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ɀȷɅȽȷ ȷɁɇɋɁɃɄɃɈȿɃɈ 

 

ɇɀȼɀȷ ȹȽȷɉȺȽɅȽɆȼɆ ɄȺɅȽȸȷȿȿɃɁɇɃɆ ȾȷȽ ūɈɆȽȾɋɁ ɄɃɅɋɁ 

ɄȷɁȺɄȽɆɇȼɀȽɃ ɄȷɇɅɋɁ 

 

 

ȺɄɇȷɀȺȿȼɆ ȺɂȺɇȷɆɇȽȾȼ ȺɄȽɇɅɃɄȼ 

 

ȾɤɜůŰŬɜŰɑɜɞɡ ȽɤɎɜɜɖɠ 

(Ⱥˊɘɓɚɏˊɤɜ) 

ȷɜŬˊɚɖɟɤŰɐɠ ȾŬɗɖɔɖŰɐɠ, ɇɛɐɛŬ ȹɘŬɢŮɑɟɘůɖɠ 

ɄŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ ūɡůɘəɩɜ Ʉɧɟɤɜ, 

ɄŬɜŮˊɘůŰɐɛɘɞ ɄŬŰɟɩɜ 

 

ȹŮɚɖɔɘŬɜɜɎəɖɠ ȽɤɎɜɜɖɠ ȾŬɗɖɔɖŰɐɠ, ɇɛɐɛŬ ȹɘŬɢŮɑɟɘůɖɠ 

ɄŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ ūɡůɘəɩɜ Ʉɧɟɤɜ, 

ɄŬɜŮˊɘůŰɐɛɘɞ ɄŬŰɟɩɜ 

 

ɉɘůəɘɎ ȷɜŬůŰŬůɑŬ ɉɖɛɘəɧɠ / ȸŬɗɛɑŭŬ ȷ', ȽɜůŰɘŰɞɨŰɞ 

ūɡůɘəɞɢɖɛŮɑŬɠ, ȺȾȺūȺ ȹɖɛɧəɟɘŰɞɠ 

 

ȸŬɥɛɎəɖɠ ɇɘɓɏɟɘɞɠ  ȾŬɗɖɔɖŰɐɠ, ɇɛɐɛŬ ɉɖɛŮɑŬɠ, ɄŬɜŮˊɘůŰɐɛɘɞ 

ȽɤŬɜɜɑɜɤɜ 

 

ɀŬɜŰɕŬɓɑɜɞɠ ȹɘɞɜɨůɘɞɠ ȾŬɗɖɔɖŰɐɠ, ɇɛɐɛŬ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ, 

ɄŬɜŮˊɘůŰɐɛɘɞ ɄŬŰɟɩɜ 

 

ɄŬˊŬŭɎəɖ ɀŬɟɑŬ ȾŬɗɖɔɐŰɟɘŬ, ɇɛɐɛŬ ȹɘŬɢŮɑɟɘůɖɠ 

ɄŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ ūɡůɘəɩɜ Ʉɧɟɤɜ, 

ɄŬɜŮˊɘůŰɐɛɘɞ ɄŬŰɟɩɜ 

 

ȿŬɛˊɟɞˊɞɨɚɞɡ ȹɐɛɖŰɟŬ ȿɏəŰɞɟŬɠ, ɇɛɐɛŬ ɉɖɛŮɑŬɠ, ȷɟɘůŰɞŰɏɚŮɘɞ 

ɄŬɜŮˊɘůŰɐɛɘɞ ŪŮůůŬɚɞɜɑəɖɠ 

 

 

 

 



 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

H ˊŬɟɞɨůŬ ɏɟŮɡɜŬ ɏɢŮɘ ůɡɔɢɟɖɛŬŰɞŭɞŰɖɗŮɑ Ŭˊɧ Űɖɜ ȺɡɟɤˊŬɥəɐ Ȱɜɤůɖ (ȺɡɟɤˊŬɥəɧ 

Ⱦɞɘɜɤɜɘəɧ ɇŬɛŮɑɞ - ȺȾɇ) əŬɘ Ŭˊɧ Ůɗɜɘəɞɨɠ ˊɧɟɞɡɠ ɛɏůɤ Űɞɡ ȺˊɘɢŮɘɟɖůɘŬəɞɨ 

ɄɟɞɔɟɎɛɛŬŰɞɠ çȺəˊŬɑŭŮɡůɖ əŬɘ ȹɘŬ ȸɑɞɡ ɀɎɗɖůɖè Űɞɡ Ⱥɗɜɘəɞɨ ɆŰɟŬŰɖɔɘəɞɨ ɄɚŬɘůɑɞɡ 

ȷɜŬűɞɟɎɠ (ȺɆɄȷ) ï ȺɟŮɡɜɖŰɘəɧ ɉɟɖɛŬŰɞŭɞŰɞɨɛŮɜɞ Ȱɟɔɞ: ȼɟɎəɚŮɘŰɞɠ ȽȽ. Ⱥˊɏɜŭɡůɖ 

ůŰɖɜ əɞɘɜɤɜɑŬ Űɖɠ ɔɜɩůɖɠ ɛɏůɤ Űɞɡ ȺɡɟɤˊŬɥəɞɨ Ⱦɞɘɜɤɜɘəɞɨ ɇŬɛŮɑɞɡ. 

 

 

 

 

  



 
 
 
 

ɄɅɃȿɃũɃɆ 

 

ȼ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ ɏɢŮɘ ŰɑŰɚɞ çūɤŰɞəŬŰŬɚɡŰɘəɐ ŭɘɎůˊŬůɖ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ 

ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ ůŮ ɡŭŬŰɘəɎ ůɡůŰɐɛŬŰŬè əŬɘ ŮəˊɞɜɐɗɖəŮ ůŰɞ ȺɟɔŬůŰɐɟɘɞ ɅɨˊŬɜůɖɠ əŬɘ 

ɇŮɢɜɞɚɞɔɘɩɜ ɄɟɞůŰŬůɑŬɠ ɄŮɟɘɓɎɚɚɞɜŰɞɠ Űɞɡ ɇɛɐɛŬŰɞɠ ȹɘŬɢŮɑɟɘůɖɠ ɄŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ 

ūɡůɘəɩɜ Ʉɧɟɤɜ Űɞɡ ɄŬɜŮˊɘůŰɖɛɑɞɡ ɄŬŰɟɩɜ ɡˊɧ Űɖɜ ŮˊɑɓɚŮɣɖ Űɞɡ ȷɜŬˊɚɖɟɤŰɐ ȾŬɗɖɔɖŰɐ 

ə. ȽɤɎɜɜɖ ȾɤɜůŰŬɜŰɑɜɞɡ. ɀɏɟɞɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ŮəˊɞɜɐɗɖəŮ ůŰɖ ɀɞɜɎŭŬ 

ɄŮɟɘɓŬɚɚɞɜŰɘəɐɠ, ɃɟɔŬɜɘəɐɠ əŬɘ ȸɘɞɢɖɛɘəɐɠ ŬɜɎɚɡůɖɠ ɡɣɖɚɐɠ ȺɡəɟɑɜŮɘŬɠ-ORBITRAP-LC-

MS Űɞɡ ɄŬɜŮˊɘůŰɐɛɘɞɡ ȽɤŬɜɜɑɜɤɜ Űɖɜ ɞˊɞɑŬ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɔɘŬ Űɖɜ ˊɟɧůɓŬůɖ 

ůŰɘɠ ɡˊɖɟŮůɑŮɠ Űɖɠ ɀɞɜɎŭŬɠ. 

H ˊŬɟɞɨůŬ ɏɟŮɡɜŬ ɏɢŮɘ ůɡɔɢɟɖɛŬŰɞŭɞŰɖɗŮɑ Ŭˊɧ Űɖɜ ȺɡɟɤˊŬɥəɐ Ȱɜɤůɖ (ȺɡɟɤˊŬɥəɧ 

Ⱦɞɘɜɤɜɘəɧ ɇŬɛŮɑɞ - ȺȾɇ) əŬɘ Ŭˊɧ Ůɗɜɘəɞɨɠ ˊɧɟɞɡɠ ɛɏůɤ Űɞɡ ȺˊɘɢŮɘɟɖůɘŬəɞɨ ɄɟɞɔɟɎɛɛŬŰɞɠ 

çȺəˊŬɑŭŮɡůɖ əŬɘ ȹɘŬ ȸɑɞɡ ɀɎɗɖůɖè Űɞɡ Ⱥɗɜɘəɞɨ ɆŰɟŬŰɖɔɘəɞɨ ɄɚŬɘůɑɞɡ ȷɜŬűɞɟɎɠ (ȺɆɄȷ) 

ï ȺɟŮɡɜɖŰɘəɧ ɉɟɖɛŬŰɞŭɞŰɞɨɛŮɜɞ Ȱɟɔɞ: ȼɟɎəɚŮɘŰɞɠ ȽȽ. Ⱥˊɏɜŭɡůɖ ůŰɖɜ əɞɘɜɤɜɑŬ Űɖɠ ɔɜɩůɖɠ 

ɛɏůɤ Űɞɡ ȺɡɟɤˊŬɥəɞɨ Ⱦɞɘɜɤɜɘəɞɨ ɇŬɛŮɑɞɡ. ȷˊɞŰŮɚŮɑ ɏɜŬ Ŭˊɧ ŰŬ ŮɟŮɡɜɖŰɘəɎ ɏɟɔŬ Űɞɡ 

ɄŬɜŮˊɘůŰɖɛɑɞɡ ȽɤŬɜɜɑɜɤɜ ˊɞɡ ɏɢɞɡɜ ɢɟɖɛŬŰɞŭɞŰɖɗŮɑ ůŰɞ ˊɚŬɑůɘɞ Űɞɡ ˊɟɞɔɟɎɛɛŬŰɞɠ 

ȼɟɎəɚŮɘŰɞɠ ȽȽ ɛŮŰɎ Ŭˊɧ Ŭɝɘɞɚɧɔɖůɖ. ȼ Ůɜ ɚɧɔɤ ŮɟŮɡɜɖŰɘəɐ ˊɟɧŰŬůɖ ɡˊɞɓɚɐɗɖəŮ ɔɘŬ 

Ŭɝɘɞɚɧɔɖůɖ əŬŰɎ Űɖɜ ˊŮɟɑɞŭɞ ɧˊɞɡ Űɞ ŰɛɐɛŬ ȹɘŬɢŮɑɟɘůɖɠ ɄŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ ūɡůɘəɩɜ 

Ʉɧɟɤɜ ŬˊɞŰŮɚɞɨůŮ ŰɛɐɛŬ Űɞɡ ɄŬɜŮˊɘůŰɐɛɘɞ ȽɤŬɜɜɑɜɤɜ ɛŮ ɏŭɟŬ Űɞ ȷɔɟɑɜɘɞ ɛŮ Űɞ Ʉ.ȹ. 

96/98. Ⱥɜ ůɡɜŮɢŮɑŬ Űɞ ŰɛɐɛŬ ŮɜŰɎɢɗɖəŮ ůŰɞ ɄŬɜŮˊɘůŰɐɛɘɞ ȹɡŰɘəɐɠ ȺɚɚɎŭŬɠ ˊɞɡ ɘŭɟɨɗɖəŮ 

Űɞɜ ɆŮˊŰɏɛɓɟɘɞ Űɞɡ 2009 ɛŮ Űɞ Ɏɟɗɟɞ 40 Űɞɡ Ɂ. 3794 (ūȺȾ ȷ 156/4.9.2009). ɇɞɜ Ƚɞɨɜɘɞ Űɞɡ 

2013 Űo ɄŬɜŮˊɘůŰɐɛɘɞ ȹɡŰɘəɐɠ ȺɚɚɎŭŬɠ əŬŰŬɟɔɐɗɖəŮ ɛŮ Űɞ Ʉ.ȹ. 89/4-6-2013 (ūȺȾ ȷ' 

130/5-6-13) əŬɘ Űɞ ɇɛɐɛŬ ȹɘŬɢŮɑɟɘůɖɠ ɄŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ ūɡůɘəɩɜ Ʉɧɟɤɜ əŬɘ ɞɘ ɡˊɖɟŮůɑŮɠ 

Űɞɡ ŮɜŰɎɢɗɖəŬɜ ůŰɞ ɄŬɜŮˊɘůŰɐɛɘɞ ɄŬŰɟɩɜ. 

Ɇəɞˊɧɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ŮɑɜŬɘ ɖ ůɡůŰɖɛŬŰɘəɐ ɛŮɚɏŰɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ 

Ŭˊɞɘəɞŭɧɛɖůɖɠ ŮˊɘɚŮɔɛɏɜɤɜ ɟɨˊɤɜ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ əŬɘ ŬɜŬŭɡɧɛŮɜɤɜ ɟɨˊɤɜ. Ƀɘ ŮɜɩůŮɘɠ 

DEET, metribuzin, 2-ɘůɞˊɟɧˊɡɚo-3-ɛŮɗɧɝɡ ˊɡɟŬɕɑɜɖ, ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ, ɓŮɜɕɞɥəɧ ɞɝɨ, 

Cr(VI) əŬɘ űŬɘɜɞɚɘəɏɠ ŮɜɩůŮɘɠ ŮˊɘɚɏɢɗɖəŬɜ ɤɠ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɏɠ ŮɜɩůŮɘɠ ɟɨˊɤɜ ˊɞɡ 

ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ůŮ ɚɑůŰŮɠ ɟɨˊɤɜ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ Űɖɠ ŭɘŮɗɜɞɨɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ. ȼ Ůˊɘɚɞɔɐ 

Űɤɜ ŮɜɩůŮɤɜ ɓŬůɑůŰɖəŮ ůŰŬ ŭŮŭɞɛɏɜŬ Űɖɠ ŭɘŬɗɏůɘɛɖɠ ɓɘɓɚɘɞɔɟŬűɑŬɠ ɛŮ ɏɛűŬůɖ Űɖ 

ůɡɢɜɧŰɖŰŬ əŬɘ ŰŬ ŮˊɑˊŮŭŬ ŬɜɑɢɜŮɡůɐɠ Űɞɡɠ ůŮ ɡŭŬŰɘəɎ ůɡůŰɐɛŬŰŬ, Űɖ ɢɖɛɘəɐ əŬŰɖɔɞɟɑŬ, Űɖɜ 

ɡˊɞɚŮɘɛɛŬŰɘəɧŰɖŰɎ Űɞɡɠ əŬɘ Űɘɠ ŮˊɘŭɟɎůŮɘɠ Űɞɡɠ ůŰɞ ɞɘəɞůɨůŰɖɛŬ əŬɘ Űɖɜ Ŭɜɗɟɩˊɘɜɖ ɡɔŮɑŬ 

əŬɘ Űɏɚɞɠ ůŰɘɠ ˊŮɟɘɞɟɘůɛɏɜŮɠ ɡˊɎɟɢɞɡůŮɠ ŮűŬɟɛɞɔɏɠ ˊɟɞɢɤɟɖɛɏɜɤɜ ɞɝŮɘŭɤŰɘəɩɜ ɛŮɗɧŭɤɜ 

ɔɘŬ Űɖ ŭɘɎůˊŬůɖɠ Űɞɡɠ. 



 
 
 
 

ɀŮ ůŰɧɢɞ Űɖɜ ŮűŬɟɛɞɔɐ ŬˊɞŰŮɚŮůɛŬŰɘəɩɜ ɛŮɗɧŭɤɜ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ 

ˊŬɟŬˊɎɜɤ ŮɜɩůŮɤɜ Ŭˊɧ ŰŬ ɡɔɟɎ ŬˊɧɓɚɖŰŬ əŬɘ ŰŬ ɡŭŬŰɘəɎ ůɡůŰɐɛŬŰŬ ɛŮɚŮŰɐɗɖəŮ 

ůɡůŰɖɛŬŰɘəɎ ɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Űɞɡɠ Ŭˊɞɘəɞŭɧɛɖůɖ ɛŮ Űɖ ɢɟɐůɖ ɟ́ɞůɞɛɞɘɤɛɏɜɖɠ ɖɚɘŬəɐɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ űɤŰɞəŬŰŬɚɡŰɩɜ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ŰɘŰŬɜɑɞɡ. ȼ ɏɟŮɡɜŬ ŮˊɘəŮɜŰɟɩɗɖəŮ ůŰɞɜ 

ɏɚŮɔɢɞ əŬɘ ůŰɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɤɜ ůɖɛŬɜŰɘəɧŰŮɟɤɜ ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ Ůˊɘŭɟɞɨɜ ůŰɖɜ 

Ŭˊɧŭɞůɖ Űɖɠ ŭɘŮɟɔŬůɑŬɠ. ɆɡɔəŮəɟɘɛɏɜŬ, ɛŮɚŮŰɐɗɖəŮ ɖ ŮˊɑŭɟŬůɖ Űɤɜ ɚŮɘŰɞɡɟɔɘəɩɜ 

ˊŬɟŬɛɏŰɟɤɜ, ɖ ŭɟŬůŰɘəɧŰɖŰŬ ŭɘŬűɞɟŮŰɘəɩɜ ɛɞɟűɩɜ TiO2, ɖ  ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɖɠ ŭɘŮɟɔŬůɑŬɠ, 

ɞ ɟɡɗɛɧɠ Ŭˊɞŭɧɛɖůɖɠ Űɤɜ ɟɨˊɤɜ, ɞ ɓŬɗɛɧɠ ŬɜɞɟɔŬɜɞˊɞɑɖůɖɠ, ɖ ŰŬɡŰɞˊɞɑɖůɖ əŬɘ ɞ 

ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ˊɟɞɥɧɜŰɤɜ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ Űɤɜ ŮˊɘɚŮɔɛɏɜɤɜ ɟɨˊɤɜ əŬɘ 

Űɏɚɞɠ ɖ ɛŮŰŬɓɞɚɐ  Űɖɠ ŰɞɝɘəɧŰɖŰŬɠ.  

ũɘŬ Űɖɜ ɡɚɞˊɞɑɖůɖ Űɞɡ ůŰɧɢɞɡ Űɖɠ ŭɘŬŰɟɘɓɐɠ ŬɜŬˊŰɨɢɗɖəŬɜ əŬɘ ŮűŬɟɛɧůŰɖəŬɜ 

ŬɜŬɚɡŰɘəɏɠ ɛŮɗɞŭɞɚɞɔɑŮɠ ɔɘŬ Űɞɜ ˊɞɘɞŰɘəɧ əŬɘ ˊɞůɞŰɘəɧ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ŮˊɘɚŮɔɛɏɜɤɜ 

ŮɜɩůŮɤɜ ůŮ űɡůɘəɎ ɜŮɟɎ əŬɘ ŮˊŮɝŮɟɔŬůɛɏɜŬ ɚɨɛŬŰŬ ɛŮ Űɖ ɢɟɐůɖ ůɨɔɢɟɞɜɤɜ ŰŮɢɜɘəɩɜ 

Ůəɢɨɚɘůɖɠ əŬɘ ɢɟɤɛŬŰɞɔɟŬűɘəɩɜ ŰŮɢɜɘəɩɜ ŬɜɎɚɡůɖɠ. ũɘŬ Űɖɜ ŰŬɡŰɞˊɞɑɖůɖ Űɤɜ ˊɟɞɥɧɜŰɤɜ 

ŭɘɎůˊŬůɖɠ Űɞɡɠ əŬɘ Űɤɜ ůɢɖɛŬŰɘɕɧɛŮɜɤɜ ɟɘɕɩɜ ŮűŬɟɛɧůŰɖəŬɜ ˊɟɞɖɔɛɏɜŮɠ ŰŮɢɜɞɚɞɔɑŮɠ 

űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛɎɕŬɠ ɡɣɖɚɐɠ ŭɘŬəɟɘŰɘəɐɠ ɘəŬɜɧŰɖŰŬɠ əŬɘ ŬəɟɑɓŮɘŬɠ ɛɎɕŬɠ əŬɘ  

űŬůɛŬŰɞůəɞˊɘəɏɠ ŰŮɢɜɘəɏɠ ȺPR. Ƀ ɏɚŮɔɢɞɠ Űɖɠ ŰɞɝɘəɧŰɖŰŬɠ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ˊɟɞɥɧɜŰɤɜ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖ ŭɞəɘɛɐ ŰɞɝɘəɧŰɖŰŬɠ Mictotox, ɛŮ Űɖɜ ɞˊɞɑŬ ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ɖ 

ŬɜŬůŰɞɚɐ Űɖɠ ɓɘɞűɤŰŬɨɔŮɘŬɠ Űɞɡ ɓŬəŰɖɟɑɞɡ Vibriɞ Fischeri ˊɞɡ ˊɟɞəŬɚŮɑŰŬɘ Ŭˊɧ Űɖɜ 

ŮˊɑŭɟŬůɖ Űɤɜ Űɞɝɘəɩɜ ɞɡůɘɩɜ. 

 

 

 

 

H ˊŬɟɞɨůŬ ɏɟŮɡɜŬ ɏɢŮɘ ůɡɔɢɟɖɛŬŰɞŭɞŰɖɗŮɑ Ŭˊɧ Űɖɜ ȺɡɟɤˊŬɥəɐ Ȱɜɤůɖ (ȺɡɟɤˊŬɥəɧ 

Ⱦɞɘɜɤɜɘəɧ ɇŬɛŮɑɞ - ȺȾɇ) əŬɘ Ŭˊɧ Ůɗɜɘəɞɨɠ ˊɧɟɞɡɠ ɛɏůɤ Űɞɡ ȺˊɘɢŮɘɟɖůɘŬəɞɨ 

ɄɟɞɔɟɎɛɛŬŰɞɠ çȺəˊŬɑŭŮɡůɖ əŬɘ ȹɘŬ ȸɑɞɡ ɀɎɗɖůɖè Űɞɡ Ⱥɗɜɘəɞɨ ɆŰɟŬŰɖɔɘəɞɨ ɄɚŬɘůɑɞɡ 

ȷɜŬűɞɟɎɠ (ȺɆɄȷ) ï ȺɟŮɡɜɖŰɘəɧ ɉɟɖɛŬŰɞŭɞŰɞɨɛŮɜɞ Ȱɟɔɞ: ȼɟɎəɚŮɘŰɞɠ ȽȽ. Ⱥˊɏɜŭɡůɖ 

ůŰɖɜ əɞɘɜɤɜɑŬ Űɖɠ ɔɜɩůɖɠ ɛɏůɤ Űɞɡ ȺɡɟɤˊŬɥəɞɨ Ⱦɞɘɜɤɜɘəɞɨ ɇŬɛŮɑɞɡ. 

 

 



 
 
 
 

ȺɈɉȷɅȽɆɇȽȺɆ  

 

éé.ȰɜŬ ŰŬɝɑŭɘ, ɔɘŬ ɛɏɜŬ, ɝŮəɘɜɎ Ŭˊɧ Űɖ ůŰɘɔɛɐ ˊɞɡ ɗŬ ŬˊɞűŬůɑůɤ ɜŬ Űɞ 

ˊɟŬɔɛŬŰɞˊɞɘɐůɤ. ūɗɎɜɞɜŰŬɠ ůŰɖ ŭɘəɐ ɛɞɡ ȽɗɎəɖ, ɛŮŰɎ Ŭˊɧ ŰɟɑŬ ɢɟɧɜɘŬ Ůˊɘɛɞɜɐɠ, 

ɡˊɞɛɞɜɐɠ, Ůˊɑˊɞɜɖɠ ˊɟɞůˊɎɗŮɘŬɠ, ŮɜɗɞɡůɘŬůɛɞɨ, ůŰɘɔɛɩɜ ɢŬɟɎɠ, Ɏɔɢɞɡɠ əŬɘ 

ŬˊɞɔɞɐŰŮɡůɖɠéééé 

ɉŬɑɟɞɛŬɘ ɔɘŬ Űɘɠ ˊɞɚɨŰɘɛŮɠ ɔɜɩůŮɘɠ ˊɞɡ ŬˊɏəŰɖůŬééé.., ɉŬɑɟɞɛŬɘ ɔɘŬ Űɞɡɠ Ŭɝɘɧɚɞɔɞɡɠ 

Ŭɜɗɟɩˊɞɡɠ ˊɞɡ ɔɜɩɟɘůŬ əŬɘ ůɡɜŮɟɔɎůŰɖəŬéééé.., ɉŬɑɟɞɛŬɘ ˊɞɡ əɎɗŮ ŭɡůəɞɚɑŬ ɏɔɘɜŮ 

ɔɜɩůɖ əŬɘ ŮɛˊŮɘɟɑŬéé., ɉŬɑɟɞɛŬɘ ˊɞɡ ŭɘŬˊɘůŰɩɜɤ ɧŰɘ ŮɑɢŬ ˊɎɜŰŬ Ŭɜɗɟɩˊɞɡɠ ŭɑˊɚŬ 

ɛɞɡéééé 

ȾɎˊɞɘŮɠ űɞɟɏɠ ɗŮɠ ɜŬ ˊŮɘɠ ŰɧůŬ ˊɞɚɚɎ ɔɘŬ ɏɜŬɜ Ɏɜɗɟɤˊɞ əŬɘ ŭŮ ɛˊɞɟŮɑɠ ɔɘŬŰɑ ŭɘŬˊɘůŰɩɜŮɘɠ 

ɧŰɘ ŰŬ ɚɧɔɘŬ ŮɑɜŬɘ ˊɎɜŰŬ ɚɑɔŬ ɔɘŬ ɜŬ ŬˊɞŰɘɛɐůɞɡɜ Űɖ ůɖɛŬɜŰɘəɐ ˊɟɞůűɞɟɎ Ůɜɧɠ ŭŬůəɎɚɞɡ-

ŮˊɘůŰɐɛɞɜŬ ˊɞɡ ɐŰŬɜ ˊɎɜŰŬ ˊŬɟɩɜ ɧɚŬ ŬɡŰɎ ŰŬ ɢɟɧɜɘŬéé ɆŰɞɜ ȷɜŬˊɚɖɟɤŰɐ ȾŬɗɖɔɖŰɐ ə. 

ȽɤɎɜɜɖ ȾɤɜůŰŬɜŰɑɜɞɡ ɡˊŮɨɗɡɜɞ ɔɘŬ Űɖɜ ŬɜɎɗŮůɖ Űɞɡ ɗɏɛŬŰɞɠ əŬɘ Űɖɜ ŮˊɑɓɚŮɣɖ Űɖɠ ŭɘŬŰɟɘɓɐɠ 

ɛɞɡ ɗɏɚɤ ɞɚɧɣɡɢŬ ɜŬ ŮəűɟɎůɤ Űɘɠ ˊɘɞ ɗŮɟɛɏɠ ɛɞɡ ŮɡɢŬɟɘůŰɑŮɠ ɔɘŬ Űɖɜ ˊɞɚɨŰɘɛɖ əŬɗɞŭɐɔɖůɖ 

əŬɘ Űɖɜ ŬɛɏɟɘůŰɖ ŮˊɘůŰɖɛɞɜɘəɐ əŬɘ ɖɗɘəɐ ɡˊɞůŰɐɟɘɝɖ ůŮ ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ˊɞɚɡŮŰɞɨɠ 

ůɡɜŮɟɔŬůɑŬɠ ɛŬɠ. ȷˊɞŰɏɚŮůŮ ůɡɜɞŭɞɘˊɧɟɞ əŬɘ ɏɜŬɜ ˊɞɚɨŰɘɛɞ ůɨɛɛŬɢɞ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

ˊɞɚɨɢɟɞɜɖɠ ŬɡŰɐɠ ˊɟɞůˊɎɗŮɘŬɠ, ůɡɛɓɎɚɚɞɜŰŬɠ ůɖɛŬɜŰɘəɎ ůŰɖɜ ŮɟŮɡɜɖŰɘəɐ ɛɞɡ əŬŰɎɟŰɘůɖ əŬɘ 

ŮəˊŬɑŭŮɡůɖ əŬɗɩɠ əŬɘ ůŰɖ ŭɘŬɛɧɟűɤůɖ Űɖɠ ŮˊɘůŰɖɛɞɜɘəɐɠ ɛɞɡ ůəɏɣɖɠ. ɄŬɟɎ Űɘɠ ŬɡɝɖɛɏɜŮɠ 

ɡˊɞɢɟŮɩůŮɘɠ Űɞɡ, ɐŰŬɜ ˊɎɜŰŬ əɞɜŰɎ ɛɞɡ ɔɘŬ ɜŬ ɡˊŮɟəŮɟɎůŮɘ əɎɗŮ ˊɟɧɓɚɖɛŬ ˊɞɡ ŬɜŰɘɛŮŰɩˊɘɕŬ, 

ɜŬ ŬəɞɨůŮɘ Űɞɡɠ ˊɟɞɓɚɖɛŬŰɘůɛɞɨɠ ɛɞɡ, ɞɡůɘŬůŰɘəɞɨɠ ɐ Ŭɜɞɨůɘɞɡɠ, ɛŮŰŬŭɑŭɞɜŰŬɠ  ˊŬɟɎɚɚɖɚŬ 

Űɖɜ ŮɛˊɘůŰɞůɨɜɖ əŬɘ Űɖɜ ŬɘůɘɞŭɞɝɑŬ Űɞɡ. ŪŬ ɐɗŮɚŬ Ůˊɑůɖɠ ɜŬ Űɞɜ ŮɡɢŬɟɘůŰɐůɤ ɔɘŬ Űɖɜ 

ŮɝŬůűɎɚɘůɖ Űɤɜ ŬˊŬɘŰɞɨɛŮɜɤɜ ɡɚɘəɞŰŮɢɜɘəɩɜ ɛɏůɤɜ ɧɚŬ ŰŬ ɢɟɧɜɘŬ Űɖɠ ůɡɜŮɟɔŬůɑŬɠ ɛŬɠ 

əŬɗɩɠ əŬɘ ɔɘŬ Űɖ ŭɡɜŬŰɧŰɖŰŬ ˊɞɡ ɛɞɡ ˊɟɞůɏűŮɟŮ ɜŬ Ŭůɢɞɚɖɗɩ ŮɟŮɡɜɖŰɘəɎ ɛŮ ŭɘɎűɞɟŬ 

ŮˊɘůŰɖɛɞɜɘəɎ ɗɏɛŬŰŬ ˊɏɟŬ Ŭˊɧ Űɞ ˊɚŬɑůɘɞ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ. 

ȽŭɘŬɑŰŮɟŮɠ ŮɡɢŬɟɘůŰɑŮɠ ɞűŮɑɚɤ ůŰɞɜ ȾŬɗɖɔɖŰɐ ə. ũɘɎɜɜɖ ȹŮɚɖɔɘŬɜɜɎəɖ əŬɘ ɛɏɚɞɠ Űɖɠ 

ůɡɛɓɞɡɚŮɡŰɘəɐɠ ŮˊɘŰɟɞˊɐɠ ɔɘŬ Űɖɜ ɎɟɘůŰɖ ůɡɜŮɟɔŬůɑŬ əŬɘ Űɖɜ əŬɗɞɟɘůŰɘəɐ ůɡɛɓɞɚɐ Űɞɡ ůŰɖɜ 

Ůɝɏɚɘɝɖ Űɖɠ ŭɘŬŰɟɘɓɐɠ ŬɡŰɐɠ. Ƀɘ ůɡɕɖŰɐůŮɘɠ, ɞɘ ŮɨůŰɞɢŮɠ ˊŬɟŬŰɖɟɐůŮɘɠ Űɞɡ əŬɘ ɞɘ ˊɞɚɨŰɘɛŮɠ 

ůɡɛɓɞɡɚɏɠ Űɞɡ ŬˊɞŰɏɚŮůŬɜ ˊɖɔɏɠ ɔɧɜɘɛɞɡ ˊɟɞɓɚɖɛŬŰɘůɛɞɨ əŬɘ ɏɛˊɜŮɡůɖɠ. ŪŬ ɐɗŮɚŬ Ůˊɑůɖɠ ɜŬ 

ŮɡɢŬɟɘůŰɐůɤ Űɖɜ ȺɟŮɡɜɐŰɟɘŬ ȷô əŬ ɉɘůəɘɎ ȷɜŬůŰŬůɑŬ ɔɘŬ Űɖ ůɡɛɛŮŰɞɢɐ Űɖɠ ůŰɖɜ ŰɟɘɛŮɚɐ 

ůɡɛɓɞɡɚŮɡŰɘəɐ ŮˊɘŰɟɞˊɐ əŬɘ Űɘɠ ɞɡůɘŬůŰɘəɏɠ ˊŬɟŬŰɖɟɐůŮɘɠ Űɖɠ ůŰɖɜ Ůɝɏɚɘɝɖ Űɖɠ ŭɘŬŰɟɘɓɐɠ. 

ɇɘɠ ɗŮɟɛɏɠ ɛɞɡ ŮɡɢŬɟɘůŰɑŮɠ ɗɏɚɤ ɜŬ ŮəűɟɎůɤ əŬɘ ůŰɖɜ ȾŬɗɖɔɐŰɟɘŬ əŬ. ɄŬˊŬŭɎəɖ ɀŬɟɑŬ, 

ɛɏɚɞɠ Űɖɠ ŮˊŰŬɛŮɚɞɨɠ ŮɝŮŰŬůŰɘəɐɠ ŮˊɘŰɟɞˊɐɠ, ɔɘŬ Űɖɜ Ɏɣɞɔɖ ůɡɜŮɟɔŬůɑŬ ůŮ ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

ŭɘŬŰɟɘɓɐɠ ɛɞɡ, Űɖɜ ɞɡůɘŬůŰɘəɐ ŮɜɗɎɟɟɡɜůɖ əŬɘ ůŰɐɟɘɝɖ əŬɘ Űɘɠ ˊɎɜŰŬ ŮˊɞɘəɞŭɞɛɖŰɘəɏɠ 

ůɡɕɖŰɐůŮɘɠ. ɇɖ ȿɏəŰɞɟŬ əŬ. ȿŬɛˊɟɞˊɞɨɚɞɡ ȹɐɛɖŰɟŬ, ŮɡɢŬɟɘůŰɩ ɔɘŬ Űɖɜ ˊɞɘɞŰɘəɐ ůɡɜŮɟɔŬůɑŬ, 



 
 
 
 

ŰŬ ˊɎɜŰŬ ɗŮŰɘəɎ Űɖɠ ůɢɧɚɘŬ əŬɘ ɔɘŬ Űɖ ůɡɛɛŮŰɞɢɐ Űɖɠ ůŰɖɜ ŮˊŰŬɛŮɚɐ ŮɝŮŰŬůŰɘəɐ ŮˊɘŰɟɞˊɐ. 

ȺɡɢŬɟɘůŰɩ Ůˊɑůɖɠ Űɞɡɠ ȾŬɗɖɔɖŰɏɠ ə. ȸŬɥɛɎəɖ ɇɘɓɏɟɘɞ əŬɘ ə. ɀŬɜŰɕŬɓɑɜɞ ȹɘɞɜɨůɘɞ ɔɘŬ Űɖ 

ůɡɛɛŮŰɞɢɐ Űɞɡɠ ůŰɖɜ ŮˊŰŬɛŮɚɐ ŮɝŮŰŬůŰɘəɐ ŮˊɘŰɟɞˊɐ. 

Ʉɞɚɚɏɠ ŮɡɢŬɟɘůŰɑŮɠ ɗŬ ɐɗŮɚŬ Ŭəɧɛɖ ɜŬ ŬˊŮɡɗɨɜɤ: 

Ĕ ɆŰɖɜ ȷɜŬˊɚɖɟɩŰɟɘŬ ȾŬɗɖɔɐŰɟɘŬ əŬ. ɉŮɚɎ ȹɐɛɖŰɟŬ Űɞɡ ɇɛɐɛŬŰɞɠ ȹɘɞɑəɖůɖɠ 

ȺˊɘɢŮɘɟɐůŮɤɜ ȷɔɟɞŰɘəɩɜ ɄɟɞɥɧɜŰɤɜ əŬɘ ɇɟɞűɑɛɤɜ ɔɘŬ Űɖ űɘɚɞɝŮɜɑŬ ůŰɞ ɢɩɟɞ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ 

ūɡŰɘəɐɠ ɄŬɟŬɔɤɔɐɠ əŬɘ ɔɘŬ Űɖɜ ˊŬɟŬɢɩɟɖůɖ ɓŬůɘəɞɨ, ɔɘŬ Űɖɜ ŭɘŭŬəŰɞɟɘəɐ ɛɞɡ ɏɟŮɡɜŬ, 

ŮɟɔŬůŰɖɟɘŬəɞɨ Ůɝɞˊɚɘůɛɞɨ. 

Ĕ ɆŰɞɜ Ⱥˊɑəɞɡɟɞ ȾŬɗɖɔɖŰɐ ə. ȹɖɛɐŰɟɖ ȸɚŬůŰɧ ɔɘŬ Űɖɜ ɎɟɘůŰɖ ůɡɜŮɟɔŬůɑŬ, Űɘɠ ˊɎɜŰŬ 

ˊŬɟŬɔɤɔɘəɏɠ ůɡɕɖŰɐůŮɘɠ əŬɘ Űɖɜ ŬəɞɨɟŬůŰɖ ŭɘɎɗŮůɖ Űɞɡ ɜŬ ůɡɛɛŮɟɘůŰŮɑ ɞˊɞɘɞŭɐˊɞŰŮ ɛɘəɟɧ ɐ 

ɛŮɔɎɚɞ ŮˊɘůŰɖɛɞɜɘəɧ ɐ ɛɖ ˊɟɞɓɚɖɛŬŰɘůɛɧ. 

Ĕ ɆŰɖ űɑɚɖ əŬɘ ůɡɜɎŭŮɚűɞ ȹɟ. ȷɜŬůŰŬůɑŬ ȾŬɟŬəɑŰůɞɡ, ɔɘŬ Űɖ ɓɞɐɗŮɘŬ ůŰɖɜ ŮəɛɎɗɖůɖ Űɖɠ 

ŬɏɟɘŬɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ-űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛɎɕŬɠ, ɔɘŬ Űɖɜ Ɏɣɞɔɖ ůɡɜŮɟɔŬůɑŬ əŬɘ Űɞ űɘɚɘəɧ əɚɑɛŬ 

ůŰɞ ŮɟɔŬůŰɐɟɘɞ ūɡŰɘəɐɠ ɄŬɟŬɔɤɔɐɠ. 

Ĕ ɆŰɞɜ ȹɟ. ũɘŬɜɜŬəɎ ȯɟɖ ɔɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ Űɤɜ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ əŬŰŬɚɡŰɩɜ TiO2. 

ũɘŬ Űɘɠ ŬŰɏɚŮɘɤŰŮɠ ɩɟŮɠ ˊɞɡ ˊŮɟɎůŬɛŮ ɛŬɕɑ ɗɏɚɤ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɧɚŬ ŰŬ ɛɏɚɖ Űoɡ 

ȺɟɔŬůŰɖɟɑɞɡ ȺɜɧɟɔŬɜɖɠ ɄŮɟɘɓŬɚɚɞɜŰɘəɐɠ ȷɜɎɚɡůɖɠ ɔɘŬ Űɖ űɘɚɘəɐ ŬŰɛɧůűŬɘɟŬ, ŬɚɚɎ əɡɟɑɤɠ 

Űɞɡɠ ůɡɜŮɟɔɎŰŮɠ əŬɘ űɑɚɞɡɠ ȹɟ. ɉŬɟɎɚŬɛˊɞ ɆəɞɡŰɏɚɖ, ə. ȽɤɎɜɜɖ ũŮɤɟɔɑɞɡ əŬɘ ə. ɉɟɐůŰɞ 

ȹŬɥəɧˊɞɡɚɞ ɔɘŬ Űɖɜ ɎɟɘůŰɖ ůɡɜŮɟɔŬůɑŬ, Űɘɠ ˊɞɚɨɤɟŮɠ ůɡɕɖŰɐůŮɘɠ, Űɘɠ ɎˊŮɘɟŮɠ ůŰɘɔɛɏɠ ɔɏɚɘɞɡ əŬɘ 

Űɖɜ ˊɞɚɨŰɘɛɖ əɎɗŮ Ůɑŭɞɡɠ ɓɞɐɗŮɘŬ ůŰɞ ŮɟɔŬůŰɐɟɘɞ.  

ɇɏɚɞɠ, ɏɜŬ ɛŮɔɎɚɞ ŮɡɢŬɟɘůŰɩ ůŰɖɜ ɞɘəɞɔɏɜŮɘŬ ɛɞɡ, ůŰɖ ɗŮɑŬ ɛɞɡ Ⱥɘɟɐɜɖ əŬɘ ůŰɘɠ űɑɚŮɠ ɛɞɡ, 

ɀɎɔŭŬ əŬɘ ȾŬŰŮɟɑɜŬ ɔɘŬ Űɖ ŭɘŬɟəɐ əŬɘ ˊɞɚɨˊɚŮɡɟɖ ůɡɛˊŬɟɎůŰŬůɖ ůŮ ɧɚŮɠ Űɘɠ ůŰɘɔɛɏɠ Űɖɠ ɕɤɐɠ 

ɛɞɡéééé..  

 

 

ȷɜŰɤɜɞˊɞɨɚɞɡ ɀŬɟɑŬ 

Ɂɞɏɛɓɟɘɞɠ, 2013 

  



 
 
 
 

ɄȺɅȽȿȼɊȼ 

 

Ƀɘ ůɨɔɢɟɞɜŮɠ ɞɘəɘŬəɏɠ, ɔŮɤɟɔɘəɏɠ, ɓɘɞɛɖɢŬɜɘəɏɠ əŬɘ ŬůŰɘəɏɠ ŭɟŬůŰɖɟɘɧŰɖŰŮɠ Űɞɡ 

Ŭɜɗɟɩˊɞɡ ůɡɜɏɓŬɚŬɜ ůŰɖɜ ŮɘůŬɔɤɔɐ Ůɜɧɠ ŬɡɝŬɜɧɛŮɜɞɡ Ŭɟɘɗɛɞɨ ɞɟɔŬɜɘəɩɜ əŬɘ ŬɜɧɟɔŬɜɤɜ 

ɟɨˊɤɜ ůŰŬ ɡŭɎŰɘɜŬ ůɡůŰɐɛŬŰŬ. ȼ ŬɜɎɔəɖ ŬɜŰɘɛŮŰɩˊɘůɖɠ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ Űɖɠ ɟɨˊŬɜůɖɠ 

Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ əŬɘ ɡˊɧɔŮɘɤɜ ɡŭɎŰɤɜ ɏɢŮɘ ɞŭɖɔɐůŮɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ ɜɏɤɜ əŬɘ 

ŬˊɞŰŮɚŮůɛŬŰɘəɩɜ ɛŮɗɧŭɤɜ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ ɏɛɛɞɜɤɜ əŬɘ ɛɖ ɓɘɞŬ́ ɞɘəɞŭɞɛɐůɘɛɤɜ 

ŮɜɩůŮɤɜ Ŭˊɧ Űɞ ɜŮɟɧ əŬɘ ŰŬ ɡɔɟɎ ŬˊɧɓɚɖŰŬ. ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ, ˊŬɟɎ Űɖɜ ŮɜŰŬŰɘəɐ ɢɟɐůɖ 

Űɤɜ ůɡɛɓŬŰɘəɩɜ ɛŮɗɧŭɤɜ ŬɜŰɘɟɟɨˊŬɜůɖɠ (ɓɘɞɚɞɔɘəɐ ŮˊŮɝŮɟɔŬůɑŬ, ˊɟɞůɟɧűɖůɖ ůŮ ŮɜŮɟɔɧ 

ɎɜɗɟŬəŬ, əɟɞəɑŭɤůɖ ə.Ŭ.) ɛŮɚŮŰɎŰŬɘ ŮɜŬɚɚŬəŰɘəɎ ɖ ŮűŬɟɛɞɔɐ Űɤɜ ŬˊɞəŬɚɞɨɛŮɜɤɜ 

Ʉɟɞɢɤɟɖɛɏɜɤɜ ɃɝŮɘŭɤŰɘəɩɜ ȹɘŮɟɔŬůɘɩɜ (Advanced Oxidation Processes). Ƀɘ ŭɘŮɟɔŬůɑŮɠ 

ŬɡŰɏɠ ɓŬůɑɕɞɜŰŬɘ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ŮɜŭɘɎɛŮůɤɜ ɡɣɖɚɐɠ ŭɟŬůŰɘəɧŰɖŰŬɠ (əɡɟɑɤɠ ɟɘɕɩɜ 

ɡŭɟɞɝɡɚɑɞɡ, HO
Å
) ɛŮ Űɖ ɢɟɐůɖ ŭɘŬűɧɟɤɜ ˊɖɔɩɜ ŮɜɏɟɔŮɘŬɠ, ɧˊɤɠ ŬəŰɘɜɞɓɞɚɘɩɜ ɡɣɖɚɐɠ 

ŮɜɏɟɔŮɘŬɠ əŬɘ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ. ɀŮŰŬɝɨ Űɤɜ ŭɘŬűɧɟɤɜ Ʉ.Ƀ.ɀ.ȷ, ůɖɛŬɜŰɘəɐ ɗɏůɖ 

əŬŰɏɢŮɘ ɖ ɛɏɗɞŭɞɠ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ.  

ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ɛŮɚŮŰɐɗɖəŮ ɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ 

ŮˊɘɚŮɔɛɏɜɤɜ ɟɨˊɤɜ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ əŬɘ ŬɜŬŭɡɧɛŮɜɤɜ ɟɨˊɤɜ ˊɞɡ Ŭɜɐəɞɡɜ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ 

ɢɖɛɘəɏɠ əŬŰɖɔɞɟɑŮɠ ɧˊɤɠ: Űɞ DEET, Űɞ metribuzin, ɖ 2-ɘůɞˊɟɧˊɡɚɞ-3-ɛŮɗɧɝɡ ˊɡɟŬɕɑɜɖ, ɖ 

ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ, Űɞ ɓŮɜɕɞɥəɧ ɞɝɨ, Űɞ Cr(VI) əŬɘ ɞɘ űŬɘɜɞɚɘəɏɠ ŮɜɩůŮɘɠ. ɋɠ 

űɤŰɞəŬŰŬɚɨŰŮɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɖ ˊɘɞ ŭɟŬůŰɘəɐ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛɖ ɛɞɟűɐ Űɞɡ ɇiO2, 

Degussa (Ⱥvonik) P-25 əŬɘ Űɟɞˊɞˊɞɘɖɛɏɜɞ ɇiO2 ɛŮ ɎɕɤŰɞ əŬɘ űɗɧɟɘɞ ɛŮ Ŭˊɧəɟɘůɖ ůŰɞ ɞɟŬŰɧ 

űɎůɛŬ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ. 

ũɘŬ Űɞ ůɨɜɞɚɞ Űɤɜ ŮɜɩůŮɤɜ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ, ɖ ɏɟŮɡɜŬ ŮˊɘəŮɜŰɟɩɗɖəŮ: i) ůŰɖ ɛŮɚɏŰɖ 

Űɖɠ əɘɜɖŰɘəɐɠ Űɖɠ Ŭˊɞŭɧɛɖůɖɠ Űɤɜ ŮˊɘɚŮɔɛɏɜɤɜ ɟɨˊɤɜ əŬɘ Űɖɠ ɞɚɘəɐɠ ŬɜɞɟɔŬɜɞˊɞɑɖůɖɠ Űɞɡɠ 

ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ, ii) ůŰɖ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ ɚŮɘŰɞɡɟɔɘəɩɜ 

ˊŬɟŬɛɏŰɟɤɜ ůŰɖɜ Ŭˊɧŭɞůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŬˊɞɛɎəɟɡɜůɖɠ Űɤɜ ɟɨˊɤɜ əŬɘ ůŰɖɜ ŮɨɟŮůɖ 

Űɤɜ ɓɏɚŰɘůŰɤɜ ůɡɜɗɖəɩɜ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ ŭɨɞ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɤɜ 

ɢɖɛŮɘɞɛŮŰɟɘəɩɜ ɛŮɗɧŭɤɜ, Űɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ (RSM) əŬɘ Űɤɜ ŰŮɢɜɖŰɩɜ 

ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ (ANNs), iii) ůŰɖɜ ŬɜɑɢɜŮɡůɖ əŬɘ ŰŬɡŰɞˊɞɑɖůɖ ŮɜŭɘɎɛŮůɤɜ ˊɟɞɥɧɜŰɤɜ 

ŭɘɎůˊŬůɖɠ Űɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ɛŮ űŬůɛŬŰɞɛŮŰɟɘəɏɠ ŰŮɢɜɘəɏɠ ɧˊɤɠ ɡɔɟɐ ɢɟɤɛŬŰɞɔɟŬűɑŬ- 

űŬůɛŬŰɞɛŮŰɟɑŬ ɛŬɕɩɜ ɡɣɖɚɐɠ ŭɘŬəɟɘŰɘəɐɠ ɘəŬɜɧŰɖŰŬɠ əŬɘ ŬəɟɑɓŮɘŬɠ ɛɎɕŬɠ ɛŮ ŬɜŬɚɡŰɐ 

ŰɟɞɢɘŬəɐɠ ˊŬɔɑŭŬɠ (Orbitrap) əŬɘ ŬɏɟɘŬ ɢɟɤɛŬŰɞɔɟŬűɑŬïűŬůɛŬŰɞɛŮŰɟɑŬ ɛɎɕŬɠ ɛŮ Űɖɜ 

ŰŮɢɜɘəɐ ɘɞɜŰɘůɛɞɨ ɛŮ ˊɟɧůəɟɞɡůɖ ɖɚŮəŰɟɞɜɑɤɜ (Ⱥlectron Impact, EI) əŬɘ űŬůɛŬŰɞůəɞˊɑŬ 

ɖɚŮəŰɟɞɜɘəɞɨ ˊŬɟŬɛŬɔɜɖŰɘəɞɨ ůɡɜŰɞɜɘůɛɞɨ, iv) ůŰɖ ůɡɜŮɘůűɞɟɎ Űɤɜ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ 



 
 
 
 

ɞɝɡɔɧɜɞɡ, ɞˊɩɜ əŬɘ ɖɚŮəŰɟɞɜɑɤɜ, ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ Űɤɜ ɟɨˊɤɜ, v) ůŰɖ 

ɛŮɚɏŰɖ Űɞɡ ɟɧɚɞɡ Űɤɜ űɡůɘəɩɜ ůɡůŰŬŰɘəɩɜ (ɢɞɡɛɘəɎ əŬɘ űɞɡɚɓɘəɎ ɞɝɏŬ) ŭɘŬűɧɟɤɜ 

ɡŭŬŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ əŬɗɩɠ əŬɘ ůŰɖɜ ŮəŰɑɛɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɞɡ ɡŭŬŰɘəɞɨ ɛɏůɞɡ ůŰɖɜ 

əɘɜɖŰɘəɐ Űɖɠ ŭɘŮɟɔŬůɑŬɠ, vi) ůŰɖɜ ŮəŰɑɛɖůɖ Űɖɠ ŰɞɝɘəɧŰɖŰŬɠ ˊɟɘɜ əŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŮˊŮɝŮɟɔŬůɑŬɠ. 

ȼ ɛɏɗɞŭɞɠ Űɞɡ əŮɜŰɟɘəɞɨ ůɨɜɗŮŰɞɡ ˊŮɘɟŬɛŬŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ əŬɘ Űɤɜ ŰŮɢɜɖŰɩɜ 

ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɖ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ 

TiO2, Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ əŬɘ Űɖɠ ɏɜŰŬůɖɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ  

ɔɘŬ Űɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ɞɝŮɑŭɤůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ůŮ 

ŭŮɡŰŮɟɞɓɎɗɛɘŬ əŬɘ ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬůŰɘəɎ ŬˊɧɓɚɖŰŬ. ȾŬɘ ɞɘ ŰɟŮɑɠ ɛŮɚŮŰɩɛŮɜɞɘ 

ˊŬɟɎɔɞɜŰŮɠ ɓɟɏɗɖəŬɜ ůɖɛŬɜŰɘəɞɑ ɔɘŬ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ɞɝŮɑŭɤůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ 

ŮɜɩůŮɤɜ. Ƀɘ ɓɏɚŰɘůŰŮɠ ůɡɜɗɐəŮɠ ɔɘŬ Űɖɜ % ŭɘɎůˊŬůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ əŬɘ 

ůŰŬ ŭŮɡŰŮɟɞɓɎɗɛɘŬ əŬɘ ůŰŬ ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬˊɧɓɚɖŰŬ ɓɟɏɗɖəŬɜ ɜŬ ŮɑɜŬɘ ɞɘ Ůɝɐɠ: 

ůɡɔəɏɜŰɟɤůɖ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ = 3 mg L
-1

, ůɡɔəɏɜŰɟɤůɖ Űɞɡ əŬŰŬɚɨŰɖ = 300 mg 

L
-1

 əŬɘ  ɏɜŰŬůɖ ŬəŰɘɜɞɓɞɚɑŬɠ = 600 W m
-2
. Ɉˊɧ Űɘɠ ɓɏɚŰɘůŰŮɠ ůɡɜɗɐəŮɠ ŬəɞɚɞɡɗɐɗɖəŮ 

əɘɜɖŰɘəɐ ɣŮɨŭɞ-ˊɟɩŰɖɠ ŰɎɝɖɠ ɔɘŬ Űɖɜ ɞɝŮɑŭɤůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ əŬɘ ɞɘ 

ɢɟɧɜɞɘ ɖɛɘˊŮɟɘɧŭɞɡ ɕɤɐɠ ɐŰŬɜ 26,7 ɚŮˊŰɎ əŬɘ 25,7 ɚŮˊŰɎ ɔɘŬ Űɞ ŭŮɑɔɛŬ Űɖɠ ŭŮɡŰŮɟɞɓɎɗɛɘŬɠ 

əŬɘ ŰɟɘŰɞɓɎɗɛɘŬɠ ŮˊŮɝŮɟɔŬůɑŬɠ, ŬɜŰɑůŰɞɘɢŬ. ũɘŬ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ, ɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ɞɝŮɑŭɤůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ɛŮɚŮŰɐɗɖəŮ 

Ůˊɑůɖɠ ůŮ ɡˊŮɟəɎɗŬɟɞ ɜŮɟɧ. Ƀ ɟɡɗɛɧɠ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ 

ŮˊɘɓɟŬŭɨɜŮŰŬɘ ůɖɛŬɜŰɘəɎ ůŰŬ ŭŮɑɔɛŬŰŬ Űɤɜ ŮˊŮɝŮɟɔŬůɛɏɜɤɜ ŬˊɞɓɚɐŰɤɜ. ȼ ŮˊɘɓɟɎŭɡɜůɖ 

ŬɡŰɐ ŬˊɞŭɑŭŮŰŬɘ ůŰɖɜ ɞɟɔŬɜɘəɐ əŬɘ ŬɜɧɟɔŬɜɖ ɨɚɖ ˊɞɡ ŮɑɜŬɘ ŭɘŬɚɡɛɏɜɖ ůŰŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ 

ŬˊɧɓɚɖŰŬ. 

ȼ űɤŰɞəŬŰŬɚɡŰɘəɐ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ŭɡŬŭɘəɞɨ ůɡůŰɐɛŬŰɞɠ Cr(VI)/ɓŮɜɕɞɥəɞɨ ɞɝɏɞɠ 

(ȸȷ) ɛŮɚŮŰɐɗɖəŮ ɛŮ Űɖ ɢɟɐůɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɇiO2 ɛŮ ɎɕɤŰɞ əŬɘ űɗɧɟɘɞ ɤɠ űɤŰɞəŬŰŬɚɨŰɖ. 

ȼ ŰŬɡŰɧɢɟɞɜɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŮˊŮɝŮɟɔŬůɑŬ Űɞɡ ŭɡŬŭɘəɞɨ ůɡůŰɐɛŬŰɞɠ Cr(VI) əŬɘ ȸȷ 

ɓɟɏɗɖəŮ ɜŬ ɓŮɚŰɘɩɜŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ ŬɜŬɔɤɔɐ/ɞɝŮɑŭɤůɖ Űɤɜ ɡˊɞůŰɟɤɛɎŰɤɜ ɞŭɖɔɩɜŰŬɠ ůŮ 

ˊɚɐɟɖ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ Cr(VI) əŬɘ ůŮ Ŭˊɞŭɧɛɖůɖ Űɞɡ ȸȷ. ȼ ɛɏɗɞŭɞɠ Űɞɡ əŮɜŰɟɘəɞɨ 

ůɨɜɗŮŰɞɡ ˊŮɘɟŬɛŬŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ əŬɘ Űɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ TiO2, Űɖɠ ŬɜŬɚɞɔɑŬɠ 

Cr(VI)/BA əŬɘ Űɞɡ pH ůŰɖɜ ŰŬɡŰɧɢɟɞɜɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŬˊɞɛɎəɟɡɜůɖ Cr(VI)/BA. TŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ɏŭŮɘɝŬɜ ɧŰɘ əŬɘ ɞɘ ŰɟŮɘɠ ɛŮɚŮŰɩɛŮɜɞɘ ˊŬɟɎɔɞɜŰŮɠ ŮɑɜŬɘ ůɖɛŬɜŰɘəɞɑ Űɧůɞ ůŰɖ 

űɤŰɞəŬŰŬɚɡŰɘəɐ ŬɜŬɔɤɔɐ Űɞɡ Cr(VI) ɧůɞ əŬɘ ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ɞɝŮɑŭɤůɖ Űɞɡ BA. Ƀɘ 

ɓɏɚŰɘůŰŮɠ ůɡɜɗɐəŮɠ ɔɘŬ Űɖɜ ŰŬɡŰɧɢɟɞɜɖ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ Cr(VI) əŬɘ Űɖɜ Ŭˊɞɘəɞŭɧɛɖůɖ Űɞɡ 



 
 
 
 

ȸȷ ɓɟɏɗɖəŬɜ ɜŬ ŮɑɜŬɘ ɞɘ Ůɝɐɠ: ůɡɔəɏɜŰɟɤůɖ Űɞɡ əŬŰŬɚɨŰɖ = 600 mg L
-1
, ŬɜŬɚɞɔɑŬ 

Cr(VI)/BA = 5 əŬɘ pH = 4. Ɉˊɧ Űɘɠ ɓɏɚŰɘůŰŮɠ ůɡɜɗɐəŮɠ, ɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ɞɝŮɑŭɤůɖ Űɞɡ ȸȷ 

əŬɘ ɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŬɜŬɔɤɔɐ Űɞɡ Cr(VI) ˊŬɟɞɡůɘɎɕŮɘ ŮəɗŮŰɘəɐ ɛŮɑɤůɖ əŬɘ ŬəɞɚɞɡɗŮɑ 

əɘɜɖŰɘəɐ ɣŮɨŭɞ-ˊɟɩŰɖɠ ŰɎɝɖɠ. 

ȳɛɞɘŬ ɛŮ Űɞ ŭɡŬŭɘəɧ ůɨůŰɖɛŬ Cr(VI)/ȸȷ, ɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ Űɖɠ PCP 

ɛŮɚŮŰɐɗɖəŮ ɛŮ Űɖ ɢɟɐůɖ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ ɇiO2 ɛŮ ɎɕɤŰɞ əŬɘ űɗɧɟɘɞ ˊŬɟɞɡůɑŬ ɞɝŬɚɘəɞɨ 

ɞɝɏɞɠ, ɛŮ ůŰɧɢɞ Űɖɜ Ŭˊɞɢɚɤɟɑɤůɖ Űɖɠ. ȳˊɤɠ ˊɟɞɖɔɞɡɛɏɜɤɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ əŮɜŰɟɘəɧɠ 

ůɨɜɗŮŰɞɠ ˊŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ Űɟɘɩɜ ɛŮŰŬɓɚɖŰɩɜ ɓŬůɘůɛɏɜɞɠ ůŰɖ ɛŮɗɞŭɞɚɞɔɑŬ 

ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ ɔɘŬ Űɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ Űɖɠ PCP. 

Ƀɘ ɓɏɚŰɘůŰŮɠ ůɡɜɗɐəŮɠ ɔɘŬ Űɖɜ Ŭˊɞɘəɞŭɧɛɖůɖ Űɖɠ PCP ɓɟɏɗɖəŬɜ ɜŬ ŮɑɜŬɘ ɞɘ Ůɝɐɠ: 

ůɡɔəɏɜŰɟɤůɖ Űɞɡ əŬŰŬɚɨŰɖ = 600 mg L
-1
, ŬɜŬɚɞɔɑŬ OA/PCP = 2 əŬɘ pH = 10. Ƀ ɟɧɚɞɠ Űɤɜ 

ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ, HO
Å
 əŬɘ e

-
 ůŰɞ ɛɖɢŬɜɘůɛɧ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɛŮɚŮŰɐɗɖəŮ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ 

əŬŰɎɚɚɖɚɤɜ ˊŬɔɑŭɤɜ (scavengers) əŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɏŭŮɘɝŬɜ ɧŰɘ ɞɘ ɟɑɕŮɠ HO
Å
 

ůɡɜŮɘůűɏɟɞɡɜ ůɖɛŬɜŰɘəɎ ůŰɖɜ Ŭˊɞɘəɞŭɧɛɖůɖ Űɖɠ PCP. ȾŬŰɎ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ 

Ŭˊɞɘəɞŭɧɛɖůɖ Űɖɠ PCP ŰŬɡŰɞˊɞɘɐɗɖəŬɜ ůɡɜɞɚɘəɎ 7 ˊɟɞɥɧɜŰŬ ŭɘɎůˊŬůɖɠ ůŮ pH 10 əŬɘ 6 

ˊɟɞɥɧɜŰŬ ŭɘɎůˊŬůɖɠ ůŮ pH 4 ɛŮ Űɖ ɢɟɐůɖ ŬɏɟɘŬɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠïűŬůɛŬŰɞɛŮŰɟɑŬɠ ɛɎɕŬɠ ɛŮ 

Űɖɜ ŰŮɢɜɘəɐ ɘɞɜŰɘůɛɞɨ ɛŮ ˊɟɧůəɟɞɡůɖ ɖɚŮəŰɟɞɜɑɤɜ (Ⱥlectron Impact, EI) əŬɘ ɡɔɟɐɠ 

ɢɟɤɛŬŰɞɔɟŬűɑŬɠ-ůɡɕŮɡɔɛɏɜɖɠ űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛŬɕɩɜ ɡɣɖɚɐɠ ŭɘŬəɟɘŰɘəɐɠ ɘəŬɜɧŰɖŰŬɠ əŬɘ 

ŬəɟɑɓŮɘŬɠ ɛɎɕŬɠ ɛŮ ŬɜŬɚɡŰɐ ŰɟɞɢɘŬəɐɠ ˊŬɔɑŭŬɠ (Orbitrap). ɆɨɛűɤɜŬ ɛŮ ŰŬ ˊɟɞɥɧɜŰŬ 

ŭɘɎůˊŬůɖɠ ˊɞɡ ŰŬɡŰɞˊɞɘɐɗɖəŬɜ ɖ Ŭˊɞɘəɞŭɧɛɖůɖ Űɖɠ PCP ŬəɞɚɞɡɗŮɑ ɞɝŮɘŭɤŰɘəɧ ɛɖɢŬɜɘůɛɧ 

əŬɘ ůŰɘɠ ŭɡɞ Űɘɛɏɠ pH (4 əŬɘ 10), ɞŭɖɔɩɜŰŬɠ ůŰɞ ůɢɖɛŬŰɘůɛɧ ɚɘɔɧŰŮɟɞ ɢɚɤɟɘɤɛɏɜɤɜ əŬɘ 

ɡŭɟɧɝɡ ˊŬɟŬɔɩɔɤɜ. 

ȼ ɛŮɚɏŰɖ ŮˊɑŭɟŬůɖɠ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ TiO2, Űɖɠ Ŭɟɢɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ DEET 

əŬɘ Űɖɠ ɏɜŰŬůɖɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ əŮɜŰɟɘəɞɨ ůɨɜɗŮŰɞɡ 

ůɢŮŭɘŬůɛɞɨ əŬɘ ɛŮɗɞŭɞɚɞɔɑŬɠ ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖ ɛŮɗɞŭɞɚɞɔɑŬ Űɤɜ 

ŰŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ. ūɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ Űɞɡ DEET (CDEET=10 mg L
-

1
, CTiO2=100 mg L

-1
 əŬɘ I=750 W m

-2
) ŮˊɘŰɡɔɢɎɜŮŰŬɘ ˊɚɐɟɤɠ ůŮ ˊŮɟɑˊɞɡ 45 ɚŮˊŰɎ, Ůɜɩ ɔɘŬ 

Űɖɜ ŬɜɞɟɔŬɜɞˊɞɑɖůɖ Űɞɡ ŬɘɤɟɐɛŬŰɞɠ əŬŰɎ 85% ŬˊŬɘŰɞɨɜŰŬɘ 240 ɚŮˊŰɎ ŬəŰɘɜɞɓɧɚɖůɖɠ. ɇɞ 

DEET əŬɘ ɞ ɞɚɘəɧɠ ɞɟɔŬɜɘəɧɠ ɎɜɗɟŬəŬɠ ˊŬɟɞɡůɘɎɕɞɡɜ ŮəɗŮŰɘəɐ ɛŮɑɤůɖ ŬəɞɚɞɡɗɩɜŰŬɠ 

əɘɜɖŰɘəɐ ɣŮɨŭɞ-ˊɟɩŰɖɠ ŰɎɝɖɠ (C = C0 e
-kt
). Ƀɘ űŬɘɜɧɛŮɜŮɠ ůŰŬɗŮɟɏɠ ŭɘɎůˊŬůɖɠ ɐŰŬɜ 

k=10,28Ĭ10
-2

 ɚŮˊŰɎ
-1  
əŬɘ k= 0,81Ĭ 10

-2
 ɚŮˊŰɎ

-1
 əŬɘ ɞɘ ɢɟɧɜɞɘ ɖɛɘˊŮɟɘɧŭɞɡ ɕɤɐɠ

  
6,7 ɚŮˊŰɎ əŬɘ 

85,6 ɚŮˊŰɎ ɔɘŬ Űɞ DEET əŬɘ Űɞɜ ɞɚɘəɧ ɞɟɔŬɜɘəɧ ɎɜɗɟŬəŬ ŬɜŰɑůŰɞɘɢŬ. ȳůɞɜ ŬűɞɟɎ ůŰŬ 

ŬɜɧɟɔŬɜŬ ɘɧɜŰŬ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ, ˊŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ɖ ŬˊŮɚŮɡɗɏɟɤůɖ Űɤɜ ɜɘŰɟɘəɩɜ ɘɧɜŰɤɜ 

ŬəɞɚɞɡɗŮɑ Űɞ ɟɡɗɛɧ ɛŮɑɤůɖɠ Űɞɡ ɞɚɘəɞɨ ɞɟɔŬɜɘəɞɨ ɎɜɗɟŬəŬ ůŰɞ ŭɘɎɚɡɛŬ. ȼ ˊɞůɧŰɖŰŬ Űɞɡ 



 
 
 
 

ŬɕɩŰɞɡ ˊɞɡ ˊɟɞəɨˊŰŮɘ ɛŮŰɎ Ŭˊɧ 240 ɚŮˊŰɎ ŬəŰɘɜɞɓɧɚɖůɖɠ ŬɜŰɘůŰɞɘɢŮɑ ůɢŮŭɧɜ ůŰɞ 100% Űɖɠ 

ůŰɞɘɢŮɘɞɛŮŰɟɘəɐɠ ˊɞůɧŰɖŰŬɠ Űɞɡ. ɇŬ ˊɟɞɥɧɜŰŬ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ ŰŬɡŰɞˊɞɘɐɗɖəŬɜ ɛŮ Űɖ 

ɢɟɐůɖ ŬɏɟɘŬɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠïűŬůɛŬŰɞɛŮŰɟɑŬɠ ɛɎɕŬɠ əŬɘ ɡɔɟɐɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ-

ůɡɕŮɡɔɛɏɜɖɠ űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛŬɕɩɜ ɡɣɖɚɐɠ ŭɘŬəɟɘŰɘəɐɠ ɘəŬɜɧŰɖŰŬɠ əŬɘ ŬəɟɑɓŮɘŬɠ ɛɎɕŬɠ ɛŮ 

ŬɜŬɚɡŰɐ ŰɟɞɢɘŬəɐɠ ˊŬɔɑŭŬɠ (Orbitrap) Ůɜɩ ɞɘ ŮɜŭɘɎɛŮůŮɠ ɟɑɕŮɠ ŬɜɘɢɜŮɨɗɖəŬɜ ɛŮ 

űŬůɛŬŰɞůəɞˊɑŬ ɖɚŮəŰɟɞɜɘəɞɨ ˊŬɟŬɛŬɔɜɖŰɘəɞɨ ůɡɜŰɞɜɘůɛɞɨ. ɀŮ ɓɎůɖ ŰŬ ˊɟɞɥɧɜŰŬ ˊɞɡ 

ŰŬɡŰɞˊɞɘɐɗɖəŬɜ ůŰŬ ˊɟɩŰŬ ůŰɎŭɘŬ Űɖɠ ŮˊŮɝŮɟɔŬůɑŬɠ, Űɞ ɛɧɟɘɞ Űɞɡ DEET ɡűɑůŰŬŰŬɘ 

ɡŭɟɞɝɡɚɑɤůɖ ůŮ ŰɟɑŬ ŭɘŬŭɞɢɘəɎ ůŰɎŭɘŬ, ŬəɞɚɞɡɗɞɨɛŮɜɖ Ŭˊɧ ɞɝŮɑŭɤůɖ Űɖɠ ɡŭɟɧɝɡ ɞɛɎŭŬɠ, 

ŬŬ́ɚəɡɚɑɤůɖ əŬɘ Ůɜ ůɡɜŮɢŮɑŬ ŭɘɎɜɞɘɝɖ Űɞɡ ŭŬəŰɡɚɑɞɡ. Ƀ ɟɧɚɞɠ Űɤɜ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ,
 
HO

Å
, 

1
O2, O2

Åī 
 əŬɘ  h

+
 ůŰɞ ɛɖɢŬɜɘůɛɧ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɛŮɚŮŰɐɗɖəŮ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ əŬŰɎɚɚɖɚɤɜ 

ˊŬɔɑŭɤɜ (scavengers) əŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɏŭŮɘɝŬɜ ɧŰɘ ɞɘ ɟɑɕŮɠ HO
Å
 əŬɘ O2

Å ī
 ŭɘŬŭɟŬɛŬŰɑɕɞɡɜ 

ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖɜ Ŭˊɞɘəɞŭɧɛɖůɖ Űɞɡ DEET. ȼ ŰɞɝɘəɧŰɖŰŬ ŮəűɟŬůɛɏɜɖ ɤɠ ɖ Ůˊɑ Űɞɘɠ % 

ŬɜŬůŰɞɚɐ Űɖɠ ɓɘɞűɤŰŬɨɔŮɘŬɠ Űɞɡ Vibrio Fischeri əɡɛɎɜɗɖəŮ əɎŰɤ Ŭˊɧ 25% əŬɗɧɚɖ Űɖ 

ŭɘɎɟəŮɘŬ ŬəŰɘɜɞɓɧɚɖůɖɠ Űɞɡ ŭŮɑɔɛŬŰɞɠ, ŬˊɞŭŮɘəɜɨɞɜŰŬɠ ɧŰɘ ŰŬ ˊɟɞɥɧɜŰŬ ŭɘɎůˊŬůɖɠ Űɞɡ ŮɑɜŬɘ 

ůɢŮŰɘəɎ ɢŬɛɖɚɐɠ ŮˊɘəɘɜŭɡɜɧŰɖŰŬɠ. ɀŮŰɎ Ŭˊɧ 30 ɚŮˊŰɎ ŬəŰɘɜɞɓɧɚɖůɖɠ ɖ % ŬɜŬůŰɞɚɐ Űɖɠ 

ɓɘɞűɤŰŬɨɔŮɘŬɠ ɛŮɘɩɜŮŰŬɘ əɎŰɤ Ŭˊɧ 10%. Ⱥˊɘˊɚɏɞɜ ɛŮɚŮŰɐɗɖəŮ ɖ ŮˊɑŭɟŬůɖ ɞɟɔŬɜɘəɐɠ 

űɡůɘəɐɠ ɨɚɖɠ ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ Űɞɡ DEET. ȼ ˊŬɟɞɡůɑŬ ɢɞɡɛɘəɞɨ ɞɝɏɞɠ 

Ŭˊɧ ɚɘɔɜɑŰɖ ɓɟɏɗɖəŮ ɜŬ ɏɢŮɘ ŬɟɜɖŰɘəɐ ŮˊɑŭɟŬůɖ ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɘɎůˊŬůɖ Űɞɡ DEET 

əŬɘ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɞŭɖɔŮɑ ůŮ Ŭɨɝɖůɖ Űɖɠ ŮˊɘɓɟɎŭɡɜůɖɠ Űɞɡ ˊɞůɞůŰɞɨ 

ŭɘɎůˊŬůɖɠ. ȷɜŰɑɗŮŰŬ, ɛɘŬ ɛɘəɟɐ Ŭɨɝɖůɖ ůŰɞ ɟɡɗɛɧ Ŭˊɞɘəɞŭɧɛɖůɖɠ Űɞɡ DEET ˊŬɟŬŰɖɟɐɗɖəŮ 

ɛŮ Űɖɜ ˊɟɞůɗɐəɖ 0,5 əŬɘ 1 mg L
-1

 ůɡɜɗŮŰɘəɞɨ ɢɞɡɛɘəɞɨ ɞɝɏɞɠ əŬɘ ɧɚɤɜ Űɤɜ ɛŮɚŮŰɩɛŮɜɤɜ 

ůɡɔəŮɜŰɟɩůŮɤɜ űɞɡɚɓɘəɞɨ ɞɝɏɞɠ. 

ȳɛɞɘŬ ɛŮ Űɘɠ ɡˊɧɚɞɘˊŮɠ ŮɜɩůŮɘɠ, ɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ Űɞɡ metribuzin 

ɛŮɚŮŰɐɗɖəŮ ɛŮ Űɖ ɢɟɐůɖ ˊɟɞůɞɛɞɘɤɛɏɜɖɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ůŮ ɡŭŬŰɘəɎ ŬɘɤɟɐɛŬŰŬ TiO2 

Degussa P25. Ʉɚɐɟɖɠ Ŭˊɞɘəɞŭɧɛɖůɖ Űɞɡ metribuzin (CɀET=10 mg L
-1

, CTiO2=100 mg L
-1

 əŬɘ 

I=750 W m
-2

)  ŮˊɘŰɡɔɢɎɜŮŰŬɘ ůŮ 40 ɚŮˊŰɎ, ɛŮ ɢɟɧɜɞ ɖɛɘˊŮɟɘɧŭɞɡ ɕɤɐɠ 6,4 ɚŮˊŰɎ əŬɘ 

űŬɘɜɧɛŮɜɖ ůŰŬɗŮɟɎ ŭɘɎůˊŬůɖɠ  k=10,85 Ĭ10
-2

 ɚŮˊŰɎ
-1
. ȾŬŰɎ Űɞ ɑŭɘɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ, ɖ 

ɛŮɑɤůɖ Űɞɡ TOC ɓɟɏɗɖəŮ ɛɘəɟɧŰŮɟɖ Ŭˊɧ 25%. Ƀ Ŭɟɔɧɠ ɟɡɗɛɧɠ Ŭˊɞŭɧɛɖůɖɠ Űɞɡ TOC 

ɡˊɞŭɖɚɩɜŮɘ Űɞ ůɢɖɛŬŰɘůɛɧ ŮɜŭɘɎɛŮůɤɜ ɞɟɔŬɜɘəɩɜ ˊɟɞɥɧɜŰɤɜ ˊɞɡ ŬˊŬɘŰɞɨɜ ˊŬɟŬŰŮŰŬɛɏɜɖ 

ŬəŰɘɜɞɓɧɚɖůɖ ɔɘŬ Űɖ ŭɘɎůˊŬůɖ Űɞɡɠ. ȷəŰɘɜɞɓɧɚɖůɖ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ ɔɘŬ 300 ɚŮˊŰɎ, ɞŭɖɔŮɑ ůŮ 

ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ɞɚɘəɞɨ ɞɟɔŬɜɘəɞɨ ɎɜɗɟŬəŬ əŬŰɎ ˊŮɟɑˊɞɡ 80%, ˊɞɡ ůɖɛŬɑɜŮɘ ɧŰɘ ˊɚɐɟɖɠ 

ŬɜɞɟɔŬɜɞˊɞɑɖůɖ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ, ŬɚɚɎ ŬˊŬɘŰŮɑ ɛŮɔŬɚɨŰŮɟɞɡɠ ɢɟɧɜɞɡɠ ŬəŰɘɜɞɓɧɚɖůɖɠ. 

ȳůɞɜ ŬűɞɟɎ ůŰŬ ŬɜɧɟɔŬɜŬ ɘɧɜŰŬ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ, ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɜɘŰɟɘəɩɜ əŬɘ 

ŬɛɛɤɜɘŬəɩɜ ɘɧɜŰɤɜ ɛŮŰɎ Ŭˊɧ 300 ɚŮˊŰɎ űɤŰɘůɛɞɨ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ 62,5% Űɖɠ ůɡɜɞɚɘəɐɠ 



 
 
 
 

ˊɞůɧŰɖŰŬɠ Űɞɡ ŬɕɩŰɞɡ ˊɞɡ ɡˊɎɟɢŮɘ ůŰɞ ɛɧɟɘɞ Űɞɡ metribuzin. ȷɜŰɑɗŮŰŬ, ɖ ŰŮɚɘəɐ 

ůɡɔəɏɜŰɟɤůɖ ɗŮɑɞɡ ˊɞɡ ˊɟɞůŭɘɞɟɑůŰɖəŮ ůŰɞ ŭɘɎɚɡɛŬ ɛŮŰɎ Ŭˊɧ 300 ɚŮˊŰɎ ŬəŰɘɜɞɓɧɚɖůɖɠ 

ŬɜŰɘůŰɞɘɢŮɑ ˊŮɟɑˊɞɡ ůŰɞ 97% Űɖɠ ɗŮɤɟɖŰɘəɎ ŬɜŬɛŮɜɧɛŮɜɖɠ ˊɞůɧŰɖŰŬɠ Űɞɡ, ɡˊɞŭŮɘəɜɨɞɜŰŬɠ 

Űɞ ůɢɖɛŬŰɘůɛɧ ɗŮɘɞɨɢɤɜ ɞɟɔŬɜɘəɩɜ ŮɜŭɘɎɛŮůɤɜ ˊɟɞɥɧɜŰɤɜ ůŰŬ ˊɟɩŰŬ ůŰɎŭɘŬ Űɖɠ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŮˊŮɝŮɟɔŬůɑŬɠ. ȷˊɧ Űɖ ůɖɛŬɜŰɘəɐ ŬɜŬůŰŬɚŰɘəɐ ŮˊɑŭɟŬůɖ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ 

ɡˊɧ Űɖɜ ˊŬɟɞɡůɑŬ ɘůɞˊɟɞˊŬɜɧɚɖɠ əŬɘ ɞɝŬɚɘəɞɨ ɞɝɏɞɠ ůŰɖɜ əɘɜɖŰɘəɐ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ 

Ŭˊɞɘəɞŭɧɛɖůɖɠ Űɞɡ metribuzin, ŮɝɎɔŮŰŬɘ Űɞ ůɡɛˊɏɟŬůɛŬ ɧŰɘ ɞɘ ɟɑɕŮɠ HO
Å
 ˊŬɟɞɡůɘɎɕɞɡɜ 

ɛŮɔɎɚɖ ůɡɜŮɘůűɞɟɎ ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ɞɝŮɑŭɤůɖ Űɞɡ ɕɘɕŬɜɘɞəŰɧɜɞɡ. ɇŬ ˊɟɞɥɧɜŰŬ 

ŭɘɎůˊŬůɖɠ Űɞɡ metribuzin ŬɜɘɢɜŮɨɗɖəŬɜ əŬɘ ŰŬɡŰɞˊɞɘɐɗɖəŬɜ ɛŮ ŬɏɟɘŬ ɢɟɤɛŬŰɞɔɟŬűɑŬï

űŬůɛŬŰɞɛŮŰɟɑŬ ɛɎɕŬɠ əŬɘ ɡɔɟɐ ɢɟɤɛŬŰɞɔɟŬűɑŬ-ůɡɕŮɡɔɛɏɜɖ űŬůɛŬŰɞɛŮŰɟɑŬ ɛŬɕɩɜ ɡɣɖɚɐɠ 

ŭɘŬəɟɘŰɘəɐɠ ɘəŬɜɧŰɖŰŬɠ əŬɘ ŬəɟɑɓŮɘŬɠ ɛɎɕŬɠ ɛŮ ŬɜŬɚɡŰɐ ŰɟɞɢɘŬəɐɠ ˊŬɔɑŭŬɠ (Orbitrap). ɀŮ 

ɓɎůɖ ŰŬ ˊɟɞɥɧɜŰŬ ˊɞɡ ŰŬɡŰɞˊɞɘɐɗɖəŬɜ, ˊɟɞŰŮɑɜŮŰŬɘ ɞ ɛɖɢŬɜɘůɛɧɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ 

ŭɘɎůˊŬůɖɠ Űɞɡ ɕɘɕŬɜɘɞəŰɧɜɞɡ, ɞ ɞˊɞɑɞɠ ˊŮɟɘɚŬɛɓɎɜŮɘ ŬɜŰɘŭɟɎůŮɘɠ ɡŭɟɞɝɡɚɑɤůɖɠ Űɖɠ ŰŮɟŰ-

ɓɞɨŰɡɚɞ ɞɛɎŭŬɠ, ŬˊɧůˊŬůɖɠ Űɖɠ Ɏɛɘɜɞ- əŬɘ ɗŮɑɞ-ɛɏɗɡɚɞ ɞɛɎŭŬɠ, ɞɝŮɑŭɤůɖɠ əŬɘ 

ŬˊŬɚəɡɚɑɤůɖɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ metribuzin, ɖ ɛŮɑɤůɖ Űɖɠ ŰɞɝɘəɧŰɖŰŬɠ ŮɑɜŬɘ ɎɛŮůŬ 

ůɡɜɡűŬůɛɏɜɖ ɛŮ Űɖɜ ŬɜɞɟɔŬɜɞˊɞɑɖůɖ Űɞɡ ɡŭŬŰɘəɞɨ ŭɘŬɚɨɛŬŰɞɠ əŬɘ ˊɚɐɟɖɠ ŬˊɞŰɞɝɘəɞˊɞɑɖůɖ 

ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮŰɎ Ŭˊɧ 300 ɚŮˊŰɎ ŬəŰɘɜɞɓɧɚɖůɖɠ. ɆŰŬ ˊɟɩŰŬ ůŰɎŭɘŬ Űɖɠ ŮˊŮɝŮɟɔŬůɑŬɠ 

ˊŬɟŬŰɖɟɐɗɖəŮ Ŭɨɝɖůɖ Űɖɠ ŰɞɝɘəɧŰɖŰŬɠ, ɡˊɞŭɖɚɩɜɞɜŰŬɠ ˊɘɗŬɜɧŰŬŰŬ Űɞ ůɢɖɛŬŰɘůɛɧ 

ŮɜŭɘɎɛŮůɤɜ ˊɟɞɥɧɜŰɤɜ ɡɣɖɚɧŰŮɟɖɠ ŰɞɝɘəɧŰɖŰŬɠ Ŭˊɧ Űɖ ɛɖŰɟɘəɐ ɏɜɤůɖ ŮɑŰŮ Űɖɜ ŬɜɎˊŰɡɝɖ 

ůɡɜŮɟɔɘůŰɘəɩɜ ŭɟɎůŮɤɜ ɛŮŰŬɝɨ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ˊɟɞɥɧɜŰɤɜ. 

ȳůɞɜ ŬűɞɟɎ ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ Űɖɠ 2-ɘůɞˊɟɧˊɡɚɞ-3-ɛŮɗɧɝɡ ˊɡɟŬɕɑɜɖɠ, 

ˊɚɐɟɖɠ ŭɘɎůˊŬůɖ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŮ ˊɞůɞůŰɧ ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ 90% ůŮ ɢɟɧɜɞ ŬəŰɘɜɞɓɞɚɑŬɠ 

20 ɚŮˊŰɩɜ (CIPMP=10 mg L
-1

, CTiO2=100 mg L
-1

 əŬɘ I=600 W m
-2

). ɆŮ ŬɜŰɑɗŮůɖ ɛŮ Űɖɜ 

ŰŬɢɨŰɖŰŬ űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ Űɖɠ ɛɖŰɟɘəɐɠ ɏɜɤůɖɠ, ɞ ɟɡɗɛɧɠ ŬˊɞɛɎəɟɡɜůɖɠ 

Űɞɡ ɞɚɘəɞɨ ɞɟɔŬɜɘəɞɨ ɎɜɗɟŬəŬ ŮɑɜŬɘ ɘŭɘŬɘŰɏɟɤɠ Ŭɟɔɧɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɢɟɧɜɞ ɖɛɘˊŮɟɘɧŭɞɡ 

ɕɤɐɠ 100,4 ɚŮˊŰɎ. ȼ ˊɞůɧŰɖŰŬ Űɞɡ ŬɕɩŰɞɡ ˊɞɡ ˊɟɞəɨˊŰŮɘ ɛŮŰɎ Ŭˊɧ 240 ɚŮˊŰɎ 

ŬəŰɘɜɞɓɧɚɖůɖɠ ŬɜŰɘůŰɞɘɢŮɑ ůɢŮŭɧɜ ůŰɞ 55% Űɖɠ ůŰɞɘɢŮɘɞɛŮŰɟɘəɐɠ ˊɞůɧŰɖŰŬɠ Űɞɡ. ɇŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ Ŭˊɧ ŰŬ ˊŮɘɟɎɛŬŰŬ əɘɜɖŰɘəɐɠ ɛŮ ɢɟɐůɖ ˊŬɟŮɛˊɞŭɘůŰɩɜ ɡˊɏŭŮɘɝŬɜ ɧŰɘ ɖ 

űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ Űɖɠ IPMP ɚŬɛɓɎɜŮɘ ɢɩɟŬ əɡɟɑɤɠ ɛɏůɤ Űɤɜ ɟɘɕɩɜ HO
Å
 əŬɘ 

ɛŮ ɛɘəɟɧŰŮɟɖ ůɡɛɛŮŰɞɢɐ Űɤɜ ɗŮŰɘəɩɜ ɞˊɩɜ əŬɘ Űɖɠ Ŭɜɘɞɜɘəɐɠ ɟɑɕŬɠ ɡˊŮɟɞɝŮɘŭɑɞɡ. ȼ 

űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ Űɖɠ IPMP, ůɨɛűɤɜŬ ɛŮ ŰŬ ˊɟɞɥɧɜŰŬ ˊɞɡ ŬɜɘɢɜŮɨɗɖəŬɜ ɛŮ Űɘɠ 

ɞɟɔŬɜɞɚɞɔɑŮɠ Űɖɠ ŬɏɟɘŬɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠïűŬůɛŬŰɞɛŮŰɟɑŬɠ ɛɎɕŬɠ əŬɘ Űɖɠ ɡɔɟɐɠ 

ɢɟɤɛŬŰɞɔɟŬűɑŬɠ-ůɡɕŮɡɔɛɏɜɖɠ űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛŬɕɩɜ ɡɣɖɚɐɠ ŭɘŬəɟɘŰɘəɐɠ ɘəŬɜɧŰɖŰŬɠ əŬɘ 

ŬəɟɑɓŮɘŬɠ ɛɎɕŬɠ ɛŮ ŬɜŬɚɡŰɐ ŰɟɞɢɘŬəɐɠ ˊŬɔɑŭŬɠ (Orbitrap) ˊŮɟɘɚŬɛɓɎɜŮɘ əɡɟɑɤɠ ŬɜŰɘŭɟɎůŮɘɠ 



 
 
 
 

ɡŭɟɞɝɡɚɑɤůɖɠ, ɞɝŮɑŭɤůɖɠ əŬɘ ŬˊŬɚəɡɚɑɤůɖɠ Űɖɠ ɘůɞˊɟɧˊɡɚɞ ŬɚɡůɑŭŬɠ.  ȼ % ŬɜŬůŰɞɚɐ Űɖɠ 

ɓɘɞűɤŰŬɨɔŮɘŬɠ Űɖɠ IPMP əɡɛɎɜɗɖəŮ əɎŰɤ Ŭˊɧ 25% əŬɗɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ. ɇɧůɞ Űɞ Ŭɟɢɘəɧ ɡˊɧůŰɟɤɛŬ ɧůɞ əŬɘ ŰŬ ŮɜŭɘɎɛŮůŬ ˊɟɞɥɧɜŰŬ 

ŭɘɎůˊŬůɖɠ ŭŮɜ ŮɛűŬɜɑɕɞɡɜ ůɖɛŬɜŰɘəɐ ŬɜŬůŰŬɚŰɘəɐ ŮˊɑŭɟŬůɖ ůŰɖ ɓɘɞűɤŰŬɨɔŮɘŬ Űɞɡ 

ɓŬəŰɖɟɑɞɡ Vibrio Fischeri. 

ũŮɜɘəɎ, ɖ ŮŰŮɟɞɔŮɜɐɠ űɤŰɞəŬŰɎɚɡůɖ ŬˊɞŭŮɑɢɗɖəŮ ɘŭɘŬɘŰɏɟɤɠ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ɔɘŬ Űɖɜ 

ˊɚɐɟɖ ŬˊɞɛɎəɟɡɜůɖ ɧɚɤɜ Űɤɜ ɛŮɚŮŰɩɛŮɜɤɜ ɟɨˊɤɜ ɛŮ ɔɟɐɔɞɟŮɠ əɘɜɖŰɘəɏɠ ŭɘɎůˊŬůɖɠ Ŭəɧɛɖ 

əŬɘ ɛŮ Űɖ ɢɟɐůɖ ɛɘəɟɩɜ ůɡɔəŮɜŰɟɩůŮɤɜ əŬŰŬɚɨŰɖ. ɆɨɛűɤɜŬ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ ɞɝŮɑŭɤůɖɠ Űɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ-ɛɞɜŰɏɚɤɜ əŬɘ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ 

ŬɜŬɔɤɔɐɠ Űɞɡ Cr(VI) ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ɖ ɛɏɗɞŭɞɠ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ 

űɤŰɞəŬŰɎɚɡůɖɠ ɛˊɞɟŮɑ ɜŬ ŬˊɞŰŮɚɏůŮɘ ɛɘŬ ŬˊɞŭɞŰɘəɐ ŮɜŬɚɚŬəŰɘəɐ ˊɟɧŰŬůɖ ŬɜŰɘɟɟɨˊŬɜůɖɠ 

ɏɜŬɜŰɘ Űɤɜ əɚŬůůɘəɩɜ ɛŮɗɧŭɤɜ. ȼ ɞɡůɘŬůŰɘəɐ ɚɨůɖ ůŮ ˊɟɞɓɚɐɛŬŰŬ ɟɨˊŬɜůɖɠ ŬˊɞűŮɨɔɞɜŰŬɠ 

Űɖ ɛŮŰŬűɞɟɎ Űɤɜ ɟɨˊɤɜ Ŭˊɧ Űɖ ɛɑŬ űɎůɖ ůŰɖɜ Ɏɚɚɖ, ɖ ŭɡɜŬŰɧŰɖŰŬ ɢɟɐůɖɠ əŬɘ Ŭɝɘɞˊɞɑɖůɖɠ 

ɐˊɘɤɜ ɛɞɟűɩɜ ŮɜɏɟɔŮɘŬɠ ɧˊɤɠ ɖ ɖɚɘŬəɐ ŬəŰɘɜɞɓɞɚɑŬ əŬɘ ɖ ůɨɕŮɡɝɖ Űɖɠ ɛŮɗɧŭɞɡ ɛŮ ɎɚɚŮɠ 

ɓɘɞɚɞɔɘəɏɠ ɐ/əŬɘ űɡůɘəɞɢɖɛɘəɏɠ ɛŮɗɧŭɞɡɠ ŮˊŮɝŮɟɔŬůɑŬɠ ŬˊɞŭŮɘəɜɨɞɡɜ Űɘɠ ɛŮɔɎɚŮɠ 

ˊɟɞɞˊŰɘəɏɠ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 

SUMMARY  

 

The increasing level of global industrialization and urbanization has led to the transport 

and introduction of various organic and inorganic contaminants in aquatic environment. In 

order to avoid deterioration of water resources, considerable efforts have been devoted to 

develop suitable purification methods that can easily remove recalcitrant (persistent) and non-

biodegradable contaminants from water and wastewater. In this context, Advanced Oxidation 

Processes (AOPs), based on in situ generation of highly reactive radical species, mainly HO
Å
 

by using solar, chemical or other forms of energy are being studied as alternative to the 

conventional water and wastewater treatment methods such as activated carbon adsorption, 

biological treatment, chemical coagulation etc. Among AOPs, heterogeneous photocatalysis 

using semiconductor solids appears as an emerging destructive technology, being the focus of 

numerous investigations in recent years. 

In the present thesis the photocatalytic removal of selected priority pollutants and 

emerging contaminants belonging in different chemical categories has been investigated in 

detail. DEET, metribuzin, 2 isopropyl-3-methoxy pyrazine, pentachlorophenol (PCP), benzoic 

acid (BA), Cr(VI) and phenolic compounds were selected as target compounds. The 

commercial form of TiO2 (Degussa P25) and NF-codoped TiO2, a material with improved 

photo efficiency and visible light response were used as photocatalysts. The main objectives 

of this thesis were: i) to evaluate the kinetics of selected pollutants disappearance and 

mineralization, ii) to investigate the effect of significant parameters on the total process 

efficiency as well as to optimize the photocatalytic procedure by means of chemometric 

optimization tools such as central composite design, response surface methodology and 

artificial neural networks, iii) to identify the transformation products formed during the 

photocatalytic treatment by using powerful analytical techniques such as high resolution 

accurate mass LC-MS, GCïMS and EPR spectroscopy, iv) to assess the role of the reactive 

species in the reaction mechanism using different scavengers, v) to assess the macroscopic 

effects of DOM (HA, FA) and water matrix on the photocatalytic degradation and vi) to 

evaluate the toxicity along the photocatalytic process. 

ɇhe effect of major operating factors, namely the mass of TiO2, the initial concentration 

of total phenols and the irradiation intensity on process efficiency was studied using central 

composite design and artificial neural networks. The influence of each parameter on the 

variable studied was assessed. All of the variables (initial concentration of the substrate, 

concentration of TiO2 and UV light intensity) were found to have significant effects on the 



 
 
 
 

photocatalytic efficiency. Optimization results showed that maximum photocatalytic 

efficiency was achieved at the following conditions: CTPh=3 mg L
-1

, CTiO2=300 mg L
-1

 and 

I=600 W m
-2

. Under optimized conditions the degradation followed pseudo-first order kinetic 

model. Half lives (t1/2) of 26.7 min and 25.7 min were recorded for total phenols for 

secondary and tertiary samples, respectively. For the assessment of water matrix effect, the 

photocatalytic oxidation of total phenolic compounds was also studied in milli-Q water. 

Wastewater matrix was found to play a detrimental effect on total phenols photocatalytic 

degradation, likely due to the presence of dissolved organic and inorganic matter. 

The simultaneous photocatalytic reduction of Cr(VI) and oxidation of benzoic acid (BA) 

were investigated in aqueous suspensions using NF-codoped TiO2 and simulated solar 

irradiation. A considerable enhancement of the photocatalytic efficiency was observed for the 

binary system indicating a synergistic effect. The effects of three operational parameters such 

as NF-codoped TiO2 mass, ratio Cr(VI)/BA and pH on the overall photocatalytic efficiency 

were investigated using central composite design and response surface methodology (RSM). 

It was found that the variables considered have important effects both on Cr(VI) removal and 

BA degradation efficiency. The optimum conditions for simultaneous removal of Cr(VI) and 

BA were found as follows: CNF-TiO2 = 600 mg L
ī1

, Cr(VI)/BA ratio= 5 and pH= 4. Under the 

optimum conditions, the removal for both Cr(VI) and BA followed a pseudo- first order 

kinetic model.  

 Similarly to the system Cr(VI)/BA, the photocatalytic degradation of PCP was 

investigated in the presence of  NF-codoped TiO2 focusing on the influence of parameters 

such as catalyst concentration, OA/PCP ratio and pH on the photocatalytic efficiency that was 

optimized and modeled by response surface methodology (RSM). Optimization results 

showed that maximum photocatalytic efficiency was achieved at the following conditions: 

CNF-TiO2 = 600 mg L
-1

, OA/PCP ratio= 2 and pH=10. The contribution of
  
HO

Å
 and e

-
 produced 

during the photocatalytic treatment was investigated with the addition of scavengers. It was 

found that HO
Å 

was the major reactive species involved in PCP degradation. The 

phototransformation products formed during the photocatalytic process were investigated and 

characterized by means of high resolution accurate mass LC-MS and GCïMS. The 

photocatalysed transformation of  PCP was found to proceed through the formation of seven 

(7) and six (6) products at pH 10 and 4, accordingly. ɇhe photocatalytic degradation was 

essentially proceeded through an oxidative mechanism at both pH values occurring rapidly by 

attack of the photocatalytically generated HO
Å
 radicals. 



 
 
 
 

ɇhe photocatalytic degradation of insect repellent DEET, in aqueous TiO2 suspensions 

was systematically optimized by both response surface methodology (RSM) and artificial 

neural networks (ANNs) based on a multivariate central composite design (CCD). The 

individual and interaction effects of three main operating factors (mass of TiO2, initial DEET 

concentration and irradiation intensity) on process efficiency were estimated, proving their 

important effect on % DEET removal. Complete degradation of DEET (CDEET=10 mg L
-1

, 

CTiO2=100 mg L
-1

 and I=750 W m
-2

) by heterogeneous photocatalysis took place in 45 min, 

whereas carbon mineralization (85%) was achieved within 240 min irradiation. The 

degradation for both DEET and TOC followed pseudo-fi rst order kinetics according to the 

Langmuir-Hinshelwood model. Rates constants of kapp=10.28Ĭ10
-2

 min
-1
 and 

 
0.81Ĭ 10

-2
 min

-1
 

and half lives (t1/2) of 6.7 min and 85.6 min were recorded for DEET and TOC respectively. 

The quantative recovery of nitrogen as nitrate ions was achieved after long irradiation periods 

since nitrogen mineralization (100%) was achieved within 240 min of irradiation. Under the 

photocatalytic treatment numerous degradation products were identified with high resolution 

accurate mass liquid chromatography (HR-LC-MS) and gas chromatography mass 

spectrometry (GCïMS). Low temperature Electron Paramagnetic Resonance (EPR) 

spectroscopy was also used to study the photoinduced radicals created during the initial events 

of the photocatalytic oxidation of DEET by TiO2. On the basis of identified products and 

photoinduced radicals, a proposed pathway of photocatalytic degradation of DEET is 

presented, involving mono- and poly- hydroxylation followed by the oxidation of the alcohol 

groups, cleavage of the alkyl chains and ring opening. The role of reactive oxygen species, 

HO
Å
, 

1
O2, O2

īÅ
 and h

+
 was investigated by adding appropriate scavengers to the reaction 

medium and the results suggest that HO
Å
 and O2

Åī
 play a major role in the degradation of 

DEET. The measurement of acute toxicity, evaluated using the Vibrio Fischeri bacteria test, 

showed that the transformation of DEET proceeds through the formation of low toxicity 

intermediate compounds. Moreover, the photocatalysis of DEET was examined using aqueous 

TiO2 suspensions in the presence of various concentrations of humic acid (HA) and fulvic 

acid (FA) in order to simulate the influence of natural organic matter (NOM) present during 

water treatment. Photodegradation of DEET was hindered after the addition of a lignite HA, 

whereas a slight increase of the photocatalytic activity was observed using low concentrations 

of the synthetic HA. The addition of FA was found more beneficial for the photocatalytic 

degradation of DEET. 

Photocatalytic degradation of metribuzin (MET) was investigated in aqueous suspensions 

using TiO2 Degussa P25 as photocatalyst. Complete degradation of MET (CɀET=10 mg L
-1

, 



 
 
 
 

CTiO2=100 mg L
-1

 and I=750 W m
-2
) was obtained after 40 min of irradiation with a k and half 

life of 10.85 Ĭ10
-2

 min
-1

 and 6.4 min, accordingly. On the other hand, the corresponding TOC 

exhibited a slight decrease, indicating that TOC removal followed a much slower rate than 

MET degradation. These observations indicated the formation of more stable intermediates, 

which needed long irradiation time to achieve complete removal. Near-complete TOC (80%) 

removal was achieved after 300 min irradiation time. The evolution of inorganic ions released 

into the solution after 300 min of irradiation, showed that nitrogen was released as NO3
-
 and 

NH4
+
 and reaches about 62.5% of the expected stoichiometric nitrogen amount at the end of 

the photocatalytic process. In contrast, 97% of the stoichiometric concentration of sulphate 

ions was formed within this irradiation time. Scavenging experiments indicated the
  
HO

Å 
as the 

main species in the MET oxidation while h
+
 contributes also to the degradation in a lesser 

extent. The major degradation intermediates were identified by HR-LC-MS and GCïMS, 

which allowed the proposal of a tentative pathway for the photocatalytic transformation of 

MET. The photocatalysed transformation of MET proceeds through the formation of various 

products, involving reactions of hydroxylation, detachment of amino and thio-methyl group, 

oxidation and dealkylation. Toxicity assays using Vibrio Fischeri demonstrated an increase in 

% inhibition of the luminescent bacterium in the first treatment stages. These observations 

clearly demonstrate the formation of intermediate compounds of higher toxicity than the 

parent one, while synergistic effects among them could also be considered. At prolonged 

irradiation times the toxicity is smoothly decreased until complete detoxification of the 

irradiated solution is achieved. 

As regards the photocatalytic abatement of 2-isopropyl-3-methoxy pyrazine (IPMP), it 

was shown to degrade within 20 min following pseudo-first order kinetic (CIPMP=10 mg L
-1

, 

CTiO2=100 mg L
-1

 and I=600 W m
-2

). Although IPMP degradation is achieved in a few 

minutes, TOC reduction follows much slower rate and complete mineralization of organic 

carbon was achieved only after 240 min of irradiation, showing a half life of 100.4 min. At 

the same time, only 55% of the organic nitrogen was mineralized and is mainly transformed 

into ammonium ions and in a negligible extent into nitrate ions. Hydroxyl radicals (HO
Å
) were 

determined to be the predominant reactive species during photocatalysis by means of 

scavenging experiments. Based on by-product identification using HR-LC-MS and GCïMS 

techniques a possible multi-step degradation scheme was proposed. The pathways mainly 

include hydroxylation, oxidation and dealkylation of isopropyl chain. Finally, Microtox 

bioassay was employed in evaluating the ecotoxicity of solutions treated by the photocatalytic 

process. The % inhibition of the luminescent bacterium Vibrio Fischeri varies below 25% 



 
 
 
 

during the photocatalytic treatment, indicating the formation of intermediate compounds of 

low toxicity. 

According to the results obtained for the photocatlytic oxidation of the studied organic 

pollutants-models and photocatalytic reduction of Cr(VI), heterogeneous photocatalyis was 

shown to be a great potential as a sustainable treatment technology. Ƚts inherent destructive 

nature, not involving mass transfer, the potential use of solar radiation as well as the 

combination of heterogeneous photocatalysis with biological and/or physicochemical methods 

make this method particularly attractive for environmental decontamination and 

detoxification. 
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ɆɢɐɛŬ 1.1: ȹɞɛɐ ɛɞɟɑɞɡ ɜŮɟɞɨ (Lodish et 

al., 2008). 

ɆɢɐɛŬ 1.2: ȹŮůɛɞɑ ɡŭɟɞɔɧɜɞɡ ɛŮŰŬɝɨ 

ɛɞɟɑɤɜ ɛŮŰŬɝɨ ɛɞɟɑɤɜ ɜŮɟɞɨ (Manahan, 

2000). 

1. ɅɈɄȷɁɆȼ ɈȹȷɇȽɁɋɁ ɆɈɆɇȼɀȷɇɋɁ 

 

1.1. ɁŮɟɧ əŬɘ ɡŭɎŰɘɜŬ ůɡůŰɐɛŬŰŬ 

 

ɇɞ ɜŮɟɧ ŬˊɞŰŮɚŮɑ Űɞɜ ˊɞɚɡŰɘɛɧŰŮɟɞ űɡůɘəɧ ˊɧɟɞ Űɞɡ ˊɚŬɜɐŰɖ əŬɘ ŬˊŬɟŬɑŰɖŰɞ ůŰɞɘɢŮɑɞ ɔɘŬ Űɖ 

ɕɤɐ əŬɘ Űɖɜ ŬɜɗɟɤˊɧŰɖŰŬ. KŬŰŬɚŬɛɓɎɜŮɘ Űɞ ɛŮɔŬɚɨŰŮɟɞ ˊɞůɞůŰɧ Űɖɠ ɔɖɠ, ůɡɜɘůŰɎ ŰŬ 

ɡŭɎŰɘɜŬ ůɡůŰɐɛŬŰŬ əŬɘ ɟɡɗɛɑɕŮɘ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡɠ (Malato et al., 2003). ȸɟɑůəŮŰŬɘ əŬɘ ůŰɘɠ 

ŰɟŮɘɠ əɞɘɜɏɠ əŬŰŬůŰɎůŮɘɠ Űɖɠ ɨɚɖɠ (ůŰŮɟŮɐ, ɡɔɟɐ, ŬɏɟɘŬ) əŬɘ ɚɧɔɤ Űɖɠ ɔɤɜɘŬəɐɠ ŭɘɎŰŬɝɖɠ Űɤɜ 

ŭŮůɛɩɜ Ƀ-ȼ (ˊŮɟɑˊɞɡ 105Á) (ɆɢɐɛŬ 1.1), Űɞ 

ɛɧɟɘɞ Űɞɡ ɜŮɟɞɨ ˊŬɟɞɡůɘɎɕŮɘ ɡɣɖɚɐ ŭɘˊɞɚɘəɐ 

ɟɞˊɐ. ɇɞ ŬɟɜɖŰɘəɧ űɞɟŰɑɞ ŮɑɜŬɘ ůɡɔəŮɜŰɟɤɛɏɜɞ 

ůŰɞ ɎŰɞɛɞ Űɞɡ ɞɝɡɔɧɜɞɡ ˊɟɞɠ Űɖɜ ˊɚŮɡɟɎ Űɤɜ 

ŬůɨɕŮɡəŰɤɜ ɖɚŮəŰɟɞɜɑɤɜ əŬɘ Űɞ ɗŮŰɘəɧ űɞɟŰɑɞ 

ůŰɞɜ ŮɜŭɘɎɛŮůɞ ɢɩɟɞ ŬɜɎɛŮůŬ ůŰŬ ɎŰɞɛŬ 

ɡŭɟɞɔɧɜɞɡ. ȼ ˊɧɚɤůɖ  Űɤɜ ŭŮůɛɩɜ ůŰɞ ɛɧɟɘɞ 

Űɞɡ ɜŮɟɞɨ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŬɜɎˊŰɡɝɖ 

ɘůɢɡɟɩɜ ŭɘŬɛɞɟɘŬəɩɜ ɖɚŮəŰɟɞůŰŬŰɘəɩɜ ɏɚɝŮɤɜ, Űɤɜ ŭŮůɛɩɜ ɡŭɟɞɔɧɜɞɡ (hydrogen bonds), 

ɛŮŰŬɝɨ Űɞɡ ɖɚŮəŰɟɞɗŮŰɘəɞɨ ŬŰɧɛɞɡ Űɞɡ ɡŭɟɞɔɧɜɞɡ Ůɜɧɠ ɛɞɟɑɞɡ əŬɘ Űɤɜ ɛɖ ŭŮůɛɘəɩɜ ɕŮɡɔɩɜ 

ɖɚŮəŰɟɞɜɑɤɜ Űɞɡ ɞɝɡɔɧɜɞɡ Ůɜɧɠ ɔŮɘŰɞɜɘəɞɨ 

ɛɞɟɑɞɡ ɜŮɟɞɨ (ɆɢɐɛŬ 1.2) (Manahan, 2000). 

ȼ ɛɞɟɘŬəɐ Űɞɡ ŭɞɛɐ, Ŭɜ əŬɘ Ŭˊɚɐ, ɞŭɖɔŮɑ ůŮ 

ɛɞɜŬŭɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ˊɞɡ Űɞ əŬɗɘůŰɞɨɜ 

ɕɤŰɘəɧ ůŰɞɘɢŮɑɞ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ əŬɘ 

ŭɘŬŰɐɟɖůɖ Űɖɠ ɕɤɐɠ ůŰɞɜ ˊɚŬɜɐŰɖ ũɖ əŬɘ Űɞɡ 

ˊɟɞůŭɑŭɞɡɜ ɟɡɗɛɘůŰɘəɧ ɟɧɚɞ ůŰɖɜ ɞɘəɞɜɞɛɑŬ 

əŬɘ Űɖ ůɨɔɢɟɞɜɖ ŰŮɢɜɞɚɞɔɘəɐ ŬɜɎˊŰɡɝɖ. ȼ 

ɛŮɔɎɚɖ ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬ, ɖ ɡɣɖɚɐ 

ŭɘɖɚŮəŰɟɘəɐ ůŰŬɗŮɟɎ, ɖ ɛŮɔɎɚɖ ŭɘŬɚɡŰɘəɐ 

ɘəŬɜɧŰɖŰŬ ŮɑɜŬɘ ɛŮɟɘəɏɠ Ŭˊɧ Űɘɠ 

ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɜŮɟɞɨ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 1 (Manahan, 2000; 

ūɡŰɘɎɜoɠ əŬɘ ɆŬɛŬɟɎ-ȾɤɜůŰŬɜŰɑɜɞɡ, 2009). 
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ɄɑɜŬəŬɠ 1.1: ɉŬɟŬəŰɖɟɘůŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɜŮɟɞɨ (Manahan, 2000; ūɡŰɘɎɜoɠ əŬɘ ɆŬɛŬɟɎ-

ȾɤɜůŰŬɜŰɑɜɞɡ, 2009; AɚɛˊɎɜɖɠ, 1999). 

ȽŭɘɧŰɖŰŬ Ɇɨɔəɟɘůɖ ɛŮ ɎɚɚŮɠ  ŮɜɩůŮɘɠ ɆɖɛŬůɑŬ ɔɘŬ Űɞ űɡůɘəɧ 

əŬɘ ɓɘɞɚɞɔɘəɧ ˊŮɟɘɓɎɚɚɞɜ 

ŪŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬ 

1 cal g
-1

 deg
-1

 

ɀŮɔŬɚɨŰŮɟɖ Ŭˊɧ ɧɚŬ ŰŬ 

ɡɔɟɎ,  ŮɝŬɘɟɞɨɛŮɜɖɠ Űɖɠ Ɂȼ3  

ȺɛˊɞŭɑɕŮɘ ɛŮɔɎɚŮɠ 

ŭɘŬəɡɛɎɜůŮɘɠ ɗŮɟɛɞəɟŬůɑŬɠ 

ȿŬɜɗɎɜɞɡůŬ ɗŮɟɛɧŰɖŰŬ 

Űɐɝɖɠ 

ɀŮɔŬɚɨŰŮɟɖ ɧɚɤɜ, 

ŮɝŬɘɟɞɨɛŮɜɖɠ Űɖɠ Ɂȼ3 

ŪŮɟɛɞůŰŬŰɘəɧ ŬˊɞŰɏɚŮůɛŬ 

ůŰɞ ůɖɛŮɑɞ ˊɐɝɖɠ ɚɧɔɤ 

Ŭˊɞɟɟɧűɖůɖɠ ɐ 

ŬˊŮɚŮɡɗɏɟɤůɖɠ 

ɚŬɜɗɎɜɞɡůŬɠ ɗŮɟɛɧŰɖŰŬɠ 

ȿŬɜɗɎɜɞɡůŬ ɗŮɟɛɧŰɖŰŬ 

ŮɝɎŰɛɘůɖɠ 

585 cal g
-1

 20 ÜC 

ɀŮɔŬɚɨŰŮɟɖ Ŭˊɧ ɧɚŮɠ Űɘɠ 

ŮɜɩůŮɘɠ 

ȹɟŬ ɟɡɗɛɘůŰɘəɎ ůŰɖ 

ɛŮŰŬűɞɟɎ ɗŮɟɛɧŰɖŰŬɠ əŬɘ 

ɜŮɟɞɨ ůŰɖɜ ŬŰɛɧůűŬɘɟŬ 

ŪŮɟɛɘəɐ ŭɘŬůŰɞɚɐ ȼ ɗŮɟɛɞəɟŬůɑŬ Űɖɠ ɛɏɔɘůŰɖɠ 

ˊɡəɜɧŰɖŰŬɠ ŮɚŬŰŰɩɜŮŰŬɘ ɛŮ 

Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŬɚŬŰɧŰɖŰŬɠ 

(əŬɗŬɟɧ ɜŮɟɧ 4Ü C) 

ɆɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖɜ 

əŬŰŬɜɞɛɐ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ  

əŬɘ Űɖ ůŰɟɤɛŬŰɞˊɞɑɖůɖ Űɤɜ 

ɡŭɎŰɘɜɤɜ ɛŬɕɩɜ ůŰɘɠ ɚɑɛɜŮɠ. 

(ɇŬ ɔɚɡəɎ ɜŮɟɎ əŬɘ Űɞ 

ŬɟŬɘɧ ɗŬɚŬůůɘɜɧ ɜŮɟɧ 

ŬˊɞəŰɞɨɜ Űɖ ɛɏɔɘůŰɖ 

ˊɡəɜɧŰɖŰŬ Űɞɡɠ  ůŮ 

ɗŮɟɛɞəɟŬůɑŮɠ ɛŮɔŬɚɨŰŮɟŮɠ 

Ŭˊɧ Űɞ ůɖɛŮɑɞ ˊɐɝɖɠ.) 

ȺˊɘűŬɜŮɘŬəɐ ŰɎůɖ ɀŮɔŬɚɨŰŮɟɖ  ɧɚɤɜ Űɤɜ 

ɡɔɟɩɜ 

ȽŭɘɧŰɖŰŬ ůɖɛŬɜŰɘəɐ ɔɘŬ Űɖ 

űɡůɘɞɚɞɔɑŬ Űɞɡ əɡŰŰɎɟɞɡ. 

ȺɚɏɔɢŮɘ ɞɟɘůɛɏɜŬ 

ŮˊɘűŬɜŮɘŬəɎ űŬɘɜɧɛŮɜŬ əŬɘ 

Űɞ ůɢɖɛŬŰɘůɛɧ ůŰŬɔɧɜɤɜ. 

ȹɘŬɚɡŰɘəɐ ɘəŬɜɧŰɖŰŬ ȹɘŬɚɨŮɘ Űɘɠ ˊŮɟɘůůɧŰŮɟŮɠ 

ŮɜɩůŮɘɠ əŬɘ  ůŮ ɛŮɔŬɚɨŰŮɟŮɠ 

ˊɞůɧŰɖŰŮɠ Ŭˊɧ ɧɚŬ ŰŬ ɡɔɟɎ 

ȷˊɞŰɏɚŮůɛŬ ŮɑɜŬɘ ɖ 

ŮɛűɎɜɘůɖ ŭɘŬűɧɟɤɜ 

űɡůɘəɩɜ əŬɘ ɓɘɞɚɞɔɘəɩɜ  

űŬɘɜɞɛɏɜɤɜ. 

ȹɘɖɚŮəŰɟɘəɐ ůŰŬɗŮɟɎ ɇɞ əŬɗŬɟɧ ɜŮɟɧ  ɏɢŮɘ Űɖɜ 

ɡɣɖɚɧŰŮɟɖ Ŭˊɧ ɧɚŬ ŰŬ ɡɔɟɎ 

Ɉɣɖɚɧɠ ɓŬɗɛɧɠ ŭɘɎůŰŬůɖɠ 

Űɤɜ ŬɜɧɟɔŬɜɤɜ ɞɡůɘɩɜ  

ȼɚŮəŰɟɞɚɡŰɘəɐ 

ŭɘɎůŰŬůɖ 

Ʉɞɚɨ ɛɘəɟɐ ɇɞ ɜŮɟɧ ŮɑɜŬɘ ɛɘŬ ɞɡŭɏŰŮɟɖ 

ɏɜɤůɖ ɛŮ ɑůɞ Ŭɟɘɗɛɧ ȼ
+
 əŬɘ 

Ƀȼ
-
 

ȹɘŬɨɔŮɘŬ ɆɢŮŰɘəɎ ɛŮɔɎɚɖ  

 

ȷɜ əŬɘ ɖ ɡŭɟɧůűŬɘɟŬ əŬŰŬɚŬɛɓɎɜŮɘ ŰŬ Ĳ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ɔɖɠ, Űɞ ɜŮɟɧ ŮɑɜŬɘ ɏɜŬɠ 

ˊŮɟɘɞɟɘůɛɏɜɞɠ űɡůɘəɧɠ ˊɧɟɞɠ. ȷˊɧ Űɞ ůɨɜɞɚɞ Űɞɡ ɜŮɟɞɨ ˊɞɡ ɡˊɎɟɢŮɘ ůŰɖ ɔɖ, Űɞ ɛŮɔŬɚɨŰŮɟɞ 

ˊɞůɞůŰɧ (97%) ŬɜɐəŮɘ ůŰɞɡɠ ɤəŮŬɜɞɨɠ əŬɘ ŮɑɜŬɘ ŬəŬŰɎɚɚɖɚɞ ɔɘŬ ɎɛŮůɖ ɢɟɐůɖ, ɚɧɔɤ Űɖɠ 
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ɡɣɖɚɐɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɎɚŬŰŬ. ȷɜŰɑɗŮŰŬ, Űɞ ɔɚɡəɧ ɜŮɟɧ (ɢŬɛɖɚɐɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ 

ɎɚŬŰŬ) ŬˊɞŰŮɚŮɑ ɛɧɜɞ Űɞ 3%  Űɖɠ ůɡɜɞɚɘəɐɠ ˊɞůɧŰɖŰŬɠ Űɞɡ ɜŮɟɞɨ ůŰɞɜ ˊɚŬɜɐŰɖ ɛŬɠ əŬɘ Ŭˊɧ 

ŬɡŰɧ Űɞ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɞɡ, ˊŮɟɑˊɞɡ 70%, ɓɟɑůəŮŰŬɘ ůŮ ůŰŮɟŮɐ əŬŰɎůŰŬůɖ (ˊŬɔŮŰɩɜŮɠ 

əŬɘ ˊŬɔɧɓɞɡɜŬ) əŬɘ Űɞ ɡˊɧɚɞɘˊɞ 30% ůŮ ɛɖ ˊɟɞůɓɎůɘɛɞɡɠ ɡŭɟɞűɧɟɞɡɠ ɞɟɑɕɞɜŰŮɠ (ɆɢɐɛŬ 

1.3). Ⱥˊɞɛɏɜɤɠ, ɏɜŬ ˊɞɚɨ ɛɘəɟɧ ˊɞůɞůŰɧ Űɖɠ ůɡɜɞɚɘəɐɠ ˊɞůɧŰɖŰŬɠ Űɞɡ ɜŮɟɞɨ ŮɑɜŬɘ 

ŭɘŬɗɏůɘɛɞ ɔɘŬ Ŭɜɗɟɩˊɘɜɖ ɢɟɐůɖ əŬɘ ɖ ŭɘŬŰɐɟɖůɖ Űɞɡ ŮɑɜŬɘ ɕɤŰɘəɐɠ ůɖɛŬůɑŬɠ (El-Ghonemy, 

2012). 

 

 

ɆɢɐɛŬ 1.3:  ɄŬɔəɧůɛɘŬ əŬŰŬɜɞɛɐ  Űɞɡ ɜŮɟɞɨ Űɖɠ ɔɖɠ (El-Ghonemy, 2012). 

 

ɇŬ ɡŭɎŰɘɜŬ ůɡůŰɐɛŬŰŬ ɚŮɘŰɞɡɟɔɞɨɜ, ůɡɜŭɏɞɜŰŬɘ əŬɘ ŬɚɚɖɚɞŮɝŬɟŰɞɨɜŰŬɘ Űɞɡ 

ɡŭɟɞɚɞɔɘəɞɨ əɨəɚɞɡ Űɞɡ ɜŮɟɞɨ (ɆɢɐɛŬ 1.4). Ƀ əɨəɚɞɠ Űɞɡ ɜŮɟɞɨ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖ ɛŮŰŬűɞɟɎ 

ɜŮɟɞɨ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ɡŭɎŰɘɜŮɠ ɛɎɕŮɠ ˊɞɡ ɡˊɞŭɘŬɘɟɞɨɜŰŬɘ ůŮ ɛɘəɟɧŰŮɟŮɠ ŬɜɎɚɞɔŬ ɛŮ ŰŬ 

űɡůɘəɎ Űɞɡɠ ɢŬɟŬəŰɖɟɘůŰɘəɎ ɧˊɤɠ: ɤəŮŬɜɞɑ, ɗɎɚŬůůŮɠ, ɚɑɛɜŮɠ, ˊɞŰŬɛɞɑ, ɢŮɑɛŬɟɟɞɘ, 

ɚɘɛɜɞɗɎɚŬůůŮɠ, ˊŬɟɎəŰɘŮɠ ˊŮɟɘɞɢɏɠ, ɡɔɟɧŰɞˊɞɘ, ɡŭɟŬŰɛɞɑ Űɖɠ ŬŰɛɧůűŬɘɟŬɠ əŬɘ ɡˊɧɔŮɘŬ ɜŮɟɎ. 

ɈˊɎɟɢŮɘ ůɖɛŬɜŰɘəɐ űɡůɘəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ əŬɘ ŭɘŬůɨɜŭŮůɖ Űɖɠ ɡŭɟɧůűŬɘɟŬɠ əŬɘ Űɖɠ 

ɚɘɗɧůűŬɘɟŬɠ ɖ ɞˊɞɑŬ ŮɑɜŬɘ ŰɛɐɛŬ Űɖɠ ɔŮɩůűŬɘɟŬɠ ˊɞɡ ŮɑɜŬɘ ˊɟɞůɘŰɧ ůŰɞ ɜŮɟɧ. Ƀɘ ŬɜɗɟɩˊɘɜŮɠ 

ŭɟŬůŰɖɟɘɧŰɖŰŮɠ ŮˊɖɟŮɎɕɞɡɜ əŬɗɞɟɘůŰɘəɎ ŬɡŰɏɠ Űɘɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ŮˊɘŰŬɢɨɜɞɜŰŬɠ əɡɟɑɤɠ 

Űɘɠ Ůˊɘɛɏɟɞɡɠ ŭɘŮɟɔŬůɑŮɠ Űɞɡɠ. ɀŮŰŬŰɟɞˊɏɠ ɐ ŮˊŮɛɓɎůŮɘɠ (ɛŮŰŬŰɟɞˊɏɠ ŭŬůɩɜ ɐ ɡɔɟɞŰɧˊɤɜ ůŮ 

ŬɔɟɞŰɘəɏɠ ŮəŰɎůŮɘɠ ɐ ŮɜŰŬŰɘəɞˊɞɑɖůɖ Űɖɠ ŬɔɟɞŰɘəɐɠ ˊŬɟŬɔɤɔɐɠ) ˊɞɡ ŮɚŬŰŰɩɜɞɡɜ Űɖ 

ɓɚɎůŰɖůɖ əŬɘ Űɖ ŭɘŬˊɜɞɐ (ŬˊɩɚŮɘŬ Űɤɜ ɡŭɟŬŰɛɩɜ Ŭˊɧ ŰŬ űɡŰɎ) ŮˊɖɟŮɎɕŮɘ Űɞ ɛɘəɟɞəɚɑɛŬ Űɖɠ 

ˊŮɟɘɞɢɐɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ Ŭɨɝɖůɖ Űɤɜ ɓɟɞɢɞˊŰɩůŮɤɜ, Űɖ ŭɘɎɓɟɤůɖ Űɤɜ ŮŭŬűɩɜ, Űɖ 
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ůɡůůɩɟŮɡůɖ ɘɕɖɛɎŰɤɜ əŬɘ Űɖɜ ŬɚɚŬɔɐ Űɤɜ ɢɖɛɘəɩɜ əŬɘ ɓɘɞɚɞɔɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɤɜ 

ɡŭŬŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ (Spiro and Stigliani, 2002; Manahan, 2000; ȸŬɚŬɓŬɜɑŭɖɠ, 2008). 

 

ɆɢɐɛŬ 1.4: Ƀ Ɉŭɟɞɚɞɔɘəɧɠ əɨəɚɞɠ Űɞɡ ɜŮɟɞɨ əŬɘ ɞɘ ˊɞůɧŰɖŰŮɠ (ŰɟɘůŮəŬŰɞɛɛɨɟɘŬ ɚɑŰɟŬ ŬɜɎ 

ɖɛɏɟŬ) Űɞɡ ɜŮɟɞɨ ˊɞɡ ɛŮŰŬűɏɟɞɜŰŬɘ Ŭˊɧ əŬɘ ˊɟɞɠ Űɖɜ ŬŰɛɧůűŬɘɟŬ (Manahan, 2000; 

ūɡŰɘɎɜoɠ əŬɘ ɆŬɛŬɟɎ-ȾɤɜůŰŬɜŰɑɜɞɡ, 2009). 

 

ɇŬ űɡůɘəɞɢɖɛɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ɜŮɟɩɜ ŮɑɜŬɘ ŬˊɞŰɏɚŮůɛŬ ůɖɛŬɜŰɘəɩɜ ŭɘŮɟɔŬůɘɩɜ 

əŬɘ ɘůɞɟɟɞˊɘɩɜ ˊɞɡ ŮˊɐɚɗŬɜ ɛŮŰɎ Ŭˊɧ ŬɘɩɜŮɠ. ȰɜŬ Ŭˊɧ ŰŬ əɡɟɘɧŰŮɟŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ 

ɜŮɟɩɜ ŮɑɜŬɘ ɖ ɞɝɨŰɖŰŬ əŬɘ ɖ ŬɚəŬɚɘəɧŰɖŰŬ (pH) ɚɧɔɤ Űɖɠ ŭɘɎɚɡůɖɠ ŬɚɎŰɤɜ ŭɘŬűɧɟɤɜ ɞɝɏɤɜ 

əŬɘ ɓɎůŮɤɜ, əŬɘ ůɡɛˊɚɞəɩɜ ɛŮŰɎɚɚɤɜ əŬɘ ɛŮŰŬɚɚɞŮɘŭɩɜ. Ƀɘ ɢɖɛɘəɏɠ ŭɘŮɟɔŬůɑŮɠ ůŰɞ ɡŭɎŰɘɜɞ 

ˊŮɟɘɓɎɚɚɞɜ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ˊɞɘəɑɚŮɠ ŬɜŰɘŭɟɎůŮɘɠ ɧˊɤɠ ɞɝŮɧ-ɓŬůɘəɏɠ, ŭɘŬɚɡŰɞˊɞɑɖůɖɠ, 

ɞɝŮɘŭɞŬɜŬɔɤɔɘəɏɠ əŬɘ ŬɜŰɘŭɟɎůŮɘɠ ůɡɛˊɚɞəɞˊɞɑɖůɖɠ (ɆɢɐɛŬ 1.5). ɆŮ ŬɜŰɘŭɟɎůŮɘɠ 

ůɡɛˊɚɞəɞˊɞɑɖůɖɠ ŮəŰɧɠ Ŭˊɧ ɛŮŰŬɚɚɘəɎ ɘɧɜŰŬ ɚŬɛɓɎɜɞɡɜ ɛɏɟɞɠ əŬɘ ɞɟɔŬɜɘəɏɠ ɞɡůɑŮɠ ɛŮ 

ˊɞɚɨˊɚɞəɖ ŭɞɛɐ, ɧˊɤɠ ɢɞɡɛɘəɎ ɞɝɏŬ, űɞɡɚɓɘəɎ ɞɝɏŬ, ə.ɚˊ. Ƀɘ ŬɜŰɘŭɟɎůŮɘɠ ɞɝŮɘŭɞŬɜŬɔɤɔɐɠ 

ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ ɔɘŬ ɏɜŬɜ ɛŮɔɎɚɞ Ŭɟɘɗɛɧ ŮɜɩůŮɤɜ ůŰŬ ɡŭŬŰɘəɎ ůɡůŰɐɛŬŰŬ əŬŰŬɚɡɧɛŮɜŮɠ 

ůɡɢɜɎ Ŭˊɧ ɛɏŰŬɚɚŬ ɐ/əŬɘ ɓŬəŰɐɟɘŬ Űɞɡ ɜŮɟɞɨ. ɆŰɖ ɢɖɛŮɑŬ űɡůɘəɩɜ ɡŭɎŰɤɜ, ɘŭɘŬɑŰŮɟŬ 

ůɖɛŬɜŰɘəɧ ɟɧɚɞ ŭɘŬŭɟŬɛŬŰɑɕɞɡɜ əŬɘ ɞɘ ɓɘɞɚɞɔɘəɏɠ ŭɘŮɟɔŬůɑŮɠ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ. ũɘŬ 

ˊŬɟɎŭŮɘɔɛŬ, əŬŰɎ Űɖ űɤŰɞůɨɜɗŮůɖ Űɤɜ űɡəɩɜ ɛˊɞɟŮɑ ɜŬ ˊŬɟŬŰɖɟɖɗŮɑ Ŭɨɝɖůɖ Űɞɡ pH Űɞɡ 

ɜŮɟɞɨ, ɚɧɔɤ ŬˊɞɛɎəɟɡɜůɖɠ Űɞɡ ŭɘŬɚɡɛɏɜɞɡ CO2, ɛŮŰŬŰɟɞˊɐ Űɤɜ ɘɧɜŰɤɜ HCO3
-
 ůŮ ɘɧɜŰŬ 

CO3
2-

 ŰŬ ɞˊɞɑŬ ŬɜŰɘŭɟɞɨɜ ɛŮ əŬŰɘɧɜŰŬ ŬůɓŮůŰɑɞɡ ůŰɞ ɜŮɟɧ əŬɘ əŬŰŬɓɡɗɑɕŮŰŬɘ CaCO3 

(Manahan, 2000; ȸŬɚŬɓŬɜɑŭɖɠ, 2008). 



 
 
 
 

5 
 

 

ɆɢɐɛŬ 1.5: Ƀɘ əɡɟɘɧŰŮɟŮɠ ɢɖɛɘəɏɠ ŭɘŮɟɔŬůɑŮɠ əŬɘ ŬɜŰɘŭɟɎůŮɘɠ ůŮ űɡůɘəɎ ɜŮɟɎ (Manahan, 

2000; ūɡŰɘɎɜoɠ əŬɘ ɆŬɛŬɟɎ-ȾɤɜůŰŬɜŰɑɜɞɡ, 2009). 

 

1.2. ɇɞ ˊɟɧɓɚɖɛŬ Űɞɡ ɜŮɟɞɨ 

 

ȼ ɏɚɚŮɘɣɖ əŬɘ ɖ ɡˊɞɓɎɗɛɘůɖ Űɖɠ ˊɞɘɧŰɖŰŬɠ Űɞɡ ɜŮɟɞɨ ŬˊɞŰŮɚɞɨɜ ŭɨɞ Ŭˊɧ Űɘɠ ˊɚɏɞɜ 

ɛŮɔɎɚŮɠ ˊɟɞəɚɐůŮɘɠ Űɞɡ ŬɘɩɜŬ ˊɞɡ ŭɘŬɜɨɞɡɛŮ (Eltawil et al., 2009) əŬɘ Ůɜ ŭɡɜɎɛŮɘ 

ŬɜŬůŰŬɚŰɘəoɨɠ ˊŬɟɎɔɞɜŰŮɠ ɔɘŬ Űɖɜ ɞɘəɞɜɞɛɘəɐ əŬɘ əɞɘɜɤɜɘəɐ ŬɜɎˊŰɡɝɖ ůŮ ˊŬɔəɧůɛɘɞ 

ŮˊɑˊŮŭɞ (Singh, 2007). Ƀɘ ůɨɔɢɟɞɜŮɠ ˊŬɟŬɔɤɔɘəɏɠ ŭɟŬůŰɖɟɘɧŰɖŰŮɠ əŬɘ ɖ ŮɜŰŬŰɘəɞˊɞɑɖůɖ Űɤɜ 

ɡűɘůŰɎɛŮɜɤɜ, ɞɘ əɚɘɛŬŰɘəɏɠ ŬɚɚŬɔɏɠ əŬɘ ɞɘ ŬɜɎɔəŮɠ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ Ŭɨɝɖůɖ Űɞɡ 

ˊɚɖɗɡůɛɞɨ əŬɘ Űɖ ɓŮɚŰɑɤůɖ Űɞɡ ɓɘɞŰɘəɞɨ Ůˊɘˊɏŭɞɡ, ɞŭɖɔɞɨɜ ŭɘŬɟəɩɠ ůŮ ɛŮɔŬɚɨŰŮɟɖ ɕɐŰɖůɖ 

ɜŮɟɞɨ əŬŰɎɚɚɖɚɖɠ ˊɞɘɧŰɖŰŬɠ (Verstraete et al., 2009). ɇŬɡŰɧɢɟɞɜŬ, ɖ ůɡɜŮɢɐɠ ɡˊɞɓɎɗɛɘůɖ 

Űɖɠ ˊɞɘɧŰɖŰŬɠ Űɤɜ ɡŭŬŰɘəɩɜ ˊɧɟɤɜ ɛɏůɤ Űɤɜ ŬɜɗɟɤˊɞɔŮɜɩɜ ˊɖɔɩɜ ɟɨˊŬɜůɖɠ ŬˊɞŰŮɚŮɑ ɏɜŬ 

Ŭˊɧ ŰŬ ůɖɛŬɜŰɘəɧŰŮɟŬ ůɨɔɢɟɞɜŬ ˊŮɟɘɓŬɚɚɞɜŰɘəɎ ˊɟɞɓɚɐɛŬŰŬ. Ƀɘ ɓŬůɘəɧŰŮɟŮɠ ŮˊɘŭɟɎůŮɘɠ 

Űɖɠ ɟɨˊŬɜůɖɠ ůŰŬ ɡŭɎŰɘɜŬ ůɡůŰɐɛŬŰŬ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŭɡůɛŮɜŮɑɠ ŮˊɘˊŰɩůŮɘɠ ůŰɖɜ ˊɞɘɧŰɖŰŬ 

Űɞɡ ɨŭŬŰɞɠ, Űɖɜ əŬŰŬůŰɟɞűɐ Űɤɜ űɡůɘəɩɜ ŮɜŭɘŬɘŰɖɛɎŰɤɜ (habitat) Űɤɜ ɡŭɟɧɓɘɤɜ 

ɞɟɔŬɜɘůɛɩɜ, ɞɝŮɑŮɠ əŬɘ ɡˊɧ-ɞɝŮɑŮɠ Űɞɝɘəɏɠ ŮˊɘŭɟɎůŮɘɠ ɔɘŬ Űɖɜ ɡɔŮɑŬ Űɞɡɠ əŬɘ əŬŰô ŮˊɏəŰŬůɖ 

ůŰɖɜ ɡɔŮɑŬ Űɤɜ Ŭɜɗɟɩˊɤɜ ( ȸɚŬɢɞɔɘɎɜɜɖ əŬɘ ȸŬɚŬɓŬɜɑŭɖɠ, 2010; ȷhmed et al., 2010). 

ȼ ˊŬɟŬəɞɚɞɨɗɖůɖ Űɤɜ ˊɞůɞŰɘəɩɜ əŬɘ ˊɞɘɞŰɘəɩɜ ŭŮŭɞɛɏɜɤɜ Űɖɠ ŰŮɚŮɡŰŬɑŬɠ ŭŮəŬŮŰɑŬɠ 

ŬɜŬŭŮɘəɜɨŮɘ  Űɖɜ ɨˊŬɟɝɖ  ůɖɛŬɜŰɘəɩɜ ˊɟɞɓɚɖɛɎŰɤɜ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɞ ɜŮɟɧ əŬɘ ŮɑɜŬɘ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ˊŮɟɘɞɢɐɠ ˊɞɡ ŮˊɘəŮɜŰɟɤɜɧɛŬůŰŮ. ɆɨɛűɤɜŬ ɛŮ ůŰɞɘɢŮɑŬ ŭɘŮɗɜɩɜ 

ɞɟɔŬɜɘůɛɩɜ (ɇŬɛŮɑɞ ȼɜɤɛɏɜɤɜ Ⱥɗɜɩɜ ɔɘŬ ŰŬ ɄŬɘŭɘɎ (United Nations Childrenôs Fund 

(UNICEF)) əŬɘ ɄŬɔəɧůɛɘɞɠ ɃɟɔŬɜɘůɛɧɠ ɡɔŮɑŬɠ (World Health Organization (WHO)) 

ˊŮɟɘůůɧŰŮɟɞɘ Ŭˊɧ 1,1 ŭɘůŮəŬŰɞɛɛɨɟɘŬ Ɏɜɗɟɤˊɞɘ ŭŮɜ ɏɢɞɡɜ ˊɟɧůɓŬůɖ ůŮ əŬŰɎɚɚɖɚɞɡɠ 

ɡŭŬŰɘəɞɨɠ ˊɧɟɞɡɠ əŬɘ ˊŮɟɑˊɞɡ 2,4 ŭɘůŮəŬŰɞɛɛɨɟɘŬ ɕɞɡɜ ůŮ ůɡɜɗɐəŮɠ ɡɔɘŮɘɜɐɠ ˊɞɡ ŭŮɜ 
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ˊɚɖɟɞɨɜ Űɘɠ ɓŬůɘəɏɠ ˊɟɞŭɘŬɔɟŬűɏɠ (Tarrass and Benjelloun, 2012). ɆŰɘɠ ŬɜŬˊŰɡůůɧɛŮɜŮɠ 

ɢɩɟŮɠ, ɖ ɏɚɚŮɘɣɖ əŬɗŬɟɞɨ ˊɧůɘɛɞɡ ɜŮɟɞɨ əŬɘ ŮˊŬɟəɩɜ ůɡɜɗɖəɩɜ ɡɔɘŮɘɜɐɠ ůɡɜŰŮɚɞɨɜ ůŰɞ 

ɗɎɜŬŰɞ 1,6 ŮəŬŰɞɛɛɡɟɑɤɜ Ŭɜɗɟɩˊɤɜ ŮŰɖůɑɤɠ (Tarrass and Benjelloun, 2012). Ƀɘ ˊɟɞɓɚɏɣŮɘɠ 

ɔɘŬ Űɞ ɛɏɚɚɞɜ ŮɑɜŬɘ ŭɡůɞɑɤɜŮɠ, Ŭűɞɨ Űɞ 2050 ŮəŰɘɛɎŰŬɘ ɧŰɘ ŭɡɞ ɛŮ ŮˊŰɎ ŭɘůŮəŬŰɞɛɛɨɟɘŬ 

Ɏɜɗɟɤˊɞɘ ŭŮɜ ɗŬ ɏɢɞɡɜ ˊɟɧůɓŬůɖ ůŮ ŮˊŬɟəɐ ŬˊɞɗɏɛŬŰŬ ɜŮɟɞɨ (United Nations, 2006).  

Aɜ əŬɘ ɞɘ ɢɩɟŮɠ Űɖɠ ȺɡɟɤˊŬɥəɐɠ Ȱɜɤůɖɠ ŭɘŬɗɏŰɞɡɜ Ɏűɗɞɜɞɡɠ ɡŭŬŰɘəɞɨɠ ˊɧɟɞɡɠ əŬɘ 

ɘŭɘŬɑŰŮɟŬ əŬɚɏɠ ůɡɜɗɐəŮɠ ɡɔɘŮɘɜɐɠ ůŮ ůɨɔəɟɘůɖ ɛŮ ɎɚɚŮɠ ɢɩɟŮɠ Űɞɡ ˊɚŬɜɐŰɖ, ŰŬ ŰŮɚŮɡŰŬɑŬ 

ɢɟɧɜɘŬ ɏɢɞɡɜ ɏɚɗŮɘ ŬɜŰɘɛɏŰɤˊŮɠ ɛŮ Űɞ ˊɟɧɓɚɖɛŬ Űɖɠ ɟɨˊŬɜůɖɠ Űɞɡ ɜŮɟɞɨ (Bixiɞ et al., 2006; 

Malato et al., 2003). ȼ ɗŮŬɛŬŰɘəɐ ˊɟɧɞŭɞɠ Űɖɠ ɓɘɞɛɖɢŬɜɑŬɠ əŬɘ Űɤɜ ŰŮɢɜɞɚɞɔɘɩɜ əŬɗɩɠ əŬɘ ɖ 

ɓŮɚŰɑɤůɖ Űɞɡ ɓɘɞŰɘəɞɨ Ůˊɘˊɏŭɞɡ ɕɤɐɠ, ŮɘŭɘəɎ ůŰɘɠ ɓɘɞɛɖɢŬɜɘəɏɠ ɢɩɟŮɠ Űɞɡ əɧůɛɞɡ, 

ůɡɜŮŰɏɚŮůŬɜ ůŰɖɜ ŮɘůŬɔɤɔɐ Ůɜɧɠ ŬɡɝŬɜɧɛŮɜɞɡ Ŭɟɘɗɛɞɨ ɟɨˊɤɜ ůŰɞ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ,  ɛŮ 

ŭɘŬűɞɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ űɡůɘəɞɢɖɛɘəɐ ůɡɛˊŮɟɘűɞɟɎ ɧˊɤɠ ɓŬɟɏŬ ɛɏŰŬɚɚŬ, 

ˊŬɟŬůɘŰɞəŰɧɜŬ, ɗɟŮˊŰɘəɎ ɡɚɘəɎ ŬɚɚɎ əŬɘ ŬɜŬŭɡɧɛŮɜɞɡɠ ɟɨˊɞɡɠ ɧˊɤɠ Ůɜŭɞəɟɘɜɘəɞɨɠ 

ŭɘŬŰŬɟɎəŰŮɠ, űŬɟɛŬəŮɡŰɘəɏɠ ŮɜɩůŮɘɠ ə.Ŭ. (Malato et al., 2009). 

ɄŬɟɎ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ əŬŰɎ Űɘɠ ŰŮɚŮɡŰŬɑŮɠ ŭŮəŬŮŰɑŮɠ Űɞ ɕɐŰɖɛŬ Űɖɠ ˊɟɞůŰŬůɑŬɠ Űɤɜ 

ɡŭŬŰɘəɩɜ ˊɧɟɤɜ ɚɎɛɓŬɜŮ ɧɚɞ əŬɘ ɛŮɔŬɚɨŰŮɟŮɠ ŭɘŬůŰɎůŮɘɠ əŬɘ ˊɟɞɓɞɚɐ, ɛɧɜɞ ŰŬ ŰŮɚŮɡŰŬɑŬ 

ɢɟɧɜɘŬ ɏɔɘɜŮ ůŬűɏɠ ɧŰɘ ɖ ɕɤɐ ůŰɞɜ ˊɚŬɜɐŰɖ ŬŮ́ɘɚŮɑŰŬɘ ɎɛŮůŬ Ŭˊɧ Űɖɜ ŬɚɧɔɘůŰɖ ɢɟɐůɖ əŬɘ 

ɟɨˊŬɜůɖ  Űɞɡ ɜŮɟɞɨ (ȼoutman, 2010). ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ, Űɧůɞ ůŮ ˊŬɔəɧůɛɘɞ ŬɚɚɎ əɡɟɑɤɠ 

ůŮ ŮɡɟɤˊŬɥəɧ ŮˊɑˊŮŭɞ, ˊŬɟŬŰɖɟŮɑŰŬɘ ɛɘŬ ˊɟɞůˊɎɗŮɘŬ ɔɘŬ ɗɏůˊɘůɖ ŭɘŬɟəɩɠ ŬɡůŰɖɟɧŰŮɟɤɜ 

ɜɧɛɤɜ əŬɘ ŭɘŬŰɎɝŮɤɜ ˊɞɡ Ŭűɞɟɞɨɜ Űɖɜ ˊɞɚɘŰɘəɐ ˊŮɟɘɓɎɚɚɞɜŰɞɠ, ŬɜŰɘəŬŰɞˊŰɟɑɕɞɜŰŬɠ Űɖɜ 

Ŭɡɝɖɛɏɜɖ ŬɜɎɔəɖ ɔɘŬ ɓɏɚŰɘůŰɖ əŬɘ ɓɘɩůɘɛɖ ɢɟɐůɖ Űɤɜ ɡŭŬŰɘəɩɜ ˊɧɟɤɜ (Pera-Titus et al., 

2004). Ʉɟɘɜ Ŭˊɧ ɛŮɟɘəɎ ɢɟɧɜɘŬ ɖ ɈˊɖɟŮůɑŬ ɄɟɞůŰŬůɑŬɠ ɄŮɟɘɓɎɚɚɞɜŰɞɠ EPA (Environmental 

Protection Agency) ŮˊɘəŮɜŰɟɩɗɖəŮ ůŮ 126 ŮˊɘɚŮɔɛɏɜŮɠ ŮɜɩůŮɘɠ əŬɘ ůŰɞɘɢŮɑŬ, ˊɞɡ 

ɞɜɞɛɎůŰɖəŬɜ ɟɨˊɞɘ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ (priority pollutants) əŬɘ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ˊɏɜŰŮ əɨɟɘŮɠ 

əŬŰɖɔɞɟɑŮɠ: 1) ɀɏŰŬɚɚŬ, 2) ūɡŰɞűɎɟɛŬəŬ əŬɘ ˊɞɚɡɢɚɤɟɘɤɛɏɜŬ ŭɘűŬɘɜɨɚɘŬ (PCBs), 3) 

ȼɛɘˊŰɖŰɘəɏɠ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ, 4) ɄŰɖŰɘəɎ ɞɟɔŬɜɘəɎ əŬɘ 5) Ɉ́ ɧɚɞɘˊŮɠ ɢɖɛɘəɏɠ ŮɜɩůŮɘɠ 

(Woodard and Curran, 2006) 

ɇɞ 2000 ɖ ȺɡɟɤˊŬɥəɐ ɏɜɤůɖ ŬɜŬɔɜɤɟɑɕɞɜŰŬɠ Űɖ ůˊɞɡŭŬɘɧŰɖŰŬ Űɞɡ ɜŮɟɞɨ ɤɠ ŬɔŬɗɞɨ 

ˊɟɤŰŬɟɢɘəɐɠ ůɖɛŬůɑŬɠ ɔɘŬ Űɖɜ Ůˊɘɓɑɤůɖ Űɞɡ Ŭɜɗɟɩˊɞɡ əŬɘ Űɤɜ ɞɘəɞůɡůŰɖɛɎŰɤɜ əŬɗɩɠ əŬɘ  

Űɖɜ ŬɜɎɔəɖ ɓŮɚŰɑɤůɖɠ Űɖɠ ˊɞɘɧŰɖŰŬɠ əŬɘ ˊɟɞůŰŬůɑŬɠ Űɤɜ ɡŭɎŰɘɜɤɜ ˊɧɟɤɜ, ɗɏůˊɘůŮ Űɖɜ 

ɃŭɖɔɑŬ-ɄɚŬɑůɘɞ ˊɞɡ ɏɗŮůŮ ŰŬ ɗŮɛɏɚɘŬ ɔɘŬ Űɖ ŭɘŬɢŮɑɟɘůɖ əŬɘ ˊɟɞůŰŬůɑŬ Űɤɜ ɡŭŬŰɘəɩɜ ˊɧɟɤɜ. 

ȼ ɃŭɖɔɑŬ ɄɚŬɑůɘɞ ɔɘŬ ŰŬ ɁŮɟɎ 2000/60/EE ŬˊɞŰŮɚŮɑ ɛɑŬ ɞɚɘůŰɘəɐ əŬɘ əŬɘɜɞŰɧɛɞ ˊɟɞůˊɎɗŮɘŬ 

ˊɟɞůŰŬůɑŬɠ əŬɘ ŭɘŬɢŮɑɟɘůɖɠ Űɤɜ ɡŭŬŰɘəɩɜ ˊɧɟɤɜ əŬɘ ɗŮůˊɑɕŮɘ ɏɜŬ ˊɚŬɑůɘɞ ɔɘŬ Űɖɜ ˊɟɞůŰŬůɑŬ 
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ɧɚɤɜ Űɤɜ ɡŭɎŰɘɜɤɜ ůɡůŰɖɛɎŰɤɜ (ŮůɤŰŮɟɘəɩɜ ŮˊɘűŬɜŮɘŬəɩɜ, ɛŮŰŬɓŬŰɘəɩɜ, ˊŬɟɎəŰɘɤɜ əŬɘ 

ɡˊɧɔŮɘɤɜ ɡŭɎŰɤɜ) ɩůŰŮ (2000/60/EE): 

 ɁŬ ŬˊɞŰɟɏˊŮŰŬɘ ɖ ˊŮɟŬɘŰɏɟɤ ɡˊɞɓɎɗɛɘůɖ Űɤɜ ɡŭɎŰɤɜ əŬɘ ɜŬ ˊɟɞůŰŬŰŮɨɞɜŰŬɘ əŬɘ ɜŬ 

ɓŮɚŰɘɩɜɞɜŰŬɘ ɞɘ ɡŭŬŰɘəɞɑ ˊɧɟɞɘ. 

 ɁŬ ˊɟɞɤɗŮɑŰŬɘ ɖ ɓɘɩůɘɛɖ ŭɘŬɢŮɑɟɘůɖ Űɤɜ ɡŭɎŰɤɜ, ɛɏůɤ Űɖɠ ɛŬəɟɞˊɟɧɗŮůɛɖɠ ˊɟɞůŰŬůɑŬɠ 

Űɤɜ ɡŭŬŰɘəɩɜ ˊɧɟɤɜ. 

 ɁŬ ŮɜɘůɢɨŮŰŬɘ ɖ ɓŮɚŰɑɤůɖ Űɞɡ ɡŭɎŰɘɜɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ ɛɏůɤ ŮűŬɟɛɞɔɐɠ ůɡɔəŮəɟɘɛɏɜɤɜ 

ɛɏŰɟɤɜ ɔɘŬ Űɖ ůŰŬŭɘŬəɐ ɛŮɑɤůɖ Űɖɠ Ŭˊɧɟɟɘɣɖɠ ɟɡˊŬɜŰɘəɩɜ ɞɡůɘɩɜ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ əŬɘ Űɖɜ 

ŮɝɎɚŮɘɣɖ Űɖɠ Ŭˊɧɟɟɘɣɖɠ Űɞɝɘəɩɜ ɟɡˊŬɜŰɘəɩɜ ɞɡůɘɩɜ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ. 

 ɁŬ ŮɝŬůűŬɚɑɕŮŰŬɘ ɖ ˊɟɞɞŭŮɡŰɘəɐ ɛŮɑɤůɖ Űɖɠ ɟɨˊŬɜůɖɠ Űɤɜ ɡˊɧɔŮɘɤɜ ɡŭɎŰɤɜ əŬɘ ɜŬ 

ŬˊɞŰɟɏˊŮŰŬɘ ɖ ˊŮɟŬɘŰɏɟɤ ɟɨˊŬɜůɖ Űɞɡɠ. 

 ɁŬ ůɡɛɓɎɚŮɘ ůŰɞ ɛŮŰɟɘŬůɛɧ (ŮɝɞɛɎɚɡɜůɖ) Űɤɜ ŮˊɘˊŰɩůŮɤɜ Ŭˊɧ ˊɚɖɛɛɨɟŮɠ əŬɘ ɝɖɟŬůɑŮɠ. 

 

ũɘŬ Űɖɜ ŮɜŬɟɛɧɜɘůɖ Űɖɠ ȾɞɘɜɞŰɘəɐɠ ɃŭɖɔɑŬɠ ůŰɞ Ůɚɚɖɜɘəɧ ŭɑəŬɘɞ Űɞ 2003 ŮəŭɧɗɖəŮ ɞ 

Ɂɧɛɞɠ 3199 ɔɘŬ Űɖɜ ˊɟɞůŰŬůɑŬ əŬɘ ŭɘŬɢŮɑɟɘůɖ Űɤɜ ɡŭɎŰɤɜ. ɆŮ ɛŮɔɎɚɞ ɓŬɗɛɧ ɞ Ɂ. 3199/2003 

ŬɜŬűɏɟŮŰŬɘ ůŰɖ ŭɘɞɘəɖŰɘəɐ ɞɟɔɎɜɤůɖ Űɞɡ Ůɗɜɘəɞɨ űɞɟɏŬ ŭɘŬɢŮɑɟɘůɖɠ ɛŮ Űɖ ɗɏůˊɘůɖ Űɖɠ 

Ⱥɗɜɘəɐɠ ȺˊɘŰɟɞˊɐɠ ɈŭɎŰɤɜ ɛŮ ɧɚɞɡɠ Űɞɡɠ Ŭɟɛɧŭɘɞɡɠ űɞɟŮɑɠ, Űɞɡ Ⱥɗɜɘəɞɨ Ɇɡɛɓɞɡɚɑɞɡ 

ɈŭɎŰɤɜ, Űɖɠ ȾŮɜŰɟɘəɐɠ ɈˊɖɟŮůɑŬɠ ɈŭɎŰɤɜ, Űɤɜ ȹɘŮɡɗɨɜůŮɤɜ ɈŭɎŰɤɜ Űɤɜ ɄŮɟɘűŮɟŮɘɩɜ əŬɘ 

Űɤɜ ɄŮɟɘűŮɟŮɘŬəɩɜ Ɇɡɛɓɞɡɚɑɤɜ ɈŭɎŰɤɜ (Ɂ. 3199/2003). ȼ ŮɜŬɟɛɧɜɘůɖ ɞɡůɘŬůŰɘəɩɜ 

ɗŮɛɎŰɤɜ Űɖɠ ɃŭɖɔɑŬɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖɜ ɏəŭɞůɖ Űɞɡ ɄɟɞŮŭɟɘəɞɨ ȹɘŬŰɎɔɛŬŰɞɠ 

51/2007 Űɞ ɞˊɞɑɞ əŬɗɞɟɑɕŮɘ ɛɏŰɟŬ əŬɘ ŭɘŬŭɘəŬůɑŮɠ ɔɘŬ Űɖɜ ɞɚɞəɚɖɟɤɛɏɜɖ ˊɟɞůŰŬůɑŬ əŬɘ 

ŭɘŬɢŮɑɟɘůɖ Űɤɜ ɡŭɎŰɤɜ ůŮ ůɡɛɛɧɟűɤůɖ ɛŮ Űɘɠ ŭɘŬŰɎɝŮɘɠ Űɖɠ ɃŭɖɔɑŬɠ 2000/60/ȺȾ (Ʉȹ 

51/2007). 

