁹ 

 

(i v) ◦ꜞ◌◕ꜟ ≢─ FeHCF ⌐╟╢  

 (iii) ─ ⌐⅔™≡⁸ ZrO2 ⅜⁸ ╛ ⌐ ∆╢ ┘ ⅜

™↓≤⅜ ↕╣√⁹╟∫≡⁸ ⌐ ≢№╢⁸ ─ ◦ꜞ◌◕ꜟ ◦ꜞ◦▪

⁸CARiACT Q-700⁸ 50 ɛm⁸ 700 nm ╩ ™≡⁸(iii) ─ ≤ ─

≢⁸FeHCF─ ╩ ╖√⁹ ─ ╩ 3.1-27⌐ ∆⁹ 

 ╩ 31 ╡ ⇔√ ⁸100 ɛmⱨ▫ꜟ♃כ╩ ™≡ ─ ╩ ∫√⁹ ╠╣√

╩◘fiⱪꜟ ┼ ╣⁸ ╩ ⅎ 20 ⇔√ ⁸10 ⇔ ╖ ╩ ╡

ↄ ╩ ╖ ⅜ ⌐⌂╢╕≢ 4 ╡ ⇔√ 3.1-27 Fig.1 ⁹ ⁸

╖ ╩ ╡ ™√ 75°C≢ 24 ╩ ™⁸ 397 mg╩ √⁹↓─

╩ FeHCF-Q700#01≤ ∆╢⁹4 ∫√ ─ ≢⁸ ⅜ ⅛∫√⁹ 

 

 

100 mL 0.5 g 80 3

1M Fe4(NO3)3] 9H2O 5 mL
25ϴ

100 116 hPa 3

15mL 10mL
20 2000rpm, 10 min

31 Fig.1

75ϴ 116 hPa 12

75ϴ 24
397 mg Fig.2

75ϴ 26 Fig.2

млл˃Ƴ

0.5M K4[Fe2+(CN)6] 3H2O 5 mL

Fig.1

Fig.2

CARiACTQ-700 50 ˃ Ƴ 700 nm

 

3.1-27 ⱨ▼꜡◦▪fi ⌐╟╢ FeHCF (iv) ─  
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ᵒ ⱨ▼꜡◦▪fi ☿ꜝⱵ♇◒☻ ─Mo⁸ ─  

 ⱨ▼꜡◦▪fi ☿ꜝⱵ♇◒☻ FeHCF-Q700#01 ─ 8 ⌐⅔↑╢

─ ╩ 3.1-7 ⌐ ∆⁹ ─√╘⁸FeHCF#60 ≢ ─ ≢ ─ ╩

∫√ ─ ╙ ⌐ ∆ 0.002 [g/ml] ⁹ ≢│ ⅜ ⌂─≢ ↕

∑√ FeHCF#60 ─ ≤ ⌂ │≢⅝⌂™⅜⁸FeHCF#60≢ ╩ ∫√ ≤ ⌐⁸

Mo ┘ ⌐ ∆╢ ⅜ ╠╣√⁹ꜝfi♃ⱡ▬♪─ Gd │ ↕╣⌂⅛∫√⁹Fe

M ─ ⅜ FeHCF#60 ≤ ═≡ ↄ ⅜ ≢│№╢⅜⁸ ≢│

⅜ ─√╘⁸ ⌂ │≢⅝⌂™⁹ 

 

 

3.1-7 ⱨ▼꜡◦▪fi ☿ꜝⱵ♇◒☻ ⌐╟╢ 

8 ⌐⅔↑╢ ─

Pd Ru Rh Cs Na Fe Mo Gd M

[%] [%] [%] [%] [%] [%] [%] [%] [mg/L]

FeHCF
- Q700#01

- 36.3 1.3 1.0 1.5 0.4  -195.0 5.9 0.0  164

Fe #60 - 99.8 18.6 4.0 20.4 0.9 -52.5 5.5 0.0 84.8
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ᵓ ☿ꜝⱵ♇◒☻ ─ ─√╘─ ─  

₈ ☿ꜝⱵ♇◒☻ ─ ≤ ≤ H26 27 ₉─

⅛╠⁸ ─☿ꜝⱵ♇◒☻ ─℮∟⁸▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻ ⅜ ⌐ ⇔

≡ ╙ ↄ⁸╕√⁸◦ꜞ◌ ☿ꜝⱵ♇◒☻ ⅜ ╙ ™ ╩ ∆↓≤⅜ ⇔√⁹▪ꜟ

Ⱶ♫ ☿ꜝⱵ♇◒☻ ⌐≈™≡│⁸∕╣ ≢ ≤⌂╡ ╢⅜⁸ ─ ⁸

─ ⌐ ™⁸ ⅜ ∆╢⁹∆⌂╦∟⁸▪ꜟⱵ♫ ☿ꜝⱵ♇◒☻ ─ ─

│⁸☿ꜝⱵ♇◒☻╩ ∆╢▪ꜟⱵ♬►ⱶ ≤ ≤─ ─ ⌐╟╢╙─≢

№╢╟℮⌐ ↕╣╢⁹╟∫≡⁸╟╡ ⌂☿ꜝⱵ♇◒☻ ╩ ∆╢√╘⌐⁸▪ꜟⱵ♫─

╩ ↕∑√╡⁸ ⌐ ╩ ⅎ√╡⇔≡™╢⅜⁸ ╩ ∆⌐│ ∫≡™⌂™⁹ 

⁸◦ꜞ◌ ☿ꜝⱵ♇◒☻ ─ ⁸ ⌐ ∆╢ │ ™⅜⁸

─ ⌐⅔™≡ ╘≡ ≢№╢√╘⁸◦ꜞ◌ ☿ꜝⱵ♇◒☻ ─ ╩ ↕∑╢

⌐≈™≡ ╩ ∫√⁹↓↓≢⁸ ─ ╟╡⁸ ─ ⌐│⁸ⱨ▼꜡◦▪fi

⅜ ╣√ ╩ ∆↓≤⅜ ╠╣≡™╢⁹╕√⁸ ⌐⅔™≡⁸AlHCF ⅜

─ ⌐ ≢№╢ ─ ╩ ∫≡™╢⁹↓─╟℮⌂↓≤⅛╠⁸◦ꜞ◌ ☿ꜝⱵ♇◒☻⌐

AlHCF ╩ ↕∑╢ ─ ╩ ∫√≤↓╤⁸ 3.1-28 ⌐ ∆ ⅜ ≢№╢↓≤⅜╦⅛

∫√⁹ 

 

 

3-1.28 AlHCF ─  

 

ᵑ  600 ºC≢

≢ ⇔√◕ꜟ ◦ꜞ◌ ☿ꜝⱵ

♇◒☻╩◦ꜞ◌ ☿ꜝⱵ♇◒☻

( )≤⇔≡ ™√⁹ 

ᵒ ╩ 1 mol/L─ ▪ꜟⱵ♬►

ⱶ ⌐ ⇔, ≢

24 ⇔√⁹ 

ᵓ  ╩╤ , 90ºC≢ ⇔√⁹ 

ᵔ ▪ꜟⱵ♬►ⱶ╩ ↕∑√

≤ 0.5 mol/L─ⱨ▼꜡◦▪fi ◌

ꜞ►ⱶ ≤╩ ⇔

≢ 24 ⇔√⁹ 

ᵕ  ╤ , ≢ ⇔, 90ºC≢

⇔, ╩ AlHFC

≤⇔≡ ⇔√⁹ 
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3.1-29⌐ ⇔√ AlHCF╩ ⇔√◦ꜞ◌ ☿ꜝⱵ♇◒☻ ╩ ∆⁹◕ꜟ ◦ꜞ◌ ☿

