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ŪŬ ɐɗŮɚŬ ŬɟɢɘəɎ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ŰŬ ɛɏɚɖ Űɖɠ ŰɟɘɛŮɚɞɨɠ ŮˊɘŰɟɞˊɐɠ, Űɖɜ 
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Ůəˊɧɜɖůɖɠ Űɖɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ ůŰɖ ůɢɞɚɐ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ Űɞɡ ȺɀɄ 

ˊɞɡ ɛɞɡ ˊŬɟŮɑɢŬɜ əŬɘ ɔɘŬ Űɖɜ Ɏɣɞɔɖ ůɡɜŮɟɔŬůɑŬ ɛŬɠ. 

Ūɏɚɤ ɗŮɟɛɎ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ȺɟŮɡɜɖŰɐ ȷ ə. ɁɘəɧɚŬɞ ȾŬɜŮɚɚɧˊɞɡɚɞ, 

ɄɟɧŮŭɟɞ Űɞɡ ȺȾȺūȺ ȹɖɛɧəɟɘŰɞɠ əŬɘ ȹɘŮɡɗɡɜŰɐ Űɞɡ ȺɟɔŬůŰɖɟɑɞɡ çɀŮɛɓɟŬɜɩɜ əŬɘ 

Ɉɚɘəɩɜ ɔɘŬ ɄŮɟɘɓŬɚɚɞɜŰɘəɞɨɠ ȹɘŬɢɤɟɘůɛɞɨɠè ɔɘŬ Űɖɜ ŮɡəŬɘɟɑŬ ˊɞɡ ɛɞɡ ɏŭɤůŮ ɜŬ 
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ŬɝɘɞůɖɛŮɑɤŰɖ ŮˊɘůŰɖɛɞɜɘəɐ əŬɗɞŭɐɔɖůɐ Űɞɡ.  

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ŮɜŭɧɛɡɢŬ Űɞɜ ə. ũŮɩɟɔɘɞ ȾŬɟŬɜɘəɞɚɧ ȾŬɗɖɔɖŰɐ 

Űɞɡ ŰɛɐɛŬŰɞɠ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ ůŰɞ Petroleum Institute ůŰɞ ȯɛˊɞɡ ɁŰɎɛˊɘ ˊɞɡ 
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Űɖɜ ŬˊɞŭɞŰɘəɐ ŭɘŮɝŬɔɤɔɐ Űɖɠ.  

Ⱥˊɑůɖɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɘŭɘŬɘŰɏɟɤɠ Űɞɜ ə. ũŮɩɟɔɘɞ ɅɤɛŬɜɧ, 

ȺɟŮɡɜɖŰɐ ȷ ůŰɞ ȺȾȺūȺ ȹɖɛɧəɟɘŰɞɠ ɔɘŬ Űɖɜ ˊɞɚɨŰɘɛɖ ůɡɛɓɞɚɐ Űɞɡ, ůɡůŰɖɛŬŰɘəɐ 

əŬɗɞŭɐɔɖůɐ Űɞɡ əŬɘ ɎɟɘůŰɖ ůɡɜŮɟɔŬůɑŬ ɛŬɠ ɛŮ ůəɞˊɧ Űɖɜ ŮˊɘŰɡɢɐ ŬˊɞˊŮɟɎŰɤůɖ 

ŬɡŰɐɠ Űɖɠ ŭɘŬŰɟɘɓɐɠ.  

ȺɡɢŬɟɘůŰɩ ŰŬ ɛɏɚɖ Űɖɠ ȺˊŰŬɛŮɚɞɨɠ ȺɝŮŰŬůŰɘəɐɠ ȺˊɘŰɟɞˊɐɠ, Űɖɜ ə. ɄŮŰɟɞɨɚŬ 

ɇŬɟŬɜŰɑɚɖ, ȷɜŬˊɚɖɟɩŰɟɘŬ ȾŬɗɖɔɐŰɟɘŬ ůŰɞ ȺɀɄ, Űɞɜ ə. ũŮɩɟɔɘɞ ɄŬˊŬŭɧˊɞɡɚɞ, 

Ⱥˊɑəɞɡɟɞ ȾŬɗɖɔɖŰɐ ůŰɞ ȺɀɄ, Űɞɜ ə. ũŮɩɟɔɘɞ ɅɤɛŬɜɧ, ȺɟŮɡɜɖŰɐ ȷ,

ůŰɞ ȺȾȺūȺ ȹɖɛɧəɟɘŰɞɠ əŬɘ Űɞɜ ə. ȾɤɜůŰŬɜŰɑɜɞ ɆŰŮűŬɜɧˊɞɡɚɞ, ȺɟŮɡɜɖŰɐ ȷ ůŰɞ 

ȺȾȺūȺ ȹɖɛɧəɟɘŰɞɠ ɔɘŬ Űɖɜ ŮɡɔɏɜŮɘŬ əŬɘ ˊɟɞɗɡɛɑŬ ˊɞɡ ɏŭŮɘɝŬɜ ɜŬ ůɡɛɛŮŰɏɢɞɡɜ ůŰɖɜ 

ŮɝŮŰŬůŰɘəɐ ŮˊɘŰɟɞˊɐ. 

ɇɏɚɞɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Ŭˊɧ ŰŬ ɓɎɗɖ Űɖɠ əŬɟŭɘɎɠ ɛɞɡ Űɖɜ ɞɘəɞɔɏɜŮɘɎ 

ɛɞɡ ɔɘŬ Űɖɜ ŬɛɏɟɘůŰɖ ůɡɛˊŬɟɎůŰŬůɖ əŬɘ ɡˊɞůŰɐɟɘɝɖ ůŮ əɎɗŮ ɛɞɡ ŮɔɢŮɑɟɖɛŬ. 
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əŬɘ ŬˊɞŰŮɚɞɨɜ ŬɜŰɘəŮɑɛŮɜɞ ɛŮɚɏŰɖɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ. Ʉɘɞ 

ŬɜŬɚɡŰɘəɎ, ɡˊɞůŰɖɟɘɔɛɏɜŬ ɛŮŰŬɚɚɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ ˊɟɞůəɞɚɚɖɛɏɜŬ ůŮ 

ɡˊɞůŰɟɩɛŬŰŬ əŬɘ ɛɖ ɡˊɞůŰɖɟɘɔɛɏɜŬ ɛŮŰŬɚɚɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŮɝŮŰɎůŰɖəŬɜ ɔɘŬ 
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ɆɡɔəŮəɟɘɛɏɜŬ, ŬɜŬˊŰɨɢɗɖəŬɜ əŬɘɜɞŰɧɛŬ ɡɓɟɘŭɘəɎ ɡɚɘəɎ ɛŮ ɜŬɜɞůɤɛŬŰɑŭɘŬ Au ɔɘŬ ɜŬ 

ŮűŬɟɛɞůŰɞɨɜ ůŮ ɞɝŮɑŭɤůɖ CO əŬɗɩɠ əŬɘ əŬɘɜɞűŬɜɐ ɡɓɟɘŭɘəɎ ɡɚɘəɎ ɛŮ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag əŬɘ Cu ɔɘŬ ɜŬ ŮɝŮŰŬůŰɞɨɜ ůŮ ŬɜŰɘɓŬəŰɖɟɘŬəɐ ŮűŬɟɛɞɔɐ.  
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ŬɝɘɞˊɞɘɩɜŰŬɠ Űɘɠ ŮɝŬɘɟŮŰɘəɏɠ űɡůɘəɞɢɖɛɘəɏɠ əŬɘ ɗŮɟɛɞűɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɘɞɜŰɘəɩɜ 

ɡɔɟɩɜ, ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɛɏůŬ ůŰɖɜ ˊɞɟɩŭɖ ŭɞɛɐ ŬɜɧɟɔŬɜɤɜ ɡˊɞůŰɟɤɛɎŰɤɜ. 

ɇŬɡŰɧɢɟɞɜŬ, ˊŬɟŬŰɖɟɐɗɖəŮ ůɖɛŬɜŰɘəɐ ˊɟɧɞŭɞɠ ůŰɖɜ əŬŰŬɜɧɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ 

ŬɡŰɩɜ Űɤɜ ɘŭɘɞŰɐŰɤɜ ůŰɞ ŭɘŬɢɤɟɘůɛɧ ŬŮɟɑɤɜ əŬɘ ůŰɖ əŬŰŬɚɡŰɘəɐ ŭɘŮɟɔŬůɑŬ ɛɏůɤ 

Űɤɜ ŬɜŬˊŰɡɔɛɏɜɤɜ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ űɎůŮɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ əŬɘ Űɤɜ ůŰŮɟŮɩɜ 

əŬŰŬɚɡŰɩɜ ɛŮ ůŰɟɩɛŬŰŬ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ. Ƀɘ ɆŰŮɟŮɞɑ ȾŬŰŬɚɨŰŮɠ ɛŮ ɆŰɞɘɓɎŭŮɠ 

ȽɞɜŰɘəɩɜ Ɉɔɟɩɜ (ɆȾɆȽɈ) ˊŬɟɎɢɗɖəŬɜ ɛŮ ˊɚɐɟɖ ŭɘŬůˊɞɟɎ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ˊɎɜɤ 

ůŰɘɠ ůŰɞɘɓɎŭŮɠ Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ, ˊɞɡ ɓɟɑůəɞɜŰŬɘ ɛɏůŬ ůŰɖɜ ɜŬɜɞˊɞɟɩŭɖ ŭɞɛɐ 

Űɤɜ ˊɡɟɘŰɘəɩɜ ɡˊɞůŰɟɤɛɎŰɤɜ. ȼ ˊŬɟɞɡůɑŬ Űɖɠ ůŰɞɘɓɎŭŬɠ ȽɈ ɛɏůŬ ůŰɞ ŬɜŬˊŰɡɔɛɏɜɞ 

ɆȾɆȽɈ ŮˊɘəɞɡɟŮɑ ůŰɞ ůɢɖɛŬŰɘůɛɧ ˊɞɚɨ ɛɘəɟɩɜ (2-3 nm) əŬɘ əŬɚɎ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au. ȼ Ŭˊɧŭɞůɖ Űɖɠ ɞɝŮɑŭɤůɖɠ CO ůŮ ɢŬɛɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ ɐŰŬɜ 22%. ɇŬ əŬŰŬɚɡŰɘəɎ ˊŮɘɟɎɛŬŰŬ ɏŭŮɘɝŬɜ ɛɘŬ ˊɟɧůɗŮŰɖ 

ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ, əŬŰɎ Űɖɜ ɞˊɞɑŬ ŭɟɎ ɤɠ ɘůɢɡɟɧɠ ɟɞűɖŰɐɠ ˊɞɡ 

ˊŬɔɘŭŮɨŮɘ Űɞ ˊɟɞɘɧɜ (CO2) Ŭˊɧ Űɖɜ ˊɚŮɡɟɎ Űɖɠ ŬɜŰɑŭɟŬůɖɠ əŬɘ ɓŮɚŰɘɩɜŮɘ Űɖɜ 

Ŭˊɧŭɞůɖ.  

ɄɞɚɡůŰɟɤɛŬŰɘəɐ əŮɟŬɛɘəɐ ɛŮɛɓɟɎɜɖ ŬˊɞŰɏɚŮůŮ Űɞ ɡˊɧůŰɟɤɛŬ ůŰɞ 

ɛŮɔŬɚɨŰŮɟɖɠ əɚɑɛŬəŬɠ ɡɓɟɘŭɘəɧ ɚŮɘŰɞɡɟɔɘəɧ ůɨůŰɖɛŬ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au, ˊɞɡ 

ŮɝŮŰɎůŰɖəŮ. ȼ ɛŮɛɓɟɎɜɖ ŰɟɞˊɞˊɞɘɐɗɖəŮ ɛŮ ɢɖɛɘəɐ ůɨɜŭŮůɖ Ůɜɧɠ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ 

(ɀŮɛɓɟɎɜɖ ɈˊɞůŰɖɟɘɔɛɏɜɖɠ ūɎůɖɠ IY) ˊɎɜɤ ůŰɖɜ ˊɞɟɩŭɖ ŮˊɘűɎɜŮɘŬ Űɖɠ ɕɘɟəɞɜɑŬɠ. 

ȼ ɛŮɛɓɟɎɜɖ əŬŰɏůŰŮɘ əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɐ ɔɘŬ ɞɝŮɑŭɤůɖ CO, ŬɜŬˊŰɨůůɞɜŰŬɠ ˊɞɚɨ 

ɛɘəɟɎ əŬɘ ŭɟŬůŰɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ Au (AuNɆ). ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŬɡŰɎ ŬˊɞŰɏɚŮůŬɜ 
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Űɖɜ ŮɜŮɟɔɐ űɎůɖ, ˊɞɡ ɡˊɞůŰɖɟɑɢɗɖəŮ ˊɎɜɤ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɖɠ ˊɞɟɩŭɞɡɠ ɛŮɛɓɟɎɜɖɠ 

ůŰŬ ɞˊɞɑŬ ɐŰŬɜ ŮɜůɤɛŬŰɤɛɏɜɞ Űɞ ɘɞɜŰɘəɧ ɡɔɟɧ ˊɞɡ ůŰŬɗŮɟɞˊɞɘŮɑ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ. 

ɇɞ Ůɔəɚɤɓɘůɛɏɜɞ IY, Űɞ ɞˊɞɑɞ ɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ˊɟɞůɟɞűɎ űɡůɘəɎ, ɘůɢɡɟɎ əŬɘ 

ŮˊɘɚŮəŰɘəɎ Űɞ Ŭɏɟɘɞ CO2, ŬˊɞɛŬəɟɨɜŮɘ Űɞ ˊŬɟŬɔɧɛŮɜɞ CO2.  

YɓɟɘŭɘəɎ ɔɟŬűɏɜɘŬ ɛŮ ɡˊɞůŰɖɟɘɔɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag əŬɘ Cu 

ŬɜŬˊŰɨɢɗɖəŬɜ ɔɘŬ Űɞ ůɢɖɛŬŰɘůɛɧ əŬɘɜɞŰɧɛɤɜ ɜŬɜɞɦɚɘəɩɜ ɔɘŬ ɓɘɞɚɞɔɘəɏɠ ŮűŬɟɛɞɔɏɠ. 

ɇŬ ɛɞɜɞɛŮŰŬɚɚɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag, Cu əŬɘ ŰŬ ŭɘɛŮŰŬɚɚɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag/Cu 

ŬɜŬˊŰɨɢɗɖəŬɜ çŮˊɘŰɧˊɘŬè ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɔɟŬűŮɜɑɞɡ, ˊɞɡ ŭɟŬ ɤɠ ɡˊɧůŰɟɤɛŬ. 

ũɟŬűɏɜɘɞ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 2-5 ůŰɞɘɓɎŭŮɠ ɔɟŬűŮɜɑɞɡ ˊŬɟŬůəŮɡɎůŰɖəŮ ůŮ ɏɜŬ 

ůŰɎŭɘɞ ɢɤɟɑɠ əŬɛɛɑŬ ɢɖɛɘəɐ Űɟɞˊɞˊɞɑɖůɖ. ȼ ůɨɜɗŮůɐ Űɞɡ ɡɚɘəɞɨ ɐŰŬɜ Ŭˊɚɐ əŬɘ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ ŰŮɢɜɘəɐ ɢɖɛɘəɐɠ ŮɜŬˊɧɗŮůɖɠ ŬŰɛɩɜ (Chemical Vapor 

Deposition, CVD), ˊɞɡ ŮɑɜŬɘ ɘŭŬɜɘəɐ ɔɘŬ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ ˊŬɟŬɔɤɔɐ. ȼ 

ŬɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ Űɤɜ ɡɓɟɘŭɘəɩɜ ɜŬɜɞɦɚɘəɩɜ ɛŮɚŮŰɐɗɖəŮ ŮɜɎɜŰɘŬ ůŮ əɨŰŰŬɟŬ 

Escherichia coli əŬɘ ɖ Ŭˊɧŭɞůɐ Űɞɡɠ ŮəŰɘɛɐɗɖəŮ ɛɏůɤ ɛɘŬɠ ůŮɘɟɎɠ 

ˊŬɟŬɛŮŰɟɞˊɞɘɖɛɏɜɤɜ ˊŮɘɟŬɛɎŰɤɜ, ˊɞɡ ˊŮɟɘɚɎɛɓŬɜŬɜ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ 

ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɛɧɜɞ- (Ag, Cu) əŬɘ ŭɘ- (Ag/Cu) ɛŮŰŬɚɚɘəɩɜ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŮ ɔɟŬűɏɜɘɞ, Űɤɜ ɛɖ-ɡˊɞůŰɖɟɘɔɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ag əŬɘ Űɞɡ 

ɔɟŬűŮɜɑɞɡ. ɀɖ ɡˊɞůŰɖɟɘɔɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag ŬɜŬˊŰɨɢɗɖəŬɜ ůŮ ŬɡŰɞ-

ɞɟɔŬɜɤɛɏɜŮɠ ŭɞɛɏɠ Ŭˊɧ ŰɟɘŬŭɟɞɛŮɟɐ ŬɛűɘűɘɚɘəɎ ůɡɛˊɞɚɡɛŮɟɐ ɛɏůŬ ůŮ 

ŮˊɘɚŮɔɛɏɜɞɡɠ ŭɘŬɚɨŰŮɠ. ȼ ŬɜɎˊŰɡɝɖ ůŮ ŬɡŰɏɠ Űɘɠ ŭɞɛɏɠ ˊŮɟɘɞɟɘůŰɘəɞɨ ˊŮɟɘɓɎɚɚɞɜŰɞɠ 

ˊɚŮɞɜŮəŰŮɑ ůŰɞɜ ɏɚŮɔɢɞ Űɖɠ ɛɞɟűɞɚɞɔɑŬɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ əŬɘ Űɖ ŭɘŬŰɐɟɖůɖ 

ůŰŬɗŮɟɧŰɖŰŬɠ. ȼ ŬɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ ŬɡŰɩɜ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ag ɛŮɚŮŰɐɗɖəŮ 

ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ Ŭˊɧŭɞůɖ Űɤɜ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ ɛɞɜɞ- əŬɘ ŭɘ- ɛŮŰŬɚɚɘəɩɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰɞ ɔɟŬűŮɜɑɞ ůŮ ɓŬəŰɖɟɘŬəɎ əɨŰŰŬɟŬ Escherichia coli. ɋůŰɧůɞ, ŰŬ 

ɡɓɟɘŭɘəɎ ɔɟŬűɏɜɘŬ ŭɘɛŮŰŬɚɚɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ag/Cu ˊŬɟɞɡůɑŬůŬɜ ɡɣɖɚɐ 

Ŭˊɧŭɞůɖ ůŮ ůɨɔəɟɘůɖ ɛŮ ɧɚŬ ŰŬ ɎɚɚŬ ɡɚɘəɎ ˊɞɡ ŭɞəɘɛɎůŰɖəŬɜ, ŭɖɚŬŭɐ Űɤɜ 

ɛɞɜɞɛŮŰŬɚɚɘəɩɜ ŭɞɛɩɜ ɔɟŬűŮɜɑɞɡ əŬɗɩɠ əŬɘ Űɤɜ əɞɚɚɞŮɘŭɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ, 

ŮˊɘŰɡɔɢɎɜɞɜŰŬɠ ˊɚɐɟɖ ɓŬəŰɖɟɘŬəɐ ŬɜŬůŰɞɚɐ ůŮ ɧɚŮɠ Űɘɠ ɛŮŰŬɚɚɘəɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ 

ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ. ȷɡŰɐ ɖ ŮɜŰɡˊɤůɘŬəɐ Ŭˊɧŭɞůɖ ŬˊɞŭɑŭŮŰŬɘ ůŰɖɜ ůɡɜŮɟɔŮɘŬəɐ ŭɟɎůɖ 

Űɤɜ ŭɨɞ ŭɘŬűɞɟŮŰɘəɩɜ ɛŮŰɎɚɚɤɜ ˊɞɡ ůɡɜɡˊɎɟɢɞɡɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ, ŰŬɡŰɧɢɟɞɜŬ ɛŮ 

Űɞɜ ŮɜɘůɢɡŰɘəɧ ɟɧɚɞ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɔɟŬűŮɜɑɞɡ. 
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ABSTRACT 

 

             The development and study of hybrid nanoparticle systems for environmental 

and biological applications stimulate scientific interest and are the subject of study of 

this doctoral thesis. Specifically, supported metal nanoparticles attached to substrates 

and unsupported metal nanoparticles were tested for catalytic and antibacterial 

applications. The hybrid materials with Au nanoparticles were tested in CO oxidation 

and hybrid materials with Ag and Cu nanoparticles were examined in antibacterial 

efficiency. 

 The hybrid materials with Au nanoparticles growth based on the excellent 

physicochemical and thermophysical properties of ionic liquids, which are presented 

under confinement into the porous structure of substrates. It is noted, significant 

progress in understanding the effect of these properties to the gas separation and 

catalytic process by means of developed supported ionic liquid phase (supported ionic 

liquid phase, SILP) and solid catalysts in ionic liquids layers (solid catalysts with 

ionic liquid layers, SCILL). The Solid Catalysts with Ionic Liquids Layers (SCILL) 

produced by dispersion of gold nanoparticles (Au nanoparticles, AuNPs) on the layers 

of the ionic liquid. The presence of the IL layer in the developed SCILL assisted the 

formation of ultrasmall (2-3 nm) and well-stabilized AuNPs. The low-temperature CO 

oxidation efficiency was 22%. The catalytic experiments showed an additional 

functionality of the IL, acting as an ñin-situ trapò that abstracts the product (CO2) 

from the reaction site and improves yield. 

The hybrid material multilayered ceramic membrane bearing a zirconia 

separation layer having a nominal pore diameter of 3 nm was modified by chemically 

grafting a silylated ionic liquid (IL) on the porous zirconia surface. The SILM 

(Supported Ionic Liquid Membrane) became catalytically active for CO oxidation by 

effectively growing ultra-small gold nanoparticles (AuNPs) which served as the active 

phase supported on the IL-incorporating porous membrane walls. The encompassed 

IL, which has the property to physically adsorb CO2 gas strongly and selectively, was 

immobilized with the purpose to remove produced CO2 from the reaction zone 

thereby enhancing conversion of CO. The nonselective membrane essentially served 
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as a convenient means of supporting Au nanoparticles inside the zirconia porous 

network.  

 Nowadays, the discovery of graphene stimulated the scientific community. 

Intense research efforts have grown hybrid materials, used graphene as support due to 

its high surface area. Therefore, a developed graphene, consisting of 2-5 graphene 

layers and prepared in one step without any chemical modification is an ideal 

substrate. The composition of the material was simple and performed by technique 

CVD, which is ideal for large-scale production. 

Innovative hybrid nanomaterials were grown for biological applications 

consisted of  graphene (2-3 layers) with supported silver and copper nanoparticles. 

Graphene has acted as a substrate of monometallic (graphene with Ag or Cu 

nanoparticles nanoparticles) and bimetallic (graphene with Ag and Cu nanoparticles) 

hybrid nanostructures. The antibacterial activity of the hybrid nanomaterials 

investigated against Escherichia coli cells, and their performance was evaluated 

through a series of customized experiments involving the concentration effect of 

mono- (Ag, Cu) and bi-(Ag/Cu) metallic nanoparticles supported to graphene and 

non-supported Ag nanoparticles. The unsupported silver nanoparticles were developed 

into self-assembly structures of amphiphilic triblock copolymers in selected solvents 

in order to enhance the stability. However, the bimetallic Ag/CuNP-graphene hybrids 

exhibit superior performance compared to all other materials tested, i.e. both the 

monometallic graphene structures as well as the colloidal NPs, achieving complete 

bacterial inhibition in all metal concentrations tested. This striking performance is 

attributed to the synergistic action of the combination of the two different metals that 

coexist on the surface as well as the enhancing role of the graphene support.   
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ȺȽɆȷũɋũȼ 

 ȾŬɘɜɞŰɧɛŬ ɡɓɟɘŭɘəɎ ɡɚɘəɎ ɔɘŬ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ əŬɘ ɓɘɞɚɞɔɘəɏɠ ŮűŬɟɛɞɔɏɠ 

ŬˊɞŰŮɚɞɨɜ ŬɜŰɘəŮɑɛŮɜɞ ɛŮɚɏŰɖɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ. ɇŬ ɡɓɟɘŭɘəɎ 

ůɡůŰɐɛŬŰŬ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɡˊɞůŰɟɩɛŬŰŬ ɡɣɖɚɐɠ Ůɘŭɘəɐɠ ŮˊɘűɎɜŮɘŬɠ, ɧˊɤɠ 

ɜŬɜɞˊɞɟɩŭɖɠ ˊɡɟɘŰɑŬ, ɜŬɜɞˊɞɟɩŭɖɠ ɛŮɛɓɟɎɜɖ əŬɘ Űɞ ˊɞɚɚɎ ɡˊɞůɢɧɛŮɜɞ ɔɟŬűɏɜɘɞ. 

ɇŬ ɡˊɞůŰɟɩɛŬŰŬ ŬɡŰɎ ŬˊɞŰŮɚɞɨɜ Űɞɜ ůəŮɚŮŰɧ Űɤɜ ɡɓɟɘŭɘəɩɜ ůɡůŰɖɛɎŰɤɜ ůŰŬ ɞˊɞɑŬ 

ˊɟɞůəɞɚɚɩɜŰŬɘ ŰŬ ɛŮŰŬɚɚɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ Au, Ag, Cu ɔɘŬ Űɖɜ ŮəɎůŰɞŰŮ ŮűŬɟɛɞɔɐ. 

ɇŬ ůɡůŰɐɛŬŰŬ Űɖɠ ɜŬɜɞˊɞɟɩŭɞɡɠ ˊɡɟɘŰɑŬɠ əŬɘ Űɖɠ ɜŬɜɞˊɞɟɩŭɞɡɠ ɛŮɛɓɟɎɜɖɠ ůŰŬ 

ɞˊɞɑŬ ɏɢɞɡɜ ˊɟɞůəɞɚɚɖɗŮɑ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Au, ɛŮɚŮŰɐɗɖəŬɜ ůŮ ŭɘŬɢɤɟɘůɛɧ 

ŬŮɟɑɤɜ əŬɘ ɞɝŮɑŭɤůɖ CO. ɇŬ ůɡůŰɐɛŬŰŬ ɔɟŬűŮɜɑɤɜ ɛŮ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag əŬɘ Cu 

ŮɝŮŰɎůŰɖəŬɜ ɔɘŬ Űɘɠ ŬɜŰɘɓŬəŰɖɟɘŬəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ ůŮ əŬɚɚɘɏɟɔŮɘŮɠ Escherichia coli.  

 Ƀɘ ůŰɧɢɞɘ Űɖɠ ŭɘŬŰɟɘɓɐɠ ŬɡŰɐɠ ŮˊŮŰŮɨɢɗɖəŬɜ ŬəɞɚɞɡɗɩɜŰŬɠ Űɘɠ ˊŬɟŬəɎŰɤ 

Ůˊɘɛɏɟɞɡɠ ŭɘŬŭɘəŬůɑŮɠ: 

Á ɇŬ ɡɓɟɘŭɘəɎ ůɡůŰɐɛŬŰŬ ɔɘŬ Űɘɠ əŬŰŬɚɡŰɘəɏɠ ŮűŬɟɛɞɔɏɠ ŬɝɘɞˊɞɑɖůŬɜ Űɘɠ 

űɡůɘəɞɢɖɛɘəɏɠ əŬɘ ɗŮɟɛɞűɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɡˊɏɟɚŮˊŰɤɜ ůŰɞɘɓɎŭɤɜ ɘɞɜŰɘəɩɜ 

ɡɔɟɩɜ (ȽɈ) ůŮ ˊŮɟɘɞɟɘůɛɏɜɞ ˊŮɟɘɓɎɚɚɞɜ, ɛɏůŬ ůŰɖɜ ɜŬɜɞˊɞɟɩŭɖ ŭɞɛɐ Űɤɜ 

ˊɡɟɘŰɘəɩɜ ɡˊɞůŰɟɤɛɎŰɤɜ. ȰŰůɘ, ŬɜŬˊŰɨɢɗɖəŬɜ ůɡůŰɐɛŬŰŬ ɡˊɞůŰɖɟɘɔɛɏɜɖɠ 

űɎůɖɠ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ (ɆɈūȽɈ) əŬɘ ůŰŮɟŮɩɜ əŬŰŬɚɡŰɩɜ ɛŮ ůŰɟɩɛŬŰŬ ɘɞɜŰɘəɩɜ 

ɡɔɟɩɜ (ɆȾɆȽɈ). ɉɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭɨɞ Űɨˊɞɘ ȽɈ Űɞ ˊɞɚɨ əɞɘɜɧ əŬɘ Ůɡɟɏɤɠ 

ŮűŬɟɛɞůɛɏɜɞ ɎɚŬɠ Űɞɡ ŮɝŬűɗɞɟɞűɤůűɞɟɘəɞɨ 1-ɓɞɨŰɡɚɞ-3-ɛɏɗɡɚɞ-ɘɛɘŭŬɕɞɚɑɞɡ 

(1-butyl-3-methyl-imidazolium hexafluorophosphate-[bmim][PF6
ī
]) əŬɘ ɛɘŬ 

Űɟɞˊɞˊɞɘɖɛɏɜɖ Űɞɡ ɛɞɟűɐ ɧˊɞɡ ɖ ˊɚŮɡɟɘəɐ ŬɚɡůɑŭŬ ůŰɖɜ ɗɏůɖ ɏɜŬ (1) Űɞɡ 

ɘɛɘŭŬɕɞɚɘəɞɨ ŭŬəŰɡɚɑɞɡ ŮɑɜŬɘ ɏɜŬ ŰɟɘŬɚəɧɝɡ ůɘɚɎɜɘɞ. ȰŰůɘ Űɞ ȽɈ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ 

əŬɘ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ űɏɟŮɘ Űɖɜ ɞɜɞɛŬůɑŬ  ŮɝŬűɗɞɟɞűɤůűɞɟɘəɧ ɎɚŬɠ Űɞɡ (1-

(ůɘɚɡɚˊɟɞˊɡɚɞ)-3-ɛŮɗɡɚɞ-ɘɛɘŭŬɕɞɚɑɞɡ (1-(silylpropyl)-3-methyl-imidazolium 

hexafluorophosphate [spmim][PF6
ī
]). ɋɠ ɡˊɞůŰɟɩɛŬŰŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 

ˊɞɟɩŭɖ ɡɚɘəɎ ˊɡɟɘŰɑŬɠ ɛŮ əŬɚɎ ɞɟɔŬɜɤɛɏɜɖ ɛŮůɞˊɞɟɩŭɖ ŭɞɛɐ (ɛŮůɞˊɞɟɩŭɖɠ 

ŭɘŬŰŮŰŬɔɛɏɜɖ ˊɡɟɘŰɑŬ) ˊɞɡ űɏɟɞɡɜ ŮɑŰŮ ˊŬɟɎɚɚɖɚɞɡɠ ˊɧɟɞɡɠ ɞɛɞɘɧɛɞɟűɞɡ 

ɛŮɔɏɗɞɡɠ (2.6 nm) (MCM-41), ŮɑŰŮ ɛŮɔŬɚɨŰŮɟɞɡɠ ˊɧɟɞɡɠ (6nm) ůɡɜŭŮɧɛŮɜɞɡɠ 

ɛŮŰŬɝɨ Űɞɡɠ ɛŮ ɛɘəɟɧŰŮɟŬ əŬɜɎɚɘŬ (SBA-15). Ⱥˊɑůɖɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɡɚɘəɎ 

ˊɡɟɘŰɑŬɠ ɛŮ ŰɡɢŬɑŬ ˊɞɟɩŭɖ ŭɞɛɐ (Vycor, Controlled Pore Glass-(CPG)). ɇŬ 

ɡˊɞůŰɟɩɛŬŰŬ ŰɟɞˊɞˊɞɘɐɗɖəŬɜ ɛŮ Űɞ ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ȽɈ, (ŮɝŬűɗɞɟɞűɤůűɞɟɘəɧ 
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ɎɚŬɠ Űɞɡ (1-(ůɘɚɡɚˊɟɞˊɡɚɞ)-3-ɛŮɗɡɚɞ-ɘɛɘŭŬɕɞɚɑɞɡ). ɇɞ ȽɈ ůɡɜɏɓŬɚŮ ůŰɞ ɜŬ 

Ŭˊɞɟɟɞűɖɗɞɨɜ ŰŬ ɘɧɜŰŬ ɢɟɡůɞɨ əŬŰɎ Űɞɜ ŮɛˊɞŰɘůɛɧ ůŮ ŭɘɎɚɡɛŬ Űɞɡ ˊɟɧŭɟɞɛɞɡ 

ɎɚŬŰɞɠ ŬɚɚɎ əŬɘ ůŰɖ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɢɟɡůɞɨ (AuNɆ) ˊɞɡ 

ŬɜŬˊŰɨůůɞɜŰŬɘ ůŮ ŭŮɨŰŮɟɞ ůŰɎŭɘɞ əŬŰɎ Űɖɜ ŬɜŬɔɤɔɘəɐ ŭɘŮɟɔŬůɑŬ. ȺˊɘˊɟɧůɗŮŰŬ, 

Űɞ ȽɈ ɚŮɘŰɞɨɟɔɖůŮ əŬɘ ɤɠ ɟɞűɖŰɐɠ ɔɘŬ Űɖɜ ŰŬɢɨŰŬŰɖ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ˊɟɞɥɧɜŰɞɠ 

Űɖɠ əŬŰŬɚɡŰɘəɐɠ ɞɝŮɑŭɤůɖɠ Űɞɡ ɛɞɜɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ. ɇŬ ɆɈūȽɈ əŬɘ ŰŬ 

ŰɟɞˊɞˊɞɘɖɛɏɜŬ  AuNɆ-ɆɈūȽɈ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ɛŮɚŮŰɐɗɖəŬɜ ɤɠ ˊɟɞɠ Űɖɜ 

ɘəŬɜɧŰɖŰɎ Űɞɡɠ ɜŬ ŭɘŬɢɤɟɑɕɞɡɜ ŬɏɟɘŬ əŬɘ ɤɠ ˊɟɞɠ Űɖɜ əŬŰŬɚɡŰɘəɐ Űɞɡɠ ɘəŬɜɧŰɖŰŬ 

ůŰɖɜ ɞɝŮɑŭɤůɖ CO ůŮ ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ, ŬɜŰɑůŰɞɘɢŬ. 

Á ȼ ɡɓɟɘŭɘəɐ (ůɨɜɗŮŰɖ) əŮɟŬɛɘəɐ ɛŮɛɓɟɎɜɖ ˊɞɡ űɏɟŮɘ ɏɜŬ ŭɘŬɢɤɟɘůŰɘəɧ 

ɛŮůɞˊɞɟɩŭŮɠ ůŰɟɩɛŬ ɕɘɟəɞɜɑŬɠ (ZrO2), ŰɟɞˊɞˊɞɘŮɑŰŬɘ ŬəɘɜɖŰɞˊɞɘɩɜŰŬɠ ɏɜŬ 

ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ɘɞɜŰɘəɧ ɡɔɟɧ ˊɎɜɤ ůŰɖɜ ˊɞɟɩŭɖ ŮˊɘűɎɜŮɘŬ ɛɏůɤ ɢɖɛɘəɐɠ 

ůɨɜŭŮůɖɠ. ȼ ɛŮɛɓɟɎɜɖ ŬɡŰɐ əŬŰɏůŰɖ əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɐ ɔɘŬ ɞɝŮɑŭɤůɖ CO, ɛɏůɤ 

ŮɚŮɔɢɧɛŮɜɖɠ ŬɜɎˊŰɡɝɖɠ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au Ŭˊɧ Űɞ ȽɈ ˊɎɜɤ ůŰŬ ˊɞɟɩŭɖ 

ŰɞɘɢɩɛŬŰŬ Űɖɠ. ɇɞ ŬəɘɜɖŰɞˊɞɘɖɛɏɜɞ ȽɈ ŬɚɚɖɚŮˊɘŭɟɎ ɘůɢɡɟɎ əŬɘ ŮəɚŮəŰɘəɎ ɛŮ 

CO2, ɔŮɔɞɜɧɠ ˊɞɡ ŬˊɞŰŮɚŮɑ ɏɜŬ Űɡˊɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ ȽɈ. Ƀ ɟɧɚɞɠ Űɞɡ ȽɈ 

ɐŰŬɜ ɜŬ ŬˊɞɛŬəɟɨɜŮɘ Űɞ ˊŬɟŬɔɧɛŮɜɞ CO2 Ŭˊɧ Űɖ ɕɩɜɖ ŬɜŰɑŭɟŬůɖɠ, ɛɏůɤ űɡůɘəɐɠ 

ɟɧűɖůɖɠ, ɓɞɖɗɩɜŰŬɠ ɏŰůɘ ůŰɖɜ ɞɝŮɑŭɤůɖ CO. ɇɞ ŭɘŬɢɤɟɘůŰɘəɧ ůŰɟɩɛŬ ɕɘɟəɞɜɑŬɠ 

ɏɢŮɘ ɞɜɞɛŬůŰɘəɧ Ůɨɟɞɠ ˊɧɟɤɜ 3 nm. ȰŰůɘ, ɖ ŭɘɎŰŬɝɖ ŬɜŰɘŭɟŬůŰɐɟŬ ɛŮɛɓɟɎɜɖɠ, 

ˊɞɡ ɛŮɚŮŰɐɗɖəŮ, ŮɛˊŮɟɘɏɢŮɘ ɛɘŬ ɛŮɛɓɟɎɜɖ ɡˊɞůŰɖɟɘɔɛɏɜɖɠ űɎůɖɠ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ 

(ɀɈūȽɈ), ˊɞɡ ŮɑɜŬɘ ůŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ɛɘŬ (ɛɖ ŮəɚŮəŰɘəɐ) ɛŮɛɓɟɎɜɖ ŮˊŬűɐɠ. 

TŬ ˊɞɟɩŭɖ ŰɞɘɢɩɛŬŰŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ˊŬɟɏɢɞɡɜ ɛɘŬ əŬŰŬɚɡŰɘəɐ ŮˊɘűɎɜŮɘŬ ɔɘŬ 

ŬɜŰɑŭɟŬůɖ Űɤɜ ŬŮɟɑɤɜ CO əŬɘ O2. ȼ ɛɘəɟɐ ŭɘɎɛŮŰɟɞɠ Űɤɜ ɛŮůɞˊɧɟɤɜ Űɖɠ 

ɕɘɟəɞɜɑŬɠ (3nm) ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŬɜɎˊŰɡɝɖ ɛɘəɟɩɜ əŬɘ ŮɝŬɘɟŮŰɘəɎ 

ŮɜŮɟɔɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ɛŮ ɛɏɔŮɗɞɠ ɛɘəɟɧŰŮɟɞ Ŭˊɧ 3 nm.   

Á ɇŬ ɡɓɟɘŭɘəɎ ůɡůŰɐɛŬŰŬ ɔɘŬ ɓɘɞɚɞɔɘəɏɠ ŮűŬɟɛɞɔɏɠ űɏɟɞɡɜ ɤɠ ɡˊɧůŰɟɤɛŬ 

ɔɟŬűɏɜɘɞ. Ƀɘ ˊɟɧŭɟɞɛŮɠ ŮɜɩůŮɘɠ ŬɜɎˊŰɡɝɖɠ ɔɟŬűŮɜɑɤɜ ŮɑɢŬɜ ŭɘˊɚɐ ŭɟɎůɖ əŬɘ 

ɏŭɟŬůŬɜ Űɧůɞ ɤɠ əŬŰŬɚɨŰŮɠ, ɧůɞ əŬɘ ɤɠ ˊɟɧŭɟɞɛŮɠ ŮɜɩůŮɘɠ ɔɘŬ Űɖɜ ŰŮɢɜɘəɐ 

ɢɖɛɘəɐɠ ŮɜŬˊɧɗŮůɖɠ ŬŰɛɩɜ (carbon chemical vapor deposition, CVD). Ƀɘ ŮɜɩůŮɘɠ 

ŬɡŰɏɠ ŮɑɜŬɘ Űɞ ɛŬɔɜɖŰɘəɧ ɟŮɡůŰɧ çferrofluidè əŬɘ Űɞ űŮɟɞəɏɜɘɞ. ɇɞ ɡɚɘəɧ ˊɞɡ 

ˊŬɟɎɢɗɖəŮ əŬɘ ůŰɘɠ ŭɡɞ ˊŮɟɘˊŰɩůŮɘɠ ɏɢŮɘ ɘůɢɡɟɐ ŭɞɛɐ əŬɘ ŮɜůɤɛŬŰɩɜŮɘ Űɘɠ 

ɘŭɘɧŰɖŰŮɠ Űɞɡ ɛɖ ŮˊŮɝŮɟɔŬůɛɏɜɞɡ ɔɟŬűŮɜɑɞɡ əŬɘ ŰŬ ɛŬɔɜɖŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ 
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Űɤɜ ůɤɛŬŰɘŭɑɤɜ Fe. Ƀɘ ɛŮŰɟɐůŮɘɠ Raman ŬˊɞəŬɚɨˊŰɞɡɜ Űɖɜ ɡɣɖɚɐ ɔɟŬűɘŰɘəɐ 

ˊɞɘɧŰɖŰŬ əŬɘ ŮˊɘɓŮɓŬɘɩɜɞɡɜ ɧŰɘ, ɡˊɧ ůɡɔəŮəɟɘɛɏɜŮɠ ůɡɜɗɐəŮɠ ŬɜɎˊŰɡɝɖɠ, Űɞ 

ŰŮɚɘəɧ ɔɟŬűɏɜɘɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɚɑɔŮɠ ůŰɞɘɓɎŭŮɠ (2ï5), ɘůɢɡɟɏɠ əŬɘ ůɡɛɛŮŰɟɘəɏɠ 

əɞɟɡűɏɠ 2D əŬɘ ɡɣɖɚɐ ŬɜŬɚɞɔɑŬ ŮɜŰɎůŮɤɜ IG/ID.  

Á ɇŬ ɡˊɞůŰɖɟɘɔɛɏɜŬ AgɁɆ əŬɘ CuɁɆ ůŮ ɔɟŬűɏɜɘɞ ŬɜŬˊŰɨůůɞɜŰŬɘ ɛŮ ɢɖɛɘəɐ 

ŬɜŬɔɤɔɐ Űɖɠ ɛŮŰŬɚɚɘəɐɠ ˊɟɧŭɟɞɛɖɠ ɏɜɤůɖɠ. ɇŬ ɡɓɟɘŭɘəɎ ŬɡŰɎ ůɡůŰɐɛŬŰŬ 

ŮɝŮŰɎůŰɖəŬɜ ɏɜŬɜŰɘ əŬɚɚɘŮɟɔŮɘɩɜ Escherichia coli ůŮ ŭɘɎűɞɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ 

ɔɘŬ Űɖɜ ŬɜŰɘɓŬəŰɖɟɘŬəɐ Űɞɡɠ ŭɟɎůɖ. ɇŬɡŰɧɢɟɞɜŬ, ɛŮɚŮŰɎŰŬɘ əŬɘ ɖ ŭɟɎůɖ Űɞɡ 

ɔɟŬűŮɜɑɞɡ ɤɠ ŭŮɑɔɛŬ ŬɜŬűɞɟɎɠ. ȷəɧɛŬ, ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɖ ůɨɔəɟɘůɖ 

ɡɞ́ůŰɖɟɘɔɛɏɜɤɜ AgɁɆ əŬɘ CuɁɆ ůŮ ɔɟŬűɏɜɘɞ ůŮ ůɢɏůɖ ɛŮ ɛɖ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ 

ŬɡŰɞ-ɞɟɔŬɜɤɛɏɜɤɜ AgɁɆ, ˊɞɡ ˊŮɟɘɔɟɎűɞɜŰŬɘ ˊŬɟŬəɎŰɤ. ɇŬ ŭɘɛŮŰŬɚɚɘəɎ Ag/Cu 

ɔɟŬűɏɜɘŬ ŮɝŮŰɎɕɞɜŰŬɘ ůŮ ɓŬəŰɐɟɘŬ əŬɘ ɖ Ŭˊɧŭɞůɐ Űɞɡɠ ŮəŰɘɛɎŰŬɘ ɛŮ 

ˊŬɟŬɛŮŰɟɞˊɞɘɖɛɏɜŬ ˊŮɘɟɎɛŬŰŬ. ɇŬ ˊŮɘɟɎɛŬŰŬ ŬɡŰɎ ˊŮɟɘɏɢɞɡɜ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ 

ɛŮŰŬɚɚɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ Űɖɠ ˊɟɧŭɟɞɛɖɠ ɏɜɤůɖɠ Űɤɜ ŭɘɛŮŰŬɚɚɘəɩɜ ɔɟŬűŮɜɑɤɜ 

ůŮ ůɨɔəɟɘůɖ ɛŮ ŰŬ ɛɞɜɞɛŮŰŬɚɚɘəɎ ɔɟŬűɏɜɘŬ əŬɘ ŰŬ ɛɖ ɡˊɞůŰɖɟɘɔɛɏɜŬ AgɁɆ ůŮ 

ɓŬəŰɐɟɘŬ. ɇŬ ɡˊɞůŰɖɟɘɔɛɏɜŬ ŭɘɛŮŰŬɚɚɘəɎ ɔɟŬűɏɜɘŬ ŮəɗɏŰɞɡɜ ŮɝŬɘɟŮŰɘəɐ 

ŬɜŰɘɓŬəŰɖɟɘŬəɐ ɘŭɘɧŰɖŰŬ.  

Á ɇŬ ɛɖ ɡˊɞůŰɖɟɘɔɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag ŬɜŬˊŰɨůůɞɜŰŬɘ ɛɏůŬ ůŮ ůŰŬɗŮɟɎ ŬɡŰɞ-

ɞɟɔŬɜɤɛɏɜŬ ůɡůŰɐɛŬŰŬ, ˊɞɡ ɓŬůɑɕɞɜŰŬɘ ůŮ ŬɛűɘűɘɚɘəɎ ŬŭɟɞɛŮɟɐ ůɡɛˊɞɚɡɛŮɟɐ 

(AɆ). ɇŬ ŬɛűɘűɘɚɘəɎ ȷɆ űɏɟɞɡɜ ˊɞɚɘəɏɠ əŬɘ ɛɖ ˊɞɚɘəɏɠ ɞɛɎŭŮɠ əŬɘ ŬɡɗɧɟɛɖŰŬ 

ŭɘŬɢɤɟɑɕɞɜŰŬɘ, ɧŰŬɜ ɏɚɗɞɡɜ ůŮ ŮˊŬűɐ ɛŮ ŭɘŬɚɨŰŮɠ əŬŰɎɚɚɖɚɖɠ ˊɞɚɘəɧŰɖŰŬɠ, 

ůɢɖɛŬŰɑɕɞɜŰŬɠ ůŰŬɗŮɟɏɠ ŬɡŰɞ-ɞɟɔŬɜɤɛɏɜŮɠ ŭɞɛɏɠ ɛŮ ɝŮɢɤɟɘůŰɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ 

ɘəŬɜɧŰɖŰŬ ůŰŬɗŮɟɞˊɞɑɖůɖɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. Ʉɘɞ ŬɜŬɚɡŰɘəɎ, 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŰɟɘŬŭɘəɎ ůɡůŰɐɛŬŰŬ, ˊɞɡ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŭɡɞ ɛɖ 

ŬɜŬɛɑɝɘɛɞɡɠ ŭɘŬɚɨŰŮɠ əŬɘ ŭɡŬŭɘəɎ ɛɑɔɛŬŰŬ ɛɘəɡɚɑɤɜ, ŮɜŮɟɔɞˊɞɘŮɑŰŬɘ ɖ ŬɜŬɔɤɔɐ 

ɛɏůɤ ȷɆ. Ⱥˊɑůɖɠ, ɞ ůɢɖɛŬŰɘůɛɧɠ ůɤɛŬŰɘŭɑɤɜ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮ Űɖ ɢɟɐůɖ 

ŮɝɤŰŮɟɘəɞɨ ŬɜŬɔɤɔɘəɞɨ ɛɏůɞɡ əŬŰɎ Űɖɜ ŬɜɎɛŮɘɝɖ ɛɘəɟɞɔŬɚŬəŰɩɛŬŰɞɠ. ȼ 

ŬɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ Űɤɜ ůɡůŰɖɛɎŰɤɜ ȷɆ ɛŮ Ag ɛŮɚŮŰɎŰŬɘ ŮɜɎɜŰɘŬ ůŰŬ 

əɨŰŰŬɟŬ Escherichia coli. Ƀɘ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ŮɝŮŰɎɕɞɜŰŬɘ ůŰŬ ˊŮɘɟɎɛŬŰŬ 

ˊŮɟɘɏɢɞɡɜ Űɖɜ ŮɚŮɔɢɧɛŮɜɖ ɛŮŰŬɓɞɚɐ Űɖɠ ůɢŮŰɘəɐɠ ˊɞůɧŰɖŰŬɠ ɘɧɜŰɞɠ ɏɜŬɜŰɘ 

ůɤɛŬŰɘŭɑɞɡ əŬɘ ɖ ŮˊɑŭɟŬůɖ Űɤɜ ɛŮŰŬɓɞɚɩɜ ŬɡŰɩɜ ůŰɖ ɓŬəŰɖɟɘŬəɐ ŬɜɎˊŰɡɝɖ. 

ɆɨɜŮˊɩɠ, ŰŬ ȷɆ PEO-b-PPO-b-PEO, ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ, ɧɢɘ ɛɧɜɞ 
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ůŰŬɗŮɟɞˊɞɘɞɨɜ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ əŬɘ ŰŬ ˊɟɞůŰŬŰŮɨɞɡɜ Ŭˊɧ 

ůɡůůɤɛɎŰɤůɖ/Ŭˊɞŭɧɛɖůɖ ɔɘŬ ɛŮɔɎɚɖ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞ ŬɚɚɎ ŬɜŬˊŰɨůůɞɡɜ 

ŭŮůɛɞɨɠ ɛŮ ŰŬ ɘɧɜŰŬ Ŭɟɔɨɟɞɡ ɛɏůɤ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ůɡɛˊɚɞəɞˊɞɑɖůɖɠ, ɔŮɔɞɜɧɠ 

ˊɞɡ ˊɟɞɚŬɛɓɎɜŮɘ Űɖɜ ŮˊɑŭɟŬůɖ ůŰɖɜ ŮɜŮɟɔɧŰɖŰŬ. ɇŬ ȷɆ PEO-b-PPO-b-PEO 

Ůɡɜɞɞɨɜ ŬɡŰɞɨ Űɞɡ Ůɑŭɞɡɠ Űɖ ɛŮɚɏŰɖ, ŮˊŮɘŭɐ ŭŮɜ ˊŬɟɞɡůɘɎɕɞɡɜ əŬɛɑŬ 

ŬɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ ůŰɘɠ ŭŮŭɞɛɏɜŮɠ ůɡɜɗɐəŮɠ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ. 
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ŪȺɋɅȼɇȽȾɃ ɀȺɅɃɆ 

 

 

ȾȺūȷȿȷȽɃ 1
ɞ 
 

ɄɃɅɋȹȼ ɈȿȽȾȷ 

 

1. ȺɘůŬɔɤɔɐ 

ɇŬ ˊɞɟɩŭɖ ɡɚɘəɎ (ɐ ˊɞɟɩŭɖ ɛɏůŬ) ŬˊɞŰŮɚɞɨɜ ɛɑŬ Ůɘŭɘəɐ əŬŰɖɔɞɟɑŬ ůɨɜɗŮŰɤɜ 

ɡɚɘəɩɜ, ˊɞɡ űɏɟɞɡɜ ůŰɖ ɛɎɕŬ Űɞɡɠ ˊɧɟɞɡɠ (əɞɘɚɧŰɖŰŮɠ, əŬɜɎɚɘŬ, ŭɘɎəŮɜŬ) (ɆɢɐɛŬ 

1i). ȼ əɨɟɘŬ ɛɎɕŬ Űɤɜ ˊɞɟɤŭɩɜ ɡɚɘəɩɜ ŮɑɜŬɘ ůŰŮɟŮɐ (ůŰŮɟŮɐ ɛɐŰɟŬ) əŬɘ ɖ ˊɞɟɩŭɖɠ 

ŭɞɛɐ ŮɑɜŬɘ ɟŮɡůŰɐ (ɡɔɟɐ ɐ ŬɏɟɘŬ). ȼ ůŰŮɟŮɐ űɎůɖ ŮɑɜŬɘ əŬŰŬɜŮɛɖɛɏɜɖ ůŮ ɧɚɖ Űɖɜ 

ˊŮɟɘɞɢɐ ˊɞɡ əŬŰŬɚŬɛɓɎɜŮɘ Űɞ ˊɞɟɩŭŮɠ ůɩɛŬ əŬɘ ɏɜŬ ˊɞůɞůŰɧ Űɤɜ ˊɧɟɤɜ ŮɑɜŬɘ 

ŬɚɚɖɚɞůɡɜŭŮŭŮɛɏɜɞɘ. ɇɞ ˊɘɞ ůɡɜɖɗɘůɛɏɜɞ ɛɏɔŮɗɞɠ Űɤɜ ˊɧɟɤɜ ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɞɡ ɛm 

(Űɞ ŬɜɩŰŮɟɞ ɧɟɘɞ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ůŮ əɞɚɚɞŮɘŭɐ ŭɘŬůˊɞɟɎ) ɐ ɛɘəɟɧŰŮɟɞ. ȯɛŮůɖ 

ůɡɜɏˊŮɘŬ Űɤɜ ˊŬɟŬˊɎɜɤ ŮɑɜŬɘ ɖ ɛŮɔɎɚɖ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ Űɤɜ ˊɞɟɤŭɩɜ ɛɏůɤɜ ˊɞɡ 

Űɞɡɠ ˊŬɟɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ŭɘŮɟɔŬůɑŮɠ ŭɘŬɢɤɟɘůɛɩɜ əŬɘ 

ŮŰŮɟɞɔŮɜɩɜ əŬŰŬɚɡŰɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ. 

ɇɞ ˊɞɟɩŭŮɠ ŮɑɜŬɘ ɢŬɟŬəŰɖɟɘůŰɘəɧ Ůɜɧɠ ůŰŮɟŮɞɨ. ȼ ŭɡɜŬŰɧŰɖŰŬ Ůɚɏɔɢɞɡ Űɞɡ 

ˊɞɟɩŭɞɡɠ Ůɜɧɠ ůŰŮɟŮɞɨ ŮɑɜŬɘ ˊɞɚɨ ůɖɛŬɜŰɘəɐ ɔɘŬ ŮűŬɟɛɞɔɏɠ ˊɞɡ Ŭűɞɟɞɨɜ ůŰɖɜ 

ŬɜɎˊŰɡɝɖ əŮɟŬɛɘəɩɜ ɡɚɘəɩɜ əŬɘ ɛŮɛɓɟŬɜɩɜ ůŰɖ ůɨɜɗŮůɖ əŬŰŬɚɡŰɩɜ ə.Ŭ. Ƀ ɚɧɔɞɠ 

ŮɑɜŬɘ ɧŰɘ ˊɞɚɚɏɠ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ůŰŮɟŮɩɜ ɧˊɤɠ, ɖ ˊɡəɜɧŰɖŰŬ, ɖ ɗŮɟɛɘəɐ 

ŬɔɤɔɘɛɧŰɖŰŬ, ɖ ɖɚŮəŰɟɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ əŬɘ ɖ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ, ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɖɜ 

ˊɞɟɩŭɖ ŭɞɛɐ Űɞɡɠ.  

Ⱥˊɘˊɚɏɞɜ, ɞɘ ɘŭɘɧŰɖŰŮɠ ɟɧűɖůɖɠ, ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ əŬɘ ŮəɚŮəŰɘəɧŰɖŰŬɠ Űɤɜ 

ˊɞɟɤŭɩɜ ɡɚɘəɩɜ ŮɝŬɟŰɩɜŰŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Ŭˊɧ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ 

ɛɘəɟɞŭɞɛɐɠ Űɞɡɠ. ɇŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬɡŰɎ ŮɑɜŬɘ Űɞ ˊɞɟɩŭŮɠ (porosity) (ɞɟɑɕŮŰŬɘ ɤɠ 

Űɞ əɚɎůɛŬ Ů Űɞɡ űŬɘɜɧɛŮɜɞɡ ɧɔəɞɡ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ɞ ɞˊɞɑɞɠ ŬˊɞŭɑŭŮŰŬɘ ůŰɞɡɠ ˊɧɟɞɡɠ 

ˊɞɡ ŬɜɘɢɜŮɨɞɜŰŬɘ Ŭˊɧ Űɖɜ ɢɟɖůɘɛɞˊɞɘɞɘɞɨɛŮɜɖ əɎɗŮ űɞɟɎ ɛɏɗɞŭɞ), ɖ Ůɘŭɘəɐ 

ŮˊɘűɎɜŮɘŬ (specific surface area) (ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ ŰŬ ŬɟɢɘəɎ a, ap, ɐ s əŬɘ ɞɟɑɕŮŰŬɘ 

ɤɠ ɖ ˊɟɞůɓɎůɘɛɖ (ɐ ŬɜɘɢɜŮɨůɘɛɖ) ɏəŰŬůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ůŰŮɟŮɞɨ ŬɜɎ ɛɞɜɎŭŬ 

ɛɎɕŬɠ ɡɚɘəɞɨ), Űɞ ůɢɐɛŬ, Űɞ ɛɏɔŮɗɞɠ əŬɘ ɖ ɛɞɟűɞɚɞɔɑŬ Űɤɜ ˊɧɟɤɜ əŬɘ ɖ ɛɏɗɞŭɞɠ 

ˊŬɟŬůəŮɡɐɠ Űɞɡɠ.  
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ɇŬ ˊɞɟɩŭɖ ɡɚɘəɎ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ůɤɛŬŰɑŭɘŬ, ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ˊɞɟɩŭɖ ɐ 

ɛɖ ˊɞɟɩŭɖ. ɇŬ ůɤɛŬŰɑŭɘŬ ůɡůůɤɛŬŰɩɜɞɜŰŬɘ ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ ŮˊɘűŬɜŮɘŬəɩɜ 

ŭɡɜɎɛŮɤɜ əŬɘ ůɢɖɛŬŰɑɕɞɡɜ ŰŬ ŭŮɡŰŮɟɞɔŮɜɐ ůɤɛŬŰɑŭɘŬ. ȷɜ ɞɘ ůɡɜŭɏůŮɘɠ ɛŮŰŬɝɨ Űɤɜ 

ˊɟɤŰɞɔŮɜɩɜ ůɤɛŬŰɘŭɑɤɜ ŮɑɜŬɘ ŬůɗŮɜŮɑɠ, ŰɧŰŮ ɖ ůɡɜɎɗɟɞɘůɐ Űɞɡɠ ɛˊɞɟŮɑ ŮɨəɞɚŬ ɜŬ 

əŬŰŬɟɟŮɨůŮɘ. ɆŰɞɜ Űɨˊɞ ŬɡŰɧ ůɡɜɎɗɟɞɘůɖɠ, ŬˊɞŭɑŭŮŰŬɘ ɞ Ŭɔɔɚɘəɧɠ ɧɟɞɠ ñaggregateò. 

ɆŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ɐ əŬɘ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ ɛɖɢŬɜɘəɐɠ ˊɑŮůɖɠ, ŮɑɜŬɘ ŭɡɜŬŰɧɜ ŰŬ 

ˊɟɤŰɞɔŮɜɐ ůɤɛŬŰɑŭɘŬ ɜŬ ůɡɜŭŮɗɞɨɜ ɘůɢɡɟɎ ɛŮŰŬɝɨ Űɞɡɠ əŬɘ ŰɧŰŮ ůŰŬ ŭŮɡŰŮɟɞɔŮɜɐ 

ůɤɛŬŰɑŭɘŬ ŬˊɞŭɑŭŮŰŬɘ ɞ Ŭɔɔɚɘəɧɠ ɧɟɞɠ ñagglomeratesò. ɇŬ ŭɘɎəŮɜŬ ɛŮŰŬɝɨ Űɤɜ 

ˊɟɤŰɞɔŮɜɩɜ ůɤɛŬŰɘŭɑɤɜ, ɛŬɕɑ ɛŮ ŬɡŰɎ ɛŮŰŬɝɨ Űɤɜ ŭŮɡŰŮɟɞɔŮɜɩɜ ůɤɛŬŰɘŭɑɤɜ, 

ůɡɜɘůŰɞɨɜ ɏɜŬ ˊɞɟɩŭŮɠ ůɨůŰɖɛŬ, ůŰɞ ɞˊɞɑɞ ɞɘ ˊɧɟɞɘ ŰŮɑɜɞɡɜ ɜŬ ůɡůɢŮŰɑɕɞɜŰŬɘ, ůŮ ɧŰɘ 

ŬűɞɟɎ Űɞ ɛɏɔŮɗɞɠ əŬɘ Űɞ ůɢɐɛŬ Űɞɡɠ, ɛŮ ŰŬ ˊɟɤŰɞɔŮɜɐ ɐ ŰŬ ŭŮɡŰŮɟɞɔŮɜɐ ůɤɛŬŰɑŭɘŬ. 

ɇŬ ˊɟɤŰɞɔŮɜɐ ůɤɛŬŰɑŭɘŬ ɏɢɞɡɜ ŮɑŰŮ ůűŬɘɟɘəɧ ůɢɐɛŬ, ŮɑŰŮ ůɢɐɛŬ ˊɞɡ ɛɞɘɎɕŮɘ ɛŮ ŬɡŰɧ 

ŮˊɑˊŮŭɤɜ ˊɚŬəɩɜ. ɆŰɖɜ ˊɟɩŰɖ ˊŮɟɑˊŰɤůɖ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ ůɢɖɛŬŰɑɕɞɜŰŬɘ 

Ŭˊɧ Űɘɠ ŮˊɘűɎɜŮɘŮɠ ɛŮŰŬɝɨ Űɤɜ ůűŬɘɟɩɜ, Ůɜɩ ůŰɖ ŭŮɨŰŮɟɖ ɞɘ ˊɧɟɞɘ ˊɞɡ ůɢɖɛŬŰɑɕɞɜŰŬɘ 

ɛˊɞɟŮɑ ɜŬ ɏɢɞɡɜ ŮɑŰŮ ůɢɘůɛɞŮɘŭɐ ɛɞɟűɐ (wedge-shaped), ŮɑŰŮ ŰŬ ŰɞɘɢɩɛŬŰɎ Űɞɡɠ ɜŬ 

ŮɑɜŬɘ ůɢŮŭɧɜ ˊŬɟɎɚɚɖɚŮɠ ˊɚɎəŮɠ (slits), ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ Ŭəɧɚɞɡɗɞ ɆɢɐɛŬ 1ii . ɇɞ 

ůɢɐɛŬ ɓɏɓŬɘŬ Űɤɜ ˊɧɟɤɜ, ŮɝŬɟŰɎŰŬɘ əŬɘ Ŭˊɧ Űɖɜ əŬŰŬɜɞɛɐ ɛŮɔɏɗɞɡɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ 

ˊɞɡ Űɞɡɠ ůɢɖɛŬŰɑɕɞɡɜ, əŬɗɩɠ əŬɘ Űɞɜ Űɟɧˊɞ ˊɞɡ ŬɡŰɎ ɏɟɢɞɜŰŬɘ ůŮ ŮˊŬűɐ ɛŮŰŬɝɨ 

Űɞɡɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ůűŬɘɟɘəɩɜ ůɤɛŬŰɘŭɑɤɜ ɖ ůɡɜɞɢɐ Űɞɡɠ ŮəűɟɎɕŮŰŬɘ ɛɏůɤ Űɞɡ 

çŬɟɘɗɛɞɨ ůɨɜŰŬɝɖɠè (coordination number) Ɂ, ɞ ɞˊɞɑɞɠ ŮəűɟɎɕŮɘ Űɞɜ ɛɏůɞ Ŭɟɘɗɛɧ 

ůɤɛŬŰɘŭɑɤɜ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŮ ɎɛŮůɖ ŮˊŬűɐ ɛŮ əɎˊɞɘɞ ůɡɔəŮəɟɘɛɏɜɞ ůɤɛŬŰɑŭɘɞ. 

ɆŰɖɜ ɘŭŮŬŰɐ ˊŮɟɑˊŰɤůɖ ɧˊɞɡ ɧɚŬ ŰŬ ůɤɛŬŰɑŭɘŬ ɏɢɞɡɜ Űɞ ɑŭɘɞ ɛɏɔŮɗɞɠ, Űɞ Ɂ ˊŬɑɟɜŮɘ 

Űɖɜ Űɘɛɐ 12 ɔɘŬ ŮɝŬɔɤɜɘəɐ ŭɘɎŰŬɝɖ, Űɖɜ Űɘɛɐ 4 ɔɘŬ ŰŮŰɟŬŮŭɟɘəɐ ŭɘɎŰŬɝɖ əŬɘ ɛˊɞɟŮɑ ɜŬ 

űŰɎůŮɘ Űɖɜ Űɘɛɐ 2 ɔɘŬ ˊɞɚɨ ŬɜɞɘɢŰɏɠ ŭɞɛɏɠ [1]. 

ɆɡɜŮˊɩɠ, ŰŬ ́ɞɟɩŭɖ ůŰŮɟŮɎ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ŰɟŮɘɠ əŬŰɖɔɞɟɑŮɠ, ŬɜɎɚɞɔŬ ɛŮ Űɞ 

Ůɑŭɞɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ˊɞɡ ŰŬ ŬˊɞŰŮɚɞɨɜ əŬɘ Űɘɠ ůɡɜŭɏůŮɘɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ŬɡŰɩɜ 

ɛŮŰŬɝɨ Űɞɡɠ. ɆŰɖɜ ˊɟɩŰɖ əŬŰɖɔɞɟɑŬ Ŭɜɐəɞɡɜ ŰŬ ůŰŮɟŮɎ, ˊɞɡ ɞɘ ˊɧɟɞɘ Űɞɡɠ ŮɑɜŬɘ 

ŮɜŭɞɔŮɜɏɠ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ ůɤɛŬŰɑŭɘɤɜ ɐ Űɤɜ əɟɡůŰɎɚɚɤɜ Ŭˊɧ Űɞɡɠ ɞˊɞɑɞɡɠ 

ŬˊɞŰŮɚɚɞɨɜŰŬɘ, ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɞɘ ɕŮɧɚɘɗɞɘ (ɛŮ ŮəŰŮŰŬɛɏɜɞ ŭŬɘŭŬɚɩŭŮɠ ŭɑəŰɡɞ 

ˊɧɟɤɜ), ŰŬ MOFs, ŰŬ ȻIFs, ɞɘ ŭɘŬŰŮŰŬɔɛɏɜŮɠ ɛŮůɞˊɞɟɩŭŮɘɠ ˊɡɟɘŰɑŮɠ (ordered 

mesoporous silicas) MCM-41 əŬɘ SBA-15, o ŮɜŮɟɔɧɠ ɎɜɗɟŬəŬɠ əŬɘ ɞɘ ɜŬɜɞůɤɚɐɜŮɠ 

ɎɜɗɟŬəŬ. ɆŰɖ ŭŮɨŰŮɟɖ əŬŰɖɔɞɟɑŬ Ŭɜɐəɞɡɜ ŰŬ ˊɞɟɩŭɖ ɡɚɘəɎ ˊɞɡ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ 

ɢŬɚŬɟɎ (aggregate) ɐ ɘůɢɡɟɎ (aglomerate) ůɡɜŭŮŭŮɛɏɜŬ ůɤɛŬŰɑŭɘŬ, ɧˊɤɠ ˊ.ɢ. əɎˊɞɘŬ 
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ŬɜɧɟɔŬɜŬ ˊɐɔɛŬŰŬ (SiO2, TiO2, Al 2O3, ZrO2) əŬɘ Űɞ ˊɞɟɩŭŮɠ Űɞɡɠ ŮɝŬɟŰɎŰŬɘ əɡɟɑɤɠ 

Ŭˊɧ Űɖ ŭɘŮɡɗɏŰɖůɖ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ŬɡŰɩɜ. ɆŰɖɜ ŰɟɑŰɖ əŬŰɖɔɞɟɑŬ Ŭɜɐəɞɡɜ ŰŬ ůŰŮɟŮɎ 

ŬɡŰɎ ˊɞɡ ɞɘ ˊɧɟɞɘ Űɞɡɠ ůɢɖɛŬŰɑůŰɖəŬɜ Ŭˊɧ ŭɘŬɢɤɟɘůɛɧ űɎůŮɤɜ əŬɘ Űɖɜ ŮˊɘɚŮəŰɘəɐ 

ŬűŬɑɟŮůɖ ɛɘŬɠ Ŭˊɧ Űɘɠ űɎůŮɘɠ ŬɡŰɏɠ Ŭˊɧ Űɞ Ŭɟɢɘəɧ ɡɚɘəɧ. ɇɏŰɞɘŬ ɡɚɘəɎ ŮɑɜŬɘ ŰŬ 

ˊɞɟɩŭɖ ɞɝŮɑŭɘŬ ɛŮŰɎɚɚɤɜ ˊɞɡ ŭɖɛɘɞɡɟɔɐɗɖəŬɜ ɛŮŰɎ Ŭˊɧ Űɖɜ ɗŮɟɛɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ 

ɡŭɟɞɝŮɘŭɑɤɜ, ŬɜɗɟŬəɘəɩɜ ɐ əŬɘ ɜɘŰɟɘəɩɜ ŬɚɎŰɤɜ ə.Ŭ., ɞɘ ˊɞɟɩŭŮɘɠ ɨŬɚɞɘ ˊɞɡ 

ŭɖɛɘɞɡɟɔɐɗɖəŬɜ Ŭˊɧ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ ůŰŮɟŮɩɜ ŮˊɘűŬɜŮɘɩɜ, əɎˊɞɘŮɠ ˊɞɚɡɛŮɟɘəɏɠ 

ɛŮɛɓɟɎɜŮɠ ə.Ŭ. 
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ɆɢɐɛŬ 1. i) (Ŭ) çəɚŮɘůŰɞɑè ˊɧɟɞi, (ɓ, ɔ, ŭ, Ů, ůŰ) çŬɜɞɘɢŰɞɑè ˊɧɟɞɘ, (ɕ) ŰɟŬɢɨŰɖŰŬ, ii ) Ŭ) ˊɧɟɞɘ 

ůɢɖɛŬŰɘůɛɏɜɞɘ Ŭˊɧ ůűŬɘɟɘəɎ ůɤɛŬŰɑŭɘŬ, ɓ) ˊɧɟɞɘ ůɢɖɛŬŰɘůɛɏɜɞɘ Ŭˊɧ ůɢŮŭɧɜ ˊŬɟɎɚɚɖɚŮɠ 

ˊɚɎəŮɠ, ɔ) ˊɧɟɞɘ ŬɜɞɘɢŰɏɠ ŭɞɛɏɠ ůɤɛŬŰɘŭɑɤɜ. 

 

 

ȷˊɧ ɛŬəɟɞůəɞˊɘəɐɠ ůəɞˊɘɎɠ, ˊɞɟɩŭŮɠ ɡɚɘəɧ ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ɏɜŬ ůŰŮɟŮɧ 

ˊɞɡ űɏɟŮɘ ůŰɖ ɛɎɕŬ Űɞɡ ɟɖɔɛŬŰɩůŮɘɠ, əŬɜɎɚɘŬ ɐ əɞɘɚɧŰɖŰŮɠ. ɆŰo ɆɢɐɛŬ 1i  űŬɑɜɞɜŰŬɘ 

ŰŬ ŭɘɎűɞɟŬ Ůɑŭɖ ˊɧɟɤɜ. Ƀɘ ˊɧɟɞɘ Ůɜɧɠ ůŰŮɟŮɞɨ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ çəɚŮɘůŰɞɑè, ŭɖɚŬŭɐ 

Ŭˊɞɛɞɜɤɛɏɜɞɘ Ŭˊɧ Űɞɡɠ ɔŮɘŰɞɜɘəɞɨɠ ˊɧɟɞɡɠ (Ŭ). ȷɡŰɞɑ ɞɘ ˊɧɟɞɘ ŮˊɖɟŮɎɕɞɡɜ 

ůɖɛŬɜŰɘəɎ əɎˊɞɘŬ ɛŬəɟɞůəɞˊɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ɡɚɘəɞɨ, ɧˊɤɠ Űɖɜ ˊɡəɜɧŰɖŰŬ 

əŬɘ Űɖɜ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ Űɞɡ, ŬɚɚɎ ŭŮɜ ŮˊɖɟŮɎɕɞɡɜ Űɘɠ ŭɘŮɟɔŬůɑŮɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ 

Űɞɡ ůŰŮɟŮɞɨ ɛŮ ɎɚɚŬ ɟŮɡůŰɎ, ɧˊɤɠ Űɖɜ ˊɟɞůɟɧűɖůɖ ɐ Űɖɜ ɟɞɐ Űɤɜ ɟŮɡůŰɩɜ ɛɏůŬ 

Ŭˊɧ Űɞ ɡɚɘəɧ ŬɡŰɧ əŬɗɩɠ ŭŮɜ ŮɑɜŬɘ ˊɟɞůɓɎůɘɛɞɘ. ȷˊɧ Űɖɜ Ɏɚɚɖ ˊɚŮɡɟɎ, ɞɘ ˊɧɟɞɘ ɞɘ 

ɞˊɞɑɞɘ ɏɢɞɡɜ Űɖ ɛɞɟűɐ ůɡɜŮɢɧɛŮɜɤɜ əŬɜŬɚɘɩɜ ˊɞɡ ŮˊɘŰɟɏˊɞɡɜ Űɖɜ ŮˊɘəɞɘɜɤɜɑŬ ɛŮ 

Űɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡɚɘəɞɨ, ɞɜɞɛɎɕɞɜŰŬɘ çŬɜɞɘɢŰɞɑè (ɓ, ɔ, ŭ, Ů, ůŰ). Ƀɘ 

çŬɜɞɘɢŰɞɑè ˊɧɟɞɘ ɛˊɞɟŮɑ ɜŬ ɏɢɞɡɜ ɛɧɜɞ ɛɑŬ ɏɝɞŭɞ, ɧˊɤɠ ɞɘ ˊɧɟɞɘ (ɓ) əŬɘ (ůŰ) əŬɘ 
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ɞɜɞɛɎɕɞɜŰŬɘ çŰɡűɚɞɑè ɐ çůŬəɞŮɘŭŮɑɠè (dead-end or saccate) ˊɧɟɞɘ ɐ əŬɘ ˊɧɟɞɘ ɛŮ ŭɨɞ 

Ůɝɧŭɞɡɠ ˊɞɡ ɞɜɞɛɎɕɞɜŰŬɘ çŭɘŬɛˊŮɟŮɑɠè ˊɧɟɞɘ (through pores), ɧˊɤɠ ɞ ˊɧɟɞɠ (Ů). 

Ⱥˊɑůɖɠ, ɞɘ ˊɧɟɞɘ ɛˊɞɟɞɨɜ ɜŬ ŰŬɝɘɜɞɛɖɗɞɨɜ ŬɜɎɚɞɔŬ ɛŮ Űɞ ůɢɐɛŬ Űɞɡɠ. ɀˊɞɟŮɑ ɜŬ 

ŮɑɜŬɘ əɡɚɘɜŭɟɘəɞɑ, ɧˊɤɠ ɞɘ ˊɧɟɞɘ (ɔ) əŬɘ (ůŰ), ůŮ ɛɞɟűɐ çŭɞɢŮɑɞɡ-ɛŮɚɎɜɖɠè (ink-bottle 

shape) ɧˊɤɠ ɞ ˊɧɟɞɠ (ɓ), ůŮ ɛɞɟűɐ ɢɤɜɘɞɨ (ŭ) ɐ ɜŬ ɏɢɞɡɜ ůɢɘůɛɞŮɘŭɐ ɛɞɟűɐ. ɇɏɚɞɠ, 

ɗŬ ˊɟɏˊŮɘ ɜŬ ŰɞɜɘůŰŮɑ ɧŰɘ ɖ ŰɟŬɢɨŰɖŰŬ (ɕ) Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɡɚɘəɞɨ, ɛˊɞɟŮɑ ɜŬ 

ɗŮɤɟɖɗŮɑ ɤɠ çˊɧɟɞɠè, ɛɧɜɞ ɧŰŬɜ Űɞ ɓɎɗɞɠ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŬɡŰɐɠ ŬŰɏɚŮɘŬɠ, ŮɑɜŬɘ 

əŬŰɎ ˊɞɚɨ ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ Űɞ ˊɚɎŰɞɠ Űɖɠ [2]. 

  ȼ IUPAC əŬŰŬŰɎůůŮɘ ŰŬ ˊɞɟɩŭɖ ɛɏůŬ ɛŮ ɓɎůɖ Űɞ ɛɏůɞ Ůɨɟɞɠ ˊɧɟɤɜ, w, ůŮ 

ŰɟŮɘɠ əŬŰɖɔɞɟɑŮɠ: 

Å ɀɘəɟɞˊɞɟɩŭɖ w Ò 20 Ȕ 

Å ɀŮůɞˊɞɟɩŭɖ 20 Ȕ < w Ò 500 Ȕ 

Å ɀŬəɟɞˊɞɟɩŭɖ w > 500 Ȕ 

ȼ ŰŬɝɘɜɧɛɖůɖ ŬɡŰɐ ůŰɖɟɑɢŰɖəŮ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ əɎɗŮ əŬŰɖɔɞɟɑŬ ɛŮɔɏɗɞɡɠ 

ˊŬɟɞɡůɘɎɕŮɘ ŭɘŬűɞɟŮŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ əŬŰɎ Űɖɜ ˊɟɞůɟɧűɖůɖ ɛŮ ůɡɜɏˊŮɘŬ 

ŭɘŬűɞɟŮŰɘəɐ űɡůɘəɞɢɖɛɘəɐ ůɡɛˊŮɟɘűɞɟɎ. ɆŰɞɡɠ ɛɘəɟɞˊɧɟɞɡɠ Űɞ ŭɡɜŬɛɘəɧ 

ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ ɡɣɖɚɧŰŮɟɞ ɚɧɔɤ ɛɘəɟɐɠ ŬˊɧůŰŬůɖɠ Űɤɜ 

ŰɞɘɢɤɛɎŰɤɜ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ɔɟɐɔɞɟɖ (ůŮ ɛɘəɟɏɠ ůɢŮŰɘəɏɠ ˊɘɏůŮɘɠ) ˊɚɐɟɤůɐ Űɞɡɠ. 

ɆŰɞɡɠ ɛŮůɞˊɧɟɞɡɠ əŬŰɎ Űɖɜ ɟɧűɖůɖ ɚŬɛɓɎɜŮɘ ɢɩɟŬ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ŰɟɘɢɞŮɘŭɞɨɠ 

ůɡɛˊɨəɜɤůɖɠ, Ůɜɩ ůŮ ˊɞɚɚɏɠ ˊŮɟɘˊŰɩůŮɘɠ ɖ Ůəɟɧűɖůɖ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ɓɟɧɔɢɞ 

ɡůŰɏɟɖůɖɠ. ɇɏɚɞɠ ɞɘ ɛŬəɟɞˊɧɟɞɘ, ɚɧɔɤ ɛŮɔɎɚɞɡ ɛŮɔɏɗɞɡɠ ˊɚɖɟɞɨɜŰŬɘ ůŮ ůɢŮŰɘəɏɠ 

ˊɘɏůŮɘɠ ˊɞɚɨ əɞɜŰɎ ůŰɖ ɛɞɜɎŭŬ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɘəɟɐ ˊɟɞůɟɞűɖŰɘəɐ ɘəŬɜɧŰɖŰŬ. 

ūɡůɘəɎ, ɞɘ ŭɘŬɢɤɟɘůŰɘəɏɠ ɔɟŬɛɛɏɠ ɛŮŰŬɝɨ Űɤɜ ŭɘŬűɧɟɤɜ əŬŰɖɔɞɟɘɩɜ ŭŮɜ ŮɑɜŬɘ 

ŬˊɧɚɡŰŮɠ əŬɘ ɖ ɗɏůɖ Űɞɡɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ůɢɐɛŬ Űɤɜ ˊɧɟɤɜ əŬɘ Űɖ űɨůɖ (əɡɟɑɤɠ 

ˊɞɚɘəɧŰɖŰŬ) Űɞɡ ŬŮɟɑɞɡ. ɆɡɢɜɎ ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ Űɞ űŬɘɜɧɛŮɜɞ ˊɞɡ ŮɛűŬɜɑɕŮŰŬɘ ůŰɞɡɠ 

ɛɘəɟɞˊɧɟɞɡɠ (Ŭɡɝɖɛɏɜɖ Űɘɛɐ ŭɡɜŬɛɘəɞɨ-ŰŬɢŮɑŬ ˊɚɐɟɤůɖ) ˊŬɨŮɘ Ůɜɩ ɖ Űɘɛɐ Űɞɡ w 

ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Ŭˊɧ Űɖɜ Űɘɛɐ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ɜŬ ŬɟɢɑůŮɘ ɖ ŰɟɘɢɞŮɘŭɐɠ 

ůɡɛˊɨəɜɤůɖ. ɆɡɜŮˊɩɠ, ɖ ɛɘəɟɞˊɞɟɩŭɖɠ ˊŮɟɘɞɢɐ ŭɘŬɘɟŮɑŰŬɘ ˊŮɟŬɘŰɏɟɤ ůŮ ɡˊŮɟ-

ɛɘəɟɞˊɧɟɞɡɠ (ɐ ultra-ɛɘəɟɞˊɧɟɞɡɠ, ɛŮ Ůɨɟɞɠ 3-7 Ȕ), ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ɏɜŰɞɜŬ 

Ŭɡɝɖɛɏɜɖ ˊɟɞůɟɞűɖŰɘəɧŰɖŰŬ əŬɘ super-ɛɘəɟɞˊɧɟɞɡɠ (7-18 Ȕ), ˊɞɡ ɞɡůɘŬůŰɘəɎ 

ñɔŮűɡɟɩɜɞɡɜò Űɞ əŮɜɧ ŬɜɎɛŮůŬ ůŰɖɜ ɡˊŮɟ-ɛɘəɟɞˊɞɟɩŭɖ əŬɘ Űɖ ɛŮůɞˊɞɟɩŭɖ ˊŮɟɘɞɢɐ 

[7]. 
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2. ȹɘŬŰŮŰŬɔɛɏɜŬ ɛŮůɞˊɞɟɩŭɖ ɡɚɘəɎ 

 

ȷɝɘɞůɖɛŮɑɤŰɖ ˊɟɧɞŭɞɠ ɏɢŮɘ ůɖɛŮɘɤɗŮɑ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ůŰɖɜ Ůɝɏɚɘɝɖ Űɤɜ 

ˊŮɟɘɞŭɘəɩɜ ɛŮůɞˊɞɟɤŭɩɜ ɡɚɘəɩɜ ŰŬ ɞˊɞɑŬ ɤɠ əɨɟɘɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ ɏɢɞɡɜ Űɖɜ əŬɚɎ 

ɞɟɔŬɜɤɛɏɜɖ ˊɞɟɩŭɖ ŭɞɛɐ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ˊŬɟɎɚɚɖɚŬ əŬɜɎɚɘŬ ɞɛɞɘɧɛɞɟűɞɡ 

ɛŮɔɏɗɞɡɠ. Ƀɘ ɡˊŮɟɛɞɟɘŬəɏɠ ŰŮɢɜɘəɏɠ ŬɜɎˊŰɡɝɖɠ ɛɏůɤɜ ŭɧɛɖůɖɠ (ɛɐŰɟŬ ɐ əŬɚɞɨˊɘ) 

(templates) ůɡɜɗɏŰɞɡɜ ɛŮɔɎɚɖ ˊɞɘəɘɚɑŬ ˊŮɟɘɞŭɘəɩɜ ŬɜɧɟɔŬɜɤɜ, ɞɟɔŬɜɘəɩɜ əŬɘ 

ɡɓɟɘŭɘəɩɜ ɛŮůɞŭɞɛɩɜ. ɇŬ ɡɚɘəɎ ŬɡŰɎ ɏɢɞɡɜ ůɡɔəŮəɟɘɛɏɜŮɠ ŭɞɛɏɠ, ůɡɜɗɏůŮɘɠ, 

ɛɏɔŮɗɞɠ ˊɧɟɤɜ, ɛɞɟűɞɚɞɔɑŬ, ŭɘɎŰŬɝɖ əŬɘ ŮˊɘűŬɜŮɘŬəɏɠ ɘŭɘɧŰɖŰŮɠ. ɀŮɚŮŰɎŰŬɘ, Ůˊɑůɖɠ 

Ůɡɟɨ űɎůɛŬ ůɡɜɗɖəɩɜ ůɨɜɗŮůɖɠ ɛŮ ɢɟɐůɖ ɛŮɔɎɚɖɠ ˊɞɘəɘɚɑŬɠ ɛɏůɤɜ ŭɧɛɖůɖɠ 

ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɩɜ, ɞɚɘɔɞɛŮɟɩɜ əŬɘ Űɟɘ-ŬŭɟɞɛŮɟɩɜ ůɡɛˊɞɚɡɛŮɟɩɜ. Ƀɘ ˊɘɞ 

ˊɟɧůűŬŰŮɠ ŬɜŬəŬɚɨɣŮɘɠ ŮɑɜŬɘ ɞɘ ŰŮɢɜɘəɏɠ ůɨɜɗŮůɖɠ ɛŮ ŬɛűɘűɘɚɘəɎ ɛɏůŬ ɔɘŬ Űɖɜ 

ŬɜɎˊŰɡɝɖ ŭɘŬŰŮŰŬɔɛɏɜɖɠ ɛŮůɞˊɞɟɩŭɞɡɠ ɞɟɔŬɜɞˊɡɟɘŰɑŬɠ (organosilicas). ȷəɧɛŬ, ɏɜŬ 

ůɖɛŬɜŰɘəɧ ŮˊɑŰŮɡɔɛŬ ŮɑɜŬɘ ɖ ɢɟɐůɖ ɜŬɜɞˊɞɟɩŭɞɡɠ ˊɡɟɘŰɑŬɠ əŬɘ əɞɚɚɞŮɘŭɩɜ 

əɟɡůŰɎɚɚɤɜ ɔɘŬ Űɞ ůɢɖɛɎŰɤɜ ɜɏɤɜ ɡɓɟɘŭɘəɩɜ ɛŮůɞˊɞɟɤŭɩɜ əŬɘ ɛŬəɟɞˊɞɟɤŭɩɜ 

ɡɚɘəɩɜ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ɎɜɗɟŬəŬ, ˊɞɚɡɛŮɟɐ, ɛɏŰŬɚɚŬ əŬɘ əɟɎɛŬŰŬ. ɇŬ ɡɚɘəɎ ŬɡŰɎ 

ɏɢɞɡɜ ŮűŬɟɛɞɔɏɠ ůŰɖɜ ˊɟɞůɟɧűɖůɖ, əŬŰɎɚɡůɖ, ŭɘŬɢɤɟɘůɛɧ ə.Ŭ [3, 4] 

MCM-41 

  ɇɞ 1992 ɖ ŮˊɘůŰɖɛɞɜɘəɐ ɞɛɎŭŬ Űɖɠ Mobil Oil Corporation ŬɜŬəɎɚɡɣŮ Űɖɜ 

ɞɘəɞɔɏɜŮɘŬ ɛŮůɞˊɞɟɤŭɩɜ ˊɡɟɘŰɘəɩɜ ɡɚɘəɩɜ M41S. Ƀɘ ́ɡɟɘŰɑŮɠ M41S ŭɘŬəɟɑɜɞɜŰŬɘ 

ůŰɘɠ ɛŮůɞűɎůŮɘɠ: MCM-41 (ŮɝŬɔɤɜɘəɐ), MCM-48 (əɡɓɘəɐ) əŬɘ MCM-50 (lamellar) 

(ɆɢɐɛŬ 2).  ȼ ɞɜɞɛŬůɑŬ MCM ˊɟɞɏəɡɣŮ Ŭˊɧ Űɖ Mobil Composition of Matter No.41, 

48, 50 (ɐ Mobil Crystalline Materials). ɇŬ ɡɚɘəɎ ŬɡŰɎ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ 

əŬŰŬɚɨŰŮɠ ɐ ɡˊɞůŰɟɩɛŬŰŬ əŬŰŬɚɡŰɩɜ. 

 

                          Ŭ                                       ɓ                                          ɔ                        

 

ɆɢɐɛŬ 2. ɀŮůɞűɎůŮɘɠ Űɤɜ ɀ41S ˊɡɟɘŰɑɤɜ, Ŭ) MCM-50 (lamellar), ɓ) MCM-41 (ŮɝŬɔɤɜɘəɐ), 

ɔ) MCM-48 (əɡɓɘəɐ) 
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ɇɞ ɛŮůɞˊɞɟɩŭŮɠ ɡɚɘəɧ MCM-41 ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Ɏɛɞɟűɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ 

ˊɡɟɘŰɑɞɡ, Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ɖ ŭɘŬŰŮŰŬɔɛɏɜɖ ŭɞɛɐ Űɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɞɛɞɘɧɛɞɟűŬ 

ŰɞˊɞɗŮŰɖɛɏɜɞɡɠ ˊɧɟɞɡɠ (əŬɜɎɚɘŬ)  ůŮ ɏɜŬ ŮɝŬɔɤɜɘəɧ, əɡɣŮɚɞŮɘŭɏɠ ˊɚɏɔɛŬ (ɆɢɐɛŬ 

2ɓ). Ƀɘ ɞɛɞɘɧɛɞɟűɞɘ ɛŮůɞˊɧɟɞɘ ŭɘŬɢɤɟɑɕɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ ɛŮ ɚŮˊŰɎ ŰɞɘɢɩɛŬŰŬ 

Ɏɛɞɟűɖɠ ˊɡɟɘŰɑŬɠ, ˊɎɢɞɡɠ ˊŮɟɑˊɞɡ 1-1.5 nm (2-3 ɛɞɜɞɛɞɟɘŬəɎ ůŰɟɩɛŬŰŬ). ȼ 

ŭɘɎɛŮŰɟɞɠ Űɤɜ ɞɛɞɘɧɛɞɟűŬ əŬŰŬɜŮɛɖɛɏɜɤɜ ˊɧɟɤɜ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰŬ 15-100 Ȕ. ɇɞ 

MCM-41 ŮɛűŬɜɑɕŮɘ ˊɞɚɨ ɛŮɔɎɚɖ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ ˊŮɟɑˊɞɡ 1000 m2
 g

-1
. ɇɞ ˊɞɟɩŭŮɠ 

əŬɚɨˊŰŮɘ Űɞ 80% Űɞɡ ůɡɜɞɚɘəɞɨ ɧɔəɞɡ. 

  ȼ ůɨɜɗŮůɖ Űɞɡ MCM-41 ́ ɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ɓŬůɘəɏɠ ůɡɜɗɐəŮɠ ůɨɛűɤɜŬ ɛŮ 

Űɞ ɛɖɢŬɜɘůɛɧ ŭɧɛɖůɖɠ ɡɔɟɞɨ əɟɡůŰɎɚɚɞɡ (liquid crystal templating) ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ 

ŬɚəɡɚɞŰɟɘɛŮɗɡɚɞ-ŬɛɛɤɜɘŬəɎ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɎ. Ƀɘ ŮɜɩůŮɘɠ ŬɡŰɏɠ ůɨɛűɤɜŬ ɛŮ Űɞ 

ŭɘɛŮɟɏɠ ůɨůŰɖɛŬ űɎůŮɤɜ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɩɜ/ɜŮɟɞɨ ůɢɖɛŬŰɑɕɞɡɜ ɛɘəɨɚɚɘŬ ɛŮ Űɖɜ 

ɡŭɟɧűɘɚɖ ɞɛɎŭŬ ˊɟɞɠ Űɞ ŮɝɤŰŮɟɘəɧ. ɇŬ ůűŬɘɟɘəɎ ɛɘəɨɚɚɘŬ əŬɗɩɠ ŬɡɝɎɜŮŰŬɘ ɖ 

ůɡɔəɏɜŰɟɤůɖ Űɤɜ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɩɜ ɞɡůɘɩɜ ůɢɖɛŬŰɑɕɞɡɜ ɟŬɓŭɞŮɘŭɐ ɛɘəɨɚɚɘŬ əŬɘ 

ůŰɖ ůɡɜɏɢŮɘŬ Űɖɜ ɡɔɟɞəɟɡůŰŬɚɚɘəɐ ŭɡůŭɘɎůŰŬŰɖ ŮɝŬɔɤɜɘəɐ ɛŮůɧűŬůɖ. ɇŬɡŰɧɢɟɞɜŬ, 

ŰŬ ˊɡɟɘŰɘəɎ ŬɜɘɧɜŰŬ ŬɜŰɘŭɟɞɨɜ ɛŮ ŰŬ əŬŰɘɞɜɘəɎ ɐ ɞɡŭɏŰŮɟŬ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɎ ɛɧɟɘŬ 

əŬɘ ůɢɖɛŬŰɑɕŮŰŬɘ ɖ ŬɡŰɞ-ɞɟɔŬɜɤɛɏɜɖ ɡɔɟɞəɟɡůŰŬɚɚɘəɐ ɛŮůɧűŬůɖ. ȼ ŬɜɧɟɔŬɜɖ 

űɎůɖ Űɤɜ ˊɡɟɘŰɘəɩɜ ŬɜɘɧɜŰɤɜ əŬɘ ɖ ɞɟɔŬɜɘəɐ űɎůɖ Űɤɜ ɟŬɓŭɞŮɘŭɩɜ ɛɘəɡɚɚɑɤɜ 

ůɡɜŭɏɞɜŰŬɘ ɛŮ ɘůɢɡɟɏɠ ɖɚŮəŰɟɞůŰŬŰɘəɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ůɢɖɛŬŰɑɕɞɜŰŬɠ Űɖɜ 

ɎəŬɛˊŰɖ ŮɝŬɔɤɜɘəɐ ŭɞɛɐ Űɞɡ MCM-41. ɇɞ ɞɟɔŬɜɘəɧ ˊɟɧŰɡˊɞ Űɤɜ ɛɘəɡɚɚɑɤɜ 

ŬˊɞɛŬəɟɨɜŮŰŬɘ ɛŮ Ŭˊɚɐ ɏəˊɚɡůɖ ɛŮ ɜŮɟɧ, ɛŮ ŬűŬɑɟŮůɖ ɛŮ ɘůɢɡɟɧ ŭɘŬɚɨŰɖ ɐ ɛŮ 

ŬɜɗɟŬəɞˊɞɑɖůɖ.  

ɇɞ ɛɏɔŮɗɞɠ Űɤɜ ˊɧɟɤɜ Űɤɜ MCM-41 ɡɚɘəɩɜ ɟɡɗɛɑɕŮŰŬɘ ůɨɛűɤɜŬ ɛŮ Űɞ 

ɛɐəɞɠ Űɤɜ ɡŭɟɞűɞɓɘəɩɜ Ŭɚəɡɚɘəɩɜ Ŭɚɡůɑŭɤɜ Űɤɜ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɩɜ ɐ ɛŮ Űɖɜ 

ˊɟɞůɗɐəɖ ɓɞɖɗɖŰɘəɩɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ. ɇɞ ˊɘɞ əɞɘɜɧ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɧ Űɞɡ 

MCM-41 ŮɑɜŬɘ Űɞ ɓɟɤɛɘɞɨɢɞ ŮɝŬŭŮəɡɚ-ŰɟɘɛŮɗɡɚ Ŭɛɛɩɜɘɞ (ɐ ɢɚɤɟɑŭɘɞ) (CTAB) ɧˊɞɡ 

ɖ Ŭɚəɡɚɘəɐ Űɞɡ ŬɚɡůɑŭŬ ˊŮɟɘɏɢŮɘ ŭŮəŬɏɝɘ ɞɛɎŭŮɠ - CH2- . ȷɡŰɧ Űɞ ˊɟɧŰɡˊɞ ˊɟɞůŭɑŭŮɘ 

ůŰɞ MCM-41 ɏɜŬ ɞɛɞɘɧɛɞɟűɞ ɛɏɔŮɗɞɠ ˊɧɟɤɜ ˊŮɟɑˊɞɡ 2.7 nm. ɇŬ ɓɞɖɗɖŰɘəɎ 

ɞɟɔŬɜɘəɎ ɛɧɟɘŬ ŮɑɜŬɘ ɛɖ ˊɞɚɘəɎ, ŬɚɚɎ ŬˊɞɟɟɞűɩɜŰŬɘ ůŰɞɜ ɡŭɟɧűɞɓɞ ˊɡɟɐɜŬ Űɤɜ 

ɛɘəɡɚɚɑɤɜ Űɞɡ ˊɟɞŰɨˊɞɡ. ɇŬ ɛɘəɨɚɚɘŬ ŭɘɞɔəɩɜɞɜŰŬɘ, ŮɝŬɘŰɑŬɠ Űɖɠ Ŭˊɞɟɟɧűɖůɖɠ əŬɘ 

ŬɡɝɎɜŮŰŬɘ Űɞ ɛɏůɞ ɛɏɔŮɗɞɠ Űɖɠ ŭɘŬɛɏŰɟɞɡ Űɤɜ ɛŮůɞˊɧɟɤɜ Űɞɡ MCM-41 ůŮ Űɘɛɏɠ 

ˊŮɟɑˊɞɡ 8-10 nm. 
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ɇɞ MCM-41, əŬɘ ɔŮɜɘəɎ ŰŬ ɛŮůɞˊɞɟɩŭɖ ɡɚɘəɎ, ɚŮɘŰɞɡɟɔɞɨɜ ɤɠ ɡˊɞůŰɟɩɛŬŰŬ 

ɔɘŬ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ ŮɝŬɘŰɑŬɠ Űɖɠ ɡɣɖɚɐɠ Ůɘŭɘəɐɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ Űɞɡ ɞɛɞɘɧɛɞɟűɞɡ 

ɛŮɔɏɗɞɡɠ ˊɧɟɤɜ Űɞɡɠ. ȼ Űɟɞˊɞˊɞɑɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɛŮůɞˊɞɟɩŭɞɡɠ ɡɚɘəɞɨ ɛŮ 

ɞɟɔŬɜɘəɏɠ ɐ ŬɜɧɟɔŬɜŮɠ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ ɞŭɖɔɞɨɜ ůŮ əŬɘɜɞŰɧɛŮɠ űɡůɘəɏɠ əŬɘ 

ɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ. ɇŬ ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɡɚɘəɎ ŬˊɞəŰɞɨɜ Ůɡɟɨ űɎůɛŬ ŮűŬɟɛɞɔɩɜ ɧˊɤɠ 

ůŰɖɜ əŬŰɎɚɡůɖ, ůŰɖɜ ˊɟɞůɟɧűɖůɖ əŬɘ ůŰɞ ŭɘŬɢɤɟɘůɛɧ. ȼ ůɨɜɗŮůɖ Űɤɜ ɡɓɟɘŭɘəɩɜ 

ŬɡŰɩɜ ɡɚɘəɩɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ ŭɡɞ ɛŮɗɧŭɞɡɠ. ȼ ˊɟɩŰɖ ɛɏɗɞŭɞɠ ŮɑɜŬɘ ɖ ɛŮŰɎ Űɖ 

ůɨɜɗŮůɖ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ˊɡɟɘŰɘəɞɨ ɡɚɘəɞɨ (post-synthesis modification) əŬɘ ɖ 

ŭŮɨŰŮɟɖ ŮɑɜŬɘ ɖ ŭɘŬŭɘəŬůɑŬ ůɡɜ-ůɡɛˊɨəɜɤůɖɠ (co-condensation procedure). 

ɆŰɖɜ ˊɟɩŰɖ ɛɏɗɞŭɞ ɛŮŰɎ Űɖ ůɨɜɗŮůɖ, ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɢɖɛɘəɐ ůɨɜŭŮůɖ 

(grafting) ɞɛɎŭɤɜ ɞɟɔŬɜɞůɘɚŬɜɑɞɡ ɛŮ Űɘɠ ŮˊɘűŬɜŮɘŬəɏɠ ůɘɚŬɜɧɚŮɠ (Si-OH) Űɖɠ 

ˊɡɟɘŰɑŬɠ, ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ. Ƀɘ ɞɛɎŭŮɠ ůɘɚŬɜɑɤɜ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖ ɢɖɛɘəɐ ůɨɜŭŮůɖ ŮɑɜŬɘ ŰŬ ɢɚɤɟɞůɘɚɎɜɘŬ, ŰŬ ŬɚəɞɝɡůɘɚɎɜɘŬ, ɞɘ 

ůɘɚŬɛɑɜŮɠ əŬɘ ɖ ŭɘůɘɚŬɕɎɜɖ [HN(SiR3)2]. ȼ ɢɖɛɘəɐ ŬɡŰɐ ůɨɜŭŮůɖ ůŰɖɜ ɛŮůɞˊɞɟɩŭɖ 

ŮˊɘűɎɜŮɘŬ Ŭɚəɡɚɘəɩɜ ɞɛɎŭɤɜ, ɓŬůɘəɩɜ ɐ ɧɝɘɜɤɜ ɚŮɘŰɞɡɟɔɘəɩɜ ɞɛɎŭɤɜ əŬɘ 

ɢŮɘɟŬɚɘəɩɜ ɞɛɎŭɤɜ ɓŮɚŰɘɩɜŮɘ Űɖɜ ɡŭɟɞűɘɚɘəɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ əŬɘ ɟɡɗɛɑɕŮɘ Űɞ 

ɛɏɔŮɗɞɠ Űɤɜ ˊɧɟɤɜ.  

ɆŰɖ ŭŮɨŰŮɟɖ ɛɏɗɞŭɞ Űɟɞˊɞˊɞɑɖůɖɠ Űɖɠ ŮůɤŰŮɟɘəɐɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ 

ɛŮůɞˊɞɟɩŭɞɡɠ ɡɚɘəɞɨ, ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůɡɜ-ůɡɛˊɨəɜɤůɖ (ɞne-pot synthesis) Ůɜɧɠ 

ŰŮŰɟŬ-Ŭɚəɞɝɡ-ůɘɚŬɜɑɞɡ (ůɘɚɞɝɎɜɘɞ) əŬɘ Ůɜɧɠ ɐ ˊŮɟɘůůɧŰŮɟɤɜ ɞɟɔŬɜɞŬɚəɞɝɡ-

ůɘɚŬɜɑɤɜ ɛŮ Űɞɡɠ ŭŮůɛɞɨɠ Si-C ɛŮ Űɖɜ ŰŮɢɜɘəɐ sol-gel. Ƀɘ ˊɟɧŭɟɞɛŮɠ ŮɜɩůŮɘɠ Űɤɜ 

ůɘɚɞɝŬɜɑɤɜ ůɡɜɗɏŰɞɡɜ Űɞ əɨɟɘɞ ˊɚŬɑůɘɞ Űɞɡ ɛŮůɞˊɞɟɩŭɞɡɠ ɡɚɘəɞɨ əŬɘ ŰŬ 

ɞɟɔŬɜɞŬɚəɞɝɡ-ůɘɚɎɜɘŬ ŬˊɞŰŮɚɞɨɜ Űɘɠ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ. ȼ ɛɏɗɞŭɞɠ 

ŬɡŰɐ ˊɟɞůŭɑŭŮɘ ˊŮɟɘůůɧŰŮɟŮɠ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ.  

ɇŬ ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɛŮ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ ɛŮůɞˊɞɟɩŭɖ ˊɡɟɘŰɘəɎ ɡɚɘəɎ, ˊɞɡ 

ˊŬɟɎɔɞɜŰŬɘ əŬɘ ɛŮ Űɘɠ ŭɡɞ ɛŮɗɧŭɞɡɠ, ɏɢɞɡɜ Ůɡɟɨ űɎůɛŬ ŮűŬɟɛɞɔɩɜ. ɆɡɔəŮəɟɘɛɏɜŬ, 

ŰŬ ŰɟɞˊɞˊɞɘɖɛɏɜŬ ŬɡŰɎ ɡɚɘəɎ ŮɑɜŬɘ ŬˊɞŰŮɚŮůɛŬŰɘəɎ ůŰɖɜ Ŭˊɞɟɟɧűɖůɖ, ůŰɞ 

ŭɘŬɢɤɟɘůɛɧ əŬɘ ůŰɖɜ ŬˊɞɛɎəɟɡɜůɖ ɟɡˊŬɜŰɩɜ. Ⱥˊɘˊɚɏɞɜ, Űɞ Űɟɞˊɞˊɞɘɖɛɏɜɞ MCM-41 

ŮɘůɢɤɟŮɑ ůŰɞɜ ŰɞɛɏŬ Űɖɠ əŬŰɎɚɡůɖɠ əŬɘ ɛŮ Űɘɠ əŬŰɎɚɚɖɚŮɠ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ 

ŬˊɞəŰɎ ɛŮɔɎɚɖ ɢɤɟɖŰɘəɧŰɖŰŬ ˊɟɞůɟɧűɖůɖɠ əŬɘ ŮűŬɟɛɧɕŮŰŬɘ ůŰɖɜ ŬˊɞɛɎəɟɡɜůɖ 

ɓŬɟɏɤɜ ɛŮŰɎɚɚɤɜ Ŭˊɧ Űɞ ɜŮɟɧ əŬɘ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ Ŭˊɧ Űɖɜ ŬŰɛɧůűŬɘɟŬ. ȼ 

ŮɜůɤɛɎŰɤůɖ ɛŮŰɎɚɚɤɜ ůŰŬ ˊɡɟɘŰɘəɎ ŬɡŰɎ ɡɚɘəɎ ŮˊŮəŰŮɑɜŮɘ Űɖɜ ˊŮɟɘɞɢɐ Űɤɜ 
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ŮűŬɟɛɞɔɩɜ Űɞɡɠ ŮɝŬɘŰɑŬɠ Űɤɜ ɛɖɢŬɜɘəɩɜ, ɖɚŮəŰɟɞɜɘəɩɜ, ɞˊŰɘəɩɜ əŬɘ ɛŬɔɜɖŰɘəɩɜ 

ɘŭɘɞŰɐŰɤɜ ˊɞɡ ŬˊɞəŰɞɨɜ [3, 4, 5]. 

SBA-15 

 ȿɑɔŬ ɢɟɧɜɘŬ ɛŮŰɎ Űɖɜ ŬɜŬəɎɚɡɣɖ Űɞɡ MCM-41 ˊŬɟɎɢɗɖəŮ ůŰɞ ɄŬɜŮˊɘůŰɐɛɘɞ 

Űɖɠ ȾŬɚɘűɧɟɜɘŬɠ ůŰɖ ɆɎɜŰŬ ɀˊɎɟɛˊŬɟŬ ɏɜŬ ˊɡɟɘŰɘəɧ ɡɚɘəɧ ɛŮ ˊɧɟɞɡɠ 4.6-30 nm. 

ɆŰɞ ɡɚɘəɧ ŬˊɞŭɧɗɖəŮ ɖ ɞɜɞɛŬůɑŬ ɆɎɜŰŬ ɀˊɎɟɛˊŬɟŬ ȯɛɞɟűɞ ɜɞ 15, ɐ SBA-15. ɇɞ 

SBA-15 ŮɑɜŬɘ ɏɜŬ ŭɘŬŰŮŰŬɔɛɏɜɞ ɛŮůɞˊɞɟɩŭŮɠ ˊɡɟɘŰɘəɧ ɡɚɘəɧ ɛŮ ŮɝŬɔɤɜɘəɐ 

ŭɡůŭɘɎůŰŬŰɖ ŭɞɛɐ, ɧˊɤɠ Űɞ MCM-41, əŬɘ ɡɣɖɚɐ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ. Ƀɘ ŮɝŬɘɟŮŰɘəɏɠ 

ɛɖɢŬɜɘəɏɠ, ɗŮɟɛɘəɏɠ əŬɘ ɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ Űɞ əŬɗɘůŰɞɨɜ əŬŰɎɚɚɖɚɞ 

ɔɘŬ əŬŰŬɚɨŰɖ əŬɘ ɔɘŬ Űɖ ůɨɜɗŮůɖ ˊɟɞɖɔɛɏɜɤɜ ɡɚɘəɩɜ. Ƀ ůɢɖɛŬŰɘůɛɧɠ Űɞɡ 

ŭɘŬŰŮŰŬɔɛɏɜɞɡ ŮɝŬɔɤɜɘəɞɨ SBA-15 ɛŮ Űɞɡɠ ɞɛɞɘɧɛɞɟűɞɡɠ ˊɧɟɞɡɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ 

ɛŮ ɢɟɐůɖ Ŭɛűɘűɘɚɘəɩɜ ŰɟɘŬŭɟɞɛŮɟɩɜ ůɡɛˊɞɚɡɛŮɟɩɜ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɩɜ (P123),  

ˊɞɡ ˊŬɑɕɞɡɜ Űɞ ɟɧɚɞ Űɖɠ ˊɟɧŰɡˊɖɠ ɡɔɟɐɠ ŮɝŬɔɤɜɘəɐɠ əɟɡůŰŬɚɚɘəɐɠ űɎůɖɠ. Ƀɘ 

ůɡɜɗɐəŮɠ ůɨɜɗŮůɖɠ ŮɑɜŬɘ ɧɝɘɜŮɠ əŬɘ ɤɠ ˊɡɟɘŰɘəɐ ˊɖɔɐ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ 

ˊŬɟɎŭŮɘɔɛŬ Űɞ ŰŮŰɟŬŬɘɗɧɝɡ-ůɘɚɎɜɘɞ (TEOS). Ƀɘ ˊɧɟɞɘ Űɞɡ SBA-15 ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɞɘ 

Ŭˊɧ Űɞ MCM-41 əŬɘ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ ˊŬɢɨŰŮɟŬ. ȷəɧɛŬ, Űɞ MCM-41 ŮɑɜŬɘ 

Ůɝôɞɚɞəɚɐɟɞɡ ɛŮůɞˊɞɟɩŭŮɠ ɡɚɘəɧ, Ůɜɩ Űɞ SBA-15 ˊŮɟɘɏɢŮɘ ɛɘəɟɞˊɧɟɞɡɠ ŮɜŰɧɠ Űɤɜ 

ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ɛŮůɞˊɞɟɩŭɞɡɠ ŭɞɛɐɠ ůɢɖɛŬŰɑɕɞɜŰŬɠ ŰɟɘůŭɘɎůŰŬŰɞ ůɡɜŭŮŭŮɛɏɜɞ 

ŭɑəŰɡɞ ŬɜɎɛŮůŬ ůŰɞɡɠ ɛŮůɞˊɧɟɞɡɠ. Ƀɘ ŮűŬɟɛɞɔɏɠ Űɞɡ ŮɑɜŬɘ ˊŬɟɧɛɞɘŮɠ ɛŮ ŮəŮɑɜŮɠ Űɞɡ 

MCM-41, ůŰɖɜ əŬŰɎɚɡůɖ, ůŰɖɜ ˊɟɞůɟɧűɖůɖ, ɧˊɤɠ Ůˊɑůɖɠ ɞɘ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ 

ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭɘŮɡɟɨɜɞɡɜ Űɞ ˊŮŭɑɞ Űɤɜ ŮűŬɟɛɞɔɩɜ [3, 6].    

Vycor, CPG  

ɇɞ Vycor ɔɡŬɚɑ ŮɑɜŬɘ ˊɞɟɩŭŮɠ (Porous VYCOR Glass, PVG) əŬɘ 

ˊŬɟŬůəŮɡɎɕŮŰŬɘ Ŭˊɧ ɏɜŬ ɛɑɔɛŬ ŰŮŰŬɟŰɞŰŬɔɞɨɠ ɔɡŬɚɘɞɨ, ɛŮ Űɡˊɘəɐ ůɨɜɗŮůɖ 62,7% 

SiO2, 26,9% ȸ2Ƀ3, 6,6% Na2O, əŬɘ 3,5% Al 2O3. ɇɞ ɡɚɘəɧ ŭɘŬɢɤɟɑɕŮŰŬɘ (ůŮ 

ɛɘəɟɞůəɞˊɘəɐ əɚɑɛŬəŬ) ůŮ ŭɨɞ ůɡɜŮɢŮɑɠ űɎůŮɘɠ, ɛɑŬ ˊɚɞɨůɘŬ ůŮ ŭɘɞɝŮɑŭɘɞ Űɞɡ 

ˊɡɟɘŰɑɞɡ əŬɘ ɖ Ɏɚɚɖ ůŮ ɓɞɟɘɞˊɡɟɘŰɑŬ əŬɘ ŬɚəɎɚɘŬ. ɇɞ ŰŮɚɘəɧ ɔɡŬɚɑ ˊŮɟɘɏɢŮɘ 96% 

ŭɘɞɝŮɑŭɘɞ Űɞɡ ˊɡɟɘŰɑɞɡ. ɇɞ ˊɞɟɩŭŮɠ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 28% əŬɘ ɖ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ ɛŮŰŬɝɨ 

90 əŬɘ 200 m
2
/g, ɧˊɤɠ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ŬɜɎɚɡůɖ ȸȺɇ ɘůɞɗɏɟɛɤɜ ˊɟɞůɟɧűɖůɖɠ 

ŬɕɩŰɞɡ. ȼ əŬŰŬɜɞɛɐ ɛŮɔɏɗɞɡɠ Űɤɜ ˊɧɟɤɜ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 7.5 ɏɤɠ 300 nm əŬɘ 

əŬɗɘůŰɎ ŰŬ ɡɚɘəɎ ŬɡŰɎ ɢɟɐůɘɛŬ ůŰɞ ŭɘŬɢɤɟɘůɛɧ ŬŮɟɑɤɜ. ɇŬ ŮɚŮɔɢɧɛŮɜŬ ˊɞɟɩŭɖ 

ɔɡŬɚɘɎ (controlled pore glasses, CPG), ˊŬɟɞɡůɘɎɕɞɡɜ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ Ŭˊɧ 10 ɛɏɢɟɘ 

300 mĮ/g əŬɘ ɛɏɔŮɗɞɠ ˊɧɟɤɜ Ŭˊɧ 50 Ůɤɠ 300 nm [7, 8]. 
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3.  ũɅȷūȺɁȽɃ 

3.1 ȺɘůŬɔɤɔɐ      

 

ɇɞ 2004 Űɞ ɔɟŬűɏɜɘɞ ŬɜŬəŬɚɨűɗɖəŮ, ŬˊɞɛɞɜɩɗɖəŮ əŬɘ ɢŬɟŬəŰɖɟɑůŰɖəŮ Ŭˊɧ 

Űɞɡɠ Andre Geim əŬɘ Konstantin Novoselov ůŰɞ ɄŬɜŮˊɘůŰɐɛɘɞ Űɞɡ ɀɎɜŰůŮůŰŮɟ. ɇɞ 

ɓɟŬɓŮɑɞ ɁɧɛˊŮɚ ūɡůɘəɐɠ ɐɟɗŮ ɚɑɔɞ ŬɟɔɧŰŮɟŬ Űɞ 2010, ɛŮ Űɖɜ Ŭˊɞɛɧɜɤůɖ Űoɡ 

ɡɣɖɚɐɠ ˊɞɘɧŰɖŰŬɠ ɔɟŬűŮɜɑɞɡ. ɇɞ ɜɏɞ ŬɡŰɧ ɡɚɘəɧ ɛŮ ɛɞɜŬŭɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŬɜŬŭɨŮŰŬɘ 

əŬɘ ůɡɜŬɟˊɎɕŮɘ Űɖɜ ŮˊɘůŰɖɛɞɜɘəɐ əɞɘɜɧŰɖŰŬ. ɇɞ ɡɚɘəɧ ŬɡŰɧ ŮɑɜŬɘ Űɞ ɔɟŬűɏɜɘɞ, ɛɘŬ 

ŬɚɚɞŰɟɞˊɘəɐ ɛɞɟűɐ Űɞɡ ɎɜɗɟŬəŬ, ɛŮ ŬůɡɜɐɗɘůŰŮɠ ɘŭɘɧŰɖŰŮɠ, ˊɞɡ ˊŬɟɏɢɞɡɜ ɔɧɜɘɛɞ 

ɏŭŬűɞɠ ɔɘŬ ɜɏŮɠ ŮűŬɟɛɞɔɏɠ, ɧˊɤɠ ůŰɖ ɜŬɜɞɖɚŮəŰɟɞɜɘəɐ, ůŰŬ ɜŬɜɞůɨɜɗŮŰŬ, ůŰɖ 

ɓɘɞɚɞɔɑŬ, ɔɘŬ ŬˊɞɗɐəŮɡůɖ ŮɜɏɟɔŮɘŬɠ ə.Ŭ. ɇɞ ŭɘůŭɘɎůŰŬŰɞ ŬɡŰɧ ɡɚɘəɧ, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ɖ 

ɛɐŰɟŬ ɧɚɤɜ Űɤɜ ɔɟŬűɘŰɘəɩɜ ɛɞɟűɩɜ ɎɜɗɟŬəŬ, ŬɜŬɛɏɜŮŰŬɘ ŬɡůŰɖɟɎ ɜŬ ˊŮɟɘɚŬɛɓɎɜŮɘ 

ɛɘŬ ɛɧɜɞ ůŰɞɘɓɎŭŬ, ŰŬɡŰɧɢɟɞɜŬ ɧɛɤɠ ɡˊɎɟɢŮɘ ůɖɛŬɜŰɘəɧ ŮɜŭɘŬűɏɟɞɜ ůŰɖ ŭɘŮɟŮɨɜɖůɖ 

ŭɨɞ ɐ əŬɘ ɛŮɟɘəɩɜ ůŰɞɘɓɎŭɤɜ ɔɟŬűŮɜɑɞɡ. ȼ ůɨɜɗŮůɖ əŬɘ ɞ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɤɜ 

ɔɟŬűŮɜɑɤɜ ɗɏŰɞɡɜ ˊɟɞəɚɐůŮɘɠ əŬɘ ɏɢŮɘ ůɖɛŮɘɤɗŮɑ ůɖɛŬɜŰɘəɐ ˊɟɧɞŭɞɠ. ɆŮ ŬɡŰɧ Űɞ 

əŮűɎɚŬɘɞ, ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ůɢŮŰɘəɏɠ ˊŰɡɢɏɠ Űɞɡ ɔɟŬűŮɜɑɞɡ ɔɘŬ Űɖ ŭɞɛɐ, Űɖ 

ůɨɜɗŮůɖ, Űɞ ɢŬɟŬəŰɖɟɘůɛɧ əŬɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ [9]. 

ɇɞ ɔɟŬűɏɜɘɞ ŬˊɞŰŮɚŮɑ ɏɜŬ ɜɏɞ ɜŬɜɞɎɜɗɟŬəŬ, ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ ůŰɟɩɛŬŰŬ Ŭˊɧ 

ɎŰɞɛŬ ɎɜɗɟŬəŬ ŭɘŬŰŮŰŬɔɛɏɜŬ ůŮ ŮɝŬɔɤɜɘəɞɨɠ ŭŬəŰɡɚɑɞɡɠ. Ƀɘ ůɡɜɖɗɏůŰŮɟŮɠ 

ůɖɛŬɜŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɔɟŬűŮɜɑɞɡ ŮɑɜŬɘ Űɞ əɓŬɜŰɘəɧ űŬɘɜɧɛŮɜɞ Hall ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, ɖ ɓŬɚɚɘůŰɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ Űɤɜ űɞɟɏɤɜ űɞɟŰɑɞɡ, Űɞ 

ɟɡɗɛɘɕɧɛŮɜɞ ɢɎůɛŬ ɕɤɜɩɜ əŬɘ ɖ ɡɣɖɚɐ ŮɚŬůŰɘəɧŰɖŰŬ. ɇɟŮɘɠ ŭɘŬűɞɟŮŰɘəɞɑ Űɨˊɞɘ 

ɔɟŬűŮɜɑɤɜ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ: ɛɞɜɐɠ ůŰɞɘɓɎŭŬɠ (single-layer graphene, 

SG), ŭɘˊɚɐɠ ůŰɞɘɓɎŭŬɠ (bilayer graphene, BG) əŬɘ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ (few-layer 

graphene, FG) (Ŭɟɘɗɛɧɠ ůŰɞɘɓɎŭɤɜ Ò 10) ɔɟŬűɏɜɘɞ. ȼ ŮˊɑˊŮŭɖ ɛɞɜɞůŰɞɘɓɎŭŬ ŬŰɧɛɤɜ 

ɎɜɗɟŬəŬ Űɞɡ ɔɟŬűŮɜɑɞɡ ŬˊɞŰŮɚŮɑ Űɞ ŭɞɛɘəɧ ůŰɞɘɢŮɑɞ Űɤɜ ɔɟŬűɘŰɘəɩɜ ɡɚɘəɩɜ (ɆɢɐɛŬ 

3). ɆɡɔəŮəɟɘɛɏɜŬ, Űɞ ɔɟŬűɘŰɘəɧ ŮˊɑˊŮŭɞ ŰɡɚɑɔŮŰŬɘ ůŮ űɞɡɚŮɟɏɜɘɞ ɛɖŭŮɜɘəɐɠ 

ŭɘɎůŰŬůɖɠ (0D), ůŮ ɜŬɜɞůɤɚɐɜŬ ɛɘŬɠ ŭɘɎůŰŬůɖɠ (1D) əŬɘ ůŰɞɘɓɎɕŮŰŬɘ ɔɘŬ ɜŬ 

ůɢɖɛŬŰɑůŮɘ Űɞ ŰɟɘůŭɘɎůŰŬŰɞ ɔɟŬűɑŰɖ (3D). ȯɚɚŮɠ ɛɞɟűɏɠ ɔɟŬűŮɜɑɞɡ ŮɑɜŬɘ ɞɘ 

əɓŬɜŰɘəɏɠ ŰŮɚŮɑŮɠ ɔɟŬűŮɜɑɤɜ əŬɘ ŰŬ ɔɟŬűɘŰɘəɎ ɞɝŮɑŭɘŬ [10]. 

ɇɞ ɔɟŬűɏɜɘɞ ŮɑɜŬɘ ɏɜŬ ŭɘůŭɘɎůŰŬŰɞ əɡɣŮɚɚɤŰɧ ˊɚɏɔɛŬ sp
2
-ɡɓɟɘŭɞˊɞɘɖɛɏɜɞɡ 

ɎɜɗɟŬəŬ əŬɘ ɏɢŮɘ ˊɟɞůŮɚəɨůŮɘ ŰŮɟɎůŰɘŬ ˊɟɞůɞɢɐ ɚɧɔɤ Űɤɜ ɛɞɜŬŭɘəɩɜ 
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ɖɚŮəŰɟɞɜɘəɩɜ, ɛɖɢŬɜɘəɩɜ, ɢɖɛɘəɩɜ əŬɘ ɗŮɟɛɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ, 

ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɤɜ Űɤɜ ɡɣɖɚɩɜ Űɘɛɩɜ Űɞɡ ɛɏŰɟɞɡ Young, (1100 GPa), Űɖɠ 

ŬɜŰɞɢɐɠ ɗɟŬɨůɖɠ (125 GPa), Űɖɠ ɗŮɟɛɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ (5000Wm
-1

 K
-1
), Űɖɠ 

əɘɜɖŰɘəɧŰɖŰŬɠ Űɤɜ űɞɟɏɤɜ űɞɟŰɑɞɡ (200.000 cm
2
 V

-1
s

-1
) əŬɘ Űɖɠ Ůɘŭɘəɐɠ ŮˊɘűɎɜŮɘŬɠ 

Űɞɡ (ɡˊɞɚɞɔɘɕɧɛŮɜɖ Űɘɛɐ, 2630m
2
 G

-1
). ȷəɧɛŬ, Űɞ ɔɟŬűɏɜɘɞ ŮɑɜŬɘ 100 űɞɟɏɠ 

ɘůɢɡɟɧŰŮɟɞ Ŭˊɧ Űɞ ˊɘɞ ɘůɢɡɟɧ ɢɎɚɡɓŬ ɛŮ ˊɎɢɞɠ 3.35¡, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ɑůɞ ɛŮ Űɞ ˊɎɢɞɠ 

Űɞɡ ɔɟŬűŮɜɑɞɡ. Ⱥˊɑůɖɠ, Űɞ ɔɟŬűɏɜɘɞ ŮɑɜŬɘ ůɢŮŭɧɜ ŭɘŬűŬɜɏɠ əŬɘ ŰŬ ŭɡɞ ɎŰɞɛŬ ɎɜɗɟŬəŬ 

Űɖɠ ŮɝŬɔɤɜɘəɐɠ əɡɣŮɚɑŭŬ ɏɢɞɡɜ ɏəŰŬůɖ 0.052 nm
2 
əŬɘ ɎɟŬ ɖ ˊɡəɜɧŰɖŰɎ Űɞɡ ŮɑɜŬɘ 

0.77 mg/m
2
 [9]. 

 

                           Ŭ)                                       ɓ)                                       ɔ) 

 

ɆɢɐɛŬ 3. ɇɞ ɔɟŬűɏɜɘɞ ŮɑɜŬɘ ɏɜŬ 2D ŭɞɛɘəɧ ɡɚɘəɧ ɔɘŬ ŰŬ ŬɜɗɟŬəɘəɎ ɡɚɘəɎ ɧɚɤɜ ŭɘŬůŰɎůŮɤɜ. 

ɇɡɚɑɔŮŰŬɘ Ŭ) ůŮ 0D buckyballs, ɓ) ůŮ 1D ɜŬɜɞůɤɚɐɜŮɠ ɐ ůŰɞɘɓɎɕŮŰŬɘ əŬɘ ɔ) ůŮ 3D ɔɟŬűɑŰɖ. 
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3.2 ɇɟɞˊɞˊɞɑɖůɖ ɔɟŬűŮɜɑɞɡ 

 

            ȼ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ɔɟŬűŮɜɑɞɡ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ ˊŬɟɧɛɞɘŮɠ ŰŮɢɜɘəɏɠ ɛŮ 

ŬɡŰɏɠ Űɤɜ ɜŬɜɞůɤɚɐɜɤɜ ɎɜɗɟŬəŬ, ŭɖɚŬŭɐ ɛɏůɤ Űɟɞˊɞˊɞɑɖůɖɠ ɛŮ ɞɛɞɘɞˊɞɚɘəɞɨɠ əŬɘ 

ɛɖ ɞɛɞɘɞˊɞɚɘəɞɨɠ ŭŮůɛɞɨɠ ɛŮ ůəɞˊɧ Űɖ ŭɘŬůˊɞɟɎ ɐ ŭɘŬɚɡŰɞˊɞɑɖůɖ ůŮ ŭɘɎűɞɟɞɡɠ 

ŭɘŬɚɨŰŮɠ. Ƀ Haddon əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ ŰɟɞˊɞˊɞɑɖůŬɜ ɔɟŬűɏɜɘɞ ɛŮ ɞɛɞɘɞˊɞɚɘəɎ 

ŭŮůɛŮɡɛɏɜŮɠ ɞɛɎŭŮɠ. ɆɡɔəŮəɟɘɛɏɜŬ, əŬŰŮɟɔŬůɛɏɜɞ ɛŮ ɞɝɨ ɔɟŬűɏɜɘɞ ˊɞɡ ˊŮɟɘɏɢŮɘ 

ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɞɛɎŭŮɠ Ƀȼ əŬɘ COOH, ŬɜŰɘŭɟɎ ˊɟɩŰŬ ɛŮ SOCl2 ɔɘŬ ɜŬ ŭɖɛɘɞɡɟɔɐůŮɘ 

ɞɛɎŭŮɠ COCl əŬɘ ɛŮŰɏˊŮɘŰŬ ŬɜŰɘŭɟɎ ɛŮ ɛɑŬ ŬɚŮɘűŬŰɘəɐ Ŭɛɑɜɖ əŬɘ ŭɑɜŮɘ  

Ŭɛɘŭɘəɧ ˊŬɟɎɔɤɔɞ, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ŭɘŬɚɡŰɧ ůŮ ɛɖ ˊɞɚɘəɞɨɠ ŭɘŬɚɨŰŮɠ. 

ũɟŬűɏɜɘɞ ŭɘŬɚɡŰɧ ůŮ THF ɛˊɞɟŮɑ ɜŬ ŭɖɛɘɞɡɟɔɖɗŮɑ ɛŮ Űɖɜ ɞɛɞɘɞˊɞɚɘəɐ ůɨɜŭŮůɖ Űɤɜ 

Ŭɚəɡɚɘəɩɜ Ŭɚɡůɑŭɤɜ ůŮ ůŰɞɘɓɎŭŮɠ ɔɟŬűŮɜɑɞɡ Ŭˊɧ Űɖɜ ŬɜŬɔɤɔɐ Űɞɡ űɗɞɟɘɞɨɢɞɡ 

ɔɟŬűɑŰɖ ɛŮ ŬɜŰɘŭɟŬůŰɐɟɘŬ Ŭɚəɡɚɞ-ɚɘɗɑɞɡ. ȷɡŰɐ ɖ ɞɛɞɘɞˊɞɚɘəɐ Űɟɞˊɞˊɞɑɖůɖ 

ŮˊɘŰɟɏˊŮɘ ŭɘŬɚɡŰɞˊɞɑɖůɖ ůŮ ɞɟɔŬɜɘəɞɨɠ ŭɘŬɚɨŰŮɠ, ɧˊɤɠ CCl4, CH2Cl2 əŬɘ THF. ȼ 

ŬɜŰɑŭɟŬůɖ Űɞɡ ɔɟŬűŮɜɑɞɡ ɛŮ ɏɜŬ ˊɡəɜɧ ɛɑɔɛŬ H2SO4 əŬɘ ȼɁɃ3 ŭɑɜŮɘ ɡŭŬŰɞŭɘŬɚɡŰɧ 

ɔɟŬűɏɜɘɞ. 

ɇɞ ɔɟŬűɏɜɘɞ ɛˊɞɟŮɑ ɜŬ ŬˊɞəŰɐůŮɘ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ ɛɏůɤ ɛɖ ɞɛɞɘɞˊɞɚɘəɐɠ 

Űɟɞˊɞˊɞɑɖůɖɠ, ɢɤɟɑɠ ɜŬ ŮˊɖɟŮɎɕŮŰŬɘ ɖ ɖɚŮəŰɟɞɜɘŬəɐ ŭɞɛɐ Űɞɡ. ȷɡŰɧ ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

ɛŮ əɎɚɡɣɖ ɛŮ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɎ ɐ ɛɏůɤ ˊ-ˊ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮ ɏɜŬ 

ˊŬɟɎɔɤɔɞ ˊɡɟŮɜɑɞɡ, ɧˊɤɠ PYBS əŬɘ ɏŰůɘ ɔɑɜŮŰŬɘ ŭɘŬɚɡŰɧ ůŮ DMF. ȼ  ɛɖ 

ɞɛɞɘɞˊɞɚɘəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɞɡ ɔɟŬűŮɜɑɞɡ ɛŮ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɏɠ ɞɡůɑŮɠ, ɧˊɤɠ 

Igepal, CO-890, SDS əŬɘ CTAB ŭɑɜŮɘ ɡŭŬŰɞŭɘŬɚɡŰɧ ɔɟŬűɏɜɘɞ. ɇŬ ɡŭŬŰɞŭɘŬɚɡŰɎ 

ɔɟŬűɏɜɘŬ ɛˊɞɟɞɨɜ Ůˊɑůɖɠ ɜŬ ˊŬɟŬůəŮɡŬůŰɞɨɜ ɛŮ Űɖ ɛɏɗɞŭɞ PEGylation ůŰɖɜ ɞˊɞɑŬ, 

ɞɝɡŭɤɛɏɜɞ ɔɟŬűɏɜɘɞ ɡˊɞɓɎɚɚŮŰŬɘ ůŮ əŬŰŮɟɔŬůɑŬ ɛŮ ˊŮɟɑůůŮɘŬ 

ˊɞɚɡŬɘɗɡɚŮɜɞɔɚɡəɧɚɖɠ (PEG) əŬɘ ˊɡəɜɞɨ HCl ɡˊɧ ůɡɜɗɐəŮɠ solvothermal [11]. 

 

3.2.1 ũɟŬűɏɜɘɞ ɤɠ ɡˊɧůŰɟɤɛŬ ɡɓɟɘŭɘəɩɜ ɡɚɘəɩɜ 

ɇŬ ɔɟŬűɏɜɘŬ ŮɑɜŬɘ ŭɘŬəɞůɛɖɛɏɜŬ ɛŮ ɛŮŰŬɚɚɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ ɧɛɞɘŬ ɛŮ Űɞɡɠ 

ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ əŬɘ ŬɜŬɛɏɜŮŰŬɘ ɜŬ ŮɑɜŬɘ ɢɟɐůɘɛŬ ůŰɖɜ əŬŰɎɚɡůɖ 

ɜŬɜɞɖɚŮəŰɟɞɜɘəɐ, ɞˊŰɘəɐ, əŬɘ ɓɘɞɚɞɔɑŬ. ɇɞ ɔɟŬűɏɜɘɞ ɚŮɘŰɞɡɟɔŮɑ ɤɠ ɡˊɧůŰɟɤɛŬ ɔɘŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ɛŮŰɎɚɚɤɜ ɧˊɤɠ ȷu, Ag, Pt, Pd, Cu əŬ. ȼ ŮɜŬˊɧɗŮůɖ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ŭɘŮɝɎɔŮŰŬɘ ůŮ ɏɜŬ ɛɧɜɞ ůŰɎŭɘɞ ɛŮ Űɖɜ ŬɜŬɔɤɔɐ Űɤɜ ɛŮŰŬɚɚɘəɩɜ 
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ˊɟɧŭɟɞɛɤɜ ŮɜɩůŮɤɜ, ɧˊɤɠ ɢɚɤɟɞˊɚŬŰɘɜɘəɞɨ ɞɝɏɞɠ, ɜɘŰɟɘəɞɨ Ŭɟɔɨɟɞɡ, ɐ 

ɢɚɤɟɘɞɢɟɡůɘəɞɨ ɞɝɏɞɠ. ɇɞ ɔɟŬűɏɜɘɞ ɛŮ ŰŬ ɡˊɞůŰɖɟɘɔɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ 

ˊŬɟɞɡůɘɎɕŮɘ űɎůɛŬ Raman ɛŮ Űɖɜ ɏɜŰŬůɖ Űɖɠ əɞɟɡűɐɠ D ɜŬ ŬɡɝɎɜŮŰŬɘ Ůɜɩ ɖ 

əɞɟɡűɐ 2D ɛŮɘɩɜŮŰŬɘ, ɔŮɔɞɜɧɠ ˊɞɡ ŮɑɜŬɘ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ɛŮŰŬűɞɟɎɠ űɞɟŰɑɞɡ 

Coulomb Ŭˊɧ ŰŬ ɛŮŰŬɚɚɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ. Ⱥˊɑůɖɠ ɞɝŮɑŭɘŬ ɛŮŰɎɚɚɤɜ ŮɜŬˊɞŰɑɗɞɜŰŬɘ 

ůŰɞ ɔɟŬűɏɜɘɞ, ɧˊɤɠ TiO2 ɔɘŬ űɤŰɞəŬŰŬɚɡŰɘəɏɠ ŮűŬɟɛɞɔɏɠ [11]. 

ȼ Űɟɞˊɞˊɞɑɖůɖ Űɤɜ ůŰɞɘɓɎŭɤɜ ɔɟŬűŮɜɑɞɡ ɛŮ ɜŬɜɞəɟɡůŰɎɚɚɞɡɠ ˊɟɞɤɗŮɑ 

Űɖɜ Ůɜɑůɢɡůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ɔɟŬűŮɜɑɞɡ. ɇŬ ɡɓɟɘŭɘəɎ ɡɚɘəɎ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ 

ůɡɜŭɡɎɕɞɡɜ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ əŬɘ ŮəŮɑɜŮɠ Űɤɜ ɔɟŬűŮɜɑɤɜ. ɄɘɗŬɜɏɠ 

ŮűŬɟɛɞɔɏɠ Űɤɜ ɡɚɘəɩɜ ŬɡŰɩɜ ŮɑɜŬɘ ɤɠ ɜŬɜɞůɨɜɗŮŰŬ, ɢɖɛɘəɞɑ ŬɘůɗɖŰɐɟŮɠ, 

ɓɘɞŬɘůɗɖŰɐɟŮɠ, ůŰɖ ɜŬɜɞɖɚŮəŰɟɞɜɘəɐ, űɤŰɞɓɞɚŰŬɥəɎ əŮɚɘɎ, əŮɚɘɎ əŬɡůɑɛɤɜ əŬɘ ůŮ 

ŬɜŰɘɛɘəɟɞɓɘŬəɏɠ ŮűŬɟɛɞɔɏɠ. ȼ ˊɟɞůəɧɚɚɖůɖ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ɐ ɖɛɘŬɔɩɔɘɛɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰɞ ɔɟŬűɏɜɘɞ ŬˊɞŭɑŭŮŰŬɘ ůŰɖ űɡůɘɞɟɧűɖůɖ, ůŰɖɜ ɖɚŮəŰɟɞůŰŬŰɘəɐ 

ůɨɜŭŮůɖ ɐ ůŰɘɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬűɞɟɎɠ űɞɟŰɑɞɡ. ɀɘŬ Ůɨəɞɚɖ ŰŮɢɜɘəɐ ŬɜɎˊŰɡɝɖɠ 

ɔɟŬűŮɜɑɤɜ ɛŮ ɜŬɜɞəɟɡůŰŬɚɚɘəɧ Ag ŮɑɜŬɘ ɛŮ ˊɖɔɐ ˊɚɎůɛŬŰɞɠ Űɧɝɞɡ ɛɏůɤ 

ɖɚŮəŰɟɞůŰŬŰɘəɐɠ ŭɨɜŬɛɖɠ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ [19]. Ⱥˊɑůɖɠ, ůɨɜɗŮŰŬ ɡɚɘəɎ 

ɔɟŬűŮɜɑɤɜ ɛŮ ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag əŬɘ Cu ŬɜŬˊŰɨůůɞɜŰŬɘ ɛŮ Űɖɜ Ŭˊɚɐ ɛɏɗɞŭɞ Űɖɠ 

ɢɖɛɘəɐɠ ŬɜŬɔɤɔɐɠ [20, 21].  

ɇɞ Űɟɞˊɞˊɞɘɖɛɏɜɞ ɔɟŬűɏɜɘɞ ɚŮɘŰɞɡɟɔŮɑ ɤɠ ˊɞɚɡɚŮɘŰɞɡɟɔɘəɧ ŭɞɛɘəɧ ůŰɞɘɢŮɑɞ, 

ŮɝŬɘŰɑŬɠ Űɖɠ ɡɣɖɚɐɠ Ůɘŭɘəɐɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ əŬɘ Űɖɠ ŭɡůŭɘɎůŰŬŰɖɠ ůŰɟɤɛŬŰɘəɐɠ ŭɞɛɐɠ 

Űɞɡ ɎɜɗɟŬəŬ. Ƀɘ ůŰɞɘɓɎŭŮɠ ŬɡŰɞɨ Űɞɡ ɡɚɘəɞɨ űɏɟɞɡɜ ɎűɗɞɜŮɠ ŮˊɘűŬɜŮɘŬəɏɠ ɞɛɎŭŮɠ 

ɧˊɤɠ ɡŭɟɞɝɨɚɘŬ, ŮˊɞɝŮɑŭɘŬ, əŬɟɓɞɜɨɚɘŬ əŬɘ əŬɟɓɞɝɨɚɘŬ əŬɘ ŮˊɘŰɟɏˊɞɡɜ Űɖɜ 

ɡŭɟɞűɘɚɘəɧŰɖŰŬ ůŰɞ ɡɚɘəɧ əŬɘ Űɖɜ ŮűŬɟɛɞɔɐ Űɞɡ ɤɠ ɡˊɧůŰɟɤɛŬ ɔɘŬ ɜŬɜɞůɨɜɗŮŰŬ 

ɡɚɘəɎ, ɧˊɤɠ Űɖɜ ˊɟɞůəɧɚɚɖůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ɔɘŬ əŬŰŬɚɡŰɘəɏɠ ŮűŬɟɛɞɔɏɠ. 

Ⱥˊɘˊɚɏɞɜ, ɞɘ ɚŮɘŰɞɡɟɔɘəɏɠ ŬɡŰɏɠ ɞɛɎŭŮɠ ŭɟɞɨɜ ɤɠ ˊŮɟɘɞɢɏɠ ˊɡɟɖɜɞˊɞɑɖůɖɠ Űɤɜ 

ɛŮŰŬɚɚɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůɢɖɛŬŰɑɕɞɜŰŬɠ ŰŬ ɜŬɜɞůɨɜɗŮŰŬ ɡɚɘəɎ 

ɔɟŬűŮɜɑɞɡ/ɜŬɜɞůɤɛŬŰɘŭɑɞɡ. ɇɞ ɔɟŬűɘŰɘəɧ ŬɡŰɧ ɡˊɧůŰɟɤɛŬ ɓŮɚŰɘɩɜŮɘ Űɖ ŭɘŬůˊɞɟɎ 

Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ əŬɘ ŬɡɝɎɜŮɘ Űɖ ůŰŬɗŮɟɧŰɖŰɎ Űɞɡɠ. ɄɟɧůűŬŰŬ, ɜŬɜɞůɨɜɗŮŰŬ 

ɔɟŬűŮɜɑɞɡ ɛŮ ŮɡɔŮɜɐ ɛŮŰŬɚɚɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ ɧˊɤɠ Au əŬɘ Ag, ˊŬɟɞɡůɘɎɕɞɡɜ 

ɓŮɚŰɘɤɛɏɜɖ Ŭˊɧŭɞůɖ ůŰɖ ɓɘɞ-ŬˊŮɘəɧɜɘůɖ, ůŰɖɜ ŬɜɑɢɜŮɡůɖ əŬɘ ɗŮɟŬˊŮɑŬ əŬɟəɑɜɞɡ 

[22-26]. 
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3.2 ūŬůɛŬŰɞůəɞˊɑŬ Raman 

 

Ƀɘ ɘŭɘɧŰɖŰŮɠ ŰŬɚŬɜŰɩůŮɤɜ ŬˊɞŰŮɚɞɨɜ ŮɟɔŬɚŮɑɞ ɔɘŬ Űɖɜ əŬŰŬɜɧɖůɖ Ɏɚɚɤɜ 

ɘŭɘɞŰɐŰɤɜ Űɤɜ ɔɟŬűŮɜɑɤɜ, ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɤɜ Űɤɜ ɞˊŰɘəɩɜ ɘŭɘɞŰɐŰɤɜ ɛɏůɤ Űɖɠ 

ůəɏŭŬůɖɠ űɤɜɞɜɑɤɜ-űɤŰɞɜɑɤɜ, ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ůŰɖ ůəɏŭŬůɖ Raman əŬɘ Űɤɜ 

ɖɚŮəŰɟɞɜɘəɩɜ ɘŭɘɞŰɐŰɤɜ ɛɏůɤ Űɖɠ ůəɏŭŬůɖɠ ɖɚŮəŰɟɞɜɑɤɜïűɤɜɞɜɑɤɜ. Ƀɘ 

ˊŮɟɘůůɧŰŮɟŮɠ Ŭˊɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ ŭɞɜɐůŮɤɜ Űɞɡ ɔɟŬűŮɜɑɞɡ ɛˊɞɟɞɨɜ ɜŬ ɔɑɜɞɡɜ 

əŬŰŬɜɞɖŰɏɠ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ůɡůɢɏŰɘůɖɠ Űɞɡɠ ɛŮ Űɖ ŭɘŬůˊɞɟɎ űɤɜɞɜɑɤɜ. ɀɘŬ 

ůɖɛŬɜŰɘəɐ ůɡɜɏˊŮɘŬ ůɢŮŰɘɕɧɛŮɜɖ ɛŮ Űɖ ŭɘŬůˊɞɟɎ űɤɜɞɜɑɤɜ ůŰɞ ɔɟŬűɏɜɘɞ ŮɑɜŬɘ ɖ 

ˊɞɚɨ ɡɣɖɚɐ Űɘɛɐ ŰŬɢɨŰɖŰŬɠ ɛŮŰɎŭɞůɖɠ Űɞɡ ɐɢɞɡ ɛɏůŬ ůŰɞ ɔɟŬűɘŰɘəɧ ŮˊɑˊŮŭɞ, 

ˊŮɟɑˊɞɡ  Cph = 20 km/s, Űɞ ɞˊɞɑɞ ɞŭɖɔŮɑ ůŮ ˊɞɚɨ ɡɣɖɚɏɠ ɗŮɟɛɘəɏɠ ŬɔɤɔɘɛɧŰɖŰŮɠ. 

 ȼ űŬůɛŬŰɞůəɞˊɑŬ Raman ŮɑɜŬɘ ɏɜŬ ůɖɛŬɜŰɘəɧ ŮɟɔŬɚŮɑɞ ɢŬɟŬəŰɖɟɘůɛɞɨ, ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ɜŬ ŮɝŮŰɎůŮɘ Űɞ űɎůɛŬ űɤɜɞɜɑɤɜ Űɞɡ ɔɟŬűŮɜɑɞɡ, ɧˊɤɠ əŬɘ ɜŬ 

əŬɗɞɟɑůŮɘ Űɞɜ Ŭɟɘɗɛɧ ůŰɞɘɓɎŭɤɜ əŬɘ ŭɘɎŰŬɝɖɠ ŬɡŰɩɜ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Űɖɜ 

ˊɡəɜɧŰɖŰŬ Űɤɜ ŬŰŮɚŮɘɩɜ əŬɘ Űɤɜ ˊɟɞůɛŮɑɝŮɤɜ. Ƀɘ ŰɟŮɘɠ ˊɘɞ ŮɜŭɘŬűɏɟɞɡůŮɠ əɞɟɡűɏɠ 

ůŰɞ űɎůɛŬ Raman Űɞɡ ɔɟŬűŮɜɑɞɡ əŬɘ Ɏɚɚɤɜ ɔɟŬűɘŰɘəɩɜ ɡɚɘəɩɜ ŮɑɜŬɘ ɖ əɞɟɡűɐ G 

ůŰŬ 1580 cm
-1
, ɖ əɞɟɡűɐ 2D ůŰŬ 2680 cm

-1
 əŬɘ ɖ ˊŬɟɞɡůɑŬ Ɏɛɞɟűɞɡ ɎɜɗɟŬəŬ ɛŮ Űɖɜ 

əɞɟɡűɐ D ůŰŬ 1350 cm
-1

. 

ȼ əɞɟɡűɐ G ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ Ůɜŭɞ-ŮˊɑˊŮŭɖ ŭɧɜɖůɖ sp
2
 Űɤɜ ŬŰɧɛɤɜ 

ɎɜɗɟŬəŬ əŬɘ ŮɑɜŬɘ Űɞ ˊɘɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ ɔɜɩɟɘůɛŬ Űɤɜ ˊŮɟɘůůɧŰŮɟɤɜ ɔɟŬűɘŰɘəɩɜ 

ɡɚɘəɩɜ. ȼ əɞɟɡűɐ 2D ˊɟɞəɨˊŰŮɘ ɤɠ ůɡɜɏˊŮɘŬ ɛɘŬɠ ŭɘŮɟɔŬůɑŬɠ Ŭˊɧəɟɘůɖɠ ŭɨɞ 

űɤɜɞɜɑɤɜ əŬɘ ŮɑɜŬɘ ˊɞɚɨ ɢŬɟŬəŰɖɟɘůŰɘəɐ ůŰɞ ɔɟŬűɏɜɘɞ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞɜ ɔɟŬűɑŰɖ. 

ȼ əɞɟɡűɐ D ˊŬɟŬŰɖɟŮɑŰŬɘ Ŭˊɧ Űɘɠ ŬŰɏɚŮɘŮɠ ůŰɞ ˊɚɏɔɛŬ Űɞɡ ɔɟŬűŮɜɑɞɡ əŬɘ ŭŮɜ 

ŮɛűŬɜɑɕŮŰŬɘ ůŰŬ ˊɞɚɨ ɞɟɔŬɜɤɛɏɜŬ ůŰɟɩɛŬŰŬ Űɤɜ ɔɟŬűŮɜɑɤɜ. ȼ ŬɜŬɚɞɔɑŬ ŮɜŰɎůŮɤɜ 

Űɤɜ əɞɟɡűɩɜ G əŬɘ D ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ ɜŬ ɢŬɟŬəŰɖɟɑůŮɘ Űɞɜ Ŭɟɘɗɛɧ 

ŬŰŮɚŮɘɩɜ ůŰɞ ɔɟŬűɏɜɘɞ [12]. 
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ɆɢɐɛŬ 4. ȺɝɎɟŰɖůɖ Űɞɡ űɎůɛŬŰɞɠ Raman Ŭˊɧ Űɞɜ Ŭɟɘɗɛɧ ůŰɞɘɓɎŭɤɜ Űɞɡ ɔɟŬűŮɜɑɞɡ.  

 

ȼ ɛɞɟűɞɚɞɔɑŬ Űɖɠ əɞɟɡűɐɠ 2D, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ɖ ɏɜŰŬůɐ Űɖɠ ůŮ ůɢɏůɖ ɛŮ 

Űɖɜ ɏɜŰŬůɖ Űɖɠ əɞɟɡűɐɠ G, ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɔɘŬ ɜŬ ɢŬɟŬəŰɖɟɑůɞɡɜ Űɞɜ 

Ŭɟɘɗɛɧ ůŰɟɤɛɎŰɤɜ Űɞɡ ɡˊɎɟɢɞɜŰɞɠ ɔɟŬűŮɜɑɞɡ, ɧˊɤɠ ŭɘŮɡəɟɘɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 4. ɇɞ 

ɛɞɜɞɨ ůŰɟɩɛŬŰɞɠ ɔɟŬűɏɜɘɞ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ɛɑŬ ˊɞɚɨ ɞɝŮɑŬ ůɡɛɛŮŰɟɘəɐ 

Lorentzian əɞɟɡűɐ 2D, ɛŮ ɏɜŰŬůɖ ŭɨɞ űɞɟɏɠ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɖɠ əɞɟɡűɐɠ G. ȾŬɗɩɠ 

ɞ Ŭɟɘɗɛɧɠ ůŰɞɘɓɎŭɤɜ ŬɡɝɎɜŮŰŬɘ, ɖ əɞɟɡűɐ 2D ɔɑɜŮŰŬɘ ŮɡɟɨŰŮɟɖ, ɚɘɔɧŰŮɟɞ 

ůɡɛɛŮŰɟɘəɐ əŬɘ ɛŮɘɩɜŮŰŬɘ ɖ ɏɜŰŬůɖ Űɖɠ [13]. 

 

3.4 ɆɨɜɗŮůɖ ɔɟŬűŮɜɑɤɜ 

 

         ɇɞ ɔɟŬűɏɜɘɞ ŬˊɞɛɞɜɩɗɖəŮ Űɞ 2004 Ŭˊɧ Űɞɡɠ Geim əŬɘ Novoselov 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖ ɛɏɗɞŭɞ əɞɚɚɖŰɘəɩɜ ŰŬɘɜɘɩɜ (Scotch tape). Ȱɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ 

ˊɞɚɚɏɠ ŭɘŮɟɔŬůɑŮɠ ɔɘŬ ɜŬ ˊŬɟɎɔɞɡɜ ɔɟŬűɏɜɘŬ ɛŮɟɘəɩɜ ɏɤɠ ɛɞɜɞɨ (ɏɜŬ) ůŰɟɩɛŬŰɞɠ. ȼ 

əɨɟɘŬ ɛɏɟɘɛɜŬ ůŰɖ ůɨɜɗŮůɖ ɔɟŬűŮɜɑɤɜ ŮɑɜŬɘ ɜŬ ˊŬɟŬɢɗɞɨɜ ŭŮɑɔɛŬŰŬ ɛŮ ɡɣɖɚɐ 

əɘɜɖŰɘəɧŰɖŰŬ űɞɟɏɤɜ əŬɘ ɢŬɛɖɚɐ ˊɡəɜɧŰɖŰŬ ŬŰŮɚŮɘɩɜ. ɈˊɎɟɢɞɡɜ əɎˊɞɘɞɘ ŮɜŭɞɘŬůɛɞɑ 

ůŰɖɜ ˊŬɟŬɔɤɔɐ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ ɔɟŬűŮɜɑɤɜ ɧůɞɜ ŬűɞɟɎ ůŰɖɜ ˊɞɘɧŰɖŰŬ əŬɘ Űɖ 

ůɡɜɏˊŮɘŬ ɛŮŰŬɝɨ Űɤɜ ŭŮɘɔɛɎŰɤɜ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ůŰɞ əɧůŰɞɠ əŬɘ Űɞ ɓŬɗɛɧ 

ŭɡůəɞɚɑŬɠ, ˊɞɡ ŮɛˊŮɟɘɏɢŮŰŬɘ ůŰɖ ɛɏɗɞŭɞ. Ƀ ˊɑɜŬəŬɠ 1 ˊŬɟɞɡůɘɎɕŮɘ ɛŮɟɘəɏɠ Ŭˊɧ Űɘɠ 

ˊɘɞ ůɖɛŬɜŰɘəɏɠ ɛŮɗɧŭɞɡɠ ůɨɜɗŮůɖɠ. 
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ɄȽɁȷȾȷɆ 1. Ɇɨɔəɟɘůɖ Űɤɜ ɛŮɗɧŭɤɜ ůɨɜɗŮůɖɠ Űɞɡ ɔɟŬűŮɜɑɞɡ 

 

ɄɑɜŬəŬɠ 1. Ɇɨɔəɟɘůɖ Űɤɜ ɛŮɗɧŭɤɜ ůɨɜɗŮůɖɠ Űɞɡ ɔɟŬűŮɜɑɞɡ. ȷˊŮɘəɞɜɑɕɞɜŰŬɘ 

ɢŬɟŬəŰɖɟɘůŰɘəɞɑ Ŭɟɘɗɛɞɑ ůŰɟɤɛɎŰɤɜ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ, Űɞ ɛɏɔŮɗɞɠ Űɤɜ ůŰɟɤɛɎŰɤɜ ɔɟŬűŮɜɑɞɡ 

(ɖ ɛŮɔŬɚɨŰŮɟɖ ŭɘɎůŰŬůɖ) əŬɘ ɖ əɘɜɖŰɘəɧŰɖŰŬ ůŮ ɡˊɧůŰɟɤɛŬ Si/SiO2. Ŭ: (Geim,2009), ɓ: 

(Novoselov əŬɘ ɚɞɘˊɞɑ, 2005), ɔ: (Emtsev əŬɘ ɚɞɘˊɞɑ, 2009), ŭ:(Kim əŬɘ ɚɞɘˊɞɑ, 2009), Ů: (Bae 

əŬɘ ɚɞɘˊɞɑ, 2010), ůŰ: (Li əŬɘ ɚɞɘˊɞɑ, 2010). 
 

 

3.4.1 ɉɖɛɘəɐ ŮɜŬˊɧɗŮůɖ ŬŰɛɩɜ 

 

ȼ ˊɘɞ əɞɘɜɐ ɛɏɗɞŭɞɠ ŬɜɎˊŰɡɝɖɠ ɔɟŬűŮɜɑɞɡ ŮɑɜŬɘ ɖ ɢɖɛɘəɐ ŮɜŬˊɧɗŮůɖ ŬŰɛɩɜ 

(CVD), ɧˊɞɡ ɞ ɎɜɗɟŬəŬɠ ˊŬɟɏɢŮŰŬɘ ɡˊɧ ɛɞɟűɐ ŬŮɟɑɞɡ əŬɘ ɏɜŬ ɛɏŰŬɚɚɞ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ əŬŰŬɚɨŰɖɠ əŬɘ ɤɠ ɡˊɧůŰɟɤɛŬ ɔɘŬ ɜŬ ŬɜŬˊŰɡɢɗŮɑ Űɞ ůŰɟɩɛŬ Űɞɡ 

ɔɟŬűŮɜɑɞɡ. ɇŬ ɛɏŰŬɚɚŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Ůɡɟɏɤɠ ŮɑɜŬɘ Űɞ Ni, o Cu, Űɞ Ru əŬɘ Űɞ 

Ir. ɄŬɟŬəɎŰɤ ŬɜŬɚɨŮŰŬɘ ɖ ŬɜɎˊŰɡɝɖ ůŮ Ni əŬɘ Cu.[11] 

ȷɜɎˊŰɡɝɖ ůŮ Ɂi 

ūɨɚɚŬ ɔɟŬűŮɜɑɞɡ ɛŮɟɘəɩɜ ůŰɞɘɓɎŭɤɜ ŬɜŬˊŰɨɢɗɖəŬɜ ůŮ űɨɚɚŬ Ɂi. ɇŬ űɨɚɚŬ 

Ni ŬɟɢɘəɎ ŬɜɞˊŰɐɗɖəŬɜ ůŮ ɡŭɟɞɔɧɜɞ əŬɘ ŮəŰɏɗɖəŬɜ ɏˊŮɘŰŬ ůŮ ˊŮɟɘɓɎɚɚɞɜ  CH4-Ar-

H2 ůŮ ŬŰɛɞůűŬɘɟɘəɐ ˊɑŮůɖ əŬɘ ɗŮɟɛɞəɟŬůɑŬ 1000 C ɔɘŬ 20 ɚŮˊŰɎ. ɇŬ űɨɚɚŬ Ni 

ɏˊŮɘŰŬ ɣɨɢɗɖəŬɜ ɛŮ ŭɘŬűɞɟŮŰɘəɞɨɠ ɟɡɗɛɞɨɠ ɛŮŰŬɝɨ 20 
Ǔ
C/s əŬɘ 0.1 

Ǔ
C/s. ɇɞ ˊɎɢɞɠ 

Űɤɜ ůŰɟɤɛɎŰɤɜ ɔɟŬűŮɜɑɞɡ ɓɟɏɗɖəŮ ɜŬ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɟɡɗɛɧ ɣɨɝɖɠ, ůɡɔəŮəɟɘɛɏɜŬ 

ɔɟŬűɏɜɘŬ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ (3-4 ůŰɞɘɓɎŭŮɠ) ˊŬɟɎɔɞɜŰŬɘ ɛŮ ɟɡɗɛɧ ɣɨɝɖɠ 10 
Ǔ
C/s. Ƀɘ 

ɛŮɔŬɚɨŰŮɟɞɘ ɟɡɗɛɞɑ ɣɨɝɖɠ ɞŭɖɔɞɨɜ ůŮ ˊŬɢɨŰŮɟŬ ůŰɟɩɛŬŰŬ ɔɟŬűɑŰɖ, Ůɜɩ ɖ ˊɘɞ Ŭɟɔɐ 

ɣɨɝɖ ŬˊɞŰɟɏˊŮɘ Űɞɜ ɎɜɗɟŬəŬ ɜŬ ŭɘŬɢɤɟɘůŰŮɑ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ űɨɚɚɞɡ Ɂi. ũɘŬ 

ɀɏɗɞŭɞɠ ȷɟɘɗɛɧɠ ůŰɞɘɓɎŭɤɜ ɀɏɔŮɗɞɠ 

ȾɘɜɖŰɘəɧŰɖŰŬ 

(cm
2
V

-1
s

-1
) 

ȷˊɞűɚɞɑɤůɖ 1 ɏɤɠ 10+ 1 mm
Ŭ
 15000

ɓ
 

ŪŮɟɛɘəɐ SiC 1 ɏɤɠ 4 50ɛm
ɓ
 2000

ɔ
 

Ni-CVD 1 ɏɤɠ 4 1 cm
ŭ
 3700

ŭ
 

Cu-CVD 1 65 cm
Ů
 16000

ůŰ
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ɜŬ ɛŮŰŬűŮɟɗɞɨɜ ŰŬ ůŰɟɩɛŬŰŬ ɔɟŬűŮɜɑɞɡ ůŮ ɏɜŬ ɡˊɧůŰɟɤɛŬ ɛɞɜɤŰɐ, ŬɟɢɘəɎ Űɞ 

űɨɚɚɞ Ɂi ɛŮ Űɞ ɔɟŬűɏɜɘɞ ŬˊɞŰɏɗɖəŮ ůŮ ŮɚŬůŰɞɛŮɟɏɠ ůɘɚɘəɧɜɖɠ, əŬɚɨűɗɖəŮ ɛŮ ɨŬɚɞ 

ɛɘəɟɞůəɞˊɑɞɡ əŬɘ Űɏɚɞɠ Űɞ Ni ŬűŬɘɟɏɗɖəŮ ɛŮ HNO3. 

