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ʉʇʀʉʆʂ ʉʆʂʈɸʑɽʅʀʁ 

HAADF-STEM - ʚr ʩʦʢʦʫʛʣʦʚʘʷ ʪʝʤʥʦʧʦʣʴʥʘʷ ʩʢʘʥʠʨʫʶʱʘʷ 

ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ɸʆʇ ï ʘʥʦʜʥʘʷ ʦʢʩʠʜʥʘʷ ʧʣʝʥʢʘ 

ɻʄʌ ï 5-ʛʠʜʨʦʢʩʠʤʝʪʠʣʬʫʨʬʫʨʦʣ 

ɼʕʉ ï ʜʚʦʡʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʣʦʡ 

ʀʊ ï ʠʤʧʫʣʴʩʥʳʡ ʪʦʢ 

ʂʈʉ ï ʢʦʤʙʠʥʘʮʠʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ 

ʃʀɸ ï ʣʠʪʠʡ-ʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ 

ʄʆ ï ʤʝʪʠʣʦʚʳʡ ʦʨʘʥʞʝʚʳʡ 

ʄʉ ï ʤʝʪʠʣʝʥʦʚʳʡ ʩʠʥʠʡ 

ʥ.ʚ. .ɻ ï ʥʦʨʤʘʣʴʥʳʡ ʚʦʜʦʨʦʜʥʳʡ ʵʣʝʢʪʨʦʜ 

ʇɸɺ ï ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʝ ʚʝʱʝʩʪʚʘ 

ʇʀʊ ï ʧʝʨʝʤʝʥʥʳʡ ʠʤʧʫʣʴʩʥʳʡ ʪʦʢ 

ʇʄʊʕ ï ʧʨʷʤʦʡ ʤʝʪʘʥʦʣʴʥʳʡ ʪʦʧʣʠʚʥʳʡ ʵʣʝʤʝʥʪ 

ʇʅɿ ï ʧʦʪʝʥʮʠʘʣ ʥʫʣʝʚʦʛʦ ʟʘʨʷʜʘ 

ʇʈʎ -  ʧʦʪʝʥʮʠʘʣ ʨʘʟʦʤʢʥʫʪʦʡ ʮʝʧʠ 

ʇʕʄ ï ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʇʕʄɺʈ ï ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠ ̫ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ   

ʈɹ ï ʨʦʜʘʤʠʥ ɹ 

ʈʌɸ ï ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 
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ʉɼʆ ï ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ 

ʉʂ - ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʳ 

ʉʂʈ ï ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʉʄ ï ʩʪʝʧʝʥʴ ʤʠʥʝʨʘʣʠʟʘʮʠʠ 

ʉʕʄ ï ʩʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʊʅɿ ï ʪʦʯʢʘ ʥʫʣʝʚʦʛʦ ʟʘʨʷʜʘ 

ʋʌ-ɺʀɼ ï ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʘʷ-ʚʠʜʠʤʘʷ 

ʌʃ ï ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ 

 ʌʍ ï ʬʪʦʨʭʠʥʦʣʦʥʳ  

ʎɺɸ ï ʮʠʢʣʠʯʝʩʢʘʷ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʷ 

ʎʌ  - ʮʠʧʨʦʬʣʦʢʩʘʮʠʥ 

ʕɼ ï ʵʣʝʢʪʨʦʥʥʘʷ ʜʠʬʨʘʢʮʠʷ  

ʕʇʈ ï ʵʣʝʢʪʨʦʥʥʳʡ ʧʘʨʘʤʘʛʥʠʪʥʳʡ ʨʝʟʦʥʘʥʩ 
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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʂʦʥʮʝʧʮʠʷ ʫʩʪʦʡʯʠʚʦʛʦ ʨʘʟʚʠʪʠʷ ʯʝʣʦʚʝʯʝʩʪʚʘ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ 

ʜʦʩʪʠʞʝʥʠʝ ʨʷʜʘ ʮʝʣʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʦʙʝʩʧʝʯʝʥʠʝ ʥʘʣʠʯʠʷ ʠ ʨʘʮʠʦʥʘʣʴʥʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʦʜʥʳʭ ʨʝʩʫʨʩʦʚ ʠ ʦʙʝʩʧʝʯʝʥʠʝ ʚʩʝʦʙʱʝʛʦ ʜʦʩʪʫʧʘ ʢ 

ʥʝʜʦʨʦʛʠʤ, ʥʘʜʝʞʥʳʤ, ʫʩʪʦʡʯʠʚʳʤ ʠ ʩʦʚʨʝʤʝʥʥʳʤ ʠʩʪʦʯʥʠʢʘʤ ʵʥʝʨʛʠʠ, 

ʢʦʪʦʨʦʝ ʚʦ ʤʥʦʛʦʤ ʙʫʜʝʪ ʦʙʫʩʣʦʚʣʝʥʦ ʫʩʧʝʭʘʤʠ ʚ ʦʙʣʘʩʪʠ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ.  

ʇʨʦʙʣʝʤʘ ʦʯʠʩʪʢʠ ʚʦʜʳ ʦʪ ʪʦʢʩʠʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ 

ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʙʦʣʝʝ ʘʢʪʫʘʣʴʥʦʡ. ɺ ʧʨʦʤʳʰʣʝʥʥʳʭ ʠ ʢʦʤʤʫʥʘʣʴʥʳʭ ʩʪʦʢʘʭ 

ʨʘʩʪʝʪ ʩʦʜʝʨʞʘʥʠʝ ʘʥʪʠʙʠʦʪʠʢʦʚ, ʢʨʘʩʠʪʝʣʝʡ ʠ ʜʨʫʛʠʭ ʪʨʫʜʥʦʦʢʠʩʣʷʝʤʳʭ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʩ ʧʦʣʥʳʤ ʫʜʘʣʝʥʠʝʤ ʢʦʪʦʨʳʭ ʪʨʘʜʠʮʠʦʥʥʳʝ 

ʤʝʪʦʜʳ ʚʦʜʦʧʦʜʛʦʪʦʚʢʠ ʫʞʝ ʥʝ ʩʧʨʘʚʣʷʶʪʩʷ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʠ ʵʢʦʣʦʛʠʯʝʩʢʠ ʯʠʩʪʳʭ ʤʝʪʦʜʦʚ ʦʯʠʩʪʢʠ ʚʦʜʳ ʷʚʣʷʝʪʩʷ  

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʝ ʨʘʟʣʦʞʝʥʠʝ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʩʚʝʪʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʨʠʤʝʥʝʥʠʝ 

ʬʦʪʦʢʘʪʘʣʠʟʘ ʜʣʷ ʩʠʥʪʝʟʘ ʮʝʥʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩʝʛʦʜʥʷ ʪʘʢʞʝ 

ʦʯʝʥʴ ʘʢʪʫʘʣʴʥʦ.  

ʈʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʡ ʚʦʟʦʙʥʦʚʣʷʝʤʦʡ ʠ ʚʦʜʦʨʦʜʥʦʡ ʵʥʝʨʛʝʪʠʢʠ, 

ʰʠʨʦʢʦʝ ʚʥʝʜʨʝʥʠʝ ʚ ʥʘʰʫ ʞʠʟʥʴ ʨʘʟʣʠʯʥʳʭ ʥʦʩʠʤʳʭ ʵʣʝʢʪʨʦʥʥʳʭ 

ʫʩʪʨʦʡʩʪʚ ʠ ʛʘʜʞʝʪʦʚ ʦʙʫʩʣʘʚʣʠʚʘʶʪ ʨʦʩʪ ʧʦʪʨʝʙʥʦʩʪʠ ʚ ʤʦʙʠʣʴʥʳʭ 

ʫʩʪʨʦʡʩʪʚʘʭ ʥʘʢʦʧʣʝʥʠʷ ʠ ʛʝʥʝʨʘʮʠʠ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. ʅʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʤʠ, ʣʝʛʢʦ ʤʘʩʰʪʘʙʠʨʫʝʤʳʤʠ ʠ ʪʝʭʥʦʣʦʛʠʯʥʳʤʠ ʷʚʣʷʶʪʩʷ 

ʫʩʪʨʦʡʩʪʚʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʵʥʝʨʛʝʪʠʢʠ (ʘʢʢʫʤʫʣʷʪʦʨʳ, ʪʦʧʣʠʚʥʳʝ 

ʵʣʝʤʝʥʪʳ ʠ ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʳ), ʵʣʝʢʪʨʦʘʢʪʠʚʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ,  ʚ ʪʦʤ ʯʠʩʣʝ, ʨʘʟʣʠʯʥʳʝ ʦʢʩʠʜʥʳʝ ʩʪʨʫʢʪʫʨʳ. 

ʌʦʪʦ- ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʭ 

ʩʦʩʪʘʚʦʤ, ʜʠʩʧʝʨʩʥʦʩʪʴʶ, ʩʪʨʫʢʪʫʨʦʡ, ʢʦʪʦʨʳʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʟʘʚʠʩʷʪ ʦʪ 

ʩʧʦʩʦʙʘ ʧʦʣʫʯʝʥʠʷ. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ ʢ ʩʠʥʪʝʟʫ ʪʘʢʠʭ 
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ʤʘʪʝʨʠʘʣʦʚ, ʢʦʛʜʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʘʥʦʜʠʩʧʝʨʩʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʦʢʩʠʜʥʳʭ ʩʪʨʫʢʪʫʨ ʠʥʜʫʮʠʨʦʚʘʥʦ ʧʨʦʭʦʞʜʝʥʠʝʤ ʯʝʨʝʟ ʤʝʞʬʘʟʥʫʶ ʛʨʘʥʠʮʫ 

ʧʦʩʪʦʷʥʥʦʛʦ ʠʣʠ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʠ ʥʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʪʦʢʩʠʯʥʳʭ ʨʝʜʦʢʩ ʩʠʩʪʝʤ ʠ ʨʘʩʪʚʦʨʠʪʝʣʝʡ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʥʘʠʙʦʣʝʝ ʵʢʦʣʦʛʠʯʝʩʢʠ ʙʝʟʦʧʘʩʥʳʝ. ʋʩʪʘʥʦʚʣʝʥʠʝ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʟʘʯʘʩʪʫʶ ʤʥʦʛʦʩʪʘʜʠʡʥʳʭ ʧʨʦʮʝʩʩʦʚ ʦʙʨʘʟʦʚʘʥʠʷ ʥʦʚʳʭ 

ʦʢʩʠʜʥʳʭ ʬʘʟ ʚ ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ 

ʥʘʫʯʥʦʡ ʟʘʜʘʯʝʡ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʦʡ ʙʫʜʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʨʘʩʰʠʨʝʥʠʶ 

ʩʧʦʩʦʙʦʚ ʫʧʨʘʚʣʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʤʘʪʝʨʠʘʣʦʚ ʥʘ 

ʩʪʘʜʠʠ ʠʭ ʩʠʥʪʝʟʘ.  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʧʨʠʦʨʠʪʝʪʥʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ ʨʘʟʚʠʪʠʷ ʥʘʫʢʠ, ʪʝʭʥʦʣʦʛʠʡ ʠ ʪʝʭʥʠʢʠ ʈʌ 

çʕʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʴ, ʵʥʝʨʛʦʩʙʝʨʝʞʝʥʠʝ, ʷʜʝʨʥʘʷ ʵʥʝʨʛʝʪʠʢʘè, ʧʣʘʥʫ 

ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʨʘʙʦʪ ʌɻɹʆʋ ɺʆ çʖʈɻʇʋ(ʅʇʀ) ʠʤʝʥʠ ʄ.ʀ. 

ʇʣʘʪʦʚʘè, ʠ ʙʳʣʠ ʧʦʜʜʝʨʞʘʥʳ ʛʨʘʥʪʘʤʠ ɻʝʨʤʘʥʩʢʦʡ ʩʣʫʞʙʳ ʘʢʘʜʝʤʠʯʝʩʢʠʭ 

ʦʙʤʝʥʦʚ (DAAD) ʠ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ (ʧʨʦʛʨʘʤʤʘ çʄʠʭʘʠʣ ʃʦʤʦʥʦʩʦʚè 

ʧʨʦʝʢʪ ˉ 4.12810.2018/12.2, ɻʝʨʤʘʥʠʷ, ʊʋ ʛ. ɼʨʝʟʜʝʥ, 2018), ʈʅʌ (ʧʨʦʝʢʪʳ 

ˉ 14-23-00078, ˉ 16-13-10444), ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ ʚ ʨʘʤʢʘʭ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ (ʧʨʦʝʢʪ ˉ 2019-0990), ʘ ʪʘʢʞʝ ʌʦʥʜʦʤ ʩʦʜʝʡʩʪʚʠʷ 

ʨʘʟʚʠʪʠʶ ʤʘʣʳʭ ʬʦʨʤ ʧʨʝʜʧʨʠʷʪʠʡ ʚ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʩʬʝʨʝ (çʋʄʅʀʂè 

2018-2020,  çʉʊɸʈʊè 2020-2021). 

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʇʝʨʝʤʝʥʥʳʡ ʪʦʢ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʵʣʝʢʪʨʦʭʠʤʠʠ ʜʣʷ ʠʟʫʯʝʥʠʷ 

ʤʝʭʘʥʠʟʤʦʚ ʵʣʝʢʪʨʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠʤʧʝʜʘʥʩʘ; ʚ ʛʘʣʴʚʘʥʦʪʝʭʥʠʢʝ ʜʣʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ 

ʧʦʜʛʦʪʦʚʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʫʣʫʯʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʧʦʢʨʳʪʠʡ; ʜʣʷ 

ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʟʘʨʷʜʘ ʘʢʢʫʤʫʣʷʪʦʨʦʚ,  ʨʘʩʪʚʦʨʝʥʠʷ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ. ɺ 

ʨʘʙʦʪʘʭ ʂʫʜʨʷʚʮʝʚʘ ʖ.ɼ., ʂʠʣʠʤʥʠʢʘ ɸ.ɹ., ʂʦʨʦʙʦʯʢʠʥʘ ɺ.ɺ. ʠ ʜʨ. 

ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ ʧʦʣʫʯʝʥʠʷ ʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʚ ʫʩʣʦʚʠʷʭ 
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ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ ʧʨʠ ʧʦʣʷʨʠʟʘʮʠʠ ʩʠʥʫʩʦʠʜʘʣʴʥʳʤ ʧʝʨʝʤʝʥʥʳʤ 

ʪʦʢʦʤ. ʕʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪ ʵʥʝʨʛʦʟʘʪʨʘʪʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʦʮʝʩʩʦʤ 

ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ, ʥʦ ʪʨʝʙʫʝʪ ʧʨʠʤʝʥʝʥʠʷ ʚʳʩʦʢʠʭ (40-50%) ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʵʣʝʢʪʨʦʣʠʪʦʚ, ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʵʣʝʢʪʨʦʣʠʟʸʨʝ ʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʛʠʜʨʘʪʠʨʦʚʘʥʥʳʭ ʘʤʦʨʬʥʳʭ ʦʢʩʠʜʦʚ ʩ ʰʠʨʦʢʠʤ ʨʘʟʤʝʨʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ, ʪʨʝʙʫʶʱʠʭ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʧʦʩʪʦʙʨʘʙʦʪʢʠ. ɺ 

ʖʈɻʇʋ(ʅʇʀ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʨʝʞʠʤʦʚ ʵʣʝʢʪʨʦʣʠʟʘ 

ʧʦʣʫʯʝʥʳ ʵʣʝʢʪʨʦʘʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʫʩʪʨʦʡʩʪʚ ʥʘʢʦʧʣʝʥʠʷ ʠ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ. ɺ ʨʷʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʙʰʠʨʥʳʝ ʩʚʝʜʝʥʠʷ ʦ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ 

ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ, ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ, ʦʧʪʠʯʝʩʢʠʤʠ ʠ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʥʘʥʦʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʠʭ ʚ ʬʦʪʦʢʘʪʘʣʠʟʝ ʠ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ 

ʵʥʝʨʛʝʪʠʢʝ, ʯʪʦ ʙʳʣʦ ʫʯʪʝʥʦ ʠ ʠʩʧʦʣʴʟʦʚʘʥʦ ʚ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ 

ʨʘʙʦʪʝ. 

ʎʝʣʴ ʨʘʙʦʪʳ. ʋʩʪʘʥʦʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ 

ʩʠʥʪʝʟʘ ʬʦʪʦ- ʠ ʵʣʝʢʪʨʦʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ, 

ʮʠʥʢʘ ʠ ʤʝʜʠ ʚ ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ. 

ɿʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ: 

1. ʀʩʩʣʝʜʦʚʘʪʴ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʝʪʘʣʣʦʚ (ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠ 

ʤʝʜʠ) ʚ ʵʣʝʢʪʨʦʣʠʪʘʭ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʚ ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʵʣʝʢʪʨʦʣʠʟʘ (ʠʤʧʫʣʴʩʥʳʡ ʠ ʧʝʨʝʤʝʥʥʳʡ ʠʤʧʫʣʴʩʥʳʡ ʪʦʢ) ʠ ʫʩʪʘʥʦʚʠʪʴ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʩʢʦʨʦʩʪʴ ʠ ʤʝʭʘʥʠʟʤ ʧʨʦʮʝʩʩʘ ʩʠʥʪʝʟʘ 

ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ; 

2. ʇʦʣʫʯʠʪʴ ʬʦʪʦ- ʠ ʵʣʝʢʪʨʦʘʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ 

ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠ ʤʝʜʠ ʚ ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ; ʠʩʩʣʝʜʦʚʘʪʴ 

ʠʭ ʩʦʩʪʘʚ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʢʦʤʧʣʝʢʩʘ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ; 
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3. ʀʩʩʣʝʜʦʚʘʪʴ ʧʦʣʫʯʝʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʚ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ 

ʦʢʠʩʣʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʫʩʪʘʥʦʚʠʪʴ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ 

ʩʠʥʪʝʟʘ ʥʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ; 

4. ʀʟʫʯʠʪʴ ʧʝʨʩʧʝʢʪʠʚʳ ʧʨʠʤʝʥʝʥʠʷ ʦʢʩʠʜʦʚ ʤʝʜʠ ʚ ʢʘʯʝʩʪʚʝ 

ʵʣʝʢʪʨʦʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʵʥʝʨʛʝʪʠʢʠ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ 

- ʋʩʪʘʥʦʚʣʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ, 

ʮʠʥʢʘ ʠ ʤʝʜʠ ʚ ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ (ʠʤʧʫʣʴʩʥʳʡ ʠ 

ʧʝʨʝʤʝʥʥʳʡ ʠʤʧʫʣʴʩʥʳʡ ʪʦʢ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʘʨʘʢʪʝʨʘ ʪʦʢʘ, 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʧʨʠʨʦʜʳ ʵʣʝʢʪʨʦʣʠʪʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʢʦʨʦʩʪʴ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʢʠʩʣʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʤʝʪʘʣʣʦʚ ʨʘʩʪʝʪ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʠ ʠ ʘʩʠʤʤʝʪʨʠʠ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ 

ʪʦʢʘ ʠ ʤʘʢʩʠʤʘʣʴʥʘ ʚ ʥʝʡʪʨʘʣʴʥʳʭ ʫʤʝʨʝʥʥʦ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʭ 

ʭʣʦʨʠʜʩʦʜʝʨʞʘʱʠʭ ʵʣʝʢʪʨʦʣʠʪʘʭ, ʘ ʪʘʢʞʝ ʧʨʝʜʣʦʞʝʥʳ ʤʝʭʘʥʠʟʤʳ 

ʦʙʨʘʟʦʚʘʥʠʷ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʦʚ Ti, Zn, Cu ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʚ ʥʝʡʪʨʘʣʴʥʳʭ ʭʣʦʨʠʜʩʦʜʝʨʞʘʱʠʭ 

ʵʣʝʢʪʨʦʣʠʪʘʭ. 

- ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ 

ʬʦʨʤʠʨʫʶʪʩʷ ʥʝʛʠʜʨʘʪʠʨʦʚʘʥʥʳʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ (ʮʠʥʢ, ʤʝʜʴ) ʠʣʠ 

ʥʠʟʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ (ʪʠʪʘʥ) ʦʢʩʠʜʳ, ʩʦʩʪʘʚ ʠ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ, 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʯʘʩʪʠʮ ʢʦʪʦʨʳʭ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʠʨʦʜʦʡ ʵʣʝʢʪʨʦʣʠʪʘ, ʧʣʦʪʥʦʩʪʴʶ ʠ ʘʩʠʤʤʝʪʨʠʝʡ ʪʦʢʘ. 

- ɼʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ (ʚʘʢʘʥʩʠʡ ʚ ʢʘʪʠʦʥʥʦʡ ʠ ʘʥʠʦʥʥʦʡ 

ʧʦʜʨʝʰʝʪʢʘʭ) ʚ ʩʪʨʫʢʪʫʨʝ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ (TiO2 ʠ ZnO). 

- ʀʩʩʣʝʜʦʚʘʥʘ ʢʠʥʝʪʠʢʘ, ʤʝʭʘʥʠʟʤ ʠ ʦʧʨʝʜʝʣʝʥʳ ʦʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ 

ʧʨʦʮʝʩʩʘ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʪʨʫʜʥʦʦʢʠʩʣʷʝʤʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʚ 

ʯʘʩʪʥʦʩʪʠ ʢʨʘʩʠʪʝʣʝʡ ʥʘ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʘʭ ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠ ʤʝʜʠ ʠ 
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ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʥʘ ʦʢʩʠʜʝ ʮʠʥʢʘ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʵʣʝʢʪʨʦʣʠʟʘ. 

- ɺʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥ ʧʨʦʮʝʩʩ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʦʢʠʩʣʝʥʠʷ              

5-ʛʠʜʨʦʢʩʠʤʝʪʠʣʬʫʨʬʫʨʦʣʘ ʜʦ 2,5-ʜʠʬʦʨʤʠʣʬʫʨʘʥʘ ʥʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʤ ʚ 

ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ TiO2, ʫʩʪʘʥʦʚʣʝʥʘ ʝʛʦ ʧʦʚʳʰʝʥʥʘʷ 

ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʤʤʝʨʯʝʩʢʠʤ ʘʥʘʣʦʛʦʤ, ʜʦʢʘʟʘʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʝʟ ʩʥʠʞʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ 

ʘʢʪʠʚʥʦʩʪʠ.   

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

ʈʘʟʚʠʪʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʤʝʭʘʥʠʟʤʘʭ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠ ʤʝʜʠ ʚ ʥʝʡʪʨʘʣʴʥʳʭ 

ʭʣʦʨʠʜʩʦʜʝʨʞʘʱʠʭ ʵʣʝʢʪʨʦʣʠʪʘʭ ʚ ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ 

(ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ).   

ʅʘ ʧʨʠʤʝʨʝ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠ ʤʝʜʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ ʭʠʤʠʯʝʩʢʠʡ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ, ʤʦʨʬʦʣʦʛʠʷ 

(ʨʘʟʤʝʨ, ʬʦʨʤʘ, ʩʪʝʧʝʥʴ ʘʥʠʟʦʪʨʦʧʠʠ) ʠ ʜʝʬʝʢʪʥʦʩʪʴ ʦʙʨʘʟʫʶʱʠʭʩʷ ʯʘʩʪʠʮ 

ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʦʤ (ʧʣʦʪʥʦʩʪʴʶ ʠ ʘʩʠʤʤʝʪʨʠʝʡ) 

ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʠ ʩʦʩʪʘʚʦʤ ʵʣʝʢʪʨʦʣʠʪʘ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʠ ʫʧʨʘʚʣʷʝʤʦʛʦ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ 

ʩʠʥʪʝʟʘ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ʉʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ (ZnO ʠ Cu2O) ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ ʟʘʧʘʪʝʥʪʦʚʘʥʳ.  

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʵʣʝʢʪʨʦʣʠʟʘ ZnO ʜʣʷ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʦʯʠʩʪʢʠ ʚʦʜʳ ʦʪ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʧʦʜʪʚʝʨʞʜʝʥʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʩʧʳʪʘʥʠʡ ʤʘʪʝʨʠʘʣʘ ʥʘ ʆʆʆ 

çʕʢʦʬʝʩè (ʛ. ʅʦʚʦʯʝʨʢʘʩʩʢ).  

ʆʙʦʩʥʦʚʘʥʳ ʧʝʨʩʧʝʢʪʠʚʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʤʝʜʠ ʚ 

ʫʩʪʨʦʡʩʪʚʘʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʵʥʝʨʛʝʪʠʢʠ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ 
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ʵʣʝʢʪʨʦʜʦʚ ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʦʚ ʠ ʘʥʦʜʦʚ ʤʝʪʘʥʦʣʴʥʳʭ ʪʦʧʣʠʚʥʳʭ 

ʵʣʝʤʝʥʪʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʚʥʝʜʨʝʥʳ ʚ ʫʯʝʙʥʳʡ ʧʨʦʮʝʩʩ ʖʈɻʇʋ (ʅʇʀ) ʜʣʷ 

ʧʦʜʛʦʪʦʚʢʠ ʙʘʢʘʣʘʚʨʦʚ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ 18.03.01 ï ʍʠʤʠʯʝʩʢʘʷ ʪʝʭʥʦʣʦʛʠʷ, 

ʫʯʝʙʥʳʝ ʜʠʩʮʠʧʣʠʥʳ çʊʝʭʥʦʣʦʛʠʷ ʢʘʪʘʣʠʟʘʪʦʨʦʚè ʠ çʌʠʟʠʯʝʩʢʘʷ ʭʠʤʠʷè. 

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʄʝʪʦʜʦʣʦʛʠʷ ʧʨʦʚʝʜʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ 

ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʦʙʟʦʨʘ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚʳʷʚʣʝʥʠʠ ʬʘʢʪʦʨʦʚ, 

ʦʧʨʝʜʝʣʷʶʱʠʭ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʦʡ ʬʦʪʦ- ʠ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʴʶ. ɼʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʚʦʡʩʪʚ 

ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʦʚʘʥ ʢʦʤʧʣʝʢʩ 

ʩʦʚʨʝʤʝʥʥʳʭ ʧʨʝʮʠʟʠʦʥʥʳʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʚʳʷʚʠʪʴ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʦʩʦʙʝʥʥʦʩʪʠ 

ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʦʚ. 

ʅʘ ʟʘʱʠʪʫ ʚʳʥʦʩʷʪʩʷ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ: 

1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠ ʤʝʜʠ ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ (ʠʤʧʫʣʴʩʥʳʡ ʠ ʧʝʨʝʤʝʥʥʳʡ ʠʤʧʫʣʴʩʥʳʡ ʪʦʢ) ʚ 

ʨʘʟʣʠʯʥʳʭ ʵʣʝʢʪʨʦʣʠʪʘʭ.  

2. ʄʝʭʘʥʠʟʤʳ ʦʙʨʘʟʦʚʘʥʠʷ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠ 

ʤʝʜʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʚ ʭʣʦʨʠʜʩʦʜʝʨʞʘʱʠʭ 

ʵʣʝʢʪʨʦʣʠʪʘʭ. 

3. ʂʦʨʨʝʣʷʮʠʠ çʧʘʨʘʤʝʪʨʳ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ ï 

ʩʦʩʪʘʚ/ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ  ï  ʬʦʪʦ/ʵʣʝʢʪʨʦʘʢʪʠʚʥʦʩʪʴè ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ 

ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ, ʮʠʥʢʘ, ʤʝʜʠ. 

4. ʈʝʞʠʤʳ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ (ʧʘʨʘʤʝʪʨʳ ʧʝʨʝʤʝʥʥʦʛʦ 

ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʠ ʩʦʩʪʘʚʳ ʵʣʝʢʪʨʦʣʠʪʦʚ) ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ 

ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʬʦʪʦʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʠ 

ʮʠʥʢʘ ʜʣʷ ʧʨʦʮʝʩʩʦʚ ʬʦʪʦʦʢʠʩʣʝʥʠʷ ʪʨʫʜʥʦʦʢʠʩʣʷʝʤʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ 
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ʚʝʱʝʩʪʚ (ʢʨʘʩʠʪʝʣʝʡ ʠ ʘʥʪʠʙʠʦʪʠʢʦʚ), ʠ ʦʢʩʠʜʦʚ ʤʝʜʠ ʜʣʷ ʫʩʪʨʦʡʩʪʚ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʵʥʝʨʛʝʪʠʢʠ (ʤʝʪʘʥʦʣʴʥʳʝ ʪʦʧʣʠʚʥʳʝ ʵʣʝʤʝʥʪʳ ʠ 

ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʳ). 

5. ʂʠʥʝʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʧʨʦʮʝʩʩʦʚ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʪʨʫʜʥʦʦʢʠʩʣʷʝʤʳʭ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ (ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʠ/ʠʣʠ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʢʨʘʩʠʪʝʣʝʡ) ʥʘ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʘʭ ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠ ʤʝʜʠ, ʘ ʪʘʢʞʝ 

ʩʝʣʝʢʪʠʚʥʦʛʦ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʦʢʠʩʣʝʥʠʷ 5-ʛʠʜʨʦʢʩʠʤʝʪʠʣʬʫʨʬʫʨʦʣʘ ʜʦ 

2,5-ʜʠʬʦʨʤʠʣʬʫʨʘʥʘ ʥʘ ʜʠʦʢʩʠʜʝ ʪʠʪʘʥʘ,  ʧʦʣʫʯʝʥʥʳʭ ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʩʦʠʩʢʘʪʝʣʷ 

ʉʦʠʩʢʘʪʝʣʝʤ ʧʨʦʚʝʜʝʥʘ ʩʠʩʪʝʤʘʪʠʟʘʮʠʷ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦ 

ʪʝʤʘʪʠʢʝ ʠʩʩʣʝʜʦʚʘʥʠʡ; ʚʳʧʦʣʥʝʥʘ ʦʩʥʦʚʥʘʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ 

ʨʘʙʦʪʳ ʧʦ ʩʠʥʪʝʟʫ, ʯʘʩʪʠʯʥʦ ʧʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʠʶ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʬʦʪʦ- ʠ ʵʣʝʢʪʨʦʘʢʪʠʚʥʦʩʪʠ ʠ ʧʨʦʚʝʜʝʥʘ ʦʙʨʘʙʦʪʢʘ ʠ 

ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʘ ʪʘʢʞʝ ʧʦʜʛʦʪʦʚʣʝʥʳ ʦʩʥʦʚʥʳʝ 

ʧʫʙʣʠʢʘʮʠʠ ʧʦ ʪʝʤʝ ʨʘʙʦʪʳ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ  ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 7 ʥʘʫʯʥʳʭ 

ʢʦʥʬʝʨʝʥʮʠʷʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ 43
th
 International conference çIon transport in 

organic and inorganic membranesè (Krasnodar, 2017), 2nd international 

conference of young scientists on çTopical problems of modern 

electrochemistry and electrochemical materials scienceè (ʄʦʩʢʦʚʩʢʘʷ ʦʙʣʘʩʪʴ, 

2017), 5
th
 International School-Conference on Catalysis for Young Scientists 

Catalyst Design (Moscow, 2018),  XXXV ɺʩʝʨʦʩʩʠʡʩʢʦʤ ʩʠʤʧʦʟʠʫʤʝ ʤʦʣʦʜʳʭ 

ʫʯʝʥʳʭ ʧʦ ʭʠʤʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʝ (ʄʦʩʢʚʘ,  2018).  

ʇʫʙʣʠʢʘʮʠʠ. ʆʩʥʦʚʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʦʪʨʘʞʝʥʦ ʚ 16 ʧʝʯʘʪʥʳʭ ʨʘʙʦʪʘʭ ʦʙʱʠʤ ʦʙʲʝʤʦʤ 6,32 ʧ.ʣ. (ʚʢʣʘʜ ʩʦʠʩʢʘʪʝʣʷ 

4,566 ʧ.ʣ.), ʚ ʪʦʤ ʯʠʩʣʝ ʚ 5 ʨʘʙʦʪʘʭ, ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ 

ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ, ʚʭʦʜʷʱʠʭ ʚ ʥʘʫʢʦʤʝʪʨʠʯʝʩʢʠʝ ʙʘʟʳ ʜʘʥʥʳʭ Scopus ʠ 
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Web of Science; 2 ʧʘʪʝʥʪʘʭ ʥʘ ʠʟʦʙʨʝʪʝʥʠʝ ʈʌ; 3 ʨʘʙʦʪʘʭ ʚ ʧʝʨʠʦʜʠʯʝʩʢʠʭ 

ʥʘʫʯʥʳʭ ʠʟʜʘʥʠʷʭ; 6 ʨʘʙʦʪʘʭ ʚ ʤʘʪʝʨʠʘʣʘʭ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʚʩʝʨʦʩʩʠʡʩʢʠʭ 

ʢʦʥʬʝʨʝʥʮʠʡ. 

  



15 
 

1  ɸʅɸʃʀʊʀʏɽʉʂʀʁ ʆɹɿʆʈ 

1.1  ʉʦʚʨʝʤʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʦʙʣʝʤʳ ʦʯʠʩʪʢʠ ʚʦʜʳ 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚ ʩʚʷʟʠ ʩ ʙʫʨʥʳʤ ʨʘʟʚʠʪʠʝʤ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, 

ʨʦʩʪʦʤ ʥʘʩʝʣʝʥʠʷ ʠ ʢʦʣʦʩʩʘʣʴʥʳʤ ʨʘʩʭʦʜʦʚʘʥʠʝʤ ʚʦʜʥʳʭ ʨʝʩʫʨʩʦʚ, ʧʝʨʝʜ 

ʯʝʣʦʚʝʯʝʩʪʚʦʤ ʚʩʝ ʦʩʪʨʝʝ ʚʩʪʘʝʪ ʵʢʦʣʦʛʠʯʝʩʢʘʷ ʧʨʦʙʣʝʤʘ ʟʘʛʨʷʟʥʝʥʠʷ ʚʦʜʳ 

ʭʠʤʠʯʝʩʢʠʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ. ʊʘʢʠʝ ʭʠʤʠʯʝʩʢʠʝ 

ʩʦʝʜʠʥʝʥʠʷ ʧʦʧʘʜʘʶʪ ʚ ʚʦʜʫ ʚʤʝʩʪʝ ʩ ʛʦʨʦʜʩʢʠʤʠ ʠ ʧʨʦʤʳʰʣʝʥʥʳʤʠ 

ʩʪʦʢʘʤʠ, ʘ ʪʘʢʞʝ ʦʪʭʦʜʘʤʠ ʩʝʣʴʩʢʦʛʦ ʭʦʟʷʡʩʪʚʘ [1].  

ɺʘʞʥʦʩʪʴ ʫʜʘʣʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʟʘʛʨʷʟʥʝʥʠʡ ʠʟ ʩʪʦʯʥʳʭ ʚʦʜ 

ʚʦʟʥʠʢʘʝʪ ʚ ʩʚʷʟʠ ʩ ʠʭ ʚʳʩʦʢʦʡ ʪʦʢʩʠʯʥʦʩʪʴʶ ʠ ʩʧʦʩʦʙʥʦʩʪʴʶ ʥʘʢʘʧʣʠʚʘʪʴʩʷ 

ʚ ʚʦʜʥʳʭ ʦʨʛʘʥʠʟʤʘʭ ʠ ʜʘʣʴʰʝ ʜʚʠʛʘʪʴʩʷ ʧʦ ʧʠʱʝʚʦʡ ʮʝʧʠ. ʊʦʣʴʢʦ ʧʦ 

ʦʬʠʮʠʘʣʴʥʦʡ ʩʪʘʪʠʩʪʠʢʝ, 39% ʩʪʦʯʥʳʭ ʚʦʜ, ʩʙʨʦʰʝʥʥʳʭ ʚ ʚʦʜʥʳʝ ʦʙʲʝʢʪʳ 

ʈʦʩʩʠʠ, ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʨʝʙʦʚʘʥʠʷʤ ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʥʦʨʤʘʪʠʚʦʚ 

ʩʦʜʝʨʞʘʥʠʷ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ [2]. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʘʩʪʚʦʨʝʥʥʳʝ ʚ ʚʦʜʝ ʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ, ʢʦʪʦʨʳʝ 

ʪʨʫʜʥʦ ʫʜʘʣʷʶʪʩʷ ʤʝʪʦʜʘʤʠ ʪʨʘʜʠʮʠʦʥʥʦʡ ʦʯʠʩʪʢʠ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʦʩʦʙʫʶ 

ʦʧʘʩʥʦʩʪʴ ʜʣʷ ʙʠʦʩʬʝʨʳ. ʂ ʥʘʠʙʦʣʝʝ ʪʦʢʩʠʯʥʳʤ ʦʨʛʘʥʠʯʝʩʢʠʤ ʩʦʝʜʠʥʝʥʠʷʤ 

ʦʪʥʦʩʷʪ ʧʝʩʪʠʮʠʜʳ, ʩʪʝʨʦʠʜʥʳʝ ʛʦʨʤʦʥʳ, ʣʝʢʘʨʩʪʚʝʥʥʳʝ ʧʨʝʧʘʨʘʪʳ ʠ 

ʢʨʘʩʠʪʝʣʠ, ʢʦʪʦʨʳʝ ʦʢʘʟʳʚʘʶʪ ʥʝʛʘʪʠʚʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʠ 

ʟʜʦʨʦʚʴʝ ʯʝʣʦʚʝʢʘ.  

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʘʛʨʷʟʥʝʥʠʝ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʩʠʥʪʝʪʠʯʝʩʢʠʤʠ 

ʢʨʘʩʠʪʝʣʷʤʠ ʯʘʩʪʦ ʥʝʜʦʦʮʝʥʠʚʘʝʪʩʷ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʙʦʣʝʝ 100000 ʨʘʟʣʠʯʥʳʭ 

ʪʠʧʦʚ ʢʦʤʤʝʨʯʝʩʢʠʭ ʢʨʘʩʠʪʝʣʝʡ ʤʘʩʩʦʡ ʙʦʣʝʝ 1000000 ʪʦʥʥ ʝʞʝʛʦʜʥʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʪʝʢʩʪʠʣʴʥʦʡ, ʮʝʣʣʶʣʦʟʥʦ-ʙʫʤʘʞʥʦʡ, ʢʦʞʝʚʝʥʥʦʡ ʠ 

ʧʦʣʠʛʨʘʬʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʅʝʢʦʪʦʨʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʘʭʦʜʠʪ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʬʘʨʤʘʮʝʚʪʠʯʝʩʢʦʡ, ʢʦʩʤʝʪʠʯʝʩʢʦʡ ʠ ʧʠʱʝʚʦʡ ʦʪʨʘʩʣʷʭ.  ʆʪ 5 

ʜʦ 50 % ʦʪ ʦʙʱʝʛʦ ʦʙʲʝʤʘ ʢʨʘʩʠʪʝʣʝʡ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʦʮʝʩʩʘʭ 

ʢʨʘʰʝʥʠʷ, ʩʙʨʘʩʳʚʘʶʪʩʷ ʚ ʩʪʦʯʥʳʝ ʚʦʜʳ [3]. ʇʨʠ ʵʪʦʤ ʪʘʢʠʝ ʩʪʦʢʠ ʦʙʣʘʜʘʶʪ 
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ʪʦʢʩʠʯʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʘ ʪʘʢʞʝ ʤʦʛʫʪ ʦʢʘʟʳʚʘʪʴ ʢʘʥʮʝʨʦʛʝʥʥʡr, 

ʤʫʪʘʛʝʥʥʳʡ, ʘʣʣʝʨʛʝʥʥʳʡ ʠ ʜʝʨʤʘʪʦʣʦʛʠʯʝʩʢʠʡ ʵʬʬʝʢʪ [3].  

ʉʠʥʪʝʪʠʯʝʩʢʠʝ ʦʨʛʘʥʠʯʝʩʢʠʝ ʢʨʘʩʠʪʝʣʠ ʦʙʨʘʟʫʶʪ ʙʦʣʴʰʫʶ ʛʨʫʧʧʫ 

ʩʦʝʜʠʥʝʥʠʡ, ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʧʦ ʩʚʦʠʤ ʭʠʤʠʯʝʩʢʠʤ ʠ ʬʠʟʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ, 

ʪʘʢʠʤ ʢʘʢ ʩʪʨʫʢʪʫʨʘ ʭʨʦʤʦʛʝʥʘ, ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʠ ʩʪʘʙʠʣʴʥʦʩʪʴ. ʇʦ ʩʪʨʫʢʪʫʨʝ 

ʭʨʦʤʦʛʝʥʘ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʢʨʘʩʠʪʝʣʠ ʜʝʣʷʪʩʷ ʥʘ ʘʢʨʠʜʠʥʦʚʳʝ, 

ʘʥʪʨʠʭʠʥʦʥʦʚʳʝ, ʘʟʦ-, ʘʟʠʥ-, ʜʠ-(ʪʨʠ-)ʬʝʥʠʣʤʝʪʘʥʦʚʳʝ, ʠʥʜʠʛʦʠʜʥʳʝ, 

ʥʠʪʨʦ - , ʥʠʪʨʦʟʦ-, ʦʢʩʘʟʠʥʦʚʳʝ, ʪʠʘʟʠʥʦʚʳʝ, ʤʝʪʠʥʦʚʳʝ, ʬʪʘʣʦʮʠʘʥʠʥʦʚʳʝ ʠ 

ʢʩʘʥʪʝʥʦʚʳʝ ʢʨʘʩʠʪʝʣʠ [3]. ʉʦʦʙʱʘʝʪʩʷ, ʯʪʦ ʵʪʠ ʢʨʘʩʠʪʝʣʠ ʙʳʣʠ 

ʜʝʪʝʢʪʠʨʦʚʘʥʳ ʚ ʩʪʦʯʥʳʭ ʚʦʜʘʭ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ. ʊʘʢ ʤʝʪʠʣʝʥʦʚʳʡ 

ʩʠʥʠʡ, ʦʪʥʦʩʷʱʠʡʩʷ ʢ ʛʨʫʧʧʝ ʪʠʘʟʠʥʦʚʳʭ ʢʨʘʩʠʪʝʣʝʡ, ʚ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʦʪ 

360 ʜʦ 1530 ʤʢʛ/ʣ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʚ ʩʪʦʢʘʭ ʙʫʤʘʞʥʳʭ, ʪʝʢʩʪʠʣʴʥʳʭ ʠ 

ʧʦʣʠʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʠʟʚʦʜʩʪʚ, ʘ ʨʦʜʘʤʠʥ ɹ (ʢʩʘʥʪʝʥʦʚʳʡ ʢʨʘʩʠʪʝʣʴ) ʚ 

ʢʦʥʮʝʥʪʨʘʮʠʷʭ 0,037 ï 0,062 ʤʢʛ/ʣ ʠ 0,0015 ʤʢʛ/ʣ ʚ ʩʪʦʢʘʭ ʦʯʠʩʪʥʳʭ 

ʩʦʦʨʫʞʝʥʠʡ ʠ ʨʝʢʘʭ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂ ʪʦʤʫ ʞʝ, ʨʷʜ ʢʨʘʩʠʪʝʣʝʡ ʥʘʭʦʜʷʪ ʚ 

ʠʣʦʚʳʭ ʦʪʣʦʞʝʥʠʷʭ, ʘ ʪʘʢʞʝ ʚ ʧʦʯʚʝ ʦʢʦʣʦ ʚʦʜʦʝʤʦʚ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʭ 

ʦʩʘʞʜʝʥʠʷ [3]. 

ʂ ʜʨʫʛʦʡ ʛʨʫʧʧʝ  ʦʧʘʩʥʳʭ ʟʘʛʨʷʟʥʝʥʠʡ ʦʪʥʦʩʷʪ ʬʘʨʤʘʮʝʚʪʠʯʝʩʢʠʝ 

ʧʨʝʧʘʨʘʪʳ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʚʘʞʥʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʶʪ ʘʥʪʠʙʠʦʪʠʢʠ, 

ʧʨʦʠʟʚʦʜʩʪʚʦ ʠ ʧʨʠʤʝʥʝʥʠʝ ʢʦʪʦʨʳʭ ʩʦʧʨʷʞʝʥʦ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʦʪʭʦʜʦʚ, ʠʭ ʩʦʜʝʨʞʘʱʠʭ. ʀʟ-ʟʘ ʩʚʦʝʡ ʚʳʩʦʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʩʣʦʞʥʦʩʪʠ 

ʫʜʘʣʝʥʠʷ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʙʠʦʣʦʛʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ, ʘʥʪʠʙʠʦʪʠʢʠ  ʯʘʩʪʦ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʝ [4], ʚʢʣʶʯʘʷ ʨʝʢʠ [5] ʠ ʧʦʯʚʫ, ʘ ʪʘʢʞʝ ʚ 

ʧʦʜʟʝʤʥʳʭ [6], ʧʦʚʝʨʭʥʦʩʪʥʳʭ [7] ʠ ʧʠʪʴʝʚʳʭ [8] ʚʦʜʥʳʭ ʠʩʪʦʯʥʠʢʘʭ.  ʉʨʝʜʠ 

ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʘʥʪʠʙʠʦʪʠʢʦʚ ʟʥʘʯʠʪʝʣʴʥʫʶ ʥʠʰʫ ʟʘʥʠʤʘʶʪ 

ʬʪʦʨʭʠʥʦʣʦʥʳ (ʌʍ), ʥʘ ʠʭ ʜʦʣʶ ʧʨʠʭʦʜʠʪʩʷ ʦʢʦʣʦ 17% ʦʙʱʝʛʦ ʨʳʥʢʘ 

ʧʨʦʜʘʞ ʘʥʪʠʙʠʦʪʠʢʦʚ [9]. ɻʣʘʚʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ  ʌʍ ʷʚʣʷʶʪʩʷ ʛʦʩʧʠʪʘʣʠ, 

ʙʦʣʴʥʠʮʳ, ʬʝʨʤʳ, ʧʨʝʜʧʨʠʷʪʠʷ ʬʘʨʤʘʮʝʚʪʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 

ʇʨʠʩʫʪʩʪʚʠʝ ʌʍ ʙʳʣʦ ʟʘʬʠʢʩʠʨʦʚʘʥʦ  ʚ ʩʪʦʢʘʭ ʦʯʠʩʪʥʳʭ ʩʦʦʨʫʞʝʥʠʡ, ʨʝʢʘʭ, 
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ʧʦʚʝʨʭʥʦʩʪʥʳʭ (49 ʤʢʛ/ʣ) ʠ ʛʨʫʥʪʦʚʳʭ ʚʦʜʘʭ (770 ʥʛ/ʣ). ʇʦ ʥʝʢʦʪʦʨʳʤ 

ʜʘʥʥʳʤ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʌʍ ʚ ʩʪʦʯʥʳʭ ʚʦʜʘʭ ʬʘʨʤʘʮʝʚʪʠʯʝʩʢʠʭ ʧʨʝʜʧʨʠʷʪʠʡ 

ʤʦʞʝʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 6 ʥʛ/ʣ ʜʦ 31 ʤʛ/ʣ [10]. ʎʠʧʨʦʬʣʦʢʩʘʮʠʥ 

(ʎʌ), ʚʭʦʜʷʱʠʡ ʚ ʛʨʫʧʧʫ ʌʍ, ʷʚʣʷʝʪʩʷ ʘʥʪʠʙʠʦʪʠʢʦʤ ʚʪʦʨʦʛʦ ʧʦʢʦʣʝʥʠʷ ʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʤʝʜʠʮʠʥʝ ʜʣʷ ʣʝʯʝʥʠʷ ʤʥʦʛʠʭ ʠʥʬʝʢʮʠʡ, ʪʘʢ ʢʘʢ ʦʙʣʘʜʘʝʪ 

ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʜʝʡʩʪʚʠʷ. ʆʜʥʘʢʦ ʙʦʣʝʝ 75 % ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʠʟ 

ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʦʨʛʘʥʠʟʤʘ ʧʦʧʘʜʘʝʪ ʚ ʚʦʜʫ ʚ ʥʝʤʝʪʘʙʦʣʠʟʠʨʫʝʤʦʤ ʚʠʜʝ [11]. 

ʉʦʦʙʱʘʝʪʩʷ, ʯʪʦ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥ ʩʢʣʦʥʝʥ ʥʘʢʘʧʣʠʚʘʪʴʩʷ ʚ ʞʠʚʳʭ 

ʦʨʛʘʥʠʟʤʘʭ ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʣʠʷʪʴ ʥʘ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʵʢʦʩʠʩʪʝʤʳ. ɽʛʦ 

ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʪʘʢʞʝ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʘʥʪʠʙʠʦʪʠʢʦʨʝʟʠʩʪʝʥʪʥʦʩʪʠ 

ʥʝʢʦʪʦʨʳʭ ʰʪʘʤʤʦʚ ʙʘʢʪʝʨʠʡ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʨʠʩʢ ʜʣʷ ʟʜʦʨʦʚʴʷ ʯʝʣʦʚʝʢʘ.  

ɺ ʩʚʷʟʠ ʩ ʦʛʨʘʥʠʯʝʥʥʦʩʪʴʶ ʧʨʠʨʦʜʥʳʭ ʚʦʜʥʳʭ ʨʝʩʫʨʩʦʚ ʠ 

ʫʞʝʩʪʦʯʝʥʠʝʤ ʪʨʝʙʦʚʘʥʠʡ ʚ ʩʬʝʨʝ ʟʘʱʠʪʳ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʫʯʝʥʳʭ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʦʯʠʩʪʢʫ ʟʘʛʨʷʟʥʝʥʥʦʡ ʚʦʜʳ ʦʪ ʪʦʢʩʠʯʥʳʭ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʩʧʦʣʴʟʫʶʪ ʨʷʜ ʪʨʘʜʠʮʠʦʥʥʳʭ 

ʤʝʪʦʜʦʚ - ʬʠʟʠʯʝʩʢʠʭ, ʭʠʤʠʯʝʩʢʠʭ ʠ ʙʠʦʣʦʛʠʯʝʩʢʠʭ.  

ʇʝʨʚʠʯʥʘʷ ʦʯʠʩʪʢʘ ʩʪʦʯʥʳʭ ʚʦʜ ʩʣʫʞʠʪ ʜʣʷ ʫʜʘʣʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʠ 

ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʪʚʝʨʜʳʭ ʩʦʝʜʠʥʝʥʠʡ ʧʫʪʝʤ ʠʟʤʝʣʴʯʝʥʠʷ, ʦʩʘʞʜʝʥʠʷ ʠ 

ʢʦʘʛʫʣʷʮʠʠ/ʬʣʦʢʫʣʷʮʠʠ. ɹʠʦʣʦʛʠʯʝʩʢʘʷ ʦʯʠʩʪʢʘ,  ʦʙʳʯʥʦ ʷʚʣʷʶʱʘʷʩʷ 

ʚʪʦʨʦʡ ʩʪʘʜʠʝʡ ʦʯʠʩʪʢʠ, ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʫʜʘʣʝʥʠʝ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʚ ʘʵʨʦʙʥʳʭ ʠʣʠ ʘʥʘʵʨʦʙʥʳʭ ʫʩʣʦʚʠʷʭ ʤʠʢʨʦʦʨʛʘʥʠʟʤʘʤʠ. 

ʈʘʟʣʦʞʝʥʠʝ ʦʨʛʘʥʠʢʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʠ ʧʨʦʪʝʢʘʥʠʠ ʙʠʦʣʦʛʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ, ʪʘʢʠʭ ʢʘʢ ʙʠʦʣʦʛʠʯʝʩʢʦʝ ʦʢʠʩʣʝʥʠʝ ʠ ʙʠʦʩʠʥʪʝʟ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʙʠʦʣʦʛʠʯʝʩʢʦʛʦ ʦʢʠʩʣʝʥʠʷ, ʢʦʥʝʯʥʳʝ ʧʨʦʜʫʢʪʳ (ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ), 

ʩʫʩʧʝʥʜʠʨʦʚʘʥʥʳʝ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ, ʩʙʨʘʩʳʚʘʶʪʩʷ ʚ ʩʦʩʪʘʚʝ ʩʪʦʯʥʳʭ ʚʦʜ.  

ʇʨʦʪʝʢʘʥʠʝ ʙʠʦʩʠʥʪʝʟʘ ʚʝʜʝʪ ʢ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʨʘʩʪʚʦʨʝʥʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʚ ʪʚʝʨʜʫʶ ʙʠʦʤʘʩʩʫ (ʘʢʪʠʚʥʳʡ ʠʣ), ʢʦʪʦʨʘʷ ʫʜʘʣʷʝʪʩʷ 

ʦʩʘʞʜʝʥʠʝʤ.  ʆʜʥʘʢʦ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʙʠʦʣʦʛʠʯʝʩʢʠʡ ʤʝʪʦʜ ʠʤʝʝʪ ʨʷʜ 

ʥʝʜʦʩʪʘʪʢʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʢ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʦʯʠʩʪʢʝ ʤʥʦʛʠʭ 
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ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʘ ʪʘʢʞʝ ʠʭ ʘʜʩʦʨʙʮʠʝʡ ʥʘ ʘʢʪʠʚʥʦʤ ʠʣʝ ʚ 

ʠʩʭʦʜʥʦʤ ʚʠʜʝ. ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʘʢʪʠʚʥʦʛʦ ʠʣʘ ʪʨʫʜʥʦ ʧʦʜʜʘʝʪʩʷ 

ʧʦʩʣʝʜʫʶʱʝʡ ʧʝʨʝʨʘʙʦʪʢʝ. ʇʦʵʪʦʤʫ, ʚ ʦʩʥʦʚʥʦʤ, ʚʩʝ ʪʨʘʜʠʮʠʦʥʥʳʝ 

ʧʨʦʮʝʩʩʳ ʥʦʩʷʪ ʥʝʜʝʩʪʨʫʢʪʠʚʥʳʡ ʭʘʨʘʢʪʝʨ, ʯʪʦ ʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ ʦʙʨʘʟʦʚʘʥʠʝ 

ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʦ ʰʣʘʤʘ. ʇʨʠ ʵʪʦʤ ʩʢʦʨʦʩʪʠ ʫʜʘʣʝʥʠʷ ʟʘʛʨʷʟʥʝʥʠʡ 

ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʦʣʴʰʠʭ ʨʝʟʝʨʚʫʘʨʦʚ [12]. ʂ ʪʦʤʫ ʞʝ, 

ʧʨʠʤʝʥʝʥʠʝ ʪʦʣʴʢʦ ʤʝʪʦʜʦʚ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʦʯʠʩʪʢʠ ʥʝʜʦʩʪʘʪʦʯʥʦ.  

ɺ ʢʘʯʝʩʪʚʝ ʪʨʝʪʠʯʥʦʡ ʦʯʠʩʪʢʠ ʚʦʜʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʨʘʟʣʠʯʥʳʝ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, ʪʘʢʠʝ ʢʘʢ ʘʜʩʦʨʙʮʠʷ, ʠʦʥʥʳʡ ʦʙʤʝʥ, ʦʙʨʘʪʥʳʡ ʦʩʤʦʩ ʠ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʳʝ ʦʢʠʩʣʠʪʝʣʴʥʳʝ ʪʝʭʥʦʣʦʛʠʠ, ʨʘʟʨʘʙʦʪʢʘ ʢʦʪʦʨʳʭ 

ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʫʜʘʣʝʥʠʝ ʩʪʦʡʢʠʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʠ ʪʦʢʩʠʯʥʳʭ ʟʘʛʨʷʟʥʝʥʠʡ. 

ʋʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʳʝ ʦʢʠʩʣʠʪʝʣʴʥʳʝ ʧʨʦʮʝʩʩʳ ʦʪʥʦʩʷʪ ʢ ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʘʤ ʜʝʛʨʘʜʘʮʠʠ ʪʨʫʜʥʦ ʨʘʟʣʘʛʘʝʤʳʭ ʟʘʛʨʷʟʥʝʥʠʡ, ʪʘʢʠʭ 

ʢʘʢ ʘʨʦʤʘʪʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ, ʧʝʩʪʠʮʠʜʳ, ʘʥʪʠʙʠʦʪʠʢʠ ʠ ʩʠʥʪʝʪʠʯʝʩʢʠʝ 

ʢʨʘʩʠʪʝʣʠ. ʊʘʢʠʝ ʧʨʦʮʝʩʩʳ ʨʘʟʜʝʣʷʶʪ ʥʘ  ʧʨʦʮʝʩʩʳ ʩ ʫʯʘʩʪʠʝʤ (ʬʦʪʦʣʠʟ, 

ʬʦʪʦʢʘʪʘʣʠʟ) ʠ ʙʝʟ ʫʯʘʩʪʠʷ (ʦʟʦʥʠʨʦʚʘʥʠʝ, ʧʨʦʮʝʩʩ ʌʝʥʪʦʥʘ, ʩʦʥʦʣʠʟ, 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ) ʠʟʣʫʯʝʥʠʷ. ʀʭ ʤʝʭʘʥʠʟʤ ʦʩʥʦʚʘʥ ʥʘ 

ʛʝʥʝʨʠʨʦʚʘʥʠʠ ʚʳʩʦʢʦʨʝʘʢʪʠʚʥʳʭ ʦʢʠʩʣʠʪʝʣʝʡ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, 

ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ, ʢʦʪʦʨʳʝ ʧʨʠʥʠʤʘʶʪ ʫʯʘʩʪʠʝ ʚ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʨʝʘʢʮʠʷʭ, ʘ ʪʘʢʞʝ ʧʨʦʮʝʩʩʘʭ ʜʝʛʠʜʨʠʨʦʚʘʥʠʷ ʠʣʠ 

ʛʠʜʨʦʢʩʠʣʠʨʦʚʘʥʠʷ [13]. ɺ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʷʭ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ, ʪʘʢʠʝ ʢʘʢ ʘʥʦʜʥʦʝ ʦʢʠʩʣʝʥʠʝ ʠʥʪʝʨʤʝʜʠʘʪʘʤʠ 

ʚʳʜʝʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ, ʘʥʦʜʥʦʝ ʥʝʧʨʷʤʦʝ ʦʢʠʩʣʝʥʠʝ ʘʢʪʠʚʥʳʤʠ 

ʦʢʠʩʣʠʪʝʣʷʤʠ, ʛʝʥʝʨʠʨʫʶʱʠʤʠʩʷ ʥʘ ʘʥʦʜʝ, ʠ ʢʘʪʦʜʥʳʝ ʧʨʦʮʝʩʩʳ. ʆʜʥʘʢʦ, 

ʥʝʩʤʦʪʨʷ ʥʘ ʚʩʝ ʩʚʦʠ ʜʦʩʪʦʠʥʩʪʚʘ, ʥʝʜʦʩʪʘʪʢʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ 

ʩʚʷʟʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʦʨʦʛʠʭ ʘʥʦʜʦʚ ʩ ʚʳʩʦʢʠʤʠ ʧʝʨʝʥʘʧʨʷʞʝʥʠʷʤʠ 

ʚʳʜʝʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʠ ʚʳʩʦʢʠʤʠ ʟʘʪʨʘʪʘʤʠ ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ [14].    
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ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʩʪʨʝʤʣʝʥʠʝ ʢ ʨʘʟʨʘʙʦʪʢʝ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʭ 

ʤʝʪʦʜʦʚ ʦʯʠʩʪʢʠ ʚʦʜʳ ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʨʘʟʚʠʪʠʶ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʢʘʢ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʵʥʝʨʛʦʩʙʝʨʝʛʘʶʱʝʛʦ ʤʝʪʦʜʘ. ɼʘʥʥʳʡ ʤʝʪʦʜ, 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ ʠ ʢʠʩʣʦʨʦʜʘ ʚʦʟʜʫʭʘ, ʥʝ 

ʪʨʝʙʫʝʪ ʦʩʦʙʳʭ ʫʩʣʦʚʠʡ ʧʨʦʪʝʢʘʥʠʷ ʧʨʦʮʝʩʩʘ (ʧʦʚʳʰʝʥʥʳʭ ʜʘʚʣʝʥʠʡ ʠ 

ʪʝʤʧʝʨʘʪʫʨ) ʠ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʦʯʠʩʪʢʫ ʚʦʜʳ ʦʪ ʪʨʫʜʥʦʨʘʟʣʘʛʘʝʤʳʭ 

ʪʦʢʩʠʯʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʟʘʛʨʷʟʥʝʥʠʡ ʜʘʞʝ ʚ ʥʘʥʦ- ʠ ʤʠʢʨʦʢʦʣʠʯʝʩʪʚʘʭ [15]. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʬʦʪʦʢʘʪʘʣʠʟʘ ʠʩʩʣʝʜʫʝʪʩʷ ʫʞʝ ʜʝʩʷʪʢʠ ʣʝʪ, 

ʠʥʪʝʨʝʩ ʢ ʥʝʤʫ ʥʝ ʫʪʠʭʘʝʪ ʠ ʢʦʣʠʯʝʩʪʚʦ ʧʫʙʣʠʢʘʮʠʡ, ʧʦʩʚʷʱʝʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʧʝʨʩʧʝʢʪʠʚ ʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʦʤʳʱʣʝʥʥʦʩʪʠ ʩ ʢʘʞʜʳʤ 

ʛʦʜʦʤ ʪʦʣʴʢʦ ʨʘʩʪʝʪ (ʨʠʩʫʥʦʢ 1.1 ). ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʘʫʯʥʳʭ ʨʘʙʦʪ 

ʧʦʩʚʷʱʝʥʦ ʧʨʦʙʣʝʤʘʤ ʫʜʘʣʝʥʠʷ ʠʟ ʚʦʜʳ ʦʨʛʘʥʠʯʝʩʢʠʭ ʢʨʘʩʠʪʝʣʝʡ: 

ʤʝʪʠʣʦʚʦʛʦ ʦʨʘʥʞʝʚʦʛʦ (ʄʆ) [16], ʤʝʪʠʣʝʥʦʚʦʛʦ ʩʠʥʝʛʦ (ʄʉ) [17, 18], 

ʨʦʜʘʤʠʥʘ ɹ (ʈɹ) [19, 20] ʠ ʘʥʪʠʙʠʦʪʠʢʦʚ [21, 22]. ʇʨʠ ʵʪʦʤ ʨʘʙʦʪʳ, 

ʧʦʩʚʷʱʝʥʥʳʝ ʬʦʪʦ- ʠ/ʠʣʠ ʵʣʝʢʪʨʦʘʢʪʠʚʥʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ Ti, Zn, Cu ʩʦʩʪʘʚʣʷʶʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʜʦʣʶ 

ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ.  

 

ʈʠʩʫʥʦʢ 1.1 ï ʂʦʣʠʯʝʩʪʚʦ ʧʫʙʣʠʢʘʮʠʡ ʧʦ ʛʦʜʘʤ, ʧʦʩʚʷʱʝʥʥʳʭ 

ʤʘʪʝʨʠʘʣʘʤ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ Ti, Zn, Cu ʜʣʷ ʬʦʪʦ- ʠ ʵʣʝʢʪʨʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ 

ʧʨʠʣʦʞʝʥʠʡ, ʚ ʙʘʟʝ ʜʘʥʥʳʭ Scopus 
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1.2 ʄʝʭʘʥʠʟʤ ʠ ʧʨʦʮʝʩʩʳ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ 

ʬʦʪʦʢʘʪʘʣʠʟʘ 

ʆʩʥʦʚʥʫʶ ʨʦʣʴ ʚ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʷʭ ʠʛʨʘʝʪ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʬʦʪʦʢʘʪʘʣʠʟ, ʪʘʢ ʢʘʢ ʠʩʧʦʣʴʟʫʝʤʳʝ ʤʘʪʝʨʠʘʣʳ - 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʳ, ʦʙʣʘʜʘʶʱʠʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, 

ʥʝʪʦʢʩʠʯʥ,r ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʝʰʝʚ,r ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ ʧʣʦʱʘʜʴʶ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʘʙʩʦʨʙʮʠʠ ʩʚʝʪʘ ʦʪ ʋʌ ʜʦ ʚʠʜʠʤʦʡ 

ʦʙʣʘʩʪʠ [12]. ʌʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʦʩʥʦʚʘʥʳ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 

ʤʦʣʝʢʫʣ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʚʝʱʝʩʪʚʘ ʩ ʤʦʱʥʳʤʠ ʦʢʠʩʣʠʪʝʣʴʥʳʤʠ ʠʣʠ 

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʤʠ ʯʘʩʪʠʮʘʤʠ, ʛʝʥʝʨʠʨʫʶʱʠʤʠʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʋʌ ʠʣʠ ʚʠʜʠʤʦʛʦ ʩʚʝʪʘ. 

