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ɄȺɅȽȿȼɊȼ 

ȰɜŬ ůɖɛŬɜŰɘəɧ ɛɏɟɞɠ Űɖɠ ůɖɛŮɟɘɜɐɠ ŮɜɏɟɔŮɘŬɠ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ ŰŬ ɞɟɡəŰɎ 

əŬɨůɘɛŬ, ŰŬ ɞˊɞɑŬ ɞŭɖɔɞɨɜ ůŮ Ŭɡɝɖɛɏɜɖ ůɡɔəɏɜŰɟɤůɖ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ 

(CO2) ůŰɖɜ ŬŰɛɧůűŬɘɟŬ əŬɘ ɤɠ Ůə ŰɞɨŰɞɡ ˊɟɞəŬɚɞɨɜ Űɖɜ ɡˊŮɟɗɏɟɛŬɜůɖ Űɞɡ 

ˊɚŬɜɐŰɖ ɛɏůɤ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɞɡ ɗŮɟɛɞəɖˊɑɞɡ, Űɞ ɞˊɞɑɞ ŮˊɘűɏɟŮɘ ŭɘɎűɞɟŮɠ 

əɚɘɛŬŰɘəɏɠ ŬɚɚŬɔɏɠ. ȰŰůɘ ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ŮɟŮɡɜɖŰɘəɎ, 

ˊɟɞůˊɎɗŮɘŮɠ ɔɘŬ Űɖɜ ŮɚɎŰŰɤůɖ Űɞɡ CO2. ɀŮŰŬɝɨ Űɤɜ ɡˊɞůɢɧɛŮɜɤɜ 

ŭɘŬŭɘəŬůɘɩɜ Ŭɝɘɞˊɞɑɖůɖɠ ŮɑɜŬɘ ɖ ɡŭɟɞɔɧɜɤůɖ Űɞɡ CO2, ɖ ɞˊɞɑŬ ˊŬɟɞɡůɘɎɕŮɘ 

ɘŭɘŬɑŰŮɟɞ ŮɜŭɘŬűɏɟɞɜ, əŬɗɩɠ ɛŮɘɩɜŮɘ ŬˊɞŰŮɚŮůɛŬŰɘəɎ Űɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ, 

Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ˊŬɟɎɔŮɘ ɢɖɛɘəɎ əŬɘ əŬɨůɘɛŬ ɡɣɖɚɐɠ ˊɟɞůŰɘɗɏɛŮɜɖɠ ŬɝɑŬɠ, 

ɧˊɤɠ ˊɟɞɥɧɜŰŬ ɛɞɜɞɝŮɑŭɘɞɡ Űɞɡ ɎɜɗɟŬəŬ, ɛŮɗɎɜɘɞ, ɛŮɗŬɜɧɚɖ, 

ɡŭɟɞɔɞɜɎɜɗɟŬəŮɠ.  

Ƀ ůŰɧɢɞɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ ŮɑɜŬɘ ɖ ɛŮɚɏŰɖ ɞɟɘůɛɏɜɤɜ 

əŬŰŬɚɡŰɩɜ Ir, Ru əŬɘ ɛŮ Rh əŬɘ ɖ əŬŰŬɚɡŰɘəɐ ŬˊɞŭɞŰɘəɧŰɖŰŬ Űɞɡɠ ɧůɞɜ ŬűɞɟɎ 

Űɖɜ ŬɜŰɑŭɟŬůɖ Űɖɠ ɛŮɗŬɜɘɞˊɞɑɖůɖɠ Űɞɡ CO2. ɆɡɔəŮəɟɘɛɏɜŬ ɢŬɟŬəŰɖɟɑůŰɖəŬɜ 

əŬɘ ŭɞəɘɛɎůŰɖəŬɜ ɞɘ ˊŬɟŬəɎŰɤ əŬŰŬɚɨŰŮɠ: 1%Ir/Al2O3, 1%Ir/CeO2ZrO2, 1%Ir/ 

Al2O3CeO2ZrO2, 1%Ru/Al2O3, 1%Ru/CeO2ZrO2, 1%Ru/Al2O3CeO2ZrO2, 1%Rh/ 

Al2O3, 1%Rh/ CeO2ZrO2, 1%Rh/ Al2O3CeO2ZrO2. 

ȷɟɢɘəɎ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊŮɘɟɎɛŬŰŬ ɔɘŬ Űɞɜ ɢŬɟŬəŰɖɟɘůɛɧ Űɤɜ Ůɜ ɚɧɔɤ 

əŬŰŬɚɡŰɩɜ. ɆɡɔəŮəɟɘɛɏɜŬ, ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ˊŮɘɟɎɛŬŰŬ 

ɗŮɟɛɞˊɟɞɔɟŬɛɛŬŰɘɕɧɛŮɜɖɠ ŬɜŬɔɤɔɐɠ ɛŮ ɡŭɟɞɔɧɜɞ (ȼ2-TPR), ɛɘŬ ɛɏɗɞŭɞ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ŮəŰɑɛɖůɖ Űɖɠ ɘəŬɜɧŰɖŰŬɠ ŬɜŬɔɤɔɐɠ Űɞɡ əŬŰŬɚɨŰɖ ɛŮ 

ɡŭɟɞɔɧɜɞ, ˊŮɘɟɎɛŬŰŬ ɛŮɗɧŭɞɡ ŮəɚŮəŰɘəɐɠ ɢɖɛŮɘɞɟɟɧűɖůɖɠ (H2 titration) ɔɘŬ 

Űɞɜ ɡˊɞɚɞɔɘůɛɧ Űɖɠ ɛɏůɖɠ ŭɘŬɛɏŰɟɞɡ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Űɖɠ ŮɜŮɟɔɞɨ űɎůɖɠ əŬɘ 

Űɖ ŭɘŬůˊɞɟɎ Űɞɡɠ ůŰɞ űɞɟɏŬ, əŬɘ ˊŮɘɟɎɛŬŰŬ ŰŮɢɜɘəɐɠ B.E.T ɔɘŬ Űɖɜ ɛɏŰɟɖůɖ 

Űɖɠ ɞɚɘəɐɠ Ůɘŭɘəɐɠ ŮˊɘűɎɜŮɘŬɠ.  

ũɘŬ Űɞɡɠ ˊŬɟŬˊɎɜɤ əŬŰŬɚɨŰŮɠ ůŰɖ ůɡɜɏɢŮɘŬ ɛŮɚŮŰɐɗɖəŮ əŬɘ ɖ əŬŰŬɚɡŰɘəɐ 

ŬɜŰɑŭɟŬůɖ ɡŭɟɞɔɧɜɤůɖɠ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ ( CO2 Hydrogenation) ɛŮ 

əɨɟɘɞ ŮˊɘɕɖŰɞɨɛŮɜɞ ˊɟɞɥɧɜ Űɞ ɛŮɗɎɜɘɞ( ɛŮɗŬɜɘɞˊɞɑɖůɖ Űɞɡ CO2). ũɘŬ Űɖɜ 

ŬɜŰɑŭɟŬůɖ ɡŭɟɞɔɧɜɤůɖɠ Űɞɡ CO2 ůŰɖɜ ɛŮɚɏŰɖ Űɖɠ əŬŰŬɚɡŰɘəɐɠ ŮɜŮɟɔɧŰɖŰŬɠ 

Űɞɡ ŮəɎůŰɞŰŮ əŬŰŬɚɡŰɘəɞɨ ɡɚɘəɞɨ ŭɞəɘɛɎɕŮŰŬɘ ́ɞůɧŰɖŰŬ 0,05g, ůŰɞɜ 

ŬɜŰɘŭɟŬůŰɐɟŬ. ũɘŬ ɜŬ ɛŮɚŮŰɖɗŮɑ ɖ ŮɜŮɟɔɧŰɖŰŬ Űɞɡ ŮəɎůŰɞŰŮ əŬŰŬɚɨŰɖ, 

ŭɘɞɢŮŰŮɨŮŰŬɘ Ŭɏɟɘɞ ɛɑɔɛŬ ůŮ ŬɜŬɚɞɔɑŬ ŰɟɞűɞŭɞůɑŬɠ: H2/CO2=4, əŬɘ 

ůɡɔəŮəɟɘɛɏɜŬ 20% H2, 5% CO2 əŬɘ Űɞ ɡˊɧɚɞɘˊɞ Ŭɟɔɧ (Ar), ˊɑŮůɖ p=1atm  ůŮ 

ůɡɜɞɚɘəɐ ɟɞɐ 50cm3/min ɐ 100 cm3/min ŮɜŰɧɠ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ əŬɘ ůŰŬŭɘŬəɎ 

ŬɡɝɎɜŮŰŬɘ ɖ ɗŮɟɛɞəɟŬůɑŬ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ, ɛɏɢɟɘ ˊŮɟɑˊɞɡ Űɞɡɠ 600ęC, ɛŮ 

ŬɜɎɚɡůɖ Űɤɜ ˊɟɞɥɧɜŰɤɜ ɛɏůɤ on-line ŬɏɟɘŬɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ ŬɜɎ 30ɞC. 

 Ⱥˊɑůɖɠ ɛŮɚŮŰɎŰŬɘ ɖ əŬŰŬɚɡŰɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ əŬŰŬɚɡŰɩɜ ɔɘŬ ŬɡŰɐ Űɖɜ 

ŬɜŰɑŭɟŬůɖ. ȼ ŭɘŬŭɘəŬůɑŬ ŮɑɜŬɘ ɧɛɞɘŬ ɛŮ ŬɡŰɐ Űɖɠ ɛŮɚɏŰɖɠ Űɖɠ əŬŰŬɚɡŰɘəɐɠ 

ŮɜŮɟɔɧŰɖŰŬɠ, ɛŮ Űɖ ŭɘŬűɞɟɎ ˊɤɠ ŰŬ ɢɟɤɛŬŰɞɔɟŬűɐɛŬŰŬ ɚŬɛɓɎɜɞɜŰŬɘ ŬɜɎ ɛɑŬ 
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ɩɟŬ ɔɘŬ 5 h ůŮ ůŰŬɗŮɟɐ ɗŮɟɛɞəɟŬůɑŬ (380ɞC), ɖ ɞˊɞɑŬ ŮˊɘɚɏɢɗɖəŮ ɤɠ ɛɑŬ 

ɛɏůɖ Űɘɛɐ ɓɏɚŰɘůŰɖɠ Ŭˊɧŭɞůɖɠ ɔɘŬ ůɨɔəɟɘůɖ ɛŮŰŬɝɨ Űɤɜ Ůɜ ɚɧɔɤ əŬŰŬɚɡŰɩɜ.  
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ABSTRACT 

A major part of todayôs energy derives from fossil fuels, which result in 

increased carbon dioxide (CO2) concentration in the atmosphere and thereby 

causing global warming through the greenhouse effect. In recent years, 

research efforts have been made to reduce CO2. Among the promising 

exploitation processes is CO2 hydrogenation, which is of particular interest, as 

it effectively reduces carbon dioxide while producing high value added 

chemicals and fuels, such as carbon monoxide, methane, methanol, and 

hydrocarbons. 

The aim of this thesis is the study of certain Ir, Ru, Rh based catalysts and 

their catalytic performance with respect to the reaction of CO2 hydrogenation. 

The following catalysts were characterized and tested: 1%Ir/ Al2O3, 1%Ir/ 

CeO2ZrO2, 1%Ir/ Al2O3CeO2ZrO2, 1%Ru/ Al2O3, 1%Ru/ CeO2ZrO2, 1%Ru/ 

Al2O3CeO2ZrO2, 1%Rh/ Al2O3, 1%Rh/ CeO2ZrO2, 1%Rh/ Al2O3CeO2ZrO2. 

Initially, experiments were carried out to characterize these catalysts. In 

particular, Temperature- programmed hydrogen reduction (H2-TPR) 

experiments were carried out, a method used to assess the hydrogen 

reduction capacity of the catalyst, H2 chemisprption (H2-titration) experiments 

to calculate the mean diameter of the spherical particles and metal dispersion 

in the support, and BET method experiments to measure the total surface 

area. 

The catalytic performance of the above catalysts was also studied for the 

reaction of hydrogenation of carbon dioxide (CO2 Hydrogenation) to methane 

production (methanation of CO2). For the study of the catalytic activity of each 

catalytic material, 0.05 g is tested in the reactor, while gas mix passes through 

the reactor (feedback ratio: H2/ CO2=4 and specifically 20% H2, 5% CO2, 75% 

Ar and a total flow rate of 50 cm3 / min or 100 cm3 / min). The reactor 

temperature is gradually increased to 600ɞC, while the reaction products are 

being analyzed every 30ɞC with on-line gas chromatography.  

Furthermore, the catalytic stability of the catalysts for this reaction is studied. 

The procedure is similar to that of the catalytic activity study, with the 

diffwrence that chromatograms are received every hour, for 5 hrs at a constant 

temperature (380ɞC), which was chosen as an average optimum yield value for 

comparison between catalysts studied. 

.  
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ȺɡɢŬɟɘůŰɑŮɠ 

ȺɡɢŬɟɘůŰɩ ɗŮɟɛɎ Űoɜ Ůˊɘɓɚɏˊɤɜ əŬɗɖɔɖŰɐ ə. ȽɤɎɜɜɖ ȸ. ũŮɜŰŮəɎəɖ ůŰɞɜ ɞˊɞɑɞ 
ɞűŮɑɚɤ Űɖɜ ŭɘŮɝŬɔɤɔɐ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ əŬɘ Űɞɡ ŮəűɟɎɕɤ Űɖɜ 
Ůɡɔɜɤɛɞůɨɜɖ ɛɞɡ ɔɘŬ Űɖɜ əŬɗɞŭɐɔɖůɐ Űɞɡ ůŮ əɎɗŮ ɓɐɛŬ ɛŮ Űɘɠ ˊɞɚɨŰɘɛŮɠ 
ůɡɛɓɞɡɚɏɠ Űɞɡ əŬɘ Űɖɜ ɛŮŰɎɓŬůɖ Űɤɜ ɔɜɩůŮɩɜ Űɞɡ. 