ȷɜɎˊŰɡɝɖ ůŮ Cu 

  Ƀ Li əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ ɢɟɖůɘɛɞˊɞɑɖůŬɜ ɛɘŬ ˊŬɟɧɛɞɘŬ ŭɘŬŭɘəŬůɑŬ ɔɘŬ ɜŬ 

ˊŬɟŬɢɗŮɑ ɛɞɜɞɨ ůŰɟɩɛŬŰɞɠ ɔɟŬűɏɜɘɞ ůŮ ɛŮɔɎɚɖ əɚɑɛŬəŬ, ůŮ űɨɚɚŬ ɢŬɚəɞɨ. ɇŬ 

űɨɚɚŬ ɢŬɚəɞɨ ɛŮ 25 ɛm ˊɎɢɞɠ ɗŮɟɛɎɜɗɖəŬɜ ůŰɞɡɠ 1000 C ɡˊɧ ɟɞɐ ɡŭɟɞɔɧɜɞɡ 2 

sccm (ŬɜɖɔɛɏɜŬ  əɡɓɘəɎ ŮəŬŰɞůŰɧɛŮŰɟŬ  ŬɜɎ ɚŮˊŰɧ)  ůŮ ɢŬɛɖɚɐ ˊɑŮůɖ əŬɘ ɏˊŮɘŰŬ 

ŮəŰɏɗɖəŬɜ ůŮ ɟɞɐ ɛŮɗŬɜɑɞɡ 35 sccm əŬɘ ˊɑŮůɖ  500 mTorr. ȼ űŬůɛŬŰɞůəɞˊɑŬ Raman 

əŬɘ ɖ ŬˊŮɘəɧɜɘůɖ ɛŮ SEM ŮˊɘɓŮɓŬɘɩɜɞɡɜ ɧŰɘ Űɞ ɔɟŬűɏɜɘɞ ŮɑɜŬɘ əɡɟɑɤɠ ɛɞɜɐɠ 

ůŰɞɘɓɎŭŬɠ, ŬɜŮɝɎɟŰɖŰŬ Űɞɡ ɢɟɧɜɞɡ ŬɜɎˊŰɡɝɖɠ. ȷɡŰɧ ɡˊɞŭŮɘəɜɨŮɘ ɧŰɘ ɖ ŭɘŮɟɔŬůɑŬ 

ŭɘŮɝɎɔŮŰŬɘ ɛŮ ɛŮůɞɚɎɓɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ ŮɑɜŬɘ ŬɡŰɞˊŮɟɘɞɟɘɕɧɛŮɜɖ. Ⱥˊɑůɖɠ, 

ŬɜŬˊŰɨɢɗɖəŬɜ ŭɘˊɚɩɜ Ůɘůɧŭɤɜ FETȭs ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɔɟŬűɏɜɘɞ əŬɘ ŮɝɐɔŬɔŬɜ ɛɘŬ 

əɘɜɖŰɘəɧŰɖŰŬ űɞɟɏɤɜ ɑůɖ ɛŮ 4050 cm
2
V

-1
s 

-1
 [15]. 

ɄɟɧůűŬŰŬ ŭɖɛɞůɘŮɨɗɖəŮ ɛɘŬ ŭɘŮɟɔŬůɑŬ əɡɚɑɜŭɟɞɡ ůŮ əɨɚɘɜŭɟɞ ɜŬ ˊŬɟɎɔŮɘ 

ůŰɟɩɛŬŰŬ ɔɟŬűŮɜɑɤɜ ůŮ ŭɘŬůŰɎůŮɘɠ ɛŮ ŭɘŬɔɩɜɘɞ ɏɤɠ 30 ɑɜŰůŮɠ əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ɜŬ 

ŰŬ ɛŮŰŬűɏɟŮɘ ůŮ ŭɘŬűŬɜɐ ŮɨəŬɛˊŰŬ ɡˊɞůŰɟɩɛŬŰŬ. ɇɞ ɔɟŬűɏɜɘɞ ŬɜŬˊŰɨɢɗɖəŮ ɛŮ 

ɢɖɛɘəɐ ŮɜŬˊɧɗŮůɖ ŬŰɛɩɜ (CVD) ůŮ ɢŬɚəɧ, əŬɘ ɏɜŬ ůŰɟɩɛŬ ɡˊɞůŰɐɟɘɝɖɠ Ŭˊɧ 

ˊɞɚɡɛŮɟɏɠ ŮˊɘəɞɚɚɐɗɖəŮ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɔɟŬűŮɜɑɞɡ-ɢŬɚəɞɨ. Ƀ ɢŬɚəɧɠ ɏˊŮɘŰŬ 

ŬˊɞɛŬəɟɨɜɗɖəŮ ɛŮ ɢɖɛɘəɐ ŮˊɑŭɟŬůɖ əŬɘ Űɞ ɡɛɏɜɘɞ Űɞɡ ɔɟŬűŮɜɑɞɡ ɛŮŰŬűɏɟɗɖəŮ ůŮ 

ɡˊɧůŰɟɤɛŬ ŰŮɟŮűɗŬɚɘəɞɨ ˊɞɚɡŬɘɗɡɚŮɜɑɞɡ (PET) [16]. 

  Ƀ Lee əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ ˊŮɟɘɏɔɟŬɣŬɜ ɛɘŬ ŰŮɢɜɘəɐ ˊŬɟŬɔɤɔɐɠ 

ɞɛɞɘɧɛɞɟűɞɡ ɔɟŬűŮɜɑɞɡ ŭɨɞ ůŰɟɤɛɎŰɤɜ ɛŮ ɢɖɛɘəɐ ŮɜŬˊɧɗŮůɖ ŬŰɛɩɜ ůŮ ɢŬɚəɧ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɘŬ ˊŬɟɧɛɞɘŬ ŭɘŬŭɘəŬůɑŬ ŬɚɚɎ ɛŮ ŰɟɞˊɞˊɞɘɖɛɏɜŮɠ ůɡɜɗɐəŮɠ 

Ŭɨɝɖůɖɠ əŬɘ ŭɘŬˊɑůŰɤůŬɜ ɧŰɘ ɞɘ ɓɏɚŰɘůŰɞɘ ɧɟɞɘ Ŭɨɝɖůɖɠ ŭɨɞ ůŰɟɤɛɎŰɤɜ ŮɑɜŬɘ: 15 

ɚŮˊŰɎ ůŰɞɡɠ 1000 C ɛŮ ɟɞɐ ɛŮɗŬɜɑɞɡ 70 sccm əŬɘ ˊɑŮůɖ 500 mTorr. ȼ ŭɘůŰɟɤɛŬŰɘəɐ 

űɨůɖ Űɞɡ ɔɟŬűŮɜɑɞɡ ŮˊɘɓŮɓŬɘɩɗɖəŮ Ŭˊɧ Űɖ űŬůɛŬŰɞůəɞˊɑŬ Raman, Űɞ AFM, əŬɘ 

ɛɘəɟɞůəɞˊɑŬ ŭɘɏɚŮɡůɖɠ ɖɚŮəŰɟɞɜɑɤɜ (TEM). Ƀɘ ɛŮŰɟɐůŮɘɠ ɖɚŮəŰɟɘəɐɠ ɛŮŰŬűɞɟɎɠ ůŮ 

ɛɘŬ ŭɘˊɚɩɜ Ůɘůɧŭɤɜ (gated) ůɡůəŮɡɐ ŭŮɘəɜɨŮɘ ɧŰɘ ɏɜŬ ɢɎůɛŬ ɕɤɜɩɜ ŬɜɞɑɔŮŰŬɘ ɛŮ 

CVD ɔɟŬűŮɜɑɞɡ ŭɨɞ ůŰɟɤɛɎŰɤɜ [17]. 
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ɆɢɐɛŬ 5. (Ŭ) ȷɜɎˊŰɡɝɖ ŭɨɞ ůŰɟɤɛɎŰɤɜ ɛɏůɤ CVD ůŮ ɢŬɚəɧ. 2 X 2 ɑɜŰůŮɠ ɔɟŬűɏɜɘɞ ŭɘˊɚɞɨ 

ůŰɟɩɛŬŰɞɠ ůŮ Si/SiO2. (ɓ) ūɎůɛŬ Raman ɛŮ ˊɖɔɐ Laser 514 nm, 1 əŬɘ 2 ůŰɟɤɛɎŰɤɜ 

ɔɟŬűŮɜɑɞɡ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ Ŭˊɧ Ŭˊɞűɚɞɑɤůɖ əŬɘ CVD [17]. 

 

 

3.5 ȷɜŰɘɓŬəŰɖɟɘŬəɐ ɘŭɘɧŰɖŰŬ ɔɟŬűŮɜɑɞɡ 

 

 ȼ ŬɜŰɘɓŬəŰɖɟɘŬəɐ ɘŭɘɧŰɖŰŬ Űɞɡ ɔɟŬűŮɜɑɞɡ ůŮ ɛɞɟűɐ ɜŬɜɞůŰɞɘɓɎŭɤɜ 

ŭɘŬˊɘůŰɩɗɖəŮ Ŭˊɧ Űɖɜ əŬŰŬůŰɟɞűɐ Űɖɠ əɡŰŰŬɟɘəɐɠ ɛŮɛɓɟɎɜɖɠ Űɤɜ ɓŬəŰɖɟɑɤɜ. ȼ 

ɓŬəŰɖɟɘŬəɐ ŬŭɟŬɜɞˊɞɑɖůɖ ˊɟɞəŬɚŮɑŰŬɘ Ŭˊɧ Űɖɜ ɎɛŮůɖ ŮˊŬűɐ Űɤɜ ɓŬəŰɖɟɑɤɜ ɛŮ Űɘɠ 

ŮɝŬɘɟŮŰɘəɎ Ŭɘɢɛɖɟɏɠ ɎəɟŮɠ Űɞɡ ɔɟŬűŮɜɑɞɡ. Ⱥˊɑůɖɠ, Űɞ Ŭɜɖɔɛɏɜɞ ɛŮ ɡŭɟŬɕɑɜɖ 

ɔɟŬűɘŰɘəɧ ɞɝŮɑŭɘɞ ŮɑɜŬɘ ˊŮɟɘůůɧŰŮɟɞ Űɞɝɘəɧ Ŭˊɧ Űo ɛɖ Ŭɜɖɔɛɏɜɞ. ȼ əŬɚɨŰŮɟɖ 

ŬɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ Űɤɜ Ŭɜɖɔɛɏɜɤɜ ɔɟŬűŮɜɑɤɜ ɞűŮɑɚŮŰŬɘ ůŰɖ ɛŮŰŬűɞɟɎ űɞɟŰɑɞɡ 

ůŰŬ ɓŬəŰɐɟɘŬ əŬŰɎ Űɖɜ ŮˊŬűɐ Űɞɡɠ. 

 ɆɨɛűɤɜŬ ɛŮ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ ɛɘəɟɞɨ ɛŮɔɏɗɞɡɠ ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ ɏɢɞɡɜ 

ŬɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ əŬɘ ůɡɜŮˊɩɠ əŬɘ ɞɘ ɎəɟŮɠ Űɤɜ ɔɟŬűŮɜɑɤɜ ŮɑɜŬɘ 

ŬˊɞŰŮɚŮůɛŬŰɘəɏɠ ůŰɖɜ ɎɛŮůɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮ Űɞɡɠ ɛɘəɟɞɞɟɔŬɜɘůɛɞɨɠ. ȿɑɔŮɠ 

ŭɖɛɞůɘŮɨůŮɘɠ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ŬɜŬűɏɟɞɡɜ ɧŰɘ ɢŬɟŰɘɎ ɔɟŬűŮɜɑɤɜ ŮɑɜŬɘ ɓɘɞůɡɛɓŬŰɎ 

ɡɚɘəɎ [27, 28]. ȷəɧɛŬ, ŬɘɤɟɐɛŬŰŬ ɔɟŬűŮɜɑɤɜ ɐ ɔɟŬűɘŰɘəɩɜ ɞɝŮɘŭɑɤɜ ŬɜŬůŰɏɚɚɞɡɜ 

Űɖɜ ŬɜɎˊŰɡɝɖ ɓŬəŰɖɟɑɤɜ Escherichia coli [29] əŬɘ űɨɚɚŬ ɔɟŬűŮɜɑɤɜ Ůɜɘůɢɨɞɡɜ Űɖɜ 

űɤŰɞŬŭɟŬɜɞˊɞɑɖůɖ Űɤɜ ɑŭɘɤɜ ɓŬəŰɖɟɑɤɜ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɜŬɜɞůɨɜɗŮŰɞɡ 

ɔɟŬűɏɜɘɞ/TiO2 [30].  

ɄɟɧůűŬŰŬ, ɢŬɟŰɑ ɔɟŬűŮɜɑɞɡ ɓɟɏɗɖəŮ ɜŬ ŮɑɜŬɘ ɓɘɞůɡɛɓŬŰɧ ɤɠ ɡˊɧůŰɟɤɛŬ ɔɘŬ 

Űɖɜ ˊɟɞůəɧɚɚɖůɖ əŬɘ Űɞɜ ˊɞɚɚŬˊɚŬůɘŬůɛɧ Űɤɜ əɡŰŰɎɟɤɜ L-929, Űɤɜ 

ɜŮɡɟɞŮɜŭɞəɟɘɜɩɜ əɡŰŰɎɟɤɜ PC12, Űɤɜ ɞɚɘɔɞŭŮŭɟɞɜŮɡɟɞɔɚɞɘɩɜ əɡŰŰɎɟɤɜ əŬɘ Űɤɜ 

ɞůŰŮɞɓɚŬůŰɩɜ. Ⱥˊɑůɖɠ, ɞɝŮɑŭɘɞ ɔɟŬűŮɜɑɞɡ ɏɢŮɘ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɤɠ ŬˊɞŰŮɚŮůɛŬŰɘəɧɠ 

Ŭ ɓ 
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ɜŬɜɞɛŮŰŬűɞɟɏŬɠ  ɔɘŬ ɜŬ əŬŰŬɜɐɛŮɘ ŰŬ ŬŭɘɎɚɡŰŬ ůŰɞ ɜŮɟɧ űɎɟɛŬəŬ, ɛɏůŬ ůŰŬ 

əɨŰŰŬɟŬ [31]. ɆŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ, ɛŮɚŮŰɎŰŬɘ, Űɞ ɔɟŬűɘŰɘəɧ ɞɝŮɑŭɘɞ əŬɘ Űɞ Ŭɜɖɔɛɏɜɞ 

ɔɟŬűɘŰɘəɧ ɞɝŮɑŭɘɞ, ŰŬ ɞˊɞɑŬ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɝŬɘɟŮŰɘəɐ ŬɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ əŬɘ 

ɐˊɘŬ əɡŰŰŬɟɞŰɞɝɘəɧŰɖŰŬ. ɆɡɜŮˊɩɠ, ɛˊɞɟŮɑ ɜŬ əŬŰŬůəŮɡŬůŰŮɑ ɢŬɟŰɑ Ŭˊɧ ŰŬ ˊŬɟɎˊŬɜɤ 

ɔɟŬűɘŰɘəɎ ɡɚɘəɎ ɛŮ ɢŬɛɖɚɧ əɧůŰɞɠ, űɘɚɘəɧ ɛŮ Űɞ ˊŮɟɘɓɎɚɚɞɜ əŬɘ ɛŮ ŬɜŰɘɓŬəŰɖɟɘŬəɐ 

Ŭˊɧŭɞůɖ [29].  

Ƀ Chen əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ ɛŮɚɏŰɖůŬɜ əŬɘ ůɨɔəɟɘɜŬɜ Űɖɜ ŬɜŰɘɓŬəŰɖɟɘŬəɐ 

ŭɟɎůɖ Űɤɜ ɔɟŬűɑŰɖ, ɔɟŬűɘŰɘəɞɨ ɞɝŮɘŭɑɞɡ, ɞɝŮɑŭɘɞ ɔɟŬűŮɜɑɞɡ əŬɘ Ŭɜɖɔɛɏɜɞɡ ɞɝŮɘŭɑɞɡ 

ɔɟŬűŮɜɑɞɡ ůŮ əŬɚɚɘɏɟɔŮɘŮɠ E.coli. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɛŮ Űɖ ɛɏɗɞŭɞ əŬŰŬɛɏŰɟɖůɖɠ 

Ŭˊɞɘəɘɩɜ ɏŭŮɘɝŬɜ ɧŰɘ Űɞ ɞɝŮɑŭɘɞ ɔɟŬűŮɜɑɞɡ ɏɢŮɘ Űɖ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ 

əŬɘ Ŭəɞɚɞɡɗɞɨɜ Űɞ Ŭɜɖɔɛɏɜɞ ɞɝŮɑŭɘɞ ɔɟŬűŮɜɑɞɡ, ɞ ɔɟŬűɑŰɖɠ əŬɘ Űɞ ɔɟŬűɘŰɘəɧ ɞɝŮɑŭɘɞ 

ůŮ ɑůŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ. Ⱥˊɑůɖɠ, ɖ ŬɜŬůŰɞɚɐ əŬɚɚɘɏɟɔŮɘŬɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɢɟɧɜɞ əŬɘ 

Űɖ ůɡɔəɏɜŰɟɤůɖ, ůɡɔəŮəɟɘɛɏɜŬ ɖ ɛŮɔŬɚɨŰŮɟɖ ɓŬəŰɖɟɘŬəɐ ŬŭɟŬɜɞˊɞɑɖůɖ ɔɑɜŮŰŬɘ Űɖɜ 

ˊɟɩŰɖ ɩɟŬ Űɖɠ ŮˊɩŬůɖɠ əŬɘ ɞ ɟɡɗɛɧɠ əɡŰŰŬɟɘəɞɨ ɗŬɜɎŰɞɡ ŬɡɝɎɜŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ 

Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɡɚɘəɩɜ. ȼ ɓŬəŰɖɟɘŬəɐ əɡŰŰŬɟɞŰɞɝɘəɧŰɖŰŬ ŬˊɞŭɑŭŮŰŬɘ ůŰɖ 

ɛŮɛɓɟɎɜɖ əŬɘ ůŰɖɜ ɞɝŮɘŭɤŰɘəɐ ŰɎůɖ. ũŮɜɘəɎ, ŰŬ ɔɟŬűɘŰɘəɎ ɡɚɘəɎ ˊɞɡ ɏɢɞɡɜ ɡɣɖɚɐ 

ˊɡəɜɧŰɖŰŬ ɚŮɘŰɞɡɟɔɘəɩɜ ɞɛɎŭɤɜ əŬɘ ŮɑɜŬɘ ɛɘəɟɎ ůŮ ɛɏɔŮɗɞɠ ɏɢɞɡɜ ˊŮɟɘůůɧŰŮɟŮɠ 

ˊɘɗŬɜɧŰɖŰŮɠ ɜŬ ŬɚɚɖɚŮˊɘŭɟɎůɞɡɜ ɛŮ ɓŬəŰɖɟɘŬəɎ əɨŰŰŬɟŬ. ɆɡɜŮˊɩɠ, ɖ ŮɜŬˊɧɗŮůɖ əŬɘ 

ɖ ɎɛŮůɖ ŮˊŬűɐ Űɤɜ Ŭɘɢɛɖɟɩɜ ɔɟŬűɘŰɘəɩɜ ɡɚɘəɩɜ ɛŮ Űɞ əɨŰŰŬɟɞ ˊɟɞəŬɚŮɑ ŰɎůɖ ůŰɖ 

ɛŮɛɓɟɎɜɖ ŭɘŬůˊɩɜŰŬɠ əŬɘ əŬŰŬůŰɟɏűɞɜŰŬɠ Űɖɜ əɡŰŰŬɟɘəɐ ɛŮɛɓɟɎɜɖ əŬɘ 

əŬŰŬɚɐɔɞɜŰŬɠ ůŮ əɡŰŰŬɟɘəɧ ɗɎɜŬŰɞ [32].  

O Zhao əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ ɛŮɚɏŰɖůŬɜ ɏɜŬ ůɨɜɗŮŰɞ ɡɚɘəɧ ɔɟŬűɘŰɘəɞɨ 

ɞɝŮɘŭɑɞɡ ɛŮ ˊɟɞůəɞɚɚɖɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag ɔɘŬ Űɖɜ ŬɜŰɘɓŬəŰɖɟɘŬəɐ Űɞɡ ŭɟɎůɖ. 

ɇɞ ůɨɜɗŮŰɞ ɡɚɘəɧ Ag-GO ˊŬɟɞɡůɘɎɕŮɘ ɛŮɔŬɚɨŰŮɟɖ ŬɜŬůŰɞɚɐ ůŰɖɜ əŬɚɚɘɏɟɔŮɘŬ 

əɡŰŰɎɟɤɜ Escherischia coli ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖ ŭɟɎůɖ Űɞɡ ɔɟŬűɘŰɘəɞɨ ɞɝŮɘŭɑɞɡ əŬɘ 

Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɘɩɜ Ag ɝŮɢɤɟɘůŰɎ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ŬˊɞŭɑŭŮŰŬɘ ůŰɖɜ ůɡɜŮɟɔŮɘŬəɐ 

ŮˊɑŭɟŬůɖ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ əŬɘ Űɤɜ ɜŬɜɞůŰɞɘɓɎŭɤɜ ɔɟŬűɘŰɘəɞɨ 

ɞɝŮɘŭɑɞɡ. ȰɜŬɠ ˊɟɞŰŮɘɜɧɛŮɜɞɠ ɛɖɢŬɜɘůɛɧɠ ŭɟɎůɖɠ Űɤɜ ɔɟŬűɘŰɘəɩɜ ɞɝŮɘŭɑɤɜ 

ˊŮɟɘɔɟɎűŮɘ ɧŰɘ ˊɟɞůəɞɚɚɩɜŰŬɘ ɛŮ ŭŮůɛɞɨɠ ɡŭɟɞɔɧɜɞɡ ůŰŬ əɨŰŰŬɟŬ E.coli 

ŮɛˊɞŭɑɕɞɜŰŬɠ Űɖɜ Ůɑůɞŭɞ ɗɟŮˊŰɘəɩɜ ɞɡůɘɩɜ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɞ əɡŰŰŬɟɘəɧ ɗɎɜŬŰɞ. 

ɆɡɜŮˊɩɠ, Űɞ ůɨɜɗŮŰɞ ɡɚɘəɧ Ag-GO ŮɜɘůɢɨŮɘ Űɖɜ ŬɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ ɛŮ Űɖɜ ɎɛŮůɖ 

ŮˊŬűɐ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ag ɛŮ ŰŬ əɨŰŰŬɟŬ. ɄɘɗŬɜɐ ŮűŬɟɛɞɔɐ Űɞɡ ɡɚɘəɞɨ ŬɡŰɞɨ, 

ˊɞɡ ŮɑɜŬɘ űɘɚɘəɧ ɛŮ Űɞ ˊŮɟɘɓɎɚɚɞɜ, ŮɑɜŬɘ ůŮ əŬɗŬɟɘůɛɧ ɜŮɟɞɨ [33, 34]. Ⱥˊɑůɖɠ, 
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ůɨɜɗŮŰŬ ɡɚɘəɎ ɔɟŬűŮɜɑɤɜ ɛŮ ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag ůŮ ɛɞɟűɐ ɡŭɟɞɔɏɚɖɠ ɏɢɞɡɜ 

ŭɞəɘɛŬůŰŮɑ ɔɘŬ Űɖɜ Ůˊɞɨɚɤůɖ ŰɟŬɡɛɎŰɤɜ [35].  
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4. ɀȺɀȸɅȷɁȺɆ 

4.1 ȺɘůŬɔɤɔɐ 

Ƀɘ ɛŮɛɓɟɎɜŮɠ ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ŮəŰŮŰŬɛɏɜŬ ůŰɞ ˊŮŭɑɞ Űɤɜ ŭɘŬɢɤɟɘůɛɩɜ 

ŬŮɟɑɤɜ Ŭˊɧ Űɞ 1960. ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ŰŮɚŮɡŰŬɑɤɜ ŮŰɩɜ ɖ ŬɜɎɔəɖ ɔɘŬ ɜɏɞɡɠ 

Űɨˊɞɡɠ ɛŮɛɓɟŬɜɩɜ ŮɑɜŬɘ ŮˊɘŰŬəŰɘəɐ ŮɝŬɘŰɑŬɠ Űɖɠ ŬɜŬɕɐŰɖůɖɠ ɢŬɛɖɚɐɠ ŮɜŮɟɔŮɘŬəɐɠ 

əŬŰŬɜɎɚɤůɖɠ əŬɘ Űɖɠ ŬɜɎɔəɖɠ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ űɘɚɘəɩɜ ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ ɛɏůɤɜ 

ŭɘŬɢɤɟɘůɛɞɨ (ŭɘŬɚɨŰŮɠ, ɟɞűɖŰɘəɎ ɡɚɘəɎ). ɀɘŬ ŬəɧɛŬ ˊɟɧůűŬŰɖ ŮűŬɟɛɞɔɐ Űɤɜ 

ɛŮɛɓɟŬɜɩɜ ŮɑɜŬɘ ůŰɞ ˊŮŭɑɞ Űɤɜ ŬɜŰɘŭɟŬůŰɐɟɤɜ ɛŮɛɓɟɎɜɖɠ, ŭɖɚŬŭɐ ŬɜŰɘŭɟŬůŰɐɟŮɠ 

ˊɞɡ əŬɗɘůŰɞɨɜ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ɛŮɛɓɟŬɜɩɜ ɘəŬɜɎ ɜŬ ŬűŬɘɟɞɨɜ ɏɜŬ Ŭɏɟɘɞ ˊɞɡ 

ˊŬɟɎɔŮŰŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ɛɘŬɠ ŬɜŰɑŭɟŬůɖɠ. ȼ ŮˊɘɚŮəŰɘəɐ ŬˊɞɛɎəɟɡɜůɖ ˊɟɞɥɧɜŰɞɠ 

ŬŮɟɑɞɡ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ŮˊɖɟŮɎɕŮɘ Űɖɜ ɘůɞɟɟɞˊɑŬ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ 

əŬɘ Űɤɜ ˊɟɞɥɧɜŰɤɜ əŬɘ ɛŮŰŬűɏɟŮɘ Űɖɜ ŬɜŰɑŭɟŬůɖ ˊɟɞɠ Űɖɜ ŮˊɘɗɡɛɖŰɐ əŬŰŮɨɗɡɜůɖ [7, 

36, 37]. 

ũŮɜɘəɎ, ɛɑŬ ɛŮɛɓɟɎɜɖ ˊŮɟɘɔɟɎűŮŰŬɘ əŬŰɎ ˊɟɞůɏɔɔɘůɖ ɤɠ ɏɜŬ ɖɛɘˊŮɟŬŰɧ 

ŮɜŮɟɔɧ ɐ ɛɖ ŮɜŮɟɔɧ ŭɘɎűɟŬɔɛŬ Űɞ ɞˊɞɑɞ ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ ɞɟɘůɛɏɜɖɠ 

ɗŮɟɛɞŭɡɜŬɛɘəɐɠ əɘɜɖŰɐɟɘŬɠ ŭɨɜŬɛɖɠ ŮˊɘŰɟɏˊŮɘ ŮəɚŮəŰɘəɎ Űɖ ŭɘɏɚŮɡůɖ Űɤɜ ɛɞɟɑɤɜ 

Ůɜɧɠ ɐ ˊŮɟɘůůɧŰŮɟɤɜ ůɡůŰŬŰɘəɩɜ Ŭɏɟɘɞɡ ɐ ɡɔɟɞɨ ɛŮɑɔɛŬŰɞɠ ɐ ŭɘŬɚɨɛŬŰɞɠ. Ƀ ɞɟɘůɛɧɠ 

Űɖɠ ɛŮɛɓɟɎɜɖɠ əŬŰɎ IUPAC ˊŮɟɘɔɟɎűŮɘ ɧŰɘ ɛŮɛɓɟɎɜɖ ŮɑɜŬɘ ɛɑŬ ŭɞɛɐ ɛŮ ˊɞɚɨ 

ɛŮɔɎɚŮɠ ˊɚŮɡɟɘəɏɠ ŭɘŬůŰɎůŮɘɠ ůŮ ůɢɏůɖ ɛŮ Űɞ ˊɎɢɞɠ Űɖɠ əŬɘ ɛɏůɤ Űɖɠ ɞˊɞɑŬɠ, ɡˊɧ Űɖɜ 

ŮˊɑŭɟŬůɖ ŭɘŬűɧɟɤɜ əɘɜɖŰɐɟɤɜ ŭɡɜɎɛŮɤɜ, ɛˊɞɟŮɑ ɜŬ ɚɎɓŮɘ ɢɩɟŬ ɛŮŰŬűɞɟɎ ɛɎɕŬɠ 

(IUPAC Recommendations 1996). ɇŬ ůɡůŰŬŰɘəɎ Űɞɡ ɛŮɑɔɛŬŰɞɠ ˊɞɡ ŭŮɜ ŭɘŬˊŮɟɜɞɨɜ 

Űɖ ɛŮɛɓɟɎɜɖ ůɡɜɘůŰɞɨɜ Űɞ ɡˊɧɚŮɘɛɛŬ, əŬŰŬəɟɎŰɖɛŬ (retentate) Ůɜɩ ŰŬ ŭɘŬˊŮɟɜɩɜŰŬ 

ůɡůŰŬŰɘəɎ ŬˊɞŰŮɚɞɨɜ Űɞ ŭɘɐɗɖɛŬ (permeate). ȾɘɜɖŰɐɟɘŬ ŭɨɜŬɛɖ ɔɘŬ Űɖ ɛŮŰŬűɞɟɎ 

ɛɎɕŬɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɖ ŭɘŬűɞɟɎ ˊɑŮůɖɠ, ŮɜŮɟɔɧŰɖŰŬɠ ɐ ŭɡɜŬɛɘəɞɨ əŬɘ ɖ ɞůɛɤŰɘəɐ 

ˊɑŮůɖ (ɆɢɐɛŬ 6)[7, 36, 37]. 
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ɆɢɐɛŬ 6. ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ŭɘŬɢɤɟɘůɛɞɨ əɡɚɘɜɟɘəɐɠ ɛŮɛɓɟɎɜɖɠ 

 

4.2 ɇŬɝɘɜɧɛɖůɖ ɛŮɛɓɟŬɜɩɜ 

Ƀɘ ɛŮɛɓɟɎɜŮɠ ŰŬɝɘɜɞɛɞɨɜŰŬɘ ɛŮ ɓɎůɖ Űɖɜ ˊɞɟɩŭɖ Űɞɡɠ ŭɞɛɐ ůŮ Ŭ) 

ůɡɛɛŮŰɟɘəɏɠ əŬɘ ɓ) ŬůɨɛɛŮŰɟŮɠ (ɆɢɐɛŬ 7). Ƀɘ ůɡɛɛŮŰɟɘəɏɠ ɐ ɘůɧŰɟɞˊŮɠ ɛŮɛɓɟɎɜŮɠ 

ɏɢɞɡɜ ɞɛɞɘɞɔŮɜɐ ŭɞɛɐ əŬɘ ůɨůŰŬůɖ əŬŰɎ ɛɐəɞɠ əŬɘ ŮɑɜŬɘ ˊɞɚɨ ɚŮˊŰɏɠ. ȼ ɟɞɐ Ůɜɧɠ 

ŭɘŬɢɡŰɐ ŮɑɜŬɘ ŬɜŰɘůŰɟɧűɤɠ ŬɜɎɚɞɔɖ ˊɟɞɠ Űɞ ˊɎɢɞɠ Űɞɡ ɡɛŮɜɑɞɡ. ɇɞ ˊɞɚɨ ɚŮˊŰɧ 

ůŰɟɩɛŬ ŭɘŬɢɤɟɘůɛɞɨ ɧɛɤɠ ŮɛűŬɜɑɕŮɘ ˊŮɟɘɞɟɘůɛɏɜɖ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ. Ƀɘ 

ůɡɛɛŮŰɟɘəɏɠ ɛŮɛɓɟɎɜŮɠ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ˊɞɟɩŭŮɘɠ, ɛɖ ˊɞɟɩŭŮɘɠ çˊɡəɜɐɠ ŭɞɛɐɠè, əŬɘ 

ɖɚŮəɟɘəɎ űɞɟŰɘůɛɏɜŮɠ ɛŮɛɓɟɎɜŮɠ. Ƀɘ ˊɞɟɩŭŮɘɠ ɛŮɛɓɟɎɜŮɠ ŭɘŬɗɏŰɞɡɜ ˊɧɟɞɡɠ ˊɞɡ 

ɛˊɞɟɞɨɜ ɜŬ ŰŬɝɘɜɞɛɖɗɞɨɜ Ŭˊɧ ɛɘəɟɞˊɧɟɞɡɠ ɏɤɠ ɛŬəɟɞˊɧɟɞɡɠ. Ƀɘ ɛɖ ˊɞɟɩŭŮɘɠ 

ůɡɛ́ɡəɜɤɛɏɜŮɠ ɛŮɛɓɟɎɜŮɠ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɏɜŬ ɚŮˊŰɧ ɡɛɏɜɘɞ ɛɏůŬ ůŰɞ ɞˊɞɑɞ 

ůɡɛɓŬɑɜŮɘ ŭɘŬɚɡŰɞˊɞɑɖůɖ Űɤɜ ɛɞɟɑɤɜ. Ƀɘ ɖɚŮəŰɟɘəɎ űɞɟŰɘůɛɏɜŮɠ ɛŮɛɓɟɎɜŮɠ ŮɑɜŬɘ 

ŮɑŰŮ ůɡɛˊɡəɜɤɛɏɜŮɠ, ŮɑŰŮ ˊɞɟɩŭŮɘɠ ŬɚɚɎ ůɡɜɐɗɤɠ ůɡɜŬɜŰɩɜŰŬɘ ɛŮ Űɖ ŭŮɨŰŮɟɖ ɛɞɟűɐ 

əŬɘ ɛŮ ɏɜŬ ŮɝŬɘɟŮŰɘəɎ Ŭəɟɘɓɏɠ ůŮ ɛɏɔŮɗɞɠ ŭɑəŰɡɞ ˊɧɟɤɜ, ɧˊɞɡ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ 

ˊɧɟɤɜ űɏɟɞɡɜ ɗŮŰɘəɎ ɐ ŬɟɜɖŰɘəɎ űɞɟŰɘůɛɏɜŬ ɘɧɜŰŬ [7, 36, 37, 38]. 

Ƀɘ ɛŮɛɓɟɎɜŮɠ ˊɞɡ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŭɘŬŭɞɢɘəɎ ůŰɟɩɛŬŰŬ ɓŬɗɛɘŬɑŬ 

ɛŮŰŬɓŬɚɚɧɛŮɜɖɠ ŭɞɛɐɠ əŬɘ ɛŮɔɏɗɞɡɠ ˊɧɟɤɜ, ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ ůɢɖɛŬŰɘůŰŮɑ əŬŰɎ Űɞ ɑŭɘɞ 

ůŰɎŭɘɞ ˊŬɟŬůəŮɡɐɠ əŬɘ ŮɑɜŬɘ ůɡɜɐɗɤɠ Űɖɠ ɑŭɘŬɠ ɢɖɛɘəɐɠ ůɨůŰŬůɖɠ, əŬɚɞɨɜŰŬɘ 

ŬůɨɛɛŮŰɟŮɠ. Ƀɘ ŬůɨɛɛŮŰɟŮɠ ɛŮɛɓɟɎɜŮɠ ŭɘŬəɟɑɜɞɜŰŬɘ ůŰɖɜ ŬůɨɛɛŮŰɟɖ ɛŮɛɓɟɎɜɖ 

Loeb-Sourirajan, ůŰɖ ůɨɜɗŮŰɖ ŬůɨɛɛŮŰɟɖ ɛŮ ɚŮˊŰɧ ŮˊɘűŬɜŮɘŬəɧ ůŰɟɩɛŬ əŬɘ ůŰɖɜ 

ɡˊɞůŰɖɟɘɔɛɏɜɖ ɡɔɟɐ ɛŮɛɓɟɎɜɖ. Oɘ ɛŮɛɓɟɎɜŮɠ ŬɡŰɏɠ ˊŮɟɘɏɢɞɡɜ ŭɨɞ ɐ ˊŮɟɘůůɧŰŮɟŬ 
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ŭɘŬəɟɘŰɎ ŭɘŬűɞɟŮŰɘəɎ ůŰɟɩɛŬŰŬ, ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ůɡɜɐɗɤɠ ŭɘŬűɞɟŮŰɘəɐɠ ɢɖɛɘəɐɠ 

ůɨůŰŬůɖɠ əŬɘ ɏɢɞɡɜ ˊŬɟŬůəŮɡŬůŰŮɑ ůŮ ŭɘŬűɞɟŮŰɘəɎ ůŰɎŭɘŬ. ɇɞ ůŰɟɩɛŬ ŭɘŬɢɤɟɘůɛɞɨ 

ůŰɘɠ ůɨɜɗŮŰŮɠ ɛŮɛɓɟɎɜŮɠ (top layer ɐ separation layer) ůŰɖɟɑɕŮŰŬɘ ůŮ ɏɜŬ ɡˊɧůŰɟɤɛŬ 

(support), ˊɞɡ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɚŬɛɓɎɜŮɘ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ ɏɜŬ ŮɜŭɘɎɛŮůŬ ůŰɟɩɛŬŰŬ ɛŮ 

ŭɘŬűɞɟŮŰɘəɧ ˊɎɢɞɠ, ŭɘŬűɞɟŮŰɘəɐ ŭɞɛɐ əŬɘ əŬŰŬɜɞɛɐ ɛŮɔɏɗɞɡɠ ˊɧɟɤɜ. ȼ 

ŭɘŬɢɤɟɘůŰɘəɐ ɘəŬɜɧŰɖŰŬ əŬɘ ɞɘ ɟɡɗɛɞɑ ŭɘɏɚŮɡůɖɠ Ŭˊɧ Űɖ ɛŮɛɓɟɎɜɖ əŬɗɞɟɑɕɞɜŰŬɘ 

ŬˊɞəɚŮɘůŰɘəɎ Ŭˊɧ Űɞ ŮˊɘűŬɜŮɘŬəɧ ůŰɟɩɛŬ. ɇɞ ɡˊɧůŰɟɤɛŬ ɚŮɘŰɞɡɟɔŮɑ ɤɠ ɛɖɢŬɜɘəɧ 

ɡˊɞůŰɐɟɘɔɛŬ. ɆŰɘɠ ŬůɨɛɛŮŰɟŮɠ ɐ ůɨɜɗŮŰŮɠ ɛŮɛɓɟɎɜŮɠ, ɞ ŭɘŬɢɤɟɘůɛɧɠ Űɤɜ 

ůɡůŰŬŰɘəɩɜ ɟŮɨɛŬŰɞɠ ŰɟɞűɞŭɞůɑŬɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ůŰɞ ɚŮˊŰɧ ɛɘəɟɞˊɞɟɩŭŮɠ ɐ 

ɛŮůɞˊɞɟɩŭŮɠ ůŰɟɩɛŬ, Űɞ ɞˊɞɑɞ ŮɛűŬɜɑɕŮɘ əŬɘ Űɖ ɛŮɔŬɚɨŰŮɟɖ ŬɜŰɑůŰŬůɖ ůŰɖ ɟɞɐ ɐ 

Ŭɚɚɘɩɠ Űɖ ɛŮɔŬɚɨŰŮɟɖ ˊŰɩůɖ ˊɑŮůɖɠ. ɇɞ ɛŮɔɎɚɞɡ ˊɎɢɞɡɠ ɡˊɧůŰɟɤɛŬ ŮɑɜŬɘ ɛɖɢŬɜɘəɎ 

ŬɜɗŮəŰɘəɧ əŬɘ ɚɧɔɤ Űɞɡ ɧŰɘ ŮɑɜŬɘ ɛŬəɟɞˊɞɟɩŭŮɠ ŭŮɜ ůɡɜŮɘůűɏɟŮɘ ůɖɛŬɜŰɘəɎ ůŰɖɜ 

ɞɚɘəɐ ŬɜŰɑůŰŬůɖ ůŰɖ ɟɞɐ. ɆɡɜŮˊɩɠ, ɞ ɟɡɗɛɧɠ ɛŮŰŬűɞɟɎɠ Űɤɜ ɛɞɟɑɤɜ ŭɘŬ ɛɏůɞɡ ɛɑŬɠ 

ɛŮɛɓɟɎɜɖɠ ŮɑɜŬɘ ŬɜŰɘůŰɟɧűɤɠ ŬɜɎɚɞɔɞɠ Űɞɡ ˊɎɢɞɡɠ Űɞɡ ɚŮˊŰɞɨ ɡɛŮɜɑɞɡ. ũɘŬ Űɞ ɚɧɔɞ 

ŬɡŰɧ Űɞ ɡɛɏɜɘɞ ɢɟŮɘɎɕŮŰŬɘ ɜŬ ŮɑɜŬɘ ɧůɞ Űɞ ŭɡɜŬŰɧ ɛɘəɟɧŰŮɟɞɡ ˊɎɢɞɡɠ. ɇŬ 

ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɤɜ ɡɣɖɚɩɜ ɟɞɩɜ, ˊɞɡ ˊɟɞəŬɚɞɨɜ ɞɘ ŬůɨɛɛŮŰɟŮɠ ɛŮɛɓɟɎɜŮɠ, ŮɑɜŬɘ 

Űɧůɞ ůɖɛŬɜŰɘəɎ, ɩůŰŮ ůɢŮŭɧɜ ůŮ ɧɚŮɠ Űɘɠ Ůɛˊɞɟɘəɏɠ ɐ ɓɘɞɛɖɢŬɜɘəɏɠ ŮűŬɟɛɞɔɏɠ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɛŮɛɓɟɎɜŮɠ ŰɏŰɞɘɞɡ Űɨˊɞɡ [7, 36, 37, 38]. 

 

ɆɢɐɛŬ 7. ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ɓŬůɘəɩɜ əŬŰɖɔɞɟɘɩɜ ɛŮɛɓɟŬɜɩɜ 
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ȰɜŬɠ ŬəɧɛŬ Űɨˊɞɠ ɛŮɛɓɟŬɜɩɜ, ŮɑɜŬɘ ɞɘ ɡˊɞůŰɖɟɘɔɛɏɜŮɠ ɡɔɟɏɠ ɛŮɛɓɟɎɜŮɠ 

(Supported Liquid Membranes, SLMs), ůŰɘɠ ɞˊɞɑŮɠ ɖ ŮəɚŮəŰɘəɧŰɖŰŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

ɧŰŬɜ ɏɜŬ ɡɔɟɧ ůɨɛˊɚɞəɞ ɐ Ŭɚɚɘɩɠ ɏɜŬɠ űɞɟɏŬɠ ŬɔɤɔɘɛɧŰɖŰŬɠ əŬŰŬɚŬɛɓɎɜŮɘ Űɞɡɠ 

ˊɧɟɞɡɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ əŬɘ ŬɜŰɘŭɟɎ ŮˊɘɚŮəŰɘəɎ ɛŮ əɎˊɞɘɞ Ŭˊɧ ŰŬ ůɡůŰŬŰɘəɎ 

(permeates) Űɞɡ ɡˊɧ ŭɘŬɢɤɟɘůɛɧ ɟŮɡůŰɞɨ (feed) ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŰŬ ŭɘŬɢɏŮɘ ˊɟɞɠ 

Űɖɜ Ɏɚɚɖ ˊɚŮɡɟɎ Űɖɠ ɛŮɛɓɟɎɜɖɠ. Ƀɘ ɡɔɟɏɠ ɛŮɛɓɟɎɜŮɠ ɛˊɞɟɞɨɜ ɜŬ ɗŮɤɟɖɗɞɨɜ ɤɠ ɛɑŬ 

Ůɘŭɘəɐ əŬŰɖɔɞɟɑŬ ůɡɛˊŬɔɩɜ ɛŮɛɓɟŬɜɩɜ. ȺɝŬɘŰɑŬɠ Űɖɠ ɢɖɛɘəɐɠ ŬůŰɎɗŮɘŬɠ Űɤɜ ɡɔɟɩɜ 

ůɡɛˊɚɧəɤɜ əŬɗɩɠ əŬɘ Űɖɠ űɡůɘəɐɠ ŬůŰɎɗŮɘŬɠ Űɤɜ ɛŮɛɓɟŬɜɩɜ ˊɞɡ űɏɟɞɡɜ ŬɡŰɎ, ɞɘ 

ɡɔɟɏɠ ɛŮɛɓɟɎɜŮɠ ɏɢɞɡɜ əɘ ŬɡŰɏɠ ˊŮɟɘɞɟɘůɛɏɜŮɠ Ůɛˊɞɟɘəɏɠ ŮűŬɟɛɞɔɏɠ, ɧˊɤɠ ɞ 

ŮəɚŮəŰɘəɧɠ ŭɘŬɢɤɟɘůɛɧɠ ɛŮŰŬɚɚɘəɩɜ ɐ Ɏɚɚɤɜ ŮɜɩůŮɤɜ Ŭˊɧ ɏɜŬ ɘɞɜŰɘəɧ ɛɏůɞ. 

ȼ ɢɖɛɘəɐ ůɨůŰŬůɖ Űɤɜ ɛŮɛɓɟŬɜɩɜ Űɘɠ ŭɘŬɢɤɟɑɕŮɘ ůŮ Ŭ) ˊɞɚɡɛŮɟɘəɏɠ ɓ) 

ŬɜɧɟɔŬɜŮɠ əŬɘ ɔ) ůɨɜɗŮŰŮɠ (ɞɟɔŬɜɘəɏɠ-ŬɜɧɟɔŬɜŮɠ) ɛŮɛɓɟɎɜŮɠ. Ƀɘ ŬɜɧɟɔŬɜŮɠ-

əŮɟŬɛɘəɏɠ ɛŮɛɓɟɎɜŮɠ ŬˊɞŰŮɚɞɨɜ ɛɑŬ Ůɘŭɘəɐ əŬŰɖɔɞɟɑŬ ˊɞɟɤŭɩɜ ɛŮɛɓɟŬɜɩɜ əŬɘ 

ŭɘŬɗɏŰɞɡɜ Űɧůɞ ŬɜɗŮəŰɘəɧŰɖŰŬ ůŮ ŭɘŬɚɨŰŮɠ, ɧůɞ əŬɘ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ.  Ⱥˊɑůɖɠ, 

ɞɘ ŬɜɧɟɔŬɜŮɠ ɛŮɛɓɟɎɜŮɠ ůɨɛűɤɜŬ ɛŮ Űɖɜ ˊɞɟɩŭɖ ŭɞɛɐ Űɞɡɠ, ɛˊɞɟɞɨɜ ɜŬ 

ŰŬɝɘɜɞɛɖɗɞɨɜ ůŮ ɛŮɛɓɟɎɜŮɠ ñˊɡəɜɐɠò ŭɞɛɐɠ (dense membranes) əŬɘ ůŮ ˊɞɟɩŭŮɘɠ 

ɛŮɛɓɟɎɜŮɠ (porous membranes). Ƀɘ ɛɖ ˊɞɟɩŭŮɘɠ ɛŮŰŬɚɚɘəɏɠ ɛŮɛɓɟɎɜŮɠ əŬɘ 

ŮɘŭɘəɧŰŮɟŬ ɞɘ ɛŮɛɓɟɎɜŮɠ Ŭˊɧ ˊŬɚɚɎŭɘɞ, ɗŮɤɟɞɨɜŰŬɘ əŬŰɎɚɚɖɚŮɠ ɔɘŬ Űɞ ŭɘŬɢɤɟɘůɛɧ 

Űɞɡ ɡŭɟɞɔɧɜɞɡ Ŭˊɧ ɛɑɔɛŬŰŬ ŬŮɟɑɤɜ, Ůɜɩ ɞɘ ɡˊɞůŰɖɟɘɔɛɏɜŮɠ ɡɔɟɏɠ ɛŮɛɓɟɎɜŮɠ ɏɢɞɡɜ 

ŬɜŬˊŰɡɢɗŮɑ ɩůŰŮ ɜŬ ŭɘŮɡəɞɚɨɜɞɡɜ űŬɘɜɧɛŮɜŬ ɛŮŰŬűɞɟɎɠ [7, 36, 37, 38, 39]. 

 

ɆɢɐɛŬ 8. ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ŬůɨɛɛŮŰɟɖɠ əŮɟŬɛɘəɐɠ ɛŮɛɓɟɎɜɖɠ. 
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Ƀɘ əŮɟŬɛɘəɏɠ ɛŮɛɓɟɎɜŮɠ Ŭɜɐəɞɡɜ ůŰɖɜ əŬŰɖɔɞɟɑŬ Űɤɜ ůɨɜɗŮŰɤɜ ɛŮɛɓɟŬɜɩɜ, 

əŬɘ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ ɏɜŬ ŮˊɑˊŮŭŬ, Űɞɡ ɑŭɘɞɡ ɐ ŭɘŬűɞɟŮŰɘəɩɜ 

əŮɟŬɛɘəɩɜ ɡɚɘəɩɜ. Ƀɘ ɛŮɛɓɟɎɜŮɠ ŬɡŰɏɠ ŭɘŬɗɏŰɞɡɜ ɔŮɜɘəɎ ɏɜŬ ɛŬəɟɞˊɞɟɩŭŮɠ 

ɡˊɧůŰɟɤɛŬ, ɏɜŬ ɐ ŭɨɞ ŮɜŭɘɎɛŮůŬ ɛŮůɞˊɞɟɩŭɖ ůŰɟɩɛŬŰŬ, əŬɘ ɏɜŬ ˊɞɚɨ ɚŮˊŰɧ 

ɛɘəɟɞˊɞɟɩŭŮɠ (ɐ ɛɖ ˊɞɟɩŭŮɠ) ŮˊɘűŬɜŮɘŬəɧ ůŰɟɩɛŬ. ɀɑŬ əŮɟŬɛɘəɐ ɛŮɛɓɟɎɜɖ 

ŬˊŮɘəɞɜɑɕŮŰŬɘ ɔɟŬűɘəɎ ůŰɞ ɆɢɐɛŬ 8. ȳˊɤɠ űŬɑɜŮŰŬɘ əŬɘ Ŭˊɧ Űɞ ůɢɐɛŬ ŬɡŰɧ, Űɞ 

ɛŬəɟɞˊɞɟɩŭŮɠ ɡˊɧůŰɟɤɛŬ ŮɑɜŬɘ ɔŮɜɘəɎ űɗɖɜɧ, ŬɜɘůɧŰɟɞˊɞɡ Űɨˊɞɡ əŬɘ ɡɣɖɚɐɠ 

ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ (ɩůŰŮ ɜŬ ɛɖɜ ŮɑɜŬɘ Ůɛˊɧŭɘɞ ůŰɖ ŭɘɏɚŮɡůɖ Űɞɡ ɡɚɘəɞɨ). ũɘŬ ɚɧɔɞɡɠ 

ɛɖɢŬɜɘəɐɠ əŬɘ ɢɖɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬɠ, ŬəɞɚɞɡɗŮɑ ɏɜŬ ŮɜŭɘɎɛŮůɞ ŭɘŬˊŮɟŬŰɧ ɛɖ-

ŮəɚŮəŰɘəɧ ůŰɟɩɛŬ, ůŰɞ ɞˊɞɑɞ ůŰɖɟɑɕŮŰŬɘ ɖ əŬɗŬɡŰɧ ɛŮɛɓɟɎɜɖ ɛŮ ˊɧɟɞɡɠ Űɖɠ ŰɎɝɖɠ 

50 nm-1 ɛm, Ůɜɩ ˊɟɞůŰɑɗŮŰŬɘ əŬɘ ɏɜŬ ŭɘŬɢɤɟɘůŰɘəɧ ůŰɟɩɛŬ ɛŮ ˊɧɟɞɡɠ 2-50 nm ɔɘŬ 

ɛɖɢŬɜɘəɐ-ɢɖɛɘəɐ ˊɟɞůŰŬůɑŬ. ɇŬ ŮɜŭɘɎɛŮůŬ ŮˊɑˊŮŭŬ, ɔŮűɡɟɩɜɞɡɜ Űɘɠ ŭɘŬűɞɟɏɠ ˊɞɡ 

ˊŬɟɞɡůɘɎɕɞɡɜ ŰŬ ŭɘɎűɞɟŬ ɛŮɔɏɗɖ ˊɧɟɤɜ, ŬɜɎɛŮůŬ ůŰɞ ɛŬəɟɞˊɞɟɩŭŮɠ ɡˊɧůŰɟɤɛŬ 

əŬɘ ůŰɞ ŮˊɘűŬɜŮɘŬəɧ ůŰɟɩɛŬ, ɧˊɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɞ ˊɟŬɔɛŬŰɘəɧɠ ŭɘŬɢɤɟɘůɛɧɠ. ɇŬ 

ůɡɜɐɗɖ ɡɚɘəɎ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ˊŬɟŬůəŮɡɐ əŮɟŬɛɘəɩɜ ɛŮɛɓɟŬɜɩɜ ŮɑɜŬɘ 

Al 2O3, TiO2, ZrO2, SiO2, ɐ ɏɜŬ ůɡɜŭɡŬůɛɧɠ Űɤɜ ɡɚɘəɩɜ ŬɡŰɩɜ. ɇɧůɞ ɖ 

ŭɘŬˊŮɟŬŰɧŰɖŰŬ, ɧůɞ əŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŭɘŬɢɤɟɘůɛɞɨ ɛɑŬɠ əŮɟŬɛɘəɐɠ ɛŮɛɓɟɎɜɖɠ ŮɑɜŬɘ 

ŭɨɞ ŮɜŭŮɘəŰɘəɎ ɛŮɔɏɗɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɖɠ. ɆŮ ɛɑŬ ˊɞɟɩŭɖ əŮɟŬɛɘəɐ ɛŮɛɓɟɎɜɖ, ŰŬ 

ɛŮɔɏɗɖ ŬɡŰɎ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɞ ˊɎɢɞɠ, Űɞ ɛɏɔŮɗɞɠ Űɤɜ ˊɧɟɤɜ, əŬɘ Űɞ ˊɞɟɩŭŮɠ ŭɑəŰɡɞ 

Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ, Ůɜɩ ɔɘŬ ɛɑŬ ɛɖ ˊɞɟɩŭɖ əŮɟŬɛɘəɐ ɛŮɛɓɟɎɜɖ ɞɘ 

əŬɜɧɜŮɠ ůŰɞɡɠ ɞˊɞɑɞɡɠ ɓŬůɑɕɞɜŰŬɘ ɖ ŭɘɏɚŮɡůɖ əŬɘ ɞ ŭɘŬɢɤɟɘůɛɧɠ ŮɑɜŬɘ ˊŮɟɘůůɧŰŮɟɞ 

ˊɞɚɨˊɚɞəɞɘ. Ƀɘ ŮűŬɟɛɞɔɏɠ əŬɘ ɞɘ ɛɖɢŬɜɘůɛɞɑ ŭɘŬɢɤɟɘůɛɞɨ ɛɑŬɠ ˊɞɟɩŭɞɡɠ əŮɟŬɛɘəɐɠ 

ɛŮɛɓɟɎɜɖɠ, ŮɝŬɟŰɩɜŰŬɘ ɎɛŮůŬ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ˊɧɟɤɜ Űɖɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ 

ɄɑɜŬəŬ 1, ˊɞɡ ŬəɞɚɞɡɗŮɑ [7,  36, 37, 38, 39]. 
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                         ɄȽɁȷȾȷɆ 1. ȾŬŰɖɔɞɟɑŮɠ ȾŮɟŬɛɘəɩɜ ɀŮɛɓɟŬɜɩɜ 

Ⱥɑŭɞɠ
Ŭ 

ɀɏɔŮɗɞɠ 

ˊɧɟɤɜ (nm) 

ɀɖɢŬɜɘůɛɧɠ 

ɛŮŰŬűɞɟɎɠ ɛɎɕŬɠ EűŬɟɛɞɔɏɠ 

 

ɀŬəɟɞˊɞɟɩŭŮɘɠ >50 Ƚɝɩŭɖɠ ɟɞɐ UF, MF
ɓ
 

ɀŮůɞˊɞɟɩŭŮɘɠ 2-50 ȹɘɎɢɡůɖ Knudsen 

UF, NF
ɓ
, ȹɘŬɢɤɟɘůɛɧɠ 

ŬŮɟɑɤɜ 

ɀɘəɟɞˊɞɟɩŭŮɘɠ <2 

Configurational 

diffusion ȹɘŬɢɤɟɘůɛɧɠ ŬŮɟɑɤɜ 

ɀɖ ˊɞɟɩŭŮɘɠ 

(ˊɡəɜɏɠ) - ȹɘŬɚɡŰɞˊɞɑɖůɖ/ȹɘɎɢɡůɖ 

ȹɘŬɢɤɟɘůɛɧɠ ŬŮɟɑɤɜ, 

ȷɜŰɑŭɟŬůɖ 

 

Ŭ
 ɇŬɝɘɜɧɛɖůɖ əŬŰɎ IUPAC 
ɓ 
UF (Ultrafiltration), MF (Microfiltration), NF (Nanofiltration) 

 

4.3 ɉɖɛɘəɏɠ ŭɘŮɟɔŬůɑŮɠ ɛŮɛɓɟŬɜɩɜ 

4.3.1 ɀŮɛɓɟɎɜɖ ŮˊŬűɐɠ-CONTACTOR  

 Ƀɘ ɛŮɛɓɟɎɜŮɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ɛɏůŬ ŮˊŬűɐɠ ŮɑɜŬɘ ɛɖ ŮəɚŮəŰɘəɏɠ. 

ȷɜŰɑɗŮŰŬ, ɞɘ ɛŮɛɓɟɎɜŮɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɘɠ ůɡɛɓŬŰɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ 

ŭɘŬɢɤɟɘůɛɞɨ, ˊŮɟɘɚŬɛɓɎɜɞɡɜ ɏɜŬ ŮəɚŮəŰɘəɧ ůŰɟɩɛŬ ɔɘŬ Űɞ ŭɘŬɢɤɟɘůɛɧ Űɤɜ ɟŮɡůŰɩɜ. 

Ⱥˊɞɛɏɜɤɠ, ɞ ŭɘŬɢɤɟɘůɛɧɠ ˊɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ůŰɘɠ ɛŮɛɓɟɎɜŮɠ ŮˊŬűɐɠ ɓŬůɑɕŮŰŬɘ 

əɡɟɑɤɠ ůŰɖɜ ɑŭɘŬ Ŭɟɢɐ ɛŮ Űɘɠ ůɡɛɓŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ ŮˊŬűɐɠ, ŭɖɚŬŭɐ Űɖɜ ɘůɞɟɟɞˊɑŬ 

űɎůŮɤɜ. ɇɞ ɆɢɐɛŬ 9 ŬˊŮɘəɞɜɑɕŮɘ Űɘɠ Ŭɟɢɏɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ůɨɛűɤɜŬ ɛŮ Űɘɠ ɞˊɞɑŮɠ ɖ 

ˊɞɟɩŭɖɠ ɛŮɛɓɟɎɜɖ ŭɘŬɢɤɟɑɕŮɘ ŭɡɞ ɟŮɡůŰɎ (Ŭɏɟɘɞ ɐ ɡɔɟɧ), ɛŮŰŬɝɨ Űɞɡɠ əŬɘ ɚŬɛɓɎɜŮɘ 

ɢɩɟŬ ɛŮŰŬűɞɟɎ ɛɎɕŬɠ ɛɏůŬ Ŭˊɧ Űɖɜ ˊɞɟɩŭɖ ɛŮɛɓɟɎɜɖ ɛɏůɤ ŭɘɎɢɡůɖɠ. Ƀɘ 

ɛŮɛɓɟɎɜŮɠ ŮˊŬűɐɠ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ ɛɘŬ ŰŮɢɜɞɚɞɔɑŬ, ɧˊɞɡ ŰŬ ˊɞɟɩŭɖ ɡɚɘəɎ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ óɛɏůɞɜ Ŭɨɝɖůɖɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠô ɔɘŬ Űɖ ɛŮŰŬűɞɟɎ ɛɎɕŬɠ 

ŮɜŭɘɎɛŮůɖɠ űɎůɖɠ. Ⱥˊɑůɖɠ, ɧɚŮɠ ɞɘ ˊŬɟŬŭɞůɘŬəɏɠ ŭɘŮɟɔŬůɑŮɠ ɧˊɤɠ Ŭˊɞɟɟɧűɖůɖ 



 

- 26 - 

ŬŮɟɑɞɡ, ŬˊɧůŰŬɝɖ, Ůəɢɨɚɘůɖ, əɟɡůŰɎɚɚɤůɖ əŬɘ əŬŰɎɚɡůɖ ɛɏůɤ ɛŮŰŬűɞɟɎɠ űɎůɖɠ 

ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŮ ŬɡŰɏɠ Űɘɠ ɛŮɛɓɟɎɜŮɠ [7, 36, 37]. 

 

 

ɆɢɐɛŬ 9. ȷɟɢɐ ɚŮɘŰɞɡɟɔɑŬɠ ɛŮɛɓɟɎɜɖɠ ŮˊŬűɐɠ  

 

Ƀɘ ɛŮɛɓɟɎɜŮɠ ŮˊŬűɐɠ ŮɑɜŬɘ ůɡɜɐɗɤɠ ŭɘŬŰɎɝŮɘɠ əŮɚɨűɞɡɠ-ůɤɚɐɜŬ, ˊɞɡ 

ˊŮɟɘɏɢoɡɜ ɛɘəɟɞˊɞɟɩŭŮɘɠ ŰɟɘɢɞŮɘŭŮɑɠ əɞɑɚŮɠ ɑɜŮɠ. Ƀɘ ˊɧɟɞɘ Űɖɠ əɎɗŮ ɑɜŬɠ ŮɑɜŬɘ ŬɟəŮŰɎ 

ɛɘəɟɞɑ ɏŰůɘ ɩůŰŮ ɞɘ ŰɟɘɢɞŮɘŭŮɑɠ ŭɡɜɎɛŮɘɠ ɜŬ ́ɟɞɚŬɓŬɑɜɞɡɜ Űɖɜ ɎɛŮůɖ ŬɜɎɛŮɘɝɖ Űɤɜ 

űɎůŮɤɜ ŮəŬŰɏɟɤɗŮɜ Űɖɠ ɛŮɛɓɟɎɜɖɠ. Ƀɘ ɛŮɛɓɟɎɜŮɠ ŮˊŬűɐɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɖ ŭɘŬɚɡŰɞˊɞɘɖɛɏɜɤɜ ŬŮɟɑɤɜ ůŮ ɡɔɟɧ (ɡɔɟɧ ůŰɖɜ ŰɟɞűɞŭɞůɑŬ/Ŭɏɟɘɞ ůŰɞɡɠ 

ˊɧɟɞɡɠ) ɐ ɔɘŬ Űɞɜ ŭɘŬɢɤɟɘůɛɧ ŬŮɟɑɤɜ (ɛɑɔɛŬ ŬŮɟɑɤɜ ůŰɖɜ ŰɟɞűɞŭɞůɑŬ/ɡɔɟɧ ůŰɞɡɠ 

ˊɧɟɞɡɠ ɔɘŬ Űɖ ɢɖɛɘəɐ ŭɏůɛŮɡůɖ Ůɜɧɠ Ŭˊɧ ŰŬ ůɡůŰŬŰɘəɎ Űɞɡ ŬŮɟɑɞɡ ɛɑɔɛŬŰɞɠ) ɐ ɔɘŬ 

Űɖɜ ŬˊɞɛɎəɟɡɜůɖ ɛɖ ŬɜŬɛɑɝɘɛɤɜ ůɡůŰŬŰɘəɩɜ Ŭˊɧ ɏɜŬ ɡɔɟɧ (ɡɔɟɧ ɛŮ ɛɖ ŬɜŬɛɑɝɘɛŬ 

ůɡůŰŬŰɘəɎ ůŰɖɜ ŰɟɞűɞŭɞůɑŬ/ɡɔɟɧ ɛŮ ɢɖɛɘəɐ ůɡɜɎűŮɘŬ ůŰŬ ɛɖ ŬɜŬɛɑɝɘɛŬ ůɡůŰŬŰɘəɎ 

ůŰɞɡɠ ˊɧɟɞɡɠ), ɐ ɔɘŬ ŬˊɧůŰŬɝɖ ɛɏůŬ Ŭˊɧ Űɞɡɠ ˊɧɟɞɡɠ (ɡɔɟɧ əŬɘ ůŰɘɠ ŭɨɞ ˊɚŮɡɟɏɠ Űɖɠ 

ɛŮɛɓɟɎɜɖɠ, ŬŰɛɧɠ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ). Ƀɘ ŭɘɎűɞɟɞɘ Űɨˊɞɘ  ɛŮɛɓɟɎɜɖɠ ŮˊŬűɐɠ 

Ŭ́ ŮɘəɞɜɑɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 10 [36, 37]. 

ɇŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɤɜ ɛŮɛɓɟŬɜɩɜ ŮˊŬűɐɠ ŮɑɜŬɘ ɖ ɡɣɖɚɐ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ 

ŬɜɎ ɧɔəɞ əŬɘ ɞ űɡůɘəɧɠ ŭɘŬɢɤɟɘůɛɧɠ Űɤɜ űɎůŮɤɜ Ŭˊɧ Űɖ ɛŮɛɓɟɎɜɖ. Ʉɘɞ ŬɜŬɚɡŰɘəɎ, 

ɖ ˊŮɟɘɞɢɐ Űɖɠ ɛŮɛɓɟɎɜɖɠ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ űɎůŮɤɜ ŮɑɜŬɘ ŬɜŮɝɎɟŰɖŰɖ Ŭˊɧ Űɞɡɠ 

ɅŮɡůŰɧ 3 (Ŭɏɟɘɞ ɐ ɡɔɟɧ) 

Ʉɞɟɩŭɖɠ ɛŮɛɓɟɎɜɖ 

ɅŮɡůŰɧ 2 

ɅŮɡůŰɧ 1 
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ůɢŮŰɘəɞɨɠ ɟɡɗɛɞɨɠ ɟɞɐɠ Űɞɡɠ, ɏŰůɘ ɩůŰŮ ɞɘ ɛŮɔɎɚŮɠ ŭɘŬűɞɟɏɠ ůŰɞ ɟɡɗɛɧ ɟɞɐɠ ŭŮɜ 

ˊɟɞəŬɚɞɨɜ ŭɘɞɢɏŰŮɡůɖ, ˊɚɖɛɛɨɟŮɠ ɐ əŬəɐ ŮˊŬűɐ Űɖɠ űɎůɖɠ. ȷəɧɛŬ, ɛŮ ŬɡŰɧ Űɞɜ 

Űɨˊɞ ɛŮɛɓɟŬɜɩɜ ŬˊɞűŮɨɔŮŰŬɘ ɖ ˊŬɟɎůɡɟůɖ ɛŮŰŬɝɨ Űɤɜ űɎůŮɤɜ əŬŰɎ Űɞ ŭɘŬɢɤɟɘůɛɧ 

Űɞɡɠ Ŭəɧɛɖ əŬɘ Ŭɜ ɞɘ ŭɨɞ űɎůŮɘɠ ɏɢɞɡɜ Űɖɜ ɑŭɘŬ ˊɡəɜɧŰɖŰŬ. ɀŮɘɞɜɏəŰɖɛŬ Űɞɡ Űɨˊɞɡ 

ŬɡŰɞɨ ɛŮɛɓɟɎɜɖɠ ŮɑɜŬɘ ɖ űɨůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ Űɖɠ ɖ ɞˊɞɑŬ ɚɧɔɤ Űɖɠ ɢɟɐůɖɠ Űɖɠ, 

ˊŬɟɞɡůɑŬ ɡɣɖɚɩɜ ɗŮɟɛɞəɟŬůɘɩɜ əŬɘ ˊɘɏůŮɤɜ ɧˊɤɠ əŬɘ ɘůɢɡɟɩɜ ŭɘŬɚɡŰɩɜ, 

ˊŬɟɞɡůɘɎɕŮɘ űɗɞɟɏɠ. ɆɡɜŮˊɩɠ, əŬŰɎɚɚɖɚŮɠ ɛŮɛɓɟɎɜŮɠ ɔɘŬ Űɘɠ ŭɘŮɟɔŬůɑŮɠ ŮˊŬűɐɠ 

ɛɏůɤ ɛŮɛɓɟɎɜɖɠ ŬˊɞŭŮɘəɜɨɞɜŰŬɘ ɞɘ əŮɟŬɛɘəɏɠ ˊɞɡ ɏɢɞɡɜ ɛŮɔŬɚɨŰŮɟɖ ŭɘɎɟəŮɘŬ ɕɤɐɠ 

Ŭˊɧ Űɘɠ ˊɞɚɡɛŮɟɘəɏɠ [36, 37]. 

ȼ ɢɟɐůɖ əŮɟŬɛɘəɩɜ ɡɚɘəɩɜ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ ɔɘŬ ŭɘŮɟɔŬůɑŮɠ 

Ŭɏɟɘɞɡ-ɡɔɟɞɨ ɐ ɡɔɟɞɨ-ɡɔɟɞɨ ˊɟɞůŭɑŭŮɘ ɡɣɖɚɐ ɢɖɛɘəɐ əŬɘ ɗŮɟɛɘəɐ ŬɜŰɑůŰŬůɖ əŬɗɩɠ 

əŬɘ əŬɚɐ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ. Ⱥˊɞɛɏɜɤɠ, ɞɘ ˊɟɩŰŮɠ ɛŮɛɓɟɎɜŮɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 

ɐŰŬɜ ɞɘ əŮɟŬɛɘəɏɠ əɞɑɚɤɜ ɘɜɩɜ ˊɞɟɩŭŮɘɠ ɐ ůɡɛˊŬɔŮɑɠ. Ƀɘ ŮűŬɟɛɞɔɏɠ Űɞɡɠ 

ŮɜŰɞˊɑɕɞɜŰŬɘ ůŰɞ ŭɘŬɢɤɟɘůɛɧ ŬŮɟɑɤɜ, ůŮ ŬɜŰɘŭɟŬůŰɐɟŮɠ ɛŮɛɓɟɎɜɖɠ ə.Ŭ. [7, 36, 37]. 

 

 

ɆɢɐɛŬ 10. ɄŬɟŬŭŮɑɔɛŬŰŬ ɛŮɛɓɟŬɜɩɜ ŮˊŬűɐɠ əŬɘ ŮűŬɟɛɞɔɏɠ Űɞɡɠ  
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4.3.2 ȷɜŰɘŭɟŬůŰɐɟŬɠ ɛŮɛɓɟɎɜɖɠ 

 ȼ ŰŮɢɜɞɚɞɔɑŬ ɛŮɛɓɟŬɜɩɜ ůŰɘɠ Ŭɟɢɏɠ Űɞɡ 1980 ŮɑɢŮ ŬɜŬˊŰɡɢɗŮɑ ɔɘŬ Űɖɜ 

ŮəɚŮəŰɘəɐ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ˊɟɞɥɧɜŰɤɜ Űɤɜ ɢɖɛɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ. Ƀɘ 

ŬɜŰɘŭɟŬůŰɐɟŮɠ ɛŮɛɓɟɎɜɖɠ ůɡɜŭɡɎɕɞɡɜ Űɖɜ ŬɜŰɑŭɟŬůɖ əŬɘ Űɞ ŭɘŬɢɤɟɘůɛɧ ˊɟɞɥɧɜŰɤɜ 

ɐ ůɡɜŭɡɎɕɞɡɜ Űɖɜ ŬɜɎɛɘɝɖ/ŭɘŬɜɞɛɐ əŬɘ ŬɜŰɑŭɟŬůɖ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ. Ƀɘ Űɨˊɞɘ ŬɡŰɞɑ 

ɛŮɛɓɟŬɜɩɜ ɓɟɐəŬɜ ˊɟɩŰŬ ŮűŬɟɛɞɔɐ ůŮ ɓɘɞɚɞɔɘəɎ ůɡůŰɐɛŬŰŬ ůŮ ɢŬɛɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ. ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ, ɤůŰɧůɞ, ɖ ŭɘŬɗŮůɘɛɧŰɖŰŬ əŮɟŬɛɘəɩɜ ɐ 

ɛŮŰŬɚɚɘəɩɜ ɛŮɛɓɟŬɜɩɜ Űɘɠ ŮŭɟŬɑɤůŮ ůŮ əŬŰŬɚɡŰɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ [7, 36, 37]. 

ȹɡɞ Űɨˊɞɘ ŬɜŰɘŭɟŬůŰɐɟŬ ɛŮɛɓɟɎɜɖɠ ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ, ɞ ˊɟɩŰɞɠ ŮɑɜŬɘ 

Űɨˊɞɡ ɛŮɛɓɟɎɜɖɠ ŮˊŬűɐɠ. Ʉɘɞ ŬɜŬɚɡŰɘəɎ, ɞɘ ŬɜŰɘŭɟŬůŰɐɟŮɠ ɛŮɛɓɟɎɜɖɠ ŮűŬɟɛɧɕɞɜŰŬɘ 

ɔɘŬ ůɡɛɓŬŰɘəɞɨɠ ɢɖɛɘəɞɨɠ ŭɘŬɢɤɟɘůɛɞɨɠ. ȾŬɗɩɠ Űɞ ɛɏůɞ ŬɜŰɑŭɟŬůɖɠ ɟɏŮɘ ɛɏůɤ Űɞɡ 

ɗŬɚɎɛɞɡ ŰɟɞűɞŭɞůɑŬɠ, ŰŬ ŬɜŰɘŭɟɩɜŰŬ ŭɘŬɢɏɞɜŰŬɘ ɛɏůɤ Űɖɠ ɛŮɛɓɟɎɜɖɠ, ŬɜŰɘŭɟɞɨɜ 

ůŰɞɡɠ ˊɧɟɞɡɠ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŭɘŬɢɏɞɜŰŬɘ ɏɝɤ ůŰɞ ɢɩɟɞ ŭɘŬˊɏɟŬůɖɠ ɔɘŬ ɜŬ 

ůɡɚɚŮɢɗɞɨɜ, ɤɠ ɏɜŬ ɟŮɨɛŬ ˊɟɞɥɧɜŰɞɠ. ȼ ɛŮɛɓɟɎɜɖ ˊŬɟɏɢŮɘ ɛɘŬ ɛŮɔɎɚɖ ˊŮɟɘɞɢɐ 

ŬɜŰŬɚɚŬɔɐɠ ɛŮŰŬɝɨ Űɞɡ əŬŰŬɚɡŰɘəɞɨ ɡɚɘəɞɨ əŬɘ Űɞɡ ɛɏůɞɡ ŬɜŰɑŭɟŬůɖɠ, ŬɚɚɎ ŭŮɜ 

ŮəŰŮɚŮɑ əŬɛɑŬ ɚŮɘŰɞɡɟɔɑŬ ŭɘŬɢɤɟɘůɛɞɨ. ȰɜŬɠ Ɏɚɚɞɠ Űɨˊɞɠ ŬɜŰɘŭɟŬůŰɐɟŬ ɛŮɛɓɟɎɜɖɠ 

ɢɟɖůɘɛɞˊɞɘŮɑ Űɘɠ ɘŭɘɧŰɖŰŮɠ ŭɘŬɢɤɟɘůɛɞɨ Űɖɠ ɛŮɛɓɟɎɜɖɠ. Ʉɘɞ ŬɜŬɚɡŰɘəɎ, ɖ ɛŮɛɓɟɎɜɖ 

ɛŮŰŬŰɞˊɑɕŮɘ Űɖɜ ɘůɞɟɟɞˊɑŬ Űɖɠ ɢɖɛɘəɐɠ ŬɜŰɑŭɟŬůɖɠ ɛŮ ŮˊɘɚŮəŰɘəɐ ŬűŬɑɟŮůɖ Ůɜɧɠ Ŭˊɧ 

ŰŬ ˊɟɞɘɧɜŰŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ˊɟɞɠ Űɖɜ ˊɚŮɡɟɎ Űɞɡ ˊɟɞɘɧɜŰɞɠ. Ⱥˊɑůɖɠ, ɡˊɎɟɢŮɘ əŬɘ ɞ 

Űɨˊɞɠ ŬɜŰɘŭɟŬůŰɐɟŬ ɛŮɛɓɟɎɜɖɠ ˊɞɡ ůɡɜŭɡɎɕŮɘ Űɘɠ ɚŮɘŰɞɡɟɔɑŮɠ ɛŮɛɓɟɎɜɖɠ ŮˊŬűɐɠ əŬɘ 

ŭɘŬɢɤɟɘůɛɞɨ. ɆɡɔəŮəɟɘɛɏɜŬ, ˊŬɟɏɢŮŰŬɘ ůŰɖ ɕɩɜɖ ŬɜŰɑŭɟŬůɖɠ ɏɜŬ ůɡɔəŮəɟɘɛɏɜɞ 

ŬɜŰɘŭɟŬůŰɐɟɘɞ ˊŬɟɏɢɞɜŰŬɠ ɓɏɚŰɘůŰɖ ŬɜŬɚɞɔɑŬ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ŭɡɞ ŬɜŰɘŭɟɩɜŰɤɜ 

ɟɞɩɜ. ɆɡɜŮˊɩɠ, ɖ Ŭˊɧŭɞůɖ ɛˊɞɟŮɑ ɜŬ ŬɡɝɖɗŮɑ ɐ/əŬɘ ɖ ŮəɚŮəŰɘəɧŰɖŰŬ ɛˊɞɟŮɑ ɜŬ 

ɓŮɚŰɘɤɗŮɑ əŬŰŬůŰɏɚɚɞɜŰŬɠ ŬɜŮˊɘɗɨɛɖŰŮɠ ˊŬɟɎˊɚŮɡɟŮɠ ŬɜŰɘŭɟɎůŮɘɠ (ɆɢɐɛŬ 11) [7, 36, 

37]. 

ɆŰɞɜ əŬŰŬɚɡŰɘəɧ ŬɜŰɘŭɟŬůŰɐɟŬ ɛŮɛɓɟɎɜɖɠ ɖ ůɨɕŮɡɝɖ Űɖɠ ɛŮɛɓɟɎɜɖɠ ɛŮ Űɞɜ 

əŬŰŬɚɨŰɖ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɓŬůɘəɎ ɛŮ ŰɟŮɘɠ Űɟɧˊɞɡɠ. Ʉɘɞ ŬɜŬɚɡŰɘəɎ Ŭ) ɖ ɛŮɛɓɟɎɜɖ 

ůɡɜŭɏŮŰŬɘ ɛŮ Űɞɡɠ əŬŰŬɚɨŰŮɠ əŬɘ ůɢɖɛŬŰɑɕŮɘ Űɞ ŮůɤŰŮɟɘəɧ ŰɞɑɢɤɛŬ Űɞɡ ůɤɚɖɜɞŮɘŭɞɨɠ 

ŬɜŰɘŭɟŬůŰɐɟŬ ɛŮɛɓɟɎɜɖɠ, ɓ)  ɖ ɑŭɘŬ ɖ ɛŮɛɓɟɎɜɖ ŮɑɜŬɘ əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɐ, ůŰɖɜ ɞˊɞɑŬ 

ɞ ŮɜŮɟɔɧɠ əŬŰŬɚɨŰɖɠ ŮɑɜŬɘ ŬəɘɜɖŰɞˊɞɘɖɛɏɜɞɠ ˊɎɜɤ ůŰɞ ɚŮˊŰɧ ŭɘŬɢɤɟɘůŰɘəɧ ɡɛɏɜɘɞ 

Űɖɠ ɛŮɛɓɟɎɜɖɠ Űɞ ɞˊɞɑɞ ɛŮ Űɖ ůŮɘɟɎ Űɞɡ ŮɑɜŬɘ ɡˊɞůŰɖɟɘɔɛɏɜɞ Ŭˊɧ ɛŬəɟɞˊɞɟɩŭŮɠ 

ɡˊɧůŰɟɤɛŬəŬɘ, ɔ) o əŬŰŬɚɨŰɖɠ ŮɛˊɞŰɑɕŮŰŬɘ ůŰɞɡɠ ˊɧɟɞɡɠ Űɞɡ ɛɘəɟɞˊɞɟɩŭɞɡɠ 
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ŭɘŬɢɤɟɘůŰɘəɞɨ ɡɛŮɜɑɞɡ ŮɑŰŮ ɤɠ ɛŮɛɞɜɤɛɏɜŬ ůɤɛŬŰɑŭɘŬ, ŮɑŰŮ ɤɠ ɏɜŬ ůŰɟɩɛŬ [7, 36, 

37]. 

 

 

ɆɢɐɛŬ 11. ɇɨˊɞɘ ŬɜŰɘŭɟŬůŰɐɟɤɜ ɛŮɛɓɟɎɜɖɠ 

 

Ƀɘ ɛɘəɟɞˊɞɟɩŭŮɘɠ ɛŮɛɓɟɎɜŮɠ ůɡɜɐɗɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ŭɘɎŰŬɝɖ 

ŬɜŰɘŭɟŬůŰɐɟŬ ɛŮɛɓɟɎɜɖɠ ůŰŬɗŮɟɐɠ əɚɑɜɖɠ (packed bed membrane reactor, PBMR) 

(ɆɢɐɛŬ 12). ɆŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ˊŮɟɘˊŰɩůŮɘɠ, ɞɘ əŬŰŬɚɨŰŮɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŰɖɜ ˊɚŮɡɟɎ 

ŰɟɞűɞŭɞůɑŬɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ, Ůɜɩ ɏɜŬ űɏɟɞɜ Ŭɏɟɘɞ, ɧˊɤɠ ɐɚɘɞ ɐ Ŭɟɔɧ ɟɏŮɘ ůŰɖɜ 

ˊɚŮɡɟɎ ŭɘŬˊɏɟŬůɖɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ. Ƀɘ ŬɜŰɘŭɟŬůŰɐɟŮɠ ɛŮɛɓɟɎɜɖɠ ůŰŬɗŮɟɐɠ əɚɑɜɖɠ 
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ˊŬɟɞɡůɘɎɕɞɡɜ əŬɚɨŰŮɟŮɠ ŬˊɞŭɧůŮɘɠ əŬɘ ɛŮŰŬŰɟɞˊɏɠ, ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞɡɠ əɞɘɜɞɨɠ 

ŬɜŰɘŭɟŬůŰɐɟŮɠ ůŰŬɗŮɟɐɠ əɚɑɜɖɠ. 

 

 

ɆɢɐɛŬ 12. ȹɘɎŰŬɝɖ ŬɜŰɘŭɟŬůŰɐɟŬ ɛŮɛɓɟɎɜɖɠ ůŰŬɗŮɟɐɠ əɚɑɜɖɠ. 
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ɄɅɃɆɅɃūȼɆȼ ȾȷȽ ȹȽȷɉɈɆȼ ȷȺɅȽɋɁ ɆȺ ɄɃɅɋȹȼ ɈȿȽȾȷ 
 

 

1. Ʉɟɞůɟɧűɖůɖ ŬŮɟɑɤɜ ůŮ ˊɞɟɩŭɖ ɡɚɘəɎ 

 

1.1 ȺɘůŬɔɤɔɐ 

 

ɇŬ ɛɧɟɘŬ Űɞɡ ŬŮɟɑɞɡ ɧŰŬɜ ůɡɔəɟɞɨɞɜŰŬɘ ɛŮ ɛɘŬ ůŰŮɟŮɐ ŮˊɘűɎɜŮɘŬ əŬɘ Ŭɜ ɞɘ 

ŮɚəŰɘəɏɠ ŭɡɜɎɛŮɘɠ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ɛŮŰŬɝɨ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɞɡ ŬŮɟɑɞɡ əŬɘ Űɞɡ 

ůŰŮɟŮɞɨ ŮɑɜŬɘ ůɢŮŰɘəɎ ɘůɢɡɟɏɠ, ˊŬɟŬŰɖɟŮɑŰŬɘ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ŬŮɟɑɞɡ 

ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ. ɇɞ űŬɘɜɧɛŮɜɞ ŬɡŰɧ əŬɚŮɑŰŬɘ ˊɟɞůɟɧűɖůɖ, Űɞ Ŭɏɟɘɞ əŬɚŮɑŰŬɘ 

ˊɟɞůɟɞűɞɨɛŮɜɖ ɞɡůɑŬ (adsorbate) əŬɘ Űɞ ůŰŮɟŮɧ ˊɟɞůɟɞűɖŰɐɠ (adsorbent). Ƀ ɧɟɞɠ 

ˊɟɞůɟɧűɖůɖ (adsorption) ɏɢŮɘ ůɐɛŮɟŬ ŭɘŮɗɜɩɠ ɞɟɘůŰŮɑ ɤɠ ɖ Ŭɨɝɖůɖ (ɗŮŰɘəɐ 

ˊɟɞůɟɧűɖůɖ ɐ ŬˊɚɎ ˊɟɞůɟɧűɖůɖ) ɐ ɖ ŮɚɎŰŰɤůɖ (ŬɟɜɖŰɘəɐ ˊɟɞůɟɧűɖůɖ ɐ 

Ůəɟɧűɖůɖ) Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Ůɜɧɠ ɐ ˊŮɟɘůůɧŰŮɟɤɜ ůɡůŰŬŰɘəɩɜ ůŮ ɛɑŬ ŭɘŮˊɘűɎɜŮɘŬ 

[1]. 

ȷɜŰɑɗŮŰŬ, ɞ ɧɟɞɠ Ŭˊɞɟɟɧűɖůɖ (absorption) ɞɟɑɕŮŰŬɘ ɤɠ Űɞ űŬɘɜɧɛŮɜɞ, ɧˊɞɡ ŰŬ 

ɛɧɟɘŬ Ůɜɧɠ ŬŮɟɑɞɡ ŮɘůɏɟɢɞɜŰŬɘ ɛɏůŬ ůŰɞ ˊɚɏɔɛŬ Űɞɡ ŬˊɞɟɟɞűɖŰɘəɞɨ ůŰŮɟŮɞɨ ɐ ůŰɞɜ 

əɡɟɑɤɠ ɧɔəɞ Ůɜɧɠ ŭɘŬɚɨŰɖ. Ƀ ɧɟɞɠ ɟɧűɖůɖ (sorption) ŮɑɜŬɘ ɔŮɜɘəɧŰŮɟɞɠ əŬɘ 

ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ˊɟɞůɟɧűɖůɖ ůŮ ɛɑŬ ŮˊɘűɎɜŮɘŬ, Űɖɜ Ŭˊɞɟɟɧűɖůɖ ɛŮ ŭɘŮɑůŭɡůɖ Űɞɡ 

ŬŮɟɑɞɡ ɛɏůŬ ůŰɖ ɛɎɕŬ Űɞɡ ůŰŮɟŮɞɨ əŬɘ Űɖɜ ŰɟɘɢɞŮɘŭɐ ůɡɛˊɨəɜɤůɖ (capillary 

condensation) ůŰɞ ŮůɤŰŮɟɘəɧ Űɤɜ ˊɧɟɤɜ. 

ȼ ˊɞůɧŰɖŰŬ Ůɜɧɠ ŬŮɟɑɞɡ ˊɞɡ ɟɞűɎŰŬɘ ůŮ ŭŮɑɔɛŬ ůŰŮɟŮɞɨ ŮɑɜŬɘ ŬɜɎɚɞɔɖ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ ɇ, Űɖɠ ˊɑŮůɖɠ P Űɞɡ ŬŮɟɑɞɡ əŬɘ Űɖɠ űɨůɖ Űɧůɞ Űɞɡ ŬŮɟɑɞɡ ɧůɞ əŬɘ Űɞɡ 

ůŰŮɟŮɞɨ. ȺɎɜ n ŮɑɜŬɘ ɖ ˊɞůɧŰɖŰŬ Űɞɡ ɟɞűɖɛɏɜɞɡ ŬŮɟɑɞɡ, ŮəűɟŬůɛɏɜɖ ůŮ moles ŬɜɎ 

gram ůŰŮɟŮɞɨ, ŰɧŰŮ ŮɑɜŬɘ: 

 n = f (P, T)      (1) 

ũɘŬ ŭŮŭɞɛɏɜɞ Ŭɏɟɘɞ ˊɞɡ ˊɟɞůɟɞűɎŰŬɘ ůŮ ůɡɔəŮəɟɘɛɏɜɞ ůŰŮɟŮɧ, Űɞ ɞˊɞɑɞ ŭɘŬŰɖɟŮɑŰŬɘ 

ůŮ ɛɑŬ əŬɗɞɟɘůɛɏɜɖ ɗŮɟɛɞəɟŬůɑŬ, ɖ ˊŬɟŬˊɎɜɤ Ůɝɑůɤůɖ ŬˊɚɞˊɞɘŮɑŰŬɘ ůŰɖɜ: 

 n = f (P)T (2) 

ȺɎɜ ɖ ɗŮɟɛɞəɟŬůɑŬ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Ŭˊɧ Űɖɜ əɟɑůɘɛɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ŬŮɟɑɞɡ, ɖ 

ŮɜŬɚɚŬəŰɘəɐ ɛɞɟűɐ: 

 n = f (P/Pɞ)T (3) 
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ŮɑɜŬɘ ɢɟɖůɘɛɧŰŮɟɖ. ȼ ˊɑŮůɖ Pɞ ŮɑɜŬɘ ɖ ŰɎůɖ ŬŰɛɩɜ Űɖɠ ˊɟɞůɟɞűɞɨɛŮɜɖɠ ɞɡůɑŬɠ. Ƀɘ 

ŮɝɘůɩůŮɘɠ (2) əŬɘ (3) ŮɑɜŬɘ ŮəűɟɎůŮɘɠ Űɤɜ ɘůɞɗɏɟɛɤɜ ɟɧűɖůɖɠ, ŭɖɚŬŭɐ Űɤɜ ůɢɏůŮɤɜ, 

ůŮ ůŰŬɗŮɟɐ ɗŮɟɛɞəɟŬůɑŬ, ɛŮŰŬɝɨ Űɖɠ ˊɞůɧŰɖŰŬɠ Űɞɡ ɟɞűɞɨɛŮɜɞɡ ŬŮɟɑɞɡ əŬɘ Űɖɠ 

ˊɑŮůɖɠ ɐ Űɖɠ ůɢŮŰɘəɐɠ ˊɑŮůɖɠ ŬɜŰɑůŰɞɘɢŬ. 

 

1.2 ȹɡɜɎɛŮɘɠ ˊɟɞůɟɧűɖůɖɠ. 

 

ȷɜɎɚɞɔŬ ɛŮ Űɞ Ůɑŭɞɠ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ ɟɞűɞɨɛŮɜɖɠ ɞɡůɑŬɠ əŬɘ 

ˊɟɞůɟɞűɖŰɐ, ɖ ˊɟɞůɟɧűɖůɖ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɤɠ űɡůɘəɐ ɐ ɢɖɛɘəɐ. Ƀɘ ŭɡɜɎɛŮɘɠ ˊɞɡ 

ŬɜŬˊŰɨůůɞɜŰŬɘ əŬŰɎ Űɖ űɡůɘəɐ ɟɧűɖůɖ ŮɑɜŬɘ əŬŰɎ əɨɟɘɞ ɚɧɔɞ ŭɡɜɎɛŮɘɠ van der 

Waals, ŮɚəŰɘəɏɠ ɐ əŬɘ ŬˊɤůŰɘəɏɠ (dispersionïrepulsion forces), əŬɗɩɠ əŬɘ 

ɖɚŮəŰɟɞůŰŬŰɘəɏɠ ŭɡɜɎɛŮɘɠ (coulombic forces), ɞɘ ɞˊɞɑŮɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ ɛɞɟɑɤɜ ˊɞɡ ɡűɑůŰŬɜŰŬɘ ˊɧɚɤůɖ ɐ ˊɞɡ ɏɢɞɡɜ ŭɘˊɞɚɘəɐ ɐ 

ŰŮŰɟŬˊɞɚɘəɐ ɟɞˊɐ. Ƀɘ ŭɡɜɎɛŮɘɠ van der Waals ŬɜŬˊŰɨůůɞɜŰŬɘ ůŮ əɎɗŮ ůɨůŰɖɛŬ 

űɡůɘəɐɠ ɟɧűɖůɖɠ, Ůɜɩ ůɡɜŮɘůűɞɟɎ ɖɚŮəŰɟɞůŰŬŰɘəɩɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ŮɛűŬɜɑɕŮŰŬɘ 

ůŮ ɘɞɜŰɘəɎ ɐ ˊɞɚɘəɎ ůŰŮɟŮɎ ɡɚɘəɎ ɧˊɤɠ ɞɘ ɕŮɧɚɘɗɞɘ ɐ ɞɝŮɑŭɘŬ ɛŮŰɎɚɚɤɜ [2, 3]. 

ȼ űɡůɘəɐ ˊɟɞůɟɧűɖůɖ ŮɑɜŬɘ ˊɎɜŰɞŰŮ ŮɝɩɗŮɟɛɖ əŬɘ ɖ ɗŮɟɛɧŰɖŰŬ ˊɞɡ ŮəɚɨŮŰŬɘ 

ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɤɜ ɗŮɟɛɞŰɐŰɤɜ ɡɔɟɞˊɞɑɖůɖɠ Űɤɜ ŬŮɟɑɤɜ, ŭɖɚŬŭɐ ůɡɜɐɗɤɠ 5-50 kJ̟ 

mol
-1

. ȼ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ ŮɑɜŬɘ ˊɟŬəŰɘəɎ ŬɜɨˊŬɟəŰɖ, ɛŮ ůɡɜɏˊŮɘŬ Űɖ ůɢŮŰɘəɎ 

ŰŬɢŮɑŬ ŬˊɞəŬŰɎůŰŬůɖ ɘůɞɟɟɞˊɑŬɠ, ɛŮ ŮɝŬɑɟŮůɖ ŬɟəŮŰɎ ˊɞɟɩŭɖ ɡɚɘəɎ ɧˊɞɡ ɖ ŭɘɎɢɡůɖ 

Űɞɡ ŬŮɟɑɞɡ ůŰɞɡɠ ˊɧɟɞɡɠ ŮɑɜŬɘ Űɞ əŬɗɞɟɘůŰɘəɧ ɔɘŬ Űɖɜ ŰŬɢɨŰɖŰŬ ˊɟɞůɟɧűɖůɖɠ 

ůŰɎŭɘɞ. ɉŬɟŬəŰɖɟɘůŰɘəɧ Ůˊɑůɖɠ Űɖɠ űɡůɘəɐɠ ɟɧűɖůɖɠ ŮɑɜŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ 

ůɢɖɛŬŰɘůɛɞɨ ˊɞɚɚŬˊɚɩɜ ůŰɟɤɛɎŰɤɜ ˊɟɞůɟɞűɖɛɏɜɞɡ ůɡůŰŬŰɘəɞɨ. 

ȼ ɢɖɛŮɘɞɟɧűɖůɖ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ (ůˊɎɜɘŬ ɧɛɤɠ) əŬɘ ŮɜŭɧɗŮɟɛɖ, ˊɎɜŰɞŰŮ ɧɛɤɠ 

ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ɡɣɖɚɏɠ ɗŮɟɛɧŰɖŰŮɠ ɟɧűɖůɖɠ (ȹHs), ůɡɢɜɎ ůɡɔəɟɑůɘɛŮɠ ɛŮ ŬɡŰɏɠ 

Űɤɜ Ŭˊɚɩɜ ɢɖɛɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ (50-500 kJ̟mol
-1
). ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ, ůɡɜŭɡŬɕɧɛŮɜɞ 

ɛŮ ɎɚɚŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ɞŭɖɔŮɑ ůŰɞ ůɡɛˊɏɟŬůɛŬ ɧŰɘ ůɡɛɓŬɑɜŮɘ ɢɖɛɘəɐ 

ŬɜŰɑŭɟŬůɖ əŬɘ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɞɛɞɘɞˊɞɚɘəɧɠ ɢɖɛɘəɧɠ ŭŮůɛɧɠ ɛŮŰŬɝɨ ɡˊɞůŰɟɩɛŬŰɞɠ 

əŬɘ ɟɞűɞɨɛŮɜɞɡ ůɩɛŬŰɞɠ. ȺˊɘˊɟɧůɗŮŰŬ, ɖ ɢɖɛŮɘɞɟɧűɖůɖ ŭɘŬəɟɑɜŮŰŬɘ Ŭˊɧ ůɢŮŰɘəɎ 

ɡɣɖɚɐ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ əŬɘ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŮ ɛɞɜɞɛɞɟɘŬəɐ ůɢŮŭɧɜ əɎɚɡɣɖ Űɖɠ 

ůŰŮɟŮɐɠ ŮˊɘűɎɜŮɘŬɠ. ũɘŬ ŰŬ ˊŮɟɘůůɧŰŮɟŬ ŬɏɟɘŬ ɖ ɢɖɛŮɘɞɟɧűɖůɖ ˊɎɜɤ ůŰɘɠ ŭɘɎűɞɟŮɠ 

ŭɘŮˊɘűɎɜŮɘŮɠ (ůŰŮɟŮɩɜ-ŬŮɟɑɤɜ) ɔɑɜŮŰŬɘ ůɡɜɐɗɤɠ ůŮ ɡɣɖɚɏɠ ůɢŮŰɘəɎ ɗŮɟɛɞəɟŬůɑŮɠ, 
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Ůɜɩ ůŰɘɠ ůɡɜɖɗɘůɛɏɜŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ɏɢɞɡɛŮ ůɢŮŭɧɜ ˊɎɜŰŬ űɡůɘəɐ ˊɟɞůɟɧűɖůɖ 

ŬŮɟɑɤɜ ˊɎɜɤ ůŮ ůŰŮɟŮɎ ůɩɛŬŰŬ [2, 3]. 

 

1.3 ȽůɧɗŮɟɛŮɠ ɟɧűɖůɖɠ. 

 

ɀŮŰɎ Ŭˊɧ Űɖɜ ˊŬɟɏɚŮɡůɖ ɘəŬɜɞɨ ɢɟɧɜɞɡ ɏəɗŮůɖɠ Űɞɡ ůŰŮɟŮɞɨ ůŰɞ Ŭɏɟɘɞ, 

ŬˊɞəŬɗɑůŰŬŰŬɘ ɘůɞɟɟɞˊɑŬ ɛŮŰŬɝɨ ŬɏɟɘŬɠ əŬɘ ˊɟɞůɟɞűɖɛɏɜɖɠ űɎůɖɠ. Ƀ ɧɔəɞɠ Űɞɡ 

ŬŮɟɑɞɡ ˊɞɡ ɏɢŮɘ ˊɟɞůɟɞűɖɗŮɑ ŬɜɎ ɛɞɜɎŭŬ ɛɎɕŬɠ ůŰŮɟŮɞɨ, ɡ, ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ 

ɗŮɟɛɞəɟŬůɑŬ, ɇ, Űɖɜ ˊɑŮůɖ Űɞɡ ŬŮɟɑɞɡ, P əŬɘ Űɖɜ ɘůɢɨ Űɤɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ Űɤɜ 

ɛɞɟɑɤɜ Űɞɡ ŬŮɟɑɞɡ ɛŮ Űɖ ůŰŮɟŮɐ ŮˊɘűɎɜŮɘŬ (ŭɡɜŬɛɘəɧ ɟɧűɖůɖɠ), Ⱥ. 

 ɡ = f (P, T) (4) 

ɆŮ ůŰŬɗŮɟɐ ɗŮɟɛɞəɟŬůɑŬ əŬɘ ɔɘŬ ůɡɔəŮəɟɘɛɏɜɞ ɕŮɨɔɞɠ ůŰŮɟŮɞɨ-ŬŮɟɑɞɡ ɖ ˊŬɟŬˊɎɜɤ 

Ůɝɑůɤůɖ ɔɑɜŮŰŬɘ: 

 ɡ = f (P) (5) 

ȼ ɔɟŬűɘəɐ ˊŬɟɎůŰŬůɖ Űɖɠ ůɡɜɎɟŰɖůɖɠ (5) əŬɚŮɑŰŬɘ ɘůɧɗŮɟɛɖ ɟɧűɖůɖɠ ɔɘŬ Űɞ 

ůɡɔəŮəɟɘɛɏɜɞ ůɨůŰɖɛŬ ˊɟɞůɟɞűɞɨɛŮɜɖɠ ɞɡůɑŬɠ-ˊɟɞůɟɞűɖŰɐ əŬɘ ɔɘŬ ŭŮŭɞɛɏɜɖ 

ɗŮɟɛɞəɟŬůɑŬ. ȺɎɜ Űɞ ˊŮɑɟŬɛŬ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɖɠ ɘůɧɗŮɟɛɖɠ ɔɑɜŮŰŬɘ ɛŮ Űɖɜ 

ŬˊɞəŬŰɎůŰŬůɖ ɘůɞɟɟɞˊɑŬɠ ůŮ ŭɘŬŭɞɢɘəɎ ɡɣɖɚɧŰŮɟŮɠ ˊɘɏůŮɘɠ, ɖ ɘůɧɗŮɟɛɖ əŬɚŮɑŰŬɘ 

ɘůɧɗŮɟɛɖ ˊɟɞůɟɧűɖůɖɠ, Ůɜɩ ŮɎɜ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ɛŮ ŭɘŬŭɞɢɘəɎ ɓɐɛŬŰŬ ɛŮɑɤůɖɠ Űɖɠ 

ˊɑŮůɖɠ ŬˊɞŰŮɚŮɑ Űɖɜ ɘůɧɗŮɟɛɖ Ůəɟɧűɖůɖɠ. 

    

1.3.1 ɇɨˊɞɘ ɘůɧɗŮɟɛɤɜ ɟɧűɖůɖɠ əŬŰɎ IUPAC 

 

ȼ ɘůɧɗŮɟɛɖ Űɨˊɞɡ I (Langmuir) ŮɑɜŬɘ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐ Űɤɜ ɛɘəɟɞˊɞɟɤŭɩɜ 

ůŰŮɟŮɩɜ əŬɘ Űɤɜ ɘůɧɗŮɟɛɤɜ ɢɖɛŮɘɞɟɧűɖůɖɠ. ȼ ɘůɧɗŮɟɛɖ Űɨˊɞɡ II ˊŬɟŬŰɖɟŮɑŰŬɘ ůŮ 

ɛɖ ˊɞɟɩŭɖ ůŰŮɟŮɎ ɐ ɡɚɘəɎ ɛŮ ɛŬəɟɞˊɧɟɞɡɠ. ɇɞ ˊɟɞůɟɞűɖɛɏɜɞ Ŭɏɟɘɞ ůɢɖɛŬŰɑɕŮɘ 

ŬɟɢɘəɎ ɛɞɜɞůŰɞɘɓɎŭŬ, ˊɞɡ əŬɚɨˊŰŮɘ ɧɚɖ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ůŰŮɟŮɞɨ, əŬɘ ůŰɖ 

ůɡɜɏɢŮɘŬ ˊɞɚɡůŰɞɘɓɎŭŮɠ (multilayer adsorption). ɇɞ ůɖɛŮɑɞ əŬɛˊɐɠ ȸ ŬɜŰɘůŰɞɘɢŮɑ 

ůŰɖɜ ˊɚɐɟɖ ɛɞɜɞɛɞɟɘŬəɐ əɎɚɡɣɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ.  

Ƀɘ ɘůɧɗŮɟɛŮɠ Űɨˊɞɡ III əŬɘ V ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ ˊɟɞůɟɧűɖůɖ ŬŰɛɩɜ 

(ˊɟɞůɟɧűɖůɖ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɡŭɟŬŰɛɩɜ Ŭˊɧ ɡŭɟɧűɞɓŬ ɡɚɘəɎ). ȼ ɘůɧɗŮɟɛɖ Űɨˊɞɡ ȽȽȽ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŮ ɛɖ ˊɞɟɩŭɖ ɐ ɛŬəɟɞˊɞɟɩŭɖ ɡɚɘəɎ, ɧŰŬɜ ɡˊɎɟɢɞɡɜ ŮɝŬɘɟŮŰɘəɎ 

ŬůɗŮɜŮɑɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ ůŰŮɟŮɞɨ əŬɘ ŬŮɟɑɞɡ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ, ɞɘ 
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ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ŬŮɟɑɞɡ ŮɑɜŬɘ ɘůɢɡɟɧŰŮɟŮɠ Ŭˊɧ Űɘɠ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ůŰŮɟŮɞɨ-ŬŮɟɑɞɡ əŬɘ ɖ ɟɧűɖůɖ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ŰŬɢɨŰŮɟŬ ŮˊɎɜɤ ůŮ 

ůŰɞɘɓɎŭŮɠ ɟɞűɖɛɏɜɤɜ ɛɞɟɑɤɜ, ɞˊɧŰŮ ŭŮɜ ɡˊɎɟɢŮɘ Ůɡəɟɘɜɏɠ ůɖɛŮɑɞ əŬɛˊɐɠ, ŭɖɚŬŭɐ Űɞ 

ñɔɧɜŬŰɞò ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖ ɛɞɜɞɛɞɟɘŬəɐ əɎɚɡɣɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŭŮɜ ŮɑɜŬɘ 

ŮɛűŬɜɏɠ. 

Ƀɘ ɘůɧɗŮɟɛŮɠ Űɨˊɞɡ IV əŬɘ V ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ɏɜŬ ɓɟɧɢɞ ɡůŰɏɟɖůɖɠ 

(hysteresis loop), ɞ ɞˊɞɑɞɠ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ Ůəɟɧűɖůɖ Ŭˊɧ Űɞɡɠ 

ɛŮůɞˊɧɟɞɡɠ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ˊɘɏůŮɘɠ Ŭˊɧ ŮəŮɑɜŮɠ ůŰɘɠ ɞˊɞɑŮɠ ɚŬɛɓɎɜŮɘ 

ɢɩɟŬ ɖ ˊɟɞůɟɧűɖůɖ Ŭˊɧ ŬɜŰɑůŰɞɘɢɞɡ ɛŮɔɏɗɞɡɠ ˊɧɟɞɡɠ. ɇɏɚɞɠ, ɞ ůˊɎɜɘɞɠ Űɨˊɞɠ 

əɚɘɛŬəɤŰɐɠ ɘůɧɗŮɟɛɖɠ Űɨˊɞɡ VI ůɡɜŬɜŰɎŰŬɘ ůŮ ɛɖ ˊɞɟɩŭɖ ɡɚɘəɎ ɛŮ ŮɝŬɘɟŮŰɘəɎ 

ɞɛɞɘɧɛɞɟűɖ ŮˊɘűɎɜŮɘŬ [3, 4]. 

 

 

ɆɢɐɛŬ 1. ɇɨˊɞɘ ɘůɧɗŮɟɛɤɜ ɟɧűɖůɖɠ 
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1.4 ɀɏɗɞŭɞɠ ȸȺɇ 

 

ȼ ɛɏɗɞŭɞɠ ȸȺɇ ɓŬůɑɕŮŰŬɘ ůŮ ɏɜŬ ɛɞɜŰɏɚɞ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ Űɞɜ 

Langmuir, ůŰɞ ɞˊɞɑɞ ɖ ŮˊɘűɎɜŮɘŬ Ůɜɧɠ ůŰŮɟŮɞɨ ŮəɚŬɛɓɎɜŮŰŬɘ ɤɠ ɏɜŬ ůɨɜɞɚɞ ɗɏůŮɤɜ 

ɟɧűɖůɖɠ, əɎɗŮ ɛɑŬ Ůə Űɤɜ ɞˊɞɑɤɜ ɛˊɞɟŮɑ ɜŬ əŬŰŬɚɖűɗŮɑ Ŭˊɧ ɛɧɜɞ ɏɜŬ ɛɧɟɘɞ 

ɟɞűɖɛɏɜɖɠ ɞɡůɑŬɠ [5]. ȷɡŰɏɠ ɞɘ ɗɏůŮɘɠ ŮɑɜŬɘ ɞɡůɘŬůŰɘəɎ ŰŬ űɟŮɎŰɘŬ ŭɡɜŬɛɘəɞɨ ˊɞɡ 

ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 1. ɇɞ űŬɘɜɧɛŮɜɞ Űɖɠ ɟɧűɖůɖɠ ŬɜŰɘɛŮŰɤˊɑɕŮŰŬɘ ɤɠ ɛɑŬ 

əŬŰɎůŰŬůɖ ŭɡɜŬɛɘəɐɠ ɘůɞɟɟɞˊɑŬɠ, əŬŰɎ Űɖɜ ɞˊɞɑŬ ɞ ɟɡɗɛɧɠ ůɡɛˊɨəɜɤůɖɠ Űɤɜ 

ɛɞɟɑɤɜ Ŭˊɧ Űɖɜ ŬɏɟɘŬ űɎůɖ ŮˊɎɜɤ ůŮ əŮɜɏɠ ɗɏůŮɘɠ ɟɧűɖůɖɠ ŮɑɜŬɘ ɑůɞɠ ɛŮ Űɞ ɟɡɗɛɧ 

ɛŮ Űɞɜ ɞˊɞɑɞ ŰŬ ɛɧɟɘŬ ŮɝŬŰɛɑɕɞɜŰŬɘ Ŭˊɧ əŬŰŮɘɚɖɛɛɏɜŮɠ ɗɏůŮɘɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ 

ůŰŮɟŮɞɨ. Ƀ Langmuir ŬɜŬűɏɟɗɖəŮ ůŰɖɜ ˊɘɗŬɜɧŰɖŰŬ ɧŰɘ ɖ ɘůɞɟɟɞˊɑŬ ůɡɛˊɨəɜɤůɖɠ- 

ŮɝɎŰɛɘůɖɠ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ŮˊŮəŰŮɑɜŮŰŬɘ ůŮ ŭŮɨŰŮɟɞ ɐ əŬɘ ůŮ ˊŮɟɘůůɧŰŮɟŬ ůŰɟɩɛŬŰŬ 

ɛɞɟɑɤɜ, ŭɖɚŬŭɐ ůŰɖɜ ˊɘɗŬɜɧŰɖŰŬ ɞɟɘůɛɏɜŬ ɛɧɟɘŬ Űɖɠ ŬɏɟɘŬɠ űɎůɖɠ ɜŬ ˊɟɞůˊɑˊŰɞɡɜ 

əŬɘ ɜŬ ůɡɛˊɡəɜɩɜɞɜŰŬɘ ŮˊɎɜɤ ůŮ ɐŭɖ ůɡɛˊɡəɜɤɛɏɜŬ ɛɧɟɘŬ əŬɘ əŬŰɧˊɘɜ ɜŬ 

ŮɝŬŰɛɑɕɞɜŰŬɘ. ȼ ɗŮɤɟɑŬ ȸȺɇ ŮˊɏəŰŮɘɜŮ Űɖ ɗŮɤɟɑŬ Űɞɡ Langmuir ůŰɞ ůɢɖɛŬŰɘůɛɧ 

ŭŮɨŰŮɟɞɡ, əŬɗɩɠ əŬɘ ˊŮɟɘůůɧŰŮɟɤɜ ůŰɟɤɛɎŰɤɜ ɛɞɟɑɤɜ, ůɡɛˊɚɖɟɩɜɞɜŰŬɠ 

ˊɞɚɡɎɟɘɗɛŮɠ ˊŮɘɟŬɛŬŰɘəɏɠ ŮɜŭŮɑɝŮɘɠ ˊɞɡ əŬɗɘůŰɞɨůŬɜ ˊɞɚɨ ˊɘɗŬɜɧ Űɞ ŮɜŭŮɢɧɛŮɜɞ 

ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ ˊɟɞůɟɧűɖůɖɠ. 

Ƀɘ Brunauer, Emmett əŬɘ Teller əŬŰɏɚɖɝŬɜ ůŮ ɛɑŬ Ůɝɑůɤůɖ, ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ůɡɟɏɤɠ ůŮ ɧɚŮɠ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ ɟɧűɖůɖɠ. Ƀɘ 

ɗŮɤɟɐůŮɘɠ ˊɞɡ ɏəŬɜŬɜ ŮɑɜŬɘ ɞɘ ŬəɧɚɞɡɗŮɠ: 

1. ũɘŬ ɧɚŬ ŰŬ ɟɞűɖɛɏɜŬ ůŰɟɩɛŬŰŬ ŮəŰɧɠ Ŭˊɧ Űɞ ˊɟɩŰɞ, ɖ ɗŮɟɛɧŰɖŰŬ ˊɟɞůɟɧűɖůɖɠ 

ŮɑɜŬɘ ɑůɖ ɛŮ Űɖ ɛɞɟɘŬəɐ ɗŮɟɛɧŰɖŰŬ ůɡɛˊɨəɜɤůɖɠ, qL. 

2. ɆŮ ɧɚŬ ŰŬ ůŰɟɩɛŬŰŬ ŮəŰɧɠ Ŭˊɧ Űɞ ˊɟɩŰɞ, ɞɘ ůɡɜɗɐəŮɠ ŮɝɎŰɛɘůɖɠ-ůɡɛˊɨəɜɤůɖɠ 

ŮɑɜŬɘ ɑŭɘŮɠ, ŭɖɚŬŭɐ ɘůɢɨŮɘ ɧŰɘ ɜ2 = ɜ3 = é = ɜi əŬɘ Ŭ2 = Ŭ3 = é = Ŭi. 

3. ȳŰŬɜ ɖ ˊɑŮůɖ Űɖɠ ŬɏɟɘŬɠ űɎůɖɠ űŰɎɜŮɘ Űɖɜ ˊɑŮůɖ Űɤɜ əɞɟŮůɛɏɜɤɜ ŬŰɛɩɜ, Po, ɔɘŬ 

Űɖ ůɡɔəŮəɟɘɛɏɜɖ ɗŮɟɛɞəɟŬůɑŬ, ɖ ˊɟɞůɟɞűɖɛɏɜɖ ɞɡůɑŬ ůɡɛˊɡəɜɩɜŮŰŬɘ ŮˊɎɜɤ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ Űɞɡ ůŰŮɟŮɞɨ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ůɢɖɛŬŰɘɕɧɛŮɜɤɜ ůŰɟɤɛɎŰɤɜ ɜŬ 

ŮɑɜŬɘ ɎˊŮɘɟɞɠ. 

H Ůɝɑůɤůɖ ȸȺɇ ɏɢŮɘ Űɖɜ Ŭəɧɚɞɡɗɖ ɛɞɟűɐ: 
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ȼ ˊŬɟɎɛŮŰɟɞɠ c Űɖɠ Ůɝɑůɤůɖɠ BET ɞɟɑɕŮŰŬɘ ɤɠ Ůɝɐɠ: 
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ůŰɖɜ ˊɟɎɝɖ ɧɛɤɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ Ŭˊɚɞˊɞɘɖɛɏɜɖ ɛɞɟűɐ Űɖɠ: c = e
(q1īqL ) / RT 

, ɧˊɞɡ 

(q1 ï qL) ŮɑɜŬɘ ɖ əŬɗŬɟɐ ɗŮɟɛɧŰɖŰŬ ɟɧűɖůɖɠ. ɆŰɞ ůɖɛŮɑɞ ŬɡŰɧ ɗŬ ˊɟɏˊŮɘ ɜŬ ŭɞɗŮɑ 

ɏɛűŬůɖ ůŮ ŬɡŰɐɜ Űɖɜ əŬɗŬɟɎ ˊɟɞůŮɔɔɘůŰɘəɐ Ůɝɑůɤůɖ. Ⱥˊɑůɖɠ, Ŭˊɧ ɗŮɤɟɖŰɘəɏɠ 

ɛŮɚɏŰŮɠ əŬɘ ŬɜɎɚɡůɖ ˊŮɘɟŬɛŬŰɘəɩɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɏɢŮɘ ŭɘŬˊɘůŰɤɗŮɑ ɧŰɘ ɞ 

ˊŬɟɎɔɞɜŰŬɠ Ŭ1ɜ2 /Ŭ2ɜ1 ɛˊɞɟŮɑ ɜŬ ŬˊɞəɚɑɜŮɘ ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɖɜ Űɘɛɐ 1. Ƀɘ ůɡɜɐɗŮɘɠ 

Űɘɛɏɠ əɡɛŬɑɜɞɜŰŬɘ Ŭˊɧ 0.02 ɏɤɠ 20 Ůɜɩ ŬɜŬűɏɟɞɜŰŬɘ əŬɘ Űɘɛɏɠ ůŰɞ Ůɨɟɞɠ Ŭˊɧ 10
-5

 ɏɤɠ 

10. ɇɞ ɔɟɎűɖɛŬ (P/(nPo )) ɤɠ ˊɟɞɠ P/Po ŮɑɜŬɘ ɛɑŬ ŮɡɗŮɑŬ ɔɟŬɛɛɐ ɛŮ əɚɑůɖ s=(c-1)/ 

nmc əŬɘ ŬˊɞŰɏɛɜɞɡůŬ i = 1/nmc. ȼ ŰŬɡŰɧɢɟɞɜɖ Ůˊɑɚɡůɖ Űɤɜ ŭɨɞ ŮɝɘůɩůŮɤɜ ŭɑɜŮɘ Űɘɠ 

Űɘɛɏɠ Űɖɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ ɛɞɜɞůŰɞɘɓɎŭŬɠ nm əŬɘ Űɖɠ ůŰŬɗŮɟɎɠ c. ȷɟɢɘəɎ ɏɔɘɜŮ ɖ 

ɡˊɧɗŮůɖ ɧŰɘ ɖ ɔɟŬɛɛɘəɐ ˊŮɟɘɞɢɐ Űɖɠ Ůɝɑůɤůɖɠ ȸȺɇ ˊŮɟɘɞɟɑɕŮŰŬɘ ůŰɞ Ůɨɟɞɠ ůɢŮŰɘəɩɜ 

ˊɘɏůŮɤɜ Ŭˊɧ 0.05 ɏɤɠ 0.35 [3]. 

 

1.5 ɇɟɘɢɞŮɘŭɐɠ ůɡɛˊɨəɜɤůɖ - Ⱥɝɑůɤůɖ Kelvin. 

 

ȼ ɗŮɤɟɑŬ Űɖɠ ŰɟɘɢɞŮɘŭɞɨɠ ůɡɛˊɨəɜɤůɖɠ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ Űɞɜ Zsigmondy, ɞ 

ɞˊɞɑɞɠ ɢɟɖůɘɛɞˊɞɑɖůŮ Űɖɜ Ŭɟɢɐ ůŰɖɜ ɞˊɞɑŬ ŮɑɢŮ əŬŰŬɚɐɝŮɘ ɞ Thomson (Lord Kelvin): 

ñȾŬŰɎ Űɖɜ ɘůɞɟɟɞˊɑŬ ˊɎɜɤ Ŭˊɧ ɏɜŬɜ əɞɑɚɞ ɛɖɜɑůəɞ ɡɔɟɞɨ ɖ ŰɎůɖ ŬŰɛɩɜ ŮɑɜŬɘ 

ɛɘəɟɧŰŮɟɖ Ŭˊɧ Űɖɜ ŰɎůɖ ŬŰɛɩɜ Űɞɡ ɡɔɟɞɨ ůŰɖɜ ɑŭɘŬ ɗŮɟɛɞəɟŬůɑŬò. ȼ Ŭɟɢɐ ŬɡŰɐ 

ɡˊɞɜɞŮɑ ɧŰɘ ŬŰɛɧɠ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ůɡɛˊɡəɜɤɗŮɑ ůŮ ɡɔɟɧ ůŰɞ ŮůɤŰŮɟɘəɧ Űɤɜ ˊɧɟɤɜ 

Ůɜɧɠ ůŰŮɟŮɞɨ, ůŮ ˊɑŮůɖ ɛɘəɟɧŰŮɟɖ Űɖɠ ŰɎůɖɠ ŬŰɛɩɜ Űɞɡ ɡɔɟɞɨ. 

ȳŰŬɜ ɞ ůɡɛˊɡəɜɩůɘɛɞɠ ŬŰɛɧɠ ŮɘůɏɟɢŮŰŬɘ ůŰɞɡɠ ˊɧɟɞɡɠ Űɞɡ ɡɚɘəɞɨ, 

ɚŮɘŰɞɡɟɔɞɨɜ ŭɘɎűɞɟɞɘ ɛɖɢŬɜɘůɛɞɑ űɡůɘəɐɠ ɟɧűɖůɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ˊɧɟɤɜ, 

əŬɗɩɠ ɖ ůɢŮŰɘəɐ ˊɑŮůɖ ŬŰɛɩɜ ŬɡɝɎɜŮŰŬɘ ůŰŬŭɘŬəɎ Ŭˊɧ Űɞ ɛɖŭɏɜ ɏɤɠ Űɖ ɛɞɜɎŭŬ. 

ȷɟɢɘəɎ, ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ˊɧɟɤɜ ůɢɖɛŬŰɑɕŮŰŬɘ ɏɜŬ ɛɞɜɞɛɞɟɘŬəɧ ůŰɟɩɛŬ. ȾŬɗɩɠ ɖ 

ůɢŮŰɘəɐ ˊɑŮůɖ Űɤɜ ŬŰɛɩɜ ŬɡɝɎɜŮŰŬɘ ˊŮɟɘůůɧŰŮɟɞ, ŬɟɢɑɕŮɘ ɜŬ ůɢɖɛŬŰɑɕŮŰŬɘ 

ˊɞɚɡůŰɞɘɓɎŭŬ, ˊɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖ ůɡɛˊɨəɜɤůɖ ŬŰɛɩɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ˊɧɟɤɜ 

əŬɘ əŬɚŮɑŰŬɘ t-ůŰɟɩɛŬ (t-layer). ȳŰŬɜ ɖ ůɢŮŰɘəɐ ˊɑŮůɖ ŬɡɝɖɗŮɑ ŬəɧɛŬ ˊŮɟɘůůɧŰŮɟɞ, 

ůŰɞ ŮůɤŰŮɟɘəɧ Űɤɜ ˊɧɟɤɜ ŮˊɏɟɢŮŰŬɘ ŰɟɘɢɞŮɘŭɐɠ ůɡɛˊɨəɜɤůɖ, ɖ ɞˊɞɑŬ ˊŮɟɘɔɟɎűŮŰŬɘ 

Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ Kelvin. ȼ ůɢŮŰɘəɐ ˊɑŮůɖ ŬŮɟɑɞɡ ůŰɖɜ ɞˊɞɑŬ ɗŬ ɚɎɓŮɘ ɢɩɟŬ 
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ŰɟɘɢɞŮɘŭɐɠ ůɡɛˊɨəɜɤůɖ ůŰɞ ŮůɤŰŮɟɘəɧ Ůɜɧɠ ˊɧɟɞɡ ŮɝŬɟŰɎŰŬɘ Űɧůɞ Ŭˊɧ Űɞ Ŭɏɟɘɞ əŬɘ 

Űɘɠ ˊŮɘɟŬɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ, ɧůɞ əŬɘ Ŭˊɧ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ (ɛɏɔŮɗɞɠ əŬɘ ůɢɐɛŬ) Űɞɡ 

ˊɧɟɞɡ. Ƀɘ ˊɘɞ ˊɞɚɚɏɠ ɛŮɚɏŰŮɠ ˊɟɞɠ Űɖɜ əŬŰŮɨɗɡɜůɖ ŮɝŬɔɤɔɐɠ ɛɑŬɠ ůɢɏůɖɠ ˊɞɡ ɜŬ 

əŬɗɞɟɑɕŮɘ Űɘɠ ůɡɜɗɐəŮɠ əɎŰɤ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ŰɟɘɢɞŮɘŭɐɠ ůɡɛˊɨəɜɤůɖ, 

ɏɢɞɡɜ ɔɑɜŮɘ ŮɑŰŮ ɔɘŬ əɡɚɘɜŭɟɘəɞɨɠ ˊɧɟɞɡɠ, ŮɑŰŮ ɔɘŬ ůɢɘůɛɞŮɘŭŮɑɠ (slit pores), ɚɧɔɤ Űɖɠ 

ŮɨəɞɚŬ ˊŮɟɘɔɟɎɣɘɛɖɠ ɔŮɤɛŮŰɟɑŬɠ Űɞɡɠ. ũɘŬ Űɖɜ ˊŮɟɑˊŰɤůɖ əɡɚɘɜŭɟɘəɩɜ ˊɧɟɤɜ ɖ 

ŰɟɘɢɞŮɘŭɐɠ ůɡɛˊɨəɜɤůɖ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ Kelvin [3]: 

 

  

(8) 

 

ɧˊɞɡ rc1, rc2: oɘ əɨɟɘŮɠ ŬəŰɑɜŮɠ əŬɛˊɡɚɧŰɖŰŬɠ Űɞɡ ɛɖɜɑůəɞɡ ůŮ ɘůɞɟɟɞˊɑŬ ɛŮ ůɢŮŰɘəɐ 

ˊɑŮůɖ P/Po, 

ɔ: ɖ ŮˊɘűŬɜŮɘŬəɐ ŰɎůɖ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɡɔɟɞɨ-ŬŰɛɞɨ (Ɂ̟ m
-1

), 

Vmol: ɞ ɔɟŬɛɛɞɛɞɟɘŬəɧɠ ɧɔəɞɠ Űɞɡ ɡɔɟɞɨ ɛɏůŬ ůŰɞɜ ˊɧɟɞ (m
3̟
 mol

-1
), 

ɗc: ɖ ɔɤɜɑŬ ŮˊŬűɐɠ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ Űɞɡ ɡɔɟɞɨ ɛɖɜɑůəɞɡ ɛŮ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɞɡ ˊɧɟɞɡ, 

R: ɖ ˊŬɔəɧůɛɘŬ ůŰŬɗŮɟɎ Űɤɜ ŬŮɟɑɤɜ (J̟ mol
-1
 ̟ K

-1
) əŬɘ 

T: ɖ ɗŮɟɛɞəɟŬůɑŬ (Ⱦ) 

 

 

2. ȹɘɎɢɡůɖ ŬŮɟɑɤɜ ůŮ ɞ́ɟɩŭɖ ɡɚɘəɎ 

2.1 ȺɘůŬɔɤɔɐ 

 

ȼ  ŭɘŮɟɔŬůɑŬ Űɞɡ űɡůɘəɞɨ ŭɘŬɢɤɟɘůɛɞɨ əŬŰɎ Űɖ ŭɘɏɚŮɡůɖ (permeation) ɛɏůɤ 

ˊɞɟɤŭɩɜ ɡɚɘəɩɜ, ˊŮɟɘɚŬɛɓɎɜŮɘ Űɘɠ ɏɜɜɞɘŮɠ Űɤɜ ɟŮɡɛɎŰɤɜ ŰɟɞűɞŭɞůɑŬɠ (feed), 

ŭɘŬɢɤɟɘůɛɞɨ ɐ ŭɘɖɗɐɛŬŰɞɠ ɐ Ů́ɟɎůɛŬŰɞɠ (permeate) əŬɘ Űɞɡ ŮɜŬˊɞɛŮɑɜŬɜŰɞɠ 

ɟŮɨɛŬŰɞɠ ɐ ɟŮɨɛŬŰɞɠ Ŭˊɧɟɟɘɣɖɠ ɐ əŬŰŬəɟɎŰɖůɖɠ (reject ɐ retentate) ɐ ɡˊɞɚŮɑɛɛŬŰɞɠ 

ɐ ůɡɛˊɨəɜɤɛŬŰɞɠ (ɘŭɘŬɑŰŮɟŬ ɔɘŬ ŰŬ ɡɔɟɎ). 

ȼ ŰɟɞűɞŭɞůɑŬ ŬɜŬűɏɟŮŰŬɘ ůŰɞ ɛɑɔɛŬ ˊɟɞɠ ŭɘŬɢɤɟɘůɛɧ, ˊɞɡ ŮɘůɏɟɢŮŰŬɘ ůŰɖ 

ɛɞɜɎŭŬ ŭɘŬɢɤɟɘůɛɞɨ Ŭˊɧ Űɖɜ ɞˊɞɑŬ ŮɝɏɟɢɞɜŰŬɘ ŰŬ ɎɚɚŬ ŭɨɞ. ɇɞ ɟŮɨɛŬ 

əŬŰŬəɟɎŰɖůɖɠ ŮɝɏɟɢŮŰŬɘ Ŭˊɧ Űɖ ŭɘŬɢɤɟɘůŰɘəɐ ɛɞɜɎŭŬ Ŭˊɧ Űɖɜ Ɏɚɚɖ ˊɚŮɡɟɎ Ŭˊɧ Űɖɜ 

ɞˊɞɑŬ ŮɘůɏɟɢŮŰŬɘ ɖ ŰɟɞűɞŭɞůɑŬ, ɛŮ ɛŮɘɤɛɏɜɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ůɡůŰŬŰɘəɩɜ. ɇɞ 
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ɟŮɨɛŬ ŭɘŬɢɤɟɘůɛɞɨ, ˊɞɡ ůɡɚɚɏɔŮŰŬɘ Ŭˊɧ Űɖɜ Ɏɚɚɖ ˊɚŮɡɟɎ Űɖɠ ɛŮɛɓɟɎɜɖɠ ŮɑɜŬɘ 

ŮɛˊɚɞɡŰɘůɛɏɜɞ ɛŮ ŰŬ ůɡůŰŬŰɘəɎ ˊɞɡ ŭɘɏɟɢɞɜŰŬɘ ɛŮ ɡɣɖɚɧŰŮɟɞɡɠ ɟɡɗɛɞɨɠ. 

ũɘŬ əɎɗŮ ŭɘŮɟɢɧɛŮɜɞ ůɡůŰŬŰɘəɧ i, əɘɜɖŰɐɟɘŬ ŭɨɜŬɛɖ ŮɑɜŬɘ ɖ ɓŬɗɛɑŭŬ 

ůɡɔəɏɜŰɟɤůɖɠ ůŰŬ ɎəɟŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ 

x

C

µ

µ
 

ȷɡŰɐ ɖ ɓŬɗɛɑŭŬ ůɡɔəɏɜŰɟɤůɖɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ůɡɜɐɗɤɠ ɛŮ ˊɑŮůɖ ŭɘŮɟɢɧɛŮɜɞɡ 

ɟŮɨɛŬŰɞɠ ůɖɛŬɜŰɘəɎ ɢŬɛɖɚɧŰŮɟɖ Ŭˊɧ Űɖɜ ˊɑŮůɖ ŰɟɞűɞŭɞůɑŬɠ. ȼ ůɡɜŬəɧɚɞɡɗɖ 

əɘɜɖŰɐɟɘŬ ŭɨɜŬɛɖ ŬɜŬɔəɎɕŮɘ əɎɗŮ ůɡůŰŬŰɘəɧ ɜŬ ŭɘɏɚɗŮɘ ɛŮ Űɖ ŭɘəɐ Űɞɡ ŰŬɢɨŰɖŰŬ Ŭˊɧ 

Űɖɜ ŰɟɞűɞŭɞůɑŬ ůŰɞ ŭɘŮɟɢɧɛŮɜɞ ɟŮɨɛŬ.  

ȼ Ŭˊɧŭɞůɖ Űɤɜ ˊɞɟɤŭɩɜ ɡɚɘəɩɜ ɞɟɑɕŮŰŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ ŭɡɞ Ŭˊɚɩɜ 

ˊŬɟŬɔɧɜŰɤɜ, Űɖɠ ŭɘŬˊɏɟŬůɖɠ (permeability) əŬɘ Űɖɠ ŭɘŬˊŮɟŬŰɞŮəɚŮəŰɘəɧŰɖŰŬɠ 

(permselectivity),ɧˊɞɡ: 

ȹɘŬˊɏɟŬůɖ: ɞ ɞɔəɞɛŮŰɟɘəɧɠ (ɛŬɕɘəɧɠ ɐ ɔɟŬɛɛɞŰɡˊɘəɧɠ) ɟɡɗɛɧɠ ɟɞɐɠ Űɞɡ ɟŮɡůŰɞɨ ˊɞɡ 

ŭɘŬˊŮɟɜɎ Űɞ ɡɚɘəɧ ŬɜɎ ɛɞɜɎŭŬ ŮˊɘűɎɜŮɘŬɠ ŬɡŰɞɨ ŬɜɎ ɛɞɜɎŭŬ ɢɟɧɜɞɡ. 

ȹɘŬˊŮɟŬŰɞŮəɚŮəŰɘəɧŰŬ: (ɔɘŬ ŭɘŬɚɡɛɏɜŮɠ ɞɡůɑŮɠ əŬɘ ůɤɛŬŰɑŭɘŬ ůŮ ɡɔɟɎ əŬɘ 

ŬɏɟɘŬ:əŬŰŬəɟɎŰɖůɖ-retention): Űɞ əɚɎůɛŬ Űɞɡ ŭɘŬɚɡɛɏɜɞɡ ůŰɖɜ ŰɟɞűɞŭɞůɑŬ 

ůɡůŰŬŰɘəɞɨ ˊɞɡ əŬŰŬəɟŬŰŮɑŰŬɘ ůŰɞ ɡɚɘəɧ. 

ȹɘŬ́ŮɟŬŰɞŮəɚŮəŰɘəɧŰŬ: (ɔɘŬ ɛɑɔɛŬŰŬ ŬɜŬɛŮɑɝɘɛɤɜ ɡɔɟɩɜ əŬɘ ŬŮɟɑɤɜ: ˊŬɟɎɔɞɜŰŬɠ 

ŭɘŬɢɤɟɘůɛɞɨ-separation factor): ɞ ɚɧɔɞɠ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ ůŰɞ ɟŮɨɛŬ ŭɘŬɢɤɟɘůɛɞɨ 

ˊɟɞɠ ŬɡŰɧɜ ůŰɞ ɟŮɨɛŬ ŰɟɞűɞŭɞůɑŬɠ ɔɘŬ ŭɨɞ ůɡůŰŬŰɘəɎ. 

Ƀɘ Űɘɛɏɠ Űɖɠ əŬŰŬəɟɎŰɖůɖɠ ŮɑɜŬɘ ɑůŮɠ ɐ ɛɘəɟɧŰŮɟŮɠ Űɖɠ ɛɞɜɎŭŬɠ, Ůɜɩ ɞɘ Űɘɛɏɠ 

Űɞɡ ˊŬɟɎɔɞɜŰŬ ŭɘŬɢɤɟɘůɛɞɨ ɑůŮɠ ɐ ɛŮɔŬɚɨŰŮɟŮɠ Űɖɠ ɛɞɜɎŭŬɠ, ˊɞɡ ůɖɛŬɑɜŮɘ ŬˊɚɎ ɧŰɘ 

ɏɜŬ ůɡůŰŬŰɘəɧ ɏɢŮɘ ŬɡɝɖɗŮɑ ůŮ ůɢŮŰɘəɐ ůɡɔəɏɜŰɟɤůɖ Ŭˊɧ Űɖɜ ŰɟɞűɞŭɞůɑŬ ůŰɞ ɟŮɨɛŬ 

ŭɘŬɢɤɟɘůɛɞɨ. ɆŰɖɜ ɘŭŬɜɘəɐ ˊŮɟɑˊŰɤůɖ ˊɟɞŰɘɛɎŰŬɘ Űɧůɞ ɡɣɖɚɐ 

ŭɘŬˊŮɟŬŰɞŮəɚŮəŰɘəɧŰɖŰŬ ɧůɞ əŬɘ ŭɘŬˊɏɟŬůɖ, ŬɚɚɎ ŰŬ ɏɤɠ ŰɩɟŬ ˊŮɘɟŬɛŬŰɘəɎ 

ŭŮŭɞɛɏɜŬ ŭŮɑɢɜɞɡɜ ɧŰɘ əɎɗŮ ŬˊɧˊŮɘɟŬ ɔɘŬ ɛŮɔɘůŰɞˊɞɑɖůɖ Űɞɡ Ůɜɧɠ ˊŬɟɎɔɞɜŰŬ ɞŭɖɔŮɑ 

ůŮ ɛŮɑɤůɖ Űɞɡ Ɏɚɚɞɡ. ȼ ɏɟŮɡɜŬ ůŰɖɜ ŬɜɎˊŰɡɝɖ ɜɏɤɜ ɡɚɘəɩɜ ŮˊɘŭɘɩəŮɘ, ɛŮŰŬɝɨ 

Ɏɚɚɤɜ, Űɖ ŭɘŮɟŮɨɜɖůɖ ŬɡŰɩɜ Űɤɜ ɞɟɑɤɜ. O ɟɡɗɛɧɠ ŭɘɏɚŮɡůɖɠ Űɤɜ ůɡůŰŬŰɘəɩɜ ɛɏůŬ 

Ŭˊɧ Űɞ ˊɞɟɩŭŮɠ ɡɚɘəɧ ŮɑɜŬɘ ŬɜɎɚɞɔɞɠ ɛŮ Űɖɜ ɡˊɎɟɢɞɡůŬ ŭɘŬűɞɟɎ ŭɡɜŬɛɘəɞɨ (ˊŰɩůɖ 

ˊɑŮůɖɠ, ɛŮŰŬɓɞɚɐ ůɡɔəŮɜŰɟɩůŮɤɜ) əŬɘ ŬɜŰɘůŰɟɧűɤɠ ŬɜɎɚɞɔɞɠ Űɞɡ ˊɎɢɞɡɠ Űɞɡ. 

Ⱥˊɞɛɏɜɤɠ, ɔɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ ɡɣɖɚɐɠ ŭɘŬˊɏɟŬůɖɠ, ŰŬ ɡɚɘəɎ ɢɟŮɘɎɕŮŰŬɘ ɜŬ ŮɑɜŬɘ 

ŮɝŬɘɟŮŰɘəɎ ɚŮˊŰɎ [6,7]. 
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2.2 ŪŮɤɟɑŬ ɛŮŰŬűɞɟɎɠ ŬŮɟɑɤɜ  

 

MɑŬ Ŭˊɚɞˊɞɘɖɛɏɜɖ ŬɜɎˊŰɡɝɖ Űɖɠ ɗŮɤɟɑŬɠ ɛŮŰŬűɞɟɎɠ ŬŮɟɑɤɜ ŭɘŬɛɏůɞɡ Ůɜɧɠ 

ˊɞɟɩŭɞɡɠ ɡɚɘəɞɨ, ˊɞɡ ŬɜŬűɏɟŮŰŬɘ ůŰɖ ŭɘɏɚŮɡůɖ ɛɞɟɑɤɜ Ůɜɧɠ ŬŮɟɑɞɡ, ŮɑɜŬɘ ɖ ŭɘɎɢɡůɖ 

Ůɜɧɠ ŬŮɟɑɞɡ ɛɏůɤ Űɞɡ ɡɚɘəɞɨ əŬɘ ŮəűɟɎɕŮŰŬɘ Ŭˊɧ Űɞɜ ˊɟɩŰɞ ɜɧɛɞ Űɞɡ Fick: 

 

                                                        ö
÷

õ
æ
ç

å

µ

µ
-=

x

C
DJ  (1) 

ɧˊɞɡ J ŮɑɜŬɘ ɖ ɟɞɐ Űɞɡ ŬŮɟɑɞɡ, D ɞ ůɡɜŰŮɚŮůŰɐɠ ŭɘɎɢɡůɖɠ əŬɘ 
x

C

µ

µ
 ɖ ɓŬɗɛɑŭŬ 

ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ŬŮɟɑɞɡ ŮəŬŰɏɟɤɗŮɜ Űɖɠ ɛŮɛɓɟɎɜɖɠ.  

ȳŰŬɜ ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ŬŮɟɑɤɜ ŮɑɜŬɘ ůŰŬɗŮɟɐ, ɖ ɟɞɐ ŮɑɜŬɘ ůŮ ɛɧɜɘɛɖ 

əŬŰɎůŰŬůɖ. ŪŮɤɟɩɜŰŬɠ Ůˊɑůɖɠ ůŰŬɗŮɟɧ Űɞ ůɡɜŰŮɚŮůŰɐ ŭɘɎɢɡůɖɠ D, ɖ Ůɝɑůɤůɖ (1) 

əŬŰɧˊɘɜ ɞɚɞəɚɐɟɤůɖɠ ŭɑɜŮɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ɛŮɛɓɟɎɜɖɠ: 

                                                  
l

CC
DJ o 1-
=                                                  (2) 

ȳˊɞɡ Cɞ əŬɘ C1 ŮɑɜŬɘ ɞɘ ůɡɔəŮɜŰɟɩůŮɘɠ Űɞɡ ŭɘŮɟɢɧɛŮɜɞɡ ůɡůŰŬŰɘəɞɨ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ 

Űɖɠ ɛŮɛɓɟɎɜɖɠ ŬɜɎɜŰɖ (ˊɚŮɡɟɎ ɡˊŮɟˊɑŮůɖɠ) əŬɘ əŬŰɎɜŰɖ (ɡˊɞˊɑŮůɖ) ŬɜŰɑůŰɞɘɢŬ əŬɘ l 

ŮɑɜŬɘ Űɞ ˊɎɢɞɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ. ȷɡŰɐ ɖ ůɢɏůɖ, ůŮ ůɡɜɗɐəŮɠ ɢŬɛɖɚɩɜ ˊɘɏůŮɤɜ (ɖ ˊɑŮůɖ 

ůŰŬ əŬŰɎɜŰɖ Űɖɠ ɛŮɛɓɟɎɜɖɠ ŮɑɜŬɘ ůɡɔəɟɘŰɘəɎ ˊɞɚɨ ɢŬɛɖɚɐ) ɛˊɞɟŮɑ ɜŬ ŮəűɟŬůŰŮɑ ůŮ 

ɛɑŬ ˊɘɞ ɢɟɐůɘɛɖ ɛɞɟűɐ ůŮ ɧɟɞɡɠ ˊɑŮůɖɠ Űɖɠ ŭɘŬɚɡɛɏɜɖɠ ɞɡůɑŬɠ po əŬɘ p1 ůɨɛűɤɜŬ ɛŮ 

Űɞ ɜɧɛɞ Űɞɡ Henry: 

 

 pSC Ö=   (3) 

 

ɧˊɞɡ S ŮɑɜŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŭɘŬɚɡŰɧŰɖŰŬɠ ɞ ɞˊɞɑɞɠ ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɧɠ ɛŮ Űɖ 

ůɡɔəɏɜŰɟɤůɖ əŬɘ p ŮɑɜŬɘ ɖ ɛŮɟɘəɐ ˊɑŮůɖ Űɞɡ ŬŮɟɑɞɡ. ɈˊɞəŬɗɘůŰɩɜŰŬɠ Űɖɜ Ůɝɑůɤůɖ 

(3) ůŰɖɜ Ůɝɑůɤůɖ (2) ˊɟɞəɨˊŰŮɘ: 
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ɧˊɞɡ P ŮɑɜŬɘ ɞ ɛɏůɞɠ ůɡɜŰŮɚŮůŰɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ Űɖɠ ŭɘŬɚɡŰɐɠ ɞɡůɑŬɠ əŬɘ ůɨɛűɤɜŬ 

ɛŮ Űɖɜ Ůɝɑůɤůɖ (4) ɞɟɑɕŮŰŬɘ ɤɠ Ůɝɐɠ: 

 SDP Ö=
-

  (5) 

 

Ƀ ůɡɜŰŮɚŮůŰɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ (permeability) ɞɟɑɕŮŰŬɘ ɚɞɘˊɧɜ ɤɠ Űɞ 

ɔɘɜɧɛŮɜɞ Űɞɡ ůɡɜŰŮɚŮůŰɐ ŭɘŬɚɡŰɧŰɖŰŬɠ Űɞɡ ŬŮɟɑɞɡ Ůˊɑ Űɞ ůɡɜŰŮɚŮůŰɐ ŭɘɎɢɡůɖɠ Űɞɡ. 

ɇɞ ɛɞɜŰɏɚɞ ɟɧűɖůɖɠ-ŭɘɎɢɡůɖɠ, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ŬɟəŮŰɎ ɔŮɜɘəɧ ˊŮɟɘɔɟɎűŮɘ Űɞ 

ɛɖɢŬɜɘůɛɧ ŭɘɏɚŮɡůɖɠ (permeation) Ůɜɧɠ ŬŮɟɑɞɡ ůɨɛűɤɜŬ ɛŮ Űɞ ɞˊɞɑɞ, Űɞ Ŭɏɟɘɞ 

ˊɟɞůɟɞűɎŰŬɘ ůŰŬ ŬɜɎɜŰɖ Űɖɠ ɛŮɛɓɟɎɜɖɠ, ŭɘŬɚɨŮŰŬɘ, ŭɘŬɢɏŮŰŬɘ ɛɏůɤ Űɖɠ ɛŮɛɓɟɎɜɖɠ 

əŬɘ ŮəɟɞűɎŰŬɘ ůŰŬ əŬŰɎɜŰɖ. ɇɞ ɛɞɜŰɏɚɞ ŬɡŰɧ ŮəűɟɎɕŮɘ Űɞ Ŭˊɚɧ ɔŮɔɞɜɧɠ ɧŰɘ ɧůɞ 

ˊŮɟɘůůɧŰŮɟŬ ɛɧɟɘŬ ŭɘŬɚɨɞɜŰŬɘ ůŰɞ ɡɚɘəɧ Űɖɠ ɛŮɛɓɟɎɜɖɠ Űɧůɞ ˊŮɟɘůůɧŰŮɟŬ ɗŬ 

ŭɘɏɚɗɞɡɜ ŭɘŬɢŮɧɛŮɜŬ ɛɏůɤ ŬɡŰɞɨ, Ůˊɞɛɏɜɤɠ ɖ ŮəɚŮəŰɘəɧŰɖŰŬ ɤɠ ˊɟɞɠ əɎˊɞɘɞ 

ůɡůŰŬŰɘəɧ ŮɝŬɟŰɎŰŬɘ ɧɢɘ ɛɧɜɞ Ŭˊɧ Űɖɜ ŰŬɢɨŰɖŰŬ ɛŮ Űɖɜ ɞˊɞɑŬ ŭɘŬɢɏŮŰŬɘ ŬɡŰɧ ůŰɖ 

ɛŮɛɓɟɎɜɖ ŬɚɚɎ əŬɘ Ŭˊɧ Űɞ ˊɧůɞ ˊɞɚɨ ˊɟɞůɟɞűɎŰŬɘ əŬɘ ŭɘŬɚɨŮŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

Űɖɠ.  

ɇŬ ɓɐɛŬŰŬ Űɖɠ ˊɟɞůɟɧűɖůɖɠ əŬɘ Űɖɠ Ůəɟɧűɖůɖɠ ŮɑɜŬɘ ŰŬɢɏŬ əŬɘ ɖ 

ɗŮɟɛɞŭɡɜŬɛɘəɐ ɘůɞɟɟɞˊɑŬ ŬŮɟɑɞɡ-ŭɘŬɚɨɛŬŰɞɠ ŮˊɏɟɢŮŰŬɘ ɔɟɐɔɞɟŬ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ Űɞɡ 

ɡɚɘəɞɨ, ɧŰŬɜ ɞɘ ˊɘɏůŮɘɠ ŮɑɜŬɘ ůŰŬɗŮɟɏɠ. ȷɜŰɑɗŮŰŬ Űɞ ůŰɎŭɘɞ Űɖɠ ŭɘɎɢɡůɖɠ ŮɑɜŬɘ ůɡɢɜɎ 

ˊɞɚɨ Ŭɟɔɧ əŬɘ ŮɑɜŬɘ ŬɡŰɧ ˊɞɡ əŬɗɞɟɑɕŮɘ Űɞ ɟɡɗɛɧ Űɖɠ ŭɘŮɟɔŬůɑŬɠ. ɇɞ ůŰɎŭɘɞ Űɖɠ 

ˊɟɞůɟɧűɖůɖɠ ŮɚɏɔɢŮŰŬɘ Ŭˊɧ Űɖ ŭɘŬɚɡŰɧŰɖŰŬ Űɤɜ ŬŮɟɑɤɜ ůŰɞ ɡɚɘəɞ, Ůɜɩ Űɞ ůŰɎŭɘɞ Űɖɠ 

ŭɘɎɢɡůɖɠ ˊŮɟɘɔɟɎűŮŰŬɘ ˊɞůɞŰɘəɎ Ŭˊɧ Űɞɜ ůɡɜŰŮɚŮůŰɐ ŭɘɎɢɡůɖɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɞ 

ůɡɜŰŮɚŮůŰɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ P ɜŬ ŮɑɜŬɘ ˊɟɞɥɧɜ Űɤɜ ŭɨɞ ůɡɜŰŮɚŮůŰɩɜ ŭɘŬɚɡŰɧŰɖŰŬɠ 

əŬɘ ŭɘɎɢɡůɖɠ. ȼ ŭŮ ŭɘŬɢɤɟɘůŰɘəɐ ɘəŬɜɧŰɖŰŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ ˊŮɟɘɔɟɎűŮŰŬɘ ˊɞůɞŰɘəɎ 

Ŭˊɧ Űɖɜ ŮəɚŮəŰɘəɧŰɖŰŬ, ˊɞɡ ŬˊɞŰŮɚŮɑ Űɞ ɚɧɔɞ Űɤɜ ɛɞɟɘŬəɩɜ əɚŬůɛɎŰɤɜ əɎɗŮ ŬŮɟɑɞɡ 

ůŰɖɜ ˊɚŮɡɟɎ Űɞɡ ŭɘɖɗɐɛŬŰɞɠ əŬɘ Űɖ ŰɟɞűɞŭɞůɑŬ, ŬɜŰɑůŰɞɘɢŬ.  

ȷˊɧ ˊŮɘɟɎɛŬŰŬ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ Ŭˊɚɩɜ ŬŮɟɑɤɜ ŰŬ ɞˊɞɑŬ ůɡɛɓɞɚɑɕɞɜŰŬɘ ɛŮ 

ñȷò əŬɘ ñȸò ɖ ŭɘŬˊŮɟŬŰɞŮəɚŮəŰɘəɧŰɖŰŬ ɐ ɘŭŬɜɘəɐ ŮəɚŮəŰɘəɧŰɖŰŬ (ideal selectivity) 

ɞɟɑɕŮŰŬɘ ɤɠ ɞ ɚɧɔɞɠ Űɤɜ ůɡɜŰŮɚŮůŰɩɜ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ Űɤɜ ŭɨɞ ŬŮɟɑɤɜ: 
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ȼ ŮəɚŮəŰɘəɧŰɖŰŬ ɤɠ Ůə ŰɞɨŰɞɡ ŮɑɜŬɘ ůɡɜɎɟŰɖůɖ Űɤɜ ŭɘŬűɞɟɩɜ Űɤɜ ůɡɜŰŮɚŮůŰɩɜ 

ŭɘŬɚɡŰɧŰɖŰŬɠ əŬɘ ŭɘɎɢɡůɖɠ Űɤɜ ŭɨɞ ŬŮɟɑɤɜ. Ƀ ŭɘŬɢɤɟɘůɛɧɠ ŬŮɟɑɤɜ ɞ ɞˊɞɑɞɠ 

ŮɚɏɔɢŮŰŬɘ Ŭˊɧ Űɖ ŭɘŬɢɡŰɧŰɖŰŬ, ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ɢɖɛɘəɎ ɧɛɞɘɤɜ 

ɛɞɟɑɤɜ, ɧˊɤɠ Űɞɡ Ƀ2 əŬɘ Űɞɡ Ɂ2, ɧˊɞɡ ɞ ŭɘŬɢɤɟɘůɛɧɠ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ŮəɚŮəŰɘəɐ 

ŭɘɏɚŮɡůɖ Űɞɡ ɛɘəɟɧŰŮɟɞɡ ůŮ ɛɏɔŮɗɞɠ əŬɘ ˊŮɟɘůůɧŰŮɟɞɡ ŮɡəɑɜɖŰɞɡ ɛɞɟɑɞɡ. ɆŰɖɜ 

ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ŰŬ ˊŮɟɘůůɧŰŮɟŬ ůɡůŰɐɛŬŰŬ ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ ɛɏůɤ ɛŮɛɓɟŬɜɩɜ 

ŮɚɏɔɢɞɜŰŬɘ Ŭˊɧ Űɖ ŭɘŬɢɡŰɧŰɖŰŬ. ɆŮ ůɡɔəŮəɟɘɛɏɜŮɠ ɓɘɞɛɖɢŬɜɘəɏɠ əŬɘ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ 

ŮűŬɟɛɞɔɏɠ ˊŬɟôɧɚŬ ŬɡŰɎ, ɞ ŭɘŬɢɤɟɘůɛɧɠ ŮɑɜŬɘ ˊɟɞŰɘɛɧŰŮɟɞ ɜŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɚɧɔɤ 

ŭɘŬűɞɟɩɜ ůŰɖ ŭɘŬɚɡŰɧŰɖŰŬ Űɤɜ ˊɟɞɠ ŭɘŬɢɤɟɘůɛɧ ŬŮɟɑɤɜ [6,7].  

 

 

2.3 ɀɖɢŬɜɘůɛɞɑ ɀŮŰŬűɞɟɎɠ ȷŮɟɑɤɜ ŭɘŬɛɏůɞɡ Ʉɞɟɤŭɩɜ Ɉɚɘəɩɜ 

 

ȼ ŮɝŬɜŬɔəŬůɛɏɜɖ ɟɞɐ Ůɜɧɠ əŬɗŬɟɞɨ, ɛɖ ˊɟɞůɟɞűɐůɘɛɞɡ, əŬɘ ɛɖ 

ůɡɛˊɡəɜɩůɘɛɞɡ ŬŮɟɑɞɡ ŭɘŬɛɏůɞɡ Ůɜɧɠ ˊɞɟɩŭɞɡɠ ɡɚɘəɞɨ ŮɚɏɔɢŮŰŬɘ Ŭˊɧ ŬɟəŮŰɞɨɠ 

ŭɘŬűɞɟŮŰɘəɞɨɠ ɛɖɢŬɜɘůɛɞɨɠ ɛŮŰŬűɞɟɎɠ: 

(1) ɘɝɩŭɖɠ ɟɞɐ ɐ ɟɞɐ Poiseuille, 

(2) ɟɞɐ Knudsen, 

(3) ɟɞɐ ɚɧɔɤ ŮˊɘűŬɜŮɘŬəɐɠ ŭɘɎɢɡůɖɠ əŬɘ  

(4) ŮɜŮɟɔɞˊɞɘɖɛɏɜɖ ɛɘəɟɞˊɞɟɩŭɖɠ ŭɘɎɢɡůɖ (configurational or activated micropore 

diffusion).  

ȷˊɧ Űɖɜ ůɢŮŰɘəɐ ůɡɜŮɘůűɞɟɎ Űɤɜ ˊŬɟŬˊɎɜɤ ɛɖɢŬɜɘůɛɩɜ ůŰɖ ůɡɜɞɚɘəɐ 

ɛŮŰŬűɞɟɎ, ŮɑɜŬɘ ŭɡɜŬŰɧ ɜŬ ŮɝŬɢɗɞɨɜ ˊɚɖɟɞűɞɟɑŮɠ ůɢŮŰɘəɏɠ ɛŮ Űɘɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ 

ŭɞɛɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ Ůɜɧɠ ˊɞɟɩŭɞɡɠ ɛɏůɞɡ. Ⱥɜɩ ůŰŬ ɛŮůɞˊɞɟɩŭɖ əŬɘ ŮɘŭɘəɧŰŮɟŬ 

ůŰŬ ɛŬəɟɞˊɞɟɩŭɖ ɡɚɘəɎ ɞɘ ɛɖɢŬɜɘůɛɞɑ ɛŮŰŬűɞɟɎɠ ŮɑɜŬɘ əŬŰŮɝɞɢɐɜ Poiseuille, əŬɘ 

Knudsen, ůŰŬ ɛɘəɟɞˊɞɟɩŭɖ ɡɚɘəɎ, ɖ ɛɞɟɘŬəɐ əɞůəɑɜɖůɖ əŬɘ ɖ ŮˊɘűŬɜŮɘŬəɐ ŭɘɎɢɡůɖ 

ŮɑɜŬɘ ɞɘ ŭɨɞ ɛɖɢŬɜɘůɛɞɑ ɞɘ ɞˊɞɑɞɘ Ůɚɏɔɢɞɡɜ ůɡɜɐɗɤɠ Űɖ ɛŮŰŬűɞɟɎ ɛɎɕŬɠ ŭɘŬɛɏůɞɡ 

Űɞɡ ˊɞɟɩŭɞɡɠ ɡɚɘəɞɨ. Ƀɘ ŭɨɞ ɛɖɢŬɜɘůɛɞɑ ɛŮŰŬűɞɟɎɠ Knudsen əŬɘ Poiseuille 

ŭɘŬűɏɟɞɡɜ ɤɠ ˊɟɞɠ Űɖɜ ŬɜŬɚɞɔɑŬ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ ŭɘŬɛɞɟɘŬəɩɜ ůɡɔəɟɞɨůŮɤɜ əŬɘ 

Űɤɜ ůɡɔəɟɞɨůŮɤɜ ŬɜɎɛŮůŬ ůŰŬ ɛɧɟɘŬ əŬɘ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ. 

Ƀ Ŭɟɘɗɛɧɠ Knudsen, Kn, ɞɟɑɕŮŰŬɘ ɤɠ ɚ/d əŬɘ ŬˊɞŰŮɚŮɑ Űɞɜ ɚɧɔɞ Űɖɠ ɛɏůɖɠ 

ŮɚŮɨɗŮɟɖɠ ŭɘŬŭɟɞɛɐɠ ɤɠ ˊɟɞɠ Űɖ ŭɘɎɛŮŰɟɞ Űɞɡ ˊɧɟɞɡ (ɛŮ ɚ ɜŬ ŬˊɞŰŮɚŮɑ Űɖɜ 

ŬˊɧůŰŬůɖ Űɖɜ ɞˊɞɑŬ ŭɘŬɜɨŮɘ ɏɜŬ ɛɧɟɘɞ ˊɟɞŰɞɨ ŬəɞɚɞɡɗɐůŮɘ ɖ ŮˊɧɛŮɜɖ ůɨɔəɟɞɡůɖ). 
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ȰɢɞɜŰŬɠ ˊɟɞɢɤɟɐůŮɘ ůŰɖɜ ˊŬɟŬŭɞɢɐ ɧŰɘ ŰŬ ɛɧɟɘŬ Űɞɡ ŬŮɟɑɞɡ ŮɑɜŬɘ ůűŬɘɟɘəɎ əŬɘ 

ŭɘŬɛɏŰɟɞɡ D, ɖ ɛɏůɖ ŮɚŮɨɗŮɟɖ ŭɘŬŭɟɞɛɐ ɚ ɛˊɞɟŮɑ ŮɨəɞɚŬ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ. ȰŰůɘ: 
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ȺɜŬɚɚŬəŰɘəɎ ɖ ɛɏůɖ ŮɚŮɨɗŮɟɖ ŭɘŬŭɟɞɛɐ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ɡˊɞɚɞɔɘůŰŮɑ Ŭˊɧ Űɞ 

əɘɜɖɛŬŰɘəɧ ɘɝɩŭŮɠ ɜ ůɨɛűɤɜŬ ɛŮ Űɖɜ Ůɝɑůɤůɖ 
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ȾŬŰɎ ɔŮɜɘəɐ Ŭɟɢɐ ɞɟɑɕɞɜŰŬɘ ɞɘ ŬəɧɚɞɡɗŮɠ ůɡɜɗɐəŮɠ: 

Å ũɘŬ Kn è1 ɖ ɟɞɐ ɗŮɤɟŮɑŰŬɘ Űɨˊɞɡ Knudsen ɐ ɟɞɐ ŮɚŮɨɗŮɟɤɜ ɛɞɟɑɤɜ. Ƀɘ ŭɘŬɛɞɟɘŬəɏɠ 

ůɡɔəɟɞɨůŮɘɠ ŭŮ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ Ůɜ ůɡɔəɟɑůŮɘ ɛŮ Űɘɠ ůɡɔəɟɞɨůŮɘɠ ɛŮ ŰŬ 

ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ. 

Å ũɘŬ Knç1 əɡɟɘŬɟɢɞɨɜ ɞɘ ůɡɔəɟɞɨůŮɘɠ ɛɞɟɑɞɡ-ɛɞɟɑɞɡ əŬɘ ɖ ɟɞɐ ŭɘŬɛɏůɞɡ Űɞɡ 

ˊɞɟɩŭɞɡɠ ɡɚɘəɞɨ ɖ ɞˊɞɑŬ ˊɟɞəŬɚŮɑŰŬɘ Ŭˊɧ ɛɑŬ ɓŬɗɛɑŭŬ ˊɑŮůɖɠ, ɗŮɤɟŮɑŰŬɘ Űɨˊɞɡ 

Poiseuille ɐ ɘɝɩŭɖɠ ɟɞɐ. 

Å ũɘŬ 0,1< Kn <10, ɞɘ ŭɨɞ ɛɖɢŬɜɘůɛɞɑ ɟɞɐɠ ŬɚɚɖɚɞŮˊɘəŬɚɨˊŰɞɜŰŬɘ. 