ꜝⱵ♇◒☻╩ 600 ºC≢ ∆╢↓≤⌐╟╡ ╠╣√◦ꜞ◌ ☿ꜝⱵ♇◒☻ כꜗ◦

꜠ ⌐⁸AlHCF╩ ↕∑⁸AlHCF ≤⇔√ ꜠כꜗ◦ ⁹AlHCF─ ─

⅛╠ ⇔≡⁸◦ꜞ◌ ☿ꜝⱵ♇◒☻ 1 g№√╡⁸0.25 g─ AlHCF╩ ⇔≡™╢⁹ 

 

 

3-1.29 AlHCF  

 

 

ᵔ 28 ─ AlHCF ─  

a. ─  

27 ╕≢─ ⌐⅔™≡ ⇔√ ─ ☿ꜝⱵ♇◒☻─℮∟⁸◦ꜞ◌

☿ꜝⱵ♇◒☻⅜ ≢╙∫≤╙ ≢№╢⅜⁸ ⌐ ∆╢ │ ™⁹⇔⅛⇔

⌂⅜╠◦ꜞ◌ ☿ꜝⱵ♇◒☻⌐ AlHCF ╩ ↕∑╢↓≤⌐╟╡⁸ ⅜ ⇔ↄ ∆╢↓

≤⅜╦⅛∫√⁹↓─╟℮⌂ ╩ ⇔≡⁸↓↓≢│⁸ √╡─◦ꜞ◌ ☿ꜝⱵ♇◒☻

(Si0.5O)⌐ ∆╢ ─ ╩ ╡⁸╕√ ≤⇔≡─ ╡ ™ ─ ╩

⇔√ ─ ⌐≈™≡ ╩⇔√⁹ ─ ⌐ √∫≡│⁸ ≢

⌐ ↕╣≡™╢▬○fi ─ ╩ ⌐⇔⁸ פֿ ⱷ♃◒ꜞꜟ ♄▬ꜘ▬○fi╩

♥fiⱪ꜠⁸≢≥↓╢∆≥♩כ◦ꜞ◌ ╩ ⇔√⁹ ┘ ─ ⌐

≈™≡│⁸ 3.1-30⌐ ∆⁹ 

 

b.  AlHCF ─  

⇔√◦ꜞ◌ ⌐⁸ 3.1-28─ⱨ꜡כ╩ ⌐⇔≡ AlHCF ╩ ↕∑╟℮≤

⇔√⁹⇔⅛⇔⌂⅜╠⁸↓─ ≢│⁸ ⌐ AlHCF ╩ ≢⅝⌂⅛∫√√╘⁸ 3.1-

30 ⌐ ∆ √⌂ ╩ ⇔√⁹⌂⅔⁸ 3.1-31─ ᵑ ᵓ⌐ ∆ 3 ╡─ ╩ ™
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╢↓≤⌐╟╡⁸AlHCF─ ⌐ ╩╙√∑╢↓≤⅜≢⅝√⁹∆⌂╦∟⁸ 1

1 g √╡ 0.02 g─ AlHCF╩ ⁸ 2 1 g √╡ 0.04 g─ AlHCF

╩ ⁸ ┘ 3 1g √╡ 0.19 g─ AlHCF╩ ─ 3 ─ ╩

⇔√⁹⌂⅔⁸AlHCF ─ ≤≤╙⌐⁸ ─ │ ⇔√⁹ 

 

 

3.1-30 ◦ꜞ◌ ─ ─  
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3.1-31 AlHCF ─  

 

c.  ─  

3.1-32 ( )⌐⁸AlHCF ─◦ꜞ◌ ─ ≤ ╩ ∆⁹ 3.1-30 ⌐

═√ ⌐╟∫≡◦ꜞ◌ ╩ ⇔√⁹↓╣⌐ AlHCF ╩ ↕∑√≤↓╤⁸

3.1-32 ( )─╟℮⌂ ╩ ∆╢↓≤⅜≢⅝√⁹↕╠⌐ AlHCF╩ ↕∑√ ╩ ╡⁸

─ ╩ ⇔√≤↓╤⁸ ⌐ ╩ ⇔≡™√√╘⁸AlHCF ⅜ ╕≢ ⇔

≡™╢╙─≤ ⇔√⁹⌂⅔⁸ ⇔√ ─ │279 ɛm≢№∫√⁹ 

 

ᵕ AlHCF ─ ה  

a. AlHCF  

3.1-31⌐ ∆ 1 4╩ ™≡⁸ ─ ⌐ ∆╢ ⌐≈™≡

╩ ∫√≤↓╤⁸ 3.1-33 ┘ 3.1-34─ ╩ ╢↓≤⅜≢⅝√⁹ ⇔√ AlHCF

╩ ™≡⁸ ─ Ru,Rh,Pd ─ ╩ ∫√⁹↓↓≢ ─

│⁸2 mol/L ≢ ≤⇔⁸ ─ ╩ 1 mmol/L ≤⇔√⁹╕√⁸

⌐≈™≡│⁸AlHCF ╩ ↕∑√╙──╒⅛⁸ ≤⇔≡ AlHCF ╩ ↕∑≡™⌂™╙─

╩ ™√⁹⌂⅔⁸ ╡─ ─ │⁸◦ꜞ◌ ⌐≈™≡│ 250 mg⁸ ┘

╩ ∆╢ │ 10 mL≢№╢⁹ 
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3.1-32 AlHCF ◦ꜞ◌ ─  

 

 

3.1-8 ◦ꜞ◌ ─ ⌐ ∆╢  

Ru Rh Pd

 1 29.632953 0.6680197 >10103.7950471208

 2 28.111977 1.0328895 >10103.7950471208

 3 34.495726 1.5306039 >10103.7950471208

 4 2.28016 1.5377948 9.963585192

 [D] (-)
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3.1-33 ◦ꜞ◌ ┼─ ─  

 

3.1-34 ◦ꜞ◌ ┼─ ─  
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─ AlHCF─ ⌐≈™≡⁸ 1╩ 1≤⇔√ ⁸ 2│ 2 ⁸

3│ 9.5 ─ AlHCF╩ ⇔≡™╢⁹⌂⅔⁸ 4│ AlHCF╩ ⇔≡™⌂™⁹ 

3.1-33╟╡⁸AlHCF╩ ⇔√ ─ Ru≤ Pd⌐ ∆╢ │⁸AlHCF╩ ⇔≡™

⌂™ 4╟╡╙ ⇔ↄ ⇔≡™╢⁹⇔⅛⇔⌂⅜╠⁸ 1⁸ 2 ┘ 3─

⌐⅔™≡ AlHCF ⅜ ⇔≡╙ ⅜ ∆╢ │ ╠╣⌂⅛∫√⁹ ⌐╟╢≤⁸

AlHCF╩ ↕∑≡╙ ⅝⌂ ─ │ ╠╣⌂™↓≤⅜╦⅛╢⁹ ⌐ 1 mol

─ Si0.5O √╡⌐ ∆╢ ─ ⌐≈™≡ ⇔√≤↓╤⁸ 3.1-34⌐ ∆

⅜ ╠╣√⁹∆⌂╦∟⁸AlHCF╩ ↕∑√™∏╣─ ╙⁸Si0.5O mol √╡⁸Ru─

0.04 0.05 mol ⁸╕√ Pd─ ⁸ 0.1 mol─ ⅜ ╘╢⁹↓─ │⁸AlHCF╩ ↕

∑√ ─◦ꜞ◌ ─ ⅜⁸Ru⌐ ⇔≡ 10
-3
 mol ⁸╕√ Pd⌐ ⇔≡ 10

-3
-10

-2
 

mol⌐ ⇔≡ 1 ╙ ⇔≡⅔╡⁸ ⁸ ⌂ ≤⇔≡─ ╩ ⇔≡™╢⁹√

∞⇔⁸Rh⌐ ∆╢ ─ │ ╠╣⌂⅛∫√⁹ 

 