ɇɞ 2001 ɛŮ Űɖɜ ȷˊɧűŬůɖ 2455/2001/EȾ əŬɘ Űɖɜ ŮɜůɤɛɎŰɤůɖ                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Űɖɠ  ůŰɖɜ əɞɘɜɞŰɘəɐ ɞŭɖɔɑŬ Űɞɡ 2000 ɖ ȺɡɟɤˊŬɥəɐ Ȱɜɤůɖ ŮɝɏŭɤůŮ ɛɑŬ ɚɑůŰŬ ɛŮ 33 ŮɜɩůŮɘɠ 

ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɞ ɢɟɧɜɞ ˊŬɟŬɛɞɜɐɠ Űɞɡɠ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ, Űɖɜ 

ŰɞɝɘəɧŰɖŰŬɠ Űɞɡɠ, Űɖ ɓɘɞůɡůůɩɟŮɡůɖ, Űɖ ŭɘŬŭɞɛɏɜɖ ɢɟɐůɖ əŬɘ Űɖɜ ŬɜɑɢɜŮɡůɖ Űɞɡɠ ůŮ 

ŮˊɘűŬɜŮɘŬəɎ ɨŭŬŰŬ, ɞɘ ɞˊɞɑŮɠ ŰŬɝɘɜɞɛɞɨɜŰŬɘ ůŮ Ůˊɘəɑɜŭɡɜɞɡɠ əŬɘ ɛɖ-Ůˊɘəɑɜŭɡɜɞɡɠ ɟɨˊɞɡɠ 

ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ (Bueno et al., 2012). ȷˊɧ Űɞɡɠ 33 ůɡɜɞɚɘəɎ ɟɨˊɞɡɠ ˊɞɡ əŬɗɞɟɑɕɞɜŰŬɘ ɤɠ 

ɟɨˊɞɘ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ ɞɘ 25 ɏɢɞɡɜ ɢŬɟŬəŰɖɟɘůŰŮɑ ɤɠ Ů́ ɘəɑɜŭɡɜɞɘ. Ʉɘɞ ˊɟɧůűŬŰŬ ůŰɖɜ 

ȾɞɘɜɞŰɘəɐ ɃŭɖɔɑŬ 2008/105/ȺȾ (2008/105/ȺC) ŬɜŬɔɟɎűɞɜŰŬɘ ɔɘŬ ˊɟɩŰɖ űɞɟɎ ˊɟɧŰɡˊŬ 

ˊɞɘɧŰɖŰŬɠ ɔɘŬ Űɖɜ ŮɝŬůűɎɚɘůɖ Űɖɠ ˊɟɞůŰŬůɑŬɠ Űɞɡ ɡŭɎŰɘɜɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ Űɖɠ 

Ŭɜɗɟɩˊɘɜɖɠ ɡɔŮɑŬɠ (Bueno et al., 2012) (ɄŬɟŬɟŰɐɛŬŰŬ Ƚ). ɆŮ ɛŮɚɚɞɜŰɘəɎ ůŰɎŭɘŬ ɡɚɞˊɞɑɖůɖɠ 

Űɖɠ ɃŭɖɔɑŬɠ ɄɚŬɑůɘɞ ŬɜŬɛɏɜŮŰŬɘ ɖ ŬɜŬɗŮɩɟɖůɖ Űɞɡ əŬŰŬɚɧɔɞɡ Űɤɜ ɟɨˊɤɜ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ 
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əŬɗɩɠ ɐŭɖ, ɛŮ ˊɟɧŰŬůɖ Űɞɡ 2012 ˊɞɡ ɓɟɑůəŮŰŬɘ ůŮ ŭɘŬŭɘəŬůɑŬ ŬɜŬůəɧˊɖůɖɠ Űɖɠ 

Ŭɝɘɞɚɧɔɖůɖɠ ˊɟɞŰŮɑɜŮŰŬɘ ɖ ˊɟɞůɗɐəɖ 15 ɜɏɤɜ ŮɜɩůŮɤɜ, ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɠ ŬɜŬŭɡɧɛŮɜɞɡɠ 

ɟɨˊɞɡɠ ɧˊɤɠ űŬɟɛŬəŮɡŰɘəɏɠ ɞɡůɑŮɠ əŬɘ ˊɟɞɥɧɜŰŬ ˊɟɞůɤˊɘəɐɠ űɟɞɜŰɑŭŬɠ (EC. Proposal 

2011/0429; Bueno et al., 2012; Pom²es et al., 2013) (ɄŬɟɎɟŰɖɛŬ Ƚ). 

ɋɠ çŬɜŬŭɡɧɛŮɜɞɘ ɟɨˊɞɘè ɞɟɑɕɞɜŰŬɘ ɞɘ ɢɖɛɘəɏɠ ɞɡůɑŮɠ ɞɘ ɞˊɞɑŮɠ ŭŮɜ ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ 

ůŰɞɡɠ ɐŭɖ ɡˊɎɟɢɞɜŰŮɠ əŬɜɞɜɘůɛɞɨɠ Űɖɠ ˊɞɘɧŰɖŰŬɠ Űɤɜ ɡŭɎŰɤɜ, ŭŮɜ ɏɢŮɘ ˊɟɞɖɔɞɡɛɏɜɤɠ 

ɛŮɚŮŰɖɗŮɑ ɖ ŮˊɑŭɟŬůɐ Űɞɡɠ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ əŬɘ űŬɑɜŮŰŬɘ ɜŬ ɏɢɞɡɜ ŭɡɜɖŰɘəɏɠ ŬɟɜɖŰɘəɏɠ 

ŮˊɘŭɟɎůŮɘɠ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ əŬɘ ůŰɖɜ Ŭɜɗɟɩˊɘɜɖ ɡɔŮɑŬ  (Zuloaga et al., 2012; Prieto-

Rodr²guez et al., 2013a). ɆŰɖɜ ŮɡɟŮɑŬ əŬŰɖɔɞɟɑŬ Űɤɜ çŬɜŬŭɡɧɛŮɜɤɜ ɟɨˊɤɜè 

ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ˊɞɚɡɎɟɘɗɛŮɠ əŬŰɖɔɞɟɑŮɠ əŬɘ ɡˊɞəŬŰɖɔɞɟɑŮɠ ɞɡůɘɩɜ əŬɘ ɞɘ ɛŮŰŬɓɞɚɑŰŮɠ 

ŬɡŰɩɜ, ɛŮŰŬɝɨ Űɤɜ ɞˊɞɑɤɜ űŬɟɛŬəŮɡŰɘəɏɠ ŮɜɩůŮɘɠ, ˊɟɞɥɧɜŰŬ ˊɟɞůɤˊɘəɐɠ űɟɞɜŰɑŭŬɠ, 

űɡŰɞűɎɟɛŬəŬ, ˊɟɧůɗŮŰŬ Űɟɞűɑɛɤɜ, əŰɖɜɘŬŰɟɘəɎ űɎɟɛŬəŬ əŬɘ ůəŮɡɎůɛŬŰŬ ə.Ŭ.  (Lapworth et 

al., 2012). ȺɜŭŮɘəŰɘəɏɠ əŬŰɖɔɞɟɑŮɠ ŬɜŬŭɡɧɛŮɜɤɜ ɟɨˊɤɜ əŬɘ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ 

ŮɜɩůŮɤɜ Űɖɠ əɎɗŮ əŬŰɖɔɞɟɑŬɠ  ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 1.2 (Farr® et al., 2008), Ůɜɩ ɞɘ 

ŭɘŮɟɔŬůɑŮɠ ɛŮŰŬűɞɟɎɠ Űɞɡɠ ůŰɞ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ ˊŬɟɑůŰŬɜŰŬɘ ɔɟŬűɘəɎ ůŰɞ ɆɢɐɛŬ 1.6.  

 

 

ɆɢɐɛŬ 1.6: ȹɘŮɟɔŬůɑŮɠ ɛŮŰŬűɞɟɎɠ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ůŰɞ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ (Houtman, 

2010). 

 

Ƀɘ ɞɡůɑŮɠ ŬɡŰɏɠ ŭɘŬɢɤɟɑɕɞɜŰŬɘ Ŭˊɧ Űɞɡɠ əɚŬůůɘəɞɨɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɞɨɠ ɟɨˊɞɡɠ əŬɘ 

ŮɜŰɞˊɑɕɞɜŰŬɘ ůɡɢɜɎ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ůŮ ŮˊɘűŬɜŮɘŬəɎ əŬɘ ɡˊɧɔŮɘŬ ɨŭŬŰŬ, ůŮ ɘɕɐɛŬŰŬ, ůŰɞ 
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ɏŭŬűɞɠ əŬɘ ůŰɞɜ ŬɏɟŬ (Matamoros et al., 2012). KɨɟɘŬ ɞŭɧɠ ɛŮŰŬűɞɟɎɠ Űɤɜ ŬɜŬŭɡɧɛŮɜɤɜ 

ɞɟɔŬɜɘəɩɜ ɛɘəɟɞɟɨˊɤɜ ůŰŬ ŮˊɘűŬɜŮɘŬəɎ ɨŭŬŰŬ ŮɑɜŬɘ ɞɘ ɛɞɜɎŭŮɠ ŮˊŮɝŮɟɔŬůɑŬɠ Űɤɜ ɡɔɟɩɜ 

ŬůŰɘəɩɜ ŬˊɞɓɚɐŰɤɜ ɛɏůɤ Űɖɠ ŭɘɞɢɏŰŮɡůɖɠ Űɤɜ ŮˊŮɝŮɟɔŬůɛɏɜɤɜ ɚɡɛɎŰɤɜ ůŮ ŭɘɎűɞɟŬ 

ɡŭɎŰɘɜŬ ůɡůŰɐɛŬŰŬ ˊɞɡ ɏɢɞɡɜ ɢŬɟŬəŰɖɟɘůŰŮɑ ɤɠ ŬˊɞŭɏəŰŮɠ ɧˊɤɠ ɡŭŬŰɞɟŮɨɛŬŰŬ, ɗɎɚŬůůŮɠ, 

ˊɞŰŬɛɞɑ ə.Ŭ. ɆŰŬ ŬůŰɘəɎ ɚɨɛŬŰŬ ŬɜɘɢɜŮɨɞɜŰŬɘ ŮɡɟɨŰŬŰŬ ˊŬɟŬˊɟɞɥɧɜŰŬ Űɞɡ Ŭɜɗɟɩˊɘɜɞɡ 

ɛŮŰŬɓɞɚɘůɛɞɨ əŬɘ ŭɘɎűɞɟŮɠ ɢɖɛɘəɏɠ ŮɜɩůŮɘɠ əŬɗɖɛŮɟɘɜɐɠ ɢɟɐůɖɠ ŬˊɞŰŮɚɩɜŰŬɠ ɛɘŬ Ŭˊɧ Űɘɠ 

ɓŬůɘəɧŰŮɟŮɠ ˊɖɔɏɠ Ůɘůɧŭɞɡɠ ɞɟɔŬɜɘəɩɜ ɛɘəɟɞɟɨˊɤɜ ůŰɞ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ ŮɝŬɘŰɑŬɠ Űɖɠ 

ɛŮɟɘəɐɠ ŬˊɞɛɎəɟɡɜůɖɠ Űɤɜ ɟɨˊɤɜ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŮˊŮɝŮɟɔŬůɑŬɠ Űɞɡɠ. Ⱥˊɞɛɏɜɤɠ ɞɘ 

ŮɔəŬŰŬůŰɎůŮɘɠ  ŮˊŮɝŮɟɔŬůɑŬɠ ŬˊɞɓɚɐŰɤɜ ɔɑɜɞɜŰŬɘ ɧɚɞ əŬɘ ˊŮɟɘůůɧŰŮɟɞ ůŰɧɢɞɠ ɛŮɚɏŰɖɠ ɧůɞ 

ŬűɞɟɎ Űɖɜ ˊɞɘɧŰɖŰŬ Űɤɜ Ůəɟɞɩɜ ˊɞɡ əŬŰŬɚɐɔŮɘ ůŰɞɡɠ ɡŭɎŰɘɜɞɡɠ ŬˊɞŭɏəŰŮɠ əŬɘ Űɞ ɓŬɗɛɧ 

ŬˊɞɛɎəɟɡɜůɖɠ Űɤɜ ɞɟɔŬɜɘəɩɜ ɛɘəɟɞɟɨˊɤɜ ˊɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ (Choubert et al., 2011; 

Stamatis et al., 2010). 
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ɄɑɜŬəŬɠ 1.2: ȺɜŭŮɘəŰɘəɏɠ əŬŰɖɔɞɟɑŮɠ ŬɜŬŭɡɧɛŮɜɤɜ ɟɨˊɤɜ əŬɘ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ŮɜɩůŮɤɜ Űɖɠ əɎɗŮ əŬŰɖɔɞɟɑŬɠ (Farr® et al., 

2008; Stuart et al., 2012). 

ȾŬŰɖɔɞɟɑŮɠ ŮɜɩůŮɤɜ ɄŬɟŬŭŮɑɔɛŬŰŬ 

ūɡŰɞűɎɟɛŬəŬ əŬɘ ɛŮŰŬɓɞɚɑŰŮɠ  Glyphosate, chloridazon, metribuzin, clopyralid, bentazone, dichlorprop 

ɁŬɟəɤŰɘəɏɠ ɞɡůɑŮɠ ȷɛűŮŰŬɛɑɜɖ, əɞəŬȶɜɖ, ŰŮŰɟŬɦŭɟɞəŬɜɜŬɓɘɜɧɚɖ 

ȺˊɘɓɟŬŭɡɜŰɘəɎ űɚɧɔŬɠ ɉɚɤɟɞŬɚəɎɜɘŬ (C10-C13), ŮɝɎɓɟɤɛɞəɡəɚɞŭɤŭŮəɎɜɘɞ, ˊɞɚɡɓɟɤɛɘɞɨɢɞɘ 

ŭɘűŬɑɜɡɚɞ ŬɘɗɏɟŮɠ, ŰŮŰɟɎɓɟɤɛɞ ŭɘůűŬɘɜɧɚɖ ȷ, Űɟɘ-(2- 

ɢɚɤɟɞŬɑɗɡɚɞ)űɤůɞɟɘəɧɠ ŮůŰɏɟŬɠ 

ɄɟɧůɗŮŰŬ ɓŮɜɕɑɜɖɠ ȹɘɎɚəɡɚɞ ŬɘɗɏɟŮɠ, ɛɏɗɡɚɞ-t-ɓɞɨŰɡɚɞ ŬɘɗɏɟŬɠ 

ȸɘɞɛɖɢŬɜɘəɎ ˊɟɧůɗŮŰŬ əŬɘ  ŬɜŰɘŭɟŬůŰɐɟɘŬ ɉɖɚɘəɎ ŬɜŰɘŭɟŬůŰɐɟɘŬ (EDTA), ŬɟɤɛŬŰɘəɞɑ ůɞɡɚűɞ-ŮůŰɏɟŮɠ 

ɄɟɞɥɧɜŰŬ ˊɟɞůɤˊɘəɐɠ űɟɞɜŰɑŭŬɠ 

ȷɟɩɛŬŰŬ, ŮɜŰɞɛɞŬˊɤɗɖŰɘəɎ, ůŬˊɞɨɜɘŬ, ŬɜŰɘɛɘəɟɞɓɘŬəɎ, 

ŬɜŰɖɚɘŬəɎ 

ȸŮɜɕɞűŬɘɜɧɜɖ, Ɂ,Ɂ-ŭɘŬɑɗɡɚɞ-ŰɞɚɞɡŬɛɑŭɖ, ɛŮɗɡɚɞɓŮɜɕɡɚɘŭɏɜɘɞ , ŰɟɘəɚɞůɎɜɖ, 

ɞ́ɚɡəɡəɚɘəɏɠ əŬɘ ɛŬəɟɞəɡəɚɘəɏɠ  ŮɜɩůŮɘɠ ŬɟɤɛŬŰɘəɩɜ ŮɜɩůŮɤɜ 

ūŬɟɛŬəŮɡŰɘəɏɠ ɞɡůɑŮɠ 

ȷɜŬɚɔɖŰɘəɎ əŬɘ ŬɜŰɑ-űɚŮɔɛɞɜɩŭŮɘɠ ɞɡůɑŮɠ, ŬɜɗɟɩˊɘɜŬ əŬɘ 

əŰɖɜɘŬŰɟɘəɎ ŬɜŰɘɛɘəɟɞɓɘŬəɎ, ŬɜŰɘŮˊɘɚɖˊŰɘəɎ, ɟɡɗɛɘůŰɏɠ 

ɚɘˊɘŭɑɤɜ Űɞɡ ŬɑɛŬŰɞɠ, ɣɡɢɘŬŰɟɘəɎ űɎɟɛŬəŬ, 

ŬɜŰɘəŬɟəɘɜɘəɎ űɎɟɛŬəŬ, əŬɟŭɘŬɔɔŮɘŬəɎ űɎɟɛŬəŬ (ɓ-

ŬɜŬůŰɞɚŮɑɠ), ȸ2-ɆɡɛˊŬɗɖŰɘəɞɛɘɛɖŰɘəɎ, ɆəɘŬɔɟŬűɘəɎ 

 

 

 ȷəŮŰɡɚ-ůŬɚɘəɡɚɘəɧ ɞɝɨ, ŭɘəɚɞűŬɘɜɧɜɖ, ŭɘŬɕŮˊɎɛɖ, əŬɟɓŬɛŬɕŮˊɑɜɖ,  

ɓŮɕŬűɘɛˊɟɎŰɖ, ɘɞˊɟŬɛɑŭɖ, ɘɞˊŬɛɘŭɧɚɖ 

ɆŰŮɟɞŮɘŭɐ əŬɘ ɞɟɛɧɜŮɠ ȹɘŬɘɗɡɚɞůŰɘɚɓŮůŰɟɧɚɖ, ɞɘůŰɟŬŭɘɧɚɖ, ɞɘůŰɟɘɧɚɖ, ɞɘůŰɟɧɜɖ 

ȺˊɘűŬɜŮɘɞŭɟŬůŰɘəɏɠ ɞɡůɑŮɠ əŬɘ ɛŮŰŬɓɞɚɑŰŮɠ ȷɚəɡɚɞűŬɘɜɧɚŮɠ (ŮɜɜŮɦɚɞűŬɘɜɧɚɖ, ɞəŰɡɚ-űŬɘɜɧɚɖ), ŬɘɗɞɝɡɚɘɤɛɏɜŮɠ 

ɎɚəɡɚɞűŬɘɜɧɚŮɠ,   ŮůŰɏɟŮɠ Ŭɚəɨɚ-űŬɘɜɞɚɩɜ 

ɁɏŮɠ əŬŰɖɔɞɟɑŮɠ ɁŬɜɞɦɚɘəɎ, 1,4 ŭɘɞɝɎɜɘɞ, ˊɟɞɥɧɜŰŬɠ ŬˊɞɚɨɛŬɜůɖɠ ˊɘůɑɜŬɠ, ŮɜɩůŮɘɠ ˊɞɡ 

ˊɟɞůŭɑŭɞɡɜ ɔŮɨůɖ əŬɘ ɞůɛɐ 
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1.3. ɃɟɔŬɜɘəɞɑ ɟɨˊɞɘ əŬɘ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ 

 

ɀŮŰɎ Űɖɜ Ůɑůɞŭɞ Űɞɡɠ ůŰɞ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ, ɞɘ ɞɟɔŬɜɘəɞɑ ɟɨˊɞɘ ɡˊɧəŮɘɜŰŬɘ ůŮ ɛɑŬ 

ůŮɘɟɎ ŭɘŮɟɔŬůɘɩɜ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ-Ŭˊɞŭɧɛɖůɖɠ (ɓɘɞŬˊɞɘəɞŭɧɛɖůɖ, ɢɖɛɘəɐ ŭɘɎůˊŬůɖ, 

űɤŰɞŭɘɎůˊŬůɖ), ŭɏůɛŮɡůɖɠ əŬɘ ɛŮŰŬűɞɟɎɠ (ɟɧűɖůɖ, ŮɝɎŰɛɘůɖ-ŮɝɎɢɜɤůɖ, ŮˊɘűŬɜŮɘŬəɐ 

Ŭˊɞɟɟɞɐ, ɏəˊɚɡůɖ) (Konstantinou et al., 2010; Farr® et al., 2008) (ɆɢɐɛŬ 1.7). ȼ Űɨɢɖ Űɤɜ 

ŬɜŬŭɡɧɛŮɜɤɜ ɟɨˊɤɜ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ əŬɘ ɞɘ ŭɘŮɟɔŬůɑŮɠ ůŰɘɠ ɞˊɞɑŮɠ ɡˊɧəŮɘɜŰŬɘ ůɢŮŰɑɕɞɜŰŬɘ 

ɎɛŮůŬ ɛŮ Űɖ ŭɞɛɐ əŬɘ Űɘɠ űɡůɘəɞɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɛɞɟɑɤɜ Űɞɡɠ (ŭɘŬɚɡŰɧŰɖŰŬ ůŰɞ ɜŮɟɧ, 

ŰɎůɖ ŬŰɛɩɜ, ˊɞɚɘəɧŰɖŰŬ ə.Ŭ.) (Farr® et al., 2008). 

 

 

ɆɢɐɛŬ 1.7: ȹɘŮɟɔŬůɑŮɠ ɛŮŰŬűɞɟɎɠ əŬɘ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɟɔŬɜɘəɩɜ ŬɜŬŭɡɧɛŮɜɤɜ ɟɨˊɤɜ ůŰɞ 

ˊŮɟɘɓɎɚɚɞɜ (Farr® et al., 2008). 

 

1.4. ȹɘŮɟɔŬůɑŮɠ ŭɘɎůˊŬůɖɠ  ŬɜŬŭɡɧɛŮɜɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ 

 

ɋɠ ŭɘɎůˊŬůɖ ɐ ɛŮŰŬŰɟɞˊɐ ɛɘŬɠ ɏɜɤůɖɠ ŬɜŬűɏɟŮŰŬɘ ɖ ŮɝŬűɎɜɘůɖ Űɖɠ ɛɖŰɟɘəɐɠ ɏɜɤůɖɠ 

Ŭˊɧ Űɞ ˊŮɟɘɓɎɚɚɞɜ ɛɏůɤ ŬɚɚŬɔɩɜ-ŰɟɞˊɞˊɞɘɐůŮɤɜ ˊɞɡ ɡűɑůŰŬŰŬɘ ɖ ɢɖɛɘəɐ Űɖɠ ŭɞɛɐ (Sijm et 
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al., 2007; Konstantinou et al., 2010). ɆŰɞ ˊŮɟɘɓɎɚɚɞɜ ɖ ŭɘɎůˊŬůɖ ɐ ɖ ɛŮŰŬŰɟɞˊɐ ɛɘŬɠ ɏɜɤůɖɠ  

ɚŬɛɓɎɜŮɘ ɢɩɟŬ ŮɑŰŮ ɛɏůɤ ŬɓɘɞŰɘəɩɜ ŮɑŰŮ ɛɏůɤ ɓɘɞŰɘəɩɜ ŭɘŮɟɔŬůɘɩɜ (Sijm et al., 2007). 

ȷɜɎɚɞɔŬ ɛŮ Űɞ ˊŮɟɘɓŬɚɚɞɜŰɘəɧ ůɨůŰɖɛŬ (ɡˊɧɔŮɘŬ ɨŭŬŰŬ, ŮˊɘűŬɜŮɘŬəɎ ɨŭŬŰŬ, ɘɕɐɛŬŰŬ) ůŰɞ 

ɞˊɞɑɞ əŬŰŬɜɏɛɞɜŰŬɘ ɞɘ ɟɨˊɞɘ, ɡˊɧəŮɘɜŰŬɘ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ŭɘŮɟɔŬůɑŮɠ ɛŮŰŬŰɟɞˊɐɠ-ŭɘɎůˊŬůɖɠ, 

ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ɛŮŰŬŰɟɏɣɞɡɜ Űɞɡɠ ɞɟɔŬɜɘəɞɨɠ ɟɨˊɞɡɠ ůŮ ɛɘŬ ůŮɘɟɎ ˊɟɞɥɧɜŰɤɜ ŭɘɎůˊŬůɖɠ-

ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ ŰŬ ɞˊɞɑŬ ůɡɢɜɎ ˊŬɟɞɡůɘɎɕɞɡɜ ŭɘŬűɞɟŮŰɘəɐ ˊŮɟɘɓŬɚɚɞɜŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ 

əŬɘ ŭɘŬűɞɟŮŰɘəɏɠ ɞɘəɞŰɞɝɘəɞɚɞɔɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ŭˊɧ Űɘɠ ɛɖŰɟɘəɏɠ ŮɜɩůŮɘɠ (Farr® et al., 2008). 

Ƀɘ əɡɟɘɧŰŮɟɞɘ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ Ůˊɘŭɟɞɨɜ ůŰɞ ɟɡɗɛɧ ŭɘɎůˊŬůɖɠ  Űɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ůŰɞ 

ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ ŮɑɜŬɘ Űɞ pH, ɖ ɗŮɟɛɞəɟŬůɑŬ, ɖ ɏɜŰŬůɖ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɞɘ 

ɞɝŮɘŭɞŬɜŬɔɤɔɘəɏɠ ůɡɜɗɐəŮɠ  ˊɞɡ ŮˊɘəɟŬŰɞɨɜ (Sijm et al., 2007). 

 

1.4.1. ȸɘɞŭɘɎůˊŬůɖ 

 

ȼ ŭɘŮɟɔŬůɑŬ əŬŰɎ Űɖɜ ɞˊɞɑŬ ɖ ɛŮŰŬŰɟɞˊɐ ůŰɖ ɢɖɛɘəɐ ŭɞɛɐ Űɤɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ 

ŮˊɏɟɢŮŰŬɘ Ŭˊɧ Űɖ ŭɟɎůɖ ŭɘŬűɧɟɤɜ ɛɘəɟɞɞɟɔŬɜɘůɛɩɜ, ɧˊɤɠ ɛɡəɐŰɤɜ, Ŭɚɔɩɜ, ɓŬəŰɖɟɘɩɜ əŬɘ 

ɛɘəɟɞɓɑɤɜ əŬɚŮɑŰŬɘ ɓɘɞŭɘɎůˊŬůɖ ɐ ɓɘɞɚɞɔɘəɐ ŭɘɎůˊŬůɖ-ɛŮŰŬŰɟɞˊɐ. H ɓɘɞŭɘɎůˊŬůɖ əŬŰɏɢŮɘ 

ɘŭɘŬɑŰŮɟŬ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖɜ ŬˊɞɛɎəɟɡɜůɖ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ Űɧůɞ ůŰɞ ɡŭɎŰɘɜɞ ɧůɞ əŬɘ 

ůŰɞ ɢŮɟůŬɑɞ ˊŮɟɘɓɎɚɚɞɜ. ɆɡɜɑůŰŬŰŬɘ ůŰɖ ŭɟɎůɖ Űɤɜ ɛɘəɟɞɞɟɔŬɜɘůɛɩɜ, ɞɘ ɞˊɞɑɞɘ ŮɑŰŮ 

ˊɟɞəŬɚɞɨɜ Űɞ ɛŮŰŬɓɞɚɘůɛɧ Űɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ˊŬɟɎɔɞɜŰŬɠ ˊɟɞɥɧɜŰŬ ŭɘɎůˊŬůɖɠ 

(ɛŮŰŬɓɞɚɑŰŮɠ) ˊŮɟɘůůɧŰŮɟɞ ɐ ɚɘɔɧŰŮɟɞ ŰɞɝɘəɎ ɏɜŬɜŰɘ Űɤɜ ɛɖŰɟɘəɩɜ ŮɜɩůŮɤɜ, ŮɑŰŮ 

ɢɟɖůɘɛɞˊɞɘɞɨɜ ŰŬ ɞɟɔŬɜɘəɎ ɛɧɟɘŬ ɤɠ ˊɖɔɐ Űɟɞűɐɠ əŬɘ ŮɜɏɟɔŮɘŬɠ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ Űɞɡɠ 

ŭɘŬůˊɩɜŰŬɠ ŰŬ ůŮ ɛɘəɟɧŰŮɟŬ ɛɧɟɘŬ. ɆŮ ɞɟɘůɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ, ɧˊɞɡ ɖ ɓɘɞɚɞɔɘəɐ ŭɘɎůˊŬůɖ 

ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɡˊɧ Űɖ ŭɟɎůɖ ŬɜɩŰŮɟɤɜ ɛɘəɟɞɞɟɔŬɜɘůɛɩɜ, ɞɘ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ ɛˊɞɟɞɨɜ ɜŬ 

ŭɘŬůˊŬůŰɞɨɜ ˊɚɐɟɤɠ ůŮ ůɡůŰŬŰɘəɎ ɧˊɤɠ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ, ɛŮɗɎɜɘɞ, ɜŮɟɧ əŬɘ ŭɘɎűɞɟŬ 

ɘɧɜŰŬ. ȷɜŰɑɗŮŰŬ, ůŮ ˊŮɟɘˊŰɩůŮɘɠ ɛɖ ɛŮŰŬɓɞɚɘɕɧɛŮɜɤɜ ɢɖɛɘəɩɜ ɞɡůɘɩɜ (ˊɞɚɨ Ŭɟɔɐ əɘɜɖŰɘəɐ 

ɓɘɞŭɘɎůˊŬůɖɠ), ɞɘ ɞɟɔŬɜɘəɞɑ ɟɨˊɞɘ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɞ ɡŭŬŰɘəɧ ˊŮɟɘɓɎɚɚɞɜ ɛˊɞɟɞɨɜ ɜŬ 

ůɡůůɤɟŮɡŰɞɨɜ ůŰɞɡɠ ɛɘəɟɞɞɟɔŬɜɘůɛɞɨɠ əŬɘ ůŮ ɞɟɔŬɜɘůɛɞɨɠ Űɤɜ əŬŰɩŰŮɟɤɜ Űɟɞűɘəɩɜ 

Ůˊɘˊɏŭɤɜ əŬɘ ɛɏůɤ Űɖɠ Űɟɞűɘəɐɠ ŬɚɡůɑŭŬɠ ůŮ ɞɟɔŬɜɘůɛɞɨɠ ˊɞɡ ŬˊŬɟŰɑɕɞɡɜ ɧɚɞ Űɞ 

ˊŮɟɘɓŬɚɚɞɜŰɘəɧ ůɨůŰɖɛŬ (ɓɘɞɛŮɔɏɗɡɜůɖ) (Sijm et al., 2007).  ȼ əɘɜɖŰɘəɐ ɓɘɞŭɘɎůˊŬůɖɠ ůŰɞ 

ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ ŮɝŬɟŰɎŰŬɘ ɎɛŮůŬ Ŭˊɧ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ɡŭɎŰɘɜɤɜ ůɡůŰɖɛɎŰɤɜ, Űɖ 

ůɡɔəɏɜŰɟɤůɖ ŬɜɧɟɔŬɜɖɠ əŬɘ ɞɟɔŬɜɘəɐɠ ɨɚɖɠ, Űɖɜ ɨˊŬɟɝɖ ŬɘɤɟɞɨɛŮɜɤɜ ůɤɛŬŰɘŭɑɤɜ, Űɖ 

ɗŮɟɛɞəɟŬůɑŬ, Űɞ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɧ ŭɡɜŬɛɘəɧ əŬɘ Űɖɜ ˊɟɞůŬɟɛɞɔɐ Űɤɜ ɛɘəɟɞɞɟɔŬɜɘůɛɩɜ 

(DŃbrowska et al., 2004). Ƀɘ ůɡɜɐɗŮɘɠ ɛɖɢŬɜɘůɛɞɑ ɓɘɞɚɞɔɘəɐɠ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɟɔŬɜɘəɩɜ 

ɟɨˊɤɜ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ ŬɜŬűɏɟɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 1.3 ́ ɞɡ ŬəɞɚɞɡɗŮɑ  (Schnoor, 1992). 
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ɄɑɜŬəŬɠ 1.3: ɆɡɜɐɗŮɘɠ ɛɖɢŬɜɘůɛɞɑ ɓɘɞɚɞɔɘəɐɠ ŭɘɎůˊŬůɖɠ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ 

(Schnoor, 1992). 

ȷɜŬɔɤɔɐ ɜɑŰɟɞ-ɞɛɎŭɤɜ RNO2             RNH2 

ȷɜŬɔɤɔɘəɐ ŬˊɞŬɚɞɔɞɜɞˊɞɑɖůɖ RCCl2R         RCClR + Cl
-
 

ȷˊɞŬɚəɡɚɑɤůɖ ROCH3             ROH + HCHO 

ȷˊɞəŬɟɓɞɝɡɚɑɤůɖ RCOOH         RH + CO2 

ɃɝŮɑŭɤůɖ RCH3          RCH2OH 

ȸ- ɞɝŮɑŭɤůɖ CH3CH2CH3COOH       CH3COOH + CH2CH3OH 

 

ȺˊɞɝŮɑŭɤůɖ 

 

RC=CR         RC-CR 

ɃɝŮɑŭɤůɖ S R2S          R2SO 

ɃɝŮɑŭɤůɖ Ɏɛɘɜɞ-ɞɛɎŭɤɜ RNH2        RNO2 

ɆɢɎůɖ ŭŬəŰɡɚɑɤɜ Ar(OH)2      CHOCHCHCHCOHCOOH 

ɈŭɟɞɚɡŰɘəɐ ŬˊɞŬɚɞɔɞɜɞˊɞɑɖůɖ RCHClCH3        RCHOHCH3 + Cl
-
 

Ɉŭɟɞɝɡɚɑɤůɖ Ar        ArOH 

 

1.4.2. ȷɓɘɞŰɘəɏɠ ŭɘŮɟɔŬůɑŮɠ 

  

 Ƀɘ ŬɓɘɞŰɘəɏɠ ŭɘŮɟɔŬůɑŮɠ ŬˊɞŰŮɚɞɨɜ ŬɜŬɛűɘůɓɐŰɖŰŬ Űɘɠ ůɖɛŬɜŰɘəɧŰŮɟŮɠ ɞŭɞɨɠ 

ŭɘɎůˊŬůɖɠ-ɛŮŰŬŰɟɞˊɐɠ Űɤɜ ɢɖɛɘəɩɜ ŮɜɩůŮɤɜ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ əŬɘ ŭɘŬɢɤɟɑɕɞɜŰŬɘ ůŮ ŰɏůůŮɟɘɠ 

ɓŬůɘəɏɠ əŬŰɖɔɞɟɑŮɠ (Sijm et al., 2007): 

è Ɉŭɟɧɚɡůɖ: ɛŮŰŬɓɞɚɐ Űɖɠ ɢɖɛɘəɐɠ ŭɞɛɐɠ Űɖɠ ɏɜɤůɖɠ ɛŮ ŬˊŮɡɗŮɑŬɠ ŬɜŰɑŭɟŬůɖ ɛŮ Űɞ 

ɜŮɟɧ. 

è ɃɝŮɑŭɤůɖ: ɖ ŭɘŮɟɔŬůɑŬ ɛŮŰŬűɞɟɎɠ ɖɚŮəŰɟɞɜɑɤɜ Ŭˊɧ Űɖ ɢɖɛɘəɐ ɏɜɤůɖ ůŮ ŭɏəŰŮɠ 

ɖɚŮəŰɟɞɜɑɤɜ, ɞɝŮɘŭɤŰɘəɎ Ůɑŭɖ. 

è ȷɜŬɔɤɔɐ: ɖ ŬɜŰɑůŰɟɞűɖ ŭɘŮɟɔŬůɑŬ Űɖɠ ɞɝŮɑŭɤůɖɠ ŭɖɚŬŭɐ ɖ ɛŮŰŬűɞɟɎ ɖɚŮəŰɟɞɜɑɤɜ 

Ŭˊɧ ɏɜŬ ŬɜŬɔɤɔɘəɧ ɛɏůɞ ůŮ ɛɘŬ ɢɖɛɘəɐ ɏɜɤůɖ ɔɘŬ ɜŬ ŬɜŬɢɗŮɑ. 

è ūɤŰɞɢɖɛɘəɏɠ ŭɘŮɟɔŬůɑŮɠ: ɛŮŰŬŰɟɞˊɐ Űɖɠ ŭɞɛɐɠ ɚɧɔɤ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮ Űɞ ɖɚɘŬəɧ 

űɤɠ. 

 

1.4.2.1. Ɉŭɟɧɚɡůɖ 

 

Ɉŭɟɧɚɡůɖ əŬɚŮɑŰŬɘ ɖ ɢɖɛɘəɐ ŬɜŰɑŭɟŬůɖ Űɖɠ ɞɟɔŬɜɘəɐɠ ɏɜɤůɖɠ ɛŮ Űɞ ɜŮɟɧ. ɆŮ ɛɑŬ Űɡˊɘəɐ 

ɡŭɟɞɚɡŰɘəɐ ŬɜŰɑŭɟŬůɖ, ɛɘŬ ɢɖɛɘəɐ ɞɛɎŭŬ Űɞɡ ɟɨˊɞɡ ŬɜŰɘəŬɗɑůŰŬŰŬɘ Ŭˊɧ ɛɘŬ ɞɛɎŭŬ 

ɡŭɟɞɝɡɚɑɞɡ (Sijm et al., 2007). ȼ ɡŭɟɧɚɡůɖ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ŬɜɐəŮɘ ůŰɖɜ ŮɡɟɨŰŮɟɖ 

O 
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əŬŰɖɔɞɟɑŬ ŬɜŰɘŭɟɎůŮɤɜ ˊɞɡ ŬɜŬűɏɟŮŰŬɘ ɤɠ ˊɡɟɖɜɧűɘɚɖ ŬɜŰɘəŬŰɎůŰŬůɖ əŬɘ əŬŰɎ Űɖɜ ɞˊɞɑŬ 

ɏɜŬ ˊɡɟɖɜɧűɘɚɞ ŬɜŰɘŭɟŬůŰɐɟɘɞ (ɢɖɛɘəɧ Ůɑŭɞɠ ˊɚɞɨůɘɞ ůŮ ɖɚŮəŰɟɧɜɘŬ ˊɞɡ ˊŮɟɘɏɢŮɘ ɏɜŬ 

ŬŭɏůɛŮɡŰɞ ɕŮɨɔɞɠ ɖɚŮəŰɟɞɜɑɤɜ) ŬɚɚɖɚŮˊɘŭɟɎ ɛŮ ɏɜŬ ɖɚŮəŰɟɞɜɘɧűɘɚɞ ɎŰɞɛɞ (Űɞ əɏɜŰɟɞ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ˊɞɡ ɏɢŮɘ ɏɚɚŮɘɛɛŬ ɖɚŮəŰɟɞɜɑɤɜ). ȼ ŬɜŰɑŭɟŬůɖ Űɖɠ ɡŭɟɧɚɡůɖɠ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮ 

ŭɘɎűɞɟɞɡɠ ɛɖɢŬɜɘůɛɞɨɠ ɞɘ ɞˊɞɑɞɘ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞůŭɘɞɟɘůŰɞɨɜ Ŭˊɧ Űɞ Ůɑŭɞɠ Űɞɡ əɏɜŰɟɞɡ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ. ɆɡɢɜɎ ŬˊŬɜŰɩɛŮɜɞɘ ɛɖɢŬɜɘůɛɞɑ ŮɑɜŬɘ ɞɘ ɎɛŮůŮɠ əŬɘ ɏɛɛŮůŮɠ ˊɡɟɖɜɧűɘɚŮɠ 

ɡˊɞəŬŰŬůŰɎůŮɘɠ əŬɘ ˊɡɟɖɜɧűɘɚŮɠ ˊɟɞůɗɐəŮɠ ɐ ŬˊɞůˊɎůŮɘɠ (ȾɤɜůŰŬɜŰɑɜɞɡ, 2000).  

ȺəŰɧɠ Űɖɠ ˊɡɟɖɜɧűɘɚɖɠ ˊɟɞůɓɞɚɐɠ Űɤɜ ɛɞɟɑɤɜ ɜŮɟɞɨ (ɞɡŭɏŰŮɟɖ ɡŭɟɧɚɡůɖ) ɞɘ 

ɡŭɟɞɚɡŰɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ əŬŰŬɚɨɞɜŰŬɘ Ŭˊɧ ɘɧɜŰŬ ɡŭɟɞɔɧɜɞɡ (ȼ
+
) əŬɘ ɘɧɜŰŬ ɡŭɟɞɝɡɚɑɞɡ (Ƀȼ

-
) 

ˊɞɡ ůɢɖɛŬŰɑɕɞɜŰŬɘ əŬŰɎ Űɖ ŭɘɎůŰŬůɖ Űɞɡ ɜŮɟɞɨ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŮɛűɎɜɘůɖ Űɖɠ ɧɝɘɜɖɠ əŬɘ 

ɓŬůɘəɐɠ ɡŭɟɧɚɡůɖɠ, ŬɜŰɑůŰɞɘɢŬ. ȼ əŬŰŬɚɡŰɘəɐ ŭɟɎůɖ Űɤɜ ˊŬɟŬˊɎɜɤ ɘɧɜŰɤɜ ůɡɜɑůŰŬŰŬɘ ůŰɞ 

ɔŮɔɞɜɧɠ ɧŰɘ ɛˊɞɟɞɨɜ ɜŬ ŬɜŰɘŭɟɎůɞɡɜ ŬəɞɚɞɡɗɩɜŰŬɠ ɛɑŬ ŮɜŬɚɚŬəŰɘəɐ ˊɞɟŮɑŬ ɖ ɞˊɞɑŬ 

ŮɡɜɞŮɑŰŬɘ ŮɜŮɟɔŮɘŬəɎ. ɆŰɖɜ ɧɝɘɜɖ ɡŭɟɧɚɡůɖ, ŰŬ ȼ
+
 ɏɚəɞɡɜ ɖɚŮəŰɟɧɜɘŬ Ŭˊɧ Űɞ ɎŰɞɛɞ ˊɞɡ  

ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ ŬˊɞɢɤɟɞɨůŬ ɞɛɎŭŬ, ŭɘŮɡəɞɚɨɜɞɜŰŬɠ ɛŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ Űɖɜ ˊɡɟɖɜɧűɘɚɖ 

ˊɟɞůɓɞɚɐ Űɞɡ Ŭˊɧ ŰŬ ɛɧɟɘŬ ɜŮɟɞɨ. ɆŰɖ ɓŬůɘəɐ ɡŭɟɧɚɡůɖ, ŰŬ Ƀȼ
-
 ɤɠ ɘůɢɡɟɧŰŮɟŬ 

ˊɡɟɖɜɧűɘɚŬ Ŭˊɧ Űɞ ɜŮɟɧ ɞŭɖɔɞɨɜ ůŰɖ ɔɟɖɔɞɟɧŰŮɟɖ ˊɟɞůɓɞɚɐ Űɞɡ ɞɟɔŬɜɘəɞɨ ɡˊɞůŰɟɩɛŬŰɞɠ 

əŬɘ əŬŰô ŮˊɏəŰŬůɖ ůŰɖɜ ŮˊɘŰɎɢɡɜůɖ Űɖɠ ɡŭɟɧɚɡůɖɠ (ȾɤɜůŰŬɜŰɑɜɞɡ, 2000). ȼ ůˊɞɡŭŬɘɧŰɖŰŬ 

Űɖɠ ɡŭɟɧɚɡůɖɠ ɏɔəŮɘŰŬɘ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ˊŮɟɘůůɧŰŮɟɞ ˊɞɚɘəɩɜ ŮɜɩůŮɤɜ ɛŮŰɎ Űɖɜ ŮɘůŬɔɤɔɐ 

Űɖɠ ɞɛɎŭŬɠ ɡŭɟɞɝɡɚɑɞɡ, ɞɘ ɞˊɞɑŮɠ ŬűŮɜɧɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔŬɚɨŰŮɟɖ ŭɘŬɚɡŰɧŰɖŰŬ ůŰɞ ɜŮɟɧ 

əŬɘ ŬűŮŰɏɟɞɡ ɢŬɛɖɚɧŰŮɟɖ ɚɘˊɞűɘɚɑŬ Ŭˊɧ Űɘɠ ɛɖŰɟɘəɏɠ ŮɜɩůŮɘɠ. ȾŬɗɩɠ ɞɘ ůɡɔəŮɜŰɟɩůŮɘɠ 

əŬŰɘɧɜŰɤɜ ɡŭɟɞɔɧɜɞɡ əŬɘ ŬɜɘɧɜŰɤɜ ɡŭɟɞɝɡɚɑɞɡ ɛŮŰŬɓɎɚɚɞɜŰŬɘ Ŭˊɧ ŬɚɚŬɔɏɠ ůŰɖɜ Űɘɛɐ Űɞɡ 

pH, ɞ ɟɡɗɛɧɠ Űɖɠ ɡŭɟɧɚɡůɖɠ ŮɝŬɟŰɎŰŬɘ ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɖɜ ɞɝɨŰɖŰŬ ɐ Űɖɜ ŬɚəŬɚɘəɧŰɖŰŬ Űɞɡ 

ɡŭɎŰɘɜɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ (Sijm et al., 2007). ȯɚɚɞɘ ˊŬrɎɔɞɜŰŮɠ ˊɞɡ Ůˊɘŭɟɞɨɜ ůŰɖɜ ɡŭɟɞɚɡŰɘəɐ 

ŭɘɎůˊŬůɖ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ŮɑɜŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ, ɖ ˊŮɟɘŮɢɧɛŮɜɖ ɞɟɔŬɜɘəɐ ɨɚɖ, ŰŬ ŭɘŬɚɡɛɏɜŬ 

ɛŮŰŬɚɚɘəɎ ɘɧɜŰŬ əŬɘ ɖ ɘɞɜŰɘəɐ ɘůɢɨɠ Űɞɡ ɡŭŬŰɘəɞɨ ɛɏůɞɡ (Wolfe et al., 1989; Mabey  and 

ɀill , 1978). 

ɉŬɟŬəŰɖɟɘůŰɘəɏɠ əŬŰɖɔɞɟɑŮɠ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ˊɞɡ ɡűɑůŰŬɜŰŬɘ ɡŭɟɞɚɡŰɘəɐ ŭɘɎůˊŬůɖ 

əŬɘ ŰŬ ˊɟɞɥɧɜŰŬ ɡŭɟɧɚɡůɖɠ Űɞɡɠ ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 1.4. ɋůŰɧůɞ, ůɡɔəŮəɟɘɛɏɜŮɠ 

əŬŰɖɔɞɟɑŮɠ ŮɜɩůŮɤɜ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŬɚəɎɜɘŬ, ŬɚəɏɜɘŬ, ɓŮɜɕɧɚɘɞ, ˊɞɚɡɢɚɤɟɘɤɛɏɜŬ 

ŭɘűŬɘɜɨɚɘŬ (PCBs), ˊɞɚɡəɡəɚɘəɏɠ ŬɟɤɛŬŰɘəɏɠ ŮɜɩůŮɘɠ (PAHs), ŬɚəɞɧɚŮɠ əŬɘ əŮŰɧɜŮɠ 

ˊŬɟɞɡůɘɎɕɞɡɜ ůɡɢɜɎ ůŰŬɗŮɟɧŰɖŰŬ ɤɠ ˊɟɞɠ Űɖɜ ɡŭɟɧɚɡůɖ (Sijm et al., 2007). 
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ɄɑɜŬəŬɠ 1.4: ȷɜŰɘˊɟɞůɤˊŮɡŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ɡŭɟɞɚɡŰɘəɎ ŬůŰŬɗɩɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ 

əŬɘ ŰŬ ˊɟɞɥɧɜŰŬ ɡŭɟɧɚɡůɖɠ Űɞɡɠ (R, R', R'' ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ ŬɟɤɛŬŰɘəɞɨɠ ŭŬəŰɡɚɑɞɡɠ ɐ 

ŬɚŮɘűŬŰɘəɏɠ ŬɚɡůɑŭŮɠ  əŬɘ  ɉ: ɎŰɞɛɞ Ŭɚɞɔɧɜɞɡ) (Sijm et al., 2007). 

ȺůŰɏɟŮɠ                                        ȾŬɟɓɞɝɡɚɘəɎ ɞɝɏŬ  +    ȷɚəɞɧɚɖ 

 

ȷɛɑŭɘŬ                                           ȾŬɟɓɞɝɡɚɘəɎ ɞɝɏŬ   +    ȷɛɑɜɖ 

 
ȾŬɟɓŬɛɑŭɘŬ                                   ȷɛɑɜɖ + ȷɚəɞɧɚɖ + ȹɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ 

      

ɃɟɔŬɜɞűɤůűɞɟɘəɎ                        ūɤůűɞɟɘəɧɠ ŭɘŮůŰɏɟŬɠ + ȷɚəɞɧɚɖ 

 
ȷɚɞɔɞɜɤɛɏɜŬ ȷɚəɎɜɘŬ                  ȷɚəɞɧɚɖ  +   Ƚɧɜ Ŭɚɞɔɧɜɞɡ 

 

 

1.4.2.2. ɃɝŮɑŭɤůɖ 

 

ɃɝŮɑŭɤůɖ ŮɑɜŬɘ ɖ ɢɖɛɘəɐ ŭɘŮɟɔŬůɑŬ əŬŰɎ Űɖɜ ɞˊɞɑŬ ɏɜŬ ɞɝŮɘŭɤŰɘəɧ ɛɏůɞ (ɛŮ ɏɚɚŮɘɛɛŬ ůŮ 

ɖɚŮəŰɟɧɜɘŬ) ˊɟɞůɚŬɛɓɎɜŮɘ ɖɚŮəŰɟɧɜɘŬ Ŭˊɧ Űɖɜ ɏɜɤůɖ ˊɞɡ ɞɝŮɘŭɩɜŮŰŬɘ. ɄŬɟŬŭŮɑɔɛŬŰŬ 

ɞɝŮɘŭɤŰɘəɩɜ Ůɘŭɩɜ ŰŬ ɧˊɞɘŬ ŮɛűŬɜɑɕɞɜŰŬɘ ůŮ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ůɡɜɗɐəŮɠ ůŮ ɘəŬɜɞˊɞɘɖŰɘəɎ 

ɡɣɖɚɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ əŬɘ ŬɜŰɘŭɟɞɨɜ ůɢŮŰɘəɎ ɔɟɐɔɞɟŬ ɛŮ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ ŮɑɜŬɘ: ɞɘ Ŭɚəɧɝɡ 

ɟɑɕŮɠ (RO
Å
), ɞɘ ɡˊŮɟɧɝɡ ɟɑɕŮɠ (RO2

Å
), ɞɘ ɟɑɕŮɠ ɡŭɟɞɝɡɚɑɞɡ (ȼɃ

Å
), Űɞ ɞɝɡɔɧɜɞ Ŭˊɚɐɠ 

əŬŰɎůŰŬůɖɠ (
1
Ƀ2), Űɞ ɧɕɞɜ (Ƀ3) əŬɘ  Űɞ ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ ɡŭɟɞɔɧɜɞɡ (ȼ2Ƀ2). ȼ ˊɚŮɘɞɜɧŰɖŰŬ 

ŬɡŰɩɜ Űɤɜ ɞɝŮɘŭɤŰɘəɩɜ Ůɘŭɩɜ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ɎɛŮůŬ ɐ ɏɛɛŮůŬ Ŭˊɧ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɖɠ 

ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɛŮ ŮɜɩůŮɘɠ ˊɞɡ ˊŮɟɘɏɢɞɜŰŬɘ ůŰɞ ˊŮɟɘɓŬɚɚɞɜŰɘəɧ ɡˊɧůŰɟɤɛŬ 

ˊŬɟɎɔɞɜŰŬɠ ɛɘŬ ŮɜŮɟɔŮɘŬəɎ ŭɘŮɔŮɟɛɏɜɖ əŬŰɎůŰŬůɖ Űɞɡ ɛɞɟɑɞɡ, ɖ ɞˊɞɑŬ Ůɜ ůɡɜŮɢŮɑŬ ɛˊɞɟŮɑ 

ɜŬ ŬɜŰɘŭɟɎůŮɘ ŬˊŮɡɗŮɑŬɠ ɛŮ Űɞ ɞɝɡɔɧɜɞ ɐ ɜŬ ŭɘŬůˊŬůŰŮɑ ˊɟɞɠ ůɢɖɛŬŰɘůɛɧ ɟɘɕɩɜ, ˊɞɡ 

ŬɜŰɘŭɟɞɨɜ Ůə ɜɏɞɡ ɛŮ Űɞ ɞɝɡɔɧɜɞ. ȼ ɞɝŮɑŭɤůɖ ŮəŰɧɠ Ŭˊɧ ŭɘŮɟɔŬůɑŬ ɛŮŰŬŰɟɞˊɐɠ Űɤɜ 

ɞɟɔŬɜɘəɩɜ ɛɘəɟɞɟɨˊɤɜ ůŰŬ ŮˊɘűŬɜŮɘŬəɎ ɨŭŬŰŬ ŬˊɞŰŮɚŮɑ Űɖɜ əɨɟɘŬ ŭɘŮɟɔŬůɑŬ ɛŮŰŬŰɟɞˊɐɠ 

Űɤɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ůŰɖɜ ŰɟɞˊɧůűŬɘɟŬ (Haag and Yao, 1992). Ƀɘ ɔŮɜɘəɏɠ ɞɝŮɘŭɤŰɘəɏɠ 
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ŬɜŰɘŭɟɎůŮɘɠ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ ůŮ ˊŮɟɘɓŬɚɚɞɜŰɘəɎ ůɡůŰɐɛŬŰŬ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 

1.5 (Sijm et al., 2007). ũɘŬ Űɖɜ ˊɟɧɓɚŮɣɖ Űɞɡ ɟɡɗɛɞɨ ɞɝŮɑŭɤůɖɠ ɢɖɛɘəɩɜ ŮɜɩůŮɤɜ ůŮ 

ɡŭŬŰɘəɎ ůɡůŰɐɛŬŰŬ  ŬˊŬɘŰŮɑŰŬɘ ɖ ɔɜɩůɖ (Sijm et al., 2007): 

è ɇɞɡ Ůɑŭɞɡɠ əŬɘ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɞɝŮɘŭɤŰɘəɩɜ Ůɘŭɩɜ ůŰŬ ˊŮɟɘɓŬɚɚɞɜŰɘəɎ 

ůɡůŰɐɛŬŰŬ. 

è ɇɖɠ ůŰŬɗŮɟɎɠ ŰŬɢɨŰɖŰŬɠ ɞɝŮɑŭɤůɖɠ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ ɛɏůɞɡ ɛŮ ɛɑŬ ůɡɔəŮəɟɘɛɏɜɖ 

ɞɛɎŭŬ Űɞɡ ɛɞɟɑɞɡ. 

è ɇɞɡ ɜɧɛɞɡ ŰŬɢɨŰɖŰŬɠ Űɖɠ əɎɗŮ ŭɘŮɟɔŬůɑŬɠ. 

 

ɄɑɜŬəŬɠ 1.5: ũŮɜɘəɏɠ ɞɝŮɘŭɤŰɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ ůŮ ˊŮɟɘɓŬɚɚɞɜŰɘəɎ 

ůɡůŰɐɛŬŰŬ (Sijm et al., 2007). 

ȷˊɧůˊŬůɖ ŬŰɧɛɞɡ ɡŭɟɞɔɧɜɞɡ (ȼ) 

 

Ʉɟɞůɗɐəɖ ůŰɞɡɠ ŭɘˊɚɞɨɠ ŭŮůɛɞɨɠ 

 

Ʉɟɞůɗɐəɖ HO
Å
 ůŰɞɡɠ ŬɟɤɛŬŰɘəɞɨɠ ŭŬəŰɡɚɑɞɡɠ 

 
ɀŮŰŬűɞɟɎ ŬŰɧɛɤɜ ɞɝɡɔɧɜɞɡ Ŭˊɧ ɟɑɕŮɠ RO2

Å 
ůŮ ˊɡɟɖɜɧűɘɚŬ ɡˊɞůŰɟɩɛŬŰŬ 

 
 

1.4.2.3. ȷɜŬɔɤɔɐ 

 

ȷɜŬɔɤɔɐ ŮɑɜŬɘ ɖ ɢɖɛɘəɐ ŭɘŮɟɔŬůɑŬ əŬŰɎ Űɖɜ ɞˊɞɑŬ ɖɚŮəŰɟɧɜɘŬ ɛŮŰŬűɏɟɞɜŰŬɘ Ŭˊɧ ɏɜŬ 

ŭɧŰɖ ɖɚŮəŰɟɞɜɑɞɡ (ŬɜŬɔɤɔɘəɧ) ůŰɖɜ ɏɜɤůɖ ˊɞɡ ɗŬ ŬɜŬɢɗŮɑ. ȰɜŬɠ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ ɛŮɚŮŰɩɜ 

ɏɢŮɘ ŬˊɞŭŮɑɝŮɘ Űɖ ůɖɛŬɜŰɘəɐ ůɡɜŮɘůűɞɟɎ Űɤɜ ŬɜŬɔɤɔɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ ůŰɖɜ ŬˊɞɛɎəɟɡɜůɖ 

ˊɞɚɚɩɜ ɞɟɔŬɜɘəɩɜ ɛɘəɟɞɟɨˊɤɜ, ɧˊɤɠ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ɛɑŬ ɐ ˊŮɟɘůůɧŰŮɟŮɠ 

ɜɑŰɟɞ-ɞɛɎŭŮɠ, ŬɕɤŰɞɨɢɤɜ ŮɜɩůŮɤɜ, Ŭɚɞɔɞɜɤɛɏɜɤɜ ŬɚŮɘűŬŰɘəɩɜ əŬɘ ŬɟɤɛŬŰɘəɩɜ ŮɜɩůŮɤɜ 

(ůɡɛˊŮɟɘɚŬɛɓɎɜɞɜŰŬɠ ˊɞɚɡɢɚɤɟɘɤɛɏɜŬ ŭɘűŬɘɜɨɚɘŬ (PCBs) Ŭəɧɛɖ əŬɘ ŭɘɞɝɑɜŮɠ) (Wolfe and 

Macalady 1992). ȳɛɞɘŬ ɛŮ ŰŬ ˊɟɞɥɧɜŰŬ ɡŭɟɧɚɡůɖɠ, ŰŬ ŬɜŬɔɤɔɘəɎ ˊɟɞɥɧɜŰŬ ŮɑɜŬɘ ůɡɜɐɗɤɠ 

ˊɘɞ ˊɞɚɘəɎ Ŭˊɧ ŰŬ ɛɖŰɟɘəɎ ɛɧɟɘŬ, ɛŮ ŬɟəŮŰɎ ŭɘŬűɞɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ɤɠ Ůə ŰɞɨŰɞɡ 

ŭɘŬűɞɟŮŰɘəɐ ˊŮɟɘɓŬɚɚɞɜŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ. ɉŬɟŬəŰɖɟɘůŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ ŬˊɞŰŮɚŮɑ Űɞ 
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ŮɝɎɢɚɤɟɞ-ɓŮɜɕɧɚɘɞ Űɞ ɞˊɞɑɞ ŬɜɎɔŮŰŬɘ ůŮ ɚɘɔɧŰŮɟɞ ɢɚɤɟɘɤɛɏɜŬ ˊŬɟɎɔɤɔŬ (ˊŮɟɘůůɧŰŮɟɞ 

ˊɞɚɘəɎ) ůŰɞ ɡŭŬŰɘəɧ ˊŮɟɘɓɎɚɚɞɜ (ɆɢɐɛŬ 1.8, Sijm et al., 2007).  Ƀɘ ŬɜŬɔɤɔɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ 

ɛˊɞɟɞɨɜ ɜŬ ɚɎɓɞɡɜ ɢɩɟŬ ůŮ ɏɜŬ ˊɚɐɗɞɠ ŬɜŬɔɤɔɘəɩɜ ůɡůŰɖɛɎŰɤɜ ɧˊɤɠ ůŰɖ ɚɡɛŬŰɞɚɎůˊɖ, 

ůŮ ŬɜŬŮɟɧɓɘŬ ŬɜŬɔɤɔɘəɎ ůɡůŰɐɛŬŰŬ, ůŮ əɞɟŮůɛɏɜŬ ŮŭŬűɘəɎ ůɡůŰɐɛŬŰŬ, ůŮ ŬɜɞɝɘəɎ ɘɕɐɛŬŰŬ, 

ůŮ ŬɜŬɔɤɔɘəɎ ůɡůŰɐɛŬŰŬ ˊɞɟűɡɟɘɜɩɜ, ůŮ ŭɘŬɚɨɛŬŰŬ ŭɘŬűɧɟɤɜ ɢɖɛɘəɩɜ ŬɜŰɘŭɟŬůŰɖɟɑɤɜ 

əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ůŰɖ ɔŬůŰɟɞɜɞɛɘəɐ ɞŭɧ Ŭůˊɧɜŭɡɚɤɜ Ůɘŭɩɜ. Ƀɘ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ Ůˊɘŭɟɞɨɜ 

ůŰɖɜ əɘɜɖŰɘəɐ Űɤɜ ŬɜŰɘŭɟɎůŮɤɜ ŮɑɜŬɘ Űɞ ŭɡɜŬɛɘəɧ ɞɝŮɘŭɞŬɜŬɔɤɔɐɠ Űɞɡ ɡŭŬŰɘəɞɨ ɛɏůɞɡ, ɖ 

ɗŮɟɛɞəɟŬůɑŬ, Űɞ pH əŬɘ ɞɘ űɡůɘəɞɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɞɟɔŬɜɘəɞɨ ɛɘəɟɞɟɨˊɞɡ.  

 

 

ɆɢɐɛŬ 1.8: ȷɜŬɔɤɔɘəɐ Ŭˊɞɢɚɤɟɑɤůɖ Űɞɡ ŮɝɎɢɚɤɟɞɡ-ɓŮɜɕɞɚɑɞɡ əŬɘ ɞ ɚɞɔɎɟɘɗɛɞɠ Űɤɜ 

ůɡɜŰŮɚŮůŰɩɜ əŬŰŬɜɞɛɐɠ ɞəŰŬɜɧɚɖɠ-ɜŮɟɞɨ (log Kow) Űɖɠ ɛɖŰɟɘəɐɠ ɏɜɤůɖɠ əŬɘ Űɤɜ 

ˊɟɞɥɧɜŰɤɜ ŬɜŬɔɤɔɐɠ Űɞɡ (Sijm et al., 2007). 

 

1.4.2.4. ūɤŰɞŭɘɎůˊŬůɖ 

 

ȷɜɎɛŮůŬ ůŰɘɠ ŭɘɎűɞɟŮɠ ŭɘŮɟɔŬůɑŮɠ ˊɞɡ Ŭűɞɟɞɨɜ ůŰɖ ŭɘɎůˊŬůɖ ɞɟɔŬɜɘəɩɜ ɛɘəɟɞɟɨˊɤɜ 

ůŰɞ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ, ůɖɛŬɜŰɘəɐ ɗɏůɖ əŬŰɏɢŮɘ ɖ űɤŰɞŭɘɎůˊŬůɖ (Konstantinou et al., 

2010). ɉŬɟŬəŰɖɟɘůŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ űɤŰɞɢɖɛɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ ˊŬɟŬŰɑɗŮɜŰŬɘ ůŰɞ ɆɢɐɛŬ 

1.9 (Sijm et al., 2007). 
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ɆɢɐɛŬ 1.9: ȷɜŰɘˊɟɞůɤˊŮɡŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ űɤŰɞɢɖɛəɐɠ ɛŮŰŬŰɟɞˊɐɠ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ 

(Sijm et al., 2007). 

 

ȼ Ŭˊɧŭɞůɖ ɛɘŬɠ űɤŰɞɢɖɛɘəɐɠ ŭɘŮɟɔŬůɑŬɠ ŮɑɜŬɘ ŮɜŭŮɘəŰɘəɐ Űɖɠ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬɠ ɛŮ 

Űɖɜ ɞˊɞɑŬ ŰŬ ŬɟɢɘəɎ ɛɧɟɘŬ ɛŮŰŬŰɟɏˊɞɜŰŬɘ ůŮ ́ɟɞɥɧɜŰŬ. ɋɠ əɓŬɜŰɘəɐ ɐ űɤŰɞɜɘŬəɐ Ŭˊɧŭɞůɖ ū 

(quantum yield) ɛɘŬɠ ɞˊɞɘŬŭɐˊɞŰŮ ŭɘŮɟɔŬůɑŬɠ ɞɟɑɕŮŰŬɘ ɤɠ Űɞ əɚɎůɛŬ: 

 

ū
Ŭɟɘɗɛʝɠ ɛɞɟʚɤɜ ́ɞɡ ɡűʚůŰŬɜŰŬɘ ɛŮŰŬɓɞɚʙ

Ŭɟɘɗɛʝ űɤŰɞɜʚɤɜ ́ɞɡ ŬˊɞɟɟɞűʙɗɖəŬɜ
    ρȢρ 

 

ȼ əɓŬɜŰɘəɐ Ŭˊɧŭɞůɖ ŮɑɜŬɘ ˊɎɜŰŬ ɛɘəɟɧŰŮɟɖ ɐ ɑůɖ Űɖɠ ɛɞɜɎŭŬɠ. Ƀɘ əɓŬɜŰɘəɏɠ ŬˊɞŭɧůŮɘɠ 

ɛˊɞɟɞɨɜ ɜŬ ŭɘŬűɏɟɞɡɜ ůɖɛŬɜŰɘəɎ, Ŭəɞɛɐ əŬɘ ˊɞɚɚɏɠ ŰɎɝŮɘɠ ɛŮɔɏɗɞɡɠ, ŮɝŬɟŰɩɛŮɜŮɠ Ŭˊɧ Űɖ 

űɨůɖ Űɞɡ ɛɞɟɑɞɡ ˊɞɡ ŬˊɞɟɟɞűɎ űɤɠ əŬɘ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ ůŰɘɠ ɞˊɞɑŮɠ ɡˊɧəŮɘŰŬɘ (Sijm et al., 

2007). 

ȼ űɤŰɞŭɘɎůˊŬůɖ Űɤɜ ɟɨˊɤɜ ůŰŬ űɡůɘəɎ ɡŭɎŰɘɜŬ ůɡůŰɐɛŬŰŬ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮ ŭɨɞ 

ɛɖɢŬɜɘůɛɞɨɠ: Ŭ) ɛŮ ŬˊŮɡɗŮɑŬɠ Ŭˊɞɟɟɧűɖůɖ Űɞɡ űɤŰɧɠ Ŭˊɧ Űɖɜ ɏɜɤůɖ (ɎɛŮůɖ űɤŰɧɚɡůɖ), ɓ) 

ɛŮ Ŭˊɞɟɟɧűɖůɖ Űɞɡ ɖɚɘŬəɞɨ űɤŰɧɠ Ŭˊɧ ɎɚɚŬ ůɡůŰŬŰɘəɎ Űɞɡ ɜŮɟɞɨ ˊɞɡ ɞɜɞɛɎɕɞɜŰŬɘ 
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űɤŰɞŮɡŬɘůɗɖŰɞˊˊɞɘɖŰɏɠ (ɏɛɛŮůɖ űɤŰɞŭɘɎůˊŬůɖ) (Konstantinou et al., 2010; Sakkas et al., 

2006). ȼ ŭɘɎəɟɘůɖ ŬɡŰɐ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 1.10 ˊɞɡ ŬəɞɚɞɡɗŮɑ.  

 

 

ɆɢɐɛŬ 1.10: ɀɖɢŬɜɘůɛɞɑ űɤŰɞŭɘɎůˊŬůɖɠ ɞɟɔŬɜɘəɩɜ ɛɘəɟɞɟɨˊɤɜ ůŰɞ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ 

(ūɃȺ: űɡůɘəɏɠ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ) (Sakkas et al., 2006). 

 

H ɎɛŮůɖ əŬɘ ɖ  ɏɛɛŮůɖ űɤŰɧɚɡůɖ, ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɠ Űɘɠ űɤŰɞŮˊŬɔɧɛŮɜŮɠ ŬɜŰɘŭɟɎůŮɘɠ ɛŮ 

Űɖ ŭɘŬɚɡŰɐ ɞɟɔŬɜɘəɐ ɨɚɖ əŬɘ ŭɘɎűɞɟŬ ŭɟŬůŰɘəɎ Ůɑŭɖ, ŬˊɞŰŮɚɞɨɜ ůɖɛŬɜŰɘəɏɠ ŭɘŮɟɔŬůɑŮɠ ɔɘŬ 

Űɞɡɠ ɞɟɔŬɜɘəɞɨɠ ɟɨˊɞɡɠ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ŬɟɤɛŬŰɘəɞɨɠ ŭŬəŰɡɚɑɞɡɠ, ŮŰŮɟɞɎŰɞɛŬ əŬɘ ɎɚɚŮɠ 

ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ ɞɘ ɞˊɞɑŮɠ ŮɑŰŮ ɛˊɞɟɞɨɜ ɜŬ Ŭˊɞɟɟɞűɐůɞɡɜ ɎɛŮůŬ ɖɚɘŬəɐ ŬəŰɘɜɞɓɞɚɑŬ 

ŮɑŰŮ ɜŬ ŬɜŰɘŭɟɎůɞɡɜ ɛŮ ŰŬ űɤŰɞˊŬɟŬɔɧɛŮɜŬ ŭɟŬůŰɘəɎ Ůɑŭɖ Űɤɜ űɡůɘəɩɜ ɡŭɎŰɤɜ ɧˊɤɠ ȼ2Ƀ2, 

HO
Å
, 

1
Ƀ2 ə.Ŭ. (Arnold and McNeill, 2007; Boreen et al,. 2003; Doll and Frimmel, 2003). 

ȼ űɤŰɞŭɘɎůˊŬůɖ ŮˊɖɟŮɎɕŮŰŬɘ ůɖɛŬɜŰɘəɎ Ŭˊɧ ˊŬɟɎɔɞɜŰŮɠ ɞɘ ɞˊɞɑɞɘ Ůˊɘŭɟɞɨɜ ůŰɖ 

űŬůɛŬŰɘəɐ əŬŰŬɜɞɛɐ əŬɘ ůŰɖɜ ɏɜŰŬůɖ Űɖɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɧˊɤɠ ɖ ɔŮɤɔɟŬűɘəɐ ɗɏůɖ, ɖ 

Ůˊɞɢɐ, ɖ ŭɘɎɟəŮɘŬ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɖ Ŭˊɞɟɟɧűɖůɖ Űɖɠ UV-B ŬəŰɘɜɞɓɞɚɑŬɠ Ŭˊɧ Űɞ ɧɕɞɜ 

Űɖɠ ŬŰɛɧůűŬɘɟŬɠ. ȯɚɚɞɘ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɞ ɟɡɗɛɧ űɤŰɞŭɘɎůˊŬůɖɠ ɞɟɔŬɜɘəɩɜ 

ŮɜɩůŮɤɜ ůŰŬ űɡůɘəɎ ɜŮɟɎ ŮɑɜŬɘ ɖ ɗɞɚŮɟɧŰɖŰŬ, ɖ ˊŮɟɘŮɢɞɛɏɜɖ ɞɟɔŬɜɘəɐ ɨɚɖ əŬɘ ŰŬ 

ŬɘɤɟɞɨɛŮɜŬ ůɤɛŬŰɑŭɘŬ (Sakkas et al., 2006). 

 

1.5. ȯɛŮůɖ űɤŰɧɚɡůɖ 

 

ȼ ɎɛŮůɖ űɤŰɧɚɡůɖ ůɡɜɑůŰŬŰŬɘ ůŰɖɜ ŬˊŮɡɗŮɑŬɠ Ŭˊɞɟɟɧűɖůɖ Űɞɡ ɖɚɘŬəɞɨ űɤŰɧɠ Ŭˊɧ 

Űɞɡɠ ɞɟɔŬɜɘəɞɨɠ ɟɨˊɞɡɠ əŬɘ ɞŭɖɔŮɑ ůŰɖ ŭɘɏɔŮɟůɖ Űɞɡɠ ůŮ ɡɣɖɚɧŰŮɟŮɠ ŮɜŮɟɔŮɘŬəɎ 

əŬŰŬůŰɎůŮɘɠ (Ŭˊɚɐ, Űɟɘˊɚɐ ŭɘŮɔŮɟɛɏɜɖ əŬŰɎůŰŬůɖ) ɞɘ ɞˊɞɑɞɘ Ůɜ ůɡɜŮɢŮɑŬ ɡˊɧəŮɘɜŰŬɘ ůŮ 

ŬɜŰɘŭɟɎůŮɘɠ ɞɛɧɚɡůɖɠ, ŮŰŮɟɧɚɡůɖɠ əŬɘ űɤŰɞ-ɘɞɜɘůɛɞɨ (ɆɢɐɛŬ 1.10). ȯɚɚŮɠ ŬɜŰɘŭɟɎůŮɘɠ ˊɞɡ 

ɛˊɞɟɞɨɜ ɜŬ ɚɎɓɞɡɜ ɢɩɟŬ ɤɠ ŬˊɞŰɏɚŮůɛŬ ɎɛŮůɖɠ Ŭˊɞɟɟɧűɖůɖɠ űɤŰɧɠ Ŭˊɧ Űɞɡɠ ɞɟɔŬɜɘəɞɨɠ 
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ɟɨˊɞɡɠ ŮɑɜŬɘ ɖ ɘůɞɛŮɟŮɑɤůɖ, ɖ ŬˊɧůˊŬůɖ ŬŰɧɛɤɜ ɡŭɟɞɔɧɜɞɡ, ɖ ŮɜŭɞɛɞɟɘŬəɐ ŭɘŮɡɗɏŰɖůɖ, ɞɘ 

ŬɜŰɘŭɟɎůŮɘɠ ŭɘɛŮɟɘůɛɞɨ-ˊɟɞůɗɐəɖɠ, ɖ əɡəɚɞˊɞɑɖůɖ əŬɘ ɞɘ ŬɜŰɘŭɟɎůŮɘɠ ɛŮŰŬűɞɟɎɠ 

ɖɚŮəŰɟɞɜɑɞɡ (Sakkas et al., 2006). ɋůŰɧůɞ, ɖ ɘəŬɜɧŰɖŰŬ Űɞɡ ɟɨˊɞɡ ɜŬ ɡˊɧəŮɘŰŬɘ ůŮ ɢɖɛɘəɏɠ 

ɛŮŰŬɓɞɚɏɠ/ɛŮŰŬŰɟɞˊɏɠ ɛŮŰɎ Űɖɜ Ŭˊɞɟɟɧűɖůɖ űɤŰɞɜɑɤɜ ŮɝŬɟŰɎŰŬɘ ɎɛŮůŬ Ŭˊɧ Űɖ ŭɞɛɐ əŬɘ Űɘɠ 

űɡůɘəɞɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɛɞɟɑɞɡ Űɞɡ əŬɘ ˊɞɘəɑɚŮɘ ůɖɛŬɜŰɘəɎ ɛŮŰŬɝɨ Űɤɜ ŭɘŬűɧɟɤɜ 

ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ. ȼ ɎɛŮůɖ űɤŰɧɚɡůɖ Űɤɜ ˊŮɟɘůůɧŰŮɟɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ɡˊɧ Űɖɜ 

ŮˊɑŭɟŬůɖ Űɞɡ ɖɚɘŬəɞɨ űɤŰɧɠ ŬɜŬɛɏɜŮŰŬɘ ɜŬ ŮɑɜŬɘ ɘŭɘŬɘŰɏɟɤɠ ɛɘəɟɐ, əŬɗɩɠ ɖ ˊɚŮɘɞɜɧŰɖŰŬ 

ŬɡŰɩɜ ŬˊɞɟɟɞűɎ űɤɠ ůŮ ůɢŮŰɘəɎ ɢŬɛɖɚɎ ɛɐəɖ əɨɛŬŰɞɠ Űɖɠ ɡˊŮɟɘɩŭɞɡɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ Űɞ 

ɖɚɘŬəɧ űɤɠ ˊɞɡ űɗɎɜŮɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ɔɖɠ ˊŮɟɘɚŬɛɓɎɜŮɘ ɛɧɜɞ ɏɜŬ ˊŮɟɘɞɟɘůɛɏɜɞ ɛɏɟɞɠ 

Űɤɜ ɛɘəɟɩɜ ɛɖəɩɜ əɨɛŬŰɞɠ Űɖɠ ɡˊŮɟɘɩŭɞɡɠ ŬəŰɘɜɞɓɞɚɑŬɠ (Sakkas et al., 2006). 

 

1.6. ȰɛɛŮůɖ űɤŰɞŭɘɎůˊŬůɖ 

 

ȼ ɏɛɛŮůɖ űɤŰɞŭɘɎůˊŬůɖ  ůɡɜɑůŰŬŰŬɘ  ůŰɖɜ Ŭˊɞɟɟɧűɖůɖ Űɞɡ ɖɚɘŬəɞɨ űɤŰɧɠ Ŭˊɧ ɢɖɛɘəɏɠ 

ŮɜɩůŮɘɠ, ůɡɜɐɗɤɠ űɡůɘəɏɠ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ Űɤɜ ɡŭɎŰɘɜɤɜ ůɡůŰɖɛɎŰɤɜ ɧˊɤɠ ɢɞɡɛɘəɎ əŬɘ 

űɞɡɚɓɘəɎ ɞɝɏŬ, ˊɞɡ ɞɜɞɛɎɕɞɜŰŬɘ űɤŰɞŮɡŬɘůɗɖŰɞˊɞɘɖŰɏɠ. Ƀɘ ŮɜɩůŮɘɠ ŬɡŰɏɠ ŮɑŰŮ ɛŮŰŬűɏɟɞɡɜ 

Űɖɜ ŮɜɏɟɔŮɘŬ ůŰɞ ɡŭŬŰɘəɧ ɛɏůɞ ˊɞɡ ŭɘŬŰɑɗŮŰŬɘ ɔɘŬ Űɖ ŭɘɎůˊŬůɖ Űɤɜ ɛɘəɟɞɟɨˊɤɜ ɛɏůɤ 

ŬɜŰɘŭɟɎůŮɤɜ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 1.10, ŮɑŰŮ ˊŬɟɎɔɞɡɜ ŭɟŬůŰɘəɎ ŮɜŭɘɎɛŮůŬ ˊɞɡ 

ŭɘŬůˊɞɨɜ Űɞɡɠ ɞɟɔŬɜɘəɞɨɠ ɟɨˊɞɡɠ. ɇŬ ŭɟŬůŰɘəɎ ŮɜŭɘɎɛŮůŬ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟŬɢɗɞɨɜ 

ˊŮɟɘɚŬɛɓɎɜɞɡɜ ɟɑɕŮɠ ɡŭɟɞɝɡɚɑɞɡ (HO
Å
), Ɏɚəɡɚɞ ɡˊŮɟɧɝɡ ɟɑɕŮɠ (ROO

Å
), ɡŭɟɞɡˊŮɟɧɝɡ (HO2

Å
) 

əŬɘ ŬɜɗɟŬəɘəɏɠ ɟɑɕŮɠ (CO3
-Å
), ɘɧɜŰŬ ɡˊŮɟɞɝŮɘŭɑɞɡ (O2

-
), ɞɝɡɔɧɜɞ Ŭˊɚɐɠ əŬŰɎůŰŬůɖɠ (

1
O2), 

ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ ɡŭɟɞɔɧɜɞɡ (H2O2) əŬɘ ŮɜɡŭŬŰɤɛɏɜɤɜ ɖɚŮəŰɟɞɜɑɤɜ (eaq
-
). Ⱥˊɘˊɚɏɞɜ, ŰŬ 

ɛŮŰŬɚɚɘəɎ ɘɧɜŰŬ əŬɘ ŰŬ ŬɘɤɟɞɨɛŮɜŬ ɐ əɞɚɚɞŮɘŭɐ ůɤɛŬŰɑŭɘŬ Űɤɜ ɡŭɎŰɘɜɤɜ ůɡůŰɖɛɎŰɤɜ 

ˊŬɟɞɡůɘɎɕɞɡɜ ɘŭɘŬɑŰŮɟɖ űɤŰɞɢɖɛŮɑŬ, ɖ ɛŮɚɏŰɖ Űɖɠ ɞˊɞɑŬɠ ˊŬɟɞɡůɘɎɕŮɘ Ŭɡɝɖɛɏɜɞ ŮɜŭɘŬűɏɟɞɜ. 

ȴŭŬŰŬ ɛŮ ɡɣɖɚɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ (ɛɏůɤ ɛŮŰŬűɞɟɎɠ űɞɟŰɑɞɡ) əŬɘ 

ɖɛɘŬɔɩɔɘɛɤɜ ůɤɛŬŰɑŭɘɤɜ (ɛɏůɤ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ Űɞɡ ɕŮɨɔɞɡɠ ɞˊɐɠ-ɖɚŮəŰɟɞɜɑɞɡ) ɏɢŮɘ 

ŬˊɞŭŮɘɢɗŮɑ ɜŬ ůɡɜŮɘůűɏɟɞɡɜ ůɖɛŬɜŰɘəɎ ůŰɖ űɤŰɞŭɘɎůˊŬůɖ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ůŮ ɡŭŬŰɘəɎ 

ɡˊɞůŰɟɩɛŬŰŬ (Konstantinou et al., 2010; Sakkas et al., 2006). 

ȼ ˊŬɟɞɡůɑŬ Űɤɜ ɟɘɕɩɜ HO
Å
 ůŰŬ űɡůɘəɎ ɜŮɟɎ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ůɖɛŬɜŰɘəɐ ɚɧɔɤ Űɖɠ ɘůɢɡɟɐɠ 

ɞɝŮɘŭɤŰɘəɐɠ ɘəŬɜɧŰɖŰŬɠ Űɞɡɠ, ŬɚɚɎ əŬɘ ŮˊŮɘŭɐ ŮɑɜŬɘ ɛɖ ŮəɚŮəŰɘəɎ ŬɜŰɘŭɟŬůŰɐɟɘŬ  ɘəŬɜɎ ɜŬ 

ˊɟɞůɓɎɚɚɞɡɜ ˊɚɐɗɞɠ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ. Ƀɘ ˊɘɗŬɜɏɠ ˊɖɔɏɠ ɟɘɕɩɜ HO
Å
 ůŰŬ űɡůɘəɎ ɨŭŬŰŬ 

ˊŮɟɘɚŬɛɓɎɜɞɡɜ űɤŰɞɚɡŰɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ ɁɃ3
-
 əŬɘ ɁɃ2

-
 ɘɧɜŰɤɜ əŬɗɩɠ əŬɘ ɢɟɤɛɞűɧɟɤɜ 

ŮɜɩůŮɤɜ. Ⱥˊɘˊɚɏɞɜ, ɞɘ CO3
-Å
, ˊŬɟŬɔɧɛŮɜŮɠ Ŭˊɧ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ HO

Å
 əŬɘ ŬɜɗɟŬəɘəɩɜ 

ɐ/əŬɘ ɧɝɘɜɤɜ ŬɜɗɟŬəɘəɩɜ ɘɧɜŰɤɜ, ŬɜŰɘŭɟɞɨɜ ŰŬɢɨŰŬŰŬ ɛŮ ˊɚɞɨůɘŮɠ ůŮ ɖɚŮəŰɟɧɜɘŬ ŮɜɩůŮɘɠ, 

ɛŮɘɩɜɞɜŰŬɠ ůɖɛŬɜŰɘəɎ Űɖɜ ŬɜɗŮəŰɘəɧŰɖŰŬ Űɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ. ɆɖɛŬɜŰɘəɐ ůɡɜŮɘůűɞɟɎ ůŰɖ 



 
 
 
 

21 
 

űɤŰɞŭɘɎůˊŬůɖ ɞɟɔŬɜɘəɩɜ ɛɘəɟɞɟɨˊɤɜ ˊŬɟɞɡůɘɎɕɞɡɜ əŬɘ ɞɘ Ɏɚəɡɚɞ ɡˊŮɟɧɝɡ ɟɑɕŮɠ ɞɘ ɞˊɞɑŮɠ 

ˊŬɟɎɔɞɜŰŬɘ Ŭˊɧ Űɖɜ ŬɜŰɑŭɟŬůɖ ɛŮŰŬɝɨ ɞɝɡɔɧɜɞɡ Űɟɘˊɚɐɠ əŬŰɎůŰŬůɖɠ əŬɘ ŭɘŮɔŮɟɛɏɜɤɜ 

ɢɟɤɛɞűɧɟɤɜ, əŬɘ ɞɝɡɔɧɜɞɡ Ŭˊɚɐɠ əŬŰɎůŰŬůɖɠ, ˊŬɟŬɔɧɛŮɜɞɡ Ŭˊɧ Űɖɜ Ŭˊɞɟɟɧűɖůɖ ɖɚɘŬəɞɨ 

űɤŰɧɠ Ŭˊɧ ŰŬ űɡůɘəɎ ɢɟɤɛɞűɧɟŬ (Sakkas et al., 2006). 

ȼ ŭɘɏɔŮɟůɖ Űɤɜ ɢɟɤɛɞűɧɟɤɜ əŬɘ ɖ ŭɖɛɘɞɡɟɔɑŬ ɓɟŬɢɨɓɘɤɜ Űɟɘˊɚɩɜ ŮɜŮɟɔŮɘŬəɩɜ  

əŬŰŬůŰɎůŮɤɜ ɞŭɖɔɞɨɜ ůŰɖ ŭɘɎůˊŬůɖ ɞɟɔŬɜɘəɩɜ ɛɘəɟɞɟɨˊɤɜ ɛɏůɤ ɛŮŰŬűɞɟɎɠ ŬŰɧɛɞɡ 

ɡŭɟɞɔɧɜɞɡ ɐ/əŬɘ ŬˊɧůˊŬůɖɠ ɖɚŮəŰɟɞɜɑɞɡ. ɀŮɔɎɚɖ ůˊɞɡŭŬɘɧŰɖŰŬ ɔɘŬ Űɘɠ űɤŰɞŬɜŰɘŭɟɎůŮɘɠ 

Űɤɜ űɡůɘəɩɜ ɜŮɟɩɜ ɏɢŮɘ Ůˊɑůɖɠ ɖ ŭɖɛɘɞɡɟɔɑŬ eaq
-
, ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ Űɤɜ 

ɢɟɤɛɞűɧɟɤɜ ŮɜɩůŮɤɜ ɛŮ Űɖɜ ɖɚɘŬəɐ ŬəŰɘɜɞɓɞɚɑŬ. ȼ ɘəŬɜɧŰɖŰŬ Űɤɜ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ ɜŬ 

ůɡɜŮɘůűɏɟɞɡɜ ůŰɖ űɤŰɞŭɘɎůˊŬůɖ Űɤɜ ɟɨˊɤɜ ɡˊɧ űɡůɘəɐ ɖɚɘŬəɐ ŬəŰɘɜɞɓɞɚɑŬ ŮˊɖɟŮɎɕŮŰŬɘ 

ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɖ ůɨůŰŬůɖ Űɤɜ űɡůɘəɩɜ ɡŭɎŰɤɜ. Ƀɘ ůɡɔəŮɜŰɟɩůŮɘɠ Űɤɜ ɢɞɡɛɘəɩɜ əŬɘ 

űɞɡɚɓɘəɩɜ ŮɜɩůŮɤɜ ůŰŬ űɡůɘəɎ ɨŭŬŰŬ ˊɞɘəɑɚɞɡɜ Ŭˊɧ 0,3 ɏɤɠ 30 mg L
-1

, Ůɜɩ ɞɘ 

ůɡɔəŮɜŰɟɩůŮɘɠ Űɤɜ ɜɘŰɟɘəɩɜ əŬɘ ɧɝɘɜɤɜ ŬɜɗɟŬəɘəɩɜ ɘɧɜŰɤɜ Ŭˊɧ 3 ɏɤɠ 323 ɛɀ əŬɘ 0,4 ɏɤɠ 

4,4 ɛɀ, ŬɜŰɑůŰɞɘɢŬ. 

ɆɖɛŬɜŰɘəɧ ɛŮɘɞɜɏəŰɖɛŬ Űɖɠ ŮɡŬɘůɗɖŰɞˊɞɘɖɛɏɜɖɠ űɤŰɞŭɘɎůˊŬůɖɠ ŮɑɜŬɘ ɖ ŬɜɎɔəɖ ɢɟɐůɖɠ 

űɤŰɧɠ ɛŮɔŬɚɨŰŮɟɤɜ ɛɐəɤɜ əɨɛŬŰɞɠ Ŭˊɧ ŬɡŰɎ ˊɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɞ űɎůɛŬ Ŭˊɞɟɟɧűɖůɖɠ 

Űɞɡ ɟɨˊɞɡ (Sakkas et al., 2006). ɋůŰɧůɞ, ɖ ŭɘŬɚɡŰɐ ɞɟɔŬɜɘəɐ ɨɚɖ Űɤɜ űɡůɘəɩɜ ɡŭɎŰɤɜ 

ɛˊɞɟŮɑ ɜŬ ŭɟɎůŮɘ Ůˊɑůɖɠ ɤɠ ɞˊŰɘəɧ űɑɚŰɟɞ, ŭŮůɛŮɨɞɜŰŬɠ Űɞ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɞɡ űɤŰɧɠ əŬɘ 

ɤɠ Ůə ŰɞɨŰɞɡ ɜŬ ŮˊɘűɏɟŮɘ ŬɟɜɖŰɘəɐ ŮˊɑˊŰɤůɖ ůŰɖ űɤŰɧɚɡůɖ Űɤɜ ɞɟɔŬɜɘəɩɜ ɛɘəɟɞɟɨˊɤɜ. O 

ɛŮɘɤɛɏɜɞɠ ɟɡɗɛɧɠ űɤŰɞɚɡŰɘəɐɠ ŭɘɎůˊŬůɖɠ ŬˊɞŭɑŭŮŰŬɘ Ůˊɑůɖɠ ůŰɖ ŭɏůɛŮɡůɖ Űɤɜ ɞɟɔŬɜɘəɩɜ 

ɟɨˊɤɜ Ŭˊɧ Űɖ ŭɘŬɚɡŰɐ ɞɟɔŬɜɘəɐ ɨɚɖ ɛɏůɤ ɡŭɟɞűɞɓɘəɩɜ ŭɡɜɎɛŮɤɜ ɐ ŭɡɜɎɛŮɤɜ Wan der 

Wals. Ƀ ɛŮɘɤɛɏɜɞɠ ɟɡɗɛɧɠ űɤŰɞɚɡŰɘəɐɠ ŭɘɎůˊŬůɖɠ ůŰɞ ɗŬɚŬůůɘɜɧ ɜŮɟɧ ůɢŮŰɑɕŮŰŬɘ ɎɛŮůŬ ɛŮ 

Űɖɜ ˊŬɔɑŭŮɡůɖ ɟɘɕɩɜ HO
Å
 əŬɘ Ɏɚɚɤɜ ŭɟŬůŰɘəɩɜ ŮɜŭɘɎɛŮůɤɜ Ŭˊɧ ŰŬ ɘɧɜŰŬ ɢɚɤɟɑɞɡ (Sakkas et 

al., 2006). 

 

1.7. ȷɜŰɘɛŮŰɩˊɘůɖ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ Űɖɠ ɟɨˊŬɜůɖɠ Űɤɜ ɡŭŬŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ 

 

ȼ ˊɟɞůŰŬůɑŬ Űɖɠ ˊɞɘɧŰɖŰŬɠ Űɤɜ ɡŭŬŰɘəɩɜ ˊɧɟɤɜ ɛɏůɤ Űɖɠ ɞɚɞəɚɖɟɤɛɏɜɖɠ ŮˊŮɝŮɟɔŬůɑŬɠ 

Űɤɜ ŬůŰɘəɩɜ əŬɘ ɓɘɞɛɖɢŬɜɘəɩɜ ŬˊɞɓɚɐŰɤɜ əŬɗɩɠ əŬɘ ɖ ŭɘŬůűɎɚɘůɖ Űɖɠ ŬɜɎəŰɖůɖɠ-

ŬɜŬəɨəɚɤůɖɠ Űɤɜ ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ ɔɘŬ Űɖɜ ŮˊŬɜŬɢɟɖůɘɛɞˊɞɑɖůɖ Űɞɡɠ ɛŮŰɎ Ŭˊɧ əŬŰɎɚɚɖɚɖ 

ŮˊŮɝŮɟɔŬůɑŬ, ŬˊɞŰŮɚɞɨɜ Űɘɠ ŭɨɞ əɨɟɘŮɠ ůɡɜɘůŰɩůŮɠ ůŰɖɜ ˊɟɞůˊɎɗŮɘŬ ɔɘŬ Űɖ ɓɏɚŰɘůŰɖ əŬɘ 

ɓɘɩůɘɛɖ ɢɟɐůɖ Űɤɜ ɡŭŬŰɘəɩɜ ˊɧɟɤɜ (Pablos et al, 2013; Malato et al., 2009). ɆɐɛŮɟŬ, ɛŮ Űɖ 

ɔŮɜɘəɧŰŮɟɖ ŮɡŬɘůɗɖŰɞˊɞɑɖůɖ ůŮ ɗɏɛŬŰŬ ˊŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ Űɖɜ ˊɟɞɩɗɖůɖ Űɖɠ ŬŮɘűɧɟɞɡ 

ŬɜɎˊŰɡɝɖɠ ˊɟɞɓɎɚɚŮɘ ŮˊɘŰŬəŰɘəɐ ɖ ŬɜɎɔəɖ ɔɘŬ Űɖɜ ŮɨɟŮůɖ ɜɏɤɜ ɛŮɗɧŭɤɜ ɘəŬɜɩɜ ɜŬ 

ŬɜŰɘɛŮŰɤˊɑůɞɡɜ ŰŬ ˊɟɞɓɚɐɛŬŰŬ ɟɨˊŬɜůɖɠ Űɞɡ ɜŮɟɞɨ (Pera-Titus et al., 2004).  
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Ƀɘ ůɡɛɓŬŰɘəɏɠ ɛɏɗɞŭɞɘ ŮˊŮɝŮɟɔŬůɑŬɠ (ɓɘɞɚɞɔɘəɏɠ, ɗŮɟɛɘəɏɠ, ɛɖɢŬɜɘəɏɠ, űɡůɘəɞɢɖɛɘəɏɠ 

əŬɘ ɢɖɛɘəɏɠ ŭɘŮɟɔŬůɑŮɠ), ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ Űɤɜ ɞˊɞɑɤɜ ŬɜŬűɏɟɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 

1.11 ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ŮɡɟɨŰŬŰŬ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ ɡŭŬŰɘəɩɜ ɟɨˊɤɜ ŭɑɜɞɜŰŬɠ 

ůɖɛŬɜŰɘəɏɠ ɚɨůŮɘɠ ůŰɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɖɠ ɟɨˊŬɜůɖɠ, ŬɚɚɎ ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ 

ůɖɛŬɜŰɘəɎ ɛŮɘɞɜŮəŰɐɛŬŰŬ əŬɘ ˊŮɟɘɞɟɘůɛɞɨɠ (Oppenlªnder, 2003). Ƀɘ ɓɘɞɚɞɔɘəɏɠ ɛɏɗɞŭɞɘ Ŭɜ 

əŬɘ ɓɟɑůəɞɡɜ ɛŮɔɎɚɖ ŮűŬɟɛɞɔɐ əŬɘ ůŮ ˊɞɚɚɏɠ ˊŮɟɘˊŰɩůŮɘɠ əŬɗɑůŰŬɜŰŬɘ ŬˊɞŰŮɚŮůɛŬŰɘəɏɠ, 

ŮɑɜŬɘ Ŭɟɔɏɠ ŭɘŬŭɘəŬůɑŮɠ ŬˊŬɘŰɩɜŰŬɠ ɛŮɔɎɚɞɡɠ ɢɟɧɜɞɡɠ ŬɜŰɑŭɟŬůɖɠ əŬɘ ŭŮ ɛˊɞɟɞɨɜ ɜŬ 

ŮűŬɟɛɞůŰɞɨɜ ůŮ ŰɞɝɘəɎ ŬˊɧɓɚɖŰŬ ɚɧɔɤ ŬˊŮɜŮɟɔɞˊɞɑɖůɖɠ Űɤɜ ɛɘəɟɞɞɟɔŬɜɘůɛɩɜ. ȷɟəŮŰɏɠ 

ɎɚɚŮɠ űɡůɘəɞɢɖɛɘəɏɠ ɛɏɗɞŭɞɘ ŮˊŮɝŮɟɔŬůɑŬɠ (ˊɟɞůɟɧűɖůɖ ůŮ ŮɜŮɟɔɧ ɎɜɗɟŬəŬ əŬɘ ɎɚɚŬ 

ɡɚɘəɎ, əɟɞəɑŭɤůɖ, əŬɗɑɕɖůɖ, ɘɞɜŬɜŰŬɚɚŬɔɐ, ɡˊŮɟŭɘɐɗɖůɖ əŬɘ ŬɜŰɑůŰɟɞűɖ ɩůɛɤůɖ) ɏɢɞɡɜ 

ˊɟɞŰŬɗŮɑ ɔɘŬ Űɖ ŭɘŬɢŮɑɟɘůɖ ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ, ɞɘ ɞˊɞɑŮɠ ɧɛɤɠ ŭŮɜ ɞŭɖɔɞɨɜ ůŰɖ ŭɘɎůˊŬůɖ Űɤɜ 

ɟɨˊɤɜ, ŬɚɚɎ ůŰɖ ɛŮŰŬűɞɟɎ Űɞɡɠ Ŭˊɧ Űɖɜ ɡŭŬŰɘəɐ ůŰɖ ůŰŮɟŮɐ űɎůɖ, ŬˊŬɘŰɩɜŰŬɠ ɏɜŬ Ůˊɘˊɚɏɞɜ 

ůŰɎŭɘɞ ŮˊŮɝŮɟɔŬůɑŬɠ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ŭŮɡŰŮɟɞɔŮɜɩɜ ŬˊɞɓɚɐŰɤɜ. ɄŬɟɧɚɞ ˊɞɡ ɛŮ 

Űɖɜ ŮűŬɟɛɞɔɐ ɢɖɛɘəɩɜ ɛŮɗɧŭɤɜ ɞɝŮɑŭɤůɖɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ˊɚɐɟɖɠ əŬŰŬůŰɟɞűɐ Űɤɜ ɟɨˊɤɜ-

ůŰɧɢɤɜ, ŬˊŬɘŰɞɨɜŰŬɘ ɛŮɔɎɚŮɠ ˊɞůɧŰɖŰŮɠ ŬɜŰɘŭɟŬůŰɖɟɑɤɜ Ůɜɩ ˊɞɚɚɏɠ űɞɟɏɠ ŮɛűŬɜɑɕɞɜŰŬɘ 

əŬɘɜɞɨɟɔɘŬ ˊɟɞɓɚɐɛŬŰŬ, ɧˊɤɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ɢɚɤɟɑɤůɖɠ əŬŰɎ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ 

ɞˊɞɑŬɠ ŭɨɜŬŰŬɘ ɜŬ ŭɖɛɘɞɡɟɔɖɗɞɨɜ əŬɟəɘɜɞɔɧɜŬ əŬɘ ɛŮŰŬɚɚŬɝɘɔɧɜŬ ɢɚɤɟɘɤɛɏɜŬ ˊŬɟɎɔɤɔŬ 

(Chong et al., 2010a). ȳɛɞɘŬ, ɞɘ ɗŮɟɛɘəɏɠ ɛɏɗɞŭɞɘ ŮɛűŬɜɑɕɞɡɜ ůɖɛŬɜŰɘəɏɠ Ůəˊɞɛˊɏɠ ŮɜɩůŮɤɜ 

ɞɘ ɞˊɞɑŮɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ˊɘɞ ŮˊɘəɑɜŭɡɜŮɠ Ŭˊɧ Űɘɠ ɛɖŰɟɘəɏɠ ŮɜɩůŮɘɠ (Kim and Ihm, 2011). 

ɀŮ ůəɞˊɧ Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ Űɤɜ ˊɟɞŬɜŬűŮɟɗɏɜŰɤɜ ɛŮɘɞɜŮəŰɖɛɎŰɤɜ əŬɘ ˊŮɟɘɞɟɘůɛɩɜ, ŰŬ 

ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ɛŮɚŮŰɎŰŬɘ ŮɜŬɚɚŬəŰɘəɎ ɖ ŮűŬɟɛɞɔɐ ɛɘŬɠ ɞɛɎŭŬɠ ɞɝŮɘŭɤŰɘəɩɜ ŰŮɢɜɘəɩɜ, 

Űɤɜ ŬˊɞəŬɚɞɨɛŮɜɤɜ Ʉɟɞɢɤɟɖɛɏɜɤɜ ɃɝŮɘŭɤŰɘəɩɜ ɀŮɗɧŭɤɜ (Advanced Oxidation 

Processes, AOPs). Ƀɘ ɄɟɞɢɤɟɖɛɏɜŮɠ ɃɝŮɘŭɤŰɘəɏɠ ɀɏɗɞŭɞɘ ȷɜŰɘɟɟɨˊŬɜůɖɠ ɓŬůɑɕɞɜŰŬɘ ůŰɖ 

ŭɖɛɘɞɡɟɔɑŬ ŭɟŬůŰɘəɩɜ ŮɜŭɘɎɛŮůɤɜ əŬɘ əɡɟɑɤɠ Űɤɜ ɟɘɕɩɜ HO
Å
 əŬɘ ɛˊɞɟɞɨɜ ɜŬ ɞŭɖɔɐůɞɡɜ 

ůŰɖɜ Ŭˊɞɘəɞŭɧɛɖůɖ Űɤɜ ɟɨˊɤɜ ůŮ CO2, H2O əŬɘ ŬɜɧɟɔŬɜŮɠ ŮɜɩůŮɘɠ ɐ ŰɞɡɚɎɢɘůŰɞɜ ůŰɖ 

ɛŮŰŬŰɟɞˊɐ Űɞɡɠ ůŮ ɚɘɔɧŰŮɟɞ ɏɤɠ əŬɗɧɚɞɡ Űɞɝɘəɏɠ ŮɜɩůŮɘɠ (Chong et al., 2010a). 
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ɆɢɐɛŬ 1.11: ɇŮɢɜɞɚɞɔɑŮɠ ŮˊŮɝŮɟɔŬůɑŬɠ ɜŮɟɞɨ əŬɘ ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ (Oppenlªnder, 2003). 

ɇŮɢɜɞɚɞɔɑŮɠ ŮˊŮɝŮɟɔŬůɑŬɠ ɜŮɟɞɨ 
əŬɘ ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ 

ɀɖɢŬɜɘəɏɠ 
ŭɘŮɟɔŬůɑŮɠ 

ȾɧůəɘɜŬ 

ɆɢɎɟŮɠ 

ȸɘɞɚɞɔɘəɏɠ 
ŭɘŮɟɔŬůɑŮɠ 

ȷɜŬŮɟɧɓɘŮɠ 

ȷŮɟɧɓɘŮɠ: 

ŮɜŮɟɔɧɠ ɘɚɨɠ 

ɄŮɟɘůŰɟŮűɧɛŮɜɞɠ 
ɓɘɞɚɞɔɘəɧɠ 
ŬɜŰɘŭɟŬůŰɐɟŬɠ 

ūɡůɘəɏɠ 
ŭɘŮɟɔŬůɑŮɠ 

ȺˊɑˊɚŮɡůɖ 

ɆɡůůɤɛɎŰɤůɖ 

ȾŬɗɑɕɖůɖ 

Ⱦɟɞəɑŭɤůɖ 

ȾŬŰŬɓɨɗɘůɖ 

Ʉɟɞůɟɧűɖůɖ-Ⱥəɟɧűɖůɖ 

ɀɘəɟɞŭɘɐɗɖůɖ 

ɈˊŮɟŭɘɐɗɖůɖ 

ȷɜŰɑůŰɟɞűɖ ɩůɛɤůɖ 

ŪŮɟɛɘəɏɠ ŭɘŮɟɔŬůɑŮɠ 

ȾɟɡůŰɎɚɚɤůɖ 

ȷˊɧůŰŬɝɖ 

ȺɝɎŰɛɘůɖ 

ȷˊɞŰɏűɟɤůɖ 

ɉɖɛɘəɏɠ ŭɘŮɟɔŬůɑŮɠ 

ɉɚɤɟɑɤůɖ 

ȷˊɞɟɟɧűɖůɖ 

ȺɝɞɡŭŮŰɏɟɤůɖ 

ȽɞɜŬɜŰŬɚɚŬɔɐ 

ɉɖɛɘəɐ ɃɝŮɑŭɤůɖ 

 

 

 

 
Ʉ.Ƀ.ɀ.ȷ. 



 
 
 
 

24 
 

1.8. ȺˊɘɚŮɔɛɏɜɞɘ ɟɨˊɞɘ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ 

 

ȷˊɧ Űɞ ůɨɜɞɚɞ Űɤɜ ɟɨˊɤɜ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ůŮ ŭɘŮɗɜŮɑɠ ɚɑůŰŮɠ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ, ɞɘ 

ŮɜɩůŮɘɠ ˊɞɡ ŮˊɘɚɏɢɗɖəŬɜ ɜŬ ɛŮɚŮŰɖɗɞɨɜ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ Ŭɜɐəɞɡɜ ůŮ 

ŭɘŬűɞɟŮŰɘəɏɠ ɢɖɛɘəɏɠ əŬŰɖɔɞɟɑŮɠ əŬɘ ŮɑɜŬɘ: Űɞ DEET, Űɞ metribuzin, ɖ 2-ɘůɞˊɟɧˊɡɚo-3-

ɛŮɗɧɝɡ ˊɡɟŬɕɑɜɖ, ɖ ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ, Űɞ ɓŮɜɕɞɥəɧ ɞɝɨ, Űɞ Cr(VI) əŬɘ ɞɘ űŬɘɜɞɚɘəɏɠ 

ŮɜɩůŮɘɠ. ȼ ŮəŰŮŰŬɛɏɜɖ ŬɜɑɢɜŮɡůɖ Űɞɡɠ ůŮ ɡŭŬŰɘəɎ ůɡůŰɐɛŬŰŬ əŬɘ ůŮ ŮˊŮɝŮɟɔŬůɛɏɜŬ 

ŬˊɧɓɚɖŰŬ, ɖ ɡˊɞɚŮɘɛɛŬŰɘəɧŰɖŰŬ Űɞɡɠ, ɞɘ Űɞɝɘəɏɠ ŮˊɘŭɟɎůŮɘɠ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ ɖ ˊɚŮɘɞɜɧŰɖŰŬ 

Űɤɜ ŮˊɘɚŮɔɛɏɜɤɜ ɟɨˊɤɜ ůŰɞ ɞɘəɞůɨůŰɖɛŬ əŬɘ Űɖɜ Ŭɜɗɟɩˊɘɜɖ ɡɔŮɑŬ ŬɚɚɎ əŬɘ ɞɘ 

ˊŮɟɘɞɟɘůɛɏɜŮɠ ɔɜɩůŮɘɠ ˊɞɡ Ŭűɞɟɞɨɜ Űɘɠ ŮűŬɟɛɞɔɏɠ ˊɟɞɢɤɟɖɛɏɜɤɜ ɞɝŮɘŭɤŰɘəɩɜ ɛŮɗɧŭɤɜ ɔɘŬ 

Űɖ ŭɘɎůˊŬůɖɠ Űɞɡɠ Ŭˊɧ Űɞ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ ŬˊɞŰɏɚŮůŬɜ Űɞ ɏɜŬɡůɛŬ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ  

ŬˊɞɛɎəɟɡɜůɖɠ Űɞɡɠ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ. ũŮɜɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ 

Űɤɜ ŮˊɘɚŮɢɗɏɜŰɤɜ ɟɨˊɤɜ əŬɗɩɠ əŬɘ ůŰɞɘɢŮɑŬ ůɢŮŰɘəɎ ɛŮ Űɖɜ Űɨɢɖ Űɞɡɠ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ, Űɖɜ 

Ŭˊɞɘəɞŭɧɛɖůɖ əŬɘ Űɖɜ ŰɞɝɘəɧŰɖŰŬ Űɞɡɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŬɡŰɐɠ Űɖɠ ŮɜɧŰɖŰŬɠ.  Ƀɘ 

űɡůɘɛɞɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞ ɄŬɟɎɟŰɖɛŬ Ƚ Űɖɠ 

ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ. 

 

1.8.1. DEET (N, N diethyl toluamide) 

 

ɇo DEET, ɛŮ ɢɖɛɘəɐ ɞɜɞɛŬůɑŬ Ɂ,Ɂ-ŭɘŬɑɗɡɚɞ-ɛɏŰŬ 

ŰɞɚɞɡŬɛɑŭɖ, ŬɜɐəŮɘ ůŰɖɜ ŮɡɟɨŰŮɟɖ əŬŰɖɔɞɟɑŬ Űɤɜ ŭɘ-

Ɏɚəɡɚɞ ɡˊɞəŬŰŮůŰɖɛɏɜɤɜ ŬɟɤɛŬŰɘəɩɜ Ŭɛɘŭɑɤɜ əŬɘ ŮɑɜŬɘ 

ɏɜŬ ŭɘŬŭŮŭɞɛɏɜɞ ŮɜŰɞɛɞŬˊɤɗɖŰɘəɧ ɛŮ ŮɡɟŮɑŬ ɢɟɐůɖ ůŰɘɠ 

ůɨɔɢɟɞɜŮɠ əɞɘɜɤɜɑŮɠ. ɇɞ DEET ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ Űɞ 

ɈˊɞɡɟɔŮɑɞ ũŮɤɟɔɑŬɠ Űɤɜ ȼɜɤɛɏɜɤɜ ɄɞɚɘŰŮɘɩɜ Űɞ 1946 

ɔɘŬ Űɖɜ ˊɟɞůŰŬůɑŬ Űɞɡ ȷɛŮɟɘəɎɜɘəɞɡ ɆŰɟŬŰɞɨ ŮɜɎɜŰɘŬ Űɤɜ ŰůɘɛˊɖɛɎŰɤɜ Űɤɜ ŮɜŰɧɛɤɜ əŬɘ 

Űɞɜ ɏɚŮɔɢɞ Űɖɠ ŮɝɎˊɚɤůɖɠ (ɛŮŰɎŭɞůɖɠ) ɛɞɚɡůɛŬŰɘəɩɜ ŬůɗŮɜŮɘɩɜ. ȼ ŭɟɎůɖ Űɞɡ ůŰɞɢŮɨŮɘ ůŰɖ 

ɛŮɑɤůɖ ɐ Űɖɜ ŬɜŬůŰɞɚɐ Űɖɠ ɘəŬɜɧŰɖŰŬɠ ŬɜɑɢɜŮɡůɖɠ Űɞɡ ɚŬəŰɘəɞɨ ɞɝɏɞɠ, Űɞ ɞˊɞɑɞ ŮɑɜŬɘ Űɞ 

əɨɟɘɞ ŭɘŮɔŮɟŰɘəɧ ɔɘŬ Űɞɜ ŮɜŰɞˊɘůɛɧ Űɤɜ ɞɟɔŬɜɘůɛɩɜ, Ŭˊɧ Űɞɡɠ ŬɘůɗɖŰɐɟɘɞɡɠ ɛɖɢŬɜɘůɛɞɨɠ 

Űɤɜ ŮɜŰɧɛɤɜ (Costanzo  et al., 2007). 

 ɆɐɛŮɟŬ, ůŰɘɠ ȼɜɤɛɏɜŮɠ ɄɞɚɘŰŮɑŮɠ ɡˊɎɟɢɞɡɜ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ 225 ˊɟɞɥɧɜŰŬ ˊɞɡ 

ˊŮɟɘɏɢɞɡɜ Űɞ DEET ɤɠ ŭɟŬůŰɘəɐ ɞɡůɑŬ ůŮ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ˊɞɡ ˊɞɘəɑɚɚɞɡɜ Ŭˊɧ 4% ɏɤɠ 

100% ɔɘŬ ŬˊŮɡɗŮɑŬɠ ŮűŬɟɛɞɔɐ ůŰɞ ŭɏɟɛŬ əŬɘ ůŮ Ůɑŭɖ ɟɞɡɢɘůɛɞɨ (Costanzo et al., 2007). 

ɆɨɛűɤɜŬ ɛŮ ŮəŰɘɛɐůŮɘɠ, əɡɟɑɤɠ ɔɘŬ Űɞ ɏŰɞɠ 1990, ɖ ɛɏůɖ ŮŰɐůɘŬ ɞɘəɘŬəɐ  ɢɟɐůɖ Űɞɡ DEET 

ůŰɘɠ ȼɜɤɛɏɜŮɠ ɄɞɚɘŰŮɑŮɠ ŬɜŮɟɢɧŰŬɜ ůŮ 1,8 ŮəŬŰɞɛɛɨɟɘŬ kg, ˊɞůɧŰɖŰŬ ɎɛŮůŬ ůɡɔəɟɑůɘɛɖ ɛŮ 
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Űɖɜ ŮŰɐůɘŬ ɢɟɐůɖ ŮɜŰɞɛɞəŰɧɜɤɜ ɧˊɤɠ Űɞ methyl parathion, carbaryl, carbofuran, aldicarb əŬɘ 

diazinon ˊɞɡ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 1,5 ɏɤɠ 2,2 ŮəŬŰɞɛɛɨɟɘŬ kg  (Sandstrom et al., 2005).  

ȺəŰɘɛɐůŮɘɠ ɛɞɜŰɏɚɤɜ ɔɘŬ Űɖɜ ˊŮɟɘɓŬɚɚɞɜŰɘəɐ Űɨɢɖ Űɞɡ DEET, ˊɟɞɓɚɏˊɞɡɜ Űɖɜ əŬŰŬɜɞɛɐ 

Űɞɡ əɡɟɑɤɠ ůŰŬ ɨŭŬŰŬ (79%) əŬɘ ůŰɞ ɏŭŬűɞɠ (20,7%) Ůɜɩ ŬɛŮɚɖŰɏŬ ˊɞůɞůŰɎ (0,1% əŬɘ 

0,2%) əŬŰŬɜɏɛɞɜŰŬɘ ůŰɞɜ ŬɏɟŬ əŬɘ ůŰŬ ɘɕɐɛŬŰŬ, ŬɜŰɑůŰɞɘɢŬ (Weeks et al., 2012). ȼ 

əɘɜɖŰɘəɧŰɖŰŬ Űɞɡ ůŰɞ ɏŭŬűɞɠ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɛɏŰɟɘŬ əŬɘ ɞɘ ɢɟɧɜɞɘ ɖɛɘˊŮɟɘɧŭɞɡ ɕɤɐɠ Űɞɡ ůŰŬ 

ŮˊɘűŬɜŮɘŬəɎ ɨŭŬŰŬ ˊɞɘəɑɚɞɡɜ Ŭˊɧ ɛŮɟɘəɏɠ ɛɏɟŮɠ ɏɤɠ ŮɓŭɞɛɎŭŮɠ (Weeks et al., 2012). 

ɇɞ ɛɘəɟɧ ˊɞůɞůŰɧ Űɞɡ DEET ˊɞɡ ˊŬɟŬɛɏɜŮɘ ůŰɖɜ ŬŰɛɧůűŬɘɟŬ ɡˊɧəŮɘŰŬɘ ůŮ 

űɤŰɞɞɝŮɑŭɤůɖ ɛɏůɤ ɛɖɢŬɜɘůɛɞɨ ɟɘɕɩɜ ɡŭɟɞɝɡɚɑɞɡ ɛŮ ɢɟɧɜɞɡɠ ɖɛɘˊŮɟɘɧŭɞɡ ɕɤɐɠ Ŭˊɧ 10,2 ï 

15 ɩɟŮɠ. ȭɃůɞ ŬűɞɟɎ Űɖɜ Űɨɢɖ Űɞɡ DEET ůŰɞ ɜŮɟɧ, ɗŮɤɟŮɑŰŬɘ ŬɜɗŮəŰɘəɧ Űɧůɞ ůŰɖɜ 

ɡŭɟɧɚɡůɖ ůŮ ɛɘŬ ˊŮɟɘɞɢɐ Űɘɛɩɜ pH Ŭˊɧ 4 ɛɏɢɟɘ əŬɘ 9 ɧůɞ əŬɘ ůŰɖ űɤŰɧɚɡůɖ əɡɟɑɤɠ ůŮ 

ɞɡŭɏŰŮɟɞ pH. ȼ ɓɘɞŬˊɞɘəɞŭɧɛɖůɖ Űɞɡ DEET ůŰɞ ˊŮɟɘɓɎɚɚɞɜ ŮɝŬɟŰɎŰŬɘ ɎɛŮůŬ Ŭˊɧ Űɖ űɨůɖ 

əŬɘ Űɞ ɓŬɗɛɧ Űɖɠ ɛɘəɟɞɓɘŬəɐɠ ŭɟŬůŰɖɟɘɧŰɖŰŬɠ ůŰɞ ŮəɎůŰɞŰŮ ˊŮɟɘɓŬɚɚɞɜŰɘəɧ ůɨůŰɖɛŬ 

(Weeks et al., 2012). ȼ ɓɘɞŬˊɞɘəɞŭɧɛɖůɖ Űɞɡ DEET ɛŮ ɛɨəɖŰŮɠ, ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮ 

ŰŬɡŰɧɢɟɞɜɖ ˊŬɟŬɔɤɔɐ ɛŮŰŬɓɞɚɘŰɩɜ əŬɘ ůɡɔəŮəɟɘɛɏɜŬ Űɤɜ Ɂ-Ŭɑɗɡɚɞ-ɛɏŰŬ-ŰɞɚɞɡŬɛɑŭɖ, Ɂ-

ɞɝŮɘŭɑɞɡ-Ɂ-ŭɘŬɑɗɡɚɞ-ɛɏŰŬ ŰɞɚɞɡŬɛɑŭɖ əŬɘ Ɂ-ɞɝŮɘŭɑɞɡ-Ɂ-Ŭɑɗɡɚɞ-ɛŮŰŬ ŰɞɚɞɡŬɛɑŭɖ. ɀɏůɤ Űɖɠ 

ŭɟɎůɖɠ ɓŬəŰɖɟɑɤɜ, Űɞ DEET ŭɘŬůˊɎŰŬɘ ˊɟɤŰŬɟɢɘəɎ ˊɟɞɠ ɛɏɗɡɚɞ-ɓɏɜɕɞ-ŮůŰɏɟŬ əŬɘ 

ŭɘŬɑɗɡɚɞ-Ŭɛɑɜɖ (Seo et al., 2005). Ⱥɜ ůɡɜŮɢŮɑŬ ɞ ɛɏɗɡɚɞ-ɓɏɜɕɞ-ŮůŰɏɟŬɠ ɛŮŰŬɓɞɚɑɕŮŰŬɘ ˊɟɞɠ 3 

ɛɏɗɡɚɞ-əŬŰŮɢɧɚɖ əŬɘ ɛɏůɤ ŭɘɎɜɞɘɝɖɠ Űɞɡ ŬɟɤɛŬŰɘəɞɨ ŭŬəŰɡɚɑɞɡ ůŮ ŮɜɩůŮɘɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɞɜ əɨəɚɞ Űɞɡ Krebs (Rivera-Cancel et al., 2007). 

ɄŬɟɎ Űɖɜ ŮɡɟŮɑŬ ɢɟɐůɖ Űɞɡ, ůŮ ˊɞůɧŰɖŰŮɠ ůɢŮŭɧɜ ɧɛɞɘŮɠ ɛŮ ŬɡŰɏɠ ɔŮɤɟɔɘəɩɜ 

ŮɜŰɞɛɞəŰɧɜɤɜ, ŭŮɜ ɏɢŮɘ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ŮəŰɑɛɖůɖ ɞɘəɞɚɞɔɘəɞɨ əɘɜŭɨɜɞɡ əŬɗɩɠ Űɞ DEET 

ɏɢŮɘ ɢŬɟŬəŰɖɟɘůŰŮɑ Ŭˊɧ Űɖɜ ȷɛŮɟɘəɎɜɘəɖ ɈˊɖɟŮůɑŬ ɄŮɟɘɓɎɚɚɞɜŰɞɠ (Environmental 

Protection Agency, US EPA) ɤɠ űɡŰɞűɎɟɛŬəɞ ɞɘəɘŬəɐɠ ɢɟɐůɖɠ (indoor-residential use 

pesticide). ȷˊɧ Űɞɜ ˊŮɟɘɞɟɘůɛɏɜɞ Ŭɟɘɗɛɧ Űɤɜ Űɞɝɘəɞɚɞɔɘəɩɜ ɛŮɚŮŰɩɜ ˊɞɡ ɏɢɞɡɜ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ, Űɞ DEET ɏɢŮɘ ɢŬɟŬəŰɖɟɘůŰŮɑ ɤɠ ŬůɗŮɜɩɠ Űɞɝɘəɧ ɔɘŬ ŰŬ ɣɎɟɘŬ Űɞɡ ɔɚɡəɞɨ 

ɜŮɟɞɨ əŬɘ Űɞɡɠ ɡŭŬŰɘəɞɨɠ Ŭůˊɧɜŭɡɚɞɡɠ ɞɟɔŬɜɘůɛɞɨɠ (US EPA, 1998). Ƀɘ ůɡɔəŮɜŰɟɩůŮɘɠ 

ɞɝŮɑŬɠ ŮˊɑŭɟŬůɖɠ ɔɘŬ ŰŬ ŭɘɎűɞɟŬ ɡŭɎŰɘɜŬ Ůɑŭɖ əɡɛŬɑɜɞɜŰŬɘ Ŭˊɧ 4 ɏɤɠ 388 mg L
-1

. Ƀɘ 

ůɡɔəŮɜŰɟɩůŮɘɠ Űɤɜ ɢɟɧɜɘɤɜ ɛɖ ˊŬɟŬŰɖɟɞɨɛŮɜɤɜ ŮˊɘŭɟɎůŮɤɜ (NOEK: No observable effect 

concentration) ɔɘŬ ŰŬ ŭŬűɜɞŮɘŭɐ əŬɘ ŰŬ ˊɟɎůɘɜŬ ɛɘəɟɞűɨəɖ ˊɞɘəɑɚɞɡɜ Ŭˊɧ ˊŮɟɑˊɞɡ 0,5 ɏɤɠ 24 

mg L
-1

 (Weeks et al., 2012). 

 ũɘŬ Űɞɡɠ Ŭɜɗɟɩˊɞɡɠ əŬɘ ɘŭɘŬɑŰŮɟŬ ɔɘŬ ɎŰɞɛŬ ɜŮŬɟɐɠ ɖɚɘəɑŬɠ ɡˊŮɟɓɞɚɘəɐ ɢɟɐůɖ Űɞɡ 

DEET ɏɢŮɘ ůɡůɢŮŰɘůŰŮɑ ɛŮ ŮˊɘɚɖˊŰɘəɏɠ əɟɑůŮɘɠ, ɚɧɔɤ Űɤɜ ŬɜŰŬɔɤɜɘůŰɘəɩɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ 

Űɞɡ DEET ɛŮ Űɖ ɢɞɚɘɜŮůŰŮɟɎůɖ, ɏɜŬ ɏɜɕɡɛɞ ŬˊŬɟŬɑŰɖŰɞ ɔɘŬ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ɜŮɡɟɘəɞɨ 
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ůɡůŰɐɛŬŰɞɠ Űɞɡ Ŭɜɗɟɩˊɞɡ əŬɘ Ɏɚɚɤɜ ůˊɞɜŭɡɚɤŰɩɜ (Sudakin and Trevanthan, 2003; 

Constanzo et al., 2007). Ⱥˊɘˊɚɏɞɜ, ɔŮɜoŰɞɝɘəɏɠ ɛŮɚɏŰŮɠ Űɞɡ DEET, əŬŰɏɚɖɝŬɜ ůŮ ˊɘɗŬɜɐ 

əŬɟəɘɜɞɔɧɜɞ ŭɟɎůɖ Űɞɡ ůŰŬ ŬɜɗɟɩˊɘɜŬ əɨŰŰŬɟŬ Űɞɡ ɟɘɜɘəɞɨ ɓɚŮɜɜɞɔɧɜɞɡ (Tisch et al., 

2002). 

ȳůɞɜ ŬűɞɟɎ ůŰɖɜ Űɨɢɖ Űɞɡ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ, Űɞ DEET ɏɢŮɘ ŬɜɘɢɜŮɡɗŮɑ ůŮ ˊɞɚɚɏɠ ɢɩɟŮɠ 

ˊŬɔəɞůɛɑɤɠ ůŮ ŮˊɑˊŮŭŬ ůɡɔəŮɜŰɟɩůŮɤɜ  ɛg L
-1

 əŬɘ  ng L
-1

  ůŮ ŮˊɘűŬɜŮɘŬəɎ əŬɘ ɡˊɧɔŮɘŬ ɜŮɟɎ, 

ůŮ ŮˊŮɝŮɟɔŬůɛɏɜŬ ɚɨɛŬŰŬ Ŭəɧɛɖ əŬɘ ůŮ ˊɧůɘɛɞ ɜŮɟɧ (Costanzo et al., 2007; Weigel et al., 

2004; Barnes et al., 2008; Stackelberg et al., 2004; Quednow and P¿ttmann, 2009; 

Schwarzbauer and Heim, 2005; Barnes et al., 2008; Calza et al., 2011). Ƀɘ ůɡɔəŮɜŰɟɩůŮɘɠ  

Űɞɡ əɡɛŬɑɜɞɜŰŬɘ ɛŮŰŬɝɨ 0,6 əŬɘ 1300 ng L
-1

 ůŮ ˊɞŰŬɛɞɨɠ (Quednow and P¿ttmann, 2009; 

Calza et al., 2011) əŬɘ ɛŮŰŬɝɨ 8 əŬɘ 1500 ng L
-1

 ůŮ ˊŬɟɎəŰɘŬ ɨŭŬŰŬ (Costanzo et al., 2007). 

ȷɜŰɑɗŮŰŬ, ůŰɞ ɗŬɚŬůůɘɜɧ ɜŮɟɧ ɏɢɞɡɜ ŬɜɘɢɜŮɡɗŮɑ ɛɘəɟɧŰŮɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ DEET ˊɞɡ 

əɡɛŬɑɜɞɜŰŬɘ Ŭˊɧ 0,4 Ůɩɠ 13 ng L
-1

 (Weigel et al., 2004). ɆŮ ɡˊɧɔŮɘŬ ɨŭŬŰŬ ůŰɘɠ ȼɜɤɛɏɜŮɠ 

ɄɞɚɘŰŮɑŮɠ ŬɜɘɢɜŮɨɗɖəŮ ɖ ɛɏɔɘůŰɖ ɡˊɞɚŮɘɛɛŬŰɘəɐ ůɡɔəɏɜŰɟɤůɖ Űɤɜ 13,5 ɛg L
-1

 (Barnes et al., 

2008). Ɉɣɖɚɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ DEET ɛɏɢɟɘ 3000 ng L
-1

 ɏɢɞɡɜ ŬɜŬűŮɟɗŮɑ ůŰɖɜ Ůɑůɞŭɞ 

ɛɞɜɎŭɤɜ ŮˊŮɝŮɟɔŬůɑŬɠ ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ (Costanzo et al., 2007) Ůɜɩ ůɡɔəŮɜŰɟɩůŮɘɠ ˊɞɡ 

əɡɛŬɑɜɞɜŰŬɘ Ŭˊɧ 10 ɏɤɠ 1500 ng L
-1

 ɏɢɞɡɜ ŬɜŬűŮɟɗŮɑ ɔɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬˊɧɓɚɖŰŬ 

(Costanzo et al., 2007; Weigel et al., 2004). ȹŮŭɞɛɏɜŬ Ŭˊɧ ɛŮɚɏŰŮɠ ůŮ ˊɧůɘɛɞ ɜŮɟɧ 

ŮˊŮɝŮɟɔŬůɛɏɜɞ ɛŮ ůɡɛɓŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ ŮˊŮɝŮɟɔŬůɑŬɠ ɏŭŮɘɝŬɜ Űɖɜ ˊŬɟɞɡůɑŬ Űɞɡ DEET ůŮ 

ɛɏɔɘůŰɖ ůɡɔəɏɜŰɟɤůɖ 66 ng L
-1

 (Stackelberg et al., 2004). ɇɞ DEET ɛŮŰŬűɏɟŮŰŬɘ ůŰŬ űɡůɘəɎ 

ɡŭɎŰɘɜŬ ůɡůŰɐɛŬŰŬ əɡɟɑɤɠ Ŭˊɧ Űɘɠ ɛɞɜɎŭŮɠ ŮˊŮɝŮɟɔŬůɑŬɠ ŬůŰɘəɩɜ ɚɡɛɎŰɤɜ (Costanzo et al., 

2007), ŬˊɞŰŮɚŮɑ ɏɜŬɜ ŬɜŬŭɡɧɛŮɜɞ ɞɟɔŬɜɘəɧ ɟɨˊɞ (Weeks et al., 2012) əŬɘ ɖ ɛŮɚɏŰɖ Űɖɠ Űɨɢɖɠ 

əŬɘ ŬˊɞɛɎəɟɡɜůɖɠ Űɞɡ Ŭˊɧ Űɞ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ ˊŬɟɞɡůɘɎɕŮɘ ŬɡɝŬɜɧɛŮɜɞ ŮɟŮɡɜɖŰɘəɧ 

ŮɜŭɘŬűɏɟɞɜ. 

  

1.8.2. Metribuzin (4-amino-6-(1,1-dimethylethyl)-3-(methylthio)-1,2,4-triazin -5(4H)-one 

    

ɇɞ metribuzin ɛŮ ɢɖɛɘəɐ ɞɜɞɛŬůɑŬ (4-Ɏɛɘɜɞ-6-ŰŮɟŰ-

ɓɞɨŰɡɚɞ-3-ɛɏɗɡɚɞ-ɗŮɑɞ-1,2,4-ŰɟɘŬɕɘɜ-5(4H)-ɧɜɖ) ŮɑɜŬɘ ɏɜŬ 

ŮəɚŮəŰɘəɧ ɕɘɕŬɜɘɞəŰɧɜɞ, ˊɞɡ ŬɜɐəŮɘ ůŰɖɜ ŮɡɟɨŰŮɟɖ əŬŰɖɔɞɟɑŬ 

Űɤɜ ŰɟɘŬɕɘɜɞɜɩɜ əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŮɡɟɨŰŬŰŬ ůŮ əŬɚɚɘɏɟɔŮɘŮɠ 

əɖˊŮɡŰɘəɩɜ ɧˊɤɠ ŰɞɛɎŰŬɠ, əŬɟɧŰɞɡ, ɛɖŭɘəɐɠ, ůˊŬɟŬɔɔɘɞɨ əŬɘ 

ˊŬŰɎŰŬɠ ɔɘŬ Űɖɜ əŬŰŬˊɞɚɏɛɖůɖ ŮŰɐůɘɤɜ ˊɚŬŰɨűɡɚɚɤɜ əŬɘ 

ŬɔɟɤůŰɤŭɩɜ ɕɘɕŬɜɑɤɜ (Henriksen et al., 2002; Kumar et al., 2010). Ƀ ɛɖɢŬɜɘůɛɧɠ ŭɟɎůɖɠ Űɞɡ 
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ŮˊɘəŮɜŰɟɩɜŮŰŬɘ ůŰɖɜ ŬɜŬůŰɞɚɐ Űɖɠ űɤŰɞůɨɜɗŮůɖɠ, ˊŬɟŮɛˊɞŭɑɕɞɜŰŬɠ Űɖ ɛŮŰŬűɞɟɎ 

ɖɚŮəŰɟɞɜɑɤɜ ůŰɞ űɤŰɞůɨůŰɖɛŬ ȽȽ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŬɜŬůŰɞɚɐ Űɖɠ ŬɜɎˊŰɡɝɖɠ əŬɘ Űɖɜ 

ŮɝɞɡŭŮŰɏɟɤůɖ Űɤɜ ɕɘɕŬɜɑɤɜ (Ġt®p§nov§ et al., 2012). ȼ ŭɘŬɚɡŰɧŰɖŰŬ Űɞɡ ůŰɞ ɜŮɟɧ ŮɑɜŬɘ 

ɛŮɔɎɚɖ əŬɘ ɖ ˊɟɞůɟɧűɖůɖ Űɞɡ ůŰŬ ůɤɛŬŰɑŭɘŬ Űɞɡ ŮŭɎűɞɡɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɞɟɔŬɜɘəɧ 

ˊŮɟɘŮɢɧɛŮɜɞ Űɞɡ ŮŭɎűɞɡɠ (Henriksen et al., 2002). ɇɞ metribuzin, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɛŮɔɎɚɞ 

ŭɡɜŬɛɘəɧ ɏəˊɚɡůɖɠ əŬɘ əɘɜɖŰɘəɧŰɖŰŬ ɛɏůɤ Űɞɡ ŮŭɎűɞɡɠ ŬɜɘɢɜŮɨŮŰŬɘ ŮɡɟɨŰŬŰŬ ůŮ 

ŮˊɘűŬɜŮɘŬəɎ əŬɘ ɡˊɧɔŮɘŬ ɨŭŬŰŬ. ȷɜ əŬɘ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ ŬɜɘɢɜŮɨŮŰŬɘ ůŮ ůɡɔəŮɜŰɟɩůŮɘɠ ˊɞɡ ŭŮ 

ɝŮˊŮɟɜɞɨɜ ŰŬ 1,81 ɛg L
-1
, ɛŮɚɏŰŮɠ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ  ŭŮɑɢɜɞɡɜ ɧŰɘ Űɞ Ůɜ ɚɧɔɤ ɕɘɕŬɜɘɞəŰɧɜɞ 

ɛˊɞɟŮɑ ɜŬ űɗɎůŮɘ Ŭəɧɛɖ əŬɘ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ 390 ɛg L
-1

 ůŮ Ŭˊɞɟɟɞɏɠ ŮˊɘűŬɜŮɘŬəɩɜ 

ɡŭɎŰɤɜ. ȳˊɤɠ ɧɚŬ ŰŬ űɡŰɞűɎɟɛŬəŬ, Űɞ metribuzin ŮɘůɎɔŮŰŬɘ ůŰŬ űɡůɘəɎ ɡŭɎŰɘɜŬ 

ɞɘəɞůɡůŰɐɛŬŰŬ ŮɑŰŮ ɛɏůɤ Űɖɠ ŬŰɛɞůűŬɘɟɘəɐɠ ŭɘŬůˊɞɟɎɠ (drift), ŮɑŰŮ ɛɏůɤ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ 

Ŭˊɞɟɟɞɐɠ (runoff) əŬɘ əŬŰŬəɧɟɡűɖɠ əŬŰŮɑůŭɡůɖɠ (leaching) əŬɘ ɖ ɛŮɚɏŰɖ Űɖɠ Űɨɢɖɠ Űɞɡ ůŰɞ 

ˊŮɟɘɓɎɚɚɞɜ ˊŬɟɞɡůɘɎɕŮɘ ŬɝɘɞůɖɛŮɑɤŰɞ ŮɜŭɘŬűɏɟɞɜ (Ġt®p§nov§ et al., 2012). ɆŰɞ ˊŮɟɘɓɎɚɚɞɜ 

Űɞ metribuzin ŭɘŬůˊɎŰŬɘ ɛɏůɤ ɢɖɛɘəɩɜ, űɤŰɞɢɖɛɘəɩɜ əŬɘ ɓɘɞɢɖɛɘəɩɜ ŭɘŮɟɔŬůɘɩɜ ˊɟɞɠ ŰɟŮɑɠ 

əɨɟɘɞɡɠ ɛŮŰŬɓɞɚɑŰŮɠ, Űɞ deamino-metribuzin (DA), diketo-metribuzin (DK) əŬɘ deamino-

diketo-metribuzin (DADK) (ɆɢɐɛŬ 1.12) (Kjaer et al., 2005; Henriksen  et al., 2002). 

 

 

ɆɢɐɛŬ 1.12:  Ⱦɨɟɘɞɘ ɛŮŰŬɓɞɚɑŰŮɠ Űɞɡ metribuzin ůŰɞ ˊŮɟɘɓɎɚɚɞɜ (Henriksen et al., 2002). 

 

Ƀɘ ɛŮŰŬɓɞɚɑŰŮɠ Űɞɡ ŬɜɘɢɜŮɨɞɜŰŬɘ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ ůŮ ŮˊɑˊŮŭŬ ůɡɔəŮɜŰɟɩůŮɤɜ Ŭˊɧ 0,1-1,9 

ɛg L
-1
, Ůɜɩ ɏɢɞɡɜ ŬɜɘɢɜŮɡɗŮɑ əŬɘ ůŮ ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ɖ ˊɟɧŭɟɞɛɖ ɏɜɤůɖ, ŭŮɜ ŬɜɘɢɜŮɡɧŰŬɜ 

(Henriksen et al., 2002). ȼ űɤŰɞɚɡŰɘəɐ ŭɘɎůˊŬůɖ Űɞɡ metribuzin əɟɑɜŮŰŬɘ ůɖɛŬɜŰɘəɐ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ůɨɜŰɞɛɞɡɠ ɢɟɧɜɞɡɠ ɖɛɘˊŮɟɘɧŭɞɡ ɕɤɐɠ ɛɘəɟɧŰŮɟɞɡɠ Ŭˊɧ 1 ɖɛɏɟŬ, 

ůɡɛɓɎɚɚɞɜŰŬɠ ůɖɛŬɜŰɘəɎ ůŰɖ ŭɘɎůˊŬůɖ Űɞɡ ůŮ ɛŮɚɏŰɖ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ űɡůɘəɧ 

ɚɘɛɜŬɑɞ ɜŮɟɧ (< 7 ɖɛɏɟŮɠ) (Ġt®p§nov§ et al., 2012). ɆŰɞ ɏŭŬűɞɠ ɏɢŮɘ ɛŮɔŬɚɨŰŮɟɞ ɢɟɧɜɞ 

ɖɛɘˊŮɟɘɧŭɞɡ ɕɤɐɠ ˊɞɡ əɡɛŬɑɜŮŰŬɘ ɛŮŰŬɝɨ 1,5- 4 ɛɖɜɩɜ əŬɘ ůɡɜŭɏŮŰŬɘ ɘůɢɡɟɎ ɛŮ ŮŭɎűɖ ɛŮ 

ɡɣɖɚɐ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ ɞɟɔŬɜɘəɐ ɨɚɖ (Ġt®p§nov§ et al., 2012). ȼ űɤŰɞɚɡŰɘəɐ ŭɘɎůˊŬůɖ 

Űɞɡ metribuzin ůŰɞ ŮˊɘűŬɜŮɘŬəɧ ɏŭŬűɞɠ ůɡɛɓɎɚŮɘ Ůˊɑůɖɠ ůŰɖɜ Ŭˊɞŭɧɛɖůɖ Űɞɡ, ɛŮ ɢɟɧɜɞ 
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ɖɛɘˊŮɟɘɧŭɞɡ ɕɤɐɠ ˊɞɡ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 14 ɏɤɠ 25 ɖɛɏɟŮɠ (Ġt®p§nov§ et al., 2012). ȼ ˊɘɗŬɜɐ 

ˊɞɟŮɑŬ ŭɘɎůˊŬůɖɠ Űɞɡ metribuzin ůŰɞ ɏŭŬűɞɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 1.13.  

ȳůɞɜ ŬűɞɟɎ ůŰɖɜ Űɨɢɖ Űɞɡ ɕɘɕŬɜɘɞəŰɧɜɞɡ ůŰɞ ɜŮɟɧ, ˊŬɟɞɡůɘɎɕŮɘ ŬɜɗŮəŰɘəɧŰɖŰŬ ůŰɖɜ 

ɡŭɟɧɚɡůɖ ůŮ ɛɑŬ ˊŮɟɘɞɢɐ Űɘɛɩɜ pH Ŭˊɧ 4 ɏɤɠ 9 ůŰɞɡɠ 25 ÁC. MŮ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ 

(50 ÁC) ŭɨɜŬŰŬɘ ɜŬ ŭɘŬůˊɎŰŬɘ ɡŭɟɞɚɡŰɘəɎ, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɧɛɤɠ ŮɝŬɘɟŮŰɘəɎ Ŭɟɔɐ əɘɜɖŰɘəɐ 

(Pesticide Properties  Database, Environmental Fate - Ecotoxicology - Human Health ). 

ɇɞ metribuzin ˊŬɟɞɡůɘɎɕŮɘ ɛɏŰɟɘŬ ŰɞɝɘəɧŰɖŰŬ ɤɠ ˊɟɞɠ ŰŬ ŬůˊɧɜŭɡɚŬ ɡŭɎŰɘɜɤɜ 

ɞɘəɞůɡůŰɖɛɎŰɤɜ (Daphnia Magna) əŬɘ ŰŬ ɣɎɟɘŬ. ɀŮ ɓɎůɖ ɛŮɚɏŰŮɠ ˊɞɡ ɏɢɞɡɜ  

ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ůŮ ŮɟɔŬůŰɖɟɘŬəɏɠ ůɡɜɗɐəŮɠ Űɞ metribuzin ˊŬɟɞɡůɘɎɕŮɘ ɞɝŮɑŬ ŰɞɝɘəɧŰɖŰŬ ůŮ 

ɛŬəɟɧűɡŰŬ əŬɘ űɨəɖ Űɞɡ ɔɚɡəɞɨ ɜŮɟɞɨ əŬɘ ŮɑɜŬɘ ˊɘɞ Űɞɝɘəɧ Ŭˊɧ Űɖɜ atrazine, alachlor əŬɘ Űɞ 

metolachlor ɔɘŬ Űɖɜ ɡŭŬŰɘəɐ ˊŬɜɑŭŬ (Fairchild and Sappington, 2002; Ġt®p§nov§ et al., 2012). 

 

 

ɆɢɐɛŬ 1.13: ɄɘɗŬɜɐ ˊɞɟŮɑŬ ŭɘɎůˊŬůɖɠ Űɞɡ metribuzin ůŮ ŮŭŬűɘəɎ ůɡůŰɐɛŬŰŬ (Henriksen  et 

al., 2002). 

 

1.8.3. ȺɜɩůŮɘɠ ˊɞɡ ˊɟɞůŭɑŭɞɡɜ ɔŮɨůɖ əŬɘ ɞůɛɐ-H ˊŮɟɑˊŰɤůɖ Űɖɠ 2-ɘůɞˊɟɧˊɡɚɞ-3-

ɛŮɗɧɝɡ  ˊɡɟŬɕɑɜɖɠ 

 

ȼ ɞůɛɐ əŬɘ ɖ ɔŮɨůɖ ůŰɞ ɜŮɟɧ ŮɑɜŬɘ ŭɨɞ ɞɟɔŬɜɞɚɖˊŰɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɡ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ŭɘɎűɞɟŮɠ ɢɖɛɘəɏɠ ɞɡůɑŮɠ ɞɘ 

ɞˊɞɑŮɠ ŮɜŬˊɞŰɑɗŮɜŰŬɘ ůŰɞ űɡůɘəɧ ˊŮɟɘɓɎɚɚɞɜ ɤɠ ɛɖŰɟɘəɏɠ 

ŮɜɩůŮɘɠ ɐ/əŬɘ ɤɠ ɛŮŰŬɓɞɚɑŰŮɠ/ˊɟɞɥɧɜŰŬ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ Ŭˊɧ 

ŭɘɎűɞɟŮɠ ˊɖɔɏɠ Ůɘůɧŭɞɡ, ɧˊɤɠ ˊŬɟɑůŰŬɜŰŬɘ ɔɟŬűɘəɎ ůŰɞ ɆɢɐɛŬ 

1.14. ɇŬ űŬɘɜɧɛŮɜŬ ŭɡůɎɟŮůŰɖɠ ɞůɛɐɠ əŬɘ ɔŮɨůɖɠ ůŰɞ ˊɧůɘɛɞ 

ɜŮɟɧ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ ˊɞɚɚɏɠ əŬŰɖɔɞɟɑŮɠ ɞɟɔŬɜɘəɩɜ ɞɡůɘɩɜ ɞɘ ɞˊɞɑŮɠ ˊɟɞůŭɑŭɞɡɜ ɔŬɘɩŭɖ ɞůɛɐ 
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ɐ Űɖɜ ɞůɛɐ ɛɞɨɢɚŬɠ ŮɑŰŮ ˊɟɞůɞɛɞɘɎɕɞɡɜ ɞůɛɏɠ űɟɞɨŰɤɜ, ɝɨɚɞɡ, ɣŬɟɘɞɨ, ŬˊɞůɨɜɗŮůɖ 

ɔɟŬůɘŭɘɞɨ ə.ɚ.ˊ. ȾɨɟɘŬ ŬɑŰɘŬ Ůɘůɧŭɞɡ ŬɡŰɩɜ Űɤɜ  ŮɜɩůŮɤɜ  ůŰɞ ɜŮɟɧ ŮɑɜŬɘ ɞ ŮɡŰɟɞűɘůɛɧɠ Űɤɜ 

ɡŭɎŰɘɜɤɜ ůɡůŰɖɛɎŰɤɜ ɤɠ ŬˊɞŰɏɚŮůɛŬ Ŭɜɗɟɩˊɘɜɤɜ ŭɟŬůŰɖɟɘɞŰɐŰɤɜ, ɧˊɤɠ ɖ ɔŮɤɟɔɑŬ ɐ ɖ 

ŭɘɎɗŮůɖ Űɤɜ ŬůŰɘəɩɜ ɐ ɓɘɞɛɖɢŬɜɘəɩɜ ŬˊɞɓɚɐŰɤɜ. ɄɚɞɨůɘŬ ůŮ ɗɟŮˊŰɘəɎ ŬˊɞɗɏɛŬŰŬ ɜŮɟɞɨ 

ŬɜŬŰɟɏˊɞɡɜ Űɖ űɡůɘɞɚɞɔɘəɐ ɟɞɐ Űɖɠ Űɟɞűɘəɐɠ ŬɚɡůɑŭŬɠ əŬɘ ɞŭɖɔɞɨɜ ůŮ ŬɜŮɝɏɚŮɔəŰɖ  

ŬɜɎˊŰɡɝɖ Űɤɜ ɛˊɚŮ-ˊɟɎůɘɜɤɜ űɡəɩɜ (əɡŬɜɞɓŬəŰɐɟɘŬ) əŬɘ Űɤɜ ŬəŰɘɜɞɛɡəɐŰɤɜ. ɇŬ ˊɟɞɥɧɜŰŬ 

ɛŮŰŬɓɞɚɘůɛɞɨ ŬɡŰɩɜ Űɤɜ ɛɘəɟɞɞɟɔŬɜɘůɛɩɜ ŮɑɜŬɘ ɞɘ ˊŮɟɘůůɧŰŮɟɞ ˊɘɗŬɜɏɠ ŬɘŰɑŮɠ ŭɖɛɘɞɡɟɔɑŬɠ 

ɔŮɨůɖɠ əŬɘ ɞůɛɐɠ ůŰŬ ŮˊɘűŬɜŮɘŬəɎ ɜŮɟɎ (Paerl et al., 2011; Pearsall, 1932; Gorham et al., 

1974; Ptacnik et al., 2008). ɆŰɞɜ ɄɑɜŬəŬ 1.6 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ˊɟɞɥɧɜŰŬ ɛŮŰŬɓɞɚɘůɛɞɨ Űɤɜ 

ŬəŰɘɜɞɛɡəɐŰɤɜ əŬɘ Űɤɜ əɡŬɜɞˊɟɎůɘɜɤɜ űɡəɩɜ ˊɞɡ ˊɟɞůŭɑŭɞɡɜ ɞůɛɐ ůŰɞ ɜŮɟɧ əŬɘ ŰŬ 

ŬɜŰɑůŰɞɘɢŬ ɧɟɘŬ Űɞɡɠ. ȷɜ əŬɘ ɞɘ ŮɜɩůŮɘɠ ŬɡŰɏɠ ŭŮɜ ŬˊɞŰŮɚɞɨɜ əɑɜŭɡɜɞ ɔɘŬ Űɖɜ Ŭɜɗɟɩˊɘɜɖ 

ɡɔŮɑŬ, ɖ ɨˊŬɟɝɖ Űɞɡɠ ůɡɜŭɏŮŰŬɘ ɎɛŮůŬ ɛŮ ɜŮɟɧ əŬəɐɠ ˊɞɘɧŰɖŰŬɠ (McGuire, 1995). 

ȼ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ŮɜɩůŮɤɜ ˊɞɡ ˊɟɞůŭɑŭɞɡɜ ɔŮɨůɖ əŬɘ ɞůɛɐ ůŰɞ ɜŮɟɧ 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗɞɨɜ ŮˊɑˊŮŭŬ ůɡɔəɏɜŰɟɤůɖɠ əɎŰɤ Ŭˊɧ Űɞ Ŭɜɗɟɩˊɘɜɞ ɧɟɘɞ ŬɜɑɢɜŮɡůɖɠ 

ŬˊɞŰŮɚŮɑ ŬɜŬɛűɘůɓɐŰɖŰŬ ɛɘŬ ɛŮɔɎɚɖ ˊɟɧəɚɖůɖ ɔɘŬ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ ˊɧůɘɛɞɡ ɜŮɟɞɨ Ŭˊɧ 

ɓɘɞɛɖɢŬɜɑŮɠ əŬɘ ŭɖɛɞŰɘəɏɠ ŮˊɘɢŮɘɟɐůŮɘɠ ɨŭɟŮɡůɖɠ. ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, ɖ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ 

ˊŮɟɘůůɧŰŮɟɤɜ ŮɜɩůŮɤɜ ŬɡŰɐɠ Űɖɠ əŬŰɖɔɞɟɑŬɠ Ŭˊɧ Űɞ ˊɧůɘɛɞ ɜŮɟɧ ŮɑɜŬɘ ɏɜŬ ŭɨůəɞɚɞ 

ŮɔɢŮɑɟɖɛŬ, əŬɗɩɠ Űɞ ɧɟɘɞ ɞůɛɐɠ ŮɑɜŬɘ ŮɝŬɘɟŮŰɘəɎ ɢŬɛɖɚɧ, ůɡɜɐɗɤɠ ůŰɖɜ ˊŮɟɘɞɢɐ Űɤɜ ng L
-1 

(ɄɑɜŬəŬɠ 1.6).  

ɆɨɛűɤɜŬ ɛŮ ŬˊɞŰŮɚɏůɛŬŰŬ ɛŮɚŮŰɩɜ, ɖ ŮűŬɟɛɞɔɐ Űɤɜ əɞɘɜɩɜ ɞɝŮɘŭɤŰɘəɩɜ (ɢɚɩɟɘɞ, 

ŭɘɞɝŮɑŭɘɞ Űɞɡ ɢɚɤɟɑɞɡ, ɡˊŮɟɛŬɔɔŬɜɘəɧ əɎɚɘɞ) əɟɑɜŮŰŬɘ ŬɜŬˊɞŰŮɚŮůɛŬŰɘəɐ ɔɘŬ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɖ ŭɨɞ Ŭˊɧ Űɤɜ ˊɘɞ ɛŮɚŮŰɖɛɏɜɤɜ ŮɜɩůŮɤɜ ŬɡŰɐɠ Űɖɠ əŬŰɖɔɞɟɑŬɠ ɞɘ ɞˊɞɑŮɠ 

ˊŬɟɎɔɞɡɜ ɞůɛɐ ɔŬɘɩŭɞɡɠ ɛɞɨɢɚŬɠ, Űɖɠ ɔŮɤůɛɑɜɖɠ (geosmin, GSM) əŬɘ Űɖɠ 2-ɛŮɗɡɚɞ-

ɘůɞɓɞɟɜŮɧɚɖɠ (2-methylisoborneol, ɀȽȸ) (Korategere et al., 2004; Glaze et al., 1990; Song 

and OôShea, 2007; Qi et al., 2010) ɚɧɔɤ Űɖɠ ŬɜɗŮəŰɘəɧŰɖŰŬɠ Űɤɜ ŰɟɘŰɞŰŬɔɩɜ Ŭɚəɞɞɚɩɜ ˊɟɞɠ 

Űɖɜ ɞɝŮɑŭɤůɖ (Rosenfeldt et al., 2005). ɀɧɜɞ ɚɑɔŮɠ ŰŮɢɜɞɚɞɔɑŮɠ ŮˊŮɝŮɟɔŬůɑŬɠ ɜŮɟɞɨ ɏɢɞɡɜ 

ŮűŬɟɛɞůŰŮɑ ɛŮ ŮˊɘŰɡɢɑŬ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ŮɜɩůŮɤɜ ˊɞɡ ˊɟɞůŭɑŭɞɡɜ ɔŮɨůɖ əŬɘ ɞůɛɐ  

ůŰɞ ɜŮɟɧ əŬɘ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖ ɢɟɐůɖ əɞəəɩŭɞɡɠ ŮɜŮɟɔɞɨ ɎɜɗɟŬəŬ (GAC), əɞɜɘɞˊɞɘɖɛɏɜɞɡ 

ŮɜŮɟɔɞɨ ɎɜɗɟŬəŬ (PAC), Űɖɜ əɟɞəɑŭɤůɖ ˊŬɟɞɡůɑŬ ɡŭɟɞɝŮɘŭɑɞɡ Űɞɡ Ŭɟɔɘɚɑɞɡ (alum) əŬɘ ŰŬ 

ŬɛɛɧűɘɚŰɟŬ (Jung et al., 2004; Cook et al., 2001), ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɧɛɤɠ ˊɞɚɚɞɨɠ 

ˊŮɟɘɞɟɘůɛɞɨɠ əŬɘ ɛŮɘɞɜŮəŰɐɛŬŰŬ. ȾɨɟɘŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɤɜ Ůɜ ɚɧɔɤ ŰŮɢɜɞɚɞɔɘɩɜ ŮɑɜŬɘ ɞɘ 

ůɢŮŰɘəɎ ɡɣɖɚɏɠ ŬˊŬɘŰɞɨɛŮɜŮɠ ŭɧůŮɘɠ PAC əŬɘ GAC, ɖ  ɛŮɘɤɛɏɜɖ ɘəŬɜɧŰɖŰŬ ˊɟɞůɟɧűɖůɖɠ 

ɚɧɔɤ Űɖɠ ˊŬɟɞɡůɑŬɠ Űɖɠ űɡůɘəɐɠ ɞɟɔŬɜɘəɐɠ ɨɚɖɠ (NOM), ɖ ŭɡůəɞɚɑŬ əŬɘ Űɞ əɧůŰɞɠ ɔɘŬ Űɖɜ 

ŬɜŬɔɏɜɜɖůɖ Űɞɡ ŮɜŮɟɔɞˊɞɘɖɛɏɜɞɡ ɎɜɗɟŬəŬ (Qi et al., 2009; Zoschke et al., 2012; Song and 
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OôShea, 2007). ȷɜ əŬɘ ɖ ɛɏɗɞŭɞɠ Űɖɠ ɗŮɟɛɘəɐɠ ɞɝŮɑŭɤůɖɠ ůŮ ɡɣɖɚɐ ɗŮɟɛɞəɟŬůɑŬ əŬɘ ŰŬ 

ɓɘɧűɘɚŰɟŬ ɏɢɞɡɜ Ůˊɑůɖɠ əɟɘɗŮɑ ɤɠ ŬˊɞŰŮɚŮůɛŬŰɘəɏɠ, Űɞ ɡɣɖɚɧ əɧůŰɞɠ ɚŮɘŰɞɡɟɔɑŬɠ əŬɘ ɖ 

ŭɖɛɘɞɡɟɔɑŬ ŭŮɡŰŮɟɞɔŮɜɩɜ ŬˊɞɓɚɐŰɤɜ ˊɞɡ ŬˊŬɘŰɞɨɜ ˊŮɟŬɘŰɏɟɤ ŮˊŮɝŮɟɔŬůɑŬ ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ 

ɛŮɘɞɜŮəŰɐɛŬŰŬ ˊɞɡ ˊŮɟɘɞɟɑɕɞɡɜ Űɖɜ ŮűŬɟɛɞɔɐ Űɞɡɠ (Sun et al., 2008). 

ȼ ɛɖ ŮˊŬɟəɐɠ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ŮɜɩůŮɤɜ ˊɞɡ ˊɟɞůŭɑŭɞɡɜ ɔŮɨůɖ əŬɘ ɞůɛɐ ůŰɞ ˊɧůɘɛɞ 

ɜŮɟɧ ɛŮ Űɘɠ ůɡɛɓŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ ŮˊŮɝŮɟɔŬůɑŬɠ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ ŬɡɝŬɜɧɛŮɜɖ ɕɐŰɖůɖ ɔɘŬ 

əŬɗŬɟɧ ɜŮɟɧ əŬɚɐɠ ˊɞɘɧŰɖŰŬɠ ɏɢŮɘ ɞŭɖɔɐůŮɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ ŮɜŬɚɚŬəŰɘəɩɜ ŰŮɢɜɞɚɞɔɘɩɜ ˊɘɞ 

ŬˊɞŰŮɚŮůɛŬŰɘəɩɜ ůŰɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɞɡ ɜŮɟɞɨ. ɄɟɧůűŬŰŬ, ɖ ŮűŬɟɛɞɔɐ ˊɟɞɖɔɛɏɜɤɜ 

ɞɝŮɘŭɤŰɘəɩɜ ɛŮɗɧŭɤɜ/ŰŮɢɜɞɚɞɔɘɩɜ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ Ůɜ ɚɧɔɤɜ ŮɜɩůŮɤɜ ůŮ ŭɘɎűɞɟŬ 

ɡŭŬŰɘəɎ ɡˊɞůŰɟɩɛŬŰŬ (ˊ.ɢ. ˊɧůɘɛɞ ɜŮɟɧ ɐ / əŬɘ Űɤɜ ɡˊɧɔŮɘɤɜ ɡŭɎŰɤɜ, űɞɟɖŰɏɠ ɜŮɟɧ, 

ɚɡɛɎŰɤɜ) ɏɢŮɘ ˊɟɞůŮɚəɨůŮɘ ŮɝŬɘɟŮŰɘəɧ ŮɜŭɘŬűɏɟɞɜ. ȼ ɔŮɤůɛɑɜɖ əŬɘ ɖ 2-ɛɏɗɡɚɞ-ɘůɞɓɞɟɜŮɧɚɖ 

ŬˊɞŰŮɚɞɨɜ Űɘɠ ˊɘɞ ɛŮɚŮŰɖɛɏɜŮɠ ŮɜɩůŮɘɠ Űɖɠ əŬŰɖɔɞɟɑŬɠ ŬɡŰɐɠ (Antonopoulou et al., 2014). 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ŮˊɘɚɏɢɗɖəŮ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ 2-ɘůɞˊɟɧˊɡɚɞ-3-ɛŮɗɧɝɡ ˊɡɟɎɕɘɜɖ, ɖ 

ɞˊɞɑŬ ŬɜɘɢɜŮɨŮŰŬɘ ŮɡɟɨŰŬŰŬ ůŮ ɡŭŬŰɘəɞɨɠ ŰŬɛɘŮɡŰɐɟŮɠ ˊɧůɘɛɞɡ ɜŮɟɞɨ (An et al., 2012). 