Ƀɘ ɛɏůŮɠ ŮɚŮɨɗŮɟŮɠ ŭɘŬŭɟɞɛɏɠ ɔɘŬ ŰŬ ɛɧɟɘŬ ȼ2, Űɞ CH4 əŬɘ Űɞ Ɂ2 ůŮ ˊɑŮůɖ 1 bar əŬɘ 

ɗŮɟɛɞəɟŬůɑŬ 15 
ɞ
C ŮɑɜŬɘ ɚȼ2 =117.7 nm, ɚCH4=51.6 nm əŬɘ ɚN2 =62.8 nm ɔɘŬ 

ˊŬɟɎŭŮɘɔɛŬ. ɆŮ ˊɑŮůɖ 10 bar əŬɘ ɗŮɟɛɞəɟŬůɑŬ 25 
ɞ
C, ɖ ɛɏůɖ ŮɚŮɨɗŮɟɖ ŭɘŬŭɟɞɛɐ ɔɘŬ 

Űɞ ɛɧɟɘɞ Ƀ2 ŮɑɜŬɘ ɚɃ2 å7 nm Ůɜɩ ůŮ 10 mbar 70ɛm. ȼ ɟɞɐ ȼ2 ŭɘŬɛɏůɞɡ Ůɜɧɠ 

ˊɞɟɩŭɞɡɠ ɡɚɘəɞɨ, Űɞ ɞˊɞɑɞ ŭɘŬɗɏŰŮɘ ˊɧɟɞɡɠ 10 nm ŭɑɜŮɘ ɛɑŬ Űɘɛɐ Űɞɡ Ŭɟɘɗɛɞɨ 

Knudsen Kn å12 əŬɘ ůɡɜŮˊɩɠ ɞ ɛɖɢŬɜɘůɛɧɠ ɛŮŰŬűɞɟɎɠ ˊɞɡ ŮˊɘəɟŬŰŮɑ ŮɑɜŬɘ Űɨˊɞɡ 

Knudsen, Ůɜɩ ɔɘŬ Űɖ ɟɞɐ Ɂ2, ɞ Ŭɟɘɗɛɧɠ Knudsen ŮɑɜŬɘ Kn å6, Űɘɛɐ ɖ ɞˊɞɑŬ ŬɜɐəŮɘ 

ůŰɖɜ ɛŮŰŬɓŬŰɘəɐ ˊŮɟɘɞɢɐ Űɘɛɩɜ Űɞɡ Ŭɟɘɗɛɞɨ Knudsen, ɧˊɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ 

ůɡɜŭɡŬůɛɧɠ Űɤɜ ŭɨɞ ɛɖɢŬɜɘůɛɩɜ ɟɞɐɠ. ȰŰůɘ ůŮ ˊɧɟɞɡɠ ŭɘŬɛɏŰɟɞɡ ɛŮɔŬɚɨŰŮɟɞɡɠ Ŭˊɧ 

0.6 ɛm əŬɘ ůŮ ůɡɜɗɐəŮɠ ˊŮɟɘɓɎɚɚɞɜŰɞɠ, ɔɘŬ ɟɞɐ Ɂ2, ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɟɞɐ Űɨˊɞɡ 

Poiseuille ɐ ɘɝɩŭɖɠ ɟɞɐ. 
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2.3.1 Ƚɝɩŭɖɠ ɟɞɐ (ɐ ɟɞɐ Poiseuille) 

 

ȺɎɜ ɞɘ ŭɘŬɛɞɟɘŬəɏɠ ůɡɔəɟɞɨůŮɘɠ əɡɟɘŬɟɢɞɨɜ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɘɠ ůɡɔəɟɞɨůŮɘɠ 

ɛŮ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ, (Kn ç1 ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɧɟɤɜ ɛŮɔɎɚɖɠ 

ŭɘŬɛɏŰɟɞɡ əŬɘ ůŮ ůɢŮŰɘəɎ ɡɣɖɚɐ ˊɑŮůɖ), ɖ ŮɝŬɜŬɔəŬůɛɏɜɖ Ŭˊɧ ɛɑŬ ɓŬɗɛɑŭŬ ˊɑŮůɖɠ 

dP/ dx ɟɞɐ Űɞɡ ŬŮɟɑɞɡ ŭɘŬɛɏůɞɡ Ůɜɧɠ ŰɟɘɢɞŮɘŭɞɨɠ ŬəŰɑɜŬɠ r ɞɟɑɕŮŰŬɘ ɤɠ ɘɝɩŭɖɠ ɟɞɐ ɐ 

ɟɞɐ Poiseuille. Ƀ ɧɔəɞɠ Űɞɡ ŬŮɟɑɞɡ ˊɞɡ ŭɘŬˊŮɟɜɎ ɏɜŬ əɡɚɘɜŭɟɘəɧ ŰɟɘɢɞŮɘŭɏɠ ɛɐəɞɡɠ l 

əŬɘ ŬəŰɑɜŬɠ r ŬɜɎ ɛɞɜɎŭŬ ɢɟɧɜɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ Poiseuille ɤɠ Ůɝɐɠ: 

 
ln8

4. r
V

DR
=
p

  (9) 

 

ɧˊɞɡ ȹɅ ŮɑɜŬɘ ɖ ŭɘŬűɞɟɎ ˊɑŮůɖɠ ŮəŬŰɏɟɤɗŮɜ Űɞɡ ŰɟɘɢɞŮɘŭɞɨɠ, əŬɘ n ŮɑɜŬɘ Űɞ ɘɝɩŭŮɠ. 

ɆɨɛűɤɜŬ ɛŮ Űɖɜ Ůɝɑůɤůɖ (9) ɏɢŮɘ ɔɑɜŮɘ ɖ ˊŬɟŬŭɞɢɐ ůɡɜɗɖəɩɜ ůŰɟɤŰɐɠ ɟɞɐɠ (ŭɖɚŬŭɐ 

Űɞ Ŭɏɟɘɞ Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ůŮ ŮˊŬűɐ ɛŮ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɞɡ ŰɟɘɢɞŮɘŭɞɨɠ ŮɑɜŬɘ ůŮ ɖɟŮɛɑŬ). 

ȾŬŰɧˊɘɜ Űɤɜ ˊŬɟŬˊɎɜɤ ˊŬɟŬŭɞɢɩɜ, ɖ ɛɞɟɘŬəɐ ɟɞɐ Űɤɜ ŬŮɟɑɤɜ ŬɜɎ ɛɞɜɎŭŬ 

ŭɘŬŰɞɛɐɠ əŬɘ ŬɜɎ ɛɞɜɎŭŬ ɢɟɧɜɞɡ ŮəűɟɎɕŮŰŬɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ Hagen- Poiseuille: 

 

 
dx
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RT
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ũɘŬ ŰŬ ˊɟŬɔɛŬŰɘəɎ ˊɞɟɩŭɖ ɡɚɘəɎ ɛŮ əɡɚɘɜŭɟɘəɞɨɠ ˊɧɟɞɡɠ, ɖ Ůɝɑůɤůɖ (10) ɢɟŮɘɎɕŮŰŬɘ 

ɜŬ ŰɟɞˊɞˊɞɘɖɗŮɑ ɛŮ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡ ɧɟɞɡ Ů/Ű , ɞ ɞˊɞɑɞɠ ŮɑɜŬɘ ɞ ɚɧɔɞɠ Űɞɡ ˊɞɟɩŭɞɡɠ 

ˊɟɞɠ Űo ñŭŬɘŭŬɚɩŭŮɠ Űɤɜ ˊɧɟɤɜò (tortuosity). ũŮɜɘəɧŰŮɟŬ, ɔɘŬ ŰŬ ˊɞɟɩŭɖ ɡɚɘəɎ 

ɘůɢɨɞɡɜ ɞɘ ŮɛˊŮɘɟɘəɏɠ ŮɝɘůɩůŮɘɠ ůɡɜŮɢɞɨɠ ɛɏůɞɡ Darcy, Blake-Kozeny-Carman əŬɘ 

Ergun. ȼ ŮˊɘűɎɜŮɘŬ Űɤɜ ˊɧɟɤɜ ɚŬɛɓɎɜŮŰŬɘ Ŭˊɧ Űɞ ˊɞɟɩŭŮɠ Ů, Ůűɧůɞɜ Ů = n ŕ 
2
/A ɛŮ 

n Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ˊɧɟɤɜ ŬɜɎ ɛɞɜɎŭŬ ŮˊɘűɎɜŮɘŬɠ A. ȳůɞɜ ŬűɞɟɎ Űɞɜ ɧɟɞ Ű ˊŮɟɘɔɟɎűŮɘ 

Űɖɜ ˊɞɚɡˊɚɞəɧŰɖŰŬ Űɖɠ ˊɞɟɩŭɞɡɠ ŭɞɛɐɠ. Ƀ ˊŬɟɎɔɞɜŰŬɠ Ű, ɞ ɞˊɞɑɞɠ Ůɘůɐɢɗɖ ɤɠ ɧɟɞɠ 

Ŭˊɧ Űɞɜ Carman, ɞɟɑɕŮŰŬɘ ɤɠ Űɞ ŰŮŰɟɎɔɤɜɞ Űɞɡ ɚɧɔɞɡ Űɞɡ əŬŰɎ ɛɏůɞ ɧɟɞ 

ŬˊɞŰŮɚŮůɛŬŰɘəɞɨ ɛɐəɞɡɠ ŭɘŬŭɟɞɛɐɠ ɤɠ ˊɟɞɠ Űɖ ɔŮɤɛŮŰɟɘəɐ ŭɘɎůŰŬůɖ Űɞɡ ɡɚɘəɞɨ. ȼ 

ɏəűɟŬůɖ ɚɞɘˊɧɜ Űɖɠ ɘɝɩŭɞɡɠ ɟɞɐɠ Jɜ Ůɜɧɠ ŬŮɟɑɞɡ ŭɘŬɛɏůɞɡ Ůɜɧɠ ˊɞɟɩŭɞɡɠ ɡɚɘəɞɨ 

ˊɎɢɞɡɠ ȹɢ əŬɘ ɡˊɧ Űɖɜ ŮűŬɟɛɞɔɐ ɛɑŬɠ ŭɘŬűɞɟɎɠ ˊɑŮůɖɠ ȹɅ ŭɑɜŮŰŬɘ Ŭˊɧ Űɞɜ Űɨˊɞ: 
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ȷˊɧ Űɖɜ Ůɝɑůɤůɖ (11) ˊɟɞəɨˊŰŮɘ ɧŰɘ ɡˊɧ ůɡɜɗɐəŮɠ ɘɝɩŭɞɡɠ ɟɞɐɠ, ɖ ɟɞɐ Űɤɜ ɛɞɟɑɤɜ 

Űɞɡ ŬŮɟɑɞɡ ɛɏůŬ Ŭˊɧ ɏɜŬ ˊɞɟɩŭŮɠ ɡɚɘəɧ ŮɑɜŬɘ ŬɜɎɚɞɔɖ Űɞɡ ŰŮŰɟŬɔɩɜɞɡ Űɖɠ ŬəŰɑɜŬɠ r, 

Űɖɠ əŬŰɎ ɛɏůɞ ɧɟɞ ˊɑŮůɖɠ Űɞɡ ŬŮɟɑɞɡ P, ŭɖɚŬŭɐ Űɞɡ ɧɟɞɡ 1/2(P1 + P2) əŬɘ Űɖɠ 

ŭɘŬűɞɟɎɠ ˊɑŮůɖɠ ȹɅ. 

 

 

2.3.2 Ʌɞɐ Űɨˊɞɡ Knudsen 

 

ȺɎɜ ɖ ɛɏůɖ ŮɚŮɨɗŮɟɖ ŭɘŬŭɟɞɛɐ Űɤɜ ɛɞɟɑɤɜ ŮɑɜŬɘ ŬɟəŮŰɎ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɖ 

ŭɘɎɛŮŰɟɞ Űɞɡ ˊɧɟɞɡ, əŬŰɎ Űɖ ɛŮŰŬűɞɟɎ Űɞɡ ŬŮɟɑɞɡ əɡɟɘŬɟɢɞɨɜ ɞɘ ůɡɔəɟɞɨůŮɘɠ 

ŬɜɎɛŮůŬ ůŰŬ ɛɧɟɘŬ Űɞɡ ŬŮɟɑɞɡ əŬɘ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɞɡ ˊɧɟɞɡ (Kn è1). ȼ ɟɞɐ Űɨˊɞɡ 

Knudsen JȾ ŭɘŬɛɏůɞɡ Ůɜɧɠ Ůˊɘɛɐəɞɡɠ ŰɟɘɢɞŮɘŭɞɨɠ ŬəŰɑɜŬɠ r əŬɘ ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ 

ɛɑŬɠ ɓŬɗɛɑŭŬɠ ˊɑŮůɖɠ dP/dx ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ: 
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ɧˊɞɡ DȾ ŮɑɜŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ŭɘɎɢɡůɖɠ Knudsen əŬɘ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ɛɏůɖ ŰŬɢɨŰɖŰŬ 

Űɤɜ ɛɞɟɑɤɜ Űɞɡ ŬŮɟɑɞɡ u əŬɘ Ŭˊɧ Űɖɜ ŬəŰɑɜŬ Űɞɡ ˊɧɟɞɡ r ɛɏůɤ Űɖɠ ůɢɏůɖɠ: 

 

 ruDK
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2
=   (13) 

 

ȼ ɏəűɟŬůɖ Űɖɠ ɛɏůɖɠ ŰŬɢɨŰɖŰŬɠ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ŬŮɟɑɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ 

əɘɜɖŰɘəɐ ɗŮɤɟɑŬ Űɤɜ ŬŮɟɑɤɜ: 
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ȳŰŬɜ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ ɖ ˊɟŬɔɛŬŰɘəɐ ŭɞɛɐ Űɤɜ ˊɞɟɤŭɩɜ ɡɚɘəɩɜ, ɖ Ůɝɑůɤůɖ (14) 

ɢɟŮɘɎɕŮŰŬɘ ɜŬ ŰɟɞˊɞˊɞɘɖɗŮɑ, ɩůŰŮ ɜŬ ůɡɛˊŮɟɘɚɖűɗŮɑ ɞ ɧɟɞɠ Ů/Ű ɞ ɞˊɞɑɞɠ ŬˊɞŰŮɚŮɑ Űɞɜ 
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ɚɧɔɞ Űɞɡ ˊɞɟɩŭɞɡɠ ˊɟɞɠ Űɞ ñŭŬɘŭŬɚɩŭŮɠ Űɤɜ ˊɧɟɤɜò. ȷɟəŮŰɞɑ ŮˊɘůŰɐɛɞɜŮɠ ɏɢɞɡɜ 

ŮɘůɎɔŮɘ ůŰɖɜ Ůɝɑůɤůɖ Űɖɠ ɟɞɐɠ Űɨˊɞɡ Knudsen JȾ ˊŮɟŬɘŰɏɟɤ ŭɘɞɟɗɤŰɘəɞɨɠ 

ůɡɜŰŮɚŮůŰɏɠ. ȺɝŬɘŰɑŬɠ Űɖɠ ŰɟŬɢɨŰɖŰŬɠ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɞɡ ˊɧɟɞɡ, ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ 

ŬɜŬəɚɎůŮɘɠ əŬŰɎ Űɖ ŭɘɎɢɡůɖ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ŬŮɟɑɞɡ ɞɘ ɞˊɞɑŮɠ ɡˊŬəɞɨɞɡɜ ůŰɞ 

ůɡɜŰŮɚŮůŰɐ 1/ɗȾ ɛŮ ɗȾ Ó1 (ɗȾ=1 ůŰɖ ˊŮɟɑˊŰɤůɖ ɚŮɑŬɠ ŮˊɘűɎɜŮɘŬɠ). ȼ ŰŮɚɘəɐ ɏəűɟŬůɖ 

Űɖɠ ɟɞɐɠ Űɨˊɞɡ Knudsen JȾ ŭɘŬɛɏůɞɡ Ůɜɧɠ ˊɞɟɩŭɞɡɠ ɡɚɘəɞɨ ˊɎɢɞɡɠ ȹɢ ɡˊɧ Űɖɜ 

ŮˊɑŭɟŬůɖ ɛɑŬɠ ŭɘŬűɞɟɎɠ ˊɑŮůɖɠ ȹɅ ɏɢŮɘ ɤɠ Ůɝɐɠ: 
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Ůɜɩ ɞ ůɡɜŰŮɚŮůŰɐɠ ŭɘɎɢɡůɖɠ Knudsen DȾ ŮəűɟɎɕŮŰŬɘ ɤɠ Ůɝɐɠ: 

 ruDK
t

e

3

2
=  (16) 

ȷˊɧ Űɖɜ Ůɝɑůɤůɖ (15) űŬɑɜŮŰŬɘ ɧŰɘ ɖ ɟɞɐ Űɨˊɞɡ Knudsen JȾ ŮɑɜŬɘ ŬɜɎɚɞɔɖ ɛŮ Űɞɡɠ 

ɧɟɞɡɠ r, ȹɅ, əŬɘ M 
ī0.5

 ŬɚɚɎ ŭŮɜ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ŬˊɧɚɡŰɖ ˊɑŮůɖ Ʌ [6, 7]. 

 

2.3.3 ȺˊɘűŬɜŮɘŬəɐ ŭɘɎɢɡůɖ (Surface flow) 

 

ȼ ŮˊɘűŬɜŮɘŬəɐ ŭɘɎɢɡůɖ ɚŬɛɓɎɜŮɘ ɢɩɟŬ, ɧŰŬɜ ŰŬ ˊɟɞɠ ŭɘɏɚŮɡůɖ ɛɧɟɘŬ 

ˊŬɟɞɡůɘɎɕɞɡɜ ɘůɢɡɟɐ ůɡɜɎűŮɘŬ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ əŬɘ ˊɟɞůɟɞűɩɜŰŬɘ 

ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ ůŮ ŬɟəŮŰɎ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ɐ/əŬɘ ɡɣɖɚɏɠ ˊɘɏůŮɘɠ. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ŰŬ ˊɟɞůɟɞűɖɛɏɜŬ ɛɧɟɘŬ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɡəɘɜɖůɑŬ, ŮɑɜŬɘ ŭɡɜŬŰɧɜ 

ɜŬ ɚɎɓŮɘ ɢɩɟŬ ŮˊɘűŬɜŮɘŬəɐ ŭɘɎɢɡůɖ, ɖ ɏəŰŬůɖ Űɖɠ ɞˊɞɑŬɠ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ 

ˊɞůɧŰɖŰŬ Űɤɜ ˊɟɞůɟɞűɖɛɏɜɤɜ ɛɞɟɑɤɜ əŬɘ Űɖɜ ŮɡəɘɜɖůɑŬ Űɞɡɠ. ȼ ŮˊɘűŬɜŮɘŬəɐ ɟɞɐ 

ůɡɢɜɎ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ˊŬɟɎɚɚɖɚŬ ɛŮ Ɏɚɚɞɡɠ ɛɖɢŬɜɘůɛɞɨɠ ɛŮŰŬűɞɟɎɠ, ɧˊɤɠ ɖ ɘɝɩŭɖɠ 

ɟɞɐ ɐ ɖ ɟɞɐ Űɨˊɞɡ Ⱦnudsen, ŬɜɎɚɞɔŬ ɛŮ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ˊɧɟɤɜ Űɖɠ 

ɛŮɛɓɟɎɜɖɠ. 

 

2.3.4 ȺɜŮɟɔɞˊɞɘɖɛɏɜɖ ŭɘɎɢɡůɖ (molecular sieving) 

 

ȷɡŰɧ Űɞ Ůɑŭɞɠ ŭɘɎɢɡůɖɠ ɗŮɤɟŮɑŰŬɘ ŮˊɘűŬɜŮɘŬəɐ ŭɘɎɢɡůɖ ůŰɖɜ ɞɟɘŬəɐ ŮəŮɑɜɖ 

ˊŮɟɑˊŰɤůɖ ɧˊɞɡ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ˊɧɟɤɜ ɔɑɜŮŰŬɘ ůɡɔəɟɑůɘɛɞ ɛŮ Űɞ ɛɏɔŮɗɞɠ Űɤɜ 

ɛɞɟɑɤɜ. ɆŰɞ ɛɖɢŬɜɘůɛɧ ŬɡŰɧ ɛŮŰŬűɞɟɎɠ, ɖ ŭɘɎɢɡůɖ ɗŮɤɟŮɑŰŬɘ ñŮɜŮɟɔɞˊɞɘɖɛɏɜɖò 
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ŭɘŮɟɔŬůɑŬ əŬɘ ɞ ŭɘŬɢɤɟɘůɛɧɠ ŬˊɞŰŮɚŮɑ ɘůɢɡɟɐ ůɡɜɎɟŰɖůɖ Űɞɡ ɛŮɔɏɗɞɡɠ əŬɘ Űɞɡ 

ůɢɐɛŬŰɞɠ Űɤɜ ˊɟɞɠ ŭɘŬɢɤɟɘůɛɧ ɛɞɟɑɤɜ, Űɞɡ ɛŮɔɏɗɞɡɠ Űɤɜ ˊɧɟɤɜ əŬɘ Űɤɜ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ ɛŮŰŬɝɨ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɤɜ ˊɧɟɤɜ əŬɘ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ŬŮɟɑɞɡ. 

ɇɞ ŭɟŬůŰɘəɧ ɛɏɔŮɗɞɠ ˊɧɟɤɜ Ůɜɧɠ ɛɘəɟɞˊɞɟɩŭɞɡɠ ɡɚɘəɞɨ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ 

ˊɟɞůŭɘɞɟɘůŰŮɑ Ŭˊɧ Űɖ ɛɏŰɟɖůɖ Űɖɠ ɟɞɐɠ ŬŮɟɑɤɜ ɛɞɟɑɤɜ ŭɘŬűɞɟŮŰɘəɞɨ ɛŮɔɏɗɞɡɠ 

ŭɘŬɛɏůɞɡ Ůɜɧɠ ˊɞɟɩŭɞɡɠ ɡɚɘəɞɨ, ŮɑŰŮ ŬɜŮɝɎɟŰɖŰŬ, ŮɑŰŮ ɤɠ ůɡůŰŬŰɘəɎ Ůɜɧɠ ɛɑɔɛŬŰɞɠ 

ŬŮɟɑɤɜ. ȼ ɛɏɗɞŭɞɠ ɓŬůɑɕŮŰŬɘ ůŰɖ ɓŬůɘəɐ Ŭɟɢɐ Űɖɠ ɛɞɟɘŬəɐɠ əɞůəɑɜɖůɖɠ (molecular 

sieving), ůɨɛűɤɜŬ ɛŮ Űɖɜ ɞˊɞɑŬ ŰŬ ɛɧɟɘŬ ɢɟŮɘɎɕŮŰŬɘ ɜŬ ŭɘŬɗɏŰɞɡɜ ɛɘəɟɧŰŮɟɞ ɛɏɔŮɗɞɠ 

Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ˊɧɟɤɜ (ɐ Űɞ ɛɏɔŮɗɞɠ Űɤɜ Ůɘůɧŭɤɜ Űɤɜ ˊɧɟɤɜ) ɩůŰŮ ɜŬ 

ŭɘŬˊŮɟɎůɞɡɜ Űɞ ɡɚɘəɧ. ȼ ˊɟɞůɏɔɔɘůɖ ŬɡŰɐ ŮɑɜŬɘ Ŭˊɚɐ ɧŰŬɜ ŮűŬɟɛɧɕŮŰŬɘ ůŮ ɏɜŬ 

ˊɞɟɩŭŮɠ əɟɡůŰŬɚɚɘəɧ ůŰŮɟŮɧ, ɡˊɧ Űɖɜ ˊɟɞɦˊɧɗŮůɖ ɧŰɘ Űɞ Ŭɏɟɘɞ ŭŮɜ ɛŮŰŬűɏɟŮŰŬɘ 

ɛɏůɤ ɟɤɔɛɩɜ ɐ ɞˊɩɜ.  

O ůɡɜŰŮɚŮůŰɐɠ ŭɘɎɢɡůɖɠ, DC, Űɤɜ ɛɞɟɑɤɜ Űɞɡ ŭɘŬɢɨŰɖ ɔɘŬ Űɖɜ 

ŮɜŮɟɔɞˊɞɘɖɛɏɜɖ (ɛɘəɟɞˊɞɟɩŭɖ) ŭɘɎɢɡůɖ ŬəɞɚɞɡɗŮɑ Űɖ ůɢɏůɖ Arrhenius: 
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ɧˊɞɡ DC,o ŮɑɜŬɘ ɏɜŬɠ ůɡɜŰŮɚŮůŰɐɠ ŬɜŬɚɞɔɑŬɠ ŬɜŮɝɎɟŰɖŰɞɠ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ Em 

ŮɑɜŬɘ ɖ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ ɛɘəɟɞˊɞɟɩŭɞɡɠ ŭɘɎɢɡůɖɠ (Ⱥm > 0) [6, 7]. 

 

2.3.5 ɀɖɢŬɜɘůɛɞɑ ɛŮŰŬűɞɟɎɠ ůŮ ɛɘəɟɞˊɞɟɩŭŮɘɠ ɛŮɛɓɟɎɜŮɠ. 

 

ɆŮ ɛŮůɞˊɞɟɩŭŮɘɠ əŬɘ ɛɘəɟɞˊɞɟɩŭŮɘɠ ɛŮɛɓɟɎɜŮɠ ɛŮ ůɢŮŰɘəɎ ɛŮɔɎɚɞɡ Ůɨɟɞɡɠ 

ɛɘəɟɞˊɧɟɞɡɠ, ɖ ůɡɜɞɚɘəɐ ɟɞɐ ŮɑɜŬɘ Űɞ ɎɗɟɞɘůɛŬ Űɖɠ ˊɡəɜɧŰɖŰŬɠ ɟɞɐɠ Űɖɠ ŬɏɟɘŬɠ 

űɎůɖɠ ŮɜŰɧɠ Űɤɜ ˊɧɟɤɜ (ŭɘɎɢɡůɖ Űɨˊɞɡ Knudsen) əŬɘ Űɖɠ ˊɟɞůɟɞűɖɛɏɜɖɠ űɎůɖɠ 

(ŮˊɘűŬɜŮɘŬəɐ ŭɘɎɢɡůɖ). ɆŮ ɛɘəɟɧŰŮɟɞɡɠ ˊɧɟɞɡɠ, ŰŬ ˊɟɞůɟɞűɖɛɏɜŬ ɛɧɟɘŬ ɓɟɑůəɞɜŰŬɘ 

ŮɜŰɧɠ Űɞɡ ˊŮŭɑɞɡ ŭɡɜɎɛŮɤɜ Űɞɡ ŬˊɏɜŬɜŰɘ ŰɞɘɢɩɛŬŰɞɠ əŬɘ ŮˊŮɘŭɐ ɞɘ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ 

ŬɡŰɏɠ ŮɑɜŬɘ ŮɚəŰɘəɏɠ, Űɞ ŭɡɜŬɛɘəɧ ɔɑɜŮŰŬɘ ˊɘɞ ŬɟɜɖŰɘəɧ ůŮ ůɢɏůɖ ɛŮ ŬɡŰɧ Űɖɠ 

ŮɝɤŰŮɟɘəɐɠ ŮˊɘűɎɜŮɘŬɠ. 
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2.3.5.1 ɀɞɜŰɏɚŬ ɛŮŰŬűɞɟɎɠ ŬŮɟɑɤɜ ŮɜŰɧɠ ɛɘəɟɞˊɧɟɤɜ. 

 

ɋɠ ůɡɜɏˊŮɘŬ Űɖɠ ŬɚɚɖɚŮˊɘəɎɚɡɣɖɠ Űɤɜ ŭɡɜŬɛɘəɩɜ ɟɧűɖůɖɠ, ɖ ŮɜɏɟɔŮɘŬ 

Ůəɟɧűɖůɖɠ Ůɜɧɠ ɛɞɟɑɞɡ Ŭˊɧ ɛɑŬ ɗɏůɖ ˊɟɞůɟɧűɖůɖɠ ůŰɖɜ ŮɜŬˊɞɛɏɜɞɡůŬ ŬɏɟɘŬ űɎůɖ 

ŮɜŰɧɠ Űɞɡ ˊɧɟɞɡ əŬɗɑůŰŬŰŬɘ ɛɘəɟɧŰŮɟɖ. ɆŮ ŬɡŰɐɜ Űɖɜ ŬɏɟɘŬ űɎůɖ, ɖ əɑɜɖůɖ Űɞɡ 

ɛɞɟɑɞɡ ɔɑɜŮŰŬɘ ŮɚŮɨɗŮɟŬ, ɛŮ ɛɏůɖ ŮɚŮɨɗŮɟɖ ŭɘŬŭɟɞɛɐ ˊŬɟŬˊɚɐůɘŬ Űɖɠ ŭɘŬɛɏŰɟɞɡ Űɞɡ 

ˊɧɟɞɡ, ɧˊɤɠ ůɡɛɓŬɑɜŮɘ əŬŰɎ Űɖ ŭɘɎɢɡůɖ Űɨˊɞɡ Knudsen. ɆɡɜŮˊɩɠ, ɖ ůɡɜɞɚɘəɐ 

ŭɘŬŭɘəŬůɑŬ ɛŮŰŬŰɧˊɘůɖɠ Ŭˊɧ ɛɑŬ ɗɏůɖ ɟɧűɖůɖɠ ůŮ Ɏɚɚɖ ˊŮɟɘɚŬɛɓɎɜŮɘ ɏɜŬ 

ŮɜŮɟɔɞˊɞɘɖɛɏɜɞ ɓɐɛŬ Ůəɟɧűɖůɖɠ əŬɘ ɏɜŬ ɓɐɛŬ ŭɘɎɢɡůɖɠ Űɨˊɞɡ Knudsen. ũɘŬ ŬɡŰɧ Űɞ 

ɚɧɔɞ, ɞ ůɡɔəŮəɟɘɛɏɜɞɠ Űɨˊɞɠ ɛŮŰŬűɞɟɎɠ əŬɚŮɑŰŬɘ ŮɜŮɟɔɞˊɞɘɖɛɏɜɖ ŭɘɎɢɡůɖ Űɨˊɞɡ 

Knudsen (activated Knudsen type diffusion ɐ gas translational (GT)). Ⱥˊɑůɖɠ, ɏɜŬ 

ˊɞůɞůŰɧ ɛɞɟɑɤɜ Űɞɡ ŬŮɟɑɞɡ ɛŮŰŬŰɞˊɑɕŮŰŬɘ ŰŬɡŰɧɢɟɞɜŬ ɛɏůɤ ŮˊɘűŬɜŮɘŬəɐɠ ŭɘɎɢɡůɖɠ, 

ɛŮ ɛɘəɟɧŰŮɟŬ ɎɚɛŬŰŬ ɛŮŰŬɝɨ ˊŬɟŬəŮɑɛŮɜɤɜ ɗɏůŮɤɜ ɟɧűɖůɖɠ əŬɘ ŭɘŬűɞɟŮŰɘəɐ 

ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ. Ⱥˊɞɛɏɜɤɠ, ɖ ůɡɜɞɚɘəɐ ɟɞɐ ŮɑɜŬɘ Űɞ ɎɗɟɞɘůɛŬ Űɤɜ 

ůɡɜŮɘůűɞɟɩɜ Űɤɜ ŭɨɞ ŭɘŬűɞɟŮŰɘəɩɜ ɛɖɢŬɜɘůɛɩɜ ŭɘɎɢɡůɖɠ: Jt = JS + JȾŬ  

 

2.4 ȸŬůɘəɞɑ ɛɖɢŬɜɘůɛɞɑ ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ ɛŮ ˊɞɟɩŭŮɘɠ ɛŮɛɓɟɎɜŮɠ 

 

Ƀɘ ŭɘŮɟɔŬůɑŮɠ ŭɘŬɢɤɟɘůɛɞɨ ɛŮ ɢɟɐůɖ ˊɞɟɤŭɩɜ ɛŮɛɓɟŬɜɩɜ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ 

ˊŬɟɎɔɞɜŰŮɠ, ɧˊɤɠ Űɞ ɛɏɔŮɗɞɠ ˊɧɟɤɜ Űɖɠ ɛŮɛɓɟɎɜɖɠ, Űɞ ůɡɜɞɚɘəɧ ˊɞɟɩŭŮɠ əŬɗɩɠ əŬɘ 

Ŭˊɧ Űɘɠ ŭɡɜɎɛŮɘɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ Űɤɜ ɟŮɡůŰɩɜ əŬɘ Űɖɠ ɛŮɛɓɟɎɜɖɠ. ȳŰŬɜ Űɞ 

ɛɏɔŮɗɞɠ Űɤɜ ˊɧɟɤɜ ŮɑɜŬɘ ˊɞɚɨ ɛŮɔɎɚɞ (~>1ɛm), ŰɧŰŮ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡɠ 

ŭɖɛɘɞɡɟɔŮɑŰŬɘ ůŰɟɤŰɐ ɐ Űɡɟɓɩŭɖɠ ɟɞɐ əŬɘ ŬɡŰɧ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖɜ ɛˊɞɟŮɑ 

ɜŬ ŮˊɘŰŮɡɢŰŮɑ ŭɘŬɢɤɟɘůɛɧɠ ůɡůŰŬŰɘəɩɜ ůŮ ŮˊɑˊŮŭɞ ɛŮɔɏɗɞɡɠ ɛɞɟɑɤɜ. ɆŮ ɛɞɟɘŬəɧ 

ŮˊɑˊŮŭɞ ɞɘ ɛɖɢŬɜɘůɛɞɑ ˊɞɡ ŭɘɏˊɞɡɜ Űɘɠ ŭɘŮɟɔŬůɑŮɠ ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ ˊŮɟɘɔɟɎűɞɜŰŬɘ 

ˊŬɟŬəɎŰɤ. 

Ƀɘ ɓŬůɘəɧŰŮɟɞɘ ɛɖɢŬɜɘůɛɞɑ ˊɞɡ ŭɘɏˊɞɡɜ Űɞɜ ŭɘŬɢɤɟɘůɛɧ ŬŮɟɑɤɜ űŬɑɜɞɜŰŬɘ 

ůŰɞ ɆɢɐɛŬ 2 əŬɘ ŮɑɜŬɘ: (Ŭ) ɘɝɩŭɖɠ ɟɞɐ, (ɓ) ɖ ŭɘɎɢɡůɖ Űɨˊɞɡ Knudsen, (ɔ) ɖ 

ŮˊɘűŬɜŮɘŬəɐ ŭɘɎɢɡůɖ, (ŭ) ɖ ɟɧűɖůɖ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ŮˊɘűŬɜŮɘŬəɐ ŭɘɎɢɡůɖ, (Ů) ɖ 

ŰɟɘɢɞŮɘŭɐɠ ůɡɛˊɨəɜɤůɖ, (ůŰ) ɞ ɛɖɢŬɜɘůɛɧɠ ɛɞɟɘŬəɞɨ ɖɗɛɞɨ. ɄŬɟŬəɎŰɤ ŮɝŮŰɎɕɞɜŰŬɘ 

ɞɘ ɛɖɢŬɜɘůɛɞɑ ŭɘŬɢɤɟɘůɛɞɨ Űɤɜ ŬŮɟɑɤɜ ɛŮ Űɖɜ ˊŬɟŬŭɞɢɐ ɧŰɘ ɞ ˊɧɟɞɠ ŮɑɜŬɘ 

ŮɡɗɨɔɟŬɛɛɞɠ, əɡɚɘɜŭɟɘəɞɨ ůɢɐɛŬŰɞɠ, ɛŮ ɚŮɑŬ ŰɞɘɢɩɛŬŰŬ. 
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ɆɢɐɛŬ 2. (Ŭ) ɘɝɩŭɖɠ ɟɞɐ, (ɓ) ɖ ŭɘɎɢɡůɖ Űɨˊɞɡ Knudsen, (ɔ) ɖ ŮˊɘűŬɜŮɘŬəɐ ŭɘɎɢɡůɖ, (ŭ) ɖ 

ɟɧűɖůɖ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ŮˊɘűŬɜŮɘŬəɐ ŭɘɎɢɡůɖ, (Ů) ɖ ŰɟɘɢɞŮɘŭɐɠ ůɡɛˊɨəɜɤůɖ, (ůŰ) ɞ 

ɛɖɢŬɜɘůɛɧɠ ɛɞɟɘŬəɞɨ ɖɗɛɞɨ 

 

 

ȾŬŰɎ Űɖɜ ɘɝɩŭɖ ɟɞɐ, ɖ ŭɘŬűɞɟɎ ˊɑŮůɖɠ ůŰŬ ɎəɟŬ Űɞɡ ˊɧɟɞɡ ˊɟɞəŬɚŮɑ 

ɛŬəɟɞůəɞˊɘəɐ, ůŰɟɤŰɐ ɟɞɐ (laminar flow) Űɞɡ ɟŮɡůŰɞɨ. ȷɡŰɐ ɖ ɓŮɓɘŬůɛɏɜɖ ɟɞɐ 

ůɡɛɓŬɑɜŮɘ ˊŬɟɎɚɚɖɚŬ ɛŮ Űɖ ɟɞɐ Ŭˊɧ ŭɘɎɢɡůɖ. ȳŰŬɜ ɖ ŭɘɎɛŮŰɟɞɠ Űɞɡ əɡɚɘɜŭɟɘəɞɨ 

ˊɧɟɞɡ ŮɑɜŬɘ ŬɟəŮŰɎ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɖɜ ɛɏůɖ ŮɚŮɨɗŮɟɖ ŭɘŬŭɟɞɛɐ Űɤɜ ɛɞɟɑɤɜ, 

ůɡɛɓŬɑɜɞɡɜ əɡɟɑɤɠ ůɡɔəɟɞɨůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ŬŮɟɑɞɡ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ 

ůɡɜŮɘůűɞɟɎ Ŭˊɧ ŰŬ ŰɞɘɢɩɛŬŰŬ ɜŬ ŮɑɜŬɘ ŬɛŮɚɖŰɏŬ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ ɞ 

ɛɖɢŬɜɘůɛɧɠ ŭɘɎɢɡůɖɠ ŮɑɜŬɘ ɑŭɘɞɠ ɛŮ ŬɡŰɧɜ Űɖɠ ŭɘɎɢɡůɖɠ ůŰɖɜ ŬɏɟɘŬ űɎůɖ. ɆŰɖɜ 

ˊŮɟɑˊŰɤůɖ ˊɧɟɤɜ ɛɘəɟɞɨ ɛŮɔɏɗɞɡɠ ɐ ůŮ ůɡɜɗɐəŮɠ ɢŬɛɖɚɐɠ ˊɑŮůɖɠ, ɖ ɛɏůɖ ŮɚŮɨɗŮɟɖ 

ŭɘŬŭɟɞɛɐ Űɤɜ ɛɞɟɑɤɜ, ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ůɡɔəɟɑůɘɛɖ ɐ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɖ ŭɘɎɛŮŰɟɞ Űɤɜ 

ˊɧɟɤɜ. ɆɡɛɓŬɑɜŮɘ ŰɧŰŮ ɞɘ ůɡɔəɟɞɨůŮɘɠ Űɤɜ ɛɞɟɑɤɜ ɛŮ ŰŬ ŰɞɘɢɩɛŬŰŬ ɜŬ ŮɑɜŬɘ 

ůɡɢɜɧŰŮɟŮɠ Ŭˊɧ Űɘɠ ŭɘŬɛɞɟɘŬəɏɠ ůɡɔəɟɞɨůŮɘɠ. ȾɎɗŮ Ŭɏɟɘɞ ɛɧɟɘɞ ˊɟɞůəɟɞɨɞɜŰŬɠ ůŰŬ 

ŰɞɘɢɩɛŬŰŬ Űɞɡ ˊɧɟɞɡ, ŬɜŰŬɚɚɎůůŮɘ ŮɜɏɟɔŮɘŬ ɛŮ ŰŬ ɎŰɞɛŬ ɐ ɛɧɟɘŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ 

ŬɜŬəɚɎŰŬɘ ˊɟɞɠ ŰɡɢŬɑŬ əŬŰŮɨɗɡɜůɖ, ɛŮ ŰŬɢɨŰɖŰŬ ŬɜŮɝɎɟŰɖŰɖ Űɖɠ ŰŬɢɨŰɖŰŬɠ 

ˊɟɧůəɟɞɡůɖɠ. Ⱥˊɑůɖɠ, ŰŬ ŭɘɎűɞɟŬ ůɡůŰŬŰɘəɎ Ůɜɧɠ ɛɑɔɛŬŰɞɠ ŬŮɟɑɤɜ ɟɏɞɡɜ 

ŬɜŮɝɎɟŰɖŰŬ Űɞ ɏɜŬ Ŭˊɧ Űɞ Ɏɚɚɞ. O ˊŬɟŬˊɎɜɤ ɛɖɢŬɜɘůɛɧɠ ŭɘɎɢɡůɖɠ ŮɑɜŬɘ ɔɜɤůŰɧɠ ɤɠ 

ɛɖɢŬɜɘůɛɧɠ Knudsen. ɆŰɞɜ ɛɖɢŬɜɘůɛɧ Knudsen, ɞ ɟɡɗɛɧɠ ɛŮŰŬűɞɟɎɠ ɞɟɛɐɠ Ŭˊɧ Űɞ 
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ɏɜŬ Ŭɏɟɘɞ ɛɧɟɘɞ ůŰɞ Ɏɚɚɞ ŮɑɜŬɘ ŬɛŮɚɖŰɏɞɠ, ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞɜ ɟɡɗɛɧ ɛŮŰŬűɞɟɎɠ 

ɞɟɛɐɠ Ŭˊɧ ŰŬ ŭɘŬɢŮɧɛŮɜŬ ɛɧɟɘŬ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɞɡ ˊɧɟɞɡ. 

Ƀɘ ɛɖɢŬɜɘůɛɞɑ ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ ɛɏɢɟɘ ŰɩɟŬ, ˊŮɟɘɔɟɎűɞɡɜ Űɖ ŭɘɎɢɡůɖ ůŰɖɜ 

ɟŮɡůŰɐ űɎůɖ, ɖ ɞˊɞɑŬ ŮɜŰɞˊɑɕŮŰŬɘ ůŰɖɜ əŮɜŰɟɘəɐ ˊŮɟɘɞɢɐ Űɞɡ ˊɧɟɞɡ. ȷɜ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɟɧűɖůɖ ůŰŬ ŰɞɘɢɩɛŬŰŬ, ɡˊɎɟɢŮɘ ɖ ˊɘɗŬɜɧŰɖŰŬ ŮɛűɎɜɘůɖɠ ɛɑŬɠ 

ˊɟɧůɗŮŰɖɠ ɟɞɐɠ, ŮɝŬɘŰɑŬɠ Űɖɠ ŭɘɎɢɡůɖɠ ɛɏůŬ Ŭˊɧ Űɖɜ ɟɞűɖɛɏɜɖ űɎůɖ (ɔ,ŭ). ɇŬ 

űɡůɘəɎ ɟɞűɖɛɏɜŬ ɛɧɟɘŬ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɑŬ ůɢŮŰɘəɐ əɘɜɖŰɘəɧŰɖŰŬ, ɛɘəɟɧŰŮɟɖ Ŭˊɧ 

ŬɡŰɐɜ ůŰɖɜ ŬɏɟɘŬ əŬŰɎůŰŬůɖ. Ƀɘ ɟɞɏɠ ůŰɖ ɟɞűɖɛɏɜɖ űɎůɖ əŬɘ ůŰɖɜ ŬɏɟɘŬ ŮɑɜŬɘ əŬŰɎ 

ɛɑŬ ˊɟɩŰɖ ˊɟɞůɏɔɔɘůɖ ŬɜŮɝɎɟŰɖŰŮɠ əŬɘ Ůˊɞɛɏɜɤɠ ˊɟɞůɗŮŰɘəɏɠ, ɩůŰŮ ɖ ŭɘŬɢɡŰɧŰɖŰŬ 

ɜŬ ŭɑɜŮŰŬɘ Ŭˊɧ Űɞ ɎɗɟɞɘůɛŬ Űɤɜ ůɡɜŮɘůűɞɟɩɜ Ŭˊɧ Űɞɜ ˊɧɟɞ əŬɘ Űɖɜ ŮˊɘűɎɜŮɘŬ. ȺɎɜ 

ŮɡɜɞŮɑŰŬɘ ɖ ɘůɞɟɟɞˊɑŬ ɟɧűɖůɖɠ, ɖ ɛɞɟɘŬəɐ ˊɡəɜɧŰɖŰŬ ůŰɞ ɟɞűɖɛɏɜɞ ůŰɟɩɛŬ ŮɑɜŬɘ 

ůɢŮŰɘəɎ ɛŮɔɎɚɖ. Ƀ ɓŬɗɛɧɠ ůɡɜŮɘůűɞɟɎɠ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ŭɘŬűɞɟɎ Űɤɜ ɛɞɟɘŬəɩɜ 

ˊɡəɜɞŰɐŰɤɜ ŬɜɎɛŮůŬ ůŰɖ ɟɞűɖɛɏɜɖ űɎůɖ əŬɘ Űɖɜ űɎůɖ Űɞɡ ŬŰɛɞɨ. ȼ ŮˊɘűŬɜŮɘŬəɐ 

ŭɘɎɢɡůɖ ɔɑɜŮŰŬɘ Ůˊɞɛɏɜɤɠ ŬůɐɛŬɜŰɖ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ ˊɞɡ ŮɑɜŬɘ ɡɣɖɚɏɠ ůŮ ůɢɏůɖ ɛŮ 

Űɞ əŬɜɞɜɘəɧ ůɖɛŮɑɞ ɕɏůŮɤɠ Űɞɡ ɟɞűɞɨɛŮɜɞɡ ɛɏůɞɡ. 

Ƀ ɛɖɢŬɜɘůɛɧɠ Űɖɠ ŰɟɘɢɞŮɘŭɞɨɠ ůɡɛˊɨəɜɤůɖɠ, ůɡɛɓŬɑɜŮɘ ɧŰŬɜ ŮɝŬɘŰɑŬɠ Űɖɠ 

ˊɞɚɡůŰɟɤɛŬŰɘəɐɠ ˊɟɞůɟɧűɖůɖɠ Űɞɡ ŬŮɟɑɞɡ Ŭˊɧ Űɞɜ ˊɧɟɞ, ɞ ˊɧɟɞɠ ɔŮɛɑɕŮɘ ɛŮ 

ůɡɛˊɡəɜɤɛɏɜɞ ɡɔɟɧ, ˊɟɞŮɟɢɧɛŮɜɞ Ŭˊɧ Űɖɜ ŬɏɟɘŬ űɎůɖ. ȷɡŰɧ ɔɑɜŮŰŬɘ ůɡɜɐɗɤɠ ůŮ 

ŰɟɘɢɞŮɘŭɐ əŬɜɎɚɘŬ (ˊɧɟɞɡɠ) ɛɘəɟɐɠ ŭɘŬɛɏŰɟɞɡ. ȰɜŬ ɘŭɘŬɑŰŮɟɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɖɠ 

ŰɟɘɢɞŮɘŭɞɨɠ ůɡɛˊɨəɜɤůɖɠ ŮɑɜŬɘ ɧŰɘ ůɡɛɓŬɑɜŮɘ ɡˊɧ ˊɑŮůɖ ɢŬɛɖɚɧŰŮɟɖ ŬɡŰɐɠ Űɤɜ 

əŮəɞɟŮůɛɏɜɤɜ ŬŰɛɩɜ. ȷɡŰɧ ɞűŮɑɚŮŰŬɘ ůŰɖɜ Ŭɡɝɖɛɏɜɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ ɛɞɟɑɤɜ 

Űɞɡ ŬŮɟɑɞɡ ɛɏůŬ ůŰɞɜ ˊɧɟɞ ɛŮ ŭɡɜɎɛŮɘɠ van der Waals. ȳŰŬɜ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɖ 

ůɡɛˊɨəɜɤůɖ, ůɢɖɛŬŰɑɕŮŰŬɘ ɏɜŬɠ ɛɖɜɑůəɞɠ ɛŮŰŬɝɨ ɡɔɟɐɠ əŬɘ ŬɏɟɘŬɠ űɎůɖɠ, ɞɘ ɞˊɞɑŮɠ 

ɓɟɑůəɞɜŰŬɘ ůŮ ɘůɞɟɟɞˊɑŬ. ȰŰůɘ, Űɞ Ŭɏɟɘɞ ˊŮɟɜɎ ɛɏůŬ Ŭˊɧ Űɖɜ ɡɔɟɐ űɎůɖ Űɞɡ ˊɧɟɞɡ 

əŬɘ əŬŰŬɚɐɔŮɘ ůŰɖɜ Ɏɚɚɖ ˊɚŮɡɟɎ Űɖɠ ɛŮɛɓɟɎɜɖɠ. 

Ƀ ɛɖɢŬɜɘůɛɧɠ ŬˊɞəɚŮɘůɛɞɨ ŮɝŬɘŰɑŬɠ ɛŮɔɏɗɞɡɠ Űɤɜ ɛɞɟɑɤɜ (ɛɞɟɘŬəɞɨ ɖɗɛɞɨ 

(ůŰ)), ŮɑɜŬɘ ɞ ˊɘɞ ŭɟŬůŰɘəɧɠ ɛɖɢŬɜɘůɛɧɠ ˊɞɡ ŭɘɏˊŮɘ Űɞɜ ŭɘŬɢɤɟɘůɛɧ ŮɑŰŮ Ŭˊɧ Űɖɜ ɡɔɟɐ, 

ŮɑŰŮ Ŭˊɧ Űɖɜ ŬɏɟɘŬ űɎůɖ. ȾŬŰɎ Űɞɜ ɛɖɢŬɜɘůɛɧ ŬɡŰɧ, ɞ ŭɘŬɢɤɟɘůɛɧɠ Űɤɜ ɛŮɘɔɛɎŰɤɜ 

ɓŬůɑɕŮŰŬɘ ůŰɖɜ ŭɘŬűɞɟŮŰɘəɐ ŭɘɎɛŮŰɟɞ Űɤɜ ɛɞɟɑɤɜ Űɤɜ ŬŮɟɑɤɜ ůɡůŰŬŰɘəɩɜ əŬɘ 

ŮɛűŬɜɑɕŮŰŬɘ ůŮ ɛŮɛɓɟɎɜŮɠ ɛŮ ɛŮɔɏɗɖ ˊɧɟɤɜ ůɡɔəɟɑůɘɛŬ ɛŮ Űɘɠ ɛɞɟɘŬəɏɠ ŭɘŬůŰɎůŮɘɠ 

[7, 8]. 
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ȾȺūȷȿȷȽɃ 3
ɞ
 

ȽɃɁɇȽȾȷ ɈũɅȷ 

1. ȺɘůŬɔɤɔɐ 

Ʉɟɘɜ Ŭˊɧ ŮəŬŰɧ ɢɟɧɜɘŬ, ɞ ũŮɟɛŬɜɧɠ ɢɖɛɘəɧɠ Walden ɏəŬɜŮ ɛɘŬ 

ŮɜŰɡˊɤůɘŬəɐ ŬɜŬəɎɚɡɣɖ, ɧŰɘ ɏɜŬ əŬɗŬɟɧ ɎɚŬɠ (ɜɘŰɟɘəɧ ŬɘɗɡɚŬɛɛɩɜɘɞ, EAN) ɐŰŬɜ 

ɡɔɟɧ ůŮ ɗŮɟɛɞəɟŬůɑŬ ˊŮɟɘɓɎɚɚɞɜŰɞɠ [1]. ɀɏɢɟɘ ŰɧŰŮ, ŭŮɜ ɡˊɐɟɢŮ ɡˊɧɜɞɘŬ ɧŰɘ ɏɜŬ 

ɎɚŬɠ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ŮɑɜŬɘ ɡɔɟɧ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, ŮəŰɧɠ əŬɘ Ŭɜ ŮɑɢŮ 

ŭɘŬɚɡŰɞˊɞɘɖɗŮɑ ůŮ ɏɜŬ ɛɞɟɘŬəɧ ŭɘŬɚɨŰɖ. ŪŮɤɟɑŮɠ ɡɔɟɩɜ ŬůɢɞɚɐɗɖəŬɜ ɛŮ ɛɖ 

űɞɟŰɘůɛɏɜŬ ɛɧɟɘŬ (ɜŮɟɧ,ɓŮɜɕɧɚɘɞ, ŬɘɗŬɜɧɚɖ) ɐ ŬŰɞɛɘəɎ ɡɔɟɎ (ɡŭɟɎɟɔɡɟɞ, Ŭɟɔɧɜ, 

ɓɟɩɛɘɞ), əŬɘ ɛɧɚɘɠ ˊɟɧůűŬŰŬ ŬˊɞŭŮɑɢɗɖəŮ ɖ ɨˊŬɟɝɖ ŮɜɩůŮɤɜ ŬˊɞŰŮɚɞɨɛŮɜɤɜ 

Ůɝɞɚɞəɚɐɟɞɡ Ŭˊɧ ɘɧɜŰŬ ˊɞɡ ŮɑɜŬɘ ɡɔɟɏɠ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ [2]. ɇɞ ɜɘŰɟɘəɧ 

ŬɘɗɡɚŬɛɛɩɜɘɞ (EAN) ɐŰŬɜ ŮɜŰɡˊɤůɘŬəɎ ɧɛɞɘɞ ɛŮ Űɞ ɜŮɟɧ, ŭɖɚŬŭɐ ɐŰŬɜ ŭɘŬɡɔɏɠ, 

Ɏɢɟɤɛɞ, Ɏɞůɛɞ, ɛŮ ůɢŮŭɧɜ ůŰŮɟŮɎ ˊɡəɜɧŰɖŰŬ (1.21 g.cm
-3

) əŬɘ ɡɣɖɚɧ ɘɝɩŭŮɠ. 

ɋůŰɧůɞ, ɖ ɞɡůɘŬůŰɘəɐ ůɖɛŬůɑŬ Űɖɠ ŬɜŬəɎɚɡɣɖɠ Űɞɡ Walden ɐŰŬɜ ɖ ɖɚŮəŰɟɘəɐ 

ŬɔɤɔɘɛɧŰɖŰŬ Űɞɡ, ɛɘŬ ŮɔɔŮɜɐɠ ɘŭɘɧŰɖŰŬ ɧɚɤɜ Űɤɜ ɡɔɟɩɜ ˊɞɡ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɘɧɜŰŬ 

ůŮ ˊɚɐɟɖ ŭɘɎůŰŬůɖ [3]. ȼ ŬɔɤɔɘɛɧŰɖŰŬ Űɞɡ EAN ɐŰŬɜ ůŰŬɗŮɟɐ əŬɘ ɞűŮɘɚɧŰŬɜ ůŰɞ 

ɧŰɘ ŬˊɞŰŮɚŮɑŰŬɘ ŬˊɞəɚŮɘůŰɘəɎ Ŭˊɧ ŬɜɘɧɜŰŬ əŬɘ əŬŰɘɧɜŰŬ. ȷɡŰɧ Űɞ ůɡɛˊɏɟŬůɛŬ 

ɓŬůɑůŰɖəŮ ůŮ ˊɟɞɖɔɞɨɛŮɜŮɠ ɛŮɚɏŰŮɠ Űɞɡ Walden ɔɘŬ ɡŭŬŰɘəɞɨɠ ɖɚŮəŰɟɞɚɨŰŮɠ [4], 

ůŰɘɠ ɞˊɞɑŮɠ ˊɟɞŰɎɗɖəŮ əŬɘ ɛɘŬ ůɢɏůɖ ɛŮŰŬɝɨ Űɞɡ ɘɝɩŭɞɡɠ, Űɖɠ ɔɟŬɛɛɞɛɞɟɘŬəɐɠ 

ŬɔɤɔɘɛɧŰɖŰŬɠ əŬɘ Űɖɠ ˊɡəɜɧŰɖŰŬɠ.  

ȼ ŮˊɘůŰɐɛɖ Űɤɜ ɡɔɟɩɜ ŬɚɎŰɤɜ ɐ çɘɞɜŰɘəɩɜ ɡɔɟɩɜè ˊɟɞɢɩɟɖůŮ 

ɛŮ ɛŮɔɎɚŬ ɎɚɛŬŰŬ Ŭˊɧ Űɖɜ Ůˊɞɢɐ Űɞɡ Walden. ȺɘŭɘəɧŰŮɟŬ, ɞɘ ŰŮɚŮɡŰŬɑŮɠ ŰɟŮɘɠ 

ŭŮəŬŮŰɑŮɠ ɢŬɟŬəŰɖɟɑůŰɖəŬɜ Ŭˊɧ ŮəɗŮŰɘəɐ Ŭɨɝɖůɖ ůŮ ŭɖɛɞůɘŮɨůŮɘɠ ůŰɞɡɠ ŰɞɛŮɑɠ Űɖɠ 

ɢɖɛŮɑŬɠ,  ɖɚŮəŰɟɞɢɖɛŮɑŬɠ əŬɘ ɞɟɔŬɜɘəɐɠ ůɨɜɗŮůɖɠ. ɆɐɛŮɟŬ, ɖ ɏɟŮɡɜŬ ɔɘŬ ŰŬ ɘɞɜŰɘəɎ 

ɡɔɟɎ ŮɑɜŬɘ ŭɘŮˊɘůŰɖɛɞɜɘəɐ əŬɘ ŬˊɞůəɞˊŮɑ ůŰɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ ůɖɛŬɜŰɘəɩɜ 

ŮˊɘůŰɖɛɞɜɘəɩɜ ˊɟɞɓɚɖɛɎŰɤɜ. ȾɑɜɖŰɟŬ ɔɘŬ Űɖ ɛŮɚɏŰɖ ŬɡŰɐ ŮɑɜŬɘ ɖ ˊɟɎůɘɜɖ ɢɖɛŮɑŬ 

Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ əŬɘ ɖ ŮɡəɞɚɑŬ ŬɡŰɩɜ ɜŬ ŮɜůɤɛŬŰɤɗɞɨɜ ůŮ ɡˊɎɟɢɞɜŰŬ 

ůɡůŰɐɛŬŰŬ əŬɘ ŭɘŮɟɔŬůɑŮɠ [5, 6, 7]. 
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2. Ƀɟɘůɛɧɠ Űɤɜ ȽɞɜŰɘəɩɜ Ɉɔɟɩɜ 

 ɇŬ ɘɞɜŰɘəɎ ɡɔɟɎ (ȽɈ) (Ƚonic Liquids, ILs) ŬˊɞŰŮɚɞɨɜ ɏɜŬ ɡˊɞůɨɜɞɚɞ Űɤɜ 

Űɖɔɛɏɜɤɜ ŬɚɎŰɤɜ ɛŮ ůɖɛŮɑŬ Űɐɝɖɠ (Tm) əɎŰɤ Ŭˊɧ 373 Ⱦ. ɆŰɖɜ ˊɟɩŰɖ ŭɖɛɞůɑŮɡůɖ 

Űɞɡ Walden ɔɘŬ Űɞ EAN, ˊŮɟɘɔɟɎűŮŰŬɘ ɛɘŬ əŬŰɖɔɞɟɑŬ ɡɚɘəɩɜ ɤɠ çɜŮɟɧ ɢɤɟɑɠ ɎɚŬŰŬ 

...ˊɞɡ ɚɘɩɜɞɡɜ ůŮ ůɢŮŰɘəɎ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ, ˊŮɟɑˊɞɡ əɎŰɤ Ŭˊɧ 100 ÁCè [8]. 

ȷɡŰɧɠ ɞ ɞɟɘůɛɧɠ ŮˊɘɓŮɓŬɘɩɗɖəŮ ŬɟɔɧŰŮɟŬ əŬɘ əɤŭɘəɞˊɞɘɐɗɖəŮ ůŮ ɏɜŬ ŮɟɔŬůŰɐɟɘɞ 

Űɞɡ ɁȷɇɃ ůŰɖɜ ȾɟɐŰɖ Űɞ 2000 [9]. Ƀ ɧɟɞɠ çɘɞɜŰɘəɧ ɡɔɟɧè ɏɢŮɘ ŮɡɟŮɑŬ Ŭˊɞŭɞɢɐ, 

ɧɛɤɠ ɞ ɞɟɘůɛɧɠ ɏɢŮɘ ˊɟɧůűŬŰŬ ˊɟɞůŮɚəɨůŮɘ ŮˊɘəɟɑůŮɘɠ, əŬɗɩɠ ɓŬůɑɕŮŰŬɘ ůŮ ɛɘŬ 

əɎˊɤɠ ŬɡɗŬɑɟŮŰɖ űɡůɘəɐ ɘŭɘɧŰɖŰŬ (ůɖɛŮɑɞ Űɐɝɖɠ) ɔɘŬ ɛɘŬ ɗŮɟɛɞəɟŬůɑŬ ůɢŮŰɘəɐ ɛŮ 

ɏɜŬ ɛɞɟɘŬəɧ ŭɘŬɚɨŰɖ (ɜŮɟɧ) [10]. ȹɘɎűɞɟŬ ůɡɜɩɜɡɛŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŬɜŰɑ Űɞɡ 

ɧɟɞɡ çɘɞɜŰɘəɧ ɡɔɟɧè ɧˊɤɠ çŰɖɔɛɏɜɞ ɎɚŬɠ ɗŮɟɛɞəɟŬůɑŬɠ ŭɤɛŬŰɑɞɡè (room 

temperature molten salt), çŰɖɔɛɏɜɞ ɎɚŬɠ ɢŬɛɖɚɐɠ ɗŮɟɛɞəɟŬůɑŬɠè (low temperature 

molten salt), çɡɔɟɧ ɞɟɔŬɜɘəɧ ɎɚŬɠè (liquid organic salt), çɡɔɟɞɑ ɖɚŮəŰɟɞɚɨŰŮɠè 

(liquid electrolytes). ɇɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ ŮəŮɑɜɞ ˊɞɡ ŭɘŬɗɏŰɞɡɜ ŰŬ IY əŬɘ ŰŬ çŰɖɔɛɏɜŬ 

ɎɚŬŰŬè (molten salts) ŮɑɜŬɘ Űɞ Ůɨɟɞɠ ɟŮɡůŰɧŰɖŰɎɠ Űɞɡɠ. ȾŬɜɏɜŬɠ ůɢŮŭɧɜ ɛɞɟɘŬəɧɠ 

ŭɘŬɚɨŰɖɠ ŭŮɜ ŮɛűŬɜɑɕŮɘ ˊŬɟɧɛɞɘɞ Ůɨɟɞɠ ɟŮɡůŰɧŰɖŰŬɠ ɛŮ ŮəŮɑɜɞ Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ ɐ 

Űɖɔɛɏɜɤɜ ŬɚɎŰɤɜ. ȼ ŭɘŬűɞɟɎ ɤůŰɧůɞ ɛŮŰŬɝɨ IY əŬɘ Űɖɔɛɏɜɤɜ ŬɚɎŰɤɜ ŮɜŰɞˊɑɕŮŰŬɘ 

ůŰɖɜ əɚɑɛŬəŬ ɗŮɟɛɞəɟŬůɑŬɠ ɔɘŬ Űɖɜ ɞˊɞɑŬ ŰŬ ůɡůŰŬŰɘəɎ ŬɡŰɎ ŮɑɜŬɘ ɟŮɡůŰɎ, 

ŬˊɞŭŮɘəɜɨɞɜŰŬɠ ˊɤɠ ɞɘ ŭɨɞ ɧɟɞɘ ŭŮɜ ŮɑɜŬɘ ŰŬɡŰɧůɖɛɞɘ. ɆŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ŬɜŬűɏɟŮŰŬɘ 

ɖ ŭɘɎəɟɘůɖ ɛŮŰŬɝɨ Űɤɜ IY (ɇ<373Ⱦ) əŬɘ ŬɡŰɩɜ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ȽɈ (room 

temperature ionic liquids, RTILs) (ɇ<298 K). Ɇɡɜɐɗɤɠ ɧɛɤɠ, Űɞ Ŭəɟɤɜɨɛɘɞ çȽɈè 

(çILè) ˊɟɞŰɘɛɎŰŬɘ əŬɘ ŭŮɑɢɜŮɘ ɛɘŬ ɘɞɜŰɘəɐ ɏɜɤůɖ ɛŮ Tm<373 K [6, 7]. 

 ɇŬ ȽɈ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ŮɑɜŬɘ ɡɔɟɎ, ŮɝŬɘŰɑŬɠ Űɖɠ ɢɖɛɘəɐɠ Űɞɡɠ ŭɞɛɐɠ. 

ɇŬ ˊŮɟɘůůɧŰŮɟŬ ȽɈ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɞɟɔŬɜɘəɎ əŬŰɘɧɜŰŬ əŬɘ ɞɟɔŬɜɘəɎ ɐ ŬɜɧɟɔŬɜŬ 

ŬɜɘɧɜŰŬ, ˊɞɡ ůɡɔəɟŬŰɩɜŰŬɘ əɡɟɑɤɠ ɛŮ ɘůɢɡɟɏɠ ɖɚŮəŰɟɞůŰŬŰɘəɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ 

(ɆɢɐɛŬ 1). ɇɞ Ŭɜɘɧɜ əŬɘ Űɞ əŬŰɘɧɜ ŮˊɘɚɏɔɞɜŰŬɘ Ŭəɟɘɓɩɠ ɔɘŬ ɜŬ ŬˊɞůŰŬɗŮɟɞˊɞɘɐůɞɡɜ 

Űɖɜ ůŰŮɟŮɐ əɟɡůŰŬɚɚɘəɐ űɎůɖ. ɇɞ əŬŰɘɧɜ ɗŬ ˊɟɏˊŮɘ əŬŰɎ ˊɟɞŰɑɛɖůɖ ɜŬ ŮɑɜŬɘ 

ŬůɨɛɛŮŰɟɞ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ŬɡŰɐ ɖ ŬˊɞůŰŬɗŮɟɞˊɞɑɖůɖ əŬɘ ɜŬ ɏɢɞɡɛŮ 

ɡɔɟɐ űɎůɖ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. ȼ ˊɞɚɘəɧŰɖŰŬ əŬɘ ɖ 

ɡŭɟɞűɘɚɘəɧŰɖŰŬ/ɡŭɟɞűɞɓɘəɧŰɖŰŬ Űɤɜ ȽɈ ɛ́ ɞɟŮɑ ɜŬ ɟɡɗɛɘůŰŮɑ ɛŮ əŬŰɎɚɚɖɚɞ 

ůɡɜŭɡŬůɛɧ Űɞɡ əŬŰɘɧɜŰɞɠ əŬɘ ŬɜɘɧɜŰɞɠ. ȷɡŰɐ ɖ ɘŭɘɧŰɖŰŬ Űɤɜ ȽɈ, ŰŬ ɢŬɟŬəŰɖɟɑɕŮɘ ɤɠ 

çůɢŮŭɘŬůɛɏɜɞɡɠ ŭɘŬɚɨŰŮɠè [5, 6, 7]. 
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ɆɢɐɛŬ 1. ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ȽɈ 
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2.1 ȾŬŰɖɔɞɟɑŮɠ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ 

ɄɟɩŰɖɠ ɔŮɜɘɎɠ ɘɞɜŰɘəɎ ɡɔɟɎ ɐŰŬɜ ŬɡŰɎ ɛŮ Ŭɜɘɧɜ Ŭɚɞɔɧɜɞɡ ɐ Ŭɚɞɔɞɜɞɨɢɞɡ 

Ŭɟɔɘɚɑɞɡ əŬɘ əŬŰɘɧɜ ɘɛɘŭŬɕɞɚɑɞɡ ɐ ˊɡɟɘŭɑɜɖɠ (ɆɢɐɛŬ 2). ɆɖɛŬɜŰɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ 

ŰɏŰɞɘɤɜ ŬɚɎŰɤɜ ŮɑɜŬɘ ɧŰɘ ɞɘ űɡůɘəɏɠ Űɞɡ ɘŭɘɧŰɖŰŮɠ, ɧˊɤɠ Űɞ ɘɝɩŭŮɠ, Űɞ ůɖɛŮɑɞ Űɐɝɖɠ 

əŬɘ ɖ ɞɝɨŰɖŰɎ Űɞɡ ɟɡɗɛɑɕɞɜŰŬɘ ŬɚɚɎɕɞɜŰŬɠ Űɞɡɠ Ŭɚəɡɚɘəɞɨɠ ɡˊɞəŬŰŬůŰɎŰŮɠ əŬɘ Űɘɠ 

ŬɜŬɚɞɔɑŮɠ ɘɛɘŭŬɕɞɚɑɞɡ/ˊɡɟɘŭɘɜɑɞɡ əŬɘ Ŭɚɞɔɞɜɘŭɑɞɡ/Ŭɚɞɔɞɜɞɨɢɞɡ Ŭɟɔɘɚɑɞɡ. ȷɡŰɎ ŰŬ 

ȽɈ ŮɑɢŬɜ ˊɟɧɓɚɖɛŬ ůŰɖɜ əŬɗŬɟɧŰɖŰɎ Űɞɡɠ, ɐŰŬɜ ŰɞɝɘəɎ ɧˊɤɠ ɞɘ əɞɘɜɞɑ ŭɘŬɚɨŰŮɠ əŬɘ 

ɐŰŬɜ ŭɨůəɞɚɞ ůŰɞ ɢŮɘɟɘůɛɧ Űɞɡɠ ɚɧɔɤ Űɖɠ ɡɔɟɞůəɞˊɘəɧŰɖŰɎɠ Űɞɡɠ əŬɘ Űɖɠ 

ŮɡŬɘůɗɖůɑŬɠ ůŰɞ ɞɝɡɔɧɜɞ.  

 ɇŬ ŭŮɨŰŮɟɖɠ ɔŮɜɘɎɠ ɘɞɜŰɘəɎ ɡɔɟɎ, ˊɞɡ ŬəɞɚɞɨɗɖůŬɜ, ɐŰŬɜ ɚɘɔɧŰŮɟɞ ŰɞɝɘəɎ, 

ŬɜŬəɡəɚɩůɘɛŬ əŬɘ ůŰŬɗŮɟɎ ůŰɖɜ ɡɔɟŬůɑŬ əŬɘ Űɞɜ ŬɏɟŬ. ɆŰɖɜ əŬŰɖɔɞɟɑŬ ŬɡŰɐ ŰŬ 

ŬɜɘɧɜŰŬ ŮɑɜŬɘ Űɞ ŮɝŬűɗɞɟɞűɤůűɞɟɘəɧ (hexafluorophosphate, PF6) əŬɘ Űɞ 

ŰŮŰɟŬűɗɞɟɞɓɞɟɘəɧ (tetrafluoroborate, BF4) əŬɘ ůɢɖɛŬŰɑɕɞɡɜ ŰŬ ˊɟɩŰŬ ȽɈ Űɖɠ 

əŬŰɖɔɞɟɑŬɠ, ŭɖɚŬŭɐ Űɞ ŰŮŰɟŬűɗɞɟɞɓɞɟɘəɧ 1-ɓɞɡŰɡɚɞ-3-ɛŮɗɡɚɘɛɘŭŬɕɧɚɘɞ (1-n-butyl-

3-methylimidazolium tetrafluoroborate, [BMIM ][BF4] əŬɘ Űɞ ŮɝŬűɗɞɟɞűɤůűɞɟɘəɧ 1-

ɓɞɡŰɡɚɞ-3-ɛŮɗɡɚɘɛɘŭŬɕɧɚɘɞ (1-butyl-3-methylimidazolium hexafluorophosphate, 

[BMIM][PF 6]). ȼ ŬɜɎˊŰɡɝɖ ɜɏɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ ɐŰŬɜ ŰŬɢŮɑŬ.  

 ɇŬ ŰɟɑŰɖɠ ɔŮɜɘɎɠ ȽɈ ˊɟɞůɏɚəɡůŬɜ Űɞ ŮɜŭɘŬűɏɟɞɜ Űɖɠ ŮɡɟŮɑŬɠ ŮˊɘůŰɖɛɞɜɘəɐɠ 

əɞɘɜɧŰɖŰŬɠ, ŮˊŮɘŭɐ ůɡɜŭɡɎɕɞɡɜ Űɘɠ űɡůɘəɏɠ əŬɘ ɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ˊɟɞɖɔɞɨɛŮɜɤɜ 

əŬɘ ŮˊɘˊɟɧůɗŮŰŬ Űɞ əŬŰɘɧɜ Űɞɡɠ əŬɘ Ŭɜɘɧɜ Űɞɡɠ ŮɑɜŬɘ ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɛŮ 

ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ ˊɞɡ ˊɟɞůŭɑŭɞɡɜ ůŰɞ ȽɈ Űɖɜ ŮˊɘɗɡɛɖŰɐ 

ɘŭɘɧŰɖŰŬ, ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ŰŬ ȽɈ ɛŮ əŬŰɘɧɜ ɘɛɘŭŬɕɞɚɑɞɡ, Űɟɞˊɞˊɞɘɖɛɏɜɞ ɛŮ ɞɛɎŭŬ 

ůɞɡɚűɞɜɘəɞɨ ɞɝɏɞɠ. ȼ ɚŮɘŰɞɡɟɔɘəɐ ɞɛɎŭŬ ůŰŬ ȽɈ ɛˊɞɟŮɑ ɜŬ ˊɟɞůŭɩůŮɘ əŬŰŬɚɡŰɘəɐ 

ŭɟɎůɖ, ɢɖɛɘəɐ ŭɟŬůŰɘəɧŰɖŰŬ ŭɘŬɚɡŰɘəɐ ɘəŬɜɧŰɖŰŬ əŬɘ əŬɚɐ ɘɞɜŰɘəɐ ɖ ɖɚŮəŰɟɞɜɘŬəɐ 

ŬɔɤɔɘɛɧŰɖŰŬ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ŰɏŰɞɘŬ ȽɈ ɞɜɞɛɎɕɞɜŰŬɘ çȽɞɜŰɘəɎ ɈɔɟɎ ůɡɔəŮəɟɘɛɏɜɖɠ 

ŭɟɎůɖɠè. 
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ɆɢɖɛŬ 2. ɀŮɟɘəɎ ůɡɜɐɗɖ əŬŰɘɧɜŰŬ ɔɘŬ Űɖ ůɨɜɗŮůɖ ȽɈ 

  

 

ɆɢɖɛŬ 3. ɀŮɟɘəɎ ůɡɜɐɗɖ ŬɜɘɧɜŰŬ ɔɘŬ Űɖ ůɨɜɗŮůɖ ȽɈ 

 

ɇŬ ȽɈ, ɧˊɤɠ ɔŮɜɘəɧŰŮɟŬ ɞɘ ŭɘŬɚɨŰŮɠ, əŬŰŬŰɎůůɞɜŰŬɘ ůɡɜɐɗɤɠ ůɨɛűɤɜŬ ɛŮ Űɖ 

ɢɖɛɘəɐ Űɞɡɠ ŭɞɛɐ. ɋůŰɧůɞ, ŰŬ ŭɞɛɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ, Űɤɜ ȽɈ ɛɞɘɎɕɞɡɜ ɛŮ ŬɡŰɎ Űɤɜ 

Űɖɔɛɏɜɤɜ ŬɚɎŰɤɜ, Űɤɜ ɘɞɜŰɘəɩɜ əɟɡůŰɎɚɚɤɜ, Űɤɜ ɘɞɜŰɘəɩɜ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɩɜ 

ɞɡůɘɩɜ əŬɘ Űɤɜ ɛɞɟɘŬəɩɜ ɡɔɟɩɜ, ůɡɜŮˊɩɠ ˊɟɞəɨˊŰŮɘ ˊɞɘəɘɚɑŬ ŰŬɝɘɜɧɛɖůɖɠ. ɄɟɤŰɘəɎ 

əŬɘ ŬˊɟɤŰɘəɎ ɘɞɜŰɘəɎ ɡɔɟɎ ŮɑɜŬɘ ɞɘ ŭɡɞ ˊɘɞ əɞɘɜɏɠ əŬŰɖɔɞɟɑŮɠ əŬŰɎŰŬɝɖɠ Űɤɜ ȽɈ. ɇŬ 

ˊɟɤŰɘəɎ ɘɞɜŰɘəɎ ɡɔɟɎ ˊŬɟɎɔɞɜŰŬɘ ɛŮ ŬˊɞˊɟɤŰɞɜɑɤůɖ ŬůɗŮɜɞɨɠ ɞɝɏɤɠ Brßnsted 

(ɘɛɘŭŬɕɧɚɘɞ, ŰɟɘŬɕɞɚɑŭɘɞ, ˊɡɟŬɕɞɚɑŭɘɞ) Ŭˊɧ ɛɘŬ ɘůɢɡɟɐ Brßnsted ɓɎůɖ. ɇɏŰɞɘŬ ɘɞɜŰɘəɎ 

ɡɔɟɎ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ əŬɘ ɔɘŬ Űɖ ŭɏůɛŮɡůɖ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ, 

əŬɗɩɠ ɞ ŬˊɞˊɟɤŰɞɜɘɤɛɏɜɞɠ ɎɜɗɟŬəŬɠ ɛˊɞɟŮɑ ɜŬ ůɢɖɛŬŰɑůŮɘ əŬɟɓɏɜɘɞ ɛŮ Űɞ CO2.  

ȷɜŰɑɗŮŰŬ, ŰŬ ŬˊɟɤŰɘəɎ ȽɈ ŭŮɜ ůɡɜɗɏŰɞɜŰŬɘ ɛŮ ɓɎůɖ ŬɡŰɐ Űɖ ɛŮŰŬűɞɟɎ ˊɟɤŰɞɜɑɤɜ, 

ŬɚɚɎ ůŮ ˊŮɟɘůůɧŰŮɟŬ ůŰɎŭɘŬ ŬɜŰɘŭɟɎůŮɤɜ əŬɘ ɛŮ ˊɞɚɨˊɚɞəŮɠ ŭɘŬŭɘəŬůɑŮɠ. Ⱥˊɑůɖɠ, 
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ŬɜŬűɏɟɞɜŰŬɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ŬɟəŮŰɏɠ ɡˊɞəŬŰɖɔɞɟɑŮɠ ȽɈ ůɨɛűɤɜŬ ɛŮ ŭɘŬəɟɘŰɎ 

ŭɞɛɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ, ɧˊɤɠ ɏɜŬ ɢŮɘɟɧɛɞɟűɞ əɏɜŰɟɞ (ɢŮɘɟɧɛɞɟűŬ ɘɞɜŰɘəɎ ɡɔɟɎ), 

ɏɜŬ ˊŬɟŬɛŬɔɜɖŰɘəɧ əɏɜŰɟɞ (ɛŬɔɜɖŰɘəɎ ɘɞɜŰɘəɎ ɡɔɟɎ), ɏɜŬ ˊɞɚɡɛŮɟɘəɧ ɘɧɜ (ůɡɜɐɗɤɠ 

əŬŰɘɧɜ-ˊɞɚɡɛŮɟɘəɎ ɘɞɜŰɘəɎ ɡɔɟɎ), ɏɜŬ űɗɞɟɞŬɜɗɟŬəɘəɧ ŰɛɐɛŬ (ůɡɜɐɗɤɠ Ŭɜɘɧɜ-

űɗɞɟɘɞɨɢŬ ɘɞɜŰɘəɎ ɡɔɟɎ). ȷəɧɛŬ, ɡˊɎɟɢɞɡɜ ɘɞɜŰɘəɎ ɡɔɟɎ Ŭɛɘɜɞɝɏɤɜ əŬɘ 

ŬɟɡɚŬɚəɡɚɘəɎ, ˊɞɡ ɚŬɛɓɎɜɞɡɜ Űɖɜ ɞɜɞɛŬůɑŬ Űɞɡɠ  ŬɜɎɚɞɔŬ ɛŮ Űɖ ɚŮɘŰɞɡɟɔɘəɐ ɞɛɎŭŬ 

[5, 6, 7, 11]. 

 

2.2 ɆɨɜɗŮůɖ Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ 

ɇŬ ȽɈ ůɡɜɗɏŰɞɜŰŬɘ ɛŮ ŭɘɎűɞɟŮɠ ɛɏɗɞŭɞɡɠ. ɆŰŬ ˊɟɩŰŬ ɢɟɧɜɘŬ Űɤɜ ɘɞɜŰɘəɩɜ 

ɡɔɟɩɜ ɖ ůɨɜɗŮůɖ ɔɘɜɧŰŬɜ ɛŮ Űɘɠ ɓŬůɘəɏɠ ɛŮɗɧŭɞɡɠ Űɖɠ ɛŮŰɎɗŮůɖɠ (ŬɜŰɑŭɟŬůɖ 

ŬɚəɡɚŬɚɞɔɞɜɘŭɑɞɡ ɛŮ ɛɏɗɡɚ-ɘɛɘŭŬɕɧɚɘɞ), Űɖɠ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɐɠ ŮɝɞɡŭŮŰɏɟɤůɖɠ əŬɘ 

Űɞɡ ɎɛŮůɞɡ ůɡɜŭɡŬůɛɞɨ (ŮɝɞɡŭŮŰɏɟɤůɖ ɡŭɞɝŮɘŭɑɞɡ Űɞɡ Ŭɚəɡɚɞ-ɛɏɗɡɚɘɛɘŭŬɕɞɚɑɞɡ ɛŮ 

Ŭɛɘɜɞɝɨ). ȼ ůɨɜɗŮůɖ Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ ɤɠ Ůˊɑ Űɞ ˊɚŮɑůŰɞɜ ŭɘŮɝɎɔŮŰŬɘ ůŮ ŭɨɞ 

ůŰɎŭɘŬ: Űɞ ůɢɖɛŬŰɘůɛɧ Űɞɡ əŬŰɘɧɜŰɞɠ əŬɘ Űɖɜ ŬɜŰŬɚɚŬɔɐ Űɞɡ ŬɜɘɧɜŰɞɠ  

ȼ ɢɟɐůɖ Űɤɜ ůŰŬɗŮɟɩɜ ŬɜɘɧɜŰɤɜ ŰŮŰɟŬűɗɞɟɘɞɨɢɞɡ ɓɞɟɑɞɡ əŬɘ 

ŮɝŬűɗɞɟɘɞɨɢɞɡ űɤůűɧɟɞɡ ůŮ ȽɈ əŬɘ əɡɟɑɤɠ ɖ ŬɜɎˊŰɡɝɖ ɛŮɗɧŭɤɜ ɔɘŬ Űɖɜ ˊɘɞ 

ŬˊɞŰŮɚŮůɛŬŰɘəɐ ůɨɜɗŮůɖ ȽɈ, ɛˊɞɟɞɨɜ ɜŬ ɗŮɤɟɖɗɞɨɜ ŰŬ ˊɟɩŰŬ ůɖɛŬɜŰɘəɎ ɓɐɛŬŰŬ 

ɔɘŬ Űɖɜ Ůɛˊɞɟɘəɐ ůɨɜɗŮůɖ Űɤɜ ŮɜɩůŮɤɜ ŬɡŰɩɜ. ȼ Ůɛˊɞɟɘəɐ ůɨɜɗŮůɖ ȽɈ ŭɘŬűɏɟŮɘ 

Ŭˊɧ Űɖɜ ŮɟɔŬůŰɖɟɘŬəɐ, əŬɗɩɠ ˊɟɞůŬɜŬŰɞɚɑɕŮŰŬɘ ůŰɖɜ ˊŬɟŬɔɤɔɐ ˊɟɞɥɧɜŰɤɜ ɛŮ Űɖɜ 

ɡɣɖɚɧŰŮɟɖ ŭɡɜŬŰɐ ˊɞɘɧŰɖŰŬ, ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɛŮ ɏɜŬ ɚɞɔɘəɧ əɧůŰɞɠ. ũɘŬ 

əɎˊɞɘŬ ȽɈ ɞɘ ŮŰŬɘɟɑŮɠ ŮɔɔɡɩɜŰŬɘ Űɘɛɏɠ ɘɞɜŰɘəɐɠ əŬɗŬɟɧŰɖŰŬɠ ŬəɧɛŬ əŬɘ ɛŮɔŬɚɨŰŮɟŮɠ 

Ŭˊɧ 99%. ɇɘɠ ˊɘɞ əɞɘɜɏɠ ˊɟɞůɛɑɝŮɘɠ ŬˊɞŰŮɚɞɨɜ ɑɢɜɖ ɞɡůɘɩɜ, ˊɟɞɥɧɜŰŬ ɞɝŮɑŭɤůɖɠ əŬɘ 

ɗŮɟɛɘəɐɠ ŭɘɎůˊŬůɖɠ, ŰŬ ɞˊɞɑŬ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ŰŬ ŬɟɢɘəɎ ŬɜŰɘŭɟɩɜŰŬ, ˊŰɖŰɘəɏɠ 

ˊɟɞůɛɑɝŮɘɠ Ŭˊɧ ɞɟɔŬɜɘəɞɨɠ ŭɘŬɚɨŰŮɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ 

Ůəɢɨɚɘůɖɠ, ŬɚɞɔɧɜŬ, ˊɟɤŰɘəɏɠ ŮɜɩůŮɘɠ əŬɘ űɡůɘəɎ ɜŮɟɧ, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ˊŬɟɧɜ ůɢŮŭɧɜ 

ůŮ əɎɗŮ ȽɈ, ɤůŰɧůɞ ůŮ ɛɘəɟɧŰŮɟɞ ɐ ɛŮɔŬɚɨŰŮɟɞ ɓŬɗɛɧ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ űɨůɖ Űɞɡ ȽɈ. 

ȼ ˊŬɟɞɡůɑŬ Űɤɜ ˊɟɞůɛɑɝŮɤɜ ŬɡŰɩɜ ɛˊɞɟŮɑ ɜŬ ŮˊɘŭɟɎ ůŰɞ ɢɟɩɛŬ, ůŰɘɠ ɘŭɘɧŰɖŰŮɠ 

(ůɖɛŮɑɞ Űɐɝɖɠ, ˊɡəɜɧŰɖŰŬ, ɘɝɩŭŮɠ), əŬɘ Űɖ ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ əŬɘ 

ˊɟɏˊŮɘ ůɡɜŮˊɩɠ ɜŬ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɘɜ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ Űɞɡ ȽɈ. 
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ɇŬ ˊɘɞ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŬ ȽɈ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɛɧɜɞ-, ŭɘ-, əŬɘ Űɟɘ- 

ɡˊɞəŬŰŮůŰɖɛɏɜŬ ɘɛɘŭŬɕɞɚɘəɎ əŬŰɘɧɜŰŬ (ɆɢɐɛŬ 4). ɋůŰɧůɞ, ŰŬ ɘɛɘŭŬɕɞɚɘəɎ ȽɈ ŭŮɜ 

ŬˊɞŰŮɚɞɨɜ Űɖ ɛɞɜŬŭɘəɐ əŬŰɖɔɞɟɑŬ ŭɘŬɗɏůɘɛɤɜ ɛɏůɤɜ əŬɗɩɠ ɡˊɎɟɢɞɡɜ ŮɛˊɞɟɘəɎ 

ŭɘŬɗɏůɘɛŬ ȽɈ ɛŮ ɡˊɞəŬŰŮůŰɖɛɏɜŬ ˊɡɟɘŭɘɜɘəɎ, ˊɡɟɞɚɘŭɘɜɘəɎ, ŬɛɛɤɜɘŬəɎ, ɔɞɡŬɜɘŭɘɜɘəɎ 

əŬɘ ɎɚɚŬ əŬŰɘɧɜŰŬ. ɇŬ əŬŰɘɧɜŰŬ ŬɡŰɎ ɛˊɞɟɞɨɜ ɜŬ ůɡɜŭɡɎɕɞɜŰŬɘ ɛŮ ɏɜŬ ɛŮɔɎɚɞ 

Ŭɟɘɗɛɧ ŭɘŬɗɏůɘɛɤɜ ŬɜɘɧɜŰɤɜ, ŬˊɞŰŮɚɞɨɛŮɜɤɜ Ŭˊɧ ůɞɡɚűɑŭɘŬ, ůɞɡɚűɞɜɑŭɘŬ, ŬɛɑŭɘŬ, 

ɘɛɑŭɘŬ, ŬɚɞɔɧɜŬ, ŮɜɩůŮɘɠ Űɞɡ ɓɞɟɑɞɡ, Űɞɡ űɤůűɧɟɞɡ, Űɞɡ ŬɜŰɘɛɞɜɑɞɡ ɐ əŬɘ 

əŬɟɓɞɝɡɚɘəɏɠ ŮɜɩůŮɘɠ. ɇɘɠ ˊɟɩŰŮɠ ɨɚŮɠ ɔɘŬ Űɖ ůɨɜɗŮůɖ Űɤɜ ˊɟɞŬɜŬűŮɟɧɛŮɜɤɜ 

ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛɤɜ ȽɈ, ŬˊɞŰŮɚɞɨɜ ůɡɜɗŮŰɘəɎ ɢɖɛɘəɎ ˊɟɞŮɟɢɧɛŮɜŬ Ŭˊɧ Űɖɜ 

ŮˊŮɝŮɟɔŬůɑŬ Űɞɡ ˊŮŰɟŮɚŬɑɞɡ [5, 6, 7]. 

 

 

 

ɆɢɐɛŬ 4. ɆɨɜɗŮůɖ [CnC1im], (X=Cl ɐ ȸr) 

 

2.3 ȽŭɘɧŰɖŰŮɠ Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ 

 Ƀ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɤɜ ȽɈ, ɤɠ ůɢŮŭɘŬůɛɏɜɤɜ ŭɘŬɚɡŰɩɜ əŬɗɘůŰɎ Űɞ Ůɨɟɞɠ Űɤɜ 

ɘŭɘɞŰɐŰɤɜ Űɞɡɠ ŬɟəŮŰɎ ɛŮɔɎɚɞ ůŮ ůɢɏůɖ ɛŮ Űɞɡɠ əɞɘɜɞɨɠ ŭɘŬɚɨŰŮɠ. Ƀ ůɡɜŭɡŬůɛɧɠ 

Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ əŬŰɘɧɜŰɤɜ əŬɘ ŬɜɘɧɜŰɤɜ, ɖ ˊŬɟɞɡůɑŬ ɡˊɞəŬŰŬůŰŬŰɩɜ əŬɘ ɜŮɟɞɨ 

ˊɞɘəɑɚɞɡɜ əŬɘ ˊɟɞůŭɑŭɞɡɜ ŮɝŬɘɟŮŰɘəɏɠ űɡůɘəɞɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ ůŰŬ ȽɈ.  Ƀɘ ɘŭɘɧŰɖŰŮɠ 

ŬɡŰɏɠ ˊŮɟɘɔɟɎűɞɜŰŬɘ ˊŬɟŬəɎŰɤ: 

V ɇɞ ɢŬɛɖɚɧ ůɖɛŮɑɞ Űɐɝɖɠ Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ŬŭɡɜŬɛɑŬ 

ůɢɖɛŬŰɘůɛɞɨ əŬɜɞɜɘəɩɜ əɟɡůŰɎɚɚɤɜ ɚɧɔɤ ŬůɡɛɛŮŰɟɑŬɠ Űɤɜ ɘɧɜŰɤɜ. 

V ȼ ŰɎůɖ ŬŰɛɩɜ ŮɑɜŬɘ ŬɛŮɚɖŰɏŬ.  

V ɇŬ ɘɞɜŰɘəɎ ɡɔɟɎ Ŭɜɐəɞɡɜ ůŰŬ ɁŮɡŰɤɜɘəɎ ɡɔɟɎ əŬɘ ɏɢɞɡɜ ůŰŬɗŮɟɧ ɘɝɩŭŮɠ 

ŬɜŮɝɎɟŰɖŰŬ Űɞɡ ɟɡɗɛɞɨ ˊŬɟŬɛɧɟűɤůɖɠ. ɇɞ ɘɝɩŭŮɠ Űɤɜ ȽɈ əɡɛŬɑɜŮŰŬɘ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ Ŭˊɧ 10 cP ɏɤɠ əŬɘ ˊŮɟɘůůɧŰŮɟɞ Ŭˊɧ 1000 cP.  

V ȼ ɘəŬɜɧŰɖŰŬ ŭɘŬɚɡŰɞˊɞɑɖůɖɠ ˊɚɖɗɩɟŬɠ ŬɜɧɟɔŬɜɤɜ, ɞɟɔŬɜɘəɩɜ, 

ɞɟɔŬɜɞɛŮŰŬɚɚɘəɩɜ əŬɘ ˊɞɚɡɛŮɟɩɜ ůɡůŰŬŰɘəɩɜ. ȷəɧɛŬ ɞɟɘůɛɏɜŬ ȽɈ ŮɑɜŬɘ 

ŬɜŬɛɑɝɘɛŬ ɛŮ ˊɞɚɘəɞɨɠ ŭɘŬɚɨŰŮɠ ŬɚɚɎ ɛɖ ŬɜŬɛɑɝɘɛŬ ɛŮ ɛɖ ˊɞɚɘəɞɨɠ.  
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V ɇŬ ȽɈ əŬŰŬŰɎůůɞɜŰŬɘ ɤɠ ˊɞɚɘəɞɑ ŭɘŬɚɨŰŮɠ, ɛŮ Űɘɛɏɠ ˊɞɚɘəɧŰɖŰŬɠ ˊŬɟɧɛɞɘŮɠ ɛŮ 

ŮəŮɑɜŮɠ Űɤɜ ɛɘəɟɩɜ Ŭɚəɞɞɚɩɜ əŬɘ Ɏɚɚɤɜ ˊɞɚɘəɩɜ, ɛɖ-ˊɟɤŰɘəɩɜ ŭɘŬɚɡŰɩɜ. 

V ȺɛűŬɜɑɕɞɡɜ ɡɣɖɚɐ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ. 

V ȿɧɔɤ Űɞɡ ɧŰɘ ŭŮɜ ŮɝŬŰɛɑɕɞɜŰŬɘ ɏɢɞɡɜ ɗŮɤɟɖŰɘəɎ ɢŬɛɖɚɧŰŮɟɖ ŰɞɝɘəɧŰɖŰŬ Ŭˊɧ Űɞɡɠ 

ˊŮɟɘůůɧŰŮɟɞɡɠ ɞɟɔŬɜɘəɞɨɠ ŭɘŬɚɨŰŮɠ əŬɘ ŮɑɜŬɘ űɘɚɘəɞɑ ɛŮ Űɞ ˊŮɟɘɓɎɚɚɞɜ ŭɘŬɚɨŰŮɠ 

ɔɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ɞɜɞɛɎɕɞɜŰŬɘ çˊɟɎůɘɜɞɘè ŭɘŬɚɨŰŮɠ 

V ɄŬɟɞɡůɘɎɕɞɡɜ ɢŬɛɖɚɐ Ůɤɠ ɛɏŰɟɘŬ ŭɘŬɓɟɤŰɘəɐ ŭɟɎůɖ əŬɘ ɛɖ ŬɜŬűɚŮɝɘɛɧŰɖŰŬ.  

V ȼ ɘəŬɜɧŰɖŰŬ Ŭˊɞɟɟɧűɖůɖɠ Űɞɡ CO2 ŮɑɜŬɘ ɛŮɔɎɚɖ ůŮ ŬɜŰɑɗŮůɖ ɛŮ ɎɚɚŬ ŬɏɟɘŬ 

ɧˊɤɠ ȼ2, CO, Ɂ2, Cȼ4 əŬ.  

V ȼ ŮəɚŮəŰɘəɧŰɖŰŬ ŭɘŬɢɤɟɘůɛɞɨ Űɞɡ CO2 Ŭˊɧ ɎɚɚŬ ŬɏɟɘŬ ŮɑɜŬɘ ɡɣɖɚɐ.  

V ɇɞ ŮɜŮɟɔŮɘŬəɧ əɧůŰɞɠ ɗŮɟɛɘəɐɠ ŬɜŬɔɏɜɜɖůɖɠ ŮɑɜŬɘ ɢŬɛɖɚɧ ɛŮŰɎ Ŭˊɧ ŭɏůɛŮɡůɖ 

ŬŮɟɑɤɜ ɚɧɔɤ Űɞɡ ɧŰɘ ůɡɜɐɗɤɠ Ŭůəɞɨɜ űɡůɘəɐ ˊɟɞůɟɧűɖůɖ. 

 

ũŮɜɘəɎ, ɚɞɘˊɧɜ ɖ ɘɞɜŰɘəɐ űɨůɖ Űɞɡɠ ŮˊɘŰɟɏˊŮɘ Űɖɜ ˊɟɞůŬɟɛɞɔɐ əŬɘ Űɞ ůɢŮŭɘŬůɛɧ Űɤɜ 

ɘŭɘɞŰɐŰɤɜ Űɞɡɠ ɛɏůɤ əŬŰɎɚɚɖɚɖɠ Ůˊɘɚɞɔɐɠ Űɤɜ ɘɞɜŰɘəɩɜ Ůɘŭɩɜ ˊɞɡ ŰŬ ŬˊɞŰŮɚɞɨɜ 

(ˊɟɞůŬɟɛɞɕɧɛŮɜɖ ŬɔɤɔɘɛɧŰɖŰŬ, əŬŰŬɚɡŰɘəɐ ŭɟɎůɖ, ŬɜŬɛŮɘɝɘɛɧŰɖŰŬ ɛŮ ŭɘŬɚɨŰŮɠ, 

ɘəŬɜɧŰɖŰŬ Ŭˊɞɟɟɧűɖůɖɠ ŬŮɟɑɤɜ əɚˊ) [12, 13, 14 ,15, 17]. 

   

2.4 ȺűŬɟɛɞɔɏɠ 

Ƀɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ IY ŭɘəŬɘɞɚɞɔɞɨɜ Űɞ ɛŮɔɎɚɞ űɎůɛŬ ŮűŬɟɛɞɔɩɜ. ȷɟɢɘəɎ, ŰŬ 

IY ɓɟɐəŬɜ ŮűŬɟɛɞɔɐ ůŮ ɖɚŮəŰɟɞɢɖɛɘəɏɠ ŭɘŮɟɔŬůɑŮɠ, ŮɝŬɘŰɑŬɠ Űɤɜ ɖɚŮəŰɟɞɢɖɛɘəɩɜ 

Űɞɡɠ ŭɡɜŬɛɘəɩɜ, Űɖɠ əŬɚɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ əŬɘ ɘŭɘɞŰɐŰɤɜ ɛŮŰŬűɞɟɎɠ. Ȱɢɞɡɜ Ůˊɑůɖɠ 

ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ůŮ ŭɘŬŭɘəŬůɑŮɠ Ůəɢɨɚɘůɖɠ əŬɘ Ŭˊɞɛɧɜɤůɖɠ ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ, 

ɞɟɔŬɜɘəɩɜ ɛɞɟɑɤɜ əŬɘ ɓɘɞɛɞɟɑɤɜ, ŬˊɞɗŮɑɤůɖɠ əŬɡůɑɛɤɜ, əŬɘ ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ. 

ɄɞɚɡɎɟɘɗɛŮɠ ŮɑɜŬɘ ɞɘ ŬɜŬűɞɟɏɠ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ IY ůŮ ˊɞɘəɑɚŮɠ ŬɜŰɘŭɟɎůŮɘɠ 

ɞɟɔŬɜɘəɐɠ əŬŰɎɚɡůɖɠ, ŬɜɧɟɔŬɜɖɠ ůɨɜɗŮůɖɠ ɐ ˊɞɚɡɛŮɟɘůɛɞɨ, ɧˊɞɡ ɛˊɞɟɞɨɜ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɤɠ ŭɘŬɚɨŰŮɠ, əŬŰŬɚɨŰŮɠ, ŮɜŮɟɔɞˊɞɘɖŰɏɠ əŬŰŬɚɡŰɩɜ ɐ ɤɠ ůɡɜ-

əŬŰŬɚɨŰŮɠ, ŮˊɘŰɡɔɢɎɜɞɜŰŬɠ ɡɣɖɚɞɨɠ əŬŰŬɚɡŰɘəɞɨɠ ɟɡɗɛɞɨɠ əŬɘ ŮəɚŮəŰɘəɧŰɖŰŬ. 

Ⱥˊɑůɖɠ, ŰŬ IY ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ɡɔɟɎ ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ (ůŮ ůɡůŰɐɛŬŰŬ 

ɣɨɝɖɠ ɐ ůŮ ůɡůůɤɟŮɡŰɏɠ ɖɚɘŬəɐɠ ŮɜɏɟɔŮɘŬɠ), ɤɠ ɚɘˊŬɜŰɘəɎ, ɤɠ ɡɔɟɞɑ əɟɨůŰŬɚɚɞɘ ůŮ 

ɖɚŮəŰɟɞɜɘəɏɠ ůɡůəŮɡɏɠ əŬɘ ůŮ ɑɜŮɠ ɡɣɖɚɐɠ ŬɜɗŮəŰɘəɧŰɖŰŬɠ. ȷəɧɛŬ, ŮűŬɟɛɧɕɞɜŰŬɘ ůŮ 
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ůɡůŰɐɛŬŰŬ ɡˊɞůŰɖɟɘɔɛɏɜɖɠ űɎůɖɠ ȽɈ (ůŰŮɟŮɞɑ əŬŰŬɚɨŰŮɠ ɛŮ ůŰɞɘɓɎŭŮɠ ɘɞɜŰɘəɩɜ 

ɡɔɟɩɜ, ɛŮɛɓɟɎɜŮɠ ɛŮ ɡˊɞůŰɖɟɘɔɛɏɜɖ űɎůɖ ɘɞɜŰɘəɩɜ ə.Ŭ) ɔɘŬ Űɞ ŭɘŬɢɤɟɘůɛɧ ŬŮɟɑɤɜ, 

ɞɟɔŬɜɘəɩɜ ɛɞɟɑɤɜ əŬɘ ɓɘɞɛɞɟɑɤɜ əŬɘ ůŮ ŬɜŰɘŭɟŬůŰɐɟŮɠ ɛŮɛɓɟɎɜɖɠ [6, 7, 11, 16, 17].  

 

 

 

ɆɢɐɛŬ 5. ȺűŬɟɛɞɔɏɠ Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ 

  

 

3. ɆɡůŰɐɛŬŰŬ ɈˊɞůŰɖɟɘɔɛɏɜɖɠ ūɎůɖɠ ȽɞɜŰɘəɩɜ Ɉɔɟɩɜ 

ȼ ŰŮɢɜɞɚɞɔɑŬ Űɖɠ ɡˊɞůŰɖɟɘɔɛɏɜɖɠ űɎůɖɠ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ŮɑɜŬɘ ɛɘŬ ɜɏŬ 

ˊɟɞůɏɔɔɘůɖ ůŰŬɗŮɟɞˊɞɑɖůɖɠ ɡɔɟɞɨ ůŮ ˊɧɟɞɡɠ ůŰŮɟŮɩɜ ɡɚɘəɩɜ əŬɘ ɏɢŮɘ Űɞ 

ˊɚŮɞɜɏəŰɖɛŬ ɧŰɘ ŰŬ ȽɈ ŭŮɜ ŮɝŬŰɛɑɕɞɜŰŬɘ. ȷɡŰɧ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůɡɜɐɗɤɠ ɛɏůɤ Űɞɡ 

ŮɛˊɞŰɘůɛɞɨ Űɖɠ ˊɞɟɩŭɞɡɠ ŭɞɛɐɠ ɛŮ ŭɘɎɚɡɛŬ ȽɈ əŬɘ Űɖɠ Ůɜ ůɡɜŮɢŮɑŬ ŮɝɎŰɛɘůɖɠ Űɞɡ 

ˊŰɖŰɘəɞɨ ŭɘŬɚɨŰɖ ˊɞɡ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŮˊɘəɎɗɘůɖ Ůɜɧɠ ɚŮˊŰɞɨ ɡɛŮɜɑɞɡ 

ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ˊɎɜɤ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ (ɆɢɐɛŬ 6). ȼ ˊɞɘəɘɚɑŬ Űɤɜ ŬɜɘɧɜŰɤɜ 

əŬɘ əŬŰɘɧɜŰɤɜ, ɖ ŭɘŬɚɡŰɧŰɖŰŬ, ɖ ŮɜŮɟɔɧŰɖŰŬ əŬɘ ɞ ůɡɜŭɡŬůɛɧɠ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ 

    

ȷɁɇȽȹɅȷɆɇȼɅȷɆ 

ɀȺɀȸɅȷɁȼɆ 
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ɘɞɜŰɘəɩɜ ɡɔɟɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ ȽɈ 

ŬɚɚɎɕɞɡɜ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ŮəɎůŰɞŰŮ ŮűŬɟɛɞɔɐ [5]. 

ȼ əŬŰɎɚɚɖɚɖ Ůˊɘɚɞɔɐ Űɤɜ ɘɧɜŰɤɜ Űɤɜ ȽɈ ˊŬɟɏɢŮɘ Űɖɜ ɘəŬɜɧŰɖŰŬ ɛŮŰŬűɞɟɎɠ 

Űɤɜ Ůɘŭɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ɡɔɟɩɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ůŰŮɟŮɞɨ ɡɚɘəɞɨ, ůŰɖɜ ɞˊɞɑŬ 

ˊŮɟɘɞɟɑɕŮŰŬɘ Űɞ ɟŮɡůŰɧ. ȰŰůɘ, ɞ ɧɟɞɠ ɡˊɞůŰɖɟɘɔɛɏɜɖ űɎůɖ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ, ɈūȽɈ 

(Supported Ionic Liquid Phase, SILP) ŮˊɘŰɟɏˊŮɘ ˊɟɞəŬɗɞɟɘůɛɏɜɖ ůɨɜɗŮůɖ ůŰŮɟŮɩɜ 

ɡɚɘəɩɜ ɛŮ ɞɛɞɘɧɛɞɟűɖ ŮˊɘűŬɜŮɘŬəɐ ŰɞˊɞɚɞɔɑŬ, ůŬűŮɑɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ŮɚŮɔɢɧɛŮɜɖ 

ɢɖɛɘəɐ ŭɟŬůŰɘəɧŰɖŰŬ. Ⱥˊɑůɖɠ, ŰŬ ɡɚɘəɎ ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ŬˊɞəŰɞɨɜ ɜɏŮɠ ɘŭɘɧŰɖŰŮɠ 

ůŰɖɜ ŮˊɘűɎɜŮɘɎ Űɞɡɠ ŮɝŬɘŰɑŬɠ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ȽɈ ˊɞɡ ŮˊɘŰɟɏˊɞɡɜ Űɞ ůɢŮŭɘŬůɛɧ 

ŮˊɘűŬɜŮɘɩɜ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ [5]. 

 

ɇŬ ȽɈ ůɡɜŭɏɞɜŰŬɘ ůŮ ůŰŮɟŮɐ ŮˊɘűɎɜŮɘŬ əŬɘ ůɨɛűɤɜŬ ɛŮ Űɘɠ ɡˊŮɟɎɟɘɗɛŮɠ 

ŭɖɛɞůɘŮɨůŮɘɠ Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ, ŭɘŮɡɟɨɜŮŰŬɘ Űɞ ˊŮŭɑɞ Űɤɜ 

ɜɏɤɜ ŬɡŰɩɜ ɡɓɟɘŭɘəɩɜ ɡɚɘəɩɜ. ɆŰɘɠ ˊɚŮɑůŰŮɠ Űɤɜ ˊŮɟɘˊŰɩůŮɤɜ ŰŬ ȽɈ 

ůŰŬɗŮɟɞˊɞɘɞɨɜŰŬɘ ˊɎɜɤ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ ɛɏůɤ ɞɛɞɘɞˊɞɚɘəɩɜ ŭɡɜɎɛŮɤɜ, 

Ůɜɩ ˊɞɚɚɏɠ űɞɟɏɠ ɖ ˊɟɞɖɔɞɨɛŮɜɖ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ŮɜɘůɢɨŮɘ Űɘɠ 

ŭɡɜɎɛŮɘɠ ŬɡŰɏɠ əŬɘ Ůˊɞɛɏɜɤɠ Űɖɜ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ ŮɜŬˊɞŰɘɗɏɛŮɜɖɠ űɎůɖɠ ȽɈ (ɆɢɐɛŬ 

7). ɆŰɘɠ ˊŮɟɘˊŰɩůŮɘɠ ŬɡŰɏɠ Űɞ ɘɞɜŰɘəɧ ɡɔɟɧ ɔɑɜŮŰŬɘ ɛɏɟɞɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɢɎɜɞɜŰŬɠ 

əɎˊɞɘŮɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɧˊɤɠ ŬɜŰɞɢɐ ůŰɖ ŭɘŬɚɡŰɧŰɖŰŬ, ŬɔɤɔɘɛɧŰɖŰŬ əŬɘ ɘɝɩŭŮɠ. ɇɞ 

ɘɞɜŰɘəɧ ɡɔɟɧ ɛˊɞɟŮɑ ɜŬ ɏɢŮɘ ɛɘŬ ůɡɔəŮəɟɘɛɏɜɖ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬ (ˊ.ɢ. ɞɝɨŰɖŰŬ, 

 

ɆɢɐɛŬ 6. ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ůŰɞɘɓɎŭŬɠ ȽɈ ɡˊɞůŰɖɟɘɔɛɏɜɖɠ ˊɎɜɤ ůŮ ˊɞɟɩŭŮɠ 

ɡˊɧůŰɟɤɛŬ. 

ɈˊɧůŰɟɤɛŬ 

ȽɞɜŰɘəɧ ɡɔɟɧ Ʉɧɟɞɠ 
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ɡŭɟɞűɞɓɘəɧŰɖŰŬ) ˊɞɡ ɗŬ Űɖɜ ˊŬɟɏɢŮɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. ȳŰŬɜ 

ˊɞɚɡůŰɟɤɛŬŰɘəɧ ȽɈ ŬəɘɜɖŰɞˊɞɘŮɑŰŬɘ ůŮ ɏɜŬ ɡˊɧůŰɟɤɛŬ ɞɘ ˊŮɟɘůůɧŰŮɟŮɠ ɘŭɘɧŰɖŰŮɠ 

Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ŭɘŬŰɖɟɞɨɜŰŬɘ. ɆŰŬ ůɡůŰɐɛŬŰŬ ɡˊɞůŰɖɟɘɔɛɏɜɖɠ űɎůɖɠ ȽɈ ɞɘ 

ɚŮɘŰɞɡɟɔɘəɧŰɖŰŮɠ ŮɜůɤɛŬŰɩɜɞɜŰŬɘ ɛŮ ŭɘɎɚɡůɖ ůŰɞ ȽɈ ɛŮŰŬɚɚɘəɩɜ ŬɚɎŰɤɜ, ɞɝɏɤɜ, 

ůɡɛˊɚɧəɤɜ ɛŮŰɎɚɚɞɡ ɛŮŰɎɓŬůɖɠ əŬɘ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ.  

 

 

ɆɢɐɛŬ 7. ɈˊɞůŰɖɟɘɔɛɏɜɖ űɎůɖ ȽɈ ůŮ ɡˊɧůŰɟɤɛŬ Ŭ) ɞɛɞɘɞˊɞɚɘəɎ ůɡɜŭŮŭŮɛɏɜɖ 

ɛɞɜɞůŰɞɘɓɎŭŬ, ɓ) ˊɞɚɚŬˊɚɎ ůŰɟɩɛŬŰŬ ȽɈ 

 

ɄɞɘəɑɚŬ ůɡůŰɐɛŬŰŬ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ ȽɈ ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ ɧˊɤɠ ŰŬ 

ɡˊɞůŰɖɟɘɔɛɏɜŬ ɘɞɜŰɘəɎ ɡɔɟɎ əŬŰɎɚɡůɖɠ (ɆɈȽɈȾ, SILC), ɞɘ ɡˊɞůŰɖɟɘɔɛɏɜɞɘ 

əŬŰŬɚɨŰŮɠ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ (ɆɈȽɈȾȷ, SILCA), ɞ ůŰŮɟŮɧɠ əŬŰŬɚɨŰɖɠ ɛŮ ɘɞɜŰɘəɧ ɡɔɟɧ 

(ɆȾȽɈ, SCIL), ɞɘ ůŰŮɟŮɞɑ əŬŰŬɚɨŰŮɠ ɛŮ ůŰɞɘɓɎŭŬ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ (ɆȾɆȽɈ, SCILL), 

ŰŬ ɡˊɞůŰɖɟɘɔɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ (ɆɈɁɆȽɈ, SILnPs), ɖ 

ɡˊɞůŰɖɟɘɔɛɏɜɖ űɎůɖ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ (ɆɈūȽɈ, SILP), ɖ ɡˊɞůŰɖɟɘɔɛɏɜɖ ɛŮɛɓɟɎɜɖ 

ɘɞɜŰɘəɞɨ ɡɔɟɞɨ (ɀɈūȽɈ, SILM), ə.Ŭ. ȳɚŮɠ ŬɡŰɏɠ ɞɘ ɏɜɜɞɘŮɠ ɛˊɞɟɞɨɜ ɜŬ ɗŮɤɟɖɗɞɨɜ 

ˊŬɟɎɔɤɔŬ Űɖɠ ɔŮɜɘəɐɠ ɏɜɜɞɘŬɠ ɡˊɞůŰɖɟɘɔɛɏɜɖ űɎůɖ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ. 

ȼ ůɨɜɗŮůɖ Űɤɜ ɆɈūȽɈ ŮɑɜŬɘ ůɡɜɐɗɤɠ Ŭˊɚɐ əŬɘ Űɞ ɚŮˊŰɧ ůŰɟɩɛŬ Űɞɡ 

ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ŬəɘɜɖŰɞˊɞɘŮɑŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ əɡɟɑɤɠ ɛŮ 

űɡůɘɞɟɧűɖůɖ, əŬɘ ůŮ ɛŮɟɘəɏɠ ˊŮɟɘˊŰɩůŮɘɠ ɛŮ ɢɖɛŮɘɞɟɧűɖůɖ. ɇɞ ȽɈ ŬɜŬɛɘɔɜɨŮŰŬɘ ɛŮ 

Űɞ ɡˊɧůŰɟɤɛŬ əŬɘ Űɞ əŬŰŬɚɡŰɘəɧ ůɨɛˊɚɞəɞ (Ŭɜ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ) ůŮ ɏɜŬ ŭɘŬɚɨŰɖ 

ɢŬɛɖɚɞɨ ůɖɛŮɑɞɡ ɕɏůŮɤɠ. Ƀ ŭɘŬɚɨŰɖɠ, ɏˊŮɘŰŬ ŬˊɞɛŬəɟɨɜŮŰŬɘ ɛŮ ŮɝɎŰɛɘůɖ ɐ ɝɐɟŬɜůɖ 

əŬɘ ŬɜŬəŰɎŰŬɘ Űɞ ɡɓɟɘŭɘəɧ ɡɚɘəɧ. ȷɜɎɚɞɔŬ ɛŮ Űɖɜ ˊɞůɧŰɖŰŬ 

Űɞɡ ȽɈ əŬɘ Űɖɠ ŭɞɛɐɠ Űɤɜ ˊɧɟɤɜ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ, ŮˊɘŰɡɔɢɎɜɞɜŰŬɘ ˊɎɢɖ ůŰɞɘɓɎŭŬɠ 

ɛŮŰŬɝɨ 3 əŬɘ 30 nm.  
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ɇŬ ɡɓɟɘŭɘəɎ ŬɡŰɎ ůɡůŰɐɛŬŰŬ (ɆɈūȽɈ) ɔɘŬ ŮŰŮɟɞɔŮɜɐ əŬŰɎɚɡůɖ ˊɟɞůűɏɟɞɡɜ 

əɎˊɞɘŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ ůŮ ůɨɔəɟɘůɖ ɛŮ ŰŬ əɚŬůůɘəɎ ůɡůŰɐɛŬŰŬ ŬŮɟɑɞɡ-ɡɔɟɞɨ ɐ 

ɡɔɟɞɨ-ɡɔɟɞɨ, ůɡɔəŮəɟɘɛɏɜŬ 

¶ ɇɖɜ  ɡɣɖɚɐ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ Űɖɠ ŭɞɛɐɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ 

¶ ɇɞ ɚŮˊŰɧ ůŰɟɩɛŬ Űɞɡ ɡɔɟɞɨ ˊɞɡ ŭɘŮɡəɞɚɨɜŮɘ Űɖ ɛŮŰŬűɞɟɎ ɛɎɕŬɠ 

¶ ɇɘɠ ɟɡɗɛɘɕɧɛŮɜŮɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŭɘŬɚɨŰɖ ˊɢ. ŭɘŬɚɡŰɧŰɖŰŬ 

¶ ɇɖ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ ˊŮɟɘůůɧŰŮɟɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ ɛɏɢɟɘ Űɞɡɠ 200 
o
C 

¶ ɇɖ ŭɡɜŬŰɧŰɖŰŬ əŬŰŬɚɡŰɘəɩɜ ŮűŬɟɛɞɔɩɜ ůŮ ɛɞɟűɞɚɞɔɑŬ ůŰŬɗŮɟɐɠ ɐ 

ɟŮɡůŰɞůŰŮɟŮɐɠ əɚɑɜɖɠ 

¶ ɇɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ŬəɘɜɖŰɞˊɞɑɖůɖ əŬŰŬɚɨŰɖ ůŮ ˊŮɟɘɞɟɘůɛɏɜɞ (əŬɗɞɟɘůɛɏɜɞ) 

ˊŮɟɘɓɎɚɚɞɜ 

 

ɇɞ ˊŮŭɑɞ Űɤɜ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ ˊɎɜɤ ůŮ ŮˊɘűɎɜŮɘŮɠ ȽɈ ŮɑɜŬɘ ŮɝŬɘɟŮŰɘəɎ 

ŭɘŮˊɘůŰɖɛɞɜɘəɧ əŬɘ ˊɟɞůŮɚəɨŮɘ Űɞ ŮɜŭɘŬűɏɟɞɜ Űɤɜ ŮˊɘůŰɖɛɞɜɘəɩɜ ˊŮɟɘɞɢɩɜ Űɖɠ 

ŮˊɘůŰɐɛɖɠ ɡɚɘəɩɜ, Űɖɠ ůɡɜɗŮŰɘəɐɠ ɢɖɛŮɑŬɠ, Űɖɠ űɡůɘəɞɢɖɛŮɑŬɠ, Űɖɠ ɢɖɛɘəɐɠ 

ɛɖɢŬɜɘəɐɠ, Űɤɜ űŬɟɛŬəŮɡŰɘəɩɜ ŮˊɘůŰɖɛɩɜ ə.Ŭ. ũŮɜɘəɎ, ɖ ŮˊɘűŬɜŮɘŬəɐ ŮˊɘəɎɚɡɣɖ 

Űɤɜ ůŰŮɟŮɩɜ ɡɚɘəɩɜ ɛŮ ɚŮˊŰɎ ɡɛɏɜɘŬ ȽɈ ŬˊɞŰŮɚŮɑ ɛɘŬ ŮɡɏɚɘəŰɖ əŬɘ Ůɡɟɏɤɠ 

ŮűŬɟɛɞɕɧɛŮɜɖ ŰŮɢɜɞɚɞɔɑŬ. ȾɨɟɘŮɠ ŮűŬɟɛɞɔɏɠ Űɤɜ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ ɡɚɘəɩɜ ȽɈ ŮɑɜŬɘ 

ůŰɞɜ ŰɞɛɏŬ Űɖɠ əŬŰɎɚɡůɖɠ əŬɘ Űɞɡ ŭɘŬɢɤɟɘůɛɞɨ (ɆɢɐɛŬ 8) [5, 18, 19]. 
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ȼ ŭɘŬɚɡŰɧŰɖŰŬ əŬɘ ɖ ŭɘɎɢɡůɖ ŮɚŬűɟɩɜ ŬŮɟɑɤɜ ɏɢɞɡɜ ɐŭɖ ɛŮɚŮŰɖɗŮɑ ɔɘŬ 

ˊɚɖɗɩɟŬ ȽɈ (ˊɎɜɤ Ŭˊɧ 120) əŬɘ ɏɢŮɘ ŭɘŬˊɘůŰɤɗŮɑ ɧŰɘ ŬɡŰɎ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɝŬɘɟŮŰɘəɐ 

ɢɤɟɖŰɘəɧŰɖŰŬ Ŭˊɞɟɟɧűɖůɖɠ CO2 əŬɘ ŮəɚŮəŰɘəɧŰɖŰŬ CO2/Ɂ2. Ƀɘ ɘŭɘɧŰɖŰŮɠ ŬɡŰɏɠ 

əŬɗɘůŰɞɨɜ ŰŬ ȽɈ ŮɚəɡůŰɘəɎ ɔɘŬ Űɖɜ ɢɟɐůɖ Űɞɡɠ ůŮ ŭɘŮɟɔŬůɑŮɠ ˊɞɡ Ŭűɞɟɞɨɜ ůŰɞ 

ˊŮɟɘɓɎɚɚɞɜ əŬɘ ůŮ ŮűŬɟɛɞɔɏɠ ůɢŮŰɘəɏɠ ɛŮ Űɖɜ ŮɜɏɟɔŮɘŬ, ɧˊɤɠ ɖ ŭɏůɛŮɡůɖ əŬɘ ɞ 

ŭɘŬɢɤɟɘůɛɧɠ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ. Ƀɘ ɗŮɟɛɞűɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ůɜɧɠ ɘɞɜŰɘəɞɨ 

ɡɔɟɞɨ Ůˊɘŭɟɞɨɜ ůɖɛŬɜŰɘəɎ ůŰɖɜ ɘəŬɜɧŰɖŰɎ Űɞɡ ɜŬ ŬˊɞɟɟɞűɎ əŬɘ ɜŬ ŭɘŬɢɤɟɑɕŮɘ ŬɏɟɘŬ. 

Ʉɘɞ ŬɜŬɚɡŰɘəɎ,ůŰɞ ŭɘŬɢɤɟɘůɛɧ ɛŮɘɔɛɎŰɤɜ CO2/N2, ɛŮɘɩɜɞɜŰŬɠ Űɞɜ ɛɞɟɘŬəɧ ɧɔəɞ Űɤɜ 

ȽɈ ŬɡɝɎɜŮŰŬɘ ɖ ŮəɚŮəŰɘəɧŰɖŰŬ ŬɚɚɎ ɛŮɘɩɜŮŰŬɘ ɖ ɟɞűɖŰɘəɐ ɘəŬɜɧŰɖŰŬ əŬɘ ŬɡɝɎɜɞɜŰŬɠ 

Űɞ ɘɝɩŭŮɠ Űɞɡɠ, ɛŮɘɩɜŮŰŬɘ ɖ ŭɘŬɢɡŰɧŰɖŰŬ Űɞɡ CO2 [20, 21, 22, 23, 24]. 

ɇɞ ɡɣɖɚɧ ɘɝɩŭŮɠ ŬˊɞŰŮɚŮɑ ɏɜŬ Ŭˊɧ ŰŬ ůɖɛŬɜŰɘəɧŰŮɟŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɤɜ 

ˊŮɟɘůůɞŰɏɟɤɜ ȽɈ, ˊɞɡ ɏɢŮɘ ɤɠ ůɡɜɏˊŮɘŬ Űɖɜ ˊɞɚɨ Ŭɟɔɐ ŭɘɎɢɡůɖ Űɞɡ CO2 Ŭɧ́ Űɖɜ 

ɛɎɕŬ Űɞɡɠ. ȼ ŬəɘɜɖŰɞˊɞɑɖůɖ Űɤɜ ȽɈ ůŰɞ ŮůɤŰŮɟɘəɧ ˊɞɟɤŭɩɜ ŭɘəŰɨɤɜ ůŰɖɜ əɚɑɛŬəŬ 

Űɤɜ ɜŬɜɞɛɏŰɟɤɜ ŭɨɜŬŰŬɘ ɜŬ ŬɜŰɘˊŬɟɏɚɗŮɘ Űɞɡ ŬɜɤŰɏɟɤ ˊɟɞɓɚɐɛŬŰɞɠ, əŬɗɩɠ 

əŬŰŬɚɐɔŮɘ ůŰɖ ɔɟɐɔɞɟɖ ŬˊɞəŬŰɎůŰŬůɖ ɘůɞɟɟɞˊɑŬɠ ɟɧűɖůɖɠ, ŮɜɘůɢɨŮɘ Űɘɠ űɡůɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ Űɤɜ ȽɈ əŬɘ ŬɡɝɎɜŮɘ Űɖɜ Ŭˊɧŭɞůɐ Űɞɡɠ ɤɠ ˊɟɞɠ Űɖ ŭɏůɛŮɡůɖ  əŬɘ  Űɞɜ 

ŭɘŬɢɤɟɘůɛɧ Űɞɡ CO2. ɆɡɜŮˊɩɠ, ŰŬ ůɡůŰɐɛŬŰŬ ɡˊɞůŰɖɟɘɔɛɏɜɖɠ űɎůɖɠ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ 

(ɆɈūȽɈ, ɆȾȽɈ, ɀɈūȽɈ, ə.Ŭ) ŮɑɜŬɘ ɘŭŬɜɘəɎ, ŮˊŮɘŭɐ ŰŬ ȽɈ ŭŮɜ ŮɝŬŰɛɑɕɞɜŰŬɘ ŮɨəɞɚŬ, 

ȾŬŰɎɚɡůɖ ȹɘŬɢɤɟɘůɛɧɠ 

ȽɞɜŰɘəɎ ɡɔɟɎ ˊɎɜɤ ůŮ ɡˊɞůŰɟɩɛŬŰŬ 

ȺˊɑůŰɟɤůɖ ɛŮ ŮŰŮɟɞɔŮɜɐɠ 

əŬŰŬɚɨŰɖ 

ɆɢɐɛŬ 8. ɄŮŭɑŬ ŮűŬɟɛɞɔɩɜ Űɤɜ ȽɈ ˊɎɜɤ ůŮ ŮˊɘűɎɜŮɘŮɠ 

ȰɜɕɡɛŬ 

ȾŬɗŬɟɘůɛɧɠ ŬŮɟɑɞɡ 

ȷˊɞɗɐəŮɡůɖ ŬŮɟɑɞɡ 

Ɉɔɟɐ ɢɟɤɛŬŰɞɔɟŬűɑŬ 

ȺˊɑůŰɟɤůɖ ɛŮɛɓɟɎɜɖɠ 

 

ȺˊɑůŰɟɤůɖ 

ɁŬɜɞůɤɛŬŰɘŭɑɤɜ 

ɁŬɜɞůɤɛŬŰɑŭɘŬ 

ɆɨɛˊɚɞəŬ ɛɏŰŬɚɚŬ 

ɛŮŰɎˊŰɤůɖɠ 

ȽɈ+ɞɝɏŬ 
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Ůˊɞɛɏɜɤɠ ɛɘəɟŬɑɜŮɘ ɖ ˊɘɗŬɜɧŰɖŰŬ ɛɧɚɡɜůɖɠ Űɞɡ ŬŮɟɑɞɡ Ŭˊɧ Űɞ ɡɔɟɧ əŬɘ ɖ 

ŮˊŮɟɢɧɛŮɜɖ ŬɚɚŬɔɐ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ůɡůŰŬŰɘəɞɨ [25, 27, 28, 29]. 

 ɇŬ ɜŬɜɞˊɞɟɩŭɖ ɡɚɘəɎ əŬɘ ɞɘ ɛŮɛɓɟɎɜŮɠ ɗŮɤɟɞɨɜŰŬɘ ŰŬ əŬŰŬɚɚɖɚɧŰŮɟŬ 

ɡˊɞůŰɟɩɛŬŰŬ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ. ȷɡŰɧ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ɡɣɖɚɐ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ Űɤɜ 

ɡɚɘəɩɜ ŬɡŰɩɜ əŬɘ ůŰɖ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ ɘɞɜŰɘəɐɠ űɎůɖɠ ɧŰŬɜ ˊŮɟɘɞɟɑɕŮŰŬɘ ɛɏůŬ ůŰɞɡɠ 

ɜŬɜɞˊɧɟɞɡɠ. ɆŰɖɜ əŬŰɎɚɡůɖ ŰŬ ȽɈ ɚŮɘŰɞɡɟɔɞɨɜ Űɧůɞ ɤɠ ɛɏůɞ ŬɜŰɑŭɟŬůɖɠ ɔɘŬ Űɖ 

ŭɘŬůˊɞɟɎ Űɞɡ əŬŰŬɚɨŰɖ, ɧůɞ əŬɘ ɤɠ ɟɞűɖŰɘəɧ ɛɏůɞ ɔɘŬ Űɖ ŭɘɎɚɡůɖ Űɤɜ Ŭɏɟɘɤɜ 

ŬɜŰɘŭɟɩɜŰɤɜ. ɀˊɞɟɞɨɜ Ŭəɧɛɖ ɜŬ Ůˊɘűɏɟɞɡɜ ŮˊɘˊɟɧůɗŮŰŬ ɞűɏɚɖ ŭɟɩɜŰŬɠ ɤɠ 

ŮəɚŮəŰɘəɎ ɛɏůŬ ŬˊɞɛɎəɟɡɜůɖɠ Űɤɜ ˊɟɞɥɧɜŰɤɜ Ŭˊɧ Űɞ ɢɩɟɞ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. ȺɑɜŬɘ 

ˊɟɞűŬɜɏɠ ɧŰɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ əŬŰɎɚɡůɖɠ ɖ ŮˊɘɗɡɛɖŰɐ ɛɞɟűɞɚɞɔɑŬ ŮɑɜŬɘ ŬɡŰɐ Űɞɡ 

ůɢɖɛŬŰɘůɛɞɨ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ Ůɜɧɠ ɚŮˊŰɞɨ ɡɛŮɜɑɞɡ ȽɈ ɛŮ ŭɘŮůˊŬɟɛɏɜŬ 

əŬŰŬɚɡŰɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ. ɆŰɘɠ ˊŮɟɘˊŰɩůŮɘɠ ŬɡŰɏɠ ɞ ˊɡɟɐɜŬɠ (əŬɟŭɘɎ) Űɞɡ ˊɧɟɞɡ 

ˊɟɏˊŮɘ ɜŬ ˊŬɟŬɛɏɜŮɘ ŬɜɞɘɢŰɧɠ, ɩůŰŮ ɛɏůɤ ŬɡŰɞɨ ɜŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɖ ˊɟɧůɓŬůɖ Űɖɠ 

ŰŮɟɎůŰɘŬɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ȽɈ ůŰŬ ŬɜŰɘŭɟɩɜŰŬ (ŬɏɟɘŬ ɐ ɡɔɟɎ). ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ɧɛɤɠ 

ˊɞɡ ɖ ŮűŬɟɛɞɔɐ ŬűɞɟɎ Űɞ ŭɘŬɢɤɟɘůɛɧ ŬŮɟɑɤɜ ɖ ˊɟɞŬɜŬűŮɟɗŮɑůŬ ɛɞɟűɞɚɞɔɑŬ ŭŮɜ 

ŮɑɜŬɘ ŬˊɞŭɞŰɘəɐ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ɔɘŬŰɑ ɖ ɛɘəɟɐ ˊɞůɧŰɖŰŬ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ŭŮɜ 

ŮɑɜŬɘ ɘəŬɜɐ ɜŬ ŮˊɘŭɟɎůŮɘ ůŰɖɜ ůɡɜɞɚɘəɐ ɟɞűɖŰɘəɐ ɘəŬɜɧŰɖŰŬ Űɞɡ ɡɓɟɘŭɘəɞɨ ɡɚɘəɞɨ 

əŬɘ Ůˊɞɛɏɜɤɠ ɖ ŮəɚŮəŰɘəɧŰɖŰŬ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɘɠ ˊɞůɧŰɖŰŮɠ ŬŮɟɑɤɜ ˊɞɡ 

ŭŮůɛŮɨɞɜŰŬɘ ůŰɞɜ ŬɜɞɘɢŰɧ ɧɔəɞ ˊɧɟɤɜ. ȷɜŰɘɗɏŰɤɠ, ɖ ˊɚɐɟɤůɖ Űɤɜ ˊɧɟɤɜ ɞŭɖɔŮɑ ůŮ 

ɛŮɔɎɚɖ ˊŰɩůɖ Űɖɠ ŭɘŬɢɡŰɧŰɖŰŬɠ, ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŬɟəŮŰɎ ɢŬɛɖɚɐ ůŮ ůɨɔəɟɘůɖ 

ɛŮ Űɖ ŭɘŬɢɡŰɧŰɖŰŬ ůŰɞ ŬɜŰɑůŰɞɘɢɞ ȽɈ ůŮ əŬɗŬɟɐ ŮɚŮɨɗŮɟɖ űɎůɖ, ŮɘŭɘəɎ ŮɎɜ Űɞ 

ˊɞɟɩŭŮɠ ŭɑəŰɡɞ Űɞɡ ůŰŮɟŮɞɨ ŮɑɜŬɘ ŭŬɘŭŬɚɩŭŮɠ əŬɘ Ŭɜ Űɞ ɘɞɜŰɘəɧ ɡɔɟɧ ɡˊɧ Űɖɜ 

ŮˊɑŭɟŬůɖ Űɞɡ ŭɡɜŬɛɘəɞɨ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɞɡ ˊɧɟɞɡ ɡűɑůŰŬŰŬɘ ŬəɘɜɖŰɞˊɞɑɖůɖ 

(ŬɚɚŬɔɏɠ Tg, ɛŮŰŬŰɟɞˊɐ ůŮ ɡɔɟɞəɟɡůŰŬɚɚɘəɐ űɎůɖ ə.ɚ.ˊ.) [25, 26, 27, 29]. 

ȼ ŬəɘɜɖŰɞˊɞɑɖůɖ Űɞɡ ȽɈ ůŰŬ ˊɞɟɩŭɖ ɡɚɘəɎ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ŮɑŰŮ ɛɏůɤ 

ŭɡɜɎɛŮɤɜ van der Waals ɐ Ŭəɧɛɖ əŬɘ ɛŮ ŭɡɜɎɛŮɘɠ Coulomb (ɖɚŮəŰɟɞůŰŬŰɘəɐ 

ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ), ŮɑŰŮ ɛŮ ɢɖɛɘəɐ ůɨɜŭŮůɖ (chemical 

grafting) ŭɖɚŬŭɐ ɛŮ ŭɖɛɘɞɡɟɔɑŬ ɢɖɛɘəɞɨ ŭŮůɛɞɨ ɛŮ ŮɜŮɟɔɏɠ ɞɛɎŭŮɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ 

Űɞɡ ˊɧɟɞɡ. ȼ ŰŮɚŮɡŰŬɑŬ ŰŮɢɜɘəɐ ŬˊɞŭŮɑɢɗɖəŮ ɧŰɘ ˊŬɟɏɢŮɘ əŬɚɨŰŮɟɖ ɗŮɟɛɘəɐ əŬɘ 

ɛɖɢŬɜɘəɐ ůŰŬɗŮɟɧŰɖŰŬ. ɀŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ˊɟɞəɨˊŰɞɡɜ ɡɓɟɘŭɘəɎ ɡɚɘəɎ ɈūȽɈ ŰŬ 

ɞˊɞɑŬ ŮɑɜŬɘ ůŰŬɗŮɟɎ ɧůɞɜ ŬűɞɟɎ Űɖɜ Ŭˊɧŭɞůɖ ůŮ ŭɘŬɢɤɟɘůɛɞɨɠ ŬŮɟɑɤɜ ɐ ůŮ 

əŬŰŬɚɡŰɘəɏɠ ŭɘŮɟɔŬůɑŮɠ Ůɜɩ ˊŬɟɎɚɚɖɚŬ ˊŬɟɞɡůɘɎɕɞɡɜ Ůɜɘůɢɡɛɏɜɖ ŭɘŬɢɡŰɧŰɖŰŬ 

ŬŮɟɑɤɜ [25, 27]. 
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ȳˊɤɠ ŮɑɜŬɘ ɔɜɤůŰɧ, ŰŬ ɛɧɟɘŬ Ůɜɧɠ ˊŮɟɘɞɟɘůɛɏɜɞɡ ɡɔɟɞɨ ɏɢɞɡɜ ŭɘŬűɞɟŮŰɘəɐ 

ŭɡɜŬɛɘəɐ Ŭˊɧ ŰŬ ɛɧɟɘŬ Űɖɠ ŬɜŰɑůŰɞɘɢɖɠ ŮɚŮɨɗŮɟɖɠ ɡɔɟɐɠ űɎůɖɠ. ɆŰɖɜ ŮɚŮɨɗŮɟɖ ɡɔɟɐ 

űɎůɖ, ŰŬ ˊŮɟɘůůɧŰŮɟŬ ȽɈ ůɢɖɛŬŰɑɕɞɡɜ ɏɜŬ ŰɟɘůŭɘɎůŰŬŰɞ ˊɚɏɔɛŬ Ŭˊɧ ŭŮůɛɞɨɠ 

ɡŭɟɞɔɧɜɞɡ, ɧˊɤɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ɜŮɟɞɨ. ȼ ůɡɢɜɧŰɖŰŬ ŮɛűɎɜɘůɖɠ ŭŮůɛɩɜ 

ɡŭɟɞɔɧɜɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ Ůɑŭɞɠ Űɞɡ əŬŰɘɧɜŰɞɠ əŬɘ ŬɜɘɧɜŰɞɠ əŬɘ əŬɗɞɟɑɕŮɘ ůŮ 

ɛŮɔɎɚɞ ɓŬɗɛɧ Űɖɜ ɘəŬɜɧŰɖŰŬ ŭɘŬɚɡŰɞˊɞɑɖůɖɠ ŬŮɟɑɤɜ əŬɗɩɠ ŮˊɘŭɟɎ ůŰɞɜ ŮɚŮɨɗŮɟɞ 

ɢɩɟɞ ˊɞɡ ɡˊɎɟɢŮɘ ůŰɞ ɡɔɟɧ. ȳŰŬɜ ɧɛɤɠ ŰŬ ȽɈ ˊŮɟɘɞɟɘůŰɞɨɜ ɛɏůŬ ůŮ ˊɧɟɞɡɠ 

ɛŮɔɏɗɞɡɠ ůɡɔəɟɑůɘɛɞɡ ɛŮ ŬɡŰɧ Űɤɜ ŭɘŬůŰɎůŮɤɜ Ůɜɧɠ ɕŮɨɔɞɡɠ ɘɧɜŰɤɜ, ɞɘ 

ɗŮɟɛɞűɡůɘəɏɠ əŬɘ ɞɘ űɡůɘəɞɢɖɛɘəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ, ŭɘŬűɞɟɞˊɞɘɞɨɜŰŬɘ ɏɜŰɞɜŬ ůŮ 

ůɢɏůɖ ɛŮ ŬɡŰɏɠ Űɖɠ ŮɚŮɨɗŮɟɖɠ ɡɔɟɐɠ űɎůɖɠ Űɤɜ ȽɈ. ɄŮɘɟŬɛŬŰɘəɏɠ ɛŮɚɏŰŮɠ əŬɘ 

ɛŮɚɏŰŮɠ ˊɟɞůɞɛɞɑɤůɖɠ, ɏɢɞɡɜ ŭŮɑɝŮɘ ˊɤɠ ɞ ˊŮɟɘɞɟɘůɛɧɠ Űɤɜ ȽɈ ůŮ ɜŬɜɞˊɧɟɞɡɠ 

ˊɟɞəŬɚŮɑ ŬɚɚŬɔɏɠ ůŰɘɠ ɗŮɟɛɞűɡůɘəɏɠ Űɞɡɠ ɘŭɘɧŰɖŰŮɠ, ɧˊɤɠ ɖ ɗŮɟɛɞəɟŬůɑŬ ɡŬɚɩŭɞɡɠ 

ɛŮŰɎˊŰɤůɖɠ, Tg əŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ Űɐɝɖɠ Tm. Ƀɘ ŬɚɚŬɔɏɠ ůŰŬ ɛŮɔɏɗɖ ŬɡŰɎ 

ˊɟɞəŬɚɞɨɜŰŬɘ Ŭˊɧ Űɖɜ ŭɘŬűɞɟŮŰɘəɐ ŭɘŬɛɧɟűɤůɖ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ůŰɞɜ ɢɩɟɞ 

ɏɔəɚɘůɖɠ əŬɘ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ ŭɘŮɡɗɏŰɖůɖɠ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ůŮ ɛŮɔɎɚɖ ˊɞɘəɘɚɑŬ Ŭˊɧ 

ŭɘŬűɞɟŮŰɘəɞɨɠ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨɠ ɐ ůŰɞɜ ůɢɖɛŬŰɘůɛɧ ɜɏɤɜ űɎůŮɤɜ ɛŮ ŰŬ ɘɧɜŰŬ ɜŬ 

ɏɢɞɡɜ ŭɘŬűɞɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŬɡŰɞŭɘŬɢɨůŮɤɠ Ŭˊɧ ŬɡŰɏɠ ůŰɖɜ ŮɚŮɨɗŮɟɖ ɡɔɟɐ űɎůɖ. Ƀ 

ŰŮɚɘəɧɠ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɤɜ ɘɧɜŰɤɜ ůŮ ůɡɔəŮəɟɘɛɏɜŮɠ ɗɏůŮɘɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ ŰŬ 

ɔŮɤɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ɢɩɟɞɡ ɏɔəɚɘůɐɠ Űɞɡɠ, ˊŬɟŬŭŮɑɔɛŬŰɞɠ ɢɎɟɖ Ŭˊɧ Űɞ 

ůɢɐɛŬ əŬɘ Űɖɜ əŬŰŬɜɞɛɐ ɛŮɔɏɗɞɡɠ Űɤɜ ˊɧɟɤɜ, ůŮ ůɢɏůɖ ɛŮ Űɘɠ ŭɘŬůŰɎůŮɘɠ Űɤɜ ɘɧɜŰɤɜ 

ˊɞɡ ŬˊɞŰŮɚɞɨɜ Űɞ ɘɞɜŰɘəɧ ɡɔɟɧ. Ⱥˊɑůɖɠ ŮɝŬɟŰɎŰŬɘ əŬɘ Ŭˊɧ ŮˊɘűŬɜŮɘŬəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ 

ɡɚɘəɞɨ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. ɃɡůɘŬůŰɘəɎ ɖ ɛɘəɟɞŭɞɛɐ əŬɘ ɖ ɗŮɟɛɞŭɡɜŬɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ 

Űɞɡ ˊŮɟɘɞɟɘůɛɏɜɞɡ ůŰɞɡɠ ˊɧɟɞɡɠ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ, ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ 

ɛŮŰŬɝɨ Űɤɜ ɘɧɜŰɤɜ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ, ˊŬɟŬŭŮɑɔɛŬŰɞɠ ɢɎɟɖ Ŭˊɧ Űɞɡɠ ŭŮůɛɞɨɠ 

ɡŭɟɞɔɧɜɞɡ, Ŭˊɧ ɖɚŮəŰɟɞůŰŬŰɘəɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ə.Ŭ. əŬɘ ɛŮŰŬɝɨ Űɤɜ ɕŮɡɔɩɜ Űɤɜ 

ɘɧɜŰɤɜ əŬɘ Űɞɡ ɡɚɘəɞɨ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. Ƀɘ ŰŮɚŮɡŰŬɑŮɠ Ůɡɜɞɞɨɜ Űɖɜ əɟɡůŰɎɚɚɤůɖ 

əŬɘ ŮɑɜŬɘ ŬɡŰɏɠ ˊɞɡ əŬɗɞɟɑɕɞɡɜ Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ əŬŰɘɧɜŰɤɜ əŬɘ ŬɜɘɧɜŰɤɜ Űɞɡ 

ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ůŰɞɡɠ ˊɧɟɞɡɠ Űɞɡ ůŰŮɟŮɞɨ əŬɘ ˊɞɚɨ ůɡɢɜɎ ŭɖɛɘɞɡɟɔɞɨɜ 

ŮˊŬɜŬɚŬɛɓŬɜɧɛŮɜŮɠ ŭɞɛɘəɏɠ ɛɞɜɎŭŮɠ (əɟɡůŰɎɚɚɞɡɠ ɐ ɡɔɟɞəɟɡůŰŬɚɚɘəɏɠ űɎůŮɘɠ) [28, 

29]. 
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ȾȺūȷȿȷȽɃ 4
ɞ
  

 

ɀȺɇȷȿȿȽȾȷ ɁȷɁɃɆɋɀȷɇȽȹȽȷ ũȽȷ ɄȺɅȽȸȷȿȿɃɁɇȽȾȺɆ 

ȾȷȽ ȸȽɃȿɃũȽȾȺɆ ȺūȷɅɀɃũȺɆ 

 

 

 

1. ɁŬɜɞůɤɛŬŰɑŭɘŬ Au 

 

1.1 ȺɘůŬɔɤɔɐ 

 

 

ȾŬŰŬɚɨŰɖɠ ŮɑɜŬɘ ɖ ɞɡůɑŬ, ɖ ɞˊɞɑŬ ŬɡɝɎɜŮɘ Űɖɜ ŰŬɢɨŰɖŰŬ ɛɘŬɠ ŬɜŰɑŭɟŬůɖɠ əŬɘ 

ɖ ɞˊɞɑŬ ɛŮŰɎ Űɞ Űɏɚɞɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ˊŬɟŬɛɏɜŮɘ ɞɡůɘŬůŰɘəɎ ŬɛŮŰɎɓɚɖŰɖ Űɧůɞ ůŮ 

ˊɞůɧŰɖŰŬ ɧůɞ əŬɘ ůŮ ɢɖɛɘəɐ ůɨůŰŬůɖ. ũɘŬ ɜŬ ůɡɛɓŮɑ ɛɑŬ ŬɜŰɑŭɟŬůɖ ˊɟɏˊŮɘ ɜŬ 

ůˊɎůɞɡɜ ɞɘ ŭŮůɛɞɑ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ əŬɘ ŬɡŰɧ ŬˊŬɘŰŮɑ ŭŬˊɎɜɖ ŮɜɏɟɔŮɘŬɠ. Ɂɏɞɘ ŭŮůɛɞɑ 

ůɢɖɛŬŰɑɕɞɜŰŬɘ ɛŮŰŬɝɨ Űɤɜ ˊɟɞɥɧɜŰɤɜ əŬɘ ŬˊŮɚŮɡɗŮɟɩɜŮŰŬɘ ŮɜɏɟɔŮɘŬ. ȰŰůɘ ɚɞɘˊɧɜ 

ɢɟŮɘɎɕŮŰŬɘ ŮɜɏɟɔŮɘŬ ɔɘŬ ɜŬ ɝŮəɘɜɐůŮɘ ɖ ŬɜŰɑŭɟŬůɖ (ɔɘŬ ɜŬ ůˊɎůɞɡɜ ŭɖɚŬŭɐ ɞɘ ŭŮůɛɞɑ 

Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ) Ŭəɧɛɖ əŬɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɖ ŬɜŰɑŭɟŬůɖ ŮɑɜŬɘ ŮɝɩɗŮɟɛɖ. ȼ 

ŮɜɏɟɔŮɘŬ ŬɡŰɐ ɞɜɞɛɎɕŮŰŬɘ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ (ȺŬ). ȼ ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ ȺŬ 

ɛŮɘɩɜŮŰŬɘ ɛŮ Űɖɜ ˊŬɟɞɡůɑŬ əŬŰŬɚɡŰɩɜ ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɖɛŬ 1. Ƀ əŬŰŬɚɨŰɖɠ ŭŮɜ 

ŭɘŬŰŬɟɎůůŮɘ Űɖ ɗŮɟɛɞŭɡɜŬɛɘəɎ əŬɗɞɟɘůɛɏɜɖ ůɨůŰŬůɖ ɘůɞɟɟɞˊɑŬɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ 

ŬɡɝɎɜŮɘ ɛɧɜɞ Űɖɜ ŰŬɢɨŰɖŰŬ ˊɟɞɠ Űɖɜ ɘůɞɟɟɞˊɑŬ. 

 
 
ɆɢɐɛŬ 1. ȺɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ ɛŮ ɐ ɢɤɟɑɠ əŬŰŬɚɨŰɖ 
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             ɀŮ Űɖɜ ˊŬɟɞɡůɑŬ əŬŰŬɚɨŰɖ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ŰŬ ŮɜŭɘɎɛŮůŬ ˊɟɞɘɧɜŰŬ 

(ŮɜŭɘɎɛŮůŮɠ əŬŰŬůŰɎůŮɘɠ) ɤɠ Ůɝɐɠ: ɛŮ ŭɖɛɘɞɡɟɔɑŬ ŭŮůɛɩɜ Ůɜɧɠ Ŭˊɧ ŰŬ ŬɜŰɘŭɟɩɜŰŬ ɛŮ 

Űɞɜ əŬŰŬɚɨŰɖ, Űɖ ŭɖɛɘɞɡɟɔɑŬ Ůɜɧɠ ŮɜŭɘɎɛŮůɞɡ ˊɟɞɥɧɜŰɞɠ, Űɞ ɞˊɞɑɞ ɛŮ Űɖ ůŮɘɟɎ Űɞɡ 

ŬɜŰɘŭɟɎ ɛŮ Űɞ ŭŮɨŰŮɟɞ Ŭˊɧ ŰŬ ŬɜŰɘŭɟɩɜŰŬ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ ŰŮɚɘəɞɨ ˊɟɞɥɧɜŰɞɠ 

əŬɘ Űɖɜ ŬɜŬɔɏɜɜɖůɖ Űɞɡ əŬŰŬɚɨŰɖ. Ƀɘ ŮɜɏɟɔŮɘŮɠ ŮɜŮɟɔɞˊɞɘɐůŮɤɠ Űɤɜ ŭɨɞ (ɐ əŬɘ 

ˊŮɟɘůůɧŰŮɟɤɜ) ůŰŬŭɑɤɜ ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ ɢŬɛɖɚɧŰŮɟŮɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ɆɢɐɛŬ 

1 əŬɘ ɏŰůɘ ɞɘ ŬɜŰɘŭɟɎůŮɘɠ ŮɑɜŬɘ Űɧůɞ ɔɟɐɔɞɟŮɠ ˊɞɡ ɖ ůɡɜɞɚɘəɐ ŰŬɢɨŰɖŰŬ ŮɑɜŬɘ 

ůɖɛŬɜŰɘəɎ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɖɜ ŰŬɢɨŰɖŰŬ Űɖɠ ŬɜŰɘŭɟɎůɖɠ ɢɤɟɑɠ əŬŰŬɚɨŰɖ. 

ɇŬ Ůɑŭɖ Űɖɠ əŬŰɎɚɡůɖɠ ŮɑɜŬɘ ŭɡɞ, ɖ ɞɛɞɔŮɜɐɠ əŬɘ ɖ ŮŰŮɟɞɔŮɜɐɠ. ɆŰɖɜ ɞɛɞɔŮɜɐ 

əŬŰɎɚɡůɖ ɞ əŬŰŬɚɨŰɖɠ əŬɘ ŰŬ ŬɜŰɘŭɟɩɜŰŬ ŮɑɜŬɘ ůŰɖɜ ɑŭɘŬ űɎůɖ, ůɡɜɐɗɤɠ ůŰɖɜ ɡɔɟɐ. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ, ɞɘ əŬŰŬɚɨŰŮɠ ŮɑɜŬɘ ůɡɜɐɗɤɠ ɢɖɛɘəɏɠ ŮɜɩůŮɘɠ ɚɑɔɞ ˊɞɚɨ 

əŬɗɞɟɘůɛɏɜɖɠ ůɨůŰŬůɖɠ, ɞɘ ɞˊɞɑŮɠ ɛˊɞɟɞɨɜ ɜŬ ŬɜŬɛɘɢɗɞɨɜ ɛŮ ɏɜŬ ɐ ˊŮɟɘůůɧŰŮɟŬ 

ŬɜŰɘŭɟɩɜŰŬ. ɆŰɖɜ ŮŰŮɟɞɔŮɜɐ əŬŰɎɚɡůɖ ɖ űɎůɖ Űɞɡ əŬŰŬɚɨŰɖ ŮɑɜŬɘ ɝŮɢɤɟɘůŰɐ Ŭˊɧ Űɖ 

űɎůɖ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ. Ƀ əŬŰŬɚɨŰɖɠ ŮɑɜŬɘ ůɡɜɐɗɤɠ ůŰɖ ůŰŮɟŮɎ űɎůɖ, Ůɜɩ ŰŬ 

ŬɜŰɘŭɟɩɜŰŬ ŮɑɜŬɘ ɡɔɟɎ ɐ ŬɏɟɘŬ. ȺˊŮɘŭɐ ůŰɖɜ ŮŰŮɟɞɔŮɜɐ əŬŰɎɚɡůɖ ɖ ŬɜŰɑŭɟŬůɖ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɧŰŬɜ ŰŬ ŬɜŰɘŭɟɩɜŰŬ ɏɟɗɞɡɜ ůŮ ŮˊŬűɐ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

əŬŰŬɚɨŰɖ, ɛŮɟɘəɏɠ űɞɟɏɠ Űɞ Ůɑŭɞɠ ŬɡŰɧ Űɖɠ əŬŰɎɚɡůɖɠ ɞɜɞɛɎɕŮŰŬɘ əŬɘ əŬŰɎɚɡůɖ 

ŮˊŬűɐɠ. ɇŬ ɛɧɟɘŬ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ŬɜŰɘŭɟɞɨɜ ɛŮ ůɡɔəŮəɟɘɛɏɜŬ ůɖɛŮɑŬ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ Űɞɡ əŬŰŬɚɨŰɖ ŰŬ ɞˊɞɑŬ ɞɜɞɛɎɕɞɜŰŬɘ ŮɜŮɟɔɎ əɏɜŰɟŬ. Ƀɘ ŭŮůɛɞɑ ůŰŬ ɛɧɟɘŬ 

Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ŮɝŬůɗŮɜɞɨɜ əŬɘ ɛŮɟɘəɏɠ űɞɟɏɠ ůˊɎɜŮ, ɧŰŬɜ ŬɡŰɎ ŬɜŰɘŭɟɞɨɜ ɛŮ ŰŬ 

ŮɜŮɟɔɎ əɏɜŰɟŬ Űɞɡ əŬŰŬɚɨŰɖ. ȰɢɞɡɛŮ ŭɖɚŬŭɐ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ˊɟɞůɟɧűɖůɖɠ 

(ɢɖɛŮɘɞɟɧűɖůɖɠ) əŬɘ ŰŬ ˊɟɞůɟɞűɖɛɏɜŬ ɛɧɟɘŬ ŬɜŰɘŭɟɞɨɜ ɛŮŰŬɝɨ Űɞɡɠ. ȾŬŰɧˊɘɜ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůˊɎůɘɛɞ Űɤɜ ŭŮůɛɩɜ Űɤɜ ˊɟɞɥɧɜŰɤɜ ɛŮ ŰŬ ŮɜŮɟɔɎ əɏɜŰɟŬ Űɞɡ 

əŬŰŬɚɨŰɖ əŬɘ Űɞ űŬɘɜɧɛŮɜɞ ɞɜɞɛɎɕŮŰŬɘ Ůəɟɧűɖůɖ. ȰŰůɘ ŬˊŮɚŮɡɗŮɟɩɜɞɜŰŬɘ ŰŬ ŮɜŮɟɔɎ 

əɏɜŰɟŬ əŬɘ ŮˊŬɜŬŭɘŬŰɑɗɞɜŰŬɘ ɔɘŬ əŬŰɎɚɡůɖ Ůɜɩ ŰŬ ˊɟɞɥɧɜŰŬ ŭɘŬɢɏɞɜŰŬɘ Ŭˊɧ Űɖɜ 

ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ ˊɟɞɠ Űɖɜ ɡɔɟɐ ɐ ŬɏɟɘŬ űɎůɖ. 

 

1.1.1 Ⱥɑŭɖ əŬŰŬɚɡŰɘəɩɜ ŮˊɘűŬɜŮɘɩɜ 

Ƀɘ əŬŰŬɚɡŰɘəɏɠ ŮˊɘűɎɜŮɘŮɠ ŭɘŬəɟɑɜɞɜŰŬɘ ůɨɛűɤɜŬ ɛŮ Űɖ űɡůɘəɐ Űɞɡɠ ŭɞɛɐ ůŮ: 

¶ ɀɖ ˊɞɟɩŭɖ ůŰŮɟŮɎ, ɧˊɤɠ ɖ ŮˊɘűɎɜŮɘŬ Ůɜɧɠ ɛŮŰŬɚɚɘəɞɨ űɨɚɚɞɡ. 
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¶ Ʉɞɟɩŭɖ ůŰŮɟŮɎ, ˊɞɡ ůɡɛɛŮŰɏɢŮɘ ɖ ŮůɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ 

(internal surface). Ⱥˊɞɛɏɜɤɠ ɧůɞ ˊɘɞ ˊɞɟɩŭɖɠ ŮɑɜŬɘ ɏɜŬɠ əŬŰŬɚɨŰɖɠ Űɧůɞ 

ɛŮɔŬɚɨŰŮɟɖ ŮɑɜŬɘ ɖ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ Űɞɡ (ůɡɜɞɚɘəɐ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ 

ŬɜɎ ɛɞɜɎŭŬ ɛɎɕŬɠ əŬŰŬɚɨŰɖ). 

¶ ɆŰŮɟŮɎ ˊŬɟŬůəŮɡŬɕɧɛŮɜŬ ɛŮ ŭɘŬůˊɞɟɎ ɛɘŬɠ əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɐɠ űɎůɖɠ ůŮ 

ɏɜŬ ˊɞɟɩŭŮɠ ɡɚɘəɧ, Űɞ ɞˊɞɑɞ ɞɜɞɛɎɕŮŰŬɘ ɡˊɧůŰɟɤɛŬ (support) ɐ űɞɟɏŬɠ 

(carrier). ɇɞ ɡˊɧůŰɟɤɛŬ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŮɑŰŮ əŬŰŬɚɡŰɘəɎ ŬŭɟŬɜɏɠ, ŮɑŰŮ ɧɢɘ ɐ 

Ŭəɧɛɖ əŬɘ ɜŬ ŭɟŬ ůɡɜŮɟɔŬŰɘəɎ ůŰɖ ŭɟŬůŰɘəɧŰɖŰŬ Űɞɡ əŬŰŬɚɨŰɖ. ɆŰɖ ŭŮɨŰŮɟɖ 

ˊŮɟɑˊŰɤůɖ ŬɡŰɧ ɔɑɜŮŰŬɘ ˊɟɞəŮɘɛɏɜɞɡ Űɞ ůɨɜɞɚɞ Űɞɡ əŬŰŬɚɨŰɖ ɜŬ ŮˊɘŭɟɎ ˊɎɜɤ 

ůŮ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ ůŰɎŭɘŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ŰŬɡŰɧɢɟɞɜŬ. 

 

1.1.2 ɈˊɞůŰɖɟɘɔɛɏɜɞɘ ɐ ɛɖ əŬŰŬɚɨŰŮɠ 

ȳŰŬɜ Űɞ ɡˊɧůŰɟɤɛŬ ŮɑɜŬɘ əŬŰŬɚɡŰɘəɎ ŬŭɟŬɜɏɠ ŭɘŬɚɏɔŮŰŬɘ ɏŰůɘ ɩůŰŮ ɜŬ 

ˊŬɟɞɡůɘɎɕŮɘ ɛŮɔɎɚɖ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ, ɛŮɔɎɚɖ ɛɖɢŬɜɘəɐ ŬɜŰɞɢɐ, ɗŮɟɛɘəɐ 

ůŰŬɗŮɟɧŰɖŰŬ, əŬŰɎɚɚɖɚɞ ɛɏɔŮɗɞɠ ŰŮɛŬɢɑɤɜ (pellets), ůɢɐɛŬ əŬɘ əŬŰŬɜɞɛɐ Űɤɜ 

ˊɧɟɤɜ. ɀŮɟɘəɞɑ Ŭˊɧ Űɞɡɠ ˊɘɞ ůɖɛŬɜŰɘəɞɨɠ űɞɟŮɑɠ ŮɑɜŬɘ: Ŭ-Al 2O3, ɔ-Al 2O3, SiO2, 

TiO2, ŮɜŮɟɔɧɠ ɎɜɗɟŬəŬɠ ɐ ɕŮɧɚɘɗɞɠ. Ƀɘ əŬŰŬɚɨŰŮɠ ŬɡŰɞɑ ɞɜɞɛɎɕɞɜŰŬɘ ɡˊɞůŰɖɟɘɔɛɏɜɞɘ 

əŬŰŬɚɨŰŮɠ (supported catalysts), Ůɜɩ ŮəŮɑɜɞɘ ˊɞɡ ŭŮɜ űɏɟɞɡɜ űɞɟɏŬ, ɞɜɞɛɎɕɞɜŰŬɘ ɛɖ 

ɡˊɞůŰɖɟɘɔɛɏɜɞɘ əŬŰŬɚɨŰŮɠ (non-supported). ɆŰɞɡɠ ɡˊɞůŰɖɟɘɔɛɏɜɞɡɠ əŬŰŬɚɨŰŮɠ ɖ 

ŮɜŮɟɔɐ űɎůɖ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ůɡɜŮɢɐɠ ůŮ ɛɘəɟɞůəɞˊɘəɧ ŮˊɑˊŮŭɞ ɐ ŬůɡɜŮɢɐɠ. 