b.  ─  

─₈a. AlHCF ₉⌐⅔↑╢ ≤╒╓ ─ ⌐⅔™≡ ─

─ ╩ ↕∑√ ╩ ∫√⁹ 0.1 mmol/L─ ╩ ™

√ ╩ 3.1-35⌐ ∆⁹ ─ │⁸1 mol─◦ꜞ◌ ⌐ ∆╢

─ ≢№╡⁸ ─ │⁸™∏╣─ ⌐⅔™≡╙⁸Pd Ru Rh ─ ≢⁸

╕√ AlHCF╩ ⇔≡™⌂™ ⌐≈™≡╙⁸10
-5
 mmol○כ♄כ⌐⅔™≡ ⇔≡™╢⁹

⌐ 1 mmol/L─ ╩ ™√ ╩ ∫√≤↓╤⁸ 3.1-36─ ╩

╢↓≤⅜≢⅝√⁹ │⁸ 3.1-35≤╒╓ ─ ╩ ⇔≡™╢⅜⁸ ⅜ ™ 10
-4
 

mmol ⁸∟╦⌂∆⁹╢™≡∫⌂⌐כ♄כ○ ─ ─⸗ꜟ ≤│ ⌂ↄ⁸

─ ⸗ꜟ / ─ ⸗ꜟ │╒╓ ≤⌂∫≡™╢⁹↓─↓

≤│⁸ ─ │ ─ ─⸗ꜟ ⌐ ≢№╢≤™℮ ⌂ ─ ╩

⇔≡⅔╡⁸ ⌐⅔™≡ ⇔√ AlHCF ▪ꜟⱵ♫ ⅜⁸ ≤⇔≡ ⇔≡

™╢≤ ≢⅝╢⁹ 

AlHCF ╩ ↕∑√◦ꜞ◌ ╩ ⇔⁸ ⌐ ∆╢ ╩ ⇔√≤

↓╤⁸Pd⌐≈™≡│⁸ ⌂ ╩ ⇔√⁹╕√ Ru⌐≈™≡╙ ╩ ∆╣┌⁸

≤⇔≡ ≢⅝╢↓≤⅜╦⅛∫√⁹⇔⅛⇔⌂⅜╠⁸Rh ⌐≈™≡│⁸ ™ │ ↕⌂⅛

∫√⁹↓─╟℮⌂ AlHCF ─ ╩ ∆╣┌⁸ ─ ╙≢⅝╢╟

℮⌐ ⅎ╠╣╢⁹ 
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3.1-35 0.1 mmol/L─ ╩ ™√  

 

 

 

3.1-36 1 mmol/L─ ╩ ™√  
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ᵖ AlHCF ─ 25 HLLW╩ ™√  

 ₈(d) 28 ─ AlHCF ─ ₉⌐≡ ⇔√ AlHCF 3

╩ ™≡⁸25 HLLW ⌐⅔↑╢ ╩ ∫√⁹ │ 1.0 g⁸ │ 5 mL⁸

≢ 16 ⁸ ▬○fi ╩ ICP-AES⌐≡ ⇔⁸ ╩ ⇔√⁹ ╩

3.1-9⌐ ∆⁹ ─ │⁸AlHCF ╩ 100 mg ™≡ ≢ ╩ ∫√ ─

≢№╢⁹AlHCF ─ │⁸AlHCF╩ 100 mg ™√ ─ ≤╒╓ ─ ≤⌂∫

√⁹↓─ ⅛╠⁸AlHCF 1 g⌐│⁸ 100 mg─ AlHCF ⅜ ↕╣≡™╢≤ ⅎ╠╣

10wt% ⁸AlHCF ⅜ Mo ≤ ⌐ ∆╢ ≤⇔≡⁸ ⌂ ╩ ⇔≡

™╢↓≤⅜ ╠⅛≤⌂∫√⁹ 

 

 

3.1-9  AlHCF ⌐╟╢ 25 HLLW ⌐⅔↑╢  

[g]
wt
%

Al Fe Co Ni Zn Mo Ru Rh Pd Ag Cs

[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

A 1.0 20
-311.2

(-143.8)

-13.3

(0.6)

9.2

(9.6)

17.3

(13.1)

11.7

(5.4)

15.4

(13.3)

23.2

(28.1)

19.7

(22.1)

99.3

(99.3)

86.1

(84.7)

2.0

(2.7)

25 11 5 mL 16h

AlHCF2.0wt%
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◌ꜝⱶ─Mo⁸ ─ H28  

 7 HLLW ╩ ™≡⁸AlHCF ╩◌ꜝⱶ ≤⇔√◌ꜝⱶ◒꜡ⱴ♩◓ꜝⱨ

╢╟⌐כ▫ ╩ ∫√⁹ │⁸AlHCF AlHCF 10wt% ╩ ™⁸

↓╣╩◌ꜝⱶ⌐ 300 mg ⇔√ ◌ꜝⱶ⌐ ╘√≤⅝─ ↕│ 50 mm ⁹ │ Rh⁸

Pd⁸Ru⁸Mo⁸Fe⁸Gd⁸Cs ∆═≡ 1mM ╩ ╗ ≢ ⇔√⁹↓─ ╩⁸ⱳfiⱪ

╩ ™≡ 0.5 mL/min─ ≢◌ꜝⱶ⌐ ↕∑╢↓≤⌐╟╡ ╩ ∫√ 3.1-37 ⁹

◌ꜝⱶ╩ ⇔√ │⁸ⱨꜝ◒◦ꜛfi◖꜠◒♃5 ≢כ mL∏≈ ⇔⁸ ⱨꜝ◒◦ꜛfi⌐≈™

≡⁸ICP-AES⌐╟∫≡ ⌐ ╕╣╢ 7 ─ ┘ Al ─ ╩ ∫√⁹ 

⅛╠⁸∕╣∙╣─ ⌐≈™≡ ╩ ⇔√≤↓╤ 3.1-38 ⁸ ⌐

Fe⁸Mo⁸Rh⁸Ru ⌐⅔™≡ ─ ™ ⅜ ↕╣√⁹↓╣│⁸AlHCF ⅜◌ꜝ

ⱶ ≤⇔≡ ≢№╢↓≤╩ ⇔≡™╢⁹ 

 

 

 

 

 

 

 

 

 

 

 

3.1-37 ◌ꜝⱶ ≤  

3.1-38 ◌ꜝⱶ◒꜡ⱴ♩◓ꜝⱨ▫כ⌐╟╢  



3.1-49 

 

Mo⁸ ◦☻♥ⱶ─ ה ─ H28  

╕≢─ ⅛╠⁸ ⌐╟╢ Mo⁸ ⌐ ⇔√ ◦☻♥ⱶ╩

⇔⁸∕─◦☻♥ⱶ─ ┘ ─ ╩ ∫√⁹ ⌐╟╢ AlHCF ─ Mo⁸

─ ─ ⁸ ™ ⅜ ╘╠╣⁸◌ꜝⱶ⌐╟∫≡ ⌐╟

╡ ╩ ⅜⌂ↄ≡╙⁸Mo╩ 80 ⁸ ╩ ∆╢↓≤⅜≢⅝╢⁹ 

3.3 ─◦☻♥ⱶ ≢ ⇔√ ╩ ⇔√ ꜠ⱬꜟ 3-1-14

⅛╠─Mo⁸ ─ ─ ⁸40kg─ AlHCF≢ 1m
3─ ꜠ⱬꜟ ╩ ≢

⇔√ ─ │ 3.1-39─╟℮⌐⌂╢⁹Mo:80 ⁸ (PGM):60 ⅜

≢№╢⁹ 

 

 