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ə. Ɂɑəɞ ɂŮəɞɡəɞɡɚɤŰɎəɖ əŬɘ Űɖɜ əŬɗɖɔɐŰɟɘŬ 

ɄŬɜŬɔɘɤŰɞˊɞɨɚɞɡ ɄŬɟŬůəŮɡɐ əŬɘ ˊɞɡ ŮɑɜŬɘ ɛɏɚɖ Űɖɠ ŰɟɘɛŮɚɞɨɠ ŮˊɘŰɟɞˊɐɠ. 

Ⱥˊɑůɖɠ, Űɖɜ ɄŬɜŬɔɘɤŰɞˊɞɨɚɞɡ ɄŬɟŬůəŮɡɐ, ˊɞɡ ɛŮ ɓɞɐɗɖůŮ ˊɞɚɨ ůŰɖɜ 

ŭɘŮəˊŮɟŬɑɤůɖ Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ. 

ɆŰɖ ůɡɜɏɢŮɘŬ, ŮɡɢŬɟɘůŰɩ ɘŭɘŬɑŰŮɟŬ Űɖɜ ŭɘŭɎəŰɞɟŬ ũɟŬɛɛŬŰɘəɐ ũɞɨɚŬ ɔɘŬ Űɖɜ 
ŮɝŬɘɟŮŰɘəɐ ůɡɜŮɟɔŬůɑŬ ˊɞɡ ŮɑɢŬɛŮ, ɔɘŬ Űɘɠ ˊɞɚɨŰɘÕŮɠ ůɡÕɓɞɡɚɏɠ əŬɘ Űɖɜ 
əŬɗɞŭɐɔɖůɖ ůŰɖɜ ŮəŰɏɚŮůɖ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ, ŬɚɚɎ əŬɘ Űɞ ɡˊɧɚɞɘˊɞ 
ˊɟɞůɤˊɘəɧ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ, Ɂɑəɞ ȸŬəɎəɖ əŬɘ ũŮɤɟɔɑŬ ɀˊɞŰɕɞɚɎəɖ ɔɘŬ Űɖɜ 
ˊɞɚɨ əŬɚɐ ůɡɜŮɟɔŬůɑŬ ˊɞɡ ŮɑɢŬɛŮ, Űɖɜ ˊɞɚɨŰɘɛɖ ɓɞɐɗŮɘŬ ˊɞɡ ɛɞɡ 
ˊɟɞůɏűŮɟŬɜ əŬɗɩɠ əŬɘ ɔɘŬ Űɞ ŮɡɢɎɟɘůŰɞ əɚɑɛŬ ˊɞɡ ŮˊɘəɟŬŰɞɨůŮ ůŰɞ 
ŮɟɔŬůŰɐɟɘɞ. 

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɝŬɜɎ Űɖɜ ũŮɤɟɔɑŬ ɀˊɞŰɕɞɚɎəɖ əŬɘ Űɘɠ 
ůɡɛűɞɘŰɐŰɟɘŮɠ  Ⱥɟůɖ ɁɘəɞɚŬɟɎəɖ əŬɘ Űɖɜ ȷɜŬŰɞɚɐ ɔɘŬ Űɖ ůŰɐɟɘɝɐ Űɞɡɠ əŬɘ Űɖɜ 
ŮɝŬɘɟŮŰɘəɐ ůɡɜŮɟɔŬůɑŬ ˊɞɡ ŮɑɢŬɛŮ əŬɗô ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ. 

ȷˊɧ Űɘɠ ŮɡɢŬɟɘůŰɑŮɠ ŭŮ ɗŬ ɛˊɞɟɞɨůŬ ɜŬ ŮɝŬɘɟɏůɤ Űɖ ɛɖŰɏɟŬ ɛɞɡ, ˊɞɡ ɛɞɡ 
ŭɑɜŮɘ Õɞɡ əɞɡɟɎɔɘɞ əŬɘ ɓɟɑůəŮŰŬɘ ˊɎɜŰŬ ŭɑˊɚŬ ɛɞɡ. 

ŪŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɧɚɞɡɠ Űɞɡɠ űɑɚɞɡɠ ɛɞɡ ˊɞɡ ɛŮ ůŰɖɟɑɕɞɡɜ ˊɎɜŰŬ əŬɘ 
əɡɟɑɤɠ Űɘɠ űɑɚŮɠ ɛɞɡ ȷɚɑəɖ ȾɧəəŬ əŬɘ Űɖɜ Ⱥɚɏɜɖ ūŬɟɛɎəɖ. 

ɇɏɚɞɠ, əŬɘ ˊɘɞ ůɖɛŬɜŰɘəɧ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ˊɘɞ əɞɜŰɘɜɧ ɛɞɡ 
Ɏɜɗɟɤˊɞ ɆŰɏűŬɜɞ ȾŬůɑɛɖ, ˊɞɡ ɛŮ ɓɞɖɗɎŮɘ ɜŬ ˊɟɞɢɤɟɎɤ ɛˊɟɞůŰɎ. 
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1 ȺɘůŬɔɤɔɐ 

1.1 Ƀ ɟɨˊɞɠ CO2  

ɇɞ CO2 ŮɑɜŬɘ ɏɜŬ Ŭˊɧ ŰŬ ɓŬůɘəɎ ŬɏɟɘŬ Űɞɡ ɗŮɟɛɞəɖˊɑɞɡ. ȷˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ 

ɎŰɞɛɞ ɎɜɗɟŬəŬ əŬɘ ŭɨɞ ɎŰɞɛŬ ɞɝɡɔɧɜɞɡ.  

ɇɞ ŭɘɞɝŮɑŭɘɞ Űɞɡ ɎɜɗɟŬəŬ ŮɑɜŬɘ űɡůɘəɧ ɜŬ 

ŮɑɜŬɘ ˊŬɟɧɜ ůŰɖɜ ŬŰɛɧůűŬɘɟŬ, ɤɠ ɛɏɟɞɠ 

Űɞɡ əɨəɚɞɡ Űɞɡ ɎɜɗɟŬəŬ Űɖɠ ũɖɠ (ɖ 

űɡůɘəɐ əɡəɚɞűɞɟɑŬ Űɞɡ ɎɜɗɟŬəŬ ɛŮŰŬɝɨ 

Űɖɠ ŬŰɛɧůűŬɘɟŬɠ, Űɤɜ ɤəŮŬɜɞɨɠ, Űɞɡ 

ŮŭɎűɞɡɠ, Űɤɜ űɡŰɩɜ əŬɘ Űɤɜ ɕɩɤɜ).  ɇɞ  

CO2 ŮɑɜŬɘ Űɞ ˊɟɞɥɧɜ Űɖɠ ɞɝŮɑŭɤůɖɠ Űɞɡ 

ɎɜɗɟŬəŬ Ŭˊɧ ŬɡŰɏɠ Űɘɠ əŬŰŬɓɧɗɟŮɠ. Ƀ 

əɨəɚɞɠ Űɞɡ ɎɜɗɟŬəŬ ůŰɞ ŮˊɑˊŮŭɞ Űɖɠ 

ɔɖɠ ˊŬɟɞɡůɘɎɕŮŰŬɘ ůŰɖɜ Ŭəɧɚɞɡɗɖ 

ŮɘəɧɜŬ (ȺɘəɧɜŬ 1.1)[1.1]:  

 

 

ɋůŰɧůɞ ɞɘ ŬɜɗɟɩˊɘɜŮɠ ŭɟŬůŰɖɟɘɧŰɖŰŮɠ Űɟɞˊɞˊɞɘɞɨɜ Űɞɜ əɨəɚɞ Űɞɡ ɎɜɗɟŬəŬ 

Űɧůɞ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ ˊŮɟɘůůɧŰŮɟɞɡ CO2 ůŰɖɜ ŬŰɛɧůűŬɘɟŬ ɧůɞ əŬɘ ɛŮ Űɖɜ 

Ůˊɘɟɟɞɐ Űɤɜ űɡůɘəɩɜ əŬŰŬɓɧɗɟɤɜ ɧˊɤɠ ŰŬ ŭɎůɖ, ˊɞɡ ůɡɛɓɎɚɚɞɡɜ ůŰɖɜ 

ŬˊɞɛɎəɟɡɜůɖ Űɞɡ CO2 Ŭˊɧ Űɖɜ ŬŰɛɧůűŬɘɟŬ.  Ⱥɜɩ ˊɞɚɚɏɠ ˊɖɔɏɠ Ůəˊɞɛˊɩɜ 

CO2 ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ɛɘŬ ˊɞɘəɘɚɑŬ űɡůɘəɩɜ ˊɖɔɩɜ, ɞɘ Ůəˊɞɛˊɏɠ Űɞɡ CO2 ˊɞɡ 

ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖɜ Ŭɜɗɟɩˊɘɜɖ ŭɟŬůŰɖɟɘɧŰɖŰŬ ŮɑɜŬɘ əɡɟɑɤɠ ɡˊŮɨɗɡɜŮɠ ɔɘŬ Űɖɜ 

Ŭɨɝɖůɖ ˊɞɡ ůɖɛŮɘɩɗɖəŮ ůŰɖɜ ŬŰɛɧůűŬɘɟŬ Ŭˊɧ Űɖ ɓɘɞɛɖɢŬɜɘəɐ ŮˊŬɜɎůŰŬůɖ. 

ȷɡŰɧ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ŭɘɎɔɟŬɛɛŬ (ȹɘɎɔɟŬɛɛŬ 1.1) Űɞ ɞˊɞɑɞ ŭŮɑɢɜŮɘ 

Űɘɠ ɛɏůŮɠ  ɛɖɜɘŬɑŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ ˊɞɡ ɛŮŰɟoɨɜŰŬɘ 

ůŰɞ ůŰŬɗɛɧ Mauna Loa Observatory, Hawaii [1,2]. 

  
ȹɘɎɔɟŬɛɛŬ 1.1: ɆɡɔəɏɜŰɟɤůɖ Űɞɡ CO2 ůŰɖɜ ŬŰɛɧůűŬɘɟŬ. 

ȺɘəɧɜŬ 1.1: Ⱦɨəɚɞɠ Űɞɡ ɎɜɗɟŬəŬ. 

 

http://www.fao.org/docrep/005/ac836e/AC836E03.htm
http://www.esrl.noaa.gov/gmd/ccgg/trends/full.html
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1.2 Ʉɖɔɏɠ Ůəˊɞɛˊɐɠ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ ůŰɖɜ 

ŬŰɛɧůűŬɘɟŬ  

ɇɞ CO2 Ŭ́ ɞŰŮɚŮɑ ɡˊɞˊɟɞɥɧɜ ɧɚɤɜ Űɤɜ əŬɨůŮɤɜ ɞɟɡəŰɩɜ əŬɡůɑɛɤɜ 

(əɎɟɓɞɡɜɞɡ, ˊŮŰɟŮɚŬɑɞɡ, ɓŮɜɕɑɜɖɠ, űɡůɘəɞɨ ŬŮɟɑɞɡ əɚˊ.), ŬɚɚɎ əŬɘ Űɞɡ ɝɨɚɞɡ, 

ˊɚŬůŰɘəɩɜ ə.Ɏ. ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ. ɄŬɟɎɔŮŰŬɘ ŬəɧɛŬ Ŭˊɧ űɡůɘəɏɠ ˊɖɔɏɠ 

ɧˊɤɠ Ŭˊɧ Űɖɜ ŬˊɞůɨɜɗŮůɖ ɞɟɔŬɜɘəɩɜ ɞɡůɘɩɜ. ɀŮɔɎɚŮɠ ˊɞůɧŰɖŰŮɠ ŭɘɞɝŮɘŭɑɞɡ 

Űɞɡ ɎɜɗɟŬəŬ ŮəˊɏɛˊɞɜŰŬɘ Ůˊɑůɖɠ Ŭˊɧ ŰŬ ɖűŬɑůŰŮɘŬ əŬɘ Ŭˊɧ Űɘɠ ɗŮɟɛɏɠ ˊɖɔɏɠ 

ŬɚɚɎ əŬɘ Ŭˊɧ Űɖ ŭɘɎɚɡůɖ Űɤɜ ŬɜɗɟŬəɘəɩɜ ˊŮŰɟɤɛɎŰɤɜ. Ⱥɜɤɛɏɜɞ, ɛŮ Űɖ ɛɞɟűɐ 

ŬɜɗɟŬəɘəɩɜ ŬɚɎŰɤɜ, ɓɟɑůəŮŰŬɘ ůŮ ɛŮɔɎɚŮɠ ˊɞůɧŰɖŰŮɠ ůŰɞ ůŰŮɟŮɧ űɚɞɘɧ Űɖɠ 

ɔɖɠ. ɇŬ əɡɟɘɧŰŮɟŬ ŬɜɗɟŬəɘəɎ ɞɟɡəŰɎ ŮɑɜŬɘ ɞɘ ŭɘɎűɞɟŮɠ ˊɞɘəɘɚɑŮɠ Űɞɡ CaCO3 

(ŬůɓŮůŰɧɚɘɗɞɘ, ŬůɓŮůŰɑŰɖɠ, ɛɎɟɛŬɟɞ ə.Ɏ.), ɞ ɛŬɔɜɖůɑŰɖɠ MgCO3, ɞ ůɘŭɖɟɑŰɖɠ 

FeCO3, ɞ ŭɞɚɞɛɑŰɖɠ CaCO3.MgCO3 ə.Ɏ. ɄŬɟɎɔŮŰŬɘ, Ůˊɑůɖɠ, əŬŰɎ Űɖɜ ŬɜŬˊɜɞɐ 

ɧɚɤɜ Űɤɜ űɡŰɩɜ əŬɘ Űɤɜ ɕɩɤɜ əŬɘ Ŭˊɧ Űɞɡɠ ɛɨəɖŰŮɠ əŬɘ ɛɘəɟɞɞɟɔŬɜɘůɛɞɨɠ 

ˊɞɡ ŮɝŬɟŰɩɜŰŬɘ ɎɛŮůŬ ɐ ɏɛɛŮůŬ Ŭˊɧ ŰŬ űɡŰɎ ɔɘŬ Űɖɜ Űɟɞűɐ Űɞɡɠ. [1.14] 

1.3 ɄŮɟɘɞɟɘůɛɧɠ Űɤɜ Ůəˊɞɛˊɩɜ Űɞɡ CO2 

ɆɨɛűɤɜŬ ɛŮ ɧɚŬ ŰŬ ˊŬɟŬˊɎɜɤ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ ŮɨɟŮůɖ ɚɨůŮɤɜ ɔɘŬ Űɞɜ 

ˊŮɟɘɞɟɘůɛɧ Űɤɜ Ůəˊɞɛˊɩɜ Űɞɡ CO2. Ȱɢɞɡɜ ɛŮɚŮŰɖɗŮɑ ŭɘɎűɞɟŮɠ ůŰɟŬŰɖɔɘəɏɠ 

ɔɘŬ Űɖ ɛŮɑɤůɖ Űɤɜ Ůəˊɞɛˊɩɜ Űɞɡ CO2. 