Ƀɘ əŬŰŬɚɨŰŮɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Ůɡɟɏɤɠ ůŰɖɜ əŬŰŬůəŮɡɐ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ 

Űɤɜ ɢɖɛɘəɩɜ ˊɟɞɥɧɜŰɤɜ əŬɘ ůŰɖɜ ˊŬɟŬɔɤɔɐ ɢɖɛɘəɩɜ əŬɘ űŬɟɛŬəŮɡŰɘəɩɜ ɞɡůɘɩɜ. ȼ 

ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ əŬɡůɑɛɤɜ ŮɑɜŬɘ ɏɜŬ əŬɚɧ ˊŬɟɎŭŮɘɔɛŬ: ɖ ɓŮɜɕɑɜɖ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰŬ ŬɡŰɞəɑɜɖŰŬ ŬˊŬɘŰŮɑ ŰɞɡɚɎɢɘůŰɞɜ ŭɏəŬ ŭɘŬűɞɟŮŰɘəɞɨɠ əŬŰŬɚɨŰŮɠ 

əŬŰɎ Űɖɜ ŭɘɎɟəŮɘŬ Űɖɠ ŬɜŬɛɧɟűɤůɖɠ Ŭˊɧ Űɞ Ŭɟɔɧ ˊŮŰɟɏɚŬɘɞ. Ƀɘ ŰŮɢɜɞɚɞɔɑŮɠ 

ˊŮɟɘɓɎɚɚɞɜŰɞɠ ɓŬůɑɕɞɜŰŬɘ Ůˊɑůɖɠ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ ůŮ əŬŰŬɚɨŰŮɠ, ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɞ 

əŬŰŬɚɡŰɘəɧɠ ɛŮŰŬŰɟɞˊɏŬɠ ůŰɖɜ ŮɝɎŰɛɘůɖ əɎɗŮ ŬɡŰɞəɘɜɐŰɞɡ. ȺəŰɘɛɎŰŬɘ ɧŰɘ ˊɎɜɤ Ŭˊɧ 

Űɞ 20% Űɞɡ ŬəŬɗɎɟɘůŰɞɡ Ůɗɜɘəɞɨ ˊɟɞɥɧɜŰɞɠ (ȷȺɄ) Űɤɜ ɓɘɞɛɖɢŬɜɘəɩɜ ɢɤɟɩɜ 

ɓŬůɑɕŮŰŬɘ ůŰɖɜ əŬŰɎɚɡůɖ [1]. 

ɆŰɖɜ ŮŰŮɟɞɔŮɜɐ əŬŰɎɚɡůɖ, ŰŬ ŬɜŰɘŭɟɩɜŰŬ ɛɧɟɘŬ ˊɟɞůɟɞűɩɜŰŬɘ ˊɎɜɤ ůŰɖɜ 

əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɐ ůŰŮɟŮɐ ŮˊɘűɎɜŮɘŬ. Ƀɘ ɢɖɛɘəɞɑ ŭŮůɛɞɑ ůˊɎɜŮ əŬɘ ŰŬ ˊɟɞɥɧɜŰŬ ˊɞɡ 

https://el.wikipedia.org/wiki/%CE%96%CE%B5%CF%8C%CE%BB%CE%B9%CE%B8%CE%BF%CF%82
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ůɢɖɛŬŰɑɕɞɜŰŬɘ ŬˊŮɚŮɡɗŮɟɩɜɞɜŰŬɘ ˊɑůɤ ůŰɖɜ ɡɔɟɐ ɐ ŬɏɟɘŬ űɎůɖ. Ʉɞɚɚɞɑ Ŭˊɧ Űɞɡɠ 

ŮŰŮɟɞɔŮɜŮɑɠ əŬŰŬɚɨŰŮɠ, ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ɓɘɞɛɖɢŬɜɑŬ ůɐɛŮɟŬ, 

ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɛɘəɟɎ ůɤɛŬŰɑŭɘŬ əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɎ ɛŮ ŭɘɎɛŮŰɟɞ 1-10 nm, 

ŬɔəɡɟɞɓɞɚɖɛɏɜŬ ˊɎɜɤ ůŮ ˊɞɟɩŭŮɠ ɡˊɧůŰɟɤɛŬ. ȼ ɢɟɐůɖ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɞŭɖɔŮɑ ůŮ 

ŮˊŬűɐ ɛɘŬ ɛŮɔɎɚɖ ˊŮɟɘɞɢɐ Űɞɡ ŮɜŮɟɔɞɨ ɡɚɘəɞɨ Űɞɡ əŬŰŬɚɨŰɖ ɛŮ Űɖ ˊŮɟɘɓɎɚɚɞɡůŬ 

ŬɏɟɘŬ ɐ ɡɔɟɐ űɎůɖ əŬɘ ůŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ Űɤɜ ˊŮɟɘˊŰɩůŮɤɜ ɖ əŬŰŬɚɡŰɘəɐ 

ŭɟŬůŰɘəɧŰɖŰŬ ŮɑɜŬɘ ůɡɜɡűŬůɛɏɜɖ ɛŮ Űɞ ɛɘəɟɧ ɛɏɔŮɗɞɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. ȷɡŰɧ 

ŮɝŬůűŬɚɑɕŮɘ ɧŰɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Űɞ əŬŰŬɚɡŰɘəɧ ɡɚɘəɧ ŬˊɞŰŮɚŮůɛŬŰɘəɎ. ȼ 

ŮˊɘůŰɖɛɞɜɘəɐ əŬɘ ŰŮɢɜɞɚɞɔɘəɐ ˊɟɧəɚɖůɖ, ˊɞɡ ůɡɜŭɏŮŰŬɘ ɛŮ Űɖ ɢɟɐůɖ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɤɠ əŬŰŬɚɨŰŮɠ, ŮɑɜŬɘ ɖ əŬŰŬɜɧɖůɖ Űɞɡ ˊɩɠ ɖ ůɨɜɗŮůɖ əŬɘ ɖ ŬŰɞɛɘəɐɠ 

əɚɑɛŬəŬɠ ŭɞɛɐ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ˊŬɟɎɔɞɡɜ Űɖɜ əŬɚɨŰŮɟɖ əŬŰŬɚɡŰɘəɐ ŭɟɎůɖ. ɀɘŬ 

ŬəɧɛŬ ˊɟɧəɚɖůɖ ŮɑɜŬɘ ɖ ůɡɜɗɏůɖ ŬɡŰɩɜ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ɛŮ ɛɏɔɘůŰɞ ɏɚŮɔɢɞ Űɖɠ 

ůɨɜɗŮůɖɠ əŬɘ Űɖɠ ŭɞɛɐɠ Űɞɡɠ. ɆɨɔɢɟɞɜŮɠ ɛɏɗɞŭɞɘ Űɖɠ ɜŬɜɞŰŮɢɜɞɚɞɔɑŬɠ ɛŮ ůŬűɐɜŮɘŬ 

ˊɟɞůűɏɟɞɡɜ ɛŮɔɎɚŮɠ ŭɡɜŬŰɧŰɖŰŮɠ ɔɘŬ ɛŮɚɚɞɜŰɘəɏɠ ŮɝŮɚɑɝŮɘɠ ůŰɞ ɢŬɟŬəŰɖɟɘůɛɧ əŬɘ 

ůŰɖ ůɨɜɗŮůɖ Űɤɜ ŮŰŮɟɞɔŮɜɩɜ əŬŰŬɚɡŰɩɜ, ˊɞɡ ɓŬůɑɕɞɜŰŬɘ ůŮ ɡˊɞůŰɖɟɘɔɛɏɜŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ. 

ȼ ɛɏɔɘůŰɖ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ ŭŮɜ ŮɑɜŬɘ ɞ ɛɧɜɞɠ ɚɧɔɞɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŰŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ɤɠ ŮŰŮɟɞɔŮɜŮɑɠ əŬŰŬɚɨŰŮɠ. Ƀ Au ɗŮɤɟŮɑŰŬɘ 

ɢɖɛɘəɎ ŬŭɟŬɜɐɠ, ŬɚɚɎ Űɞ 1987 ɞ Haruta əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ ɏŭŮɘɝŬɜ ɧŰɘ 

ɜŬɜɞɛŮɔɏɗɖ (<5 nm) ůɤɛŬŰɑŭɘŬ Au ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ˊɞɚɨ ŬˊɞŰŮɚŮůɛŬŰɘəɞɑ əŬŰŬɚɨŰŮɠ. 

ȷɡŰɧ ŭŮɑɢɜŮɘ ɧŰɘ ɞɘ əŬŰŬɚɡŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ůɜɧɠ ůɡɔəŮəɟɘɛɏɜɞɡ ɡɚɘəɞɨ ɛˊɞɟŮɑ ɜŬ 

ŮˊɖɟŮɎɕɞɜŰŬɘ ŭɟŬɛŬŰɘəɎ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ [2-5]. ɇɞ ɔŮɔɞɜɧɠ ɧŰɘ ŰŬ 

ůɤɛŬŰɑŭɘŬ Au ɛŮ ŭɘɎɛŮŰɟɞɡ ˊŮɟɑˊɞɡ 5 nm ɐ ɚɘɔɧŰŮɟɞ ɏɢɞɡɜ ɛɞɜŬŭɘəɏɠ əŬŰŬɚɡŰɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ ˊɟɞəɎɚŮůŮ Űɞ ŮˊɘůŰɖɛɞɜɘəɧ ŮɜŭɘŬűɏɟɞɜ ɔɘŬ Űɘɠ ɢɖɛɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ ˊɞɡ 

əŬŰŬɚɨɞɡɜ [5-11]. ɆŮ ɞɟɘůɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ, ɞɘ əŬŰŬɚɨŰŮɠ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ȷu 

ŮˊɘŰɟɏˊɞɡɜ ɛɘŬ ůɖɛŬɜŰɘəɎ ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ ŬɜŰɑŭɟŬůɖɠ, ɔŮɔɞɜɧɠ Űɞ ɞˊɞɑɞ ŮɑɜŬɘ 

ˊɞɚɚɎ ɡˊɞůɢɧɛŮɜɞ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ ŮɜŮɟɔŮɘŬəɎ ŬˊɞŭɞŰɘəɩɜ ŭɘŮɟɔŬůɘɩɜ [12-15]. 

MŮɟɘəɞɑ ɚɧɔɞɘ ˊɞɡ ˊɟɞůŭɑŭɞɡɜ əŬŰŬɚɡŰɘəɐ ŮɜŮɟɔɧŰɖŰŬ ůŰŬ ɛɘəɟɎ ůɤɛŬŰɑŭɘŬ 

Au ŮɑɜŬɘ Űɞ əɓŬɜŰɘəɧ Űɞɡɠ ɛɏɔŮɗɞɠ [9, 10], ɖ ɛŮŰŬűɞɟɎ űɞɟŰɑɞɡ Ŭˊɧ əŬɘ ˊɟɞɠ Űɞ 

ɡˊɧůŰɟɤɛŬ ɐ ɖ ˊŬɟŬɛɧɟűɤůɖ ˊɞɡ ˊɟɞəŬɚŮɑŰŬɘ Ŭˊɧ Űɞ ɡˊɧůŰɟɤɛŬ [16-18], Űɞ 

ɞɝɡɔɧɜɞ ˊɞɡ ŭɘŬɢɏŮŰŬɘ ˊɟɞɠ əŬɘ Ŭˊɧ Űɞ ɡˊɧůŰɟɤɛŬ [11, 19-23], ɖ ɞɝŮɘŭɤŰɘəɐ 

əŬŰɎůŰŬůɖ Űɞɡ Au [24-27], əŬɘ ɞ ɟɧɚɞɠ Űɞɡ ɛɘəɟɞɨ Ŭɟɘɗɛɞɨ ůɨɜŰŬɝɖɠ/ůɡɜŭɘɎŰŬɝɖɠ 

(ɔŮɘŰɞɜɘəɎ ɎŰɞɛŬ ɤɠ ˊɟɞɠ ɏɜŬ ɎŰɞɛɞ) Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au [18, 28-31]. ȷəɧɛŬ, ɖ 
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ɨˊŬɟɝɖ ŬŰŮɚŮɘɩɜ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au əŬɘ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ 

ŬˊɞŰŮɚɞɨɜ ɏɜŬ ůɖɛŬɜŰɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ ŮɜŮɟɔɩɜ ɗɏůŮɤɜ. Ⱥˊɑůɖɠ, ɖ ɡɣɖɚɐ 

əŬŰŬɚɡŰɘəɐ ŭɟɎůɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŰɘɠ ŮɜŮɟɔɏɠ ˊŮɟɘɞɢɏɠ, ɧˊɤɠ ŬŰɏɚŮɘŮɠ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ Űɞɡ Au. ȺɑɜŬɘ ˊɘɗŬɜɧ ɧŰɘ ŬɟəŮŰɏɠ Ŭˊɧ Űɘɠ ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ əŬŰŬůŰɎůŮɘɠ 

ůɡɜɡˊɎɟɢɞɡɜ. ŪŬ ŬɜŬɚɡɗɞɨɜ ˊŬɟŬəɎŰɤ ɞɘ ɘŭɘɧŰɖŰŮɠ ŮəŮɑɜŮɠ ˊɞɡ ůɡɜŭɏɞɜŰŬɘ ɛŮ Űɞ 

ɛɏɔŮɗɞɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ˊɎɜŰɞŰŮ əŬɗɞɟɘůŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ɔɘŬ Űɖɜ 

ŮɜŮɟɔɧŰɖŰŬ Űɞɡ əŬŰŬɚɨŰɖ, ŬɜŮɝɎɟŰɖŰŬ Ŭˊɧ Űɞ ɡɚɘəɧ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ.  

 

1.2 ȼ ȹɟŬůŰɘəɧŰɖŰŬ Űɞɡ ɛŮŰŬɚɚɘəɞɨ Au əŬɘ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au 

 

  ȼ ɘəŬɜɧŰɖŰŬ ɛɘŬɠ ɛŮŰŬɚɚɘəɐɠ ŮˊɘűɎɜŮɘŬɠ ɜŬ ůɢɖɛŬŰɑɕŮɘ ŭŮůɛɞɨɠ ɛŮ ɏɜŬ Ŭɏɟɘɞ 

ŮɑɜŬɘ ɏɜŬ ɛɏŰɟɞ Űɞɡ ˊɧůɞ ŮɡɔŮɜɏɠ ŮɑɜŬɘ. ȰɜŬ ɛɏŰŬɚɚɞ ŮɑɜŬɘ ŮɡɔŮɜɏɠ ɧŰŬɜ ŭŮɜ 

ɞɝŮɘŭɩɜŮŰŬɘ, ŭɖɚŬŭɐ ɧŰŬɜ ŭŮɜ ɢɖɛŮɘɞɟɞűɎŰŬɘ Űɞ ɞɝɡɔɧɜɞ ɛŮŰɎ Ŭˊɧ ŭɘɎůˊŬůɖ. ɇɞ 

ɆɢɐɛŬ 2 ŭŮɑɢɜŮɘ Űɘɠ ɡˊɞɚɞɔɘůɛɏɜŮɠ ŮɜɏɟɔŮɘŮɠ ɢɖɛŮɘɞɟɧűɖůɖɠ ɞɝɡɔɧɜɞɡ ɛŮɟɘəɩɜ 

ɛŮŰɎɚɚɤɜ ɛŮŰɎˊŰɤůɖɠ. ɇŬ ɛɏŰŬɚɚŬ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ˊɎɜɤ əŬɘ ŬɟɘůŰŮɟɎ ɤɠ ˊɟɞɠ Űɞ 

Au ůŰɞɜ ˊŮɟɘɞŭɘəɧ ˊɑɜŬəŬ, ˊŬɟɞɡůɘɎɕɞɡɜ ŬɡɝŬɜɧɛŮɜŮɠ ŮɜɏɟɔŮɘŮɠ 

ɢɖɛŮɘɞˊɟɞůɟɧűɖůɖɠ, Ůɜɩ ŰŬ ɔŮɘŰɞɜɘəɎ ɛɏŰŬɚɚŬ Űɞɡ Au ŭŮůɛŮɨɞɡɜ Űɞ ɞɝɡɔɧɜɞ 

ŬůɗŮɜɩɠ. O Au ŮɑɜŬɘ Űɞ ɛɧɜɞ ɛɏŰŬɚɚɞ ɛŮ ɛɘŬ ŮɜŭɧɗŮɟɛɖ ŮɜɏɟɔŮɘŬ 

ɢɖɛŮɘɞˊɟɞůɟɧűɖůɖɠ, ˊɞɡ ůɖɛŬɑɜŮɘ ɧŰɘ ŭŮɜ ŭŮůɛŮɨŮɘ ɞɚɞəɚɖɟɤŰɘəɎ Űɞ ɞɝɡɔɧɜɞ. ȷɡŰɧ 

ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ ɛŮ Űɞ ɔɜɤůŰɧ ɔŮɔɞɜɧɠ ɧŰɘ ɞ Au ŮɑɜŬɘ ŬŭɟŬɜɐɠ ůŰɞɜ ŬŰɛɞůűŬɘɟɘəɧ 

ŬɏɟŬ. 

 

ɆɢɐɛŬ 2. Ƀɘ ŭɘŬůˊŬůŰɘəɏɠ ŮɜɏɟɔŮɘŮɠ ɢɖɛŮɘɞˊɟɞůɟɧűɖůɖɠ ɔɘŬ Űɞ ɞɝɡɔɧɜɞ ůŮ ɛɏŰŬɚɚŬ 
ɛŮŰɎˊŰɤůɖɠ [32]. 
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Ƀɘ ŰɎůŮɘɠ ůŰɞ ɆɢɖɛŬ 2 ɛˊɞɟɞɨɜ ɜŬ əŬŰŬɜɞɖɗɞɨɜ ɗŮɤɟɩɜŰŬɠ ɧŰɘ ɞ ɢɖɛɘəɧɠ 

ŭŮůɛɧɠ ˊɞɡ ůɢɖɛŬŰɑɕŮŰŬɘ ŮɑɜŬɘ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ůɨɕŮɡɝɖɠ Űɤɜ əŬŰŬůŰɎůŮɤɜ ůɗɏɜɞɡɠ 

Űɞɡ ɞɝɡɔɧɜɞɡ əŬɘ Űɤɜ d-əŬŰŬůŰɎůŮɤɜ Űɞɡ ɛŮŰɎɚɚɞɡ [4]. Ƀɘ d-əŬŰŬůŰɎůŮɘɠ Űɞɡ Au 

ŮɑɜŬɘ ŮɜŮɟɔŮɘŬəɎ ɢŬɛɖɚɏɠ əŬɘ ɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮ Űɘɠ 2p əŬŰŬůŰɎůŮɘɠ Űɞɡ ɞɝɡɔɧɜɞɡ 

ŮɑɜŬɘ ŬˊɤůŰɘəɐ. Ⱥɜɩ ɛŮ ɓɎůɖ ŰŬ ŬɜɤŰɏɟɤ ɗŬ ɗŮɤɟɞɨɜŰŬɜ ŬˊɑɗŬɜɞ ɞ Au ɜŬ ŮɑɜŬɘ 

əŬɚɧɠ əŬŰŬɚɨŰɖɠ ɔɘŬ ɛɘŬ ŬɜŰɑŭɟŬůɖ ɞɝŮɑŭɤůɖɠ, ŮɜŰɞɨŰɞɘɠ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ɞ 

ɢɟɡůɧɠ əŬŰŬɚɨŮɘ Űɖɜ ɞɝŮɑŭɤůɖ Űɞɡ CO Ŭəɧɛɖ əŬɘ ůŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (ɧˊɤɠ ɞ 

Pt ůŰɞɡɠ əŬŰŬɚɨŰŮɠ ŬɡŰɞəɘɜɐŰɤɜ, ůŮ ɡɣɖɚɐ ɗŮɟɛɞəɟŬůɑŬ)   

ȷɡŰɧ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ɛɘŬ ůɡɚɚɞɔɐ Űɤɜ 

ˊŮɘɟŬɛŬŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ Űɖɠ ŭɟŬůŰɖɟɘɧŰɖŰŬɠ Űɖɠ ɞɝŮɑŭɤůɖɠ Űɞɡ CO ɤɠ ůɡɜɎɟŰɖůɖ 

Űɞɡ ɛŮɔɏɗɞɡɠ Űɤɜ əŬŰŬɚɡŰɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ɛŮ ŭɘŬűɞɟŮŰɘəɎ ɡˊɞůŰɟɩɛŬŰŬ [31, 

33, 34]. ȺɑɜŬɘ ůŬűɏɠ ɧŰɘ ɖ ŭɟŬůŰɘəɧŰɖŰŬ ŮɝŬɟŰɎŰŬɘ ɘůɢɡɟɎ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au, əŬɘ ɧŰɘ ŰŬ Au ůɤɛŬŰɑŭɘŬ əɎŰɤ Ŭˊɧ 5 nm, ŭɖɚŬŭɐ ɛŮ ˊɎɢɞɠ 

ɛɘəɟɧŰŮɟɞ Ŭˊɧ ŰɟɑŬ ŬŰɞɛɘəɎ ŮˊɑˊŮŭŬ, ŮɛűŬɜɑɕɞɡɜ ɏɜŰɞɜɖ əŬŰŬɚɡŰɘəɐ ŭɟɎůɖ [18]. 

Ⱥˊɘˊɚɏɞɜ, ɖ ŮɜŮɟɔɧŰɖŰŬ ŭɘŬűɏɟŮɘ ŬɜɎɚɞɔŬ ɛŮ Űɞ ɡˊɧůŰɟɤɛŬ.  

  ȼ ůɨɜɗŮůɖ Űɤɜ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ůɡɜɐɗɤɠ ŬəɞɚɞɡɗŮɑ 

ŰɟŮɘɠ ŭɘŬŭɘəŬůɑŮɠ, Ŭ) ŮɛˊɞŰɘůɛɧɠ Űɖɠ ˊɟɧŭɟɞɛɖɠ ɏɜɤůɖɠ ɢɟɡůɞɨ ɐ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ 

Au ˊɎɜɤ ůŰɞ ɡˊɎɟɢɞɜ ɡˊɧůŰɟɤɛŬ ɛŮ ŭɘɎűɞɟŮɠ ɛŮɗɧŭɞɡɠ (ˊ.ɢ. ɘɞɜŰɞŬɜŰŬɚɚŬɔɐ, 

ɟɧűɖůɖ ɘɧɜŰɤɜ,  ŮɛˊɞŰɘůɛɧɠ), ɓ) ŰŬɡŰɧɢɟɞɜɞɠ ůɢɖɛŬŰɘůɛɧɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au 

əŬɘ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ, ɔ) ŬɜɎˊŰɡɝɖ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɔɨɟɤ Ŭˊɧ ŰŬ ɐŭɖ 

ůɢɖɛŬŰɘůɛɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ [35]. 
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ɆɢɐɛŬ 3. ȾŬŰŬɚɡŰɘəɐ ŭɟɎůɖ ɞɝŮɑŭɤůɖɠ CO, ŭɘŬűɧɟɤɜ ɛŮɔŮɗɩɜ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ůŮ ŭɘɎűɞɟŬ ɡˊɞůŰɟɩɛŬŰŬ  

 

1.2.1 Ʉɟɞůɞɛɞɑɤůɖ-ŪŮɤɟɑŬ  ɚŮɘŰɞɡɟɔɘəɐɠ ˊɡəɜɧŰɖŰŬɠ 

ȺűŬɟɛɧɕɞɜŰŬɠ Űɖ ɗŮɤɟɑŬ ůɡɜŬɟŰɖůɘɞŮɘŭɞɨɠ Űɖɠ ˊɡəɜɧŰɖŰŬɠ (density 

functional theory, DFT) ˊɟɞůɞɛɞɘɩɜŮŰŬɘ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ˊɟɞůɟɞűɖɛɏɜɤɜ ɛɞɟɑɤɜ 

ˊɎɜɤ ůŮ ɏɜŬ ɜŬɜɞůɤɛŬŰɑŭɘɞ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŭɘŮɡəɞɚɡɜɗŮɑ ɖ əŬɚɨŰŮɟɖ  əŬŰŬɜɧɖůɖ 

Űɖɠ Ůˊɘɟɟɞɐɠ Űɞɡ ɛŮɔɏɗɞɡɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ůŰɖɜ əŬŰŬɚɡŰɘəɐ ŭɟɎůɖ. ɆŰɞ 

ɆɢɐɛŬ 4 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɏɜŬ ůɨɛˊɚŮɔɛŬ 10
 
ŬŰɧɛɤɜ Au, ŬɜŰɑ Ůɜɧɠ ůɡɛˊɚɏɔɛŬŰɞɠ Au 3-

5nm ɛŮ ɢɘɚɘɎŭŮɠ ɎŰɞɛŬ. ȼ ŬɜŰɑŭɟŬůɖ ŭɞəɘɛɐɠ ŮɑɜŬɘ ɖ ɞɝŮɑŭɤůɖ CO əŬɘ ŰŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ Au ɛŮɚŮŰɩɜŰŬɘ ɢɤɟɑɠ ɡˊɧůŰɟɤɛŬ.   

 ɇɞ ŭɘɎɔɟŬɛɛŬ ŮɜŮɟɔŮɘɩɜ Űɤɜ ŭɡɞ ˊɘɗŬɜɩɜ ŭɘŬŭɟɞɛɩɜ Űɖɠ ɞɝŮɑŭɤůɖɠ CO 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 4 [28,30]. ɆŰɖ ɛɘŬ ŭɘŬŭɟɞɛɐ ŭɘŬůˊɎŰŬɘ Űɞ Ƀ2, ˊɟɘɜ 

ŬɜŰɘŭɟɎůŮɘ ɛŮ Űɞ CO, ɔɘŬ ɜŬ ůɢɖɛŬŰɑůŮɘ CO2. ɆŰɖɜ Ɏɚɚɖ ŭɘŬŭɟɞɛɐ ɖ ŬɜŰɑŭɟŬůɖ ŮɑɜŬɘ 

ŬɜɎɛŮůŬ ůŰɞ ɛɧɟɘɞ Űɞɡ O2 əŬɘ Űɞɡ CO. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŭŮɑɢɜɞɡɜ ɧŰɘ ɖ ɞɝŮɑŭɤůɖ 

Űɞɡ CO ŮɑɜŬɘ ŭɡɜŬŰɐ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ ŬɜŰɑŭɟŬůɖ 

ɛŮŰŬɝɨ Űɞɡ ɛɞɟɘŬəɞɨ O2 əŬɘ CO ŮɡɜɞŮɑŰŬɘ əŬɘ ŬˊŬɘŰŮɑ ůɖɛŬɜŰɘəɎ ɢŬɛɖɚɧŰŮɟɖ 

ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ Ŭˊɧ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŭɘɎůˊŬůɖ Űɞɡ O2. ɇɞ 

ˊɟɞůɟɞűɖɛɏɜɞ ɎŰɞɛɞ O ˊɞɡ ɏɢŮɘ ŬˊɞɛŮɑɜŮɘ Ŭˊɧ Űɖɜ ŬɜŰɑŭɟŬůɖ ɛŮŰŬɝɨ Űɞɡ O2 

əŬɘ Űɞɡ CO ɗŬ ŬɜŰɘŭɟɎůŮɘ ɛŮ Ɏɚɚɞ CO.  
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ɆɢɐɛŬ 4. ȺɜɏɟɔŮɘŮɠ ŬɜŰɑŭɟŬůɖɠ ɞɝŮɑŭɤůɖɠ CO, ůɡɛˊɚɏɔɛŬŰɞɠ Au (10 ŬŰɧɛɤɜ).  

 

ɇɞ ŭɘɎɔɟŬɛɛŬ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŬˊɞŰŮɚŮɑ ůɖɛŬɜŰɘəɐ ɏɜŭŮɘɝɖ ɔɘŬ Űɖɜ əŬŰŬɜɧɖůɖ 

Űɖɠ ɘəŬɜɧŰɖŰŬɠ Űɤɜ ɜŬɜɞůɤɛŬŰɑŭɘɤɜ Au ɜŬ ŭɟɞɨɜ əŬŰŬɚɡŰɘəɎ.  ɇŬ ůŰɞɘɢŮɑŬ O2, Ƀ, 

əŬɘ CO ůɡɜŭɏɞɜŰŬɘ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ůɡɛˊɚɏɔɛŬŰɞɠ Au əŬɘ ŬɡŰɧ ɏɟɢŮŰŬɘ ůŮ 

ŬɜŰɑɗŮůɖ ɛŮ Űɘɠ ŮəŰŮŰŬɛɏɜŮɠ ŮˊɘűɎɜŮɘŮɠ Au. ȼ ŭɘŬűɞɟɎ ŬɡŰɐ ŮɝɖɔŮɑŰŬɘ ɛŮ Űɞɜ Ŭɟɘɗɛɧ 

ůɡɜŭɘɎŰŬɝɖɠ (ɔŮɘŰɜɑŬůɖɠ) Űɤɜ ŬŰɧɛɤɜ Űɞɡ Au, ɛŮ ŰŬ ɞˊɞɑŬ ůɡɜŭɏɞɜŰŬɘ ŰŬ ŬɜŰɘŭɟɩɜŰŬ 

ůŰɞɘɢŮɑŬ (ɆɢɐɛŬ 5). ɇŬ ɎŰɞɛŬ Au ˊɎɜɤ ůŮ ɛɘŬ ˊɡəɜɐɠ ŭɘɎŰŬɝɖɠ ŮˊɘűɎɜŮɘŬ ɏɢɞɡɜ 

ŮɜɜɏŬ ɔŮɑŰɞɜŮɠ Au əŬɘ Ŭɟɘɗɛɧ ůɡɜŭɘɎŰŬɝɖɠ ŮűŰɎ. ɆŰɘɠ ɔɤɜɑŮɠ Űoɡ ůɡɛˊɚɏɔɛŬŰɞɠ Au 

Űɞ ɛɘəɟɧ ůɤɛŬŰɑŭɑɞ ɛˊɞɟŮɑ ɜŬ ɏɢŮɘ Ŭɟɘɗɛɧ ůɡɜŭɘɎŰŬɝɖɠ ŰɟɘŬ ɐ ŰɏůůŮɟŬ. ɆŰɞ ůɢɐɛŬ 5 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ɧŰɘ ɖ ŮɜɏɟɔŮɘŬ ŭŮůɛɞɨ ɛŮɘɩɜŮŰŬɘ ůɢŮŭɧɜ ɔɟŬɛɛɘəɎ  ɛŮ Űɖ ɛŮɑɤůɖ Űɞɡ 

Ŭɟɘɗɛɞɨ ůɡɜŭɘɎŰŬɝɖɠ [28, 31]. 
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ɆɢɐɛŬ 5. Ƀɘ ŮɜɏɟɔŮɘŮɠ ŭŮůɛɩɜ Űɤɜ Ƀ2, Ƀ əŬɘ CO ˊɎɜɤ ůŰɞ Au əŬɘ ɞ Ŭɟɘɗɛɧɠ ůɡɜŰɞɜɘůɛɞɨ 

Űɤɜ ŬŰɧɛɤɜ Au ůŮ ŭɘɎűɞɟŮɠ ŮˊɘűɎɜŮɘŮɠ əŬɘ ůɡɛˊɚɏɔɛŬŰŬ.  

 

ɇŬ ɛɘəɟɎ ůɤɛŬŰɑŭɘŬ ɏɢɞɡɜ ɏɜŬ ůɢŮŰɘəɎ ɛɘəɟɧ Ŭɟɘɗɛɧ ůɡɜŭɘɎŰŬɝɖɠ 

ŬŰɧɛɤɜ Au, ŰŬ ɞˊɞɑŬ ɓɟɑůəɞɜŰŬɘ ůŰŬ ɎəɟŬ əŬɘ, ŮɘŭɘəɧŰŮɟŬ, ůŰɘɠ ɔɤɜɑŮɠ Űɤɜ 

ůɤɛŬŰɘŭɑɤɜ. ȼ ˊŬɟŬˊɎɜɤ Ŭˊɚɐ ŬɜɎɚɡůɖ ŭŮɑɢɜŮɘ ɧŰɘ, ŬɡŰɎ ŰŬ  ɎŰɞɛŬ Au ŮɑɜŬɘ ɘəŬɜɎ 

ɜŬ ůɡɜŭŮɗɞɨɜ ɛŮ CO əŬɘ Ƀ2, Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑ ˊɟɞɦˊɧɗŮůɖ ɔɘŬ ɛɘŬ əŬŰŬɚɡŰɘəɐ 

ŬɜŰɑŭɟŬůɖ. ɆɡɜŮˊɩɠ, ŮɑɜŬɘ əŬŰŬɜɞɖŰɧ ɧŰɘ ůŮ ŬɡŰɏɠ Űɘɠ ɗɏůŮɘɠ ɖ ŬɜŰɑŭɟŬůɖ ɞɝŮɑŭɤůɖɠ 

CO ŮɑɜŬɘ ŮűɘəŰɐ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. 

ȺɎɜ ɞɘ ɢŬɛɖɚɎ ůɡɜŭɘŬŰŮŰŬɔɛɏɜŮɠ ɔɤɜɘŬəɏɠ ɗɏůŮɘɠ ŮɑɜŬɘ ɞɘ ŮɜŮɟɔɏɠ ɗɏůŮɘɠ, ŰɧŰŮ 

ɖ əŬŰŬɚɡŰɘəɐ ŭɟɎůɖ əɚɘɛŬəɩɜŮŰŬɘ ɛŮ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ɢŬɛɖɚɎ ůɡɜŭɘŬŰŮŰŬɔɛɏɜɤɜ 

ŬŰɧɛɤɜ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. ɇɞ ɆɢɐɛŬ 6 ˊŬɟɞɡůɘɎɕŮɘ Űɞɜ ɡˊɞɚɞɔɘůɛɧ əɚɎůɛŬŰɞɠ 

Űɤɜ ŬŰɧɛɤɜ ˊɞɡ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ŮɑŰŮ ůŰɘɠ ɔɤɜɑŮɠ, ŮɑŰŮ ůŰŬ ɎəɟŬ, ŮɑŰŮ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ 

ůŰɞ ˊɎɜɤ ɛɘůɧ Űɞɡ ɞəŰɎŮŭɟɞɡ ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ ŭɘŬɛɏŰɟɞɡ Űɤɜ ůɤɛŬŰɘŭɑɤɜ [28]. 

ɆŬűɩɠ, ɞ ůɡɜɞɚɘəɧɠ Ŭɟɘɗɛɧɠ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ ŬŰɧɛɤɜ ŬɚɚɎɕŮɘ ŮɚɎɢɘůŰŬ, ɧŰŬɜ Űɞ 

ɛɏɔŮɗɞɠ Űɞɡ ůɤɛŬŰɘŭɑɞɡ ɛŮɘɩɜŮŰŬɘ Ŭˊɧ 10 nm ůŮ 2 nm. ɄŬɟôɧɚŬ ŬɡŰɎ Űɞ əɚɎůɛŬ Űɤɜ 

ɔɤɜɘɩɜ ŬɡɝɎɜŮŰŬɘ ůɖɛŬɜŰɘəɎ ɧŰŬɜ Űɞ ɛɏɔŮɗɞɠ Űɞɡ ůɤɛŬŰɘŭɑɞɡ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞ Ŭˊɧ 4 

nm əŬɘ əɚɘɛŬəɩɜŮŰŬɘ ˊŮɟɑˊɞɡ ɤɠ d
-3

 əŬɗɩɠ ɖ ŭɘɎɛŮŰɟɞɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ 

ůɡɟɟɘəɜɩɜŮŰŬɘ. ȼ Ŭɨɝɖůɖ Űɞɡ ˊɟɞɓɚŮˊɧɛŮɜɞɡ əɚɎůɛŬŰɞɠ Űɤɜ ɔɤɜɘŬəɩɜ ŬŰɧɛɤɜ 

ůɡɛˊɑˊŰŮɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɞɝŮɑŭɤůɖɠ CO əŬɘ ɛŮ Űɖ ɛŮɑɤůɖ Űɞɡ ɛŮɔɏɗɞɡɠ Űɤɜ 

ůɤɛŬŰɘŭɑɤɜ Au (ɆɢɐɛŬ 3). ȷɡŰɧ ŮˊɘɓŮɓŬɘɩɜŮɘ Űɖɜ ɡˊɧɗŮůɖ ɧŰɘ ɞ ůɡɜɞɚɘəɧɠ Ŭɟɘɗɛɧɠ 
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Űɤɜ ŬŰɧɛɤɜ, ˊɞɡ ŮɑɜŬɘ ŰɞˊɞɗŮŰɖɛɏɜŬ ůŰɘɠ ɔɤɜɑŮɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ, ɏɢŮɘ ɛŮɔɎɚɖ 

ŮˊɑŭɟŬůɖ ůŰɖ ŭɟɎůɖ Űɞɡ ɡˊɞůŰɖɟɘɔɛɏɜɞɡ əŬŰŬɚɨŰɖ Au.  

 

 

ɆɢɐɛŬ 6. ȾɚɎůɛŬ ŬŰɧɛɤɜ Au ůŮ ɞɛɞɘɧɛɞɟűɞ ɜŬɜɞůɤɛŬŰɑŭɘɞ Au ůŮ ůɢɏůɖ ɛŮ Űɖ ŭɘɎɛŮŰɟɞ 

Űɞɡ ɜŬɜɞůɤɛŬŰɘŭɑɞɡ (ůŮ Ɏəɟɖ, ŮˊɘűɎɜŮɘŬ, ɔɤɜɑŬ) 

 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊɟɞůɞɛɞɑɤůɖɠ ŭŮɑɢɜɞɡɜ ɧŰɘ ɖ ɛŮɑɤůɖ Űɞɡ Ŭɟɘɗɛɞɨ 

ůɡɜŭɘɎŰŬɝɖɠ Űɤɜ ŬŰɧɛɤɜ Au ɞŭɖɔŮɑ ůŮ Ůɜɘůɢɡɛɏɜɖ ɢɖɛɘəɐ ˊɟɞůɟɧűɖůɖ. ɆŰɖɜ 

ˊɟŬɔɛŬŰɘəɧŰɖŰŬ, ɞɘ ŮəŰɘɛɩɛŮɜŮɠ ŮɜɏɟɔŮɘŮɠ ɢɖɛŮɘɞˊɟɞůɟɧűɖůɖɠ ŮɑɜŬɘ əɞɜŰɎ ůŰɘɠ Űɘɛɏɠ 

ˊɞɡ ŬɜŬɛɏɜɞɜŰŬɘ Ŭˊɧ Űɞɡɠ ɡˊɞɚɞɔɘůɛɞɨɠ, ɧˊɤɠ ɡˊɞŭŮɘəɜɨŮŰŬɘ ůŰɞ ɆɢɐɛŬ 5. 

ȺˊɘˊɟɧůɗŮŰŬ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŮˊɘɓŮɓŬɘɩɜɞɡɜ Űɖɜ ɡˊɧɗŮůɖ, ɧŰɘ ŰŬ ɛŮŰŬɚɚɘəɎ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ Au ŮɑɜŬɘ ŮɔɔŮɜɩɠ əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɎ, ŮɎɜ ɞ Ŭɟɘɗɛɧɠ ůɡɜŭɘɎŰŬɝɖɠ Űɤɜ 

ŬŰɧɛɤɜ Au ŮɑɜŬɘ ɢŬɛɖɚɧɠ. 

Ƀɘ ɛɞɜŬŭɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡˊɞůŰɖɟɘɔɛɏɜɞɡ Au ɏɢɞɡɜ ŰŮɟɎůŰɘɞ ŮˊɘůŰɖɛɞɜɘəɧ 

ŮɜŭɘŬűɏɟɞɜ ɧůɞɜ ŬűɞɟɎ ůŰɖɜ əŬŰɎɚɡůɖ ŭɘŬűɧɟɤɜ ŬɜŰɘŭɟɎůŮɤɜ ůŮ ɢŬɛɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ. ȼ ɡɣɖɚɐ ŮɜŮɟɔɧŰɖŰŬ ŬɡŰɩɜ Űɤɜ əŬŰŬɚɡŰɩɜ ɞűŮɑɚŮŰŬɘ ůŰɞ ɛɘəɟɧ 

ɛɏɔŮɗɞɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au (<5nm) əŬɗɩɠ əŬɘ ůŰɖ űɨůɖ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ 

(SiO2, TiO2, Al2O3, Fe2O3). ȺɑɜŬɘ ɓɏɓŬɘŬ ɔɜɤůŰɧ ɧŰɘ ɖ ŰɎůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɜŬ 

ůɢɖɛŬŰɑɕɞɡɜ ůɡůůɤɛŬŰɩɛŬŰŬ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ŬɜŰɘŭɟɎůŮɤɜ ɏɢŮɘ ɤɠ ůɡɜɏˊŮɘŬ 

Űɖ ɛŮɑɤůɖ Űɖɠ əŬŰŬɚɡŰɘəɐɠ Űɞɡɠ ŭɟɎůɖɠ. ɆɡɜŮˊɩɠ, ɔɘŬ Űɖɜ ŮɝŬůűɎɚɘůɖ Űɖɠ 
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ůŰŬɗŮɟɧŰɖŰŬɠ Űɤɜ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au əŬɘ Űɖɜ ɞɛɞɘɞɔŮɜɐ 

ŮɜŬˊɧɗŮůɐ Űɞɡɠ, ŰŬ ˊɞɟɩŭɖ ɡɚɘəɎ ɧˊɤɠ ˊɞɟɩŭɖɠ ŬɚɞɨɛɘɜŬ, ˊɡɟɘŰɑŬ, MCM-41, SBA-

15, ə.Ŭ ŬˊɞŰŮɚɞɨɜ ɘŭŬɜɘəɎ ɡˊɞůŰɟɩɛŬŰŬ. Ʉɘɞ ŬɜŬɚɡŰɘəɎ, ŰŬ ˊɞɟɩŭɖ ˊɡɟɘŰɘəɎ 

ɡˊɞůŰɟɩɛŬŰŬ ŮɝŬůűŬɚɑɕɞɡɜ əŬɚɐ ŭɘŬůˊɞɟɎ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ, ɏɢɞɡɜ ɡɣɖɚɐ 

Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ əŬɘ ɡɣɖɚɐ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ, ɘŭɘɧŰɖŰŮɠ ŬˊŬɟŬɑŰɖŰŮɠ ɔɘŬ 

əŬŰŬɚɡŰɘəɐ ŬɜŰɑŭɟŬůɖ [36, 37]. 

 

 

2. ɁŬɜɞůɤɛŬŰɑŭɘŬ Ag əŬɘ Cu 

 

2.1 ȷɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ag 

 

ȼ ŬɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ Űɞɡ Ag ŮűŬɟɛɧɕŮŰŬɘ ůŮ ˊɞɚɡɎɟɘɗɛŬ əŬŰŬɜŬɚɤŰɘəɎ 

ˊɟɞɥɧɜŰŬ əŬɘ ɘŬŰɟɘəɏɠ ůɡůəŮɡɏɠ ůŮ ɛɞɟűɐ ɛŮŰŬɚɚɘəɞɨ Ag, ŬɚɎŰɤɜ Ag əŬɘ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ag. ɇɡˊɘəɎ, ɖ ůɨɜɗŮůɖ Űɤɜ əɞɚɚɞŮɘŭɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ag ɔɑɜŮŰŬɘ 

ɛŮ ŬɜŬɔɤɔɐ ŬɚɎŰɤɜ Ag ɛŮ ɛɏůŬ ŬɜŬɔɤɔɐɠ ɧˊɤɠ əɘŰɟɘəɧ, ɔɚɡəɧɕɖ, ŬɘɗɡɚŮɜɞɔɚɡəɧɚɖ, 

ɐ ɓɞɟɞɦŭɟɑŭɘɞ Űɞɡ ɜŬŰɟɑɞɡ. ȼ ŬɜŬɔɤɔɐ ɛˊɞɟŮɑ ɜŬ ŭɘŮɝŬɢɗŮɑ ůŮ ɜŮɟɧ əŬɗɩɠ əŬɘ ůŮ 

ɞɟɔŬɜɘəɞɨɠ ŭɘŬɚɨŰŮɠ. ȼ ˊɟɞůɗɐəɖ ůŰŬɗŮɟɞˊɞɘɖŰɩɜ, ŮɛˊɞŭɑɕŮɘ Űɖɜ ŬɜɎˊŰɡɝɖ 

ůɡůůɤɛŬŰɤɛɎŰɤɜ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. ȼ űɡůɘəɐ ůɨɜɗŮůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ag 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůɡɜɐɗɤɠ ůŰɖɜ ŬɏɟɘŬ űɎůɖ. Ⱥˊɑůɖɠ, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ŰŮɢɜɘəɐ laser 

ablation əŬɘ ɖ ůɨɜɗŮůɖ űɚɧɔŬɠ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ.  

ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŬˊŮɚŮɡɗŮɟɩɜɞɡɜ ɘɧɜŰŬ, ůɡɜŮˊɩɠ ɞ ɘɞɜŰɘəɧɠ Ag 

ŬˊŮɚŮɡɗŮɟɩɜŮŰŬɘ Ŭˊɧ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag. ȺɎɜ ŭŮɜ ɡˊɎɟɢŮɘ ŭɘŬɚɡŰɞˊɞɘɖɛɏɜɞ 

ɞɝɡɔɧɜɞ, ŭŮɜ ɡˊɎɟɢŮɘ əŬɗɧɚɞɡ ŭɘɎɚɡůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ag. ɋůŰɧůɞ, ɞ 

ɆɤŰɖɟɑɞɡ əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ ɏɢɞɡɜ ŭɘŬˊɘůŰɩůŮɘ ɧŰɘ ɖ ŬɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ag ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɛɏɔŮɗɧɠ Űɞɡɠ. ɆɡɔəŮəɟɘɛɏɜŬ, ŰŬ ɛŮɔŬɚɨŰŮɟŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ (>10 nm) ŬˊŮɚŮɡɗŮɟɩɜɞɡɜ ɚɘɔɧŰŮɟŬ ɘɧɜŰŬ Ag əŬɘ ɏɢɞɡɜ 

ŬɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ ůŮ ɎɛŮůɖ ŮˊŬűɐ ɛŮ ŰŬ ɓŬəŰɐɟɘŬ. ȼ ŬɜŮɝɏɚŮɔəŰɖ 

ŬˊŮɚŮɡɗɏɟɤůɖ ɘɧɜŰɤɜ ŮɛˊɞŭɑɕŮŰŬɘ Ŭˊɧ ŮˊɘűŬɜŮɘŬəɏɠ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ.  

ɇɞ əŬŰɘɧɜ Ag ŮɑɜŬɘ ɞɝɨ əŬŰɎ Lewis əŬɘ ɏɢŮɘ ůɡɔɔɏɜŮɘŬ ɛŮ Űɞ 

ɗŮɑɞ əŬɘ Űɞ ɎɕɤŰɞ. ɆɡɜŮˊɩɠ, ɏɢŮɘ ˊɞɚɚɏɠ ˊɘɗŬɜɧŰɖŰŮɠ ɜŬ ŭɘŬŰŬɟɎɝŮɘ ɓɘɞɢɖɛɘəɏɠ 

ŭɘŮɟɔŬůɑŮɠ, Ŭűɞɨ ŬɚɚɖɚŮˊɘŭɟɎ ɛŮ Űɘɠ ɗŮɘɧɚŮɠ əŬɘ Űɘɠ Ŭɛɘɜɞ-ɞɛɎŭŮɠ ˊɟɤŰŮɘɜɩɜ, ŰŬ 

ɜɞɡəɚŮɘəɎ ɞɝɏŬ əŬɘ Űɘɠ əɡŰŰŬɟɘəɏɠ ɛŮɛɓɟɎɜŮɠ. ũŮɜɘəɎ, ŰŬ əɨŰŰŬɟŬ ˊɟɞůɚŬɛɓɎɜɞɡɜ 
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ŮɨəɞɚŬ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ, ŭɖɚŬŭɐ ŰŬ ŮɡəŬɟɡɤŰɘəɎ əŬɘ ɛɖ űŬɔɞəɨŰŰŬɟŬ 

ˊɟɞůɚŬɛɓɎɜɞɡɜ ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag ɛŮ ŮɜŭɞəɡŰŰɎɟɤůɖ əŬɘ ɛŬəɟɞˊɡɟɖɜɞəɡŰŰɎɟɤůɖ 

[38]. 

ɇŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ɓŬəŰɖɟɘŬəɩɜ əɡŰŰɎɟɤɜ ˊŬɟɏɢɞɡɜ ŬɜŰɞɢɐ, ŬəŬɛɣɑŬ əŬɘ 

ˊɟɞůŰŬŰŮɨɞɡɜ Űɞ əɨŰŰŬɟɞ Ŭˊɧ ɞůɛɤŰɘəɐ ɚɨůɖ əŬɘ ɛɖɢŬɜɘəɐ ɓɚɎɓɖ. ɇɞ ɓŬəŰɖɟɘŬəɧ 

əɡŰŰŬɟɘəɧ ŰɞɑɢɤɛŬ ɛŮ ɓɎůɖ Űɖ ŭɞɛɐ, ŰŬ ůɡůŰŬŰɘəɎ əŬɘ Űɘɠ ɚŮɘŰɞɡɟɔɑŮɠ Űɞɡ 

ŭɘŬɢɤɟɑɕŮŰŬɘ ůŮ ŭɡɞ əŬŰɖɔɞɟɑŮɠ Űɞ Gram ɗŮŰɘəɧ (+) əŬɘ Gram ŬɟɜɖŰɘəɧ (-). ɇŬ 

ŬɟɜɖŰɘəɎ əɡŰŰŬɟɘəɎ ŰɞɘɢɩɛŬŰŬ Gram ŮɑɜŬɘ Ů́ɟɑˊɚɞəŬ, Űɧůɞ ŭɞɛɘəɎ ɧůɞ əŬɘ ɢɖɛɘəɎ. 

Ƀɘ ŭɞɛɘəɏɠ ŭɘŬűɞɟɏɠ ɏɔəŮɘɜŰŬɘ ůŰɖɜ ɞɟɔɎɜɤůɖ Űɞɡ ɓŬůɘəɞɨ ůɡůŰŬŰɘəɞɨ Űɖɠ 

ɛŮɛɓɟɎɜɖɠ, Űɖɠ ˊŮˊŰɘŭɞɔɚɡəɎɜɖɠ. ɇŬ ŬɟɜɖŰɘəɎ Gram ɓŬəŰɐɟɘŬ ŮɛűŬɜɑɕɞɡɜ ɛɧɜɞ ɏɜŬ 

ɚŮˊŰɧ ůŰɟɩɛŬ ˊŮˊŰɘŭɞɔɚɡəɎɜɖɠ (~ 2-3 nm) ɛŮŰŬɝɨ Űɖɠ əɡŰŰŬɟɞˊɚŬůɛŬŰɘəɐɠ 

ɛŮɛɓɟɎɜɖɠ əŬɘ Űɖɠ ŮɝɤŰŮɟɘəɐɠ ɛŮɛɓɟɎɜɖɠ. ȷɜŰɑɗŮŰŬ, ŰŬ ɗŮŰɘəɎ Gram ɓŬəŰɐɟɘŬ ŭŮɜ 

ŭɘŬɗɏŰɞɡɜ Űɖɜ ŮɝɤŰŮɟɘəɐ ɛŮɛɓɟɎɜɖ, ŬɚɚɎ ɏɢɞɡɜ ɏɜŬ ˊɡəɜɧ ůŰɟɩɛŬ ˊŮˊŰɘŭɞɔɚɡəɎɜɖɠ 

ˊŮɟɑˊɞɡ 30 nm. 

ȼ ŮɡŬɘůɗɖůɑŬ Űɤɜ Ůɘŭɩɜ ŭŮɜ ůɢŮŰɑɕŮŰŬɘ ɛɧɜɞ ɛŮ Űɖ ŭɞɛɐ Űɞɡ 

əɡŰŰŬɟɘəɞɨ ŰɞɘɢɩɛŬŰɞɠ ɗŮŰɘəɎ-Gram əŬɘ ŬɟɜɖŰɘəɎ-Gram ɓŬəŰɐɟɘŬ. ȹɘɎűɞɟɞɘ 

ŮˊɘˊɟɧůɗŮŰɞɘ ˊŬɟɎɔɞɜŰŮɠ ɛˊɞɟɞɨɜ ɜŬ ŮˊɖɟŮɎůɞɡɜ Űɖɜ ŮɡŬɘůɗɖůɑŬ ɐ Űɖɜ Ŭɜɞɢɐ Űɤɜ 

ɓŬəŰɖɟɑɤɜ ůŮ ɜŬɜɞůɤɛŬŰɑŭɘŬ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, Űɞ ɓŬəŰɐɟɘɞ Escherichia coli (-) ŮɑɜŬɘ 

ɘŭɘŬɑŰŮɟŬ ŮɡŬɑůɗɖŰɞ, Ůɜɩ ŰŬ Staphylococcus aureus (+) əŬɘ Bacillus subtilis (+) ŮɑɜŬɘ 

ɚɘɔɧŰŮɟɞ ŮɡŬɑůɗɖŰŬ ůŮ ɜŬɜɞůɤɛŬŰɑŭɘŬ CuO. ȼ ŬɜŰɘɓŬəŰɖɟɘŭɘŬəɐ ŭɟɎůɖ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ag ŮɑɜŬɘ ɡɣɖɚɧŰŮɟɖ Ŭˊɧ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Cu ɏɜŬɜŰɘ Űɤɜ E. coli 

(-) əŬɘ S. aureus (+) ɓŬəŰɖɟɑɤɜ. ɇŬ ɓŬəŰɐɟɘŬ S. aureus (+) əŬɘ ȸ. subtilis (+) ŮɑɜŬɘ 

ˊŮɟɘůůɧŰŮɟɞ ŮɡŬɑůɗɖŰŬ Ŭˊɧ ŰŬ E. coli (-) ůŮ ɜŬɜɞůɤɛŬŰɑŭɘŬ ɁiɃ əŬɘ ZnO [39].  

Ƀ Ag ŮɑɜŬɘ ɔɜɤůŰɧ ɧŰɘ ŮˊɘŭŮɘəɜɨŮɘ ɛɑŬ ɘůɢɡɟɐ ŰɞɝɘəɧŰɖŰŬ ůŮ ɏɜŬ 

Ůɡɟɨ űɎůɛŬ ɛɘəɟɞɞɟɔŬɜɘůɛɩɜ [40]. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮɜɩůŮɘɠ  ɛŮ 

ɓɎůɖ Űɞɜ Ag ůŮ ˊɞɚɚɏɠ ɓŬəŰɖɟɘɞəŰɧɜŮɠ ŮűŬɟɛɞɔɏɠ [41, 42]. ɇŬ ɘɧɜŰŬ Ag ŮɑɜŬɘ 

ŬˊɞŭŮŭŮɘɔɛɏɜŬ ŬˊɞŰŮɚŮůɛŬůŰɘəɎ ɓŬəŰɖɟɘɞəŰɧɜŬ. ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag ŮɝŬɘŰɑŬɠ Űɤɜ 

ɛɞɜŬŭɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɘŬ ŮɜŬɚɚŬəŰɘəɐ ɚɨůɖ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ 

ɜɏɤɜ ŬɜŰɘɓŬəŰɖɟɘŬəɩɜ ɡɚɘəɩɜ. 

ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Ag ŭɟɞɡɜ ɛŮ ŰɟŮɘɠ Űɟɧˊɞɡɠ ɏɜŬɜŰɘ Űɤɜ ŬɟɜɖŰɘəɩɜ-Gram 

ɓŬəŰɖɟɑɤɜ: 1) ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ, ɛŮɔɏɗɞɡɠ 1-10 nm ˊɟɞůəɞɚɚɩɜŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

Űɖɠ əɡŰŰŬɟɘəɐɠ ɛŮɛɓɟɎɜɖɠ əŬɘ ŭɘŬŰŬɟɎůůɞɡɜ ɏɜŰɞɜŬ Űɖ ůɤůŰɐ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ, ɧˊɤɠ 

Űɖ ŭɘŬˊŮɟŬŰɧŰɖŰŬ əŬɘ Űɖɜ ŬɜŬˊɜɞɐ, 2) ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŮɑɜŬɘ ɘəŬɜɎ ɜŬ ŭɘŮɘůŭɨɞɡɜ 
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ɛɏůŬ ůŰŬ ɓŬəŰɐɟɘŬ əŬɘ ɜŬ ˊɟɞəŬɚɞɨɜ ˊŮɟŬɘŰɏɟɤ ɕɖɛɘɏɠ ɛŮ ˊɘɗŬɜɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮ 

ɗŮɘɞɨɢŮɠ əŬɘ űɤůűɞɟɞɨɢŮɠ ŮɜɩůŮɘɠ ˊɞɡ ˊŮɟɘɏɢɞɜŰŬɘ ůŰɞ DNA əŬɘ 3) ŰŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ŬˊŮɚŮɡɗŮɟɩɜɞɡɜ ɘɧɜŰŬ Ag, ŰŬ ɞˊɞɑŬ ůɡɜŮɘůűɏɟɞɡɜ Ůˊɘˊɚɏɞɜ ůŰɖ 

ɓŬəŰɖɟɘɞəŰɧɜɞ ŭɟŬůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ag [43, 44].   

 

 

2.2 ȷɜŰɘɓŬəŰɖɟɘŬəɐ ŭɟɎůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Cu 

 

Ƀ Cu ɧˊɤɠ əŬɘ ɞ Ag ŮɑɜŬɘ ˊŬɟŬŭɞůɘŬəɎ ɔɜɤůŰɎ ŬɜŰɘɛɘəɟɞɓɘŬəɎ 

ɡɚɘəɎ. ɄɘůŰŮɨŮŰŬɘ ɧŰɘ, ŬɡŰɎ ŰŬ ɛɏŰŬɚɚŬ ŬɜŰɘŭɟɞɨɜ ɛŮ ˊɟɤŰŮȶɜŮɠ əŬɗɩɠ ŮɜɩɜɞɜŰŬɘ ɛŮ 

Űɘɠ ɞɛɎŭŮɠ ïSH Űɤɜ Ůɜɕɨɛɤɜ. ɆɡɜŮˊɩɠ, ŬɡŰɐ ɖ ŬɜŰɑŭɟŬůɖ ɞŭɖɔŮɑ ůŰɖɜ 

ŬŭɟŬɜɞˊɞɑɖůɖŰɤɜ ˊɟɤŰŮɥɜɩɜ [45, 46]. Ƀ Yoon əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ ŬɜŬűɏɟɞɡɜ 

ɛŮɚɏŰŮɠ ůɢŮŰɘəɎ ɛŮ Űɖɜ ŰɞɝɘəɧŰɖŰŬ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Cu ůŮ ɓŬəŰɐɟɘŬ E. coli əŬɘ 

Bacillus subtilis, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŭɞəɘɛŬůŰɘəɎ ˊɚŬəɑŭɘŬ ɛŮ ɎɔŬɟ [46]. Ƀ Esteban-

Cubillo əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ ɏɢɞɡɜ ŭŮɑɝŮɘ ɧŰɘ ɜŬɜɞůɤɛŬŰɑŭɘŬ ɢŬɚəɞɨ/ůŮˊɘɧɚɘɗɞɡ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ŬɜŬůŰɏɚɚɞɡɜ ɘůɢɡɟɎ Űɖɜ ŬɜɎˊŰɡɝɖ Űɤɜ E. coli əŬɘ S. aureus əŬŰɎ 

99,9% [47]. ȷəɧɛŬ, ɞ Ruparelia əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ ɏŭŮɘɝŬɜ Űɖɜ ŮɝŮɘŭɑəŮɡůɖ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Cu ɜŬ ŬɜŬůŰɏɚɚɞɡɜ ŮəɚŮəŰɘəɎ Űɖɜ ŬɜɎˊŰɡɝɖ ůŰŮɚŮɢɩɜ E. coli [48, 

49]. ȼ ůɨɜɗŮůɖ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Cu ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮ ŭɘɎűɞɟŮɠ 

ɛŮɗɧŭɞɡɠ, ɧˊɤɠ ɛŮ ŬəŰɘɜɞɓɞɚɑŬ ɚɏɘɕŮɟ, ɔ-ŬəŰɘɜɞɓɞɚɑŬ, ɗŮɟɛɘəɐ ŬˊɞůɨɜɗŮůɖ, ɛŮ 

ŬˊɧɗŮůɖ ŬŰɛɩɜ, ɛŮ űɚɧɔŬ ɣŮəŬůɛɞɨ, ɛŮ ɢɖɛɘəɐ ŬɜŬɔɤɔɐ [50]. 
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3. ȰɚŮɔɢɞɠ ɛɞɟűɞɚɞɔɑŬɠ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŮ ˊŮɟɘɞɟɘůŰɘəɧ ˊŮɟɘɓɎɚɚɞɜ 

 

3.1 ȺɘůŬɔɤɔɐ 

  

 ȼ ŬɜɎˊŰɡɝɖ ɛɖ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ 

ɓŬůɑɕŮŰŬɘ ůŮ ɛɘŬ əŬɘɜɞűŬɜɐ ɛɏɗɞŭɞ, ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɏɠ ɞɡůɑŮɠ ůŮ 

ŰɟɘŬŭɘəɎ ůɡůŰɐɛŬŰŬ. ɇŬ ŰɟɘŬŭɘəɎ ŬɡŰɎ ůɡůŰɐɛŬŰŬ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ Ŭɛűɘűɘɚɘəɧ 

ůɡɛˊɞɚɡɛŮɟɏɠ/ɛɖ ˊɞɚɘəɧ ŭɘŬɚɨŰɖ/ˊɞɚɘəɧ ŭɘŬɚɨŰɖ. ɇŬ ůɡɛˊɞɚɡɛŮɟɐ ŮɑɜŬɘ ŰŬ 

ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɎ, ɞ ŭɘŬɚɨŰɖɠ ŮɑɜŬɘ ɛɖ ˊɞɚɘəɧɠ ɧˊɤɠ ɝɡɚɏɜɘɞ əŬɘ ɞ ˊɞɚɘəɧɠ ŭɘŬɚɨŰɖɠ 

ŮɑɜŬɘ Űɞ ɜŮɟɧ əŬɘ ˊŮɟɘɏɢŮɘ Űɖɜ ˊɟɧŭɟɞɛɖ ɏɜɤůɖ.  

 

 

ɇɞ ɛɑɔɛŬ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɞɨ/ŮɚŬɑɞɡ/ɜŮɟɞɨ ɛŬəɟɞůəɞˊɘəɎ ŮɑɜŬɘ ɞɛɞɘɞɔŮɜɏɠ 

əŬɘ ɞɜɞɛɎɕŮŰŬɘ ɛɘəɟɞɔŬɚɎəŰɤɛŬ (microemulsion). ɆŮ ɛɘəɟɞůəɞˊɘəɐ əɚɑɛŬəŬ, ŰŬ 

ɔŬɚŬəŰɩɛŬŰŬ ŬɡŰɎ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɛŮɛɞɜɤɛɏɜŮɠ ˊŮɟɘɞɢɏɠ (domains) Ŭˊɧ ɏɚŬɘɞ əŬɘ 

ɜŮɟɧ əŬɘ ŭɘŬɢɤɟɑɕɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ Ŭˊɧ ŬɛűɘűɘɚɘəɎ ɛɧɟɘŬ. ɇɞ ɛɘəɟɞɔŬɚɎəŰɤɛŬ ŭŮɜ 

ŮɑɜŬɘ ɔŬɚɎəŰɤɛŬ ˊɞɡ ˊŮɟɘɏɢŮɘ ɛɘəɟɞɨ ɛŮɔɏɗɞɡɠ ˊŮɟɘɞɢɏɠ (droplets), Ůˊɞɛɏɜɤɠ ŭŮɜ 

ůɡɔɢɏɞɜŰŬɘ ŬɡŰɏɠ ɞɘ ŭɡɞ ɏɜɜɞɘŮɠ. ȷɡŰɧ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ, ŰŬ 

ɛŬəɟɞɔŬɚŬəŰɩɛŬŰŬ ŭŮɜ ŮɑɜŬɘ ɗŮɟɛɞŭɡɜŬɛɘəɎ ůŰŬɗŮɟɎ ůɡůŰɐɛŬŰŬ ůŮ ŬɜŰɑɗŮůɖ ɛŮ ŰŬ 

 

     ɆɢɐɛŬ 7. ȹɘɎɔɟŬɛɛŬ űɎůŮɤɜ ˊɚɞɡɟɞɜɘəɞɨ/ˊ-ɝɡɚŮɜɑɞɡ/ɜŮɟɞɨ (P104/p-xylene/H2O) 
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ɛɘəɟɞɔŬɚŬəŰɩɛŬŰŬ. ɆɡɔəŮəɟɘɛɏɜŬ, ŰŬ ɛŬəɟɞɔŬɚŬəŰɩɛŬŰŬ ɛˊɞɟŮɑ ɜŬ ŭɘŬɢɤɟɘůŰɞɨɜ, 

ɞɘ ˊŮɟɘɞɢɏɠ ŮɑɜŬɘ ɛŮɔɎɚŮɠ (1-10ɛm) əŬɘ ɏɢɞɡɜ ɛɘəɟɐ əŬɛˊɡɚɧŰɖŰŬ əŬŰɎ Űɞ 

ŭɘŬɢɤɟɘůɛɧ ŮɚŬɑɞɡ/ɜŮɟɞɨ. ɆŮ ŬɜŰɘŭɘŬůŰɞɚɐ, ŰŬ ɛɘəɟɞɔŬɚŬəŰɩɛŬŰŬ ŮɑɜŬɘ 

ɗŮɟɛɞŭɡɜŬɛɘəɎ ůŰŬɗŮɟɎ ůɡůŰɐɛŬŰŬ ŮɝŬɘŰɑŬɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ŬɡŰɞɞɟɔɎɜɤůɖɠ Űɤɜ 

ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɩɜ ɞɡůɘɩɜ ˊɞɡ ůɢɖɛŬŰɑɕɞɡɜ ŭɘŬɚɨɛŬŰŬ ɛɘəəɡɚɑɤɜ əŬɘ 

ɡɔɟɞəɟɡůŰŬɚɚɘəɏɠ űɎůŮɘɠ. ɇɞ ɛɏɔŮɗɞɠ Űɤɜ ˊŮɟɘɞɢɩɜ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 10nm əŬɘ ɖ 

əŬɛˊɡɚɧŰɖŰɎ Űɞɡɠ ŮɑɜŬɘ ɡɣɖɚɐ. ɆŰɞ ɛɘəɟɞɔŬɚɎəŰɤɛŬ ŮɚŬɑɞɡ-ɜŮɟɞɨ-

ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɞɨ ɡˊɎɟɢŮɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ˊɟɞůɗɐəɖɠ əɎˊɞɘŬɠ ɏɜɤůɖɠ, ɧˊɤɠ 

əɎˊɞɘɞɡ ɎɚŬŰɞɠ ɔɘŬ Űɞ ůɢɖɛŬŰɘůɛɧ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. 

ȼ ůɨɜɗŮůɖ Űɤɜ ɛɖ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ əŬɘ ɖ ŬɜɎˊŰɡɝɐ Űɞɡɠ 

ɏɔɘɜŮ ɛŮ ɔɜɩɛɞɜŬ Űɞ ˊŬɟŬˊɎɜɤ ŰɟɘŬŭɘəɧ ůɨůŰɖɛŬ űɎůŮɤɜ (ɆɢɐɛŬ 7) ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ 

Ŭˊɧ ŬɡŰɞɞɟɔɎɜɤůɖ Űɤɜ ŬŭɟɞɛŮɟɩɜ ůɡɛˊɞɚɡɛŮɟɩɜ ˊŬɟɞɡůɑŬ ɡŭŬŰɘəɩɜ (ɜŮɟɧ) əŬɘ ɛɐ 

ˊɞɚɘəɩɜ (ɝɡɚɧɚɘɞ) ŭɘŬɚɡŰɩɜ. ɇɞ ůɨůŰɖɛŬ ŬɡŰɧ ˊŬɟɞɡůɘɎɕŮɘ ˊɞɘəɘɚɑŬ űɎůŮɤɜ Ŭˊɧ ŰŬ 

ŬɡŰɞɞɟɔŬɜɤɛɏɜŬ ŬŭɟɞɛŮɟɐ ůɡɛˊɞɚɡɛŮɟɐ ůŰɞɡɠ ůɡɔəŮəɟɘɛɏɜɞɡɠ ŭɘŬɚɨŰŮɠ, ɧˊɤɠ 

çəŬɜɞɜɘəɏɠè (ɏɚŬɘɞ-ůŮ-ɜŮɟɧ) űɎůŮɘɠ əŬɘ çŬɜɎůŰɟɞűŮɠè 

(ɜŮɟɧ-ůŮ-ɏɚŬɘɞ) ɆɡɔəŮəɟɘɛɏɜŬ, ůɢɖɛŬŰɑɕɞɜŰŬɘ ŭɡɞ 

ŭɘŬɚɨɛŬŰŬ ɛɘəəɡɚɑɤɜ (micellar solutions), əŬɜɞɜɘəɎ 

(normal) əŬɘ ŬɜɎůŰɟɞűŬ (reverse) əŬɘ ɏɝɘ ɡɔɟɞəɟɡůŰŬɚɚɘəɏɠ 

űɎůŮɘɠ, ɧˊɤɠ əŬɜɞɜɘəɎ əŬɘ ŬɜɎůŰɟɞűŬ ɛɘəəɨɚɘŬ əɡɓɘəɐɠ 

ŭɘɎŰŬɝɖɠ (normal əŬɘ reverse micellar cubic), əŬɜɞɜɘəɎ əŬɘ 

ŬɜɎůŰɟɞűŬ ɛɘəəɨɚɘŬ ŮɝŬɔɤɜɘəɐɠ ŭɘɎŰŬɝɖɠ (normal əŬɘ 

reverse hexagonal), ŬɜɎůŰɟɞűɖ ŬɛűɘůɡɜŮɢɐ əɡɓɘəɐ (reverse 

bicontinuous cubic) əŬɘ ůŰɟɤɛŬŰɘəɐ (lamellar) 

Ƀɘ űɎůŮɘɠ ŭɘŬɚɡɛɎŰɤɜ ɛɘəəɡɚɑɤɜ L1 əŬɘ L2 ɧˊɤɠ 

űŬɑɜɞɜŰŬɘ əŬɘ ůŰɞ ŰɟɘŬŭɘəɧ ůɨůŰɖɛŬ ŮɑɜŬɘ ŬɡŰɏɠ ˊɞɡ 

ŮəŰŮɑɜɞɜŰŬɘ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ Űɟɘɔɩɜɞɡ Ŭˊɧ Űɘɠ ɔɤɜɑŮɠ Űɞɡ 

ɜŮɟɞɨ əŬɘ Űɞɡ -́ɝɡɚŮɜɑɞɡ ŬɜŰɑůŰɞɘɢŬ. ɆŰɖɜ L1 űɎůɖ ŰŬ ɛɘəəɨɚɘŬ 

ɛˊɞɟɞɨɜ ɜŬ ůɢɖɛŬŰɘůŰɞɨɜ ɢɤɟɑɠ Űɖɜ ˊŬɟɞɡůɑŬ Űɞɡ ˊɞɚɘəɞɨ 

ŭɘŬɚɨŰɖ Ůɜɩ ůŰɖɜ L2 űɎůɖ ɔɘŬ Űɞ ůɢɖɛŬŰɘůɛɧ ɛɘəəɡɚɑɤɜ 

ŬˊŬɘŰŮɑŰŬɘ ɛɘəɟɐ ˊɞůɧŰɖŰŬ ˊɞɚɘəɞɨ ŭɘŬɚɨŰɖ.  

ȼ L1 űɎůɖ əŬɘ ɖ L2 ɏɢɞɡɜ ɢŬɛɖɚɐ ŭɘŬɚɡŰɧŰɖŰŬ ˊŬɟɧɚɞ ˊɞɡ Űɞ ɛɞɟɘŬəɧ ɓɎɟɞɠ 

Űɤɜ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɩɜ ŮɑɜŬɘ ɛɘəɟɧ. ɆɡɔəŮəɟɘɛɏɜŬ, ɞ ŭɘŬɚɨŰɖɠ  -́ɝɡɚɏɜɘɞ ɛˊɞɟŮɑ ɜŬ 
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ŭɘŬɚɡɗŮɑ ɛɏɢɟɘ 2,5% ə.ɓ ɛɏůŬ ůŮ əŬɜɞɜɘəɎ ɛɘəəɨɚɘŬ ůŰɖɜ L1 űɎůɖ. ɆŰŬ ŬɜɎůŰɟɞűŬ 

ɛɘəəɨɚɘŬ, ŭɖɚŬŭɐ L2 űɎůɖ, ˊŮɟɑˊɞɡ ɛɏɢɟɘ 8% ə.ɓ ɜŮɟɧ ŭɘŬɚɨŮŰŬɘ.  

ɀŮɚŮŰɩɜŰŬɠ Űɞ ˊŬɟŬˊɎɜɤ ŰɟɘŬŭɘəɧ ůɨůŰɖɛŬ əŬɘ 

ɟ́ɞɢɤɟɩɜŰŬɠ Ŭˊɧ Űɘɠ əɞɟɡűɏɠ Űɤɜ ŭɡɞ ŭɘŬɚɡŰɩɜ, əŬŰɎ ɛɐəɞɠ 

Űɤɜ ˊɚŮɡɟɩɜ Űɞɡ Űɟɘɔɩɜɞɡ, ˊɟɞɠ Űɖ əɞɟɡűɐ Űɞɡ P104 ˊɞɡ 

ŬɡɝɎɜŮŰŬɘ ɖ ůɡɔəɏɜŰɟɤůɐ Űɞɡ, Űɖɜ L1 əŬɘ  L2 űɎůɖ 

ŭɘŬŭɏɢɞɜŰŬɘ ɞɘ I1 əŬɘ I2 ŬɜŰɑůŰɞɘɢŬ. Ƀɘ I1 əŬɘ I2 űɎůŮɘɠ 

Ŭɜɐəɞɡɜ ůŰɖ əɡɓɘəɐ űɎůɖ ɛɘəəɡɚɑɤɜ. Ⱥˊɞɛɏɜɤɠ, əŬɗɩɠ 

ŬɡɝɎɜŮŰŬɘ ɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ůɡɛˊɞɚɡɛŮɟɞɨɠ ŰŬ ɛɘəəɨɚɘŬ 

ůŰɞɘɓɎɕɞɜŰŬɘ ůŮ əɡɓɘəɧ əɟɡůŰŬɚɚɘəɧ ˊɚɏɔɛŬ. ȾɎɗŮ 

ɛɞɜŬŭɘŬɑŬ əɡɣŮɚɑŭŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɞɢŰɩ ɛɘəəɨɚɘŬ. ɇɞ 

ɛɏɔŮɗɞɠ Űɤɜ ɛɘəəɡɚɑɤɜ ŮɑɜŬɘ ˊŮɟɑˊɞɡ Űɞ ɑŭɘɞ ɛŮ ŬɡŰɧ Űɖɠ 

űɎůɖɠ Űɤɜ ŭɘŬɚɡɛɎŰɤɜ ɛɘəəɡɚɑɤɜ ɧˊɤɠ əŬɘ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɞɡɠ. 

ɀŮŰŬɓŬɑɜɞɜŰŬɠ Ŭˊɧ Űɖɜ L1 əŬɘ L2 űɎůɖ ůŰɖ I1 əŬɘ I2 ŬɜŰɑůŰɞɘɢŬ ɖ ŬɚɚŬɔɐ űɎůɖɠ ŮɑɜŬɘ 

ŮɡŭɘɎəɟɘŰɖ Ůűɧůɞɜ ɞɘ I1 əŬɘ I2 űɎůŮɘɠ ɏɢɞɡɜ ɛŮɔŬɚɨŰŮɟɞ ɘɝɩŭŮɠ. 

Ƀɘ ŮˊɧɛŮɜŮɠ űɎůŮɘɠ ŬəɞɚɞɡɗɩɜŰŬɠ Űɘɠ ˊɚŮɡɟɏɠ Űɞɡ Űɟɘɔɩɜɞɡ ˊɟɞɠ Űɖ əɞɟɡűɐ 

Űɞɡ P104 ŮɑɜŬɘ ɖ H1 əŬɜɞɜɘəɐ ŮɝŬɔɤɜɘəɐ űɎůɖ əŬɘ ɖ H2 ŬɜɎůŰɟɞűɖ ŮɝŬɔɤɜɘəɐ űɎůɖ. 

ȼ ŭɞɛɐ Űɤɜ ŮɝŬɔɤɜɘəɩɜ űɎůŮɤɜ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛŬəɟɘɎ 

ˊŬɟɎɚɚɖɚŬ əɡɚɘɜŭɟɘəɎ ůɡůůɤɛŬŰɩɛŬŰŬ ɛɘəəɡɚɑɤɜ 

ŭɘŬŰŮŰŬɔɛɏɜŬ ůŮ ŭɘůŭɘɎůŰŬŰɞ ŮɝŬɔɤɜɘəɧ ˊɚɏɔɛŬ. ɇɞ 

ŮɝŬɔɤɜɘəɧ ŬɡŰɧ ˊɚɏɔɛŬ ŮɑɜŬɘ əɎɗŮŰɞ ůŰɞɜ ɎɝɞɜŬ Űɤɜ 

əɡɚɑɜŭɟɤɜ Űɤɜ ɛɘəəɡɚɑɤɜ. ȾɎɗŮ ɛɘəəɨɚɘɞ ˊŮɟɘɓɎɚɚŮŰŬɘ Ŭˊɧ 

ɏɝɘ ɎɚɚŬ ɛɘəəɨɚɘŬ. ɆŰɖɜ H1 űɎůɖ Űɞ ŮůɤŰŮɟɘəɧ Űɤɜ 

əɡɚɑɜŭɟɤɜ ŮɑɜŬɘ ɛɖ ˊɞɚɘəɧ ŭɖɚŬŭɐ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɚŬɘɞ əŬɘ 

Űɘɠ ɞɛɎŭŮɠ PPO Űɞɡ ůɡɛˊɞɚɡɛŮɟɞɨɠ. ȷɜŰɑɗŮŰŬ, ůŰɖɜ H2 űɎůɖ 

Űɞ ŮůɤŰŮɟɘəɧ ŮɑɜŬɘ ˊɞɚɘəɧ Ŭűɞɨ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɞ ɜŮɟɧ, 

ˊɞɡ ŮɑɜŬɘ ˊɞɚɘəɧɠ ŭɘŬɚɨŰɖɠ əŬɘ ɎɟŬ ɞɘ ɞɛɎŭŮɠ PEO ŮɑɜŬɘ 

ůŰɟŬɛɛɏɜŮɠ ˊɟɞɠ Űɞ ŮůɤŰŮɟɘəɧ Űɤɜ əɡɚɑɜŭɟɤɜ. Ⱥˊɑůɖɠ, ɞɘ 

űɎůŮɘɠ ŬɡŰɏɠ ɛŬəɟɞůəɞˊɘəɎ ŮɑɜŬɘ ŭɨůəŬɛˊŰŮɠ.  
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ȼ ůŰɟɤɛŬŰɘəɐ űɎůɖ lamellar La, ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŬɛűɘůŰɟɩůŮɘɠ Ŭˊɧ ɛɧɟɘŬ 

ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɩɜ ɞɡůɘɩɜ ˊɞɡ ŮɜŬɚɚɎůůɞɜŰŬɘ ɛŮ ůŰɟɩůŮɘɠ ɜŮɟɞɨ. ɇɞ ˊɎɢɞɠ Űɤɜ 

ŬɛűɘůŰɟɩůŮɤɜ ŮɑɜŬɘ ɚɑɔɞ ɛɘəɟɧŰŮɟɞ Ŭˊɧ ŭɡɞ űɞɟɏɠ Űɞ ɛɐəɞɠ 

Űɞɡ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɞɨ. ɇɞ ˊɎɢɞɠ Űɤɜ ůŰɟɩůŮɤɜ ɜŮɟɞɨ 

ˊɞɘəɑɚŮɘ əŬɘ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɧ. ȼ űɎůɖ 

ŬɡŰɐ ŮɑɜŬɘ ɚɘɔɧŰŮɟɞ ŭɨůəŬɛˊŰɖ Ŭˊɧ Űɘɠ űɎůŮɘɠ H1 əŬɘ H2. 

 ȼ ŰŮɚŮɡŰŬɑŬ űɎůɖ ˊɞɡ ŮɛűŬɜɑɕŮŰŬɘ ůŰɞ ˊŬɟŬˊɎɜɤ 

ŰɟɘŬŭɘəɧ ůɨůŰɖɛŬ P104/ˊ-ɝɡɚɏɜɘɞ/ȼ2O ŮɑɜŬɘ ɖ ŬɛűɘůɡɜŮɢɐɠ 

əɡɓɘəɐ űɎůɖ, V2. ɆŰɖ űɎůɖ ŬɡŰɐ ŰŬ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɎ 

ůɡůůɤɛŬŰɩɜɞɜŰŬɘ ɔɘŬ ɜŬ ůɢɖɛŬŰɑůɞɡɜ ɛɘŬ ůɡɜŮɢɐɠ ˊɞɟɩŭɖ 

ŭɞɛɐ Űɟɘɤɜ ŭɘŬůŰɎůŮɤɜ. ȰŰůɘ, ˊŬɟŬŰɖɟŮɑŰŬɘ əɡɓɘəɐ űɎůɖ 

ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɡɞ ˊɞɚɘəɞɨɠ ɚŬɓɨɟɘɜɗɞɡɠ ˊɞɡ 

ŭɘŬɢɤɟɑɕɞɜŰŬɘ Ŭˊɧ ɛɘŬ ɛɖ ˊɞɚɘəɐ ůŰɟɩůɖ (bilayer). ȾŬɘ ŬɡŰɐ 

ɖ űɎůɖ ŮɑɜŬɘ ŭɨůəŬɛˊŰɖ Ůɜɩ ɖ ŬɜŰɑůŰɞɘɢɖ V1 ŭŮɜ 

ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɞ ŰɟɘŬŭɘəɧ ŭɘɎɔɟŬɛɛŬ [51, 52, 53]. 

 

 

3.2 ȷɜɎˊŰɡɝɖ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŮ ŰɟɘŬŭɘəɎ ůɡůŰɐɛŬŰŬ Ŭɛűɘűɘɚɘəɩɜ 

ůɡɛˊɞɚɡɛŮɟɩɜ/ɛɖ ˊɞɚɘəɞɨ/ˊɞɚɘəɞɨ ŭɘŬɚɨŰɖ  

 

ɇŬ ɛŮŰŬɚɚɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ ɧˊɤɠ ɜŬɜɞůűŬɑɟŮɠ, ɜŬɜɞɟɎɓŭɞɘ, ɜŬɜɞəɨɓɞɘ, 

ɜŬɜɞˊɚɎəŮɠ əŬɘ ɜŬɜɞˊɟɑůɛŬŰŬ ˊŬɟɞɡůɘɎɕɞɡɜ ŮɝŬɘɟŮŰɘəɧ ŮɜŭɘŬűɏɟɞɜ ŮɝŬɘŰɑŬɠ Űɤɜ 

ˊɟɤŰɧŰɡˊɤɜ ɓɘɞɚɞɔɘəɩɜ, ɞˊŰɘəɩɜ, ɛŬɔɜɖŰɘəɩɜ, ɖɚŮəŰɟɞɜɘəɩɜ əŬɘ əŬŰŬɚɡŰɘəɩɜ 

ɘŭɘɞŰɐŰɤɜ Űɞɡɠ ˊɞɡ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ ŬɡŰɩɜ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ŬɜŬˊŰɨɢɗɖəŮ 

ɛɘŬ Ŭˊɚɞɥəɐ ŭɘŬŭɘəŬůɑŬ ůɢɖɛŬŰɘůɛɞɨ ɛŮŰŬɚɚɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ, ɛŮ Űɞ ŮˊɘɗɡɛɖŰɧ 

ɛɏɔŮɗɞɠ əŬɘ ůɢɐɛŬ, ɛɏůɤ ŰɟɘŬŭɘəɩɜ ůɡůŰɖɛɎŰɤɜ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɞɨ/ɛɖ ˊɞɚɘəɞɨ 

ŭɘŬɚɨŰɖ/ˊɞɚɘəɞɨ ŭɘŬɚɨŰɖ (ˊɞɡ ˊŮɟɘɏɢŮɘ Űɖ ˊɟɧŭɟɞɛɖ ɏɜɤůɖ) [54]. 

 ɇɞ ɛɑɔɛŬ Űɞɡ ŰɟɘŬŭɘəɞɨ ŬɡŰɞɨ ůɡůŰɐɛŬŰɞɠ ɞɜɞɛɎɕŮŰŬɘ ɛɘəɟɞɔŬɚɎəŰɤɛŬ. ɇɞ 

ɛɘəɟɞɔŬɚɎəŰɤɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰŬ ɛɘəəɨɚɘŬ. ɇŬ ɛɘəɟɞɔŬɚŬəŰɩɛŬŰŬ ůŮ ɜŮɟɧ-ůŮ-

ɏɚŬɘɞ, ŰŬ ɞˊɞɑŬ ɛŮɚŮŰɩɜŰŬɘ ŮɑɜŬɘ ŭɘŬűŬɜɐ ɘůɞŰɟɞˊɘəɎ ɡɔɟɎ ɛɏůŬ ɛŮ ˊŮɟɘɞɢɏɠ ůŰɖ 

ɜɎɜɞəɚɘɛŬəŬ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ɜŮɟɧ. ȰŰůɘ ɚɞɘˊɧɜ ůŰɞ ɛɖ ˊɞɚɘəɧ ŭɘŬɚɨŰɖ ŮɑɜŬɘ 

ŭɘŮůˊŬɟɛɏɜŮɠ ˊŮɟɘɞɢɏɠ Űɤɜ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɩɜ ˊɞɡ ŮɑɜŬɘ ɔŮɛɎŰŬ Ŭˊɧ Űɞɜ ˊɞɚɘəɧ 

ŭɘŬɚɨŰɖ əŬɘ ůɡɜŮˊɩɠ Ŭˊɧ Űɖɜ ˊɟɧŭɟɞɛɖ ɏɜɤůɖ. Ƀɘ ˊŮɟɘɞɢɏɠ ŬɡŰɏɠ ŬˊɞŰŮɚɞɨɜ ɏɜŬ 



 

- 89 - 

ɘŭŬɜɘəɧ ɛɘəɟɞ-ˊŮɟɘɓɎɚɚɞɜ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. Ƀɘ ˊŮɟɘɞɢɏɠ ŬɟɢɘəɎ 

ůɡɔəɟɞɨɞɜŰŬɘ əŬɘ ůɢɖɛŬŰɑɕɞɡɜ ˊɟɞůɤɟɘɜɎ ůɡůůɤɛŬŰɩɛŬŰŬ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ 

ɛŮŰŬŰɟɏˊɞɜŰŬɘ ůŮ ɛŮɛɞɜɤɛɏɜŬ. Ƀ ɢɟɧɜɞɠ ɕɤɐɠ ŬɡŰɩɜ Űɤɜ ůɡůůɤɛŬŰɤɛɎŰɤɜ ŮɑɜŬɘ 

ɚɑɔŬ ɛɘəɟɞŭŮɡŰŮɟɧɚŮˊŰŬ.  

ȾŬŰɎ Űɞ ůɢɖɛŬŰɘůɛɧ ɛŮŰŬɚɚɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŮ ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ 

ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɢɖɛɘəɐ ŬɜŬɔɤɔɐ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ ůŰŬ ɛɘəəɨɚɘŬ. ȹɡɞ ɛɏɗɞŭɞɘ 

ůɨɜɗŮůɖɠ ɛŮŰŬɚɚɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŬɜɎɚɞɔŬ ɛŮ Űɖ ɢɖɛɘəɐ 

ŬɜŬɔɤɔɐ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ. ɆɡɔəŮəɟɘɛɏɜŬ, ɖ ˊɟɩŰɖ ɛɏɗɞŭɞɠ ɐ ɛɏɗɞŭɞɠ 

ŬɡŰɞŬɜŬɔɤɔɐɠ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ŬɜɎˊŰɡɝɖ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ əŬŰɎ Űɖɜ ŬɜŬɔɤɔɐ Űɤɜ 

ɘɧɜŰɤɜ Ŭˊɧ ŰŬ ɡŭŬŰɞŭɘŬɚɡŰɎ ˊɞɚɡɛŮɟɐ, ŭɖɚŬŭɐ ŰŬ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɎ. Ʉɘɞ 

ŬɜŬɚɡŰɘəɎ, ŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɎ ɚŮɘŰɞɡɟɔɞɨɜ ɤɠ 

ɜŬɜɞŬɜŰɘŭɟŬůŰɐɟŮɠ ɔɘŬ Űɖ ɢɖɛɘəɐ ŬɜŬɔɤɔɐ ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ ůŮ ɞɟɔŬɜɘəɞɨɠ 

ŭɘŬɚɨŰŮɠ, ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɤɜ ɞɛɎŭɤɜ PEO (ɆɢɐɛŬ 7). ȼ ŭŮɨŰŮɟɖ ɛɏɗɞŭɞɠ ŬɜɎˊŰɡɝɖɠ 

ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖ ɢɟɐůɖ ŬɜŬɔɤɔɘəɩɜ ɛɏůɤɜ ŭɘŬɚɡɛɏɜɤɜ ůŮ ɜŮɟɧ, ɧˊɤɠ KBH4 ɔɘŬ Űɖɜ 

ŬɜŬɔɤɔɐ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ. ɀŮ Űɘɠ ɛŮɗɧŭɞɡɠ ŬɡŰɏɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɞ 

ůɢɖɛŬŰɘůɛɧɠ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɛŮ ŮɚŮɔɢɧɛŮɜɞ ɛɏɔŮɗɞɠ əŬɘ ůɡɔəŮəɟɘɛɏɜɖ 

ůɡɔəɏɜŰɟɤůɖ ŬɡŰɩɜ. Ⱥˊɑůɖɠ, ɖ ŬɜɎˊŰɡɝɖ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ŬɡŰɩɜ ɓŬůɑɕŮŰŬɘ ůŰɖ 

ɛŮŰŬűɞɟɎ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ɛɏůŬ ůŰŬ droplets əŬɘ ůŰɖɜ ŬɚɚɖɚɞŬɜŰŬɚŬɔɐ Űɤɜ 

ŬɜŰɘŭɟɩɜŰɤɜ ɛŮŰŬɝɨ Űɤɜ ɛɘəəɡɚɑɤɜ. ȼ ɢɟɐůɖ Űɤɜ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɩɜ ŮɑɜŬɘ ɏɜŬɠ 

Ůɨəɞɚɞɠ, ɞɘəɞɜɞɛɘəɧɠ əŬɘ ŬˊŬɚɚŬɔɛɏɜɞɠ Ŭˊɧ ŮɝɤŰŮɟɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ ɧˊɤɠ 

ɗɏɟɛŬɜůɖ, Űɟɧˊɞɠ ŬɜɎˊŰɡɝɖɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. ȷɜɎɚɞɔŬ, ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ 

Űɤɜ ́ɚɞɡɟɞɜɘəɩɜ əŬɘ Űɤɜ Ɏɚɚɤɜ ŬɜŰɘŭɟɩɜŰɤɜ Űɞɡ ŰɟɘŬŭɘəɞɨ ůɡůŰɐɛŬŰɞɠ 

ůɢɖɛŬŰɑɕŮŰŬɘ ɛɘŬ ˊɞɘəɘɚɑŬ ŭɞɛɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɛŮ ɘŭɘŬɑŰŮɟŮɠ ɘŭɘɧŰɖŰŮɠ (ɆɢɐɛŬ 6). 

Ƀɘ ŭɞɛɏɠ ŬɡŰɏɠ ŮɑɜŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŮɠ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɤɜ ɜŬɜɞŬɜŰɘŭɟŬůŰɐɟɤɜ, 

ŬɡŰɞɞɟɔŬɜɤɛɏɜɤɜ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɩɜ ˊɞɡ Űɘɠ ůɡɔəɟŬŰɞɨɜ. 

 

  
       

ɆɢɐɛŬ 7. ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ŬɡŰɞŬɜŬɔɤɔɐɠ 

ɀŮŰŬɚɚɘəɧ 

ɜŬɜɞůɤɛŬŰɑŭɘɞ 

ɀŮŰŬɚɚɘəɎ ɘɧɜŰŬ ůŮ 

ɡŭŬŰɘəɧ ŭɘŬɚɨŰɖ 

Ɉŭɟɧűɘɚɖ ɞɛɎŭŬ PEO 

Ɉŭɟɧűɞɓɖ 

ɞɛɎŭŬ PPO 
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ȼ ŭŮɨŰŮɟɖ ɛɏɗɞŭɞɠ ůɢɖɛŬŰɘůɛɞɨ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ůŰɖɟɑɕŮŰŬɘ 

ůŰɖ ɢɟɐůɖ ŬɜŬɔɤɔɘəɩɜ ɛɏůɤɜ ŭɘŬɚɡɛɏɜɤɜ ůŮ ɜŮɟɧ, ɧˊɤɠ KBH4 ɔɘŬ Űɖɜ ŬɜŬɔɤɔɐ Űɤɜ 

ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ. ȾŬŰɎ Űɖ ɛɏɗɞŭɞ ŬɡŰɐ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŬɚɚɖɚɞŬɜŰŬɚŬɔɐ Űɤɜ 

ŬɜŰɘŭɟɩɜŰɤɜ, ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰŬ ɛɘəəɨɚɘŬ Űɤɜ ɛɘəɟɞɔŬɚŬəŰɤɛɎŰɤɜ ɛɏůɤ 

ůɨɔəɟɞɡůɖɠ Űɤɜ ɛɘəəɡɚɑɤɜ. ɇɞ ɛɘəɟɞɔŬɚɎəŰɤɛŬ ˊɞɡ ˊŮɟɘɏɢŮɘ ŰŬ ɛŮŰŬɚɚɘəɎ ɘɧɜŰŬ 

əŬɘ Űɞ ɛɘəɟɞɔŬɚɎəŰɤɛŬ ˊɞɡ ˊŮɟɘɏɢŮɘ Űɞ ŬɜŬɔɤɔɘəɧ ɛɏůɞ ŬɜŬɛɘɔɜɨɞɜŰŬɘ. ɇɖɜ ŬɜɎɛɘɝɖ 

ŬəɞɚɞɡɗŮɑ ŭɘɎɢɡůɖ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ, ŭɖɚŬŭɐ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ əŬɘ Űɤɜ 

ŬɜŬɔɤɔɘəɩɜ ɛɏůɤɜ, ɛɏůŬ ůŰŬ ɛɘəəɨɚɘŬ ɔɘŬ ɜŬ ŬɟɢɑůŮɘ ɖ ŬɜŬɔɤɔɐ Űɤɜ ɘɧɜŰɤɜ əŬɘ ůŰɖ 

ůɡɜɏɢŮɘŬ ɖ ŬɜɎˊŰɡɝɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. ȼ ŭɘɎɢɡůɖ ɔɑɜŮŰŬɘ ɛɏůɤ ůɨɔəɟɞɡůɖɠ Űɤɜ 

ɛɘəəɡɚɑɤɜ ɧŰŬɜ ɞɘ ŭɡɜɎɛŮɘɠ ŮɑɜŬɘ ŮɚəŰɘəɏɠ ɛŮŰŬɝɨ Űɞɡɠ, əŬɘ ɏŰůɘ Ŭɟɢɑɕɞɡɜ əŬɘ 

ůɢɖɛŬŰɑɕɞɜŰŬɘ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ.  

 

 

 

 

 

 

ȼ ŭŮɨŰŮɟɖ ɛɏɗɞŭɞɠ ŬɜɎˊŰɡɝɖɠ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ŬˊŬɘŰŮɑ 

ˊŮɟɘůůɧŰŮɟŬ ˊŮɘɟŬɛŬŰɘəɎ ɓɐɛŬŰŬ Ŭˊɧ Űɖɜ ˊɟɩŰɖ ɛŮɗɞŭɞ. Ⱥˊɑůɖɠ, ˊŬɟɎɔɞɜŰŬɘ ŬɟəŮŰɎ 

ˊŬɟŬˊɟɞɥɧɜŰŬ Ŭˊɧ Űɖ ŭɟɎůɖ Űɞɡ ŬɜŬɔɤɔɘəɞɨ ɛɏůɞɡ. ȾŬŰɎ Űɖ ˊɟɩŰɖ ɛɏɗɞŭɞ ŰɩɟŬ ɖ 

ŬɜŬɔɤɔɐ əŬɘ ɖ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɞɡ ɜŬɜɞůɤɛŬŰɘŭɑɞɡ ɔɑɜŮŰŬɘ ɛɏůŬ ůŰɞ ɑŭɘɞ ɛɧɟɘɞ 

ŭɐɚŬŭɖ ůŰɞ ɑŭɘɞ ɛɘəəɨɚɘɞ ˊɞɡ ŬɜɎɔŮɘ Űɞ ɜŬɜɞůɤɛŬŰɑŭɘɞ. ȼ ŬɜŬɔɤɔɐ ɧɛɤɠ ŬɡŰɐ Ŭˊɧ 

ŰŬ ɑŭɘŬ ŰŬ ɛɘəəɨɚɘŬ ˊŬɟɎɔŮɘ ˊɟɞɘɧɜŰŬ ɞɝŮɑŭɤůɖɠ, ˊɞɡ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖ ɛŮɟɘəɐ 

əŬŰŬůŰɟɞűɐ Űɤɜ ɛɘəəɡɚɑɤɜ əŬŰɎ Űɖɜ ŬɜŬɔɤɔɐ. 

 

 

ɆɢɐɛŬ 8. ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ ůɨɔəɟɞɡůɖɠ Űɤɜ ɛɘəəɡɚɑɤɜ əŬŰɎ Űɖɜ ŬɜŬɔɤɔɐ ɛŮ 

ŬɜŬɔɤɔɘəɧ ɛɏůɞ əŬɘ Űɖɜ ŬɜɎˊŰɡɝɖ ɜŬɜɞůɤɛŬŰɘŭɑɞɡ 
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ɄȺȽɅȷɀȷɇȽȾɃ ɀȺɅɃɆ  

 

 

ȾȺūȷȿȷȽɃ 5
ɞ
  

 

ɈȸɅȽȹȽȾȷ ɄɃɅɋȹȼ ɈȿȽȾȷ ɀȺ ȽɃɁɇȽȾȷ ɈũɅȷ ȾȷȽ 

ɁȷɁɃɆɋɀȷɇȽȹȽȷ Au ũȽȷ ȹȽȷɉɋɅȽɆɀɃ ȷȺɅȽɋɁ ȾȷȽ 

ȺɇȺɅɃũȺɁȼ ȾȷɇȷȿɈɆȼ 

 

 

ɆɈɁɃɊȼ 

 

ɇɞ əŮűɎɚŬɘɞ ŬɡŰɧ, ɏɢŮɘ ɤɠ ŬɜŰɘəŮɑɛŮɜɞ ɛŮɚɏŰɖɠ, Űɘɠ ŬɝɘɞůɖɛŮɑɤŰŮɠ 

űɡůɘəɞɢɖɛɘəɏɠ əŬɘ ɗŮɟɛɞűɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɡ́ ɏɟɚŮˊŰɤɜ ůŰɞɘɓɎŭɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ 

(ȽɈ) ůŮ ́Ůɟɘɞɟɘůɛɏɜɞ ˊŮɟɘɓɎɚɚɞɜ, ɛɏůŬ ůŰɖɜ ɜŬɜɞˊɞɟɩŭɖ ŭɞɛɐ ˊɡɟɘŰɘəɩɜ 

ɡˊɞůŰɟɤɛɎŰɤɜ. ɇŬɡŰɧɢɟɞɜŬ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůɖɛŬɜŰɘəɐ ˊɟɧɞŭɞɠ ůŰɖɜ 

əŬŰŬɜɧɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ ŬɡŰɩɜ Űɤɜ ɘŭɘɞŰɐŰɤɜ ůŰɞ ŭɘŬɢɤɟɘůɛɧ ŬŮɟɑɤɜ əŬɘ ůŮ 

əŬŰŬɚɡŰɘəɐ ŭɘŮɟɔŬůɑŬ ɞɝŮɑŭɤůɖɠ ɛɞɜɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ ůŮ ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ, 

ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ŮˊɘŰŮɡɢɗɞɨɜ ɛɏůɤ Űɤɜ ŬɜŬˊŰɡɔɛɏɜɤɜ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ űɎůŮɤɜ 

ɘɞɜŰɘəɩɜ ɡɔɟɩɜ (supported ionic liquid phase, SILP) əŬɘ Űɤɜ ůŰŮɟŮɩɜ əŬŰŬɚɡŰɩɜ ɛŮ 

ůŰɟɩɛŬŰŬ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ (solid catalysts with ionic liquid layers, SCILL) 

ŬɜŰɑůŰɞɘɢŬ. ɇŬ ɆɡůŰɐɛŬŰŬ Ɉ́ ɞůŰɖɟɘɔɛɏɜɖɠ ūɎůɖɠ ȽɞɜŰɘəɩɜ Ɉɔɟɩɜ (ɆɈūȽɈ) 

ŬɜŬˊŰɨɢɗɖəŬɜ ɛŮ Űɖ ɢɟɐůɖ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ (functionalized) əŬɘ ɛɖ-Űɟɞˊɞˊɞɘɖɛɏɜɤɜ 

(non-functionalized) ɘɞɜŰɘəɩɜ ɡɔɟɩɜ, ɧˊɤɠ Űɞ 1-(ůɘɚɡɚˊɟɞˊɡɚ)-3-ɛɏɗɡɚɞ-ɘɛɘŭŬɕɧɚɘɞ 

ŮɝŬűɗɞɟɞűɤůűɞɟɘəɧ (1-(silylpropyl)-3-methyl-imidazolium hexafluorophosphate) 

ɎɚŬɠ əŬɘ Űɞ 1-ɓɞɨŰɡɚɞ-3-ɛŮɗɡɚɘɛɘŭŬɕɧɚɘɞ ŮɝŬűɗɞɟɞűɤůűɞɟɘəɧ (1-butyl-3-

methylimidazolium hexafluorophosphate) ɎɚŬɠ. Ƀɘ ɆŰŮɟŮɞɑ ȾŬŰŬɚɨŰŮɠ ɛŮ ɆŰɞɘɓɎŭŮɠ 

ȽɞɜŰɘəɩɜ Ɉɔɟɩɜ (ɆȾɆȽɈ) ˊŬɟɎɢɗɖəŬɜ ɛŮ ˊɚɐɟɖ ŭɘŬůˊɞɟɎ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɢɟɡůɞɨ 

(Au nanoparticles, AuNPs) ˊɎɜɤ ůŰɘɠ ůŰɞɘɓɎŭŮɠ Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ, ˊɞɡ 

ŮɜŬˊɞŰɏɗɖəŬɜ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ Űɞɡ ɆɈūȽɈ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ Űɞ ŭɘŬɢɤɟɘůɛɧ 

ŬŮɟɑɤɜ əŬɘ Űɖɜ ŮŰŮɟɞɔŮɜɐ əŬŰɎɚɡůɖ ŮˊŮɝɖɔɐɗɖəŬɜ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɖɜ 

ɡɔɟɞəɟɡůŰŬɚɚɘəɐ əŬŰɎůŰŬůɖ əŬɘ Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɤɜ ɘɧɜŰɤɜ Űɞɡ ɘɞɜŰɘəɞɨ 
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ɡɔɟɞɨ. Ƀɘ əŬŰŬůŰɎůŮɘɠ (űɎůŮɘɠ) Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ ɛɏůŬ ůŰɞɡɠ ɜŬɜɞˊɧɟɞɡɠ 

ɛŮɚŮŰɐɗɖəŬɜ ɛŮ Űɖɜ ŰŮɢɜɘəɐ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ (X-ray diffraction, XRD) əŬɘ ɛŮ 

ˊɟɞůŬɟɛɞůɛɏɜɖ ŭɘŬűɞɟɘəɐ ɗŮɟɛɘŭɞɛŮŰɟɑŬ ůɎɟɤůɖɠ (modulated differential scanning 

calorimetry, MDSC). ɇɞ ˊɞůɞůŰɧ ˊɚɐɟɤůɖɠ Űɤɜ ˊɧɟɤɜ ˊɟɞůŭɘɞɟɑůŰɖəŮ ɛŮ Űɖɜ 

ŰŮɢɜɘəɐ ɛɘəɟɞɔɤɜɘŬəɐɠ ůəɏŭŬůɖɠ ɜŮŰɟɞɜɑɤɜ (small angle neutron scattering, SANS) 

əŬɘ ŬˊɞŭŮɑɢɗɖəŮ ɧŰɘ ŬˊɞŰŮɚŮɑ ůɖɛŬɜŰɘəɧ ˊŬɟɎɔɞɜŰŬ ɔɘŬ Űɖɜ Ŭˊɧŭɞůɖ Űɞɡ 

ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ Űɤɜ ɆɈūȽɈ. ȼ ɡɔɟɞəɟɡůŰŬɚɚɘəɐ əŬŰɎůŰŬůɖ Űɤɜ ůŰɞɘɓɎŭɤɜ 

ɘɞɜŰɘəɞɨ ɡɔɟɞɨ əŬɘ ɖ ŮəŰŮŰŬɛɏɜɖ ˊɚɐɟɤůɖ Űɤɜ ˊɧɟɤɜ ŬɘŰɘɞɚɞɔɞɨɜ Űɖɜ Ŭɡɝɖɛɏɜɖ 

ŮəɚŮəŰɘəɧŰɖŰŬ CO2/CO (ˊɎɜɤ Ŭˊɧ 50). ȼ ˊŬɟɞɡůɑŬ Űɖɠ ůŰɞɘɓɎŭŬɠ ȽɈ ɛɏůŬ ůŰɞ 

ŬɜŬˊŰɡɔɛɏɜɞ ɆȾɆȽɈ ŮˊɘəɞɡɟŮɑ Űɞɜ ůɢɖɛŬŰɘůɛɧ ˊɞɚɨ ɛɘəɟɩɜ (2-3 nm) əŬɘ əŬɚɎ 

ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au. ȼ Ŭˊɧŭɞůɖ Űɖɠ ɞɝŮɑŭɤůɖɠ CO ůŮ ɢŬɛɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ ɐŰŬɜ 22%. ɇŬ əŬŰŬɚɡŰɘəɎ ˊŮɘɟɎɛŬŰŬ ŬˊɏŭŮɘɝŬɜ Űɖɜ ŮɡŮɟɔŮŰɘəɐ 

ŮˊɑŭɟŬůɖ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ůŰɖɜ əŬŰŬɚɡŰɘəɐ ɞɝŮɑŭɤůɖ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, Űɞ 

ɘɞɜŰɘəɧ ɡɔɟɧ ŭɟɎ ɤɠ ɘůɢɡɟɧɠ ɟɞűɖŰɐɠ ˊɞɡ ˊŬɔɘŭŮɨŮɘ (ñin-situ trapò), Űɞ ˊɟɞɥɧɜ (CO2) 

əŬɘ Űɞ ŬˊɞɛŬəɟɨɜŮɘ Ŭˊɧ Űɞɜ ɢɩɟɞ Űɖɠ ŬɜŰɑŭɟŬůɖɠ (əŬŰŬɚɡŰɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ) 

ɓŮɚŰɘɩɜɞɜŰŬɠ ůɖɛŬɜŰɘəɎ Űɖɜ Ŭˊɧŭɞůɖ.  

 

 
1. ȺɘůŬɔɤɔɐ 

 

ɇŬ ɜŬɜɞˊɞɟɩŭɖ ɡɚɘəɎ ɛŮ ɡɣɖɚɐ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůɡɜɐɗɤɠ 

ɤɠ ɡˊɞůŰɟɩɛŬŰŬ ˊɞɡ ŰɟɞˊɞˊɞɘɞɨɜŰŬɘ ŮˊɘűŬɜŮɘŬəɎ ɛŮ  ɡˊɏɟɚŮˊŰŮɠ ůŰɞɘɓɎŭŮɠ 

ɘɞɜŰɘəɩɜ ɡɔɟɩɜ. ɇŬ ́ɟɞəɨˊŰɞɜŰŬ ɡɓɟɘŭɘəɎ ɡɚɘəɎ ŬˊɞŰŮɚɞɨɜ ˊɞɚɚɎ ɡˊɞůɢɧɛŮɜŬ 

ůɡůŰɐɛŬŰŬ ɔɘŬ ŮűŬɟɛɞɔɏɠ ůŰɖɜ ŮŰŮɟɞɔŮɜɐ əŬŰɎɚɡůɖ əŬɘ Űɞ ŭɘŬɢɤɟɘůɛɧ ŬŮɟɑɤɜ [1,2]. 

ɄɟŬɔɛŬŰɘəɎ, ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ŮəŭɖɚɩɜŮŰŬɘ ɟŬɔŭŬɑŬ ˊɟɧɞŭɞɠ ůŰɖɜ ŬɜɎˊŰɡɝɖ 

ůɡůŰɖɛɎŰɤɜ ɡˊɞůŰɖɟɘɔɛɏɜɖɠ űɎůɖɠ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ əŬɘ ůɡůŰɖɛɎŰɤɜ ůŰŮɟŮɩɜ 

əŬŰŬɚɡŰɩɜ ɛŮ ůŰɞɘɓɎŭŮɠ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ. ɇŬ ɘɞɜŰɘəɎ ɡɔɟɎ ŮˊɘɚɏɔɞɜŰŬɘ ŮɝŬɘŰɑŬɠ Űɖɠ 

ɢŬɛɖɚɐɠ ɟŮɡůŰɧŰɖŰŬɠ, Űɖɠ ŮɝŬɘɟŮŰɘəɐɠ ŭɘŬɚɡŰɧŰɖŰŬɠ əŬɘ ŬɜŬɛŮɘɝɘɛɧŰɖŰŬɠ, Űɖɠ 

ɗŮɟɛɘəɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ əŬɘ Űɖɠ ɛŮɔɎɚɖɠ ŮɡəɞɚɑŬɠ ɟɨɗɛɘůɖɠ Űɖɠ ɛɞɟɘŬəɐɠ/ɢɖɛɘəɐɠ 

ŭɞɛɐɠ  Űɞɡɠ. Ƀ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ ůɡɜŭɡŬůɛɩɜ ŬɜɘɧɜŰɞɠ əŬɘ əŬŰɘɧɜŰɞɠ əŬɘ ɖ Ůɨəɞɚɖ 

Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ŬɜɘɧɜŰɞɠ ɐ Űɞɡ əŬŰɘɧɜŰɞɠ ɛŮ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ ˊŬɟɏɢɞɡɜ Űɖɜ 

ŭɡɜŬŰɧŰɖŰŬ ˊɟɞůŬɟɛɞɔɐɠ Űɤɜ ɘŭɘɞŰɐŰɤɜ ŬɡŰɩɜ, ůɨɛűɤɜŬ ɛŮ Űɘɠ ŬˊŬɘŰɐůŮɘɠ Űɖɠ 

ŮəɎůŰɞŰŮ ŮűŬɟɛɞɔɐɠ. ɄɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɛɏůɤ Űɖɠ ŮɜŬˊɧɗŮůɖɠ ɚŮˊŰɩɜ 
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ůŰɞɘɓɎŭɤɜ ůŮ ŰŮɟɎůŰɘŮɠ ŮˊɘűɎɜŮɘŮɠ ŬɜŰɘɛŮŰɤˊɑɕŮŰŬɘ əŬɘ Űɞ ˊɟɧɓɚɖɛŬ Űɞɡ ɛŮɔɎɚɞɡ 

əɧůŰɞɡɠ Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ (100-700ú/kg) əŬɗɘůŰɩɜŰŬɠ ˊŮɟɘůůɧŰŮɟɞ ɓɘɩůɘɛɖ Űɖɜ 

ŮűŬɟɛɞɔɐ Űɞɡɠ ůŮ ɛŮɔɎɚɖ əɚɑɛŬəŬ. ȷɟəŮŰɏɠ ŮˊɘůŰɖɛɞɜɘəɏɠ ɞɛɎŭŮɠ ɏɢɞɡɜ ɐŭɖ 

ŭɟŬůŰɖɟɘɞˊɞɘɖɗŮɑ  ůŰɖɜ ŬɜɎˊŰɡɝɖ çŮɑ́-Űɧɞ́ɡè (in situ) ŰŮɢɜɘəɩɜ, ɛŮ ůəɞˊɧ Űɖɜ 

ŮɜŬˊɧɗŮůɖ ɡˊɏɟɚŮˊŰɤɜ ɏɤɠ əŬɘ ɛɞɜɞɛɞɟɘŬəɩɜ ůŰɞɘɓɎŭɤɜ ȽɈ əŬɘ Űɖɜ ˊŮɟŬɘŰɏɟɤ 

ɛŮɚɏŰɖ Űɤɜ ɆɈūȽɈ ůŮ ɛɘəɟɞůəɞˊɘəɧ ŮˊɑˊŮŭɞ [3,4]. Ƀ ɧɟɞɠ in situ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ 

ɔɘŬŰɑ Űɞ ŭɞəɑɛɘɞ ɛŮ Űɖɜ ɡˊɏɟɚŮˊŰɖ ůŰɞɘɓɎŭŬ ŬɜŬɚɨŮŰŬɘ űŬůɛŬŰɞůəɞˊɘəɎ ɢɤɟɑɠ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɐ Űɞɡ Ŭˊɧ Űɞ ɢɩɟɞ ŬɜɎˊŰɡɝɐɠ Űɞɡ. ȼ űɡůɘəɐ ŮɜŬˊɧɗŮůɖ ŬŰɛɩɜ (Physical 

vapor deposition, PVD) ɡˊɧ ůɡɜɗɐəŮɠ ɡɣɖɚɞɨ əŮɜɞɨ (ultrahigh vacuum, UHV) 

ŬˊɞŰŮɚŮɑ Űɖɜ ˊŮɟɘůůɧŰŮɟɞ ŮɚŮɔɢɧɛŮɜɖ əŬɘ əŬɗŬɟɐ ɛɏɗɞŭɞ çŮˊɑ-Űɧˊɞɡè 

ŬɜɎˊŰɡɝɖɠ/ŮɜŬˊɧɗŮůɖɠ ɡˊɏɟɚŮˊŰɤɜ ɡɛŮɜɑɤɜ ȽɈ. ȼ ɛŮɗɞŭɞɚɞɔɑŬ ŬɡŰɐ ˊɟɞůűɏɟŮɘ Ŭ) 

Űɖɜ ˊɟɞŮŰɞɘɛŬůɑŬ ɛŮ ŬˊɧɚɡŰɞ ɏɚŮɔɢɞ əŬɘ ɡɣɖɚɐ ŮˊɘűŬɜŮɘŬəɐ əŬɗŬɟɧŰɖŰŬ Űɤɜ 

ɡˊɏɟɚŮˊŰɤɜ ůŰɞɘɓɎŭɤɜ ȽY, ɓ) Űɖɜ ɛŮɚɏŰɖ Űɤɜ ɓŬůɘəɩɜ ɢɖɛɘəɩɜ əŬɘ űɡůɘəɩɜ 

ŭɘŮɟɔŬůɘɩɜ ůŰɘɠ ŭɘŮˊɘűɎɜŮɘŮɠ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ-ŬŮɟɑɞɡ, ɘɞɜŰɘəɞɨ ɡɔɟɞɨ-ɡɔɟɞɨ, ɘɞɜŰɘəɞɨ 

ɡɔɟɞɨ-ůŰŮɟŮɞɨ, ɔ) Űɖɜ Ůɨəɞɚɖ ŮɟɛɖɜŮɑŬ Űɞɡ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɤɜ ŬɜɘɧɜŰɤɜ əŬɘ 

əŬŰɘɧɜŰɤɜ ůŰɖɜ ŮˊɑůŰɟɤůɖ ɛɏůɤ ŮűŬɟɛɞɔɐɠ Ůˊɑ Űɧˊɞɡ űŬůɛŬŰɞůəɞˊɘəɩɜ ŰŮɢɜɘəɩɜ, 

ŭ) Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ əŬɘ ŮɟɛɖɜŮɑŬ űŬɘɜɞɛɏɜɤɜ ŭɘɎŰŬɝɖɠ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ȽɈ əŬɘ Ů) Űɖ 

ɛŮɚɏŰɖ Űɖɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɖɠ ůŰɞɘɓɎŭŬɠ əŬŰɎ Űɖɜ Ŭɟɢɘəɐ ŬɜɎˊŰɡɝɖ. ȰɜŬ əɞɘɜɧ 

ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ ŰŮɢɜɘəɩɜ in situ ŮɑɜŬɘ ɖ ɢɟɐůɖ ŮˊɑˊŮŭɖɠ ŮˊɘűɎɜŮɘŬɠ ɛŮŰɎɚɚɞɡ ɐ 

ɛŮŰŬɚɚɘəɞɨ ɞɝŮɘŭɑɞɡ ɤɠ ɡˊɧůŰɟɤɛŬ ɔɘŬ Űɞ ɘɞɜŰɘəɧ ɡɔɟɧ. Ƀɘ ŮˊɘűɎɜŮɘŮɠ ŬɡŰɏɠ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Ůɡɟɏɤɠ ůŮ Ůˊɑ Űɧˊɞɡ űŬůɛŬŰɞůəɞˊɘəɏɠ ɛŮɚɏŰŮɠ ŮŰŮɟɞɔŮɜɞɨɠ 

əŬŰɎɚɡůɖɠ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ əŬŰŬɚɡŰɘəɞɨ ɛɖɢŬɜɘůɛɞɨ əŬɘ ɏɢɞɡɜ ɤɠ əɨɟɘɞ 

ɢŬɟŬəŰɖɟɘůŰɘəɧ ɧŰɘ ŮɑɜŬɘ ŬŰɞɛɘəɎ ŮˊɑˊŮŭŮɠ əŬɘ ɞɟɗɎ ŭɘŬŰŮŰŬɔɛɏɜŮɠ ɏɢɞɜŰŬɠ 

ŬɜŬˊŰɡɢɗŮɑ ɛŮ ɞɝŮɑŭɤůɖ əŬɘ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ NiAl(110) [5-11] . ũɘŬ Űɖɜ ɔɟɐɔɞɟɖ 

ɛŮɚɏŰɖ Űɤɜ űŬɘɜɞɛɏɜɤɜ ˊɞɡ ůɡɛɓŬɑɜɞɡɜ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ȽɈ ŬŮɟɑɞɡ ŬɚɚɎ əŬɘ ɔɘŬ Űɖɜ 

ŬɜɎˊŰɡɝɖ ɆɈūȽɈ ůŮ ɛŮɔɎɚɖ əɚɑɛŬəŬ, ɩůŰŮ ɜŬ ŮɑɜŬɘ ŮűɘəŰɐ ɖ ŮűŬɟɛɞɔɐ Űɞɡɠ ůŮ ɛɘŬ 

ŭɘŮɟɔŬůɑŬ ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ ɐ əŬŰɎɚɡůɖɠ  ŮűŬɟɛɧɕɞɜŰŬɘ ɞɘ ex situ ŰŮɢɜɘəɏɠ.  ȳůɞɜ 

ŬűɞɟɎ ůŰŬ ɛɖ ˊɞɟɩŭɖ ůɡůŰɐɛŬŰŬ, ɞɘ ex situ ŰŮɢɜɘəɏɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŮɑŰŮ ŮɛˊɞŰɘůɛɧ 

Űɞɡ ŭɞəɘɛɑɞɡ ɛɏůŬ ůŰɞ ɘɞɜŰɘəɧ ɡɔɟɧ, ŮɑŰŮ ɛɖɢŬɜɘəɐ ŮˊɎɚɚŮɘɣɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ 

ɡˊɞůŰɟɩɛŬŰɞɠ ɛŮ ɘɞɜŰɘəɧ ɡɔɟɧ. ɆŰɘɠ ŭɨɞ ŬɡŰɏɠ ˊŮɟɘˊŰɩůŮɘɠ ůɢɖɛŬŰɑɕɞɜŰŬɘ ˊŬɢɘɏɠ 

ůŰɞɘɓɎŭŮɠ, Ůɜɩ ɚŮˊŰɧŰŮɟŬ əŬɘ ˊŮɟɘůůɧŰŮɟɞ ɞɛɞɘɞɔŮɜɐ ůŰɟɩɛŬŰŬ ɛˊɞɟɞɨɜ ɜŬ 

ŬɜŬˊŰɡɢɗɞɨɜ ɛɏůɤ Ů́ ɑůŰɟɤůɖɠ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɛŮ ŬˊɧɗŮůɖ ůŰŬɔɧɜŬɠ əŬɘ 

ˊŮɟɘůŰɟɞűɐ (spin coating). ɆŮ ɜŬɜɞˊɞɟɩŭɖ ɡɚɘəɎ, ɞ ŮɛˊɞŰɘůɛɧɠ əŬɘ ŮɜŬˊɧɗŮůɖ ůŰɖɜ 
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ŮˊɘűɎɜŮɘŬ Űɤɜ ˊɧɟɤɜ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ůɡɜɐɗɤɠ ɛŮ ŭɘŬɓɟɞɢɐ Űɤɜ ˊɞɟɤŭɩɜ əŬɜŬɚɘɩɜ ɛŮ 

ŭɘɎɚɡɛŬ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ, ŮɑŰŮ ɡˊɧ əŮɜɧ, ŮɑŰŮ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ ˊɑŮůɖɠ ŬŮɟɑɞɡ ůŰɞɜ 

ɡˊŮɟəŮɑɛŮɜɞ ɢɩɟɞ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ, Ůɜɩ ůŰɞ ŰŮɚŮɡŰŬɑɞ ůŰɎŭɘɞ ɔɑɜŮŰŬɘ ŮɝɎŰɛɘůɖ Űɞɡ 

ˊŰɖŰɘəɞɨ ŭɘŬɚɨŰɖ ɔɘŬ ɜŬ ˊŬɟŬɛŮɑɜŮɘ ɛɧɜɞ ɖ űɎůɖ Űɞɡ ȽɈ. ȼ ɛŮɗɞŭɞɚɞɔɑŮɠ ŬɡŰɏɠ 

ˊŮɟɘɚŬɛɓɎɜɞɡɜ əŬɘ Űɖɜ ˊɟŬɔɛŬŰɞˊɞɑɖůɖ ŬɜŰɑŭɟŬůɖɠ ɔɘŬ ŭɖɛɘɞɡɟɔɑŬ ɞɛɞɘɞˊɞɚɘəɞɨ 

ŭŮůɛɞɨ ɛŮŰŬɝɨ Űɖɠ ɢɖɛɘəɐɠ ɞɛɎŭŬɠ ɛŮ Űɖɜ ɞˊɞɑŬ ŰɟɞˊɞˊɞɘŮɑŰŬɘ Űɞ Ŭɜɘɧɜ ɐ əŬŰɘɧɜ Űɞɡ 

ȽɈ əŬɘ Űɖɠ ŭɟŬůŰɘəɐɠ ɞɛɎŭŬɠ ˊɞɡ ɡˊɎɟɢŮɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ˊɧɟɞɡ (ůɡɜɐɗɤɠ 

ůɘɚŬɜɧɚŮɠ əŬɘ ŮˊɞɝŮɘŭɘəɞɑ ŭŬəŰɨɚɘɞɘ).  

ȼ ŬɝɘɞůɖɛŮɑɤŰɖ Ůɝɏɚɘɝɖ Űɖɠ ŮˊɘůŰɐɛɖɠ ŮˊɘűŬɜŮɘɩɜ əŬɘ ɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɤɜ 

əŬŰŬɚɡŰɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ, Űɤɜ  əŬŰŬɚɡŰɘəɩɜ ɛɖɢŬɜɘůɛɩɜ əŬɘ Űɖɠ ɟɧűɖůɖɠ 

ŬŮɟɑɤɜ ůŮ ɛŮŰŬɚɚɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ əŬɘ ȽɈ, ˊŬɟɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɓŬɗɨŰŮɟɖɠ 

əŬŰŬɜɧɖůɖɠ Űɤɜ ɆɈūȽɈ əŬɘ ɆȾɆȽɈ ůŮ ɛɘəɟɞůəɞˊɘəɧ ŮˊɑˊŮŭɞ. ɆŮ ŭŮɨŰŮɟɞ ůŰɎŭɘɞ 

ɧɛɤɠ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞ ɞɘ ɗŮɤɟɖŰɘəɏɠ ŬɡŰɏɠ ɛŮɚɏŰŮɠ ɜŬ ůɡůɢŮŰɘůŰɞɨɜ əŬɘ 

ŮˊŬɚɖɗŮɡŰɞɨɜ ɛɏůɤ ˊŮɘɟŬɛŬŰɘəɩɜ ɛŮɚŮŰɩɜ əŬɘ ŬˊɞŰŮɚŮůɛɎŰɤɜ Ŭˊɧ Űɖɜ ŮűŬɟɛɞɔɐ 

Űɤɜ ɆɈūȽɈ əŬɘ ɆȾɆȽɈ ůŮ ŭɘŮɟɔŬůɑŮɠ ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ əŬɘ ŮŰŮɟɞɔŮɜɞɨɠ 

əŬŰɎɚɡůɖɠ. Ƀ ůɡɜŭɡŬůɛɧɠ ɗŮɤɟɖŰɘəɩɜ əŬɘ ˊŮɘɟŬɛŬŰɘəɩɜ ɛŮɚŮŰɩɜ, ŬˊɞůŬűɖɜɑɕŮɘ 

Űɞɡɠ ůɡůɢŮŰɘůɛɞɨɠ ŬɜɎɛŮůŬ ůŰɘɠ ŭɘŮˊɘűŬɜŮɘŬəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ əŬɘ 

ůŰɖɜ/ůŰɞɜ Ŭˊɞɟɟɧűɖůɖ/ŭɘŬɢɤɟɘůɛɧ ɐ ůŰɘɠ əŬŰŬɚɡŰɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ Űɤɜ ɆɈūȽɈ əŬɘ 

Űɤɜ ɆȾɆȽɈ.  

ũɑɜŮŰŬɘ ůŬűɏɠ ɧŰɘ ɔɘŬ Űɖɜ Ůəˊɧɜɖůɖ ɛŮɚɏŰɖɠ Űɖɠ Ŭˊɧŭɞůɖɠ Űɤɜ ɆɈūȽɈ əŬɘ 

Űɤɜ ɆȾɆȽɈ ůŮ ˊɟŬɔɛŬŰɘəɐ ŭɘŮɟɔŬůɑŬ, ɖ ŬɜɎˊŰɡɝɐ Űɞɡɠ ɛɏůɤ ŰŮɢɜɘəɩɜ ŮɛɓɎˊŰɘůɖɠ 

ŮɑɜŬɘ ˊŮɟɘůůɧŰŮɟɞ ɗŮɛɘŰɏɠ Ŭűɞɨ ɛˊɞɟɞɨɜ ɜŬ ɞŭɖɔɐůɞɡɜ ůŰɖ ůɨɜɗŮůɖ Űɤɜ ɡɚɘəɩɜ ůŮ 

ɛŮɔɎɚɖ əɚɑɛŬəŬ. Ⱥˊɑůɖɠ, ɖ ɢɟɐůɖ ŬŰɞɛɘəɎ ŮˊɑˊŮŭɤɜ əŬɘ ɞɛɞɘɧɛɞɟűŬ ŭɘŬŰŮŰŬɔɛɏɜɤɜ 

ŮˊɘűŬɜŮɘɩɜ ŬˊɏɢŮɘ Ŭˊɧ Űɖɜ ˊɟŬɔɛŬŰɘəɐ ˊŮɟɑˊŰɤůɖ Űɤɜ ɡˊɞůŰɟɤɛɎŰɤɜ ɡɣɖɚɞɨ 

ˊɞɟɩŭɞɡɠ. ȺɑɜŬɘ ŬɜɩűŮɚɞ ůŮ ɛɘŬ ˊɟŬɔɛŬŰɘəɐ ŭɘŮɟɔŬůɑŬ ɜŬ ŬɝɘɞˊɞɘŮɑŰŬɘ ɛɧɜɞ ɖ 

ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Ůɜɧɠ ɡɚɘəɞɨ, ɧŰŬɜ ɖ ɡɣɖɚɐ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘɎ Űɞɡ ɓɟɑůəŮŰŬɘ ɛɏůŬ 

ůŰɖɜ ˊɞɟɩŭɖ Űɞɡ ŭɞɛɐ. Ⱥˊɘˊɚɏɞɜ, ɛŮ Űɘɠ ŰŮɢɜɘəɏɠ ŮɜŬˊɧɗŮůɖɠ ŬŰɛɞɨ PVD ŭŮɜ 

ŮɝŬůűŬɚɑɕŮŰŬɘ ɖ ŮɜŬˊɧɗŮůɖ Űɤɜ ůŰɞɘɓɎŭɤɜ ȽɈ ˊɎɜɤ ůŮ ɧɚɖ Űɖɜ ˊɞɟɩŭɖ ŮˊɘűɎɜŮɘŬ. 

 ȷəɧɛŬ, əŬŰɎ Űɖɜ ŮɜŬˊɧɗŮůɖ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ůŰŬ ˊɞɟɩŭɖ ɡˊɞůŰɟɩɛŬŰŬ 

ŬˊŬɘŰŮɑŰŬɘ ˊŮɟŬɘŰɏɟɤ ɛŮɚɏŰɖ  Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ɛŮ Űɖɜ ˊɞɟɩŭɖ 

ŮˊɘűɎɜŮɘŬ əŬɘ  Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ Űɞɡ  ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ɛŮ Űɞ Ŭɏɟɘɞ. ɀŮ Űɖ ɢɟɐůɖ 

ŬɜŬɚɡŰɘəɩɜ ɛŮɗɧŭɤɜ ɛˊɞɟŮɑ ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ Űɞ ˊɞůɞůŰɧ ˊɚɐɟɤůɖɠ Űɤɜ ˊɧɟɤɜ, ˊɞɡ 

ŬˊɞŰŮɚŮɑ ůɖɛŬɜŰɘəɐ ˊŬɟɎɛŮŰɟɞ ɔɘŬ ŮűŬɟɛɞɔɏɠ ŮŰŮɟɞɔŮɜɞɨɠ əŬŰɎɚɡůɖɠ əŬɘ 
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ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ. Ɇɡɜɐɗɤɠ ɖ ɨˊŬɟɝɖ əŮɜɞɨ ɢɩɟɞɡ ůŰɞɡɠ ˊɧɟɞɡɠ ŮɑɜŬɘ ɗŮɛɘŰɐ ɔɘŬ 

əŬŰɎɚɡůɖ əŬɘ ŬɗɏɛɘŰɖ ɔɘŬ ŭɘŬɢɤɟɘůɛɞɨɠ ŬŮɟɑɤɜ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ 

Űɖɠ əŬŰɎɚɡůɖɠ Űɞ ɘɞɜŰɘəɧ ɏɢŮɘ ŭɘŰɧ ɟɧɚɞ Ŭűɞɨ ɛˊɞɟŮɑ ɜŬ ŭɟɎůŮɘ ɤɠ ŮɜŮɟɔɞˊɞɘɖŰɐɠ 

Űɤɜ ɛŮŰŬɚɚɘəɩɜ ůɡɛˊɚɧəɤɜ ɛŮŰɎˊŰɤůɖɠ, Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ŮˊɘŰɟɏˊŮɘ ŮəɚŮəŰɘəɎ ůŰŬ 

ŬɜŰɘŭɟŬůŰɐɟɘŬ ɜŬ ŭɘŬɢɏɞɜŰŬɘ ɛɏůɤ Űɤɜ ůŰɞɘɓɎŭɤɜ Űɞɡ ɔɘŬ ɜŬ űŰɎůɞɡɜ ůŰŬ 

əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɎ əɏɜŰɟŬ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ, ɖ ŬɜɞɘɢŰɐ ŭɞɛɐ Űɤɜ ˊɧɟɤɜ 

ŭɘŮɡəɞɚɨɜŮɘ Űɖɜ ˊɟɞůɓŬůɘɛɧŰɖŰŬ Űɤɜ ŬŮɟɑɤɜ ůŮ ɛɘŬ ŰŮɟɎůŰɘŬ ŮˊɘűɎɜŮɘŬ əŬɚɎ 

ŭɘŮůˊŬɟɛɏɜɞɡ əŬɘ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ȽɈ. ȷɜŰɑɗŮŰŬ, ůŮ ˊŮɟɘˊŰɩůŮɘɠ ŭɘŬɢɤɟɘůɛɞɨ 

ŬŮɟɑɤɜ, ɖ ŬɜɞɘɢŰɐ ˊɞɟɩŭɖɠ ŭɞɛɐ ůŰŬ ɆɈūȽɈ ůɡɜŮˊɎɔŮŰŬɘ ɡˊɞɓŬɗɛɘůɛɏɜɖ 

ŭɘŬɢɤɟɘůŰɘəɐ ɘəŬɜɧŰɖŰŬ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ŭɘɧŰɘ ůŰɖɜ ŬɜɞɘɢŰɐ ŭɞɛɐ Űɞɡ ˊɧɟɞɡ ɛˊɞɟŮɑ 

ɜŬ ɚɎɓŮɘ ɢɩɟŬ Ŭɡɝɖɛɏɜɖ əŬɘ ɛɖ ŮˊɘɚŮəŰɘəɐ ůɡɔəɏɜŰɟɤůɖ ŬŮɟɑɤɜ ůŮ ɛŮɔɎɚŮɠ 

ˊɞůɧŰɖŰŮɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ çůəɑŬůɖè Űɖɠ ŮəɚŮəŰɘəɧŰɖŰŬɠ ɞ́ɡ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ 

ŮˊɘŰŮɡɢɗŮɑ Ŭˊɧ Űɘɠ ɡˊɏɟɚŮˊŰŮɠ ůŰɞɘɓɎŭŮɠ Űɞɡ ȽɈ. ɇɞ ˊŬɟɧɜ əŮűɎɚŬɘɞ ˊɟŬɔɛŬŰŮɨŮŰŬɘ  

ŬɜŮˊŰɡɔɛɏɜŬ  ɆɈūȽɈ ɛŮ ex-situ ŰŮɢɜɘəɏɠ ŮɛˊɞŰɘůɛɞɨ. ɉɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭɨɞ Űɨˊɞɘ 

ȽɈ, Űɞ ˊɞɚɨ əɞɘɜɧ əŬɘ Ůɡɟɏɤɠ ŮűŬɟɛɞůɛɏɜɞ ɎɚŬɠ Űɞɡ ŮɝŬűɗɞɟɞűɤůűɞɟɘəɞɨ 1-

ɓɞɨŰɡɚɞ-3-ɛɏɗɡɚɞ-ɘɛɘŭŬɕɞɚɑɞɡ (1-butyl-3-methyl-imidazolium hexafluorophosphate-

[bmim][PF6
ī
]) əŬɘ ɛɘŬ Űɟɞˊɞˊɞɘɖɛɏɜɖ Űɞɡ ɛɞɟűɐ ɧˊɞɡ ɖ ˊɚŮɡɟɘəɐ ŬɚɡůɑŭŬ ůŰɖɜ 

ɗɏůɖ ɏɜŬ (1) Űɞɡ ɘɛɘŭŬɕɞɚɘəɞɨ ŭŬəŰɡɚɑɞɡ ŮɑɜŬɘ ɏɜŬ ŰɟɘŬɚəɧɝɡ ůɘɚɎɜɘɞ. ȰŰůɘ Űɞ ȽɈ 

ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ əŬɘ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ űɏɟŮɘ Űɖɜ ɞɜɞɛŬůɑŬ  ŮɝŬűɗɞɟɞűɤůűɞɟɘəɧ 

ɎɚŬɠ Űɞɡ (1-(ůɘɚɡɚˊɟɞˊɡɚɞ)-3-ɛŮɗɡɚɞ-ɘɛɘŭŬɕɞɚɑɞɡ (1-(silylpropyl)-3-methyl-

imidazolium hexafluorophosphate [spmim][PF6
ī
]). 

ɋɠ ɡˊɞůŰɟɩɛŬŰŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ˊɞɟɩŭɖ ɡɚɘəɎ ˊɡɟɘŰɑŬɠ ɛŮ əŬɚɎ 

ɞɟɔŬɜɤɛɏɜɖ ɛŮůɞˊɞɟɩŭɖ ŭɞɛɐ (ɛŮůɞˊɞɟɩŭɖɠ ŭɘŬŰŮŰŬɔɛɏɜɖ ˊɡɟɘŰɑŬ), ˊɞɡ űɏɟɞɡɜ 

ŮɑŰŮ ˊŬɟɎɚɚɖɚɞɡɠ ˊɧɟɞɡɠ ɞɛɞɘɧɛɞɟűɞɡ ɛŮɔɏɗɞɡɠ (2.6 nm) (MCM-41), ŮɑŰŮ 

ɛŮɔŬɚɨŰŮɟɞɡɠ ˊɧɟɞɡɠ (6 nm) ůɡɜŭŮɧɛŮɜɞɡɠ ɛŮŰŬɝɨ Űɞɡɠ ɛŮ ɛɘəɟɧŰŮɟŬ əŬɜɎɚɘŬ 

(SBA-15). Ⱥˊɑůɖɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɡɚɘəɎ ˊɡɟɘŰɑŬɠ ɛŮ ŰɡɢŬɑŬ ˊɞɟɩŭɖ ŭɞɛɐ (Vycor, 

Controlled Pore Glass-(CPG)). ɇŬ ɡˊɞůŰɟɩɛŬŰŬ ŰɟɞˊɞˊɞɘɐɗɖəŬɜ ɛŮ Űɞ 

ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ȽɈ, (ŮɝŬűɗɞɟɞűɤůűɞɟɘəɧ ɎɚŬɠ Űɞɡ (1-(ůɘɚɡɚˊɟɞˊɡɚɞ)-3-ɛŮɗɡɚɞ-

ɘɛɘŭŬɕɞɚɑɞɡ). ɇɞ ȽɈ ůɡɜɏɓŬɚŮ ůŰɞ ɜŬ Ŭˊɞɟɟɞűɖɗɞɨɜ ŰŬ ɘɧɜŰŬ Au əŬŰɎ Űɞɜ ŮɛˊɞŰɘůɛɧ 

ůŮ ŭɘɎɚɡɛŬ Űɞɡ ˊɟɧŭɟɞɛɞɡ ɎɚŬŰɞɠ ŬɚɚɎ əŬɘ ůŰɖ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au (AuNɆ), ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ůŮ ŭŮɨŰŮɟɞ ůŰɎŭɘɞ əŬŰɎ Űɖɜ 

ŬɜŬɔɤɔɘəɐ ŭɘŮɟɔŬůɑŬ. ȺˊɘˊɟɧůɗŮŰŬ, Űɞ ȽɈ ɚŮɘŰɞɨɟɔɖůŮ əŬɘ ɤɠ ɟɞűɖŰɐɠ ɔɘŬ Űɖɜ 

ŰŬɢɨŰŬŰɖ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ˊɟɞɥɧɜŰɞɠ Űɖɠ əŬŰŬɚɡŰɘəɐɠ ɞɝŮɑŭɤůɖɠ Űɞɡ CO. ɇŬ 
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ɆɈūȽɈ əŬɘ ŰŬ ŰɟɞˊɞˊɞɘɖɛɏɜŬ  AuNɆ-ɆɈūȽɈ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ɛŮɚŮŰɐɗɖəŬɜ ɤɠ 

ˊɟɞɠ Űɖɜ ɘəŬɜɧŰɖŰɎ Űɞɡɠ ɜŬ ŭɘŬɢɤɟɑɕɞɡɜ ŬɏɟɘŬ əŬɘ ɤɠ ˊɟɞɠ Űɖɜ əŬŰŬɚɡŰɘəɐ Űɞɡɠ 

ɘəŬɜɧŰɖŰŬ ůŰɖɜ ɞɝŮɑŭɤůɖ CO ůŮ ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ, ŬɜŰɑůŰɞɘɢŬ. 

 Ⱥˊɘˊɚɏɞɜ, ɏɔɘɜŮ Űɟɞˊɞˊɞɑɖůɖ ɡɚɘəɩɜ ŭɘŬŰŮŰŬɔɛɏɜɖɠ ɛŮůɞˊɞɟɩŭɞɡɠ ˊɡɟɘŰɑŬɠ 

ŭɘŬűɧɟɤɜ ɛŮɔŮɗɩɜ ˊɧɟɤɜ Ŭˊɧ 2.3 ɏɤɠ 6 nm, ɛŮ əɨɟɘɞ ůŰɧɢɞ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ ŮˊɑŭɟŬůɖ 

Űɞɡ ɛŮɔɏɗɞɡɠ ůŰɖɜ ɡɔɟɞəɟɡůŰŬɚɚɘəɐ əŬŰɎůŰŬůɖ Űɖɠ űɎůɖɠ Űɞɡ ȽɈ ɡˊɧ ˊŮɟɘɞɟɘůɛɧ. 

ȼ ŮˊɑŰŮɡɝɖ ɡɣɖɚɞɨ ɓŬɗɛɞɨ ˊɚɐɟɤůɖɠ Űɖɠ ˊɞɟɩŭɞɡɠ ŭɞɛɐɠ ŭɘŮɡəɧɚɡɜŮ Űɘɠ ůɢŮŰɘəɏɠ 

ɛŮɚɏŰŮɠ, ɞɘ ɞˊɞɑŮɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ ŬɜŬɚɡŰɘəɩɜ ɛŮɗɧŭɤɜ 

ŭɘŬűɞɟɘəɐɠ ɗŮɟɛɘəɐɠ ůɎɟɤůɖɠ (DSC) əŬɘ ŬəŰɘɜŬɜɎɚɡůɖɠ ɛŮ ˊŮɟɑɗɚŬůɖ ŬəŰɑɜɤɜ ɉ 

(XRD).  ȼ ůɨɔəɟɘůɖ ŬɜɎɛŮůŬ ůŮ ŭɘŬŰŮŰŬɔɛɏɜŮɠ əŬɘ ɛɖ ŭɘŬŰŮŰŬɔɛɏɜŮɠ ˊɞɟɩŭŮɘɠ ŭɞɛɏɠ 

ɛŮ ɧɛɞɘɞ ɛɏɔŮɗɞɠ ˊɧɟɤɜ ŬˊɏŭŮɘɝŮ ɧŰɘ Űɞ ŭŬɘŭŬɚɩŭŮɠ Űɞɡ ˊɞɟɩŭɞɡɠ ŭɘəŰɨɞɡ ŭŮɜ 

ŮˊɖɟŮɎɕŮɘ Űɖɜ ŮɜŬˊɞŰɘɗɏɛŮɜɖ ˊɞůɧŰɖŰŬ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ. ũɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ əŬŰɎ Űɞ 

ŭɡɜŬŰɧɜ ɛŮɔŬɚɨŰŮɟɖɠ ŬəɟɑɓŮɘŬɠ əŬɘ ɔɘŬ Űɖɜ ŮɝŬɔɤɔɐ ɓɎůɘɛɤɜ ůɡɛˊŮɟŬůɛɎŰɤɜ 

ůɢŮŰɘəɎ ɛŮ Űɞ ˊɞůɞůŰɧ ˊɚɐɟɤůɖɠ Űɤɜ ˊɧɟɤɜ ŮűŬɟɛɧůŰɖəŮ ɖ ́ɟɞɖɔɛɏɜɖ ŰŮɢɜɘəɐ 

ɛɘəɟɞɔɤɜɘŬəɐɠ ůəɏŭŬůɖɠ ɜŮŰɟɞɜɑɤɜ (SANS), ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ŬɜɘɢɜŮɨůŮɘ Űɖɜ 

ɨˊŬɟɝɖ ȽɈ ůŮ ɧɚɖ Űɖɜ ɏəŰŬůɖ Űɞɡ ˊɧɟɞɡ Ůɜɩ ŬɜŰɑɗŮŰŬ ɞɘ ůɡɜɖɗɘůɛɏɜŮɠ ŰŮɢɜɘəɏɠ, 

ɧˊɤɠ ɖ ˊɞɟɞůɘɛŮŰɟɑŬ ɡɔɟɞɨ ŬɕɩŰɞɡ (LN2 porosimetry) ɛˊɞɟɞɨɜ ɜŬ ɞŭɖɔɐůɞɡɜ ůŮ 

ŮůűŬɚɛɏɜŬ ůɡɛˊŮɟɎůɛŬŰŬ ɛɘŬɠ əŬɘ ŮɑɜŬɘ ŮɡŬɑůɗɖŰŮɠ ůŮ űŬɘɜɧɛŮɜŬ ˊɞɡ ůɡɛɓŬɑɜɞɡɜ 

ůŰɞ ůŰɧɛɘɞ (ɎɜɞɘɔɛŬ) Űɤɜ ˊɧɟɤɜ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ ɖ ˊɞɟɞůɘɛŮŰɟɑŬ ɡɔɟɞɨ ŬɕɩŰɞɡ ŭŮɜ 

ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ŭɘŬəɟɑɜŮɘ Ŭɜ Űɞ ɛɖŭŮɜɘəɧ ˊɞɟɩŭŮɠ Űɞɡ ɆɈūȽɈ ɛŮŰɎ Űɞɜ ŮɛˊɞŰɘůɛɧ 

ůŮ ɘɞɜŰɘəɧ ɡɔɟɧ ɞűŮɑɚŮŰŬɘ ůŮ ˊɚɐɟɖ əɎɚɡɣɖ Űɞɡ ɢɩɟɞɡ Űɤɜ ˊɧɟɤɜ ɐ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ 

ɚŮˊŰɩɜ ůŰɞɘɓɎŭɤɜ ůŰɞ ɎɜɞɘɔɛŬ Űɞɡ ˊɧɟɞɡ ɞɘ ɞˊɞɑŮɠ ŭɡůəɞɚŮɨɞɡɜ Űɖɜ ˊɟɧůɓŬůɖ Űɤɜ 

ɛɞɟɑɤɜ Űɞɡ ŬŮɟɑɞɡ ŬɕɩŰɞɡ. ɀŮŰŬ Űɖ ɓŬůɘəɐ ŭɞɛɘəɐ əŬɘ ɛɞɟűɞɚɞɔɘəɐ ɛŮɚɏŰɖ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɖ ɛŮɚɏŰɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɤɜ ŬɜŬˊŰɡɔɛɏɜɤɜ ɡɚɘəɩɜ ůŮ ŮűŬɟɛɞɔɏɠ 

ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ CO2/CO əŬɘ ůŮ əŬŰŬɚɡŰɘəɐ ŮűŬɟɛɞɔɐ ɞɝŮɑŭɤůɖɠ CO ůŮ ɢŬɛɖɚɐ 

ɗŮɟɛɞəɟŬůɑŬ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŮɟɛɖɜŮɨŰɖəŬɜ əŬɘ ůɡůɢŮŰɑůŰɖəŬɜ ɛŮ Űɞɜ  ˊɘɗŬɜɧ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɤɜ ŮɜŬˊɞŰɘɗɏɛŮɜɤɜ ɛɞɟɑɤɜ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ, ɚŬɛɓɎɜɞɜŰŬɠ 

ɡˊɧɣɘɜ ˊɟɧůűŬŰŮɠ ɏɟŮɡɜŮɠ ˊɞůɞŰɘəɐɠ əŬɘ ˊɞɘɞŰɘəɐɠ ŬɜɎɚɡůɖɠ űŬůɛɎŰɤɜ XP [15]. ȼ 

ŰŮɢɜɘəɐ ŬɡŰɐ ŮɑɜŬɘ ůɢŮŰɘəɎ Ŭˊɚɐ əŬɘ ˊŬɟɏɢŮɘ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɞɜ ɛɞɟɘŬəɧ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ əŬɘ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ ŮɜŬˊɧɗŮůɖ Űɤɜ ɘɧɜŰɤɜ ůŰɘɠ ŭɘŮˊɘűɎɜŮɘŮɠ 

ɘɞɜŰɘəɞɨ ɡɔɟɞɨ/əŮɜɞɨ ɐ ůŰŮɟŮɞɨ/ɘɞɜŰɘəɞɨ ɡɔɟɞɨ.  
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2. ɄŮɘɟŬɛŬŰɘəɧ ɀɏɟɞɠ 

 

2.1 ɄŬɟŬůəŮɡɐ Űɤɜ ɟɞűɖŰɩɜ ɆɈūȽɈ ɛŮ ɢɟɐůɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ  ȽɈ 

 

ȷɟɢɘəɎ, ˊŮɟɑˊɞɡ 200 mg Ŭˊɧ Űɞ ˊɞɟɩŭŮɠ ˊɡɟɘŰɘəɧ ɡˊɧůŰɟɤɛŬ, ŬˊŬŮɟɩɜɞɜŰŬɘ 

ůŰɞɡɠ 423 Ⱦ ɡˊɧ ůɡɜɗɐəŮɠ ɡɣɖɚɞɨ əŮɜɞɨ ɔɘŬ 1ɩɟŬ. ũɘŬ Űɖ ɢɖɛɘəɐ ůɨɜŭŮůɖ Űɞɡ 

ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ŮűŬɟɛɧůŰɖəŮ ɖ ɛŮɗɞŭɞɚɞɔɑŬ ñgrafting toò.  ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ ɏɜŬ 

Űɟɘ-Ŭɚəɧɝɡ ɢɚɩɟɞ-ůɘɚɎɜɘɞ ŬɜŰɘŭɟɎ ŬɟɢɘəɎ ɛŮ Űɞ ˊɡɟɘŰɘəɧ ɡˊɧůŰɟɤɛŬ əŬɘ ůŰɖ 

ůɡɜɏɢŮɘŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŬɜŰɑŭɟŬůɖ Ŭɚəɡɚɑɤůɖɠ Űɞɡ ɛɏɗɡɚɞ-ɘɛɘŭŬɕɞɚɑɞɡ ɛŮ Űɞ 

ˊɏɟŬɠ Űɖɠ ɞˊɞɑŬɠ ɏɢŮɘ ˊŬɟŬɢɗŮɑ Űɞ ɛŮŰŬ-ɢɚɤɟɑɞɡ ɘɞɜŰɘəɧ ɡɔɟɧ, ɞɛɞɘɞˊɞɚɘəɎ 

ůɡɜŭŮŭŮɛɏɜɞ ɛŮ Űɖɜ ˊɡɟɘŰɘəɐ ŮˊɘűɎɜŮɘŬ ɛɏůɤ ůɡɛˊɨəɜɤůɖɠ Űɤɜ Ŭɚəɧɝɡ-ɞɛɎŭɤɜ Űɞɡ 

ůɘɚŬɜɑɞɡ. ɆŰɞ ŰŮɚŮɡŰŬɑɞ ůŰɎŭɘɞ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɘɞɜŰɞŮɜŬɚɚŬɔɐ ɔɘŬ ɜŬ ˊŬɟŬɢɗŮɑ Űɞ 

ȽɈ ɛŮ Űɞ ŮˊɘɗɡɛɖŰɧ Ŭɜɘɧɜ. ɆɡɔəŮəɟɘɛɏɜŬ, ůŮ ŭɘɎɚɡɛŬ ŰɟɘŬɘɗɧɝɡ ɢɚɤɟɞˊɟɧˊɡɚ 

ůɘɚŬɜɑɞɡ (triethoxy chloropropyl silane) (2.5 ml, 10.38 mmol) ůŮ 10 mL 

ŬűɡɔɟŬůɛɏɜɞɡ ɢɚɤɟɞűɞɟɛɑɞɡ (CHCl3) ˊɟɞůŰɑɗŮŰŬɘ ɖ ŬˊŬŮɟɤɛɏɜɖ ůəɧɜɖ Űɞɡ 

ˊɡɟɘŰɘəɞɨ ɡˊɞůŰɟɩɛŬŰɞɠ. ȼ ŬɜŰɑŭɟŬůɖ grafting ŭɘŮɝɐɢɗŮɘ ɡˊɧ ŬɜŬɟɟɞɐ ůŮ 

ŬŰɛɧůűŬɘɟŬ N2 ɔɘŬ 24 ɩɟŮɠ. ɆŰɖ ůɡɜɏɢŮɘŬ, Űɞ ŭɘɎɚɡɛŬ ŭɘɖɗŮɑŰŬɘ əŬɘ ŮɜŬˊɞɛɏɜŮɘ Űɞ 

ůŰŮɟŮɧ ɡɚɘəɧ, Űɞ ɞˊɞɑɞ ɝŮˊɚɏɜŮŰŬɘ ŭɘŬŭɞɢɘəɎ ɛŮ ˊŮɜŰɎɜɘɞ (30 mL) əŬɘ ŬəŮŰɞɜɘŰɟɑɚɘɞ 

(30 mL) əŬɘ ɡˊɞɓɎɚɚŮŰŬɘ ůŮ ŬɜŬɟɟɞɐ ɛŮ ŭɘŬɘɗɡɚŮɗɏɟŬ (30mL). ɀŮŰɎ Űɖ ŭɘɐɗɖůɖ Űɞ 

ɡɚɘəɧ ůŰŮɔɜɩɜŮɘ ůŰɞɡɠ 343 K ɡˊɧ əŮɜɧ ɔɘŬ 1ɩɟŬ. Ⱥɜ ůɡɜŮɢŮɑŬ, 5 mL 1-

ɛŮɗɡɚɘɛɘŭŬɕɞɚɑɞɡ (1-methyl imidazole) ˊɟɞůŰɑɗɞɜŰŬɘ ůŰɖɜ Űɟɞˊɞˊɞɘɖɛɏɜɖ ɛŮ ůɘɚɎɜɘɞ 

ůəɧɜɖ Űɞɡ ˊɡɟɘŰɘəɞɨ ɡˊɞůŰɟɩɛŬŰɞɠ əŬɘ ɧɚɞ Űɞ ˊɟɞəɨˊŰɞɜ ŬɘɩɟɖɛŬ ŬɜŬŭŮɨŮŰŬɘ 

ůŰɞɡɠ 358 Ⱦ ɡˊɧ ŬŰɛɧůűŬɘɟŬ Ɂ2 ɔɘŬ 48 ɩɟŮɠ. ɇɞ ɛɑɔɛŬ ŭɘɖɗŮɑŰŬɘ əŬɘ Űɞ ŮɜŬˊɞɛɏɜɞɜ 

ɡɚɘəɧ ɡˊɧəŮɘŰŬɘ ůŮ ŬɜŬɟɟɞɐ ɛŮ ŭɘŬɘɗɡɚŬɘɗɏɟŬ (30 mL) ɔɘŬ 30 ɚŮˊŰɎ. ɀŮŰɎ Űɖ 

ŭɘɐɗɖůɖ ɖ ůəɧɜɖ ŬˊŬŮɟɩɜŮɘ ɔɘŬ Ɏɚɚɖ ɛɘŬ űɞɟɎ ůŰɞɡɠ 343 Ⱦ ɡˊɧ əŮɜɧ ɔɘŬ 1 ɩɟŬ. 

ȷəɞɚɞɨɗɤɠ, ŬɘɗŬɜɞɚɘəɧ ŭɘɎɚɡɛŬ (6 mL) ɛŮ ŮɝŬűɗɞɟɞűɤůűɞɟɘəɧ ɜɎŰɟɘɞ (ɁaPF6) (68 

mg, 0.4 mmol) ˊɟɞůŰɑɗŮŰŬɘ ůŮ 64 mg Űɖɠ ůŰŮɔɜɐɠ ůəɧɜɖɠ. ɇɞ ɛɑɔɛŬ ŬɜŬŭŮɨŮŰŬɘ ɔɘŬ 5 

ɛɏɟŮɠ ɡˊɧ ŬŰɛɧůűŬɘɟŬ Ɂ2 ɔɘŬ ɜŬ ɞɚɞəɚɖɟɤɗŮɑ ɖ ɘɞɜŰɞŮɜŬɚɚŬɔɐ. ɇɞ ŬɜŰɘŭɟɩɜ ɛɑɔɛŬ 

ŭɘɖɗŮɑŰŬɘ əŬɘ ɝŮˊɚɏɜŮŰŬɘ ɛŮ ɛŮɗŬɜɧɚɖ (30 mL) ɔɘŬ 15 ɚŮˊŰɎ ɡˊɧ ŬɜŬɟɟɞɐ. ɀŮŰɎ Ŭˊɧ 

Űɖ ŭɘɐɗɖůɖ Űɞ ɡɚɘəɧ ůŰŮɔɜɩɜŮɘ ɔɘŬ 1 ɩɟŬ ɡˊɧ əŮɜɧ. 
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2.2 ɄŬɟŬůəŮɡɐ Űɤɜ ɟɞűɖŰɩɜ ɆɈūȽɈ ɛŮ ɢɟɐůɖ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ȽɈ 

 

ũɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ Űɞɡ ɆɈūȽɈ ɛŮ Űɖɜ ŰŮɢɜɘəɐ Űɞɡ űɡůɘəɞɨ ŮɛˊɞŰɘůɛɞɨ 

əŬŰŬůəŮɡɎůŰɖəŮ Ůɘŭɘəɐ ɡɎɚɘɜɖ ůɡůəŮɡɐ ˊɞɡ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŮˊŬűɐ əŬɚɎ ŬˊŬŮɟɤɛɏɜɞɡ 

ˊɡɟɘŰɘəɞɨ ɡˊɞůŰɟɩɛŬŰɞɠ ɛŮ ɛŮɗŬɜɞɚɘəɧ ŭɘɎɚɡɛŬ Űɞɡ ȽɈ, ɢɤɟɑɠ ˊɟɞɖɔɞɡɛɏɜɤɠ Űɞ 

ɡˊɧůŰɟɤɛŬ ɜŬ ɏɟɗŮɘ ůŮ ŮˊŬűɐ ɛŮ Űɞɜ ŬŰɛɞůűŬɘɟɘəɧ ŬɏɟŬ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, Űɞ 

ˊɞɟɩŭŮɠ ɡˊɞůŰɟɩɛŬ (150 mg), ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɖɜ Ůɘŭɘəɐ ɔɡɎɚɘɜɖ ůɡůəŮɡɐ ɔɘŬ  Űɖɜ 

ŬɜŬɔɏɜɜɖůɐ Űɞɡ ůŮ ɡɣɖɚɧ əŮɜɧ (10
-5 

mbar) əŬɘ ɗŮɟɛɞəɟŬůɑŬ ɛɏɢɟɘ Űɞɡɠ 180 ÁC. 

ȾŬŰɎ Űɞ ˊɏɟŬɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ŬˊŬɏɟɤůɖɠ, ɖ ɗŮɟɛɞəɟŬůɑŬ ɛŮɘɩɜŮŰŬɘ ɡˊɧ əŮɜɧ, (1 

ɛɏɟŬ). ɀŮ Űɖɜ ŮˊɑŰŮɡɝɖ ɗŮɟɛɞəɟŬůɑŬɠ ŭɤɛŬŰɑɞɡ Űɞ ůŰŮɟŮɧ ŭŮɑɔɛŬ ŬˊɞɛɞɜɩɜŮŰŬɘ Ŭˊɧ 

Űɖ ɔɟŬɛɛɐ əŮɜɞɨ ɛɏůɤ əŬŰɎɚɚɖɚɖɠ ɓŬɚɓɑŭŬɠ əŬɘ ŭɘŬɓɟɏɢŮŰŬɘ ˊɚɐɟɤɠ ɛŮ 10 mL 

ŭɘŬɚɨɛŬŰɞɠ [bmim][PF6
ī
] ůɡɔəɏɜŰɟɤůɖɠ 0.2 M ůŮ ɛŮɗŬɜɧɚɖ (MeOH). ɇɞ ŭɘɎɚɡɛŬ 

ŬɡŰɧ ŮɛˊɞŰɑɕŮŰŬɘ ůŰɞ ɡˊɧůŰɟɤɛŬ ɛŮ ɢɟɐůɖ ůɨɟɘɔɔŬɠ ˊɟɞůŬɟɛɞůɛɏɜɖɠ ŬŮɟɞůŰŮɔŬɜɎ 

ůŮ əŬŰɎɚɚɖɚɞ ůɨɜŭŮůɛɞ ˊɞɡ űɏɟŮɘ ɖ ɓŬɚɓɑŭŬ Ůɘůɧŭɞɡ. ȼ ɓŬɚɓɑŭŬ Ůɘůɧŭɞɡ ŮɑɜŬɘ 

ŰɞˊɞɗŮŰɖɛɏɜɖ ůŰɞ Ɏɜɤ ɛɏɟɞɠ Űɖɠ ůɡůəŮɡɐɠ əŬɘ ɖ ɧɚɖ ŭɘŬŭɘəŬůɑŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ 

ɛŮ Űɟɧˊɞ ɩůŰŮ ɜŬ ŬˊɞűŮɡɢɗŮɑ ɖ Ůɘůɟɞɐ ŬŰɛɞůűŬɘɟɘəɞɨ ŬɏɟŬ əŬŰɎ Űɞɜ ŮɛˊɞŰɘůɛɧ.  