3.1-39 UO2 ─ ꜠ⱬꜟ ⅛╠─ Mo, ◦☻♥ⱶ─  

Mo 20  

 

 

⁸ 45GWd/THM ╩ ⇔√ ꜠ⱬꜟ 3-3-2 ≢│ Mo⁸

─ ⅜ 2 ⌐ ⅎ╢√╘⌐⁸80kg─ AlHCF≢ 1 m
3─ ꜠ⱬꜟ ╩

≢ ∆╢↓≤╩ ⇔√⁹ ╩ 3-1-40⌐ ∆⁹ ≢│ Mo:80 ⁸PGM: 

48 ⅜ ⌂ ≢ ≢№╢⁹ 

3.3 ─◦☻♥ⱶ ≢ ⇔√╟℮⌐⁸30 35wt%─ ꜠ⱬꜟ ╩ ⇔√●ꜝ☻

●ꜝ☻ ─ ╩ ⅎ≡╙⁸ ꜠ⱬꜟ ⅛╠─Mo≤ ─ ⌂

│ 50 ≤ ↕╣╢↓≤⅛╠⁸ ╖ ─ ⅜ ↄ⌂∫≡╙ ⌂

≢ ≢⅝╢⁹●☻ ╛ ⅜№╢ ꜠ⱬꜟ ╩ ⌐◌ꜝⱶ⌐ ∆╢⌐│

⌂ ⅜ ↕╣╢⁹╕√ ⌐│ ⌂ ╛ ⅜ ≢№╡⁸ ꜠ⱬꜟ
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─ ⅜ ⌂ ≢ ⅜ ≢⅝╢◦☻♥ⱶ╩ ∆╣┌⁸Mo⁸ ─

─ │ ⌐ ≢⅝╢╙─≤ ╦╣╢⁹ 

 

 

 

3.1-40 UO2 ─ ꜠ⱬꜟ ⅛╠─Mo, ◦☻♥ⱶ─  

Mo 20  
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3.1.2 ⱨ▼꜡◦▪fi ─Mo, ─ ≤ ─

 

 

⇔√ⱨ▼꜡◦▪fi ─  (H26) 

Mo ┘ ⌐ ∆╢ⱨ▼꜡◦▪fi ─ ╩ ═╢√╘⌐⁸

ATR ▪◒☿◘ꜞ╩ ⇔√ ⱨכꜞ◄ FTIR ◦☻♥ⱶ╩ ∟

→⁸ ⇔√ ─ⱨ▼꜡◦▪fi ─◦▪ⱡ ─ ╩♪כ⸗ ☻כⱬ♃כ♦⇔ ⇔√⁹

╕√⁸ HRTEM ┘ X XRD ╩ ™≡⁸↓╣╠

─ⱨ▼꜡◦▪fi ─ ╩ ☻כⱬ♃כ♦⇔ ⇔√⁹ 

 

ᵑ   

⇔√ ─ⱨ▼꜡◦▪fi ╩ ⌐ ↕∑⁸ATR-FTIR ╩ ™⁸

⌐╟╡ ╩ ∫√⁹↕╠⌐⁸HRTEM ┘ XRD ⌐╟╡ ⇔√ⱨ▼꜡◦▪fi

─ ≤ ╩ ⇔√⁹ 

 

ᵒ ┘  

⇔√ IR ☻Ɑ◒♩ꜟ╩ 3.1-41 ⌐ ∆⁹1900 2300 cm
-1 ⌐ ↕╣≡™╢Ⱨכ◒│

CN ─ ⌐ ∆╢⁹CN ─ ─Ⱨכ◒│ 2 ≈⌐ ╩כ♄ꜟꜛ◦⅛╢∆

≈⅛─™∏╣⅛≢№╡⁸Ⱨכ◒♩♇ⱪ─ │ ▬○fi─ ⌐╟∫≡◦ⱨ♩⇔≡™╢⁹

⇔√⅜∫≡⁸ ₁─ⱨ▼꜡◦▪fi ╩ ─ⱨ▼꜡◦▪fi ≤ ⌂∑┌⁸

╩⇔√ ⁸CN ─ ─Ⱨכ◒ ⅜ ⇔⁸Ⱨכ◒♩♇ⱪ ⅜◦ⱨ♩∆

╢↓≤⅜ ↕╣╢⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1-41 M
n+

(n = 2,3)─ ⌂╢ⱨ▼꜡◦▪fi ─ CN ─ ─ IR☻Ɑ◒♩ꜟ 
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3.1-41 ─ ⌐≈™≡⁸ ≤ ╦∑≡ ⇔√⁹ ⌐│⁸ ─

√╘─Ᵽfi♪ ≤⇔≡ CASTEP [1,2]╩⁸IR ☻Ɑ◒♩ꜟ─ כ♃☻ꜝ◒─╘√─ ≤⇔≡

Gaussian09[3]╩⁸∕╣∙╣ ™√⁹ 3.1-42⌐Ⱨכ◒♩♇ⱪ ─ ╩ ∆⁹ ⅜

⁸ ⅜ ╩ ⇔≡™╢⁹ ⅝⌂ ≤⇔≡⁸ ─ ≤≤╙⌐Ⱨכ◒⅜

⌐◦ⱨ♩⇔≡™╢↓≤⅜╦⅛∫√⁹ ⁸ 25 29 ─ ≢│⁸∕─ ⅜

⇔≡⁸ ─ ≤≤╙⌐ ⌐◦ⱨ♩⇔≡™╢⁹ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1-42 IR☻Ɑ◒♩ꜟ⌐⅔↑╢Ⱨכ◒♩♇ⱪ ─ : ⁸ :  

 

⅛╠⁸Ⱨכ◒♩♇ⱪ─ │ ≤ ─ ⌐ ∆╢⁹ ⌐⅔↑

╢ CN ─ │ ▬○fi⌐╟∫≡ ⅝⌂ │⌂ↄ⁸ ⌡ ≢№╢↓≤⅜╦⅛∫√⁹

⁸CN ─ ─ ≤ ≤─ │⁸Cu ╩ ™≡⁸Ⱨכ◒─ ≤ ≤─

⌐ ⇔≡⅔╡⁸ ─ ≤ ⅜ ™ ╩ ∫≡™╢↓≤⅜╦⅛∫√⁹ ⁸Cu │

1 ╕√│ 2 ─ ╩≤╢⅜⁸ ≢│ 3 ╩ ⇔≡™╢√╘ ─ ⅛╠ ⅝

ↄ ╣√≤ ⅎ╠╣╢⁹ 

CASTEP≢ ⇔√⸗♦ꜟ╩ ™≡⁸Al, Mn, Fe, Co, Ni, Cd─ ⌐≈™≡⁸DV-Xɖ

≢ ╩ ⇔√⁹↓↓≢⁸ ≤│⁸ ⌐ ∆╢ ─

─↓≤≢№╡⁸↓─ ⅜ ⅝™╒≥ ⅜ ⅝ↄ ↄ ⌂╢⁹ 3.1-10⌐⁸N≤ M
3+

─ BOP ≤ ┘ CïN ─ ≤ ≤─

╩ ∆⁹CN ─ ─ │⁸CN ─ ≤╟ↄ ⇔≡™╢↓≤⅜╦⅛╢⁹ 

≈⅞⌐⁸ 3.1-43 45 ⌐ CASTEP⌐╟╢ ⌐╟∫≡ ⇔√ ╩ ∆⁹

Fe
2+
ïC ⌐≈™≡│⁸ ⱨ▼꜡◦▪fi ≢─ │ ↕ↄ⁸IR ☻Ɑ◒♩ꜟ⌐⅔

↑╢Ⱨכ◒♩♇ⱪ ≤─ │ ↕™≤™ⅎ╢⁹M
3+
ïN ⌐≈™≡│⁸ ⱨ▼꜡◦▪

fi ≢ ⅝ↄ ∆╢⅜⁸IR ☻Ɑ◒♩ꜟ⌐⅔↑╢Ⱨכ◒♩♇ⱪ ≤─ │ ↕™⁹

⁸CN ─ ≤ ─ ⌐≈™≡│⁸ ─ │ ⅛≢№╢⅜⁸Ⱨכ◒♩♇ⱪ

─ ≤ ─ ⌐ ─ ⅜№╢↓≤⅜╦⅛∫√⁹╕√⁸CN ─ ─ ≤
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─ ≤╙ ─ ⅜ ╠╣√⁹ ⅝⌂ ≤⇔≡│⁸ ⅜ ⅝ↄ⌂╢⌐≈╣≡ CN ─