ɺ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʢʠʩʣʦʨʦʜʘ (ʚʦʟʜʫʭʘ) ʧʨʦʠʩʭʦʜʠʪ ʦʢʠʩʣʝʥʠʝ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʠ ʚ ʢʦʥʝʯʥʦʤ ʩʯʝʪʝ ʠʭ ʧʦʣʥʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ ʜʦ ʜʠʦʢʩʠʜʘ 

ʫʛʣʝʨʦʜʘ (CO2), ʚʦʜʳ (H2O) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʠʦʥʦʚ. 

ʉʭʝʤʘʪʠʯʝʩʢʠ ʧʨʦʮʝʩʩ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʦʢʠʩʣʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ 1.2. ʌʦʪʦʨʝʘʢʮʠʷ ʥʘʯʠʥʘʝʪ ʧʨʦʪʝʢʘʪʴ, ʢʦʛʜʘ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʘʷ ʯʘʩʪʠʮʘ ʘʙʩʦʨʙʠʨʫʝʪ ʬʦʪʦʥʳ ʩ ʵʥʝʨʛʠʝʡ, ʧʨʝʚʳʰʘʶʱʝʡ 

ʵʥʝʨʛʠʶ ʝʝ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ. ʇʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʩʢʦʢ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ ʚ ʟʦʥʫ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʚʘʢʘʥʩʠʠ (çʜʳʨʢʠè) ʚ ʚʘʣʝʥʪʥʦʡ ʟʦʥʝ. ɺ 

ʜʘʣʴʥʝʡʰʝʤ ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʝ ʵʣʝʢʪʨʦʥʳ ʠ çʜʳʨʢʠè ʤʦʛʫʪ 

ʨʝʢʦʤʙʠʥʠʨʦʚʘʪʴ ʩ ʠʟʣʫʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʚ ʚʠʜʝ ʪʝʧʣʘ ʣʠʙʦ ʚʩʪʫʧʠʪʴ ʚ 

ʨʝʘʢʮʠʶ ʩ ʜʦʥʦʨʘʤʠ ʠʣʠ ʘʢʮʝʧʪʦʨʘʤʠ ʵʣʝʢʪʨʦʥʦʚ, ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʠʣʠ ʥʘʭʦʜʷʱʠʤʠʩʷ ʚ ʜʚʦʡʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ 

ʩʣʦʝ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʫʩʣʦʚʠʠ ʥʘʣʠʯʠʷ ʚ ʩʠʩʪʝʤʝ 

ʯʘʩʪʠʮ ʜʣʷ ʟʘʭʚʘʪʘ ʵʣʝʢʪʨʦʥʘ ʠʣʠ ʜʳʨʢʠ, ʚʦʟʤʦʞʥʦ ʧʨʝʜʦʪʚʨʘʱʝʥʠʝ 

ʧʨʦʮʝʩʩʘ ʨʝʢʦʤʙʠʥʘʮʠʠ. ʇʨʠ ʵʪʦʤ, ʜʳʨʢʠ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ ʷʚʣʷʶʪʩʷ 

ʤʦʱʥʳʤʠ ʦʢʠʩʣʠʪʝʣʷʤʠ (ʦʪ +1,0 ʜʦ +3,5 ɺ (ʥ.ʚ.ʵ.) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ 
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ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʠ ʟʥʘʯʝʥʠʷ pH), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʵʣʝʢʪʨʦʥʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʚ 

ʢʘʯʝʩʪʚʝ ʭʦʨʦʰʠʭ ʚʦʩʩʪʘʥʦʚʠʪʝʣʝʡ (ʦʪ +0,5 ʜʦ -1,5 ɺ (ʥ.ʚ.ʵ.)). ɺ ʣʠʪʝʨʘʪʫʨʝ 

[23] ʠʟʚʝʩʪʥʳ ʧʨʠʤʝʨʳ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʫʪʝʤ ʠʭ 

ʧʨʷʤʦʛʦ ʠʣʠ ʥʝʧʨʷʤʦʛʦ ʦʢʠʩʣʝʥʠʷ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʜʳʨʦʢ h
+ 
, ʪʘʢ ʢʘʢ ʦʥʠ 

ʦʙʣʘʜʘʶʪ ʯʨʝʟʚʳʯʘʡʥʦ ʚʳʩʦʢʠʤ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʦʢʠʩʣʠʪʝʣʴʥʳʤ 

ʧʦʪʝʥʮʠʘʣʦʤ ʠ ʤʦʛʫʪ ʦʢʠʩʣʷʪʴ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʧʨʦʜʫʢʪʳ. ʀʭ ʚʠʨʪʫʘʣʴʥʳʡ 

ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʟʘʨʷʜ ʭʠʤʠʯʝʩʢʠ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʦʚʝʨʭʥʦʩʪʥʳʤʠ ʠʣʠ 

ʦʙʲʝʤʥʳʤʠ ʘʥʠʦʥʘʤʠ ʚ ʨʝʰʝʪʢʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʦʢʩʠʜʘ O
-
. ʕʪʠ 

ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʝ ʚʘʢʘʥʩʠʠ ʪʘʢʞʝ ʦʪʚʝʯʘʶʪ ʟʘ ʦʙʨʘʟʦʚʘʥʠʝ 

ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ OHĿ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ 

ʚʦʜʳ ʠʣʠ ʛʠʜʨʦʢʩʠʜ-ʠʦʥʦʚ [24]. 

 

  

ʈʠʩʫʥʦʢ 1.2 ï ʆʙʱʠʡ ʤʝʭʘʥʠʟʤ ʬʦʪʦʢʘʪʘʣʠʟʘ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʦʙʱʝʤ ʚʠʜʝ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ ʚʢʣʶʯʘʝʪ ʚ 

ʩʝʙʷ 4 ʛʣʘʚʥʳʝ ʩʪʘʜʠʠ [25]: (ʘ) ʦʙʨʘʟʦʚʘʥʠʝ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ (1.1), (ʙ) ʟʘʭʚʘʪ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ (1.2 ï 1.9), (ʚ) ʨʝʢʦʤʙʠʥʘʮʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ (1.10) ʠ (ʛ) 

ʨʘʟʣʦʞʝʥʠʝ ʦʨʛʘʥʠʯʝʩʢʦʛʦ  ʚʝʱʝʩʪʚʘ (1.11). 

ʉʪʘʜʠʷ ʘ:              ὓὕ ὟὠO ὓὕὼὩ Ὤ ρȢρ   

ʉʪʘʜʠʷ ʙ:             Ὤ ὌὕᴼὕὌϽὌ  ρȢς 
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Ὤ ὕὌᴼὕὌϽρȢσ 

ὕ Ὡ ᴼὕϽ ρȢτ 

ὕϽ Ὄ ᴼὌὕϽρȢυ 

ςὌὕϽᴼὌὕ ὕ ρȢφ 

Ὄὕ ὕϽ ᴼὕὌ ὕὌϽὕ ρȢχ 

Ὄὕ Ὡ ᴼὕὌ ὕὌϽρȢψ 

Ὄὕ ὬὺO ςὕὌϽρȢω 

ʉʪʘʜʠʷ ʚ:   ʈʝʢʦʤʙʠʥʘʮʠʷ ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʟʘʨʷʜʦʚ ʢʘʢ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʪʘʢ ʠ ʚ ʦʙʲʝʤʝ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ: 

Ὡ Ὤ ᴼὓὕ ̓̆̐̌̏ ρȢρπ 

ʉʪʘʜʠʷ ʛ:   

ὕὌϽ̉ ̌ ̉ὕϽ ̉̌ ̉ὌὕϽ ̉̌ ̉Ὤ ̘̏̑̄́̎̉̆̒̋̏̆ ̒̏̆̅̉̎̆̎̉̆

ᴼὅὕ Ὄὕ ̘̎̆̏̑̄́̎̉̆̒̋̉̆ ̉̏̎ ̜ρȢρρ 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʚ 

ʮʝʣʦʤ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʬʘʢʪʦʨʦʚ. ʇʨʠ ʵʪʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʭ ʚʣʠʷʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʣʦʞʥʫʶ ʠ ʢʦʤʧʣʝʢʩʥʫʶ 

ʟʘʜʘʯʫ. J.-M. Herrmann [26] ʦʧʠʩʳʚʘʝʪ ʚʣʠʷʥʠʝ ʧʷʪʠ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ: ʤʘʩʩʳ ʢʘʪʘʣʠʟʘʪʦʨʘ, 

ʜʣʠʥʳ ʚʦʣʥʳ, ʥʘʯʘʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʝʘʛʝʥʪʘ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʧʦʪʦʢʘ 

ʠʟʣʫʯʝʥʠʷ. ʉʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʤʘʩʩʝ m ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʜʦ 

ʜʦʩʪʠʞʝʥʠʷ ʝ ʁʧʣʘʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʥʦʡ ʘʙʩʦʨʙʮʠʠ ʩʚʝʪʘ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ. ʃʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʧʣʘʪʦ ʥʘʙʣʶʜʘʝʪʩʷ 

ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʠʟʘʡʥʘ ʬʦʪʦʨʝʘʢʪʦʨʘ ʠ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ (ʨʠʩʫʥʦʢ 1.3a), ʠ ʝʝ ʦʧʨʝʜʝʣʝʥʠʝ ʚ ʢʘʞʜʦʤ ʦʪʜʝʣʴʥʦʤ ʩʣʫʯʘʝ 

ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʡ ʤʘʩʩʳ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʤʘʢʩʠʤʘʣʴʥʦʡ ʘʙʩʦʨʙʮʠʠ ʬʦʪʦʥʦʚ, ʜʦʩʪʠʛʘʶʱʠʭ ʝʛʦ ʩʣʦʷ. 

ɺ ʨʘʙʦʪʝ [16] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʨʝʘʢʮʠʠ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʢʨʘʩʠʪʝʣʷ ʄʆ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʥʘʥʦʧʨʦʚʦʣʦʢ ZnO ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʟʘʛʨʫʟʢʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 

ʜʦ ʦʧʪʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 0,8 ʛ/ʣ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʨʘʩʪʝʪ, ʘ ʟʘʪʝʤ ʧʘʜʘʝʪ.  
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ʂʨʠʚʘʷ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʦʙʣʫʯʝʥʠʷ 

ʠʜʝʥʪʠʯʥʘ ʢʨʠʚʦʡ ʘʙʩʦʨʙʮʠʠ ʩʚʝʪʘ ʪʚʝʨʜʳʤ ʪʝʣʦʤ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ 

ʦʧʨʝʜʝʣʠʪʴ ʰʠʨʠʥʫ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ Eg (ʨʠʩʫʥʦʢ 1.3ʙ).  

ɺ ʢʘʯʝʩʪʚʝ ʢʠʥʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʛʝʪʝʨʦʛʝʥʥʦʛʦ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ, ʚ ʣʠʪʝʨʘʪʫʨʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʭʘʥʠʟʤ 

ʃʥɻʛʤʶʨʘ-ʍʠʥʰʝʣʴʚʫʜʘ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʩʪʝʧʝʥʠ ʟʘʧʦʣʥʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ — (ʨʠʩʫʥʦʢ 1.3ʚ): 

ὶ Ὧ—
Ὧὑὅ

ρ ὑὅ
ρȢρςȟ 

ʛʜʝ r ï ʩʢʦʨʦʩʪʴ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ, kr ïʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ 

ʨʝʘʢʮʠʠ, Ke ï ʨʘʚʥʦʚʝʩʥʘʷ ʢʦʥʩʪʘʥʪʘ ʘʜʩʦʨʙʮʠʠ ʤʦʣʝʢʫʣ ʦʨʛʘʥʠʯʝʩʢʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʘʣʠʟʘʪʦʨʘ, C ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʦʨʛʘʥʠʯʝʩʢʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ ʚ ʨʘʩʪʚʦʨʝ. 

ʇʨʠ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ (<10
-3
 ʄ) ὑὅḺ

ρ, ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʨʝʘʢʮʠʶ ʦʪʥʦʩʷʪ ʢ ʨʝʘʢʮʠʷʤ ʧʩʝʚʜʦʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ, 

ʪʦʛʜʘ 

ὶ Ὧὑὅ ρȢρσ. 

ʇʨʦʠʟʚʝʜʝʥʠʝ Ὧὑ  ʧʨʠʥʠʤʘʶʪ ʟʘ ʢʘʞʫʱʫʶʩʷ (ʥʘʙʣʶʜʘʝʤʫʶ) 

ʢʦʥʩʪʘʥʪʫ ʩʢʦʨʦʩʪʠ (kʢʘʞ), ʪʦʛʜʘ 

ὶ Ὧ̋ ́ὅ̇ ρȢρτȢ 

ɹʦʣʴʰʠʥʩʪʚʦ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʜʣʷ ʦʧʠʩʘʥʠʷ ʢʠʥʝʪʠʯʝʩʢʠʭ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʚ ʠʩʧʦʣʴʟʫʝʪ ʫʧʨʦʱʝʥʥʦʝ ʫʨʘʚʥʝʥʠʝ 

ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ  1.14 ʚ ʣʠʥʝʡʥʦʡ ʬʦʨʤʝ: 

ÌÎ Ὧ̋ ́ὸ̇ ρȢρυ. 

ʅʘʢʦʥʝʮ, ʩʢʦʨʦʩʪʴ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʟʘʚʠʩʠʪ ʪʘʢʞʝ ʦʪ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ • (ɺʪ/ʤ2
). ʇʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʟʥʘʯʝʥʠʷʭ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʩʢʦʨʦʩʪʴ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ • ʜʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ, 

ʚʳʰʝ ʢʦʪʦʨʦʛʦ ʦʪʢʣʦʥʷʝʪʩʷ ʦʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ (ʨʠʩʫʥʦʢ 1.3 ʛ). ʕʪʦ 
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ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʧʨʠ ʩʣʠʰʢʦʤ ʚʳʩʦʢʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ ʦʜʠʥʘʢʦʚʦ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ, ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʦ 

ʧʘʨʘʙʦʣʠʯʝʩʢʦʤʫ ʟʘʢʦʥʫ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩʢʦʨʦʩʪʴ ʠʭ ʨʝʢʦʤʙʠʥʘʮʠʠ. ɸʚʪʦʨʳ 

[27] ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʧʦʪʦʢʫ 

ʠʟʣʫʯʝʥʠʷ ʜʦ ʚʝʣʠʯʠʥʳ 25 ʤɺʪ/ʩʤ
2
, ʥʦ ʚʳʰʝ ʵʪʦʛʦ ʟʥʘʯʝʥʠʷ ʠʟʤʝʥʷʝʪʩʷ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʩʪʝʧʝʥʠ 1/2. ʇʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ ʩʚʝʪʘ, ʩʢʦʨʦʩʪʴ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʦʪ ʥʝʝ ʥʝ ʟʘʚʠʩʠʪ, ʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʦʣʴʢʦ ʤʘʩʩʦʧʝʨʝʥʦʩʦʤ ʚ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ. 

ʇʦʵʪʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʣʘʤʧ ʚʳʩʦʢʦʡ ʤʦʱʥʦʩʪʠ ʥʝ ʧʨʦʜʫʢʪʠʚʥʦ, ʦʩʦʙʝʥʥʦ 

ʜʣʷ ʥʝʙʦʣʴʰʠʭ ʧʦ ʦʙʲʝʤʫ ʬʦʪʦʨʝʘʢʪʦʨʦʚ, ʯʪʦ ʯʘʩʪʦ ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʚ 

ʣʠʪʝʨʘʪʫʨʝ.  

 

ʈʠʩʫʥʦʢ 1.3 ï ɺʣʠʷʥʠʝ ʨʘʟʣʠʯʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʩʢʦʨʦʩʪʴ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ r: ʤʘʩʩʳ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ (a), ʜʣʠʥʳ ʚʦʣʥʳ ɚ 

(ʙ), ʥʘʯʘʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ Co (ʚ) ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ű (ʛ) [26] 
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ɿʥʘʯʝʥʠʷ pH ʩʪʦʯʥʳʭ ʚʦʜ ʨʘʟʣʠʯʥʳʭ ʦʪʨʘʩʣʝʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʪʝʢʩʪʠʣʴʥʦʡ ʠ ʬʘʨʤʘʮʝʚʪʠʯʝʩʢʦʡ, ʦʙʳʯʥʦ ʚʘʨʴʠʨʫʶʪʩʷ ʚ ʰʠʨʦʢʦʤ 

ʠʥʪʝʨʚʘʣʝ. ʄʝʞʜʫ ʪʝʤ, pH ʷʚʣʷʝʪʩʷ ʚʘʞʥʝʡʰʝʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʩʪʦʯʥʳʭ 

ʚʦʜ, ʩʦʜʝʨʞʘʱʠʭ ʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʠ ʧʘʨʘʤʝʪʨʦʤ, ʚʣʠʷʶʱʠʤ ʥʘ 

ʬʦʪʦʦʢʠʩʣʠʪʝʣʴʥʳʡ ʧʨʦʮʝʩʩ. ʇʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ pH ʩʫʱʝʩʪʚʫʝʪ 

ʦʧʨʝʜʝʣʝʥʥʦʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ (ʧʨʠʪʷʞʝʥʠʝ ʠʣʠ 

ʦʪʪʘʣʢʠʚʘʥʠʝ) ʤʝʞʜʫ ʧʦʚʝʨʭʥʦʩʪʴʶ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʤʦʣʝʢʫʣʘʤʠ 

ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʫʚʝʣʠʯʠʚʘʝʪ ʠʣʠ ʫʤʝʥʴʰʘʝʪ 

ʩʢʦʨʦʩʪʴ ʬʦʪʦʨʝʘʢʮʠʠ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʯʝʥʠʷ pH ʪʦʯʢʠ ʥʫʣʝʚʦʛʦ ʟʘʨʷʜʘ  

(ʊʅɿ) ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʢʠʩʣʳʭ ʠ ʱʝʣʦʯʥʳʭ ʩʨʝʜʘʭ (ʧʨʠ ʟʥʘʯʝʥʠʷʭ 

pH ʥʠʞʝ ʠʣʠ ʚʳʰʝ ʊʅɿ) ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʝʛʦ ʧʨʦʪʦʥʠʨʦʚʘʥʠʝ ʠ 

ʜʝʧʨʦʪʦʥʠʨʦʚʘʥʠʝ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʣʝʜʫʶʱʠʤʠ ʨʝʘʢʮʠʷʤʠ: 

ὴὌ ˟˚ȡ̝ὓὕὌ Ὄ ᴼὓὕὌρȢρφ 

ὴὌ ˟˚ȡ̝ὓὕὌ ὕὌᴼὓὕ Ὄὕ ρȢρχ 

ʇʨʠ pH< pHʊʅɿ ʧʦʚʝʨʭʥʦʩʪʴ ʘʜʩʦʨʙʝʥʪʘ ʟʘʨʷʞʝʥʘ ʧʦʣʦʞʠʪʝʣʴʥʦ, ʯʪʦ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʤʫ ʧʨʠʪʷʞʝʥʠʶ ʘʥʠʦʥʦʚ, ʘ ʧʨʠ pH>pHʊʅɿ 

ʚʝʨʦʷʪʥʦ ʧʨʦʪʝʢʘʥʠʝ ʦʙʨʘʪʥʳʭ ʧʨʦʮʝʩʩʦʚ. ɺ ʨʘʙʦʪʝ [19] ʦʪʤʝʯʝʥʘ ʚʳʩʦʢʘ ̫

ʩʪʝʧʝʥʴ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʤʝʪʠʣʦʚʦʛʦ ʦʨʘʥʞʝʚʦʛʦ ʧʨʠ pH=2, ʯʪʦ ʩʚʷʟʘʥʦ ʩ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ ʧʨʠʪʷʞʝʥʠʝʤ ʤʝʞʜʫ ʧʦʣʦʞʠʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʤʦʣʝʢʫʣʘʤʠ ʤʝʪʠʣʦʨʘʥʞʘ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ 

ʘʥʠʦʥʥʫʶ ʧʨʠʨʦʜʫ. ʆʜʥʘʢʦ, ʚ ʩʣʫʯʘʝ ʢʨʘʩʠʪʝʣ ̫ ʨʦʜʘʤʠʥʘ ɹ, ʤʘʢʩʠʤʫʤ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʘʙʣʶʜʘʣʠ ʧʨʠ pH=6, ʘ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʠ ʫʚʝʣʠʯʝʥʠʠ pH 

ʟʥʘʯʝʥʠʝ ɻʬʬʝʢʪʠʚʥʦʩʪʠ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʧʘʜʘʣʦ.  

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʚ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʬʦʪʦʢʘʪʘʣʠʟʘ ʦʩʥʦʚʥʫʶ ʨʦʣʴ 

ʠʛʨʘʶʪ ʘʜʩʦʨʙʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ, ʪʘʢ ʢʘʢ ʧʨʦʮʝʩʩ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʦʣʝʢʫʣ ʧʨʦʪʝʢʘʝʪ ʯʝʨʝʟ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ 

ʩʪʘʜʠʠ ʠʭ ʘʜʩʦʨʙʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ, ʩʦʙʩʪʚʝʥʥʦ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʠ ʜʝʩʦʨʙʮʠʠ ʧʨʦʜʫʢʪʦʚ ʠʭ ʦʢʠʩʣʝʥʠʷ. ʇʦʵʪʦʤʫ 

ʚ ʧʦʜʘʚʣʷʶʱʝʤ ʢʦʣʠʯʝʩʪʚʝ ʨʘʙʦʪ ʩʦʦʙʱʘʝʪʩʷ, ʯʪʦ ʘʜʩʦʨʙʮʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ 
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ʟʘʛʨʷʟʥʝʥʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ 

ʫʩʣʦʚʠʝʤ ʵʬʬʝʢʪʠʚʥʦʡ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. ʆʜʥʘʢʦ ʚ ʨʷʜʝ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʦʦʙʱʘʝʪʩʷ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʢʦʨʨʝʣʷʮʠʡ ʤʝʞʜʫ ʩʢʦʨʦʩʪʴʶ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʠ ʢʦʣʠʯʝʩʪʚʦʤ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ 

[28, 29]. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ 

ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʜʝʩʪʨʫʢʪʠʚʥʦʛʦ ʥʝʩʝʣʝʢʪʠʚʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ, ʥʦ ʠ ʜʣʷ ʠʭ ʩʝʣʝʢʪʠʚʥʦʛʦ ʦʢʠʩʣʝʥʠʷ ʜʦ ʮʝʥʥʳʭ ʧʨʦʜʫʢʪʦʚ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʠʭ  ʧʨʦʮʝʩʩʦʚ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʦʢʠʩʣʝʥʠʷ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʨʘʩʪʚʦʨʠʪʝʣʝʡ, ʧʦʚʳʰʝʥʥʳʭ ʜʘʚʣʝʥʠʡ ʠ 

ʪʝʤʧʝʨʘʪʫʨ, ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʧʨʠʥʮʠʧʘʭ çʟʝʣʝʥʦʡ ʭʠʤʠʠè. ʇʨʠ ʵʪʦʤ ʢʣʶʯʝʚʦʡ 

ʧʨʦʙʣʝʤʦʡ ʷʚʣʷʝʪʩʷ ʧʦʚʳʰʝʥʠʝ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʦʡ ʩʚʷʟʳʚʘʶʪ ʩ ʩʦʟʜʘʥʠʝʤ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ [30] 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʚ ʮʝʣʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʥʦʛʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, 

ʥʦ ʘʢʪʠʚʥʦʩʪʴ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩ ̫ʢʘʢ ʦʧʨʝʜʝʣʷʶʱʠʡ ʬʘʢʪʦʨ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʧʦʩʪʦʷʥʥʳʡ ʧʦʠʩʢ ʥʦʚʳʭ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʠʥʪʝʨʝʩ ʢ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘʤ ʥʝ ʫʛʘʩʘʝʪ 

ʫʞʝ ʙʦʣʝʝ 50 ʣʝʪ ʚ ʩʚʷʟʠ ʩ ʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴʶ, ʥʠʟʢʦʡ ʩʪʦʠʤʦʩʪʴʶ ʠ 

ʫʥʠʢʘʣʴʥʳʤʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʇʦʩʣʝʜʥʠʝ ʨʘʙʦʪʳ ʚ 

ʵʪʦʡ ʦʙʣʘʩʪʠ, ʧʨʦʮʠʪʠʨʦʚʘʥʥʳʝ ʚ ʦʙʟʦʨʝ [31], ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʳ ʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳ ʜʣʷ 

ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʠ ʫʩʣʦʚʠʠ ʨʘʟʨʘʙʦʪʢʠ ʧʦʜʭʦʜʦʚ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. ʆʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʠʩʩʣʝʜʫʝʤʳʭ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʦʢʩʠʜʳ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ, ʪʘʢʠʭ ʢʘʢ ʪʠʪʘʥ, ʮʠʥʢ ʠ ʤʝʜ ɹ[32].  
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1.3 ʌʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ 

1.3.1 ɼʠʦʢʩʠʜ ʪʠʪʘʥʘ 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʠ ʧʨʦʤʳʰʣʝʥʥʦ ʧʨʦʠʟʚʦʜʠʤʳʤ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʤ ʷʚʣʷʝʪʩʷ ʜʠʦʢʩʠʜ ʪʠʪʘʥʘ, ʢʦʪʦʨʳʡ ʦʙʣʘʜʘʝʪ ʦʪʣʠʯʥʦʡ 

ʭʠʤʠʯʝʩʢʦʡ (ʫʩʪʦʡʯʠʚ ʢ ʜʝʡʩʪʚʠʶ ʢʠʩʣʦʪ ʠ ʱʝʣʦʯʝʡ) ʠ ʬʦʪʦʭʠʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʴʶ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʝʰʝʚ ʠ ʥʝʪʦʢʩʠʯʝʥ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʥʘʭʦʜʠʪ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʤʝʜʠʮʠʥʩʢʦʡ ʠ ʧʠʱʝʚʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ [33].  TiO2 ï 

ʧʦʣʫʧʨʦʚʦʜʥʠʢ n-ʪʠʧʘ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʚ ʪʨʝʭ ʧʦʣʠʤʦʨʬʥʳʭ 

ʬʘʟʘʭ: ʘʥʘʪʘʟ, ʨʫʪʠʣ ʠ ʙʨʫʢʠʪ. ɸʥʘʪʘʟ ʠ ʨʫʪʠʣ ʠʤʝʶʪ  ʨʘʟʣʠʯʥʳʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʛʨʫʧʧʳ, ʥʦ ʦʙʣʘʜʘʶʪ ʦʜʠʥʘʢʦʚʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʦʡ. ɿʥʘʯʝʥʠʷ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʥʝʧʨʷʤʦʟʦʥʥʦʛʦ ʜʠʦʢʩʠʜʘ 

ʪʠʪʘʥʘ ʩʦʩʪʘʚʣʷʶʪ 3,2 ʵɺ ʠ 3,02 ʵɺ ʜʣʷ ʘʥʘʪʘʟʘ ʠ ʨʫʪʠʣʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʌʘʟʘ ʨʫʪʠʣʘ ʷʚʣʷʝʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʦʡ ʧʨʠ ʚʳʩʦʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ʇʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʚʳʟʳʚʘʝʪ 

ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʠʟ ʘʤʦʨʬʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʘʥʘʪʘʟ ʠ ʨʫʪʠʣ [34]. ʇʨʠʤʝʥʝʥʠʝ 

ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʝʛʦ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʤʦʨʬʦʣʦʛʠʝʡ, ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ, ʧʣʦʱʘʜʴʶ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʦʙʲʝʤʦʤ ʠ ʩʪʨʫʢʪʫʨʦʡ ʧʦʨ, ʬʘʟʦʚʳʤ ʩʦʩʪʘʚʦʤ  [35].  ɼʠʦʢʩʠʜ 

ʪʠʪʘʥʘ ʚ ʬʦʨʤʝ ʘʥʘʪʘʟʘ ï ʚʘʞʥʝʡʰʠʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʧʨʠʣʦʞʝʥʠʡ, ʪʘʢʠʭ ʢʘʢ ʣʠʪʠʡ-ʠʦʥʥʳʝ ʙʘʪʘʨʝʠ, ʬʠʣʴʪʨʳ, ʘʥʪʠʦʪʨʘʞʘʶʱʠʝ ʠ 

ʚʳʩʦʢʦʦʪʨʘʞʘʶʱʠʝ ʧʦʢʨʳʪʠʷ. ʆʥ ʪʘʢʞʝ ʧʝʨʩʧʝʢʪʠʚʝʥ ʚ ʵʬʬʝʢʪʠʚʥʦʤ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʬʦʪʦʚʦʣʴʪʘʠʢʠ ʠ 

ʨʘʟʣʦʞʝʥʠʷ ʚʦʜʳ. ɹʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʬʠʟʠʯʝʩʢʠʤ ʠ ʭʠʤʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ, 

TiO2 ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʚ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ ʚ ʦʙʣʘʩʪʠ ʟʘʱʠʪʳ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ [36, 37]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ 

ʬʘʟʳ ʘʥʘʪʘʟʘ ʥʘʤʥʦʛʦ ʚʳʰʝ ʘʢʪʠʚʥʦʩʪʠ ʙʦʣʝʝ ʩʪʘʙʠʣʴʥʦʛʦ ʨʫʪʠʣʘ, ʯʪʦ 

ʩʚʷʟʘʥʦ ʩ ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ, ʠ 

ʙʦʣʝʝ ʤʝʜʣʝʥʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʝʡ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʘʥʘʪʘʟʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 
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ʨʫʪʠʣʦʤ [38]. ʆʜʥʘʢʦ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʘʥʘʪʘʟʘ 

ʦʛʨʘʥʠʯʝʥʦ ʥʠʟʢʦʡ ʢʚʘʥʪʦʚʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʠ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʪʦʣʴʢʦ 

ʢ ʋʌ ʩʚʝʪʫ. ʉ ʮʝʣʴʶ ʧʨʝʦʜʦʣʝʥʠʷ ʵʪʠʭ ʙʘʨʴʝʨʦʚ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʥʝʩʢʦʣʴʢʦ 

ʧʦʜʭʦʜʦʚ, ʪʘʢʠʭ ʢʘʢ ʜʦʧʠʨʦʚʘʥʠʝ ʠ ʩʦʟʜʘʥʠʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ [35]. ʅʝʩʤʦʪʨʷ 

ʥʘ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ, ʵʪʠ ʩʪʨʘʪʝʛʠʠ ʠʤʝʶʪ 

ʥʝʢʦʪʦʨʳʝ ʥʝʜʦʩʪʘʪʢʠ, ʪʘʢʠʝ ʢʘʢ ʭʠʤʠʯʝʩʢʘʷ ʠ ʪʝʨʤʠʯʝʩʢʘʷ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ 

ʧʦʣʫʯʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʚʦʜʥʦʡ ʩʨʝʜʝ, ʠ ʜʘʣʝʢʠ ʦʪ ʢʦʤʤʝʨʯʝʩʢʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʦʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ 

ʦʙʣʘʩʪʠ ʩʠʥʪʝʟʘ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʷʚʣʷʝʪʩʷ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʳʡ 

ʩʠʥʪʝʟ ʤʘʪʝʨʠʘʣʦʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʤʦʨʬʦʣʦʛʠʠ, ʩʘʤʦʜʦʧʠʨʦʚʘʥʠʝ ʜʠʦʢʩʠʜʘ 

ʪʠʪʘʥʘ ʩ ʮʝʣʴʶ ʚʥʝʜʨʝʥʠʷ ʜʝʬʝʢʪʦʚ ʚ ʝʛʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʘ 

ʪʘʢʞʝ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʢʘʢ ʚʘʞʥʳʡ ʧʘʨʘʤʝʪʨ ʪʚʝʨʜʦʛʦ ʪʝʣʘ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʝʛʦ 

ʩʚʦʡʩʪʚʘ. ʇʦʩʣʝʜʥʠʝ ʜʦʩʪʠʞʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʜʠʟʘʡʥʘ ʩʪʨʫʢʪʫʨ ʘʥʘʪʘʟʘ ʠ ʠʭ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʚ ʦʙʟʦʨʝ 

[39]. ʆʜʥʦʡ ʠʟ ʩʦʚʨʝʤʝʥʥʳʭ ʩʪʨʘʪʝʛʠʡ ʧʦʚʳʰʝʥʠʷ ʬʦʪʦʘʢʪʠʚʥʦʩʪʠ ʜʠʦʢʩʠʜʘ 

ʪʠʪʘʥʘ ʷʚʣʷʝʪʩʷ ʩʠʥʪʝʟ ʩʘʤʦʜʦʧʠʨʦʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨ Ti
3+

-TiO2 [40]. 

ʇʨʠʩʫʪʩʪʚʠʝ ʚ ʩʪʨʫʢʪʫʨʝ TiO2 ʠʦʥʦʚ Ti
3+ 
ʧʦʟʚʦʣʷʝʪ ʨʘʩʰʠʨʠʪʴ ʩʧʝʢʪʨʘʣʴʥʫʶ 

ʦʙʣʘʩʪʴ ʝʛʦ ʧʦʛʣʦʱʝʥʠʷ. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʚʳʩʦʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʠʦʥʦʚ Ti
3+ 

ʚʳʟʳʚʘʝʪ ʩʫʞʝʥʠʝ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʦʟʥʠʢʥʦʚʝʥʠʝ 

ʘʢʪʠʚʥʦʩʪʠ ʚ ʚʠʜʠʤʦʤ ʩʚʝʪʝ. ʂ ʪʦʤʫ ʞʝ, ʧʨʠ ʩʘʤʦʜʦʧʠʨʦʚʘʥʠʠ ʧʨʦʠʩʭʦʜʠʪ 

ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʝ ʨʘʟʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥ-ʜʳʨʦʯʥʳʭ ʧʘʨ ʠ ʫʚʝʣʠʯʝʥʠʝ 

ʧʨʦʚʦʜʠʤʦʩʪʠ [41]. ɺ ʢʘʯʝʩʪʚʝ ʜʨʫʛʦʛʦ ʧʦʜʭʦʜʘ ʢ ʧʦʚʳʰʝʥʠʶ 

ʬʦʪʦʘʢʪʠʚʥʦʩʪʠ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ ʚ ʩʦʣʥʝʯʥʦʤ ʩʚʝʪʝ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ TiO2 ʧʫʪʝʤ ʝʛʦ ʛʠʜʨʦʢʩʠʣʠʨʦʚʘʥʠʷ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʩʠʥʝʡ ʠʣʠ ʯʝʨʥʦʡ ʦʢʨʘʩʢʠ ʧʦʨʦʰʢʘ [42]. ʉʯʠʪʘʶʪ, ʯʪʦ 

ʚʣʠʷʥʠʝ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʚʳʰʝʥʠʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʧʨʦʮʝʩʩʘ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʦʚ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ TiO2 ʚ ʬʦʨʤʝ ʛʠʜʨʦʢʩʠʣʴʥʳʭ 

ʨʘʜʠʢʘʣʦʚ ({>TiOHĿ}
+
), ʫʚʝʣʠʯʝʥʠʠ ʧʫʪʠ ʦʙʨʘʪʥʦʛʦ ʧʝʨʝʥʦʩʘ ʵʣʝʢʪʨʦʥʦʚ, ʘ 
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ʪʘʢʞʝ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ ʧʨʦʪʝʢʘʥʠʶ ʧʨʦʮʝʩʩʦʚ ʘʜʩʦʨʙʮʠʠ ʤʦʣʝʢʫʣ 

ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʡ ʠ ʢʠʩʣʦʨʦʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ. 

1.3.2 ʆʢʩʠʜ ʮʠʥʢʘ 

ʅʝʩʤʦʪʨʷ ʥʘ ʦʛʨʘʥʠʯʝʥʠʷ ʧʨʠʤʝʥʝʥʠʷ TiO2 ʠ ʧʦʠʩʢ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʦʙʣʘʜʘʶʱʠʭ ʚʳʩʦʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʠ ʬʦʪʦʘʢʪʠʚʥʦʩʪʴʶ ʚ ʚʠʜʠʤʦʤ ʩʚʝʪʝ, 

ʜʠʦʢʩʠʜ ʪʠʪʘʥʘ ʯʘʩʪʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʚ ʢʘʯʝʩʪʚʝ ʠʜʝʘʣʴʥʦʛʦ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ. ʆʜʥʘʢʦ ʚ ʨʷʜʝ ʨʘʙʦʪ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʢʩʠʜ ʮʠʥʢʘ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ TiO2, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʘʣʴʪʝʨʥʘʪʠʚʦʡ ʜʠʦʢʩʠʜʫ 

ʪʠʪʘʥʘ [17]. ZnO ï ʤʫʣʴʪʠʬʫʥʢʮʠʦʥʘʣʴʥʳʡ ʰʠʨʦʢʦʟʦʥʥʳʡ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʤʘʪʝʨʠʘʣ (ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ~3,3 ʵɺ), ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʝʡ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ 

ʛʝʢʩʘʛʦʥʘʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ ʚʶʨʮʠʪʘ [27]. ZnO ʧʨʠʚʣʝʢʘʝʪ ʚʥʠʤʘʥʠʝ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʙʣʘʛʦʜʘʨʷ ʝʛʦ ʫʥʠʢʘʣʴʥʳʤ ʬʠʟʠʯʝʩʢʠʤ ʠ ʭʠʤʠʯʝʩʢʠʤ 

ʩʚʦʡʩʪʚʘʤ. ɹʦʣʝʝ ʪʦʛʦ, ʧʦʩʢʦʣʴʢʫ ZnO ʜʝʰʝʚʣʝ TiO2, ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ 

ʙʦʣʴʰʠʭ ʤʘʩʰʪʘʙʘʭ ʵʢʦʥʦʤʠʯʝʩʢʠ ʚʳʛʦʜʥʝʝ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʦʢʩʠʜʘ ʮʠʥʢʘ 

ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʝʛʦ ʩʧʦʩʦʙʥʦʩʪʴ ʘʙʩʦʨʙʠʨʦʚʘʪʴ ʩʚʝʪ ʚ ʙʦʣʝʝ ʰʠʨʦʢʦʤ 

ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ, ʘ ʪʘʢʞʝ ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʢʚʘʥʪʦʚʳʡ ʚʳʭʦʜ [43]. ɹʦʣʝʝ 

ʚʳʩʦʢʘʷ ʧʦʜʚʠʞʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ (200 ï 300 ʩʤ
2
/ɺĿʩ) ʚ ZnO ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

TiO2 (0,1 ï 0,4 ʩʤ
2
/ɺĿʩ) ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʩʢʦʨʝʥʠʶ ʠʭ ʧʝʨʝʥʦʩʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

ʧʦʚʳʰʘʷ ʦʙʱʫʶ ʢʚʘʥʪʦʚʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ. ʂ ʪʦʤʫ ʞʝ, ʧʦʣʦʞʝʥʠʝ ʚʘʣʝʥʪʥʦʡ 

ʟʦʥʳ ʦʢʩʠʜʘ ʮʠʥʢʘ ʥʠʞʝ, ʯʝʤ ʫ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʧʦʵʪʦʤʫ ʦʢʠʩʣʠʪʝʣʴʥʳʡ 

ʧʦʪʝʥʮʠʘʣ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ, ʛʝʥʝʨʠʨʫʝʤʳʭ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ZnO, 

ʚʳʰʝ [44]. ʆʢʩʠʜ ʮʠʥʢʘ ʰʠʨʦʢʦ ʠʩʩʣʝʜʫʶʪ ʚ ʢʘʯʝʩʪʚʝ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʚ 

ʧʨʦʮʝʩʩʘʭ ʜʝʛʨʘʜʘʮʠʠ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʪʘʢʠʭ 

ʢʘʢ ʢʨʘʩʠʪʝʣʠ, ʧʝʩʪʠʮʠʜʳ, ʛʝʨʙʠʮʠʜʳ, ʬʘʨʤʘʮʝʚʪʠʯʝʩʢʠʝ ʧʨʝʧʘʨʘʪʳ, 

ʦʨʛʘʥʠʯʝʩʢʠʝ ʢʨʘʩʠʪʝʣʠ, ʦʪʭʦʜʳ ʥʝʬʪʝʧʝʨʝʨʘʙʦʪʢʠ, ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʝ 

ʚʝʱʝʩʪʚʘ ʠ ʜʨʫʛʠʝ [27]. 
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ʀʟʚʝʩʪʥʳ ʥʫʣʴ- (0D), ʦʜʥʦ- (1D), ʜʚʫʭ- (2D) ʠ ʪʨʝʭ- (3D) ʤʝʨʥʳʝ  

ʩʪʨʫʢʪʫʨʳ ʦʢʩʠʜʘ ʮʠʥʢʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʝʡ, ʪʘʢʦʡ 

ʢʘʢ ʥʘʥʦʮʚʝʪʳ (3D), ʥʘʥʦʣʠʩʪʳ (2D), ʥʘʥʦʧʨʦʚʦʜʘ (1D), ʥʘʥʦʚʦʣʦʢʥʘ (1D), 

ʥʘʥʦʧʨʦʚʦʣʦʢʠ (1D), ʥʘʥʦʪʨʫʙʢʠ (1D) ʠ ʪ.ʜ. [32]. ʇʨʠ ʵʪʦʤ ʤʦʨʬʦʣʦʛʠʷ ZnO 

ʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʝʛʦ ʬʦʪʦʘʢʪʠʚʥʦʩʪʴ, ʯʪʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ 

ʨʷʜʝ ʨʘʙʦʪ [45, 46]. ʆʜʥʦʡ ʠʟ ʩʪʨʘʪʝʛʠʡ ʧʦʚʳʰʝʥʠʷ ʬʦʪʦʘʢʪʠʚʥʦʩʪʠ ʦʢʩʠʜʘ 

ʮʠʥʢʘ ʷʚʣʷʝʪʩʷ ʤʦʜʠʬʠʢʘʮʠʷ ʝʛʦ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʦʧʪʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʫʪʝʤ 

ʚʚʝʜʝʥʠʷ ʚ ʥʝʝ ʚʥʫʪʨʝʥʥʠʭ ʜʝʬʝʢʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʤʝʞʫʟʝʣʴʥʳʝ ʠʦʥʳ ʮʠʥʢʘ 

(Zni) ʠ ʢʠʩʣʦʨʦʜʘ (Oi), ʘ ʪʘʢʞʝ ʚʘʢʘʥʩʠʠ ʮʠʥʢʘ (VZn) ʠ ʢʠʩʣʦʨʦʜʘ (VO) [46, 

47]. 

1.3.3 ʆʢʩʠʜʳ ʤʝʜʠ 

Cu2O ʠ CuO ï ʪʠʧʠʯʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ p-ʪʠʧʘ, ʩʠʥʪʝʟʫ ʠ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʚʦʡʩʪʚ ʢʦʪʦʨʳʭ ʟʘ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʙʳʣʦ ʧʦʩʚʷʱʝʥʦ ʙʦʣʴʰʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ [48-50]. Cu2O ʠʤʝʝʪ ʢʫʙʠʯʝʩʢʫʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʩʪʨʫʢʪʫʨʫ, ʚ ʢʦʪʦʨʦʡ ʢʘʞʜʳʡ ʘʪʦʤ ʤʝʜʠ ʦʢʨʫʞʝʥ ʜʚʫʤʷ ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ. 

CuO ʦʙʣʘʜʘʝʪ ʤʦʥʦʢʣʠʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ, ʧʨʠ ʵʪʦʤ ʢʘʞʜʳʡ 

ʘʪʦʤ ʤʝʜʠ ʥʘʭʦʜʠʪʩʷ ʚ ʦʢʨʫʞʝʥʠʠ ʯʝʪʳʨʝʭ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ. ʐʠʨʠʥʘ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ Cu2O ʠ CuO ʩʦʩʪʘʚʣʷʝʪ 2,1 ï 2,4 ʵɺ ʠ 1,0 ï 2,0 ʵɺ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʤʝʪʦʜʘ ʠʭ ʧʦʣʫʯʝʥʠʷ. ʇʦʤʠʤʦ ʠʭ 

ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʭ ʧʨʝʠʤʫʱʝʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʜʦʩʪʫʧʥʦʩʪʴ, 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ, ʧʨʦʩʪʦʪʘ ʧʦʣʫʯʝʥʠʷ, ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʷʪʴ 

ʬʠʟʠʢʦʭʠʤʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʫʪʝʤ ʩʠʥʪʝʟʘ ʢʨʠʩʪʘʣʣʦʚ ʦʢʩʠʜʦʚ ʤʝʜʠ c 

ʨʘʟʣʠʯʥʦʡ ʘʨʭʠʪʝʢʪʫʨʦʡ ʧʨʠʚʣʝʢʘʝʪ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ Cu2O ʠ CuO ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʢʦʥʚʝʨʩʠʠ ʠ ʭʨʘʥʝʥʠʷ 

ʵʥʝʨʛʠʠ, ʢʘʪʘʣʠʟʘ, ʩʦʟʜʘʥʠʷ ʩʝʥʩʦʨʦʚ ʩʪʠʤʫʣʠʨʦʚʘʣʠ ʨʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʡ 

ʦʢʩʠʜʦʚ ʤʝʜʠ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤʠ ʨʘʟʤʝʨʘʤʠ, ʬʦʨʤʦʡ, ʥʘʙʦʨʦʤ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʣʦʩʢʦʩʪʝʡ, ʜʝʬʝʢʪʘʤʠ, ʘ ʪʘʢʞʝ ʨʘʟʣʠʯʥʳʭ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʥʘ ʝʛʦ ʦʩʥʦʚʝ.  
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʦʦʙʱʘʝʪʩʷ ʦ ʩʠʥʪʝʟʝ ʨʘʟʥʦʦʙʨʘʟʥʳʭ 

ʤʠʢʨʦ/ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Cu2O ʩ ʫʧʨʘʚʣʷʝʤʦʡ ʘʨʭʠʪʝʢʪʫʨʦʡ: ʪʨʝʭ-ʨʘʟʤʝʨʥʳʝ, 

ʧʦʣʳʝ ʠ ʧʦʨʠʩʪʳʝ ʠ ʥʠʟʢʦʨʘʟʤʝʨʥʳʝ. ʉʨʝʜʠ ʥʠʭ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʦʚ 

ʦʢʩʠʜʘ ʤʝʜʠ, ʦʛʨʘʥʝʥʥʳʭ ʧʣʦʩʢʦʩʪʷʤʠ ʩ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤʠ ʠʥʜʝʢʩʘʤʠ, 

ʢʦʥʪʨʦʣʠʨʫʝʤʳʤʠ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ, ʚʩʝ ʝʱʝ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ 

ʘʢʪʫʘʣʴʥʝʡʰʠʭ ʪʝʤ ʚ ʥʘʫʢʝ. ɹʳʣʠ ʧʦʣʫʯʝʥʳ ʯʘʩʪʠʮʳ ʦʢʩʠʜʳ ʤʝʜʠ, 

ʦʛʨʘʥʝʥʥʳʝ ʥʠʟʢʦ-ʠʥʜʝʢʩʥʳʤʠ, ʚ ʪʦʤ ʯʠʩʣʝ { 100} , { 111}  ʠ { 110}, ʠ ʚʳʩʦʢʦ-

ʠʥʜʝʢʩʥʳʤʠ ʧʣʦʩʢʦʩʪʷʤʠ, ʪʘʢʠʤʠ ʢʘʢ {2 1 1}, {3 1 1}, {5 2 2}, {3 3 2}, {5 4 4}, 

{1 0 4} ʠ {7 4 4} [48].  

ʂʘʢ ʫʟʢʦʟʦʥʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʤʘʪʝʨʠʘʣʳ ʦʢʩʠʜʳ ʤʝʜʠ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʘʢʪʠʚʥʳʭ ʚ 

ʚʠʜʠʤʦʤ ʩʚʝʪʝ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʟʥʘʯʠʪʝʣʴʥʳʝ ʫʩʠʣʠʷ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ 

ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʧʦʠʩʢʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʘʢʪʠʚʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʦʪ ʠʭ 

ʩʪʨʫʢʪʫʨʳ. ɸʚʪʦʨʘʤʠ [51] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʨʠʩʪʘʣʣʳ ʦʢʩʠʜʘ ʤʝʜʠ (I), 

ʦʛʨʘʥʝʥʥʳʝ ʧʣʦʩʢʦʩʪʷʤʠ {110}, ʧʨʦʷʚʣʷʶʪ ʧʦʚʳʰʝʥʥʫʶ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʚ ʨʝʘʢʮʠʠ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʤʝʪʠʣʦʚʦʛʦ 

ʦʨʘʥʞʝʚʦʛʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʨʠʩʪʘʣʣʘʤʠ, ʦʛʨʘʥʝʥʥʳʤʠ ʧʣʦʩʢʦʩʪʷʤʠ {111}  ʠ 

{ 100}, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʙʦʣʴʰʝʡ ʧʣʦʪʥʦʩʪʴʶ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʘʪʦʤʦʚ ʤʝʜʠ. 

ʆʜʥʘʢʦ ʚ ʨʝʘʢʮʠʠ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠʦʥʦʚ 

ʯʝʪʳʨʝʭʚʘʣʝʥʪʥʦʛʦ ʭʨʦʤʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʠʜʠʤʦʛʦ ʩʚʝʪʘ, ʧʣʦʩʢʦʩʪʠ { 111}  

ʦʢʘʟʘʣʠʩʴ ʙʦʣʝʝ ʘʢʪʠʚʥʳʤʠ ʚ ʨʷʜʫ {111} > {110} > {100}  [52]. ɺ ʨʘʙʦʪʝ [53] 

ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ Cu2O-ʦʢʪʘʧʦʜʳ, ʢʦʪʦʨʳʝ ʧʨʦʷʚʠʣʠ ʣʫʯʰʫʶ ʘʢʪʠʚʥʦʩʪʴ 

ʚ ʨʝʘʢʮʠʠ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʚʳʜʝʣʝʥʠʷ ʚʦʜʦʨʦʜʘ.  ʇʦʵʪʦʤʫ, ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʝʡ ʤʝʞʜʫ ʩʪʨʫʢʪʫʨʦʡ ʢʨʠʩʪʘʣʣʘ ʠ ʝʛʦ ʘʢʪʠʚʥʦʩʪʴʶ 

ʥʝʦʙʭʦʜʠʤ ʩʠʥʪʝʟ ʢʨʠʩʪʘʣʣʦʚ Cu2O ʩ ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʩʬʝʨʠʯʝʩʢʦʡ [54], ʢʫʙʠʯʝʩʢʦʡ [55] ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ [56].  ʀʟʚʝʩʪʥʳ ʪʘʢʞʝ 

ʠʝʨʘʨʭʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ, ʪʘʢʠʝ ʢʘʢ ʥʘʥʦʮʚʝʪʳ [57], ʟʚʝʟʜʳ [58] ʠ ʜʨʫʛʠʝ. 

ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʧʦʩʚʷʱʝʥʦ ʩʠʥʪʝʟʫ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʚʦʡʩʪʚ 

ʦʢʩʠʜʦʚ ʤʝʜʠ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ç̫ ʜʨʦ-ʦʙʦʣʦʯʢʘè ʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ CuO/Cu2O 
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[59]. ʉʦʦʙʱʘʝʪʩʷ, ʯʪʦ ʩʦʟʜʘʥʠʝ ʪʘʢʠʭ ʢʦʤʧʦʟʠʪʦʚ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤʠ ʦʢʩʠʜʘʤʠ 

ʙʣʘʛʦʜʘʨʷ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ ʨʘʟʜʝʣʝʥʠʶ ʵʣʝʢʪʨʦʥ-ʜʳʨʦʯʥʳʭ ʧʘʨ.   

ʉʪʦʠʪ ʪʘʢʞʝ ʩʧʨʘʚʝʜʣʠʚʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʘʥʥʳʝ ʦ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ 

ʘʢʪʠʚʥʦʩʪʠ ʦʢʩʠʜʦʚ ʤʝʜʠ ʚ ʨʝʘʢʮʠʷʭ ʜʝʛʨʘʜʘʮʠʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ 

ʚʝʩʴʤʘ ʧʨʦʪʠʚʦʨʝʯʠʚʳ. ʀʟʚʝʩʪʥʳ ʨʘʙʦʪʳ, ʚ ʢʦʪʦʨʳʭ ʘʚʪʦʨʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʚʳʩʦʢʫʶ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ  Cu2O ʠ  CuO ʚ ʨʝʘʢʮʠʠ 

ʨʘʟʣʦʞʝʥʠʷ ʢʨʘʩʠʪʝʣʝʡ [20, 60, 61] ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʋʌ ʠ ʩʦʣʥʝʯʥʦʛʦ ʩʚʝʪʘ. 

ʆʜʥʘʢʦ, ʧʦ ʜʘʥʥʳʤ ʨʷʜʘ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʠʚʝʜʝʥʥʳʭ ʚ ʦʙʟʦʨʝ [62], CuO, 

Cu2O ʠ CuO/Cu2O ʥʝ ʧʨʦʷʚʣʷʶʪ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʙʝʟ ʜʦʙʘʚʣʝʥʠʷ 

ʧʝʨʦʢʩʠʜʘ ʚʦʜʦʨʦʜʘ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʙʦʣʝʝ ʦʪʨʠʮʘʪʝʣʴʥʳʤ 

ʟʥʘʯʝʥʠʝʤ ʧʦʪʝʥʮʠʘʣʘ ʚʘʣʝʥʪʥʦʡ ʟʦʥʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʜʦʢʩ ʧʦʪʝʥʮʠʘʣʦʤ, 

ʥʝʦʙʭʦʜʠʤʳʤ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ ϽὕὌ.  

1.4 ʋʩʪʨʦʡʩʪʚʘ ʠ ʤʘʪʝʨʠʘʣʳ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʵʥʝʨʛʝʪʠʢʠ 

ʉʝʛʦʜʥʷ ʧʦʩʪʦʷʥʥʳʡ ʨʦʩʪ ʧʦʪʨʝʙʣʝʥʠʷ ʵʥʝʨʛʠʠ ʠʟ ʥʝʚʦʟʦʙʥʦʚʣʷʝʤʳʭ 

ʠʩʪʦʯʥʠʢʦʚ, ʧʨʠʚʦʜʷʱʠʡ ʢ ʫʩʫʛʫʙʣʝʥʠʶ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ, ʚʩʝ ʙʦʣʴʰʝ 

ʩʪʠʤʫʣʠʨʫʝʪ ʨʘʟʨʘʙʦʪʢʫ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʯʠʩʪʳʭ ʪʝʭʥʦʣʦʛʠʡ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ/ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠ ʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ  

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠ ʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ, 

ʚʢʣʶʯʘʶʱʠʝ ʚ ʩʝʙʷ ʪʦʧʣʠʚʥʳʝ ʵʣʝʤʝʥʪʳ, ʣʠʪʠʡ- ʠ ʥʘʪʨʠʡ-ʠʦʥʥʳʝ ʙʘʪʘʨʝʠ ʠ 

ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʳ, ʨʘʩʩʤʘʪʨʠʚʘʶʪʩ ̫ ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʩʠʩʪʝʤ 

ʧʦʨʪʘʪʠʚʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ, ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʨʝʜʩʪʚ ʠ ʜʨ.[63]. 

ʊʦʧʣʠʚʥʳʝ ʵʣʝʤʝʥʪʳ (ʊʕ) ʦʪʥʦʩʷʪ ʢ çʟʝʣʝʥʳʤè ʩʠʩʪʝʤʘʤ 

ʛʝʥʝʨʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʠʟ ʵʥʝʨʛʠʠ ʭʠʤʠʯʝʩʢʠʭ ʧʨʝʚʨʘʱʝʥʠʡ 

ʪʦʧʣʠʚʘ, ʪʘʢ ʢʘʢ ʥʘ ʚʳʭʦʜʝ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʣʠʰʴ ʚʦʜʳ, ʫʛʣʝʢʠʩʣʦʛʦ 

ʛʘʟʘ (ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʫʛʣʝʨʦʜ-ʩʦʜʝʨʞʘʱʝʛʦ ʪʦʧʣʠʚʘ), ʪʝʧʣʘ ʠ 

ʵʣʝʢʪʨʠʯʝʩʪʚʘ. ʊʕ ʢʣʘʩʩʠʬʠʮʠʨʫʶʪ ʧʦ ʪʠʧʫ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʥʠʭ 

ʵʣʝʢʪʨʦʣʠʪʘ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʩʘʤʳʤʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʷʚʣʷʶʪʩʷ 
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ʪʦʧʣʠʚʥʳʝ ʵʣʝʤʝʥʪʳ ʩ ʧʨʦʪʦʥʦʦʙʤʝʥʥʦʡ ʤʝʤʙʨʘʥʦʡ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʧʦʜʨʘʟʜʝʣʷʶʱʠʝʩʷ ʥʘ ʚʦʜʦʨʦʜʥʳʝ ʊʕ, ʪʦʧʣʠʚʥʳʝ ʵʣʝʤʝʥʪ r ʧʨʷʤʦʛʦ 

ʦʢʠʩʣʝʥʠʷ ʩʧʠʨʪʦʚ. ʉʨʝʜʠ ʨʘʟʥʳʭ ʪʠʧʦʚ ʊʕ, ʧʨʷʤʦʡ ʤʝʪʘʥʦʣʴʥʳʡ ʪʦʧʣʠʚʥʳʡ 

ʵʣʝʤʝʥʪ (ʇʄʊʕ) ʦʙʣʘʜʘʝʪ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ ʙʣʘʛʦʜʘʨʷ 

ʧʨʦʩʪʦʪʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ [64]. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʚ 

ʇʄʊʕ ʥʘ ʧʦʨʷʜʦʢ ʥʠʞʝ, ʯʝʤ ʚ ʚʦʜʦʨʦʜʥʳʭ ʊʕ ʩ ʧʦʣʠʤʝʨʥʦʡ ʤʝʤʙʨʘʥʦʡ, ʠʭ 

ʛʣʘʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʦʪʘ ʭʨʘʥʝʥʠʷ ʠ ʜʦʩʪʘʚʢʠ ʪʦʧʣʠʚʘ. 

ʅʘʠʣʫʯʰʝʡ ʘʢʪʠʚʥʦʩʪʴʶ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʇʄʊʕ ʦʙʣʘʜʘʶʪ 

ʙʣʘʛʦʨʦʜʥʳʝ ʤʝʪʘʣʣʳ, ʪʘʢʠʝ ʢʘʢ Pt, Ru ʠ Pd. ʆʜʥʘʢʦ, ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʠ 

ʩʢʣʦʥʥʦʩʪʴ ʢ ʦʪʨʘʚʣʝʥʠʶ ʠʥʪʝʨʤʝʜʠʘʪʘʤʠ ʦʢʠʩʣʝʥʠʷ ʤʝʪʘʥʦʣʘ ʦʛʨʘʥʠʯʠʚʘʝʪ 

ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʚ ʙʦʣʴʰʠʭ ʤʘʩʰʪʘʙʘʭ. ʇʦʵʪʦʤʫ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚ ʢʘʯʝʩʪʚʝ 

ʵʣʝʢʪʨʦʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʦʢʠʩʣʝʥʠʷ ʤʝʪʘʥʦʣʘ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ  

ʢʠʩʣʦʨʦʜʘ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʨʘʟʣʠʯʥʳʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ [65], ʘ 

ʪʘʢʞʝ ʢʘʪʘʣʠʟʘʪʦʨʳ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ 

CuO/Cu2O [66-68]. ɼʠʦʢʩʠʜ ʪʠʪʘʥʘ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʘʢ ʥʦʩʠʪʝʣʴ 

ʥʘʥʦʯʘʩʪʠʮ ʙʣʘʛʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, ʜʝʡʩʪʚʠʝ ʢʦʪʦʨʦʛʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ 

ʩʠʥʝʨʛʝʪʠʯʝʩʢʦʤ ʵʬʬʝʢʪʝ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [69].  

ʂ ʜʨʫʛʠʤ ʫʩʪʨʦʡʩʪʚʘʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʵʥʝʨʛʝʪʠʢʠ, ʧʨʠʚʣʝʢʘʶʱʠʤ 

ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ, ʦʪʥʦʩʷʪ ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʳ (ʉʂ) ʠʣʠ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʢʦʥʜʝʥʩʘʪʦʨʳ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ 

ʫʜʝʣʴʥʦʡ ʤʦʱʥʦʩʪʴʶ, ʙʳʩʪʨʳʤ ʚʨʝʤʝʥʝʤ ʟʘʨʷʜʘ, ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ 

ʮʠʢʣʠʨʦʚʘʥʠʷ ʠ ʜʣʠʪʝʣʴʥʳʤ ʩʨʦʢʦʤ ʩʣʫʞʙʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʘʪʘʨʝʷʤʠ. ʆʥʠ 

ʪʘʢʞʝ ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʦʡ ʫʜʝʣʴʥʦʡ ʤʦʱʥʦʩʪʴʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʢʦʥʜʝʥʩʘʪʦʨʘʤʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʠʭ ʝʱʝ ʩʨʘʚʥʠʪʝʣʴʥʦ 

ʥʠʟʢʫʶ ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ (0,5 ï 10 ɺʪ ʯ ʢʛ
-1
) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʘʪʘʨʝʷʤʠ, 

ʧʨʝʜʧʨʠʥʠʤʘʶʪʩʷ ʧʦʧʳʪʢʠ ʫʣʫʯʰʠʪʴ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʆʜʥʦʡ ʠʟ ʪʘʢʠʭ 

ʩʪʨʘʪʝʛʠʡ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʧʩʝʚʜʦʢʦʥʜʝʥʩʘʪʦʨʦʚ, ʚ ʢʦʪʦʨʳʭ ʥʘʢʦʧʣʝʥʠʝ 

ʟʘʨʷʜʘ ʥʘ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʧʨʦʪʝʢʘʥʠʷ ʦʙʨʘʪʠʤʳʭ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ (ʬʘʨʘʜʝʝʚʩʢʠʭ) ʧʨʦʮʝʩʩʦʚ. ɺ ʢʘʯʝʩʪʚʝ 
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ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʧʩʝʚʜʦʢʦʥʜʝʥʩʘʪʦʨʦʚ ʨʘʩʩʤʘʪʨʠʚʘʶʪ 

ʦʧʨʝʜʝʣʝʥʥʳʝ ʦʢʩʠʜʳ ʠ ʛʠʜʨʦʢʩʠʜʳ ʤʝʪʘʣʣʦʚ (ʯʘʱʝ - ʧʝʨʝʭʦʜʥʳʭ), ʩʨʝʜʠ 

ʢʦʪʦʨʳʭ ʰʠʨʦʢʦ ʠʩʩʣʝʜʫʶʪʩʷ ʦʢʩʠʜʳ ʤʝʜʠ (Cu2O ʠ CuO) [70-72].  

1.5 ʄʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʬʦʪʦ- ʠ ʵʣʝʢʪʨʦʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʌʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʬʦʪʦ- ʠ ʵʣʝʢʪʨʦʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʦʩʥʦʚʘʥʳ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ, 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʪʝʨʤʠʯʝʩʢʦʡ ʠʣʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ 

ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʠʩʪʠʨʘʥʠʷ ʤʘʪʝʨʠʘʣʘ, ʝʛʦ ʧʣʘʚʣʝʥʠʷ, 

ʠʩʧʘʨʝʥʠ/̫ʢʦʥʜʝʥʩʘʮʠʠ ʠ ʪ.ʜ. ʇʦ ʪʠʧʫ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʵʪʠ 

ʤʝʪʦʜʳ ʦʪʥʦʩʷʪ ʢ ʤʝʪʦʜʘʤ ʩʠʥʪʝʟʘ ʧʦ ʧʨʠʥʮʠʧʘʤ çʩʚʝʨʭʫ-ʚʥʠʟè. ʌʠʟʠʯʝʩʢʠʝ 

ʤʝʪʦʜʳ, ʪʘʢʠʝ ʢʘʢ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʠʡ ʩʠʥʪʝʟ, ʣʘʟʝʨʥʘʷ ʘʙʣʷʮʠʷ, ʬʠʟʠʯʝʩʢʦʝ 

ʦʩʘʞʜʝʥʠʝ ʠʟ ʧʘʨʦʚʦʡ ʬʘʟʳ ʜʦʩʪʘʪʦʯʥʦ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʧʦʣʫʯʝʥʠʷ ʯʠʩʪʳʭ ʤʦʥʦʜʠʩʧʝʨʩʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [73]. ʆʜʥʘʢʦ ʯʘʩʪʦ 

ʬʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʩʦʧʨʷʞʝʥʳ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ʟʘʪʨʘʪʘʤʠ ʠ ʩʣʦʞʥʦʩʪʴʶ 

ʫʧʨʘʚʣʝʥʠʷ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʦʙʨʘʟʫʶʱʠʭʩʷ ʯʘʩʪʠʮ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʭʠʤʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ. 

  ʍʠʤʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ çʩʥʠʟʫ-ʚʚʝʨʭè ʦʯʝʥʴ ʧʦʧʫʣʷʨʥʳ ʚ ʩʚʷʟʠ ʩʦ 

ʩʚʦʝʡ ʧʨʦʩʪʦʪʦʡ ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʨʘʟʤʝʨ, 

ʤʦʨʬʦʣʦʛʠʶ ʠ ʩʦʩʪʘʚ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʢ ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤ 

ʭʠʤʠʯʝʩʢʠʤ ʤʝʪʦʜʘʤ ʦʪʥʦʩʷʪ ʞʠʜʢʦʬʘʟʥʳʝ ʤʝʪʦʜʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʦʜʥʦʡ 

ʠʣʠ ʥʝʚʦʜʥʦʡ ʩʨʝʜʳ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʩʘʤʳʤʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʷʚʣʷʶʪʩʷ 

ʟʦʣʴ-ʛʝʣʴ ʠ ʛʠʜʨʦ- (ʩʦʣʴʚʦ)ʪʝʨʤʘʣʴʥʳʡ ʩʠʥʪʝʟ [74]. ɿʦʣʴ-ʛʝʣʴ ʧʨʦʮʝʩʩ 

ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʧʝʨʝʭʦʜ ʟʦʣʷ ʚ ʛʝʣʴ, ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʧʦʜʚʝʨʛʘʝʪʩʷ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ. ɿʦʣʠ ʷʚʣʷʶʪʩʷ 

ʨʘʩʪʚʦʨʘʤʠ ʩʦʝʜʠʥʝʥʠʡ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ, ʪʘʢʠʭ ʢʘʢ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʣʠ 

(ʭʣʦʨʠʜʳ, ʥʠʪʨʘʪʳ, ʩʫʣʴʬʘʪʳ, ʘʮʝʪʘʪʳ) ʠ ʚʦʜʥʳʝ ʠʣʠ ʩʧʠʨʪʦʚʳʝ ʩʤʝʩʠ 

ʤʝʪʘʣʣ-ʦʨʛʘʥʠʢʠ (ʘʣʢʦʢʩʠʜʦʚ). ʏʝʨʝʟ ʩʝʨʠʶ ʭʠʤʠʯʝʩʢʠʭ ʠʣʠ ʪʝʨʤʠʯʝʩʢʠʭ 

ʨʝʘʢʮʠʡ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʪʚʝʨʜʦʛʦ ʢʘʨʢʘʩʘ ʤʝʪʘʣʣʦ-ʢʠʩʣʦʨʦʜʥʳʭ 
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ʩʚʷʟʝʡ (M-O-M) ʚ ʞʠʜʢʦʡ ʬʘʟʝ (ʛʝʣʝ). ɺ ʧʨʦʮʝʩʩʝ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟʘ, ʛʣʘʚʥʳʤ 

ʦʙʨʘʟʦʤ, ʬʦʨʤʠʨʫʶʪʩʷ ʘʤʦʨʬʥʳʝ ʠʣʠ ʥʠʟʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ. 

ʇʦʵʪʦʤʫ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ ʩʫʭʦʡ ʛʝʣɹ ʧʦʜʚʝʨʛʘʶʪ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ. ʀʟʚʝʩʪʝʥ ʟʦʣʴ-ʛʝʣʴ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ 

TiO2 ʩ ʚʳʩʦʢʦʡ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʠʟʦʧʨʦʧʦʢʩʠʜʘ ʪʠʪʘʥʘ ʚ ʢʘʯʝʩʪʚʝ ʩʦʝʜʠʥʝʥʠʷ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ ʠ ʤʝʪʘʥʦʣʘ ʚ 

ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʠʪʝʣʷ ʚ ʫʩʣʦʚʠʷʭ ʧʨʦʪʠʚʦʪʦʢʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 80Áʉ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʦʢʘʣʠʚʘʥʠʝʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 450Áʉ [73].  

 ɼʨʫʛʠʤ ʚʝʩʴʤʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʤʝʪʦʜʦʤ ʷʚʣʷʝʪʩʷ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʡ 

ʩʠʥʪʝʟ, ʢʦʪʦʨʳʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʜʘʚʣʝʥʠʷʭ (>1 ʘʪʤ) ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʪʝʢʘʥʠʷ ʛʝʪʝʨʦʛʝʥʥʦʡ 

ʨʝʘʢʮʠʠ ʚ ʚʦʜʥʦʡ ʩʨʝʜʝ (NaOH, KOH, HCl, HNO3, H2SO4) ʚ ʩʧʝʮʠʘʣʴʥʳʭ 

ʘʚʪʦʢʣʘʚʘʭ [75]. ɺ ʩʣʫʯʘʝ ʥʝʚʦʜʥʦʡ ʩʨʝʜʳ ʧʨʦʮʝʩʩ ʥʘʟʳʚʘʶʪ 

ʩʦʣʴʚʦʪʝʨʤʘʣʴʥʳʤ.  ʇʨʠ ʵʪʦʤ ʚʦʟʤʦʞʥʦ ʧʨʦʚʝʜʝʥʠʝ ʧʨʦʮʝʩʩʘ ʧʨʠ ʙʦʣʝʝ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʠʥʪʝʟʘ, ʯʝʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʦʜʥʦʡ ʩʨʝʜʳ.  

ʏʘʩʪʦ ʚ ʞʠʜʢʦʬʘʟʥʳʭ ʧʨʦʮʝʩʩʘʭ ʨʦʣʴ ʘʛʝʥʪʘ, ʢʦʥʪʨʦʣʠʨʫʶʱʝʛʦ ʬʦʨʤʫ 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʯʘʩʪʠʮ, ʠʛʨʘʶʪ ʘʤʬʠʬʠʣʴʥʳʝ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʝ 

ʚʝʱʝʩʪʚʘ (ʇɸɺ) ʩ ʛʠʜʨʦʬʦʙʥʳʤʠ ʠ ʛʠʜʨʦʬʠʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ. ɻʠʜʨʦʬʦʙʥʳʝ 

ʛʨʫʧʧʳ ʪʘʢʠʭ ʇɸɺ ʩʝʣʝʢʪʠʚʥʦ ʘʜʩʦʨʙʠʨʫʶʪʩʷ ʥʘ ʟʘʨʷʞʝʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʧʦʩʨʝʜʩʪʚʦʤ ʥʝʢʦʚʘʣʝʥʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʪʘʢʠʭ ʢʘʢ 

ʚʦʜʦʨʦʜʥʳʝ ʩʚʷʟʠ, ˊ-ˊ ʠ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʛʠʜʨʦʬʠʣʴʥʳʝ ʛʨʫʧʧʳ ʥʘʭʦʜʷʪʩʷ ʚ ʢʦʥʪʘʢʪʝ ʩ ʤʦʣʝʢʫʣʘʤʠ ʚʦʜʳ ʚ ʚʦʜʥʦʤ 

ʨʘʩʪʚʦʨʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʣʝʢʫʣʳ ʇɸɺ ʧʘʩʩʠʚʠʨʫʶʪ ʧʦʚʝʨʭʥʦʩʪʴ 

ʥʘʥʦʯʘʩʪʠʮ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʥʘ ʠʭ ʤʦʨʬʦʣʦʛʠʶ ʧʫʪʝʤ 

ʢʦʥʪʨʦʣʠʨʦʚʘʥʠʷ ʩʢʦʨʦʩʪʠ ʠʭ ʨʦʩʪʘ ʚ ʦʧʨʝʜʝʣʝʥʥʳʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ 

ʥʘʧʨʘʚʣʝʥʠʷʭ ʠ ʦʧʨʝʜʝʣʷʶʪ ʦʨʠʝʥʪʘʮʠʠ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʨʠʩʪʘʣʣʘ. 

ɸʜʩʦʨʙʮʠʷ ʇɸɺ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʚʝʜʝʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʩ ʙʦʣʴʰʦʡ ʧʣʦʱʘʜʴʶ ʧʦʚʝʨʭʥʦʩʪʠ ʠ  ʙʦʣʴʰʠʤ 

ʢʦʣʠʯʝʩʪʚʦʤ ʚʳʩʦʢʦʘʢʪʠʚʥʳʭ ʧʣʦʩʢʦʩʪʝʡ [76]. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ, ʜʣʷ 
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ʩʠʥʪʝʟʘ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʘʢʠʝ ʇɸɺ, ʢʘʢ 

ʮʝʪʠʣʪʨʠʤʝʪʠʣʘʤʤʦʥʠʡ ʙʨʦʤʠʜ, ʜʦʜʝʮʠʣʩʫʣʴʬʘʪ ʥʘʪʨʠʷ, 

ʧʦʣʠʚʠʥʠʣʧʠʨʨʦʣʠʜʦʥ, ʜʠʥʘʪʨʠʝʚʘʷ ʩʦʣʴ ʵʪʠʣʝʥʜʠʘʤʠʥʪʝʪʨʘʫʢʩʫʩʥʦʡ 

ʢʠʩʣʦʪʳ [77]. ʇʦʤʠʤʦ ʇɸɺ ʪʘʢʞʝ ʧʨʠʤʝʥʷʶʪ ʜʨʫʛʠʝ ʩʚʷʟʳʚʘʶʱʠʝ ʘʛʝʥʪʳ ï 

ʧʦʣʠʤʝʨʳ, ʘʤʠʥʦʢʠʩʣʦʪʳ, ʧʦʣʠʩʘʭʘʨʠʜʳ ʠ ʙʠʦ-ʵʢʩʪʨʘʢʪʳ, ʯʪʦ ʧʦʜʨʦʙʥʦ 

ʦʩʚʷʱʝʥʦ ʚ ʦʙʟʦʨʝ [78].  

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʩʠʥʪʝʟʘ, ʘ ʪʘʢʞʝ 

ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʧʣʘ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ, ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ 

ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ, ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʝʪ ʩʦʢʨʘʪʠʪʴ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ 

ʩʠʥʪʝʟʘ ʠ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʘʪʴ ʤʝʣʢʠʝ ʯʘʩʪʠʮʳ. ʊʘʢ, ʘʚʪʦʨʳ 

ʩʠʥʪʝʟʠʨʦʚʘʣʠ ʨʷʜ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ZnO, ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ 

ʤʠʥʫʪ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ ʚ ʥʝʚʦʜʥʦʡ ʩʨʝʜʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ 

ʠʟʣʫʯʝʥʠʷ [79]. ʊʘʢʞʝ ʩʦʦʙʱʘʝʪʩʷ ʦ ʩʠʥʪʝʟʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʜʠʦʢʩʠʜʘ 

ʪʠʪʘʥʘ ʩ ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʝʡ ʠ ʙʦʣʴʰʦʡ ʫʜʝʣʴʥʦʡ ʧʣʦʱʘʜʴʶ 

ʧʦʚʝʨʭʥʦʩʪʠ [80]. ʇʦ ʜʘʥʥʳʤ ʘʚʪʦʨʦʚ [47] ʬʦʪʦʘʢʪʠʚʥʦʩʪʴ ʦʢʩʠʜʘ ʮʠʥʢʘ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ, ʟʘʚʠʩʠʪ ʦʪ ʪʠʧʘ 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ. ʇʨʠ ʵʪʦʤ ʝʛʦ ʪʠʧ ʚʣʠʷʝʪ ʥʘ ʧʨʠʨʦʜʫ 

ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʦʢʩʠʜʝ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʦʦʙʱʘʝʪʩʷ, ʯʪʦ 

ʧʨʠʩʫʪʩʪʚʠʝ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ ʚ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʝ ʧʨʠʚʦʜʠʪ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʝʛʦ ʘʢʪʠʚʥʦʩʪʠ ʚ ʨʝʘʢʮʠʠ ʜʝʛʨʘʜʘʮʠʠ ʬʝʥʦʣʘ, ʪʦʛʜʘ ʢʘʢ 

ʧʨʠʩʫʪʩʪʚʠʝ ʚʘʢʘʥʩʠʡ ʮʠʥʢʘ ï ʢ ʦʙʨʘʪʥʦʤʫ ʵʬʬʝʢʪʫ. 

ʉʨʘʚʥʝʥʠʝ ʦʩʥʦʚʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʠ ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ 

ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ (ʪʠʪʘʥʘ, ʮʠʥʢʘ, ʤʝʜʠ) ʧʨʠʚʝʜʝʥʦ ʚ 

ʪʘʙʣʠʮʝ 1.1. ɸʥʘʣʠʟ ʧʨʠʚʝʜʸʥʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʢʘʞʜʳʡ ʧʦʜʭʦʜ ʢ 

ʩʠʥʪʝʟʫ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠʤʝʝʪ ʩʚʦʠ ʜʦʩʪʦʠʥʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ, ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʤʝʪʦʜʘ ʝʱʝ ʥʝ ʩʦʟʜʘʥʦ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʘʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ 

ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ. 
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ʊʘʙʣʠʮʘ 1.1 ï ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ ʥʘʥʦʜʠʩʧʝʨʩʥʳʭ ʬʦʪʦ- 

ʠ ʵʣʝʢʪʨʦʘʢʪʠʚʥʳʭ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ [80-83] 

ʇʦʜ

ʭʦʜ 
ʄʝʪʦʜ ʇʨʝʠʤʫʱʝʩʪʚʘ ʅʝʜʦʩʪʘʪʢʠ 

ʌ
ʠ
ʟ
ʠ
ʯ
ʝ
ʩ
ʢ
ʠ
ʡ

 

ʄʝʪʘʣʣʫʨʛʠʯʝʩʢʠʡ 

ʇʦʣʫʯʝʥʠʝ 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʚ 

ʙʦʣʴʰʠʭ ʢʦʣʠʯʝʩʪʚʘʭ 

ɹʳʩʪʨʘʷ ʘʛʣʦʤʝʨʘʮʠʷ 

ɿʘʛʨʷʟʥʝʥʠʝ ʧʨʦʜʫʢʪʦʚ 

ʃʘʟʝʨʥʘʷ ʘʙʣʷʮʠʷ 
ɺʳʩʦʢʘʷ ʯʠʩʪʦʪʘ 

ʧʨʦʜʫʢʪʦʚ 

ɺʳʩʦʢʠʝ ʟʘʪʨʘʪʳ 

ʉʣʦʞʥʦʩʪʴ ʢʦʥʪʨʦʣʷ ʬʦʨʤʳ 

ʠ ʨʘʟʤʝʨʦʚ 

ɸʛʣʦʤʝʨʘʮʠʷ 

ʊʚʝʨʜʦʬʘʟʥʳʡ 

 ɹʳʩʪʨʦʪʘ, ʦʪʩʫʪʩʪʚʠʝ 

ʪʦʢʩʠʯʥʳʭ 

ʨʝʘʛʝʥʪʦʚ/ʨʘʩʪʚʦʨʠʪʝʣʝʡ 

ɿʘʛʨʷʟʥʝʥʠʝ ʧʨʦʜʫʢʪʦʚ, 

ʚʦʟʤʦʞʥʘʷ ʘʤʦʨʬʠʟʘʮʠʷ 

ʧʨʦʜʫʢʪʦʚ 

ʍ
ʠ
ʤ
ʠ
ʯ
ʝ
ʩ
ʢ
ʠ
ʡ

 

ɻʠʜʨʦʪʝʨʤʘʣʴʥʳʡ 

ʏʠʩʪʦʪʘ ʧʨʦʜʫʢʪʦʚ, 

ʥʠʟʢʘʷ ʘʛʣʦʤʝʨʘʮʠʷ, 

ʢʦʥʪʨʦʣʴ ʤʦʨʬʦʣʦʛʠʠ ʠ 

ʨʘʟʤʝʨʦʚ 

ʅʝʦʙʭʦʜʠʤʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʚʪʦʢʣʘʚʘ, 

ʟʘʢʨʳʪʘʷ ʨʝʘʢʮʠʦʥʥʘʷ 

ʩʠʩʪʝʤʘ, ʦʧʘʩʥʦʩʪʴ ʨʘʙʦʪʳ 

ʉʦʣʴʚʦʪʝʨʤʘʣʴʥʳʡ 

ɺʦʟʤʦʞʥʦʩʪʴ 

ʨʘʩʪʚʦʨʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ 

ʚ ʧʦʜʭʦʜʷʱʝʤ 

ʨʘʩʪʚʦʨʠʪʝʣʝ ʧʨʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʜʘʚʣʝʥʠʷʭ ʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 

ɺʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ, 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʨʘʩʪʚʦʨʠʪʝʣʝʡ, 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʚʪʦʢʣʘʚʘ, 

ʟʘʢʨʳʪʘʷ ʨʝʘʢʮʠʦʥʥʘʷ 

ʩʠʩʪʝʤʘ 

ɿʦʣʴ-ʛʝʣʴ 

ɺʳʩʦʢʘʷ ʯʠʩʪʦʪʘ 

ʧʨʦʜʫʢʪʦʚ, ʢʦʥʪʨʦʣʴ 

ʬʦʨʤʳ, ʨʘʟʤʝʨʦʚ, 

ʧʦʨʠʩʪʦʩʪʠ, ʥʠʟʢʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʥʪʝʟʘ 

ɺʨʝʤʷʟʘʪʨʘʪʥʦʩʪʴ, 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʨʘʩʪʚʦʨʠʪʝʣʝʡ 

ʄʠʢʨʦʵʤʫʣʴʩʠʦʥʥʳʡ 
ʇʨʦʩʪʦʪʘ, ʥʠʟʢʘʷ 

ʘʛʣʦʤʝʨʘʮʠʷ 

ʊʨʝʙʫʝʪ ʙʦʣʴʰʠʭ ʢʦʣʠʯʝʩʪʚ 

ʩʫʨʬʘʢʪʘʥʪʦʚ ʚ ʚʳʩʦʢʠʭ 

ʢʦʥʮʝʥʪʨʘʮʠʷʭ, ʩʠʣʴʥʦʝ 

ʚʣʠʷʥʠʝ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ 

ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʤʠʢʨʦʵʤʫʣʴʩʠʡ 

ʄʠʢʨʦʚʦʣʥʦʚʦʡ 

ʩʠʥʪʝʟ 

ʉʦʢʨʘʱʝʥʠʝ ʚʨʝʤʝʥʠ 

ʩʠʥʪʝʟʘ, ʥʠʟʢʘʷ 

ʘʛʣʦʤʝʨʘʮʠʷ, 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ ʯʘʩʪʠʮ 

ɺʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ 

ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʨʝʘʢʪʦʨʦʚ, 

ʩʣʦʞʥʦʩʪʴ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ 
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1.6 ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʦʢʩʠʜʦʚ       

ʤʝʪʘʣʣʦʚ 

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʦʪʜʝʣʴʥʘʷ ʙʦʣʴʰʘʷ 

ʛʨʫʧʧʘ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ. ʇʨʠ ʵʪʦʤ ʚ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʦʥʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʦʛʨʦʤʥʳʡ ʧʦʪʝʥʮʠʘʣ ʚ ʥʘʧʨʘʚʣʝʥʠʠ 

ʩʦʟʜʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʩ ʟʘʜʘʥʥʦʡ ʤʦʨʬʦʣʦʛʠʝʡ ʠ ʩʦʩʪʘʚʦʤ ʚ ʦʪʩʫʪʩʪʚʠʠ ʇɸɺ 

ʠ ʜʨʫʛʠʭ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʫʶʱʠʭ ʘʛʝʥʪʦʚ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ  

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʧʨʠʚʣʝʢʘʶʪ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚ ʩʚʷʟʠ ʩʦ 

ʩʚʦʝʡ ʧʨʦʩʪʦʪʦʡ, ʵʢʦʣʦʛʠʯʥʦʩʪʴʶ, ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʨʦʚʦʜʠʪʴ ʧʨʦʮʝʩʩ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʜʘʚʣʝʥʠʷʭ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ 

ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤʠ ʜʣʷ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ  [84, 85]. 

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʪʝʭʥʦʣʦʛʠʠ ʩʠʥʪʝʟʘ ʥʘʥʦʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʦʚ 

ʤʝʪʘʣʣʦʚ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ ʢʘʪʦʜʥʫʶ ʢʦʨʨʦʟʠʶ, ʛʘʣʴʚʘʥʠʯʝʩʢʦʝ ʟʘʤʝʱʝʥʠʝ, 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠ ʘʥʦʜʥʦʝ ʦʢʠʩʣʝʥʠʝ [85, 86].  

ʄʝʪʦʜ ʢʘʪʦʜʥʦʡ ʢʦʨʨʦʟʠʠ ʦʩʥʦʚʘʥ ʥʘ ʥʘʣʦʞʝʥʠʠ ʙʦʣʴʰʠʭ ʧʦ ʚʝʣʠʯʠʥʝ 

ʢʘʪʦʜʥʳʭ ʧʝʨʝʤʝʥʥʳʭ ʪʦʢʦʚ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʨʘʙʦʯʠʡ ʵʣʝʢʪʨʦʜ, 

ʧʦʤʝʱʝʥʥʳʡ ʚ ʨʘʩʪʚʦʨ ʧʨʦʚʦʜʷʱʝʛʦ ʵʣʝʢʪʨʦʣʠʪʘ. ʇʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ 

ʦʙʨʘʟʦʚʘʥʠʝ ʚʳʩʦʢʦʘʢʪʠʚʥʳʭ ʥʝʩʪʘʙʠʣʴʥʳʭ ʠʥʪʝʨʤʝʜʠʘʪʦʚ ʠ ʠʭ ʭʠʤʠʯʝʩʢʦʝ 

ʦʢʠʩʣʝʥʠʝ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʢʠʩʣʦʨʦʜ-ʩʦʜʝʨʞʘʱʠʭ ʯʘʩʪʠʮ ʚ ʨʘʩʪʚʦʨʝ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʘʥʦʯʘʩʪʠʮ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʵʪʦʪ ʤʝʪʦʜ ʙʳʣ 

ʠʩʧʦʣʴʟʦʚʘʥ ʘʚʪʦʨʘʤʠ [86] ʜʣʷ ʩʠʥʪʝʟʘ ʥʘʥʦʧʨʦʚʦʣʦʢ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʠʩʧʝʨʩʥʳʭ ʯʘʩʪʠʮ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ 

ʵʣʝʢʪʨʦʣʠʟ ʯʘʩʪʦ ʧʨʦʚʦʜʷʪ ʚ ʩʠʩʪʝʤʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʨʘʩʪʚʦʨʠʤʦʛʦ 

(ʞʝʨʪʚʝʥʥʦʛʦ) ʘʥʦʜʘ ʠ ʵʣʝʢʪʨʦʣʠʪʘ, ʠʟʥʘʯʘʣʴʥʦ ʥʝ ʩʦʜʝʨʞʘʱʝʛʦ ʩʦʣʝʡ 

ʤʝʪʘʣʣʦʚ [85].  ʅʘʧʨʠʤʝʨ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ  

(ZnO, CuO, NiO ʠ ʜʨ) ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ 

ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, ʤʝʪʘʣʣ ʨʘʩʪʚʦʨʷʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʵʣʝʢʪʨʦʣʠʟʘ ʚ 

ʩʧʠʨʪʦʚʦʡ ʩʨʝʜʝ, ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʥʘ ʢʘʪʦʜʝ ʠ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʧʫʪʝʤ 

ʜʦʙʘʚʣʝʥʠʷ ʇɸɺ, ʘ ʟʘʪʝʤ ʦʢʠʩʣʷʝʪʩʷ ʚ ʪʦʢʝ ʚʦʟʜʫʭʘ. ʅʘʥʦ/ʤʠʢʨʦʯʘʩʪʠʮʳ 
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ʦʢʩʠʜʘ ʮʠʥʢʘ ʪʘʢʞʝ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʚ ʩʤʝʩʠ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʨʘʩʪʚʦʨʠʪʝʣʝʡ  ʘʮʝʪʦʥʠʪʨʠʣ: ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 10 ʤɸ/ʩʤ
2
. 

ʆʜʥʘʢʦ ʩʠʥʪʝʟ ʯʘʩʪʠʮ ʦʢʩʠʜʦʚ ʵʪʠʤʠ ʤʝʪʦʜʘʤʠ ʥʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʩʪʘʪʦʯʥʳʭ 

ʩʢʦʨʦʩʪʝʡ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ. ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ 

ʥʝʩʤʦʪʨʷ ʥʘ ʩʣʘʙʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʥʪʨʦʣʷ ʤʦʨʬʦʣʦʛʠʠ ʠ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʚ 

ʦʪʩʫʪʩʪʚʠʠ ʩʪʘʙʠʣʠʟʘʪʦʨʦʚ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʛʠʙʨʠʜʥʳʝ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ/ʪʝʨʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ. ɺ ʣʠʪʝʨʘʪʫʨʝ [85] ʪʘʢʞʝ ʠʟʚʝʩʪʝʥ 

ʤʝʪʦʜ ʵʣʝʢʪʨʦʩʠʥʪʝʟʘ ʥʘʥʦʯʘʩʪʠʮ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ, ʦʩʦʙʝʥʥʦ ZnO, ʚ ʚʦʜʥʦʡ 

ʩʨʝʜʝ (ʢʠʩʣʦʡ ʠ ʱʝʣʦʯʥʦʡ) ʧʨʠ ʯʨʝʟʚʳʯʘʡʥʦ ʚʳʩʦʢʠʭ ʧʦʪʝʥʮʠʘʣʘʭ (ʜʦ 100 

ɺ). 

ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʘʥʦʜʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʪʠʪʘʥʘ ʷʚʣʷʝʪʩʷ ʝʛʦ 

ʩʢʣʦʥʥʦʩʪʴ ʢ ʧʘʩʩʠʚʘʮʠʠ, ʯʪʦ ʧʨʝʧʷʪʩʪʚʫʝʪ ʝʛʦ ʙʳʩʪʨʦʤʫ ʨʘʩʪʚʦʨʝʥʠʶ. 

ʊʠʪʘʥ ʜʦʩʪʘʪʦʯʥʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ çʘʢʪʠʚʥʳʡè ʤʝʪʘʣʣ, ʝʛʦ ʩʪʘʥʜʘʨʪʥʳʡ 

ʵʣʝʢʪʨʦʜʥʳʡ ʧʦʪʝʥʮʠʘʣ -1,63 ɺ (ʥ.ʚ.ʵ.). ɺ ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ ʠ ʧʨʠ ʢʦʥʪʘʢʪʝ 

ʩ ʚʦʜʥʳʤʠ ʨʘʩʪʚʦʨʘʤʠ ʪʠʪʘʥ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʢʠʩʣʦʨʦʜʦʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʠ, ʢʦʪʦʨʘʷ ʟʘʱʠʱʘʝʪ ʤʝʪʘʣʣ ʦʪ ʝʛʦ ʜʘʣʴʥʝʡʰʝʛʦ ʦʢʠʩʣʝʥʠʷ. ɺ 

ʮʝʣʦʤ, ʦʧʠʩʳʚʘʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʪʠʪʘʥʘ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʚ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʪʠʪʘʥ ʤʦʞʝʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʚ (ʘ) ʘʢʪʠʚʥʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʦʢʠʩʣʷʷʩʴ ʚ ʨʘʩʪʚʦʨʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʠʦʥʦʚ Ti (III), (ʙ) ʧʘʩʩʠʚʥʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʧʦʢʨʳʪʦʤ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʦʡ (ʯʘʩʪʦ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʩʦʩʪʘʚʘ) ʠ (ʚ) ʘʢʪʠʚʥʦ-ʧʘʩʩʠʚʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʧʨʦʮʝʩʩʫ 

ʧʘʩʩʠʚʘʮʠʠ (ʧʝʨʝʭʦʜʫ ʚ ʧʘʩʩʠʚʥʦʝ ʩʦʩʪʦʷʥʠʝ). ɺ ʣʠʪʝʨʘʪʫʨʝ ʩʫʱʝʩʪʚʫʝʪ 

ʥʝʩʢʦʣʴʢʦ ʪʦʯʝʢ ʟʨʝʥʠʷ ʥʘ ʧʨʠʨʦʜʫ ʧʘʩʩʠʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘ ʪʠʪʘʥʝ. ʆʜʥʘ ʠʟ 

ʥʠʭ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʙʲʷʩʥʝʥʠʠ ʧʘʩʩʠʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʪʠʪʘʥʘ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʘ 

ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ ʘʜʩʦʨʙʮʠʦʥʥʦʛʦ ʤʦʥʦʩʣʦʷ, ʜʨʫʛʘʷ -  ʧʣʝʥʢʠ ʠʟ ʬʘʟʦʚʳʭ 

ʦʢʩʠʜʦʚ, ʪʨʝʪʴʷ ï ʛʠʜʨʠʜʥʦʡ ʬʘʟʳ [87]. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʪʠʪʘʥʘ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʦ ʛʠʜʨʠʜʥʦʡ 

ʧʘʩʩʠʚʘʮʠʠ ʪʠʪʘʥʘ ʙʳʣʦ ʨʘʟʚʠʪʦ ɸ.ʄ.ʉʫʭʦʪʠʥʳʤ [88].  
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ɸʚʪʦʨʘʤʠ [88] ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ ʦʙʰʠʨʥʳʡ ʘʥʘʣʠʟ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʪʠʪʘʥʘ ʚ ʨʘʟʣʠʯʥʳʭ ʩʨʝʜʘʭ. ɺ ʦʙʟʦʨʝ [89] 

ʧʨʠʚʦʜʷʪʩʷ ʜʘʥʥʳʝ ʦ ʧʘʩʩʠʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʪʠʪʘʥʘ ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ 

ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʧʦʪʝʥʮʠʘʣʦʤ ʨʘʟʦʤʢʥʫʪʦʡ ʮʝʧʠ (ʇʈʎ), ʢʦʪʦʨʳʡ ʚ ʩʣʫʯʘʝ 

NaCl, ʙʣʠʟʦʢ ʢ 0,244 ɺ (ʥ.ʚ.ʵ.) ʠ ʧʦʪʝʥʮʠʘʣʦʤ ʥʘʨʫʰʝʥʠʷ ʧʘʩʩʠʚʥʦʩʪʠ (E
*
), 

ʧʨʠ ʢʦʪʦʨʳʭ ɸʆʇ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ. ʇʨʠ ʵʪʦʤ ʙʦʣʴʰʘʷ 

ʯʘʩʪʴ ʧʨʠʣʦʞʝʥʥʦʛʦ ʘʥʦʜʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʨʘʩʭʦʜʫʝʪʩʷ ʥʘ ʧʨʝʦʜʦʣʝʥʠʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ʩʘʤʦʡ ʧʣʝʥʢʝ. ʇʨʠ ʘʥʦʜʥʳʭ ʧʦʪʝʥʮʠʘʣʘʭ (Ea), 

ʧʨʝʚʳʰʘʶʱʠʭ E
* 
ʧʨʦʠʩʭʦʜʠʪ ʫʪʦʣʱʝʥʠʝ ʧʘʩʩʠʚʥʦʡ ʧʣʝʥʢʠ. ʂ ʪʦʤʫ ʞʝ, ʢ 

ʧʨʦʮʝʩʩʘʤ ʨʦʩʪʘ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʠ ʜʦʙʘʚʣʷʝʪʩʷ ʨʝʘʢʮʠʷ ʚʳʜʝʣʝʥʠʷ 

ʢʠʩʣʦʨʦʜʘ. ʇʘʨʘʣʣʝʣʴʥʦ ʩ ʨʦʩʪʦʤ ɸʆʇ ʥʘ ʧʘʩʩʠʚʥʦʤ ʪʠʪʘʥʝ ʚ ʨʘʩʪʚʦʨʝ NaCl, 

ʧʨʦʠʩʭʦʜʠʪ ʝʛʦ ʨʘʩʪʚʦʨʝʥʠʝ ʩ ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʴʶ, ʢʦʪʦʨʘʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ pH. ʅʘʨʫʰʝʥʠʝ ʧʘʩʩʠʚʥʦʩʪʠ (ʨʘʩʰʠʨʝʥʠʝ ʘʢʪʠʚʥʳʭ 

ʧʠʪʪʠʥʛʦʚ) ʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʝ ʨʘʩʪʚʦʨʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʥʝʢʦʪʦʨʳʭ ʪʦʯʢʘʭ 

ʪʠʪʘʥʦʚʦʛʦ ʵʣʝʢʪʨʦʜʘ, ʘ ʟʘʪʝʤ ʥʘʯʠʥʘʝʪ ʨʘʩʪʚʦʨʷʪʴʩʷ ʚʩʷ ʧʦʚʝʨʭʥʦʩʪʴ 

ʵʣʝʢʪʨʦʜʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ  ʚ ʤʝʞʵʣʝʢʪʨʦʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʦʙʨʘʟʫʝʪʩʷ 

ʢʦʣʣʦʠʜʥʳʡ ʨʘʩʪʚʦʨ ʛʠʜʨʘʪʥʳʭ ʬʦʨʤ TiO2. ʆʩʥʦʚʥʳʤ ʧʦʜʭʦʜʦʤ ʢ 

ʧʨʝʦʜʦʣʝʥʠʶ ʧʘʩʩʠʚʥʦʩʪʠ ʤʝʪʘʣʣʘ ʠ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʝʡ ʝʛʦ 

ʘʥʦʜʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ 

ʘʢʪʠʚʠʨʫʶʱʠʭ ʵʣʝʢʪʨʦʣʠʪʦʚ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʦʚ 

ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʣʝʡ (ʙʨʦʤʠʜʦʚ ʠ ʭʣʦʨʠʜʦʚ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ). 

ɸʢʪʠʚʠʨʫʶʱʠʡ ʵʬʬʝʢʪ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʯʝʯʥʦʡ (ʧʠʪʪʠʥʛʦʚʦʡ) ʢʦʨʨʦʟʠʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ ʥʘʨʫʰʝʥʠʷ ʧʘʩʩʠʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʦʪʜʝʣʴʥʳʭ ʪʦʯʢʘʭ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʝʪʘʣʣʘ [90].  

ɺ ʣʠʪʝʨʘʪʫʨʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪ ʩʧʦʩʦʙʳ ʩʠʥʪʝʟʘ ʥʘʥʦʯʘʩʪʠʮ 

ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ ʩ ʨʘʟʤʝʨʘʤʠ ʯʘʩʪʠʮ ʦʪ 5 ʜʦ 40 ʥʤ ʧʫʪʝʤ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ ʚ 

ʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ ʚ ʚʦʜʥʳʭ ʠ ʩʧʠʨʪʦʚʳʭ ʨʘʩʪʚʦʨʘʭ ʙʨʦʤʠʜʘ 

ʪʝʪʨʘʤʝʪʠʣ- ʠʣʠ ʪʝʪʨʘʙʫʪʠʣʘʤʤʦʥʠʷ [85, 91, 92], ʘ ʪʘʢʞʝ ʚ ʩʨʝʜʝ ʠʦʥʥʦʡ 

ʞʠʜʢʦʩʪʠ [93]  ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ ʘʤʦʨʬʥʦʛʦ ʧʨʦʜʫʢʪʘ.   
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ɸʚʪʦʨʘʤʠ [91] ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʛʠʜʨʘʪʠʨʦʚʘʥʥʳʡ ʜʠʦʢʩʠʜʘ 

ʪʠʪʘʥʘ ʦʙʨʘʟʫʝʪʩʷ ʚ ʨʘʩʪʚʦʨʝ, ʘ ʥʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʪʨʳʚʘ ʧʦʨʠʩʪʦʡ ʧʣʝʥʢʠ ʦʪ 

ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ ʚ ʚʠʜʫ ʠʭ ʨʘʟʣʠʯʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʠ ʙʳʣ 

ʧʨʝʜʣʦʞʝʥ ʩʣʝʜʫʶʱʠʡ ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ: 

ɸʥʦʜ: ὝὭτὩ ᴼὝὭ ρȢρψ 

ʂʘʪʦʜ:ςὌὕ ςὩ ᴼςὕὌ Ὄ ᴻρȢρω 

ὝὭ τὕὌᴼὝὭὕϽὌὕ ρȢςπ 

ὝὭ ςὕ ᴼὝὭὕ ρȢςρ 

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʮʠʥʢʘ ʰʠʨʦʢʦ ʠʟʫʯʘʣʦʩʴ ʧʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʝʛʦ ʢʦʨʨʦʟʠʠ ʚ ʨʘʟʣʠʯʥʳʭ ʚʦʜʥʳʭ ʩʨʝʜʘʭ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʩʦʜʝʨʞʘʱʠʭ ʠʦʥʳ Cl
-
, Br

-
, I

-
, Ac

-
, SO4

2-
, NO3

- 
[94], ʠ ʩʦʩʪʘʚʘ 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʦʜʫʢʪʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʘʥʦʜʥʦʝ ʦʢʠʩʣʝʥʠʝ ʮʠʥʢʘ ʚ 

ʭʣʦʨʠʜʥʳʭ ʨʘʩʪʚʦʨʘʭ ʧʨʦʪʝʢʘʝʪ ʚ ʜʚʝ ʩʪʘʜʠʠ, ʢʦʪʦʨʳʝ ʟʘʢʣʶʯʘʶʪʩʷ ʚ 

ʘʢʪʠʚʥʦʤ ʨʘʩʪʚʦʨʝʥʠʠ ʮʠʥʢʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʦʨʨʦʟʠʦʥʥʦʡ ʧʣʝʥʢʠ ʧʨʠ 

ʧʦʪʝʥʮʠʘʣʘʭ ʙʦʣʴʰʠʭ Ecorr ʠ ʜʘʣʴʥʝʡʰʝʤ ʝʛʦ ʧʦʩʪʝʧʝʥʥʦʤ ʨʘʩʪʚʦʨʝʥʠʠ. 

ɹʦʣʴʰʠʥʩʪʚʦ ʫʯʝʥʳʭ ʩʯʠʪʘʝʪ, ʯʪʦ  ʧʣʝʥʢʘ, ʬʦʨʤʠʨʫʝʤʘʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʮʠʥʢʘ ʚ ʭʣʦʨʠʜʥʳʭ ʨʘʩʪʚʦʨʘʭ ʧʩʝʚʜʦ-ʧʘʩʩʠʚʥʘʷ, ʘ ʥʝ ʢʦʤʧʘʢʪʥʘʷ. ʆʥʘ 

ʧʦʨʠʩʪʘʷ ʠ ʩʠʣʴʥʦ ʛʠʜʨʘʪʠʨʦʚʘʥʘʷ [95].  

ɹʦʣʴʦhʝ ʯʠʩʣʦ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʩʠʥʪʝʟʫ ʥʘʥʦ/ʤʠʢʨʦ ʯʘʩʪʠʮ ʦʢʩʠʜʘ 

ʮʠʥʢʘ, ʦʩʥʦʚʘʥʦ ʥʘ ʦʢʠʩʣʝʥʠʠ ʮʠʥʢʘ ʚ ʩʪʘʮʠʦʥʘʨʥʳʭ ʫʩʣʦʚʠʷʭ ʚ ʩʠʩʪʝʤʘʭ ʩ 

ʞʝʨʪʚʝʥʥʳʤ ʘʥʦʜʦʤ. ʇʨʠ ʵʪʦʤ ʥʘ ʩʦʩʪʘʚ ʠ ʤʦʨʬʦʣʦʛʠʶ ʦʙʨʘʟʫʶʱʠʭʩʷ 

ʧʨʦʜʫʢʪʦʚ ʚʣʠʷʶʪ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ, ʩʨʝʜʘ ʵʣʝʢʪʨʦʣʠʪʘ ʠ ʪʝʤʧʝʨʘʪʫʨʘ [96]. ɺ 

ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʦʚ ʵʣʝʢʪʨʦʣʠʪʦʚ ʚ ʣʠʪʝʨʘʪʫʨʝ ʚʩʪʨʝʯʘʶʪʩʷ ʚʦʜʥʳʝ ʨʘʩʪʚʦʨʳ 

ʩʦʣʝʡ, ʪʘʢʠʝ ʢʘʢ ʭʣʦʨʠʜ, ʛʠʜʨʦʢʘʨʙʦʥʘʪ, ʥʠʪʨʘʪ ʥʘʪʨʠʷ [96-98], ʘ ʪʘʢʞʝ 

ʵʪʘʥʦʣʴʥʳʝ ʨʘʩʪʚʦʨʳ ʭʣʦʨʠʜʘ ʣʠʪʠʷ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʚʦʜʳ [99]. ʇʨʠ ʵʪʦʤ 

ʯʘʩʪʦ ʵʪʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʷʚʣʷʶʪʩʷ ʛʠʙʨʠʜʥʳʤʠ, ʪʘʢ ʢʘʢ 

ʦʙʨʘʟʫʶʱʠʝʩʷ ʛʠʜʨʦʢʩʠʜʳ ʠʣʠ ʛʠʜʨʦʢʩʦʩʦʣʠ, ʪʨʝʙʫʶʪ ʧʦʩʣʝʜʫʶʱʝʡ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ [96, 97].  ʅʘʧʨʠʤʝʨ, ʪʘʢʦʡ ʤʝʪʦʜ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ZnO ʚ ʨʘʩʪʚʦʨʝ ʛʠʜʨʦʢʘʨʙʦʥʘʪʘ ʥʘʪʨʠʷ ʩ 
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ʧʦʩʣʝʜʫʶʱʝʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʦʡ ʧʨʠ 300Áʉ [85]. ɺ ʨʘʙʦʪʝ [98] ʙʳʣ ʧʨʝʜʣʦʞʝʥ 

ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ZnO ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ 

ʮʠʥʢʘ ʥʘ ʘʥʦʜʝ ʠ ʛʝʥʝʨʘʮʠʠ ʱʝʣʦʯʠ ʥʘ ʢʘʪʦʜʝ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 

Zn(OH)2 ʠ ʢʦʤʧʣʝʢʩʦʚ Zn(OH)4
2-
 ʧʨʠ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʷʭ pH. ʉʫʱʝʩʪʚʦʚʘʥʠʝ 

ʚ ʭʣʦʨʠʜ-ʩʦʜʝʨʞʘʱʠʭ ʨʘʩʪʚʦʨʘʭ ʚ ʦʙʣʘʩʪʠ pH ʦʪ 9 ʜʦ 13 ʛʠʜʨʦʢʩʠʜʘ ʠʣʠ 

ʦʢʩʠʜʘ ʮʠʥʢʘ, ʘ  ʧʨʠ pH>13 ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʛʠʜʨʦʢʩʦʢʦʤʧʣʝʢʩʦʚ Zn(OH)4
2- 

ʦʧʠʩʳʚʘʝʪʩʷ ʜʠʘʛʨʘʤʤʦʡ ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣɹ ʥʦʩʪʠ ʢʦʤʧʣʝʢʩʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʮʠʥʢʘ [100]. 

ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʚ ʦʙʣʘʩʪʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ 

ʤʝʜʠ ʧʦʩʚʷʱʝʥʦ ʢʠʥʝʪʠʢʝ ʠ ʤʝʭʘʥʠʟʤʫ ʝʝ ʘʥʦʜʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʚ ʭʣʦʨʠʜʥʳʭ ʨʘʩʪʚʦʨʘʭ [101], ʘ ʪʘʢʞʝ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʢʦʨʨʦʟʠʦʥʥʳʭ 

ʧʨʦʜʫʢʪʦʚ ʥʘ ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʨʘʟʥʳʭ ʩʨʝʜʘʭ [102]. ʈʘʟʨʘʙʦʪʢʠ ʚ ʦʙʣʘʩʪʠ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʦʢʩʠʜʦʚ ʤʝʜʠ ʚʝʜʫʪʩʷ ʩ 1940-ʭ ʛʦʜʦʚ. ʀʟʚʝʩʪʝʥ 

ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʠʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʦʢʩʠʜʘ ʤʝʜʠ (I) [103], ʚ ʢʦʪʦʨʦʤ  ʚ 

ʢʘʯʝʩʪʚʝ ʘʥʦʜʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʝʜʥʘʷ ʧʣʘʩʪʠʥʘ, ʘ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʘ 

ʪʠʪʘʥʦʚʳʝ ʧʝʨʬʦʨʠʨʦʚʘʥʥʳʝ ʧʣʘʩʪʠʥʳ. ʆʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʩʠʥʪʝʟʘ ʩ 

ʨʘʟʜʝʣʝʥʠʝʤ ʢʘʪʦʜʥʦʛʦ ʠ ʘʥʦʜʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʜʠʘʬʨʘʛʤʦʡ: ʢʦʥʮʝʥʪʨʘʮʠʷ 

NaCl 250 ʛ/ʣ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʛʠʜʨʦʢʩʠʜʘ ʥʘʪʨʠʷ 0,1 ï 1,0 ʛ/ʣ (pH=11,1 ï 12,1), 

ʪʝʤʧʝʨʘʪʫʨʘ 80Áʉ, ʘʥʦʜʥʘʷ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ 500 ï 1500 ɸ/ʤ
2
. ɺ ʷʯʝʡʢʝ ʙʝʟ 

ʜʠʘʬʨʘʛʤʝʥʥʦʛʦ ʨʘʟʜʝʣʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʵʬʬʝʢʪʠʚʥʳʭ ʜʦʙʘʚʦʢ, 

ʧʨʝʜʦʪʚʨʘʱʘʶʱʠʭ ʦʩʘʞʜʝʥʠʝ ʧʦʨʦʰʢʘ ʤʝʜʠ ʥʘ ʢʘʪʦʜʘʭ, ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʭʨʦʤʘʪ ʠ ʜʠʭʨʦʤʘʪ ʥʘʪʨʠʷ, ʛʣʶʢʦʥʘʪ ʢʘʣʴʮʠʷ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʧʨʦʮʝʩʩʦʚ ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʩʠʜʘ ʤʝʜʠ (I) ʧʫʪʝʤ ʵʣʝʢʪʨʦʨʘʩʪʚʦʨʝʥʠʷ ʤʝʜʠ ʚ 

ʱʝʣʦʯʥʳʭ ʨʘʩʪʚʦʨʘʭ ʭʣʦʨʠʜʘ ʥʘʪʨʠʷ ʘʚʪʦʨʳ [103] ʧʨʝʜʣʘʛʘʶʪ ʩʣʝʜʫʶʱʠʡ 

ʤʝʭʘʥʠʟʤ: 

ɸʥʦʜʥʦʝ ʨʘʩʪʚʦʨʝʥʠʝ ʤʝʜʠ: 

ὅό ὲὅὰὩ ὅόὅὰ ὲ ςȟσ ρȢςς 

ʂʘʪʦʜʥʘʷ ʨʝʘʢʮʠʷ ʚʳʜʝʣʝʥʠʷ ʚʦʜʦʨʦʜʘ: 

ςὌὕ ςὩO Ὄ ᴻ ςὕὌ ρȢςσ 
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ɻʠʜʨʦʣʠʪʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ (ʭʠʤʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ): 

ςὅόὅὰ ςὕὌ ὅόὕ Ὄὕ ςὲὅὰ ρȢςτ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʛʠʜʨʦʢʩʠʜ ʠʦʥʳ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʧʨʦʪʝʢʘʥʠʷ 

ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʛʝʥʝʨʠʨʫʶʪʩʷ ʥʘ ʢʘʪʦʜʝ ʠ ʤʠʛʨʠʨʫʶʪ ʚ ʘʥʦʜʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʧʫʪʝʤ ʜʠʬʬʫʟʠʠ ʠ ʢʦʥʚʝʢʮʠʠ. ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʦʢʩʠʜʘ ʤʝʜʠ (I) 

ʜʦ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʝʜʠ ʥʘ ʢʘʪʦʜʝ ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʧʨʦʮʝʩʩʘ ʚ 

ʜʠʘʬʨʘʛʤʝʥʥʦʡ ʷʯʝʡʢʝ ʠʣʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʜʦʙʘʚʦʢ, ʧʨʝʜʦʪʚʨʘʱʘʶʱʠʭ 

ʦʩʘʞʜʝʥʠʝ ʧʦʨʦʰʢʘ ʤʝʜʠ ʥʘ ʢʘʪʦʜʘʭ. ʇʦ ʜʘʥʥʳʤ [104], ʧʨʦʜʫʢʪ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʘʥʦʜʥʦʛʦ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ  ʚ ʱʝʣʦʯʥʦʤ ʨʘʩʪʚʦʨʝ ʭʣʦʨʠʜʘ 

ʥʘʪʨʠʷ ʩ ʜʦʙʘʚʣʝʥʠʝʤ K2Cr2O7 ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ Cu2O ʩ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ 35 

ʥʤ, ʘ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʠʥʪʝʨʚʘʣʝ ʥʝ ʦʢʘʟʳʚʘʣʘ ʚʣʠʷʥʠʷ ʥʘ 

ʨʘʟʤʝʨ, ʬʦʨʤʫ ʠ ʩʦʩʪʘʚ ʧʦʣʫʯʝʥʥʦʛʦ ʦʢʩʠʜʘ. ɸʚʪʦʨʳ ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ 

ʬʦʨʤʠʨʦʚʘʥʠʝ Cu2O ʧʨʦʪʝʢʘʝʪ ʯʝʨʝʟ ʩʪʘʜʠʶ ʦʙʨʘʟʦʚʘʥʠʷ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ CuCln
1-n

. ɺ [105] ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʘʚʣʝʥʠʷ 

ʚ ʧʨʦʮʝʩʩʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 0,2 ɸ/ʩʤ
2
 ʚ 0,1 M 

ʨʘʩʪʚʦʨʝ NaCl ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʨʘʟʤʝʨ ʯʘʩʪʠʮ Cu2O. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʯʘʩʪʠʮʳ ʠʤʝʶʪ ʥʝʨʝʛʫʣʷʨʥʫʶ ʩʪʨʫʢʪʫʨʫ (ʘʛʣʦʤʝʨʘʪʳ).  

ɺ ʮʝʣʦʤ, ʘʥʠʦʥʳ ʵʣʝʢʪʨʦʣʠʪʦʚ ʙʳʣʠ ʨʘʟʜʝʣʝʥʳ ʥʘ ʪʨʠ ʛʨʫʧʧʳ ʧʦ 

ʤʝʭʘʥʠʟʤʫ ʠʭ ʚʣʠʷʥʠʷ ʥʘ ʘʥʦʜʥʦʝ ʨʘʩʪʚʦʨʝʥʠʝ ʤʝʜʠ [106]. ʊʘʢ, ʚ ʨʘʩʪʚʦʨʘʭ, 

ʩʦʜʝʨʞʘʱʠʭ ʛʘʣʦʛʝʥʠʜ-ʠʦʥʳ (Cl
ï
, Br

ï
, I
ï
) ʥʘʙʣʶʜʘʣʦʩʴ ʘʢʪʠʚʥʦʝ ʘʥʦʜʥʦʝ 

ʨʘʩʪʚʦʨʝʥʠʝ ʤʝʜʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʦʣʝʡ ʤʝʜʠ (I) ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʘ, 

ʥʘʭʦʜʷʱʠʤʠʩʷ ʚ ʨʘʚʥʦʚʝʩʠʠ ʩ ʢʦʤʧʣʝʢʩʘʤʠ CuAn
(n-1)-

 ʚ ʨʘʩʪʚʦʨʝ. ʇʨʠ ʵʪʦʤ 

ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʵʪʠʭ ʩʦʣʝʡ ʥʠʟʢʘʷ, ʘ ʨʘʩʪʚʦʨʝʥʠʝ ʤʝʜʠ ʚʳʟʚʘʥʦ, ʛʣʘʚʥʳʤ 

ʦʙʨʘʟʦʤ, ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʝʤ. ʇʦ ʜʘʥʥʳʤ  [107] CuO ʙʳʣ ʩʠʥʪʝʟʠʨʦʚʘʥ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʚ ʩʠʩʪʝʤʝ ʩ ʤʝʜʥʳʤ ʘʥʦʜʦʤ ʠ ʩʪʘʣʴʥʳʤ 

ʢʘʪʦʜʦʤ ʧʨʠ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ ʚ ʠʥʪʝʨʚʘʣʝ 5 ï 20 ʤɸ/ʩʤ
2
. ʇʨʠ ʵʪʦʤ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʣʠʪʘ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ Cu(NO3)2 

ʥʘʙʣʶʜʘʣʦʩʴ ʦʩʘʞʜʝʥʠʝ ʤʝʜʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʦʜʘ ʙʝʟ ʦʙʨʘʟʦʚʘʥʠʷ CuO. 

ʆʜʥʘʢʦ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ 0,2M NaNO3 ʧʨʦʠʩʭʦʜʠʣʦ ʦʙʨʘʟʦʚʘʥʠʝ CuO ʧʦ 
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ʩʭʝʤʝ CuŸCu
2+
ŸCu(OH)2ŸCuO. ɼʣʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ CuO ʚ 

ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ (1,0 ɸ/ʜʤ
2
) ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʣʠʪʘ ʧʦʤʠʤʦ 

NaNO3, ʙʳʣ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʥ NaHCO3. ɺʦ ʚʪʦʨʦʡ ʛʨʫʧʧʝ, ʢ ʢʦʪʦʨʦʡ 

ʦʪʥʦʩʷʪ Na2SO4, NaNO3 ʠ NaClO4, ʘʢʪʠʚʥʦʝ ʨʘʩʪʚʦʨʝʥʠʝ ʤʝʜʠ ʥʘʙʣʶʜʘʝʪʩʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʟʦʚʘʥʠʷ ʠʦʥʦʚ Cu
2+
, ʢʦʪʦʨʳʝ ʟʘʪʝʤ ʦʩʘʞʜʘʶʪʩʷ ʚ ʚʠʜʝ 

ʦʢʩʠʜʦʚ ʠ ʛʠʜʨʦʢʩʠʜʦʚ. ɺ ʪʨʝʪʴʝʡ ʛʨʫʧʧʝ  ʵʣʝʢʪʨʦʣʠʪʦʚ, ʪʘʢʠʭ ʢʘʢ 

ʛʠʜʨʦʢʩʠʜʳ, ʬʦʩʬʘʪʳ ʠ ʢʘʨʙʦʥʘʪʳ ʤʝʜʴ ʩʦʭʨʘʥʷʝʪ ʩʚʦʶ ʧʘʩʩʠʚʥʦʩʪʴ ʚ 

ʱʝʣʦʯʥʦʡ ʩʨʝʜʝ. 

ʆʙʦʙʱʘʷ, ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʩʣʝʜʫʶʱʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʦʢʩʠʜʦʚ 

ʚ ʧʨʦʮʝʩʩʝ ʵʣʝʢʪʨʦʣʠʟʘ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ:  

- ʛʠʜʨʘʪʠʨʦʚʘʥʥʳʝ ʬʦʨʤʳ ʧʨʦʜʫʢʪʦʚ ʠ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʭ ʪʝʨʤʠʯʝʩʢʦʡ 

ʧʦʩʪʦʙʨʘʙʦʪʢʠ;  

- ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʣʷ ʚʳʧʨʷʤʣʝʥʠʷ 

ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʨʘʟʤʝʨʳ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʧʣʦʱʘʜʝʡ 

ʠ ʨʘʩʭʦʜ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ;  

- ʠʥʪʝʥʩʠʬʠʢʘʮʠ ̫ ʧʨʦʮʝʩʩʦʚ ʵʣʝʢʪʨʦʣʠʟʘ ʚʦʟʤʦʞʥʘ ʧʫʪʝʤ ʧʦʚʳʰʝʥʠʷ 

ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ, ʯʪʦ ʧʦʚʳʰʘʝʪ ʥʝ ʪʦʣʴʢʦ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ, ʥʦ ʠ 

ʵʥʝʨʛʦʟʘʪʨʘʪʳ. 

1.7  ʆʩʦʙʝʥʥʦʩʪʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʤʝʪʘʣʣʦʚ ʚ 

ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ 

ʇʝʨʝʤʝʥʥʳʡ ʪʦʢ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʩʚʦʡʩʪʚ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, ʪʘʢʠʭ ʢʘʢ ʩʪʨʦʝʥʠʝ ɼʕʉ, ʧʦʪʝʥʮʠʘʣʳ ʥʫʣʝʚʦʛʦ 

ʟʘʨʷʜʘ ʠ ʪ.ʜ. [108]. ʄʝʪʦʜ ʬʘʨʘʜʝʝʚʩʢʦʛʦ ʠʤʧʝʜʘʥʩʘ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʠʟʤʝʨʝʥʠʠ ʠ ʘʥʘʣʠʟʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʪ ʯʘʩʪʦʪʳ  

ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ, ʧʦʟʚʦʣʷʝʪ ʠʟʫʯʘʪʴ ʢʠʥʝʪʠʢʫ ʠ ʤʝʭʘʥʠʟʤ ʵʣʝʢʪʨʦʜʥʳʭ 

ʧʨʦʮʝʩʩʦʚ. ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʘʟʠʨʫʝʪʩʷ ʥʘ   

ʠʟʫʯʝʥʠʠ ʦʪʢʣʠʢʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʥʘ ʚʦʟʜʝʡʩʪʚʠʝ 

ʧʝʨʝʤʝʥʥʳʤ/ʠʤʧʫʣʴʩʥʳʤ ʪʦʢʦʤ/ʧʦʪʝʥʮʠʘʣʦʤ [109]. ʆʜʥʘʢʦ ʦʩʦʙʝʥʥʦʩʪʠ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʥʘ ʵʣʝʢʪʨʦʜʘʭ ʚ ʫʩʣʦʚʠʷʭ 
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ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ  (ʨʝʚʝʨʩʠʚʥʳʡ, ʠʤʧʫʣʴʩʥʳʡ ʠʣʠ  ʧʝʨʝʤʝʥʥʳʡ 

ʪʦʢ), ʚʩʝ ʝʱʝ ʥʝ ʜʦʩʪʘʪʦʯʥʦ ʠʟʫʯʝʥʳ.  

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ ʦʩʫʱʝʩʪʚʣʷʶʪ 

ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʚ ʨʘʩʪʚʦʨʘʭ ʩ ʫʯʘʩʪʠʝʤ ʠʣʠ ʙʝʟ 

ʫʯʘʩʪʠʷ ʤʘʪʝʨʠʘʣʘ ʵʣʝʢʪʨʦʜʦʚ [110, 111]. ʈʝʞʠʤʳ ʨʝʚʝʨʩʠʚʥʦʛʦ, 

ʠʤʧʫʣʴʩʥʦʛʦ, ʦʜʥʦʧʦʣʫʧʝʨʠʦʜʥʦʛʦ ʪʦʢʘ,  ʠʩʧʦʣʴʟʫʝʤʳʝ ʧʨʠ ʧʦʣʫʯʝʥʠʠ 

ʧʨʦʯʥʳʭ, ʛʣʘʜʢʠʭ ʧʦʢʨʳʪʠʡ ʠ ʜʣʷ ʧʦʜʛʦʪʦʚʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ, 

ʩʧʦʩʦʙʩʪʚʫʶʪ ʠʭ ʜʝʧʦʣʷʨʠʟʘʮʠʠ,  ʩʥʠʞʝʥʠʶ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʚʘʥʥʝ ʠ 

ʜʠʬʬʫʟʠʦʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʚ ʵʣʝʢʪʨʦʣʠʪʝ. 

ʇʝʨʝʤʝʥʥʳʡ ʪʦʢ ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ ʩʧʦʩʦʙʩʪʚʫʝʪ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ 

ʧʨʦʮʝʩʩʦʚ ʘʥʦʜʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ/ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ ʤʝʪʘʣʣʦʚ, ʫʩʪʨʘʥʝʥʠʶ 

ʧʘʩʩʠʚʘʮʠʠ ʵʣʝʢʪʨʦʜʘ, ʘ ʟʥʘʯʠʪ, ʩʥʠʞʝʥʠʶ ʵʥʝʨʛʦʟʘʪʨʘʪ ʠ ʫʧʨʦʱʝʥʠʶ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʭʝʤʳ ʧʨʦʠʟʚʦʜʩʪʚʘ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ [111-115]. ʇʨʠ 

ʵʪʦʤ ʧʘʨʘʤʝʪʨʳ ʅʕ (ʧʣʦʪʥʦʩʪʴ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ, ʩʦʩʪʘʚ ʠ ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʵʣʝʢʪʨʦʣʠʪʘ) ʠ ʨʝʞʠʤʳ ʧʦʩʣʝʜʫʶʱʝʡ ʦʙʨʘʙʦʪʢʠ ʦʢʘʟʳʚʘʶʪ ʟʥʘʯʠʪʝʣʴʥʦ 

ʚʣʠʷʥʠʝ ʥʘ ʨʘʟʤʝʨ ʠ ʤʦʨʬʦʣʦʛʠʶ ʯʘʩʪʠʮ [110, 114] ɹʦʣʝʝ ʪʦʛʦ, ʚʦʟʤʦʞʥʦʩʪʴ 

ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʩʠʜʥʳʭ ʧʨʦʜʫʢʪʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʦʢʠʩʣʝʥʠʷ ʤʝʪʘʣʣʦʚ 

ʠ ʜʝʬʝʢʪʥʦʩʪʴʶ ʦʙʫʩʣʦʚʣʝʥʘ ʠʟʤʝʥʝʥʠʝʤ ʵʣʝʢʪʨʦʜʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ 

ʫʩʣʦʚʠʷʭ ʜʘʣʝʢʠʭ ʦʪ ʩʦʩʪʦʷʥʠʷ ʨʘʚʥʦʚʝʩʠʷ [111].  

ʂʠʣʠʤʥʠʢ ɸ.ɹ. ʚ ʨʘʙʦʪʝ [116] ʚʳʩʢʘʟʘʣ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʮʠʢʣʠʯʥʦʝ 

ʠʟʤʝʥʝʥʠʝ ʧʦʣʷʨʠʟʫʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʩʠʥʫʩʦʠʜʘʣʴʥʦʛʦ 

ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʨʦʪʝʢʘʥʠʶ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ ʜʚʫʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ: ʦʙʨʘʟʦʚʘʥʠʝ ʦʢʩʠʜʥʳʭ ʟʘʨʦʜʳʰʝʡ ʚ ʘʥʦʜʥʳʡ 

ʧʦʣʫʧʝʨʠʦʜ ʪʦʢʘ  ʠ ʨʘʟʨʷʜ ʧʨʦʪʦʥʦʚ ʩ ʚʳʜʝʣʝʥʠʝʤ ʚʦʜʦʨʦʜʘ, ʢʦʪʦʨʳʡ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʦʪʨʳʚʫ ʯʘʩʪʠʮʳ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ, ʚ ʢʘʪʦʜʥʳʡ. ʇʨʠ ʵʪʦʤ ʯʘʩʪʦʪʘ 

ʠʟʤʝʥʝʥʠʷ ʧʦʣʷʨʥʦʩʪʠ ʵʣʝʢʪʨʦʜʦʚ ʦʛʨʘʥʠʯʠʚʘʝʪ ʩʪʘʜʠʶ ʨʦʩʪʘ ʟʘʨʦʜʳʰʝʡ, 

ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʬʦʨʤʠʨʦʚʘʥʠʶ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʩʪʨʫʢʪʫʨ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʨʘʟʣʠʯʠʷ ʩʢʦʨʦʩʪʝʡ ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʦʡ ʨʝʘʢʮʠʠ, ʯʘʩʪʠʮʳ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʥʘ 
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ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ, ʥʝ ʫʩʧʝʚʘʶʪ ʧʦʣʥʦʩʪʴʶ  ʚʦʩʩʪʘʥʦʚʠʪʴʩʷ ʚ ʢʘʪʦʜʥʳʡ 

ʧʦʣʫʧʝʨʠʦʜ  ʠ ʫʜʘʣʷʶʪʩʷ ʚ ʨʘʩʪʚʦʨ ʵʣʝʢʪʨʦʣʠʪʘ. 