ȸŬůɘəɧ əɟɘŰɐɟɘɞ ˊɞɡ ɞŭɐɔɖůŮ ůŰɖɜ Ůˊɘɚɞɔɐ Űɖɠ ˊŬɟŬˊɎɜɤ ɏɜɤůɖɠ ŮɑɜŬɘ ɞɘ ˊŮɟɘɞɟɘůɛɏɜŮɠ 

ɔɜɩůŮɘɠ ˊɞɡ Ŭűɞɟɞɨɜ ůŰɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɖɠ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ 

əŬɗɩɠ əŬɘ ůŰɖɜ Űɨɢɖ Űɖɠ ůŰɞ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ. ȼ 2-ɘůɞˊɟɧˊɡɚɞ-3-ɛŮɗɧɝɡ ˊɡɟŬɕɑɜɖ, 

ŬˊɞŰŮɚŮɑ ɛŮŰŬɓɞɚɑŰɖ ŬəŰɘɜɞɛɡəɐŰɤɜ əŬɘ ɓŬəŰɖɟɑɤɜ Űɞɡ ŮŭɎűɞɡɠ əŬɘ ŬɜɐəŮɘ ůŰɖɜ ŮɡɟɨŰŮɟɖ 

əŬŰɖɔɞɟɑŬ Űɤɜ ɞɡůɘɩɜ ˊɞɡ ˊɟɞůŭɑŭɞɡɜ ŭɡůɎɟŮůŰɖ ɞůɛɐ əŬɘ ɔŮɨůɖ ůŰŬ űɡůɘəɎ ɨŭŬŰŬ əŬɘ 

əŬŰô ŮˊɏəŰŬůɖ ůŰɞ ˊɧůɘɛɞ ɜŮɟɧ Ŭəɧɛɖ əŬɘ ůŮ ˊɞɚɨ ɛɘəɟɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ Űɖɠ ŰɎɝɖɠ Űɤɜ 0.2  

ng L
-1

 (An et al., 2012). 
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ɄɑɜŬəŬɠ 1.6: ɄŬɟŬŭŮɑɔɛŬŰŬ ŮɜɩůŮɤɜ ˊɞɡ ˊɟɞůŭɑŭɞɡɜ ŭɡůɎɟŮůŰɖ ɞůɛɐ ůŰɞ ˊɧůɘɛɞ ɜŮɟɧ əŬɘ 

ŮɑɜŬɘ ˊɟɞɥɧɜŰŬ ɛŮŰŬɓɞɚɘůɛɞɨ ɓŬəŰɖɟɑɤɜ, ɛɡəɐŰɤɜ əŬɘ űɡəɩɜ (Young et al.,1996; Cotsaris et 

al., 1995; Peter and Von Gunten, 2007; Khiari et al., 2002; Jo and Dietrich, 2009). 

ũŮɤůɛɑɜɖ Ƀůɛɐ ȳɟɘɞ ɞůɛɐɠ 

(ng L
-1

) 

Ʉɖɔɐ 

2-ɛɏɗɡɚɞ-

ɘůɞɓɞɟɜŮɧɚɖ 

ũŬɘɩŭɖɠ, ɛɞɨɢɚŬɠ 4 ȾɡŬɜɞɓŬəŰɐɟɘŬ əŬɘ 

ŬəŰɘɜɞɛɨəɖŰŮɠ 

2-ɘůɞˊɟɧˊɡɚɞ-3-

ɛŮɗɧɝɡ ˊɡɟɎɕɘɜɖ 

ũŬɘɩŭɖɠ, ɛɞɨɢɚŬɠ 15 ȾɡŬɜɞɓŬəŰɐɟɘŬ əŬɘ 

ŬəŰɘɜɞɛɨəɖŰŮɠ 

2-ɘůɞɓɞɨŰɡɚɞ-3-

ɛŮɗɧɝɡ ˊɡɟɎɕɘɜɖ 

ȷˊɞůɨɜɗŮůɖ ɓɚɎůŰɖůɖɠ, 

əŬˊɜɞɨ, ůəɧɜɖɠ, ɜɤˊɞɨ 

ɢŬɟŰɘɞɨ 

0,2 ȷəŰɘɜɞɛɨəɖŰŮɠ, 

ȸɘɞɢɖɛɘəɐ 

ŬˊɞůɨɜɗŮůɖ 

ɔɟŬůɘŭɘɞɨ 

ɓ-ɘɞɜɧɜɖ ɂɨɚɞɡ,ɛɞɨɢɚŬɠ, əɎɟɓɞɡɜɞɡ 1 ūɨəɖ 

ɓ-əɡəɚɞəɘŰɟɎɚɖ ȸɘɞɚɏŰŬɠ 7 ɄɟɎůɘɜŬ űɨəɖ əŬɘ 

əɡŬɜɞɓŬəŰɐɟɘŬ 

Cis-3-ŮɝŮɜ -1-ɧɚɖ ūɟɞɡŰɩŭɖɠ 19.000 ȾɡŬɜɞɓŬəŰɐɟɘŬ 

1-ˊŮɜŰŮɜ-3-ɧɜɖ ũɟŬůɘŭɘɞɨ 70.000 ūɨəɖ 

ȹɘɛɏɗɡɚɞ 

Űɟɘůɞɡɚűɑŭɘɞ 

ɊŬɟɘɞɨ 1250 ūɨəɖ əŬɘ 

əɡŬɜɞɓŬəŰɐɟɘŬ 

3-ɛɏɗɡɚɞ-1-

ɓɞɡŰŬɜɎɚɖ 

Ɇɐɣɖɠ űɡŰɩɜ 10 ȸɘɞɚɞɔɘəɐ 

ŬˊɞůɨɜɗŮůɖ Űɤɜ 

űɡəɩɜ əŬɘ Űɞɡ 

ɔɟŬůɘŭɘɞɨ 

ɇrans,cis-2,6-

ŮɜɜŮŬɜɞŭɘŮɜɎɚɖ 

ɄŮŰɟŮɚŬɑɞɡ əŬɘ 

ɞɟɡəŰɩɜ əŬɡůɑɛɤɜ 

 

150 ȾɡŬɜɞɓŬəŰɐɟɘŬ 

Trans-2,trans-4- 

ŭŮəŬŭɘŮɜɎɚɖ 

ȷɔɔɞɡɟɘɞɨ 20 ɄɟɎůɘɜŬ  űɨəɖ 

Trans-2,trans-4-

ŮˊŰŬŭɘŮɜɎɚɖ 

ɊŬɟɘɞɨ/Ŭɔɔɞɡɟɘɞɨ/ 

ŮɚŬɘɩŭɖɠ 

 

300 ūɨəɖ 

ũŮɤůɛɑɜɖ ɊŬɟɘɞɨ/ɔɟŬůɘŭɘɞɨ/ 

ŮɚŬɘɩŭɖɠ 

25.000 ūɨəɖ 
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ɆɢɐɛŬ 1.14: ɄɟɞɏɚŮɡůɖ əŬɘ ˊɖɔɏɠ ŮɜɩůŮɤɜ ˊɞɡ ˊɟɞůŭɑŭɞɡɜ ɔŮɨůɖ əŬɘ ɞůɛɐ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ, ɀȺɈȷȷ: ɀɞɜɎŭŮɠ 

ŮˊŮɝŮɟɔŬůɑŬɠ ɡɔɟɩɜ ŬůŰɘəɩɜ ŬˊɞɓɚɐŰɤɜ (Antonopoulou et al., 2014). 
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1.8.4. ūŬɘɜɞɚɘəɏɠ ŮɜɩůŮɘɠ 

 

Ƀ ɧɟɞɠ űŬɘɜɞɚɘəɏɠ ŮɜɩůŮɘɠ (phenols, total phenols, phenolics, total phenolics and 

phenolic compounds) ŬɜŬűɏɟŮŰŬɘ ůŰɘɠ ɞɟɔŬɜɘəɏɠ ŬɟɤɛŬŰɘəɏɠ ŮɜɩůŮɘɠ ůŰɘɠ ɞˊɞɑŮɠ ɛɑŬ 

ŰɞɡɚɎɢɘůŰɞɜ ɞɛɎŭŬ ɡŭɟɞɝɡɚɑɞɡ ůɡɜŭɏŮŰŬɘ ɛŮ Űɞ ɓŮɜɕɞɚɘəɧ ŭŬəŰɨɚɘɞ (Breton et al., 2003). ȼ 

űŬɘɜɧɚɖ ŬˊɞŰŮɚŮɑ Űɖ ɓŬůɘəɐ ŭɞɛɘəɐ ɛɞɜɎŭŬ ɔɘŬ Űɖɜ ŮɡɟŮɑŬ əŬŰɖɔɞɟɑŬ Űɤɜ űŬɘɜɞɚɘəɩɜ 

ŮɜɩůŮɤɜ. ȼ ɢɖɛɘəɐ ŭɞɛɐ Űɖɠ űŬɘɜɧɚɖɠ əŬɘ ůɡɢɜɎ ɛŮɚŮŰɩɛŮɜɤɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 1.15. ɆŰɖɜ əŬɗŬɟɐ Űɖɠ ɛɞɟűɐ, ɖ űŬɘɜɧɚɖ ŮɑɜŬɘ ɏɜŬ Ɏɢɟɤɛɞ ɚŮɡəɧ 

ˊɟɞɠ Űɞ ŮɚŬűɟɎ ɢɟɤɛŬŰɘůɛɏɜɞ ɟɞɕ ůŰŮɟŮɧ ɛŮ ɏɜŰɞɜɖ ɞůɛɐ əŬɘ ɧɟɘɞ ɞůɛɐɠ ŰŬ 0,04 mg L
-1

. H 

űŬɘɜɧɚɖ ŭɘŬɚɨŮŰŬɘ ůŰɞ ɜŮɟɧ əŬɘ ůŮ ɞɟɔŬɜɘəɞɨɠ ŭɘŬɚɨŰŮɠ, ɖ ˊŰɖŰɘəɧŰɖŰɎ Űɖɠ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ 

ɤɠ ɛɏŰɟɘŬ əŬɘ ŮɑɜŬɘ ɞɡůɑŬ ɘŭɘŬɑŰŮɟŬ ŮɨűɚŮəŰɖ (Agarry et al., 2008). ȼ űŬɘɜɧɚɖ ŮɑɜŬɘ ɏɜŬ  

ŬůɗŮɜɏɠ ɞɝɨ əŬɘ ůŰɖ ŭɘɘůŰŬɛɏɜɖ Űɖɠ ɛɞɟűɐ (pKa 9,99) ɡűɑůŰŬŰŬɘ ŬɜŰɘŭɟɎůŮɘɠ 

ɖɚŮəŰɟɞɜɘɧűɘɚɖɠ ɡˊɞəŬŰɎůŰŬůɖɠ əŬɘ ɞɝŮɑŭɤůɖɠ (Agarry et al., 2008). ȷɜ əŬɘ ŭɟŬ ůŬɜ ɏɜŬ 

ŬůɗŮɜɏɠ ɞɝɨ ůŰɞ ɜŮɟɧ, ŮɝŬɘŰɑŬɠ Űɖɠ ɛŮɔɎɚɖɠ ůŰŬɗŮɟɎɠ ŭɘɎůŰŬůɖɠ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ, ŭŮɜ 

ŭɘɑůŰŬŰŬɘ ůŰŬ pH ˊɞɡ ŬˊŬɜŰɩɜŰŬɘ ůŰŬ ɡŭɎŰɘɜŬ ůɡůŰɐɛŬŰŬ. ɆŰɞ ɜŮɟɧ ɡˊɧəŮɘŰŬɘ ůŮ ŭɘɎűɞɟŮɠ 

ŭɘŬŭɘəŬůɑŮɠ, ɧˊɤɠ ɓɘɞŬˊɞŭɧɛɖůɖ, űɩŰɞ-ɞɝŮɑŭɤůɖ, űɤŰɧɚɡůɖ əŬɘ ŮɝɎŰɛɘůɖ (Breton et al., 

2003). ȼ űŬɘɜɧɚɖ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŮɡɟɨŰŬŰŬ ůŰɖ ɓɘɞɛɖɢŬɜɑŬ ɤɠ ˊɟɩŰɖ ɨɚɖ ɔɘŬ Űɖɜ 

ˊŬɟŬůəŮɡɐ űŬɘɜɞɚɘəɩɜ ɟɖŰɘɜɩɜ, əŬˊɟɞɚŬəŰɎɛɖɠ (ɞ́ɡ ɢɟɖůɘɛŮɨŮɘ ůŰɖɜ ˊŬɟŬɔɤɔɐ ɜɎɘɚɞɜ əŬɘ 

Ɏɚɚɤɜ ůɡɜɗŮŰɘəɩɜ ɘɜɩɜ), ŭɘůűŬɘɜɧɚɖɠ (ɔɘŬ ˊŬɟŬɔɤɔɐ Ůˊɞɝɘəɩɜ ɞɡůɘɩɜ əŬɘ Ɏɚɚɤɜ ɟɖŰɘɜɩɜ) 

əŬɘ ɘŬŰɟɘəɩɜ űŬɟɛŬəŮɡŰɘəɩɜ ůəŮɡŬůɛɎŰɤɜ (Grabowska et al., 2012; Agarry et al., 2008). 

Ⱥˊɘˊɚɏɞɜ ˊɞɚɚɎ ɡŭɟɧɝɡ-ˊŬɟɎɔɤɔŬ Űɖɠ ɧˊɤɠ ɖ əŬŰŮɢɧɚɖ, ɖ ɡŭɟɞəɘɜɧɜɖ əŬɘ ɖ ˊɡɟŬɔɧɚɖ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ˊɞɘəɑɚŮɠ ɓɘɞɛɖɢŬɜɘəɏɠ ŭɘŮɟɔŬůɑŮɠ (Lobo et al., 2013). 

ȼ űŬɘɜɧɚɖ əŬɘ ŰŬ ˊŬɟɎɔɤɔŬ Űɖɠ ŬˊɞŰŮɚɞɨɜ ɛɘŬ Ŭˊɧ Űɘɠ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜŮɠ əŬŰɖɔɞɟɑŮɠ 

ɡɔɟɩɜ ɟɨˊɤɜ. ɆŰɞ ˊŮɟɘɓɎɚɚɞɜ ŮɘůɏɟɢɞɜŰŬɘ ɛɏůɤ ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ Ŭˊɧ ˊɞɚɚɏɠ ɓɘɞɛɖɢŬɜɘəɏɠ 

ŭɟŬůŰɖɟɘɧŰɖŰŮɠ, ɧˊɤɠ ˊŬɟŬɔɤɔɐ ɚŬŭɘɞɨ, ŬˊɧůŰŬɝɖ əɟŬůɘɞɨ, ŮˊŮɝŮɟɔŬůɑŬ ɢɎɟŰɞɡ əŬɘ 

ɢŬɟŰɞˊɞɚŰɞɨ, ˊŬɟŬɔɤɔɐ űŬɘɜɞɚɘəɩɜ ɟɖŰɘɜɩɜ, ɢɟɤɛɎŰɤɜ, ɡűŬůɛɎŰɤɜ, ˊɟɞɥɧɜŰɤɜ ɛŮŰɎɚɚɞɡ 

əŬɘ ɢɎɚɡɓŬ əŬɘ ˊɟɞɥɧɜŰɤɜ ˊŮŰɟŮɚŬɑɞɡ ɛŮŰŬɝɨ Ɏɚɚɤɜ (Breton et al., 2003; Grabowska et al., 

2012; Agarry et al., 2008). Ƀɘ ůɡɔəŮɜŰɟɩůŮɘɠ Űɤɜ űŬɘɜɞɚɩɜ ůŮ ɡɔɟɎ ŬˊɧɓɚɖŰŬ əɡɛŬɑɜoɜŰŬɘ 

Ŭˊɧ 10 ɏɤɠ 300 mg L
-1

 əŬɘ ɛˊɞɟɞɨɜ ɜŬ űɗɎůɞɡɜ ŰŬ 4,5 g L
-1

 ůŮ ɡɔɟɎ ŬˊɧɓɚɖŰŬ ɡɣɖɚɞɨ 

űɞɟŰɑɞɡ (Al-Khalid and El-Naas, 2012). ɆɖɛŬɜŰɘəɐ ˊɖɔɐ ɟɨˊŬɜůɖɠ ŬˊɞŰŮɚɞɨɜ Ůˊɑůɖɠ 

ŭɘɎűɞɟŬ ɔŮɤɟɔɘəɎ űɎɟɛŬəŬ ŰŬ ɞˊɞɑŬ ůŮ ůɡɜɗɐəŮɠ ˊŮɟɘɓɎɚɚɞɜŰɞɠ ŭɘŬůˊɩɜŰŬɘ ůŮ űŬɘɜɞɚɘəɏɠ 

ŮɜɩůŮɘɠ (Czaplicka, 2004), Ůɜɩ ɏɜŬɠ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ ɢɚɤɟɘɤɛɏɜɤɜ űŬɘɜɞɚɩɜ ɛˊɞɟŮɑ ɜŬ 

ˊŬɟŬɢɗŮɑ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ɢɚɤɟɑɤůɖɠ Űɞɡ ˊɧůɘɛɞɡ ɜŮɟɞɨ (Rodr²guez et al., 2000). ɀŮŰŬɝɨ 

Űɤɜ ŬˊɞɓɚɐŰɤɜ ˊɞɡ űɏɟɞɡɜ ɡɣɖɚɧ űŬɘɜɞɚɘəɧ űɞɟŰɑɞ əŬɘ ŬˊŮɚŮɡɗŮɟɩɜɞɜŰŬɘ ůŰɞ ɡŭɎŰɘɜɞ 

ˊŮɟɘɓɎɚɚɞɜ ŮɑɜŬɘ Ůˊɑůɖɠ ŰŬ ŬˊɧɓɚɖŰŬ Űɖɠ ŮɚŬɘɞˊŬɟŬɔɤɔɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ, ˊɞɡ ŬˊɞŰŮɚɞɨɜ ɛɑŬ 
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Ŭˊɧ Űɘɠ ɓŬůɘəɏɠ ˊɖɔɏɠ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ɔɘŬ Űɞ ȺɚɚŬŭɘəɧ ˊŮɟɘɓɎɚɚɞɜ. ɆŰŬ ŬˊɧɓɚɖŰŬ Űɞɡ 

ŮɚŬɘɞŰɟɘɓŮɑɞɡ ɏɢɞɡɜ ŬɜɘɢɜŮɡɗŮɑ ˊɎɜɤ Ŭˊɧ 30 űŬɘɜɞɚɘəɏɠ ŮɜɩůŮɘɠ əŬɘ ɞɘ əɡɟɘɧŰŮɟŮɠ ɛˊɞɟɞɨɜ 

ɜŬ ŭɘŬəɟɘɗɞɨɜ ůŮ ŰɟŮɑɠ əŬŰɖɔɞɟɑŮɠ: Ŭ) ůŰŬ ˊŬɟɎɔɤɔŬ əɘɜɜŬɛɤɛɘəɞɨ ɞɝɏɞɠ, ɓ) ůŰŬ ˊŬɟɎɔɤɔŬ 

ɓŮɜɕɞɥəɞɨ ɞɝɏɞɠ əŬɘ ɔ) ůŰŬ ˊŬɟɎɔɤɔŬ Űɖɠ Űɡɟɞůɧɚɖɠ (Justino et al., 2012). 

 

 

 

ɆɢɐɛŬ  1.15: ɉɖɛɘəɏɠ ŭɞɛɏɠ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ (Al -Khalid and El-

Naas, 2012). 

 

ȼ US EPA ůŮ ɞŭɖɔɑŬ Űɖɠ Ŭˊɧ Űɞ 1978, ůɡɛˊŮɟɘɏɚŬɓŮ 11 űŬɘɜɞɚɘəɏɠ ŮɜɩůŮɘɠ ɛŮŰŬɝɨ Űɤɜ 

əɡɟɘɧŰŮɟɤɜ ɟɨˊɤɜ ɔɘŬ ŰŬ ɨŭŬŰŬ ůŮ ɓɘɞɛɖɢŬɜɘəɏɠ ˊŮɟɘɞɢɏɠ (ɄɑɜŬəŬɠ 1.7). ȼ ȺɡɟɤˊŬɥəɐ 

ɏɜɤůɖ ɏɢŮɘ ɗŮůˊɑůŮɘ ɤɠ ŬɜɩŰŮɟɞ ŮˊɘŰɟŮˊŰɧ ɧɟɘɞ ůŰɞ ˊɧůɘɛɞ ɜŮɟɧ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ 

ŮɜɩůŮɤɜ ŰŬ 0,5 ɛg L
-1
, Ůɜɩ ɖ ůɡɔəɏɜŰɟɤůɖ əɎɗŮ űŬɘɜɞɚɘəɐɠ ɏɜɤůɖɠ ŭŮ ɗŬ ˊɟɏˊŮɘ ɜŬ ɝŮˊŮɟɜɎ 

ŰŬ 0,1 ɛg L
-1 

(Grabowska et al., 2012). 
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ɄɑɜŬəŬɠ 1.7: ūŬɘɜɞɚɘəɏɠ ŮɜɩůŮɘɠ ˊɞɡ ́ŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ůŰɞɜ əŬŰɎɚɞɔɞ ɟɨˊɤɜ 

ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ Űɖɠ US EPA (Rodriguez et al., 2000). 

ūŬɘɜɧɚɖ 2,4-ȹɘɢɚɤɟɞ-űŬɘɜɧɚɖ 

2,4 ȹɑɜɘŰɟɞ-űŬɘɜɧɚɖ 4-ɉɚɩɟɞ-3ɛɏɗɡɚɞűŬɘɜɧɚɖ 

2-ɜɘŰɟɞ-űŬɘɜɧɚɖ 2,4,6-ɇɟɑɢɚɤɟɞ-űŬɘɜɧɚɖ 

4-ɜɘŰɟɞ-űŬɘɜɧɚɖ ɄŮɜŰŬɢɚɤɟɞ-űŬɘɜɧɚɖ 

2-ɀɏɗɡɚɞ-4,6-ŭɑɜɘŰɟɞűŬɘɜɧɚɖ 2-ɉɚɤɟɞ-űŬɘɜɧɚɖ 

2,4-ȹɘɛɏɗɡɚɞ-űŬɘɜɧɚɖ  

 

Ƀɘ űŬɘɜɞɚɘəɏɠ ŮɜɩůŮɘɠ ŮɑɜŬɘ ůɢŮŰɘəɎ ˊɞɚɘəɏɠ ŮɜɩůŮɘɠ, ɛŮ ɛŮɔɎɚɞ Ůɨɟɞɠ ˊŰɖŰɘəɧŰɖŰŬɠ 

(Ŭˊɧ ɛɖ ˊŰɖŰɘəɏɠ ɏɤɠ ˊŰɖŰɘəɏɠ ŮɜɩůŮɘɠ) əŬɘ ůɢŮŰɘəɎ ŭɘŬɚɡŰɏɠ ůŰɞ ɜŮɟɧ. ȼ ŭɘŬɚɡŰɧŰɖŰŬ Űɞɡɠ 

ɛŮɘɩɜŮŰŬɘ ɧůɞ ŬɡɝɎɜŮŰŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ɡˊɞəŬŰŬůŰŬŰɩɜ Űɞɡɠ (ɄɑɜŬəŬɠ 1.8) (Czaplicka, 

2004). ȷˊɞŰɏɚŮůɛŬ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ űɡůɘəɞɢɖɛɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ űŬɘɜɞɚɩɜ, Űɞɡ ɓŬɗɛɞɨ 

ɡˊɞəŬŰɎůŰŬůɖɠ əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Űɖɠ ɗɏůɖɠ Űɤɜ ɡˊɞəŬŰŬůŰŬŰɩɜ ůŮ əɎɗŮ ɏɜɤůɖ ŮɑɜŬɘ ɛɘŬ 

ɛŮɔɎɚɖ ˊɞɘəɘɚɑŬ ŭɘŬűɞɟŮŰɘəɩɜ ůɡɛˊŮɟɘűɞɟɩɜ əɎɗŮ űŬɘɜɞɚɘəɐɠ ɏɜɤůɖɠ ůŰɞ ɡŭɎŰɘɜɞ 

ˊŮɟɘɓɎɚɚɞɜ. ɋɠ Ůə ŰɞɨŰɞɡ, ɖ űŬɘɜɧɚɖ əŬɘ ŰŬ ɛɧɜɞ-ɡˊɞəŬŰŮůŰɖɛɏɜŬ ˊŬɟɎɔɤɔŬ Űɖɠ 

ɛŮŰŬűɏɟɞɜŰŬɘ  ŮɨəɞɚŬ Ŭˊɧ Űɞ ɜŮɟɧ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔɎɚɖ ůɡůůɩɟŮɡůɖ 

ůŰŬ ɘɕɐɛŬŰŬ ɓɘɞŰɧˊɤɜ. ȷɜŰɑɗŮŰŬ, ŰŬ ˊɞɚɡˊɞəŬŰŮůŰɖɛɏɜŬ ˊŬɟɎɔɤɔŬ Űɤɜ űŬɘɜɞɚɩɜ əŬɘ 

ɘŭɘŬɑŰŮɟŬ ɖ ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɘəɟɐ ɛŮŰŬűɞɟɎ Ŭˊɧ Űɞ ɜŮɟɧ, ˊɟɞůɟɞűɞɨɜŰŬɘ 

ɏɜŰɞɜŬ ůŰɖɜ ɞɟɔŬɜɘəɐ ɨɚɖ Űɞɡ ŮŭɎűɞɡɠ ɧˊɞɡ əŬɘ ˊŬɟŬɛɏɜɞɡɜ ɛŮɔɎɚŬ ɢɟɞɜɘəɎ ŭɘŬůŰɐɛŬŰŬ 

əŬɘ ɓɘɞůɡůůɤɟŮɨɞɜŰŬɘ ůŰɞ ɚɘˊɩŭɖ ɘůŰɧ Űɤɜ ɕɩɤɜ (ȷɚɛˊɎɜɖɠ, 1999). 

ȳɚŬ ŰŬ ɢɚɩɟɞ-ɡˊɞəŬŰŮůŰɖɛɏɜŬ ˊŬɟɎɔɤɔŬ ˊŬɟɞɡůɘɎɕɞɡɜ ɓŬəŰɖɟɘɞəŰɧɜɞ ŭɟɎůɖ, 

űɡŰɞŰɞɝɘəɧŰɖŰŬ əŬɘ ɘəŬɜɧŰɖŰŬ ɓɘɞůɡůůɩɟŮɡůɖɠ ɘŭɘɧŰɖŰŮɠ ɞɘ ɞˊɞɑŮɠ ɛŮɔŮɗɨɜɞɜŰŬɘ ɛŮ Űɖɜ 

Ŭɨɝɖůɖ Űɤɜ ɢɚɤɟɑɤɜ ůŰɞ ɛɧɟɘɞ əŬɘ Űɖɜ ɡˊɞəŬŰɎůŰŬůɖ ɛŬəɟɘɎ Ŭˊɧ Űɖɜ ɧɟɗɞ ɗɏůɖ Űɞɡ 

ŭŬəŰɡɚɑɞɡ (ɄɑɜŬəŬɠ 1.9) (Pera-Titus et al., 2004). ȼ ɡɣɖɚɧŰŮɟɖ ŰɞɝɘəɧŰɖŰŬ Űɤɜ 

ˊɞɚɡɢɚɤɟɘɤɛɏɜɤɜ űŬɘɜɞɚɩɜ ůɢŮŰɑɕŮŰŬɘ ɎɛŮůŬ ɛŮ Űɖɜ Ŭɨɝɖůɖ ůŰɖɜ ɚɘˊɞűɘɚɑŬ ɖ ɞˊɞɑŬ ɞŭɖɔŮɑ 

ůŮ ɛŮɔŬɚɨŰŮɟɖ ˊɟɧůɚɖɣɖ Ŭˊɧ Űɞɡɠ ɞɟɔŬɜɘůɛɞɨɠ (Pera-Titus et al., 2004).  

Ƀɘ űŬɘɜɞɚɘəɏɠ ŮɜɩůŮɘɠ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ ɡűɑůŰŬɜŰŬɘ ŭɘɎűɞɟŮɠ ɢɖɛɘəɏɠ əŬɘ ɓɘɞɚɞɔɘəɏɠ 

ŭɘŮɟɔŬůɑŮɠ. Ƀɘ űŬɘɜɧɚŮɠ ɞɝŮɘŭɩɜɞɜŰŬɘ ŮɨəɞɚŬ, Ůɜɩ ɞɘ ɢɚɤɟɞűŬɘɜɧɚŮɠ ŮɑɜŬɘ ŬɜɗŮəŰɘəɏɠ ůŰɖɜ 

ɞɝŮɑŭɤůɖ ůŮ ůɡɜɗɐəŮɠ ˊŮɟɘɓɎɚɚɞɜŰɞɠ. ȷɜŰɑɗŮŰŬ Űɧůɞ ɞɘ űŬɘɜɧɚŮɠ ɧůɞ əŬɘ ɞɘ ɢɚɤɟɞűŬɘɜɧɚŮɠ 

ŬˊɞɘəɞŭɞɛɞɨɜŰŬɘ ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ. ȰŰůɘ ɛŮ Űɖɜ ŮˊɑŭɟŬůɖ Űɞɡ 

ɖɚɘŬəɞɨ űɤŰɧɠ ɖ űŬɘɜɧɚɖ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ɡŭɟɞəɘɜɧɜɖ, Ůɜɩ Űɞ 50% Űɖɠ  

ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖɠ ɛŮŰŬŰɟɏˊŮŰŬɘ ɛɏůŬ ůŮ ŭɏəŬ ɛɏɟŮɠ ˊɟɞɠ ɢɚɤɟɞŬɜɘɚɘɜɘəɧ ɞɝɨ əŬɘ 

ŭɘɎűɞɟŮɠ ɓŮɜɕɞəɘɜɧɜŮɠ. ɆɖɛŬɜŰɘəɧ ɟɧɚɞ ŭɘŬŭɟŬɛŬŰɑɕŮɘ əŬɘ ɖ ɓɘɞŬˊɞɘəɞŭɧɛɖůɖ Űɤɜ 

ɢɚɤɟɞűŬɘɜɞɚɩɜ, ɖ ɞˊɞɑŬ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŰɞ ɏŭŬűɞɠ əɡɟɑɤɠ ɛŮ əŬŰɎɚɚɖɚɞɡɠ 

ɛɘəɟɞɞɟɔŬɜɘůɛɞɨɠ (ūɡŰɘɎɜɞɠ əŬɘ ɆŬɛŬɟɎ-ȾɤɜůŰŬɜŰɑɜɞɡ, 2009). 
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ɄɑɜŬəŬɠ 1.8: ȽŭɘɧŰɖŰŮɠ ɛŮɟɘəɩɜ ɜɑŰɟɞ- əŬɘ ɢɚɩɟɞ-ɡˊɞəŬŰŮůŰɖɛɏɜɤɜ űŬɘɜɞɚɩɜ (Breton et al., 

2003; Czaplicka, 2004). 

Ȱɜɤůɖ ȹɘŬɚɡŰɧŰɖŰŬ ůŰɞ ɜŮɟɧ 

g L
-1 

 (20Ü C) 

LogKow pKa 

ūŬɘɜɧɚɖ 88,36 1,50 9,99 

2,4 ȹɑɜɘŰɟɞ-űŬɘɜɧɚɖ 5,6 1,53 4,09 

2-ɜɘŰɟɞ-űŬɘɜɧɚɖ 2,1 1,78 7,21 

4-ɜɘŰɟɞ-űŬɘɜɧɚɖ 16 1,90 7,16 

2-ɀɏɗɡɚɞ-4,6-

ŭɑɜɘŰɟɞűŬɘɜɧɚɖ 

- 2,12 4,34 

2-ɉɚɤɟɞ-űŬɘɜɧɚɖ 28 2,12-2,17 8,3-8,6 

3-ɉɚɤɟɞ-űŬɘɜɧɚɖ 26 2,48-2,50 8,8-9,1 

4-ɉɚɤɟɞ-űŬɘɜɧɚɖ 27 2,35-2,44 9,1-9,4 

4-ɉɚɩɟɞ-3ɛɏɗɡɚɞűŬɘɜɧɚɖ 3,850 3,10 9,55 

2,3-ȹɘɢɚɤɟɞ-űŬɘɜɧɚɖ - 3,15-3,19 6,4-7,8 

2,4-ȹɘɢɚɤɟɞ-űŬɘɜɧɚɖ 4,50 2,75-3,30 7,5-8,1 

2,5-ȹɘɢɚɤɟɞ-űŬɘɜɧɚɖ  - 3,20-3,24 6,4-7,5 

2,6-ȹɘɢɚɤɟɞ-űŬɘɜɧɚɖ - 2,57-2,86 6,7-7,8 

3,4-ȹɘɢɚɤɟɞ-űŬɘɜɧɚɖ  - 3,13-3,44 7,4-8,7 

3,5-ȹɘɢɚɤɟɞ-űŬɘɜɧɚɖ  - 2,57-3,56 6,9-8,3 

2,4-ȹɘɛɏɗɡɚɞ-űŬɘɜɧɚɖ 17 2,42 10,6 

2,3,4-ɇɟɑɢɚɤɟɞ-űŬɘɜɧɚɖ 0,22 3,49-4,07 6,5-7,7 

2,3,5-ɇɟɑɢɚɤɟɞ-űŬɘɜɧɚɖ 0,22 3,84-4,56 6,8-7,4 

2,3,6-ɇɟɑɢɚɤɟɞ-űŬɘɜɧɚɖ - 3,88 6,0-7,1 

2,4,5-ɇɟɑɢɚɤɟɞ-űŬɘɜɧɚɖ 0,948 3,72-4,10 7,0-7,7 

3,4,5-ɇɟɑɢɚɤɟɞ-űŬɘɜɧɚɖ - 4,01-4,39 7,7-7,8 

2,4,6-ɇɟɑɢɚɤɟɞ-űŬɘɜɧɚɖ 0,434 3,60-4,05 6-7,4 

2,3,4,5-ɇŮŰɟɎɢɚɤɟɞ-űŬɘɜɧɚɖ 0,166 4,21-5,16 6,2-7,0 

2,3,4,6-ɇŮŰɟɎɢɚɤɟɞ-űŬɘɜɧɚɖ 0,183 4,10-4,81 5,3-5,6 

2,3,5,6-ɇŮŰɟɎɢɚɤɟɞ-űŬɘɜɧɚɖ 0,100 5,2-5,5 5,2-5,5 

ɄŮɜŰŬɢɚɤɟɞ-űŬɘɜɧɚɖ 0,014 5,01-5,86 4,7-4,9 

- , ɛɖ ŭɘŬɗɏůɘɛɞ (ŭŮɜ ɓɟŮɗɐəŬɜ ůŰɞɘɢŮɑŬ) 
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ɄɑɜŬəŬɠ 1.9: ɇɞɝɘəɧŰɖŰŬ ɢɚɩɟɞ-ɡˊɞəŬŰŮůŰɖɛɏɜɤɜ űŬɘɜɞɚɩɜ (Pera-Titus et al., 2004). 

Ȱɜɤůɖ Daphnia magna 24h-LC50 

(mg L
-1

) 

ɄɞɜŰɑəɘŬ 24h-LC50 

(mg kg
-1

) 

 Ⱥɨɟɞɠ ɀɏůɖ Ƀɚɘəɐ ɈˊɞŭɧɟɘŬ 

2-ɉɚɤɟɞ-űŬɘɜɧɚɖ 16,60-19,30 17,95 670 950 

3-ɉɚɤɟɞ-űŬɘɜɧɚɖ 13,80-17,79 15,75 570 1030 

4-ɉɚɤɟɞ-űŬɘɜɧɚɖ 5,79-10,34 8,07 261 1390 

2,3-ȹɘɢɚɤɟɞ-űŬɘɜɧɚɖ 4,09-6,30 5,19 - - 

2,4-ȹɘɢɚɤɟɞ-űŬɘɜɧɚɖ 2,48-2,89 2,68 580 1730 

2,5-ȹɘɢɚɤɟɞ-űŬɘɜɧɚɖ - 4,50 - - 

2,6-ȹɘɢɚɤɟɞ-űŬɘɜɧɚɖ 8,69-10,08 9,38 2940 1730 

3,4-ȹɘɢɚɤɟɞ-űŬɘɜɧɚɖ 2,55-2,98 2,77 - - 

3,5-ȹɘɢɚɤɟɞ-űŬɘɜɧɚɖ 1,85-2,33 2,09 - - 

2,3,4-ɇɟɑɢɚɤɟɞ-űŬɘɜɧɚɖ 2,00-2,48 2,24 - - 

2,3,5-ɇɟɑɢɚɤɟɞ-űŬɘɜɧɚɖ 2,06-2,50 2,28 - - 

2,3,6-ɇɟɑɢɚɤɟɞ-űŬɘɜɧɚɖ 6,25-8,52 7,38 - - 

2,4,5-ɇɟɑɢɚɤɟɞ-űŬɘɜɧɚɖ 1,88-2,29 2,08 820 2260 

3,4,5-ɇɟɑɢɚɤɟɞ-űŬɘɜɧɚɖ 0,82-0,93 5,47 - - 

2,4,6-ɇɟɑɢɚɤɟɞ-űŬɘɜɧɚɖ 4,93-6,01 0,88 2800 - 

2,3,4,5-ɇŮŰɟɎɢɚɤɟɞ-űŬɘɜɧɚɖ 1,52-1,98 1,76 572 - 

2,3,4,6-ɇŮŰɟɎɢɚɤɟɞ-űŬɘɜɧɚɖ - 2,70 140 210 

2,3,5,6-ɇŮŰɟɎɢɚɤɟɞ-űŬɘɜɧɚɖ 1,87-2,66 2,27 109 - 

ɄŮɜŰŬɢɚɤɟɞ-űŬɘɜɧɚɖ 0,62-0,89 0,76 50 100 

Daphnia magna >72 h, ɆəɚɖɟɧŰɖŰŬ ɜŮɟɞɨ: 200 mg L
-1

 (CaCO3), ȹɘŬɚɡɛɏɜɞ ɞɝɡɔɧɜɞ> 2.27 

mg L
-1
, ŪŮɟɛɞəɟŬůɑŬ: 20ÜC, LC50: ɆɡɔəɏɜŰɟɤůɖ ɢɚɤɟɞűŬɘɜɞɚɩɜ ˊɞɡ ˊɟɞəŬɚɞɨɜ Űɞ ɗɎɜŬŰɞ 

Űɞɡ 50% Űɞɡ ˊɚɖɗɡůɛɞɨ Űɞɡ ɡˊɧ ɛŮɚɏŰɖ ɞɟɔŬɜɘůɛɞɨ. 

 

1.8.5. ȸŮɜɕɞɥəɧ ɞɝɨ 

ɇɞ ɓŮɜɕɞɥəɧ ɞɝɨ ŮɑɜŬɘ Űɞ ŬˊɚɞɨůŰŮɟɞ ŬɟɤɛŬŰɘəɧ ɞɝɨ əŬɘ 

ɏɢŮɘ ŮɡɟŮɑŬ ɢɟɐůɖ ɤɠ ůɡɜŰɖɟɖŰɘəɧ ůŮ ŭɘŬŰɟɞűɘəɎ ˊɟɞɥɧɜŰŬ, 

űŬɟɛŬəŮɡŰɘəɎ ůəŮɡɎůɛŬŰŬ əŬɘ ˊɟɞɥɧɜŰŬ ˊɟɞůɤˊɘəɐɠ űɟɞɜŰɑŭŬɠ  

ɚɧɔɤ Űɤɜ ŬɜŰɘɓŬəŰɖɟɘŭɘŬəɩɜ əŬɘ ŬɜŰɘɛɖəɡŰɘŬəɩɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ 

ůŮ pH < 4 (Korotkova et al., 2005). ɆŰɖ ɓɘɞɛɖɢŬɜɑŬ Űɞ ɓŮɜɕɞɥəɧ 

ɞɝɨ ˊŬɟŬůəŮɡɎɕŮŰŬɘ ɛŮ əŬŰŬɚɡŰɘəɐ ɞɝŮɑŭɤůɖ Űɞɡ ɛɏɗɡɚɞ-

ɓŮɜɕɞɚɑɞɡ (Űɞɚɞɡɞɚɑɞɡ) əŬɘ ŮűŬɟɛɧɕŮŰŬɘ ŮɡɟɨŰŬŰŬ ɔɘŬ Űɖɜ ˊŬɟŬůəŮɡɐ ˊɞɚɚɩɜ ɞɟɔŬɜɘəɩɜ 

ɢɖɛɘəɩɜ ˊɟɞɥɧɜŰɤɜ (Ajmera et al., 2002). 
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ɇɞ ɓŮɜɕɞɥəɧ ɞɝɨ ŮˊɘɚɏɢɗɖəŮ ɜŬ ɛŮɚŮŰɖɗŮɑ əŬɗɩɠ ɛˊɞɟŮɑ ɜŬ ˊɟɞůɞɛɞɘɩůŮɘ ɤɠ ˊɟɞɠ Űɖ 

ŭɞɛɐ, ˊɞɚɚɏɠ ŬɟɤɛŬŰɘəɏɠ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ ˊɞɡ ŬˊɞŰŮɚɞɨɜ Ůˊɘəɑɜŭɡɜɞɡɠ əŬɘ ɏɛɛɞɜɞɡɠ 

ɟɨˊɞɡɠ əŬɘ ŬˊŬɜŰɩɜŰŬɘ ŮɡɟɨŰŬŰŬ ůŰŬ ŬˊɧɓɚɖŰŬ ˊɞɚɚɩɜ ɓɘɞɛɖɢŬɜɘəɩɜ ŮűŬɟɛɞɔɩɜ. ɇɞ 

ɓŮɜɕɞɥəɧ ɞɝɨ ŬˊɞŰŮɚŮɑ Űɖɜ ˊɟɧŭɟɞɛɖ ɏɜɤůɖ ˊɞɚɚɩɜ ŮɜɩůŮɤɜ ˊɞɡ ŬˊŬɜŰɩɜŰŬɘ ůɡɢɜɎ ůŮ 

Ŭɔɟɧ-ɓɘɞɛɖɢŬɜɘəɎ ŬˊɧɓɚɖŰŬ ɧˊɤɠ ɡŭɟɞɝɡɓŮɜɕɞɥəɧ, ˊɟɤŰɞəŬŰŮɢoɥəɧ, ɓŬɜɘɚɘəɧ, ɔŬɚɚɘəɧ, 

ɓŮɟŬŰɟɘəɧ əŬɘ ůɡɟɘɔɔɘəɧ ɞɝɨ (ɄɑɜŬəŬɠ 1.10) əŬɘ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɘəɟɐ ɓɘɞŬˊɞɘəɞŭɧɛɖůɖ əŬɘ 

ŬɟəŮŰɎ ɡɣɖɚɐ ɞɘəɞŰɞɝɘəɧŰɖŰŬ (Velegraki and Mantzavinos, 2008). ɄŬɟɧɚɞ ˊɞɡ ɖ ŰɞɝɘəɧŰɖŰŬ 

ŬɡŰɩɜ Űɤɜ ŮɜɩůŮɤɜ, ˊɞɚɚɏɠ űɞɟɏɠ ŭŮɜ ŮɑɜŬɘ Űɧůɞ ɡɣɖɚɐ ɧůɞ ɟɨˊɤɜ Ɏɚɚɤɜ əŬŰɖɔɞɟɘɩɜ (ˊ.ɢ. 

űɡŰɞűŬɟɛɎəŬ ɐ ɓŬɟɏŬ ɛŮŰɎɚɚŬ), ɖ ɡɣɖɚɐ ůɡɔəɏɜŰɟɤůɖ Űɞɡɠ (ɏɤɠ əŬɘ ŬɟəŮŰɎ ɔɟŬɛɛɎɟɘŬ 

ŬɜɎ ɚɑŰɟɞ) ůŰŬ Ŭɔɟɧ-ɓɘɞɛɖɢŬɜɘəɎ ŬˊɧɓɚɖŰŬ, ŮɑɜŬɘ ůɡɢɜɎ ŬɘŰɑŬ ŬɜŬůŰɞɚɐɠ ɐ Ŭəɧɛɖ əŬɘ 

ɗŬɜɎŰɞɡ Űɤɜ ɛɘəɟɞɞɟɔŬɜɘůɛɩɜ ˊɞɡ ŬˊŬɜŰɩɜŰŬɘ ůŮ ɛɞɜɎŭŮɠ ŮˊŮɝŮɟɔŬůɑŬɠ ɡɔɟɩɜ ŬůŰɘəɩɜ 

ŬˊɞɓɚɐŰɤɜ (Gernjak et al., 2003).  

ɆŰɖɜ ŬŰɛɧůűŬɘɟŬ, Űɞ ɓŮɜɕɞɥəɧ ɞɝɨ, ɏɢŮɘ ůɢŮŰɘəɎ ɛɘəɟɧ ɢɟɧɜɞ ˊŬɟŬɛɞɜɐɠ ɛŮ ɢɟɧɜɞ 

ɖɛɘˊŮɟɘɧŭɞɡ ɕɤɐɠ 13 ɖɛɏɟŮɠ əŬɗɩɠ ŭɘŬůˊɎŰŬɘ ɛɏůɤ ŬɜŰɘŭɟɎůŮɤɜ ɛŮ Űɘɠ űɤŰɞɢɖɛɘəɎ 

ˊŬɟŬɔɧɛŮɜŮɠ ɟɑɕŮɠ ɡŭɟɞɝɡɚɑɞɡ. ȰɢɞɜŰŬɠ ɛɏɔɘůŰɞ ɛɐəɞɠ əɨɛŬŰɞɠ ŰŬ 228 nm əŬɘ ɛɖ 

ŬˊɞɟɟɞűɩɜŰŬɠ ˊɎɜɤ Ŭˊɧ ŰŬ 290 nm, ɖ ɎɛŮůɖ űɤŰɧɚɡůɖ Űɞɡ ůŰɞ ɡŭŬŰɘəɧ ˊŮɟɘɓɎɚɚɞɜ ŭŮɜ 

ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ. ɇɞ ɓŮɜɕɞɥəɧ ɞɝɨ ˊŬɟɞɡůɘɎɕŮɘ ɛɏŰɟɘŬ əɘɜɖŰɘəɧŰɖŰŬ ůŰɞ ɏŭŬűɞɠ (Koc=250 L 

kg
-1
), Ůɜɩ ɛŮ ɓɎůɖ Űɖ ůŰŬɗŮɟɎ ˊɟɞůɟɧűɖůɖɠ Ŭˊɧ Űɖɜ ˊŮɟɘŮɢɧɛŮɜɖ ɞɟɔŬɜɘəɐ ɨɚɖ (Koc) ŭŮɜ 

ŬɜŬɛɏɜŮŰŬɘ ɜŬ ˊɟɞůɟɞűɎŰŬɘ ůŮ ŬɘɤɟɞɨɛŮɜŬ ůŰŮɟŮɎ əŬɘ ɘɕɐɛŬŰŬ. ȳůɞɜ ŬűɞɟɎ ůŰɖɜ Űɨɢɖ Űɞɡ 

ůŰɞ ɜŮɟɧ, Űɞ ɓŮɜɕɞɥəɧ ɞɝɨ  ɗŮɤɟŮɑŰŬɘ ŬɜɗŮəŰɘəɧ ůŰɖɜ ɡŭɟɧɚɡůɖ  ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɖ ɏɜɤůɖ ŬɡŰɐ 

ŭŮɜ ŭɘŬɗɏŰŮɘ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ ˊɞɡ ɡŭɟɞɚɨɞɜŰŬɘ ůŮ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ůɡɜɗɐəŮɠ. ɇɞ 

ɓŮɜɕɞɥəɧ ɞɝɨ ɏɢŮɘ ŬɜɘɢɜŮɡɗŮɑ ŮəŰɧɠ Ŭˊɧ ŰŬ ŮˊɘűŬɜŮɘŬəɎ ɜŮɟɎ, ůŮ ɡˊɧɔŮɘŬ ɨŭŬŰŬ əɞɜŰɎ ůŮ 

ɢɩɟɞɡɠ ɡɔŮɘɞɜɞɛɘəɐɠ ŰŬűɐɠ, ůŮ ɜŮɟɧ Űɖɠ ɓɟɞɢɐɠ əŬɘ Űɞɡ ɢɘɞɜɘɞɨ əŬɘ ůŰɖɜ ŬŰɛɧůűŬɘɟŬ ɚɧɔɤ 

Ůəˊɞɛˊɐɠ Űɞɡ Ŭˊɧ ŰŬ ɓŮɜɕɘɜɞəɑɜɖŰŬ ɞɢɐɛŬŰŬ (Hazardous Substances Data Bank (HSDB)/ 

Enviromental fate/Exposure Summary).  

ɇɞ ɓŮɜɕɞɥəɧ ɞɝɨ ŭŮɜ ˊŬɟɞɡůɘɎɕŮɘ ˊɞɚɨ ɡɣɖɚɐ ŰɞɝɘəɧŰɖŰŬ əŬɘ ŭŮɜ ɓɘɞůɡůůɤɟŮɨŮŰŬɘ ůŰɞ 

Ŭɜɗɟɩˊɘɜɞ ůɩɛŬ, əŬɗɩɠ ɛŮŰɎ Űɖɜ ˊɟɧůɚɖɣɖ Űɞɡ ŬɜŰɘŭɟɎ ɛŮ Űɖ ɔɚɡəɑɜɖ ˊɟɞɠ ůɢɖɛŬŰɘůɛɧ 

ɘˊˊɞɡɟɘəɞɨ ɞɝɏɞɠ, Űɞ ɞˊɞɑɞ ŬˊɞɓɎɚɚŮŰŬɘ ɛŮ ŰŬ ɞɨɟŬ. Ƀ ɄŬɔəɧůɛɘɞɠ ɃɟɔŬɜɘůɛɧɠ ɈɔŮɑŬɠ 

(WHO) əŬɘ ɖ ȹɘŮɗɜɐɠ ɃɟɔɎɜɤůɖ ɇɟɞűɑɛɤɜ əŬɘ ũŮɤɟɔɑŬɠ (FAO), ɏɢɞɡɜ ɞɟɑůŮɘ ɤɠ ɛɏɔɘůŰɖ 

ɡˊɞɚŮɘɛɛŬŰɘəɐ ůɡɔəɏɜŰɟɤůɖ ɖɛŮɟɐůɘŬɠ ˊɟɧůɚɖɣɖɠ ŰŬ 5-10 mg kg
-1

 (Ajmera et al., 2002) 
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ɄɑɜŬəŬɠ 1.10: ɄŬɟɎɔɤɔŬ ɓŮɜɕɞɥəɞɨ ɞɝɏɞɠ, ůɡɢɜɎ ŬˊŬɜŰɩɛŮɜŬ ůŮ Ŭɔɟɧ-ɓɘɞɛɖɢŬɜɘəɎ 

ŬˊɧɓɚɖŰŬ (ɧɜɞɛŬ əŬŰɎ IUPAC, ɛɞɟɘŬəɧ ɓɎɟɞɠ, ɢɖɛɘəɧɠ Űɨˊɞɠ əŬɘ ŭɞɛɐ) (Justino et al., 

2012; Gernjak et al., 2003). 

ȸŬɜɘɚɘəɧ ɞɝɨ ũŬɚɚɘəɧ ɞɝɨ 

4-ɡŭɟɧɝɡ-3ɛŮɗɞɝɡ ɓŮɜɕɞɥəɧ ɞɝɨ 

 

3,4,5-Űɟɘɡŭɟɧɝɡ ɓŮɜɕɞɥəɧ ɞɝɨ 

 

ȸŮɟŬŰɟɘəɧ ɞɝɨ Ɇɡɟɘɔɔɘəɧ ɞɝɨ 

3,4-ŭɘɛŮɗɧɝɡ ɓŮɜɕɞɥəɧ ɞɝɨ 

 

4-ɡŭɟɧɝɡ-3,5-ŭɘɛŮɗɧɝɡ ɓŮɜɕɞɌəɧ ɞɝɨ 

 

ɄɟɤŰɞəŬŰŮɢɞɥəɧ ɞɝɨ ɈŭɟɧɝɡɓŮɜɕɞɥəɧ  ɞɝɨ 

3,4-ŭɘɡŭɟɧɝɡ ɓŮɜɕɞɥəɧ ɞɝɨ 

 

4-ɡŭɟɧɝɡ ɓŮɜɕɞɥəɧ  ɞɝɨ 

 

 

 

1.8.6. ȺɝŬůɗŮɜɏɠ ɢɟɩɛɘɞ (Cr(VI))  

 

ɇɞ ɢɟɩɛɘɞ ŮɑɜŬɘ Űɞ 21
ɞ
 ˊɘɞ Ɏűɗɞɜɞ ůŰɞɘɢŮɑɞ ůŰɞ űɚɞɘɧ Űɖɠ ɔɖɠ əŬɘ Űɞ 6

ɞ
 ˊɘɞ Ɏűɗɞɜɞ Űɤɜ 

ɛŮŰɎɚɚɤɜ ɛŮŰɎˊŰɤůɖɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŮɑɜŬɘ ˊɞɚɨ ŭɘŬŭŮŭɞɛɏɜɞ ůŰɖ űɨůɖ əŬɘ ɜŬ 

ŮɛűŬɜɑɕŮŰŬɘ ɛŮ ůɡɔəŮɜŰɟɩůŮɘɠ ɡˊɞɓɎɗɟɞɡ (ɛg L
-1

- mg L
-1

) ůŰɞ ɜŮɟɧ, ůŰɞɜ ŬɏɟŬ, ůŰɞ ɢɩɛŬ 

əŬɘ ůŮ ˊŮŰɟɩɛŬŰŬ (Gheju, 2011). Ƀ əɨəɚɞɠ Űɞɡ ɢɟɤɛɑɞɡ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ ˊŬɟɑůŰŬŰŬɘ ɔɟŬűɘəɎ 

ůŰɞ ɆɢɐɛŬ 1.16 (Gheju, 2011).  
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          ɆɢɐɛŬ 1.16: Ⱦɨəɚɞɠ ɢɟɤɛɑɞɡ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ (Gheju, 2011). 

 

ȳˊɤɠ ɧɚŬ ŰŬ ɛɏŰŬɚɚŬ ɛŮŰɎˊŰɤůɖɠ, Űɞ ɢɟɩɛɘɞ ɡˊɎɟɢŮɘ ůŮ ˊɞɚɚɏɠ ɞɝŮɘŭɤŰɘəɏɠ 

əŬŰŬůŰɎůŮɘɠ. ȼ ɡɣɖɚɧŰŮɟɖ ɞɝŮɘŭɤŰɘəɐ əŬŰɎůŰŬůɖ (+VI), ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ůɡɜɞɚɘəɧ Ŭɟɘɗɛɧ 

Űɤɜ 3d əŬɘ 4s ɖɚŮəŰɟɞɜɑɤɜ əŬɘ ŬˊŬɜŰɎŰŬɘ ůŮ ˊɞɚɚɏɠ ŮɜɩůŮɘɠ Ůɜɩ ɖ ɢŬɛɖɚɧŰŮɟɖ (īIV), 

ŬˊŬɜŰɎŰŬɘ ɛɧɜɞ ůŮ ɛŮɟɘəɏɠ ɞɟɔŬɜɞɛŮŰŬɚɚɘəɏɠ ŮɜɩůŮɘɠ ɧˊɤɠ Űɞ Na4Cr(CO)4 (Gheju, 2011).  

ɇɞ ůŰɞɘɢŮɘŬəɧ ɢɟɩɛɘɞ Cr(0) ŮɑɜŬɘ ɏɜŬ ŬɟɔɡɟɧŰŮűɟɞ ɛɏŰŬɚɚɞ ˊɞɡ ŭŮɜ ůɡɜŬɜŰɎŰŬɘ ˊɞŰɏ 

ůŰɖ űɨůɖ, Ůɜɩ ɞɘ əŬŰŬůŰɎůŮɘɠ +II, +IV əŬɘ +V ŮɑɜŬɘ ŬůŰŬɗŮɑɠ ɞɝŮɘŭɤŰɘəɏɠ ɛɞɟűɏɠ Űɞɡ 

ɢɟɤɛɑɞɡ əŬɘ ɛŮŰŬŰɟɏˊɞɜŰŬɘ ɔɟɐɔɞɟŬ ˊɟɞɠ Űɞ ŰɟɘůɗŮɜɏɠ əŬɘ ŮɝŬůɗŮɜɏɠ ɢɟɩɛɘɞ (Gheju, 2011). 

ɆŰŬ űɡůɘəɎ ɡŭɎŰɘɜŬ ɞɘəɞůɡůŰɐɛŬŰŬ, ɞɘ ŮɜɩůŮɘɠ ɢɟɤɛɑɞɡ ŮɑɜŬɘ ɗŮɟɛɞŭɡɜŬɛɘəɎ ůŰŬɗŮɟɏɠ ɛɧɜɞ 
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ůŰɘɠ +III əŬɘ +VI ɞɝŮɘŭɤŰɘəɏɠ əŬŰŬůŰɎůŮɘɠ əŬɘ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ŭɘŬűɞɟŮŰɘəɐ ŰɞɝɘəɧŰɖŰŬ 

əŬɘ ɢɖɛɘəɐ ůɡɛˊŮɟɘűɞɟɎ (Gheju, 2011). Ɉˊɧ ɞɝŮɘŭɤŰɘəɏɠ ůɡɜɗɐəŮɠ ɡˊŮɟɘůɢɨɞɡɜ ɞɘ ŮɜɩůŮɘɠ 

Űɞɡ ŮɝŬůɗŮɜɞɨɠ ɢɟɤɛɑɞɡ, Ůɜɩ ɡˊɧ ŬɜŬɔɤɔɘəɏɠ ůɡɜɗɐəŮɠ ŮˊɘəɟŬŰɞɨɜ ɞɘ ŮɜɩůŮɘɠ ŰɟɘůɗŮɜɞɨɠ 

ɢɟɤɛɑɞɡ (Gheju, 2011). ɄŬɟɞɡůɑŬ ŭɞŰɩɜ ɖɚŮəŰɟɞɜɑɤɜ ɧˊɤɠ ɞɟɔŬɜɘəɐɠ ɨɚɖɠ əŬɘ ŬɜŬɔɤɔɘəɩɜ 

ŬɜɧɟɔŬɜɤɜ ŮɜɩůŮɤɜ (Fe(II)  əŬɘ S
2-

)
 
Űɞ ŮɝŬůɗŮɜɏɠ ɢɟɩɛɘɞ ŬɜɎɔŮŰŬɘ ůŮ ŰɟɘůɗŮɜɐ Ůɑŭɖ

 
(KotaŜ 

and Stasicka, 2000). 

ȷɜ əŬɘ Űɞ ŮɝŬůɗŮɜɏɠ ɢɟɩɛɘɞ Cr(VI), ŮɑɜŬɘ ɖ ŭŮɨŰŮɟɖ ˊɘɞ ůŰŬɗŮɟɐ ɛɞɟűɐ Űɞɡ ɢɟɤɛɑɞɡ, 

ůɡɜŬɜŰɎŰŬɘ ůˊɎɜɘŬ ůŰɖ űɨůɖ əŬɘ ŮɑɜŬɘ əɡɟɑɤɠ ŬˊɞŰɏɚŮůɛŬ ŬɜɗɟɤˊɞɔŮɜɞɨɠ ŭɟŬůŰɖɟɘɧŰɖŰŬɠ. 

ɀŮŰŬɝɨ Űɤɜ ɓŬɟɏɤɜ ɛŮŰɎɚɚɤɜ, Űɞ Cr(VI) ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŮɡɟɨŰŬŰŬ ůŰɖ ɛŮŰŬɚɚɞɡɟɔɑŬ, ůŰɖɜ 

ˊŬɟŬɔɤɔɐ ˊɡɟɑɛŬɢɤɜ ɡɚɘəɩɜ əŬɘ ůŰɖ ɢɖɛɘəɐ ɓɘɞɛɖɢŬɜɑŬ (Gheju, 2011). ȺɑɜŬɘ ɏɜŬɠ Ŭˊɧ Űɞɡɠ 

ˊɘɞ ůɡɢɜɎ ŬˊŬɜŰɩɛŮɜɞɡɠ Űɞɝɘəɞɨɠ ɟɨˊɞɡɠ ůŮ ŬˊɧɓɚɖŰŬ ˊɟɞŮɟɢɧɛŮɜŬ Ŭˊɧ Űɖ ɓɘɞɛɖɢŬɜɑŬ 

ɢɟɤɛɎŰɤɜ əŬɘ ɢɟɤůŰɘəɩɜ, Űɖ ɓɘɞɛɖɢŬɜɑŬ ŮˊɘɛŮŰŬɚɚɩůŮɤɜ, Űɖ ɓɡɟůɞŭŮɣɑŬ, Űɖ 

əɚɤůŰɞɦűŬɜŰɞɡɟɔŮɑŬ əŬɘ Űɖ ůɡɜŰɐɟɖůɖ ɝɨɚɞɡ ɛŮŰŬɝɨ Ɏɚɚɤɜ, ůŮ ůɡɔəŮɜŰɟɩůŮɘɠ ˊɞɡ 

əɡɛŬɑɜɞɜŰŬɘ Ŭˊɧ 0,5 Ůɩɠ 270.000 mg L
-1 

(Chiha et al., 2006). 

 ɇɞ Cr(VI), ŬˊɞŰŮɚŮɑ ɘŭɘŬɑŰŮɟɞ ˊɟɧɓɚɖɛŬ ɔɘŬ ŰŬ ɡŭŬŰɘəɎ ůɡůŰɐɛŬŰŬ ɚɧɔɤ Űɖɠ ɛŮɔɎɚɖɠ 

ɘəŬɜɧŰɖŰŬɠ ɏəˊɚɡůɖɠ Űɞɡ Ŭˊɧ Űɞ ɏŭŬűɞɠ əŬɘ Űɖɠ ɛŮɔɎɚɖɠ ŭɘŬɚɡŰɧŰɖŰŬɠ Űɞɡ ůŰɞ ɜŮɟɧ, ɔŮɔɞɜɧɠ 

ˊɞɡ əŬɗɘůŰɎ ŬɜŬˊɞŰŮɚŮůɛŬŰɘəɏɠ ˊɞɚɚɏɠ ŰŮɢɜɘəɏɠ ŬˊɞɛɎəɟɡɜůɖɠ Űɞɡ Ŭˊɧ Űɞ ɜŮɟɧ ɧˊɤɠ ɖ 

əɟɞəɑŭɤůɖ-əŬɗɑɕɖůɖ ə.Ŭ. (Barrer§-D²az  et al., 2012). ɇŬ ɛɏŰŬɚɚŬ, ůŮ ŬɜŰɑɗŮůɖ ɛŮ ŬɟəŮŰɞɨɠ 

ɞɟɔŬɜɘəɞɨɠ ɟɨˊɞɡɠ ŭŮɜ ŮɑɜŬɘ ɓɘɞŬˊɞɘəɞŭɞɛɐůɘɛŬ əŬɘ ŰŮɑɜɞɡɜ ɜŬ ůɡůůɤɟŮɨɞɜŰŬɘ ůŮ ɘůŰɞɨɠ 

ɕɤɜŰŬɜɩɜ ɞɟɔŬɜɘůɛɩɜ əŬɘ ɜŬ ůɡɔəŮɜŰɟɩɜɞɜŰŬɘ ůŰɖɜ Űɟɞűɘəɐ ŬɚɡůɑŭŬ (Barrer§-D²az  et al., 

2012). 

Ƀɘ  ɛɞɟűɏɠ  ɛŮ  Űɘɠ ɞˊɞɑŮɠ ŮɛűŬɜɑɕŮŰŬɘ Űɞ Cr(VI) ůŮ ɡŭŬŰɘəɎ ŭɘŬɚɨɛŬŰŬ ŬɚɚɎ əŬɘ ɖ 

ůɢŮŰɘəɐ ŬɜŬɚɞɔɑŬ Űɞɡɠ ŮɝŬɟŰɩɜŰŬɘ ɎɛŮůŬ Ŭˊɧ Űɞ pH əŬɘ Űɖɜ ɞɚɘəɐ ůɡɔəɏɜŰɟɤůɖ Űɞɡ Cr(VI). 

ȼ ŮɝɎɟŰɖůɖ Űɤɜ ɛɞɟűɩɜ ŬɡŰɩɜ Ŭˊɧ Űɞ pH ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 1.17. ɆŮ pH>1  

ŮˊɘəɟŬŰŮɑ ɖ ŬˊɞˊɟɤŰɞɜɘɤɛɏɜɖ ɛɞɟűɐ Űɞɡ ɘůɢɡɟɞɨ ɞɝɏɞɠ ȼ2CrO4 (ŬɜŰɑŭɟŬůɖ 1.2), Ůɜɩ ůŮ 

pH>7 ŮɡɜɞŮɑŰŬɘ ŬˊɞəɚŮɘůŰɘəɎ ɞ ůɢɖɛŬŰɘůɛɧɠ ɢɟɤɛɘəɩɜ ɘɧɜŰɤɜ, CrO4
2-

 (ŬɜŰɑŭɟŬůɖ 1.3) 

(KotaŜ and Stasicka, 2000):  

 

 

ɆŰɖɜ ˊŮɟɘɞɢɐ pH ɛŮŰŬɝɨ 1 əŬɘ 6, ɖ ŮˊɘəɟŬŰɏůŰŮɟɖ ɛɞɟűɐ ɔɘŬ ůɡɔəŮɜŰɟɩůŮɘɠ ɞɚɘəɞɨ 

Cr(VI)  ɛɏɢɟɘ 10
-2

 ɀ  ŮɑɜŬɘ ɖ ŬˊɞˊɟɤŰɞɜɘɤɛɏɜɖ ȼCrO4
-
,  ɖ ɞˊɞɑŬ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ŭɘɢɟɤɛɘəɎ 

ɘɧɜŰŬ ůŮ ɡɣɖɚɧŰŮɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ, ůɨɛűɤɜŬ ɛŮ Űɖɜ ŬɜŰɑŭɟŬůɖ 1.4 (KotaŜ and Stasicka, 

2000): 
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ȺɜŰɧɠ Űɖɠ űɡůɘɞɚɞɔɘəɐɠ ŭɘŬəɨɛŬɜůɖɠ Űɞɡ pH ůŰŬ űɡůɘəɎ ɨŭŬŰŬ Űɞ Cr(VI) ɓɟɑůəŮŰŬɘ ɡˊɧ 

Űɖ ɛɞɟűɐ ɢɟɤɛɘəɩɜ ɘɧɜŰɤɜ (CrO4
2-

), ŭɘɢɟɤɛɘəɩɜ ɘɧɜŰɤɜ (Cr2O7
2-

) əŬɘ Űɖɠ 

ŬˊɞˊɟɤŰɞɜɘɤɛɏɜɖɠ ɛɞɟűɐɠ ȼCrO4
-
. ɇŬ ɘɧɜŰŬ ŬɡŰɎ ŬˊɞŰŮɚɞɨɜ ŬɟəŮŰɎ ŭɘŬɚɡŰɏɠ ɛɞɟűɏɠ Űɞɡ 

ɢɟɤɛɑɞɡ əŬɘ ɛŮ ɛŮɔɎɚɖ əɘɜɖŰɘəɧŰɖŰŬ ůŰŬ ˊŮɟɘɓŬɚɚɞɜŰɘəɎ ůɡůŰɐɛŬŰŬ (ŮŭŬűɘəɎ, ɡŭɎŰɘɜŬ, 

ŬŰɛɞůűŬɘɟɘəɎ) (KotaŜ and Stasicka, 2000). 

 

 

ɆɢɐɛŬ 1.17: % ȷɜŬɚɞɔɑŬ ɢɖɛɘəɩɜ Ůɘŭɩɜ Cr (VI) ůŮ ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ Ŭɟɢɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ 

Cr(VI) 1Ĭ10
-6

 ɀ əŬɘ Űɘɛɩɜ pH Ŭˊɧ 1-14. Ƀɘ ŭɘŬəŮəɞɛɛɏɜŮɠ, əŬŰŬəɧɟɡűŮɠ ɔɟŬɛɛɏɠ 

ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ Űɖɜ əɚɑɛŬəŬ pH Űɤɜ űɡůɘəɩɜ ɡŭɎŰɤɜ (KotaŜ and Stasicka, 2000). 

 

ɇɞ Cr(VI) ˊŬɟɞɡůɘɎɕŮɘ ɡɣɖɚɐ ŰɞɝɘəɧŰɖŰŬ ůŰɞɡɠ ˊŮɟɘůůɧŰŮɟɞɡɠ ɕɩɜŰŮɠ ɞɟɔŬɜɘůɛɞɨɠ ůŮ 

ůɡɔəŮɜŰɟɩůŮɘɠ ɡɣɖɚɧŰŮɟŮɠ Ŭˊɧ 0,05 mg L
-1

 əŬɘ ɡˊɎɟɢɞɡɜ ŮɜŭŮɑɝŮɘɠ ɔɘŬ Űɖɜ əŬɟəɘɜɞɔɧɜɞ əŬɘ 

ɛŮŰŬɚɚŬɝɘɔɧɜɞ ŭɟɎůɖ Űɞɡ (Chung et al., 2006). ɆŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞ Cr(VI), Űɞ Cr(II I) 

ˊŬɟɞɡůɘɎɕŮɘ ˊɞɚɨ ɢŬɛɖɚɐ ŰɞɝɘəɧŰɖŰŬ əŬɘ ůɢɖɛŬŰɑɕŮɘ ŬŭɘɎɚɡŰŬ ůɨɛˊɚɞəŬ ůŮ ɞɡŭɏŰŮɟŬ əŬɘ 

ŬɚəŬɚɘəɎ pH (Park et al., 2008). 

 ɋɠ Ůə ŰɞɨŰɞɡ Űɞ Cr(VI) ɗŮɤɟŮɑŰŬɘ ůɐɛŮɟŬ ɏɜŬɠ Ŭˊɧ Űɞɡɠ ˊɘɞ Ůˊɘəɑɜŭɡɜɞɡɠ ɟɨˊɞɡɠ əŬɘ 

ɔɘŬ ŰŬ ŮˊɑˊŮŭŬ ɢɟɤɛɑɞɡ (ɞɚɘəɞɨ əŬɘ ŮɝŬůɗŮɜɞɨɠ) ŰŬ ŮˊɘŰɟŮˊŰɎ ɧɟɘŬ ůŰŬ ɨŭŬŰŬ ɏɢɞɡɜ 

ɗŮůˊɘůŰŮɑ ɘŭɘŬɑŰŮɟŬ ŬɡůŰɖɟɎ. ɆɨɛűɤɜŬ ɛŮ US ȺɅȷ ɖ ɛɏɔɘůŰɖ ŮˊɘŰɟŮˊŰɐ ůɡɔəɏɜŰɟɤůɖ Űɤɜ 

Ůəɟɞɩɜ Cr(VI) ůŰŬ ŮˊɘűŬɜŮɘŬəɎ ɜŮɟɎ ŮɑɜŬɘ ŰŬ 0,2 mg L
-1
, Ůɜɩ Űɞ ŬɜŰɑůŰɞɘɢɞ ɧɟɘɞ ɔɘŬ Űɞ 
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ɞɚɘəɧ ɢɟɩɛɘɞ ůŰŬ ŮˊɘűŬɜŮɘŬəɎ ɜŮɟɎ ɏɢŮɘ ɗŮůˊɘůŰŮɑ ůŰŬ 2 mg L
-1

 (Park et al., 2008). ɆŰɖɜ 

ȺɚɚɎŭŬ, ɛŮ Űɖɜ ȾɈȷ 50388/2704/ Ⱥ 103 ɟɡɗɛɑɕɞɜŰŬɘ ɞɘ Ůəˊɞɛˊɏɠ ɞɚɘəɞɨ ɢɟɤɛɑɞɡ Ŭˊɧ 

Ŭɧ́ɓɚɖŰŬ ɓɘɞɛɖɢŬɜɘɩɜ ůŮ ɡŭɎŰɘɜɞɡɠ ŬˊɞŭɏəŰŮɠ, ůŮ ůɡɔəŮɜŰɟɩůŮɘɠ ˊɞɡ əɡɛŬɑɜɞɜŰŬɘ 

(ŬɜɎɚɞɔŬ ɛŮ Űɞɜ ŬˊɞŭɏəŰɖ) Ŭˊɧ 0,6 ɏɤɠ 1,5 mg L
-1

 ɛɖɜɘŬɑŬ əŬɘ 1,2 ɏɤɠ 3 mg L
-1

 ɖɛŮɟɐůɘŬ 

ŬɚɚɎ ɛŮ Űɞ ɧɟɘɞ Űɞɡ ˊɞɘɞŰɘəɞɨ ůŰɧɢɞɡ ůŰɞ ˊɞŰɎɛɘ ɜŬ ŮɑɜŬɘ 50 ɛg L
-1

 (ȾɈȷ 50388/2704/ Ⱥ 

103). ȼ ˊŬɟɞɡůɑŬ ɡɣɖɚɩɜ ůɡɔəŮɜŰɟɩůŮɤɜ ɓŬɟɏɤɜ ɛŮŰɎɚɚɤɜ  əŬɘ ŮɘŭɘəɧŰŮɟŬ Cr(VI) ůŰɞɜ 

óŰŬɛɧ ȷůɤˊɧ ɞŭɐɔɖůŮ ůŰɖ ɗɏůˊɘůɖ Űɖɠ Ⱦɞɘɜɐɠ Ɉˊɞɡɟɔɘəɐɠ ȷˊɧűŬůɖɠ ɡˊô Ŭɟɘɗɛɧɜ 20488 

ñȾŬɗɞɟɘůɛɧɠ ɄŮɟɘɓŬɚɚɞɜŰɘəɩɜ ˊɟɞŰɨˊɤɜ ůŰɞɜ ˊɞŰŬɛɧ ȷůɤˊɧ əŬɘ ɃɟɘŬəɩɜ ɇɘɛɩɜ 

Ⱥəˊɞɛˊɩɜ ɡɔɟɩɜ ɓɘɞɛɖɢŬɜɘəɩɜ ŬˊɞɓɚɐŰɤɜ ůŰɖɜ ɚŮəɎɜɖ Ŭˊɞɟɟɞɐɠ Űɞɡ ȷůɤˊɞɨò. ɋɠ 

ɞɟɘŬəɏɠ Űɘɛɏɠ Ůəˊɞɛˊɩɜ Cr(VI) əŬɘ ɞɚɘəɞɨ ɢɟɤɛɑɞɡ ůŰŬ ŬˊɧɓɚɖŰŬ ˊɞɡ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ 

ɓɘɞɛɖɢŬɜɘəɏɠ əŬɘ ɚɞɘˊɏɠ ŭɟŬůŰɖɟɘɧŰɖŰŮɠ ˊɞɡ ŬɜŬˊŰɨůůɞɜŰŬɘ ŮɜŰɧɠ Űɖɠ ɚŮəɎɜɖɠ ɞɟɑɕɞɜŰŬɘ ŰŬ 

30 ɛg L
-1 
əŬɘ ŰŬ 200 ɛg L

-1
, ŬɜŰɑůŰɞɘɢŬ.

 
ɇŬ ɄɞɘɞŰɘəɎ ɄŮɟɘɓŬɚɚɞɜŰɘəɎ ɄɟɧŰɡˊŬ (ɄɄɄ) ˊɞɡ 

ɗŮůˊɑůŰɖəŬɜ ɔɘŬ Űɞɜ ˊɞŰŬɛɧ ȷůɤˊɧ, Űɞɡɠ ˊŬɟŬˊɞŰɎɛɞɡɠ Űɞɡ əŬɘ ŰŬ ɟɏɛŬŰŬ ˊɞɡ ɓɟɑůəɞɜŰŬɘ 

ůŰɖɜ ɡŭɟɞɔŮɤɚɞɔɘəɐ ɚŮəɎɜɖ Űɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 1.11 (ȾɈȷ) 20488/19/5/2010. 

 

ɄɑɜŬəŬɠ 1.11: ɄɞɘɞŰɘəɎ ɄŮɟɘɓŬɚɚɞɜŰɘəɎ ɄɟɧŰɡˊŬ ɔɘŬ Űɖ ɚŮəɎɜɖ Ŭˊɞɟɟɞɐɠ Űɞɡ ˊɞŰŬɛɞɨ 

ȷůɤˊɞɨ (ȾɈȷ 20488/19/5/2010). 

ɄŬɟɎɛŮŰɟɞɠ ɀɞɜɎŭŬ ȺŰɐůɘŬ ɀɏůɖ ůɡɔəɏɜŰɟɤůɖ ɀɏɔɘůŰɖ ŮˊɘŰɟŮˊɧɛŮɜɖ 

ůɡɔəɏɜŰɟɤůɖ 

Ƀɚɘəɧ 

ɢɟɩɛɘɞ 

ɛg L
-1

 23 (< 40 mg CaCO3 /L) 

42 ( 40-50 mg CaCO3 /L) 

50 ( >50 mg CaCO3 /L) 

110 

Cr (VI) ɛg L
-1

 3 11 

 

ɆŰɞ ˊɧůɘɛɞ ɜŮɟɧ, ɏɢŮɘ ɗŮůˊɘůŰŮɑ Ŭˊɧ Űɖɜ ȺɡɟɤˊŬɥəɐ ɏɜɤůɖ ɛŮ Űɖɜ ɃŭɖɔɑŬ 98/83/EK əŬɘ 

Űɞ ɄŬɔəɧůɛɘɞ ɃɟɔŬɜɘůɛɧ ɡɔŮɑŬɠ ɤɠ ŬɜɩŰŬŰɞ ŮˊɘŰɟŮˊŰɧ ɧɟɘɞ ɞɚɘəɞɨ ɢɟɤɛɑɞɡ ŰŬ 0,05 mg L
-1

 

(Barrera-D²az et al., 2012; 98/83/ȺC).  ɆŰɘɠ ȼɄȷ, ɖ ȺɅȷ ɏɢŮɘ ɗŮůˊɑůŮɘ ɤɠ ŬɜɩŰŬŰɞ ŮˊɘŰɟŮˊŰɧ 

ɧɟɘɞ ɞɚɘəɞɨ ɢɟɤɛɑɞɡ ůŰɞ ˊɧůɘɛɞ ɜŮɟɧ ŰŬ 0,1 mg L
-1 
(ɄɑɜŬəŬɠ 1.12), ɗŮɤɟɩɜŰŬɠ ŬɡŰɧ Űɞ 

ŮˊɑˊŮŭɞ ŬůűŬɚɏɠ ɔɘŬ Űɖɜ ɡɔŮɑŬ Űɞɡ Ŭɜɗɟɩˊɞɡ (Barrera-D²az et al., 2012). ɋůŰɧůɞ, ŭŮɜ 

ɡˊɎɟɢŮɘ ŬɜɩŰŬŰɞ ŮˊɘŰɟŮˊŰɧ ɧɟɘɞ ŮɘŭɘəɎ ɔɘŬ Űɞ ŮɝŬůɗŮɜɏɠ ɢɟɩɛɘɞ. 

Ƀɘ ɞɚɞɏɜŬ ŬɡɝŬɜɧɛŮɜŮɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ŬˊŬɘŰɐůŮɘɠ ˊɞɡ ŮˊɘɓɎɚɚɞɜŰŬɘ ɛŮ ŬɡůŰɖɟɞɨɠ 

ɧɟɞɡɠ Ŭˊɧ Űɖ ɜɞɛɞɗŮůɑŬ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ Űɞɝɘəɞɨ Cr(VI) Ŭˊɧ ŰŬ ɨŭŬŰŬ əŬɘ ŰŬ 

ɡŭŬŰɘəɎ ŬˊɞɓɚɐŰŬ ɞŭɐɔɖůŬɜ ůŰɖɜ ŮűŬɟɛɞɔɐ ɜɏɤɜ, ŮɜŬɚɚŬəŰɘəɩɜ əŬɘ űɘɚɘəɩɜ ˊɟɞɠ Űɞ 

ˊŮɟɘɓɎɚɚɞɜ ŰŮɢɜɞɚɞɔɘɩɜ. ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ, ɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŬɜŬɔɤɔɐ Cr(VI) ˊɟɞɠ Űɞ 

ɚɘɔɧŰŮɟɞ Űɞɝɘəɧ Cr(ȽȽI) ůɡɔəŮɜŰɟɩɜŮɘ ŬɡɝŬɜɧɛŮɜɞ ŮɟŮɡɜɖŰɘəɧ ŮɜŭɘŬűɏɟɞɜ (Wang et al., 
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2009a). ȼ ŬˊɞɛɎəɟɡɜůɖ Űɞɝɘəɩɜ ɛŮŰɎɚɚɤɜ Ŭˊɧ ŰŬ ɡɔɟɎ ŬˊɧɓɚɖŰŬ əŬɘ ŰŬ ɡŭŬŰɘəɎ 

ůɡůŰɐɛŬŰŬ ɛˊɞɟŮɑ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ŬˊɞŰŮɚŮůɛŬŰɘəɎ ɛɏůɤ Űɖɠ űɤŰɞŬɜŬɔɤɔɘəɐɠ 

ŭɘŮɟɔŬůɑŬɠ ˊɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ, ŰŬɡŰɧɢɟɞɜŬ ɛŮ Űɖ 

űɤŰɞɞɝŮɑŭɤůɖ. ȼ ŰŬɡŰɧɢɟɞɜɖ ŭŮ ɨˊŬɟɝɖ ůŰɞ ˊɟɞɠ ŮˊŮɝŮɟɔŬůɑŬ ɜŮɟɧ ɐ ŬˊɧɓɚɖŰɞ,  ŮɜɩůŮɤɜ 

ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ɞɝŮɘŭɤɗɞɨɜ (ˊ.ɢ. ɞɟɔŬɜɘəɎ ɛɧɟɘŬ) ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ůɡɜŮɘůűɏɟŮɘ ůɖɛŬɜŰɘəɎ 

ůŰɖɜ Ŭˊɧŭɞůɖ Űɖɠ űɤŰɞŬɜŬɔɤɔɘəɐɠ ŭɘŮɟɔŬůɑŬɠ. ȼ ůɡɜŮɟɔɘůŰɘəɐ ŬɡŰɐ ŭɟɎůɖ ŭɑɜŮɘ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ŮˊŮɝŮɟɔŬůɑŬɠ ůɨɜɗŮŰɤɜ ŬˊɞɓɚɐŰɤɜ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ɓŬɟɏŬ ɛɏŰŬɚɚŬ əŬɘ 

ɞɟɔŬɜɘəɞɨɠ ɟɨˊɞɡɠ (Wang et al., 2009a). ɆŰŬ ˊɚŬɑůɘŬ ŬɡŰɐɠ Űɖɠ ŭɡɜŬŰɧŰɖŰŬɠ ůŰɖɜ Ůɜ ɚɧɔɤ 

ŭɘŬŰɟɘɓɐ ŮˊɘɚɏɢɗɖəŮ ɜŬ ɛŮɚŮŰɖɗŮɑ Űɞ ůɡɜŮɟɔɘůŰɘəɧ ůɨůŰɖɛŬ ɓŮɜɕɞɥəɞɨ ɞɝɏɞɠ-Cr(VI). 

 

ɄɑɜŬəŬɠ 1.12: ȺˊɘŰɟŮˊŰɎ ɧɟɘŬ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɞɚɘəɞɨ ɢɟɤɛɑɞɡ ůŰɞ ˊɧůɘɛɞ ɜŮɟɧ (Barrera-

D²az  et al., 2012).  

ɉɩɟŬ ɀɏɔɘůŰɞ ŮˊɘŰɟŮˊŰɧ ɧɟɘɞ ůŰɞ ˊɧůɘɛɞ ɜŮɟɧ (mg L
-1

) 

ȼɜɤɛɏɜŮɠ ɄɞɚɘŰŮɑŮɠ 0,1 

ȾŬɜŬŭɎɠ 0,05 

ɀŮɝɘəɧ 0,05 

ȹɘŮɗɜɐɠ 0,05 

 

 

1.8.7. ɄŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ 

 

ȼ ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ (pentachlorophenol, PCP), ɖ 

ˊŮɟɘůůɧŰŮɟo ɡˊɞəŬŰŮůŰɖɛɏɜɖ ɢɚɤɟɞűŬɘɜɧɚɖ, ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ 

ŮəŰŮŰŬɛɏɜŬ ɤɠ ɛɡəɖŰɞəŰɧɜɞ, ɓŬəŰɖɟɘɞəŰɧɜɞ, ɕɘɕŬɜɘɞəŰɧɜɞ, 

ŮɜŰɞɛɞəŰɧɜɞ, ɓɘɞəŰɧɜɞ əŬɘ ůɡɜŰɖɟɖŰɘəɧ ɝɡɚŮɑŬɠ ɔɘŬ ˊɞɚɚɎ 

ɢɟɧɜɘŬ (Ren et al., 2012; Sung et al., 2012). Ⱥˊɑůɖɠ ŬˊɞŰŮɚŮɑ 

ɛŮŰŬɓɞɚɑŰɖ Ŭˊɞɘəɞŭɧɛɖůɖɠ ˊɞɚɚɩɜ ɢɚɤɟɘɤɛɏɜɤɜ 

űɡŰɞűŬɟɛɎəɤɜ əŬɘ ˊɘɗŬɜɧ ˊɟɞɥɧɜ ɢɚɤɟɑɤůɖɠ Űɖɠ űŬɘɜɧɚɖɠ ůŰɖɜ 

ŮˊŮɝŮɟɔŬůɑŬ ɢɚɤɟɑɤůɖɠ Űɞɡ ɜŮɟɞɨ (Carvalho et al., 2011). ȿɧɔɤ Űɤɜ Űɞɝɘəɩɜ ŮˊɘŭɟɎůŮɤɜ 

Űɖɠ ůŰɞ ůɨɜɞɚɞ Űɤɜ ɕɩɜŰɤɜ ɞɟɔŬɜɘůɛɩɜ əŬɘ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ ɖ PCP ɏɢŮɘ ɢŬɟŬəŰɖɟɘůŰŮɑ ɤɠ 

ɟɨˊɞɠ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ Ŭˊɧ Űɖɜ ȺɅȷ əŬɘ Űɖɜ ȺɡɟɤˊŬɥəɐ ɏɜɤůɖ əŬɘ ɡˊɧəŮɘŰŬɘ ůŮ ŬɡůŰɖɟɧ 

ŬɜɩŰŬŰɞ ɧɟɘɞ Űɞɡ 1 ɛg L
-1

 ɔɘŬ Űo ˊɧůɘɛɞ ɜŮɟɧ (Shih et al., 2011). ɇŬ ɄɟɧŰɡˊŬ ɄɞɘɧŰɖŰŬɠ 

ɄŮɟɘɓɎɚɚɞɜŰɞɠ ɔɘŬ Űɖɜ ŮŰɐůɘŬ ɛɏůɖ ůɡɔəɏɜŰɟɤůɖ (ȺɀɆ-ɄɄɄ) əŬɘ Űɖ ɛɏɔɘůŰɖ ŮˊɘŰɟŮˊŰɐ 
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ůɡɔəɏɜŰɟɤůɖ (ɀȺɆ-ɄɄɄ) Űɖɠ ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖɠ ůŰŬ ŮˊɘűŬɜŮɘŬəɎ ɨŭŬŰŬ ˊɞɡ  

ɗŮůˊɑůŰɖəŬɜ ɛŮ Űɖɜ ɃŭɖɔɑŬ 2008/105/ȺȾ ŭɑɜɞɜŰŬɘ ůŰɞ ɄŬɟɎɟŰɖɛŬ Ƚ Űɖɠ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐɠ. 

ɉɟɧɜɘŬ ɏəɗŮůɖ ůŰɖɜ PCP ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůŮɘ ɓɚɎɓŮɠ ůŰɞ ůɡəɩŰɘ, ŰŬ ɜŮűɟɎ, Űɞ ŬɑɛŬ 

əŬɘ ůŰɞ ɜŮɡɟɘəɧ ůɨůŰɖɛŬ (Shih et al., 2011). ȰɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ɖ PCP ˊɟɞəŬɚŮɑ 

ˊŬɟŮɛˊɧŭɘůɖ Űɖɠ ɞɝŮɘŭɤŰɘəɐɠ űɤůűɞɟɡɚɑɤůɖɠ, ɛŮŰŬɓɎɚɚŮɘ Űɖɜ ɖɚŮəŰɟɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ Űɤɜ 

ɛŮɛɓɟŬɜɩɜ əŬɘ ŬɜŬůŰɏɚɚŮɘ ŰŬ əɡŰŰŬɟɘəɎ ɏɜɕɡɛŬ ɧˊɤɠ Űɖɜ ŬŭŮɜɞůɑɜɖ ŰɟɘűɤůűŬŰɎůɖ 

(ATPase) (Zhao et al., 2006). ȰɢŮɘ Ůˊɑůɖɠ ɢŬɟŬəŰɖɟɘůŰŮɑ ɤɠ ɛɑŬ ɏɜɤůɖ ˊɞɡ ˊɟɞəŬɚŮɑ 

Ůɜŭɞəɟɘɜɘəɐ ŭɡůɚŮɘŰɞɡɟɔɑŬ, Ůɜɩ ɡˊɎɟɢɞɡɜ ŮɜŭŮɑɝŮɘɠ ɔɘŬ Űɖɜ əŬɟəɘɜɞɔɧɜɞ, ɛŮŰŬɚɚŬɝɘɔɧɜɞ əŬɘ 

ŰŮɟŬŰɞɔɧɜɞ ŭɟɎůɖ Űɖɠ (Carvalho et al., 2011; Wei et al., 2013). ȷəɧɛɖ əŬɘ ůŮ ˊɞɚɨ ɛɘəɟɏɠ 

ůɡɔəŮɜŰɟɩůŮɘɠ ɛŮŰŬɝɨ Űɞɡ 0,1 əŬɘ 1 ɛg L
-1

 ɛˊɞɟŮɑ ɜŬ ŮˊɖɟŮɎůŮɘ ŮɡŬɑůɗɖŰɞɡɠ ɞɟɔŬɜɘůɛɞɨɠ 

əŬɘ ɜŬ ŮˊɘűɏɟŮɘ ŭɡůɛŮɜŮɑɠ ŮˊɘŭɟɎůŮɘɠ ůŰŬ ɡŭɎŰɘɜŬ ɞɘəɞůɡůŰɐɛŬŰŬ (Zhao et al., 2006). 

ɄŬɟɧɚɞ ˊɞɡ ɖ ˊŬɟŬɔɤɔɐ əŬɘ ɖ ɢɟɐůɖ Űɖɠ ɏɢŮɘ ˊŮɟɘɞɟɘůŰŮɑ ůɖɛŬɜŰɘəɎ ůŮ ˊɞɚɚɏɠ ɢɩɟŮɠ, ɖ 

ɛɖ ɞɟɗɞɚɞɔɘəɐ ŭɘɎɗŮůɖ Űɤɜ ɓɘɞɛɖɢŬɜɘəɩɜ ŬˊɞɓɚɐŰɤɜ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ ŮəŰŮŰŬɛɏɜɖ 

ɢɟɐůɖ Űɞɡ ˊŬɟŮɚɗɧɜŰɞɠ əŬɘ Űɖɜ ŰɎůɖ Űɖɠ ɜŬ ɓɘɞůɡůůɤɟŮɨŮŰŬɘ ɏɢŮɘ ɞŭɖɔɐůŮɘ ůŰɖɜ ˊŬɟɞɡůɑŬ 

ŬɡŰɞɨ Űɞɡ Űɞɝɘəɞɨ ɞɟɔŬɜɘəɞɨ ɛɘəɟɞɟɨˊɞɡ ůŮ ŭɘɎűɞɟɞɡɠ ɡŭɎŰɘɜɞɡɠ ŬˊɞŭɏəŰŮɠ (McLellan et 

al., 2007). H PCP ɏɢŮɘ ŬɜɘɢɜŮɡɗŮɑ ůŰɞɜ ŬɏɟŬ, ůŰɞ ɏŭŬűɞɠ, ůŮ ɡˊɧɔŮɘŬ əŬɘ ŮˊɘűŬɜŮɘŬəɎ ɨŭŬŰŬ 

Ŭəɧɛɖ əŬɘ ůŮ ŭŮɑɔɛŬŰŬ Ŭɜɗɟɩˊɘɜɤɜ ɞɨɟɤɜ, ůŮ ɛɖŰɟɘəɧ ɔɎɚŬ əŬɘ ůŮ ˊɞɘəɑɚɞɡɠ Ŭɜɗɟɩˊɘɜɞɡɠ 

ɚɘ́ɩŭɖɠ ɘůŰɞɨɠ (Sung et al., 2012).  

ɆŰŬ ŮˊɘűŬɜŮɘŬəɎ ɨŭŬŰŬ ɖ PCP ˊŬɟɞɡůɘɎɕŮɘ ŮɝŬɘɟŮŰɘəɐ ůŰŬɗŮɟɧŰɖŰŬ (ŬɜɗŮəŰɘəɧŰɖŰŬ) 

ůŰɖɜ ɡŭɟɧɚɡůɖ əŬɘ ůŮ ɞɝŮɘŭɤŰɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ. ɆŮ ŬŮɟɧɓɘŮɠ ůɡɜɗɐəŮɠ, ɞ ɢɟɧɜɞɠ ɖɛɘˊŮɟɘɧŭɞɡ 

ɕɤɐɠ Űɖɠ ɛˊɞɟŮɑ ɜŬ űɗɎůŮɘ Űɞɡɠ ŰɟŮɑɠ ɛɐɜŮɠ. ȷɜŰɑɗŮŰŬ, ɞ ɢɟɧɜɞɠ ˊŬɟŬɛɞɜɐɠ Űɖɠ ůŰɞ ɏŭŬűɞɠ 

əŬɘ ŰŬ ɘɕɐɛŬŰŬ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ əŬɘ ɛŮɟɘəɎ ɢɟɧɜɘŬ (Pera-Titus et al., 2004). ȼ ˊɟɞůɟɧűɖůɖ 

Űɖɠ ůŰɞ ɏŭŬűɞɠ əŬɘ ůŰŬ ɘɕɐɛŬŰŬ ŮɝŬɟŰɎŰŬɘ ɘůɢɡɟɎ Ŭˊɧ Űɞ pH, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɢŬɛɖɚɐ 

ˊɟɞůɟɞűɖŰɘəɐ ɘəŬɜɧŰɖŰŬ ůŮ ɞɡŭɏŰŮɟŬ əŬɘ ɓŬůɘəɎ ŮŭɎűɖ əŬɘ ɡɣɖɚɐ ůŮ ɧɝɘɜŬ. ȼ űɤŰɞɚɡŰɘəɐ 

ŭɘɎůˊŬůɖ Űɖɠ əɟɑɜŮŰŬɘ ůɖɛŬɜŰɘəɐ əŬɗɩɠ ɗŮɤɟŮɑŰŬɘ ɧŰɘ ŬˊɞŰŮɚŮɑ ɛɘŬ Ŭˊɧ Űɘɠ əɨɟɘŮɠ ɞŭɞɨɠ 

Ŭˊɞŭɧɛɖůɖɠ Űɖɠ ɏɜɤůɖɠ ůŰɞ ɡŭŬŰɘəɧ ˊŮɟɘɓɎɚɚɞɜ, ɞŭɖɔɩɜŰŬɠ ůŮ ŮɜŭɘɎɛŮůŬ ɢɚɤɟɘɤɛɏɜŬ 

ˊɟɞɥɧɜŰŬ, ɧˊɤɠ ŰŮŰɟŬɢɚɤɟɞűŬɘɜɧɚŮɠ, ŰŮŰɟŬɢɚɤɟɞŭɘɧɚŮɠ, əɘɜɧɜŮɠ, ɢɚɤɟɞŬɜɘɚɘɜɘəɧ ɞɝɨ əŬɘ 

ŭɘɢɚɤɟɞɛŬɚŮɘəɧ ɞɝɨ ɛŮŰŬɝɨ Ɏɚɚɤɜ (Zhao et al., 2006). ȷɜ əŬɘ ɖ ɓɘɞŬˊɞɘəɞŭɧɛɖůɖ Űɖɠ PCP 

ŮɑɜŬɘ ŭɡɜŬŰɐ ŬˊɞŰŮɚŮɑ ɛɑŬ ɘŭɘŬɘŰɏɟɤɠ Ŭɟɔɐ ŭɘŬŭɘəŬůɑŬ (Subramanian et al., 2010). ɋɠ 

Ŭ́ɟŬˊɟɞɥɧɜŰŬ əŬɨůɖɠ əŬɘ ŭɘɎűɞɟɤɜ űɤŰɞɢɖɛɘəɩɜ ŭɘŮɟɔŬůɘɩɜ Űɖɠ ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖɠ 

ŬɜŬűɏɟɞɜŰŬɘ ɞɘ ˊɞɚɡɢɚɤɟɘɤɛɏɜŮɠ ŭɘɓɏɜɕɞ-p-ŭɘɞɝɑɜŮɠ əŬɘ ŰŬ ˊɞɚɡɢɚɤɟɘɤɛɏɜŬ 

ŭɘɓŮɜɕɞűɞɡɟɎɜɘŬ (ɆɢɐɛŬ 1.18), ŮɜɩůŮɘɠ  əŬŰɎ ˊɞɚɨ ˊɘɞ Űɞɝɘəɏɠ Ŭˊɧ Űɖ ɛɖŰɟɘəɐ ɏɜɤůɖ  (Shih 

et al., 2011; Sung et al., 2012).  
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ȺɝŬɘŰɑŬɠ Űɖɠ Űɞɝɘəɐɠ əŬɘ ŬɜɗŮəŰɘəɐɠ űɨůɖɠ Űɖɠ PCP, ɞɘ ůɡɛɓŬŰɘəɏɠ ɛɏɗɞŭɞɘ 

ŮˊŮɝŮɟɔŬůɑŬɠ ŬŭɡɜŬŰɞɨɜ ɜŬ ŬɜŰɘɛŮŰɤˊɑůɞɡɜ ŬˊɞŰŮɚŮůɛŬŰɘəɎ Űɞ ɕɐŰɖɛŬ Űɖɠ ŬˊɞɛɎəɟɡɜůɖɠ 

Űɖɠ (Ren et al., 2012). ȺɛűŬɜɑɕŮŰŬɘ, ɚɞɘˊɧɜ ŮˊɘŰŬəŰɘəɐ ɖ ŬɜɎɔəɖ ɜŬ ɓɟŮɗɞɨɜ ɜɏɞɘ ɛɏɗɞŭɞɘ 

ɘəŬɜɏɠ ɜŬ Ůˊɘɚɨůɞɡɜ ɞɟɘůŰɘəɎ Űɞ ˊɟɧɓɚɖɛŬ ɟɨˊŬɜůɖɠ Űɞɡ ɜŮɟɞɨ Ŭˊɧ Űɞɜ Űɞɝɘəɧ ŬɡŰɧ ɟɨˊɞ  

ɞŭɖɔɩɜŰŬɠ ŮɑŰŮ ůŰɖɜ ˊɚɐɟɖ Ŭˊɞŭɧɛɖůɖ ŮɑŰŮ ůŰɖ ŭɘɎůˊŬůɖ Űɞɡ ˊɟɞɠ ɚɘɔɧŰŮɟɞ ɏɤɠ əŬɗɧɚɞɡ 

Űɞɝɘəɏɠ ŮɜɩůŮɘɠ (Wei et al., 2013). 

 

 

ɆɢɐɛŬ 1.18: ɄɘɗŬɜɎ ˊɟɞɥɧɜŰŬ əŬɨůɖɠ əŬɘ űɤŰɞɢɖɛɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ Űɖɠ PCP, (i) 

ɄɞɚɡɢɚɤɟɘɤɛɏɜŮɠ ŭɘɓŮɜɕɞ-p-ŭɘɞɝɑɜŮɠ, (ii ) ɄɞɚɡɢɚɤɟɘɤɛɏɜŬ ŭɘɓŮɜɕɞűɞɡɟɎɜɘŬ (Shih et al., 

2011; Sung et al., 2012).  
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1.9. Ɇəɞˊɧɠ əŬɘ ŬɜŰɘəŮɑɛŮɜɞ ŭɘŬŰɟɘɓɐɠ 

 

ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ, ɖ ɗɏůˊɘůɖ ŬɡůŰɖɟɧŰŮɟɤɜ ůŮ ůɢɏůɖ ɛŮ Űɞ ˊŬɟŮɚɗɧɜ ɜɞɛɞɗŮŰɘəɩɜ 

ŭɘŬŰɎɝŮɤɜ əŬɘ ɞɟɑɤɜ ˊɞɘɧŰɖŰŬɠ ˊɞɡ ɗɏŰɞɡɜ ɤɠ ůŰɧɢɞ Űɖɜ ˊɟɞůŰŬůɑŬ Űɤɜ ɡŭŬŰɘəɩɜ ˊɧɟɤɜ əŬɘ 

Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ Űɤɜ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ˊɟɞɓɚɖɛɎŰɤɜ, ɞŭɐɔɖůŮ ůŰɖɜ ŬɜɎˊŰɡɝɖ ɛɘŬɠ ŮɡɟŮɑŬɠ 

əŬŰɖɔɞɟɑŬɠ ɜɏɤɜ, ŮɜŬɚɚŬəŰɘəɩɜ əŬɘ ŬˊɞŭɞŰɘəɩɜ ŰŮɢɜɞɚɞɔɘɩɜ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Ůɜɧɠ 

ɛŮɔɎɚɞɡ Ŭɟɘɗɛɞɨ ɞɟɔŬɜɘəɩɜ əŬɘ ŬɜɧɟɔŬɜɤɜ ŮɜɩůŮɤɜ Ŭˊɧ Űɞ ɜŮɟɧ, Űɤɜ ŬˊɞəŬɚɞɨɛŮɜɤɜ 

Ʉɟɞɢɤɟɖɛɏɜɤɜ ɃɝŮɘŭɤŰɘəɩɜ ɀŮɗɧŭɤɜ ȷɜŰɘɟɟɨˊŬɜůɖɠ. ɆŰɖɜ ŮɡɟɨŰŮɟɖ əŬŰɖɔɞɟɑŬ Űɤɜ 

Ʉ.Ƀ.ɀ.ȷ., ɘŭɘŬɑŰŮɟɞ ŮɜŭɘŬűɏɟɞɜ ˊŬɟɞɡůɘɎɕŮɘ ɖ ɛŮɚɏŰɖ əŬɘ ŮűŬɟɛɞɔɐ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ 

űɤŰɞəŬŰɎɚɡůɖɠ ˊɞɡ ůɡɜŭɡɎɕŮɘ Űɖ ɢɟɐůɖ ɖɛɘŬɔɩɔɘɛɤɜ ɡɚɘəɩɜ əŬɘ ŬəŰɘɜɞɓɞɚɘɩɜ ɡɣɖɚɐɠ 

ŮɜɏɟɔŮɘŬɠ ɐ Ŭəɧɛɖ əŬɘ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ. 

ɀŮɚɏŰŮɠ Űɤɜ ŰŮɚŮɡŰŬɑɤɜ ŭŮəŬŮŰɘɩɜ ɏɢɞɡɜ ŰŮəɛɖɟɘɩůŮɘ ŮˊɘůŰɖɛɞɜɘəɎ Űɖɜ 

ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ ŬɚɚɎ əŬɘ Űɘɠ ŬɝɘɧɚɞɔŮɠ ˊɟɞɞˊŰɘəɏɠ ˊɞɡ 

ˊŬɟɞɡůɘɎɕŮɘ ɔɘŬ Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ˊɟɞɓɚɖɛɎŰɤɜ ɟɨˊŬɜůɖɠ Űɧůɞ ůŰɖɜ ɡɔɟɐ 

ɧůɞ əŬɘ ůŰɖɜ ŬɏɟɘŬ űɎůɖ. ɄɏɟŬɜ ɧɛɤɠ Ŭˊɧ Űɖ ɢɟɐůɖ Űɖɠ ɤɠ ŰŮɢɜɞɚɞɔɑŬ ŬˊɞɛɎəɟɡɜůɖɠ Űɤɜ 

ŮˊɘɚŮɔɛɏɜɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ, ɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɘŮɟɔŬůɑŬ ˊɟɞůŮɔɔɑɕŮŰŬɘ ɤɠ ɛɘŬ ɛɏɗɞŭɞɠ 

ɛŮɚɏŰɖɠ Űɖɠ Űɨɢɖɠ Űɤɜ ɟɨˊɤɜ-ɛɞɜŰɏɚɤɜ ůŰɞ ɡŭɎŰɘɜɞ ˊŮɟɘɓɎɚɚɞɜ. ɇŬ ɞɝŮɑŭɘŬ ˊɞɡ ˊŮɟɘɏɢɞɜŰŬɘ 

ůŰŬ ɡŭŬŰɘəɎ ůɡůŰɐɛŬŰŬ ɛˊɞɟɞɨɜ ɜŬ ŭɟɎůɞɡɜ ɤɠ űɤŰɞŮɡŬɘůɗɖŰɞˊɞɘɖŰɏɠ ˊŬɟɎɔɞɜŰŬɠ 

ŭɟŬůŰɘəɎ ŮɜŭɘɎɛŮůŬ Ůɑŭɖ ɧˊɤɠ HO
Å
 əŬɘ Ƀ2

Å-
 ɛŮŰɏɢɞɜŰŬɠ ůŮ ŬɜŰɘŭɟɎůŮɘɠ ˊɞɡ ˊŮɟɘɔɟɎűɞɜŰŬɘ 

Ŭˊɧ Űɖ űɤŰɞɢɖɛŮɑŬ Űɤɜ ɖɛɘŬɔɩɔɘɛɤɜ ɡɚɘəɩɜ. ɄŬɟɧɚɞ ˊɞɡ ɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŰŮɢɜɞɚɞɔɑŬ 

ɏɢŮɘ əŬŰŬůŰŮɑ ŬɜŰɘəŮɑɛŮɜɞ ŮəŰŮɜɞɨɠ ŮɟŮɡɜɖŰɘəɐɠ ɛŮɚɏŰɖɠ, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ůɖɛŬɜŰɘəɎ 

ůŰɞɘɢŮɑŬ çˊɟɎůɘɜɖɠ ŰŮɢɜɞɚɞɔɑŬɠè, ɞɘ ˊŮɟɘůůɧŰŮɟŮɠ ɛŮɚɏŰŮɠ ŮˊɘəŮɜŰɟɩɜɞɜŰŬɘ ɛŮɛɞɜɤɛɏɜŬ 

ůŰɖɜ əɘɜɖŰɘəɐ ɛŮɚɏŰɖ Űɖɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ ůɡɔəŮəɟɘɛɏɜɤɜ ɟɨˊɤɜ, ůŰɖ ůɨɔəɟɘůɖ ŮɛˊɞɟɘəɎ 

ŭɘŬɗɏůɘɛɤɜ, Űɟɞˊɞˊɞɘɖɛɏɜɤɜ əŬɘ ŬəɘɜɖŰɞˊɞɘɖɛɏɜɤɜ əŬŰŬɚɡŰɘəɩɜ ɡɚɘəɩɜ, ůŰɖ ɛŮɚɏŰɖ 

ŮˊɑŭɟŬůɖɠ ŭɘɎűɞɟɤɜ ɚŮɘŰɞɡɟɔɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ɢɤɟɑɠ ɜŬ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ɞɘ 

ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɞɡɠ əŬɘ ůŰɖɜ ŰŬɡŰɞˊɞɑɖůɖ Űɤɜ ˊɟɞɥɧɜŰɤɜ ŭɘɎůˊŬůɖɠ. 

Ɇəɞˊɧɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ŮɑɜŬɘ ɖ ůɡůŰɖɛŬŰɘəɐ ɛŮɚɏŰɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ 

Ŭˊɞɘəɞŭɧɛɖůɖɠ ŮˊɘɚŮɔɛɏɜɤɜ ɟɨˊɤɜ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ əŬɘ ŬɜŬŭɡɧɛŮɜɤɜ ɟɨˊɤɜ. ȼ Ůˊɘɚɞɔɐ Űɤɜ 

ŮɜɩůŮɤɜ ɓŬůɑůŰɖəŮ ůŰɖɜ ŮəŰŮŰŬɛɏɜɖ ŬɜɑɢɜŮɡůɖ Űɞɡɠ ůŰŬ ɡŭŬŰɘəɎ ůɡůŰɐɛŬŰŬ ůŮ ˊŬɔəɧůɛɘɞ 

ŮˊɑˊŮŭɞ ɐ/əŬɘ ůŰɖɜ ŮɡɟŮɑŬ ɢɟɐůɖ Űɞɡɠ ŬɚɚɎ əŬɘ ůŰɘɠ ˊŮɟɘɞɟɘůɛɏɜŮɠ ɔɜɩůŮɘɠ ˊɞɡ Ŭűɞɟɞɨɜ 

ůŰɖɜ Űɨɢɖ Űɞɡɠ ůŰɞɜ ˊŮɟɘɓɎɚɚɞɜ əŬɘ ůŮ ɞɝŮɘŭɤŰɘəɏɠ ŰŮɢɜɞɚɞɔɑŮɠ ŬˊɞɛɎəɟɡɜůɖɠ. Ƀɘ ŮɜɩůŮɘɠ 

ˊɞɡ ŮˊɘɚɏɢɗɖəŬɜ ɜŬ ɛŮɚŮŰɖɗɞɨɜ Ŭɜɐəɞɡɜ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ɢɖɛɘəɏɠ əŬŰɖɔɞɟɑŮɠ əŬɘ ŮɑɜŬɘ ɞɘ 

Ůɝɐɠ: DEET (ŬɟɤɛŬŰɘəɧ Ŭɛɑŭɘɞ), metribuzin (ŰɟɘŬɕɘɜɧɜɖ), 2-ɘůɞˊɟɧˊɡɚo-3-ɛŮɗɧɝɡ ˊɡɟŬɕɑɜɖ 

(ˊɡɟŬɕɑɜɖ), ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ (ɢɚɤɟɞűŬɘɜɧɚɖ), ɓŮɜɕɞɥəɧ ɞɝɨ (ŬɟɤɛŬŰɘəɧ ɞɝɨ), Cr(VI) 

(ɓŬɟɏɞ ɛɏŰŬɚɚɞ) əŬɘ űŬɘɜɞɚɘəɏɠ ŮɜɩůŮɘɠ. ɋɠ űɤŰɞəŬŰŬɚɨŰŮɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɖ ˊɘɞ 
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ŭɟŬůŰɘəɐ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛɖ ɛɞɟűɐ ɇiO2, Űɞ ɇiO2 Degussa P-25, əŬɘ ŰɟɞˊɞˊɞɘɖɛɏɜŬ 

ůɤɛŬŰɑŭɘŬ ɇiO2 ɛŮ ɎɕɤŰɞ əŬɘ űɗɧɟɘɞ ˊŬɟŬůəŮɡŬůɛɏɜŬ ɛŮ Űɖ ɛɏɗɞŭɞ ˊɖəŰɐɠ-ɔŬɚŬəŰɩɛŬŰɞɠ 

(sol-gel). ɇŬ ŰɟɞˊɞˊɞɘɖɛɏɜŬ ůɤɛŬŰɑŭɘŬ ɇiO2 ɛŮ ɎɕɤŰɞ əŬɘ űɗɧɟɘɞ ŮˊɘɚɏɢɗɖəŬɜ ɜŬ 

ɛŮɚŮŰɖɗɞɨɜ ɛŮ ɔɜɩɛɞɜŬ Űɖɜ Ŭˊɧəɟɘůɖ Űɞɡɠ ůŰɞ ɖɚɘŬəɧ űɤɠ əŬɘ əŬŰôŮˊɏəŰŬůɖ Űɖɜ ŬɜɎˊŰɡɝɖ 

űɤŰɞəŬŰŬɚɡŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ űɘɚɘəɩɜ ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ ɔɘŬ Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ 

ˊɟɞɓɚɖɛɎŰɤɜ ɟɨˊŬɜůɖɠ. ɇɞ ɢŬɛɖɚɧ ůɢŮŰɘəɎ Ůɨɟɞɠ ůɡɔəŮɜŰɟɩůŮɤɜ Űɞɡ əŬŰŬɚɨŰɖ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ŮˊɘɚɏɢɗɖəŮ ɛŮ əɟɘŰɐɟɘɞ Űɖ ɛŮɚɏŰɖ Űɖɠ 

ůɡɛˊŮɟɘűɞɟɎɠ Űɤɜ ɟɨˊɤɜ-ɛɞɜŰɏɚɤɜ ůŮ ɢŬɛɖɚɎ ŮˊɑˊŮŭŬ ůɡɔəŮɜŰɟɩůŮɤɜ Űɖɠ ŰɎɝɖɠ Űɤɜ ɛg-

mg L
-1

 ŬɚɚɎ əŬɘ Űɖɜ ŰŬɡŰɞˊɞɑɖůɖ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ˊɟɞɥɧɜŰɤɜ ŭɘɎůˊŬůɖɠ. Ⱥˊɘˊɚɏɞɜ əɟɘŰɐɟɘɞ 

ŬˊɞŰɏɚŮůŮ ɖ ŮɝŬɔɤɔɐ ůɡɛˊŮɟŬůɛɎŰɤɜ ŮűŬɟɛɧůɘɛɤɜ ůŮ ˊɘɚɞŰɘəɏɠ ɛɞɜɎŭŮɠ ŮˊŮɝŮɟɔŬůɑŬɠ 

ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ, ɧˊɞɡ ɖ ŭɘŮɟɔŬůɑŬ ŭɘŬɢɤɟɘůɛɞɨ Űɞɡ əŬŰŬɚɨŰɖ ŮɑɜŬɘ ŮˊɘɓŮɓɚɖɛɏɜɖ əŬɘ 

ŭɘŮɡəɞɚɨɜŮŰŬɘ ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɖ ɢɟɐůɖ ɢŬɛɖɚɩɜ ůɡɔəŮɜŰɟɩůŮɤɜ. ũɘŬ Űɞ ůɨɜɞɚɞ Űɤɜ 

ŮɜɩůŮɤɜ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ, ɖ ɏɟŮɡɜŬ ŮˊɘəŮɜŰɟɩɗɖəŮ: 

Ĕ ɆŰɖ ɛŮɚɏŰɖ Űɖɠ əɘɜɖŰɘəɐɠ Űɖɠ Ŭˊɞŭɧɛɖůɖɠ Űɤɜ ŮˊɘɚŮɔɛɏɜɤɜ ɟɨˊɤɜ əŬɘ Űɖɠ ɞɚɘəɐɠ 

ŬɜɞɟɔŬɜɞˊɞɑɖůɖɠ Űɞɡɠ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ.  

Ĕ ɆŰɖ ɛŮɚɏŰɖ əŬɘ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ Űɤɜ 

ŮˊɘɚŮɔɛɏɜɤɜ ŮɜɩůŮɤɜ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ˊŮɘɟŬɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ (ˊ.ɢ. Ŭɟɢɘəɐ ůɡɔəɏɜŰɟɤůɖ 

ɟɨˊɞɡ, ůɡɔəɏɜŰɟɤůɖ əŬŰŬɚɨŰɖ,  ɏɜŰŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ pH ) əŬɘ Űɖɠ ŬˊɞɛɎəɟɡɜůɖɠ 

Űɞɡ ɟɡˊŬɜŰɘəɞɨ űɞɟŰɑɞɡ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ ŭɨɞ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɤɜ 

ɢɖɛŮɘɞɛŮŰɟɘəɩɜ ɛŮɗɧŭɤɜ, Űɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ (RSM) əŬɘ Űɤɜ 

ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ (ANNs). ȰŰůɘ ŮˊɘɚɏɢɗɖəŮ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ ŭɘɎůˊŬůɖ Űɖɠ ˊŮɜŰŬɢɚɤɟɞ-

űŬɘɜɧɚɖɠ əŬɘ Űɞɡ ɓŮɜɕɞɥəɞɨ ɞɝɏɞɠ-Cr (VI) ɛŮ Űɖ ɛŮɗɞŭɞɚɞɔɑŬ ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ, Űɤɜ 

ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ɛŮ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ Ůɜɩ ůŰɞ DEET ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ 

ůɨɔəɟɘůɖ Űɤɜ ŭɨɞ ɛŮɗɞŭɞɚɞɔɘɩɜ. 

Ĕ ɆŰɖɜ ŬɜɑɢɜŮɡůɖ əŬɘ ŰŬɡŰɞˊɞɑɖůɖ ŮɜŭɘɎɛŮůɤɜ ˊɟɞɥɧɜŰɤɜ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɟɔŬɜɘəɩɜ 

ɟɨˊɤɜ DEET, metribuzin, 2-ɘůɞˊɟɧˊɡɚo-3-ɛŮɗɧɝɡ-ˊɡɟŬɕɑɜɖ əŬɘ ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ, ɛŮ  

ŬɜŬɚɡŰɘəɏɠ ŰŮɢɜɘəɏɠ ɧˊɤɠ ɡɔɟɐ ɢɟɤɛŬŰɞɔɟŬűɑŬ-űŬůɛŬŰɞɛŮŰɟɑŬ ɛŬɕɩɜ ɡɣɖɚɐɠ ŭɘŬəɟɘŰɘəɐɠ 

ɘəŬɜɧŰɖŰŬɠ əŬɘ ŬəɟɑɓŮɘŬ ɛɎɕŬɠ ɛŮ ŬɜŬɚɡŰɐ ŰɟɞɢɘŬəɐɠ ˊŬɔɑŭŬɠ (Orbitrap) əŬɘ ŬɏɟɘŬ 

ɢɟɤɛŬŰɞɔɟŬűɑŬïűŬůɛŬŰɞɛŮŰɟɑŬ ɛɎɕŬɠ ɛŮ Űɖɜ ŰŮɢɜɘəɐ ɘɞɜŰɘůɛɞɨ ɛŮ ˊɟɧůəɟɞɡůɖ 

ɖɚŮəŰɟɞɜɑɤɜ (Ⱥlectron Impact, EI). ũɘŬ Űɞ DEET ɞɘ ˊŬɟŬˊɎɜɤ ŬɜŬɚɡŰɘəɏɠ ŰŮɢɜɘəɏɠ 

ůɡɜŭɡɎůŰɖəŬɜ ɛŮ űŬůɛŬŰɞůəɞˊɑŬ ɖɚŮəŰɟɞɜɘəɞɨ ˊŬɟŬɛŬɔɜɖŰɘəɞɨ ůɡɜŰɞɜɘůɛɞɨ (EPR) ɔɘŬ 

Űɖɜ ŬɜɑɢɜŮɡůɖ ŮɜŭɘɎɛŮůɤɜ ɞɟɔŬɜɘəɩɜ ɟɘɕɩɜ əŬŰɎ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ Űɞɡ. 

Ĕ ɆŰɖɜ əɘɜɖŰɘəɐ  ɛŮɚɏŰɖ  ůɢɖɛŬŰɘůɛɞɨ əŬɘ Ŭˊɞŭɧɛɖůɖɠ Űɤɜ ˊɟɞɥɧɜŰɤɜ 

ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ ˊɞɡ ŰŬɡŰɞˊɞɘɐɗɖəŬɜ. 
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Ĕ ɆŰɖ ůɡɜŮɘůűɞɟɎ Űɤɜ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ ɞɝɡɔɧɜɞɡ, ɞˊɩɜ əŬɘ ɖɚŮəŰɟɞɜɑɤɜ, ůŰɖ 

űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ Űɤɜ ɟɨˊɤɜ (DEET, metribuzin, 2-ɘůɞˊɟɧˊɡɚɞ-3-ɛŮɗɧɝɡ 

ˊɡɟŬɕɑɜɖ, ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ) ɛŮ Űɖ ɢɟɐůɖ ɢɖɛɘəɩɜ ŬɜŰɘŭɟŬůŰɖɟɑɤɜ-ˊŬɔɑŭɤɜ. 

Ĕ ɆŰɖɜ ŮəŰɑɛɖůɖ Űɖɠ ŰɞɝɘəɧŰɖŰŬɠ ˊɟɘɜ əŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ 

ŮˊŮɝŮɟɔŬůɑŬɠ Űɤɜ DEET, metribuzin, 2-ɘůɞˊɟɧˊɡɚo-3-ɛŮɗɧɝɡ-ˊɡɟŬɕɑɜɖ ɛŮ Űɞ ɓŬəŰɐɟɘɞ 

ɓɘɞűɤŰŬɨɔŮɘŬɠ Vibrio Fischeri, ŮəűɟŬůɛɏɜɖ ɤɠ Ůˊɑ Űɞɘɠ % ŬɜŬůŰɞɚɐ Űɖɠ ɓɘɞűɤŰŬɨɔŮɘŬɠ Űɞɡ 

ɓŬəŰɖɟɑɞɡ. 

Ĕ ɆŰɖ ɛŮɚɏŰɖ Űɞɡ ɟɧɚɞɡ Űɤɜ űɡůɘəɩɜ ůɡůŰŬŰɘəɩɜ (ɢɞɡɛɘəɎ əŬɘ űɞɡɚɓɘəɎ ɞɝɏŬ) Űɤɜ 

ɡŭŬŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ əŬɗɩɠ əŬɘ ůŰɖɜ ŮəŰɑɛɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɞɡ ɡŭŬŰɘəɞɨ ɛɏůɞɡ ůŰɖɜ 

əɘɜɖŰɘəɐ Űɖɠ ŭɘŮɟɔŬůɑŬɠ. ɋɠ Ůə ŰɞɨŰɞɡ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ ŮəŰɘɛɐɗɖəŮ ɖ ŮˊɑŭɟŬůɖ ŭɨɞ 

Űɨˊɤɜ ɢɞɡɛɘəɩɜ ɞɝɏɤɜ, ɢɞɡɛɘəɧ ɞɝɨ Ŭˊɧ ɚɘɔɜɑŰɖ (Lignite Humic acid, LHA) ɛŮ əɡɟɑɤɠ 

ŬɚŮɘűŬŰɘəɧ ɢŬɟŬəŰɐɟŬ əŬɘ ůɡɜɗŮŰɘəɧ ɢɞɡɛɘəɧ ɞɝɨ (humic acid like polycondensate, HALP) 

ˊɚɞɨůɘɞ ůŮ ŬɟɤɛŬŰɘəɞɨɠ ŭŬəŰɡɚɑɞɡɠ əŬɘ űɞɡɚɓɘəɞɨ ɞɝɏɞɠ ŮŭɎűɞɡɠ ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ əŬɘ 

űɤŰɞɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ Űɞɡ DEET Ůɜɩ ɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ Űɤɜ  

űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ɛŮɚŮŰɐɗɖəŮ ůŮ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬůŰɘəɎ ŬˊɧɓɚɖŰŬ. 

ɆŰɞɘɢŮɑŬ ˊɟɤŰɞŰɡˊɑŬɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ ŬˊɞŰŮɚɞɨɜ əɡɟɑɤɠ ŰŬ ŬəɧɚɞɡɗŬ: i) ɖ 

ˊɚɐɟɖɠ əɘɜɖŰɘəɐ əŬɘ ɛɖɢŬɜɘůŰɘəɐ ɛŮɚɏŰɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ Űɤɜ DEET, 

metribuzin, 2-ɘůɞˊɟɧˊɡɚɞ-3-ɛŮɗɧɝɡ ˊɡɟŬɕɑɜɖ əŬɘ Űɖɠ ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖɠ ˊŬɟɞɡůɑŬ 

Űɟɞˊɞˊɞɘɖɛɏɜɞɡ əŬŰŬɚɨŰɖ ɛŮ ɎɕɤŰɞ əŬɘ űɗɧɟɘɞ ˊɞɡ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɔɘŬ ˊɟɩŰɖ űɞɟɎ ůŰɖɜ 

ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ii ) ɖ ŮűŬɟɛɞɔɐ ˊɟɞɖɔɛɏɜɤɜ ŰŮɢɜɞɚɞɔɘɩɜ űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛɎɕŬɠ ɡɣɖɚɐɠ 

ŭɘŬəɟɘŰɘəɐɠ ɘəŬɜɧŰɖŰŬɠ əŬɘ ŬəɟɑɓŮɘŬɠ ɛɎɕŬɠ, ɞ ůɡɜŭɡŬůɛɧɠ Űɞɡɠ ɛŮ űŬůɛŬŰɞůəɞˊɘəɏɠ 

ŰŮɢɜɘəɏɠ ɔɘŬ Űɖɜ ŬɜɑɢɜŮɡůɖ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ˊɟɞɥɧɜŰɤɜ ŭɘɎůˊŬůɖɠ əŬɘ ɖ ůɡɜŮɘůűɞɟɎ Űɤɜ 

ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ ɛŮ Űɖ ɢɟɐůɖ əŬŰɎɚɚɖɚɤɜ ˊŬɔɑŭɤɜ iii ) ɖ ŰŬɡŰɧɢɟɞɜɖ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ 

ɓŮɜɕɞɥəɞɨ ɞɝɏɞɠ əŬɘ Űɞɡ Cr(VI) ɛɏůɤ űɤŰɞəŬŰŬɚɡŰɘəɩɜ ŭɘŮɟɔŬůɘɩɜ, ŭɨɞ ɟɨˊɤɜ ůɡɢɜɎ 

ŬˊŬɜŰɩɛŮɜɤɜ ůŮ ɓɘɞɛɖɢŬɜɘəɎ ŬˊɧɓɚɖŰŬ əŬɘ Űɞɡ ůɡɜɧɚɞɡ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ 

Ŭˊɧ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬůŰɘəɎ ŬˊɧɓɚɖŰŬ, iv) ɖ ɢɟɐůɖ ɇŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ (ɇɁȹ) ůŰɖ 

ɓŮɚŰɘůŰɞˊɞɑɖůɖ əŬɘ ůŰɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɤɜ űɤŰɞəŬŰŬɚɡŰɘəɩɜ ŭɘŮɟɔŬůɘɩɜ ́ɞɡ ŬˊɞŰŮɚŮɑ ɛɘŬ 

Ŭˊɧ Űɘɠ ɚɘɔɞůŰɏɠ ɛŮɚɏŰŮɠ ˊɞɡ ɡˊɎɟɢɞɡɜ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ ɇɁȹ ůŰɖ űɤŰɞəŬŰɎɚɡůɖ ɧˊɤɠ 

Ůˊɑůɖɠ əŬɘ ɖ ůɨɔəɟɘůɖ Űɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ ɇɁȹ ɛŮ ŬɡŰɐ Űɤɜ ŮˊɘűŬɜŮɘɩɜ Ŭˊɧəɟɘůɖɠ. 
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2. ɄɅɃɉɋɅȼɀȺɁȺɆ ɃɂȺȽȹɋɇȽȾȺɆ ɀȺŪɃȹɃȽ ȷɁɇȽɅɅɈɄȷɁɆȼɆ 

(Ʉ.Ƀ.ɀ.ȷ) 

 

2.1. ũŮɜɘəɎ ɔɘŬ Űɘɠ Ʉ.Ƀ.ɀ.ȷ 

 

ȼ ůɡɜŮɢɐɠ Ŭɨɝɖůɖ Űɤɜ ˊɖɔɩɜ ɟɨˊŬɜůɖɠ əŬɘ ɖ ˊɟɞɞŭŮɡŰɘəɐ ŮɝɎɜŰɚɖůɖ Űɖɠ ŬűɞɛɞɘɤŰɘəɐɠ 

ɘəŬɜɧŰɖŰŬɠ Űɞɡ ɡŭɎŰɘɜɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ, ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ ŮɡŬɘůɗɖŰɞˊɞɑɖůɖ Űɖɠ 

əɞɘɜɤɜɑŬɠ ɔɘŬ Űɖɜ ˊŮɟɘɓŬɚɚɞɜŰɘəɐ ɡˊɞɓɎɗɛɘůɖ, ɞŭɐɔɖůŮ ůŰɖɜ ŬɜɎɔəɖ ɏɟŮɡɜŬɠ, ŮűŬɟɛɞɔɐɠ 

əŬɘ ŬɜɎˊŰɡɝɖɠ əŬɘɜɞŰɧɛɤɜ ɛŮɗɧŭɤɜ ɔɘŬ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ŬˊɞɓɚɐŰɤɜ əŬɘ Űɖɜ Ŭˊɞŭɧɛɖůɖ 

ɜɏɤɜ əŬɘ ŬɜŬŭɡɧɛŮɜɤɜ ɟɨˊɤɜ (Konstantinou and Albanis, 2003; Abdel daiem et al., 2012). 

ɆŰɖɜ ˊɟɞůˊɎɗŮɘŬ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ əŬɚɨŰŮɟɖ ŭɡɜŬŰɐ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ŬˊɞɓɚɐŰɤɜ əŬɘ Űɤɜ 

ɡŭŬŰɘəɩɜ ˊɧɟɤɜ ɛŮ Űɞ ɛɘəɟɧŰŮɟɞ ŭɡɜŬŰɧ əɧůŰɞɠ ɛɘŬ ůŮɘɟɎ Ŭˊɧ ɜɏŮɠ, ŮɜŬɚɚŬəŰɘəɏɠ əŬɘ 

űɘɚɘəɏɠ ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ ŰŮɢɜɞɚɞɔɑŮɠ ŬˊɞɟɟɨˊŬɜůɖɠ ɛŮɚŮŰɞɨɜŰŬɘ əŬɘ ŮűŬɟɛɧɕɞɜŰŬɘ 

əŬɗɖɛŮɟɘɜɎ. ɇŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ, ɞɘ ɄɟɞɢɤɟɖɛɏɜŮɠ ɃɝŮɘŭɤŰɘəɏɠ ɀɏɗɞŭɞɘ ȷɜŰɘɟɟɨˊŬɜůɖɠ, 

Ʉ.Ƀ.ɀ.ȷ (Advanced Oxidation Processes, AOPs)", əŮɟŭɑɕɞɡɜ ɧɚɞ əŬɘ ˊŮɟɘůůɧŰŮɟɞ Űɞ 

ŮɜŭɘŬűɏɟɞɜ Űɖɠ ŮˊɘůŰɖɛɞɜɘəɐɠ əɞɘɜɧŰɖŰŬɠ ůŮ ˊŬɔəɧůɛɘɞ ŮˊɑˊŮŭɞ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ űɘɚɘəɎ 

ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ ŬɜŰɘŭɟŬůŰɐɟɘŬ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ɞŭɖɔɐůɞɡɜ ůŰɖɜ ɞɚɘəɐ 

əŬŰŬůŰɟɞűɐ/ɞɝŮɑŭɤůɖ Űɤɜ ɢɖɛɘəɩɜ Ůɘŭɩɜ ɐ ůŰɖ ɛŮŰŬŰɟɞˊɐ Űɞɡɠ ůŮ ˊɚɏɞɜ ŬəɑɜŭɡɜŮɠ ɛɞɟűɏɠ 

ɛɏůɤ ɛɘŬɠ ůŮɘɟɎɠ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ (ȷntonopoulou et al., 2012a; Suty et al., 

2004). 

Ƀ ɧɟɞɠ çɄɟɞɢɤɟɖɛɏɜŮɠ ɃɝŮɘŭɤŰɘəɏɠ ɀɏɗɞŭɞɘ ȷɜŰɘɟɟɨˊŬɜůɖɠ (ɄɃɀȷ)è Ůɘůɐɢɗɖ ɔɘŬ 

ˊɟɩŰɖ űɞɟɎ Űɞ 1987 Ŭˊɧ Űɞɜ Glaze əŬɘ Űɞɡɠ ůɡɜŮɟɔɎŰŮɠ Űɞɡ (Glaze et al., 1987) ɔɘŬ ɜŬ 

ɞɟɑůɞɡɜ Űɘɠ ŭɘŮɟɔŬůɑŮɠ ŮəŮɑɜŮɠ ɞɘ ɞˊɞɑŮɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖɜ ˊŬɟŬɔɤɔɐ ɟɘɕɩɜ ɡŭɟɞɝɡɚɑɞɡ 

(HO
Å
) ůŮ ŮˊŬɟəɐ ˊɞůɧŰɖŰŬ ɩůŰŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɞ ŬˊɞŰŮɚŮůɛŬŰɘəɧɠ əŬɗŬɟɘůɛɧɠ Űɞɡ ɨŭŬŰɞɠ. 

ɆɐɛŮɟŬ ɤɠ ˊɟɞɢɤɟɖɛɏɜŮɠ ɞɝŮɘŭɤŰɘəɏɠ ɛɏɗɞŭɞɘ ɞɟɑɕɞɜŰŬɘ ɞɘ ɢɖɛɘəɏɠ ɞɝŮɘŭɤŰɘəɏɠ ŭɘŮɟɔŬůɑŮɠ 

ˊɞɡ ůŰɖɟɑɕɞɜŰŬɘ ůŰɖɜ ˊŬɟŬɔɤɔɐ ŭɟŬůŰɘəɩɜ ɞɝŮɘŭɤŰɘəɩɜ Ůɘŭɩɜ, əɡɟɑɤɠ ɟɘɕɩɜ HO
Å
, 

ɞŭɖɔɩɜŰŬɠ ůŰɖɜ ɞɚɘəɐ Ŭˊɞŭɧɛɖůɖ Űɞɡ ůŰɞɢŮɡɧɛŮɜɞɡ ɟɨˊɞɡ (Youmin et al., 2012, Homem 

and Santos, 2011). Ƀɘ Ʉ.Ƀ.ɀ.ȷ ˊŮɟɘɚŬɛɓɎɜɞɡɜ űɤŰɞɢɖɛɘəɏɠ, ɛɖ-űɤŰɞɢɖɛɘəɏɠ əŬɘ 

ɖɚŮəŰɟɞɢɖɛɘəɏɠ ɛŮɗɧŭɞɡɠ (Sir®s and Brillas, 2012) əŬɘ əɞɘɜɧ ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɞɡɠ ŮɑɜŬɘ ɖ in 

situ ŭɖɛɘɞɡɟɔɑŬ ɟɘɕɩɜ HO
Å
 ɡˊɧ ɐˊɘŮɠ ůɡɜɗɐəŮɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ŬŰɛɞůűŬɘɟɘəɐɠ ˊɑŮůɖɠ  

(Sharma et al., 2012). Ƀɘ əɡɟɘɧŰŮɟŮɠ ɛɏɗɞŭɞɘ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ůŰɖɜ əŬŰɖɔɞɟɑŬ Űɤɜ 

Ʉ.Ƀ.ɀ.ȷ əŬɘ ɖ əŬŰɖɔɞɟɘɞˊɞɑɖůɖ Űɞɡɠ ůŮ űɤŰɞɢɖɛɘəɏɠ, ɛɖ-űɤŰɞɢɖɛɘəɏɠ əŬɘ ɖɚŮəŰɟɞɢɖɛɘəɏɠ 

ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 2.1 (BiŒ and Sobera-Madej, 2012; Sir®s and Brillas, 2012). 
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ɄɑɜŬəŬɠ 2.1: ɆɡɜɞˊŰɘəɐ ŬɜŬűɞɟɎ əŬɘ  əŬŰɖɔɞɟɘɞˊɞɑɖůɖ Űɤɜ əɡɟɘɧŰŮɟɤɜ ɛŮɗɧŭɤɜ ˊɞɡ 

Ŭɜɐəɞɡɜ ůŰɖɜ əŬŰɖɔɞɟɑŬ Űɤɜ Ʉɟɞɢɤɟɖɛɏɜɤɜ ɃɝŮɘŭɤŰɘəɩɜ ɀŮɗɧŭɤɜ ȷɜŰɘɟɟɨˊŬɜůɖɠ  

(Ʉ.Ƀ.ɀ.ȷ) (BiŒ and Sobera-Madej, 2012; Sir®s and Brillas, 2012). 

ɄɟɞɢɤɟɖɛɏɜŮɠ ɃɝŮɘŭɤŰɘəɏɠ ɀɏɗɞŭɞɘ ȷɜŰɘɟɟɨˊŬɜůɖɠ Ʉ.Ƀ.ɀ.ȷ 

ūɤŰɞɢɖɛɘəɏɠ 

H2O2/ UV 

O3/UV 

UV/O3/H2O2 

H2O2/UV 

TiO2/UV, ɖɚɘŬəɐ 

TiO2/UV/ȼ2Ƀ2 

Fe
2+

 /H2O2 / UV (Photo  Fenton) 

UV űɤŰɧɚɡůɖ 

Ɉˊɧ əŮɜɧ ɡˊŮɟɘɩŭɖɠ ŬəŰɘɜɞɓɞɚɑŬ (Vacuum UV, VUV) 

ɀɖ űɤŰɞɢɖɛɘəɏɠ 

O3   əŬɘ   O3  /H2O2 (Ƀɕɞɜɧɚɡůɖ) 

Fe
2+

 /H2O2  (ŬɜŰɘŭɟŬůŰɐɟɘɞ Fenton) 

Ɉɔɟɐ ɞɝŮɑŭɤůɖ   (Wet Oxidation) 

ɅŬŭɘɧɚɡůɖ  (Radiolysis) 

ɃɝŮɑŭɤůɖ ůŮ ɡˊŮɟəɟɑůɘɛŮɠ ůɡɜɗɐəŮɠ ( SCWO) 

Ɉˊɏɟɖɢɞɘ (Sonolysis) 

Ɉˊɏɟɖɢɞɘ/H2O2 

ȼɚŮəŰɟɞɢɖɛɘəɏɠ 

ȷɜɞŭɘəɐ ɞɝŮɑŭɤůɖ 

ȼɚŮəŰɟɞɢɖɛɘəɐ-Fenton (Electro-Fenton, EF) 

ūɩŰɞ-ɖɚŮəŰɟɞɢɖɛɘəɐ-Fenton (Photoelectro- Fenton,PEF) 

 

ɆŮ ŬɜŰɑɗŮůɖ ɛŮ ŰŬ əɞɘɜɎ ɞɝŮɘŭɤŰɘəɎ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔɎɚɖ ŮəɚŮəŰɘəɧŰɖŰŬ, ɞɘ 

Ʉ.Ƀ.ɀ.ȷ. ɏɢɞɡɜ Űɖɜ ɘəŬɜɧŰɖŰŬ ɜŬ Ŭˊɞɘəɞŭɞɛɞɨɜ ɏɜŬ ɛŮɔɎɚɞ Ŭɟɘɗɛɧ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ. Ƀɘ 

ɟɑɕŮɠ HO
Å
, ɞ əɡɟɑŬɟɢɞɠ ɞɝŮɘŭɤŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ Űɤɜ Ʉ.Ƀ.ɀ.ȷ, ɤɠ ɖɚŮəŰɟɞɜɘɧűɘɚŬ ɢɖɛɘəɎ 

Ůɑŭɖ ŬɜŰɘŭɟɞɨɜ ŰŬɢŮɑŬ əŬɘ ɛɖ ŮˊɘɚŮəŰɘəɎ ɛŮ Űɖɜ ˊɚŮɘɞɣɖűɑŬ Űɤɜ ˊɚɞɨůɘɤɜ ůŮ ɖɚŮəŰɟɧɜɘŬ 

ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ, ɞŭɖɔɩɜŰŬɠ ŰŮɚɘəɎ ůŰɖɜ ˊɚɐɟɖ ŬɜɞɟɔŬɜɞˊɞɑɖůɖ Űɞɡɠ ůɨɛűɤɜŬ ɛŮ Űɖɜ 

ŬɜŰɑŭɟŬůɖ 2.1 (Sharma et al., 2012): 
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ɇŬ ŰŮɚŮɡŰŬɑŬ ŰɟɘɎɜŰŬ ɢɟɧɜɘŬ, ɞɘ Ʉ.Ƀ.ɀ.ȷ. ůɖɛŮɘɩɜɞɡɜ ɟŬɔŭŬɑŬ ŬɜɎˊŰɡɝɖ əɡɟɑɤɠ ɔɘŬ 

Űɞɡɠ Ůɝɐɠ ŭɨɞ ɚɧɔɞɡɠ: (Ŭ) Űɖɜ ˊɞɘəɘɚɑŬ Űɤɜ ŰŮɢɜɞɚɞɔɘɩɜ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɡɜ əŬɘ (ɓ) Űɞ Ůɨɟɞɠ 

Űɤɜ ŮűŬɟɛɞɔɩɜ Űɞɡɠ. ȼ ŮˊŮɝŮɟɔŬůɑŬ ɡŭɎŰɤɜ ɛŮ Ʉ.Ƀ.ɀ.ȷ. ŬˊɞŰŮɚŮɑ ŬɜŰɘəŮɑɛŮɜɞ ŮəŰŮɜɞɨɠ 

ɏɟŮɡɜŬɠ əŬɚɨˊŰɞɜŰŬɠ ˊɞɘəɑɚɞɡɠ ŰɞɛŮɑɠ (Comninellis et al., 2008) ɧˊɤɠ: 

×  EˊŮɝŮɟɔŬůɑŬ ɓɘɞɛɖɢŬɜɘəɩɜ ŬˊɞɓɚɐŰɤɜ ˊ.ɢ. ŬˊɧɓɚɖŰŬ ŭɘɡɚɘůŰɖɟɑɤɜ/ˊɞŰɞˊɞɘŮɑɤɜ, 

əɚɤůŰɞɦűŬɜŰɞɡɟɔɑŬɠ, əɞɘŰŬůɛɎŰɤɜ ˊŮŰɟŮɚŬɑɞɡ, ɢŬɟŰɞˊɞɚŰɞɨ əŬɘ ɢŬɟŰɘɞɨ, ŮˊɘɛŮŰɎɚɚɤůɖɠ 

əŬɘ Ŭɔɟɞɢɖɛɘəɩɜ ŬˊɞɓɚɐŰɤɜ. 

× EˊŮɝŮɟɔŬůɑŬ Ůˊɘəɑɜŭɡɜɤɜ ŬˊɞɓɚɐŰɤɜ ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɤɜ Űɤɜ ɜɞůɞəɞɛŮɘŬəɩɜ əŬɘ 

ŬˊɞɓɚɐŰɤɜ ůűŬɔŮɑɤɜ. 

× AˊɞɛɎəɟɡɜůɖ ˊŬɗɞɔɧɜɤɜ əŬɘ Ůˊɑɛɞɜɤɜ/ŬɜɗŮəŰɘəɩɜ űŬɟɛŬəŮɡŰɘəɩɜ ɡˊɞɚŮɘɛɛɎŰɤɜ 

ɛŮ Űɖɜ ɘəŬɜɧŰɖŰŬ ɜŬ ŭɘŬŰŬɟɎůůɞɡɜ Űɘɠ əŬɜɞɜɘəɏɠ ɚŮɘŰɞɡɟɔɑŮɠ Űɤɜ ɞɟɛɞɜɩɜ (Ůɜŭɞəɟɘɜɘəɞɑ 

ŭɘŬŰŬɟɎəŰŮɠ) Ŭˊɧ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬůŰɘəɎ ŬˊɧɓɚɖŰŬ (ɀɞɜɎŭŬ ȺˊŮɝŮɟɔŬůɑŬɠ ȿɡɛɎŰɤɜ (ȺȺȿ) 

(ŭɖɚ. ɛŮŰɎ Ŭˊɧ ŭŮɡŰŮɟɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɑŬ). 

×  AˊɞɛɎəɟɡɜůɖ ɞɟɔŬɜɘəɩɜ ɛɘəɟɞɟɨˊɤɜ ɧˊɤɠ űɡŰɞűŬɟɛɎəɤɜ əŬɘ ɓŬɟɏɤɜ ɛŮŰɎɚɚɤɜ 

(ˊ.ɢ. ɢɟɩɛɘɞ, ŬɟůŮɜɘəɧ) Ŭˊɧ Űɞ ɜŮɟɧ. 

ɄŬɟɧɚɞ ˊɞɡ ɞɘ ŭɘŮɟɔŬůɑŮɠ ŬɡŰɏɠ ɏɢɞɡɜ ɤɠ ˊŮŭɑɞ ŮűŬɟɛɞɔɐɠ əɡɟɑɤɠ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ 

ɚɡɛɎŰɤɜ, ɖ ŮűŬɟɛɞɔɐ Űɞɡɠ ɏɢŮɘ ŮˊŮəŰŬɗŮɑ əŬɘ ůŮ Ɏɚɚɞɡɠ ŰɞɛŮɑɠ ɧˊɤɠ ůŰɖɜ ŮˊŮɝŮɟɔŬůɑŬ 

ɡˊɧɔŮɘɞɡ ɨŭŬŰɞɠ, Űɖ ɚɡɛŬŰɞɚɎůˊɖ, Űɖɜ ŬˊɞəŬŰɎůŰŬůɖ ŮŭŬűɩɜ, Űɖɜ ˊŬɟŬɔɤɔɐ ɡˊŮɟəɎɗŬɟɞɡ 

ɜŮɟɞɨ, Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ ˊŰɖŰɘəɩɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ əŬɗɩɠ əŬɘ ůŰɞɜ ɏɚŮɔɢɞ ɞůɛɩɜ  

(Comninellis et al., 2008). ɇɞ ŮɜŭɘŬűɏɟɞɜ ˊɞɡ  ůɡɔəŮɜŰɟɩɜɞɡɜ ɞɘ ŭɘŮɟɔŬůɑŮɠ ŬɡŰɏɠ, Űɧůɞ Ŭˊɧ 

Űɖɜ ŮˊɘůŰɖɛɞɜɘəɐ əɞɘɜɧŰɖŰŬ ɧůɞ əŬɘ Ŭˊɧ Űɞɜ əɚɎŭɞ Űɖɠ ɓɘɞɛɖɢŬɜɑŬɠ, ŬɜŰɘəŬŰɞˊŰɟɑɕŮŰŬɘ Ŭˊɧ 

Űɞɜ ŬɡɝŬɜɧɛŮɜɞ Ŭɟɘɗɛɧ ŭɖɛɞůɘŮɨůŮɤɜ ůŮ ŮˊɘůŰɖɛɞɜɘəɎ ˊŮɟɘɞŭɘəɎ, ŮɡɟŮůɘŰŮɢɜɘɩɜ əŬɘ   

ŭɘŮɗɜɩɜ ŮˊɘůŰɖɛɞɜɘəɩɜ ůɡɜŮŭɟɑɤɜ ɛŮ ɗɏɛŬ Űɘɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ŮűŬɟɛɞɔɏɠ Űɤɜ Ʉ.Ƀ.ɀ.ȷ 

(Comninellis et al., 2008). ȺɜŭŮɘəŰɘəɎ ŬɜŬűɏɟŮŰŬɘ ɧŰɘ ɛŮŰŬɝɨ Űɤɜ ŮŰɩɜ 2000 əŬɘ 2013 

(31/10/2013) ɏɢɞɡɜ ŭɖɛɞůɘŮɡɗŮɑ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ 100.000 ɎɟɗɟŬ ůŮ ŮˊɘůŰɖɛɞɜɘəɎ ˊŮɟɘɞŭɘəɎ 

Űɖɠ ɓɘɓɚɘɞɔɟŬűɘəɐɠ ɓɎůɖɠ ŭŮŭɞɛɏɜɤɜ Űɞɡ Scopus, Ůɜɩ ɞ Ŭɟɘɗɛɧɠ ŭɖɛɞůɘŮɨůŮɤɜ ŬɜɎ ɏŰɞɠ  

ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2.1. 
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ɆɢɐɛŬ 2.1:  ȹɖɛɞůɘŮɨůŮɘɠ ůɢŮŰɘɕɧɛŮɜŮɠ ɛŮ Űɘɠ Ʉ.Ƀ.ɀ.ȷ Ŭˊɧ Űɞ ɏŰɞɠ 2000 ɏɤɠ 31/10/2013 

(Ʉɖɔɐ: Advanced search ůŰɞ Scopus, ȼɛŮɟɞɛɖɜɑŬ: 31.10.2013, ɚɏɝŮɘɠ əɚŮɘŭɘɎ: advanced 

oxidation processes). 

 

2.2. ȹɟŬůŰɘəɎ  ŮɜŭɘɎɛŮůŬ Ůɑŭɖ əŬŰɎ Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ Ʉ.Ƀ.ɀ.ȷ 

 

 ȳˊɤɠ ɏɢŮɘ ɐŭɖ ŬɜŬűŮɟɗŮɑ, ɖ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɤɜ Ʉ.Ƀ.ɀ.ȷ ůŰɖɟɑɕŮŰŬɘ ůŰɖ 

ŭɖɛɘɞɡɟɔɑŬ ŮɜŭɘɎɛŮůɤɜ ɡɣɖɚɐɠ ŭɟŬůŰɘəɧŰɖŰŬɠ əŬɘ əɡɟɑɤɠ ɟɘɕɩɜ ɡŭɟɞɝɡɚɑɞɡ (HO
Å
), ɞɘ ɞˊɞɑŮɠ 

əŬɘ ŬˊɞŰŮɚɞɨɜ Űɞ ɘůɢɡɟɧŰŮɟɞ ɞɝŮɘŭɤŰɘəɧ ɛɏůɞ (2,8 V) ɛŮŰɎ Űɞ űɗɧɟɘɞ (3,03 V) (Pera-Titus et 

al., 2004). Ƀɘ ɟɑɕŮɠ ɡŭɟɞɝɡɚɑɞɡ, ɞɘ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɞˊɞɑɤɜ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞ 

ɆɢɐɛŬ 2.2, ˊŬɟɞɡůɘɎɕɞɡɜ ɡɣɖɚɐ əŬɘ ɛɖ ŮəɚŮəŰɘəɐ ŭɟŬůŰɘəɧŰɖŰŬ əŬɘ ɛˊɞɟɞɨɜ ɜŬ ɞɝŮɘŭɩůɞɡɜ 

ůɢŮŭɧɜ ɧɚŮɠ Űɘɠ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ ůŮ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ əŬɘ ɜŮɟɧ (Pera-Titus et al., 2004; 

Oppenlªnder, 2003). AˊɞŰŮɚɞɨɜ ˊɞɚɨ ŭɘŬŭŮŭɞɛɏɜŬ ŮɜŭɘɎɛŮůŬ Ůɑŭɖ ɛŮ ɛɘəɟɐ ŭɘɎɟəŮɘŬ ɕɤɐɠ, ɖ 

ɞˊɞɑŬ ŮɝŬɟŰɎŰŬɘ ůɖɛŬɜŰɘəɎ Ŭˊɧ Űɞ ɢɖɛɘəɧ Űɞɡɠ ˊŮɟɘɓɎɚɚɞɜ (Oppenlªnder, 2003). ɄŬɟɞɡůɑŬ 

ŭɘŬɚɡɛɏɜɖɠ ɞɟɔŬɜɘəɐɠ ɨɚɖɠ, ɧɝɘɜɤɜ ŬɜɗɟŬəɘəɩɜ əŬɘ ŬɜɗɟŬəɘəɩɜ ɘɧɜŰɤɜ ɖ ŭɘɎɟəŮɘŬ ɕɤɐɠ 

Űɞɡɠ ɏɢŮɘ ɡˊɞɚɞɔɘůŰŮɑ ɧŰɘ ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɤɜ 10 ɛs (Oppenlªnder, 2003). 

Ƀɘ ɟɑɕŮɠ ɡŭɟɞɝɡɚɑɞɡ ŮɑɜŬɘ ɖɚŮəŰɟɞɜɘɧűɘɚŬ ŬɜŰɘŭɟŬůŰɐɟɘŬ əŬɘ ɞɘ ŬɜŰɘŭɟɎůŮɘɠ Űɞɡɠ ɛŮ 

ŭɘɎűɞɟŬ ɞɟɔŬɜɘəɎ ɡˊɞůŰɟɩɛŬŰŬ ŮɑɜŬɘ əɘɜɖŰɘəɎ ŮɚŮɔɢɧɛŮɜŮɠ ɛŮ ˊɞɚɨ ɡɣɖɚɏɠ ůŰŬɗŮɟɏɠ 

ŰŬɢɨŰɖŰŬɠ ŭŮɨŰŮɟɖɠ ŰɎɝɖɠ (Oppenlªnder, 2003). Ƀɘ ˊŮɟɘůůɧŰŮɟŮɠ ŬɜŰɘŭɟɎůŮɘɠ ůŮ ɡŭŬŰɘəɎ 

ŭɘŬɚɨɛŬŰŬ ˊɞɡ ůɡɛɛŮŰɏɢɞɡɜ ɟɑɕŮɠ ɡŭɟɞɝɡɚɑɞɡ ɏɢɞɡɜ ůŰŬɗŮɟɏɠ ŬɜŰɑŭɟŬůɖɠ Űɖɠ ŰɎɝɖɠ Űɤɜ 10
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ɏɤɠ 10
11 

M
-1 

s
-1
, Ůɜɩ ŬɜŰɘŭɟɞɨɜ 10

6
- 10

12 
 űɞɟɏɠ ˊɘɞ ɔɟɐɔɞɟŬ ůŮ ůɨɔəɟɘůɖ ɛŮ ɎɚɚŬ ɞɝŮɘŭɤŰɘəɎ 

ɧˊɤɠ Űɞ ɧɕɞɜ (Litter, 2005). ɆŰɞɜ ɄɑɜŬəŬ 2.2 ˊɞɡ ŬəɞɚɞɡɗŮɑ ůɡɔəɟɑɜɞɜŰŬɘ ɞɘ Űɘɛɏɠ Űɤɜ 

ůɢŮŰɘəɩɜ ŰŬɢɡŰɐŰɤɜ ŬɜŰɑŭɟŬůɖɠ ŭɘŬűɧɟɤɜ ɢɖɛɘəɩɜ ŮɜɩůŮɤɜ ɛŮ ɧɕɞɜ əŬɘ HO
Å
. 

 

ɄɑɜŬəŬɠ 2.2: ɆŰŬɗŮɟɏɠ ŰŬɢɡŰɐŰɤɜ ɞɝŮɑŭɤůɖɠ (k: M
-1

s
-1

) ŭɘŬűɧɟɤɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ɛŮ 

ɟɑɕŮɠ ɡŭɟɞɝɡɚɑɞɡ əŬɘ ɧɕɞɜ (Litter, 2005; Parsons and Williams, 2004). 