⅜ ↄ⌂╢⅜⁸ ≢│↓─ ⅜ ⇔≡™╢⁹↓╣╠─↓≤⅛╠⁸CN ─

⅜ ↄ⌂╢↓≤≢ ─ ⅜ ⅝ↄ⁸ ⅜ ↄ⌂∫≡™╢↓≤⅜ ⅛∫√⁹ 

 

3.1-10 ⱨ▼꜡◦▪fi ⌐⅔↑╢ BOP  

M  M
3+
ïN CïN  

Al  13 0.418 1.482 

Mn 25 0.287 1.473 

Fe 26 0.328 1.478 

Co 27 0.348 1.184 

Ni 28 0.299 1.488 

Cd 48 0.222 1.485 

 

 

 3.1-43 Fe
2+
ïC ≤ ≤─  
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 3.1-44 M
3+
ïN ≤ ≤─  

 

 

 3.1-45 CïN ≤ ≤─  
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 HRTEM ┘ X ⅛╠⁸ ⇔√ⱨ▼꜡◦▪fi ─

┘ ╩ ⇔√⁹ 3.1-46⌐#15Co ┘#19Fe─ⱨ▼꜡◦▪fi ─ HRTEM ╩

∆⁹ │ 0.98 1.05 nm ⁸ │ 20 nm ⁸≤∕╣∙╣ ↕╣√⁹↓─ │⁸

3.1-47 ⌐ ∆ XRD ⅛╠ ╠╣√ ≤ ⌡ ⇔≡™╢⁹ XRD Ɽ♃כfi⅛╠↓╣╠

─ⱨ▼꜡◦▪fi │ FCC F-43m, #216 ╩ ⇔≡™╢↓≤⅜ ⅛∫√⁹ 

 

 3.1-46 #15Co ┘#19Fe─ⱨ▼꜡◦▪fi ⌐≈™≡─ HRTEM  

 

 

 

 

 

 

 

 

 

 

 

 

 

 3.1-47 ⱨ▼꜡◦▪fi ─ XRDⱤ♃כfi 

#8Co, #9Ni, #16Cu, #19Fe, #20Al, #21Cd #23Mn, #26Pb, #33Al 
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ᵓ╕≤╘ 

ⱨ▼꜡◦▪fi ─ Mo ┘ ─ ╩ ═╢√╘⌐⁸ATR-FTIR ◦☻♥ⱶ

╩ ∟ →⁸ ⇔√ ─ⱨ▼꜡◦▪fi ─ CN ─ ╩♪כ⸗ ☻כⱬ♃כ♦⁸⇔

⇔√⁹╕√⁸HRTEM ┘ XRD ╩ ™≡⁸↓╣╠ ─ⱨ▼꜡◦▪fi ─

╩ ☻כⱬ♃כ♦⁸⇔ ⇔√⁹ 

 

 

⇔√ⱨ▼꜡◦▪fi ─ ─  (H26) 

ⱨ▼꜡◦▪fi ─Mo ┘ ─ ╩ ═╢√╘⌐⁸

UV-Vis ╩ ™≡⁸ ⇔√ ─ⱨ▼꜡◦▪fi ≤ ▬○fi─

≢ ↓╢ CT ╩ ☻כⱬ♃כ♦⇔ ⇔√⁹  

 

ᵑ  

⇔√ ─ⱨ▼꜡◦▪fi ⌐≈™≡⁸UV-Vis ╩ ™≡⁸ ▬○

fi─ ≢ ↓╢CT ╩ ⇔√⁹  

 

ᵒ ┘  

3.1-48 ⌐ ─ ⱨ▼꜡◦▪fi ─ ☻Ɑ◒♩ꜟ╩ ∆⁹ ₁─ⱨ▼꜡◦

▪fi ⌐╟∫≡ UV-Vis ─☻Ɑ◒♩ꜟ⅜ ₁ ⌂╢↓≤⅜╦⅛╢⁹⇔√⅜∫≡⁸

UV-Vis ≢ ─ ╩ ∆╢↓≤≢⁸ⱨ▼꜡◦▪fi ─ ─

⅜ ≢⅝╢⁹ ≤⌂╢ #19─ Fe╩ ⌐№→╢⁹UV-Vis ☻Ɑ◒♩ꜟ⌐⅔™≡ 3≈

─Ⱨכ◒⅜ ↕╣≡™╢ ᵑ nŸˊ
*

250 nm ─Ⱨכ◒ [4]⁸ᵒ Fe
2+⅛╠ Fe

3+┼─

CT MMôCT 400 nm ─Ⱨכ◒ ⁸ᵓ Fe
2+⅛╠ Fe

3+┼─MMôCT + Fe
3+

3d-

3d 550 nm ─Ⱨכ◒  [5]⁹ ▬○fi─ ⌂╢∕╣∙╣─ⱨ▼꜡◦▪fi ≢⁸

MMôCT Ⱨכ◒⅜ ⌐ ↕╣╢╙─≤⌂™╙─⅜№╡⁸╕√∕─Ⱨכ◒ ╙∕╣∙╣

⌂∫≡™√⁹↓╣╠─ ™⅜ ⌐ ∆╢⅛╩ ⇔√⁹Al, Mn, Fe, Co, Cd─ⱨ▼꜡◦▪fi

⌐≈™≡⁸CASTEP⌐╟∫≡ ⇔√⸗♦ꜟ╩ ™⁸UV-Vis ☻Ɑ◒♩ꜟ≤

DOS: Density Of States ╩ ⇔√⁹ 3.1-49 53⌐⁸ ₁─ⱨ▼꜡◦▪fi ─ UV-Vis

☻Ɑ◒♩ꜟ╩ ⇔√⁹ ⌐ ☻Ɑ◒♩ꜟ╩⁸ ⌐ ☻Ɑ◒♩ꜟ╩ ∆⁹ ⌐Ⱨכ◒

⅜ ⌐◦ⱨ♩⇔≡™╢⅜⁸ ⌂☻Ɑ◒♩ꜟ │ ⌡ ☻Ɑ◒♩ꜟ╩ ⇔≡™╢⁹

⇔√⅜∫≡⁸Ᵽfi♪ ⌐╟╡ ⇔√☻Ɑ◒♩ꜟ⌐╟∫≡⁸ ─ ⌂ ⅜ ≢

№╢↓≤⅜╦⅛∫√⁹ 
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3.1-48 M
n+

(n = 2, 3)─ ⌂╢ⱨ▼꜡◦▪fi ─ UV-Vis ☻Ɑ◒♩ꜟ 

 



3.1-59 

 

 

3.1-49 ⱨ▼꜡◦▪fi ▪ꜟⱵ♬►ⱶ─ UV-Vis ☻Ɑ◒♩ꜟ 

 

 

3.1-50 ⱨ▼꜡◦▪fi ⱴfi●fi─ UV-Vis ☻Ɑ◒♩ꜟ 

 



3.1-60 

 

 

3.1.51 ⱨ▼꜡◦▪fi ─ UV-Vis ☻Ɑ◒♩ꜟ 

 