ɺʣʠʷʥʠʝ ʯʘʩʪʦʪʳ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʥʘ ʩʢʦʨʦʩʪʴ ʨʘʩʪʚʦʨʝʥʠʷ ʤʝʪʘʣʣʦʚ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘʣʠʯʠʝʤ ʝʤʢʦʩʪʥʦʛʦ ʪʦʢʘ, ʤʝʜʣʝʥʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ʜʠʬʬʫʟʠʠ 

ʠʦʥʦʚ ʤʝʪʘʣʣʘ ʚ ʢʦʨʨʦʟʠʦʥʥʫʶ ʩʨʝʜʫ ʠ ʦʛʨʘʥʠʯʝʥʥʳʤ ʚʨʝʤʝʥʝʤ ʦʙʨʘʟʦʚʘʥʠʷ 

ʠ ʨʘʟʨʫʰʝʥʠʷ ʧʘʩʩʠʚʠʨʫʶʱʠʭ ʩʣʦʝʚ, ʯʪʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʄʠʭʘʡʣʦʚʩʢʠʤ ʖ.ʅ. 

[117, 118]. ʈʘʥʝʝ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʨʘʩʪʚʦʨʝʥʠʷ ʪʠʪʘʥʘ 

ʠ ʝʛʦ ʩʧʣʘʚʦʚ ʠ ʤʝʜʠ ʚ ʢʠʩʣʳʭ ʨʘʩʪʚʦʨʘʭ ʧʨʠ ʥʘʣʦʞʝʥʠʠ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ 

[119, 120] ʠ ʮʠʥʢʘ ʚ NaCl ʧʨʠ ʩʤʝʥʝ ʧʦʣʷʨʥʦʩʪʠ ʪʦʢʘ [121] ʧʨʦʪʝʢʘʝʪ 

ʠʥʪʝʥʩʠʚʥʝʡ, ʯʝʤ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ.   

ɺ.ɺ. ʂʦʨʦʙʦʯʢʠʥʳʤ [112] ʠʩʩʣʝʜʦʚʘʥ rʧʨʦʮʝʩʩ rʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ 

ʩʠʥʪʝʟʘ ʨʷʜʘ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠ ʤʝʜʠ, ʧʨʠ 

ʜʝʡʩʪʚʠʠ ʩʠʥʫʩʦʠʜʘʣʴʥʦʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʩʠʥʫʩʦʠʜʘʣʴʥʦʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʧʨʦʤʳʰʣʝʥʥʦʡ ʯʘʩʪʦʪʳ ʩʢʦʨʦʩʪʴ 

ʦʢʠʩʣʝʥʠ ̫ʪʠʪʘʥʘ ʚ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʤ ʨʘʩʪʚʦʨʝ NaOH (46,5%) ʩʦʩʪʘʚʣʷʝʪ 

0,027 ʛ/ʩʤ
2
 ʯ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 1,5 ɸ/ʩʤ

2
. ʇʦʣʫʯʝʥʥʳʝ ʧʨʦʜʫʢʪʳ ʘʤʦʨʬʥʳ ʠ 

ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʘʥʘʪʘʟʘ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 350 - 

450Áʉ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ (0,016 ʛ/ʩʤ
2
 ʯ) ʥʘʙʣʶʜʘʣʘʩʴ 

ʚ 3% ʨʘʩʪʚʦʨʝ NaCl. ʇʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʣʦ ʦʙʨʘʟʦʚʘʥʠʝ ʩʤʝʩʠ ʦʢʩʠʜʘ ʮʠʥʢʘ 

ʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʦʛʦ ʛʠʜʨʦʢʩʠʜʘ ʮʠʥʢʘ. ɹʳʣʦ ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, 

ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʠʥʫʩʦʠʜʘʣʴʥʦʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʦʙʨʘʟʫʝʪʩʷ ʘʤʦʨʬʥʳʡ ʛʠʜʨʦʢʩʠʜ ʮʠʥʢʘ, 

ʢʦʪʦʨʳʡ ʯʘʩʪʠʯʥʦ ʜʝʛʠʜʨʘʪʠʨʫʝʪʩ ̫ʚ ʧʨʦʮʝʩʩʝ ʵʣʝʢʪʨʦʣʠʟʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ZnO. ʇʨʠ ʵʪʦʤ ʩʦʜʝʨʞʘʥʠʝ Zn(OH)2 ʚ ʢʦʥʝʯʥʦʤ ʧʨʦʜʫʢʪʝ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 

50%; ʯʘʩʪʠʮʳ ʠʤʝʣʠ ʬʦʨʤʫ ʩʨʦʩʰʠʭʩʷ ʫ ʦʩʥʦʚʘʥʠʷ ʩʪʝʨʞʥʝʡ. ʉʢʦʨʦʩʪʴ 

ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ 1,5 ɸ/ʩʤ
2
 ʙʳʣʘ 

ʤʘʢʩʠʤʘʣʴʥʘ (0,011 ʛ/ʩʤ
2
Ŀʯ) ʚ ʨʘʩʪʚʦʨʝ NaOH ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 46,5 %. ʇʨʠ 

ʵʪʦʤ ʧʨʦʜʫʢʪ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʩʤʝʩʴ Cu2O ʠ CuO. 

ɸʛʣʦʤʝʨʠʨʦʚʘʥʥʳʝ ʯʘʩʪʠʮʳ Cu2O ʠʤʝʣʠ ʦʢʨʫʛʣʫʶ ʬʦʨʤʫ, ʘ CuO 
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ʠʛʣʦʦʙʨʘʟʥʫʶ. ʊʘʢʞʝ ʠʟʚʝʩʪʥʳ ʩʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʚ 

ʫʩʣʦʚʠʷʭ ʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʥʘʧʨʠʤʝʨ, ʦʢʩʠʜʘ ʤʝʜʠ (II) (11 ɺ, 50ɻʮ) ʚ 

ʨʘʩʪʚʦʨʝ 2M NaOH [122]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʤʝʥʝʥʠʝ ʩʠʥʫʩʦʠʜʘʣʴʥʦʛʦ 

ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ, ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʛʠʜʨʘʪʠʨʦʚʘʥʥʳʝ 

ʤʥʦʛʦʬʘʟʥʳʝ ʧʨʦʜʫʢʪʳ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʴʶ. 

ɺ ʖʈɻʇʋ(ʅʇʀ) ʪʨʘʜʠʮʠʦʥʥʦ ʚʝʜʫʪʩʷ ʨʘʙʦʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʨʝʞʠʤʦʚ ʵʣʝʢʪʨʦʣʠʟʘ ʜʣʷ ʩʠʥʪʝʟʘ ʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʧʨʠʣʦʞʝʥʠʡ. ʊʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʝʪʦʜ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ 

ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ ʚ ʥʝʩʪʘʮʠʦʥʘʨʥʦʤ ʨʝʞʠʤʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ Pt/C  

ʢʘʪʘʣʠʟʘʪʦʨʳ ʜʣʷ ʪʚʝʨʜʦʧʦʣʠʤʝʨʥʳʭ ʪʦʧʣʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʢʦʪʦʨʝr 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʘʢʪʠʚʥʦʩʪʴʶ ʠ ʧʦʚʳʰʝʥʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʤʤʝʨʯʝʩʢʠʤ ʘʥʘʣʦʛʦʤ [123]. ʄʝʪʦʜʦʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ 

ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ ʪʘʢʞʝ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʛʠʙʨʠʜʥʳʝ ʥʦʩʠʪʝʣʠ MeOx-C 

(Me=Sn,Ni) ʜʣʷ ʯʘʩʪʠʮ Pt [124], ʘ ʪʘʢʞʝ SnO2 [125], NiO [126] ʠ ʢʦʤʧʦʟʠʪʳ 

SnO-SnO2 [127]  ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʦʚ ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʦʚ, 

ʃʀɸ ʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʚ.  

 

ɺʳʚʦʜʳ ʠ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ɺ ʩʚʷʟʠ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʪʝʥʜʝʥʮʠʠ ʢ ʫʭʫʜʝhʥʠʁ ʵʢʦʣʦʛʠʯʝʩʢʦʡ 

ʩʠʪʫʘʮʠʠ  ʧʦ ʚʩʝʤʫ ʤʠʨʫ, ʥʘʫʯʥʳʝ ʨʘʟʨʘʙʦʪʢʠ ʚ ʦʙʣʘʩʪʠ ʥʘʧʨʘʚʣʝʥʥʦʛʦ 

ʩʠʥʪʝʟʘ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʬʦʪʦ- ʠ ʵʣʝʢʪʨʦʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ 

ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ (Ti, Zn, Cu) ʘʢʪʫʘʣʴʥʳ ʠ ʘʢʪʠʚʥʦ ʧʨʦʚʦʜʷʪʩʷ. ɸʥʘʣʠʟ 

ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʜʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʦʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʷʚʣʷʝʪʩʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ 

ʩʧʦʩʦʙ ʚ ʩʚʷʟʠ ʩ ʝʛʦ ʵʢʦʣʦʛʠʯʥʦʩʪʴʶ,  ʧʨʦʩʪʦʪʦʡ ʨʝʘʣʠʟʘʮʠʠ ʠ 

ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ. ʇʨʠʤʝʥʝʥʠʝ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʨʝʞʠʤʦʚ ʵʣʝʢʪʨʦʣʠʟʘ 

ʦʪʢʨʳʚʘʝʪ ʰʠʨʦʢʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʩʠʥʪʝʟʘ ʥʘʥʦʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʤʦʨʬʦʣʦʛʠʶ, ʩʦʩʪʘʚ ʠ ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʚʘʨʴʠʨʦʚʘʪʴ, 

ʠʟʤʝʥʷʷ ʨʝʞʠʤʳ ʵʣʝʢʪʨʦʣʠʟʘ. ʆʜʥʘʢʦ, ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ 
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ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ, 

ʩʣʦʞʥʳ ʠ ʪʨʝʙʫʶʪ ʜʘʣʴʥʝʡʰʝʛʦ ʠʟʫʯʝʥʠʷ, ʦʩʦʙʝʥʥʦ ʩ ʫʯʝʪʦʤ ʩʦʚʨʝʤʝʥʥʳʭ 

ʪʨʝʙʦʚʘʥʠʡ ʢ ʢʘʯʝʩʪʚʫ ʧʦʣʫʯʘʝʤʳʭ ʧʨʦʜʫʢʪʦʚ.  

ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠ ̫ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʬʦʪʦ- 

ʠ ʵʣʝʢʪʨʦʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠ ʤʝʜʠ ʚ 

ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ, ʥʝʦʙʭʦʜʠʤʦ: 

- ʠʩʩʣʝʜʦʚʘʪʴ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʝʪʘʣʣʦʚ (ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠ 

ʤʝʜʠ) ʚ ʵʣʝʢʪʨʦʣʠʪʘʭ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʚ ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʵʣʝʢʪʨʦʣʠʟʘ (ʠʤʧʫʣʴʩʥʳʡ ʠ ʧʝʨʝʤʝʥʥʳʡ ʠʤʧʫʣʴʩʥʳʡ ʪʦʢ) ʠ ʫʩʪʘʥʦʚʠʪʴ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʩʢʦʨʦʩʪʴ ʠ ʤʝʭʘʥʠʟʤ ʧʨʦʮʝʩʩʘ ʩʠʥʪʝʟʘ 

ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ; 

- ʧʦʣʫʯʠʪʴ ʬʦʪʦ- ʠ ʵʣʝʢʪʨʦʘʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ 

ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠ ʤʝʜʠ ʚ ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ; ʠʩʩʣʝʜʦʚʘʪʴ 

ʠʭ ʩʦʩʪʘʚ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʢʦʤʧʣʝʢʩʘ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ; 

ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʫʯʝʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʝʦʙʭʦʜʠʤʦ: 

- ʠʩʩʣʝʜʦʚʘʪʴ ʧʦʣʫʯʝʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʚ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ 

ʦʢʠʩʣʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʨʝʘʢʮʠʡ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ 

ʪʨʫʜʥʦʦʢʠʩʣʷʝʤʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ (ʢʨʘʩʠʪʝʣʝʡ ʠ ʘʥʪʠʙʠʦʪʠʢʦʚ) ʠ 

ʨʝʘʢʮʠʡ ʩʝʣʝʢʪʠʚʥʦʛʦ ʦʢʠʩʣʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʨʘʩʪʠʪʝʣʴʥʦʛʦ ʩʳʨʴʷ 

ʬʫʨʘʥʦʚʳʭ ʧʨʦʠʟʚʦʜʥʳʭ,  ʩ ʮʝʣʴʶ ʚʳʷʚʣʝʥʠʷ ʚʣʠʷʥʠ ̫ʧʘʨʘʤʝʪʨʦʚ ʩʠʥʪʝʟʘ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʠʭ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ; 

- ʠʟʫʯʠʪʴ ʧʝʨʩʧʝʢʪʠʚʳ ʧʨʠʤʝʥʝʥʠʷ ʦʢʩʠʜʦʚ ʤʝʜʠ ʚ ʢʘʯʝʩʪʚʝ 

ʵʣʝʢʪʨʦʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʵʥʝʨʛʝʪʠʢʠ. 
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2 ʄɸʊɽʈʀɸʃʓ ʀ ʄɽʊʆɼʓ ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʓʍ   

ʀʉʉʃɽɼʆɺɸʅʀʁ 

2.1 ʄʘʪʝʨʠʘʣʳ 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʨʝʘʢʪʠʚʳ: ʭʣʦʨʠʜ ʥʘʪʨʠʷ (NaCl), 

ʭʣʦʨʠʜ ʢʘʣʠʷ (KCl), ʭʣʦʨʠʜ ʣʠʪʠʷ (LiCl ), ʩʫʣʴʬʘʪ ʥʘʪʨʠʷ (Na2SO4), ʬʪʦʨʠʜ 

ʥʘʪʨʠʷ (NaF), ʛʠʜʨʦʢʩʠʜ ʥʘʪʨʠʷ (NaOH), ʤʝʪʠʣʝʥʦʚʳʡ ʩʠʥʠʡ (ʄʉ), ʨʦʜʘʤʠʥ 

ɹ (ʈɹ), ʤʝʪʠʣʦʚʳʡ ʦʨʘʥʞʝʚʳʡ (ʄʆ),  ʮʠʧʨʦʬʣʦʢʩʘʮʠʥ (ʎʌ), 1,4-ʙʝʥʟʦʭʠʥʦʥ 

(ɹʍ), ʧʝʨʦʢʩʠʜ ʚʦʜʦʨʦʜʘ (H2O2), ʪɻʠʣʝʥʜʠʘʤʠʥʪʝʪʨʘʫʢʩʫʩʥʘʷ ʢʠʩʣʦʪʘ 

(ʕɼʊɸ), ʠʟʦʧʨʦʧʘʥʦʣ (ʀʇʉ), ʤʝʪʘʥʦʣ (CH3OH), ʥʠʪʨʘʪ ʩʝʨʝʙʨʘ (AgNO3), 

ʢʘʨʙʦʥʘʪ ʥʘʪʨʠʷ (Na2CO3), 4-ʛʠʜʨʦʢʩʠ-2,2,6,6-ʪʝʪʨʘʤʝʪʠʣʧʠʧʝʨʠʜʠʥ-1-ʦʢʩʠʣ 

(TEMPOL). ʈʘʩʪʚʦʨʳ ʛʦʪʦʚʠʣʠ ʥʘ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ. 

ɼʣʷ ʩʠʥʪʝʟʘ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʣʘʩʪʠʥʳ 

Zn, Ti, Cu (100ʤʤĬ10ʤʤĬ0,2ʤʤ). ʂʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʥʘ ʦʩʥʦʚʝ 

ʦʢʩʠʜʘ ʤʝʜʠ ʛʦʪʦʚʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʛʣʝʨʦʜʥʦʡ ʩʘʞʠ Vulcan XC-72 

(Cabot Corporation). 

2.2  ʀʥʩʪʨʫʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

2.2.1 ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ (ʈʌɸ) ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʦʚʦʜʠʣʠ ʥʘ 

ʧʦʨʦʰʢʦʚʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ ARL XôTRA Thermo Fisher 

Scientific (ʛʝʦʤʝʪʨʠʷ ʩʲʝʤʢʠ ɗ-ɗ, Cu(KŬ) ʠʟʣʫʯʝʥʠʝ, ʪʚʝʨʜʦʪʝʣʴʥʳʡ ʜʝʪʝʢʪʦʨ, 

ʰʘʛ ʩʢʘʥʠʨʦʚʘʥʠʷ 0,02Á, ɚ = 1,5406 ¡), ʘ ʪʘʢʞʝ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ  ʥʘ 

ʐʚʝʡʮʘʨʩʢʦ-ʅʦʨʚʝʞʩʢʦʡ ʣʠʥʠʠ ɽʚʨʦʧʝʡʩʢʦʛʦ ʮʝʥʪʨʘ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ (SNBL ESRF) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʥʦʭʨʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚ = 0,7121 ¡. ɼʝʪʝʢʪʦʨ ʠʟʣʫʯʝʥʠʷ 

ï 2D Pilatus2M (Dectris). ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʨʝʬʣʝʢʩʦʚ 

ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ ʧʨʠ ʧʦʤʦʱʠ ʧʨʦʛʨʘʤʤʳ Winplotr, 

ʚʭʦʜʷʱʝʡ ʚ ʧʘʢʝʪ FullProf, ʘʥʘʣʦʛʠʯʥʦ  [123]. 
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2.2.2 ʕʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʄʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʜʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʜʦ ʠ ʧʦʩʣʝ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʠ ʧʨʦʜʫʢʪʦʚ ʠʭ ʦʢʠʩʣʝʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʤʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ (ʉʕʄ) ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

(ʇʕʄ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʠʢʨʦʩʢʦʧʦʚ ZEISS Supra 25 ʠ Philips CM20, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʕʄ ʬʦʪʦʛʨʘʬʠʠ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ  ʥʘ ʤʠʢʨʦʩʢʦʧʘʭ Hitachi HT 7700 ʠ JEM-2100 (JEOL). 

ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʇʕʄɺʈ) 

ʜʣʷ ʦʢʩʠʜʦʚ ʮʠʥʢʘ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʥʘ ʤʠʢʨʦʩʢʦʧʝ FEI Talos F200x, 

ʩʥʘʙʞʝʥʥʦʛʦ ʚʳʩʦʢʦʫʛʣʦʚʳʤ ʢʦʣʴʮʝʚʳʤ ʪʝʤʥʦʧʦʣʴʥʳʤ ʜʝʪʝʢʪʦʨʦʤ (STEM-

HAADF). ʇʕʄ ʬʦʪʦʛʨʘʬʠʠ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ JEM-2100 (JEOL). ʄʝʪʦʜ ʇʕʄ 

ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʢʘʨʪʠʥ (ʵʣʝʢʪʨʦʥʦʛʨʘʤʤ) 

ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʂ ʠʩʩʣʝʜʫʝʤʦʤʫ ʦʙʨʘʟʮʫ ʜʦʙʘʚʣʷʣʠ ʠʟʦʧʨʦʧʠʣʦʚʳʡ 

ʩʧʠʨʪ, ʟʘʪʝʤ ʢʘʧʣʶ ʩʫʩʧʝʥʟʠʠ ʥʘʥʦʩʠʣʠ ʥʘ ʪʦʥʢʫʶ ʫʛʣʝʨʦʜʥʫʶ ʧʣʝʥʢʫ, 

ʧʦʣʫʯʝʥʥʫʶ ʧʫʪʝʤ ʚʘʢʫʫʤʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʥʘ ʢʨʠʩʪʘʣʣ ʭʣʦʨʠʜʘ ʥʘʪʨʠʷ. 

ʇʦʩʣʝ ʦʪʜʝʣʝʥʠʷ ʦʪ ʢʨʠʩʪʘʣʣʘ ʩ ʧʦʤʦʱʴʶ ʚʦʜʷʥʦʡ ʙʘʥʠ ʧʣʝʥʢʫ ʩ ʦʙʨʘʟʮʦʤ 

ʧʝʨʝʥʦʩʠʣʠ ʥʘ ʤʝʜʥʫʶ ʩʝʪʢʫ ʠ ʚʳʩʫʰʠʚʘʣʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 

2.2. 3 ʕʣʝʤʝʥʪʥʳʡ ʘʥʘʣʠʟ 

ʕʣʝʤʝʥʪʥʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʦʚ ʦʢʩʠʜʦʚ ʮʠʥʢʘ ʠ ʤʝʜʠ ʙʳʣ ʧʨʦʚʝʜʝʥ ʩ 

ʧʦʤʦʱʴʶ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘʪʦʨʘ EDX Zeiss EVO 40, 

ʩʥʘʙʞʝʥʥʦʛʦ X Flash 1106 EDX ʜʝʪʝʢʪʦʨʦʤ, ʠ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ Zeiss Supra 25 c EDX ʜʝʪʝʢʪʦʨʦʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

2.2.4 ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʦ-ʪʝʨʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʦ-ʪʝʨʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʨʠʙʦʨʘ ʩʠʥʭʨʦʥʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ Netzsch STA 449 F5-A. ʉʢʦʨʦʩʪʴ 

ʥʘʛʨʝʚʘ 10 ʂ/ʤʠʥ. 
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2.2.5 ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʋʜʝʣʴʥʘʷ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʠ ʪʠʪʘʥʘ 

ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʤʝʪʦʜʦʤ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʘʜʩʦʨʙʮʠʠ-ʜʝʩʦʨʙʮʠʠ ʘʟʦʪʘ 

ʧʨʠ 77 ʂ ʥʘ ʧʨʠʙʦʨʝ Quantachrome Autosorb-1 ʠ ʨʘʩʩʯʠʪʘʥʘ ʩ ʧʦʤʦʱʴʶ 

ʤʦʜʝʣʠ ʘʜʩʦʨʙʮʠʠ ɹʨʫʥʘʫʵʨʘ-ʕʤʤʝʪʘ-ʊʝʣʣʝʨʘ (ɹʕʊ) ʚ ʠʥʪʝʨʚʘʣʝ ʟʥʘʯʝʥʠʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ (P/P0) 0,05ï0,3. 

2.2.6 ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ 

ʉʧʝʢʪʨʳ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ (ʉɼʆ) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʋʌ-ɺʀɼ-ɹʀʂ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ Cary 5000 (Agilent 

Technologies) ʩ ʠʥʪʝʛʨʠʨʫʶʱʝʡ ʩʬʝʨʦʡ ʠ ʋʌ-ɺʀɼ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ  UV-

2600 (Shimadzu), ʜʣʷ ʢʘʣʠʙʨʦʚʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʬʪʦʨʦʧʣʘʩʪʦʚʳʡ ʜʠʩʢ ʠ 

BaSO4, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʨʠ ʨʘʩʯʝʪʝ ʰʠʨʠʥʳ ʟʘʧʨʝɦ ʝʥʥʦʡ ʟʦʥʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜ ʊʘʫʮʘ. 

ʉʥʘʯʘʣʘ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʦ ʜʠʬʬʫʟʥʦʤ ʦʪʨʘʞʝʥʠʠ ʧʦ ʫʨʘʚʥʝʥʠʶ ʂʫʙʝʣʢʠ-

ʄʫʥʢʘ (2.1) ʥʘʭʦʜʠʣʠ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ F(R): 

ὊὙ
ρ Ὑ

ςὙ
 ςȢρ 

ʛʜʝ R ï ʦʪʨʘʞʝʥʠʝ ʦʙʨʘʟʮʘ.  

ɿʘʪʝʤ ʩʪʨʦʠʣʠ ʢʨʠʚʳʝ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʊʘʫʢʘ (F(R)E
n 
ʦʪ E), ʛʜʝ n=2 ʠ 1/2 

ʜʣʷ ʧʨʷʤʳʭ ʠ ʥʝʧʨʷʤʳʭ ʧʝʨʝʭʦʜʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

2.2.7 ʀʥʬʨʘʢʨʘʩʥʘʷ ʌʫʨʴʝ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʀʥʬʨʘʢʨʘʩʥʳʝ (ʀʂ) ʩʧʝʢʪʨʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ Varian 

640 FTIR. ɼʣʷ ʧʦʜʛʦʪʦʚʢʠ ʦʙʨʘʟʮʘ ʢ ʘʥʘʣʠʟʫ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ 

ʧʨʝʩʩʦʚʘʥʠʷ ʪʘʙʣʝʪʦʢ, ʧʦ ʢʦʪʦʨʦʤʫ ʪʦʥʢʦʠʟʤʝʣʴʯʝʥʥʳʡ ʦʙʨʘʟʝʮ ʦʢʩʠʜʘ 

ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʤʝʰʠʚʘʣʠ ʩ ʧʦʨʦʰʢʦʤ  KBr ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 

1:100, ʘ ʟʘʪʝʤ ʧʨʝʩʩʦʚʘʣʠ. 
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2.2.8 ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ 

ʕʇʈ ʩʧʝʢʪʨʳ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ Bruker ELEXSYS-500 (ʨʘʙʦʯʘʷ ʯʘʩʪʦʪʘ 9,5 ɻɻʮ) 

ʚ ʢʚʘʨʮʝʚʳʭ ʘʤʧʫʣʘʭ ʜʠʘʤʝʪʨʦʤ 3,0 ʤʤ. ʂʦʣʠʯʝʩʪʚʦ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ 

ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ʜʚʦʡʥʦʛʦ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ ʠ ʠʭ ʩʨʘʚʥʝʥʠʝʤ ʩʦ 

ʩʪʘʥʜʘʨʪʦʤ ï ʩʧʝʢʪʨʦʤ ʤʦʥʦʢʨʠʩʪʘʣʣʘ CuCl2 Ŀ 2H2O ʩ ʠʟʚʝʩʪʥʳʤ ʯʠʩʣʦʤ 

ʩʧʠʥʦʚ.  

2.2.9 ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ (ʌʃ) ʩʧʝʢʪʨʳ ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ He-Cd ʣʘʟʝʨʦʤ (ɚ=325 ʥʤ) ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ 

ʩʥʘʙʞʝʥʥʦʤ ʦʭʣʘʞʜʘʝʤʳʤ ʚʦʟʜʫʭʦʤ CCD-ʜʝʪʝʢʪʦʨʦʤ  (Hamamatsu). 

2.2.10 ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʨʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ) ʦʙʨʘʟʮʦʚ 

ʦʢʩʠʜʦʚ ʮʠʥʢʘ ʠ ʪʠʪʘʥʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ 

ʤʠʢʨʦ-ʈʘʤʘʥ ʩʧʝʢʪʨʦʤʝʪʨʝ Renishaw, ʦʩʥʘʱʝʥʥʦʤ ʘʨʛʦʥʦʚʳʤ ʣʘʟʝʨʦʤ (514,5 

ʥʤ, ʤʘʢʩʠʤʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ Pex=10ʤɺʪ), ʚ ʠʥʪʝʨʚʘʣʝ 50 ï 1000 ʩʤ
-1
. 

ʈʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʙʳʣʠ ʨʘʟʣʦʞʝʥʳ ʥʘ ʢʦʤʧʦʥʝʥʪʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʬʫʥʢʮʠʠ ʃʦʨʝʥʮʘ.   

2.2.11 ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʦʛʣʦʱʝʥʠʷ  

ʉʧʝʢʪʨʳ XANES (ʤʝʞʜʫʥʘʨʦʜʥʳʡ ʪʝʨʤʠʥ ï X-ray Absorption Near Edge 

Structure, XANES) Cu 1s ʩʥʠʤʘʣʠ ʧʫʪʝʤ ʨʝʛʠʩʪʨʘʮʠʠ ʚʳʭʦʜʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʥʘ ʩʪʘʥʮʠʠ KMC-2 ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʮʝʥʪʨʘ BESSY II (HZB, 

ɻʝʨʤʘʥʠʷ, ɹʝʨʣʠʥ). ɺʝʣʠʯʠʥʘ ʱʝʣʠ ʩʦʩʪʘʚʠʣʘ 800 ʤʢʤ, ʪʦʢ ʚ ʢʦʣʴʮʝ 

ʧʦʜʜʝʨʞʠʚʘʣʩʷ Ḑ 280 ʤɸ. ʈʘʟʤʝʨ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʧʷʪʥʘ ʥʘ ʦʙʨʘʟʮʝ 

ʩʦʩʪʘʚʣʷʣ Ḑ 0.2 Ĭ 0.1 ʤʤ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʩʦ ʩʧʝʢʪʨʘʤʠ ʧʦʛʣʦʱʝʥʠʷ 
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ʥʘʥʦʯʘʩʪʠʮ ʠ ʢʦʤʧʦʟʠʪʦʚ ʟʘʧʠʩʳʚʘʣʠʩʴ ʩʧʝʢʪʨʳ ʤʝʜʥʦʡ ʬʦʣʴʛʠ. ʆʙʨʘʙʦʪʢʘ 

ʩʧʝʢʪʨʦʚ (ʚʳʯʠʪʘʥʠʝ ʬʦʥʘ, ʥʦʨʤʠʨʦʚʢʘ) ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʚ ʧʨʦʛʨʘʤʤʝ Athena. 

2.2.12 ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʬʦʪʦʵʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʈʌʕʉ-ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ Kratos 

Axis Ultra DLD, ʜʘʚʣʝʥʠʝ ʚ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʢʘʤʝʨʝ ʩʦʩʪʘʚʣʷʣʦ 10
-9
 ï 10

-10
 

ʪʦʨʨ. ɺ ʢʘʯʝʩʪʚʝ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʣʠʥʠʶ Al KŬ ʩ ʵʥʝʨʛʠʝʡ ʬʦʪʦʥʘ hv = 1486,6 ʵɺ. ʆʙʨʘʙʦʪʢʫ ʩʧʝʢʪʨʦʚ ʈʌʕʉ 

ʚʳʧʦʣʥʷʣʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ CasaXPS ʩ ʚʳʯʠʪʘʥʠʝʤ ʬʦʥʘ ʧʦ ʐʠʨʣʠ ʠ 

ɻʘʫʩʩ-ʃʦʨʝʥʮʝʚʳʤ ʨʘʟʣʦʞʝʥʠʝʤ ʣʠʥʠʡ.  

2.3 ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʝʪʘʣʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʧʦʪʝʥʮʠʘʣʦʚ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʠʭʩʷ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʵʣʝʢʪʨʦʜʘʭ, 

ʚʳʧʦʣʥʝʥʥʳʭ ʠʟ ʪʠʪʘʥʘ, ʮʠʥʢʘ ʠ ʤʝʜʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ 

ʠʤʧʫʣʴʩʥʦʛʦ ʠ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʠʟʫʯʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʩʪʦʯʥʠʢʘ 

ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ ʦʙʲʝʤʦʤ 100 ʤʣ, 

ʩʥʘʙʞʝʥʥʦʡ ʨʫʙʘʰʢʦʡ ʚʦʜʷʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ.   

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʵʣʝʢʪʨʦʜʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʮʠʢʣʠʯʝʩʢʦʡ ʚʦʣʴʪʘʤʝʨʦʤʝʪʨʠʠ (ʎɺɸ) ʠ 

ʣʠʥʝʡʥʦʡ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʠ. ɺʦʣʴʪʘʤʧʝʨʦʛʨʘʤʤʳ ʩʥʠʤʘʣʠ ʚ ʨʘʩʪʚʦʨʝ 

ʵʣʝʢʪʨʦʣʠʪʘ ʚ ʪʨʝʭʵʣʝʢʪʨʦʜʥʦʡ ʷʯʝʡʢʝ, ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʘ ʩʨʘʚʥʝʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʭʣʦʨʩʝʨʝʙʨʷʥʳʡ ʵʣʝʢʪʨʦʜ  (3,5 ʄ Ag/AgCl), ʚ ʢʘʯʝʩʪʚʝ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʜʘ ï ʧʣʘʪʠʥʦʚʫʶ ʧʨʦʚʦʣʦʢʫ.  

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʦʢʩʠʜʘ ʤʝʜʠ ʚ 

ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ ʤʝʪʘʥʦʣʘ ʩʥʠʤʘʣʠ ʎɺɸ ʨʘʙʦʯʝʛʦ ʵʣʝʢʪʨʦʜʘ ʚ ʬʦʥʦʚʦʤ 

ʨʘʩʪʚʦʨʝ 0,1 M NaOH ʠ ʨʘʩʪʚʦʨʝ 0,1 M NaOH+0,25 M CH3OH ʚ ʠʥʪʝʨʚʘʣʝ 

ʧʦʪʝʥʮʠʘʣʦʚ 0 ï 0,8 ɺ ʧʨʠ ʩʢʦʨʦʩʪʠ ʨʘʟʚʝʨʪʢʠ 50 ʤɺ/ʩ.   
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ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ ʦʢʩʠʜʦʚ ʤʝʜʠ 

ʩʥʠʤʘʣʠ ʢʨʠʚʳʝ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ ʚ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʚ ʨʘʩʪʚʦʨʝ 1 

M Na2SO4 ʚ ʠʥʪʝʨʚʘʣʝ ʧʦʪʝʥʮʠʘʣʦʚ ʦʪ -0,5 ʜʦ 0,5 ɺ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 0,5 

ɸ/ʩʤ
2
. ʈʘʙʦʯʠʡ ʵʣʝʢʪʨʦʜ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʩʪʝʢʣʦʫʛʣʝʨʦʜʥʫʶ ʧʣʘʩʪʠʥʫ ʩ 

ʥʘʥʝʩʝʥʥʳʤ ʥʘ ʥʝʝ ʘʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʢʦʪʦʨʳʡ ʛʦʪʦʚʠʣʠ ʚ ʚʠʜʝ 

ʩʫʩʧʝʥʟʠʠ ʯʘʩʪʠʮ CuOx ʠ ʩʘʞʠ ʚ  ʨʘʩʪʚʦʨʝ Nafion (10%) ʠ ʠʟʦʧʨʦʧʠʣʦʚʦʤ 

ʩʧʠʨʪʝ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 80:5:15. ɺʩʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʦʚʦʜʠʣʠ ʥʘ ʧʦʪʝʥʮʠʦʩʪʘʪʘʭ Elins P-30J ʠ P-45X (Elins). 

2.4 ʌʦʪʦʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʬʦʪʦʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʛʦʪʦʚʠʣʠ 

ʨʘʙʦʯʠʡ ʵʣʝʢʪʨʦʜ ʧʦ ʩʣʝʜʫʶʱʝʡ ʤʝʪʦʜʠʢʝ.  ʇʨʦʚʦʜʷʱʝʝ ʩʪʝʢʣʦ FTO 

ʧʨʦʤʳʚʘʣʠ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʠ ʘʮʝʪʦʥʦʤ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʘʥʥʝ. 

ʇʘʩʪʫ ʥʘ ʦʩʥʦʚʝ ZnO ʛʦʪʦʚʠʣʠ ʧʫʪʝʤ ʩʤʝʰʠʚʘʥʠʷ 0,2 ʛ ZnO ʩ 0,1 ʤʣ 

ʵʪʠʣʝʥʛʣʠʢʦʣʷ.  ɿʘʪʝʤ ʧʘʩʪʫ ʥʘʥʦʩʠʣʠ ʥʘ FTO ʩʫʙʩʪʨʘʪ  ʩ ʧʣʦʱʘʜʴʶ 1 ʩʤ
2
 ʠ 

ʦʪʞʠʛʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300 ᴈ 30 ʤʠʥʫʪ. ʌʦʪʦʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ 

ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʥʘ ʧʦʪʝʥʮʠʦʩʪʘʪʝ-ʛʘʣʴʚʘʥʦʩʪʘʪʝ P-45X  (Elins) ʚ 

ʪʨʝʭʵʣʝʢʪʨʦʜʥʦʡ ʷʯʝʡʢʝ ʚ ʨʘʩʪʚʦʨʝ 0,1M KOH. ʇʝʨʝʜ ʪʝʩʪʠʨʦʚʘʥʠʝʤ ʨʘʩʪʚʦʨ 

ʵʣʝʢʪʨʦʣʠʪʘ ʧʨʦʜʫʚʘʣʠ ʘʨʛʦʥʦʤ ʚ ʪʝʯʝʥʠʝ 40 ʤʠʥʫʪ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʋʌ 

ʠʟʣʫʯʝʥʠʷ ʩʦʩʪʘʚʠʣʘ 1000 ʤɺʪ/ʩʤ
2
 (LC8, Hamamatsu Photonics, ʗʧʦʥʠʷ).  

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʪʦʢʦʥʚʝʨʩʠʠ ʩʚʝʪʦʚʦʡ ʵʥʝʨʛʠʠ ʚ ʭʠʤʠʯʝʩʢʫʶ ʙʳʣʘ 

ʨʘʩʩʯʠʪʘʥʘ ʧʦ ʬʦʨʤʫʣʝ (2.2): 

– ὮὉ Ὁ  ςȢς, 

ʛʜʝ Ὦ ʧʣʦʪʥʦʩʪʴ ʬʦʪʦʪʦʢʘ (ʤɸ/ʩʤ
2
), Ὅ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ (ʤɺʪ/ʩʤ

2
), 

Ὁ  = 1,23 ɺ ʠ Ὁ Ὁ  Ὁ , ʛʜʝ Ὁ  ʧʦʪʝʥʮʠʘʣ ʨʘʙʦʯʝʛʦ 

ʵʣʝʢʪʨʦʜʘ (vs. Ag/AgCl) ʠ Ὁ  ʧʦʪʝʥʮʠʘʣ ʨʘʙʦʯʝʛʦ ʵʣʝʢʪʨʦʜʘ ʧʨʠ 

ʨʘʟʦʤʢʥʫʪʦʡ ʮʝʧʠ (vs. Ag/AgCl). 
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2.5 ʀʩʩʣʝʜʦʚʘʥʠʝ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

2.5. 1 ʀʩʩʣʝʜʦʚʘʥʠʝ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʦʙʨʘʟʮʦʚ ʚ ʧʨʦʮʝʩʩʘʭ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʛʦʪʦʚʠʣʠ 

ʚʦʜʥʳʝ ʨʘʩʪʚʦʨʳ ʩʣʝʜʫʶʱʠʭ ʚʝʱʝʩʪʚ: ʤʝʪʠʣʝʥʦʚʳʡ ʩʠʥʠʡ, ʨʦʜʘʤʠʥ ɹ, 

ʤʝʪʠʣʦʚʳʡ ʦʨʘʥʞʝʚʳʡ ʠ ʘʥʪʠʙʠʦʪʠʢ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥ. ʉʪʨʫʢʪʫʨʥʳʝ 

ʬʦʨʤʫʣʳ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʨʘʙʦʪʝ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 2.1. ʂʦʥʮʝʥʪʨʘʮʠʠ ʚʘʨʴʠʨʦʚʘʣʠ ʚ ʠʥʪʝʨʚʘʣʝ 5 ï 15 ʤʛ/ʣ. ɺʩʝ 

ʨʘʩʪʚʦʨʳ ʛʦʪʦʚʠʣʠ ʥʘ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ.  

 

ʈʠʩʫʥʦʢ 2.1 ï ʉʪʨʫʢʪʫʨʥʳʝ ʬʦʨʤʫʣʳ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ 

ʈʘʩʪʚʦʨ ʎʌ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 50 ʤʛ/ʣ ʛʦʪʦʚʠʣʠ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʚ 

ʢʦʣʙʝ ʥʘ 500 ʤʣ ʨʘʩʪʚʦʨʷʣʠ 25 ʤʛ ʎʌ ʚ 1 ʤʣ 0,1 ʄ HCl, ʟʘʪʝʤ ʜʦʚʦʜʠʣʠ ʜʦ 

ʤʝʪʢʠ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ. ɼʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʨʘʩʪʚʦʨʘ ʎʌ ʩ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ 5 ʤʛ/ʣ ʙʨʘʣʠ ʘʣʠʢʚʦʪʥʫʶ ʯʘʩʪʴ ʨʘʩʪʚʦʨʘ 50 ʤʛ/ʣ, ʧʝʨʝʥʦʩʠʣʠ 

ʚ ʤʝʨʥʫʶ ʢʦʣʙʫ, ʜʦʚʦʜʠʣʠ ʜʦ ʤʝʪʢʠ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ. ɿʥʘʯʝʥʠʝ 

pH ʨʝʛʫʣʠʨʦʚʘʣʠ ʜʦʙʘʚʣʝʥʠʝʤ 0,1 ʄ NaOH. ʈʘʩʪʚʦʨʳ ʦʨʛʘʥʠʯʝʩʢʠʭ 
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ʢʨʘʩʠʪʝʣʝʡ ʟʘʜʘʥʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʛʦʪʦʚʠʣʠ ʨʘʟʙʘʚʣʝʥʠʝʤ 

ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʢʨʘʩʠʪʝʣʷ (50 ʤʛ/ʣ) .ʚ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ 

ʚʦʜʝ  

ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʋʌ ʣʘʤʧʫ, 

ʦʙʦʨʫʜʦʚʘʥʥʫʶ ʨʪʫʪʥʳʤʠ ʬʣʫʦʨʝʩʮʝʥʪʥʳʤʠ ʪʨʫʙʢʘʤʠ ʤʦʱʥʦʩʪʴʶ 8 ɺʪ 

(Philips) ʠ ʪʦʯʝʯʥʳʡ ʠʩʪʦʯʥʠʢ ʠʟʣʫʯʝʥʠʷ LC8 (Hamamatsu Photonics) ʩ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʜʣʠʥʦʡ ʚʦʣʥʳ 365 ʥʤ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʚʠʜʠʤʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ LED ʣʘʤʧʫ (ʮʚʝʪʦʚʘʷ ʪʝʤʧʝʨʘʪʫʨʘ 3500 K). 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʋʌ ʠ ʚʠʜʠʤʦʛʦ ʩʚʝʪʘ ʠʟʤʝʨʷʣʠ ʩ ʧʦʤʦʱʴʶ UV34 Lux Meter 

(PCE) ʠ PCE-SPM1, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʋʌ ʩʚʝʪʘ ʚʘʨʴʠʨʦʚʘʣʠ ʚ 

ʜʠʘʧʘʟʦʥʝ 2 ï 20 ʤɺʪ/ʩʤ
2
, ʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʠʜʠʤʦʛʦ ʩʚʝʪʘ (LED) ʩʦʩʪʘʚʠʣʘ 

30 ʤɺʪ/ʩʤ
2
. 

ʅʘʚʝʩʢʫ ʧʦʨʦʰʢʘ ʦʢʩʠʜʘ ʤʝʪʘʣʣʘ (ʪʠʪʘʥʘ, ʮʠʥʢʘ, ʤʝʜʠ) ʧʦʤʝʱʘʣʠ ʚ 

ʢʚʘʨʮʝʚʳʡ ʩʪʘʢʘʥ, ʟʘʧʦʣʥʝʥʥʳʡ ʨʘʩʪʚʦʨʦʤ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ (50 ʤʣ) 

ʥʝʦʙʭʦʜʠʤʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʜʠʩʧʝʨʛʠʨʦʚʘʣʠ ʚ ʫʣʴʪʨʘʟʚʫʢʝ ʚ ʪʝʯʝʥʠʝ 5 

ʤʠʥʫʪ. ɿʘʪʝʤ ʩʫʩʧʝʥʟʠʶ ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ ʪʝʤʥʦʪʝ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥʫʪ ʜʣʷ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʜʝʩʦʨʙʮʠʦʥʥʦʛʦ ʨʘʚʥʦʚʝʩʠʷ. ʇʦʩʣʝ ʵʪʦʛʦ 

ʚʢʣʶʯʘʣʠ ʠʩʪʦʯʥʠʢ ʩʚʝʪʘ ʠ ʦʙʣʫʯʘʣʠ ʩʫʩʧʝʥʟʠʶ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ 

ʧʝʨʝʤʝʰʠʚʘʥʠʠ. ʏʝʨʝʟ ʦʧʨʝʜʝʣʝʥʥʳʝ ʧʨʦʤʝʞʫʪʢʠ ʚʨʝʤʝʥʠ ʧʨʦʚʦʜʠʣʠ ʦʪʙʦʨ 

ʧʨʦʙʳ ʦʙʲʝʤʦʤ 1 ʤʣ ʠ ʦʪʜʝʣʷʣʠ ʯʘʩʪʠʮʳ ʦʪ ʨʘʩʪʚʦʨʘ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʝʤ 

(15000 ʦʙ
-1
).  

ʀʟʤʝʥʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚʦ ʚʨʝʤʝʥʠ 

ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ʋʌ-ɺʀɼ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʠ (ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨ Varian 

Cary 100 Bio UV-VIS ʠ Shimadzu UV 1800, ʤʠʢʨʦʢʶʚʝʪʳ ʢʚʘʨʮʝʚʳʝ Hellma 

Suprasil 1400 ʤʢʣ, 10 ʤʤ) ʧʨʠ ʤʘʢʩʠʤʫʤʝ ʠʭ ʧʦʛʣʦʱʝʥʠʷ.  

2.5.2 ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʠʥʝʨʘʣʠʟʘʮʠʠ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ 

ɸʥʘʣʠʟʘʪʦʨ ʦʙʱʝʛʦ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʫʛʣʝʨʦʜʘ Multi  N/C 2100 TOC, 

ʧʨʦʠʟʚʦʜʠʪʝʣʴ - Analytic Jena (ɻʝʨʤʘʥʠʷ), ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʩʪʝʧʝʥʠ ʤʠʥʝʨʘʣʠʟʘʮʠʠ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʫʛʣʝʨʦʜʘ ʚ ʧʨʦʮʝʩʩʝ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ. 
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ʇʨʠʥʮʠʧ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʦʧʨʝʜʝʣʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ 

Cʦʙ ɦ(ʦʙʱʠʡ ʫʛʣʝʨʦʜ) ʠ ʉʥʝʦʨʛ (ʦʙʱʠʡ ʥʝʦʨʛʘʥʠʯʝʩʢʠʡ ʫʛʣʝʨʦʜ) ʠ ʚʳʯʠʩʣʝʥʠʠ 

ʚʝʣʠʯʠʥʳ ʧʘʨʘʤʝʪʨʘ Cʦʨʛ: Cʦʨʛ = Cʦʙ ɦï ʉʥʝʦʨʛ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ Cʦʙ ɦʧʨʦʙʘ 

ʚʢʘʣʳʚʘʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʨʝʘʢʪʦʨ, ʛʜʝ ʧʨʦʠʩʭʦʜʠʪ ʝʝ ʩʞʠʛʘʥʠʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 800Áʉ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʘ ʉʥʝʦʨʛ ʧʨʦʙʘ ʚʚʦʜʠʪʩʷ ʚ 

ʨʝʘʢʪʦʨ, ʛʜʝ ʧʨʦʠʩʭʦʜʠʪ ʝʝ ʧʦʜʢʠʩʣʝʥʠʝ ʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʦʡ, ʧʦʩʣʝ ʯʝʛʦ 

ʦʙʨʘʟʦʚʘʚʰʠʡʩʷ CO2, ʧʨʦʰʝʜʰʠʡ ʥʝʩʢʦʣʴʢʦ ʩʪʘʜʠʡ ʦʩʫʰʢʠ ʠ ʦʯʠʩʪʢʠ, 

ʧʦʩʪʫʧʘʝʪ ʥʘ ʀʂ-ʜʝʪʝʢʪʦʨ. ʉʪʝʧʝʥʴ ʤʠʥʝʨʘʣʠʟʘʮʠʠ (ʉʄ) ʦʧʨʝʜʝʣʷʣʠ ʧʦ 

ʬʦʨʤʫʣʝ: 

˞˙
ὅ̏ ̘̑̄̎́

ὅ̏ ̑̄̋̏̎

ὅ̏ ̘̑̄̎́

ρzππ ςȢσȟ 

ʛʜʝ ὅ̏ ̘̑̄̎́
ʠ ὅ̏ ̑̄̋̏̎

ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʦʙʱʝʛʦ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʫʛʣʝʨʦʜʘ 

ʚ ʥʘʯʘʣʝ ʠ ʢʦʥʮʝ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

2.5.3 ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʟʘʢʣʶʯʘʣʦʩʴ ʚ 

ʫʩʪʘʥʦʚʣʝʥʠʠ ʨʦʣʠ ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʧʨʦʮʝʩʩʝ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. ɼʣʷ ʵʪʦʛʦ ʚ ʨʝʘʢʮʠʦʥʥʫʶ ʩʠʩʪʝʤʫ 

ʜʦʙʘʚʣʷʣʠ ʨʝʘʛʝʥʪʳ, ʦʙʣʘʜʘʶʱʠʝ ʵʣʝʢʪʨʦʥʥʦ-ʜʦʥʦʨʥʳʤʠ (ʩʢʘʚʝʥʜʞʝʨʳ 

çʜʳʨʦʢè h
+
) ʠ ʵʣʝʢʪʨʦʥʥʦ-ʘʢʮʝʧʪʦʨʥʳʤʠ (ʩʢʘʚʝʥʜʞʝʨʳ ʵʣʝʢʪʨʦʥʦʚ e

-
) 

ʩʚʦʡʩʪʚʘʤʠ. ʂʨʦʤʝ ʪʦʛʦ, ʨʦʣʴ ʘʢʪʠʚʥʳʭ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʯʘʩʪʠʮ ï 

ʛʠʜʨʦʢʩʠʣʴʥʳʭ (OHÅ) ʠ ʩʫʧʝʨʦʢʩʠʜʥʳʭ ʘʥʠʦʥ-ʨʘʜʠʢʘʣʦʚ (O2Å
ī
) ï 

ʫʩʪʘʥʘʚʣʠʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʩʢʘʚʝʥʜʞʝʨʦʚ ʨʘʜʠʢʘʣʦʚ. ɺ ʢʘʯʝʩʪʚʝ 

ʩʢʘʚʝʥʜʞʝʨʦʚ h
+
 ʠʩʧʦʣʴʟʦʚʘʣʠ ʕɼʊɸ ʠ ʤʝʪʘʥʦʣ; OHÅ - ʠʟʦʧʨʦʧʠʣʦʚʳʡ ʩʧʠʨʪ 

ʠ Na2CO3; O2Å
ī  

- 1,4-ʙʝʥʟʦʭʠʥʦʥ  ʠ TEMPOL; e
- 
- AgNO3 ʠ H2O2.  

2.5.4 ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʝʣʝʢʪʠʚʥʦʛʦ ʦʢʠʩʣʝʥʠʷ 5-ɻʄʌ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ ʚ 

ʨʝʘʢʮʠʠ ʩʝʣʝʢʪʠʚʥʦʛʦ ʦʢʠʩʣʝʥʠʷ 5-ʛʠʜʨʦʢʩʠʤʝʪʠʣʬʫʨʬʫʨʦʣʘ (ɻʄʌ) ʩ 
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ʢʦʥʮʝʥʪʨʘʮʠʝʡ 0,4 ʤʤʦʣʴ ʧʨʦʚʦʜʠʣʠ ʚ ʢʚʘʨʮʝʚʦʤ ʩʪʘʢʘʥʝ (100 ʤʣ) ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʥʘʥʦʯʘʩʪʠʮ TiO2 (1,0 ʛ/ʣ) ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʋʌ ʩʚʝʪʘ ʧʨʠ ʧʨʦʜʫʚʢʝ 

ʢʠʩʣʦʨʦʜʦʤ ʩʦ ʩʢʦʨʦʩʪʴʶ 3 ʤʣ/ʤʠʥ. ʇʝʨʝʜ ʚʢʣʶʯʝʥʠʝʤ ʣʘʤʧʳ ʩʫʩʧʝʥʟʠʶ 

ʧʦʤʝʱʘʜʠ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʫʶ ʚʘʥʥʫ ʥʘ 5 ʤʠʥʫʪ, ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ ʪʝʤʥʦʪʝ 5 

ʤʠʥʫʪ, ʘ ʟʘʪʝʤ ʦʙʣʫʯʘʣʠ ʋʌ ʩʚʝʪʦʤ (365 ʥʤ, ʪʦʯʝʯʥʳʡ ʠʩʪʦʯʥʠʢ Hamamatsu, 

LC8)  ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʚ ʠʥʪʝʨʚʘʣʝ 3 ï 10 ʤɺʪ/ʩʤ
2
. ʏʝʨʝʟ ʦʧʨʝʜʝʣʝʥʥʳʝ 

ʧʨʦʤʝʞʫʪʢʠ ʚʨʝʤʝʥʠ ʦʪʙʠʨʘʣʠ ʧʨʦʙʳ ʠ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʣʠ (15000 ʦʙ
-1
) ʧʝʨʝʜ 

ʧʨʦʚʝʜʝʥʠʝʤ ʘʥʘʣʠʟʘ.  

ʈʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʤʝʪʦʜʦʤ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʡ 

ʞʠʜʢʦʩʪʥʦʡ ʭʨʦʤʘʪʦʛʨʘʬʠʠ (ɺʕɾʍ) ʥʘ ʭʨʦʤʘʪʦʛʨʘʬʝ Agilent 1260 LC, 

ʩʥʘʙʞʝʥʥʦʤ ʢʦʣʦʥʢʦʡ C18. ʉʦʩʪʘʚ ʤʦʙʠʣʴʥʦʡ ʬʘʟʳ: 70% ʘʮʝʪʦʥʠʪʨʠʣʘ ʠ 

30% ʚʦʜʳ. ʉʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʧʦʜʚʠʞʥʦʡ ʬʘʟʳ 0,5 ʤʣ/ʤʠʥ. ʂʦʥʮʝʥʪʨʘʮʠʠ 

ɻʄʌ ʠ 2,5 ï ʜʠʬʦʨʤʠʣʬʫʨʘʥʘ (ɼʌʌ) ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʢʘʣʠʙʨʦʚʦʯʥʳʤ 

ʢʨʠʚʳʤ, ʧʦʣʫʯʝʥʥʳʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥʜʘʨʪʥʳʭ ʨʘʩʪʚʦʨʦʚ ʵʪʠʭ 

ʩʦʝʜʠʥʝʥʠʡ. ʉʝʣʝʢʪʠʚʥʦʩʪʴ ʧʦ ɼʌʌ ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʬʦʨʤʫʣʝ (2.4):  

ὛὩὰὩὧὸȢϷ
ὓȟ

ὓ ȟ ὓȟ
ρππϷ ςȢτ 

 

ʛʜʝ ὓȟ  ʠ ὓȟ  ʢʦʣʠʯʝʩʪʚʦ ʤʦʣʝʡ ɻʄʌ ʠ ɼʌʌ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ ὓ ȟ  ʢʦʣʠʯʝʩʪʚʦ ʤʦʣʝʡ ʠʩʭʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ɻʄʌ.   
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3 ʉʀʅʊɽɿ ʀ ʉɺʆʁʉʊɺɸ ɼʀʆʂʉʀɼɸ ʊʀʊɸʅɸ  

ɸʥʘʣʠʟ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʣʠʪʝʨʘʪʫʨʳ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʬʦʪʦʭʠʤʠʯʝʩʢʠʭ 

ʨʝʘʢʮʠʡ ʷʚʣʷʝʪʩʷ ʜʠʦʢʩʠʜ ʪʠʪʘʥʘ. ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʠʩʩʣʝʜʦʚʘʥʳ ʧʝʨʩʧʝʢʪʠʚʳ 

ʩʠʥʪʝʟʘ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ ʚ ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ, ʘ ʪʘʢʞʝ 

ʠʟʫʯʝʥʳ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʠ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ.  ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʠʟʣʦʞʝʥʥʳʝ ʚ ʛʣʘʚʝ 3, ʦʧʫʙʣʠʢʦʚʘʥʳ 

ʩʦʠʩʢʘʪʝʣʝʤ ʣʠʯʥʦ ʠ ʚ ʩʦʘʚʪʦʨʩʪʚʝ ʚ ʨʘʙʦʪʘʭ [128-130]. 

3.1 ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʪʠʪʘʥʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ 

ʊʠʪʘʥ ʦʪʥʦʩʠʪʩʷ ʢ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʥʝʫʩʪʦʡʯʠʚʳʤ ʤʝʪʘʣʣʘʤ 

(Ὁ Ⱦ ρȟφσ ˏ (ʥ.ʚ.ʵ.)) ʠ ʜʦʣʞʝʥ ʙʳʣ ʙʳ ʘʢʪʠʚʥʦ ʨʘʩʪʚʦʨʷʪʴʩʷ ʚ ʚʦʜʝ ʩ 

ʚrʜʝʣʝʥʠʝʤ ʚʦʜʦʨʦʜʘ, ʥʦ, ʙʣʘʛʦʜʘʨʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚʳʩʦʢʦʡ 

ʧʘʩʩʠʚʠʨʫʝʤʦʩʪʠ, ʦʥ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ ʚʦ ʤʥʦʛʠʭ 

ʩʨʝʜʘʭ. ʅʘ ʨʠʩʫʥʢʝ 3.1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʘʥʦʜʥʳʝ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʠ 

ʪʘʬʝʣʝʚʩʢʠʝ ʢʨʠʚʳʝ ʪʠʪʘʥʦʚʦʛʦ ʵʣʝʢʪʨʦʜʘ ʚ ʱʝʣʦʯʥʦʤ (2M NaOH) ʠ 

ʥʝʡʪʨʘʣʴʥʳʭ ʨʘʩʪʚʦʨʘʭ (1M Na2SO4 ʠ 2M NaCl), ʥʘ ʢʦʪʦʨʳʭ ʯʝʪʢʦ ʚʠʜʥʳ 

ʫʯʘʩʪʢʠ ʨʘʩʪʚʦʨʝʥʠʷ (ʢʦʨʨʦʟʠʠ) ʪʠʪʘʥʘ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʧʘʩʩʠʚʘʮʠʠ ʚʧʣʦʪʴ ʜʦ 

ʧʨʦʙʦʷ ʧʨʠ ɽ> 4ɺ.  

ɹʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʧʨʠʨʦʜʳ ʵʣʝʢʪʨʦʣʠʪʘ ʥʘ ʧʦʚʝʜʝʥʠʝ 

ʪʠʪʘʥʦʚʳʭ ʵʣʝʢʪʨʦʜʦʚ ʚ ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ ʧʨʠ 

ʥʘʣʦʞʝʥʠʠ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ (ʇʀʊ) ʩ ʨʘʟʥʦʡ ʩʪʝʧʝʥʴʶ 

ʩʠʤʤʝʪʨʠʠ ʠʤʧʫʣʴʩʦʚ. ɺ ʱʝʣʦʯʥʳʭ ʨʘʩʪʚʦʨʘʭ (2M NaOH) ʠ  ʥʝʡʪʨʘʣʴʥʳʭ 

ʨʘʩʪʚʦʨʘʭ ʥʝʢʦʪʦʨʳʭ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʣʝʡ (1M Na2SO4 ʠ 1M NaF) ʥʝ 

ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ ʚ ʨʘʩʪʚʦʨʝ ʥʠ ʧʨʠ 

ʢʘʢʠʭ ʩʦʦʪʥʦʰʝʥʠʷʭ ʠʤʧʫʣʴʩʦʚ. ʆʜʥʘʢʦ, ʚ ʣʠʪʝʨʘʪʫʨʝ ʠʤʝʶʪʩʷ ʩʚʝʜʝʥʠʷ 

[131], ʯʪʦ ʧʨʠ ʥʘʣʦʞʝʥʠʠ ʧʝʨʝʤʝʥʥʦʛʦ ʩʠʥʫʩʦʠʜʘʣʴʥʦʛʦ ʪʦʢʘ ʩʢʦʨʦʩʪʴ 

ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ (0,05 ʤʛ/ʩʤ
2
 ʯ) ʚ 
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ʚʳʩʦʢʦʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʭ ʨʘʩʪʚʦʨʘʭ NaOH (ʦʢʦʣʦ 50% ʤʘʩʩ). ʇʨʠ ʵʪʦʤ 

ʦʙʨʘʟʦʚʘʥʠʝ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʠʜʝʪ ʯʨʝʟʚʳʯʘʡʥʦ ʤʝʜʣʝʥʥʦ. 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʦʢʠʩʣʝʥʠʝ ʪʠʪʘʥʘ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ (1,0:0,2 ɸ/ʩʤ
2
) ʚ NaOH ʩ 

ʧʦʚʳʰʝʥʥʳʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ ʚ ʠʥʪʝʨʚʘʣʝ 4 ï 6 ʤʦʣʴ/ʣ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʪʠʪʘʥ ʨʘʟʨʫʰʘʝʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʚʝʪʣʦ-ʛʦʣʫʙʦʛʦ ʦʩʘʜʢʘ ʩʦ ʩʢʦʨʦʩʪʴʶ       

81Ñ2 ʤʛ/ʩʤ
2
 ʯ, ʢʦʪʦʨʘʷ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʱʝʣʦʯʠ.   

 

ʈʠʩʫʥʦʢ 3.1 ï ɸʥʦʜʥʳʝ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʢʨʠʚʳʝ (ʘ,ʚ,ʜ) ʠ ʪʘʬʝʣʝʚʩʢʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ (ʙ,ʛ,ʝ) ʪʠʪʘʥʦʚʦʛʦ ʵʣʝʢʪʨʦʜʘ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʩʢʦʨʦʩʪʠ 

ʨʘʟʚʝʨʪʢʠ ʧʦʪʝʥʮʠʘʣʘ 50 ʤɺ/ʩ (ʘ,ʚ,ʜ)  ʠ 2 ʤɺ/ʩ (ʙ,ʛ,ʝ)  
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ɸʢʪʠʚʥʦʝ ʨʘʩʪʚʦʨʝʥʠʝ ʪʠʪʘʥʘ ʧʨʠ ʥʘʣʦʞʝʥʠʠ ʇʀʊ ʥʘʙʣʶʜʘʣʦʩʴ ʚ 

ʭʣʦʨʠʜʥʳʭ ʨʘʩʪʚʦʨʘʭ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ (NaCl, KCl). ʀʟʚʝʩʪʥʦ, ʯʪʦ 

ʨʘʩʪʚʦʨʳ ʛʘʣʦʛʝʥʠʜʦʚ ʤʝʪʘʣʣʦʚ ʦʢʘʟʳʚʘʶʪ ʘʢʪʠʚʠʨʫʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ 

ʧʘʩʩʠʚʥʫʶ ʧʣʝʥʢʫ ʪʠʪʘʥʘ, ʢʦʪʦʨʦʝ ʟʘʢʣʶʯʘʝʪʩʷ  ʚ ʣʦʢʘʣʴʥʦʤ ʥʘʨʫʰʝʥʠʠ 

ʧʘʩʩʠʚʥʦʩʪʠ [132].  ɺ ʧʨʦʮʝʩʩʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʤʘʩʩʘ ʨʘʙʦʯʝʛʦ 

ʵʣʝʢʪʨʦʜʘ ʫʙʳʚʘʝʪ (ʦʥ ʦʢʠʩʣʷʝʪʩʷ), ʧʨʠ ʵʪʦʤ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʢʨʳʪʘ 

ʨʳʭʣʦʡ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʦʡ ʩʠʥʝʛʦ ʮʚʝʪʘ (ʨʅ ʧʨʠʵʣʝʢʪʨʦʜʥʦʛʦ ʩʣʦʷ ~1). ʅʘ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʤ  (ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʤ) ʵʣʝʢʪʨʦʜʝ ʙʫʨʥʦ ʚʳʜʝʣʷʝʪʩʷ ʛʘʟ 

(ʱʝʣʦʯʥʘʷ ʩʨʝʜʘ, ʨʅ~12), ʝʛʦ ʤʘʩʩʘ ʥʝ ʠʟʤʝʥʷʝʪʩʷ. 

 ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʪʦʢʘ ja:jk = 1,0 : 1,0 ɸ/ʩʤ
2
 ʤʘʩʩʘ 

ʨʘʙʦʯʝʛʦ ʵʣʝʢʪʨʦʜʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ (ʨʠʩʫʥʦʢ 3.2), ʨʅ 

ʧʨʠʵʣʝʢʪʨʦʜʥʦʛʦ ʩʣʦʷ ʜʣʷ ʦʙʦʠʭ ʵʣʝʢʪʨʦʜʦʚ ~3. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʘʩʠʤʤʝʪʨʠʠ 

ʪʦʢʘ  ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠ ʤʘʢʩʠʤʘʣʴʥʘ (~225 

ʤʛ/ʩʤ
2
 ʯ) ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʥʘ ʨʘʙʦʯʝʤ ʵʣʝʢʪʨʦʜʝ ʢʘʪʦʜʥʳʭ ʠʤʧʫʣʴʩʦʚ. ʉʪʦʠʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ ʨʘʟʨʫʰʘʶʱʝʛʦʩʷ ʵʣʝʢʪʨʦʜʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝ 

ʧʦʢʨʳʪʘ ʧʦʨʠʩʪʦʡ ʧʣʝʥʢʦʡ, ʵʣʝʢʪʨʦʜ ʦʩʪʘʝʪʩʷ ʙʣʝʩʪʷʱʠʤ ʠ ʨʘʟʨʫʰʘʝʪʩʷ ʚ 

ʦʩʥʦʚʥʦʤ ʧʦ ʢʨʘʷʤ.  