ȺɜɩůŮɘɠ HO
Å
  Ƀ3 

ɉɚɤɟɞ-ɓŮɜɕɧɚɘɞ 4Ĭ10
9 

0,75 

ȸŮɜɕɧɚɘɞ 7,8Ĭ10
9 

2 

ɇɞɚɞɡɧɚɘɞ 7,8Ĭ10
9 

14 

ūŬɘɜɧɚŮɠ 10
9 

ï 10
10

 10
3

 

ȷɟɤɛŬŰɘəɏɠ 10
8 

ï 10
10

 1 ï 10
2

 

ȾŮŰɧɜŮɠ 10
9 

ï 10
10

 1 

ȷɚəɞɧɚŮɠ 10
8 

ï 10
9

 10
-2 

ï 1 

ȷɚəɎɜɘŬ 10
6 

ï 10
9

 10
-2

 

ɉɚɤɟɘɤɛɏɜŬ ŬɚəɏɜɘŬ 10
9 

ï 10
11

 10
-1 

ï 10
3

 

ɇɟɑɢɚɤɟɞ-Ŭɘɗɡɚɏɜɘɞ 4Ĭ10
9
 17 

ɇŮŰɟɎɢɚɤɟɞ-Ŭɘɗɡɚɏɜɘɞ 1,7Ĭ10
9 

<0,1 

n-ɓɞɡŰŬɜɧɚɖ 4,6Ĭ10
9 

0,6 

tert- ɓɞɡŰŬɜɧɚɖ 0,4Ĭ10
9
 0,03 

 

 

ɆɢɐɛŬ 2.2: ɃɟɘůɛɏɜŮɠ ɢŬɟŬəŰɖɟɘůŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ ɟɘɕɩɜ HO
Å
 (Oppenlªnder, 2003). 
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Ƀɘ ŬɜŰɘŭɟɎůŮɘɠ ɛŮ Űɘɠ ɞˊɞɑŮɠ ɞɘ HO
Å
 ˊɟɞůɓɎɚɞɡɜ Űɘɠ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ 

əɡɟɑɤɠ ŬˊɧůˊŬůɖ ɡŭɟɞɔɧɜɞɡ, ɖɚŮəŰɟɞɜɘɧűɘɚɖ ˊɟɞůɗɐəɖ əŬɘ ɛŮŰŬűɞɟɎ ɖɚŮəŰɟɞɜɑɞɡ. ȼ 

ŬˊɧůˊŬůɖ ɡŭɟɞɔɧɜɞɡ ŬˊɞŰŮɚŮɑ Űɖɜ ˊɟɩŰɖ ˊɞɟŮɑŬ ɞɝŮɑŭɤůɖɠ ˊɞɚɚɩɜ ŮɜɩůŮɤɜ ˊɞɡ ŭɘŬɗɏŰɞɡɜ 

ɡŭɟɞɔɧɜŬ (ŬɜŰɑŭɟŬůɖ 2.2). ȼ ŬɜŰɑŭɟŬůɖ ˊɟɞɢɤɟɎ ŬɚɡůɘŭɤŰɎ (ɏɜŬɟɝɖ, ŭɘɎŭɞůɖ, ŰŮɟɛŬŰɘůɛɧɠ) 

ɛŮ ˊɟɞůɓɞɚɐ Űɧůɞ Űɤɜ ɛɖŰɟɘəɩɜ ŮɜɩůŮɤɜ ɧůɞ əŬɘ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ˊɟɞɥɧɜŰɤɜ əŬɘ ɞŭɖɔŮɑ 

ůŰɖɜ ˊɚɐɟɖ Ŭˊɞŭɧɛɖůɖ Űɤɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ůŮ CO2, H2O əŬɘ ŬɜɧɟɔŬɜŮɠ ŮɜɩůŮɘɠ 

(Oppenlªnder, 2003; Litter, 2005). ɀɏůɤ Űɖɠ ŬˊɧůˊŬůɖɠ ɡŭɟɞɔɧɜɞɡ əŬɘ Űɖɠ ŮˊŬəɧɚɞɡɗɖɠ 

ŭɖɛɘɞɡɟɔɑŬɠ ɞɟɔŬɜɘəɩɜ ɟɘɕɩɜ, ɞɘ ɞˊɞɑŮɠ ŬɜŰɘŭɟɞɨɜ ɛŮ ɛɞɟɘŬəɧ ɞɝɡɔɧɜɞ ˊŬɟɎɔɞɜŰŬɘ 

ɡˊŮɟɞɝŮɘŭɘəɏɠ ɟɑɕŮɠ (ŬɜŰɑŭɟŬůɖ 2.3). 

 

 

Oɘ ɟɑɕŮɠ HO
Å
 ɤɠ ɖɚŮəŰɟɞɜɘɧűɘɚŬ ŬɜŰɘŭɟŬůŰɐɟɘŬ, ˊŬɑɟɜɞɡɜ Ůˊɑůɖɠ ɛɏɟɞɠ ůŮ ŬɜŰɘŭɟɎůŮɘɠ 

ɖɚŮəŰɟɞɜɘɧűɘɚɖɠ ˊɟɞůɗɐəɖɠ, əɡɟɑɤɠ ɛŮ ˊɡɟɖɜɧűɘɚŬ ŬɚəɏɜɘŬ (ŬɜŰɑŭɟŬůɖ 2.4): 

 

 

Ƀ ɛɖɢŬɜɘůɛɧɠ ɞɝŮɑŭɤůɖɠ ɛˊɞɟŮɑ Ůˊɑůɖɠ ɜŬ ˊɟɞɢɤɟɐůŮɘ ɛɏůɤ ɛŮŰŬűɞɟɎɠ ɖɚŮəŰɟɞɜɑɞɡ 

ůɨɛűɤɜŬ ɛŮ Űɖɜ ŬɜŰɑŭɟŬůɖ 2.5 ˊɞɡ ŬəɞɚɞɡɗŮɑ (Oppenlªnder, 2003): 

                            

 

ȺɎɜ ɞ ɟɨˊɞɠ-ůŰɧɢɞɠ ŮɑɜŬɘ ɛɑŬ ɞɟɔŬɜɘəɐ ŬɟɤɛŬŰɘəɐ ɏɜɤůɖ, Űɞ ˊɟɩŰɞ ůŰɎŭɘɞ ɞɝŮɑŭɤůɖɠ 

ˊŮɟɘɚŬɛɓɎɜŮɘ ɡŭɟɞɝɡɚɑɤůɖ Űɞɡ ŬɟɤɛŬŰɘəɞɨ ŭŬəŰɡɚɑɞɡ, Ůɜɩ ˊŮɟŬɘŰɏɟɤ ˊɟɞůɓɞɚɐ ɟɘɕɩɜ HO
Å
 

ɞŭɖɔŮɑ ůŰɖ ŭɘɎɜɞɘɝɖ Űɞɡ ŭŬəŰɡɚɑɞɡ (ɆɢɐɛŬ 2.3) əŬɘ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ əɞɟŮůɛɏɜɤɜ ŬɚŮɘűŬŰɘəɩɜ 

ŭɞɛɩɜ (Litter, 2005). 

 

ɆɢɐɛŬ 2.3: ɃɝŮɑŭɤůɖ ɓŮɜɕɞɚɑɞɡ ɛŮ ɟɑɕŮɠ HO
Å
 (Litter, 2005). 

 

Ƀɘ ɟɑɕŮɠ ɡŭɟɞɝɡɚɑɞɡ Ŭɜ əŬɘ ŬˊɞŰŮɚɞɨɜ Űɞɜ əɡɟɑŬɟɢɞ ɞɝŮɘŭɤŰɘəɧ ˊŬɟɎɔɞɜŰŬ əŬɘ əɞɘɜɧ 

ůɖɛŮɑɞ ŬɜŬűɞɟɎɠ ɧɚɤɜ Űɤɜ Ʉ.Ƀ.ɀ.ȷ, ˊŬɟɎɔɞɜŰŬɘ ɛɏůɤ ŭɘŬűɞɟŮŰɘəɩɜ ɛɖɢŬɜɘůɛɩɜ ɔɘŬ  əɎɗŮ 

ɛɑŬ Ŭˊɧ Űɘɠ ɛŮɗɧŭɞɡɠ Űɖɠ əŬŰɖɔɞɟɑŬɠ ŬɡŰɐɠ. ȷɜŰɘˊɟɞůɤˊŮɡŰɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ ŭɖɛɘɞɡɟɔɑŬɠ  

ɟɘɕɩɜ HO
Å
 ůŮ ŭɘɎűɞɟŮɠ Ʉ.Ƀ.ɀ.ȷ ŭɑɜɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 2.3. 
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ɄɑɜŬəŬɠ 2.3: ȷɜŰɘŭɟɎůŮɘɠ ŭɖɛɘɞɡɟɔɑŬɠ ɟɘɕɩɜ HO
Å
 ůŮ ŭɘɎűɞɟŮɠ Ʉ.Ƀ.ɀ.ȷ (Malato et al., 

2003). 

Ʉ.Ƀ.ɀ.ȷ.                                    ȾɨɟɘŬ ŬɜŰɑŭɟŬůɖ ɀɐəɞɠ əɨɛŬŰɞɠ 

ŮɜŮɟɔɞˊɞɑɖůɖɠ 

(nm) 

UV/H2O2 

 

 

 

ɚ< 310 nm 

UV/O3 

 

 

ɚ< 310 nm 

UV/H2O2/ O3  

 

ɚ< 310 nm 

UV/TiO2 

 

 

ɚ< 380 nm 

UV/H2O2/TiO2 

 

ɚ< 380 nm 

H2O2/Fe
2+

  
 

UV/H2O2/Fe
2+

 

 

ɚ< 580 nm 

 

ȺəŰɧɠ Ŭˊɧ Űɘɠ ɟɑɕŮɠ HO
Å
, ŮɜɡŭŬŰɤɛɏɜŬ ɖɚŮəŰɟɧɜɘŬ, e

-
aq əŬɘ ɎŰɞɛŬ ɡŭɟɞɔɧɜɞɡ, H

Å
, 

ˊŬɟɎɔɞɜŰŬɘ ůŮ ɛɘəɟɧŰŮɟɞ ɓŬɗɛɧ əŬŰɎ Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ Ʉ.Ƀ.ɀ.ȷ (Oppenlªnder, 2003).  

ȳɛɞɘŬ ɛŮ Űɘɠ ɟɑɕŮɠ ȼɃ
Å
, ŰŬ ɎŰɞɛŬ ɡŭɟɞɔɧɜɞɡ ˊŬɑɟɜɞɡɜ ɛɏɟɞɠ ůŮ ŬɜŰɘŭɟɎůŮɘɠ ŬˊɧůˊŬůɖɠ 

ɡŭɟɞɔɧɜɞɡ (ŬɜŰɑŭɟŬůɖ 2.7) əŬɘ ˊɟɞůɗɐəɖɠ ůŮ ŭɘˊɚɞɨɠ ŭŮůɛɞɨɠ (ŬɜŰɑŭɟŬůɖ 2.8) ɞŭɖɔɩɜŰŬɠ 

ůŰɞ ůɢɖɛŬŰɘůɛɧ ɞɟɔŬɜɘəɩɜ ɟɘɕɩɜ (Oppenlªnder, 2003). 

 

 

 

ɇŬ ŮɜɡŭŬŰɤɛɏɜŬ ɖɚŮəŰɟɧɜɘŬ, ɤɠ ˊɡɟɖɜɧűɘɚŬ ŬɜŰɘŭɟŬůŰɐɟɘŬ, ŬɜŰɘŭɟɞɨɜ ɛŮ 

ŬɚɞɔɞɜɤɛɏɜŮɠ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ əŬɗɩɠ əŬɘ ɛŮ ɡˊɞůŰɟɩɛŬŰŬ ˊɞɡ ɏɢɞɡɜ ɗŮŰɘəɧŰŮɟɞ 

ŭɡɜŬɛɘəɧ ŬɜŬɔɤɔɐɠ ˊɟɞəŬɚɩɜŰŬɠ ɛŮŰŬűɞɟɎ ɖɚŮəŰɟɞɜɑɞɡ ůɨɛűɤɜŬ ɛŮ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ 2.9 

əŬɘ 2.10 (Oppenlªnder, 2003):  
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ȹɘɎűɞɟŬ ɎɚɚŬ ŭɟŬůŰɘəɎ Ůɑŭɖ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ ůŰɘɠ ˊŮɟɘůůɧŰŮɟɞ ŭɘŬŭɞɛɏɜŮɠ ɛŮɗɧŭɞɡɠ ˊɞɡ 

ůɡɔəŬŰŬɚɏɔɞɜŰŬɘ ůŮ ŬɡŰɐ Űɖɜ əŬŰɖɔɞɟɑŬ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 2.5. 

 

ɄɑɜŬəŬɠ 2.5: ȹɟŬůŰɘəɎ Ůɑŭɖ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ əŬŰɎ Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ 

Ʉ.Ƀ.ɀ.ȷ (Konstantinou and Albanis, 2004; Wojn§rovits and Tak§cs 2008; Homem and 

Santos, 2011).  

Ʉ.Ƀ.ɀ.ȷ. ȹɟŬůŰɘəɎ Ůɑŭɖ 

O3 HO
Å
, HO2

Å
, HO3

Å
, O2

ïÅ
, O3

ïÅ
 

O3/H2O2 HO
Å
, O2

ïÅ
, O3

ïÅ
 

ȹɘŮɟɔŬůɑŮɠ Fenton: H2O2/Fe
2+

 HO
Å
, HO2

Å
 

ȹɘŮɟɔŬůɑŮɠ Photo-Fenton HO
Å
 

UV(ɚ= 185nm and 254 nm), UV/O3, 

UV/H2O2 , UV/O3/H2O2, 

HO
Å
, HO2

Å
/ O2

ïÅ
, O3

ïÅ 

ȺŰŮɟɞɔŮɜɐɠ űɤŰɞəŬŰɎɚɡůɖ 

(UV/Vis ɛŮ TiO2, ZnO) 

HO
Å
, h

+
, O2

ïÅ
, e

-
, 

1
O2, HO2

Å
 

 

ȺˊŮɝŮɟɔŬůɑŬ ɛŮ ɡˊŮɟɐɢɞɡɠ HO
Å
, 
Å
ȼ 

ɔ-ɟŬŭɘɧɚɡůɖ HO
Å
, 
Å
ȼ, e

-
aq 

 

 

2.3. ɄɚŮɞɜŮəŰɐɛŬŰŬ- ɀŮɘɞɜŮəŰɐɛŬŰŬ Űɤɜ Ʉ.Ƀ.ɀ.ȷ. 

 

ũɘŬ Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ Űɤɜ ɛŮɘɞɜŮəŰɖɛɎŰɤɜ Űɤɜ ůɡɛɓŬŰɘəɩɜ ɛŮɗɧŭɤɜ ŮˊŮɝŮɟɔŬůɑŬɠ ˊɞɡ 

ŮűŬɟɛɧɕɞɜŰŬɘ ůɐɛŮɟŬ ɞɘ ɞˊɞɑŮɠ ˊɞɚɚɏɠ űɞɟɏɠ ŬˊɞŭŮɘəɜɨɞɜŰŬɘ ɛɖ ŬˊɞŰŮɚŮůɛŬŰɘəɏɠ, ŮɑŰŮ 

ɛŮŰŬűɏɟɞɜŰŬɠ Űɞ ˊɟɧɓɚɖɛŬ Űɖɠ ɟɨˊŬɜůɖɠ Ŭˊɧ Űɖ ɛɑŬ űɎůɖ ůŰɖɜ Ɏɚɚɖ ŮɑŰŮ ŬŭɡɜŬŰɩɜŰŬɠ ɜŬ 

Ŭˊɞŭɖɛɐůɞɡɜ ůŰŬɗŮɟɞɨɠ ɛɖ-ɓɘɞŬˊɞɘəɞŭɞɛɐůɘɛɞɡɠ ɞɟɔŬɜɘəɞɨɠ ɟɨˊɞɡɠ Ŭˊɧ Űɞ ˊɟɞɠ 

ŮˊŮɝŮɟɔŬůɑŬ ɜŮɟɧ ɐ ŬˊɧɓɚɖŰɞ (ɓɘɞɚɞɔɘəɐ ŮˊŮɝŮɟɔŬůɑŬ) ɛŮɚŮŰɎŰŬɘ ŮɜŬɚɚŬəŰɘəɎ ɖ ŮűŬɟɛɞɔɐ 

Űɤɜ Ʉ.Ƀ.ɀ.ȷ (Konstantinou and Albanis, 2003; Ahmed et al., 2010; Antonopoulou et al., 

2012a). ɇŬ əɡɟɘɧŰŮɟŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɤɜ Ůɜ ɚɧɔɤ ɛŮɗɧŭɤɜ, ŰŬ ɞˊɞɑŬ ůɡɜŮŰɏɚŮůŬɜ ůŰɖɜ 

ŰŬɢŮɑŬ ŬɜɎˊŰɡɝɖ əŬɘ ŮɡɟŮɑŬ ŮűŬɟɛɞɔɐ Űɞɡɠ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ (Esplugas et al., 2002; 

Sharma et al., 2012; Litter, 2005; Lopez et al., 2003; Comninellis et al., 2008, ȷntonopoulou 

and Konstantinou, 2013) ůɡɜɞɣɑɕɞɜŰŬɘ ůŰŬ Ůɝɐɠ: 

X ȹɖɛɘɞɡɟɔɑŬ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ əŬɘ əɡɟɑɤɠ Űɤɜ HO
Å
, ˊɞɡ ŬˊɞŰŮɚɞɨɜ ɘůɢɡɟɎ, ɛɖ 

ŮəɚŮəŰɘəɎ ɞɝŮɘŭɤŰɘəɎ, əŬɘ ŬɜŰɘŭɟɞɨɜ ɛŮ ˊɞɚɨ ɔɟɐɔɞɟŮɠ əɘɜɖŰɘəɏɠ ɛŮ Űɘɠ ˊŮɟɘůůɧŰŮɟŮɠ 

ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ. 
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X H ˊŬɟŬɔɤɔɐ Űɤɜ ɟɘɕɩɜ HO
Å
 əŬɘ Űɤɜ Ɏɚɚɤɜ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ 

ŭɘɎűɞɟɞɡɠ Űɟɧˊɞɡɠ, ŮˊɘŰɟɏˊɞɜŰŬɠ Űɖɜ ŮɜŬɟɛɧɜɘůɖ ɛŮ Űɖɠ ŮəɎůŰɞŰŮ Ůɘŭɘəɏɠ ŬˊŬɘŰɐůŮɘɠ 

ŮˊŮɝŮɟɔŬůɑŬɠ. 

X ȺűŬɟɛɧɕɞɜŰŬɘ ɔɘŬ Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ Ůɜɧɠ Ůɡɟɏɤɠ űɎůɛŬŰɞɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ 

ˊɟɞɓɚɖɛɎŰɤɜ ɟɨˊŬɜůɖɠ. 

X ɆŮ ˊɞɚɚɏɠ ˊŮɟɘˊŰɩůŮɘɠ, ŬˊŬɘŰɞɨɜ ɛɘəɟɧŰŮɟɖ əŬŰŬɜɎɚɤůɖ ŮɜɏɟɔŮɘŬɠ Ŭˊɧ ɛŮɟɘəɏɠ 

ůɡɛɓŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ, ɘŭɘŬɑŰŮɟŬ ɔɘŬ ŮˊŮɝŮɟɔŬůɑŬ ŬˊɞɓɚɐŰɤɜ ɛŮ Űɘɛɏɠ ɢɖɛɘəɎ ŬˊŬɘŰɞɨɛŮɜɞɡ 

ɞɝɡɔɧɜɞɡ, COD, ɛɘəɟɧŰŮɟŮɠ Űɤɜ 5 g L
-1

. 

X ɀˊɞɟɞɨɜ ɜŬ Ŭˊɞŭɞɛɐůɞɡɜ ɏɛɛɞɜɞɡɠ ɟɨˊɞɡɠ ɞɘ ɞˊɞɑɞɘ ˊŬɟɞɡůɘɎɕɞɡɜ ŬɜɗŮəŰɘəɧŰɖŰŬ 

ůŮ ɎɚɚŮɠ ɛŮɗɧŭɞɡɠ ŮˊŮɝŮɟɔŬůɑŬɠ ɧˊɤɠ Űɖ ɓɘɞɚɞɔɘəɐ. 

X ɆɡɜŰŮɚɞɨɜ ůŰɖɜ ɞɟɘůŰɘəɐ Ůˊɑɚɡůɖ əŬɘ ɧɢɘ ůŰɖ ɛŮŰŬűɞɟɎ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ ǌɟɨˊŬɜůɖǌ 

əŬɘ ůŮ ɘŭŬɜɘəɏɠ ůɡɜɗɐəŮɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ˊɚɐɟɖɠ Ŭˊɞɘəɞŭɧɛɖůɖ Ůɜɧɠ Ůɡɟɏɤɠ űɎůɛŬŰɞɠ ɟɨˊɤɜ  

ˊɟɞɠ CO2, H2O əŬɘ ŬɜɧɟɔŬɜŬ ůɡůŰŬŰɘəɎ. 

X H ŭɡɜŬŰɧŰɖŰŬ ŰŬɡŰɧɢɟɞɜɖɠ ɢɟɐůɖɠ ɡˊŮɟɘɩŭɞɡɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɞɝŮɘŭɤŰɘəɩɜ ɛɏůɤɜ. 

X ȺɑɜŬɘ ɐˊɘŮɠ ŰŮɢɜɘəɏɠ ŮˊŮɝŮɟɔŬůɑŬɠ, Ůűɧůɞɜ ŭŮɜ ŬˊŬɘŰɞɨɜ Ůɘŭɘəɏɠ ůɡɜɗɐəŮɠ ˊɑŮůɖɠ əŬɘ 

ɗŮɟɛɞəɟŬůɑŬɠ. 

X ȺűŬɟɛɧɕɞɜŰŬɘ ɛŮ ŮˊɘŰɡɢɑŬ Ŭəɧɛɖ əŬɘ ůŮ ˊɞɚɨ ɛɘəɟɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ ɟɨˊɤɜ ˊɞɡ 

Ŭɔɔɑɕɞɡɜ ŰŬ ŮˊɑˊŮŭŬ  Űɤɜ ɛg L
-1

. 

X ȹɡɜŬŰɧŰɖŰŬ ɢɟɐůɖɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɛŮɘɩɜɞɜŰŬɠ Űɞ əɧůŰɞɠ ɚŮɘŰɞɡɟɔɑŬɠ.  

X ȹɡɜŬŰɧŰɖŰŬ ůɨɕŮɡɝɖɠ ɛŮ ɎɚɚŮɠ ɛŮɗɧŭɞɡɠ əŬɘ ɢɟɖůɘɛɞˊɞɑɖůɖɠ Űɞɡɠ ɤɠ ɛŮɗɧŭɞɡɠ ˊɟɞ-

ŮˊŮɝŮɟɔŬůɑŬɠ əŬɘ ɛŮŰŬ-ŮˊŮɝŮɟɔŬůɑŬɠ. 

ȷɜ əŬɘ ɖ ɛŮɔɎɚɖ ˊɞɘəɘɚɑŬ Űɤɜ ŭɘŬɗɏůɘɛɤɜ ŰŮɢɜɘəɩɜ Ʉ.Ƀ.ɀ.ȷ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ 

ɛɘəɟɐ ŮəɚŮəŰɘəɧŰɖŰŬ Űɖɠ ŭɟɎůɖɠ Űɤɜ ȼɃ
Å
, Űɘɠ əŬɗɘůŰɞɨɜ ɘŭɘŬɑŰŮɟŬ ŮɚəɡůŰɘəɏɠ ůŰɞ ɢɩɟɞ Űɖɠ 

ŮˊŮɝŮɟɔŬůɑŬɠ Űɤɜ ɡŭɎŰɤɜ əŬɘ Űɤɜ ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ, ŭŮ ůŰŮɟɞɨɜŰŬɘ ˊŮɟɘɞɟɘůɛɩɜ əŬɘ 

ɛŮɘɞɜŮəŰɖɛɎŰɤɜ, ɛŮ ɓŬůɘəɧŰŮɟɞ ŬɡŰɧ Űɞɡ ŬˊŬɘŰɞɨɛŮɜɞɡ ɡɣɖɚɞɨ əɧůŰɞɡɠ (Pera-Titus et al., 

2004). ɆɡɔəŮəɟɘɛɏɜŬ, əɎɜɞɡɜ ɢɟɐůɖ ŬɜŰɘŭɟŬůŰɖɟɑɤɜ ɧˊɤɠ ɧɕɞɜ (Ƀ3), ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ 

ɡŭɟɞɔɧɜɞɡ (ȼ2Ƀ2) əɚˊ. əŬɘ ŰŮɢɜɖŰɩɜ ˊɖɔɩɜ ŬəŰɘɜɞɓɞɚɑŬɠ ɧˊɤɠ ɖ ɡˊŮɟɘɩŭɖɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ 

Űɖɜ Ŭɨɝɖůɖ  Űɧůɞ Űɞɡ ɚŮɘŰɞɡɟɔɘəɞɨ ɧůɞ əŬɘ Űɞɡ ŮɜŮɟɔŮɘŬəɞɨ əɧůŰɞɡɠ (Esplugas et al., 2002). 

ȼ ˊɚŮɘɞɣɖűɑŬ Űɤɜ ɛŮɗɧŭɤɜ ŬɡŰɩɜ əɟɑɜŮŰŬɘ ɓɏɚŰɘůŰɖ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ ůŮ ŬˊɧɓɚɖŰŬ ɛŮ Űɘɛɏɠ 

ɢɖɛɘəɎ ŬˊŬɘŰɞɨɛŮɜɞɡ ɞɝɡɔɧɜɞɡ, COD, ɛɘəɟɧŰŮɟŮɠ Űɤɜ 5 g L
-1

, əŬɗɩɠ ɡɣɖɚɧŰŮɟŮɠ 

ůɡɔəŮɜŰɟɩůŮɘɠ COD ŬˊŬɘŰɞɨɜ əŬŰŬɜɎɚɤůɖ ɛŮɔɎɚɤɜ ˊɞůɞŰɐŰɤɜ Űɤɜ ŬɜŰɘŭɟŬůŰɖɟɑɤɜ ɐ 

ɖɚŮəŰɟɘəɐ ŮɜɏɟɔŮɘŬ ɔɘŬ Űɖɜ ŬəŰɘɜɞɓɧɚɖůɖ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ Ŭɨɝɖůɖ Űɞɡ əɧůŰɞɡɠ (Pera-

Titus et al., 2004). ȰɜŬɠ Ůˊɘˊɚɏɞɜ ˊŮɟɘɞɟɘůŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ŮɑɜŬɘ ɖ ˊŬɟɞɡůɑŬ ŬɜɧɟɔŬɜɞɡ 

ɐ/əŬɘ ɞɟɔŬɜɘəɞɨ űɞɟŰɑɞɡ əŬɗɩɠ əŬɘ ŬɘɤɟɞɨɛŮɜɤɜ ůɤɛŬŰɘŭɑɤɜ ůŰɞ ˊɟɞɠ ŮˊŮɝŮɟɔŬůɑŬ ɜŮɟɧ 
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əŬɘ ŬˊɧɓɚɖŰɞ ŰŬ ɞˊɞɑŬ ŭɟɞɡɜ ŬɜŬůŰŬɚŰɘəɎ ůŰɖ ɚŮɘŰɞɡɟɔɑŬ Űɤɜ Ʉ.Ƀ.ɀ.ȷ (Pera-Titus et al., 

2004; Litter, 2005). 

 

2.4. ɆɡɜŭɡŬůɛɧɠ Űɤɜ Ʉ.Ƀ.ɀ.ȷ. ɛŮ űɡůɘəɞɢɖɛɘəɏɠ əŬɘ ɓɘɞɚɞɔɘəɏɠ ɛŮɗɧŭɞɡɠ 

ŮˊŮɝŮɟɔŬůɑŬɠ ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ 

 

ɀŮ ůəɞˊɧ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ əŬɘ Űɖɜ ŮˊɑŰŮɡɝɖ Űɞɡ ɓɏɚŰɘůŰɞɡ 

ŬˊɞŰŮɚɏůɛŬŰɞɠ, ůŰɞ ɛɘəɟɧŰŮɟɞ ŭɡɜŬŰɧ ɢɟɧɜɞ əŬɘ ɛŮ Űɞ ɛɘəɟɧŰŮɟɞ ŭɡɜŬŰɧ əɧůŰɞɠ  ůŰɞɜ ŰɞɛɏŬ 

Űɖɠ ŮˊŮɝŮɟɔŬůɑŬɠ Űɤɜ ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ əŬɗɑůŰŬŰŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ ůɡɜŭɡŬůŰɘəɐ ɢɟɐůɖ Űɤɜ 

ŭɘŬɗɏůɘɛɤɜ ŰŮɢɜɘəɩɜ ŮˊŮɝŮɟɔŬůɑŬɠ (ȷugugliaro et al., 2006). Ƀ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ ɓɏɚŰɘůŰɖɠ 

ɛŮɗɧŭɞɡ ɐ Űɞɡ ɓɏɚŰɘůŰɞɡ ůɡɜŭɡŬůɛɞɨ ɔɘŬ əɎɗŮ ˊŮɟɑˊŰɤůɖ ŮˊŮɝŮɟɔŬůɑŬɠ ˊŬɟɞɡůɘɎɕŮɘ 

ɘŭɘŬɑŰŮɟɖ ˊɞɚɡˊɚɞəɧŰɖŰŬ Ůɜɩ ŮɝŬɟŰɎŰŬɘ ɎɛŮůŬ Ŭˊɧ Űɞ ɓŬɗɛɧ Űɖɠ ŬˊɞɛɎəɟɡɜůɖɠ ˊɞɡ 

ŮˊɘŭɘɩəŮŰŬɘ əŬɘ Ŭˊɧ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ ˊɞɡ ɗŬ ůɡɜŭɡɎɕŮɘ Űɖ ɛɏɔɘůŰɖ Ŭˊɧŭɞůɖ ɛŮ Űɞ 

ɢŬɛɖɚɧŰŮɟɞ əɧůŰɞɠ (Ƀller et al., 2011).  Ƀɘ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ˊɟɏˊŮɘ ɜŬ ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ 

əŬŰɎ Űɖɜ Ůˊɘɚɞɔɐ ŰŮɢɜɞɚɞɔɘɩɜ ɔɘŬ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ ŬˊɞɓɚɐŰɤɜ ŮɑɜŬɘ (Ƀller et al., 2011): 

Õ Ƀɘ ˊɞɘɞŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ Űɞɡ Ŭɟɢɘəɞɨ ŬˊɞɓɚɐŰɞɡ. 

Õ ȼ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ Ŭɟɢɘəɩɜ ɟɨˊɤɜ. 

Õ Ƀɘ ɡˊɎɟɢɞɡůŮɠ ŮɜŬɚɚŬəŰɘəɏɠ ůɡɛɓŬŰɘəɏɠ ɛɏɗɞŭɞɘ. 

Õ ȼ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ ɛŮɗɧŭɞɡ ŬˊɞɟɟɨˊŬɜůɖɠ. 

Õ ȼ ɞɚɘəɐ Ŭˊɧŭɞůɖ Űɤɜ ůɡůŰɖɛɎŰɤɜ ŮˊŮɝŮɟɔŬůɑŬɠ. 

Õ ȼ ŮəŰɑɛɖůɖ Űɞɡ ɞɚɘəɞɨ əɧůŰɞɡɠ. 

Õ ȼ ŮəŰɑɛɖůɖ Űɞɡ əɨəɚɞɡ ɕɤɐɠ ɔɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɐɠ Ůˊɑŭɞůɖɠ Űɤɜ 

ŰŮɢɜɞɚɞɔɘɩɜ ŮˊŮɝŮɟɔŬůɑŬɠ ŬˊɞɓɚɐŰɤɜ. 

Õ ȼ ŭɡɜŬŰɧŰɖŰŬ ɢɟɐůɖɠ Űɞɡ ŮˊŮɝŮɟɔŬůɛɏɜɞɡ ɜŮɟɞɨ. 

ȼ ůɨɕŮɡɝɖ ɛˊɞɟŮɑ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɛŮ Űɞɡɠ Ůɝɐɠ ˊɏɜŰŮ Űɟɧˊɞɡɠ (Comninellis et al., 2008): 

1) ɇŬɡŰɧɢɟɞɜɖ ŮűŬɟɛɞɔɐ ŭɨɞ ŰŮɢɜɘəɩɜ Űɖɠ əŬŰɖɔɞɟɑŬɠ Űɤɜ Ʉ.Ƀ.ɀ.ȷ ɧˊɤɠ UV/H2O2, 

UV/Ƀ3, Ƀ3/H2O2, UV/Ƀ3/H2O2, UV/TiO2/H2O2, US/ŬɜŰɘŭɟŬůŰɐɟɘɞ Fenton, UV/ 

ŬɜŰɘŭɟŬůŰɐɟɘɞ Fenton, WAO/H2O2, ɖɚŮəŰɟɧɚɡůɖ/ŬɜŰɘŭɟŬůŰɐɟɘɞ Fenton  əɚˊ. ȼ ůɨɕŮɡɝɖ ŭɨɞ 

Ʉ.Ƀ.ɀ.ȷ ůŰɞɢŮɨŮɘ ůŰɖɜ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ ˊŬɟŬɔɤɔɐɠ Űɤɜ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ əŬɘ ɤɠ Ůə 

ŰɞɨŰɞɡ ůŰɖ ɓŮɚŰɑɤůɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ɉŬɟŬəŰɖɟɘůŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ ŬˊɞŰŮɚŮɑ ɞ 

ůɡɜŭɡŬůɛɧɠ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ ɛŮ ɢɟɐůɖ TiO2 ɛŮ Űɖ ůɞɜɧɚɡůɖ, ɧˊɞɡ ɖ 

ůɡɜŮɟɔɘůŰɘəɐ ŭɟɎůɖ Űɤɜ ɡˊŮɟɐɢɤɜ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɤɜ ɟɘɕɩɜ HO
Å
 ɛɏůɤ Űɖɠ 

ůɞɜɧɚɡůɖɠ Űɞɡ ɜŮɟɞɨ əŬɘ Űɖɜ Ŭɨɝɖůɖ Űɖɠ Ůɘŭɘəɐɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ əŬŰŬɚɨŰɖ. ɇŬɡŰɞɢɟɧɜɤɠ, ɖ 

ɢɟɐůɖ ɡˊŮɟɐɢɤɜ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŬɢɨɜŮɘ Űɖ ɛŮŰŬűɞɟɎ ɛɎɕŬɠ Űɤɜ ŬɜŰɘŭɟŬůŰɖɟɑɤɜ ůŰɖɜ 



 
 
 
 

60 
 

ŮˊɘűɎɜŮɘŬ Űɞɡ TiO2 əŬɗɩɠ əŬɘ ɜŬ ůɡɜŮɘůűɏɟŮɘ ůŰɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɡɢɧɜ ŬəŬɗŬɟůɘɩɜ Ŭˊɧ Űɖɜ 

ŮˊɘűɎɜŮɘŬ Űɞɡ, ůɡɛɓɎɚɚɞɜŰŬɠ ůɖɛŬɜŰɘəɎ ůŰɖ ɓŮɚŰɑɤůɖ Űɖɠ ɞɚɘəɐɠ Ŭˊɧŭɞůɖɠ. 

2) ȹɘŬŭɞɢɘəɐ ŮűŬɟɛɞɔɐ ŭɨɞ ŰŮɢɜɘəɩɜ Űɖɠ əŬŰɖɔɞɟɑŬɠ Űɤɜ Ʉ.Ƀ.ɀ.ȷ, ɛŮ ůəɞˊɧ Űɖɜ 

Ŭɨɝɖůɖ Űɖɠ ŮəɚŮəŰɘəɧŰɖŰŬɠ. ȼ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ ɗŮɤɟŮɑŰŬɘ əŬŰɎɚɚɖɚɖ ɔɘŬ ɓɘɞɛɖɢŬɜɘəɎ 

ŬˊɧɓɚɖŰŬ ˊɞɚɨˊɚɞəɖɠ ůɨɜɗŮůɖɠ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ ˊɞɚɚɩɜ əŬŰɖɔɞɟɘɩɜ ɛŮ 

ŭɘŬűɞɟŮŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ɞɝŮɑŭɤůɖɠ ɤɠ ˊɟɞɠ ŰŬ ŭɘɎűɞɟŬ ɞɝŮɘŭɤŰɘəɎ Ůɑŭɖ. 

3) ȺűŬɟɛɞɔɐ ɛɑŬɠ ŰŮɢɜɘəɐɠ ŭɘŬɢɤɟɘůɛɞɨ əŬɘ ɛŮŰŬűɞɟɎɠ Űɤɜ ɟɨˊɤɜ ˊ.ɢ. əɟɞəɑŭɤůɖ, 

əŬɗɑɕɖůɖ, ŭɘɐɗɖůɖ Ŭˊɧ Űɖɜ ɡɔɟɐ ůŮ Ɏɚɚɖ űɎůɖ ˊɟɘɜ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ ɛŮ Ʉ.Ƀ.ɀ.ȷ.   

4) ȺűŬɟɛɞɔɐ ɛɘŬɠ ɛŮɗɧŭɞɡ Ʉ.Ƀ.ɀ.ȷ. ɤɠ ˊɟɤŰɞɔŮɜɐɠ ŮˊŮɝŮɟɔŬůɑŬ, ɛŮ ůŰɧɢɞ Űɖɜ Ŭɨɝɖůɖ 

Űɖɠ ɘəŬɜɧŰɖŰŬɠ ɓɘɞŭɘɎůˊŬůɖɠ əŬɘ Űɖ ɛŮɑɤůɖ Űɖɠ ŰɞɝɘəɧŰɖŰŬɠ Űɞɡ ŬˊɞɓɚɐŰɞɡ ŬəɞɚɞɡɗɞɨɛŮɜɖ 

Ŭˊɧ ɛɘŬ ŭŮɡŰŮɟɞɔŮɜɐ ŮˊŮɝŮɟɔŬůɑŬ ɓɘɞɚɞɔɘəɐɠ ɛŮɗɧŭɞɡ.  

5) ɆɨɕŮɡɝɖ űɡůɘəɩɜ, ɓɘɞɚɞɔɘəɩɜ əŬɘ ˊɟɞɖɔɛɏɜɤɜ ɞɝŮɘŭɤŰɘəɩɜ ɛŮɗɧŭɤɜ, ˊɞɡ Ŭ́ ɞŰŮɚɞɨɜ 

ɘŭŬɜɘəɧ ůɡɜŭɡŬůɛɧ ɔɘŬ ŮˊŮɝŮɟɔŬůɑŬ ɓɘɞɛɖɢŬɜɘəɩɜ ŬˊɧɓɚɖŰɤɜ.  

ȷˊɧ Űɞ ůɨɜɞɚɞ Űɤɜ ŬɜɤŰɏɟɤ ůɡɜŭɡŬůŰɘəɩɜ ŰŮɢɜɘəɩɜ, ŬɡŰɐ ˊɞɡ əɎɜŮɘ ɢɟɐůɖ Űɖɠ 

ɓɘɞɚɞɔɘəɐɠ ŮˊŮɝŮɟɔŬůɑŬɠ əŬɘ ɛɘŬɠ Ŭˊɧ Űɘɠ Ʉ.Ƀ.ɀ.ȷ. ŬˊɞŰŮɚŮɑ ɛɘŬ ˊɞɚɚɎ ɡˊɞůɢɧɛŮɜɖ 

ůɡɜŭɡŬůŰɘəɐ ŰŮɢɜɘəɐ ŮˊɘəŮɜŰɟɩɜɞɜŰŬɠ Űɞ ŮˊɘůŰɖɛɞɜɘəɧ ŮɜŭɘŬűɏɟɞɜ (Ƀller  et al., 2011; 

Comninellis et al., 2008; Mantzavinos and Psillakis, 2004; Tabrizi and Mehrvar 2005; 

Augugliaro et al., 2006; Ikehata and El-Din, 2006; Gaya and Abdullah, 2008). Ƀ ůɡɜŭɡŬůɛɧɠ 

ŬɡŰɧɠ ˊŬɟɞɡůɘɎɕŮɘ ˊɚŮɞɜŮəŰɐɛŬŰŬ, əŬɗɩɠ ůŰɖɟɑɕŮŰŬɘ ůŰɖ ɛŮɔɎɚɖ ŭɟŬůŰɘəɧŰɖŰŬ əŬɘ ˊɞɚɨ 

ɛɘəɟɐ ŮəɚŮəŰɘəɧŰɖŰŬ Űɤɜ Ʉ.Ƀ.ɀ.ȷ., ɚɧɔɤ Űɖɠ ˊŬɟŬɔɤɔɐɠ Űɤɜ ɟɘɕɩɜ ɡŭɟɞɝɡɚɑɞɡ, əŬɘ ůŰɖɜ 

ŬŭɡɜŬɛɑŬ Űɖɠ ɓɘɞɚɞɔɘəɐɠ ŮˊŮɝŮɟɔŬůɑŬɠ ɜŬ ŮˊŮɝŮɟɔŬůŰŮɑ ŬˊɞŰŮɚŮůɛŬŰɘəɎ ŮɜɩůŮɘɠ ůŰŬɗŮɟɏɠ 

ůŰɖ ɓɘɞŭɘɎůˊŬůɖ, ɧɜŰŬɠ ˊŬɟɎɚɚɖɚŬ ɖ ˊɘɞ ŮɨəɞɚŬ ŮűŬɟɛɞɕɧɛŮɜɖ əŬɘ ɞɘəɞɜɞɛɘəɐ ŰŮɢɜɘəɐ 

ŮˊŮɝŮɟɔŬůɑŬɠ ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ (Comninellis et al., 2008).  

ɆŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ˊŮɟɘˊŰɩůŮɘɠ, ɖ ŮˊŮɝŮɟɔŬůɑŬ ˊŮɟɘɚŬɛɓɎɜŮɘ ɏɜŬ ůŰɎŭɘɞ ˊɟɞəŬŰŮɟɔŬůɑŬɠ 

ɛŮ Ʉ.Ƀ.ɀ.ȷ., ɛŮ ůŰɧɢɞ Űɖɜ ɛŮŰŬŰɟɞˊɐ Űɤɜ ɟɨˊɤɜ ůŮ ˊŮɟɘůůɧŰŮɟɞ ɓɘɞŬˊɞŭɞɛɐůɘɛŮɠ ŮɜɩůŮɘɠ, 

ɞɘ ɞˊɞɑŮɠ ůŰɖ ůɡɜɏɢŮɘŬ ɡűɑůŰŬɜŰŬɘ ɓɘɞɚɞɔɘəɐ ŮˊŮɝŮɟɔŬůɑŬ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ˊɚɐɟɖɠ 

ŭɘɎůˊŬůɖ Űɞɡɠ ůŰɞ ůɡɜŰɞɛɧŰŮɟɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ əŬɘ ɛŮ Űɞ ɛɘəɟɧŰŮɟɞ əɧůŰɞɠ (Sarria et al., 

2003; Mantzavinos and Psillakis, 200; Casas L·pez et al., 2010). ɆɡɕŮɡɔɛɏɜɖ ŭɘɎŰŬɝɖ 

ɖɚɘŬəɞɨ űɤŰɞŬɜŰɘŭɟŬůŰɐɟŬ əŬɘ ɓɘɞŬɜŰɘŭɟŬůŰɐɟŬ ɛŮɛɓɟŬɜɩɜ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2.4. 

ȷɜ əŬɘ ɚɘɔɧŰŮɟɞ ůɡɜɖɗɘůɛɏɜɖ ŬɚɚɖɚɞɡɢɑŬ, ɖ ɓɘɞɚɞɔɘəɐ ŮˊŮɝŮɟɔŬůɑŬ ɛˊɞɟŮɑ ɜŬ 

ˊɟɞɖɔŮɑŰŬɘ Űɖɠ ŮˊŮɝŮɟɔŬůɑŬɠ ɛŮ Ʉ.Ƀ.ɀ.ȷ ɞɨŰɤɠ ɩůŰŮ ɜŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ˊɟɩŰŬ ɖ 

ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ɓɘɞŬˊɞŭɞɛɐůɘɛɞɡ ŰɛɐɛŬŰɞɠ Űɞɡ ŬˊɞɓɚɐŰɞɡ. ɀŮ Űɞɜ Űɟɧˊɞ ŬɡŰɧ 

ŬˊɞűŮɨɔŮŰŬɘ ɖ ɞɘəɞɜɞɛɘəɎ Ŭůɨɛűɞɟɖ ŮűŬɟɛɞɔɐ Űɖɠ Ʉ.Ƀ.ɀ.ȷ ůŮ ɟɨˊɞɡɠ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ 
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ɛˊɞɟɞɨɜ ɜŬ Ŭˊɞŭɞɛɖɗɞɨɜ ɛŮ Űɖɜ ɞɘəɞɜɞɛɘəɧŰŮɟɖ ɛɏɗɞŭɞ Űɖɠ ɓɘɞɚɞɔɘəɐɠ ŮˊŮɝŮɟɔŬůɑŬɠ 

(Mantzavinos and Psillakis 2004; Oller et al., 2011). 

 

 

ɆɢɐɛŬ 2.4: ɆɢɖɛŬŰɘəɐ ŭɘɎŰŬɝɖ ůɡɕŮɡɔɛɏɜɞɡ ɖɚɘŬəɞɨ űɤŰɞŬɜŰɘŭɟŬůŰɐɟŬ-ɓɘɞŬɜŰɘŭɟŬůŰɐɟŬ 

ɛŮɛɓɟŬɜɩɜ (Casas L·pez et al., 2010). 

 

ȷˊɧ Űɖɜ əŬŰɖɔɞɟɑŬ Űɤɜ Ʉ.Ƀ.ɀ.ȷ ɞ ɞɕɞɜɘůɛɧɠ/ɞɕɞɜɑɤůɖ ŬˊɞŰŮɚŮɑ Űɖɜ ˊɚɏɞɜ 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ɛɏɗɞŭɞ ˊɟɞ-ŮˊŮɝŮɟɔŬůɑŬɠ ŬɟəŮŰɩɜ əŬŰɖɔɞɟɘɩɜ ŬˊɞɓɚɐŰɤɜ. Ⱦɨɟɘɞ 

ˊɚŮɞɜɏəŰɖɛŬ Űɞɡ ɧɕɞɜŰɞɠ (Ƀ3) ɏɜŬɜŰɘ Űɤɜ Ɏɚɚɤɜ ɞɝŮɘŭɤŰɘəɩɜ Ůɘŭɩɜ ŮɑɜŬɘ ɖ ɘəŬɜɧŰɖŰŬ Űɞɡ ɜŬ 

ŭɘŬůˊɎ ŬˊŮɡɗŮɑŬɠ ůɡɔəŮəɟɘɛɏɜŮɠ ŮɜɩůŮɘɠ ˊɏɟŬɜ Űɖɠ ɏɛɛŮůɖɠ ɞɝŮɘŭɤŰɘəɐɠ Űɞɡ ŭɟɎůɖɠ ɛɏůɤ 

Űɤɜ ŮɚŮɨɗŮɟɤɜ ɟɘɕɩɜ (Mantzavinos and Psillakis, 2004). ȼ ɞɛɞɔŮɜɐɠ əŬɘ ŮŰŮɟɞɔŮɜɐɠ 

űɤŰɞəŬŰɎɚɡůɖ ɏɢŮɘ Ůˊɑůɖɠ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ŮɡɟɨŰŬŰŬ ɤɠ ɛɏɗɞŭɞɠ ˊɟɞ-ŮˊŮɝŮɟɔŬůɑŬɠ Űɤɜ 

ŬˊɞɓɚɐŰɤɜ. Ⱦɨɟɘɞɠ ˊŮɟɘɞɟɘůɛɧɠ Űɤɜ əŬŰŬɚɡŰɘəɩɜ ůɡůŰɖɛɎŰɤɜ ŮɑɜŬɘ ɖ ŬɜɎɔəɖ 

ŬˊɞɛɎəɟɡɜůɖɠ əŬɘ/ɐ ŬɜɎəŰɖůɖɠ Űɞɡ əŬŰŬɚɨŰɖ ˊɟɘɜ Űɖ ɓɘɞɚɞɔɘəɐ ŮˊŮɝŮɟɔŬůɑŬ, ˊɞɡ ůɡɜɐɗɤɠ 

ŬˊŬɘŰŮɑ ɏɜŬ Ůˊɘˊɚɏɞɜ ůŰɎŭɘɞ ŮˊŮɝŮɟɔŬůɑŬɠ. ȯɚɚŮɠ ɛɏɗɞŭɞɘ ˊɞɡ ŮűŬɟɛɧɕɞɜŰŬɘ Ůɡɟɏɤɠ ŰŬ 

ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ɖɚŮəŰɟɞɢɖɛɘəɏɠ ŭɘŮɟɔŬůɑŮɠ, Űɖɜ ɡɔɟɐ ɞɝŮɑŭɤůɖ əŬɘ Űɞɡɠ 

ɡˊŮɟɐɢɞɡɠ (Mantzavinos and Psillakis, 2004). 

Ƀɘ ůɡɜŭɡŬůŰɘəɏɠ ŬɡŰɏɠ ŰŮɢɜɘəɏɠ ɏɢɞɡɜ ŮűŬɟɛɞůŰŮɑ ɛŮ ŮˊɘŰɡɢɑŬ Űɧůɞ ůŮ ŮɟɔŬůŰɖɟɘŬəɐ 

əɚɑɛŬəŬ ɧůɞ əŬɘ ůŮ ˊɘɚɞŰɘəɏɠ ɛɞɜɎŭŮɠ ɔɘŬ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ ŮˊɘɓŬɟɡɛɏɜɤɜ ɡˊɞůŰɟɤɛɎŰɤɜ 

ɧɤ́ɠ ɡɔɟɎ ŬˊɧɓɚɖŰŬ ŮɚŬɘɞɡɟɔŮɑɞɡ, ŬˊɧɓɚɖŰŬ Ŭˊɧ ɓɘɞɛɖɢŬɜɑŮɠ ɢŬɟŰɘɞɨ ɐ ɢŬɟŰɞˊɞɚŰɞɨ, 

ŬˊɧɓɚɖŰŬ əɚɤůŰɞɦűŬɜŰɞɡɟɔɑŬɠ, ɓɡɟůɞŭŮɣɑŬɠ, ɓɘɞɛɖɢŬɜɑŬɠ Űɟɞűɑɛɤɜ, ɔŬɚŬəŰɞɓɘɞɛɖɢŬɜɑŬɠ, 

ůŰɟŬɔɔɑůɛŬŰŬ ɢɩɟɤɜ ɡɔŮɘɞɜɞɛɘəɐɠ ŰŬűɐɠ ŬɚɚɎ əŬɘ ɡŭŬŰɘəɩɜ ŭɘŬɚɡɛɎŰɤɜ ŬɜŬŭɡɧɛŮɜɤɜ 

ɟɨˊɤɜ (Mantzavinos and Psillakis 2004; Oller et al., 2011). 

ɄŬɟɧɚŬ ŬɡŰɎ ɖ ˊɟɞ-ŮˊŮɝŮɟɔŬůɑŬ ɛŮ Ʉ.Ƀ.ɀ.ȷ ŮɜŭɏɢŮŰŬɘ ůŮ ɞɟɘůɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ ɜŬ 

ɛɖɜ ŮˊɘŭɟɎ ůŰɞ ɓŬɗɛɧ ɓɘɞŭɘŬůˊŬůɘɛɧŰɖŰŬɠ Űɞɡ ŬˊɞɓɚɐŰɞɡ ɐ Ŭəɧɛɖ əŬɘ ɜŬ ŮˊɘŭɟɎ ŬɟɜɖŰɘəɎ 
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ůŮ ŬɡŰɏɠ. ȼ ŬɜŬůŰŬɚŰɘəɐ/ ŬɟɜɖŰɘəɐ ŬɡŰɐ ŮˊɑŭɟŬůɖ ɞűŮɑɚŮŰŬɘ əɨɟɘɤɠ ůŰɞɡɠ Ůɝɐɠ ŰɏůůŮɟɟɘɠ 

ɚɧɔɞɡɠ (Mantzavinos and Psillakis 2004; Oller et al., 2011): Ŭ) ůŰɞ ůɢɖɛŬŰɘůɛɧ 

ˊŬɟŬˊɟɞɥɧɜŰɤɜ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔŬɚɨŰŮɟɖ ŬɜɗŮəŰɘəɧŰɖŰŬ ůŰɖ ɓɘɞŭɘɎůˊŬůɖ Ŭˊɧ Űɘɠ 

Ŭɟɢɘəɏɠ ŮɜɩůŮɘɠ, ɓ) ůŰɖɜ ɏɚɚŮɘɣɖ ŮəɚŮəŰɘəɧŰɖŰŬɠ ůŰɖɜ ˊɟɞůɓɞɚɐ ˊɘɞ ŬɜɗŮəŰɘəɩɜ ŮɜɩůŮɤɜ 

əŬŰɎ Űɖ ɢɖɛɘəɐ ˊɟɞ-ŮˊŮɝŮɟɔŬůɑŬ, ɔ) ůŮ ŬɜŬˊɞŰŮɚŮůɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ, ɧˊɤɠ ɞɘ 

ˊɞɚɨ ɏɜŰɞɜŮɠ ɞɝŮɘŭɤŰɘəɏɠ ůɡɜɗɐəŮɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůɞɡɜ ůŮ ɞɟɔŬɜɘəɧ űɞɟŰɑɞ ɛŮ ɛɘəɟɐ 

ɛŮŰŬɓɞɚɘəɐ ŬɝɑŬ ɔɘŬ Űɞɡɠ ɛɘəɟɞɞɟɔŬɜɘůɛɞɨɠ əŬɘ ŭ) ůŰɖ ɢɟɐůɖ ɛŮɔɎɚɤɜ ˊɞůɞŰɐŰɤɜ 

ɞɝŮɘŭɤŰɘəɞɨ ɐ/əŬɘ Űɞɡ əŬŰŬɚɨŰɖ, ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ŰɞɝɘəɎ ɔɘŬ ŭɘɎűɞɟɞɡɠ ɛɘəɟɞɞɟɔŬɜɘůɛɞɨɠ. 

Ƀɘ ˊŮɟɘɞɟɘůɛɞɑ ŬɡŰɞɑ ɡˊɞɔɟŬɛɛɑɕɞɡɜ Űɖɜ ŬɜɎɔəɖ ɞɚɞəɚɖɟɤɛɏɜɖɠ ɛŮɚɏŰɖɠ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ, ˊɞɡ ɗŬ ɚŬɛɓɎɜŮɘ ɡˊɧɣɖ ɧɚŮɠ ŬɡŰɏɠ Űɘɠ ŮˊɘŭɟɎůŮɘɠ əŬɗɩɠ ɞ Űɟɧˊɞɠ ŮˊɑŭɟŬůɖɠ 

Űɤɜ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɑŬɠ (ŭɘɎɟəŮɘŬ ŮűŬɟɛɞɔɐɠ Űɖɠ ŭɘŮɟɔŬůɑŬɠ, Űɨˊɞɠ ɞɝŮɘŭɤŰɘəɞɨ əŬɘ / ɐ 

əŬŰŬɚɨŰɖ, ŭɧůɖ əŬɘ ŰɞɝɘəɧŰɖŰŬ, ɗŮɟɛɞəɟŬůɑŬ, əɚˊ.) ůŰɞ ŬˊɧɓɚɖŰɞ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ˊɟɞ-

ŮˊŮɝŮɟɔŬůɑŬɠ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɜŬ ůɡɛɓɎɚŮɘ ůɖɛŬɜŰɘəɎ ůŰɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɖɠ ůɡɕŮɡɔɛɏɜɖɠ 

ŰŮɢɜɘəɐɠ. Ƀɘ ɛŮɚɏŰŮɠ ŬɡŰɏɠ ɛŮ Űɖ ɢɟɐůɖ ŬɜŬɚɡŰɘəɩɜ ŰŮɢɜɘəɩɜ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖ ŭɘŮɟŮɨɜɖůɖ 

Űɖɠ əɘɜɖŰɘəɐɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ŭɘɎůˊŬůɖɠ, Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŬɜŰɑŭɟŬůɖɠ, Űɖɠ ŮˊɑŭɟŬůɖɠ Űɤɜ 

əŬŰɘɧɜŰɤɜ əŬɘ ŬɜɘɧɜŰɤɜ ˊɞɡ ůɡɜɡˊɎɟɢɞɡɜ ůŰɞ ŬˊɧɓɚɖŰɞ, Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɖɠ 

ɢɖɛɘəɐɠ ˊɟɞ-ŮˊŮɝŮɟɔŬůɑŬɠ ůŰɖɜ ŰɞɝɘəɧŰɖŰŬ əŬɘ ɓɘɞŬˊɞɘəɞŭɞɛɖůɘɛɧŰɖŰŬ Űɞɡ ŬˊɞɓɚɐŰɞɡ əŬɘ 

Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ əŬŰɎɚɚɖɚɤɜ ŰŮɢɜɘəɩɜ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɖɠ ɓɘɞŬˊɞɘəɞŭɧɛɖůɖɠ əŬɘ Űɖɠ 

ŰɞɝɘəɧŰɖŰŬɠ (Amat et al., 2003, 2007; Sirtori et al., 2009; Radjenovic et al., 2009). 

ɇɞ ɆɢɐɛŬ 2.5 ůɡɜɞɣɑɕŮɘ Űɞɡɠ ˊŬɟɎɔɞɜŰŮɠ/ˊŬɟŬɛɏŰɟoɡɠ ˊɞɡ ˊɟɏˊŮɘ ɜŬ ɚŬɛɓɎɜɞɜŰŬɘ 

ɡˊɧɣɖ ɔɘŬ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɖɠ ŮűŬɟɛɞɔɐɠ ɛɘŬɠ ůɡɜŭɡŬůŰɘəɐɠ ŰŮɢɜɘəɐɠ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ  ɛɑŬ 

Ʉ.Ƀ.ɀ.ȷ. əŬɘ ɛɑŬ ɓɘɞɚɞɔɘəɐ ɛɏɗɞŭɞ ɔɘŬ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɞɝɘəɩɜ əŬɘ/ɐ ɛɖ-ɓɘɞŬˊɞŭɞɛɐůɘɛɤɜ 

ɓɘɞɛɖɢŬɜɘəɩɜ ŬˊɞɓɚɐŰɤɜ. ȷɡŰɧ Űɞ ɔŮɜɘəɧ ŭɘɎɔɟŬɛɛŬ ŬˊŮɘəɞɜɑɕŮɘ ɧɢɘ ɛɧɜɞ Űɘɠ ŬɜŬɔəŬɑŮɠ 

ɢɖɛɘəɏɠ əŬɘ ɓɘɞɚɞɔɘəɏɠ ŬɜŬɚɨůŮɘɠ ˊɞɡ ˊɟɏˊŮɘ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗɞɨɜ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɞɡ 

ɟɡˊŬɜŰɘəɞɨ űɞɟŰɑɞɡ əŬɘ Űɖɠ ɓɘɞŬˊɞɘəɞŭɞɛɖůɘɛɧŰɖŰŬɠ Űɞɡ ŬˊɞɓɚɐŰɞɡ ɔɘŬ ɛɑŬ ůɡɔəŮəɟɘɛɏɜɖ 

ůŰɟŬŰɖɔɘəɐ ŮˊŮɝŮɟɔŬůɑŬɠ ɓɘɞɛɖɢŬɜɘəɩɜ ŬˊɞɓɚɐŰɤɜ ŬɚɚɎ əŬɘ Űɘɠ ŭɡɜɖŰɘəɏɠ ůŰɟŬŰɖɔɘəɏɠ ˊɞɡ 

ˊɟɏˊŮɘ ɜŬ Ŭəɞɚɞɡɗɖɗɞɨɜ ŬɜɎɚɞɔŬ ɛŮ ŰŬ ŮɘŭɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ əɎɗŮ ŬˊɞɓɚɐŰɞɡ (Oller et al., 

2011). 

Ƀɘ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɘɠ ůɡɜɗɐəŮɠ Űɖɠ ŭɘŮɟɔŬůɑŬɠ əŬɘ ˊɟɏˊŮɘ ɜŬ ŮɚɏɔɢɞɜŰŬɘ 

əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ŮűŬɟɛɞɔɐɠ Űɖɠ ŮˊɘɚŮɔɛɏɜɖɠ Ʉ.Ƀ.ɀ.ȷ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ 

əŬŰŬɚɨŰɖ (Fe(II), Fe(III), TiO 2, ə.ɚˊ.), Űɞɡ ɡˊŮɟɞɝŮɘŭɑɞɡ Űɞɡ ɡŭɟɞɔɧɜɞɡ ɐ/əŬɘ Űɞɡ ɧɕɞɜŰɞɠ, 

Űɖɜ ɏɜŰŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ, Űɞ pȼ əŬɘ  Űɖ ɗŮɟɛɞəɟŬůɑŬ (Oller et al., 2011). ɋɠ ŭŮɑəŰŮɠ ɔɘŬ 

Űɖɜ ŮəŰɑɛɖůɖ Űɖɠ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬɠ Űɖɠ ɢɖɛɘəɐɠ ɞɝŮɑŭɤůɖɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮɡɟɨŰŬŰŬ 
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ɞɘ ůɡɔəŮɜŰɟɩůŮɘɠ Űɞɡ ɞɚɘəɞɨ ɞɟɔŬɜɘəɞɨ ɎɜɗɟŬəŬ (Total Organic Carbon) əŬɘ Űɞɡ ɢɖɛɘəɎ 

ŬˊŬɘŰɞɨɛŮɜɞɡ ɞɝɡɔɧɜɞɡ (Chemical Oxygen Demand) (Oller et al., 2011). 

ɀŮ Űɞɜ əŬŰɎɚɚɖɚɞ ůɡɜŭɡŬůɛɧ Űɤɜ ŭɨɞ ŬɡŰɩɜ ŭŮɘəŰɩɜ ˊɟɞəɨˊŰɞɡɜ Ůˊɑůɖɠ ɞɘ ɏɜɜɞɘŮɠ Űɖɠ 

ŬˊɞɛɎəɟɡɜůɖɠ Űɞɡ COD ɛɏůɤ ɛɧɜɞ ɛŮɟɘəɐɠ ɞɝŮɑŭɤůɖɠ (CODpartox) əŬɘ Űɖɠ Ŭˊɧŭɞůɖɠ Űɖɠ 

ɛŮɟɘəɐɠ ɞɝŮɑŭɤůɖɠ (ɛ), ůɨɛűɤɜŬ ɛŮ Űɘɠ ŮɝɘůɩůŮɘɠ 2.11 əŬɘ 2.12, ŬɜŰɑůŰɞɘɢŬ (Mantzavinos 

and Psillakis 2004): 

#/$
#/$ ʝ

4/# ʝ

#/$

4/#
4/#  ςȢρρ 

ʈ
#/$

#/$ ʝ#/$
             ςȢρς 

ȼ Ŭˊɧŭɞůɖ Űɖɠ ɛŮɟɘəɐɠ ɞɝŮɑŭɤůɖɠ ɛ,  ɛˊɞɟŮɑ ɜŬ ˊɎɟŮɘ Űɘɛɏɠ ˊɞɡ əɡɛŬɑɜɞɜŰŬɘ Ŭˊɧ 0 ɏɤɠ 

1. To ɛ ɚŬɛɓɎɜŮɘ Űɖɜ Űɘɛɐ 1 ɧŰŬɜ ůɡɛɓŬɑɜɞɡɜ ŬɜŰɘŭɟɎůŮɘɠ ɛŮɟɘəɐɠ ɞɝŮɑŭɤůɖɠ əŬɘ Űɖɜ Űɘɛɐ 0 

ůŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ. ɛɧɜɞ ɞɚɘəɐ ɞɝŮɑŭɤůɖ.  

ɇɞ TOC əŬɘ Űɞ COD ɛˊɞɟɞɨɜ Ůˊɑůɖɠ ɜŬ ůɡɜŭɡŬůŰɞɨɜ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɞɡ ŭŮɑəŰɖ 

AOSC (Average Oxidation State of Carbon) ˊɞɡ ˊŮɟɘɔɟɎűŮɘ Űɞ ɛɏůɞ ɓŬɗɛɧ ɞɝŮɑŭɤůɖɠ Űɞɡ 

ɞɟɔŬɜɘəɞɨ űɞɟŰɑɞɡ (Ůɝɑůɤůɖ 2.13) əŬɘ ɛˊɞɟŮɑ ɜŬ ˊɎɟŮɘ Űɘɠ Űɘɛɏɠ ɛŮŰŬɝɨ ï4 (ˊ.ɢ. ůŰɞ ɛŮɗɎɜɘɞ) 

əŬɘ +4 (ˊ.ɢ. ůŰɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ). Ⱦɨɟɘɞ ɛŮɘɞɜɏəŰɖɛŬ Űɞɡ ŭŮɑəŰɖ AOSC ŮɑɜŬɘ ɖ 

ŭɡɜŬŰɧŰɖŰŬ Űɞɡ ɜŬ ŭɩůŮɘ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɞ ɓŬɗɛɧ ɞɝŮɑŭɤůɖɠ Űɞɡ ŬˊɞɓɚɐŰɞɡ ɛɧɜɞ ɛɘŬ 

ůɡɔəŮəɟɘɛɏɜɖ ɢɟɞɜɘəɐ ůŰɘɔɛɐ ɢɤɟɑɠ ɜŬ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟɎɣŮɘ Űɖɜ ˊɟɧɞŭɞ Űɖɠ ɛŮɟɘəɐɠ 

ɞɝŮɑŭɤůɖɠ Ŭˊɧ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ŮˊŮɝŮɟɔŬůɑŬɠ (Mantzavinos and Psillakis 2004). 

!/3#τ
4/##/$ 

4/#
        ςȢρσ 

 

ɋɠ ɛɏŰɟɞ Űɖɠ ŬŮɟɧɓɘŬɠ ɓɘɞŬˊɞɘəɞŭɞɛɖůɘɛɧŰɖŰŬɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůɡɜɐɗɤɠ ɖ ɓɘɞɢɖɛɘəɐ 

ŬˊŬɑŰɖůɖ ɞɝɡɔɧɜɞɡ (BOD). ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮəŰɘɛɖɗŮɑ ˊŮɟŬɘŰɏɟɤ ɖ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɤɜ 

ŰŮɢɜɞɚɞɔɘɩɜ ŮˊŮɝŮɟɔŬůɑŬɠ  ŬɚɚɎ əŬɘ ɖ əŬŰŬɚɚɖɚɧŰɖŰŬ ŭɘɎɗŮůɖɠ Űɞɡ ŬˊɞɓɚɐŰɞɡ ůŮ űɡůɘəɞɨɠ 

ŬˊɞŭɏəŰŮɠ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɛŮŰɟɐůŮɘɠ ŰɞɝɘəɧŰɖŰŬɠ ůŮ ɡŭɟɧɓɘɞɡɠ ɞɟɔŬɜɘůɛɞɨɠ ɧˊɤɠ 

Daphnia Magna, Vibrio Fischeri, Artemia Salina əŬɘ Selenastrum capricornutum 

(Mantzavinos and Psillakis 2004). 
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ɆɢɐɛŬ 2.5: ɆŰɟŬŰɖɔɘəɐ Ůˊɘɚɞɔɐɠ Űɖɠ ɓɏɚŰɘůŰɖɠ ŭɘŮɟɔŬůɑŬɠ ɔɘŬ ɏɜŬ Űɞɝɘəɧ əŬɘ/ɐ ɛɖ-ɓɘɞŬˊɞɘəɞŭɞɛɐůɘɛɞ ɓɘɞɛɖɢŬɜɘəɧ ŬˊɧɓɚɖŰɞ 

ȷ.Ⱥ.Ƀ: ȷɜɩŰŮɟɞ ŮˊɘŰɟŮˊŰɧ ɧɟɘɞ (Oller et al. 2011). 
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2.5. ūɤŰɞɢɖɛɘəɏɠ Ʉ.Ƀ.ɀ.ȷ. 

 

ɆŰɖɜ ŮɡɟŮɑŬ əŬŰɖɔɞɟɑŬ Űɤɜ Ʉɟɞɢɤɟɖɛɏɜɤɜ ɃɝŮɘŭɤŰɘəɩɜ ɀŮɗɧŭɤɜ ȷɜŰɘɟɟɨˊŬɜůɖɠ, 

ůɖɛŬɜŰɘəɐ ɗɏůɖ əŬŰɏɢɞɡɜ ɞɘ űɤŰɞɢɖɛɘəɏɠ Ʉ.Ƀ.ɀ.ȷ. Ƀɘ ɛɏɗɞŭɞɘ ŬɡŰɏɠ ɓŬůɑɕɞɜŰŬɘ ůŰɖ 

ŭɖɛɘɞɡɟɔɑŬ ŭɟŬůŰɘəɩɜ ŮɜŭɘŬɛɏůɤɜ, əɡɟɑɤɠ ɟɘɕɩɜ HO
Å
, ɛŮ Űɖ ɢɟɐůɖ ŭɘŬűɧɟɤɜ Ůɘŭɩɜ 

ŬəŰɘɜɞɓɞɚɑŬɠ (Stefan, 2004). ũɘŬ Űɖɜ ŮɜŮɟɔɞˊɞɑɖůɖ Űɤɜ ŬɜŰɘŭɟɎůŮɤɜ ˊɟɞɠ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɤɜ 

ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ əɡɟɑɤɠ Űɞ ɡˊŮɟɘɩŭŮɠ (UV-A,B,C) əŬɘ Űɞ ɞɟŬŰɧ (Vis) 

ŰɛɐɛŬ Űɖɠ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ. ɇɞ ɛɐəɞɠ əɨɛŬŰɞɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ˊɞɡ 

ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ɜŬ ɚɎɓŮɘ ɢɩɟŬ ɛɘŬ ɞɝŮɘŭɤŰɘəɐ ŭɘŬŭɘəŬůɑŬ ŮɝŬɟŰɎŰŬɘ ɎɛŮůŬ Ŭˊɧ Űɞ ůɨůŰɖɛŬ 

ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ Űɤɜ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ (ɆɢɐɛŬ 2.6) (Oppenlªnder, 

2003). 

 

ɆɢɐɛŬ 2.6: ȾŬŰɖɔɞɟɘɞˊɞɑɖůɖ űɤŰɞɢɖɛɘəɩɜ Ʉ.Ƀ.ɀ.ȷ. ůɨɛűɤɜŬ ɛŮ Űɞ Ůɨɟɞɠ ɛɐəɤɜ əɨɛŬŰɞɠ 

ŮɜŮɟɔɞˊɞɑɖůɖɠ (Oppenlªnder, 2003). 

 

ȷˊɧ Űɞ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞ ůɨůŰɖɛŬ ŮɝŬɟŰɎŰŬɘ əŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ɢɟɐůɖɠ Űɞɡ ɖɚɘŬəɞɨ 

űɤŰɧɠ ɤɠ ˊɖɔɐ ŬəŰɘɜɞɓɞɚɑŬɠ. ɄɟɏˊŮɘ, ɤůŰɧůɞ, ɜŬ ɚŬɛɓɎɜŮŰŬɘ ɡˊɧɣɖ ɧŰɘ ɛɧɜɞ Űɞ 3-5% Űɖɠ 

ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ˊɞɡ űŰɎɜŮɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɖɠ ɔɖɠ ɓɟɑůəŮŰŬɘ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ 

ɡˊŮɟɘɩŭɞɡɠ (Litter, 2005). Ɇɡɜɐɗɤɠ, ɖ ŮűŬɟɛɞɔɐ ŬəŰɘɜɞɓɞɚɑŬɠ ŬɡɝɎɜŮɘ ůɖɛŬɜŰɘəɎ Űɖɜ 

Ŭˊɧŭɞůɖ Űɤɜ ɞɝŮɘŭɤŰɘəɩɜ ɛŮɗɧŭɤɜ, əŬɗɩɠ ɞŭɖɔŮɑ əŬŰɎ əŬɜɧɜŬ ůŰɞ ůɢɖɛŬŰɘůɛɧ Ůˊɘˊɚɏɞɜ 

ˊɞůɞŰɐŰɤɜ ɟɘɕɩɜ HO
Å
. ɋɠ ˊɖɔɏɠ űɤŰɧɠ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɚɡɢɜɑŮɠ ɡŭɟŬɟɔɨɟɞɡ 

(ɢŬɛɖɚɐɠ, ɛɏŰɟɘŬɠ, ɡɣɖɚɐɠ ˊɑŮůɖɠ) ɐ ɚɡɢɜɑŮɠ ɝɏɜɞɡ ˊɞɡ Ůəˊɏɛˊɞɡɜ ůŰɞ Ůɔɔɨɠ ɡˊŮɟɘɩŭŮɠ 

űɎůɛŬ, Ůɜɩ ůŮ ɛŮɟɘəɏɠ ˊŮɟɘˊŰɩůŮɘɠ ŭɨɜŬŰŬɘ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ Ŭəɧɛɖ əŬɘ Űɞ ɖɚɘŬəɧ űɤɠ 

(Oppenlªnder, 2003; Litter, 2005). ũɘŬ Űɘɠ ŮűŬɟɛɞɔɏɠ ˊɞɡ ŬˊŬɘŰɞɨɜ ɛɘəɟɎ ɛɐəɖ əɨɛŬŰɞɠ 

ɡˊŮɟɘɩŭɞɡɠ ŬəŰɘɜɞɓɞɚɑŬɠ, ɤɠ ˊɖɔɏɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůɡɜɐɗɤɠ ɚɡɢɜɑŮɠ ɝɏɜɞɡ 

ɛŮ ɛɏɔɘůŰɞ ɛɐəɞɠ əɨɛŬŰɞɠ Ůəˊɞɛˊɐɠ ůŰŬ 172 nm (Oppenlªnder, 2003). 
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ȱŭɖ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ɖ ŬˊɞɛɎəɟɡɜůɖ Ůɜɧɠ ŰŮɟɎůŰɘɞɡ Ŭɟɘɗɛɞɨ ɢɖɛɘəɩɜ Ůɘŭɩɜ ɛŮ Űɖ 

ɢɟɐůɖ űɤŰɞɢɖɛɘəɩɜ Ʉ.Ƀ.ɀ.ȷ ɛŮ ɐ ɢɤɟɑɠ Űɖɜ ˊŬɟɞɡůɑŬ ɞɝŮɘŭɤŰɘəɩɜ Ůɘŭɩɜ əŬɘ 

űɤŰɞəŬŰŬɚɡŰɩɜ ɏɢŮɘ ˊɟɞůŮɚəɨůŮɘ ŮɝŬɘɟŮŰɘəɧ ŮɜŭɘŬűɏɟɞɜ. ȰŰůɘ, ɏɢɞɡɜ ɛŮɚŮŰɖɗŮɑ ůɡůŰɐɛŬŰŬ 

ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ ŬɜɧɟɔŬɜɤɜ ɘɧɜŰɤɜ ɧˊɤɠ ŮɚŮɨɗŮɟɤɜ əŬɘ ůɡɛˊɚŮɔɛɏɜɤɜ əɡŬɜɘɞɨɢɤɜ 

ɘɧɜŰɤɜ, ɜɘŰɟɤŭɩɜ əŬɘ ɜɘŰɟɘəɩɜ ɘɧɜŰɤɜ, ɓŬɟɏɤɜ ɛŮŰɎɚɚɤɜ (Cr(VI), Hg (0, II )) əŬɘ ɞɟɔŬɜɘəɩɜ 

ɛɞɟɑɤɜ ɧˊɤɠ ŬɚŮɘűŬŰɘəɩɜ əŬɘ ŬɟɤɛŬŰɘəɩɜ ŮɜɩůŮɤɜ əŬɘ Űɤɜ ˊŬɟŬɔɩɔɤɜ Űɞɡɠ, əɞɟŮůɛɏɜɤɜ 

əŬɘ ŬəɧɟŮůŰɤɜ Ŭɚɞɔɞɜɤɛɏɜɤɜ ɡŭɟɞɔɞɜɞŬɜɗɟɎəɤɜ, ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜɞɡɜ 

ɎɕɤŰɞ, űɩůűɞɟɞ əŬɘ ɗŮɑɞ əŬɘ űɡůɘəɩɜ ɡŭɎŰɘɜɤɜ ůɡůŰŬŰɘəɩɜ ɧˊɤɠ ɢɞɡɛɘəɎ ɞɝɏŬ 

(Oppenlªnder, 2003). ȷɜŰɘˊɟɞůɤˊŮɡŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ɟɨˊɤɜ ˊɞɡ ŬˊɞŭɞɛɞɨɜŰŬɘ ɛŮ 

űɤŰɞɢɖɛɘəɏɠ Ʉ.Ƀ.ɀ.ȷ. ůŮ ɡŭŬŰɘəɎ ŭɘŬɚɨɛŬŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 2.7 (Oppenlªnder, 

2003). 

 

ɆɢɐɛŬ 2.7: ȷɜŰɘˊɟɞůɤˊŮɡŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ɟɨˊɤɜ ˊɞɡ ŬˊɞŭɞɛɞɨɜŰŬɘ ɛŮ űɤŰɞɢɖɛɘəɏɠ 

Ʉ.Ƀ.ɀ.ȷ ůŮ ɡŭŬŰɘəɎ ŭɘŬɚɨɛŬŰŬ (Oppenlªnder, 2003). 

 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ ɛŮɚŮŰɐɗɖəŮ ɖ ŮűŬɟɛɞɔɐ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ, ɛɘŬɠ 

Ŭˊɧ Űɘɠ ˊɚɏɞɜ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ űɤŰɞɢɖɛɘəɏɠ Ʉ.Ƀ.ɀ.ȷ, ɖ ɞˊɞɑŬ ˊŮɟɘɔɟɎűŮŰŬɘ ŮəŰŮɜɩɠ ůŰɞ 

ŮˊɧɛŮɜɞ əŮűɎɚŬɘɞ, Ůɜɩ ůŰɖ ůɡɜɏɢŮɘŬ ŬɡŰɐɠ Űɖɠ ŮɜɧŰɖŰŬɠ ŬɜŬˊŰɨůůɞɜŰŬɘ ůɡɜɞˊŰɘəɎ ɞɘ 

ɡˊɧɚɞɘˊŮɠ űɤŰɞɢɖɛɘəɏɠ Ʉ.Ƀ.ɀ.ȷ.  
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2.5.1. ūɤŰɧɚɡůɖ 

 

ȼ ŭɘŮɟɔŬůɑŬ ŬɡŰɐ ůŰɖɟɑɕŮŰŬɘ ůŰɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ Űɞɡ ŰŮɢɜɖŰɞɨ ɐ űɡůɘəɞɨ űɤŰɧɠ ɛŮ Űɞ 

ɛɧɟɘɞ-ůŰɧɢɞ əŬɘ Űɖɜ ŮˊŬɔɤɔɐ űɤŰɞɢɖɛɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ ɞɘ ɞˊɞɑŮɠ ɛˊɞɟɞɨɜ ɜŬ ɞŭɖɔɐůɞɡɜ 

ůŰɖɜ Ŭˊɞŭɧɛɖůɖ Űɞɡ ůŮ ŮɜŭɘɎɛŮůŬ ˊɟɞɥɧɜŰŬ. ȼ űɤŰɞɚɡŰɘəɐ ŭɘɎůˊŬůɖ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ŮɑŰŮ ɛŮ 

Űɖɜ ŬˊŮɡɗŮɑŬɠ Ŭˊɞɟɟɧűɖůɖ Űɞɡ űɤŰɧɠ Ŭˊɧ Űɞ ɟɨˊɞ ɞŭɖɔɩɜŰŬɠ ůŰɖ űɤŰɞɚɡŰɘəɐ ůɢɎůɖ Űɤɜ 

ŭŮůɛɩɜ Űɞɡ (ɎɛŮůɖ űɤŰɧɚɡůɖ) ŮɑŰŮ ɛɏůɤ ɞɝŮɘŭɤŰɘəɩɜ Ůɘŭɩɜ ɧˊɤɠ ɟɘɕɩɜ HO
Å
 əŬɘ Ƀ2

-Å
 ɘəŬɜɩɜ 

ɜŬ Ŭˊɞŭɞɛɐůɞɡɜ ɏɜŬ Ůɡɟɨ űɎůɛŬ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ (ɏɛɛŮůɖ űɤŰɧɚɡůɖ) (Trov· et al., 2009; 

Sharma et al., 2012). ɆŰɖɜ ɏɛɛŮůɖ űɤŰɧɚɡůɖ, ŰŬ ŭɟŬůŰɘəɎ ɞɝŮɘŭɤŰɘəɎ Ůɑŭɖ ˊŬɟɎɔɞɜŰŬɘ əŬŰɎ 

Űɖ űɤŰɧɚɡůɖ ɢɞɡɛɘəɩɜ əŬɘ ŬɜɧɟɔŬɜɤɜ ŮɜɩůŮɤɜ ˊɞɡ ůɡɜɡˊɎɟɢɞɡɜ ůŰɞ ɡŭŬŰɘəɧ ŭŮɑɔɛŬ-

ˊŮɟɘɓɎɚɚɞɜ. ȼ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ űɤŰɞɚɡŰɘəɐɠ Ŭˊɞŭɧɛɖůɖɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ ŬɟəŮŰɞɨɠ 

ˊŬɟɎɔɞɜŰŮɠ, ɧˊɤɠ ŮɑɜŬɘ Űɞ űɎůɛŬ Ŭˊɞɟɟɧűɖůɖɠ Űɤɜ ɞɡůɘɩɜ, ɖ ɏɜŰŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ 

Űɞ Ůɑŭɞɠ Űɞɡ ɡŭŬŰɘəɞɨ ɡˊɞůŰɟɩɛŬŰɞɠ əŬɘ ůɡɢɜɎ ŮɜɘůɢɨŮŰŬɘ ɧŰŬɜ ɖ ŬəŰɘɜɞɓɧɚɖůɖ 

ůɡɜŭɡɎɕŮŰŬɘ ɛŮ Űɖɜ ˊŬɟɞɡůɑŬ ɡˊŮɟɞɝŮɘŭɑɞɡ Űɞɡ ɡŭɟɞɔɧɜɞɡ ɐ Űɞɡ Ƀ3, ŭɘŮɟɔŬůɑŮɠ ˊɞɡ ɗŬ 

ˊŮɟɘɔɟŬűɞɨɜ ˊŬɟŬəɎŰɤ (ȼomem and Santos, 2011). 

 ȼ ŮˊŮɝŮɟɔŬůɑŬ ɛŮ ɢɟɐůɖ Űɖɠ UV ŬəŰɘɜɞɓɞɚɑŬɠ ɏɢŮɘ əɡɟɑɤɠ ŮűŬɟɛɞůŰŮɑ ɔɘŬ Űɖɜ 

ŬˊɞɚɨɛŬɜůɖ Űɞɡ ˊɧůɘɛɞɡ ɜŮɟɞɨ. ɆŮ ůɨɔəɟɘůɖ ɛŮ Űɖ ɢɚɤɟɑɤůɖ, ɖ űɤŰɞɚɡŰɘəɐ ŭɘŮɟɔŬůɑŬ 

ŮˊɘŰɡɔɢɎɜŮɘ Űɖɜ ŮɚŬɢɘůŰɞˊɞɑɖůɖ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ Űɞɝɘəɩɜ ɢɚɤɟɘɤɛɏɜɤɜ ˊŬɟŬˊɟɞɥɧɜŰɤɜ 

(Pereira et al., 2007). ȼ ŰŮɢɜɞɚɞɔɑŬ ŬɡŰɐ ɛŮ Űɖ ɢɟɐůɖ ɚɡɢɜɘɩɜ ˊɞɡ Ůəˊɏɛˊɞɡɜ ɡˊŮɟɘɩŭɖ 

ɛɞɜɞɢɟɤɛŬŰɘəɐ ŬəŰɘɜɞɓɞɚɑŬ 254 nm ɏɢŮɘ Ůˊɑůɖɠ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɖ ŭɘɎůˊŬůɖ ˊɞɚɚɩɜ 

əŬŰɖɔɞɟɘɩɜ ɢɖɛɘəɩɜ ŮɜɩůŮɤɜ ɧˊɤɠ Űɟɘ-Ŭɚɞɔɞɜɤɛɏɜɤɜ ˊŬɟŬɔɩɔɤɜ ɛŮɗŬɜɑɞɡ, 

ɢɚɤɟɞɛŮɗŬɜɑɤɜ, ɢɚɤɟɞŬɘɗŬɜɑɤɜ, ɢɚɤɟɘɤɛɏɜɤɜ ŬɟɤɛŬŰɘəɩɜ ŮɜɩůŮɤɜ əŬɘ ɢɚɤɟɞűŬɘɜɞɚɩɜ. 

ȾɨɟɘŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɖɠ űɤŰɞɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ ˊɞɡ ˊŮɟɘɞɟɑɕɞɡɜ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ ůŰɖɜ 

ŬˊɞɟɟɨˊŬɜůɖ Űɤɜ ɡŭɎŰɤɜ əŬɘ Űɤɜ ŬˊɞɓɚɐŰɤɜ ŮɑɜŬɘ ɞɘ ɢŬɛɖɚɏɠ əɓŬɜŰɘəɏɠ ŬˊɞŭɧůŮɘɠ ˊɞɡ 

ŮˊɘŰɡɔɢɎɜɞɜŰŬɘ, ɖ ŭɡɜŬŰɧŰɖŰŬ  ŮűŬɟɛɞɔɐɠ ɛɧɜɞ ůŮ ŮɜɩůŮɘɠ ˊɞɡ Ŭˊɞɟɟɞűɞɨɜ Ŭˊɧ ŰŬ 200-300 

nm əŬɘ Űɞ ůɢŮŰɘəɎ ɡɣɖɚɧ əɧůŰɞɠ (Litter, 2005).  

 

2.5.2. ūɤŰɧɚɡůɖ ɡˊŮɟɘɩŭɞɡɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɡˊɧ əŮɜɧ (Vacuum UV, VUV) 

 

H ŭɘŮɟɔŬůɑŬ ŬɡŰɐ əɎɜŮɘ ɢɟɐůɖ ŬəŰɘɜɞɓɞɚɑŬɠ ɛŮ ɛɐəɖ əɨɛŬŰɞɠ < 190 nm. ȼ ŭɘɏɔŮɟůɖ 

ɞŭɖɔŮɑ Űɘɠ ˊŮɟɘůůɧŰŮɟŮɠ űɞɟɏɠ ůŰɖɜ ɞɛɞɚɡŰɘəɐ ŭɘɎůˊŬůɖ Űɤɜ ŭŮůɛɩɜ ŭɘŬűɧɟɤɜ ɞɟɔŬɜɘəɩɜ 

ŮɜɩůŮɤɜ ůŰɖɜ ɡɔɟɞˊɞɘɖɛɏɜɖ ɐ ŬɏɟɘŬ űɎůɖ (Litter, 2005).  ɋůŰɧůɞ, ɖ ɡɣɖɚɐ ŮɜɏɟɔŮɘŬ ˊɞɡ 

ůɢŮŰɑɕŮŰŬɘ ɛŮ ɛɐəɖ əɨɛŬŰɞɠ ɢŬɛɖɚɧŰŮɟŬ Ŭˊɧ 190 nm ɛ́ ɞɟŮɑ ɜŬ űɤŰɞŭɘŬůˊɎůŮɘ Űɞ ɜŮɟɧ əŬɘ 

ɜŬ ɞŭɖɔɐůŮɘ ůŰɞ ůɢɖɛŬŰɘůɛɧ ɘůɢɡɟɎ ɞɝŮɘŭɤŰɘəɩɜ ˊŬɟŬɔɧɜŰɤɜ ɧˊɤɠ ɟɘɕɩɜ HO
Å
 əŬɗɩɠ Ůˊɑůɖɠ 

əŬɘ ŬɜŬɔɤɔɘəɩɜ Ůɘŭɩɜ ɧˊɤɠ ɟɘɕɩɜ ɡŭɟɞɔɧɜɞɡ əŬɘ ŮɜɡŭŬŰɤɛɏɜɤɜ ɖɚŮəŰɟɞɜɑɤɜ (ŬɜŰɑŭɟŬůɖ 
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2.14). Ⱥɜ ůɡɜŮɢŮɑŬ ŰŬ ŭɟŬůŰɘəɎ ŬɜŬɔɤɔɘəɎ Ůɑŭɖ, ůŮ ɡŭŬŰɘəɎ ŭɘŬɚɨɛŬŰŬ ˊŬɟɞɡůɑŬ ɞɝɡɔɧɜɞɡ 

ˊŬɟɎɔɞɡɜ ȼɃɃ
Å
 əŬɘ Ƀ2

-Å
 ( ŬɜŰɘŭɟɎůŮɘɠ 2.15-2.17) (Oppenlªnder, 2003). 

 

ȼ  ŰŮɢɜɞɚɞɔɑŬ ŬɡŰɐ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Ŭˊɞŭɧɛɖůɖ ɟɨˊɤɜ ůŰɖɜ ɡŭŬŰɘəɐ űɎůɖ əŬɘ ůŮ 

ɟŮɨɛŬ ŬɏɟŬ ɡɣɖɚɐɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɡɔɟŬůɑŬ, ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ɡˊŮɟəɎɗŬɟɞɡ (ultrapure) 

ɜŮɟɞɨ əŬɘ ɔɘŬ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ ŮɜɩůŮɤɜ ˊɞɡ ŮɑɜŬɘ ŭɨůəɞɚɞ ɜŬ ɞɝŮɘŭɤɗɞɨɜ ɧˊɤɠ ɢɚɤɟɘɤɛɏɜɞɘ 

(ˊ.ɢ. ɢɚɤɟɞɛŮɗɎɜɘɞ)  əŬɘ űɗɞɟɘɤɛɏɜɞɘ ɡŭɟɞɔɞɜɎɜɗɟŬəŮɠ (Litter, 2005). 

 

2.5.3. UV/H 2O2 

 

ɇɞ ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ ɡŭɟɞɔɧɜɞɡ, ȼ
2
Ƀ

2
, ŬˊɞŰŮɚŮɑ ɛɘŬ ˊɞɚɨ ŭɘŬŭŮŭɞɛɏɜɖ ɏɜɤůɖ ůŰɖ űɨůɖ, 

ůɡɢɜɎ ŬˊŬɜŰɩɛŮɜɖ ůŮ űɡůɘəɎ ɜŮɟɎ ɧˊɤɠ ɗŬɚŬůůɘɜɧ əŬɘ ɔɚɡəɧ ɜŮɟɧ ůŮ ůɡɔəŮɜŰɟɩůŮɘɠ ˊɞɡ 

ˊɞɘəɑɚɞɡɜ Ŭˊɧ 0,5-14 ɛg L
-1

 əŬɘ 1-30 ɛg L
-1

 ŬɜŰɑůŰɞɘɢŬ əŬɘ ůŰɞɜ ŬŰɛɞůűŬɘɟɘəɧ ŬɏɟŬ ůŮ 

ůɡɔəŮɜŰɟɩůŮɘɠ Ŭˊɧ 0,1-1 ɛg L
-1

. ɇŬ ɡŭŬŰɘəɎ ŭɘŬɚɨɛŬŰŬ Űɞɡ ȼ
2
Ƀ

2
 ŮɑɜŬɘ ŮɨəɞɚŬ ůŰɖ ɢɟɐůɖ 

əŬɘ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əɡɟɑɤɠ ůŮ ŬɜŰɘŭɟɎůŮɘɠ ɞɝŮɑŭɤůɖɠ, ˊŮɟɘɚŬɛɓɎɜɞɜŰŬɠ ŭɘŬŭɘəŬůɑŮɠ 

ɚŮɨəŬɜůɖɠ, ůŮ ɢɖɛɘəɏɠ ůɡɜɗɏůŮɘɠ, ůŰɞɜ əŬɗŬɟɘůɛɧ Űɞɡ ˊɧůɘɛɞɡ ɜŮɟɞɨ əŬɘ ůŰɘɠ Ʉ.Ƀ.ɀ.ȷ ɔɘŬ 

Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ ɨŭŬŰɞɠ əŬɘ ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ (Oppenlªnder, 2003). 

ȼ űɤŰɞɢɖɛŮɑŬ Űɞɡ ɡˊŮɟɞɝŮɘŭɑɞɡ Űɞɡ ɡŭɟɞɔɧɜɞɡ ůŮ ɡŭŬŰɘəɎ ŭɘŬɚɨɛŬŰŬ ɏɢŮɘ ŬɜŬůəɞˊɖɗŮɑ 

ŮəŰŮɜɩɠ Ŭˊɧ Űɞɡɠ Lunak əŬɘ Sedlak (1992), ŭɑɜɞɜŰŬɠ ɏɛűŬůɖ ůŰɖ ɛŮɔɎɚɖ ˊɞɚɡˊɚɞəɧŰɖŰŬ 

ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ. ɆɨɛűɤɜŬ ɛŮ Űɞɜ ɛɖɢŬɜɘůɛɧ ŬɜŰɑŭɟŬůɖɠ ˊɞɡ ˊɟɧŰŮɘɜŬɜ ɞɘ Haber əŬɘ Weiss, 

ɞɘ ɟɑɕŮɠ ɡŭɟɞɝɡɚɑɞɡ ˊɞɡ ůɢɖɛŬŰɑɕɞɜŰŬɘ (HO
Å
) əŬŰɎ Űɖɜ ŬəŰɘɜɞɓɧɚɖůɖ Űɞɡ ȼ

2
Ƀ

2
 ˊɟɞəŬɚɞɨɜ 

ɏɜŬɜ ŬɚɡůɘŭɤŰɧ ɛɖɢŬɜɘůɛɧ ɟɘɕɩɜ (ŬɜŰɘŭɟɎůŮɘɠ 2.18-2.24). H ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐ ŬəŰɘɜɞɓɞɚɑŬ 

ŮˊɘŭɟɎ ůŰɖ ŭɘɎůˊŬůɖ Űɞɡ ɡˊŮɟɞɝŮɘŭɑɞɡ Űɞɡ ɡŭɟɞɔɧɜɞɡ əŬɘ ůɡɔəŮəɟɘɛɏɜŬ ŮˊɘűɏɟŮɘ Űɖɜ 

ɞɛɞɚɡŰɘəɐ ŭɘɎůˊŬůɖ Űɞɡ ŭŮůɛɞɨ Ƀ-Ƀ əŬɘ Űɖɜ ˊŬɟŬɔɤɔɐ ɟɘɕɩɜ HO
Å
 ŮəəɘɜɩɜŰŬɠ ɏɜŬɜ əɨəɚɞ 

ŭɘɎŭɞůɖɠ ˊɞɡ ɞŭɖɔŮɑ ŰŮɚɘəɎ ůŰɞ ůɢɖɛŬŰɘůɛɧ ɜŮɟɞɨ əŬɘ ɞɝɡɔɧɜɞɡ (Oppenlªnder, 2003). 

 

ȰɜŬɟɝɖ 

 

ȹɘɎŭɞůɖ 
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Ƀɚɘəɐ ŬɜŰɑŭɟŬůɖ: 

 

ɇŮɟɛŬŰɘůɛɧɠ 

 

 

H ŭɘŮɟɔŬůɑŬ UV/H2O2 ɏɢŮɘ ŮűŬɟɛɞůŰŮɑ ɛŮ ŮˊɘŰɡɢɑŬ ɔɘŬ Űɖɜ Ŭˊɞŭɧɛɖůɖ Ůɜɧɠ ɛŮɔɎɚɞɡ  

űɎůɛŬŰɞɠ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ɧˊɤɠ űŬɟɛŬəŮɡŰɘəɩɜ ɞɡůɘɩɜ, ɢɟɤůŰɘəɩɜ ŮɜɩůŮɤɜ, ˊŰɖŰɘəɩɜ 

ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ, űɡŰɞűŬɟɛɎəɤɜ, ŮˊɘűŬɜŮɘɞŭɟŬůŰɘəɩɜ ɞɡůɘɩɜ, ŮɜɩůŮɤɜ ˊɞɡ ˊɟɞůŭɑŭɞɡɜ 

ɔŮɨůɖ əŬɘ ɞůɛɐ ə.Ŭ. (Abramovic et al.,  2010; He et al., 2012; Olmez Hanci et al., 2011).  

ȼ ɛɏɗɞŭɞɠ Űɖɠ ɞɝŮɑŭɤůɖɠ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ɛŮ Űɖ ɢɟɐůɖ ɡˊŮɟɘɩŭɞɡɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ 

ɡˊŮɟɞɝŮɘŭɑɞɡ Űɞɡ ɡŭɟɞɔɧɜɞɡ ŮɑɜŬɘ Ŭˊɧ Űɘɠ ˊɟɩŰŮɠ Ʉ.Ƀ.ɀ.ȷ. ˊɞɡ ɏɢɞɡɜ ɛŮɚŮŰɖɗŮɑ əŬɘ ŰŬ 

əɡɟɘɧŰŮɟŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰŬ Ůɝɐɠ: i) Űɞ ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ 

ɡŭɟɞɔɧɜɞɡ ŮɑɜŬɘ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛɞ, ɗŮɟɛɘəɎ ůŰŬɗŮɟɧ əŬɘ ˊŬɟɞɡůɘɎɕŮɘ ŮɡəɞɚɑŬ ůŰɖ 

ɛŮŰŬűɞɟɎ əŬɘ ŬˊɞɗɐəŮɡůɖ Űɞɡ, ii ) ɚɧɔɤ ŬˊŮɟɘɧɟɘůŰɖɠ ŭɘŬɚɡŰɧŰɖŰŬɠ ůŰɞ ɜŮɟɧ, ŬˊɞŰŮɚŮɑ 

ůɖɛŬɜŰɘəɐ ˊɖɔɐ ɟɘɕɩɜ HO
Å
 ˊŬɟɎɔɞɜŰŬɠ 2 ɟɑɕŮɠ

 
HO

Å
 ŬɜɎ ɛɧɟɘɞ ȼ2Ƀ2, iii) Ŭˊɚɧɠ ůɢŮŭɘŬůɛɧɠ 

Űɞɡ ůɡůŰɐɛŬŰɞɠ əŬɘ Ůɨəɞɚɖ ŮűŬɟɛɞɔɐ Űɖɠ ɛŮɗɧŭɞɡ əŬɘ iv) ŭŮɜ ˊŬɟɞɡůɘɎɕŮɘ Ůəˊɞɛˊɏɠ ŬŮɟɑɤɜ 

(Litter, 2005). 

ɇɞ ůɖɛŬɜŰɘəɧŰŮɟɞ ɛŮɘɞɜɏəŰɖɛŬ Űɖɠ ŰŮɢɜɘəɐɠ ŬɡŰɐɠ ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɞ ɢŬɛɖɚɧ ůɡɜŰŮɚŮůŰɐ 

ɛɞɟɘŬəɐɠ Ŭˊɞɟɟɧűɖůɖɠ Űɞɡ ɡˊŮɟɞɝŮɘŭɑɞɡ Űɞɡ ɡŭɟɞɔɧɜɞɡ, 19,66 M
ī1 

cm
ī1

 ůŰŬ 254 nm, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛˊɞɟŮɑ ɜŬ ŮəɛŮŰŬɚɚŮɡŰŮɑ ɛɧɜɞ ɏɜŬ ɛɘəɟɧ ŰɛɐɛŬ Űɞɡ űɎůɛŬŰɞɠ. ȺɘŭɘəɎ ůŮ 

ˊŮɟɘˊŰɩůŮɘɠ ˊɞɡ ɞɘ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ ˊɞɡ ɡˊɎɟɢɞɡɜ ůŰɞ ŭɘɎɚɡɛŬ Ŭˊɞɟɟɞűɞɨɜ Ůˊɑůɖɠ, 

ɚŮɘŰɞɡɟɔɩɜŰŬɠ ɤɠ ŮůɤŰŮɟɘəɎ űɑɚŰɟŬ, ɖ ɢɟɐůɖ ɘŭɘŬɑŰŮɟŬ ɡɣɖɚɩɜ ůɡɔəŮɜŰɟɩůŮɤɜ ȼ2Ƀ2 ŮɑɜŬɘ 

ŬˊŬɟŬɑŰɖŰɖ (Tuhkanen, 2004). Ƀ ɟɡɗɛɧɠ Űɖɠ űɤŰɞɚɡŰɘəɐɠ ŭɘɎůˊŬůɖɠ ůŮ ɡŭŬŰɘəɎ ŭɘŬɚɨɛŬŰŬ 

ɡˊŮɟɞɝŮɘŭɑɞɡ Űɞɡ ɡŭɟɞɔɧɜɞɡ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ Űɘɛɐ Űɞɡ  pH Űɞɡ ŭɘŬɚɨɛŬŰɞɠ əŬɘ ɓɟɏɗɖəŮ ɜŬ 

ŮɡɜɞŮɑŰŬɘ ůŮ ŬɚəŬɚɘəɏɠ ůɡɜɗɐəŮɠ. ȼ ŰɎůɖ ŬɡŰɐ ŬˊɞŭɑŭŮŰŬɘ ůŰɞɜ ɡɣɖɚɧŰŮɟɞ ůɡɜŰŮɚŮůŰɐ 

ɛɞɟɘŬəɐɠ Ŭˊɞɟɟɧűɖůɖɠ Űɤɜ ɡˊŮɟɞɝŮɘŭɘəɩɜ ŬɜɘɧɜŰɤɜ ȼɃ
2

-
 ůŰŬ 254  nm  (240 M

ī1 
cm
ī1

)
 
( 

Lopez  et al., 2003).  
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2.5.4. Ƀ3/UV - Ƀ3/UV/H2O2 

 

ɇɞ ɧɕɞɜ (Ƀ3) ŮɑɜŬɘ ɛɘŬ ŬɚɚɞŰɟɞˊɘəɐ ɛɞɟűɐ Űɞɡ ɞɝɡɔɧɜɞɡ ˊɞɡ ˊŬɟɎɔŮŰŬɘ ɛŮ Űɖ ŭɘŬɓɑɓŬůɖ 

ɞɝɡɔɧɜɞɡ ɐ ŬɏɟŬ ŭɘŬ ɛɏůɤ ɖɚŮəŰɟɘəɩɜ ŮəəŮɜɩůŮɤɜ. ȺɑɜŬɘ ɛŮŰɟɑɤɠ ůŰŬɗŮɟɧ, Űɞɝɘəɧ əŬɘ 

ɘůɢɡɟɎ ɞɝŮɘŭɤŰɘəɧ Ŭɏɟɘɞ (Ⱥ0= +2,07 V) ɛŮ ɏɜŰɞɜɖ ɓŬəŰɖɟɘɞəŰɧɜɞ ŭɟɎůɖ. ɇɡˊɘəɏɠ ŮűŬɟɛɞɔɏɠ 

Űɞɡ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ɛŮŰŬɝɨ Ɏɚɚɤɜ Űɖɜ ɞɟɔŬɜɘəɐ ůɨɜɗŮůɖ, Űɖɜ ŬˊɞɚɨɛŬɜůɖ Űɞɡ ˊɧůɘɛɞɡ 

ɜŮɟɞɨ əŬɘ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ ɡŭɎŰɤɜ əŬɘ ɡŭŬŰɘəɩɜ ŬˊɞɓɚɐŰɤɜ. ȼ ɢɟɐůɖ Űɞɡ ɧɕɞɜŰɞɠ ɔɘŬ Űɖɜ 

ŮˊŮɝŮɟɔŬůɑŬ ˊɧůɘɛɞɡ ɜŮɟɞɨ ˊɟɞůűɏɟŮɘ ůɖɛŬɜŰɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ ɏɜŬɜŰɘ Űɞɡ ɢɚɤɟɑɞɡ əŬɗɩɠ 

ŬˊɞűŮɨɔŮŰŬɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ŮˊɘɓɚŬɓɩɜ ɢɚɤɟɘɞɨɢɤɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ (ˊ.ɢ. CHCl3), ˊɞɡ 

ůɢɖɛŬŰɑɕɞɜŰŬɘ Ŭˊɧ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɞɡ ɢɚɤɟɑɞɡ ɛŮ űɡůɘəɎ ɞɟɔŬɜɘəɎ ůɡůŰŬŰɘəɎ Űɞɡ ɨŭŬŰɞɠ. 

ȿɧɔɤ Űɖɠ ɛɏŰɟɘŬɠ ůŰŬɗŮɟɧŰɖŰŬɠ Űɞɡ Űɞ ɧɕɞɜ ŭɘŬůˊɎŰŬɘ ůŮ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ɛŮɟɘəɩɜ 

ɖɛŮɟɩɜ ůɢɖɛŬŰɑɕɞɜŰŬɠ Űɖ ůŰŬɗŮɟɧŰŮɟɖ ɛɞɟűɐ Űɞɡ, Űɞ ɛɞɟɘŬəɧ ɞɝɡɔɧɜɞ, Ƀ
2
. ɄŬɟɞɡůɑŬ 

əŬŰŬɚɡŰɩɜ, ɡɣɖɚɩɜ ɗŮɟɛɞəɟŬůɘɩɜ əŬɘ ɡˊŮɟɘɩŭɞɡɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɛɘəɟɧŰŮɟɖɠ Ŭˊɧ ŰŬ 315 nm 

(UV-B/UV-C) ɖ ŭɘɎůˊŬůɐ Űɞɡ ŬɡɝɎɜŮŰŬɘ ůɖɛŬɜŰɘəɎ (Oppenlªnder, 2003; Litter, 2005). 

ɇɞ ɧɕɞɜ ɛˊɞɟŮɑ ɜŬ ŬɜŰɘŭɟɎůŮɘ ɎɛŮůŬ ɛŮ Űɘɠ ˊŮɟɘůůɧŰŮɟŮɠ ŮɜɩůŮɘɠ ɞɘ ɞˊɞɑŮɠ ˊŮɟɘɏɢɞɡɜ 

ŭɘˊɚɞɨɠ ŭŮůɛɞɨɠ (ɧˊɤɠ C=C, C=N, N=N əŰɚ.), ůɡɔəŮəɟɘɛɏɜŮɠ ɚŮɘŰɞɡɟɔɘəɏɠ ɞɛɎŭŮɠ (Ƀȼ, 

ɃCH3, CH3) əŬɘ ɎŰɞɛŬ ɞɝɡɔɧɜɞɡ, ŬɕɩŰɞɡ, űɤůűɧɟɞɡ əŬɘ ɗŮɑɞɡ ɛŮ ɛŮɔɎɚŮɠ ŰŬɢɨŰɖŰŮɠ 

ŬɜŰɑŭɟŬůɖɠ əŬɘ ɏɛɛŮůŬ ɛɏůɤ ɟɘɕɩɜ HO
Å
, ˊŬɟŬɔɧɛŮɜɤɜ Ŭˊɧ Űɖ ŭɘɎůˊŬůɖ Űɞɡ ɡˊɧ ŬɚəŬɚɘəɏɠ 

ůɡɜɗɐəŮɠ (Umar et al., 2013, Ayoub et al., 2010). H ŭɘɎůˊŬůɖ Űɞɡ ɧɕɞɜŰɞɠ ůŮ ɡŭŬŰɘəɎ 

ŭɘŬɚɨɛŬŰŬ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛɏůɤ ůɢɖɛŬŰɘůɛɞɨ ɟɘɕɩɜ ɡŭɟɞɝɡɚɑɞɡ əŬɘ ŮɡɜɞŮɑŰŬɘ ůŮ ŬɚəŬɚɘəɏɠ 

ůɡɜɗɐəŮɠ əŬɗɩɠ ŰŬ ŬɜɘɧɜŰŬ ɡŭɟɞɝŮɘŭɑɞɡ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰŬ ɔɘŬ Űɖɜ ɏɜŬɟɝɖ Űɤɜ ŬɚɡůɘŭɤŰɩɜ 

ŬɜŰɘŭɟɎůŮɤɜ 2.25-2.31 (Umar et al., 2013): 

 

ȰɜŬɟɝɖ 

 

ȹɘɎŭɞůɖ 
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ɇŮɟɛŬŰɘůɛɧɠ 

ɄŮɟɘɚŬɛɓɎɜŮɘ  ɞˊɞɘɞŭɐˊɞŰŮ ŬɜŬůɡɜŭɡŬůɛɧ Űɤɜ ɟɘɕɩɜ HO
Å
, HO2

Å
 əŬɘ O2

Å- 
 

 

ȼ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ əŬɘ ɖ Ŭˊɧŭɞůɖ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ŰŮɢɜɘəɐɠ ůɡɢɜɎ ɓŮɚŰɘɩɜŮŰŬɘ  

ŮɑŰŮ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ ɡˊŮɟɘɩŭɞɡɠ ŬəŰɘɜɞɓɞɚɑŬɠ ŮɑŰŮ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ ȼ2Ƀ2 ɐ əŬŰŬɚɡŰɩɜ. ȼ 

ˊɟɞůɗɐəɖ ȼ2Ƀ2 ɞŭɖɔŮɑ ůŮ ůɖɛŬɜŰɘəɐ ɓŮɚŰɑɤůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ əŬɗɩɠ ŮəəɘɜŮɑ Űɖ ŭɘɎůˊŬůɖ 

Űɞɡ ɧɕɞɜŰɞɠ əŬɘ ɤɠ Ůə ŰɞɨŰɞɡ Űɖɜ ˊŬɟŬɔɤɔɐ HO
Å
, ůɨɛűɤɜŬ ɛŮ Űɖɜ ŬɜŰɑŭɟŬůɖ 2.32 (Litter, 

2005): 

 

 ȳɛɞɘŬ, ɞ ůɡɜŭɡŬůɛɧɠ Űɖɠ ɡˊŮɟɘɩŭɞɡɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɛŮ Űɞ ɧɕɞɜ ŮˊɘűɏɟŮɘ ůɖɛŬɜŰɘəɐ 

ɓŮɚŰɑɤůɖ əŬɘ ɖ ŰŮɢɜɘəɐ ŬɡŰɐ ŬˊɞŰŮɚŮɑ ůɐɛŮɟŬ ɛɑŬ Ŭˊɧ Űɘɠ ˊɚɏɞɜ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ 

Ʉ.Ƀ.ɀ.ȷ. ȼ ŮˊɑŭɟŬůɖ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɛŮ ɛɐəɖ əɨɛŬŰɞɠ ɛɘəɟɧŰŮɟŬ Ŭˊɧ 

300 nm ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖ űɤŰɞɚɡŰɘəɐ ɞɛɧɚɡůɖ Űɞɡ ɧɕɞɜŰɞɠ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ 

ɟɘɕɩɜ HO
Å
 (Litter, 2005). Ƀɘ əɨɟɘŮɠ ŬɜŰɘŭɟɎůŮɘɠ (2.33-2.36) ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ əŬŰɎ Űɖ 

űɤŰɧɚɡůɖ Űɞɡ ɧɕɞɜŰɞɠ ŮɑɜŬɘ ɞɘ Ůɝɐɠ (Zyilan and Insen, 2013): 

 

ȼ ŰŬɡŰɧɢɟɞɜɖ ŭŮ ŬəŰɘɜɞɓɧɚɖůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ Ƀ3/H2O2 ŮˊɘűɏɟŮɘ Ŭəɧɛɖ ˊɘɞ ůɖɛŬɜŰɘəɐ 

ɓŮɚŰɑɤůɖ ůŰɖɜ ŬˊɞŭɞŰɘəɧŰɖŰŬ Űɖɠ ɗŮɟɛɘəɐɠ ŭɘŮɟɔŬůɑŬɠ əŬɘ ɘŭɘŬɑŰŮɟŬ ůŰɖɜ ˊɞɚɨ Ŭɟɔɐ 

ŬɜŰɑŭɟŬůɖ 2.32 (Litter, 2005). 

ɆŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞ ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ ɡŭɟɞɔɧɜɞɡ, Űɞ ɧɕɞɜ ˊŬɟɞɡůɘɎɕŮɘ ˊɞɚɨ ɛŮɔŬɚɨŰŮɟɞ 

ůɡɜŰŮɚŮůŰɐ Ŭˊɞɟɟɧűɖůɖɠ (Ů254= 3300 ɀ
-1
 cm

-1
) ůŰŬ 254 nm əŬɘ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ 

ɔɘŬ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ ɜŮɟɞɨ ɛŮ ŬɜɧɟɔŬɜɖ əŬɘ ɞɟɔŬɜɘəɐ ɨɚɖ ˊɞɡ ŬˊɞɟɟɞűɎ ɘůɢɡɟɎ Űɖɜ 

ɡˊŮɟɘɩŭɖ ŬəŰɘɜɞɓɞɚɑŬ. ȼ ɛɏɗɞŭɞɠ ŬɡŰɐ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ŭɘŬŭŮŭɞɛɏɜɖ əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ 

Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ ˊɧůɘɛɞɡ ɜŮɟɞɨ, ɔɘŬ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ ŬˊɞɓɚɐŰɤɜ ɛŮ ɡɣɖɚɧ ɟɡˊŬɜŰɘəɧ 

űɞɟŰɑɞ, ɔɘŬ Űɞɜ ŬˊɞɢɟɤɛŬŰɘůɛɧ ŬˊɞɓɚɐŰɤɜ əŬɘ ɔɘŬ Űɖɜ Ŭˊɞŭɧɛɖůɖ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ 

(Litter, 2005). 
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2.5.5. ȹɘŮɟɔŬůɑŬ Fenton  əŬɘ Photo- Fenton 

 

ɇɞ ŬɜŰɘŭɟŬůŰɐɟɘɞ  Fenton, ŬɜŬˊŰɨɢɗɖəŮ Űɖ ŭŮəŬŮŰɑŬ Űɞɡ 1890 Ŭˊɧ Űɞɜ H.J.H. Fenton əŬɘ 

ŬɜŬűɏɟŮŰŬɘ ůŮ ɏɜŬ ɛɑɔɛŬ ɡˊŮɟɞɝŮɘŭɑɞɡ Űɞɡ ɡŭɟɞɔɧɜɞɡ əŬɘ  ŭɘůɗŮɜɞɨɠ ůɘŭɐɟɞɡ (Fe(II)ïH2O2) 

ɛŮ ɘůɢɡɟɏɠ ɞɝŮɘŭɤŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ (Gan et al., 2009). ȼ ɞɝŮɑŭɤůɖ ɛŮ Űɞ ŬɜŰɘŭɟŬůŰɐɟɘɞ Fenton 

ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŮɑŰŮ ɞɛɞɔŮɜɐɠ ŮɑŰŮ ŮŰŮɟɞɔŮɜɐɠ, ɛŮ Űɖɜ ˊɟɩŰɖ ɜŬ ŮɑɜŬɘ ɖ ˊɚɏɞɜ 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ. ɆŰɖɜ ɞɛɞɔŮɜɐ ɞɝŮɑŭɤůɖ, Űɞ ŬɜŰɘŭɟŬůŰɐɟɘɞ Fenton ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ 

ŭɘɎɚɡɛŬ ȼ2Ƀ2 əŬɘ ɎɚŬŰŬ ůɘŭɐɟɞɡ (Fe(II)) ůŮ ɧɝɘɜɞ ˊŮɟɘɓɎɚɚɞɜ (Homem and Santos, 2011). Ƀ 

ɛɖɢŬɜɘůɛɧɠ ŬɜŰɑŭɟŬůɖɠ ɔɘŬ Űɖɜ əɚŬůůɘəɐ ŭɘŮɟɔŬůɑŬ Fenton ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟŬűŮɑ ɛŮ Űɘɠ 

ŬɜŰɘŭɟɎůŮɘɠ 2.37-2.44 (Deng and Englehardt, 2006; Umar et al., 2010): 

 

 

 

ȼ ŬɜŰɑŭɟŬůɖ Űɞɡ Fe(II) ɛŮ Űɞ H2O2 ɞŭɖɔŮɑ ůŰɞ ɔɟɐɔɞɟɞ ůɢɖɛŬŰɘůɛɧ Űɤɜ ˊɞɚɨ ɘůɢɡɟɩɜ 

ɞɝŮɘŭɤŰɘəɩɜ ɟɘɕɩɜ HO
Å
 ůɨɛűɤɜŬ ɛŮ Űɖɜ ŬɜŰɑŭɟŬůɖ 2.37. ȼ ůɡɜɞɚɘəɐ ŬɜŰɑŭɟŬůɖ 2.44 Űɤɜ 

ŬɜŰɘŭɟɎůŮɤɜ 2.37-2.43 ɛˊɞɟŮɑ ɜŬ ɞɟɘůŰŮɑ ɤɠ ɖ ŭɘɎůˊŬůɖ Űɞɡ ȼ2Ƀ2 ůŮ ȼ2Ƀ əŬɘ Ƀ2 ˊŬɟɞɡůɑŬ 

ůɘŭɐɟɞɡ ɤɠ əŬŰŬɚɨŰɖ. ȼ ŬɜŰɑŭɟŬůɖ 2.45 ɡ́ ɞŭŮɘəɜɨŮɘ Űɞ ůɖɛŬɜŰɘəɧ ɟɧɚɞ Űɤɜ əŬŰɘɧɜŰɤɜ H
+ 

ůŰɖ ŭɘɎůˊŬůɖ Űɞɡ ȼ2Ƀ2 (ɧɝɘɜɞ ˊŮɟɘɓɎɚɚɞɜ) (Umar et al., 2010). 

 

 

ȼ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ əŬɘ ɖ Ŭˊɧŭɞůɖ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ŰŮɢɜɘəɐɠ ɓŮɚŰɘɩɜŮŰŬɘ 

ůɖɛŬɜŰɘəɎ əŬŰɎ Űɖɜ ŬəŰɘɜɞɓɧɚɖůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɛŮ ɡˊŮɟɘɩŭɖ ɐ ɞɟŬŰɐ ŬəŰɘɜɞɓɞɚɑŬ 

(ŭɘŮɟɔŬůɑŬ photo-Fenton). ɀŮ ŮűŬɟɛɞɔɐ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɖ ŮˊŬɜŬűɞɟɎ Űɞɡ 

ůɘŭɐɟɞɡ ůŰɖɜ Ŭɟɢɘəɐ Űɞɡ ɞɝŮɘŭɤŰɘəɐ ɓŬɗɛɑŭŬ (Fe(II)) ɛɏůɤ ŬɜŬɔɤɔɐɠ Űɞɡ Fe(III ) (ŬɜŰɑŭɟŬůɖ 

2.46), ˊŬɟɎɔɞɜŰŬɠ ɏŰůɘ ɏɜŬ űɤŰɞəŬŰŬɚɡŰɘəɧ əɨəɚɞ ɧˊɞɡ ɞ ůɑŭɖɟɞɠ ˊŬɑɕŮɘ Űɞ ɟɧɚɞ Űɞɡ 

əŬŰŬɚɨŰɖ əŬɘ ˊŬɟɎɚɚɖɚŬ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ŭɖɛɘɞɡɟɔɑŬ ɟɘɕɩɜ HO
Å
 Ŭˊɧ Űɖ űɤŰɧɚɡůɖ Űɤɜ 

ůɡɛˊɚɞəɩɜ Űɞɡ Fe (ȽȽȽ) (Prieto-Rodr²guez et al., 2013b). 
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ȼ ́ŬɟŬɔɤɔɐ ɟɘɕɩɜ
 
HO

Å
 ɛɏůɤ Űɖɠ űɤŰɞɚɡŰɘəɐɠ ŭɘɎůˊŬůɖɠ Űɞɡ ɡˊŮɟɞɝŮɘŭɑɞɡ Űɞɡ ɡŭɟɞɔɧɜɞɡ 

(Ŭɟɔɐ ŬɜŰɑŭɟŬůɖ) ŮɑɜŬɘ Ůˊɑůɖɠ ˊɘɗŬɜɐ əŬŰɎ Űɖɜ ŬəŰɘɜɞɓɧɚɖůɖ ɛŮ ɡˊŮɟɘɩŭɖ ŬəŰɘɜɞɓɞɚɑŬ 

(Homem and Santos, 2011).  

ȼ ŬˊɞŭɞŰɘəɧŰɖŰŬ ŬɡŰɩɜ Űɤɜ ɛŮɗɧŭɤɜ ŮɝŬɟŰɎŰŬɘ ɎɛŮůŬ Ŭˊɧ Űɞ pH (ɓɏɚŰɘůŰɞ ůŮ pH 3), Űɖ 

ɗŮɟɛɞəɟŬůɑŬ, Űɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ əŬŰŬɚɨŰɖ, Űɞɡ ȼ2Ƀ2 əŬɘ Űɞɡ ɞɟɔŬɜɘəɞɨ ɟɨˊɞɡ, 

əŬɗɘůŰɩɜŰŬɠ ŬˊŬɟŬɑŰɖŰɖ Űɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ ŬɡŰɩɜ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ. ȷɜ əŬɘ Űɞ Ůɑŭɞɠ ŬɡŰɩɜ 

Űɤɜ ŭɘŮɟɔŬůɘɩɜ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ŮɚəɡůŰɘəɧ ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ŬɟəŮŰɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ (Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ɢɟɖůɘɛɞˊɞɑɖůɖɠ Űɞɡ ɖɚɘŬəɞɨ űɤŰɧɠ, ŰŬ ɢŬɛɖɚɞɨ əɧůŰɞɡɠ ŬɜŰɘŭɟŬůŰɐɟɘŬ, ɞ  

ůɑŭɖɟɞɠ ŮɑɜŬɘ Ŭˊɧ ŰŬ ˊɘɞ ɎűɗɞɜŬ ůŰɞɘɢŮɑŬ ůŰɖɜ űɨůɖ əŬɘ ɛɖ Űɞɝɘəɧɠ, Űɞ ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ 

ɡŭɟɞɔɧɜɞɡ ŮɑɜŬɘ ˊŮɟɘɓŬɚɚɞɜŰɘəɎ ŬůűŬɚɏɠ əŬɘ Ůɨəɞɚɞ ůŰɖɜ ɢɟɐůɖ), ɞɘ ɢŬɛɖɚɏɠ Űɘɛɏɠ pH, ɖ 

ŭɖɛɘɞɡɟɔɑŬ ɚɎůˊɖɠ əŬɘ ɖ ŭɡůəɞɚɑŬ ŬˊɞɛɎəɟɡɜůɖɠ  Űɞɡ əŬŰŬɚɨŰɖ Ŭˊɧ Űɞ ŮˊŮɝŮɟɔŬůɛɏɜɞ ɜŮɟɧ 

ɐ ŬˊɧɓɚɖŰɞ ŬˊɞŰŮɚɞɨɜ ˊŮɟɘɞɟɘůŰɘəɞɨɠ ˊŬɟɎɔɞɜŰŮɠ (Homem and Santos, 2011, Bobu et al., 

2008). 
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3. ȺɇȺɅɃũȺɁȼɆ ūɋɇɃȾȷɇȷȿɈɆȼ 

 

3.1. ȺɘůŬɔɤɔɐ 

 

ȷɜ əŬɘ ɞ ɞɟɘůɛɧɠ Űɖɠ űɤŰɞəŬŰɎɚɡůɖɠ ŬˊɞŰŮɚŮɑ ůɖɛŬɜŰɘəɧ ɚɧɔɞ ŭɘŬűɤɜɑŬɠ ůŰɖɜ 

ŮˊɘůŰɖɛɞɜɘəɐ əɞɘɜɧŰɖŰŬ, ɞ ɧɟɞɠ űɤŰɞəŬŰɎɚɡůɖ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ɜŬ ˊŮɟɘɔɟɎɣŮɘ Űɖ 

ŭɘŮɟɔŬůɑŬ əŬŰɎ Űɖɜ ɞˊɞɑŬ ɏɜŬ ɡɚɘəɧ (űɤŰɞəŬŰŬɚɨŰɖɠ) ŮɜŮɟɔɞˊɞɘŮɑŰŬɘ ˊŬɟɞɡůɑŬ űɤŰɧɠ ɛŮ 

ŬˊɞŰɏɚŮůɛŬ Űɖɜ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ɟɡɗɛɞɨ ɛɘŬɠ ɢɖɛɘəɐɠ ŬɜŰɑŭɟŬůɖɠ, ɢɤɟɑɠ ɞ ɑŭɘɞɠ ɜŬ 

ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ. ȼ ŭɘŮɟɔŬůɑŬ ŬɡŰɐ ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ Ŭˊɧ Űɖ ůɡɛɓŬŰɘəɐ əŬŰɎɚɡůɖ ɤɠ ˊɟɞɠ 

Űɞɜ Űɟɧˊɞ ɛŮ Űɞɜ ɞˊɞɑɞ ŮɜŮɟɔɞˊɞɘŮɑŰŬɘ ɞ əŬŰŬɚɨŰɖɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ɗŮɟɛɘəɐɠ 

əŬŰɎɚɡůɖɠ, ɞ əŬŰŬɚɨŰɖɠ ŮɜŮɟɔɞˊɞɘŮɑŰŬɘ ɛɏůɤ ɗŮɟɛɧŰɖŰŬɠ Ůɜɩ ůŮ ŬɡŰɐ Űɖɠ űɤŰɞəŬŰɎɚɡůɖɠ ɖ 

ŮɜŮɟɔɞˊɞɑɖůɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůɤ Ŭˊɞɟɟɧűɖůɖɠ űɤŰɞɜɑɤɜ əŬŰɎɚɚɖɚɖɠ ŮɜɏɟɔŮɘŬɠ 

(Kondarides, 2010). ȳˊɤɠ ɧɚŮɠ ɞɘ əŬŰŬɚɡŰɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ ɏŰůɘ əŬɘ ɞɘ űɤŰɞəŬŰŬɚɡŰɘəɏɠ 

ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ŭɨɞ ɔŮɜɘəɏɠ əŬŰɖɔɞɟɑŮɠ, ŬɜɎɚɞɔŬ ɛŮ Űɖ űɨůɖ Űɞɡ əŬŰŬɚɨŰɖ əŬɘ Űɞɡ 

əŬŰŬɚɡɧɛŮɜɞɡ ůɡůŰɐɛŬŰɞɠ, ůŰɘɠ ɞɛɞɔŮɜŮɑɠ əŬɘ ůŰɘɠ ŮŰŮɟɞɔŮɜŮɑɠ űɤŰɞəŬŰŬɚɡŰɘəɏɠ 

ŬɜŰɘŭɟɎůŮɘɠ ɛŮ Űɖɜ ŮŰŮɟɞɔŮɜɐ űɤŰɞəŬŰɎɚɡůɖ ɜŬ ŬˊɞŰŮɚŮɑ ŬɜŰɘəŮɑɛŮɜɞ ŮəŰŮɜɞɨɠ ɛŮɚɏŰɖɠ Űɘɠ 

ŰŮɚŮɡŰŬɑŮɠ ŭŮəŬŮŰɑŮɠ ɚɧɔɤ Űɖɠ ŮɡɟŮɑŬɠ ɢɟɐůɖɠ Űɖɠ ůŮ ˊɞɘəɑɚŮɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ əŬɘ 

ŮɜŮɟɔŮɘŬəɏɠ  ŮűŬɟɛɞɔɏɠ əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ůŰɖɜ ɞɟɔŬɜɘəɐ ůɨɜɗŮůɖ (Kondarides, 2010).  

ȷɜɎɚɞɔŬ ɛŮ Űɞ ɡˊɧůŰɟɤɛŬ ůŰɞ ɞˊɞɑɞ ŮɛűŬɜɑɕŮŰŬɘ ɖ Ŭɟɢɘəɐ ŭɘɏɔŮɟůɖ ɖ ŮŰŮɟɞɔŮɜɐɠ 

űɤŰɞəŬŰɎɚɡůɖ ŭɘŬəɟɑɜŮŰŬɘ ůŮ  ŭɨɞ əŬŰɖɔɞɟɑŮɠ (Lu et al., 2011): 

1) ȳŰŬɜ ɖ Ŭɟɢɘəɐ űɤŰɞŭɘɏɔŮɟůɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŰɞ əŬŰŬɚɡŰɘəɧ ɡˊɧůŰɟɤɛŬ əŬɘ ɞ 

űɤŰɞŭɘŮɔŮɟɛɏɜɞɠ əŬŰŬɚɨŰɖɠ ɛŮŰŬűɏɟŮɘ ɏɜŬ ɖɚŮəŰɟɧɜɘɞ ɐ ŮɜɏɟɔŮɘŬ ůŰɖ ɗŮɛŮɚɘɩŭɖ əŬŰɎůŰŬůɖ 

Űɞɡ ɛɞɟɑɞɡ, ɖ ŭɘŬŭɘəŬůɑŬ əŬɚŮɑŰŬɘ ɎɛŮůɖ əŬŰŬɚɡŰɘəɐ űɤŰɞŬɜŰɑŭɟŬůɖ (catalyzed 

photoreaction) . 

2) ȳŰŬɜ ɖ Ŭɟɢɘəɐ űɤŰɞŭɘɏɔŮɟůɖ ŮɛűŬɜɑɕŮŰŬɘ ůŮ ɏɜŬ ɟɞűɖɛɏɜɞ ɛɧɟɘɞ, Űɞ ɞˊɞɑɞ ůŰɖ 

ůɡɜɏɢŮɘŬ ŬɚɚɖɚŮˊɘŭɟɎ ɛŮ Űɖ ɗŮɛŮɚɘɩŭɖ əŬŰɎůŰŬůɖ Űɞɡ əŬŰŬɚɡŰɘəɞɨ ɡˊɞůŰɟɩɛŬŰɞɠ, ɖ 

ŭɘŬŭɘəŬůɑŬ ŬɜŬűɏɟŮŰŬɘ ůŬɜ ŮɡŬɘůɗɖŰɞˊɞɘɖɛɏɜɖ űɤŰɞŬɜŰɑŭɟŬůɖ ɐ űɤŰɞəŬŰɎɚɡůɖ (sensitized 

photoreaction). 

ɆŰɖɜ ŮŰŮɟɞɔŮɜɐ űɤŰɞəŬŰɎɚɡůɖ ɤɠ űɤŰɞəŬŰŬɚɨŰŮɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůɡɜɐɗɤɠ 

ɖɛɘŬɔɤɔɞɑ ɚɧɔɤ Űɖɠ ɖɚŮəŰɟɞɜɘŬəɐɠ Űɞɡɠ ŭɞɛɐɠ, Űɖɠ ɘəŬɜɧŰɖŰŬɠ Űɞɡɠ ɜŬ Ŭˊɞɟɟɞűɞɨɜ űɤɠ əŬɘ 

ɜŬ ɛŮŰŬűɏɟɞɡɜ űɞɟŰɑɞ ɛŮŰŬɝɨ Űɤɜ ŮɜŮɟɔŮɘŬəɩɜ Űɞɡɠ ůŰŬɗɛɩɜ əŬɘ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ 

ɢɟɧɜɤɜ ɕɤɐɠ Űɤɜ ŭɘŮɔŮɟɛɏɜɤɜ əŬŰŬůŰɎůŮɤɜ Űɞɡɠ. ȼ ŮɜŮɟɔɞˊɞɑɖůɖ Űɤɜ ɖɛɘŬɔɩɔɘɛɤɜ ɡɚɘəɩɜ 

əŬɘ  ɖ  ŭɘɏɔŮɟůɖ ɖɚŮəŰɟɞɜɑɤɜ Ŭˊɧ Űɖ ɕɩɜɖ ůɗɏɜɞɡɠ ůŰɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ 

Űɖɜ Ŭˊɞɟɟɧűɖůɖ űɤŰɞɜɑɤɜ ɛŮ ŮɜɏɟɔŮɘŬ ɛŮɔŬɚɨŰŮɟɖ ɐ ɑůɖ Űɞɡ ŮɜŮɟɔŮɘŬəɞɨ ɢɎůɛŬŰɞɠ Űɞɡ 

ɖɛɘŬɔɤɔɞɨ. ȼ ŭɘɏɔŮɟůɖ Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ (e
-
) Ŭˊɧ Űɖ ɕɩɜɖ ůɗɏɜɞɡɠ ůŰɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ 
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ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŮɛűɎɜɘůɖ ɗŮŰɘəɎ űɞɟŰɘůɛɏɜɤɜ ɞˊɩɜ (h
+
) ůŰɖ ɕɩɜɖ ůɗɏɜɞɡɠ Űɞɡ 

ɖɛɘŬɔɤɔɞɨ (Kondarides, 2010). ɇŬ űɤŰɞŮˊŬɔɧɛŮɜŬ ɕŮɨɔɖ e
-
-h

+
 ɛˊɞɟɞɨɜ ůŰɖ ůɡɜɏɢŮɘŬ ɜŬ 

ŮˊŬɜŬůɡɜŭŮɗɞɨɜ əŬɘ ɜŬ ŬˊɞɓɎɚɚɞɡɜ Űɖɜ ŬˊɞɗɖəŮɡɛɏɜɖ ŮɜɏɟɔŮɘŬ ůŬɜ ɗŮɟɛɧŰɖŰŬ ɐ ɜŬ 

ŬɜŰɘŭɟɎůɞɡɜ ɛŮ ɛɧɟɘŬ ˊɞɡ ŮɑɜŬɘ ˊɟɞůɟɞűɖɛɏɜŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ əŬɘ ɜŬ 

ŭɟɎůɞɡɜ ɤɠ ŭɧŰŮɠ ɐ ŭɏəŰŮɠ ɖɚŮəŰɟɞɜɑɤɜ ˊɟɞəŬɚɩɜŰŬɠ ŭɘɎűɞɟŮɠ ŬɜŰɘŭɟɎůŮɘɠ ɞɝŮɘŭɞŬɜŬɔɤɔɐɠ 

ůɨɛűɤɜŬ ɛŮ ŰŬ ůɢŮŰɘəɎ ŭɡɜŬɛɘəɎ ˊɞɡ ɢŬɟŬəŰɖɟɑɕɞɡɜ Űɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ ŰŬ ˊɟɞůɟɞűɖɛɏɜŬ  

ɛɧɟɘŬ (Kondarides, 2010; Mills  and Lee, 2004). 

 ȼ ůɡɜɞɚɘəɐ űɤŰɞəŬŰŬɚɡŰɘəɐ ŬɜŰɑŭɟŬůɖ ɛŮ Űɖ ɢɟɐůɖ Ůɜɧɠ ɖɛɘŬɔɤɔɞɨ əŬɘ Űɖɠ 

ŬˊŬɘŰɞɨɛŮɜɖɠ ŮɜɏɟɔŮɘŬɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ ˊɞɡ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɖɜ ŮɜɏɟɔŮɘŬ Űɤɜ əɓɎɜŰɤɜ Űɖɠ 

ɡˊŮɟɘɩŭɞɡɠ ɐ Űɖɠ ɞɟŬŰɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ůɡɢɜɎ ˊŮɟɘɔɟɎűŮŰŬɘ ɛŮ Űɖɜ ˊŬɟŬəɎŰɤ ŬɜŰɑŭɟŬůɖ 

(Kondarides, 2010): 

 

(OɝŮɘŭɤŰɘəɧ1) + (ȷɜŬɔɤɔɘəɧ2)                           (ȷɜŬɔɤɔɘəɧ1)  +    (OɝŮɘŭɤŰɘəɧ2)  (3.1) 

 

ɆŮ ŬɜŰɑɗŮůɖ ɛŮ Űɘɠ ůɡɛɓŬŰɘəɏɠ ɗŮɟɛɘəɏɠ əŬŰŬɚɡŰɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ, ůŰɘɠ ɞˊɞɑŮɠ 

ŮűŬɟɛɧɕɞɜŰŬɘ ɡɣɖɚɏɠ ůɡɜɗɐəŮɠ ˊɑŮůɖɠ əŬɘ/ɐ ɗŮɟɛɞəɟŬůɑŬɠ, ɖ űɤŰɞəŬŰɎɚɡůɖ ŬˊŬɘŰŮɑ ɐˊɘŮɠ 

ůɡɜɗɐəŮɠ ˊɑŮůɖɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ŮɜŮɟɔɞˊɞɑɖůɖɠ Űɞɡ əŬŰŬɚɨŰɖ ɛŮ Űɖɜ 

ɖɚɘŬəɐ ŬəŰɘɜɞɓɞɚɑŬ ɞɘ ŮɜŮɟɔŮɘŬəɏɠ ŬˊŬɘŰɐůŮɘɠ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ɢŬɛɖɚɏɠ. Ⱥˊɘˊɚɏɞɜ, ůɖɛŬɜŰɘəɧ 

ɢŬɟŬəŰɖɟɘůŰɘəɧ Űɤɜ űɤŰɞəŬŰŬɚɡŰɩɜ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞɡɠ ɗŮɟɛɘəɞɨɠ əŬŰŬɚɨŰŮɠ ŮɑɜŬɘ ɖ 

ɘəŬɜɧŰɖŰŬ Űɞɡɠ ɜŬ ɞŭɖɔɞɨɜ ŬɜŰɘŭɟɎůŮɘɠ ůŮ çŬɜɖűɞɟɘəɐ ɗŮɟɛɞŭɡɜŬɛɘəɐ əŬŰŮɨɗɡɜůɖè ŭɖɚŬŭɐ 

ɜŬ ŮɜŮɟɔɞˊɞɘɞɨɜ ŬɜŰɘŭɟɎůŮɘɠ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ ŬɜŰɘŭɟɩɜŰɤɜ ˊɟɞɠ ˊɟɞɥɧɜŰŬ ɛŮ ɡɣɖɚɧŰŮɟɖ 

ŮɜɏɟɔŮɘŬ ŮɜŮɟɔɞˊɞɑɖůɖɠ (Kondarides, 2010). 

ȷˊɧ Űɖɜ Ɏˊɞɣɖ ŬɡŰɐ, ɞ ŭɘŬɢɤɟɘůɛɧɠ Űɤɜ űɤŰɞəŬŰŬɚɡŰɘəɩɜ əŬɘ űɤŰɞůɡɜɗŮŰɘəɩɜ 

ŬɜŰɘŭɟɎůŮɤɜ ɏɔəŮɘŰŬɘ ůŰɞ ˊɟɧůɖɛɞ Űɖɠ ɛŮŰŬɓɞɚɐɠ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮɜɏɟɔŮɘŬɠ əŬŰɎ Gibbs Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ 3.1. ȼ ŬɜŰɑŭɟŬůɖ ɛŮ ŬɟɜɖŰɘəɐ ɛŮŰŬɓɞɚɐ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮɜɏɟɔŮɘŬɠ əŬŰɎ Gibbs 

(ȹGÁ <0) ŮɑɜŬɘ űɤŰɞəŬŰŬɚɡŰɘəɐ. ɋɠ Ůə ŰɞɨŰɞɡ ɖ ŬɜŰɑŭɟŬůɖ ŮɑɜŬɘ ŬɡɗɧɟɛɖŰɖ əŬɘ ɖ ŮɜɏɟɔŮɘŬ 

Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ɜŬ ɡˊŮɟəŮɟŬůŰŮɑ Űɞ űɟɎɔɛŬ Űɖɠ ŮɜɏɟɔŮɘŬɠ 

ŮɜŮɟɔɞˊɞɑɖůɖɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ. ȷűŮŰɏɟɞɡ, ɖ ŬɜŰɑŭɟŬůɖ ˊɞɡ  ˊŮɟɘɚŬɛɓɎɜŮɘ  ɗŮŰɘəɐ ɛŮŰŬɓɞɚɐ 

Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮɜɏɟɔŮɘŬɠ əŬŰɎ Gibbs (ȹGÁ >0) ŮɑɜŬɘ űɤŰɞůɡɜɗŮŰɘəɐ. ɉŬɟŬəŰɖɟɘůŰɘəɎ 

ˊŬɟŬŭŮɑɔɛŬŰŬ ŬɡɗɧɟɛɖŰɤɜ ŬɜŰɘŭɟɎůŮɤɜ ɛŮ ŬɟɜɖŰɘəɐ Űɘɛɐ ůŰɖ ɛŮŰŬɓɞɚɐ Űɖɠ ŮɚŮɨɗŮɟɖɠ 

ŮɜɏɟɔŮɘŬɠ əŬŰɎ Gibbs ŮɑɜŬɘ ɖ ɞɝŮɑŭɤůɖ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ůŰɖɜ ŬɏɟɘŬ ɐ ɡɔɟɐ űɎůɖ, Ůɜɩ 

ˊŬɟɎŭŮɘɔɛŬ űɤŰɞůɡɜɗŮŰɘəɐɠ ŬɜŰɑŭɟŬůɖɠ, ɧˊɞɡ ɖ ɛŮŰŬɓɞɚɐ Űɖɠ ŮɚŮɨɗŮɟɖɠ ŮɜɏɟɔŮɘŬɠ əŬŰɎ 

Gibbs ŮɑɜŬɘ ɗŮŰɘəɧɠ Ŭɟɘɗɛɧɠ ŮɑɜŬɘ ɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɘɎůˊŬůɖ Űɞɡ ɜŮɟɞɨ ˊɟɞɠ ɛɞɟɘŬəɧ 

ɡŭɟɞɔɧɜɞ əŬɘ ɞɝɡɔɧɜɞ (Kondarides, 2010; ȹŮɚɖɔɘŬɜɜɎəɖɠ, 2011).  

ɖɛɘŬɔɤɔɧɠ 

hv> Ebg 
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3.2. ȺŰŮɟɞɔŮɜɐɠ űɤŰɞəŬŰɎɚɡůɖ ɤɠ ŰŮɢɜɞɚɞɔɑŬ ŬɜŰɘɟɟɨˊŬɜůɖɠ 

 

ȼ ŮŰŮɟɞɔŮɜɐɠ űɤŰɞəŬŰɎɚɡůɖ (Ⱥū), ɖ ˊɚɏɞɜ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ Ʉɟɞɢɤɟɖɛɏɜɖ 

ɃɝŮɘŭɤŰɘəɐ ɀŮɗɧŭɞɠ ȷɜŰɘɟɟɨˊŬɜůɖɠ (Ʉ.Ƀ.ɀ.ȷ.), ŬˊɞŰŮɚŮɑ ɛɘŬ Ŭˊɧ Űɘɠ əɡɟɘɧŰŮɟŮɠ 

ŮɜŬɚɚŬəŰɘəɏɠ ŰŮɢɜɞɚɞɔɑŮɠ ŬˊɞɛɎəɟɡɜůɖɠ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ Űɧůɞ Ŭˊɧ Űɞ ɜŮɟɧ ɧůɞ əŬɘ Ŭˊɧ 

Űɞɜ ŬɏɟŬ. ȼ űɤŰɞəŬŰɎɚɡůɖ ɛˊɞɟŮɑ ɜŬ ˊɟɞůŭɘɞɟɘůŰŮɑ ɤɠ ɖ ŭɘŮɟɔŬůɑŬ ůŰɖɜ ɞˊɞɑŬ ɖ 

ŮˊɘŰɎɢɡɜůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɧŰŬɜ ɏɜŬɠ ɖɛɘŬɔɤɔɧɠ ŬɚɚɖɚŮˊɘŭɟɎ ɛŮ űɤɠ 

ŮˊŬɟəɞɨɠ ŮɜɏɟɔŮɘŬɠ (ɐ ůɡɔəŮəɟɘɛɏɜɞɡ ɛɐəɞɡɠ əɨɛŬŰɞɠ) ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ŭɟŬůŰɘəɩɜ 

ɞɝŮɘŭɤŰɘəɩɜ Ůɘŭɩɜ ŰŬ ɞˊɞɑŬ ɛˊɞɟɞɨɜ ɜŬ ɞŭɖɔɐůɞɡɜ ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞŭɧɛɖůɖ Ůɜɧɠ 

ɟɨˊɞɡ. ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ əŬɘ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ŭɟŬůŰɘəɩɜ 

ɞɝŮɘŭɤŰɘəɩɜ Ůɘŭɩɜ ŬˊŬɘŰŮɑŰŬɘ ɖ ŰŬɡŰɧɢɟɞɜɖ ˊɟŬɔɛŬŰɞˊɞɑɖůɖ ŰɞɡɚɎɢɘůŰɞɜ ŭɨɞ ŬɜŰɘŭɟɎůŮɤɜ. 

ɇɡˊɘəɎ, ɖ ˊɟɩŰɖ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ɞɝŮɑŭɤůɖ Űɤɜ ˊɟɞůɟɞűɖɛɏɜɤɜ ɛɞɟɑɤɜ ɜŮɟɞɨ Ŭˊɧ Űɘɠ 

űɤŰɞˊŬɟŬɔɧɛŮɜŮɠ ɞˊɏɠ əŬɘ ɖ ŭŮɨŰŮɟɖ Űɖɜ ŬɜŬɔɤɔɐ Ůɜɧɠ ŭɏəŰɖ ɖɚŮəŰɟɞɜɑɤɜ (ůɡɜɐɗɤɠ Űɞɡ 

ŭɘŬɚɡɛɏɜɞɡ ɞɝɡɔɧɜɞɡ) Ŭˊɧ ŰŬ űɤŰɞŮˊŬɔɧɛŮɜŬ ɖɚŮəŰɟɧɜɘŬ, ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ɟɘɕɩɜ 

ɡŭɟɞɝɡɚɑɞɡ (HO
Å
) əŬɘ ɡˊŮɟɞɝŮɘŭɘəɩɜ Ŭɜɘɞɜɘəɩɜ ɟɘɕɩɜ (Ƀ2

Å-
) ŬɜŰɑůŰɞɘɢŬ (Pelaez et al., 2012). 

ũɑɜŮŰŬɘ űŬɜŮɟɧ, ɧŰɘ ɖ ŭɘŮɟɔŬůɑŬ Űɖɠ űɤŰɞəŬŰɎɚɡůɖɠ ɡˊɞŭɖɚɩɜŮɘ əɡɟɑɤɠ Űɖ ŭɖɛɘɞɡɟɔɑŬ 

əŬŰŬɚɡŰɘəɩɜ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖ űɤŰŮɘɜɐ ŬəŰɘɜɞɓɞɚɑŬ ˊŬɟɎ Űɖ ŭɟɎůɖ Űɞɡ 

űɤŰɧɠ ůŬɜ əŬŰŬɚɨŰɖ ůŰɖɜ ŬɜŰɑŭɟŬůɖ (Testino et al., 2007). 

ɇɞ ŬɡɝŬɜɧɛŮɜɞ ŮɜŭɘŬűɏɟɞɜ Űɖɠ ŮˊɘůŰɖɛɞɜɘəɐɠ əɞɘɜɧŰɖŰŬɠ ɔɘŬ Űɖ ŭɘŮɟɔŬůɑŬ ŬɡŰɐ 

ŬˊɞŰŮɚŮɑ ŬˊɧŭŮɘɝɖ ɔɘŬ Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ əŬɘ Űɘɠ ˊɟɞɞˊŰɘəɏɠ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ ɔɘŬ Űɖɜ 

ŬɜŰɘɛŮŰɩˊɘůɖ ˊɟɞɓɚɖɛɎŰɤɜ ɟɨˊŬɜůɖɠ (ɀalato et al., 2009). ȺɜŭŮɘəŰɘəɎ, ŬɜŬűɏɟŮŰŬɘ, ɧŰɘ 

ɛŮŰŬɝɨ Űɤɜ ŮŰɩɜ 2000 əŬɘ 2013 ŭɖɛɞůɘŮɨŰɖəŬɜ ˊɎɜɤ Ŭˊɧ 16.000 ɎɟɗɟŬ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ 

Űɖ űɤŰɞəŬŰɎɚɡůɖ ůŮ ŮˊɘůŰɖɛɞɜɘəɎ ˊŮɟɘɞŭɘəɎ Űɖɠ ɓɘɓɚɘɞɔɟŬűɘəɐɠ ɓɎůɖɠ ŭŮŭɞɛɏɜɤɜ Űɞɡ 

Scopus, Ůɜɩ ůŰɞ ɆɢɐɛŬ 3.1 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɞ Ŭɟɘɗɛɧɠ ŭɖɛɞůɘŮɨůŮɤɜ ŬɜɎ ɏŰɞɠ ɔɘŬ Űɞ ɑŭɘɞ 

ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ (2000-2013). 
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ɆɢɐɛŬ 3.1:  ȹɖɛɞůɘŮɨůŮɘɠ ůɢŮŰɘɕɧɛŮɜŮɠ ɛŮ Űɖɜ ŮŰŮɟɞɔŮɜɐ űɤŰɞəŬŰɎɚɡůɖ Ŭˊɧ Űɞ ɏŰɞɠ 2000 

ɏɤɠ 31/10/2013 (Ʉɖɔɐ: Advanced search ůŰɞ Scopus, ȼɛŮɟɞɛɖɜɑŬ: 31.10.2013, ɚɏɝŮɘɠ 

əɚŮɘŭɘɎ: heterogeneous photocatalysis). 

 

ȼ ŰŮɢɜɞɚɞɔɑŬ  ŬɡŰɐ űŬɑɜŮŰŬɘ ɜŬ ŬˊɞŰŮɚŮɑ ɛɘŬ ɘůɢɡɟɐ ŮɜŬɚɚŬəŰɘəɐ ˊɟɧŰŬůɖ ůŰɞɜ ŰɞɛɏŬ 

Űɖɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɐɠ ŬˊɞɟɟɨˊŬɜůɖɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɧɚŬ ŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ ɛɘŬɠ Ʉ.Ƀ.ɀ.ȷ 

ˊɞɡ ŬɜŬűɏɟɗɖəŬɜ ŬɜŬɚɡŰɘəɎ ůŰɖɜ ˊŬɟɎɔɟŬűɞ 2.3. EˊɘˊɟɧůɗŮŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɖɠ ɛŮɗɧŭɞɡ 

Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ (Konstantinou and Albanis, 2003; Kabra et al., 2004; Wang 

et al., 1999; Herrmann, 1999; Malato et al., 2009; Akpan and Hameed, 2009) ŮɑɜŬɘ: 

V ȼ ŭɡɜŬŰɧŰɖŰŬ ŮűŬɟɛɞɔɐɠ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ ůŰɖɜ ɡŭŬŰɘəɐ ŬɚɚɎ əŬɘ 

ůŰɖɜ ŬɏɟɘŬ űɎůɖ. ɆŮ ɞɟɘůɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ ŮɑɜŬɘ ŮűŬɟɛɧůɘɛɖ əŬɘ ůŰɖ ůŰŮɟŮɐ űɎůɖ. 

V  ȼ ŬˊɞɡůɑŬ ɡˊɞɚŮɘɛɛŬŰɘəɩɜ ɡɚɘəɩɜ (ŭŮɡŰŮɟɞɔŮɜɐ ŬˊɧɓɚɖŰŬ) ˊɞɡ ɜŬ ŬˊŬɘŰɞɨɜ əɎˊɞɘŬ 

ɛɞɟűɐ ŭɘŬɢŮɑɟɘůɖɠ. 

V ȼ Ŭ́ɞɡůɑŬ ˊŬɟŮɛˊɧŭɘůɖɠ ɐ ɛɘəɟɐ ˊŬɟŮɛˊɧŭɘůɖ Ŭˊɧ ŭɘŬɚɡɛɏɜŬ ɘɧɜŰŬ ˊɞɡ 

ůɡɜɡˊɎɟɢɞɡɜ ɛŮ Űɞɡɠ ɟɨˊɞɡɠ ůŮ űɡůɘəɎ ɨŭŬŰŬ əŬɘ ůŮ ɡɔɟɎ ŬˊɧɓɚɖŰŬ. 

V ȼ ˊɚɐɟɖɠ ŭɘɎůˊŬůɖ Űɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ůŮ ˊɞɚɨ ɛɘəɟɧ ɢɟɞɜɘəɧ 

ŭɘɎůŰɖɛŬ. 

V Ƀɘ əŬŰŬɚɨŰŮɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮɑɜŬɘ ɢŬɛɖɚɞɨ əɧůŰɞɡɠ, əŬɗɩɠ Ůˊɑůɖɠ ɓɘɞɚɞɔɘəɎ 

əŬɘ ɢɖɛɘəɎ ŬŭɟŬɜŮɑɠ. Ƀ ˊɚɏɞɜ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞɠ əŬŰŬɚɨŰɖɠ, Űɞ TiO2, ŮɑɜŬɘ ŬɜɗŮəŰɘəɧɠ ůŰɖ 

űɤŰɞŭɘɎɓɟɤůɖ, ɛɖ Űɞɝɘəɧɠ, űɗɖɜɧɠ əŬɘ ɢɖɛɘəɎ ůŰŬɗŮɟɧɠ ůŮ ŮɡɟŮɑŬ ˊŮɟɘɞɢɐ Űɘɛɩɜ Űɞɡ pH. 

V ȼ ŭɡɜŬŰɧŰɖŰŬ ŬɜɎəŰɖůɖɠ ŮɑɜŬɘ ˊɘɗŬɜɐ, ŮɘŭɘəɎ ɔɘŬ ŰŬ ɛɏŰŬɚɚŬ, ŰŬ ɞˊɞɑŬ 

ɛŮŰŬŰɟɏˊɞɜŰŬɘ ůŰɘɠ ɚɘɔɧŰŮɟŮɠ Űɞɝɘəɏɠ ɐ ɛɖ Űɞɝɘəɏɠ ɛŮŰŬɚɚɘəɏɠ Űɞɡɠ əŬŰŬůŰɎůŮɘɠ. 
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V ȼ ŭɡɜŬŰɧŰɖŰŬ ŬɜŬəɨəɚɤůɖɠ Űɞɡ əŬŰŬɚɨŰɖ əŬɘ ŮˊŬɜŬɢɟɖůɘɛɞˊɞɑɖůɖɠ Űɞɡ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ Űɖ ɛŮɑɤůɖ Űɞɡ ɚŮɘŰɞɡɟɔɘəɞɨ əɧůŰɞɡɠ ŬɚɚɎ əŬɘ Űɖɜ Ŭˊɞűɡɔɐ ŮˊɘɓɎɟɡɜůɖɠ Űɞɡ 

ˊŮɟɘɓɎɚɚɞɜŰɞɠ ɛŮ Ůˊɘˊɚɏɞɜ ɟɨˊɞɡɠ. 

V Oɘ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞɘ əŬŰŬɚɨŰŮɠ ŭŮɜ ɡˊɧəŮɘɜŰŬɘ ůŮ ˊŮɟɘɞɟɘůɛɞɨɠ ŬɜŰɘŭɟŬůŰɐɟɤɜ, 

əŬɗɩɠ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ŮɑŰŮ ɛŮ Űɖ ɛɞɟűɐ ŬɘɤɟɐɛŬŰɞɠ, ŮɑŰŮ ɛŮ Űɖɜ 

ŬəɘɜɖŰɞˊɞɑɖůɖ Űɞɡɠ ůŮ ŭɘɎűɞɟŬ ŬŭɟŬɜɐ ɡˊɞůŰɟɩɛŬŰŬ. 

ȾɨɟɘŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɖɠ ɛŮɗɧŭɞɡ ŬˊɞŰŮɚɞɨɜ Ŭ) ɞ ŭɨůəɞɚɞɠ ŭɘŬɢɤɟɘůɛɧɠ Űɤɜ 

ůɤɛŬŰɘŭɑɤɜ Űɞɡ ɖɛɘŬɔɤɔɞɨ ɛŮŰɎ Űɞ Űɏɚɞɠ Űɖɠ ŭɘŮɟɔŬůɑŬɠ ɧŰŬɜ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɛŮ Űɖ ɛɞɟűɐ 

ŬɘɤɟɐɛŬŰɞɠ ɞˊɧŰŮ əɟɑɜŮŰŬɘ ŬɜŬɔəŬɑŬ əŬɘ ɖ ɨˊŬɟɝɖ Ůɜɧɠ Ůˊɘˊɚɏɞɜ ůŰŬŭɑɞɡ ŮˊŮɝŮɟɔŬůɑŬɠ ɔɘŬ 

Űɞ ŭɘŬɢɤɟɘůɛɧ Űɞɡ əŬŰŬɚɨŰɖ (Seabra et al., 2011) əŬɘ ɓ) ɖ ŮəɛŮŰɎɚɚŮɡůɖ ɛɧɜɞ Űɞɡ 5% Űɖɠ 

ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɧŰŬɜ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Űɞ ɇiO2 ɤɠ űɤŰɞəŬŰŬɚɨŰɖɠ əŬɗɩɠ ɔɘŬ Űɖɜ 

ŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ ŬˊŬɘŰɞɨɜŰŬɘ űɤŰɧɜɘŬ ɛŮ ɛɐəɖ əɨɛŬŰɞɠ < 400 nm (ɆɢɐɛŬ 3.2) (Malato et 

al., 2009). 

 

3.3. ūɤŰɞəŬŰŬɚɨŰŮɠ ůŰɖɜ Ⱥū 

 

ɀŮ Űɞɜ ɧɟɞ űɤŰɞəŬŰŬɚɨŰŮɠ ůŰɖɜ ŮŰŮɟɞɔŮɜɐ űɤŰɞəŬŰɎɚɡůɖ ŬɜŬűɏɟɞɜŰŬɘ ŰŬ ůŰŮɟŮɎ ŰŬ 

ɞˊɞɑŬ ɛˊɞɟɞɨɜ ɜŬ ŮˊɎɔɞɡɜ ŬɜŰɘŭɟɎůŮɘɠ ˊŬɟɞɡůɑŬ űɤŰɧɠ əŬɘ ŭŮɜ ɏɢɞɡɜ əŬŰŬɜŬɚɤɗŮɑ ɛŮŰɎ 

Űɞ Űɏɚɞɠ Űɖɠ ůɡɜɞɚɘəɐɠ ŬɜŰɑŭɟŬůɖɠ. ɇɏŰɞɘɞɘ əŬŰŬɚɨŰŮɠ ŮɑɜŬɘ ůɡɜɐɗɤɠ ŰŬ ɖɛɘŬɔɩɔɘɛŬ 

ůŰŮɟŮɎ (de Lasa et al., 2005). 