ɇɟŮɘɠ ˊɘɗŬɜɏɠ ůŰɟŬŰɖɔɘəɏɠ ůŰɞɜ ŰɞɛɏŬ ŬɡŰɧ ŮɑɜŬɘ:  

ȼ ɛŮɑɤůɖ Űɖɠ ˊɞůɧŰɖŰŬɠ Űɞɡ CO2 ˊɞɡ ˊŬɟɎɔŮŰŬɘ, ɖ ŬˊɞɗɐəŮɡůɖ Űɞɡ CO2, əŬɘ 

ɖ ɢɟɐůɖ Űɞɡ CO2 [1.3] , [1.4] .  

ȼ ˊɟɩŰɖ ůŰɟŬŰɖɔɘəɐ ŬˊŬɘŰŮɑ ŮɜŮɟɔŮɘŬəɎ ŬˊɞŭɞŰɘəɏɠ ɓŮɚŰɘɩůŮɘɠ əŬɘ Űɖ 

ɛŮŰɎɓŬůɖ Ŭˊɧ ŰŬ ɞɟɡəŰɎ əŬɨůɘɛŬ ˊɟɞɠ ŮɜŮɟɔŮɘŬəɏɠ ˊɖɔɏɠ  əŬɘ ůŰɖ ɛŮɑɤůɖ Űɖɠ  

ɢɟɐůɖɠ Űɞɡ ɎɜɗɟŬəŬ, ɧˊɤɠ Űɞ ɡŭɟɞɔɧɜɞ əŬɘ Űɘɠ ŬɜŬɜŮɩůɘɛŮɠ ˊɖɔɏɠ ŮɜɏɟɔŮɘŬɠ 

[1.5],[1.6],[1.7], [1.8] . ȼ ŭŮɨŰŮɟɖ ůŰɟŬŰɖɔɘəɐ  ŮɑɜŬɘ ɖ ŬˊɞɗɐəŮɡůɖ Űɞɡ CO2 əŬɘ 

ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ŬɜɎˊŰɡɝɖ ɜɏɤɜ ŰŮɢɜɞɚɞɔɘɩɜ ɔɘŬ Űɖ ůɨɚɚɖɣɖ [1.9] əŬɘ Űɖɜ 

ˊŬɔɑŭŮɡůɖ Űɞɡ CO2, ˊɞɡ ŮɑɜŬɘ ɛɘŬ ůɢŮŰɘəɎ əŬɗɘŮɟɤɛɏɜɖ ŭɘŬŭɘəŬůɑŬ [1.10]. 

Ⱥˊɘˊɚɏɞɜ, ɏɢŮɘ ŮˊɘɓŮɓŬɘɤɗŮɑ Ůŭɩ əŬɘ ˊɞɚɚɎ ɢɟɧɜɘŬ ɧŰɘ ɖ ŬɜŰɑŭɟŬůɖ 

ɡŭɟɞɔɧɜɤůɖɠ ŮɑɜŬɘ ɛŮŰŬɝɨ Űɤɜ ˊɚɏɞɜ ůɖɛŬɜŰɘəɩɜ ɢɖɛɘəɩɜ ɛŮŰŬŰɟɞˊɩɜ Űɞɡ 

CO2. ɆɡɛɓɎɚɚŮɘ ůŰɖɜ ŬŮɘűɞɟɑŬ əŬɗɩɠ əŬɘ ůŰɞɡɠ ŰɞɛŮɑɠ  Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ 

Űɖɠ ŮɜɏɟɔŮɘŬɠ. ɄɟɎɔɛŬŰɘ, ɖ ŬɜŰɑŭɟŬůɖ ŬɡŰɐ, ɧɢɘ ɛɧɜɞ ɛŮɘɩɜŮɘ Űɖɜ ŬɡɝŬɜɧɛŮɜɖ 

ˊɞůɧŰɖŰŬ CO2 ůŰɖɜ ŬŰɛɧůűŬɘɟŬ, ŬɚɚɎ Ůˊɑůɖɠ ɞŭɖɔŮɑ ůŮ ˊŬɟŬɔɤɔɐ əŬɡůɑɛɤɜ 

əŬɘ ˊɞɚɨŰɘɛŮɠ ɢɖɛɘəɏɠ ɞɡůɑŮɠ. 

 

  

http://www.sciencedirect.com/science/article/pii/S1750583609001005
http://pubs.rsc.org/en/Content/ArticleLanding/2010/EE/B912904A#!divAbstract
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1.4 ȷɜɎɔəɖ ɔɘŬ ɛŮɑɤůɖ Űɤɜ əŬɡůɑɛɤɜ əŬɘ ůɡɜŮɘůűɞɟɎ 

Űɖɠ ŬɜŰɑŭɟŬůɖɠ Űɖɠ ɡŭɟɞɔɧɜɤůɖɠ Űɞɡ CO2 

ȺɑɜŬɘ ɔŮɔɞɜɧɠ ˊɤɠ ɖ ŬɜɎɔəɖ ɔɘŬ əŬɨůɘɛŬ ŮɑɜŬɘ ůɡɜŮɢɩɠ ŬɡɝŬɜɧɛŮɜɖ ɛŮ Űɖɜ 

ŬɡɝŬɜɧɛŮɜɖ əŬŰŬɜɎɚɤůɖ ŮɜɏɟɔŮɘŬɠ. ɋůŰɧůɞ, ɞɘ ˊɧɟɞɘ Űɤɜ ɞɟɡəŰɩɜ əŬɨůɘɛɤɜ 

ɛŮɘɩɜɞɜŰŬɘ əŬɘ ɞɘ Űɘɛɏɠ Űɤɜ əŬɡůɑɛɤɜ ɏɢɞɡɜ ɡˊɞůŰŮɑ ɏɜŰɞɜɖ ŭɘŬəɨɛŬɜůɖ əŬŰɎ 

ŰŬ ŰŮɚŮɡŰŬɑŬ ɢɟɧɜɘŬ. ɋɠ Ůə ŰɞɨŰɞɡ, ɗŬ ɐŰŬɜ ˊɞɚɨ ŮˊɘɗɡɛɖŰɐ ɖ ŬɜɎˊŰɡɝɖ 

ŮɜŬɚɚŬəŰɘəɩɜ əŬɡůɑɛɤɜ Ŭˊɧ ˊɖɔɏɠ əŬɘ ŭɘŬŭɘəŬůɑŮɠ ɛɖ ɞɟɡəŰɩɜ əŬɡůɑɛɤɜ.  

ɇɞ CO2 ŬˊɞŭŮɘəɜɨŮŰŬɘ ɧŰɘ ŮɑɜŬɘ ɛɑŬ ɞɘəɞɜɞɛɘəɐ, ŬůűŬɚɐɠ, əŬɘ ŬɜŬɜŮɩůɘɛɖ ˊɖɔɐ 

ɎɜɗɟŬəŬ. ɉɟɖůɘɛɞˊɞɘŮɑŰŬɘ  ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ɞɟɔŬɜɘəɩɜ ɢɖɛɘəɩɜ ɞɡůɘɩɜ, 

ɡɚɘəɩɜ, əŬɘ ɡŭŬŰɎɜɗɟŬəɤɜ [1.11] .ȼ ɢɟɖůɘɛɞˊɞɑɖůɖ Űɞɡ CO2 ɤɠ ˊɟɩŰɖ ɨɚɖ 

ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ ɢɖɛɘəɩɜ ɞɡůɘɩɜ, ɧɢɘ ɛɧɜɞ ůɡɛɓɎɚɚŮɘ ůŰɖɜ Ɏɛɓɚɡɜůɖ Űɤɜ 

ˊŬɔəɧůɛɘɤɜ əɚɘɛŬŰɘəɩɜ ŬɚɚŬɔɩɜ ˊɞɡ ˊɟɞəŬɚɞɨɜŰŬɘ Ŭˊɧ Űɖɜ Ŭɨɝɖůɖ Űɤɜ 

Ůəˊɞɛˊɩɜ CO2, ŬɚɚɎ ˊŬɟɏɢŮɘ Ůˊɑůɖɠ ɛɘŬ ɛŮɔɎɚɖ ˊɟɧəɚɖůɖ ůŰɖɜ ɏɟŮɡɜŬ ɔɘŬ 

Űɖɜ əŬŰŬɚɡŰɘəɐ əŬɘ ɓɘɞɛɖɢŬɜɘəɐ ŬɜɎˊŰɡɝɖ [1.12]. ɋůŰɧůɞ, Űɞ CO2 ŭŮɜ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŮəŰŮɜɩɠ ɤɠ ˊɖɔɐ ɎɜɗɟŬəŬ ůŮ ŰɟɏɢɞɡůŮɠ ŮɟɔŬůŰɖɟɘŬəɏɠ əŬɘ 

ɓɘɞɛɖɢŬɜɘəɏɠ ˊɟŬəŰɘəɏɠ. ɄɟɎɔɛŬŰɘ, ɖ ɢɟɐůɖ Űɞɡ CO2 ɤɠ ɢɖɛɘəɐ ˊɟɩŰɖ ɨɚɖ 

ˊŮɟɘɞɟɑɕŮŰŬɘ ůŮ ɚɑɔŮɠ ɓɘɞɛɖɢŬɜɘəɏɠ ŭɘŮɟɔŬůɑŮɠ, ɧˊɤɠ ůɨɜɗŮůɖ ɞɡɟɑŬɠ əŬɘ Űɤɜ 

ˊŬɟɎɔɤɔɩɜ Űɖɠ, ůŬɚɘəɡɚɘəɞɨ ɞɝɏɞɠ, əŬɘ ŬɜɗɟŬəɘəɩɜ ŬɚɎŰɤɜ. ȷɡŰɧ ɞűŮɑɚŮŰŬɘ 

əŬŰɎ əɨɟɘɞ ɚɧɔɞ ůŰɖɜ ɗŮɟɛɞŭɡɜŬɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ CO2 əŬɘ ůɡɜŮˊɩɠ ůŰɖɜ 

ɡɣɖɚɐ ŮɜɏɟɔŮɘŬ ɞɡůɘɩɜ ɐ ɖɚŮəŰɟɞŬɜŬɔɤɔɘəɩɜ ŭɘŬŭɘəŬůɘɩɜ ˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ 

ŰɡˊɘəɎ ɔɘŬ Űɞ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Űɞɡ CO2 ůŮ ɎɚɚŮɠ ɢɖɛɘəɏɠ ɞɡůɑŮɠ [1.13]. ɇɞ 

ɡŭɟɞɔɧɜɞ ŮɑɜŬɘ ɏɜŬ ɡɣɖɚɐɠ ŮɜɏɟɔŮɘŬɠ ɡɚɘəɧ Űɞ ɞˊɞɑɞ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ 

ɤɠ ŬɜŰɘŭɟŬůŰɐɟɘɞ ɔɘŬ Űɞ ɛŮŰŬůɢɖɛŬŰɘůɛɧ Űɞɡ CO2 .  