ũɘŬ Űɖ  ůɨɜɗŮůɖ Űɞɡ ȽɈ 1-butyl-3-methylimidazolium hexafluorophosphate 

([bmim][PF6
ī
]), ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 23.4 mmol Űɞɡ 1-ɛŮɗɡɚ-ɘɛɘŭŬɕɞɚɑɞɡ əŬɘ 28.7 

mmol, 1.2 eq Űɞɡ 1-ɢɚɤɟɞɓɞɡŰŬɜɑɞɡ, ŰŬ ɞˊɞɑŬ ˊɟɞůŰɑɗɞɜŰŬɘ ůŮ ůűŬɘɟɘəɐ űɘɎɚɖ, ůŰɖɜ 

ɞˊɞɑŬ ŰɞˊɞɗŮŰŮɑŰŬɘ ɣɡəŰɐɟŬɠ ɩůŰŮ Űɞ ɛɑɔɛŬ ɜŬ ɡˊɞůŰŮɑ ŬɜŬɟɟɞɐ. ȼ ŬɜŰɑŭɟŬůɖ 

Ŭɚəɡɚɑɤůɖɠ ŭɘŮɝɐɢɗŮɘ ůŮ ŬɜŬɟɟɞɐ ɔɘŬ 48 ɩɟŮɠ ůŮ ŬŰɛɧůűŬɘɟŬ Ɂ2. ɇɞ ˊŬɢɨɟŮɡůŰɞ 

əɑŰɟɘɜɞ-ˊɞɟŰɞəŬɚɑ ɡɔɟɧ, ˊɞɡ ˊŬɟɎɔŮŰŬɘ, ɝŮˊɚɏɜŮŰŬɘ ɛŮ ŬɘɗŬɜɧɚɖ (EtOAc) (2x30 mL) 

əŬɘ ůŰŮɔɜɩɜŮɘ ɡˊɧ əŮɜɧ ůŰɞɡɠ 363 Ⱦ. ȼ ˊɞůɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ, ˊɞɡ ɚŬɛɓɎɜŮŰŬɘ, ŮɑɜŬɘ 

3.9 g (95%) ɢɚɤɟɘɞɨɢɞɡ ɎɚŬŰɞɠ Űɞɡ 1-ɓɞɡŰɡɚ-3-ɛŮɗɡɚɘɛɘŭŬɕɞɚɑɞɡ (1-butyl-3-

methylimidazolium chloride). ɆŮ ŭŮɨŰŮɟɞ ůŰɎŭɘɞ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɖ ŭɘŮɟɔŬůɑŬ Űɖɠ 

ɘɞɜŰɞŬɜŰŬɚɚŬɔɐɠ. ũɘŬ Űɞ ůəɞˊɧ ŬɡŰɧ ˊɞůɧŰɖŰŬ 1.39 g, (7.59 mmol) Ŭˊɧ Űɞ 

ɢɚɤɟɘɞɨɢɞ ɎɚŬɠ Űɞɡ 1-ɓɞɡŰɡɚ-3-ɛŮɗɡɚɘɛɘŭŬɕɧɚɘɞ ŭɘŬɚɨŮŰŬɘ ůŮ 6 mL 

ŭɘɢɚɤɟɞɛŮɗŬɜɑɞɡ (CH2Cl2). ɆŰɞ ŭɘɎɚɡɛŬ ŬɡŰɧ ˊɟɞůŰɑɗɞɜŰŬɘ 10 mL ŬəŮŰɞɜɘŰɟɘɚɑɞɡ 

(CH3CN), ˊɞɡ ˊŮɟɘɏɢɞɡɜ (1.7 g, 10.12  mmol) ɎɚŬŰɞɠ ŮɝŬűɗɞɟɞűɤůűɞɟɘəɞɨ ɜŬŰɟɑɞɡ 

(sodium hexafluorophoshate). ɇɞ ɔŬɚŬəŰɩŭŮɠ ŭɘɎɚɡɛŬ ŬɜŬŭŮɨŮŰŬɘ ůŮ ɗŮɟɛɞəɟŬůɑŬ 

ŭɤɛŬŰɑɞɡ ɔɘŬ 24 ɩɟŮɠ. ɆŰɖ ůɡɜɏɢŮɘŬ Űɞ ŭɘɎɚɡɛŬ ɣɨɢŮŰŬɘ ůŰɞɡɠ 263 Ⱦ ɔɘŬ 10 min əŬɘ 

űɡɔɞəŮɜŰɟŮɑŰŬɘ ůŰɘɠ 9000 rpm ɔɘŬ 20 min, ɛŮ ůəɞˊɧ ɜŬ ŬˊɞɛŬəɟɡɜɗŮɑ Űɞ ɢɚɤɟɘɞɨɢɞ 

ɜɎŰɟɘɞ, Űɞ ɞˊɞɑɞ ˊŬɟɎɢɗɖəŮ əŬŰɎ Űɖɜ ɘɞɜŰɞŬɜŰŬɚɚŬɔɐ. ɆŰɖɜ ɞɟɔŬɜɘəɐ űɎůɖ 
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ˊɟɞůŰɑɗɞɜŰŬɘ 10 mL ŭɘɢɚɤɟɞɛŮɗŬɜɑɞɡ. ȼ ɞɟɔŬɜɘəɐ űɎůɖ ɝŮˊɚɏɜŮŰŬɘ ɛŮ Ŭˊɘɞɜɘůɛɏɜɞ 

ɜŮɟɧ əŬɘ ůŰŮɔɜɩɜŮɘ ɛŮ ɗŮɘɥəɧ ɛŬɔɜɐůɘɞ (MgSO4) əŬɘ ɞ ɞɟɔŬɜɘəɧɠ ŭɘŬɚɨŰɖɠ 

ŮɝŬŰɛɑɕŮŰŬɘ ɛŮ ɢɟɐůɖ ˊŮɟɘůŰɟɞűɘəɞɨ ŮɝŬŰɛɘůŰɐɟŬ. ɇɞ ŬɟɢɘəɎ ɚŮˊŰɧɟŮɡůŰɞ əŬɘ 

ɢɟɤɛŬŰɘůɛɏɜɞ (ŬɜɞɘɢŰɧ əɑŰɟɘɜɞ) ɡɔɟɧ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ Ɏɢɟɤɛɞ ˊɞɡ ŮɑɜŬɘ əŬɘ Űɞ 

ŰŮɚɘəɧ ˊɟɞɥɧɜ (1.57 g, 73%).  

 

2.3 ɄŬɟŬůəŮɡɐ Űɞɡ əŬŰŬɚɨŰɖ ɆȾɆȽɈ 

 

ɄɞůɧŰɖŰŬ 40 mg Ŭˊɧ Űɞɜ ɟɞűɖŰɐ ɆɈūȽɈ, [spmim][PF6
ī
]/MCM-41-2.9nm 

(MCM-41-2.9-Ű) ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ɧˊɤɠ ˊŮɟɘɔɟɎűŮŰŬɘ ŬɜɤŰɏɟɤ, ŬˊŬŮɟɩɗɖəŮ ŬɟɢɘəɎ 

ůŰɞɡɠ 100 ÁC ɡˊɧ əŮɜɧ ɔɘŬ 1 ɩɟŬ. ɆŰɞ Űɟɞˊɞˊɞɘɖɛɏɜɞ ɛŮ ɘɞɜŰɘəɧ ɡɔɟɧ ˊɞɟɩŭŮɠ 

ɡˊɧůŰɟɤɛŬ  ɆɈūȽɈ ˊɟɞůŰɏɗɖəŮ ɡˊɧ əŮɜɧ ŭɘɎɚɡɛŬ ɎɚŬŰɞɠ  AuCl3 (0.52 mmol) ůŮ 

1.5 mL ŭɘɛŮɗɡɚɞűɞɟɛŬɛɘŭɑɞɡ (DMF). ȼ ŭɘŬŭɘəŬůɑŬ ŮɛˊɞŰɘůɛɞɨ ɐŰŬɜ ˊŬɟɧɛɞɘŬ ɛŮ 

ŬɡŰɐ ˊɞɡ ŮűŬɟɛɧůŰɖəŮ ɔɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ Űɞɡ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɟɞűɖŰɐ. ɇɞ 

ŮɜŬɘɩɟɖɛŬ ˊŬɟŬɛɏɜŮɘ ɡˊɧ ŬɜɎŭŮɡůɖ ůŮ ŬŭɟŬɜŮɑɠ ůɡɜɗɐəŮɠ ɔɘŬ 24 ɩɟŮɠ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɖ ŬɜŰɑŭɟŬůɖ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŮ ůɡɜɗɐəŮɠ 

ŬɜŬɟɟɞɐɠ ɛŮ ɗɏɟɛŬɜůɖ ɔɘŬ 1 ɩɟŬ. ɇɞ ˊɟɞəɨˊŰɞɜ ŭɘɎɚɡɛŬ  űɡɔɞəŮɜŰɟŮɑŰŬɘ ůŰɘɠ 7000 

ůŰɟɞűɏɠ Űɞ ɚŮˊŰɧ, ɛŮ ůəɞˊɧ ɜŬ ŬɜŬəŰɖɗŮɑ Űɞ Űɟɞˊɞˊɞɘɖɛɏɜɞ ɛŮ Au ɡɓɟɘŭɘəɧ ɡɚɘəɧ 

(ɆȾɆȽɈ). ɇɞ ɡɚɘəɧ ɝŮˊɚɏɜŮŰŬɘ ˊŮɟŬɘŰɏɟɤ ůŮ 5 mL ŬɘɗŬɜɧɚɖɠ əŬɘ űɡɔɞəŮɜŰɟŮɑŰŬɘ ůŰɘɠ 

7000 ůŰɟɞűɏɠ Űɞ ɚŮˊŰɧ ɔɘŬ ɜŬ ŬɜŬəŰɖɗŮɑ ɞ ŰŮɚɘəɧɠ əŬŰŬɚɨŰɖɠ.  

ȷəɞɚɞɡɗŮɑ ɖ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ɛŮɔɎɚɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ɐ 

ůɡůůɤɛŬŰɤɛɎŰɤɜ Au, ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ ŮɜŬˊɞŰŮɗŮɑ ŮɝɤŰŮɟɘəɎ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ. ũɘŬ Űɞ ůəɞˊɧ ŬɡŰɧ Űɞ ɡɚɘəɧ ɆȾɆȽɈ ɡˊɞɓɎɚɚŮŰŬɘ ůŮ ŬɜɎŭŮɡůɖ ɛŮ 

ɡˊŮɟɐɢɞɡɠ ůŮ ɛɘəɟɐ ˊɞůɧŰɖŰŬ ŬɘɗŬɜɧɚɖɠ ɔɘŬ 2 ɩɟŮɠ. ɇɞ ŬɜŬŭŮɡɧɛŮɜɞ ŭɘɎɚɡɛŬ 

ɡˊɞɓɎɚɚŮŰŬɘ ůŮ űɡɔɞəɏɜŰɟɖůɖ ůŮ 2000 ůŰɟɞűɏɠ Űɞ ɚŮˊŰɧ ɔɘŬ 5 min.  

ɇɞ ɑɕɖɛŬ (ůəɧɜɖ), ˊɞɡ ˊɟɞɏəɡɣŮ ŬˊɞŰɏɚŮůŮ Űɞ ŰŮɚɘəɧ ˊɟɞɥɧɜ əŬɘ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɧůɞ ůŮ ˊŮɘɟɎɛŬŰŬ ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ, ɧůɞ əŬɘ ůŮ əŬŰŬɚɡŰɘəɎ 

ˊŮɘɟɎɛŬŰŬ ɞɝŮɑŭɤůɖɠ CO ůŮ ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ. ȼ ŭɘŬŭɘəŬůɑŬ ŬˊɞɛɎəɟɡɜůɖɠ Űɤɜ 

ɛŮɔɎɚɤɜ ůɤɛŬŰɘŭɑɤɜ Au (ɛŮ ɛɏɔŮɗɞɠ 30 nm) ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ ůəɞˊɧ ɜŬ 

ŬˊŮɚŮɡɗŮɟɤɗɞɨɜ ŰŬ ůŰɧɛɘŬ Űɤɜ ˊɧɟɤɜ ˊɞɡ ˊɘɗŬɜɧɜ ɜŬ ŮɑɢŬɜ əŬɚɡűɗŮɑ ˊɚɐɟɤɠ Ŭˊɧ 

ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Au. ɇɞ ɛɏɔŮɗɞɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ɛɏůŬ 

ůŰɖɜ ˊɞɟɩŭɖ ŭɞɛɐ  əɡɛŬɑɜŮŰŬɘ ŬɜɎɛŮůŬ ůŰŬ 1.5 ɛŮ 3 nm. Ʉɞɚɨ ɚɑɔŬ ɛŮɔɎɚŬ 

ůɤɛŬŰɑŭɘŬ Au Ŭˊɞɛɏɜɞɡɜ ɛŮŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŬˊɞɛɎəɟɡɜůɖɠ. ɇɞ ɛɏɔŮɗɞɠ əŬɘ ɖ 
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əŬŰŬɜɞɛɐ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ɛɏůŬ əŬɘ ɏɝɤ Ŭˊɧ Űɞ ˊɞɟɩŭŮɠ ɡɚɘəɧ ɛŮɚŮŰɐɗɖəŮ 

ɛŮ ɛɘəɟɞůəɞˊɑŬ ɖɚŮəŰɟɞɜɘŬəɐɠ ŭɘɏɚŮɡůɖɠ (ɇȺɀ) (ɆɢɐɛŬ 9) . 

 

 

2.4 ȷɜŬɔɏɜɜɖůɖ Űɤɜ ɆɈūȽɈ əŬɘ Űɤɜ ɆȾɆȽɈ ˊɟɘɜ Ŭˊɧ Űɘɠ ɛŮŰɟɐůŮɘɠ 

ˊɟɞůɟɧűɖůɖɠ ŬŮɟɑɤɜ 

 

Ʉɟɘɜ Űɖɜ ɏɜŬɟɝɖ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ˊɟɞůɟɧűɖůɖɠ, ˊɞůɧŰɖŰŬ (20-80 mg) Űɞɡ 

ɟɞűɖŰɐ (ɆɈūȽɈ) ɐ Űɞɡ əŬŰŬɚɨŰɖ (ɆȾɆȽɈ), ŬˊŬŮɟɩɜŮŰŬɘ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ 

əŬɘ ɡɣɖɚɞɨ əŮɜɞɨ (10
-5 

mbar) ɔɘŬ 1 ɛɏɟŬ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ ŬˊɞɛŬəɟɨɜɞɜŰŬɘ 

ɡɔɟŬůɑŬ, ɞɟɔŬɜɘəɞɑ ɟɨˊɞɘ əŬɘ ŭɘɞɝŮɘŭɑɞ Űɞɡ ɎɜɗɟŬəŬ ˊɞɡ ˊɘɗŬɜɧɜ ɜŬ ɏɢɞɡɜ 

ˊɟɞůɟɞűɖɗŮɑ Ŭˊɧ Űɖɜ ŬŰɛɧůűŬɘɟŬ. ɆŰɖ ůɡɜɏɢŮɘŬ, Űɞ ɡɚɘəɧ ɗŮɟɛŬɑɜŮŰŬɘ ɔɘŬ 1 ɛɏɟŬ 

ůŰɞɡɠ 120 ÁC ɡˊɧ ůɡɜɗɐəŮɠ ɡɣɖɚɞɨ əŮɜɞɨ (10
-5 

mbar). ȼ ŭɘŬŭɘəŬůɑŬ ŬˊŬɏɟɤůɖɠ ŭɨɞ 

ɓɖɛɎŰɤɜ ŬəɞɚɞɡɗŮɑŰŬɘ ɔɘŬ ɜŬ ŬˊɞűŮɡɢɗŮɑ ˊɘɗŬɜɐ ɡŭɟɧɚɡůɖ Űɞɡ 

ŮɝŬűɗɞɟɞűɞůűɤɟɘəɞɨ ŬɜɘɧɜŰɞɠ.       

 

 

2.5 ɃɟɔŬɜɞɚɞɔɑŬ  

 

Ƀ ɢŬɟŬəŰɖɟɘůɛɧɠ ɛŮ ŬəŰɑɜŮɠ ɉ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ ́ŮɟɘɗɚŬůɧɛŮŰɟɞ 

Siemens D500 X-ray. ȼ ˊɟɞŮŰɞɘɛŬůɑŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ əŬŰŬɚɨŰɖ ɆȾɆȽɈ ˊŮɟɘŮɚɎɛɓŬɜŮ 

Űɖɜ ŮɜŬˊɧɗŮůɖ ɛŮɟɘəɩɜ ůŰŬɔɧɜɤɜ Ŭˊɧ ɏɜŬ ŮɜŬɘɩɟɖɛŬ ŬɘɗŬɜɧɚɖɠ, ˊɎɜɤ ůŮ əŬɗŬɟɧ 

ɡˊɧůŰɟɤɛŬ ˊɡɟɘŰɑɞɡ. ɀŮŰɎ Űɖɜ ŮɝɎŰɛɘůɖ Űɞɡ  ŭɘŬɚɨŰɖ Űɞ ŭŮɑɔɛŬ ɐŰŬɜ ɏŰɞɘɛɞ ɔɘŬ 

ŬɜɎɚɡůɖ ɛŮ Űɖɜ ŰŮɢɜɘəɐ Űɖɠ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ, (XRD). 

ɇɞ ɛɏɔŮɗɞɠ əŬɘ ɖ ɛɞɟűɞɚɞɔɑŬ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ɛɏůŬ ůŰɖɜ ˊɞɟɩŭɖ 

ŭɞɛɐ Űɞɡ ɆȾɆȽɈ ɛŮɚŮŰɐɗɖəŬɜ ɛŮ ɢɟɐůɖ Űɞɡ ɛɘəɟɞůəɞˊɑɞɡ ɖɚŮəŰɟɞɜɘŬəɐɠ 

ŭɘɏɚŮɡůɖɠ, FEI CM20 TEM ůŰŬ 200 kV. ɇŬ ŭŮɑɔɛŬŰŬ ɔɘŬ Űɖɜ ŬɜɎɚɡůɖ ɛŮ ɇȺɀ 

ŮŰɞɘɛɎɕɞɜŰŬɘ ɛŮ ŮɜŬˊɧɗŮůɖ ɛɘŬɠ ůŰŬɔɧɜŬɠ Ŭˊɧ Űɞ ɡˊŮɟəŮɑɛŮɜɞ ŭɘɎɚɡɛŬ [spmim][PF6
-

]/MCM-41/Au (SCILL), ˊɎɜɤ ůŮ ɏɜŬ ˊɚɏɔɛŬ Ŭˊɧ Cu ŮˊɘəŬɚɚɡɛɏɜɞ ɛŮ ɎɜɗɟŬəŬ 

(carbon coated copper TEM grid).  

ȼ ŬɜɎɚɡůɖ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ, XRD Űɤɜ ɟɞűɖŰɩɜ 

ɆɈūȽɈ ŭɘŮɝɐɢɗŮɘ ůŮ ɏɜŬ ˊŮɟɘɗɚŬůɧɛŮŰɟɞ D8 Advance Bruker ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ 

ŬəŰɘɜɞɓɞɚɑŬ Cu KŬ əŬɘ ˊŬɟɎɚɚɖɚɖ ŭɏůɛɖ ˊɞɡ ŬˊɞəɧˊŰŮŰŬɘ Ŭˊɧ ɏɜŬ əŬɗɟɏűŰɖ Gºbel. 

Ƀɘ ɛŮŰɟɐůŮɘɠ ɏɚŬɓŬɜ ɢɩɟŬ ůŰɖɜ ˊŮɟɘɞɢɐ 2ɗ=15-55Á. ɇŬ ŭŮɑɔɛŬŰŬ ˊɞɡ ŬɜŬɚɨɞɜŰŬɘ 
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ŮɑɜŬɘ ůŮ ɛɞɟűɐ ůəɧɜɖɠ əŬɘ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŮ ɔɡɎɚɘɜɖ ŭɘŬűŬɜɐ ŮˊɘűɎɜŮɘŬ. Ƀɘ 

ɛŮŰɟɐůŮɘɠ ɏɔɘɜŬɜ əŬɘ ůŮ ŭŮɑɔɛŬŰŬ ŬɜŬűɞɟɎɠ.  

ȼ ŭɘŬűɞɟɘəɐ ɗŮɟɛɘəɐ ůɎɟɤůɖ ɛŮ ˊɟɞůŬɟɛɞɔɐ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ (temperature 

modulated DSC) ɏɚŬɓŮ ɢɩɟŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞ ŭɘŬűɞɟɘəɧ ɗŮɟɛɘŭɧɛŮŰɟɞ 2920 

MDSC (TA Instruments). ȼ ŰŮɢɜɘəɐ ŬɡŰɐ (ɇɀ-DSC) ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ɜŬ ɔɑɜŮɘ 

ŭɘɎəɟɘůɖ ɛŮŰŬɝɨ ŮˊɘəŬɚɡˊŰɧɛŮɜɤɜ űŬɘɜɞɛɏɜɤɜ əŬɘ ˊɟɞɢɤɟɎ ůɡɜɐɗɤɠ ŮűŬɟɛɧɕɞɜŰŬɠ 

ɛɘŬ ɖɛɘŰɞɜɞŮɘŭɐ ŭɘŬŰŬɟŬɢɐ əŬŰɎ Űɖɜ Ɏɜɞŭɞ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ˊɞɡ ˊŬɨŮɘ ɜŬ ŮɑɜŬɘ 

ɔɟŬɛɛɘəɐ, ɧˊɤɠ ůɡɛɓŬɑɜŮɘ ůŰŬ ůɡɜɖɗɘůɛɏɜŬ ŬɜŬɚɡŰɘəɎ ɧɟɔŬɜŬ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɖ ŬɜɎɚɡůɖ Űɞɡ ɗŮɟɛɞɔɟŬűɐɛŬŰɞɠ ůŰɖɜ ɗŮɟɛɘəɐ əŬɛˊɨɚɖ ŬɜŰɘůŰɟŮˊŰɩɜ 

əŬɘ ŬɜŬɜŰɑůŰɟŮˊŰɤɜ űŬɘɜɞɛɏɜɤɜ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ ŬɚɚŬɔɏɠ ůŰɖɜ Ůɘŭɘəɐ ɗŮɟɛɧŰɖŰŬ 

ŮɑɜŬɘ ˊɎɜŰŬ ɞɟŬŰɏɠ ůŰɖɜ əŬɛˊɨɚɖ ŬɜŰɘůŰɟŮˊŰɩɜ űŬɘɜɞɛɏɜɤɜ, ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ Űɞ 

ůɖɛŮɑɞ ɡŬɚɩŭɞɡɠ ɛŮŰɎˊŰɤůɖɠ (reversible curve), Ůɜɩ ŰŬ ɢɟɞɜɘəɎ ŮɝŬɟŰɩɛŮɜŬ 

űŬɘɜɧɛŮɜŬ, ɧˊɤɠ ɖ ŬɜŬəɟɡůŰɎɚɤůɖ, ɢŬɚɎɟɤůɖ, ŬˊɞůɨɜɗŮůɖ əŬɘ ŮɝɎŰɛɘůɖ 

əŬŰŬɔɟɎűɞɜŰŬɘ ɛɧɜɞ ůŰɖɜ əŬɛˊɨɚɖ ŬɜŬɜŰɑůŰɟŮˊŰɤɜ űŬɘɜɞɛɏɜɤɜ (non-reversing 

curve). ūŬɘɜɧɛŮɜŬ, ɧˊɤɠ ɖ Űɐɝɖ əŬɗɩɠ əŬɘ ŰŬɢɨŰŬŰŮɠ ŬɜŰɘŭɟɎůŮɘɠ ŬɜɘɢɜŮɨɞɜŰŬɘ əŬɘ 

ůŰɘɠ ŭɨɞ əŬɛˊɨɚŮɠ əŬɘ ɔɘŬ Űɞɜ ŭɘŬɢɤɟɘůɛɧ Űɞɡɠ ˊɟɏˊŮɘ ɜŬ ɔɑɜŮɘ əŬŰɎɚɚɖɚɖ Ůˊɘɚɞɔɐ 

Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɟɞˊɞˊɞɑɖůɖɠ. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ŭŮɘɔɛɎŰɤɜ  ɆɈūȽɈ ŮűŬɟɛɧůŰɖəŮ ɛŮɑɤůɖ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ ůŰɞɡɠ -50 
o
C əŬɘ ˊŬɟŬɛɞɜɐ ůŮ ŬɡŰɐ Űɖ ɗŮɟɛɞəɟŬůɑŬ ɔɘŬ 10 min. ɆŰɖ 

ůɡɜɏɢŮɘŬ ŮűŬɟɛɧůŰɖəŮ ɗɏɟɛŬɜůɖ ɛɏɢɟɘ Űɞɡɠ 330 
o
C ɛŮ ŭɨɞ ŭɘŬűɞɟŮŰɘəɞɨɠ ɟɡɗɛɞɨɠ 

1.5 
o
C/min əŬɘ 10 

o
C/min. Ƀɘ ˊŬɟɎɛŮŰɟɞɘ Űɟɞˊɞˊɞɑɖůɖɠ (ɖɛɘŰɞɜɞŮɘŭɐɠ ŭɘŬŰŬɟŬɢɐ) 

ɐŰŬɜ 0.08 W/g ɔɘŬ Űɞ Ůɨɟɞɠ əŬɘ -2x10
-4
 W/g/

o
C ɔɘŬ Űɖɜ əɚɑůɖ. Ʉɟɘɜ Űɖɜ ɏɜŬɟɝɖ Űɤɜ 

ˊŮɘɟŬɛɎŰɤɜ, ŰŬ ŭŮɑɔɛŬŰŬ ŮɑɢŬɜ ŬˊŬŮɟɤɗŮɑ ůŰɞɡɠ 120 
o
C ɔɘŬ 1 ɛɏɟŬ ɡˊɧ ůɡɜɗɐəŮɠ 

ɡɣɖɚɞɨ əŮɜɞɨ (10
-5 

mbar). Ƀɘ ɛŮŰɟɐůŮɘɠ ˊɟɞůɟɧűɖůɖɠ ŬŮɟɑɤɜ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ Ŭˊɧ 

0 ɏɤɠ 40 
ɞ
C əŬɘ ɡɣɖɚɏɠ ˊɘɏůŮɘɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛŮ ůŰŬɗɛɘəɧ ůɨůŰɖɛŬ ɡɣɖɚɩɜ 

ˊɘɏůŮɤɜ (IGA, Hiden Analytical). Ƀɘ ɛŮŰɟɐůŮɘɠ ˊɞɟɞůɘɛŮŰɟɑŬɠ ɡɔɟɞɨ Ɂ2, (LN2 

porosimetry) ɏɚŬɓŬɜ ɢɩɟŬ ůŮ ɏɜŬ ˊɞɟɞůɑɛŮŰɟɞ Autosorb-1 MP (Quantachrome).  
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3. ȷˊɞŰŮɚɏůɛŬŰŬ əŬɘ ɆɡɕɐŰɖůɖ 

 

3.1 ȸŬɗɛɧɠ ˊɚɐɟɤůɖɠ Űɤɜ ˊɧɟɤɜ Ŭˊɧ Űɖɜ űɎůɖ Űɞɡ ȽɞɜŰɘəɞɨ Ɉɔɟɞɨ əŬŰɧˊɘɜ 

ŮűŬɟɛɞɔɐɠ Űɤɜ ŰŮɢɜɘəɩɜ űɡůɘəɞɨ ŮɛˊɞŰɘůɛɞɨ əŬɘ ɢɖɛɘəɐɠ ůɨɜŭŮůɖɠ 

  

ɆŰɘɠ ɓŬůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ůɜɧɠ ɜŬɜɞˊɞɟɩŭɞɡɠ ɡˊɞůŰɟɩɛŬŰɞɠ ˊɞɡ əŬɗɞɟɑɕɞɡɜ 

Űɧůɞ Űɖɜ ˊɞůɧŰɖŰŬ Űɞɡ ŮɘůŮɟɢɧɛŮɜɞɡ ůŰɞ ɢɩɟɞ Űɤɜ ˊɧɟɤɜ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ɧůɞ əŬɘ 

Űɞɜ ɓŬɗɛɧ əɎɚɡɣɖɠ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ ɛɏůɤ ɢɖɛɘəɐɠ ůɨɜŭŮůɖɠ, ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ɞɘ 

ŭɘŬůŰɎůŮɘɠ Űɤɜ əŬɜŬɚɘɩɜ, Űɞ ˊɞɟɩŭŮɠ, ɖ ŮˊɘűɎɜŮɘŬ əŬɘ ůɡɜŭŮůɘɛɧŰɖŰŬ Űɞɡ ˊɞɟɩŭɞɡɠ 

ŭɘəŰɨɞɡ, Űɞ űɞɟŰɑɞ əŬɘ ɖ ɢɖɛŮɑŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ (ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ). ȼ ɛŮɚɏŰɖ əŬɘ 

ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ˊŮɟɘůůɞŰɏɟɤɜ Ŭˊɧ Űɘɠ ŬɜɤŰɏɟɤ ɘŭɘɧŰɖŰŮɠ ɔɑɜŮŰŬɘ ɛɏůɤ 

ˊɞɟɞůɘɛŮŰɟɑŬɠ ɡɔɟɞɨ Ɂ2 (LN2 porosimetry) (ɄɑɜŬəŬɠ 1). Ⱥˊɑůɖɠ, əɎˊɞɘŬ Ŭˊɧ ŰŬ 

ɛɞɟűɞɚɞɔɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ˊɞɟɩŭɞɡɠ ŭɞɛɐɠ, ɧˊɤɠ ɖ ŭɘɎůŰŬůɖ Űɤɜ ˊɧɟɤɜ, ɖ 

əŬŰŬɜɞɛɐ ɛŮɔɏɗɞɡɠ Űɤɜ ˊɧɟɤɜ əŬɘ Űɞ ŭŬɘŭŬɚɩŭŮɠ Űɞɡ ˊɞɟɩŭɞɡɠ ŭɘəŰɨɞɡ ɛˊɞɟɞɨɜ ɜŬ 

ŮˊɖɟŮɎůɞɡɜ Űɖɜ űɡůɘəɐ əŬŰɎůŰŬůɖ Űɞɡ ˊŬɔɘŭŮɡɛɏɜɞɡ ȽɈ ŬɚɚɎ əŬɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ 

ɛŮŰŬűɞɟɎɠ ŬŮɟɑɤɜ ɛɏůŬ Ŭˊɧ ŬɡŰɧ. ɆɡɔəŮəɟɘɛɏɜŬ, ɖ ˊɞɟɞůɘɛŮŰɟɑŬ ɡɔɟɞɨ Ɂ2 ˊŬɟɏɢŮɘ 

ˊɚɖɟɞűɞɟɑŬ ɔɘŬ Űɖɜ ˊɞůɧŰɖŰŬ (ɧɔəɞ) Űɞɡ ȽɈ ˊɞɡ ɏɢŮɘ ŮɘůɏɚɗŮɘ əŬɘ ůŰŬɗŮɟɞˊɞɘɖɗŮɑ 

ůŰŬ əŬɜɎɚɘŬ Űɞɡ ɆɈūȽɈ. ȷɡŰɧ ˊɟɞəɨˊŰŮɘ ŬˊɚɎ Ŭˊɧ Űɖ ŭɘŬűɞɟɎ Űɞɡ ɞɚɘəɞɨ ɧɔəɞɡ 

ˊɧɟɤɜ ɛŮŰŬɝɨ Űɞɡ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ əŬɘ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɧˊɤɠ 

ɡˊɞɚɞɔɑɕɞɜŰŬɘ Ŭˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊɞɟɞůɘɛŮŰɟɑŬ ŬɕɩŰɞɡ ůŮ ůɢŮŰɘəɐ ˊɑŮůɖ 

P/Po=0.995. 
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ɄɑɜŬəŬɠ 1. Ⱥɘŭɘəɐ ŮˊɘűɎɜŮɘŬ, ɀɏɔŮɗɞɠ əŬɘ ȳɔəɞɠ ˊɧɟɤɜ Űɤɜ ŭŮɘɔɛɎŰɤɜ ˊɟɘɜ əŬɘ 

ɛŮŰɎ Űɖɜ ɇɟɞˊɞˊɞɑɖůɖ ɛŮ ŰŬ ȽɞɜŰɘəɎ ɈɔɟɎ  

 BET 

(m
2
g

-1
) 

Pore size 

(nm) 

Total pore volume 

(mL g
-1

) 

Vycor 

CPG 

175 

153 

4.3 

20.1 

0.24 

0.85 

SBA-15 

ɀCɀ-41-3.3 

711 

1117 

5.6 

3.3 

0.93 

1.54 

MCM-41-2.9 1068 2.9 1.18 

MCM-41-2.3 1543 2.3 0.86 

Vycor-Ű
Ŭ 

96  0.12 

CPG-Ű 147  0.71 

CPG-ɛŰ
ɓ 

96  0.61 

SBA-15-Ű 359  0.65 

SBA-15-ɛŰ 14  0.05 

ɀCɀ-41-3.3-Ű   0.84 

MCM-41-2.9-Ű   0.42 

ɀCɀ-41-2.9-ɛŰ   0.33 

ɀCɀ-41-2.3-Ű   0.08 

Ŭ
 ɇɞ Űɟɞˊɞˊɞɘɖɛɏɜɞ  ȽɈ ɔɟɎűŮŰŬɘ ůŮ ůɡɜŰɞɛɑŬ ɛŮ ïŰ. 

ɓ 
ɇɞ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞ ȽɈ ɔɟɎűŮŰŬɘ ůŮ 

ůɡɜŰɞɛɑŬ ɛŮ ïɛŰ 

 

ũɘŬ ɧɚŬ ŰŬ ŭŮɑɔɛŬŰŬ ɆɈūȽɈ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ əŬɘ 

Ŭ́ɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 1, ɏɔɘɜŮ ˊɟɞůˊɎɗŮɘŬ ůɡůɢɏŰɘůɖɠ Űɞɡ ɡˊɞɚɞɔɘɕɧɛŮɜɞɡ 

ɧɔəɞɡ ȽɈ ɛŮ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ˊɞɟɩŭɞɡɠ ɡˊɞůŰɟɩɛŬŰɞɠ, ɧˊɤɠ ɖ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ 

BET (Brunauer Emmett Teller), ɖ ŮˊɘűŬɜŮɘŬəɐ ɢɖɛŮɑŬ, ŮəűɟŬůɛɏɜɖ ůŮ ˊɚɖɗɡůɛɧ 

ŮˊɘűŬɜŮɘŬəɩɜ ůɘɚŬɜɞɚɩɜ əŬɘ Űɞ ɛɏɔŮɗɞɠ Űɞɡ ˊɧɟɞɡ. ȳˊɤɠ űŬɑɜŮŰŬɘ Ŭˊɧ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ ɄɑɜŬəŬ 1, ɤɠ ɡˊɞůŰɟɩɛŬŰŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭɘŬŰŮŰŬɔɛɏɜŮɠ 

ɛŮůɞˊɞɟɩŭɖɠ ˊɡɟɘŰɑŮɠ ŭɘŬűɧɟɤɜ ɛŮɔŮɗɩɜ ˊɧɟɞɡ (Ŭˊɧ 2.3 ɏɤɠ 6 nm) ŬɚɚɎ əŬɘ 

ˊɞɟɩŭɖɠ ˊɡɟɘŰɑŬ ŮɝŬɘɟŮŰɘəɎ ŭŬɘŭŬɚɩŭɞɡɠ ŭɘəŰɨɞɡ (Vycor əŬɘ CPG). Ⱥˊɑůɖɠ ŰŬ 

ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ ŰŬ ɡˊɞůŰɟɩɛŬŰŬ ŮɑɢŬɜ ŰɟɞˊɞˊɞɘɖɗŮɑ əŬɘ ɛŮ Űɞɡɠ ŭɨɞ Űɟɧˊɞɡɠ 

(űɡůɘəɧɠ ŮɛˊɞŰɘůɛɧɠ əŬɘ ɢɖɛɘəɐ ůɨɜŭŮůɖ). 
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ȷˊɧ ŰŬ ŭɘŬɔɟɎɛɛŬŰŬ ůɡůɢɏŰɘůɖɠ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ (ɆɢɐɛŬ 1Ŭ-ɔ) 

ɔɑɜŮŰŬɘ űŬɜŮɟɧ ɧŰɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ, ɧˊɞɡ Űɞ 

ɆɈūȽɈ ˊŬɟɎɔŮŰŬɘ ɛɏůɤ ɢɖɛɘəɐɠ ůɨɜŭŮůɖɠ, ɡˊɎɟɢŮɘ ˊɞɚɨ əŬɚɐ ůɡůɢɏŰɘůɖ ɛŮŰŬɝɨ 

Űɞɡ ŮɘůŮɟɢɧɛŮɜɞɡ ɧɔəɞɡ ȽɈ əŬɘ Űɖɠ Ůɘŭɘəɐɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ əŬɛɛɑŬ ůɡůɢɏŰɘůɖ ɛŮŰŬɝɨ 

Űɞɡ ŮɘůŮɟɢɧɛŮɜɞɡ ɧɔəɞɡ əŬɘ Űɞɡ ɛŮɔɏɗɞɡɠ ˊɧɟɤɜ ɐ Űɞɡ ˊɞɟɩŭɞɡɠ. ȰŰůɘ, 

ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ɛɞɜɞůŰɞɘɓɎŭŬɠ Űɞɡ ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ 

ˊɎɜɤ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. Ƀɘ ɛɘəɟɏɠ ŬˊɞəɚɑůŮɘɠ Ŭˊɧ Űɖ 

ɔɟŬɛɛɘəɐ ůɡɛˊŮɟɘűɞɟɎ, ɧɤ́ɠ űŬɑɜɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 1Ŭ ŬˊɞŭɑŭɞɜŰŬɘ ůŰɖ ŭɘŬűɞɟŮŰɘəɐ 

ˊɡəɜɧŰɖŰŬ əŬɘ ɔŮɘŰɜɑŬůɖ Űɤɜ ɞɛɎŭɤɜ ůɘɚŬɜɧɚɖɠ (Si-OH) ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ 

ŭɘŬűɞɟŮŰɘəɞɨ Űɨˊɞɡ ɡˊɞůŰɟɤɛɎŰɤɜ. ȳˊɤɠ ŬɜŬűɏɟŮŰŬɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ, ɖ 

ˊɡəɜɧŰɖŰŬ Űɤɜ ůɘɚŬɜɧɚɤɜ ůŮ ŭɘŬŰŮŰŬɔɛɏɜŮɠ ɛŮůɞˊɞɟɩŭŮɘɠ ˊɡɟɘŰɑŮɠ (ˊ.ɢ., MCM-41 ɐ 

SBA-15) əɡɛŬɑɜŮŰŬɘ ɛŮŰŬɝɨ 1 əŬɘ 3 SiOH/nm
2 
[16ī18], Ůɜɩ ůŮ ˊɞɟɩŭɖ ɔɡŬɚɘɎ ɧˊɤɠ 

Vycor əŬɘ CPG, ɛŮŰŬɝɨ 1.6 əŬɘ 3.8 SiOH/nm
2
 [19]. ɄŬɟɧɚŬ ŬɡŰɎ, Űɞ ˊɚɐɗɞɠ Űɤɜ 

ŮˊɘűŬɜŮɘŬəɩɜ ůɘɚŬɜɧɚɤɜ əŬɘ ɖ əŬŰŬɜɞɛɐ Űɞɡɠ ůŰɖ ɛŮůɞˊɞɟɩŭɖ ŮˊɘűɎɜŮɘŬ 

ŮɝŬɟŰɩɜŰŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Ŭˊɧ Űɖ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ, Űɖɜ ŮɜŮɟɔɞˊɞɑɖůɖ ɡˊɧ 

əŮɜɧ əŬɘ Űɘɠ ŭɘŬŭɘəŬůɑŮɠ Ŭűɡŭɟɞɝɡɚɑɤůɖɠ/ŮˊŬɜɡŭɟɞɝɡɚɑɤůɖɠ 
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                    ɆɢɐɛŬ 1. ȺɝɎɟŰɖůɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ȽɈ Ŭˊɧ (Ŭ, ŭ) Űɖɜ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ Űɤɜ ɡˊɞůŰɟɤɛɎŰɤɜ, (ɓ, Ů) Űɞɜ  

                 ɧɔəɞ Űɤɜ ˊɧɟɤɜ əŬɘ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ˊɧɟɤɜ, əŬɘ  (ɔ) Űɖɜ ˊɡəɜɧŰɖŰŬ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ ɞɛɎŭɤɜ ůɘɚŬɜɧɚɤɜ  

 

 

ȰŰůɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŭɘŬŰŮŰŬɔɛɏɜɖɠ ˊɡɟɘŰɑŬɠ Űɨˊɞɡ SBA-15, ɛŮŰɎ Űɖ 

ɗɏɟɛŬɜůɖ Űɞɡ ɡɚɘəɞɨ ůŮ ɗŮɟɛɞəɟŬůɑŬ 200 ÁC ɡˊɧ əŮɜɧ, ɖ ŮˊɘűŬɜŮɘŬəɐ ˊɡəɜɧŰɖŰŬ 

Űɤɜ ůɘɚŬɜɧɚɤɜ ˊɏűŰŮɘ əɞɜŰɎ ůŰɖɜ Űɘɛɐ Űɞɡ 1 SiOH/nm
2 
[18]. Ƀɘ ůɡɜɗɐəŮɠ ŬɡŰɏɠ 

ŮűŬɟɛɧůŰɖəŬɜ əŬɘ ůŰŬ ˊŬɟɧɜŰŬ ˊŮɘɟɎɛŬŰŬ ɛŮ ůəɞˊɧ ɜŬ ŬɜŬɔŮɜɜɖɗɞɨɜ ŰŬ ŭŮɑɔɛŬŰŬ 

ŭɘŬŰŮŰŬɔɛɏɜɖɠ ɛŮůɞˊɞɟɩŭɞɡɠ ˊɡɟɘŰɑŬɠ əŬɘ ˊɞɟɩŭɞɡɠ ɡɎɚɞɡ ˊɟɑɜ ŰŬ ˊŮɘɟɎɛŬŰŬ Űɖɠ 

ˊɞɟɞůɘɛŮŰɟɑŬɠ LN2 əŬɘ Űɤɜ ŭɘŬŭɘəŬůɘɩɜ űɡůɘəɞɨ ŮɛˊɞŰɘůɛɞɨ əŬɘ ɢɖɛɘəɐɠ 

ˊɟɧůŭŮůɖɠ. ɆŰɞ ɆɢɐɛŬ 1ɔ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ɔɟŬűɘəɐ ˊŬɟɎůŰŬůɖ Űɖɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ 

ȽɈ ůŮ ůɢɏůɖ ɛŮ Űɞ ˊŮɘɟŬɛŬŰɘəɎ ˊɟɞůŭɘɞɟɘůɛɏɜɞ ˊɚɐɗɞɠ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ 

ůɘɚŬɜɧɚɤɜ ɧɚɤɜ Űɤɜ ůŰŮɟŮɩɜ ɡˊɞůŰɟɤɛɎŰɤɜ. ȷɜ ůɡɔəɟɘɗŮɑ Űɞ ɔɟɎűɖɛŬ Űɞɡ 

ɆɢɐɛŬŰɞɠ 1ɔ (ˊŮɟɘŮəŰɘəɧŰɖŰŬ ȽɈ ɏɜŬɜŰɘ ˊɚɖɗɡůɛɞɨ ůɘɚŬɜɞɚɩɜ) ɛŮ ŬɡŰɧ Űɞɡ 

ɆɢɐɛŬŰɞɠ 1Ŭ (ˊŮɟɘŮəŰɘəɧŰɖŰŬ ȽɈ ɏɜŬɜŰɘ Ůɘŭɘəɐɠ ŮˊɘűɎɜŮɘŬɠ) ŭɘŬűŬɑɜŮŰŬɘ ɖ ɓŮɚŰɑɤůɖ 

Űɞɡ ˊŬɟɎɔɞɜŰŬ ůɡůɢɏŰɘůɖɠ (correlation factor) Ŭ́ ɧ 0.92 ůŮ 0.96. ȼ Ŭˊɧəɚɘůɖ Ŭˊɧ Űɖ 

ɔɟŬɛɛɘəɐ ůɡůɢɏŰɘůɖ ˊŬɟŬŰɖɟŮɑŰŬɘ ɛɧɜɞ ɔɘŬ ŰŬ  ŭŮɑɔɛŬŰŬ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ůŮ 

ŭɘŬűɞɟŮŰɘəɞɨ Űɨˊɞɡ MCM-41 (ŭɘŬűɞɟŮŰɘəɧ ɛɏɔŮɗɞɠ ˊɧɟɤɜ). ȷɡŰɧ ŮɝɖɔŮɑŰŬɘ Ŭˊɧ Űɞ 

ɔŮɜɞɜɧɠ ɧŰɘ, ŰŬ ɡˊɞůŰɟɩɛŬŰŬ Űɨˊɞɡ MCM-41 ˊŮɟɘɏɢɞɡɜ ŰɟŮɘɠ ŭɘŬűɞɟŮŰɘəɞɨɠ Űɨˊɞɡɠ 
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ɞɛɎŭɤɜ ůɘɚŬɜɧɚɖɠ: ŬˊɞɛɞɜɤɛɏɜŮɠ ůɘɚŬɜɧɚŮɠ (SiO)3SiOH (isolated silanols), 

ůɡɕŮɡɔɛɏɜŮɠ ɛɏůɤ ŭŮůɛɩɜ ɡŭɟɞɔɧɜɞɡ (SiO)3SiOHīOHSi-(SiO)3, əŬɘ ŭɑŭɡɛŮɠ 

(geminal) ůɘɚŬɜɧɚŮɠ (SiO)2Si(OH)2, ɛŮ ŭɘŬűɞɟŮŰɘəɐ ˊɟɞůɓŬůɘɛɧŰɖŰŬ ůŰŬ 

ůɘɚŬɜɞˊɞɘɖɛɏɜŬ ɛɏůŬ əŬɘ ŭɘŬűɞɟŮŰɘəɐ ůɡɔəɏɜŰɟɤůɖ əɎɗŮ ŭŮɑɔɛŬ. ȷɡŰɧ ɏɢŮɘ ɤɠ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ ˊɞɘəɑɚŮɘ ůɖɛŬɜŰɘəɎ ɖ ɔɟŬɛɛɞɛɞɟɘŬəɐ ŬɜŬɚɞɔɑŬ ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ 

ɘɞɜŰɘəɞɨ ɡɔɟɞɨ əŬɘ ɞɛɎŭɤɜ ůɘɚŬɜɧɚɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ. ȺɑɜŬɘ Ůˊɞɛɏɜɤɠ 

ŭɡɜŬŰɧɜ Űɞ ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ȽɈ ɜŬ ŭɏɜŮŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɛŮ ɛɑŬ ɐ ŭɨɞ ɐ əŬɘ Űɘɠ ŰɟŮɘɠ 

Ŭɚəɧɝɡ ɞɛɎŭŮɠ. Ⱥˊɑůɖɠ, ŮɑɜŬɘ ŬɝɘɞůɖɛŮɑɤŰɞ ɧŰɘ ɖ ɔɟŬɛɛɘəɐ ůɡůɢɏŰɘůɖ ɛŮŰŬɝɨ Ůɘŭɘəɐɠ 

ŮˊɘűɎɜŮɘŬɠ əŬɘ ɧɔəɞɡ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɞɡ ȽɈ ɘůɢɨŮɘ Űɧůɞ ɔɘŬ ŰŬ ŭŬɘŭŬɚɩŭɖ (Vycor, 

CPG) ɧůɞ əŬɘ ɔɘŬ ŰŬ ɛɖ ŭŬɘŭŬɚɩŭɖ (MCM-41, SBA-15) ŭŮɑɔɛŬŰŬ. ȷɡŰɧ ŬˊɞŭŮɘəɜɨŮɘ 

ɧŰɘ, Űɞ ŭŬɘŭŬɚɩŭŮɠ  əŬɘ ɞɘ ˊŮɟɘɞɟɘůɛɞɑ Űɞɡ ŭɘəŰɨɞɡ Űɤɜ əŬɜŬɚɘɩɜ (ůŰŮɜɩůŮɘɠ ůŰɞ 

ɎɜɞɘɔɛŬ Űɤɜ ˊɧɟɤɜ) ŭŮɜ ŮˊɖɟŮɎɕɞɡɜ Űɖɜ ɞɟɗɐ ŭɘŬɓɟɞɢɐ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɤɜ ˊɧɟɤɜ 

ɛŮ Űɞ ŭɘɎɚɡɛŬ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ Űɟɞˊɞˊɞɑɖůɖɠ, ŮɑŰŮ ŬɡŰɐ 

ɔɑɜŮŰŬɘ ɛɏůɤ űɡůɘəɞɨ ŮɛˊɞŰɘůɛɞɨ ŮɑŰŮ ɛɏůɤ ɢɖɛɘəɐɠ ůɨɜŭŮůɖɠ.  

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ űɡůɘəɞɨ ŮɛˊɞŰɘůɛɞɨ, ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɞɡ ɘɞɜŰɘəɞɨ 

ɡɔɟɞɨ ŭŮɜ ůɡůɢŮŰɑɕŮŰŬɘ ɛŮ əŬɜɏɜŬ Ŭˊɧ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ˊɞɟɩŭɞɡɠ ŭɞɛɐɠ, 

ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɖɠ əŬɘ Űɖɠ Ůɘŭɘəɐɠ ŮˊɘűɎɜŮɘŬɠ (ɆɢɐɛŬ 1ŭ, Ů). ȼ ɓŬůɘəɐ ŬɘŰɑŬ ŮɑɜŬɘ 

ɞɘ ŬůɗŮɜŮɑɠ ŭɘˊɞɚɘəɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ 

ˊɧɟɤɜ. ɆɡɜŮˊɩɠ, əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ŭɘŬŭɞɢɘəɩɜ ŮəˊɚɨůŮɤɜ ɛŮ Űɞ ŭɘŬɚɨŰɖ, (ɞɘ 

ɞˊɞɑŮɠ ŮűŬɟɛɧɕɞɜŰŬɘ ɛŮ ůŰɧɢɞ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ŮɜŬˊɞɛɏɜɞɜŰɞɠ ůŰɖɜ ŮɝɤŰŮɟɘəɐ 

ŮˊɘűɎɜŮɘŬ ȽɈ), ůɡɛɓŬɑɜŮɘ əŬŰɎ ŰɡɢŬɑɞ əɎɗŮ űɞɟɎ Űɟɧˊɞ, ŬˊɞɛɎəɟɡɜůɖ ɛɏɟɞɡɠ Űɞɡ ȽɈ 

ˊɞɡ ŮɑɢŮ ŮɜŬˊɞŰŮɗŮɑ ůŰɞɡɠ ˊɧɟɞɡɠ. ɇɏɚɞɠ, ɏɜŬ ɔŮɜɘəɧ ůɡɛˊɏɟŬůɛŬ ˊɞɡ ˊɟɞɏəɡɣŮ Ŭˊɧ 

Űɖɜ ˊŬɟŬˊɎɜɤ ŮɜɧŰɖŰŬ ŮɟɔŬůɑŬɠ ɐŰŬɜ ɧŰɘ ůŮ ɧɚŮɠ Űɘɠ ˊŮɟɘˊŰɩůŮɘɠ, ŬɜŮɝŬɟŰɐŰɤɠ Űɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ, Űɞ ˊɞůɞůŰɧ ˊɚɐɟɤůɖɠ Űɤɜ ˊɧɟɤɜ ɐŰŬɜ 

ɛŮɔŬɚɨŰŮɟɞ əŬŰɎ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ ŰŮɢɜɘəɐɠ űɡůɘəɞɨ ŮɛˊɞŰɘůɛɞɨ ɛŮ Űɞ ȽɈ 

[bmim][PF6
ī
] (ɄɑɜŬəŬɠ 1).  

 ɆŰɖɜ ŮˊɧɛŮɜɖ ŮɜɧŰɖŰŬ, ŮɝɖɔŮɑŰŬɘ ɖ ŬŭɡɜŬɛɑŬ Űɖɠ ˊɞɟɞůɘɛŮŰɟɑŬɠ LN2 ɜŬ 

ˊŬɟɏɢŮɘ ŬůűŬɚɐ ˊɚɖɟɞűɞɟɑŬ ɔɘŬ Űɞ ˊɞůɞůŰɧ ˊɚɐɟɤůɖɠ Űɤɜ ˊɧɟɤɜ əŬɘ ŬɜŬɚɨɞɜŰŬɘ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ  Űɖɠ ɛŮɗɧŭɞɡ ɛɘəɟɞɔɤɜɘŬəɐɠ ůəɏŭŬůɖɠ ɜŮŰɟɞɜɑɤɜ  SANS, ˊɞɡ 

ˊɟɞɓɎɚŮɘ ɤɠ ɛɘŬ ˊɞɚɚɎ ɡˊɞůɢɧɛŮɜɖ ɛɏɗɞŭɞɠ ɔɘŬ Űɖɜ ŬɜɑɢɜŮɡůɖ Űɖɠ űɎůɖɠ ȽɈ ˊɞɡ 

ɏɢŮɘ ŬəɘɜɖŰɞˊɞɘɖɗŮɑ ůŰɞɜ əɡɟɑɤɠ ɧɔəɞ Űɤɜ ˊɧɟɤɜ.  
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3.2 Ɇɨɔəɟɘůɖ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɄɞɟɞůɘɛŮŰɟɑŬɠ Ɉɔɟɞɨ ȷɕɩŰɞɡ əŬɘ ɀɘəɟɞɔɤɜɘŬəɐɠ 

ɆəɏŭŬůɖɠ ɁŮŰɟɞɜɑɤɜ ɤɠ ˊɟɞɠ Űɖɜ ɘəŬɜɧŰɖŰɎ Űɞɡɠ ɜŬ ŬɜɘɢɜŮɨɞɡɜ Űɞ ˊɞůɞůŰɧ 

ˊɚɐɟɤůɖɠ Űɤɜ ˊɧɟɤɜ. 

 

ȼ ŭɖɛɘɞɡɟɔɑŬ ɡˊɏɟɚŮˊŰɤɜ ůŰɞɘɓɎŭɤɜ ȽɈ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ 

ɜŬɜɞˊɞɟɤŭɩɜ ɡɚɘəɩɜ ŭɖɛɘɞɡɟɔŮɑ ɛɘŬ ɛɞɟűɞɚɞɔɑŬ ɧˊɞɡ ɖ əŬɟŭɘɎ ñcoreò Űɤɜ ˊɧɟɤɜ 

ˊŬɟŬɛɏɜŮɘ ŬɜɞɘɢŰɐ. Ƀ ŮɚŮɨɗŮɟɞɠ ŬɡŰɧɠ ɢɩɟɞɠ ɛˊɞɟŮɑ ɜŬ ŬˊɞɗɖəŮɨůŮɘ ɛŮɔɎɚŮɠ 

ˊɞůɧŰɖŰŮɠ Ŭˊɧ ɧɚŬ ŰŬ ůɡůŰŬŰɘəɎ Ůɜɧɠ ɛɑɔɛŬŰɞɠ ŬŮɟɑɤɜ, Ůɜɩ Űɞ ȽɈ ɚɧɔɤ Űɖɠ ɛɘəɟɐɠ 

Űɞɡ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůɡɛɓɎɚŮɘ ŮɚɎɢɘůŰŬ ůŰɖɜ ŮəɚŮəŰɘəɧŰɖŰŬ ŬŮɟɑɤɜ Űɞɡ ɟɞűɖŰɐ. 

ȰŰůɘ, Ůɜɩ əŬŰɎ Űɖ ɟɧűɖůɖ ŰŬ ȽɈ ŮɛűŬɜɑɕɞɡɜ ˊɞɚɨ ɡɣɖɚɏɠ Űɘɛɏɠ ŮəɚŮəŰɘəɧŰɖŰŬɠ 

CO2/N2, ŰŬ ɆɈūȽɈ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ɛŮ ɢɟɐůɖ ŬɡŰɩɜ Űɤɜ ȽɈ ůŰŮɟɞɨɜŰŬɘ 

ŮəɚŮəŰɘəɧŰɖŰŬɠ, əɡɟɑɤɠ ɧŰŬɜ ɖ ŰŮɢɜɘəɐ ŮɛˊɞŰɘůɛɞɨ ŭŮɜ ŮˊɘŰɡɔɢɎɜŮɘ ˊɚɐɟɖ əɎɚɡɣɖ 

Űɖɠ ˊɞɟɩŭɞɡɠ ŭɞɛɐɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. ȷɜŰɑɗŮŰŬ, ůŮ ˊŮɟɘˊŰɩůŮɘɠ ŮŰŮɟɞɔŮɜɞɨɠ 

əŬŰɎɚɡůɖɠ ŮɑɜŬɘ ŮˊɘɗɡɛɖŰɐ ɖ ŮˊɑŰŮɡɝɖ ŭɖɛɘɞɡɟɔɑŬɠ ůŰɟɩɛŬŰɞɠ ȽɈ ɛŮ ŭɘŮůˊŬɟɛɏɜŬ 

əŬŰŬɚɡŰɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ˊɧɟɞɡ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ˊɟɧůɓŬůɖ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ŬŮɟɑɤɜ ůŮ ɧɚɖ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ȽɈ ˊɞɡ 

ɏɢŮɘ ŬˊɚɤɗŮɑ ůŰɞɡɠ ˊɧɟɞɡɠ. ɇɞ ɔŮɜɘəɧ ůɡɛˊɏɟŬůɛŬ ŬɡŰɐɠ Űɖɠ ŮɜɧŰɖŰŬɠ ŮɑɜŬɘ ɧŰɘ ŰŬ 

ȽɈ, ɤɠ ŮˊɘűŬɜŮɘŬəɞɑ ŰɟɞˊɞˊɞɘɖŰɏɠ, ŮɑɜŬɘ ɗŮɛɘŰɎ ɛɧɜɞ ɔɘŬ əŬŰŬɚɡŰɘəɏɠ ŮűŬɟɛɞɔɏɠ Ůɜɩ 

ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ ŬˊŬɘŰɞɨɜŰŬɘ ɛɞɟűɞɚɞɔɑŮɠ ɧˊɞɡ ɖ ˊɟɧůɓŬůɖ 

ɛɏůŬ ůŰŬ əŬɜɎɚɘŬ ˊɞɟɩŭɞɡɠ ɡɚɘəɞɨ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɧɜɞ ɛɏůɤ ŭɘɏɚŮɡůɖɠ Ŭˊɧ Űɖɜ 

ŬəɘɜɖŰɞˊɞɘɖɛɏɜɖ űɎůɖ Űɞɡ ȽɈ.   

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊɞɟɞůɘɛŮŰɟɑŬɠ LN2 (ɆɢɐɛŬ 2) əŬɘ ɛɧɜɞ ŭŮɜ ɞŭɖɔɞɨɜ ůŮ 

ɞɟɗɎ ůɡɛˊŮɟɎůɛŬŰŬ ɔɘŬ Űɞ Ůɨɟɞɠ əɎɚɡɣɖɠ Űɤɜ ˊɧɟɤɜ, əɡɟɑɤɠ ŮˊŮɘŭɐ ɖ ˊɞɟɞůɘɛŮŰɟɑŬ 

LN2 ŮɑɜŬɘ ɛɘŬ ŰŮɢɜɘəɐ ɞ́ɡ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ŮůűŬɚɛɏɜɞɡɠ ɡˊɞɚɞɔɘůɛɞɨɠ, ɧŰŬɜ 

ůɡɛɓŬɑɜɞɡɜ űŬɘɜɧɛŮɜŬ ůŰɏɜɤůɖɠ ůŰɞ ůŰɧɛɘɞ Űɤɜ ˊɧɟɤɜ. ȳŰŬɜ ŭɖɚŬŭɐ Űɞ ȽɈ ɏɢŮɘ 

ŮɜŬˊɞŰŮɗŮɑ əɡɟɑɤɠ ůŰɞ ɎɜɞɘɔɛŬ Űɞɡ ˊɧɟɞɡ ɢɤɟɑɠ ɜŬ ɏɢŮɘ ŭɘŬɓɟɏɝŮɘ ɧɚɖ Űɖɜ ˊɞɟɩŭɖ 

ŭɞɛɐ, ɖ ˊɞɟɞůɘɛŮŰɟɑŬ LɁ2 ɗŬ ŭɩůŮɘ ɛɖŭŮɜɘəɧ ɧɔəɞ ˊɧɟɤɜ ɞŭɖɔɩɜŰŬɠ ůŮ ɚŬɜɗŬůɛɏɜŬ 

ůɡɛˊŮɟɎůɛŬŰŬ ˊɚɐɟɞɡɠ əɎɚɡɣɖɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɖ ůɢŮŭɧɜ ɛɖŭŮɜɘəɐ ɢɤɟɖŰɘəɧŰɖŰŬ 

ˊɟɞůɟɧűɖůɖɠ ŬɕɩŰɞɡ, ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ɔɘŬ Űɞ MCM-41 (2.3 nm) ɛŮŰɎ Űɖɜ ɢɖɛɘəɐ 

ůɨɜŭŮůɖ Űɞɡ ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ ȽɈ (ɆɢɐɛŬ 2Ŭ - silylated IL) əŬɘ ɔɘŬ Űɞ SBA-15(5.6 

nm) ɛŮŰɎ Űɞ űɡůɘəɧ ŮɛˊɞŰɘůɛɧ Űɞɡ ɛŮ Űɞ ȽɈ [ȸɀȽɀ][PF6] (ɆɢɐɛŬ 2Ů - IL) ɛˊɞɟŮɑ ɜŬ 

ŮɑɜŬɘ ŮˊŬəɧɚɞɡɗɞ Űɖɠ ́ŬɟŮɛˊɞŭɘɕɧɛŮɜɖɠ ˊɟɧůɓŬůɖɠ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ŬɕɩŰɞɡ ŮɝŬɘŰɑŬɠ 

Űɖɠ ůɡůůɩɟŮɡůɖɠ Űɞɡ ŮɜŬˊɞŰɘɗɏɛŮɜɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ əɞɜŰɎ ůŰɖɜ Ůɑůɞŭɞ Űɤɜ ˊɧɟɤɜ. 
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ȯɟŬ, ɖ ɛɖŭŮɜɘəɐ ɢɤɟɖŰɘəɧŰɖŰŬ ˊɟɞůɟɧűɖůɖɠ Ɂ2 ŭŮɜ ůɖɛŬɑɜŮɘ Űɖɜ ɞɚɘəɐ əɎɚɡɣɖ Űɖɠ 

ˊɞɟɩŭɞɡɠ ŮˊɘűɎɜŮɘŬɠ Ŭˊɧ Űɞ ɘɞɜŰɘəɧ ɡɔɟɧ. ɀˊɞɟŮɑ ɓɏɓŬɘŬ ɜŬ ɘůɢɨŮɘ əŬɘ Űɞ 

ŬɜŰɑůŰɟɞűɞ, ŭɖɚŬŭɐ ɏɜŭŮɘɝɖ ˊɟɞůɟɧűɖůɖɠ ŬɕɩŰɞɡ ɜŬ ɛɖɜ ůɡɜŮˊɎɔŮŰŬɘ ŬˊŬɟŬɑŰɖŰŬ 

Űɖɜ ɨˊŬɟɝɖ ŬɜɞɘɢŰɩɜ ˊɧɟɤɜ. ɆɡɔəŮəɟɘɛɏɜŬ, ůŮ ɘůɧɗŮɟɛŮɠ ˊɟɞůɟɧűɖůɖɠ ɧˊɤɠ ŬɡŰɏɠ 

Űɞɡ ɆɢɐɛŬŰɞɠ 2ɓ (IL)  əŬɘ Űɞɡ ɆɢɐɛŬŰɞɠ 2ɔ (silylated IL) ˊɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ 

ɡˊɞůŰɟɩɛŬŰŬ Űɨˊɞɡ MCM-41 ɛŮ ˊɧɟɞɡɠ 2.9 əŬɘ 3.3 nm ŬɜŰɑůŰɞɘɢŬ, ɖ ŭɘŬűŬɘɜɧɛŮɜɖ 

Ŭɨɝɖůɖ Űɞɡ ɟɞűɖɛɏɜɞɡ ɧɔəɞɡ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŬˊɞŰɏɚŮůɛŬ ˊɟɞůɟɧűɖůɖɠ Űɞɡ Ɂ2 ŮɑŰŮ 

Ŭˊɧ ŰŬ əŮɜɎ ŬɜɎɛŮůŬ ůŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ, ŮɑŰŮ Ŭˊɧ ŰŬ ŭɘɎəŮɜŬ Űɤɜ ˊɞɟɩɜ, ŮɑŰŮ əŬɘ 

Ŭˊɧ ŰŬ ŭɡɞ. ũɘŬ ɜŬ ŭɞɗŮɑ ɏɛűŬůɖ ůŮ ŬɡŰɧ Űɞɜ ɘůɢɡɟɘůɛɧ, ůŰɞ ɆɢɐɛŬ 2ɔ ɏɢŮɘ 

ůɡɛˊŮɟɘɚɖűɗŮɑ ɖ ɘůɧɗŮɟɛɖ ɡɔɟɞɨ ŬɕɩŰɞɡ ůŮ ŭŮɑɔɛŬ ɛɖ ˊɞɟɩŭɞɡɠ ˊɡɟɘŰɑŬɠ ɧˊɞɡ Űɞ 

ˊɞɟɩŭŮɠ ɞűŮɑɚŮŰŬɘ əŬŰɎ əɨɟɘɞ ɚɧɔɞ Ŭˊɧ Űɞɜ əŮɜɧ ɢɩɟɞ ɛŮŰŬɝɨ Űɤɜ ůɡɜŬɗɟɞɘůɛɏɜɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. ȺɑɜŬɘ űŬɜŮɟɧ ɧŰɘ ɖ ɘůɧɗŮɟɛɖ Űɖɠ ɛɖ ˊɞɟɩŭɞɡɠ ˊɡɟɘŰɑŬɠ əŬɘ ŬɡŰɐ 

Űɞɡ MCM-41 ɛŮŰɎ Űɞɜ űɡůɘəɧ ŮɛˊɞŰɘůɛɧ Űɞɡ ɛŮ Űɞ [ȸɀȽɀ][PF6] ůɡɛˊɑˊŰɞɡɜ.  

ȺɝŮŰɎɕɞɜŰŬɠ ɧɚŮɠ Űɘɠ ɘůɧɗŮɟɛŮɠ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 2, ɖ ɨˊŬɟɝɖ 

əŮɜɞɨ ɢɩɟɞɡ ɛŮŰɎ Űɖɜ Űɟɞˊɞˊɞɑɖůɖ Űɤɜ ɡˊɞůŰɟɤɛɎŰɤɜ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ ɛɧɜɞ ůŰɘɠ 

ˊŮɟɘˊŰɩůŮɘɠ Űɞɡ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ Vycor (ɛŮ Űɞ ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ȽɈ), Űɞɡ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ CPG (əŬɘ ɛŮ ŰŬ ŭɡɞ Ůɑŭɖ ȽɈ) əŬɘ Űɞɡ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ SBA-15 (ɛŮ Űɞ 

ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ȽɈ). ȼ ŮˊɘɓŮɓŬɑɤůɖ ɏɟɢŮŰŬɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ɨˊŬɟɝɖɠ ɡůŰɏɟɖůɖɠ 

ůŰɞ ɓɟɧɔɢɞ Ůəɟɧűɖůɖɠ. ũɘŬ ŰŬ ɡˊɧɚɞɘˊŬ ŭŮɑɔɛŬŰŬ ŭŮɜ ŮɑɜŬɘ ŮɡŭɘɎəɟɘŰɖ ɖ ůɡɜŮɘůűɞɟɎ 

Űɤɜ ŬɜɞɘɢŰɩɜ ˊɧɟɤɜ əŬɘ Űɤɜ əŮɜɩɜ ŬɜɎɛŮůŬ ůŰŬ ůɤɛŬŰɑŭɘŬ.  
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ɆɢɐɛŬ 2. H ˊɞɟɞůɘɛŮŰɟɑŬ ɡɔɟɞɨ ŬɕɩŰɞɡ Űɤɜ ˊɞɟɤŭɩɜ ɡˊɞůŰɟɤɛɎŰɤɜ əŬɘ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ    

ɆɡůŰɖɛɎŰɤɜ ɈˊɞůŰɖɟɘɕɧɛŮɜɖɠ ūɎůɖɠ ȽɞɜŰɘəɞɨ Ɉɔɟɞɨ (ɆɈūȽɈ) 

 

 

ũɘŬ ɜŬ ŭɘŮɡəɟɘɜɘůŰɞɨɜ ŰɏŰɞɘɞɡ Űɨˊɞɡ ŬɛűɘɓɞɚɑŮɠ əŬɘ ŬɜŬəɟɑɓŮɘŮɠ, ůŰɖɜ 

ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ ŮűŬɟɛɧůŰɖəŮ ɖ ŰŮɢɜɘəɐ Űɖɠ ɛɘəɟɞɔɤɜɘŬəɐɠ ůəɏŭŬůɖɠ ɜŮŰɟɞɜɑɤɜ 

SANS. ȼ ŰŮɢɜɘəɐ SANS əŬɘ ɘŭɘŬɑŰŮɟŬ ɖ ɛɏɗɞŭɞɠ contrast matching ŬˊɞŰŮɚŮɑ ɛɘŬ 

Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ɛŮɗɞŭɞɚɞɔɑŬ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ˊŬɟɎɝŮɘ ˊɘɞ ŬɝɘɧˊɘůŰŬ 

ůɡɛˊŮɟɎůɛŬŰŬ ůɢŮŰɘəɎ ɛŮ Űɖ ɛŮɟɘəɐ ɐ ɞɚɘəɐ ˊɚɐɟɤůɖ Űɤɜ ˊɧɟɤɜ Űɤɜ ɛŮůɞˊɞɟɤŭɩɜ 

ɡɚɘəɩɜ  ɛŮ ɘɞɜŰɘəɧ ɡɔɟɧ.  



 

- 113 - 

ȷɡŰɧ ŮɑɜŬɘ ɏɜŬ Ŭˊɧ ŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɖɠ ŰŮɢɜɘəɐɠ SANS ůŮ ůɨɔəɟɘůɖ ɛŮ Űɘɠ 

ůɡɛɓŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ ˊɟɞůɟɧűɖůɖɠ ŬŮɟɑɤɜ. Ʉɘɞ ŬɜŬɚɡŰɘəɎ, ŰŬ ɜŮŰɟɧɜɘŬ ɛˊɞɟɞɨɜ 

çɜŬ ŭɞɡɜè Űɞɡɠ ŬɜɞɘɢŰɞɨɠ ˊɧɟɞɡɠ, ŬəɧɛŬ əŬɘ ŮəŮɑɜɞɡɠ ˊɞɡ ŮɑɜŬɘ ŬˊɟɧůɘŰɞɘ ůŰŬ ɛɧɟɘŬ 

Űɤɜ ŬŮɟɑɤɜ ɚɧɔɤ ůŰŮɜɩůŮɤɜ ůŰɖɜ Ůɑůɞŭɧ Űɞɡɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɧˊɤɠ ŬɜŬűɏɟɗɖəŮ 

ˊŬɟŬˊɎɜɤ, Űɞ ɘɞɜŰɘəɧ ɡɔɟɧ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ŮɑɜŬɘ ŭɘŮůˊŬɟɛɏɜɞ ɔɨɟɤ Ŭˊɧ Űɖɜ Ůɑůɞŭɞ 

Űɤɜ ˊɧɟɤɜ ˊŬɟŮɛˊɞŭɑɕɞɜŰŬɠ ɏŰůɘ Űɖɜ ˊɟɧůɓŬůɖ Űɤɜ ɛɞɟɑɤɜ Ɂ2. 

ɇɞ ɆɢɐɛŬ 3 ˊŬɟɞɡůɘɎɕŮɘ Űɘɠ əŬɛˊɨɚŮɠ ůəɏŭŬůɖɠ Űɤɜ ŭŮɘɔɛɎŰɤɜ ŬɜŬűɞɟɎɠ 

SBA-15 (5.6 nm) əŬɘ MCM-41 (2.9 nm), əŬɘ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ɆɈūȽɈ ˊɞɡ 

ŬɜŬˊŰɨɢɗɖəŬɜ ɛŮ Űɞ ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ȽɈ əŬɘ Űɞ ȽɈ [ȸɀȽɀ][PF6]. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ 

Űɞɡ ŭŮɑɔɛŬŰɞɠ ŬɜŬűɞɟɎɠ MCM-41, ɖ ŭɡůŭɘɎůŰŬŰɖ ŮɝŬɔɤɜɘəɐ ŭɘɎŰŬɝɖ Űɤɜ 

əɡɚɘɜŭɟɘəɩɜ ɛŮůɞˊɧɟɤɜ ˊɟɞəŬɚŮɑ ɛɘŬ ɏɜŰɞɜɖ ŬɜɎəɚŬůɖ Bragg (10) əŬɘ ɛɘŬ ŬŭɨɜŬɛɖ 

ŬɜɎəɚŬůɖ Bragg (11), Ůɜɩ ɖ ŬˊɞɡůɑŬ Ɏɚɚɤɜ əɞɟɡűɩɜ ɛŮɔŬɚɨŰŮɟɖɠ ŰɎɝɖɠ ˊɞɡ ɗŬ 

ŬɜŬɛɏɜɞɜŰŬɜ ɚɧɔɤ Űɖɠ ɞɟɔŬɜɤɛɏɜɖɠ ŭɞɛɐɠ Űɞɡ ɡɚɘəɞɨ ɞűŮɑɚŮŰŬɘ ůŰɖɜ űŬůɛŬŰɘəɐ 

ˊŮɟɘɞɢɐ (Q) ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ ůɡɔəŮəɟɘɛɏɜɞɡ ɞɟɔɎɜɞɡ (ɆɢɐɛŬ 3ɓ). ɆŰɖɜ ˊŮɟɑˊŰɤůɖ 

Űɞɡ ŭŮɑɔɛŬŰɞɠ ŬɜŬűɞɟɎɠ SBA-15 ŮɑɜŬɘ ŮɛűŬɜŮɑɠ ɖ ɘůɢɡɟɐ (10) ŬɜɎəɚŬůɖ Bragg, ɖ 

ŬɚɚɖɚɞŮˊɘəɎɚɡɣɖ ɛŮŰŬɝɨ (11) əŬɘ (20), əŬɘ ɞɘ ɘůɢɜɏɠ (21) ŬɜŬəɚɎůŮɘɠ Bragg (ɆɢɐɛŬ 

3Ŭ). ȼ ůəɏŭŬůɖ Ŭˊɧ Űɞ ŭŮɑɔɛŬ SBA-15 ɛŮ Űɞ ȽɈ ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɐ ɔɘŬ Q>1.6 nm
ī1

, 

əɡɟɑɤɠ ŮɝŬɘŰɑŬɠ Űɞɡ ŬůɡɜŬűɞɨɠ ɡˊɧɓŬɗɟɞɡ ˊɞɡ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɞ ȼ, ˊɞɡ ɡˊɎɟɢŮɘ 

ɛɏůŬ ůŰɞ ɛɧɟɘɞ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ [BMIM ][PF6]. ȷɡŰɧ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɜ 

ɛŮɑɤůɖ Űɖɠ ɏɜŰŬůɖɠ Űɤɜ ŬɜŬəɚɎůŮɤɜ (11) əŬɘ (20) əŬɘ Űɖɜ ŬˊɩɚŮɘŬ Űɖɠ (21) əɞɟɡűɐɠ 

(ɆɢɐɛŬ 3Ŭ). ȼ ɨˊŬɟɝɖ Űɞɡ ŬůɡɜŬűɞɨɠ ɡˊɧɓŬɗɟɞɡ ŮɑɜŬɘ ɛɘŬ Ŭɟɢɘəɐ ɏɜŭŮɘɝɖ ɔɘŬ Űɖɜ 

ɨˊŬɟɝɖ ɛŮɔɎɚɖɠ ˊɞůɧŰɖŰŬɠ ȽɈ ɡˊɧ ˊŮɟɘɞɟɘůɛɧ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ ůŮ ůɢɏůɖ ɛŮ Űɞ 

Űɟɞˊɞˊɞɘɖɛɏɜɞ ȽɈ ˊɞɡ ɖ ˊɞůɧŰɖŰɎ Űɞɡ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ, ɏɜŭŮɘɝɖ ˊɞɡ ɏɟɢŮŰŬɘ ůŮ 

ůɡɛűɤɜɑŬ ɛŮ Űɖɜ ɛŮɔɎɚɖ ˊɞůɧŰɖŰŬ ȽɈ ˊɞɡ ɡˊɞɚɞɔɑůŰɖəŮ Ŭˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ  Űɖɠ 

ˊɞɟɞůɘɛŮŰɟɑŬɠ LN2 (ɄɑɜŬəŬɠ 1). ɀɘŬ Ɏɚɚɖ ůɖɛŬɜŰɘəɐ ˊŬɟŬŰɐɟɖůɖ ŮɑɜŬɘ ɧŰɘ ɖ ɗɏůɖ 

Űɤɜ əɞɟɡűɩɜ ŬɜɎəɚŬůɖɠ Bragg əŬɘ ɖ ˊŬɟɎɛŮŰɟɞɠ ˊɚɏɔɛŬŰɞɠ ɔɘŬ ŰŬ ŭŮɑɔɛŬŰŬ 

ŬɜŬűɞɟɎɠ əŬɘ ŰŬ ŬɜŰɑůŰɞɘɢŬ ɆɈūȽɈ ˊŬɟŬɛɏɜɞɡɜ ůŰŬɗŮɟɏɠ əŬɘ ŬɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ ŰŬ 

ˊɞɟɩŭɖ ɡˊɞůŰɟɩɛŬŰŬ ŮɑɜŬɘ ŬɟəŮŰɎ ɘůɢɡɟɎ əŬɘ ŭŮɜ ŬɚɚɎɕɞɡɜ  əŬŰɎ Űɖ  Űɟɞˊɞˊɞɑɖůɐ 

Űɞɡɠ ɛŮ Űɖ űɎůɖ Űɞɡ ȽɈ.  

Ƀɘ ůɖɛŬɜŰɘəɧŰŮɟŮɠ ˊɚɖɟɞűɞɟɑŮɠ ˊɟɞɏəɡɣŬɜ Ŭˊɧ Űɖɜ ˊŮɟŬɘŰɏɟɤ ŬɜɎɚɡůɖ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ SANS.  H ɏɜŰŬůɖ Űɖɠ əŬɛˊɨɚɖɠ ůəɏŭŬůɖɠ ůŰɖɜ ˊŮɟɘɞɢɐ ɢŬɛɖɚɩɜ Q 

ŬəɞɚɞɡɗŮɑ ŮəɗŮŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ ɚɧɔɤ Űɖɠ ůəɏŭŬůɖɠ ůŰɘɠ ŭɘŮˊɘűɎɜŮɘŮɠ ɛŮŰŬɝɨ Űɤɜ 

ůəŮŭŬůŰɩɜ (intergrain interface).  ɆɨɛűɤɜŬ ɛŮ Űɖ ɗŮɤɟɑŬ ůəɏŭŬůɖɠ, ɔɘŬ ɏɜŬ ůɨůŰɖɛŬ 
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ŭɨɞ űɎůŮɤɜ (ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ, ˊɡɟɘŰɑŬ ɛŮ ŬɜɞɘɢŰɞɨɠ ˊɧɟɞɡɠ əŬɘ ˊɡɟɘŰɑŬ ɛŮ ˊɧɟɞɡɠ 

ɔŮɛɎŰɞɡɠ ɛŮ ȽɈ), ɞɘ ŮɜŰɎůŮɘɠ Űɤɜ ŬɜŬəɚɎůŮɤɜ Bragg ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɞ ŰŮŰɟɎɔɤɜɞ 

Űɖɠ ŬɜŰɑɗŮůɖɠ, ˊɞɡ ɞɟɑɕŮŰŬɘ ɤɠ ɖ ŭɘŬűɞɟɎ  Űɖɠ ˊɡəɜɧŰɖŰŬɠ ɛɐəɞɡɠ ůəɏŭŬůɖɠ 

(scattering length density) ŬɜɎɛŮůŬ ůŰɖ ɛɐŰɟŬ ˊɡɟɘŰɑŬɠ əŬɘ ůŰɞ ˊɞɟɩŭŮɠ ˊŮɟɘŮɢɧɛŮɜɞ 

(ŭɘŬűɞɟɎ ˊɡəɜɧŰɖŰŬɠ Űɞɡ ˊɡɟɐɜŬ) [22ī24]. ɆɡɔəŮəɟɘɛɏɜŬ, ŮɑɜŬɘ ŭɡɜŬŰɧɜ Ŭˊɧ Űɞ ɚɧɔɞ 

Űɤɜ ɞɚɞəɚɖɟɤɛɎŰɤɜ əɎŰɤ Ŭˊɧ Űɘɠ əɞɟɡűɏɠ Bragg ɔɘŬ Űɞ ŭŮɑɔɛŬ ŬɜŬűɞɟɎɠ (ˊɞɟɩŭŮɠ 

ɡɚɘəɧ) ɤɠ ˊɟɞɠ Űɞ ŭŮɑɔɛŬ ɆɈūȽɈ (ɛŮ Űɞɡɠ ˊɧɟɞɡɠ ɔŮɛɎŰɞɡɠ ȽɈ), ɜŬ ŮɝŬɢɗŮɑ Űɞ 

ůɡɛˊɏɟŬůɛŬ ɔɘŬ Űɞ Ŭɜ ɞɘ ˊɧɟɞɘ ŮɑɜŬɘ ɞɚɞəɚɖɟɤŰɘəɎ ɐ ɛŮɟɘəɩɠ əŬɚɡɛɛɏɜɞɘ ɛŮ ȽɈ. ɇŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ɡˊɞŭɖɚɩɜɞɡɜ ɧŰɘ, ŰŬ ŭŮɑɔɛŬŰŬ SBA-15 əŬɘ MCM-41 ɛŮ ɘɞɜŰɘəɧ ɡɔɟɧ 

ɏɢɞɡɜ ɔŮɛɎŰɞɡɠ əŬɘ ůɢŮŭɧɜ ɔŮɛɎŰɞɡɠ Űɞɡɠ ˊɧɟɞɡɠ ɛŮ ɘɞɜŰɘəɧ ɡɔɟɧ, ŬɜŰɑůŰɞɘɢŬ. ȷɡŰɧ 

ůɡɛűɤɜŮɑ ɛŮ Űɘɠ ɘůɧɗŮɟɛŮɠ ˊɟɞůɟɧűɖůɖɠ ŬɕɩŰɞɡ ůŰɞɡɠ 77 K (ɄɑɜŬəŬɠ 1). ȷɜŰɑɗŮŰŬ, 

ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ŭŮɘɔɛɎŰɤɜ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ɛŮ Űɞ ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ȽɈ ŭŮɜ 

ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ŮəŰɑɛɖůɖ Űɖɠ ˊɡəɜɧŰɖŰŬɠ (skeleton density) əŬɘ Ůˊɞɛɏɜɤɠ Űɖɠ 

ˊɡəɜɧŰɖŰŬɠ ɛɐəɞɡɠ ůəɏŭŬůɖɠ Űɞɡ ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ ȽɈ ŮɝŬɘŰɑŬɠ Űɖɠ ɨˊŬɟɝɖɠ Űɞɡ 

ŰɛɐɛŬŰɞɠ Űɞɡ ůɘɚŬɜɑɞɡ. ɄŬɟɧɚŬ ŬɡŰɎ, ɖ ŬɡɝŬɜɧɛŮɜɖ ɏɜŰŬůɖ Űɤɜ əɞɟɡűɩɜ Bragg ɔɘŬ 

Űɞ SBA-15 ɛŮ Űɞ ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ȽɈ ůŮ ůɨɔəɟɘůɖ ɛŮ ŬɡŰɏɠ Űɞɡ MCM-41 ɛŮ Űɞ 

ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ȽɈ, ŬˊɞŭŮɘəɜɨŮɘ ɧŰɘ ɡˊɎɟɢŮɘ ɛɘəɟɐ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ȽɈ ůŰɞ SBA, ɖ 

ɞˊɞɑŬ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ Ůˊɑůɖɠ Ŭˊɧ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊɞɟɞůɘɛŮŰɟɑŬɠ LN2 (ɄɑɜŬəŬɠ 

1). ɄɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ɆɈūȽɈ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ɛŮ Űɞ 

ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ȽɈ, ůŰɞ ɡˊɧůŰɟɤɛŬ SBA ˊŬɟŬŰɖɟŮɑŰŬɘ Ŭɨɝɖůɖ Űɖɠ ɏɜŰŬůɖɠ Űɤɜ 

əɞɟɡűɩɜ (ŮɘŭɘəɎ Űɖɠ ŬɜɎəɚŬůɖɠ Bragg ˊɟɩŰɖɠ ŰɎɝɖɠ (10)). ɇɏŰɞɘŬ ůɡɛˊŮɟɘűɞɟɎ ɏɢŮɘ 

ˊŬɟŬŰɖɟɖɗŮɑ əŬɘ Ŭˊɧ ɎɚɚŮɠ ŮɟŮɡɜɖŰɘəɏɠ ɞɛɎŭŮɠ əŬŰɎ Űɖɜ ŭɘŮɝŬɔɤɔɐ çŮˊɘ Űɧˊɞɡè 

ˊŮɘɟŬɛɎŰɤɜ ɟɧűɖůɖɠ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɘɠ ŰŮɢɜɘəɏɠ SANS [25, 26] əŬɘ SAXS [27, 

28], ɧˊɞɡ ɏɢɞɡɛŮ Ŭɨɝɖůɖ Űɖɠ ɏɜŰŬůɖɠ Űɤɜ əɞɟɡűɩɜ Bragg əŬŰɎ ŰŬ ŬɟɢɘəɎ ůŰɎŭɘŬ 

ˊɟɞůɟɧűɖůɖɠ ɟŮɡůŰɞɨ ůŰŬ ŭɘŬŰŮŰŬɔɛɏɜŬ ɛŮůɞˊɞɟɩŭɖ ɡɚɘəɎ, MCM-41 əŬɘ SBA-15. 
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ɆɢɐɛŬ 3. ȾŬɛˊɨɚŮɠ SANS Ŭ) SBA-15 (5.6 nm) əŬɘ ɓ) MCM-41 (2.9 nm). ȾɎɗŮ ɔɟɎűɖɛŬ 
ˊŮɟɘɚŬɛɓɎɜŮɘ Űɞ ŭŮɑɔɛŬ ŬɜŬűɞɟɎɠ (əŬɗŬɟɧ ɡˊɧůŰɟɤɛŬ) əŬɘ ŰŬ ŬɜŰɑůŰɞɘɢŬ ɆɈūȽɈ ɛŮ 

ůɘɚŬɜɞˊɞɘɖɛɏɜɞ əŬɘ ɛɖ ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ȽɈ. ɇŬ ɏɜɗŮŰŬ ˊŬɟɞɡůɘɎɕɞɡɜ ɚŮˊŰɞɛɏɟŮɘŬ Űɖɠ 

űŬůɛŬŰɘəɐɠ ˊŮɟɘɞɢɐɠ. Ƀɘ əɎɗŮŰŮɠ ɔɟŬɛɛɏɠ ˊɞɡ ɏɢɞɡɜ ˊɟɞůŰŮɗŮɑ ɡˊɞŭŮɘəɜɨɞɡɜ Űɘɠ ɗɏůŮɘɠ Űɤɜ 

əɞɟɡűɩɜ ˊɟɩŰɖɠ ŭŮɨŰŮɟɖɠ əŬɘ ŬɜɩŰŮɟɖɠ ŰɎɝɖɠ. 

 

 

3.3 ȹɞɛɘəɧɠ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɤɜ ɡˊɧ ˊŮɟɘɞɟɘůɛɧ ůŰɞɘɓɎŭɤɜ ȽɈ ɛɏůŬ ůŰɞɡɠ 

ɜŬɜɞˊɧɟɞɡɠ.  

 

ȺɝŬɘŰɑŬɠ Űɖɠ ɛŮɔɎɚɖɠ ˊɞůɧŰɖŰŬɠ ȽɈ ˊɞɡ əŬŰŬűɏɟŬɛŮ ɜŬ ŬəɘɜɖŰɞˊɞɘɐůɞɡɛŮ ɛɏůŬ 

ůŰŬ ŭŮɑɔɛŬŰɎ ɛŬɠ, əŬŰɏůŰŮɘ ŭɡɜŬŰɧɜ ɜŬ ˊŬɟŬŰɖɟɖɗɞɨɜ ŬɜŬəɚɎůŮɘɠ Űɨˊɞɡ Bragg əŬŰɎ 

Űɖɜ ˊɟŬɔɛŬŰɞˊɞɑɖůɖ űŬůɛŬŰɞůəɞˊɑŬɠ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ (ɉRD). ɆŰɞ űɎůɛŬ 

XRD ɧɚɤɜ Űɤɜ ŭŮɘɔɛɎŰɤɜ (ɆɢɐɛŬ 4), ɖ ŮɡɟŮɑŬ ŬɜɎəɚŬůɖ ˊŮɟɑˊɞɡ ůŰɘɠ 22
Ǔ
 

ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɖɜ ˊɡɟɘŰɑŬ.  ȳɚŬ ŰŬ ɆɈūȽɈ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɞ 

Űɟɞˊɞˊɞɘɖɛɏɜɞ ȽɈ (ɆɢɐɛŬ 4Ŭ) ˊŬɟɞɡůɑŬůŬɜ ɛɘŬ əɞɟɡűɐ ˊŮɟɑɗɚŬůɖɠ ˊŮɟɑˊɞɡ ůŰɘɠ 

18.2
Ǔ
, ŮəŰɧɠ Ŭˊɧ Űɞ ɡˊɧůŰɟɤɛŬ Vycor ɧˊɞɡ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ȽɈ ɐŰŬɜ ɛɏŰɟɘŬ ɚɧɔɤ 

Űɖɠ ɢŬɛɖɚɧŰŮɟɖɠ Ůɘŭɘəɐɠ ŮˊɘűɎɜŮɘŬɠ ůŮ ůɨɔəɟɘůɖ ɛŮ ŰŬ MCM əŬɘ SBA. ȼ əɞɟɡűɐ 

ŬɡŰɐ ůŰɘɠ 18.2Á ŮɑɜŬɘ ɢŬɟŬəŰɖɟɘůŰɘəɐ Űɖɠ ɡɔɟɞəɟɡůŰŬɚɚɘəɐɠ ŭɞɛɘəɐɠ ɞɟɔɎɜɤůɖɠ Űɤɜ 

ůɘɚŬɜɞˊɞɘɖɛɏɜɤɜ ɛɞɟɑɤɜ ȽɈ ɛɏůŬ ůŰɞ ɢɖɛɘəɎ ůɡɜŭŮŭŮɛɏɜɞ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ůŰɟɩɛŬ. 

ɇɞ ŭŮɑɔɛŬ MCM-41-3.3-Ű ˊŬɟɞɡůɑŬůŮ Űɞ ɡɣɖɚɧŰŮɟɞ ɓŬɗɛɧ ŭɘɎŰŬɝɖɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ 

Ŭˊɧ Űɖɜ ɏɜŰɞɜɖ Bragg əɞɟɡűɐ Űɞɡ ůŰɘɠ 18.2
Ǔ
 əŬɘ Űɘɠ ɡˊɧɚɞɘˊŮɠ əɞɟɡűɏɠ ˊŮɟɑɗɚŬůɖɠ, 

Ŭ ɓ 
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ˊɞɡ ŮɛűŬɜɑɕɞɜŰŬɘ ůŮ 2ɗ = 31.9
Ǔ
, 38.2

Ǔ
, 39.4

Ǔ
, 44.5

Ǔ
, 46.2

Ǔ
, əŬɘ 50.9

Ǔ
, ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ 

ɢŬɟŬəŰɖɟɘůŰɘəɏɠ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ ˊɟɞůŬɜŬŰɞɚɘůɛɏɜɤɜ Ů́ ɘˊɏŭɤɜ Űɞɡ 

ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ ȽɈ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ. Ⱥˊɘˊɚɏɞɜ, Űɞ ŭŮɑɔɛŬ MCM-41-2.3-Ű 

ŮɛűŬɜɑɕŮɘ ɛɧɜɞ Űɘɠ ŭɡɞ ˊɟɩŰŮɠ ŬɜŬəɚɎůŮɘɠ, ɡˊɞŭɖɚɩɜɞɜŰŬɠ ɛɘəɟɧŰŮɟɞ ɓŬɗɛɧ 

ɞɟɔɎɜɤůɖɠ. 
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ɆɢɐɛŬ 4. Ŭ) ȼ ŭɖɛɘɞɡɟɔɑŬ ɡɔɟɞəɟɡůŰŬɚɚɘəɐɠ əŬŰɎůŰŬůɖɠ ŬɜɘɢɜŮɨŰɖəŮ ɛŮ Űɖɜ ŰŮɢɜɘəɐ  XRD 

ɛɧɜɞ ůŰŬ ɆɈūȽɈ ɛŮ Űɞ ůɘɚŬɜɞˊɞɘɖɛɏɜɞ  ȽɈ. ɓ) ūɎůɛŬŰŬ XRD Űɤɜ ɡˊɞůŰɟɤɛɎŰɤɜ əŬɘ Űɤɜ 

ɆɈūȽɈ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ɛŮ Űɞ ɛɖ-Űɟɞˊɞˊɞɘɖɛɏɜɞ ȽɈ.    

 

ɆɡɔəɟɑɜɞɜŰŬɠ ŰŬ ŭŮɑɔɛŬŰŬ ɆɈūȽɈ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ůŮ ŭɘŬűɞɟŮŰɘəɎ 

ɡˊɞůŰɟɩɛŬŰŬ (MCM-41 əŬɘ SBA-15) ɔɑɜŮŰŬɘ űŬɜŮɟɧ ɧŰɘ ŭŮɜ ɡˊɎɟɢŮɘ ůɡůɢɏŰɘůɖ 

ɛŮŰŬɝɨ Űɖɠ ɏɜŰŬůɖɠ əŬɘ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ əɞɟɡűɩɜ Bragg ɛŮ ŰŬ ˊɞɟɩŭɖ ŭɞɛɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ (ŭɖɚŬŭɐ Űɖɜ ˊɞɟɩŭɖ ŮˊɘűɎɜŮɘŬ, Űɞ ɛɏɔŮɗɞɠ əŬɘ 

Űɞɜ ɧɔəɞ). Ⱥˊɞɛɏɜɤɠ, ůɡɛˊŮɟŬɑɜŮŰŬɘ ɧŰɘ ɖ ɡɔɟɞəɟɡůŰŬɚɚɘəɐ əŬŰɎůŰŬůɖ Űɤɜ 

ůɘɚŬɜɞˊɞɘɖɛɏɜɤɜ ɛɞɟɑɤɜ ȽɈ, ɛɏůŬ ůŰɖ ɢɖɛɘəɎ ůɡɜŭŮŭŮɛɏɜɖ ɛɞɜɞůŰɞɘɓɎŭŬ ȽɈ, 

ɞűŮɑɚŮŰŬɘ ůŰɖɜ ˊɡəɜɧŰɖŰŬ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ ɞɛɎŭɤɜ ůɘɚŬɜɧɚɤɜ. ȼ ˊɡəɜɧŰɖŰŬ Űɤɜ 

ůɘɚŬɜɧɚɤɜ ŭɘŬűɏɟŮɘ Ŭˊɧ ˊŮɟɘɞɢɐ ůŮ ˊŮɟɘɞɢɐ ůŰɞ ɑŭɘɞ ŭŮɑɔɛŬ əŬɘ ŮɑɜŬɘ ˊɎɜŰŬ 

ŮɝŬɟŰɩɛŮɜɖ Ŭˊɧ Űɘɠ ůɡɜɗɐəŮɠ ɗŮɟɛɘəɐɠ əŬŰŮɟɔŬůɑŬɠ əŬɘ ŬɜŬɔɏɜɜɖůɖɠ. ȺɑɜŬɘ 

ŬɝɘɞůɖɛŮɑɤŰɞ, ɧŰɘ ɞɘ əɞɟɡűɏɠ Bragg ŭŮɜ ŮɛűŬɜɑɕɞɜŰŬɘ ůŰŬ ɆɈūȽɈ ɛŮ Űɞ ɛɖ-

Űɟɞˊɞˊɞɘɖɛɏɜɞ ȽɈ (ɆɢɐɛŬ 4ɓ). 

ɇɞ ɆɢɐɛŬ 5 ˊŬɟɞɡůɘɎɕŮɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ŭɘŬűɞɟɘəɐɠ ɗŮɟɛɘŭɞɛŮŰɟɑŬɠ 

ůɎɟɤůɖɠ (MDSC) (ɛŮ ŭɘŬɛɧɟűɤůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ) ɔɘŬ ŰŬ ɆɈūȽɈ ɛŮ Űɞ 

Űɟɞˊɞˊɞɘɖɛɏɜɞ əŬɘ ɛɖ-Űɟɞˊɞˊɞɘɖɛɏɜɞ ȽɈ. ɇŬɡŰɧɢɟɞɜŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ 
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ɗŮɟɛɞɔɟŬűɐɛŬŰŬ Űɤɜ ŭŮɘɔɛɎŰɤɜ ŬɜŬűɞɟɎɠ (ɡˊɞůŰɟɤɛɎŰɤɜ) əŬɘ Űɞɡ 

ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ ȽɈ ŮəŰɧɠ ˊɧɟɤɜ (1-(ůɘɚɡɚˊɟɞˊɡɚ)-3-ɛŮɗɡɚ-ɘɛɘŭŬɕɧɚɘɞ 

ŮɝŬűɗɞɟɞűɤůűɞɟɘəɧ) ((1-(silylpropyl)-3-methyl-imidazolium hexafluorophosphate 

[spmim][PF6
ī
])). ȼ MDSC ŮɑɜŬɘ ɛɘŬ Ŭɝɘɧɚɞɔɖ ŰŮɢɜɘəɐ ɖ ɞˊɞɑŬ ŭɘŬəɟɑɜŮɘ ŰŬ 

ŬɜŰɘůŰɟɏɣɘɛŬ əŬɘ ɛɖ ŬɜŰɘůŰɟɏɣɘɛŬ ɗŮɟɛɘəɎ űŬɘɜɧɛŮɜŬ, ɧˊɤɠ Űɐɝɖ əŬɘ ŬˊɞůɨɜɗŮůɖ, 

ŮɘŭɘəɎ ɧŰŬɜ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŮ ˊŬɟɧɛɞɘŮɠ ɗŮɟɛɞəɟŬůɑŮɠ. ȺůŰɘɎɕɞɜŰŬɠ ůŰɖɜ 

əŬɛˊɨɚɖ ŬɜŰɘůŰɟɏɣɘɛɤɜ űŬɘɜɞɛɏɜɤɜ (ɛˊɚŮ ɔɟŬɛɛɏɠ) Űɤɜ MDSC ɗŮɟɛɞɔɟŬűɖɛɎŰɤɜ, 

ŭɘŬűŬɑɜŮŰŬɘ ɧŰɘ ɡˊɎɟɢŮɘ ɛɘŬ ŮɜŭɧɗŮɟɛɖ ˊŮɟɑˊɞɡ ůŰɞɡɠ 260-270 ÁC, ɖ ɞˊɞɑŬ ˊɟɞəɨˊŰŮɘ 

ɛɧɜɞ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɆɈūȽɈ ŭŮɘɔɛɎŰɤɜ ˊɞɡ ˊŬɟɎɢɗɖəŬɜ ɛŮ Űɞ Űɟɞˊɞˊɞɘɖɛɏɜɞ 

ȽɈ (ɆɢɐɛŬ 5Ŭ-ɔ əŬɘ ůŰ). ɆɡɔəɟɑɜɞɜŰŬɠ Űɞ ɆɢɐɛŬ 5Ŭ əŬɘ ɓ, ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ŬɡŰɐ ɖ 

ŮɜŭɧɗŮɟɛɖ ŭɘŬűŬɑɜŮŰŬɘ əŬɚɨŰŮɟŬ ɧŰŬɜ ŮűŬɟɛɧůŰɖəŮ ɔɟɐɔɞɟɞɠ ɟɡɗɛɧɠ ɗɏɟɛŬɜůɖɠ (10 

ÁC/min), űŬɘɜɧɛŮɜɞ ˊɞɡ ŮɑɜŬɘ ɢŬɟŬəŰɖɟɘůŰɘəɧ ɔɘŬ ɧɚŮɠ Űɘɠ ŬɜŰɘůŰɟŮˊŰɏɠ ɛŮŰŬɓɎůŮɘɠ 

ɞɘ ɞˊɞɑŮɠ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɞɜ ɟɡɗɛɧ ɗɏɟɛŬɜůɖɠ. ȷɡŰɐ ɖ ŮɜŭɧɗŮɟɛɖ ɛŮŰɎɓŬůɖ ůŰɞɡɠ 

260-270 ÁC ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ Űɐɝɖ Űɖɠ ŭɘŬŰŮŰŬɔɛɏɜɖɠ ɘɞɜŰɘəɐɠ űɎůɖɠ, ɖ ɞˊɞɑŬ ɐŰŬɜ 

ɢɖɛɘəɎ ůɡɜŭŮŭŮɛɏɜɖ ůŰŬ ˊɞɟɩŭɖ ɡˊɞůŰɟɩɛŬŰŬ əŬɘ ŮɛűŬɜɑůŰɖəŮ ɛɧɜɞ ůŰŬ ŭŮɑɔɛŬŰŬ 

ŰŬ ɞˊɞɑŬ ˊŬɟɞɡůɑŬůŬɜ ŬɜŬəɚɎůŮɘɠ ˊŮɟɑɗɚŬůɖɠ ůŰɞ űɎůɛŬ XRD (ɆɢɐɛŬ 4Ŭ). 

ȺɝŬɑɟŮůɖ ŬˊɞŰŮɚŮɑ Űɞ ɆɈūȽɈ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ůŮ ɡˊɧůŰɟɤɛŬ Vycor ɛŮ ɢɖɛɘəɐ 

ůɨɜŭŮůɖ Űɞɡ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ȽɈ, Űɞ ɞˊɞɑɞ ŭŮɜ ˊŬɟɞɡůɘɎɕŮɘ ŮɜŭɧɗŮɟɛɖ, ŮɝŬɘŰɑŬɠ Űɖɠ 

ɢŬɛɖɚɐɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ȽɈ (ɄɑɜŬəŬɠ 1). ȰɜŬ ŭŮɨŰŮɟɞ ŮɜŭɧɗŮɟɛɞ űŬɘɜɧɛŮɜɞ, ˊɞɡ 

ŮɛűŬɜɑůŰɖəŮ ɔɘŬ ɧɚŬ ŰŬ ɡˊɞůŰɖɟɘɔɛɏɜŬ ɛŮ ȽɈ ŭŮɑɔɛŬŰŬ ˊŮɟɑˊɞɡ ůŰɞɡɠ 320 ÁC əŬɘ 

ɛɞɜɎɢŬ ůŰɖɜ əŬɛˊɨɚɖ ŬɜŬɜŰɑůŰɟŮˊŰɤɜ űŬɘɜɞɛɏɜɤɜ Űɞɡ ɗŮɟɛɞɔɟŬűɐɛŬŰɞɠ MDSC 

(əɧəəɘɜŮɠ ɔɟŬɛɛɏɠ), ŬɜŰɘůŰɞɘɢŮɑ ůŰɖɜ ŬˊɞůɨɜɗŮůɖ Űɖɠ ɢɤɟɘəɎ ˊŮɟɘɞɟɘůɛɏɜɖɠ űɎůɖɠ 

ȽɈ. ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɖ ɗŮɟɛɞəɟŬůɑŬ ŬˊɞůɨɜɗŮůɖɠ Űɤɜ ɆɈūȽɈ (320 ÁC) ŮɑɜŬɘ 

ɛɘəɟɧŰŮɟɖ, Ŭˊɧ ŬɡŰɐ ˊɞɡ ŬɜŬűɏɟŮŰŬɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ɔɘŬ Űɞ ůɡɛˊŬɔɏɠ ɘɞɜŰɘəɧ ɡɔɟɧ 

[bmim][PF6
ī
] (1-ɓɞɡŰɡɚ-3-ɛŮɗɡɚ ɘɛɘŭŬɕɧɚɘɞ ŮɝŬűɗɞɟɞűɤůűɞɟɘəɧ) (1-butyl-3-methyl 

imidazolium hexafluorophosphate) ŮəŰɧɠ Űɤɜ ˊɧɟɤɜ (350 ÁC) [29], əŬɘ ŬɡŰɧ 

ŬˊɞŭɑŭŮŰŬɘ ůŰɖɜ ˊŬɟɞɡůɑŬ Űɖɠ ɡˊŮɟɓɞɚɘəɎ ɧɝɘɜɖɠ ŮˊɘűɎɜŮɘŬɠ SiO2, ɖ ɞˊɞɑŬ ŭɟŬ ɤɠ 

əŬŰŬɚɨŰɖɠ ɔɘŬ Űɖɜ ŬˊɞůɨɜɗŮůɖ [30]. Ⱥˊɘˊɚɏɞɜ, Űɞ ŭŮɑɔɛŬ SBA-15-ɛŰ, ˊɞɡ 

ŬɜŬˊŰɨɢɗɖəŮ ɛŮ Űɞ ɛɖ-ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ȽɈ, ˊŬɟɞɡůɘɎɕŮɘ ɏɜŬ ŮɜŭɧɗŮɟɛɞ űŬɘɜɧɛŮɜɞ 

ůŰɖɜ ɗŮɟɛɞəɟŬůɑŬ Űɤɜ 150 ÁC (ɆɢɐɛŬ 5i). ȳˊɤɠ ŬɜŬűɏɟŮŰŬɘ əŬɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ 

[29,31], ɖ ŮɜŭɧɗŮɟɛɖ ŬɡŰɐ əɞɟɡűɐ  ɛˊɞɟŮɑ ɜŬ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ɡŭɟɧɚɡůɖ Űɞɡ PF6 

ŬɜɘɧɜŰɞɠ Ŭˊɧ ˊɞůɧŰɖŰŬ ɜŮɟɞɨ ˊɞɡ ŮɑɢŮ ŭŮůɛŮɡɗŮɑ ůŰɞ ɡˊɧůŰɟɤɛŬ əŬɘ ŭŮɜ ɐŰŬɜ 

ŮűɘəŰɧ ɜŬ ŬˊɞɛŬəɟɡɜɗŮɑ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ˊɟɞŮˊŮɝŮɟɔŬůɑŬɠ ůŰɞɡɠ 120 ÁC ɔɘŬ 1 ɩɟŬ. 
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ɆɢɐɛŬ 5. Modulated DSC ɗŮɟɛɞɔɟŬűɐɛŬŰŬ Űɤɜ ŬɜŬˊŰɡɔɛɏɜɤɜ ŭŮɘɔɛɎŰɤɜ. Ƀɘ ɛˊɚŮ ɔɟŬɛɛɏɠ 

ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɖɜ əŬɛˊɨɚɖ ŬɜŰɘůŰɟŮˊŰɩɜ ɗŮɟɛɘəɩɜ űŬɘɜɞɛɏɜɤɜ, ɞɘ əɧəəɘɜŮɠ ɔɟŬɛɛɏɠ 

ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɖɜ əŬɛˊɨɚɖ ŬɜŬɜŰɑůŰɟŮˊŰɤɜ űŬɘɜɞɛɏɜɤɜ əŬɘ ɞɘ ˊɟɎůɘɜŮɠ ŬɜŰɘůŰɞɘɢɞɡɜ ůŰɞ 

ůɡɜɞɚɘəɧ ɗŮɟɛɞɔɟɎűɖɛŬ. Ƀɘ ɟɡɗɛɞɑ ɗɏɟɛŬɜůɖɠ əŬɘ ŰŬ ɞɜɧɛŬŰŬ Űɤɜ ŭŮɘɔɛɎŰɤɜ 

ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ůŰɘɠ ɔɟŬűɘəɏɠ ˊŬɟŬůŰɎůŮɘɠ.   
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ɄŬɟɧɚŬ ŬɡŰɎ, Ŭɜ ŮɝŮŰŬůŰɞɨɜ ɧɚŬ ŰŬ ɗŮɟɛɞɔɟŬűɐɛŬŰŬ ůɡɛˊŮɟŬɑɜŮŰŬɘ ɧŰɘ ɖ 

ɡŭɟɧɚɡůɖ ŮɝŬűɗɞɟɞűɤůűɞɟɘəɞɨ ɏɚŬɓŮ ɢɩɟŬ ɛɧɜɞ ůŮ ɏɜŬ Ŭˊɧ ŰŬ ŭŮɑɔɛŬŰŬ ɆɈūȽɈ 

əŬɘ ɛɧɜɞ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ɢɟɖůɘɛɞˊɞɑɖůɖɠ Űɞɡ ɛɖ-Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ȽɈ. Ⱥˊɞɛɏɜɤɠ ŭŮɜ 

ŰɑɗŮŰŬɘ ɗɏɛŬ ɔɘŬ Űɖɜ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ ɟɞűɖŰɩɜ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ Ůűɧůɞɜ 

ůɡɜŮˊɎɔŮŰŬɘ ɧŰɘ ɖ ɡŭɟɧɚɡůɖ ɞűŮɘɚɧŰŬɜ ůŮ ŬɜŮˊŬɟəɐ ŮɜŮɟɔɞˊɞɑɖůɖ (ŬɜŬɔɏɜɜɖůɖ) 

Ůɜɧɠ Ŭˊɧ ŰŬ ɡˊɞůŰɟɩɛŬŰŬ. ɄɟɏˊŮɘ Űɏɚɞɠ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ  ɖ əŬɛˊɨɚɖ ŬɜŰɘůŰɟŮˊŰɩɜ 

űŬɘɜɞɛɏɜɤɜ Űɞɡ ɗŮɟɛɞɔɟŬűɐɛŬŰɞɠ ɔɘŬ Űɞ ůɡɛˊŬɔɏɠ Űɟɞˊɞˊɞɘɖɛɏɜɞ ȽɈ [spmim][PF6
ī
] 

ŭŮɜ ˊŮɟɘɚŬɛɓɎɜŮɘ əŬɜɏɜŬ ɗŮɟɛɘəɧ űŬɘɜɧɛŮɜɞ ůŰɖ ɢŬɛɖɚɐ əŬɘ ɡɣɖɚɐ ɗŮɟɛɞəɟŬůɘŬəɐ 

ˊŮɟɘɞɢɐ. ɆɡɛˊŮɟŬůɛŬŰɘəɎ, ɖ ɣɨɝɖ ůŰɞɡɠ -50 ÁC ŭŮɜ ŮˊŬɟəŮɑ ɔɘŬ ɜŬ əɟɡůŰŬɚɚɚɤɗŮɑ 

Űɞ ȽɈ. ɆɡɜŮˊɩɠ Űɞ ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ȽɈ ˊŬɟɞɡůɘɎɕŮɘ űŬɘɜɧɛŮɜŬ ɡˊɏɟɣɡɝɖɠ, ɧˊɤɠ 

ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰŬ ˊŮɟɘůůɧŰŮɟŬ ɘɞɜŰɘəɎ ɡɔɟɎ [32, 33]. Ⱥˊɘˊɚɏɞɜ, əŬŰɎ Űɖ ɗɏɟɛŬɜůɖ, ɖ 

ŮɜŭɧɗŮɟɛɖ ɡŭɟɧɚɡůɖɠ Űɞɡ PF6 ŬɜɘɧɜŰɞɠ ŮɛűŬɜɑɕŮŰŬɘ əŬɘ ˊɎɚɘ ůŰɖɜ əŬɛˊɨɚɖ Űɤɜ 

ŬɜŬɜŰɑůŰɟŮˊŰɤɜ űŬɘɜɞɛɏɜɤɜ Űɖɠ MDSC ůŮ ɗŮɟɛɞəɟŬůɑŬ 130 ÁC.  

 

 
 

3.4.  ɄɟɞůŬɜŬŰɞɚɘůɛɏɜɖ ŮɜŬˊɧɗŮůɖ ȽɞɜŰɘəɞɨ Ɉɔɟɞɨ 

 

ȼ ˊɟɞůŬɜŬɜŬŰɞɚɘůɛɏɜɖ ŮˊɑůŰɟɤůɖ Űɤɜ ɘɞɜŰɘəɩɜ ɡɔɟɩɜ ůŮ ůŰŮɟŮɏɠ ŮˊɘűɎɜŮɘŮɠ 

ŮɑɜŬɘ ɏɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɧ ˊɞɡ ɛŮɚŮŰɎŰŬɘ Ŭˊɧ ˊɞɚɚɞɨɠ ŮɟŮɡɜɖŰɏɠ [13]. ɆŰɖɜ ŭɘəɐ ɛŬɠ 

ˊŮɟɑˊŰɤůɖ, ɖ ůɘɚŬɜɞˊɞɑɖůɖ Űɞɡ əŬŰɘɧɜŰɞɠ ŭɘŮɡəɞɚɨɜŮɘ Űɖɜ ˊɟɞůŬɜŬŰɞɚɘůɛɏɜɖ 

ŮɜŬˊɧɗŮůɖ Űɖɠ űɎůɖɠ Űɞɡ ȽɈ ɛŮ Űɞ əŬŰɘɧɜ ˊɟɞɠ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ˊɧɟɤɜ. ɆŰɖɜ 

ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ŰŬ űŬɘɜɧɛŮɜŬ ˊɟɞůŬɜŬŰɞɚɘůɛɏɜɖɠ ŮɜŬˊɧɗŮůɖɠ ɛŮɚŮŰɐɗɖəŬɜ ůŮ 

ůɡůɢɏŰɘůɖ  ɛŮ Űɖɜ Ůɑ́ŭɟŬůɖ Űɞɡɠ ůŰɖ ŭɘɎɢɡůɖ Űɞɡ CO2 ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ 35 ÁC. ɇŬ ŭŮɑɔɛŬŰŬ ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ ɐŰŬɜ ɛɧɜɞ ŰŬ ɆɈūȽɈ, ɔɘŬ ŰŬ 

ɞˊɞɑŬ ŮɑɢŮ ŬˊɞŭŮɘɢŰŮɑ, Űɧůɞ Ŭˊɧ Űɖɜ ˊɞɟɞůɘɛŮŰɟɑŬ LN2 ɧůɞ əŬɘ Ŭˊɧ Űɖɜ ŰŮɢɜɘəɐ 

SANS, ɞɚɞəɚɖɟɤŰɘəɐ ˊɚɐɟɤůɖ Űɤɜ ˊɧɟɤɜ əŬŰɎ Űɖɜ ŮɜŬˊɧɗŮůɖ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ. 

Ƀ ɚɧɔɞɠ ˊɞɡ ŮɝŬɘɟɏɗɖəŬɜ əɎˊɞɘŬ ŭŮɑɔɛŬŰŬ ɐŰŬɜ ɜŬ ŬˊɞəɚŮɘůŰŮɑ ɖ ůɡɜŮɘůűɞɟɎ Űɞɡ 

ŬɜɞɘɢŰɞɨ ˊɞɟɩŭɞɡɠ ůŰɞ ůɡɜɞɚɘəɧ ɛɖɢŬɜɘůɛɧ ŭɘɎɢɡůɖɠ ɩůŰŮ ɜŬ ŮˊɘəŮɜŰɟɤɗɞɨɛŮ ůŰŬ 

ɢŬɟŬůŰɖɟɘůŰɘəɎ Űɖɠ űɎůɖɠ ȽɈ.  

ȺˊɘɚɏɢɗɖəŮ Űɞ CO2 ɤɠ Ŭɏɟɘɞ ɔɘŬ ɛŮɚɏŰɖ, ŮˊŮɘŭɐ Űɞ ůɨůŰɖɛŬ 

[ȸɀȽɀ][PF6
ī
]/CO2 ɏɢŮɘ ɛŮɚŮŰɖɗŮɑ ɐŭɖ Ŭˊɧ ˊɞɚɚɞɨɠ ŮɟŮɡɜɖŰɏɠ Űɧůɞ ˊŮɘɟŬɛŬŰɘəɎ, 

ɧůɞ əŬɘ ɗŮɤɟɖŰɘəɎ, ɏɢɞɜŰŬɠ  ŬˊɞůŬűɖɜɑůŮɘ Űɞ ɛɖɢŬɜɘůɛɧ Ŭˊɞɟɟɧűɖůɖɠ əŬɘ ŭɘɎɢɡůɖɠ 

ůŰɖ űɎůɖ Űɞɡ ȽɈ [34-36]. ȼ ɗŮɤɟɖŰɘəɐ ɛŮɚɏŰɖ ɏŭŮɘɝŮ ɧŰɘ Űɞ CO2 ŰŬɝɘɜɞɛŮɑŰŬɘ əŬŰɎ 
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ˊɟɞŰɑɛɖůɖ ɔɨɟɤ Ŭˊɧ Űɞ Ŭɜɘɧɜ [PF6
ī
] Űɞɡ ȽɈ ůŮ ɛɘŬ ˊɟɞůɞɛɞɘɎɕɞɡůŬ ŭɘɎŰŬɝɖ ɤɠ 

ŮűŬˊŰɞɛŮɜɘəɐ ñtangent-likeò, ɛŮɔɘůŰɞˊɞɘɩɜŰŬɠ ɏŰůɘ Űɘɠ ŮˊɘɗɡɛɖŰɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ, 

Ůɜɩ ŮɑɜŬɘ ɧɚɞ əŬɘ ˊɘɞ ŭɘɎɢɡŰŬ əŬŰŬɜŮɛɖɛɏɜɞ ɔɨɟɤ Ŭˊɧ Űɞ ŭŬɢŰɨɚɘɞ Űɞɡ ɘɛɘŭŬɕɞɚɑɞɡ. 

Ƀ Kazarian əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ [34] ŭɘŮɟŮɨɜɖůŬɜ ɛɑɔɛŬŰŬ CO2 ɛŮ ([bmim][PF6
ī
]) 

əŬɘ ([bmim][BF4
ī
]) ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ űŬůɛŬŰɞůəɞˊɑŬ ATR-IR. ɇŬ ˊŮɘɟɎɛŬŰɎ Űɞɡɠ 

ŬˊɏŭŮɘɝŬɜ Űɖɜ ɨˊŬɟɝɖ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɞɝɏɞɠ-ɓɎůɖɠ əŬŰɎ Lewis ɛŮŰŬɝɨ Űɞɡ ɛɞɟɑɞɡ 

CO2 əŬɘ Űɤɜ ŬɜɘɧɜŰɤɜ Űɤɜ ȽɈ ɧˊɞɡ Űɞ CO2 ŭɟŬ ɤɠ ŭɏəŰɖɠ ɕŮɨɔɞɡɠ ɖɚŮəŰɟɞɜɑɤɜ. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɆɈūȽɈ ˊɞɡ ɏɢɞɡɜ ɡˊɞůŰŮɑ ɞɚɞəɚɖɟɤŰɘəɐ əɎɚɡɣɖ Űɤɜ 

ˊɧɟɤɜ ɛŮ Űɖ űɎůɖ Űɞɡ ȽɈ, Űɞ CO2 ŭɘŬɚɡŰɞˊɞɘŮɑŰŬɘ ůŰɞ ŬəɘɜɖŰɞˊɞɘɖɛɏɜɞ ɛɏůŬ ůŰɞɡɠ 

ˊɧɟɞɡɠ ȽɈ ɛɏůɤ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ȽɈ/ŬŮɟɑɞɡ əɞɜŰɎ ůŰɞ ɎɜɞɘɔɛŬ Űɞɡ ˊɧɟɞɡ. ȼ 

ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮ Űɞ Ŭɜɘɧɜ ˊɟɞəŬɚŮɑ ɘɞɜɘůɛɧ Űɞɡ CO2 əŬɘ ŰŬ ɘɞɜɘůɛɏɜŬ ɛɧɟɘŬ 

ŭɘŬɢɏɞɜŰŬɘ əŬŰɎ ɛɐəɞɠ Űɞɡ ˊɧɟɞɡ ɛŮ ŭɘŬŭɞɢɘəɎ ɎɚɛŬŰŬ ŬɜɎɛŮůŬ ůŰŬ ŬɜɘɧɜŰŬ Űɞɡ 

ŮɜŬˊɞŰɘɗɏɛŮɜɞɡ ȽɈ. ɄɘɗŬɜɧɠ ˊɟɞůŬɜŬŰɞɚɘůɛɞɠ Űɖɠ ŮɜŬˊɞŰɘɗɏɛŮɜɖɠ űɎůɖɠ ȽɈ ɛŮ ŰŬ 

ŬɜɘɧɜŰŬ ˊɟɞɠ Űɖɜ əŬɟŭɘɎ Űɞɡ ˊɧɟɞɡ (ˊŮɟɑˊŰɤůɖ A - ɆɢɐɛŬ 6) ɛˊɞɟŮɑ ɜŬ ŮɜɘůɢɨůŮɘ 

ůɖɛŬɜŰɘəɎ Űɖ ŭɘɎɢɡůɖ. ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ůɢɐɛŬ, ɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ ŭɖɛɘɞɡɟɔŮɑ 

ŮɡɗɨɔɟŬɛɛŬ ɛɞɜɞˊɎŰɘŬ ŭɘɎɢɡůɖɠ ɔɘŬ ŰŬ ɛɧɟɘŬ Űɞɡ CO2. ȷɜŰɑɗŮŰŬ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ B 

ŮˊɘəɟŬŰŮɑ ɏɜŬɠ ɞɚɞəɚɖɟɤŰɘəɎ ŰɡɢŬɑɞɠ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ əŬɘ ɞŭɖɔŮɑ ůŮ ŰɡɢŬɑŬ ˊɞɟŮɑŬ 

Űɤɜ ŭɘŬɢŮɧɛŮɜɤɜ ɛɞɟɑɤɜ ŬɜɎɛŮůŬ ůŰŬ ŬɜɘɧɜŰŬ. ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ɚɧɔɤ Űɖɠ 

ɢɟɐůɖɠ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ (ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ) ȽɈ, ůɡɔəŮəɟɘɛɏɜŬ Űɞɡ 

ŮɝŬűɗɞɟɞűɤůűɞɟɘəɞɨ ɎɚŬŰɞɠ Űɞɡ 1-(3-ůɘɚɡɚˊɟɞˊɡɚ)-3-ɛŮɗɡɚɘɛɘŭŬɕɞɚɑɞɡ əŬɘ Űɖɠ 

ɢɖɛɘəɐɠ ůɨɜŭŮůɐɠ Űɞɡ Ɏ́ɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ŮɜɘůɢɨŮŰŬɘ ůɖɛŬɜŰɘəɎ 

ɖ ˊɘɗŬɜɧŰɖŰŬ Ůɜɧɠ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ ŮɜŬˊɧɗŮůɖɠ ɧˊɤɠ ŬɡŰɞɨ ˊɞɡ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ 

ɆɢɐɛŬ 6A. ɇɞɜɑɕŮŰŬɘ ɧŰɘ ɖ ɢɖɛɘəɐ ůɨɜŭŮůɖ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɏůɤ ɞɛɞɘɞˊɞɚɘəɞɨ ŭŮůɛɞɨ 

ŬɜɎɛŮůŬ ůŰɘɠ Ŭɚəɧɝɡ ɞɛɎŭŮɠ Űɞɡ əŬŰɘɧɜŰɞɠ əŬɘ ůŰɘɠ ŮˊɘűŬɜŮɘŬəɏɠ ɞɛɎŭŮɠ ůɘɚŬɜɧɚɤɜ. 
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                         ȷ                                      ȸ 

 

ɆɢɐɛŬ 6. (ȷ) Ƀ ́ɟɞůŬɜŬŰɞɚɘůɛɧɠ Űɞɡ ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ ȽɈ ɡˊɧ ˊŮɟɘɞɟɘůɛɧ ɛɏůŬ ůŰɞɡɠ 

ˊɧɟɞɡɠ  (ȸ) ɇɡɢŬɑŬ əŬŰŬɜɞɛɐ Ůɜɧɠ ɛɖ-Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ȽɈ  ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ. 

 

 

ȾŬŰɎ Űɖ ɛŮɚɏŰɖ Űɖɠ ɟɧűɖůɖɠ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ ɛŮ ŰŬ ůŰŬɗɛɘəɎ 

ůɡůŰɐɛŬŰŬ, ůŮ əɎɗŮ ɓɐɛŬ ˊɑŮůɖɠ ɐŰŬɜ ŭɡɜŬŰɐ əŬɘ ɖ əŬŰŬɔɟŬűɐ Űɤɜ ɛŮŰŬɓŬŰɘəɩɜ 

əŬɛˊɡɚɩɜ ɟɧűɖůɖɠ. Ƀɘ ɛŮŰŬɓŬŰɘəɏɠ əŬɛˊɨɚŮɠ Ŭˊɞɟɟɧűɖůɖɠ CO2 ŭɡɞ ŭɘŬŭɞɢɘəɩɜ 

ɓɖɛɎŰɤɜ ˊɑŮůɖɠ (0-250 mbar, 250-500 mbar) ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 7 

ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɠ Űɞɜ ˊɟɞŰŮɘɜɧɛŮɜɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧ. Ƀɘ ůŰŬɗŮɟɏɠ ŭɘɎɢɡůɖɠ (D/r
2
 

(1/min) ɧˊɞɡ r = ɖ ŬəŰɑɜŬ ůűŬɘɟɘəɞɨ ůɤɛŬŰɘŭɑɞɡ) ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖɜ ˊɟɞůŬɟɛɞɔɐ 

Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ əɘɜɖŰɘəɐɠ ɛŮ Űɖɜ əŬŰɎɚɚɖɚɖ Ůˊɑɚɡůɖ ɔɘŬ ůűŬɘɟɘəɎ ůɤɛŬŰɑŭɘŬ 

Űɞɡ ŭŮɨŰŮɟɞɡ ɜɧɛɞɡ Űɞɡ Fick ŮűŬɟɛɧɕɞɜŰŬɠ əŬɘ Űɘɠ əŬŰɎɚɚɖɚŮɠ ˊŬɟŬŭɞɢɏɠ ɔɘŬ Űɘɠ 

ɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ [37]. Ƀɘ Űɘɛɏɠ ŭɘŬɢɡŰɧŰɖŰŬɠ ɔɘŬ ŰŬ ŮɝŬɘɟŮŰɘəɎ ŭɘŬŰŮŰŬɔɛɏɜŬ 

ŭŮɑɔɛŬŰŬ MCM-41-2.3-Ű əŬɘ MCM-41-3.3-Ű ɐŰŬɜ Ŭˊɧ 100 ɏɤɠ 600 űɞɟɏɠ 

ɛŮɔŬɚɨŰŮɟŮɠ Ŭˊɧ ŬɡŰɏɠ Űɤɜ ɚɘɔɧŰŮɟɞ ŭɘŬŰŮŰŬɔɛɏɜɤɜ, ɧˊɤɠ Űɞɡ MCM-41-2.9-Ű, əŬɘ 

Űɤɜ ɛɖ ŭɘŬŰŮŰŬɔɛɏɜɤɜ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ɛŮ űɡůɘəɧ ŮɛˊɧŰɘůɛɧ Űɞɡ [ȸɀȽɀ][PF6], 

ɧˊɤɠ Űɤɜ MCM-41-2.9-ɛŰ əŬɘ SBA-15-ɛŰ. ȺɑɜŬɘ ŬɝɘɞůɖɛŮɑɤŰɞ Űɞ ůɡɛˊɏɟŬůɛŬ, ɧŰɘ 

Ŭəɧɛɖ əŬɘ ůŰŬ əŬɚɎ ɞɟɔŬɜɤɛɏɜŬ ŭŮɑɔɛŬŰŬ MCM-41-2.3-Ű əŬɘ MCM-41-3.3-Ű, ɖ 

ŭɘŬɢɡŰɧŰɖŰŬ Űɞɡ CO2 ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɓŬɗɛɧ ɞɟɔɎɜɤůɖɠ Űɖɠ ůŰɞɘɓɎŭŬɠ ȽɈ. 

ɄɟɎɔɛŬŰɘ, Űɞ MCM-41-3.3-Ű ŭŮɑɔɛŬ, ˊŬɟɞɡůɘɎɕŮɘ ɛɘŬ ɏɜŰɞɜɖ əɞɟɡűɐ Bragg ůŰɘɠ 

18.2
Ǔ
 əŬɘ ɏɜŬ ˊɚɐɗɞɠ ŬɜŬəɚɎůŮɤɜ ɛŮ ůɖɛŬɜŰɘəɐ ɏɜŰŬůɖ (ɆɢɐɛŬ 4Ŭ) əŬɘ ˊŬɟɞɡůɘɎɕŮɘ 

ůŰŬɗŮɟɎ ŭɘɎɢɡůɖɠ (D/r
2
 = 0.05 min

ī1
) ŭɘˊɚɎůɘŬ ŬɡŰɐɠ Űɞɡ MCM-41ī2.3-Ű (D/r

2
 = 

0.02 min
ī1

). 
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3.5. ȺˊɑŭɟŬůɖ Űɖɠ ŬɜɎˊŰɡɝɖɠ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ůŰɖɜ ˊɞɟɩŭɖ ŭɞɛɐ əŬɘ Űɖɜ 

ɟɞűɖŰɘəɐ ɘəŬɜɧŰɖŰŬ Űɤɜ ɆɈūȽɈ 

 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ ɡɚɞˊɞɘɐɗɖəŮ Ůˊɑůɖɠ ɖ ŬɜɎˊŰɡɝɖ Ůɜɧɠ ůŰŮɟŮɞɨ 

əŬŰŬɚɨŰɖ ɛŮ ůŰɞɘɓɎŭŮɠ ȽɈ (ɆȾɆȽɈ). ȼ ŬɜɎˊŰɡɝɖ ŬɡŰɐ ɏɚŬɓŮ ɢɩɟŬ ɛɏůɤ ˊŮɟŬɘŰɏɟɤ 

Űɟɞˊɞˊɞɑɖůɖɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ MCM-41-2.9-Ű ɛŮ ɢɟɐůɖ ŭɘŬɚɨɛŬŰɞɠ ɎɚŬŰɞɠ AuCl3 ůŮ 

DMF. ɄɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ŮűŬɟɛɧɕɞɜŰŬɘ ŰŮɢɜɘəɏɠ ŬɜŬɔɤɔɐɠ 

ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ ˊŬɟɞɡůɑŬ ůŰŬɗŮɟɞˊɞɘɖŰɘəɩɜ ɛɏůɤɜ ɧˊɤɠ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɏɠ 

ŮɜɩůŮɘɠ əŬɘ ˊɞɚɡɛŮɟɐ, ˊɞɡ ɤɠ ůŰɧɢɞ ɏɢɞɡɜ Űɖɜ ŬɜɎˊŰɡɝɖ əŬɘ ɏɚŮɔɢɞ Űɞɡ ɛŮɔɏɗɞɡɠ 

əŬɘ Űɖɠ ŭɘŬůˊɞɟɎɠ ɛŮŰŬɚɚɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ [38].  

ɇɞ əɑɜɖŰɟɞ ɔɘŬ Űɖɜ ůɨɜɗŮůɖ ɡɓɟɘŭɘəɩɜ ɆȾɆȽɈ ɛŮ ɢɟɡůɧ ɐŰŬɜ ɖ ɘəŬɜɧŰɖŰŬ 

Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ɜŬ əŬŰŬɚɨɞɡɜ ˊɚɖɗɩɟŬ ŬɜŰɘŭɟɎůŮɤɜ ůŮ ůɢŮŰɘəɎ ɢŬɛɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ. ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ ŮˊɘɚɏɢɗɖəŮ ɖ əŬŰŬɚɡŰɘəɐ ɞɝŮɑŭɤůɖ Űɞɡ CO 

[40]. Ⱥˊɑůɖɠ, ůŰɖɜ ŭɘəɐ ɛŬɠ ˊŮɟɑˊŰɤůɖ, ɖ ŮűŬɟɛɞɔɐ Űɞɡ ȽɈ ŬɜŰɑ ɔɘŬ 

ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɎ əŬɘ ˊɞɚɡɛŮɟɐ ɛˊɞɟŮɑ ɜŬ ɏɢŮɘ ůɖɛŬɜŰɘəɐ ŮˊɑŭɟŬůɖ Űɧůɞ ůŰɞɜ 

ɏɚŮɔɢɞ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ɧůɞ əŬɘ ůŰɖɜ əŬŰŬɚɡŰɘəɐ Ŭˊɧŭɞůɖ. Ƀ ŭɘˊɚɧɠ ɟɧɚɞɠ Űɞɡ 

ɘɞɜŰɘəɞɨ ɡɔɟɞɨ, ŭɖɚŬŭɐ ɤɠ ůŰŬɗŮɟɞˊɞɘɖŰɐɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ əŬɘ ɤɠ ŮəɚŮəŰɘəɧɠ 

ɟɞűɖŰɐɠ Űɞɡ CO2, ůɡɛɓɎɚɚŮɘ ůŰɖɜ ˊŬɟŬůəŮɡɐ ɡɣɖɚɐɠ Ŭˊɧŭɞůɖɠ ɡɓɟɘŭɘəɩɜ 

ůɡůŰɖɛɎŰɤɜ ɟɧűɖůɖɠ/əŬŰɎɚɡůɖɠ.  

ɀŮŰɎ Űɖɜ əŬŰŮɟɔŬůɑŬ ɛŮ Űɞ ŭɘɎɚɡɛŬ Űɞɡ ɎɚŬŰɞɠ ɢɟɡůɞɨ ůŮ ůɡɜɗɐəŮɠ 

ŬɜŬɟɟɞɐɠ, Űo ˊŬɟŬɔɧɛŮɜɞ ɆȾɆȽɈ ɡˊɞɓɚɐɗɖəŮ ůŮ ŬɟəŮŰɏɠ ŮəˊɚɨůŮɘɠ ɛŮ ŬɘɗŬɜɧɚɖ əŬɘ 
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ɆɢɐɛŬ 7. ɄŬɟɞŭɘəɏɠ əŬɛˊɨɚŮɠ ˊɟɞůɟɧűɖůɖɠ CO2 Űɤɜ ɆɈūȽɈ: (Ŭ) ůŰɎŭɘɞ ˊɑŮůɖɠ 0-250 mbar (ɓ) 

ůŰɎŭɘɞ ˊɑŮůɖɠ 250-500 mbar  
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ůɡɜŮɢɧɛŮɜŮɠ űɡɔɞəŮɜŰɟɐůŮɘɠ ɛŮ ůəɞˊɧ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɖɠ ˊŮɟɑůůŮɘŬɠ Űɞɡ ŭɘŬɚɨŰɖ 

DMF. ȰɜŬ ɛɏɟɞɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ ˊɞɡ ˊɟɞɏəɡɣŮ ɡˊɞɓɚɐɗɖəŮ ůŮ Ůˊɘˊɚɏɞɜ ŮˊŮɝŮɟɔŬůɑŬ 

ŬˊɞɛɎəɟɡɜůɖɠ Űɤɜ ɛŮɔɎɚɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au, ˊɞɡ ˊɘɗŬɜɧɜ ɜŬ ŮɑɢŬɜ ŮɜŬˊɞŰŮɗŮɑ 

ˊɎɜɤ ůŰɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Űɞɡ ɆȾɆȽɈ (ɏɝɤ Ŭˊɧ Űɖɜ ˊɞɟɩŭɖ ŭɞɛɐ). Ʉɘɞ 

ŬɜŬɚɡŰɘəɎ, ůŰɞ ɆȾɆȽɈ ɡɚɘəɧ ˊɟɞůŰɏɗɖəŮ ɛɘəɟɐ ˊɞůɧŰɖŰŬ ŬɘɗŬɜɧɚɖɠ, əŬɘ ŮˊɘɓɚɐɗɖəŮ 

ŬɜɎŭŮɡůɖ ɛŮ ɡˊŮɟɐɢɞɡɠ ɔɘŬ 2 ɩɟŮɠ. ɆŰɖ ůɡɜɏɢŮɘŬ Űɞ ɛɑɔɛŬ ɡˊɏůŰŮɘ űɡɔɞəɏɜŰɟɖůɖ 

ůŰɘɠ 2000 rpm ɔɘŬ 5 min əŬɘ Űɞ ˊɟɞəɨˊŰɞɜ ɑɕɖɛŬ ɐŰŬɜ Űɞ ŰŮɚɘəɧ ˊɟɞɥɧɜ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰŬ ˊŮɘɟɎɛŬŰŬ.  

ɄɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɖ ŬɜɤŰɏɟɤ ŭɘŬŭɘəŬůɑŬ ŬˊɞɛɎəɟɡɜůɖɠ Űɤɜ ɛŮɔɎɚɤɜ 

ůɤɛŬŰɘŭɑɤɜ Au (ɛɏɔŮɗɞɠ 30 nm) ɏɔɘɜŮ ɛŮ ůŰɧɢɞ Űɖɜ ŮˊɑŰŮɡɝɖ ɧůɞ Űɞ ŭɡɜŬŰɧɜ 

ɛŮɔŬɚɨŰŮɟɞɡ Ŭɟɘɗɛɞɨ əŬɜŬɚɘɩɜ ˊɟɞůɓɎůɘɛɤɜ ɔɘŬ ŰŬ ŬɜŰɘŭɟɩɜŰŬ ŬɏɟɘŬ. ɇŬ ɛŮɔɎɚŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ, ɛŮ Űɖɜ ŮˊɘəɎɗɘůɐ Űɞɡɠ ůŰɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ, ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ 

ˊŮɟɘɞɟɑůɞɡɜ ůɖɛŬɜŰɘəɎ Űɞɜ ˊɚɖɗɡůɛɧ Űɤɜ ˊɟɞůɓɎůɘɛɤɜ əŬɜŬɚɘɩɜ. ȷəɧɛŬ, Űɞ 

ɛɏɔŮɗɞɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ɛɏůŬ ůŰɞ ɜŬɜɞˊɞɟɩŭŮɠ ɡɚɘəɧ əɡɛŬɘɜɧŰŬɜ Ŭˊɧ 1.5 

ɏɤɠ 3 nm. Ʉɞɚɨ ɚɑɔŬ ɛŮɔɎɚŬ ůɤɛŬŰɑŭɘŬ Au ˊŬɟɏɛŮɘɜŬɜ ɛŮŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ 

ŬˊɞɛɎəɟɡɜůɖɠ ɛŮ Űɖɜ ŬɘɗŬɜɧɚɖ. ɇɞ ɛɏɔŮɗɞɠ əŬɘ ɖ əŬŰŬɜɞɛɐ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au 

ɛɏůŬ əŬɘ ɏɝɤ Ŭˊɧ Űɞ ˊɞɟɩŭŮɠ ɡɚɘəɧ ŮˊɘɓŮɓŬɘɩɗɖəŬɜ ɛŮ ɛɘəɟɞůəɞˊɑŬ ɇȺɀ. 

 ȼ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ɛŮɔɎɚɤɜ ɜŬɜɞůɤɛŬŰɘŭɘɩɜ ůɡɛˊŮɟŬɑɜŮŰŬɘ əŬɘ Ŭˊɧ Űɖɜ 

ůɨɔəɟɘůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ ˊɞɟɞůɘɛŮŰɟɑŬɠ ɡɔɟɞɨ ŬɕɩŰɞɡ ɛŮŰŬɝɨ Űɤɜ ŭŮɘɔɛɎŰɤɜ 

ɆȾɆȽɈ ˊɞɡ ɡˊɏůŰɖůŬɜ ŮˊŮɝŮɟɔŬůɑŬ ɛŮ ŬɘɗŬɜɧɚɖ əŬɘ ŬɡŰɩɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ 

ɧˊɤɠ ˊŬɟɎɢɗɖəŬɜ. ɆŰɞ ɆɢɐɛŬ 8Ŭ, űŬɑɜŮŰŬɘ ɧŰɘ ɖ ŭɘŬŭɘəŬůɑŬ ŬˊɞɛɎəɟɡɜůɖɠ ɞŭɖɔŮɑ ůŮ 

çɝŮɛˊɚɞəɎɟɘůɛŬè ůɖɛŬɜŰɘəɞɨ ɛɏɟɞɡɠ Űɖɠ ˊɞɟɩŭɞɡɠ ŭɞɛɐɠ. Ⱥˊɘˊɚɏɞɜ, ɛŮŰɎ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɖ, ɞ ɧɔəɞɠ Űɤɜ ˊɧɟɤɜ Űɞɡ ɆȾɆȽɈ ˊŬɟŬɛɏɜŮɘ ɛɘəɟɧŰŮɟɞɠ Ŭˊɧ Űɞɜ 

ŬɜŰɑůŰɞɘɢɞ Űɞɡ ɆɈūȽɈ, ŬˊɞŭŮɘəɜɨɞɜŰŬɠ Űɖɜ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ ŮɜŬˊɞŰɘɗɏɛŮɜɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ əŬɘ Űɖɠ űɎůɖɠ ȽɈ. 

ȷɡŰɧ ˊɞɡ ˊŮɟɘɛɏɜŬɛŮ ɐŰŬɜ ɧŰɘ ɖ ŮɜŬˊɧɗŮůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au  ůŰɞ 

ɢɖɛɘəɎ ůɡɜŭŮŭŮɛɏɜɞ ůŰɞɡɠ ˊɧɟɞɡɠ ȽɈ ŭŮɜ ɗŬ ɎɚɚŬɕŮ Űɖɜ ɢɤɟɖŰɘəɧŰɖŰŬ Ŭˊɞɟɟɧűɖůɖɠ 

CO2 Űɤɜ ɆȾɆȽɈ əŬɘ ɗŬ ɓŮɚŰɑɤɜŮ ůɖɛŬɜŰɘəɎ Űɖɜ ˊɟɧůɚɖɣɖ CO, ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞ 

ŬɜŰɑůŰɞɘɢɞ ɆɈūȽɈ.  ȼ ɟɞűɖŰɘəɐ ɘəŬɜɧŰɖŰŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɆȾɆȽɈ, ˊɟɘɜ əŬɘ ɛŮŰɎ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ŮɝɤŰŮɟɘəɎ ŮˊɘəŬɗɞɨɛŮɜɞɡ ɢɟɡůɞɨ, ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 8ɓ əŬɘ 

ŮˊɘɓŮɓŬɘɩɜŮɘ ŰŬ ŬɜɤŰɏɟɤ. ȷɜŰɑɗŮŰŬ, Űɞ əŬŰŬɚɡŰɘəɧ ŭŮɑɔɛŬ ɆȾɆȽɈ ˊɟɘɜ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ɛŮɔɎɚɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ˊŬɟɞɡůɘɎɕŮɘ ɢŬɛɖɚɧŰŮɟŮɠ ɟɞűɐůŮɘɠ əŬɘ 

ɔɘŬ ŰŬ ŭɡɞ ŬɏɟɘŬ (CO2, CO), ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞ ɆɈūȽɈ. 
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ɆɢɐɛŬ 8. (Ŭ) ɞɘ ɘůɧɗŮɟɛŮɠ LN2 Űɞɡ ɆɈūȽɈ əŬɘ Űɞɡ ŬɜŰɑůŰɞɘɢɞɡ ɆȾɆȽɈ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɖ Űɖɠ ˊŮɟɑůůŮɘŬɠ Au (ɓ) ɞɘ ɘůɧɗŮɟɛŮɠ Ŭˊɞɟɟɧűɖůɖɠ CO2 əŬɘ CO ůŰɞɡɠ 35 ÁC ɔɘŬ 

Űɞ ɆɈūȽɈ əŬɘ Űɞɡ ŬɜŰɑůŰɞɘɢɞɡ ɆȾɆȽɈ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ɛŮɔɎɚɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ŭˊɧ Űɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ. 

 

 

 ȷəɞɚɞɨɗɤɠ ˊɟɞɢɤɟɎɛŮ ůŰɖɜ ŮɝŬɔɤɔɐ ůɡɛˊŮɟŬůɛɎŰɤɜ ůɢŮŰɘəɎ ɛŮ ŰŬ ŭɞɛɘəɎ 

əŬɘ ɛɞɟűɞɚɞɔɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɆȾɆȽɈ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ ŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊɞɟɞůɘɛŮŰɟɑŬɠ ɡɔɟɞɨ ŬɕɩŰɞɡ, Űɖɠ ˊɞůɧŰɖŰŬɠ ŮɜŬˊɞŰɘɗɏɛŮɜɞɡ ȽɈ 

(0.75 mL/g,  ɆɢɐɛŬ 1Ŭ), Űɤɜ ɟɞűɐůŮɤɜ ŭɘɞɝŮɘŭɑɞɡ əŬɘ ɛɞɜɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ ŬɚɚɎ 

əŬɘ Űɞ ɔŮɔɞɜɧɠ Űɖɠ ˊɟɞůŬɜŬŰɞɚɘůɛɏɜɖɠ ŮɜŬˊɧɗŮůɖɠ Űɞɡ ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ ɘɞɜŰɘəɞɨ 

ɡɔɟɞɨ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɞ ůɡɔəŮəɟɘɛɏɜɞ ŭŮɑɔɛŬ. Ƀɘ ˊɘɗŬɜɏɠ ɛɞɟűɞɚɞɔɑŮɠ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 9. ȺɑɜŬɘ űŬɜŮɟɧ ɧŰɘ ɖ ˊɞůɧŰɖŰŬ Űɞɡ ɎɚŬŰɞɠ ůŰɞ ŭɘɎɚɡɛŬ 

ŮˊŬɟəŮɑ ɔɘŬ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ ɘɧɜŰɤɜ ɢɟɡůɞɨ ɛŮ ɧɚŬ ŰŬ ŬɜɘɧɜŰŬ PF6 Űɖɠ 

Ŭ 

ɓ 
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ŮɜŬˊɞŰɘɗɏɛŮɜɖɠ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ ɛɞɜɞůŰɞɘɓɎŭŬɠ ȽɈ. ȷɡŰɐ ɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ 

ůŰŬɗŮɟɞˊɞɘŮɑ ɘůɢɡɟɎ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ɢɟɡůɞɨ, ŰŬ ɞˊɞɑŬ ůɢɖɛŬŰɑɕɞɜŰŬɘ ɛŮ ŬɜŬɔɤɔɐ 

ɛŮ DMF əŬɘ ɏɢɞɡɜ ˊɞɚɨ ɛɘəɟɧ ɛɏɔŮɗɞɠ ˊŮɟɑˊɞɡ 2 nm (ŮɘəɧɜŬ TEM, ɆɢɐɛŬ 9). ɇŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ŬɡŰɎ çůŰɞɚɑɕɞɡɜè Űɖɜ ŬɜɩŰŬŰɖ ŮˊɘűɎɜŮɘŬ Űɞɡ ůŰɟɩɛŬŰɞɠ ȽɈ. ɄŬɟɧɚŬ 

ŬɡŰɎ, ɚɧɔɤ Űɖɠ ɨˊŬɟɝɖɠ ˊŮɟɑůůŮɘŬɠ əŬŰɘɧɜŰɤɜ ɢɟɡůɞɨ ůŰɞ ŭɘɎɚɡɛŬ, ŬɡŰɎ 

ŬˊɞɟɟɞűɞɨɜŰŬɘ ŬůɗŮɜɩɠ ˊɎɜɤ ůŰɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Űɞɡ ɆɈūȽɈ əŬɘ əŬŰɎ Űɖɜ 

űɎůɖ Űɖɠ ŬɜŬɔɤɔɐɠ ɛŮ DMF ůɢɖɛŬŰɑɕɞɡɜ ɛŮɔɎɚŬ ůɡůůɤɛŬŰɩɛŬŰŬ AuɁɆ.  

ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 9, Űɞ ɆȾɆȽɈ ˊɞɡ ɏɢŮɘ ɡˊɞůŰŮɑ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ 

ɛŮɔɎɚɤɜ ůɤɛŬŰɘŭɑɤɜ Au, ɏɢŮɘ ŬɜɞɘɢŰɎ ɛɞɜɞˊɎŰɘŬ ŭɘɎɢɡůɖɠ ɔɘŬ ɧɚŬ ŰŬ ŬɏɟɘŬ ˊɞɡ 

ŮɝŮŰɎůŰɖəŬɜ. ɇɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ ŭɘŬɢɏŮŰŬɘ ɛɏůŬ ůŰɞɜ əɨɟɘɞ ɧɔəɞ Űɞɡ ˊɧɟɞɡ 

ɛɏůɤ Űɤɜ ŬɜɘɧɜŰɤɜ PF6, əŬɘ Űɞ CO ɓɟɑůəŮɘ ŬɟəŮŰɧ ɢɩɟɞ ɜŬ ŬɚɚɖɚŮˊɘŭɟɎůŮɘ ɛŮ ŰŬ  

AuNɆ əŬɘ ɜŬ ůɢɖɛŬŰɑůŮɘ ɢɖɛŮɘɞɟɞűɖɛɏɜŬ Aum(CO)x
-
 ůɡɛˊɚɏɔɛŬŰŬ [39]. Ⱥˊɞɛɏɜɤɠ, 

ŬűŬɘɟɩɜŰŬɠ Űɖɜ ɘůɧɗŮɟɛɖ ˊɟɞůɟɧűɖůɖɠ CO (308 K) ůŰɞ ɆɈūȽɈ (ŭŮɑɔɛŬ ɢɤɟɑɠ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ Au) Ŭˊɧ Űɖɜ ŬɜŰɑůŰɞɘɢɖ Űɞɡ ɆȾɆȽɈ ˊɞɡ ɏɢŮɘ ɡˊɞůŰŮɑ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɖ ɛŮɔɎɚɤɜ ůɤɛŬŰɘŭɑɤɜ ɢɟɡůɞɨ, ɛˊɞɟɞɨɛŮ ɜŬ ɡˊɞɚɞɔɑůɞɡɛŮ Űɖɜ % w/w 

ˊŮɟɘŮəŰɘəɧŰɖŰŬ ŮɜŮɟɔɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ Űɞɡ ɆɈūȽɈ, ˊɞɡ 

ɐŰŬɜ 1.25% w/w [40]. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ɆȾɆȽɈ ˊɞɡ ŭŮɜ ɏɢŮɘ ɡˊɞůŰŮɑ Űɖɜ ŭɘŮɟɔŬůɑŬ ɏəɚˊɡůɖɠ ɛŮ 

Ŭɚəɞɧɚɖ, ˊŬɟŬŰɖɟŮɑŰŬɘ ůɖɛŬɜŰɘəɧɠ ˊŮɟɘɞɟɘůɛɧɠ Űɖɠ ˊɟɧůɓŬůɖɠ Űɤɜ ŬŮɟɑɤɜ ůŰɞ ȽɈ 

əŬɘ ůŰŬ ŮůɤŰŮɟɘəɎ ŮɜŬˊɞŰɘɗɏɛŮɜŬ AuNɆ, əɡɟɑɤɠ ɚɧɔɤ Űɖɠ ůɡůůɤɛɎŰɤůɖɠ Űɤɜ 

ɛŮɔɎɚɤɜ AuNɆ ůŰɖɜ ŮɝɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Űɞɡ ɆɈūȽɈ əŬɘ Űɖɠ ŬɔəɑůŰɟɤůɐɠ Űɞɡɠ 

ˊɞɚɨ əɞɜŰɎ ůŰŬ ůŰɧɛɘŬ Űɤɜ ˊɧɟɤɜ. ȷɡŰɧ ůɡɛˊŮɟŬɑɜŮŰŬɘ Ŭˊɧ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ 

ɘůɧɗŮɟɛŮɠ ɟɧűɖůɖɠ ŬŮɟɑɤɜ Űɞɡ ɆȾɆȽɈ ˊɞɡ ŭŮɑɢɜɞɡɜ ˊɞɚɨ ɛɘəɟɧŰŮɟɖ 

ŬˊɞɟɟɞűɖŰɘəɧŰɖŰŬ ŬŮɟɑɤɜ ůŮ ůɨɔəɟɘůɖ ɛŮ ŬɡŰɐ ˊɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ  Ŭˊɧ Űɞ 

ŬɜŰɑůŰɞɘɢɞ ɆɈūȽɈ (ɆɢɐɛŬ 8). ȼ ɨˊŬɟɝɖ Űɤɜ ɛŮɔɎɚɤɜ ůɡůůɤɛŬŰɤɛɎŰɤɜ 

ŮˊɘɓŮɓŬɘɩɗɖəŮ əŬɘ Ŭˊɧ Űɖɜ ɖɚŮəŰɟɞɜɘəɐ ɛɘəɟɞůəɞˊɑŬ ɇȺɀ ŬɚɚɎ əŬɘ Ŭˊɧ Űɖɜ 

ŮűŬɟɛɞɔɐ ŬɜɎɚɡůɖɠ Scherrer ůŰɘɠ əɞɟɡűɏɠ Űɤɜ űŬůɛɎŰɤɜ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ 

(ɆɢɐɛŬ 9, ɛɏɔŮɗɞɠ ˊŮɟɑˊɞɡ 26 nm). 

ȷˊɧ ŰŬ ŬɜɤŰɏɟɤ ůɡɛˊŮɟŬɑɜŮŰŬɘ ɧŰɘ ɞɘ ůɡɜɗɐəŮɠ ˊŬɟŬůəŮɡɐɠ Űɞɡ ɆȾɆȽɈ, 

ŮɘŭɘəɧŰŮɟŬ ɧŰɘ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɛŮŰŬɚɚɘəɞɨ ɎɚŬŰɞɠ əŬɘ Űɖɜ 

ŬɜŬɚɞɔɑŬ ɛɎɕŬɠ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ əŬɘ Űɞɡ ȽɈ ůŰɞ ɆɈūȽɈ, ŮɑɜŬɘ əŬɗɞɟɘůŰɘəɏɠ 

ɔɘŬ Űɖɜ ŮˊɘŰɡɢɖɛɏɜɖ ŬɜɎˊŰɡɝɖ Űɞɡ əŬŰŬɚɡŰɘəɞɨ ůɡůŰɐɛŬŰɞɠ. ŪŬ ˊɟɏˊŮɘ ŭɖɚŬŭɐ  ɜŬ 
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ɆɢɐɛŬ 9. (ˊɎɜɤ-ŬɟɘůŰŮɟɎ) ȺɘəɧɜŮɠ ɇȺɀ Űɤɜ ˊɞɚɨ ɛɘəɟɩɜ (2 nm) ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ˊɞɡ 

ŮɜŬˊɞŰɑɗɞɜŰŬɘ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ Űɞɡ ɆȾɆȽɈ əŬɘ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ ŭɑɞŭɤɜ ŭɘɎɢɡůɖɠ Űɤɜ ŭɘŬűɧɟɤɜ 

ŬŮɟɑɤɜ (ŭŮɝɘɎ). ȼ əŬŰɩŰŮɟɖ ŮɘəɧɜŬ ɇȺɀ ŭŮɑɢɜŮɘ ɏɜŬ ɛŮɔɎɚɞ ůɡůůɤɛɎŰɤɛŬ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au 

ˊɞɡ ŬɜŬůŰɏɚɚŮɘ Űɖɜ Ůɑůɞŭɞ Űɤɜ ŬŮɟɑɤɜ ɛɏůŬ ůŰɖɜ ˊɞɟɩŭɖ ŭɞɛɐ (ŬˊŮɘəɧɜɘůɖ ŭŮɝɘɎ-ɢŬɛɖɚɎ). ȼ 

ŬɜɎɚɡůɖ XRD Űɞɡ ɆȾɆȽɈ ˊɟɘɜ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ ŮˊɘɓŮɓŬɑɤůŮ Űɖɜ ɨˊŬɟɝɖ Űɤɜ ɛŮɔɎɚɤɜ 

ůɤɛŬŰɘŭɑɤɜ.     

 

ɡˊɞɚɞɔɑɕŮŰŬɘ əŬŰɎ ˊɟɞůɏɔɔɘůɖ ɖ ɓɏɚŰɘůŰɖ ůɡɔəɏɜŰɟɤůɖ ɎɚŬŰɞɠ ůŮ ůɢɏůɖ ɛŮ Űɖɜ 

ˊɞůɧŰɖŰŬ Űɤɜ ŬɜɘɧɜŰɤɜ ɛɏůŬ ůŰɞ ɆɈūȽɈ, ŮˊŮɘŭɐ ŰŬ əŬŰɘɧɜŰŬ Au ŬɚɚɖɚŮˊɘŭɟɞɨɜ 

əɡɟɑɤɠ ɛŮ ŰŬ ŬɜɘɧɜŰŬ Űɖɠ ůŰɞɘɓɎŭŬɠ ȽɈ. ɀŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ, ŬˊɞűŮɨɔɞɜŰŬɘ ɖ 

ɡˊŮɟɓɞɚɘəɐ  ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ Au, ɖ ůɡůůɤɛɎŰɤůɖ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ əŬɘ ɖ ŬɜɎɔəɖ 

ɔɘŬ ɛŮŰɏˊŮɘŰŬ ŮˊŮɝŮɟɔŬůɑŮɠ, ɔɘŬ ɜŬ ŬˊɞɛŬəɟɡɜɗɞɨɜ ŰŬ ŬɜŮˊɘɗɨɛɖŰŬ ɛŮɔɎɚŬ ŬɜŮɜŮɟɔɎ 

ůɤɛŬŰɑŭɘŬ.   

 

 

3.6 ȷˊɧŭɞůɖ ȹɘŬɢɤɟɘůɛɞɨ ȷŮɟɑɤɜ Űɤɜ ɆɈūȽɈ  

 

ȼ ŭɘŮɟɔŬůɑŬ Űɞɡ ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ ɛŮɚŮŰɐɗɖəŮ ůŮ ůɢɏůɖ ɛŮ Űɞ Ůɨɟɞɠ 

ˊɚɐɟɤůɖɠ  Űɤɜ ˊɧɟɤɜ, Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ əŬɘ Űɖɜ 

əŬŰɎůŰŬůɖ Űɞɡ ůŰɟɩɛŬŰɞɠ IY (əɟɡůŰŬɚɚɘəɐ ɐ ɡɔɟɐ), ˊɞɡ ŮɜŬˊɞŰɏɗɖəŮ ɛɏůŬ ůŰɞɡɠ 

ˊɧɟɞɡɠ. ȺˊɘɚɏɢɗɖəŮ ɜŬ ŮɝŮŰŬůŰŮɑ ɖ ŭɘŬɢɤɟɘůŰɘəɐ ɘəŬɜɧŰɖŰŬ ɔɘŬ Űɞ CO2 ɤɠ ˊɟɞɠ Űɞ 

CO, əŬɗɩɠ ŬɡŰɎ ŰŬ ŭɨɞ ŬɏɟɘŬ ůɡɛɛŮŰɏɢɞɡɜ əŬɘ ůŰɖɜ əŬŰŬɚɡŰɘəɐ ŮűŬɟɛɞɔɐ 
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ɞɝŮɑŭɤůɖɠ Űɞɡ CO ůŮ ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ. ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ ůŰɖɜ ˊɟɞɖɔɞɨɛŮɜɖ 

ˊŬɟɎɔɟŬűɞ, Űɞ Ŭɏɟɘɞ CO2 ŬɚɚɖɚŮˊɘŭɟɎ ɘůɢɡɟɎ ɛŮ ŰŬ ŬɜɘɧɜŰŬ PF6
ī
. ȷˊɧ Űɘɠ ɘůɧɗŮɟɛŮɠ 

Ŭˊɞɟɟɧűɖůɖɠ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 10Ŭ,ɔ, ůɡɛˊŮɟŬɑɜŮŰŬɘ ɧŰɘ ɖ 

ŮəɚŮəŰɘəɧŰɖŰŬ CO2/CO ŮɡɜɞŮɑŰŬɘ ůɖɛŬɜŰɘəɎ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ. ȼ ŬɘŰɑŬ 

ŮɑɜŬɘ ɧŰɘ ůŰɖ ɗŮɟɛɞəɟŬůɑŬ Űɤɜ 273 K ůɡɛɓŬɑɜŮɘ ɞɟɔɎɜɤůɖ Űɤɜ ůŰɞɘɓɎŭɤɜ ȽɈ ˊɞɡ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ əŬŰɎ Űɞ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Ŭˊɧ Űɖɜ ɡɔɟɐ űɎůɖ (ůŮ ɗŮɟɛɞəɟŬůɑŬ 

ŭɤɛŬŰɑɞɡ) ůŰɖ ɚŮɔɧɛŮɜɖ ɡɔɟɞəɟɡůŰŬɚɚɘəɐ űɎůɖ ȽɈ [41,42]. ȰŰůɘ Űɞ ɛŮɔɎɚɞ ɘɝɩŭŮɠ 

ŬɡŰɐɠ Űɖɠ çˊŬɔɤɛɏɜɖɠè űɎůɖɠ əŬɗɘůŰɎ Űɖ ŭɘɎɢɡůɖ Űɞɡ ɛɖ-ŬɚɚɖɚŮˊɘŭɟɩɜŰɞɠ ɛɞɟɑɞɡ 

CO ˊɞɚɨ Ŭɟɔɐ, Ůɜɩ ŭŮɜ ŮˊɖɟŮɎɕŮɘ ɎɛŮůŬ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ Ŭˊɞɟɟɧűɖůɖɠ əŬɘ ŭɘɎɢɡůɖɠ 

Űɞɡ ŬɚɚɖɚŮˊɘŭɟɩɜŰɞɠ CO2. ȼ ůɖɛŬɜŰɘəɐ ɓŮɚŰɑɤůɖ ůŰɖɜ Ŭˊɧŭɞůɖ ŭɘŬɢɤɟɘůɛɞɨ Űɞɡ 

CO2 ɤɠ ˊɟɞɠ Űɞ CO ůŰŬ ɆɈūȽɈ, əŬɗɩɠ ɛŮɘɩɜŮŰŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ ŮɑɜŬɘ ɛɘŬ ɏɜŭŮɘɝɖ 

ɧŰɘ ɞ ɛŮŰŬůɢɖɛŬŰɘůɛɧɠ Űɞɡ ȽɈ ůŮ ɡɔɟɞəɟɡůŰŬɚɚɘəɐ űɎůɖ ůɡɜŭɏŮŰŬɘ ɛŮ Űɞɜ 

ˊŮɟɘɞɟɘůɛɧ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ (ŭɘŬɚɡŰɧŰɖŰŬ-ŭɘŬɢɡŰɧŰɖŰŬ) Űɖɠ  űɎůɖɠ ȽɈ ɛŮ Űɞ CO. 