 

3.3.1. ŪŮɛŮɚɘɩŭŮɘɠ Ŭɟɢɏɠ-ȺɜŮɟɔŮɘŬəɏɠ ȻɩɜŮɠ & ȷɔɤɔɘɛɧŰɖŰŬ Űɤɜ ɖɛɘŬɔɤɔɩɜ 

 

ȼ ɖɚŮəŰɟɞɜɘŬəɐ ŭɞɛɐ Űɤɜ Ŭɔɤɔɩɜ, ɖɛɘŬɔɤɔɩɜ əŬɘ ɛɞɜɤŰɩɜ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟŬűŮɑ ɛŮ Űɖ 

ɗŮɤɟɑŬ Űɤɜ ŮɜŮɟɔŮɘŬəɩɜ ɕɤɜɩɜ. ȺɝŬɘŰɑŬɠ Űɞɡ ˊɞɚɨ ɛŮɔɎɚɞɡ Ŭɟɘɗɛɞɨ ŬŰɧɛɤɜ ˊɞɡ ɡˊɎɟɢɞɡɜ 

əŬɘ ŬɚɚɖɚŮˊɘŭɟɞɨɜ ůŮ ɏɜŬ ůŰŮɟŮɧ ɡɚɘəɧ, ŰŬ ŬɜŰɑůŰɞɘɢŬ ŮɜŮɟɔŮɘŬəɎ ŮˊɑˊŮŭŬ ŮɑɜŬɘ ˊɞɚɨ əɞɜŰɎ 

əŬŰŬɜŮɛɖɛɏɜŬ ůɢɖɛŬŰɑɕɞɜŰŬɠ ŮɜŮɟɔŮɘŬəɏɠ ɕɩɜŮɠ. ȾɎɗŮ ɕɩɜɖ ɏɢŮɘ ŭɘŬűɞɟŮŰɘəɐ ŮɜɏɟɔŮɘŬ əŬɘ 

ŰŬ ɖɚŮəŰɟɧɜɘŬ əŬŰŬɚŬɛɓɎɜɞɡɜ Űɘɠ ɕɩɜŮɠ ɛŮ ůŮɘɟɎ ŬɡɝŬɜɧɛŮɜɖɠ ŮɜɏɟɔŮɘŬɠ, ɧɛɞɘŬ ɛŮ Űɞɜ 

Űɟɧˊɞ ˊɞɡ ŰŬ ɖɚŮəŰɟɧɜɘŬ əŬŰŬɚŬɛɓɎɜɞɡɜ ŰŬ ŰɟɞɢɘŬəɎ ůŮ ɏɜŬ ɎŰɞɛɞ. ȼ ɡɣɖɚɧŰŮɟŬ  

ŮɜŮɟɔŮɘŬəɎ əŬŰŮɘɚɖɛɛɏɜɖ ɕɩɜɖ ɞɜɞɛɎɕŮŰŬɘ ɕɩɜɖ ůɗɏɜɞɡɠ (valence band) əŬɘ ɖ 

ɢŬɛɖɚɧŰŮɟŬ ŮɜŮɟɔŮɘŬəɎ ŰŮɚŮɑɤɠ əŮɜɐ ɐ ɛŮɟɘəɩɠ əŬŰŮɘɚɖɛɛɏɜɖ ɞɟɑɕŮŰŬɘ ɤɠ ɕɩɜɖ  

ŬɔɤɔɘɛɧŰɖŰŬɠ (conduction band). Ƀɘ ɕɩɜŮɠ ŬɡŰɏɠ ŮɑɜŬɘ əŬŰô ŬɜŰɘůŰɞɘɢɑŬ Űɤɜ ɡɣɖɚɧŰŮɟŬ 

ŮɜŮɟɔŮɘŬəɎ əŬŰŮɘɚɖɛɛɏɜɤɜ ɛɞɟɘŬəɩɜ ŰɟɞɢɘŬəɩɜ ȼɃɀɃ (Highest Occupied Molecular 

Orbital) əŬɘ Űɤɜ ɢŬɛɖɚɧŰŮɟŬ ŮɜŮɟɔŮɘŬəɎ ɛɖ əŬŰŮɘɚɖɛɛɏɜɤɜ ɛɞɟɘŬəɩɜ ŰɟɞɢɘŬəɩɜ LUMO 

(Lowest Unoccupied Molecular Orbital). H ɕɩɜɖ ůɗɏɜɞɡɠ əŬɘ ɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ 
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ɢɤɟɑɕɞɜŰŬɘ ɛŮ Űɞ ŮɜŮɟɔŮɘŬəɧ ɢɎůɛŬ (band gap energy, Ebg) Űɞ ɞˊɞɑɞ ɘůɞɨŰŬɘ ɛŮ Űɖ ŭɘŬűɞɟɎ 

ŮɜɏɟɔŮɘŬɠ ɛŮŰŬɝɨ Űɞɡ əŬŰɩŰŮɟɞɡ ůɖɛŮɑɞɡ Űɖɠ ɕɩɜɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ (ȺCB) əŬɘ Űɞɡ ɡɣɖɚɧŰŮɟɞɡ 

ůɖɛŮɑɞɡ Űɖɠ ɕɩɜɖɠ ůɗɏɜɞɡɠ (ȺVȸ) (Kondarides, 2010).  

ɇŬ ůŰŮɟŮɎ ɡɚɘəɎ ŬɜɎɚɞɔŬ ɛŮ Űɞ ɓŬɗɛɧ əɎɚɡɣɖɠ Űɤɜ ɕɤɜɩɜ Űɞɡɠ ɛŮ ɖɚŮəŰɟɧɜɘŬ əŬɘ Űɞ 

ɛɏɔŮɗɞɠ Űɞɡ ŮɜŮɟɔŮɘŬəɞɨ ɢɎůɛŬŰɞɠ Űɞɡɠ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ɛɞɜɤŰɏɠ, ɖɛɘŬɔɤɔɞɨɠ əŬɘ Ŭɔɤɔɞɨɠ 

(ɆɢɐɛŬ 3.2). ũɘŬ ɜŬ ɛˊɞɟɏůɞɡɜ ŰŬ ɖɚŮəŰɟɧɜɘŬ ɜŬ ɟɏɞɡɜ ɛɏůŬ ůŮ ɏɜŬ ůŰŮɟŮɧ ɡɚɘəɧ ɡˊɧ Űɖɜ 

ŮűŬɟɛɞɔɐ ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ, ɗŬ ˊɟɏˊŮɘ ŮɑŰŮ ŰŬ ɖɚŮəŰɟɧɜɘŬ ɜŬ əŬŰŬɚŬɛɓɎɜɞɡɜ ɛɘŬ ɛŮɟɘəɩɠ 

əŬŰŮɘɚɖɛɛɏɜɖ ɕɩɜɖ ŮɑŰŮ ɜŬ ɛˊɞɟɞɨɜ ɜŬ əŬŰŬɚɎɓɞɡɜ ɛɘŬ  əɞɜŰɘɜɐ əŮɜɐ ɕɩɜɖ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ 

Űɤɜ ɛɞɜɤŰɩɜ ɞɘ əŬŰŮɘɚɖɛɛɏɜŮɠ ŮɜŮɟɔŮɘŬəɎ ůŰɎɗɛŮɠ ŭɘŬɢɤɟɑɕɞɜŰŬɘ Ŭˊɧ Űɘɠ əŮɜɏɠ Ŭˊɧ ɏɜŬ 

ɛŮɔɎɚɞ ŮɜŮɟɔŮɘŬəɧ ɢɎůɛŬ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ŰŬ ɖɚŮəŰɟɧɜɘŬ ɜŬ ɛɖɜ ɛˊɞɟɞɨɜ ɜŬ ɛŮŰŬˊɖŭɐůɞɡɜ 

Ŭˊɧ Űɖ ɕɩɜɖ ůɗɏɜɞɡɠ ůŰɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ. ȷɜŰɑɗŮŰŬ, ůŰɞɡɠ Ŭɔɤɔɞɨɠ ɧˊɤɠ ůŰŬ ɛɏŰŬɚɚŬ ɖ 

ɕɩɜɖ ůɗɏɜɞɡɠ əŬɘ ɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ ŬɚɚɖɚŮˊɘəŬɚɨˊŰɞɜŰŬɘ ɞˊɧŰŮ ůŮ ɗŮɟɛɞəɟŬůɑŬ 

ŭɤɛŬŰɑɞɡ ŰŬ ɖɚŮəŰɟɧɜɘŬ ɛˊɞɟɞɨɜ ɜŬ əɘɜɖɗɞɨɜ ůŮ ɧɚɞ Űɞ Ůɨɟɞɠ Űɞɡ ůŰŮɟŮɞɨ, ɤɠ ŬˊɞŰɏɚŮůɛŬ 

ɛɘŬɠ ŮűŬɟɛɞɕɧɛŮɜɖɠ ŰɎůɖɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɖɛɘŬɔɤɔɩɜ ɧˊɞɡ Űɞ ŮɜŮɟɔŮɘŬəɧ ɢɎůɛŬ ŮɑɜŬɘ  

ůŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ ɛɘəɟɧŰŮɟɞ Ŭˊɧ 4 eV, ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ ɛŮŰŬűɞɟɎ ɖɚŮəŰɟɞɜɑɤɜ Ŭˊɧ Űɖ ɕɩɜɖ 

ůɗɏɜɞɡɠ ůŰɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ ŮɑŰŮ ɛɏůɤ ɗŮɟɛɘəɐɠ ŮɑŰŮ ɛɏůɤ űɤŰɞɜɘəɐɠ ŭɘɏɔŮɟůɖɠ 

(Kondarides, 2010). ȾɎɗŮ ɖɚŮəŰɟɧɜɘɞ ˊɞɡ ŭɘŮɔŮɑɟŮŰŬɘ Ŭˊɧ Űɖ ɕɩɜɖ ůɗɏɜɞɡɠ ůŰɖ ɕɩɜɖ 

ŬɔɤɔɘɛɧŰɖŰŬɠ ŬűɐɜŮɘ ůŰɖ ɕɩɜɖ ůɗɏɜɞɡɠ ɛɘŬ ɞˊɐ. ȷɛűɧŰŮɟŬ, ŰŬ ɖɚŮəŰɟɧɜɘŬ ůŰɖ ɕɩɜɖ 

ŬɔɤɔɘɛɧŰɖŰŬɠ əŬɘ ɞɘ ɞˊɏɠ (əŮɜɎ) ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůŰɖ ɕɩɜɖ ůɗɏɜɞɡɠ ůɡɛɓɎɚɚɞɡɜ ůŰɖɜ 

ɖɚŮəŰɟɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ (ɄŬˊŬɔŮɤɟɔɧˊɞɡɚɞɠ, 2001). 

 

 

ɆɢɐɛŬ 3.2:  ȺɜŮɟɔŮɘŬəɧ   ŭɘɎɔɟŬɛɛŬ   ɔɘŬ  (Ŭ) ɛɞɜɤŰɏɠ, (ɓ) ɖɛɘŬɔɤɔɞɨɠ  əŬɘ  (ɔ) Ŭɔɤɔɞɨɠ 

(Kondarides, 2010). 

Ƀɘ ɖɛɘŬɔɤɔɞɑ ɢɤɟɑɕɞɜŰŬɘ ůŮ ŭɨɞ ɛŮɔɎɚŮɠ əŬŰɖɔɞɟɑŮɠ: ůŰɞɡɠ ŮɜŭɞɔŮɜŮɑɠ əŬɘ ůŰɞɡɠ 

ŮɝɤɔŮɜŮɑɠ ɖɛɘŬɔɤɔɞɨɠ. ȺɜŭɞɔŮɜŮɑɠ ŮɑɜŬɘ ɞɘ əɟɨůŰŬɚɚɞɘ Űɤɜ ɖɛɘŬɔɤɔɩɜ ˊɞɡ ŮɑɜŬɘ ŬˊɧɚɡŰŬ 

əŬɗŬɟɞɑ, ɛɖ ˊŮɟɘɏɢɞɜŰŬɠ ɝɏɜŬ ɎŰɞɛŬ ůŰɞ əɟɡůŰŬɚɚɘəɧ Űɞɡɠ ˊɚɏɔɛŬ (ȾŬɟɨɛˊŬəŬɠ, 2001). 
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ɆŰɞɡɠ ŮɜŭɞɔŮɜŮɑɠ ɖɛɘŬɔɤɔɞɨɠ ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ ůŰɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ (n) 

ɘůɞɨŰŬɘ ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɞˊɩɜ ůŰɖ ɕɩɜɖ ůɗɏɜɞɡɠ (p).  ɇɡˊɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ŮɜŭɞɔŮɜɩɜ 

ɖɛɘŬɔɤɔɩɜ ŮɑɜŬɘ: Si, Ge, GaAs, SiC ə.Ŭ. ɆŮ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ŬˊɧɚɡŰɞɡ ɛɖŭŮɜɧɠ ɞɘ 

ŮɜŭɞɔŮɜŮɑɠ ɖɛɘŬɔɤɔɞɑ (intrinsic semiconductors) ŭŮɜ ˊŮɟɘɏɢɞɡɜ űɞɟŮɑɠ űɞɟŰɑɞɡ əŬɘ 

ůɡɛˊŮɟɘűɏɟɞɜŰŬɘ ůŬɜ ɛɞɜɤŰɏɠ (Kondarides, 2010). 

Ƀɘ ɖɛɘŬɔɤɔɞɑ ůŰɞɡɠ ɞˊɞɑɞɡɠ Űɞ əɟɡůŰŬɚɚɘəɧ ˊɚɏɔɛŬ ˊŮɟɘɏɢŮɘ ɝɏɜŮɠ ˊɟɞůɛɑɝŮɘɠ (ɝɏɜŬ 

ɎŰɞɛŬ) əŬɘ ɞɘ ˊɟɞůɛɑɝŮɘɠ Ůɚɏɔɢɞɡɜ Űɖɜ ˊɡəɜɧŰɖŰŬ Űɤɜ űɞɟɏɤɜ űɞɟŰɑɞɡ ɞɜɞɛɎɕɞɜŰŬɘ 

ɖɛɘŬɔɤɔɞɑ ˊɟɞůɛɑɝŮɤɜ ɐ ŮɝɤɔŮɜŮɑɠ ɖɛɘŬɔɤɔɞɑ (ȾŬɟɨɛˊŬəŬɠ, 2001; ɄŬˊŬɔŮɤɟɔɧˊɞɡɚɞɠ, 

2001). ɇŬ ɝɏɜŬ ɎŰɞɛŬ ɛˊɞɟɞɨɜ ɜŬ ŮɜůɤɛŬŰɤɗɞɨɜ ůŰɞ ˊɚɏɔɛŬ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ŬɜɎˊŰɡɝɖɠ 

Űɞɡ əɟɡůŰɎɚɚɞɡ ŮɑŰŮ ɛˊɞɟɞɨɜ ɜŬ Ůɘůɢɤɟɐůɞɡɜ ůŮ əɎˊɞɘɞ ɓɎɗɞɠ ůŰɞ ˊɚɏɔɛŬ əɎŰɤ Ŭˊɧ 

ɞɟɘůɛɏɜŮɠ ůɡɜɗɐəŮɠ (ȾŬɟɨɛˊŬəŬɠ, 2001). ȺɝɤɔŮɜŮɑɠ ɖɛɘŬɔɤɔɞɑ (extrinsic semiconductors) 

ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ ŮɜůɤɛɎŰɤůɖ ŬŰɧɛɤɜ ˊɟɧůɛɘɝɖɠ ůŰɞ əɟɡůŰŬɚɚɘəɧ ˊɚɏɔɛŬ Űɤɜ 

ŮɜŭɞɔŮɜɩɜ ɖɛɘŬɔɤɔɩɜ ɛŮ ɛɑŬ ŭɘŬŭɘəŬůɑŬ ɔɜɤůŰɐ ɤɠ Ůɜɑůɢɡůɖ/ŮɛˊɚɞɡŰɘůɛɧɠ (doping) 

(Kondarides, 2010). ȷɡŰɎ ŰŬ ɎŰɞɛŬ, ůŮ əŬɗɞɟɘůɛɏɜɖ ˊɞůɧŰɖŰŬ ɛɏůŬ ůŰɞɜ əɟɨůŰŬɚɚɞ, 

ɛˊɞɟɞɨɜ ɜŬ ŭɘŬŭɟŬɛŬŰɑůɞɡɜ ůˊɞɡŭŬɘɧŰŬŰɞ ɟɧɚɞ ůŰɖɜ ŬɔɤɔɘɛɧŰɖŰŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ 

(ȾŬɟɨɛˊŬəŬɠ, 2001). ȼ ˊɟɞůɗɐəɖ  ˊ.ɢ. Űɞɡ ɓɞɟɑɞɡ ȸ ůŰɞ əŬɗŬɟɧ ˊɡɟɑŰɘɞ Si ůŮ ŬɜŬɚɞɔɑŬ 1 

ɎŰɞɛɞ ȸ ŬɜɎ 10
5
 ɎŰɞɛŬ Si, ŬɡɝɎɜŮɘ Űɖɜ ŬɔɤɔɘɛɧŰɖŰŬ Űɞɡ əŬɗŬɟɞɨ ˊɡɟɘŰɑɞɡ əŬŰɎ 10

3
 űɞɟɏɠ 

ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. ɆŮ ɖɛɘŬɔɤɔɞɨɠ ŮɜɩůŮɤɜ ɧˊɤɠ GaAs, ɛɘŬ ůŰɞɘɢŮɘɞɛŮŰɟɘəɐ 

ɏɚɚŮɘɣɖ Ůɜɧɠ ŬŰɧɛɞɡ ŮɜŮɟɔŮɑ ɤɠ ˊɟɧůɛɘɝɖ. Ƀɘ ɖɛɘŬɔɤɔɞɑ ŬɡŰɞɑ ŮɑɜŬɘ ɔɜɤůŰɞɑ ɤɠ Ůɚɚɘˊɐɠ 

ɖɛɘŬɔɤɔɞɑ (deficit semiconductors) (ɄŬˊŬɔŮɤɟɔɧˊɞɡɚɞɠ, 2001). 

ȼ Ůɜɑůɢɡůɖ ɛŮŰŬɓɎɚɚŮɘ Űɖ ůɢŮŰɘəɐ ůɡɔəɏɜŰɟɤůɖ Űɤɜ űɞɟɏɤɜ űɞɟŰɑɤɜ Űɞɡ ɖɛɘŬɔɤɔɞɨ, ɖ 

ɞˊɞɑŬ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ Ůɑŭɞɠ əŬɘ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ŮɜɘůɢɡŰɐ. ȷɜ əŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ 

ŮɚŮɨɗŮɟɤɜ ɞˊɩɜ əŬɘ ɖɚŮəŰɟɞɜɑɤɜ ɛŮŰŬɓɎɚɚŮŰŬɘ, ɞ Ůɜɘůɢɡɛɏɜɞɠ ɖɛɘŬɔɤɔɧɠ ˊŬɟŬɛɏɜŮɘ 

ɖɚŮəŰɟɘəɎ ɞɡŭɏŰŮɟɞɠ. ȷɜɎɚɞɔŬ ɛŮ Űɞɜ Űɨˊɞ ˊɟɧůɛɘɝɖɠ əŬɘ əŬŰô ŮˊɏəŰŬůɖ Űɞɜ űɞɟɏŬ űɞɟŰɑɞɡ 

ˊɞɡ ɡˊŮɟɘůɢɨŮɘ ɞɘ ŮɝɤɔŮɜŮɑɠ ɖɛɘŬɔɤɔɞɑ ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ n-Űɨˊɞɡ əŬɘ p-Űɨˊɞɡ. ɆŰɞɡɠ n-Űɨˊɞɡ 

ɖɛɘŬɔɤɔɞɨɠ, əɡɟɑŬɟɢɞɘ űɞɟŮɑɠ űɞɟŰɑɞɡ (űɞɟŮɑɠ ˊɚŮɘɞɜɧŰɖŰŬɠ) ŮɑɜŬɘ ŰŬ ɖɚŮəŰɟɧɜɘŬ əŬɘ ɖ 

ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ n ŮɑɜŬɘ ɑůɖ ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɖɠ ˊɟɧůɛɘɝɖɠ Űɞɡ ŭɧŰɖ, Ůɜɩ 

ůŰɞɡɠ p-Űɨˊɞɡ ɖɛɘŬɔɤɔɞɨɠ, űɞɟŮɑɠ ˊɚŮɘɞɜɧŰɖŰŬɠ ŮɑɜŬɘ ɞɘ ɞˊɏɠ əŬɘ ɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡɠ p 

ŮɑɜŬɘ ɑůɖ ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɖɠ ˊɟɧůɛɘɝɖɠ Űɞɡ ŭɏəŰɖ (Kondarides, 2010).  

ȺɘŭɘəɧŰŮɟŬ, ŰŬ ɎŰɞɛŬ ˊɟɧůɛɘɝɖɠ ˊɞɡ ůɡɜŮɘůűɏɟɞɡɜ ɖɚŮəŰɟɧɜɘŬ ůŰɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ 

ɞɜɞɛɎɕɞɜŰŬɘ ŭɧŰŮɠ (donor impurities) əŬɘ ɞɘ Ůɜɘůɢɡɛɏɜɞɘ ɖɛɘŬɔɤɔɞɑ ɛŮ ɎŰɞɛŬ ŭɧŰɖ 

ɞɜɞɛɎɕɞɜŰŬɘ n-Űɨˊɞɡ ɖɛɘŬɔɤɔɞɑ. ɄŬɟŬŭŮɑɔɛŬŰɞɠ ɢɎɟɖ, ɧŰŬɜ ɎŰɞɛŬ ˊɞɡ Ŭɜɐəɞɡɜ ůŰɖɜ ɞɛɎŭŬ 

V Űɞɡ ˊŮɟɘɞŭɘəɞɨ ˊɑɜŬəŬ (ˊ.ɢ.  As, P, Sb) ŮɘůŬɢɗɞɨɜ ůŰɞ ˊɚɏɔɛŬ Űɞɡ ˊɡɟɘŰɑɞɡ (Si) ˊɞɡ ŬɜɐəŮɘ 

ůŰɖɜ ɞɛɎŭŬ IV Űɞɡ ˊŮɟɘɞŭɘəɞɨ ˊɑɜŬəŬ əŬɘ ɏɢŮɘ ŰɏůůŮɟŬ ɖɚŮəŰɟɧɜɘŬ ůɗɏɜɞɡɠ, əɎɗŮ ɎŰɞɛɞ 
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ˊɟɧůɛɘɝɖɠ ůɡɜŮɘůűɏɟŮɘ ɏɜŬ ɖɚŮəŰɟɧɜɘɞ ůŰɞ ˊɚɏɔɛŬ ŬɡɝɎɜɞɜŰŬɠ ɛŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ Űɖɜ 

ɘəŬɜɧŰɖŰŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ ɜŬ ɎɔŮɘ Űɞɜ ɖɚŮəŰɟɘůɛɧ (Kondarides, 2010). ŪŮɤɟɩɜŰŬɠ ɤɠ 

ˊɟɧůɛɘɝɖ Űɞ ȷs, Űɞ ɎŰɞɛɞ Űɞɡ ȷs ŮɜŰɧɠ Űɞɡ əɟɡůŰɎɚɚɞɡ Si əŬŰŬɚŬɛɓɎɜŮɘ Űɖ ɗɏůɖ Ůɜɧɠ 

əŬɜɞɜɘəɞɨ ŬŰɧɛɞɡ Si əŬɘ ˊŬɟɞɡůɘɎɕŮɘ ůɗɏɜɞɠ ˊɏɜŰŮ ŭɘŬɗɏŰɞɜŰŬɠ ŰŬ ŰɏůůŮɟŬ ɖɚŮəŰɟɧɜɘŬ Űɞɡ 

ůŰɞ ůɢɖɛŬŰɘůɛɧ ŰŮůůɎɟɤɜ ɞɛɞɘɞˊɞɚɘəɩɜ ŭŮůɛɩɜ ɛŮ ŰŬ ŰɏůůŮɟŬ ɔŮɘŰɞɜɘəɎ ɎŰɞɛŬ Űɞɡ Si. ɇɞ 

ˊɏɛˊŰɞ ɖɚŮəŰɟɧɜɘɞ əɘɜŮɑŰŬɘ ŮɚŮɨɗŮɟŬ ůŰɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ Si. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ 

əɡɟɘŬɟɢɞɨɜ ɞɘ ŬɟɜɖŰɘəɞɑ (negative) űɞɟŮɑɠ űɞɟŰɑɞɡ əŬɘ ɞ ɖɛɘŬɔɤɔɧɠ ŬɡŰɧɠ Űɞɡ Si ɛŮ 

ˊɟɧůɛɘɝɖ ˊŮɜŰŬůɗŮɜɩɜ ŬŰɧɛɤɜ ɞɜɞɛɎɕŮŰŬɘ ɖɛɘŬɔɤɔɧɠ ˊɟɧůɛɘɝɖɠ Űɨˊɞɡ-n, Ůɜɩ Űɞ ɎŰɞɛɞ 

ˊɟɧůɛɘɝɖɠ (As), ˊɞɡ ŭɑɜŮɘ ɏɜŬ ɖɚŮəŰɟɧɜɘɞ ůŰɞ Si ɞɜɞɛɎɕŮŰŬɘ ŭɧŰɖɠ. O əɟɨůŰŬɚɚɞɠ ůŰɞ 

ůɨɜɞɚɞ Űɞɡ ˊŬɟŬɛɏɜŮɘ ɖɚŮəŰɟɘəɎ ɞɡŭɏŰŮɟɞɠ ŭɘɧŰɘ Űɞ ɖɚŮəŰɟɧɜɘɞ ˊŬɟŬɛɏɜŮɘ ŮɜŰɧɠ Űɞɡ 

əɟɡůŰɎɚɚɞɡ əŬɘ ŮɝɞɡŭŮŰŮɟɩɜŮŰŬɘ Ŭˊɧ Űɞ ɗŮŰɘəɧ ɘɧɜ Űɞɡ As
+ 
(ɄŬˊŬɔŮɤɟɔɧˊɞɡɚɞɠ, 2001). 

ȾŬŰɎ ŬɜŰɘůŰɞɘɢɑŬ, ɎŰɞɛŬ ˊɟɧůɛɘɝɖɠ ˊɞɡ ŭɏɢɞɜŰŬɘ ɖɚŮəŰɟɧɜɘŬ Ŭˊɧ Űɖ ɕɩɜɖ ůɗɏɜɞɡɠ Űɞɡ 

ɖɛɘŬɔɤɔɞɨ ɞɜɞɛɎɕɞɜŰŬɘ ŭɏəŰŮɠ (acceptor impurities) əŬɘ ɞɘ Ůɜɘůɢɡɛɏɜɞɘ ɖɛɘŬɔɤɔɞɑ ɛŮ ɎŰɞɛŬ 

ŭɏəŰɖ ɞɜɞɛɎɕɞɜŰŬɘ p-Űɨˊɞɡ ɖɛɘŬɔɤɔɞɑ. ɄŬɟŬŭŮɑɔɛŬŰɞɠ ɢɎɟɖ, ɖɛɘŬɔɤɔɞɑ p-Űɨˊɞɡ ˊɟɞəɨˊŰɞɡɜ 

Ŭˊɧ Űɖɜ ŮɜůɤɛɎŰɤůɖ ŬŰɧɛɤɜ Űɖɠ ɞɛɎŭŬ III Űɞɡ ˊŮɟɘɞŭɘəɞɨ ˊɑɜŬəŬ (ˊ.ɢ. B, Al, In, Ga) ůŰɞ 

əɟɡůŰŬɚɚɘəɧ ˊɚɏɔɛŬ Űɞɡ ˊɡɟɘŰɑɞɡ (Si), ɧˊɞɡ ŰŬ ɎŰɞɛŬ ˊɟɧůɛɘɝɖɠ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ 

ůɢɖɛŬŰɑůɞɡɜ ŮˊŬɟəɐ Ŭɟɘɗɛɧ ŭŮůɛɩɜ ɛŮ ŰŬ ɎŰɞɛŬ Si ˊɞɡ ŰŬ ˊŮɟɘɓɎɚɚɞɡɜ. ɋɠ ŬˊɞŰɏɚŮůɛŬ, ɞɘ 

ˊɟɞůɛɑɝŮɘɠ ŬɡŰɏɠ ɜŬ Ŭˊɞůˊɞɨɜ ɖɚŮəŰɟɧɜɘŬ Ŭˊɧ Űɖ ɕɩɜɖ ůɗɏɜɞɡɠ ŮɜŭɞɔŮɜɞɨɠ əɟɡůŰɎɚɚɞɡ ɔɘŬ 

Űɖ ůɡɛˊɚɐɟɤůɖ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ ɞɛɞɘɞˊɞɚɘəɩɜ ŭŮůɛɩɜ ɛŮ ŰŬ ɔŮɘŰɞɜɘəɎ ɎŰɞɛŬ, 

ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏŰůɘ ɞˊɏɠ ůŰɖ ɕɩɜɖ ůɗɏɜɞɡɠ (Kondarides, 2010). ȳŰŬɜ, ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɞ 

ŭɏəŰɖɠ ŮɑɜŬɘ ɏɜŬ ŰɟɘůɗŮɜɏɠ ɎŰɞɛɞ ɓɞɟɑɞɡ ȸ ůŮ əŬɗŬɟɧ əɟɨůŰŬɚɚɞ Si, Űɞ ȸ əŬŰŬɚŬɛɓɎɜŮɘ Űɖ 

ɗɏůɖ Űɞɡ ŰŮŰɟŬůɗŮɜɞɨɠ Si əŬɘ ůɢɖɛŬŰɑɕŮɘ ˊɚɐɟɖɠ ɞɛɞɘɞˊɞɚɘəɞɨɠ ŭŮůɛɞɨɠ ɛɧɜɞ ɛŮ ŰŬ ŰɟɑŬ 

ɔŮɘŰɞɜɘəɎ ɎŰɞɛŬ Űɞɡ Si, Ůɜɩ ɞ ŰɏŰŬɟŰɞɠ ɞɛɞɘɞˊɞɚɘəɧɠ ŭŮůɛɧɠ ŮɑɜŬɘ Ůɚɚɘˊɐɠ əŬŰɎ ɏɜŬ 

ɖɚŮəŰɟɧɜɘɞ. Ƀ ŰŮɚŮɡŰŬɑɞɠ ŭŮůɛɧɠ ůɡɛˊɚɖɟɩɜŮŰŬɘ ŬˊɞůˊɩɜŰŬɠ ɏɜŬ ɖɚŮəŰɟɧɜɘɞ Ŭˊɧ ɏɜŬ 

ŭŮůɛɧ Si-Si, ŭɖɚŬŭɐ Ŭˊɧ Űɖ ɕɩɜɖ ůɗɏɜɞɡɠ Űɞɡ Si, ŬűɐɜɞɜŰŬɠ ɛɘŬ ɞˊɐ ůŰɖ ɕɩɜɖ ůɗɏɜɞɡɠ. ɀŮ 

Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɞɘ ɞˊɏɠ ŬˊɞəŰɞɨɜ ŮɜɏɟɔŮɘŬ əŬɘ ɛŮŰŬəɘɜɞɨɜŰŬɘ ůŰɖ ɕɩɜɖ 

ůɗɏɜɞɡɠ ɧˊɞɡ əŬɘ ůɡɛɓɎɚɞɡɜ ůŰɖɜ ŬɔɤɔɘɛɧŰɖŰŬ ɤɠ ɗŮŰɘəɞɑ (positive)  űɞɟŮɑɠ. ũɘô ŬɡŰɧ əŬɘ ɞɘ 

ɖɛɘŬɔɤɔɞɑ ˊɟɞůɛɑɝŮɤɜ ɛŮ ŭɏəŰŮɠ ŮɑɜŬɘ ɔɜɤůŰɞɑ əŬɘ ɤɠ ɖɛɘŬɔɤɔɞɑ p-Űɨˊɞɡ
 

(ɄŬˊŬɔŮɤɟɔɧˊɞɡɚɞɠ, 2001). 

 

3.3.2. ȺˊɑˊŮŭɞ Fermi 

 

ȼ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ɖɛɘŬɔɤɔɩɜ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟŬűŮɑ ɛŮ Űɖ ɢɟɐůɖ Űɖɠ ŮɜɏɟɔŮɘŬɠ 

Ůˊɘˊɏŭɞɡ Fermi (EF). ȼ əŬŰŬɜɞɛɐ Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ ůŰɘɠ ŭɘŬɗɏůɘɛŮɠ ŮɜŮɟɔŮɘŬəɏɠ əŬŰŬůŰɎůŮɘɠ 

ɡˊŬəɞɨŮɘ ůŰɖɜ ɗŮɟɛɞŭɡɜŬɛɘəɐ ɘůɞɟɟɞˊɑŬ Űɖɠ ůɡɜɎɟŰɖůɖɠ əŬŰŬɜɞɛɐɠ Fermi-Dirac. ȼ 
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ůɡɜɎɟŰɖůɖ əŬŰŬɜɞɛɐɠ Fermi-Dirac ˊŮɟɘɔɟɎűŮɘ Űɖɜ ˊɘɗŬɜɧŰɖŰŬ ɛɘŬ ɞɟɘůɛɏɜɖ ŮɜŮɟɔŮɘŬəɐ 

ɕɩɜɖ ůŮ ŭŮŭɞɛɏɜɖ ɗŮɟɛɞəɟŬůɑŬ ɜŬ ŮɑɜŬɘ ˊɚɐɟɤɠ əŬŰŮɘɚɖɛɛɏɜɖ Ŭˊɧ ɖɚŮəŰɟɧɜɘŬ. ɋɠ Ůə 

ŰɞɨŰɞɡ ɤɠ ŮɜɏɟɔŮɘŬ Ůˊɘˊɏŭɞɡ Fermi ɞɟɑɕŮŰŬɘ Űɞ ŮɜŮɟɔŮɘŬəɧ ŮˊɑˊŮŭɞ ůŰɞ ɞˊɞɑɞ ɖ ˊɘɗŬɜɧŰɖŰŬ 

əŬŰɎɚɖɣɖɠ Ŭˊɧ ɏɜŬ ɖɚŮəŰɟɧɜɘɞ ŮɑɜŬɘ Ŭəɟɘɓɩɠ İ. ȳˊɤɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ əŬɘ ůŰɞ ɆɢɐɛŬ 3.3, 

ůŮ ɏɜŬ ŮɜŭɞɔŮɜɐ ɖɛɘŬɔɤɔɧ, Űɞ ŮˊɑˊŮŭɞ Fermi ɓɟɑůəŮŰŬɘ ůŰɞ ɛɏůɞ ɛŮŰŬɝɨ Űɖɠ ɕɩɜɖɠ 

ůɗɏɜɞɡɠ əŬɘ Űɖɠ ɕɩɜɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ. ɆŮ ɏɜŬ n-Űɨˊɞɡ ɖɛɘŬɔɤɔɧ, Űɞ ŮˊɑˊŮŭɞ Fermi ɓɟɑůəŮŰŬɘ 

Ŭəɟɘɓɩɠ əɎŰɤ Ŭˊɧ Űɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ, Ůɜɩ ůŮ ɏɜŬ p-Űɨˊɞɡ ɖɛɘŬɔɤɔɧ ŮɑɜŬɘ ɚɑɔɞ ˊɎɜɤ 

Ŭˊɧ Űɖ ɕɩɜɖ ůɗɏɜɞɡɠ (Kondarides, 2010).  

 

 

ɆɢɐɛŬ 3.3: ȺɜŮɟɔŮɘŬəɧ ŮˊɑˊŮŭɞ Fermi ɔɘŬ (Ŭ) ŮɜŭɞɔŮɜŮɑɠ ɖɛɘŬɔɤɔɞɨɠ, (ɓ) n-Űɨˊɞɡ ŮɝɤɔŮɜŮɑɠ 

əŬɘ (ɔ) p-Űɨˊɞɡ ŮɝɤɔŮɜŮɑɠ ɖɛɘŬɔɤɔɞɨɠ (Kondarides, 2010). 

 

3.3.3. ȺˊɘűŬɜŮɘŬəɏɠ ɘŭɘɧŰɖŰŮɠ 

 

ȼ ɛŮŰŬɓɞɚɐ Űɖɠ ˊŮɟɘɞŭɘəɐɠ ŭɞɛɐɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Ůɜɧɠ ɖɛɘŬɔɤɔɞɨ ɞŭɖɔŮɑ ůŰɞ 

ůɢɖɛŬŰɘůɛɧ ŮɜŰɞˊɘůɛɏɜɤɜ ŮˊɘűŬɜŮɘŬəɩɜ əŬŰŬůŰɎůŮɤɜ, ɞɘ ɞˊɞɑŮɠ ŮˊɖɟŮɎɕɞɡɜ Űɘɠ 

ɖɚŮəŰɟɞɜɘŬəɏɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ ˊŬɑɕɞɡɜ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ 

Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ ɛŮ ŰŬ ɟɞűɖɛɏɜŬ ůŮ ŬɡŰɐ Ůɑŭɖ (Kondarides, 2010). Ƀɘ 

ŮˊɘűŬɜŮɘŬəɏɠ əŬŰŬůŰɎůŮɘɠ ɓɟɑůəɞɜŰŬɘ ŮɜŮɟɔŮɘŬəɎ ůŰɖɜ ŬˊŬɔɞɟŮɡɛɏɜɖ ɕɩɜɖ əŬɘ 

ˊŬɟɞɡůɘɎɕɞɡɜ Ůˊɑůɖɠ ɘŭɘŬɑŰŮɟɖ ůɖɛŬůɑŬ ɔɘŬ Űɘɠ ɞˊŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ Ůɜɧɠ űɤŰɞəŬŰŬɚɨŰɖ 

(Kondarides, 2010). ȺˊɘűŬɜŮɘŬəɏɠ əŬŰŬůŰɎůŮɘɠ ɛˊɞɟɞɨɜ ɜŬ ŮɘůŬɢɗɞɨɜ əɡɟɑɤɠ ɛŮ: Ŭ) Űɖɜ 

ˊŬɟɞɡůɑŬ ŮɚŮɨɗŮɟɤɜ ŭŮůɛɩɜ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ ŬŰɧɛɤɜ, ɓ) Űɖɜ ŮˊɘűŬɜŮɘŬəɐ ɛŮŰŬɓɞɚɐ, ɧˊɤɠ 

ˊ.ɢ. ɖ ŬɚɚŬɔɐ Űɖɠ ɗɏůɖɠ ɐ/əŬɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ɢɖɛɘəɞɨ ŭŮůɛɞɨ ɛŮŰŬɝɨ ŮˊɘűŬɜŮɘŬəɩɜ ŬŰɧɛɤɜ 

(ŰŬ ɞˊɞɑŬ ŮɚŬɢɘůŰɞˊɞɘɞɨɜ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ ŮɜɏɟɔŮɘŬ), ɔ) Űɘɠ ŭɞɛɘəɏɠ ŬŰɏɚŮɘŮɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ, 

ŭ) Űɖɜ ɨˊŬɟɝɖ ɟɞűɖɛɏɜɤɜ ˊɟɞůɛɑɝŮɤɜ (impurity) ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ əŬɘ Ů) Űɞ 
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ůɢɖɛŬŰɘůɛɧ ŭŮůɛɩɜ ɛŮŰŬɝɨ Űɤɜ ŮˊɘűŬɜŮɘŬəɩɜ ŬŰɧɛɤɜ əŬɘ ŬɡŰɩɜ ɛɘŬɠ Ɏɚɚɖɠ űɎůɖɠ (ˊ.ɢ. 

ɖɚŮəŰɟɞɚɨŰɖɠ) (Kondarides, 2010). 

ȼ ˊŬɟɞɡůɑŬ ŮˊɘűŬɜŮɘŬəɩɜ əŬŰŬůŰɎůŮɤɜ ˊɟɞəŬɚŮɑ ɛŮŰŬűɞɟɎ űɞɟŰɑɤɜ ɛŮŰŬɝɨ Űɖɠ əɡɟɑɤɠ 

ɛɎɕŬɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ əŬɘ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɔɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ ɗŮɟɛɘəɐɠ ɘůɞɟɟɞˊɑŬɠ. ȾŬŰɎ 

ůɡɜɏˊŮɘŬ, ɖ ˊɡəɜɧŰɖŰŬ űɞɟŰɑɞɡ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ ŬˊɞəɚɑɜŮɘ Ŭˊɧ 

Űɖɜ ˊɡəɜɧŰɖŰŬ űɞɟŰɑɞɡ ůŰɖɜ əŬŰɎůŰŬůɖ ɘůɞɟɟɞˊɑŬɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɛɘŬɠ 

űɞɟŰɘůɛɏɜɖɠ ˊŮɟɘɞɢɐɠ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ɖɛɘŬɔɤɔɞɨ, ɖ ɞˊɞɑŬ ɞɜɞɛɎɕŮŰŬɘ ůŰɘɓɎŭŬ űɞɟŰɑɞɡ 

(space charge region, SCR) (Kondarides, 2010). ȾŬŰɎ Űɞ ůɢɖɛŬŰɘůɛɧ Űɖɠ ůŰɘɓɎŭŬɠ űɞɟŰɑɞɡ 

ˊŬɟɎɔŮŰŬɘ ɖɚŮəŰɟɞůŰŬŰɘəɧ ŭɡɜŬɛɘəɧ, VS, Űɞ ɞˊɞɑɞ ˊɟɞəŬɚŮɑ ɛɑŬ əɎɛɣɖ ůŰɖɜ əɚɑůɖ Űɤɜ 

ɕɤɜɩɜ əɞɜŰɎ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ (band bending). ũɘŬ n-Űɨˊɞɡ ɖɛɘŬɔɤɔɞɨɠ, ɧˊɞɡ 

ŰŬ ɖɚŮəŰɟɧɜɘŬ Ŭˊɧ ŰŬ ŮˊɑˊŮŭŬ Űɤɜ ŭŮəŰɩɜ ˊɞɡ ɓɟɑůəɞɜŰŬɘ əɞɜŰɎ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

ɛŮŰŬűɏɟɞɜŰŬɘ ůŮ ŮˊɘűŬɜŮɘŬəɏɠ əŬŰŬůŰɎůŮɘɠ, ɞɘ ɕɩɜŮɠ əɎɛˊŰɞɜŰŬɘ ˊɟɞɠ ŰŬ ŮˊɎɜɤ (ɆɢɐɛŬ 

3.4Ŭ). ȷɜŰɑɗŮŰŬ, ůŮ ɏɜŬɜ p-Űɨˊɞɡ ɖɛɘŬɔɤɔɧ ɞɘ ɕɩɜŮɠ ɏɢɞɡɜ əɚɑůɖ ˊɟɞɠ ŰŬ əɎŰɤ (ɆɢɐɛŬ 3.4ɓ), 

əŬɗɩɠ ŰŬ ɖɚŮəŰɟɧɜɘŬ ɛŮŰŬűɏɟɞɜŰŬɘ Ŭˊɧ Űɘɠ ŮˊɘűŬɜŮɘŬəɏɠ əŬŰŬůŰɎůŮɘɠ ůŰŬ ŮˊɑˊŮŭŬ ŭŮəŰɩɜ 

(Kondarides, 2010). 

 

 

ɆɢɐɛŬ 3.4: ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ əɎɛɣɖɠ Űɤɜ ɕɤɜɩɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɖɛɘŬɔɤɔɞɨ n-

Űɨˊɞɡ əŬɘ ɖɛɘŬɔɤɔɞɨ p- Űɨˊɞɡ (Zhang and Yates, 2012). 

 

3.3.4. ȺˊŬűɐ ɖɛɘŬɔɤɔɞɨ-ɖɚŮəŰɟɞɚɨŰɖ 

 

ȳŰŬɜ ɏɜŬɠ ɖɛɘŬɔɤɔɧɠ ɏɟɗŮɘ ůŮ ŮˊŬűɐ ɛŮ ɏɜŬ ɡɔɟɧ ŭɘɎɚɡɛŬ, ɚŬɛɓɎɜŮɘ ɢɩɟŬ 

ŭɘŮˊŮɘűŬɜɘŬəɐ ɛŮŰŬűɞɟɎ űɞɟŰɑɞɡ ɏɤɠ ɧŰɞɡ ŰŬ ŮˊɑˊŮŭŬ Fermi Űɤɜ ŭɨɞ űɎůŮɤɜ ŬˊɞəŰɐůɞɡɜ 

Űɖɜ ɑŭɘŬ ŮɜɏɟɔŮɘŬ  əŬɘ ŮˊɘŰŮɡɢɗŮɑ ɖɚŮəŰɟɞůŰŬŰɘəɐ ɘůɞɟɟɞˊɑŬ. ȼ ŰɎůɖ ˊɞɡ ɏɢɞɡɜ ɞɘ ŭɨɞ űɎůŮɘɠ  

ɜŬ ˊɟɞůɚɎɓɞɡɜ ɐ ɜŬ ɢɎɜɞɡɜ ɖɚŮəŰɟɧɜɘŬ ŬˊɞŰŮɚɞɨɜ Űɖ ůɖɛŬɜŰɘəɐ ˊŬɟɎɛŮŰɟɞ Űɞɡ űŬɘɜɞɛɏɜɞɡ 

ŬɡŰɞɨ. ȷˊɞɡůɑŬɠ ůŰɘɓɎŭŬɠ űɞɟŰɑɞɡ Űɞ ůɨůŰɖɛŬ ɓɟɑůəŮŰŬɘ ůŰɞ ŭɡɜŬɛɘəɧ ɞɟɘɕɧɜŰɘŬɠ ɕɩɜɖɠ 

(flat band potential) (ɆɢɐɛŬ 3.5Ŭ). Ƀɘ ŰɟŮɑɠ ˊɘɗŬɜɏɠ ŭɘŬɛɞɟűɩůŮɘɠ Űɖɠ ůŰɘɓɎŭŬɠ űɞɟŰɑɞɡ ɔɘŬ 

ɏɜŬɜ n-Űɨˊɞɡ ɖɛɘŬɔɤɔɞɨ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŮ ŮˊŬűɐ ɛŮ ɏɜŬɜ ɖɚŮəŰɟɞɚɨŰɖ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰɞ 
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ɆɢɐɛŬ 3.5(ɓ,ɔ,ŭ) əŬɘ ŮɑɜŬɘ ɞɘ: ůŰɘɓɎŭŬ ůɡůůɩɟŮɡůɖɠ (accumulation layer), ůŰɘɓɎŭŬ 

Ůəəɏɜɤůɖɠ (depletion layer) əŬɘ ůŰɘɓɎŭŬ ŬɜŬůŰɟɞűɐɠ (Kondarides, 2010; Zhang and  Yates, 

2012). 

 ȳŰŬɜ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɡˊɎɟɢŮɘ ɗŮŰɘəɧ űɞɟŰɑɞ ŬɡɝɎɜŮŰŬɘ ɖ ůɡɔəɏɜŰɟɤůɖ 

Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ əɞɜŰɎ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɛɏůŬ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ ůŰɘɓɎŭŬɠ űɞɟŰɑɞɡ əŬɘ 

ůɢɖɛŬŰɑɕŮŰŬɘ ɖ ůŰɘɓɎŭŬ ůɡůůɩɟŮɡůɖɠ  (ɆɢɐɛŬ 3.5ɓ). ȳŰŬɜ ŬɟɜɖŰɘəɎ űɞɟŰɑŬ ůɡůůɤɟŮɨɞɜŰŬɘ 

ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ Űɞɡ ůɡůŰɐɛŬŰɞɠ, ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ əɞɜŰɎ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ Ŭˊɧ ŬɡŰɐ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ɖɛɘŬɔɤɔɞɨ əŬɘ ůɢɖɛŬŰɑɕŮŰŬɘ ɖ ůŰɘɓɎŭŬ 

Ůəəɏɜɤůɖɠ (ɆɢɐɛŬ 3.5ɔ). ȳŰŬɜ ɖ Ůəəɏɜɤůɖ Űɞɡ űɞɟɏŬ ˊɚŮɘɞɜɧŰɖŰŬɠ űɞɟŰɑɞɡ ŮəŰŮɑɜŮŰŬɘ 

ɓŬɗɘɎ ɛɏůŬ ůŰɞɜ ɖɛɘŬɔɤɔɧ, Űɞ ŮˊɑˊŮŭɞ Fermi ŮɑɜŬɘ ˊɘɞ əɞɜŰɎ ůŰɖ ɕɩɜɖ ůɗɏɜɞɡɠ Ŭˊɧ ɧŰɘ ůŰɖ 

ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ. ȾŬŰɎ ůɡɜɏˊŮɘŬ ɖ ˊŮɟɘɞɢɐ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ ŮɛűŬɜɑɕŮŰŬɘ ɜŬ 

ŮɑɜŬɘ p-Űɨˊɞɡ Ůɜɩ Űɞ əɡɟɑɤɠ ůɩɛŬ ˊŬɟɞɡůɘɎɕŮɘ ůɡɛˊŮɟɘűɞɟɎ n-Űɨˊɞɡ əŬɘ ɖ ůŰɘɓɎŭŬ űɞɟŰɑɞɡ 

ˊɞɡ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɞɜɞɛɎɕŮŰŬɘ ůŰɘɓɎŭŬ ŬɜŬůŰɟɞűɐɠ (ɆɢɐɛŬ 3.5ŭ). ȷɜŰɑůŰɞɘɢŮɠ ŭɘŬɛɞɟűɩůŮɘɠ 

Űɖɠ ůŰɘɓɎŭŬɠ űɞɟŰɑɞɡ ˊŬɟŬŰɖɟɞɨɜŰŬɘ əŬɘ ůŮ p-Űɨˊɞɡ ɖɛɘŬɔɤɔɞɨɠ, ɧˊɞɡ ɞɘ ŮɡəɑɜɖŰɞɘ űɞɟŮɑɠ 

űɞɟŰɑɞɡ ŮɑɜŬɘ ɞɘ ɞˊɏɠ (Kondarides, 2010; Zhang and  Yates, 2012). 

 

 

ɆɢɐɛŬ 3.5: ɆɢɖɛŬŰɘůɛɧɠ ůŰɘɓɎŭŬɠ űɞɟŰɑɞɡ əŬɘ əɎɛɣɖ ɕɩɜɖɠ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ ɖɛɘŬɔɤɔɞɨ n-

Űɨˊɞɡ əŬɘ Ůɜɧɠ ɖɚŮəŰɟɞɚɨŰɖ Ŭ) ŭɡɜŬɛɘəɧ ɞɟɘɕɧɜŰɘŬɠ ɕɩɜɖɠ, ɓ) ůŰɘɓɎŭŬ ůɡůůɩɟŮɡůɖɠ, ɔ) 

ůŰɘɓɎŭŬ Ůəəɏɜɤůɖɠ əŬɘ ŭ) ůŰɘɓɎŭŬ ŬɜŬůŰɟɞűɐɠ  (Zhang and  Yates, 2012). 

 

ȺɜŭŮɘəŰɘəɎ ůŰɞ ɆɢɐɛŬ 3.6 ˊŬɟŬŰɑɗŮŰŬɘ ɛɑŬ ˊɘɞ ɚŮˊŰɞɛŮɟɐɠ ůɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɞɡ 

ůɢɖɛŬŰɘůɛɞɨ ůŰɘɓɎŭŬɠ Ůəəɏɜɤůɖɠ əŬŰɎ Űɖɜ ŮˊŬűɐ Ůɜɧɠ n-Űɨˊɞɡ ɖɛɘŬɔɤɔɞɨ ɛŮ ɏɜŬɜ 

ɖɚŮəŰɟɞɚɨŰɖ ˊɞɡ ˊŮɟɘɏɢŮɘ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɎ ɕŮɨɔɖ D/D
+
 əŬɘ Űɞ ŮˊɑˊŮŭɞ Fermi Űɞɡ ɖɛɘŬɔɤɔɞɨ 

ŮɑɜŬɘ ŮɜŮɟɔŮɘŬəɎ ɡɣɖɚɧŰŮɟŬ Ŭˊɧ Űɞ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɧ ŭɡɜŬɛɘəɧ Űɞɡ ɕŮɨɔɞɡɠ D/D
+
 (Eredox).  

ɆŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ ŰŬ ɖɚŮəŰɟɧɜɘŬ ɟɏɞɡɜ Ŭˊɧ Űɞɜ ɡɣɖɚɧŰŮɟɖɠ ŮɜɏɟɔŮɘŬɠ n-Űɨˊɞɡ 

ɖɛɘŬɔɤɔɧ ˊɟɞɠ ŰŬ ɢŬɛɖɚɧŰŮɟɖɠ ŮɜɏɟɔŮɘŬɠ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɎ Ůɑŭɖ Űɞɡ ɖɚŮəŰɟɞɚɨŰɖ. ɇŬ ɗŮŰɘəɎ 

űɞɟŰɑŬ ŬəɞɚɞɡɗɩɜŰŬɠ Űɖɜ ŬɜŰɑůŰɟɞűɖ ˊɞɟŮɑŬ ɛŮŰŬəɘɜɞɨɜŰŬɘ Ŭˊɧ ŰŬ ɞɝŮɘŭɤɛɏɜŬ Ůɑŭɖ Űɞɡ 
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ŭɘŬɚɨɛŬŰɞɠ Űɞɡ ɖɚŮəŰɟɞɚɨŰɖ  ˊɟɞɠ Űɞɜ n-Űɨˊɞɡ ɖɛɘŬɔɤɔɧ. ɇŬ ɛŮŰŬűŮɟɧɛŮɜŬ ɖɚŮəŰɟɧɜɘŬ ŭŮɜ 

ůɡɜŮɘůűɏɟɞɡɜ ůɖɛŬɜŰɘəɎ ůŰɞ ɖɚŮəŰɟɞɢɖɛɘəɧ ŭɡɜŬɛɘəɧ Űɖɠ ɡɔɟɐɠ űɎůɖɠ ŬɚɚɎ ŮˊɖɟŮɎɕɞɡɜ 

əŬŰɎ ˊɞɚɨ Űɞ ŮˊɑˊŮŭɞ Fermi Űɞɡ ɖɛɘŬɔɤɔɞɨ. ȷˊɞŰɏɚŮůɛŬ Űɖɠ  ŬɜŬəŬŰŬɜɞɛɐɠ Űɤɜ űɞɟŰɑɤɜ 

ŮɑɜŬɘ ɖ ŮɛűɎɜɘůɖ ŭɡɜŬɛɘəɞɨ Vs, əŬŰɎ ɛɐəɞɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ ɛŮ Űɞɜ 

ɖɚŮəŰɟɞɚɨŰɖ, əɡɟɑɤɠ ůŰɖɜ ˊɚŮɡɟɎ Űɞɡ ɖɛɘŬɔɤɔɞɨ ˊɞɡ ŮɜŰɞˊɑɕŮŰŬɘ ɏɚɚŮɘɛɛŬ űɞɟɏɤɜ űɞɟŰɑɞɡ 

(Kondarides, 2010). ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɗŮɟɛɞŭɡɜŬɛɘəɐ ɘůɞɟɟɞˊɑŬ əŬɘ ɜŬ Ůɝɘůɤɗɞɨɜ 

ŰŬ ŮˊɑˊŮŭŬ Fermi əŬɘ ůŰɘɠ ŭɨɞ ˊɚŮɡɟɏɠ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɚŬɛɓɎɜŮɘ ɢɩɟŬ əɎɛɣɖ Űɤɜ ɕɤɜɩɜ 

ŬɔɤɔɘɛɧŰɖŰŬɠ əŬɘ ůɗɏɜɞɡɠ ɢɤɟɑɠ ɧɛɤɠ ɜŬ ɛŮŰŬɓɎɚɚŮŰŬɘ ɖ ɗɏůɖ Űɤɜ Ɏəɟɤɜ Űɞɡɠ (Kondarides, 

2010). 

 

 

ɆɢɐɛŬ 3.6: ȺɜŮɟɔŮɘŬəɧ ŭɘɎɔɟŬɛɛŬ Ůɜɧɠ n-Űɨˊɞɡ ɖɛɘŬɔɤɔɞɨ əŬɘ Ůɜɧɠ ɖɚŮəŰɟɞɚɨŰɖ ˊɞɡ 

ˊŮɟɘɏɢŮɘ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɎ ɕŮɨɔɖ D/D
+
  ɧˊɞɡ   EF

SC 
 > EF redox:(Ŭ) ˊɟɘɜ əŬɘ (ɓ) ɛŮŰɎ Űɖɜ ŮˊŬűɐ 

(Kondarides, 2010). 

 

3.3.5. ūɤŰɞŭɘɏɔŮɟůɖ ɖɛɘŬɔɤɔɩɜ 

 

ȳŰŬɜ ɏɜŬɠ ɖɛɘŬɔɤɔɧɠ ŬəŰɘɜɞɓɞɚɖɗŮɑ ɛŮ əŬŰɎɚɚɖɚɖ ŮɜɏɟɔŮɘŬ, ɖ Ŭˊɞɟɟɧűɖůɖ Ůɜɧɠ 

űɤŰɞɜɑɞɡ ŮˊɘŰɟɏˊŮɘ ůŮ ɏɜŬ ɖɚŮəŰɟɧɜɘɞ ɜŬ ɛŮŰŬűŮɟɗŮɑ Ŭˊɧ Űɖ ɕɩɜɖ ůɗɏɜɞɡɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ 

ůŰɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ, ŭɖɚŬŭɐ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ɏɜŬ ɕŮɨɔɞɠ ɖɚŮəŰɟɞɜɑɞɡ-ɞˊɐɠ. Ƀɘ 

űɤŰɞŭɖɛɘɞɡɟɔɞɨɛŮɜɞɘ űɞɟŮɑɠ űɞɟŰɑɞɡ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟɎɔɞɡɜ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɏɠ 

ŬɜŰɘŭɟɎůŮɘɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ɖɛɘŬɔɤɔɩɜ, ɛŮ ŮɜɩůŮɘɠ ˊɞɡ ɡˊɎɟɢɞɡɜ ůŰɞ ŭɘɎɚɡɛŬ ˊɟɘɜ Űɖɜ 

ŮˊŬɜŬůɨɜŭŮůɖ Űɞɡɠ. AɜŬɔəŬɑŬ ůɡɜɗɐəɖ ɔɘŬ Űɖ űɤŰɞŭɘɏɔŮɟůɖ ŮɑɜŬɘ ɖ ŮɜɏɟɔŮɘŬ Űɞɡ 

űɤŰɞɜɑɞɡ ɜŬ ɡˊŮɟɓŬɑɜŮɘ Űɖɜ ŮɜɏɟɔŮɘŬ ɢɎůɛŬŰɞɠ ɕɤɜɩɜ, Ⱥbg , ŭɖɚŬŭɐ: hv Ó Ebg (ɀalato et al., 

2009; Lu et al., 2011). ɇɞ ɛɏɔɘůŰɞ ɛɐəɞɠ əɨɛŬŰɞɠ (nm) ˊɞɡ ˊɟɞəŬɚŮɑ ŭɘɏɔŮɟůɖ ŭɑɜŮŰŬɘ Ŭˊɧ 

Űɖɜ Ůɝɑůɤůɖ 3.2 ˊɞɡ ŬəɞɚɞɡɗŮɑ: 
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ʇʘ

ρςτπ

ɞ
        σȢς 

ȳɚŬ ŰŬ űɤŰɧɜɘŬ ɛŮ ɛɐəɞɠ əɨɛŬŰɞɠ ɛɘəɟɧŰŮɟɞ Ŭˊɧ Űɞ ɛɏɔɘůŰɞ ɛɐəɞɠ əɨɛŬŰɞɠ (ɞɟɘŬəɐ 

Űɘɛɐ) ŬˊɞɟɟɞűɞɨɜŰŬɘ Ŭˊɧ Űɞɜ ɖɛɘŬɔɤɔɧ. ȷˊɧ Űɖɜ Ůɝɑůɤůɖ 3.2 ́ ɟɞəɨˊŰŮɘ ɧŰɘ ɧůɞ ɛŮɔŬɚɨŰŮɟɖ 

ŮɑɜŬɘ ɖ ŮɜɏɟɔŮɘŬ ɕɩɜɖɠ ɢɎůɛŬŰɞɠ (eV), Űɧůɞ ɛɘəɟɧŰŮɟɞ ŮɑɜŬɘ Űɞ ɛɐəɞɠ əɨɛŬŰɞɠ Ŭˊɞɟɟɧűɖůɖɠ 

ůŰɞ űɩɠ (nm) Ůɜɩ ůɡɔɢɟɧɜɤɠ Űɞ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɧ ŭɡɜŬɛɘəɧ Űɤɜ ŬɜŰɑůŰɞɘɢɤɜ 

űɤŰɞˊŬɟŬɔɧɛŮɜɤɜ ɖɚŮəŰɟɞɜɑɤɜ  əŬɘ ɞˊɩɜ ɔɑɜŮŰŬɘ ɛŮɔŬɚɨŰŮɟɞ (Lu et al., 2011). 

ȷɜ ɖ ŮɜɏɟɔŮɘŬ Űɞɡ ŬˊɞɟɟɞűɞɨɛŮɜɞɡ űɤŰɞɜɑɞɡ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɖ Ŭˊɧ Űɖɜ Űɘɛɐ Űɞɡ ɚɛŮɔ., ɖ 

ˊŮɟɑůůŮɘŬ ŮɜɏɟɔŮɘŬɠ ˊɞɡ ŬˊɞɟɟɞűɎŰŬɘ, ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ŮɜɏɟɔŮɘŬ ŭɧɜɖůɖɠ ɐ ůŮ ɎɚɚŮɠ ɛɞɟűɏɠ 

əŬɘ ŰŮɚɘəɎ ŭɘŬɢɏŮŰŬɘ ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ ɛŮ Űɖ ɛɞɟűɐ ɗŮɟɛɧŰɖŰŬɠ. ɋɠ Ůə ŰɞɨŰɞɡ, ɖ űɤŰɞɜɘəɐ 

ŮɜɏɟɔŮɘŬ ˊɞɡ ŬˊɞɗɖəŮɨŮŰŬɘ ɛɏůɤ Űɞɡ űɤŰɞˊŬɟŬɔɧɛŮɜɞɡ ɕŮɨɔɞɡɠ ɖɚŮəŰɟɞɜɑɞɡ-ɞˊɐɠ ŮɑɜŬɘ ɑůɖ 

ɛŮ Űɖɜ ŮɜɏɟɔŮɘŬ Űɖɠ ɕɩɜɖɠ ɢɎůɛŬŰɞɠ. ȼ ŮɜɏɟɔŮɘŬ ˊɞɡ ŬˊɞɟɟɞűɎ ɏɜŬɠ ɖɛɘŬɔɤɔɧɠ Ŭˊɧ űɤŰɧɜɘŬ 

ůŰɞ űɎůɛŬ Űɞɡ ɡˊŮɟɘɩŭɞɡɠ/ɞɟŬŰɞɨ (UV/vis), ŮɑɜŬɘ Űɖɠ ɑŭɘŬɠ ŰɎɝɖɠ ɛŮɔɏɗɞɡɠ ɛŮ Űɖɜ ŮɜɏɟɔŮɘŬ 

ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖ ŭɘɎůˊŬůɖ Űɤɜ ɢɖɛɘəɩɜ ŭŮůɛɩɜ (Kondarides, 2010). 

ȼ ɘəŬɜɧŰɖŰŬ Ůɜɧɠ ɖɛɘŬɔɤɔɞɨ ɜŬ ůɡɛɛŮŰɏɢŮɘ ůŮ űɤŰɞŮˊŬɔɧɛŮɜɖ ɛŮŰŬűɞɟɎ ɖɚŮəŰɟɞɜɑɞɡ ůŮ 

ˊɟɞůɟɞűɖɛɏɜŬ Ůɑŭɖ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ Űɘɠ ŮɜŮɟɔŮɘŬəɏɠ ɗɏůŮɘɠ Űɤɜ 

ɕɤɜɩɜ Űɞɡ ɖɛɘŬɔɤɔɞɨ əŬɘ ŰŬ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɎ ŭɡɜŬɛɘəɎ Űɞɡ ˊɟɞůɟɞűɖɛɏɜɞɡ Ůɑŭɞɡɠ. Tɞ 

ŭɡɜŬɛɘəɧ Űɖɠ ɕɩɜɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ (ȺCȸ) Űɞɡ ɖɛɘŬɔɤɔɞɨ ŬˊŬɘŰŮɑŰŬɘ ɜŬ ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ 

ɡɣɖɚɧŰŮɟɞ (ˊŮɟɘůůɧŰŮɟɞ ŬɟɜɖŰɘəɧ) Ŭˊɧ Űɞ ŭɡɜŬɛɘəɧ Ůɜɧɠ ŭɏəŰɖ e
-
 əŬɘ Űɞ ŭɡɜŬɛɘəɧ Űɖɠ 

ɕɩɜɖɠ ůɗɏɜɞɡɠ (EVȸ) Űɞɡ ɖɛɘŬɔɤɔɞɨ ɜŬ ŮɑɜŬɘ ůɖɛŬɜŰɘəɎ ɢŬɛɖɚɧŰŮɟɞ (ˊŮɟɘůůɧŰŮɟɞ ɗŮŰɘəɧ) 

Ŭˊɧ Űɞ ŭɡɜŬɛɘəɧ Űɤɜ ŮɜɩůŮɤɜ-ŭɞŰɩɜ e
-
. Ƀɘ ɗɏůŮɘɠ Űɤɜ ɕɤɜɩɜ ŭɘŬűɧɟɤɜ ɖɛɘŬɔɤɔɩɜ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 3.7.  ȼ ŮůɤŰŮɟɘəɐ əɚɑɛŬəŬ ŮɜɏɟɔŮɘŬɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɖɜ 

ŬɟɘůŰŮɟɐ ˊɚŮɡɟɎ ɔɘŬ ůɨɔəɟɘůɖ ɛŮ Űɖ ůŰɎɗɛɖ Űɞɡ əŮɜɞɨ əŬɘ ůŰɖ ŭŮɝɘɎ ˊɚŮɡɟɎ ɔɘŬ ůɨɔəɟɘůɖ 

ɛŮ Űɞ ɁȼȺ (Normal Standard Hydrogen Electrode, ȾŬɜɞɜɘəɧ ȹɡɜŬɛɘəɧ Ɉŭɟɞɔɧɜɞɡ)  (Gaya 

and Abdullah, 2008). 
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ɆɢɐɛŬ 3.7: ȺɜɏɟɔŮɘŮɠ əŬɘ ɗɏůŮɘɠ ɕɤɜɩɜ ŭɘŬűɧɟɤɜ ɖɛɘŬɔɤɔɩɜ ůŮ ɡŭŬŰɘəɞɨɠ ɖɚŮəŰɟɞɚɨŰŮɠ ůŮ 

pH=0 (Gaya and Abdullah, 2008). 

 

3.3.6. ɇɨˊɞɘ űɤŰɞəŬŰŬɚɡŰɩɜ ůŰɖɜ Ⱥū-ɇɞ ɇiO2 ɤɠ űɤŰɞəŬŰŬɚɨŰɖɠ 

 

ũɘŬ ɜŬ ɗŮɤɟɖɗŮɑ ɏɜŬ ɖɛɘŬɔɩɔɘɛɞ ɡɚɘəɧ əŬŰɎɚɚɖɚɞ ɔɘŬ ɢɟɐůɖ ɤɠ űɤŰɞəŬŰŬɚɨŰɖɠ ůŰɖɜ 

Ŭˊɞŭɧɛɖůɖ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ˊɟɏˊŮɘ ɜŬ ůɡɔəŮɜŰɟɩɜŮɘ ŰŬ ŬəɧɚɞɡɗŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ: Ŭ) ɜŬ 

ŮɑɜŬɘ űɤŰɞŮɜŮɟɔɧ, ɓ) ɜŬ ɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŬɝɘɞˊɞɘŮɑ Űɖɜ ŬəŰɘɜɞɓɞɚɑŬ Űɖɠ ɞɟŬŰɐɠ ɐ Űɖɠ 

Ůɔɔɨɠ ɡˊŮɟɘɩŭɞɡɠ ˊŮɟɘɞɢɐɠ Űɞɡ űɎůɛŬŰɞɠ, ɔ) Űɞ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɧ ŭɡɜŬɛɘəɧ Űɞɡ ɕŮɨɔɞɡɠ 

ȼ2Ƀ/HO
Å 
ɜŬ ɓɟɑůəŮŰŬɘ ɛɏůŬ ůŰɞ ŮɜŮɟɔŮɘŬəɧ ɢɎůɛŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ ŭ) ɜŬ ŮɑɜŬɘ ɓɘɞɚɞɔɘəɎ əŬɘ 

ɢɖɛɘəɎ ŬŭɟŬɜɏɠ, Ů) ɜŬ ŮɑɜŬɘ ůŰŬɗŮɟɧ ɤɠ ˊɟɞɠ Űɖ űɤŰɞŭɘɎɓɟɤůɖ, ůŰ) ɜŬ ɏɢŮɘ ɢŬɛɖɚɧ əɧůŰɞɠ 

əŬɘ ɕ ) ɜŬ ɛɖɜ ŮɑɜŬɘ Űɞɝɘəɧ (Bhatkhande et al., 2001; Gaya and Abdullah, 2008 ). 

ũɘŬ ɜŬ ŮɑɜŬɘ ŮűɘəŰɐ ɖ Ůəəɑɜɖůɖ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ Ŭˊɧ ɏɜŬ űɤŰɞɢɖɛɘəɎ 

ŮɜŮɟɔɧ ɖɛɘŬɔɤɔɧ ɗŬ ˊɟɏˊŮɘ Űɞ ŭɡɜŬɛɘəɧ ɞɝŮɘŭɞŬɜŬɔɤɔɐɠ Űɖɠ űɤŰɞŭɖɛɘɞɡɟɔɞɨɛŮɜɖɠ ɞˊɐɠ  ɜŬ 

ŮɑɜŬɘ ɗŮŰɘəɧ ɏŰůɘ ɩůŰŮ ɜŬ ɛˊɞɟɞɨɜ ɜŬ ŭɖɛɘɞɡɟɔɖɗɞɨɜ ɟɑɕŮɠ ɡŭɟɞɝɡɚɑɞɡ ɞɘ ɞˊɞɑŮɠ ůŰɖ 

ůɡɜɏɢŮɘŬ, ɗŬ ŮɑɜŬɘ ɘəŬɜɏɠ ɜŬ ɞɝŮɘŭɩůɞɡɜ Űɘɠ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ. ɄŬɟɎɚɚɖɚŬ, Űɞ ŭɡɜŬɛɘəɧ 

ɞɝŮɘŭɞŬɜŬɔɤɔɐɠ Űɞɡ űɤŰɞŭɖɛɘɞɡɟɔɞɨɛŮɜɞɡ ɖɚŮəŰɟɞɜɑɞɡ ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ŬɟɜɖŰɘəɧ ɩůŰŮ 

ɜŬ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ əŬɘ ɖ ŬɜŬɔɤɔɐ Űɞɡ ˊɟɞůɟɞűɖɛɏɜɞɡ ɞɝɡɔɧɜɞɡ (Bhatkhande et al., 2001).  

ɄɞɚɚɎ ɖɛɘŬɔɩɔɘɛŬ ɡɚɘəɎ ɛŮŰŬɝɨ Űɤɜ ɞˊɞɑɤɜ ˊɞɚɚɎ ɞɝŮɑŭɘŬ əŬɘ ůɞɡɚűɑŭɘŬ, ɧˊɤɠ 

ŭɘɞɝŮɑŭɘɞ Űɞɡ ŰɘŰŬɜɑɞɡ (ɇiO2), Űɞ ɞɝŮɑŭɘɞ Űɞɡ ɣŮɡŭŬɟɔɨɟɞɡ (ZnO), Űɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɕɘɟəɞɜɑɞɡ 

(ZrO2), Űɞ ŰɟɘɞɝŮɑŭɘɞ Űɞɡ ɓɞɚűɟŬɛɑɞɡ (WO3), Űɞ ɗŮɘɞɨɢɞ əɎŭɛɘɞ (CdS), ɞ ɗŮɘɞɨɢɞɠ 

ɣŮɡŭɎɟɔɡɟɞɠ (ZnS) ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ  ɔɘŬ Űɖɜ əŬŰɎɚɡůɖ ɛɘŬɠ ɛŮɔɎɚɖɠ ůŮɘɟɎɠ ɢɖɛɘəɩɜ 
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ŬɜŰɘŭɟɎůŮɤɜ ˊŮɟɘɓŬɚɚɞɜŰɘəɞɨ ŮɜŭɘŬűɏɟɞɜŰɞɠ. ɆŰɞɜ ɄɑɜŬəŬ 3.1 ŭɑɜɞɜŰŬɘ ɞɟɘůɛɏɜŬ 

ɖɛɘŬɔɩɔɘɛŬ ɡɚɘəɎ ɛŬɕɑ ɛŮ Űɞ ŮɜŮɟɔŮɘŬəɧ ɢɎůɛŬ əŬɘ Űɞ ɛɐəɞɠ əɨɛŬŰɞɠ ŬəŰɘɜɞɓɞɚɑŬɠ ˊɞɡ 

ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡɠ (Malato et al., 2009; Quiroz et al., 2011). ɀŮŰŬɝɨ Űɤɜ 

ɖɛɘŬɔɤɔɩɜ ˊɞɡ ɏɢɞɡɜ ɛŮɚŮŰɖɗŮɑ ɛɏɢɟɘ ůɐɛŮɟŬ ɤɠ űɤŰɞəŬŰŬɚɨŰŮɠ ůŰɖɜ ŮŰŮɟɞɔŮɜɐ 

űɤŰɞəŬŰɎɚɡůɖ, Űɞ ɇiO2 ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɤɠ ɞ ˊɚɏɞɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧɠ ɔɘŬ Űɖ 

űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ ŬɜɧɟɔŬɜɤɜ əŬɘ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ (Malato et al., 2009;  

Konstantinou and Albanis, 2003; Herrmann, 2005).  

ȼɛɘŬɔɤɔɞɑ ɧˊɤɠ ŰŬ ůɞɡɚűɑŭɘŬ Űɤɜ ɛŮŰɎɚɚɤɜ (CdS) əŬɘ Űɞ GaP, Ůɜɩ ˊŬɟɞɡůɘɎɕɞɡɜ Űɞ 

ˊɚŮɞɜɏəŰɖɛŬ Űɖɠ Ŭˊɞɟɟɧűɖůɖɠ ɛŮɔɎɚɞɡ ɛɏɟɞɡɠ Űɞɡ ɞɟŬŰɞɨ űɎůɛŬŰɞɠ, əɟɑɜɞɜŰŬɘ 

ŬəŬŰɎɚɚɖɚɞɘ ɔɘŬ űɤŰɞəŬŰɎɚɡŰɘəɏɠ ŮűŬɟɛɞɔɏɠ, ɚɧɔɤ Űɖɠ ɛɖ ůŰŬɗŮɟɧŰɖŰŬɠ Űɞɡɠ ůŰŬ 

ɡŭŬŰɘəɎ ɛɏůŬ (űɤŰɞŬɜɞŭɘəɐ ŭɘɎɓɟɤůɖ) (Malato et al., 2009).  ȷəŬŰɎɚɚɖɚɞ əɟɑɜŮŰŬɘ əŬɘ Űɞ 

ɞɝŮɑŭɘɞ Űɞɡ ůɘŭɐɟɞɡ (ŬɘɛŬŰɑŰɖɠ) əŬɗɩɠ ˊŬɟɞɡůɘɎɕŮɘ Űɞ ɛŮɘɞɜɏəŰɖɛŬ Űɖɠ űɤŰɞəŬɗɞŭɘəɐɠ 

ŭɘɎɓɟɤůɖɠ (Bhatkhande et al., 2001). ȷɜ əŬɘ Űɞ ŮɜŮɟɔŮɘŬəɧ ɢɎůɛŬ Űɞɡ ȻnɃ ŮɑɜŬɘ 

ɘůɞŭɨɜŬɛɞ ɛŮ ŬɡŰɧ Űɖɠ ɛɞɟűɐɠ Űɞɡ ŬɜŬŰɎůɖ Űɞɡ ɇiO2, Űɞ ȻnɃ ˊŬɟɞɡůɘɎɕŮɘ Ůˊɑůɖɠ 

ŬůŰɎɗŮɘŬ ůŰŬ ɡŭŬŰɘəɎ ɛɏůŬ (Bhatkhande et al., 2001) .  

 

ɄɑɜŬəŬɠ 3.1: ȺɜŮɟɔŮɘŬəɧ ɢɎůɛŬ əŬɘ ɛɐəɞɠ əɨɛŬŰɞɠ ŬəŰɘɜɞɓɞɚɑŬɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ 

ŮɜŮɟɔɞˊɞɑɖůɖ  ɞɟɘůɛɏɜɤɜ ɖɛɘŬɔɩɔɘɛɤɜ ɡɚɘəɩɜ ˊɞɡ ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɤɠ űɤŰɞəŬŰŬɚɨŰŮɠ 

(Malato et al., 2009; Quiroz et al., 2011). 

ūɤŰɞəŬŰŬɚɨŰɖɠ ȺɜŮɟɔŮɘŬəɧ ɢɎůɛŬ (eV) ɀɐəɞɠ əɨɛŬŰɞɠ 

ɔɘŬ Űɖɜ ŮɜŮɟɔɞˊɞɑɖůɖ (nm) 

TiO2 (ŬɜŬŰɎůɖɠ) 3,2 387 

SnO2 3,9 318 

ZnO 2,8 440 

ZnS 3,7 336 

WO3 2,8 443 

CdS 2,5 497 

CdO 2,1 590 

CdSe 1,7 730 

GaAs 1,4 887 

GaP 2,3 540 

BaTiO3 3,3 375 

Fe2O3 2,2 565 

SrTiO3 3,4     365 
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3.3.7. ɇɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ŰɘŰŬɜɑɞɡ (TiO 2) 

 

ȼ űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɟɎůɖ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ŰɘŰŬɜɑɞɡ ɏɢŮɘ ŮɟŮɡɜɖɗŮɑ ůɡůŰɖɛŬŰɘəɎ Ůŭɩ 

əŬɘ ˊɞɚɚɎ ɢɟɧɜɘŬ. ȰɢŮɘ ɛɎɚɘůŰŬ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ŬˊɞŰŮɚŮɑ ɏɜŬɜ ŮɝŬɘɟŮŰɘəɎ ŬˊɞŭɞŰɘəɧ ɖɛɘŬɔɤɔɧ 

ɔɘŬ Űɖɜ Ŭˊɞɘəɞŭɧɛɖůɖ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ůŮ ɡŭŬŰɘəɐ ɐ ŬɏɟɘŬ űɎůɖ. ɆɐɛŮɟŬ ŮɑɜŬɘ ɞ ˊɚɏɞɜ 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞɠ əŬŰŬɚɨŰɖɠ ůŰɖɜ ŮŰŮɟɞɔŮɜɐ űɤŰɞəŬŰɎɚɡůɖ əŬɗɩɠ ˊŬɟɞɡůɘɎɕŮɘ 

ůɖɛŬɜŰɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ ɏɜŬɜŰɘ Ɏɚɚɤɜ ɖɛɘŬɔɩɔɘɛɤɜ ɡɚɘəɩɜ əŬɘ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰŬ Ůɝɐɠ 

(Malato et al., 2009; Konstantinou and Albanis, 2003): 

X ɀɖ Űɞɝɘəɧɠ 

X ȸɘɞɚɞɔɘəɎ əŬɘ ɢɖɛɘəɎ ŬŭɟŬɜɐɠ 

X Ɉɣɖɚɐ ůŰŬɗŮɟɧŰɖŰŬ 

X ɉŬɛɖɚɧ əɧůŰɞɠ 

X Ⱥɡɟɏɤɠ ŭɘŬɗɏůɘɛɞɠ 

X ɀˊɞɟŮɑ ˊɞɚɨ ŮɨəɞɚŬ ɜŬ ŬəɘɜɖŰɞˊɞɘɖɗŮɑ ůŮ əŬŰɎɚɚɖɚŬ ɡˊɞůŰɟɩɛŬŰŬ 

X ȹɡɜŬŰɧŰɖŰŬ ɢɟɐůɖɠ Űɖɠ űɡůɘəɐɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ.  

ɇɞ TiO2 ŮɑɜŬɘ ɏɜŬɠ ɖɛɘŬɔɤɔɧɠ n-Űɨˊɞɡ ɚɧɔɤ Űɖɠ ɨˊŬɟɝɖɠ əŮɜɩɜ ɗɏůŮɤɜ ɞɝɡɔɧɜɞɡ ůŰɞ 

ˊɚɏɔɛŬ Űɞɡ əŬɘ ŮůɤŰŮɟɘəɩɜ ɘɧɜŰɤɜ ŰɘŰŬɜɑɞɡ. ȺɑɜŬɘ ɏɜŬ Ŭˊɧ ŰŬ ɞɝŮɑŭɘŬ ɛŮŰɎɚɚɤɜ ɛŮŰɎˊŰɤůɖɠ 

əŬɘ ɞɘ əɟɡůŰŬɚɚɘəɏɠ ŭɞɛɏɠ ɛŮ Űɘɠ ɞˊɞɑŮɠ ŬˊŬɜŰɎŰŬɘ ŮɑɜŬɘ Űɞ ɟɞɡŰɑɚɘɞ (rutile) əŬɘ ɞ ŬɜŬŰɎůɖɠ 

(anatase) ˊɞɡ ŮɑɜŬɘ ŰŮŰɟŬɔɤɜɘəɐɠ ɛɞɟűɐɠ əŬɗɩɠ əŬɘ ɞ ɛˊɟɞɡəɑŰɖɠ (brookite), ɛŮ 

ɞɟɗɞɟɞɛɓɘəɞɨɠ əɟɡůŰɎɚɚɞɡɠ. ɇɞ ŮɜŮɟɔŮɘŬəɧ ɢɎůɛŬ Űɞɡ ŬɜŬŰɎůɖ ŮɑɜŬɘ 3,2 eV, Űɞɡ ɟɞɡŰɑɚɘɞɡ 

3,0 eV əŬɘ ˊŮɟɑˊɞɡ 3,2 eV Űɞɡ ɛˊɟɞɡəɑŰɖ. ȼ əɟɡůŰŬɚɚɘəɐ ɛɞɟűɐ Űɞɡ ɟɞɡŰɘɚɑɞɡ 

ɗŮɟɛɞŭɡɜŬɛɘəɎ ŮɑɜŬɘ ɖ ˊŮɟɘůůɧŰŮɟɖ ůŰŬɗŮɟɐ. ȾŬɘ ɞɘ ŰɟŮɑɠ əɟɡůŰŬɚɚɘəɏɠ ɛɞɟűɏɠ  ɛˊɞɟɞɨɜ ɜŬ 

ˊŬɟŬůəŮɡŬůŰɞɨɜ ůŰɞ ŮɟɔŬůŰɐɟɘɞ, ɛŮ Űɘɠ ɛŮŰŬůŰŬɗŮɑɠ ɛɞɟűɏɠ Űɞɡ ŬɜŬŰɎůɖ əŬɘ Űɞɡ ɛˊɟɞɡəɑŰɖ 

ɜŬ ɛŮŰŬŰɟɏˊɞɜŰŬɘ ůŰɞ ɗŮɟɛɞŭɡɜŬɛɘəɎ ůŰŬɗŮɟɧ ɟɞɡŰɑɚɘɞ ɛŮ ɗɏɟɛŬɜůɖ ůŮ ɡɣɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ (calcination) ˊɞɡ ɜŬ ɝŮˊŮɟɜɞɨɜ ˊŮɟɑˊɞɡ Űɞɡɠ 600Á C. Ƀɘ əɟɨůŰŬɚɚɞɘ Űɞɡ ɇiO2 

ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɞəŰŬŮŭɟɘəɏɠ ɞɛɎŭŮɠ ŬɜɘɧɜŰɤɜ ɞɝɡɔɧɜɞɡ ɔɨɟɤ Ŭˊɧ Űɞ əŬŰɘɧɜ Űɞɡ 

ŰɘŰŬɜɑɞɡ, ŬɚɚɎ ɞ Űɟɧˊɞɠ ɛŮ Űɞɜ ɞˊɞɑɞ ůɡɜŭɏɞɜŰŬɘ ɞɘ ɞɛɎŭŮɠ ɛŮŰŬɝɨ Űɞɡɠ ŮɑɜŬɘ 

ŭɘŬűɞɟŮŰɘəɧɠ ůŰɖɜ əɎɗŮ ɛɞɟűɐ (Pelaez et al., 2012). Ƀɘ ŭɡɞ ˊɘɞ əɞɘɜɏɠ 

əɟɡůŰŬɚɚɞɔɟŬűɘəɏɠ ŭɞɛɏɠ Űɞɡ ɇiO2 ŮɑɜŬɘ Űo ɟɞɡŰɑɚɘɞ əŬɘ ɞ ŬɜŬŰɎůɖɠ. ɆŰɞɜ ɄɑɜŬəŬ 

3.2 ˊɞɡ ŬəɞɚɞɡɗŮɑ ɔɑɜŮŰŬɘ ůɨɔəɟɘůɖ Űɤɜ űɡůɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ŭɨɞ ˊɘɞ ůɡɜɖɗɘůɛɏɜɤɜ 

ŬˊŬɜŰɩɛŮɜɤɜ ɛɞɟűɩɜ Űɞɡ TiO2 (Pelaez et al., 2012; Khataee et al., 2011a). 

ȷˊɧ Űɘɠ ŭɨɞ ŬɡŰɏɠ ɛɞɟűɏɠ Űɞɡ ɇiO2, Űɞɡ ŬɜŬŰɎůɖ əŬɘ Űɞɡ ɟɞɡŰɘɚɑɞɡ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ɖ 

ˊɟɩŰɖ ŭɘŬɗɏŰŮɘ Űɖ ɛŮɔŬɚɨŰŮɟɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŮɜŮɟɔɧŰɖŰŬ (Pelaez et al., 2012). ȼ 

ůɡɛˊŮɟɘűɞɟɎ ŬɡŰɐ Űɖɠ ɛɞɟűɐɠ Űɞɡ ŬɜŬŰɎůɖ Űɞɡ TiO2 ŬˊɞŭɑŭŮŰŬɘ ůŰɖ ɗɏůɖ Űɤɜ ɕɤɜɩɜ 

ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ, ˊɞɡ ŮɑɜŬɘ ŮɡɜɞɥəɧŰŮɟɖ ɔɘŬ Űɖɜ Ůəəɑɜɖůɖ Űɤɜ ŬɜŰɘŭɟɎůŮɤɜ ˊɞɡ 
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ˊŮɟɘɚŬɛɓɎɜɞɡɜ ɛŮŰŬűɞɟɎ ɖɚŮəŰɟɞɜɑɤɜ. ȼ ɢŬɛɖɚɧŰŮɟɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ɘəŬɜɧŰɖŰŬ Űɖɠ ŭɞɛɐɠ 

Űɞɡ ɟɞɡŰɘɚɑɞɡ ůŮ ůɢɏůɖ ɛŮ ŬɡŰɐ Űɖɠ ŭɞɛɐɠ Űɞɡ ŬɜŬŰɎůɖ, ɞűŮɑɚŮŰŬɘ ůŰɖɜ ˊɘɞ ɔɟɐɔɞɟɖ 

ŮˊŬɜŬůɨɜŭŮůɖ Űɞɡ ɕŮɨɔɞɡɠ ɞˊɐɠ-ɖɚŮəŰɟɞɜɑɞɡ ůŰɖ ŭɞɛɐ Űɞɡ ɟɞɡŰɘɚɑɞɡ əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ůŰɖ 

ɛɘəɟɧŰŮɟɖ ɘəŬɜɧŰɖŰŬ űɩŰɞ-ˊɟɞůɟɧűɖůɖɠ Űɞɡ ɞɝɡɔɧɜɞɡ (ȹŮɚɖɔɘŬɜɜɎəɖɠ, 2011).  ɆɨɛűɤɜŬ ɛŮ 

ɛɘŬ ˊɟɧůűŬŰɖ ɛŮɚɏŰɖ, ˊɞɚɨ ůŰŬɗŮɟɏɠ ŮˊɘűŬɜŮɘŬəɏɠ ɞɛɎŭŮɠ ɡˊŮɟɞɝŮɘŭɑɞɡ ɛˊɞɟɞɨɜ ɜŬ 

ŭɘŬɛɞɟűɤɗɞɨɜ ůŰɖ ɛɞɟűɐ Űɞɡ ŬɜŬŰɎůɖ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ŬɜŰɘŭɟɎůŮɤɜ űɩŰɞ-ɞɝŮɑŭɤůɖɠ ŬɚɚɎ 

ɧɢɘ ůŰɞ ɟɞɡŰɑɚɘɞ (ȹŮɚɖɔɘŬɜɜɎəɖɠ, 2011). ȾŬɗɩɠ, ɖ ˊŬɟŬůəŮɡɐ Űɖɠ ɛɞɟűɐɠ Űɞɡ ŬɜŬŰɎůɖ 

ŮɡɜɞŮɑŰŬɘ əɘɜɖŰɘəɎ ůŮ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŬɠ (< 600Á C), ɖ Ůɜ ɚɧɔɤ ɛɞɟűɐ ˊŬɟɞɡůɘɎɕŮɘ 

ɛŮɔŬɚɨŰŮɟɖ ŮɜŮɟɔɧ ŮˊɘűɎɜŮɘŬ əŬɘ ɛŮɔŬɚɨŰŮɟɖ ˊɡəɜɧŰɖŰŬ ŮɜŮɟɔɩɜ əɏɜŰɟɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ, 

ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ŭɘŬɗɏůɘɛŬ ɔɘŬ ˊɟɞůɟɧűɖůɖ əŬɘ əŬŰɎɚɡůɖ (Herrmann, 2005). 

 

ɄɑɜŬəŬɠ 3.2: ūɡůɘəɏɠ əŬɘ ŭɞɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŬɜŬŰɎůɖ əŬɘ ɟɞɡŰɘɚɑɞɡ (Pelaez et al., 2012; 

Khataee et al., 2011a). 

ȽŭɘɧŰɖŰŮɠ                 ȷɜŬŰɎůɖɠ ɅɞɡŰɑɚɘɞ 

ɀɞɟɘŬəɧ ɓɎɟɞɠ (g/mol) 79,88 79,88 

ɆɖɛŮɑɞ Űɐɝɖɠ (ÁC) 1825 1825 

ɆɖɛŮɑɞ ɓɟŬůɛɞɨ (ÁC) 2500-3000 2500-300 

ȷˊɞɟɟɧűɖůɖ űɤŰɧɠ (nm) 

ɆəɚɖɟɧŰɖŰŬ  (Mohr) 

ȹŮɑəŰɖɠ ŭɘɎɗɚŬůɖɠ 

<390 

 

5,5 

2,55 

<415 

 

6,5-7,0 

2,75 

ȹɘɖɚŮəŰɟɘəɐ ůŰŬɗŮɟɎ 31 114 

ȾɟɡůŰŬɚɚɘəɐ ŭɞɛɐ 

ɆŰŬɗŮɟɎ əɟɡůŰŬɚɚɘəɞɨ 

ˊɚɏɔɛŬŰɞɠ a 

ɇŮŰɟŬɔɤɜɘəɐ 

3,78 

ɇŮŰɟŬɔɤɜɘəɐ 

4,59 

ɆŰŬɗŮɟɎ əɟɡůŰŬɚɚɘəɞɨ 

ɄɚɏɔɛŬŰɞɠ c 
9,52 2,96 

ɄɡəɜɧŰɖŰŬ (g cm
-3

) 3,79 4,13 

ɀɐəɞɠ ŭŮůɛɞɨ Ti-O (¡) 1,94 (4) ï 1,97 (2) 1,95 (4) ï 1,98 (2) 

 

ȹɞɛɐ əɟɡůŰɎɚɚɞɡ 

(ɇŬ ɔəɟɘ əŬɘ ɛɤɓ ůűŬɘɟɑŭɘŬ 

ŬɜŬˊŬɟɘůŰɞɨɜ ŰŬ ɎŰɞɛŬ Űɞɡ 

ɞɝɡɔɧɜɞɡ əŬɘ Űɞɡ ŰɘŰŬɜɑɞɡ, 

ŬɜŰɑůŰɞɘɢŬ) 
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Ʉɞɚɚɞɑ Űɨˊɞɘ ɇiO2 ˊɞɡ ˊŬɟŬůəŮɡɎɕɞɜŰŬɘ ɓɘɞɛɖɢŬɜɘəɎ ɛŮ Űɖɜ əɟɡůŰŬɚɚɘəɐ ŭɞɛɐ Űɞɡ 

ŬɜŬŰɎůɖ ɐ Űɞɡ ɟɞɡŰɘɚɑɞɡ, ɏɢɞɡɜ ɛŮɚŮŰɖɗŮɑ ɔɘŬ Űɖɜ Ŭˊɞŭɧɛɖůɖ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ɛŮ Űɖ 

ɛɏɗɞŭɞ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ əŬɘ  ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 3.3.  

 

ɄɑɜŬəŬɠ 3.3: ɇɨˊɞɘ ɇiO2 ˊɞɡ ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ 

ɟɨˊɤɜ ůŮ ɡŭŬŰɘəɎ ɛɏůŬ (Herrmann et al., 2002; Vione et al., 2005; Gumy et al., 2006; 

Achilleos et al., 2010; Hapeshi et al., 2010; Ahmed et al., 2011; Santiago et al., 2013; 

Dimitrakopoulou et al., 2012). 

ɇɨˊɞɠ TiO2 ȺɜŮɟɔɧɠ 

ŮˊɘűɎɜŮɘŬ 

(m
2
 g

-1
) 

ɀɏɔŮɗɞɠ 

əɟɡůŰɎɚɚɤɜ (nm) 

ȾɟɡůŰŬɚɚɘəɐ ŭɞɛɐ 

Degussa P25 50 ȷɜŬŰɎůɖɠ:24 Ñ 2, 

ɅɞɡŰɑɚɘɞ:37 Ñ 3 

ȷɜŬŰɎůɖɠ:ɅɞɡŰɑɚɘɞ 

75:25 

Millennium PC/10 11 66Ñ5 ȷɜŬŰɎůɖɠ 

Millennium PC/25 23 35Ñ5 ȷɜŬŰɎůɖɠ 

Millennium PC/50 43 23Ñ5 ȷɜŬŰɎůɖɠ 

Millennium PC/100 90Ñ10 1200 ȷɜŬŰɎůɖɠ 

Millennium PC105 75-95 15-25 ȷɜŬŰɎůɖɠ 

Millennium PC/500 287 5-10 ȷɜŬŰɎůɖɠ 

Wackeherrôs ñOxyde de 

titane standardò 

8,5Ñ1,0 300 ȷɜŬŰɎůɖɠ 

Hombikat UV-100 334 <10 ȷɜŬŰɎůɖɠ 

ST-01 217 7 ȷɜŬŰɎůɖɠ 

ST-21 69 20 ȷɜŬŰɎůɖɠ 

ST-41 11 200 ȷɜŬŰɎůɖɠ 

Travancore Titanium 

Products (TTP) 

9,82 - - 

Rhodia 150 - ȷɜŬŰɎůɖɠ 

Tayca AMT-100 56 30 ȷɜŬŰɎůɖɠ 

Tayca AMT-600 290 6 ȷɜŬŰɎůɖɠ 

Aldrich Anatase AA 190-290 15 ȷɜŬŰɎůɖɠ 

Evonik P25 (ˊɟɩɖɜ 

Degussa) 

53,2 ȷɜŬŰɎůɖɠ:22, 

ɅɞɡŰɑɚɘɞ:25 

ȷɜŬŰɎůɖɠ:ɅɞɡŰɑɚɘɞ 

80: 20 

Tronox AK1 90 20 ȷɜŬŰɎůɖɠ 

Tronox TR 5.5 300 PoɡŰɑɚɘɞ 

Tronox TR-ȼP2 7 - PoɡŰɑɚɘɞ 

Kemira UV-TITANL 581 52 25 ɅɞɡŰɑɚɘɞ 

 

ȼ ˊɚɏɞɜ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ɛɞɟűɐ Űɞɡ ɇiO2 ɔɘŬ ˊɞɘəɑɚŮɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ŮűŬɟɛɞɔɏɠ 

ˊɞɡ ŰŬɡŰɧɢɟɞɜŬ ɏɢŮɘ ˊŬɟɞɡůɘɎůŮɘ Űɘɠ əŬɚɨŰŮɟŮɠ űɤŰɞəŬŰŬɚɡŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ŮɑɜŬɘ ɞ Ʌ-25 

Űɖɠ ŮŰŬɘɟŮɑŬɠ Degussa (Ⱥvonik). Ƀ əŬŰŬɚɨŰɖɠ ŬɡŰɧɠ ŮɑɜŬɘ ɏɜŬ ɛɖ ˊɞɟɩŭŮɠ ɛŮɑɔɛŬ 
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ŬɜŬŰɎůɖ/ɟɞɡŰɘɚɑɞɡ ɛŮ % ŬɜŬɚɞɔɑŬ ˊŮɟɑˊɞɡ 70:30 ŬɜŰɑůŰɞɘɢŬ əŬɘ ˊŬɟɎɔŮŰŬɘ ɛŮ ɡŭɟɧɚɡůɖ 

Űɞɡ TiCl4 ůŮ ɗŮɟɛɞəɟŬůɑŬ ɛŮɔŬɚɨŰŮɟɖ Űɤɜ 1200
ɞ
 C ˊŬɟɞɡůɑŬ ɡŭɟɞɔɧɜɞɡ əŬɘ ɞɝɡɔɧɜɞɡ. ȼ 

ůəɧɜɖ Űɞɡ Ʌ-25 ɏɢŮɘ ŮɜŮɟɔɧ ŮˊɘűɎɜŮɘŬ 55Ñ15 m
2 
g

-1
 əŬɘ ɛɏůɖ ŭɘɎɛŮŰɟɞ ůɤɛŬŰɘŭɑɞɡ 30 nm 

(Akpan and Hameed, 2009; ɀalato et al., 2009). ȼ Ŭɡɝɖɛɏɜɖ űɤŰɞəŬŰŬɚɡŰɘəɐ 

ŭɟŬůŰɘəɧŰɖŰŬ Űɞɡ Ʌ-25 ɏɢŮɘ ŬˊɞŭɞɗŮɑ ůŰɖ ɗŮŰɘəɐ ŬɚɚɖɚŮˊɑŭɟŬůɖ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ɛɞɟűɩɜ 

ɇiO2, Űɞɡ ŬɜŬŰɎůɖ əŬɘ Űɞɡ ɟɞɡŰɘɚɑɞɡ əŬɘ ůŰɖɜ ˊŬɟŮɛˊɧŭɘůɖ Űɖɠ ŮˊŬɜŬůɨɜŭŮůɖɠ 

ɖɚŮəŰɟɞɜɑɤɜ-ɞˊɩɜ (Ɉu et al., 2006; Pelaez et al., 2012).  

ȷɜ əŬɘ ˊɚɐɗɞɠ ɛŮɚŮŰɩɜ ɏɢɞɡɜ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ, Űɞ ŮɜŮɟɔŮɘŬəɧ ŮˊɑˊŮŭɞ Űɤɜ ɕɤɜɩɜ Űɤɜ 

ŭɨɞ ɛɞɟűɩɜ ŬˊɞŰŮɚŮɑ ŬɜŰɘəŮɑɛŮɜɞ ůɡɕɐŰɖůɖɠ ŬɜɎɛŮůŬ ůŰɞɡɠ ŮɟŮɡɜɖŰɏɠ. ɆɨɛűɤɜŬ ɛŮ 

ˊɟɧůűŬŰŮɠ ɛŮɚɏŰŮɠ ŰŬ ɖɚŮəŰɟɧɜɘŬ Ŭˊɧ Űɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ ɟɞɡŰɘɚɑɞɡ ɛŮŰŬˊɖŭɞɨɜ 

ůŰɖ ɢŬɛɖɚɧŰŮɟɖ ŮɜŮɟɔŮɘŬəɎ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ ŬɜŬŰɎůɖ Ůɜɩ ɞɘ űɤŰɞŮˊŬɔɧɛŮɜŮɠ 

ɞˊɏɠ Űɞɡ ŬɜŬŰɎůɖ ɛŮŰŬəɘɜɞɨɜŰŬɘ ˊɟɞɠ Űɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ ɟɞɡŰɑɚɘɞɡ (Scanlon et 

al., 2013) (ɆɢɐɛŬ 3.8). ɋůŰɧůɞ ɖ ůɨɕŮɡɝɖ  Űɞɡ ŬɜŬŰɎůɖ əŬɘ Űɞɡ ɟɞɡŰɘɚɑɞɡ ŭŮɜ ɞŭɖɔŮɑ ˊɎɜŰŬ 

ůŮ ůɡɜŮɟɔɘůŰɘəɎ űŬɘɜɧɛŮɜŬ Ůɜɩ ůɢŮŰɑɕŮŰŬɘ ɎɛŮůŬ ɛŮ Űɞ ůɢɐɛŬ Űɤɜ ůɤɛŬŰɘŭɑɤɜ əŬɘ ŰŬ 

ůɢŮŰɘəɎ ŮˊɑˊŮŭŬ Fermi, Űɤɜ ŭɨɞ əɟɡůŰŬɚɚɘəɩɜ ɛɞɟűɩɜ ˊɟɘɜ Ŭˊɧ Űɖɜ ŮˊŬűɐ ɛŮŰŬɝɨ Űɞɡɠ 

(Sun and Smirniotis, 2003). 

ȷɝɑɕŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ ɧŰɘ ɖ ůɨɔəɟɘůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŭɟŬůŰɘəɧŰɖŰŬɠ ŭɨɞ ɐ 

ˊŮɟɘůůɞŰɏɟɤɜ űɤŰɞəŬŰŬɚɡŰɩɜ ˊŬɟɞɡůɘɎɕŮɘ ɘŭɘŬɑŰŮɟɖ ŭɡůəɞɚɑŬ əŬɗɩɠ ˊɟɏˊŮɘ ɜŬ 

ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ˊɞɚɚɞɑ ˊŬɟɎɔɞɜŰŮɠ ɧˊɤɠ ɖ ŮɜŮɟɔɧɠ ŮˊɘűɎɜŮɘŬ, Űɞ ɛɏɔŮɗɞɠ əŬɘ Űɞ ůɢɐɛŬ 

Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɞɡ əŬŰŬɚɨŰɖ, ɖ ŭɘŬůˊɞɟɎ ˊɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ůŰɞ ɡŭŬŰɘəɧ ɛɏůɞ, ɖ ɓɏɚŰɘůŰɖ 

ˊɞůɧŰɖŰŬ Űɞɡ əŬŰŬɚɨŰɖ ɔɘŬ Űɞ ŮəɎůŰɞŰŮ űɤŰɞəŬŰŬɚɡŰɘəɧ ůɨůŰɖɛŬ, ɖ űɨůɖ əŬɘ ɞɘ 

űɡůɘəɞɢɖɛɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɟɨˊɞɡ-ůŰɧɢɞɡ (ŭɘŬɚɡŰɧŰɖŰŬ, ɡŭɟɞűɞɓɘəɧŰɖŰŬ, ˊɟɞůɟɧűɖůɖ, 

ˊŬɟɞɡůɑŬ ŮŰŮɟɞŬŰɧɛɤɜ ə.ɚˊ.)  (Herrmann et al., 2002). 

 

 

ɆɢɐɛŬ 3.8: ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɞɡ ŭɘŬɢɤɟɘůɛɞɨ űɞɟŰɑɞɡ ůŰɖ ɜŬɜɞůɨɜɗŮŰɖ ŭɞɛɐ 

ŬɜŬŰɎůɖ-ɟɞɡŰɘɚɑɞɡ (Scanlon et al., 2013). 
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3.4. ɇɟɞˊɞˊɞɑɖůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŮɜŮɟɔɧŰɖŰŬɠ Űɞɡ TiO2ïȷəɘɜɖŰɞˊɞɑɖůɖ  Űɞɡ 

TiO2 

 

3.4.1. ȺɘůŬɔɤɔɐ  

 

ȳˊɤɠ ɐŭɖ ŬɜŬűɏɟɗɖəŮ, Űɞ TiO2 ŬˊɞŰŮɚŮɑ ɏɜŬ űɤŰɞɢɖɛɘəɎ ůŰŬɗŮɟɧ ɖɛɘŬɔɤɔɧ ɛŮ ɛɘəɟɐ 

ŮəɚŮəŰɘəɧŰɖŰŬ əŬɘ ůɖɛŬɜŰɘəɐ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɧŭɞůɖ. ȿɧɔɤ ɧɛɤɠ Űɞɡ ɛŮɔɎɚɞɡ 

ŮɜŮɟɔŮɘŬəɞɨ Űɞɡ ɢɎůɛŬŰɞɠ, Űɞ ɇiɃ2 ŮɑɜŬɘ űɤŰɞŮɜŮɟɔɧ ɛɧɜɞ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ ɡˊŮɟɘɩŭɞɡɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ ˊɞɡ ŬˊɞŰŮɚŮɑ ɛɧɜɞ Űɞ ˊŮɟɑˊɞɡ Űɞ 5% Űɖɠ ůɡɜɞɚɘəɐɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ˊɞɡ 

űɗɎɜŮɘ ůŰɖ ɔɖ, ˊŮɟɘɞɟɑɕɞɜŰŬɠ ůɖɛŬɜŰɘəɎ Űɘɠ ŮűŬɟɛɞɔɏɠ ůŮ űɤŰɞəŬŰŬɚɡŰɘəɏɠ ŭɘŮɟɔŬůɑŮɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ɖɚɘŬəɐ ŬəŰɘɜɞɓɞɚɑŬ ůŬɜ űɤŰŮɘɜɐ ˊɖɔɐ. ɀɑŬ Ůˊɘˊɚɏɞɜ ˊŬɟɎɛŮŰɟɞɠ ˊɞɡ 

ŮˊɘŭɟɎ ŬɟɜɖŰɘəɎ ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɟɎůɖ Űɞɡ ŮɑɜŬɘ ɖ ɔɟɐɔɞɟɖ ŮˊŬɜŬůɨɜŭŮůɖ 

ɞˊɐɠ/ɖɚŮəŰɟɞɜɑɞɡ (Malato  et al., 2009; Pelaez et al., 2012). 

ɀŮ ůəɞˊɧ ɜŬ ɡˊŮɟəŮɟŬůŰɞɨɜ ɞɘ ˊŬɟŬˊɎɜɤ ˊŮɟɘɞɟɘůɛɞɑ/ɛŮɘɞɜŮəŰɐɛŬŰŬ, Űɞ ŮɜŭɘŬűɏɟɞɜ 

Űɖɠ ŮˊɘůŰɖɛɞɜɘəɐɠ əɞɘɜɧŰɖŰŬɠ ɏɢŮɘ ůŰɟŬűŮɑ ůŰɖ ɢɖɛɘəɐ (ɎɛŮůɖ) Űɟɞˊɞˊɞɑɖůɖ Űɞɡ 

əɟɡůŰŬɚɚɘəɞɨ ˊɚɏɔɛŬŰɞɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ əɡɟɑɤɠ ɛɏůɤ Űɖɠ Ůɜɑůɢɡůɖɠ/ŮɛˊɚɞɡŰɘůɛɞɨ (doping) 

ɛŮ ɘɧɜŰŬ ŬɛŮŰɎɚɚɤɜ əŬɘ ɛŮŰŬɚɚɘəɩɜ ůŰɞɘɢŮɑɤɜ əŬɘ ɛɏůɤ Űɖɠ ŮɜŬˊɧɗŮůɖɠ ŮɡɔŮɜɩɜ ɛŮŰɎɚɚɤɜ 

(depositing) ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ, əŬɘ ůŰɖɜ ɏɛɛŮůɖ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ ɖɛɘŬɔɤɔɞɨ 

ɛɏůɤ űɤŰɞŮɡŬɘůɗɖŰɞˊɞɑɖůɖɠ ɛŮ Űɖ ɢɟɐůɖ Ɏɚɚɤɜ ɖɛɘŬɔɩɔɘɛɤɜ ɡɚɘəɩɜ əŬɘ ɞɟɔŬɜɘəɩɜ 

ŮɜɩůŮɤɜ ˊɞɡ Ŭˊɞɟɟɞűɞɨɜ ůŰɞ ɞɟŬŰɧ űɤɠ (Malato  et al., 2009; Pelaez et al., 2012). ɆŰŬ 

ˊɚŬɑůɘŬ Űɖɠ ˊɟɞůˊɎɗŮɘŬɠ ŬɡŰɐɠ ɏɛűŬůɖ ɏɢŮɘ ŭɞɗŮɑ əŬɘ ůŰɖ ɛɞɟűɞɚɞɔɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ 

TiO2 ɛŮ Űɖɜ ŬɜɎˊŰɡɝɖ ɖɛɘŬɔɩɔɘɛɤɜ ŭɞɛɩɜ TiO2 ɛŮ ɛɏɔŮɗɞɠ ůɤɛŬŰɘŭɑɤɜ Űɖɠ ŰɎɝɖɠ ɛŮɟɘəɩɜ 

ɜŬɜɞɛɏŰɟɤɜ əŬɘ ɛŮ ŮˊɘűŬɜŮɘŬəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŰŬ ɞˊɞɑŬ ɞŭɖɔɞɨɜ ůŮ ɛŮɔŬɚɨŰŮɟɖ Ůɘŭɘəɐ 

ŮˊɘűɎɜŮɘŬ əŬɘ ɛŮɘɤɛɏɜɖ ŮˊŬɜŬůɨɜŭŮůɖ űɞɟŰɑɤɜ (Pelaez et al., 2012). ȾŬŰɎ Űɖɜ ŰŮɚŮɡŰŬɑŬ 

ŭŮəŬŮŰɑŬ ɞɘ ɛɞɜɞŭɘɎůŰŬŰŮɠ ɖɛɘŬɔɩɔɘɛŮɠ ɜŬɜɞŭɞɛɏɠ TiO
2
, ɧˊɤɠ ɞɘ ɜŬɜɞůɤɚɐɜŮɠ, ɞɘ 

ɜŬɜɞɚɤɟɑŭŮɠ, ɞɘ ɜŬɜɞɑɜŮɠ, ɞɘ ɜŬɜɞɟɎɓŭɞɘ əŬɘ ɘŭɘŬɑŰŮɟŬ ɞɘ ŬɡŰɞɞɟɔŬɜɤɛɏɜŮɠ 

ɜŬɜɞůɤɚɖɜɞŮɘŭŮɑɠ ůɡůŰɞɘɢɑŮɠ ŬɜŬˊŰɡɔɛɏɜŮɠ ůŮ ɛŮŰŬɚɚɘəɧ ɡˊɧůŰɟɤɛŬ ŰɘŰŬɜɑɞɡ ɏɢɞɡɜ 

ˊɟɞůŮɚəɨůŮɘ Űɞ ŮɜŭɘŬűɏɟɞɜ əɡɟɑɤɠ ɚɧɔɤ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ űɡůɘəɞɢɖɛɘəɩɜ ɘŭɘɞŰɐŰɤɜ 

Űɞɡɠ ˊɞɡ ɞűŮɑɚɞɜŰŬɘ ůŰɖ ɛɞɜɞŭɘɎůŰŬŰɖ ŭɞɛɐ Űɞɡɠ ůŰɖ ɜŬɜɞəɚɑɛŬəŬ. Ƀɘ ŭɞɛɏɠ ŬɡŰɏɠ 

ˊŮɟɘɚŬɛɓɎɜɞɡɜ ůɖɛŬɜŰɘəɎ ˊɚŮɞɜŮəŰɐɛŬŰŬ ɧˊɤɠ ŰŬ ŮɚŮɔɢɧɛŮɜŬ ɛɞɟűɞɚɞɔɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ, Űɞ ŮɚŮɔɢɧɛŮɜɞ ˊɞɟɩŭŮɠ, Űɖ ŭɘŬɜɡůɛŬŰɘəɐ ɛŮŰŬűɞɟɎ Űɤɜ űɤŰɞŮˊŬɔɧɛŮɜɤɜ 

ɖɚŮəŰɟɞɜɑɤɜ (vectorial electron transport) əŬɘ Űɖ ɢŬɛɖɚɐ ŮˊŬɜŬůɨɜŭŮůɖ űɞɟɏɤɜ űɞɟŰɑɤɜ ˊɞɡ 

ɞŭɖɔɞɨɜ ůŮ Ŭɨɝɖůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ Űɞɡɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ (Pelaez et al., 2012).   

ȰɜŬɠ Ŭəɧɛɖ ůɖɛŬɜŰɘəɧɠ ˊŮɟɘɞɟɘůŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ˊɞɡ ŬűɞɟɎ Űɖ ɢɟɐůɖ Űɞɡ ɇiɃ2 ɡˊɧ 

Űɖ ɛɞɟűɐ ŬɘɤɟɖɛɎŰɤɜ, ŮɑɜŬɘ ɖ ŬɜɎɔəɖ ɨˊŬɟɝɖɠ Ůɜɧɠ Ůˊɘˊɚɏɞɜ ɞɘəɞɜɞɛɘəɎ Ŭůɨɛűɞɟɞɡ 
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ůŰŬŭɑɞɡ ŮˊŮɝŮɟɔŬůɑŬɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ əŬŰŬɚɨŰɖ. ũɘŬ Űɞ ɚɧɔɞ 

ŬɡŰɧ ɏɜŰɞɜɞ ŮɟŮɡɜɖŰɘəɧ ŮɜŭɘŬűɏɟɞɜ ůɡɔəŮɜŰɟɩɜŮɘ ɖ ŬɜɎˊŰɡɝɖ əŬɘ ˊŬɟŬůəŮɡɐ  

ŬəɘɜɖŰɞˊɞɘɖɛɏɜɤɜ ɛɞɟűɩɜ ɇiɃ2 ůŮ əŬŰɎɚɚɖɚŬ ɡˊɞůŰɟɩɛŬŰŬ ɧˊɤɠ ɔɡŬɚɑ, əŮɟŬɛɘəɎ, 

űɨɚɚŬ Ŭɚɞɡɛɘɜɑɞɡ ɐ ɢɎɟŰɞɡ ə.Ŭ. (Seabra et al., 2011). 

 

3.4.2. ɆɨɜɗŮŰɞɘ ɐ ůɡɕŮɡɔɛɏɜɞɘ ɖɛɘŬɔɤɔɞɑ (Composite or coupled semiconductors) 

 

ȼ ůɨɕŮɡɝɖ Űɞɡ TiO2 ɛŮ ɏɜŬɜ ɖɛɘŬɔɤɔɧ ɛɘəɟɞɨ ŮɜŮɟɔŮɘŬəɞɨ ɢɎůɛŬŰɞɠ ŬˊɞŰŮɚŮɑ ŮɚəɡůŰɘəɐ 

ˊɟɞůɏɔɔɘůɖ ůŰɖɜ Ŭɨɝɖůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɧŭɞůɖɠ ŮˊɘŰɡɔɢɎɜɞɜŰŬɠ əŬɚɨŰŮɟɞ 

ŭɘŬɢɤɟɘůɛɧ Űɤɜ űɤŰɞˊŬɟŬɔɧɛŮɜɤɜ űɞɟɏɤɜ űɞɟŰɑɞɡ əŬɘ ŭɘŮɡɟɨɜɞɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ Űɞ űɎůɛŬ 

Ŭˊɧəɟɘůɖɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ ůŰɖɜ ɞɟŬŰɐ ŬəŰɘɜɞɓɞɚɑŬ. ɇŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ɞɘ 

ůɡɕŮɡɔɛɏɜŮɠ ŭɞɛɏɠ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɞɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧ ŭɘŬɢɤɟɘůɛɧ űɞɟŰɑɤɜ, Űɖɜ Ŭɨɝɖůɖ Űɞɡ 

ɢɟɧɜɞɡ ɕɤɐɠ Űɤɜ űɞɟɏɤɜ űɞɟŰɑɞɡ əŬɘ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ ŭɘŮˊɘűŬɜŮɘŬəɐɠ ɛŮŰŬűɞɟɎɠ űɞɟŰɑɞɡ 

ůŰɞ ˊɟɞůɟɞűɖɛɏɜɞ ɡˊɧůŰɟɤɛŬ (Bessekhouad et al., 2005). 

ũɘŬ Űɖɜ ŮˊɘŰɡɢɖɛɏɜɖ ŮɜŭɞůɤɛŬŰɘŭɘŬəɐ ɛŮŰŬűɞɟɎ ɖɚŮəŰɟɞɜɑɤɜ ɛŮŰŬɝɨ Űɞɡ ɖɛɘŬɔɤɔɞɨ 

ˊɞɡ ɗŮɤɟŮɑŰŬɘ ɤɠ ŮɡŬɘůɗɖŰɞˊɞɘɖŰɐɠ əŬɘ Űɞɡ TiO2, ɖ  ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ TiO2 ɗŬ ˊɟɏˊŮɘ 

ɜŬ ŮɑɜŬɘ ˊŮɟɘůůɧŰŮɟɞ Ŭɜɞŭɘəɐ Ŭˊɧ Űɖɜ ŬɜŰɑůŰɞɘɢɖ Űɞɡ ɖɛɘŬɔɤɔɞɨ-ŮɡŬɘůɗɖŰɞˊɞɘɖŰɐ. 

ȷəŰɘɜɞɓɧɚɖůɖ Űɞɡ ůɡɕŮɡɔɛɏɜɞɡ ůɡůŰɐɛŬŰɞɠ ɛŮ ɞɟŬŰɐ ŬəŰɘɜɞɓɞɚɑŬ, ɞŭɖɔŮɑ ůŮ ŭɘɏɔŮɟůɖ ɛɧɜɞ 

Űɞɡ ŮɡŬɘůɗɖŰɞˊɞɘɖŰɐ əŬɘ ŰŬ űɤŰɞˊŬɟŬɔɧɛŮɜŬ ɖɚŮəŰɟɧɜɘŬ ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ əŬŰɎ Űɖ 

ŭɘɏɔŮɟůɖ ɛŮŰŬˊɖŭɞɨɜ əŬɘ ůɡůůɤɟŮɨɞɜŰŬɘ Ŭˊɧ Űɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ ůŰɖ ɕɩɜɖ 

ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ ɛɖ ŮɜŮɟɔɞˊɞɘɖɛɏɜɞɡ TiO2 (ɆɢɐɛŬ 3.9Ŭ). ȰŬɜ ɖ ɕɩɜɖ ůɗɏɜɞɡɠ Űɞɡ 

ɖɛɘŬɔɤɔɞɨ ˊɞɡ ŭɟŬ ɤɠ ŮɡŬɘůɗɖŰɞˊɞɘɖŰɐɠ ŮɑɜŬɘ ˊŮɟɘůůɧŰŮɟɞ əŬɗɞŭɘəɐ Ŭˊɧ Űɖ ɕɩɜɖ ůɗɏɜɞɡɠ 

Űɞɡ TiO2, ɞɘ űɤŰɞŮˊŬɔɧɛŮɜŮɠ ɞˊɏɠ ˊŬɟŬɛɏɜɞɡɜ ůŰɖ ɕɩɜɖ ůɗɏɜɞɡɠ Űɞɡ ŮɜŮɟɔɞˊɞɘɖɛɏɜɞɡ 

ɖɛɘŬɔɤɔɞɨ (Bessekhouad et al., 2005). 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ɢɟɐůɖɠ ɡˊŮɟɘɩŭɞɡɠ-ɞɟŬŰɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ŰŬ ŭɨɞ ɖɛɘŬɔɩɔɘɛŬ ɡɚɘəɎ 

ŭɘŮɔŮɑɟɞɜŰŬɘ (ɆɢɐɛŬ 3.9ɓ) əŬɘ ŰŬ űɤŰɞŭɖɛɘɞɡɟɔɞɨɛŮɜŬ ɖɚŮəŰɟɧɜɘŬ ɛŮŰŬˊɖŭɞɨɜ Ŭˊɧ Űɖ ɕɩɜɖ 

ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ ŮɡŬɘůɗɖŰɞˊɞɘɖŰɐ, ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ Űɞɡ ɛŮ Űɖɜ ɞɟŬŰɐ 

ŬəŰɘɜɞɓɞɚɑŬ, ůŮ ŬɡŰɐ Űɞɡ TiO2. ȼ ɛŮŰŬűɞɟɎ ɖɚŮəŰɟɞɜɑɤɜ ɞŭɖɔŮɑ ůŮ ůɡůůɩɟŮɡůɖ  ɡɣɖɚɐɠ 

ůɡɔəɏɜŰɟɤůɖɠ ɖɚŮəŰɟɞɜɑɤɜ ůŰɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ TiO2 ɚɧɔɤ əŬɘ Űɖɠ ˊŬɟɞɡůɑŬɠ Űɤɜ 

ɖɚŮəŰɟɞɜɑɤɜ Ŭˊɧ Űɖɜ űɤŰɞŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ. ȷɜŰɑůŰɞɘɢŬ, ɞɘ űɤŰɞŭɖɛɘɞɡɟɔɞɨɛŮɜŮɠ ɞˊɏɠ 

ɞŭɖɔɞɨɜŰŬɘ Ŭˊɧ Űɖ ɕɩɜɖ ůɗɏɜɞɡɠ Űɞɡ TiO2 ůŰɖ ɕɩɜɖ ůɗɏɜɞɡɠ Űɞɡ űɤŰɞŮɡŬɘůɗɖŰɞˊɞɘɖŰɐ ɛŮ 

Űɖɜ ŰŬɡŰɧɢɟɞɜɖ ˊŬɟɞɡůɑŬ ɡɣɖɚɐɠ ůɡɔəɏɜŰɟɤůɖɠ ɞˊɩɜ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ŮɡŬɘůɗɖŰɞˊɞɘɖŰɐ-

ɖɚŮəŰɟɞɚɨŰɖ (Bessekhouad et al., 2005). 
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ɆɢɐɛŬ 3.9: (Ŭ) ȺɜŮɟɔŮɘŬəɧ ŭɘɎɔɟŬɛɛŬ ˊɞɡ ŬˊŮɘəɞɜɑɕŮɘ Űɖ ůɨɕŮɡɝɖ ŭɨɞ ɖɛɘŬɔɤɔɩɜ  ɧˊɞɡ ɖ 

ɛŮŰŬűɞɟɎ e
-
 ɚŬɛɓɎɜŮɘ ɢɩɟŬ Ŭˊɧ Űɞ űɩŰɞ-ŮɜŮɟɔɞˊɞɘɖɛɏɜɞ ɖɛɘŬɔɤɔɧ ˊɟɞɠ Űɞ ɛɖ 

ŮɜŮɟɔɞˊɞɘɖɛɏɜɞ TiO2, (ɓ) ŭɘɎɔɟŬɛɛŬ ˊɞɡ ŬˊŮɘəɞɜɑɕŮɘ Űɖ ůɨɕŮɡɝɖ ŭɨɞ ɖɛɘŬɔɤɔɩɜ ɧˊɞɡ 

ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮŰŬűɞɟɎ e
- 
əŬɘ h

+
 (Bessekhouad et al., 2005). 

 

Ⱥˊɘˊɚɏɞɜ, Űɞ TiO2 ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɤɠ űɤŰɞŮɡŬɘůɗɖŰɞˊɞɘɖŰɐɠ ɔɘŬ ɞɟɘůɛɏɜɞɡɠ 

ɖɛɘŬɔɤɔɞɨɠ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ŬůɗŮɜɐɠ űɤŰɞəŬŰŬɚɡŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ. ɉŬɟŬəŰɖɟɘůŰɘəɧ 

ˊŬɟɎŭŮɘɔɛŬ ŬˊɞŰŮɚŮɑ ɖ ůɨɕŮɡɝɖ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ŰɘŰŬɜɑɞɡ ɛŮ Űɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ əŬůůɘŰɏɟɞɡ 

(SnO2/ TiO2), Űɞɡ ɞˊɞɑɞɡ ɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ ŮɑɜŬɘ ˊɘɞ ɗŮŰɘəɐ (0,5 V) ůŮ ůɢɏůɖ ɛŮ Űɖɜ 

ŬɜŰɑůŰɞɘɢɖ Űɞɡ TiO2. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮŰŬűɞɟɎ ɖɚŮəŰɟɞɜɑɤɜ Ŭˊɧ Űɖ 

ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ TiO2 ůŰɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ SnO2 əŬɘ ɞɘ ɞˊɏɠ ůɡůůɤɟŮɨɞɜŰŬɘ 

ůŰɖ ɕɩɜɖ ůɗɏɜɞɡɠ Űɞɡ TiO2 (ɆɢɐɛŬ 3.10) (Daghrir et al., 2013). 

Ʉɞɚɚɏɠ ˊɟɞůˊɎɗŮɘŮɠ ɏɢɞɡɜ ɔɑɜŮɘ ůŰɖ ůɨɜɗŮůɖ ůɡɕŮɡɔɛɏɜɤɜ ŭɞɛɩɜ ɖɛɘŬɔɤɔɩɜ əŬɘ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ŬˊɞŰŮɚɞɨɜ ɞɘ ŭɞɛɏɠ Űɤɜ: ZnO/TiO2 (Marci et al., 2001), 

CdS/TiO2 (Ghows and Enterazi, 2011) əŬɘ Bi2S3/TiO2 (Brahimi et al., 2007), WO3/TiO2, 

SiC/TiO2 (Keller and Garin, 2003). Ƀɘ ůɡɕŮɡɔɛɏɜŮɠ ŭɞɛɏɠ ɡˊɏŭŮɘɝŬɜ ůɖɛŬɜŰɘəɐ ɓŮɚŰɑɤůɖ Űɖɠ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɧŭɞůɖɠ ɛŮɘɩɜɞɜŰŬɠ ŭɟŬůŰɘəɎ Űɖɜ ŮˊŬɜŬůɨɜŭŮůɖ ɞˊɐɠ-ɖɚŮəŰɟɞɜɑɞɡ ŬɚɚɎ 

əŬɘ ŮˊŮəŰŮɑɜɞɜŰŬɠ Űɖɜ əɚɑɛŬəŬ ŮɜɏɟɔŮɘŬɠ Űɖɠ űɤŰɞŭɘɏɔŮɟůɖɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ůŮ ɛŮɔŬɚɨŰŮɟŬ 

ɛɐəɖ əɨɛŬŰɞɠ əŬɘ ˊɚɏɞɜ ɓɟɑůəɞɡɜ ŮɡɟŮɑŬ ŮűŬɟɛɞɔɐ ůŰɖɜ Ŭˊɞŭɧɛɖůɖ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ 

əŬɗɩɠ Ůˊɑůɖɠ ůŰɖ ŭɘɎůˊŬůɖ Űɞɡ ɜŮɟɞɨ ŬɚɚɎ əŬɘ ůŮ űɤŰɞɓɞɚŰŬɥəɎ ůɡůŰɐɛŬŰŬ (Pelaez et al., 

2012). ũɘŬ ˊŬɟɎŭŮɘɔɛŬ ɞ ůɡɜŭɡŬůɛɧɠ TiO2/CdS ŬˊɞŭŮɑɢɗɖəŮ ɧŰɘ ɞŭɖɔŮɑ ůŮ ɓŮɚŰɘɤɛɏɜɖ 

Ŭˊɧŭɞůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŭɘɎůˊŬůɖɠ Űɖɠ 2-ɢɚɤɟɞűŬɘɜɧɚɖɠ ɛŮ ɢɟɐůɖ ɡˊŮɟɘɩŭɞɡɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ. ɆɨɛűɤɜŬ ɛŮ Űɞ űɎůɛŬ Ŭˊɞɟɟɧűɖůɖɠ Űɖɠ ŮŰŮɟɞŭɞɛɐɠ TiO2/CdS ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ 

Ŭˊɞɟɟɧűɖůɖ űɤŰɞɜɑɤɜ ɛŮ ɛɐəɖ əɨɛŬŰɞɠ ɛɏɢɟɘ 520 nm (Doong et al., 2001). ɄɏɟŬɜ Űɤɜ 

ůɡɜŮɟɔɘůŰɘəɩɜ űŬɘɜɞɛɏɜɤɜ, ɧˊɤɠ Űɞɡ ŭɘŬɢɤɟɘůɛɞɨ Űɤɜ űɞɟŰɑɤɜ, ɖ ůɨɕŮɡɝɖ Űɤɜ ɖɛɘŬɔɤɔɩɜ 

ŬˊɞŰŮɚŮɑ Űɟɧˊɞ ɓŮɚŰɑɤůɖɠ əŬɘ Űɖɠ űɤŰɞůŰŬɗŮɟɧŰɖŰŬɠ Űɤɜ ɖɛɘŬɔɤɔɩɜ əŬɘ ɔŮɜɘəɧŰŮɟŬ Űɟɧˊɞ 

ŬɜŰɘůŰɎɗɛɘůɖɠ Űɤɜ ɛŮɘɞɜŮəŰɖɛɎŰɤɜ əɎɗŮ ɖɛɘŬɔɩɔɘɛɞɡ ɡɚɘəɞɨ  (Pelaez et al., 2012). 
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ɆɢɐɛŬ 3.10: ɆɡɕŮɡɔɛɏɜɖ ŭɞɛɐ SnO2/TiO2 (Daghrir et al., 2013). 

 

3.4.3. ȺɡŬɘůɗɖŰɞˊɞɑɖůɖ ɛŮ ɢɟɤůŰɘəɏɠ ŮɜɩůŮɘɠ (Dye sensitization) 

 

H ŮɡŬɘůɗɖŰɞˊɞɑɖůɖ ɛŮ ɢɟɤůŰɘəɏɠ ŮɜɩůŮɘɠ ɏɢŮɘ ɢŬɟŬəŰɖɟɘůŰŮɑ Ŭˊɧ ˊɞɚɚɞɨɠ ŮɟŮɡɜɖŰɏɠ ɤɠ 

ɞ ˊɘɞ ŬˊɞŰŮɚŮůɛŬŰɘəɧɠ Űɟɧˊɞɠ Űɖɠ ŭɘŮɨɟɡɜůɖɠ Űɖɠ Ŭˊɧəɟɘůɖɠ Űɞɡ TiO2 ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ 

ɞɟŬŰɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ (Pelaez et al., 2012; Xu and Langford, 2001). O ɛɖɢŬɜɘůɛɧɠ Űɖɠ 

ŮɡŬɘůɗɖŰɞˊɞɘɖɛɏɜɖɠ űɤŰɞəŬŰɎɚɡůɖɠ, ɧˊɤɠ ůɡɢɜɎ ŬˊɞəŬɚŮɑŰŬɘ, ůŰɖɟɑɕŮŰŬɘ ůŰɖ ŭɘɏɔŮɟůɖ Űɖɠ 

ɏɔɢɟɤɛɖɠ ɏɜɤůɖɠ ůŰɖɜ Ŭˊɚɐ ɐ Űɟɘˊɚɐ ŭɘŮɔŮɟɛɏɜɖ əŬŰɎůŰŬůɖ (Dye*) ɡˊɧ ɞɟŬŰɐ ŬəŰɘɜɞɓɞɚɑŬ. 

ȷɜ ɖ ŮɜɏɟɔŮɘŬ Űɖɠ ŭɘŮɔŮɟɛɏɜɖɠ əŬŰɎůŰŬůɖɠ ŮɑɜŬɘ ˊɘɞ ŬɟɜɖŰɘəɐ (ɡɣɖɚɧŰŮɟɖ) Ŭˊɧ Űɖ ɕɩɜɖ 

ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ, ŰɧŰŮ Űɞ ɖɚŮəŰɟɧɜɘɞ ɛˊɞɟŮɑ ɜŬ ɛŮŰŬűŮɟɗŮɑ ůŰɖ ɕɩɜɖ 

ŬɔɤɔɘɛɧŰɖŰŬɠ əŬɘ ɖ ɢɟɤůŰɘəɐ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ əŬŰɘɞɜɘəɐ ɟɑɕŬ (Dye
+
). ɇŬ ɖɚŮəŰɟɧɜɘŬ ˊɞɡ 

ɛŮŰŬűɏɟɞɜŰŬɘ ůŰɞɜ ɖɛɘŬɔɤɔɧ ɛˊɞɟɞɨɜ ɜŬ ɝŮəɘɜɐůɞɡɜ ŬɜŬɔɤɔɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ əŬɘ ɜŬ 

ŬɜɎɔɞɡɜ Űɞ ŭɏəŰɖ ɖɚŮəŰɟɞɜɑɤɜ ˊɞɡ ŮɑɜŬɘ ˊɟɞůɟɞűɖɛɏɜɞɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ. Ƀ 

ɛɖɢŬɜɘůɛɧɠ ŭɘɏɔŮɟůɖɠ, ɛŮŰŬűɞɟɎɠ ɖɚŮəŰɟɞɜɑɞɡ əŬɘ ŮˊŬɜŬűɞɟɎɠ Űɖɠ ɢɟɤůŰɘəɐɠ ůŰɖɜ Ŭɟɢɘəɐ 

Űɖɠ ɛɞɟűɐ űŬɑɜɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 3.11, Ůɜɩ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟŬűŮɑ ɛŮ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ 3.3-3.5 

(Malato et al., 2009): 

 

 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬˊɞɡůɑŬɠ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɞɨ ɕŮɨɔɞɡɠ, Űɞ űɤŰɞəŬŰŬɚɡŰɘəɧ ůɨůŰɖɛŬ 

ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɖ ŭɘɎůˊŬůɖ Űɖɠ ɑŭɘŬɠ Űɖɠ ɢɟɤůŰɘəɐɠ ɏɜɤůɖɠ. ȼ ŭɡɜŬŰɧŰɖŰŬ 

ŬɡŰɐ əɟɑɜŮŰŬɘ ɘŭɘŬɘŰɏɟɤɠ ůɖɛŬɜŰɘəɐ ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɞ ɛŮɔɎɚɞ Ŭɟɘɗɛɧ ɢɟɤɛɞűɧɟɤɜ 

ŮɜɩůŮɤɜ ˊɞɡ ɡˊɎɟɢɞɡɜ ůŰŬ ɓɘɞɛɖɢŬɜɘəɎ ŬˊɧɓɚɖŰŬ ɡűŬɜŰɞɡɟɔɑŬɠ əŬɘ Ɏɚɚɤɜ ɓɘɞɛɖɢŬɜɘɩɜ. ȼ 

ŮɡŬɘůɗɖŰɞˊɞɘɖɛɏɜɖ űɤŰɞəŬŰɎɚɡůɖ ůɡɜɐɗɤɠ ɞŭɖɔŮɑ ůŮ ɔɟɐɔɞɟɖ ŭɘɎůˊŬůɖ ɢɟɤɛɞűɧɟɤɜ 
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ŮɜɩůŮɤɜ ˊɟɞɠ ɛɘəɟɧŰŮɟŬ ɞɟɔŬɜɘəɎ ɛɧɟɘŬ, ɞŭɖɔɩɜŰŬɠ ŰŮɚɘəɎ ůŰɖɜ ˊɚɐɟɖ ŬɜɞɟɔŬɜɞˊɞɑɖůɖ 

Űɞɡɠ (Malato et al., 2009). 

 

 

ɆɢɐɛŬ 3.11: ɀɖɢŬɜɘůɛɧɠ ŭɘɏɔŮɟůɖɠ ŮɡŬɘůɗɖŰɞˊɞɘɖŰɐ (ɉɟɤůŰɘəɐ, Dye) ɡˊɧ Űɖɜ ˊŬɟɞɡůɑŬ 

ˊɟɞůɟɞűɖɛɏɜɞɡ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɞɟɔŬɜɘəɞɨ ŭɏəŰɖ ɖɚŮəŰɟɞɜɑɤɜ (Ⱥȷ) (Malato et al., 2009). 

 

3.4.4. Ⱥɜɑůɢɡůɖ ɛŮ ɘɧɜŰŬ ɛŮŰɎɚɚɤɜ  

 

ɀɑŬ ŮɜŭɘŬűɏɟɞɡůŬ ˊɟɞůɏɔɔɘůɖ ɔɘŬ Űɖɜ ŮˊɏəŰŬůɖ Űɖɠ Ŭˊɧəɟɘůɖɠ Ůɜɧɠ ɖɛɘŬɔɤɔɞɨ ɛŮ 

ɛŮɔɎɚɞ ŮɜŮɟɔŮɘŬəɧ ɢɎůɛŬ ɧˊɤɠ Űɞ TiO2 ůŰɞ ɞɟŬŰɧ űɎůɛŬ ŮɑɜŬɘ ɖ Ůɜɑůɢɡůɖ/ŮɛˊɚɞɡŰɘůɛɧɠ  

Űɞɡ ɖɛɘŬɔɤɔɞɨ, ɔɜɤůŰɐ ɤɠ doping, ɛŮ ɛŮŰŬɚɚɘəɎ ɘɧɜŰŬ. ȾŬŰɎ Űɖɜ ŮɜůɤɛɎŰɤůɖ Űɤɜ 

ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ ůŰɞ əɟɡůŰŬɚɚɘəɧ ˊɚɏɔɛŬ Űɞɡ TiO2, ɜɏŬ ŮɜŮɟɔŮɘŬəɎ ŮˊɑˊŮŭŬ 

ŭɘŬɛɞɟűɩɜɞɜŰŬɘ ɛɏůŬ ůŰɞ űɎůɛŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ ůɨɛűɤɜŬ ɛŮ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ 3.6 əŬɘ 3.7 

(Malato et al., 2009): 

 

ɧ́ ɞɡ M
n
, M

n+
 ŮɑɜŬɘ Űɞ ɛɏŰŬɚɚɞ əŬɘ Űɞ ɘɧɜ ɛŮŰɎɚɚɞɡ ŬɜŰɑůŰɞɘɢŬ.  

ɇŬ ɘɧɜŰŬ ɛŮŰɎɚɚɤɜ ɛˊɞɟɞɨɜ ɜŬ Ŭɡɝɐůɞɡɜ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɧŭɞůɖ Űɞɡ TiO2 ɚɧɔɤ Űɖɠ 

ŭɡɜŬŰɧŰɖŰŬɠ Űɤɜ ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ ɜŬ ˊŬɔɘŭŮɨɞɡɜ ŮɑŰŮ ɖɚŮəŰɟɧɜɘŬ ŮɑŰŮ ɞˊɏɠ ůɨɛűɤɜŬ ɛŮ 

Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ 3.8 əŬɘ 3.9 ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ  (Malato et al., 2009): 

 

 

ɇɞ ŮɜŮɟɔŮɘŬəɧ ŮˊɑˊŮŭɞ M
n+

/ M
(n-1)+

 ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ɚɘɔɧŰŮɟɞ ŬɟɜɖŰɘəɧ Ŭˊɧ Űɖ ɕɩɜɖ 

ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ ɇiɃ2, Ůɜɩ Űɞ ŮˊɑˊŮŭɞ M
n+

/ M
(n+1)+ 

ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ɚɘɔɧŰŮɟɞ ɗŮŰɘəɧ Ŭˊɧ Űɖ 

ɕɩɜɖ ůɗɏɜɞɡɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ. ũɘŬ Űɖ ŭɘŮɝŬɔɤɔɐ Űɤɜ űɤŰɞəŬŰŬɚɡŰɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ, ɧˊɞɡ ɞ 

ŭɘŬɢɤɟɘůɛɧɠ Űɤɜ űɞɟɏɤɜ űɞɟŰɑɞɡ ŮɑɜŬɘ ůɖɛŬɜŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ, ŰŬ ɛŮŰŬɚɚɘəɎ ɘɧɜŰŬ ɗŬ 

ˊɟɏˊŮɘ ɜŬ ŮɜůɤɛŬŰɩɜɞɜŰŬɘ əɞɜŰɎ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ (Malato et al., 2009). 

ɤɠ ˊŬɔɑŭŬ ɖɚŮəŰɟɞɜɑɞɡ 

ɤɠ ˊŬɔɑŭŬ ɞˊɐɠ 
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ȼ ŮɜůɤɛɎŰɤůɖ ŭɘŬűɧɟɤɜ ɛŮŰɎɚɚɤɜ ɛŮŰɎˊŰɤůɖɠ (Fe, Cr, V, Co, Ni, ɀn, Cu, Ru, Pt, Au 

ə.Ɏ.) ůŰɞ TiO2 ŮˊɏŭŮɘɝŮ ɗŮŰɘəɐ ŮˊɑŭɟŬůɖ ůŰɖɜ ŮˊɏəŰŬůɖ Űɖɠ űŬůɛŬŰɘəɐɠ Ŭˊɞɟɟɧűɖůɖɠ Űɞɡ 

TiO2 ůŰɞ ɞɟŬŰɧ əŬɘ ůŮ ˊɞɚɚɏɠ ˊŮɟɘˊŰɩůŮɘɠ ŮɑɢŮ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ 

ŭɟŬůŰɘəɧŰŮɟɤɜ űɤŰɞəŬŰŬɚɡŰɩɜ (Malato et al., 2009; Liu et al., 2011). ɆŰɞ ɆɢɐɛŬ 3.12 ˊɞɡ 

ŬəɞɚɞɡɗŮɑ ˊŬɟɑůŰŬŰŬɘ ɔɟŬűɘəɎ ɖ ŭɖɛɘɞɡɟɔɑŬ ɜɏɤɜ ŮɜŮɟɔŮɘŬəɩɜ Ůˊɘˊɏŭɤɜ ɛŮŰŬɝɨ ɕɩɜɖɠ 

ůɗɏɜɞɡɠ əŬɘ ɕɩɜɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ ɛŮŰɎ Űɖɜ ŮɜůɤɛɎŰɤůɖ ɛŮŰɎɚɚɤɜ ɛŮŰɎˊŰɤůɖɠ ůŰɞ 

əɟɡůŰŬɚɚɘəɧ ˊɚɏɔɛŬ ɇiO2.  

 

 

 ɆɢɐɛŬ 3.12: ȺɜŮɟɔŮɘŬəɎ ŮˊɑˊŮŭŬ ˊɟɞůɛɑɝŮɤɜ ɘɧɜŰɤɜ ɛŮŰɎɚɚɤɜ ůŰɖ ɛɞɟűɐ Űɞɡ ɟɞɡŰɘɚɑɞɡ 

TiO2 (Choi et al., 1994). 

 

ȷɡɝɖɛɏɜɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɟŬůŰɘəɧŰɖŰŬ ˊŬɟŬŰɖɟɐɗɖəŮ Ůˊɑůɖɠ əŬŰɎ Űɞɜ ŮɛˊɚɞɡŰɘůɛɧ 

Űɞɡ TiO2 ɛŮ ůɡɔəŮəɟɘɛɏɜŮɠ ŬɜŬɚɞɔɑŮɠ ɘɧɜŰɤɜ ůˊɎɜɘɤɜ ɔŬɘɩɜ (ɚŬɜɗŬɜɑŭŮɠ / ŬəŰɘɜɑŭŮɠ: La
3+

, 

Ce
3+

, Pr
3+

, Gd
3+

, Nd
3+

, Sm
3+
). ȷɝɑɕŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ŰŬ ɘɧɜŰŬ Gd ŮˊɏŭŮɘɝŬɜ ŰŬ əŬɚɨŰŮɟŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ɚɧɔɤ Űɖɠ ɘəŬɜɧŰɖŰŬɠ Űɞɡɠ ɜŬ ɛŮŰŬűɏɟɞɡɜ Űɞɡɠ űɞɟŮɑɠ űɞɟŰɑɤɜ ůŰɖ 

ŭɘŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ-ŭɘŬɚɨɛŬŰɞɠ (Malato et al., 2009).  

H űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɟŬůŰɘəɧŰɖŰŬ ŮɝŬɟŰɎŰŬɘ ɎɛŮůŬ Ŭˊɧ Űɖ űɨůɖ əŬɘ Ŭˊɧ Űɖɜ ˊɞůɧŰɖŰŬ 

Űɞɡ ɛŮŰŬɚɚɘəɞɨ ɘɧɜŰɞɠ-ŮɜɘůɢɡŰɐ. ȼ ɡˊɏɟɓŬůɖ ɛɘŬɠ ɓɏɚŰɘůŰɖɠ ˊɞůɧŰɖŰŬɠ Űɞɡ ɛŮŰŬɚɚɘəɞɨ 

ɘɧɜŰɞɠ ɞŭɖɔŮɑ ůŮ ɛŮɑɤůɖ Űɖɠ űɤŰɞŮɜŮɟɔɧŰɖŰŬɠ ŮˊŮɘŭɐ ˊɚɏɞɜ ŰŬ ɛŮŰŬɚɚɘəɎ ɘɧɜŰŬ ŭɟɞɡɜ ůŬɜ 

əɏɜŰɟŬ ŮˊŬɜŬůɨɜŭŮůɖɠ ɞˊɐɠ-ɖɚŮəŰɟɞɜɑɞɡ (Pelaez et al., 2011, Malato et al., 2009). ɄɘɗŬɜɧɠ 

ˊŮɟɘɞɟɘůŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ Űɖɠ ŮəŰŮŰŬɛɏɜɖɠ ɢɟɐůɖɠ ŬɡŰɩɜ Űɤɜ əŬŰŬɚɡŰɩɜ ŮɑɜŬɘ Ůˊɑůɖɠ ɖ 

űɤŰɞŭɘɎɓɟɤůɖ (Malato et al., 2009). 

ɀɑŬ ɜɏŬ əŬɘ ˊɞɚɚɎ ɡˊɞůɢɧɛŮɜɖ ɛɏɗɞŭɞɠ ˊɞɡ ɞŭɖɔŮɑ ůŮ ůɖɛŬɜŰɘəɐ ɛŮŰŬŰɧˊɘůɖ Űɖɠ ɕɩɜɖɠ 

Ŭˊɞɟɟɧűɖůɖɠ Űɞɡ TiO2 ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ɞɟŬŰɞɨ ŮɑɜŬɘ Ůˊɑůɖɠ ɖ ŮɛűɨŰŮɡůɖ ɘɧɜŰɤɜ ɛŮŰɎɚɚɤɜ 

(Metal ion implantation) (Anpo and Takeuchi, 2003; Yamashita et al., 2003). ȼ ɛɏɗɞŭɞɠ ŬɡŰɐ 
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ɞŭɖɔŮɑ ůŰɞ ůɢŮŭɘŬůɛɧ əŬɘ ůŰɖɜ ŬɜɎˊŰɡɝɖ ŭŮɨŰŮɟɖɠ ɔŮɜɘɎɠ əŬŰŬɚɡŰɩɜ TiO2, ɛɏůɤ 

çɓɞɛɓŬɟŭɘůɛɞɨè ɛŮ ɘɧɜŰŬ ɛŮŰɎɚɚɤɜ ɡɣɖɚɐɠ ŮɜɏɟɔŮɘŬɠ ŰŬ ɞˊɞɑŬ ŭɘɞɢŮŰŮɨɞɜŰŬɘ ůŰɞ ˊɚɏɔɛŬ 

Űɞɡ ɞɝŮɘŭɑɞɡ, ɢɤɟɑɠ ɜŬ əŬŰŬůŰɟɏűŮŰŬɘ ɖ ŮˊɘűŬɜŮɘŬəɐ ŭɞɛɐ Űɞɡ (Malato et al., 2009).  ɀŮ Űɞɜ 

Űɟɧˊɞ ŬɡŰɧ ŰɟɞˊɞˊɞɘɞɨɜŰŬɘ ɞɘ ɖɚŮəŰɟɞɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ TiO2 əŬɘ ɛŮŰŬŰɞˊɑɕŮŰŬɘ ɖ űɩŰɞ-

Ŭˊɧəɟɘůɖ Űɞɡ ůŰɖɜ ɞɟŬŰɐ ˊŮɟɘɞɢɐ ɛɏɢɟɘ ŰŬ 600 nm. ȼ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ɛŮɑɤůɖ Űɞɡ 

ŮɜŮɟɔŮɘŬəɞɨ ɢɎůɛŬŰɞɠ ŬˊɞŭɑŭŮŰŬɘ ůŰɖɜ ɡˊɞəŬŰɎůŰŬůɖ Űɤɜ ɘɧɜŰɤɜ ɇi Ŭˊɧ ŰŬ ɛŮŰŬɚɚɘəɎ ɘɧɜŰŬ 

ůŰɞ əɟɡůŰŬɚɚɘəɧ ˊɚɏɔɛŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ (Malato et al., 2009). ɆŰɖɜ ŮɛűɨŰŮɡůɖ ɘɧɜŰɤɜ 

ɛŮŰɎɚɚɞɡ, ŰŬ ɛŮŰŬɚɚɘəɎ ɘɧɜŰŬ ŮˊɘŰŬɢɨɜɞɜŰŬɘ ŬɟəŮŰɎ ɔɘŬ ɜŬ ɏɢɞɡɜ ŮˊŬɟəɐ əɘɜɖŰɘəɐ ŮɜɏɟɔŮɘŬ 

əŬɘ ɜŬ ŮɛűɡŰŮɡŰɞɨɜ ɛɏůŬ ůŰɖɜ əɨɟɘŬ ɛɎɕŬ Űɞɡ TiO2. ȷɜɎɚɞɔŬ ɛŮ Űɖɜ əɘɜɖŰɘəɐ Űɞɡɠ ŮɜɏɟɔŮɘŬ, 

ŰŬ ɘɧɜŰŬ ɛŮŰɎɚɚɤɜ ɛˊɞɟɞɨɜ ɜŬ ɏɢɞɡɜ ŭɘŬűɞɟŮŰɘəɏɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

ɖɛɘŬɔɤɔɞɨ (Yamashita et al., 2002). ȰɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ɖ ɢɟɐůɖ ˊɞɚɚɩɜ ɛŮŰɎɚɚɤɜ 

ɛŮŰɎˊŰɤůɖɠ, ɧˊɤɠ V, Cr, Fe əŬɘ Ni ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ŮűŬɟɛɞɔɐ ɡɣɖɚɐɠ ŰɎůɖɠ, ɞŭɖɔŮɑ ůŮ 

ůɖɛŬɜŰɘəɐ ɛŮŰŬŰɧˊɘůɖ Űɖɠ ɕɩɜɖɠ Ŭˊɞɟɟɧűɖůɖɠ Űɞɡ TiO2 ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ɞɟŬŰɞɨ, ɛŮ 

ŭɘŬűɞɟŮŰɘəɎ ŮˊɑˊŮŭŬ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬɠ (Malato et al., 2009). ɆŰɞ ɆɢɐɛŬ 3.13 ˊɞɡ 

ŬəɞɚɞɡɗŮɑ ˊŬɟɑůŰŬɜŰŬɘ ɔɟŬűɘəɎ ɞɘ ŮɜŮɟɔŮɘŬəɏɠ ɕɩɜŮɠ Űɞɡ ɇiO2, Űɞɡ ɢɖɛɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞɡ 

ɇiO2 ɛŮ ŮɛˊɞŰɘůɛɧ əŬɘ Űɞɡ ɇiO2  ɛŮ ŮɛűɨŰŮɡůɖ ɘɧɜŰɤɜ ɛŮŰɎɚɚɞɡ. 

 

 

ɆɢɐɛŬ 3.13: ȹɞɛɏɠ Űɤɜ ŮɜŮɟɔŮɘŬəɩɜ ɕɤɜɩɜ Ŭ) Űɞɡ  ɇiO2, ɓ) ɢɖɛɘəɎ  ŮɛˊɚɞɡŰɘůɛɏɜɞɡ ɇiO2 

ɛŮ Űɖ ɛɏɗɞŭɞ Űɞɡ ŮɛˊɞŰɘůɛɞɨ əŬɘ ɔ) ɇiO2  ɛŮ ŮɛűɨŰŮɡůɖ ɘɧɜŰɤɜ ɛŮŰɎɚɚɞɡ (Malato et al., 

2009). 

 

3.4.5. ȺɜŬˊɧɗŮůɖ ŮɡɔŮɜɩɜ ɛŮŰɎɚɚɤɜ 

ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊɟɞůˊɎɗŮɘŬɠ ɓŮɚŰɑɤůɖɠ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɧŭɞůɖɠ Űɞɡ TiO2 

ɏɛűŬůɖ ɏɢŮɘ ŭɞɗŮɑ Űɘɠ ŰŮɚŮɡŰŬɑŮɠ ŭŮəŬŮŰɑŮɠ ůŰɖɜ ŮɜŬˊɧɗŮůɖ ŮɡɔŮɜɩɜ ɛŮŰɎɚɚɤɜ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ Űɞɡ. ȺɜŬˊɧɗŮůɖ ŮɡɔŮɜɩɜ ɛŮŰɎɚɚɤɜ ɧˊɤɠ Ag, Au, Pt, Pd ə.Ŭ. ɓŮɚŰɘɩɜɞɡɜ Űɖ 

űɤŰɞəŬŰŬɚɡŰɘəɐ ŬˊɞŭɞŰɘəɧŰɖŰŬ, ŭɟɩɜŰŬɠ ɤɠ ˊŬɔɑŭŮɠ ɖɚŮəŰɟɞɜɑɤɜ əŬɘ ɤɠ Ůə ŰɞɨŰɞɡ  
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ˊŬɟŮɛˊɞŭɑɕɞɜŰŬɠ Űɖɜ ŮˊŬɜŬůɨɜŭŮůɖ Űɞɡ ɕŮɨɔɞɡɠ ɞˊɐɠ/ɖɚŮəŰɟɞɜɑɞɡ (Li  and Li  2001; Behar et 

al., 2006; Zeng et al., 2007; Wang et al., 2008; You et al., 2005).  ȼ ŮɜŬˊɧɗŮůɖ ŮɡɔŮɜɩɜ 

ɛŮŰɎɚɚɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ űɤŰɞəŬŰŬɚɨŰɖ ŰɟɞˊɞˊɞɘŮɑ Űɘɠ űɡůɘəɞɢɖɛɘəɏɠ Űɞɡ ɘŭɘɧŰɖŰŮɠ, 

ˊɟɞəŬɚɩɜŰŬɠ ɟɞɐ ɖɚŮəŰɟɞɜɑɤɜ Ŭˊɧ Űɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ ůŰɞ ɛɏŰŬɚɚɞ 

(ɆɢɐɛŬ 3.14) (Ni et al., 2007). ȼ ˊŬɟɞɡůɑŬ Űɤɜ ɛŮŰɎɚɚɤɜ ɛŮɘɩɜŮɘ Űɖɜ ˊɘɗŬɜɧŰɖŰŬ 

Ů́ ŬɜŬůɨɜŭŮůɖɠ ɞˊɐɠ-ɖɚŮəŰɟɞɜɑɞɡ, ɞŭɖɔɩɜŰŬɠ ůŮ ŬˊɞŰŮɚŮůɛŬŰɘəɧ ŭɘŬɢɤɟɘůɛɧ űɞɟŰɑɞɡ əŬɘ 

ɡɣɖɚɧŰŮɟŮɠ űɤŰɞəŬŰŬɚɡŰɘəɏɠ ŬˊɞŭɧůŮɘɠ. Ʉɞɚɨ ůɖɛŬɜŰɘəɐ ˊŬɟɎɛŮŰɟɞɠ ŬˊɞŰŮɚŮɑ ɖ ɓɏɚŰɘůŰɖ 

ůɡɔəɏɜŰɟɤůɖ ɛŮŰɎɚɚɞɡ, əŬɗɩɠ ŬűŮɜɧɠ ŮɜŬˊɧɗŮůɖ ɡɣɖɚɐɠ ˊɞůɧŰɖŰŬɠ ɞŭɖɔŮɑ ůŮ ɛŮɘɤɛɏɜɖ 

ˊɟɞůɟɧűɖůɖ űɤŰɞɜɑɤɜ Ŭˊɧ Űɞ TiO2 əŬɘ ŬűŮŰɏɟɞɡ ŰŬ ɛŮŰŬɚɚɘəɎ ɘɧɜŰŬ ŭɨɜŬŰŬɘ ɜŬ ŭɟɎůɞɡɜ 

ɤɠ əɏɜŰɟŬ ŮˊŬɜŬůɨɜŭŮůɖɠ Űɤɜ űɤŰɞˊŬɟŬɔɧɛŮɜɤɜ űɞɟŰɑɤɜ (Malato et al., 2009). ȼ 

ŮɜŬˊɧɗŮůɖ ɛŮ ŮɡɔŮɜɐ ɛɏŰŬɚɚŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɇiO2 ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ɛŮ Űɘɠ ŰŮɢɜɘəɏɠ Űɞɡ 

ŮɛˊɞŰɘůɛɞɨ (impregnation), Űɖɠ űɩŰɞ-ŮɜŬˊɧɗŮůɖɠ (photodeposition) əŬɘ Űɖɠ ŮɜŬˊɧɗŮůɖɠ-

əŬɗɑɕɖůɖɠ (deposition-precipitation). 