 

3.1-52 ⱨ▼꜡◦▪fi ◖Ᵽꜟ♩─ UV-Vis ☻Ɑ◒♩ꜟ 
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3.1-53 ⱨ▼꜡◦▪fi ◌♪Ⱶ►ⱶ─ UV-Vis ☻Ɑ◒♩ꜟ 

 

 

3.1-54 58⌐∕╣∙╣─ⱨ▼꜡◦▪fi ⌐⅔↑╢ DOS ╩ ∆⁹ ⅜ s

⁸ ⅜ p ⁸ ⅜ d ≢№╢⁹DOS≤ UV-Vis ☻Ɑ◒♩ꜟ╩ ∆╢≤⁸

M
3+─ ≤ⱨ▼ꜟⱵ꜠ⱬꜟ ─ Fe

2+─ 3d-t2g ≤─◄Ⱡꜟ◑כ ⅜ ⌐

∆╢ │ MM'CT ⅜ ↕╣⁸ ⌐ ⇔⌂™ │ MMôCT⅜ ↕╣⌂™↓≤⅜

⅛∫√⁹⇔√⅜∫≡⁸UV-Vis ☻Ɑ◒♩ꜟ│ ╩ ∆╢ ⌂ ⌐⌂╢≤ ⅛∫√⁹

≢│⁸ ─ ╩ ∆╢√╘⁸ⱨ▼꜡◦▪fi ⌐ Cs⅜ ⇔√⸗♦ꜟ╩

⇔√⁹⇔⅛⇔⌂⅜╠⁸ⱨ▼ꜟⱵ◄Ⱡꜟ◑כ ⌐│ Cs─ │ ╣∏⁸UV-Vis ☻Ɑ◒♩

ꜟ⌐⅔™≡ ⇔≡™╢ Cs│ ∆╢ UV-Vis☻Ɑ◒♩ꜟ⌐ ╩ ⅎ⌂™↓≤⅜ ⅛∫√⁹ 
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3.1-54 ⱨ▼꜡◦▪fi ▪ꜟⱵ♬►ⱶ─  

 

 

 

3.1-55 ⱨ▼꜡◦▪fi ⱴfi●fi─  



3.1-63 

 

 

3.1-56 ⱨ▼꜡◦▪fi ─  

 

 

 

3.1-57 ⱨ▼꜡◦▪fi ◖Ᵽꜟ♩─  

 



3.1-64 

 

 

3.1-58 ⱨ▼꜡◦▪fi ◌♪Ⱶ►ⱶ─  

 

╟╡ ⌂ ╩ ℮√╘⌐⁸ CI ╩ ™√ [6,7]╩

∫√⁹ ⌐ 3d ╛ Fe
2+

-Fe
3+ ─ CT │ ⌐ ∆╢√╘⁸

╩ ⌐ ⇔√ ⅜ ≤⌂╢⁹CASTEP⌐╟╡Ᵽꜟ◒ ╩ ⇔√

⁸Fe
2+

Fe
3+

C11N11
5ï⸗♦ꜟ◒ꜝ☻♃כ╩ ™≡⁸CI ⌐╟╡ ⌐ ∆╢

☻Ɑ◒♩ꜟ╩ ⇔√⁹CI ⌐⅔↑╢ ⌐│⁸Fe
2+ ┘ Fe

3 ─ 3d

⅛╠⌂╢ 20 11 ╩ ╡ ╣√⁹↓─ ⁸3dï3d ⌐≈™≡│ Complete 

Active Space ╩⁸Fe
2+
ïFe

3+ ─ CT ⌐≈™≡│ 2 ╕≢╩ ⇔√ Restricted 

Active Space ╩⁸∕╣∙╣ ⇔√⁹ 3.1-59⌐#19Fe─ⱨ▼꜡◦▪fi ─ ┘

☻Ɑ◒♩ꜟ╩∕╣∙╣ ∆⁹ 

Ⱨכ◒◄Ⱡꜟ◑כ─ │ ⇔≡™╢╙──⁸Ⱨכ◒ │ ⌡ ≢⅝√⁹↓─☻

Ɑ◒♩ꜟ─ ╩ ⅛╠ ⇔√ ⅛╠⁸ │ Fe
2+⅜ ☻Ⱨfi

LS ⁸Fe
3 ⅜ ☻Ⱨfi HS ╩ ╢ ⌐⁸1 ⅜ Fe

2+⅛╠ Fe
3+⌐

⇔√ ⅜ ↨∫√ ≢№╢↓≤⅜ ⅛∫√⁹╕√⁸  Fe
3+⅜ HS⅛╠ LS⌐☻Ⱨ

fi◒꜡☻○כⱣכ∆╢◄Ⱡꜟ◑כ│ 0.24 eV≤ ↕™ ≢№╢↓≤╙ ↕╣√⁹

⌐⅔↑╢ 3.8 eV ─ │⁸Fe
3+

3d ─ 3dï3d ≤ CT ─ ↨∫√

≢№╢↓≤╙╦⅛∫√⁹ 

 

ᵓ╕≤╘ 

ⱨ▼꜡◦▪fi ─ Mo ┘ ─ ╩ ═╢√╘⌐⁸UV-Vis ╩ ™≡⁸

⇔√ ─ⱨ▼꜡◦▪fi ≤ ▬○fi─ ≢ ↓╢ CT ╩ ♃כ♦⁸⇔

ⱬכ☻ ⇔√⁹ 

 



3.1-65 

 

 

3.1-59 #19Fe─ⱨ▼꜡◦▪fi ─ ┘ ☻Ɑ◒♩ꜟ  

 

 

 

⌐╟╢ⱨ▼꜡◦▪fi ┼─Mo⁸ ─ ─ ≤ ⸗♦ꜟ─ 

 H26  

ⱨ▼꜡◦▪fi ┼─Mo ┘ ⌐ ∆╢ ⸗♦ꜟ ─ ⌂

◘▬☼⌐≈™≡⁸ ⇔√ ─ⱨ▼꜡◦▪fi FeHCF ─ IR/UV-Vis☻Ɑ◒♩

ꜟ╩ ∆╢⸗♦ꜟ╩ ⇔⁸ ⌐ ⌂꞉כ♥☻◒כ◦ꜛfi─ ╩ ╠⅛

⌐⇔√⁹  

 

ᵑ  

⌐ ⌂꞉כ♥☻◒כ◦ꜛfi─ ⌐≈™≡ ═╢√╘⌐⁸Ᵽfi♪ ┘◒ꜝ☻♃

כ ╩ ∫√⁹ 

 



3.1-66 

 

ᵒ ┘  

⁸ IR☻Ɑ◒♩ꜟ ┘UV-Vis ☻Ɑ◒♩ꜟ ⌐ ⌂꞉כ◒

─fiꜛ◦כ♥☻ ⌐≈™≡⁸ ⅛╠ ─ ╩ ╪∞ ⁸

8CPU⁸ⱷ⸗ꜞכ ⅜10 64 GB ≢№╢↓≤⅜╦⅛∫√⁹  

 

ᵓ╕≤╘ 

ⱨ▼꜡◦▪fi ─Mo ┘ ⌐ ∆╢ ⸗♦ꜟ ─ ⌂ ◘

▬☼⌐≈™≡⁸ IR/UV-Vis☻Ɑ◒♩ꜟ╩ ∆╢⸗♦ꜟ╩ ⇔⁸ ⌐ ⌂꞉כ

─fiꜛ◦כ♥☻◒ ╩ ╠⅛⌐⇔√⁹  

 

 

 

◒ꜝ▬○ ╩ ™√ ─ ┘ ─ ꜠ⱬꜟ  

 (H26 H27) 