ɇŬ ˊɟɞɥɧɜŰŬ Űɖɠ ɡŭɟɞɔɧɜɤůɖɠ CO2 ɧˊɤɠ ɛŮɗŬɜɧɚɖ əŬɘ ɡŭɟɞɔɞɜɎɜɗɟŬəŮɠ 

ŮɑɜŬɘ ŮɝŬɘɟŮŰɘəɎ əŬɨůɘɛŬ ůŮ ɛɖɢŬɜɏɠ ŮůɤŰŮɟɘəɐɠ əŬɨůɖɠ, ŮɨəɞɚŬ 

ŬˊɞɗɖəŮɨůɘɛŬ əŬɘ ˊŬɟɏɢɞɡɜ ŬůűɎɚŮɘŬ ůŰɖɜ ɛŮŰŬűɞɟɎ Űɞɡɠ ůŮ ůɢɏůɖ ɛŮ ŰŬ 

ŬɏɟɘŬ əŬɨůɘɛŬ. Ⱥˊɘˊɚɏɞɜ, ɖ ɛŮɗŬɜɧɚɖ ŮɑɜŬɘ ɛɘŬ ˊɟɩŰɖ ɨɚɖ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŮ ́ɞɚɚɏɠ ɢɖɛɘəɏɠ ɓɘɞɛɖɢŬɜɑŮɠ. ɋůŰɧůɞ, ɗŬ ˊɟɏˊŮɘ ɜŬ 

ˊŬɟŬŰɖɟɖɗɞɨɜ ˊɘɗŬɜɎ ɕɖŰɐɛŬŰŬ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɞ ɡŭɟɞɔɧɜɞ, ɧˊɤɠ ɖ 

ˊŬɟŬɔɤɔɐ, ɖ ŬˊɞɗɐəŮɡůɖ əŬɘ ɖ ɛŮŰŬűɞɟɎ. Ʉɖɔɏɠ ɡŭɟɞɔɧɜɞɡ ɔɘŬ Űɖ ɢɖɛɘəɐ 

ŬɜŬəɨəɚɤůɖ CO2 ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ŮɔəŬŰŬůŰŬɗɞɨɜ in-situ ɓŬůɘɕɧɛŮɜŮɠ ŮɑŰŮ 

ůŰɖ ɢɟɐůɖ ɞɟɡəŰɩɜ əŬɡůɑɛɤɜ (əɡɟɑɤɠ űɡůɘəɞɨ ŬŮɟɑɞɡ) ɐ ůŰɖ ŭɘɎůˊŬůɖ Űɞɡ 

ɜŮɟɞɨ (ˊɢ ɛŮ ɖɚŮəŰɟɧɚɡůɖ). 
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2 Ɉŭɟɞɔɧɜɤůɖ Űɞɡ CO2 

2.1 ȺɘůŬɔɤɔɐ 

ɇŬ əɨɟɘŬ ˊɟɞɥɧɜŰŬ Űɖɠ ɡŭɟɞɔɧɜɤůɖɠ CO2 ŮɑɜŬɘ Űɞ ɛŮɗɎɜɘɞ əŬɘ Ɏɚɚɞɘ ŬɜɩŰŮɟɞɘ 

ɡŭɟɔɞɜɎɜɗɟŬəŮɠ əŬɘ ɖ ɛŮɗŬɜɧɚɖ.  

ũŮɜɘəɎ, ɖ ˊŬɟŬɔɤɔɐ ɡŭɟɞɔɞɜŬɜɗɟɎəɤɜ əŬɘ ɛŮɗŬɜɑɞɡ ɛŮ ɓɎůɖ Űɖɜ 

ɡŭɟɞɔɧɜɤůɖ Űɞɡ CO2 ŬˊŬɘŰŮɑ ɛɘŬ ŮɜŰŬŰɘəɐ ɢɟɐůɖ Űɤɜ ˊɧɟɤɜ əŬɘ ŭɘŬŭɘəŬůɘɩɜ, 

ɧˊɤɠ ˊŮɟɘůůɧŰŮɟɖ ŮɜɏɟɔŮɘŬ, ȼ2, ˊɞɚɨˊɚɞəŮɠ ŬɜŰɘŭɟɎůŮɘɠ  əŬɘ ɤɠ Ůə ŰɞɨŰɞɡ 

ŮɑɜŬɘ ɛɘŬ ŭɨůəɞɚɖ ɞŭɧɠ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ əŬɡůɑɛɤɜ. ɋůŰɧůɞ, ɎɚɚŬ əɑɜɖŰɟŬ 

ɛˊɞɟŮɑ ɜŬ ŭɘəŬɘɞɚɞɔɐůɞɡɜ Űɖɜ Ůˊɘɚɞɔɐ ŬɡŰɐɠ Űɖɠ ŭɘŬŭɟɞɛɐɠ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, 

ɖ ˊɟɞůŰŬůɑŬ Űɞɡ ˊŮɟɘɓɎɚɚɞɜŰɞɠ, ɞɘ ŮɜŮɟɔŮɘŬəɏɠ ŬɜɎɔəŮɠ Űɖɠ ŬɔɞɟɎɠ, ə.ɚˊ. ɋɠ 

Ůə ŰɞɨŰɞɡ, ɛɘŬ ɞɚɞəɚɖɟɤɛɏɜɖ ŰŮɢɜɞɞɘəɞɜɞɛɘəɐ ŬɜɎɚɡůɖ əŬɘ ɛɑŬ Ŭɝɘɞɚɧɔɖůɖ Űɞɡ 

əɨəɚɞɡ ɕɤɐɠ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɔɘŬ ɜŬ ŬɝɘɞɚɞɔɐůŮɘ Űɘɠ ŭɘɎűɞɟŮɠ Ůˊɘɚɞɔɏɠ, ŬɚɚɎ 

ˊŮɟɘɞɟɘůɛɏɜŬ ůŰɞɘɢŮɑŬ ůɢŮŰɘəɎ ɛŮ Űɘɠ ˊŰɡɢɏɠ ŬɡŰɏɠ ŮɑɜŬɘ ŭɘŬɗɏůɘɛŮɠ ůŰɖ 

ɓɘɓɚɘɞɔɟŬűɑŬ [2,0]. 

ȼ ůɡɔəŮəɟɘɛɏɜɖ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŬůɢɞɚŮɑŰŬɘ ɛŮ Űɖ ůɨɜɗŮůɖ ɛŮɗŬɜɑɞɡ ɤɠ 

ˊɟɞɥɧɜ Űɖɠ ɡŭɟɞɔɧɜɤůɖɠ CO2 (ɛŮɗŬɜɘɞˊɞɑɖůɖ CO2), ɛŮɚŮŰɩɜŰŬɠ Űɖɜ ŮˊɑŭɟŬůɖ 

Űɞɡ əŬŰŬɚɨŰɖ əŬɘ Űɤɜ ɚŮɘŰɞɡɟɔɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ ůŰɖɜ 

Ŭˊɧŭɞůɖ Űɖɠ əŬŰŬɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ.  

ũŮɜɘəɩɠ, ɞɘ ŬɜŰɘŭɟɎůŮɘɠ ˊɞɡ Ůɜ ɔɏɜŮɘ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɖɠ 

ɡŭɟɞɔɧɜɤůɖɠ Űɞɡ CO2 űŬɑɜɞɜŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ɄɑɜŬəŬ 2.1 [2.01]: 

ɄɑɜŬəŬɠ 2.1: Ƀɘ ŬɜŰɘŭɟɎůŮɘɠ ˊɞɡ ůɡɛɓŬɑɜɞɡɜ əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ Űɖɠ ɡŭɟɞɔɧɜɤůɖɠ Űɞɡ CO2. 

ȷɜŰɘŭɟɎůŮɘɠ 

 ȹH298K (kJ/mol) ɄŮɟɘɔɟŬűɐ ŬɜŰɑŭɟŬůɖɠ 

ȾɨɟɘŮɠ ȷɜŰɘŭɟɎůŮɘɠ   

CO2+4 H2<-> CH4 +2 H2O -165 Ɉŭɟɞɔɧɜɤůɖ CO2 ůŮ CH4 

CO2+4 H2<-> CH3OH + H2O -49.4 Ɉŭɟɞɔɧɜɤůɖ CO2 ůŮ CH3OH 

CO2+4 H2<-> C +2 H2O -90.1 ȷɜŬɔɤɔɐ H2 

CO2+4 H2<-> CO +2 H2O 41.2 ȷɜŰɑůŰɟɞűɖ water-gas shift 

CH4 +2 O2<-> CO2 +2 H2O -803 ɃɝŮɑŭɤůɖ CH4 

CH4 +1/2 O2<-> CO +2 H2 -36 ɀŮɟɘəɐ ɃɝŮɑŭɤůɖ CH4 

H2 +1/2 O2<-> H2O -241.8 ɃɝŮɑŭɤůɖ H2 

ȯɚɚŮɠ ˊɘɗŬɜɏɠ ŬɜŰɘŭɟɎůŮɘɠ   

C+1/2O2<->CO -110.5 ɀŮɟɘəɐ ɃɝŮɑŭɤůɖ coke 

C+O2<->CO2 -393.5 Ƀɚɘəɐ ɃɝŮɑŭɤůɖ coke 

CO +1/2 O2<-> CO2 -283 ɃɝŮɑŭɤůɖ CO 

CH4 +CO2<->2 CO +2 H2 247.4 Reverse dry reforming of 

CH4 +C <->2 H2 74.9 Cracking CH4 

CO +3H2<-> CH4 + H2O -206.2 Ɉŭɟɞɔɧɜɤůɖ CO ůŮ CH4 

CO +H2<-> C+ H2O -131.3 ȷɜŬɔɤɔɐ CO 

2CO<-> CO2+C -172.5 Boudouard reaction 
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2.2 ȼ ŬɜŰɑŭɟŬůɖ ɡŭɟɞɔɧɜɤůɖɠ CO2 ůŮ ɛŮɗɎɜɘɞ 

(ɀŮɗŬɜɘɞˊɞɑɖůɖ) 

ȼ ɡŭɟɞɔɧɜɤůɖ Űɞɡ CO2 ůŮ CH4 ŬűɞɟɎ Űɖɜ ˊŬɟŬəɎŰɤ ɘůɢɡɟɎ ŮɝɩɗŮɟɛɖ 

ŬɜŰɑŭɟŬůɖ:  

CO2 (g) + 4 H2(g) ź CH4 (g) + 2 H2O (g), ȹȼ r
0= - 165.1 kJ/mol  

Ⱥˊɑůɖɠ, ɖ ɡŭɟɞɔɧɜɤůɖ Űɞɡ CO2 ɛˊɞɟŮɑ ɜŬ ɗŮɤɟɖɗŮɑ əŬɘ ɤɠ ɞ ůɡɜŭɡŬůɛɧɠ 

ɡŭɟɞɔɧɜɤůɖɠ Űɞɡ CO əŬɘ Űɖɠ ŬɜŰɑůŰɟɞűɖɠ ŬɜŰɑŭɟŬůɖɠ ɛŮŰŬŰɧˊɘůɖɠ 

ɛɞɜɞɝŮɘŭɑɞɡ ɛŮ ŬŰɛɧ (RWGS):  

CO (g) + 3 H2 (g) ź CH4 (g) + H2O (g), ȹȼr
0= - 206.3 kJ/mol  

CO2 (g) + H2 (g) ź CɃ (g) + H2O (g), ȹȼ r
0= + 41.2 kJ/mol  

Ƀ ɘůɢɡɟɎ ŮɝɩɗŮɟɛɞɠ ɢŬɟŬəŰɐɟŬɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɛŮɗŬɜɞˊɞɑɖůɖɠ Űɞɡ CO2 

ˊŮɟɘɞɟɑɕŮɘ Űɖɜ ɗŮɟɛɞŭɡɜŬɛɘəɐ Ŭˊɧŭɞůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůŮ ɡɣɖɚɏɠ 

ɗŮɟɛɞəɟŬůɑŮɠ. ȼ ɛŮɑɤůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ ɛŮ ŬˊɞŭŮəŰɐ ɧɛɤɠ ŰŬɢɨŰɖŰŬ 

ŬɜŰɑŭɟŬůɖɠ ɐ ɖ Ŭɨɝɖůɖ Űɖɠ ˊɑŮůɖ Űɖɠ Ůɡɜɞɞɨɜ Űɖɜ ɘůɞɟɟɞˊɑŬ ɩůŰŮ ɜŬ 

ŮˊɘŰŮɡɢɗŮɑ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 ůŮ ŮˊɑˊŮŭŬ ˊɎɜɤ Ŭˊɧ 95%, ɧˊɤɠ ɗŬ ŭɞɨɛŮ əŬɘ 

ˊɘɞ ŬɜŬɚɡŰɘəɎ ˊŬɟŬəɎŰɤ.  

 ɆɨɛűɤɜŬ ɛŮ ɛŮɚɏŰŮɠ ˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŮ ůɢɏůɖ ɛŮ Űɞɜ ɛɖɢŬɜɘůɛɧ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ, ŮɑɜŬɘ ˊɘɗŬɜɧɜ ɖ ɡŭɟɞɔɧɜɤůɖ Űɞɡ CO2 ɜŬ ́ɟɞɢɤɟɎ ɛɏůɤ Űɖɠ 

ˊɟɞůɟɧűɖůɖɠ əŬɘ Űɖɠ ŭɘɎůˊŬůɐɠ Űɞɡ ɛŮ ŮˊŬəɧɚɞɡɗɖ Űɖɜ ɡŭɟɞɔɧɜɤůɖ Űɞɡ 

ˊɟɞůɟɞűɖɛɏɜɞɡ CO [2.1], [2.2] əŬɘ [2.3].  

ȼ ˊɟɞůɟɧűɖůɖ Űɞɡ CO2 ɚŬɛɓɎɜŮɘ ɢɩɟŬ əŬŰɎ ˊɟɞŰɑɛɖůɖ ůŰɖ ŭɘŮˊŬűɐ 

ɛŮŰɎɚɚɞɡ-űɞɟɏŬ (ŮɎɜ ɡˊɎɟɢŮɘ), Ůɜɩ ɖ ŭɘɎůˊŬůɖ Űɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŰɖɜ 

ŮɜŮɟɔɧ ŮˊɘűɎɜŮɘŬ Űɞɡ ɛŮŰɎɚɚɞɡ. H ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 ɛˊɞɟŮɑ ɜŬ ŮɜɘůɢɡɗŮɑ ɛŮ 

ɏɜŬ əŬŰɎɚɚɖɚɞ ɡɚɘəɧ ůŰɞ űɞɟɏŬ ˊɞɡ ɜŬ ŮɡɜɞŮɑ Űɖɜ ɡɣɖɚɐ ŮˊɘəɎɚɡɣɖ CO2 (ˊ.ɢ. 