 

ɆɢɐɛŬ 10. (Ŭ-Ů) Ɇɨɔəɟɘůɖ ŬɜɎɛŮůŬ ůŰɘɠ ɢɤɟɖŰɘəɧŰɖŰŮɠ Ŭˊɞɟɟɧűɖůɖɠ CO2 əŬɘ CO Űɤɜ 

ŬɜŬˊŰɡɔɛɏɜɤɜ ɆɈūȽɈ. (ůŰ) ɀŮŰŬɓŬŰɘəɏɠ əŬɛˊɨɚŮɠ Ŭˊɞɟɟɧűɖůɖɠ Űɤɜ CO2 əŬɘ CO Űɤɜ 

ŬɜŬˊŰɡɔɛɏɜɤɜ ɆɈūȽɈ ɛŮ ɏɜŬ Űɟɞˊɞˊɞɘɖɛɏɜɞ  əŬɘ ɏɜŬ ɛɖ Űɟɞˊɞˊɞɘɖɛɏɜɞ  ȽɈ. 
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 ȯɚɚɞ ɏɜŬ ůɖɛŬɜŰɘəɧ ůɡɛˊɏɟŬůɛŬ ˊɞɡ ˊɟɞəɨˊŰŮɘŬˊɧ Űɘɠ ɘůɧɗŮɟɛŮɠ 

Ŭˊɞɟɟɧűɖůɖɠ Űɞɡ ɆɢɐɛŬŰɞɠ 10, ŮɑɜŬɘ ɧŰɘ ɖ ˊɚɐɟɤůɖ Űɤɜ ˊɧɟɤɜ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ 

ɛŮ ȽɈ, ŭŮɜ ŮˊŬɟəŮɑ Ŭˊɧ ɛɧɜɖ Űɖɠ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ Ůɜɧɠ ɆɈūȽɈ ɛŮ ɓŮɚŰɘɤɛɏɜɖ 

ŮəɚŮəŰɘəɧŰɖŰŬ Ŭˊɞɟɟɧűɖůɖɠ ɔɘŬ Űɞ Ŭɏɟɘɞ ˊɞɡ ŬɚɚɖɚŮˊɘŭɟɎ ɛŮ Űɞ ȽɈ. ȳŰŬɜ 

ůŰɞɢŮɨɞɡɛŮ Űɖɜ ŮˊɑŰŮɡɝɖ ɡɣɖɚɐɠ ŮəɚŮəŰɘəɧŰɖŰŬɠ, ɖ ɞɚɞəɚɖɟɤŰɘəɐ ˊɚɐɟɤůɖ Űɤɜ 

ˊɧɟɤɜ ˊɟɏˊŮɘ ɜŬ ůɡɜŭɡŬůŰŮɑ əŬɘ ɛŮ Űɖ ˊɟɞůŬɜŬŰɞɚɘůɛɏɜɖ ŭɘɎŰŬɝɖ Űɤɜ ɛɞɟɑɤɜ ȽɈ 

ůŰŬ ŮɜŬˊɞŰɘɗɏɛŮɜŬ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ ůŰɟɩɛŬŰŬ. ɇɞ ůɡɛˊɏɟŬůɛŬ ŬɡŰɧ ˊɟɞəɨˊŰŮɘ 

Ŭɜ ůɡɔəɟɘɗɞɨɜ ɞɘ ɘůɧɗŮɟɛŮɠ Ŭˊɞɟɟɧűɖůɖɠ CO2 əŬɘ CO Űɤɜ ŭŮɘɔɛɎŰɤɜ SBA-15-ɛŰ 

(ɆɢɐɛŬ 10ŭ) əŬɘ MCM-41-2.3-Ű (ɆɢɐɛŬ 10Ŭ). ȾŬɘ ŰŬ ŭɡɞ ŭŮɑɔɛŬŰŬ ɡˊɏůŰɖůŬɜ 

ɞɚɞəɚɖɟɤŰɘəɐ ˊɚɐɟɤůɖ Űɤɜ ˊɧɟɤɜ ɛŮ Űɖ űɎůɖ Űɞɡ ȽɈ, ɧˊɤɠ ŬˊɞŭŮɑɢŰɖəŮ əŬɘ ɛŮ Űɖɜ 

ŰŮɢɜɘəɐ SANS, ŬɚɚɎ ɛɧɜɞ Űɞ ŭŮɨŰŮɟɞ ŭŮɑɔɛŬ, ˊɞɡ ŮˊɘŰɡɔɢɎɜŮɘ əŬɘ Űɖ ɛɏɔɘůŰɖ 

ŮəɚŮəŰɘəɧŰɖŰŬ, ŮˊɏŭŮɘɝŮ ůɖɛɎŭɘŬ ɞɟɔŬɜɤɛɏɜɖɠ ŭɘɎŰŬɝɖɠ əŬɘ ɡɔɟɞəɟɡůŰŬɚɚɘəɞɨ 

ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ ůŰɘɠ ŬɜŰɑůŰɞɘɢŮɠ ŬɜŬɚɨůŮɘɠ XRD əŬɘ MDSC. 

ȰɜŬ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɞ ɞˊɞɑɞ űŬɑɜŮŰŬɘ ɜŬ ŬɜŰɘəɟɞɨŮɘ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ Űɞ CO 

ŭŮɜ ˊŬɟɞɡůɘɎɕŮɘ əŬɛɛɑŬ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮ Űɞ ȽɈ, ŮɑɜŬɘ ɧŰɘ ɖ ɘůɧɗŮɟɛɖ CO Űɤɜ 

ɆɈūȽɈ (ɆɢɐɛŬ 10ɓ ,ŭ) ˊŬɟɞɡůɘɎɕŮɘ ɛɘŬ ɏɜŰɞɜɖ ɡůŰɏɟɖůɖ ůŰɞɜ ɓɟɧɔɢɞ Ůəɟɧűɖůɖɠ. 

ȷɡŰɐ ɖ ůɡɛˊŮɟɘűɞɟɎ ŮɑɜŬɘ ůɡɜɐɗɤɠ ɢŬɟŬəŰɖɟɘůŰɘəɐ ɘůɢɡɟɩɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ, 

Ŭəɧɛɖ əŬɘ ŭɖɛɘɞɡɟɔɑŬɠ ŭŮůɛɞɨ ɛŮŰŬɝɨ Űɤɜ Ŭˊɞɟɟɞűɖɛɏɜɤɜ ɛɞɟɑɤɜ Űɞɡ ɟɞűɖŰɐ. 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ɧɛɤɠ Űɤɜ ůɡɔəŮəɟɘɛɏɜɤɜ ɡɚɘəɩɜ, ɖ ɡůŰɏɟɖůɖ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɞ 

ɓɟɧɔɢɞ Ůəɟɧűɖůɖɠ ɛˊɞɟŮɑ ɜŬ ŬˊɞŭɞɗŮɑ ůŰɖɜ ˊɞɚɨ Ŭɟɔɐ ŭɘɎɢɡůɖ Űɞɡ CO. ȳˊɤɠ 

űŬɑɜŮŰŬɘ Ŭˊɧ Űɘɠ ɛŮŰŬɓŬŰɘəɏɠ əŬɛˊɨɚŮɠ Ŭˊɞɟɟɧűɖůɖɠ əŬŰɎ ŰŬ ŭɨɞ ˊɟɩŰŬ ɓɐɛŬŰŬ 

ˊɑŮůɖɠ (ɆɢɐɛŬ 10ůŰ), ɖ ŭɘŬɢɡŰɧŰɖŰŬ Űɞɡ CO ŮɑɜŬɘ ˊɞɚɨ Ŭɟɔɐ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖɜ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɘůɞɟɟɞˊɑŬ ɟɧűɖůɖɠ ŬəɧɛŬ əŬɘ ɛŮŰɎ Ŭˊɧ Űɖɜ ŭɘɏɚŮɡůɖ 2 ɖɛŮɟɩɜ. ũɘŬ 

ŬɡŰɧ Űɞ ɚɧɔɞ, əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ  ɛŮɑɤůɖɠ Űɖɠ ˊɑŮůɖɠ CO, Űɞ ŭŮɑɔɛŬ ɛˊɞɟŮɑ ŬəɧɛŬ ɜŬ 

ŬˊɞɟɟɞűɎ CO ŬɜŰɑ ɜŬ Űɞ ŮəɟɞűɎŮɘ. 

ɇɞ ɔŮɜɘəɧ ůɡɛˊɏɟŬůɛŬ ŮɑɜŬɘ ɧŰɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɡˊɎɟɢŮɘ ŬɚɚɖɚŮˊɑŭɟŬůɖ, 

ɏůŰɤ əŬɘ ŬůɗŮɜɐɠ, Ůɜɧɠ ŬŮɟɑɞɡ ɛŮ Űɞ Ŭɜɘɧɜ Űɞɡ ȽɈ, ŬˊŬɘŰŮɑŰŬɘ ɞɚɞəɚɖɟɤŰɘəɐ 

ˊɚɐɟɤůɖ Űɤɜ ˊɧɟɤɜ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɛŮ ȽɈ ůɡɜŭɡŬůɛɏɜɖ ɛŮ ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɤɜ 

ŬɜɘɧɜŰɤɜ ˊɟɞɠ Űɖɜ çəŬɟŭɘɎè Űɞɡ ˊɧɟɞɡ əŬɘ ɛŮŰŬůɢɖɛŬŰɘůɛɧ ůŮ ɡɔɟɞəɟɡůŰŬɚɚɘəɐ 

űɎůɖ ɩůŰŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ŬɜɎˊŰɡɝɖ Ůɜɧɠ ɆɈūȽɈ ɛŮ ɛŮɔɎɚɖ ŮəɚŮəŰɘəɧŰɖŰŬ ɤɠ ˊɟɞɠ 

Űɞ ŬɚɚɖɚŮˊɘŭɟɩɜ Ŭɏɟɘɞ.  

ɄŬɟôɧɚŬ ŬɡŰɎ, ŮɑɜŬɘ ˊɘɗŬɜɧɜ ɜŬ ŮűŬɟɛɞůŰɞɨɜ əŬɘ ɆɈūȽɈ ŬɜɞɘɢŰɐɠ ˊɞɟɩŭɞɡɠ 

ŭɞɛɐɠ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ɡɚɘəɎ ɧˊɞɡ ŰŬ ɘɧɜŰŬ Űɞɡ ȽɈ ůŰɘɠ ŮɜŬˊɞŰɘɗɏɛŮɜŮɠ ůŰɞɘɓɎŭŮɠ 
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ŭŮɜ ɏɢɞɡɜ ɡˊɞůŰŮɑ ˊɟɞůŬɜŬŰɞɚɘůɛɧ əŬɘ ŰŬ ɛɧɟɘŬ ůŰŮɟɞɨɜŰŬɘ ɞɟɔɎɜɤůɖɠ. ɆŰɘɠ 

ˊŮɟɘˊŰɩůŮɘɠ ŬɡŰɏɠ ɔɑɜŮŰŬɘ ŮəɛŮŰɎɚɚŮɡůɖ Űɞɡ ˊɞɚɨ ŭɘŬűɞɟŮŰɘəɞɨ ɟɡɗɛɞɨ ɛŮ Űɞɜ ɞˊɞɑɞ 

əɎɗŮ Ŭɏɟɘɞ ɟɞűɎŰŬɘ ůŰɖɜ ŬəɘɜɖŰɞˊɞɘɖɛɏɜɖ űɎůɖ Űɞɡ ȽɈ (ŮəɚŮəŰɘəɧŰɖŰŬ ɛŮ ɓɎůɖ Űɖ 

ŭɘŬɢɡŰɧŰɖŰŬ ɏɜŬɜŰɘ Űɖɠ ŮəɚŮəŰɘəɧŰɖŰŬɠ ɓɎůŮɘ Űɖɠ ŭɘŬɚɡŰɧŰɖŰŬɠ). ɇɞ ɆɢɐɛŬ 11 

ŬˊɞŭŮɘəɜɨŮɘ Űɖɜ ŮˊɑŰŮɡɝɖ ŰɏŰɞɘɞɡ Ůɑŭɞɡɠ çəɘɜɖŰɘəɞɨè ŭɘŬɢɤɟɘůɛɞɨ. ȷɜ əŬɘ ɖ 

ŮəɚŮəŰɘəɧŰɖŰŬ CO2/CO ůŮ ůɡɜɗɐəŮɠ ɘůɞɟɟɞˊɑŬɠ ɔɘŬ ŰŬ ŭŮɑɔɛŬŰŬ MCM-41-2.9-Ű əŬɘ 

SBA-15-ɛŰ ɐŰŬɜ ˊɞɚɨ ɢŬɛɖɚɐ (1.3 əŬɘ 1.5, ŬɜŰɑůŰɞɘɢŬ), ɡˊɐɟɢŮ ɛɘŬ ɞɟɘůɛɏɜɖ 

ˊŮɟɑɞŭɞɠ (ɛɏɢɟɘ Űɖ 1 ɩɟŬ) əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɛŮŰŬɓŬŰɘəɐɠ əŬŰɎůŰŬůɖɠ əɎɗŮ 

ůɖɛŮɑɞɡ Űɖɠ ɘůɞɗɏɟɛɞɡ ˊɟɞůɟɧűɖůɖɠ, ɧˊɞɡ ɖ ŮəɚŮəŰɘəɧŰɖŰŬ CO2/CO ɐŰŬɜ ˊɎɜɤ Ŭˊɧ 

20.  

ȸɏɓŬɘŬ, ɖ ŮűŬɟɛɞɔɐ ŰɏŰɞɘɤɜ ɡɚɘəɩɜ ůŮ ɛɘŬ ˊɟŬɔɛŬŰɘəɐ ŭɘŮɟɔŬůɑŬ 

ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ (ˊ.ɢ. Pressure Swing Adsorption (PSA)) ɛˊɞɟŮɑ ɜŬ ɛɖɜ ŮɑɜŬɘ 

ŬˊɞŭɞŰɘəɐ ɚɧɔɤ Űɖɠ ɛɘəɟɐɠ ˊɞůɧŰɖŰŬɠ Űɞɡ ŬɚɚɖɚŮˊɘŭɟɩɜŰɞɠ ŬŮɟɑɞɡ ˊɞɡ ɟɞűɎŰŬɘ 

əŬŰɎ Űɞ Ŭɟɢɘəɧ ůŰɎŭɘɞ Űɖɠ Ůˊɘɓɞɚɐɠ ˊɑŮůɖɠ. ũɘŬ ɜŬ ŭɘŬŰɖɟɖɗŮɑ ɖ ɡɣɖɚɐ 

ŮəɚŮəŰɘəɧŰɖŰŬ ɗŬ ˊɟɏˊŮɘ ɞɘ ŮəŰɞɜɩůŮɘɠ əŬɘ ůɡɛˊɘɏůŮɘɠ Űɖɠ əɚɑɜɖɠ ɜŬ ŮɑɜŬɘ ˊɞɚɨ 

ůɡɢɜɏɠ əŬɘ ŬɡŰɧ ŮɜɏɢŮɘ Űɞɜ ŮˊɘˊɟɧůɗŮŰɞ əɑɜŭɡɜɞ ůɡɢɜɩɜ ɓɚŬɓɩɜ əŬɘ ŬɜɎɔəɖɠ ɔɘŬ 

ůɡɜŰɐɟɖůɖ. ɇɞ Ŭɜ ɛˊɞɟɞɨɜ ŰɏŰɞɘŬ ɡɚɘəɎ ɜŬ ɓɟɞɨɜ ˊɟŬəŰɘəɏɠ ŮűŬɟɛɞɔɏɠ ˊɟɏˊŮɘ 

ˊɎɜŰŬ ɜŬ ŬˊɞŰŮɚŮɑ ŬɜŰɘəŮɑɛŮɜɞ ɛŮɚɏŰɖɠ ůɢŮŭɘŬůɛɞɨ Űɖɠ ŭɘŮɟɔŬůɑŬɠ, ɧˊɞɡ ɗŬ 

ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ˊɞɚɚɞɑ ˊŬɟɎɔɞɜŰŮɠ ɧˊɤɠ ɖ ɞɔəɞɛŮŰɟɘəɐ ˊŬɟɞɢɐ əŬɘ ɖ ůɨůŰŬůɖ 

Űɞɡ ŬŮɟɑɞɡ ɟŮɨɛŬŰɞɠ ŰɟɞűɞŭɞůɑŬɠ. 
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ɆɢɐɛŬ 11. ȼ Ŭˊɧŭɞůɖ ŭɘŬɢɤɟɘůɛɞɨ CO2/CO ˊɞɡ ɓŬůɑɕŮŰŬɘ ůŰɖɜ ɘůɞɟɟɞˊɑŬ Ŭˊɞɟɟɧűɖůɖɠ  

əŬɘ ŭɘɎɢɡůɖɠ ɔɘŬ ŰŬ ŭŮɑɔɛŬŰŬ MCM-41-2.9-Ű (ˊɎɜɤ) əŬɘ SBA-15-ɛŰ (əɎŰɤ). 

 

 

 

3.7 ȾŬŰŬɚɡŰɘəɐ ȷˊɧŭɞůɖ 

 

ɇŬ ɆɈūȽɈ ŬɜɞɘɢŰɐɠ ˊɞɟɩŭɞɡɠ ŭɞɛɐɠ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ 

Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ˊŮɟŬɘŰɏɟɤ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɢɟɡůɞɨ (AuɁɆ). ũɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɖɠ  əŬŰŬɚɡŰɘəɐɠ ŮɜŮɟɔɧŰɖŰŬɠ 

Űɤɜ ŬɜŬˊŰɡɔɛɏɜɤɜ ɆȾɆȽɈ ŮˊɘɚɏɢɗɖəŮ ɖ ŭɘŮɟɔŬůɑŬ ɞɝŮɑŭɤůɖɠ CO ůŮ ɢŬɛɖɚɐ 

ɗŮɟɛɞəɟŬůɑŬ. ȼ ɛŮɚɏŰɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Ŭˊɧ ŰŬ ˊŮɘɟɎɛŬŰŬ ɟɧűɖůɖɠ əŬɘ 

ŭɞɛɘəɞɨ/ɛɞɟűɞɚɞɔɘəɞɨ ɢŬɟŬəŰɖɟɘůɛɞɨ ɏŭŮɘɝŮ ɧŰɘ Űɞ ŭŮɑɔɛŬ MCM-41-2.9-Ű  ŬˊɞŰŮɚŮɑ 

Űɞ əŬŰŬɚɚɖɚɧŰŮɟɞ ɡˊɧůŰɟɤɛŬ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Ŭűɞɨ 
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ŮəɚɖɟɩɜŮɘ Űɘɠ ŬˊŬɘŰɐůŮɘɠ ŬɜɞɘɢŰɞɨ ˊɞɟɩŭɞɡɠ, ɔɘŬ Űɖɜ ŭɘŬůˊɞɟɎ Űɖɠ ɛɏɔɘůŰɖɠ ŭɡɜŬŰɐɠ 

ˊɞůɧŰɖŰŬɠ AuɁɆ ́Ɏɜɤ ůŰɘɠ  ɛɞɜɞůŰɞɘɓɎŭŮɠ ȽɈ. ɇŬɡŰɧɢɟɞɜŬ Űɞ ɡˊɧůŰɟɤɛŬ ˊɡɟɘŰɑŬɠ 

(MCM-41-2.9 nm) ɐŰŬɜ Űɞ əŬŰŬɚɚɖɚɧŰŮɟɞ Ŭˊɧ ˊɚŮɡɟɎɠ ɛŮɔɏɗɞɡɠ ˊɧɟɤɜ ɩůŰŮ ɜŬ 

ŬˊɞűŮɡɢɗŮɑ ɖ ŭɖɛɘɞɡɟɔɑŬ ŭɘɧŭɤɜ Ůɜɘůɢɡɛɏɜɖɠ ŭɘɎɢɡůɖɠ ɔɘŬ ŰŬ ŬɜŰɘŭɟɩɜŰŬ əŬɘ 

ˊɟɞɥɧɜŰŬ. Ⱥˊɘˊɚɏɞɜ, ɚɧɔɤ Űɞɡ ˊɟɞŰɘɛɩɛŮɜɞɡ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɤɜ əŬŰɘɧɜŰɤɜ Űɞɡ 

ȽɈ ˊɟɞɠ Űɞ ŰɞɑɢɤɛŬ Űɞɡ ˊɧɟɞɡ əŬɘ Űɤɜ ŬɜɘɧɜŰɤɜ ˊɟɞɠ Űɖɜ çəŬɟŭɘɎè Űɞɡ ˊɧɟɞɡ ɐŰŬɜ 

ŭɡɜŬŰɧɜ ɜŬ ŮəɛŮŰŬɚŮɡŰɞɨɛŮ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɤɜ ŬɜɘɧɜŰɤɜ Űɞɡ ȽɈ ɛŮ ŰŬ əŬŰɘɧɜŰŬ 

ɢɟɡůɞɨ. ȰŰůɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŭɘŮɟɔŬůɑŬɠ ŬɜŬɔɤɔɐɠ Űɤɜ Au
3+

 ɛŮ DMF, ŰŬ 

ɢɖɛɘəɎ ůɡɜŭŮŭŮɛɏɜŬ ɛɧɟɘŬ ȽɈ ŮɜŮɟɔɞɨůŬɜ ɤɠ əɏɜŰɟŬ ůɡɔəɟɎŰɖůɖɠ, ŰŬ ɞˊɞɑŬ 

ŭɘŬůűŬɚɑɕɞɡɜ Űɖɜ əŬɚɨŰŮɟɖ ŭɘŬůˊɞɟɎ əŬɘ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ AuNɆ əŬŰɎ Űɖɜ 

əŬŰŬɚɡŰɘəɐ ŬɜŰɑŭɟŬůɖ. ɄɟŬɔɛŬŰɘəɎ, ůŮ ɛɘŬ ˊɟɧůűŬŰɖ ŮɟɔŬůɑŬ ɏɢŮɘ ŬˊɞŭŮɘɢŰŮɑ ɧŰɘ Űɞ 

[BMIM ][PF6] ůɢɖɛŬŰɑɕŮɘ ɏɜŬ ˊɟɞůŰŬŰŮɡŰɘəɧ ůŰɟɩɛŬ ɔɨɟɤ Ŭˊɧ ɜŬɜɞůɤɛŬŰɑŭɘŬ. ȷɡŰɧ 

Űɞ ůŰɟɩɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɖɛɘɞɟɔŬɜɤɛɏɜŬ ɡˊŮɟɛɞɟɘŬəɎ ůɡůůɤɛŬŰɩɛŬŰŬ 

ɘɛɘŭŬɕɞɚɑɞɡ, ɧˊɞɡ ŰŬ ŬɜɘɞɜŰɘəɎ [(BMIM )xīn(PF6)x]
nī

 ɓɟɑůəɞɜŰŬɘ əɞɜŰɎ ůŰŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ əŬɘ ŬɜŰɘŰɑɗŮɜŰŬɘ Űɤɜ əŬŰɘɞɜŰɘəɩɜ ɡˊŮɟɛɞɟɘŬəɩɜ ůɡůůɤɛŬŰɤɛɎŰɤɜ 

[(BMIM )x(PF6)xīn]
n+

 ˊŬɟɏɢɞɜŰŬɠ ɘůɞɟɟɞˊɑŬ űɞɟŰɑɞɡ [44, 45].  

ȼ ɖɚŮəŰɟɞůŰŬŰɘəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ, ˊɞɡ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɞ ɡɣɖɚɧ űɞɟŰɑɞ Űɞɡ 

[BMIM ][PF6]  əŬɘ ɖ ůŰŮɟŮɞɢɖɛɘəɐ ˊŬɟŮɛˊɧŭɘůɖ ŮɝŬɘŰɑŬɠ Űɤɜ ɡˊŮɟɛɞɟɘŬəɩɜ 

Ŭɜɘɞɜɘəɩɜ əŬɘ əŬŰɘɞɜɘəɩɜ ůɡůůɤɛŬŰɤɛɎŰɤɜ Űɞɡ ȽɈ, ŮɝŬůűŬɚɑɕɞɡɜ Űɖ 

ůŰŬɗŮɟɞˊɞɑɖůɖ Űɤɜ AuNɆ. Ⱥˊɘˊɚɏɞɜ, ɖ ɏɚɚŮɘɣɖ ɘůɞɟɟɞˊɑŬɠ űɞɟŰɑɞɡ ůŰɖɜ ˊŮɟɘɞɢɐ 

Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɜŬɜɞůɤɛŬŰɘŭɑɞɡ/(PF6
ī
) ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚŮɑ ůɡɜŮɟɔŮɘŬəɎ űŬɘɜɧɛŮɜŬ 

ˊɞɡ ɞűŮɚɞɨɜ Űɖɜ Ŭˊɧŭɞůɖ Űɖɠ əŬŰŬɚɡŰɘəɐ ŬɜŰɑŭɟŬůɖɠ ɞɝŮɑŭɤůɖɠ. ȯɚɚɖ ɛɘŬ 

ůɖɛŬɜŰɘəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ ŮɑɜŬɘ ŬɡŰɐ Űɤɜ ŬɜɘɧɜŰɤɜ IY ɛŮ Űɞ CO2. ȷɜŰɑɗŮŰŬ, ɛŮ Űɖɜ 

ůɡɜɖɗɘůɛɏɜɖ ŰŬəŰɘəɐ ɧˊɞɡ Űɞ IY ŭɟŬ ɤɠ ɛɏůɞ ŭɘŬůˊɞɟɎɠ Űɞɡ əŬŰŬɚɨŰɖ əŬɘ ɤɠ 

ŮəɚŮəŰɘəɧɠ ɟɞűɖŰɐɠ ɔɘŬ ŰŬ ŬɜŰɘŭɟɩɜŰŬ ŬɏɟɘŬ, ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ŭɘəɩɜ ɛŬɠ ɡɚɘəɩɜ 

Űɞ ȽɈ ŭɟŬ ɤɠ ůŰŬɗŮɟɞˊɞɘɖŰɐɠ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au əŬɘ ɤɠ ŮəɚŮəŰɘəɧɠ ɟɞűɖŰɐɠ 

ɔɘŬ Űɞ ˊɟɞɥɧɜ Űɖɠ ŬɜŰɑŭɟŬůɖɠ (CO2). ȰɢɞɜŰŬɠ ŭɖɚŬŭɐ ŮɝŬůűŬɚɑůŮɘ Űɖ ɛɏɔɘůŰɖ 

ůɡɔəɏɜŰɟɤůɖ ŬɜŰɘŭɟɩɜŰɤɜ ɔɨɟɤ Ŭˊɧ ŰŬ əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɎ əɏɜŰɟŬ (ɚɧɔɤ Űɞɡ 

ŮɔəɚŮɘůɛɞɨ Űɤɜ ŰŮɚŮɡŰŬɑɤɜ ůŰɞɡɠ ɜŬɜɞˊɧɟɞɡɠ Űɞɡ ɆɈūȽɈ), ˊɟɞɢɤɟɎɛŮ ɏɜŬ ɓɐɛŬ 

ˊŬɟŬˊɎɜɤ əŬɘ ŮɝŮŰɎɕɞɡɛŮ Űɖɜ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ȽɈ ɤɠ ɛɘŬɠ çŮˊɘ-Űɧˊɞɡè ˊŬɔɑŭŬɠ ɔɘŬ Űɞ 

ˊɟɞɥɧɜ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. ȷˊɞɛŬəɟɨɜɞɜŰŬɠ ŰŬ ˊɟɞɥɧɜŰŬ Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ ŬɜŰɑŭɟŬůɖɠ 

ɛˊɞɟŮɑ əŬɜŮɑɠ ɜŬ ˊŮŰɨɢŮɘ ɛŮŰŬŰɧˊɘůɖ Űɖɠ ɘůɞɟɟɞˊɑŬɠ Ŭɛűɑŭɟɞɛɤɜ ŬɜŰɘŭɟɎůŮɤɜ. ȺɑɜŬɘ 

ŬɝɘɞůɖɛŮɑɤŰɞ ɧŰɘ, ɖ ŮɜůɤɛɎŰɤůɖ Űɤɜ AuɁɆ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ȽɈ ́ɞɡ 
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ɓɟɑůəŮŰŬɘ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ Űɞɡ ɆȾɆȽɈ, ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ 

Űɖɠ ŭɘŬűɞɟɎɠ ŬɜɎɛŮůŬ ůŰɞɡɠ ɟɡɗɛɞɨɠ Ŭˊɞɟɟɧűɖůɖɠ CO2 əŬɘ CO (ɆɢɐɛŬ 12Ŭ). ȷɡŰɧ 

ůɡɛɓŬɑɜŮɘ ɔɘŬŰɑ Űɞ CO2 ŬɚɚɖɚŮˊɘŭɟɎ ɛŮ Űɞ Ŭɜɘɧɜ Űɞɡ ȽɈ Ůɜɩ Űɞ CO ůɢɖɛŬŰɑɕŮɘ 

ůɨɛˊɚɞəŬ ɛŮ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ɢɟɡůɞɨ. 

ȳˊɤɠ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɞ ɆɢɐɛŬ 12Ŭ, ɖ ŭɘɎɢɡůɖ Űɤɜ ŬŮɟɑɤɜ ůŰɞɜ əŬŰŬɚɨŰɖ 

ɆȾɆȽɈ ŮɑɜŬɘ ˊɞɚɨ Ŭɟɔɐ, ŮɝŬɘŰɑŬɠ Űɞɡ ɡˊŮɟɓɞɚɘəɞɨ ɓŬɗɛɞɨ ůŰɏɜɤůɖɠ Űɞɡ ŬɜɞɑɔɛŬŰɞɠ 

Űɤɜ ˊɧɟɤɜ Ŭˊɧ Űɖɜ ˊŬɟɞɡůɑŬ Űɞɡ ȽɈ əŬɘ Űɤɜ AuɁɆ. ȰŰůɘ, ɖ ŭɘɎɢɡůɖ Űɤɜ 

ŬɜŰɘŭɟɩɜŰɤɜ əŬɘ Űɤɜ ˊɟɞɥɧɜŰɤɜ ɛɏůŬ əŬɘ ɏɝɤ Ŭˊɧ Űɞɡɠ ˊɧɟɞɡɠ, ŬɜŰɑůŰɞɘɢŬ, ɛˊɞɟŮɑ 

ɜŬ ŮɑɜŬɘ Űɞ ɓɐɛŬ ˊɞɡ əŬɗɞɟɑɕŮɘ Űɞ ɟɡɗɛɧ Űɖɠ əŬŰŬɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ. ɀŮ ŬɡŰɧ Űɞɜ 

Űɟɧˊɞ ɖ ɢɟɐůɖ ɆȾɆȽɈ, ɧˊɞɡ ɖ ŭɘɎɢɡůɖ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ əŬɘ 

ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ŮɑɜŬɘ Űɖɠ ɑŭɘŬɠ ŰɎɝɖɠ ɛŮɔɏɗɞɡɠ ɛŮ Űɖ 

ŭɘɎɢɡůɖ Űɤɜ ˊɟɞɥɧɜŰɤɜ ɏɝɤ Ŭˊɧ Űɞɡɠ ˊɧɟɞɡɠ, ɛˊɞɟŮɑ  ɜŬ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ɤűɏɚɘɛɖ ɔɘŬ 

Űɖɜ Ŭˊɧŭɞůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. 

 

ɆɢɐɛŬ 12. (Ŭ) ȷˊɧ ŬɟɘůŰŮɟɎ ˊɟɞɠ ŭŮɝɘɎ ŰŬ ɔɟŬűɐɛŬŰŬ ŭŮɑɢɜɞɡɜ ɧŰɘ ɖ ŭɘɎɢɡůɖ CO ɔɑɜŮŰŬɘ 

ɔɟɖɔɞɟɧŰŮɟŬ ɛŮŰɎ Űɖɜ ŮɜŬˊɧɗŮůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ˊɎɜɤ ůŰɖ ůŰɞɘɓɎŭŬ ȽɈ ɛɏůŬ ůŰɖɜ 

ˊɞɟɩŭɖ ŭɞɛɐ Űɞɡ ɆɈūȽɈ, (ɓ) ȼ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ ɞɝŮɑŭɤůɖɠ CO Űɞɡ ŬɜŬˊŰɡɔɛɏɜɞɡ 

ɆȾɆȽɈ, (ŬɟɘůŰŮɟɎ) ůɨɔəɟɘůɖ Űɖɠ əŬŰŬɚɡŰɘəɐɠ Ŭˊɧŭɞůɖɠ ˊɞɡ ɡˊɞɚɞɔɑɕŮŰŬɘ ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ 

ˊɞůɧŰɖŰŬɠ CO ˊɞɡ ɛŮŰŬŰɟɏˊŮŰŬɘ əŬɘ ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ ˊɞůɧŰɖŰŬɠ CO2 ˊɞɡ ˊŬɟɎɔŮŰŬɘ, 

(əɏɜŰɟɞ-ŭŮɝɘɎ) ůɨɔəɟɘůɖ Űɖɜ əŬŰŬɚɡŰɘəɐɠ Ŭˊɧŭɞůɖɠ Űɞɡ ɆȾɆȽɈ ɛŮ ɐ ɢɤɟɑɠ ŬˊɞɛɎəɟɡɜůɖ 

Űɤɜ ůɡůůɤɛŬŰɤɛɎŰɤɜ Au.     

Ŭ 

ɓ 
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 ȼ ŮˊɘŰŮɡɢɗŮɑůŬ Ŭˊɧŭɞůɖ Űɞɡ ɆȾɆȽɈ ůŰɖɜ əŬŰŬɚɡŰɘəɐ ɞɝŮɑŭɤůɖ CO ůŮ 

ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ, ˊɟɘɜ əŬɘ ɛŮŰɎ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ɛŮɔɎɚɤɜ 

ůɡůůɤɛŬŰɤɛɎŰɤɜ Au Űɖɠ ŮɝɤŰŮɟɘəɐɠ ŮˊɘűɎɜŮɘŬɠ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 12ɓ. ȼ 

ɛŮŰŬŰɟɞˊɐ (R%) Űɞɡ CO ɡˊɞɚɞɔɑɕŮŰŬɘ ɛŮ ŭɡɞ Űɟɧˊɞɡɠ:  

1) ɡˊɞɚɞɔɑɕɞɜŰŬɠ Űɖɜ ůŰɞɘɢŮɘɞɛŮŰɟɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɞɝŮɑŭɤůɖɠ CO  
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ȳˊɞɡ CCOŬɟɢ əŬɘ CCOŰŮɚ ŮɑɜŬɘ ɖ Ŭɟɢɘəɐ əŬɘ ŰŮɚɘəɐ (əŬŰɎ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ) ůɡɔəŮɜŰɟɤůɖ Űɞɡ ɛɞɜɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ ůŰɖɜ ŬɏɟɘŬ űɎůɖ, ɐ 

 

2)   
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R 2100% ³=  

ȳˊɞɡ CCO2ŰŮɚ ŮɑɜŬɘ ɖ ŰŮɚɘəɐ (əŬŰɎ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ) ůɡɔəɏɜŰɟɤůɖ 

Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ ůŰɖɜ ŬɏɟɘŬ űɎůɖ. Ƀɘ ɡˊɞɚɞɔɘůɛɞɑ ɏɔɘɜŬɜ ɛŮ ŬɡŰɞɨɠ Űɞɡɠ 

Űɟɧˊɞɡɠ ɩůŰŮ ɜŬ ŭɞɗŮɑ ɏɛűŬůɖ ůŰɖ ŮˊɑŭɟŬůɖ ˊɞɡ ɏɢŮɘ ɖ ɟɧűɖůɖ Űɞɡ CO2 Ŭˊɧ Űɖ 

űɎůɖ Űɞɡ ȽɈ. ũɑɜŮŰŬɘ űŬɜŮɟɧ (ɆɢɐɛŬ 12ɓ, ŬɟɘůŰŮɟɎ) ɧŰɘ ůŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ, ɖ 

Ŭˊɧŭɞůɖ ˊɞɡ ɡˊɞɚɞɔɑɕŮŰŬɘ ɛɏůɤ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ ˊɞɡ ˊŬɟɎɔŮŰŬɘ ŮɑɜŬɘ ˊɞɚɨ 

ɢŬɛɖɚɧŰŮɟɖ Ŭˊɧ ŬɡŰɐɜ ˊɞɡ ɡˊɞɚɞɔɑɕŮŰŬɘ ɛɏůɤ Űɞɡ ɛɞɜɞɝŮɘŭɑɞɡ ˊɞɡ ɛŮŰŬŰɟɏˊŮŰŬɘ.   

ɆŰɖ ɢŬɛɖɚɧŰŮɟɖ ˊŮɘɟŬɛŬŰɘəɐ ɗŮɟɛɞəɟŬůɑŬ Űɤɜ 50 ÁC, əŬɘ ˊŬɟɎ Űɖɜ ɛŮŰŬŰɟɞˊɐ 2.2% 

Űɞɡ CO, ŭŮɜ ŬɜɘɢɜŮɨɗɖəŮ CO2 ůŰɖɜ ŬɏɟɘŬ űɎůɖ. ȷɡŰɧ ůɡɛɓŬɑɜŮɘ ŭɘɧŰɘ ůŰɖ ɢŬɛɖɚɐ 

ɗŮɟɛɞəɟŬůɑŬ ŬɜŰɑŭɟŬůɖɠ, ɖ ɛŮŰŬŰɟɞˊɐ CO ˊŮɟɘɞɟɑɕŮŰŬɘ əŬɘ ůɡɜŮˊɩɠ, ɖ ˊɞůɧŰɖŰŬ 

Űɞɡ ˊŬɟŬɔɧɛŮɜɞɡ CO2 ŮɑɜŬɘ ɛɘəɟɐ əŬɘ ˊɘɗŬɜɧɜ ŮˊŬɟəŮɑ ɛɧɜɞ ɔɘŬ ɜŬ əŬŰŬɚɎɓŮɘ 

ŮɜŮɟɔɏɠ ɗɏůŮɘɠ [PF6
ī
] Űɞɡ ŮɜŬˊɞŰɘɗɏɛŮɜɞɡ ůŰɟɩɛŬŰɞɠ ȽɈ, ɞˊɧŰŮ əŬɘ ɛɏɜŮɘ 

ˊŬɔɘŭŮɡɛɏɜɖ ůŮ ŬɡŰɧ. ȳůɞ ɖ ɗŮɟɛɞəɟŬůɑŬ ŬɡɝɎɜŮŰŬɘ, ɛŮɔŬɚɨŰŮɟŮɠ ˊɞůɧŰɖŰŮɠ Űɞɡ 

ˊŬɟŬɔɧɛŮɜɞɡ CO2 ŭɘŬɢɏɞɜŰŬɘ ɔɟɖɔɞɟɧŰŮɟŬ ɏɝɤ Ŭˊɧ Űɞɡɠ ˊɧɟɞɡɠ ɛɏůɤ Űɞɡ 

ɛɖɢŬɜɘůɛɞɨ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɖɜ ŮɜɧŰɖŰŬ 3.4. ȼ ɡɣɖɚɐ ůɡɔəɏɜŰɟɤůɖ CO2 ɛɏůŬ 

ůŰɞɡɠ ˊɧɟɞɡɠ ŬˊɞŰŮɚŮɑ əɘɜɖŰɐɟɘŬ ŭɨɜŬɛɖ ɔɘŬ ŭɘɎɢɡůɖ, ɖ ɞˊɞɑŬ ŮɡɜɞŮɑŰŬɘ əŬɘ Ŭˊɧ Űɖ 

ɛɏŰɟɘŬ ɢɤɟɖŰɘəɧŰɖŰŬ Ŭˊɞɟɟɧűɖůɖɠ Űɞɡ ȽɈ ůŰɘɠ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ. 

ɇŬ ɆɢɐɛŬŰŬ 12ɓ (ɛɏůɖ əŬɘ ŭŮɝɘɎ) ŬˊɞŭŮɘəɜɨɞɡɜ Űɖɜ ɛŮɔŬɚɨŰŮɟɖ əŬŰŬɚɡŰɘəɐ 

ŮɜŮɟɔɧŰɖŰŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ ˊɞɡ ɏɢŮɘ ɡˊɞůŰŮɑ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ůɡůůɤɛŬŰɤɛɎŰɤɜ Au. 
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ɇɞ ŬˊɞŰɏɚŮůɛŬ ŬɡŰɧ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ɡɣɖɚɐ ˊɟɞůɓŬůɘɛɧŰɖŰŬ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ůŰŬ 

ŮɜŮɟɔɎ AuNɆ, ˊɞɡ ŮɜŬˊɞŰɑɗɞɜŰŬɘ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ. ȺɘŭɘəɎ, ůŰɞ ɆɢɐɛŬ 12ɓ (ŭŮɝɘɎ), 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ɛŮŰŬŰɟɞˊɐ əŬɜɞɜɘəɞˊɞɘɖɛɏɜɖ ŬɜɎ ɛɞɜɎŭŬ ɛɎɕŬɠ ɔɘŬ Űɞ ɆȾɆȽɈ, ɛŮ 

ůəɞˊɧ ɜŬ ɔɑɜŮɘ ˊŮɟɘůůɧŰŮɟɞ əŬŰŬűŬɜɐɠ ɖ ŭɘŬűɞɟɎ ůŰɖɜ ŬˊɞŭɞŰɘəɧŰɖŰŬ əŬŰŬɚɡŰɘəɐɠ 

ɞɝŮɑŭɤůɖɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ˊɞɡ ɏɢŮɘ ɡˊɞůŰŮɑ ŬˊɞɛɎəɟɡɜůɖ əŬɘ ŬɡŰɞɨ ˊɞɡ ŭŮɜ ɏɢŮɘ 

ɡˊɞůŰŮɑ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ɛŮɔɎɚɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. ɇɏɚɞɠ, ɗŬ ˊɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ 

ɧŰɘ ɖ ɛŮŰŬŰɟɞˊɐ 13% ůŰɞɡɠ 100 ÁC, ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ɔɘŬ Űɞ ŭŮɑɔɛŬ ɆȾɆȽɈ ˊɞɡ ɏɢŮɘ 

ɡˊɞůŰŮɑ Űɖɜ əŬŰŮɟɔŬůɑŬ ɛŮ ŬɘɗŬɜɧɚɖ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ɛŮɔɎɚɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au, ŮɑɜŬɘ Ŭˊɧ Űɘɠ ɛŮɔŬɚɨŰŮɟŮɠ ˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ 

ɔɘŬ əŬŰŬɚɡŰɘəɎ ůɡůŰɐɛŬŰŬ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ɛŮ ˊŮɟɘŮəŰɘəɧŰɖŰŬ 

1% w/w [46, 47]. 
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4. ɆɡɛˊŮɟɎůɛŬŰŬ 

 

ũɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ ɡɓɟɘŭɘəɩɜ ůɡůŰɖɛɎŰɤɜ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ (ȽɈ)/ˊɞɟɩŭɞɡɠ 

ůŰŮɟŮɞɨ ɛŮ ůŰɧɢɞ ŮűŬɟɛɞɔɏɠ ŭɘŬɢɤɟɘůɛɞɨ ŬŮɟɑɤɜ (ɆɈūȽɈ) ɐ ŮŰŮɟɞɔŮɜɞɨɠ 

əŬŰɎɚɡůɖɠ, ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ ɢɟɐůɖ ˊɞɟɤŭɩɜ ɡˊɞůŰɟɤɛɎŰɤɜ ŭɘŬŰŮŰŬɔɛɏɜɖɠ 

ɛŮůɞˊɞɟɩŭɞɡɠ ˊɡɟɘŰɑŬɠ. ɇŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Ŭˊɧ Űɖ ɢɟɐůɖ ŰɏŰɞɘɞɡ Űɨˊɞɡ ůŰŮɟŮɩɜ 

ɡˊɞůŰɟɤɛɎŰɤɜ ŮɑɜŬɘ ɖ ŰŮɟɎůŰɘŬ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ, ɖ ɛŮɔɎɚɖ ˊɡəɜɧŰɖŰŬ ŮˊɘűŬɜŮɘŬəɩɜ 

ɡŭɟɞɝɡɚɑɤɜ əŬɘ ɖ ŬˊɞɡůɑŬ ŭŬɘŭŬɚɩŭɞɡɠ ůŰɖɜ ˊɞɟɩŭɖ ŭɞɛɐ. ȼ ŬˊɞɡůɑŬ ŭŬɘŭŬɚɩŭɞɡɠ 

ŮɡɜɞŮɑ Űɧůɞ Űɞ ˊɞůɞůŰɧ ˊɚɐɟɤůɖɠ Űɤɜ ˊɧɟɤɜ ɧůɞ əŬɘ Űɖɜ ŭɘŬɢɡŰɧŰɖŰŬ Űɤɜ ŬŮɟɑɤɜ 

ůŰɞ ɡɓɟɘŭɘəɧ ůɨůŰɖɛŬ ˊɞɡ ˊɟɞəɨˊŰŮɘ ɛŮŰɎ Űɖɜ Űɟɞˊɞˊɞɑɖůɖ ɛŮ Űɖɜ űɎůɖ Űɞɡ 

ȽɞɜŰɘəɞɨ Ɉɔɟɞɨ. ȼ ɨˊŬɟɝɖ ɛŮɔɎɚɞɡ ˊɚɖɗɡůɛɞɨ ŮˊɘűŬɜŮɘŬəɩɜ ɡŭɟɞɝɡɚɑɤɜ ˊɟɞůűɏɟŮɘ 

Űɖ ŭɡɜŬŰɧŰɖŰŬ ůŰŬɗŮɟɞˊɞɑɖůɖɠ Űɖɠ ŮɜŬˊɞŰɘɗɏɛŮɜɖɠ űɎůɖɠ ȽɈ ɛɏůɤ ŭɖɛɘɞɡɟɔɑŬɠ 

ɞɛɞɘɞˊɞɚɘəɩɜ ŭŮůɛɩɜ ɛŮ Űɘɠ Ŭɚəɧɝɡ ɞɛɎŭŮɠ Űɞɡ ȽɈ. ȷˊŬɟŬɑŰɖŰɖ ˊɟɞɦˊɧɗŮůɖ ɔɘŬ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ ŰɏŰɞɘɤɜ ŭŮůɛɩɜ ŮɑɜŬɘ ɖ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ɘɞɜŰɘəɞɡ ɡɔɟɞɨ ɛŮ Ŭɚəɧɝɡ-

ůɘɚɎɜɘŬ.  

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɘɞɜŰɘəɎ ɡɔɟɎ ɘɛɘŭŬɕɞɚɘəɞɨ 

əŬŰɘɧɜŰɞɠ əŬɘ ŮɝŬűɗɞɟɞűɤůűɞɟɘəɞɨ ŬɜɘɧɜŰɞɠ ɧˊɞɡ ɖ ˊɚŮɡɟɘəɐ ŬɚɡůɑŭŬ Ŭɚəɡɚɑɞɡ 

Űɞɡ ɘɛɘŭŬɕɞɚɘəɞɨ ŭŬəŰɡɚɑɞɡ ŬɜŰɘəŬŰŬůŰɎɗɖəŮ ɛŮ ŰɟɘŬɘɗɧɝɡ-ˊɟɞˊɡɚ-ůɘɚɎɜɘɞ. ȼ 

ůɨɜɗŮůɖ Ůɜɧɠ ŰɏŰɞɘɞɡ Űɨˊɞɡ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ŮˊɘŰŮɨɢɗɖəŮ ɛŮ ŰŬ 

əɚŬůůɘəɎ ɓɐɛŬŰŬ Ŭɚəɡɚɑɤůɖɠ Űɞɡ ɛɏɗɡɚ-ɘɛɘŭŬɕɞɚɑɞɡ (ŬɜŰɑŭɟŬůɖ ɛŮŰɎɗŮůɖɠ) əŬɘ 

ˊŮɟŮŰŬɑɟɤ ɘɞɜŰɞŮɜɜŬɚŬɔɐɠ ɔɘŬ Űɖɜ ŬɜŰɘəŬŰɎůŰŬůɖ Űɞɡ ɢɚɤɟɘɞɨɢɞɡ ŬɜɘɧɜŰɞɠ ɛŮ Űɞ 

ŮɝŬűɗɞɟɞűɤůűɞɟɘəɧ. ȼ ŭɘŬűɞɟɎ ɏɔɔŮɘŰŬɘ ůŰɖ ɢɟɐůɖ ŰɟɘŬɘɗɧɝɡ-ɢɚɤɟɞˊɟɧˊɡɚ-

ůɘɚŬɜɑɞɡ ɤɠ ɛɏůɞɡ Ŭɚəɡɚɑɤůɖɠ ŬɜŰɑ ɔɘŬ Ŭɚəɡɚɞɢɚɤɟɑŭɘɞ. 

ȷˊɞŰɏɚŮůɛŬ Űɖɠ ɢɖɛɘəɐɠ ůɨɜŭŮůɖɠ Űɞɡ ȽɈ ŮɑɜŬɘ ɖ ŮˊɑŰŮɡɝɖ ůɡɔəŮəɟɘɛɏɜɞɡ 

ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɞɡ əŬŰɘɧɜŰɞɠ əŬɘ ŬɜɘɧɜŰɞɠ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ ɛŮ Űɞ əŬŰɘɧɜ ɜŬ 

əŬŰŬɚŬɛɓɎɜŮɘ ɗɏůŮɘɠ əɞɜŰɎ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɞɡ ˊɧɟɞɡ əŬɘ Űɞ Ŭɜɘɧɜ ɜŬ ŰɞˊɞɗŮŰŮɑŰŬɘ 

ˊɟɞɠ Űɖɜ óəŬɟŭɘɎô Űɞɡ ˊɧɟɞɡ. ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ ɧŰɘ ůŰŬ ˊŮɟɘůůɧŰŮɟŬ ɘɞɜŰɘəɎ ɡɔɟɎ 

Űɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ ŭɘŬɚɡŰɞˊɞɘŮɑŰŬɘ əŬŰŬɚŬɛɓɎɜɞɜŰŬɠ ɗɏůŮɘɠ ɔɨɟɤ Ŭˊɧ Űɞ 

Ŭɜɘɧɜ (ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɨˊɞɡ ɞɝŮɤɠ ɓɎůŮɤɠ əŬŰɎ Lewis), ɞ ˊɟɞůŬɜŬŰɞɚɘůɛɧɠ ŬɡŰɧɠ 

ŭɖɛɘɞɡɟɔŮɑ ŮɡɗɨɔɟŬɛɛŬ ɛɞɜɞˊɎŰɘŬ ŭɘɎɢɡůɖɠ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ ɛŮ 

ɛɖɢŬɜɘůɛɧ ɛŮŰɎɓŬůɖɠ Ŭˊɧ Ŭɜɘɧɜ ůŮ Ŭɜɘɧɜ. ȷɡŰɧ ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŮˊɑŰŮɡɝɖ 

ɡɣɖɚɐɠ ŭɘŬɢɡŰɧŰɖŰŬɠ ɔɘŬ Űɞ CO2 ɖ ɞˊɞɑŬ ɐŰŬɜ ŭɨɞ ŰɎɝŮɘɠ ɛŮɔɏɗɞɡɠ ɡɣɖɚɧŰŮɟɖ Ŭˊɧ 

ŬɡŰɐ ˊɞɡ ŮˊŮŰŮɨɢɗŮɘ ůŮ ɆɈūȽɈ ŬɜŮˊŰɡɔɛɏɜŬ ɛŮ űɡůɘəɧ ŮɛˊɞŰɘůɛɧ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ 

Űɞ ȽɈ [BMIM ][PF6]. 
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Ⱥˊɘˊɚɏɞɜ, ɖ ɢɖɛɘəɐ ůɨɜŭŮůɖ Űɞɡ ȽɈ ŭɘŮɡəɞɚɨɜŮɘ Űɞɜ ɏɚŮɔɢɞ Űɖɠ ˊɞůɧŰɖŰŬɠ 

ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŮɜŬˊɞŰŮɗŮɑ ůŰɞɡɠ ˊɧɟɞɡɠ. ȺɜŮɟɔɞˊɞɑɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ˊɞɟɩŭɞɡɠ 

ɡˊɞůŰɟɩɛŬŰɞɠ ɛɏůɤ ɓŬůɘəɐɠ ɐ ɧɝɘɜɖɠ ɡŭɟɧɚɡůɖɠ ŬɡɝɎɜŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ 

ůɡɔəɏɜŰɟɤůɖ ɡŭɟɞɝɡɚɞɛɎŭɤɜ (ůɘɚŬɜɞɚɩɜ) ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŮˊɑŰŮɡɝɖ ˊɞɚɨ 

ˊɡəɜɩɜ ŮɜŬˊɞɗɏůŮɤɜ ȽɈ. ȼ ˊɡəɜɐ ŮɜŬˊɧɗŮůɖ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɞɜ ˊɟɞůŬɜŬŰɞɚɘůɛɧ 

əŬŰɘɧɜŰɞɠ əŬɘ ŬɜɘɧɜŰɞɠ Ůɡɜɞɞɨɜ Űɖɜ ɛŮŰɎɓŬůɖ Űɖɠ ŮɜŬˊɞŰɘɗɏɛŮɜɖɠ űɎůɖɠ ȽɈ ůŮ 

ɡɔɟɞəɟɡůŰŬɚɚɘəɐ əŬŰɎůŰŬůɖ ɛŮɔɎɚɞɡ ɘɝɩŭɞɡɠ, űŬɘɜɧɛŮɜɞ ˊɞɡ ŮˊɘɓŮɓŬɘɩɗɖəŮ ɛŮ Űɖɜ 

ŮűŬɟɛɞɔɐ űŬůɛŬŰɞůəɞˊɑŬɠ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ (XRD) ŬɚɚɎ əŬɘ ɛŮ ŭɘŬűɞɟɘəɐ 

ɗŮɟɛɘŭɞɛŮŰɟɑŬ ůɎɟɤůɖɠ. ɇɞ ɛŮɔɎɚɞ ɘɝɩŭŮɠ ŮˊɖɟŮɎɕŮɘ ŬɟɜɖŰɘəɎ Űɖɜ ŭɘŬɢɡŰɧŰɖŰŬ Űɞɡ 

ɛɖ ŬɚɚɖɚŮˊɘŭɟɩɜŰɞɠ ŬŮɟɑɞɡ (ůŰɖɜ ˊŮɟɑˊŰɤůɐ ɛŬɠ Űɞɡ CO) ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ 

ŮˊɑŰŮɡɝɖ ɛŮɔɎɚɤɜ ŬˊɞŭɧůŮɤɜ ŭɘŬɢɤɟɘůɛɞɨ CO2/CO ɛŮ Űɖɜ ŮəɚŮəŰɘəɧŰɖŰŬ ɜŬ ˊŬɑɟɜŮɘ 

Űɘɛɏɠ ŬɜɩŰŮɟŮɠ Űɞɡ 50. ɄɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɖ ɢɖɛɘəɐ ˊɟɧůŭŮůɖ Űɞɡ ȽɈ ɔɘŬ Űɖɜ 

ŭɖɛɘɞɡɟɔɑŬ ˊɡəɜɩɜ ɡɔɟɞəɟɡůŰŬɚɚɘəɩɜ ŮɜŬˊɞɗɏůŮɤɜ ŭŮɜ ŬɟəŮɑ Ŭˊɧ ɛɧɜɖ Űɖɠ ɔɘŬ Űɖɜ 

ŮˊɑŰŮɡɝɖ ɡɣɖɚɐɠ ŮəɚŮəŰɘəɧŰɖŰŬɠ ůŮ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ. ŪŬ ˊɟɏˊŮɘ Űɞ ɛɏɔŮɗɞɠ 

Űɤɜ ˊɧɟɤɜ ɜŬ ŮɑɜŬɘ ŰɏŰɞɘɞ ɩůŰŮ ɜŬ ŮˊɘŰɟɏˊŮɘ Űɖɜ ˊɟɧůɓŬůɖ əŬɘ ŮɜŬˊɧɗŮůɖ Űɞɡ ȽɈ 

əŬɘ ŰŬɡŰɧɢɟɞɜŬ ɜŬ ŬˊɞűŮɨɔŮŰŬɘ ɖ ɨˊŬɟɝɖ əŮɜɞɨ ɢɩɟɞɡ ɛŮŰɎ Űɖɜ ŮɜŬˊɧɗŮůɖ Űɞɡ ȽɈ. 

Ƀ əŮɜɧɠ ɢɩɟɞɠ ůŰɖɜ ɜŬɜɞəɚɑɛŬəŬ ɛˊɞɟŮɑ ɜŬ ŬˊɞɗɖəŮɨůŮɘ ɛŮɔɎɚŮɠ ˊɞůɧŰɖŰŮɠ ŬŮɟɑɤɜ 

ɢɤɟɑɠ ŮəɚŮəŰɘəɧŰɖŰŬ, ɔŮɔɞɜɧɠ ˊɞɡ ŮˊɘůəɘɎɕŮɘ Űɖɜ ŮəɚŮəŰɘəɧŰɖŰŬ ˊɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

Ŭˊɧ Űɖɜ ŮɜŬˊɞŰɘɗɏɛŮɜɖ űɎůɖ Űɞɡ ȽɈ. 

ɆŮ ɧŰɘ ŬűɞɟɎ ŰŬ əŬŰŬɚɡŰɘəɎ ůɡůŰɐɛŬŰŬ ɡˊɞůŰɖɟɘɔɛɏɜɞɡ ȽɈ/ɜŬɜɞůɤɛŬŰɘŭɑɤɜ 

Au, ɖ ˊɟɞůŬɜŬŰɞɚɘůɛɏɜɖ ŮɜŬˊɧɗŮůɖ ɚŮɘŰɞɨɟɔɖůŮ ŮɡɜɞɥəɎ ɔɘŬ ŭɨɞ ɚɧɔɞɡɠ. ɇŬ 

ˊɟɞůŬɜŬŰɞɚɘůɛɏɜŬ ˊɟɞɠ Űɖɜ əŬɟŭɘɎ Űɞɡ ˊɧɟɞɡ ŬɜɘɧɜŰŬ Ŭˊɞɟɟɞűɞɨɜ ŰŬ ɛŮŰŬɚɚɘəɎ 

əŬŰɘɧɜŰŬ Ŭˊɧ Űɞ ˊɟɧŭɟɞɛɞ ŭɘɎɚɡɛŬ ɛŮŰŬɚɚɘəɞɨ ɎɚŬŰɞɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ əŬɚɐ 

ŭɘŬůˊɞɟɎ əŬɘ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ əŬŰɎ Űɖɜ 

ŬɜŬɔɤɔɐ ɛŮ DMF. ȺɑɜŬɘ ŬɝɘɞůɖɛŮɑɤŰɞ ɧŰɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɡˊɞůŰɟɩɛŬŰŬ ɛŮ ɢɖɛɘəɎ 

ůɡɜŭŮŭŮɛɏɜɞ ȽɈ əŬŰŬűɏɟŬɛŮ Űɖɜ ŬɜɎˊŰɡɝɖ, ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ, ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au 

ɛŮɔɏɗɞɡɠ 2nm. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ əŬŰŬɚɡŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ, ŬɜŰɑɗŮŰŬ ɛŮ ɧŰɘ 

ŬˊŬɘŰŮɑŰŬɘ ůŮ ůɡůŰɐɛŬŰŬ ɟɧűɖůɖɠ əŬɘ ŭɘŬɢɤɟɘůɛɞɨ, ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ ɨˊŬɟɝɖ 

əŮɜɞɨ ɢɩɟɞɡ ůŰɞɡɠ ˊɧɟɞɡɠ ɛŮŰɎ Űɖɜ ŬɜɎˊŰɡɝɖ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. ɀŮ Űɞɜ Űɟɧˊɞ 

ŬɡŰɧ ŰŬ ŬɜŰɘŭɟɩɜŰŬ ɏɢɞɡɜ ˊɟɧůɓŬůɖ ůŰŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ȽɈ 

əŬŰŬɚɡŰɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ. ȰŰůɘ, Ůɜɩ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɟɞűɖŰɩɜ ɖ əŬɚɨŰŮɟɖ 

ŮəɚŮəŰɘəɧŰɖŰŬ ŮˊɘŰŮɨɢɗɖəŮ ɧŰŬɜ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ MCM ɡˊɞůŰɟɩɛŬŰŬ ɛŮ ɛɏɔŮɗɞɠ 

ˊɧɟɤɜ 2.3 nm ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ əŬŰŬɚɡŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ ɖ əŬɚɨŰŮɟɖ Ŭˊɧŭɞůɖ 
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ŮˊɘŰŮɨɢɗɖəŮ ɛŮ Űɖ ɢɟɐůɖ MCM ɡˊɞůŰɟɤɛɎŰɤɜ ɛŮ ɛɏɔŮɗɞɠ ˊɧɟɤɜ 2.9 nm. 

ɆɡɛˊŮɟŬɑɜŮŰŬɘ ɧŰɘ ɞ ůɡɜŭɡŬůɛɧɠ ɛɞɟɘŬəɞɨ ɛŮɔɏɗɞɡɠ Űɞɡ ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ ɘɞɜŰɘəɞɨ 

ɡɔɟɞɨ əŬɘ ɛŮɔɏɗɞɡɠ ˊɧɟɞɡ ɏɢŮɘ ŬˊɞűŬůɘůŰɘəɧ ɟɧɚɞ ůŰɖɜ ŮˊɑŰŮɡɝɖ Űɖɠ ŬɜɎˊŰɡɝɖɠ Ůɜɧɠ 

ŬˊɞŭɞŰɘəɞɨ ɡɚɘəɞɨ ɔɘŬ ůɡɔəŮəɟɘɛɏɜɖ ŭɘŮɟɔŬůɑŬ (əŬŰŬɚɡŰɘəɐ ɐ ŭɘŬɢɤɟɘůɛɞɨ). ɇɏɚɞɠ 

ɗŬ ˊɟɏˊŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ ɧŰɘ ɖ ˊɟɞůŬɜŬŰɞɚɘůɛɏɜɖ ŮɜŬˊɧɗŮůɖ Űɞɡ ȽɈ ůŰŬ əŬŰŬɚɡŰɘəɎ 

ůɡůŰɐɛŬŰŬ ŮɜɑůɢɡůŮ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ŬɜɘɧɜŰɞɠ Űɞɡ ȽɈ ɤɠ ɘůɢɡɟɞɨ ɟɞűɖŰɐ (çŮˊɘ 

Űɧˊɞɡè ́ŬɔɑŭŬɠ) ɔɘŬ Űɞ ˊɟɞɥɧɜ Űɖɠ ŬɜŰɑŭɟŬůɖɠ (CO2).  

H ŰŬɢŮɑŬ ŬˊŬɔɤɔɐ Űɞɡ ˊɟɞɥɧɜŰɞɠ Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ŮɡɜɧɖůŮ 

ůɖɛŬɜŰɘəɎ Űɖɜ Ŭˊɧŭɞůɖ əŬɘ ɞŭɐɔɖůŮ ůŰɖɜ ŮˊɑŰŮɡɝɖ ɡɣɖɚɩɜ ɓŬɗɛɩɜ ɛŮŰŬŰɟɞˊɐɠ CO 

ůŮ ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ. ȼ ŭɘˊɚɐ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬ Űɤɜ ȽɈ ɤɠ ɛɏůɤɜ ůŰŬɗŮɟɞˊɞɑɖůɖɠ 

Űɤɜ əŬŰŬɚɡŰɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ əŬɘ ɤɠ ɘůɢɡɟɩɜ ɟɞűɖŰɩɜ ɔɘŬ ŰŬ ˊɟɞɥɧɜŰŬ ɛɘŬɠ 

ŬɜŰɑŭɟŬůɖɠ ŬɜɞɑɔŮɘ ɜɏɞɡɠ ɞɟɑɕɞɜŰŮɠ ɔɘŬ Űɞ ůɢŮŭɘŬůɛɧ əŬɘ ŬɜɎˊŰɡɝɖ ˊɟɞůɟɞűɖŰɩɜ əŬɘ 

əŬŰŬɚɡŰɩɜ ˊɞɡ ɓŬůɑɕɞɜŰŬɘ  ůŮ ůɡůŰɐɛŬŰŬ ˊɞɟɤŭɩɜ ɡɚɘəɩɜ ɛŮ ȽɈ. 
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ȾȺūȷȿȷȽɃ 6
ɞ
 

 

ɈȸɅȽȹȽȾȼ ȾȷɇȷȿɈɇȽȾȼ ɀȺɀȸɅȷɁȼ ȺɄȷūȼɆ ME 

IONTIK Ƀ ɈũɅɃ ȾȷȽ ɁȷɁɃɆɋɀȷɇȽȹȽȷ Au ũȽȷ ȺɇȺɅɃũȺɁȼ 

ȾȷɇȷȿɈɆȼ 

 

 

 

ɆɈɁɃɊȼ  

 

ɆŮ ŬɡŰɧ Űɞ əŮűɎɚŬɘɞ ˊŮɟɘɔɟɎűŮŰŬɘ ɖ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ŭɡɜŬŰɞŰɐŰɤɜ ˊɞɡ 

ˊɟɞůűɏɟŮɘ ɖ ɢɟɐůɖ ůɨɜɗŮŰɤɜ ɛŮɛɓɟŬɜɩɜ ůŮ ŭɘŮɟɔŬůɑŮɠ əŬŰŬɚɡŰɘəɐɠ ɞɝŮɑŭɤůɖɠ Űɞɡ 

ɛɞɜɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ ɛŮ ůŰɧɢɞ ůŰɖ ɓŮɚŰɑɤůɖ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰɎɠ Űɞɡɠ əŬɘ Űɖɠ 

ůŰŬɗŮɟɧŰɖŰŬɠ Űɖɠ əŬŰŬɚɡŰɘəɐɠ űɎůɖɠ. ũɘŬ Űɞ ůəɞˊɧ ŬɡŰɧ, ɛɘŬ ˊɞɚɡůŰɟɤɛŬŰɘəɐ 

əŮɟŬɛɘəɐ ɛŮɛɓɟɎɜɖ, ˊɞɡ űɏɟŮɘ ɏɜŬ ŭɘŬɢɤɟɘůŰɘəɧ ɛŮůɞˊɞɟɩŭŮɠ ůŰɟɩɛŬ ɕɘɟəɞɜɑŬɠ ɛŮ 

ɛɏůɖ ŭɘɎɛŮŰɟɞ ˊɧɟɤɜ 3 nm, ɡˊɞɓɎɚɚŮŰŬɘ ůŮ Űɟɞˊɞˊɞɑɖůɖ, ɖ ɞˊɞɑŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ 

ɛŮ ɢɖɛɘəɐ ůɨɜŭŮůɖ ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ (IY) ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ 

ɛŮůɞˊɧɟɤɜ Űɖɠ ɕɘɟəɞɜɑŬɠ. ȼ ɛŮɛɓɟɎɜɖ əŬŰɏůŰŮɘ əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɐ ɔɘŬ ɞɝŮɑŭɤůɖ CO 

ɛŮ Űɖɜ ŬɜɎˊŰɡɝɖ ˊɞɚɨ ɛɘəɟɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɢɟɡůɞɨ (AuɁɆ) ůŰɖɜ ŮˊɘűɎɜŮɘɎ Űɖɠ 

əŬɘ ůŰɞ ˊɞɟɩŭŮɠ ŭɑəŰɡɞ Űɖɠ ɕɘɟəɞɜɑŬɠ. ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŬɡŰɎ ŬˊɞŰŮɚɞɨɜ Űɖɜ ŮɜŮɟɔɐ 

űɎůɖ, ˊɞɡ ɡˊɞůŰɖɟɑɕŮŰŬɘ ˊɎɜɤ ůŰŬ ˊɞɟɩŭɖ ŰɞɘɢɩɛŬŰŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ ůŰŬ ɞˊɞɑŬ 

ŮɑɜŬɘ ɢɖɛɘəɎ ůɡɜŭŮŭŮɛɏɜɞ Űɞ ɘɞɜŰɘəɧ ɡɔɟɧ. ɇɞ IY ɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŭŮůɛŮɨŮɘ Űɞ 

ˊŬɟŬɔɧɛŮɜɞ Ŭɏɟɘɞ CO2 ɛɏůɤ űɡůɘəɐɠ ˊɟɞůɟɧűɖůɖɠ ɘůɢɡɟɎ əŬɘ ŮˊɘɚŮəŰɘəɎ əŬɘ ɜŬ Űɞ 

ŬˊɞɛŬəɟɨɜŮɘ Ŭˊɧ Űɖ ɕɩɜɖ ŬɜŰɑŭɟŬůɖɠ, ŮɜɘůɢɨɞɜŰŬɠ əŬŰô ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ Űɖɜ 

Ŭˊɧŭɞůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ. Ƀɘ ŭɘŮɟɔŬůɑŮɠ ɞɝŮɑŭɤůɖɠ CO ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ, 

ŭɘŮɝɐɢɗɖəŬɜ ůŮ ŭɘɎŰŬɝɖ ŮˊŬűɐɠ ŮɝŬɜŬɔəŬůɛɏɜɖɠ ɟɞɐɠ ɛŮ ɞɛɞɟɟɞɐ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ 

ɟŮɡɛɎŰɤɜ. ɇɞ ŭɑəŰɡɞ Űɤɜ ɛŮůɞˊɧɟɤɜ Űɖɠ ɛɖ ŮˊɘɚŮəŰɘəɐɠ (ɤɠ ˊɟɞɠ Űɞ ŭɘŬɢɤɟɘůɛɧ Űɤɜ 

ŬŮɟɑɤɜ ůɡůŰŬŰɘəɩɜ) ɛŮɛɓɟɎɜɖɠ ŮˊŬűɐɠ ˊŬɟɏɢŮɘ ŭɘɧŭɞɡɠ ɡɣɖɚɐɠ ŭɘɎɢɡůɖɠ əŬɘ 

ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ ɛŮɘɩɜɞɜŰŬɠ Űɞ ɢɟɧɜɞ ŮˊŬűɐɠ ŬɜɎɛŮůŬ ůŰɖ űɎůɖ Űɞɡ əŬŰŬɚɨŰɖ əŬɘ ŰŬ 

ŬɜŰɘŭɟɩɜŰŬ əŬɘ ŮɚŬɢɘůŰɞˊɞɘɩɜŰŬɠ Űɖɜ ŬˊɩɚŮɘŬ ŮɜŮɟɔɧŰɖŰŬɠ. ȷəɧɛŬ, ɛŮɚŮŰɩɜŰŬɘ ɖ 

ŮˊɑŭɟŬůɖ Űɖɠ ˊŬɟɞɢɐɠ (ɟɞɐɠ) Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ŬŮɟɑɤɜ əŬɘ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ 

ŬɜŰɑŭɟŬůɖɠ, ɧˊɤɠ Ůˊɑůɖɠ əŬɘ ɖ ŮˊɑŭɟŬůɖ Űɤɜ Űɟɧˊɤɜ ŮˊɘŰɏɚŮůɖɠ Űɤɜ ŭɘŮɟɔŬůɘɩɜ 

ɞɝŮɑŭɤůɖɠ ůŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ əŬɘ ůŰɖɜ Ŭˊɧŭɞůɖ Űɖɠ ɞɝŮɑŭɤůɖɠ CO.   
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1. ȺɘůŬɔɤɔɐ 

 

ȼ ɞɝŮɑŭɤůɖ Űɞɡ CO ŮɛˊɚɏəŮŰŬɘ ůŮ ˊɞɘəɑɚŮɠ ˊɟŬəŰɘəɏɠ ŮűŬɟɛɞɔɏɠ ŮɝŬɘɟŮŰɘəɐɠ 

ůɖɛŬůɑŬɠ, ɧˊɤɠ ůŰɖɜ ŰŮɢɜɞɚɞɔɑŬ əŬŰŬɚɡŰɘəɩɜ ɛŮŰŬŰɟɞˊɏɤɜ əŬɘ əŮɚɘɩɜ əŬɡůɑɛɤɜ. 

ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ɏɢɞɡɜ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ˊɞɚɡɎɟɘɗɛŮɠ ɛŮɚɏŰŮɠ ɞɝŮɑŭɤůɖɠ ŮˊɎɜɤ ůŮ 

ŮˊɘűɎɜŮɘŮɠ ɛŮŰɎɚɚɤɜ ɛŮŰɎˊŰɤůɖɠ Űɖɠ ɞɛɎŭŬɠ Űɞɡ Pt [1ï6] əŬɘ ůŮ ɡˊɞůŰɖɟɘɔɛɏɜɞɡɠ 

əŬŰŬɚɨŰŮɠ ɢɟɡůɞɨ [7ï15]. ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Au ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ əŬŰŬɚɨɞɡɜ 

ɞɟɘůɛɏɜŮɠ ɢɖɛɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ ɧɢɘ ɛɧɜɞ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ŬɚɚɎ əŬɘ ůŮ 

ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ. ȾŬŰɎ ůɡɜɏˊŮɘŬ, ˊɟɞůűɏɟɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɔɘŬ 

Ůɝɞɘəɞɜɧɛɖůɖ ŮɜɏɟɔŮɘŬɠ ůŮ ŭɘɎűɞɟŮɠ əŬŰŬɚɡŰɘəɏɠ ŭɘŮɟɔŬůɑŮɠ. ɁŬɜɞůɤɛŬŰɑŭɘŬ 

ɢɟɡůɞɨ ɡˊɞůŰɖɟɘɕɧɛŮɜŬ ůŮ ɡˊɞůŰɟɩɛŬŰŬ ɞɝŮɘŭɑɤɜ ŬˊɞŰŮɚɞɨɜ ŬˊɞŭɞŰɘəɎ əŬŰŬɚɡŰɘəɎ 

ůɡůŰɐɛŬŰŬ ɔɘŬ Űɖɜ ŮəɚŮəŰɘəɐ ɞɝŮɑŭɤůɖ Űɞɡ ɛɞɜɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ ůŮ ůɡɜɗɐəŮɠ 

ůɡɔəɟɑůɘɛŮɠ ɛŮ Űɘɠ ůɡɜɗɐəŮɠ ɧˊɞɡ ɚŮɘŰɞɡɟɔɞɨɜ ɞɘ əɡɣɏɚŮɠ əŬɡůɑɛɞɡ ŬɜŰŬɚɚŬɔɐɠ 

ˊɟɤŰɞɜɑɤɜ (PEM fuels cells).  

ȼ ɞɝŮɑŭɤůɖ CO (CO + O2 Ÿ CO2) ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ůɤɛŬŰɘŭɑɤɜ 

ɢɟɡůɞɨ ˊŮɟɘɚŬɛɓɎɜŮɘ ŰŬ ŬəɧɚɞɡɗŬ ɗŮɛŮɚɘɩŭɖ ůŰɎŭɘŬ: Ŭ) Űɖ ɛɞɟɘŬəɐ 

ˊɟɞůɟɧűɖůɖ/Ůəɟɧűɖůɖ (CO ź CO ɟ́ɞů), ɓ) Űɖɜ ɢɖɛɘəɐ ɟɧűɖůɖ ɛŮ ŭɘɎůˊŬůɖ (O2 Ÿ 

2Oˊɟɞů), ɔ) Űɖɜ ŮˊɘűŬɜŮɘŬəɐ ŬɜŰɑŭɟŬůɖ (COˊɟɞů + Oˊɟɞů Ÿ CO2), əŬɘ ŭ) Űɖɜ ŬɜŰɑŭɟŬůɖ 

ŬɜŬůŰɞɚɐɠ/ŮˊɘűŬɜŮɘŬəɐɠ ŭɖɚɖŰɖɟɑŬůɖɠ (ůɢɖɛŬŰɘůɛɧɠ əɤə). ɇɞ ɢɖɛŮɘɞɟɞűɖɛɏɜɞ 

ɞɝɡɔɧɜɞ ˊɎɜɤ ůŰɞ Au ɏɢŮɘ ɏɜŬ ɢŬɟŬəŰɐɟŬ ɓɎůɖɠ əŬŰɎ Brßnsted (ŭɖɚŬŭɐ ɛˊɞɟŮɑ ɜŬ 

ɚɎɓŮɘ ˊɟɤŰɧɜɘɞ) əŬɘ ŬɜŰɘŭɟɎ ɛŮ Űɞ CO ŬəɧɛŬ əŬɘ ůŰɞɡɠ 0
ɞ
C ɔɘŬ ɜŬ ůɢɖɛŬŰɑůŮɘ CO2 

[18]. ȼ ɘůɢɨɠ ŭŮůɛɞɨ Űɤɜ ˊɟɞůɟɞűɖɛɏɜɤɜ ɛɞɟɑɤɜ ˊɎɜɤ ůŰɘɠ ŬŰɏɚŮɘŮɠ Űɞɡ Au ŮɑɜŬɘ 

ɛɏŰɟɘŬ əŬɘ ɢŬɛɖɚɧŰŮɟɖ ůŮ ůɢɏůɖ ɛŮ ŬɡŰɐ ˊɎɜɤ ůŮ ŮˊɘűɎɜŮɘŮɠ Pd əŬɘ Pt. ɆɡɜŮˊɩɠ, ɞɘ 

əŬŰŬɚɨŰŮɠ ɢɟɡůɞɨ ůŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ŮɑɜŬɘ ůɡɜɐɗɤɠ ˊɟɞŰɘɛɧŰŮɟɞɘ Ŭˊɧ Ɏɚɚɞɡɠ 

əŬŰŬɚɨŰŮɠ ŮɡɔŮɜɩɜ ɛŮŰɎɚɚɤɜ, ɚɧɔɤ Űɖɠ ŮˊɘɗɡɛɖŰɐɠ ɘůɢɡɟɐɠ ŭɏůɛŮɡůɖɠ Űɤɜ 

ŬɜŰɘŭɟɩɜŰɤɜ ɛɞɟɑɤɜ. 

ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɞɝŮɑŭɤůɖɠ, Űɞ ɞɝɡɔɧɜɞ ůŰɖɜ ŬɏɟɘŬ űɎůɖ ɛˊɞɟŮɑ ɜŬ 

ŮɜŮɟɔɞˊɞɘŮɑŰŬɘ ŬˊŮɡɗŮɑŬɠ ˊɎɜɤ ůŰŬ ůɤɛŬŰɑŭɘŬ Au ɐ/əŬɘ ˊɎɜɤ ůŰɖɜ ˊŮɟɑɛŮŰɟɞ Űɖɠ 

ŭɘŮˊɘűɎɜŮɘŬɠ ɛŮŰŬɝɨ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Au əŬɘ Űɞɡ ɛŮŰŬɚɚɘəɞɨ ɞɝŮɘŭɑɞɡ 

Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ [19ï21]. ȰɢŮɘ ŬɜŬűŮɟɗŮɑ ɧŰɘ ɖ ŭɞɛɐ ŮˊŬűɐɠ Űɤɜ ɞɝŮɘŭɤɛɏɜɤɜ 

ůűŬɘɟɘəɩɜ ůɤɛŬŰɘŭɑɤɜ ɢɟɡůɞɨ ŭɘŬɛɏŰɟɞɡ ˊŮɟɑˊɞɡ 5 nm, ˊɞɡ ˊŬɟɎɔŮɘ Űɖ  ɛŮɔŬɚɨŰŮɟɖ 

ˊŮɟɑɛŮŰɟɞ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ Au-ɡˊɞůŰɟɩɛŬŰɞɠ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ ɡɣɖɚɐ ŮɜŮɟɔɧŰɖŰŬ 

ůŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ [22]. ȺəŰɧɠ Ŭˊɧ Űɖ ŭɘŮˊɘűɎɜŮɘŬ Au-ɡˊɞůŰɟɩɛŬŰɞɠ, ɏɢɞɡɜ 

ɡˊɎɟɝŮɘ ˊɟɞŰɎůŮɘɠ ůɢŮŰɘəɎ ɛŮ Űɖ űɨůɖ Űɤɜ ŮɜŮɟɔɩɜ ˊŮɟɘɞɢɩɜ Űɤɜ ůɡɛˊɚŮɔɛɎŰɤɜ 
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(clusters) Au ɛŮɔɏɗɞɡɠ ɛŮɟɘəɩɜ nm, ɧˊɤɠ ŰŬ əŬŰɘɞɜɘəɎ Ůɑŭɖ Au
+ 
[23], ŰŬ ŬɜɘɞɜɘəɎ 

ůɡɛˊɚɏɔɛŬŰŬ Aun
ï
 [24, 25] əŬɘ ŰŬ ɎŰɞɛŬ Au ɢŬɛɖɚɞɨ Ŭɟɘɗɛɞɨ ůɨɜŰŬɝɖɠ [9].   

ȺɑɜŬɘ ɔŮɜɘəɎ ŬˊɞŭŮəŰɧ ɧŰɘ ɖ ŭɟŬůŰɘəɧŰɖŰŬ Űɤɜ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ əŬŰŬɚɡŰɩɜ 

Au ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ɢɟɡůɞɨ [29, 30, 31]. ɇɞ əɚɎůɛŬ Űɤɜ 

ɓɖɛɎŰɤɜ ɐ ɞɘ ɔɤɜɘŬəɏɠ ˊŮɟɘɞɢɏɠ ůŰɖɜ əɟɡůŰŬɚɚɘəɐ ŮˊɘűɎɜŮɘŬ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Au 

əŬɘ ɞɘ ˊŮɟɘɞɢɏɠ ɛŮ ɎŰɞɛŬ ɢŬɛɖɚɞɨ Ŭɟɘɗɛɞɨ ůɡɜŭɘɎŰŬɝɖɠ ŬɡɝɎɜɞɡɜ ɛŮ Űɖ ɛŮɑɤůɖ Űɞɡ 

ɛŮɔɏɗɞɡɠ Űɞɡ ůɤɛŬŰɘŭɑɞɡ əŬɘ ůɡɜŮˊɩɠ ŰŬ ɛɘəɟɎ ůɤɛŬŰɑŭɘŬ ˊŬɟɞɡůɘɎɕɞɡɜ ɡɣɖɚɧŰŮɟɖ 

əŬɚɡŰɘəɐ ŮɜŮɟɔɧŰɖŰŬ Ŭˊɧ ɧŰɘ ŰŬ ɛŮɔŬɚɨŰŮɟŬ. Ⱥˊɘˊɚɏɞɜ, ɏɢŮɘ əŬŰŬŭŮɘɢɗŮɑ ɧŰɘ ɖ 

ŰŬɢɨŰɖŰŬ ɞɝŮɑŭɤůɖɠ Űɞɡ CO ůŮ ůɢŮŰɘəɎ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ, ˊɎɜɤ ůŮ 

ɡˊɞůŰɖɟɘɔɛɏɜŬ ůɡɛˊɚɏɔɛŬŰŬ Au ŬɡɝɎɜŮŰŬɘ ůɖɛŬɜŰɘəɎ əŬŰɎ Űɖ ɛŮɑɤůɖ Űɖɠ ŭɘŬɛɏŰɟɞɡ 

Űɤɜ ůɡɛˊɚŮɔɛɎŰɤɜ Au, ůɡɔəŮəɟɘɛɏɜŬ əɎŰɤ Ŭˊɧ 5 nm [22, 32]. ȰɢŮɘ ŬɜŬűŮɟɗŮɑ ɧŰɘ ŰŬ 

ɛɘəɟɎ ůɡɛˊɚɏɔɛŬŰŬ Au ɛŮ ŭɡɞ ŬŰɞɛɘəɎ ŮˊɑˊŮŭŬ ɢɟɡůɞɨ ŮɑɜŬɘ ŰŬ ˊɘɞ ŬˊɞŰŮɚŮůɛŬŰɘəɎ 

ɔɘŬ Űɖɜ ɞɝŮɑŭɤůɖ Űɞɡ CO [33].                    

Ⱥˊɘˊɚɏɞɜ, ŮɜŭɏɢŮŰŬɘ ɜŬ ˊɟɞəɚɖɗɞɨɜ ŰɎůŮɘɠ ůŰŬ əɟɡůŰŬɚɚɘəɎ ůɤɛŬŰɑŭɘŬ Au 

ɧŰŬɜ ŮɑɜŬɘ ɡˊɞůŰɖɟɘɔɛɏɜŬ ůŮ ŬɜɧɟɔŬɜŬ ɡˊɞůŰɟɩɛŬŰŬ, ŮɝŬɘŰɑŬɠ Űɖɠ ŬɜŬɜŰɘůŰɞɘɢɑŬɠ 

ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɛŮŰŬɝɨ Űɤɜ ˊɚŮɔɛɎŰɤɜ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Au əŬɘ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. 

ȾŬɗɩɠ ŬɡŰɐ ɖ ŬɜŬɜŰɘůŰɞɘɢɑŬ ŬɡɝɎɜŮŰŬɘ ɏɜŰɞɜŬ ɛŮ Űɖ ɛŮɑɤůɖ Űɞɡ ɛŮɔɏɗɞɡɠ Űɤɜ 

ůɤɛŬŰɘŭɑɤɜ, ŮɜŭɏɢŮŰŬɘ ɜŬ ŮˊɖɟŮŬůŰŮɑ ɖ ŮɜŮɟɔɧŰɖŰŬ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ ůɤɛŬŰɘŭɑɤɜ 

Au ɔɘŬ Űɖɜ ɞɝŮɑŭɤůɖ Űɞɡ CO [34, 35]. Ƀɘ ŬɟɜɖŰɘəɎ űɞɟŰɘůɛɏɜŮɠ ŬŰɏɚŮɘŮɠ (F-əɏɜŰɟŬ) 

ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɛˊɞɟɞɨɜ Ůˊɑůɖɠ ɜŬ ŮˊɖɟŮɎůɞɡɜ Űɖɜ 

ŮɜŮɟɔɧŰɖŰŬ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɢɟɡůɞɨ [36, 37]. Ƀ Yan əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ [37] 

ɏɢɞɡɜ ɓɟŮɘ ɏɜŬ ůɡůɢŮŰɘůɛɧ ŬɜɎɛŮůŬ ůŰɖɜ ŮɜŮɟɔɧŰɖŰŬ Űɤɜ ůɡɛˊɚŮɔɛɎŰɤɜ Au ɔɘŬ Űɖɜ 

əŬŰŬɚɡŰɘəɐ ɞɝŮɑŭɤůɖ Űɞɡ CO əŬɘ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ F-əɏɜŰɟɤɜ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ MgO. ɇŬ F-əɏɜŰɟŬ ɡˊɞɓɞɖɗɞɨɜ Űɖɜ ˊɟɞůəɧɚɚɖůɖ Űɤɜ ůɡɛˊɚŮɔɛɎŰɤɜ 

Au əŬɘ Űɞɜ ɏɚŮɔɢɞ Űɖɠ ˊɡəɜɧŰɖŰŬɠ űɞɟŰɑɞɡ ɛɏůɤ ɛŮɟɘəɐɠ ɛŮŰŬűɞɟɎɠ ɖɚŮəŰɟɞɜɘəɞɨ 

űɞɟŰɑɞɡ Ŭˊɧ ŰŬ F-əɏɜŰɟŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ůŰɞ ůɨɛˊɚŮɔɛŬ Au.   

ȺəŰɧɠ Ŭˊɧ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Au, ůɖɛŬɜŰɘəɧ ɟɧɚɞ ˊŬɑɕɞɡɜ Ůˊɑůɖɠ Űɞ 

ɡɚɘəɧ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ, ɞɘ ůɡɜɗɐəŮɠ ŬɜɎˊŰɡɝɖɠ əŬɘ ɖ ŭɘŬŭɘəŬůɑŬ ŮɜŮɟɔɞˊɞɑɖůɐɠ 

Űɞɡɠ [30, 38ï40]. ȼ űɨůɖ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɗŮɤɟŮɑŰŬɘ ůɡɜɐɗɤɠ ɏɜŬɠ Ŭˊɧ Űɞɡɠ ˊɘɞ 

ůɖɛŬɜŰɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɖ ŭɘŬůˊɞɟɎ əŬɘ ŮɜŮɟɔɧŰɖŰŬ Űɖɠ 

ɡˊɞůŰɖɟɘɔɛɏɜɖɠ űɎůɖɠ Au ɔɘŬ ɞɝŮɑŭɤůɖ CO. ȼ ɡɣɖɚɐ ŭɟŬůŰɘəɧŰɖŰŬ ŬˊɞŭɑŭŮŰŬɘ 

ůŰɖɜ ɘůɢɡɟɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɢɟɡůɞɨ-ɡˊɞůŰɟɩɛŬŰɞɠ. ȷɝɘɞůɖɛŮɑɤŰŬ ɡɣɖɚɏɠ 

ŮɜŮɟɔɧŰɖŰŮɠ ɔɘŬ ɞɝŮɑŭɤůɖ CO ɏɢɞɡɜ ŬɜŬűŮɟɗŮɑ ɔɘŬ ŮɝŬɘɟŮŰɘəɎ ŭɘŮůˊŬɟɛɏɜɞ Au ˊɎɜɤ 
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ůŮ ŬɜŬɔɩɔɘɛŬ ɞɝŮɑŭɘŬ, ɧˊɤɠ TiO2, Ŭ-Fe2O3 əŬɘ Co3O4. ȺɘŭɘəɧŰŮɟŬ, ɏɢŮɘ ˊɟɞŰŬɗŮɑ ɧŰɘ 

ŬɡŰɎ ŰŬ ɡˊɞůŰɟɩɛŬŰŬ ˊŬɟɏɢɞɡɜ ɞɝɡɔɧɜɞ ɔɘŬ Űɞ ůɢɖɛŬŰɘůɛɧ ŮɜŮɟɔɩɜ ˊŮɟɘɞɢɩɜ ůŰɖ 

ŭɘŮˊɘűɎɜŮɘŬ ɢɟɡůɞɨ-ɡˊɞůŰɟɩɛŬŰɞɠ ɞɝŮɘŭɑɞɡ əŬɘ ɧŰɘ Űɞ CO, ˊɞɡ ɏɢŮɘ ˊɟɞůɟɞűɖɗŮɑ 

ŬůɗŮɜɩɠ ˊɎɜɤ ůŰŬ ůɤɛŬŰɑŭɘŬ Au, ŬɜŰɘŭɟɎ ɛŮ Űɞ ɟɞűɖɛɏɜɞ ɞɝɡɔɧɜɞ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ 

ɛŮŰɎɚɚɞɡ/ɛŮŰŬɚɚɘəɞɨ ɞɝŮɘŭɑɞɡ [32, 39, 41ï43]. 

ɄɞɚɡɎɟɘɗɛŮɠ ˊɟɞůˊɎɗŮɘŮɠ ɏɢɞɡɜ ŬűɞůɘɤɗŮɑ ůŰɖɜ ŮˊɑŰŮɡɝɖ ŬˊɞŰŮɚŮůɛŬŰɘəɐɠ 

ɞɝŮɑŭɤůɖɠ CO ůŮ ůɢŮŰɘəɎ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ [22, 27, 31, 42]. ũŮɜɘəɎ, ɔɘŬ Űɖɜ 

ŮˊɑŰŮɡɝɖ ɘəŬɜɞˊɞɘɖŰɘəɩɜ ŬˊɞŭɧůŮɤɜ ŬˊŬɘŰɞɨɜŰŬɘ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ, ɞɘ ɞˊɞɑŮɠ 

ɤůŰɧůɞ ɛŮɘɩɜɞɡɜ Űɘɠ ŮəɚŮəŰɘəɧŰɖŰŮɠ ŮɝŬɘŰɑŬɠ Űɤɜ ˊɚŮɡɟɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ əŬɘ 

ŬˊɤɚŮɘɩɜ ůŰɖ ůɡɜɞɚɘəɐ əŬŰŬɚɡŰɘəɐ ŮɜŮɟɔɧŰɖŰŬ. ɆɡɜŮˊɩɠ, ɡˊɎɟɢŮɘ ɘůɢɡɟɧ əɑɜɖŰɟɞ 

ɔɘŬ Űɖɜ Ůɝɏɚɘɝɖ ɛɘŬɠ əŬŰŬɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ ˊɞɡ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ɝŮˊŮɟɎůŮɘ Űɞɡɠ 

ˊŮɟɘɞɟɘůɛɞɨɠ ůŰɖ ɛŮŰŬŰɟɞˊɐ, ˊɞɡ ŮˊɘɓɎɚɚɞɜŰŬɘ Ŭˊɧ Űɖ ɗɏůɖ Űɖɠ ɘůɞɟɟɞˊɑŬɠ, ɢɤɟɑɠ 

ŮˊŬəɧɚɞɡɗŮɠ ŬˊɩɚŮɘŮɠ ůŰɖɜ əŬŰŬɚɡŰɘəɐ ŮɜŮɟɔɧŰɖŰŬ əŬɘ ŮəɚŮəŰɘəɧŰɖŰŬ. ũɘŬ Űɞ ɚɧɔɞ 

ŬɡŰɧ, ɖ ŰŮɢɜɞɚɞɔɑŬ Űɤɜ ŬɜŰɘŭɟŬůŰɐɟɤɜ ɛŮɛɓɟɎɜɖɠ (ȷɀ) ŮɛűŬɜɑɕŮŰŬɘ ɜŬ ŮɑɜŬɘ ɏɜŬɠ 

Ůɚˊɘŭɞűɧɟɞɠ ŰɞɛɏŬɠ, ˊɞɡ ŬɝɑɕŮɘ ɜŬ ɛŮɚŮŰɖɗŮɑ [44ï46].  

Ƀɘ ȷɀ ɟ́ɞůűɏɟɞɡɜ ůɖɛŬɜŰɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ ůŮ ůɢɏůɖ ɛŮ Űɞɡɠ 

ůɡɛɓŬŰɘəɞɨɠ ŬɜŰɘŭɟŬůŰɐɟŮɠ (ůŰŬɗŮɟɐɠ əŬɘ ɟŮɡůŰŬɘɤɟɞɨɛŮɜɖɠ əɚɑɜɖɠ), Ůűɧůɞɜ 

ůɡɜŭɡɎɕɞɡɜ Űɖɜ əŬŰŬɚɡŰɘəɐ ŬɜŰɑŭɟŬůɖ əŬɘ Űɞ ŭɘŬɢɤɟɘůɛɧ Űɤɜ ˊɟɞɥɧɜŰɤɜ ůŮ  ɛɘŬ 

ɛɞɜɎŭŬ [47ï51]. ȼ ɛŮɛɓɟɎɜɖ ˊŬɟɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ Űɖɠ ŮəɚŮəŰɘəɐɠ ŬˊɞɛɎəɟɡɜůɖɠ 

Ůɜɧɠ ɐ ˊŮɟɘůůɧŰŮɟɤɜ ˊɟɞɘɧɜŰɤɜ ɐ/əŬɘ Űɤɜ ůŰŬɗŮɟɩɜ ŮɜŭɘɎɛŮůɤɜ ŰŬɡŰɧɢɟɞɜŬ ɛŮ Űɖɜ 

ŬɜŰɑŭɟŬůɖ. ȷɡŰɧ ɞŭɖɔŮɑ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ ŬŭɘɎəɞˊŬ ˊɟɞɠ Űɖɜ ˊɚŮɡɟɎ Űɞɡ ˊɟɞɘɧɜŰɞɠ əŬɘ 

ůɡɜŮˊɩɠ ůŮ ɡɣɖɚɧŰŮɟŮɠ ɛŮŰŬŰɟɞˊɏɠ, ˊŮɟɘɞɟɑɕɞɜŰŬɠ Űɖɜ ŬɜɎɔəɖ ɔɘŬ ɡɣɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ əŬɘ ˊɘɏůŮɘɠ. Ƀ ȷɀ ˊɟɞůűɏɟŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ŮɑŰŮ 

ɡɣɖɚɧŰŮɟɖ ɛŮŰŬŰɟɞˊɐ ŬɜŰɘŭɟɩɜŰɞɠ Ŭˊɧ Űɖ ůɡɛɓŬŰɘəɐ ŭɘŮɟɔŬůɑŬ ůŮ ɛɘŬ 

ůɡɔəŮəɟɘɛɏɜɖ ɗŮɟɛɞəɟŬůɑŬ, ŮɑŰŮ ɑŭɘŬ ɛŮŰŬŰɟɞˊɐ ŬɜŰɘŭɟɩɜŰɞɠ, ŬɚɚɎ ůŮ ɢŬɛɖɚɧŰŮɟɖ 

ɗŮɟɛɞəɟŬůɑŬ ɛŮ ŮˊŬəɧɚɞɡɗɖ Ůɝɞɘəɞɜɧɛɖůɖ ŮɜɏɟɔŮɘŬɠ. ɆŰɖ ŭŮɨŰŮɟɖ ˊŮɟɑˊŰɤůɖ, ɖ 

ŬɜɎɔəɖ ɔɘŬ ŬɜŬɔɏɜɜɖůɖ Űɞɡ əŬŰŬɚɨŰɖ ŬɛɓɚɨɜŮŰŬɘ. ɆŮ ˊŬɟŬŭɞůɘŬəɞɨɠ ŬɜŰɘŭɟŬůŰɐɟŮɠ 

ůŰŬɗŮɟɐɠ əɚɑɜɖɠ, ɞɘ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ŮɑɜŬɘ ůɡɜɐɗɤɠ ŬˊŬɟŬɑŰɖŰŮɠ ɔɘŬ ɜŬ 

ŮˊɘŰŮɡɢɗɞɨɜ ɘəŬɜɏɠ ŬˊɞŭɧůŮɘɠ. ȾŬŰɎ ůɡɜɏˊŮɘŬ, ɚŬɛɓɎɜŮɘ ɢɩɟŬ ŬˊŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ 

əŬŰŬɚɨŰɖ, ŮɝŬɘŰɑŬɠ Űɖɠ ˊɡɟɞůɡůůɤɛɎŰɤůɖɠ Űɖɠ ŭɘŮůˊŬɟɛɏɜɖɠ ɛŮŰŬɚɚɘəɐɠ űɎůɖɠ əŬɘ 

Űɞɡ ůɢɖɛŬŰɘůɛɞɨ Ɏɛɞɟűɞɡ ɎɜɗɟŬəŬ (əɤə).  

Ƀɘ ȷɀ ŮɑɜŬɘ ůɡɜɐɗɤɠ əɡɚɘɜŭɟɘəɞɑ əŬɘ ɚŮɘŰɞɡɟɔɞɨɜ ŰɡˊɘəɎ ɛŮ ɞɛɞɟɟɞɐ Űɤɜ 

ŬɜŰɘŭɟɩɜŰɤɜ (cross-flow), ɛŮ ŰŬ ŬɜŰɘŭɟɩɜŰŬ ůŰɖ ɛɘŬ ˊɚŮɡɟɎ əŬɘ Űɖ ŭɘŬɢŮɧɛŮɜɖ ɟɞɐ 
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(ŭɘɐɗɖɛŬ) ůŰɖɜ Ɏɚɚɖ. ɇŬ ŬɏɟɘŬ ˊɞɡ ŭɘŬˊŮɟɜɞɨɜ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ 

ŬˊɞɛŬəɟɨɜɞɜŰŬɘ ɛŮ əŮɜɧ ɐ ɛŮ ɏɜŬ ŬŭɟŬɜɏɠ Ŭɏɟɘɞ ˊɞɡ ůŬɟɩɜŮɘ Űɖɜ ˊɚŮɡɟɎ Űɞɡ 

ŭɘɖɗɐɛŬŰɞɠ (sweep gas). ȷɜ ɖ ɛŮɛɓɟɎɜɖ ŭɟŬ ɤɠ ŬˊɞəɚŮɘůŰɘəɧɠ əŬŰŬɚɨŰɖɠ ɔɘŬ Űɖɜ 

ŬɜŰɑŭɟŬůɖ, ŰɧŰŮ ŮɑɜŬɘ ŮɑŰŮ ŮɔɔŮɜɩɠ əŬŰŬɚɡŰɘəɐ (ɧůɞɜ ŬűɞɟɎ Űɖ űɨůɖ Űɞɡ ɡɚɘəɞɨ Űɖɠ), 

ŮɑŰŮ ˊŮɟɘɚŬɛɓɎɜŮɘ ɏɜŬ əŬŰŬɚɡŰɘəɧ ůɡůŰŬŰɘəɧ, Űɞ ɞˊɞɑɞ ɏɢŮɘ ŬəɘɜɖŰɞˊɞɘɖɗŮɑ ɢɖɛɘəɎ ɐ 

ɛŮ űɡůɘəɧ ŮɛˊɞŰɘůɛɧ (ɡˊɧ ɛɞɟűɐ ɚŮˊŰɐɠ ůŰɞɘɓɎŭŬɠ) ůŰɖɜ ˊɞɟɩŭɖ ŮˊɘűɎɜŮɘŬ Űɖɠ 

ɛŮɛɓɟɎɜɖɠ. ɇŬ ŬɜŰɘŭɟɩɜŰŬ ŬɏɟɘŬ ŭɘɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖɜ ɑŭɘŬ ɐ Űɘɠ ŬɜŰɑɗŮŰŮɠ ˊɚŮɡɟɏɠ Űɖɠ 

əɡɚɘɜŭɟɘəɐɠ ɛŮɛɓɟɎɜɖɠ əŬɘ ŬɡŰɐ ɖ ŭɘɎŰŬɝɖ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ ŮɑɜŬɘ ɔɜɤůŰɐ ɤɠ 

əŬŰŬɚɡŰɘəɧɠ ŬɜŰɘŭɟŬůŰɐɟŬɠ ɛŮɛɓɟɎɜɖɠ (Ⱦȷɀ) (catalytic membrane reactor, CMR). 

ɄŬɟôɧɚŬ ŬɡŰɎ, ɛɘŬ ůŰŬɗŮɟɐ ɐ ɛɘŬ ɟŮɡůŰɞůŰŮɟŮɎ əɚɑɜɖ Ůɜɧɠ ůɡɛɓŬŰɘəɞɨ 

ɡˊɞůŰɖɟɘɔɛɏɜɞɡ əŬŰŬɚɨŰɖ ɛˊɞɟŮɑ Ůˊɑůɖɠ ɜŬ ɡˊɎɟɢŮɘ ɛɏůŬ ɐ ɏɝɤ Ŭˊɧ Űɖ ɛŮɛɓɟɎɜɖ. 

ɆɢŮŰɘəɎ ɛŮ Űɖɜ ŬˊɞŭɞŰɘəɧŰɖŰŬ ŭɘŬɢɤɟɘůɛɞɨ Ůɜɧɠ ȷɀ, ɖ ɛŮɛɓɟɎɜɖ ŮɑɜŬɘ ŮɑŰŮ 

ŮəɚŮəŰɘəɐ ɔɘŬ ɏɜŬ (ɐ ˊŮɟɘůůɧŰŮɟŬ) ˊɟɞɥɧɜŰŬ, ŮɑŰŮ ɛɖ ŮəɚŮəŰɘəɐ. ȳŰŬɜ ɞ ŮəɚŮəŰɘəɧɠ 

ŭɘŬɢɤɟɘůɛɧɠ Ůɜɧɠ ůɡůŰŬŰɘəɞɨ ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ ůɢŮŰɘəɎ ɡɣɖɚɞɨɠ ɟɡɗɛɞɨɠ 

ŭɘŬˊɏɟŬůɖɠ, ɖ ˊŬɟŬˊɎɜɤ ŭɘɎŰŬɝɖ ŬɜŬűɏɟŮŰŬɘ ɤɠ əŬŰŬɚɡŰɘəɧɠ ŬɜŰɘŭɟŬůŰɐɟŬɠ 

ŭɘŬˊŮɟŬŰɞ-ŮəɚŮəŰɘəɐɠ ɛŮɛɓɟɎɜɖɠ. ȹɘŬűɞɟŮŰɘəɎ, ɧŰŬɜ ɖ ɛŮɛɓɟɎɜɖ ŭŮɜ ŭɘŬɢɤɟɑɕŮɘ ŰŬ 

ůɡůŰŬŰɘəɎ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ŮəɚŮəŰɘəɎ, ɖ ŭɘɎŰŬɝɖ ŬɡŰɐ ŮɑɜŬɘ ɔɜɤůŰɐ ɤɠ əŬŰŬɚɡŰɘəɧɠ 

ŬɜŰɘŭɟŬůŰɐɟŬɠ ɛɖ ŭɘŬˊŮɟŬŰɞ-ŮəɚŮəŰɘəɐɠ ɛŮɛɓɟɎɜɖɠ (catalytic non-permselective 

membrane reactor, CNMR) ɐ ŮɘŭɘəɧŰŮɟŬ, ɛŮɛɓɟɎɜɖ ŮˊŬűɐɠ (catalytic membrane 

contactor). ɆŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ, ɞ ɟɧɚɞɠ Űɞɡ ˊɞɟɩŭɞɡɠ űɟɎɔɛŬŰɞɠ ŭŮɜ ŮɑɜŬɘ ɜŬ 

ŭɘŬɢɤɟɑɕŮɘ ŬɏɟɘŬ ůɡůŰŬŰɘəɎ ŬɚɚɎ ɜŬ ˊŬɟɏɢŮɘ ɛɘŬ əŬɚɎ əŬɗɞɟɘůɛɏɜɖ ŭɘŮˊɘűɎɜŮɘŬ ɔɘŬ 

ŭɡɞ ɐ ˊŮɟɘůůɧŰŮɟŬ ůɡůŰŬŰɘəɎ ˊɞɡ ŬɜŰɘŭɟɞɨɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ əŬŰŬɚɡŰɘəɐɠ űɎůɖɠ 

ŮɜŰɧɠ Űɤɜ ˊɧɟɤɜ əŬɗɩɠ ŭɘŬɢɏɞɜŰŬɘ ˊɟɞɠ Űɘɠ ŬɜŰɑɗŮŰŮɠ ŮˊɘűɎɜŮɘŮɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ.  

ɆŰɞɡɠ əŬŰŬɚɡŰɘəɞɨɠ ŬɜŰɘŭɟŬůŰɐɟŮɠ ɛŮɛɓɟɎɜɖɠ ůŰɞɡɠ ɞˊɞɑɞɡɠ ɖ əŬŰŬɚɡŰɘəɐ 

űɎůɖ ɓɟɑůəŮŰŬɘ ɛɧɜɞ ˊɎɜɤ ůŰɖɜ ˊɞɟɩŭɖ ŮˊɘűɎɜŮɘŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ (ŭɖɚŬŭɐ ŬˊɞɡůɑŬ 

ˊŬəŰɤɛɏɜɖɠ əɚɑɜɖɠ əɧɜŮɤɠ), ɖ Ŭɡɝɖɛɏɜɖ ŭɘɎɢɡůɖ ɛɏůɤ Űɤɜ ˊɧɟɤɜ ɞŭɖɔŮɑ ůŮ ɛɘəɟɐ 

ŭɘɎɟəŮɘŬ ŮˊŬűɐɠ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ɛŮ ŰŬ əŬŰŬɚɡŰɘəɎ əɏɜŰɟŬ, ˊŬɟŮɛˊɞŭɑɕɞɜŰŬɠ Űɖɜ 

ŬˊŮɜŮɟɔɞˊɞɑɖůɐ Űɞɡɠ ɚɧɔɤ ŮɜŬˊɧɗŮůɖɠ Ɏɛɞɟűɞɡ ɎɜɗɟŬəŬ. ɆŰɖɜ Ŭˊɚɐ ˊŮɟɑˊŰɤůɖ, 

ɧˊɞɡ ɖ ɏɝɞŭɞɠ Űɖɠ ɟɞɐɠ ŰɟɞűɞŭɞůɑŬɠ (ŭɖɚŬŭɐ Űɞ əŬŰŬəɟɎŰɖɛŬ) ŮɑɜŬɘ əɚŮɘůɛɏɜɖ, 

ɚŬɛɓɎɜŮŰŬɘ ɛɘŬ ŭɘɎŰŬɝɖ ŬɜŰɘŭɟŬůŰɐɟŬ ŮɝŬɜŬɔəŬůɛɏɜɖɠ ŭɘɏɚŮɡůɖɠ (forced flow ɐ 

dead-end mode), ůŰɖɜ ɞˊɞɑŬ ɖ ůɡɜɞɚɘəɐ ɟɞɐ ɧɚɤɜ Űɤɜ ŬŮɟɑɤɜ ůɡůŰŬŰɘəɩɜ 

ŬɜŬɔəɎɕŮŰŬɘ ɜŬ ŭɘɏɚɗŮɘ ŭɘŬɛɏůɤ Űɞɡ ŭɘəŰɨɞɡ ˊɧɟɤɜ ˊɟɞɠ Űɖɜ ˊɚŮɡɟɎ Űɞɡ ŭɘɖɗɐɛŬŰɞɠ 

əŬɘ ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ɚŮɘŰɞɡɟɔŮɑ ɛŮ ɐ ɢɤɟɑɠ Ŭɏɟɘɞ ůɎɟɤůɖɠ. ɀŮ Űɖ ɢɟɖůɘɛɞˊɞɑɖůɖ 
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ŬɟəŮŰɎ ŭɘŬˊŮɟŬŰɩɜ ɛŮɛɓɟŬɜɩɜ ɛˊɞɟɞɨɜ ɜŬ ɚɖűɗɞɨɜ ɟɞɏɠ ŬŮɟɑɤɜ ůŰɞ ŭɘɐɗɖɛŬ ˊɞɡ 

ŮɑɜŬɘ ŮˊŬɟəŮɑɠ ɔɘŬ ŮˊɘŰɡɢɐ ŮűŬɟɛɞɔɐ ŬɡŰɩɜ Űɤɜ ɛŮɛɓɟŬɜɩɜ ůŮ ŭɘŮɟɔŬůɑŮɠ ɛŮ ȷɀ. Ƀɘ 

ȷɀ ŮɝŬɜŬɜŬɔəŬůɛɏɜɖɠ ŭɘɏɚŮɡůɖɠ ɛŮ Űɞɜ əŬŰŬɚɨŰɖ ɜŬ ŰɞˊɞɗŮŰŮɑŰŬɘ ɛɏůŬ ůŰɞɡɠ 

ˊɧɟɞɡɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ ɏɢŮɘ ŬɜŬűŮɟɗŮɑ ŮɚɎɢɘůŰŬ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ [52, 53]. ɆŮ ŬɡŰɐ 

Űɖ ŭɘɎŰŬɝɖ, ɖ ɛŮɛɓɟɎɜɖ ˊŬɟɏɢŮɘ ɛɘəɟɞɨɠ ɢɟɧɜɞɡɠ ŮˊŬűɐɠ Űɤɜ ŬŮɟɑɤɜ ɛŮ Űɖ űɎůɖ Űɞɡ 

əŬŰŬɚɨŰɖ, ŮˊŮɘŭɐ Űɞ ˊɎɢɞɠ Űɞɡ ŭɘŬɢɤɟɘůŰɘəɞɨ ůŰɟɩɛŬŰɞɠ ŮɑɜŬɘ ɚɑɔɤɜ ɛɘəɟɞɛɏŰɟɤɜ ɐ 

Ŭəɧɛɖ əŬɘ ɛɘəɟɧŰŮɟɞ Űɞɡ 1 ɛm. ȷɡŰɧ ŮɑɜŬɘ ŬɜŰɑɗŮŰɞ ɛŮ Űɖɜ ˊŬɟŬŭɞůɘŬəɐ ˊŮɟɑˊŰɤůɖ 

Űɤɜ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ əŬŰŬɚɡŰɩɜ ůŮ ɛɞɟűɐ ůəɧɜɖɠ, ˊɞɡ ŮɑɜŬɘ ůŰŮɟŮɤɛɏɜŬ ɛɏůŬ ůŮ 

ɛɘŬ ůŰŬɗŮɟɐ əɚɑɜɖ, ɧˊɞɡ ɞ ɢɟɧɜɞɠ ŮˊŬűɐɠ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɞɠ ŮˊŮɘŭɐ ɖ ɕɩɜɖ əŬŰŬɚɨŰɖ 

ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɤɜ ɢɘɚɘɞůŰɞɛɏŰɟɤɜ ɐ ŮəŬŰɞůŰɞɛɏŰɟɤɜ. AɡŰɧ Űɞ ˊɚŮɞɜɏəŰɖɛŬ 

ŮˊɘŰɟɏˊŮɘ Űɖɜ Ůɜɑůɢɡůɖ Űɖɠ ŮəɚŮəŰɘəɧŰɖŰŬɠ ɤɠ ˊɟɞɠ Űɞ ŮˊɘɗɡɛɖŰɧ ˊɟɞɥɧɜ, Ůɜɩ 

ˊŮɟɘɞɟɑɕŮŰŬɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ˊŬɟŬˊɟɞɥɧɜŰɤɜ əŬɘ Ůˊɑůɖɠ ɖ ŬˊŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ 

əŬŰŬɚɨŰɖ ɚɧɔɤ Űɖɠ ŮɜŬˊɧɗŮůɖɠ əɤə. 

ɆŮ ŬɡŰɧ Űɞ əŮűɎɚŬɘɞ, ɛɘŬ ɡɓɟɘŭɘəɐ (ůɨɜɗŮŰɖ) əŮɟŬɛɘəɐ ɛŮɛɓɟɎɜɖ, ˊɞɡ űɏɟŮɘ 

ɏɜŬ ŭɘŬɢɤɟɘůŰɘəɧ ɛŮůɞˊɞɟɩŭŮɠ ůŰɟɩɛŬ ɕɘɟəɞɜɑŬɠ (ZrO2), ŰɟɞˊɞˊɞɘŮɑŰŬɘ 

ŬəɘɜɖŰɞˊɞɘɩɜŰŬɠ ɏɜŬ ůɘɚŬɜɞˊɞɘɖɛɏɜɞ ɘɞɜŰɘəɧ ɡɔɟɧ ˊɎɜɤ ůŰɖɜ ˊɞɟɩŭɖ ŮˊɘűɎɜŮɘŬ 

ɛɏůɤ ɢɖɛɘəɐɠ ůɨɜŭŮůɖɠ. ȼ ɛŮɛɓɟɎɜɖ ŬɡŰɐ əŬŰɏůŰɖ əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɐ ɔɘŬ ɞɝŮɑŭɤůɖ 

CO, ɛɏůɤ ŮɚŮɔɢɧɛŮɜɖɠ ŬɜɎˊŰɡɝɖɠ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ˊɎɜɤ ůŰŬ ˊɞɟɩŭɖ ŰɞɘɢɩɛŬŰŬ 

Űɖɠ. ɇɞ ŬəɘɜɖŰɞˊɞɘɖɛɏɜɞ ȽɈ ŬɚɚɖɚŮˊɘŭɟɎ ɘůɢɡɟɎ əŬɘ ŮəɚŮəŰɘəɎ ɛŮ CO2, ɔŮɔɞɜɧɠ ˊɞɡ 

ŬˊɞŰŮɚŮɑ ɏɜŬ Űɡˊɘəɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ ȽɈ. Ƀ ɟɧɚɞɠ Űɞɡ ȽɈ ɐŰŬɜ ɜŬ ŬˊɞɛŬəɟɨɜŮɘ Űɞ 

ˊŬɟŬɔɧɛŮɜɞ CO2 Ŭˊɧ Űɖ ɕɩɜɖ ŬɜŰɑŭɟŬůɖɠ ɛɏůɤ űɡůɘəɐɠ ɟɧűɖůɖɠ, ɓɞɖɗɩɜŰŬɠ ɏŰůɘ 

ůŰɖɜ ɞɝŮɑŭɤůɖ CO. ɇɞ ŭɘŬɢɤɟɘůŰɘəɧ ůŰɟɩɛŬ ɕɘɟəɞɜɑŬɠ ɏɢŮɘ ɞɜɞɛŬůŰɘəɧ Ůɨɟɞɠ ˊɧɟɤɜ 

3 nm, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ˊɞɚɨ ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ Űɖɜ əɘɜɖŰɘəɐ ŭɘɎɛŮŰɟɞ, dk, Űɤɜ 

ůɡůŰŬŰɘəɩɜ Űɖɠ ŬɜŰɑŭɟŬůɖɠ (CO dk = 0.376 nm, O2 dk = 0.346 nm əŬɘ CO2 dk = 0.33 

nm) əŬɘ Ůˊɞɛɏɜɤɠ ŭŮɜ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ŭɘŬɢɤɟɑůŮɘ ŰŬ ůɡůŰŬŰɘəɎ ŮəɚŮəŰɘəɎ. ȰŰůɘ, ɖ 

ŭɘɎŰŬɝɖ ȷɀ ˊɞɡ ɛŮɚŮŰɐɗɖəŮ ŮɛˊŮɟɘɏɢŮɘ ɛɘŬ ɛŮɛɓɟɎɜɖ ɡˊɞůŰɖɟɘɔɛɏɜɖɠ űɎůɖɠ 

ɘɞɜŰɘəɞɨ ɡɔɟɞɨ (ɀɈūȽɈ) (supported ionic liquid membrane, SILM), ˊɞɡ ŮɑɜŬɘ ůŰɖɜ 

ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ɛɘŬ (ɛɖ ŮəɚŮəŰɘəɐ) ɛŮɛɓɟɎɜɖ ŮˊŬűɐɠ. TŬ ɞ́ɟɩŭɖ ŰɞɘɢɩɛŬŰŬ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ ˊŬɟɏɢɞɡɜ ɛɘŬ əŬŰŬɚɡŰɘəɐ ŮˊɘűɎɜŮɘŬ ɔɘŬ ŬɜŰɑŭɟŬůɖ Űɤɜ ŬŮɟɑɤɜ CO 

əŬɘ O2. ɆɨɛűɤɜŬ ɛŮ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ, ŬɡŰɐ ŮɑɜŬɘ ɖ ˊɟɩŰɖ ɛŮɚɏŰɖ ˊɞɡ ŭɖɛɞůɘŮɨŮŰŬɘ 

ɔɘŬ Űɖɜ ɞɝŮɑŭɤůɖ CO ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛŮɛɓɟɎɜɖ ŮˊŬűɐɠ. ȼ ɛɘəɟɐ ŭɘɎɛŮŰɟɞɠ Űɤɜ 

ɛŮůɞˊɧɟɤɜ Űɖɠ ɕɘɟəɞɜɑŬɠ (3 nm) ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŬɜɎˊŰɡɝɖ ɛɘəɟɩɜ əŬɘ 

ŮɝŬɘɟŮŰɘəɎ ŮɜŮɟɔɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ɛŮ ɛɏɔŮɗɞɠ ɛɘəɟɧŰŮɟɞ Ŭˊɧ 3 nm.   
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ȼ ŭɘŮɟɔŬůɑŬ Űɖɠ ɞɝŮɑŭɤůɖɠ ŭɘŮɝɎɔŮŰŬɘ ůŮ ŭɘɎŰŬɝɖ ŮɝŬɜŬɔəŬůɛɏɜɖɠ ŭɘɏɚŮɡůɖɠ, 

ɛɏůŬ ůŰɖɜ ɞˊɞɑŬ ɘůɞɛɞɟɘŬəɏɠ ˊɞůɧŰɖŰŮɠ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ŮɝŬɜŬɔəɎɕɞɜŰŬɘ ɜŬ ɟɏɞɡɜ 

ɛɏůŬ Ŭˊɧ Űɖ ůɨɜɗŮŰɖ ɛŮɛɓɟɎɜɖ ɛŮ Űɞɜ əŬŰŬɚɨŰɖ ŰɞˊɞɗŮŰɖɛɏɜɞ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ. 

ɀŮɚŮŰɩɜŰŬɘ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ˊɟɞɞŭŮɡŰɘəɐɠ ŬˊŮɜŮɟɔɞˊɞɑɖůɖɠ Űɞɡ əŬŰŬɚɨŰɖ əŬŰɎ Űɞɡɠ 

əɨəɚɞɡɠ ŬɜŰɘŭɟɎůŮɤɜ ɞɝŮɑŭɤůɖɠ ůŰɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO əŬɘ Űɖɜ Ŭˊɧŭɞůɖ ůŮ ˊɟɞɥɧɜ 

CO2 ůŮ ŭɘɎűɞɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ ˊɟŬɔɛŬŰɞˊɞɘɩɜŰŬɠ ɛŮŰɟɐůŮɘɠ ůŮ 

ŬəɞɚɞɡɗɑŮɠ (ůŮɘɟɏɠ) ŭɘŬŭɞɢɘəɩɜ ˊŮɘɟŬɛɎŰɤɜ ɛŮ ŮɑŰŮ ŬɡɝŬɜɧɛŮɜɖ, ŮɑŰŮ ŮɚŬŰŰɞɨɛŮɜɖ 

ɗŮɟɛɞəɟŬůɑŬ (ɛŮ ůŰŬɗŮɟɐ ɗŮɟɛɞəɟŬůɑŬ ůŮ əɎɗŮ ɝŮɢɤɟɘůŰɧ ˊŮɑɟŬɛŬ Űɖɠ əɎɗŮ ɛɑŬɠ 

Ŭˊɧ Űɘɠ ŭɨɞ ůŮɘɟɏɠ ˊŮɘɟŬɛɎŰɤɜ). Ƀɘ əɨəɚɞɘ ɞɝŮɑŭɤůɖɠ ŭɖɚŬŭɐ ŮəŰŮɚɩɜŰŬɘ əŬŰɎ Űɖɜ 

Ŭɨɝɖůɖ ɐ ɛŮɑɤůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ɖ ŬɜŬɔɏɜɜɖůɖ Űɞɡ ɡˊɞůŰɖɟɘɕɧɛŮɜɞɡ 

əŬŰŬɚɨŰɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŰɞ Űɏɚɞɠ əɎɗŮ ůŮɘɟɎɠ ˊŮɘɟŬɛɎŰɤɜ. ȼ ŮˊɑŭɟŬůɖ Űɤɜ 

ˊŬɟɞɢɩɜ (ɟɞɩɜ) Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ůŰɞɡɠ ŭɡɞ Űɟɧˊɞɡɠ ɚŮɘŰɞɡɟɔɑŬɠ (Ŭɨɝɖůɖ əŬɘ 

ɛŮɑɤůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ) ɛŮɚŮŰɎŰŬɘ ůŰɞ ɗŮɟɛɞəɟŬůɘŬəɧ Ůɨɟɞɠ Ŭˊɧ 27-110
o
C (əŬɘ 

ŬɜŰɑůŰɟɞűŬ). Ⱥˊɑůɖɠ, ɛɘŬ ůŮɘɟɎ ˊŮɘɟŬɛɎŰɤɜ ɞɝŮɑŭɤůɖɠ ůŰɖɜ ɞˊɞɑŬ ɖ əŬŰŬɚɡŰɘəɐ 

ɛŮɛɓɟɎɜɖ ŮˊŬűɐɠ ŬɜŬɔŮɜɜɎŰŬɘ ůŮ əɎɗŮ ɛɑŬ ɝŮɢɤɟɘůŰɐ ɗŮɟɛɞəɟŬůɑŬ ŬɜŰɑŭɟŬůɖɠ 

ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮ ůəɞˊɧ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ ɞɘ ɓɏɚŰɘůŰŮɠ ůɡɜɗɐəŮɠ ŭɘŮɟɔŬůɑŬɠ ɔɘŬ Űɖ 

ɓŮɚŰɑɤůɖ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ Űɞɡ CO əŬɘ Űɖɠ Ŭˊɧŭɞůɖɠ ůŮ CO2.  
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2. ɄŮɘɟŬɛŬŰɘəɧ ɀɏɟɞɠ 

 

2.1 ɉɖɛɘəɏɠ ȺɜɩůŮɘɠ əŬɘ ɈɚɘəɎ 

 

ɀɘŬ Ůɛˊɞɟɘəɐ əŮɟŬɛɘəɐ ˊɞɚɡůŰɟɤɛŬŰɘəɐ ɛŮɛɓɟɎɜɖ əɞɑɚɞɡ əɡɚɘɜŭɟɘəɞɨ 

(ůɤɚɖɜɤŰɞɨ) Űɨˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ ˊɞɟɩŭŮɠ ɡˊɧůŰɟɤɛŬ ɛŮ ůəɞˊɧ ɜŬ 

ɛŮŰŬŰɟŬˊŮɑ ůŮ ɡɓɟɘŭɘəɐ əŬŰŬɚɡŰɘəɐ ɀɈūȽɈ. ȼ ɛŮɛɓɟɎɜɖ ˊŮɟɘɚŬɛɓɎɜŮɘ ɏɜŬ ɚŮˊŰɧ 

ɛŮůɞˊɞɟɩŭŮɠ ŭɘŬɢɤɟɘůŰɘəɧ ůŰɟɩɛŬ ɕɘɟəɞɜɑŬɠ ɛŮ ɞɜɞɛŬůŰɘəɧ ɛɏɔŮɗɞɠ ˊɧɟɤɜ 3 nm. ȼ 

ɛŮɛɓɟɎɜɖ (15 cm ɛɐəɞɠ, 0.67 cm (ŮůɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞɠ ID, 1 cm OD ŮɝɤŰŮɟɘəɐ 

ŭɘŬɛŮŰɟɞɠ) ɛŮ ɎəɟŬ ˊɞɡ űɏɟɞɡɜ ŬŮɟɞůŰŮɔɏɠ ɡɎɚɤɛŬ (ɛɐəɞɡɠ 1.25 cm) ŮɑɜŬɘ Ŭˊɧ Űɖɜ 

ŮŰŬɘɟɑŬ InoporÈ GmbH. ȼ ŮɜŮɟɔɐ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭɘŬɢɤɟɘůŰɘəɞɨ ůŰɟɩɛŬŰɞɠ ŮɑɜŬɘ 26.3 

cm
2
. ɇɞ ůŰɟɩɛŬ ŭɘŬɢɤɟɘůɛɞɨ, ŮɑɜŬɘ ŰɞˊɞɗŮŰɖɛɏɜɞ ůŰɖɜ ŮůɤŰŮɟɘəɐ ˊɚŮɡɟɎ Űɖɠ 

əɡɚɘɜŭɟɘəɐɠ ɛŮɛɓɟɎɜɖɠ əŬɘ ɡˊɞůŰɖɟɑɕŮŰŬɘ ˊɎɜɤ ůŮ ɏɜŬ ˊŬɢɨ ɛŬəɟɞˊɞɟɩŭŮɠ 

ɡˊɧůŰɟɤɛŬ Ŭ-ŬɚɞɡɛɑɜŬɠ (ˊɞɡ ůɡɜɘůŰɎ Űɖɜ ŮɝɤŰŮɟɘəɐ ˊɚŮɡɟɎ Űɖɠ ɛŮɛɓɟɎɜɖɠ) əŬɘ ŭɡɞ 

ŭɘŬŭɞɢɘəɎ ɛŬəɟɞˊɞɟɩŭɖ ůŰɟɩɛŬŰŬ Ŭ-ŬɚɞɡɛɑɜŬɠ ɛŮ ŮɜŭɘɎɛŮůɞ ɛɏɔŮɗɞɠ ˊɧɟɤɜ. 

ɇɞ ȽɈ ŰɟɘŬɘɗɞɝɡ[3-(3-ɛŮɗɡɚɘɛɘŭŬɕɧɚɘɞ)ˊɟɞˊɡɚ] ůɘɚɎɜɘɞ 

ŭɘ(ŰɟɘűɗɞɟɞɛŮɗɡɚůɞɡɚűɞɜɨɚɘɞ) ɘɛɑŭɘɞ (triethoxy[3-(3-methylimidazolium)propyl] 

silane bis(trifluoromethylsulfonyl) imide ([spmim][Tf2N]) ŮɑɜŬɘ Űɖɠ ŮŰŬɘɟŮɑŬɠ Iolitec 

GmbH. ȼ əŬɗŬɟɧŰɖŰŬ Űɞɡ ȽɈ ŮɑɜŬɘ  > 95%, Űɞ ˊɞůɞůŰɧ Űɤɜ Ŭɚɞɔɞɜɘŭɑɤɜ ŮɑɜŬɘ < 2 % 

əŬɘ Űɞ ˊɞůɞůŰɧ Űɞɡ ɜŮɟɞɨ ŮɑɜŬɘ 0.0021 %. ɇɞ ŭɘɎɚɡɛŬ ɡŭɟɞɔɞɜɞɨɢɞɡ 

ŰŮŰɟŬɢɚɤɟɘɞɨɢɞɡ ɢɟɡůɞɨ (hydrogen tetrachloroaurate(III ) solution, AuCl3 in 30 wt % 

HCl, 99.9%, Sigma Aldrich) əŬɘ Űɞ ɓɞɟɞɦŭɟɑŭɘɞ Űɞɡ əŬɚɑɞɡ (potassium borohydride, 

KBH4, 99.9%, Sigma Aldrich) ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖ ůɨɜɗŮůɖ Űɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au. ɇŬ ˊŮɘɟɎɛŬŰŬ ɞɝŮɑŭɤůɖɠ CO əŬɘ ɞɘ ɛŮŰɟɐůŮɘɠ ŭɘŬˊɏɟŬůɖɠ 

ŭɘŮɜŮɟɔɞɨɜŰŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŰŬ ŬəɧɚɞɡɗŬ ŬɏɟɘŬ: He (99.999 %), O2 (99.999 %), 

CO (99.999 %) əŬɘ CO2 (99.998 %). 

 

2.2 ɄŬɟŬůəŮɡɐ Űɖɠ əŬŰŬɚɡŰɘəɐɠ ɀŮɛɓɟɎɜɖɠ ɈˊɞůŰɖɟɘɔɛɏɜɖɠ ūɎůɖɠ ȽɞɜŰɘəɞɨ 

Ɉɔɟɞɨ (ɀɈūȽɈ) 

 

ȼ əŮɟŬɛɘəɐ əŬŰŬɚɡŰɘəɐ ɛŮɛɓɟɎɜɖ ŬɜŬˊŰɨůůŮŰŬɘ ŮűŬɟɛɧɕɞɜŰŬɠ ŰŬ ˊŬɟŬəɎŰɤ 

ŰɟɘŬ ůŰɎŭɘŬ [54]: Ŭ) ŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ, ɓ) ɢɖɛɘəɐ ůɨɜŭŮůɖ Űɞɡ 

ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ˊɎɜɤ ůŰɞ ŮɜŮɟɔɞˊɞɘɖɛɏɜɞ ˊɞɟɩŭŮɠ ɡˊɧůŰɟɤɛŬ əŬɘ 

ɔ) ůɢɖɛŬŰɘůɛɧɠ/ŬɜŬɔɤɔɐ Űɤɜ əŬŰŬɚɡŰɘəɩɜ ůɤɛŬŰɘŭɑɤɜ ɢɟɡůɞɨ. ȼ ˊɞɚɡůŰɟɤɛŬŰɘəɐ 

ɜŬɜɞˊɞɟɩŭɖɠ ɛŮɛɓɟɎɜɖ ŬɟɔɘɚɑŬɠ/ɕɘɟəɞɜɑŬɠ ŮɜŮɟɔɞˊɞɘŮɑŰŬɘ ɛɏůɤ ɧɝɘɜɖɠ ŮˊŮɝŮɟɔŬůɑŬɠ 
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ɛŮ ŭɘɎɚɡɛŬ HNO3/H2SO4 əŬɘ ɗŮɟɛŬɑɜŮŰŬɘ ɛɏůŬ ůŮ ŬɡŰɧəɚŮɘůŰɞ ŬɜɞɝŮɑŭɤŰɞɡ ɢɎɚɡɓŬ, 

ůŰɞɡɠ 60
o
C ɔɘŬ 1 ɩɟŬ. ɀŮ Űɖ ŭɘŮɟɔŬůɑŬ ŬɡŰɐ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɖ Ŭɨɝɖůɖ Űɞɡ ˊɚɖɗɡůɛɞɨ 

Űɤɜ ɡŭɟɞɝɡɚɘəɩɜ ɞɛɎŭɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ, ŰŬ ɞˊɞɑŬ ŭɟɞɨɜ ɤɠ ŮɜŮɟɔɏɠ 

ˊŮɟɘɞɢɏɠ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ ŭŮůɛɩɜ ɛŮ Űɞ ɘɞɜŰɘəɧ ɡɔɟɧ. ȼ ɛŮɛɓɟɎɜɖ ɝŮˊɚɏɜŮŰŬɘ ɛŮ 

Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ ŬɟəŮŰɏɠ űɞɟɏɠ ɛɏɢɟɘ Űɞ ɏəˊɚɡɛŬ ˊŬɨůŮɘ ɜŬ ŭŮɑɢɜŮɘ ɧɝɘɜɞ pH. ɆŰɖ 

ůɡɜɏɢŮɘŬ ɖ ɛŮɛɓɟɎɜɖ ůŰɏɔɜɤɜŮɘ, ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ ŬɡŰɧəɚŮɘůŰɞ əŬɘ ŬˊŬŮɟɩɜŮŰŬɘ ɛŮ 

ɗɏɟɛŬɜůɖ ůŰɞɡɠ 150 
o
C (ɟɡɗɛɧɠ ɗɏɟɛŬɜůɖɠ 10 

ɞ
C/h) əŬɘ ɡˊɧ əŮɜɧ (10

-2
 mbar) ɛŮ Űɖ 

ɓɞɐɗŮɘŬ ɛɖɢŬɜɘəɐɠ ˊŮɟɘůŰɟɞűɘəɐɠ ŬɜŰɚɑŬɠ ɔɘŬ 24 ɩɟŮɠ. ɀŮŰɎ Űɖɜ ŬˊŬŮɟɑɤůɖ, ɖ 

ɗŮɟɛɞəɟŬůɑŬ ůŰɞ ŬɡŰɧəɚŮɘůŰɞ ˊɏűŰŮɘ ɛŮ Űɞɜ ɑŭɘɞ ůŰŬɗŮɟɧ ɟɡɗɛɧ ůŰɖ ɗŮɟɛɞəɟŬůɑŬ 

ŭɤɛŬŰɑɞɡ əŬɘ əŬŰɧˊɘɜ Űɞ ŬɡŰɧəɚŮɘůŰɞ ŬˊɞɛɞɜɩɜŮŰŬɘ Ŭˊɧ Űɖ ɛɖɢŬɜɘəɐ ŬɜŰɚɑŬ əŮɜɞɨ. 

ɇɞ ɘɞɜŰɘəɧ ɡɔɟɧ [spmim][Tf2N] (ɛŮ ɧɔəɞ ɑůɞ ɛŮ Űɞɜ ɧɔəɞ Űɞɡ əŮɜɞɨ əɞɑɚɞɡ 

ŮůɤŰŮɟɘəɞɨ ɢɩɟɞɡ Űɖɠ ɛŮɛɓɟɎɜɖɠ) ŮɘůɎɔŮŰŬɘ ɛɏůŬ ůŰɞ ŬɡŰɧəɚŮɘůŰɞ ŮɛˊɞŰɑɕɞɜŰŬɠ Űɖɜ 

ŮůɤŰŮɟɘəɐ ˊɚŮɡɟɎ Űɖɠ ɛŮɛɓɟɎɜɖɠ, ɛɏůɤ ɛɘŬɠ on/off ɓŬɚɓɑŭŬɠ ůŰɞ ˊɎɜɤ ɛɏɟɞɠ Űɞɡ 

ŬɡŰɧəɚŮɘůŰɞɡ. ɀŮŰɎ Űɖɜ ŮɘůŬɔɤɔɐ Űɞɡ ȽɈ Űɞ ŬɡŰɧəɚŮɘůŰɞ ůɡɜŭɏŮŰŬɘ ɛŮ űɘɎɚɖ 

ŬŭɟŬɜɞɨɠ ŬŮɟɑɞɡ N2 (99.999 %) əŬɘ ŬəɞɚɞɡɗŮɑ ŮűŬɟɛɞɔɐ ˊɑŮůɖɠ (5 bar) ɔɘŬ ɜŬ 

ŭɘŮɡəɞɚɡɜɗŮɑ ɖ ŭɘŮɑůŭɡůɖ Űɞɡ ȽɈ ɛɏůŬ ůŰɞ ˊɞɟɩŭŮɠ ůŰɟɩɛŬ Űɖɠ ɕɘɟəɞɜɑŬɠ. ȾŬŰɧˊɘɜ 

Űɞ ŬɡŰɧəɚŮɘůŰɞ ɗŮɟɛŬɑɜŮŰŬɘ ůŰɞɡɠ 80 
o
C ɔɘŬ 48 ɩɟŮɠ əŬɘ ůŮ ŬɡŰɧ Űɞ ůŰɎŭɘɞ Űɞ ȽɈ 

ŬəɘɜɖŰɞˊɞɘŮɑŰŬɘ ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ ɛŮ ɢɖɛɘəɐ ůɨɜŭŮůɖ (ɛɏůɤ 

ŬɜŰɘŭɟɎůŮɤɜ ůɡɛˊɨəɜɤůɖɠ ɛŮ ŰŬ ŮˊɘűŬɜŮɘŬəɎ ɡŭɟɞɝɨɚɘŬ). ɀŮŰɎ Űɖɜ ɞɚɞəɚɐɟɤůɖ 

Űɖɠ ˊŬɟŬˊɎɜɤ ɢɖɛɘəɐɠ ůɨɜŭŮůɖɠ əŬɘ ɛŮŰɎ Űɖɜ ŮəŰɧɜɤůɖ əŬɘ Űɖɜ ŮˊŬəɧɚɞɡɗɖ 

ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ, ɔɑɜŮŰŬɘ ɝŬɜɎ ŬˊŬŮɟɑɤůɖ ɛŮ ŮűŬɟɛɞɔɐ əŮɜɞɨ. ɆŰɖ 

ůɡɜɏɢŮɘŬ, ŭɘɎɚɡɛŬ AuCl3 (0.6 mM) ˊɟɞůŰŮɑɗŮŰŬɘ ɛɏůŬ ůŰɞ ŬɡŰɧəɚŮɘůŰɞ Ůɜɩ ɖ 

ɛŮɛɓɟɎɜɖ ˊŬɟŬɛɏɜŮɘ ɡˊɧ əŮɜɧ. ɇŬ ɘɧɜŰŬ Au ŬɜɎɔɞɜŰŬɘ ůŮ ɜŬɜɞůɤɛŬŰɑŭɘŬ in situ, ɛŮ 

ŬɜŬɔɤɔɘəɧ ɛɏůɞ KBH4 (0.01 M). ɇŮɚɘəɎ, ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɗŮɟɛɘəɐ ˊɟɞŮˊŮɝŮɟɔŬůɑŬ 

ɛŮ ɟɏɤɜ ůɡɜɗŮŰɘəɧ ŬɏɟŬ ůŰɞɡɠ 200 
o
C, ɛŮ ůəɞˊɧ Űɞ ůɢɖɛŬŰɘůɛɧ ɛŮŰŬɚɚɘəɩɜ 

ůɤɛŬŰɘŭɑɤɜ Au, ŰŬ ɞˊɞɑŬ ŬˊɞŰŮɚɞɨɜ Űɖɜ ŮɜŮɟɔɐ əŬŰŬɚɡŰɘəɐ űɎůɖ. 

ȷɜŬűɏɟŮŰŬɘ ůŰɞ ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ, ɧŰɘ ŰŬ ɘɧɜŰŬ Űɞɡ ȽɈ ɚŮɘŰɞɡɟɔɞɨɜ ɤɠ 

əɏɜŰɟŬ ˊɟɞůəɧɚɚɖůɖɠ Űɤɜ ɘɧɜŰɤɜ Au
3+

 ˊɞɡ ŬɜɎɔɞɜŰŬɘ ůŮ ɛŮŰŬɚɚɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ 

Au. ɇŬ  ɘɧɜŰŬ Űɞɡ ȽɈ ŮɝŬůűŬɚɑɕɞɡɜ əŬɚɨŰŮɟɖ ŭɘŬůˊɞɟɎ əŬɘ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ AuNɆ 

əŬŰɎ Űɖɜ əŬŰŬɚɡŰɘəɐ ŬɜŰɑŭɟŬůɖ [54]. Ⱥˊɑůɖɠ, ůŰɞ ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ 

ˊŮɟɘɔɟɎűŮŰŬɘ ɧŰɘ Űɞ ɘɞɜŰɘəɧ ɡɔɟɧ 1-ɓɞɡŰɡɚ-3-ɛŮɗɡɚɘɛɘŭŬɕɧɚɘɞ ŮɝŬűɗɞɟɞűɤůűɞɟɘəɧ 

(1-butyl-3-methylimidazolium hexafluorophosphate, [BMIM ][PF6]) ůɢɖɛŬŰɑɕŮɘ ɏɜŬ 

ˊɟɞůŰŬŰŮɡŰɘəɧ ůŰɟɩɛŬ (ůŰɞɘɓɎŭŬ) ˊŮɟɘɓɎɚɚɞɜŰŬɠ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ. ȷɡŰɧ Űɞ 
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ůŰɟɩɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɖɛɘɞɟɔŬɜɤɛɏɜŬ ɘɛɘŭŬɕɞɚɘəɎ ŬɜɘɞɜɘəɎ ɡˊŮɟɛɞɟɘŬəɎ 

ůɡůůɤɛŬŰɩɛŬŰŬ [(BMIM )x-n(PF6)x]
nī

 ˊɞɡ ŰɞˊɞɗŮŰɞɨɜŰŬɘ Ŭəɟɘɓɩɠ ŭɑˊɚŬ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Au əŬɘ Űɤɜ ŬɜŰɘůŰŬɗɛɘůŰɘəɩɜ ɡˊŮɟɛɞɟɘŬəɩɜ əŬŰɘɞɜɘəɩɜ 

ůɡůůɤɛŬŰɤɛɎŰɤɜ [(BMIM )x(PF6)xīn]
n+

 ˊŬɟɏɢɞɜŰŬɠ ɏŰůɘ ɘůɞɟɟɞˊɑŬ űɞɟŰɑɞɡ [55, 56]. 

ȼ ɖɚŮəŰɟɞůŰŬŰɘəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖ ůɢŮŰɘəɎ ɡɣɖɚɐ ˊɡəɜɧŰɖŰŬ 

űɞɟŰɑɞɡ Űɤɜ ɘɧɜŰɤɜ Űɞɡ [BMIM ][PF6] əŬɘ Űɖ ůŰŮɟŮɞɢɖɛɘəɐ ˊŬɟŮɛˊɧŭɖůɖ, ŮɝŬɘŰɑŬɠ 

Űɤɜ ɡˊŮɟɛɞɟɘŬəɩɜ Ŭɜɘɞɜɘəɩɜ əŬɘ əŬŰɘɞɜɘəɩɜ ůɡůůɤɛŬŰɤɛɎŰɤɜ, ŰŬ ɞˊɞɑŬ 

ůŰŬɗŮɟɞˊɞɘɞɨɜ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Au.  

 

 

2.3 ɉŬɟŬəŰɖɟɘůɛɧɠ 

 

ȼ ɛɞɟűɞɚɞɔɑŬ Űɖɠ ɡɓɟɘŭɘəɐɠ Au-ɀɈūȽɈ əŬɘ ɖ ŮˊɘűŬɜŮɘŬəɐ əŬŰŬɜɞɛɐ 

(ŭɘŬůˊɞɟɎ) Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ŮɝŮŰɎɕɞɜŰŬɘ ɛŮ ɏɜŬ ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ 

ůɎɟɤůɖɠ FEI/Quanta Inspect D8334 (scanning electron microscope). ɆŰɞ 

ɛɘəɟɞůəɧˊɘɞ ŬɡŰɧ ŮɑɜŬɘ ůɡɜŭŮŭŮɛɏɜɖ ůɡůəŮɡɐ ŬɜɎɚɡůɖɠ ŬəŰɑɜɤɜ ɉ ŮɜŮɟɔŮɘŬəɐɠ 

ŭɘŬůˊɞɟɎɠ (EDAX PV7760/68 ME) ůŮ əŬŰɎůŰŬůɖ ɞˊɘůɗɞůəɏŭŬůɖɠ, ɔɘŬ ɜŬ 

ŮɜŰɞˊɘůŰɞɨɜ ŮɡəɞɚɧŰŮɟŬ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Au. ȷəɧɛŬ, ɖ ŭɘŬůˊɞɟɎ Űɤɜ əŬŰŬɚɡŰɘəɩɜ 

ůɤɛŬŰɘŭɑɤɜ ɛŮɚŮŰɎŰŬɘ ɛŮ ɢɟɐůɖ ɖɚŮəŰɟɞɜɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ ŭɘɏɚŮɡůɖɠ (transmission 

electron microscopy, JEOL 2011 TEM, ɛŮ ŰɎůɖ ɚŮɘŰɞɡɟɔɑŬɠ 200 kV). ɇŬ ŭŮɑɔɛŬŰŬ ɔɘŬ 

Űɖɜ ŬɜɎɚɡůɖ ɇȺɀ ˊɟŮŰɞɘɛɎɕɞɜŰŬɘ ŭɘŬɚɨɞɜŰŬɠ ɛɘŬ ɛɘəɟɐ ˊɞůɧŰɖŰŬ ɝɡůɛɎŰɤɜ (ůŮ 

ɛɞɟűɐ əɧɜŮɤɠ) ůŰɟɩɛŬŰɞɠ ɕɘɟəɞɜɑŬɠ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ Au, ɛɏůŬ ůŮ ŬɘɗŬɜɧɚɖ ɛŮ 

ɢɟɐůɖ ɡˊŮɟɐɢɤɜ əŬɘ ŮɜŬˊɞɗɏŰɞɜŰŬɠ ɛɘŬ ůŰŬɔɧɜŬ Űɞɡ ŬɘɤɟɐɛŬŰɞɠ ŮˊɎɜɤ ůŮ ɏɜŬ 

ˊɚɏɔɛŬ Ŭˊɧ Cu ŮˊɘəŬɚɚɡɛɏɜɞ ɛŮ ɎɜɗɟŬəŬ  (carbon-coated copper grid). ɆŰɖ ůɡɜɏɢŮɘŬ, 

ɞ ŭɘŬɚɨŰɖɠ ŬűɐɜŮŰŬɘ ɜŬ ŮɝŬŰɛɘůŰŮɑ ůŰɞɜ ŬɏɟŬ əŬɘ ɏˊŮɘŰŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɖ ŬɜɎɚɡůɖ 

ɇȺɀ.   

Ƀɘ ɛŮŰɟɐůŮɘɠ Raman ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ ˊɎɜɤ ůŰɖ ɛŮɛɓɟɎɜɖ ɛŮŰɎ Űɖ ɟɧűɖůɖ 

Űɞɡ ȽɈ [spmim][Tf2N] ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ůŮ ŭɘɎŰŬɝɖ ɞˊɘůɗɞůəɏŭŬůɖɠ ˊɎɜɤ 

ůŮ ɏɜŬ ɛɘəɟɞůəɧˊɘɞ Renishaw inVia Reflex ɛŮ ɢɟɐůɖ ŭɘɧŭɞɡ ɚɏɘɕŮɟ Ůɔɔɨɠ ɡˊŮɟɨɗɟɞɡ 

(NIR) (ɚ = 785 nm), ɤɠ ˊɖɔɐ ŭɘɏɔŮɟůɖɠ. ȼ ŭɏůɛɖ Űɞɡ ɚɏɘɕŮɟ ŮůŰɘɎůŰɖəŮ ˊɎɜɤ ůŰɞ 

ŭŮɑɔɛŬ ɛɏůɤ Ůɜɧɠ űŬəɞɨ ɛŮɔɏɗɡɜůɖɠ x50 ɛŮɔɎɚɖɠ ŬˊɧůŰŬůɖɠ. ȼ ŬɜɎɚɡůɖ Űɖɠ 

ůəŮŭŬɕɧɛŮɜɖɠ ŭɏůɛɖɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ɏɜŬ űŬůɛŬŰɧɛŮŰɟɞ ŮůŰɘŬəɞɨ ɛɐəɞɡɠ 250 

mm ɛŮ ɏɜŬ ŭɘɎűɟŬɔɛŬ ˊŮɟɑɗɚŬůɖɠ 1200 lines/mm əŬɘ ɏɜŬɜ ɡɣɖɚɐɠ ŮɡŬɘůɗɖůɑŬɠ 

ŬɜɘɢɜŮɡŰɐ CCD. ȼ ŬɜɎɚɡůɖ Raman Űɖɠ ŮɔəɎɟůɘŬɠ Űɞɛɐɠ (cross section) Űɖɠ ůɨɜɗŮŰɖɠ 
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ɛŮɛɓɟɎɜɖɠ ŮűŬɟɛɧůŰɖəŮ ˊɎɜɤ ůŮ ɛɘŬ ɓɎůɖ ŭŮɑɔɛŬŰɞɠ ɛŮ XYZ ɢŬɟŰɞɔɟɎűɖůɖ, ˊɞɡ 

ŮˊɘŰɟɏˊŮɘ  Űɖɜ əŬŰŬɔɟŬűɐ űŬůɛɎŰɤɜ Raman əŬŰɎ ɛɐəɞɠ ɜɞɖŰɐɠ ŮɔəɎɟůɘŬɠ ŮɡɗŮɑŬɠ 

ɛŮ ɓɐɛŬ 0.1 ɛm ɔɘŬ Űɖ ɚɐɣɖ ŮɔəɎɟůɘŬɠ əŬŰŬɜɞɛɐɠ (ˊɟɞűɑɚ) ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ȽɈ. ɇɞ 

ɡˊɧɓŬɗɟɞ Űɖɠ űɤŰŬɨɔŮɘŬɠ ůŰŬ űɎůɛŬŰŬ Raman ŬűŬɘɟɏɗɖəŮ. Ƀɘ ɛŮŰŬŰɞˊɑůŮɘɠ Űɖɠ 

ůɡɢɜɧŰɖŰŬɠ ɓŬɗɛɞɜɞɛɞɨɜŰŬɘ ɛŮ ɏɜŬ ŮůɤŰŮɟɘəɧ Si ŬɜŬűɞɟɎɠ.   

 

 

2.4 ȹɘɎŰŬɝɖ ȷɜŰɘŭɟŬůŰɐɟŬ ɀŮɛɓɟɎɜɖɠ ȺˊŬűɐɠ 

 

ɆŰɖ ŭɘɎŰŬɝɖ  ŬɜŰɘŭɟŬůŰɐɟŬ əŬŰŬɚɡŰɘəɐɠ ɛŮɛɓɟɎɜɖɠ ŮˊŬűɐɠ ŭɘŮɝɎɔɤɜŰŬɘ ɞɘ 

ŭɘŮɟɔŬůɑŮɠ ɞɝŮɑŭɤůɖɠ əŬɗɩɠ əŬɘ ɛŮŰɟɐůŮɘɠ ŭɘŬˊɏɟŬůɖɠ ŬŮɟɑɤɜ Ŭˊɚɐɠ űɎůɖɠ (single 

gas permeance measurements). ȷˊŬɟŰɑɕŮŰŬɘ Ŭˊɧ Űɞ ŰɛɐɛŬ ŭɘŬɜɞɛɐɠ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ 

ŬŮɟɑɤɜ əŬɘ Űɞɡ ŬŮɟɑɞɡ ůɎɟɤůɖɠ, Űɞɜ ŬɜŰɘŭɟŬůŰɐɟŬ, Űɞ ŰɛɐɛŬ ɔɘŬ ɛŮŰɟɐůŮɘɠ Űɖɠ 

ŭɘŬˊɏɟŬůɖɠ ŬŮɟɑɤɜ əŬɘ Űɞ ŰɛɐɛŬ ɔɘŬ Űɖɜ ŬɜɎɚɡůɖ Űɖɠ ůɨůŰŬůɖɠ Űɤɜ ɟŮɡɛɎŰɤɜ 

ŰɟɞűɞŭɞůɑŬɠ, əŬŰŬəɟŬŰɐɛŬŰɞɠ əŬɘ ŭɘɖɗɐɛŬŰɞɠ. ɆŰɞ ɆɢɐɛŬ 1 ˊŮɟɘɔɟɎűŮŰŬɘ ɖ 

ˊŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ. ȼ əŬŰŬɚɡŰɘəɐ ɛŮɛɓɟɎɜɖ ŮɑɜŬɘ ɛɖ-ŮəɚŮəŰɘəɐ ɔɘŬ Űɞ ŭɘŬɢɤɟɘůɛɧ 

Űɤɜ ůɡůŰŬŰɘəɩɜ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŬɜŰɑŭɟŬůɖɠ. ȼ əŬŰŬɚɡŰɘəɐ ŭɟɎůɖ Űɖɠ ɛŮɛɓɟɎɜɖɠ 

ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ ŰŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ ɢɟɡůɞɨ, ˊɞɡ ŮɑɜŬɘ ɡˊɞůŰɖɟɘɔɛɏɜŬ ůŰŬ ˊɞɟɩŭɖ 

ŰɞɘɢɩɛŬŰŬ. Ƀ ɟɧɚɞɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ ŮɑɜŬɘ ɜŬ ˊŬɟɏɢŮɘ ɛɘŬ əŬŰŬɚɡŰɘəɐ ŭɘŮˊɘűɎɜŮɘŬ ɔɘŬ 

ŰŬ ŬɏɟɘŬ CO əŬɘ O2, əŬɗɩɠ ŬɡŰɎ ŭɘŬɢɏɞɜŰŬɘ ɛɏůŬ ůŰɞ ˊɞɟɩŭŮɠ ŭɑəŰɡɞ. Ƀ 

ŬɜŰɘŭɟŬůŰɐɟŬɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ əŮɚɑ ŬɜɞɝŮɑŭɤŰɞɡ ɢɎɚɡɓŬ, ɛŮ ɗɨɟŮɠ Ůɘůɧŭɞɡ əŬɘ 

Ůɝɧŭɞɡ ɔɘŬ Űɞ Ŭɏɟɘɞ ůɎɟɤůɖɠ. ȼ əŮɟŬɛɘəɐ ɛŮɛɓɟɎɜɖ ŰɞˊɞɗŮŰŮɑŰŬɘ ɛɏůŬ ůŰɞ əŮɚɑ əŬɘ 

ůűɟŬɔɑɕŮŰŬɘ ŮɟɛɖŰɘəɎ ůŰŬ ɎəɟŬ ɛŮ ŮɚŬůŰɞɛŮɟŮɑɠ ŭŬəŰɡɚɑɞɡɠ (o-rings) Űɨˊɞɡ Kalrez. 

Ƀ ŬɜŰɘŭɟŬůŰɐɟŬɠ ɚŮɘŰɞɡɟɔŮɑ ůŮ ŭɘɎŰŬɝɖ ŮɝŬɜŬɔəŬůɛɏɜɖɠ ŭɘɏɚŮɡůɖɠ ɛŮ 

ɞɛɞɟɟɞɐ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ŬŮɟɑɤɜ ŰɟɞűɞŭɞůɑŬɠ, ŰŬ ɞˊɞɑŬ ŬɜŬɛɘɔɜɨɞɜŰŬɘ ˊɟɘɜ 

ŮɘůŬɢɗɞɨɜ ůŰɞ əŮɚɑ. ɇɞ ɛɑɔɛŬ ŰɟɞűɞŭɞŰŮɑŰŬɘ ůŰɖɜ ŮůɤŰŮɟɘəɐ ˊɚŮɡɟɎ Űɖɠ ɛŮɛɓɟɎɜɖɠ 

(ɧˊɞɡ ɓɟɑůəŮŰŬɘ Űɞ ŭɘŬɢɤɟɘůŰɘəɧ ůŰɟɩɛŬ) Ůɜɩ ɖ ɏɝɞŭɞɠ Űɖɠ ŮůɤŰŮɟɘəɐɠ ˊɚŮɡɟɎɠ Űɞɡ 

əŮɚɘɞɨ Űɖɠ ɛŮɛɓɟɎɜɖɠ (ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ əŬŰŬəɟɎŰɖɛŬ) ŭɘŬŰɖɟŮɑŰŬɘ əɚŮɘůŰɐ. ɋɠ 

ŬˊɞŰɏɚŮůɛŬ, ŰŬ ŬɏɟɘŬ ůɡůŰŬŰɘəɎ ŬɜŬɔəɎɕɞɜŰŬɘ ɜŬ ŭɘɏɟɢɞɜŰŬɘ ɛɏůɤ Űɤɜ ˊɧɟɤɜ Űɖɠ 

ɛŮɛɓɟɎɜɖɠ ˊɟɞɠ Űɖɜ ŬɜŰɑɗŮŰɖ (ŮɝɤŰŮɟɘəɐ) ˊɚŮɡɟɎ, ŭɖɚŬŭɐ Űɖɜ ˊɚŮɡɟɎ ŭɘɖɗɐɛŬŰɞɠ. 

ȰɜŬ ŬŭɟŬɜɏɠ Ŭɏɟɘɞ (ȱɚɘɞɜ), ŭɟŬ ɤɠ Ŭɏɟɘɞ ůɎɟɤůɖɠ əŬɘ ŰɟɞűɞŭɞŰŮɑŰŬɘ ůŰɖɜ ˊɚŮɡɟɎ 

Űɞɡ ŭɘɖɗɐɛŬŰɞɠ ɔɘŬ ɜŬ ŬɟŬɘɩůŮɘ ŰŬ ŬɏɟɘŬ ˊɞɡ ŭɘŬˊŮɟɜɞɨɜ Űɖ ɛŮɛɓɟɎɜɖ. Ƀɘ 

ɞɔəɞɛŮŰɟɘəɏɠ ˊŬɟɞɢɏɠ Űɤɜ ɛŮɛɞɜɤɛɏɜɤɜ ŬɜŰɘŭɟɩɜŰɤɜ əŬɘ Űɞɡ ŬŮɟɑɞɡ ůɎɟɤůɖɠ, 
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əŬɗɩɠ əŬɘ ɖ ůɡɜɞɚɘəɐ ˊŬɟɞɢɐ ŰɟɞűɞŭɞůɑŬɠ ŮɚɏɔɢɞɜŰŬɘ ɛŮ ɖɚŮəŰɟɞɜɘəɞɨɠ ɟɡɗɛɘůŰɏɠ 

ɛŬɕɘəɐɠ ˊŬɟɞɢɐɠ (BrooksÈ 5850E MFCs). ȼ ůɨɜɗŮůɖ Űɤɜ ɟɞɩɜ ŰɟɞűɞŭɞůɑŬɠ əŬɘ 

ɟɞɩɜ ŭɘŬˊɏɟŬůɖɠ ŬɜŬɚɨɞɜŰŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ Ŭɏɟɘɞ ɢɟɤɛŬŰɞɔɟɎűɞ HP 5890 

Series II  Ůɝɞˊɚɘůɛɏɜɞ ɛŮ ɛɘŬ ɓŬɚɓɑŭŬ Ůˊɘɚɞɔɐɠ ɟɞɐɠ, ɛɘŬ ɓŬɚɓɑŭŬ ŭŮɘɔɛŬŰɞɚɖɣɑŬɠ 

ŬŮɟɑɞɡ əŬɘ ɏɜŬɜ ŬɜɘɢɜŮɡŰɐ ɗŮɟɛɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ TCD. ȼ ɓŬɗɛɑŭŬ ˊɑŮůɖɠ ɛŮŰŬɝɨ 

Űɤɜ ŭɨɞ ˊɚŮɡɟɩɜ Űɖɠ ɛŮɛɓɟɎɜɖɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ŭɘŬˊɏɟŬůɖɠ 

ŬŮɟɑɤɜ Ŭˊɚɐɠ űɎůɖɠ, ɛŮŰɟɎŰŬɘ Ŭˊɧ ɏɜŬ ŭɘŬűɞɟɘəɧ ˊɘŮůɧɛŮŰɟɞ (ABB 2600T series). 