H26 │⁸ ⇔√ⱨ▼꜡◦▪fi ─ ≢ ─ ™ ≤⇔≡⁸ ─ FeHCF♫

ⱡ ╩ ™≡⁸◒ꜝ▬○ ◒ꜝ▬○ TEM ⌐╟╢ ꜠ⱬꜟ ─√╘─

╩ ⇔√ ⁸ ◓ꜞ♇♪┼─ ─ ⌐╟╡ ⌂ ⅜ ╠╣╢↓

≤╩ ╠⅛⌐⇔√⁹ 

H27 │⁸ ₁─ ▬○fi╩ ↕∑√ ⱨ▼꜡◦▪fi M:FeHCF

♫ⱡ ⌐≈™≡⁸◒ꜝ▬○TEM╩ ™≡ ꜠ⱬꜟ─○כ♄כ≢ ∆╢↓≤

╩ ╖√⁹◖꜡☺○fi ◓ꜞ♇♪┼ ╩ ⇔ ╩ ╖√⅜⁸

⌐FeHCF─ ⅜ ↕╣⁸ ⌂ ╩ ╢↓≤⅜≢⅝⌂⅛∫√⁹  

 

ᵑ  

◒ꜝ▬○ TEM ⌐ ⌂ Cu ⱷ♇◦ꜙ ◘fiⱪꜟ ─ ╩∆╢√╘⁸

FeHCF╩ ♩ꜟ◄fi ≤ ⌐∕╣∙╣ ↕∑⁸ⱴ▬◒꜡ⱧⱭ♇♩╩ ™≡ ╩

Cuⱷ♇◦ꜙ ⌐ ╠⇔≡⁸ ─ TEM≢ ╩ ⇔√(H26 )⁹ 

╕√⁸H27 ⌐ ⇔√FeHCF ┘M:FeHCF⌐≈™≡⁸◖꜡☺○fi ◓ꜞ

♇♪┼ ╩ ⇔⁸◒ꜝ▬○TEM⌐≡ ꜠ⱬꜟ─ ╩ ∫√⁹  

 

ᵒ ┘  

FeHCF╩ ♩ꜟ◄fi ≤ ⌐∕╣∙╣ ↕∑⁸ⱴ▬◒꜡ⱧⱭ♇♩╩ ™≡

╩ Cu ⱷ♇◦ꜙ ⌐ ╠⇔⁸ ─ TEM ≢ ╩ ⇔√≤↓╤⁸ ⌐ ↕∑√

─╒℮⅜◒ꜝ▬○ TEM ⌐ ⇔≡™╢↓≤⅜╦⅛∫√⁹ ≢⁸ ≢ ↕∑√ ⁸5

⇔√ Cuⱷ♇◦ꜙ≢ ╩ ∫√⁹∕─◒ꜝ▬○ TEM ╩ 3.1-60⌐ ∆⁹ 

₁⌂ ⌐⅔™≡⁸ⱨ▼꜡◦▪fi ─ ⅜ ↕╣⁸ ⱨכꜞ◄

FFT ⌐│ ─☻ⱳ♇♩╙ ↕╣√⁹ 

 



3.1-67 

 

 

 3.1-60 #19FeHCF─◒ꜝ▬○ TEM ≤ FFTⱤ♃כfi 

 

 

◒ꜝ▬○ TEM⌐≡ ⇔√ FeHCF ─ TEM ╩ 3.1-61⌐ ∆⁹ ⇔√ │

300 nm─ ≢№╢⁹ ⌐╟╡ ⅜ ↕╣⁸ ≤ ⌐ ⇔√

⅜ ⇔≡⇔╕℮↓≤⅜ ⅛∫√⁹⇔√⅜∫≡⁸ ⌐╟╢ ─√╘⁸

⇔√ⱨ▼꜡◦▪fi ♫ⱡ ≢─ TEM │ ≢№╢↓≤⅜ ⅛∫√⁹ 

 

 

 

 

 

 

 

 

 

3.1-61 ◒ꜝ▬○ TEM⌐≡ ⇔√ FeHCF ─ TEM │ 300 nm  

 

 

ᵓ╕≤╘ 

◒ꜝ▬○ TEM ⌐ ⌂ Cu ⱷ♇◦ꜙ ◘fiⱪꜟ ─ ╩∆╢√╘⁸

FeHCF╩ ♩ꜟ◄fi ≤ ⌐∕╣∙╣ ↕∑⁸ⱴ▬◒꜡ⱧⱭ♇♩╩ ™≡ ╩

Cu ⱷ♇◦ꜙ ⌐ ╠⇔⁸ ─ TEM ≢ ╩ ⇔√⁹∕─ ⁸ ⌐ ╩ ↕

∑√╒℮⅜◒ꜝ▬○ TEM ⌐ ⇔≡™╢↓≤⅜ ╠⅛⌐⌂∫√⁹FeHCF─◒ꜝ▬○ TEM

≢│⁸ⱨ▼꜡◦▪fi ─ ╩ √⁹ 

₁─ ▬○fi╩ ↕∑√ ⱨ▼꜡◦▪fi M:FeHCF ♫ⱡ ⌐≈™≡⁸◒

ꜝ▬○ TEM ╩ ™≡ ꜠ⱬꜟ─○כ♄כ≢ ∆╢↓≤╩ ╖√⁹◖꜡☺○fi

◓ꜞ♇♪⌐ ╩ ⇔ ╩ ╖√⅜⁸ ⌐ FeHCF─ ⅜ ↕╣⁸ ⌂

╩ ╢↓≤⅜ ⌂⅛∫√⁹ ⌐╟╢ ─√╘⁸ ⇔√ⱨ▼꜡

◦▪fi ♫ⱡ ≢─ TEM │ ≢№╢↓≤⅜ ⅛∫√⁹ 

 

 



3.1-68 

 

UV- Vis ⌐╟╢ⱨ▼꜡◦▪fi ┼─ ▬○fi ─ ≤ ⸗♦ꜟ⌐

≠ↄ ⌐╟╢ H27)  

▬○fi Ru, Rh, Pd, Mo, Cs, Na╩ ↕∑√ⱨ▼꜡◦▪fi M:FeHCF ⌐≈™≡⁸

ATR-FTIR ⌐╟╡ CN ─ ─♪כ⸗ ╩⁸UV-Vis ⌐╟╡ Fe

┘ CT ─ ╩⁸∕╣∙╣ ∫√⁹↓╣╠─ ⌐≈™≡⁸ ⌐ ⇔√

─ FeHCF─♦כ♃≤ ⇔⁸ ꞉כ♥☻◒כ◦ꜛfi╩ ™≡ ⸗♦ꜟ╩ ™√

╩ ℮↓≤≢ ─ ╩ ∫√⁹╕√⁸ XRD ⅛╠⁸ ▬○fi─ ≢─

⁸ ⁸ ─ ╩ ⇔√⁹ 

─ ⌂ ⅛╠⁸Cs ┘ Na│ ─ ⌐ ╡ ╕╣╢ ╩⁸╕√

Rh, Ru, Pd ┘ Mo│ FeHCF─ ╩⌂∆ Fe
3+╛ Fe

2+≤─ ╩∆╢↓≤╩ ╠⅛⌐⇔√⁹ 

 

ᵑ   

⇔√ FeHCF ┘ M:FeHCF ⌐≈™≡⁸ATR-FTIR ┘ UV-Vis ╩

™⁸ ⌐╟╢ ╩ ∫√⁹ ─√╘⁸ ─ UV-Vis ☻Ɑ◒♩

ꜟ ╙ ∫√⁹↕╠⌐⁸ XRD ⌐╟╡ ⇔√ FeHCF ┘ M:FeHCF─ ⁸ ⁸

─ ╩ ∫√⁹ 

▬○fiM
3+─ │⁸1.5 M ≢ FeHCF 500 mg⌐ ⇔≡⁸ 24 h

─ ≢ ∫√ ⁹ 

 