Al2O3) ɐ ɛŮ ˊɟɞɤɗɖŰɏɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əŬŰŬɚɨŰɖ, ŰŬ ɞˊɞɑŬ ɜŬ ɓŮɚŰɘɩɜɞɡɜ 

Űɖɜ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO (ˊ.ɢ. La, Ⱦ, Na, V) Ůɜɩ ɛˊɞɟŮɑ ɜŬ ɛŮɘɤɗŮɑ Ŭˊɧ ɏɜŬ 

ˊɟɧůɗŮŰɞ ɡɚɘəɧ ˊɞɡ əŬŰŬůŰɏɚɚŮɘ Űɖ ŭɘɎůˊŬůɖ Űɞɡ CO2 [2.4].  
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2.2.1 ŪŮɟɛɞŭɡɜŬɛɘəɐ ŬɜɎɚɡůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ 

 

ȼ ɗŮɟɛɞŭɡɜŬɛɘəɐ ŬɜɎɚɡůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ CO2+H2 ɔɘŬ ˊŬɟŬɔɤɔɐ ɛŮɗŬɜɑɞɡ, 

ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ȹɘɎɔɟŬɛɛŬ 2.1 ɏɢŮɘ əŬŰŬɚɐɝŮɘ ůŮ ůɡɛˊŮɟɎůɛŬŰŬ ůɢŮŰɘəɎ 

ɛŮ Űɖɜ ŮˊɑŭɟŬůɖ Űɤɜ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɑŬɠ, ɛŮ əɡɟɘɧŰŮɟɞ Űɖɜ ɗŮŰɘəɐ ŮˊɑŭɟŬůɖ 

Űɤɜ ɢŬɛɖɚɩɜ ɗŮɟɛɞəɟŬůɘɩɜ əŬɘ Űɖɠ Ŭɨɝɖůɖɠ Űɖɠ ˊɑŮůɖɠ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɖ 

ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 űŰɎɜŮɘ Űɞ 100% ůŮ ɗŮɟɛɞəɟŬůɑŮɠ ɢŬɛɖɚɧŰŮɟŮɠ Űɤɜ 150C 

Ůɜɩ ˊŬɟŬɛɏɜŮɘ ˊɎɜɤ Ŭˊɧ 95% ɛɏɢɟɘ əŬɘ Űɞɡɠ 300 C.  

ɆŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ ɡɣɖɚɐ ˊɑŮůɖ, ŬˊŬɘŰŮɑŰŬɘ ɗŮɟɛɞəɟŬůɑŬ əɎŰɤ Űɤɜ 225 C 

ɔɘŬ ˊɑŮůɖ 1bar ɐ 300 C ɔɘŬ 20bar ɔɘŬ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 ˊɎɜɤ 

Ŭˊɧ 98% ɛŮ ŰŬɡŰɧɢɟɞɜɖ Ŭˊɧŭɞůɖ Űɞɡ CH4 ˊɎɜɤ Ŭˊɧ 90 - 93% (ȹɘɎɔɟ. 2.1 ) 

[2.5]  

 
ȹɘɎɔɟŬɛɛŬ 2.1: ɀŮŰŬŰɟɞˊɐ ɘůɞɟɟɞˊɑŬɠ əŬɘ Űɞɡ ˊŮɟɘŮɢɞɛɏɜɞɡ ůŮ H2 əŬɘ CH4 ůŰɖ 
ɛŮɗŬɜɞˊɞɑɖůɖ Űɞɡ CO2 ůŮ ůɡɜɎɟŰɖůɖ ˊɑŮůɖɠ əŬɘ ɗŮɟɛɞəɟŬůɑŬɠ (ɚɧɔɞɠ H2/CO2=4, 
ɢɤɟɑɠ ŬŭɟŬɜɐ ŬɏɟɘŬ). 
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2.3 ȺˊɑŭɟŬůɖ Űɤɜ ůɡɜɗɖəɩɜ ɚŮɘŰɞɡɟɔɑŬɠ  

2.3.1 ȺˊɑŭɟŬůɖ Űɖɠ ˊɑŮůɖɠ, Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ Űɞɡ ɚɧɔɞɡ 

H2/CO2  

ȼ ŮˊɑŭɟŬůɖ Űɞɡ ɚɧɔɞɡ H2/CO2 ůŰɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2, ůŰɖɜ ŮəɚŮəŰɘəɧŰɖŰŬ 

ˊɟɞɥɧɜŰɞɠ əŬɘ ůŰɖɜ əŬŰŬɚɡŰɘəɐ Ŭˊɧŭɞůɖ ŬˊɞŰŮɚŮɑ Ůɝɑůɞɡ ůɡɢɜɧ ɗɏɛŬ ɛŮɚɏŰɖɠ 

ůɢŮŰɘəɎ ɛŮ Űɘɠ ůɡɜɗɐəŮɠ ŬɜŰɑŭɟŬůɖɠ, ůɡɛˊɚɖɟɤɛŬŰɘəɎ Űɖɠ ˊɑŮůɖɠ əŬɘ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ. ɄŬɟŬəɎŰɤ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɏɟŮɡɜŬɠ [2.6] Űɤɜ 

ˊŬɟŬɔɧɜŰɤɜ ŬɡŰɩɜ ůɡɜɞɚɘəɎ ɔɘŬ Űɖ ɛŮɗŬɜɞˊɞɑɖůɖ Űɞɡ CO2 (ȹɘɎɔɟ. 2.2). ɇŬ 

ŬˊɞŰŮɚɏůɛŬŰŬ ɏŭŮɘɝŬɜ ɧŰɘ ɔɘŬ ŭŮŭɞɛɏɜɖ ˊɑŮůɖ, ɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 ɛŮɘɩɜŮŰŬɘ 

ɛŮ Űɖ ɗŮɟɛɞəɟŬůɑŬ ŬɚɚɎ ŬɡɝɎɜŮɘ ɛŮ Űɖɜ ŬɜŬɚɞɔɑŬ H2/CO2. ȼ ŮəɚŮəŰɘəɧŰɖŰŬ Űɞɡ 

CH4 ŬɡɝɎɜŮɘ Űɧůɞ ɛŮ Űɖɜ ɗŮɟɛɞəɟŬůɑŬ əŬɘ Űɖɜ ŬɜŬɚɞɔɑŬ H2/CO2, ŮəŰɧɠ Ŭˊɧ 

ˊŮɟɘˊŰɩůŮɘɠ ɢŬɛɖɚɩɜ ˊɘɏůŮɤɜ əŬɘ ɔɘŬ ɚɧɔɞ H2/CO2=2. ũɘŬ ɛɑŬ ŬɜŬɚɞɔɑŬ 

H2/CO2=4, ɖ ŮəɚŮəŰɘəɧŰɖŰŬ ŮɑɜŬɘ ůɢŮŭɧɜ ˊɚɐɟɖɠ, ŮəŰɧɠ Ŭˊɧ ůɡɜɗɐəŮɠ ɛŮ 

ɢŬɛɖɚɏɠ ˊɘɏůŮɘɠ əŬɘ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ɧˊɞɡ ůɢɖɛŬŰɑɕŮŰŬɘ ɏɜŬ ɛɘəɟɧ 

əɚɎůɛŬ ɛɞɜɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ, ɛɏůŬ Ŭˊɧ Űɖɜ ŮɜŭɧɗŮɟɛɖ ŬɜŰɑŭɟŬůɖ 

ŬɜŰɑůŰɟɞűɖɠ ɛŮŰŬŰɧˊɘůɖɠ ɛɞɜɞɝŮɘŭɑɞɡ ɛŮ ŬŰɛɧ. ȰŰůɘ, ɖ ŬɜŬɚɞɔɑŬ H2/CO2=4 

ŮɡɜɞŮɑ əŬŰɎ ˊɞɚɨ Űɖɜ ɛŮɗŬɜɞˊɞɑɖůɖ Űɞɡ CO2. ȷɜŰɑɗŮŰŬ ɧŰŬɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ɢŬɛɖɚɧŰŮɟŮɠ ŬɜŬɚɞɔɑŮɠ H2/CO2, ŭɖɚŬŭɐ 2 əŬɘ 3, ɛŮɘɩɜŮŰŬɘ ɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ 

CO2 əŬɘ ɖ ŰɎůɖ ŬɡŰɐ ˊŬɟŬŰɖɟŮɑŰŬɘ əŬɘ ɔɘŬ Űɘɠ ŭɨɞ ŬɜŬɚɞɔɑŮɠ əŬŰɎ ɛɐəɞɠ Űɤɜ 

Űɘɛɩɜ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ ˊɑŮůɖɠ. ũɘŬ Űɖɜ ŬɜŬɚɞɔɑŬ 3 əŬɘ ɔɘŬ ɗŮɟɛɞəɟŬůɑŮɠ əɎŰɤ 

Űɤɜ 250 C, ɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 ŬɟɢɑɕŮɘ ɜŬ ŬɡɝɎɜŮŰŬɘ ŬɚɚɎ ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ 

ɛŮɑɤůɖ Űɖɠ ŮˊɘɚŮəŰɘəɧŰɖŰŬɠ CH4 əŬɘ Űɖɠ Ŭˊɧŭɞůɖɠ.  
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ȹɘɎɔɟŬɛɛŬ 2.2: ȺˊɑŭɟŬůɖ Űɞɡ ɚɧɔɞɡ H2 / CO2, Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ Űɖɠ ˊɑŮůɖɠ 
ůŰɖɜ: Ŭ) ɛŮŰŬŰɟɞˊɐ CO2, ɓ) ŮəɚŮəŰɘəɧŰɖŰŬ CH4, ɔ) Ŭˊɧŭɞůɖ CH4 əŬɘ ŭ) Ŭˊɧŭɞůɖ C. 
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2.3.2 ȺˊɑŭɟŬůɖ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ  

ɇɞ ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɖɠ əŬŰŬɚɡŰɘəɐɠ ɛŮɗŬɜɞˊɞɑɖůɖɠ Űɞɡ CO2 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ůŮ ŬɜŰɘŭɟŬůŰɐɟŮɠ ůŰŬɗŮɟɐɠ əɚɑɜɖɠ əŬɘ ɏɢŮɘ ɛŮɚŮŰɖɗŮɑ 

ŮəŰŮŰŬɛɏɜŬ [2.7], [2.8].  

ɄɑɜŬəŬɠ 2.2: ɇŮɢɜɞɚɞɔɑŮɠ ɛŮɗŬɜɞˊɞɑɖůɖɠ Űɞɡ CO2 ŭɘŬɗɏůɘɛŮɠ ůŰɖɜ ŬɔɞɟɎ [1.18] 

Supplier Concept Technology name 

Outotec 
Staged fixed-bed reactor with 

intermediate cooling 
Outotec methanation 

Etogas 
Fixed-bed reactor or plate 

reactor with steam cooling 
Etogas methanation 

MAN 
1 isothermal fixed-bed reactor 

with molten salt cooling 
MAN methanation 

ȺəŰɧɠ Ŭˊɧ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ (fixed bed), ɖ ŮűŬɟɛɞɔɐ Űɖɠ ɖɚŮəŰɟɞɢɖɛŮɑŬɠ 

ɛˊɞɟŮɑ ɜŬ ˊɟɞůűɏɟŮɘ ˊɞɚɨŰɘɛŮɠ ɞɘəɞɜɞɛɘəɎ ŬˊɞŭɞŰɘəɏɠ əŬɘ ˊŮɟɘɓŬɚɚɞɜŰɘəɎ 

űɘɚɘəɏɠ ɚɨůŮɘɠ ůŰɖ ɓɘɞɛɖɢŬɜɘəɐ ŬɜɎˊŰɡɝɖ ɛŮ ŮɚɎɢɘůŰɖ ˊŬɟŬɔɤɔɐ ŬˊɞɓɚɐŰɤɜ 

əŬɘ Űɞɝɘəɞɨ ɡɚɘəɞɨ. ɇŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɤɜ ɖɚŮəŰɟɞɢɖɛɘəɩɜ ŭɘŮɟɔŬůɘɩɜ ŮɑɜŬɘ ɖ 

ŮɡŮɚɘɝɑŬ, ɖ ŬˊɞŭɞŰɘəɧŰɖŰŬ ŮɜɏɟɔŮɘŬɠ əŬɘ Űɞ əɧůŰɞɠ.  

ȼ ɡŭɟɞɔɧɜɤůɖ Űɞɡ CO2 ɛŮɚŮŰɐɗɖəŮ ůŮ ůɢɏůɖ ɛŮ Űɖ ɢɟɐůɖ ůŰŮɟŮɞɨ 

ɖɚŮəŰɟɞɚɨŰɖ YSZ (Y2O3- stabilized-ZrO2) əŬɘ ɖɚŮəŰɟɧŭɘŬ Rh ůŮ ŬɜŰɘŭɟŬůŰɐɟŬ 

ɛɞɜɞɨ ɗŬɚɎɛɞɡ (single chamber reactor) [2.9]. ȼ ˊŬɟŬɔɤɔɐ CO əŬɘ CH4 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ ɏɜŬ Ůɨɟɞɠ ɗŮɟɛɞəɟŬůɘɩɜ 346ÁCï 477ÁC. Ƀ ɟɡɗɛɧɠ 

ůɢɖɛŬŰɘůɛɞɨ CH4 ŮɜɘůɢɨɗɖəŮ Ŭˊɧ Űɖɜ ŮűŬɟɛɞɔɐ ɗŮŰɘəɞɨ ŭɡɜŬɛɘəɞɨ 

(electrophobic behavior) əŬɘ o ɟɡɗɛɧɠ ůɢɖɛŬŰɘůɛɞɨ Űɞɡ CO Ŭˊɧ Űɖɜ ŮűŬɟɛɞɔɐ 

ŬɟɜɖŰɘəɞɨ ŭɡɜŬɛɘəɞɨ. ȼ ɛɏɔɘůŰɖ ŮəɚŮəŰɘəɧŰɖŰŬ ˊɟɞɠ CH4 ɏűŰŬůŮ Űɞ 35% 

(ȹɘŬɔɟ. 2.3).  