 

ʈʠʩʫʥʦʢ 3.2 ï ɺʣʠʷʥʠʝ ʚʝʣʠʯʠʥʳ ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʢʘʪʦʜʥʦʛʦ 

ʠʤʧʫʣʴʩʘ ʥʘ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʦʚʦʛʦ ʵʣʝʢʪʨʦʜʘ ʧʨʠ ʦʜʠʥʘʢʦʚʦʤ 

ʘʥʦʜʥʦʤ ʠʤʧʫʣʴʩʝ (1 ɸ/ʩʤ
2
) ʚ 2M NaCl 
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ʉʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ ʚ ʨʘʩʪʚʦʨʝ KCl ʥʘ ~30% ʥʠʞʝ, ʯʝʤ ʚ ʨʘʩʪʚʦʨʝ 

NaCl ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʘʩʠʤʤʝʪʨʠʠ ʪʦʢʘ, ʧʦʵʪʦʤʫ ʚ 

ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʨʘʩʪʚʦʨ ʭʣʦʨʠʜʘ ʥʘʪʨʠʷ. 

ʅʘ ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʷʭ ʵʣʝʢʪʨʦʜʘ ʧʦʩʣʝ ʩʠʥʪʝʟʘ ʚʠʜʥʦ, ʯʪʦ  ʧʨʠ ʧʦʜʘʯʝ 

ʪʦʣʴʢʦ ʘʥʦʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʵʣʝʢʪʨʦʜ ʧʦʢʨʳʪ ʧʣʦʪʥʦʡ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʦʡ ʠ 

ʨʘʟʨʫʰʘʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʧʦ ʢʨʘʷʤ ʠ ʚ ʥʝʩʢʦʣʴʢʠʭ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʧʨʦʙʦʷ 

ʧʘʩʩʠʚʥʦʡ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʠ (ʨʠʩʫʥʦʢ 3.3 ʘ, ʛ). ʇʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʪʘʢ ʞʝ ʬʦʨʤʠʨʫʝʪʩʷ ʧʘʩʩʠʚʥʘʷ ʧʣʝʥʢʘ, ʥʦ 

ʧʦ-ʚʠʜʠʤʦʤʫ ʙʦʣʝʝ ʪʦʥʢʘʷ, ʩʦ ʤʥʦʞʝʩʪʚʝʥʥʳʤʠ ʤʝʣʢʠʤʠ ʦʯʘʛʘʤʠ 

ʨʘʟʨʫʰʝʥʠʷ (ʨʠʩ.3.3 ʙ,ʜ). 

 

ʈʠʩʫʥʦʢ 3.3 ï ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʪʠʪʘʥʦʚʳʭ ʵʣʝʢʪʨʦʜʦʚ ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ 

ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ ʧʣʦʪʥʦʩʪʝʡ ʘʥʦʜʥʦʛʦ ʠ ʢʘʪʦʜʥʦʛʦ 

ʠʤʧʫʣʴʩʦʚ ja: jk, ɸ/ʩʤ
2
 - 1,0:0 (ʘ,ʛ); 1,0:0,2 (ʙ,ʜ); 0,2:1,0 (ʚ, ʝ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʜʝʪʝʢʪʦʨʘ ʦʪʨʘʞʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (ʘ-ʚ)  ʠ ʩʪʘʥʜʘʨʪʥʦʛʦ ʜʝʪʝʢʪʦʨʘ ʚʪʦʨʠʯʥʳʭ 

ʵʣʝʢʪʨʦʥʦʚ (ʛ-ʝ)  

ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʧʦʪʝʥʮʠʘʣʳ, 

ʫʩʪʘʥʘʚʣʠʚʘʶʱʠʝʩʷ ʥʘ ʵʣʝʢʪʨʦʜʘʭ  ʚ ʨʘʟʣʠʯʥʳʝ ʧʝʨʠʦʜʳ ʩʠʥʪʝʟʘ (ʨʠʩʫʥʦʢ 

3.4). ɺʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʧʦʪʝʥʮʠʘʣʦʚ ʚ ʘʥʦʜʥʳʡ ʠʤʧʫʣʴʩ ʩʚʷʟʘʥʳ ʩ 
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ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʧʣʦʪʥʦʡ ʧʘʩʩʠʚʠʨʫʶʱʝʡ ʧʣʝʥʢʠ ʩ ʥʠʟʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʪʠʪʘʥʘ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʪʦʢʘ ʧʣʝʥʢʘ ʤʦʞʝʪ ʯʘʩʪʠʯʥʦ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴʩʷ ʚ ʢʘʪʦʜʥʳʡ 

ʠʤʧʫʣʴʩ, ʧʨʠ ʵʪʦʤ ʝʝ ʧʨʦʚʦʜʠʤʦʩʪʴ ʚʦʟʨʘʩʪʘʝʪ, ʯʪʦ ʠ ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʬʦʨʤʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʪʦʢʘ ʠ ʧʦʪʝʥʮʠʘʣʘ ʦʪ ʚʨʝʤʝʥʠ. ɺ ʢʘʪʦʜʥʳʡ ʧʝʨʠʦʜ ʪʦʢʘ ʙʫʨʥʦʝ 

ʚʳʜʝʣʝʥʠʝ ʚʦʜʦʨʦʜʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʨʷʜʘ ʤʦʣʝʢʫʣ ʚʦʜʳ ʧʨʠʚʦʜʠʪ ʢ 

ʦʙʝʜʥʝʥʠʶ ʠʦʥʘʤʠ ʠ ʚʳʩʦʢʦʤʫ ʛʘʟʦʥʘʧʦʣʥʝʥʠʶ ʧʨʠʵʣʝʢʪʨʦʜʥʦʡ ʦʙʣʘʩʪʠ 

ʵʣʝʢʪʨʦʣʠʪʘ ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʢ ʧʦʚʳʰʝʥʠʶ ʝʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʨʦʩʪʫ 

ʠʟʤʝʨʷʝʤʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʵʣʝʢʪʨʦʜʘ. 

 

ʈʠʩʫʥʦʢ 3.4 ï ʇʨʦʬʠʣʠ ʪʦʢʘ (ʘ) ʠ ʧʦʪʝʥʮʠʘʣʘ (ʙ), ʫʩʪʘʥʘʚʣʠʚʘʶʱʠʝʩ̫ ʥʘ 

ʨʘʙʦʯʝʤ ʵʣʝʢʪʨʦʜʝ ʚʦ ʚʨʝʤʷ ʩʠʥʪʝʟʘ, ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʭʘʨʘʢʪʝʨʝ 

ʧʦʣʷʨʠʟʫʶʱʝʛʦ ʪʦʢʘ. ʉʦʦʪʥʦʰʝʥʠʷ ʧʣʦʪʥʦʩʪʝʡ ʪʦʢʘ  ʚ ʘʥʦʜʥʳʝ ʠ ʢʘʪʦʜʥʳʝ 

ʧʝʨʠʦʜʳ ja:jk, ɸ/ʩʤ
2
,  ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ; ʵʣʝʢʪʨʦʣʠʪ  2M NaCl 

ɺ ʧʝʨʠʦʜʳ ʧʘʫʟ, ʢʦʪʦʨʳʝ ʩʦʩʪʘʚʣʷʶʪ ʦʪ 60 ʜʦ 70 % ʚʩʝʛʦ ʚʨʝʤʝʥʠ 

ʩʠʥʪʝʟʘ,  ʧʦʪʝʥʮʠʘʣ ʵʣʝʢʪʨʦʜʘ ʣʝʞʠʪ ʚ ʦʙʣʘʩʪʠ  -1,2 õ -0,5 ɺ (ʨʠʩʫʥʦʢ 3.5 ʘ), ʚ 

ʢʦʪʦʨʦʡ ʚʦʟʤʦʞʥʦ ʧʨʦʪʝʢʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ 
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ʧʨʦʮʝʩʩʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʠʪʘʥʘ. ɸʥʘʣʠʟ ʷʚʣʝʥʠʡ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʥʘ ʪʠʪʘʥʝ 

ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ, ʤʦʞʝʪ ʙʳʪʴ ʚʳʧʦʣʥʝʥ ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʪʝʥʮʠʘʣʘ ʦʪ ʨʅ (ʜʠʘʛʨʘʤʤʳ ʇʫʨʙʝ), ʥʘʠʙʦʣʝʝ ʧʦʣʥʦʝ 

ʦʧʠʩʘʥʠʝ ʢʦʪʦʨʦʡ ʧʨʠʚʝʜʝʥʦ ʚ [88] (ʨʠʩʫʥʦʢ 3.5 ʙ).  

 

ʈʠʩʫʥʦʢ 3.5 ï ʇʨʦʬʠʣʴ ʧʦʪʝʥʮʠʘʣʘ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʝʛʦʩʷ ʥʘ ʨʘʙʦʯʝʤ 

ʵʣʝʢʪʨʦʜʝ ʚʦ ʚʨʝʤʷ ʩʠʥʪʝʟʘ, ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʭʘʨʘʢʪʝʨʝ ʧʦʣʷʨʠʟʫʶʱʝʛʦ ʪʦʢʘ. 

ʉʦʦʪʥʦʰʝʥʠʷ ʧʣʦʪʥʦʩʪʝʡ ʪʦʢʘ ʚ ʘʥʦʜʥʳʝ ʠ ʢʘʪʦʜʥʳʝ ʧʝʨʠʦʜʳ  ja:jk, ɸ/ʩʤ
2
,  

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ, ʵʣʝʢʪʨʦʣʠʪ  2M NaCl (ʘ); ʜʠʘʛʨʘʤʤʘ ̗̐̏̓̆̎̉́̌ὴὌ 

ʪʠʪʘʥʦʚʦʛʦ ʵʣʝʢʪʨʦʜʘ [133] (ʙ) 

ɺ ʨʘʙʦʪʝ [87] ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ 

ʪʠʪʘʥʘ, ʦʜʥʘʢʦ ʚʩʝ ʚʥʠʤʘʥʠʝ ʘʚʪʦʨʳ ʫʜʝʣʷʶʪ ʢʠʩʣʳʤ ʩʨʝʜʘʤ, ʚ ʢʦʪʦʨʳʭ 

ʚʦʟʤʦʞʥʦ ʥʘʨʫʰʝʥʠʝ ʧʘʩʩʠʚʥʦʩʪʠ ʠ ʢʦʨʨʦʟʠʷ ʪʠʪʘʥʘ. ʇʨʦʮʝʩʩʳ ʦʢʠʩʣʝʥʠʷ ʠ 

ʧʘʩʩʠʚʘʮʠʠ ʪʠʪʘʥʘ ʩʣʦʞʥʳ ʠ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʚ ʨʘʤʢʘʭ ʧʨʦʩʪʦʡ 

ʤʦʜʝʣʠ  ʦʙʨʘʟʦʚʘʥʠʷ ʧʘʩʩʠʚʠʨʫʶʱʝʛʦ ʩʣʦʷ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʘʪʦʤʦʚ 

ʪʠʪʘʥʘ ʩ ʚʦʜʦʡ. ʇʦʚʝʨʭʥʦʩʪʴ ʪʠʪʘʥʘ ʚʩʝʛʜʘ ʧʦʢʨʳʪʘ ʩʣʦʝʤ ʛʠʜʨʠʜʘ ʪʠʪʘʥʘ, 

ʧʦʵʪʦʤʫ ʚ ʨʝʘʢʮʠʷʭ ʩ ʚʦʜʦʡ ʫʯʘʩʪʚʫʝʪ ʥʝ ʩʘʤ ʪʠʪʘʥ, ʘ ʝʛʦ ʛʠʜʨʠʜ. ɺ ʪʘʙʣʠʮʝ 

3.1 [133] ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʩʥʦʚʥʳʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʩ ʫʯʘʩʪʠʝʤ 

ʩʦʝʜʠʥʝʥʠʡ ʪʠʪʘʥʘ ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʠʭ ʧʦʪʝʥʮʠʘʣʦʚ  ʦʪ ʨʅ ʩʨʝʜʳ. ʅʘ ʨʠʩʫʥʢʝ 
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3.5 ʦʙʣʘʩʪʠ ʛʠʜʨʠʜʥʦʡ ʠ ʦʢʩʠʜʥʦʡ ʧʘʩʩʠʚʘʮʠʠ ʚʳʜʝʣʝʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʛʦʣʫʙʳʤ ʠ ʨʦʟʦʚʳʤ ʮʚʝʪʦʤ. ʍʦʪʷ ʦʙʨʘʟʦʚʘʥʠʝ TiH2 ʧʦ ʨʝʘʢʮʠʠ (8) ʤʦʞʝʪ 

ʧʨʦʠʩʭʦʜʠʪʴ ʚʝʟʜʝ ʥʠʞʝ ʣʠʥʠʠ 8, ʥʦ ʪʦʣʴʢʦ ʚ ʦʙʣʘʩʪʠ ʥʠʞʝ ʣʠʥʠʠ 2 

ʛʠʜʨʠʜʥʘʷ ʬʘʟʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʫʩʪʦʡʯʠʚʘ. ʇʨʠ ʙʦʣʝʝ ʘʥʦʜʥʳʭ 

ʧʦʪʝʥʮʠʘʣʘʭ ʛʠʜʨʠʜʥʘʷ ʬʘʟʘ ʤʦʞʝʪ ʨʘʩʪʚʦʨʷʪʴʩʷ ʧʦ ʨʝʘʢʮʠʠ (2). 

ʇʘʩʩʠʚʠʨʫʶʱʘ ̫ʧʣʝʥʢʘ Ti2O3 ʦʙʨʘʟʫʝʪʩʷ ʧʦ ʨʝʘʢʮʠʷʤ (3) ʠ (4), ʥʘ ʨʠʩʫʥʢʝ 

3.5 ʵʪʠʤ ʧʨʦʮʝʩʩʘʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʝʦʢʨʘʰʝʥʥʘʷ ʯʘʩʪʴ ʜʠʘʛʨʘʤʤʳ. 

ɿʘʰʪʨʠʭʦʚʘʥʥʳʡ ʪʨʝʫʛʦʣʴʥʠʢ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʣʘʩʪʠ ʘʢʪʠʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʪʠʪʘʥʦʚʦʛʦ ʘʥʦʜʘ ʠ ʷʚʣʷʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʤ ʤʝʩʪʦʤ, ʛʜʝ ʚʩʝ ʦʢʠʩʣ r ʠ 

ʛʠʜʨʠʜʳ ʥʝʫʩʪʦʡʯʠʚ,r ʥʦ ʧʨʠ ʨʅÓ2,3 ʘʢʪʠʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʪʠʪʘʥʘ ʥʝ 

ʥʘʙʣʶʜʘʝʪʩʷ. ʇʨʠ ʧʦʪʝʥʮʠʘʣʘʭ ʚʳʰʝ ʣʠʥʠʠ 7, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʘʚʥʦʚʝʩʠʶ 

Ti2O3 ʠ TiO2 (ʨʝʘʢʮʠʷ 7), ʦʙʣʘʩʪʴ ʤʘʢʩʠʤʘʣʴʥʦʡ ʧʘʩʩʠʚʥʦʩʪʠ ʪʠʪʘʥʦʚʦʛʦ 

ʘʥʦʜʘ. 

ʊʘʙʣʠʮʘ 3.1 ï ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʦʩʥʦʚʥʳʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʜʠʘʛʨʘʤʤʳ ʧʦʪʝʥʮʠʘʣ-ʨʅ ʜʣʷ ʪʠʪʘʥʘ [133] 

ʅʦʤʝʨ 

ʨʝʘʢʮʠʠ 
ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ 

ɽ
0
 

(ʥ.ʚ.ʵ.), 

ɺ 

ʋʨʘʚʥʝʥʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ 

ʧʦʪʝʥʮʠʘʣʘ ʦʪ pH 

ʧʨʠ 25Áʉ 

1 ὝὭᵮὝὭ ςὩ  -1,63 - 

2 ὝὭὌᵮὝὭ ςὌ τὩ  -0,59 ɽ= ɽ
0
-0,0295 pH 

3 ςὝὭὌσὌὕᵮὝὭὕ ̄ ̉̅̑ρπὌ ρπὩ  -0,52 ɽ= ɽ
0
-0,059 pH 

4 ςὝὭ σὌὕᵮὝὭὕ ̄ ̉̅̑φὌ ςὩ  -0,248 ɽ= ɽ
0
-0,177 pH 

5 ὝὭᵮὝὭ Ὡ  -0,368 - 

6 ὝὭ ςὌὕᵮὝὭὕ̄̉
̅̑
τὌ Ὡ  +0,029 ɽ= ɽ

0
-0,236 pH 

7 ὝὭὕ ̄ ̉̅̑ςὌὕᵮὝὭὕ̄̉ ̅̑
ςὌ ςὩ  -0,091 ɽ= ɽ

0
-0,059 pH 

8 ὝὭὌᵮὝὭςὌ ςὩ  +0,45 ɽ= ɽ
0
-0,059 pH 

9 ὝὭὌᵮὝὭ Ὄ τὩ  -0,73 - 

10 ὝὭὌᵮὝὭ ςὌ υὩ  -0,54 - 

11 ὝὭὌᵮὝὭ ρȾςὌ σὩ  -0,99 - 

12 ὝὭὌᵮὝὭ Ὄ σὩ  -0,91 - 

 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 3.5.ʘ, ʘ ʪʘʢʞʝ ʫʯʠʪʳʚʘʷ ʟʥʘʯʝʥʠʷ ʨʅ 

ʧʨʠʵʣʝʢʪʨʦʜʥʦʡ ʦʙʣʘʩʪʠ ~1, ʚ ʧʝʨʠʦʜʳ ʧʘʫʟ ʧʦʩʣʝ ʘʥʦʜʥʦʛʦ ʠʤʧʫʣʴʩʘ ʧʨʠ 

ʩʠʤʤʝʪʨʠʯʥʦʤ ʠ ʘʩʠʤʤʝʪʨʠʯʥʦʤ ʪʦʢʝ ʧʦʪʝʥʮʠʘʣʳ ʣʝʞʘʪ ʠʤʝʥʥʦ ʚ ʦʙʣʘʩʪʠ 
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ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʩʠʜʘ ʪʠʪʘʥʘ (III ) ʧʦ ʨʝʘʢʮʠʠ (3). ɺʦʟʤʦʞʥʦ ʪʘʢʞʝ ʧʨʦʪʝʢʘʥʠʝ 

ʨʝʘʢʮʠʡ 5 ʠ 6 ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ TiO2. ʆʜʥʘʢʦ ʫʯʠʪʳʚʘʷ ʦʯʝʥʴ ʤʘʣʫʶ ʨʘʟʥʠʮʫ ʚ 

ʧʦʪʝʥʮʠʘʣʘʭ ʵʣʝʢʪʨʦʜʘ ʠ ʧʦʪʝʥʮʠʘʣʘʭ ʬʦʨʤʠʨʦʚʘʥʠʷ TiO2, ʚʦʟʤʦʞʥʫʶ 

ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ, ʩʣʝʜʫʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʧʝʨʠʦʜʳ ʧʘʫʟ ʪʘʢʞʝ 

ʠʜʝʪ ʦʢʠʩʣʝʥʠʝ ʪʠʪʘʥʘ (III ) ʜʦ ʪʠʪʘʥʘ (IV) (ʨʝʘʢʮʠʷ 7).  

ɺ ʧʝʨʠʦʜ ʢʘʪʦʜʥʦʛʦ ʠʤʧʫʣʴʩʘ ʦʢʩʠʜ r ʤʦʛʫʪ ʯʘʩʪʠʯʥʦ 

ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴʩʷ ʧʦ ʨʝʘʢʮʠʷʤ (1,2,8-12). ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ ʙʫʨʥʦ 

ʚʳʜʝʣʷʶʱʠʡʩʷ ʚʦʜʦʨʦʜ ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʘʟʨʳʭʣʝʥʠʶ ʧʣʝʥʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʵʣʝʢʪʨʦʜʘ ʠ ʝʝ ʯʘʩʪʠʯʥʦʤʫ ʫʜʘʣʝʥʠʶ. ʇʨʠ ʩʠʤʤʝʪʨʠʯʥʦʤ ʪʦʢʝ, ʪ.ʝ. 

ʜʣʠʪʝʣʴʥʳʭ ʢʘʪʦʜʥʳʭ ʠʤʧʫʣʴʩʘʭ, ʧʦʪʝʥʮʠʘʣ ʚ ʧʘʫʟʝ ʧʦʩʣʝ ʠʤʧʫʣʴʩʘ ʣʝʞʠʪ ʚ 

ʦʙʣʘʩʪʠ ʛʠʜʨʠʜʥʦʡ ʧʘʩʩʠʚʘʮʠʠ (ʟʝʣʝʥʘʷ ʣʠʥʠʷ ʥʘ ʨʠʩʫʥʢʝ 3.5ʘ), ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʛʣʫʙʦʢʦʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʧʘʩʩʠʚʠʨʫʶʱʝʡ ʦʢʩʠʜʥʦʡ 

ʧʣʝʥʢʠ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʧʦʵʪʦʤʫ ʚ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʵʣʝʢʪʨʦʜ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʨʘʟʨʫʰʘʝʪʩʷ (ʨʠʩʫʥʦʢ 3.2).  

ɺ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʦʣʴʢʦ ʘʥʦʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʨʅ ʫ ʧʦʚʝʨʭʥʦʩʪʠ 

ʵʣʝʢʪʨʦʜʘ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ ~3, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʤ ʧʨʦʪʝʢʘʥʠʝʤ ʨʝʘʢʮʠʡ (4-6) ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ TiO2, 

ʩʦʧʨʦʚʦʞʜʘʶʱʠʭʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʝʥʴʰʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʅ
+
-ʠʦʥʦʚ. 

3.2 ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ 

ɼʘʥʥʳʝ ʈʌɸ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʧʨʦʜʫʢʪ rʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ ʚ 

ʨʘʩʪʚʦʨʝ 2M NaCl ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʘʩʠʤʤʝʪʨʠʠ ʪʦʢʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʥʠʟʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʜʠʦʢʩʠʜ ʪʠʪʘʥʘ (ʨʠʩʫʥʦʢ 3.6ʘ). ʆʜʥʘʢʦ, ʮʚʝʪ ʧʨʦʜʫʢʪʘ 

(ʚʩʪʘʚʢʘ ʚ ʨʠʩʫʥʦʢ 3.6ʘ), ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʦʢʠʩʣʝʥʠʠ ʪʠʪʘʥʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʇʀʊ ʩʦ ʩʨʝʜʥʠʤʠ ʧʣʦʪʥʦʩʪʷʤʠ ʪʦʢʘ ja:jk 1,0:0,2 ɸ/ʩʤ
2  
ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʦʙʨʘʟʮʦʤ, ʧʦʣʫʯʝʥʥʳʤ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʘʥʦʜʥʦʛʦ ʀʊ (ja:jk 1,0:0 ɸ/ʩʤ
2
) ʠʤʝʝʪ 

ʙʦʣʝʝ ʥʘʩʳʱʝʥʥʳʡ ʩʠʥʠʡ ʦʪʪʝʥʦʢ, ʯʪʦ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʥʘʣʠʯʠʠ ʚ 

ʩʪʨʫʢʪʫʨʝ ʙʦʣʴʰʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʜʝʬʝʢʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʪʠʪʘʥʘ Ti
3+ 

[134]. 

ʇʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ (ʦʪʞʠʛʘ) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 400Áʉ ʚ ʪʝʯʝʥʠʝ 3 
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ʯʘʩʦʚ ʧʨʦʜʫʢʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ ja:jk 1,0:0,2 ɸ/ʩʤ
2
, 

ʧʨʦʠʩʭʦʜʠʪ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ ʚ ʬʦʨʤʝ ʘʥʘʪʘʟʘ (ʨʠʩʫʥʦʢ 3.6ʙ). 

ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʧʦʚʳʰʝʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ TiO2 ʧʨʠ ʦʪʞʠʛʝ ʚ ʘʪʤʦʩʬʝʨʝ 

ʚʦʟʜʫʭʘ ʧʨʦʠʩʭʦʜʠʪ ʠʩʯʝʟʥʦʚʝʥʠʝ ʝʛʦ ʩʠʥʝʡ ʦʢʨʘʩʢʠ. ʆʜʥʘʢʦ ʧʨʠ ʦʪʞʠʛʝ ʚ 

ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ ʦʢʨʘʩʢʘ ʩʦʭʨʘʥʷʝʪʩʷ (ʨʠʩʫʥʦʢ 3.6ʚ).  ʊʝʤʧʝʨʘʪʫʨʘ 

ʧʝʨʝʭʦʜʘ ʘʤʦʨʬʥʦʛʦ ʪʠʪʘʥʘ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ  ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʨʘʙʦʪʝ [135].  

 

ʈʠʩʫʥʦʢ 3.6 ï  ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʧʨʦʮʝʩʩʝ ʦʢʠʩʣʝʥʠʷ 

ʪʠʪʘʥʘ ʚ 2M NaCl ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ (ʘ) ʠ ʦʙʨʘʟʮʘ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ ja:jk 1,0:0,2 ɸ/ʩʤ
2
 ʠ ʦʪʦʞʞʝʥʥʦʛʦ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 400Áʉ, 500Áʉ ʠ 600Áʉ ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ (ʙ) ʠ ʛʝʣʠʷ (ʚ) 

ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ  ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ (500Áʉ ʠ 

600Áʉ), ʚʝʨʦʷʪʥʦ, ʚʳʟʳʚʘʝʪ ʧʦʚʳʰʝʥʠʝ ʩʪʝʧʝʥʠ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ 

ʧʦʣʫʯʝʥʥʦʛʦ ʘʥʘʪʘʟʘ ʙʝʟ ʝʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʨʫʪʠʣ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʧʝʨʝʭʦʜʘ ʘʥʘʪʘʟ-ʨʫʪʠʣ ʤʦʞʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʚʘʨʴʠʨʦʚʘʪʴʩʷ ʚ 

ʠʥʪʝʨʚʘʣʝ 400 - 1200Áʉ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʧʦʩʦʙʘ ʝʝ ʦʧʨʝʜʝʣʝʥʠʷ, ʩʳʨʴʷ ʠ 

ʤʝʪʦʜʘ ʧʦʣʫʯʝʥʠʷ [38]. ɺ ʨʘʙʦʪʝ [136] ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʘʥʘʪʘʟʘ  ʚ ʨʫʪʠʣ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ, ʥʘʙʣʶʜʘʝʪʩʷ  ʤʝʞʜʫ 500Áʉ ʠ 600Áʉ, ʘ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ ʧʨʠ  600Áʉ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʝʛʦ ʧʦʣʥʦʤʫ ʧʨʝʚʨʘʱʝʥʠʶ.  
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ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʨʘʩʩʯʠʪʘʥʥʳʡ ʧʦ ʫʨʘʚʥʝʥʠʶ ʐʝʨʨʝʨʘ 

ʥʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ʈʌɸ, ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʪʘʙʣʠʮʝ 3.2. ɺʠʜʥʦ, ʯʪʦ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʠ 

ʫʤʝʥʴʰʘʝʪʩʷ ʫʜʝʣʴʥʘʷ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʧʦ ʤʝʪʦʜʫ 

ɹʕʊ.  

ʊʘʙʣʠʮʘ 3.2 ï ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ ʚ 2M 

NaCl ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ja:jk 1,0:0,2 ɸ/ʩʤ
2
 ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ 

ʆʙʨʘʟʝʮ 

ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ 

ʢʨʠʩʪʘʣʣʠʪʦʚ (ʈʌɸ), 

ʥʤ 

ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ (ʇʕʄ), ʥʤ 

ʋʜʝʣʴʥʘʷ ʧʣʦʱʘʜʴ 

ʧʦʚʝʨʭʥʦʩʪʠ (ɹʕʊ), ʤ
2
/ʛ 

ʧʦʣʫʯʝʥʥʳʡ 

TiO2 (A-TiO2) 
- - 120,3 

TiO2-400 16,2 10,1 90,5 

TiO2-500 17,4 15,3 58,6 

TiO2-600 22,3 19,2 35,4 

 

ɼʘʥʥʳʝ ʇʕʄ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʠ ʩ ʚʳʜʝʣʝʥʥʳʭ ʦʙʣʘʩʪʝʡ 

(ʵʣʝʢʪʨʦʥʦʛʨʘʤʤ) ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʈʌɸ (ʨʠʩʫʥʦʢ 3.7). 

ɼʠʬʨʘʢʮʠʦʥʥʘʷ ʢʘʨʪʠʥʘ ʩʚʝʞʝʧʦʣʫʯʝʥʥʦʛʦ ʦʙʨʘʟʮʘ A-TiO2, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ 

ʩʦʙʦʡ ʨʘʟʤʳʪʳʝ (ʜʠʬʬʫʟʥʳʝ) ʢʦʣʴʮʘ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʝʛʦ 

ʥʠʟʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʩʪʨʦʝʥʠʠ (ʚʩʪʘʚʢʘ ʚ ʨʠʩʫʥʦʢ 3.7ʘ). ʅʘ 

ʣɻʝʢʪʨʦʥʦʛʨʘʤʤʘʭ ʦʙʨʘʟʮʦʚ, ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

(ʚʩʪʘʚʢʠ ʚ ʨʠʩʫʥʢʠ 3.7ʚ, ʜ, ʞ), ʧʨʠʩʫʪʩʪʚʫʝʪ ʥʘʙʦʨ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ ʢʦʣʝʮ, 

ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʠʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʨʠʨʦʜʝ [137]. ɺ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʜʘʥʥʳʤʠ ʇʕʄ, ʧʦʩʣʝ ʧʨʦʢʘʣʠʚʘʥʠʷ ʦʙʨʘʟʮʳ TiO2 ʩʦʩʪʦʷʪ ʠʟ 

ʟʘʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʭ ʤʦʥʦʣʠʪʥʳʭ ʯʘʩʪʠʮ ʩʦ ʩʨʝʜʥʠʤʠ ʨʘʟʤʝʨʘʤʠ ʦʪ 10,1 ʜʦ 

19,2 ʥʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ɿʥʘʯʝʥʠʷ ʩʨʝʜʥʠʭ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ, 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʧʦ ʇʕʄ ʬʦʪʦʛʨʘʬʠʷʤ, ʪʘʢʞʝ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 3.2. 

ʄʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʚ ʜʠʦʢʩʠʜʝ ʪʠʪʘʥʘ ʤʦʜʠʬʠʢʘʮʠʠ ʘʥʘʪʘʟʘ, 

ʦʧʨʝʜʝʣʝʥʥʦʝ ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ  (ʇʕʄɺʈ) (ʨʠʩʫʥʦʢ 3.8), ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʛʨʘʥʠ (101): 

d101=0,35 ʥʤ.  
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ʈʠʩʫʥʦʢ 3.7 ï ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʧʦʣʫʯʝʥʥʳʭ 

ʧʨʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʇʀʊ ja:jk 1,0:0,2 ɸ/ʩʤ
2
 ʚ ʨʘʩʪʚʦʨʝ 2M NaCl (a, ʙ) ʠ 

ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 400 Áʉ (ʚ,ʛ), 500Áʉ (ʜ,ʝ) ʠ 600Áʉ (ʞ,ʟ) ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʳ (ʚʩʪʘʚʢʠ ʚ ʨʠʩʫʥʢʠ ʘ, ʚ, ʜ, ʞ) 
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ʈʠʩʫʥʦʢ 3.8 ï  ʄʠʢʨʦʬʦʪʦʛʨʘʬʠ ̫ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʦʙʨʘʟʮʘ TiO2-500 

ʉʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʦʪʞʠʛʘ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʦʤ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʨʠʩʫʥʦʢ 3.9ʘ). ʅʘ ʩʧʝʢʪʨʘʭ ʂʈ 

ʥʝʦʪʦʞʞʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʨʷʜ ʫʰʠʨʝʥʥʳʭ ʧʠʢʦʚ, 

ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʈʘʤʘʥ-ʘʢʪʠʚʥʳʭ ʤʦʜ ʘʥʘʪʘʟʘ: 3 ʧʠʢʘ Eg ʧʨʠ 140, 207 ʠ 630 

ʩʤ
-1
, ʧʠʢ B1g ʧʨʠ 404 ʩʤ

-1
 ʠ ʧʠʢ A1g ʧʨʠ 553 ʩʤ

-1 
(ʦʨʘʥʞʝʚʳʝ ʣʠʥʠʠ)[138]. 

ʇʫʥʢʪʠʨʥʳʝ ʩʠʥʠʝ ʣʠʥʠʠ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʀʂ-ʘʢʪʠʚʥʳʤʠ ʤʦʜʘʤʠ ʪʦʡ 

ʞʝ ʩʘʤʦʡ ʬʘʟʳ, ʚʳʟʚʘʥʥʳʝ ʙʝʩʧʦʨʷʜʢʦʤ (A2u ʧʨʠ 339 ʠ 740 ʩʤ
ï1

, Eu ʧʨʠ 269, 

471 ʠ 854 ʩʤ
ï1

) [139]. ʇʨʠ ʵʪʦʤ ʧʦʯʪʠ ʚʩʝ ʥʘʙʣʶʜʘʝʤʳʝ ʧʠʢʠ ʩʜʚʠʥʫʪʳ ʚ 

ʢʨʘʩʥʫʶ ʦʙʣʘʩʪʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ ʜʣʷ ʯʠʩʪʦʛʦ ʘʥʘʪʘʟʘ 

[138, 139]. ʋʰʠʨʝʥʠʝ ʠ ʩʜʚʠʛ ʧʠʢʦʚ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʥʠʟʢʦʡ ʩʪʝʧʝʥʴʶ 

ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ. ɺ ʩʣʫʯʘʝ ʦʪʦʞʞʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʤʳ 

ʥʘʙʣʶʜʘʝʤ ʚʩʝ ʧʠʢʠ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʩʧʝʢʪʨʘ ʂʈ ʘʥʘʪʘʟʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ (ʧʨʠ 144, 198, 397, 518 ʠ 640 ʩʤ
-1
) [138].  

ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʢʘʪʘʣʠʟʘʪʦʨʦʚ. ʅʘ ʀʂ ʩʧʝʢʪʨʘʭ ʚʩʝʭ 

ʦʙʨʘʟʮʦʚ TiO2 ʧʨʠʩʫʪʩʪʚʫʶʪ ʰʠʨʦʢʘʷ ʧʦʣʦʩʘ ʧʦʛʣʦʱʝʥʠʷ ʚ ʠʥʪʝʨʚʘʣʝ 2600 ï 

3700 ʩʤ
-1
 ʠ ʧʠʢ ʩ ʤʘʢʩʠʤʫʤʦʤ 1630 ʩʤ

-1 
(ʨʠʩʫʥʦʢ 3.9ʙ), ʢʦʪʦʨʳʝ ʩʚʷʟʘʥʳ ʩ 
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ʥʘʣʠʯʠʝʤ ʭʠʤʠʯʝʩʢʠ ʠ ʬʠʟʠʯʝʩʢʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʩʠʜʘ 

ʤʦʣʝʢʫʣ ʚʦʜʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʐʠʨʦʢʠʡ ʧʠʢ ʤʦʞʥʦ ʨʘʟʣʦʞʠʪʴ ʥʘ ʜʚʘ 

ʢʦʤʧʦʥʝʥʪʘ (ʨʠʩʫʥʦʢ 3.9ʚ), ʦʜʠʥ ʠʟ ʢʦʪʦʨʳʭ ʩ ʤʘʢʩʠʤʫʤʦʤ ʦʢʦʣʦ 3400 ʩʤ
-1
 

(ʧʠʢ 1), ʘ ʚʪʦʨʦʡ ʩ ʤʘʢʩʠʤʫʤʦʤ 3200 ʩʤ
-1
 (ʧʠʢ 2). ʇʠʢ 1 ʦʙʳʯʥʦ ʩʚʷʟʳʚʘʶʪ ʩʦ 

çʩʣʘʙʳʤʠè ʘʢʪʠʚʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʧʨʠʥʠʤʘʶʪ 

ʫʯʘʩʪʠʝ ʚ ʦʙʨʘʟʦʚʘʥʠʠ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ Ὄὕ . ʇʠʢ 2 ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʢʦʤʧʣʝʢʩʦʚ ὌὕỄὌὕ ὝὭ ʠ ὌὕὌỄὕὌ ὝὭ, ʧʨʦʯʥʦ 

ʩʚ̫ʟʘʥʥʳʭ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʪʠʪʘʥʘ [140].  

 

ʈʠʩʫʥʦʢ 3.9 ï ʂʈ (ʘ) ʠ ʀʂ (ʙ) ʩʧʝʢʪʨʳ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʧʦʣʫʯʝʥʥʦʛʦ 

ʧʨʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ 1,0:0,2 ɸ/ʩʤ
2  
ʚ 2M NaCl ʠ ʦʪʦʞʞʝʥʥʦʛʦ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 400, 500 ʠ 600 Áʉ; ʨʘʟʣʦʞʝʥʠʝ ʥʘ ʢʦʤʧʦʥʝʥʪʳ ʧʦʣʦʩʳ ʀʂ 

ʩʧʝʢʪʨʘ ʦʙʨʘʟʮʘ TiO2-500 ʚ ʠʥʪʝʨʚʘʣʝ 2700 ï 3700 ʩʤ
-1
 (ʚ) 

ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʬʦʪʦʵʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ (ʈʌʕʉ) ʙʳʣʘ 

ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʘʣʝʥʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʵʣʝʤʝʥʪʦʚ ʠ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʝʬʝʢʪʦʚ. ʈʌʕ ʩʧʝʢʪʨʳ Ti 2p, ʧʦʢʘʟʘʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 3.10ʘ, 

ʠʤʝʶʪ ʜʚʘ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʜʫʙʣʝʪʘ Ti 2p3/2 and 2p1/2 ʧʨʠ ʵʥʝʨʛʠʷʭ ʩʚʷʟʠ 
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458,1 ʵɺ ʠ 463,8 ʵɺ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʘʟʣʦʞʝʥʠʝ ʧʠʢʘ Ti 2p ʥʘ ʢʦʤʧʦʥʝʥʪʳ 

ʜʘʝʪ ʧʠʢʠ 458,1 ʵɺ ʠ 463,8 ʵɺ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ 

4+ , ʠ ʧʠʢʠ 456,9 ʵɺ ʠ 462,2 ʵɺ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ 

3+ [141]. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ ʯʝʨʥʦʛʦ ʠʣʠ 

ʪʝʤʥʦ-ʩʠʥʝʛʦ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʧʨʠʩʫʪʩʪʚʠʝ Ti
3+

 ʠʦʥʦʚ ʜʝʪʝʢʪʠʨʦʚʘʣʠ ʥʝ ʚʦ 

ʚʩʝʭ ʩʣʫʯʘʷʭ. ʂ ʧʨʠʤʝʨʫ, ʥʘ ʈʌʕ ʩʧʝʢʪʨʘʭ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʧʦʣʫʯʝʥʥʦʛʦ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝʤ [142] ʠ ʦʢʠʩʣʝʥʠʝʤ TiH2 [143], 

ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʧʠʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ Ti
3+

. ʆʜʥʘʢʦ, ʧʦʩʣʝ ʦʪʞʠʛʘ ʚ 

ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ ʧʦʷʚʣʷʝʪʩʷ ʧʠʢ ʦʢʦʣʦ 459,4 ʵɺ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʦʙʨʘʟʦʚʘʥʠʶ TiO ʬʨʘʢʮʠʠ ʚ ʦʪʦʞʞʝʥʥʳʭ ʦʙʨʘʟʮʘʭ [144]. 

ʉʧʝʢʪʨ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ O1s (ʨʠʩʫʥʦʢ 3.10ʙ) ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ 

ʩʦʩʪʘʚʣʷʶʱʠʭ: ʨʝʰʝʪʦʯʥʳʡ ʢʠʩʣʦʨʦʜ (Ti-O) ʧʨʠ 529,4 ʵɺ ʠ ʢʠʩʣʦʨʦʜ ʚ 

ʩʦʩʪʘʚʝ ʛʨʫʧʧ OH ʠʣʠ ʚʦʜʳ ʧʨʠ 531,3 ʵɺ [145]. ʇʨʠ ʵʪʦʤ, ʩʦʦʪʥʦʰʝʥʠʝ 

ʢʠʩʣʦʨʦʜʘ, ʚʭʦʜʷʱʝʛʦ ʚ ʩʦʩʪʘʚ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʢ ʨʝʰʝʪʦʯʥʦʤʫ 

ʢʠʩʣʦʨʦʜʫ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ 32,2 ï 52,7% ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ. ʇʦʭʦʞʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʘʩʴ ʚ ʨʘʙʦʪʝ 

[146]. 

ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʯʘʩʪʦ ʩʣʫʞʠʪ ʜʣʷ ʦʮʝʥʢʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʝʨʝʥʦʩʘ ʠ ʨʘʟʜʝʣʝʥʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʯʘʩʪʠʮʝ. ʇʨʠ ʦʙʣʫʯʝʥʠʠ ʋʌ ʩʚʝʪʦʤ, ʜʠʦʢʩʠʜ ʪʠʪʘʥʘ 

ʛʝʥʝʨʠʨʫʝʪ ʰʠʨʦʢʠʡ ʧʠʢ ʌʃ ʚ ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʪʦʨʦʛʦ 

ʟʘʚʠʩʠʪ ʦʪ ʩʢʦʨʦʩʪʠ ʨʝʢʦʤʙʠʥʘʮʠʠ ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥ-ʜʳʨʦʯʥʳʭ 

ʧʘʨ (ʨʠʩʫʥʦʢ 3.11ʘ)[147]. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʠʩʫʥʢʘ, ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʘʷ 

ʵʤʠʩʩʠʷ ʥʝ ʥʘʙʣʶʜʘʣʘʩʴ ʜʣʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʘʤʦʨʬʥʦʛʦ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ. 

ʂ ʪʦʤʫ ʞʝ, ʌʃ ʦʙʨʘʟʮʘ, ʦʪʦʞʞʝʥʥʦʛʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 400Áʉ ʟʥʘʯʠʪʝʣʴʥʦ 

ʧʦʜʘʚʣʝʥʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʨʘʟʮʘʤʠ, ʦʪʦʞʞʝʥʥʳʤʠ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. ʕʪʦ ʷʚʣʝʥʠʝ ʙʳʣʦ ʪʘʢʞʝ ʦʧʠʩʘʥʦ ʚ ʣʠʪʝʨʘʪʫʨʝ ʜʣʷ ʩʠʥʝʛʦ ʠʣʠ 

ʯʝʨʥʦʛʦ ʘʤʦʨʬʥʦʛʦ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ [148-150]. ʇʦʜʘʚʣʝʥʠʝ ʵʤʠʩʩʠʠ ʌʃ 

ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʥʠʟʢʦʡ ʩʪʝʧʝʥʴʶ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʠ ʝʛʦ 
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ʜʝʬʝʢʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʨʦʩʪ ʙʝʟʳʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ 

ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʟʘʨʷʜʦʚ [150]. ʆʙʨʘʟʮʳ, ʦʪʦʞʞʝʥʥʳʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

500Áʉ ʠ 600Áʉ ʧʦʢʘʟʘʣʠ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʫʶ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʶ ʚ ʟʝʣʝʥʦʡ 

ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʩ ʤʘʢʩʠʤʫʤʦʤ ʦʢʦʣʦ 515 ʥʤ. ʆʜʥʘʢʦ, ʙʦʣʝʝ ʚʳʩʦʢʘʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʌʃ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʙʦʣʝʝ ʥʠʟʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʘʟʜʝʣʝʥʠʷ e
-
/h

+
. 

 

ʈʠʩʫʥʦʢ 3.10 ï Ti 2p (a) ʠ O1s (ʙ) ʈʌʕ-ʩʧʝʢʪʨʳ ʩʚʝʞʝʧʦʣʫʯʝʥʥʦʛʦ ʠ 

ʦʪʦʞʞʝʥʥʦʛʦ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ 

ɼʣʷ ʣʫʯʰʝʛʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʦʙʨʘʟʮʦʚ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ (ʉɼʆ). 

ʉʧʝʢʪʨʳ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ, ʟʘʧʠʩʘʥʥʳʝ ʜʣʷ ʯʝʪʳʨʝʭ ʦʙʨʘʟʮʦʚ ʜʠʦʢʩʠʜʘ 

ʪʠʪʘʥʘ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.11ʙ. ʅʘ ʩʧʝʢʪʨʘʭ ʦʪʯʝʪʣʠʚʦ ʚʠʜʥʦ 

ʧʨʠʩʫʪʩʪʚʠʝ ʧʦʛʣʦʱʝʥʠʷ ʦʪ ʋʌ ʜʦ ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʜʣʷ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʥʠʟʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ 
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ʩʚʷʟʘʥʦ ʩ ʥʘʣʠʯʠʝʤ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ Ti
3+
. ʇʨʠ ʵʪʦʤ ʦʙʨʘʟʮʳ TiO2-400 ʠ 

TiO2-500 ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʤ ʧʦʛʣʦʱʝʥʠʝʤ ʚ ʋʌ ʦʙʣʘʩʪʠ. 

ɼʘʥʥʳʝ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʦʪʨʘʞʝʥʠʷ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ 

ʬʫʥʢʮʠʝʡ ʂʫʙʝʣʢʠ-ʄʫʥʢʘ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʰʠʨʠʥʳ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʜʣʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʩ ʥʝʧʨʷʤʳʤ ʧʝʨʝʭʦʜʦʤ (Eg). 

ɿʥʘʯʝʥʠʷ Eg ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʧʫʪʝʤ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʢʘʩʘʪʝʣʴʥʦʡ ʢ ʢʨʠʚʦʡ 

[F(R)hv]
1/2

 ʜʦ ʧʝʨʝʩʝʯʝʥʠʷ ʩ ʦʩʴʶ hv [151] ʠ ʩʦʩʪʘʚʠʣʠ 3,12; 3,20; 3,16 ʠ 3,16 

ʜʣʷ ʦʙʨʘʟʮʦʚ A-TiO2, TiO2-400, TiO2-500, TiO2-600 (ʚʩʪʘʚʢʘ ʚ ʨʠʩʫʥʦʢ 3.11ʙ). 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ 

ʩʘʤʦʜʦʧʠʨʦʚʘʥʥʦʛʦ ʠ ʯʠʩʪʦʛʦ TiO2  [152].  

 

ʈʠʩʫʥʦʢ 3.11 ï ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʧʝʢʪʨʳ (ʘ); ʩʧʝʢʪʨʳ ʜʠʬʬʫʟʥʦʛʦ 

ʦʪʨʘʞʝʥʠʷ (ʙ) ʩ ʛʨʘʬʠʯʝʩʢʠʤ ʦʧʨʝʜʝʣʝʥʠʝʤ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 

(ʚʩʪʘʚʢʘ) ʩʚʝʞʝʧʦʣʫʯʝʥʥʦʛʦ ʠ ʦʪʦʞʞʝʥʥʦʛʦ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ  

3.3 ʌʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ 

3.3.1 ʌʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʝ ʦʢʠʩʣʝʥʠʝ ʦʨʛʘʥʠʯʝʩʢʠʭ ʢʨʘʩʠʪʝʣʝʡ 

ʅʘʥʦʯʘʩʪʠʮʳ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʩʦ ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʴʶ 1,0:0,2 ɸ/ʩʤ
2
 ʚ 

ʨʘʩʪʚʦʨʝ ʭʣʦʨʠʜʘ ʥʘʪʨʠʷ ʠ ʦʪʦʞʞʝʥʥʦʛʦ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

(400Áʉ, 500Áʉ, 600Áʉ), ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʚ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ ʚʦʜʥʳʭ 

ʨʘʩʪʚʦʨʦʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʢʨʘʩʠʪʝʣʝʡ (ʤʝʪʠʣʝʥʦʚʦʛʦ ʩʠʥʝʛʦ ʠ ʨʦʜʘʤʠʥʘ ɹ). 
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ʂʨʠʚʳʝ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʈɹ ʠ ʄʉ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʝ 

ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.12 ʘ,ʙ ʠ 3.12 ʚ,ʛ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʢʘʞʜʦʛʦ ʩʣʫʯʘʷ, ʧʨʠʚʝʜʝʥʳ 

ʚ ʪʘʙʣʠʮʝ 3.3. 

 

ʈʠʩʫʥʦʢ  3.12 ï ʌʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ ʚ 

ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ ʢʨʘʩʠʪʝʣʝʡ ʈɹ (ʘ,ʙ) ʠ ʄʉ (ʚ,ʛ) 

ɺʠʜʥʦ, ʯʪʦ ʬʦʪʦʢʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ TiO2  ʚ ʨʝʘʢʮʠʠ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʨʦʜʘʤʠʥʘ ɹ (ʈɹ) ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʧʦʨʷʜʢʝ: ɸ-

TiO2 < TiO2-600 <TiO2-500 < TiO2-400.  

ʈʘʥʝʝ ʩʦʦʙʱʘʣʦʩʴ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʞʠʛʘ ʚʣʠʷʝʪ ʥʘ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ [153]. ʄʘʢʩʠʤʘʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʈɹ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʜʣʷ TiO2, 

ʪʝʨʤʦʦʙʨʘʙʦʪʘʥʥʦʛʦ ʧʨʠ 400Áʉ,  ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʧʪʠʤʘʣʴʥʦʤ 

ʩʦʦʪʥʦʰʝʥʠʠ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʠ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ 



76 
 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ, ʬʦʪʦʘʢʪʠʚʥʦʩʪʴ 

TiO2 ʫʤʝʥʴʰʘʣʘʩʴ ʚ ʩʚʷʟʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʫʜʝʣʴʥʦʡ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʢʩʠʜʘ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʬʦʪʦʘʢʪʠʚʥʦʩʪʠ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ 

ʤʝʪʦʜʦʤ ʠ ʦʪʦʞʞʝʥʥʦʛʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʠʥʪʝʨʚʘʣʝ 200 ï 600 Áʉ, ʧʨʠ 

ʵʪʦʤ ʦʧʪʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʞʠʛʘ ʩʦʩʪʘʚʠʣʘ 400Áʉ [153]. ʈʘʥʝʝ ʚ [135] 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʠʣʫʯʰʫʶ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦʢʘʟʘʣʠ 

ʦʙʨʘʟʮʳ, ʦʪʦʞʞʝʥʥʳʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500Áʉ ʠ 600Áʉ,  ʠ 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ ʭʦʨʦʰʝʡ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʴʶ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʯʠʩʪʦʛʦ 

ʘʥʘʪʘʟʘ ʠʣʠ ʩʦʜʝʨʞʘʱʝʛʦ 4% ʨʫʪʠʣʘ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʥʝʦʪʦʞʞʝʥʥʳʡ ʜʠʦʢʩʠʜ 

ʪʠʪʘʥʘ ʧʨʦʷʚʠʣ ʫʣʫʯʰʝʥʥʳʝ ʘʜʩʦʨʙʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʄʉ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʈɹ.  

ʊʘʙʣʠʮʘ 3.3 ï ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʦʢʠʩʣʝʥʠʷ ʄʉ ʠ ʈɹ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ 

ʆʙʨʘʟʝʮ 
ʂʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ (Ŀ10

-3
 ʤʠʥ

-1
) 

ʄʉ ʈɹ 

ɸ-TiO2 82 15,6 

TiO2-400 82 114,1 

TiO2-500 72 98,6 

TiO2-600 48 58,6 

 

ʇʨʝʠʤʫʱʝʩʪʚʝʥʥʫʶ ʘʜʩʦʨʙʮʠʶ ʤʦʣʝʢʫʣ ʄʉ ʥʘ ʥʝʦʪʦʞʞʝʥʥʦʤ 

ʜʠʦʢʩʠʜʝ ʪʠʪʘʥʘ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ 

ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʢʨʘʩʠʪʝʣʷ ʢʘʪʠʦʥʥʦʡ ʧʨʠʨʦʜʳ ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʚʝʨʦʷʪʥʦ, ʟʘʨʷʞʝʥʥʦʛʦ ʦʪʨʠʮʘʪʝʣʴʥʦ 

ʙʣʘʛʦʜʘʨʷ ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʛʠʜʨʦʢʩʠʣʴʥʳʤ ʛʨʫʧʧʘʤ. ʈʦʜʘʤʠʥ ɹ, ʜʣʷ ʢʦʪʦʨʦʛʦ 

pKa=3,7, ʚ ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʘʭʦʜʠʪʩʷ ʚ ʬʦʨʤʝ ʮʚʠʪʪʝʨ-ʠʦʥʘ, 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʘʜʩʦʨʙʠʨʫʝʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʚʝʞʝʧʦʣʫʯʝʥʥʦʛʦ TiO2. 

ʇʨʝʠʤʫʱʝʩʪʚʝʥʥʘʷ ʘʜʩʦʨʙʮʠʷ ʄʉ ʠʟ ʩʤʝʩʠ ʄʉ ʠ ʈɹ ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʘʩʴ ʚ 

ʨʘʙʦʪʝ ʜʣʷ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʦʙʦʛʘʱʝʥʥʦʛʦ ʛʠʜʨʦʢʩʠʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ [154].  
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3.3.2 ʌʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʝ ʩʝʣʝʢʪʠʚʥʦʝ ʦʢʠʩʣʝʥʠʝ                                                

5-ʛʠʜʨʦʢʩʠʤʝʪʠʣʬʫʨʬʫʨʦʣʘ 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ 

ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʜʝʩʪʨʫʢʪʠʚʥʦʛʦ ʥʝʩʝʣʝʢʪʠʚʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ, ʥʦ ʠ ʜʣʷ ʠʭ ʩʝʣʝʢʪʠʚʥʦʛʦ ʦʢʠʩʣʝʥʠʷ ʜʦ ʮʝʥʥʳʭ ʧʨʦʜʫʢʪʦʚ. 

ʌʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʘ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ 

ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ 1,0:0,2 ɸ/ʩʤ
2
 ʠ ʦʪʦʞʞʝʥʥʦʛʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

500Áʉ, ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʚ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ 5-ʛʠʜʨʦʢʩʠʤʝʪʠʣʬʫʨʬʫʨʦʣʘ  

(ɻʄʌ) ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʋʌ ʩʚʝʪʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʪʝʤʥʦʪʝ ʠ ʚ ʦʪʩʫʪʩʪʚʠʠ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʥʝ ʦʙʨʘʟʫʶʪʩʷ ʧʨʦʜʫʢʪʳ ʦʢʠʩʣʝʥʠʷ ɻʄʌ, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʦʪʝʢʘʥʠʠ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʪʦʣʴʢʦ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʩʚʝʪʘ ʠ ʯʘʩʪʠʮ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ. ʆʩʥʦʚʥʳʤ ʧʨʦʜʫʢʪʦʤ 

ʬʦʪʦʦʢʠʩʣʝʥʠʷ ɻʄʌ ʷʚʣʷʝʪʩʷ 2,5-ʜʠʬʦʨʤʠʣʬʫʨʘʥ (ɼʌʌ), ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ [155]. ɺʠʜʥʦ, ʯʪʦ ɻʄʌ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ 

ʦʢʠʩʣʷʝʪʩʷ ʚ ʪʝʯʝʥʠʝ 360 ʤʠʥʫʪ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʋʌ ʩʚʝʪʘ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ 3 

ʤɺʪ/ʩʤ
2 
(ʯʝʨʥʘʷ ʢʨʠʚʘʷ ʥʘ ʨʠʩʫʥʢʝ 3.13ʘ). ʇʨʠ ʵʪʦʤ ʤʘʢʩʠʤʘʣʴʥʘʷ 

ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʩʦʩʪʘʚʠʣʘ 10%. ʂ ʪʦʤʫ ʞʝ, ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʬʦʪʦʣʠʟ 

ɻʄʌ (ʟʝʣʝʥʘʷ ʢʨʠʚʘʷ ʥʘ ʨʠʩʫʥʢʝ 3.13ʘ). ʆʜʥʘʢʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʢʣʘʜ 

ʬʦʪʦʣʠʟʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʤʝʥʝʝ ʟʥʘʯʠʪʝʣʝʥ ʠʟ-ʟʘ 

ʵʢʨʘʥʠʨʫʶʱʝʛʦ ʵʬʬʝʢʪʘ ʩʫʩʧʝʥʜʠʨʦʚʘʥʥʦʛʦ ʧʦʨʦʰʢʘ.  

ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʯʘʩʪʠʯʥʦʛʦ ʦʢʠʩʣʝʥʠʷ ɻʄʌ, ʚ ʩʠʩʪʝʤʫ 

ʙʳʣʠ ʜʦʙʘʚʣʝʥʳ ʤʝʪʘʥʦʣ ʠ ʢʘʨʙʦʥʘʪ ʥʘʪʨʠʷ (Na2CO3) ʜʣʷ ʚʳʚʝʜʝʥʠʷ ʠʟ 

ʨʝʘʢʮʠʠ ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʜʳʨʦʢ h
+
 ʠ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ OHĿ. 

ɺʠʜʥʦ, ʯʪʦ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʤʝʪʘʥʦʣʘ ʧʦʚʳʰʝʥʠʝ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʧʦ ɼʌʌ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝʤ ʢʦʥʚʝʨʩʠʠ ɻʄʌ (ʨʠʩʫʥʦʢ 3.13ʙ). ʇʨʠ ʵʪʦʤ 

ʜʦʙʘʚʣʝʥʠʝ Na2CO3 ʦʢʘʟʳʚʘʝʪ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʝʣʝʢʪʠʚʥʦʩʪʴ 

ɼʌʌ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʚ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ, ʩʦʜʝʨʞʘʱʝʡ ʤʝʪʘʥʦʣ, 

ʤʦʣʝʢʫʣʳ ʩʧʠʨʪʘ ʠʛʨʘʶʪ ʨʦʣʴ ʜʦʥʦʨʘ ʵʣʝʢʪʨʦʥʦʚ,  ʪʝʤ ʩʘʤʳʤ 

ʧʨʝʜʦʪʚʨʘʱʘʶʪ ʛʣʫʙʦʢʫʶ ʤʠʥʝʨʘʣʠʟʘʮʠʶ ɻʄʌ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʝʘʢʮʠʠ ʩ h
+
. 
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ʈʠʩʫʥʦʢ 3.13 ï ɺʣʠʷʥʠʝ ʪʠʧʘ çʩʢʘʚʝʥʜʞʝʨʘè ʥʘ ʬʦʪʦʦʢʠʩʣʝʥʠʝ ɻʄʌ 

(ʘ) ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʧʦ ɼʌʌ (ʙ). ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʩʣʦʚʠʷ: ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʋʌ ʦʙʣʫʯʝʥʠʷ 3,0  ʤɺ/ʩʤ
2
, ʢʦʥʮʝʥʪʨʘʮʠʷ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 1 ʛ/ʣ, 

ʢʦʥʮʝʥʪʨʘʮʠʷ ɻʄʌ 0,4 ʤʄ, ʧʨʦʜʫʚʢʘ O2 (3 ʤʣ/ʤʠʥ) 

ʇʦʭʦʞʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʙʣʶʜʘʣʠ ʜʣʷ ʥʠʟʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ TiO2  ʚ 

ʨʘʙʦʪʝ [30]. ʉʦ ʚʨʝʤʝʥʝʤ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʧʦ ɼʌʌ ʫʤʝʥʴʰʘʝʪʩʷ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ 

ʝʛʦ ʧʦʩʣʝʜʫʶʱʠʤ ʦʢʠʩʣʝʥʠʝʤ.  

ʊʘʢʞʝ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʋʌ ʩʚʝʪʘ ʥʘ 

ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʧʦ ɼʌʌ. ʋʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʪʘ ʚʝʜʝʪ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʦʙʱʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʜʝʛʨʘʜʘʮʠʠ ɻʄʌ (ʨʠʩʫʥʦʢ 

3.14ʘ), ʥʦ ʫʤʝʥʴʰʝʥʠʶ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʧʦ ɼʌʌ (ʨʠʩʫʥʦʢ 3.14ʙ), ʯʪʦ, 

ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʙʦʣʴʰʠʤ ʚʢʣʘʜʦʤ ʧʨʦʮʝʩʩʦʚ ʬʦʪʦʣʠʟʘ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ [156]. ɿʥʘʯʝʥʠʷ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʧʦ ɼʌʌ (ʜʦ 33%), 

ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ TiO2, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ 

ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ, ʚʳʰʝ, ʯʝʤ ʜʣʷ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʠ ʦʙʨʘʟʮʦʚ, 

ʦʧʠʩʘʥʥʳʭ ʚ ʣʠʪʝʨʘʪʫʨʝ [30, 157].  ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʦʤʤʝʨʯʝʩʢʠ 

ʜʦʩʪʫʧʥʳʡ ʜʠʦʢʩʠʜ ʪʠʪʘʥʘ TiO2 Evonik P25 ʦʢʘʟʘʣʩʷ ʙʦʣʝʝ ʘʢʪʠʚʥʳʤ ʚ 

ʨʝʘʢʮʠʠ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ɻʄʌ, ʥʦ ɼʌʌ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʣʠʰʴ ʚ ʩʣʝʜʦʚʳʭ 

ʢʦʣʠʯʝʩʪʚʘʭ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʠʟʢʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʢʦʤʤʝʨʯʝʩʢʦʛʦ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ. 
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ʈʠʩʫʥʦʢ 3.14 ï ʌʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʝ ʦʢʠʩʣʝʥʠʝ ɻʄʌ (ʘ) ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʧʦ 

ɼʌʌ (ʙ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ 

ʠ ʤʝʪʘʥʦʣʘ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʩʣʦʚʠʷ: ʢʦʥʮʝʥʪʨʘʮʠʷ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 1 ʛ/ʣ, 

ʢʦʥʮʝʥʪʨʘʮʠʷ ɻʄʌ 0,4 ʤʄ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʤʝʪʘʥʦʣʘ 50 ʤʄ, ʧʨʦʜʫʚʢʘ O2 (3 ʤʣ/ʤʠʥ) 

ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʚʪʦʨʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ TiO2 ʙʳʣʘ 

ʠʩʩʣʝʜʦʚʘʥʘ ʧʨʠ ʝʛʦ ʮʠʢʣʠʨʦʚʘʥʠʠ ʚ ʨʝʘʢʮʠʠ ʬʦʪʦʦʢʠʩʣʝʥʠʷ ɻʄʌ. 

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʧʦ ɼʌʌ ʥʝ ʧʘʜʘʝʪ, ʘ ʚ ʪʨʝʪʴʝʤ ʮʠʢʣʝ ʜʘʞʝ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ (ʨʠʩʫʥʦʢ 3.15ʘ). ʕʪʦ ʚʝʨʦʷʪʥʦ ʩʚʷʟʘʥʦ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ TiO2 ʚ ʧʨʦʮʝʩʩʝ ʮʠʢʣʠʨʦʚʘʥʠʷ, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʜʘʥʥʳʤʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ TiO2 ʧʦʩʣʝ ʨʝʘʢʮʠʠ (ʨʠʩʫʥʦʢ 

3.15ʙ).  