ᵒ ┘  

⅜ IR ☻Ɑ◒♩ꜟ╛ UV-Vis ☻Ɑ◒♩ꜟ⌐ ⅎ╢ ╩ ╢√╘⌐⁸M
3+─ ⌂╢ ₁

─ⱨ▼꜡◦▪fi ⌐≈™≡⁸IR ☻Ɑ◒♩ꜟ ┘ UV-Vis ╩ ™⁸ ⇔√

─ ≤ ⇔√⁹ 3.1-62⌐ IR ☻Ɑ◒♩ꜟ╩⁸ 3.1-63⌐ UV-Vis ☻Ɑ◒♩ꜟ╩⁸

∕╣∙╣ ∆⁹IR ☻Ɑ◒♩ꜟ≢ ⇔√Ⱨ⁸│◒כCN ─ ≢№╡⁸UV-Vis ☻Ɑ

◒♩ꜟ≢ ⇔√Ⱨ⁸│◒כ ⌐ CT ⌐ ∆╢Ⱨ⁹╢№≢◒כ↓╣╠─ ─☻Ɑ◒

♩ꜟ│⁸ ≢─ ≤ ⇔⁸ ⌐ ⇔√ⱨ▼꜡◦▪fi ♫♩ꜞ►ⱶ─ │

™↓≤╩ ⇔√⁹ 

 

 

 

 

 

 

 

 

 

  

 

 

 



3.1-69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1-62 M
3+─ ⌂╢MHCF─ ⌐⅔↑╢ IR☻Ɑ◒♩ꜟ 

CN ─ ─Ⱨכ◒ M
 
= Al, Mn, Fe, Co, Ni, Cu, Cd, Pb 

 

 

 

 

 

 

 

 

 

 



3.1-70 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1-63 M
3+─ ⌂╢MHCF─ ⌐⅔↑╢ UV-Vis ☻Ɑ◒♩ꜟ                 

M
 
= Al, Mn, Fe, Co, Ni, Cu, Cd, Pb 

 

 

M ─ FeHCF┼─ ─ ┘ ╩ 3.1-11⌐ ∆⁹√∞⇔⁸ ─

≢ ╠╣√ │⁸ ⌐ ⇔≡™⌂™⁹FeHCF⌐ ≤⇔≡ M ╩ ⅎ√

⁸Ru ┘ Pd│∕─╒≤╪≥⅜ FeHCF⌐ ↕╣╢↓≤⅜╦⅛∫√⁹∕─ ─ ⌐≈™≡

│⁸ 50 % ≢№╢↓≤⅜ ⅛∫√⁹ 

↓╣╠─ ◘fiⱪꜟ⌐≈™≡⁸FeHCF─ ╩ ∆ Fe▬○fi─ ⅛╠ ╩

⌐ ╙∫√⁹ ⇔√ Fe⅜ M ≤─ ⌐╟∫≡ ⇔√╙─≤⇔

≡ ⇔√⁹∕─ ╩ 3.1-64 ⌐ ∆⁹ ≤ │ FeHCF─╖≢─ Fe ╩Ᵽ♇◒◓

ꜝfi♪≤⇔≡ ⇔ ™√ ≤ ⇔ ™≡™⌂™ ╩∕╣∙╣ ∆⁹Cs≤ Na⌐≈™

≡│⁸Fe ⅜╒≤╪≥ ™↓≤⅛╠ │⇔≡™⌂™≤ ⅎ╢⁹∕─ ─ ⌐≈

™≡│⁸20 40 % ╩⇔≡™╢↓≤⅜ ↕╣╢⁹⇔⅛⇔⌂⅜╠⁸ ⌂

∞↑≢⌂ↄ⁸ ┘ ─ ─ ⌐╟╡⁸ ⌂≥─ ⅛╠ Fe ⅜

⇔≡™╢ ╙ ™≤ ⅎ╠╣╢⁹ 

 

 

 



3.1-71 

 

3.1-11 (M)─ FeHCF┼─ ─ ┘  

 Pd Ru Rh Cs Mo Na 

(FeHCF)  (g) 500.5 500.2 500.9 500.4 500.7 501.0 

M ( ) (10
-2
 M) 0.94 5.0 0.74 4.9 5.1 4.2 

M ( ) (10
-2 

M) 0.00069 0.44 0.24 2.3 2.5 3.2 

 (%) 99.9 91.3 68.2 52.5 51.7 32.4 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1-64 ⌐ ∆╢ FeHCF─╖≢─ Fe ╩Ᵽ♇◒◓ꜝfi♪

≤⇔≡ ⇔ ™√ ⁸ ⇔ ™≡™⌂™  

 

 

3.1-65⌐ ⇔√ FeHCF ┘ M:FeHCF ─ IR☻Ɑ◒♩ꜟ╩∕╣∙╣ ∆⁹Cs

┘ Na⌐≈™≡⁸FeHCF─Ⱨכ◒ ה ≤─ ⅛╠⁸ ⅛⌂Ⱨכ◒◦ⱨ♩⅜ ↕╣√╙

──⁸CN ─ ⌐ ⅝⌂ ⅜⌂™↓≤⅜╦⅛∫√⁹↓╣│⁸Cs, Na⅜ ⌐

╡⁸CN ≤─ ⅜╒≤╪≥ ™↓≤╩ ⇔≡⅔╡⁸ ─ Fe ⅛╠─ ≤

⇔≡™╢⁹ ⁸Mo, Rh, Ru, Pd⌐≈™≡│⁸ ⌐Ⱨכ◒◦ⱨ♩⇔⁸ ╙ ⅝ↄ⌂∫

≡™╢↓≤⅜ ⅛╢⁹↓╣╠─ │⁸ ⅜ FeHCF─ ╩ ∆ Fe≤─ ╩∆╢↓≤

⌐╟╡⁸CN ─ ⌐ ╩ ⅎ√↓≤╩ ⇔≡™╢⁹ 

3.1-66⌐∕╣∙╣─ IR ☻Ɑ◒♩ꜟ⌐≈™≡Ⱨכ◒ ⅛╠ ╩ ∫√ ╩ ∆⁹

☻Ɑ◒♩ꜟ │⁸3 ≈─●►☻ ─ ⌐╟╢ Ⱨfi◒ ≢ ⇔√⁹3 ≈─

─ ⁸ │ FeHCF─ ≢№╢⁹∕╣ ⌐⁸ ⌐ ─ ™

≤ ─ ™ ⅜№╢⁹╕∏⁸ ≢ ⇔√ ─ ™ │ ▬○fi⅜ ╩

∆╢ Fe≤ ⇔√ ≢№╢≤ ⅎ╠╣╢⁹↓─ ─ ⅜ FeHCF ─∕╣

≤ ⅝ↄ│ ╦╠⌂™↓≤⅛╠⁸Fe-CN-Fe ≤ ™ ⌐№╢ CN ─ ╩ ⇔≡

™╢≤ ⅎ╠╣╢⁹ ⁸ ≢ ⇔√ ─ ™ │⁸FeHCF ╩ ⇔≡™╢

─ ≢⁸ ™ ╩ ⇔≡™╢↓≤⅜ ⅎ╠╣╢⁹ 

 



3.1-72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1-65 FeHCF ┘ M:FeHCF ─ IR☻Ɑ◒♩ꜟ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1-66 M:FeHCF ─ IR ☻Ɑ◒♩ꜟ⌐⅔↑╢Ⱨכ◒ ⌐╟╢ M Ru, 

Rh, Pd, Mo, Na, Cs ─ ☻Ɑ◒♩ꜟ= ⁸ = ⁸ ⁸ ⁸ ─

☻Ɑ◒♩ꜟ=Ⱨfi◒  

 

 