ȹɘɎɔɟŬɛɛŬ 2.3: ȺəɚŮəŰɘəɧŰɖŰŬ ˊɟɞɠ CH4. 
 

ɆŮ Ɏɚɚɖ ɏɟŮɡɜŬ ŮɝŮŰɎůŰɖəŮ ɖ 

ɡŭɟɞɔɧɜɤůɖ Űɞɡ CO2 ůŮ ɛɞɜɞɚɘɗɘəɧ 

ɖɚŮəŰɟɞɢɖɛɘəɧ ŬɜŰɘŭɟŬůŰɐɟŬ 

(MEPR) ɛŮ 22 ɚŮˊŰɏɠ ˊɚɎəŮɠ əŮɚɘɩɜ 

(əɡɣŮɚɑŭɤɜ) Rh/YSZ/Pt ɐ 

Cu/TiO2/YSZ/Au ůŮ ŬŰɛɞůűŬɘɟɘəɐ 

ˊɑŮůɖ əŬɘ ɗŮɟɛɞəɟŬůɑŮɠ Ůɨɟɞɡɠ 

220ÁCï380ÁC [2.10]. ɇŬ əŮɚɘɎ 

Rh/YSZ/Pt ɞŭɐɔɖůŬɜ ůŰɖɜ əŬŰɎɚɡůɖ 

CO əŬɘ Űɞ ůɢɖɛŬŰɘůɛɧ CH4 ŬɚɚɎ ɖ 

ŮəɚŮəŰɘəɧŰɖŰŬ ůŮ CH4 ɐŰŬɜ ɚɘɔɧŰŮɟɞ 

Ŭˊɧ 5%.  

 



17 
 

ȼ ŮűŬɟɛɞɔɐ Űɧůɞ ɗŮŰɘəɞɨ əŬɘ ŬɟɜɖŰɘəɞɨ ŭɡɜŬɛɘəɞɨ ŮɜɑůɢɡůŮ ůɖɛŬɜŰɘəɎ Űɞ 

ůɡɜɞɚɘəɧ ˊɞůɞůŰɧ ɡŭɟɞɔɧɜɤůɖɠ, ŬɚɚɎ ɖ ŮəɚŮəŰɘəɧŰɖŰŬ ˊɟɞɠ CH4 ˊŬɟɏɛŮɘɜŮ 

əɎŰɤ Űɞɡ 12%. ȷɜŰɘɗɏŰɤɠ, ŰŬ əŮɚɘɎ Cu/TiO2/YSZ/Au ɞŭɐɔɖůŬɜ ůŰɖɜ ˊŬɟŬɔɤɔɐ 

CO, CH4 əŬɘ C2H4 ɛŮ ŮəɚŮəŰɘəɧŰɖŰŬ ůŮ CH4 ɏɤɠ əŬɘ 80%. ȼ ŮˊɘɚŮəŰɘəɐ 

ŬɜŬɔɤɔɐ Űɞɡ CO2 ůŮ CH4 ɝŮəɑɜɖůŮ ůŰɞɡɠ 220 ÁC ɛŮ ůɢŮŭɧɜ 100% 

ŮəɚŮəŰɘəɧŰɖŰŬ ůŮ CH4 ůŮ ŬɜɞɘəŰɧ əɨəɚɤɛŬ əŬɘ ɡˊɧ ůɡɜɗɐəŮɠ ˊɧɚɤůɖɠ ůŮ 

ɗŮɟɛɞəɟŬůɑŮɠ 220ÁC-380ÁC. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɏŭŮɘɝŬɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɎɛŮůɖɠ 

ɛŮŰŬŰɟɞˊɐɠ Űɞɡ CO2 ůŮ ŬɜŰɘŭɟŬůŰɐɟŬ MEPR ɛɏůɤ ɛɘŬɠ ɖɚŮəŰɟɞɢɖɛɘəɐɠ 

ˊɟɞůɏɔɔɘůɖɠ. 

2.3.3 ȺˊɑŭɟŬůɖ ɛŮŰɎɚɚɤɜ əŬɘ ŮɡɔŮɜɩɜ ɛŮŰɎɚɚɤɜ ůŰɖɜ ˊɞɟŮɑŬ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ  

Ƀɘ əŬŰŬɚɨŰŮɠ ɛŮŰɎɚɚɤɜ ɏɢɞɡɜ ŭɘŮɟŮɡɜɖɗŮɑ ŮəŰŮŰŬɛɏɜŬ ɤɠ ˊɟɞɠ Űɖɜ ŮɜŮɟɔɧŰɖŰŬ 

Űɞɡɠ əŬɘ Űɖɜ ŮəɚŮəŰɘəɧŰɖŰŬ Űɞɡɠ ůŰɖɜ ɡŭɟɞɔɧɜɤůɖ Űɞɡ CO2. ȼ ŬɜŬůəɧˊɖůɖ 

ˊŬɚŬɘɧŰŮɟɤɜ ɛŮɚŮŰɩɜ ɔɘŬ əŬŰŬɚɨŰŮɠ ɛŮŰɎɚɚɤɜ ɏɢŮɘ ŮɜŰɞˊɑůŮɘ Űɞɡɠ 

ůɖɛŬɜŰɘəɧŰŮɟɞɡɠ əŬŰŬɚɨŰŮɠ ɔɘŬ Űɖ ɛŮɗŬɜɞˊɞɑɖůɖ əŬɘ ɏɢŮɘ ɞŭɖɔɐůŮɘ ůŮ ɛɘŬ 

ˊɟɞŰŮɘɜɧɛŮɜɖ əŬŰɎŰŬɝɖ Űɞɡɠ , ɧˊɤɠ űŬɑɜŮŰŬɘ ˊŬɟŬəɎŰɤ [1.18]  

ȺɜŮɟɔɧŰɖŰŬ: Ru > Fe > Ni > Co > Rh > Pd > Pt > Ir  

ȺəɚŮəŰɘəɧŰɖŰŬ: Pd > Pt > Ir > Ni > Rh > Co > Fe > Ru  

ɀŮŰŬɝɨ Űɤɜ ɛŮŰŬɚɚɘəɩɜ əŬŰŬɚɡŰɩɜ, ɞɘ əŬŰŬɚɨŰŮɠ Ni ɏɢɞɡɜ Ůɡɟɏɤɠ ŭɘŮɟŮɡɜɖɗŮɑ 

ɔɘŬ ɓɘɞɛɖɢŬɜɘəɞɨɠ ůəɞˊɞɨɠ ɚɧɔɤ Űɞɡ ɢŬɛɖɚɞɨ əɧůŰɞɡɠ əŬɘ Űɖɠ ŭɘŬɗŮůɘɛɧŰɖŰɎ 

Űɞɡɠ. ɋůŰɧůɞ, ɏɜŬɠ əŬŰŬɚɨŰɖɠ Ni ɛˊɞɟŮɑ ɜŬ ŬˊŮɜŮɟɔɞˊɞɘŮɑŰŬɘ Ŭəɧɛɖ əŬɘ ůŮ 

ɢŬɛɖɚɐ ɗŮɟɛɞəɟŬůɑŬ, ɚɧɔɤ Űɖɠ ůɡůůɤɛɎŰɤůɖɠ Űɤɜ ůɤɛŬŰɘŭɑɤɜ Ni, Űɞɡ 

ůɢɖɛŬŰɘůɛɞɨ ɡˊɞ-əŬɟɓɞɜɡɚɑɤɜ Űɞɡ ɜɘəŮɚɑɞɡ ɐ ɚɧɔɤ ůɢɖɛŬŰɘůɛɞɨ ŬˊɞɗɏůŮɤɜ 

ɎɜɗɟŬəŬ [2.11],[2.12]. ũɘŬ ŬɡŰɧ Űɞ ɚɧɔɞ ɛŮɚŮŰɩɜŰŬɘ ŭɘɎűɞɟŮɠ ůŰɟŬŰɖɔɘəɏɠ ɛŮ 

ůŰɧɢɞ ɜŬ ŮɜɘůɢɡɗŮɑ ɖ ůŰŬɗŮɟɧŰɖŰŬ əŬɘ ɖ əŬŰŬɚɡŰɘəɐ ŮɜŮɟɔɧŰɖŰŬ Űɤɜ əŬŰŬɚɡŰɩɜ 

Ni, ŭɖɚŬŭɐ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ˊɟɧůɗŮŰŬ ɡɚɘəɎ, ɛŮŰŬɓɎɚɚɞɜŰŬɠ Űɞɜ Űɨˊɞ Űɞɡ 

űɞɟɏŬ əŬɘ ɛŮɚŮŰɩɜŰŬɠ Űɘɠ ɛŮɗɧŭɞɡɠ ˊŬɟŬůəŮɡɐɠ.  

Ⱥɢɞɡɜ ɛŮɚŮŰɖɗŮɑ əŬŰŬɚɨŰŮɠ Ni ɡˊɞůŰɖɟɘɔɛɏɜɞɘ ůŮ ɜŬɜɞůɤɛŬŰɑŭɘŬ ŭɘɞɝŮɘŭɑɞɡ 

Űɞɡ ˊɡɟɘŰɑɞɡ (MSN) ɔɘŬ Űɖɜ ɛŮɗŬɜɞˊɞɑɖůɖ Űɞɡ CO2 ɞɘ ɞˊɞɑɞɘ 

ˊŬɟŬůəŮɡɎůŰɖəŬɜ ɛŮ Űɖ ɛɏɗɞŭɞ ŮɛˊɞŰɘůɛɞɨ. ɋɠ ŬɜŬűɞɟɏɠ, ɚɐűɗɖəŬɜ ɡˊɧɣɖ 

ɎɚɚŮɠ ɛɞɟűɏɠ űɞɟɏɤɜ, ɧˊɤɠ MCM-41, ȼɈ, SiO2 əŬɘ ɔ- Al2O3. [2.13]. ȼ 

ŮɜŮɟɔɧŰɖŰŬ Űɤɜ əŬŰŬɚɡŰɩɜ ŬəɞɚɞɨɗɖůŮ Űɖɜ Ůɝɐɠ ůŮɘɟɎ: Ni/MSN > Ni/MCM-41 

> Ni/HY > Ni/SiO2 > Ni/ɔ-Al2O3. ȼ ɡɣɖɚɐ ŮɜŮɟɔɧŰɖŰŬ Űɞɡ Ni/MSN ɞűŮɑɚŮŰŬɘ 

ůŰɖɜ ˊŬɟɞɡůɑŬ Űɤɜ Ůɜŭɞˊɞɟɩŭɤɜ əŬɘ ɛŮůɞˊɞɟɩŭɤɜ ůɤɛŬŰɘŭɑɤɜ, ɖ ɞˊɞɑŬ 

ɞŭɐɔɖůŮ ůŰɖɜ ŮɡəɞɚɧŰŮɟɖ ˊɟɧůɓŬůɖ ůŮ ɛŮɔɎɚɞɡ ɛɏɟɞɠ Űɤɜ ɓŬůɘəɩɜ ɗɏůŮɤɜ. 

ȷɜŬɚɡŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞɜ ɄɑɜŬəŬ 2.3. 
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ɄɑɜŬəŬɠ 2.3: ūɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ əŬŰŬɚɡŰɩɜ.  5% ə.ɓ. Ni,  a) ȷˊɧ Űɖ ɛɏɗɞŭɞ BET. b) Ⱥɚɐűɗɖ 
Ŭˊɧ BJH Ůəɟɧűɖůɖ, ɞ ɛɏůɞɠ ɧɔəɞɠ ˊɧɟɤɜ əŬɘ ɖ ŭɘɎɛŮŰɟɞɠ Űɤɜ ˊɧɟɤɜ. c) ȾŬɗɞɟɑɕŮŰŬɘ Ŭˊɧ  XRD 
(ɛɏɗɞŭɞɠ Debye-Sherrer). d) ɄɟɞůŭɘɞɟɑɕŮŰŬɘ ɛŮ ɢɖɛŮɘɞɟɧűɖůɖ ɡŭɟɞɔɧɜɞɡ. [2.13] 

 

Ƀ əŬŰŬɚɨŰɖɠ Ru ˊɘůŰŮɨŮŰŬɘ ɧŰɘ ŮɑɜŬɘ ˊɘɞ ŮɜŮɟɔɧɠ əŬɘ ůŰŬɗŮɟɧɠ əŬŰɎ Űɖ 

ɛŮɗŬɜɞˊɞɑɖůɖ Űɞɡ CO2 Ŭˊɧ Űɞɡɠ əŬŰŬɚɨŰŮɠ Ni. ɀɘŬ ůɡɔəɟɘŰɘəɐ ɛŮɚɏŰɖ ůɢŮŰɘəɎ 

ɛŮ Űɖɜ Ŭˊɧŭɞůɖ Űɖ ɛŮɗŬɜɞˊɞɑɖůɖɠ Űɞɡ CO2 ɏɢŮɘ ŭɘŮɝŬɢɗŮɑ ůŮ Ůɛˊɞɟɘəɞɨɠ 

əŬŰŬɚɨŰŮɠ 3%Ru/Al2O3 əŬɘ 20%Ni/Al2O3 [2.14]. ɇŬ ŭŮŭɞɛɏɜŬ, ɧˊɤɠ 

ŬɜŬűɏɟɗɖəŮ Ŭˊɧ Űɞɡɠ ŮɟŮɡɜɖŰɏɠ, ŮˊɘɓŮɓŬɑɤůŬɜ ɧŰɘ ɖ əŬŰŬɚɡŰɘəɐ Ůˊɑŭɞůɖ Űɞɡ 

3%Ru/Al2O3 ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɐŰŬɜ ŮɛűŬɜɐɠ. ɆŮ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŮɠ ɛŮ 