 

ɆɢɐɛŬ 3.14: ȹɏůɛŮɡůɖ ɖɚŮəŰɟɞɜɑɤɜ Ŭˊɧ ɛɏŰŬɚɚɞ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŮ ŮˊŬűɐ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ 

Űɞɡ TiO2 (Malato et al., 2009). ɀetal: ɛɏŰŬɚɚɞ, ɇiO2 particle: ůɤɛŬŰɑŭɘɞ ɇiO2. 

 

3.4.6. Ⱥɜɑůɢɡůɖ ɛŮ ɘɧɜŰŬ ŬɛŮŰɎɚɚɤɜ 

 

ɀɘŬ Ůɝɑůɞɡ ůɖɛŬɜŰɘəɐ ɛɏɗɞŭɞɠ Ůɜɑůɢɡůɖɠ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ɘəŬɜɧŰɖŰŬɠ Űɞɡ TiO2 

ˊɞɡ ɏɢŮɘ ŬɜŬˊŰɡɢɗŮɑ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ əŬɘ ɗŮɤɟŮɑŰŬɘ ɘŭɘŬɑŰŮɟŬ ɡˊɞůɢɧɛŮɜɖ ŮɑɜŬɘ ɞ 

ŮɛˊɚɞɡŰɘůɛɧɠ Űɞɡ TiO2 ɛŮ ŬɛɏŰŬɚɚŬ əŬɘ əɡɟɑɤɠ ɛŮ S, C, N əŬɘ F ˊɞɡ ɞŭɖɔŮɑ ůŰɖ ɛŮɑɤůɖ Űɞɡ 

ŮɜŮɟɔŮɘŬəɞɨ ɢɎůɛŬŰɞɠ Űɞɡ (TiO2 < 3,2 eV). ɇŬ ŬɜɘɧɜŰŬ ŬɡŰɎ ɧŰŬɜ ŮɘůɏɟɢɞɜŰŬɘ ůŰɖɜ 

əɟɡůŰŬɚɚɘəɐ ŭɞɛɐ Űɞɡ TiO2 ŭŮɜ ŭɟɞɡɜ ɤɠ əɏɜŰɟŬ ŮˊŬɜŬůɨɜŭŮůɖɠ Űɤɜ űɤŰɞˊŬɟŬɔɧɛŮɜɤɜ 

űɞɟŰɑɤɜ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ŬɡɝɎɜɞɡɜ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŮɜŮɟɔɧŰɖŰŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ (Malato 

et al., 2009). H ɛŮŰŬɓɞɚɐ ůŰɞ ˊɚɏɔɛŬ əŬɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ŮɜŭɘɎɛŮůɤɜ ůɖɛŮɑɤɜ ˊŬɔɑŭŮɡůɖɠ 

ɛŮŰŬɝɨ Űɖɠ ɕɩɜɖɠ ůɗɏɜɞɡɠ əŬɘ Űɖɠ ɕɩɜɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ ɚɧɔɤ ɖɚŮəŰɟɞɜɘŬəɩɜ ŭɘŬŰŬɟɎɝŮɤɜ 

ɏɢɞɡɜ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖ ɛŮɑɤůɖ Űɞɡ ŮɜŮɟɔŮɘŬəɞɨ ɢɎůɛŬŰɞɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ (Hamal and 

Klabunde, 2007). ɄɏɟŬɜ ɧɛɤɠ Űɖɠ ɛŮɑɤůɖɠ Űɞɡ ŮɜŮɟɔŮɘŬəɞɨ ɢɎůɛŬŰɞɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ əŬɘ Űɖɜ 
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ŮˊɏəŰŬůɖ Űɖɠ Ŭˊɞɟɟɧűɖůɖɠ Űɞɡ ůŰɞ ɞɟŬŰɧ űɎůɛŬ, ɖ ɨˊŬɟɝɖ Űɤɜ ɗɏůŮɤɜ ˊŬɔɑŭŮɡůɖɠ 

ŬɜɎɛŮůŬ ůŰɘɠ ɕɩɜŮɠ Űɞɡ TiO2 ŬɡɝɎɜɞɡɜ Űɞ ɢɟɧɜɞ ɕɤɐɠ Űɤɜ űɤŰɞˊŬɟŬɔɧɛŮɜɤɜ űɞɟɏɤɜ 

űɞɟŰɑɞɡ (Pelaez et al., 2012). 

O ŮɛˊɚɞɡŰɘůɛɧɠ Űɞɡ ɇiO2 ɛŮ ɛɖ-ɛŮŰŬɚɚɘəɎ ůŰɞɘɢŮɑŬ ɏɢŮɘ ŬˊɞəŰɐůŮɘ ŬɡɝŬɜɧɛŮɜɖ 

ŭɡɜŬɛɘəɐ ɤɠ ɛɘŬ ɘŭɘŬɘŰɏɟɤɠ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ŰŮɢɜɘəɐ ůŰɖɜ ŮˊɏəŰŬůɖ Űɖɠ 

űɤŰɞŮɡŬɘůɗɖŰɞˊɞɑɖůɖɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ ůŰɞ ɞɟŬŰɧ űɎůɛŬ, ɛŮ Űɞ ɎɕɤŰɞ ɜŬ ŬˊɞŰŮɚŮɑ Űɖɜ ˊɘɞ 

ɘŭŬɜɘəɐ Ůˊɘɚɞɔɐ ŮɛˊɚɞɡŰɘůŰɐ/ŮɜɘůɢɡŰɘəɞɨ (dopant) (ɆɢɐɛŬ 3.15). ɇɞ ɎɕɤŰɞ ɛˊɞɟŮɑ ŮɨəɞɚŬ ɜŬ 

ŮɘůŬɢɗŮɑ ůŰɖɜ əɟɡůŰŬɚɚɘəɐ ŭɞɛɐ Űɞɡ TiO2, ɚɧɔɤ Űɞɡ ˊŬɟɧɛɞɘɞɡ ŬŰɞɛɘəɞɨ ɛŮɔɏɗɞɡɠ Űɞɡ ɛŮ 

Űɞ ɞɝɡɔɧɜɞ, Űɖɠ ɛɘəɟɐɠ ŮɜɏɟɔŮɘŬɠ ɘɞɜŰɘůɛɞɨ Űɞɡ əŬɘ Űɖɠ ɡɣɖɚɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ ˊɞɡ 

ˊŬɟɞɡůɘɎɕŮɘ. ɇɞ Űɟɞˊɞˊɞɘɖɛɏɜɞ TiO2 ɛŮ ɎɕɤŰɞ ɏɢŮɘ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɛŮ ŮˊɘŰɡɢɑŬ ɔɘŬ Űɖɜ 

Ŭˊɞŭɧɛɖůɖ ˊɞɚɚɩɜ ɟɨˊɤɜ Ŭˊɧ ɡŭŬŰɘəɎ ɛɏůŬ ɧˊɤɠ űŬɘɜɞɚɩɜ əŬɘ Űɤɜ ɢɟɤůŰɘəɩɜ methylene 

blue, methylene orange əŬɘ rhodamine ȸ ɛŮ Űɖ ɢɟɐůɖ ɞɟŬŰɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɗɩɠ əŬɘ ɔɘŬ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɖ Ŭɏɟɘɤɜ ɟɨˊɤɜ ɧˊɤɠ ˊŰɖŰɘəɏɠ ɞɟɔŬɜɘəɏɠ ŮɜɩůŮɘɠ, ɞɝŮɑŭɘŬ Űɞɡ ŬɕɩŰɞɡ ə.Ŭ. 

(Pelaez et al., 2012). 

 

 

ɆɢɐɛŬ 3.15: ȺɜŮɟɔŮɘŬəɎ ŮˊɑˊŮŭŬ ɇiO2 ŮɛˊɚɞɡŰɘůɛɏɜɞɡ ɛŮ ɎɕɤŰɞ (Daghrir et al., 2010; 

Giannakas et al., 2013a). 

 

ũɘŬ Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ŮɜůɤɛɎŰɤůɖ Űɞɡ ŬɕɩŰɞɡ ůŮ TiO2 ŮɑŰŮ 

ůŰɖɜ əɡɟɑɤɠ ɛɎɕŬ Űɞɡ əŬŰŬɚɨŰɖ ɐ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ˊɞɘəɑɚŮɠ  

ɛɏɗɞŭɞɘ, ɧˊɤɠ ŮɜŬˊɧɗŮůɖ ɛŮ ɘɞɜŰɞɓɞɚɐ (Nakano et al., 2005; Mwabora et al., 2004; Lee et 

al., 2009; Mart²nez-Ferrero et al., 2007; Abadias et al., 2010), ŮɛűɨŰŮɡůɖ ɘɧɜŰɤɜ 

(Premkumar, 2004; Jinlong et al., 2010) (Kafizas et al., 2010; Dunnill et al., 2009; 

Sarantopoulos et al., 2009), ŬŰɞɛɘəɐ ŮɜŬˊɧɗŮůɖ ůŰɘɓɎŭɤɜ (Pore et al., 2006), ́ Ŭɚɛɘəɐ 

ŮɜŬˊɧɗŮůɖ ɛŮ ɚɏɘɕŮɟ (Zhao et al., 2008) ə.Ŭ. Ʉɞɚɚɏɠ Ŭˊɧ Űɘɠ ɛŮɗɧŭɞɡɠ ŬɡŰɏɠ ɏɢɞɡɜ Ůˊɑůɖɠ 

ŮűŬɟɛɞůŰŮɑ ɔɘŬ Űɞɜ ŮɛˊɚɞɡŰɘůɛɧ ɛɞɜɞŭɘɎůŰŬŰɤɜ ɜŬɜɞŭɞɛɖɛɏɜɤɜ ŭɞɛɩɜ TiO2 (Pelaez et al., 

2012). ɋůŰɧůɞ, ɖ ˊɘɞ ŮɡɏɚɘəŰɖ ŰŮɢɜɘəɐ ɔɘŬ Űɖ ůɨɜɗŮůɖ ɜŬɜɞůɤɛŬŰɑŭɘɤɜ TiO2 
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Űɟɞˊɞˊɞɘɖɛɏɜɤɜ ɛŮ ɎɕɤŰɞ ŮɑɜŬɘ ɖ ɛɏɗɞŭɞɠ ˊɖəŰɐɠ-ɔŬɚŬəŰɩɛŬŰɞɠ (sol-gel), əŬɗɩɠ ɞɘ 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ ˊŮɘɟŬɛŬŰɘəɏɠ ŭɘŬŰɎɝŮɘɠ ŮɑɜŬɘ Ŭˊɚɏɠ əŬɘ ŮˊɘŰɟɏˊɞɡɜ Űɞɜ ɏɚŮɔɢɞ Űɖɠ 

ɜŬɜɞŭɞɛɐɠ, Űɖɠ ɛɞɟűɞɚɞɔɑŬɠ əŬɘ Űɞɡ ˊɞɟɩŭɞɡɠ Űɞɡ ɡɚɘəɞɨ (Pelaez et al., 2012).  

ȷɜ əŬɘ ɞɘ ˊŮɟɘůůɧŰŮɟŮɠ ɛŮɚɏŰŮɠ ɏɢɞɡɜ ŮůŰɘɎůŮɘ ůŰɞɜ ŮɛˊɚɞɡŰɘůɛɧ/ ůŰɖɜ  Ůɜɑůɢɡůɖ Űɞɡ 

əɟɡůŰŬɚɚɘəɞɨ ˊɚɏɔɛŬŰɞɠ Űɖɠ ɛɞɟűɐɠ Űɞɡ ŬɜŬŰɎůɖ ɛŮ ɎɕɤŰɞ, ɖ Űɟɞˊɞˊɞɑɖůɖ Űɖɠ 

ůɡɕŮɡɔɛɏɜɖɠ ŭɞɛɐɠ ŬɜŬŰɎůɖ-ɟɞɡŰɘɚɑɞɡ ɏɢŮɘ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ɛŮ əŬŰɎɚɚɖɚɖ ɟɨɗɛɘůɖ Űɤɜ 

ˊŬɟŬɛɏŰɟɤɜ əŬŰɎ Űɖ ůɨɜɗŮůɖ ɛŮ Űɖ ɛɏɗɞŭɞ ˊɖəŰɐɠ-ɔŬɚŬəŰɩɛŬŰɞɠ (Etacheri et al., 2010; Li  

and Shang, 2008). ɆɨɛűɤɜŬ ɛŮ Űɞɡɠ Etacheri et al. (2010) ŰɟɞˊɞˊɞɘɖɛɏɜŮɠ ŭɞɛɏɠ ŬɜŬŰɎůɖ-

ɟɞɡŰɘɚɑɞɡ ɛŮ ɎŰɞɛŬ ŬɕɩŰɞɡ  ɓɟɏɗɖəŬɜ ɜŬ ŮɑɜŬɘ  ŮɜɜɏŬ űɞɟɏɠ ˊŮɟɘůůɧŰŮɟɞ űɤŰɞəŬŰŬɚɡŰɘəɎ 

ŮɜŮɟɔɏɠ ůŮ ɛɐəɖ əɨɛŬŰɞɠ ɛŮɔŬɚɨŰŮɟŬ Ŭˊɧ 450 nm ůŮ ůɨɔəɟɘůɖ ɛŮ Űɞɜ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛɞ 

əŬŰŬɚɨŰɖ Degussa (Evonik) P25. 

Ⱥˊɘˊɚɏɞɜ, ŬˊɞŭŮɘəɜɨŮŰŬɘ ɧŰɘ əŬŰɎ Űɖ ɢɖɛɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ TiO2 ɛŮ ɎɕɤŰɞ ŮɑɜŬɘ ŭɡɜŬŰɧɜ 

ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ůɨɜɗŮůɖ ŭɨɞ ŭɘŬűɞɟŮŰɘəɩɜ ŭɞɛɩɜ, ɛŮ Űɞ ɎɕɤŰɞ ɜŬ ɓɟɑůəŮŰŬɘ ŮɑŰŮ ůŮ 

ŮɜŭɞˊɚŮɔɛŬŰɘəɏɠ  ŮɑŰŮ ůŮ ˊŬɟŬˊɚŮɔɛŬŰɘəɏɠ ɗɏůŮɘɠ (ɆɢɐɛŬ 3.16)  (Pelaez et al., 2012; Dozzi 

and Selli, 2013). ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ŮɜŭɞˊɚŮɔɛŬŰɘəɐɠ ɡˊɞəŬŰɎůŰŬůɖɠ (substitutional) Űɞ 

ɎɕɤŰɞ ŬɜŰɘəŬɗɘůŰɎ ɏɜŬ ɎŰɞɛɞ Ƀ əŬɘ ŮɘůɏɟɢŮŰŬɘ ůŰɖ ŭɞɛɐ, Ůɜɩ ůŰɖ ŭŮɨŰŮɟɖ ˊŮɟɑˊŰɤůɖ Űɞ 

ɎɕɤŰɞ ŮɘůɎɔŮŰŬɘ ˊŬɟŬˊɚŮɔɛŬŰɘəɎ (interstitial) ɤɠ ŬŰɏɚŮɘŬ ɢɤɟɑɠ ɜŬ əŬŰŬɚɎɓŮɘ Űɖ ɗɏůɖ 

əɎˊɞɘɞɡ ŬŰɧɛɞɡ. ȷɜ əŬɘ ˊɚɐɗɞɠ ɛŮɚŮŰɩɜ ɏɢɞɡɜ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ, ɖ ɗɏůɖ Űɞɡ ŬɕɩŰɞɡ ˊɞɡ 

ˊɟɞůŭɑŭŮɘ Űɖɜ ɡɣɖɚɧŰŮɟɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɟŬůŰɘəɧŰɖŰŬ ŬˊɞŰŮɚŮɑ ŬɜŰɘəŮɑɛŮɜɞ ůɡɕɐŰɖůɖɠ 

ŬɜɎɛŮůŬ ůŰɞɡɠ ŮɟŮɡɜɖŰɏɠ (Dunnill et al., 2009; Oropeza et al., 2010; Romero-Gomez et al., 

2009;  Braun et al., 2010).  

 

 

ɆɢɖɛŬ 3.16: ɉɖɛɘəɐ Űɟɞˊɞˊɞɑɖůɖ Űɞɡ TiO2 (ŬɜŬŰɎůɖ) ɛŮ ɎɕɤŰɞ Ŭ) ůŮ ŮɜŭɞˊɚŮɔɛŬŰɘəɏɠ  ɓ) 

ůŮ ˊŬɟŬˊɚŮɔɛŬŰɘəɏɠ ɗɏůŮɘɠ (Dozzi and Selli, 2013). 

 

ȼ Ůɜɑůɢɡůɖ Űɞɡ TiO2 ɛŮ űɗɧɟɘɞ Ŭɜ əŬɘ ŭŮɜ ɛŮŰŬŰɞˊɑɕŮɘ Űɞ ŮɜŮɟɔŮɘŬəɧ ɢɎůɛŬ Űɞɡ 

ɖɛɘŬɔɤɔɞɨ, ɓŮɚŰɘɩɜŮɘ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ ɞɝɨŰɖŰŬ, ˊɟɞəŬɚɩɜŰŬɠ Űɖ ŭɖɛɘɞɡɟɔɑŬ Ŭɜɖɔɛɏɜɤɜ 
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ɘɧɜŰɤɜ Ti
3+

 ɚɧɔɤ Űɖɠ ŬɜŰɘůŰɎɗɛɘůɖɠ űɞɟŰɑɞɡ ɛŮŰŬɝɨ Űɤɜ ɘɧɜŰɤɜ F
-
 əŬɘ  Ti

4+
. ɀŮ ŬɡŰɧɜ Űɞɜ 

Űɟɧˊɞ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɞ ŭɘŬɢɤɟɘůɛɧɠ űɞɟŰɑɞɡ əŬɘ ɓŮɚŰɘɩɜŮŰŬɘ ɖ ŬˊɞŭɞŰɘəɧŰɖŰŬ Űɤɜ 

űɤŰɞŮˊŬɔɧɛŮɜɤɜ ŭɘŮɟɔŬůɘɩɜ (Czoska et al., 2008). ȰɢŮɘ Ůˊɑůɖɠ ŬɜŬűŮɟɗŮɑ ɧŰɘ ɖ ŮɘůŬɔɤɔɐ 

Űɞɡ űɗɞɟɑɞɡ ůŰɞ əɟɡůŰŬɚɚɘəɧ ˊɚɏɔɛŬ Űɞɡ TiO2 ɛˊɞɟŮɑ ɜŬ ŬɡɝɐůŮɘ Űɖ ɗŮɟɛɞəɟŬůɑŬ 

ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ Űɞɡ ŬɜŬŰɎůɖ ůŮ ɟɞɡŰɑɚɘɞ. O Padmanabhan əŬɘ ɞɘ ůɡɜŮɟɔɎŰŮɠ Űɞɡ 

ůɡɜɏɗŮůŬɜ ŮˊɘŰɡɢɩɠ TiO2 Ůɜɘůɢɡɛɏɜɞ ɛŮ F ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɘůɞˊɟɞˊɞɝŮɑŭɘɞ Űɞɡ ŰɘŰŬɜɑɞɡ ɛŮ 

Űɟɑűɗɞɟɞ-ɞɝɘəɧ ɞɝɨ ɛŮ Űɖ ɛɏɗɞŭɞ ˊɖəŰɐɠ-ɔŬɚŬəŰɩɛŬŰɞɠ. Ƀ Űɟɞˊɞˊɞɘɖɛɏɜɞɠ əŬŰŬɚɨŰɖɠ ɛŮ 

űɗɧɟɘɞ ˊŬɟɞɡůɑŬůŮ ɡɣɖɚɧŰŮɟɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɟŬůŰɘəɧŰɖŰŬ ůŮ ůɢɏůɖ ɛŮ Űɞɜ ŮɛˊɞɟɘəɎ 

ŭɘŬɗɏůɘɛɞ Degussa (Evonik) P25, Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ŭɘŬŰɖɟɞɨůŮ Űɖɜ əɟɡůŰŬɚɚɘəɐ ɛɞɟűɐ Űɞɡ 

ŬɜŬŰɎůɖ  ůŮ ɗŮɟɛɞəɟŬůɑŮɠ ɛɏɢɟɘ 900Á C (Padmanabhan et al., 2007). ȼ ɢɖɛɘəɐ Űɟɞˊɞˊɞɑɖůɖ 

Űɞɡ  TiO2  ɛŮ  ɎɜɗɟŬəŬ, űɩůűɞɟɞ əŬɘ ɗŮɑɞ ɏɢŮɘ Ůˊɑůɖɠ ɞŭɖɔɐůŮɘ ůŰɖɜ ŮˊɏəŰŬůɖ Űɖɠ 

Ŭˊɧəɟɘůɖɠ Űɞɡ ɖɛɘŬɔɤɔɞɨ ůŰɞ ɞɟŬŰɧ űɎůɛŬ (Irie et al., 2003; Sakthivel and Kisch, 2003).  

ɀɑŬ Ɏɚɚɖ ŮɜŭɘŬűɏɟɞɡůŬ ˊɟɞůɏɔɔɘůɖ ˊɞɡ ɞŭɖɔŮɑ ůŰɖɜ ɛŮɑɤůɖ Űɞɡ ŮɜŮɟɔŮɘŬəɞɨ ɢɎůɛŬŰɞɠ 

Űɞɡ ɖɛɘŬɔɤɔɞɨ (TiO2)  əŬɘ ůŰɖɜ ŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ ůŰɖɜ ˊŮɟɘɞɢɐ Űɞɡ ɞɟŬŰɞɨ űɎůɛŬŰɞɠ  ŮɑɜŬɘ 

ɞ ůɡɜ-ŮɛˊɚɞɡŰɘůɛɧɠ (ůɡɜ-Ůɜɑůɢɡůɖ) ɛŮ ɎɕɤŰɞ-űɗɧɟɘɞ (Ɂ-F), ɎɕɤŰɞ-ɘɩŭɘɞ (N-I)  əŬɘ ɎɕɤŰɞ-

ɗŮɑɞ (N-S) (Giannakas et al., 2013a). ɆɨɛűɤɜŬ ɛŮ ɛŮɚɏŰŮɠ ˊɞɡ Ŭűɞɟɞɨɜ Űɖɜ ŮˊɑŭɟŬůɖ Űɖɠ 

ŮɘůŬɔɤɔɐɠ űɗɞɟɑɞɡ əŬɘ ŬɕɩŰɞɡ ůŰɖɜ əɟɡůŰŬɚɚɘəɐ ŭɞɛɐ Űɞɡ ɖɛɘŬɔɤɔɞɨ, ɖ ŭɘˊɚɎ 

ŮɛˊɚɞɡŰɘůɛɏɜɖ ŭɞɛɐ ŭɘŬŰɖɟŮɑ ŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɖɠ Ůɜɑůɢɡůɖɠ ɛŮ ɎɕɤŰɞ ŭɘŮɡɟɨɜɞɜŰŬɠ Űɖɜ 

Ŭˊɧəɟɘůɖ Űɞɡ TiO2 ůŰɞ ɞɟŬŰɧ űɎůɛŬ əŬɗɩɠ əŬɘ Űɞ ůɖɛŬɜŰɘəɧ ɟɧɚɞ Űɖɠ ŮɘůŬɔɤɔɐɠ Űɞɡ 

űɗɞɟɑɞɡ ůŰɞ ŭɘŬɢɤɟɘůɛɧ Űɤɜ űɞɟɏɤɜ űɞɟŰɑɞɡ. ɀŮɚŮŰɩɜŰŬɠ ˊŮɟŬɘŰɏɟɤ Űɖɜ ŮˊɑŭɟŬůɖ Űɞɡ 

ŭɘˊɚɞɨ ŮɛˊɚɞɡŰɘůɛɞɨ, ŬˊɞŭŮɑɢɗɖəŮ ɖ ɨˊŬɟɝɖ ůɡɜŮɟɔɘůŰɘəɩɜ űŬɘɜɞɛɏɜɤɜ. ȺɘŭɘəɧŰŮɟŬ, 

ŬˊɞŭŮɑɢɗɖəŮ ɧŰɘ ɖ ŮɘůŬɔɤɔɐ űɗɞɟɑɞɡ ůŮ ɢɖɛɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɞ ɛŮ ɎɕɤŰɞ ɖɛɘŬɔɤɔɧ 

ŬɜŬůŰɏɚɚŮɘ Űɖ ɛŮŰŬŰɟɞˊɐ Űɖɠ űɎůɖɠ Űɞɡ ŬɜŬŰɎůɖ ůŮ ɟɞɡŰɑɚɘɞ əŬɘ ŬˊɞŰɟɏˊŮɘ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɖ ŬɕɩŰɞɡ Ŭˊɧ Űɞ ˊɚɏɔɛŬ Űɞɡ ɡɚɘəɞɨ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ɗɏɟɛŬɜůɖɠ Űɞɡ ɡɚɘəɞɨ 

(Wu et al., 2010). ɄɟɧůűŬŰŮɠ ɛŮɚɏŰŮɠ ɛŮ EPR ŬˊɏŭŮɘɝŬɜ ɧŰɘ ŰŬ ɘɧɜŰŬ űɗɞɟɑɞɡ Ůɡɜɞɞɨɜ 

ůɖɛŬɜŰɘəɎ Űɖ ŭɖɛɘɞɡɟɔɑŬ ˊɚŮɔɛŬŰɘəɩɜ ɇi
3+ 
ůŮ ůɡɜ-ŮɛˊɚɞɡŰɘůɛɏɜɞ ɛŮ ɎɕɤŰɞ-űɗɧɟɘɞ (Ɂ-F) 

ɇiɃ2 ɞŭɖɔɩɜŰŬɠ ůŮ ɛɑŬ ɢŬɛɖɚɧŰŮɟɖɠ ŮɜɏɟɔŮɘŬɠ ˊɞɟŮɑŬ ɛŮŰŬűɞɟɎɠ ɖɚŮəŰɟɞɜɑɞɡ ůŮ ůɢɏůɖ ɛŮ 

Űɞ ŮɛˊɚɞɡŰɘůɛɏɜɞ ɛŮ N-ɇiO2 (Giannakas et al., 2013a).  

 

3.4.7. ȷəɘɜɖŰɞˊɞɑɖůɖ 

 

ȷɜ əŬɘ Űɞ TiO2 ŮɑɜŬɘ ɏɤɠ ůɐɛŮɟŬ ɞ ˊɚɏɞɜ ɡˊɞůɢɧɛŮɜɞɠ űɤŰɞəŬŰŬɚɨŰɖɠ ɔɘŬ 

ˊŮɟɘɓŬɚɚɞɜŰɘəɏɠ ŮűŬɟɛɞɔɏɠ, ɖ ŭɡůəɞɚɑŬ Űɞɡ ůŰŬŭɑɞɡ ŬˊɞɛɎəɟɡɜůɐɠ Űɞɡ Ŭˊɧ ŰŬ 

ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬˊɧɓɚɖŰŬ ůŰɞ Űɏɚɞɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ əŬɗŬɟɘůɛɞɨ ŬɡŰɩɜ, ˊŬɟŬɛɏɜŮɘ ɏɜŬ 

ůɖɛŬɜŰɘəɧ ɛŮɘɞɜɏəŰɖɛŬ. ɄɟɞəŮɘɛɏɜɞɡ ɜŬ ɝŮˊŮɟŬůŰɞɨɜ ɞɘ ˊɟŬəŰɘəɏɠ ŬɡŰɏɠ ŭɡůəɞɚɑŮɠ Űɞ 
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ŮɜŭɘŬűɏɟɞɜ Űɖɠ ŮˊɘůŰɖɛɞɜɘəɐɠ əɞɘɜɧŰɖŰŬɠ ɏɢŮɘ ůŰɟŬűŮɑ ůŰɖɜ ŬɜɎˊŰɡɝɖ ŬəɘɜɖŰɞˊɞɘɖɛɏɜɤɜ 

ŭɞɛɩɜ TiO2 (ɜŬɜɞəɟɡůŰŬɚɚɘəɩɜ ɡɛŮɜɑɤɜ) ŮˊɎɜɤ ůŮ əŬŰɎɚɚɖɚŬ ɡˊɞůŰɟɩɛŬŰŬ (Seabra et 

al., 2011). 

ɈˊɞůŰɟɩɛŬŰŬ əŬŰɎɚɚɖɚŬ ɔɘŬ Űɖɜ ŮɜŬˊɧɗŮůɖ əŬŰŬɚɡŰɩɜ ɗŬ ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ɢɖɛɘəɎ 

ŬŭɟŬɜɐ, ɜŬ ɏɢɞɡɜ ɛŮɔɎɚɖ ŮɜŮɟɔɧ ŮˊɘűɎɜŮɘŬ, ɜŬ ɛɖɜ ɡűɑůŰŬɜŰŬɘ űɤŰɞŭɘɎɓɟɤůɖ, ɜŬ ɛɖɜ 

Ŭˊɞɟɟɞűɞɨɜ Űɖɜ ɡˊŮɟɘɩŭɖ ɐ ɞɟŬŰɐ ŬəŰɘɜɞɓɞɚɑŬ əŬɘ ɜŬ Ůɡɜɞɞɨɜ Űɖɜ ŬɜɎˊŰɡɝɖ ɘůɢɡɟɩɜ 

űɡůɘəɞɢɖɛɘəɩɜ ŭŮůɛɩɜ ɛŮ Űɞɜ əŬŰŬɚɨŰɖ ɢɤɟɑɠ ɜŬ ŮˊɖɟŮɎɕŮɘ Űɖ ŭɟŬůŰɘəɧŰɖŰŬ Űɞɡ.  

Ⱥˊɘˊɚɏɞɜ, ɖ űɡůɘəɐ ŭɘŬɛɧɟűɤůɖ Űɞɡɠ ɗŬ ˊɟɏˊŮɘ ɜŬ ŮˊɘŰɟɏˊŮɘ Űɞɜ ŰŮɚɘəɧ ŭɘŬɢɤɟɘůɛɧ 

ɡɔɟɐɠ/ůŰŮɟŮɐɠ űɎůɖɠ əŬɗɩɠ əŬɘ Űɞ ůɢŮŭɘŬůɛɧ ŬɜŰɘŭɟŬůŰɐɟɤɜ ˊɞɡ ɜŬ ŭɘŮɡəɞɚɨɜɞɡɜ Űɘɠ 

ŭɘŮɟɔŬůɑŮɠ ɛŮŰŬűɞɟɎɠ ɛɎɕŬɠ (Shan et al., 2010; Faramarzpour et al., 2009; Pozzo et al., 

1997). ɆɐɛŮɟŬ, ɡɛɏɜɘŬ ɇiɃ2 ɏɢɞɡɜ ˊŬɟŬůəŮɡŬůŰŮɑ ɛŮ ŮɜŬˊɧɗŮůɖ ˊɞůɧŰɖŰŬɠ əŬŰŬɚɨŰɖ ůŮ ɛɑŬ 

ˊɞɘəɘɚɑŬ ɡˊɞůŰɟɤɛɎŰɤɜ ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɡˊɞůŰɟɩɛŬŰŬ Ŭˊɧ ɕŮɧɚɘɗɞ, ɎɜɗɟŬəŬ, ɔɡŬɚɑ, 

ɢŬɚŬɕɑŬ, ˊɞɚɡŬɘɗɡɚɏɜɘɞ, ˊɡɟɑŰɘɞ, ŬŰůɎɚɘ, əŮɟŬɛɘəɎ, ɑɜŮɠ ɡɎɚɞɡ, ɞˊŰɘəɏɠ ɑɜŮɠ Ŭəɧɛɖ əŬɘ ůŮ 

ɢŬɟŰɑ əŬɘ ɡűɎůɛŬŰŬ (Adams et al., 2013; Guillard et al., 2003) ə.Ŭ. ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɛɘŬ 

ˊɞɘəɘɚɑŬ ŰŮɢɜɘəɩɜ ŮɜŬˊɧɗŮůɖɠ ŬɜɎɛŮůŬ ůŰɘɠ ɞˊɞɑŮɠ ɖ ŰŮɢɜɘəɐ ˊɖəŰɐɠ-ɔŬɚŬəŰɩɛŬŰɞɠ (sol-

gel), ɖ ŰŮɢɜɘəɐ Űɖɠ ŬˊɧɗŮůɖɠ ɢɖɛɘəɩɜ ŬŰɛɩɜ (chemical vapor deposition), ɞɘ ŰŮɢɜɘəɏɠ 

ŮˊɑůŰɟɤůɖɠ ɛŮ ŮɛɓɎˊŰɘůɖ (dip coating), ɖ ɖɚŮəŰɟɞűɞɟɖŰɘəɐ ŮɜŬˊɧɗŮůɖ (electrophoretic 

deposition), ɖ ŮɝɎŰɛɘůɖ ɛŮ ŭɏůɛɖ ɘɧɜŰɤɜ (ion beam evaporation), ɖ ɡŭɟɞɗŮɟɛɘəɐ ɛɏɗɞŭɞɠ 

(hydrothermal methods) əŬɘ ˊɞɚɚɏɠ Ŭəɧɛɖ (Wang et al., 2010).   

ȺəŰɧɠ Ŭˊɧ ŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ɞɘ ŬəɘɜɖŰɞˊɞɘɖɛɏɜŮɠ ɛɞɟűɏɠ Űɞɡ TiO2 

əŬɘ ɎˊŰɞɜŰŬɘ Űɖɠ ˊɟŬəŰɘəɐɠ ŮűŬɟɛɞɔɐɠ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ (ŮɡəɞɚɑŬ ůŰɖɜ 

ŬˊɞɛɎəɟɡɜůɖ Űɞɡ əŬŰŬɚɨŰɖ ůŰɞ Űɏɚɞɠ Űɖɠ ŮˊŮɝŮɟɔŬůɑŬɠ əŬɘ ůŰɖ ɢɟɐůɖ Űɞɡ ůŰɞɜ 

ŬɜŰɘŭɟŬůŰɐɟŬ), ůɖɛŬɜŰɘəɧ ˊɚŮɞɜɏəŰɖɛŬ Űɖɠ ɛŮɗɧŭɞɡ ŬəɘɜɖŰɞˊɞɑɖůɖɠ ŮɑɜŬɘ  ɖ ŭɡɜŬŰɧŰɖŰŬ 

ŮűŬɟɛɞɔɐɠ ŭɡɜŬɛɘəɞɨ ˊɧɚɤůɖɠ ůŰɞ ɡɛɏɜɘɞ. ɀŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

ŬˊɞŰŮɚŮůɛŬŰɘəɧɠ ŭɘŬɢɤɟɘůɛɧɠ Űɤɜ űɤŰɞŮˊŬɔɧɛŮɜɤɜ űɞɟɏɤɜ űɞɟŰɑɞɡ (ɞˊɩɜ əŬɘ 

ɖɚŮəŰɟɞɜɑɤɜ) əŬɘ ɓŮɚŰɑɤůɖ Űɖɠ əɓŬɜŰɘəɐɠ Ŭˊɧŭɞůɖɠ (ȹŮɚɖɔɘŬɜɜɎəɖɠ, 2011). 

ȺɜŰɞɨŰɞɘɠ, ˊŬɟɎ Űɘɠ ŰɧůŮɠ ˊɟɞůˊɎɗŮɘŮɠ, ŭŮɜ ŮɑɜŬɘ ŬəɧɛŬ ůŬűɏɠ Ŭɜ ŬɡŰɐ ɖ ɛɏɗɞŭɞɠ ŮɑɜŬɘ  

əŬŰŬɚɚɖɚɧŰŮɟɖ Ŭˊɧ Ɏˊɞɣɖ ɛɖɢŬɜɘəɐɠ ůŰŬɗŮɟɧŰɖŰŬɠ əŬɘ űɤŰɞɢɖɛɘəɐɠ ɘəŬɜɧŰɖŰŬɠ. ɆɡɢɜɎ, ɞɘ 

ŬəɘɜɖŰɞˊɞɘɖɛɏɜɞɘ əŬŰŬɚɨŰŮɠ ɞŭɖɔɞɨɜ ůŮ ɛŮɘɤɛɏɜɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŬˊɞŭɞŰɘəɧŰɖŰɎ ůŮ 

ůɨɔəɟɘůɖ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢŬ ŬɘɤɟɐɛŬŰŬ. ȼ ɛŮŰŬɓɞɚɐ Űɖɠ ŭɟŬůŰɘəɧŰɖŰŬɠ Űɞɡ əŬŰŬɚɨŰɖ əŬŰɎ 

Űɖɜ ŬəɘɜɖŰɞˊɞɑɖůɖ Űɞɡ ɏɢŮɘ ůɡůɢŮŰɘůŰŮɑ əɡɟɑɤɠ ɛŮ Űɖ ɛŮɑɤůɖ Űɖɠ ŭɟŬůŰɘəɐɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ 

əŬŰŬɚɨŰɖ, ŮɝŬɘŰɑŬɠ ůɢɖɛŬŰɘůɛɞɨ ůɡůůɤɛŬŰɤɛɎŰɤɜ əŬɘ ůɨɕŮɡɝɖɠ ɛŮ Űɞ ɡɚɘəɧ ɡˊɞůŰɐɟɘɝɖɠ 

Űɞɡ əŬɘ ɛŮ Űɖ ɛŮŰŬɓɞɚɐ Űɖɠ əɟɡůŰŬɚɚɘəɐɠ ŭɞɛɐɠ Űɞɡ əŬŰŬɚɨŰɖ əŬŰɎ Űɞ ůɢɖɛŬŰɘůɛɧ Űɤɜ 

ɡɛŮɜɑɤɜ (Pozzo et al., 1997). ȼ ˊŬɔɑŭŮɡůɖ ůɤɛŬŰɘŭɑɤɜ Űɞɡ əŬŰŬɚɨŰɖ ůŮ ɛɘəɟɞˊɧɟɞɡɠ Űɞɡ 
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ɡˊɞůŰɖɟɘəŰɘəɞɨ ɡɚɘəɞɨ, ɧˊɞɡ ɖ ŬəŰɘɜɞɓɞɚɑŬ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŭɘŮɘůŭɨůŮɘ əŬɘ ɞɘ ɛŮŰŬɓɞɚɏɠ ůŰɖɜ 

ŮɜŮɟɔŮɘŬəɐ ŭɞɛɐ Űɤɜ ɕɤɜɩɜ, ŮɝŬɘŰɑŬɠ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ ŭŮůɛɩɜ ɛŮ Űɞ ɡˊɞůŰɖɟɘəŰɘəɧ ɡɚɘəɧ 

əŬɘ/ɐ Űɞɡ ɛɘəɟɞɨ ɛŮɔɏɗɞɡɠ ůɤɛŬŰɘŭɑɤɜ Űɞɡ ɡɛŮɜɑɞɡ ɛˊɞɟɞɨɜ Ůˊɑůɖɠ ɜŬ ɛŮŰŬɓɎɚɚɞɡɜ Űɖ 

ŭɟŬůŰɘəɧŰɖŰŬ Űɞɡ əŬŰŬɚɨŰɖ (Pozzo et al., 1997). Ⱥˊɑůɖɠ ɖ ŬɜŬɔɏɜɜɖůɖ Űɞɡ əŬŰŬɚɨŰɖ ŮɑɜŬɘ 

ɑůɤɠ ŮɡəɞɚɧŰŮɟɖ ɛŮ Űɖ ɢɟɐůɖ ŬɘɤɟɖɛɎŰɤɜ, Ůɜɩ ɡˊɎɟɢɞɡɜ ŮɜŭŮɑɝŮɘɠ ɧŰɘ ɖ ɚŮˊŰɐ ŭɘŬɛɧɟűɤůɖ 

Űɞɡ űɤŰɞəŬŰŬɚɨŰɖ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ŮɡŬɑůɗɖŰɖ ůŰɖ ŭɖɚɖŰɖɟɑŬůɖ əŬɘ Űɖɜ ɛɧɜɘɛɖ 

ŬˊŮɜŮɟɔɞˊɞɑɖůɖ. ȰŰůɘ, ŬˊŬɘŰɞɨɜŰŬɘ Ůɘŭɘəɏɠ ˊɟɞůˊɎɗŮɘŮɠ ɔɘŬ Űɖɜ ˊɟɞůŬɟɛɞɔɐ Űɖɠ 

ɛɞɟűɞɚɞɔɑŬɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ ɚŮˊŰɩɜ ɡɛŮɜɑɤɜ ɔɘŬ Űɘɠ űɤŰɞəŬŰŬɚɡŰɘəɏɠ ŬˊŬɘŰɐůŮɘɠ 

Ů́ ŮɝŮɟɔŬůɑŬɠ ɡŭɎŰɤɜ əŬɘ ɡŭŬŰɘəɩɜ ŬˊɞɓɚɐŰɤɜ (ȹŮɚɖɔɘŬɜɜɎəɖɠ, 2011). 
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3.5. ȸŬůɘəɏɠ Ŭɟɢɏɠ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ 

 

3.5.1. ɀɖɢŬɜɘůɛɧɠ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ 

 

ȼ ŮŰŮɟɞɔŮɜɐɠ űɤŰɞəŬŰɎɚɡůɖ ɛˊɞɟŮɑ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ůŮ ŭɘɎűɞɟŬ ɛɏůŬ ŬɜŰɑŭɟŬůɖɠ: 

ůŰɖɜ ŬɏɟɘŬ űɎůɖ, ůŰɖɜ ɡɔɟɐ ɞɟɔŬɜɘəɐ űɎůɖ ɐ ůŮ ɡŭŬŰɘəɎ ŭɘŬɚɨɛŬŰŬ. ɆŰɖɜ ɡɔɟɐ űɎůɖ, ɧˊɤɠ 

əŬɘ ůŰɖɜ əɚŬůɘəɐ ŮŰŮɟɞɔŮɜɐ əŬŰɎɚɡůɖ, ɖ ɞɚɘəɐ ŭɘŮɟɔŬůɑŬ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰŬɚɨůɖɠ 

ˊŮɟɘɚŬɛɓɎɜŮɘ ŰŬ Ůɝɐɠ ˊɏɜŰŮ ŬɜŮɝɎɟŰɖŰŬ ůŰɎŭɘŬ (Herrmann, 2005):  

1. ɀŮŰŬűɞɟɎ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ŮɜɩůŮɤɜ Ŭˊɧ Űɖɜ ɡɔɟɐ űɎůɖ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

əŬŰŬɚɨŰɖ. 

2. Ʉɟɞůɟɧűɖůɖ, ŰɞɡɚɎɢɘůŰɞɜ ɛɘŬɠ Ŭˊɧ Űɘɠ ŬɜŰɘŭɟɩɜŰŮɠ ŮɜɩůŮɘɠ, ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

əŬŰŬɚɨŰɖ. 

3. ȷɜŰɑŭɟŬůɖ ůŰɖɜ ˊɟɞůɟɞűɖɛɏɜɖ űɎůɖ. 

4. Ⱥəɟɧűɖůɖ Űɞɡ ˊɟɞɥɧɜŰɞɠ ɐ Űɤɜ ˊɟɞɥɧɜŰɤɜ Űɖɠ ŬɜŰɑŭɟŬůɖɠ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

əŬŰŬɚɨŰɖ. 

5. ȷˊɞɛɎəɟɡɜůɖ Űɤɜ ˊɟɞɥɧɜŰɤɜ Ŭˊɧ Űɖɜ ˊŮɟɘɞɢɐ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ. 

ȼ ŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ əŬŰŬɚɨŰɖ ŭŮɜ ůɢŮŰɑɕŮŰŬɘ ɛŮ ŰŬ ůŰɎŭɘŬ 1,2,4,5 ˊŬɟɧɚɞ ˊɞɡ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ űɤŰɞˊɟɞůɟɧűɖůɖ ɐ űɤŰɞŮəɟɧűɖůɖ Űɤɜ ŬɜŰɘŭɟɩɜŰɤɜ əŬɘ əɡɟɑɤɠ Űɞɡ 

ɞɝɡɔɧɜɞɡ. ȼ űɤŰɞəŬŰŬɚɡŰɘəɐ ŬɜŰɑŭɟŬůɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ  ůŰɞ ɆŰɎŭɘɞ 3  Űɞ ɞˊɞɑɞ  ɛˊɞɟŮɑ 

ɜŬ ŭɘŬɢɤɟɘůŰŮɑ ůŰŬ Ůɝɐɠ ŰɟɑŬ Ůˊɘɛɏɟɞɡɠ ůŰɎŭɘŬ (Herrmann, 2005):  

3.1. ȷˊɞɟɟɧűɖůɖ Űɤɜ űɤŰɞɜɑɤɜ Ŭˊɧ Űɞ ɖɛɘŬɔɩɔɘɛɞ ůŰŮɟŮɧ əŬɘ ɧɢɘ Ŭˊɧ ŰŬ ŬɜŰɘŭɟɩɜŰŬ. 

3.2. ūɤŰɞɔɏɜŮůɖ Űɤɜ ɕŮɡɔɩɜ ɗŮŰɘəɐɠ ɞˊɐɠ-ɖɚŮəŰɟɞɜɑɞɡ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ŭɘɏɔŮɟůɖɠ 

Űɞɡ ɖɛɘŬɔɤɔɞɨ ɛŮ ŬəŰɘɜɞɓɞɚɑŬ əŬŰɎɚɚɖɚɖɠ ŮɜɏɟɔŮɘŬɠ əŬɘ ŭɘŬɢɤɟɘůɛɧɠ Űɞɡ ɕŮɨɔɞɡɠ. 

3.3 ȷɜŰɘŭɟɎůŮɘɠ ɛŮŰŬűɞɟɎɠ ɖɚŮəŰɟɞɜɑɤɜ ɧˊɤɠ ɟɧűɖůɖ ɘɧɜŰɤɜ (ionosorption) 

(ˊ.ɢ. ůŰɖɜ ˊŮɟɑˊŰɤůɖ O2, NɃ), ŮɝɞɡŭŮŰɏɟɤůɖ űɞɟŰɑɞɡ, ůɢɖɛŬŰɘůɛɧɠ ɟɘɕɩɜ, ŮˊɘűŬɜŮɘŬəɏɠ 

ŬɜŰɘŭɟɎůŮɘɠ. 

ȳˊɤɠ ɐŭɖ ɏɢŮɘ ŬɜŬűŮɟɗŮɑ, ɤɠ űɤŰɞəŬŰŬɚɨŰŮɠ ůŰɖɜ ŮŰŮɟɞɔŮɜɐ űɤŰɞəŬŰɎɚɡůɖ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůɡɜɐɗɤɠ ɖɛɘŬɔɤɔɞɑ (Mills  and Lee, 2004). ȾŬŰɎ Űɖɜ ŬəŰɘɜɞɓɧɚɖůɖ Ůɜɧɠ 

ɖɛɘŬɔɤɔɞɨ ɛŮ űɤŰɧɜɘŬ ŮɜɏɟɔŮɘŬɠ ɑůɖɠ ɐ ɛŮɔŬɚɨŰŮɟɖɠ Űɞɡ ŮɜŮɟɔŮɘŬəɞɨ Űɞɡ ɢɎůɛŬŰɞɠ (hv> 

Eg), ŬɡŰɧɠ ŭɘŮɔŮɑɟŮŰŬɘ ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɕŮɨɔɖ ɞˊɩɜ-ɖɚŮəŰɟɞɜɑɤɜ (h
+
-e

-
) (ɆɢɐɛŬ 3.17). ɇɞ 

ɖɚŮəŰɟɧɜɘɞ ɚɧɔɤ Űɖɠ Ŭɡɝɖɛɏɜɖɠ ŮɜɏɟɔŮɘŬɠ Űɞɡ ɛŮŰŬˊɖŭɎ Ŭˊɧ Űɖ ɕɩɜɖ ůɗɏɜɞɡɠ ůŰɖ ɕɩɜɖ 

ŬɔɤɔɘɛɧŰɖŰŬɠ ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏŰůɘ ɛɑŬ ɗŮŰɘəɐ ɞˊɐ (h
+
) ůŰɖ ɕɩɜɖ ůɗɏɜɞɡɠ. Ƀɘ ɞˊɏɠ Űɖɠ ɕɩɜɖɠ 

ůɗɏɜɞɡɠ ŮɑɜŬɘ ɘůɢɡɟɎ ɞɝŮɘŭɤŰɘəɎ (Ŭˊɧ +1,0 ɛɏɢɟɘ +3,5V ɏɤɠ ˊɟɞɠ Űɞ NHE ŬɜɎɚɞɔŬ ɛŮ Űɞɜ 

ɖɛɘŬɔɤɔɧ) , Ůɜɩ ŰŬ ɖɚŮəŰɟɧɜɘŬ Űɖɠ ɕɩɜɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ ɘůɢɡɟɎ ŬɜŬɔɤɔɘəɎ (+0,5 ɏɤɠ ï1,5V 

ɤɠ ˊɟɞɠ Űɞ NHE) (Litter, 2005)  
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ɆɢɐɛŬ 3.17: Ȼɩɜɖ ůɗɏɜɞɡɠ, ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ əŬɘ ŭɖɛɘɞɡɟɔɑŬ ɕŮɨɔɞɡɠ ɞˊɐɠ-ɖɚŮəŰɟɞɜɑɞɡ 

ůŮ ɖɛɘŬɔɤɔɞɨɠ (Pera-Titus et al., 2004). 

 

ȾŬŰɎ Űɖɜ ŬˊɞɡůɑŬ əŬŰɎɚɚɖɚɤɜ ŮɜɩůŮɤɜ ˊɞɡ ŭŮůɛŮɨɞɡɜ ŰŬ űɤŰɞŭɖɛɘɞɡɟɔɞɨɛŮɜŬ Ůɑŭɖ 

(ɖɚŮəŰɟɧɜɘŬ əŬɘ ɞˊɏɠ), ɖ ŮɜɏɟɔŮɘŬ ˊɞɡ ŬˊɞɗɖəŮɨŮŰŬɘ ůŰɞɜ ɖɛɘŬɔɤɔɧ ŬˊɞɓɎɚɚŮŰŬɘ ɛɏůŬ ůŮ 

ɛŮɟɘəɎ ɜŬɜɞŭŮɡŰŮɟɧɚŮˊŰŬ (ns) ŮɝŬɘŰɑŬɠ Űɖɠ ŮˊŬɜŬůɨɜŭŮůɐɠ Űɞɡɠ. ȷɜ ɧɛɤɠ ɡˊɎɟɢɞɡɜ 

əŬŰɎɚɚɖɚŮɠ ŮɜɩůŮɘɠ ɔɘŬ ɜŬ ŬɜŰɘŭɟɎůɞɡɜ, ŮɑŰŮ ɛŮ Űɞ ɖɚŮəŰɟɧɜɘɞ ŮɑŰŮ ɛŮ Űɖɜ ɞˊɐ, ŰɧŰŮ ɖ 

ŮˊŬɜŬůɨɜŭŮůɖ ŬˊɞŰɟɏˊŮŰŬɘ əŬɘ ɛˊɞɟɞɨɜ ɜŬ ůɡɛɓɞɨɜ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ. ũɘŬ 

ˊŬɟɎŭŮɘɔɛŬ, Ŭɜ ɡˊɎɟɢŮɘ ɏɜŬɠ ɖɚŮəɟɞɜɘɞŭɧŰɖɠ, D, ˊɟɞůɟɞűɖɛɏɜɞɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

ɖɛɘŬɔɤɔɞɨ, ɞɘ  űɤŰɞŭɖɛɘɞɡɟɔɞɨɛŮɜŮɠ ɞˊɏɠ ɛˊɞɟɞɨɜ ɜŬ ŬɜŰɘŭɟɎůɞɡɜ ɎɛŮůŬ ɐ ɏɛɛŮůŬ ɛŮ 

ŬɡŰɧɜ əŬɘ ɜŬ ˊŬɟɎɔɞɡɜ ɏɜŬ ɞɝŮɘŭɤɛɏɜɞ ˊɟɞɥɧɜ D
+
. ȳɛɞɘŬ, Ŭɜ ɡˊɎɟɢŮɘ ɏɜŬɠ ɖɚŮəŰɟɞɜɘɞŭɏəŰɖɠ 

ȷ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ, ŰŬ űɤŰɞŭɖɛɘɞɡɟɔɞɨɛŮɜŬ ɖɚŮəŰɟɧɜɘŬ Űɖɠ ɕɩɜɖɠ 

ŬɔɤɔɘɛɧŰɖŰŬɠ ɛˊɞɟɞɨɜ ɜŬ ŬɜŰɘŭɟɎůɞɡɜ ɎɛŮůŬ ɐ ɏɛɛŮůŬ ɛŮ ŬɡŰɧɜ əŬɘ ɜŬ ˊŬɟɎɔɞɡɜ ɏɜŬ 

ˊɟɞɥɧɜ ŬɜŬɔɤɔɐɠ ȷ
-
. ɆŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ, ɖ ɞɚɘəɐ ŬɜŰɑŭɟŬůɖ ɛˊɞɟŮɑ ɜŬ ůɡɜɞɣɘůŰŮɑ ɤɠ 

Ůɝɐɠ (Mills  and Lee, 2004) :  

 

 

 

Ƀɘ ŮɜŮɟɔŮɘŬəɏɠ ŭɘŬɓŬɗɛɑůŮɘɠ Űɤɜ ŭɘŮɟɔŬůɘɩɜ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ŬɜŰɑŭɟŬůɖ 

ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 3.18 ˊɞɡ ŬəɞɚɞɡɗŮɑ.  
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ɆɢɐɛŬ 3.18: ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ ŮɜŮɟɔŮɘɩɜ Űɤɜ ŭɘŮɟɔŬůɘɩɜ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ 

ůŰɖɜ ŮŰŮɟɞɔŮɜɐ űɤŰɞəŬŰɎɚɡůɖ (Mills  and Lee, 2004). 

 

ȾŬŰɎ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ Ⱥū ɔɘŬ Űɞ əŬɗŬɟɘůɛɧ  Űɞɡ ɜŮɟɞɨ, ɞ ŭɏəŰɖɠ ɖɚŮəŰɟɞɜɑɤɜ ŮɑɜŬɘ  

əŬŰɎ əŬɜɧɜŬ Űɞ ŭɘŬɚɡɛɏɜɞ ɞɝɡɔɧɜɞ əŬɘ ɞ ŭɧŰɖɠ ɖɚŮəŰɟɞɜɑɤɜ, D, ŮɑɜŬɘ ɞ ɟɨˊɞɠ əŬɘ ɖ ɞɚɘəɐ 

ŬɜŰɑŭɟŬůɖ ŮɑɜŬɘ ɖ Ůɝɐɠ:  

 

ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ ŭɘŮɟɔŬůɘɩɜ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ ůŰɞ ůɤɛŬŰɑŭɘɞ Űɞɡ 

ɖɛɘŬɔɩɔɘɛɞɡ űɤŰɞəŬŰɎɚɡŰɖ əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ 3.11 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 3.19. ɀŮŰɎ 

Űɖɜ űɤŰɞŮɜŮɟɔɞˊɞɑɖůɖ, ŮˊŬɜŬůɨɜŭŮůɖ Űɞɡ ɕŮɨɔɞɡɠ ɞˊɐɠ-ɖɚŮəŰɟɞɜɑɞɡ ɛˊɞɟŮɑ ɜŬ ůɡɛɓŮɑ (Ŭ) 

ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ɖɛɘŬɔɤɔɞɨ ɐ (ɓ) ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ůɤɛŬŰɘŭɑɞɡ, (ɔ) ŰŬ 

űɤŰɞŭɖɛɘɞɡɟɔɞɨɛŮɜŬ ɖɚŮəŰɟɧɜɘŬ ɛˊɞɟɞɨɜ ɜŬ ŬɜɎɔɞɡɜ Űɞ ˊɟɞůɟɞűɖɛɏɜɞ ɞɝɡɔɧɜɞ ůŮ  

ɡˊŮɟɞɝŮɘŭɘəɎ ŬɜɘɧɜŰŬ (ŭ) ɞɘ ɞˊɏɠ ɛˊɞɟɞɨɜ ɜŬ ɞɝŮɘŭɩůɞɡɜ Űɞ ˊɟɞůɟɞűɖɛɏɜɞ ɟɨˊɞ, ůŮ 

ŬɜɧɟɔŬɜŮɠ ŮɜɩůŮɘɠ, ůɡɜɐɗɤɠ CO2 əŬɘ H2O (Mills  and Lee, 2004). 
 

 

ɆɢɐɛŬ 319: ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ ŭɘŮɟɔŬůɘɩɜ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ůŮ ɏɜŬ 

ɖɛɘŬɔɩɔɘɛɞ ůɤɛŬŰɑŭɘɞ ɛŮŰɎ Ŭˊɧ Űɖ űɤŰɞŭɘɏɔŮɟůɖ Űɞɡ ůŮ ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ ˊɞɡ ˊŮɟɘɏɢŮɘ 

ŭɘŬɚɡɛɏɜɞ ɞɝɡɔɧɜɞ əŬɘ ɟɨˊɞ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɞɝŮɘŭɤɗŮɑ  (Mills  and Lee, 2004).   
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 Ƀ ɛɖɢŬɜɘůɛɧɠ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ ɛŮ Űɖ ɢɟɐůɖ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ 

ŰɘŰŬɜɑɞɡ ŬɜŬˊŬɟɑůŰŬŰŬɘ ɔɟŬűɘəɎ ůŰɞ ɆɢɐɛŬ 3.20 Ůɜɩ ɞɘ əɨɟɘŮɠ ŬɜŰɘŭɟɎůŮɘɠ ˊɞɡ ɚŬɛɓɎɜɞɡɜ 

ɢɩɟŬ ůŰɖ űɤŰɞəŬŰɎɚɡůɖ ŭɑɜɞɜŰŬɘ  ɛŮ Űɘɠ ɢɖɛɘəɏɠ ŮɝɘůɩůŮɘɠ 3.12-3.22 (Wang et al., 1999): 

 

 

 

ȼ űɤŰɞəŬŰŬɚɡŰɘəɐ ɞɝŮɑŭɤůɖ ɝŮəɘɜɎ ɛŮ Űɖ ŭɘɏɔŮɟůɖ Űɞɡ əŬŰŬɚɨŰɖ əŬɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ 

ɕŮɨɔɞɡɠ ɞˊɐɠ/ɖɚŮəŰɟɞɜɑɞɡ (ŬɜŰɑŭɟŬůɖ 3.12). Ƀɘ űɞɟŮɑɠ űɞɟŰɑɞɡ ɛˊɞɟɞɨɜ ɜŬ ˊŬɔɘŭŮɡŰɞɨɜ ɤɠ 

ŬŰɏɚŮɘŮɠ ŭɞɛɐɠ ůŰɞ əɟɡůŰŬɚɚɘəɧ ˊɚɏɔɛŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ, ŮɑŰŮ ɜŬ ŮˊŬɜŬůɡɜŭŮɗɞɨɜ, 

ŬˊŮɚŮɡɗŮɟɩɜɞɜŰŬɠ ŮɜɏɟɔŮɘŬ. ȺɜŬɚɚŬəŰɘəɎ, ɞɘ űɞɟŮɑɠ űɞɟŰɑɞɡ ɛˊɞɟɞɨɜ ɜŬ ŭɘŬɢɡɗɞɨɜ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ əŬɘ ɜŬ Ůəəɘɜɐůɞɡɜ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ (ɆɢɐɛŬ 3.20) ɛŮ 

ŰŬ ˊɟɞůɟɞűɖɛɏɜŬ Ůɑŭɖ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ (Pelaez et al., 2012).  

Ƀɘ űɤŰɞŭɖɛɘɞɡɟɔɞɨɛŮɜŮɠ ɞˊɏɠ  ɛˊɞɟɞɨɜ ɜŬ ŬɜŰɘŭɟɎůɞɡɜ ŮɑŰŮ ɛŮ ɛɧɟɘŬ ɜŮɟɞɨ ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ 

ˊɟɞůɟɞűɖɛɏɜŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ (ŬɜŰɑŭɟŬůɖ 3.13) ŮɑŰŮ ɛŮ ˊɟɞůɟɞűɖɛɏɜŬ ɘɧɜŰŬ 

ɡŭɟɞɝɡɚɑɞɡ (ŬɜŰɑŭɟŬůɖ 3.14) ɞŭɖɔɩɜŰŬɠ ůŰɞ ůɢɖɛŬŰɘůɛɧ Űɤɜ ˊɞɚɨ ŭɟŬůŰɘəɩɜ ɟɘɕɩɜ 

ɡŭɟɞɝɡɚɑɞɡ. ɇŬ ɖɚŮəŰɟɧɜɘŬ Űɖɠ ɕɩɜɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ ŬɜŰɘŭɟɞɨɜ ɛŮ Űɞ ɞɝɡɔɧɜɞ ˊɞɡ ŮɑɜŬɘ 

ˊɟɞůɟɞűɖɛɏɜɞ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ Űɞ ɞˊɞɑɞ ŬɜɎɔŮŰŬɘ ˊɟɞɠ Űɖɜ Ŭɜɘɞɜɘəɐ ɟɑɕŬ Űɞɡ 

ɡˊŮɟɞɝŮɘŭɑɞɡ (ŬɜŰɑŭɟŬůɖ 3.15), ɖ ɞˊɞɑŬ Ůɜ ůɡɜŮɢŮɑŬ ŬɜŰɘŭɟɎ ɛŮ əŬŰɘɧɜŰŬ ɡŭɟɞɔɧɜɞɡ 

ˊŬɟɎɔɞɜŰŬɠ ɡˊŮɟɧɝɡ ɟɑɕŮɠ (ŬɜŰɑŭɟŬůɖ 3.16) (Pelaez et al., 2012). ȷɜŬůɡɜŭɡŬůɛɧɠ Űɤɜ 

ɡˊŮɟɧɝɡ ɟɘɕɩɜ ɞŭɖɔŮɑ ůŰɞ ůɢɖɛŬŰɘůɛɧ Űɞɡ ɡˊŮɟɞɝŮɘŭɑɞɡ Űɞɡ ɡŭɟɞɔɧɜɞɡ (ŬɜŰɑŭɟŬůɖ 3.17), Űɞ 

ɞˊɞɑɞ ɛˊɞɟŮɑ ɜŬ ŭɟɎůŮɘ əŬɘ ɤɠ ŭɏəŰɖɠ ɖɚŮəŰɟɞɜɑɤɜ əŬɘ ɤɠ ɎɛŮůɖ ˊɖɔɐ ɟɘɕɩɜ ɡŭɟɞɝɡɚɘɩɜ 
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ɚɧɔɤ Űɖɠ ɞɛɞɚɡŰɘəɐ ŭɘɎůˊŬůɖɠ Űɞɡ ŭŮůɛɞɨ Ƀ-Ƀ ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ (ɚ < 300 nm) (Carp et al., 2004). 

 

 

ɆɢɐɛŬ 3.20: ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ  ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ ůŮ ɏɜŬ ůɤɛŬŰɑŭɘɞ 

TiO2 (Ahmed et al., 2010). 

 

ȼ ɞɝŮɑŭɤůɖ Űɤɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ (ɃȺ)  ɛ́ ɞɟŮɑ  ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ŮɑŰŮ ɎɛŮůŬ Ŭˊɧ 

Űɘɠ űɤŰɞŭɖɛɘɞɡɟɔɞɨɛŮɜŮɠ ɞˊɏɠ (ŬɜŰɑŭɟŬůɖ 3.23) ŮɑŰŮ ɏɛɛŮůŬ əɡɟɑɤɠ Ŭˊɧ Űɘɠ  ˊɞɚɨ ŭɟŬůŰɘəɏɠ  

ɟɑɕŮɠ ɡŭɟɞɝɡɚɑɞɡ (ŬɜŰɑŭɟŬůɖ 3.24) ŬɚɚɎ əŬɘ Ŭˊɧ ŰŬ ŭɟŬůŰɘəɎ Ůɑŭɖ ɞɝɡɔɧɜɞɡ (ŬɜŰɑŭɟŬůɖ 

3.25-3.26) ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ əŬŰɎ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɘŮɟɔŬůɑŬ (Pelaez et al., 2012; Gaya and 

Abdullah, 2008). 

 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ ŰŬ ɖɚŮəŰɟɧɜɘŬ Űɖɠ ɕɩɜɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ ɛˊɞɟɞɨɜ ɜŬ 

ŬɜɎɔɞɡɜ Űɞ ɛɏŰŬɚɚɞ ůɨɛűɤɜŬ ɛŮ Űɖɜ ŬɜŰɑŭɟŬůɖ  3.27 (Litter, 2009): 

          

ȺɜŬɚɚŬəŰɘəɎ, Űɞ ɛɏŰŬɚɚɞ ɛˊɞɟŮɑ ɜŬ ɞɝŮɘŭɤɗŮɑ Ŭˊɧ Űɘɠ ɞˊɏɠ əŬɘ Űɘɠ ɟɑɕŮɠ ɡŭɟɞɝɡɚɑɞɡ 

ůɨɛűɤɜŬ ɛŮ Űɖɜ ŬɜŰɑŭɟŬůɖ 3.28 (Litter, 2009): 

 

ɃɝŮɘŭɤɛɏɜŬ ˊɟɞɥɧɜŰŬ 
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ȷɜŮɝɎɟŰɖŰŬ Ŭˊɧ Űoɜ əɨɟɘɞ ɛɖɢŬɜɘůɛɧ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɟɔŬɜɘəɩɜ 

ŮɜɩůŮɤɜ, əŬɘ ůŰɖɜ ɎɛŮůɖ əŬɘ ůŰɖɜ ɏɛɛŮůɖ ɞɝŮɑŭɤůɖ, ɞ ɟɧɚɞɠ Űɤɜ űŬɘɜɞɛɏɜɤɜ Űɖɠ 

ŭɘŮˊɘűŬɜŮɘŬəɐɠ ɛŮŰŬűɞɟɎɠ əŬɘ Űɖɠ ŮˊŬɜŬůɨɜŭŮůɖɠ Űɤɜ űɞɟɏɤɜ űɞɟŰɑɞɡ ůŰɖ ůɡɜɞɚɘəɐ 

Ŭˊɧŭɞůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ ŮɑɜŬɘ əŬɗɞɟɘůŰɘəɧɠ. Ƀɘ ŬɜŰɘŭɟɎůŮɘɠ ŬɡŰɏɠ 

ŬˊɞŰŮɚɞɨɜ ɘůɢɡɟɎ ŬɜŰŬɔɤɜɘůŰɘəɏɠ ˊɞɟŮɑŮɠ, ɞɘ ɞˊɞɑŮɠ əŬɗɞɟɑɕɞɡɜ Űɖɜ Ŭˊɧŭɞůɖ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ əŬɗɩɠ ŮˊɖɟŮɎɕɞɡɜ Űɞ ɢɟɧɜɞ ɕɤɐɠ Űɤɜ Ůɘŭɩɜ ˊɞɡ ŮɛˊɚɏəɞɜŰŬɘ ůŰɖ ŭɘŮɟɔŬůɑŬ. ɋɠ 

Ůə ŰɞɨŰɞɡ, Ŭɨɝɖůɖ Űɞɡ ɢɟɧɜɞɡ ɕɤɐɠ Űɤɜ űɤŰɞˊŬɟŬɔɧɛŮɜɤɜ űɞɟŰɑɤɜ ŭɖɚŬŭɐ əŬɗɡůŰɏɟɖůɖ ɐ 

ŬɜŬůŰɞɚɐ Űɖɠ ŮˊŬɜŬůɨɜŭŮůɖɠ Űɞɡɠ ɐ Ŭɨɝɖůɖ Űɖɠ ŭɘŮˊɘűŬɜŮɘŬəɐɠ ůŰŬɗŮɟɎɠ ŰŬɢɨŰɖŰŬɠ 

ɛŮŰŬűɞɟɎɠ Űɞɡ ɖɚŮəŰɟɞɜɑɞɡ ŮˊɘűɏɟŮɘ Ŭɨɝɖůɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ 

(Carp et al., 2004). Ƀɘ ɢɟɧɜɞɘ ůɢɖɛŬŰɘůɛɞɨ Űɤɜ űɞɟɏɤɜ űɞɟŰɑɞɡ (e
-
, h

+
) ŮɑɜŬɘ Űɖɠ ŰɎɝɖɠ Űɤɜ 

fs, Űɖɠ ˊŬɔɑŭŮɡůɖɠ əŬɘ Űɖɠ ŮˊŬɜŬůɨɜŭŮůɖɠ Űɞɡɠ əɡɛŬɑɜɞɜŰŬɘ ɛŮŰŬɝɨ 0,1-100 ns əŬɘ Űɖɠ 

ɛŮŰŬűɞɟɎɠ Űɞɡɠ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ůŰŮɟŮɞɨ-ŬŮɟɑɞɡ űŰɎɜɞɡɜ ɏɤɠ əŬɘ ŰŬ ms (ɄɑɜŬəŬɠ 3.4) (ɀills 

and Lee, 2004). 

 

ɄɑɜŬəŬɠ 3.4: ɉŬɟŬəŰɖɟɘůŰɘəɞɑ ɢɟɧɜɞɘ ɕɤɐɠ Űɤɜ ɢɖɛɘəɩɜ Ůɘŭɩɜ ˊɞɡ ŮɛˊɚɏəɞɜŰŬɘ ůŰɞɜ 

űɤŰɞəŬŰŬɚɡŰɘəɧ ɛɖɢŬɜɘůɛɧ  ɇiO2 (ɀills and Lee, 2004). 

ȹɘŮɟɔŬůɑŬ ɉŬɟŬəŰɖɟɘůŰɘəɞɑ 

ɢɟɧɜɞɘ 

ȹɖɛɘɞɡɟɔɑŬ űɞɟŰɑɤɜ 

TiO2 + hv Ÿ h
+ 
 + e

-
 

   

fs 

ɄŬɔɑŭŮɡůɖ űɞɟŰɑɤɜ 

 h
+
 + >Ti

 IV
OHŸ{ Ti

 IV
OH

Å+
}  

e
-
 +>Ti

 IV
OH        { Ti

 IȽȽ
OH} 

e
-
 +>Ti

 IV
Ÿ>Ti

 III
 

 

10 ns 

100 ps 

10 ns 

ȺˊŬɜŬůɨɜŭŮůɖ űɞɟŰɑɤɜ 

e
-
  + { Ti

 IV
OH

Å+
}Ÿ >Ti

 IV
OH 

h
+
 +  >Ti

 IȽȽ
OH Ÿ >Ti

 IV
OH 

 

100 ns 

10ns 

ȹɘŮˊɘűŬɜŮɘŬəɐ ɛŮŰŬűɞɟɎ űɞɟŰɑɞɡ 

{ Ti
 IV

OH
Å+
} + ɞɟɔŬɜɘəɧɠ ɟɨˊɞɠ Ÿ>Ti

 IV
OH +ɞɝŮɘŭɤɛɏɜŬ ŮɜŭɘɎɛŮůŬ 

{ Ti
 IȽȽ

OH} + Ƀ2 Ÿ Ti
 IV

OH + O2
Å-
 

 

100 ns 

ms 

 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ɎɛŮůɖɠ ɞɝŮɑŭɤůɖɠ, ˊɟɞŰŮɑɜɞɜŰŬɘ ŭɨɞ ˊɘɗŬɜɞɑ ɛɖɢŬɜɘůɛɞɑ 

űɤŰɞəŬŰŬɚɡŰɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ (Pera Titus et al., 2004): 

 

(Ŭ) Ƀ ɛɖɢŬɜɘůɛɧɠ Langmuir- Hinshelwood 

 Ƀ ɛɖɢŬɜɘůɛɧɠ Langmuir-Hinshelwood ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ 3.29-3.34 əŬɘ 

ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖ ŭɏůɛŮɡůɖ Űɤɜ űɤŰɞˊŬɟŬɔɧɛŮɜɤɜ ɞˊɩɜ Ŭˊɧ ŰŬ ˊɟɞůɟɞűɖɛɏɜŬ ɞɟɔŬɜɘəɎ 

ɛɧɟɘŬ (Pads) əŬɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɛɘŬɠ ˊɟɞůɟɞűɖɛɏɜɖɠ ŭɟŬůŰɘəɐɠ ɟɑɕŬɠ (Pads
+
). ȼ ŭɟŬůŰɘəɐ ŬɡŰɐ 
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ɟɑɕŬ ŮɑŰŮ ŬˊŮɜŮɟɔɞˊɞɘŮɑŰŬɘ, əŬŰɎ Űɖɜ ŮˊŬɜŬůɨɜŭŮůɖ Űɖɠ ɛŮ ɏɜŬ ɖɚŮəŰɟɧɜɘɞ Űɖɠ ɕɩɜɖɠ 

ŬɔɤɔɘɛɧŰɖŰŬɠ ŮɑŰŮ ɛɏůɤ ɛɘŬɠ ůŮɘɟɎɠ ɢɖɛɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ ɞŭɖɔŮɑ ůŰɞ ůɢɖɛŬŰɘůɛɧ Ɏɚɚɤɜ 

ˊɟɞɥɧɜŰɤɜ ŮˊŬɜŬűɏɟɞɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ əŬɘ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ ůŰɖɜ Ŭɟɢɘəɐ Űɖɠ 

əŬŰɎůŰŬůɖ (S). 

P+ S Ÿ Pads  (Ⱥɝɑůɤůɖ Langmuir ˊɟɞůɟɧűɖůɖɠ)                                   (3.29) 

Pads  Ÿ ȷ + S  (Ⱥɝɑůɤůɖ Langmuir Ůəɟɧűɖůɖɠ)                                   (3.30) 

ȾŬŰŬɚɨŰɖɠ + hv Ÿ h
+
 + e

- 
(ūɤŰɞŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ əŬŰŬɚɨŰɖ)             (3.31) 

Pads +  h
+  
Ÿ Pads

+ 
 ( ȹɏůɛŮɡůɖ Űɖɠ ɟɑɕŬɠ Ŭˊɧ Űɞ ˊɟɞůɟɞűɖɛɏɜɞ ɛɧɟɘɞ) (3.32) 

Pads
+  

+ e
-
 Ÿ Pads  (ȷˊŮɜŮɟɔɞˊɞɑɖůɖ Űɖɠ ŭɟŬůŰɘəɐɠ ɟɑɕŬɠ)              (3.33) 

Pads
+
Ÿ  ˊɟɞɥɧɜŰŬ + S                   (3.34) 

ɧˊɞɡ P: ɞɟɔŬɜɘəɎ ɛɧɟɘŬ, Pads: ˊɟɞůɟɞűɖɛɏɜŬ ɞɟɔŬɜɘəɎ ɛɧɟɘŬ əŬɘ S: ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ. 

 

(ɓ) Ƀ ɛɖɢŬɜɘůɛɧɠ Eley- Rideal 

Ƀ ɛɖɢŬɜɘůɛɧɠ Eley-Rideal ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖ ŭɏůɛŮɡůɖ Űɤɜ űɤŰɞˊŬɟŬɔɧɛŮɜɤɜ 

ɖɚŮəŰɟɞɜɑɤɜ əŬɘ ɞˊɩɜ Ŭˊɧ Űɘɠ ŬŰɏɚŮɘŮɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ əŬŰŬɚɨŰɖ (S) ˊɟɞɠ ůɢɖɛŬŰɘůɛɧ 

ŮɜŮɟɔɩɜ ŮˊɘűŬɜŮɘŬəɩɜ əɏɜŰɟɤɜ (S
+
). ȷɡŰɎ ŰŬ ŮˊɘűŬɜŮɘŬəɎ əɏɜŰɟŬ ŬɜŰɘŭɟɞɨɜ ɛŮ ŰŬ ɞɟɔŬɜɘəɎ 

ɛɧɟɘŬ ɔɘŬ ɜŬ ŭɖɛɘɞɡɟɔɐůɞɡɜ ŰŬ Ůɑŭɖ (S-P
+
) ŰŬ ɞˊɞɑŬ ůŰɖ ůɡɜɏɢŮɘŬ ŭɘŬůˊɩɜŰŬɘ ˊŮɟŬɘŰɏɟɤ 

ˊŬɟɎɔɞɜŰŬɠ űɤŰɞəŬŰŬɚɡŰɘəɎ ˊɟɞɥɧɜŰŬ ɐ ŮˊŬɜŬůɡɜŭɏɞɜŰŬɘ ɛŮ ŰŬ ɖɚŮəŰɟɧɜɘŬ əŬɘ 

ŬˊŮɜŮɟɔɞˊɞɘɞɨɜŰŬɘ. Ƀɘ ŬɜŰɘŭɟɎůŮɘɠ ˊɞɡ ˊŮɟɘɔɟɎűɞɡɜ Űɖɜ ɞɝŮɑŭɤůɖ Ůɜɧɠ ɞɟɔŬɜɘəɞɨ ɛɞɟɑɞɡ, 

ůɨɛűɤɜŬ ɛŮ Űɞ ɛɖɢŬɜɘůɛɧ Eley- Rideal ŭɑɜɞɜŰŬɘ Ŭˊɧ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ 3.35-3.39: 

ȾŬŰŬɚɨŰɖɠ + hv Ÿ h
+
 + e

- 
(ūɤŰɞŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ  əŬŰŬɚɨŰɖ)   (3.35) 

S  +  h
+  
Ÿ S

+ 
 (ȹɏůɛŮɡůɖ ɞˊɩɜ Ŭˊɧ ŬŰɏɚŮɘŮɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ)   (3.36) 

S
+ 
 + e

-
 Ÿ S  (ȷˊŮɜŮɟɔɞˊɞɑɖůɖ Űɤɜ ŮɜŮɟɔɩɜ əɏɜŰɟɤɜ)    (3.37) 

S
+ 
 + A Ÿ (S-P)

+  
(ɉɖɛŮɘɞɟɧűɖůɖ)                  (3.38) 

(S-P)
+  
Ÿ S + ˊɟɞɥɧɜŰŬ (ȷɜŰɑŭɟŬůɖ ˊŬɟŬɔɤɔɐɠ űɤŰɞˊɟɞɥɧɜŰɤɜ)          (3.39) 

ɧˊɞɡ P: ɞɟɔŬɜɘəɎ ɛɧɟɘŬ əŬɘ S: ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ. 

ũŮɜɘəɎ, ŭŮɜ ŬəɞɚɞɡɗŮɑŰŬɘ ˊɎɜŰŬ ɞ ɑŭɘɞɠ əɨɟɘɞɠ ɛɖɢŬɜɘůɛɧɠ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɟɔŬɜɘəɩɜ 

ŮɜɩůŮɤɜ əŬɘ ɖ ɎɛŮůɖ ɐ ɏɛɛŮůɖ ɞɝŮɑŭɤůɖ Űɞɡɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ əŬŰŬɚɨŰɖ əŬɘ 

Űɤɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ. ɇŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ ˊɞɡ ɡˊɞůŰɖɟɑɕɞɡɜ Űɖ ŭɟɎůɖ Űɤɜ 

ɡŭɟɞɝɡɚɑɤɜ ɤɠ Űɞ əɨɟɘɞ ɛɏůɞ ɞɝŮɑŭɤůɖɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ: Ŭ) ɛŮɚɏŰŮɠ ɛŮ űŬůɛŬŰɞůəɞˊɑŬ 

ɖɚŮəŰɟɞɜɘəɞɨ ůɡɜŰɞɜɘůɛɞɨ (Electron Spin Resonance, ESR) ˊɞɡ ŬˊɏŭŮɘɝŬɜ Űɖɜ ɨˊŬɟɝɖ Űɤɜ 
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ɟɘɕɩɜ ɡŭɟɞɝɡɚɑɞɡ ůŮ ɛŮɔŬɚɨŰŮɟɖ ůɡɔəɏɜŰɟɤůɖ Ŭˊɧ ɧɚŬ ŰŬ ɡˊɧɚɞɘˊŬ ŭɟŬůŰɘəɎ Ůɑŭɖ ůŮ 

ɡŭŬŰɘəɎ ŭŮɑɔɛŬŰŬ ˊɞɡ ɏɢŮɘ ˊɟɞůŰŮɗŮɑ ŭɘɞɝŮɑŭɘɞ Űɞɡ ŰɘŰŬɜɑɞɡ əŬɘ Ůɜ ůɡɜŮɢŮɑŬ ɏɢɞɡɜ 

ŬəŰɘɜɞɓɞɚɖɗŮɑ, ɓ) Űɖɜ ŬɜŬɔəŬɘɧŰɖŰŬ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ɡŭɟɞɝɡɚɑɤůɖɠ Űɞɡ əŬŰŬɚɨŰɖ ɔɘŬ Űɖ 

ŭɘɎůˊŬůɖ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ, ɔ) Űɖɜ ŮˊɑŭɟŬůɖ Űɞɡ əɘɜɖŰɘəɞɨ ɘůɞŰɞˊɘəɞɨ űŬɘɜɞɛɏɜɞɡ ˊɞɡ 

ɡˊɞŭɖɚɩɜŮɘ Űɖɜ əɘɜɖŰɘəɐ ůɖɛŬůɑŬ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ Űɤɜ HO
Å
 ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɘŮɟɔŬůɑŬ 

əŬɘ ŭ) Űɞ ůɢɖɛŬŰɘůɛɧ ůɡɔəŮəɟɘɛɏɜɤɜ ŮɜŭɘɎɛŮůɤɜ ˊɟɞɥɧɜŰɤɜ ɤɠ ŬˊɞŰɏɚŮůɛŬ ŬɜŰɘŭɟɎůŮɤɜ 

ɡŭɟɞɝɡɚɑɤůɖɠ (Bhatkhande et al., 2001).  

ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, ɖ ŭɞɛɐ Űɖɠ ɏɜɤůɖɠ əŬɘ ɖ ůɡɔəɏɜŰɟɤůɖ Űɖɠ ůŰɞ ŭɘɎɚɡɛŬ ɛˊɞɟɞɨɜ ɜŬ 

ŮˊɖɟŮɎůɞɡɜ Űɞ ɛɖɢŬɜɘůɛɧ ɞɝŮɑŭɤůɖɠ, ɞŭɖɔɩɜŰŬɠ ŮɑŰŮ ůŰɖɜ ɎɛŮůɖ ŮɑŰŮ ůŰɖɜ ɏɛɛŮůɖ 

ɞɝŮɑŭɤůɖ (Hoffmann et al., 1995). ɆŮ ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ɞɘ ůɡɔəŮɜŰɟɩůŮɘɠ Űɤɜ ɞɟɔŬɜɘəɩɜ 

ŮɜɩůŮɤɜ ŮɑɜŬɘ ɡɣɖɚɏɠ, ŬɡɝɎɜŮŰŬɘ ɖ ˊɘɗŬɜɧŰɖŰŬ Űɖɠ ŬˊŮɡɗŮɑŬɠ ŬɜŰɑŭɟŬůɖɠ Űɖɠ 

űɤŰɞˊŬɟŬɔɧɛŮɜɖɠ ɞˊɐɠ ɛŮ Űɖɜ ɏɜɤůɖ ŬɜŰɑ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɛŮ Űɞ ɜŮɟɧ əŬɘ Űɖɜ ˊŬɟŬɔɤɔɐ  

ɟɘɕɩɜ ɡŭɟɞɝɡɚɑɞɡ (Fujishima et al., 1999).  

 

3.5.2. ɇŬɢɨŰɖŰŬ ŬɜŰɑŭɟŬůɖɠ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ 

 

ȼ ˊɞɚɡˊɚɞəɧŰɖŰŬ ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ ɖ ˊŮɟɘɔɟŬűɐ Űɖɠ əɘɜɖŰɘəɐɠ ˊɞɡ ŬəɞɚɞɡɗŮɑ ɛɘŬ 

űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɘŮɟɔŬůɑŬ ŮɑɜŬɘ ŬˊɧɟɟɞɘŬ Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ ŮˊɘűɎɜŮɘŬɠ  

ɛŮ Űɞ ŭɘŬɚɨŰɖ əŬɘ ŰŬ ŭɘɎűɞɟŬ ɡˊɞůŰɟɩɛŬŰŬ ůŮ ŭɘŬűɞɟŮŰɘəɧ ɓŬɗɛɧ əŬɘ ŬɡɝɎɜŮŰŬɘ ɚɧɔɤ Űɖɠ 

ŮˊɑŭɟŬůɖɠ Űɤɜ űɤŰɞɜɑɤɜ ůŰɖ űɨůɖ əŬɘ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ əŬŰŬɚɨŰɖ 

ŬɚɚɎ əŬɘ ůŰɖɜ ɘůɞɟɟɞˊɑŬ ˊɟɞůɟɧűɖůɖɠ-Ůəɟɧűɖůɖɠ. ȰŰůɘ ɖ ˊŬɟŬŰɖɟɞɨɛŮɜɖ əɘɜɖŰɘəɐ ɛɘŬɠ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ ˊɟɏˊŮɘ ɜŬ ɗŮɤɟŮɑŰŬɘ ɤɠ űŬɘɜɧɛŮɜɖ ůɨɛűɤɜŬ ɛŮ Űɞ 

ŬˊɚɞɡůŰŮɡɛɏɜɞ ɛɞɜŰɏɚɞ Űɤɜ űŬɘɜɞɛŮɜɘəɩɜ ŭɘŬŭɞɢɘəɩɜ əŬɘ ˊŬɟɎɚɚɖɚɤɜ ŬɜŰɘŭɟɎůŮɤɜ Űɞɡ 

ɆɢɐɛŬŰɞɠ 3.21 (Bahnemann et al., 1994; ȾɤɜůŰŬɜŰɑɜɞɡ, 2000). 

 

 

  

 

 

 

 

 

 

 

ɆɢɐɛŬ 3.21:  ɄɞɟŮɑŬ əɘɜɖŰɘəɐɠ Űɤɜ Ŭɟɢɘəɩɜ ůŰŬŭɑɤɜ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŭɘɎůˊŬůɖɠ Űɖɠ 

ɏɜɤůɖɠ ȷ (Bahnemann et al., 1994, ȾɤɜůŰŬɜŰɑɜɞɡ, 2000). 

 
ȷ 

ȸ 1 

ȸ 2 ȸ 3 

é ȸ i 

k A 

  C 1 ,1   C 1,2   ..C  1 ,j   C i ,1   C i ,2   ..C  i ,j   C 1 ,1   C 1,2   ..C  1 ,j 
 C 3 ,1   C 3 ,2   ..C  3 ,j   C 2 ,1   C 2 ,2   ..C  2 ,j 

k  Bi 
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ȼ ůŰŬɗŮɟɎ kA ŮəűɟɎɕŮɘ Űɞ ɎɗɟɞɘůɛŬ Űɤɜ Ůˊɘɛɏɟɞɡɠ ůŰŬɗŮɟɩɜ (ɆkAi=kA) Űɤɜ 

ŬɜŰɘŭɟɎůŮɤɜ ɛŮŰŬŰɟɞˊɐɠ Űɖɠ ɏɜɤůɖɠ ȷ ůŮ ȸi (i ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ˊɘɗŬɜɩɜ ŭɘŬɗɏůɘɛɤɜ 

əɏɜŰɟɤɜ ůŰɖɜ ɏɜɤůɖ ȷ, Ŭˊɧ Űɖɜ ɞˊɞɑŬ ůɢɖɛŬŰɑɕɞɜŰŬɘ i ŮɜŭɘɎɛŮůŬ ˊɟɞɥɧɜŰŬ, ŰŬ ɞˊɞɑŬ 

ůɡɛɓɞɚɑɕɞɜŰŬɘ ɤɠ ȸ) ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ˊɟɞůɓɞɚɐɠ Űɞɡ Ŭˊɧ ŰŬ ˊŬɟŬɔɧɛŮɜŬ ɞɝŮɘŭɤŰɘəɎ 

Ůɑŭɖ. ȼ ůŰŬɗŮɟɎ kB ɢŬɟŬəŰɖɟɑɕŮɘ Űɘɠ ŭɘŬŭɞɢɘəɏɠ əŬɘ ˊŬɟɎɚɚɖɚŮɠ ŬɜŰɘŭɟɎůŮɘɠ əŬŰŬůŰɟɞűɐɠ 

Űɤɜ ŮɜŭɘɎɛŮůŬ ůɢɖɛŬŰɘɕɧɛŮɜɤɜ ˊɟɞɥɧɜŰɤɜ (Bahnemann et al., 1994; ȾɤɜůŰŬɜŰɑɜɞɡ, 2000). 

ɆɨɛűɤɜŬ ɛŮ ŰŬ ˊŬɟŬˊɎɜɤ ɞ ɟɡɗɛɧɠ əŬŰŬůŰɟɞűɐɠ Űɞɡ ȷ ɐ ɞ ɟɡɗɛɧɠ ŮɛűɎɜɘůɖɠ Űɤɜ 

ŮɜŭɘɎɛŮůɤɜ ȸi ŭɑɜŮŰŬɘ Ŭˊɧ Űɘɠ əɘɜɖŰɘəɏɠ ŮɝɘůɩůŮɘɠ 3.40 əŬɘ 3.41 (Bahnemann et al., 1994; 

ȾɤɜůŰŬɜŰɑɜɞɡ, 2000): 

! ! ÅØÐË Ô            σȢτπ  

"
Ë !

Ë Ë
ÅØÐËÔ ÅØÐËÔ       σȢτρ 

 

ɄŬɟɧɚɞ ˊɞɡ ŬɟəŮŰɏɠ ɞɟɔŬɜɘəɏɠ ɞɡůɑŮɠ ˊɟɞůɟɞűɞɨɜŰŬɘ ŮɚɎɢɘůŰŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

əŬŰŬɚɨŰɖ ůŰɞ ůəɞŰɎŭɘ, ɖ ˊŬɟɞɡůɑŬ Űɞɡ űɤŰɧɠ ɛˊɞɟŮɑ ɜŬ ůɡɜŮɘůűɏɟŮɘ ůɖɛŬɜŰɘəɎ ůŰɖ 

ŭɘŮɟɔŬůɑŬ Űɖɠ űɩŰɞ-ˊɟɞůɟɧűɖůɖɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ůŰŬ ůɤɛŬŰɑŭɘŬ Űɞɡ əŬŰŬɚɨŰɖ əŬɘ ɜŬ 

ɛŮŰŬɓɎɚɚŮɘ Űɖɜ əɘɜɖŰɘəɐ Űɖɠ ŭɘɎůˊŬůɖɠ Űɞɡ. ȼ ˊɟɞůɟɧűɖůɖ Ůɜɧɠ ɛɏɟɞɡɠ Űɞɡ ɞɟɔŬɜɘəɞɨ 

ɡˊɞůŰɟɩɛŬŰɞɠ (S) ůŰɘɠ ŮɜŮɟɔɏɠ ŮˊɘűŬɜŮɘŬəɏɠ ɗɏůŮɘɠ Űɞɡ əŬŰŬɚɨŰɖ (Ti
IV

-OH) ˊŮɟɘɔɟɎűŮŰŬɘ 

Ŭˊɧ Űɖɜ ŬɜŰɑŭɟŬůɖ 3.42 (ȾɤɜůŰŬɜŰɑɜɞɡ, 2000): 

 

 

ɧˊɞɡ ka əŬɘ kd ɞɘ ůŰŬɗŮɟɏɠ ˊɟɞůɟɧűɖůɖɠ, Ůəɟɧűɖůɖɠ ŬɜŰɑůŰɞɘɢŬ, ks Űɞ ɎɗɟɞɘůɛŬ Űɤɜ 

ůŰŬɗŮɟɩɜ ůɢɖɛŬŰɘůɛɞɨ Űɤɜ ŭɘŬűɧɟɤɜ ŮɜŭɘɎɛŮůɤɜ ůŰɖɜ ˊɟɞůɟɞűɖɛɏɜɖ űɎůɖ ɐ ůŰɞ ŭɘɎɚɡɛŬ 

(Iads. əŬɘ Isol. ŬɜŰɑůŰɞɘɢŬ) əŬɘ kI Űɞ ɎɗɟɞɘůɛŬ Űɤɜ ůŰŬɗŮɟɩɜ ŭɘɎůˊŬůɖɠ Űɤɜ ˊŬɟŬˊɎɜɤ 

ŮɜŭɘɎɛŮůɤɜ. ȼ əɘɜɖŰɘəɐ Űɖɠ ˊŬɟŬˊɎɜɤ ŬɜŰɑŭɟŬůɖɠ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ 3.43: 

ɬɻʔʞʐʂʐɻ 
Ë+ . 3

ρ Á+ 3
   σȢτσ 

ɧˊɞɡ [S] ɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ, ɻ
  
 , +

 
 ɞ ůɡɜŰŮɚŮůŰɐɠ űɩŰɞ-

ˊɟɞůɟɧűɖůɖɠ ɔɘŬ ŰŬ ŭɘɎűɞɟŬ ɡˊɞůŰɟɩɛŬŰŬ, əŬɘ Ɂs o Ŭɟɘɗɛɧɠ Űɤɜ ɞɝŮɘŭɤŰɘəɩɜ ŮɜŮɟɔɩɜ 

ɗɏůŮɤɜ (ȾɤɜůŰŬɜŰɑɜɞɡ, 2000). 

ȼ ˊŬɟŬˊɎɜɤ Ůɝɑůɤůɖ ɏɢŮɘ ŬɜɎɚɞɔɖ ɛɞɟűɐ ɛŮ Űɖɜ Ůɝɑůɤůɖ 3.44 ˊɞɡ ˊŮɟɘɔɟɎűŮɘ Űɖɜ 

əɘɜɖŰɘəɐ Langmuir-Hinshelwood: 
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    Ò
Ä#

ÄÔ 

Ë+#

ρ +#
          σȢττ             

 

ɧˊɞɡ k ŮɑɜŬɘ ɖ ůŰŬɗŮɟɎ ŰŬɢɨŰɖŰŬɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ əŬɘ K ɖ ůŰŬɗŮɟɎ ˊɟɞůɟɧűɖůɖɠ Űɞɡ 

ŬɜŰɘŭɟɩɜŰɞɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ (ȾɤɜůŰŬɜŰɑɜɞɡ, 2000). 

ȰɜŬɠ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ ˊŮɘɟŬɛŬŰɘəɩɜ ɛŮɚŮŰɩɜ ɏɢɞɡɜ ŬˊɞŭŮɑɝŮɘ ɧŰɘ ɖ əɘɜɖŰɘəɐ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ ˊɞɚɡɎɟɘɗɛɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ˊŬɟɞɡůɑŬ TiO2 ɤɠ 

űɤŰɞəŬŰŬɚɨŰɖ əŬɘ ŬəŰɘɜɞɓɞɚɑŬɠ ŬəɞɚɞɡɗŮɑ Űɞ əɘɜɖŰɘəɧ ɛɞɜŰɏɚɞ Űɤɜ Langmuir- Hinshelwood 

(Konstantinou and Albanis, 2003; Konstantinou and Albanis, 2004; Gaya and Abdullah, 

2008; Malato et al., 2009 ). ȳŰŬɜ ɖ ɞɟɔŬɜɘəɐ ɏɜɤůɖ ɏɢŮɘ ůɢŮŰɘəɎ ɛɘəɟɐ ůɡɔəɏɜŰɟɤůɖ 

(ůɡɜɐɗɤɠ Űɖɠ ŰɎɝɖɠ millimole L
-1

), +# ρ əŬɘ ɖ ŬɜɤŰɏɟɤ Ůɝɑůɤůɖ 3.44 ɛˊɞɟŮɑ ɜŬ 

ŬˊɚɞˊɞɘɖɗŮɑ ůŰɖ űŬɘɜɞɛŮɜɘəɐ Ůɝɑůɤůɖ ˊɟɩŰɖɠ ŰɎɝɖɠ 3.45: 

ÌÎ
#

#
Ë+ÔË Ô   ʙ   # #Å  Ô          σȢτυ 

 

ɧˊɞɡ kapp ŮɑɜŬɘ ɖ űŬɘɜɧɛŮɜɖ ůŰŬɗŮɟɎ ɟɡɗɛɞɨ ŬɜŰɑŭɟŬůɖɠ ˊɟɩŰɖɠ ŰɎɝɖɠ əŬɘ ɛˊɞɟŮɑ ɜŬ 

ɡˊɞɚɞɔɘůŰŮɑ Ŭˊɧ Űɖɜ əɚɑůɖ Űɖɠ ŮɡɗŮɑŬɠ ůŰɖ ɔɟŬűɘəɐ ˊŬɟɎůŰŬůɖ ὰὲ ůɡɜŬɟŰɐůŮɘ Űɞɡ ɢɟɧɜɞɡ 

t. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ɡɣɖɚɩɜ ůɡɔəŮɜŰɟɩůŮɤɜ Űɖɠ ɞɟɔŬɜɘəɐɠ ɏɜɤůɖɠ (+# ρȟ ɞ ɟɡɗɛɧɠ 

ŬɜŰɑŭɟŬůɖɠ ŮɑɜŬɘ ɛɖŭŮɜɘəɐɠ ŰɎɝɖɠ (Konstantinou and Albanis, 2004). 

ȼ əɘɜɖŰɘəɐ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ŮɝŬɟŰɎŰŬɘ ɎɛŮůŬ Ŭˊɧ Űɖɜ ŮˊɘűŬɜŮɘŬəɐ 

ŭɘŮɟɔŬůɑŬ Űɖɠ ˊɟɞůɟɧűɖůɖɠ Űɞɡ ɛɞɟɑɞɡ ůŰɞɜ əŬŰŬɚɨŰɖ. Ƀɘ ɘůɧɗŮɟɛŮɠ ˊɟɞůɟɧűɖůɖɠ Űɤɜ 

ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ɏɢɞɡɜ Űɨˊɞ L əŬŰɎ Giles, ŭɖɚŬŭɐ ŭŮɜ ɡˊɎɟɢŮɘ ɘůɢɡɟɧɠ ŬɜŰŬɔɤɜɘůɛɧɠ ɔɘŬ 

Űɘɠ ɗɏůŮɘɠ Űɞɡ əŬŰŬɚɨŰɖ ɛŮŰŬɝɨ Űɤɜ ɛɞɟɑɤɜ H2O əŬɘ Űɞɡ ɞɟɔŬɜɘəɞɨ ɟɨˊɞɡ. Ƀɘ ɘůɧɗŮɟɛŮɠ 

ˊɟɞůɟɧűɖůɖɠ Ŭəɞɚɞɡɗɞɨɜ Űɞ ɛɞɜŰɏɚɞ Langmuir ˊɞɡ ɡˊɞŭɖɚɩɜŮɘ Űɖɜ ɨˊŬɟɝɖ ɛɞɜɞɛɞɟɘŬəɞɨ 

ůŰɟɩɛŬŰɞɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ (Konstantinou and Albanis, 2004).  

ȼ əɘɜɖŰɘəɐ ˊɟɩŰɖɠ ŰɎɝɖɠ ˊŮɟɘɔɟɎűŮɘ ɘəŬɜɞˊɞɘɖŰɘəɎ ŬɜŰɘŭɟɎůŮɘɠ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ: Ŭ) 

ɛŮŰŬɝɨ ɟɑɕŬɠ əŬɘ ɞɟɔŬɜɘəɞɨ ɛɞɟɑɞɡ ˊɞɡ ŮɑɜŬɘ ˊɟɞůɟɞűɖɛɏɜŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ, 

ɓ) ɛŮŰŬɝɨ Ůɜɧɠ ɞɟɔŬɜɘəɞɨ ɛɞɟɑɞɡ ˊɞɡ ŮɑɜŬɘ ˊɟɞůɟɞűɖɛɏɜɞ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ əŬɘ 

ɛɘŬɠ ɞɝŮɘŭɤŰɘəɐɠ ɟɑɕŬɠ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰɞ ŭɘɎɚɡɛŬ, ɔ) ɛŮŰŬɝɨ ɛɘŬɠ ˊɟɞůɟɞűɖɛɏɜɖɠ ɟɑɕŬɠ 

ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ əŬɘ Ůɜɧɠ ɞɟɔŬɜɘəɞɨ ɛɞɟɑɞɡ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰɞ ŭɘɎɚɡɛŬ əŬɘ ŭ) 

ɛŮŰŬɝɨ Ůɜɧɠ ɞɟɔŬɜɘəɞɨ ɛɞɟɑɞɡ əŬɘ ɛɑŬɠ ɟɑɕŬɠ ˊɞɡ ɓɟɑůəɞɜŰŬɘ ůŰɞ ŭɘɎɚɡɛŬ (Konstantinou and 

Albanis, 2004). Aɜ əŬɘ ɖ Ŭɟɢɘəɐ ŰŬɢɨŰɖŰŬ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ɞɝŮɑŭɤůɖɠ ɛˊɞɟŮɑ ɜŬ 

ˊŮɟɘɔɟŬűŮɑ Ŭˊɧ Űɞ ɛɞɜŰɏɚɞ Langmuir-Hinshelwood, ŭŮɜ ŮɑɜŬɘ ŮűɘəŰɐ ɖ ŮɝŬɔɤɔɐ 

ůɡɛˊŮɟŬůɛɎŰɤɜ ˊɞɡ ɜŬ Ŭűɞɟɞɨɜ Űɞ Ŭɜ ɖ ŭɘŮɟɔŬůɑŬ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ, ůŰɞ 

ŭɘɎɚɡɛŬ ɐ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ (Konstantinou and Albanis, 2004).   
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ɆŮ ɛɘəɟɧ Ŭɟɘɗɛɧ ˊŮɟɘˊŰɩůŮɤɜ ɖ əɘɜɖŰɘəɐ Űɤɜ űɤŰɞəŬŰŬɚɡŰɘəɩɜ ŭɘŮɟɔŬůɘɩɜ ɛˊɞɟŮɑ ɜŬ 

ˊŮɟɘɔɟŬűŮɑ ŮˊŬɟəɩɠ ɛŮ Űɞ ɛɞɜŰɏɚɞ Eley-Rideal (ER). To əɘɜɖŰɘəɧ ŬɡŰɧ ɛɞɜŰɏɚɞ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ: Ŭ) ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ ɛŮŰŬɝɨ Űɤɜ ˊɟɞůɟɞűɖɛɏɜɤɜ 

ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ əŬɘ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ůŰɞ ŭɘɎɚɡɛŬ əŬɘ ɓ) Űɞɡ ˊɟɞůɟɞűɖɛɏɜɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ ůŰɞɜ əŬŰŬɚɨŰɖ əŬɘ Űɤɜ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ ůŰɞ ŭɘɎɚɡɛŬ. ȼ əɘɜɖŰɘəɐ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ ˊɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮŰŬɝɨ ˊɟɞůɟɞűɖɛɏɜɤɜ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ (ȷ) əŬɘ Ůɜɧɠ 

ɡˊɞůŰɟɩɛŬŰɞɠ (ȸ) ůŰɞ ŭɘɎɚɡɛŬ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ 3.46 (Ollis, 2005; Brosillon et 

al., 2008; Kondarides, 2010): 

 

Ò Ëʃ#   σȢτφ 

ɧ́ ɞɡ ɗȷ ŮɑɜŬɘ Űɞ əɚɎůɛŬ əɎɚɡɣɖɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ əŬŰŬɚɨŰɖ Ŭˊɧ ŰŬ ŭɟŬůŰɘəɎ Ůɑŭɖ. ɀŮ 

ŬɜŰɘəŬŰɎůŰŬůɖ Űɞɡ ʃ  ůɨɛűɤɜŬ ɛŮ Űɖɜ ɘůɧɗŮɟɛɖ Langmuir ɖ Ůɝɑůɤůɖ 3.46 

ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ ůŰɖɜ Ůɝɑůɤůɖ 3.47: 

Ò Ë
ɣ#

ρ ɣ#
#      σȢτχ   

 

ɆŮ ɢŬɛɖɚɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ Űɞɡ A əŬɘ ɗŮɤɟɩɜŰŬɠ Űɖ ůɡɔəɏɜŰɟɤůɖ ůŰŬɗŮɟɐ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, ɖ Ůɝɑůɤůɖ 3.47 ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ ůŰɖɜ Ůɝɑůɤůɖ ɣŮɨŭɞ-ˊɟɩŰɖɠ 

ŰɎɝɖɠ 3.48 ɤɠ ́ɟɞɠ Űɞ ɡˊɧůŰɟɤɛŬ ȸ: 

 

Ò Ë+## Ë #       σȢτψ 

ɧˊɞɡ Ὧ  ŮɑɜŬɘ ɖ ůŰŬɗŮɟɎ Űɖɠ ŰŬɢɨŰɖŰŬɠ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ B  

ɆŮ ɡɣɖɚɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ Űɞɡ ȷ,  +# ρ,  ɖ Ůɝɑůɤůɖ 3.47 ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ Ůˊɑůɖɠ 

ůŮ Ůɝɑůɤůɖ ˊɟɩŰɖɠ ŰɎɝɖɠ ɤɠ ˊɟɞɠ Űɞ ɡˊɧůŰɟɤɛŬ ȸ. 

ȳɛɞɘŬ ɖ əɘɜɖŰɘəɐ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ˊɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛŮŰŬɝɨ Űɞɡ ˊɟɞůɟɞűɖɛɏɜɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ (ȸ) ůŰɞɜ əŬŰŬɚɨŰɖ əŬɘ Űɤɜ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ (ȷ) ůŰɞ ŭɘɎɚɡɛŬ ůŮ ɛɘəɟɏɠ 

ůɡɔəŮɜŰɟɩůŮɘɠ Űɞɡ ɞɟɔŬɜɘəɞɨ ɡˊɞůŰɟɩɛŬŰɞɠ ɗŬ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ ɛɑŬ Ůɝɑůɤůɖ ɣŮɨŭɞ-

ˊɟɩŰɖɠ ŰɎɝɖɠ (Ollis, 2005; Brosillon et al., 2008; Kondarides, 2010). 
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3.6. Ⱥɑ́ŭɟŬůɖ  ɚŮɘŰɞɡɟɔɘəɩɜ ˊŬɟŬɔɧɜŰɤɜ ůŰɖ űɤŰɞəŬŰɎɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ 

 

3.6.1. ȺˊɑŭɟŬůɖ Űɖɠ Ŭɟɢɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ 

 

ȼ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɖɠ Ŭɟɢɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ůŰɞ ɟɡɗɛɧ Űɖɠ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ůɖɛŬɜŰɘəɐ Űɧůɞ ɔɘŬ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɞɡ 

ɛɖɢŬɜɘůɛɞɨ ɧůɞ əŬɘ ɔɘŬ Űɖɜ ˊɟŬəŰɘəɐ ŮűŬɟɛɞɔɐ Űɖɠ ŭɘŮɟɔŬůɑŬɠ. ũŮɜɘəɎ, ɞ ɟɡɗɛɧɠ Űɖɠ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ ŬɡɝɎɜŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ Ŭɟɢɘəɞɨ 

ɡˊɞůŰɟɩɛŬŰɞɠ ɛɏɢɟɘ Ůɜɧɠ Ůˊɘˊɏŭɞɡ, ˊɏɟŬɜ Űɞɡ ɞˊɞɑɞɡ ŭɘŬˊɘůŰɩɜŮŰŬɘ ɛŮɑɤůɖ Űɞɡ ɟɡɗɛɞɨ 

űɤŰɞŬˊɞɘəɞŭɧɛɖůɖɠ (ɆɢɐɛŬ 3.22). ȼ ŰŬɢɨŰɖŰŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůɡɜŭɏŮŰŬɘ ɎɛŮůŬ ɛŮ Űɖɜ 

ˊɘɗŬɜɧŰɖŰŬ ŬɜŰɑŭɟŬůɖɠ Űɤɜ ůɢɖɛŬŰɘɕɧɛŮɜɤɜ ɟɘɕɩɜ HO
Å
 əŬɘ Űɤɜ ɗŮŰɘəɩɜ ɞˊɩɜ h

+
 ɛŮ ŰŬ ɛɧɟɘŬ 

Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ (ɟɨˊɞɡ). ɋɠ Ůə ŰɞɨŰɞɡ, əŬɗɩɠ ŬɡɝɎɜŮŰŬɘ ɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɟɨˊɞɡ ůŰɞ 

ŭɘɎɚɡɛŬ, ŬɡɝɎɜŮŰŬɘ əŬɘ ɖ ˊɘɗŬɜɧŰɖŰŬ ŬɜŰɑŭɟŬůɖɠ ůɢɖɛŬŰɘɕɧɛŮɜɤɜ ɟɘɕɩɜ əŬɘ Űɤɜ ɛɞɟɑɤɜ Űɞɡ 

ɟɨˊɞɡ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ űɤŰɞŬˊɞɘəɞŭɧɛɖůɖɠ. ȷɜŰɑɗŮŰŬ ɛŮ ˊŮɟŬɘŰɏɟɤ 

Ŭɨɝɖůɖ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ, ɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɧŭɞůɖ ɛŮɘɩɜŮŰŬɘ. ȼ ɛŮɑɤůɖ ŬɡŰɐ 

ˊɘɗŬɜɧŰŬŰŬ ɞűŮɑɚŮŰŬɘ ůŰɖ ɛŮɑɤůɖ Űɞɡ ɟɡɗɛɞɨ ůɢɖɛŬŰɘůɛɞɨ Űɤɜ ŭɟŬůŰɘəɩɜ ɟɘɕɩɜ HO
Å
 əŬɗɩɠ 

əŬɘ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ůŰŬ ŮɜŮɟɔɎ əɏɜŰɟŬ Űɞɡ əŬŰŬɚɨŰɖ ˊɟɞůɟɞűɩɜŰŬɘ ŬɜŰŬɔɤɜɘůŰɘəɎ ɛŮ Űɞ 

ɜŮɟɧ ɛɧɟɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. Ⱥˊɘˊɚɏɞɜ, ůŮ ɡɣɖɚɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ ɟɨˊɞɡ əŬɘ ɘŭɘŬɑŰŮɟŬ ɔɘŬ 

Űɘɠ ŮɜɩůŮɘɠ ˊɞɡ űɏɟɞɡɜ ɢɟɤɛɞűɧɟŮɠ ɞɛɎŭŮɠ, ɛŮɘɩɜŮŰŬɘ Űɞ ˊɞůɞůŰɧ Űɖɠ ˊɟɞůˊɑˊŰɞɡůŬɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ TiO2, ɚɧɔɤ Űɖɠ Ŭˊɞɟɟɧűɖůɖɠ űɤŰɞɜɑɤɜ Ŭˊɧ ŰŬ ɛɧɟɘŬ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ (UV screening effect) ɞŭɖɔɩɜŰŬɠ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ɚɘɔɧŰŮɟɤɜ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ, 

HO
Å
 əŬɘ Ƀ2

Å-  
əŬɘ ɤɠ Ůə ŰɞɨŰɞɡ ůŰɖ ɛŮɑɤůɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɖɠ ŭɘŮɟɔŬůɑŬɠ (Konstantinou and 

Albanis,  2004).  

 
ɆɢɐɛŬ 3.22: ȺˊɑŭɟŬůɖ Űɖɠ Ŭɟɢɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɞɟɔŬɜɘəɞɨ ɟɨˊɞɡ ůŰɖɜ əɘɜɖŰɘəɐ Űɖɠ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ (Herrmann, 2010).  
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3.6.2. ȺˊɑŭɟŬůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ əŬŰŬɚɨŰɖ  

 

Ƀ Ŭɟɢɘəɧɠ ɟɡɗɛɧɠ űɤŰɞəŬŰŬɚɡŰɘəɩɜ ŬɜŰɘŭɟɎůŮɤɜ ůŮ ŬɘɤɟɐɛŬŰŬ ɏɢŮɘ ɓɟŮɗŮɑ ɧŰɘ ŮɑɜŬɘ 

ŬˊŮɡɗŮɑŬɠ ŬɜɎɚɞɔɞɠ ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ əŬŰŬɚɨŰɖ, ɛɏɢɟɘ Ůɜɧɠ Ůˊɘˊɏŭɞɡ ˊɏɟŬɜ Űɞɡ 

ɞˊɞɑɞɡ ɞ ɟɡɗɛɧɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɔɑɜŮŰŬɘ ŬɜŮɝɎɟŰɖŰɞɠ Ŭˊɧ ŬɡŰɐ ɐ ɛˊɞɟŮɑ əŬɘ ɜŬ ɛŮɘɩɜŮŰŬɘ 

(ɆɢɐɛŬ 3.23). ȼ ŮˊɑŭɟŬůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ əŬŰŬɚɨŰɖ ůɡɜŭɏŮŰŬɘ ɎɛŮůŬ ɛŮ Űɖɜ 

ˊŬɟɞɡůɑŬ Űɤɜ ŮɜŮɟɔɩɜ əŬŰŬɚɡŰɘəɩɜ əɏɜŰɟɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ TiO2 əŬɗɩɠ əŬɘ ɛŮ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ŭɘŮɑůŭɡůɖɠ Űɞɡ űɤŰɧɠ ůŰɞ ŬɘɩɟɖɛŬ. ȼ Ŭɟɢɘəɐ Ŭɨɝɖůɖ Űɖɠ ŰŬɢɨŰɖŰŬɠ, ŬˊɞŭɑŭŮŰŬɘ 

ůŰɞɜ ˊɞɚɚŬˊɚŬůɘŬůɛɧ Űɤɜ űɤŰɞŮɜŮɟɔɩɜ əɏɜŰɟɤɜ əŬɘ ɤɠ Ůə ŰɞɨŰɞɡ ůŰɖɜ Ŭɨɝɖůɖ Űɤɜ 

ŭɟŬůŰɘəɩɜ ɞɝŮɘŭɤŰɘəɩɜ Ůɘŭɩɜ, əɡɟɑɤɠ Űɤɜ
 
HO

Å
, ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ əŬɘ ˊɟɞůɓɎɚɚɞɡɜ Űɞɡɠ 

ɞɟɔŬɜɘəɞɨɠ ɟɨˊɞɡɠ ɧůɞ ɖ ˊɞůɧŰɖŰŬ Űɞɡ ůŰɞ ŬɘɩɟɖɛŬ ŬɡɝɎɜŮŰŬɘ. ȷˊɧ ɏɜŬ ůɖɛŮɑɞ ɧɛɤɠ əŬɘ 

ɛŮŰɎ, ˊɞɡ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɤɠ ɓɏɚŰɘůŰɞ, ɖ ˊɟɞůɗɐəɖ əŬŰŬɚɨŰɖ ŭŮɜ ŮˊɘŰŬɢɨɜŮɘ Űɖɜ Ŭˊɞŭɧɛɖůɖ 

əŬɗɩɠ ɖ ˊŮɟɑůůŮɘŬ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɞɡ əŬŰŬɚɨŰɖ Ůɛˊɞŭɑɕɞɡɜ Űɖɜ Ŭˊɞɟɟɧűɖůɖ Űɤɜ 

űɤŰɞɜɑɤɜ ˊɞɡ űɗɎɜɞɡɜ ůŰɞ ŭŮɑɔɛŬ əŬɘ ɏŰůɘ ŭŮɜ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ŮɜŮɟɔɞˊɞɘɖɗŮɑ Űɞ ůɨɜɞɚɞ 

Űɖɠ ˊɞůɧŰɖŰŬɠ Űɞɡ əŬŰŬɚɨŰɖ. Ⱥˊɘˊɚɏɞɜ, ɡɣɖɚɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ əŬŰŬɚɨŰɖ ɛˊɞɟŮɑ ɜŬ 

ɞŭɖɔɐůɞɡɜ ůŮ Ŭɨɝɖůɖ Űɞɡ ůəŮŭŬůɛɞɨ Űɞɡ űɤŰɧɠ  əŬɘ ůŮ ůɡůůɤɛɎŰɤůɖ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɞɡ, 

ɛŮɘɩɜɞɜŰŬɠ ɛŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ Űɖɜ ŮɜŮɟɔɧ Űɞɡ ŮˊɘűɎɜŮɘŬ əŬɘ ŰŬ ŭɟŬůŰɘəɎ əɏɜŰɟŬ. ȼ ɓɏɚŰɘůŰɖ 

ůɡɔəɏɜŰɟɤůɖ əŬŰŬɚɨŰɖ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖ ɔŮɤɛŮŰɟɑŬ əŬɘ Űɘɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ 

ŬɜŰɘŭɟŬůŰɐɟŬ, Ŭˊɧ Űɖɜ ˊɖɔɐ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ Ŭˊɧ Űɖɜ Ŭɟɢɘəɐ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɟɨˊɞɡ 

(Konstantinou and Albanis,  2004; Rauf and  Ashraf, 2009; Malato et al., 2009).  

 

ɆɢɐɛŬ 3.23: ȺˊɑŭɟŬůɖ Űɖɠ Ŭɟɢɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ əŬŰŬɚɨŰɖ ůŰɖɜ əɘɜɖŰɘəɐ Űɖɠ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ (Herrmann, 2010).   
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3.6.3. ȺˊɑŭɟŬůɖ Űɞɡ pH Űɞɡ ŭɘŬɚɨɛŬŰɞɠ 

 

ȺɝŬɘŰɑŬɠ Űɞɡ ŬɛűɞŰŮɟɘəɞɨ ɢŬɟŬəŰɐɟŬ Űɞɡ ɇiO2, ɧˊɤɠ əŬɘ Űɤɜ ˊŮɟɘůůɧŰŮɟɤɜ ɞɝŮɘŭɑɤɜ 

ɖɛɘŬɔɤɔɩɜ ůŮ ɡŭŬŰɘəɎ ŬɘɤɟɐɛŬŰŬ, ɏɜŬɠ ůɖɛŬɜŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ˊɞɡ ŮˊɘŭɟɎ 

ůŰɞ űɞɟŰɑɞ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ ŮɑɜŬɘ Űɞ pH Űɤɜ ŬɘɤɟɖɛɎŰɤɜ. ɋůŰɧůɞ, ɖ 

ŮɟɛɖɜŮɑŬ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɞɡ pH ůŰɖɜ Ŭˊɧŭɞůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ ˊŬɟɞɡůɘɎɕŮɘ 

ŭɡůəɞɚɑŬ ɚɧɔɤ Űɤɜ ˊɞɚɚɩɜ ɘůɞɟɟɞˊɘɩɜ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ɛŮŰŬɓɚɖɗɞɨɜ ɛŮ Űɖ ɛŮŰŬɓɞɚɐ Űɞɡ  

(Konstantinou and Albanis, 2004). 

ɄɟɩŰɞɠ ˊŬɟɎɔɞɜŰŬɠ ˊɞɡ ɛŮŰŬɓɎɚɚŮŰŬɘ ůɖɛŬɜŰɘəɎ ɛŮ Űɖɜ ɛŮŰŬɓɞɚɐ Űɞɡ pH ŮɑɜŬɘ ɖ 

əŬŰɎůŰŬůɖ ɘɞɜŰɘůɛɞɨ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ əŬŰŬɚɨŰɖ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ɇiO2 Űɖɠ ŮŰŬɘɟŮɑŬɠ  

Degussa (P-25), ɧˊɞɡ Űɞ ɘůɞɖɚŮəŰɟɘəɧ ůɖɛŮɑɞ ɏɢŮɘ ˊɟɞůŭɘɞɟɘůŰŮɑ ůŮ pH 6,8, ůŮ Űɘɛɏɠ pH 

ɛɘəɟɧŰŮɟŮɠ Ŭˊɧ 6,8, ŮˊɘəɟŬŰɞɨɜ ɞɘ ɗŮŰɘəɎ űɞɟŰɘůɛɏɜŮɠ ɞɛɎŭŮɠ (ŬɜŰɑŭɟŬůɖ 3.49) əŬɘ ŮɡɜɞŮɑŰŬɘ 

ɖ ˊɟɞůɟɧűɖůɖ ŬɟɜɖŰɘəɎ űɞɟŰɘůɛɏɜɤɜ ɛɞɟɑɤɜ. ȷɜŰɑɗŮŰŬ, ůŮ pH ɛŮɔŬɚɨŰŮɟɞ Ŭˊɧ 6,8 

ŮˊɘəɟŬŰɞɨɜ ɞɘ ŬɟɜɖŰɘəɎ űɞɟŰɘůɛɏɜŮɠ ɞɛɎŭŮɠ (ŬɜŰɑŭɟŬůɖ 3.50) əŬɘ ɎɟŬ ŬɡɝɎɜŮɘ ɖ ɏəŰŬůɖ Űɖɠ 

ˊɟɞůɟɧűɖůɖɠ ɗŮŰɘəɎ űɞɟŰɘůɛɏɜɤɜ ɛɞɟɑɤɜ (Konstantinou and Albanis, 2004; Gaya and 

Abdullah, 2008; Malato et al., 2009). 

 

 

ȾŬŰɎ ůɡɜɏˊŮɘŬ, Űɞ ŮˊɘűŬɜŮɘŬəɧ űɞɟŰɑɞ Űɞɡ əŬŰŬɚɨŰɖ ŮˊɖɟŮɎɕŮɘ ůɖɛŬɜŰɘəɎ Űɞ ůŰɎŭɘɞ Űɖɠ 

ˊɟɞůɟɧűɖůɖɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ, Űɞ əŬɗɞɟɘůŰɘəɧ ŭɖɚŬŭɐ ůŰɎŭɘɞ ɔɘŬ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ 

ˊɞɟŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ (Konstantinou and Albanis,  2004). 

ȾŬŰɎ ŭŮɨŰŮɟɞ ɚɧɔɞ, Űɞ pH Űɞɡ ŭɘŬɚɨɛŬŰɞɠ ŮˊɖɟŮɎɕŮɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ ɟɘɕɩɜ HO
Å
 ˊɞɡ 

ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ ŬɜŰɑŭɟŬůɖ ɛŮŰŬɝɨ Űɤɜ űɤŰɞˊŬɟŬɔɧɛŮɜɤɜ ɞˊɩɜ əŬɘ ɘɧɜŰɤɜ ɡŭɟɞɝɡɚɑɞɡ 

(ȼɃ
ï
). ɆŮ ɢŬɛɖɚɏɠ Űɘɛɏɠ pH ɞɘ ɞˊɏɠ ŬˊɞŰŮɚɞɨɜ ŰŬ əɨɟɘŬ ɞɝŮɘŭɤŰɘəɎ ɛɏůŬ, Ůɜɩ ůŮ ɞɡŭɏŰŮɟŮɠ 

ɐ ɡɣɖɚɏɠ Űɘɛɏɠ pH ŮˊɘəɟŬŰŮɑ ɖ ˊŬɟɞɡůɑŬ ɟɘɕɩɜ HO
Å
 ɛɏůɤ Űɤɜ ɞˊɞɑɤɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɖ 

űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɘŬŭɘəŬůɑŬ. ȷɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ űɤŰɞŬˊɞɘəɞŭɧɛɖůɖɠ ɏɢŮɘ ˊŬɟŬŰɖɟɖɗŮɑ ůŮ 

ŬɚəŬɚɘəɎ ŭɘŬɚɨɛŬŰŬ əŬɗɩɠ ŮɡɜɞŮɑŰŬɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ɟɘɕɩɜ HO
Å
 Ŭűɞɨ ˊŮɟɘůůɧŰŮɟŬ OH

- 
ŮɑɜŬɘ 

ŭɘŬɗɏůɘɛŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ TiO2. ȰɜŬɠ Ɏɚɚɞɠ Űɟɧˊɞɠ ŮˊɑŭɟŬůɖɠ Űɖɠ Űɘɛɐɠ Űɞɡ pH, 

ůɢŮŰɑɕŮŰŬɘ ɛŮ Űɖɜ ŰɎůɖ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɞɡ TiO2 ɜŬ ůɡůůɤɛŬŰɩɜɞɜŰŬɘ ůŮ ɧɝɘɜŮɠ ůɡɜɗɐəŮɠ 

ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ɛŮɑɤůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ˊɞɡ ŮɑɜŬɘ ŭɘŬɗɏůɘɛɖ ɔɘŬ Űɖɜ ˊɟɞůɟɧűɖůɖ Űɞɡ ɟɨˊɞɡ 

əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ Űɖɠ ŬˊɞŰŮɚŮůɛŬŰɘəɐɠ Ŭˊɞɟɟɧűɖůɖɠ Űɤɜ űɤŰɞɜɑɤɜ (Konstantinou and 

Albanis,  2004; Ahmed et al., 2011). 
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3.6.4. ȰɜŰŬůɖ ˊɟɞůˊɑˊŰɞɡůŬɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ ɢɟɧɜɞɡ ŬəŰɘɜɞɓɧɚɖůɖɠ 

 

ȳůɞɜ ŬűɞɟɎ ůŰɖɜ ɏɜŰŬůɖ Űɖɠ ˊɟɞůˊɑˊŰɞɡůŬɠ ŬəŰɘɜɞɓɞɚɑŬɠ, ůɡɜɞɣɑɕɞɜŰŬɠ Űɘɠ ɛɏɢɟɘ ŰɩɟŬ 

ŮɟŮɡɜɖŰɘəɏɠ ɛŮɚɏŰŮɠ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ ůŮ ɢŬɛɖɚɐ ɏɜŰŬůɖ űɤŰɧɠ (0 ï 20 mW cm
-2
) ɖ 

ŰŬɢɨŰɖŰŬ Űɖɠ űɤŰɞŬˊɞɘəɞŭɧɛɖůɖɠ ŬɡɝɎɜŮɘ ɔɟŬɛɛɘəɎ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɏɜŰŬůɖɠ Űɖɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ. ɆŮ ɛɏŰɟɘŬ ɏɜŰŬůɖ űɤŰɧɠ (~25 mW cm
-2
) ɖ ŰŬɢɨŰɖŰŬ ŮɑɜŬɘ ŬɜɎɚɞɔɖ Űɖɠ 

ŰŮŰɟŬɔɤɜɘəɐɠ ɟɑɕŬɠ Űɖɠ ɏɜŰŬůɖɠ Űɞɡ űɤŰɧɠ Ůɜɩ ůŮ ɛŮɔɎɚɖ ɏɜŰŬůɖ űɤŰɧɠ ɖ ŰŬɢɨŰɖŰŬ ŮɑɜŬɘ 

ŬɜŮɝɎɟŰɖŰɖ Űɖɠ ɏɜŰŬůɖɠ Űɞɡ űɤŰɧɠ (ɆɢɐɛŬ 3.24). ȼ ˊŬɟŬˊɎɜɤ ŮˊɑŭɟŬůɖ Űɖɠ ɏɜŰŬůɖɠ Űɞɡ 

űɤŰɧɠ ůŰɖɜ ŰŬɢɨŰɖŰŬ Űɖɠ űɤŰɞŬˊɞɘəɞŭɧɛɖůɖɠ ɞűŮɑɚŮŰŬɘ ůŰɞɜ ŬɜŰŬɔɤɜɘůɛɧ ŬɜɎɛŮůŬ ůŰɞ 

ůɢɖɛŬŰɘůɛɧ əŬɘ Űɖɜ ŮˊŬɜŬůɨɜŭŮůɖ ɖɚŮəŰɟɞɜɑɞɡïɞˊɐɠ. ɆɨɛűɤɜŬ ɛŮ ɛŮɚɏŰŮɠ ůŮ ɢŬɛɖɚɐ 

ɏɜŰŬůɖ ŮˊɘəɟŬŰŮɑ ɞ ůɢɖɛŬŰɘůɛɧɠ űɤŰɞˊŬɟŬɔɧɛŮɜɤɜ ɖɚŮəŰɟɞɜɑɤɜïɞˊɩɜ, Ůɜɩ ɧůɞ ŬɡɝɎɜŮŰŬɘ 

ɖ ɏɜŰŬůɖ Űɞɡ űɤŰɧɠ, ɖ ŮˊŬɜŬůɨɜŭŮůɖ ɖɚŮəŰɟɞɜɑɞɡïɞˊɐɠ ŭɟŬ ŬɜŰŬɔɤɜɘůŰɘəɎ ˊɟɞɠ Űɞ 

ɛɖɢŬɜɘůɛɧ ůɢɖɛŬŰɘůɛɞɨ (Ahmed et al., 2011; Konstantinou and Albanis, 2004).  Ⱥˊɘˊɚɏɞɜ, 

ůŮ ɡɣɖɚɏɠ ŮɜŰɎůŮɘɠ, ɖ ˊɟɞůűŮɟɧɛŮɜɖ ŬəŰɘɜɞɓɞɚɑŬ ŭŮ ɛˊɞɟŮɑ ɜŬ ŬˊɞɟɟɞűɖɗŮɑ Ůɝ ɞɚɞəɚɐɟɞɡ 

Ŭˊɧ Űɞ ŭɘŬɗɏůɘɛɞ űɤŰɞəŬŰŬɚɨŰɖ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛŮɘɩɜŮŰŬɘ ɖ ŰŬɢɨŰɖŰŬ Űɖɠ 

űɤŰɞŬˊɞɘəɞŭɧɛɖůɖɠ (Konstantinou and Albanis,  2004). 

 

ɆɢɐɛŬ 3.24: ȺˊɑŭɟŬůɖ Űɖɠ ɏɜŰŬůɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ůŰɖɜ əɘɜɖŰɘəɐ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ 

Ŭˊɞɘəɞŭɧɛɖůɖɠ (Herrmann, 2010).  

 

3.6.5. ȺˊɑŭɟŬůɖ ɞɝŮɘŭɤŰɘəɩɜ 

 

ũŮɜɘəɎ, ɖ ˊɟɞůɗɐəɖ ɞɝŮɘŭɤŰɘəɩɜ ŬɜŰɘŭɟŬůŰɖɟɑɤɜ, ɧˊɤɠ H2O2, S2O8
2-
, ŮˊɘŭɟɎ ɗŮŰɘəɎ ůŰɖ 

űɤŰɞŬˊɞɘəɞŭɧɛɖůɖ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ŭɘŬűɧɟɤɜ ɢɖɛɘəɩɜ əŬŰɖɔɞɟɘɩɜ (Konstantinou and 

Albanis, 2004; Ahmed et al., 2011). ɄŬɟɞɡůɑŬ űɤŰɞəŬŰŬɚɡŰɩɜ ŰŬ ɞɝŮɘŭɤŰɘəɎ ɛɏůŬ 

ŬɜŰɘŭɟɞɨɜ ŮɑŰŮ ɛŮ ŰŬ űɤŰɞŭɖɛɘɞɡɟɔɞɨɛŮɜŬ ɖɚŮəŰɟɧɜɘŬ ˊɟɞɠ Űɞ ůɢɖɛŬŰɘůɛɧ ŮɜŭɘɎɛŮůɤɜ 

ŭɟŬůŰɘəɩɜ ɞɝŮɘŭɤŰɘəɩɜ ɟɘɕɩɜ (HO
Å
 əŬɘ 

Å
SO4

-
) ŮɑŰŮ ŭɟɞɡɜ ɤɠ ˊŬɔɑŭŮɠ Űɤɜ űɤŰɞˊŬɟŬɔɧɛŮɜɤɜ 



  

121 
 

ɖɚŮəŰɟɞɜɑɤɜ Űɞɡ TiO2 ŬɜŬůŰɏɚɚɞɜŰŬɠ Űɖɜ ŮˊŬɜŬůɨɜŭŮůɖ ɖɚŮəŰɟɞɜɑɞɡ ï ɞˊɐɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

Űɞɡ əŬŰŬɚɨŰɖ ůɨɛűɤɜŬ ɛŮ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ 3.47-3.51 ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ (Konstantinou and 

Albanis, 2004): 

 

 

 

 

ɆŮ ɛŮɔɎɚŮɠ ɧɛɤɠ ůɡɔəŮɜŰɟɩůŮɘɠ, Űɞ ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ ɡŭɟɞɔɧɜɞɡ ŭŮɜ ŮˊɘűɏɟŮɘ ˊŮɟŮŰŬɑɟɤ 

ɓŮɚŰɑɤůɖ Űɞɡ ɟɡɗɛɞɨ Ŭˊɞŭɧɛɖůɖɠ əŬɗɩɠ ɛˊɞɟŮɑ ɜŬ ŭɟɎůŮɘ ɤɠ ˊŬɔɑŭŬ Űɤɜ ɟɘɕɩɜ HO
Å
 əŬɘ Űɤɜ 

ɞˊɩɜ ůɨɛűɤɜŬ ɛŮ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ 3.52-3.54. Ⱥˊɘˊɚɏɞɜ, Űɞ H2O2 ɛˊɞɟŮɑ ɜŬ ˊɟɞůɟɞűɖɗŮɑ ůŰŬ 

ůɤɛŬŰɑŭɘŬ Űɞɡ TiO2 əŬɘ ɜŬ ŰɟɞˊɞˊɞɘɐůŮɘ ŰŬ ŮˊɘűŬɜŮɘŬəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡɠ ɞŭɖɔɩɜŰŬɠ ůŮ 

ɛŮɑɤůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŮɜŮɟɔɧŰɖŰŬɠ Űɞɡ TiO2 (Konstantinou and Albanis,  2004). 

 

 

 

3.6.6. ȺˊɑŭɟŬůɖ ŬɜɧɟɔŬɜɤɜ ɘɧɜŰɤɜ, ŭɘŬɚɡŰɩɜ əŬɘ ɢɞɡɛɘəɩɜ ɞɝɏɤɜ 

 

ȼ ˊŬɟɞɡůɑŬ ŬɜɧɟɔŬɜɤɜ ɘɧɜŰɤɜ, ɞɟɔŬɜɘəɩɜ ŭɘŬɚɡŰɩɜ əŬɘ ɢɞɡɛɘəɩɜ ɞɝɏɤɜ, ůɡůŰŬŰɘəɩɜ 

ˊɞɡ ůɡɢɜɎ ůɡɜɡˊɎɟɢɞɡɜ ɛŮ Űɞɡɠ ɟɨˊɞɡɠ ůŰŬ űɡůɘəɎ ɨŭŬŰŬ əŬɘ ŬˊɧɓɚɖŰŬ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɜŬ 

ŮˊɖɟŮɎɕŮɘ ůɖɛŬɜŰɘəɎ Űɞ ɟɡɗɛɧ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞŭɧɛɖůɖɠ. Ƀɘ ŮɜɩůŮɘɠ ŬɡŰɏɠ ŮɑŰŮ 

ůɡɜŬɔɤɜɑɕɞɜŰŬɘ ɛŮ ŰŬ ɛɧɟɘŬ Űɤɜ ɞɟɔŬɜɘəɩɜ ɞɡůɘɩɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ˊɟɞůɟɞűɖɗɞɨɜ ůŰɘɠ 

ŮɜŮɟɔɏɠ ɗɏůŮɘɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ əŬŰŬɚɨŰɖ ŮɑŰŮ ŬˊŮɜŮɟɔɞˊɞɘɞɨɜ Űɞɜ əŬŰŬɚɨŰɖ, ɛŮɘɩɜɞɜŰŬɠ 

Űɞ ɟɡɗɛɧ ŭɘɎůˊŬůɖɠ Űɤɜ ɟɨˊɤɜ. ɄŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɏŭŮɘɝŬɜ ɧŰɘ ɞɟɔŬɜɘəɞɑ ŭɘŬɚɨŰŮɠ 

ɧˊɤɠ ŬəŮŰɞɜɘŰɟɑɚɘɞ əŬɘ ŬɘɗŬɜɧɚɖ Ůˊɘűɏɟɞɡɜ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ 

Ŭˊɞɘəɞŭɧɛɖůɖ  Ŭəɧɛɖ əŬɘ ůŮ ɢŬɛɖɚɏɠ ůɡɔəŮɜŰɟɩůŮɘɠ. ȳɛɞɘŬ, ɖ ˊŬɟɞɡůɑŬ ŬɜɧɟɔŬɜɤɜ ɘɧɜŰɤɜ 

ůŰɞ űɤŰɞəŬŰŬɚɡŰɘəɧ ůɨůŰɖɛŬ ɞŭɖɔŮɑ əŬŰɎ əŬɜɧɜŬ ůŮ ɛŮɘɤɛɏɜɞɡɠ ɟɡɗɛɞɨɠ Ŭˊɞŭɧɛɖůɖɠ, ɞɘ 

ɞˊɞɑɞɘ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ ɘŭɘɧŰɖŰŬ Űɤɜ ŬɜɘɧɜŰɤɜ ɜŬ ŭɟɞɡɜ ůŬɜ ˊŬɔɑŭŮɠ Űɤɜ ɞˊɩɜ əŬɘ Űɤɜ 
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ɟɘɕɩɜ HO
Å
 (ŬɜŰɘŭɟɎůŮɘɠ 3.55-3.60) (Konstantinou and Albanis,  2004).  ȷˊɧ ŰŬ ŬɜɘɞɜɘəɎ Ůɑŭɖ 

ˊɞɡ ɏɢɞɡɜ ɛŮɚŮŰɖɗŮɑ (HCl, NaCl, NaNO3, HNO3. H3PO4 əŬɘ NaHCO3), Űɞ HCl ˊŬɟɞɡůɑŬůŮ 

Űɖ ɛŮɔŬɚɨŰŮɟɖ ŬɜŬůŰɞɚɐ ŬəɞɚɞɡɗɞɨɛŮɜɞ Ŭˊɧ Űɞ H3PO4. Ƀ ůɢɖɛŬŰɘůɛɧɠ ŬɜɧɟɔŬɜɤɜ 

ɘɞɜŰɘəɩɜ ɟɘɕɩɜ (ˊ.ɢ. Cl
Å
, NO3

Å
) ˊɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ɛɏůɤ Űɖɠ ŬɜŰɑŭɟŬůɖɠ Űɤɜ ŬɜɘɧɜŰɤɜ ɛŮ Űɘɠ 

ɞˊɏɠ əŬɘ Űɘɠ ɟɑɕŮɠ HO
Å
, ŭŮɜ ŮˊɘŰŬɢɨɜŮɘ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ əŬɗɩɠ ɞɘ 

ˊŬɟŬɔɧɛŮɜŮɠ ɟɑɕŮɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɘəɟɧŰŮɟɖ ɞɝŮɘŭɤŰɘəɐ ɘəŬɜɧŰɖŰŬ Ŭˊɧ Űɘɠ HO
Å
 əŬɘ h

+
. 

ɄŬɟɎɚɚɖɚŬ, ɖ ɘůɢɡɟɐ ˊɟɞůɟɧűɖůɖ Űɤɜ ŬɜɘɧɜŰɤɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ ŬˊɞŰŮɚŮɑ 

ŬɜŬůŰŬɚŰɘəɧ ˊŬɟɎɔɞɜŰŬ Űɞɡ ɟɡɗɛɞɨ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ (Konstantinou 

and Albanis,  2004).  

 

H ˊŬɟɞɡůɑŬ ɢɞɡɛɘəɩɜ ɞɝɏɤɜ (ˊɟɞŰŮɘɜɞɛɏɜɖ ŭɞɛɐ, ɆɢɐɛŬ 3.25) ůŰŬ űɤŰɞəŬŰŬɚɡŰɘəɎ 

ůɡůŰɐɛŬŰŬ, ŮˊɘŭɟɎ ůɡɜɐɗɤɠ ŬɟɜɖŰɘəɎ, ˊɟɞəŬɚɩɜŰŬɠ ɛŮɑɤůɖ Űɞɡ ɟɡɗɛɞɨ Ŭˊɞɘəɞŭɧɛɖůɖɠ Űɤɜ 

ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ. ȼ ŬɟɜɖŰɘəɐ ŮˊɑŭɟŬůɖ Űɤɜ ɢɞɡɛɘəɩɜ ɞɝɏɤɜ ůɢŮŰɑɕŮŰŬɘ ŬűŮɜɧɠ ɛŮ Űɖɜ 

ˊɟɞůɟɧűɖůɖ Űɞɡɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ, ɖ ɞˊɞɑŬ əŬɘ ɞŭɖɔŮɑ ůŮ əŬŰɎɚɖɣɖ Űɤɜ 

ŮɜŮɟɔɩɜ əɏɜŰɟɤɜ Űɞɡ əŬŰŬɚɨŰɖ, ŭɟɩɜŰŬɠ ŬɜŰŬɔɤɜɘůŰɘəɎ ɤɠ ˊɟɞɠ ŰŬ ɛɧɟɘŬ Űɖɠ ɞɟɔŬɜɘəɐɠ 

ɏɜɤůɖɠ-ɟɨˊɞɡ əŬɘ ŬűŮŰɏɟɞɡ ɛŮ Űɖ ŭɟɎůɖ Űɞɡɠ ɤɠ ɞˊŰɘəɧ űɑɚŰɟɞ Űɖɠ ˊɟɞůˊɑˊŰɞɡůŬɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ, ˊŬɟŮɛˊɞŭɑɕɞɜŰŬɠ Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɐ Ŭˊɞɟɟɧűɖůɖ Űɖɠ Ŭˊɧ Űɞɜ əŬŰŬɚɨŰɖ 

(Konstantinou and Albanis,  2004; Lin and Lin, 2007). 

Ⱥˊɘˊɚɏɞɜ, ɖ ŮˊɑŭɟŬůɖ ŭɘŬűɧɟɤɜ ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ (Cu
2+

, Zn
2+

, Fe
3+

, Al
3+

 əŬɘ Cd
2+
) ɏɢŮɘ 

ɛŮɚŮŰɖɗŮɑ əŬɘ ɏɢŮɘ ɓɟŮɗŮɑ ɛɘŬ ŭɘŰŰɐ ŭɟɎůɖ ɔɘŬ ɞɟɘůɛɏɜŬ Ŭˊɧ ŬɡŰɎ. ȼ ŮˊɑŭɟŬůɖ Űɞɡɠ 

ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞɜ Űɨˊɞ Űɖɠ ɞɟɔŬɜɘəɐɠ ɏɜɤůɖɠ əŬɘ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŬɢɨɜɞɡɜ ɐ ɜŬ ŮˊɘɓɟŬŭɨɜɞɡɜ 

Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɖ ˊɟɞůɗɐəɖ Cu
2+

 əŬɘ Fe
3+  
ɓɟɏɗɖəŮ ɜŬ 

ɛŮɘɩɜŮɘ Űɖɜ ŬɜŬɔɤɔɐ Űɞɡ Ƀ2 Ŭˊɧ ŰŬ e
-
, ˊŬɟŮɛˊɞŭɑɕɞɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ Űɞ ůɢɖɛŬŰɘůɛɧ 

ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ ɧˊɤɠ Ƀ2
Å-
, ȼɃɃ

Å
, HO

Å
 ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŮˊɘɓɟɎŭɡɜůɖ Űɖɠ 

űɤŰɞŬ́ ɞɘəɞŭɧɛɖůɖɠ (Konstantinou and Albanis, 2004). ȷɜŰɘɗɏŰɤɠ, ˊɟɞůɗɐəɖ 

ůɡɔəŮəɟɘɛɏɜɤɜ ůɡɔəŮɜŰɟɩůŮɤɜ ɛŮŰŬɚɚɘəɩɜ ɘɧɜŰɤɜ ɧˊɤɠ Fe
3+

 əŬɘ Cu
2+

 ůŮ ˊŮɘɟɎɛŬŰŬ 
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űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ Űɞɡ ɕɘɕŬɜɘɞəŰɧɜɞɡ glyphosate əŬɘ ŭɘŬűɧɟɤɜ űŬɘɜɞɚɘəɩɜ 

ŮɜɩůŮɤɜ ɏɢŮɘ ɓɟŮɗŮɑ ɜŬ ŮˊɘŰŬɢɨɜɞɡɜ Űɖ ŭɘŮɟɔŬůɑŬ ɚɧɔɤ ˊŬɔɑŭŮɡůɖɠ Űɤɜ e
-
 Ŭˊɧ ŰŬ ɛŮŰŬɚɚɘəɎ 

ɘɧɜŰŬ ˊɞɡ ŮɡɜɞŮɑ Űɖɜ ŬɜŬůŰɞɚɐ Űɖɠ ŮˊŬɜŬůɨɜŭŮůɖɠ h
+ 

- e
- 
 əŬɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŭɟŬůŰɘəɩɜ 

Ůɘŭɩɜ ɧˊɤɠ HO
Å
 əŬɘ Ƀ2

Å-
 (ȷhmed et al., 2010; Ahmed et al., 2011; Shifu and Liu, 2007). 

ȯɚɚŮɠ űɤŰɞəŬŰŬɚɡŰɘəɏɠ ɛŮɚɏŰŮɠ ɢɟɤůŰɘəɩɜ ŬˊɏŭŮɘɝŬɜ ɧŰɘ ɘɧɜŰŬ ɧˊɤɠ Űɞ Zn
2+

, Cd
2+

 əŬɘ  Al
3+ 

 

ŮˊɖɟŮɎɕɞɡɜ ˊɞɚɨ ɚɑɔɞ Űɖ űɤŰɞŬɜŰɑŭɟŬůɖ ɛŮŰŬɓɎɚɚɞɜŰŬɠ Űɖɜ ɏəŰŬůɖ Űɖɠ ˊɟɞůɟɧűɖůɖɠ Űɖɠ 

ɞɟɔŬɜɘəɐɠ ɏɜɤůɖɠ ůŰɞɜ əŬŰŬɚɨŰɖ (Konstantinou and Albanis, 2004). 

 

 

ɆɢɐɛŬ 3.25: ɄɟɞŰŮɘɜɧɛŮɜɖ ŭɞɛɐ ɢɞɡɛɘəɞɨ ɞɝɏɞɠ ůɨɛűɤɜŬ ɛŮ Steveston (1982), R:Ɏɟɡɚɞ, 

Ɏɚəɡɚɞ ɐ Ŭɟɡɚɞ-Ɏɚəɡɚɞ ɞɛɎŭŮɠ (Pe¶a-M®ndez et al., 2005). 

 

3.6.7. ȺˊɑŭɟŬůɖ Űɞɡ ɞɝɡɔɧɜɞɡ  

 

ɇɞ ɞɝɡɔɧɜɞ ŮɑɜŬɘ ɞɡůɘŬůŰɘəɐɠ ůɖɛŬůɑŬɠ ɔɘŬ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ Űɤɜ 

ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ. ɇɞ ŭɘŬɚɡɛɏɜɞ ɛɞɟɘŬəɧ ɞɝɡɔɧɜɞ ɤɠ ɏɜŬ ɏɜŰɞɜŬ ɖɚŮəŰɟɞɜɘɧűɘɚɞ Ůɑŭɞɠ, 

ɏɢŮɘ Űɖɜ ɘəŬɜɧŰɖŰŬ ɜŬ ŭŮůɛŮɨŮɘ ŰŬ ɖɚŮəŰɟɧɜɘŬ ˊŬɟŮɛˊɞŭɑɕɞɜŰŬɠ Űɖɜ ŮˊŬɜŬůɨɜŭŮůɖ ɞˊɩɜ-

ɖɚŮəŰɟɞɜɑɤɜ əŬɗɩɠ Ůˊɑůɖɠ ɜŬ ɛŮŰɏɢŮɘ ůŮ ŬɜŰɘŭɟɎůŮɘɠ ˊŬɟŬɔɤɔɐɠ ŭɟŬůŰɘəɩɜ Ůɘŭɩɜ ɧˊɤɠ 

HO
Å
, ȼ2Ƀ2, Ƀ2

Å- 
(ɀalato et al., 2009). ȹŮŭɞɛɏɜɖɠ Űɖɠ ůŰɞɘɢŮɘɞɛŮŰɟɑŬɠ Űɖɠ ůɡɜɞɚɘəɐɠ 

ŬɜŰɑŭɟŬůɖɠ ŬɜɞɟɔŬɜɞˊɞɑɖůɖɠ Ůɜɧɠ ɞɟɔŬɜɘəɞɨ ɟɨˊɞɡ (ŬɜŰɑŭɟŬůɖ 3.11) ɖ ˊŬɟɞɡůɑŬ Űɞɡ 

ɞɝɡɔɧɜɞɡ ŮɑɜŬɘ ŬɜŬɔəŬɑŬ əŬɘ ŭŮ ŭɟŬ ŬɜŰŬɔɤɜɘůŰɘəɎ ɛŮ ŰŬ ɡˊɧɚɞɘˊŬ ŬɜŰɘŭɟɩɜŰŬ əŬŰɎ Űɖɜ 

ˊɟɞůɟɧűɖůɖ Űɞɡɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ, ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɖ ɞɝŮɑŭɤůɖ ɔɑɜŮŰŬɘ ůŮ 

ŭɘŬűɞɟŮŰɘəɧ ůɖɛŮɑɞ Űɞɡ əŬŰŬɚɨŰɖ Ŭˊ' ɧŰɘ ɖ ŬɜŬɔɤɔɐ (ɆɢɐɛŬ 3.20). ɋůŰɧůɞ ɖ ŰŬɢɨŰɖŰŬ Űɖɠ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŬɜŰɑŭɟŬůɖɠ, ɖ ɞˊɞɑŬ ŬɡɝɎɜŮŰŬɘ ˊŬɟɞɡůɑŬ ɛɞɟɘŬəɞɨ ɞɝɡɔɧɜɞɡ, ŭŮɜ 

ŭɘŬűɞɟɞˊɞɘŮɑŰŬɘ ůɖɛŬɜŰɘəɎ əŬŰɎ Űɖ ɢɟɐůɖ ŬɏɟŬ (PO2=0,21 bar) ɐ əŬɗŬɟɞɨ ɞɝɡɔɧɜɞɡ 

(PO2=1bar) (ɀalato et al., 2009). ɆɖɛŬɜŰɘəɧ ɛŮɘɞɜɏəŰɖɛŬ Űɞɡ ɞɝɡɔɧɜɞɡ ŬˊɞŰŮɚŮɑ ɖ ɛɘəɟɐ 

ŭɘŬɚɡŰɧŰɖŰŬ Űɞɡ (~8 mg L
-1
) ůŮ əŬɜɞɜɘəɏɠ ůɡɜɗɐəŮɠ ˊɑŮůɖɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ 

ˊɞɚɚɏɠ űɞɟɏɠ ɜŬ əɟɑɜŮŰŬɘ ŬɜŬɔəŬɑŬ ɖ ˊɟɞůɗɐəɖ ɞɝŮɘŭɤŰɘəɩɜ Ůɘŭɩɜ ɧˊɤɠ ȼ2Ƀ2, ˊɟɞəŮɘɛɏɜɞɡ 

ɜŬ ŬˊɞŰɟŬˊŮɑ ɖ ŮˊŬɜŬůɨɜŭŮůɖ Űɤɜ űɤŰɞˊŬɟŬɔɧɛŮɜɤɜ ɕŮɡɔɩɜ ɞˊɩɜ-ɖɚŮəŰɟɞɜɑɤɜ 

(ȼerrmann, 1995). 
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3.7. EűŬɟɛɞɔɏɠ Űɖɠ EŰŮɟɞɔŮɜɞɨɠ ūɤŰɞəŬŰɎɚɡůɖɠ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ ɟɨˊɤɜ 

 

ȼ ɏɟŮɡɜŬ ɔɘŬ Űɖ ɢɟɐůɖ Űɞɡ TiO2 ɤɠ ɏɜŬ űɤŰɞŬɔɩɔɘɛɞ ɡɚɘəɧ ɝŮəɑɜɖůŮ ůŰŬ Űɏɚɖ Űɖɠ 

ŭŮəŬŮŰɑŬɠ Űɞɡ 1960 ůŰɞ ˊŬɜŮˊɘůŰɐɛɘɞ Űɞɡ ɇɧəɘɞ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ Űɞɡ ůŮ 

űɤŰɞɖɚŮəŰɟɞɢɖɛɘəɏɠ ɖɚɘŬəɏɠ əɡɣŮɚɑŭŮɠ (photoelectrochemical solar cells), əŬɘ ɏɚŬɓŮ 

ůɖɛŬɜŰɘəɐ ɩɗɖůɖ Űɞ 1972 ɧŰŬɜ ɞɘ Fujishima əŬɘ Honda ŮˊɏŰɡɢŬɜ Űɖ űɤŰɞŮˊŬɔɧɛŮɜɖ 

ŭɘɎůˊŬůɖ Űɞɡ ɜŮɟɞɨ ůŮ ɖɚŮəŰɟɧŭɘŬ TiO2 ɢɤɟɑɠ Űɖɜ ŮűŬɟɛɞɔɐ ɖɚŮəŰɟɘəɐɠ ŰɎůɖɠ, əŬɘ 

ɞɡůɘŬůŰɘəɎ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɖɠ ˊɟɩŰɖɠ űɤŰɞɖɚŮəŰɟɞɢɖɛɘəɐɠ əɡɣŮɚɑŭŬɠ. ȼ ˊɟɤŰɞˊɞɟɘŬəɐ 

ŬɡŰɐ ɏɟŮɡɜŬ ɏŭɤůŮ Űɞ ɏɜŬɡůɛŬ ɛɘŬɠ ɜɏŬɠ Ůˊɞɢɐɠ ůŰɖɜ ŮŰŮɟɞɔŮɜɐ űɤŰɞəŬŰɎɚɡůɖ (Fujishima 

et al., 2007). ȼ ŭɡɜŬŰɧŰɖŰŬ ŮűŬɟɛɞɔɐɠ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ  ɞɝŮɑŭɤůɖɠ  ɛŮ Űɖ ɢɟɐůɖ  TiO2 

ɤɠ əŬŰŬɚɨŰɖ ůŰɞɜ ŰɞɛɏŬ Űɖɠ Ů́ɟɘɓŬɚɚɞɜŰɘəɐɠ ɟɨˊŬɜůɖɠ ŬˊɞŭŮɑɢɗɖəŮ ɔɘŬ ˊɟɩŰɖ űɞɟɎ Ŭˊɧ 

Űɞɡɠ Frank əŬɘ Bard Űɞ 1977 ɞɘ ɞˊɞɑɞɘ ŬɜɏűŮɟŬɜ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŬɜŬɔɤɔɐ əɡŬɜɘɞɨɢɤɜ 

ɘɧɜŰɤɜ ůŮ ɡŭŬŰɘəɎ ůɡůŰɐɛŬŰŬ (Pelaez et al., 2012). ȰəŰɞŰŮ, ŮɜŰŬŰɘəɐ ɏɟŮɡɜŬ ŬˊɏŭŮɘɝŮ Űɖ 

űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɟɎůɖ ɖɛɘŬɔɩɔɘɛɤɜ ɡɚɘəɩɜ ɔɘŬ Űɖɜ Ŭˊɞŭɧɛɖůɖ ɞɟɔŬɜɘəɩɜ əŬɘ ŬɜɧɟɔŬɜɤɜ 

ŮɜɩůŮɤɜ, ɢŬɟŬəŰɖɟɘůɛɏɜɤɜ ɤɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ɟɨˊɤɜ (Fujishima et al., 2007). ɆɨɛűɤɜŬ 

ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ůɜɧɠ ůɖɛŬɜŰɘəɞɨ Ŭɟɘɗɛɞɨ ɛŮɚŮŰɩɜ, ɖ ŰŮɢɜɞɚɞɔɑŬ Űɖɠ űɤŰɞəŬŰɎɚɡůɖɠ 

ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŰɖɜ ˊɚɐɟɖ ŬˊɞɛɎəɟɡɜůɖ Ůɜɧɠ ɛŮɔɎɚɞɡ Ŭɟɘɗɛɞɨ ɞɟɔŬɜɘəɩɜ ŬɚɚɎ əŬɘ 

ŬɜɧɟɔŬɜɤɜ ɟɡˊŬɜŰɩɜ, ŬɜŰɘɛŮŰɤˊɑɕɞɜŰŬɠ ɛŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ɞɡůɘŬůŰɘəɎ Űɞ ˊɟɧɓɚɖɛŬ Űɖɠ 

ɟɨˊŬɜůɖɠ əŬɘ ɧɢɘ ŬˊɚɎ ɛŮŰŬɗɏŰɞɜŰɎɠ Űɞ, əŬɘ ɝŮˊŮɟɜɩɜŰŬɠ ŰŬɡŰɧɢɟɞɜŬ ŰŬ ˊɟɞɓɚɐɛŬŰŬ 

ŮəɚŮəŰɘəɧŰɖŰŬɠ ˊɞɡ ŮɛűŬɜɑɕɞɡɜ ˊɞɚɚɏɠ Ŭˊɧ Űɘɠ ůɡɛɓŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ ŬɜŰɘɟɟɨˊŬɜůɖɠ 

(Herrmann, 2005). 