 

ʈʠʩʫʥʦʢ 3.15 ï ʉʝʣʝʢʪʠʚʥʦʩʪʴ ʧʦ ɼʌʌ ʚ ʧʨʦʮʝʩʩʝ ʮʠʢʣʠʨʦʚʘʥʠʷ (ʘ) ʠ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʦʙʨʘʟʮʘ ʜʠʦʢʩʠʜʘ ʪʠʪʘʥʘ ʧʦʩʣʝ 3 ʮʠʢʣʘ (ʙ) 
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3.4 ɿʘʢʣʶʯʝʥʠʝ ʧʦ ʛʣʘʚʝ 3 

ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʢʘʪʠʦʥʥʦʛʦ (Na
+
, K

+
) ʠ ʘʥʠʦʥʥʦʛʦ (ʆʅ

-
, F

-
,Cl

-
, 

SO4
2-
) ʩʦʩʪʘʚʘ ʵʣʝʢʪʨʦʣʠʪʘ ʥʘ  ʦʢʠʩʣʝʥʠʝ ʪʠʪʘʥʘ ʚ ʫʩʣʦʚʠʷʭ ʅʕ. ʇʦʢʘʟʘʥʦ, 

ʯʪʦ: 

- ʚ ʨʘʩʪʚʦʨʘʭ 1M Na2SO4, 1M NaF, 2M NaOH ʪʠʪʘʥ ʥʝ ʦʢʠʩʣʷʝʪʩʷ ʥʝ ʧʨʠ 

ʢʘʢʠʭ ʩʦʦʪʥʦʰʝʥʠʷʭ ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ; 

- ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ NaOH ʜʦ 4 ï 6 M ʪʠʪʘʥ ʦʢʠʩʣʷʝʪʩʷ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʇʀʊ ʪʦʢʘ ʩʦ ʩʢʦʨʦʩʪʴʶ 80Ñ1 ʤʛ/ʩʤ
2
 ʯ; 

- ʘʢʪʠʚʥʦʝ ʦʢʠʩʣʝʥʠʝ ʪʠʪʘʥʘ ʧʨʠ ʥʘʣʦʞʝʥʠʠ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ ʇʀʊ ʠ 

ʘʥʦʜʥʦʛʦ ʀʊ ʥʘʙʣʶʜʘʣʦʩʴ ʚ ʨʘʩʪʚʦʨʘʭ ʭʣʦʨʠʜʦʚ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ 

(NaCl, KCl); 

- ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ ʚ ʨʘʩʪʚʦʨʝ KCl 

~ʥʘ 30 % ʥʠʞʝ, ʯʝʤ ʚ ʨʘʩʪʚʦʨʝ NaCl. 

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʘʩʠʤʤʝʪʨʠʠ ʪʦʢʘ (ʫʤʝʥʴʰʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ʢʘʪʦʜʥʦʛʦ 

ʠʤʧʫʣʴʩʘ) ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ ʚ 2M NaCl ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠ ʜʦʩʪʠʛʘʝʪ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ 225Ñ5 ʤʛ/ʩʤ
2
 ʯ ʧʨʠ ʥʘʣʦʞʝʥʠʠ ʘʥʦʜʥʦʛʦ 

ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ  (ʩʨʝʜʥʷʷ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ja 1 ɸ/ʩʤ
2
). 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʘʥʘʣʠʟʘ ʩʦʩʪʘʚʘ ʠ ʤʦʨʬʦʣʦʛʠʠ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ 

ʪʠʪʘʥʘ, ʧʦʪʝʥʮʠʘʣʦʚ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʠʭʩʷ ʚ ʨʘʟʣʠʯʥʳʝ ʧʝʨʠʦʜʳ ʩʠʥʪʝʟʘ, ʠ 

ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʨʝʜʣʦʞʝʥ ʤʝʭʘʥʠʟʤ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ ʚ ʫʩʣʦʚʠʷʭ ʅʕ 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʘʨʘʢʪʝʨʘ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʪʦʢʘ.  

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ ʇʀʊ (ʩʦʦʪʥʦʰʝʥʠʝ 

ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʝʡ ʪʦʢʘ ja:jʢ 1,0:0,2 ɸ/ʩʤ
2
) ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʶ 

ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʦʙʨʘʟʫʶʱʠʭʩʷ ʦʢʩʠʜʦʚ, ʬʦʨʤʠʨʦʚʘʥʠʶ ʜʝʬʝʢʪʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʪʠʪʘʥʘ Ti
3+ 
ʠ

 
ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ. 

ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʫʩʣʦʚʠʡ ʧʦʩʪʦʙʨʘʙʦʪʢʠ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ 

ʪʠʪʘʥʘ ʚ ʫʩʣʦʚʠʷʭ ʅʕ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʙʨʘʙʦʪʢʠ ʚʧʣʦʪʴ ʜʦ 600 
0
ʉ ʦʙʨʘʟʫʝʪʩʷ ʯʠʩʪʳʡ TiO2 ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ ʘʥʘʪʘʟ, ʢʦʪʦʨʘʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʦʚʳʰʝʥʥʦʡ 
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ʬʦʪʦʘʢʪʠʚʥʦʩʪʴʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ  ʜʨʫʛʠʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ 

ʤʦʜʠʬʠʢʘʮʠʷʤʠ; ʨʦʩʪ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʙʦʪʢʠ ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʦʩʪʫ ʨʘʟʤʝʨʘ 

ʯʘʩʪʠʮ ʦʪ 10 ʜʦ 19 ʥʤ ʧʨʠ 400 ʠ 600 
0
ʉ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʀʩʩʣʝʜʦʚʘʥʘ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ (ʋʌ ʠʟʣʫʯʝʥʠʝ) ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʪʨʫʜʥʦʦʢʠʩʣʷʝʤʳʤ ʦʨʛʘʥʠʯʝʩʢʠʤ ʩʦʝʜʠʥʝʥʠʷʤ TiO2, 

ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʇʀʊ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʝʡ ʪʦʢʘ 

ja:jʢ 1,0:0,2 ɸ/ʩʤ
2
; ʫʩʪʘʥʦʚʣʝʥʳ ʬʘʢʪʦʨʳ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʬʦʪʦʘʢʪʠʚʥʦʩʪʴ 

ʤʘʪʝʨʠʘʣʦʚ, ʠ ʢʠʥʝʪʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʧʨʦʮʝʩʩʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ: 

- ʚ ʨʝʘʢʮʠʠ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʢʨʘʩʠʪʝʣʷ ʤʝʪʠʣʝʥʦʚʦʛʦ ʩʠʥʝʛʦ ɸ-TiO2 ʙʝʟ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʨʦʷʚʣʷʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʘʜʩʦʨʙʮʠʦʥʥʫʶ ʠ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ  ʩ ʪʝʨʤʦʦʙʨʘʙʦʪʘʥʥʳʤʠ 

ʧʨʦʜʫʢʪʘʤʠ; 

-  ʚ ʨʝʘʢʮʠʠ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʢʨʘʩʠʪʝʣʷ ʨʦʜʘʤʠʥʘ ɹ ʤʘʢʩʠʤʘʣʴʥʫʶ 

ʬʦʪʦʘʢʪʠʚʥʦʩʪʴ ʠʤʝʝʪ TiO2-400, ʪʝʨʤʦʦʙʨʘʙʦʪʘʥʥʳʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 400Áʉ; 

ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʬʦʪʦʘʢʪʠʚʥʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ 

ʩʥʠʞʘʝʪʩʷ. 

- ʚ ʧʨʦʮʝʩʩʘʭ ʦʢʠʩʣʝʥʠʷ 5-ʛʠʜʨʦʢʩʠʤʝʪʠʣʬʫʨʬʫʨʦʣʘ ʜʦ 2,5-

ʜʠʬʦʨʤʠʣʬʫʨʘʥʘ TiO2-500,  ʪʝʨʤʦʦʙʨʘʙʦʪʘʥʥʳʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500Áʉ, 

ʦʙʣʘʜʘʝʪ ʩʝʣʝʢʪʠʚʥʦʩʪʴ,ʁ ʧʨʝʚʳʰʘʶʱʫʶ ʘʥʘʣʦʛʠʯʥʳʝ ʧʘʨʘʤʝʪʨʳ ʜʣʷ 

ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʠ ʦʧʠʩʘʥʥʳʭ  ʚ ʣʠʪʝʨʘʪʫʨʝ ʬʦʪʦʘʢʪʠʚʥʳʭ ʦʙʨʘʟʮʦʚ TiO2; 

ʜʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʝʛʦ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʝʟ ʩʥʠʞʝʥʠʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ. 
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4 ʉʀʅʊɽɿ ʀ ʉɺʆʁʉʊɺɸ ʆʂʉʀɼɸ ʎʀʅʂɸ 

ʆʢʩʠʜ ʮʠʥʢʘ ʷʚʣʷʝʪʩʷ ʜʝʰʝʚʳʤ, ʵʢʦʣʦʛʠʯʝʩʢʠ ʙʝʟʦʧʘʩʥʳʤ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʬʦʪʦʭʠʤʠʯʝʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ. ɺ 

ʜʘʥʥʦʡ ʛʣʘʚʝ ʠʩʩʣʝʜʦʚʘʥʳ ʧʝʨʩʧʝʢʪʠʚʳ ʩʠʥʪʝʟʘ ʦʢʩʠʜʘ ʮʠʥʢʘ ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ, ʘ ʪʘʢʞʝ ʠʟʫʯʝʥʳ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʠ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ.  ʆʩʥʦʚʥʳʝ 

ʧʦʣʦʞʝʥʠʷ, ʠʟʣʦʞʝʥʥʳʝ ʚ ʛʣʘʚʝ 4, ʦʧʫʙʣʠʢʦʚʘʥʳ ʩʦʠʩʢʘʪʝʣʝʤ ʚ ʩʦʘʚʪʦʨʩʪʚʝ 

ʚ ʨʘʙʦʪʘʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʦʣʫʯʝʥ ʧʘʪʝʥʪ ʥʘ ʠʟʦʙʨʝʪʝʥʠʝ [158-160].  

4.1 ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʮʠʥʢʘ ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ 

ʅʘ ʨʠʩʫʥʢʝ 4.1 ʧʨʝʜʩʪʘʚʣʝʥ rʎɺɸ ʮʠʥʢʦʚʦʛʦ ʵʣʝʢʪʨʦʜʘ ʚ ʨʘʩʪʚʦʨʝ 2M 

NaCl. ʅʘ ʘʥʦʜʥʦʤ ʭʦʜʝ ʧʨʠ ʧʦʪʝʥʮʠʘʣʝ -1,05 ɺ ʥʘʯʠʥʘʝʪʩʷ ʦʢʠʩʣʝʥʠʝ ʮʠʥʢʘ, 

ʥʘ ʢʘʪʦʜʥʦʤ ʭʦʜʝ ʢʨʠʚʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʙʦʣʴʰʦʡ ʧʠʢ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʛʠʜʨʦʢʩʠʜʘ ʮʠʥʢʘ ʧʨʠ ʧʦʪʝʥʮʠʘʣʝ -1,15 ɺ. ɺʳʜʝʣʝʥʠʝ ʚʦʜʦʨʦʜʘ ʩʦ 

ʟʥʘʯʠʪʝʣʴʥʳʤ ʧʝʨʝʥʘʧʨʷʞʝʥʠʝʤ ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ ʙʦʣʝʝ ʢʘʪʦʜʥʳʭ 

ʧʦʪʝʥʮʠʘʣʘʭ ɽ <-1,5 ɺ. 

 

ʈʠʩʫʥʦʢ 4.1 ï ʎɺɸ Zn ʵʣʝʢʪʨʦʜʘ ʚ ʨʘʩʪʚʦʨʝ 2M NaCl ʧʨʠ ʩʢʦʨʦʩʪʠ 

ʨʘʟʚʝʨʪʢʠ ʧʦʪʝʥʮʠʘʣʘ 50 ʤɺ/ʩ 
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ɺʘʞʥʝʡʰʠʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʦʧʨʝʜʝʣʷʶʱʠʤʠ 

ʩʢʦʨʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʩʠʜʦʚ ʮʠʥʢʘ, ʠʭ ʩʚʦʡʩʪʚʘ ʠ ʩʦʩʪʘʚ ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ, ʷʚʣʷʶʪʩʷ  ʭʘʨʘʢʪʝʨ ʪʦʢʘ (ʧʣʦʪʥʦʩʪʴ ʠ 

ʘʩʠʤʤʝʪʨʠʷ ʪʦʢʘ),  ʘ ʪʘʢʞʝ ʧʨʠʨʦʜʘ ʠ ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʣʠʪʘ.  

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʘʩʠʤʤʝʪʨʠʠ ʠʤʧʫʣʴʩʦʚ, ʪ.ʝ. 

ʫʤʝʥʴʰʝʥʠʝʤ ʢʘʪʦʜʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʪʦʢʘ, ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ 

ʚʦʟʨʘʩʪʘʝʪ (ʨʠʩʫʥʦʢ 4.2 ʘ). ʇʨʠ ʵʪʦʤ ʧʨʠ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʩʦʦʪʥʦʰʝʥʠʠ 

ʚʝʣʠʯʠʥʳ ʘʥʦʜʥʳʭ ʠ ʢʘʪʦʜʥʳʭ ʠʤʧʫʣʴʩʦʚ 2:1 ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 

ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʪʘʢʞʝ ʨʘʩʪʝʪ (ʨʠʩʫʥʦʢ  4.2 ʙ).  

 

ʈʠʩʫʥʦʢ 4.2 ï ɺʣʠʷʥʠʝ ʧʣʦʪʥʦʩʪʠ ʢʘʪʦʜʥʦʛʦ ʠʤʧʫʣʴʩʘ jk ʧʨʠ ʧʣʦʪʥʦʩʪʠ 

ʘʥʦʜʥʦʛʦ ʠʤʧʫʣʴʩʘ jʘ 1,2 ɸ/ʩʤ
2
 (ʘ) ʠ ʧʣʦʪʥʦʩʪʠ ʘʥʦʜʥʦʛʦ ʠ ʢʘʪʦʜʥʦʛʦ 

ʠʤʧʫʣʴʩʦʚ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ 2:1 (ʙ) ʥʘ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʚ ʨʘʩʪʚʦʨʝ 

2M NaCl; ʚʣʠʷʥʠʝ ʧʨʠʨʦʜʳ ʵʣʝʢʪʨʦʣʠʪʘ (ʚ) ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ NaCl ʥʘ ʩʢʦʨʦʩʪʴ 

ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʧʨʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʇʀʊ ja:jk 2,4:1,2 ɸ/ʩʤ
2
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ɺ ʨʘʩʪʚʦʨʘʭ ʭʣʦʨʠʜʦʚ (NaCl, KCl, LiCl , BaCl2) ʠ Na2SO4 ʮʠʥʢ 

ʦʢʠʩʣʷʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʩ ʦʜʠʥʘʢʦʚʦʡ ʩʢʦʨʦʩʪʴʶ 700-740 ʤʛ/ʩʤ
2
 ʯ  (ʨʠʩʫʥʦʢ 

4.2 ʚ). ʆʜʥʘʢʦ ʚ ʨʘʩʪʚʦʨʝ 1M NaF ʦʢʠʩʣʝʥʠʝ ʮʠʥʢʘ ʧʨʦʠʩʭʦʜʠʪ ʣʠʰʴ ʚ 

ʧʝʨʚʳʝ ʤʠʥʫʪʳ ʩʠʥʪʝʟʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʜʠʩʧʝʨʩʥʦʛʦ 

ʧʦʨʦʰʢʘ, ʘ ʟʘʪʝʤ, ʚʝʨʦʷʪʥʦ, ʧʨʦʠʩʭʦʜʠʪ ʧʘʩʩʠʚʘʮʠʷ ʵʣʝʢʪʨʦʜʘ. ʂʦʥʮʝʥʪʨʘʮʠʷ 

NaCl  ʚ ʠʥʪʝʨʚʘʣʝ 0,5 ï 4,0 ʄ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʚʣʠʷʝʪ ʥʘ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ 

ʮʠʥʢʘ (ʨʠʩʫʥʦʢ  4.2 ʛ). 

ʇʨʦʬʠʣʴ ʠʟʤʝʥʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʵʣʝʢʪʨʦʜʦʚ ʚʦ ʚʨʝʤʷ ʩʠʥʪʝʟʘ (ʨʠʩʫʥʦʢ 

4.3) ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʧʝʨʠʦʜʳ ʘʥʦʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʜʦʩʪʠʛʘʶʪʩʷ ʚʳʩʦʢʠʝ 

ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʦʪʝʥʮʠʘʣʦʚ.  

 

ʈʠʩʫʥʦʢ 4.3 ï ʇʨʦʬʠʣʴ ʧʦʪʝʥʮʠʘʣʦʚ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʠʭʩʷ ʥʘ 

ʵʣʝʢʪʨʦʜʘʭ ʚʦ ʚʨʝʤʷ ʩʠʥʪʝʟʘ ʚ 2M NaCl, ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʭʘʨʘʢʪʝʨʝ ʪʦʢʘ 

ʇʦ-ʚʠʜʠʤʦʤʫ, ʦʩʥʦʚʥʳʤ ʧʨʦʮʝʩʩʦʤ, ʧʨʦʪʝʢʘʶʱʠʤ, ʚ ʵʪʦʪ ʧʝʨʠʦʜ, 

ʷʚʣʷʝʪʩʷ ʠʥʪʝʥʩʠʚʥʦʝ ʦʢʠʩʣʝʥʠʝ ʮʠʥʢʘ ʧʦ ʨʝʘʢʮʠʠ (4.1). 

ὤὲ ςὌὕ P ὤὲὕὌ    ςὌ ςὩӶ    (4.1) 

ɺ ʢʘʪʦʜʥʳʡ ʠʤʧʫʣʴʩ ʚʦʟʤʦʞʥʦ ʯʘʩʪʠʯʥʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ (ʝʱʝ ʥʝ ʫʩʧʝʚʰʠʭ ʦʪʜʝʣʠʪʴʩʷ) ʦʢʩʠʜʦʚ/ʛʠʜʨʦʢʩʠʜʦʚ ʮʠʥʢʘ, 

ʥʦ ʦʩʥʦʚʥʦʡ ʧʨʦʮʝʩʩ ï ʚʜrʝʣʝʥʠʝ ʚʦʜʦʨʦʜʘ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʡʩʷ 

ʧʦʚʳʰʝʥʠʝʤ ʨʅ. ɺʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʧʦʪʝʥʮʠʘʣʦʚ ʚ ʢʘʪʦʜʥʳʡ ʠʤʧʫʣʴʩ (ʜʦ -4 
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ɺ) ʙʝʟʫʩʣʦʚʥʦ ʩʚʷʟʘʥʳ ʩ ʚʳʩʦʢʠʤ ʛʘʟʦʥʘʧʦʣʥʝʥʠʝʤ ʧʨʠʵʣʝʢʪʨʦʜʥʦʡ ʦʙʣʘʩʪʠ 

ʵʣʝʢʪʨʦʣʠʪʘ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʳʩʦʢʠʤ ʦʤʠʯʝʩʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ. 

ςὌὕ ςὩ ᴼ Ὄ  ᴻςὕὌ        (4.2) 

ɺ ʧʘʫʟʘʭ ʧʦʩʣʝ ʘʥʦʜʥʦʛʦ ʠ ʢʘʪʦʜʥʦʛʦ ʠʤʧʫʣʴʩʦʚ ʧʦʪʝʥʮʠʘʣ ʵʣʝʢʪʨʦʜʘ ʣʝʞʠʪ 

ʚ ʫʟʢʦʡ ʦʙʣʘʩʪʠ -0,95 · -0,85 ɺ ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ, ʝʛʦ 

ʘʩʠʤʤʝʪʨʠʠ (ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʪʦʢʘ) ʠ ʜʘʞʝ ʦʪ ʩʦʩʪʘʚʘ 

ʵʣʝʢʪʨʦʣʠʪʘ (ʨʠʩʫʥʦʢ 4.3, 4.4ʘ, ʪʘʙʣʠʮʘ 4.1). 

 ʊʘʙʣʠʮʘ 4.1 ï ʇʦʪʝʥʮʠʘʣʳ ʧʘʫʟ ʧʦʩʣʝ ʠʤʧʫʣʴʩʘ ʮʠʥʢʦʚʦʛʦ ʵʣʝʢʪʨʦʜʘ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʘʨʘʢʪʝʨʘ ʪʦʢʘ ʠ ʧʨʠʨʦʜʳ ʵʣʝʢʪʨʦʣʠʪʘ 

ʉʦʦʪʥʦʰʝʥʠʝ 

ʧʣʦʪʥʦʩʪʝʡ ʪʦʢʘ ja:jk, 

ɸ/ʩʤ
2
 

ʕʣʝʢʪʨʦʣʠʪ 

ʇʦʪʝʥʮʠʘʣʳ ʧʘʫʟ ʧʦʩʣʝ ʠʤʧʫʣʴʩʘ, ɺ 

ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ  ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ  

0,2:0 2M NaCl -0,88 - 

0,6:0 2M NaCl -0,88 - 

1,0:0 2M NaCl -0,85 - 

1,2:0 2M NaCl -0,87 - 

1,2:0,4 2M NaCl -0,89 -0,87 

1,2:0,8 2M NaCl -0,89 -0,92 

1,2:1,2 2M NaCl -0,94 -1,3 

2,4:1,2 2M NaCl -0,90 -1,02 

2,4:1,2 2M KCl -0,92 -1,00 

2,4:1,2 2M LiCl -0,93 -1,00 

2,4:1,2 1M Na2SO4 -0,95 -1,03 

 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʟʘʚʠʩʠʤʦʩʪʴʶ ʧʦʪʝʥʮʠʘʣʘ ʮʠʥʢʦʚʦʛʦ ʵʣʝʢʪʨʦʜʘ ʦʪ ʨʅ 

ʩʨʝʜʳ (ʨʠʩ.4.4 ʙ) ʵʪʘ ʦʙʣʘʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʦʮʝʩʩʫ ʦʢʠʩʣʝʥʠʷ 

ʮʠʥʢʘ ʧʦ ʨʝʘʢʮʠʠ  (4.1) ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʛʠʜʨʦʢʩʠʜʘ ʮʠʥʢʘ, ʢʦʪʦʨʳʡ ʧʦʪʦʤ 

ʤʦʞʝʪ ʨʘʟʣʘʛʘʪʴʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ZnO (ʨʝʘʢʮʠʷ 4.3). 

ὤὲὕὌ ὤὲὕςὌὕ      (4.3) 

ʇʨʠ ʙʦʣʝʝ ʚʳʩʦʢʦʤ ʟʥʘʯʝʥʠʠ ʨʅ ʚʦʟʤʦʞʥʦ ʧʨʦʪʝʢʘʥʠʝ ʨʝʘʢʮʠʡ (4.4) ʠ (4.5) 

ὤὲὕὌ ᴾ  Ὄὤὲὕ    Ὄ    (4.4) 

Ὄὤὲὕ   P   ὤὲὕ    Ὄ  (4.5) 
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ʂʨʦʤʝ ʪʦʛʦ, ʚ ʱʝʣʦʯʥʳʭ ʨʘʩʪʚʦʨʘʭ ʦʙʨʘʟʫʶʪʩʷ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ 

ʛʠʜʨʦʢʩʦʢʦʤʧʣʝʢʩʳ  Zn(OH)4
2-
 [100], ʘ ʚ ʭʣʦʨʠʜʩʦʜʝʨʞʘʱʠʭ ʨʘʩʪʚʦʨʘʭ 

ʚʦʟʤʦʞʥʦ ʦʙʨʘʟʦʚʘʥʠʝ  ʛʠʜʨʦʢʩʦʭʣʦʨʠʜʘ ʮʠʥʢʘ [161]. 

 

 

ʈʠʩʫʥʦʢ 4.4 ï ʇʨʦʬʠʣʴ ʧʦʪʝʥʮʠʘʣʦʚ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʠʭʩʷ ʥʘ Zn ʵʣʝʢʪʨʦʜʝ ʚ 

2M NaCl (ʘ) ʠ ʜʠʘʛʨʘʤʤʘ ɽ-ʨʅ ʜʣʷ ʩʠʩʪʝʤʳ Zn-H2O [162] (ʙ) 

4.2 ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʨʦʜʫʢʪʦʚ 

ɹʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʠ ʨʝʞʠʤʘ ʢʦʥʚʝʢʮʠʠ ʥʘ 

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʩʨʝʜʥʠʭ 

ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ ja:jk 1,2:0,2 ɸ/ʩʤ
2
, 1,2:0,4 ʠ 1,2:0,6 ɸ/ʩʤ

2
 ʙʝʟ ʧʝʨʝʤʝʰʠʚʘʥʠʷ 

ʧʨʦʜʫʢʪ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʬʘʟ: ʦʢʩʠʜʘ ʮʠʥʢʘ ZnO ʠ 

ʛʠʜʨʦʢʩʦʭʣʦʨʠʜʘ ʮʠʥʢʘ  Zn5(OH)8Cl2ĿH2O (ʩʠʤʦʥʢʦʣʝʠʪʘ) (ʨʠʩʫʥʦʢ 4.5ʘ).  

ʆʜʥʘʢʦ ʧʨʠ ʪʘʢʠʭ ʞʝ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʇʀʊ ʧʨʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ 

ʦʙʨʘʟʫʶʪʩʷ ʯʠʩʪʳʝ ʦʢʩʠʜʳ ʮʠʥʢʘ ʙʝʟ ʧʨʠʤʝʩʝʡ (ʨʠʩʫʥʦʢ 4.5ʙ). ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚʣʠʷʥʠʝ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʥʘ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʦʙʨʘʟʫʶʱʠʭʩʷ 

ʧʦʨʦʰʢʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʵʬʬʝʢʪʠʚʥʦʤ ʧʦʜʚʦʜʝ ʛʠʜʨʦʢʩʠʜ ʠʦʥʦʚ ʚ ʘʥʦʜʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʠ ʣʦʢʘʣʴʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʠʣʠ ʫʤʝʥʴʰʝʥʠʷ 

pH.  
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ʇʨʦʢʘʣʠʚʘʥʠʝ ʦʙʨʘʟʮʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʦʢʩʠʜʘ ʮʠʥʢʘ ʠ ʛʠʜʨʦʢʩʦʭʣʦʨʠʜʘ 

ʮʠʥʢʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʠ ja:jk 1,2:0,2 ɸ/ʩʤ
2
 ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 400 ÁC ʚ ʪʝʯʝʥʠʝ 3 ʯʘʩʦʚ ʧʨʠʚʦʜʠʪ ʢ ʠʩʯʝʟʥʦʚʝʥʠʶ ʬʘʟʳ 

ʩʠʤʦʥʢʦʣʝʠʪʘ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʪʩʫʪʩʪʚʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʠʢʦʚ ʥʘ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ ʧʦʩʣʝ ʧʨʦʢʘʣʠʚʘʥʠʷ (ʨʠʩʫʥʦʢ 4.5ʘ). ɸʚʪʦʨʘʤʠ [163]  ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʨʠʩʪʘʣʣʳ ʯʠʩʪʦʛʦ ʦʢʩʠʜʘ ʮʠʥʢʘ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ  ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ Zn5(OH)8Cl2ĿH2 ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʘ. 

ʈʠʩʫʥʦʢ 4.5 ï ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʦʢʠʩʣʝʥʠʠ ʮʠʥʢʘ 

ʧʝʨʝʤʝʥʥʳʤ ʠʤʧʫʣʴʩʥʳʤ ʪʦʢʦʤ ʨʘʟʣʠʯʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʨʘʩʪʚʦʨʝ 2M NaCl 

ʙʝʟ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʠ ʦʪʦʞʞʝʥʥʦʛʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 400Áʉ (ja:jk 1,2:0,2 ɸ/ʩʤ
2
) 

(ʘ) ʠ ʧʨʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ (ʙ) 

ʅʘ ʇʕʄ ʬʦʪʦʛʨʘʬʠʷʭ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʞʠʤʝ ʝʩʪʝʩʪʚʝʥʥʦʡ 

ʢʦʥʚʝʢʮʠʠ ʵʣʝʢʪʨʦʣʠʪʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʇʀʊ ʩʦ ʩʨʝʜʥʠʤʠ ʧʣʦʪʥʦʩʪʷʤʠ ja:jk 

1,2:0,2 ɸ/ʩʤ
2
 (ʨʠʩʫʥʦʢ 4.6 ʘ,ʙ) ʚʠʜʥʳ ʥʘʥʦʯʘʩʪʠʮʳ ZnO ʩ ʨʘʟʤʝʨʦʤ ʦʢʦʣʦ 10 

ï 50 ʥʤ ʠ ʣʠʩʪʳ ʛʠʜʨʦʢʩʦʭʣʦʨʠʜʘ ʮʠʥʢʘ ʩ ʨʘʟʤʝʨʦʤ ʦʢʦʣʦ 0,5 ʤʢʤ. ʊʘʢ, ʚ 

ʨʘʙʦʪʝ [164] ʥʘʙʣʶʜʘʣʦʩʴ ʦʙʨʘʟʦʚʘʥʠʝ Zn5(OH)8Cl2ĿH2O ʢʘʢ ʢʦʨʨʦʟʠʦʥʥʦʛʦ 

ʧʨʦʜʫʢʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʫʪʝʤ ʘʥʦʜʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʮʠʥʢʘ ʚ Cl-ʩʦʜʝʨʞʘʱʝʤ 

ʨʘʩʪʚʦʨʝ. ʇʦʩʣʝ ʧʨʦʢʘʣʠʚʘʥʠʷ (ʨʠʩʫʥʦʢ 4.6 ʚ,ʛ)  ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 400 Áʉ 

ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʣʦʞʝʥʠʝ ʛʠʜʨʦʢʩʦʭʣʦʨʠʜʘ ʮʠʥʢʘ, ʧʨʠ ʵʪʦʤ ʯʘʩʪʠʮʳ ʦʢʩʠʜʘ 

ʮʠʥʢʘ ʫʢʨʫʧʥʷʶʪʩʷ ʜʦ ʨʘʟʤʝʨʦʚ ʦʢʦʣʦ 100 ï 200 ʥʤ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʧʝʢʘʥʠʷ. 



88 
 

ʅʘ ɼʉʂ-ʢʨʠʚʦʡ ʦʙʨʘʟʮʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʬʘʟʳ ʦʢʩʠʜʘ ʮʠʥʢʘ ʠ 

ʛʠʜʨʦʢʩʦʭʣʦʨʠʜʘ ʮʠʥʢʘ (ʨʠʩʫʥʦʢ 4.7) ʚʠʜʥʳ ʜʚʘ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʭ ʧʠʢʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʢʦʣʦ 100Áʉ, ʩʚʷʟʘʥʥʳʝ ʩ ʧʦʪʝʨʝʡ ʬʠʟʠʯʝʩʢʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ 

ʚʦʜʳ. 

 

ʈʠʩʫʥʦʢ 4.6 ï ʇʕʄ-ʬʦʪʦʛʨʘʬʠʠ ʧʨʦʜʫʢʪʘ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʇʀʊ ʩʦ ʩʨʝʜʥʠʤʠ ʧʣʦʪʥʦʩʪʷʤʠ ja:jk 1,2:0,2 ɸ/ʩʤ
2 

ʚ ʨʘʩʪʚʦʨʝ 2M NaCl (ʘ,ʙ) ʠ ʧʨʦʢʘʣʝʥʥʦʛʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 400Áʉ (ʚ,ʛ) 

ʕʥʜʦʪʝʨʤʠʯʝʩʢʠʡ ʧʠʢ ʧʨʠ 176Áʉ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʪʝʨʝ ʭʠʤʠʯʝʩʢʠ 

ʩʚʷʟʘʥʥʦʡ ʚʦʜ.r ʇʦʪʝʨʷ ʤʘʩʩʳ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 220 ï 523Áʉ ʩʚʷʟʘʥʘ ʩ 

ʚʳʜʝʣʝʥʠʝʤ HCl ʚ ʧʨʦʮʝʩʩʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʛʠʜʨʦʢʩʦʭʣʦʨʠʜʘ 

ʮʠʥʢʘ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʤʝʭʘʥʠʟʤʦʤ ʨʘʟʣʦʞʝʥʠʷ 

ʛʠʜʨʦʢʩʦʭʣʦʨʠʜʘ ʮʠʥʢʘ [165], ʚ ʢʦʪʦʨʦʤ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʝ ʧʠʢʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 180Áʉ ʠ 202Áʉ ʩʚʷʟʘʥʳ ʩ ʧʦʪʝʨʝʡ ʚʦʜʳ, ʘ ʜʘʣʴʥʝʡʰʘʷ ʧʦʪʝʨʷ 

ʤʘʩʩʳ ʦʙʨʘʟʮʘ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 220 ï 432Áʉ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʚʳʜʝʣʝʥʠʠ HCl .  
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ʈʠʩʫʥʦʢ 4.7 ï ʂʨʠʚʳʝ ʊɻ ʠ ɼʉʂ ʧʨʦʜʫʢʪʘ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʠ ja:jk 1,2:0,2 

ɸ/ʩʤ
2 
ʚ ʨʘʩʪʚʦʨʝ 2M NaCl 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ʈʌɸ ʙʳʣʠ ʧʦʩʯʠʪʘʥʳ ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʠ 

ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ, ʧʦʣʫʯʝʥʥʳʭ 

ʧʨʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ ja:jk 1,2:0,2 ɸ/ʩʤ2; 1,2:0,4 ɸ/ʩʤ
2
 ʠ 1,2:0,6 ɸ/ʩʤ

2
 

ʧʨʠ ʧʝʨʝʰʠʚʘʥʠʠ ʚ 2M NaCl ʠ 2M KCl (ʊʘʙʣʠʮʘ 4.2). 

ʊʘʙʣʠʮʘ 4.2 ï ʈʘʟʤʝʨ ʯʘʩʪʠʮ ʠ ʧʘʨʘʤʝʪʨ r ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʯʘʩʪʠʮ 

ʦʢʩʠʜʘ ʮʠʥʢʘ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʥʳʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ ʚ 2M NaCl ʠ 2M KCl 

ʉʦʦʪʥʦʰʝʥʠʝ 

ʩʨʝʜʥʠʭ 

ʧʣʦʪʥʦʩʪʝʡ ʪʦʢʘ 

ja:jk, A/ʩʤ
2
 

Dʩʨ, ʥʤ D100, ʥʤ D002, ʥʤ D002/ D100 

ʇʘʨʘʤʝʪʨ 

ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ 

ʘ, ¡ ʩ, ¡ 

2M NaCl 

1,2:0,2 13,8 11,43 28,12 2,460 3,2555 5,2165 

1,2:0,4 13,4 11,05 27,37 2,477 3,2550 5,2172 

1,2:0,6 14,3 11,94 30,35 2,542 3,2537 5,2143 

2M KCl 

1,2:0,2 16,3 14,98 30,32 2,024 3,2539 5,2157 

1,2:0,4 16,6 15,28 31,25 2,045 3,2549 5,2177 

1,2:0,6 16,8 15,37 31,58 2,055 3,2547 5,2170 
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ɺʠʜʥʦ, ʯʪʦ ʯʘʩʪʠʮʳ ʦʢʩʠʜʘ ʮʠʥʢʘ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʚʜʦʣʴ ʦʩʠ c, ʧʨʠ ʵʪʦʤ 

ʧʦ ʜʘʥʥʳʤ ʈʌɸ ʩʪʝʧʝʥʴ ʠʭ ʘʥʠʟʦʪʨʦʧʠʠ (D002/ D100) ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʪʝʪ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʘʩʠʤʤʝʪʨʠʠ ʪʦʢʘ. ʊʘʢʘʷ ʞʝ ʪʝʥʜʝʥʮʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʯʘʩʪʠʮ, 

ʧʦʣʫʯʝʥʥʳʭ ʚ 2M KCl. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʯʘʩʪʠʮʳ ZnO, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʭʣʦʨʠʜʝ ʢʘʣʠʷ, ʤʝʥʝʝ ʚʳʪʷʥʫʪ,r ʯʝʤ ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʣʦʨʠʜʝ ʥʘʪʨʠʷ. ɼʘʥʥʳʝ 

ʈʌɸ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʜʘʥʥʳʤʠ ʇʕʄ (ʨʠʩʫʥʦʢ 4.8). 

 

ʈʠʩʫʥʦʢ 4.8 ï  ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʯʘʩʪʠʮ ZnO, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʩʨʝʜʥʠʭ 

ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ ja:jk 1,2:0,2 ɸ/ʩʤ
2
 (ʘ,ʚ) ʠ  1,2:0,6 ɸ/ʩʤ

2
 (ʙ,ʛ) 2M NaCl (ʘ,ʙ) ʠ 

2M KCl (ʚ,ʛ) ʧʨʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ 

ʇʨʠ ʵʪʦʤ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ (ja:jk 2,4:1,2 ɸ/ʩʤ
2
) 

ʥʘʙʣʶʜʘʣʠ ʪʦʣʴʢʦ ʦʜʥʫ ʬʘʟʫ ZnO ʜʘʞʝ ʙʝʟ ʧʝʨʝʤʝʰʠʚʘʥʠʷ, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʜʘʥʥʳʤʠ ʈʌɸ ʠ ʉʂʈ (ʨʠʩʫʥʦʢ 4.9ʘ ʠ ʙ).  ʉʧʝʢʪʨʳ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ja:jk 2,4:1,2 

ɸ/ʩʤ
2
 ʚ ʫʩʣʦʚʠʷʭ ʝʩʪʝʩʪʚʝʥʥʦʡ ʢʦʥʚʝʢʮʠʠ ʪʠʧʠʯʥʳ ʜʣʷ ʦʢʩʠʜʘ ʮʠʥʢʘ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʚʶʨʮʠʪʘ [166, 167]. ɼʚʝʥʘʜʮʘʪʴ ʣʠʥʠʡ ʚ ʠʥʪʝʨʚʘʣʝ 50ï1200 ʩʤ
-1
, 

ʪʘʢʠʝ ʢʘʢ 99, 380, 414, 438, 572 ʠ 585 ʩʤ
-1
 ʦʪʥʦʩʷʪ ʢ ʂʈʉ-ʘʢʪʠʚʥʳʤ ʤʦʜʘʤ 

ʦʢʩʠʜʘ ʮʠʥʢʘ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ, ʢʦʪʦʨʳʝ ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʤʦʜ E2 ʩʠʤʤʝʪʨʠʠ 

(ʧʨʠ 99 ʠ 438 ʩʤ
-1
), ʧʦʧʝʨʝʯʥʳʭ (ʧʨʠ 380 ʠ 414 ʩʤ

-1
) ʠ ʧʨʦʜʦʣʴʥʳʭ (ʧʨʠ 572 

ʠ 585 ʩʤ
-1
) ʦʧʪʠʯʝʩʢʠʭ ʤʦʜ A1 ʠ E1 ʩʠʤʤʝʪʨʠʠ. ʃʠʥʠʠ ʧʨʠ 200, 285, 332, 
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483, 534, 653, 695, 975, 1075, 1110 ʠ 1147 ʩʤ
-1
 ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ 

ʢʦʤʙʠʥʘʮʠʝʡ ʤʦʜ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ çʤʦʣʯʘʱʠʭè (285 ʩʤ
-1
), ʦʧʪʠʯʝʩʢʠʭ (332 

ʠ 1075 ʩʤ
-1
), ʦʧʪʠʯʝʩʢʠʭ ʠ ʘʢʫʩʪʠʯʝʩʢʠʭ (653 ʠ 695 ʩʤ

-1
), ʘ ʪʘʢʞʝ ʨʘʟʣʠʯʥʳʭ 

ʤʦʜ, ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʨʘʟʣʠʯʥʳʤ ʦʙʝʨʪʦʥʘʤ (200, 483, 534, 975, 1110 and 1147 

ʩʤ
-1
) [166]. ʅʠʟʢʦʯʘʩʪʦʪʥʳʝ ʤʦʜʳ, ʥʘʙʣʶʜʘʝʤʳʝ ʧʨʠ 64, 78 ʠ 130 ʩʤ

-1
, ʪʘʢʞʝ 

ʦʧʠʩʳʚʘʣʠʩʴ ʚ ʨʘʙʦʪʝ ʜʣʷ ʥʘʥʦʯʘʩʪʠʮ  ZnO [168]. 

 

ʈʠʩʫʥʦʢ 4.9 ï ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ (ʘ) ʠ ʩʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ (ʙ) ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʦʢʠʩʣʝʥʠʠ ʮʠʥʢʘ ʧʨʠ ʩʨʝʜʥʠʭ 

ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ 2,4:1,2 ɸ/ʩʤ
2
 ʚ ʨʘʩʪʚʦʨʝ 2M NaCl ʠ 2M KCl ʚ ʫʩʣʦʚʠʷʭ 

ʝʩʪʝʩʪʚʝʥʥʦʡ ʢʦʥʚʝʢʮʠʠ ʠ ʨʘʟʣʦʞʝʥʠʝ ʩʧʝʢʪʨʘ ʂʈʉ ʥʘ ʢʦʤʧʦʥʝʥʪʳ (ʚ) 

ɺʝʨʦʷʪʥʦ, ʦʙʨʘʟʦʚʘʥʠʝ ʯʠʩʪʳʭ ʦʢʩʠʜʦʚ ʙʝʟ ʧʨʠʤʝʩʝʡ 

ʛʠʜʨʦʢʩʦʭʣʦʨʠʜʦʚ ʠ ʛʠʜʨʦʢʩʠʜʦʚ ʩʚʷʟʘʥʦ ʩ ʙʫʨʥʳʤ ʛʘʟʦʚʳʜʝʣʝʥʠʝʤ, ʟʘ ʩʯʝʪ 

ʢʦʪʦʨʦʛʦ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʜʠʬʬʫʟʠʷ ʠʦʥʦʚ ʚ ʨʘʩʪʚʦʨʝ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʠ ʩ 

ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʤ ʦʙʨʘʟʦʚʘʥʠʝʤ ʆʅ
-
 ʠʦʥʦʚ ʚ ʢʘʪʦʜʥʳʡ ʠʤʧʫʣʴʩ ʩ ʜʨʫʛʦʡ. 

ʆʜʥʘʢʦ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʦʪʩʫʪʩʪʚʠʝ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʥʘʙʣʶʜʘʣʘʩʴ 
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ʟʥʘʯʠʪʝʣʴʥʘʷ ʘʛʣʦʤʝʨʘʮʠʷ ʯʘʩʪʠʮ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʜʘʥʥʳʤʠ ʇʕʄ 

(ʨʠʩʫʥʦʢ 4.10). ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ 

ʮʠʥʢʘ ʠ ʛʠʜʨʦʢʩʠʜ ʠʦʥʦʚ, ʟʘʨʦʜʳʰʠ ZnO ʚ ʧʝʨʝʩʳʱʝʥʥʦʤ ʨʘʩʪʚʦʨʝ ʤʦʛʫʪ 

ʣʝʛʢʦ ʘʛʨʝʛʠʨʦʚʘʪʴʩʷ, ʦʙʨʘʟʫʷ ʧʦʣʠʜʠʩʧʝʨʩʥʳʝ ʯʘʩʪʠʮʳ, ʯʘʩʪʦ ʙʦʣʴʰʠʭ 

ʨʘʟʤʝʨʦʚ [169].  

 

ʈʠʩʫʥʦʢ 4.10 ï ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʷ (ʘ-ʙ, ʛ-ʜ) ʠ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʳ (ʚ,ʝ) 

ʯʘʩʪʠʮ ʦʢʩʠʜʘ ʮʠʥʢʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ja:jk 2,4:1,2 

ɸ/ʩʤ
2
 ʚ 2M NaCl (ʘ,ʙ,ʚ) ʠ 2M KCl (ʛ,ʜ,ʝ) ʙʝʟ ʧʝʨʝʤʝʰʠʚʘʥʠʷ 

ʋʯʠʪʳʚʘʷ ʧʨʦʷʚʠʚʰʠʝʩʷ ʨʘʟʣʠʯʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ 

ʮʠʥʢʘ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʘʩʪʚʦʨʘʭ ʭʣʦʨʠʜʦʚ ʥʘʪʨʠʷ ʠ ʢʘʣʠʷ, ʙr ʣʦ ʠʩʩʣʝʜʦʚʘʥʦ 

ʚʣʠʷʥʠʝ ʵʣʝʢʪʨʦʣʠʪʘ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʣʠʪʦʚ ʙʳʣʠ ʚʳʙʨʘʥʳ 

ʩʣʝʜʫʶʱʠʝ: 2M NaCl, 2M KCl, 2M LiCl , 1M BaCl2, 1M Na2SO4 ʠ 1M NaF.  

ɼʘʥʥʳʝ ʈʌɸ ʘʥʘʣʠʟʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʧʨʦʜʫʢʪʳ, 

ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʠ ʦʢʠʩʣʝʥʠʠ ʮʠʥʢʘ ʚ ʨʘʩʪʚʦʨʘʭ ʭʣʦʨʠʜʦʚ ʠ Na2SO4, 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʯʠʩʪʳʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ZnO (ʨʠʩʫʥʦʢ 4.11). ʅʘ 

ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ʈʌɸ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʠ ʧʘʨʘʤʝʪʨʳ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. 
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ʈʠʩʫʥʦʢ 4.11 ï ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʚ 

ʨʘʩʪʚʦʨʘʭ NaCl, KCl, LiCl , BaCl2 ʠ Na2SO4 ʧʨʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʇʀʊ ja:jk 

2,4:1,2 ɸ/ʩʤ
2
 (ʘ) ʠ ʧʨʠʤʝʨ ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʘ ZnO-NaCl ʤʝʪʦʜʦʤ 

ʈʠʪʚʝʣʴʜʘ (ʙ): ʚʝʨʪʠʢʘʣʴʥʳʝ ʣʠʥʠʠ ï ʧʦʟʠʮʠʠ ʧʠʢʦʚ ʬʘʟʳ P63/mc (ɢ
2
=1.8, 

Rp=13.6,Rwp=14.8) 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʩʝ ʯʘʩʪʠʮʳ ʚʳʪʷʥʫʪʳ ʚʜʦʣʴ ʦʩʠ c, ʧʨʠ ʵʪʦʤ ʩʪʝʧʝʥʴ 

ʘʥʠʟʦʪʨʦʧʠʠ ʯʘʩʪʠʮ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʨʷʜʫ LiCl<KCl<Na2SO4<NaCl (ʪʘʙʣʠʮʘ 

4.3).  

ʊʘʙʣʠʮʘ 4.3 ï ʈʘʟʤʝʨ ʯʘʩʪʠʮ ʠ ʧʘʨʘʤʝʪʨ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʯʘʩʪʠʮ ZnO, 

ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 2,4:1,2 ɸ/ʩʤ
2
 ʚ ʨʘʟʥʳʭ ʵʣʝʢʪʨʦʣʠʪʘʭ 

ʕʣʝʢʪʨʦʣʠʪ 
Rdehydrated 

(ʢʘʪʠʦʥʘ) 

Dʩʨ, 

ʥʤ 

D100, 

ʥʤ 
D002, ʥʤ 

D002/ 

D100 

ʇʘʨʘʤʝʪʨ ʷʯʝʡʢʠ 

ʘ, ¡ ʩ, ¡ 

2M LiCl 0.076 15.0 13.6 21.9 1.61 3.2565 5.2160 

2M NaCl 0.097 16.5 12.9 34.4 2.67 3.2541 5.2155 

2M KCl 0.133 17.1 14.4 26.3 1.83 3.2555 5.2154 

1M Na2SO4 0.097 22.4 18.4 48.1 2.61 3.2539 5.2158 

 

ʇʨʠ ʦʢʠʩʣʝʥʠʠ ʮʠʥʢʘ ʚ ʨʘʩʪʚʦʨʝ 1M NaF ʦʙʨʘʟʫʝʪʩʷ ʧʦʨʦʰʦʢ ʪʝʤʥʦ 

ʩʝʨʦʛʦ ʮʚʝʪʘ, ʘ ʜʘʥʥʳʝ ʈʌɸ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʦʥ ʩʦʩʪʦʠʪ ʠʟ ʬʘʟʳ 

ʦʢʩʠʜʘ ʮʠʥʢʘ ʠ Zn(OH)F (ʨʠʩʫʥʦʢ 4.12ʘ). ʅʘ ʨʠʩʫʥʢʝ 4.12 ʙ,ʚ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʉʕʄ ʠ ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʚ ʨʘʩʪʚʦʨʝ 1M NaF. 

ɺʠʜʥʦ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʳ ʨʘʟʤʝʨʦʤ ʦʢʦʣʦ 10 ʥʤ  ʦʙʨʘʟʫʶʪ ʙʦʣʴʰʠʝ 

ʘʛʣʦʤʝʨʘʪʳ.  
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ʈʠʩʫʥʦʢ 4.12 ï ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ (ʘ), ʉʕʄ (ʙ) ʠ ʇʕʄ (ʚ) ʠʟʦʙʨʘʞʝʥʠʷ 

ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʚ ʨʘʩʪʚʦʨʝ 1M NaF  ʧʨʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ 

ʇʀʊ ja:jk 2,4:1,2 ɸ/ʩʤ
2 

ʈʝʟʫʣʴʪʘʪʳ ʇʕʄ ʩʚʠʜʝʪʝʣʴʩʪʚʫʪʁ ʦ ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʠ ʠ ʨʘʟʤʝʨʝ 

ʯʘʩʪʠʮ ʦʢʩʠʜʦʚ ʮʠʥʢʘ, ʧʦʣʫʯʝʥʥʳʭ ʚ NaCl (ʨʠʩʫʥʦʢ 4.13ʘ), KCl (ʨʠʩʫʥʦʢ 

4.13ʜ), LiCl  (ʨʠʩʫʥʦʢ 4.13ʠ) ʠ Na2SO4 (ʨʠʩʫʥʦʢ 4.13ʥ) ʧʨʠ ʩʨʝʜʥʠʭ 

ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ ja:jk 2,4:1,2 ɸ/ʩʤ
2
. ɺ ʨʘʩʪʚʦʨʝ LiCl  ʦʙʨʘʟʫʶʪʩʷ ʙʣʠʟʢʠʝ ʢ 

ʩʬʝʨʠʯʝʩʢʠʤ ʯʘʩʪʠʮʳ ʜʠʘʤʝʪʨʦʤ 20 - 30 ʥʤ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ NaCl ʚ 

ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʣʠʪʘ ʥʘʥʦʯʘʩʪʠʮʳ ʠʤʝʶʪ ʚʳʪʷʥʫʪʫʶ ʬʦʨʤʫ ʩ ʰʠʨʠʥʦʡ ~ 30 

ʥʤ ʠ  ʜʣʠʥʦʡ 100 ʥʤ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ KCl ʩʨʝʜʥʷʷ ʰʠʨʠʥʘ ʠ  ʜʣʠʥʘ ~ 20 ʥʤ ʠ 

50 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʣʝʢʪʨʦʣʠʪ Na2SO4 ʙʣʘʛʦʧʨʠʷʪʩʪʚʫʝʪ ʦʙʨʘʟʦʚʘʥʠʶ 

ʧʣʘʩʪʠʥʯʘʪʳʭ ʯʘʩʪʠʮ ʩ ʜʣʠʥʦʡ ʦʢʦʣʦ 100 ʥʤ ʠ ʰʠʨʠʥʦʡ 50 ʥʤ.  

ɹʦʣʝʝ ʜʝʪʘʣʴʥʦʝ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʦʥʪʨʘʩʪʥʳʭ ʩʚʝʪʣʳʭ 

ʫʯʘʩʪʢʦʚ ʥʘ ʇʕʄɺʈ ʠʟʦʙʨʘʞʝʥʠʷʭ (ʨʠʩʫʥʦʢ 4.13 ʙ, ʝ, ʢ) ʠ ʪʝʤʥʳʭ ʦʙʣʘʩʪʝʡ 

ʥʘ HAADF-STEM ʠʟʦʙʨʘʞʝʥʠʷʭ (ʨʠʩʫʥʦʢ 4.13 ʛ, ʟ, ʤ), ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ 

ʩʦʙʦʡ ʧʦʨʳ ʚʥʫʪʨʠ ʯʘʩʪʠʮ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ NaCl, KCl ʠ LiCl. ʅʘ ʚʩʪʘʚʢʘʭ 

ʚ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʨʠʩ.5 ʚ, ʞ, ʣ, ʨ) ʧʨʠʚʝʜʝʥʳ ʌʫʨʴʝ-

ʠʟʦʙʨʘʞʝʥʠʷ ʦʪʜʝʣʴʥʳʭ ʯʘʩʪʠʮ (ʦʪʤʝʯʝʥʳ ʙʝʣʳʤʠ ʢʚʘʜʨʘʪʘʤʠ), ʢʦʪʦʨʳʝ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʜʠʬʨʘʢʮʠʦʥʥʫʶ ʢʘʨʪʠʥʫ ʦʪʜʝʣʴʥʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʯʘʩʪʠʮʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʪʜʝʣʴʥʳʝ 

ʩʪʨʫʢʪʫʨʳ ʠ ʧʦʨʳ ʥʝ ʨʘʟʜʝʣʷʶʪ ʠʭ ʥʘ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʩʫʙʟʝʨʥʘ. ʉʪʦʠʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʟʤʝʨ ʧʦʨ ʩʦʩʪʘʚʣʷʝʪ 2 ï 6 ʥʤ ʚ ʜʠʘʤʝʪʨʝ, ʥʝʢʦʪʦʨʳʝ ʠʟ 

ʢʦʪʦʨʳʭ ʩʦʝʜʠʥʝʥʳ ʤʝʞʜʫ ʩʦʙʦʡ ʚ ʢʘʥʘʣʳ ʜʣʠʥʦʡ 20 ï 50 ʥʤ, ʘ ʥʝʢʦʪʦʨʳʝ, 
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ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩʬʝʨʠʯʝʩʢʠʝ, ʠʟʦʣʠʨʦʚʘʥʳ.
 
ɺ ʦʙʨʘʟʮʝ ZnO-Na2SO4 ʧʦʨʳ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʥʝ ʚʦ ʚʩʝʭ ʯʘʩʪʠʮʘʭ. 
 

 

 

ʈʠʩʫʥʦʢ 4.13 ï ʇʕʄ  (ʘ,ʙ, ʜ,ʝ, ʠ,ʢ, ʥ,ʧ), ʇʕʄɺʈ (ʚ, ʞ, ʣ, ʨ) ʩ ʌʫʨʴʝ-

ʠʟʦʙʨʘʞʝʥʠʷʤʠ ʚʳʜʝʣʝʥʥʳʭ ʦʙʣʘʩʪʝʡ (ʚʩʪʘʚʢʘ) ʠ HAADF-STEM 

ʠʟʦʙʨʘʞʝʥʠʷ (ʛ, ʟ, ʤ, ʩ) ʦʢʩʠʜʘ ʮʠʥʢʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ NaCl (a - ʛ), KCl (ʜ - ʟ), 

LiCl  (ʠ - ʤ) ʠ Na2SO4 (ʥ - ʩ) 

ʅʘ ʨʠʩʫʥʢʝ 4.14 ʧʨʝʜʩʪʘʚʣʝʥʘ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ ZnO, ʧʦʣʫʯʝʥʥʦʛʦ ʚ 

LiCl, ʪʠʧʠʯʥʘʷ ʜʣʷ ʦʙʨʘʟʮʦʚ ʧʦʣʫʯʝʥʥʳʭ ʠ ʚ ʜʨʫʛʠʭ ʨʘʩʪʚʦʨʘʭ. ʇʨʠʩʫʪʩʪʚʠʝ 
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ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʢʦʣʝʮ ʥʘ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʝ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʨʠʨʦʜʝ ʦʢʩʠʜʘ ʮʠʥʢʘ. ɺʩʝ 

ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʢʦʣʴʮʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʤʠʤ ʧʣʦʩʢʦʩʪʷʤ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ  ZnO, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ ʈʌɸ.  

 

ʈʠʩʫʥʦʢ 4.14 ï ʕʣʝʢʪʨʦʥʦʛʨʘʤʤʘ ZnO-LiCl  

ʇʣʦʱʘʜʴ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʧʨʝʜʝʣʝʥʥʘʷ ʧʦ ʤʝʪʦʜʫ ɹʕʊ, ʜʣʷ 

ʦʙʨʘʟʮʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ NaCl, KCl, LiCl  ʠ Na2SO4, ʩʦʩʪʘʚʠʣʘ 19,2; 23,5; 

31,4 ʠ 13,0 ʤ
2
/ʛ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ʀʂ ʩʧʝʢʪʨʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.15.  

ʇʨʠʩʫʪʩʪʚʠʝ ʰʠʨʦʢʦʛʦ ʧʠʢʘ ʩ ʤʘʢʩʠʤʫʤʦʤ ʧʨʠ 3460 ʩʤ
-1 
ʦʙʫʩʣʦʚʣʝʥʦ 

ʚʘʣʝʥʪʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʩʚʷʟʠ ʛʨʫʧʧʳ O-H. ʕʪʠ ʢʦʣʝʙʘʥʠʷ ʚ ʣʠʪʝʨʘʪʫʨʝ 

ʯʘʩʪʦ ʩʚʷʟʳʚʘʶʪ ʩ ʥʘʣʠʯʠʝʤ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʥʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʜʝʬʝʢʪʘʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʦʢʩʠʜʘ [170, 171]. ɺ 

ʩʚʦʶ ʦʯʝʨʝʜʴ, ʜʝʬʝʢʪʥʳʝ ʩʦʩʪʦʷʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ, 

ʩʧʦʩʦʙʩʪʚʫʶʪ ʜʠʩʩʦʮʠʘʮʠʠ ʠ ʤʦʣʝʢʫʣʷʨʥʦʡ ʘʜʩʦʨʙʮʠʠ ʚʦʜʳ [172]. 

ʅʝʙʦʣʴʰʦʡ ʧʠʢ ʦʢʦʣʦ 900 ʩʤ
-1
, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥ ʩ ʚʘʣʝʥʪʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ 

ʩʚʷʟʠ Zn-O [173]. ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʧʦʣʦʩʘ ʧʦʛʣʦʱʝʥʠʷ ʚ ʠʥʪʝʨʚʘʣʝ  650 ï 
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450 ʩʤ
-1 
ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ Zn-O ʚʘʣʝʥʪʥʳʭ ʢʦʣʝʙʘʥʠʷʭ. ʇʨʠ ʵʪʦʤ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʙʠʝʥʠʝ ʧʠʢʘ ʥʘ ʩʦʩʪʘʚʣʷʶʱʠʝ  ʩ 

ʤʘʢʩʠʤʫʤʘʤʠ ʧʨʠ 538 ʩʤ
-1
 ʠ 501 ʩʤ

-1, 
ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʢʦʣʝʙʘʪʝʣʴʥʳʤ 

ʤʦʜʘʤ E1(LO) ʠ A1 (LO), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʦʜʘ E1(LO) 

ʜʣʷ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʭʣʦʨʠʜʝ ʢʘʣʠʷ ʠ ʭʣʦʨʠʜʝ ʣʠʪʠʷ, ʩʜʚʠʥʫʪʘ ʥʘ 16 

ʩʤ
-1
 ʠ 22 ʩʤ

-1
 ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʩʫʣʴʬʘʪʝ ʥʘʪʨʠʷ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʦʣʦʞʝʥʠʝ A1(LO) ʥʝ ʤʝʥʷʝʪʩʷ. ɺʝʨʦʷʪʥʦ, 

ʩʜʚʠʛ ʧʠʢʘ ʚ ʢʨʘʩʥʫʶ ʦʙʣʘʩʪʴ ʦʙʫʩʣʦʚʣʝʥ ʠʟʤʝʥʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ 

ʦʢʩʠʜʦʚ [174].   

 

ʈʠʩʫʥʦʢ 4.15 ï ʀʂ ʩʧʝʢʪʨʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʢʩʠʜʦʚ ʮʠʥʢʘ ʚ ʠʥʪʝʨʚʘʣʝ 

ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ: (a) 4000 ï 450 ʩʤ
-1
 ʠ  (ʙ) 650 ï 450 ʩʤ

-1
 (ʫʚʝʣʠʯʝʥʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ) 

ʉʧʝʢʪʨʦʩʢʦʧʠʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʕʇʈ) ʦʪʥʦʩʷʪ 

ʢ ʯʫʚʩʪʚʠʪʝʣʴʥʦʤʫ ʤʝʪʦʜʫ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʜʝʬʝʢʪʦʚ ʚ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ. ʅʘ ʨʠʩʫʥʢʝ 4.16ʘ ʧʨʠʚʝʜʝʥʳ ʕʇʈ ʩʧʝʢʪʨʳ ʜʣʷ ʦʙʨʘʟʮʦʚ 

ZnO, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ ʵʣʝʢʪʨʦʣʠʪʘʭ ʨʘʟʥʦʛʦ ʩʦʩʪʘʚʘ. ʉʧʝʢʪʨ ʕʇʈ ʦʙʨʘʟʮʦʚ 

ZnO-NaCl, ZnO-KCl, ZnO-LiCl  ʠ ZnO-Na2SO4 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʩʫʧʝʨʧʦʟʠʮʠʶ ʣʠʥʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʣʝʜʫʶʱʠʤ ʧʘʨʘʤʘʛʥʠʪʥʳʤ 

ʮʝʥʪʨʘʤ: ʚ ʦʙʣʘʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 3250-3400 ɻʩ (ʟʥʘʯʝʥʠʷ g-ʬʘʢʪʦʨʘ 
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ʮʝʥʪʨʦʚ ʚ ʜʠʘʧʘʟʦʥʝ 2,02 ï 2,009) - (i) ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʝ ʙʠʚʘʢʘʥʩʠʠ 

ʮʠʥʢʘ (VZn
ī
)2[175] , (ii) ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʝ ʚʘʢʘʥʩʠʠ ʮʠʥʢʘ VZn

ī
[176], 

(iii) ʧʘʨʳ ʜʝʬʝʢʪʦʚ ʪʠʧʘ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʝ ʚʘʢʘʥʩʠʠ 

ʮʠʥʢʘ/ʤʝʞʜʦʫʟʝʣʴʥʳʝ ʘʪʦʤʳ ʮʠʥʢʘ (ʜʝʬʝʢʪʳ ʧʦ ʌʨʝʥʢʝʣʶ) (VZn
ī 
: Zn

0
i )[176]; 

ʚ ʦʙʣʘʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 3400-3550 ɻʩ (ʟʥʘʯʝʥʠʷ g-ʬʘʢʪʦʨʘ ʮʝʥʪʨʦʚ ʚ 

ʜʠʘʧʘʟʦʥʝ 1,997 ï 1,943) - ʧʦʣʦʞʠʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʝ ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ 

VO
+ 

[177, 178]. ʂʦʥʮʝʥʪʨʘʮʠʠ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʮʝʥʪʨʦʚ  ʠʤʝʣʠ ʩʣʝʜʫʶʱʠʝ 

ʟʥʘʯʝʥʠʷ ʜʣʷ ZnO-NaCl -  Ns(Zn) = 2,2 Ŀ 10
16 

 ʛ
ī1

, Ns(VO
+
) = 2,8 Ŀ 10

16 
 ʛ
ī1
; ʜʣʷ 

ZnO-KCl -  Ns(Zn) = 6,2 Ŀ 10
15 

 ʛ
ī1

, Ns(VO
+
) = 3,7 Ŀ 10

16 
 ʛ
ī1
, ʜʣʷ ZnO-LiCl  -  

Ns(Zn) = 1,2 Ŀ 10
13 

 ʛ
ī1

, Ns(VO
+
) = 3,2 Ŀ 10

12 
 ʛ
ī1
, ʜʣʷ ZnO-Na2SO4 -  Ns(Zn) = 5,4 Ŀ 

10
16 

 ʛ
ī1

, Ns(VO
+
) = 2,3 Ŀ 10

16 
 ʛ
ī1

. ʌʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʧʝʢʪʨʳ ʦʢʩʠʜʦʚ 

ʮʠʥʢʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ ʭʣʦʨʠʜʝ ʥʘʪʨʠʷ ʠ ʭʣʦʨʠʜʝ ʢʘʣʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ. ɺʠʜʥʦ, ʯʪʦ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʥʘʙʣʶʜʘʝʪʩʷ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ ʚ ʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ, ʢʦʪʦʨʘʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʨʘʟʣʠʯʥʳʭ ʜʝʬʝʢʪʘʭ ʚ ʩʪʨʫʢʪʫʨʝ ʦʢʩʠʜʘ ʮʠʥʢʘ. ʇʦʩʣʝʜʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʦʧʠʩʳʚʘʶʱʠʝ ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʧʝʢʪʨʳ ʦʙʦʛʘʱʝʥʥʳʭ (Zn1+xO) ʠ 

ʦʙʝʜʥʝʥʥʳʭ ʮʠʥʢʦʤ (Zn1-xO) ʩʠʩʪʝʤ, ʩʚʷʟʳʚʘʶʪ ʪʠʧ ʜʝʬʝʢʪʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʩ 

ʝʛʦ ʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʥʦ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʦʨʨʝʣʷʮʠʠ ʝʱʝ ʥʝ 

ʜʦʩʪʘʪʦʯʥʦ ʷʩʥʳ. ʇʦ ʥʝʢʦʪʦʨʳʤ ʜʘʥʥʳʤ [179], ʧʦʷʚʣʝʥʠʝ ʚʘʢʘʥʩʠʡ ʮʠʥʢʘ ʚ 

ʩʠʩʪʝʤʝ ʚʝʜʝʪ ʢ ʜʦʥʦʨʥʦ-ʘʢʮʝʧʪʦʨʥʦʤʫ ʤʝʭʘʥʠʟʤʫ ʣʶʤʠʥʝʩʮʝʥʮʠʠ (VO-VZn) ʠ 

ʧʦʷʚʣʝʥʠʶ ʞʝʣʪʦ-ʦʨʘʥʞʝʚʳʭ ʠ ʢʨʘʩʥʳʭ ʧʦʣʦʩ ʥʘ ʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʩʧʝʢʪʨʘʭ. 

ɸʚʪʦʨʘʤʠ [47] ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ʦʙʦʛʘʱʝʥʥʦʛʦ 

ʚʘʢʘʥʩʠʷʤʠ ʮʠʥʢʘ ʦʢʩʠʜʘ ʮʠʥʢʘ ʚ ʨʘʩʪʚʦʨʝ ʘʤʤʦʥʠʷ ʧʨʠ pH>8, ʢʦʪʦʨʳʡ 

ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʦʙʨʘʟʦʚʘʥʠʝ Zn(OH)2 c ʛʠʜʨʦʢʩʦʢʦʤʧʣʝʢʩʘʤʠ ʮʠʥʢʘ, 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʚʦʜʳ ʠ 

ʛʠʜʨʦʢʩʠʣʦʚ ʚ ʩʪʨʫʢʪʫʨʝ ʠ ʠʭ ʧʦʩʣʝʜʫʶʱʝʝ ʨʘʟʣʦʞʝʥʠʝ. ɼʣʷ ʧʦʣʫʯʝʥʥʦʛʦ 

ZnO ʥʘʙʣʶʜʘʣʘʩʴ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʷ ʩ ʤʘʢʩʠʤʫʤʦʤ ʧʨʠ 650 ʥʤ. ɺ ʨʘʙʦʪʝ 

[180] ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʰʠʨʦʢʦʛʦ ʧʠʢʘ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ 
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ʧʨʠ 717 ʥʤ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʠʩʯʝʟʥʦʚʝʥʠʝʤ ʧʠʢʘ ʚ ʟʝʣʝʥʦʡ ʦʙʣʘʩʪʠ ʙʳʣʦ 

ʩʚʷʟʘʥʦ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ VZn ʚ ʩʪʨʫʢʪʫʨʝ ZnO  (ʵʬʬʝʢʪ ʗʥʘ-ʊʝʣʣʝʨʘ). 

ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʛʨʫʧʧ OH
-
, ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʩʠʜʘ ʮʠʥʢʘ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʈʌʕʉ (ʨʠʩʫʥʦʢ 4.16 ʜ,ʝ), ʢʦʪʦʨʳʝ ʧʨʘʢʪʠʯʝʩʢʠ ʠʜʝʥʪʠʯʥʳ ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ. 

ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʡ ʩʧʝʢʪʨ Zn 2p (ʨʠʩʫʥʦʢ 4.16a)  

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʣʠʯʠʝʤ ʜʚʫʭ ʣʠʥʠʡ ï Zn 2p3/2 1021,7 ʠ Zn 2p1/2 1044, 8 ɻ ɺ, 

ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʦʷʥʠʶ  ʠʦʥʘ Zn
2+

 [181]. ʈʘʟʣʦʞʝʥʠʝ ʩʧʝʢʪʨʘ 

O 1s ʧʦʢʘʟʘʣʦ ʥʘʣʠʯʠʝ ʜʚʫʭ ʤʘʢʩʠʤʫʤʦʚ, ʦʜʠʥ ʠʟ ʢʦʪʦʨʳʭ ʦʪʚʝʯʘʝʪ ʟʘ 

ʨʝʰʝʪʦʯʥʳʡ ʢʠʩʣʦʨʦʜʥʳʡ ʘʥʠʦʥ O
2-
 (530.2 ɻ ɺ) [182, 183]. ʇʠʢ ʧʨʠ 531,9 ɻ ɺ 

ʦʙʳʯʥʦ ʩʚʷʟʳʚʘʶʪ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʠʣʠ  ʠʦʥʦʚ O
2-
, 

ʩʚʷʟʘʥʥʳʭ ʩ ʪʦʯʝʯʥʳʤʠ ʜʝʬʝʢʪʘʤʠ ʚ ʩʪʨʫʢʪʫʨʝ  ZnO [184, 185]. ʀʥʪʝʥʩʠʚʥʳʡ 

ʧʠʢ ʧʨʠ 531,9 ʵɺ ʯʘʩʪʦ ʩʚʷʟʳʚʘʶʪ ʩ ʥʘʣʠʯʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʝʬʝʢʪʦʚ, ʪʘʢ 

ʢʘʢ ʬʠʟʠʯʝʩʢʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʝ ʛʠʜʨʦʢʩʠʣʴʥʳʝ ʛʨʫʧʧʳ ʠ ʢʠʩʣʦʨʦʜ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ZnO ʤʦʛʫʪ ʙʳʪʴ ʣʝʛʢʦ ʫʜʘʣʝʥʳ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʩʳʩʦʢʦʛʦ 

ʚʘʢʫʫʤʘ ʈʌʕʉ ʩʠʩʪʝʤʳ [186]. ʉʦʜʝʨʞʘʥʠʝ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ ʚ ʦʙʨʘʟʮʝ 

ZnO-LiCl  ʩʦʩʪʘʚʠʣʦ 56,0%. ɺ ʨʘʙʦʪʝ [187], ʧʦʭʦʞʝʝ ʩʦʜʝʨʞʘʥʠʝ OH ʛʨʫʧʧ 

ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʜʣʷ ʥʘʥʦʧʨʦʚʦʣʦʢ ZnO, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʫʪʝʤ ʚʦʜʦʨʦʜʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʥʘʥʦʧʣʝʥʦʢ ZnO.   

ʆʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʦʚ ZnO ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʦʤ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ (ʉɼʆ). ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʧʝʢʪʨʳ 

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.16 ʙ. ɿʥʘʯʝʥʠʷ Eg, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʬʦʨʤʫʣʳ ʂʫʙʝʣʢʠ-ʄʫʥʢʘ, ʩʦʩʪʘʚʠʣʠ 3.35, 3.33, 3.32 ʠ 3.29 ʵɺ ʜʣʷ ZnO, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ NaCl, KCl, LiCl  ʠ Na2SO4, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʨʠʩʫʥʦʢ 4.16 

ʛ). ʕʪʠ ʟʥʘʯʝʥʠʷ ʥʝʤʥʦʛʦ ʥʠʞʝ ʟʥʘʯʝʥʠʷ Eg ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʤʘʪʝʨʠʘʣʘ (3,37 

ʵɺ) ʠ ʨʘʟʣʠʯʘʶʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʵʣʝʢʪʨʦʣʠʪʘ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ 

ʨʘʟʤʝʨʥʳʤ ʵʬʬʝʢʪʦʤ ʠ  ʠʟʤʝʥʝʥʠʷʤʠ ʚ ʧʘʨʘʤʝʪʨʘʭ ʨʝʰʝʪʢʠ ʠ ʪʠʧʘʭ 

ʜʝʬʝʢʪʦʚ [188].  
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ʈʠʩʫʥʦʢ 4.16 ï ʕʇʈ (ʘ), ʉɼʆ (ʙ), ʌʃ (ʚ) ʩʧʝʢʪʨʳ ʠ ʛʨʘʬʠʯʝʩʢʦʝ ʦʧʨʝʜʝʣʝʥʠʝ 

ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʦʢʩʠʜʦʚ ʮʠʥʢʘ (ʛ), ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʘʟʣʠʯʥʳʭ 

ʵʣʝʢʪʨʦʣʠʪʘʭ; ʈʌʕ ʩʧʝʢʪʨʳ Zn 2p (ʜ) ʠ O 1s (ʝ) ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ LiCl   
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4.3 ʌʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʢʩʠʜʘ ʮʠʥʢʘ 

ɺʣʠʷʥʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʢʩʠʜʦʚ ʮʠʥʢʘ, ʧʦʣʫʯʝʥʥʳʭ ʚ 

ʨʘʩʪʚʦʨʘʭ ʨʘʟʣʠʯʥʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ (NaCl, KCl, LiCl , Na2SO4) ʧʨʠ ʩʨʝʜʥʠʭ 

ʧʣʦʪʥʦʩʪʷʭ ʇʀʊ ja:jk 2,4:1,2 ɸ/ʩʤ
2
 ʥʘ ʠʭ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫ  ʁʘʢʪʠʚʥʦʩʪʴ 

ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚ ʨʝʘʢʮʠʠ ʜʝʛʨʘʜʘʮʠʠ ʘʥʪʠʙʠʦʪʠʢʘ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ (ʎʌ) 

ʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʢʨʘʩʠʪʝʣʝʡ (ʤʝʪʠʣʝʥʦʚʦʛʦ ʩʠʥʝʛʦ, ʨʦʜʘʤʠʥʘ ɹ ʠ ʤʝʪʠʣʦʚʦʛʦ 

ʦʨʘʥʞʝʚʦʛʦ) ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʋʌ ʩʚʝʪʘ (ɚmax=365 ʥʤ). 

ʂʨʠʚʳʝ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʎʌ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʋʌ ʠʟʣʫʯʝʥʠʷ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ZnO ʧʦʢʘʟʘʥʳ  ʥʘ ʨʠʩʫʥʢʝ 4.17ʘ. Tʘʤ ʞʝ ʜʣʷ 

ʩʨʘʚʥʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʢʨʠʚʳʝ ʬʦʪʦʣʠʟʘ (ʪʦʣʴʢʦ ʦʙʣʫʯʝʥʠʝ ʩʚʝʪʦʤ ʙʝʟ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ) ʠ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʠʩʭʦʜʥʦʛʦ ʎʌ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʦʢʩʠʜʘ ʮʠʥʢʘ.  ɺʠʜʥʦ, ʯʪʦ ʥʘʠʣʫʯʰʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦʢʘʟʘʣ 

ʦʙʨʘʟʝʮ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʚ 2M LiCl  (93,6 % ʧʦʩʣʝ 30 ʤʠʥʫʪ ʦʙʣʫʯʝʥʠʷ). ɼʣʷ 

ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʧʦ ʫʨʘʚʥʝʥʠʶ ʃʥɻʛʤʶʨʘ-ʍʠʥʰʝʣʴʚʫʜʘ (ʨʠʩʫʥʦʢ 4.17ʙ) ʙʳʣʠ 

ʨʘʩʩʯʠʪʘʥʳ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʧʩʝʚʜʦ-ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʠ ʧʨʠʚʝʜʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 4.4.   

ɿʘʛʨʫʟʢʘ ʢʘʪʘʣʠʟʘʪʦʨʘ ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʛʝʪʝʨʦʛʝʥʥʦʡ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʡ ʟʘʛʨʫʟʢʠ,  

ʚʘʨʴʠʨʦʚʘʣʠ ʤʘʩʩʦʚʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʩʫʩʧʝʥʟʠʠ ʦʪ 0,25 

ʛ/ʣ ʜʦ 0,75 ʛ/ʣ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʥʝʤʥʦʛʦ ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʤʘʩʩʦʚʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ZnO ʦʪ 0,25 ʛ/ʣ ʜʦ 0,5 ʛ/ʣ (ʨʠʩʫʥʦʢ 

4.17ʚ). ʆʜʥʘʢʦ, ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʝʝ ʫʚʝʣʠʯʝʥʠʠ ʜʘʣʴʥʝʡʰʝʛʦ ʨʦʩʪʘ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʝ ʧʨʦʠʩʭʦʜʠʣʦ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ 

ʩʚʷʟʘʥʦ ʩ ʙʦʣʴʰʝʡ ʘʛʨʝʛʘʮʠʝʡ ʯʘʩʪʠʮ ʠ ʫʤʝʥʴʰʝʥʠʝʤ ʦʙʱʝʡ ʧʣʦʱʘʜʠ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʂ ʪʦʤʫ ʞʝ, ʚ ʩʚʷʟʠ ʩ ʧʦʚʳʰʝʥʠʝʤ ʤʫʪʥʦʩʪʠ ʩʫʩʧʝʥʟʠʠ 

ʟʘʪʨʫʜʥʷʝʪʩʷ ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʩʚʝʪʘ ʯʝʨʝʟ ʨʘʩʪʚʦʨ ʚ ʨʝʟʫʣʴʪʘʪʝ ʝʛʦ ʨʘʩʩʝʷʥʠʷ 

[189].  

ʀʟʚʝʩʪʥʦ, ʯʪʦ pH ʤʦʞʝʪ ʤʝʥʷʪʴ ʟʘʨʷʜ ʧʦʚʝʨʭʥʦʩʪʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʠ 

ʦʙʱʠʡ ʟʘʨʷʜ ʤʦʣʝʢʫʣ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ, ʧʦʵʪʦʤʫ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ 



102 
 

ʚʣʠʷʥʠʝ pH ʠʩʭʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʎʌ (3,5; 6,5 ʠ 10,0) ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ (ʨʠʩʫʥʦʢ 4.17ʛ). 

ʊʘʙʣʠʮʘ 4.4 ï  ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ ʧʩʝʚʜʦ-ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʨʝʘʢʮʠʠ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʎʌ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʢʦʨʨʝʣʷʮʠʠ ʠ ʩʪʝʧʝʥʴ 

ʤʠʥʝʨʘʣʠʟʘʮʠʠ ʎʌ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ZnO, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʨʘʟʥʳʭ ʵʣʝʢʪʨʦʣʠʪʘʭ  

ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʝʡ ʇʀʊ ja:jk 2,4:1,2 ɸ/ʩʤ
2
  

ʆʙʨʘʟʝʮ 
ʎʌ 

k, 10
-3
, ʤʠʥ

-1
 R

2
 ʉʪʝʧʝʥʴ ʤʠʥʝʨʘʣʠʟʘʮʠʠ, % 

ZnO-NaCl 46.5 0.995 30,0 

ZnO-KCl 70.5 0.989 40,0 

ZnO-LiCl  88.4 0.988 51,0 

ZnO-Na2SO4 28.6 0.995 21,7 

ʂʦʤʤʝʨʯʝʩʢʠʡ 

ZnO 
60.8 0.999 34,3 

 

ʂʦʥʩʪʘʥʪʳ ʜʠʩʩʦʮʠʘʮʠʠ ʜʣʷ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ pKa1=5,90Ñ0,15 ʠ 

pKa1=8,89Ñ0,11, ʧʦʵʪʦʤʫ  ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ pH ʤʦʣʝʢʫʣʳ ʎʌ ʤʦʛʫʪ 

ʩʫʱʝʩʪʚʦʚʘʪʴ ʚ ʬʦʨʤʝ ʢʘʪʠʦʥʘ, ʘʥʠʦʥʘ ʠ ʮʚʠʪʪʝʨ-ʠʦʥʘ. ʇʨʠʥʠʤʘʶʪ, ʯʪʦ ʧʨʠ 

ʟʥʘʯʝʥʠʷʭ pH ʥʠʞʝ 5,9 ʤʦʣʝʢʫʣʳ ʎʌ  ʚ ʨʘʩʪʚʦʨʝ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, 

ʟʘʨʷʞʝʥʳ ʧʦʣʦʞʠʪʝʣʴʥʦ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʝ ʤʦʣʝʢʫʣʳ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʨʘʩʪʚʦʨʝ ʧʨʠ pH ʚʳʰʝ 8,9. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʱʝʣʦʯʥʦʡ ʩʨʝʜʝ 

ʚʦʟʤʦʞʥʦ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʭ 

ʯʘʩʪʠʮ ʦʢʩʠʜʘ ʮʠʥʢʘ  ʠ ʎʌ. ʈʘʥʝʝ ʚ ʨʘʙʦʪʝ [189] ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, 

ʯʪʦ ʧʨʦʚʝʜʝʥʠʝ ʧʨʦʮʝʩʩʘ ʚ ʥʝʡʪʨʘʣʴʥʦʡ ʩʨʝʜʝ ʫʩʢʦʨʷʝʪ ʘʜʩʦʨʙʮʠʶ ʤʦʣʝʢʫʣ 

ʎʌ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʫʣʫʯʰʘʝʪ ʬʦʪʦʜʝʛʨʘʜʘʮʠʶ.  

ʆʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʤʠʥʝʨʘʣʠʟʘʮʠʠ, ʪʦ ʝʩʪʴ ʧʦʣʥʦʡ 

ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʚ CO2, ʚʦʜʫ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ 

ʠʦʥʳ, ʷʚʣʷʝʪʩʷ ʟʥʘʯʠʤʳʤ ʵʪʘʧʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʤʘʪʝʨʠʘʣʦʚ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʤʠʥʝʨʘʣʠʟʘʮʠʠ ʎʌ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ZnO  ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʧʫʪʝʤ ʠʟʤʝʨʝʥʠʷ ʦʙʱʝʛʦ 

ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʫʛʣʝʨʦʜʘ ʜʦ ʠ ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ. 

ʅʘʠʙʦʣʴʰʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʥʘʙʣʶʜʘʣʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ZnO-LiCl, ʢʦʪʦʨʘʷ 

ʩʦʩʪʘʚʠʣʘ 51% ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ (ʪʘʙʣʠʮʘ 4.4). ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʩʣʦʚʠʷ: 
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ʟʘʛʨʫʟʢʘ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 0.5 ʛ ʣ-1, pH=6.5, C0=5 ʤʛ ʣ
-1
, ʪʝʤʧʝʨʘʪʫʨʘ 20ÁC, 

ʚʨʝʤʷ 60 ʤʠʥ. 

 

ʈʠʩʫʥʦʢ 4.17 ï ʂʨʠʚʳʝ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʎʌ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʋʌ ʩʚʝʪʦʤ 

(ɚmax=365 ʥʤ, 2,0 ʤɺʪ/ʩʤ
2
) ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʠ ʙʝʟ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ (ʘ) ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ (ʙ); ʚʣʠʷʥʠʝ ʟʘʛʨʫʟʢʠ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ (ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʩʣʦʚʠʷ: pH=6.5, C0=5 ʤʛ ʣ
-1
, 20ÁC) 

(ʚ) ʠ ʟʥʘʯʝʥʠʷ pH ʠʩʭʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʎʌ 

(ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʩʣʦʚʠʷ: ʟʘʛʨʫʟʢʘ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 0,5ʛ ʣ
-1
, C0=5 ʤʛ ʣ

-1
, 

20ÁC) (ʛ) 

ʌʦʪʦʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʩʚʷʟʘʥʳ ʩ ʠʭ ʩʧʦʩʦʙʥʦʩʪʴʶ ʢ ʛʝʥʝʨʘʮʠʠ ʠ ʧʝʨʝʥʦʩʫ ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʭ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ: ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʬʦʪʦʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ZnO, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʘʟʣʠʯʥʳʭ 

ʵʣʝʢʪʨʦʣʠʪʘʭ, ʜʣʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʟʥʘʯʝʥʠʷ ʬʦʪʦʪʦʢʘ. ʅʘ 
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ʨʠʩʫʥʢʝ 4.18ʘ ʧʦʢʘʟʘʥʳ ʣʠʥʝʡʥʳʝ ʚʦʣʴʪʘʤʧʝʨʦʛʨʘʤʤʳ ʬʦʪʦʘʥʦʜʦʚ ʥʘ ʦʩʥʦʚʝ 

ZnO ʚ ʪʝʤʥʦʪʝ ʠ ʧʨʠ ʦʩʚʝʱʝʥʠʠ. ɺ ʠʥʪʝʨʚʘʣʝ ʧʦʪʝʥʮʠʘʣʦʚ ʦʪ -1,5 ʜʦ +1,0 ɺ ʚ 

ʪʝʤʥʦʪʝ ʟʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʬʦʪʦʪʦʢʘ ʜʦʩʪʠʛʘʝʪ 10
-3
 ʤɸ/ʩʤ

2
. ʇʨʠ ʦʩʚʝʱʝʥʠʠ 

ʧʣʦʪʥʦʩʪʴ ʬʦʪʦʪʦʢʘ ʜʣʷ ʦʙʨʘʟʮʘ ZnO-LiCl  ʜʦʩʪʠʛʘʝʪ 2,3 ʤɸ/ʩʤ
2
 ʧʨʠ 0 ɺ (vs. 

Ag/AgCl). ʇʨʠ ʵʪʦʤ ʝʛʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʨʷʜʫ ZnO-LiCl , ZnO-

KCl, ZnO-NaCl, ZnO-Na2SO4, ʯʪʦ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʦʤ ʨʘʟʜʝʣʝʥʠʠ ʠ ʧʝʨʝʥʦʩʝ ʟʘʨʷʜʘ ʜʣʷ ZnO-LiCl  ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʜʨʫʛʠʤʠ ʦʙʨʘʟʮʘʤʠ. ʂ ʚʦʟʤʦʞʥʦʡ ʧʨʠʯʠʥʝ ʨʘʟʥʦʛʦ ʬʦʪʦʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ 

ʧʦʚʝʜʝʥʠʷ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʨʘʟʣʠʯʥʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ ʜʝʬʝʢʪʦʚ ʩʪʨʫʢʪʫʨʳ, 

ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪ ɹʢʘʢ ʮʝʥʪʨʳ ʨʝʢʦʤʙʠʥʘʮʠʠ ʵʣʝʢʪʨʦʥ-ʜʳʨʦʯʥʳʭ ʧʘʨ 

[190, 191]. ʊʨʘʥʟʠʝʥʪʳ ʬʦʪʦʪʦʢʘ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʧʦʪʝʥʮʠʘʣʝ 0 ɺ ʥʘ 

ʬʦʪʦʘʥʦʜʘʭ ʥʘ ʦʩʥʦʚʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʚ ʨʝʞʠʤʝ ʦʩʚʝʱʝʥʠʝ 

ʚʢʣ/ʚʳʢʣ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.18ʙ. ʄʘʢʩʠʤʘʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʬʦʪʦʢʦʥʚʝʨʩʠʠ (ɖ) ʥʘʙʣʶʜʘʣʠ ʜʣʷ ʦʙʨʘʟʮʘ ZnO-LiCl, ʢʦʪʦʨʘʷ ʜʦʩʪʠʛʣʘ 0,16 % 

ʧʨʠ ʧʦʪʝʥʮʠʘʣʝ ï0.19 ɺ vs. Ag/AgCl (ʨʠʩʫʥʦʢ 4.18ʚ). ʉʪʘʙʠʣʴʥʦʩʪʴ 

ʬʦʪʦʘʥʦʜʘ ZnO-LiCl  ʙʳʣʘ ʧʨʦʪʝʩʪʠʨʦʚʘʥʘ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʦʩʚʝʱʝʥʠʠ ʚ 

ʪʝʯʝʥʠʝ 1 ʯʘʩʘ  (ʨʠʩʫʥʦʢ 4.18ʛ). ɺʝʣʠʯʠʥʘ ʬʦʪʦʪʦʢʘ ʫʤʝʥʴʰʠʣʘʩʴ ʥʘ 0,36 

ʤɸ/ʩʤ
2
, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʬʦʪʦʢʦʨʨʦʟʠʝʡ ZnO ʚ ʨʘʩʪʚʦʨʝ 0,1M KOH.  

ɺʘʞʥʳʤ ʬʘʢʪʦʨʦʤ, ʚʣʠʷʶʱʠʤ ʥʘ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ, ʷʚʣʷʝʪʩʷ ʝʛʦ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʨʠ ʜʣʠʪʝʣʴʥʦʤ ʮʠʢʣʠʨʦʚʘʥʠʠ. 

ʆʙʨʘʟʝʮ ZnO-LiCl  ʧʦʢʘʟʘʣ ʦʪʣʠʯʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʚ ʪʝʯʝʥʠʝ 3 ʮʠʢʣʦʚ 

ʨʘʙʦʪʳ (ʨʠʩʫʥʦʢ 4.19ʘ). ʅʝʙʦʣʴʰʘʷ ʧʦʪʝʨʷ ʘʢʪʠʚʥʦʩʪʠ (~2%) ʤʦʞʝʪ ʙʳʪʴ 

ʩʚʷʟʘʥʘ ʩ ʧʦʪʝʨʝʡ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʧʨʠ ʪʝʩʪʠʨʦʚʘʥʠʠ ʩʪʘʙʠʣʴʥʦʩʪʠ.  

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʎʌ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ 

ʨʦʣʴ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʯʘʩʪʠʮ ʚ ʧʨʦʮʝʩʩʝ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ. 

ɼʣʷ ʵʪʦʛʦ ʚ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʩʠʩʪʝʤʫ ʙʳʣʠ ʜʦʙʘʚʣʝʥʳ ʘʛʝʥʪʳ 

çʩʢʘʚʝʥʜʞʝʨʳè, ʦʙʣʘʜʘʶʱʠʝ ʩʧʦʩʦʙʥʦʩʪʴʶ ʚʳʚʦʜʠʪʴ ʠʟ ʨʝʘʢʮʠʠ 

ʦʧʨʝʜʝʣʝʥʥʳʝ ʪʠʧʳ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʯʘʩʪʠʮ (ʨʠʩʫʥʦʢ 4.19ʙ). 
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ʈʠʩʫʥʦʢ 4.18 ï ʌʦʪʦʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 

ZnO. ʃʠʥʝʡʥʳʝ ʚʦʣʴʪʘʤʧʝʨʦʛʨʘʤʤʳ ʧʨʠ ʩʢʦʨʦʩʪʠ ʨʘʟʚʝʨʪʢʠ 10 ʤɺ/ʩ ʚ 

ʠʥʪʝʨʚʘʣʝ ʧʦʪʝʥʮʠʘʣʦʚ  ʦʪ ī1.5 ʜʦ  1 ɺ (vs. Ag/AgCl) (ʘ); ʪʨʘʥʟʠʝʥʪʳ 

ʬʦʪʦʪʦʢʘ ʧʨʠ ʧʦʪʝʥʮʠʘʣʝ 0 ɺ (ʙ); ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʪʦʢʦʥʚʝʨʩʠʠ ʢʘʢ 

ʬʫʥʢʮʠʠ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʬʦʪʦʘʥʦʜʦʚ ʥʘ ʦʩʥʦʚʝ 

ZnO-LiCl , ZnO-KCl, ZnO-NaCl and ZnO-Na2SO4; ʩʪʘʙʠʣʴʥʦʩʪʴ ʬʦʪʦʘʥʦʜʘ ʥʘ 

ʦʩʥʦʚʝ ZnO-LiCl  ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʩʚʝʪʦʤ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ 1000 ʤɺʪ/ʩʤ
2 

ʊʘʢ, ʵʪʠʣʝʥʜʠʘʤʠʥʪʝʪʨʘʫʢʩʫʩʥʘʷ ʢʠʩʣʦʪʘ (ʕɼʊɸ), ʠʟʦʧʨʦʧʘʥʦʣ (ʀʇʉ), 

4-ʛʠʜʨʦʢʩʠ-2,2,6,6-ʪʝʪʨʘʤʝʪʠʣʧʠʧʝʨʠʜʠʥ-1-ʦʢʩʠʣ (TEMPOL) ʠ ʥʠʪʨʘʪ 

ʩʝʨʝʙʨʘ (AgNO3) ʙʳʣʠ ʜʦʙʘʚʣʝʥʳ  ʚ ʨʘʩʪʚʦʨ ʎʌ ʚ ʢʘʯʝʩʪʚʝ çʩʢʘʚʝʥʜʞʝʨʦʚè 

ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʚʘʢʘʥʩʠʡ (h
+
), ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ (OHĿ), 

ʩʫʧʝʨʦʢʩʠʜʥʳʭ ʨʘʜʠʢʘʣʦʚ Ͻὕ  ʠ ʵʣʝʢʪʨʦʥʦʚ (e
-
), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [192]. ɺ 

ʧʨʠʩʫʪʩʪʚʠʠ ʕɼʊɸ ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʎʌ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʩʥʦʚʥʦʡ ʨʦʣʠ  
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ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʚʘʢʘʥʩʠʡ h
+
 ʚ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ. ʂ ʪʦʤʫ 

ʞʝ, ʩʢʦʨʦʩʪʴ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʎʌ ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ AgNO3 ʚʦʟʨʘʩʪʘʝʪ, ʯʪʦ, 

ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤ ʨʘʟʜʝʣʝʥʠʝʤ  e
ī
/h

+
 ʧʘʨ ʠ ʙʦʣʴʰʝʡ 

ʜʦʩʪʫʧʥʦʩʪʴʶ h
+
 ʜʣʷ ʨʝʘʢʮʠʠ [22]. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʛʠʜʨʦʢʩʠʣʴʥʳʝ 

ʨʘʜʠʢʘʣʳ ʪʘʢʞʝ ʧʨʠʥʠʤʘʶʪ ʫʯʘʩʪʠʝ ʚ ʧʨʦʮʝʩʩʝ ʬʦʪʦʦʢʠʩʣʝʥʠʷ ʎʌ, ʯʪʦ 

ʤʦʞʝʪ ʛʦʚʦʨʠʪʴ ʦ ʧʫʪʠ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ ʚ ʢʦʤʧʣʝʢʩʝ ʯʝʨʝʟ ʦʙʨʘʟʦʚʘʥʠʝ  

h
+
/OHĀ.  

 

ʈʠʩʫʥʦʢ 4.19 ï ʉʪʘʙʠʣʴʥʦʩʪʴ ʦʙʨʘʟʮʘ ZnO-LiCl  ʚ ʪʝʯʝʥʠʝ 3 ʮʠʢʣʦʚ (ʘ) ʠ  

ʦʧʨʝʜʝʣʝʥʠʝ ʨʦʣʠ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʯʘʩʪʠʮ (ʙ) ʚ ʧʨʦʮʝʩʩʝ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʎʌ  

ɺ ʣʠʪʝʨʘʪʫʨʝ ʠʤʝʶʪʩʷ ʜʘʥʥʳʝ ʦ ʤʝʭʘʥʠʟʤʝ ʦʢʠʩʣʝʥʠʷ ʤʦʣʝʢʫʣ ʎʌ 

ʯʝʨʝʟ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʘʧʨʷʤʫʶ ʩ h
+
. h

+
- ʠʥʠʮʠʠʨʦʚʘʥʥʦʝ ʦʢʠʩʣʝʥʠʝ ʎʌ 

ʤʦʞʝʪ ʧʨʠʚʦʜʠʪ ɹʢ ʨʘʟʨʫʰʝʥʠʶ ʧʠʧʝʨʘʟʠʥʦʚʦʡ ʯʘʩʪʠ ʤʦʣʝʢʫʣʳ [21], ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʭʠʥʦʣʦʥʦʚʦʝ ʢʦʣʴʮʦ ʦʩʪʘʝʪʩʷ ʥʝʪʨʦʥʫʪʳʤ. ɺ ʨʘʙʦʪʝ [193] ʙʳʣʠ 

ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʧʨʦʜʫʢʪʳ ʜʝʛʨʘʜʘʮʠʠ ʎʌ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʨʘʟʨʳʚʘ ʮʠʢʣʦʧʨʦʧʠʣʦʚʦʛʦ ʠ ʧʠʧʝʨʘʟʠʥʦʚʦʛʦ ʢʦʣʴʮʘ, ʘ ʪʘʢʞʝ ʢʘʨʙʦʢʩʠʣʴʥʦʡ 

ʩʚʷʟʠ. 

ʌʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʦʢʩʠʜʘ ʮʠʥʢʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʭʣʦʨʠʜʝ 

ʣʠʪʠʷ, ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ  ʚ ʨʝʘʢʮʠʠ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʢʨʘʩʠʪʝʣʝʡ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ, ʪʘʢ ʢʘʢ ʦʙʨʘʟʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥ-ʜʳʨʦʯʥʳʭ ʧʘʨ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʵʥʝʨʛʠʠ ʩʚʝʪʘ. ʅʘ ʨʠʩʫʥʢʝ 4.20ʘ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʢʨʠʚʳʝ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʄʉ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ZnO-LiCl  ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 
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ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʋʌ ʩʚʝʪʘ. ʅʘ ʨʠʩʫʥʢʝ 4.20ʙ, ʚʳʨʘʞʘʶʱʝʤ ʟʘʚʠʩʠʤʦʩʪʴ 

ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʪʘ, ʚʠʜʥʦ, ʯʪʦ ʧʨʠ 

ʥʘʯʘʣʴʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʣʠʥʝʡʥʦ ʨʘʩʪʝʪ. 

ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʚʦʟʨʘʩʪʘʥʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʠʣʳ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʙʦʣʝʝ 

ʚʳʩʦʢʫʶ ʵʥʝʨʛʠʶ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥ-ʜʳʨʦʯʥʳʭ ʧʘʨ ʚ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ. ʉʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʟʘʚʠʩʠʪ ʦʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ. 

ʇʨʠ ʥʠʟʢʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ ʜʦ 10,0 ʤɺʪ/ʩʤ
2
 ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ ʣʠʥʝʡʥʦ 

ʨʘʩʪʝʪ ʩ ʨʦʩʪʦʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʵʣʝʢʪʨʦʥ-

ʜʳʨʦʯʥʳʝ ʧʘʨʳ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ ʫʯʘʩʪʚʫʶʪ ʚ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʷʭ, ʯʝʤ ʚ 

ʧʨʦʮʝʩʩʘʭ ʨʝʢʦʤʙʠʥʘʮʠʠ [194]. ʇʨʠ ʩʨʝʜʥʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʷʭ (ʚʳʰʝ 15,0 

ʤɺʪ/ʩʤ
2
) ʩʢʦʨʦʩʪʴ ʨʘʩʪʝʪ ʣʠʥʝʡʥʦ ʠʣʠ ʢʘʢ ʢʚʘʜʨʘʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʘ  ʧʨʠ 

ʚʳʩʦʢʠʭ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʥʝʝ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʪʘ ʚʳʰʝ ʥʝʢʦʪʦʨʦʛʦ ʟʥʘʯʝʥʠʷ ʧʨʦʪʝʢʘʥʠʝ ʧʨʦʮʝʩʩʘ 

ʨʘʟʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʥ-ʜʳʨʦʯʥʳʭ ʧʘʨ ʢʦʥʢʫʨʠʨʫʝʪ ʩ ʧʨʦʮʝʩʩʦʤ ʠʭ 

ʨʝʢʦʤʙʠʥʘʮʠʠ [195]. ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ, ʩʢʦʨʦʩʪʴ ʜʝʛʨʘʜʘʮʠʠ ʣʠʥʝʡʥʦ ʨʘʩʪʝʪ, ʘ 

ʟʘʪʝʤ ʝʝ ʨʦʩʪ ʦʪʢʣʦʥʷʝʪʩʷ ʦʪ ʣʠʥʝʡʥʦʩʪʠ. ʇʦʭʦʞʠʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʘʚʪʦʨʘʤʠ, ʢʦʪʦʨʳʝ ʫʩʪʘʥʦʚʠʣʠ ʦʧʪʠʤʘʣʴʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ 

32,0 ʤɺʪ/ʩʤ
2
, ʧʦʩʣʝ ʢʦʪʦʨʦʡ ʩʢʦʨʦʩʪʴ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʝʪʩʷ [195]. 

ɼʨʫʛʠʤ ʬʘʢʪʦʨʦʤ, ʚʣʠʷʶʱʠʤ ʥʘ ʩʢʦʨʦʩʪʴ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ, ʷʚʣʷʝʪʩʷ ʥʘʯʘʣʴʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʦʨʛʘʥʠʯʝʩʢʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʥʘʯʘʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʄʉ 

ʩʢʦʨʦʩʪʴ ʫʤʝʥʴʰʘʝʪʩʷ (ʨʠʩʫʥʦʢ 4.20ʚ). ʆʪʨʠʮʘʪʝʣʴʥʳʡ ʵʬʬʝʢʪ ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʙʣʦʢʠʨʦʚʘʥʠʝʤ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʤʦʣʝʢʫʣʘʤʠ ʢʨʘʩʠʪʝʣʷ 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʦ ʟʘʢʦʥʫ ʃʘʤʙʝʨʪʘ-

ɹʝʨʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʥʘʯʘʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʨʘʩʠʪʝʣʷ, ʜʣʠʥʘ ʦʧʪʠʯʝʩʢʦʛʦ 

ʧʫʪʠ ʬʦʪʦʥʦʚ ʩʦʢʨʘʱʘʝʪʩʷ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʢʦʣʠʯʝʩʪʚʦ ʬʦʪʦʥʦʚ, 

ʜʦʩʪʠʛʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʪʘʢʞʝ ʩʥʠʞʘʝʪʩʷ [196].  
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ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʟʘʛʨʫʟʢʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʶ ʄʉ (ʨʠʩʫʥʦʢ 4.20ʛ) ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʟʘʛʨʫʟʢʠ ʩʢʦʨʦʩʪʴ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʨʘʩʪʝʪ, ʪʘʢ ʢʘʢ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʢʦʣʠʯʝʩʪʚʦ ʘʢʪʠʚʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʮʝʥʪʨʦʚ. ʆʜʥʘʢʦ ʟʘʪʝʤ ʩʢʦʨʦʩʪʴ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʩʪʨʝʤʠʪʩʷ ʢ ʨʘʚʥʦʚʝʩʥʦʤʫ ʟʥʘʯʝʥʠʶ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ 

ʫʚʝʣʠʯʝʥʠʠ ʟʘʛʨʫʟʢʠ.  

ɹʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ pH ʨʘʩʪʚʦʨʘ ʤʝʪʠʣʝʥʦʚʦʛʦ ʩʠʥʝʛʦ ʥʘ 

ʩʢʦʨʦʩʪʴ ʝʛʦ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ. ʇʨʠ pH=10 (ʚ ʱʝʣʦʯʥʦʡ ʩʨʝʜʝ) ʘʜʩʦʨʙʮʠʦʥʥʘʷ 

ʝʤʢʦʩʪʴ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʤʦʣʝʢʫʣʘʤ ʄʉ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʧʨʠʤʝʨʥʦ ʚ 3 ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʠʩʣʦʡ ʠ ʥʝʡʪʨʘʣʴʥʦʡ ʩʨʝʜʦʡ (ʨʠʩʫʥʦʢ 

4.20ʜ). ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʧʨʠʨʦʜʦʡ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ 

ʤʦʣʝʢʫʣʘʤʠ ʢʨʘʩʠʪʝʣʷ ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ ʥʘʥʦʯʘʩʪʠʮ. ʂʦʛʜʘ ὴὌ ὴὌ̓̎,̈ 

ʧʦʚʝʨʭʥʦʩʪʴ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʟʘʨʷʞʝʥʘ ʧʦʣʦʞʠʪʝʣʴʥʦ ʙʣʘʛʦʜʘʨʷ 

ʧʨʦʪʦʥʠʨʦʚʘʥʠʶ, ʯʪʦ ʙʣʘʛʦʧʨʠʷʪʩʪʚʫʝʪ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʤʫ ʦʪʪʘʣʢʠʚʘʥʠʶ 

ʤʝʞʜʫ ʧʦʚʝʨʭʥʦʩʪʴʶ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʧʦʣʦʞʠʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʤʠ 

ʤʦʣʝʢʫʣʘʤʠ ʄʉ, ʯʪʦ ʤʠʥʠʤʠʟʠʨʫʝʪ ʠʭ ʘʜʩʦʨʙʮʠʶ.  

ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ὴὌ ὴὌ  (pH=10), ʚʦʟʥʠʢʘʝʪ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ 

ʧʨʠʪʷʞʝʥʠʝ, ʢʦʪʦʨʦʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʘʜʩʦʨʙʮʠʠ ʢʘʪʠʦʥʥʦʛʦ ʄʉ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʩʠʜʘ [197]. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ pH ʩʫʩʧʝʥʟʠʠ 3,0 ʧʦʩʣʝ 

ʜʦʙʘʚʣʝʥʠʷ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ pH ʧʦʚʳʰʘʝʪʩʷ. ɺʝʨʦʷʪʥʦ, ʧʨʦʪʦʥʳ ʚʦʜʦʨʦʜʘ 

ʘʜʩʦʨʙʠʨʫʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʯʘʩʪʠʯʥʦ ʙʣʦʢʠʨʫʶʪ ʝʝ, ʯʪʦ 

ʩʥʠʞʘʝʪ ʬʦʪʦʘʢʪʠʚʥʦʩʪʴ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ pH ʩʢʦʨʦʩʪʴ 

ʨʝʘʢʮʠʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ (ʨʠʩʫʥʦʢ 4.20ʝ). ʋʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ, ʪʘʢʞʝ 

ʩʚʷʟʘʥʦ ʩ ʤʝʭʘʥʠʟʤʦʤ ʝʝ ʧʨʦʪʝʢʘʥʠʷ. 

ɺ ʩʣʫʯʘʝ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʤʝʪʠʣʝʥʦʚʦʛʦ ʩʠʥʝʛʦ ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʝ 

ʚʘʢʘʥʩʠʠ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʨʝʘʢʪʠʚʥʳʭ ʯʘʩʪʠʮ ʥʘʯʘʣʴʥʦʡ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ, ʪʘʢ ʢʘʢ ʩʫʙʩʪʨʘʪ ʠʤʝʝʪ ʢʘʪʠʦʥʥʫʶ ʠ 

ʥʝʵʣʝʢʪʨʦʥʥʦʜʦʥʦʨʥʫʶ ʧʨʠʨʦʜʫ. 
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ʈʠʩʫʥʦʢ 4.20 ï ɺʣʠʷʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʪʘ ʥʘ ʬʦʪʦʜʝʛʨʘʜʘʮʠʶ ʄʉ (ʘ) ʠ 

ʚʝʣʠʯʠʥʫ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ (ʙ); ʚʣʠʷʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʄʉ (ʚ) ʠ ʟʘʛʨʫʟʢʠ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ (ʛ) ʥʘ ʬʦʪʦʜʝʛʨʘʜʘʮʠʶ ʄʉ; ʚʣʠʷʥʠʝ pH ʨʘʩʪʚʦʨʘ ʄʉ ʥʘ 

ʝʛʦ ʬʦʪʦʜʝʛʨʘʜʘʮʠʶ ʠ ʘʜʩʦʨʙʮʠʦʥʥʫʶ ʝʤʢʦʩʪʴ ZnO (30 ʤʠʥʫʪ ʪʝʤʥʦʚʦʡ 

ʘʜʩʦʨʙʮʠʠ) ʚ ʧʨʠʩʫʪʩʪʚʠʠ ZnO-LiCl  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʩʣʦʚʠʷ: (ʘ,ʙ) ʟʘʛʨʫʟʢʘ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 0,5 ʛ/ʣ; pH 7,0; 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʄʉ 2 ʤʛ/ʣ; (ʚ) ʟʘʛʨʫʟʢʘ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 0,5 ʛ/ʣ; 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ 15,0 ʤɺʪ/ʩʤ
2
; pH 7,0; (ʛ) ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ 15,0 

ʤɺʪ/ʩʤ
2
; pH 7,0; ʢʦʥʮʝʥʪʨʘʮʠʷ ʄʉ 2 ʤʛ/ʣ; (ʜ,ʝ) ʟʘʛʨʫʟʢʘ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ 0,5 

ʛ/ʣ; ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʪʘ 15,0 ʤɺʪ/ʩʤ
2
; ʢʦʥʮʝʥʪʨʘʮʠʷ ʄʉ 2 ʤʛ/ʣ
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ʅʘʧʨʦʪʠʚ, ʛʠʜʨʦʢʩʠʣʴʥʳʝ ʨʘʜʠʢʘʣʳ OHĿ ʤʦʛʫʪ ʘʪʘʢʦʚʘʪʴ 

ʬʫʥʢʮʠʦʥʘʣʴʥʫʶ ʛʨʫʧʧʫ ὅ Ὓ ὅ ʚ ʤʦʣʝʢʫʣʝ ʄʉ. ʇʦʵʪʦʤʫ ʥʘʯʘʣʴʥʘʷ 

ʩʪʘʜʠʷ ʬʦʪʦʨʘʟʣʦʞʝʥʠʷ ʄʉ ʤʦʞʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʨʘʟʨʳʚ ʩʚʷʟʝʡ ʚ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʛʨʫʧʧʝ ὅ Ὓ ὅ  ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʫʣʴʬʦʢʩʠʜʘ ʠ 

ʧʦʩʣʝʜʫʶʱʠʤ ʨʘʩʢʨʳʪʠʝʤ ʮʝʥʪʨʘʣʴʥʦʛʦ ʘʨʦʤʘʪʠʯʝʩʢʦʛʦ ʛʝʪʝʨʦʮʠʢʣʘ [198]: 

Ὑ Ὓ Ὑ ὕὌϽO Ὑ Ὓ ὕ Ὑ Ὄ  

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʱʝʣʦʯʥʦʩʪʠ ʩʨʝʜʳ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ ʠ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. 

ʇʦ ʜʘʥʥʳʤ [199] ʩʨʝʜʠ 5 ʪʠʧʦʚ ʢʨʘʩʠʪʝʣʝʡ (ʤʝʪʠʣʝʥʦʚʳʡ ʩʠʥʠʡ, ʦʨʘʥʞʝʚʳʡ 

ɾ, ʘʣʠʟʘʨʠʥ ʉ, ʤʝʪʠʣʦʚʳʡ ʢʨʘʩʥʳʡ ʠ ʢʦʥʛʦ ʢʨʘʩʥʳʡ) ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ pH 

ʘʜʩʦʨʙʮʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘ ʚʦʟʨʘʩʪʘʣʘ ʜʣʷ ʤʝʪʠʣʝʥʦʚʦʛʦ 

ʩʠʥʝʛʦ (ʢʘʪʠʦʥʥʘʷ ʧʨʠʨʦʜʘ) ʠ ʢʨʘʩʠʪʝʣʝʡ, ʠʤʝʶʱʠʭ ʚ ʩʚʦʝʤ ʩʦʩʪʘʚʝ 

ʥʝʩʢʦʣʴʢʦ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ. ʆʜʥʘʢʦ, ʘʜʩʦʨʙʮʠʷ ʘʥʠʦʥʥʦʛʦ ʢʨʘʩʠʪʝʣʷ 

ʦʨʘʥʞʝʚʦʛʦ ɾ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ pH ʫʤʝʥʴʰʘʣʘʩʴ (ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ 

ʦʪʪʘʣʢʠʚʘʥʠʝ). 

ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʦ ʧʨʠʨʦʜʝ ʘʢʪʠʚʥʳʭ ʯʘʩʪʠʮ, 

ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʧʨʦʮʝʩʩʝ ʜʝʛʨʘʜʘʮʠʠ ʄʉ, ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʩʢʘʚʝʥʜʞʝʨ-

ʵʢʩʧʝʨʠʤʝʥʪʳ (ʨʠʩʫʥʦʢ 4.21). ɺʠʜʥʦ, ʯʪʦ ʦʩʥʦʚʥʫʶ ʨʦʣʴ ʚ ʧʨʦʮʝʩʩʝ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʄʉ ʠʛʨʘʶʪ ʛʠʜʨʦʢʩʠʣʴʥʳʝ ʨʘʜʠʢʘʣʳ (OHĀ) ʠ ʚʘʢʘʥʩʠʠ (h
+
). 

ɺ ʛʦʨʘʟʜʦ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ ʚ ʧʨʦʮʝʩʩ ʚʦʚʣʝʯʝʥʳ ʩʫʧʝʨʦʢʩʠʜʥʳʝ ʨʘʜʠʢʘʣʳ 

[18]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʩʥʦʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʦʙʨʘʟʦʚʘʥʠʷ ʛʠʜʨʦʢʩʠʣʴʥʳʭ 

ʨʘʜʠʢʘʣʦʚ ʩʣʫʞʘʪ ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʝ h
+
, ʠ ʬʦʪʦʨʘʟʣʦʞʝʥʠʝ ʄʉ ʠʜʝʪ ʧʦ 

ʧʫʪʠ ὬȾὕὌϽ.  

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠ ̫ʚʣʠʷʥʠʷ ʧʨʠʨʦʜʳ ʢʨʘʩʠʪʝʣʷ ʥʘʨʷʜʫ ʩ ʤʝʪʠʣʝʥʦʚʳʤ 

ʩʠʥʠʤ, ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ pH ʩʨʝʜʳ ʥʘ ʬʦʪʦʜʝʛʨʘʜʘʮʠʶ ʤʝʪʠʣʦʚʦʛʦ 

ʦʨʘʥʞʝʚʦʛʦ ʠ ʨʦʜʘʤʠʥʘ ɹ. ʄʆ ʷʚʣʷʝʪʩʷ ʢʨʘʩʠʪʝʣʝʤ ʘʥʠʦʥʥʦʛʦ ʪʠʧʘ ʠ ʜʣʷ 

ʥʝʛʦ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ: ʫʤʝʥʴʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ pH (ʨʠʩʫʥʦʢ 4.22ʘ). 
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ʈʠʩʫʥʦʢ 4.21 ï ʆʧʨʝʜʝʣʝʥʠʝ ʨʦʣʠ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʯʘʩʪʠʮ ʚ ʧʨʦʮʝʩʩʝ 

ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʄʉ  

ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʥʠʟʢʠʭ pH ʦʢʦʣʦ 3 ʤʦʞʝʪ 

ʧʨʦʠʩʭʦʜʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʧʦʣʷʨʥʳʭ ʤʦʣʝʢʫʣ ʄʆ (ʯʝʨʝʟ 

ʘʪʦʤʳ O, N ʠ S) ʩ ʧʦʚʝʨʭʥʦʩʪʥʳʤʠ ʛʠʜʨʦʢʩʠʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ  ZnO [200]. 

ʇʨʠ pH 10 ʄʆ ʚ ʘʥʠʦʥʥʦʡ ʬʦʨʤʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠ ʦʪʪʘʣʢʠʚʘʝʪʩʷ ʦʪ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʥʝ ʧʨʦʠʩʭʦʜʠʪ. ɺ ʩʣʫʯʘʝ ʈɹ 

(ʢʘʪʠʦʥʥʦʛʦ ʢʨʘʩʠʪʝʣʷ), ʟʘʚʠʩʠʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʝʛʦ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ 

ʠʜʝʥʪʠʯʥʘ ʟʘʚʠʩʠʤʦʩʪʠ, ʧʦʣʫʯʝʥʥʦʡ ʜʣʷ ʄʉ.  

 

ʈʠʩʫʥʦʢ 4.22 ï ɺʣʠʷʥʠʝ pH ʨʘʩʪʚʦʨʘ ʄʆ (ʘ) ʠ ʈɹ (ʙ) ʥʘ ʠʭ ʬʦʪʦʜʝʛʨʘʜʘʮʠʶ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ZnO-LiCl  

ʂʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʡ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʄʉ, ʈɹ ʠ ʄʆ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ZnO-LiCl  ʧʨʠ pH~7 ʩʦʩʪʘʚʠʣʠ 0,10417, 0,06535, 0,05623 ʤʠʥ
-1
, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʣʠʪʝʨʘʪʫʨʝ [201] ʪʘʢʞʝ ʩʨʝʜʠ ʪʨʝʭ ʪʠʧʦʚ ʢʨʘʩʠʪʝʣʝʡ 

ʤʘʢʩʠʤʘʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʭ ʫʜʘʣʝʥʠʷ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ 
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ʦʢʩʠʜʘ ʮʠʥʢʘ ʥʘʙʣʶʜʘʣʠ ʜʣʷ ʤʝʪʠʣʝʥʦʚʦʛʦ ʩʠʥʝʛʦ. ʇʨʠ ʵʪʦʤ ʘʚʪʦʨʘʤʠ [202] 

ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʯʨʝʟʚʳʯʘʡʥʦ ʥʠʟʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ 

ʩʪʨʫʢʪʫʨ ʦʢʩʠʜʘ ʮʠʥʢʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ ʠʦʥʥʳʭ ʞʠʜʢʦʩʪʷʭ, ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʤʝʪʠʣʦʚʦʤʫ ʦʨʘʥʞʝʚʦʤʫ (ʦʢʦʣʦ 15% ʟʘ 3 ʯʘʩʘ ʦʙʣʫʯʝʥʠʷ ʋʌ  

ʩʚʝʪʦʤ).  

4.4 ɿʘʢʣʶʯʝʥʠʝ ʧʦ ʛʣʘʚʝ 4 

ʀʩʩʣʝʜʦʚʘʥʘ ʢʠʥʝʪʠʢʘ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʚ ʫʩʣʦʚʠʷʭ ʅʕ ʚ ʨʘʟʣʠʯʥʳʭ 

ʵʣʝʢʪʨʦʣʠʪʘʭ; ʥʘ ʦʩʥʦʚʘʥʠʠ ʘʥʘʣʠʟʘ ʩʦʩʪʘʚʘ ʠ ʤʦʨʬʦʣʦʛʠʠ ʧʨʦʜʫʢʪʦʚ 

ʦʢʠʩʣʝʥʠʷ,  ʧʦʪʝʥʮʠʘʣʦʚ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʠʭʩʷ ʚ ʨʘʟʣʠʯʥʳʝ ʬʘʟʳ ʩʠʥʪʝʟʘ, ʠ 

ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʨʝʜʣʦʞʝʥ ʤʝʭʘʥʠʟʤ ʧʨʦʮʝʩʩʘ. 

ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʢʘʪʠʦʥʥʦʛʦ (Li
+
, Na

+
, K

+
, ɺʘ

2+
) ʠ ʘʥʠʦʥʥʦʛʦ (ʆʅ

-
, 

F
-
,Cl

-
, SO4

2-
) ʩʦʩʪʘʚʘ ʵʣʝʢʪʨʦʣʠʪʘ ʥʘ  ʦʢʠʩʣʝʥʠʝ ʮʠʥʢʘ ʚ ʫʩʣʦʚʠʷʭ ʅʕ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ: 

- ʚ ʨʘʩʪʚʦʨʘʭ ʭʣʦʨʠʜʦʚ (NaCl, KCl, LiCl , BaCl2) ʠ Na2SO4 ʮʠʥʢ 

ʦʢʠʩʣʷʝʪʩʷ ʪʦʣʴʢʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʠ ʘʥʦʜʥʦʛʦ 

ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ;  

- ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʚ ʨʘʩʪʚʦʨʘʭ ʭʣʦʨʠʜʦʚ (NaCl, KCl, LiCl , 

BaCl2) ʠ Na2SO4 ʧʨʠ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ ja:jʢ 2,4:1,2 ɸ/ʩʤ
2 
ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ 

ʦʪ ʪʠʧʘ ʵʣʝʢʪʨʦʣʠʪʘ ʠ ʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʠʥʪʝʨʚʘʣʝ 0,5 - 4 ʄ ʠ ʜʦʩʪʠʛʘʝʪ 

700-740 ʤʛ/ʩʤ
2
 ʯ;  

- ʚ ʨʘʩʪʚʦʨʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʠʦʥʳ ʆʅ
-
 ʮʠʥʢ ʥʝ ʦʢʠʩʣʷʝʪʩʷ ʥʠ ʧʨʠ ʢʘʢʠʭ 

ʩʦʦʪʥʦʰʝʥʠʷʭ ʠʤʧʫʣʴʩʦʚ, ʚ ʧʨʠʩʫʪʩʪʚʠʠ F
-
-ʠʦʥʦʚ ʦʢʠʩʣʝʥʠʝ ʮʠʥʢʘ 

ʧʨʦʠʩʭʦʜʠʪ ʣʠʰʴ ʚ ʧʝʨʚʳʝ ʤʠʥʫʪʳ ʩʠʥʪʝʟʘ, ʟʘʪʝʤ ʵʣʝʢʪʨʦʜ ʧʘʩʩʠʚʠʨʫʝʪʩʷ.  

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʘʩʠʤʤʝʪʨʠʠ ʠʤʧʫʣʴʩʦʚ ʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʩʢʦʨʦʩʪʴ 

ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʚ ʭʣʦʨʠʜʥʳʭ ʵʣʝʢʪʨʦʣʠʪʘʭ ʨʘʩʪʝʪ.  

ʉʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʚ ʫʩʣʦʚʠʷʭ ʅʕ ʠ ʨʘʟʤʝʨʳ 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʯʘʩʪʠʮ ʟʘʚʠʩʷʪ ʦʪ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʫʩʣʦʚʠʡ:   
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- ʧʨʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ ja=1,2, jʢ = 0,2·0,6 ɸ/ʩʤ
2 
ʚ ʫʩʣʦʚʠʷʭ 

ʝʩʪʝʩʪʚʝʥʥʦʡ ʢʦʥʚʝʢʮʠʠ ʧʨʦʜʫʢʪʘʤʠ ʦʢʠʩʣʝʥʠʷ ʮʠʥʢʘ ʚ 2M ʨʘʩʪʚʦʨʘʭ NaCl ʠ 

KCl ʷʚʣʷʶʪʩʷ ʦʢʩʠʜ ʮʠʥʢʘ ZnO ʠ ʛʠʜʨʦʢʩʦʭʣʦʨʠʜ ʮʠʥʢʘ  Zn5(OH)8Cl2ĿH2O 

(ʩʠʤʦʥʢʦʣʝʠʪ); ʧʨʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʵʣʝʢʪʨʦʣʠʪʘ - ZnO. 

- ʧʨʠ ʚʳʩʦʢʠʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ ja:jʢ 2,4:1,2 ɸ/ʩʤ
2 
ʧʨʦʜʫʢʪʦʤ ʦʢʠʩʣʝʥʠʷ 

ʮʠʥʢʘ ʷʚʣʷʝʪʩʷ ʯʠʩʪʳʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ  ZnO ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ 

ʢʦʥʚʝʢʮʠʠ. 

ʄʦʨʬʦʣʦʛʠʷ (ʩʪʨʫʢʪʫʨʘ ʠ ʨʘʟʤʝʨ) ʯʘʩʪʠʮ ZnO, ʧʦʣʫʯʝʥʥʳʭ ʚ ʫʩʣʦʚʠʷʭ 

ʅʕ ʠʟ ʭʣʦʨʠʜʥʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ, ʦʧʨʝʜʝʣʷʝʪʩʷ: 

- ʩʪʝʧʝʥʴʶ ʘʩʠʤʤʝʪʨʠʠ ʪʦʢʘ ï ʘʥʠʟʦʪʨʦʧʠ ̫ (D002/ D100) ʯʘʩʪʠʮ ZnO 

ʨʘʩʪʝʪ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʘʩʠʤʤʝʪʨʠʠ ʪʦʢʘ; 

- ʧʣʦʪʥʦʩʪʴʶ ʪʦʢʘ ï ʩ ʨʦʩʪʦʤ ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ja:jʢ ʨʘʟʤʝʨ ʯʘʩʪʠʮ 

ʨʘʩʪʝʪ ʚʩʣʝʜʩʪʚʠʝ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʡ ʛʝʥʝʨʘʮʠʠ ʛʠʜʨʦʢʩʠʜ-ʠʦʥʦʚ ʚ ʢʘʪʦʜʥʳʡ 

ʧʝʨʠʦʜ; 

- ʩʦʩʪʘʚʦʤ ʵʣʝʢʪʨʦʣʠʪʘ ï ʨʘʟʤʝʨ ʠ ʩʪʝʧʝʥʴ ʘʥʠʟʦʪʨʦʧʠʠ ʯʘʩʪʠʮ ZnO 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʨʷʜʫ LiCl<KCl<Na2SO4<NaCl ʦʪ ʩʬʝʨʠʯʝʩʢʠʭ ʚ LiCl  ʜʦ 

ʧʘʣʦʯʢʦʦʙʨʘʟʥʳʭ ʚ NaCl; ʚ ʭʣʦʨʠʜʩʦʜʝʨʞʘʱʠʭ ʨʘʩʪʚʦʨʘʭ ʬʦʨʤʠʨʫʶʪʩʷ 

ʧʦʨʠʩʪʳʝ ʩʪʨʫʢʪʫʨʳ ZnO; ʚʦ ʬʪʦʨ-ʩʦʜʝʨʞʘʱʠʭ ʤʝʣʢʠʝ ʩʠʣʴʥʦ 

ʘʛʣʦʤʝʨʠʨʦʚʘʥʥʳʝ ʯʘʩʪʠʮʳ ZnO ʩ ʧʨʠʤʝʩʴʶ Zn(OH)F. 

ʉʦʯʝʪʘʥʠʝʤ ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ (ʀʂ-, ʈʌʕ-, ʌʃ-, ʕʇʈ-

ʩʧʝʢʪʨʦʩʢʦʧʠʠ) ʠ ʬʦʪʦʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʧʨʠʤʝʥʝʥʠʝ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʨʘʟʣʠʯʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʩʪʨʫʢʪʫʨʝ ʦʢʩʠʜʘ ʮʠʥʢʘ, ʪʘʢʠʭ ʢʘʢ ʦʪʨʠʮʘʪʝʣʴʥʦ 

ʟʘʨʷʞʝʥʥʳʝ ʚʘʢʘʥʩʠʠ ʠ ʙʠʚʘʢʘʥʩʠʠ ʮʠʥʢʘ, ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ, ʘ ʪʘʢ ʞʝ 

ʢʦʤʧʣʝʢʩʳ ʪʠʧʘ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʝ ʚʘʢʘʥʩʠʠ ʮʠʥʢʘ/ʤʝʞʜʦʫʟʝʣʴʥʳʝ 

ʘʪʦʤʳ ʮʠʥʢʘ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ. 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʚʝʣʠʯʠʥʘ ʬʦʪʦʪʦʢʘ 2,3 ʤɸ/ʩʤ
2
 ʧʨʠ 0 ɺ (Ag/AgCl) ʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʪʦʢʦʥʚʝʨʩʠʠ 0,16 % ʥʘʙʣʶʜʘʣʠʩʴ ʜʣʷ ʬʦʪʦʘʥʦʜʘ ʥʘ ʦʩʥʦʚʝ 

ZnO-LiCl .  
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ʌʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ZnO ʚ ʨʝʘʢʮʠʠ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʠ 

ʤʠʥʝʨʘʣʠʟʘʮʠʠ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ ʟʘʚʠʩʠʪ ʦʪ ʧʨʠʨʦʜʳ ʵʣʝʢʪʨʦʣʠʪʘ, 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʜʣʷ ʩʠʥʪʝʟʘ, ʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʨʷʜʫ Na2SO4< NaCl<KCl<LiCl ; 

ʚʳʩʦʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʭʣʦʨʠʜʝ ʣʠʪʠʷ ZnO ʦʙʫʩʣʦʚʣʝʥʘ 

ʩʦʯʝʪʘʥʠʝʤ ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ ʠ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤ 

ʧʨʦʮʝʩʩʦʤ ʧʝʨʝʥʦʩʘ ʠ ʨʘʟʜʝʣʝʥʠʷ ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʟʘʨʷʜʦʚ. 

ʀʩʩʣʝʜʦʚʘʥʘ ʢʠʥʝʪʠʢʘ, ʤʝʭʘʥʠʟʤ ʠ ʫʩʪʘʥʦʚʣʝʥʳ ʦʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ 

ʧʨʦʮʝʩʩʘ ʥʘ ʬʦʪʦʜʝʛʨʘʜʘʮʠʷ ʎʌ ʠ ʄʉ ʥʘ ZnO, ʧʦʣʫʯʝʥʥʦʛʦ ʚ 2 ʄ LiCl . 