ɗŮɟɛɞəɟŬůɑŬ 300ÁC, ɛŮ GHSV Ŭˊɧ 15000h-1 əŬɘ ůŮ ˊŮɟɑůůŮɘŬ ɡŭɟɞɔɧɜɞɡ, 

ˊŬɟɞɡůɘɎůŰɖəŮ Ŭˊɧŭɞůɖ 96% ůŮ ɛŮɗɎɜɘɞ ɢɤɟɑɠ ůɡɛˊŬɟŬɔɤɔɐ CO. ȼ 

əŬŰŬɚɡŰɘəɐ Ŭˊɧŭɞůɖ ɝŮˊɏɟŬůŮ Űɞ ŬˊɞŰɏɚŮůɛŬ Űɞɡ əŬŰŬɚɨŰɖ 20%Ni/ Al2O3 

ɧˊɞɡ ŮˊɘŰŮɨɢɗɖəŮ ɖ ɛɏɔɘůŰɖ Ŭˊɧŭɞůɖ Űɞɡ 80% ɛŮ əɎˊɞɘŬ CO ůɡɛˊŬɟŬɔɤɔɐ 

ůŰɞɡɠ 400ÁC. ȯɚɚɖ ɏɟŮɡɜŬ ŮɝɏŰŬůŮ Űɖ ɗŮɟɛɘəɐ əŬɘ əɡəɚɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ 

əŬŰŬɚɨŰɖ 10%Ru/ɔ-Al2O3 ůŰɖ ɛŮɗŬɜɞˊɞɑɖůɖ Űɞɡ CO2 [2.15]. Ƀ əŬŰŬɚɨŰɖɠ ɐŰŬɜ 

ůŰŬɗŮɟɧɠ ɢɤɟɑɠ ɏɜŭŮɘɝɖ ŬˊŮɜŮɟɔɞˊɞɑɖůɖɠ ɔɘŬ ɏɜŬ ůɡɜɞɚɘəɧ ɢɟɧɜɞ 72 ɤɟɩɜ 

əŬɘ ɛŮŰɎ Ŭˊɧ 8 ŮəəɘɜɐůŮɘɠ/ˊŬɨůŮɘɠ Űɞɡ əɨəɚɞɡ ɚŮɘŰɞɡɟɔɑŬɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ, 

ɔŮɔɞɜɧɠ ˊɞɡ ɡˊɞŭɖɚɩɜŮɘ Űɖɜ ɡɣɖɚɐ ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ əŬŰŬɚɨŰɖ Ru.  

ɀŮɚɏŰŮɠ ůɢŮŰɘəɎ ɛŮ Űɖɜ ɛŮɗŬɜɞˊɞɑɖůɖ Űɞɡ CO2 ŭɘŮɝɐɢɗɖůŬɜ əŬɘ ůŮ ɎɚɚŬ 

ŮɡɔŮɜɐ ɛɏŰŬɚɚŬ. ȼ əŬŰŬɚɡŰɘəɐ ŮɜŮɟɔɧŰɖŰŬ Űɖɠ ɛŮɗŬɜɞˊɞɑɖůɖɠ Űɞɡ CO2 

ɛŮɚŮŰɐɗɖəŮ ůŮ ŰɟɘɛŮŰŬɚɚɘəɞɨɠ əŬŰŬɚɨŰŮɠ M/zMn/CuïAl2O3 (ɧˊɞɡ M ŬɜŰɘůŰɞɘɢŮɑ 

ůŮ Pd, Rh əŬɘ Ru) ɛŮ ˊɟɞůɞɛɞɑɤůɖ Űɞɡ űɡůɘəɞɨ ŬŮɟɑɞɡ [2.16]. ȼ ɛŮɚɏŰɖ ɏŭŮɘɝŮ 

ɧŰɘ, ɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 ŬɡɝɎɜŮŰŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ ɗŮɟɛɞəɟŬůɑŬɠ ŬɜŰɑŭɟŬůɖɠ 

əŬɘ ɧŰɘ Űɖ ɡɣɖɚɧŰŮɟɖ ɛŮŰŬŰɟɞˊɐ CO2 ɚɐűɗɖəŮ Ŭˊɧ Űɞɜ əŬŰŬɚɨŰɖ Ru/Mn/Cuï 

Al2O3 ɛŮ ɛŮŰŬŰɟɞˊɐ CO2 ɑůɖ ɛŮ 87,0% ůŮ ɗŮɟɛɞəɟŬůɑŬ 250 C əŬɘ 100% ůŮ 

300 C, ɞ ɞˊɞɑɞɠ ŬˊɞŭŮɑɢŰɖəŮ əŬɘ ɞ ˊɘɞ ŮɜŮɟɔɧɠ əŬŰŬɚɨŰɖɠ (ȹɘɎɔɟ. 2.4). 

ȹŮɨŰŮɟɞɠ ŮɜŮɟɔɧɠ əŬŰŬɚɨŰɖɠ ɔɘŬ Űɖ ɛŮŰŬŰɟɞˊɐ CO2 ɐŰŬɜ ɞ Rh/Mn/Cuï Al2O3 

əŬŰŬɚɨŰɖɠ ɛŮ 93,2% ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 ůŰɞɡɠ 300 C, ŬəɞɚɞɡɗɞɨɛŮɜɖ Ŭˊɧ 

ɛŮŰŬŰɟɞˊɐ 63,3% ɔɘŬ Űɞɜ əŬŰŬɚɨŰɖ Pd/Mn/Cuï Al2O3. 
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ȹɘɎɔɟŬɛɛŬ 2.4: ȼ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 ɛŮ Űɖɜ Ŭɨɝɖůɖ ɗŮɟɛɞəɟŬůɑŬɠ ŬɜŰɑŭɟŬůɖɠ.  

Ƀɘ ɛŮɚɏŰŮɠ Űɤɜ əŬŰŬɚɡŰɩɜ ˊŮɟɘɚŬɛɓɎɜɞɡɜ əŬɘ əŬŰŬɚɨŰŮɠ ɛɖ ŮɡɔŮɜɩɜ 

ɛŮŰɎɚɚɤɜ. ɀɘŬ ůɡɔəɟɘŰɘəɐ ɛŮɚɏŰɖ [2.17] (ȹɘɎɔɟŬɛɛŬ 2.6) ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ 

ɔɘŬ Űɖɜ ŭɟŬůŰɘəɧŰɖŰŬ əŬɘ Űɖɜ ŮˊɘɚŮəŰɘəɧŰɖŰŬ Űɤɜ ŰŮůůɎɟɤɜ ŭɘŬűɞɟŮŰɘəɩɜ 

Űɨˊɤɜ əŬŰŬɚɡŰɩɜ, ůɡɛˊŮɟɘɚŬɛɓŬɜɞɛɏɜɤɜ Fe2O3ïK2OïAl2O3, Rh/ ZnOïCuO, 

LaNi5 əŬɘ Au/SO4 ïZrO2, ůŰɖɜ ŬɜŰɑŭɟŬůɖ ɡŭɟɞɔɧɜɤůɖɠ Űɞɡ CO2 ůŮ ůɡɜɗɐəŮɠ 

ŬŰɛɞůűŬɘɟɘəɐɠ ˊɑŮůɖɠ əŬɘ ɔɘŬ ɏɜŬ ɛŮɔɎɚɞ Ůɨɟɞɠ ɗŮɟɛɞəɟŬůɑŬɠ. ɀŮŰŬɝɨ Űɤɜ 

əŬŰŬɚɡŰɩɜ ŬɡŰɩɜ, ɞ ŭɘɛŮŰŬɚɚɘəɧɠ əŬŰŬɚɨŰɖɠ LaNi5 ˊŬɟɞɡůɘɎɕŮɘ Űɖɜ ˊɘɞ 

Ůɜɘůɢɡɛɏɜɖ əŬŰŬɚɡŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ ůŰɖɜ ŬɜŰɑŭɟŬůɖ ŬɡŰɐ. ȼ ɛŮŰŬŰɟɞˊɐ Űɞɡ 

CO2 ůŰɞɡɠ 500ÁC ŮɑɜŬɘ əɞɜŰɎ ůŰɞ 90%. ɇŬ əɨɟɘŬ ˊɟɞɥɧɜŰŬ Űɖɠ ɡŭɟɞɔɧɜɤůɖɠ 

Űɞɡ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ ůŮ əŬŰŬɚɨŰɖ LaNi5 ɐŰŬɜ ɛŮɗɎɜɘɞ əŬɘ ɜŮɟɧ, əŬɗɩɠ 

ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ȹɘɎɔɟŬɛɛŬ 2.5, ŮɛűɎɜɘůŮ ŮəɚŮəŰɘəɧŰɖŰŬ ˊɟɞɠ CO əɎŰɤ 

Űɞɡ 15% ůŰɞ ůɨɜɞɚɞ. ȷɜŰɑɗŮŰŬ ɞɘ ɡˊɧɚɞɘˊɞɘ əŬŰŬɚɨŰŮɠ ˊŬɟɞɡůɑŬůŬɜ əɡɟɑɤɠ 

ůɢɖɛŬŰɘůɛɧ CO, ɛŮ Űɞɜ əŬŰŬɚɨŰɖ Fe2O3ïK2OïAl2O3 ɜŬ ˊŬɟɞɡůɘɎɕŮɘ Űɖɜ 

əŬɚɨŰŮɟɖ ŮɜŮɟɔɧŰɖŰŬ.  

 

ȹɘɎɔɟŬɛɛŬ 2.5: ȼ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 əŬɘ ɖ ŮəɚŮəŰɘəɧŰɖŰŬ ˊɟɞɠ CO ůŮ ůɢɏůɖ ɛŮ Űɖɜ 
ɗŮɟɛɞəɟŬůɑŬ.  
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2.3.4 ȺˊɑŭɟŬůɖ ŬɚəŬɚɘəɩɜ ɔŬɘɩɜ ůŰɖɜ ˊɞɟŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ  

Ƀ ɟɧɚɞɠ Űɤɜ ɞɝŮɘŭɑɤɜ ɛŮŰɎɚɚɤɜ ŬɚəŬɚɘəɩɜ ɔŬɘɩɜ ɀɃ ɏɢŮɘ ŮɟŮɡɜɖɗŮɑ ůŮ ɛɘŬ 

ůɡɔəɟɘŰɘəɐ ɛŮɚɏŰɖ ůɢŮŰɘəɎ ɛŮ Űɖ ɛŮɗŬɜɞˊɞɑɖůɖ Űɞɡ CO2 [2.18]. ȾŬŰŬɚɨŰŮɠ Ni / 

MO/SiO2 ɛŮ ŭɘɎűɞɟŬ ůŰɞɘɢŮɑŬ (Mg, Ca, Sr əŬɘ ȸŬ) ˊŬɟŬůəŮɡɎůŰɖəŬɜ ɛŮ Űɖ 

ɛɏɗɞŭɞ ŭɘŬŭɞɢɘəɞɨ ŮɛˊɞŰɘůɛɞɨ. Ƀɘ əŬŰŬɚɡŰɘəɏɠ ŮˊɘŭɧůŮɘɠ Űɤɜ ɛɖ-

Űɟɞˊɞˊɞɘɖɛɏɜɤɜ əŬɘ Űɤɜ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ əŬŰŬɚɡŰɩɜ Ni /SiO2 ŮɝŮŰɎůŰɖəŬɜ ůŮ 

ɗŮɟɛɞəɟŬůɑŮɠ Ŭˊɧ 300 ɏɤɠ 450 C  ɡˊɧ ůɡɔəŮəɟɘɛɏɜŮɠ ůɡɜɗɐəŮɠ ŬɜŰɑŭɟŬůɖɠ , 

ŭɖɚŬŭɐ space velocity GHSV= 15 000 ml*h-1 *g-1, ŬɜŬɚɞɔɑŬ H2/CO2 = 4 əŬɘ 

ˊɑŮůɖ 1 atm. ɆŰɘɠ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ ɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 ɐŰŬɜ ɢŬɛɖɚɐ 

ŬɚɚɎ ɖ əŬŰŬɚɡŰɘəɐ ŭɟŬůŰɖɟɘɧŰɖŰŬ ɓŮɚŰɘɩɗɖəŮ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ 

ɗŮɟɛɞəɟŬůɑŬɠ. ȼ ˊɟɞůɗɐəɖ SrO əŬɘ BaO ɓŮɚŰɑɤůŮ Űɖɜ əŬŰŬɚɡŰɘəɐ 

ŭɟŬůŰɖɟɘɧŰɖŰŬ əŬɘ Űɖɜ ŮˊɘɚŮəŰɘəɧŰɖŰŬ ˊɟɞɠ CH4 ɏɜŬɜŰɘ Űɞɡ əŬŰŬɚɨŰɖ Ni/Si Ůɜɩ 

ˊŬɟɞɡůɘɎůŰɖəŬɜ ɚɘɔɧŰŮɟŬ ɛŮŰŬɚɚɘəɎ Ůɑŭɖ Ni. ȷɜŰɑɗŮŰŬ ɖ ˊɟɞůɗɐəɖ Mg ɏŭŮɘɝŮ 

ˊŬɟŮɛˊɧŭɘůɖ Űɖɠ əŬŰŬɚɡŰɘəɐɠ ŭɘŮɟɔŬůɑŬɠ Ůɜɩ ɞ əŬŰŬɚɨŰɖɠ Ni/Ca/Si ŭŮɜ 

ˊŬɟɞɡůɑŬůŮ ɓŮɚŰɑɤůɖ ɞɨŰŮ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ.  