ɇɞ ɏɜŰɞɜɞ ŮɟŮɡɜɖŰɘəɧ ŮɜŭɘŬűɏɟɞɜ ˊɞɡ ŮəŭɖɚɩɗɖəŮ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ůŮ ˊŬɔəɧůɛɘɞ 

ŮˊɑˊŮŭɞ, ɞŭɐɔɖůŮ ůŰɖɜ ŮɟɔŬůŰɖɟɘŬəɐ ɛŮɚɏŰɖ Ůɜɧɠ Ůɡɟɏɞɠ űɎůɛŬŰɞɠ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ˊɞɡ 

ŬˊŬɜŰɩɜŰŬɘ ůŮ ɡɔɟɎ ŬˊɧɓɚɖŰŬ əŬɘ ŬɜɘɢɜŮɨɞɜŰŬɘ ŮɡɟɨŰŬŰŬ ůŮ ɡŭŬŰɘəɎ ůɡůŰɐɛŬŰŬ ɧˊɤɠ, 

ɞɟɔŬɜɘəɎ ɞɝɏŬ, ŬɚŮɘűŬŰɘəɏɠ ŮɜɩůŮɘɠ, űŬɘɜɧɚŮɠ, ɢɚɤɟɞűŬɘɜɧɚŮɠ, űɡŰɞűɎɟɛŬəŬ ŭɘŬűɞɟŮŰɘəɩɜ 

ɢɖɛɘəɩɜ əŬŰɖɔɞɟɘɩɜ, űŬɟɛŬəŮɡŰɘəɏɠ ŮɜɩůŮɘɠ, ˊɟɞɥɧɜŰɤɜ ˊɟɞůɤˊɘəɐɠ űɟɞɜŰɑŭŬɠ, ɢɟɤůŰɘəɏɠ 

ɞɡůɑŮɠ əŬɘ Ůɜŭɞəɟɘɜɘəɞɨɠ ŭɘŬŰŬɟɎəŰŮɠ ɛŮŰŬɝɨ Ɏɚɚɤɜ (Konstantinou and Albanis, 2003; 

Konstantinou and Albanis, 2004; Pera-Titus et al., 2004; Lambropoulou et al., 2008; Ahmed 

et al., 2010; Herrmann, 2005). ȷɜŰɘˊɟɞůɤˊŮɡŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ˊɞɡ 

ŬˊɞŭɞɛɞɨɜŰŬɘ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 

3.5. 
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ɄɑɜŬəŬɠ 3.5: ȺɜŭŮɘəŰɘəɧɠ əŬŰɎɚɞɔɞɠ Űɤɜ ɡŭŬŰɘəɩɜ ɟɨˊɤɜ ˊɞɡ ŬˊɞŭɞɛɞɨɜŰŬɘ/ 

ŬɜɞɟɔŬɜɞˊɞɘɞɨɜŰŬɘ ɛŮ Űɖ ŭɘŮɟɔŬůɑŬ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ (Herrmann, 2005; Sin 

et al., 2012; Lambropoulou et al., 2008; Mart²nez et al., 2011; Antonopoulou and 

Konstantinou, 2013; Rafqah et al., 2006; Yang et al., 2010). 

ȾŬŰɖɔɞɟɑŬ ɄŬɟŬŭŮɑɔɛŬŰŬ 

ȷɚəɎɜɘŬ ɀŮɗɎɜɘɞ, ɘůɞɓɞɡŰɎɜɘɞ, ŮˊŰɎɜɘɞ, əɡəɚɞŮɝɎɜɘɞ, ˊŬɟŬűɑɜɖ 

ȷɚɞɔɞɜɤɛɏɜŬ ŬɚəɎɜɘŬ ɀɧɜɞ-,ŭɘ-, Űɟɘ- əŬɘ ŰŮŰɟɎɢɚɤɟɞ-ɛŮɗɎɜɘɞ, ŰɟɑɓɟɤɛɞŬɘɗɎɜɘɞ, 

1,1,2-Űɟɘűɗɞɟɞ-2,2,2-ŰɟɑɢɚɤɟɞŬɘɗɎɜɘɞ 

ȷɚŮɘűŬŰɘəɏɠ ŬɚəɞɧɚŮɠ ɀŮɗŬɜɧɚɖ, ŬɘɗŬɜɧɚɖ, ɘůɞˊɟɧˊɡɚɞŬɚɞəɧɚɖ ɔɚɡəɧɕɖ, 

ůŬəɢŬɟɧɕɖ 

ȷɚŮɘűŬŰɘəɎ 

ȾŬɟɓɞɝɡɚɘəɎ ɞɝɏŬ 

ūɞɟɛɘəɧ, ŬɘɗŬɜɘəɧ, ŭɘɛɏɗɡɚɞŬɘɗŬɜɘəɧ, ˊɟɞˊŬɜɞɘəɧ əŬɘ ɞɝŬɚɘəɧ 

ɞɝɨ 

ȷɚəɏɜɘŬ ȾɡəɚɞŮɝɎɜɘɞ, propenem 

ȷɚɞɔɞɜɤɛɏɜŬ ŬɚəɏɜɘŬ ȹɘɢɚɤɟɞŬɘɗɎɜɘɞ, 1,1,2 ŰɟɑɢɚɤɟɞŬɘɗɎɜɘɞ 

ȷɟɤɛŬŰɘəɏɠ ŮɜɩůŮɘɠ ȸŮɜɕɧɚɘɞ, ɜŬűɗŬɚɏɜɘɞ 

ȷɚɞɔɞɜɤɛɏɜŮɠ 

ŬɟɤɛŬŰɘəɏɠ ŮɜɩůŮɘɠ 

ɉɚɤɟɞɓŮɜɕɧɚɘɞ, ɓɟɤɛɞɓŮɜɕɧɚɘɞ, 1,2- ŭɘɢɚɤɟɞɓŮɜɕɧɚɘɞ 

ɁɑŰɟɞ-ŬɚɞɔɞɜɤɛɏɜŮɠ 

ŬɟɤɛŬŰɘəɏɠ ŮɜɩůŮɘɠ 

3,4-ŭɑɢɚɤɟɞɜɘŰɟɞɓŮɜɕɧɚɘɞ 

ūŬɘɜɧɚŮɠ ūŬɘɜɧɚɖ, ɡŭɟɞəɘɜɧɜɖ, əŬŰŮɢɧɚɖ, ɞ,m-p-əɟŮůɧɚɖ, 4-ɛɏɗɡɚɞ 

əŬŰŮɢɧɚɖ 

ȷɚɞɔɞɜɤɛɏɜŮɠ űŬɘɜɧɚŮɠ 2-,3-,4-ɉɚɤɟɞ-űŬɘɜɧɚɖ, pŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ, 4-

űɗɞɟɞűŬɘɜɧɚɖ, 3,4- ŭɘűɗɞɟɞűŬɘɜɧɚɖ 

ȷɟɤɛŬŰɘəɎ əŬɟɓɞɝɡɚɘəɎ 

ɞɝɏŬ 

ȸŮɜɕɞɥəɧ , 4-Ɏɛɘɜɞ ɓŮɜɕɞɥəɧ, űɗŬɚɘəɧ, ůŬɚɘəɡɚɘəɧ, ɛɏŰŬ əŬɘ 

ˊɎɟŬ-ɡŭɟɧɝɡɓŮɕɞɘəɧ ɞɝɨ 

ɄɞɚɡɛŮɟɐ ɄɞɚɡŬɘɗɡɚɏɜɘɞ, Ʉɞɚɡɓɘɜɡɚɞɢɚɤɟɑŭɘɞ 

ȺˊɘűŬɜŮɘɞŭɟŬůŰɘəɏɠ 

ŮɜɩůŮɘɠ 

ȹɤŭŮəɡɚɞ ɗŮɘɘəɧ ɜɎŰɟɘɞ, ˊɞɚɡŬɘɗɡɚŮɜɞɔɚɡəɧɚɖ,  űɤůűɞɟɘəɧ 

ŰɟɘɛŮɗɨɚɘɞ, űɤůűɞɟɘəɧ ŰŮŰɟŬɓɞɡŰɡɚŬɛɛɩɜɘɞ 

ūɡŰɞűɎɟɛŬəŬ-

ɕɘɕŬɜɘɞəŰɧɜŬ 

Atrazine, simazine, prometron, propetryne, bentazon, DDT, 

butylate, eptam, molinate lindane, mɞnuron, diuron, 

isoproturon, propachlor, propanil, cinosulfuron, propoxuré. 

ɃɟɔŬɜɞűɤůűɞɟɘəɏɠ 

ŮɜɩůŮɘɠ 

Tetrachlorvinphos, fenitrothion, chlorpyrifos, diazinon, 

azinphos methyl, methidathion, diazinon, malathion 

ɉɟɤůŰɘəɏɠ ŮɜɩůŮɘɠ Methylene blue, rhodamine B, methyl orange, acid range 7, 

acid yellow 17, acid red 27, congo red, basic yellow 15 

ūŬɟɛŬəŮɡŰɘəɏɠ ŮɜɩůŮɘɠ Bezafibrate, atenolol, diclofenac, metoprolol, propranolol 

ɄɟɞɥɧɜŰŬ ˊɟɞůɤˊɘəɐɠ 

ūɟɞɜŰɑŭŬɠ 

DEET, Triclosan, Triclocarban 

Ⱥɜŭɞəɟɘɜɘəɞɑ 

ŭɘŬŰŬɟɎəŰŮɠ 

ȹɘůűŬɘɜɧɚɖ ȷ, űɗŬɚɘəɞɑ ŮůŰɏɟŮɠ, DEHP 

 

 



  

126 
 

ȺəŰɧɠ Ŭˊɧ Űɖ ŭɡɜŬŰɧŰɖŰŬ ŬˊɞɛɎəɟɡɜůɖɠ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ, ɖ ɛɏɗɞŭɞɠ Űɖɠ 

ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ ɏɢŮɘ ŮűŬɟɛɞůŰŮɑ ɛŮ ŮˊɘŰɡɢɑŬ ůŰɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɞɝɘəɩɜ 

ŬɜɧɟɔŬɜɤɜ ɘɧɜŰɤɜ Ŭˊɧ ɡŭŬŰɘəɎ ɛɏůŬ ɞɝŮɘŭɩɜɞɜŰŬɠ ŰŬ ůŮ ŬəɑɜŭɡɜŮɠ ɐ ɚɘɔɧŰŮɟɞ Űɞɝɘəɏɠ 

ŮɜɩůŮɘɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ŰŬ ɜɘŰɟɩŭɖ ɞɝŮɘŭɩɜɞɜŰŬɘ ůŮ ɜɘŰɟɘəɎ, ŰŬ ɗŮɘɞɨɢŬ, ɗŮɘɩŭɖ əŬɘ ɗŮɘɞ-

ɗŮɘɘəɎ ɘɧɜŰŬ ɛŮŰŬŰɟɏˊɞɜŰŬɘ ůŮ ɗŮɘɘəɎ ɘɧɜŰŬ Ůɜɩ ŰŬ əɡŬɜɘɞɨɢŬ ɛŮŰŬŰɟɏˊɞɜŰŬɘ ůŮ ɘůɞəɡŬɜɘɞɨɢŬ 

əŬɘ ɜɘŰɟɘəɎ ɘɧɜŰŬ Ŭəɧɛɖ əŬɘ ůŮ ɛɞɟɘŬəɧ ɎɕɤŰɞ. ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, ŰŬ əŮɜŰɟɘəɎ ůŰɞɘɢŮɑŬ (S, 

N, P, C) ɛŮŰŬŰɟɏˊɞɜŰŬɘ ůŰɖ ɛɏɔɘůŰɖ ɞɝŮɘŭɤŰɘəɐ Űɞɡɠ əŬŰɎůŰŬůɖ. Ƀɘ Ůɜ ɚɧɔɤ ŬɜŰɘŭɟɎůŮɘɠ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 3.6 (Herrmann, 2005). 

 

ɄɑɜŬəŬɠ 3.6: ūɤŰɞəŬŰŬɚɡŰɘəɐ ŬˊɞɟɟɨˊŬɜůɖ ɡŭŬŰɘəɩɜ ŭɘŬɚɡɛɎŰɤɜ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ŬɜɧɟɔŬɜŬ 

ɘɧɜŰŬ (Herrmann, 2005; Mills  and Lee, 2004). 

 

 

ɆɖɛŬɜŰɘəɐ ŮɑɜŬɘ Ůˊɑůɖɠ ɖ ŭɡɜŬŰɧŰɖŰŬ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ ɔɘŬ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɖ ˊɞɚɨŰɘɛɤɜ ŬɚɚɎ əŬɘ Űɞɝɘəɩɜ ɓŬɟɏɤɜ ɛŮŰɎɚɚɤɜ, ɧˊɤɠ ɢɟɤɛɑɞɡ, ɡŭɟŬɟɔɨɟɞɡ, 

ɞɡɟŬɜɑɞɡ  ə.Ŭ.  (Mishra et al., 2007; Litter, 2009; Aman et al., 2011).  ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɎ 

ŰŬ ɛɏŰŬɚɚŬ ŬɜɎɔɞɜŰŬɘ ɐ ɞɝŮɘŭɩɜɞɜŰŬɘ Ŭˊɧ ŰŬ űɤŰɞŮˊŬɔɧɛŮɜŬ ɖɚŮəŰɟɧɜɘŬ əŬɘ Ŭˊɧ Űɘɠ 

űɤŰɞŭɖɛɘɞɡɟɔɞɨɛŮɜŮɠ ɞˊɏɠ ɐ/əŬɘ Űɘɠ ɟɑɕŮɠ HO
Å
, ŬɜŰɑůŰɞɘɢŬ. ȼ űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɘŮɟɔŬůɑŬ 

ɛˊɞɟŮɑ ɜŬ ɛŮŰŬŰɟɏɣŮɘ ŰŬ ɘɞɜŰɘəɎ Ůɑŭɖ ŮɑŰŮ ůŰɘɠ ɛŮŰŬɚɚɘəɎ ůŰŮɟŮɏɠ ɛɞɟűɏɠ Űɞɡɠ ɞɘ ɞˊɞɑŮɠ əŬɘ  

ŮˊɘəɎɗɞɜŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɖɛɘŬɔɤɔɞɨ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɛŬɕɑ ɛŮ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ 

əŬŰŬɚɨŰɖ ɜŬ ɚŬɛɓɎɜŮɘ ɢɩɟŬ əŬɘ ɖ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ ɛŮŰɎɚɚɞɡ Ŭˊɧ Űɞ ŮˊŮɝŮɟɔŬůɛɏɜɞ 

ŬˊɧɓɚɖŰɞ ŮɑŰŮ ɜŬ ŰŬ ɛŮŰŬŰɟɏɣŮɘ ůŮ ɚɘɔɧŰŮɟɞ ŰɞɝɘəɎ əŬɘ ŭɘŬɚɡŰɎ Ůɑŭɖ (Litter, 2009). 
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ɄŬɟɧɚɞ ˊɞɡ ɖ ɛŮɚɏŰɖ ɛŮɛɞɜɤɛɏɜɤɜ ɞɡůɘɩɜ ŬˊɞŰŮɚŮɑ ŬɜŰɘəŮɑɛŮɜɞ ŮəŰŮɜɞɨɠ ɏɟŮɡɜŬɠ, 

ɛŮɔɎɚɖ ŮɟŮɡɜɖŰɘəɐ ŭɟŬůŰɖɟɘɧŰɖŰŬ ŮůŰɘɎɕŮŰŬɘ əŬɘ ůŰɖɜ ŮűŬɟɛɞɔɐ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ 

űɤŰɞəŬŰɎɚɡůɖɠ ɔɘŬ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ ˊɟɞůɞɛɞɘɤɛɏɜɤɜ əŬɘ ˊɟŬɔɛŬŰɘəɩɜ ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ 

əŬɘ ɡŭɎŰɤɜ. ȺɜŭŮɘəŰɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ˊɟŬɔɛŬŰɘəɩɜ ɡŭŬŰɘəɩɜ ŬˊɞɓɚɐŰɤɜ əŬɘ ɟɡˊŬůɛɏɜɤɜ 

ɡŭɎŰɤɜ ˊɞɡ ɏɢɞɡɜ ŮˊŮɝŮɟɔŬůŰŮɑ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ 

ˊŮɟɘɚŬɛɓɎɜɞɡɜ: 

§ ȷˊɧɓɚɖŰŬ ɛɞɜɎŭŬɠ ɓɘɞɚɞɔɘəɞɨ əŬɗŬɟɘůɛɞɨ (Antonopoulou et al., 2012a). 

§ ȷˊɧɓɚɖŰŬ ŮɚŬɘɞɡɟɔŮɑɞɡ (Chatzisymeon et al., 2009). 

§ ȷˊɧɓɚɖŰŬ  əɚɤůŰɞɦűŬɜŰɞɡɟɔɑŬɠ (Sahoo et al., 2012). 

§ ȷˊɧɓɚɖŰŬ ɓɘɞɛɖɢŬɜɑŬɠ ɢŬɟŰɘɞɨ əŬɘ ɢŬɟŰɞˊɞɚŰɞɨ  (Ghaly et al., 2011). 

§  YˊɧɔŮɘŬ ɡŭɎŰŬ (Bahnemann, 2004). 

§ ɄɟɞůɞɛɞɘɤɛɏɜŬ  ɡˊɧɔŮɘŬ ɨŭŬŰŬ ŮˊɘɛɞɚɡůɛɏɜŬ ɛŮ ɓŮɜɕɑɜɖ (Tiburtius et al., 2005). 

ūɤŰɞəŬŰŬɚɡŰɘəɐ ɛɞɜɎŭŬ ŮˊŮɝŮɟɔŬůɑŬɠ Űɞɝɘəɩɜ ŬˊɞɓɚɐŰɤɜ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 3.26. 

Tɏɚɞɠ, ɡˊɎɟɢɞɡɜ ɛŮɚɏŰŮɠ ˊɞɡ ŬˊɞŭŮɘəɜɨɞɡɜ Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ 

űɤŰɞəŬŰɎɚɡůɖɠ əɡɟɑɤɠ ɛŮ Űɖ ɢɟɐůɖ TiO2 ɔɘŬ Űɖɜ ŬˊɞɚɨɛŬɜůɖ Űɞɡ ɜŮɟɞɨ. ȼ ɘůɢɡɟɐ 

ɞɝŮɘŭɤŰɘəɐ ɘəŬɜɧŰɖŰŬ Űɤɜ ɟɘɕɩɜ HO
Å
 ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖ ɛɖ ŮˊɘɚŮəŰɘəɐ Űɞɡɠ ŭɟɎůɖ ɞŭɖɔɞɨɜ 

ůŰɖɜ əŬŰŬůŰɟɞűɐ Űɤɜ ɛɘəɟɞɞɟɔŬɜɘůɛɩɜ, ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɤɜ ɘɩɜ, ɓŬəŰɖɟɑɤɜ, 

ˊɟɤŰɧɕɤɤɜ əŬɘ ůˊɧɟɘɤɜ (Dalrymple et al., 2010). 

 

 

ɆɢɐɛŬ 3.26: ūɤŰɞəŬŰŬɚɡŰɘəɐ ɛɞɜɎŭŬ ŮˊŮɝŮɟɔŬůɑŬɠ Űɞɝɘəɩɜ ŬˊɞɓɚɐŰɤɜ (ɀŬŭɟɑŰɖ, 

ȽůˊŬɜɑŬ). ȷɟɘůŰŮɟɎ: ɆɨůŰɖɛŬ ȹɘŬɢɤɟɘůɛɞɨ TiO2, ȹŮɝɘɎ: ɆɨɜɗŮŰɞɠ ˊŬɟŬɓɞɚɘəɧɠ ɖɚɘŬəɧɠ 

űɤŰɞŬɜŰɘŭɟŬůŰɐɟŬɠ (Malato et al., 2009). 
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4. ɀȺŪɃȹɃȿɃũȽȺɆ ȸȺȿɇȽɆɇɃɄɃȽȼɆȼɆ ȹȽȺɅũȷɆȽɋɁ: ɀȺŪɃȹɃȿɃũȽȷ 

ȺɄȽūȷɁȺȽȷɆ ȷɄɃȾɅȽɆȼɆ-ɇȺɉɁȼɇȷ ɁȺɈɅɋɁȽȾȷ ȹȽȾɇɈȷ 

 

4.1. ɉɖɛŮɘɞɛŮŰɟɑŬ 

 

Ƀ ɧɟɞɠ ɉɖɛŮɘɞɛŮŰɟɑŬ Ůɘůɐɢɗɖ ɔɘŬ ˊɟɩŰɖ űɞɟɎ Űɞ 1974 Ŭˊɧ Űɞɜ Word əŬɘ ůɨɛűɤɜŬ ɛŮ Űɖ 

ȹɘŮɗɜɐ Ȱɜɤůɖ ȾŬɗŬɟɐɠ əŬɘ ȺűŬɟɛɞůɛɏɜɖɠ ɉɖɛŮɑŬɠ (International Union of Pure and 

Applied Chemistry, IUPAC) ɤɠ ɉɖɛŮɘɞɛŮŰɟɑŬ ɞɟɑɕŮŰŬɘ ɖ ŮˊɘůŰɐɛɖ ˊɞɡ ůɡɜŭɏŮɘ Űɖɠ 

ɛŮŰɟɐůŮɘɠ ˊɞɡ ɔɑɜɞɜŰŬɘ ůŮ ɏɜŬ ɢɖɛɘəɧ ůɨůŰɖɛŬ ɐ ɛɘŬ ɢɖɛɘəɐ ŭɘŮɟɔŬůɑŬ ɛŮ Űɖɜ əŬŰɎůŰŬůɖ 

Űɞɡ ůɡůŰɐɛŬŰɞɠ ɛɏůɤ Űɖɠ ŮűŬɟɛɞɔɐɠ ɛŬɗɖɛŬŰɘəɩɜ ɐ ůŰŬŰɘůŰɘəɩɜ ɛŮɗɧŭɤɜ. ȼ ɢɖɛŮɘɞɛŮŰɟɑŬ 

ůɐɛŮɟŬ ŮűŬɟɛɧɕŮŰŬɘ ŮɡɟɨŰŬŰŬ ůŰɞ ˊŮŭɑɞ Űɖɠ űɡůɘəɞɢɖɛŮɑŬɠ (ɛŮɚɏŰŮɠ əɘɜɖŰɘəɐɠ əŬɘ 

ɘůɞɟɟɞˊɑŬɠ), Űɖɠ ɞɟɔŬɜɘəɐɠ ɢɖɛŮɑŬɠ (ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɤɜ ŬɜŰɘŭɟɎůŮɤɜ), Űɖɠ ɗŮɤɟɖŰɘəɐɠ 

ɢɖɛŮɑŬɠ, Űɖɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ əŬɘ Űɖɠ űŬůɛŬŰɞůəɞˊɑŬɠ əŬɘ əŬŰôŮˊɏəŰŬůɖ ůŮ əɎɗŮ ŮűŬɟɛɞɔɐ 

ŬɡŰɩɜ Űɤɜ ŰŮɢɜɘəɩɜ ɧˊɤɠ ůŰɞɜ ˊŮɟɘɓŬɚɚɞɜŰɘəɧ ɏɚŮɔɢɞ (monitoring), ůŰɖɜ ˊŬɟŬəɞɚɞɨɗɖůɖ 

ɓɘɞɛɖɢŬɜɘəɩɜ ŭɘŮɟɔŬůɘɩɜ, ůŰɖ ɓɘɞɚɞɔɑŬ, ůŰɖɜ ɘŬŰɟɞŭɘəŬůŰɘəɐ ŮˊɘůŰɐɛɖ ə.Ŭ. (Luciano et al., 

2010). 

ȼ ɉɖɛŮɘɞɛŮŰɟɑŬ ɏɢŮɘ ŬɜŬɔɜɤɟɘůŰŮɑ ɤɠ əɚɎŭɞɠ Űɖɠ ŬɜŬɚɡŰɘəɐɠ ɢɖɛŮɑŬɠ Ŭˊɧ ŰŬ ɛɏůŬ Űɖɠ 

ŭŮəŬŮŰɑŬɠ Űɞɡ 1970. ȹŮɜ ŬˊɞŰŮɚŮɑ Ŭˊɧ ɛɧɜɖ Űɖɠ ɏɜŬ ŮɟɔŬɚŮɑɞ ŬɚɚɎ ˊŮɟɘɚŬɛɓɎɜŮɘ ɏɜŬ ɛŮɔɎɚɞ 

Ůɨɟɞɠ ɛŮɗɧŭɤɜ, Ůə Űɤɜ ɞˊɞɑɤɜ ɞɘ ɓŬůɘəɧŰŮɟŮɠ ůɡɜɞɣɑɕɞɜŰŬɘ ˊŬɟŬəɎŰɤ 

(http://ull.chemistry.uakron.edu/chemometrics/index.html): 

× ȸŬůɘəɐ ůŰŬŰɘůŰɘəɐ 

× ȺˊŮɝŮɟɔŬůɑŬ ůɐɛŬŰɞɠ 

× ȸŮɚŰɘůŰɞˊɞɑɖůɖ 

× ɄŬɟŬɔɞɜŰɘəɐ ŬɜɎɚɡůɖ 

× ɄŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ 

× ɀɞɜŰŮɚɞˊɞɑɖůɖ ɛŮ ŮˊɘűɎɜŮɘŮɠ Ŭˊɧəɟɘůɖɠ 

× ȸŬɗɛɞɜɧɛɖůɖ 

× ȷɜɑɢɜŮɡůɖ 

× ȷɜŬɔɜɩɟɘůɖ ɛɞŰɑɓɞɡ 

× ȺɨɟŮůɖ ůŮ ɓɘɓɚɘɞɗɐəŮɠ 

× ɁŮɡɟɤɜɘəɎ ŭɑəŰɡŬ 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ɞɘ ɢɖɛŮɘɞɛŮŰɟɘəɏɠ ɛɏɗɞŭɞɘ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖ 

ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ əŬɘ Űɖɜ ŮəŰɑɛɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ 

ŮˊɘɚŮɔɛɏɜɤɜ ˊŬɟŬɛɏŰɟɤɜ ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ Ŭˊɞɘəɞŭɧɛɖůɖ ŮˊɘɚŮɔɛɏɜɤɜ ɟɨˊɤɜ.  

 

http://ull.chemistry.uakron.edu/chemometrics/index.html


  

129 
 

4.2. ɀŮɗɞŭɞɚɞɔɑŬ ȺˊɘűɎɜŮɘŬɠ ȷˊɧəɟɘůɖɠ (Response Surface Methodology, RSM) 

 

4.2.1. ȺɘůŬɔɤɔɐ 

 

 Ƀ ɧɟɞɠ ɓŮɚŰɘůŰɞˊɞɑɖůɖ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ůɡɟɏɤɠ ůŰɖɜ ŮˊɘůŰɐɛɖ Űɖɠ ɢɖɛŮɑŬɠ ɤɠ ɛɏůɞ 

ŮɨɟŮůɖɠ ŮəŮɑɜɤɜ Űɤɜ ůɡɜɗɖəɩɜ ɧˊɞɡ ŮűŬɟɛɧɕɞɜŰŬɘ ůŮ ɛɑŬ ŭɘŮɟɔŬůɑŬ əŬɘ ˊŬɟɎɔŮŰŬɘ ɖ 

ɛɏɔɘůŰɖ ŭɡɜŬŰɐ Ŭˊɧəɟɘůɖ. ɄŬɟŬŭɞůɘŬəɎ, ɞ çůɡɛɓŬŰɘəɧɠè Űɟɧˊɞɠ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ 

ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ ɛɑŬɠ ˊŬɟŬɛɏŰɟɞɡ əɎɗŮ űɞɟɎ ůŰɖ ɛŮɚŮŰɩɛŮɜɖ 

Ŭˊɧəɟɘůɖ (Oneïvariable/factor-at-a-time). ȾŬɗɩɠ ɛŮŰŬɓɎɚɚŮŰŬɘ ɛɧɜɞ ɛɑŬ ˊŬɟɎɛŮŰɟɞɠ ɞɘ 

ɎɚɚŮɠ ŭɘŬŰɖɟɞɨɜŰŬɘ ůŰŬɗŮɟɏɠ. ȾɨɟɘŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ ŬɡŰɐɠ Űɖɠ ɛŮɗɧŭɞɡ ŮɑɜŬɘ ɖ ŬŭɡɜŬɛɑŬ 

ɛŮɚɏŰɖɠ/ŬˊŮɘəɧɜɘůɖɠ Űɖɠ ůɡɜɞɚɘəɐɠ ŮˊɑŭɟŬůɖɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ůŰɖɜ Ŭˊɧəɟɘůɖ əŬɗɩɠ ŭŮɜ 

ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ɞɘ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ ɛŮɚŮŰɩɜŰŬɘ əŬɘ ɖ 

ɛŮɘɤɛɏɜɖ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ ˊɟɧɓɚŮɣɖɠ Űɤɜ ˊɟŬɔɛŬŰɘəɩɜ ɓɏɚŰɘůŰɤɜ Űɘɛɩɜ. Ⱥˊɘˊɚɏɞɜ, ɖ 

ɛɏɗɞŭɞɠ ŬɡŰɐ ŮɑɜŬɘ ŬűŮɜɧɠ ɢɟɞɜɞɓɧɟŬ əŬɗɩɠ ŬˊŬɘŰŮɑ ɛŮɔɎɚɞ Ŭɟɘɗɛɧ ˊŮɘɟŬɛɎŰɤɜ əŬɘ 

ŬűŮŰɏɟɞɡ ɞɘəɞɜɞɛɘəɎ Ŭůɨɛűɞɟɖ (ŭŬˊŬɜɖɟɐ) ɚɧɔɤ ɢɟɐůɖɠ ɛŮɔɎɚɤɜ ˊɞůɞŰɐŰɤɜ 

ŬɜŰɘŭɟŬůŰɖɟɑɤɜ əŬɘ ŮɟɔŬůŰɖɟɘŬəɩɜ ŬɜŬɚɤůɑɛɤɜ (Bezerra et al., 2008; Antonopoulou and 

Konstantinou, 2013). 

 ɀŮ ůŰɧɢɞ Űɖɜ ŬɜŰɘɛŮŰɩˊɘůɖ Űɤɜ ˊŬɟŬˊɎɜɤ ɛŮɘɞɜŮəŰɖɛɎŰɤɜ əŬɘ ˊŮɟɘɞɟɘůɛɩɜ ˊɞɡ ɗɏŰŮɘ 

ɞ ˊŬɟŬŭɞůɘŬəɧɠ Űɟɧˊɞɠ ˊɟɞůɏɔɔɘůɖɠ ɓɏɚŰɘůŰɤɜ ůɡɜɗɖəɩɜ, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɞɘ 

ˊɞɚɡˊŬɟŬɔɞɜŰɘəɏɠ ůŰŬŰɘůŰɘəɏɠ ŰŮɢɜɘəɏɠ. ɀŮŰŬɝɨ Űɤɜ ˊɘɞ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɤɜ 

ˊɞɚɡˊŬɟŬɔɞɜŰɘəɩɜ ŰŮɢɜɘəɩɜ ɔɘŬ Űɖɜ ŮɨɟŮůɖ ɓɏɚŰɘůŰɤɜ ŰŮɢɜɘəɩɜ ŮɑɜŬɘ ɖ ɀŮɗɞŭɞɚɞɔɑŬ 

ȺˊɘűɎɜŮɘŬɠ ȷˊɧəɟɘůɖɠ (Bezerra et al., 2008). ɆŮ ŬɜŰɑɗŮůɖ ɛŮ Űɖ ɛɞɜɞˊŬɟŬɔɞɜŰɘəɐ ŬɜɎɚɡůɖ, 

ɖ ɞˊɞɑŬ ůɡɔəɚɑɜŮɘ ůŮ ůɖɛŮɑŬ əɞɜŰɘɜɎ ůŰɘɠ ˊɟŬɔɛŬŰɘəɏɠ ɓɏɚŰɘůŰŮɠ ůɡɜɗɐəŮɠ, ɖ ɀŮɗɞŭɞɚɞɔɑŬ 

ȺˊɘűɎɜŮɘŬɠ ȷˊɧəɟɘůɖɠ ɛˊɞɟŮɑ ɜŬ ˊɟɞůŭɘɞɟɑůŮɘ Űɞ Ŭəɟɘɓɏɠ ɓɏɚŰɘůŰɞ ůɖɛŮɑɞ (Sakkas et al., 

2010). 

 H ɀŮɗɞŭɞɚɞɔɑŬ ȺˊɘűɎɜŮɘŬɠ ȷˊɧəɟɘůɖɠ ɐ ɀŮɗɞŭɞɚɞɔɑŬ ŬˊɞəɟɘŰɘəɐɠ ŮˊɘűɎɜŮɘŬɠ 

(Response Surface Methodology, RSM) ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ Űɞɡɠ Box & Wilson əŬɘ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ůɨɜɞɚɞ ɛŬɗɖɛŬŰɘəɩɜ əŬɘ ůŰŬŰɘůŰɘəɩɜ ŰŮɢɜɘəɩɜ ˊɞɡ ŮűŬɟɛɧɕɞɜŰŬɘ ɔɘŬ 

Űɖɜ ŬɜɎˊŰɡɝɖ, ɓŮɚŰɑɤůɖ əŬɘ ŬɟɘůŰɞˊɞɑɖůɖ ŭɘŮɟɔŬůɘɩɜ ůŮ ŭɘɎűɞɟŬ ˊŮŭɑŬ (ȷggelopoulos et 

al., 2013). ȺűŬɟɛɧɕŮŰŬɘ ɔɘŬ Űɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ əŬɘ ŭɘŮɟŮɨɜɖůɖ ŭɘŮɟɔŬůɘɩɜ ɧˊɞɡ ɖ Ůˊɘɚɏɝɘɛɖ 

Ŭˊɧəɟɘůɖ ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ ŭɘɎűɞɟŮɠ ˊŬɟŬɛɏŰɟɞɡɠ ɛŮ ŬˊɩŰŮɟɞ ůŰɧɢɞ Űɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɖɠ 

əɎɗŮ ˊŬɟŬɛɏŰɟɞɡ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ɛɏɔɘůŰɖ Ŭˊɧŭɞůɖ. Ƀ ɧɟɞɠ óŮˊɘűɎɜŮɘŬ 

Ŭˊɧəɟɘůɖɠô ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɖɜ ŰɟɘůŭɘɎůŰŬŰɖ ɔɟŬűɘəɐ ŬˊŮɘəɧɜɘůɖ (ɆɢɐɛŬ 4.1) 

ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ ɧˊɞɡ ŭɘŮɟŮɡɜɎŰŬɘ ɖ ŮˊɑŭɟŬůɖ ŭɨɞ ɐ ˊŮɟɘůůɧŰŮɟɤɜ 

ˊŬɟŬɔɧɜŰɤɜ ůŰɖ ɛŮŰŬɓɚɖŰɐ Ŭˊɧəɟɘůɖɠ (Hibbert, 2012). 
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ɆɢɐɛŬ 4.1:  ȺˊɘűɎɜŮɘŬ Ŭˊɧəɟɘůɖɠ ŮˊɑŭɟŬůɖɠ ŭɨɞ ˊŬɟŬɛɏŰɟɤɜ (Hibbert, 2012). 

 

4.2.2. ȸɐɛŬŰŬ/ ɆŰɎŭɘŬ ŮűŬɟɛɞɔɐɠ Űɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ (RSM)  

 

ɇŬ əɨɟɘŬ ůŰɎŭɘŬ ˊɞɡ ŬəɞɚɞɡɗɞɨɜŰŬɘ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ ŮˊɘűɎɜŮɘŬɠ 

Ŭˊɧəɟɘůɖɠ ɤɠ ɛŮɗɧŭɞɡ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰŬ Ůɝɐɠ (Bezerra et al., 2008): 

1)  Ⱥˊɘɚɞɔɐ Űɤɜ ŬɜŮɝɎɟŰɖŰɤɜ ˊŬɟŬɛɏŰɟɤɜ (ˊŬɟŬɔɧɜŰɤɜ) ˊɞɡ Ůˊɘŭɟɞɨɜ ůɖɛŬɜŰɘəɎ ůŰɖɜ 

ɡˊɧ ɛŮɚɏŰɖ Ŭˊɧəɟɘůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɛɏůɤ ŭɘŮɟŮɡɜɖŰɘəɩɜ ˊŮɘɟŬɛŬŰɘəɩɜ ůɢŮŭɘŬůɛɩɜ 

əŬɘ ɖ ɞɟɘɞɗɏŰɖůɖ Űɞɡ Ůɨɟɞɡɠ Űɤɜ Ůˊɘˊɏŭɤɜ Űɞɡɠ ɛŮ ɓɎůɖ Űɞ ŬɜŰɘəŮɑɛŮɜɞ Űɖɠ ɏɟŮɡɜŬɠ 

əŬɘ Űɖɜ ŮɛˊŮɘɟɑŬ Űɞɡ ŮɟŮɡɜɖŰɐ. 

2)  Ⱥˊɘɚɞɔɐ Űɞɡ ɛɞɜŰɏɚɞɡ Űɞɡ ˊŮɘɟŬɛŬŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ əŬɘ ɖ ŭɘŮɝŬɔɤɔɐ Űɤɜ 

ˊŮɘɟŬɛɎŰɤɜ, ůɨɛűɤɜŬ ɛŮ Űɖɜ ˊŮɘɟŬɛŬŰɘəɐ ɛɐŰɟŬ. 

3) ȷɜɎˊŰɡɝɖ ɛŬɗɖɛŬŰɘəɞɨ ɛɞɜŰɏɚɞɡ ˊɞɡ ˊŮɟɘɔɟɎűŮɘ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ əŬɘ  

Ŭɝɘɞɚɧɔɖůɖ Űɞɡ ɛɞɜŰɏɚɞɡ. 

4) Ʉɟɞůŭɘɞɟɘůɛɧɠ ɓɏɚŰɘůŰɤɜ ůɡɜɗɖəɩɜ. 

5) ɀŮɚɏŰɖ ŮˊɘɓŮɓŬɑɤůɖɠ, ˊɞɡ ŭɘŮɝɎɔŮŰŬɘ ɡˊɧ Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ ɓɏɚŰɘůŰɤɜ ůɡɜɗɖəɩɜ. 

 

4.2.2.1. ȹɘŬɚɞɔɐ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ (Screening of variables) 

 

ɇɞ ůŰɎŭɘɞ Űɖɠ ŭɘŬɚɞɔɐɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ŬˊɞŰŮɚŮɑ Űɞ ˊɟɤŰŬɟɢɘəɧ ůŰɎŭɘɞ Űɖɠ ŮűŬɟɛɞɔɐɠ 

Űɖɠ ɀŮɗɞŭɞɚɞɔɑŬɠ ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ. ȾŬɗɩɠ ɖ Ŭˊɧəɟɘůɖ Űɞɡ ɡˊɧ ɛŮɚɏŰɖ ůɡůŰɐɛŬŰɞɠ 

ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ ɏɜŬ ɛŮɔɎɚɞ Ŭɟɘɗɛɧ ˊŬɟŬɛɏŰɟɤɜ, ɧˊɞɡ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ əŬɘ ɞ ɏɚŮɔɢɞɠ Űɖɠ 

ɛɘəɟɐɠ ŮˊɑŭɟŬůɖɠ Űɖɠ əŬɗŮɛɑŬɠ ŮɑɜŬɘ ˊɟŬəŰɘəɎ ŬŭɨɜŬŰɞɠ, əɟɑɜŮŰŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ Ůˊɘɚɞɔɐ Űɤɜ 

ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ Ůˊɘŭɟɞɨɜ ůɖɛŬɜŰɘəɎ ůŰɖɜ Ŭˊɧəɟɘůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ũɘŬ Űɞ ůəɞˊɧ ŬɡŰɧ, 

ŭɘŮɝɎɔɞɜŰŬɘ ŭɘŮɟŮɡɜɖŰɘəɞɑ ůɢŮŭɘŬůɛɞɑ (screening designs), ɧˊɞɡ ŰŬɡŰɞˊɞɘɞɨɜŰŬɘ əŬɘ 

ˊɟɞůŭɘɞɟɑɕɞɜŰŬɘ ɞɘ ˊŬɟɎɔɞɜŰŮɠ əŬɘ ɞɘ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ŬɡŰɩɜ ˊɞɡ ɏɢɞɡɜ ɛɏɔɘůŰŮɠ ŮˊɘŭɟɎůŮɘɠ 

ůŰɖɜ ɡˊɧ ɛŮɚɏŰɖ Ŭˊɧəɟɘůɖ. ɀŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ɞɘ ˊŬɟɎɔɞɜŰŮɠ ɛŮ ɛɘəɟɐ ɐ ɛɖŭŮɜɘəɐ ŮˊɑŭɟŬůɖ 

ůŰɖɜ Ŭˊɧəɟɘůɖ ŮɝŬɘɟɞɨɜŰŬɘ Ŭˊɧ Űɞ ɛŮŰɏˊŮɘŰŬ ˊŮɘɟŬɛŬŰɘəɧ ůɢŮŭɘŬůɛɧ, Ůɜɩ ɞɘ ůɖɛŬɜŰɘəɞɑ 
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ɛŮɚŮŰɩɜŰŬɘ ɚŮˊŰɞɛŮɟɩɠ. ɆɡɜŭɡɎɕɞɜŰŬɠ Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ əŬɘ Űɞ ɢŬɛɖɚɧ əɧůŰɞɠ, ɞɘ 

Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞɘ ůɢŮŭɘŬůɛɞɑ ůŰŬ ŭɘŮɟŮɡɜɖŰɘəɎ ˊŮɘɟɎɛŬŰŬ ŮɑɜŬɘ ɞɘ ˊɚɐɟɤɠ ɐ 

əɚŬůɛŬŰɘəɞɑ ˊŬɟŬɔɞɜŰɘəɞɑ ůɢŮŭɘŬůɛɞɑ (Bezerra et al., 2008). 

ɀɑŬ ůɡɜɐɗɖɠ ˊɟŬəŰɘəɐ ůŰɖɜ RSɀ ŮɑɜŬɘ ɖ əɤŭɘəɞˊɞɑɖůɖ Űɤɜ Ůˊɘˊɏŭɤɜ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ, 

ɖ ɛŮŰŬŰɟɞˊɐ ŭɖɚŬŭɐ Űɤɜ ˊɟŬɔɛŬŰɘəɩɜ Űɘɛɩɜ ůŮ ŬŭɘɎůŰŬŰŮɠ Űɘɛɏɠ. ȼ ůɖɛŬɜŰɘəɧŰɖŰŬ Űɖɠ 

əɤŭɘəɞˊɞɑɖůɖɠ ɏɔəŮɘŰŬɘ ůŰɖ ŭɡɜŬŰɧŰɖŰŬ Űɖɠ ŭɘŮɟŮɨɜɖůɖɠ ˊŬɟŬɛɏŰɟɤɜ ɛŮ ŭɘŬűɞɟŮŰɘəɧ Ůɨɟɞɠ 

Űɘɛɩɜ, ɢɤɟɑɠ ɞɘ ˊŬɟɎɛŮŰɟɞɘ ɛŮ Űɖɜ ůɖɛŬɜŰɘəɧŰŮɟɖ ŮˊɑŭɟŬůɖ ůŰɖɜ Ŭˊɧəɟɘůɖ ɜŬ ŮˊɖɟŮɎɕɞɡɜ 

Űɖɜ ŮəŰɑɛɖůɖ Űɤɜ ɚɘɔɧŰŮɟɞ ůɖɛŬɜŰɘəɩɜ. ũɘŬ Űɖ ɛŮŰŬŰɟɞˊɐ Űɖɠ ˊɟŬɔɛŬŰɘəɐɠ Űɘɛɐɠ (zi) ůŮ 

əɤŭɘəɞˊɞɘɖɛɏɜɖ Űɘɛɐ (xi) ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ Ůɝɑůɤůɖ 4.1: 

 

Ø
Ú Ú

ɝÚ
ɼ                   τȢρ 

 

ɧˊɞɡ ȹzi ŮɑɜŬɘ ɖ ŬˊɧůŰŬůɖ ŬɜɎɛŮůŬ ůŰɖɜ ˊɟŬɔɛŬŰɘəɐ Űɘɛɐ ůŰɞ əŮɜŰɟɘəɧ ůɖɛŮɑɞ əŬɘ Űɖɜ 

ˊɟŬɔɛŬŰɘəɐ Űɘɛɐ ůŰɞ ɛɏɔɘůŰɞ ɐ ŮɚɎɢɘůŰɞ ŮˊɑˊŮŭɞ ɛɘŬɠ ˊŬɟŬɛɏŰɟɞɡ, ɓd ŮɑɜŬɘ ɖ əɨɟɘŬ 

əɤŭɘəɞˊɞɘɖɛɏɜɖ ɞɟɘŬəɐ Űɘɛɐ Űɞɡ ˊɑɜŬəŬ ɔɘŬ əɎɗŮ ˊŬɟɎɛŮŰɟɞ əŬɘ ᾀ 
 ŮɑɜŬɘ ɖ ˊɟŬɔɛŬŰɘəɐ Űɘɛɐ 

ůŰɞ əŮɜŰɟɘəɧ ůɖɛŮɑɞ (Bezerra  et al., 2008). 

 

4.2.2.2. Ⱥˊɘɚɞɔɐ ˊŮɘɟŬɛŬŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ 

 

ȼ Ůˊɘɚɞɔɐ Űɞɡ əŬŰɎɚɚɖɚɞɡ ˊŮɘɟŬɛŬŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ ŬˊɞŰŮɚŮɑ Űɞ ˊɘɞ ůɖɛŬɜŰɘəɧ ůŰɎŭɘɞ 

ˊɟɘɜ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ əŬɗɩɠ ŮˊɖɟŮɎɕŮɘ ůŮ ɛŮɔɎɚɞ 

ɓŬɗɛɧ Űɖɜ ŬɜɎˊŰɡɝɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ əŬɘ ɏɤɠ Ůə ŰɞɨŰɞɡ Űɖɜ ŬəɟɑɓŮɘŬ ůŰɖɜ 

ˊɟɧɓɚŮɣɖ. Ƀɘ ˊɚɏɞɜ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞɘ ˊŮɘɟŬɛŬŰɘəɞɑ ůɢŮŭɘŬůɛɞɑ ůŰɖ ɛŮɗɞŭɞɚɞɔɑŬ 

ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ ŮɑɜŬɘ (Khataee et al., 2011a): 

 

Ŭ) Ƀ Űɟɘɩɜ Ůˊɘˊɏŭɤɜ ˊɚɐɟɖɠ ˊŬɟŬɔɞɜŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ  

 

Ƀ Űɟɘɩɜ Ůˊɘˊɏŭɤɜ ˊŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɧɚɞɡɠ Űɞɡɠ ˊɘɗŬɜɞɨɠ 

ůɡɜŭɡŬůɛɞɨɠ Űɤɜ Ůˊɘˊɏŭɤɜ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ, ɞɘ ɞˊɞɑɞɘ ɛŮɚŮŰɩɜŰŬɘ ůŮ ŰɟɑŬ ŮˊɑˊŮŭŬ: ɢŬɛɖɚɧ,  

ɛŮůŬɑɞ ɐ əŮɜŰɟɘəɧ əŬɘ ɡɣɖɚɧ. Ƀ ŬˊŬɘŰɞɨɛŮɜɞɠ Ŭɟɘɗɛɧɠ ˊŮɘɟŬɛɎŰɤɜ (Ɂ) ɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖ 

ůɢɏůɖ Ɂ=3
Ⱦ
, ɧˊɞɡ Ⱦ ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ɡˊɧ ɛŮɚɏŰɖ ˊŬɟŬɛɏŰɟɤɜ. ȼ ɔɟŬűɘəɐ 

ŬɜŬˊŬɟɎůŰŬůɖ ůŰɞ ɢɩɟɞ Ůɜɧɠ ˊɚɐɟɤɠ ˊŬɟŬɔɞɜŰɘəɞɨ ůɢŮŭɑɞɡ ŭɨɞ əŬɘ Űɟɘɩɜ ˊŬɟŬɛɏŰɟɤɜ ůŮ 

ŰɟɑŬ ŮˊɑˊŮŭŬ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 4.2 (Khataee et al., 2011a). 

 Ƀ Űɟɘɩɜ Ůˊɘˊɏŭɤɜ ˊŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ ˊɟɞəɨˊŰŮɘ Ŭˊɧ Űɖɜ ˊɟɞůɗɐəɖ ŮɜŭɘɎɛŮůɤɜ ɐ 

əŮɜŰɟɘəɩɜ ůɖɛŮɑɤɜ ůŰɞɜ ˊŬɟŬɔɞɜŰɘəɧ ůɢŮŭɘŬůɛɧ ŭɨɞ Ůˊɘˊɏŭɤɜ 2
Ⱦ
, əŬɘ Űɞ əɨɟɘɞ 

ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɞɡ ŮɑɜŬɘ ɞ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ ˊŮɘɟŬɛɎŰɤɜ, ˊɞɡ ɞŭɖɔŮɑ ůŮ ɛɖ ŮˊɘɗɡɛɖŰɏɠ 
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ɡɣɖɚɐɠ ŰɎɝɖɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ. ũɘŬ Űɖɜ ɛŮɚɏŰɖ ˊɞɚɚɩɜ ˊŬɟŬɛɏŰɟɤɜ, ɞ Ŭɟɘɗɛɧɠ Űɤɜ ŭɡɜŬŰɩɜ 

ůɡɜŭɡŬůɛɩɜ ɔɑɜŮŰŬɘ ŬˊŬɔɞɟŮɡŰɘəɎ ɛŮɔɎɚɞɠ, ɞˊɧŰŮ ɖ ŮűŬɟɛɞɔɐ Űɞɡ əɟɑɜŮŰŬɘ əŬŰɎɚɚɖɚɖ ɔɘŬ 

ɛŮɚɏŰɖ ɚɘɔɧŰŮɟɤɜ Ŭˊɧ ˊɏɜŰŮ ˊŬɟŬɛɏŰɟɤɜ (Khataee et al., 2011a). 

 

 

ɆɢɐɛŬ 4.2: ũɟŬűɘəɐ ŬˊŮɘəɧɜɘůɖ ˊŬɟŬɔɞɜŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ Űɟɘɩɜ Ůˊɘˊɏŭɤɜ ɔɘŬ Űɖ 

ɓŮɚŰɘůŰɞˊɞɑɖůɖ (Ŭ) ŭɨɞ ˊŬɟŬɛɏŰɟɤɜ (x1 əŬɘ x2), (ɓ) Űɟɘɩɜ ˊŬɟŬɛɏŰɟɤɜ (x1, x2 əŬɘ x3) 

(Bezerra et al., 2008). 

 

ȼ ŮűŬɟɛɞɔɐ Űɞɡ ˊŬɟŬɔɞɜŰɘəɞɨ ˊŮɘɟŬɛŬŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ Űɟɘɩɜ Ůˊɘˊɏŭɤɜ ŭŮɜ ŮɑɜŬɘ 

ůɡɢɜɐ  əŬɘ ɖ ɢɟɐůɖ Űɞɡ ɏɢŮɘ ˊŮɟɘɞɟɘůŰŮɑ ůŰɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ ŭɨɞ ˊŬɟŬɛɏŰɟɤɜ (ɛŮŰŬɓɚɖŰɩɜ). 

ȰɜŬɠ Űɡˊɘəɧɠ Űɟɘɩɜ Ůˊɘˊɏŭɤɜ ˊŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ ɔɘŬ ŭɨɞ ˊŬɟɎɔɞɜŰŮɠ ɛŮ 

əɤŭɘəɞˊɞɘɖɛɏɜŮɠ Űɘɛɏɠ ŭɑɜŮŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 4.1. 

 

ɄɑɜŬəŬɠ 4.1: ɇɟɘɩɜ Ůˊɘˊɏŭɤɜ ˊŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ ɔɘŬ ŭɨɞ ˊŬɟŬɛɏŰɟɞɡɠ ɛŮ 

əɤŭɘəɞˊɞɘɖɛɏɜŮɠ Űɘɛɏɠ  (Bezerra et al., 2008).  

ȷɟɘɗɛɧɠ ɄŮɘɟɎɛŬŰɞɠ ɄŬɟɎɔɞɜŰŬɠ 1- x1 ɄŬɟɎɔɞɜŰŬɠ 2- x2 

1 -1 -1 

2 -1 0 

3 -1 1 

4 0 -1 

5 0 0 

6 0 1 

7 1 -1 

8 1 0 

9 1 1 
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ɓ)  ɆɢŮŭɘŬůɛɧɠ Doehlert 

 

To 1970, ɞ Doehlert ŬɜɏˊŰɡɝŮ ɏɜŬ ˊŮɘɟŬɛŬŰɘəɧ ůɢŮŭɘŬůɛɧ ɧˊɞɡ ɛŮɚŮŰɩɜŰŬɘ ˊŬɟɎɔɞɜŰŮɠ 

ŮŰŮɟɞɔŮɜɩɜ Ůˊɘˊɏŭɤɜ, Űɞ ůɢŮŭɘŬůɛɧ ɞɛɞɘɧɛɞɟűɞɡ əŮɚɨűɞɡɠ (uniform shell). ȼ ɘŭɘɧŰɖŰŬ ŬɡŰɐ 

ŮɑɜŬɘ ɘŭɘŬɑŰŮɟŬ ůɖɛŬɜŰɘəɐ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɞɘ ˊŬɟɎɔɞɜŰŮɠ ɡˊɧəŮɘɜŰŬɘ ŮɑŰŮ ůŮ 

ɞɘəɞɜɞɛɘəɞɨɠ ˊŮɟɘɞɟɘůɛɞɨɠ ŮɑŰŮ ůŮ ˊŮɟɘɞɟɘůɛɞɨɠ ɚɧɔɤ ɞɟɔŬɜɞɚɞɔɑŬɠ əŬɗɩɠ əŬɘ ɧŰŬɜ ɖ 

ɛŮɚɏŰɖ ɛɘŬ ɛŮŰŬɓɚɖŰɐɠ ůŮ ɛɏɔɘůŰɞ əŬɘ ŮɚɎɢɘůŰɞ ŮˊɑˊŮŭɞ ˊŬɟɞɡůɘɎɕŮɘ ŮɜŭɘŬűɏɟɞɜ. Ƀ 

ŬˊŬɘŰɞɨɛŮɜɞɠ Ŭɟɘɗɛɧɠ ˊŮɘɟŬɛɎŰɤɜ ɔɘŬ Űɞɜ Ůɜ ɚɧɔɤ ůɢŮŭɘŬůɛɧ ɞɟɑɕŮŰŬɘ Ŭˊɧ Űɖ ůɢɏůɖ Ɂ= Ⱦ
2
 

+Ⱦ + C0  ɧˊɞɡ Ⱦ ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ əŬɘ C0 ɞ Ŭɟɘɗɛɧɠ Űɤɜ əŮɜŰɟɘəɩɜ ůɖɛŮɑɤɜ. 

ȰɜŬ əŮɜŰɟɘəɧ ůɖɛŮɑɞ ˊŮɟɘɓŬɚɚɧɛŮɜɞ Ŭˊɧ ɏɝɘ ůɖɛŮɑŬ Ůɜɧɠ əŬɜɞɜɘəɞɨ ŮɝŬɔɩɜɞɡ ŬɜŬˊŬɟɘůŰɎ 

Űɞɜ Ůɜ ɚɧɔɤ ˊŮɘɟŬɛŬŰɘəɧ ůɢŮŭɘŬůɛɧ ɔɘŬ ŭɨɞ ˊŬɟɎɔɞɜŰŮɠ. ũɘŬ ŰɟŮɑɠ ɛŮŰŬɓɚɖŰɏɠ ɞɟɑɕŮŰŬɘ ɖ 

ɔŮɤɛŮŰɟɘəɐ ŭɞɛɐ Űɞɡ ɆɢɐɛŬŰɞɠ 4.3. ɄɚŮɞɜŮəŰɐɛŬŰŬ ŬɡŰɞɨ Űɞɡ ůɢŮŭɘŬůɛɞɨ ŬˊɞŰŮɚɞɨɜ ɞ 

ɛɘəɟɧɠ Ŭɟɘɗɛɧɠ Űɤɜ ŬˊŬɘŰɞɨɛŮɜɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ůɖɛŮɑɤɜ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɞɡ əŬɘ ɖ ɡɣɖɚɐ 

ŬˊɞŭɞŰɘəɧŰɖŰŬ Űɞɡ ůŰɖ ŮɨɟŮůɖ Űɤɜ ɓɏɚŰɘůŰɤɜ ůɡɜɗɖəɩɜ (Khataee et al., 2011a). 

 
 

ɆɢɐɛŬ 4.3: ũɟŬűɘəɐ ŬˊŮɘəɧɜɘůɖ ůɢŮŭɘŬůɛɞɨ Doehlert ɔɘŬ Űɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɟɘɩɜ 

ˊŬɟŬɛɏŰɟɤɜ (x1, x2 əŬɘ x3)  (Khataee et al., 2011a). 

 

ɔ) ɆɢŮŭɘŬůɛɞɑ Box-Behnken (BBD)  

 

ɇɞ 1960 ɞɘ Box-Behnken ŬɜɏˊŰɡɝŬɜ ˊɟɧŰɡˊŬ ˊŮɘɟŬɛŬŰɘəɩɜ ůɢŮŭɘŬůɛɩɜ Űɟɘɩɜ ŮˊɑˊŮŭɤɜ 

(-1,0,+1) ɔɘŬ əɎɗŮ ˊŬɟɎɔɞɜŰŬ, ˊɞɡ ɘůŬˊɏɢɞɡɜ. Ƀ Ŭɟɘɗɛɧɠ Ɂ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ 

ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖ ůɢɏůɖ  N=2K(K-1) + C0  ɧˊɞɡ Ⱦ ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ əŬɘ C0 

ɞ Ŭɟɘɗɛɧɠ Űɤɜ əŮɜŰɟɘəɩɜ ůɖɛŮɑɤɜ. Ƀ ́ŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ Box-Behnken ɔɘŬ ŰɟŮɘɠ 
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ˊŬɟɎɔɞɜŰŮɠ ɛŮ Űɘɠ əɤŭɘəɞˊɞɘɖɛɏɜŮɠ Űɘɛɏɠ ŭɑɜŮŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 4.2. Ƀ ˊŮɘɟŬɛŬŰɘəɧɠ 

ůɢŮŭɘŬůɛɧɠ Box-Behnken ůŰɞ ɢɩɟɞ ŬɜŬˊŬɟɑůŰŬŰŬɘ ɤɠ əɨɓɞɠ ɢɤɟɑɠ ɜŬ ˊŮɟɘɏɢŮɘ ůŰɘɠ əɞɟɡűɏɠ 

Űɞɡ ůɖɛŮɑŬ ɛŮ Űɘɠ ɛɏɔɘůŰŮɠ əŬɘ ŮɚɎɢɘůŰŮɠ Űɘɛɏɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɏɜŬɠ 

ˊŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ Box-Behnken ɔɘŬ Űɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɟɘɩɜ ˊŬɟŬɛɏŰɟɤɜ ɛŮ Űɘɠ 

əɤŭɘəɞˊɞɘɖɛɏɜŮɠ Űɘɛɏɠ x1, x2, x3 əŬɘ ŰŬ 13 ˊŮɘɟŬɛŬŰɘəɎ ůɖɛŮɑŬ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 4.4. 

ɆŮ ůɨɔəɟɘůɖ ɛŮ Űɤɜ 3 Ůˊɘˊɏŭɤɜ ˊŬɟŬɔɞɜŰɘəɧ ůɢŮŭɘŬůɛɧ ˊɞɡ ŬˊŬɘŰŮɑ 27 ˊŮɘɟɎɛŬŰŬ ɞ 

ˊŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ Box-Behnken ˊŬɟɞɡůɘɎɕŮŰŬɘ ˊɘɞ ɞɘəɞɜɞɛɘəɧɠ əŬɘ 

ŬˊɞŰŮɚŮůɛŬŰɘəɧɠ. ȷɜ əŬɘ ɞ ˊŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ Box-Behnken ˊŬɟɏɢŮɘ ŬɟəŮŰɎ ůɖɛŮɑŬ 

ˊɞɡ ɓɟɑůəɞɜŰŬɘ ŮɜŰɧɠ Űɞɡ ˊŮŭɑɞɡ Űɘɛɩɜ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ, ŭŮɜ ˊŬɟɏɢŮɘ Űɘɛɏɠ ɔɘŬ Űɘɠ ŬəɟŬɑŮɠ 

ˊŮɟɘˊŰɩůŮɘɠ ůɡɜŭɡŬůɛɩɜ ŬɡŰɩɜ. ɄŬɟɞɡůɘɎɕŮŰŬɘ ɧɛɤɠ ɘŭɘŬɘŰɏɟɤɠ ŬˊɞŰŮɚŮůɛŬŰɘəɧɠ ůŰɘɠ 

ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ɖ ɛɖ ŭɘŮɝŬɔɤɔɐ ˊŮɘɟŬɛɎŰɤɜ ůŰɞɡɠ ŬəɟŬɑɞɡɠ ůɡɜŭɡŬůɛɞɨɠ Űɤɜ 

ˊŬɟŬɛɏŰɟɤɜ ŮɑɜŬɘ ŮˊɘɗɡɛɖŰɐ, ɚɧɔɤ ɛɖ ɘəŬɜɞˊɞɘɖŰɘəɐɠ ˊɟɧɓɚŮɣɖɠ  Űɖɠ Űɘɛɐɠ Űɖɠ ɛŮŰŬɓɚɖŰɐɠ 

Ŭˊɧəɟɘůɖɠ ůŰɘɠ Űɘɛɏɠ ŬɡŰɏɠ (Khataee et al., 2011a). 

 

ɄɑɜŬəŬɠ 4.2: ɄŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ Box-Behnken ɔɘŬ ŰɟŮɘɠ ˊŬɟŬɛɏŰɟɞɡɠ ɛŮ 

əɤŭɘəɞˊɞɘɖɛɏɜŮɠ Űɘɛɏɠ (Bezerra et al., 2008). 

ȷɟɘɗɛɧɠ 

ɄŮɘɟɎɛŬŰɞɠ 

ɄŬɟɎɔɞɜŰŬɠ 1- x1 ɄŬɟɎɔɞɜŰŬɠ 2- x2 ɄŬɟɎɔɞɜŰŬɠ 3- x3 

1 -1 -1 0 

2 1 -1 0 

3 -1 1 0 

4 1 1 0 

5 -1 0 -1 

6 1 0 -1 

7 -1 0 1 

8 1 0 1 

9 0 -1 -1 

10 0 1 -1 

11 0 -1 1 

12 0 1 1 

13 0 0 0 
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ɆɢɐɛŬ 4.4: ũɟŬűɘəɐ ŬˊŮɘəɧɜɘůɖ Box-Behnken ˊŮɘɟŬɛŬŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ ɔɘŬ ŰɟŮɘɠ 

ˊŬɟŬɛɏŰɟɞɡɠ  (x1, x2 əŬɘ x3) (Khataee et al., 2011a). 

 

4.2.2.3. ȾŮɜŰɟɘəɧɠ ɆɨɜɗŮŰɞɠ ɄŮɘɟŬɛŬŰɘəɧɠ ɆɢŮŭɘŬůɛɧɠ (Central Composite 

Design, CCD) 

 

O ȾŮɜŰɟɘəɧɠ ɆɨɜɗŮŰɞɠ ɄŮɘɟŬɛŬŰɘəɧɠ ɆɢŮŭɘŬůɛɧɠ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ Űɞɡɠ Box əŬɘ Wilson 

Űɞ 1951 (Box and Wilson, 1951) əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŮɡɟɨŰŬŰŬ ɔɘŬ Űɖɜ ˊɟɞůŬɟɛɞɔɐ 

ŭŮɡŰŮɟɞɓɎɗɛɘɤɜ ɛɞɜŰɏɚɤɜ. ȰɜŬɠ CCD ůɢŮŭɘŬůɛɧɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬɜ ˊɚɐɟɖ ɐ 

əɚŬůɛŬŰɘəɧ ˊŬɟŬɔɞɜŰɘəɧ ůɢŮŭɘŬůɛɧ ŭɨɞ Ůˊɘˊɏŭɤɜ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ Ŭɝɞɜɘəɩɜ (axial) ɐ 

ŬəŰɘɜɤŰɩɜ (star) ůɖɛŮɑɤɜ ˊɞɡ Ŭˊɏɢɞɡɜ ŬˊɧůŰŬůɖ Ŭ Ŭˊɧ Űɞ əɏɜŰɟɞ əŬɘ ŰɞɡɚɎɢɘůŰɞɜ ɏɜŬ 

əŮɜŰɟɘəɧ ůɖɛŮɑɞ ůŰɞ əɏɜŰɟɞ Űɖɠ ˊŮɘɟŬɛŬŰɘəɐɠ ˊŮɟɘɞɢɐɠ. ɇɞ ɆɢɐɛŬ 4.5 ŬˊŮɘəɞɜɑɕŮɘ ɏɜŬɜ CCD 

ɔɘŬ Űɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ ŭɨɞ əŬɘ Űɟɘɩɜ ˊŬɟŬɛɏŰɟɤɜ (Khataee et al., 2011a). 

 

ɆɢɐɛŬ 4.5: ũɟŬűɘəɐ ŬˊŮɘəɧɜɘůɖ əŮɜŰɟɘəɞɨ ůɨɜɗŮŰɞɡ ˊŮɘɟŬɛŬŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ ɔɘŬ Űɖ 

ɓŮɚŰɘůŰɞˊɞɑɖůɖ Ŭ) ŭɨɞ ˊŬɟŬɛɏŰɟɤɜ x1 əŬɘ x2 (Ŭ= 1,41) əŬɘ ɓ) Űɟɘɩɜ ˊŬɟŬɛɏŰɟɤɜ x1, x2 əŬɘ x3 

(Ŭ= 1,68). ȳˊɞɡ (ǒ) ŮɑɜŬɘ ŰŬ ůɖɛŮɑŬ Űɞɡ ˊŬɟŬɔɞɜŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ, (ƺ) ŮɑɜŬɘ ŰŬ ŬəŰɘɜɤŰɎ 

ůɖɛŮɑŬ əŬɘ (Ǐ) ŮɑɜŬɘ Űɞ əŮɜŰɟɘəɧ ůɖɛŮɑɞ (Khataee et al., 2011a). 
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Ƀ ŬˊŬɘŰɞɨɛŮɜɞɠ Ŭɟɘɗɛɧɠ ˊŮɘɟŬɛɎŰɤɜ ŭɑɜŮŰŬɘ Ŭˊɧ Űɖ ůɢɏůɖ Ɂ= 2
K
 +2K+ C0 ɧˊɞɡ K ŮɑɜŬɘ 

ɞ Ŭɟɘɗɛɧɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ əŬɘ C0 ɞ Ŭɟɘɗɛɧɠ Űɤɜ əŮɜŰɟɘəɩɜ ůɖɛŮɑɤɜ. ȳɚɞɘ ɞɘ ˊŬɟɎɛŮŰɟɞɘ 

ɛŮɚŮŰɩɜŰŬɘ ůŮ 5 ŮˊɑˊŮŭŬ (-Ŭ,-1,0,+1,+Ŭ). ɆŰɞɜ ɄɑɜŬəŬ 4.3 ˊŬɟɞɡůɘɎɕŮŰŬɘ ɏɜŬɠ Űɡˊɘəɧɠ 

əŮɜŰɟɘəɧɠ ůɨɜɗŮŰɞɠ ˊŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ: Ŭ) ŭɨɞ ˊŬɟŬɛɏŰɟɤɜ əŬɘ ɓ) Űɟɘɩɜ ˊŬɟŬɛɏŰɟɤɜ  

(Bezerra et al., 2008). ɇŬ ˊŮɘɟɎɛŬŰŬ (Ɂ) ůŰɞɜ CCD əŬŰŬɜɏɛɞɜŰŬɘ ɤɠ Ůɝɐɠ (Khataee et al., 

2011a): 

1. Ʉɚɐɟɤɠ (ɐ əɚŬůɛŬŰɘəɎ) 2
K
 ˊŬɟŬɔɞɜŰɘəɎ ˊŮɘɟɎɛŬŰŬ, ɧˊɞɡ ŰŬ ŮˊɑˊŮŭŬ Űɤɜ 

ˊŬɟŬɛɏŰɟɤɜ ɏɢɞɡɜ əɤŭɘəɞˊɞɘɖɗŮɑ ůŰɘɠ Űɘɛɏɠ -1, +1. ȷɡŰɎ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ůɖɛŮɑŬ ŮɑɜŬɘ ŰŬ 

ɛɧɜŬ ˊɞɡ ůɡɜŮɘůűɏɟɞɡɜ ůŰɖɜ ŮəŰɑɛɖůɖ Űɤɜ ɧɟɤɜ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ. 

2. ȷɝɞɜɘəɎ (axial) ɐ ŬəŰɘɜɤŰɎ (star)  ˊŮɘɟɎɛŬŰŬ ˊɞɡ Ŭˊɏɢɞɡɜ ŬˊɧůŰŬůɖ Ŭ Ŭˊɧ Űɞ əɏɜŰɟɞ 

ɛŮ ůɡɜŰŮŰŬɔɛɏɜŮɠ (ÑŬ,0,0), (0,ÑŬ,0), é(0,0, ÑŬ). TŬ ŬɝɞɜɘəɎ ůɖɛŮɑŬ ŭŮɜ ůɡɜŮɘůűɏɟɞɡɜ ůŰɖɜ 

ŮəŰɑɛɖůɖ Űɤɜ ɧɟɤɜ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɡˊɎɟɢŮɘ əŬɛˊɡɚɧŰɖŰŬ, ŰŬ ŬɝɞɜɘəɎ 

ůɖɛŮɑŬ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰŬ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɤɜ ŭŮɡŰŮɟɞɓɎɗɛɘɤɜ ɧɟɤɜ. 

3. ȾŮɜŰɟɘəɎ ůɖɛŮɑŬ (C0) (0,0,0), ŰŬ ɞˊɞɑŬ ŭɑɜɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ŮəŰɑɛɖůɖɠ Űɞɡ əŬɗŬɟɞɨ 

ůűɎɚɛŬŰɞɠ əŬɘ ůɡɜŮɘůűɏɟɞɡɜ ůŰɖɜ ŮəŰɑɛɖůɖ Űɤɜ ŭŮɡŰŮɟɞɓɎɗɛɘɤɜ ɧɟɤɜ. 

 

ɄɑɜŬəŬɠ 4.3: ɇɡˊɘəɧɠ əŮɜŰɟɘəɧɠ ůɨɜɗŮŰɞɠ ˊŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ: Ŭ) ŭɨɞ ˊŬɟŬɛɏŰɟɤɜ əŬɘ 

ɓ) Űɟɘɩɜ ˊŬɟŬɛɏŰɟɤɜ  ɛŮ əɤŭɘəɞˊɞɘɖɛɏɜŮɠ Űɘɛɏɠ (Bezerra et al., 2008). 

Ŭ)            ɓ)    

 x1 x2  x1 x2 x3 

ɄŬɟŬɔɞɜŰɘəɧɠ -1 -1 ɄŬɟŬɔɞɜŰɘəɧɠ -1 -1 -1 

ɆɢŮŭɘŬůɛɧɠ 1 -1 ɆɢŮŭɘŬůɛɧɠ +1 -1 -1 

 -1 1  -1 +1 -1 

 1 1  +1 +1 -1 

ȷɝɞɜɘəɎ  -Ŭ 0  -1 -1 +1 

ůɖɛŮɑŬ Ŭ 0  +1 -1 +1 

 0 -Ŭ  -1 +1 +1 

 0 Ŭ  +1 +1 +1 

ȾŮɜŰɟɘəɧ 0 0 ȷɝɞɜɘəɎ  -Ŭ 0 0 

ůɖɛŮɑɞ   ůɖɛŮɑŬ +Ŭ 0 0 

    0 -Ŭ 0 

    0 +Ŭ 0 

    0 0 -Ŭ 

    0 0 +Ŭ 

   ȾŮɜŰɟɘəɧ 0 0 0 

   ůɖɛŮɑɞ    

ȹɨɞ ˊŬɟŬɛɏŰɟɤɜ ɇɟɘɩɜ ˊŬɟŬɛɏŰɟɤɜ 
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Ƀ CCD ŮɑɜŬɘ ɞ ˊɚɏɞɜ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞɠ ůɢŮŭɘŬůɛɧɠ ɔɘŬ Űɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ 

ŰŮɢɜɞɚɞɔɘɩɜ ŬˊɞɛɎəɟɡɜůɖɠ ɟɨˊɤɜ ɧˊɤɠ ŮŰŮɟɞɔŮɜɐ əŬɘ ɞɛɞɔŮɜɐ űɤŰɞəŬŰɎɚɡůɖ, 

ˊɟɞůɟɧűɖůɖ, ɓɘɞɚɞɔɘəɐ ŮˊŮɝŮɟɔŬůɑŬ ə.Ŭ. əŬɗɩɠ ŮˊɘŰɟɏˊŮɘ Űɖ ɚŮˊŰɞɛŮɟɐ ŭɘŮɟŮɨɜɖůɖ Űɖɠ 

əŬɛˊɡɚɧŰɖŰŬɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ Ŭˊɧəɟɘůɖɠ (Khataee et al., 2011a). ȯɚɚɞɘ ˊŮɘɟŬɛŬŰɘəɞɑ 

ůɢŮŭɘŬůɛɞɑ, ɛŮ ɛɘəɟɧŰŮɟɖ ŮűŬɟɛɞɔɐ Ŭˊɧ Űɞɡɠ ˊɟɞŬɜŬűŮɟɗɏɜŰŮɠ ŮɑɜŬɘ: ɞɘ ůɢŮŭɘŬůɛɞɑ Hoke 

(Hoke designs), ɞɘ əɞɟŮůɛɏɜɞɘ ůɢŮŭɘŬůɛɞɑ Box-Draper (ȸox-Draper designs) əŬɘ ɞɘ ɡɓɟɘŭɘəɞɑ 

ůɢŮŭɘŬůɛɞɑ  (hybrid designs)  (Khataee et al., 2011a). 

 

4.2.2.4. ɄɟɞůŬɟɛɞɔɐ ɛŬɗɖɛŬŰɘəɞɨ ɛɞɜŰɏɚɞɡ ůŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ-

ȺəŰɑɛɖůɖ ɛɞɜŰɏɚɞɡ 

 

ũɘŬ Űɖɜ ˊŮɟɘɔɟŬűɐ Űɖɠ ůɡůɢɏŰɘůɖɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ɛŮ Űɖɜ ŮəɎůŰɞŰŮ Ŭˊɧəɟɘůɖ Ɉ ˊɞɡ 

ˊɟɞůŭɘɞɟɑɕŮŰŬɘ ˊŮɘɟŬɛŬŰɘəɎ ɛŮ Űɖ ɢɟɐůɖ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ ůɢŮŭɘŬůɛɩɜ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ 

ŬɜɎˊŰɡɝɖ ɛŬɗɖɛŬŰɘəɩɜ ɛɞɜŰɏɚɤɜ. ɆŰɖ ɛŮɗɞŭɞɚɞɔɑŬ ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ, Űɞ ŬˊɚɞɨůŰŮɟɞ 

ɛɞɜŰɏɚɞ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɓŬůɑɕŮŰŬɘ ůŰɖɜ Ůɝɑůɤůɖ ˊɟɩŰɞɡ ɓŬɗɛɞɨ 4.2 (Bezerra 

et al., 2008; Sakkas et al., 2010): 

Ù ɼ ɼØ  ʀ          τȢς 

ɧˊɞɡ k ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ɛŮŰŬɓɚɖŰɩɜ, ɼ  ŮɑɜŬɘ ůŰŬɗŮɟɎ, ɼ  ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɞɡɠ 

ůɡɜŰŮɚŮůŰɏɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɖɠ Ůɝɑůɤůɖɠ, xi ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɘɠ ɛŮŰŬɓɚɖŰɏɠ əŬɘ ʀ ŮɑɜŬɘ Űɞ 

ɡˊɧɚŮɘɛɛŬ (Bezerra et al., 2008; Sakkas et al., 2010). 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɞɘ ŬˊɞəɟɑůŮɘɠ ˊŬɟɞɡůɘɎɕɞɡɜ əŬɛˊɡɚɧŰɖŰŬ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ 

ŮűŬɟɛɞɔɐ Ůɜɧɠ ɛɞɜŰɏɚɞɡ ˊɞɡ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɘɠ ŬɚɚɖɚŮˊɘŭɟɎůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ 

(factor interactions  ɐ FI  ɛɞɜŰɏɚɞ) əŬɘ ɖ Ůɝɑůɤůɖ 4.2 ɛŮŰŬůɢɖɛŬŰɑɕŮŰŬɘ ůŰɖɜ Ůɝɑůɤůɖ 4.3 

(Bezerra et al., 2008; Sakkas et al., 2010): 

 

Ù ɼ ɼØ ɼØØ  ʀ          τȢσ  

ɧˊɞɡ ‍ ŮɑɜŬɘ  ɞɘ ůɡɜŰŮɚŮůŰɏɠ Űɤɜ ŬɚɚɖɚŮˊɘŭɟɎůŮɤɜ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ  ὼȟὼ. 

ȳŰŬɜ Űɞ ɔɟŬɛɛɘəɧ ɐ Űɞ FI ɛɞɜŰɏɚɞ əɟɑɜŮŰŬɘ ŬɜŮˊŬɟəɏɠ ɔɘŬ Űɖɜ ˊŮɟɘɔɟŬűɐ Űɖɠ ůɡůɢɏŰɘůɖɠ 

Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ɛŮ Űɖɜ ŮəɎůŰɞŰŮ Ŭˊɧəɟɘůɖ Ɉ ɛŮɚŮŰɎŰŬɘ ɖ ŮűŬɟɛɞɔɐ Ůɜɧɠ ŭŮɡŰŮɟɞɓɎɗɛɘɞɡ 

ˊɞɚɡɤɜɡɛɘəɞɨ ɛɞɜŰɏɚɞɡ ůɨɛűɤɜŬ ɛŮ Űɖɜ Ůɝɑůɤůɖ 4.4 (Bezerra et al., 2008; Sakkas et al., 

2010): 
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 Ù ɼ ɼØ ɼØ ɼØØ  ʀ          τȢτ 

ɧˊɞɡ   ɼ ŮɑɜŬɘ ɞɘ ůɡɜŰŮɚŮůŰɏɠ Űɤɜ ŭŮɡŰŮɟɞɓɎɗɛɘɤɜ ɧɟɤɜ Ø. 

 ȼ  ȷɜɎɚɡůɖ ȹɘŬəɨɛŬɜůɖɠ (Analysis of Variance, ANOVA) ŬˊɞŰŮɚŮɑ ɏɜŬ ɘŭɘŬɘŰɏɟɤɠ 

ŬˊɞŭɞŰɘəɧ ŮɟɔŬɚŮɑɞ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɞɡ ˊŮɘɟŬɛŬŰɘəɞɨ ɛɞɜŰɏɚɞɡ ˊɞɡ ɛŮɚŮŰɎŰŬɘ. ũɘŬ Űɖɜ 

ŮəŰɑɛɖůɖ Űɞɡ ɛɞɜŰɏɚɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɞ ůɡɜŰŮɚŮůŰɐɠ ůɡůɢɏŰɘůɖɠ (R
2
), ɞ ŭɘɞɟɗɤɛɏɜɞɠ 

ůɡɜŰŮɚŮůŰɐɠ ůɡůɢɏŰɘůɖɠ (R
2
adj.), ɖ ŭɞəɘɛɐ Űɖɠ ɏɚɚŮɘɣɖɠ ˊɟɞůŬɟɛɞɔɐɠ (Lack of fit  test), ɖ 

ŭɞəɘɛɐ F əŬɘ ɖ ŭoəɘɛɐ t ɛŮŰŬɝɨ Ɏɚɚɤɜ. ɇɏɚɞɠ, ɖ əŬŰŬɚɚɖɚɧŰɖŰŬ Űɞɡ ɛɞɜŰɏɚɞɡ ɡˊɞŭŮɘəɜɨŮŰŬɘ 

Ŭˊɧ Űɖ ɔɟŬűɘəɐ ˊŬɟɎůŰŬůɖ Űɤɜ ɡˊɞɚŮɘɛɛɎŰɤɜ əŬɘ Ŭˊɧ Űɞ ɔɟɎűɖɛŬ ůɡůɢɏŰɘůɖɠ 

ˊŮɘɟŬɛŬŰɘəɩɜ əŬɘ ˊɟɞɓɚŮˊɧɛŮɜɤɜ Ŭˊɧ Űɞ ɛɞɜŰɏɚɞ Űɘɛɩɜ. ȳŰŬɜ Űɞ ɛɞɜŰɏɚɞ ŮɑɜŬɘ əŬɚɎ 

ˊɟɞůŬɟɛɞůɛɏɜɞ ůŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ, ɖ ɔɟŬűɘəɐ ˊŬɟɎůŰŬůɖ Űɤɜ ɡˊɞɚŮɘɛɛɎŰɤɜ 

ˊŬɟɞɡůɘɎɕŮɘ ůɡɛˊŮɟɘűɞɟɎ əŬɜɞɜɘəɐɠ əŬŰŬɜɞɛɐɠ. ɆŮ ˊŮɟɑˊŰɤůɖ ɛŮɔɎɚɞɡ ɡˊɞɚŮɑɛɛŬŰɞɠ, ŭŮɜ 

ɛˊɞɟɞɨɜ ɜŬ ŮɝŬɢɗɞɨɜ Ŭəɟɘɓɐ ůɡɛˊŮɟɎůɛŬŰŬ ɔɘŬ ŰŬ ŭŮŭɞɛɏɜŬ Űɖɠ ˊŮɘɟŬɛŬŰɘəɐɠ ˊŮɟɘɞɢɐɠ 

(Bezerra et al., 2008; Sakkas et al., 2010). 

 

4.2.2.5. Ʉɟɞůŭɘɞɟɘůɛɧɠ ɓɏɚŰɘůŰɤɜ ůɡɜɗɖəɩɜ 

 

H ůɡɜɎɟŰɖůɖ ŮˊɘɗɡɛɑŬɠ (Desirability function) ŮɑɜŬɘ ɛɑŬ ŭɖɛɞűɘɚɐɠ əŬɘ əŬɗɘŮɟɤɛɏɜɖ 

ŰŮɢɜɘəɐ ɔɘŬ Űɞɜ ŰŬɡŰɧɢɟɞɜɞ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ Űɘɛɩɜ Űɤɜ ɛŮŰŬɓɚɖŰɩɜ ɔɘŬ Űɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ 

ɛɑŬɠ ɐ ˊŮɟɘůůɧŰŮɟɤɜ ŬˊɞəɟɑůŮɤɜ. H ůɡɜɎɟŰɖůɖ ŮˊɘɗɡɛɑŬɠ ŬɜŬˊŰɨɢɗɖəŮ ŬɟɢɘəɎ Ŭˊɧ Űɞɜ 

Harrington əŬɘ ŰɟɞˊɞˊɞɘɐɗɖəŮ Ŭˊɧ Űɞɜ Derringer əŬɘ Suich. H ɛŮɗɞŭɞɚɞɔɑŬ ŬɡŰɐ ɓŬůɑɕŮŰŬɘ 

ůŰɖɜ əŬŰŬůəŮɡɐ ɛɑŬɠ ůɡɜɎɟŰɖůɖɠ ŮˊɘɗɡɛɑŬɠ ɔɘŬ əɎɗŮ ɛŮɚŮŰɩɛŮɜɖ Ŭˊɧəɟɘůɖ (yi), 

ɛŮŰŬŰɟɏˊɞɜŰŬɠ Űɘɠ ɛŮŰɟɞɨɛŮɜŮɠ (ˊŮɘɟŬɛŬŰɘəɏɠ) Űɘɛɏɠ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ əɎɗŮ Ŭˊɧəɟɘůɖ ůŮ 

ɛɘŬ ŬŭɘɎůŰŬŰɖ ɛŮɛɞɜɤɛɏɜɖ əɚɑɛŬəŬ ŮˊɘɗɡɛɑŬɠ (di). ȼ əɎɗŮ Ůˊɘɛɏɟɞɡɠ ůɡɜɎɟŰɖůɖɠ ŮˊɘɗɡɛɑŬɠ 

əɡɛŬɑɜŮŰŬɘ Ŭˊɧ d=0 (ŮɚɎɢɘůŰɞ) ɔɘŬ Űɘɛɏɠ ŮəŰɧɠ ůŰɧɢɞɡ ɏɤɠ 1 (ɛɏɔɘůŰɞ) ůŰɘɠ ɓɏɚŰɘůŰŮɠ 

ůɡɜɗɐəŮɠ. ȼ ɛŮŰŬŰɟɞˊɐ ŬɡŰɐ əŬɗɘůŰɎ ŮűɘəŰɧ Űɞ ůɡɜŭɡŬůɛɧ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ 

ŰɎɝŮɘɠ ɛŮɔɏɗɞɡɠ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ɔɘŬ Űɘɠ ɛŮɚŮŰɩɛŮɜŮɠ ˊŬɟŬɛɏŰɟɞɡɠ (Bezerra et al., 2008; 

Sakkas et al., 2010). 

ũɘŬ ŭɘɎűɞɟŮɠ ŬˊɞəɟɑůŮɘɠ əŬɘ ˊŬɟŬɛɏŰɟɞɡɠ, ɖ ɞɚɘəɐ ůɡɜɎɟŰɖůɖ ŮˊɘɗɡɛɑŬɠ (D), ɞɟɑɕŮŰŬɘ 

ɤɠ ɞ ɔŮɤɛŮŰɟɘəɧɠ ɛɏůɞɠ Űɤɜ Ůˊɘɛɏɟɞɡɠ Ůˊɘɗɡɛɘɩɜ (di), ůɨɛűɤɜŬ ɛŮ Űɖɜ Ůɝɑůɤůɖ 4.5: 

$ Ä Ä Ä    ȟȣȣȢȢÄ  Ä          τȢυ 

ɧˊɞɡ n ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ˊɟɞůŭɘɞɟɘɕɧɛŮɜɤɜ ŬˊɞəɟɑůŮɤɜ ůŰɖ ŭɘŬŭɘəŬůɑŬ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ 

(Sakkas et al., 2010). ȰŰůɘ, ɖ ŰŬɡŰɧɢɟɞɜɖ ŭɘŬŭɘəŬůɑŬ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ ůŰɞɢŮɨŮɘ ůŰɖɜ ŮɨɟŮůɖ 

Űɤɜ Ůˊɘˊɏŭɤɜ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ ŮˊɘŭŮɘəɜɨɞɡɜ Űɖɜ ɞɚɘəɐ ɛɏɔɘůŰɖ ŮˊɘɗɡɛɑŬ (Bezerra et al., 
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2008). ȼ ŮűŬɟɛɞɔɐ Űɤɜ ůɡɜŬɟŰɐůŮɤɜ ŮˊɘɗɡɛɑŬɠ ůŰɘɠ ŭɘŮɟɔŬůɑŮɠ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ ˊɞɚɚŬˊɚɩɜ 

ŬˊɞəɟɑůŮɤɜ ůɡɜŭɡɎɕŮɘ ŰŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɖɠ ŬˊɞŭɞŰɘəɧŰɖŰŬɠ, Űɖɠ ŬɜŰɘəŮɘɛŮɜɘəɧŰɖŰŬɠ əŬɘ 

Űɞɡ ɢŬɛɖɚɞɨ əɧůŰɞɡɠ (Bezerra et al., 2008). 

ȼ əŬŰŮɨɗɡɜůɖ ˊɟɞɠ Űɖɜ ɞˊɞɑŬ ˊɟɏˊŮɘ ɜŬ ůŰɟŬűŮɑ ɞ ˊŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ ɔɘŬ Űɖɜ 

ŮˊɑŰŮɡɝɖ Űɤɜ ɓɏɚŰɘůŰɤɜ ůɡɜɗɖəɩɜ ɡˊɞŭŮɘəɜɨŮŰŬɘ  əŬɘ Ŭˊɧ Űɘɠ ŰɟɘůŭɘɎůŰŬŰŮɠ ŮˊɘűɎɜŮɘŮɠ ˊɞɡ 

ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ ɞˊŰɘəɞˊɞɑɖůɖ (visualization) Űɖɠ ˊɟɞɓɚŮˊɧɛŮɜɖɠ Ůɝɑůɤůɖɠ Űɞɡ 

ɛɞɜŰɏɚɞɡ. ɆŮ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɖ ˊŮɘɟŬɛŬŰɘəɐ ˊŮɟɘɞɢɐ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ɛŮŰŬŰɞˊɘůŰŮɑ ˊɟɞɠ ŰŬ 

əɎˊɞɘŬ əŬŰŮɨɗɡɜůɖ, ŰɧŰŮ ɗŬ ˊɟɏˊŮɘ ɜŬ ŮˊɘɚŮɢɗɞɨɜ ɞɘ əŬɚɨŰŮɟŮɠ ůɡɜɗɐəŮɠ ŬɜɎɛŮůŬ ůŮ ŬɡŰɏɠ 

ˊɞɡ ɛŮɚŮŰɩɜŰŬɘ (Bezerra et al., 2008). ɆŰɞ ɆɢɐɛŬ 4.6 ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ŰɟŮɑɠ ŮˊɘűɎɜŮɘŮɠ 

Ŭˊɧəɟɘůɖɠ ɔɘŬ Űɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ ŭɨɞ ˊŬɟŬɛɏŰɟɤɜ. ɆŰɖ ɆɢɐɛŬ 4.6 (Ŭ) ŬˊŮɘəɞɜɑɕŮŰŬɘ ɖ 

ŮˊɘűɎɜŮɘŬ ɧˊɞɡ Űɞ ɛɏɔɘůŰɞ ůɖɛŮɑɞ ŰɞˊɞɗŮŰŮɑŰŬɘ ɛɏůŬ ůŰɖɜ ˊŮɘɟŬɛŬŰɘəɐ ˊŮɟɘɞɢɐ. ɆŰɖɜ 

ŮˊɘűɎɜŮɘŬ (ɓ) Űɞ ɛɏɔɘůŰɞ ůɖɛŮɑɞ ŮɑɜŬɘ ŮəŰɧɠ ˊŮɘɟŬɛŬŰɘəɐɠ ˊŮɟɘɞɢɐɠ, Ůɜɩ ɖ ŮˊɘűɎɜŮɘŬ 

Ŭˊɧəɟɘůɖɠ (ɔ) ˊŬɟɞɡůɘɎɕŮɘ ˊɚŬŰɩ ñplateauò(Hibbert, 2012).  

ɆŰŬ ŭŮɡŰŮɟɞɓɎɗɛɘŬ ɛɞɜŰɏɚŬ, ɞɘ ůɡɜŰŮŰŬɔɛɏɜŮɠ Űɞɡ əɟɑůɘɛɞɡ ůɖɛŮɑɞɡ (ɓɏɚŰɘůŰɞ, 

ŮɚɎɢɘůŰɞ, ůŬɔɛŬŰɞŮɘŭɏɠ) ɛˊɞɟɞɨɜ Ůˊɑůɖɠ ɜŬ ɡˊɞɚɞɔɘůŰɞɨɜ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ˊɟɩŰɖɠ 

ˊŬɟŬɔɩɔɞɡ Űɖɠ ɛŬɗɖɛŬŰɘəɐɠ Ůɝɑůɤůɖɠ, ɖ ɞˊɞɑŬ ˊŮɟɘɔɟɎűŮɘ Űɖɜ ŮˊɘűɎɜŮɘŬ Ŭˊɧəɟɘůɖɠ əŬɘ 

ŮɑɜŬɘ ɑůɖ ɛŮ Űɞ ɛɖŭɏɜ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɖ Ůɝɑůɤůɖ ŭŮɨŰŮɟɞɡ ɓŬɗɛɞɨ ɔɘŬ ŭɨɞ ɛŮŰŬɓɚɖŰɏɠ ŮɑɜŬɘ 

(Bezerra et al., 2008): 

Ù ɼ  ɼØ ɼØ ɼ Ø ‍ ὼ Â ØØ             τȢφ 

 

əŬɘ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɤɜ ůɡɜŰŮŰŬɔɛɏɜɤɜ Űɞɡ ɓɏɚŰɘůŰɞɡ ůɖɛŮɑɞɡ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɞɘ Űɘɛɏɠ x1 

əŬɘ x2 ŮˊɘɚɨɞɜŰŬɠ Űɘɠ ŮɝɘůɩůŮɘɠ ˊɟɩŰɞɡ ɓŬɗɛɞɨ 4.7 əŬɘ 4.8 ˊɞɡ Ŭəɞɚɞɡɗɞɨɜ: 

ЋÙ

ЋØ
 ɼ   ςɼ  Ø  ɼ  Ø  π                               τȢχ 

ЋÙ

ЋØ
 ɼ   ςɼ Ø  ɼ  Ø  π                                  τȢψ 
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ɆɢɐɛŬ 4.6: ȺˊɘűɎɜŮɘŮɠ Ŭˊɧəɟɘůɖɠ ůɡɜŬɟŰɐůŮɘ ŭɨɞ ˊŬɟŬɛɏŰɟɤɜ x1 əŬɘ x2 (Hibbert, 2012). 

 

4.2.2.6. ɀŮɚɏŰɖ ŮˊɘɓŮɓŬɑɤůɖɠ (Confirmation  study)  

 

ȼ ɛŮɚɏŰɖ ŮˊɘɓŮɓŬɑɤůɖɠ ŬˊɞŰŮɚŮɑ Űɞ ŰŮɚŮɡŰŬɑɞ əɨɟɘɞ ůŰɎŭɘɞ ŮűŬɟɛɞɔɐɠ Űɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ 

ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ ɤɠ ɛŮɗɧŭɞɡ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ, ŭɘŮɝɎɔŮŰŬɘ ɡˊɧ Űɘɠ ɓɏɚŰɘůŰŮɠ ůɡɜɗɐəŮɠ 

əŬɘ ˊŮɟɘɚŬɛɓɎɜŮɘ ůɨɔəɟɘůɖ Űɤɜ ŮɝŬɔɧɛŮɜɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɖɠ ɛŮɚɏŰɖɠ ɛŮ ŰŬ 

ˊɟɞɓɚŮˊɧɛŮɜŬ Ŭˊɧ Űɞ ɛɞɜŰɏɚɞ. ȼ ůɡɛűɤɜɑŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ 

ŮˊɘɓŮɓŬɑɤůɖɠ ɛŮ ŰŬ ˊɟɞɓɚŮˊɧɛŮɜŬ Ŭˊɧ Űɞ ɛɞɜŰɏɚɞ, ɡˊɞŭɖɚɩɜɞɡɜ ŬűŮɜɧɠ Űɖɜ ŮˊɎɟəŮɘŬ Űɞɡ 

ɛɞɜŰɏɚɞɡ ɜŬ ˊŮɟɘɔɟɎɣŮɘ ɘəŬɜɞˊɞɘɖŰɘəɎ Űɞ ɛŮɚŮŰɩɛŮɜɞ ůɨůŰɖɛŬ. ȷűŮŰɏɟɞɡ, ɡˊɞŭŮɘəɜɨŮŰŬɘ ɖ 

Ŭɜɞɢɐ Űɞɡ ɛɞɜŰɏɚɞɡ ůŮ ŮɝɤŰŮɟɘəɞɨɠ ɗɞɟɨɓɞɡɠ əŬɘ ɛŮŰŬɓɞɚɏɠ ůŰŬ ŮˊɑˊŮŭŬ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ  

(Sakkas et al., 2010). 
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4.3. ɇŮɢɜɖŰɎ ɁŮɡɟɤɜɘəɎ ȹɑəŰɡŬ (Artificial Neural Networks)  

 

4.3.1. ȺɘůŬɔɤɔɐ 

 

ȼ ŬɜɎˊŰɡɝɖ Űɤɜ ŰŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ əŬɘ ɖ ŮűŬɟɛɞɔɐ Űɞɡɠ ůŬɜ Ůɡűɡɐ 

ɡˊɞɚɞɔɘůŰɘəɎ ůɡůŰɐɛŬŰŬ ɏɢŮɘ Űɖɜ ŬˊŬɟɢɐ Űɖɠ ůŰŬ ɓɘɞɚɞɔɘəɎ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ. Ƀ ɜŮɡɟɩɜŬɠ 

ŮɑɜŬɘ ɏɜŬ əɨŰŰŬɟɞ ůŰɞɜ ŮɔəɏűŬɚɞ ɛŮ əɨɟɘŬ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ Űɖ ůɡɔəɏɜŰɟɤůɖ, ŮˊŮɝŮɟɔŬůɑŬ əŬɘ 

ŭɘɎŭɞůɖ ɖɚŮəŰɟɘəɩɜ ůɖɛɎŰɤɜ. ȾɎɗŮ ɜŮɡɟɩɜŬɠ (ɆɢɐɛŬ 4.7) ŮɑɜŬɘ ɏɜŬ ŮɝŮɘŭɘəŮɡɛɏɜɞ əɨŰŰŬɟɞ 

Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɞ əɡŰŰŬɟɘəɧ əɞɟɛɧ ɐ ůɩɛŬ (soma) ɞ ɞˊɞɑɞɠ ˊŮɟɘɏɢŮɘ Űɞɜ 

əɡŰŰŬɟɘəɧ ˊɡɟɐɜŬ (nucleus). ȷˊɧ Űɞɜ əɡŰŰŬɟɘəɧ əɞɟɛɧ ŭɘŬəɚŬŭɑɕŮŰŬɘ ɏɜŬɠ Ŭɟɘɗɛɧɠ ɘɜɩɜ, ˊɞɡ 

əŬɚɞɨɜŰŬɘ ŭŮɜŭɟɑŰŮɠ (dendrites) əŬɘ ɛɑŬ ɛɞɜŬŭɘəɐ ɛŮɔɎɚɖ ɑɜŬ ˊɞɡ əŬɚŮɑŰŬɘ ɎɝɞɜŬɠ (axon). 

ȰɜŬɠ ɜŮɡɟɩɜŬɠ ůɡɜŭɏŮŰŬɘ ɛŮ 10 ɏɤɠ 100.000 Ɏɚɚɞɡɠ ɜŮɡɟɩɜŮɠ, ɛɏůɤ ůɖɛŮɑɤɜ ůɨɜŭŮůɖɠ ˊɞɡ 

ɚɏɔɞɜŰŬɘ ůɡɜɎɣŮɘɠ (Russel and Norvig, 2003). 

 

 

ɆɢɐɛŬ 4.7: ȹɞɛɐ ɓɘɞɚɞɔɘəɞɨ ɜŮɡɟɩɜŬ (Kalogirou, 2004). 

Ƀɘ ůɡɜɎɣŮɘɠ ɛɏůɤ ɢɖɛɘəɩɜ ŭɘŬŭɘəŬůɘɩɜ ŮˊɘŰŬɢɨɜɞɡɜ ɐ ŮˊɘɓɟŬŭɨɜɞɡɜ Űɖ ɟɞɐ ɖɚŮəŰɟɘəɩɜ 

űɞɟŰɑɤɜ ˊɟɞɠ Űɞ ůɩɛŬ Űɞɡ ɜŮɡɟɩɜŬ. ɇŬ ɖɚŮəŰɟɘəɎ ůɐɛŬŰŬ ˊɞɡ ŮɘůɏɟɢɞɜŰŬɘ ůŰɞ ůɩɛŬ Űɤɜ 

ɜŮɡɟɩɜɤɜ ɛɏůɤ Űɤɜ ŭŮɜŭɟɘŰɩɜ ůɡɜŭɡɎɕɞɜŰŬɘ əŬɘ ɛɧɜɞ Ŭɜ Űɞ ŬˊɞŰɏɚŮůɛŬ ɡˊŮɟɓŬɑɜŮɘ ɏɜŬ 

ɞɟɘůɛɏɜɞ ŮˊɑˊŮŭɞ əŬŰɤűɚɑɞɡ Űɞ ůɐɛŬ ŭɘŬŭɑŭŮŰŬɘ ˊɟɞɠ Űɞɡɠ Ɏɚɚɞɡɠ ɜŮɡɟɩɜŮɠ (ȸɚŬɢɎɓŬɠ ə.Ŭ., 

2006). ɇŬ ůɐɛŬŰŬ Ůɚɏɔɢɞɡɜ Űɖɜ ŮɔəŮűŬɚɘəɐ ŭɟŬůŰɖɟɘɧŰɖŰŬ ɓɟŬɢɡˊɟɧɗŮůɛŬ əŬɘ ŮˊɘŰɟɏˊɞɡɜ  

Ůˊɑůɖɠ ɛŬəɟɞˊɟɧɗŮůɛŮɠ ŬɚɚŬɔɏɠ ůŰɖ ɗɏůɖ əŬɘ Űɖ ůɡɜŮəŰɘəɧŰɖŰŬ Űɤɜ ɜŮɡɟɩɜɤɜ (Russel and 

Norvig, 2003). ȼ ɘəŬɜɧŰɖŰŬ Űɞɡ ŮɔəŮűɎɚɞɡ ɜŬ ɚŬɛɓɎɜŮɘ ˊɞɚɨˊɚɞəŮɠ ŬˊɞűɎůŮɘɠ ŮəˊɚɖəŰɘəɎ 

ɔɟɐɔɞɟŬ ɞűŮɑɚŮŰŬɘ ŬűŮɜɧɠ ůŰɖɜ ɡˊɞɚɞɔɘůŰɘəɐ ɘəŬɜɧŰɖŰŬ Űɞɡ ŮɔəŮűɎɚɞɡ əŬɘ ŬűŮŰɏɟɞɡ ůŰɖ 
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ŭɘŬɛɞɘɟŬůɛɏɜɖ ůŮ ɧɚɞ Űɞɡ Űɞɜ ɧɔəɞ ˊɚɖɟɞűɞɟɑŬ ˊɞɡ ˊŮɟɘɏɢŮɘ ɚŮɘŰɞɡɟɔɩɜŰŬɠ ůŬɜ ɏɜŬ 

ˊŬɟɎɚɚɖɚɞ əŬɘ əŬŰŬɜŮɛɖɛɏɜɞ ɡˊɞɚɞɔɘůŰɘəɧ ůɨůŰɖɛŬ. ȷɡŰɎ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬˊɞŰŮɚɞɨɜ 

əŬɘ Űɞ ɓŬůɘəɧŰŮɟɞ əɑɜɖŰɟɞ ůŰɖɜ ˊɟɞůˊɎɗŮɘŬ ɜŬ ɛɞɜŰŮɚɞˊɞɘɖɗŮɑ ɞ Ŭɜɗɟɩˊɘɜɞɠ ŮɔəɏűŬɚɞɠ ɛŮ 

ŰŬ ŰŮɢɜɖŰɎ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ (ȸɚŬɢɎɓŬɠ  ə.Ŭ., 2006). 

 

4.3.2. ɀɞɜŰɏɚɞ ŰŮɢɜɖŰɞɨ ɜŮɡɟɩɜŬ 

 

ȰɜŬɠ ŰŮɢɜɖŰɧɠ ɜŮɡɟɩɜŬɠ ŮɑɜŬɘ ɛɘŬ ɛɞɜɎŭŬ ŮˊŮɝŮɟɔŬůɑŬɠ Űɖɠ ˊɚɖɟɞűɞɟɑŬɠ, ɗŮɛŮɚɘɩŭɖɠ 

ɔɘŬ Űɖ ɚŮɘŰɞɡɟɔɑŬ Ůɜɧɠ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ, ŰŬ  ɛɏɟɖ Űɞɡ ɞˊɞɑɞɡ ŬɜŰɘůŰɞɘɢɞɨɜ ɎɛŮůŬ ɛŮ ŬɡŰɎ 

Űɞɡ ɓɘɞɚɞɔɘəɞɨ ɜŮɡɟɩɜŬ. ȳˊɤɠ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 4.8, ɏɜŬɠ ŰŮɢɜɖŰɧɠ ɜŮɡɟɩɜŬɠ 

ŭɏɢŮŰŬɘ əɎˊɞɘŬ ůɐɛŬŰŬ Ůɘůɧŭɞɡ, x1, x2éé..xn, ŰŬ ɞˊɞɑŬ ɛŮŰŬɓɎɚɚɞɜŰŬɘ Ŭˊɧ ɛɑŬ Űɘɛɐ ɓɎɟɞɡɠ 

wi (weight) ɖ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɗŮŰɘəɐ ɐ ŬɟɜɖŰɘəɐ əŬɘ o ɟɧɚɞɠ Űɖɠ ŬɜŰɘůŰɞɘɢŮɑ ɛŮ Űɞ ɟɧɚɞ 

Űɖɠ ůɨɜŬɣɖɠ ůŰɞ ɓɘɞɚɞɔɘəɧ ŭɑəŰɡɞ (ȸɚŬɢɎɓŬɠ  ə.Ŭ., 2006). 

 

 

ɆɢɐɛŬ 4.8: ɀɞɜŰɏɚɞ ŰŮɢɜɖŰɞɨ ɜŮɡɟɩɜŬ (ȸɚŬɢɎɓŬɠ  ə.Ŭ., 2006). 

 

 ɇɞ  ůɩɛŬ Űɞɡ ŰŮɢɜɖŰɞɨ ɜŮɡɟɩɜŬ ɢɤɟɑɕŮŰŬɘ ůŮ ŭɨɞ ɛɏɟɖ (ȸɚŬɢɎɓŬɠ  ə.Ŭ., 2006): 

Ŭ) ɆŰɞɜ ŬɗɟɞɘůŰɐ (sum) ɞ ɞˊɞɑɞɠ ˊɟɞůɗɏŰŮɘ ŰŬ ŮˊɖɟŮŬůɛɏɜŬ Ŭˊɧ ŰŬ ɓɎɟɖ ůɐɛŬŰŬ 

ˊŬɟɎɔɞɜŰŬɠ ɛɘŬ ˊɞůɧŰɖŰŬ S (Ůɝɑůɤůɖ 4.9): 

                                              3 В×Ø   É πȟȣȣȣȢȢÎ   τȢω 

ɓ) ɆŰɖ ůɡɜɎɟŰɖůɖ ŮɜŮɟɔɞˊɞɑɖůɖɠ (activation function), f(S), ɖ ɞˊɞɑŬ ŭɘŬɛɞɟűɩɜŮɘ Űɖɜ ŰŮɚɘəɐ 

Űɘɛɐ Űɞɡ ůɐɛŬŰɞɠ Ůɝɧŭɞɡ y, ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɖɜ ˊɞůɧŰɖŰŬ S əŬɘ Űɖɜ Űɘɛɐ əŬŰɤűɚɑɞɡ Űɖɠ 

ůɡɜɎɟŰɖůɖɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ. 

ɇɞ ɛɞɜŰɏɚɞ Űɞɡ ŰŮɢɜɖŰɞɨ ɜŮɡɟɩɜŬ ˊŮɟɘɚŬɛɓɎɜŮɘ Ŭəɧɛɖ ɏɜŬ ŮɝɤŰŮɟɘəɎ ŮűŬɟɛɞɕɧɛŮɜɞ 

ŮɟɏɗɘůɛŬ əŬɘ ŬɜŬűɏɟŮŰŬɘ ɤɠ ˊɧɚɤůɖ (bias) ɐ ˊŬɟɎɔɞɜŰŬɠ ˊɟɞŭɘɎɗŮůɖɠ Űɞɡ ɜŮɡɟɩɜŬ. 

ŪŮɤɟŮɑŰŬɘ ɤɠ ůŰŬɗɛɘůɛɏɜɞ ɓɎɟɞɠ əŬɘ ůɡɢɜɎ ůɡɛɓɞɚɑɕŮŰŬɘ ɤɠ w0. ɆŮ ŬɜŰɑɗŮůɖ ɛŮ ŰŬ 

ɡˊɧɚɞɘˊŬ ɓɎɟɖ, ŮˊɘŭɟɎ ůɡɜŮɢɩɠ ůŮ ɛɘŬ Űɘɛɐ Ůɘůɧŭɞɡ x0=1 (ȸɚŬɢɎɓŬɠ ə.Ŭ, 2006). 



  

143 
 

Ƀɘ ůɡɜŬɟŰɐůŮɘɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ ůŮ ɏɜŬ ŰŮɢɜɖŰɧ ɜŮɡɟɩɜŬ, ŭɏɢɞɜŰŬɘ ŰŬ ůɐɛŬŰŬ Ůɘůɧŭɞɡ əŬɘ 

ˊŬɟɎɔɞɡɜ ɛɑŬ ɏɝɞŭɞ ɖ ɞˊɞɑŬ ŬɜɐəŮɘ ůŮ ɏɜŬ ˊɟɞəŬɗɞɟɘůɛɏɜɞ ˊŮŭɑɞ Űɘɛɩɜ (ɀŬŰůŬŰůɑɜɖɠ ə.Ŭ, 

2005). ȷɜ əŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ůɡɜŬɟŰɐůŮɤɜ ŮɜŮɟɔɞˊɞɑɖůɖɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ˊɟŬəŰɘəɎ ɎˊŮɘɟɞɠ, 

ɞɘ ˊɘɞ Ůɡɟɏɤɠ  ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ ŮɑɜŬɘ ɞɘ Ůɝɐɠ (Behler, 2011): 

I. ũɟŬɛɛɘəɐ ůɡɜɎɟŰɖůɖ 

II.  ȾŬŰɎ ŰɛɐɛŬŰŬ ɔɟŬɛɛɘəɐ ůɡɜɎɟŰɖůɖ 

III.  BɖɛŬŰɘəɐ ůɡɜɎɟŰɖůɖ 

IV.  ɇŬɡŰɞŰɘəɐ ůɡɜɎɟŰɖůɖ 

V. ɈˊŮɟɓɞɚɘəɐ ŮűŬˊŰɞɛɏɜɖ 

VI.  ɆɘɔɛɞŮɘŭɐɠ ůɡɜŬɟŰɐůŮɘɠ ˊ.ɢ. ɚɞɔɘůŰɘəɐ 

VII.  ũəŬɞɡůɘŬɜɐ ůɡɜɎɟŰɖůɖ. 

 ɀŮ ŮɝŬɑɟŮůɖ Űɖ ɔɟŬɛɛɘəɐ ůɡɜɎɟŰɖůɖ, ɧɚŮɠ ɞɘ ɡˊɧɚɞɘˊŮɠ ŮɘůɎɔɞɡɜ Űɞ ůŰɞɘɢŮɑɞ Űɖɠ ɛɖ 

ɔɟŬɛɛɘəɧŰɖŰŬɠ ůŰɖ ŭɡɜŬɛɘəɐ Ůɜɧɠ ŰŮɢɜɖŰɞɨ ɜŮɡɟɩɜŬ. ɆŰɞ ɆɢɐɛŬ 4.9 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ 

ŰɏůůŮɟɘɠ Űɡˊɘəɏɠ ˊŮɟɘˊŰɩůŮɘɠ ůɡɜŬɟŰɐůŮɤɜ ŮɜŮɟɔɞˊɞɑɖůɖɠ (Behler, 2011). 

 

 

ɆɢɐɛŬ 4.9: Ⱥɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ ůɡɜŬɟŰɐůŮɘɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ (Behler, 2011). 

 

4.3.3. ȷɟɢɘŰŮəŰɞɜɘəɐ (ŰɞˊɞɚɞɔɑŬ) ŰŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ 

 

To ŰŮɢɜɖŰɧ ɜŮɡɟɤɜɘəɧ ŭɑəŰɡɞ ŮɑɜŬɘ ɛɑŬ ɞɛɎŭŬ ŭɘŬůɡɜŭŮŭŮɛɏɜɤɜ ŰŮɢɜɖŰɩɜ ɜŮɡɟɩɜɤɜ ˊɞɡ 

ŬɚɚɖɚŮˊɘŭɟɞɨɜ ɛŮŰŬɝɨ Űɞɡɠ ɛŮ ůɡɜŰɞɜɘůɛɏɜɞ Űɟɧˊɞ. ȺɑɜŬɘ ůŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ ɏɜŬ ɛŬɕɘəɧɠ 

ˊŬɟɎɚɚɖɚŬ əŬŰŬɜŮɛɖɛɏɜɞɠ ŮˊŮɝŮɟɔŬůŰɐɠ ˊɞɡ ɏɢŮɘ Űɖ űɡůɘəɐ ɟɞˊɐ ɜŬ ŬˊɞɗɖəŮɨŮɘ ŮɛˊŮɘɟɘəɐ 

ɔɜɩůɖ əŬɘ ɜŬ Űɖ ŭɘŬɗɏŰŮɘ ˊɟɞɠ ɢɟɐůɖ (Kalogirou, 2004). ɀɞɘɎɕŮɘ ɛŮ Űɞɜ Ŭɜɗɟɩˊɘɜɞ ŮɔəɏűŬɚɞ 

ůŮ ŭɨɞ ůɖɛŮɑŬ (Kalogirou, 2004): 
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Ŭ) ɇɞ ŭɑəŰɡɞ ŬˊɞəŰɎ Űɖ ɔɜɩůɖ Ŭˊɧ Űɞ ˊŮɟɘɓɎɚɚɞɜ ɛɏůɤ ɛɑŬɠ ŭɘŬŭɘəŬůɑŬɠ ɛɎɗɖůɖɠ. 

ɓ) Ƀɘ ůɨɜŭŮůɛɞɘ ɛŮŰŬɝɨ Űɤɜ ɜŮɡɟɩɜɤɜ, ɔɜɤůŰɞɑ ɤɠ ůɡɜŬˊŰɘəɎ ɓɎɟɖ, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ 

Űɖɜ ŬˊɞɗɐəŮɡůɖ Űɖɠ ɔɜɩůɖɠ (Kalogirou, 2004). 

ɇŬ ŰŮɢɜɖŰɎ ɜŮɡɟɤɜɘəɎ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ɏɜŬ ˊɚɐɗɞɠ ŰŮɢɜɖŰɩɜ ɜŮɡɟɩɜɤɜ ˊɞɡ ŮɑɜŬɘ 

ɞɟɔŬɜɤɛɏɜɞɘ ůŮ ɛɑŬ ůŮɘɟɎ Ŭˊɧ ůŰɘɓɎŭŮɠ ɐ ŮˊɑˊŮŭŬ (layers). To ˊɟɩŰɞ Ŭˊɧ ŬɡŰɎ ŰŬ ŮˊɑˊŮŭŬ 

ɞɜɞɛɎɕŮŰŬɘ ŮˊɑˊŮŭɞ Ůɘůɧŭɞɡ (input layer) əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ŮɘůŬɔɤɔɐ ŭŮŭɞɛɏɜɤɜ. 

ɆŰɖ ůɡɜɏɢŮɘŬ, Ŭəɞɚɞɡɗɞɨɜ ˊɟɞŬɘɟŮŰɘəɎ ɏɜŬ ɐ ˊŮɟɘůůɧŰŮɟŬ əɟɡɛɛɏɜŬ ŮˊɑˊŮŭŬ (hidden layer) 

əŬɘ ůŰɞ Űɏɚɞɠ ɡˊɎɟɢŮɘ Űɞ ŮˊɑˊŮŭɞ Ůɝɧŭɞɡ (outpout layer) (Kalogirou, 2004). Ƀɘ ɜŮɡɟɩɜŮɠ 

ɏɢɞɡɜ ŭɨɞ ˊɞɚɨ ůɖɛŬɜŰɘəɏɠ ɘŭɘɧŰɖŰŮɠ ˊɞɡ Űɞɡɠ ŮˊɘŰɟɏˊɞɡɜ ɜŬ ɚŮɘŰɞɡɟɔɞɨɜ ˊŬɟɎɚɚɖɚŬ. 

ɄɟɩŰɞɜ, ɖ ˊɚɖɟɞűɞɟɑŬ ˊɞɡ ɢɟŮɘɎɕŮŰŬɘ əɎɗŮ ɜŮɡɟɩɜŬɠ Űɖɜ ŬˊɞəŰɎ Ŭˊɧ Űɘɠ Ůɘůɧŭɞɡɠ Űɞɡ əŬɘ 

ɛɧɜɞ əŬɘ ŭŮɨŰŮɟɞɜ ˊŬɟɎɔɞɡɜ ɛɑŬ ɛɧɜɞ Űɘɛɐ Ůɝɧŭɞɡ. ȼ Űɘɛɐ ŬɡŰɐ ɛŮŰŬŭɑŭŮŰŬɘ ŭɘŬɛɏůɞɡ Űɤɜ 

ůɡɜŭɏůŮɤɜ ůŰɞɡɠ ɡˊɧɚɞɘˊɞɡɠ ɜŮɡɟɩɜŮɠ ɐ ŬˊɞŰŮɚŮɑ ɛɏɟɞɠ Űɖɠ ůɡɜɞɚɘəɐɠ Ůɝɧŭɞɡ Űɞɡ ɜŮɡɟɩɜŬ 

(ɀŬŰůŬŰůɑɜɖɠ ə.Ŭ., 2005). 

ɇŬ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ ɛˊɞɟɞɨɜ ɜŬ ŰŬɝɘɜɞɛɖɗɞɨɜ ůŮ əŬŰɖɔɞɟɑŮɠ ŬɜɎɚɞɔŬ ɛŮ Űɞɜ əŬɜɧɜŬ 

ŮəɛɎɗɖůɖɠ/ŮəˊŬɑŭŮɡůɖɠ, Űɖ ůɡɜɎɟŰɖůɖ əŬɘ Űɖɜ ŬɟɢɘŰŮəŰɞɜɘəɐ (ŰɞˊɞɚɞɔɑŬ) Űɞɡ ŭɘəŰɨɞɡ 

(Chiang et al., 2004). ȼ ŬɟɢɘŰŮəŰɞɜɘəɐ Ůɜɧɠ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ ɛɘŬ 

ŭɘŬɛɧɟűɤůɖ ˊɞɡ ŭŮɑɢɜŮɘ Űɖɜ ɞɛŬŭɞˊɞɑɖůɖ Űɤɜ ɛɞɜɎŭɤɜ (ɜŮɡɟɩɜɤɜ) əŬɗɩɠ Ůˊɑůɖɠ əŬɘ Űɖ 

ŭɘŬůɨɜŭŮůɖ ɛŮŰŬɝɨ Űɞɡɠ. ɀŮ ɓɎůɖ Űɘɠ ŬɟɢɘŰŮəŰɞɜɘəɏɠ Űɞɡɠ ŭɞɛɏɠ ŰŬ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ 

ɛˊɞɟɞɨɜ ɜŬ ŭɘŬəɟɘɗɞɨɜ ůŮ ŭɨɞ ɛŮɔɎɚŮɠ əŬŰɖɔɞɟɑŮɠ (Kamruzzaman et al., 2006): 

Ŭ) ɆŰŬ ŰŮɢɜɖŰɎ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ ˊɟɧůɗɘŬɠ ŰɟɞűɞŭɧŰɖůɖɠ (feed forward), ɧˊɞɡ ɖ ɟɞɐ 

ˊɚɖɟɞűɞɟɑŬɠ ŮɑɜŬɘ ɛɞɜɐɠ əŬŰŮɨɗɡɜůɖɠ əŬɘ ůɡɔəŮəɟɘɛɏɜŬ Űɞ ůɐɛŬ Űɤɜ ˊɚɖɟɞűɞɟɘɩɜ 

ŭɘŬŭɑŭŮŰŬɘ ˊɟɞɠ Űɖɜ ˊɟɧůɗɘŬ əŬŰŮɨɗɡɜůɖ  (ɆɢɐɛŬ 4.10Ŭ). 

ɓ) ɆŰŬ ŰŮɢɜɖŰɎ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ ɞˊɘůɗɞŭɘɎŭɞůɖɠ/ŬɜŬŰɟɞűɞŭɧŰɖůɖɠ (feedback), ɧˊɞɡ ɞɘ 

ŰŮɚɘəɏɠ ɏɝɞŭɞɘ ŬɜŬŰɟɞűɞŭɞŰɞɨɜŰŬɘ ˊɎɚɘ ůŰɞ ˊɟɩŰɞ ŮˊɑˊŮŭɞ ŮɘůŬɔɤɔɐɠ (ɆɢɐɛŬ 4.10ɓ). 

 
 

ɆɢɐɛŬ 4.10: ɇŮɢɜɖŰɎ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ (Ŭ) ˊɟɧůɗɘŬɠ ŰɟɞűɞŭɧŰɖůɖɠ (feed forward), (ɓ) 

ɞˊɘůɗɞŭɘɎŭɞůɖɠ/ŬɜŬŰɟɞűɞŭɧŰɖůɖɠ (Krenker et al., 2011). 
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ɇɡˊɘəɎ  ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ əɎɗŮ əŬŰɖɔɞɟɑŬɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 4.11 ˊɞɡ ŬəɞɚɞɡɗŮɑ. 

 

 

ɆɢɐɛŬ 4.11: ɇŬɝɘɜɧɛɖůɖ ŰŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ ɛŮ ŬɟɢɘŰŮəŰɞɜɘəɐ ˊɟɧůɗɘŬɠ 

ŰɟɞűɞŭɧŰɖůɖɠ əŬɘ ɞˊɘůɗɞŭɘɎŭɞůɖɠ (Jain et al., 1996). 

 

4.3.4. ɄɞɚɚŬˊɚɩɜ ůŰɘɓɎŭɤɜ ɐ ɄɞɚɡůŰɘɓŬŭɘəɎ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ (Multi -layer 

perceptrons, MLPs) 

 

ȼ ŬɜɎˊŰɡɝɖ Űɤɜ ŰŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ ɓŬůɑůŰɖəŮ ůŰɖɜ Ŭɟɢɘəɐ ɘŭɏŬ Űɞɡ 

Rosenblatt (1958), ɞ ɞˊɞɑɞɠ ŮɘůɐɔŬɔŮ Űɖɜ ɏɜɜɞɘŬ Űɖɠ ɛɞɜɎŭŬɠ Űɞɡ Perceptron (ȷɘůɗɖŰɐɟŬ ɐ 

ȿŮɘŰɞɡɟɔɘəɧ ɁŮɡɟɤɜɘəɧ ȹɑəŰɡɞ). H ˊɘɞ Ŭˊɚɐ ɛɞɟűɐ perceptron ŮɑɜŬɘ Űɞ ɛɞɜɞůŰɟɤɛŬŰɘəɧ ˊɞɡ 

ŮɑɜŬɘ ɛɑŬ Ŭˊɚɐ ŰɞˊɞɚɞɔɑŬ ŭɘəŰɨɞɡ ˊɟɧůɗɘŬɠ ŰɟɞűɞŭɧŰɖůɖɠ ɢɤɟɑɠ əɟɡűɎ ŮˊɑˊŮŭŬ əŬɘ ɘůŰɞɟɘəɎ 

ŬˊɞŰŮɚŮɑ ɛɘŬ ˊɟɩŰɖ ˊɟɞůɏɔɔɘůɖ ŰŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ. ȼ ŭɞɛɐ Űɞɡ ɜŮɡɟɤɜɘəɞɨ 

ŭɘəŰɨɞɡ ɛɞɜɐɠ ůŰɘɓɎŭŬɠ ˊŮɟɘɚŬɛɓɎɜŮɘ ɏɜŬɜ Ŭɟɘɗɛɧ ŮɘůŮɟɢɧɛŮɜɤɜ (x1, x2,éééxn), ɏɜŬɜ 

Ŭɟɘɗɛɧ ɓŬɟɩɜ (w1, w2éé..wn), ɛɑŬ ˊɧɚɤůɖ əŬɘ ɏɜŬ ŮɝŮɟɢɧɛŮɜɞ ůɐɛŬ əŬɘ ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ 

ɆɢɐɛŬ 4.12Ŭ (Farmaki et al., 2010). 

ɁŮɡɟɤɜɘəɎ 
ŭɑəŰɡŬ 

ɄɟɧůɗɘŬɠ 
ŰɟɞűɞŭɧŰɖůɖɠ 

ɀɞɜɐɠ ůŰɘɓɎŭŬɠ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ 
(Single layer perceptrons) 

ɄɞɚɚŬˊɚɩɜ ůŰɘɓɎŭɤɜ ɜŮɡɟɤɜɘəɎ 
ŭɑəŰɡŬ 

(Multi -layer perceptrons) 

ɁŮɡɟɤɜɘəɎ ŭɑəŰɡŬ ŬəŰɘɜɘəɐɠ ɓɎůɖɠ 
(Radial basis function networks) 

ɃˊɘůɗɞŭɘɎŭɞůɖɠ 

ɁŮɡɟɤɜɘəɎ ŭɑəŰɡŬ ɓŬůɘůɛɏɜŬ ůŮ 
ŬɜŰŬɔɤɜɘůɛɧ 

(Competitive networks) 

ȹɑəŰɡŬ Kohonen  
(Kohonen networks) 

ȹɑəŰɡŬ Hopfield 

(Hopfield networks) 

ɀɞɜŰɏɚŬ ˊɟɞůŬɟɛɞůŰɘəɐɠ ɗŮɤɟɑŬɠ 
ŬɜŰɐɢɖůɖɠ  

(Adaptive Resonance Theory (ART) 
models) 
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Ƀɘ ˊŮɟɘɞɟɘůɛɏɜŮɠ ɧɛɤɠ ŭɡɜŬŰɧŰɖŰŮɠ Űɞɡ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ ɛɞɜɐɠ ůŰɘɓɎŭŬɠ, ɞŭɐɔɖůŮ 

ůŰɖɜ ˊɟɞɞŭŮɡŰɘəɐ ŬɜɎˊŰɡɝɖ ˊŮɟɘůůɧŰŮɟɞ ˊɟɞɢɤɟɖɛɏɜɤɜ ɛɞɜŰɏɚɤɜ, Űɤɜ ɄɞɚɚŬˊɚɩɜ 

ůŰɘɓɎŭɤɜ ɐ ɄɞɚɡůŰɘɓŬŭɘəɩɜ ɁŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ (ɆɢɐɛŬ 4.12ɓ): ɖ ˊɟɞůɗɐəɖ Űɤɜ 

ŮɜŭɘɎɛŮůɤɜ ůŰɘɓɎŭɤɜ ɏŭɟŬůŮ əŬŰŬɚɡŰɘəɎ əŬɘ ɛˊɧɟŮůŮ ɜŬ ŭɞɗŮɑ ɚɨůɖ ůŮ ɏɜŬ ˊɚɐɗɞɠ 

ˊɟɞɓɚɖɛɎŰɤɜ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɤɜ ŰŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ (Farmaki et al., 2010).  

 

 

ɆɢɐɛŬ 4.12: ȷˊŮɘəɧɜɘůɖ (Ŭ) Űɤɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ ɛɞɜɐɠ ůŰɘɓɎŭŬɠ əŬɘ (ɓ) ˊɞɚɚŬˊɚɩɜ 

ůŰɘɓɎŭɤɜ (Farmaki et al., 2010). 

 

ɇŬ ɄɞɚɡůŰɘɓŬŭɘəɎ ɁŮɡɟɤɜɘəɎ ŭɑəŰɡŬ, ŬˊɞŰŮɚɞɨɜ ɔŮɜɑəŮɡůɖ Űɞɡ ɛɞɜɞůŰɟɤɛŬŰɘəɞɨ 

perceptron əŬɘ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŮəŰɧɠ Ŭˊɧ Űɖ ůŰɘɓɎŭŬ Ůɘůɧŭɞɡ əŬɘ Űɖ ůŰɘɓɎŭŬ Ůɝɧŭɞɡ 

(ŬˊɞəɟɑůŮɤɜ), ɏɜŬ ɐ ˊŮɟɘůůɧŰŮɟŬ ůŰɟɩɛŬŰŬ əɟɡɛɛɏɜɤɜ/əɟɡűɩɜ ůŰɘɓɎŭɤɜ (hidden layers).  

ɀŮ Űɖɜ ˊɟɞůɗɐəɖ Ůɜɧɠ ɐ ˊŮɟɘůůɧŰŮɟɤɜ əɟɡɛɛɏɜɤɜ Ůˊɘˊɏŭɤɜ, Űɞ ŭɑəŰɡɞ ɏɢŮɘ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ 

ɜŬ ˊɟɞůŮɔɔɑɕŮɘ ůɡɜŬɟŰɐůŮɘɠ ɛŮɔŬɚɨŰŮɟɖɠ ˊɞɚɡˊɚɞəɧŰɖŰŬɠ (Khataee and Kasiri, 2010). 

ȾɎɗŮ ɜŮɡɟɩɜŬɠ ŭɏɢŮŰŬɘ ɛɘŬ ůŮɘɟɎ Űɘɛɩɜ Ůɘůɧŭɞɡ əŬɘ ŬˊɞŭɑŭŮɘ ɛɘŬ Űɘɛɐ Ůɝɧŭɞɡ. Ƀɘ 

ɜŮɡɟɩɜŮɠ Űɞɡ ˊɟɩŰɞɡ əɟɡɛɛɏɜɞɡ Ůˊɘˊɏŭɞɡ ɚŬɛɓɎɜɞɡɜ ɤɠ Űɘɛɏɠ Ůɘůɧŭɞɡ Űɘɠ Űɘɛɏɠ Űɤɜ 

ɜŮɡɟɩɜɤɜ Űɞɡ Ůˊɘˊɏŭɞɡ Ůɘůɧŭɞɡ ɛŮ Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ůɡɜŭŮŭŮɛɏɜɞɘ ɛɏůɤ Űɤɜ ůɡɜɎɣŮɤɜ. ȳɚŬ ŰŬ 

ɡˊɧɚɞɘˊŬ əɟɡɛɛɏɜŬ ŮˊɑˊŮŭŬ ɚŬɛɓɎɜɞɡɜ ɤɠ Űɘɛɏɠ Ůɘůɧŭɞɡ, Űɘɠ Űɘɛɏɠ Ůɝɧŭɞɡ Űɤɜ ɜŮɡɟɩɜɤɜ 

Űɤɜ əɟɡɛɛɏɜɤɜ Ůˊɘˊɏŭɤɜ ɛŮ ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ůɡɜŭŮŭŮɛɏɜŬ. ɇɞ ůɨɜɞɚɞ Űɤɜ Űɘɛɩɜ Ůɝɧŭɞɡ ůŰɞ 

ŮˊɑˊŮŭɞ Ůɝɧŭɞɡ (ŰŮɚŮɡŰŬɑɞ ŮˊɑˊŮŭɞ Űɞɡ ŭɘəŰɨɞɡ), ŬˊɞŰŮɚŮɑ əŬɘ Űɖɜ Ŭˊɧəɟɘůɖ Űɞɡ ŭɘəŰɨɞɡ ɔɘŬ 

ŰŬ ŭŮŭɞɛɏɜŬ ˊɞɡ ŮɘůɎɔɞɜŰŬɘ ůŰɞɡɠ əɧɛɓɞɡɠ Ůɘůɧŭɞɡ (Khataee and Kasiri, 2010). ɆŰɞ ɆɢɐɛŬ 

4.13 ŬˊŮɘəɞɜɑɕŮŰŬɘ ɏɜŬ ŭɑəŰɡɞ ˊɟɧůɗɘŬɠ ŰɟɞűɞŭɧŰɖůɖɠ ɛŮ ɛɑŬ əɟɡɛɛɏɜɖ ůŰɘɓɎŭŬ əŬɘ 14
 

ɜŮɡɟɩɜŮɠ (Khataee and Kasiri, 2010). 

ɇŬ ɄɞɚɡůŰɘɓŬŭɘəɎ ɁŮɡɟɤɜɘəɎ ŭɑəŰɡŬ (Multi -layer perceptions, MLPs) ŬˊɞŰŮɚɞɨɜ ŰŬ 

ˊɚɏɞɜ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŬ ŭɑəŰɡŬ Űɖɠ əŬŰɖɔɞɟɑŬɠ Űɤɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ ˊɟɧůɗɘŬɠ 

ŰɟɞűɞŭɧŰɖůɖɠ (Jain et al., 1996). ȼ ɓŬůɘəɐ ɚŮɘŰɞɡɟɔɑŬ ˊɞɡ ŮˊɘŰŮɚŮɑ ɏɜŬ ˊɞɚɡůŰɘɓŬŭɘəɧ 

perceptron (MLP) ŮɑɜŬɘ ɖ ŬˊŮɘəɧɜɘůɖ (mapping) Űɞɡ ůɐɛŬŰɞɠ Ŭˊɧ Űɞ ɢɩɟɞ Űɤɜ Ůɘůɧŭɤɜ ůŰɞ 
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ɢɩɟɞ Űɤɜ Ůɝɧŭɤɜ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŰŬ ɕŮɨɔɖ ŮəˊŬɑŭŮɡůɖɠ əŬɘ Űɞɡɠ əŬŰɎɚɚɖɚɞɡɠ 

Ŭɚɔɞɟɑɗɛɞɡɠ ŮəˊŬɑŭŮɡůɖɠ (Al-Bulushi et al., 2012). ȰŰůɘ Űɞ MLP ɏɢŮɘ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɛŮ 

ɘŭɘŬɑŰŮɟɖ ŮˊɘŰɡɢɑŬ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ůɡůŰɖɛɎŰɤɜ ˊɟɧɓɚŮɣɖɠ (prediction), ɔɘŬ Űɖɜ 

ŰŬɝɘɜɧɛɖůɖ ˊɟɞŰɨˊɤɜ (classification), ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ɛɞɜŰɏɚɤɜ Ŭˊɧ ŭŮŭɞɛɏɜŬ (data 

fitting), ɔɘŬ Űɞɜ ɏɚŮɔɢɞ ůɡůŰɖɛɎŰɤɜ, ɛɏɢɟɘ əŬɘ ɔɘŬ Űɖɜ Ůˊɑɚɡůɖ ɛŮɟɘəɩɜ ŭɘŬűɞɟɘəɩɜ 

ŮɝɘůɩůŮɤɜ. Ⱥˊɘˊɚɏɞɜ, ŰŬ ŰŮɢɜɖŰɎ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɤɠ 

ŮɜŬɚɚŬəŰɘəɎ ŮɟɔŬɚŮɑŬ Űɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ ŮˊɘűɎɜŮɘŬɠ Ŭˊɧəɟɘůɖɠ (Agatonovic-Kustrin and 

Beresford, 2000; Bezarra et al., 2008).  

 

 

ɆɢɐɛŬ 4.13: ȹɑəŰɡɞ ˊɟɧůɗɘŬɠ ŰɟɞűɞŭɧŰɖůɖɠ ɛŮ ɛɑŬ əɟɡɛɛɏɜɖ ůŰɘɓɎŭŬ əŬɘ 14
  
ɜŮɡɟɩɜŮɠ 

(Khataee and Kasiri, 2010). 

 

4.3.4.1. ȸŬůɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɚɡůŰɘɓŬŭɘəɩɜ ŰŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ 

 

ɇŬ ɓŬůɘəɎ  ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ ˊɞɚɡůŰɘɓŬŭɘəɩɜ ŰŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ ɛˊɞɟɞɨɜ 

ɜŬ ůɡɜɞɣɘůŰɞɨɜ ůŰŬ Ůɝɐɠ (Farmaki et al., 2010): 

1. ɇŬ ŮɘůŮɟɢɧɛŮɜŬ ŭŮŭɞɛɏɜŬ x1, x2, éé..xi.  

2. ɀɘŬ ɞɛɎŭŬ ɛɞɜɎŭɤɜ ŮˊŮɝŮɟɔŬůɑŬɠ (ɞɘ ɜŮɡɟɩɜŮɠ). 

3. ɆɡɜŭɏůŮɘɠ ɔɘŬ əɎɗŮ ɛɞɜɎŭŬ (əɎɗŮ ůɨɜŭŮůɖ əŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ ɓɎɟɖ wij ɛŮŰŬɝɨ Űɤɜ 

ɛɞɜɎŭɤɜ i əŬɘ j). 

4. ȺɝŮɟɢɧɛŮɜŬ ŭŮŭɞɛɏɜŬ (output, yj), ɏɜŬ ɔɘŬ əɎɗŮ ɜŮɡɟɩɜŬ.  

5. ȰɜŬ  ůŰŬɗɛɘůɛɏɜɞ ɓɎɟɞɠ ˊɧɚɤůɖɠ b (bias) ɔɘŬ əɎɗŮ ɜŮɡɟɩɜŬ. 

6. ȰɜŬɠ əŬɜɧɜŬɠ ñŭɘɎŭɞůɖɠ ɐ Ůɘůɧŭɞɡò, ɞ ɞˊɞɑɞɠ əŬɗɞɟɑɕŮɘ (ŬˊɞűŬůɑɕŮɘ / ŭɘŬɢɤɟɑɕŮɘ) ŰŬ 

ˊɟŬɔɛŬŰɘəɎ ŮɘůŮɟɢɧɛŮɜŬ ŭŮŭɞɛɏɜŬ (ɎɗɟɞɘůɛŬ S) Ŭˊɧ ŰŬ ŮɝɤŰŮɟɘəɎ ŮɘůŮɟɢɧɛŮɜŬ 

ŭŮŭɞɛɏɜŬ / ŮɟŮɗɑůɛŬŰŬ ɉi. 
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7. ɀɘŬ ůɡɜɎɟŰɖůɖ ñŮɜŮɟɔɞˊɞɑɖůɖɠò f (ůɡɜɐɗɤɠ ůɘɔɛɞŮɘŭɐ), ɖ ɞˊɞɑŬ əŬɗɞɟɑɕŮɘ Űɖɜ 

ůɢɏůɖ ŬɜɎɛŮůŬ ůŰɞ ɎɗɟɞɘůɛŬ Űɤɜ ŮɘůŮɟɢɞɛɏɜɤɜ əŬɘ Űɞ ŮɝŮɟɢɧɛŮɜɞ                                                   

yj Űɖɠ ɛɞɜɎŭŬɠ. 

8. ɀɘŬ ɛɏɗɞŭɞɠ (Ŭɚɔɧɟɘɗɛɞɠ) ɔɘŬ Űɖ ŭɘŬɟəɐ Ůɜɖɛɏɟɤůɖ Űɞɡ ɛɞɜŰɏɚɞɡ əŬɘ Ŭɝɘɞɚɧɔɖůɖ 

Űɖɠ ˊɚɖɟɞűɞɟɑŬɠ.  

 

4.3.4.2. çȺəˊŬɑŭŮɡůɖè/çȺəɛɎɗɖůɖè  ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ 

 

 ɀŮŰŬɝɨ Űɤɜ ŮɝŬɘɟŮŰɘəɩɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ, ɖ ɘəŬɜɧŰɖŰŬ Űɖɠ 

ŮəɛɎɗɖůɖɠ çlearningè Ŭˊɧ Űɞ ˊŮɟɘɓɎɚɚɞɜ ɔɘŬ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɞɡ ŮɑɜŬɘ 

ŬɜŬɛűɘůɓɐŰɖŰŬ ɖ ˊɘɞ ůɖɛŬɜŰɘəɐ. ȼ ɛɎɗɖůɖ ŮɑɜŬɘ ɛɘŬ ŭɡɜŬɛɘəɐ əŬɘ ŮˊŬɜŬɚɖˊŰɘəɐ ŭɘŬŭɘəŬůɑŬ 

ˊɞɡ ŰɟɞˊɞˊɞɘŮɑ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɞɡ ŭɘəŰɨɞɡ. ȷɡŰɐ ɖ ŭɘŬŭɘəŬůɑŬ ŮɑɜŬɘ ɛɘŬ ŬɜŰŬˊɧəɟɘůɖ ůŰŬ 

ůɐɛŬŰŬ ˊɞɡ ŭɏɢŮŰŬɘ Űɞ ŭɑəŰɡɞ Ŭˊɧ Űɞ ˊŮɟɘɓɎɚɚɞɜ Űɞɡ. ȼ ˊɞɚɡůɨɜɗŮŰɖ ůɡůɢɏŰɘůɖ Űɞɡ ɧɟɞɡ 

ŮəˊŬɑŭŮɡůɖ ɛŮ ŭɘɎűɞɟŮɠ ɏɜɜɞɘŮɠ ˊɞɡ ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ Űɖɜ ɞˊŰɘəɐ ɔɤɜɑŬ Űɤɜ ŮˊɘůŰɖɛɩɜ əɎɜŮɘ 

ɘŭɘŬɑŰŮɟŬ ŭɨůəɞɚɖ Űɖ ůɡɛűɤɜɑŬ ɔɘŬ ɏɜŬ əɞɘɜɎ ŬˊɞŭŮəŰɧ ɞɟɘůɛɧ (Khataee and Kasiri, 2010).  

ɆɨɛűɤɜŬ  ɛŮ Űɞɜ ɞɟɘůɛɧ ˊɞɡ  ˊɟɞŰɎɗɖəŮ Ŭˊɧ Űɞɡɠ Mendel əŬɘ McClaren (1970) ɖ ŮəɛɎɗɖůɖ 

ŮɑɜŬɘ ɛɘŬ ŭɘŬŭɘəŬůɑŬ ɛŮ Űɖɜ ɞˊɞɑŬ ɞɘ ɛɖ ŮɝŬɟŰɖɛɏɜŮɠ ˊŬɟɎɛŮŰɟɞɘ Ůɜɧɠ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ 

ˊɟɞůŬɟɛɧɕɞɜŰŬɘ ɛɏůɤ ɛɘŬɠ ŭɘŬŭɘəŬůɑŬɠ ŭɘɏɔŮɟůɖɠ Ŭˊɧ Űɞ ˊŮɟɘɓɎɚɚɞɜ ůŰɞ ɞˊɞɑɞ ɓɟɑůəŮŰŬɘ Űɞ 

ŭɑəŰɡɞ (Mendel and McClaren, 1970). 

ɆŰŬ ŰŮɢɜɖŰɎ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŭɨɞ Űɨˊɞɘ ŮəˊŬɑŭŮɡůɖɠ: ɖ ŮˊɘɓɚŮˊɧɛŮɜɖ 

(supervised) əŬɘ ɖ ɛɖ ŮˊɘɓɚŮˊɧɛŮɜɖ (unsupervised) ŮəˊŬɑŭŮɡůɖ. H ŮˊɘɓɚŮˊɧɛŮɜɖ ɐ ɛŮ 

ŮˊɑɓɚŮɣɖ ŮəɛɎɗɖůɖ ŮɑɜŬɘ ɛɑŬ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ɢŬɟŬəŰɖɟɑɕŮŰŬɘ Ŭˊɧ Űɖɜ ɨˊŬɟɝɖ Ůɜɧɠ 

ŮɝɤŰŮɟɘəɞɨ ŮəˊŬɘŭŮɡŰɐ ˊɞɡ ɔɜɤɟɑɕŮɘ Ůɘɠ ɓɎɗɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ ůŰɞ ɞˊɞɑɞ ŮɝŮɚɑůůŮŰŬɘ ɞ 

ɜŮɡɟɩɜŬɠ (Khataee and Kasiri, 2010). ȾɎɜŮɘ ɢɟɐůɖ ɛɘŬɠ ɞɛɎŭŬɠ ŭŮɘɔɛɎŰɤɜ (cases ɐ pattern) 

ɖ ɞˊɞɑŬ ˊŮɟɘɏɢŮɘ ŮɘůŮɟɢɧɛŮɜŬ ŭŮŭɞɛɏɜŬ (inputs) ůɡɜŭɡŬůɛɏɜŬ ɛŮ Űɘɠ ŮɝŮɟɢɧɛŮɜŮɠ ŬˊɞəɟɑůŮɘɠ 

(outputs) ɛŮ ůəɞˊɧ ɜŬ ɢŰɑůŮɘ ɛɘŬ ůɢɏůɖ ɛŮŰŬɝɨ Űɞɡɠ. Ƀɘ ŮɝŮɟɢɧɛŮɜŮɠ ŬˊɞəɟɑůŮɘɠ ŮɑɜŬɘ ɐŭɖ 

ɔɜɤůŰɏɠ Ŭˊɧ Űɖɜ Ŭɟɢɐ əŬɘ ŰŬ ɇɁȹ ɡˊɞɚɞɔɑɕɞɡɜ əŬɘ ŭɘŬɛɞɟűɩɜɞɡɜ əŬŰɎɚɚɖɚŬ ŰŬ ɓɎɟɖ, əŬŰɎ 

Űɖ ŭɘɎɟəŮɘŬ ɛɘŬɠ ůŮɘɟɎɠ Ůˊɞɢɩɜ (epochs iterations), ɩůŰŮ ɞɘ ɗŮɤɟɖŰɘəɏɠ Űɘɛɏɠ əŬɘ ɞɘ 

ɡˊɞɚɞɔɘɕɧɛŮɜŮɠ ŬˊɞəɟɑůŮɘɠ ɜŬ ŮɑɜŬɘ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ˊɚɖůɘɏůŰŮɟŮɠ (Farmaki et al., 2010). 

ȷɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ Űɞ ůűɎɚɛŬ ˊɟɧɓɚŮɣɖɠ ůŰɖɜ ɞɛɎŭŬ ŮəɛɎɗɖůɖɠ ŮɚŬɢɘůŰɞˊɞɘŮɑŰŬɘ ɛŮ Űɖɜ 

əŬŰɎɚɚɖɚɖ ŭɘŬɛɧɟűɤůɖ Űɤɜ ɓŬɟɩɜ. ȷɜ Űɞ ɛɞɜŰɏɚɞ ŮəˊŬɘŭŮɡŰŮɑ ůɤůŰɎ, ɗŬ ŮɑɜŬɘ ɘəŬɜɧ ɜŬ 

ˊɟɞɓɚɏɣŮɘ Űɘɠ ŮɝŮɟɢɧɛŮɜŮɠ ŬˊɞəɟɑůŮɘɠ əŬɗɩɠ ˊɚɏɞɜ ɗŬ ɔɜɤɟɑɕŮɘ Űɖ ůɢɏůɖ ɛŮŰŬɝɨ 

ŮɘůŮɟɢɧɛŮɜɤɜ əŬɘ ŮɝŮɟɢɧɛŮɜɤɜ ŬˊɞəɟɑůŮɤɜ (Farmaki et al., 2010). ȼ ŮəˊŬɑŭŮɡůɖ ůɡɜɐɗɤɠ 

ŰŮɟɛŬŰɑɕŮŰŬɘ əŬɘ ɤɠ Ůə ŰɞɨŰɞɡ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɧŰŬɜ Űɞ əɟɘŰɐɟɘɞ Ůɚɏɔɢɞɡ Űɖɠ ˊɞɘɧŰɖŰŬɠ Űɞɡ 

ŭɘəŰɨɞɡ, ŭɖɚŬŭɐ Űɞ ɛɏůɞ ůűɎɚɛŬ Űɞɡ ůɡɜɧɚɞɡ ŮəˊŬɑŭŮɡůɖɠ ɐ ɖ ɛŮŰŬɓɞɚɐ Űɞɡ űɗɎůŮɘ ɛɑŬ 
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ŮˊɘɗɡɛɖŰɐ Űɘɛɐ.  ŪŬ ˊɟɏˊŮɘ ŭɖɚŬŭɐ ɖ ůɡɜɎɟŰɖůɖ  ůűɎɚɛŬŰɞɠ ˊɞɡ ɛŮŰɟɎŮɘ Űɖ ŭɘŬűɞɟɎ ɛŮŰŬɝɨ 

ɡˊɞɚɞɔɘůɛɏɜɤɜ (calculated) əŬɘ ŮˊɘɗɡɛɖŰɩɜ (desirable) ŬˊɞəɟɑůŮɤɜ, ɜŬ ŮɚŬɢɘůŰɞˊɞɘɖɗŮɑ 

(Antonopoulou et al., 2012a). ɆŰɖ ɛɖ ŮˊɘɓɚŮˊɧɛŮɜɖ ŮəˊŬɑŭŮɡůɖ Űɞ ŭɑəŰɡɞ ŮűɞŭɘɎɕŮŰŬɘ ɛŮ ɛɘŬ 

ɞɛɎŭŬ Ůɚɏɔɢɞɡ ɢɤɟɑɠ ɜŬ ŭɑɜŮŰŬɘ əŬɛɑŬ ŭɘŬɗɏůɘɛɖ ɓɞɐɗŮɘŬ ɔɘŬ Űɖɜ ŮˊɘɗɡɛɖŰɐ Ŭˊɧəɟɘůɖ 

(Farmaki et al., 2010). 

ȰɜŬ ŭɑəŰɡɞ ɛŮ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ ŰŬ ŬɜŬɔəŬɑŬ ɓɎɟɖ, ŭɖɛɘɞɡɟɔŮɑ ɛɑŬ ˊɞɚɨˊɚɞəɖ 

ůɡɜɎɟŰɖůɖ əŬɘ ŮɑɜŬɘ ŮˊɘɟɟŮˊɏɠ ůŰɖɜ çɡˊɏɟ-ŮəˊŬɑŭŮɡůɖè (over-learning)/ çɡˊɏɟ-

ˊɟɞůŬɟɛɞɔɐè (over-training). ȷɡŰɧ ůɖɛŬɑɜŮɘ ɧŰɘ Űɞ ɛɞɜŰɏɚɞ ɛˊɞɟŮɑ ɜŬ ŬˊɞɛɜɖɛɞɜŮɨůŮɘ Űɖɜ 

ɞɛɎŭŬ Űɤɜ ɜŮɡɟɩɜɤɜ ŮəɛɎɗɖůɖɠ əŬɘ ɤɠ Ůə ŰɞɨŰɞɡ ɖ ŭɡɜŬŰɧŰɖŰŬ Űɞɡ ɔɘŬ ɔŮɜɑəŮɡůɖ 

ˊŮɟɘɞɟɑɕŮŰŬɘ əŬɗɩɠ əŬɗɑůŰŬŰŬɘ ɚɘɔɧŰŮɟɞ ɘəŬɜɧ ɜŬ ɔŮɜɘəŮɨůŮɘ ůŮ ɎɚɚŬ ɕŮɨɔɖ ŮɘůŮɟɢɧɛŮɜɤɜ-

ŮɝŮɟɢɧɛŮɜɤɜ. ȼ ɚɨůɖ ůŰɞ ˊɟɧɓɚɖɛŬ Űɖɠ ɡˊɏɟ-ˊɟɞůŬɟɛɞɔɐɠ Űɞɡ ŭɘəŰɨɞɡ ŭɑɜŮŰŬɘ Ŭˊɧ Űɖ 

ɢɟɐůɖ  ɛɘŬɠ ɞɛɎŭŬɠ ŭŮɘɔɛɎŰɤɜ-ŭŮŭɞɛɏɜɤɜ, Űɖɠ ɞɛɎŭŬɠ Ůˊɘəɨɟɤůɖɠ (validation ɐ selection 

set). ȼ ɞɛɎŭŬ ŬɡŰɐ ŬɝɘɞɚɞɔŮɑ Űɖɜ Ŭˊɧŭɞůɖ Űɞɡ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ Ŭˊɧ ŬɜŮɝɎɟŰɖŰɖ ůəɞˊɘɎ: 

əŬɗɩɠ ŭɘŮɝɎɔŮŰŬɘ ɖ ŮəɛɎɗɖůɖ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ŰŬ ůűɎɚɛŬŰŬ ŮəˊŬɑŭŮɡůɖɠ əŬɘ Ůˊɘəɨɟɤůɖɠ. ȺɎɜ 

Űɞ ˊɟɩŰɞ ɛŮɘɩɜŮŰŬɘ əŬɘ Űɞ ŭŮɨŰŮɟɞ ŬɡɝɎɜŮŰŬɘ, ŰɧŰŮ Űɞ ŭɑəŰɡɞ ŰŮɑɜŮɘ ˊɟɞɠ Űɖɜ ɡˊɏɟ-

ŮəˊŬɑŭŮɡůɖ (ɆɢɐɛŬ 4.14Ŭ). ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ˊɞɡ ŰŬ ůűɎɚɛŬŰŬ ŮəˊŬɑŭŮɡůɖɠ əŬɘ Ůˊɘəɨɟɤůɖɠ 

ůɡɔəɚɑɜɞɡɜ, ŰɧŰŮ Űɞ ŭɑəŰɡɞ ɏɢŮɘ ŮəˊŬɘŭŮɡŰŮɑ ůɤůŰɎ (ɆɢɐɛŬ 4.14ɓ). ȳɛɞɘŬ, ɏɜŬ ŭɑəŰɡɞ ˊɞɡ ŭŮɜ 

ŭɘŬɗɏŰŮɘ Űɖɜ ŬˊŬɟŬɑŰɖŰɖ ˊɞɚɡˊɚɞəɧŰɖŰŬ əŬɘ ˊŮɟɘɚŬɛɓɎɜŮɘ ɚɘɔɧŰŮɟŬ Ŭˊɧ ŰŬ ŬˊŬɟŬɑŰɖŰŬ ɓɎɟɖ 

ɛˊɞɟŮɑ ɜŬ ŬˊɞŰɨɢŮɘ ɜŬ ɛɞɜŰŮɚɞˊɞɘɐůŮɘ ŰŬ ŭŮŭɞɛɏɜŬ, ɞŭɖɔɩɜŰŬɠ ůŮ ŬŰŮɚɐ ɛɎɗɖůɖ (Farmaki et 

al., 2010). 

 

ɆɢɐɛŬ 4.14: (Ŭ) Ɉˊɏɟ-ˊɟɞůŬɟɛɞɔɐ Ůɜɧɠ ŭɘəŰɨɞɡ (ɝŮəɘɜɎ ůŰɞ ůɖɛŮɑɞ ȷ). ȼ ůɡɜŮɢɧɛŮɜɖ 

ɔɟŬɛɛɐ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖɜ ɞɛɎŭŬ ŮəɛɎɗɖůɖɠ, Ůɜɩ ɖ ŭɘŬəŮəɞɛɛɏɜɖ ɔɟŬɛɛɐ Űɖɜ ɞɛɎŭŬ 

Ůˊɘəɨɟɤůɖɠ ɓ) ȽŭŬɜɘəɐ əŬɛˊɨɚɖ Ŭˊɧŭɞůɖɠ Ůɜɧɠ ŭɘəŰɨɞɡ (Farmaki et al., 2010). 