Ƀɘ ɟɡɗɛɞɑ ɟɞɐɠ əɎɗŮ ŰɟɞűɞŭɞŰɞɨɛŮɜɞɡ ŬŮɟɑɞɡ əŬɘ ɞ ůɡɜɞɚɘəɧɠ ɟɡɗɛɧɠ ɟɞɐɠ Űɞɡ 

ɟŮɨɛŬŰɞɠ Űɞɡ ŭɘɖɗɐɛŬŰɞɠ ɛŮŰɟɩɜŰŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ ɛŮŰɟɖŰɐ ɟɞɐɠ ɡɛŮɜɑɞɡ 

ůŬˊɞɡɜɞŭɘŬɚɨɛŬŰɞɠ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ɖ ɛŮɛɓɟɎɜɖ 

ŭɘŬŰɖɟŮɑŰŬɘ ůŰɖ ɗŮɟɛɞəɟŬůɑŬ ɚŮɘŰɞɡɟɔɑŬɠ. 

 

 

 

 

ɆɢɐɛŬ 1. ȼ ˊŮɘɟŬɛŬŰɘəɐ ŭɘɎŰŬɝɖ ɔɘŬ Űɖ ŭɘŮɝŬɔɤɔɐ Űɤɜ əɨəɚɤɜ ɞɝŮɑŭɤůɖɠ CO əŬɘ Űɤɜ 

ɛŮŰɟɐůŮɤɜ ŭɘŬˊɏɟŬůɖɠ ŬŮɟɑɤɜ Ŭˊɚɐɠ űɎůɖɠ. 
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2.5 ɄŮɘɟŬɛŬŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

 

2.5.1 ȹɘŮɟɔŬůɑŮɠ ɞɝŮɑŭɤůɖɠ 

 

ȼ ɟɞɐ ŰɟɞűɞŭɞůɑŬɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɘůɞɛɞɟɘŬəɏɠ ˊɞůɧŰɖŰŮɠ Űɤɜ ŬŮɟɑɤɜ CO 

əŬɘ O2 ɔɘŬ ɧɚŬ ŰŬ ˊŮɘɟɎɛŬŰŬ. ȼ ˊɚŮɡɟɎ Űɞɡ ŭɘɖɗɐɛŬŰɞɠ ŭɘŬŰɖɟŮɑŰŬɘ ůŮ ŬŰɛɞůűŬɘɟɘəɐ 

ˊɑŮůɖ. Ʌɨɗɛɘůɖ əŬɘ ůŰŬɗŮɟɞˊɞɑɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛɏůɤ Ůɜɧɠ 

ˊɟɞɔɟŬɛɛŬŰɘɕɧɛŮɜɞɡ ɟɡɗɛɘůŰɐ ɗŮɟɛɞəɟŬůɑŬɠ (PID controller) əŬɘ Ůɜɧɠ ɗŮɟɛɞɕŮɨɔɞɡɠ 

Type J, ˊɞɡ ŮɑɜŬɘ ůŮ ŮˊŬűɐ ɛŮ Űɞ əŮɚɑ Űɖɠ ɛŮɛɓɟɎɜɖɠ. Ƀɘ ŬɜŰɘŭɟɎůŮɘɠ ɞɝŮɑŭɤůɖɠ 

ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ 27, 35, 45, 55, 65, 75, 85, 100 əŬɘ 110 ÁC.  

Ƀɘ əɨəɚɞɘ ɞɝŮɑŭɤůɖɠ Ŭɟɢɑɕɞɡɜ ɧŰŬɜ ɖ ŮˊɘɗɡɛɖŰɐ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ 

ŬɜŰɘŭɟŬůŰɐɟŬ ůŰŬɗŮɟɞˊɞɘŮɑŰŬɘ ɡˊɧ ɟɞɐ ɖɚɑɞɡ əŬɘ ŬəɞɚɞɡɗŮɑ ɖ ŰɟɞűɞŭɞůɑŬ Űɞɡ 

ŬɜŰɘŭɟɩɜŰɞɠ ɛɑɔɛŬŰɞɠ. ɀŮŰɎ Űɞ Ŭɟɢɘəɧ ɛŮŰŬɓŬŰɘəɧ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ɧˊɞɡ 

ɚŬɛɓɎɜɞɜŰŬɘ ɡɣɖɚɧŰŮɟŮɠ ɛŮŰŬŰɟɞˊɏɠ Űɞɡ CO, ɖ ɛŮŰŬŰɟɞˊɐ ůŰɞɜ ŬɜŰɘŭɟŬůŰɐɟŬ 

(ˊŬɟŬəɞɚɞɡɗɞɨɛŮɜɖ ɛŮ ɓɎůɖ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ CO ůŰɖɜ ɏɝɞŭɞ Űɖɠ ɟɞɐɠ Űɤɜ 

ŬŮɟɑɤɜ) ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ůŰŬɗŮɟɞˊɞɘŮɑŰŬɘ ůŮ ɧɚɞɡɠ Űɞɡɠ əɨəɚɞɡɠ ɞɝŮɑŭɤůɖɠ. ȼ 

ůŰŬɗŮɟɞˊɞɑɖůɖ Űɤɜ ɛŮŰŬŰɟɞˊɩɜ ůŰɘɠ ŭɘɎűɞɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ɞűŮɑɚŮŰŬɘ ůŰɞ ɔŮɔɞɜɧɠ 

ɧŰɘ ɞ əŬŰŬɚɨŰɖɠ ŬˊŮɜŮɟɔɞˊɞɘŮɑŰŬɘ ɧŰŬɜ ŮəŰŮɑɗŮŰŬɘ ɔɘŬ ˊŬɟŬŰŮŰŬɛɏɜŮɠ ˊŮɟɘɧŭɞɡɠ ůŰɞ 

ŬɜŰɘŭɟɩɜ ɛŮɑɔɛŬ. ȼ ŬˊɞəŬŰɎůŰŬůɖ Űɖɠ ŭɟŬůŰɘəɧŰɖŰŬɠ Űɞɡ əŬŰŬɚɨŰɖ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ ŬɜŬɔɏɜɜɖůɖ Űɞɡ ůŮ ɟɏɞɜ ɛɑɔɛŬ Ŭˊɧ ůɡɜɗŮŰɘəɧ ŬɏɟŬ əŬɘ ɐɚɘɞ 

ůŰɞɡɠ 200 ÁC əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɜɨɢŰŬɠ, ˊɟɘɜ Űɖɜ ɏɜŬɟɝɖ Űɤɜ əɨəɚɤɜ ɞɝŮɑŭɤůɖɠ.  

Ƀɘ əɨəɚɞɘ ɞɝŮɑŭɤůɖɠ ŭɘŮɝɎɔɞɜŰŬɘ əŬŰɎ Ŭ) Űɖɜ Ŭɜɞŭɘəɐ ˊɞɟŮɑŬ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ ŬɜŰɑŭɟŬůɖɠ, ɓ) Űɖɜ əŬɗɞŭɘəɐ ˊɞɟŮɑŬ ŬɡŰɐɠ əŬɘ ɔ) Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ 

ůŰŬŭɑɤɜ ŬɜŬɔɏɜɜɖůɖɠ ɛŮŰɎ Ŭˊɧ əɎɗŮ ŬɜŰɑŭɟŬůɖ (əɨəɚɞ) ɞɝŮɑŭɤůɖɠ. ȳŰŬɜ 

ŮűŬɟɛɧɕŮŰŬɘ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɖ ŭɘŮɝŬɢɗŮɑůŬ ůŮɘɟɎ Űɤɜ ŬɜŰɘŭɟɎůŮɤɜ 

ɞɝŮɑŭɤůɖɠ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɤɠ (ȷŪ). ɆŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ɚŮɘŰɞɡɟɔɑŬɠ ɞɘ əɨəɚɞɘ 

ɞɝŮɑŭɤůɖɠ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ əŬŰɎ ůŮɘɟɎ ůŰɞɡɠ 27, 35, 45, 55, 65, 75, 85, 100 əŬɘ 110 

ÁC ɔɘŬ ɧɚŮɠ Űɘɠ ˊŬɟɞɢɏɠ ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ. ɇɞ Ŭɟɢɘəɧ ůŰɎŭɘɞ Űɖɠ ŬɜŬɔɏɜɜɖůɖɠ 

ŮűŬɟɛɧɕŮŰŬɘ ɛɧɜɞ ˊɟɘɜ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɞɝŮɑŭɤůɖɠ CO ůŰɞɡɠ 27 ÁC, ɛŮ 

ůŰŬŭɘŬəɐ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ůŰɞɡɠ 200 
o
C. ȳŰŬɜ ŮűŬɟɛɧɕŮŰŬɘ ɛŮɑɤůɖ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ ɖ ůŮɘɟɎ Űɤɜ ŬɜŰɘŭɟɎůŮɤɜ ɞɝŮɑŭɤůɖɠ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɤɠ (ɀŪ). Ƀɘ 

ŬɜŰɘŭɟɎůŮɘɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ŭɘŬŭɞɢɘəɎ ůŰɞɡɠ 110, 100, 85, 75, 65, 55, 45, 35  əŬɘ 

27 ÁC. ɇɞ Ŭɟɢɘəɧ ůŰɎŭɘɞ ŬɜŬɔɏɜɜɖůɖɠ ŮűŬɟɛɧɕŮŰŬɘ ɛɧɜɞ ɛɑŬ űɞɟɎ, ˊɟɘɜ Űɖɜ ɏɜŬɟɝɖ 

Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůŰɞɡɠ 110 ÁC. Ƀɘ ɟɡɗɛɞɑ ɟɞɐɠ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ŬŮɟɑɤɜ He/CO/O2 
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(ůŮ cm
3
Ömin

-1
) ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ɢŬɛɖɚɞɨɠ, 5/2/2, ŮɜŭɘɎɛŮůɞɡɠ, 5/5/5, 10/10/10 əŬɘ 

ɡɣɖɚɞɨɠ, 30/30/30. ȼ ŮˊɑŭɟŬůɖ Űɤɜ ɟɡɗɛɩɜ ɟɞɐɠ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ůŰɖɜ ɞɝŮɑŭɤůɖ 

Űɞɡ CO ɛŮɚŮŰɎŰŬɘ ůŮ ɧɚŮɠ Űɘɠ ˊŬɟŬˊɎɜɤ ɗŮɟɛɞəɟŬůɑŮɠ əŬɘ ɔɘŬ Űɘɠ ŰɟŮɘɠ ůŮɘɟɏɠ 

ŬɜŰɘŭɟɎůŮɤɜ ɞɝŮɑŭɤůɖɠ.   

Ⱥˊɘˊɚɏɞɜ, ɛɘŬ ůŮɘɟɎ əɨəɚɤɜ ɞɝŮɑŭɤůɖɠ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮ ŮűŬɟɛɞɔɐ Űɞɡ 

ůŰŬŭɑɞɡ ŬɜŬɔɏɜɜɖůɖɠ Űɞɡ ɡˊɞůŰɖɟɘɔɛɏɜɞɡ əŬŰŬɚɨŰɖ ůŮ əɎɗŮ ɗŮɟɛɞəɟŬůɑŬ 

ɝŮɢɤɟɘůŰɎ, ˊɟɘɜ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ŮəɎůŰɞŰŮ ŬɜŰɑŭɟŬůɖɠ ɞɝŮɑŭɤůɖɠ. Ʉɘɞ ŬɜŬɚɡŰɘəɎ, 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɞɝŮɘŭɤŰɘəɐ ŭɘŬŭɘəŬůɑŬ, ɛŮ ůəɞˊɧ Űɖɜ ŬˊɞəŬŰɎůŰŬůɖ Űɖɠ 

əŬŰŬɚɡŰɘəɐɠ ŭɟɎůɖɠ Űɤɜ AuNɆ, ůŮ ɧɚŮɠ Űɘɠ ɗŮɟɛɞəɟŬůɑŮɠ Ŭˊɧ Űɞɡɠ 27 ɏɤɠ Űɞɡɠ 110 

o
C. Ƀ ɟɡɗɛɧɠ ɟɞɐɠ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ŬŮɟɑɤɜ ɔɘŬ ɧɚŮɠ Űɘɠ ɛŮŰɟɐůŮɘɠ ɞɝŮɑŭɤůɖɠ CO 

ŬɡŰɐɠ Űɖɠ ůŮɘɟɎɠ ŮɑɜŬɘ 2 cm
3
Ömin

-1
.  

ȼ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO (ɉ%) əŬɘ ɖ Ŭˊɧŭɞůɖ ůŮ CO2 (Ɉ%) ˊɟɞůŭɘɞɟɑɕɞɜŰŬɘ ɛŮ 

Űɘɠ ˊŬɟŬəɎŰɤ ŮɝɘůɩůŮɘɠ: 
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2.5.2 ɀŮŰɟɐůŮɘɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ ŬŮɟɑɤɜ 

 

Ƀɘ ŭɘŬˊŮɟŬŰɧŰɖŰŮɠ Ŭˊɚɐɠ űɎůɖɠ ŬŮɟɑɤɜ ɛŮŰɟɩɜŰŬɘ ůŰɖɜ ɑŭɘŬ ŭɘɎŰŬɝɖ 

ŮɝŬɜŬɔəŬůɛɏɜɖɠ ɟɞɐɠ. ȰɜŬ əŬɗŬɟɧ Ŭɏɟɘɞ ˊŬɟɏɢŮŰŬɘ ɛɏůŬ ůŰɖɜ ŮůɤŰŮɟɘəɐ ˊɚŮɡɟɎ 

Űɖɠ ɛŮɛɓɟɎɜɖɠ ɛŮ ɏɜŬ ůŰŬɗŮɟɧ ɟɡɗɛɧ ɟɞɐɠ, ˊɟɞəŬɗɞɟɘůɛɏɜɞ ɛɏůɤ Ůɜɧɠ 

ɖɚŮəŰɟɞɜɘəɞɨ ŮɚŮɔəŰɐ ɟɞɐɠ ɛɎɕŬɠ. ȹɘŬŰɖɟɩɜŰŬɠ, Űɖɜ ɏɝɞŭɞ əŬŰŬəɟŬŰɐɛŬŰɞɠ əɚŮɘůŰɐ 

ɛɏůɤ ɛɘŬɠ ɓŬɚɓɑŭŬɠ on/off, Űɞ ŰɟɞűɞŭɞŰɞɨɛŮɜɞ Ŭɏɟɘɞ ŬɜŬɔəɎɕŮŰŬɘ ɜŬ ŭɘŬˊŮɟɎůŮɘ 

ɛɏůɤ Űɤɜ ˊɧɟɤɜ əŬɘ ŬˊɞɛŬəɟɨɜŮŰŬɘ Ŭˊɧ Űɖɜ ˊɚŮɡɟɎ ŭɘɖɗɐɛŬŰɞɠ. ȹɘŬűɞɟɎ ˊɑŮůɖɠ 

ŬɜŬˊŰɨůůŮŰŬɘ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ˊɚŮɡɟɩɜ Űɖɠ ɛŮɛɓɟɎɜɖɠ, ŮɝŬɘŰɑŬɠ Űɖɠ ŬɜŰɑůŰŬůɖɠ Űɖɠ 

ɛŮɛɓɟɎɜɖɠ ůŰɖ ɛŮŰŬűɞɟɎ ɛɎɕŬɠ ɛɏůɤ Űɤɜ ˊɧɟɤɜ, ɖ ɞˊɞɑŬ ˊŬɟŬəɞɚɞɡɗŮɑŰŬɘ ůɡɜŮɢɩɠ 

ɛɏůɤ Ůɜɧɠ ɣɖűɘŬəɞɨ ŭɘŬűɞɟɘəɞɨ ˊɘŮůɞɛɏŰɟɞɡ.  

  Ƀɘ ˊŮɘɟŬɛŬŰɘəɏɠ ŰŮɢɜɘəɏɠ ˊɞɡ ŮűŬɟɛɧɕɞɜŰŬɘ ɔɘŬ ɜŬ Ŭɝɘɞɚɞɔɖɗɞɨɜ ɞɘ ɘŭɘɧŰɖŰŮɠ 

ŭɘŬˊɏɟŬůɖɠ əŬɘ ɖ ŮəɚŮəŰɘəɧŰɖŰŬ ŭɘŬɢɤɟɘůɛɞɨ Űɤɜ ˊɞɟɤŭɩɜ ɛŮɛɓɟŬɜɩɜ ŮɑɜŬɘ ŭɡɞ. Ƀɘ 

ŭɡɞ ŬɡŰɏɠ ŰŮɢɜɘəɏɠ ɓŬůɑɕɞɜŰŬɘ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ɛɞɟűɏɠ əɘɜɖŰɐɟɘŬɠ ŭɨɜŬɛɖɠ əŬɘ ɔɘŬ Űɞ 
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ɚɧɔɞ ŬɡŰɧ ŭɘŬəɟɑɜɞɜŰŬɘ ůŰɖɜ ŰŮɢɜɘəɐ Űɖɠ ŮɝŬɜŬɔəŬůɛɏɜɖɠ ŭɘɏɚŮɡůɖɠ (ɐ ůŰŬɗŮɟɐɠ 

əŬŰɎůŰŬůɖɠ, ɔɜɤůŰɐ Ůˊɑůɖɠ ɤɠ dead-end ŭɘɎŰŬɝɖ) əŬɘ ůŮ ŮəŮɑɜɖ ˊɞɡ ɓŬůɑɕŮŰŬɘ ůŰɖ 

ŭɘŬűɞɟɎ ůɡɔəɏɜŰɟɤůɖɠ (ɐ Wicke-Kallenbach, WK). ȼ ɛɏɗɞŭɞɠ WK ůɡɜɐɗɤɠ 

ŭɘŮɝɎɔŮŰŬɘ ɡˊɧ ɘůɞɓŬɟŮɑɠ ůɡɜɗɐəŮɠ, ɤůŰɧůɞ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ ɛŮŰɟɐůŮɘɠ 

ŭɘŬˊɏɟŬůɖɠ əŬɘ ɛŮ ŮűŬɟɛɞɔɐ ɓŬɗɛɑŭŬɠ ˊɑŮůɖɠ ɛŮŰŬɝɨ Űɤɜ ŬɜŰɑɗŮŰɤɜ ˊɚŮɡɟɩɜ Űɖɠ 

ɛŮɛɓɟɎɜɖɠ. ɆŮ ŬɡŰɧ Űɞ əŮűɎɚŬɘɞ, ŰŬ ŭŮŭɞɛɏɜŬ ŭɘŬˊɏɟŬůɖɠ Űɞɡ ŬŮɟɑɞɡ Ŭˊɚɐɠ űɎůɖɠ 

ɚŬɛɓɎɜɞɜŰŬɘ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ŮɝŬɜŬɔəŬůɛɏɜɖɠ ŭɘɏɚŮɡůɖɠ. ɄŮɟɘɔɟɎűɞɜŰŬɠ Űɖɜ Ŭɟɢɐ 

ŬɡŰɐɠ Űɖɠ ɛŮɗɧŭɞɡ, ɏɜŬ Ůɑŭɞɠ ŬŮɟɑɞɡ ɛŮ ɏɜŬɜ ˊɟɞəŬɗɞɟɘůɛɏɜɞ ɟɡɗɛɧ ɟɞɐɠ F (molÖs
-1

) 

ŰɟɞűɞŭɞŰŮɑŰŬɘ ůŰɖ ɛŮɛɓɟɎɜɖ, ůɡɜɐɗɤɠ Ŭˊɧ Űɖɜ ˊɚŮɡɟɎ Űɞɡ ŭɘŬɢɤɟɘůŰɘəɞɨ 

ůŰɟɩɛŬŰɞɠ. ɀɘŬ ɓŬɚɓɑŭŬ on/off ůŰɖɜ ɏɝɞŭɞ əŬŰŬəɟŬŰɐɛŬŰɞɠ ŭɘŬŰɖɟŮɑŰŬɘ əɚŮɘůŰɐ, 

Ůɜɩ ɖ ˊɚŮɡɟɎ ŭɘɖɗɐɛŬŰɞɠ ˊŬɟŬɛɏɜŮɘ ŬɜɞɘɢŰɐ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɖ ůɡɜɞɚɘəɐ ɟɞɐ Űɞɡ 

ŬŮɟɑɞɡ ŬɜŬɔəɎɕŮŰŬɘ ɜŬ ŭɘɏɚɗŮɘ ɛɏůŬ Ŭˊɧ Űɞɡɠ ˊɧɟɞɡɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ ˊɟɞɠ Űɖɜ 

ŬɜŰɑɗŮŰɖ ˊɚŮɡɟɎ əŬɘ ɞ ɞɔəɞɛŮŰɟɘəɧɠ ɟɡɗɛɧɠ ɟɞɐɠ Űɞɡ ɟŮɨɛŬŰɞɠ ŭɘɖɗɖɛɎŰɞɠ ɛŮŰɟɎŰŬɘ 

ɛŮ Űɖ ɓɞɐɗŮɘŬ Ůɜɧɠ ɛŮŰɟɖŰɐ ɟɞɐɠ ɡɛŮɜɑɞɡ ůŬˊɞɡɜɞŭɘŬɚɨɛŬŰɞɠ. ȼ ŭɘŬűɞɟɎ ˊɑŮůɖɠ ˊɞɡ 

ŬɜŬˊŰɨůůŮŰŬɘ ŬɜɎɛŮůŬ ůŰɘɠ ŭɡɞ ˊɚŮɡɟɏɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ, ȹP (Pa), ůŰŬɗŮɟɞˊɞɘŮɑŰŬɘ 

(ŮˊɑŰŮɡɝɖ ůŰŬɗŮɟɐɠ əŬŰɎůŰŬůɖɠ) əŬɘ ɛŮŰɟɘɏŰŬɘ ɛŮ ŬəɟɑɓŮɘŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ 

ɣɖűɘŬəɧ ŭɘŬűɞɟɘəɧ ˊɘŮůɞɛɏŰɟɞ. 

 H ŭɘŬˊɏɟŬůɖ, Q (molÖm
-2
Ös

-1
ÖPa

-1
), ɡˊɞɚɞɔɑɕŮŰŬɘ ŰɧŰŮ Ŭˊɧ Űɖ ůɢɏůɖ: 

                                                    
PS

F

l

P
Q e

DÖ
==                               (3) 

ɧˊɞɡ S (m
2
) ŮɑɜŬɘ ɖ ŮˊɘűɎɜŮɘŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ ůŰɖɜ ˊɚŮɡɟɎ ŰɟɞűɞŭɞůɑŬɠ (ůŰɖɜ 

ˊŮɟɑˊŰɤůɐ ɛŬɠ ɖ ˊɚŮɡɟɎ ɧˊɞɡ ɓɟɑůəŮŰŬɘ Űɞ ŭɘŬɢɤɟɘůŰɘəɧ ůŰɟɩɛŬ ɕɘɟəɞɜɑŬɠ), Pe ŮɑɜŬɘ 

ɖ ŭɘŬˊŮɟŬŰɧŰɖŰŬ əŬɘ l (m) ŮɑɜŬɘ Űɞ ˊɎɢɞɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ. Ƀɘ ɛŮŰɟɐůŮɘɠ ŭɘŬˊɏɟŬůɖɠ 

ŭɘŮɝɎɔɞɜŰŬɘ ůŰɖ ŭɘɎŰŬɝɖ ˊɞɡ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 1. 
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3. ȷˊɞŰŮɚɏůɛŬŰŬ əŬɘ ɆɡɕɐŰɖůɖ 

 

3.1 ɉŬɟŬəŰɖɟɘůɛɧɠ Űɖɠ ɡɓɟɘŭɘəɐɠ Au-ɀɈūȽɈ 

 

3.1.1 SEM əŬɘ TEM  ɛɘəɟɞůəɞˊɑŬ 

 

ȼ ɛɞɟűɞɚɞɔɑŬ Űɖɠ ɡɓɟɘŭɘəɐɠ əŮɟŬɛɘəɐɠ ɛŮɛɓɟɎɜɖɠ əŬɘ Űɤɜ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ 

ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ɛŮɚŮŰɎŰŬɘ ɛɏůɤ ȼɚŮəŰɟɞɜɘəɐɠ ɀɘəɟɞůəɞˊɑŬɠ ɆɎɟɤůɖɠ (SEM) 

əŬɘ ȼɚŮəŰɟɞɜɘəɐɠ ɀɘəɟɞůəɞˊɑŬɠ ȹɘɏɚŮɡůɖɠ (TEM). ȳˊɤɠ ŭŮɑɢɜɞɡɜ ɞɘ ŮɘəɧɜŮɠ SEM 

2(Ŭ)-(ɔ), ŰŬ ůɤɛŬŰɑŭɘŬ Au ŮəŰŮɑɜɞɜŰŬɘ ůŮ ɞɚɧəɚɖɟɖ Űɖɜ ŮɔəɎɟůɘŬ ŭɘŬŰɞɛɐ (ŭɖɚŬŭɐ 

ůŮ ɧɚɞ Űɞ ˊɎɢɞɠ) Űɖɠ ɛŮɛɓɟɎɜɖɠ, ɔŮɔɞɜɧɠ ˊɞɡ ɡˊɞŭŮɘəɜɨŮɘ ŮəŰŮŰŬɛɛɏɜɖ ŭɘŮɑůŭɡůɖ 

Űɞɡ ŭɘŬɚɨɛŬŰɞɠ Űɖɠ ˊɟɧŭɟɞɛɖɠ ɏɜɤůɖɠ Au ɛɏůŬ ůŰɞ ˊɞɟɩŭŮɠ ŭɑəŰɡɞ. ɆŰɖɜ ŮɘəɧɜŬ 2ɓ 

ŬˊŮɘəɞɜɑɕɞɜŰŬɘ Űɞ ɚŮˊŰɧ ŭɘŬɢɤɟɘůŰɘəɧ ůŰɟɩɛŬ ɢɟɡůɞɨ/ɕɘɟəɞɜɑŬɠ (ŮůɤŰŮɟɘəɐ ˊɚŮɡɟɎ 

Űɖɠ ɛŮɛɓɟɎɜɖɠ, ˊɎɢɞɡɠ ~ 2-3 ɛm), ŭɨɞ ŮɜŭɘɎɛŮůŬ ɛŬəɟɞˊɞɟɩŭɖ ůŰɟɩɛŬŰŬ Ŭ-

ŬɟɔɘɚɑŬɠ əŬɘ ɏɜŬ ˊŬɢɨ ɛŬəɟɞˊɞɟɩŭŮɠ ɡɧ́ůŰɟɤɛŬ Ŭ-ŬɟɔɘɚɑŬɠ (ŮɝɤŰŮɟɘəɧ ůŰɟɩɛŬ). ɇŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ Au (ɧˊɤɠ ŬˊɞəŬɚɨˊŰŮŰŬɘ Ŭˊɧ Űɖɜ ŬɜɎɚɡůɖ EDAX, ɆɢɐɛŬ 2(ŭ)) 

ŮɜŬˊɞŰŮɑɗɞɜŰŬɘ ɛɏůŬ ůŮ ɧɚɞ Űɞ ˊɚɎŰɞɠ (50 ɛm) Űɤɜ ŮůɤŰŮɟɘəɩɜ ůŰɟɤɛɎŰɤɜ Űɖɠ 

ɛŮɛɓɟɎɜɖɠ, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɛɘŬ ůŰŬŭɘŬəɐ ɛŮɑɤůɖ Űɤɜ ůɡɔəŮɜŰɟɩůŮɩɜ Űɞɡɠ ˊɟɞɠ Űɞ 

ŮůɤŰŮɟɘəɧ Űɤɜ ŭɡɞ ŮɜŭɘɎɛŮůɤɜ ůŰɟɤɛɎŰɤɜ. ȼ ɛɏɔɘůŰɖ ůɡɔəɏɜŰɟɤůɖ ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

ůŰŬ ́ɟɩŰŬ 5 ɛm. ɇɞ ŮɜŬˊɞŰɘɗɏɛŮɜɞ ɡɚɘəɧ, ɛɏůŬ ůŰŬ ŮɜŭɘɎɛŮůŬ ůŰɟɩɛŬŰŬ, 

ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ ůɡůůɤɛŬŰɩɛŬŰŬ Au, Űɞ ɛɏůɞ ɛɏɔŮɗɞɠ Űɤɜ ɞˊɞɑɤɜ əɡɛŬɑɜŮŰŬɘ 

ŬɜɎɛŮůŬ ůŰŬ 30 ɛŮ 80 nm. ɇŬ ůɡůůɤɛŬŰɩɛŬŰŬ ŬɡŰɎ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɛŮɛɞɜɤɛɏɜŬ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ Au ŭɘŬɛɏŰɟɞɡ 5-7 nm. ȷɡŰɧ ůɡɛűɤɜŮɑ ɛŮ Űɞ ɛɏɔŮɗɞɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ 

ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ZrɃ2/Al 2Ƀ3, ɧˊɤɠ ůɡɜŮˊɎɔŮŰŬɘ Ŭˊɧ Űɖɜ ŬɜɎɚɡůɖ 

TEM ůŮ ŭŮɑɔɛŬ ůəɧɜɖɠ ˊɟɞŮɟɢɧɛŮɜɞ Ŭˊɧ ŰŬ ŮůɤŰŮɟɘəɎ ůŰɟɩɛŬŰŬ ŬɚɞɡɛɑɜŬɠ əŬɘ 

ɕɘɟəɞɜɑŬɠ. ȼ ɛɏůɖ ůɡɔəɏɜŰɟɤůɖ (ŬŰɞɛɘəɧ ˊɞůɞůŰɧ %) Űɞɡ Au ɛɏůŬ ůŮ ɞɚɧəɚɖɟɞ Űɞ 

ɡˊɧůŰɟɤɛŬ ŮɑɜŬɘ 4.7 %, ůɨɛűɤɜŬ ɛŮ Űɖɜ ŬɜɎɚɡůɖ EDAX. ȼ ŬɜɎɚɡůɖ EDAX 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ˊŮɟɘɞɢɐ ŮɔəɎɟůɘŬɠ Űɞɛɐɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ, ɧˊɤɠ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰo ɆɢɐɛŬ 2(ŭ). ɀŮɛɞɜɤɛɏɜŬ ůɡůůɤɛŬŰɩɛŬŰŬ Au əŬŰŬɜɏɛɞɜŰŬɘ 

ɞɛɞɘɞɔŮɜɩɠ ůŮ ɧɚɞ Űɞ Ůɨɟɞɠ Űɤɜ ůŰɞɘɓɎŭɤɜ Űɖɠ ɛŮɛɓɟɎɜɖɠ, Ůɜɩ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ Űɤɜ 

ŭɘŬűɞɟŮŰɘəɩɜ ůŰɞɘɓɎŭɤɜ ˊŬɟŬŰɖɟŮɑŰŬɘ Ŭɡɝɖɛɏɜɖ ůɡɔəɏɜŰɟɤůɖ Au.  
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 (Ŭ) 
 (ɓ) 

 (ɔ)  (ŭ) 

 (Ů)  (ůŰ) 

 

ɆɢɐɛŬ 2 (Ŭ)-(ɔ) ȺɘəɧɜŮɠ SEM ŮɔəɎɟůɘŬɠ Űɞɛɐɠ Űɖɠ ɡɓɟɘŭɘəɐɠ əŮɟŬɛɘəɐɠ ɛŮɛɓɟɎɜɖɠ ɛŮ Űɞ 

ŮɜŬˊɞŰɘɗɏɛŮɜɞ Au, (ŭ) űɎůɛŬ EDAX Űɖɠ ŮɔəɎɟůɘŬɠ Űɞɛɐɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ, (Ů), (ůŰ) ŮɘəɧɜŮɠ TEM 

Űɞɡ ŭŮɑɔɛŬŰɞɠ ůŮ ůəɧɜɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ Űɤɜ ůŰɟɤɛɎŰɤɜ ɕɘɟəɞɜɑŬɠ/Ŭ-ŬɚɞɡɛɑɜŬɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ . 

ʆˊʰ˔ˏ ˋˍˊ˗˃ʰ 

ˎˉˇˋˍˊ˗˃ʰˍˇˌ                         

-hAl2O3 

 

 

ɳ˄ʵʽʱ˃ʶˋˇ 

ˋˍˊ˗˃ʰ 1                         

-hAl2O3 

 

 

Au/ZrO2 

ɲʽʰ˔˖ˊʽˋˍʽˁˈ 

ˋˍˊ˗˃ʰ (dp = 3 nm) 

 

 

ɳ˄ʵʽʱ˃ʶˋˇ 

ˋˍˊ˗˃ʰ 2                         

-hAl2O3 

 

 



 

- 160 - 

3.1.2 ȷɜɎɚɡůɖ Raman 

 

ɇɞ űɎůɛŬ Raman Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ [spmim][Tf2N] ůŰɖɜ əŬɗŬɟɐ ɡɔɟɐ 

(bulk) əŬŰɎůŰŬůɖ, ůŮ Ůɨɟɞɠ ůɡɢɜɞŰɐŰɤɜ 150-3200 cm
-1 
ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3. 

Ƀɘ ˊŬɟŬŰɖɟɞɨɛŮɜŮɠ əɞɟɡűɏɠ Raman ˊŮɟɘɏɢɞɡɜ ŬɡŰɏɠ ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ Ŭˊɧ ŰŬ 

ɘɧɜŰŬ [spmim]
+ 
əŬɘ  [Tf2N]

ï
. Ƀɘ əɞɟɡűɏɠ ůŰŬ 279, 313, 327, 341, 350, 399, 405, 551, 

572, 591, 742, 764, 1137, 1192, 1244, əŬɘ 1334 cm
-1

 ɞűŮɑɚɞɜŰŬɘ ůŰŬ ŬɜɘɧɜŰŬ [Tf2N]
ï

[67-71]. ȷˊɧ Űɖɜ Ɏɚɚɖ ɞɘ əɞɟɡűɏɠ Raman ůŰŬ 287, 298, 535, 624, 648, 663, 684, 706, 

794, 918, 941, 1004, 1024, 1094, 1104, 1295, 1391, 1420, 1457, 1484, 1571, 2723, 

2771, 2877, 2892, 2932 əŬɘ 2972 cm
-1

 ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɞ [spmim]
+
. ɇɞ ɆɢɐɛŬ 3 

ˊŬɟɞɡůɘɎɕŮɘ Ůˊɑůɖɠ Űɞ űɎůɛŬ Raman Űɖɠ ɛŮɛɓɟɎɜɖɠ ɛŮŰɎ Űɞɜ ŮɛˊɞŰɘůɛɧ əŬɘ Űɖɜ 

ŬəɘɜɖŰɞˊɞɑɖůɖ Űɞɡ ɘɞɜŰɘəɞɨ ɡɔɟɞɨ əŬɘ ˊɟɘɜ Űɖɜ ˊɟɞůɗɐəɖ Au. ȼ ˊɟɞůɟɧűɖůɖ Űɞɡ ȽɈ 

ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ ́ŬɟŬŰɖɟŮɑŰŬɘ ůŰɞ űɎůɛŬ Raman Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ ɧˊɤɠ əŬɘ ɞɘ əɞɟɡűɏɠ Űɖɠ Ŭ-Al 2O3  (380, 418, 431, 450, 

578, əŬɘ 751 cm
-1
, ŰɞɜɑɕɞɜŰŬɘ ɛŮ ɏɜŬ ŬůŰŮɟɑůəɞ) [72, 73]. ȹŮɜ ˊŬɟŬŰɖɟŮɑŰŬɘ əŬɛɛɑŬ 

ůɡɜŮɘůűɞɟɎ Űɞɡ ɚŮˊŰɞɨ (1ɛm) ŭɘŬɢɤɟɘůŰɘəɞɨ ůŰɟɩɛŬŰɞɠ ɕɘɟəɞɜɑŬɠ [74]. Ƀɘ 

əŬŰŬůŰɎůŮɘɠ Raman ɔɘŬ Űɞ əŬŰɘɧɜ əŬɘ Űɞ Ŭɜɘɧɜ ŮˊɖɟŮɎɕɞɜŰŬɘ ŮɚɎɢɘůŰŬ Ŭˊɧ Űɖɜ 

ŬəɘɜɖŰɞˊɞɑɖůɖ Űɞɡ ȽɈ ˊɎɜɤ ůŰɖ ɛŮɛɓɟɎɜɖ. ɆɖɛŮɘɩɜŮŰŬɘ ɛɧɜɞ ɛɘŬ ŬɟəŮŰɎ ŮɚŬűɟɘɎ 

ŭɘŮɨɟɡɜůɖ əŬɘ ɛŮŰŬŰɧˊɘůɖ ůŮ ɡɣɖɚɧŰŮɟŮɠ ůɡɢɜɧŰɖŰŮɠ Ŭˊɧ 1 cm
-1

 .  
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ɆɢɐɛŬ 3. ɇɞ űɎůɛŬ Raman Űɞɡ ȽɈ ůŰɖɜ ɡɔɟɐ űɎůɖ əŬɘ ɛŮŰɎ Űɖɜ ɟɧűɖůɖ ˊɎɜɤ ůŰɖ 

ɛŮɛɓɟɎɜɖ. ɇɞ ɏɜɗŮŰɞ ˊŬɟɞɡůɘɎɕŮɘ ɛŮ ɚŮˊŰɞɛɏɟŮɘŮɠ Űɞ űɎůɛŬ Raman ůŰɖɜ ˊŮɟɘɞɢɐ Űɤɜ 300-

780 cm
-1
. Ƀɘ əŬŰŬůŰɎůŮɘɠ Raman Űɖɠ Ŭ-Al 2O3 ůɖɛŮɘɩɜɞɜŰŬɘ ɛŮ ŬůŰŮɟɑůəɞɡɠ. 

 

ȼ ŬɜɎɚɡůɖ Raman Ŭəɞɚɞɨɗɤɠ, ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ əŬŰɎ ɛɐəɞɠ Űɖɠ ŮɔəɎɟůɘŬɠ 

Űɞɛɐɠ (ŭɖɚŬŭɐ ɤɠ ˊɟɞɠ Űɞ ɓɎɗɞɠ) Űɖɠ ɛŮɛɓɟɎɜɖɠ  ɔɘŬ ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ ɖ əŬŰŬɜɞɛɐ 

Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ȽɈ ůŰɞ ŮůɤŰŮɟɘəɧ Űɖɠ ɛŮɛɓɟɎɜɖɠ (ˊɟɞűɑɚ ůɡɔəɏɜŰɟɤůɖɠ), 

ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 4. ȼ ɛŮŰŬəɑɜɖůɖ, Ŭˊɧ Űɖɜ ŮůɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Űɖɠ 

ɛŮɛɓɟɎɜɖɠ ˊɟɞɠ Űɖɜ ŮɝɤŰŮɟɘəɐ, ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ ɛɘŬ ɢŬɟŬəŰɖɟɘůŰɘəɐ ˊŬɟɏəɚɘůɖ Űɤɜ 

ŮɜŰɎůŮɤɜ Raman Űɞɡ ȽɈ, ůŮ ůɢɏůɖ ɛŮ Űɖɜ Ŭ-Al 2O3. ɀŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ 

ˊɞůɞŰɘəɞˊɞɘŮɑŰŬɘ Űɞ ɓɎɗɞɠ ŭɘŮɑůŭɡůɖɠ Űɞɡ ȽɈ ɛɏůŬ ůŰɞ ɡˊɧůŰɟɤɛŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ. 

ɇɞ ɆɢɐɛŬ 5 Ŭ́ɟɞɡůɘɎɕŮɘ Űɞ ˊɎɢɞɠ (x) ŮɝŬɟŰɩɛŮɜɞ Ŭˊɧ Űɖɜ ɞɚɞəɚɖɟɤɛɏɜɖ ŬɜŬɚɞɔɑŬ 

ŮɜŰɎůŮɤɜ Űɖɠ ˊɘɞ ɏɜŰɞɜɖɠ əŬŰɎůŰŬůɖɠ [Tf2N]
ï
 ůŰŬ 742 cm

-1
 ůŮ ůɢɏůɖ ɛŮ Űɖɜ 

əŬŰɎůŰŬůɖ ůŰŬ 418 cm
-1

 Űɖɠ Ŭ-Al 2O3. ȺɑɜŬɘ ˊɟɞűŬɜɏɠ ɧŰɘ Űɞ ȽɈ əŬŰŬɜɏɛŮŰŬɘ ůŮ ɧɚɖ 

Űɖɜ ŮɔəɎɟůɘŬ ŭɘŬŰɞɛɐ Űɖɠ ɛŮɛɓɟɎɜɖɠ, Ůűɧůɞɜ ɖ əɞɟɡűɐ ůŰŬ ~742cm
-1

 ˊŬɟɞɡůɘɎɕŮŰŬɘ 

ůŮ ɧɚŬ ŰŬ űɎůɛŬŰŬ Raman ˊɞɡ ɛŮŰɟɐɗɖəŬɜ. ɄŬɟɧɚŬ ŬɡŰɎ, Űɞ ůɐɛŬ Raman Űɞɡ 

ɘɞɜŰɘəɞɨ ɡɔɟɞɨ ŮɑɜŬɘ ɘůɢɡɟɧŰŮɟɞ Ŭˊɧ ŬɡŰɧ ˊɞɡ ɚŬɛɓɎɜŮŰŬɘ Ŭˊɧ Űɞ ŮůɤŰŮɟɘəɧ Űɖɠ 

ŭɘŬŰɞɛɐɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ əŬɘ ɛŮɘɩɜŮŰŬɘ Ŭɧ́ŰɞɛŬ ɛŮŰɎ Ŭˊɧ Űɞ ɚŮˊŰɧ ůŰɟɩɛŬ ɕɘɟəɞɜɑŬɠ 
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əŬɘ ˊɟɞɠ ŰŬ ɛɏůŬ, ŬˊɞŭŮɘəɜɨɞɜŰŬɠ ɏŰůɘ ɛɘŬ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ 

ȽɈ ɛɏůŬ ůŰŬ ɛŬəɟɞˊɞɟɩŭɖ ůŰɟɩɛŬŰŬ Űɖɠ Ŭ-Al 2O3. 

 

        

ɆɢɐɛŬ 4. ɇɞ űɎůɛŬ Raman ˊɎɜɤ ůŰɖɜ ŮɔəɎɟůɘŬ Űɞɛɐ Űɖɠ ɀɈūȽɈ ɛŮ [spmim][Tf2N] ůŮ  

ŭɘɎűɞɟŮɠ ŬˊɞůŰɎůŮɘɠ Ŭˊɧ Űɖɜ ŮůɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ. Ƀɘ əŬŰŬůŰɎůŮɘɠ Űɖɠ Ŭ-Al 2O3 

ůɖɛŮɘɩɜɞɜŰŬɘ ɛŮ ŬůŰŮɟɑůəɞ. ȼ əɞɟɡűɐ ůŰŬ 742 cm
-1
 Űɞɡ [Tf2N]

ï
 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɛŮ ɏɜŬ 

ɓɏɚɞɠ. 
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ɆɢɐɛŬ 5. ȼ ɛŮŰŬɓɞɚɐ Űɞɡ ɞɚɞəɚɖɟɤɛɏɜɞɡ ɚɧɔɞɡ ŮɜŰɎůŮɤɜ I742/I418 ɛŮ Űɖɜ ŬˊɧůŰŬůɖ Ŭˊɧ 

Űɖɜ ŮůɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ (x) əŬŰɎ ɛɐəɞɠ Űɖɠ ŮɔəɎɟůɘŬɠ Űɞɛɐɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ. 

ɇɞ ɏɜɗŮŰɞ ˊŬɟɞɡůɘɎɕŮɘ Űɖ űŬůɛŬŰɘəɐ Ŭˊɞůɡɜɏɚɘɝɖ Űɖɠ ŭɘˊɚɐɠ əɞɟɡűɐɠ ůŰŬ  ~ 750 cm
-1
 (742 

cm
-1
 Űɞɡ [Tf2N]

ï
 əŬɘ 751 cm

-1
 Űɖɠ Ŭ-Al 2O3) ɛŮŰɎ Űɖɜ ŬűŬɑɟŮůɖ Űɞɡ ɡˊɧɓŬɗɟɞɡ (ɔɟŬɛɛɐ laser: 

785nm). 

 

 

3.2 ȷˊɞŰŮɚɏůɛŬŰŬ ȹɘŬˊŮɟŬŰɧŰɖŰŬɠ  

 

ɇɞ ɆɢɐɛŬ 6 ˊŬɟɞɡůɘɎɕŮɘ Űɖ ɗŮɟɛɞəɟŬůɘŬəɐ ŮɝɎɟŰɖůɖ Űɖɠ ŭɘŬˊɏɟŬůɖɠ Űɤɜ 

ŬŮɟɑɤɜ CO, O2 əŬɘ CO2, ɛɏůɤ Űɖɠ əŬŰŬɚɡŰɘəɐɠ ɡɓɟɘŭɘəɐɠ ɛŮɛɓɟɎɜɖɠ, ůŰɞ 

ŮɝŮŰŬɕɧɛŮɜɞ ɗŮɟɛɞəɟŬůɘŬəɧ Ůɨɟɞɠ. Ƀ ɛɖɢŬɜɘůɛɧɠ ŭɘɎɢɡůɖɠ ŬɡŰɩɜ Űɤɜ ŬŮɟɑɤɜ, ůŮ 

ɗŮɟɛɞəɟŬůɑŮɠ ˊɎɜɤ Ŭ́ ɧ 35 
o
C, ŮɑɜŬɘ Űɨˊɞɡ Knudsen. ȷɡŰɧ ŮɑɜŬɘ ŬɜŬɛŮɜɧɛŮɜɞ ɔɘŬ ɛɘŬ 

ɛŮɛɓɟɎɜɖ ˊɞɡ ɏɢŮɘ ɏɜŬ ɛŮůɞˊɞɟɩŭŮɠ ŭɘŬɢɤɟɘůŰɘəɧ ůŰɟɩɛŬ ɛŮ ɛɏɔŮɗɞɠ ˊɧɟɤɜ 3 nm, 

ɛŮ Űɖɜ ˊɟɞɦˊɧɗŮůɖ ɧŰɘ ɖ ɟɧűɖůɖ əŬɘ ɖ ŮˊɘűŬɜŮɘŬəɐ ŭɘɎɢɡůɖ ŮɑɜŬɘ ŬɛŮɚɖŰɏŮɠ. ȷɡŰɧ 

ůɖɛŬɑɜŮɘ ɧŰɘ ɞɘ ŭɘŬˊŮɟɎůŮɘɠ Űɤɜ ŬŮɟɑɤɜ ɛŮɘɩɜɞɜŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ 

əŬɘ ɖ ŬɜŬɚɞɔɑŬ Űɤɜ Űɘɛɩɜ ŭɘŬˊɏɟŬůɖɠ ɔɘŬ əɎɗŮ ɕŮɨɔɞɠ Ŭˊɧ ŰŬ ŰɟɘŬ ŬɡŰɎ ŬɏɟɘŬ 

(CɃ2/CɃ, CɃ2/Ƀ2 əŬɘ CO/O2) ŮɑɜŬɘ ɑůɖ ɛŮ Űɖɜ ŰŮŰɟŬɔɤɜɘəɐ ɟɑɕŬ Űɞɡ ŬɜŰɑůŰɟɞűɞɡ 

ɚɧɔɞɡ Űɤɜ ɛɞɟɘŬəɩɜ ɛŬɕɩɜ Űɞɡɠ. ɄŬɟôɞɚŬ ŬɡŰɎ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ əɎŰɤ Ŭˊɧ 35 
o
C, ɖ 

ŮˊɘűŬɜŮɘŬəɐ ŭɘɎɢɡůɖ ɛɞɘɎɕŮɘ ɜŬ ůɡɜŮɘůűɏɟŮɘ ůŰɖ ɛŮŰŬűɞɟɎ Űɤɜ ŬŮɟɑɤɜ CO2 əŬɘ CO. 
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Ƀɘ Űɘɛɏɠ ŭɘŬˊɏɟŬůɖɠ ŰɞˊɞɗŮŰɞɨɜŰŬɘ ůŮ ɏɜŬ Ůɨɟɞɠ  ~ 1.2 - 2.7³10
-5

 molÖm
2
Ös

-1
ÖPa

-1
 ɔɘŬ 

ɧɚŬ ŰŬ ŬɏɟɘŬ ɧˊɤɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 6. ɆɡɜŮˊɩɠ, ɖ ɡɓɟɘŭɘəɐ ɀɈūȽɈ 

ˊŬɟɞɡůɘɎɕŮɘ ŬɟəŮŰɎ ɡɣɖɚɏɠ Űɘɛɏɠ ŭɘŬˊɏɟŬůɖɠ, əŬɗɘůŰɩɜŰŬɠ Űɞ ůɨůŰɖɛŬ ȷɀ ɘəŬɜɧ 

ɔɘŬ ŮűŬɟɛɞɔɐ ůŮ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ ŭɘŮɟɔŬůɑŮɠ ɞɝŮɑŭɤůɖɠ ɛŮ Űɖ ŭɘɎŰŬɝɖ Űɖɠ 

ŮɝŬɜŬɔəŬůɛɏɜɖɠ ŭɘɏɚŮɡůɖɠ. 
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ɆɢɐɛŬ 6. ȹɘŬˊɏɟŬůɖ Űɤɜ ŬŮɟɑɤɜ O2, CO əŬɘ CO2 ɛɏůɤ Űɖɠ ɀɈūȽɈ ɤɠ ůɡɜɎɟŰɖůɖ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ. 

 

 

3.3 ɀŮɚɏŰɖ Űɖɠ Au-MɈūȽɈ ɤɠ ȷɀ 

3.3.1 ȼ ŮˊɑŭɟŬůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ Űɞɡ Űɟɧˊɞɡ ɚŮɘŰɞɡɟɔɑŬɠ ůŰɖɜ ɞɝŮɑŭɤůɖ 

CO 

ɆŰɖ ůŮɘɟɎ Űɤɜ ŬɜŰɘŭɟɎůŮɤɜ ɞɝŮɑŭɤůɖɠ ɛŮ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ (ȷŪ), 

ɛɘŬ Ůɡəɟɘɜɐɠ Ůɜɑůɢɡůɖ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ Űɞɡ CO ɚŬɛɓɎɜŮɘ ɢɩɟŬ əŬɗɩɠ ŬɡɝɎɜŮŰŬɘ ɖ 

ɗŮɟɛɞəɟŬůɑŬ ůŰɞ Ůɨɟɞɠ Űɤɜ 75-110 
o
C əŬɘ ɧŰŬɜ ˊŬɟɏɢŮŰŬɘ ɞ ˊɘɞ ɢŬɛɖɚɧɠ ɟɡɗɛɧɠ 

ɟɞɐɠ (ŭɖɚŬŭɐ, 2 cm
3
Ömin

-1
 ɔɘŬ əɎɗŮ ŬɜŰɘŭɟɩɜ) (ɆɢɐɛŬ 7). Ⱥˊɘˊɚɏɞɜ, ɖ ɛŮŰŬŰɟɞˊɐ 

ŮɜɘůɢɨŮŰŬɘ ŬɘůɗɖŰɎ Ŭˊɧ Űɞɡɠ 100 
o
C ůŰɞɡɠ 110 

o
C ɔɘŬ Űɖ ůɡɔəŮəɟɘɛɏɜɖ ˊŬɟɞɢɐ. ȷɡŰɐ 

ɖ Ŭɨɝɖůɖ ŮɑɜŬɘ ˊŮɟɘůůɧŰŮɟɞ ŬɘůɗɖŰɐ Ŭˊɧ ŮəŮɑɜɖ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰŬɜ ɖ 

ɗŮɟɛɞəɟŬůɑŬ ŬɡɝɎɜŮŰŬɘ Ŭˊɧ Űɞɡɠ 85 ůŰɞɡɠ 100 
o
C. ɆŰɘɠ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ 

(27-65 
o
C), ɖ ɛŮŰŬŰɟɞˊɐ ŮɑɜŬɘ ɛɎɚɚɞɜ ŬɜŮɝɎɟŰɖŰɖ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ. 
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ɆɢɐɛŬ 7. ŪŮɟɛɞəɟŬůɘŬəɐ ŮɝɎɟŰɖůɖ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ Űɞɡ CO ɛŮ Űɞ ɢɟɧɜɞ, ɔɘŬ ɧɚɞɡɠ Űɞɡɠ 

ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ ɔɘŬ Űɖ ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ɛŮ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ (ȷŪ) 

 

ȷˊɧ Űɖɜ Ɏɚɚɖ ɛŮɟɘɎ, ŭŮɜ ˊŬɟŬŰɖɟŮɑŰŬɘ əŬɛɛɑŬ ŮɝɎɟŰɖůɖ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ 

ɛɏɢɟɘ Űɞɡɠ 100 
o
C, ɧŰŬɜ ŰɟɞűɞŭɞŰɞɨɜŰŬɘ ɞɘ ɡɣɖɚɧŰŮɟɞɘ ɟɡɗɛɞɑ ɟɞɐɠ (ŭɖɚŬŭɐ, 30 

cm
3
Ömin

-1
). ɀŮ ŮɜŭɘɎɛŮůŮɠ ɟɞɏɠ ŰɟɞűɞŭɞůɑŬɠ (5 əŬɘ 10 cm

3
Ömin

-1
 ɔɘŬ əɎɗŮ ŬɜŰɘŭɟɩɜ) 

ɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ ůŰɞ Ůɨɟɞɠ 85-110 
o
C. ɋůŰɧůɞ, ɖ 

Ŭɨɝɖůɖ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ (Ŭɨɝɖůɖ > 100 %) ɛŮ ɢŬɛɖɚɏɠ əŬɘ ŮɜŭɘɎɛŮůŮɠ ɟɞɏɠ ŬŮɟɑɤɜ 

ŮɑɜŬɘ ˊɞɚɨ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ ŬɡŰɐ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰŬɜ ŮɘůɎɔɞɜŰŬɘ ɞɘ ɛŮɔŬɚɨŰŮɟŮɠ 

ɟɞɏɠ ŬŮɟɑɤɜ (Ŭɨɝɖůɖ ~ 30 %). ȷɡŰɧ ŮɑɜŬɘ ŮɜŭŮɘəŰɘəɧ Űɖɠ ůŰŬŭɘŬəɐɠ ŬˊŮɜŮɟɔɞˊɞɑɖůɖɠ 

Űɞɡ ɡˊɞůŰɖɟɘɔɛɏɜɞɡ əŬŰŬɚɨŰɖ ůŰɞɜ Űɟɧˊɞ ɚŮɘŰɞɡɟɔɑŬɠ ȷŪ ɛŮ ɢŬɛɖɚɞɨɠ əŬɘ 

ŮɜŭɘɎɛŮůɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ ŰɟɞűɞŭɞůɑŬɠ. ȷɜŰɑɗŮŰŬ, ɞɘ ɛŮɔŬɚɨŰŮɟŮɠ ɟɞɏɠ ŰɟɞűɞŭɞůɑŬɠ 

ˊɟɞəŬɚɞɨɜ ɎɛŮůɖ ŬˊŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ əŬŰŬɚɨŰɖ. ɋɠ ůɡɜɏˊŮɘŬ, ɖ əŬŰŬɚɡŰɘəɐ 

Ŭˊɧŭɞůɖ ůŰɞɡɠ 110 
o
C ŬɜŬɛɏɜŮŰŬɘ ɜŬ ŮɑɜŬɘ ŬɟəŮŰɎ ɡɣɖɚɧŰŮɟɖ, ɧŰŬɜ ɖ ŰɟɞűɞŭɞůɑŬ 

ɔɑɜŮŰŬɘ ɛŮ ɢŬɛɖɚɧŰŮɟɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ ŬɜŰɘŭɟɩɜŰɤɜ Ŭˊɧ ŮəŮɑɜɖ ůŮ ɛŮɔŬɚɨŰŮɟŮɠ 

ɟɞɏɠ. 
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ɆŰɖ ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ɛŮ ɛŮɑɤůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ (ɀŪ) (ɆɢɐɛŬ 8), ɖ 

ɛŮŰŬŰɟɞˊɐ Űɞɡ CO ɛŮɘɩɜŮŰŬɘ əŬŰɎ Űɖɜ Ɏɜɞŭɞ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ůŰɞ Ůɨɟɞɠ Ŭˊɧ 110 

o
C ɛɏɢɟɘ 85 ɐ 75

 o
C, ɧŰŬɜ ŮɘůɎɔɞɜŰŬɘ ɞɘ ɢŬɛɖɚɞɑ əŬɘ ŮɜŭɘɎɛŮůɞɘ ɟɡɗɛɞɑ ɟɞɐɠ. 

ȷɜŰɑɗŮŰŬ, ŭŮɜ ˊŬɟŬŰɖɟŮɑŰŬɘ əŬɛɛɑŬ ɗŮɟɛɞəɟŬůɘŬəɐ ŮɝɎɟŰɖůɖ, ɧŰŬɜ ɞɘ ɟɞɏɠ Űɤɜ 

ŬɜŰɘŭɟɩɜŰɤɜ ŮɑɜŬɘ 30 cm
3
Ömin

-1
, ɧˊɤɠ Ůˊɑůɖɠ ůɡɛɓŬɑɜŮɘ ɛŮ Űɖ ůŮɘɟɎ ȷŪ. ȼ ŬˊɞɡůɑŬ 

ŮˊɑŭɟŬůɖɠ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ, əŬŰɎ Űɖɜ ŮɘůŬɔɤɔɐ ɛŮɔɎɚɤɜ ɟɡɗɛɩɜ ɟɞɐɠ ůŮ ŬɡŰɐ Űɖ 

ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ, ɛˊɞɟŮɑ ɜŬ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɖ ɔɟɐɔɞɟɖ ŬˊŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ 

ŭɘŮůˊŬɟɛɏɜɞɡ əŬŰŬɚɨŰɖ (AuNɆ) ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖ ůɡɜŮɘůűɞɟɎ ˊŬɟɎˊɚŮɡɟɤɜ 

ŬɜŰɘŭɟɎůŮɤɜ Űɤɜ ɛɞɟɑɤɜ CO ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ɕɘɟəɞɜɑŬɠ. Ⱥˊɑůɖɠ, ɖ ɛŮŰŬŰɟɞˊɐ 

CO, ɧŰŬɜ ɖ ɗŮɟɛɞəɟŬůɑŬ ɛŮɘɩɜŮŰŬɘ Ŭˊɧ Űɞɡɠ 110 
o
C ůŰɞɡɠ 100 

o
C ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ 

(ɛɏɢɟɘ əŬɘ 120 %) Ŭˊɧ Űɖɜ ŬɜŰɑůŰɞɘɢɖ ɛŮŰŬŰɟɞˊɐ ɧŰŬɜ ɖ ɗŮɟɛɞəɟŬůɑŬ ŬɡɝɎɜŮŰŬɘ Ŭˊɧ 

Űɞɡɠ 100 
o
C ůŰɞɡɠ 110 

o
C (~ 80 %). ȼ ŭɘŬűɞɟɎ ŬɡŰɐ ŬɜɎɛŮůŬ ůŰɘɠ ŭɡɞ ůŮɘɟɏɠ 

ŬɜŰɘŭɟɎůŮɤɜ ŬˊɞŭɑŭŮŰŬɘ ůŰɖɜ ɡɣɖɚɐ ŮɜŮɟɔɧŰɖŰŬ Űɖɠ çűɟɏůəɘŬɠè əŬŰŬɚɡŰɘəɐɠ űɎůɖɠ 

ůŰɞɡɠ 110 
o
C (ˊɟɩŰɖ ůŮɘɟɎ ˊŮɘɟŬɛɎŰɤɜ Űɖɠ ůŮɘɟɎɠ ɀŪ). ȼ ɢŬɛɖɚɐ ŮɜŮɟɔɧŰɖŰŬ Űɤɜ 

ɡˊɞůŰɖɟɘɔɛɏɜɤɜ AuNɆ ůŰɖ ůŮɘɟɎ ȷŪ ůŰɞɡɠ 110 
o
C, ɞűŮɑɚŮŰŬɘ ůŰɖɜ ŬˊŮɜŮɟɔɞˊɞɑɖůɖ 

Űɞɡ əŬŰŬɚɨŰɖ ŮɝŬɘŰɑŬɠ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ əɤə.  
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ɆɢɐɛŬ 8. ŪŮɟɛɞəɟŬůɘŬəɐ ŮɝɎɟŰɖůɖ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ CO ɛŮ Űɞ ɢɟɧɜɞ, ɔɘŬ ɧɚɞɡɠ Űɞɡɠ 

ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ ɔɘŬ Űɞɜ Űɟɧˊɞ ɚŮɘŰɞɡɟɔɑŬɠ ɛŮ ɛŮɑɤůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ (ɀŪ) 

 

ɆŰŬ ɆɢɐɛŬŰŬ 9 əŬɘ 10 ˊŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ɖ Ŭˊɧŭɞůɖ ůŮ CO2 ŮɑɜŬɘ ŮɝŬɟŰɖɛɏɜɖ 

Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ ɔɘŬ ɧɚɞɡɠ Űɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ ˊɞɡ ŮɘůɎɔɞɜŰŬɘ, ůŰɞ Ůɨɟɞɠ 

ɗŮɟɛɞəɟŬůɘɩɜ 65-110 
o
C ɔɘŬ Űɘɠ ŭɡɞ ůŮɘɟɏɠ ŬɜŰɘŭɟɎůŮɤɜ. ɆŰɘɠ ɢŬɛɖɚɧŰŮɟŮɠ 

ɗŮɟɛɞəɟŬůɑŮɠ (27-55 
o
C) ɖ Ŭˊɧŭɞůɖ ůŮ CO2 ŭŮɜ ɛɞɘɎɕŮɘ ɜŬ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ 

ɗŮɟɛɞəɟŬůɑŬ. ȼ ˊɟɧɤɟɖ ɏɜŬɟɝɖ Űɖɠ ɗŮɟɛɞəɟŬůɘŬəɐɠ ŮɝɎɟŰɖůɖɠ, ɧŰŬɜ ɖ ŬɜŰɑŭɟŬůɖ 

ɞɝŮɑŭɤůɖɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŰɖ ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ȷŪ, ɛˊɞɟŮɑ ɜŬ ŬˊɞŭɞɗŮɑ ůŰɖɜ 

ɡɣɖɚɐ əŬŰŬɚɡŰɘəɐ ŭɟɎůɖ Űɤɜ ȷuNɆ. ȼ ŮɝŬɘɟŮŰɘəɐ ŮɜŮɟɔɧŰɖŰŬ Űɞɡ əŬŰŬɚɨŰɖ ůŰɘɠ 

ŬɜŰɘŭɟɎůŮɘɠ Űɤɜ ɢŬɛɖɚɩɜ ɗŮɟɛɞəɟŬůɘɩɜ ŬˊɞŭɑŭŮŰŬɘ ůŰɞ ˊŮɟɘɞɟɘůɛɏɜɞ ůɢɖɛŬŰɘůɛɧ 

əɤə. ȷɜŰɑɗŮŰŬ, ˊŬɟŬŰɖɟŮɑŰŬɘ ůɖɛŬɜŰɘəɐ ŬˊŮɜŮɟɔɞˊɞɑɖůɖ Űɤɜ ɡˊɞůŰɖɟɘɔɛɏɜɤɜ 

ȷuNɆ, ɧŰŬɜ ůŰɘɠ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ Űɖɠ ůŮɘɟɎɠ ŬɜŰɘŭɟɎůŮɤɜ ɀŪ ɚŬɛɓɎɜŮɘ 

ɢɩɟŬ ŮəŰŮŰŬɛɏɜɞɠ ůɢɖɛŬŰɘůɛɧɠ əɤə .  
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ɆɢɐɛŬ 9. ŪŮɟɛɞəɟŬůɘŬəɐ ŮɝɎɟŰɖůɖ Űɖɠ Ŭˊɧŭɞůɖɠ ůŮ CO2 ɛŮ Űɞ ɢɟɧɜɞ, ɔɘŬ ɧɚɞɡɠ Űɞɡɠ 

ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ ɔɘŬ Űɖ ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ɛŮ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ.  
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ɆɢɐɛŬ 10. ŪŮɟɛɞəɟŬůɘŬəɐ ŮɝɎɟŰɖůɖ Űɖɠ Ŭˊɧŭɞůɖɠ CO2 ɛŮ Űɞ ɢɟɧɜɞ, ɔɘŬ ɧɚɞɡɠ Űɞɡɠ 

ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ ɔɘŬ Űɞɜ Űɟɧˊɞ ɚŮɘŰɞɡɟɔɑŬɠ ɛŮ ɛŮɑɤůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ. 
 

 

 

3.3.2 ȺˊɑŭɟŬůɖ Űɤɜ ɟɡɗɛɩɜ ɟɞɐɠ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ůŰɖɜ ɞɝŮɑŭɤůɖ CɃ 

 

ȼ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO, ůŰɖ ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ȷŪ, ŮɑɜŬɘ ŮɜŰɞɜɧŰŮɟɖ əŬŰɎ Űɖɜ 

ˊŬɟɞɢɐ Űɞɡ ɟɡɗɛɞɨ ɟɞɐɠ 30 cm
3
Ömin

-1
 ůŰɞɜ ȷɀ, ɧˊɤɠ ŭɘŬűŬɑɜŮŰŬɘ ůŰŬ ɆɢɐɛŬŰŬ 11-

14. Ƀ ɟɡɗɛɧɠ ɟɞɐɠ 2 cm
3
Ömin

-1
 ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɘɠ ˊɘɞ ɢŬɛɖɚɏɠ ɛŮŰŬŰɟɞˊɏɠ ɛŮ 

ŮɝŬɑɟŮůɖ Űɘɠ ŭɡɞ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ, ůŰɘɠ ɞˊɞɑŮɠ ɖ ɛŮŰŬŰɟɞˊɐ 

ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ Ůɜɘůɢɡɛɏɜɖ. ȰɜŬ ɧɛɞɘɞ űŬɘɜɧɛŮɜɞ ˊŬɟŬŰɖɟŮɑŰŬɘ Ůˊɑůɖɠ ɔɘŬ Űɞɡɠ 

ɑŭɘɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ ůŰɖ ůŮɘɟɎ ɀŪ. ɆɡɔəŮəɟɘɛɏɜŬ, ůŰŬŭɘŬəɐ Ŭɨɝɖůɖ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ 

Űɞɡ CO ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ˊŬɟɏɢɞɜŰŬɠ ɟɞɐ 2 cm
3
Ömin

-1
 ůŮ Ůɨɟɞɠ ɗŮɟɛɞəɟŬůɘɩɜ 75-

110 
o
C. ȼ ɛŮŰŬŰɟɞˊɐ ŬɡŰɐ ŬɜɏɟɢŮŰŬɘ əŬɘ ɝŮˊŮɟɜɎ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ˊɞɡ ŮɚɐűɗɖůŬɜ ɛŮ 

ɟɡɗɛɧ ɟɞɐɠ 30 cm
3
Ömin

-1
, ˊŬɟɎ Űɖ ɢŬɛɖɚɐ ɛɞɟɘŬəɐ ɟɞɐ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ (ɆɢɐɛŬ 13, 

14). ȷɡŰɐ ɖ ɛɎɚɚɞɜ ɛɖ ŬɜŬɛŮɜɧɛŮɜɖ ŬɜŰɘůŰɟɞűɐ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ Űɞɡ CO, ɛˊɞɟŮɑ ɜŬ 
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ŬˊɞŭɞɗŮɑ ůŰɖɜ ŮˊɑŭɟŬůɖ Űɖɠ ɛŮɛɓɟɎɜɖɠ əŬɘ ůɡɔəŮəɟɘɛɏɜŬ, ůŰɖɜ ŬˊɟɧůəɞˊŰɖ əŬɘ 

ŰŬɢŮɑŬ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ CO əŬɘ O2 ɛɏůɤ Űɤɜ ˊɧɟɤɜ Űɖɠ ɛŮɛɓɟɎɜɖɠ. 

ɇŬ ŬɜŰɘŭɟɩɜŰŬ ɛŮ ɟɞɐ 30 cm
3
Ömin

-1 
ŬˊɞɛŬəɟɨɜɞɜŰŬɘ Ŭˊɧ Űɞɜ ȷɀ ůɢŮŭɧɜ Ŭɛɏůɤɠ, 

ɢɤɟɑɠ ɜŬ ŬɜŰɘŭɟɎůɞɡɜ ɛŮ ůɡɜɏˊŮɘŬ ɜŬ əŬŰŬɚɐɔɞɡɜ ůŮ ɛɘəɟɧŰŮɟŮɠ ɛŮŰŬŰɟɞˊɏɠ.  
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ɆɢɐɛŬ 11.  ȺɝɎɟŰɖůɖ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ Űɞɡ CO Ŭˊɧ Űɞɡɠ ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ ůŰɖ 

ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ȷŪ. Ƀɘ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ ŮɑɜŬɘ 27, 35, 45, 55, 65 əŬɘ 75 
o
C. 
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ɆɢɐɛŬ 12. ȺɝɎɟŰɖůɖ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ Űɞɡ CO Ŭˊɧ Űɞɡɠ ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɩɜ ůŰɖ 

ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ȷŪ. Ƀɘ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ ŮɑɜŬɘ 85, 100 əŬɘ 110 
o
C. 
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ɆɢɐɛŬ 13 ȺɝɎɟŰɖůɖ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ Űɞɡ CO Ŭˊɧ Űɞɡɠ ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ ůŰɖ 

ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ɀŪ. Ƀɘ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ ŮɑɜŬɘ 27, 35, 45, 55, 65 əŬɘ 75 
o
C. 
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ɆɢɐɛŬ 14. ȺɝɎɟŰɖůɖ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ Űɞɡ CO Ŭˊɧ Űɞɡɠ ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ ůŰɖ 

ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ɀŪ. Ƀɘ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ ŮɑɜŬɘ 85, 100 əŬɘ 110 
o
C.  
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ŪŬ ˊɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɖ ŭɘŬˊɏɟŬůɖ Űɤɜ ŭɡɞ ŬɜŰɘŭɟɩɜŰɤɜ ŬɡɝɎɜŮŰŬɘ ɛŮ 

Űɖ ɛŮɑɤůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ, ɧˊɤɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 6. ȷɡŰɧ ɏɢŮɘ ɤɠ 

ůɡɜɏˊŮɘŬ ůŰɘɠ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ŰŬ ŭɡɞ ŬɏɟɘŬ ɜŬ ɏɢɞɡɜ ˊŮɟɘɞɟɘůɛɏɜɞ ɢɟɧɜɞ 

ŮˊŬűɐɠ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Űɞɡ əŬŰŬɚɨŰɖ. ɆɡɜŮˊɩɠ, ůŮ 

ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ ŮɚɎŰŰɤůɖ Űɖɠ Ůɘŭɘəɐɠ ŰŬɢɨŰɖŰŬɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ (ɛŮ ɓɎůɖ Űɖɜ 

Ůɝɑůɤůɖ Arrhenius) əŬŰŬůŰɏɚɚŮŰŬɘ ɖ ŭɟŬůŰɘəɧŰɖŰŬ Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. ɆŮ ŬɡŰɐ 

Űɖɜ ˊŮɟɑˊŰɤůɖ, ɞɘ ɛɘəɟɞɑ ɟɡɗɛɞɑ ɟɞɩɜ ɞŭɖɔɞɨɜ ůŮ ŭɟŬůŰɘəɎ ɛŮɘɤɛɏɜɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ 

CO, ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖɜ ɛŮŰŬŰɟɞˊɐ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ Ŭˊɧ Űɘɠ ɛŮɔŬɚɨŰŮɟŮɠ 

ɛɞɟɘŬəɏɠ ɟɞɏɠ (ɡɣɖɚɧŰŮɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ ŬɜŰɘŭɟɩɜŰɤɜ). Ʉɘɞ ŬɜŬɚɡŰɘəɎ, ůɨɛűɤɜŬ 

ɛŮ Űɖɜ Ůɝɑůɤůɖ (2), ůŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ əŬɘ ɔɘŬ Űɘɠ ɢŬɛɖɚɏɠ əŬɘ 

ɡɣɖɚɏɠ ɛɞɟɘŬəɏɠ ɟɞɏɠ ŰɟɞűɞŭɞůɑŬɠ (ŭɖɚŬŭɐ, CCɃŮů əŬɘ CCOŮů
ȭ 
ŬɜŰɑůŰɞɘɢŬ) ˊɟɞəɨˊŰŮɘ 

ɧŰɘ CCɃŮů - CCOŮɝ << CCɃŮů
ȭ
 - CCOŮɝ

ȭ 
Ŭűɞɨ CCɃŮů < CCɃŮů

ȭ
. Ⱥˊɞɛɏɜɤɠ, ɔɘŬ Űɖ ɛŮŰŬŰɟɞˊɐ 

Űɞɡ CO ɘůɢɨŮɘ ɧŰɘ  XCO < XCO
Ω
 əŬɘ ɞɘ ůɡɔəŮɜŰɟɩůŮɘɠ Űɞɡ CO2 ůŰɞ ŭɘɐɗɖɛŬ, əŬɗɩɠ əŬɘ 

ɚŬɛɓŬɜɧɛŮɜŮɠ ŬˊɞŭɧůŮɘɠ ůŮ CO2 ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟŮɠ ůŰɘɠ ɡɣɖɚɧŰŮɟŮɠ ɟɞɏɠ.  

ɄŬɟɧɚŬ ŬɡŰɎ, ɧůɞ ɖ ɗŮɟɛɞəɟŬůɑŬ ŬɡɝɎɜŮŰŬɘ, ɖ Ůɘŭɘəɐ ŰŬɢɨŰɖŰŬ ŬɜŰɑŭɟŬůɖɠ 

ŬɡɝɎɜŮŰŬɘ əŬɘ ůŰɞ ɟŮɨɛŬ Űɞɡ ŭɘɖɗɐɛŬŰɞɠ, Űɞ ˊɞůɞůŰɧ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ˊɞɡ ɏɢɞɡɜ 

ɛŮŰŬŰɟŬˊŮɑ ůŮ ůɢɏůɖ ɛŮ Űɞ ˊɞůɞůŰɧ Űɤɜ CO əŬɘ Ƀ2 ˊɞɡ ŭŮɜ ɏɢɞɡɜ ŬɜŰɘŭɟɎůŮɘ ŮɑɜŬɘ 

ɛŮɔŬɚɨŰŮɟɞ ɧŰŬɜ ˊŬɟɏɢɞɜŰŬɘ ɢŬɛɖɚɧŰŮɟɞɘ ɟɡɗɛɞɑ ɟɞɐɠ Űɤɜ ŭɨɞ ŬɜŰɘŭɟɩɜŰɤɜ Ŭˊô ɧŰɘ 

ɧŰŬɜ ˊŬɟɏɢɞɜŰŬɘ ɡɣɖɚɏɠ ɟɞɏɠ. ɆŰɖ ŭŮɨŰŮɟɖ ˊŮɟɑˊŰɤůɖ, ŭɖɚŬŭɐ ůŰɞɡɠ ɡɣɖɚɞɨɠ 

ɟɡɗɛɞɨɠ ɟɞɐɠ, Űɞ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɞɡ ɟŮɨɛŬŰɞɠ ŭɘɖɗɐɛŬŰɞɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ CO 

əŬɘ Ƀ2 ˊɞɡ ŭŮɜ ɏɢɞɡɜ ŬɜŰɘŭɟɎůŮɘ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ ɚŬɛɓɎɜɞɜŰŬɘ ɛɘəɟɧŰŮɟŮɠ 

ɛŮŰŬŰɟɞˊɏɠ CO əŬɘ ŬˊɞŭɧůŮɘɠ ˊɟɞɘɧɜŰɞɠ. ȰŰůɘ, ɔɘŬ ɛɘŬ ůɡɔəŮəɟɘɛɏɜɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ 

ůŮ əŬŰŬɚɨŰɖ ůɢŮŰɘəɎ ɛɘəɟɞɑ ɟɡɗɛɞɑ ɟɞɐɠ Ůɡɜɞɞɨɜ Űɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO ůŰɘɠ 

ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ, Ůɜɩ ɞɘ ɛŮɔŬɚɨŰŮɟɞɘ ɟɡɗɛɞɑ ɟɞɐɠ ˊɟɞŰɘɛɩɜŰŬɘ, 

ɧŰŬɜ ɖ ɞɝŮɑŭɤůɖ CO ůŰɞɜ ȷɀ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŮ ůɢŮŰɘəɎ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ.  

ɆɨɛűɤɜŬ ɛŮ ŰŬ ɆɢɐɛŬŰŬ 15-18, ɖ Ŭˊɧŭɞůɖ ůŮ CO2 ŮɑɜŬɘ ɝŮəɎɗŬɟŬ 

ɛŮɔŬɚɨŰŮɟɖ ůŰɖ ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ȷŪ Ŭˊɧ ɧ,Űɘ ůŰɖ ůŮɘɟɎ ɀŪ, ůŰɘɠ ɢŬɛɖɚɧŰŮɟŮɠ 

ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ (ɛɏɢɟɘ Űɞɡɠ 65 
o
C) əŬɘ ɔɘŬ Űɞɡɠ ˊɘɞ ɢŬɛɖɚɞɨɠ ɟɡɗɛɞɨɠ 

ɟɞɐɠ. ɋůŰɧůɞ, əŬɗɩɠ ɖ ɗŮɟɛɞəɟŬůɑŬ ŬɡɝɎɜŮŰŬɘ ůŰɞ Ůɨɟɞɠ 85-110 
o
C, ɞɘ ŬˊɞŭɧůŮɘɠ 

ůŮ  CO2 ůŰɘɠ ŭɨɞ ůŮɘɟɏɠ ŬɜŰɘŭɟɎůŮɤɜ ůɡɔəɚɑɜɞɡɜ ɛŮŰŬɝɨ Űɞɡɠ əŬɘ əŬŰŬɚɐɔɞɡɜ ɜŬ 

ŮɑɜŬɘ ˊŬɟɧɛɞɘŮɠ ůŰɞɡɠ 110 
o
C.  

ȳŰŬɜ ŮűŬɟɛɧɕɞɜŰŬɘ ɞɘ ŮɜŭɘɎɛŮůɞɘ ɟɡɗɛɞɑ ɟɞɐɠ, 5 cm
3
Ömin

-1
, ɔɘŬ əɎɗŮ 

ŬɜŰɘŭɟɩɜ, ɖ ŬɜɩŰŮɟɖ ɗŮɟɛɞəɟŬůɑŬ ůŰɖɜ ɞˊɞɑŬ ɖ ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ȷŪ ˊɟɞůűɏɟŮɘ 
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ɛŮɔŬɚɨŰŮɟŮɠ ŬˊɞŭɧůŮɘɠ ůŮ CO2, ɛŮɘɩɜŮŰŬɘ ůŰɞɡɠ 45 
o
C əŬɘ ɖ ůɨɔəɚɘůɖ ůŰɘɠ 

ˊɟɞəɨˊŰɞɡůŮɠ ŬˊɞŭɧůŮɘɠ ůŮ CO2 Ŭˊɧ Űɘɠ ŭɨɞ ůŮɘɟɏɠ ŬɜŰɘŭɟɎůŮɤɜ ɚŬɛɓɎɜŮɘ ɢɩɟŬ 

ůŰɞɡɠ 55 
o
C. ȷˊɧ ŮəŮɑ əŬɘ ɏˊŮɘŰŬ, ɖ Ŭˊɧŭɞůɖ ůŮ CO2 ɔɑɜŮŰŬɘ ůŬűɩɠ ɛŮɔŬɚɨŰŮɟɖ ůŰɖ 

ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ɀŪ (ůŮ ůɢɏůɖ ɛŮ Űɖ ůŮɘɟɎ ȷŪ) ɛɏɢɟɘ əŬɘ Űɞɡɠ 110 
o
C. ɇɞ 

ɔŮɔɞɜɧɠ ɧŰɘ ɞɘ ŬˊɞŭɧůŮɘɠ ůŮ CO2 Űɤɜ ŭɨɞ ůŮɘɟɩɜ ŬɜŰɘŭɟɎůŮɤɜ ůɡɛˊɑˊŰɞɡɜ ůŮ ɛɑŬ 

ɞɟɘůɛɏɜɖ ɗŮɟɛɞəɟŬůɑŬ (ůŰɞɡɠ 55 
o
C) əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɛŮ Ɏɜɞŭɞ ɐ ˊŰɩůɖ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ ɖ Ŭˊɧŭɞůɖ Űɖɠ ɛɘŬɠ ůŮɘɟɎɠ ɝŮˊŮɟɜɎ ŬɡŰɐɜ Űɖɠ Ɏɚɚɖɠ, ɛˊɞɟŮɑ ɜŬ 

ŮɝɖɔɖɗŮɑ ŮɎɜ ɚɖűɗŮɑ ɡˊô ɧɣɘɜ ɖ ŮˊɑŭɟŬůɖ Űɖɠ əɎɗŮ ɛɑŬɠ ůŮɘɟɎɠ ŬɜŰɘŭɟɎůŮɤɜ ůŰɖ 

ŭɟŬůŰɘəɧŰɖŰŬ Űɞɡ əŬŰŬɚɨŰɖ. ɆŮ ůɢŮŰɘəɎ ɢŬɛɖɚɏɠ əŬɘ ŮɜŭɘɎɛŮůŮɠ ɗŮɟɛɞəɟŬůɑŮɠ 

ŬɜŰɑŭɟŬůɖɠ, ɖ ŬˊŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ əŬŰŬɚɨŰɖ ŮɑɜŬɘ ŬɟəŮŰɎ ŮɜŰɞɜɧŰŮɟɖ, ɧŰŬɜ ɞɘ 

əɨəɚɞɘ ɞɝŮɑŭɤůɖɠ CO ɝŮəɘɜɞɨɜ Ŭˊɧ Űɞ ŬɜɩŰŮɟɞ ɗŮɟɛɞəɟŬůɘŬəɧ ɧɟɘɞ Űɤɜ 110 
o
C, ůŮ 

ŬɜŰɑɗŮůɖ ɛŮ ŮəŮɑɜɖ ˊɞɡ ˊɟɞəŬɚŮɑŰŬɘ ɧŰŬɜ ɞɘ ɞɝŮɘŭɩůŮɘɠ Ŭɟɢɑɕɞɡɜ Ŭˊɧ Űɞ ɢŬɛɖɚɧŰŮɟɞ 

ɧɟɘɞ Űɤɜ 27 
o
C. ɋɠ ůɡɜɏˊŮɘŬ, ɞɘ ɚɖűɗɏɜŰŮɠ ŬˊɞŭɧůŮɘɠ ˊɟɞɥɧɜŰɞɠ ůŮ ŬɡŰɏɠ Űɘɠ 

ɗŮɟɛɞəɟŬůɑŮɠ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟŮɠ, ɧŰŬɜ ŮűŬɟɛɧɕŮŰŬɘ ɖ ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ȷŪ. ɇɞ 

ɔŮɔɞɜɧɠ ŬɡŰɧ, ɛˊɞɟŮɑ ɜŬ ŮɝɖɔɐůŮɘ Űɘɠ ɡɣɖɚɧŰŮɟŮɠ ŬˊɞŭɧůŮɘɠ ˊɟɞɥɧɜŰɞɠ, ˊɞɡ 

ŬˊɞəŰɩɜŰŬɘ ůŰɖ ůŮɘɟɎ ȷŪ, ɔɘŬ ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ 2 cm
3
Ömin

-1
 ɔɘŬ əɎɗŮ 

ŬɜŰɘŭɟɩɜ. ȺəŰɧɠ ŬɡŰɞɨ, ɏɢŮɘ əŬŰŬŭŮɘɢɗŮɑ ɧŰɘ Űɞ CO  ŬɜŬůŰɏɚɚŮɘ Űɖɜ ˊɟɞůɟɧűɖůɖ O2 

ŬˊɞŰŮɚŮůɛŬŰɘəɧŰŮɟŬ Ŭˊɧ ɧŰɘ ŰŬ ŮˊɘűŬɜŮɘŬəɎ ɞɝɡɔɧɜŬ ŬɜŬůŰɏɚɚɞɡɜ Űɖɜ ˊɟɞůɟɧűɖůɖ 

CO. ȾŬŰɎ ůɡɜɏˊŮɘŬ, ůŰɘɠ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ɖ ˊŬɟŬɔɤɔɐ CO2 ŬɜŬůŰɏɚɚŮŰŬɘ Ŭˊɧ 

Űɞ ˊɟɞůɟɞűɖɛɏɜɞ CO. ȷɜŰɑɗŮŰŬ, ůŰɘɠ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ, ɞ ɟɡɗɛɧɠ 

ˊŬɟŬɔɤɔɐɠ CO2 ŬɡɝɎɜŮŰŬɘ ˊŬɟɎɚɚɖɚŬ ɛŮ Űɞɜ ɟɡɗɛɧ Ůəɟɧűɖůɖɠ CO. ȰŰůɘ, ɞ ɛɏɔɘůŰɞɠ 

ɟɡɗɛɧɠ ˊŬɟŬɔɤɔɐɠ CO2 ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ůɡɜɗɐəŮɠ ˊɞɡ ˊŬɟɎɔɞɡɜ ŮɚɎɢɘůŰŮɠ 

ŮˊɘűŬɜŮɘŬəɏɠ əŬɚɨɣŮɘɠ CO, ŭɖɚŬŭɐ ɛɘəɟɧŰŮɟɞɡɠ ɟɡɗɛɞɨɠ ɟɞɩɜ əŬɘ ɡɣɖɚɧŰŮɟŮɠ 

ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ. 
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ɆɢɐɛŬ 15. ȺɝɎɟŰɖůɖ Űɖɠ Ŭˊɧŭɞůɖɠ ůŮ CO2 Ŭˊɧ Űɞɡɠ ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ (2, 5, 10 

əŬɘ 30 ml/min ɔɘŬ əɎɗŮ ŬɜŰɘŭɟɩɜ) ůŰɖ ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ȷŪ. Ƀɘ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ 

ŮɑɜŬɘ 27, 35, 45, 55, 65 əŬɘ 75 
o
C.  
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ɆɢɐɛŬ 16. ȺɝɎɟŰɖůɖ Űɖɠ Ŭˊɧŭɞůɖɠ ůŮ CO2 Ŭˊɧ Űɞɡɠ ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ (2, 5, 10 

əŬɘ 30 ml/min ɔɘŬ əɎɗŮ ŬɜŰɘŭɟɩɜ) ůŰɖ ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ȷŪ. Ƀɘ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ 

ŮɑɜŬɘ 85, 100 əŬɘ 110 
o
C.  
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ɆɢɐɛŬ 17. ȺɝɎɟŰɖůɖ Űɖɠ Ŭˊɧŭɞůɖɠ ůŮ CO2 Ŭˊɧ Űɞɡɠ ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ (2, 5, 10 

əŬɘ 30 ml/min ɔɘŬ əɎɗŮ ŬɜŰɘŭɟɩɜ) ůŰɖ ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ɀŪ. Ƀɘ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ 

ŮɑɜŬɘ 27, 35, 45, 55, 65 əŬɘ 75 
o
C.  
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ɆɢɐɛŬ 18. ȺɝɎɟŰɖůɖ Űɖɠ Ŭˊɧŭɞůɖɠ ůŮ CO2 Ŭˊɧ Űɞɡɠ ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ (2, 5, 10 

əŬɘ 30 ml/min ɔɘŬ əɎɗŮ ŬɜŰɘŭɟɩɜ) ůŰɖ ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ɀŪ. Ƀɘ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ 

ŮɑɜŬɘ 85, 100 əŬɘ 110 
o
C. 
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ȷˊɧ Űɖɜ Ɏɚɚɖ ɛŮɟɘɎ, ůŰɞɡɠ ɛŮɔɎɚɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ, ɞɘ 

ŬˊɞŭɧůŮɘɠ ůŮ CO2 ŮɑɜŬɘ Űɧůɞ ɢŬɛɖɚɏɠ, ɛɏɢɟɘ Űɞɡɠ 55 
o
C, əŬɘ ɔɘŬ Űɘɠ ŭɨɞ ůŮɘɟɏɠ 

ŬɜŰɘŭɟɎůŮɤɜ Ůɜɩ ůɢŮŭɧɜ ɧɛɞɘŮɠ ŬˊɞŭɧůŮɘɠ ˊɟɞɥɧɜŰɞɠ ɚŬɛɓɎɜɞɜŰŬɘ ůŮ ɡɣɖɚɧŰŮɟŮɠ 

ɗŮɟɛɞəɟŬůɑŮɠ, ɛɏɢɟɘ Űɞɡɠ 100 
o
C. ɆŰɞ ŬɜɩŰŮɟɞ ɧɟɘɞ Űɤɜ 110 

o
C ɖ ůŮɘɟɎ ɀŪ 

ˊɟɞůűɏɟŮɘ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧŭɞůɖ ˊɟɞɘɧɜŰɞɠ, ɧˊɤɠ ŬɜŬɛŮɜɧŰŬɜ Ŭˊɧ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɞ 

ɡˊɞůŰɖɟɘɔɛɏɜɞɠ əŬŰŬɚɨŰɖɠ ŮɑɜŬɘ ˊŮɟɘůůɧŰŮɟɞ ŮɜŮɟɔɧɠ, Ŭűɞɨ ŭŮɜ ɏɢŮɘ ɡˊɞůŰŮɑ 

ŬɟəŮŰɞɨɠ əɨəɚɞɡɠ ɞɝŮɑŭɤůɖɠ CO.   

 

3.4 Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ɓɏɚŰɘůŰɤɜ ůɡɜɗɖəɩɜ ŭɘŮɟɔŬůɑŬɠ əŬɘ Űɖɠ ŬˊɞŭɞŰɘəɧŰŮɟɖɠ 

ůŮɘɟɎɠ ŬɜŰɘŭɟɎůŮɤɜ  

 

ȳˊɤɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰŬ ɆɢɐɛŬŰŬ 19 əŬɘ 20, əŬɘ ɔɘŬ Űɘɠ ŭɨɞ ůŮɘɟɏɠ 

ŬɜŰɘŭɟɎůŮɤɜ ɞɘ ˊɘɞ ɡɣɖɚɞɑ ɟɡɗɛɞɑ ɟɞɐɠ (30 cm
3
Ömin

-1
) Ŭˊɞŭɑŭɞɡɜ Űɘɠ ɡɣɖɚɧŰŮɟŮɠ 

ɛŮŰŬŰɟɞˊɏɠ CO ůŮ ɧɚŮɠ Űɘɠ ɗŮɟɛɞəɟŬůɑŮɠ ɛŮ ŮɝŬɑɟŮůɖ Űɖɜ ɡɣɖɚɧŰŮɟɖ ɗŮɟɛɞəɟŬůɑŬ 

Űɤɜ 110 
o
C. Ƀɘ ɟɡɗɛɞɑ ɟɞɐɠ 2 əŬɘ 10 cm

3
Ömin

-1
 ɓɟɏɗɖəŮ ɧŰɘ əŬŰŬɚɐɔɞɡɜ ůŰɘɠ ˊɘɞ 

ɢŬɛɖɚɏɠ ɛŮŰŬŰɟɞˊɏɠ ŮɘŭɘəɎ ůŮ ɢŬɛɖɚɏɠ əŬɘ ŮɜŭɘɎɛŮůŮɠ ɗŮɟɛɞəɟŬůɑŮɠ. Ƀɘ ɛŮŰŬŰɟɞˊɏɠ 

Űɞɡ CO, ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ŮɘůɎɔɞɜŰŬɠ 5 cm
3
Ömin

-1
 ɔɘŬ əɎɗŮ ŬɜŰɘŭɟɩɜ, ɓɟɑůəɞɜŰŬɘ 

ŬɜɎɛŮůŬ ůŰɘɠ ɛŮŰŬŰɟɞˊɏɠ Űɤɜ ŭɡɞ ɞɟɘŬəɩɜ ɟɡɗɛɩɜ ɟɞɐɠ ůŮ ɧɚŮɠ Űɘɠ ɗŮɟɛɞəɟŬůɑŮɠ 

əŬɘ ɔɘŬ Űɘɠ ŭɨɞ ůŮɘɟɏɠ ŬɜŰɘŭɟɎůŮɤɜ. 

 

3.5 ȷɝɘɞɚɧɔɖůɖ Űɤɜ ŬˊɞŭɧůŮɤɜ 

 

ȼ Ŭ́ɧŭɞůɖ Űɖɠ əŬŰŬɚɡŰɘəɐɠ ɀɈūȽɈ ŮəŰɘɛɎŰŬɘ Ŭˊɧ Űɖ ŭɘŮɝŬɔɤɔɐ əɨəɚɤɜ 

ɞɝŮɑŭɤůɖɠ ɛŮ ůŰŬŭɘŬəɐ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ (27-110 
o
C) əŬɘ ɟɡɗɛɧ ɟɞɐɠ Űɤɜ 

ŬɜŰɘŭɟɩɜŰɤɜ 2 cm
3
Ömin

-1
. ɀŮŰɎ Űɖɜ ɞɚɞəɚɐɟɤůɖ ůŮ əɎɗŮ ɗŮɟɛɞəɟŬůɑŬ Űɤɜ əɨəɚɤɜ 

ɞɝŮɑŭɤůɖɠ, ɞ ɡˊɞůŰɖɟɘɔɛɏɜɞɠ əŬŰŬɚɨŰɖ (AuɁɆ) ŬɜŬɔŮɜɜɎŰŬɘ ɛɏůɤ əŬŰŮɟɔŬůɑŬɠ ůŮ 

ɟɏɞɜŰŬ ůɡɜɗŮŰɘəɧ ŬɏɟŬ ůŰɞɡɠ 200 ÁC ɧɚɖ Űɖ ɜɨɢŰŬ. ȼ ɛɏɔɘůŰɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO 

ŮɑɜŬɘ 40.73 % əŬɘ ɖ ŬɜŰɑůŰɞɘɢɖ Ŭˊɧŭɞůɖ ůŮ CO2 ŮɑɜŬɘ 28.35 %, ɛŮŰɎ ŰŬ ˊɟɩŰŬ 25 min 

ŬɜŰɑŭɟŬůɖɠ əŬɘ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɖ ɗŮɟɛɞəɟŬůɑŬ Űɤɜ 110 
o
C, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 

21. ȼ ˊɘɞ ɢŬɛɖɚɐ ɛŮŰŬŰɟɞˊɐ ŮɑɜŬɘ 7.3 % ůŰɞɡɠ 27 
o
C əŬɘ ɖ ŬɜŰɑůŰɞɘɢɖ Ŭˊɧŭɞůɖ ůŮ 

CO2  ŮɑɜŬɘ 2.31 %. ȼ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO űŰɎɜŮɘ Űɞ 14.15 % əŬɘ ɖ ŬɜŰɑůŰɞɘɢɖ Ŭˊɧŭɞůɖ 

CO2 Űɞ 13.81 % ůŰɞɡɠ 110
o
C, ɧŰŬɜ ɖ ŬɜŰɑŭɟŬůɖ ɞɚɞəɚɖɟɩɜŮŰŬɘ ůŰŬ 250 min. ȷˊɧ 
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Űɖɜ Ɏɚɚɖ, ɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO ɛŮɘɩɜŮŰŬɘ ůŰɞ 1.78 % əŬɘ ɖ Ŭˊɧŭɞůɖ ůŮ CO2 ɔɑɜŮŰŬɘ 

0.75 %, ɔɘŬ ɢɟɧɜɞ ŬɜŰɑŭɟŬůɖɠ 150 min ůŰɞɡɠ 27 
o
C.  

AɜŬűɏɟŮŰŬɘ Ůˊɑůɖɠ ɧŰɘ, ɛɘŬ ɧɛɞɘŬ əɡɚɘɜŭɟɘəɐ ɡɓɟɘŭɘəɐ Au-ɀɈūȽɈ, ˊɞɡ 

ˊŮɟɘɚŬɛɓɎɜŮɘ ɏɜŬ ɚŮˊŰɧ ŭɘŬɢɤɟɘůŰɘəɧ ůŰɟɩɛŬ ɕɘɟəɞɜɑŬɠ ɛŮ ɛɏɔŮɗɞɠ ˊɧɟɤɜ 10 nm, 

ɡˊɞɓɎɚɚŮŰŬɘ ůŮ ɑŭɘŬ ŮɜŮɟɔɞˊɞɑɖůɖ əŬɘ ŮˊŮɝŮɟɔŬůɑŬ Űɟɞˊɞˊɞɑɖůɖɠ ɛŮ Űɖɜ ˊŬɟŬˊɎɜɤ 

ŬɜŬˊŰɡɔɛɏɜɖ Au-ɀɈūȽɈ (ɛŮ ɛɏɔŮɗɞɠ ˊɧɟɤɜ 3 nm). Ƀɘ ŭɘŬůŰɎůŮɘɠ əŬɘ ŰŬ ŭɞɛɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ɛŮɛɓɟɎɜɖɠ ˊŮɟɘɔɟɎűɞɜŰŬɘ ůŰɖɜ ŮɜɧŰɖŰŬ 2.1. ɇɞ ůɘɚŬɜɞˊɞɘɖɛɏɜɞ 

ɘɞɜŰɘəɧ ɡɔɟɧ [spmim][Tf2N] ŬəɘɜɖŰɞˊɞɘŮɑŰŬɘ ˊɎɜɤ ůŰɖɜ ˊɞɟɩŭɖ ŮˊɘűɎɜŮɘŬ ɛɏůɤ 

ɢɖɛɘəɐɠ ůɨɜŭŮůɖɠ əŬɘ ɏˊŮɘŰŬ, ɖ ŮɜŬˊɧɗŮůɖ ɘɧɜŰɤɜ ɢɟɡůɞɨ əŬɘ ɖ ŬɜŬɔɤɔɐ ůŮ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ŮűŬɟɛɧɕɞɜŰŬɠ Űɖ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ŬɜŬűɏɟɗɖəŮ ůŰɖɜ 

ŮɜɧŰɖŰŬ 2.2. ɄŬɟɧɚŬ ŬɡŰɎ, ɖ ɡɓɟɘŭɘəɐ ŬɡŰɐ ɛŮɛɓɟɎɜɖ ŭɘŬˊɘůŰɩɜŮŰŬɘ ŬɜŮɜŮɟɔɐ ůŰɖɜ 

ɞɝŮɑŭɤůɖ Űɞɡ CO. ɆɡɔəŮəɟɘɛɏɜŬ, ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ əɨəɚɞɘ ɞɝŮɑŭɤůɖɠ ůŰɞɡɠ 

ɢŬɛɖɚɧŰŮɟɞɡɠ (ŭɖɚŬŭɐ 2 cm
3
Ömin

-1
 ɔɘŬ əɎɗŮ ŬɜŰɘŭɟɩɜ) əŬɘ ůŰɞɡɠ ɡɣɖɚɧŰŮɟɞɡɠ 

(ŭɖɚŬŭɐ 30 cm
3
Ömin

-1
) ɟɡɗɛɞɨɠ ɟɞɐɠ ůŰɞ ɑŭɘɞ ɗŮɟɛɞəɟŬůɘŬəɧ Ůɨɟɞɠ, 27-110 

o
C, ůŰɖ 

ŭɘɎŰŬɝɖ ŮɝŬɜŬɔəŬůɛɏɜɖɠ ɟɞɐɠ. Ʉɟɘɜ Űɖɜ Ŭɟɢɐ əɎɗŮ əɨəɚɞɡ ɞɝŮɑŭɤůɖɠ ɚŬɛɓɎɜŮɘ 

ɢɩɟŬ ɗŮɟɛɘəɐ ɞɝŮɘŭɤŰɘəɐ ŮˊŮɝŮɟɔŬůɑŬ ɔɘŬ Űɖɜ ŬɜŬɔɏɜɜɖůɖ Űɞɡ əŬŰŬɚɨŰɖ. ɆŮ ɧɚŮɠ Űɘɠ 

ˊŮɟɘˊŰɩůŮɘɠ, ɛŮŰɎ Űɖɜ Ŭɟɢɘəɐ ˊɟɞůɤɟɘɜɐ ˊŮɟɑɞŭɞ, ɚŬɛɓɎɜɞɜŰŬɘ ŬɛŮɚɖŰɏŮɠ (ůɢŮŭɧɜ 

ɛɖŭŮɜɘəɏɠ) ɛŮŰŬŰɟɞˊɏɠ əŬɘ ŬˊɞŭɧůŮɘɠ CO2.  

ɆɡɜŮˊɩɠ, ɡˊɎɟɢɞɡɜ ŭɡɞ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ Ůˊɘɚɞɔɐ Űɞɡ 

ɛŮɔɏɗɞɡɠ Űɤɜ ˊɧɟɤɜ Űɞɡ ɚŮˊŰɞɨ ŭɘŬɢɤɟɘůŰɘəɞɨ ůŰɟɩɛŬŰɞɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ, ˊɞɡ ɗŬ 

ɛˊɞɟɞɨůŬɜ ɜŬ Ůɝɖɔɐůɞɡɜ ŬɡŰɐ Űɖ ɛɖŭŮɜɘəɐ Ŭˊɧŭɞůɖ ůŰɖɜ ɞɝŮɑŭɤůɖ CO. Ƀ ˊɟɩŰɞɠ 

ˊŬɟɎɔɞɜŰŬɠ ŮɑɜŬɘ Űɞ ɛŮɔɎɚɞ ɛɏɔŮɗɞɠ Űɤɜ ˊɧɟɤɜ ˊɞɡ ɞŭɖɔŮɑ ůŰɖɜ ŬɜɎˊŰɡɝɖ 

ůɤɛŬŰɘŭɑɤɜ Au ɛŮ ɏɜŬɜ ɎɜŬɟɢɞ Űɟɧˊɞ. ɇŬ ŬɜɖɔɛɏɜŬ ůɤɛŬŰɑŭɘŬ ɛŮ ɛɏɔŮɗɞɠ ɛɏɢɟɘ 10 

nm ŭŮɜ ɏɢɞɡɜ əŬɚɐ ŭɘŬůˊɞɟɎ əŬɘ ɛˊɞɟɞɨɜ Ůˊɑůɖɠ ɜŬ ůɡůůɤɛŬŰɤɗɞɨɜ ɛɏůŬ ůŰɞɡɠ 

ˊɧɟɞɡɠ Űɞɡ ŭɘŬɢɤɟɘůŰɘəɞɨ ůŰɟɩɛŬŰɞɠ. ɇŬ ůɤɛŬŰɑŭɘŬ ŬɡŰɎ ŮɑɜŬɘ ˊɞɚɨ ɛŮɔɎɚŬ ɔɘŬ ɜŬ 

ˊŬɟɞɡůɘɎůɞɡɜ əŬŰŬɚɡŰɘəɐ ŭɟɎůɖ (> 3 nm). Ⱥˊɑůɖɠ, ɞ ŭŮɨŰŮɟɞɠ ˊŬɟɎɔɞɜŰŬɠ ŮɑɜŬɘ Űɞ 

ɛŮɔɎɚɞ ɛɏɔŮɗɞɠ ˊɧɟɤɜ ˊɞɡ ŮˊɘŰɟɏˊŮɘ ɡˊŮɟɓɞɚɘəɎ ɡɣɖɚɞɨɠ ɟɡɗɛɞɨɠ ŭɘŬˊɏɟŬůɖɠ ɛɏůɤ 

Űɖɠ ɛŮɛɓɟɎɜɖɠ ŮˊŬűɐɠ. Ƀɘ ɡɣɖɚɞɑ ɟɡɗɛɞɑ ŭɘŬˊɏɟŬůɖɠ ˊŮɟɘɞɟɑɕɞɡɜ Űɞ ɢɟɧɜɞ ŮˊŬűɐɠ 

Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ɛŮ ŰŬ ůɤɛŬŰɑŭɘŬ Au əŬɘ ŰŬ ůɡůůɤɛŬŰɩɛŬŰŬ ŬɡŰɩɜ ˊɞɡ ŮɛűŬɜɑɕɞɡɜ 

ɢŬɛɖɚɐ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ. ȯɟŬ, Űɞ ɛɏɔŮɗɞɠ Űɤɜ ˊɧɟɤɜ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɏɢŮɘ 

əɡɟɑŬɟɢɞ ɟɧɚɞ ůŰɖɜ ŬɜɎˊŰɡɝɖ ɛɘŬɠ ŬˊɞŭɞŰɘəɐɠ əŬŰŬɚɡŰɘəɐɠ ɛŮɛɓɟɎɜɖɠ ŮˊŬűɐɠ, ůŮ 

ɧŰɘ ŬűɞɟɎ Űɖɜ ŬˊŬɘŰɞɨɛŮɜɖ ɘůɞɟɟɞˊɑŬ ŬɜɎɛŮůŬ ůŰɞ ɟɡɗɛɧ ŬɜŰɑŭɟŬůɖɠ əŬɘ Űɖ 

ŭɘŬˊɏɟŬůɖ Űɤɜ ůɡůŰŬŰɘəɩɜ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɡˊɧ ŭŮŭɞɛɏɜŮɠ ůɡɜɗɐəŮɠ ŭɘŮɟɔŬůɑŬɠ. 
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ɆɢɐɛŬ 19. ɀŮŰŬŰɟɞˊɐ Űɞɡ CO ůŮ ɧɚɞɡɠ Űɞɡɠ ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ ɔɘŬ Űɘɠ ŭɡɞ ůŮɘɟɏɠ 

ŬɜŰɘŭɟɎůŮɤɜ ȷŪ əŬɘ ɀŪ. Ƀɘ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ ŮɑɜŬɘ 27, 35, 45, 55, 65 əŬɘ 75 
o
C.    
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ɆɢɐɛŬ 20. ɀŮŰŬŰɟɞˊɐ Űɞɡ CO ůŮ ɧɚɞɡɠ Űɞɡɠ ˊŬɟŮɢɧɛŮɜɞɡɠ ɟɡɗɛɞɨɠ ɟɞɐɠ ɔɘŬ Űɘɠ ŭɡɞ ůŮɘɟɏɠ 

ŬɜŰɘŭɟɎůŮɤɜ ȷŪ əŬɘ ɀŪ. Ƀɘ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜŰɑŭɟŬůɖɠ ŮɑɜŬɘ 85, 100 əŬɘ 110 
o
C.      
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ɆɢɐɛŬ 21. ɄŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɞɝŮɑŭɤůɖɠ CO ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ 

ɛɏɢɟɘ Űɞɡɠ 110 
o
C ɛŮ ɟɡɗɛɞɨɠ ɟɞɐɠ 2 ml/min ɔɘŬ ŰŬ ŭɡɞ ŬɜŰɘŭɟɩɜŰŬ (Ŭ) Űɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ 

CO əŬɘ (ɓ) Űɖɜ Ŭˊɧŭɞůɖ ůŮ CO2.  
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4. ɆɡɛˊŮɟɎůɛŬŰŬ 

 

ɆŰɞ əŮűɎɚŬɘɞ ŬɡŰɧ, ɛŮɚŮŰɐɗɖəŮ ɖ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Ůɜɧɠ ŬɜŰɘŭɟŬůŰɐɟŬ 

ɛŮɛɓɟɎɜɖɠ ŮˊŬűɐɠ ˊɞɡ űŮɟŮɘ ɛɑŬ ɡɓɟɘŭɘəɐ əŬŰŬɚɡŰɘəɐ ɛŮɛɓɟɎɜɖ, ɧůɞɜ ŬűɞɟɎ Űɖɜ 

ɞɝŮɑŭɤůɖ Űɞɡ CO, ɤɠ ɛɘŬ ŮɜŬɚɚŬəŰɘəɐ ŭɘɎŰŬɝɖ ůŮ ůɢɏůɖ ɛŮ Űɖ ůɡɛɓŬŰɘəɐ ŭɘɎŰŬɝɖ 

Ůɜɧɠ ŬɜŰɘŭɟŬůŰɐɟŬ ůŰŬɗŮɟɐɠ əɚɑɜɖɠ. ũɘŬ Űɞ ůəɞˊɧ ŬɡŰɧ, ɛɘŬ ˊɞɚɡůŰɟɤɛŬŰɘəɐ 

əŮɟŬɛɘəɐ ɛŮɛɓɟɎɜɖ ˊɞɡ űɏɟŮɘ ɏɜŬ ŭɘŬɢɤɟɘůŰɘəɧ ůŰɟɩɛŬ ɕɘɟəɞɜɑŬɠ, ɛŮ ɛɏɔŮɗɞɠ 

ˊɧɟɤɜ 3 nm, ŰɟɞˊɞˊɞɘŮɑŰŬɘ ɛɏůɤ ɢɖɛɘəɐɠ ůɨɜŭŮůɖɠ Ůɜɧɠ ůɘɚŬɜɞˊɞɘɖɛɏɜɞɡ ɘɞɜŰɘəɞɨ 

ɡɔɟɞɨ ˊɎɜɤ ůŰɖɜ ˊɞɟɩŭɖ ŮˊɘűɎɜŮɘŬ. ȼ ɛŮɛɓɟɎɜɖ ŬɡŰɐ əŬɗɑůŰŬŰŬɘ əŬŰŬɚɡŰɘəɎ 

ŮɜŮɟɔɐ ɔɘŬ ɞɝŮɑŭɤůɖ CO ɛŮ Űɖɜ ŬɜɎˊŰɡɝɖ əŬɘ ŭɘŬůˊɞɟɎ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ůŰɞ ȽɈ, 

ŰŬ ɞˊɞɑŬ ɚŮɘŰɞɡɟɔɞɨɜ ɤɠ ɡˊɞůŰɖɟɘɔɛɏɜɖ ŮɜŮɟɔɐ əŬŰŬɚɡŰɘəɐ űɎůɖ. Ƀ ůəɞˊɧɠ 

Ůˊɘɚɞɔɐɠ Űɞɡ ůɡɔəŮəɟɘɛɏɜɞɡ ɜŬɜɞˊɞɟɩŭɞɡɠ ůŰɟɩɛŬŰɞɠ ɕɘɟəɞɜɑŬɠ, ŮɑɜŬɘ ɖ ŮɚŮɔɢɧɛŮɜɖ 

ŬɜɎˊŰɡɝɖ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Au ɛŮ ɛɏɔŮɗɞɠ ɧɢɘ ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ 3 nm, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ 

ɏŰůɘ Ůɜɘůɢɡɛɏɜɖ əŬŰŬɚɡŰɘəɐ ŭɟɎůɖ. Ⱥˊɘˊɚɏɞɜ, ɖ ŬˊɩɚŮɘŬ əŬŰŬɚɡŰɘəɐɠ ŭɟɎůɖɠ 

ɛŮɘɩɜŮŰŬɘ ŮɝŬɘŰɑŬɠ Űɤɜ ɡɣɖɚɐɠ ŭɘŬˊŮɟŬŰɧŰɖŰŬɠ ŭɘɧŭɤɜ ŭɘɎɢɡůɖɠ, ˊɞɡ 

ŮɚŬɢɘůŰɞˊɞɘɞɨɜ Űɞ ɢɟɧɜɞ ŮˊŬűɐɠ Űɞɡ əŬŰŬɚɨŰɖ ɛŮ ŰŬ ŬɜŰɘŭɟɩɜŰŬ, Ůűɧůɞɜ ɡˊɎɟɢŮɘ 

ɛɘŬ ŬɝɘɞůɖɛŮɑɤŰɖ ŭɘŬűɞɟɎ ɛŮɔɏɗɞɡɠ ŬɜɎɛŮůŬ ůŰŬ ůɡůŰŬŰɘəɎ Űɖɠ ŬɜŰɑŭɟŬůɖɠ əŬɘ Űɖ 

ŭɘɎɛŮŰɟɞ ˊɧɟɤɜ Űɖɠ ɛŮɛɓɟɎɜɖɠ. ɇŬ əŬŰŬɚɡŰɘəɎ ˊŮɘɟɎɛŬŰŬ ɏŭŮɘɝŬɜ ɛɘŬ ˊɟɧůɗŮŰɖ 

ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ȽɈ, əŬŰɎ Űɖɜ ɞˊɞɑŬ ŭɟɎ ɤɠ ɘůɢɡɟɧɠ ɟɞűɖŰɐɠ ˊɞɡ ˊŬɔɘŭŮɨŮɘ əŬŰɎ 

ˊɟɞŰɑɛɖůɖ Űɞ ˊɟɞɥɧɜ, CO2  Ŭˊɧ Űɖ ɕɩɜɖ ŬɜŰɑŭɟŬůɖɠ. ȼ ɘŭɘɧŰɖŰŬ ŬɡŰɐ Űɤɜ ȽɈ ŬɜɞɑɔŮɘ 

ɜɏɞɡɠ ɞɟɑɕɞɜŰŮɠ ɔɘŬ Űɞ ůɢŮŭɘŬůɛɧ əŬɘ ŬɜɎˊŰɡɝɖ ˊɟɞůɟɞűɖŰɩɜ əŬɘ əŬŰŬɚɡŰɩɜ ˊɞɡ 

ɓŬůɑɕɞɜŰŬɘ ůŮ ˊɞɟɩŭŮɘɠ ɛŮɛɓɟɎɜŮɠ ɛŮ ȽɈ. 

Ƀɘ ŬɜŰɘŭɟɎůŮɘɠ ɞɝŮɑŭɤůɖɠ Űɞɡ CO ŭɘŮɝɎɔɞɜŰŬɘ ůŮ ŭɘɎŰŬɝɖ ŮɝŬɜŬɔəŬůɛɏɜɖɠ 

ɟɞɐɠ, ŮɜŰɧɠ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ ɛŮɛɓɟɎɜɖɠ ŮˊŬűɐɠ. Ƀɘ əɨəɚɞɘ ɞɝŮɑŭɤůɖɠ ŮəŰŮɚɞɨɜŰŬɘ 

ɛɏůɤ ůŮɘɟɩɜ (Ŭəɞɚɞɡɗɘɩɜ) ŭɘŬŭɞɢɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ ŮɑŰŮ ŬɡɝɎɜɞɜŰŬɠ, ŮɑŰŮ 

ɛŮɘɩɜɞɜŰŬɠ ɛɞɜɧŰɞɜŬ Űɖ ɗŮɟɛɞəɟŬůɑŬ. ɆŰɖ ůŮɘɟɎ ŬɜŰɘŭɟɎůŮɤɜ ɛŮ Ŭɨɝɖůɖ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ (ȷŪ), ˊɟɞəŬɚŮɑŰŬɘ ŬůɐɛŬɜŰɖ ŬˊŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ əŬŰŬɚɨŰɖ ůŮ 

ɢŬɛɖɚɏɠ əŬɘ ŮɜŭɘɎɛŮůŮɠ ɗŮɟɛɞəɟŬůɑŮɠ, ɧŰŬɜ ˊŬɟɏɢɞɜŰŬɘ ɞɘ ˊɘɞ ɢŬɛɖɚɞɑ ɟɡɗɛɞɑ ɟɞɐɠ. 

ɆɡɜŮˊɩɠ, ɔɘŬ ŭŮŭɞɛɏɜɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ Űɖɠ ɛŮɛɓɟɎɜɖɠ ůŮ əŬŰŬɚɨŰɖ, ůɢŮŰɘəɎ ɛɘəɟɞɑ 

ɟɡɗɛɞɑ ɟɞɐɠ ůŰɞɜ ȷɀ Ůɡɜɞɞɨɜ Űɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO ůŰɘɠ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ 

ŬɜŰɑŭɟŬůɖɠ (> 100
o
C), Ůɜɩ ɡɣɖɚɧŰŮɟɞɘ ɟɡɗɛɞɑ ɟɞɐɠ ˊɟɞŰɘɛɩɜŰŬɘ ɧŰŬɜ ɖ ɞɝŮɑŭɤůɖ 

Űɞɡ CO ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŮ ůɢŮŰɘəɎ ɢŬɛɖɚɏɠ əŬɘ ŮɜŭɘɎɛŮůŮɠ ɗŮɟɛɞəɟŬůɑŮɠ. Ƀɘ ɟɡɗɛɞɑ 

ɟɞɐɠ Űɤɜ 2 əŬɘ 10 cm
3
Ömin

-1
 ˊɟɞəŬɚɞɨɜ Űɘɠ ˊɘɞ ɢŬɛɖɚŮɠ ɛŮŰŬŰɟɞˊɏɠ ŮɘŭɘəɎ ůŮ 
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ɢŬɛɖɚɏɠ əŬɘ ŮɜŭɘɎɛŮůŮɠ ɗŮɟɛɞəɟŬůɑŮɠ. Ƀɘ ɛŮŰŬŰɟɞˊɏɠ Űɞɡ CO, ˊɞɡ ˊɟɞəɨˊŰɞɡɜ ɛŮ 

Űɖɜ ŰɟɞűɞŭɞůɑŬ 5 cm
3
Ömin

-1
 ɔɘŬ əɎɗŮ ŬɜŰɘŭɟɩɜ, ɓɟɑůəɞɜŰŬɘ ŬɜɎɛŮůŬ ůŰŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ Ŭˊɧ Űɖɜ ŰɟɞűɞŭɞůɑŬ Űɤɜ ɢŬɛɖɚɩɜ əŬɘ Űɤɜ ɡɣɖɚɩɜ 

ɟɡɗɛɩɜ ɟɞɐɠ.  

ȰɟŮɡɜŮɠ ůŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ɛŮɛɓɟŬɜɩɜ, ɧˊɤɠ Űɞ ɛɏɔŮɗɞɠ ˊɧɟɤɜ, Űɞ 

ŭŬɘŭŬɚɩŭŮɠ, Űɖ űɨůɖ Űɞɡ ɡɚɘəɞɨ Űɞɡɠ əŬɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ɡˊɞůŰɖɟɘɔɛɏɜɞɡ 

əŬŰŬɚɨŰɖ ( .́ɢ. ɛɏɔŮɗɞɠ ůɤɛŬŰɘŭɑɤɜ, ŭɘŬůˊɞɟɎ əŬɘ ˊŮɟɘŮəŰɘəɧŰɖŰŬ), ůŮ ɧŰɘ ŬűɞɟɎ Űɖɜ 

ŮˊɑŭɟŬůɐ Űɞɡɠ ůŰɖɜ ŬˊɞŭɞŰɘəɧŰɖŰŬ Űɖɠ ɞɝŮɑŭɤůɖɠ Űɞɡ CO,  ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰŮɠ ɔɘŬ Űɖɜ 

ŮűɘəŰɐ əŬɘ ŮˊɘŰɡɢɐ ɢɟɐůɖ Űɤɜ ɛŮɛɓɟŬɜɩɜ ůŮ ůɡůŰɐɛŬŰŬ əŬŰŬɚɡŰɘəɩɜ ȷɀ. ȼ ɛŮɚɏŰɖ 

Űɖɠ Ŭˊɧŭɞůɖɠ Űɤɜ əŬŰŬɚɡŰɘəɩɜ ɛŮɛɓɟŬɜɩɜ əɎŰɤ Ŭˊɧ ˊɞɘəɑɚŮɠ ˊŬɟŬɛɏŰɟɞɡɠ 

ɚŮɘŰɞɡɟɔɑŬɠ ɧˊɤɠ, Űɖ ůɨɜɗŮůɖ ŰɟɞűɞŭɞůɑŬɠ, Űɖ ɗŮɟɛɞəɟŬůɑŬ əŬɘ Űɖ ɓŬɗɛɑŭŬ ˊɑŮůɖɠ 

ŬɜɎɛŮůŬ ůŰɘɠ ŭɡɞ ˊɚŮɡɟɏɠ Űɖɠ ɛŮɛɓɟɎɜɖɠ ɛˊɞɟŮɑ ɜŬ ůɡɜŮɘůűɏɟŮɘ ůŰɖ ɓŮɚŰɑɤůɖ Űɞɡ 

ˊŮɘɟŬɛŬŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ ŬˊɞŭɞŰɘəɧŰŮɟɤɜ ȷɀ. 
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ȾȺūȷȿȷȽɃ 7
ɞ 

 

ȷɀȺɆȼ IN SITU ȷɁȷɄɇɈɂȼ ɀȼ ȾȷɇȺɅũȷɆɀȺɁɃɈ 

ũɅȷūȺɁȽɃɈ ɀȺ ɄɅɃȹɅɃɀȼ ȺɁɋɆȼ FERROFLUID  

 

 

ɆɈɁɃɊȼ 

 

ȼ ŬɜɎˊŰɡɝɖ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ, ˊɞɡ ůɡɜŭɡɎɕɞɡɜ Űɘɠ ŮɝŬɘɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ 

ɔɟŬűŮɜɑɞɡ, ŭɘŮɔŮɑɟŮɘ Űɞ ŮˊɘůŰɖɛɞɜɘəɧ ŮɜŭɘŬűɏɟɞɜ, əŬɗɩɠ ˊɟɞůŭɑŭŮɘ ɜɏŮɠ ŮɡəŬɘɟɑŮɠ ůŮ 

ŮűŬɟɛɞɔɏɠ ɔɟŬűŮɜɑɤɜ ɤɠ ɡˊɞůŰɟɩɛŬŰŬ ɡɓɟɘŭɘəɩɜ ɡɚɘəɩɜ. ɄŬɟɧɚŬ ŬɡŰɎ, ɞɘ 

ˊɟɞůˊɎɗŮɘŮɠ ɔɘŬ ɜŬ ŬɜŬˊŰɡɢɗɞɨɜ ŬɡŰɏɠ ɞɘ ŭɞɛɏɠ ŮɑɜŬɘ ˊɞɚɨˊɚɞəŮɠ əŬɘ ˊŮɟɘɏɢɞɡɜ Űɖɜ 

ŬɜŬɔɤɔɐ Űɞɡ ɔɟŬűŮɜɑɞɡ əŬɘ Űɖɜ ˊŮɟŬɘŰɏɟɤ ŮˊŮɝŮɟɔŬůɑŬ Űɞɡ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ 

ɔɟŬűŮɜɑɞɡ ɘŭŬɜɘəɧ ɤɠ ŭɞɛɘəɧ ɡɚɘəɧ ůŮ ůɨɜɗŮŰŬ ɡɚɘəɎ. ɆŮ ŬɡŰɧ Űɞ əŮűɎɚŬɘɞ, 

ˊŮɟɘɔɟɎűŮŰŬɘ ɖ ŬɜɎˊŰɡɝɖ Űɞɡ ɔɟŬűŮɜɑɞɡ ůŮ ɏɜŬ ůŰɎŭɘɞ ɢɤɟɑɠ əŬɛɛɑŬ ɢɖɛɘəɐ 

Űɟɞˊɞˊɞɑɖůɖ ɐ ˊŮɟŬɘŰɏɟɤ ŮˊŮɝŮɟɔŬůɑŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɘŬ ɏɜɤůɖ ŭɘˊɚɐɠ ŭɟɎůɖɠ 

Űɞ ɛŬɔɜɖŰɘəɧ ɟŮɡůŰɧ çferrofluidè, ˊɞɡ ŭɟɎ Űɧůɞ ɤɠ  əŬŰŬɚɨŰɖɠ, ɧůɞ əŬɘ ɤɠ 

ˊɟɧŭɟɞɛɖ ɏɜɤůɖ ɢɖɛɘəɐɠ ŮɜŬˊɧɗŮůɖɠ ŬŰɛɩɜ (carbon chemical vapor deposition, 

CVD). ɇɞ ɡɚɘəɧ ŬɡŰɧ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 2-5 ůŰɞɘɓɎŭŮɠ ɔɟŬűŮɜɑɞɡ ɛŮ ŮɔəɚŮɘůɛɏɜŬ 

ɛŬɔɜɖŰɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ ˊɞɡ Űɞɡ ˊɟɞůŭɑŭɞɡɜ ɛŬɔɜɖŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ. ɇɞ ɔɟŬűɏɜɘɞ 

ŬɡŰɧ ˊŬɟɞɡůɘɎɕŮɘ ɡɣɖɚɐ ˊɞɘɧŰɖŰŬ, ɧˊɤɠ ŬˊɞŭŮɘəɜɨŮŰŬɘ Ŭˊɧ Űɖ űŬůɛŬŰɞůəɞˊɑŬ 

Raman. Ⱥˊɑůɖɠ, ɞɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŬəŬŰɏɟɔŬůŰɞɡ ɔɟŬűŮɜɑɞɡ ŭɘŬŰɖɟɞɨɜŰŬɘ ˊɚɐɟɤɠ, 

ɧˊɤɠ əŬɘ ɖ ɛŬɔɜɖŰɘəɐ ŮɡŬɘůɗɖůɑŬ Űɞɡ, ɔŮɔɞɜɧɠ ˊɞɡ ŭɘŬűŬɑɜŮŰŬɘ Ŭˊɧ Űɘɠ ɛŬɔɜɖŰɘəɏɠ 

ɛŮŰɟɐůŮɘɠ Mossbauer, ŮɝŬɘŰɑŬɠ Űɤɜ ŮɔəɚŮɘůɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ Fe. ȽŭɘŬɑŰŮɟŬ, Űɞ 

ɡɚɘəɧ ŮɑɜŬɘ ůŰŬɗŮɟɧ ŮɝŬɘŰɑŬɠ Űɞɡ ŮɔəɚŮɘůɛɞɨ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Ŭˊɧ Űɘɠ ůŰɞɘɓɎŭŮɠ Űɞɡ 

ɔɟŬűŮɜɑɞɡ. ȼ ůɨɜɗŮůɐ Űɞɡ ɡɚɘəɞɨ ŮɑɜŬɘ Ŭˊɚɐ əŬɘ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ CVD ŰŮɢɜɘəɐ, 

ˊɞɡ ŮɑɜŬɘ ɘŭŬɜɘəɐ ɔɘŬ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ ˊŬɟŬɔɤɔɐ ɛŬɔɜɖŰɞɖɚŮŰɟɞɜɘəɩɜ, 

ŬˊɞɗɐəŮɡůɖɠ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ŮɜɏɟɔŮɘŬɠ, ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ə.Ŭ.  
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1. ȺɘůŬɔɤɔɐ 

 

ȼ ɛŬɔɜɖŰɘəɐ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬ ŬˊɞŰŮɚŮɑ ŭɏɚŮŬɟ ůŮ ŮɔɔŮɜɩɠ ɛɖ ɛŬɔɜɖŰɘəɧ 

ɔɟŬűɏɜɘɞ, ŬɜɞɑɔɞɜŰŬɠ ɜɏɞɡɠ ɞɟɑɕɞɜŰŮɠ ůŮ ɡɣɖɚɐɠ Ŭˊɧŭɞůɖɠ ɛŬɔɜɖŰɞɖɚŮəŰɟɞɜɘəɏɠ 

ůɡůəŮɡɏɠ, ůɡɜŭɡɎɕɞɜŰŬɠ Űɘɠ ŮɝŬɘɟŮŰɘəɏɠ ɖɚŮəŰɟɞɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɔɟŬűŮɜɑɞɡ ɛŮ Űɞ 

ɛŬɔɜɖŰɘůɛɧ [1, 2]. ȷɜɎɚɞɔŮɠ ɛŬɔɜɖŰɘəɏɠ ɔɟŬűɘŰɘəɏɠ ŭɞɛɏɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɛɏůɤ 

ŮɔəɚŮɘůɛɞɨ ɛŬɔɜɖŰɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɛɏůŬ ůŮ ˊŬɢɘɎ ɔɟŬűɘŰɘəɎ űɨɚɚŬ, [3, 4] 

ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɛŬɔɜɖŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ [5, 6] əŬɘ ˊɞɚɨ əŬɚɐ ůŰŬɗŮɟɧŰɖŰŬ [7, 8]. ɇŬ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬɡŰɎ ɞűŮɑɚɞɜŰŬɘ ůŰɞ ŬɜɗŮəŰɘəɧ űɨɚɚɞ Űɞɡ ɎɜɗɟŬəŬ ɔɨɟɤ Ŭˊɧ ŰŬ 

ɚŮɘŰɞɡɟɔɘəɎ ůɤɛŬŰɑŭɘŬ, ůŰɞɢŮɨɞɜŰŬɠ ůŮ ŮűŬɟɛɞɔɏɠ ɧˊɤɠ ůŰɖɜ ɖɚŮəŰɟɞɜɘəɐ,  

ɛŬɔɜɖŰɘəɧ ŭɘŬɢɤɟɘůɛɧ, ɛŮŰŬűɞɟɎ űŬɟɛɎəɤɜ ə.Ŭ. ɄŬɟɧɚŬ ŬɡŰɎ, ˊɟɧůűŬŰɖ Ůɝɏɚɘɝɖ 

ůŰɘɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ůŰɘɠ ŮűŬɟɛɞɔɏɠ Űɞɡ ɔɟŬűŮɜɑɞɡ ůŰɞɢŮɨŮɘ ůŰɖɜ ŮɚŬɢɘůŰɞˊɞɑɖůɖ Űɞɡ 

Ŭɟɘɗɛɞɨ Űɤɜ ůŰɞɘɓɎŭɤɜ, ˊŬɟɎɔɞɜŰŬɠ ŭɞɛɏɠ ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ŭɘŬəŮəɟɘɛɏɜŮɠ Ŭˊɧ Űɘɠ 

ɞɛɧɚɞɔŮɠ Űɞɡ ɔɟŬűɑŰɖ əŬɘ ɛŮ ɛɞɜŬŭɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ [9-11]. ȹɘŬˊɘůŰɩɜɞɜŰŬɠ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ůɡɜŭɡŬůɛɞɨ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ɔɟŬűŮɜɑɞɡ ɛŮ ɛŬɔɜɖŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ, 

ŭɑɜŮŰŬɘ ɏɛűŬůɖ ůŰɖɜ ŬɜɎˊŰɡɝɖ ɚŮɘŰɞɡɟɔɘəɩɜ ŭɞɛɩɜ ɐ ɛɏůɤ ɢŮɘɟɘůɛɞɨ Űɞɡ ˊɚɏɔɛŬŰɞɠ 

ɔɟŬűŮɜɑɞɡ ɐ ɛɏůɤ ůɡɜŭɡŬůɛɞɨ Űɤɜ ɔɟŬűŮɜɑɤɜ ɛŮ ɜŬɜɞůɤɛŬŰɑŭɘŬ, ˊɞɡ ɏɢɞɡɜ 

ɛŬɔɜɖŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ. ɆɨɛűɤɜŬ ɛŮ ŬɡŰɧ, ɏɜŬ ɛɖ-ɛŬɔɜɖŰɘəɧ ɔɟŬűɏɜɘɞ ɡˊɞɓɎɚɚŮŰŬɘ 

ůŮ ˊɟɧůɛɘɝɖ, ɛɏůɤ ŬˊɞɛɎəɟɡɜůɖɠ Űɤɜ ŬŰɧɛɤɜ ɎɜɗɟŬəŬ Ŭˊɧ Űɞ ˊɚɏɔɛŬ ɔɟŬűŮɜɑɞɡ 

əŬɘ ŬɜŰɘəŬŰɎůŰŬůɐɠ Űɞɡɠ Ŭˊɧ ɛɖ-ɛŬɔɜɖŰɘəɎ, ˊŬɟɎɔɞɜŰŬɠ ɏŰůɘ ŭɞɛɏɠ ˊɞɡ 

ˊŬɟɞɡůɘɎɕɞɡɜ ɛŬɔɜɖŰɘůɛɧ [12]. Ⱥˊɑůɖɠ, ŬɜŰɑůŰɞɘɢŮɠ ŭɞɛɏɠ ˊŬɟŬůəŮɡɎɕɞɜŰŬɘ ɛɏůɤ 

ůɢɖɛŬŰɘůɛɞɨ ŬŰŮɚŮɘɩɜ ˊɎɜɤ ůŮ ɚŮˊŰɎ űɨɚɚŬ Fe [2]. Ⱥɜ Űɤ ɛŮŰŬɝɨ, ɗŮɤɟɖŰɘəɏɠ 

ɛŮɚɏŰŮɠ ɏɢɞɡɜ ˊɟɞɓɚɏɣŮɘ ɡɣɖɚɐ ɛŬɔɜɖŰɞŬɜŰɑůŰŬůɖ Űɞɡ ɔɟŬűŮɜɑɞɡ ɛŮ Fe ɛŮ 

ŮˊɑəŮɜŰɟɞ ůɡůəŮɡɏɠ Ůɚɏɔɢɞɡ spin [13]. ɆɨɜɗŮŰŮɠ ŭɞɛɏɠ ɔɟŬűŮɜɑɤɜ ɛŮ ɛŬɔɜɖŰɘəɎ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ ɏɢɞɡɜ Ůˊɑůɖɠ ˊŬɟŬůəŮɡŬůŰŮɑ ˊɟɞůəɞɚɚɩɜŰŬɠ ɜŬɜɞůɤɛŬŰɑŭɘŬ ˊɎɜɤ 

ůŮ ůɤɟɧ ɔɟŬűɘŰɘəɩɜ ɞɝŮɘŭɑɤɜ (graphene oxide, GO) ɐ ŰɟɞˊɞˊɞɘɩɜŰŬɠ Űɞ ɔɟŬűɏɜɘɞ 

ɛɏůɤ ɏɜůŰɟɤůɖɠ (intercalation) ɐ ŮˊɘəŬɚɨˊŰɞɜŰŬɠ ŰŬ ůɤɛŬŰɑŭɘŬ ɛŮ ůŰɞɘɓɎŭŮɠ 

ɔɟŬűɘŰɘəɩɜ ɞɝŮɘŭɑɤɜ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ɡɣɖɚɐ ˊɡəɜɧŰɖŰŬ Űɤɜ ɚŮɘŰɞɡɟɔɘəɩɜ 

ɞɛɎŭɤɜ, ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɘɠ ŮˊŮɝŮɟɔŬůɛɏɜŮɠ ɔɟŬűɘŰɘəɏɠ ŮˊɘűɎɜŮɘŮɠ [14, 15]. ɄŬɟɧɚŬ 

ŬɡŰɎ, ɖ ɛŬɔɜɖŰɘəɐ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬ ůɡɜɐɗɤɠ ɓŬůɑɕŮŰŬɘ ůŰɞ ůɢɖɛŬŰɘůɛɧ ŬŰŮɚŮɘɩɜ 

ˊɎɜɤ ůŰɞ ˊɚɏɔɛŬ ɔɟŬűŮɜɑɞɡ əŬɘ ůŰɖɜ Űɟɞˊɞˊɞɑɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɛŮ ɘůɢɡɟɎ ɛɏůŬ 

[15-21]. Ƀɘ ŭɘŬŭɘəŬůɑŮɠ ŬɡŰɏɠ ůɡɢɜɎ ˊŮɟɘɞɟɑɕɞɡɜ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ɔɟŬűŮɜɑɤɜ, 

ɎɟŬ əŬɘ Űɤɜ ŰŮɚɘəɩɜ ůɨɜɗŮŰɤɜ ŭɞɛɩɜ. Ƀɘ ŭɘŮɟɔŬůɑŮɠ ˊɞɡ ŬəɞɚɞɡɗɞɨɜŰŬɘ, əŬŰɎ Űɖ 
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ɛŮŰŬŰɟɞˊɐ ůŮ ɔɟŬűɏɜɘɞ ɛŮ ɛŬɔɜɖŰɘəɐ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬ, ŮɑɜŬɘ ɞɘ ɞɝŮɑŭɤůɖ-

Ŭˊɞűɚɞɑɤůɖ-ŬɜŬɔɤɔɐ, ɛŮ ůəɞˊɧ ɞɘ ɞɛɎŭŮɠ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ɞɝɡɔɧɜɞ (ɡŭɟɧɝɡ, 

əŬɟɓɧɝɡ, Ůˊɧɝɡ) ɜŬ ůɢɖɛŬŰɑɕɞɜŰŬɘ ˊɎɜɤ ůŰŬ ŮˊɑˊŮŭŬ əŬɘ ůŰɘɠ əɞɟɡűɏɠ ɔɟŬűŮɜɑɤɜ. 

ȰŰůɘ, ˊŬɟɎɔŮŰŬɘ ɢɖɛɘəɎ ŬɜŬɔɛɏɜɞ ɔɟŬűɘŰɘəɧ ɞɝŮɑŭɘɞ (reduced graphene oxide, rGO), 

Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɡɣɖɚɧ ˊɞůɞůŰɧ ŬŰŮɚŮɘɩɜ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ 

Űɖɠ ɘůɢɡɟɐɠ ɞɝŮɑŭɤůɖɠ əŬɘ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ ŮɝŬɚŮɘűɗɞɨɜ Ŭˊɧ Űɖɜ Ŭəɧɚɞɡɗɖ ɗŮɟɛɘəɐ 

əŬŰŮɟɔŬůɑŬ [22]. ɆɡɜŮˊɩɠ, ŰŬ ŰŮɚɘəɎ ˊɟɞɘɧɜŰŬ (rGO or GO) ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ 

ŭɘŬűɞɟŮŰɘəɎ Ŭˊɧ Űɞ ɔɟŬűɏɜɘɞ. 

ɆŮ ŬɡŰɧ Űɞ əŮűɎɚŬɘɞ, ˊŬɟɞɡůɘɎɕŮŰŬɘ ɏɜŬ ɡɚɘəɧ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɖ-

Űɟɞˊɞˊɞɘɖɛɏɜɞ ɔɟŬűɏɜɘɞ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ, ˊɞɡ ˊŮɟɘɏɢŮɘ ŮɔəɚŮɘůɛɏɜŬ ɛŬɔɜɖŰɘəɎ 

ɜŬɜɞůɤɛŬŰɑŭɘŬ Fe. ɇɞ ɡɚɘəɧ ŬɡŰɧ ɏɢŮɘ ɘůɢɡɟɐ ŭɞɛɐ əŬɘ ŮɜůɤɛŬŰɩɜŮɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ 

Űɞɡ ɛɖ ŮˊŮɝŮɟɔŬůɛɏɜɞɡ ɔɟŬűŮɜɑɞɡ əŬɘ ŰŬ ɛŬɔɜɖŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ 

ůɤɛŬŰɘŭɑɤɜ. ȰɛűŬůɖ ŭɑɜŮŰŬɘ, ůŰɘɠ ŮɜŭŮɑɝŮɘɠ Űɖɠ űŬůɛŬŰɞůəɞˊɑŬɠ Raman. Ƀɘ 

ɛŮŰɟɐůŮɘɠ ŬɡŰɏɠ ŬˊɞəŬɚɨˊŰɞɡɜ Űɖɜ ɡɣɖɚɐ ɔɟŬűɘŰɘəɐ ˊɞɘɧŰɖŰŬ əŬɘ ŮˊɘɓŮɓŬɘɩɜɞɡɜ 

ɧŰɘ, ɡˊɧ ůɡɔəŮəɟɘɛɏɜŮɠ ůɡɜɗɐəŮɠ ŬɜɎˊŰɡɝɖɠ, Űɞ ŰŮɚɘəɧ ɔɟŬűɏɜɘɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 

ɚɑɔŮɠ ůŰɞɘɓɎŭŮɠ (2-5), ɘůɢɡɟɏɠ əŬɘ ůɡɛɛŮŰɟɘəɏɠ əɞɟɡűɏɠ 2D əŬɘ ɡɣɖɚɐ ŬɜŬɚɞɔɑŬ 

ŮɜŰɎůŮɤɜ, IG/ID. ɇŬɡŰɧɢɟɞɜŬ, ŰŬ ŮɜůɤɛŬŰɤɛɏɜŬ ůɤɛŬŰɑŭɘŬ ŮɘůɎɔɞɡɜ ɛŬɔɜɖŰɘəɐ 

ŮɡŬɘůɗɖůɑŬ ůŰɞ ɡɚɘəɧ ɛŮ ɡɣɖɚɧ ˊɞůɞůŰɧ űŮɟɞɛŬɔɜɖŰɘůɛɞɨ, ɧˊɤɠ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ 

Ŭˊɧ Űɖɜ ŬɜɎɚɡůɖ Mossbauer. ɇɞ ɡɚɘəɧ ˊŬɟŬůəŮɡɎɕŮŰŬɘ in situ ˊɎɜɤ ůŮ 

ɡˊɞůŰɟɩɛŬŰŬ Si, ɛɏůɤ ɢɖɛɘəɐɠ ŮɜŬˊɧɗŮůɖɠ ŬŰɛɩɜ Ůɜɧɠ ůŰŬŭɑɞɡ, ɛŮ ɢɟɐůɖ ferrofluid. 

ȰɜŬ ŬɘɩɟɖɛŬ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɞɝŮɘŭɑɤɜ Űɞɡ ůɘŭɐɟɞɡ ŮˊɘəŬɚɡɛɛɏɜŬ ɛŮ 

ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɧ, ŭɟŬ ɤɠ əŬŰŬɚɨŰɖɠ əŬɘ ɤɠ ˊɖɔɐ ɎɜɗɟŬəŬ [23-25]. 
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2. ɄŮɘɟŬɛŬŰɘəɧ ɛɏɟɞɠ 

 

2.1 ȷɜɎˊŰɡɝɖ ɜŬɜɞŭɞɛɩɜ ɔɟŬűŮɜɑɤɜ  

 

ɇɞ ɞɟɔŬɜɘəɧ ferrofluid (EMG 911, Ferrotec Corp.) ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ 

ŬɘɩɟɖɛŬ ůŰŬɗŮɟɞˊɞɘɖɛɏɜɤɜ ɛŮ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɧ Fe3O4 ůɤɛŬŰɘŭɑɤɜ, əŬɘ 

ŮűŬɟɛɧɕŮŰŬɘ ˊɎɜɤ ůŮ ɏɜŬ ɡˊɧůŰɟɤɛŬ (wafer) Si, ɛɏɢɟɘ ɜŬ əŬɚɡűɗŮɑ ˊɚɐɟɤɠ ɖ 

ŮˊɘűɎɜŮɘɎ Űɞɡ. ȷəɞɚɞɡɗŮɑ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 150 
ɞ
C ɔɘŬ 1 ɩɟŬ ɔɘŬ ɜŬ 

ŮɝŬŰɛɘůŰŮɑ ɞ ŭɘŬɚɨŰɖɠ əŬɘ ɜŬ ůŰŬɗŮɟɞˊɞɘɖɗɞɨɜ ŰŬ ůɤɛŬŰɑŭɘŬ ˊɎɜɤ ůŰɞ ɡˊɧůŰɟɤɛŬ. 

ȰˊŮɘŰŬ, ŰŬ ɡˊɞůŰɟɩɛŬŰŬ Si, ˊɞɡ űɏɟɞɡɜ Űɞ ferrofluid, ŰɞˊɞɗŮŰɞɨɜŰŬɘ ˊɎɜɤ ůŮ ɏɜŬ 

əŮɟŬɛɘəɧ ŭŮɘɔɛŬŰɞűɞɟɏŬ əŬɘ ŮɘůɎɔɞɜŰŬɘ ůŰɞ əɏɜŰɟɞ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ CVD. Ƀ 

ɗɎɚŬɛɞɠ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ůɤɚɐɜŬ ŬɜɞɝŮɑŭɤŰɞɡ ɢɎɚɡɓŬ ˊɞɡ 

ŮɘůɏɟɢŮŰŬɘ ɞɛɞŬɝɞɜɘəɎ ɛɏůŬ ůŮ ɏɜŬ űɞɨɟɜɞ ɡɣɖɚɩɜ ɗŮɟɛɞəɟŬůɘɩɜ Ůɝɞˊɚɘůɛɏɜɞ Ŭˊɧ 

ɏɜŬɜ ŮɚŮɔəŰɐ ɗŮɟɛɞəɟŬůɑŬɠ. ɀɘŬ ůŮɘɟɎ Ŭˊɧ ŰɟŮɘɠ ɖɚŮəŰɟɞɜɘəɞɨɠ ŮɚŮɔəŰɏɠ ɟɞɐɠ 

ɛɎɕŬɠ (Bronkhorst F-201C) Ůɚɏɔɢɞɡɜ Űɖ ɟɞɐ Űɤɜ ŬŮɟɑɤɜ He, H2, əŬɘ C2H4. ȼ 

ɗŮɟɛɞəɟŬůɑŬ ɛɏůŬ ůŰɞ űɞɨɟɜɞ ŬɡɝɎɜŮŰŬɘ ɛɏɢɟɘ Űɞ ůɖɛŮɑɞ CVD ɛŮ ɟɡɗɛɧ 10 
ɞ
Cmin

-1
 

ɡˊɧ ɟɞɐ H2/He əŬɘ ŭɘŬŰɖɟŮɑŰŬɘ ůŰŬɗŮɟɐ ɡˊɧ ɟɞɐ ŬŮɟɑɞɡ ɛɑɔɛŬŰɞɠ H2/He/C2H4 ůŰɖɜ 

ŮˊɘɗɡɛɖŰɐ ɢɟɞɜɘəɐ ŭɘɎɟəŮɘŬ CVD. ȼ ůɨɜɗŮůɖ ɞɚɞəɚɖɟɩɜŮŰŬɘ ɛŮ əŬɗŬɟɘůɛɧ ɛŮ He 

əŬɘ ɣɨɝɖ ɛŮ ɛŮɑɤůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɛŮ ɟɡɗɛɧ 1 
ɞ
Cmin

-1
.  

 

2.2 ɉŬɟŬəŰɖɟɘůɛɧɠ 

 

ȼ űŬůɛŬŰɞůəɞˊɑŬ Mossbauer ŭɘŮɝɎɔŮŰŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ ůŰŬɗŮɟɧ 

űŬůɛŬŰɧɛŮŰɟɞ ŮˊɘŰɎɢɡɜůɖɠ ɛŮ ɛɘŬ ˊɖɔɐ Cɞ
57

 (Rh) ɟɡɗɛɘůɛɏɜɖ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ 

ɛŮŰŬɚɚɘəɧ űɨɚɚɞ Ŭ-ůɘŭɐɟɞɡ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. ȳɚŮɠ ɞɘ ɘůɞɛŮɟŮɑɠ 

ɛŮŰŬŰɞˊɑůŮɘɠ ˊŬɟŬɗɏŰɞɜŰŬɘ ůŮ ůɢɏůɖ ɛŮ Űɞɜ Ŭ-Fe ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. ɇŬ 

ŭŮɑɔɛŬŰŬ ůŮ ɛɞɟűɐ ůəɧɜɖɠ ɛŮŰɟɩɜŰŬɘ ůŮ ɏɜŬ əɟɡɞůŰɎŰɖ Oxford Instruments ůŮ Ůɨɟɞɠ 

ɗŮɟɛɞəɟŬůɘɩɜ 78-300 K. ȰɜŬ ɛŬɔɜɖŰɧɛŮŰɟɞ Quantum Design SQUID 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɘɠ ɛŬɔɜɖŰɘəɏɠ ɛŮŰɟɐůŮɘɠ. Ƀɘ ɛŮŰɟɐůŮɘɠ SQUID ZFC/FC 

ŭɘŮɝɎɔɞɜŰŬɘ ůŮ ɏɜŬ ˊŮŭɑɞ 200 Oe. ȼ űŬůɛŬŰɞůəɞˊɑŬ Raman ŮəŰŮɚŮɑŰŬɘ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ űŬůɛŬŰɧɛŮŰɟɞ Renishaw Invia Raman, Ůɝɞˊɚɘůɛɏɜɞ ɛŮ ɏɜŬ 

ŬɜŬˊɧůˊŬůŰɞ ɛɘəɟɞůəɧˊɘɞ (Leica DM 2500 M) əŬɘ ɏɜŬ ɣɡɢɟɧ ŬɜɘɢɜŮɡŰɐ Peltier 

ůɡɕŮɡɔɛɏɜɞɡ űɞɟŰɑɞɡ. ȼ ŬəŰɘɜɞɓɞɚɑŬ ůŰŬ 514.5 nm Ŭˊɧ ɏɜŬ ɚɏɘɕŮɟ 50 mW Ar-ion 
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ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ ˊɖɔɐ ŭɘɏɔŮɟůɖɠ ůŰŬ 1.5 mW, ɛŮ ůəɞˊɧ ɜŬ ŬˊɞűŮɡɢɗɞɨɜ ŰŬ 

ɗŮɟɛɘəɎ űŬɘɜɧɛŮɜŬ. ȼ ŭɘɏɔŮɟůɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůɤ Ůɜɧɠ ŬɜŰɘəŮɘɛŮɜɘəɞɨ űŬəɞɨ 

50x əŬɘ ɖ ůəɏŭŬůɖ Raman ŬɜɘɢɜŮɨŮŰŬɘ ůŮ ɛɘŬ ɔŮɤɛŮŰɟɑŬ ɞˊɘůɗɞůəɏŭŬůɖɠ (180
ɞ
). ȼ 

űŬůɛŬŰɘəɐ ŬɜɎɚɡůɖ ɛŮ ɢɟɐůɖ ɓɐɛŬŰɞɠ 2400 grooves/mm ŮɑɜŬɘ ˊŮɟɑˊɞɡ 1 cm
-1
. ɇŬ 

ŭŮɑɔɛŬŰŬ ɔɘŬ ŬɜɎɚɡůɖ ɇȺɀ ˊɟɞŮŰɞɘɛɎɕɞɜŰŬɘ ɛŮ ŬˊɞɛɎəɟɡɜůɖ ɚɑɔɖɠ ˊɞůɧŰɖŰŬɠ 

ɔɟŬűŮɜɑɞɡ Ŭˊɧ Űɞ ɡˊɧůŰɟɤɛŬ, ŭɘŬůˊŮɑɟɞɜŰŬɠ Űɞ ůŮ ŬɘɗŬɜɧɚɖ əŬɘ ŮɜŬˊɞɗɏŰɞɜŰŬɠ ɛɘŬ 

ůŰŬɔɧɜŬ Űɞɡ ŬɘɤɟɐɛŬŰɞɠ ˊɎɜɤ ůŮ ɏɜŬ ˊɚɏɔɛŬ Ŭˊɧ Cu ŮˊɘəŬɚɚɡɛɏɜɞ ɛŮ ɎɜɗɟŬəŬ (a 

carbon-coated copper TEM grid). ɇɞ ɧɟɔŬɜɞ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŮɑɜŬɘ ɏɜŬ 

ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭɘɏɚŮɡůɖɠ, FEI CM20, ˊɞɡ ɚŮɘŰɞɡɟɔŮɑ ůŰŬ 200 kV. Ƀ 

ɢŬɟŬəŰɖɟɘůɛɧɠ SEM ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ ɖɚŮəŰɟɞɜɘəɧ 

ɛɘəɟɞůəɧˊɘɞ ůɎɟɤůɖɠ, JEOL JSM-7401F. ȼ ɡɔɟɐ ˊɞɟɞůɘɛŮŰɟɑŬ ŬɕɩŰɞɡ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ ɏɜŬ ˊɞɟɞůɑɛŮŰɟɞ, Autosorb-1MP (Quantachrome). ɇŬ ŭŮɑɔɛŬŰŬ 

ˊɟɘɜ Űɘɠ ɛŮŰɟɐůŮɘɠ ŬˊŬŮɟɩɜɞɜŰŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɜɨɢŰŬɠ ůŰɞɡɠ 250 
ɞ
C əŬɘ ůŮ 

ɡɣɖɚɧ əŮɜɧ. ȼ ɢɤɟɖŰɘəɧŰɖŰŬ ˊɟɞůɟɧűɖůɖɠ Űɞɡ ɜŮɟɞɨ əŬɘ Űɞɡ n-ŮɝŬɜɑɞɡ ɛŮŰɟɎŰŬɘ ůŮ 

ŭɘɎŰŬɝɖ ůŰŬɗɛɘəɐ. ɇɞ ůɨůŰɖɛŬ ɛɏŰɟɖůɖɠ (balance head MK2-M5, CI Precision) ɏɢŮɘ 

ŬɜɎɚɡůɖ 0.1 ɛg əŬɘ ŬəɟɑɓŮɘŬ Ñ0.3 ɛg. Ʉɟɘɜ ɝŮəɘɜɐůɞɡɜ ŰŬ ˊŮɘɟɎɛŬŰŬ, Űɞ ɜŮɟɧ əŬɘ Űɞ 

n-ŮɝɎɜɘɞ ŬˊŬŮɟɩɜɞɜŰŬɘ ɛŮ ŭɘŬŭɞɢɘəɞɨɠ əɨəɚɞɡɠ Űɐɝɖɠ /ɣɨɝɖɠ, Ůɜɩ əŮɜɧ Ŭɏɟɞɠ ŬɜŰɚŮɑ 

ɛɖ ůɡɛˊɡəɜɤɛɏɜŬ ŬɏɟɘŬ. ȼ ˊɞůɧŰɖŰŬ Űɞɡ ɔɟŬűŮɜɑɞɡ, ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŮ əɎɗŮ 

ˊŮɑɟŬɛŬ ɏɢŮɘ ɛɎɕŬ ˊŮɟɑˊɞɡ 50 mg. ɇŬ ŭŮɑɔɛŬŰŬ ŬˊŬŮɟɩɜɞɜŰŬɘ ɡˊɧ ɡɣɖɚɧ əŮɜɧ  (10
-5 

mbar) əŬɘ ůŮ ɛɘŬ ɛɏɔɘůŰɖ ɗŮɟɛɞəɟŬůɑŬ ůŰɞɡɠ 250 
ɞ
C, ɔɘŬ 24 ɩɟŮɠ. Ƀɘ ɖɚŮəŰɟɞɢɖɛɘəɏɠ 

ɘŭɘɧŰɖŰŮɠ əŬɘ ɖ ɢɤɟɖŰɘəɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ ɛŮɚŮŰɩɜŰŬɘ ůŮ ɏɜŬ ˊɞŰŮɜůɘɧɛŮŰɟɞ, Metrohm 

Autolab PGSTAT302, ůŰɞ ɞˊɞɑɞ ɔɑɜɞɜŰŬɘ ɛŮŰɟɐůŮɘɠ əɡəɚɘəɐɠ ɓɞɚŰŬɛŮŰɟɑŬɠ (cyclic 

voltammetry, CV), ɖɚŮəŰɟɞɢɖɛɘəɐɠ Ůɛˊɏŭɖůɖɠ əŬɘ ɔŬɚɓŬɜɞůŰŬŰɘəɐɠ űɧɟŰɘůɖɠ-

ŮəűɧɟŰɘůɖɠ. ȰɜŬ űɨɚɚɞ Pt ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ ɛŮŰɟɖŰɐɠ əŬɘ ɏɜŬ ɖɚŮəŰɟɧŭɘɞ 

Ag/AgCl, ɤɠ ɖɚŮəŰɟɧŭɘɞ ŬɜŬűɞɟɎɠ. ɇɞ ɖɚŮəŰɟɧŭɘɞ ŮɟɔŬůɑŬɠ ˊŬɟŬůəŮɡɎɕŮŰŬɘ ɛŮ 

ŮɜŬˊɧɗŮůɖ ůŰŬɔɧɜŬɠ Űɞɡ ŬɘɤɟɐɛŬŰɞɠ ɔɟŬűŮɜɑɞɡ ˊɎɜɤ ůŮ ɏɜŬ ɖɚŮəŰɟɧŭɘɞ ɡŬɚɩŭɞɡɠ 

ɎɜɗɟŬəŬ (GC). ȰɜŬ ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ 0.5 M KCl ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ ɖɚŮəŰɟɞɚɨŰɖɠ. 

ɇɞ ɡɚɘəɧ Űɞɡ ɖɚŮəŰɟɞŭɑɞɡ ŮŰɞɘɛɎɕŮŰŬɘ ɤɠ Ůɝɐɠ: ŬɜŬɛɑɢɜɨɞɜŰŬɘ 5 mg Űɞɡ ɡɚɘəɞɨ ˊɟɞɠ 

ɛŮɚɏŰɖ ɛŮ 0.5 mL ŬɘɗŬɜɧɚɖɠ əŬɘ 10 ɛL nafion əŬɘ ŬɜŬŭŮɨɞɜŰŬɘ ůŮ ɚɞɡŰɟɧ ɡˊŮɟɐɢɤɜ 

ɔɘŬ 30 min. ɆŰɖ ůɡɜɏɢŮɘŬ, 30 ɛL Űɞɡ ŬɘɤɟɐɛŬŰɞɠ ůŰɎɕɞɡɜ ůŰɞ ɖɚŮəŰɟɧŭɘɞ GC əŬɘ Űɞ 

ɖɚŮəŰɟɧŭɘɞ ůŰŮɔɜɩɜŮɘ ůŮ űɞɨɟɜɞ ɔɘŬ 2 ɩɟŮɠ ůŰɞɡɠ 70 
ɞ
C. ȼ ɛɎɕŬ Űɞɡ ɡɚɘəɞɨ ůŰɞ 

ɖɚŮəŰɟɧŭɘɞ ɡˊɞɚɞɔɑɕŮŰŬɘ ɜŬ ŮɑɜŬɘ ɑůɖ ɛŮ 30 ɛg, ɗŮɤɟɩɜŰŬɠ ɧŰɘ ɖ ɛɨŰɖ Űɞɡ 

ɖɚŮəŰɟɞŭɑɞɡ GC ɏɢŮɘ ŭɘɎɛŮŰɟɞ 3 mm. Ƀɘ ɛŮŰɟɐůŮɘɠ CV ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɛŮŰŬɝɨ -
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1V əŬɘ +1V ůŮ ŭɘɎűɞɟɞɡɠ ŭɡɜɖŰɘəɞɨɠ ɟɡɗɛɞɨɠ ůɎɟɤůɖɠ. Ƀɘ ɛŮŰɟɐůŮɘɠ 

ɖɚŮəŰɟɞɢɖɛɘəɐɠ Ůɛˊɏŭɖůɖɠ ŭɘŮɝɎɔɞɜŰŬɘ ůŮ Ů́ɟɘɞɢɐ ůɡɢɜɞŰɐŰɤɜ Ŭˊɧ 0.1 Hz ɏɤɠ 100 

kHz. Ƀɘ ɛŮŰɟɐůŮɘɠ űɧɟŰɘůɖɠ-ŮəűɧɟŰɘůɖɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŮ ůŰŬɗŮɟɏɠ Űɘɛɏɠ 

ɟŮɨɛŬŰɞɠ 0.01 mA əŬɘ 0.05 mA. ȳɚŮɠ ɞɘ ɛŮŰɟɐůŮɘɠ ˊɟŬɔɛŬŰɞˊɞɘoɨɜŰŬɘ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ.  
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3. ȷˊɞŰŮɚɏůɛŬŰŬ əŬɘ ɆɡɕɐŰɖůɖ 

 

ɇŬ ɛɞɟűɞɚɞɔɘəɎ əŬɘ ŭɞɛɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ɡɚɘəɞɨ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ 

ɆɢɐɛŬ 1. ȼ ɡɣɖɚɐɠ ŬɜɎɚɡůɖɠ ŬˊŮɘəɧɜɘůɖ Űɞɡ ɇȺɀ (ɆɢɐɛŬ 1ɔ, ŭ), ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŮ 

3 ɩɟŮɠ ŬɜɎˊŰɡɝɖɠ ůŰɞɡɠ 740 
ɞ
C, ˊŬɟɞɡůɘɎɕŮɘ ŰŬ ůɤɛŬŰɑŭɘŬ Űɞɡ əŬŰŬɚɨŰɖ əŬɘ Űɘɠ 

ˊɡɟɖɜɞˊɞɘɖɛɏɜŮɠ ůŰɞɘɓɎŭŮɠ ɔɟŬűŮɜɑɤɜ ɔɨɟɤ Ŭˊɧ ŬɡŰɎ. ɇɞ ɏɜɗŮŰɞ ůŰɞ ɆɢɐɛŬ 1ɔ 

ŬɜŰɘůŰɞɘɢŮɑ ůŮ Fast Fourier Transform Űɞɡ ˊɚɏɔɛŬŰɞɠ əŬɘ ŭŮɑɢɜŮɘ ŭɡɞ ůɖɛŮɑŬ ˊɞɡ 

ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ ˊɚŮɔɛŬŰɘəɐ ŬˊɧůŰŬůɖ Űɞɡ ůŮɛŮɜŰɑŰɖ (əŬɟɓɑŭɘɞ ůɘŭɐɟɞɡ) (d=0.37 

nm) əŬɘ Űɤɜ ůŰɞɘɓɎŭɤɜ ɔɟŬűŮɜɑɞɡ (d=0.33 nm). Ƀ Ŭɟɘɗɛɧɠ Űɤɜ ůŰɞɘɓɎŭɤɜ 

əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 2 ɏɤɠ 6. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ Űɖɜ ŰŮɢɜɘəɐ ˊŮɟɑɗɚŬůɖɠ ŬəŰɑɜɤɜ ɉ 

(X-ray diffraction, XRD) (ɆɢɐɛŬ 1ɓ) ŭŮɑɢɜɞɡɜ ɛɘŬ ɞɘəɞɔɏɜŮɘŬ əɞɟɡűɩɜ ˊŮɟɑɗɚŬůɖɠ 

ůŰɖɜ ˊŮɟɘɞɢɐ 2ɗ Ŭˊɧ 35
ɞ
 ɏɤɠ 80

ɞ
. Ƀɘ əɞɟɡűɏɠ ŬɡŰɏɠ əɡɟɑɤɠ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ 

ůŮɛŮɜŰɑŰɖ əŬɟɓɑŭɘɞ ůɘŭɐɟɞɡ ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɠ Űɖ ůɨɜɗŮůɖ Űɤɜ ŮɔəɚŮɘůɛɏɜɤɜ 

ůɤɛŬŰɘŭɑɤɜ. ȼ əɞɟɡűɐ ůŰɘɠ 26.25
ɞ
 ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ ŬɜŰŬɜɎəɚŬůɖ (002) ɚɑɔɤɜ 

ɔɟŬűɘŰɘəɩɜ ůŰɞɘɓɎŭɤɜ, ˊɞɡ ˊŮɟɘɓɎɚɚɞɡɜ ŰŬ ůɤɛŬŰɑŭɘŬ ɐ ůɡɔɢɤɜŮɨɞɜŰŬɘ ůŰɞɡɠ 

ɢɩɟɞɡɠ ɛŮŰŬɝɨ Űɤɜ ůɤɛŬŰɘŭɑɤɜ. ȽŭɘŬɑŰŮɟŬ, ɞɘ ŮɘəɧɜŮɠ SEM (ɆɢɐɛŬ 1Ŭ) ŭŮɑɢɜɞɡɜ ɧŰɘ 

ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ ŭŮɜ ůɢɖɛŬŰɑɕɞɜŰŬɘ ůŮ ŬɡŰɧ Űɞ ŮˊɑˊŮŭɞ ɡˊɧůŰɟɤɛŬ ŬɜɎˊŰɡɝɖɠ 

[24]. 