ʇʦʢʘʟʘʥʦ, ʯʪʦ: 

- ʥʘʙʣʶʜʘʝʤʘʷ ʩʢʦʨʦʩʪ ɹ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ (k=0,088 ʤʠʥ
-1
) ʠ ʩʪʝʧʝʥʴ 

ʤʠʥʝʨʘʣʠʟʘʮʠʠ (51% ʟʘ 60 ʤʠʥ) ʧʨʠ ʠʩʭʦʜʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ 5 ʤʛ/ʣ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʋʌ ʠʟʣʫʯʝʥʠʷ 2 ʤɺʪ/ʩʤ
2
 ʚ 1,5 ʨʘʟʘ 

ʚʳʰʝ, ʯʝʤ ʜʣʷ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ZnO; 

- ʬʦʪʦʜʝʛʨʘʜʘʮʠʷ ʎʌ ʧʨʦʪʝʢʘʝʪ ʩ ʫʯʘʩʪʠʝʤ  ʬʦʪʦʛʝʥʝʨʠʨʦʚʘʥʥʳʭ 

ʚʘʢʘʥʩʠʡ h
+
 ʠ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʨʘʜʠʢʘʣʦʚ OHÅ; 

- ʦʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʮʠʧʨʦʬʣʦʢʩʘʮʠʥʘ (ʟʘʛʨʫʟʢʘ ZnO 

0,5 ʛ/ʣ, pH 6,5; ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʋʌ ʠʟʣʫʯʝʥʠʷ 2 ʤɺʪ/ʩʤ
2
, ʢʦʥʮʝʥʪʨʘʮʠʷ ʎʌ 5 

ʤʛ/ʣ) ʠ ʤʝʪʠʣʝʥʦʚʦʛʦ ʩʠʥʝʛʦ (ʟʘʛʨʫʟʢʘ ZnO 0,5 ʛ/ʣ, pH 10; ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʋʌ 

ʠʟʣʫʯʝʥʠʷ 15 ʤɺʪ/ʩʤ
2
, ʢʦʥʮʝʥʪʨʘʮʠʷ ʄʉ 2 ʤʛ/ʣ) 

- ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʪʦʜʝʛʨʘʜʘʮʠʠ ʥʘ ʧʦʣʫʯʝʥʥʳʭ ZnO ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ 

ʨʷʜʫ ʤʝʪʠʣʦʚʳʡ ʦʨʘʥʞʝʚʳʡ < ʨʦʜʘʤʠʥ ɹ < ʤʝʪʠʣʝʥʦʚʳʡ ʩʠʥʠʡ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʟʤʝʥʝʥʠʝʤ ʠʦʥʥʦʡ ʬʦʨʤʳ ʢʨʘʩʠʪʝʣʷ ʚ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʘʭ: 

ʘʥʠʦʥ (ʄʆ)  <  ʮʚʠʪʪʝʨ-ʠʦʥ (ʈɹ) <  ʢʘʪʠʦʥ (ʄʉ).   
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5 ʉʀʅʊɽɿ ʀ ʉɺʆʁʉʊɺɸ ʆʂʉʀɼʆɺ ʄɽɼʀ 

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʝʜʠ ʚ ʨʘʟʣʠʯʥʳʭ ʵʣʝʢʪʨʦʣʠʪʘʭ 

ʠʩʩʣʝʜʫʝʪʩʷ ʜʘʚʥʦ ʠ ʧʦʜʨʦʙʥʦ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʵʣʝʢʪʨʦʣʠʪʘ ʠ 

ʫʩʣʦʚʠʡ ʵʣʝʢʪʨʦʣʠʟʘ (ʩ ʜʠʘʬʨʘʛʤʦʡ ʠʣʠ ʙʝʟ) ʧʦʣʫʯʘʶʪ ʛʠʜʨʦʢʩʠʜʳ ʠʣʠ 

ʦʢʩʠʜʳ ʦʜʥʦ- ʠʣʠ ʜʚʫʭʚʘʣʝʥʪʥʦʡ ʤʝʜʠ (ʩʤ. ɻʣʘʚʘ 1).  ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ,  ʩʦʩʪʘʚʘ, ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ, 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʠ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ.  

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʠʟʣʦʞʝʥʥʳʝ ʚ ʛʣʘʚʝ 5, ʦʧʫʙʣʠʢʦʚʘʥʳ ʩʦʠʩʢʘʪʝʣʝʤ ʚ 

ʩʦʘʚʪʦʨʩʪʚʝ ʚ ʨʘʙʦʪʘʭ [203, 204] ʠ ʧʘʪʝʥʪʝ [205]. 

5.1 ʉʠʥʪʝʟ ʦʢʩʠʜʦʚ ʤʝʜʠ  ʚ ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ 

5.1.1 ʍʣʦʨʠʜʥʳʝ ʵʣʝʢʪʨʦʣʠʪʳ 

ʅʘ ʨʠʩʫʥʢʝ 5.1. ʧʨʝʜʩʪʘʚʣʝʥʳ ʎɺɸ-ʢʨʠʚʳʝ ʤʝʜʥʦʛʦ ʵʣʝʢʪʨʦʜʘ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ 2ʄ NaCl ʧʨʠ ʩʢʦʨʦʩʪʠ ʨʘʟʚʝʨʪʢʠ 

ʧʦʪʝʥʮʠʘʣʘ 1 ɺ/ʩ ʚ ʠʥʪʝʨʚʘʣʝ ʧʦʪʝʥʮʠʘʣʦʚ ʦʪ -2 ʜʦ 3,5 ɺ. ʅʘ ʎɺɸ ʚʠʜʥʳ 2 

ʘʥʦʜʥʳʭ ʧʠʢʘ ɸ1 ʠ ɸ2, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʢʠʩʣʝʥʠʶ ʤʝʜʠ ʚ ʠʥʪʝʨʚʘʣʝ 

ʧʦʪʝʥʮʠʘʣʦʚ 0,2E̓ 0̓,4 ʠ 1,0E̓ 1̓,2, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ὅόὅὰ ʠ ὅόὕ [206]. ʇʘʜʝʥʠʝ ʪʦʢʘ ʧʨʠ ʧʦʪʝʥʮʠʘʣʘʭ ʙʦʣʴʰʝ 2 ɺ ʩʚʷʟʘʥʦ ʩ 

ʨʦʩʪʦʤ ʧʘʩʩʠʚʥʦʡ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʠ  ʩ ʚʳʩʦʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʠ 

ʵʣʝʢʪʨʦʜʘ. ɿʥʘʯʝʥʠʷ ʪʦʢʘ ʧʨʠ ʤʥʦʛʦʢʨʘʪʥʦʤ ʮʠʢʣʠʨʦʚʘʥʠʠ ʩʦʢʨʘʱʘʶʪʩʷ, 

ʜʦʩʪʠʛʘʷ ʧʣʘʪʦ. ʅʘ ʘʥʦʜʥʦʤ ʭʦʜʝ ʚʩʝʛʜʘ ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʚʥʦʚʝʩʠʝ ʤʝʞʜʫ ὅόὅὰ 

ʠ ὅόὅὰ, ʪʦ ʝʩʪʴ ʤʝʞʜʫ ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʣʝʥʢʠ ʠ ʝʝ ʨʘʩʪʚʦʨʝʥʠʝʤ. ʂʘʪʦʜʥʳʝ 

ʧʠʢʠ B1 ʠ B2 ʧʨʠ ʧʦʪʝʥʮʠʘʣʘʭ -0,7 ʠ -1,5 ɺ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʨʦʪʝʢʘʥʠʶ 

ʧʨʦʮʝʩʩʦʚ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ὅόὅὰ. ʆʜʥʘʢʦ, ʧʦʪʝʥʮʠʘʣ ʧʠʢʘ ɺ2 ʩʜʚʠʥʫʪ ʚ 

ʦʪʨʠʮʘʪʝʣʴʥʫʶ ʩʪʦʨʦʥʫ ʚ ʩʚʷʟʠ ʩ ʙʣʦʢʠʨʫʶʱʠʤ ʵʬʬʝʢʪʦʤ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʩʣʦʷ [206]. ʇʨʠ ʧʦʪʝʥʮʠʘʣʘʭ ʥʠʞʝ -1,8 ɺ (ʧʠʢ ɺ3) ʥʘʯʠʥʘʝʪʩʷ ʧʨʦʮʝʩʩ 

ʚʳʜʝʣʝʥʠʷ ʚʦʜʦʨʦʜʘ.  
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ʈʠʩʫʥʦʢ 5.1 ï ʎɺɸ ʤʝʜʥʦʛʦ ʵʣʝʢʪʨʦʜʘ ʚ ʨʘʩʪʚʦʨʝ 2M NaCl ʧʨʠ 

ʩʢʦʨʦʩʪʠ ʨʘʟʚʝʨʪʢʠ ʧʦʪʝʥʮʠʘʣʘ 1 ɺ/ʩ  

ɻʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʠʡ ʵʣʝʢʪʨʦʩʠʥʪʝʟ ʧʦʨʦʰʢʦʚ CuOx ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʨʠ ʥʘʨʘʩʪʘʥʠʠ ʧʘʩʩʠʚʥʦʡ ʧʣʝʥʢʠ ʧʦʪʝʥʮʠʘʣ 

ʵʣʝʢʪʨʦʜʘ ʩʪʘʥʦʚʠʪʩʷ ʨʘʚʥʳʤ 12 ɺ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʤʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚ ʧʣʝʥʢʝ 

ʦʢʩʠʜʘ (ʨʠʩʫʥʦʢ 5.2ʘ). ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʌɸ (ʨʠʩʫʥʦʢ 5.2ʙ) ʩʦʩʪʘʚ 

ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʧʣʦʪʥʦʩʪʠ 

ʪʦʢʘ (0,5; 1,0 ʠ 1,5 ɸ/ʩʤ
2
) ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʤʝʩʴ ʦʢʩʠʜʘ ʤʝʜʠ (I) ʠ 

ʛʠʜʨʦʢʩʦʭʣʦʨʠʜʘ ʤʝʜʠ (I).  

 

ʈʠʩʫʥʦʢ  5.2 ï ʀʟʤʝʥʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ (ʘ) ʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʨʦʜʫʢʪʦʚ  

ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ (ʙ) ʚ 2M NaCl ʧʨʠ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʩʠʥʪʝʟʘ 

(ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʫʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ) 
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ʇʨʠʤʝʥʝʥʠʝ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʨʝʞʠʤʦʚ (ʧʝʨʝʤʝʥʥʳʡ, ʠʤʧʫʣʴʩʥʳʡ ʪʦʢ) 

ʧʦʟʚʦʣʷʝʪ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʠʟʙʝʞʘʪʴ ʧʘʩʩʠʚʘʮʠʠ ʵʣʝʢʪʨʦʜʘ, ʩ ʜʨʫʛʦʡ ï 

ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʩʦʩʪʘʚʦʤ ʠ ʤʦʨʬʦʣʦʛʠʝʡ ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʦʜʫʢʪʦʚ. 

ɹʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʠ ʝʛʦ ʘʩʠʤʤʝʪʨʠʠ ʥʘ 

ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʘʩʠʤʤʝʪʨʠʠ ʪʦʢʘ ʠ ʝʛʦ ʧʣʦʪʥʦʩʪʠ 

ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ  ʫʚʝʣʠʯʠʚʘʝʪʩʷ (ʨʠʩʫʥʦʢ 5.3).  

 

ʈʠʩʫʥʦʢ 5.3 ï ɺʣʠʷʥʠʝ ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʠ ʘʥʦʜʥʦʛʦ ʠ ʢʘʪʦʜʥʦʛʦ ʠʤʧʫʣʴʩʦʚ 

ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʪʦʢʘ (ʘ) ʠ ʪʦʢʘ ʢʘʪʦʜʥʦʛʦ ʠʤʧʫʣʴʩʘ ʧʨʠ ʘʥʦʜʥʦʤ ʠʤʧʫʣʴʩʝ 1,2 

ɸ/ʩʤ
2
 (ʙ) ʥʘ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʤʝʜʥʦʛʦ ʵʣʝʢʪʨʦʜʘ ʚ 2M NaCl 

ʇʦ ʜʘʥʥʳʤ ʈʌɸ (ʨʠʩʫʥʦʢ 5.4ʘ) ʧʨʦʜʫʢʪʳ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʚ ʨʘʩʪʚʦʨʝ 

2M NaCl ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ 

ʧʣʦʪʥʦʩʪʴʶ ja:jk 1,2:0 ɸ/ʩʤ
2
 ʠ 1,2:0,4 ɸ/ʩʤ

2
 ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʬʘʟ: ʦʢʩʠʜʘ ʤʝʜʠ 

(I) ʠ ʛʠʜʨʦʢʩʦʭʣʦʨʠʜʘ ʤʝʜʠ.  ɻʠʜʨʦʢʩʦʭʣʦʨʠʜ ʤʝʜʠ ʷʚʣʷʝʪʩʷ ʧʨʦʜʫʢʪʦʤ 

ʢʦʨʨʦʟʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʜʠ ʚ ʘʪʤʦʩʬʝʨʝ, ʩʦʜʝʨʞʘʱʝʡ ʠʦʥʳ Cl
-
. 

ʆʙʨʘʟʦʚʘʥʠʝ ʝʛʦ ʚʦʟʤʦʞʥʦ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʝʘʢʮʠʷʤʠ [207] ʛʦʤʦʛʝʥʥʦʛʦ 

ʦʢʠʩʣʝʥʠʷ ʠʦʥʦʚ ʤʝʜʠ ʨʘʩʪʚʦʨʝʥʥʳʤ ʢʠʩʣʦʨʦʜʦʤ (5.1) ʠʣʠ ʧʦ ʨʝʘʢʮʠʠ (5.2): 

ςὅόὅὰ
ρ

ςὕ
ςὌὕᴾὅόὕὌὅὰὌ σὅὰυȢρ 

ςὅό ςὅὰ σὕὌ ὅόὕὌὅὰτὩ υȢς 
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ʈʠʩʫʥʦʢ 5.4 ï  ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ (ʘ) ʠ ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʝ (ʙ) ʧʨʦʜʫʢʪʦʚ 

ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʚ 2M NaCl ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ ʧʝʨʝʤʝʥʥʦʛʦ 

ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʩ ʧʣʦʪʥʦʩʪʴʶ 1,2:0 ɸ/ʩʤ
2
 (ʯʝʨʥʘʷ ʢʨʠʚʘʷ) ʠ 1,2:0,4 ɸ/ʩʤ

2 

(ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ, 

ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʦʜʫʢʪʳ ï ʵʪʦ ʜʚʫʭʬʘʟʥʳʝ ʩʠʩʪʝʤʳ, ʩ ʰʠʨʦʢʠʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʦʪ 0,1 ʜʦ 2 ʤʢʤ (ʨʠʩʫʥʦʢ 5.4ʙ), ʢʦʪʦʨʳʝ 

ʥʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʥʪʝʨʝʩʘ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʵʣʝʢʪʨʦʭʠʤʠʠ ʠ ʬʦʪʦʢʘʪʘʣʠʟʝ. 

ɼʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʬʦʪʦ- ʠ ʵʣʝʢʪʨʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʦʜʫʢʪʳ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʚ ʨʘʩʪʚʦʨʝ 2M NaCl ʧʨʠ ʩʨʝʜʥʠʭ 

ʧʣʦʪʥʦʩʪʷʭ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʇʀʊ 0,5 ɸ/ʩʤ
2
, 1,0 ʠ 1,5 ɸ/ʩʤ

2
. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ 

ʮʚʝʪ ʧʦʣʫʯʝʥʥʳʭ ʧʦʨʦʰʢʦʚ ʠʟʤʝʥʷʣʩʷ ʦʪ ʷʨʢʦ-ʢʨʘʩʥʦʛʦ ʜʦ ʦʨʘʥʞʝʚʦʛʦ ʠ 

ʪʝʤʥʦʛʦ ʢʦʨʠʯʥʝʚʦʛʦ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʣʦ ʦ ʪʦʤ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ 

ʚʣʠʷʝʪ ʥʝ ʪʦʣʴʢʦ ʥʘ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ, ʥʦ ʥʘ ʩʦʩʪʘʚ ʠ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʦʜʫʢʪʦʚ (ʨʠʩʫʥʦʢ 5.5ʙ). 

ʇʦʣʫʯʝʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʘʣʝʝ ʦʙʦʟʥʘʯʝʥʳ CuOx. 

ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 

5.5ʘ. ʀʥʪʝʥʩʠʚʥʳʝ ʠ ʫʟʢʠʝ ʧʠʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʣʦʩʢʦʩʪʷʤ (110), (111), 
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(200), (220), (311), (222), ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʧʨʠʩʫʪʩʪʚʠʠ ʚ ʦʙʨʘʟʮʘʭ 

ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʳ Cu2O. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʧʦʷʚʣʷʶʪʩʷ 

ʫʰʠʨʝʥʥʳʝ ʧʠʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʝ CuO. 

ʅʘ ʩʧʝʢʪʨʘʭ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ (ʨʠʩʫʥʦʢ 5.5ʚ) ʧʨʠʩʫʪʩʪʚʫʶʪ 

ʧʷʪʴ ʨʘʤʘʥ-ʘʢʪʠʚʥʳʭ ʤʦʜ ʧʨʠ 146, 214, 290, 407 ʠ 621 ʩʤ
-1
. ʇʠʢʠ ʧʨʠ 146 ʩʤ

-1
 

ʠ 621 ʩʤ
-1
 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʠʥʬʨʘʢʨʘʩʥʳʤ ʤʦʜʘʤ T1u LO ʠ T1u TO ʚ ʠʜʝʘʣʴʥʦʤ 

ʢʨʠʩʪʘʣʣʝ Cu2O, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [208]. ʅʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʡ ʨʘʤʘʥʦʚʩʢʠʡ 

ʧʠʢ ʧʨʠ 214 ʩʤ
-1
 ʩʚʷʟʘʥ ʩ ʨʘʤʘʥ-ʨʘʟʨʝʰʝʥʥʦʡ ʧʦʣʦʩʦʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ 2Eu 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ Cu2O [209]. ʕʪʦʪ ʦʙʝʨʪʦʥ ʯʘʱʝ ʚʩʝʛʦ ʧʨʠʩʫʪʩʪʚʫʝʪ ʥʘ 

ʩʧʝʢʪʨʝ ʦʢʩʠʜʘ ʤʝʜʠ ʚ ʢʘʯʝʩʪʚʝ ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʡ ʣʠʥʠʠ [210]. ʇʠʢ ʧʨʠ 

407 ʩʤ
-1
 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʥʦʛʦʬʦʪʦʥʥʦʤʫ ʧʨʦʮʝʩʩʫ. ɹʦʣʝʝ ʪʦʛʦ, ʥʘ ʩʧʝʢʪʨʝ 

ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 1,0 ʠ 1,5 ɸ/ʩʤ
2
, ʧʨʠʩʫʪʩʪʚʫʝʪ ʩʣʘʙʳʡ ʧʠʢ ʧʨʠ 290 

ʩʤ
-1
, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʨʘʤʘʥ-ʘʢʪʠʚʥʦʡ ʤʦʜʝ Ag ʬʘʟʳ CuO. ʋʰʠʨʝʥʠʝ ʠ 

ʩʜʚʠʛ ʂʈʉ-ʧʠʢʦʚ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʩʚʷʟʘʥ ʩ ʢʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʤ ʵʬʬʝʢʪʦʤ.  

ʅʦʨʤʘʣʠʟʦʚʘʥʥʳʝ XANES-ʩʧʝʢʪʨʳ K-ʢʨʘʷ Cu ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʦʙʨʘʟʮʦʚ ʦʢʩʠʜʦʚ ʤʝʜʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 5.5ʛ. ʉʧʝʢʪʨʳ 

ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʠʩʭʦʜʷ ʠʟ ʠʭ ʬʦʨʤʳ, ʧʨʦʚʦʜʷ ʩʨʘʚʥʝʥʠʝ ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ 

ʢʨʘʷ ʧʦʛʣʦʱʝʥʠʷ ʩ ʨʝʬʝʨʝʥʩʥʳʤʠ ʜʘʥʥʳʤʠ.  ɺʠʜʥʦ, ʯʪʦ ʧʠʢʠ A-E, 

ʧʨʠʩʫʪʩʪʚʫʶʱʠʝ ʥʘ ʚʩʝʭ ʩʧʝʢʪʨʘʭ, ʭʦʨʦʰʦ ʩʦʚʧʘʜʘʶʪ ʩ ʧʠʢʘʤʠ ʩʪʘʥʜʘʨʪʥʦʛʦ 

ʩʧʝʢʪʨʘ Cu2O. ʂ ʪʦʤʫ ʞʝ XANES-ʩʧʝʢʪʨʳ ʧʦʜʪʚʝʨʞʜʘʶʪ ʧʨʠʩʫʪʩʪʚʠʝ CuO ʚ 

ʦʙʨʘʟʮʘʭ CuOxī1.0 ʠ CuOxī1.5. 

ʅʘ ʨʠʩʫʥʢʝ 5.6 ʠʟʦʙʨʘʞʝʥʳ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʝ ʩʧʝʢʪʨʳ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ. ɺʠʜʥʦ, ʯʪʦ ʥʘ ʩʧʝʢʪʨʘʭ ʧʨʠʩʫʪʩʪʚʫʶʪ ʣʠʰʴ ʧʠʢʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʣʝʤʝʥʪʘʤ Cu ʠ O ʚ ʨʘʟʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʜʣʷ ʦʙʨʘʟʮʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʥʳʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ.  
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ʈʠʩʫʥʦʢ 5.5 ï ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ (ʘ), ʬʦʪʦʛʨʘʬʠʠ (ʙ), ʩʧʝʢʪʨʳ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʚ), XANES ʩʧʝʢʪʨʳ (ʛ) ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ 

ʤʝʜʠ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ 2M NaCl ʧʨʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʘʥʦʜʥʦʛʦ ʠ 

ʢʘʪʦʜʥʦʛʦ ʠʤʧʫʣʴʩʦʚ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʪʦʢʘ 0,5 (ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ) 1,0 

(ʦʨʘʥʞʝʚʘʷ ʢʨʠʚʘʷ) ʠ 1,5 (ʢʦʨʠʯʥʝʚʘʷ ʢʨʠʚʘʷ) ɸ/ʩʤ
2
 

 

ʈʠʩʫʥʦʢ 5.6 ï ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʝ ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ ʦʢʩʠʜʦʚ ʤʝʜʠ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʘʥʦʜʥʦʛʦ ʠ ʢʘʪʦʜʥʦʛʦ ʠʤʧʫʣʴʩʦʚ 

ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʪʦʢʘ 0,5 (ʘ), 1,0 (ʙ) ʠ 1,5 ɸ/ʩʤ
2
 (ʚ) 
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ʅʘ ʨʠʩʫʥʢʝ 5.7 ʧʨʝʜʩʪʘʚʣʝʥʳ ʉʕʄ ʠ ʇʕʄ ʬʦʪʦʛʨʘʬʠʠ ʧʦʨʦʰʢʦʚ 

CuOx, ʢʦʪʦʨʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʠʭ ʨʘʟʣʠʯʥʫʶ ʤʦʨʬʦʣʦʛʠʶ. ʏʘʩʪʠʮʳ CuOx-0.5 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʢʪʘʵʜʨʳ ʩ ʧʣʦʩʢʦʩʪʷʤʠ (111), ʠʤʝʶʱʠʤʠ ʤʠʥʠʤʘʣʴʥʫʶ 

ʵʥʝʨʛʠʶ. ʇʦʨʦʰʢʠ CuOx-1.0 ʠ CuOx-1.5 ʩʦʩʪʦʷʪ ʠʟ ʧʦʣʠʵʜʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʩ 

ʤʥʦʞʝʩʪʚʦʤ ʧʣʦʩʢʦʩʪʝʡ (111) ʠ (110). ʂ ʪʦʤʫ ʞʝ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ CuOx-1.0 

ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʦʪʜʝʣʴʥʳʝ ʭʣʦʧʴʝʚʠʜʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ, ʢʦʪʦʨʳʝ, ʚʝʨʦʷʪʥʦ, 

ʬʦʨʤʠʨʫʶʪ ʩʣʦʡ  ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Cu2O ʚ ʦʙʨʘʟʮʝ CuOx-1.5. ʅʘ ʦʩʥʦʚʘʥʠʠ 

ʨʝʟʫʣʴʪʘʪʦʚ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ, ʤʳ ʤʦʞʝʤ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʵʪʠ ʥʘʥʦʯʘʩʪʠʮʳ ʩʦʩʪʦʷʪ ʠʟ CuO, ʢʦʪʦʨʳʡ ʪʘʢʞʝ ʤʦʞʝʪ 

ʙʳʪʴ ʧʦʣʫʯʝʥ ʧʨʠ ʘʥʦʜʥʦʤ ʨʘʩʪʚʦʨʝʥʠʠ ʤʝʜʠ ʧʨʠ ʥʝʜʦʩʪʘʪʢʝ ʠʦʥʦʚ ʭʣʦʨʘ ʚ 

ʧʨʠʵʣʝʢʪʨʦʜʥʦʡ ʦʙʣʘʩʪʠ [211].  

 

ʈʠʩʫʥʦʢ 5.7 ï ʉʕʄ (ʘ, ʛ, ʞ) ʠ ʇʕʄ (ʙ,ʚ, ʜ, ʝ, ʟ, ʠ) ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʨʘʟʮʦʚ 

ʦʢʩʠʜʦʚ ʤʝʜʠ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʘʥʦʜʥʦʛʦ ʠ 

ʢʘʪʦʜʥʦʛʦ ʠʤʧʫʣʴʩʦʚ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʪʦʢʘ 0,5 (ʘ -ʚ), 1,0 (ʛ - ʝ) ʠ 1,5 (ʞ - ʠ) 

ɸ/ʩʤ
2
 ʚ ʨʘʩʪʚʦʨʝ 2M NaCl 
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ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ 

ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʧʨʦʬʠʣʠ ʧʦʪʝʥʮʠʘʣʦʚ ʠ ʪʦʢʦʚ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʠʭʩʷ ʥʘ 

ʵʣʝʢʪʨʦʜʘʭ ʧʨʠ ʥʘʣʦʞʝʥʠʠ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʧʣʦʪʥʦʩʪʷʭ (ʨʠʩʫʥʦʢ 5.8).  

 

 

ʈʠʩʫʥʦʢ 5.8 ï ʇʨʦʬʠʣʠ ʪʦʢʦʚ (ʘ) ʠ ʧʦʪʝʥʮʠʘʣʦʚ (ʙ), 

ʫʩʪʘʥʘʚʣʠʚʘʶʱʠʭʩʷ ʥʘ ʵʣʝʢʪʨʦʜʘʭ ʧʨʠ ʥʘʣʦʞʝʥʠʠ ʩʠʤʤʝʪʨʠʯʥʦʛʦ 

ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʚ ʨʘʩʪʚʦʨʝ 2M NaCl 

ʇʨʦʮʝʩʩ ʦʙʨʘʟʦʚʘʥʠʷ Cu2O ʚ ʨʘʩʪʚʦʨʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʠʦʥʳ Cl
-
, ʠʟʫʯʝʥ 

ʜʦʩʪʘʪʦʯʥʦ ʧʦʜʨʦʙʥʦ [212], ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʚ ʦʩʥʦʚʥʦʤ ʧʨʦʙʣʝʤʦʡ 

ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʤʝʜʠ ʚ ʤʦʨʩʢʦʡ ʚʦʜʝ [213]. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ 

ʨʘʩʪʚʦʨʝʥʠʝ Cu ʧʨʠ ʘʥʦʜʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʥʝʡʪʨʘʣʴʥʳʭ ʠ ʱʝʣʦʯʥʳʭ 

ʨʘʩʪʚʦʨʘʭ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʨʘʩʪʚʦʨʠʤʳʭ ʭʣʦʨʠʜʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʤʝʜʠ ʪʠʧʘ CuCln
n-1
, ʧʨʠ ʵʪʦʤ ʙʦʣʴʰʠʥʩʪʚʦ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ 

ʩʯʠʪʘʝʪ, ʯʪʦ n=2 [212].  

ὅό ὅὰᴾὅόὅὰ  Ὡ    υȢσ 

ὅόὅὰ ὅὰᴾὅόὅὰ 
    υȢτ 

Cu2O ʦʙʨʘʟʫʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʝʘʢʮʠʠ ʦʩʘʞʜʝʥʠʷ, ʘ ʥʝ ʧʨʷʤʦʛʦ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʠʟ ʤʝʪʘʣʣʘ ʠʣʠ ʭʣʦʨʠʜʘ ʤʝʜʠ. 

ςὅόὅὰ ςὕὌ ᴼὅόὕ  Ὄὕ τ ὅὰ υȢυ 
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 ʂʦʥʩʪʘʥʪʘ ʨʘʚʥʦʚʝʩʠʷ ʨʝʘʢʮʠʠ (5.5)  ὑ ρπ , ʪ.ʝ. ʦʙʨʘʟʦʚʘʥʠʝ #Õ/ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʦʙʨʘʪʠʤʳʡ ʧʨʦʮʝʩʩ [213]. ʇʨʠ  ʥʠʟʢʠʭ ʧʝʨʝʥʘʧʨʷʞʝʥʠʷʭ, ʪ.ʝ. 

ʚ ʦʙʣʘʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ   -0,35 õ  -0,15 ɺ,  ʚ 2 ʄ NaCl ʧʨʠ 60 
0
ʉ ʦʙʨʘʟʦʚʘʥʠʝ 

#Õ#Ì  ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ #Õ/ ʣʠʤʠʪʠʨʫʝʪʩʷ ʢʠʥʝʪʠʢʦʡ ʧʨʦʮʝʩʩʘ. ʇʨʠ ʙʦʣʝʝ 

ʘʥʦʜʥʳʭ ʧʦʪʝʥʮʠʘʣʘʭ ʩʢʦʨʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ὅόὅὰ   ʧʨʝʚʳʰʘʝʪ ʩʢʦʨʦʩʪʴ 

ʦʙʨʘʟʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʦʚ #Õ#Ì ʠ ʩʢʦʨʦʩʪʴ ʠʭ ʜʠʬʬʫʟʠʠ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ 

ʵʣʝʢʪʨʦʜʘ ʚ ʦʙʲʝʤ ʨʘʩʪʚʦʨʘ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʣʠʤʠʪʠʨʫʶʱʝʡ ʩʪʘʥʦʚʠʪʩʷ 

ʜʠʬʬʫʟʠʷ ʠʦʥʦʚ ʭʣʦʨʘ ʠʟ ʦʙʲʝʤʘ ʨʘʩʪʚʦʨʘ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ [214]. 

ʇʨʠ ʧʦʪʝʥʮʠʘʣʘʭ ʚʳʰʝ 0,1 ɺ ʫʞʝ ʚʦʟʤʦʞʥʦ ʜʘʣʴʥʝʡʰʝʝ ʦʢʠʩʣʝʥʠʝ ʤʝʜʠ ʜʦ 

Cu(II), ʪ.ʝ. ʢʦʥʢʫʨʝʥʮʠʷ ʨʝʘʢʮʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʦʚ #Õ#Ì   (5.4) ʠ 

ʩʚʦʙʦʜʥʳʭ ʠʦʥʦʚ ὅό  
 ʠʟ ὅόὅὰ  (5.6), ʘ ʦʙʱʫʶ ʩʢʦʨʦʩʪʴ ʧʨʦʮʝʩʩʘ 

ʦʧʨʝʜʝʣʷʝʪ ʜʠʬʬʫʟʠʷ #Õ#Ì 
 
ʠ ὅό

  
ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ ʚ ʦʙʲʝʤ 

ʨʘʩʪʚʦʨʘ [215, 216]. 

ὅόὅὰ  P ὅό ὅὰ  Ὡ     υȢφ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʮʝʩʩ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʩʠʜʘ ʤʝʜʠ 

(I) Cu2O  ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ ʩʪʘʜʠʡʥʳʡ, ʧʨʠ ʵʪʦʤ ʩʢʦʨʦʩʪʴ ʧʨʦʮʝʩʩʘ  ʠ 

ʧʨʠʨʦʜʘ ʣʠʤʠʪʠʨʫʶʱʝʡ ʩʪʘʜʠʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʦʪʝʥʮʠʘʣʦʤ, 

ʫʩʪʘʥʘʚʣʠʚʘʶʱʠʤʩʷ ʥʘ ʵʣʝʢʪʨʦʜʝ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ. 

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʨʘʩʪʚʦʨʝʥʠʝ ʤʝʜʠ ʚ ʨʘʟʣʠʯʥʳʭ ʨʘʩʪʚʦʨʘʭ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʢʦʣʝʙʘʪʝʣʴʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ [217]. 

ʂʦʣʝʙʘʪʝʣʴʥʳʡ ʧʨʦʮʝʩʩ ʩʚʷʟʘʥ ʩ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ ʠ 

ʦʤʠʯʝʩʢʠʤʠ ʧʦʪʝʨʷʤʠ ʚ ʥʘʨʘʩʪʘʶʱʝʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ ʧʣʝʥʢʝ 

ʉuClsurf  ʠʣʠ Cu2O (ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʅ ʵʣʝʢʪʨʦʣʠʪʘ  ʠ ʝʛʦ ʩʦʩʪʘʚʘ); ʝʝ 

ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʩʚʦʡʩʪʚʘʤʠ [218]. ʇʨʠ 

ʥʘʣʦʞʝʥʠʠ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʧʝʨʠʦʜʠʯʝʩʢʠ ʠʟʤʝʥʷʶʱʘʷʩʷ ʧʦʣʷʨʥʦʩʪʴ 

ʵʣʝʢʪʨʦʜʦʚ ʜʝʣʘʝʪ ʧʨʦʮʝʩʩ ʙʦʣʝʝ ʩʣʦʞʥʳʤ, ʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʢʦʨʷʝʪ ʝʛʦ.  

ʉʠʤʤʝʪʨʠʯʥʳʡ ʧʝʨʝʤʝʥʥʳʡ ʠʤʧʫʣʴʩʥʳʡ ʪʦʢ (ʇʀʊ) ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʝʚʳʩʦʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʟʘʧʦʣʥʝʥʠʷ 30-50 % ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʥʘʤʠ ʧʦ 

ʥʝʩʢʦʣʴʢʠʤ ʧʨʠʯʠʥʘʤ: 
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- ɺ ʧʘʫʟʳ, ʢʦʪʦʨʳʝ ʩʦʩʪʘʚʣʷʶʪ 50-70 % ʚʨʝʤʝʥʠ ʩʠʥʪʝʟʘ, ʩʠʩʪʝʤʘ 

ʥʘʭʦʜʠʪʩʷ ʚ ʢʚʘʟʠ-ʨʘʚʥʦʚʝʩʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʧʦʪʝʥʮʠʘʣʳ ʵʣʝʢʪʨʦʜʦʚ 

ʩʪʨʝʤʷʪʩʷ ʢ ʨʘʚʥʦʚʝʩʥʳʤ ʜʣʷ ʜʘʥʥʳʭ ʫʩʣʦʚʠʡ ʟʥʘʯʝʥʠʷʤ. 

- ʇʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʠʭ ʩʨʝʜʥʠʭ ʧʣʦʪʥʦʩʪʷʭ ʪʦʢʘ 0,5-1,5 ɸ/ʩʤ
2
 

ʨʝʘʣʴʥʳʝ ʧʠʢʦʚʳʝ ʟʥʘʯʝʥʠʷ ʜʦʩʪʠʛʘʶʪ 5-6 ɸ/ʩʤ
2
. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʨʝʟʢʦʝ ʠ 

ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʝ ʚʳʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʠʟ ʩʦʩʪʦʷʥʠʷ ʢʚʘʟʠʨʘʚʥʦʚʝʩʠʷ ʠ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ ʠʥʪʝʥʩʠʬʠʮʠʨʫʝʪ ʧʨʦʮʝʩʩ. 

ɺʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʚ ʠʤʧʫʣʴʩʘʭ (ʨʠʩʫʥʦʢ 5.8ʘ) 

ʦʙʫʩʣʦʚʣʠʚʘʶʪ ʫʩʪʘʥʦʚʣʝʥʠʝ ʚʳʩʦʢʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʥʘ ʵʣʝʢʪʨʦʜʘʭ (ʨʠʩʫʥʦʢ 

5.8ʙ), ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ ʥʝ ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʵʣʝʢʪʨʦʭʠʤʠʠ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʦʚ 

ï ʚʳʰʝ 5 ɺ ʚ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʠʤʧʫʣʴʩ ʠ ʥʠʞʝ -4 ɺ - ʚ ʦʪʨʠʮʘʪʝʣʴʥʳʡ. ɺ ʵʪʠ 

ʚʝʣʠʯʠʥʳ ʚʥʦʩʠʪ ʚʢʣʘʜ ʦʤʠʯʝʩʢʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ 

ʧʦʚʳʰʝʥʠʝʤ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠʵʣʝʢʪʨʦʜʥʦʡ ʦʙʣʘʩʪʠ ʵʣʝʢʪʨʦʣʠʪʘ ʟʘ ʩʯʝʪ 

ʛʘʟʦʥʘʧʦʣʥʝʥʠʷ ʧʨʠ ʚʳʜʝʣʝʥʠʠ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʟʣʦʞʝʥʠʷ ʚʦʜʳ, ʩ 

ʦʜʥʦʡ ʩʪʦʨʦʥʳ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʥʘ ʵʣʝʢʪʨʦʜʝ ʦʙʨʘʟʫʝʪʩʷ ʧʘʩʩʠʚʥʘʷ 

ʧʣʝʥʢʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ 

ʭʘʨʘʢʪʝʨʘ. ʊʘʢ, ʧʦʪʝʥʮʠʘʣ ʤʝʜʥʦʛʦ ʵʣʝʢʪʨʦʜʘ ʧʨʠ ʧʦʣʷʨʠʟʘʮʠʠ ʧʦʩʪʦʷʥʥʳʤ 

ʪʦʢʦʤ ʪʦʡ ʞʝ ʧʣʦʪʥʦʩʪʠ, ʯʪʦ ʠ ʧʨʠ ʇʀʊ ʩʠʥʪʝʟʝ ʜʦʩʪʠʛʘʝʪ 10-12 ɺ. ɺ 

ʥʝʢʦʪʦʨʦʡ ʩʪʝʧʝʥʠ ʵʪʠ ʟʥʘʯʝʥʠʷ ʥʦʩʷʪ ʢʘʯʝʩʪʚʝʥʥʳʡ ʭʘʨʘʢʪʝʨ, ʧʦʟʚʦʣʷʶʱʠʡ, 

ʦʜʥʘʢʦ, ʦʮʝʥʠʪʴ ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʦʪʝʢʘʥʠʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʚʦʟʤʦʞʥʳʭ 

ʧʨʦʮʝʩʩʦʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ ʤʝʜʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ.  

ʅʦ, ʧʦʞʘʣʫʡ, ʙʦʣʝʝ ʚʘʞʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ, ʘʥʘʣʠʟʠʨʫʷ 

ʚʝʣʠʯʠʥʳ ʧʦʪʝʥʮʠʘʣʦʚ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʠʭʩʷ ʥʘ ʵʣʝʢʪʨʦʜʘʭ ʚ ʧʝʨʠʦʜʳ ʧʘʫʟ, 

ʧʦʩʢʦʣʴʢʫ ʠʤʝʥʥʦ ʵʪʠ ʧʝʨʠʦʜʳ ʩʦʩʪʘʚʣʷʶʪ ʙʦʣʴʰʫʶ ʯʘʩʪʴ ʚʨʝʤʝʥʠ ʇʀʊ 

ʩʠʥʪʝʟʘ.  ɺ ʧʘʫʟʘʭ ʧʦʪʝʥʮʠʘʣʳ ʵʣʝʢʪʨʦʜʦʚ ʣʝʞʘʪ ʚ ʦʙʣʘʩʪʠ 0,2-0,4 ʠ 1,0-1,2 ɺ 

ʧʦʩʣʝ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʠ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ  ʠʤʧʫʣʴʩʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [204]. 

ʀʤʝʥʥʦ ʧʨʠ ʵʪʠʭ ʧʦʪʝʥʮʠʘʣʘʭ ʠʜʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ὅόὅὰ  ʠ ὅόὕ. 
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ɺ ʭʣʦʨʠʜ-ʩʦʜʝʨʞʘʱʠʭ ʨʘʩʪʚʦʨʘʭ ʧʦʪʝʥʮʠʘʣ ʢʦʨʨʦʟʠʠ ʤʝʜʠ ʩʦʩʪʘʚʣʷʝʪ  

-0.3 ɺ (Ag/AgCl) [219]. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʜʘʞʝ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʪʦʢʘ ʚ ʮʝʧʠ ʥʘ 

ʵʣʝʢʪʨʦʜʘʭ ʤʦʛʫʪ ʠʜʪʠ ʨʝʘʢʮʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ὅόὅὰ  ʠʣʠ ʢʦʤʧʣʝʢʩʦʚ ʤʝʜʠ 

ὅόὅὰ, ʢʦʪʦʨʳʝ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʚʦʜʦʡ, OH-
  ʠʣʠ ʜʨʫʛʠʤʠ ʘʢʪʠʚʥʳʤʠ 

ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʤʠ ʯʘʩʪʠʮʘʤʠ, ʦʙʨʘʟʫʶʪ ὅόὕ. ɺ ʧʦʣʦʞʠʪʝʣʴʥʳʡ 

ʠʤʧʫʣʴʩ ʩʦʟʜʘʶʪʩʷ ʫʩʣʦʚʠʷ ʜʣʷ ʧʨʷʤʦʛʦ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʜʦ ὅόὕ (5)  ʠ ὅόὕ 

(6). 

ςὅό ὕᶻ P ὅόὕ Ὡ   υȢχ  

ὅόὕ ὕᶻ P ὅόὕ Ὡ   υȢψ 

ɺʦʟʤʦʞʥʦ ʪʘʢʞʝ ʚʳʜʝʣʝʥʠʝ ʛʘʟʦʦʙʨʘʟʥʳʭ ʭʣʦʨʘ ʠ ʢʠʩʣʦʨʦʜʘ, ʭʦʪʷ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʠʦʥʦʚ ʭʣʦʨʘ ʧʝʨʝʥʘʧʨʷʞʝʥʠʝ ʚʳʜʝʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʚʦʟʨʘʩʪʘʝʪ. 

ʆʜʥʘʢʦ, ʤʛʥʦʚʝʥʥʳʝ ʧʦʪʝʥʮʠʘʣʳ ʜʦʩʪʠʛʘʶʪ ʩʪʦʣʴ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ, ʯʪʦ 

ʩʣʝʜʫʝʪ ʫʯʠʪʳʚʘʪʴ ʚʝʨʦʷʪʥʦʩʪʴ ʠ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ. ʇʨʠ ʵʪʦʤ ʣʦʢʘʣʴʥʦ 

ʠʟʤʝʥʷʝʪʩʷ ʨʅ ʧʨʠʵʣʝʢʪʨʦʜʥʦʛʦ ʩʣʦʷ ʟʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʪʠʦʥʦʚ ʅ
+
 (5.10).  

ςὅὰᴼὅὰ  ᴻςὩ  υȢω 

ςὌὕᴼ ὕ ςὌ ςὩ    υȢρπ 

ɺ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʠʤʧʫʣʴʩ ʚʦʟʤʦʞʥʘ ʩʝʨʠʷ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ 

ʧʨʦʮʝʩʩʦʚ.  

ὅόὅὰ  Ὡ  P ὅό ὅὰ    υȢρρ 

ὅόὕ  Ὄὕ  Ὡ ᴾς ὅό ςὕὌ    υȢρς 

ὅό ςὩ ᴾὅό   υȢρσ 

ʂʨʦʤʝ ʪʦʛʦ, ʧʦʪʝʥʮʠʘʣ ʚʧʦʣʥʝ ʜʦʩʪʘʪʦʯʝʥ ʜʣʷ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ (12).  

ὕ ςὌὕ τὩ  P τὕὌ      υȢρτ 

ɺʳʜʝʣʝʥʠʝ ʚʦʜʦʨʦʜʘ (5.15) ʪʘʢʞʝ ʚʦʟʤʦʞʥʦ, ʧʦʩʢʦʣʴʢʫ ʧʦʪʝʥʮʠʘʣʳ ʠ 

ʣʦʢʘʣʴʥʳʝ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʚ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʠʤʧʫʣʴʩ ʪʘʢʞʝ ʦʯʝʥʴ ʚʳʩʦʢʠ.  

ςὌὕ ςὩ ᴼ Ὄ  ᴻςὕὌ        υȢρυ 
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ʈʝʘʢʮʠʠ (5.14) ʠ (5.15) ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʧʦʚʳʰʝʥʠʝʤ ʨʅ 

ʧʨʠʵʣʝʢʪʨʦʜʥʦʛʦ ʩʣʦʷ, ʯʪʦ ʙʣʘʛʦʧʨʠʷʪʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʧʨʦʮʝʩʩʝ 

ʦʙʨʘʟʦʚʘʥʠʷ Cu2O ʧʦ ʨʝʘʢʮʠʠ (5.5).   

ʂʨʦʤʝ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʨʝʘʢʮʠʡ, ʢʦʪʦʨʳʝ ʧʝʨʠʦʜʠʯʝʩʢʠ ʯʝʨʝʜʫʶʪʩʷ,  ʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʟʳʚʘʶʪ ʠʟʤʝʥʝʥʠʷ ʚ ʧʨʠʵʣʝʢʪʨʦʜʥʦʤ ʩʣʦʝ, ʧʨʠ ʥʘʣʦʞʝʥʠʠ 

ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʩʣʝʜʫʝʪ ʫʯʠʪʳʚʘʪʴ ʪʘʢʞʝ:  

- ʠʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ɼʕʉ; 

- ʠʟʤʝʥʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʜʠʬʬʫʟʠʠ ʠʦʥʦʚ; 

- ʯʝʨʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʨʘʩʪʚʦʨʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ; 

- ʦʙʨʘʟʦʚʘʥʠʝ ʧʘʩʩʠʚʥʦʡ ʧʣʝʥʢʠ #Õ#Ì ʠ ʉÕ/ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʢʦʪʦʨʳʝ 

ʦʙʣʘʜʘʶʪ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚʣʠʷʶʪ ʥʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʘʨʷʜʘ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ; 

- ʚ ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ ʩʠʥʪʝʟʘ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʘʜʩʦʨʙʮʠʷ  ʠ ʜʝʩʦʨʙʮʠʷ 

ʘʥʠʦʥʦʚ ʥʘʧʨʠʤʝʨ ʉl
-
, OH

-
 ʠʣʠ ὅόὅὰ. 

ʇʦʪʝʥʮʠʘʣ ʥʫʣʝʚʦʛʦ ʟʘʨʷʜʘ ʤʝʜʠ (ʇʅɿ) ʠʥʦʛʜʘ ʤʦʞʝʪ ʦʪʣʠʯʘʪʴʩʷ ʙʦʣʝʝ 

ʯʝʤ ʥʘ 0,5 ɺ [220]. ʕʪʦʪ ʧʘʨʘʤʝʪʨ ʟʘʚʠʩʠʪ ʦʪ ʪʠʧʘ ʵʣʝʢʪʨʦʣʠʪʘ ʠ ʤʝʪʦʜʘ 

ʧʦʜʛʦʪʦʚʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ. ʇʅɿ ʤʝʜʠ ʚ ʥʝʡʪʨʘʣʴʥʳʭ ʨʘʩʪʚʦʨʘʭ 

ʙʣʠʟʦʢ ʢ -0,2 ɺ (Ag/AgCl). ʆʜʥʘʢʦ, ʵʪʦ ʟʥʘʯʝʥʠʝ ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ -0,1 ɺ, ʯʪʦ 

ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʝʜʠ, ʧʦʢʨʳʪʦʡ ʧʦʚʝʨʭʥʦʩʪʥʳʤʠ ʦʢʩʠʜʘʤʠ.  

ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʚʦ ʚʨʝʤʷ ʩʠʥʪʝʟʘ ʧʦʚʝʨʭʥʦʩʪʴ ʤʝʜʠ ʟʘʨʷʞʝʥʘ 

ʧʦʣʦʞʠʪʝʣʴʥʦ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʠʥʪʝʥʩʠʬʠʮʠʨʫʝʪ ʧʨʦʮʝʩʩ ʧʫʪʝʤ 

ʘʜʩʦʨʙʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Cl
- 
ʠ ʆʅ

-
.  

ʅʘ ʨʠʩʫʥʢʝ 5.9 ʧʦʢʘʟʘʥʳ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʠ ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʥʘ 

ʤʝʜʥʦʤ ʵʣʝʢʪʨʦʜʝ, ʢʦʪʦʨʳʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʠ ʢʠʥʝʪʠʯʝʩʢʠ ʚʦʟʤʦʞʥʳ ʚ 

ʨʘʟʣʠʯʥʳʝ ʩʪʘʜʠʠ ʧʨʦʮʝʩʩʘ [202]. ʇʨʝʜʣʘʛʘʝʤʘʷ ʩʭʝʤʘ ʦʩʥʦʚʘʥʘ ʥʘ 

ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʠ ʠʟʤʝʨʝʥʠʠ ʵʣʝʢʪʨʦʜʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʚ ʧʨʦʮʝʩʩʝ 

ʩʠʥʪʝʟʘ. ɺ ʥʝʡ ʫʯʪʝʥʳ ʪʦʣʴʢʦ ʦʩʥʦʚʥʳʝ ʠʟ ʚʦʟʤʦʞʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʟʘʧʠʩʘʥʳ 

ʦʥʠ ʩʭʝʤʘʪʠʯʥʦ ʚ ʦʙʱʝʤ ʚʠʜʝ, ʧʦʩʢʦʣʴʢʫ ʜʝʪʘʣʴʥʳʡ ʤʝʭʘʥʠʟʤ ʣʶʙʦʛʦ 

ʧʨʦʮʝʩʩʘ ʟʘʚʠʩʠʪ ʦʪ ʧʦʪʝʥʮʠʘʣʘ ʵʣʝʢʪʨʦʜʘ, ʢʦʪʦʨʳʡ ʚ ʥʘʰʠʭ ʫʩʣʦʚʠʷʭ 
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ʮʠʢʣʠʯʥʦ ʠʟʤʝʥʷʝʪʩʷ ʚʦ ʚʨʝʤʝʥʠ. ʆʜʥʘʢʦ, ʵʪʘ ʩʭʝʤʘ ʜʘʝʪ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ 

ʩʣʦʞʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʇʀʊ. 

 

ʈʠʩʫʥʦʢ 5.9 ï  ʉʭʝʤʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʠ ʢʠʥʝʪʠʯʝʩʢʠ ʚʦʟʤʦʞʥʳʭ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʠ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʥʘ ʤʝʜʥʦʤ ʵʣʝʢʪʨʦʜʝ ʚ ʧʨʦʮʝʩʩʝ 

ʧʨʦʪʝʢʘʥʠʷ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ. ʉʠʥʠʝ ʠ ʢʨʘʩʥʳʝ ʧʫʥʢʪʠʨʥʳʝ 

ʩʪʨʝʣʢʠ ʦʙʦʟʥʘʯʘʶʪ ʧʦʪʝʥʮʠʘʣʳ, ʠʟʤʝʨʝʥʥʳʝ ʚ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʠ 

ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʠʤʧʫʣʴʩ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʌʠʦʣʝʪʦʚʳʡ ʧʨʷʤʦʫʛʦʣʴʥʠʢ ï ʦʢʥʦ 

ʧʦʪʝʥʮʠʘʣʦʚ ʚ ʧʝʨʠʦʜʳ ʧʘʫʟ ʤʝʞʜʫ  ʠʤʧʫʣʴʩʘʤʠ [202] 

ɺʦ ʚʨʝʤʷ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʢʘʢ ʠ ʧʨʠ ʥʘʣʦʞʝʥʠʠ ʧʦʩʪʦʷʥʥʦʛʦ 

ʪʦʢʘ, ʚʦʟʤʦʞʥʦ ʧʨʦʪʝʢʘʥʠʝ ʩʣʝʜʫʶʱʠʭ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ [221, 222]: 

- ʦʙʨʘʟʦʚʘʥʠʝ ʧʣʝʥʢʠ ὅόὅὰ  (5.3) ʠ ʢʦʤʧʣʝʢʩʘ ὅόὅὰ (5.4), ʢʦʪʦʨʳʡ 

ʦʩʘʞʜʘʝʪʩʷ ʠʟ ʨʘʩʪʚʦʨʘ ʚ ʚʠʜʝ  ὅόὕ (5.5) ʚ ʧʨʠʵʣʝʢʪʨʦʜʥʦʡ ʦʙʣʘʩʪʠ  ʧʨʠ E>-

0,3 ɺ; 

- ʦʢʠʩʣʝʥʠʝ ὅόὅὰ  ʚ ὅό  (5.6) ʧʨʠ E > -0,3 ɺ; 

- ʧʨʷʤʦʝ ʦʢʠʩʣʝʥʠʝ ὅό ʜʦ ὅόὕ (5.8 ʠ 5.7) ʧʨʠ E> 0,5 ɺ; 

- ʨʘʟʨʷʜ ʠʦʥʦʚ ʭʣʦʨʘ ʩ ʚʳʜʝʣʝʥʠʝʤ ὅὰ  (5.9), ʠ ʤʦʣʝʢʫʣ Ὄὕ ʩ 

ʚʳʜʝʣʝʥʠʝʤ ὕ  (5.10) ʧʨʠ ʧʠʢʦʚʳʭ ʧʦʪʝʥʮʠʘʣʘʭ E > 2 ɺ.  
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ɺʦ ʚʨʝʤʷ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʢʦʪʦʨʳʡ ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ E = 0,25 

ɺ, ʧʨʦʪʝʢʘʥʠʝ ʨʝʘʢʮʠʡ (5.3) ï (5.6) ʚʩʝ ʝʱʝ ʚʦʟʤʦʞʥʦ, ʥʦ ʪʘʢʞʝ ʠʜʫʪ 

ʧʨʦʮʝʩʩʳ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʪʘʢ ʢʘʢ ʵʣʝʢʪʨʦʜʥʳʡ ʧʦʪʝʥʮʠʘʣ ʥʠʞʝ ʯʝʤ 

ʧʦʪʝʥʮʠʘʣ ʢʦʨʨʦʟʠʠ ʤʝʜʠ ʚ ʥʝʡʪʨʘʣʴʥʦʤ ʨʘʩʪʚʦʨʝ NaCl ʧʨʠ E Ò -0,3 ɺ [9, 10]. 

ʇʨʠ ʵʪʦʤ ʚʦʟʤʦʞʥʳ ʧʨʦʮʝʩʩʳ: 

- ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ #Õ#Ì, #Õ/ ʠ ʠʦʥʦʚ #Õ  ʜʦ #Õ (5.11), (5.12) ʠ (5.13), 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; 

- ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʢʠʩʣʦʨʦʜʘ (5.14) [212] ; 

- ʚʳʜʝʣʝʥʠʝ ʚʦʜʦʨʦʜʘ ʠ ʦʙʨʘʟʦʚʘʥʠʝ /((5.15) ʧʨʠ E < -2 ɺ.  ʕʪʦʪ 

ʧʨʦʮʝʩʩ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʦʙʨʘʟʦʚʘʥʠʷ #Õ/, ʪʘʢ ʢʘʢ 

ʧʫʟʳʨʴʢʠ (  ʦʙʝʩʧʝʯʠʚʘʶʪ ʫʜʘʣʝʥʠʝ ʦʢʩʠʜʥʳʭ ʧʨʦʜʫʢʪʦʚ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ 

ʵʣʝʢʪʨʦʜʘ. 

ʇʨʠʚʝʜʝʥʥʳʝ ʚʳʰʝ ʜʘʥʥʳʝ ʧʦ ʚʣʠʷʥʠʶ ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʠ 

ʩʢʚʘʞʥʦʩʪʠ ʥʘ ʩʚʦʡʩʪʚʘ ʧʦʨʦʰʢʦʚ ʦʢʩʠʜʦʚ ʤʝʜʠ ʠʣʣʶʩʪʨʠʨʫʶʪ  

ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʥʪʨʦʣʷ ʩʚʦʡʩʪʚ ʧʦʣʫʯʘʝʤʳʭ ʧʨʦʜʫʢʪʦʚ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ 

ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ  (ʨʠʩʫʥʦʢ 5.10).  

ʇʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 0,5 ɸ/ʩʤ
2
 ʠ ʩʢʚʘʞʥʦʩʪʠ  Ò30 % ʦʙʨʘʟʫʶʪʩʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʧʦʣʳʝ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ὅόὕ (CuOx-0,5). ɺ ʪʘʢʠʭ 

ʫʩʣʦʚʠʷʭ ʧʨʦʮʝʩʩ ʨʦʩʪʘ ʯʘʩʪʠʮ ʧʨʦʪʝʢʘʝʪ ʤʝʜʣʝʥʥʦ, ʘ ʩʢʦʨʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ 

ὅόὅὰ  (5.4) ʠ ὅόὕ (5.5) ʩʦʠʟʤʝʨʠʤʳ. ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ 

ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ ʧʫʟʳʨʴʢʠ H2, ʚʳʜʝʣʷʶʱʠʝʩʷ ʚʦ ʚʨʝʤʷ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ 

ʠʤʧʫʣʴʩʘ, ʥʝ ʫʩʧʝʚʘʶʪ ʚʳʨʘʩʪʠ, ʪʘʢ ʢʘʢ ʨʦʩʪ ʪʘʢʠʭ ʧʫʟʳʨʴʢʦʚ, ʛʣʘʚʥʳʤ 

ʦʙʨʘʟʦʤ, ʧʨʦʪʝʢʘʝʪ ʠʟ-ʟʘ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʜʠʬʬʫʟʠʠ ʧʦ ʤʝʭʘʥʠʟʤʫ 

ʢʦʘʣʝʩʮʝʥʮʠʠ [223]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʚʝʨʭʥʦʩʪʴ ʵʣʝʢʪʨʦʜʘ ʧʦʢʨʳʪʘ 

ʤʘʣʝʥʴʢʠʤʠ ʧʫʟʳʨʴʢʘʤʠ, ʢʦʪʦʨʳʝ ʩʣʫʞʘʪ ʮʝʥʪʨʘʤʠ ʥʫʢʣʝʘʮʠʠ ʜʣʷ Cu2O (5.5) 

ʚ ʧʨʠʵʣʝʢʪʨʦʜʥʦʡ ʦʙʣʘʩʪʠ ʚ ʩʣʝʜʫʶʱʫʶ ʧʘʫʟʫ. ɺ ʥʘʯʘʣʝ ʘʥʦʜʥʦʛʦ ʠʤʧʫʣʴʩʘ, 

ʟʘʨʷʜ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ ʙʳʩʪʨʦ ʤʝʥʷʝʪʩʷ, ʠ ʧʫʟʳʨʴʢʠ ʚʦʜʦʨʦʜʘ 

ʦʪʨʳʚʘʶʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʯʘʩʪʠʮ Cu2O (ʨʠʩʫʥʦʢ 5.10ʘ).  
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ʈʠʩʫʥʦʢ 5.10 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ CuOx  ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʠ 

ʤʦʨʬʦʣʦʛʠʠ, ʧʦʣʫʯʝʥʥʳʭ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʪʦʢʘ 

ʇʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 1,0 ɸ/ʩʤ
2
 ʠ ʩʢʚʘʞʥʦʩʪʠ 40%, ʧʫʟʳʨʴʢʠ H2 

ʢʦʘʣʝʩʮʠʨʫʶʪ ʠ ʦʪʨʳʚʘʶʪʩʷ ʦʪ ʵʣʝʢʪʨʦʜʘ ʚʦ ʚʨʝʤʷ ʙʦʣʝʝ ʜʣʠʥʥʦʛʦ 

ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ. Cu2O ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʨʘʩʪʚʦʨʝ ʚ 

ʧʨʠʵʣʝʢʪʨʦʜʥʦʡ ʦʙʣʘʩʪʠ.  ɺʳʩʦʢʘʷ ʠʩʪʠʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʦʙʫʩʣʘʚʣʠʚʘʝʪ 

ʦʯʝʥʴ ʚʳʩʦʢʠʝ ʩʢʦʨʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʨʝʟʢʦʝ ʣʦʢʘʣʴʥʦʝ 

ʠʟʤʝʥʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʨʝʘʛʝʥʪʦʚ ʚ ʧʨʠʵʣʝʢʪʨʦʜʥʦʤ ʩʣʦʝ. ʉʦʟʜʘʶʪʩʷ 

ʵʢʩʪʨʝʤʘʣʴʥʦ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʫʩʣʦʚʠʷ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ. ʊʘʢ ʚ 

ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʠʤʧʫʣʴʩ ʧʨʠʵʣʝʢʪʨʦʜʥʳʡ ʩʣʦʡ ʦʙʝʜʥʷʝʪʩʷ ʠʦʥʘʤʠ ʭʣʦʨʘ, 

ʩʦʟʜʘʶʪʩʷ ʫʩʣʦʚʠʷ ʜʣʷ ʧʨʷʤʦʛʦ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʜʦ Cu2O ʠ CuO. ʀ ʯʝʤ ʚʳʰʝ 

ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ, ʪʝʤ ʙʦʣʴʰʝ ʜʝʬʠʮʠʪ ʠʦʥʦʚ ʭʣʦʨʘ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʙʦʣʴʰʝ 

ʦʙʨʘʟʫʝʪʩʷ ʢʨʠʩʪʘʣʣʠʪʦʚ CuO (ʨʠʩʫʥʦʢ 5.10ʙ). 

ʇʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 1,5 ɸ/ʩʤ
2
 ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʚʫʭʩʣʦʡʥʳʭ 

ʢʦʤʧʦʟʠʪʦʚ Cu2O/CuO (ʨʠʩʫʥʦʢ 5.10ʚ). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠʤʧʫʣʴʩʳ ʜʣʠʥʥʝʝ 

(ʩʢʚʘʞʥʦʩʪʴ 50%), ʧʨʠ ʵʪʦʤ ʤʦʛʫʪ ʧʨʦʪʝʢʘʪʴ ʦʢʠʩʣʠʪʝʣʴʥʳʝ ʧʨʦʮʝʩʩʳ, 

ʚʝʜʫʱʠʝ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʥʝʙʦʣʴʰʠʭ ʧʣʘʩʪʠʥʯʘʪʳʭ ʢʨʠʩʪʘʣʣʦʚ CuO ʥʘ 
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ʧʦʚʝʨʭʥʦʩʪʠ Cu2O ʙʣʘʛʦʜʘʨʷ ʨʝʟʢʦʤʫ ʠʟʤʝʥʝʥʠʶ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ pH ʚ 

ʧʨʠʵʣʝʢʪʨʦʜʥʦʡ ʦʙʣʘʩʪʠ [62]. 

5.1.2  ɺʣʠʷʥʠʝ ʵʣʝʢʪʨʦʣʠʪʘ ʥʘ ʩʢʦʨʦʩʪʴ ʠ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ 

ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ 

ɹʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʧʨʠʨʦʜʳ ʵʣʝʢʪʨʦʣʠʪʘ (Na2SO4, NaOH, NaF, 

NaCl, KCl, BaCl2) ʥʘ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʠ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ. ɺ 

ʭʣʦʨʠʜʩʦʜʝʨʞʘʱʠʭ ʵʣʝʢʪʨʦʣʠʪʘʭ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ ʇʀʊ ʥʝʩʢʦʣʴʢʦ ʩʥʠʞʘʝʪʩʷ ʚ ʨʷʜʫ Na>K>Ba, ʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʇʀʊ ʦʩʪʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʩʪʦʷʥʥʦʡ, ʭʦʪʷ ʚ ʮʝʣʦʤ 

ʧʦʚʝʜʝʥʠʝ ʵʣʝʢʪʨʦʜʘ ʠ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʳ (ʨʠʩʫʥʦʢ 

5.11).  

 

ʈʠʩʫʥʦʢ 5.11 ï ʉʢʦʨʦʩʪʴ ʠ ʧʨʦʜʫʢʪʳ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʚ ʨʘʟʣʠʯʥʳʭ 

ʵʣʝʢʪʨʦʣʠʪʘʭ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʠ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ ʇʀʊ  

ɺ ʨʘʩʪʚʦʨʝ NaOH ʤʝʜʥʳʝ ʵʣʝʢʪʨʦʜʳ ʨʘʩʪʚʦʨʷʶʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʛʠʜʨʦʢʩʠʜʘ ʤʝʜʠ, ʘ ʵʣʝʢʪʨʦʜ ʧʘʩʩʠʚʠʨʫʝʪʩʷ ʩʣʦʝʤ CuO ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʭʘʨʘʢʪʝʨʘ ʪʦʢʘ. ɺ NaF ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʤʝʜʠ ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ, ʯʝʤ ʚ 

ʭʣʦʨʠʜʥʳʭ ʨʘʩʪʚʦʨʘʭ, ʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ ʪʦʢʘ ʦʙʨʘʟʫʝʪʩʷ 
























































