 

ɇŬ ˊɞɚɡůŰɘɓŬŭɘəɎ perceptron ŮɑɜŬɘ əŬŰɎɚɚɖɚŬ ɔɘŬ Űɖɜ Ůˊɑɚɡůɖ ˊɚɐɗɞɡɠ ˊɞɚɨˊɚɞəɤɜ 

ˊɟɞɓɚɖɛɎŰɤɜ əŬɘ ŮəˊŬɘŭŮɨɞɜŰŬɘ ɛŮ ŮˊɘɓɚŮˊɧɛŮɜɖ ɛɎɗɖůɖ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ůɡɜɐɗɤɠ Űɞɜ 
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Ŭɚɔɧɟɘɗɛɞ ŬɜɎůŰɟɞűɖɠ ŭɘɎŭɞůɖɠ ɚɎɗɞɡɠ (Back Propagation, BP). Ƀ Ŭɚɔɧɟɘɗɛɞɠ ŬɜɎůŰɟɞűɖɠ 

ŭɘɎŭɞůɖɠ ɚɎɗɞɡɠ ŮɑɜŬɘ ɛɘŬ ŭɘŬŭɘəŬůɑŬ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ Ůˊɘəɚɘɜɞɨɠ əŬɗɧŭɞɡ (gradient descent 

optimization procedure) ɖ ɞˊɞɑŬ ŮɚŬɢɘůŰɞˊɞɘŮɑ Űɞ ɛɏůɞ ŰŮŰɟŬɔɤɜɘəɧ ůűɎɚɛŬ ɛŮŰŬɝɨ Űɖɠ 

ŮˊɘɗɡɛɖŰɐɠ Ůɝɧŭɞɡ əŬɘ Űɖɠ Ůɝɧŭɞɡ Űɞɡ ŭɘəŰɨɞɡ. ȼ  ˊŬɟŬˊɎɜɤ ŭɘŬŭɘəŬůɑŬ ŮɚŬɢɘůŰɞˊɞɑɖůɖɠ 

ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ ůŬɜ ɛɘŬ ŬɜŬɕɐŰɖůɖ Űɞɡ ɞɚɘəɞɨ ŮɚŬɢɑůŰɞɡ Űɖɠ ůɡɜɎɟŰɖůɖɠ Űɞɡ 

ůűɎɚɛŬŰɞɠ, ɖ ɞˊɞɑŬ ɏɢŮɘ ůŬɜ ˊŬɟŬɛɏŰɟɞɡɠ Űɘɠ Űɘɛɏɠ Űɤɜ ɓŬɟɩɜ. ȼ ŭɘɧɟɗɤůɖ ˊɞɡ ɔɑɜŮŰŬɘ əɎɗŮ 

űɞɟɎ ˊɟɞůˊŬɗŮɑ ɜŬ ŮɚŬɢɘůŰɞˊɞɘɐůŮɘ Űɞ ůűɎɚɛŬ ŭɘŬɚɏɔɞɜŰŬɠ ɜŬ əɎɜŮɘ ŮəŮɑɜŮɠ Űɘɠ ŬɚɚŬɔɏɠ ˊɞɡ 

űŬɑɜŮŰŬɘ ɜŬ Űɞ ɛŮɘɩɜɞɡɜ ŰɞˊɘəɎ. ɈˊɎɟɢɞɡɜ ɧɛɤɠ ˊŮɟɘˊŰɩůŮɘɠ ɧˊɞɡ ɏɜŬ ŭɑəŰɡɞ ˊɞɡ 

ŮəˊŬɘŭŮɨŮŰŬɘ ɛŮ ŬɡŰɐ Űɖ ɛɏɗɞŭɞ ˊɏűŰŮɘ ůŮ ŰɞˊɘəɎ ŮɚɎɢɘůŰŬ (local minima) ɐ/əŬɘ ˊŬɟŬɚɨŮɘ 

ˊɚɐɟɤɠ (network paralysis) (ȸɚŬɢɎɓŬɠ ə.Ŭ., 2006). ɆɖɛŬɜŰɘəɧ ˊɚŮɞɜɏəŰɖɛŬ Űɞɡ Ŭɚɔoɟɑɗɛɞɡ 

ŬɜɎůŰɟɞűɖɠ ŭɘɎŭɞůɖɠ ŮɑɜŬɘ ɞɘ ɢŬɛɖɚɏɠ ŬˊŬɘŰɐůŮɘɠ Űɞɡ ůŮ ɛɜɐɛɖ ůŮ ůɢɏůɖ ɛŮ Ɏɚɚɞɡɠ 

Ŭɚɔɞɟɑɗɛɞɡɠ (Farmaki et al., 2010). 

ȰɜŬɠ ɓŮɚŰɘɤɛɏɜɞɠ Ŭɚɔɧɟɘɗɛɞɠ, ɞ ɞˊɞɑɞɠ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɧˊɞɡ ŮűŬɟɛɧɕŮŰŬɘ əŬɘ 

ɞ Ŭɚɔɧɟɘɗɛɞɠ ŬɜɎůŰɟɞűɖɠ ŭɘɎŭɞůɖɠ əŬɘ ŮɜŭŮɑəɜɡŰŬɘ ɔɘŬ ŭɑəŰɡŬ ɛŮ ɛŮɔɎɚɞ Ŭɟɘɗɛɧ ɓŬɟɩɜ 

əŬɘ/ɐ ˊɞɚɚŬˊɚɩɜ ɛɞɜɎŭɤɜ Ůɝɧŭɞɡ ŮɑɜŬɘ ɞ Ŭɚɔɧɟɘɗɛɞɠ ůɡɕɡɔɩɜ əɚɑůŮɤɜ (conjugate gradient 

algorithm. Ƀ Ůɜ ɚɧɔɤ Ŭɚɔɧɟɘɗɛɞɠ ɡˊɞɚɞɔɑɕŮɘ Űɞ ɛɏůɞ ůűɎɚɛŬ Ŭˊɧ ɧɚŬ ŰŬ ɕŮɨɔɖ Űɘɛɩɜ Űɞɡ 

ůɡɜɧɚɞɡ ŮəˊŬɑŭŮɡůɖɠ, ˊɟɘɜ Űɖɜ Ůɜɖɛɏɟɤůɖ Űɤɜ ɓŬɟɩɜ ůŰɞ Űɏɚɞɠ əɎɗŮ Ůˊɞɢɐɠ (Farmaki et 

al., 2010). Ƀ Ŭɚɔɧɟɘɗɛɞɠ ůɡɕɡɔɩɜ əɚɑůŮɤɜ ɔɘŬ ɏɜŬ ŭŮŭɞɛɏɜɞ Ŭɟɘɗɛɧ ŮˊŬɜŬɚɐɣŮɤɜ əŬŰɎűŮɟŮ 

ɜŬ ɛŮɘɩůŮɘ Űɞ ůűɎɚɛŬ ˊɘɞ ɔɟɐɔɞɟŬ əŬɘ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ɛɘəɟɧŰŮɟŮɠ Űɘɛɏɠ ůűɎɚɛŬŰɞɠ (ȸishop, 

1992) 

Ƀɘ ɛɏɗɞŭɞɘ ɣŮɨŭɞ-Newton (Quasi-Newton) ɏɢɞɡɜ Ůˊɑůɖɠ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɛŮ ŮˊɘŰɡɢɑŬ ɔɘŬ 

Űɖɜ ŮəˊŬɑŭŮɡůɖ Űɤɜ ŰŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ. ȼ ˊɘɞ ɔɜɤůŰɐ əŬɘ Ůɡɟɏɤɠ 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ɛɏɗɞŭɞɠ ŬɡŰɐɠ Űɖɠ əŬŰɖɔɞɟɑŬɠ ŮɑɜŬɘ ɞ Ŭɚɔɧɟɘɗɛɞɠ Broyden-Fletcher-

Goldfarb-Shanno (BFGS). Ƀ Ůɜ ɚɧɔɤ Ŭɚɔɧɟɘɗɛɞɠ ɡˊɞɚɞɔɑɕŮɘ ɛɧɜɞ ɛɘŬ ˊɟɞůɏɔɔɘůɖ Űɞɡ 

ŬɜŰɘůŰɟɧűɞɡ Űɞɡ ȺůůɘŬɜɞɨ ˊɑɜŬəŬ əŬɘ ŭŮɜ ŬˊŬɘŰŮɑ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɤɜ ˊŬɟŬɔɩɔɤɜ ŭŮɡŰɏɟŬɠ 

ŰɎɝŮɤɠ. ȰɢŮɘ əŬɚɏɠ ɘŭɘɧŰɖŰŮɠ ůɨɔəɚɘůɖɠ əŬɘ ˊŬɟɞɡůɘɎɕŮɘ ŬɟɘɗɛɖŰɘəɐ ůŰŬɗŮɟɧŰɖŰŬ. ɋůŰɧůɞ, 

əɨɟɘɞ ɛŮɘɞɜɏəŰɖɛŬ Űɞɡ Ŭɚɔɞɟɑɗɛɞɡ BFGS ŮɑɜŬɘ ɖ ŬɜɎɔəɖ ɔɘŬ Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ 

ˊɟɞůɏɔɔɘůɖɠ Űɞɡ ŬɜŰɘůŰɟɧűɞɡ Űɞɡ ȺůůɘŬɜɞɨ ˊɑɜŬəŬ ůŮ əɎɗŮ ŮˊŬɜɎɚɖɣɖ, ˊɞɡ əŬɗɘůŰɎ Űɖ 

ɛɏɗɞŭɞ ŬɡŰɐ ɡˊɞɚɞɔɘůŰɘəɎ Ŭəɟɘɓɐ. Ⱥˊɘˊɚɏɞɜ, ɞɘ ŬˊŬɘŰɐůŮɘɠ Űɞɡ ůŮ ɢɩɟɞ ŬˊɞɗɐəŮɡůɖɠ ŮɑɜŬɘ 

ŬɡɝɖɛɏɜŮɠ  ŮɘŭɘəɎ ůŮ ɛŮɔɎɚɖɠ əɚɑɛŬəŬɠ ˊɟɞɓɚɐɛŬŰŬ (Farmaki et al., 2010; Khataee and Kasiri, 

2010; Bishop, 1995).   
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4.3.5. ɄɚŮɞɜŮəŰɐɛŬŰŬ-ɀŮɘɞɜŮəŰɐɛŬŰŬ ŰŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ 

 

ɇŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɤɜ ŰŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰŬ Ůɝɐɠ (Farmaki 

et al., 2010): 

 ȹŮɜ ŬˊŬɘŰŮɑŰŬɘ əŬɛɑŬ ɔɜɩůɖ ɔɘŬ Űɘɠ ůɡůɢŮŰɑůŮɘɠ ŬɜɎɛŮůŬ ůŰɘɠ ŮɘůŮɟɢɧɛŮɜŮɠ (inputs) 

əŬɘ ŮɝŮɟɢɧɛŮɜŮɠ ɛŮŰŬɓɚɖŰɏɠ (outputs). Ƀɘ ůɢɏůŮɘɠ ŬűɞɛɞɘɩɜɞɜŰŬɘ ɛŮ ŭɘŬɟəɐ, 

ŮˊŬɜŬɚŬɛɓŬɜɧɛŮɜɖ ŮəˊŬɑŭŮɡůɖ.  

 ȼ ůɡɜɞɚɘəɐ ŭɘŬŭɘəŬůɑŬ ŮɨɟŮůɖɠ Űɞɡ ɓɏɚŰɘůŰɞɡ ɛɞɜŰɏɚɞɡ ñŬűɞɛɞɘɩɜŮɘò ɧůɞ Űɞ ŭɡɜŬŰɧ 

ɚɘɔɧŰŮɟŮɠ ɛŮŰŬɓɚɖŰɏɠ ɛŮ Űɖ ɛɏɔɘůŰɖ ŭɡɜŬŰɐ ˊɚɖɟɞűɞɟɑŬ.  

X ȺˊɘŰɟɏˊɞɡɜ əŬɘ ŮɜɗŬɟɟɨɜɞɡɜ ɛɖ ɔɟŬɛɛɘəɏɠ ůɢɏůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ŭŮŭɞɛɏɜɤɜ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ Űɖɜ əŬɚɨŰŮɟɖ ˊɟɞůŬɟɛɞɔɐ ůŮ ŬɡŰɎ əŬɘ ŬˊɞŭɞŰɘəɧŰŮɟɖ ˊɟɞůɏɔɔɘůɖ Űɖɠ 

ŮˊɘɗɡɛɖŰɐɠ ůɡɜɎɟŰɖůɖɠ.  

X ɄŬɟɞɡůɘɎɕɞɡɜ ŬɜɗŮəŰɘəɧŰɖŰŬ ůŰɞ ñɗɧɟɡɓɞò, ˊŬɟɏɢɞɜŰŬɠ ŬəɟɘɓŮɑɠ ˊɟɞɓɚɏɣŮɘɠ 

ŬɜŮɝɎɟŰɖŰŬ Ŭˊɧ Űɖɜ ˊŬɟɞɡůɑŬ ŬɓɏɓŬɘɤɜ ŭŮŭɞɛɏɜɤɜ əŬɘ ůűŬɚɛɎŰɤɜ ɛɏŰɟɖůɖɠ. 

X Ʉɟɞůűɏɟɞɡɜ ɡɣɖɚɧ ɓŬɗɛɧ ñˊŬɟŬɚɚɖɚɑŬɠò, Űɞ ɞˊɞɑɞ ůɡɜŮˊɎɔŮŰŬɘ ɔɟɐɔɞɟɖ 

ŮˊŮɝŮɟɔŬůɑŬ ŬˊɞŰŮɚŮůɛɎŰɤɜ əŬɘ ɛŮɔŬɚɨŰŮɟɖ Ŭɜɞɢɐ ůŮ ɛɘəɟɐ ɘəŬɜɧŰɖŰŬ ŮˊŮɝŮɟɔŬůɑŬɠ Űɞɡ 

ɡˊɞɚɞɔɘůŰɘəɞɨ ůɡůŰɐɛŬŰɞɠ (hardware). 

X ȼ ŮəˊŬɑŭŮɡůɖ, ɖ ŮɡəɞɚɑŬ ůŰɖ ɢɟɐůɖ əŬɘ ɖ ˊɟɞůŬɟɛɞůŰɘəɧŰɖŰŬ Űɤɜ ŭɘəŰɨɤɜ 

ŮˊɘŰɟɏˊɞɡɜ Űɖɜ ŬɜŬɓɎɗɛɘůɖ Űɤɜ ɛɞɜŰɏɚɤɜ, ŬɚɚɎɕɞɜŰŬɠ Űɖɜ ŮůɤŰŮɟɘəɐ Űɞɡɠ ŭɞɛɐ, ŬɜɎɚɞɔŬ 

ɛŮ Űɘɠ ŬɚɚŬɔɏɠ Űɞɡ ñˊŮɟɘɓɎɚɚɞɜŰɞɠò. 

X ȼ  ɘəŬɜɧŰɖŰŬ ñɔŮɜɑəŮɡůɖɠò, ɖ ɞˊɞɑŬ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŮűŬɟɛɞɔɐ əŬɘɜɞɨɟɔɘɤɜ ŭŮŭɞɛɏɜɤɜ 

Ůɘůɧŭoɡ ŭɘŬűɞɟŮŰɘəɎ Ŭˊɧ ŬɡŰɎ ɔɘŬ ŰŬ ɞˊɞɑŬ ŮəˊŬɘŭŮɨŰɖəŮ ŭɑɜɞɜŰŬɠ ɞɟɗɏɠ Ůɝɧŭɞɡɠ. 

X ɇŬ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ ɗŮɤɟɖŰɘəɎ ɛˊɞɟɞɨɜ ɜŬ ˊɟɞůŮɔɔɑůɞɡɜ ɞˊɞɘŬŭɐˊɞŰŮ ůɡɜŮɢɐ 

ůɡɜɎɟŰɖůɖ. 

X ȼ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ ɓŬůɑɕŮŰŬɘ ůŮ ɚɘɔɧŰŮɟŮɠ ˊŬɟŬŭɞɢɏɠ əŬɘ ˊŮɟɘɞɟɘůɛɞɨɠ ɔɘŬ Űɖɜ 

əŬŰŬɜɞɛɐ Űɤɜ ŭŮŭɞɛɏɜɤɜ, Ŭˊɧ ɧŰɘ ɞɘ ˊŬɟŬŭɞůɘŬəɏɠ ůŰŬŰɘůŰɘəɏɠ ŰŮɢɜɘəɏɠ.  

X ȼ ˊɞɘəɘɚɑŬ ɛɞɜŰɏɚɤɜ (ŬɟɢɘŰŮəŰɞɜɘəɩɜ ŭɞɛɩɜ əŬɘ Ŭɚɔɞɟɑɗɛɤɜ) ˊɟɞůűɏɟɞɡɜ ˊɞɚɚɏɠ 

ŭɡɜŬŰɧŰɖŰŮɠ Ůˊɑɚɡůɖɠ ůŮ ˊɚɖɗɩɟŬ ˊɟɞɓɚɖɛɎŰɤɜ. 

X Ʉɞɚɚɏɠ ŰŮɢɜɘəɏɠ Űɤɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ ɛˊɞɟɞɨɜ ɜŬ ñɚŮɘŰɞɡɟɔɐůɞɡɜò ŬɜŮɝɎɟŰɖŰŬ, 

ŬɝɘɞˊɞɘɩɜŰŬɠ əŬɘ ŮˊɘɚɏɔɞɜŰŬɠ ɛŮŰŬɓɚɖŰɏɠ, ñəŬŰŬůəŮɡɎɕɞɜŰŬɠò Űɞ ɛɞɜŰɏɚɞ əŬɘ 

ŮˊɘəɡɟɩɜɞɜŰŬɠ ŬɡŰɧ ůŮ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ, ɢɤɟɑɠ Űɖɜ ɓɞɐɗŮɘŬ Ɏɚɚɤɜ ɛŮɗɧŭɤɜ.  

 

ȹŮ ˊɟɏˊŮɘ ɤůŰɧůɞ ɜŬ ˊŬɟŬɚɖűɗŮɑ ɖ ŬɜŬűɞɟɎ ůŮ əɎˊɞɘŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ ˊɞɡ 

ˊŬɟɞɡůɘɎɕɞɡɜ, ůŰŬ ɞˊɞɑŬ ůɡɔəŬŰŬɚɏɔɞɜŰŬɘ ŰŬ Ůɝɐɠ (Farmaki et al., 2010): 
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U ȼ ŰŮɚɘəɐ ɚɨůɖ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɘɠ Ŭɟɢɘəɏɠ ůɡɜɗɐəŮɠ Űɞɡ ŭɘəŰɨɞɡ. Ƀɘ ŭɘŬŭɘəŬůɑŮɠ 

ŮəɛɎɗɖůɖɠ əŬɘ Ůˊɘəɨɟɤůɖɠ űŬɑɜŮŰŬɘ ɜŬ ŮɝŬɟŰɩɜŰŬɘ ˊɚɐɟɤɠ Ŭˊɧ ŰŬ ŬɟɢɘəɎ ɓɎɟɖ. 

U ɇɞ ŰŮɚɘəɧ ŬˊɞŰɏɚŮůɛŬ ŮɑɜŬɘ ůŮ ɛɘəɟɧŰŮɟɞ ɐ ɛŮɔŬɚɨŰŮɟɞ ɓŬɗɛɧ ɏɜŬ ŬˊɞŰɏɚŮůɛŬ 

ñblack-boxò.  

U ȺɑɜŬɘ ůɖɛŬɜŰɘəɧ ɜŬ ɔɜɤɟɑɕŮɘ əŬɜŮɑɠ Űɖ ůɢŮŰɘəɐ ůɖɛŬůɑŬ Űɤɜ ŮɘůŮɟɢɧɛŮɜɤɜ 

ɛŮŰŬɓɚɖŰɩɜ. ȷɟəŮŰɞɑ ůɡɜŭɡŬůɛɞɑ ŬɡŰɩɜ, ˊɟɏˊŮɘ ɜŬ ŭɞəɘɛŬůŰɞɨɜ, Ůűɧůɞɜ ɖ ˊɚɖɗɩɟŬ 

ɛŮŰŬɓɚɖŰɩɜ ɛˊɞɟŮɑ ŮɨəɞɚŬ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ɡˊɏɟ-ˊɟɞůŬɟɛɞɔɐ Űɞɡ ɛɞɜŰɏɚɞɡ. 

U Ɇɡɜɐɗɤɠ ɡˊɎɟɢɞɡɜ ˊɞɚɚɎ ŰɞˊɘəɎ ŮɚɎɢɘůŰŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ůűɎɚɛŬŰɞɠ. ȺɑɜŬɘ ůɢŮŭɧɜ 

ŬˊɑɗŬɜɞ ɜŬ ŮɔɔɡɖɗŮɑ əɎˊɞɘɞɠ ɧŰɘ ɏɢŮɘ ŬˊɧɚɡŰŬ ˊɟɞůŮɔɔɑůŮɘ Űɞ ůɡɜɞɚɘəɧ ŮɚɎɢɘůŰɞ.   

U ɉɟŮɘɎɕŮŰŬɘ ůɡɜɐɗɤɠ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ ŭŮɘɔɛɎŰɤɜ ɔɘŬ Űɖɜ ñŮəˊŬɑŭŮɡůɖò Űɞɡ ŭɘəŰɨɞɡ.  

U ȼ ŮˊɏəŰŬůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɞɡɠ ɔɘŬ ŭɘŮɡɟɡɛɏɜŮɠ ˊŮɟɘɞɢɏɠ ŭŮŭɞɛɏɜɤɜ 

(extrapolation) ŮɑɜŬɘ ŬˊŬɔɞɟŮɡŰɘəɐ.   

U ȹŮɜ ŮɑɜŬɘ ˊɎɜŰŬ ˊɟɞůŬɟɛɧůɘɛŬ ůŮ ɜɏŬ ŭŮŭɞɛɏɜŬ əŬɘ ůɡɜɐɗɤɠ ůŮ ŰɏŰɞɘŮɠ ˊŮɟɘˊŰɩůŮɘɠ, 

ŬˊŬɘŰŮɑŰŬɘ ɖ ŮˊŬɜŮəˊŬɑŭŮɡůɖ Űɞɡ ŭɘəŰɨɞɡ. 
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5. YȿIKA-MEŪɃȹɃI- ɄȺȽɅȷɀȷɇȽȾȼ ȹȽȷȹȽȾȷɆȽȷ 

 

5.1. ɄɟɧŰɡˊŮɠ ŮɜɩůŮɘɠ-ȹɘŬɚɨŰŮɠ-ȷɜŰɘŭɟŬůŰɐɟɘŬ-ɈɚɘəɎ 

 

5.1.1. ɄɟɧŰɡˊŮɠ ŮɜɩůŮɘɠ 

 

è ɀetribuzin, ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ, űŬɘɜɧɚɖ ůŮ ůŰŮɟŮɐ ɛɞɟűɐ əŬɗŬɟɧŰɖŰŬɠ 99,9% Űɞɡ 

ɞɑəɞɡ Sigma Aldrich. 

è DEET ůŮ ɡɔɟɐ ɛɞɟűɐ əŬɗŬɟɧŰɖŰŬɠ 97,6% Űɞɡ ɞɑəɞɡ Sigma Aldrich (Fluka). 

è 2-ɘůɞˊɟɧˊɡɚɞ-3-ɛŮɗɧɝɡ ˊɡɟŬɕɑɜɖ ůŮ ɡɔɟɐ ɛɞɟűɐ əŬɗŬɟɧŰɖŰŬɠ >98% Űɞɡ ɞɑəɞɡ TCI 

(TOKYO CHEMICAL INDUSTRY CO.). 

è K2Cr2O7 ůŮ ůŰŮɟŮɐ ɛɞɟűɐ ɡɣɖɚɐɠ əŬɗŬɟɧŰɖŰŬɠ >98% Űɞɡ ɞɑəɞɡ Fluka. 

è ȾɡůŰŮȶɜɖ ɡɣɖɚɐɠ əŬɗŬɟɧŰɖŰŬɠ Űɖɠ ŮŰŬɘɟŮɑŬɠ Perkin Elmer.   

 

5.1.2. ȹɘŬɚɨŰŮɠ 

 

è ɈˊŮɟəɎɗŬɟɞ ɜŮɟɧ milli-Q Ůɘŭɘəɐɠ ŬɜŰɑůŰŬůɖɠ 18,2 ɀɋ cm ůŰɞɡɠ 25ÁC. 

è ɁŮɟɧ ɢɟɤɛŬŰɞɔɟŬűɘəɐɠ əŬɗŬɟɧŰɖŰŬɠ (HPLC-grade) Űɞɡ ɞɑəɞɡ Merck (Darmstadt, 

Germany). 

è ȷəŮŰɞɜɘŰɟɑɚɘɞ ɢɟɤɛŬŰɞɔɟŬűɘəɐɠ əŬɗŬɟɧŰɖŰŬɠ (HPLC-grade) Űɞɡ ɞɑəɞɡ Merck 

(Darmstadt, Germany). 

è ɀŮɗŬɜɧɚɖ ɢɟɤɛŬŰɞɔɟŬűɘəɐɠ əŬɗŬɟɧŰɖŰŬɠ (HPLC-grade) Űɞɡ ɞɑəɞɡ Merck 

(Darmstadt, Germany).  

è Ƀɝɘəɧɠ ŬɘɗɡɚŮůŰɏɟŬɠ ɡɣɖɚɐɠ əŬɗŬɟɧŰɖŰŬɠ Űɞɡ ɞɑəɞɡ Carl Roth GmbH&Co. 

è ȽůɞˊɟɞˊŬɜɧɚɖ ɡɣɖɚɐɠ əŬɗŬɟɧŰɖŰŬɠ Űɞɡ ɞɑəɞɡ Merck (Darmstadt, Germany). 

 

5.1.3. ȷɜŰɘŭɟŬůŰɐɟɘŬ-ɈɚɘəɎ 

 

è TiO2 Űɖɠ ŮŰŬɘɟŮɑŬɠ  Degussa (Evonik) P25 ɛŮ ŬɜŬɚɞɔɑŬ ŬɜŬŰɎůɖ/ɟɞɡŰɘɚɑɞɡ 75:25, ɛɖ 

ˊɞɟɩŭŮɠ, ɛŮ ɛɏůɞ ɛɏɔŮɗɞɠ əɧəəɤɜ 30 mm əŬɘ ŮɜŮɟɔɧ ŮˊɘűɎɜŮɘŬ 50 m
2
 g

-1
. 

è TiO2 Űɟɞˊɞˊɞɘɖɛɏɜɞ ɛŮ ɎɕɤŰɞ əŬɘ űɗɧɟɘɞ ˊŬɟŬůəŮɡŬůɛɏɜɞ ɛŮ Űɖ ɛɏɗɞŭɞ ˊɖəŰɐɠ-

ɔŬɚŬəŰɩɛŬŰɞɠ (sol-gel). 

è ɉɞɡɛɘəɧ ɞɝɨ Ŭˊɧ ɚɘɔɜɑŰɖ (Lignite Humic acid, LHA) ˊɞɡ ɏɢŮɘ ŬˊɞɛɞɜɤɗŮɑ  ůɨɛűɤɜŬ 

ɛŮ Űɞ ˊɟɤŰɧəɞɚɚɞ Ŭˊɞɛɧɜɤůɖɠ Űɖɠ ȹɘŮɗɜɞɨɠ Ȱɜɤůɖɠ ɉɞɡɛɘəɩɜ ȺɜɩůŮɤɜ (International 

Humic Substances Society, ȽȼSS) (Drosos et al., 2009). 
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è ɆɡɜɗŮŰɘəɧ ɢɞɡɛɘəɧ ɞɝɨ (humic acid like polyconderisate, HALP) ˊɞɡ 

ˊŬɟŬůəŮɡɎůŰɖəŮ ɛɏůɤ ɞɝŮɘŭɤŰɘəɞɨ ůɡɛˊɞɚɡɛŮɟɘůɛɞɨ ɔŬɚɚɘəɞɨ əŬɘ ˊɟɤŰɞəŬŰŮɢɞɥəɞɨ ɞɝɏɞɠ 

(Giannakopoulos et al., 2009). 

è ūɞɡɚɓɘəɧ ɞɝɨ ŮŭɎűɞɡɠ (FA) ˊɞɡ ɏɢŮɘ ŬˊɞɛɞɜɤɗŮɑ ůɨɛűɤɜŬ ɛŮ Űɞ ˊɟɤŰɧəɞɚɚɞ 

Ŭˊɞɛɧɜɤůɖɠ Űɖɠ ȹɘŮɗɜɞɨɠ Ȱɜɤůɖɠ ɉɞɡɛɘəɩɜ ȺɜɩůŮɤɜ (International Humic Substances 

Society, ȽȼSS) (Drosos et al., 2009). 

è ȷɕɑŭɘɞ Űɞɡ ɜŬŰɟɑɞɡ (NaN3) Űɞɡ ɞɑəɞɡ Sigma-Aldrich. 

è Ƚɤŭɘɞɨɢɞ əɎɚɘɞ (ȾȽ) Űɞɡ ɞɑəɞɡ Sigma-Aldrich. 

è ɄɎɟŬ-ɓŮɜɕɞəɘɜɧɜɖ (BQ) Űɞɡ ɞɑəɞɡ Sigma-Aldrich. 

è ɃɝŬɚɘəɧ ɞɝɨ (HCOOHCOOH) Űɞɡ ɞɑəɞɡ Merck.  

è ȷɜŰɘŭɟŬůŰɐɟɘɞ Folin-Ciocalteu Űɞɡ ɞɑəɞɡ Merck. 

è ŪŮɘɘəɧ ɞɝɨ (H2SO4) 95-97%  Űɞɡ ɞɑəɞɡ Merck. 

è ūɞɟɛɘəɧ ɞɝɨ (HCOOH) 98% Űɞɡ ɞɑəɞɡ Merck. 

è ūɤůűɞɟɘəɧ ɞɝɨ (ȼ3ɅɃ4) 85% Űɞɡ ɞɑəɞɡ Riedel de Hªen. 

è ȯɜɡŭɟɞ ŬɜɗɟŬəɘəɧ ɜɎŰɟɘɞ (Na2CO3) Űoɡ ɞɑəɞɡ Fluka. 

è ȳɝɘɜɞ ŬɜɗɟŬəɘəɧ ɜɎŰɟɘɞ (NaȼCO3) Űɞɡ ɞɑəɞɡ Merck. 

è ɈŭɟɞɝŮɑŭɘɞ Űɞɡ ɜŬŰɟɑɞɡ (NaOH) Űɞɡ ɞɑəɞɡ Riedel de Hªen. 

è ɉɚɤɟɘɞɨɢɞ ɜɎŰɟɘɞ (NaCI) Űɞɡ ɞɑəɞɡ Merck. 

è ɁɘŰɟɘəɧ əɎɚɘɞ (ȾɁɃ3) Űɞɡ ɞɑəɞɡ Merck.  

è ȯɜɡŭɟɞ ɗŮɘɘəɧ ɜɎŰɟɘɞ (Na2SO4)  Űɞɡ ɞɑəɞɡ J.ɇ. Baker. 

è ɁɘŰɟɞˊɟɤůůɘəɧ ɜɎŰɟɘɞ (Na2[Fe(CN)5NɃ]-2H2Ƀ) Űɞɡ ɞɑəɞɡ Sigma-Aldrich. 

è ȾɘŰɟɘəɧ Űɟɘ-ɜɎŰɟɘɞ (Na3C6H5C7*2H2Ƀ) Űɞɡ ɞɑəɞɡ Merck. 

è ɈˊɞɢɚɤɟɘɩŭŮɠ ɜɎŰɟɘɞ (NaCIO) Űɞɡ ɞɑəɞɡ Sigma Aldrich. 

è ȹɘɎɚɡɛŬ ɔɘŬ Űɖɜ ŮɜŮɟɔɞˊɞɑɖůɖ (reconstitution) Űɤɜ ɓŬəŰɖɟɑɤɜ Vibrio Fischeri ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰɘɠ ɛŮŰɟɐůŮɘɠ ŰɞɝɘəɧŰɖŰŬɠ Űɖɠ ŮŰŬɘɟŮɑŬɠ SDI. 

è ɀŮɛɓɟɎɜŮɠ ŭɘɐɗɖůɖɠ ˊɧɟɤɜ 0,45 ɛm HVLP Űɖɠ Millipore (Bedford, USA). 

è  ūɑɚŰɟŬ ŭɘɐɗɖůɖɠ Millex PVDF ˊɧɟɤɜ 0,45 ɛm Űɖɠ Millipore (Bedford, USA). 

è ūɑɚŰɟŬ ŭɘɐɗɖůɖɠ Syringe-RC-Membrane ́ ɧɟɤɜ 0,20 ɛm (Sortorius, Stedim Biotech, 

GmbH, Germany). 

è ɀɑəɟɞ-ůŰɐɚŮɠ (catridges) Ůəɢɨɚɘůɖɠ Oasis HLB (divinylbenzene/N-vinylpyrolidone 

copolymer) (60mg, 3 mL) Űɞɡ ɞɑəɞɡ Waters (Mildford, MA,USA). 

 

 

http://www.sciencedirect.com/science/article/pii/S0021979709003488
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5.2. ɆɡůəŮɡɏɠ-ȷɜŬɚɡŰɘəɎ  ȳɟɔŬɜŬ 

 

5.2.1. ɆɡůəŮɡɏɠ 

 

è ɄɟɞůɞɛɞɘɤŰɐɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ Suntest XLS+  Űɞɡ ɞɑəɞɡ Atlas (Germany) 

è MŬɔɜɖŰɘəɧɠ ŬɜŬŭŮɡŰɐɟŬɠ VELP SCIENTIFICA. 

è ɆɡůəŮɡɐ Ůəɢɨɚɘůɖɠ 12 ɗɏůŮɤɜ (Visiprep Supelleo Bellefonte, Pa, USA) ůɡɜŭŮŭŮɛɏɜɖ 

ɛŮ ŬɜŰɚɑŬ əŮɜɞɨ KnFLAB (LABOPORT). 

è ȿɞɡŰɟɧ ɡˊŮɟɐɢɤɜ Ultrasonic Cleaner Branson 200. 

è ɆɡůəŮɡɐ ˊŬɟŬɔɤɔɐɠ ɡˊŮɟəɎɗŬɟɞɡ ɜŮɟɞɨ Űɖɠ ŮŰŬɘɟŮɑŬɠ Millipore Academic (Bedford, 

USA). 

 

5.2.2. ȷɜŬɚɡŰɘəɎ ȳɟɔŬɜŬ 

 

è ɆɨůŰɖɛŬ Ɉɔɟɐɠ ɉɟɤɛŬŰɞɔɟŬűɑŬɠ Ɉɣɖɚɐɠ ȷˊɧŭɞůɖɠ (Dionex P680 HPLC 

Chromatography) ɛŮ ŬɜɘɢɜŮɡŰɐ ůɡůŰɞɘɢɑŬɠ ŭɘɧŭɤɜ (Dionex PDA-100) əŬɘ ɛŮ 

ɢɟɤɛŬŰɞɔɟŬűɘəɐ ůŰɐɚɖ Discovery C18, (250 mm ɛɐəɞɠ Ĭ 4,6 mm ŮůɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞɠ, 5 

ɛm ɛɏɔŮɗɞɠ ˊɧɟɤɜ) Űɖɠ ŮŰŬɘɟŮɑŬɠ Supelco (ȸellefonte, PA, USA). 

è ɆɨůŰɖɛŬ ɘɞɜŰɘəɐɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ Dionex ICS-1500 ɛŮ əŬŰŬůŰɞɚɏŬ ŬɔɤɔɘɛɧŰɖŰŬɠ 

(Dionex) ASRS Ultra II self-generating suppressor əŬɘ ůŰɐɚɖ ŬɜɘɧɜŰɤɜ IonPac (250 mm 

ɛɐəɞɠ Ĭ 4 mm ŮůɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞɠ). 

è ɆɨůŰɖɛŬ ŬɏɟɘŬɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ QP 2010 ɛŮ ŬɜɘɢɜŮɡŰɐ űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛɎɕŬɠ GC-

MS ɛŮ ɘɞɜŰɘůɛɧ ˊɟɧůəɟɞɡůɖɠ ɖɚŮəŰɟɞɜɑɤɜ (EI, Electron impact) Űɖɠ ŮŰŬɘɟŮɑŬɠ Shimadzu əŬɘ 

ɢɟɤɛŬŰɞɔɟŬűɘəɐ ůŰɐɚɖ SLB-5 ms (30 mm ɛɐəɞɠ 0,25 mm ŮůɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞɠ əŬɘ ˊɎɢɞɡɠ 

0,25 ɛm) Űɖɠ Supelco (ȸellefonte, PA, USA). H ɞɟɔŬɜɞɚɞɔɑŬ ɐŰŬɜ ŮűɞŭɘŬůɛɏɜɖ  ɛŮ 

ŬɡŰɧɛŬŰɞ ŭŮɘɔɛŬŰɞɚɐˊŰɖ Shimadzu AOC-20s.  

è ɆɨůŰɖɛŬ ɡɔɟɐɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ ɡˊŮɟɡɣɖɚɐɠ ˊɑŮůɖɠ UPLC-ESI-MS/MS Űɖɠ 

ŮŰŬɘɟŮɑŬɠ Thermo Fisher Scientific (Germany) ɛŮ ŰŮɢɜɞɚɞɔɑŬ ɔɟŬɛɛɘəɐɠ ˊŬɔɑŭŬɠ ɘɧɜŰɤɜ (LIT, 

Linear Ion trap) əŬɘ ˊŬɔɑŭŬɠ ɘɧɜŰɤɜ Orbitrap ŮűɞŭɘŬůɛɏɜɞ ɛŮ ŬɡŰɧɛŬŰɞ ŭŮɘɔɛŬŰɞɚɐˊŰɖ 

Accela 2.2.1 200 ɗɏůŮɤɜ əŬɘ ɢɟɤɛŬŰɞɔɟŬűɘəɐ ůŰɐɚɖ C18 Hypersil Gold (100 mm x 2,1 mm 

ŮůɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞ, 1,9 ɛm ɛɏɔŮɗɞɠ ˊɧɟɤɜ) (Thermo Fisher Scientific, San Jose, USA). 

è ȷɡŰɧɛŬŰɞɠ ŬɜŬɚɡŰɐɠ ɞɚɘəɞɨ ɞɟɔŬɜɘəɞɨ ɎɜɗɟŬəŬ TOC V-csh Űɖɠ ŮŰŬɘɟŮɑŬɠ  Shimadzu 

è ūŬůɛŬŰɞűɤŰɧɛŮŰɟɞ ŭɘˊɚɐɠ ŭɏůɛɖɠ Űɖɠ ŮŰŬɘɟŮɑŬɠ  Hitachi, ɛɞɜŰɏɚɞ U-2000. 
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è ūŬůɛŬŰɞůəɞˊɑŬ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɞɨ ˊŬɟŬɛŬɔɜɖŰɘəɞɨ ůɡɜŰɞɜɘůɛɞɨ, ɛŮ 

űŬůɛŬŰɧɛŮŰɟɞ ȺR 200D Űɖɠ Bruker  ɛŮ ůɡɢɜɧɛŮŰɟɞ Űɖɠ ŮŰŬɘɟŮɑŬɠ  Agilent 5310A əŬɘ ɚɡɢɜɑŬ 

(Klystron) ɤɠ ˊɖɔɐ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ.  

è ɆŰɞɘɢŮɘŬəɧɠ ŬɜŬɚɡŰɐɠ Űɖɠ ŮŰŬɘɟŮɑŬɠ Perkin Elmer ɛɞɜŰɏɚɞ Series II 2400. 

è ɇɞɝɘəɧɛŮŰɟɞ Microtox Model 500 Analyzer (Azur Enviromental).  

è ɄŮɢɎɛŮŰɟɞ Űɖɠ ŮŰŬɘɟŮɑŬɠ  Hanna ɛɞɜŰɏɚɞ ȼȽ 8424 

 

5.3. ɄŮɘɟŬɛŬŰɘəɐ ˊɞɟŮɑŬ űɤŰɞɚɡŰɘəɐɠ əŬɘ űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ 

 

ɇŬ ˊŮɘɟɎɛŬŰŬ űɤŰɧɚɡůɖɠ əŬɘ űɤŰɞəŬŰɎɚɡůɖɠ Űɤɜ ɡŭŬŰɘəɩɜ ŭɘŬɚɡɛɎŰɤɜ ɧɚɤɜ Űɤɜ 

ɛŮɚŮŰɩɛŮɜɤɜ ŮɜɩůŮɤɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ˊɟɞůɞɛɞɘɤŰɐ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ 

SUNTEST XLS+  Űɖɠ ŮŰŬɘɟŮɑŬɠ Atlas. Ƀ ˊɟɞůɞɛɞɘɤŰɐɠ ŮɑɜŬɘ ŮűɞŭɘŬůɛɏɜɞɠ ɛŮ ɚɎɛˊŬ ɝɏɜɞɡ 

(Xe) ɘůɢɨɞɠ 2,2 kW əŬɘ ŮɘŭɘəɎ űɑɚŰɟŬ ɔɘŬ Űɖɜ Ŭˊɞəɞˊɐ Űɖɠ ɡˊŮɟɘɩŭɞɡɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɛŮ ɛɐəɖ 

əɨɛŬŰɞɠ ɚ<290 nm. ɇɞ űɎůɛŬ Ůəˊɞɛˊɐɠ Űɞɡ ˊɟɞůɞɛɞɘɤŰɐ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ 

ŬˊŮɘəɞɜɑɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 5.2. Ƀ ɗɎɚŬɛɞɠ ŬəŰɘɜɞɓɧɚɖůɖɠ, ůŰɞ əɏɜŰɟɞ Űɞɡ ɞˊɞɑɞɡ ŰɞˊɞɗŮŰŮɑŰŬɘ 

ŭɘˊɚɧŰɞɘɢɞɠ ŬɜŰɘŭɟŬůŰɐɟŬɠ Duran
È
 (9,7cm ŮůɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞ, 12,8 cm ŮɝɤŰŮɟɘəɐ 

ŭɘɎɛŮŰɟɞ, 9,5 cm ɨɣɞɠ ŭɞɢŮɑɞɡ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ əŬɘ 17,8 cm ɞɚɘəɧ ɨɣɞɠ) ɣɡɢɧɛŮɜɞɠ ɛŮ 

əɡəɚɞűɞɟɑŬ ɜŮɟɞɨ, ˊŮɟɘəɚŮɑŮŰŬɘ Ŭˊɧ əɎŰɞˊŰɟŬ ɔɘŬ Űɖɜ ŮˊɑŰŮɡɝɖ Űɖɠ ˊɚɐɟɞɡɠ ɞɛɞɔŮɜɞˊɞɑɖůɖɠ 

Űɞɡ űɤŰɧɠ, ɣɨɢŮŰŬɘ ɛŮ əɡəɚɞűɞɟɑŬ ŬɏɟŬ əŬɘ ˊŮɟɘɚŬɛɓɎɜŮɘ Ůɘŭɘəɞɨɠ ŬɘůɗɖŰɐɟŮɠ ɟɨɗɛɘůɖɠ əŬɘ 

Ůɚɏɔɢɞɡ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ. ɆŰŬ ˊŮɘɟɎɛŬŰŬ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ 

űɤŰɞəŬŰɎɚɡůɖɠ, ɞ əŬŰŬɚɨŰɖɠ (TiO2, NF-TiO2) ˊɟɞůŰɑɗŮŰŬɘ 30 ɚŮˊŰɎ ˊɟɘɜ Űɖɜ ɏɜŬɟɝɖ Űɖɠ 

ŬəŰɘɜɞɓɧɚɖůɖɠ ůŮ 250 mL ɡŭŬŰɘəɞɨ ŭɘŬɚɨɛŬŰɞɠ əŬɘ ŰɑɗŮŰŬɘ ɡˊɧ ůɡɜŮɢɐ ŬɜɎŭŮɡůɖ, 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ɘůɞɟɟɞˊɑŬ ˊɟɞůɟɧűɖůɖɠ Űɖɠ ŭɘŬɚɡɛɏɜɖɠ ɏɜɤůɖɠ ůŰŬ ůɤɛŬŰɑŭɘŬ 

Űɞɡ əŬŰŬɚɨŰɖ. ȼ ɟɨɗɛɘůɖ Űɞɡ pH ůŮ ɧůŬ ˊŮɘɟɎɛŬŰŬ ɐŰŬɜ ŬˊŬɟŬɑŰɖŰɖ ɏɔɘɜŮ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ 

əŬŰɎɚɚɖɚɞɡ ɧɔəɞɡ  ɞɝɏɞɠ (ȼ2SO4)  ɐ ɓɎůɖɠ (ɁaɃȼ) ˊɟɘɜ Űɖɜ ˊɟɞůɗɐəɖ Űɞɡ əŬŰŬɚɨŰɖ. ȷɜɎ 

ŰŬəŰɎ ɢɟɞɜɘəɎ ŭɘŬůŰɐɛŬŰŬ, ɚŬɛɓŬɜɧŰŬɜ ŭŮɑɔɛŬŰŬ ɧɔəɞɡ 15 mL, ŭɘɖɗɞɨɜŰŬɜ ɔɘŬ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɖ Űɞɡ əŬŰŬɚɨŰɖ əŬɘ Ůɜ ůɡɜŮɢŮɑŬ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɜ ɞɘ ŬˊŬɟŬɑŰɖŰŮɠ ŬɜŬɚɨůŮɘɠ. 

ũɘŬ ŰŬ ˊŮɘɟɎɛŬŰŬ ɛŮ Űɘɠ ŮɜɩůŮɘɠ DEET, metribuzin, 2-ɘůɞˊɟɧˊɡɚɞ-3-ɛŮɗɧɝɡ-ˊɡɟŬɕɑɜɖ əŬɘ 

ɓŮɜɕɞɥəɧ ɞɝɨ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɞɘ ɛŮɛɓɟɎɜŮɠ ŭɘɐɗɖůɖɠ ˊɧɟɤɜ 0,45 ɛm HVLP Űɖɠ Millipore 

(Bedford, USA), ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ əŬŰŬɚɨŰɖ. ũɘŬ Űɖɜ ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŰŬ űɑɚŰɟŬ ŭɘɐɗɖůɖɠ Millex PVDF ˊɧɟɤɜ 0,45 ɛm Űɖɠ Millipore (Bedford, 

USA), Ůɜɩ ɔɘŬ ɢɞɡɛɘəɎ ɞɝɏŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ űɑɚŰɟŬ ŭɘɐɗɖůɖɠ Syringe-RC-Membrane 

ˊɧɟɤɜ 0,20 ɛm (Sortorius,Stedim Biotech, GmbH, Germany). 
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ɆɢɐɛŬ 5.1: ɄɟɞůɞɛɞɘɤŰɐɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ SUNTEST XLS+ Űɖɠ ŮŰŬɘɟŮɑŬɠ  Atlas. 

 

 

ɆɢɐɛŬ 5.2: ūɎůɛŬ Ůəˊɞɛˊɐɠ ˊɟɞůɞɛɞɘɤŰɐ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ (Atlas). 

 

5.4. Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ 

 

Ƀɘ ůɡɔəŮɜŰɟɩůŮɘɠ Űɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ, ůŰŬ ɡŭŬŰɘəɎ ŭŮɑɔɛŬŰŬ ˊɞɡ 

ŮɚɐűɗɖůŬɜ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŮəɎůŰɞŰŮ ŭɘŮɟɔŬůɑŬɠ (ˊɟɞůɟɧűɖůɖ, űɤŰɧɚɡůɖ, 

űɤŰɞəŬŰɎɚɡůɖ) ˊɟɞůŭɘɞɟɑůŰɖəŬɜ ůŮ ůɨůŰɖɛŬ ɡɔɟɐɠ ɢɟɤɛŬŰɞɔɟŬűɑŬ ɡɣɖɚɐɠ Ŭˊɧŭɞůɖɠ 

(High Performance Liquid Chromatography) Űɖɠ ŮŰŬɘɟŮɑŬɠ Dionex. ɇɞ ŭŮɑɔɛŬ (20 ɛL) 

Ůɘůɐɢɗɖ ůŰɞ ůɨůŰɖɛŬ ɛŮ ŬˊŮɡɗŮɑŬɠ ɏɔɢɡůɖ əŬɘ ɤɠ əɘɜɖŰɐ űɎůɖ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɛɑɔɛŬ 

ŭɘŬɚɡŰɩɜ ɜŮɟɞɨ pH:3/ŬəŮŰɞɜɘŰɟɘɚɑɞɡ, ŬɜɎɚɞɔŬ ɛŮ Űɞ ɟɨˊɞ (ɛɖŰɟɘəɐ ɏɜɤůɖ) ˊɞɡ 

ˊɟɞůŭɘɞɟɘɕɧŰŬɜ əɎɗŮ űɞɟɎ. ȼ ɏəɚɞɡůɖ ɏɔɘɜŮ ɘůɞəɟŬŰɘəɎ ɛŮ ɟɡɗɛɧ ɟɞɐɠ 1 mL min
-1

 əŬɘ 

ɗŮɟɛɞəɟŬůɑŬ 40 ÁC. H ŬɜɑɢɜŮɡůɖ Űɤɜ ɡˊɧ ɛŮɚɏŰɖ ɟɨˊɤɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰɞ əŬŰɎɚɚɖɚɞ 

ɛɐəɞɠ əɨɛŬŰɞɠ, ŬɜɎɚɞɔŬ ɛŮ Űɞ űɎůɛŬ Ŭˊɞɟɟɧűɖůɖɠ Űɞɡɠ. ɆŰɞɜ ɄɑɜŬəŬ 5.1 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ 
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ŰŬ əɡɟɘɧŰŮɟŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ɢɟɤɛŬŰɞɔɟŬűɘəɐɠ ŬɜɎɚɡůɖɠ ɔɘŬ əɎɗŮ ɛŮɚŮŰɩɛŮɜɞ 

ɞɟɔŬɜɘəɧ ɟɨˊɞ. ȼ ɚɐɣɖ Űɤɜ ɢɟɤɛŬŰɞɔɟŬűɖɛɎŰɤɜ əŬɘ ɖ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ 

ɏɔɘɜŮ ɛŮ Űɞ ɚɞɔɘůɛɘəɧ Chromeleon. ȼ ůɢŮŰɘəɐ Űɡˊɘəɐ Ŭˊɧəɚɘůɖ (% RSD) Űɞɡ 

ɢɟɤɛŬŰɞɔɟŬűɘəɞɨ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ DEET, metribuzin, ɓŮɜɕɞɥəɞɨ 

ɞɝɏɞɠ, IPMP əŬɘ PCP əɡɛɎɜɗɖəŮ Ŭˊɧ 0 % ɏɤɠ 3,8 %, Ŭˊɧ 0,5%  ɏɤɠ 5,1%, Ŭˊɧ 1,1 % ɏɤɠ 4,2 

%, Ŭˊɧ 0,2 % ɏɤɠ 5,6 % əŬɘ 1,2 % ɏɤɠ 4,4%, ŬɜŰɑůŰɞɘɢŬ. 

 

 

ɆɢɐɛŬ 5.3: ɆɨůŰɖɛŬ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ ɡɣɖɚɐɠ Ŭˊɧŭɞůɖɠ HPLC DIONEX P680. 

 

ɄɑɜŬəŬɠ 5.1: (ȷ) ɀɐəɞɠ əɨɛŬŰɞɠ ŬɜɑɢɜŮɡůɖɠ ɚ (nm), əɘɜɖŰɘəɐ űɎůɖ, ɢɟɧɜɞɠ əŬŰŬəɟɎŰɖůɖɠ 

Rt (ɚŮˊŰɎ), ɧɟɘɞ ŬɜɑɢɜŮɡůɖɠ LOD (mg L
-1
) əŬɘ ɧɟɘɞ ˊɞůɞŰɘəɞˊɞɑɖůɖɠ LOD (mg L

-1
) Űɞɡ 

ɢɟɤɛŬŰɞɔɟŬűɘəɞɨ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɤɜ ŮˊɘɚŮɔɛɏɜɤɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ, (ȸ) Ⱥɝɑůɤůɖ 

əŬɛˊɨɚɖɠ ɓŬɗɛɞɜɧɛɖůɖɠ əŬɘ ůɡɜŰŮɚŮůŰɐɠ ůɡůɢɏŰɘůɖɠ R
2
. 

Ȱɜɤůɖ ɚ (nm) KɘɜɖŰɐ 

űɎůɖ 

(ȼ2Ƀ/ȷCN) 

Rt 

(ɚŮˊŰɎ) 

LOD 

(mg L
-1

) 

LOQ 

(mg L
-1

) 

DEET 210 50:50 7,817 0,03 0,10 

Metribuzin 211 70:30 4,167 0,03 0,10 

Benzoic acid 228 70:30 8,033 0,02 0,07 

ISMP 212 30:70 6,100 0,04 0,13 

PCP 214 25:75 5,600 0,02 0,07 

Ȱɜɤůɖ Ⱥɝɑůɤůɖ ˊɟɧŰɡˊɖɠ əŬɛˊɨɚɖɠ R
2
 

DEET y=2,45x - 0,03 0,9999 

Metribuzin y=1,10x + 0,11 0,9999 

Benzoic acid y=1,66x - 0,12 0,9998 

ISMP y=1,14x + 0,04 1,000 

PCP y=5,55x - 0,1 0,9999 

(ȷ) 

(ȸ) 
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5.5. Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ 

 

ũɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖ ɛɏɗɞŭɞɠ Űɤɜ Folin-

Ciocalteu (Box, 1983). H Ůɜ ɚɧɔɤ ɛɏɗɞŭɞɠ ŬɜɘɢɜŮɨŮɘ Űɞ ůɨɜɞɚɞ Űɤɜ ɡŭɟɧɝɡ-űŬɘɜɡɚɞɛɎŭɤɜ 

(phenolic hydroxyl groups) ˊɞɡ ˊŮɟɘɏɢɞɜŰŬɘ ůŮ ɏɜŬ ŭŮɑɔɛŬ, ɢɤɟɑɠ ɧɛɤɠ ɜŬ Űɘɠ ŭɘŬɢɤɟɑɕŮɘ. ɇɞ 

əɨɟɘɞ ŬɜŰɘŭɟŬůŰɐɟɘɞ Űɖɠ ɛŮɗɧŭɞɡ, Űɞ ŬɜŰɘŭɟŬůŰɐɟɘɞ Folin-Ciocalteu, ŮɑɜŬɘ ŭɘɎɚɡɛŬ 

ůɨɜɗŮŰɤɜ ˊɞɚɡɛŮɟɩɜ ɘɧɜŰɤɜ ˊɞɡ ůɢɖɛŬŰɑɕɞɜŰŬɘ Ŭˊɧ űɤůűɞ-ɛɞɚɡɓŭŬɘɜɘəɎ (H3PMo12O40) əŬɘ 

űɤůűɞ-ɓɞɚűɟŬɛɘəɎ (H3PW12O40) ŮŰŮɟɞˊɞɚɡɛŮɟɐ ɞɝɏŬ. ɇŬ űŬɘɜɞɚɘəɎ ɘɧɜŰŬ ɞɝŮɘŭɩɜɞɜŰŬɘ ɛŮ 

ŰŬɡŰɧɢɟɞɜɖ ŬɜŬɔɤɔɐ Űɤɜ ŮŰŮɟɞˊɞɚɡɛŮɟɩɜ ɞɝɏɤɜ. ȾŬŰɎ Űɖɜ ɞɝŮɑŭɤůɖ Űɤɜ űŬɘɜɞɚɘəɩɜ 

ŮɜɩůŮɤɜ, Űɞ ŬɜŰɘŭɟŬůŰɐɟɘɞ Folin-Ciocalteu ŬɜɎɔŮŰŬɘ ˊɟɞɠ ɛŮɑɔɛŬ əɡŬɜɩɜ ɞɝŮɘŭɑɤɜ Űɞɡ 

ɓɞɚűɟŬɛɑɞɡ (W8O23) əŬɘ Űɞɡ ɛɞɚɡɓŭŬɘɜɑɞɡ (Mo8O23). ɇɞ ůɢɖɛŬŰɘɕɧɛŮɜɞ əɡŬɜɧ ɢɟɩɛŬ 

ˊŬɟɞɡůɘɎɕŮɘ ɛɏɔɘůŰɖ Ŭˊɞɟɟɧűɖůɖ ůŰŬ 765 nm əŬɘ ŮɑɜŬɘ ŬɜɎɚɞɔɞ ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ 

űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ. ȾŬŰɎ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ ɛŮɗɧŭɞɡ, ɖ ŬɚəŬɚɘəɧŰɖŰŬ Űɤɜ ŭŮɘɔɛɎŰɤɜ 

ɟɡɗɛɑůŰɖəŮ ɛŮ ŭɘɎɚɡɛŬ Na2CO3. O ˊɞůɞŰɘəɧɠ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ 

ŮɜɩůŮɤɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖɜ ˊɟɧŰɡˊɖ əŬɛˊɨɚɖ ŬɜŬűɞɟɎɠ ɛŮ Ůɝɑůɤůɖ y= 0,11 + 0,008 

x  əŬɘ  R
2
 =0,9998. ȼ ůɢŮŰɘəɐ Űɡˊɘəɐ Ŭˊɧəɚɘůɖ (% RSD) Űɞɡ űŬůɛŬŰɞűɤŰɞɛŮŰɟɘəɞɨ 

ˊɟɞůŭɘɞɟɘůɛɞɨ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ əɡɛɎɜɗɖəŮ Ŭˊɧ  0,2 % 

ɏɤɠ 9,1%. 

 

5.6. Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ŮɝŬůɗŮɜɞɨɠ ɢɟɤɛɑɞɡ Cr (VI)  

 

Ƀ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɞɡ Cr (VI) ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖ űŬůɛŬŰɞűɤŰɞɛŮŰɟɘəɐ ɛɏɗɞŭɞ Űɞɡ 

ŭɘűŬɘɜɡɚɞ-əŬɟɓŬɕɘŭɑɞɡ (diphenyl-carbazide). ȼ ɛɏɗɞŭɞɠ ůŰɖɟɑɕŮŰŬɘ ůŰɞ ůɢɖɛŬŰɘůɛɧ 

Ůɟɡɗɟɞˊɞɟűɡɟɞɨ ŭɘŬɚɨɛŬŰɞɠ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ Űɞɡ ŭɘűŬɑɜɡɚɞɡ əŬɟɓŬɕɘŭɑɞɡ ůŮ ɘůɢɡɟɩɠ 

ɧɝɘɜŮɠ ůɡɜɗɐəŮɠ (Standard methods for the examination of Water and Wastewater, 3500-Cr 

D. 3-59). O ˊɞůɞŰɘəɧɠ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɞɡ Cr(VI) ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖɜ ˊɟɧŰɡˊɖ 

əŬɛˊɨɚɖ ŬɜŬűɞɟɎɠ ɛŮ Ůɝɑůɤůɖ y= 4,11 + 0, 005x  əŬɘ   R
2
 =0,9997. ȼ ůɢŮŰɘəɐ Űɡˊɘəɐ 

Ŭˊɧəɚɘůɖ (% RSD) Űɞɡ űŬůɛŬŰɞűɤŰɞɛŮŰɟɘəɞɨ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ Cr 

(VI)
 
 əɡɛɎɜɗɖəŮ Ŭˊɧ 0,3 % ɏɤɠ 8,5%. 

 

5.7. ɀŮɚɏŰɖ ŬɜɞɟɔŬɜɞˊɞɑɖůɖɠ Űɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ 

 

ɆŰɖɜ ˊɟɞůˊɎɗŮɘŬ ɜŬ ŮəŰɘɛɖɗŮɑ ɞ ɓŬɗɛɧɠ ŬɜɞɟɔŬɜɞˊɞɑɖůɖɠ Űɤɜ ɛɖŰɟɘəɩɜ ŮɜɩůŮɤɜ, 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛŮŰɟɐůŮɘɠ ɞɚɘəɞɨ ɞɟɔŬɜɘəɞɨ ɎɜɗɟŬəŬ əŬɘ ŬɜɧɟɔŬɜɤɜ ɘɧɜŰɤɜ ˊɞɡ ɛˊɞɟŮɑ 

ɜŬ ˊɟɞəɨɣɞɡɜ Ŭˊɧ Űɖɜ Ŭˊɞŭɧɛɖůɖ Űɤɜ ɛŮɚŮŰɩɛŮɜɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ŬɜɎɚɞɔŬ ɛŮ Űɖ  

ɢɖɛɘəɐ Űɞɡɠ ŭɞɛɐ, ŮəŰɧɠ Űɞɡ ɓŮɜɕɞɥəɞɨ ɞɝɏɞɠ ɚɧɔɤ Űɖɠ ɛɖ ɨˊŬɟɝɖɠ ŮŰŮɟɞŬŰɧɛɞɡ. ũɘŬ  Űɞ 



 
 

160 
 

DEET, 2-ɘůɞˊɟɧˊɡɚɞ-3-ɛŮɗɧɝɡ ˊɡɟŬɕɑɜɖ əŬɘ metribuzin ˊɟɞůŭɘɞɟɑůŰɖəŬɜ ɞɘ ůɡɔəŮɜŰɟɩůŮɘɠ 

ɜɘŰɟɘəɩɜ, ɜɘŰɟɤŭɩɜ əŬɘ ŬɛɛɤɜɘŬəɩɜ ɘɧɜŰɤɜ, Ůɜɩ ɔɘŬ Űɖɜ ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ ɖ 

ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɢɚɤɟɘɞɨɢɤɜ ɘɧɜŰɤɜ. Ⱥˊɘˊɚɏɞɜ ɔɘŬ Űɞ metribuzin, ɚɧɔɤ Űɖɠ ɨˊŬɟɝɖɠ 

ŬŰɧɛɞɡ ɗŮɑɞɡ ůŰɞ ɛɧɟɘɞ Űɞɡ, ˊɟɞůŭɘɞɟɑůŰɖəŮ əŬɘ ɖ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɗŮɘɘəɩɜ ɘɧɜŰɤɜ. 

 

5.7.1. Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ Ƀɚɘəɞɨ ɃɟɔŬɜɘəɞɨ ȯɜɗɟŬəŬ (TOC) 

 

ũɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɞɡ ɓŬɗɛɞɨ ŬɜɞɟɔŬɜɞˊɞɑɖůɖɠ Űɤɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ 

ˊɟɞůŭɘɞɟɘůɛɧɠ Űɞɡ ɞɚɘəɞɨ ɞɟɔŬɜɘəɞɨ ɎɜɗɟŬəŬ ůŰɞɜ ŬɜŬɚɡŰɐ TOC V-csh Űɖɠ ŮŰŬɘɟŮɑŬɠ  

Shimadzu (ɆɢɐɛŬ 5.4) ɛŮ ŬˊŮɡɗŮɑŬɠ ɏɔɢɡůɖ Űɤɜ ŭɘɖɗɖɛɏɜɤɜ ŭŮɘɔɛɎŰɤɜ ˊɞɡ ŮɑɢŬɜ ɚɖűɗŮɑ ŬɜɎ 

ŰŬəŰɎ ɢɟɞɜɘəɎ ŭɘŬůŰɐɛŬŰŬ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŬəŰɘɜɞɓɧɚɖůɖɠ. ȼ Ŭɟɢɐ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ 

ŬɡŰɞɛɎŰɞɡ ŬɜŬɚɡŰɐ TOC, ůŰɖɟɑɕŮŰŬɘ ůŰɖɜ əŬŰŬɚɡŰɘəɐ ɞɝŮɑŭɤůɖ Űɞɡ ɞɚɘəɞɨ ɎɜɗɟŬəŬ (ɇC) 

ˊɟɞɠ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ, Űɞ ɞˊɞɑɞ ŭɘɏɟɢŮŰŬɘ Ŭˊɧ ŬɜɘɢɜŮɡŰɐ NDIR (Non Dispersive Infra 

Red gas analyzer) əŬɘ ˊɞůɞŰɘəɞˊɞɘŮɑŰŬɘ. ȷəɞɚɞɨɗɤɠ, ŬɜɘɢɜŮɨŮŰŬɘ əŬɘ ˊɞůɞŰɘəɞˊɞɘŮɑŰŬɘ ɞ 

ŬɜɧɟɔŬɜɞɠ ɎɜɗɟŬəŬɠ (IC) ɡˊɧ Űɖ ɛɞɟűɐ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ, ɛŮŰɎ Űɖ ŭɘɏɚŮɡůɖ Űɞɡ 

ŭŮɑɔɛŬŰɞɠ Ŭˊɧ ŭɘɎɚɡɛŬ ɡŭɟɞɢɚɤɟɘəɞɨ ɞɝɏɞɠ əŬɘ Űɖ ɛŮŰŬŰɟɞˊɐ Űɤɜ ŬɜɗɟŬəɘəɩɜ ŬɚɎŰɤɜ ůŮ 

ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ. ɇɏɚɞɠ, ɞ ɞɟɔŬɜɘəɧɠ ɎɜɗɟŬəŬɠ ɡˊɞɚɞɔɑɕŮŰŬɘ Ŭˊɧ Űɖ ŭɘŬűɞɟɎ ɞɚɘəɞɨ 

əŬɘ ŬɜɧɟɔŬɜɞɡ ɎɜɗɟŬəŬ. 

ũɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɞɡ ɛɖ ˊŰɖŰɘəɞɨ ɞɟɔŬɜɘəɞɨ ɎɜɗɟŬəŬ (NPOC), Űɞ ŭŮɑɔɛŬ ɞɝɘɜɑɕŮŰŬɘ ɛŮ 

űɤůűɞɟɘəɧ ɞɝɨ (H3PO4) ůŮ pH 2 ɛŮ 3. ȷəɞɚɞɨɗɤɠ ŭɘŬɓɘɓɎɕŮŰŬɘ űɏɟɞɜ Ŭɏɟɘɞ (ɡˊŮɟəɎɗŬɟɞɠ 

ŬɏɟŬɠ) Űɞ ɞˊɞɑɞ ŬˊɞɛŬəɟɨɜŮɘ Űɞ ŭɘŬɚɡɛɏɜɞ ůŰɞ ŭŮɑɔɛŬ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ əŬɘ Űɞ 

ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ ˊɞɡ ˊŬɟɎɔŮŰŬɘ Ŭˊɧ ŰŬ ŬɜɗɟŬəɘəɎ ɎɚŬŰŬ ˊɞɡ ˊŮɟɘɏɢɞɜŰŬɘ ůŰɞ ŭŮɑɔɛŬ. 

ɆŰɞ ŭŮɑɔɛŬ ˊŬɟŬɛɏɜŮɘ ɛɧɜɞ ɞ ɞɟɔŬɜɘəɧɠ ɛɖ ˊŰɖŰɘəɧɠ ɎɜɗɟŬəŬɠ. ȷɜ ůŰɞ ŭŮɑɔɛŬ ˊŮɟɘɏɢŮŰŬɘ əŬɘ 

ˊŰɖŰɘəɧɠ ɞɟɔŬɜɘəɧɠ ɎɜɗɟŬəŬɠ, ŬɡŰɧɠ ŬˊɞɛŬəɟɨɜŮŰŬɘ ɛŮ ŬɡŰɐ Űɖ ŭɘŬŭɘəŬůɑŬ. ȾŬŰɧˊɘɜ Űɞ 

ŭŮɑɔɛŬ (Űɞ ɞˊɞɑɞ ˊŮɟɘɏɢŮɘ ˊɚɏɞɜ ɛɧɜɞ Űɞɜ ɛɖ ˊŰɖŰɘəɧ ɞɟɔŬɜɘəɧ ɎɜɗɟŬəŬ), ŮɘůɎɔŮŰŬɘ ůŰɞ 

ůɤɚɐɜŬ əŬɨůɖɠ ɧˊɞɡ ɞɝŮɘŭɩɜŮŰŬɘ əŬɘ ůɢɖɛŬŰɑɕŮŰŬɘ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ (CO2). ɇɞ űɏɟɞɜ 

Ŭɏɟɘɞ ɟɏŮɘ ɛɏůŬ Ŭˊɧ Űɞ ůɤɚɐɜŬ əŬɨůɖɠ əŬɘ ˊŬɟŬɚŬɛɓɎɜŮɘ Űɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ əŬɘ ŰŬ 

ɡˊɧɚɞɘˊŬ ˊɟɞɥɧɜŰŬ Űɖɠ əŬɨůɖɠ ŰŬ ɞˊɞɑŬ ɛŮŰŬűɏɟŮɘ ůŮ ɏɜŬ ŬűɡɔɟŬɜŰɐ ɧˊɞɡ ŬˊɞɛŬəɟɨɜŮŰŬɘ ɖ 

ɡɔɟŬůɑŬ Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ɣɨɢɞɜŰŬɘ ŰŬ ŬɏɟɘŬ Űɖɠ əŬɨůɖɠ. ȷəɞɚɞɨɗɤɠ Űɞ űɏɟɞɜ Ŭɏɟɘɞ 

ŭɘɏɟɢŮŰŬɘ ɛɏůŬ Ŭˊɧ ɛɘŬ ˊŬɔɑŭŬ Ŭɚɞɔɧɜɤɜ (ɧˊɞɡ əŬŰŬəɟŬŰɞɨɜŰŬɘ ŰŬ ŬɚɞɔɧɜŬ ˊɞɡ ɑůɤɠ 

ˊŮɟɘɏɢŮɘ) ɔɘŬ ɜŬ əŬŰŬɚɐɝŮɘ ůŰɖɜ əɡɣŮɚɑŭŬ Űɞɡ ŬɜɘɢɜŮɡŰɐ NDIR (Non Dispersive Infra Red 

gas analyzer), ɧˊɞɡ Űɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ ŬɜɘɢɜŮɨŮŰŬɘ. ȼ ůɢŮŰɘəɐ Űɡˊɘəɐ Ŭˊɧəɚɘůɖ (% 

RSD) Űɞɡ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɞɚɘəɞɨ ɞɟɔŬɜɘəɞɨ ɎɜɗɟŬəŬ əɡɛɎɜɗɖəŮ Ŭˊɧ 

2,8 % ɏɤɠ 10,5%. 
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ɆɢɐɛŬ 5.4: ȷɡŰɧɛŬŰɞɠ ŬɜŬɚɡŰɐɠ ɞɚɘəɞɨ ɞɟɔŬɜɘəɞɨ ɎɜɗɟŬəŬ TOC V-csh Űɖɠ ŮŰŬɘɟŮɑŬɠ  

Shimadzu. 

 

5.7.2. Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ŬɜɘɧɜŰɤɜ (ɜɘŰɟɘəɩɜ, ɜɘŰɟɤŭɩɜ, ɗŮɘɘəɩɜ 

əŬɘ ɢɚɤɟɘɞɨɢɤɜ ɘɧɜŰɤɜ) 

 

Ƀ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ ɜɘŰɟɘəɩɜ, ɜɘŰɟɤŭɩɜ, ɗŮɘɘəɩɜ əŬɘ ɢɚɤɟɘɞɨɢɤɜ ɘɧɜŰɤɜ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ ɘɞɜŰɘəɧ ɢɟɤɛŬŰɞɔɟɎűɞɡ Dionex ICS1500 ŮűɞŭɘŬůɛɏɜɞ ɛŮ ůŰɐɚɖ  

IonPac AS9-HC (250 mm ɛɐəɞɠ Ĭ 4 mm ŮůɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞɠ) əŬɘ əŬŰŬůŰɞɚɏŬ 

ŬɔɤɔɘɛɧŰɖŰŬɠ ASRS Ultra II. ȹŮɑɔɛŬ 25 ɛL Ůɘůɐɢɗɖ ɛŮ ŬˊŮɡɗŮɑŬɠ ɏɔɢɡůɖ ůŰɞ ůɨůŰɖɛŬ Űɖɠ 

ɘɞɜŰɘəɐɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ (ɆɢɐɛŬ 5.5) əŬɘ ɤɠ əɘɜɖŰɐ űɎůɖ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŭɘɎɚɡɛŬ 

Ɏɜɡŭɟɞɡ NaHCO3  ůɡɔəɏɜŰɟɤůɖɠ 9 mM ɛŮ ŰŬɢɨŰɖŰŬ ɟɞɐɠ 1 mL min
-1

.  ɆŰɞɜ ɄɑɜŬəŬ 5.2  

ůɡɜɞɣɑɕɞɜŰŬɘ ŰŬ əɡɟɘɧŰŮɟŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ ɢɟɤɛŬŰɞɔɟŬűɘəɐɠ ŬɜɎɚɡůɖɠ ɔɘŬ əɎɗŮ 

ɛŮɚŮŰɩɛŮɜɞ Ŭɜɘɧɜ. ȼ ůɢŮŰɘəɐ Űɡˊɘəɐ Ŭˊɧəɚɘůɖ (% RSD) Űɞɡ ɢɟɤɛŬŰɞɔɟŬűɘəɞɨ 

ˊɟɞůŭɘɞɟɘůɛɞɨ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ Cl
-
, ɁɃ2

-
, ɁɃ3

-
 əŬɘ SɃ4

2-
 ɘɧɜŰɤɜ əɡɛɎɜɗɖəŮ Ŭˊɧ 0,2 

% ɏɤɠ 3,5%, Ŭˊɧ 1,2 % ɏɤɠ 5,5%, Ŭˊɧ 0,9 % ɏɤɠ 4,7% əŬɘ Ŭˊɧ 0,6 % ɏɤɠ 3,6 %, ŬɜŰɑůŰɞɘɢŬ.  

 

 

 

 

 

 

 

 

 

 

ɆɢɐɛŬ 5.5: ɃɟɔŬɜɞɚɞɔɑŬ ɘɞɜŰɘəɐɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ ɛŮ əŬŰŬůŰɞɚɏŬ ŮəɚɞɨůɛŬŰɞɠ (ȹŮɚɖɔɘŬɜɜɎəɖɠ 

ə.Ŭ., 2010). 
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ɄɑɜŬəŬɠ 5.2: Xɟɧɜɞɠ əŬŰŬəɟɎŰɖůɖɠ Rt (ɚŮˊŰɎ), ɧɟɘɞ ŬɜɑɢɜŮɡůɖɠ LOD (mg L
-1

), ɧɟɘɞ 

ˊɞůɞŰɘəɞˊɞɑɖůɖɠ LOQ (mg L
-1
), Ůɝɑůɤůɖ əŬɛˊɨɚɖɠ ɓŬɗɛɞɜɧɛɖůɖɠ əŬɘ ůɡɜŰŮɚŮůŰɐɠ 

ůɡůɢɏŰɘůɖɠ R
2
 Űɞɡ ɢɟɤɛŬŰɞɔɟŬűɘəɞɨ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɤɜ ŬɜɧɟɔŬɜɤɜ ŬɜɘɧɜŰɤɜ. 

ȷɜɘɧɜ Rt 

(ɚŮˊŰɎ) 

LOD 

(mg L
-1

) 

LOQ 

(mg L
-1

) 

Ⱥɝɑůɤůɖ əŬɛˊɨɚɖɠ ɓŬɗɛɞɜɧɛɖůɖɠ R
2
 

Cl
-
 4,907 0,05 0,17 y=0,15x - 0,009 0,9996 

ɁɃ2
-
 5,710 0,05 0,17 y=0,08x - 0,006 0,9989 

ɁɃ3
-
 7,690 0,05 0,17 y=0,07x - 0,002 1,000 

SɃ4
2-
 12,317 0,03 0,10 y=0,1x - 0,001 0,9998 

 

5.7.3.  Ʉɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ŬɛɛɤɜɘŬəɩɜ ɘɧɜŰɤɜ 

 

ɇŬ ŬɛɛɤɜɘŬəɎ ɘɧɜŰŬ ˊɟɞůŭɘɞɟɑůŰɖəŬɜ ɛŮ Űɖ űŬůɛŬŰɞűɤŰɞɛŮŰɟɘəɐ ɛɏɗɞŭɞ Solorzano, 

ůɢɖɛŬŰɘůɛɞɨ Űɞɡ əɡŬɜɞɨ Űɖɠ ɘɜŭɞűŬɘɜɧɚɖɠ (Solarzano, 1969). ȼ Ŭɟɢɐ Űɖɠ ɛŮɗɧŭɞɡ 

ůŰɖɟɑɕŮŰŬɘ ůŰɖɜ ŬɜŰɑŭɟŬůɖ Űɖɠ ŬɛɛɤɜɑŬɠ ɛŮ ɡˊɞɢɚɤɟɘɩŭŮɠ ɜɎŰɟɘɞ əŬɘ űŬɘɜɧɚɖ ůŮ ŬɚəŬɚɘəɧ 

ˊŮɟɘɓɎɚɚɞɜ ˊɟɞɠ Űɞ ůɢɖɛŬŰɘůɛɧ Űɞɡ əɡŬɜɞɨ Űɖɠ ɘɜŭɞűŬɘɜɧɚɖɠ, ůɨɛűɤɜŬ ɛŮ Űɘɠ ŬɜŰɘŭɟɎůŮɘɠ 

5.1-5.4. ȼ Ŭˊɞɟɟɧűɖůɖ Űɞɡ əɡŬɜɞɨ Űɖɠ ɘɜŭɞűŬɘɜɧɚɖɠ ɛŮŰɟɐɗɖəŮ űŬůɛŬŰɞűɤŰɞɛŮŰɟɘəɎ ůŮ 

ɛɐəɞɠ əɨɛŬŰɞɠ 640 nm, ɛŮ Űɖ ɢɟɐůɖ űŬůɛŬŰɞűɤŰɞɛɏŰɟɞɡ Hitachi U-2000. O ˊɞůɞŰɘəɧɠ 

ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ NH4
+
 ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖɜ ˊɟɧŰɡˊɖ əŬɛˊɨɚɖ ŬɜŬűɞɟɎɠ ɛŮ 

Ůɝɑůɤůɖ: y= 0,99 + 0,008x  əŬɘ  R
2
 =0,0096. ȼ ůɢŮŰɘəɐ Űɡˊɘəɐ Ŭˊɧəɚɘůɖ (% RSD) Űɞɡ 

űŬůɛŬŰɞűɤŰɞɛŮŰɟɘəɞɨ ˊɟɞůŭɘɞɟɘůɛɞɨ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ Ɂȼ4
+
 əɡɛɎɜɗɖəŮ Ŭˊɧ 0,1 % 

ɏɤɠ 5,3%. 

 

 

 

5.8. Ʉɟɞůŭɘɞɟɘůɛɧɠ  Űɖɠ ŰɞɝɘəɧŰɖŰŬɠ- ȼ ŰŮɢɜɘəɐ Microtox 

 

ũɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ ŰɞɝɘəɧŰɖŰŬɠ Űɤɜ ŭŮɘɔɛɎŰɤɜ ˊɞɡ ŮɚɐűɗɖůŬɜ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŮˊŮɝŮɟɔŬůɑŬɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŰŬ ɓŬəŰɐɟɘŬ Vibrio Fischeri. ɇŬ 
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ůɡɔəŮəɟɘɛɏɜŬ ɓŬəŰɐɟɘŬ Ůəˊɏɛˊɞɡɜ ɓɘɞűɤŰŬɨɔŮɘŬ ɤɠ ˊŬɟŬˊɟɞɥɧɜ Űɖɠ əɡŰŰŬɟɘəɐɠ Űɞɡɠ 

ŬɜŬˊɜɞɐɠ əŬɘ Űɖɠ ɛŮŰŬɓɞɚɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ. ȼ ŬɜŬůŰɞɚɐ Űɖɠ ɓɘɞűɤŰŬɨɔŮɘŬɠ Űɞɡɠ ɡˊɞŭŮɘəɜɨŮɘ 

Űɞ ɛŮɘɤɛɏɜɞ ɟɡɗɛɧ ŬɜŬˊɜɞɐɠ əŬɘ əŬŰɎ ůɡɜɏˊŮɘŬ, ɡˊɞŭɖɚɩɜŮɘ Űɖ ůɡɜɨˊŬɟɝɖ Űɞɡɠ ɛŮ Űɞɝɘəɏɠ 

ˊɟɞɠ ŬɡŰɎ ŮɜɩůŮɘɠ, ɞɘ ɞˊɞɑŮɠ ˊŬɟŮɛˊɞŭɑɕɞɡɜ Űɖɜ ɞɛŬɚɐ əɡŰŰŬɟɘəɐ ŭɟŬůŰɖɟɘɧŰɖŰŬ Űɞɡɠ. 

ɉɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɞ ůɨůŰɖɛŬ Microtox test (Microtox 500 Analyzer, Azur Enviromental) 

əŬɘ ɞ ɢɟɧɜɞɠ ɏəɗŮůɖɠ Űɤɜ ɓŬəŰɖɟɑɤɜ ŮɑɜŬɘ 5 əŬɘ 15 ɚŮˊŰɎ (ɆɢɐɛŬ 5.6). ȷɟɢɘəɎ, ŰŬ ɓŬəŰɐɟɘŬ 

əŬɗɩɠ ɓɟɘůəɧŰŬɜ ůŮ əŬŰŮɣɡɔɛɏɜɖ ɛɞɟűɐ ŮɜŮɟɔɞˊɞɘɐɗɖəŬɜ ɛŮ əŬŰɎɚɚɖɚɞ ŭɘɎɚɡɛŬ 

ŮɜŮɟɔɞˊɞɑɖůɖɠ Űɖɠ ŮŰŬɘɟŮɑŬɠ Azur Enviromental. Ƀɘ ɛŮŰɟɐůŮɘɠ ŰɞɝɘəɧŰɖŰŬɠ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ɛŮ ɓɎůŮɘ Űɞ ˊɟɤŰɧəɞɚɚɞ Űɖɠ ŮŰŬɘɟŮɑŬɠ 82% Microtox screening test 

protocol (ůɡɔəɏɜŰɟɤůɖ ŭŮɑɔɛŬŰɞɠ 82%). ȼ ɚɐɣɖ əŬɘ ɖ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɞ ŮɝŮɘŭɘəŮɡɛɏɜɞ ɚɞɔɘůɛɘəɧ MicrotoxOmni
TM
. ȼ Ůˊɑ Űɞɘɠ % ŮˊɑŭɟŬůɖ 

(% effect) ɡˊɞɚɞɔɑůŰɖəŮ ůɨɛűɤɜŬ ɛŮ Űɖɜ Ůɝɑůɤůɖ  ˊɞɡ ŬəɞɚɞɡɗŮɑ: 

Ϸ ɞʌʚɿʍɻʎʂ
'

ρ '
ρππ      υȢυ 

ɧˊɞɡ G(t) ɛŮŰɎ Ŭˊɧ ɏɜŬ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ t ɞɟɑɕŮŰŬɘ ɤɠ Űɞ əɚɎůɛŬ Űɖɠ ɓɘɞűɤŰŬɨɔŮɘŬɠ Űɤɜ 

ɓŬəŰɖɟɑɤɜ ůŰɞ ŭŮɑɔɛŬ ŬɜŬűɞɟɎɠ (Itc) ˊɟɞɠ Űɖɜ Űɘɛɐ Űɖɠ ɓɘɞűɤŰŬɨɔŮɘŬɠ ɛŮŰɎ Űɖɜ ɏəɗŮůɖ Űɤɜ 

ɓŬəŰɖɟɑɤɜ (Its) ůŰɞ ŭŮɑɔɛŬ ɛŮɘɤɛɏɜɞ əŬŰɎ ɛɑŬ ɛɞɜɎŭŬ əŬɘ ŭɑɜŮŰŬɘ Ŭˊɧ Űɖɜ Ůɝɑůɤůɖ 5.6: 

' 
)

)
ρ      υȢφ 

 

 

 

 

 

 

 

 

ɆɢɐɛŬ 5.6: ɆɡůəŮɡɐ ŭɞəɘɛŬůɑŬɠ Microtox. 

5.9. ȷɜɑɢɜŮɡůɖ əŬɘ ŰŬɡŰɞˊɞɑɖůɖ ˊɟɞɥɧɜŰɤɜ ŭɘɎůˊŬůɖɠ Űɤɜ ŮˊɘɚŮɔɛɏɜɤɜ ɞɟɔŬɜɘəɩɜ 

ɟɨˊɤɜ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ. 

 

ȼ ŬɜɑɢɜŮɡůɖ əŬɘ ŰŬɡŰɞˊɞɑɖůɖ Űɤɜ ˊɟɞɥɧɜŰɤɜ ŭɘɎůˊŬůɖɠ Űɤɜ ŮˊɘɚŮɔɛɏɜɤɜ ɞɟɔŬɜɘəɩɜ 

ɟɨˊɤɜ əŬŰɎ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŮˊŮɝŮɟɔŬůɑŬ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ ůɨůŰɖɛŬ ŬɏɟɘŬɠ 

ɢɟɤɛŬŰɞɔɟŬűɑŬɠ-űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛɎɕŬɠ GC-MS QP2000 Űɖɠ ŮŰŬɘɟŮɑŬɠ Shimadzu əŬɘ ɛŮ 

ůɨůŰɖɛŬ ɡɔɟɐɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ ɡˊŮɟɡɣɖɚɐɠ ˊɑŮůɖɠ UPLC-ESI-MS/MS Űɖɠ Thermo Fisher 
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Scientific (Germany) ɛŮ ŰŮɢɜɞɚɞɔɑŬ ɔɟŬɛɛɘəɐɠ ˊŬɔɑŭŬɠ ɘɧɜŰɤɜ (LIT, Linear Ion trap) əŬɘ 

ˊŬɔɑŭŬɠ ɘɧɜŰɤɜ Orbitrap Űɖɠ Thermo Fisher Scientific, Germany. 

 

5.9.1. Ⱥəɢɨɚɘůɖ ɡŭŬŰɘəɩɜ ŭŮɘɔɛɎŰɤɜ 

 

ũɘŬ Űɖɜ Ůəɢɨɚɘůɖ Űɤɜ ɡŭŬŰɘəɩɜ ŭŮɘɔɛɎŰɤɜ ˊɞɡ ŮɚɐűɗɖůŬɜ ŬɜɎ ŰŬəŰɎ ɢɟɞɜɘəɎ 

ŭɘŬůŰɐɛŬŰŬ əŬŰɎ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ŮˊɘɚŮɔɛɏɜɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ 

ŬəɞɚɞɡɗɐɗɖəŮ ɖ Ůəɢɨɚɘůɖ ŭɘŬ Űɖɠ ůŰŮɟŮɐɠ űɎůɖɠ (solid phase extraction). ũɘŬ Űɖɜ ŮűŬɟɛɞɔɐ 

Űɖɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɛɘəɟɞůŰɐɚŮɠ Oasis HLB 60 mg, 3 mL. ũɘŬ Űɘɠ ŮɜɩůŮɘɠ DEET, 2-

ɘůɞˊɟɧˊɡɚɞ 3-ɛŮɗɧɝɡ ˊɡɟŬɕɑɜɖ əŬɘ  metribuzin, ɖ ŮɜŮɟɔɞˊɞɑɖůɖ ůŰɖɚɩɜ Ůəɢɨɚɘůɖɠ ɏɔɘɜŮ ɛŮ  

ˊɟɞůɗɐəɖ 3 mL ŬəŮŰɞɜɘŰɟɘɚɑɞɡ əŬɘ 3 mL ɡˊŮɟəɎɗŬɟɞɡ ɜŮɟɞɨ ɛŮ ůŰŬɗŮɟɐ ɟɞɐ 1 mL min
-1

. 

Ⱥɜ ůɡɜŮɢŮɑŬ  ˊɟɞůŰɏɗɖəŮ 20 mL ɡŭŬŰɘəɞɨ ŭŮɑɔɛŬŰɞɠ  Űɞ ɞˊɞɑɞ ŭɘɖɗɐɗɖəŮ ɛŮ ůŰŬɗŮɟɐ ɟɞɐ 10 

mL min
-1

. Ƀɘ ůŰɐɚŮɠ ˊŬɟɏɛŮɘɜŬɜ ɡˊɧ əŮɜɧ əŬɘ ɟŮɨɛŬ ŬɕɩŰɞɡ ɔɘŬ 30 ɚŮˊŰɎ əŬɘ 5 ɚŮˊŰɎ 

ŬɜŰɑůŰɞɘɢŬ ɩůŰŮ ɜŬ ŬˊɞɛŬəɟɡɜɗŮɑ əɎɗŮ ɑɢɜɞɠ ɡɔɟŬůɑŬɠ. 

ȷəɞɚɞɨɗɖůŮ, ɖ ɏəɚɞɡůɖ Űɤɜ ŮɜɩůŮɤɜ ˊɞɡ əŬŰŬəɟŬŰɐɗɖəŬɜ ůŰɖɜ ůŰɐɚɖ Ůəɢɨɚɘůɖɠ ůŮ 

ŭɨɞ ɓɐɛŬŰŬ ɛŮ 2 x 2 mL ŬəŮŰɞɜɘŰɟɘɚɑɞɡ əŬɘ ůɡɛˊɨəɜɤůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ ůŮ ŬŰɛɧůűŬɘɟŬ 

ŬɕɩŰɞɡ ůŮ ŰŮɚɘəɧ ɧɔəɞ 0,5 mL. ũɘŬ Űɖɜ ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ, ɖ ŮɜŮɟɔɞˊɞɑɖůɖ Űɤɜ 

ɛɘəɟɞůŰɖɚɩɜ Ůəɢɨɚɘůɖɠ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ ˊɟɞůɗɐəɖ 2 mL ɞɝɘəɞɨ ŬɘɗɡɚŮůŰɏɟŬ, 2 mL 

ɛŮɗŬɜɧɚɖɠ əŬɘ 2 mL ɡˊŮɟəɎɗŬɟɞɡ ɜŮɟɞɨ. ɆŰɖ ůɡɜɏɢŮɘŬ ˊɟɞůŰɏɗɖəŬɜ 10 mL ŭŮɑɔɛŬŰɞɠ, ɞɘ 

ɛɘəɟɞůŰɐɚŮɠ ɝɖɟɎɜɗɖəŬɜ ůɨɛűɤɜŬ ɛŮ Űɖɜ ˊɘɞ ˊɎɜɤ ŭɘŬŭɘəŬůɑŬ əŬɘ ɖ ɏəɚɞɡůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ 2 ůŰɎŭɘŬ ɛŮ 2 mL ɞɝɘəɞɨ ŬɘɗɡɚŮůŰɏɟŬ ȷəɞɚɞɨɗɖůŮ ůɡɛˊɨəɜɤůɖ ůŮ 

ŬŰɛɧůűŬɘɟŬ ŬɕɩŰɞɡ Űɞɡ ŭŮɑɔɛŬŰɞɠ ůŮ ŰŮɚɘəɧ ɧɔəɞ 0,5 mL əŬɘ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɖ 

ɢɟɤɛŬŰɞɔɟŬűɘəɐ ŬɜɎɚɡůɖ. ɇŬ ŭɘŬŭɞɢɘəɎ ůŰɎŭɘŬ Űɖɠ ɡɔɟɐɠ-ůŰŮɟŮɐɠ Ůəɢɨɚɘůɖɠ ˊŬɟɑůŰŬɜŰŬɘ 

ɔɟŬűɘəɎ ůŰɞ ɆɢɐɛŬ 5.7. 

 

 

ɆɢɐɛŬ 5.7: ȹɘŬŭɘəŬůɑŬ Ůəɢɨɚɘůɖɠ ŭɘŬ Űɖɠ ůŰŮɟŮɎɠ űɎůɖɠ ɛŮ ɛɘəɟɞůŰɐɚŮɠ Oasis (Thomatou et 

al., 2010). 
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5.9.2. ȷɜɑɢɜŮɡůɖ əŬɘ ŰŬɡŰɞˊɞɑɖůɖ ˊɟɞɥɧɜŰɤɜ ŭɘɎůˊŬůɖɠ Űɤɜ ŮˊɘɚŮɔɛɏɜɤɜ ɞɟɔŬɜɘəɩɜ 

ɟɨˊɤɜ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ ɛŮ ůɨůŰɖɛŬ ŬɏɟɘŬɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ- űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛɎɕŬɠ 

 

ȼ ŰŬɡŰɞˊɞɑɖůɖ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ˊɟɞɥɧɜŰɤɜ ɏɔɘɜŮ ɛŮ Ŭɏɟɘɞ ɢɟɤɛŬŰɞɔɟɎűɞ QP-2010 

ůɡɕŮɡɔɛɏɜɞ ɛŮ ŬɜɘɢɜŮɡŰɐ ɛɎɕŬɠ, Űɖɠ ŮŰŬɘɟŮɑŬɠ Shimadzu, ŮűɞŭɘŬůɛɏɜɞ ɛŮ ŬɡŰɧɛŬŰɞ 

ŭŮɘɔɛŬŰɞɚɐˊŰɖ Shimadzu AɃC-20s. Ƀ ŭɘŬɢɤɟɘůɛɧɠ Űɤɜ ŮɜɩůŮɤɜ Űɤɜ ŭŮɘɔɛɎŰɤɜ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ ɢɟɐůɖ ŰɟɘɢɞŮɘŭɞɨɠ ůŰɐɚɖɠ SLB-5ms column (30 m x 0,25 mm əŬɘ 

ˊɎɢɞɡɠ 0,25 ɛm) Űɖɠ Supelco (Bellefonte, ɅA, USA). ɋɠ űɏɟɞɜ Ŭɏɟɘɞ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Űɞ 

ɐɚɘɞ. ɇŬ ŭŮɑɔɛŬŰŬ ŮɔɢɨɗɖəŬɜ ɢɤɟɑɠ ŭɘŬɛɞɘɟŬůɛɧ ɟɞɐɠ (splitless), ɛŮ ɢɟɐůɖ ŮůɤŰŮɟɘəɞɨ 

ɗŬɚɎɛɞɡ ŮɝɎŰɛɘůɖɠ Ŭˊɧ ůɘɚŬɜɞˊɞɘɖɛɏɜɖ ɨŬɚɞ. Ƀɘ ŮɜɩůŮɘɠ Űɤɜ ŭŮɘɔɛɎŰɤɜ ɘɞɜɑůŰɖəŬɜ ɗŮŰɘəɎ 

ɛɏůɤ ˊɟɧůəɟɞɡůɖɠ ɖɚŮəŰɟɞɜɑɤɜ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɖɚŮəŰɟɞɜɘŬəɐ ŮɜɏɟɔŮɘŬ 70 eV (ɆɢɐɛŬ 

5.8). ȺˊɘɚɏɢɗɖəŮ ɖ ɚŮɘŰɞɡɟɔɑŬ ˊɚɐɟɞɡɠ ůɎɟɤůɖɠ ɔɘŬ Űɞɜ ŬɜŬɚɡŰɐ ɛɎɕŬɠ ůŮ Ůɨɟɞɠ m/z 50-500 

amu ɔɘŬ Űɘɠ ŮɜɩůŮɘɠ DEET, ˊŮɜŰŬɢɚɤɟɞűŬɘɜɧɚɖ Metribuzin əŬɘ m/z 40-400 amu. ɔɘŬ Űɖɜ  2-

ɘůɞˊɟɧˊɡɚɞ-3-ɛŮɗɧɝɡ ˊɡɟŬɕɑɜɖ. ɇɞ ɚɞɔɘůɛɘəɧ Lab Solution (GC-MS Solution) 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖ ɚɐɣɖ əŬɘ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ɢɟɤɛŬŰɞɔɟŬűɖɛɎŰɤɜ əŬɘ Űɤɜ 

űŬůɛɎŰɤɜ ɛɎɕŬɠ. ɇŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ əŬɘ ɞɘ ůɡɜɗɐəŮɠ Űɞɡ ɢɟɤɛŬŰɞɔɟŬűɘəɞɨ ůɡůŰɐɛŬŰɞɠ əŬɘ 

Űɞɡ ŬɜɘɢɜŮɡŰɐ űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛŬɕɩɜ ɔɘŬ əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ ɛŮɚŮŰɩɛŮɜŮɠ ŮɜɩůŮɘɠ 

ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 5.3. 

 

 

 

ɆɢɐɛŬ 5.8: (ȷ) Ʉɖɔɐ ɘɞɜŰɘůɛɞɨ ɛŮ ˊɟɧůəɟɞɡůɖ  ɖɚŮəŰɟɞɜɑɤɜ (ȺȽ: Ⱥlectron Impact/Electron 

Ionisation), (ȸ) ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ ŬɜŬɚɡŰɐ Ŭˊɚɞɨ ŰŮŰɟŬˊɧɚɞɡ (ȹŮɚɖɔɘŬɜɜɎəɖɠ ə.Ŭ., 

2010). 
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ɄɑɜŬəŬɠ 5.3: ɉŬɟŬəŰɖɟɘůŰɘəɎ ɢɟɤɛŬŰɞɔɟŬűɘəɐɠ ŬɜɎɚɡůɖɠ ɔɘŬ Űɖɜ ŬɜɑɢɜŮɡůɖ Űɤɜ ˊɟɞɥɧɜŰɤɜ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ Űɤɜ ŮˊɘɚŮɔɛɏɜɤɜ ɞɟɔŬɜɘəɩɜ 

ɟɨˊɤɜ ůŰɞ ůɨůŰɖɛŬ GC-MS  Űɖɠ ŮŰŬɘɟŮɑŬɠ Shimadzu. 

ɃɟɔŬɜɘəɐ ɏɜɤůɖ DEET Metribuzin  IPMP PCP 

Ʌɞɐ ŬŮɟɑɞɡ ůŰɐɚɖɠ (ml min
-1

) 1,70 1,70 1,70 1,70 

ŪŮɟɛɞəɟŬůɑŬ Ʉɖɔɐɠ (Á C) 250 200 200 200 

ŪŮɟɛɞəɟŬůɑŬ  ȺɘůŬɔɤɔɏŬ (Á C) 220 220 220 220 

ŪŮɟɛɞəɟŬůɑŬ ɔɟŬɛɛɐɠ ŭɘŬůɨɜŭŮůɖɠ  

əŬɘ ɛŮŰŬűɞɟɎɠ (Á C) 

250 280 280 280 

ȳɔəɞɠ ŭŮɑɔɛŬŰɞɠ (ɛL) 1 1 1 1 

ɀɏɗɞŭɞɠ ɘɞɜŰɘůɛɞɨ ŪŮŰɘəɧɠ ɛɏůɤ 

ˊɟɧůəɟɞɡůɖɠ 

ɖɚŮəŰɟɞɜɑɤɜ 

ŪŮŰɘəɧɠ ɛɏůɤ 

ˊɟɧůəɟɞɡůɖɠ 

ɖɚŮəŰɟɞɜɑɤɜ 

ŪŮŰɘəɧɠ ɛɏůɤ 

ˊɟɧůəɟɞɡůɖɠ 

ɖɚŮəŰɟɞɜɑɤɜ 

ŪŮŰɘəɧɠ ɛɏůɤ 

ˊɟɧůəɟɞɡůɖɠ 

ɖɚŮəŰɟɞɜɑɤɜ 

ŪŮɟɛɞəɟŬůɘŬəɧ ˊɟɧɔɟŬɛɛŬ 

Ʌɡɗɛɧɠ (ÁC min
-1

)-ŪŮɟɛɞəɟŬůɑŬ (Á C)-

ȹɘŬŰɐɟɖůɖ (min) 

0 ÁC - 60 ÁC - 2 min 

6 ÁC - 280 ÁC - 2 min 

10 ÁC - 300 ÁC - 2 min 

0 ÁC - 70 ÁC - 2 min 

6 ÁC - 280 ÁC - 2 min 

10 ÁC - 300 ÁC - 2 min 

0 ÁC - 50 ÁC - 4 min 

6 ÁC - 280 ÁC - 2 min 

10 ÁC - 300 ÁC - 2 min 

0 ÁC - 70 ÁC - 2 min 

6 ÁC - 280 ÁC - 2 min 

10 ÁC - 300 ÁC - 2 min 

ɉɟɧɜɞɠ ŬɜɎɚɡůɖɠ (min) 44,67 43,00 48,33 43,00 
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5.9.3. ȷɜɑɢɜŮɡůɖ əŬɘ ŰŬɡŰɞˊɞɑɖůɖ ˊɟɞɥɧɜŰɤɜ ŭɘɎůˊŬůɖɠ Űɤɜ ŮˊɘɚŮɔɛɏɜɤɜ ɞɟɔŬɜɘəɩɜ 

ɟɨˊɤɜ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ ɛŮ ůɨůŰɖɛŬ ɡɔɟɐɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ-ɡˊŮɟɡɣɖɚɐɠ ˊɑŮůɖɠ-

ůɡɕŮɡɔɛɏɜɖɠ űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛŬɕɩɜ UPLC-ESI-MS/ MS ɛŮ ŬɜɘɢɜŮɡŰɐ űŬůɛŬŰɞɛŮŰɟɑŬɠ 

ɛŬɕɩɜ LIT -Orbitrap  

 

ȼ ŰŬɡŰɞˊɞɑɖůɖ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ˊɟɞɥɧɜŰɤɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ Ůˊɑůɖɠ  ɛŮ ůɨůŰɖɛŬ ɡɔɟɐɠ 

ɢɟɤɛŬŰɞɔɟŬűɑŬɠ ɡˊŮɟɡɣɖɚɐɠ ˊɑŮůɖɠ UPLC-ESI-MS/MS Űɖɠ Thermo Fisher Scientific 

(Germany) ɛŮ ŰŮɢɜɞɚɞɔɑŬ ɔɟŬɛɛɘəɐɠ ˊŬɔɑŭŬɠ ɘɧɜŰɤɜ (LIT, Linear Ion trap), əŬɘ ˊŬɔɑŭŬɠ 

ɘɧɜŰɤɜ Orbitrap ŮűɞŭɘŬůɛɏɜɞ ɛŮ ɢɟɤɛŬŰɞɔɟŬűɘəɐ ůŰɐɚɖ C18 Hypersil Gold, 100 mm x 2,1 

mm ŮůɤŰŮɟɘəɐ ŭɘɎɛŮŰɟɞ əŬɘ 1,9 ɛm ɛɏɔŮɗɞɠ ˊɧɟɤɜ (Thermo Fisher Scientific, San Jose, 

USA). ȼ ŭɘɎŰŬɝɖ űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛɎɕŬɠ ůŮ ůŮɘɟɎ ɛŮ ɔɟŬɛɛɘəɐ ˊŬɔɑŭŬ ɘɧɜŰɤɜ əŬɘ ŬɜŬɚɡŰɐ 

Orbitrap (LIT-Orbitrap) ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ ɆɢɐɛŬ 5.9. 

 ɋɠ Ŭɏɟɘɞ ŬˊɞŭɘŬɚɨŰɤůɖɠ əŬɘ Ůəɜɏűɤůɖɠ ůŰɞɜ ŬɜɘɢɜŮɡŰɐ ůɡɕŮɡɔɛɏɜɖɠ űŬůɛŬŰɞɛŮŰɟɑŬɠ 

ɛŬɕɩɜ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ Ŭɏɟɘɞ ɎɕɤŰɞ, ˊɞɡ ˊŬɟŬɔɧŰŬɜ Ŭˊɧ ɔŮɜɜɐŰɟɘŬ ŬɕɩŰɞɡ (NiGen LC-MS 

40-1, Brezza-Claind). ɇŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ əŬɘ ɞɘ ůɡɜɗɐəŮɠ Űɖɠ ɢɟɤɛŬŰɞɔɟŬűɘəɐɠ ŬɜɎɚɡůɖɠ 

ɔɘŬ əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ ɛŮɚŮŰɩɛŮɜŮɠ ŮɜɩůŮɘɠ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 5.4. ũɘŬ Űɖ ɚŮɘŰɞɡɟɔɑŬ 

Űɖɠ ŰŮɢɜɘəɐɠ Űɖɠ ŭɑŭɡɛɖɠ űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛŬɕɩɜ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Ŭɟɔɧ əŬɗŬɟɧŰɖŰŬɠ 

99,9995%. ɇɞ ɚɞɔɘůɛɘəɧ Xcalibur 1.2 ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖ ɚɐɣɖ əŬɘ Űɖɜ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ 

ɢɟɤɛŬŰɞɔɟŬűɖɛɎŰɤɜ əŬɘ Űɤɜ űŬůɛɎŰɤɜ ɛɎɕŬɠ. Ʉɟɘɜ Ŭˊɧ Űɖɜ ŬɜɎɚɡůɖ, ɞ ŬɜɘɢɜŮɡŰɐɠ 

űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛŬɕɩɜ Űɨˊɞɡ ˊŬɔɑŭŬɠ ɘɧɜŰɤɜ ɓŬɗɛɞɜɞɛɐɗɖəŮ ŮɝɤŰŮɟɘəɎ ůŰɖɜ ˊŮɟɘɞɢɐ 

ůɎɟɤůɖɠ m/z 70-650 ɩůŰŮ ɜŬ ɚŮɘŰɞɡɟɔŮɑ Űɞ ɧɟɔŬɜɞ ɛŮ ŬəɟɑɓŮɘŬ ɛɎɕŬɠ  ɛŮ Ñ 5 ppm. ȼ 

ŬɜɎɚɡůɖ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ ŭɘŬəɟɘŰɘəɐ ɘəŬɜɧŰɖŰŬ 60.000. 

 

 

ɆɢɐɛŬ 5.9: ȹɘɎŰŬɝɖ űŬůɛŬŰɞɛŮŰɟɑŬɠ ɛɎɕŬɠ ůŮ ůŮɘɟɎ ɛŮ ɔɟŬɛɛɘəɐ ˊŬɔɑŭŬ ɘɧɜŰɤɜ əŬɘ 

ŬɜŬɚɡŰɐ Orbitrap (LIT-Orbitrap) (ȹŮɚɖɔɘŬɜɜɎəɖɠ ə.Ŭ., 2010). 
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ɄɑɜŬəŬɠ 5.4: ɉŬɟŬəŰɖɟɘůŰɘəɎ ɢɟɤɛŬŰɞɔɟŬűɘəɐɠ ŬɜɎɚɡůɖɠ ɔɘŬ Űɖɜ ŬɜɑɢɜŮɡůɖ Űɤɜ 

ˊɟɞɥɧɜŰɤɜ ɛŮŰŬůɢɖɛŬŰɘůɛɞɨ Űɤɜ ŮˊɘɚŮɔɛɏɜɤɜ ɞɟɔŬɜɘəɩɜ ɟɨˊɤɜ ůŰɞ ůɨůŰɖɛŬ UPLC-ESI-

MS/MS Űɖɠ Thermo Fisher. 

ɃɟɔŬɜɘəɐ ɏɜɤůɖ DEET 

Metribuzin  

IPMP 

PCP 

Ʌɞɐ ŭɘŬɚɡŰɩɜ (ɛl min
-1

) 300 300 

ȳɔəɞɠ ŭŮɑɔɛŬŰɞɠ (ɛL) 10 10 

ŪŮɟɛɞəɟŬůɑŬ ůŰɐɚɖɠ (ÁC) 40 40 

ȹɘŬɚɨŰɖɠ ȷ ɁŮɟɧ/ 5mM NH4C2H3O2 ɁŮɟɧ/ 5mM NH4C2H3O2 

ȹɘŬɚɨŰɖɠ ȸ MŮɗŬɜɧɚɖ/5mM  

NH4C2H3O2 

MŮɗŬɜɧɚɖ/5mM  

NH4C2H3O2 

ɄɟɧɔɟŬɛɛŬ ɓŬɗɛɤŰɐɠ 

ɏəɚɞɡůɖɠ (ȷ/ȸ) 

90/10 ůŰŬ 0 min 

0/100 ůŰŬ 14 min 

90/10  ůŰŬ 20 min 

90/10 ůŰŬ 0 min 

90/10 ůŰŬ 0,5 min 

0/100 ůŰŬ 6 min 

0/100 ůŰŬ 8 min 

90/10  ůŰŬ 8,1 min 

90/10  ůŰŬ 12 min 

ɉɟɧɜɞɠ ŬɜɎɚɡůɖɠ (min) 20 12 

ɀɏɗɞŭɞɠ ɘɞɜŰɘůɛɞɨ ŪŮŰɘəɧɠ ɘɞɜŰɘůɛɧɠ ɛɏůɤ 

ɖɚŮəŰɟɞɣŮəŬůɛɞɨ 

ȷɟɜɖŰɘəɧɠ ɘɞɜŰɘůɛɧɠ ɛɏůɤ 

ɖɚŮəŰɟɞɣŮəŬůɛɞɨ 

ȹɡɜŬɛɘəɧ ˊɖɔɐɠ kV 3,70 2,90 

ŪŮɟɛɞəɟŬůɑŬ ɛŮŰŬɚɚɘəɞɨ 

ŰɟɘɢɞŮɘŭɞɨɠ (ÁC) 

320 320 

Ʌɞɐ ŬŮɟɑɞɡ ŬˊɞŭɘŬɚɨŰɤůɖɠ 

(arbitrary units) 

8 10 

Ʌɞɐ ŬŮɟɑɞɡ ˊŮɟɘɓɎɚɚɞɡůŬɠ 

ɟɞɐɠ (arbitrary units) 

30 35 

ȹɡɜŬɛɘəɧ ˊɟɧůəɟɞɡůɖɠ (eV) 35 35 

ȹɡɜŬɛɘəɧ ɛŮŰŬɚɚɘəɞɨ 

ŰɟɘɢɞŮɘŭɞɨɠ  (V) 

40,00 -30,00 
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5.10. ūŬůɛŬŰɞůəɞˊɑŬ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɞɨ ˊŬɟŬɛŬɔɜɖŰɘəɞɨ ůɡɜŰɞɜɘůɛɞɨ (ȺPR) 

 

 ũɘŬ Űɖɜ ɛŮɚɏŰɖ Űɤɜ űɤŰɞŮˊŬɔɧɛŮɜɤɜ ɟɘɕɩɜ ˊɞɡ ŭɖɛɘɞɡɟɔɐɗɖəŬɜ ůŰŬ ˊɟɩŰŬ ůŰɎŭɘŬ Űɖɠ 

űɤŰɞəŬŰŬɚɡŰɘəɐɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ Űɞɡ DEET ɛŮ Űɖ ɢɟɐůɖ ɇiO2 ɤɠ əŬŰŬɚɨŰɖ  

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ űŬůɛŬŰɞůəɞˊɑŬ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɞɨ ůɡɜŰɞɜɘůɛɞɨ. ɇŬ űɎůɛŬŰŬ 

əŬŰŬɔɟɎűɖəŬɜ ɛŮ űŬůɛŬŰɧɛŮŰɟɞ ȺR 200D Űɖɠ Bruker ůŮ ɗŮɟɛɞəɟŬůɑŬ ɡɔɟɞɨ ŬɕɩŰɞɡ 77 Ⱦ, 

ŮűɞŭɘŬůɛɏɜɞ ɛŮ ůɡɢɜɧɛŮŰɟɞ Űɖɠ ŮŰŬɘɟŮɑŬɠ Agilent 5310A. Ʉɖɔɐ Űɖɠ ɖɚŮəŰɟɞɛŬɔɜɖŰɘəɐɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ ɐŰŬɜ ɛɘŬ ɚɡɢɜɑŬ (Klystron), ɖ ɞˊɞɑŬ ˊŬɟŮɑɢŮ ɛɘəɟɞəɨɛŬŰŬ ůŰŬɗŮɟɐɠ 

ůɡɢɜɧŰɖŰŬɠ ůŰɖɜ ˊŮɟɘɞɢɐ Űɤɜ 9-10 GHz (X-Band). ɇŬ ŭŮɑɔɛŬŰŬ ˊŬɟŬůəŮɡɎůŰɖəŬɜ ɛŮ 

ˊɟɞůɗɐəɖ 4 mg  əŬɘ 7 mg TiO2  ɛŮ 200 mg L
-1

  ɡŭŬŰɘəɞɨ ŭɘŬɚɨɛŬŰɞɠ DEET,  ůŮ ůɤɚɖɜɎəɘ 

ɢŬɚŬɕɑŬ  ɛɐəɞɡɠ 25 cm əŬɘ ŭɘŬɛɏŰɟɞɡ 5 mm Űɖɠ ŮŰŬɘɟŮɑŬɠ  Wilmad. ũɘŬ Űɖ ŭɘŮɝŬɔɤɔɐ Űɤɜ 

ˊŮɘɟŬɛɎŰɤɜ ůŮ ɗŮɟɛɞəɟŬůɑŬ ɡɔɟɞɨ ŬɕɩŰɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŭɘˊɚɧŰɞɘɢɞɠ ŭŮɘɔɛŬŰɞűɞɟɏŬɠ 

(dewar) Ŭˊɧ quartz ɛŮ ŮˊɎɟɔɡɟŬ ŰɞɘɢɩɛŬŰŬ Űɖɠ ŮŰŬɘɟŮɑŬɠ  Wilmad Glass. ũɘŬ Űɞɜ ɢŮɘɟɘůɛɧ 

əŬɘ Űɖɜ ŮˊɘəɞɘɜɤɜɑŬ ɛŮŰŬɝɨ űŬůɛŬŰɧɛŮŰɟɞɡ ɛŬɔɜɐŰɖ əŬɘ ůɡɢɜɧɛŮŰɟɞɡ əŬɗɩɠ əŬɘ ɔɘŬ Űɖ 

ɚɐɣɖ əŬɘ əŬŰŬɔɟŬűɐ Űɤɜ űŬůɛɎŰɤɜ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɚɞɔɘůɛɘəɧ ůŮ ˊŮɟɘɓɎɚɚɞɜ LabView.  

ȼ űŬůɛŬŰɘəɐ ˊɟɞůɞɛɞɑɤůɖ Űɤɜ ůɖɛɎŰɤɜ EPR ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɞ ɚɞɔɘůɛɘəɧ Sinfonia. 

 

5.11. ɆŰɞɘɢŮɘŬəɐ ȷɜɎɚɡůɖ 

 

Ƀ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɖɠ % əŬŰɎ ɓɎɟɞɠ ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ C, H, Ɂ əŬɘ S Űɤɜ ɢɞɡɛɘəɩɜ 

ɞɝɏɤɜ əŬɘ Űɞɡ űɞɡɚɓɘəɞɨ ɞɝɏɞɠ ŮŭɎűɞɡɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɞɜ ŬɡŰɞɛŬŰɞˊɞɘɖɛɏɜɞ ůŰɞɘɢŮɘŬəɧ ŬɜŬɚɡŰɐ Űɖɠ Perkin Elmer  ɛɞɜŰɏɚɞ 

Series II 2400. 5-6 mg Űɞɡ ɡɚɘəɞɨ ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŮ Ůɘŭɘəɧ ŭŮɘɔɛŬŰɞɚɐˊŰɖ Ŭˊɧ əŬůůɑŰŮɟɞ ɞ 

ɞˊɞɑɞɠ ůűɟŬɔɑůŰɖəŮ ŬŮɟɞůŰŮɔɩɠ əŬɘ ŰɞˊɞɗŮŰɐɗɖəŮ ůŰɖɜ Ůɘŭɘəɐ ɡˊɞŭɞɢɐ Űɞɡ ɞɟɔɎɜɞɡ. ȾŬŰɎ 

Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ɛɏŰɟɖůɖɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ əŬɨůɖ əŬɘ ŬŮɟɘɞˊɞɑɖůɖ  Űɞɡ ŭŮɑɔɛŬŰɞɠ ůŰɞɡɠ  

975 
0
C. ɇŬ ŬɏɟɘŬ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖɜ əŬɨůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ ŭɘŬɢɤɟɑɕɞɜŰŬɘ ɛŮ ůŰɐɚɖ 

ŭɘŬɢɤɟɘůɛɞɨ əŬɘ ɞŭɖɔɞɨɜŰŬɘ ůŰɞɜ ŬɜɘɢɜŮɡŰɐ. ũɘŬ Űɖɜ ɓŬɗɛɞɜɧɛɖůɖ Űɞɡ ɞɟɔɎɜɞɡ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ˊɟɧŰɡˊɞ ŭŮɑɔɛŬ əɡůŰŮȶɜɖɠ (C:29,99%, H:5,09%, Ɂ:11,6%, S:26,69%). Ƀ 

ɡˊɞɚɞɔɘůɛɧɠ Űɞɡ ɞɝɡɔɧɜɞɡ ɏɔɘɜŮ ůɨɛűɤɜŬ ɛŮ Űɖɜ Ůɝɑůɤůɖ 5.7 (Giannakopoulos et al., 2009): 

ɨϷ ρππ
# ( . 3

ρππ
      υȢχ
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6. ūɋɇɃȾȷɇȷȿɈɇȽȾȼ ȷɄɃȽȾɃȹɃɀȼɆȼ ɇɋɁ ɃȿȽȾɋɁ ūȷȽɁɃȿȽȾɋɁ 

ȺɁɋɆȺɋɁ ȾȷȽ ɇɋɁ ɆɈɆɇȼɀȷɇɋɁ Cr(VI)-BȺɁȻɃȽȾɃɈ ɃɂȺɃɆ ȾȷȽ 

ɄȺɁɇȷɉȿɋɅɃūȷȽɁɃȿȼɆ-ɃɂȷȿȽȾɃɈ ɃɂȺɃɆ 

 

6.1. ūɤŰɞəŬŰŬɚɡŰɘəɐ ɞɝŮɑŭɤůɖ ŮˊŮɝŮɟɔŬůɛɏɜɤɜ ŬůŰɘəɩɜ ɡɔɟɩɜ ŬˊɞɓɚɐŰɤɜ ɔɘŬ Űɖɜ 

ŬˊɞɛɎəɟɡɜůɖ  űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ 

 

ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ ɛŮɚŮŰɐɗɖəŮ ɖ ɞɝŮɑŭɤůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ůŮ 

ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬůŰɘəɎ ɡɔɟɎ ŬˊɧɓɚɖŰŬ ˊɞɡ ŮɚɐűɗɖůŬɜ Ŭˊɧ Űɖ ŭŮɡŰŮɟɞɓɎɗɛɘŬ əŬɘ 

ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɑŬ Űɖɠ ɀɞɜɎŭŬɠ ȺˊŮɝŮɟɔŬůɑŬɠ Ɉɔɟɩɜ ŬˊɞɓɚɐŰɤɜ (ɀȺɈȷ) Űɞɡ ŭɐɛɞɡ 

ȷɔɟɘɜɑɞɡ, ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ŮŰŮɟɞɔŮɜɞɨɠ űɤŰɞəŬŰɎɚɡůɖɠ. ȼ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ 

ɚŮɘŰɞɡɟɔɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ůŰɖɜ Ŭˊɞɘəɞŭɧɛɖůɖ Űɤɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ Űɤɜ 

ŮˊŮɝŮɟɔŬůɛɏɜɤɜ ŬůŰɘəɩɜ ŬˊɞɓɚɐŰɤɜ əŬɘ ɖ ŮɨɟŮůɖ Űɤɜ ɓɏɚŰɘůŰɤɜ ůɡɜɗɖəɩɜ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ɛŮ Űɖɜ ŮűŬɟɛɞɔɐ əŮɜŰɟɘəɞɨ ůɨɜɗŮŰɞɡ ůɢŮŭɘŬůɛɞɨ əŬɘ ɜŮɡɟɤɜɘəɩɜ 

ŭɘəŰɨɤɜ. ɀŮŰɎ Űɖɜ ŮɨɟŮůɖ Űɤɜ ɓɏɚŰɘůŰɤɜ ůɡɜɗɖəɩɜ, ɛŮɚŮŰɐɗɖəŮ ɖ ŮˊɑŭɟŬůɖ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ ůŰɖɜ əɘɜɖŰɘəɐ Űɖɠ Ŭˊɞɘəɞŭɧɛɖůɖɠ Űɞɡɠ.  

 

6.1.1. ɀɞɜŰŮɚɞˊɞɑɖůɖ-ȸŮɚŰɘůŰɞˊɞɑɖůɖ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ ɛŮ ŰŬ 

ˊɞɚɡůŰɘɓŬŭɘəɎ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ 

6.1.1.1. Ⱥˊɘɚɞɔɐ ˊŬɟŬɛɏŰɟɤɜ əŬɘ ˊŮɘɟŬɛŬŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ 

ɇɞ ůŰɎŭɘɞ Űɖɠ Ůˊɘɚɞɔɐɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ŬˊɞŰŮɚŮɑ Űɞ ˊɟɤŰŬɟɢɘəɧ əŬɘ ɏɜŬ ɘŭɘŬɘŰɏɟɤɠ 

ůɖɛŬɜŰɘəɧ ůŰɎŭɘɞ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ Ůɜɧɠ ŬɝɘɧˊɘůŰɞɡ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ ɛŮ ůɖɛŬɜŰɘəɐ 

ɘəŬɜɧŰɖŰŬɠ ˊɟɧɓɚŮɣɖɠ. ȾŬɗɩɠ ɖ Ŭˊɧəɟɘůɖ Űɞɡ ɡˊɧ ɛŮɚɏŰɖ ůɡůŰɐɛŬŰɞɠ ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ ɏɜŬ 

ɛŮɔɎɚɞ Ŭɟɘɗɛɧ ˊŬɟŬɛɏŰɟɤɜ, ɧˊɞɡ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ əŬɘ ɞ ɏɚŮɔɢɞɠ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɖɠ 

əŬɗŮɛɑŬɠ ŮɑɜŬɘ ˊɟŬəŰɘəɎ ŬŭɨɜŬŰɞɠ, əɟɑɜŮŰŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ Ůˊɘɚɞɔɐ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ 

Ůˊɘŭɟɞɨɜ ůɖɛŬɜŰɘəɎ  ůŮ ŬɡŰɐ (Khataee and Kasiri, 2010). 

 ɆɖɛŬɜŰɘəɏɠ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɘŮɟɔŬůɑŬ ŮɑɜŬɘ ɛŮŰŬɝɨ 

Ɏɚɚɤɜ ɖ ɔŮɤɛŮŰɟɑŬ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ, ɖ ɏɜŰŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ, ɖ Ŭɟɢɘəɐ ůɡɔəɏɜŰɟɤůɖ 

Űɞɡ ŬɜŬɚɨŰɖ, ɞ ɢɟɧɜɞɠ ŬɜŰɑŭɟŬůɖɠ, Űɞ pȼ əŬɘ ɖ ɛɎɕŬ Űɞɡ əŬŰŬɚɨŰɖ (Antonopoulou et al., 

2012a; Konstantinou and Albanis, 2004). MŮ ɓɎůɖ ŰŬ ŭŮŭɞɛɏɜŬ Űɖɠ ŭɘŬɗɏůɘɛɖɠ 

ɓɘɓɚɘɞɔɟŬűɑŬɠ əŬɘ ˊɟɞəŬŰŬɟŰɘəɩɜ ˊŮɘɟŬɛɎŰɤɜ (ȷɜŰɤɜɞˊɞɨɚɞɡ, 2010), ŮˊɘɚɏɢɗɖəŮ ɖ ɛŮɚɏŰɖ 

Űɖɠ ŮˊɑŭɟŬůɖɠ Űɤɜ Ůɝɐɠ Űɟɘɩɜ ˊŬɟŬɛɏŰɟɤɜ: Űɖɠ Ŭɟɢɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɞɚɘəɩɜ 
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űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ, Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ əŬŰŬɚɨŰɖ əŬɘ Űɖɠ ɏɜŰŬůɖɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ. ȼ 

Ŭˊɧəɟɘůɖ (Y) ˊɞɡ ˊɟɞůŭɘɞɟɑůŰɖəŮ ˊŮɘɟŬɛŬŰɘəɎ ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ ˊɞůɞůŰɧ (%) ŭɘɎůˊŬůɖɠ Űɤɜ 

ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ɛŮŰɎ Ŭˊɧ 30 ɚŮˊŰɎ ŬəŰɘɜɞɓɧɚɖůɖɠ. ȺˊɘɚɏɢɗɖəŮ ɖ ˊɞůɞůŰɘŬɑŬ 

ŭɘɎůˊŬůɖ Űɤɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ əŬɗɩɠ ɞ əɨɟɘɞɠ ůŰɧɢɞɠ Űɖɠ űɤŰɞəŬŰŬɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ 

ɐŰŬɜ ɖ ŭɘɎůˊŬůɖ Űɞɡ ůɡɜɧɚɞɡ Űɤɜ ŮɜɩůŮɤɜ ˊɞɡ űɏɟɞɡɜ űŬɘɜɞɚɘəɧ ŭŬəŰɨɚɘɞ ůŰŬ 

ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬůŰɘəɎ ŬˊɧɓɚɖŰŬ. 

6.1.1.2. ɄŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ 

ȼ Ůˊɘɚɞɔɐ Űɞɡ əŬŰɎɚɚɖɚɞɡ ˊŮɘɟŬɛŬŰɘəɞɨ ůɢŮŭɘŬůɛɞɨ ŬˊɞŰŮɚŮɑ ɏɜŬ Ůˊɑůɖɠ ˊɞɚɨ 

ůɖɛŬɜŰɘəɧ ůŰɎŭɘɞ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ əŬɗɩɠ ŮˊɖɟŮɎɕŮɘ ůŮ ɛŮɔɎɚɞ 

ɓŬɗɛɧ Űɖɜ ŬəɟɑɓŮɘŬ ůŰɖɜ ˊɟɧɓɚŮɣɖ (Bezerra et al., 2008). ȰŰůɘ, ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ Űɞɡɠ 

ŰɟŮɑɠ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɘɚɏɢɗɖəŬɜ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ əŮɜŰɟɘəɧɠ ůɨɜɗŮŰɞɠ ůɢŮŭɘŬůɛɧɠ ɔɘŬ Űɖɜ 

ŮəŰɑɛɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ Űɞɡ əɎɗŮ ˊŬɟɎɔɞɜŰŬ, Űɖɠ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ Űɞɡɠ ŬɚɚɎ əŬɘ 

ŰŮɚɘəɎ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɤɜ ɓɏɚŰɘůŰɤɜ ůɡɜɗɖəɩɜ ɔɘŬ Űɖɜ ɞɝŮɑŭɤůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ 

ŮɜɩůŮɤɜ. Ƀ ŬˊŬɘŰɞɨɛŮɜɞɠ Ŭɟɘɗɛɧɠ ˊŮɘɟŬɛɎŰɤɜ ɡˊɞɚɞɔɑůŰɖəŮ Ŭˊɧ Űɖ ůɢɏůɖ Ɂ= 2
K
 +2K+ C0 

ɧɞ́ɡ K ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ əŬɘ C0 ɞ Ŭɟɘɗɛɧɠ Űɤɜ əŮɜŰɟɘəɩɜ ůɖɛŮɑɤɜ. ɆŰɞɜ 

ɄɑɜŬəŬ 6.1 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɔɘŬ Űɖɜ Ŭˊɧəɟɘůɖ (Y) ˊɞɡ 

ŬɜŰɘůŰɞɘɢŮɑ ůŰɞ % ˊɞůɞůŰɧ ŭɘɎůˊŬůɖɠ Űɤɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ůŰŬ ŭŮɡŰŮɟɞɓɎɗɛɘŬ əŬɘ 

ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬˊɧɓɚɖŰŬ ɛŮŰɎ Ŭˊɧ 30 ɚŮˊŰɎ ŬəŰɘɜɞɓɧɚɖůɖɠ ɛŮŰŬɓɎɚɚɞɜŰŬɠ Űɖ 

ůɡɔəɏɜŰɟɤůɖ Űɞɡ TiO2 (x1), Űɖɜ Ŭɟɢɘəɐ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ (x2) 

əŬɘ Űɖɜ ɏɜŰŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ (x3). ȼ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɇiO2 əɡɛɎɜɗɖəŮ Ŭˊɧ 32-368 mg 

L
-1

, ɖ Ŭɟɢɘəɐ ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ Ŭˊɧ 2,32-5,68 mg L
-1

 əŬɘ Űɏɚɞɠ 

ɖ ɏɜŰŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əɡɛɎɜɗɖəŮ Ŭˊɧ 332-600 W m
-2

.  

ɇɞ ůɨɜɞɚɞ Űɤɜ ŭŮŭɞɛɏɜɤɜ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ ŮűŬɟɛɞɔɐ Űɤɜ ŰŮɢɜɖŰɩɜ 

ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ. Ƀɘ ŮˊɘɚŮɔɛɏɜɞɘ ˊŬɟɎɛŮŰɟɞɘ (ɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ TiO2 (x1), ɖ Ŭɟɢɘəɐ 

ůɡɔəɏɜŰɟɤůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ (x2) əŬɘ ɖ ɏɜŰŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ (x3)) 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɤɠ Ůɑůɞŭɞɘ əŬɘ ɤɠ ɏɝɞŭɞɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɖ ɛŮŰɟɞɨɛŮɜɖ Ŭˊɧəɟɘůɖ Y (% 

ŭɘɎůˊŬůɖ). H ŬɟɢɘŰŮəŰɞɜɘəɐ ŭɞɛɐ Űɤɜ ŰŮɢɜɖŰɩɜ ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ ŭɘŮɟŮɡɜɐɗɖəŮ ɛŮ Űɖ 

ɢɟɐůɖ Űɞɡ ůŰŬŰɘůŰɘəɞɨ ɚɞɔɘůɛɘəɞɨ Statistica 7.0 (StatSoft, Inc. Tusla, USA).  

ɇŬ ɜŮɡɟɤɜɘəɎ ŭɑəŰɡŬ ˊɞɡ ŮɟŮɡɜɐɗɖəŬɜ ˊŮɟɘŮɚɎɛɓŬɜŬɜ ŰŬ ˊɞɚɡůŰɘɓŬŭɘəɎ ɜŮɡɟɤɜɘəɎ 

ŭɑəŰɡŬ (ɄɁȹ) ɛŮ 1 ɏɤɠ 14 əɟɡɛɛɏɜɞɡɠ ɜŮɡɟɩɜŮɠ. ũɘŬ Űɖɜ ŮəˊŬɑŭŮɡůɖ Űɞɡɠ ŮűŬɟɛɧůŰɖəŬɜ 

ŰɟŮɑɠ Ŭɚɔɧɟɘɗɛɞɘ ŬɜɎůŰɟɞűɖɠ ŭɘɎŭɞůɖɠ: ɞ Ŭɚɔɧɟɘɗɛɞɠ Ůˊɘəɚɘɜɞɨɠ əŬɗɧŭɞɡ (gradient descent), 

ɞ Broyden-Fletcher-Goldfard-Shanno əŬɘ ɞ Ŭɚɔɧɟɘɗɛɞɠ ůɡɕɡɔɩɜ əɚɑůŮɤɜ (conjugate gradient 

descent). ȹɘŮɜŮɟɔɐɗɖəŬɜ ůŰɞ ůɨɜɞɚɞ 17 ˊŮɘɟɎɛŬŰŬ Ŭˊɧ ŰŬ ɞˊɞɑŬ ŰŬ 14 ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɤɠ 
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ŭŮŭɞɛɏɜŬ ɔɘŬ Űɖɜ ŮəˊŬɑŭŮɡůɖ Űɤɜ ŭɘəŰɨɤɜ. ɋɠ əɟɘŰɐɟɘɞ ŰŮɟɛŬŰɘůɛɞɨ ŰɏɗɖəŮ Űɞ ɛɏůɞ 

ŰŮŰɟŬɔɤɜɘəɧ ůűɎɚɛŬ (Root Mean Square, RMS) (Ůɝɑůɤůɖ 6.1): 

2-3
В 8 8

Î
   φȢρ 

ɧˊɞɡ ὢ  ŮɑɜŬɘ ɞɘ ˊŮɘɟŬɛŬŰɘəɏɠ Űɘɛɏɠ Ůɝɧŭɞɡ, ὢ  ŮɑɜŬɘ ɞɘ ˊɟɞɓɚŮˊɧɛŮɜŮɠ Űɘɛɏɠ Ůɝɧŭɞɡ Ŭˊɧ Űɞ 

ŭɑəŰɡɞ əŬɘ n ɞ Ŭɟɘɗɛɧɠ Űɤɜ ŭŮŭɞɛɏɜɤɜ (ȷntonopoulou et al., 2012a). 

ȼ ŭɘŬŭɘəŬůɑŬ ŮəˊŬɑŭŮɡůɖɠ ɞɚɞəɚɖɟɩɗɖəŮ ɧŰŬɜ ɖ ŭɘŬűɞɟɎ ɛŮŰŬɝɨ Űɤɜ ɡˊɞɚɞɔɘůɛɏɜɤɜ 

Űɘɛɩɜ Ůɝɧŭɞɡ Ŭˊɧ Űɞ ɜŮɡɟɤɜɘəɧ ŭɑəŰɡɞ əŬɘ Űɤɜ ˊŮɘɟŬɛŬŰɘəɩɜ Űɘɛɩɜ Ůɝɧŭɞɡ ɏűɗŬůŮ Űɖɜ 

ŮɚɎɢɘůŰɖ Űɘɛɐ Űɖɠ. ȾŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ŮˊɘɓŮɓŬɑɤůɖɠ, əɎɗŮ ŭɑəŰɡɞ ˊɞɡ ŮɝŮŰɎůŰɖəŮ ŮɚɏɔɢɗɖəŮ 

ɛŮ Űɘɠ ŰɟŮɑɠ ˊŮɘɟŬɛŬŰɘəɏɠ ˊɞɟŮɑŮɠ ŮˊɘɓŮɓŬɑɤůɖɠ əŬɘ ɡˊɞɚɞɔɑůŰɖəŮ ɖ Űɘɛɐ RMS, ɖ ɞˊɞɑŬ 

ˊɟɏˊŮɘ ɜŬ ŮɑɜŬɘ ɖ ɢŬɛɖɚɧŰŮɟɖ ŭɡɜŬŰɐ əŬɘ ɜŬ ˊɟɞůŮɔɔɑɕŮɘ Űɖɜ Űɘɛɐ RMS Űɖɠ ŭɘŬŭɘəŬůɑŬɠ 

ŮəˊŬɑŭŮɡůɖɠ (Ranjan et al., 2011) .  
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ɄɑɜŬəŬɠ 6.1: ȾŮɜŰɟɘəɧɠ ůɨɜɗŮŰɞɠ ˊŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ  əŬɘ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ % ŭɘɎůˊŬůɖɠ  

Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ůŮ ŭŮɡŰŮɟɞɓɎɗɛɘŬ əŬɘ ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬˊɧɓɚɖŰŬ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

 

 

 

ȷɟ. ɄŮɘɟ. CTiO2-x1 CTPh-x2 ȰɜŰŬůɖ-x3 ȷˊɧɓɚɖŰŬ Ŭˊɧ  

ŭŮɡŰŮɟɞɓɎɗɛɘŬ 

ŮˊŮɝŮɟɔŬůɑŬ 

ȷˊɧɓɚɖŰŬ Ŭˊɧ 

ŰɟɘŰɞɓɎɗɛɘŬ 

ŮˊŮɝŮɟɔŬůɑŬ 

1 100 3 400 11,2 10,0 

2 300 3 400 32,4 30,0 

3 100 5 400 1,9 2,3 

4 300 5 400 19,3 17,2 

5 100 3 600 12,3 13,5 

6 300 3 600 36,6 35,9 

7 100 5 600 5,1 4,0 

8 300 5 600 20,0 22,5 

9 200 4 500 15,3 19,3 

10 200 4 500 16,8 16,3 

11 200 4 500 12,6 14,5 

12 32 4 500 2,26 3,5 

13 368 4 500 32,6 27,5 

14 200 2,32 500 22,5 24,1 

15 200 5,68 500 12,5 7,3 

16 200 4 330 10,0 10,5 

17 200 4 668 19,0 19,3 

% ȹɘɎůˊŬůɖ   ɞɚɘəɩɜ 

űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ 
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Ƀɘ ŭɞɛɏɠ əŬɘ ɞɘ Űɘɛɏɠ Űɤɜ ůŰŬŰɘůŰɘəɩɜ ŭŮɘəŰɩɜ Űɤɜ ɓɏɚŰɘůŰɤɜ ˊɞɚɡůŰɘɓŬŭɘəɩɜ 

ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ ɔɘŬ Űɖɜ % ŭɘɎůˊŬůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ůŰŬ 

ŭŮɡŰŮɟɞɓɎɗɛɘŬ əŬɘ ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬˊɧɓɚɖŰŬ ŭɑɜɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 6.2 ˊɞɡ 

ŬəɞɚɞɡɗŮɑ. 

 

ɄɑɜŬəŬɠ 6.2: ȹɞɛɏɠ əŬɘ Űɘɛɏɠ Űɤɜ ůŰŬŰɘůŰɘəɩɜ ŭŮɘəŰɩɜ Űɤɜ ɓɏɚŰɘůŰɤɜ ˊɞɚɡůŰɘɓŬŭɘəɩɜ 

ɜŮɡɟɤɜɘəɩɜ ŭɘəŰɨɤɜ (ɄɁȹ) ˊɞɡ ˊŮɟɘɔɟɎűɞɡɜ Űɖɜ ɞɝŮɑŭɤůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ 

ŮɜɩůŮɤɜ ůŰŬ ŭŮɡŰŮɟɞɓɎɗɛɘŬ əŬɘ ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬˊɧɓɚɖŰŬ. 

 
ȹɞɛɐ Ʉ.Ɂ.ȹ. RMS 

ȺəˊŬɑŭŮɡůɖɠ 

RMS 

EˊɘɓŮɓŬɑɤůɖɠ 

R
2
 MAE  

ȹŮɡŰŮɟɞɓɎɗɛɘŬ 

ŮˊŮɝŮɟɔŬůɑŬ 

3-12-1 0,045 0,0024 0,972 1,877 

ɇɟɘŰɞɓɎɗɛɘŬ 

ŮˊŮɝŮɟɔŬůɑŬ 

3-4-1 0,036 0,016 0,983 1,232 

 

ȰɜŬ ˊɞɚɡůŰɘɓŬŭɘəɧ ɜŮɡɟɤɜɘəɧ ŭɑəŰɡɞ ɛŮ ŬɟɢɘŰŮəŰɞɜɘəɐ  ŭɞɛɐ  ç3-12-1è (ɆɢɐɛŬ 6.1) 

ŭɖɚŬŭɐ 3 Ůɘůɧŭɞɡɠ, 12 ɜŮɡɟɩɜŮɠ  ůŰɞ əɟɡɛɛɏɜɞ ŮˊɑˊŮŭɞ əŬɘ 1 ɏɝɞŭɞ əɟɑɗɖəŮ ɖ ɓɏɚŰɘůŰɖ ŭɞɛɐ 

ɔɘŬ Űɖɜ ɞɝŮɑŭɤůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ůŰŬ ŭŮɡŰŮɟɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ 

ŬůŰɘəɎ ŬˊɧɓɚɖŰŬ. ɇŬ ůɡɜŭŮŰɘəɎ ɓɎɟɖ Űɤɜ Ůˊɘˊɏŭɤɜ Űɞɡ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ 3-12-1 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 6.3. 

 

 

 

ɆɢɐɛŬ 6.1: ȷɟɢɘŰŮəŰɞɜɘəɐ ŭɞɛɐ  ŰŮɢɜɖŰɞɨ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ ɔɘŬ Űɖɜ % ŭɘɎůˊŬůɖ ɞɚɘəɩɜ 

űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ůŰŬ ŭŮɡŰŮɟɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬůŰɘəɎ ŬˊɧɓɚɖŰŬ. 
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O əŬŰŬɚɚɖɚɧŰŮɟɞɠ Ŭɚɔɧɟɘɗɛɞɠ ɔɘŬ Űɖɜ ŮəˊŬɑŭŮɡůɖ Űɞɡ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ ɐŰŬɜ ɞ 

Ŭɚɔɧɟɘɗɛɞɠ ůɡɕɡɔɩɜ əɚɑůŮɤɜ ůŰɖɜ 69
ɖ
 Ůˊɞɢɐ, Ůɜɩ ŰŬ RMS ŮəˊŬɑŭŮɡůɖɠ əŬɘ ŮˊɘɓŮɓŬɑɤůɖɠ 

ɐŰŬɜ 0,045 əŬɘ 0,0024 ŬɜŰɑůŰɞɘɢŬ. ȼ ůɡɛűɤɜɑŬ Űɤɜ ŭɨɞ ɛɏůɤɜ ŰŮŰɟŬɔɤɜɘəɩɜ ůűŬɚɛɎŰɤɜ 

ɡˊɞŭŮɘəɜɨŮɘ ɧŰɘ Űɞ ɜŮɡɟɤɜɘəɧ ŭɑəŰɡɞ ŭŮɜ ɡűɑůŰŬŰŬɘ ɡˊɏɟ-ˊɟɞůŬɟɛɞɔɐ  Ůɜɩ ɖ əŬŰŬɚɚɖɚɧŰɖŰŬ 

Űɞɡ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ ɔɘŬ ˊɟɧɓɚŮɣɖ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ əŬɘ Ŭˊɧ Űɞ ŭɘɎɔɟŬɛɛŬ Űɞɡ ɆɢɐɛŬŰɞɠ 

6.2, ɧˊɞɡ ŬɜŬˊŬɟɘůŰɎ Űɖ ůɡůɢɏŰɘůɖ Űɤɜ ˊɟɞɓɚŮˊɧɛŮɜɤɜ Űɘɛɩɜ Ůɝɧŭɞɡ Űɞɡ ŭɘəŰɨɞɡ ɛŮ Űɘɠ 

Űɘɛɏɠ ˊɞɡ ˊɟɞůŭɘɞɟɑůŰɖəŬɜ ˊŮɘɟŬɛŬŰɘəɎ (Boti et al., 2009). ȼ ɡɣɖɚɐ Űɘɛɐ Űɞɡ ůɡɜŰŮɚŮůŰɐ 

ůɡůɢɏŰɘůɖɠ (0,972) ŬɜŰɘˊɟɞůɤˊŮɨŮɘ Űɖ ɔɟŬɛɛɘəɐ ůɢɏůɖ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ɛŮŰŬɓɚɖŰɩɜ. 

 

 

ɆɢɐɛŬ 6.2: ɆɡůɢɏŰɘůɖ ɛŮŰŬɝɨ ˊɟŬɔɛŬŰɘəɩɜ əŬɘ ˊɟɞɓɚŮˊɧɛŮɜɤɜ Űɘɛɩɜ % ŭɘɎůˊŬůɖɠ ɞɚɘəɩɜ 

űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ůŮ ŭŮɡŰŮɟɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬůŰɘəɎ ŬˊɧɓɚɖŰŬ. 

 

ȼ Ůˊɑ Űɞɘɠ % ůɢŮŰɘəɐ ůɖɛŬɜŰɘəɧŰɖŰŬ əɎɗŮ ŮɘůŮɟɢɧɛŮɜɖɠ ˊŬɟŬɛɏŰɟɞɡ ŮəŰɘɛɐɗɖəŮ ɛŮ Űɖɜ  

ɛɏɗɞŭɞ ˊɞɡ ɏɢŮɘ ˊɟɞŰŬɗŮɑ Ŭˊɧ Űɞɜ Garson (1991) ůɨɛűɤɜŬ ɛŮ Űɖɜ Ůɝɑůɤůɖ 6.2 (Gevrey et al., 

2003; Khataee and Kasiri, 2010): 

)
В × ȾВ × ×

В В × ȾВ ȿ× ȿ ×
      φȢς 

 

ɧˊɞɡ ) ŮɑɜŬɘ ɖ ůɢŮŰɘəɐ ůɖɛŬɜŰɘəɧŰɖŰŬ əɎɗŮ ŮɘůŮɟɢɧɛŮɜɖɠ ˊŬɟŬɛɏŰɟɞɡ ůŰɖɜ ŮɝŮɟɢɧɛŮɜɖ 

Ŭˊɧəɟɘůɖ, . əŬɘ .  ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ŮɘůŮɟɢɧɛŮɜɤɜ əŬɘ əɟɡɛɛɏɜɤɜ ɜŮɡɟɩɜɤɜ, ŬɜŰɑůŰɞɘɢŬ 

əŬɘ ύ ŮɑɜŬɘ ŰŬ ůɡɜŭŮŰɘəɎ ɓɎɟɖ. Ƀɘ ŭŮɑəŰŮɠ ËȟÍ əŬɘ Î ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɞɡɠ ŮɘůŮɟɢɧɛŮɜɞɡɠ, 
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əɟɡɛɛɏɜɞɡɠ əŬɘ ŮɝŮɟɢɧɛŮɜɞɡɠ ɜŮɡɟɩɜŮɠ, Ůɜɩ ɞɘ ŮəɗɏŰŮɠ ÉȟÈ əŬɘ Ï ŬɜŰɘůŰɞɘɢɞɨɜ ůŰɖɜ 

ŮɘůŮɟɢɧɛŮɜɖ, əɟɡɛɛɏɜɖ əŬɘ ŮɝŮɟɢɧɛŮɜɖ ůŰɘɓɎŭŬ. 

ɀŮ ɓɎůɖ Űɖɜ Ůɝɑůɤůɖ 6.2 əŬɘ Űɘɠ Űɘɛɏɠ Űɤɜ ůɡɜŭŮŰɘəɩɜ ɓŬɟɩɜ Űɞɡ ɄɑɜŬəŬ 6.3, ɖ ůɢŮŰɘəɐ 

ůɖɛŬɜŰɘəɧŰɖŰŬ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ TiO2, Űɖɠ Ŭɟɢɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɞɚɘəɩɜ 

űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ əŬɘ Űɖɠ ɏɜŰŬůɖɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɓɟɏɗɖəŮ ɑůɖ ɛŮ 21,2%, 33,5% əŬɘ 

45,3% ŬɜŰɑůŰɞɘɢŬ. 

 

ɄɑɜŬəŬɠ  6.3: ɄɑɜŬəŬɠ ɓŬɟɩɜ Űɞɡ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ 3-12-1. 

ɁŮɡɟɩɜŬɠ CTiO2-x1 CTPh-x2 ȰɜŰŬůɖ-x3 % ȹɘɎůˊŬůɖ ɞɚɘəɩɜ 

űŬɘɜɞɚɘəɩɜ 

1 0,415092 -0,639900 0,065680 0,692235 

2 -0,310661 0,557442 -0,026525 0,016652 

3 -0,026949 -0,030330 0,092911 -0,404857 

4 0,306008 0,029681 -0,460770 0,405644 

5 0,027712 0,120365 0,137271 -0,904665 

6 0,086393 0,101527 -0,165533 0,546312 

7 -0,041661 0,147375 0,156153 0,117812 

8 -0,057817 0,034823 -0,036541 -0,323144 

9 -0,040401 0,117560 0,054027 -0,092296 

10 0,141610 -0,134079 0,102215 0,178220 

11 -0,003683 -0,064961 0,101741 0,498227 

12 0,007288 0,029955 0,156659 0,451093 

 

ȼ  ŭɞɛɐ Űɞɡ ɓɏɚŰɘůŰɞɡ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɤɜ 

ŰɟɘůŭɘɎůŰŬŰɤɜ ŮˊɘűŬɜŮɘɩɜ Ŭˊɧəɟɘůɖɠ Űɖɠ % ŭɘɎůˊŬůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ 

ůŰŬ ŭŮɡŰŮɟɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬˊɧɓɚɖŰŬ. ɆɡɔəŮəɟɘɛɏɜŬ, ůŰŬ ɆɢɐɛŬŰŬ 6.3, 6.4 əŬɘ 6.5 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ ŮˊɘűɎɜŮɘŮɠ Ŭˊɧəɟɘůɖɠ ɧˊɞɡ ŬˊŮɘəɞɜɑɕɞɡɜ ɔɟŬűɘəɎ Űɖɜ ŮˊɑŭɟŬůɖ ŭɨɞ 

ˊŬɟŬɛɏŰɟɤɜ əɎɗŮ űɞɟɎ ůɡɜŬɟŰɐůŮɘ Űɞɡ ˊɞůɞůŰɞɨ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ 

ŮɜɩůŮɤɜ ůŰŬ ŭŮɡŰŮɟɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬˊɧɓɚɖŰŬ ɛŮŰɎ Ŭˊɧ 30 ɚŮˊŰɎ ŬəŰɘɜɞɓɧɚɖůɖɠ. 
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ɆɢɐɛŬ 6.3: ȺˊɘűɎɜŮɘŬ Ŭˊɧəɟɘůɖɠ Űɞɡ ˊɞůɞůŰɞɨ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ 

Űɤɜ ŭŮɡŰŮɟɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜɤɜ ŬˊɞɓɚɐŰɤɜ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ 

əŬŰŬɚɨŰɖ əŬɘ Űɖɠ Ŭɟɢɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ (CTPh).  

 

 

ɆɢɐɛŬ 6.4: ȺˊɘűɎɜŮɘŬ Ŭˊɧəɟɘůɖɠ Űɞɡ ˊɞůɞůŰɞɨ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ 

Űɤɜ ŭŮɡŰŮɟɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜɤɜ ŬˊɞɓɚɐŰɤɜ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ 

əŬŰŬɚɨŰɖ əŬɘ Űɖɠ ɏɜŰŬůɖɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ.
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ɆɢɐɛŬ 6.5: ȺˊɘűɎɜŮɘŬ Ŭˊɧəɟɘůɖɠ Űɞɡ ˊɞůɞůŰɞɨ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ 

ůŮ ůɡɜɎɟŰɖůɖ Űɖɠ ɏɜŰŬůɖɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ Űɖɠ Ŭɟɢɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɞɚɘəɩɜ 

űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ (CTPh).  

 

ũɘŬ Űɖɜ ɞɝŮɑŭɤůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ůŰŬ ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ 

ŬůŰɘəɎ ŬˊɧɓɚɖŰŬ, Űɞ ɜŮɡɟɤɜɘəɧ ŭɑəŰɡɞ ɛŮ ŬɟɢɘŰŮəŰɞɜɘəɐ  ŭɞɛɐ  ç3-4-1è ŭɖɚŬŭɐ 3 Ůɘůɧŭɞɡɠ, 

4 ɜŮɡɟɩɜŮɠ ůŰɞ əɟɡɛɛɏɜɞ ŮˊɑˊŮŭɞ əŬɘ 1 ɏɝɞŭɞ (ɆɢɐɛŬ 6.6) əɟɑɗɖəŮ ɤɠ Űɞ ɓɏɚŰɘůŰɞ 

ˊɞɚɡůŰɘɓŬŭɘəɧ ɜŮɡɟɤɜɘəɧ ŭɑəŰɡɞ. ɇŬ ůɡɜŭŮŰɘəɎ ɓɎɟɖ Űɤɜ Ůˊɘˊɏŭɤɜ Űɞɡ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ 

3-4-1 ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 6.4. Ƀ Ŭɚɔɧɟɘɗɛɞɠ Broyden-Fletcher-Goldfard-Shanno 

ůŰɖɜ 22
ɖ
 Ůˊɞɢɐ ɓɟɏɗɖəŮ ɞ əŬŰŬɚɚɖɚɧŰŮɟɞɠ Ŭɚɔɧɟɘɗɛɞɠ ɔɘŬ Űɖɜ ŮəˊŬɑŭŮɡůɖ Űɞɡ ɜŮɡɟɤɜɘəɞɨ 

ŭɘəŰɨɞɡ, Ůɜɩ ŰŬ ůűɎɚɛŬŰŬ ŮəˊŬɑŭŮɡůɖɠ əŬɘ ŮˊɘɓŮɓŬɑɤůɖɠ ɐŰŬɜ 0,036 əŬɘ 0,016 ŬɜŰɑůŰɞɘɢŬ. 

H əŬɚɐ ůɡůɢɏŰɘůɖ Űɤɜ ˊɟŬɔɛŬŰɘəɩɜ əŬɘ ˊɟɞɓɚŮˊɧɛŮɜɤɜ Űɘɛɩɜ ɧˊɤɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɞ 

ŭɘɎɔɟŬɛɛŬ Űɞɡ ɆɢɐɛŬŰɞɠ 6.7 ŬˊɞŭŮɘəɜɨŮɘ Űɖɜ əŬŰŬɚɚɖɚɧŰɖŰŬ Űɞɡ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ ɔɘŬ 

ˊɟɧɓɚŮɣɖ. ȳɛɞɘŬ ɛŮ ŰŬ ŭŮɡŰŮɟɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬˊɧɓɚɖŰŬ, ɖ ŭɞɛɐ ŬɡŰɐ Űɞɡ 

ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɤɜ ŰɟɘůŭɘɎůŰŬŰɤɜ ŮˊɘűŬɜŮɘɩɜ 

Ŭˊɧəɟɘůɖɠ Űɖɠ % ŭɘɎůˊŬůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ůŰŬ ŰɟɘŰɞɓɎɗɛɘŬ 

ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬˊɧɓɚɖŰŬ, ˊɞɡ ŬˊŮɘəɞɜɑɕɞɜŰŬɘ ůŰŬ ɆɢɐɛŬŰŬ 6.8, 6.9 əŬɘ 6.10. 
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ɆɢɐɛŬ 6.6: ȷɟɢɘŰŮəŰɞɜɘəɐ ŭɞɛɐ ŰŮɢɜɖŰɞɨ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ ɔɘŬ Űɖɜ % ŭɘɎůˊŬůɖ ɞɚɘəɩɜ 

űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ůŮ ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬůŰɘəɎ ŬˊɧɓɚɖŰŬ. 

 

 

ɆɢɐɛŬ 6.7: ɆɡůɢɏŰɘůɖ ɛŮŰŬɝɨ ˊɟŬɔɛŬŰɘəɩɜ Űɘɛɩɜ əŬɘ ˊɟɞɓɚŮˊɧɛŮɜɤɜ % ŭɘɎůˊŬůɖɠ ɞɚɘəɩɜ 

űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ůŮ ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬůŰɘəɎ ŬˊɧɓɚɖŰŬ. 

 

ȼ ůɢŮŰɘəɐ ůɖɛŬɜŰɘəɧŰɖŰŬ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ TiO2, Űɖɠ Ŭɟɢɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ 

ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ əŬɘ Űɖɠ ɏɜŰŬůɖɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ůŰɖ űɤŰɞəŬŰŬɚɡŰɘəɐ 

ŭɘɎůˊŬůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ ɡˊɞɚɞɔɑůŰɖəŮ ɛŮ Űɖɜ Ůɝɑůɤůɖ 6.2 əŬɘ ɓɟɏɗɖəŮ 

ɑůɖ ɛŮ 39,3%, 28,5% əŬɘ 32,2% ŬɜŰɑůŰɞɘɢŬ. Ƀɘ ŭɘŬűɞɟɞˊɞɘɐůŮɘɠ Űɖɠ ůɖɛŬɜŰɘəɧŰɖŰŬɠ Űɤɜ 

ˊŬɟŬɛɏŰɟɤɜ ɤɠ ˊɟɞɠ Űɖ űɤŰɞəŬŰŬɚɡŰɘəɐ ŭɘɎůˊŬůɖ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ  ůŰŬ 
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ŭŮɡŰŮɟɞɓɎɗɛɘŬ əŬɘ ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜŬ ŬˊɧɓɚɖŰŬ ŬˊɞŭɑŭŮŰŬɘ ůŰɖɜ ŮˊɑŭɟŬůɖ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ. 

 

ɄɑɜŬəŬɠ 6.4: ɄɑɜŬəŬɠ ɓŬɟɩɜ Űɞɡ ɜŮɡɟɤɜɘəɞɨ ŭɘəŰɨɞɡ 3-4-1. 

ɁŮɡɟɩɜŬɠ CTiO2-x1 Cphenol-x2 Intensity-x3 % ȹɘɎůˊŬůɖ ɞɚɘəɩɜ 

űŬɘɜɞɚɘəɩɜ 

1 -0,91309 0,06909 0,0670 0,59901 

2 0,8347 -0,39059 1,16795 -0,83276 

3 -0,43682 -0,17872 -0,47409 -1,04601 

4 0,12311 0,42413 0,16630 1,16128 

 

 

 

 

 

ɆɢɐɛŬ 6.8: ȺˊɘűɎɜŮɘŬ Ŭˊɧəɟɘůɖɠ Űɞɡ ˊɞůɞůŰɞɨ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ 

Űɤɜ  ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜɤɜ ŬˊɞɓɚɐŰɤɜ ůŮ ůɡɜɎɟŰɖůɖ ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ 

əŬŰŬɚɨŰɖ əŬɘ Űɖɠ Ŭɟɢɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ (CTPh).  
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ɆɢɐɛŬ 6.9: ȺˊɘűɎɜŮɘŬ Ŭˊɧəɟɘůɖɠ Űɞɡ ˊɞůɞůŰɞɨ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ 

Űɤɜ  ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜɤɜ ŬˊɞɓɚɐŰɤɜ ůŮ ůɡɜɎɟŰɖůɖ Űɖɠ ɏɜŰŬůɖɠ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ 

əŬɘ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ əŬŰŬɚɨŰɖ. 

 

 

 
ɆɢɐɛŬ 6.10: ȺˊɘűɎɜŮɘŬ Ŭˊɧəɟɘůɖɠ Űɞɡ ˊɞůɞůŰɞɨ ŭɘɎůˊŬůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ 

ŮɜɩůŮɤɜ Űɤɜ ŰɟɘŰɞɓɎɗɛɘŬ ŮˊŮɝŮɟɔŬůɛɏɜɤɜ ŬˊɞɓɚɐŰɤɜ ůŮ ůɡɜɎɟŰɖůɖ  Űɖɠ  ɏɜŰŬůɖɠ Űɖɠ 

ŬəŰɘɜɞɓɞɚɑŬɠ əŬɘ Űɖɠ Ŭɟɢɘəɐɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɞɚɘəɩɜ űŬɘɜɞɚɘəɩɜ ŮɜɩůŮɤɜ (CTPh).  

 






































































































































































































































































































