ɀŮ ůəɞˊɧ Űɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɤɜ ŭɞɛɩɜ, ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůɡůŰɖɛŬŰɘəɐ 

Űɟɞˊɞˊɞɑɖůɖ Űɤɜ ůɡɜɗɖəɩɜ ŬɜɎˊŰɡɝɖɠ əŬɘ ŰŬɡŰɧɢɟɞɜŬ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɤɜ ŭŮɘɔɛɎŰɤɜ 

ɛŮɚŮŰɩɜŰŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ űŬůɛŬŰɞůəɞˊɑŬɠ Raman. ɆɡɔəŮəɟɘɛɏɜŬ, ɟɡɗɛɑɕɞɜŰŬɘ ɖ 

ŭɘɎɟəŮɘŬ ŬɜɎˊŰɡɝɖɠ, ɖ ɗŮɟɛɞəɟŬůɑŬ, əŬɘ ɞ ɟɡɗɛɧɠ ɛŮɑɤůɖɠ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ 

Űɖɜ ɣɨɝɖ. ɇɞ ůŰɎŭɘɞ Űɖɠ ˊɨɟɤůɖɠ ůŰɞɡɠ 400 
ɞ
C ɔɘŬ 5 ɚŮˊŰɎ ɏɔɘɜŮ ůŮ ŮˊɘɚŮɔɛɏɜŬ 

ŭŮɑɔɛŬŰŬ. Ƀ ɟɡɗɛɧɠ ɟɞɐɠ Űɤɜ ŬŮɟɑɤɜ əŬɘ ɖ ůɨůŰŬůɐ Űɞɡɠ, ɧˊɤɠ əŬɘ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ 

əŬŰŬɚɨŰɖ ŭŮɜ ɡˊɧəŮɘɜŰŬɘ ůŮ ŬɚɚŬɔɏɠ. ȸɟɏɗɖəŮ ɧŰɘ, ɖ ŭɘɎɟəŮɘŬ Űɖɠ ɘůɧɗŮɟɛɖɠ 

ŮˊŮɝŮɟɔŬůɑŬɠ CVD ŮˊɖɟŮɎɕŮɘ Űɖ ɔɟŬűɘŰɘəɐ ˊɞɘɧŰɖŰŬ əŬɘ əŬɗɧɟɘůŮ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ 

ůŰɞɘɓɎŭɤɜ. ɇɞ űɎůɛŬ Raman, ˊɞɡ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2Ŭ, ŬɜŰɘůŰɞɘɢŮɑ ůŮ 

ɢɟɧɜɞɡɠ CVD Ŭˊɧ 5 min ɏɤɠ 5 ɩɟŮɠ ůŰɞɡɠ 740 
ɞ
C. ɇɞ űɎůɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɟŮɘɠ 

ɓŬůɘəɏɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ əɞɟɡűɏɠ Űɞɡ ɔɟŬűŮɜɑɞɡ. ɆɡɔəŮəɟɘɛɏɜŬ, ɖ əɞɟɡűɐ 2D ɔɨɟɤ 

ůŰŬ 2700 cm
-1

 ɞűŮɑɚŮŰŬɘ ůŰɖ ŭŮɨŰŮɟɖɠ ŰɎɝɖɠ ŭɘŬŭɘəŬůɑŬ ŭɡɞ űɤɜɞɜɑɤɜ (second-order 

two-phonon process), ɖ əɞɟɡűɐ G ůŰŬ 1600 cm
-1

 ŮəˊɟɞůɤˊŮɑ Űɖɜ ŮűŬˊŰɞɛŮɜɘəɐ  

əŬŰɎůŰŬůɖ (tangential stretching mode) Űɞɡ ŮɝŬɘɟŮŰɘəɎ ˊɟɞůŬɜŬŰɞɚɘůɛɏɜɞɡ 
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ŮɝŬɔɤɜɘəɞɨ ɔɟŬűɘŰɘəɞɨ ˊɚɏɔɛŬŰɞɠ əŬɘ ɖ əɞɟɡűɐ D ůŰŬ 1350 cm
-1

 ŮɑɜŬɘ 

ɢŬɟŬəŰɖɟɘůŰɘəɐ Űɤɜ ˊɚŮɔɛŬŰɘəɩɜ ŬŰŮɚŮɘɩɜ Űɤɜ ɡɓɟɘŭɘəɩɜ sp
2 
ŬŰɧɛɤɜ ɎɜɗɟŬəŬ, Űɤɜ 

 

 

 

 

 

 

 

 

 

 

 

ɆɢɐɛŬ 1. (Ŭ) ȺɘəɧɜŬ SEM Űɞɡ ɔɟŬűŮɜɑɞɡ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ɛŮ CVD. (ɓ) ɇɞ űɎůɛŬ XRD ˊɞɡ 

ŰŬɡŰɞˊɞɘŮɑ Űɖ űɎůɖ ůŮɛŮɜŰɑŰɖ (Fe3C). (ɔ), (ŭ) ȺɘəɧɜŮɠ HR-TEM ŭŮɑɢɜɞɡɜ ůŰɘɠ ůŰɞɘɓɎŭŮɠ 

ɔɟŬűŮɜɑɞɡ ɔɨɟɤ Ŭˊɧ Űɞ ůŮɛŮɜŰɑŰɖ ɔɘŬ Űɞ ŭŮɑɔɛŬ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ůŰɞɡɠ 740 ÁC ɔɘŬ 3 ɩɟŮɠ. 

ȺˊɘɓŮɓŬɘɩɜɞɜŰŬɘ ɛŮ FFT ɞɘ ˊɚŮɔɛŬŰɘəɏɠ ŬˊɞůŰɎůŮɘɠ ɔɟŬűŮɜɑɞɡ əŬɘ ůŮɛŮɜŰɑŰɖ. 

 

 

ŮˊɘŭɟɎůŮɤɜ əŬəɞɨ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨ Űɤɜ Ůˊɘˊɏŭɤɜ ɐ/əŬɘ Űɤɜ ŮɜŬˊɞɗɏůŮɤɜ Ɏɛɞɟűɞɡ 

ɎɜɗɟŬəŬ. Ƀɘ ŬɚɚŬɔɏɠ ůŰɞ ůɢɐɛŬ, Űɖ ɗɏůɖ əŬɘ Űɖ ůɢŮŰɘəɐ ɏɜŰŬůɖ Űɤɜ Űɟɘɩɜ əɞɟɡűɩɜ 

ŬɜŰɘəŬŰɞˊŰɟɑɕɞɡɜ Űɖɜ Ůɝɏɚɘɝɖ ůŰɘɠ ŭɞɛɘəɏɠ əŬɘ ɖɚŮəŰɟɞɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŰŮɚɘəɞɨ 

ɡɚɘəɞɨ [26]. ɆŮ ɔɟŬűɏɜɘɞ ˊɞɚɚŬˊɚɩɜ ůŰɞɘɓɎŭɤɜ, Űɞ ůɢɐɛŬ Űɖɠ əɞɟɡűɐɠ 2D ŮɑɜŬɘ 

ŬəŬɜɧɜɘůŰɞ əŬɘ ˊŬɟɞɡůɘɎɕŮɘ ˊŮɟɘůůɧŰŮɟŮɠ Ŭˊɧ ɛɘŬ əɞɟɡűɏɠ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ ŰŬ 

ɔɟŬűɏɜɘŬ ɛɞɜɐɠ əŬɘ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ, ɧˊɞɡ ɖ əɞɟɡűɐ 2D ˊŬɟɞɡůɘɎɕŮŰŬɘ 

(Ŭ) (ɓ) 

 

1 ɛm 

(ɔ) (ŭ) 
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ɞɛɞɘɧɛɞɟűɖ, ɞɝŮɑŬ əŬɘ ůɡɛɛŮŰɟɘəɐ [27]. Ⱥˊɘˊɚɏɞɜ, ɖ Űɘɛɐ FWHM Űɖɠ əɞɟɡűɐɠ 2D 

ɏɢŮɘ ɓɟŮɗŮɑ ɧŰɘ ŬˊɞŰŮɚŮɑ ˊɞůɞŰɘəɧ əŬɗɞɟɘůɛɧ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ ůŰɞɘɓɎŭɤɜ ůŮ 

ɔɟŬűɏɜɘɞ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ (ɏɤɠ əŬɘ ˊɏɜŰŮ ůŰɞɘɓɎŭŮɠ) [28]. Ƀ Hao əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ 

Űɞɡ ɛŮɚɏŰɖůŬɜ Űɖ ůɡɛˊŮɟɘűɞɟɎ Raman ŬɡŰɩɜ Űɤɜ ŭɞɛɩɜ əŬɘ əŬŰɏɚɖɝŬɜ ůŰɞ 

ůɡɛˊɏɟŬůɛŬ ɧŰɘ, ůɨɛűɤɜŬ ɛŮ Űɖɜ Űɘɛɐ Űɞɡ FWHM Űɖɠ əɞɟɡűɐɠ 2D, ɡˊɎɟɢɞɡɜ 

ůŰŬɗŮɟɏɠ, ůɖɛŬɜŰɘəɏɠ, əŬɘ ŭɘŬəɟɘŰɏɠ Űɘɛɏɠ ɔɘŬ ɔɟŬűɏɜɘŬ ɛɘŬɠ, ŭɡɞ, Űɟɘɩɜ, ŰŮůůɎɟɤɜ 

əŬɘ ˊɏɜŰŮ ůŰɞɘɓɎŭɤɜ ɔɟŬűŮɜɑɞɡ ůŰŬ 27.5 Ñ 3.8 cm
-1
, 51.7 Ñ 1.7 cm

-1
, 56.2 Ñ 1.6 cm

-1
, 

63.1 Ñ 1.6 cm
-1
, əŬɘ 66.1 Ñ 1.4 cm

-1
, ŬɜŰɑůŰɞɘɢŬ. ɆŰŬ ɔɟŬűɏɜɘŬ, ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ 

ˊŬɢɨŰŮɟŬ Ŭˊɧ ˊɏɜŰŮ ůŰɞɘɓɎŭŮɠ, ɖ əɞɟɡűɐ 2D ɔɑɜŮŰŬɘ ɑŭɘŬ ɛŮ Űɞɡ ɔɟŬűɑŰɖ ŮɝŬɘŰɑŬɠ Űɖɠ 

ůɡɜŮɢɞɨɠ ɟɐɝɖɠ Űɖɠ ɕɩɜɖɠ ůɗɏɜɞɡɠ əŬɘ ŬɔɤɔɘɛɧŰɖŰŬɠ [26]. 

ȺɑɜŬɘ ŮɛűŬɜɏɠ Ŭˊɧ Űɞ űɎůɛŬ ůŰɞ ɆɢɐɛŬ 2Ŭ ɧŰɘ ůŰŬ 30 min CVD, ɖ ˊɞɘɧŰɖŰŬ 

Űɞɡ ɡɚɘəɞɨ ŮɑɜŬɘ ŬɟəŮŰɎ ɢŬɛɖɚɐ. ȼ əɞɟɡűɐ 2D ŮɑɜŬɘ ŮɡɟŮɑŬ ɛŮ ɢŬɛɖɚɐ ɏɜŰŬůɖ əŬɘ ɖ 

əɡɟɑŬɟɢɖ əɞɟɡűɐ D ɏɢŮɘ ɡɣɖɚɧŰŮɟɖ ɏɜŰŬůɖ Ŭˊɧ Űɖ əɞɟɡűɐ G. ȳůɞ ɖ ŭɘɎɟəŮɘŬ 

ŬɜɎˊŰɡɝɖɠ ŬɡɝɎɜŮŰŬɘ, ɖ ɏɜŰŬůɖ Űɖɠ əɞɟɡűɐɠ 2D ŬɡɝɎɜŮɘ əŬɘ ɔɘŬ ɢɟɧɜɞɡɠ ŬɜɎˊŰɡɝɖɠ 

ˊɎɜɤ Ŭˊɧ 3 ɩɟŮɠ ɔɑɜŮŰŬɘ ůɢŮŭɧɜ ɑůɖ ɛŮ Űɖ əɞɟɡűɐ G ɛŮ ɞɛɞɘɧɛɞɟűɞ əŬɘ ůɡɛɛŮŰɟɘəɧ 

ůɢɐɛŬ. ȷɜŰɑɗŮŰŬ, ɖ ůɢŮŰɘəɐ ɏɜŰŬůɖ Űɖɠ əɞɟɡűɐɠ D ˊŮɟɘɞɟɑɕŮŰŬɘ ůɖɛŬɜŰɘəɎ əŬɘ 

ɔɑɜŮŰŬɘ ɢŬɛɖɚɧŰŮɟɖ Ŭˊɧ Űɘɠ ɎɚɚŮɠ əɞɟɡűɏɠ. ȼ ŰɏɚŮɘŬ ˊɞɘɧŰɖŰŬ ŭɞɛɐɠ Űɞɡ ɡɚɘəɞɨ, 

ɧˊɤɠ ŬˊɞŭŮɘəɜɨŮŰŬɘ Ŭˊɧ Űɘɠ ɛŮŰɟɐůŮɘɠ Raman, ɞűŮɑɚŮŰŬɘ ůŰɖɜ ŬˊɞɡůɑŬ ɢɖɛɘəɐɠ 

ŮˊŮɝŮɟɔŬůɑŬɠ əŬŰɎ Űɖ ůɨɜɗŮůɖ. ɇɞ ŬɜŰɑɗŮŰɞ ɘůɢɨŮɘ ůŮ ŬɜɎɚɞɔŮɠ ɛŮɚɏŰŮɠ, əŬŰɎ Űɘɠ 

ɞˊɞɑŮɠ ůɡɜɐɗɤɠ ˊŬɟɎɔɞɡɜ ɛŬɔɜɖŰɘəɎ ůɤɛŬŰɑŭɘŬ ˊɞɡ əŬɚɨˊŰɞɜŰŬɘ Ŭˊɧ ˊŬɢɘɎ űɨɚɚŬ 

ɔɟŬűɑŰɖ [29, 30], ɐ ɛŬɔɜɖŰɘəɎ ůɨɜɗŮŰŬ ɔɟŬűŮɜɑɤɜ ˊɞɡ ɡˊɞɓɎɚɚɞɜŰŬɘ ůŮ ɢɖɛɘəɐ 

Űɟɞˊɞˊɞɑɖůɖ ɔɘŬ ɜŬ ˊŬɟŬɢɗŮɑ Űɞ ŰŮɚɘəɧ ˊɟɞɘɧɜ [18, 21]. ȺůŰɘɎɕɞɜŰŬɠ ˊŮɟɘůůɧŰŮɟɞ 

ůŰɖ əɞɟɡűɐ 2D, ůŰɞ ɆɢɐɛŬ 2ɓ ŬˊŮɘəɞɜɑɕŮŰŬɘ ɖ ɏɜŰŬůɖ Űɖɠ ůŮ ůɢɏůɖ ɛŮ Űɖɜ ŬɜŬɚɞɔɑŬ 

Űɤɜ ŮɜŰɎůŮɤɜ Űɤɜ əɞɟɡűɩɜ, I2D/IG, əŬɘ ɖ Űɘɛɐ FWHM ɏɜŬɜŰɘ Űɞɡ ɢɟɧɜɞɡ ŬɜɎˊŰɡɝɖɠ. 

ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ, əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Ŭɨɝɖůɖɠ Űɞɡ ɢɟɧɜɞɡ ŬɜɎˊŰɡɝɖɠ, ɖ ɏɜŰŬůɖ Űɖɠ 

əɞɟɡűɐɠ 2D ŬɡɝɎɜŮŰŬɘ əŬɘ ɖ Űɘɛɐ FWHM ɛŮɘɩɜŮŰŬɘ. ũɘŬ ɛɘəɟɞɨɠ ɢɟɧɜɞɡɠ ŬɜɎˊŰɡɝɖɠ 

(ɛɏɢɟɘ 2 ɩɟŮɠ) ɖ Űɘɛɐ FWHM ŮɑɜŬɘ ɡɣɖɚɧŰŮɟɖ Ŭˊɧ 70 əɡɛŬŰɎɟɘɗɛɞɡɠ, 

ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɠ ɧŰɘ Űɞ ɔɟŬűɏɜɘɞ ˊɞɚɚŬˊɚɩɜ ůŰɞɘɓɎŭɤɜ ˊŬɟɎɔŮŰŬɘ əŬɚɨˊŰɞɜŰŬɠ ŰŬ 

ɛŬɔɜɖŰɘəɎ ůɤɛŬŰɑŭɘŬ. ȼ ůŰŬɗŮɟɞˊɞɑɖůɖ ŮˊɏɟɢŮŰŬɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ 3 ɤɟɩɜ əŬɘ ɖ 

ůɡɛˊŮɟɘűɞɟɎ ɏɢŮɘ Űɖɜ ŰɎůɖ ɜŬ ŬɜŰɘůŰɟŬűŮɑ ůŮ ˊŬɟŬŰŮŰŬɛɏɜɖ ŭɘɎɟəŮɘŬ ŬɜɎˊŰɡɝɖɠ (5 

ɩɟŮɠ). ɆɨɛűɤɜŬ ɛŮ Űɘɠ Űɘɛɏɠ FWHM, ɔɟŬűɏɜɘŬ ɛŮ 3-5 ɔɟŬűɘŰɘəɏɠ ůŰɞɘɓɎŭŮɠ 

ŬɜŬˊŰɨůůɞɜŰŬɘ ůŮ ɢɟɧɜɞɡɠ CVD ɛŮŰŬɝɨ 3 ɏɤɠ 5 ɤɟɩɜ. ȼ ŭɘɎɟəŮɘŬ ŬɜɎˊŰɡɝɖɠ ŬɡŰɐ 

ɗŮɤɟŮɑŰŬɘ ɖ ɓɏɚŰɘůŰɖ, ɡˊɧ Űɘɠ ůɡɜɗɐəŮɠ ˊɞɡ ɛŮɚŮŰɎŰŬɘ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ 



 

- 203 - 

ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ ɛŮ Űɖɜ ŬɜɎɚɡůɖ ɇȺɀ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰŬ ɆɢɐɛŬŰŬ 1ɔ əŬɘ ŭ, ˊɞɡ 

ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ ŬɜɎˊŰɡɝɖ 3 ɤɟɩɜ ůŮ ɗŮɟɛɞəɟŬůɑŬ 740 
ɞ
C. ȼ ŮɝɎɟŰɖůɖ Űɞɡ Ŭɟɘɗɛɞɨ 

Űɤɜ ůŰɞɘɓɎŭɤɜ Ŭˊɧ Űɖ ŭɘɎɟəŮɘŬ ŬɜɎˊŰɡɝɖɠ ɞűŮɑɚŮŰŬɘ ůŰɖ ŭɘɎɢɡůɖ Űɞɡ ŬŰɞɛɘəɞɨ 

ɎɜɗɟŬəŬ ůŰŬ əŬŰŬɚɡŰɘəɎ ůɤɛŬŰɑŭɘŬ Fe ůŰɖɜ ŮůɤŰŮɟɘəɐ ŭɞɛɐ Űɞɡ ɔɟŬűŮɜɑɞɡ əŬɗɩɠ 

əŬɘ ůŰɖɜ əɘɜɖŰɘəɐ ŭɘɎɢɡůɖɠ ůŰɖɜ ŮɝɤŰŮɟɘəɐ ŭɞɛɐ, əŬŰɎ Űɖ ɚɐɝɖ Űɖɠ ŬɜɎˊŰɡɝɖɠ, ˊɞɡ 

əŬɗɞɟɑɕŮɘ Űɖɜ ɏəŰŬůɖ ůɢɖɛŬŰɘůɛɞɨ Űɞɡ ɔɟŬűŮɜɑɞɡ. 
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ɆɢɐɛŬ 2. (Ŭ) ɇɞ űɎůɛŬ Raman ɔɘŬ ŭɘɎűɞɟɞɡɠ ɢɟɧɜɞɡɠ ŬɜɎˊŰɡɝɖɠ. (ɓ) Ƀɘ Űɘɛɏɠ FWHM Űɖɠ 

əɞɟɡűɐɠ 2D əŬɘ ɖ ŬɜŬɚɞɔɑŬ ŮɜŰɎůŮɤɜ I2D/IG ɛŮ Űɞ ɢɟɧɜɞ. ȼ ɗŮɟɛɞəɟŬůɑŬ ŬɜɎˊŰɡɝɖɠ ŮɑɜŬɘ 

740 ÁC.    
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Ⱥˊɑůɖɠ, ɛŮɚŮŰɎŰŬɘ ɖ ŮˊɑŭɟŬůɖ Űɞɡ ɟɡɗɛɞɨ ɣɨɝɖɠ ɛŮŰɎ Űɖɜ ŬɜɎˊŰɡɝɖ. ȹɡɞ 

Űɟɧˊɞɘ ɣɨɝɖɠ ŮűŬɟɛɧɕɞɜŰŬɘ, ɞ ɔɟɐɔɞɟɞɠ əŬɘ ɞ Ŭɟɔɧɠ. ɆɡɔəŮəɟɘɛɏɜŬ, əŬŰɎ Űɞ 

ɔɟɐɔɞɟɞ Űɟɧˊɞ ŰŬ ŭŮɑɔɛŬŰŬ ŮəɗɏŰɞɜŰŬɘ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ CVD əŬŰŮɡɗŮɑŬɜ ůŰɖ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, Ůɜɩ əŬŰɎ Űɞɜ Ŭɟɔɧ Űɟɧˊɞ ŰŬ ŭŮɑɔɛŬŰŬ ɣɨɢɞɜŰŬɘ ůŰŬŭɘŬəɎ 

ɛɏůŬ ůŰɞ ɗɎɚŬɛɞ CVD ɡˊɧ ŬŭɟŬɜɐ ŬŰɛɧůűŬɘɟŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɟɡɗɛɧ ˊŰɩůɖɠ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ 1 
ɞ
C min

-1
. ɄŬɟŬŰɖɟŮɑŰŬɘ ůŮ əɎɗŮ ŬɜɎɚɡůɖ Raman ɧŰɘ, ŰŬ ŭŮɑɔɛŬŰŬ 

ˊɞɡ ɡˊɞɓɎɚɚɞɜŰŬɘ ůŮ Ŭɟɔɐ ɣɨɝɖ, ˊŬɟɞɡůɑŬɕɞɡɜ əŬɚɨŰŮɟŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ, Ŭˊɧ 

ŮəŮɑɜŬ ɛŮ Űɞ ɔɟɐɔɞɟɞ Űɟɧˊɞ ɣɨɝɖɠ. Ⱥˊɘˊɚɏɞɜ, ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ 

ɛŮŰɎ Űɖɜ ŬɜɎˊŰɡɝɖ ŮˊɘɚŮɔɛɏɜɤɜ ŭŮɘɔɛɎŰɤɜ, əŬɘ ɓɟɏɗɖəŮ ɧŰɘ ɖ ɗɏɟɛŬɜůɖ ůŰɞɡɠ 400 

ɞ
C ɔɘŬ 5min ůŮ ŬɏɟŬ ˊŮɟɘɞɟɑɕŮɘ Űɖ ůɢŮŰɘəɐ ɏɜŰŬůɖ Űɖɠ əɞɟɡűɐɠ D əŬɘ ɔɘŬ ŭŮɑɔɛŬŰŬ 

ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ůŰɞɡɠ 740 
ɞ
C ɔɘŬ 3, 4, əŬɘ 5 ɩɟŮɠ CVD ŮɡɜɜɞŮɑ Űɖɜ Ŭɨɝɖůɖ Űɖɠ 

ŬɜŬɚɞɔɑŬɠ ŮɜŰɎůŮɤɜ ŬɜɎɛŮůŬ ůŰɘɠ əɞɟɡűɏɠ 2D əŬɘ D (I2D/ID) Ŭˊɧ 30% ůŮ 60%. 

Ɇɡɜɐɗɤɠ, ɖ əɞɟɡűɐ D ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɘɠ ŬŰɏɚŮɘŮɠ ˊɚɏɔɛŬŰɞɠ, Űɞɜ əŬəɧ 

ˊɟɞůŬɜŬŰɞɚɘůɛɧ Űɤɜ ůŰɞɘɓɎŭɤɜ ɔɟŬűŮɜɑɞɡ ɐ/əŬɘ Űɘɠ ŮɜŬˊɞɗɏůŮɘɠ Ɏɛɞɟűɞɡ ɎɜɗɟŬəŬ. 

ɄŬɟôɧɚŬ ŬɡŰɎ, ɖ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ Űɖɠ ɏɜŰŬůɖɠ Űɖɠ əɞɟɡűɐɠ D, ˊɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

ɛŮ Űɖ ůɨɜŰɞɛɖ ɗŮɟɛɘəɐ əŬŰŮɟɔŬůɑŬ ůŰɞɡɠ 400 
o
C, ɡˊɞŭɖɚɩɜŮɘ ɧŰɘ ɏɜŬ ɛŮɔɎɚɞ ŰɛɐɛŬ 

Űɖɠ əɞɟɡűɐɠ D ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Ɏɛɞɟűɞ ɎɜɗɟŬəŬ. Ƀ Ɏɛɞɟűɞɠ ɎɜɗɟŬəŬɠ ɏɢŮɘ 

ŮɜŬˊɞŰŮɗŮɑ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɞɡ CVD, ɧˊɤɠ Ůˊɑůɖɠ ɏɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ ɧŰŬɜ 

ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ ŬɜŬˊŰɨɢɗɖəŬɜ ɧɛɞɘŬ [31, 32]. ɄɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ˊŮɘɟɎɛŬŰŬ 

ůŮ ŭɘɎűɞɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜɎˊŰɡɝɖɠ əŬɘ ŭŮɑɢɜɞɡɜ ɧŰɘ ɖ ŬɜɎˊŰɡɝɖ ůŮ ɡɣɖɚɧŰŮɟŮɠ 

ɗŮɟɛɞəɟŬůɑŮɠ ˊŬɟɎɔŮɘ ŭɞɛɏɠ əŬŰɩŰŮɟɖɠ ˊɞɘɧŰɖŰŬɠ Ŭˊɧ Űɘɠ ŭɞɛɏɠ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ 

ůŰɞɡɠ 740 
ɞ
C.  

ɆŰɞ ɆɢɐɛŬ 3 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɏɜŬɠ ˊɟɞŰŮɘɜɧɛŮɜɞɠ ɛɖɢŬɜɘůɛɧɠ ɔɘŬ Űɞ 

ůɢɖɛŬŰɘůɛɧ ɛŬɔɜɖŰɘəɩɜ ŭɞɛɩɜ ɔɟŬűŮɜɑɞɡ, ůɨɛűɤɜŬ ɛŮ ŰŬ ŭɞɛɘəɎ əŬɘ ɛɞɟűɞɚɞɔɘəɎ 

ůŰɞɘɢŮɑŬ. Ʉɘɞ ŬɜŬɚɡŰɘəɎ, ɏɜŬ ɚŮˊŰɧ ůŰɟɩɛŬ Űɞɡ ŬɘɤɟɐɛŬŰɞɠ ferrofluid ŮűŬɟɛɧɕŮŰŬɘ 

ŬɟɢɘəɎ ˊɎɜɤ ůŰɖɜ ˊɡɟɘŰɘəɐ ŮˊɘűɎɜŮɘŬ. ɇɞ ŬɘɩɟɖɛŬ ŭɟɎ ɧɢɘ ɛɧɜɞ ɤɠ əŬŰŬɚɨŰɖɠ, ɛɏůɤ 

Űɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ ɞɝŮɘŭɑɤɜ ůɘŭɐɟɞɡ, ŬɚɚɎ əŬɘ ɤɠ Ŭɟɢɘəɐ ˊɖɔɐ ɎɜɗɟŬəŬ, ɛɏůɤ Űɤɜ 

ɞɟɔŬɜɘəɩɜ ɞɛɎŭɤɜ, ˊɞɡ ůŰŬɗŮɟɞˊɞɘɞɨɜ ŰŬ ůɤɛŬŰɑŭɘŬ ɛɏůŬ ůŰɞ ŬɘɩɟɖɛŬ. ȷɟɢɘəɎ, ŰŬ 

əŬɚɡɛɛɏɜŬ ɛŮ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ Fe3O4 ŬɜɎɔɞɜŰŬɘ əŬŰɎ Űɖɜ ɏəɗŮůɐ 

Űɞɡɠ ůŮ H2 (ɟɞɐ ůŰŬɗŮɟɐ), ɧůɞ ɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ űɞɨɟɜɞɡ CVD ŬɡɝɎɜŮŰŬɘ əŬɘ 

ɏˊŮɘŰŬ ɛŮŰŬŰɟɏˊɞɜŰŬɘ ůŮ əŬɟɓɑŭɘŬ ůɘŭɐɟɞɡ ɛɏůɤ ŭɘɎɢɡůɖɠ Űɤɜ ŬŰɧɛɤɜ ɎɜɗɟŬəŬ [33], 

ɧˊɤɠ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ Ŭˊɧ Űɞ XRD (ɆɢɐɛŬ 1ɓ). Ƀ ŬŰɞɛɘəɧɠ ɎɜɗɟŬəŬɠ ŬɟɢɘəɎ 

ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɖɜ ŬˊɞůɨɜɗŮůɖ Űɞɡ əŬɚɡɛɛɏɜɞɡ ůɤɛŬŰɘŭɑɞɡ ɛŮ ŰŬ 
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ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɎ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ Ŭˊɧ Űɖɜ ŮɝɤŰŮɟɘəɐ ŰɟɞűɞŭɞůɑŬ C2H4 ˊɞɡ 

ŮɘůɎɔŮŰŬɘ ɛɏůɤ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ ůŰɖ ɗŮɟɛɞəɟŬůɑŬ CVD [24, 31]. ȼ ˊɡɟɖɜɞˊɞɑɖůɖ 

Űɞɡ ɔɟŬűŮɜɑɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ůɤɛŬŰɘŭɑɤɜ əŬɘ Űɘɠ 

ůŰɞɘɓɎŭŮɠ ɔɟŬűŮɜɑɞɡ. Ƀɘ ůŰɞɘɓɎŭŮɠ ɔɟŬűŮɜɑɞɡ ŭɘŬɢɤɟɑɕɞɜŰŬɘ Ŭˊɧ ŰŬ ˊɡəɜɎ 

ŮɜŬˊɞŰɘɗɏɛŮɜŬ ůɤɛŬŰɑŭɘŬ əŬɟɓɘŭɑɤɜ ůɘŭɐɟɞɡ, ůɡɔɢɤɜŮɨɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ Ůɜɩ 

ŮɛˊŮɟɘɏɢɞɡɜ ŰŬ ůɤɛŬŰɑŭɘŬ, ŰŬ ɞˊɞɑŬ ŬɜŬŭɘŬŰɎůůɞɜŰŬɘ əŬŰɎ Űɖɜ ŬɜɎˊŰɡɝɖ. 

 

 

 

 

 

 

 

ɆɢɐɛŬ 3. ɀɖɢŬɜɘůɛɧɠ ŬɜɎˊŰɡɝɖɠ ɔɟŬűŮɜɑɞɡ. ɇŬ ɜŬɜɞůɤɛŬŰɑŭɘŬ Fe3O4 ́ ɞɡ ˊŮɟɘɓɎɚɚɞɜŰŬɘ ɛŮ 

Űɞ ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɧ ŮűŬɟɛɧɕɞɜŰŬɘ ůŮ ŮˊɘűɎɜŮɘŬ Si əŬɘ ɛŮŰŬŰɟɏˊɞɜŰŬɘ ůŮ əŬɟɓɑŭɘɞ ůɘŭɐɟɞɡ 

ɛɏůɤ ŭɘɎɢɡůɖɠ ɎɜɗɟŬəŬ, ˊɞɡ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɖɜ ŬˊɞůɨɜɗŮůɖ Űɤɜ ɞɛɎŭɤɜ Űɞɡ 

ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɞɨ əŬɘ Űɖɠ ŮɝɤŰŮɟɘəɐɠ ŰɟɞűɞŭɞůɑŬɠ C2H4.  

 

Ƀɘ ɛŬɔɜɖŰɘəɏɠ ɛŮŰɟɐůŮɘɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŰɞ ŰŮɚɘəɧ ˊɟɞɘɧɜ ɔɘŬ ɜŬ 

ŬɝɘɞɚɞɔɖɗŮɑ ɖ ɛŬɔɜɖŰɘəɐ Űɞɡ ůɡɛˊŮɟɘűɞɟɎ. ɇɞ űɎůɛŬ Mossbauer ůŰɞɡɠ 80 K (ɆɢɐɛŬ 

4Ŭ) ˊŬɟɞɡůɘɎɕŮɘ ŭɡɞ űɎůŮɘɠ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ůɑŭɖɟɞ, ŬɡŰɐ Űɞɡ əŬɟɓɘŭɑɞɡ Fe3C əŬɘ Űɞɡ 

Ŭ-Fe, ŬɜŰɑůŰɞɘɢŬ. ȼ űɎůɖ əŬɟɓɘŭɑɞɡ ŬˊɞŰŮɚŮɑ ůɢŮŭɧɜ Űɞ 70% Űɞɡ ůɘŭɐɟɞɡ əŬɘ 

ŬˊɞŰŮɚŮɑ ɛɘŬ ŮɜɘŬɑŬ, ŮɚŬűɟɩɠ ŭɘŮɡɟɡɛɏɜɖ əŬɘ əŬɚɎ ŬɜŬɚɡɛɏɜɖ ŮɝɎŭŬ ɛŮ ɘůɞɛŮɟɐɠ 

ɛŮŰŬŰɧˊɘůɖ 0.33 mm/s əŬɘ ˊŮŭɑɞ 24.7 ɇ, əŬɘ ɛŮ ŬɛŮɚɖŰɏŬ ŬɚɚɖɚŮˊɑŭɟŬůɖ 

ŰŮŰɟŬˊɞɚɘəɐ, ůɨɛűɤɜŬ ɛŮ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ [34].  Ƀɘ ɛŮŰɟɐůŮɘɠ ɛŬɔɜɐŰɘůɖɠ Squid 

(ɆɢɐɛŬ 4ɔ) ŬˊɞŭŮɘəɜɨɞɡɜ ɧŰɘ Űɞ ɡɚɘəɧ ŮɑɜŬɘ űŮɟɞɛŬɔɜɖŰɘəɧ ɛŮ ɡůŰɏɟɖůɖ ůŮ ɢŬɛɖɚɐ 

ɗŮɟɛɞəɟŬůɑŬ (10 K) əŬɘ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. ȼ ɛŬɔɜɐŰɘůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ŮɑɜŬɘ 21 J/T/kg ůŮ 2 T. ȼ ŪŮɟɛɞůŰŬɗɛɘəɐ ɐ 

ɗŮɟɛɞɓŬɟɡɛŮŰɟɘəɐ ŬɜɎɚɡůɖ (Thermogravimetric analysis, TGA) ɡˊɧ ɞɝŮɘŭɤŰɘəɏɠ 

ůɡɜɗɐəŮɠ, ɡˊɞŭŮɘəɜɨŮɘ ɧŰɘ Űɞ ŭŮɑɔɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 10.8 wt % Fe, ɧˊɤɠ ŭɘŬűŬɑɜŮŰŬɘ 
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ůŰo ɆɢɐɛŬ 4ɓ, ŬˊɞŭɑŭɞɜŰŬɠ ɛɑŬ ŬɜŰɑůŰɞɘɢɖ ɛŬɔɜɐŰɘůɖ 194J/T/kg ɔɘŬ Űɞ ůɑŭɖɟɞ ůŰɞ 

ůɨɜɗŮŰɞ ɡɚɘəɧ. ȹŮŭɞɛɏɜɞɡ ɧŰɘ, ɞ ůɑŭɖɟɞɠ ŮɑɜŬɘ ůŰɘɠ ɛɞɟűɏɠ Fe3C (70%) əŬɘ Ŭ-Fe 

(30%), ˊɟɞůŭɑŭŮɘ ɛɘŬ ɛɏůɖ ɛŬɔɜɐŰɘůɖ ɔɘŬ Űɘɠ űɎůŮɘɠ ůɘŭɐɟɞɡ ůŰŬ 185 J/T/kg. ȷɡŰɐ ɖ 

Űɘɛɐ ŮɑɜŬɘ ɡɣɖɚɧŰŮɟɖ Ŭˊɧ Űɖɜ ŬɜŬɛŮɜɧɛŮɜɖ. ɄɟɎɔɛŬŰɘ, ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ɖ 

ɛŬɔɜɐŰɘůɖ Űɞɡ Fe3C ŮɑɜŬɘ 140 J/T/kg [35], əŬɘ Űɞɡ Ŭ-Fe ŮɑɜŬɘ 220 J/T/kg, əŬɘ ɖ 

ɗŮɤɟɖŰɘəɐ Űɘɛɐ ŮɑɜŬɘ 163 J/T/kg ɔɘŬ əɎɗŮ ɛɑɔɛŬ 70/30. ȷɡŰɐ ɖ ŭɘŬűɞɟɎ ɞűŮɑɚŮŰŬɘ 

ůŰɖɜ Ůɜɑůɢɡůɖ Űɞɡ ůɘŭɐɟɞɡ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ˊɞɡ ŮɑɜŬɘ ŮɔəɚŮɘůɛɏɜŬ ůŰɘɠ ůŰɞɘɓɎŭŮɠ 

ɔɟŬűŮɜɑɞɡ. Ƀɘ ɛŮŰɟɐůŮɘɠ ˊŮŭɑɞɡ ɣɨɝɖɠ (field cooling, FC) (ɆɢɐɛŬ 4ŭ) ŭŮɑɢɜɞɡɜ ɛɘŬ 

ɛɞɜɧŰɞɜɖ Ŭɨɝɖůɖ Űɞɡ ŰɛɐɛŬŰɞɠ ZFC əŬɘ ɏɜŬ ŮˊɑˊŮŭɞ ˊɚŬŰɩ ůŰŬ ŭŮŭɞɛɏɜŬ FC əŬɗɩɠ 

Űɞ ŭŮɑɔɛŬ ɣɨɢŮŰŬɘ. 

ɇŬ ˊŮɘɟɎɛŬŰŬ ɟɧűɖůɖɠ əŬɘ ɞɘ ɛŮŰɟɐůŮɘɠ ˊɞɟɞůɘɛŮŰɟɑŬɠ, ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ, 

ŭɘŮɟŮɡɜɞɨɜ ŮˊɘˊɟɧůɗŮŰŮɠ ˊŬɟŬɛɏŰɟɞɡɠ ɛɞɟűɞɚɞɔɑŬɠ Űɞɡ ɡɚɘəɞɨ. Ƀɘ ˊɚɖɟɞűɞɟɑŮɠ Ŭˊɧ 

Űɘɠ ɛŮŰɟɐůŮɘɠ ŬɡŰɏɠ ŮɑɜŬɘ ůɖɛŬɜŰɘəɏɠ ɔɘŬ Űɖ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɔɟŬűŮɜɑɞɡ ůŮ ˊɞɚɘəɎ 

əŬɘ ɛɖ ˊɞɚɘəɎ ˊŮɟɘɓɎɚɚɞɜŰŬ əŬɘ ŰŬɡŰɧɢɟɞɜŬ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɞɡ ɤɠ ɡˊɧůŰɟɤɛŬ 

ɔɘŬ ɡɓɟɘŭɘəɎ ɡɚɘəɎ. ȼ ɘůɧɗŮɟɛɖ ˊɟɞůɟɧűɖůɖɠ ŬɕɩŰɞɡ Űɞɡ ŭŮɑɔɛŬŰɞɠ ˊɞɡ ˊŬɟɎɔŮŰŬɘ 

ůŰɞɡɠ 740 
ɞ
C ɔɘŬ 3 ɩɟŮɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 5Ŭ. ɇɞ ŭŮɑɔɛŬ ŮɛűŬɜɑɕŮɘ ɘůɧɗŮɟɛɖ 

ˊɟɞůɟɧűɖůɖɠ ɛŮ ɓɟɧɔɢɞ ɡůŰɏɟɖůɖɠ ˊɞɡ ŰŬɘɟɘɎɕŮɘ ůŮ ɡɚɘəɧ ɛŮ ůɡɛˊŮɟɘűɞɟɎ 

ŰɟɘɢɞŮɘŭɞɨɠ ůɡɛˊɨəɜɤůɖɠ ɛŮ ɛŮůɞˊɧɟɞɡɠ. ȷɡŰɞɑ ɞɘ ɛŮůɞˊɧɟɞɘ ˊɘɗŬɜɧɜ ɜŬ 

ůɢɖɛŬŰɑɕɞɜŰŬɘ ɚɧɔɤ Űɖɠ əɞɜŰɘɜɐɠ ŭɘŮɡɗɏŰɖůɖɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ůɘŭɐɟɞɡ əŬŰɎ Űɖɜ 

ŮɜŬˊɧɗŮůɖ ferrofluid, əŬɘ Űɖɜ ŬɜŬŭɘɎŰŬɝɖ Űɤɜ ůɤɛŬŰɘŭɑɤɜ əŬɘ ůɡɔɢɩɜŮɡůɖ Űɤɜ 

ůŰɞɘɓɎŭɤɜ ɔɟŬűŮɜɑɞɡ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ ɔɨɟɤ Űɞɡɠ əŬŰɎ Űɖɜ ŬɜɎˊŰɡɝɖ [23], ɧˊɤɠ 

űŬɑɜɞɜŰŬɘ ůŰɘɠ ŮɘəɧɜŮɠ SEM (ɆɢɐɛŬ 1Ŭ). ȼ Ůɘŭɘəɐ ŮˊɘűɎɜŮɘŬ ŮɑɜŬɘ 60 m
2
/g, ɧˊɤɠ 

ɡˊɞɚɞɔɑɕŮŰŬɘ ɛŮ Űɖ ɛɏɗɞŭɞ Brunauer Emmett Teller (BET). ȷɡŰɧɠ ɞ in situ 

ůɢɖɛŬŰɘůɛɧɠ ˊɞɟɩŭɞɡɠ əŬŰɎ Űɖɜ ŬɜɎˊŰɡɝɖ ůŮ ˊɡɟɑŰɘɞ, ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŮˊɤűŮɚɐɠ ɔɘŬ 

Űɖɜ ˊɟɧůɓŬůɖ ɡɔɟɩɜ ɛɏůɤɜ ůŰŬ ŮɜŮɟɔɎ əɏɜŰɟŬ Űɤɜ ŭɞɛɩɜ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, 

ŭɘŮɡəɞɚɨɜŮŰŬɘ ɖ ŭɘɎɢɡůɖ ɘɧɜŰɤɜ ɖɚŮəŰɟɞɚɨŰɖ ɛŮ ɛɘəɟɧŰŮɟɖ ŬɜŰɑůŰŬůɖ ůŮ ɧɚɞ Űɞɜ 

ɧɔəɞ əŬɘ ůɡɜŭɡɎɕŮŰŬɘ ɛŮ Űɘɠ ɘŭɘɧŰɖŰŮɠ əŬɘ Űɖɜ ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ, ɧˊɤɠ 

ˊŮɟɘɔɟɎűŮŰŬɘ ˊŬɟŬˊɎɜɤ. ȷəɧɛŬ, Űɞ ɡɚɘəɧ ŬɡŰɧ ŮɑɜŬɘ ɘŭŬɜɘəɧ ɔɘŬ ŮűŬɟɛɞɔɏɠ ɡɣɖɚɐɠ 

Ŭˊɧŭɞůɖɠ ɡˊŮɟˊɡəɜɤŰɩɜ, ɔɘŬ ɛˊŬŰŬɟɑŮɠ ɘɧɜŰɤɜ ɚɘɗɑɞɡ əŬɘ ɔŮɜɘəɎ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ 

ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ ŮəɛŮŰŬɚɚŮɨɞɜŰŬɠ Űɖɜ ɨˊŬɟɝɖ Űɤɜ ɛŮůɞˊɧɟɤɜ ɔɘŬ Űɖɜ 

ˊɟɞůəɧɚɚɖůɖ ɛŮŰŬɚɚɘəɩɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ [21, 36]. 
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ɆɢɐɛŬ 4. (Ŭ) ɇɞ ūɎůɛŬ Mºssbauer ůŰŬ 80K ŬˊɞəŬɚɨˊŰŮɘ Űɖɜ ˊŬɟɞɡůɑŬ əŬɟɓɘŭɑɞɡ Fe3C 

(70%) əŬɘ Ŭ-Fe (30%). (ɓ) ūɎůɛŬ TGA (ɔ) ɀŬɔɜɐŰɘůɖ Squid ůŮ 10Ⱦ əŬɘ ɗŮɟɛɞəɟŬůɑŬ 

ŭɤɛŬŰɑɞɡ. (ŭ) ɀŮŰɟɐůŮɘɠ ZFC əŬɘ FC. ɇɞ ŭŮɑɛŬ ŬɜŬˊŰɨɢɗɖəŮ ůŰɞɡɠ 740 ÁC ɔɘŬ 3 ɩɟŮɠ. 

 

 

Ƀɘ ɘůɧɗŮɟɛŮɠ ˊɟɞůɟɧűɖůɖɠ Űɞɡ n-ŮɝŬɜɑɞɡ əŬɘ Űɞɡ ɜŮɟɞɨ ůŰɞɡɠ 37 
ɞ
C 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 5ɓ. ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ˊɟɞůɟɞűɩɜŰŬɘ ɡɣɖɚɧŰŮɟŮɠ 

ˊɞůɧŰɖŰŮɠ n-ŮɝŬɜɑɞɡ Ŭˊɧ ɧŰɘ ɜŮɟɞɨ ůŰɖ ɢŬɛɖɚɐɠ ˊɑŮůɖɠ ˊŮɟɘɞɢɐ (P/P0 < 0.2), ɧˊɞɡ ɖ 

ˊɟɞůɟɧűɖůɖ ŮɑɜŬɘ əɡɟɑŬɟɢɖ Ŭˊɧ Űɖɜ ɎɛŮůɖ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ Űɤɜ ɛɞɟɑɤɜ 

ŬŰɛɞɨ əŬɘ Űɤɜ ůŰɞɘɓɎŭɤɜ ɔɟŬűŮɜɑɞɡ. ȷɡŰɧ Űɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ ŬˊɞəŬɚɨˊŰŮɘ ɧŰɘ Űɞ 

ůɨɜɗŮŰɞ ˊŬɟɞɡůɘɎɕŮɘ ˊɟɩŰŬ ɡŭɟɞűɞɓɘəɧ ɢŬɟŬəŰɐɟŬ. ũɘŬ ůɢŮŰɘəɏɠ ˊɘɏůŮɘɠ 

ɡɣɖɚɧŰŮɟŮɠ Ŭˊɧ 0.3, ɖ əŬŰŬɜɎɚɤůɖ ɜŮɟɞɨ ŬɜŮɓŬɑɜŮɘ ɔɟɖɔɞɟɧŰŮɟŬ əŬɘ ŮɜŰŬŰɘəɧŰŮɟŬ 

ůŮ ůɢɏůɖ ɛŮ Űɞɡ n-ŮɝŬɜɑɞɡ. ȷɡŰɧ ɞűŮɑɚŮŰŬɘ ůŰɞ ɛɘəɟɧ ɛɏɔŮɗɞɠ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ɜŮɟɞɨ, 

ˊɞɡ ŮˊɘŰɟɏˊŮɘ ɛŮɔŬɚɨŰŮɟŮɠ ˊɞůɧŰɖŰŮɠ ɛɞɟɑɤɜ ɜŮɟɞɨ ɜŬ űɘɚɞɝŮɜɖɗɞɨɜ ůŮ ɏɜŬ 

ŭŮŭɞɛɏɜɞ ɢɩɟɞ. Ⱥˊɑůɖɠ, əŬŰɎ Űɞ ůɢɖɛŬŰɘůɛɧ ˊɞɚɚŬˊɚɩɜ ůŰɟɤɛɎŰɤɜ Űɤɜ 

(Ŭ) (ɓ) 

(ɔ) 
(ŭ) 
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ˊɟɞůɟɞűɖɛɏɜɤɜ ɛɞɟɑɤɜ, ɞɘ ŭŮůɛɞɑ ɡŭɟɞɔɧɜɞɡ ůŰɞ ɜŮɟɧ Ůɜɘůɢɨɞɡɜ Űɖ ŭɘŬɛɞɟɘŬəɐ 

ůɡɔɔɏɜŮɘŬ ŬɡɝɎɜɞɜŰŬɠ Űɖ ɢɤɟɖŰɘəɧŰɖŰŬ ɟɧűɖůɖɠ ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞ n-ŮɝɎɜɘɞ. 

ȷɜŰɑɗŮŰŬ, ɖ ˊɟɧůɚɖɣɖ n-ŮɝŬɜɑɞɡ ˊŬɟɞɡůɘɎɕŮɘ ɛɘŬ ɝŬűɜɘəɐ ɓŮɚŰɑɤůɖ ɛŮŰɎ Űɖɜ 

ůɢŮŰɘəɐ ˊɑŮůɖ ɛŮ Űɘɛɐ 0.85, ɖ ɞˊɞɑŬ ŬˊɞŭɑŭŮŰŬɘ ůŰɖɜ ŰɟɘɢɞŮɘŭɐ ůɡɛˊɨəɜɤůɖ Űɤɜ 

ŭɘŬůɤɛŬŰɘŭɘŬəɩɜ ɢɩɟɤɜ, ˊɞɡ ŮɡɜɜɞɞɨɜŰŬɘ ůŮ ŬɡŰɧ Űɞ Ůɨɟɞɠ ˊɑŮůɖɠ. ȺɑɜŬɘ Ůˊɑůɖɠ 

ŬɝɘɞůɖɛŮɑɤŰɖ ɖ ɏɜŰɞɜɖ ɡůŰɏɟɖůɖ Ůəɟɧűɖůɖɠ ɜŮɟɞɨ ůŮ ɧɚɞ Űɞ Ůɨɟɞɠ Űɤɜ ůɢŮŰɘəɩɜ 

ˊɘɏůŮɤɜ. ȷɡŰɧ ŬˊɞŭɑŭŮŰŬɘ ůŰɖ ŭɡůəɞɚɑŬ Űɤɜ ɛɞɟɑɤɜ Űɞɡ ɜŮɟɞɨ, ˊɞɡ ˊɟɞůɟɞűɩɜŰŬɘ 

ůŰŬ ŮɜŭɘɎɛŮůŬ ŭɘŬůŰɐɛŬŰŬ Űɞɡ ɡɚɘəɞɨ, ɜŬ ŬˊŮɚŮɡɗŮɟɩɜɞɜŰŬɘ əŬŰɎ Űɖɜ Ůəəɏɜɤůɖ 

ɚɧɔɤ ŭŮůɛɩɜ ɡŭɟɞɔɧɜɞɡ ɛŮŰŬɝɨ Űɤɜ ŭɘŬŭɞɢɘəɩɜ ɛɞɟɘŬəɩɜ ůŰɟɤɛɎŰɤɜ, ůŮ ŬɜŰɑɗŮůɖ 

ɛŮ ŰŬ ɛɧɟɘŬ Űɞɡ n-ŮɝŬɜɑɞɡ, ˊɞɡ ŭŮɜ ŮɛűŬɜɑɕɞɡɜ ŰɏŰɞɘŮɠ ŭɘŬɛɞɟɘŬəɏɠ ŮɚəŰɘəɏɠ 

ŭɡɜɎɛŮɘɠ.  

 

 

 

 

 

 

 

 

 

 

ɆɢɐɛŬ 5. (Ŭ) ɄɞɟɞůɘɛŮŰɟɑŬ LN2 Űɞɡ ɔɟŬűŮɜɑɞɡ (ɓ) ȽůɧɗŮɟɛŮɠ ɟɧűɖůɖɠ (ˊɟɞůɟɧűɖůɖ:ɔŮɛɎŰŬ 

ůɖɛŮɑŬ, Ůəɟɧűɖůɖ:ŬɜɞɘɢŰɎ ůɖɛŮɑŬ) ůŮ ˊɞɚɘəɏɠ (ɜŮɟɧ) əŬɘ ɛɖ-ˊɞɚɘəɏɠ (ŮɝɎɜɘɞ) űɎůŮɘɠ ůŰɞɡɠ 

37 ÁC. ɇɞ ŭŮɑɔɛŬ ŬɜŬˊŰɨɢɗɖəŮ ůŰɞɡɠ 740 ÁC ɔɘŬ 3 ɩɟŮɠ.    
 

ɆŰɖ ůɡɜɏɢŮɘŬ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɛŮŰɟɐůŮɘɠ əɡəɚɘəɐɠ ɓɞɚŰŬɛŮŰɟɑŬɠ, 

ɖɚŮəŰɟɞɢɖɛɘəɐɠ Ůɛˊɏŭɖůɖɠ əŬɘ ɛŮŰɟɐůŮɘɠ ɔŬɚɓŬɜɞůŰŬŰɘəɐɠ űɧɟŰɘůɖɠ-ŮəűɧɟŰɘůɖɠ 

ůŰɞ ŬɜŬˊŰɡɔɛɏɜɞ ɡɚɘəɧ. Ƀɘ ɛŮŰɟɐůŮɘɠ CV ɔɑɜɞɜŰŬɘ ɛŮ ɟɡɗɛɞɨɠ ůɎɟɤůɖɠ ŭɡɜŬɛɘəɞɨ 

ůŰŬ 10, 50, 100, 200, 300 əŬɘ 500 mV/s, əŬɘ ɞɘ ɛŮŰɟɐůŮɘɠ ɖɚŮəŰɟɞɢɖɛɘəɐɠ Ůɛˊɏŭɖůɖɠ 

ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŮ Ůɨɟɞɠ ůɡɢɜɞŰɐŰɤɜ Ŭˊɧ 0.1 Hz ɏɤɠ 100 kHz. ȼ Ůɘŭɘəɐ 

ɢɤɟɖŰɘəɧŰɖŰŬ Űɞɡ ɡɚɘəɞɨ ŮəŰɘɛɎŰŬɘ ɛŮ ˊɞɘəɑɚɞɡɠ Űɟɧˊɞɡɠ. ȷɟɢɘəɎ, ɡˊɞɚɞɔɑɕŮŰŬɘ ɛŮ 

ŮɜůɤɛɎŰɤůɖ Űɖɠ ˊŮɟɘɞɢɐɠ ˊɞɡ ˊŮɟɘəɚŮɑŮŰŬɘ ŮɜŰɧɠ Űɞɡ ɓɟɧɢɞɡ CV ɤɠ Ůɝɐɠ: 

                                                    

0,01

0,10

1,00

10,00

0 0,2 0,4 0,6 0,8 1

P/Po

m
m

o
l/
g

Water at 37 deg C
Hexane at 37 deg C

0

50

100

150

200

250

0 0,2 0,4 0,6 0,8 1 1,2

P/Po

c
c
(S

T
P

)/
g

 

(Ŭ) 

 

(ɓ) 

 



 

- 210 - 

                                         ñDD
= Vi

Vm
C

S

CV
2

1
 (1) 

  

ȳˊɞɡ m ŮɑɜŬɘ ɖ ɛɎɕŬ Űɞɡ ɖɚŮəŰɟɞŭɑɞɡ, DV ŮɑɜŬɘ Űɞ Ůɨɟɞɠ ŭɡɜŬɛɘəɞɨ (DV = 2), s 

ŮɑɜŬɘ ɞ ɟɡɗɛɧɠ ůɎɟɤůɖɠ əŬɘ i ŮɑɜŬɘ Űɞ ɟŮɨɛŬ Ŭˊɧəɟɘůɖɠ ůŮ ɏɜŬ ŭŮŭɞɛɏɜɞ ŭɡɜŬɛɘəɧ V.  

ȼ ŭŮɨŰŮɟɖ ɛɏɗɞŭɞɠ ůɡɜŮˊɎɔŮŰŬɘ Űɖɜ ŮəŰɑɛɖůɖ Ŭˊɧ Űɖɜ ŬɜŰɑůŰŬůɖ Űɞɡ űŬɜŰŬůŰɘəɞɨ 

ɛɏɟɞɡɠ ůŰɖ ɢŬɛɖɚɧŰŮɟɖ ɛŮŰɟɞɨɛŮɜɖ ůɡɢɜɧŰɖŰŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ Ůɝɑůɤůɖ: 
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ȳˊɞɡ f ŮɑɜŬɘ ɖ ɢŬɛɖɚɧŰŮɟɖ ůɡɢɜɧŰɖŰŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰɘɠ ɛŮŰɟɐůŮɘɠ, Zimag ŮɑɜŬɘ 

Űɞ ɛŮŰɟɞɨɛŮɜɞ űŬɜŰŬůŰɘəɧ ɛɏɟɞɠ Űɖɠ Ůɛˊɏŭɖůɖɠ əŬɘ m ŮɑɜŬɘ ɖ ɛɎɕŬ Űɞɡ ɖɚŮəŰɟɞŭɑɞɡ. 

Ⱥˊɑůɖɠ, ɞɘ əŬɛˊɨɚŮɠ űɧɟŰɘůɖɠ-ŮəűɧɟŰɘůɖɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ ŮəŰɑɛɖůɖ Űɖɠ 

Ůɘŭɘəɐɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɘɜ Űɖɜ əɚɑůɖ Űɖɠ ŮəűɧɟŰɘůɖɠ: 

 

 (3) 

 

 

ȳˊɞɡ i ŮɑɜŬɘ ɖ ůŰŬɗŮɟɐ Űɘɛɐ ɟŮɨɛŬŰɞɠ, m ŮɑɜŬɘ ɖ ɛɎɕŬ Űɞɡ ɖɚŮəŰɟɞŭɑɞɡ, əŬɘ ȹV/ȹt 

ŮɑɜŬɘ ɖ əɚɑůɖ Űɞɡ ɔɟŬɛɛɘəɞɨ ŰɛɐɛŬŰɞɠ Űɖɠ əŬɛˊɨɚɖɠ ŮəűɧɟŰɘůɖɠ. 

Ƀɘ əŬɛˊɨɚŮɠ CV ůŮ ŭɘɎűɞɟɞɡɠ ɟɡɗɛɞɨɠ ůɎɟɤůɖɠ ŭɡɜŬɛɘəɞɨ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ 

ůŰɞ ɆɢɐɛŬ 6Ŭ. Ƀɘ ŬɜŰɑůŰɞɘɢŮɠ ɡˊɞɚɞɔɘůɛɏɜŮɠ Űɘɛɏɠ Űɖɠ Ůɘŭɘəɐɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ Űɞɡ 

ɡɚɘəɞɨ ŭɑɜɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 1. ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ, ɖ ˊŮɟɘɞɢɐ Űɞɡ ɓɟɧɔɢɞɡ CV 

ŬɡɝɎɜŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ ůɎɟɤůɖɠ. ȼ ɛŮɔŬɚɨŰŮɟɖ Űɘɛɐ ɢɤɟɖŰɘəɧŰɖŰŬɠ 

ŮɑɜŬɘ 45.7 F/g əŬɘ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ɛɘəɟɧŰŮɟɞ ɟɡɗɛɧ ůɎɟɤůɖɠ ůŰŬ 10 mV/s, Ůɜɩ ɖ 

ɛɘəɟɧŰŮɟɖ Űɘɛɐ ɢɤɟɖŰɘəɧŰɖŰŬɠ ŮɑɜŬɘ 18.0 F/g əŬɘ ɚŬɛɓɎɜŮŰŬɘ ůŰɞ ɛŮɔŬɚɨŰŮɟɞ ɟɡɗɛɧ 

ůɎɟɤůɖɠ ůŰŬ 500 mV/s. ȼ ɛŮɑɤůɖ Űɖɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ əŬɗɩɠ ŬɡɝɎɜŮŰŬɘ ɞ ɟɡɗɛɧɠ 

ůɎɟɤůɖɠ ŬˊɞŭɑŭŮŰŬɘ ůŰŬ űŬɘɜɧɛŮɜŬ ŭɘɎɢɡůɖɠ Űɤɜ ɘɧɜŰɤɜ Űɞɡ ɖɚŮəŰɟɞɚɨŰɖ ŭɘŬɛɏůɞɡ 

Űɤɜ ˊɧɟɤɜ Űɞɡ ɡɚɘəɞɨ, ɞɘ ɞˊɞɑŮɠ ŬɝɘɞɚɞɔɞɨɜŰŬɘ Ŭˊɧ Űɘɠ ɛŮŰɟɐůŮɘɠ Űɞɡ ˊɞɟɩŭɞɡɠ ˊɞɡ 

ŬɜŬűɏɟɗɖəŬɜ ŬɜɤŰɏɟɤ (ɆɢɐɛŬ 5), ɐ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ɛɏɟɞɠ Űɤɜ ŮůɤŰŮɟɘəɩɜ ˊɧɟɤɜ 

Űɞɡ ɡɚɘəɞɨ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ŬˊɟɧůɘŰɞ ůŮ ɘɧɜŰŬ ɖɚŮəŰɟɞɚɨŰɖ ůŮ ɡɣɖɚɞɨɠ ɟɡɗɛɞɨɠ 

ůɎɟɤůɖɠ [37]. Ⱥˊɘˊɚɏɞɜ, ˊɞɚɚɏɠ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɏɠ əɞɟɡűɏɠ, ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ 
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ŮɚŬűɟɩɠ ŬɟɜɖŰɘəɐ ɛŮŰŬŰɧˊɘůɖ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ ůɎɟɤůɖɠ, ˊŬɟŬŰɖɟɞɨɜŰŬɘ 

ůŰɞ əŬɗɞŭɘəɧ ŰɛɐɛŬ Űɤɜ Volt Ŭˊɧ -0.34 ɛɏɢɟɘ -0.45 V əŬɘ Ŭˊɧ -0.56 ɏɤɠ -0.67 V. 

ȷɡŰɏɠ ɞɘ əɞɟɡűɏɠ ˊɘɗŬɜɧɜ ɜŬ ŬˊɞŭɑŭɞɜŰŬɘ ůŮ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɎ űŬɘɜɧɛŮɜŬ Ŭˊɧ Űɘɠ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮ Űɞ Fe əŬɘ Űɞ Fe3C, ŬˊɞŭŮɘəɜɨɞɜŰŬɠ ɧŰɘ ɖ ůɡɜɞɚɘəɐ ɢɤɟɖŰɘəɧŰɖŰŬ 

Űɞɡ ɡɚɘəɞɨ ŮɚɏɔɢŮŰŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ Ŭˊɧ Űɞɜ ɛɖɢŬɜɘůɛɧ ɣŮɡŭɞ-ɢɤɟɖŰɘəɧŰɖŰŬɠ. 

ȼ əŬɛˊɨɚɖ ŬɜŰɑůŰŬůɖɠ Nyquist ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 6ɓ. ȺɑɜŬɘ ˊɟɞűŬɜɏɠ 

ɧŰɘ ɖ əŬɛˊɨɚɖ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɡɞ ŮɡɗŮɑŮɠ ɔɟŬɛɛɏɠ. ɆŰɖɜ ˊŮɟɘɞɢɐ ɡɣɖɚɐɠ-ɛɏůɖɠ 

ůɡɢɜɧŰɖŰŬɠ (f > 1 Hz), ɖ əɚɑůɖ Űɖɠ ɔɟŬɛɛɐɠ ŮɑɜŬɘ ɑůɖ ˊŮɟɑˊɞɡ ɛŮ 45
ɞ
. ɇɞ ɛɏŰɟɞ Űɖɠ 

ŬɜŰɑůŰŬůɖɠ (ɏɜɗŮŰɞ Űɞɡ ɆɢɐɛŬ 6ɓ) ŮɝŬɟŰɎŰŬɘ ŬůɗŮɜɩɠ Ŭˊɧ Űɖ ůɡɢɜɧŰɖŰŬ əŬɘ 

ˊŬɟɞɡůɘɎɕŮɘ ɢŬɛɖɚɏɠ Űɘɛɏɠ. ȼ ůɡɛˊŮɟɘűɞɟɎ ŬɜŰɑůŰŬůɖɠ ůŰɖɜ ˊŮɟɘɞɢɐ ŬɡŰɐ ɛˊɞɟŮɑ ɜŬ 

ŬˊɞŭɞɗŮɑ ůŮ ŭɘŬŭɘəŬůɑŮɠ ŭɘɎɢɡůɖɠ Űɤɜ ɘɧɜŰɤɜ ɖɚŮəŰɟɞɚɨŰɖ ůŰɞ ˊɞɟɩŭŮɠ ɡɚɘəɧ əŬɘ ůŮ 

ɛŮɗɧŭɞɡɠ ŰŬɢŮɑŬɠ űɧɟŰɘůɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘɎ Űɞɡ [38]. ɆŰɖɜ ˊŮɟɘɞɢɐ ɢŬɛɖɚɐɠ 

ůɡɢɜɧŰɖŰŬɠ, ɖ ůɢŮŭɧɜ əɎɗŮŰɖ əɚɑůɖ Űɞɡ ŭɘŬɔɟɎɛɛŬŰɞɠ ŬˊɞŭŮɘəɜɨŮɘ ɢɤɟɖŰɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɡɚɘəɞɨ Űɞɡ ɖɚŮəŰɟɞŭɑɞɡ. Ⱥˊɘˊɚɏɞɜ, ɧˊɤɠ ɛˊɞɟŮɑ ɜŬ űŬɜŮɑ Ŭˊɧ Űɘɠ 

ɔɟŬűɘəɏɠ ˊŬɟŬůŰɎůŮɘɠ Bode ˊɞɡ ŭɑŭɞɜŰŬɘ ůŰɞ ɏɜɗŮŰɞ Űɞɡ ɆɢɐɛŬŰɞɠ 6ɓ, ɞɘ Űɘɛɏɠ 

űɎůɖɠ ŬɜŰɑůŰŬůɖɠ ůŮ ŬɡŰɐɜ Űɖɜ ˊŮɟɘɞɢɐ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟŮɠ Ŭˊɧ 50
ɞ
. ȼ Ůɘŭɘəɐ 

ɢɤɟɖŰɘəɧŰɖŰŬ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɞ űŬɜŰŬůŰɘəɧ ɛɏɟɞɠ Űɖɠ ŬɜŰɑůŰŬůɖɠ ůŰɖ 

ɢŬɛɖɚɧŰŮɟɖ ůɡɢɜɧŰɖŰŬ 0.1 Hz, ˊɞɡ ŮɑɜŬɘ ɑůɖ ˊŮɟɑˊɞɡ ɛŮ 15.2 F/g, əŬɘ ŮɑɜŬɘ ůŮ əŬɚɐ 

ůɡɛűɤɜɑŬ ɛŮ Űɘɠ Űɘɛɏɠ ˊɞɡ ɡˊɞɚɞɔɑɕɞɜŰŬɘ Ŭˊɧ Űɘɠ əŬɛˊɨɚŮɠ CV. Ƀɘ əŬɛˊɨɚŮɠ 

űɧɟŰɘůɖɠ-ŮəűɧɟŰɘůɖɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 6ɔ. Ƀɘ əŬɛˊɨɚŮɠ ŮɛűŬɜɑɕɞɡɜ 

ůɢŮŭɧɜ Űɟɘɔɤɜɘəɧ ůɢɐɛŬ ˊɞɡ ŮɑɜŬɘ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɖɠ ɢɤɟɖŰɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ 

ɡɚɘəɞɨ Űɞɡ ɖɚŮəŰɟɞŭɑɞɡ. Ƀɘ Űɘɛɏɠ Űɖɠ Ůɘŭɘəɐɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ ɡˊɞɚɞɔɑɕɞɜŰŬɘ Ŭˊɧ Űɖɜ 

ŮəűɧɟŰɘůɖ ɑůŬ ɛŮ 19.0 F/g əŬɘ 22.9 F/g ɔɘŬ 0.01 mA əŬɘ 0.05 mA, ŬɜŰɘůŰɞɑɢɤɠ. ȷɡŰɏɠ 

ɞɘ Űɘɛɏɠ ŮɑɜŬɘ ůŮ ůɡɛűɤɜɑŬ ɛŮ ŬɡŰɏɠ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ Ŭˊɧ Űɘɠ əŬɛˊɨɚŮɠ CV əŬɘ 

ŬɜŰɑůŰŬůɖɠ. 
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ɆɢɐɛŬ 6. (Ŭ) Ⱦɡəɚɘəɐ ɓɞɚŰŬɛŮŰɟɑŬ Űɞɡ ɡɚɘəɞɨ ůŮ ŭɘɎűɞɟɞɡɠ ɟɡɗɛɞɨɠ ůɎɟɤůɖɠ (ɓ) ȰɜɗŮŰŬ 

Nyquist əŬɘ Bode əŬɛˊɨɚŮɠ ůŮ 10mV. (ɔ) ȾŬɛˊɨɚŮɠ űɧɟŰɘůɖɠ-ŮəűɧɟŰɘůɖɠ ůŮ ŭɡɞ 

ŭɘŬűɞɟŮŰɘəɏɠ Űɘɛɏɠ ɟŮɨɛŬŰɞɠ 
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4. ɆɡɛˊŮɟɎůɛŬŰŬ 

 

ȼ ɎɛŮůɖ ŬɜɎˊŰɡɝɖ ɛɖ ŮˊŮɝŮɟɔŬůɛɏɜɞɡ ɔɟŬűŮɜɑɞɡ ɛŮ ɢɟɐůɖ ferrofluid, ɛɏůɤ 

Űɖɠ ŰŮɢɜɘəɐɠ CVD, ˊŬɟɎɔŮɘ ɛŬɔɜɖŰɘəɏɠ ɜŬɜɞŭɞɛɏɠ ɔɟŬűŮɜɑɤɜ. ȼ ŬɜɎˊŰɡɝɖ ɚŬɛɓɎɜŮɘ 

ɢɩɟŬ ůŮ ɛɏŰɟɘŮɠ ɗŮɟɛɞəɟŬůɑŮɠ ůŰɞɡɠ (740 
ɞ
C) əŬɘ ůŮ ɏɜŬ ůŰɎŭɘɞ ůɨɜɗŮůɖɠ ɛɏůɤ 

CVD, ůŮ ůɨɔəɟɘůɖ ɛŮ Űɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ɛŮɗɧŭɞɡɠ ˊŬɟŬɔɤɔɐɠ. ȼ ŰŮɢɜɘəɐ ŬɡŰɐ 

ůɨɜɗŮůɖɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ůɡɟɏɤɠ ůŮ ɛɏɔŬɚɖɠ əɚɑɛŬəŬɠ ˊŬɟŬɔɤɔɐ. ɇŬ ɔɟŬűɏɜɘŬ ˊɞɡ 

ŬɜŬˊŰɨůůɞɜŰŬɘ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ 2-5 ůŰɞɘɓɎŭŮɠ ɔɟŬűŮɜɑɤɜ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ ɡɣɖɚɐ 

ɔɟŬűɘŰɘəɐ ˊɞɘɧŰɖŰŬ ŮɝŬɘŰɑŬɠ Űɖɠ ŬˊɞɡůɑŬɠ ŮˊŮɝŮɟɔŬůɘɩɜ Űɟɞˊɞˊɞɑɖůɖɠ 

(ɞɝŮɑŭɤůɖ/ŬɜŬɔɤɔɐ, ɢɖɛɘəɐ ůɨɜŭŮůɖ ɚŮɘŰɞɡɟɔɘəɩɜ ɞɛɎŭɤɜ ɐ ůɤɛŬŰɘŭɑɤɜ ə.Ŭ). ȰŰůɘ, 

ɞɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŬəŬŰɏɟɔŬůŰɞɡ ŬɡŰɞɨ ɔɟŬűŮɜɑɞɡ ŭɘŬŰɖɟɞɨɜŰŬɘ əŬɘ ůɡɜŭɡɎɕɞɜŰŬɘ ɛŮ 

Űɖ ɛŬɔɜɖŰɘəɐ ŮɡŬɘůɗɖůɑŬ Űɤɜ ŮɔəɚŮɘůɛɏɜɤɜ ɜŬɜɞůɤɛŬŰɘŭɑɤɜ. ȼ ŮɜůɤɛɎŰɤůɖ Űɤɜ 

ůɤɛŬŰɘŭɑɤɜ ˊɟɞůŭɑŭŮɘ ůŰŬɗŮɟɧŰɖŰŬ ůŰɞ ŰŮɚɘəɧ ůɨɜɗŮŰɞ ɡɚɘəɧ, ŮɝŬɚŮɑűɞɜŰŬɠ Űɖɜ 

ˊɘɗŬɜɧŰɖŰŬ ůɡůůɤɛɎŰɤůɖɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ, Ŭˊɞəɧɚɚɖůɖɠ, ɐ ɡˊɞɓɎɗɛɘůɖɠ əŬŰɎ Űɖɜ 

ɏəɗŮůɖ ůŮ ˊŮɟɘɓŬɚɚɞɜŰɘəɐ ŮűŬɟɛɞɔɐ. Ⱥˊɑůɖɠ, ɞ ůɢɖɛŬŰɘůɛɧɠ ɛŮůɞˊɞɟɩŭɞɡɠ ůŰŬ 

ŮɜŭɘɎɛŮůŬ əŮɜɎ əŬŰɎ Űɖɜ ŬɜɎˊŰɡɝɖ, ɛˊɞɟŮɑ ɜŬ ŭɘŮɡəɞɚɨɜŮɘ Űɖɜ Ůɨəɞɚɖ ˊɟɧůɓŬůɖ 

ůŰŬ ŮɜŮɟɔɎ əɏɜŰɟŬ Űɞɡ ɡɚɘəɞɨ. Ƀɘ ˊŬɟŬˊɎɜɤ ɘŭɘɧŰɖŰŮɠ Űɞɡ ŬɜŬˊŰɡɔɛɏɜɞɡ ɔɟŬűŮɜɑɞɡ 

Űɞ əŬɗɘůŰɞɨɜ ɘŭŬɜɘəɧ ŭɞɛɘəɧ ɡɚɘəɧ ɔɘŬ ŮűŬɟɛɞɔɏɠ ŬɜɎˊŰɡɝɖɠ ɡɓɟɘŭɘəɩɜ ůɡůŰɖɛɎŰɤɜ 

ɛŮ ˊɟɞůəɞɚɚɖɛɏɜŬ ɛŮŰŬɚɚɘəɎ ɜŬɜɞůɤɛŬŰɑŭɘŬ.  
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ȾȺūȷȿȷȽɃ 8
ɞ 

 

ȷɀȺɆȼ çIN SITUè ȷɁȷɄɇɈɂȼ ɀȼ ȾȷɇȺɅũȷɆɀȺɁɃɈ 

ũɅȷūȺɁȽɃɈ ɀȺ ɄɅɃȹɅɃɀȼ ȺɁɋɆȼ ūȺɅɃȾȺɁȽɃ 

 

ɆɈɁɃɊȼ 

 

ȼ ŬɜɎˊŰɡɝɖ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ ɔɟŬűŮɜɑɞɡ (few-layer graphene) ɛŮ Űɖɜ ŰŮɢɜɘəɐ 

ɢɖɛɘəɐɠ ŮɜŬˊɧɗŮůɖɠ ŬŰɛɩɜ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ űŮɟɞəɏɜɘɞ, ɤɠ ˊɟɧŭɟɞɛɖ ɏɜɤůɖ, 

ɛŮɚŮŰɎŰŬɘ ůŰɞ ˊŬɟɧɜ əŮűɎɚŬɘɞ. To ɔɟŬűɏɜɘɞ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ ŮɜŭŮɑəɜɡŰŬɘ ɔɘŬ 

ŮűŬɟɛɞɔɏɠ ůŮ ɡɓɟɘŭɘəɎ ɡɚɘəɎ ɤɠ ɡˊɧůŰɟɤɛŬ, ŬɝɘɞˊɞɘɩɜŰŬɠ ůŰɞ ɏˊŬəɟɞ Űɘɠ ɘŭɘɧŰɖŰŮɠ 

Űɞɡ ɢɤɟɑɠ Űɖɜ Ŭɚɚɞɑɤůɖ Űɖɠ ŮˊɘűɎɜŮɘɎɠ Űɞɡ Ŭˊɧ ˊɟɧůɗŮŰɖ ŮˊŮɝŮɟɔŬůɑŬ. ȼ ŬɜɎˊŰɡɝɖ 

ŭŮɜ ŮɛˊŮɟɘɏɢŮɘ ˊɟɧůɗŮŰɖ ˊɖɔɐ ɎɜɗɟŬəŬ ɐ əŬŰŬɚɨŰɖ ɐ ŮɝɤŰŮɟɘəɎ ŬɏɟɘŬ 

ɡŭɟɞɔɞɜŬɜɗɟɎəɤɜ. Ƀɘ ůɡɜɗɐəŮɠ ŬɜɎˊŰɡɝɖɠ ˊŬɟŬɛŮŰɟɞˊɞɘɩɜŰŬɘ, ŭɖɚŬŭɐ ɛŮɚŮŰɩɜŰŬɘ 

ɞɘ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜɎˊŰɡɝɖɠ Ŭˊɧ 600 ÁC ɛɏɢɟɘ 1000 ÁC, ɖ ŭɘɎɟəŮɘŬ ŬɜɎˊŰɡɝɖɠ Ŭˊɧ 5 

min ɛɏɢɟɘ 3 ɩɟŮɠ, əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ɖ ɔɟɐɔɞɟɖ ɐ ɖ ůŰŬŭɘŬəɐ ɣɨɝɖ ɛŮŰɎ Űɖ ɗŮɟɛɘəɐ 

ŮˊŮɝŮɟɔŬůɑŬ, ɛŮ ůəɞˊɧ ɜŬ ŮɝŮŰŬůŰŮɑ ɖ ŮˊɑŭɟŬůɐ Űɞɡɠ ůŰɖɜ ˊɞɘɧŰɖŰŬ Űɞɡ 

ˊŬɟŬɔɧɛŮɜɞɡ ɔɟŬűŮɜɑɞɡ. ȼ ŬɜɎˊŰɡɝɖ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ˊɎɜɤ ůŮ ɡˊɞůŰɟɩɛŬŰŬ ˊɡɟɘŰɑɞɡ 

(silicon wafers) əŬɘ əŬŰŬɚɐɔŮɘ, ɡˊɧ ůɡɔəŮəɟɘɛɏɜŮɠ ůɡɜɗɐəŮɠ, ůŰɞ ůɢɖɛŬŰɘůɛɧ 

ɔɟŬűŮɜɑɤɜ ɛŮ 2-3 ůŰɞɘɓɎŭŮɠ ɛŮ ɡɣɖɚɐ ɔɟŬűɘŰɘəɐ ˊɞɘɧŰɖŰŬ, ɧˊɤɠ ŬˊɞŭŮɘəɜɨŮŰŬɘ Ŭˊɧ 

Űɖ űŬůɛŬŰɞůəɞˊɑŬ Raman. ɇɞ ɢŬɟŬəŰɖɟɘůŰɘəɧ full  width at half maximum (FWHM) 

Űɖɠ əɞɟɡűɐɠ 2D ŮɑɜŬɘ ůŰŬ 49.46 cm
-1
, əŬɘ  ɞɘ ŬɜŬɚɞɔɑŮɠ ŮɜŰɎůŮɤɜ I2D/IG əŬɘ ID/IG 

ŮɑɜŬɘ 1.15 əŬɘ 0.26, ŬɜŰɑůŰɞɘɢŬ. ɀŮŰɟɐůŮɘɠ AFM əŬɘ XPS ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɔɘŬ 

ˊŮɟŬɘŰɏɟɤ ŮəŰɑɛɖůɖ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɞɡ ɔɟŬűŮɜɑɞɡ əŬɘ ŭɘŬűɤŰɘůɛɞɨ Űɞɡ 

ɛɖɢŬɜɘůɛɞɨ ŬɜɎˊŰɡɝɖɠ. ȼ ɖɚŮəŰɟɞɢɖɛɘəɐ Ŭɝɘɞɚɧɔɖůɖ, ˊɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŰɞ 

ŬɜŬˊŰɡɔɛɏɜɞ ɡɚɘəɧ, ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ ɢɟɐůɖ əɡəɚɘəɐɠ ɓɞɚŰŬɛŮŰɟɑŬɠ, 

ɖɚŮəŰɟɞɢɖɛɘəɐɠ űŬůɛŬŰɞůəɞˊɑŬɠ Ůɛˊɏŭɖůɖɠ əŬɘ ɔŬɚɓŬɜɞůŰŬŰɘəɐɠ űɧɟŰɘůɖɠ-

ŮəűɧɟŰɘůɖɠ. 
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1. ȺɘůŬɔɤɔɐ 

 

ȼ ŮɟŮɡɜɖŰɘəɐ ˊɟɞůˊɎɗŮɘŬ əŬɘ ˊɟɧɞŭɞɠ ůŮ ɜŬɜɞŭɞɛɏɠ ɎɜɗɟŬəŬ ŮɑɜŬɘ ɏɜŰɞɜɖ 

əŬɘ ɘŭɘŬɑŰŮɟŬ ŮˊɑəŬɘɟɖ, ŮɘŭɘəɎ ůŮ ɔɟŬűɏɜɘŬ əŬɘ ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ (CNTs). ɇŬ 

ɡɚɘəɎ ŬɡŰɎ ŮɑɜŬɘ ɘŭŬɜɘəɎ ɔɘŬ ɛŮɚɚɞɜŰɘəɏɠ ŰŮɢɜɞɚɞɔɘəɏɠ əŬɘɜɞŰɞɛɑŮɠ əŬɘ ŮɝŬůűŬɚɑɕɞɡɜ 

ɛɘŬ ɞɘəɞɜɞɛɘəɎ ŬˊɞŭɞŰɘəɐ ˊŬɟŬɔɤɔɐ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ. Ƀɘ ɘŭɘɧŰɖŰŮɠ əŬɘ ɞɘ 

ŮűŬɟɛɞɔɏɠ Űɞɡ ɔɟŬűŮɜɑɞɡ əŬŰŮɡɗɨɜɞɜŰŬɘ ˊɟɞɠ Űɖɜ ŮɚŬɢɘůŰɞˊɞɑɖůɖ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ 

ůŰɞɘɓɎŭɤɜ, ˊŬɟɎɔɞɜŰŬɠ ŭɞɛɏɠ ˊɞɡ ŮɑɜŬɘ ˊɘɞ ŮˊɘűŬɜŮɑɠ Ŭˊɧ ŮəŮɑɜŮɠ Űɖɠ ůɡɛˊŬɔɞɨɠ 

ŭɞɛɐɠ ɔɟŬűɑŰɖ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, ŬɜɎɚɞɔŮɠ ŭɞɛɏɠ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ ˊŬɟɞɡůɘɎɕɞɡɜ 

ɛɞɜŬŭɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ əŬɘ ŮɝŬɘɟŮŰɘəɏɠ ˊɟɞɞˊŰɘəɏɠ ůŮ ŮűŬɟɛɞɔɏɠ, ɧˊɤɠ ůŰɖɜ 

ɖɚŮəŰɟɞɜɘəɐ, ůŰŬ űɤŰɞɓɞɚŰŬɥəɎ, ůŰɞɡɠ ɡˊŮɟˊɡəɜɤŰɏɠ əŬɘ ůŮ ˊɞɚɨ ŮɚŬűɟɘɎ ůɨɜɗŮŰŬ 

ɡɚɘəɎ [1-3]. ȷˊɧ Űɖɜ ůəɞˊɘɎ Űɖɠ ůɨɜɗŮůɖɠ, ɖ ˊɟɧəɚɖůɖ ŮɑɜŬɘ ɜŬ ˊŬɟŬɢɗŮɑ ɔɟŬűɏɜɘɞ 

ůŮ ɛŮɔɎɚɖ əɚɑɛŬəŬ ɛŮ Űɖɜ ɘəŬɜɧŰɖŰŬ ɛŮɑɤůɖɠ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ ůŰɞɘɓɎŭɤɜ. ȷɡŰɧ ɗŬ 

ˊɟɏˊŮɘ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɛŮ ŮɚŮɔɢɧɛŮɜɞ əŬɘ ŬɜŬˊŬɟɎɝɘɛɞ Űɟɧˊɞ, ɏŰůɘ ɩůŰŮ Űɞ ɡɚɘəɧ ɜŬ 

ˊŬɟɞɡůɘɎɕŮɘ Űɘɠ ɛɞɜŬŭɘəɏɠ ɖɚŮəŰɟɞɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɔɟŬűŮɜɑɞɡ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ ɐ 

ɛɘŬɠ ůŰɞɘɓɎŭŬɠ, ɛŮ ŮɚɎɢɘůŰɞ Űɞ ˊɞůɞůŰɧ Űɤɜ ˊɚŮɔɛŬŰɘəɩɜ ŬŰŮɚŮɘɩɜ. Ⱥˊɘˊɚɏɞɜ, ɖ 

ɞɛɞɘɧŰɖŰŬ ůŰɖ ŭɞɛɐ əŬɘ Űɘɠ ŮűŬɟɛɞɔɏɠ Űɞɡ ɔɟŬűŮɜɑɞɡ əŬɘ Űɤɜ ɜŬɜɞůɤɚɐɜɤɜ 

ɎɜɗɟŬəŬ, ɧˊɤɠ əŬɘ ɞɘ ůɖɛŬɜŰɘəɏɠ ŭɘŬűɞɟɏɠ Űɤɜ ɘŭɘɞŰɐŰɤɜ, Űɖɠ Ŭˊɧŭɞůɐɠ əŬɘ Űɖɠ 

ˊɟŬəŰɘəɧŰɖŰɎɠ Űɞɡɠ, ɞŭɖɔɞɨɜ ůŰɖɜ ŬɜɎˊŰɡɝɖ ŰŮɢɜɘəɩɜ əŬŰŬůəŮɡɐɠ ˊɞɡ ŮˊɘŰɟɏˊɞɡɜ 

ˊɟɞůŬɟɛɞɔɐ Ŭˊɧ Űɖ ɛɘŬ ŭɞɛɐ ůŰɖɜ Ɏɚɚɖ, ɢɤɟɑɠ ŭɟŬůŰɘəɏɠ ŬɚɚŬɔɏɠ ůŰɞɜ 

əŬŰŬůəŮɡŬůŰɘəɧ Ůɝɞˊɚɘůɛɧ, ůŰɖɜ ŬɜɎˊŰɡɝɖ ˊɟɧŭɟɞɛɖɠ ɏɜɤůɖɠ əŬɘ ůŰɘɠ ůɡɜɗɐəŮɠ 

ŬɜɎˊŰɡɝɖɠ.      

ȼ ɢɖɛɘəɐ ŮɜŬˊɧɗŮůɖ ŬŰɛɩɜ (Chemical Vapor Deposition, CVD) ŮɑɜŬɘ ůŰŮɜɎ 

ůɡɜŭŮŭŮɛɏɜɖ ɛŮ Űɖ ɛɘəɟɞɖɚŮəŰɟɞɜɘəɐ ɓɘɞɛɖɢŬɜɑŬ əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŮɛˊɞɟɘəɎ ɔɘŬ 

Űɖɜ ˊŬɟŬɔɤɔɐ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ. ɄŬɟôɧɚŬ ŬɡŰɎ, Ŭɜ əŬɘ ŮűŬɟɛɧɕŮŰŬɘ Ůɡɟɏɤɠ ŬɡŰɐ ɖ 

ŰŮɢɜɘəɐ ɔɘŬ ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ [4-9], ɧŰŬɜ ˊɟɧəŮɘŰŬɘ ɔɘŬ ɔɟŬűɏɜɘŬ, əɡɟɘŬɟɢɞɨɜ 

əɡɟɑɤɠ ŰŮɢɜɘəɏɠ ˊɞɡ ɓŬůɑɕɞɜŰŬɘ ůŮ ɢɖɛɘəɐ ɐ ɛɖɢŬɜɘəɐ Ŭˊɞűɚɞɑɤůɖ Űɞɡ ɔɟŬűɑŰɖ. ȼ 

ŬɘŰɑŬ ŮɑɜŬɘ ɖ ŮˊɘɚŮəŰɘəɐ əŬɘ ŬɜŬˊŬɟɎɝɘɛɖ ˊŬɟŬɔɤɔɐ ɔɟŬűŮɜɑɞɡ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ ɐ 

ɛɘŬɠ ůŰɞɘɓɎŭŬɠ [10, 11]. ȷɡŰɏɠ ɞɘ ŰŮɢɜɘəɏɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɞ ɛɘəɟɞɛɖɢŬɜɘəɧ ůɢɘůɛɧ 

Űɞɡ ɔɟŬűɑŰɖ [2], Űɖɜ ŬɜŬɔɤɔɐ ɔɟŬűɘŰɘəɞɨ ɞɝŮɘŭɑɞɡ əŬɘ Űɖɜ Ŭˊɞűɚɞɑɤůɖ ɡɔɟɐɠ űɎůɖɠ 

[12]. ūŬɑɜŮŰŬɘ ɧŰɘ, ɖ ŰŮɢɜɘəɐ CVD ɏɢŮɘ ɛŮɔŬɚɨŰŮɟɖ ˊɟɞɞˊŰɘəɐ ɔɘŬ ŭɞɛɏɠ ɔɟŬűŮɜɑɞɡ 

ůŮ ɛŮɔɎɚŮɠ ˊɞůɧŰɖŰŮɠ, ɧˊɤɠ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ŮɜůɤɛɎŰɤůɖ Űɞɡɠ ůŮ ůɡůəŮɡɏɠ ůŮ 

ɓɘɞɛɖɢŬɜɘəɐ əɚɑɛŬəŬ [13]. ũŮɜɘəɎ, ɔɘŬ Űɖ ůɨɜɗŮůɖ ɛɞɜɐɠ ůŰɞɘɓɎŭŬɠ ɐ ɚɑɔɤɜ 
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ůŰɞɘɓɎŭɤɜ ɔɟŬűŮɜɑɞɡ ɛɏůɤ CVD, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŭɘɎűɞɟŬ ɛɏŰŬɚɚŬ ɛŮŰɎˊŰɤůɖɠ 

ɤɠ ɡˊɞůŰɟɩɛŬŰŬ, ɧˊɤɠ Cu əŬɘ Ni. Ƀ Cu ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ əŬŰɎ ˊɟɞŰɑɛɖůɖ ůŰɖ 

ůɨɜɗŮůɖ ɛɞɜɐɠ ůŰɞɘɓɎŭŬɠ ɔɟŬűŮɜɑɞɡ, ŮˊŮɘŭɐ ɞ ɎɜɗɟŬəŬɠ ɏɢŮɘ ɢŬɛɖɚɐ ŭɘŬɚɡŰɧŰɖŰŬ 

ůŰɞ Cu. ȷɜŮɝɎɟŰɖŰŬ Ŭˊɧ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ, ɞ ɎɜɗɟŬəŬɠ ɏɢŮɘ ɡɣɖɚɧŰŮɟɖ ŭɘŬɚɡŰɧŰɖŰŬ 

ůŰɞ Fe, ɖ ɢɟɐůɖ Űɞɡ Fe, ɧůɞ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ůŰɞɘɓɎŭɤɜ ŭɘŬŰɖɟŮɑŰŬɘ ŮɚɎɢɘůŰɞɠ, ˊŬɟɏɢŮɘ 

ˊɟɧůɗŮŰɖ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬ ůŰɘɠ ŰŮɚɘəɏɠ ŭɞɛɏɠ, ɧˊɤɠ ɛŬɔɜɖŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ [14]. 

ɆŮ ŬɡŰɧ Űɞ əŮűɎɚŬɘɞ, ɛŮɚŮŰɎŰŬɘ Űɞ űŮɟɞəɏɜɘɞ əŬɘ ɖ ɘəŬɜɧŰɖŰɎ Űɞɡ ɜŬ ˊŬɟɎɔŮɘ 

ɔɟŬűɏɜɘɞ ɛŮ ɢɟɐůɖ CVD, Ŭűɞɨ ŬˊɞŰŮɚŮɑ ɛɘŬ əɞɘɜɐ ˊɟɧŭɟɞɛɖ ɏɜɤůɖ ɔɘŬ ŬɜɎˊŰɡɝɖ 

ɜŬɜɞůɤɚɐɜɤɜ ɎɜɗɟŬəŬ. ɇɞ űŮɟɞəɏɜɘɞ ŮɑɜŬɘ ɛɘŬ ɞɟɔŬɜɞɛŮŰŬɚɚɘəɐ ɏɜɤůɖ, ˊɞɡ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɡɞ əɡəɚɞˊŮɜŰŬŭɘŮɜɡɚ-ŭŬəŰɨɚɘɞɡɠ, ˊɞɡ ůɡɜŭɏɞɜŰŬɘ ŬɜŰɘəɟɘůŰɎ ůŰɞ 

əŮɜŰɟɘəɧ ɎŰɞɛɞ ůɘŭɐɟɞɡ [15]. ȼ ɢɟɐůɖ Űɞɡ űŮɟɞəŮɜɑɞɡ ɔɘŬ ŬɜɎˊŰɡɝɖ 

ɜŬɜɞŬɜɗɟŬəɘəɩɜ ɡɚɘəɩɜ, ůɡɜɐɗɤɠ ɛŮ Űɖɜ Ŭɟɤɔɐ ɛɘŬɠ ŭŮɨŰŮɟɖɠ ˊɟɧŭɟɞɛɖɠ ɏɜɤůɖɠ 

ɔɘŬ ŮűɞŭɘŬůɛɧ Űɞɡ ŬˊŬɟŬɑŰɖŰɞɡ ɎɜɗɟŬəŬ, ɏɢŮɘ ɛŮɚŮŰɖɗŮɑ ŮəŰŮɜɩɠ. Ƀɘ ŭɞɛɏɠ ˊɞɡ 

ˊŬɟɎɔɞɜŰŬɘ ŮɑɜŬɘ ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ, ŬɜɗɟŬəɘəɎ ůűŬɘɟɑŭɘŬ, ŭŮɜŭɟɘəɏɠ ŭɞɛɏɠ əŬɘ 

ůɨɜɗŮŰŬ ɛŮ Fe-C [15-20]. ɄŬɟôɧɚŬ ŬɡŰɎ ɖ ɢɟɐůɖ Űɞɡ űŮɟɞəŮɜɑɞɡ ɔɘŬ ɎɛŮůɖ 

ŬɜɎˊŰɡɝɖ ɔɟŬűŮɜɑɞɡ ŭŮɜ ɏɢŮɘ ɛŮɚŮŰɖɗŮɑ ůɡůŰɖɛŬŰɘəɎ ɛɏɢɟɘ ůɐɛŮɟŬ. ɄŮɟɘɔɟɎűŮŰŬɘ 

ˊŬɟŬəɎŰɤ ɚɞɘˊɧɜ, ɧŰɘ əɎŰɤ Ŭˊɧ ůɡɔəŮəɟɘɛɏɜŮɠ ůɡɜɗɐəŮɠ CVD əŬɘ ɛŮ ŬˊɞəɚŮɘůŰɘəɐ 

ɢɟɐůɖ űŮɟɞəŮɜɑɞɡ, ɢɤɟɑɠ ˊɟɞůɗɐəɖ Ɏɚɚɖɠ ˊɟɧŭɟɞɛɖɠ ɏɜɤůɖɠ ɎɜɗɟŬəŬ, ɛˊɞɟɞɨɜ ɜŬ 

ˊŬɟŬɢɗɞɨɜ əŬɚɐɠ ˊɞɘɧŰɖŰŬɠ ɔɟŬűɏɜɘŬ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ, ˊɎɜɤ ůŰŬ ɡˊɞůŰɟɩɛŬŰŬ Si. 

ȼ űŬůɛŬŰɞůəɞˊɑŬ Raman ŬˊɞŭŮɘəɜɨŮɘ ɧŰɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ůŰɞɘɓɎŭɤɜ ŮɑɜŬɘ 2 ɏɤɠ 5 əŬɘ 

ɞɘ əɞɟɡűɏɠ 2D ŮɑɜŬɘ ɏɜŰɞɜŮɠ əŬɘ ůɡɛɛŮŰɟɘəɏɠ. Ƀɘ ɖɚŮəŰɟɞɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ 

ŰŮɚɘəɩɜ ŭɞɛɩɜ ŬɝɘɞɚɞɔɞɨɜŰŬɘ əŬɘ ŭŮɑɢɜɞɡɜ ɧŰɘ Űɞ ɡˊɧůŰɟɤɛŬ Fe ůɡɜŮɘůűɏɟŮɘ ůŰɖɜ 

Ůɜɑůɢɡůɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɖɠ ɢɤɟɖŰɘəɧŰɖŰŬɠ. 
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2. ɄŮɘɟŬɛŬŰɘəɧ ɀɏɟɞɠ 

 

2.1 ȷɜɎˊŰɡɝɖ ũɟŬűŮɜɑɞɡ  

 

ȰɜŬ ɘŭɘɧɢŮɘɟɞ ůɨůŰɖɛŬ CVD əŬŰŬůəŮɡɎɕŮŰŬɘ, ɛŮ ůəɞˊɧ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ 

ŬɜɎˊŰɡɝɖ ɔɟŬűŮɜɑɤɜ Ŭˊɧ űŮɟɞəɏɜɘɞ, əŬɘ Űɞ ɞˊɞɑɞ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůɢɖɛŬŰɘəɎ ůŰɞ 

ɆɢɐɛŬ 1. ȼ ɕɩɜɖ ˊɟɞɗɏɟɛŬɜůɖɠ A ˊɟɘɜ Űɖɜ Ůɑůɞŭɞ ůŰɞ űɞɨɟɜɞ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ 

ɜŬ ɗŮɟɛŬɜɗŮɑ ɖ ůəɧɜɖ űŮɟɞəŮɜɑɞɡ ůŰɖɜ ŮˊɘɗɡɛɖŰɐ ɗŮɟɛɞəɟŬůɑŬ əŬɘ ɜŬ ˊŬɟŬɢɗɞɨɜ ɞɘ 

ŬŰɛɞɑ űŮɟɞəŮɜɑɞɡ. Ƀɘ ŬŰɛɞɑ ŬɡŰɞɑ, Ŭəɞɚɞɨɗɤɠ, əŬŰŮɡɗɨɜɞɜŰŬɘ ůŰɞ ɗɎɚŬɛɞ 

ŬɜŰɑŭɟŬůɖɠ ɛŮ ɟɨɗɛɘůɖ Űɖɠ ɓŬɚɓɑŭŬɠ ˊɑŮůɖɠ. ȹŮɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɎɚɚŬ ŬɏɟɘŬ ɐ 

ˊɟɧŭɟɞɛŮɠ ŮɜɩůŮɘɠ ɎɜɗɟŬəŬ. ȼ ɛŬɔɜɖŰɘəɐ ɟɎɓŭɞɠ, ɖ ɞˊɞɑŬ ɏɢŮɘ Űɖɜ ɘəŬɜɧŰɖŰŬ ɜŬ 

ɞɚɘůɗŬɑɜŮɘ ɛɏůŬ əŬɘ ɏɝɤ, ŮɜůɤɛŬŰɩɜŮŰŬɘ əŬɘ ůűɟŬɔɑɕŮŰŬɘ ɛɏůŬ ůŰɖ ŭɘɎŰŬɝɖ CVD. 

ɀŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ, ŬˊɞůɨɟɞɜŰŬɘ ŰŬ ŭŮɑɔɛŬŰŬ Ŭˊɧ Űɞ űɞɨɟɜɞ ɛŮŰɎ Ŭˊɧ əɎɗŮ 

ŮˊɘɗɡɛɖŰɧ ɢɟɧɜɞ ŬɜŰɑŭɟŬůɖɠ. Ʉɘɞ ŬɜŬɚɡŰɘəɎ, ɞ ŭŮɘɔɛŬŰɞűɞɟɏŬɠ ˊɟɞůəɞɚɚɎŰŬɘ 

ɛŬɔɜɖŰɘəɎ ůŰɖ ɛˊɎɟŬ, ɖ ɞˊɞɑŬ ŰɟŬɓɎŮɘ ɏɝɤ Űɞ ŭŮɑɔɛŬ ŮˊɘŰɟɏˊɞɜŰŬɠ ɏŰůɘ ɝŬűɜɘəɐ 

ɣɨɝɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ CVD ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. 

ɇɞ ɡˊɧůŰɟɤɛŬ Si ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɞ əɏɜŰɟɞ Űɞɡ ɡɣɖɚɐɠ ɗŮɟɛɞəɟŬůɑŬɠ űɞɨɟɜɞ 

CVD. ȰˊŮɘŰŬ, Űɞ ɡˊɧůŰɟɤɛŬ ůɡɜŭɏŮŰŬɘ ɛŮ ɛɘŬ ɛŬɔɜɖŰɘəɐ ɛˊɎɟŬ, ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ɛŮŰŬəɑɜɖůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 1. ȼ 

ˊɞůɧŰɖŰŬ ůəɧɜɖɠ űŮɟɞəŮɜɑɞɡ, ˊɞɡ ŰɞˊɞɗŮŰŮɑŰŬɘ ɛɏůŬ ůŰɞɜ ˊɟɞɗŮɟɛŬɜŰɐɟŬ, ŮɑɜŬɘ 5 g. 

Ƀ ɗɎɚŬɛɞɠ, ůŰɞɜ ɞˊɞɑɞ ɔɑɜŮŰŬɘ ɖ ŬɜŰɑŭɟŬůɖ, ŮəəŮɜɩɜŮŰŬɘ ůŮ 10
-2

 mbar əŬɘ ɖ 

ɗŮɟɛɞəɟŬůɑŬ ŬɡɝɎɜŮŰŬɘ ɛɏɢɟɘ Űɞ ůɖɛŮɑɞ CVD ɛŮ ɟɡɗɛɧ 10 ÁC/min. ɇɞ əŮɜɧ 

ŬˊɞůɡɜŭɏŮŰŬɘ ůŰɖ ɗŮɟɛɞəɟŬůɑŬ CVD, əŬɘ ɖ ɕɩɜɖ ˊɟɞɗɏɟɛŬɜůɖɠ ŬɜŮɓŬɑɜŮɘ ɛɏɢɟɘ 

Űɞɡɠ 250 ÁC ɔɘŬ ɜŬ ŮɝŬŰɛɘůŰŮɑ Űɞ űŮɟɞəɏɜɘɞ. ȼ ˊɑŮůɖ ŰɧŰŮ ŬɡɝɎɜŮŰŬɘ Ŭˊɧ Űɞɡɠ ŬŰɛɞɨɠ 

Űɞɡ űŮɟɞəŮɜɑɞɡ əŬɘ ˊŬɟŬɛɏɜŮɘ ůŰŬɗŮɟɐ ůŮ ˊɑŮůɖ 1 bar, ɧůɞ ŭɘŬɟəŮɑ ɖ ŬɜɎˊŰɡɝɖ. 

ɀŮŰɎ Űɖɜ ŬɜɎˊŰɡɝɖ, Űɞ əŮɜɧ ŮűŬɟɛɧɕŮŰŬɘ ɔɘŬ ɜŬ ŬˊɞɛŬəɟɡɜɗɞɨɜ ˊɚɐɟɤɠ ɞɘ ŬŰɛɞɑ. ȼ 

ɗŮɟɛɞəɟŬůɑŬ ɛŮɘɩɜŮŰŬɘ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ, əɎŰɤ Ŭˊɧ Űɖɜ ˊɑŮůɖ Űɤɜ 10
-2

 

mbar, ɛŮ ɟɡɗɛɧ ɛŮɑɤůɖɠ 10 ÁC/min. ȳŰŬɜ ɖ ɗŮɟɛɞəɟŬůɑŬ ŮɑɜŬɘ ɖ ŮˊɘɗɡɛɖŰɐ, 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ɛŬɔɜɖŰɘəɐ ɛˊɎɟŬ ɔɘŬ ɔɟɐɔɞɟɖ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ Ŭˊɧ Űɖ 

ɕɩɜɖ CVD əŬɘ ɛŮŰŬűɞɟɎ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ.  
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ɆɢɐɛŬ 1. ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɞɡ ɘŭɘɧɢŮɘɟɞɡ CVD ŬɜŰɘŭɟŬůŰɐɟŬ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ 

ɔɟŬűŮɜɑɞɡ Ŭˊɧ űŮɟɞəɏɜɘɞ. ȷŰɛɞɑ űŮɟɞəŮɜɑɞɡ ŬˊŮɚŮɡɗŮɟɩɜɞɜŰŬɘ Ŭˊɧ Űɖ ɕɩɜɖ ˊɟɞɗɏɟɛŬɜůɖɠ 

Űɖɠ ůəɧɜɖɠ űŮɟɞəŮɜɑɞɡ ůŰɞɡɠ 250 ÁC, ŰŬɡŰɧɢɟɞɜŬ ɖ ɛŬɔɜɖŰɘəɐ ɛˊɎɟŬ ŮˊɘŰɟɏˊŮɘ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ŭŮɘɔɛɎŰɤɜ ůŮ ŭɘɎűɞɟɞɡɠ ɢɟɧɜɞɡɠ əŬɘ Űɖɜ ɔɟɐɔɞɟɖ ɣɨɝɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ 

Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůŰɖ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. 

 

 

2.2 ɉŬɟŬəŰɖɟɘůɛɧɠ  

 

ȼ űŬůɛŬŰɞůəɞˊɑŬ Raman ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ 

űŬůɛŬŰɧɛŮŰɟɞ Renishaw Invia Raman ˊɞɡ ŮɑɜŬɘ Ůɝɞˊɚɘůɛɏɜɞ ɛŮ ɏɜŬ ŬɜŬˊɧůˊŬůŰɞ 

ɛɘəɟɞůəɧˊɘɞ (Leica DM 2500M) əŬɘ ɏɜŬɜ ŬɜɘɢɜŮɡŰɐ Peltier ɣɡɢɧɛŮɜɞɡ ůɡɕŮɡɔɛɏɜɞɡ 

űɞɟŰɑɞɡ (cooled charged-coupled). ȼ ŭɏůɛɖ ŬəŰɘɜɞɓɞɚɑŬɠ ůŰŬ 514.5 nm, Ŭˊɧ ɏɜŬ 

ɚɏɘɕŮɟ Ar-ion ůŰŬ 50 mW, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ ˊɖɔɐ ŭɘɏɔŮɟůɖɠ, ˊɞɡ ɚŮɘŰɞɡɟɔŮɑ ůŰŬ 

1.5 mW ɛŮ ůəɞˊɧ ɜŬ ŬˊɞűŮɡɢɗɞɨɜ ɗŮɟɛɘəɎ űŬɘɜɧɛŮɜŬ. ȼ ŭɘɏɔŮɟůɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ 

ɛɏůɤ Ůɜɧɠ ŬɜŰɘəŮɘɛŮɜɘəɞɨ űŬəɞɨ 50x əŬɘ ɖ ůəɏŭŬůɖ Raman ŬɜɘɢɜŮɨŮŰŬɘ ůŮ ɛɘŬ 

ɔŮɤɛŮŰɟɑŬ ɞˊɘůɗɞůəɏŭŬůɖɠ (180Á). ȼ űŬůɛŬŰɘəɐ ŬɜɎɚɡůɖ ɛŮ ɢɟɐůɖ ɓɐɛŬŰɞɠ 2400 

grooves/mm ɐŰŬɜ ˊŮɟɑˊɞɡ 1 cm
-1
. ɇŬ ŭŮɑɔɛŬŰŬ ɔɘŬ ŬɜɎɚɡůɖ ɇȺɀ ˊɟɞŮŰɞɘɛɎɕɞɜŰŬɘ 

ɛŮ ŬˊɞɛɎəɟɡɜůɖ ɚɑɔɖɠ ˊɞůɧŰɖŰŬɠ ɔɟŬűŮɜɑɞɡ Ŭˊɧ Űɞ ɡˊɧůŰɟɤɛŬ,  ŭɘŬůˊŮɑɟɞɜŰŬɠ Űɞ 

ůŮ ŬɘɗŬɜɧɚɖ əŬɘ ŮɜŬˊɞɗɏŰɞɜŰŬɠ ɛɘŬ ůŰŬɔɧɜŬ Űɞɡ ŬɘɤɟɐɛŬŰɞɠ  ˊɎɜɤ ůŮ ɏɜŬ ˊɚɏɔɛŬ 

Ŭˊɧ Cu ŮˊɘəŬɚɚɡɛɏɜɞ ɛŮ ɎɜɗɟŬəŬ (a carbon-coated copper TEM grid). ɇɞ ɧɟɔŬɜɞ 

ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŮɑɜŬɘ Űɞ ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ ŭɘɏɚŮɡůɖɠ FEI CM20 əŬɘ 

ɚŮɘŰɞɡɟɔŮɑ ůŰŬ 200 kV. Ƀ ɢŬɟŬəŰɖɟɘůɛɧɠ SEM ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ ɢɟɐůɖ Ůɜɧɠ 

ɖɚŮəŰɟɞɜɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ ůɎɟɤůɖɠ JEOL JSM-7401F. ȼ ɛɘəɟɞůəɞˊɑŬ ŬŰɞɛɘəɩɜ 

ŭɡɜɎɛŮɤɜ (Atomic Force Microscopy, AFM) ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ 
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VEECO AFM əŬɘ ŮɜŬˊɞɗɏŰɞɜŰŬɠ ɛɘŬ ůŰŬɔɧɜŬ Ŭˊɧ ŬɘɩɟɖɛŬ ŬɘɗŬɜɧɚɖɠ ɛŮ Űɞ 

ɔɟŬűɏɜɘɞ ˊɎɜɤ ůŮ ŮˊɘűɎɜŮɘŬ mica. ȼ ɗŮɟɛɞůŰŬɗɛɘəɐ (ɐ ɗŮɟɛɞɓŬɟɡɛŮŰɟɘəɐ) ŬɜɎɚɡůɖ 

(Thermogravimetric Analysis, TGA) ɚŬɛɓɎɜŮɘ ɢɩɟŬ əɎŰɤ Ŭˊɧ ɞɝŮɘŭɤŰɘəɏɠ ůɡɜɗɐəŮɠ 

ɛɏɢɟɘ Űɞɡɠ 900 ÁC. ɇŬ ŮɜŬˊɞŰŮɘɗɏɛŮɜŬ ŭŮɑɔɛŬŰŬ ŬɜŬɚɨɞɜŰŬɘ ůŮ űŬůɛŬŰɞůəɞˊɑŬ 

űɤŰɞɖɚŮəŰɟɞɜɑɤɜ ŬəŰɑɜɤɜ ɉ (Xray Photoelectron Spectroscopy, XPS), ůɡɚɚɏɔɞɜŰŬɠ 

űɎůɛŬ űɤŰɞŮəˊɞɛˊɐɠ Ŭˊɧ Űɞɜ ˊɡɟɐɜŬ ɛŮ ɏɜŬ ɖɛɘůűŬɘɟɘəɧ ŬɜŬɚɡŰɐ PHOIBOS 100 

(SPECS), ɛŮ ˊɏɟŬůɛŬ ŮɜɏɟɔŮɘŬɠ 7 eV. ɀɑŬ ůɡɛɓŬŰɘəɐ ˊɖɔɐ ŬəŰɘɜɞɓɞɚɑŬɠ Mg ȾŬ 

(1253.6 eV) ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖ űɤŰɞŭɘɏɔŮɟůɖ. ȼ ɔɤɜɑŬ ŬˊɞɔŮɑɤůɖɠ ɞɟɑůŰɖəŮ ůŮ 

37Á ůŮ ůɢɏůɖ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ. ȼ əɚɑɛŬəŬ ŮɜɏɟɔŮɘŬɠ ůɨɜŭŮůɖɠ 

ɓŬɗɛɞɜɞɛŮɑŰŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖ ɗɏůɖ Űɤɜ əɞɟɡűɩɜ Au 4f7/2 əŬɘ Ag 3d5/2 ůŰŬ 84 

əŬɘ 368.3 eV, ŬɜŰɑůŰɞɘɢŬ, əŬɘ ɛŮŰɟɎŰŬɘ ůŮ űɨɚɚŬ Ŭˊɧ əŬɗŬɟɧ ɢɟɡůɧ əŬɘ Ŭůɐɛɘ. ɇŬ 

ůɢɐɛŬŰŬ Gaussian-Lorentzian (ůɡɜŬɟŰɐůŮɘɠ Voigt) ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ 

Ŭˊɞůɡɜɏɚɘɝɖ Űɞɡ əŬŰŬɔŮɔɟŬɛɛɏɜɞɡ űɎůɛŬŰɞɠ ɛŮŰɎ Űɖɜ Űɡˊɘəɐ ŬűŬɑɟŮůɖ űɧɜŰɞɡ. 

 

2.3 ȼɚŮəŰɟɞɢɖɛɘəɐ ȷɝɘɞɚɧɔɖůɖ 

 

ȼ ɖɚŮəŰɟɞɢɖɛɘəɐ Ŭˊɧŭɞůɖ Űɤɜ ˊŬɟŬůəŮɡŬůɛɏɜɤɜ ɔɟŬűŮɜɑɤɜ ŬɝɘɞɚɞɔŮɑŰŬɘ 

ɛɏůɤ əɡəɚɘəɐɠ ɓɞɚŰŬɛŮŰɟɑŬɠ (CV) ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ˊɞŰŮɜůɘɧɛŮŰɟɞ Metrohm 

Autolab PGSTAT 302, ɛɏůɤ űŬůɛŬŰɞůəɞˊɑŬɠ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ŬɜŰɑůŰŬůɖɠ (EIS), əŬɘ 

ɛɏůɤ ɔŬɚɓŬɜɞůŰŬŰɘəɐɠ ŰŮɢɜɘəɐɠ űɧɟŰɘůɖɠ-ŮəűɧɟŰɘůɖɠ. ȰɜŬ űɨɚɚɞ Pt 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ ɛŮŰɟɖŰɐɠ əŬɘ ɏɜŬ ɖɚŮəŰɟɧŭɘɞ Ag/AgCl ɤɠ ɖɚŮəŰɟɧŭɘɞ ŬɜŬűɞɟɎɠ. 

ɇɞ ɖɚŮəŰɟɧŭɘɞ ŮɟɔŬůɑŬɠ ˊŬɟŬůəŮɡɎɕŮŰŬɘ ɛŮ ŮɜŬˊɧɗŮůɖ ůŰŬɔɧɜŬɠ Űɞɡ ŬɘɤɟɐɛŬŰɞɠ 

ɔɟŬűŮɜɑɞɡ ˊɎɜɤ ůŮ ɏɜŬ ɖɚŮəŰɟɧŭɘɞ ɡŬɚɩŭɞɡɠ ɎɜɗɟŬəŬ (GC). Ɇɡɜɐɗɤɠ, 5 mg Űɞɡ 

ɡɚɘəɞɨ ŭɘŬůˊŮɑɟɞɜŰŬɘ ůŮ 0.5 mL ŭɘŬɚɨɛŬŰɞɠ ŬɘɗŬɜɧɚɖɠ. ɇɞ ŬɘɩɟɖɛŬ ŬɡŰɧ ŬɜŬŭŮɨŮŰŬɘ 

ůŮ ɚɞɡŰɟɧ ɡˊŮɟɐɢɤɜ ɔɘŬ 30 min. ɆŰɖ ůɡɜɏɢŮɘŬ, 30 ɛL Űɞɡ ŬɘɤɟɐɛŬŰɞɠ ůŰɎɕɞɡɜ ˊɎɜɤ 

ůŰɞ ɖɚŮəŰɟɧŭɘɞ GC. ɇɞ ɖɚŮəŰɟɧŭɘɞ ůŰŮɔɜɩɜŮɘ ůŰɞ űɞɨɟɜɞ ůŰɞɡɠ 70 
o
C ɔɘŬ 3 ɩɟŮɠ. ȼ 

ɛɎɕŬ Űɞɡ ɡɚɘəɞɨ ůŰɞ ɖɚŮəŰɟɧŭɘɞ ɡˊɞɚɞɔɑɕŮŰŬɘ ɜŬ ŮɑɜŬɘ ɑůɖ ɛŮ 30 ɛg, ɗŮɤɟɩɜŰŬɠ ɧŰɘ ɖ 

ɛɨŰɖ Űɞɡ ɖɚŮəŰɟɞŭɑɞɡ GC ɏɢŮɘ ŭɘɎɛŮŰɟɞ 3 mm. Ƀ ɖɚŮəŰɟɞɚɨŰɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ 

ŮɑɜŬɘ ɏɜŬ ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ 0.5 M KCl. ȼ Ůɘŭɘəɐ ɢɤɟɖŰɘəɧŰɖŰŬ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɘɠ ŰɟŮɘɠ ˊŬɟŬˊɎɜɤ ɖɚŮəŰɟɞɢɖɛɘəɏɠ ŰŮɢɜɘəɏɠ [14]. Ƀɘ ɛŮŰɟɐůŮɘɠ 

ɔɑɜɞɜŰŬɘ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ɡˊɧ ůŰŬɗŮɟɐ ɟɞɐ Ar. 
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3. ȷˊɞŰŮɚɏůɛŬŰŬ əŬɘ ɆɡɕɐŰɖůɖ 

 

ȼ ɛɞɟűɞɚɞɔɑŬ Űɞɡ ŰŮɚɘəɞɨ ɔɟŬűŮɜɑɞɡ ɛŮɚŮŰɎŰŬɘ ɛŮ ɡɣɖɚɐɠ ŬɜɎɚɡůɖɠ 

ɛɘəɟɞůəɧˊɘɞ ɇȺɀ (high-resolution TEM), ɧˊɤɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2. ɇŬ 

ɆɢɐɛŬŰŬ 2Ŭ əŬɘ 2ɓ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ ɔɟŬűɏɜɘɞ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŬɜɎˊŰɡɝɖɠ 800 ÁC əŬɘ 

ɢɟɧɜɞ ŬɜɎˊŰɡɝɖɠ 1 ɩɟŬ. ɀŮŰɎ Űɖ ůɨɜɗŮůɖ ŬəɞɚɞɡɗŮɑ ůŰŬŭɘŬəɐ ɣɨɝɖ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. ɇɞ ɆɢɐɛŬ 2ɔ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ŬɜɎˊŰɡɝɖ ůŰɞɡɠ 740 ÁC. ȺɑɜŬɘ 

ŭɘŬəɟɘŰɧ Űɞ ɔɟŬűɏɜɘɞ ɛŮ ŭɘɎűɞɟɞɡɠ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨɠ, ɧˊɤɠ ůɖɛŮɘɩɜŮŰŬɘ Ŭˊɧ ŰŬ 

ɓɏɚɖ, əŬɘ ɛŮ Ŭɟɘɗɛɧ ůŰɞɘɓɎŭɤɜ 4 ɐ ɛɘəɟɧŰŮɟɞ. ɇɞ űɎůɛŬ XRD ɔɘŬ Űɞ ŭŮɑɔɛŬ ˊɞɡ 

ŬɜŬˊŰɨůůŮŰŬɘ ůŰɞɡɠ 800 ÁC, ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2ŭ. ȺɜŰɞˊɑɕɞɜŰŬɘ ŭɡɞ əɞɟɡűɏɠ 

ůŰɞ űɎůɛŬ XRD ˊɞɡ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɞ ɔɟŬűɏɜɘɞ. ȼ əɞɟɡűɐ ůŰɘɠ 26.2Á ɡˊɞŭŮɘəɜɨŮɘ 

ɛɘŬ ŮɝŬɘɟŮŰɘəɎ ɞɟɔŬɜɤɛɏɜɖ əɟɡůŰŬɚɚɘəɐ ŭɞɛɐ, ŬˊɞəŬɚɨˊŰɞɜŰŬɠ ɛɘŬ ŮɜŭɘɎɛŮůɖ 

ŬˊɧůŰŬůɖ ŬɜɎɛŮůŬ ůŰɘɠ ɚɑɔŮɠ ůŰɞɘɓɎŭŮɠ Űɞɡ ŬɜŬˊŰɡɔɛɏɜɞɡ ɔɟŬűŮɜɑɞɡ, ˊɞɡ ůɡɛˊɑˊŰŮɘ 

ɛŮ Űɖɜ ŬˊɧůŰŬůɖ Űɤɜ ůŰɞɘɓɎŭɤɜ Űɞɡ ɔɟŬűɑŰɖ (0.34 nm). ȼ əɞɟɡűɐ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ 

ɛɞɑɟŮɠ (22.4Á) ɡˊɞŭŮɘəɜɨŮɘ ɛɘŬ ŮɡɟɨŰŮɟɖ ŮɜŭɘɎɛŮůɖ ŬˊɧůŰŬůɖ ůŰɞɘɓɎŭɤɜ əŬɘ 

ɡˊɞŭɖɚɩɜŮɘ Űɖɜ ɨˊŬɟɝɖ ˊŮɟɘɞɢɩɜ ŬɜŬˊŰɡɔɛɏɜɤɜ ůɤɟɩɜ Ŭˊɧ ˊɞɚɚɎ əɡɛŬŰɞŮɘŭɐ ɐ 

ŬəŬɜɧɜɘůŰŬ űɨɚɚŬ ɔɟŬűŮɜɑɞɡ [21, 22], ɐ ůŰɟɞɓɘɚɞůŰɟɤɛŬŰɘəɩɜ ůɤɟɩɜ [23, 24], 

ůɨɛűɤɜŬ əŬɘ ɛŮ Űɘɠ ˊɚɖɟɞűɞɟɑŮɠ Ŭˊɧ Űɞ ɇȺɀ. Ⱥˊɘˊɚɏɞɜ, ɞɘ əɞɟɡűɏɠ, ˊɞɡ 

ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ Ŭ-Fe, ŮɛűŬɜɑɕɞɜŰŬɘ ůŰɘɠ 44.6Á əŬɘ 65.05Á əŬɘ ɞűŮɑɚɞɜŰŬɘ ůŰɞɜ 

əŬŰŬɚɨŰɖ, əŬɘ ɞɘ űɎůŮɘɠ Fe-C ůŰɘɠ 43.8Á ůɢɖɛŬŰɑɕɞɜŰŬɘ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ. Ƀɘ 

ŮɘəɧɜŮɠ SEM Űɞɡ ɔɟŬűŮɜɑɞɡ ˊɞɡ ˊŬɟɎɔŮŰŬɘ ůŰɞɡɠ 800 
ɞ
C ůŮ ɢɟɧɜɞ ŬɜɎˊŰɡɝɖɠ 1 ɩɟŬɠ 

űŬɑɜɞɜŰŬɘ ůŰŬ ɆɢɐɛŬŰŬ 2Ů əŬɘ 2ůŰ. ɆɡɔəŮəɟɘɛɏɜŬ, ɛŮ Űɖɜ ŬɜɎɚɡůɖ SEM ŭŮɜ 

ˊŬɟŬŰɖɟŮɑŰŬɘ ɏɜŭŮɘɝɖ ůɢɖɛŬŰɘůɛɞɨ ɜŬɜɞůɤɚɐɜɤɜ ɎɜɗɟŬəŬ. 

ȼ űŬůɛŬŰɞůəɞˊɑŬ Raman ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ŭŮɑɔɛŬŰŬ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ 

ɔɟŬűŮɜɑɤɜ, ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ əɎŰɤ Ŭˊɧ ŭɘɎűɞɟŮɠ ůɡɜɗɐəŮɠ. Ƀ ůŰɧɢɞɠ ŮɑɜŬɘ ɜŬ 

ɛŮɚŮŰɖɗŮɑ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ŭɘɎɟəŮɘŬɠ ŬɜɎˊŰɡɝɖɠ, Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ Űɞɡ ɟɡɗɛɞɨ 

ˊŰɩůɖɠ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬŰɎ Űɖɜ ɣɨɝɖ (ůŰŬŭɘŬəɐ ɣɨɝɖ ɡˊɧ əŮɜɧ ɐ ɔɟɐɔɞɟɖ ɣɨɝɖ 

Ŭˊɧ Űɖ ɗŮɟɛɞəɟŬůɑŬ əŬɘ ˊɑŮůɖ CVD ůŰɖ ɗŮɟɛɞəɟŬůɑŬ əŬɘ ˊɑŮůɖ ˊŮɟɘɓɎɚɚɞɜŰɞɠ) ůŰɖ 

ɔɟŬűɘŰɘəɐ ˊɞɘɧŰɖŰŬ. ɇɞ ɆɢɐɛŬ 3Ŭ ůɡɔəɟɑɜŮɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ űŬůɛŬŰɞůəɞˊɑŬɠ 

Raman Űɞɡ ůɢɖɛŬŰɘůɛɏɜɞɡ ɔɟŬűŮɜɑɞɡ ůŰɘɠ ŭɘŬűɞɟŮŰɘəɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ŬɜɎˊŰɡɝɖɠ, 

ŭɘŬŰɖɟɩɜŰŬɠ Űɖ ŭɘɎɟəŮɘŬ ŬɜɎˊŰɡɝɖɠ ůŰŬɗŮɟɐ ůŰŬ 60 min. Ƀɘ ŰɟŮɘɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ 

əɞɟɡűɏɠ Űɞɡ ɔɟŬűŮɜɑɞɡ ŮɑɜŬɘ ŮɛűŬɜŮɑɠ ůŰɞ űɎůɛŬ. ɆɡɔəŮəɟɘɛɏɜŬ, ɖ əɞɟɡűɐ 2D ɔɨɟɤ 

ůŰŬ 2700 cm
-1

 ŮɑɜŬɘ ɢŬɟŬəŰɖɟɘůŰɘəɐ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ŭŮɨŰŮɟɖɠ ŰɎɝɖɠ ŭɡɞ űɤɜɞɜɑɤɜ. 
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ɆɢɐɛŬ 2. (Ŭ), (ɓ), (ɔ) ȺɘəɧɜŮɠ HR-TEM ɡˊɞŭŮɘəɜɨɞɡɜ ɔɟŬűɏɜɘŬ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ ůŮ 

ŭɘɎűɞɟɞɡɠ ˊɟɞůŬɜŬŰɞɚɘůɛɞɨɠ ɛŮŰɎ Ŭˊɧ ŬɜɎˊŰɡɝɖ ůŰɞɡɠ 800 ÁC ɔɘŬ Űɘɠ (Ŭ) əŬɘ (ɓ) əŬɘ ůŰɞɡɠ 

740 ÁC ůŰɖ (ɔ). (ŭ) ūɎůɛŬ XRD ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŬɜɎˊŰɡɝɖɠ ůŰɞɡɠ 800 ÁC, əŬɘ ɞɘ 

əɞɟɡűɏɠ ůŰɘɠ 26.2Á əŬɘ 22.4Á ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɞ ɔɟŬűɏɜɘɞ əŬɘ ŮˊŬɚɖɗŮɨɞɜŰŬɘ ɞɘ əɞɟɡűɏɠ Űɞɡ 

Fe əŬŰŬɚɨŰɖ. (Ů), (ůŰ) ȺɘəɧɜŮɠ SEM Űɞɡ ŭŮɑɔɛŬŰɞɠ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ůŰɞɡɠ 800 ÁC ɔɘŬ 1ɩɟŬ. 

(Ŭ) (ɓ) 

(ɔ) (ŭ) 

(Ů) (ůŰ) 
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ȼ əɞɟɡűɐ G ůŰŬ 1600 cm
-1
, ŮɑɜŬɘ ŮɜŭŮɘəŰɘəɐ Űɖɠ ŮűŬˊŰɞɛŮɜɘəɐɠ əŬŰɎůŰŬůɖɠ Űɤɜ 

ŮɝŬɘɟŮŰɘəɎ ˊɟɞůŬɜŬŰɞɚɘůɛɏɜɤɜ ɔɟŬűɘŰɘəɩɜ Ůˊɘˊɏŭɤɜ. ȷəɞɚɞɨɗɤɠ, ɖ əɞɟɡűɐ D ůŰŬ 

1350 cm
-1
, ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɘɠ ˊɚŮɔɛŬŰɘəɏɠ ŬŰɏɚŮɘŮɠ Űɞɡ ɡɓɟɘŭɘəɞɨ ɎɜɗɟŬəŬ sp

2 
ɐ /əŬɘ  

ɛŮ Űɘɠ ŮɜŬˊɞɗɏůŮɘɠ Űɞɡ Ɏɛɞɟűɞɡ ɎɜɗɟŬəŬ, ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ůɡɜŮɘůűɏɟɞɡɜ ůŰɖɜ 

ɏɜŰŬůɖ ŬɡŰɐɠ Űɖɠ əɞɟɡűɐɠ [14, 25-27]. ȼ ůɡɛɛŮŰɟɑŬ əŬɘ ɖ ůɢŮŰɘəɐ ɏɜŰŬůɖ Űɖɠ 

əɞɟɡűɐɠ 2D ŮɑɜŬɘ ŮɜŭŮɘəŰɘəɐ Űɖɠ ˊɞɘɧŰɖŰŬɠ Űɞɡ ŬɜŬˊŰɡɔɛɏɜɞɡ ɔɟŬűŮɜɑɞɡ. ɆŮ ɛɞɜɐɠ 

ůŰɞɘɓɎŭŬɠ ɐ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ ɔɟŬűɏɜɘɞ, ŬɜŬɛɏɜŮŰŬɘ ɛɘŬ ɞɛɞɘɧɛɞɟűɖ, ɞɝŮɑŬ əŬɘ 

ůɡɛɛŮŰɟɘəɐ əɞɟɡűɐ 2D, ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞ ɔɟŬűɏɜɘɞ ˊɞɚɚŬˊɚɩɜ ůŰɞɘɓɎŭɤɜ əŬɘ Űɞɡ 

ɔɟŬűɑŰɖ, ɧˊɞɡ Űɞ ůɢɐɛŬ Űɖɠ əɞɟɡűɐɠ 2D ŮɑɜŬɘ ŬəŬɜɧɜɘůŰɞ əŬɘ ŮɛűŬɜɑɕŮɘ ˊŬɟŬˊɎɜɤ 

Ŭˊɧ ɛɘŬ əɞɟɡűɏɠ [27]. Ⱥˊɑůɖɠ, ɖ əɞɟɡűɐ 2D ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɞɜ əŬɗɞɟɘůɛɧ Űɞɡ 

Ŭɟɘɗɛɞɨ Űɤɜ ůŰɞɘɓɎŭɤɜ, ɛɏůɤ Űɤɜ Űɘɛɩɜ FWHM. ɆɡɔəŮəɟɘɛɏɜŬ, ɛɘŬɠ, ŭɡɞ, Űɟɘɩɜ, 

ŰŮůůɎɟɤɜ əŬɘ ˊɏɜŰŮ ůŰɞɘɓɎŭɤɜ ɔɟŬűɏɜɘŬ ŮɛűŬɜɑɕɞɡɜ FWHM ůŰŬ 27.5Ñ3.8 cm
-1
, 

51.7Ñ1.7 cm
-1
, 56.2Ñ1.6 cm

-1
, 63.1Ñ1.6 cm

-1
, əŬɘ 66.1Ñ1.4 cm

-1
, ŬɜŰɑůŰɞɘɢŬ. ȼ 

əɞɟɡűɐ 2D ɔɑɜŮŰŬɘ ɧɛɞɘŬ ɛŮ Űɞɡ ɔɟŬűɑŰɖ, ůŮ ɔɟŬűɏɜɘɞ ˊɞɡ ŮɑɜŬɘ ˊŬɢɨŰŮɟɞ Ŭˊɧ ˊɏɜŰŮ 

ůŰɞɘɓɎŭŮɠ. ȷɡŰɧ ɞűŮɑɚŮŰŬɘ ůŰɞ ůɡɜŮɢɐ ŭɘŬɢɤɟɘůɛɧ Űɤɜ ɕɤɜɩɜ ůɗɏɜɞɡɠ əŬɘ 

ŬɔɤɔɘɛɧŰɖŰŬɠ əŬɘ ŬˊɞŭŮɘəɜɨŮŰŬɘ Ŭˊɧ Űɖ ŭɘɎůˊŬůɖ Űɖɠ əɞɟɡűɐɠ D ůŮ ɛɘŬ əɨɟɘŬ əŬɘ 

ɛɘŬ ŭŮɡŰŮɟŮɨɞɡůŬ əɞɟɡűɐ [25, 26].  

ȺɑɜŬɘ ˊɟɞűŬɜɏɠ, Ŭˊɧ Űɞ űɎůɛŬ ůŰɞ ɆɢɐɛŬ 3Ŭ, ɧŰɘ ɖ əɞɟɡűɐ 2D ŮɑɜŬɘ ɐŭɖ 

ůɢɖɛŬŰɘůɛɏɜɖ Ŭˊɧ ůɢŮŰɘəɎ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (600 ÁC). Ⱥˊɑůɖɠ, ůŮ ŬɡŰɐ Űɖ 

ɗŮɟɛɞəɟŬůɑŬ ɖ əɞɟɡűɐ 2D ŮɑɜŬɘ ůɡɛɛŮŰɟɘəɐ əŬɘ ˊŬɟɞɡůɘɎɕŮɘ ɛɘŬ ɛɞɜɐ əɞɟɡűɐ, 

ŬˊɞəŬɚɨˊŰɞɜŰŬɠ ɧŰɘ ɏɢŮɘ ůɢɖɛŬŰɘůŰŮɑ ɔɟŬűɏɜɘɞ ɚɑɔɤɜ ůŰɟɤɛɎŰɤɜ. ȷɜŰɑɗŮŰŬ, ɖ 

ɏɜŰŬůɖ Űɖɠ əɞɟɡűɐɠ 2D ůɡɔəɟɘɜɧɛŮɜɖ ɛŮ Űɖɜ ɏɜŰŬůɖ Űɖɠ əɞɟɡűɐɠ D ŮɑɜŬɘ ŬɟəŮŰɎ 

ɢŬɛɖɚɐ ŬˊɞŭŮɘəɜɨɞɜŰŬɠ Űɖɜ ɨˊŬɟɝɖ ˊɚŮɔɛŬŰɘəɩɜ ŬŰŮɚŮɘɩɜ, Ůɜɩ ɖ Űɘɛɐ FWHM 

ŭŮɑɢɜŮɘ ɧŰɘ ˊŮɟɘůůɧŰŮɟŮɠ Ŭˊɧ 5-6 ůŰɞɘɓɎŭŮɠ ɏɢɞɡɜ ůɢɖɛŬŰɘůŰŮɑ. ȳůɞ ɖ ɗŮɟɛɞəɟŬůɑŬ 

ŬɡɝɎɜŮŰŬɘ, ɖ ɏɜŰŬůɖ Űɖɠ əɞɟɡűɐɠ 2D ɔɑɜŮŰŬɘ əɡɟɑŬɟɢɖ, ůɡɔəɟɘɜɧɛŮɜɖ ɛŮ Űɘɠ əɞɟɡűɏɠ 

D əŬɘ G, Ůɜɩ ɞɘ Űɘɛɏɠ FWHM ŭŮɑɢɜɞɡɜ Űɞ ůɢɖɛŬŰɘůɛɧ əŬŰɎ ɛɏůɞ ɧɟɞ 2-3 ůŰɞɘɓɎŭɤɜ. 

ɀŮɚŮŰɎŰŬɘ Ůˊɑůɖɠ, ɖ ŮˊɑŭɟŬůɖ Űɞɡ ɢɟɧɜɞɡ ŬɜɎˊŰɡɝɖɠ, ŭɘŬŰɖɟɩɜŰŬɠ ůŰŬɗŮɟɐ Űɖ 

ɗŮɟɛɞəɟŬůɑŬ ŬɜɎˊŰɡɝɖɠ. ɇɞ ɆɢɐɛŬ 3ɓ ˊŬɟɞɡůɘɎɕŮɘ Űɞ űɎůɛŬ Raman Űɞɡ ɔɟŬűŮɜɑɞɡ 

ˊɞɡ ůɢɖɛŬŰɑɕŮŰŬɘ ůŰɞɡɠ 800 ÁC, ɔɘŬ ŭɘɎɟəŮɘŬ ŬɜɎˊŰɡɝɖɠ Ŭˊɧ 30 min ɛɏɢɟɘ 2 ɩɟŮɠ, 

ɡˊɧ ůŰŬŭɘŬəɐ ɣɨɝɖ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. ȺɑɜŬɘ ŬɝɘɞůɖɛŮɑɤŰɞ ɧŰɘ ŬəɧɛŬ əŬɘ ůŮ 

ůɢŮŰɘəɎ ɛɘəɟɞɨɠ ɢɟɧɜɞɡɠ ŬɜɎˊŰɡɝɖɠ (30 min), ůɢɖɛŬŰɑɕŮŰŬɘ ɛɘŬ ɘůɢɡɟɐ əŬɘ 

ůɡɛɛŮŰɟɘəɐ əɞɟɡűɐ 2D. ȳůɞ ɞ ɢɟɧɜɞɠ ŬɜɎˊŰɡɝɖɠ ŬɡɝɎɜŮŰŬɘ, ɖ ɏɜŰŬůɖ Űɖɠ əɞɟɡűɐɠ 

2D ŬɡɝɎɜŮŰŬɘ, Ůɜɩ ɖ ɏɜŰŬůɖ Űɖɠ əɞɟɡűɐɠ D ɛŮɘɩɜŮŰŬɘ. Ƀɘ Űɘɛɏɠ FWHM Űɖɠ əɞɟɡűɐɠ  
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ɆɢɐɛŬ 3. ūɎůɛŬ Raman Űɤɜ ɔɟŬűŮɜɑɤɜ ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ŮɝɎɟŰɖůɖ Űɤɜ ŭɞɛɘəɩɜ 

ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ɛŮ Űɘɠ ůɡɜɗɐəŮɠ ŬɜɎˊŰɡɝɖɠ. (Ŭ) ɆŰŬɗŮɟɐ ŭɘɎɟəŮɘŬ ŬɜɎˊŰɡɝɖɠ (60min) ůŮ 

ŭɘɎűɞɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ əŬɘ (ɓ) ɆŰŬɗŮɟɐ ɗŮɟɛɞəɟŬůɑŬ (800 ÁC) ůŮ ŭɘɎűɞɟɞɡɠ ɢɟɧɜɞɡɠ 

ŬɜɎˊŰɡɝɖɠ. 
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2D ŬˊɞəŬɚɨˊŰɞɡɜ Űɞ ůɢɖɛŬŰɘůɛɧ ɔɟŬűŮɜɑɞɡ 2-3 ůŰɞɘɓɎŭɤɜ. Ƀɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ 

Űɘɛɏɠ Űɤɜ FWHM Űɖɠ əɞɟɡűɐɠ 2D əŬɘ Űɤɜ ɚɧɔɤɜ Űɤɜ ŮɜŰɎůŮɤɜ I2D/IG  əŬɘ ID/IG ŮɑɜŬɘ 

49.46 cm
-1
, 1.15, əŬɘ 0.26, ŬɜŰɑůŰɞɘɢŬ. 

ȼ ŬˊŮɘəɧɜɘůɖ AFM Űɤɜ ŰŮɚɘəɩɜ ŭɞɛɩɜ ɔɟŬűŮɜɑɞɡ, ŬűɧŰɞɡ ɛŮŰŬűɏɟɗɖəŬɜ 

Ŭˊɧ Űɞ ɡˊɧůŰɟɤɛŬ Si ůŮ ɛɘŬ ŮˊɘűɎɜŮɘŬ mica ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 4. ȷəɧɛŬ, 

ŮəɗɏŰɞɜŰŬɘ ɞɘ ɛŮŰɟɐůŮɘɠ ɨɣɞɡɠ ŭɘŬŰɞɛɐɠ, ˊɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɖ ůɎɟɤůɖ əŬŰɎ ɛɐəɞɠ 

Űɤɜ ɔɟŬɛɛɩɜ, ɧˊɤɠ űŬɑɜɞɜŰŬɘ ůŰɘɠ ŬɜŰɑůŰɞɘɢŮɠ ŮɘəɧɜŮɠ ůŰŬ ŬɟɘůŰŮɟɎ. ɇŬ ŭŮɑɔɛŬŰŬ 

ˊɞɡ ŬɜŬɚɨɞɜŰŬɘ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ ɛɘŬ ɗŮɟɛɞəɟŬůɑŬ ŬɜɎˊŰɡɝɖɠ ůŰɞɡɠ 800 ÁC əŬɘ ůŮ 

ɢɟɧɜɞ ŬɜɎˊŰɡɝɖɠ 1 ɩɟŬ. Ƀ Gubta əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ [28] ŬˊɞŭŮɘəɜɨŮɘ ɛɘŬ 

ɔɟŬɛɛɘəɐ ŮɝɎɟŰɖůɖ ŬɜɎɛŮůŬ ůŰɞ ɛŮŰɟɞɨɛŮɜɞ ˊɎɢɞɠ (h) AFM əŬɘ ůŰɞɜ Ŭɟɘɗɛɧ Űɤɜ 

ůŰɞɘɓɎŭɤɜ ɔɟŬűŮɜɑɞɡ (n). Ⱥɜɩ, ɞ Lee əŬɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ [29] ŬɜɏűŮɟŬɜ ɧŰɘ, Űɞ 

ɔɟŬűɏɜɘɞ ɛŮ ɚɘɔɧŰŮɟŬ Ŭˊɧ 3 ůŰɞɘɓɎŭŮɠ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɛɘŬ ŮɔəɎɟůɘŬ Űɞɛɐ AFM 

ˊɎɢɞɡɠ Ŭˊɧ 0.9 ɏɤɠ 1.3 nm. ɇɞ ˊɎɢɞɠ Űɤɜ 1.3 nm əŬɘ 0.75 nm ŮɑɜŬɘ ŮɛűŬɜɏɠ ɔɘŬ Űɘɠ 

ˊŮɟɘɞɢɏɠ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰŬ ůɢɐɛŬŰŬ (Ŭ) əŬɘ (ɓ), ŬɜŰɑůŰɞɘɢŬ. ȷɡŰɧ ŬˊɞŭŮɘəɜɨŮɘ 

ɧŰɘ, ɞ Ŭɟɘɗɛɧɠ Űɤɜ ůŰɞɘɓɎŭɤɜ ɔɟŬűŮɜɑɞɡ ůŰŬ ŭŮɑɔɛŬŰŬ ŬɡŰɎ ŮɑɜŬɘ ŬɜɎɛŮůŬ ůŮ 1 əŬɘ 3 

[28-30], əŬɘ ůɡɜɎŭŮɘ ɛŮ Űɘɠ ɛŮɚɏŰŮɠ Űɤɜ Raman əŬɘ TEM. 

ɇɞ űɎůɛŬ XPS Űɞɡ ŬɜŬˊŰɡɔɛɏɜɞɡ ɔɟŬűŮɜɑɞɡ ɚɑɔɤɜ ůŰɞɘɓɎŭɤɜ ˊŬɟɞɡůɘɎɕŮŰŬɘ 

ůŰɞ ɆɢɐɛŬ 5. ɇɞ ɆɢɐɛŬ 5Ŭ ˊŬɟɞɡůɘɎɕŮɘ ɛɘŬ ŮɡɟŮɑŬ ůɎɟɤůɖ, ˊɞɡ ŰŬɡŰɞˊɞɘŮɑ 

ůɡɜŮɘůűɞɟɏɠ Ŭˊɧ C1s, Fe2p, O1s, Si2p, əŬɘ Si2s əɞɟɡűɏɠ. ɇɞ űɎůɛŬ űɤŰɞŮəˊɞɛˊɐɠ 

Űɞɡ C1s Ŭˊɧ Űɞɜ ˊɡɟɐɜŬ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɔɟŬűŮɜɑɞɡ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 5ɓ. ɀɘŬ 

ŭɘŬŭɘəŬůɑŬ ˊɟɞůŬɟɛɞɔɐɠ ŰŮůůɎɟɤɜ əɞɟɡűɩɜ ŮűŬɟɛɧɕŮŰŬɘ ɔɘŬ ɜŬ ŬɜŬˊŬɟŬɢɗɞɨɜ ŰŬ 

ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ. ɆɡɔəŮəɟɘɛɏɜŬ, ɞɘ ɢŬɛɖɚɧŰŮɟŮɠ ŮɜɏɟɔŮɘŮɠ ŭŮůɛɞɨ ůŰŬ 283.3 

eV əŬɘ 284.7 eV ŮɑɜŬɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ Űɤɜ ŭɘŮɡɗŮŰɐůŮɤɜ Űɤɜ ŭŮůɛɩɜ C-Fe əŬɘ C-C, 

ŬɜŰɑůŰɞɘɢŬ. Ƀɘ ɡɣɖɚɧŰŮɟŮɠ ŮɜɏɟɔŮɘŮɠ ŭŮůɛɞɨ ůŰŬ 286 eV əŬɘ 288.5 eV ŮɑɜŬɘ 

ŮɜŭŮɘəŰɘəɏɠ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ ŭŮůɛɩɜ C-OH əŬɘ C=O, ŬɜŰɑůŰɞɘɢŬ 

[31]. Ⱥˊɑůɖɠ, ɗŬ ˊɟɏˊŮɘ ɜŬ ŮˊɘůɖɛŬɜɗŮɑ ɧŰɘ ɖ ɗɏůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ ŭŮůɛɞɨ Űɤɜ C-C 

ŭŮůɛɩɜ ůŰŬ  284.7eV, ŮɑɜŬɘ ůŮ ůɡɛűɤɜɑŬ ɛŮ Űɖ ɓɘɓɚɘɞɔɟŬűɘəɐ Űɘɛɐ (284.6 eV) ɔɘŬ ŰŬ 

ɡɓɟɘŭɘəɎ ɎŰɞɛŬ C sp
2
 [31]. ȺˊɘˊɟɧůɗŮŰŬ, ɞɘ ŭŮůɛɞɑ Fe-C ˊɘɗŬɜɧɜ ɜŬ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ 

űɎůŮɘɠ əŬɟɓɘŭɑɤɜ [32], ɖ ɨˊŬɟɝɖ Űɤɜ ɞˊɞɑɤɜ ɏɢŮɘ ˊŬɟɞɡůɘŬůŰŮɑ əŬɘ ůŮ ɜŬɜɞůɤɚɐɜŮɠ 

ɎɜɗɟŬəŬ, ˊɞɡ ŬɜŬˊŰɡɢɗɐəŬɜ ɛŮ CVD Ŭˊɧ ŬɜɎɚɞɔŮɠ ˊɟɧŭɟɞɛŮɠ ŮɜɩůŮɘɠ Fe [7, 14]. 
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ɆɢɐɛŬ 4. ȺɘəɧɜŮɠ AFM əŬɘ ɛŮŰɟɐůŮɘɠ ɨɣɞɡɠ ůŮ ŭɡɞ ɗɏůŮɘɠ əŬŰŬ ɛɐəɞɠ Űɤɜ ɔɟŬɛɛɩɜ 

ŬɟɘůŰŮɟɎ. ɇŬ ŭɏɘɔɛŬŰŬ ŬɜŰɘůŰɞɘɢɞɨɜ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŬɜɎˊŰɡɝɖɠ 800 ÁC əŬɘ ɢɟɧɜɞ ŬɜɎˊŰɡɝɖɠ 

1 ɩɟŬ. Ƀɘ ɛŮŰɟɐůŮɘɠ ɨɣɞɡɠ ŭŮɑɢɜɞɡɜ Űɞ ɛɏůɞ Ŭɟɘɗɛɧ Űɤɜ ůŰɞɘɓɎŭɤɜ ɔɟŬűŮɜɑɞɡ ˊɞɡ ŮɑɜŬɘ 3 ɐ 

ɛɘəɟɧŰŮɟɞ. 

 

 

Ƀ ůɢɖɛŬŰɘůɛɧɠ Űɤɜ Fe-C ŬˊɞŭŮɘəɜɨŮŰŬɘ əŬɘ ůŰo ɆɢɐɛŬ 5ɔ, ɧˊɞɡ ˊŬɟɞɡůɘɎɕŮŰŬɘ 

ɚŮˊŰɞɛŮɟŮɘŬəɎ Űɞ űɎůɛŬ XPS Űɞɡ Fe2p. ɆŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ, ɖ ɔɟŬɛɛɐ ˊɟɞűɑɚ 

ɛˊɞɟŮɑ ɜŬ ŬɜŬɚɡɗŮɑ ůŮ ŰɏůůŮɟɘɠ Ůɘůűɞɟɏɠ, ɐ ɘůɞŭɨɜŬɛŬ ůŮ ŭɨɞ ɕŮɨɔɖ əɞɟɡűɩɜ spin-

ŰɟɞɢɘɎɠ (Fe2p3/2 əŬɘ Fe2p1/2). Ʉɘɞ ŬɜŬɚɡŰɘəɎ, ɖ əɞɟɡűɐ Fe2p ˊŬɟɞɡůɘɎɕŮɘ 2p3/2 ůŮ 

BE=707 eV əŬɘ 2p3/2 ůŮ BE=720 eV, ˊɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɞ ůŰɞɘɢŮɑɞ Űɞɡ Fe, əŬɗɩɠ 

Ůˊɑůɖɠ ɛɘŬ ŭŮɨŰŮɟɖ ɞɛɎŭŬ əɞɟɡűɩɜ ůŰŬ 712 eV əŬɘ 725 eV ŬˊɞŭɑŭŮŰŬɘ ůŰɘɠ  űɎůŮɘɠ  

Fe-C. ȼ ŬɜŰɑůŰɞɘɢɖ əɞɟɡűɐ O1s ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 5ŭ. ȼ ŮɜɏɟɔŮɘŬ ŭŮůɛɞɨ 
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ɆɢɐɛŬ 5. ūɎůɛŬ XPS (Ŭ) ŮɡɟŮɑŬ ůɎɟɤůɖ, (ɓ) C1s, (ɔ) Fe2p, (ŭ) O1s əŬɘ (Ů) Si2p Űɞɡ 

ɔɟŬűŮɜɑɞɡ 
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O1s ɔɘŬ ɧɚŬ ŰŬ ɞɝŮɑŭɘŬ ůɘŭɐɟɞɡ ŮɑɜŬɘ 530,3 eV [32]. ɇɞ ɔŮɔɞɜɧɠ ɧŰɘ ŭŮɜ ɡˊɎɟɢŮɘ 

əŬɗɧɚɞɡ ůɐɛŬ ůŮ ŬɡŰɐ Űɖɜ ŮɜɏɟɔŮɘŬ ŭŮůɛɞɨ ɔɘŬ ŰŬ ŭŮɑɔɛŬŰŬ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ, 

ŬˊɞəŬɚɨˊŰŮɘ ɧŰɘ ŭŮɜ ɏɢɞɡɜ ůɢɖɛŬŰɘůŰŮɑ ɞɝŮɑŭɘŬ, ɧˊɤɠ ŮˊŬɚɖɗŮɨŮŰŬɘ əŬɘ Ŭˊɧ Űɘɠ 

ɛŮŰɟɐůŮɘɠ XRD (ɆɢɐɛŬ 2ŭ). ȼ ŮɜɏɟɔŮɘŬ ŭŮůɛɞɨ O1s ůŰŬ 532 eV ɞűŮɑɚŮŰŬɘ ůŰɞ 

ˊɟɞůɟɞűɖɛɏɜɞ OH [32]. ɇŮɚɘəɎ, ɖ əɞɟɡűɐ Si2p (ɆɢɐɛŬ 5Ů) ůŰŬ 101.2 eV, 

ŬɜŰɘůŰɞɘɢŮɑ ůŮ ŭŮůɛɞɨɠ Si-O [33], ˊɞɡ ůɢɖɛŬŰɑɕɞɜŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ Si, ŮɝŬɘŰɑŬɠ Űɖɠ ɏəɗŮůɐɠ Űɞɡɠ ůŮ ɞɝɡɔɧɜɞ.  

ȼ ŭɘŬˊɑůŰɤůɖ Űɤɜ ŭŮůɛɩɜ ɎɜɗɟŬəŬ-ůɘŭɐɟɞɡ, ŬˊɞəŬɚɨˊŰɞɜŰŬɠ Űɖɜ ɨˊŬɟɝɖ 

űɎůŮɤɜ əŬɟɓɘŭɑɞɡ Űɞɡ ůɘŭɐɟɞɡ, ŮɑɜŬɘ ůŮ ůɡɛűɤɜɑŬ ɛŮ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ ɔɘŬ 

ɜŬɜɞůɤɚɐɜŮɠ ɎɜɗɟŬəŬ əŬɗɩɠ əŬɘ ɛŮ ŬɜɎɚɞɔŮɠ ŰŮɢɜɘəɏɠ ŬɜɎˊŰɡɝɖɠ ɔɟŬűŮɜɑɤɜ ɚɑɔɤɜ 

ůŰɞɘɓɎŭɤɜ [6, 7]. ȼ ɨˊŬɟɝɖ Űɤɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ Űɤɜ ŭŮůɛɩɜ C-Fe Űɞɜɑɕɞɡɜ Űɞ 

ɛɖɢŬɜɘůɛɧ ŬɜɎˊŰɡɝɖɠ, ˊɞɡ ɓŬůɑɕŮŰŬɘ ůŰɞ ůɢɖɛŬŰɘůɛɧ əŬɟɓɘŭɑɞɡ Űɞɡ ůɘŭɐɟɞɡ [7, 14, 

29, 34]. Ƀ ɛɖɢŬɜɘůɛɧɠ ŬɡŰɧɠ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛɏůɤ ŭɘɎɢɡůɖɠ Űɞɡ ŬŰɞɛɘəɞɨ ɎɜɗɟŬəŬ, 

ˊɞɡ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɖɜ ŬˊɞůɨɜɗŮůɖ Űɞɡ ɞɟɔŬɜɘəɞɨ ɛɏɟɞɡɠ Űɞɡ űŮɟɞəŮɜɑɞɡ Űɖɠ 

űɎůɖɠ ůɘŭɐɟɞɡ, ůŮ ɡɣɖɚɐ ɗŮɟɛɞəɟŬůɑŬ ŬɜɎˊŰɡɝɖɠ. ȷəɞɚɞɡɗŮɑ ɖ ˊɡɟɖɜɞˊɞɑɖůɖ Űɞɡ 

ɔɟŬűŮɜɑɞɡ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬɟɓɘŭɑɞɡ Űɞɡ ůɘŭɐɟɞɡ, ɛɏůɤ ŮɝɤŰŮɟɘəɐɠ 

ŭɘɎɢɡůɖɠ Űɞɡ ɎɜɗɟŬəŬ. 

ȼ ɖɚŮəŰɟɞɢɖɛɘəɐ ŮəŰɑɛɖůɖ Űɤɜ ɡɚɘəɩɜ, ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ, ŭɘŮɝɎɔŮŰŬɘ ɛŮ 

ɢɟɐůɖ əɡəɚɘəɐɠ ɓɞɚŰŬɛŮŰɟɑŬɠ, űŬůɛŬŰɞůəɞˊɑŬɠ ɖɚŮəŰɟɞɢɖɛɘəɐɠ Ůɛˊɏŭɖůɖɠ əŬɘ 

ɔŬɚɓŬɜɞůŰŬŰɘəɐɠ űɧɟŰɘůɖɠ-ŮəűɧɟŰɘůɖɠ. Ƀɘ ɓɟɧɔɢɞɘ CV Űɞɡ ŭŮɑɔɛŬŰɞɠ, ˊɞɡ 

ŬɜŬˊŰɨɢɗɖəŮ ůŰɞɡɠ 740 ÁC (G740-60) əŬɘ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ůŰɞɡɠ 

800 ÁC (G800-60) ɔɘŬ 1ɩɟŬ, ɛŮŰɟɩɜŰŬɘ ůŮ ŭɘɎűɞɟɞɡɠ ɟɡɗɛɞɨɠ ůɎɟɤůɖɠ ŭɡɜŬɛɘəɞɨ 

(0.025, 0.05, 0.1, 0.2, 0.3 əŬɘ 0.5 V) (ɆɢɐɛŬ 6Ŭ). ɇɞ ůɢɐɛŬ Űɤɜ ɓɟɧɢɤɜ ŮɑɜŬɘ 

ɢɞɜŭɟɘəɎ ɞɟɗɞɔɤɜɘəɧ, ɡˊɞŭŮɘəɜɨɞɜŰŬɠ Űɖ ɢɤɟɖŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ɡɚɘəɩɜ. 

ȷəɧɛŬ, Űɞ ůɢɐɛŬ ŮɑɜŬɘ ŭɘŬůŰɟŮɓɚɤɛɏɜɞ Ŭˊɧ ŬɟəŮŰɏɠ əɞɟɡűɏɠ ɞɝŮɘŭɞŬɜŬɔɤɔɐɠ 

(faradaic), ˊɞɡ ŮɑɜŬɘ ˊɘɞ ɏɜŰɞɜŮɠ ůŰɞ ŭŮɑɔɛŬ G740-60 əŬɘ ŮɑɜŬɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ɔɘŬ 

ɣŮɡŭɞɢɤɟɖŰɘəɐ Ŭˊɧŭɞůɖ. ȼ ˊŬɟɞɡůɑŬ Űɤɜ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɩɜ əɞɟɡűɩɜ ˊɘɗŬɜɧɜ ɜŬ 

ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ ɖɚŮəŰɟɞɢɖɛŮɑŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɞɡ əŬŰŬɚɨŰɖ Fe, 

ˊɞɡ ˊŬɟŮɛɓɎɚɚɞɜŰŬɘ ɛŮŰŬɝɨ Űɤɜ űɨɚɚɤɜ ɔɟŬűŮɜɑɞɡ.  
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ɆɢɐɛŬ 6. ȼɚŮəŰɟɞɢɖɛɘəɐ ŮəŰɑɛɖůɖ Űɤɜ ŭŮɘɔɛɎŰɤɜ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŬɜ ůŰɞɡɠ 740 ÁC 

(ŬɟɘůŰŮɟɎ) əŬɘ 800 ÁC (ŭŮɝɘɎ) ɔɘŬ 1 ɩɟŬ (G740-60 əŬɘ G800-60, ŬɜŰɑůŰɞɘɢŬ). (Ŭ) ȸɟɧɔɢɞɘ 

əɡəɚɘəɐɠ ɓɞɚŰŬɛŮŰɟɑŬɠ ůŮ ŭɘɎűɞɟɞɡɠ ɟɡɗɛɞɨɠ ůɎɟɤůɖɠ. (ɓ) ȾŬɛˊɨɚŮɠ űɧɟŰɘůɖɠ-ŮəűɧɟŰɘůɖɠ 

ůŮ ŭɘɎűɞɟŮɠ Űɘɛɏɠ ɟŮɨɛŬŰɞɠ. (ɔ) ȾŬɛˊɨɚŮɠ Nyquist. ɇŬ ɏɜɗŮŰŬ ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔŮɜɗɡɛɏɜɖ 

ˊŮɟɘɞɢɐ Űɞɡ ŬɟɘůŰŮɟɞɨ ɛɏɟɞɡɠ Űɖɠ ɔɟŬűɘəɐɠ, ˊɞɡ ŬɜŰɘůŰɞɘɢŮɑ ůŰɘɠ ɡɣɖɚɧŰŮɟŮɠ ůɡɢɜɧŰɖŰŮɠ.  

(Ŭ) 

(ɔ) 

(ɓ) 