Ⱥˊɘˊɚɏɞɜ, ɖ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ əŬŰŬɚɡŰɩɜ ŮɝŮŰɎůŰɖəŮ ɔɘŬ Űɘɠ ˊŬɟŬˊɎɜɤ 

ůɡɜɗɐəŮɠ əŬɘ ɔɘŬ ɗŮɟɛɞəɟŬůɑŬ 350 C. ȼ ůɨɔəɟɘůɖ ɏɔɘɜŮ ɛŮŰŬɝɨ Űɤɜ əŬŰŬɚɡŰɩɜ 

Ni/Si, se -Ni/Sr/Si əŬɘ se-Ni/Ba/Si . ȹɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ɖ ˊɟɞůɗɐəɖ SrO əŬɘ BaO 

ˊɟɞɩɗɖůŮ Űɖ ɛŮŰŬŰɟɞˊɐ CO2 ůŰɞ 70,5% əŬɘ 67,6% ŬɜŰɑůŰɞɘɢŬ, ůɡɔəɟɘŰɘəɎ ɛŮ 

Űɞɜ ɛɖ-Űɟɞˊɞˊɞɘɖɛɏɜɞ əŬŰŬɚɨŰɖ Ni/SiɃ2 ˊɞɡ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɞɡ ɐŰŬɜ 

64,7%. ɄŬɟɎɚɚɖɚŬ, ɞɘ ŮˊɘɚŮəŰɘəɧŰɖŰŮɠ ˊɟɞɠ CH4 ŭɘŬŰɖɟɐɗɖəŬɜ ŮˊɎɜɤ Ŭˊɧ 

98% ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞɜ əŬŰŬɚɨŰɖ Ni/SiɃ2 (97.5%). ɆɡɜɞɚɘəɎ, ɞ əŬŰŬɚɨŰɖɠ se-

Ni/Sr/Si ˊŬɟɞɡůɑŬůŮ Űɘɠ ɡɣɖɚɧŰŮɟŮɠ ɛŮŰŬŰɟɞˊɏɠ Űɞɡ CO2, Űɖɜ ɡɣɖɚɧŰŮɟɖ 

ŮˊɘɚŮəŰɘəɧŰɖŰŬ ůŮ CH4 əŬɘ Űɖ ůŰŬɗŮɟɧŰŮɟɖ əŬŰŬɚɡŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ əŬɗô ɧɚɖ 

Űɖ ŭɘɎɟəŮɘŬ (50 h), ɏɜŬɜŰɘ Űɤɜ əŬŰŬɚɡŰɩɜ Ni/Si əŬɘ se -Ni/Ba/Si, ɔŮɔɞɜɧɠ ˊɞɡ 

Űɞɜ əŬɗɘůŰɎ Űɞɜ ˊɘɞ ŬˊɞŰŮɚŮůɛŬŰɘəɧ. 

 

ȹɘɎɔɟŬɛɛŬ 2.6:ɆŰŬɗŮɟɧŰɖŰŬ Űɤɜ əŬŰŬɚɡŰɩɜ ɔɘŬ ɗŮɟɛɞəɟŬůɑŬ 350 C ,GHSV= 15 000 
ml*h-1 *g-1, ŬɜŬɚɞɔɑŬ H2/CO2 = 4 əŬɘ ˊɑŮůɖ 1 atm. 
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2.3.5 ȺˊɑŭɟŬůɖ ɞɝŮɘŭɑɤɜ əŬɘ ɛɘəŰɩɜ ɞɝŮɘŭɑɤɜ ůŰɖɜ ˊɞɟŮɑŬ Űɖɠ 

ŬɜŰɑŭɟŬůɖɠ  

ɄŬɚŬɘɧŰŮɟŮɠ ɛŮɚɏŰŮɠ [2.19] ɏŭŮɘɝŬɜ ɧŰɘ Űɞ CO2 ŬɜŰɘŭɟɎ, ɛŮ Űɖɜ ˊŬɟɞɡůɑŬ Ůɜɧɠ 

ɞɝŮɘŭɑɞɡ ɤɠ ˊɟɞɤɗɖŰɐ, əŬɘ ˊŬɟɞɡůɘɎɕŮɘ ůɖɛŬɜŰɘəɐ ŮˊɘŰɎɢɡɜůɖ Űɞɡ ɟɡɗɛɞɨ 

ŬɜŰɑŭɟŬůɖɠ. ȾŬŰɎ Űɖ ɛŮɚɏŰɖ Űɖɠ ŮˊɑŭɟŬůɖɠ ɞɝŮɘŭɑɤɜ ůŰɖɜ ŬɜŰɑŭɟŬůɖ 

ɡŭɟɞɔɧɜɤůɖɠ CO2 ůŮ ɛŮɗɎɜɘɞ ɛŮɚŮŰɐɗɖəŬɜ ŭɘɎűɞɟŮɠ ˊɞůɧŰɖŰŮɠ ɞɝŮɘŭɑɤɜ ůŮ 

əŬŰŬɚɨŰŮɠ ɟɞŭɑɞɡ əŬɘ Ɏɚɚɤɜ ɛŮŰɎɚɚɤɜ. ɀŮɚŮŰɐɗɖəŬɜ, Ůˊɑůɖɠ, ɚŮˊŰɎ űɘɚɛ 

ŭɘŬűɧɟɤɜ ɞɝŮɘŭɑɤɜ ůŮ ɛŮɛɓɟɎɜŮɠ ɟɞŭɑɞɡ ɧˊɞɡ əŬɘ ŮɝŮŰɎůŰɖəŮ ɖ ŮɝɎɟŰɖůɖ Űɞɡ 

ɟɡɗɛɞɨ ɡŭɟɞɔɧɜɤůɖɠ Ŭˊɧ Űɖɜ ŮˊɘəɎɚɡɣɖ Űɞɡ əŬŰŬɚɨŰɖ Ŭˊɧ Űɞ ɞɝŮɑŭɘɞ. ɀɘŬ 

ŭɟŬůŰɘəɐ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ ɡŭɟɞɔɧɜɤůɖɠ ˊŬɟŬŰɖɟɐɗɖəŮ ɔɘŬ ɛɘŬ ɞɟɘůɛɏɜɖ 

əŬŰɖɔɞɟɑŬ ɞɝŮɘŭɑɤɜ (ɇiOx, TaOx, NbOx) ůŮ ŮˊɘəŬɚɨɣŮɘɠ ɛŮŰŬɝɨ 0.2 əŬɘ 0.7 ůŮ 

ɛɞɜɞůŰɞɘɓɎŭŮɠ (ȹɘŬɔɟ. 2.7 ). ũɘŬ ɎɚɚŬ ɞɝŮɑŭɘŬ ɧˊɤɠ ZrOx, VOx, WOx, FeOx, ɞ 

ɟɡɗɛɧɠ ɡŭɟɞɔɧɜɤůɖɠ Űɞɡ CO2 ɛŮɘɩɜŮŰŬɘ ɛɞɜɞŰɞɜɘəɎ ɛŮ Űɖɜ ŮˊɘəɎɚɡɣɖ, ɧˊɤɠ 

ɗŬ ŬɜŬɛŮɜɧŰŬɜ Ŭˊɧ ɏɜŬ Ŭˊɚɧ site-blocking ɛɖɢŬɜɘůɛɧ, əŬɗɩɠ əŬɘ ɖ ŮˊɘűɎɜŮɘŬ 

Űɞɡ ŮɜŮɟɔɞɨ ɟɞŭɑɞɡ ɛŮɘɩɜŮŰŬɘ.  

 
ȹɘɎɔɟŬɛɛŬ 2.7:  ȺˊɑŭɟŬůɖ Űɖɠ ŮˊɘəɎɚɡɣɖɠ Űɤɜ ɞɝŮɘŭɑɤɜ ɛŮŰɎɚɚɤɜ ůŰɖɜ ɛŮŰŬŰɟɞˊɐ 
ůŮ ɛŮɗɎɜɘɞ Ŭˊɧ CO2 əŬɘ H2 ůŮ ɛŮɛɓɟɎɜŮɠ Rh.  

ɆŮ ˊɟɧůűŬŰɖ ɛŮɚɏŰɖ [2.20], ŮɝŮŰɎůŰɖəŮ ɖ ɛŮɗŬɜɞˊɞɑɖůɖ CO2 ůŮ əŬŰŬɚɨŰŮɠ 

ɜɘəŮɚɑɞɡ ůŮ űɞɟŮɑɠ ŭɘɎűɞɟɤɜ ɞɝŮɘŭɑɤɜ (10% ə.ɓ Ni/CeO2, 10% ə.ɓ. Ni/Ŭ-Al2O3, 

10% ə.ɓ. Ni/TiO2, əŬɘ 10% ə.ɓ. Ni / MgO) əŬɘ ůɡɔəŮəɟɘɛɏɜŬ ɖ ŮˊɑŭɟŬůɖ Űɤɜ 

ɡɚɘəɩɜ ůŰɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 əŬɘ ůŰɖɜ ŮəɚŮəŰɘəɧŰɖŰŬ Űɞɡ CH4. Ƀɘ əŬŰŬɚɨŰŮɠ 

ˊŬɟŬůəŮɡɎůŰɖəŬɜ ɛŮ Űɖ ɛɏɗɞŭɞ ɡɔɟɞɨ ŮɛˊɞŰɘůɛɞɨ Ůɜɩ ɞ ɢŬɟŬəŰɖɟɘůɛɧɠ Űɞɡɠ 

ɏɔɘɜŮ ɛŮ Űɘɠ ɛŮɗɧŭɞɡɠ BET, XRD, H2-TPR əŬɘ CO2-TPD. ɆŰɖ ɛŮɚɏŰɖ ŬɡŰɐ, ůŮ 
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Ůɨɟɞɠ ɗŮɟɛɞəɟŬůɘɩɜ Ŭˊɧ 250 ɤɠ 550 C, ɞ əŬŰŬɚɨŰɖɠ Ni/CeO2 ɏŭŮɘɝŮ ɡɣɖɚɐ 

ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2, ŮɘŭɘəɎ ůŰɘɠ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (300 C) ůŮ ůɨɔəɟɘůɖ ɛŮ 

Űɞɜ Ni/Ŭ-Al2O3 , Ůɜɩ Ŭəɞɚɞɡɗɞɨɜ ɞɘ əŬŰŬɚɨŰŮɠ Ni/TiO2 əŬɘ Ni/MgO ɞɘ ɞˊɞɑɞɘ 

ˊŬɟɞɡůɘɎɕɞɡɜ ́ŬɟɧɛɞɘŬ ůɡɛˊŮɟɘűɞɟɎ. Ⱥˊɘˊɚɏɞɜ, ɔɘŬ Űɞɡɠ əŬŰŬɚɨŰŮɠ Ni/CeO2 

əŬɘ Ni/TiO2 ɖ ŮəɚŮəŰɘəɧŰɖŰŬ ůŮ CH4 ɐŰŬɜ ˊɞɚɨ əɞɜŰɎ ůŰɞ 1, Ŭˊɧ Űɘɠ ɢŬɛɖɚɏɠ 

ɐŭɖ ɗŮɟɛɞəɟŬůɑŮɠ (ȹɘŬɔɟ. 2.8).  

 

ȹɘɎɔɟŬɛɛŬ 2.8: ȺˊɑŭɟŬůɖ Űɞɡ űɞɟɏŬ (a) ůŰɖɜ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 əŬɘ (b) ůŰɖɜ 
ŮˊɘɚŮəŰɘəɧŰɖŰŬ Űɞɡ CH4 ůŮ əŬŰŬɚɨŰŮɠ Ni/CeO2, Ni/a-Al2O3, Ni/TiO2, əŬɘ Ni/MgO. 
ɆɡɜɗɐəŮɠ ŬɜŰɑŭɟŬůɖɠ: 20 vol% CO2, 80 vol% H2, GHSV= 10,000 h-1.  

Ƀ əŬŰŬɚɨŰɖɠ Ni/MgO ˊŬɟɞɡůɑŬůŮ Űɖɜ ɢŬɛɖɚɧŰŮɟɖ Ůˊɑŭɞůɖ, Űɞ ɞˊɞɑɞ 

ŮˊŬɚɖɗŮɨŮŰŬɘ Ŭˊɧ ˊŬɚɘɧŰŮɟɖ ɏɟŮɡɜŬ ɛŮ əŬŰŬɚɨŰŮɠ Rh ɡˊɞůŰɖɟɘɔɛɏɜɞɡɠ ůŮ 

ɞɝŮɑŭɘŬ [2.21]. ȿŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ əŬɘ Űɘɠ ŭɨɞ ŬɡŰɏɠ ˊŬɟŬɛɏŰɟɞɡɠ, 

ůɡɛˊŮɟŬɑɜɞɡɛŮ ɧŰɘ Űɞ ɞɝŮɑŭɘɞ Űɞɡ CeO2 ˊŬɟɞɡůɑŬůŮ ŬɜɩŰŮɟɖ əŬŰŬɚɡŰɘəɐ 

ůɡɛˊŮɟɘűɞɟɎ əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ ɛŮɗŬɜɞˊɞɑɖůɖɠ Űɞɡ CO2 ůɡɔəɟɘŰɘəɎ ɛŮ ŰŬ 

ɡˊɧɚɞɘˊŬ ɞɝŮɑŭɘŬ ɔɘŬ əŬŰŬɚɨŰŮɠ Ni.  

ȳˊɤɠ ŮɑŭŬɛŮ ˊŬɟŬˊɎɜɤ, Űɞ ɔŮɔɞɜɧɠ ɧŰɘ Űɞ CeO2 ˊŬɟɞɡůɘɎɕŮɘ Űɧůɞ əŬɚɐ 

əŬŰŬɚɡŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ, ɞŭɐɔɖůŮ ůŮ ˊŮɟŬɘŰɏɟɤ ɛŮɚɏŰɖ ɔɘŬ Űɖɜ Ůɜɑůɢɡůɐ Űɞɡ. 

ȼ ŮˊɑŭɟŬůɖ ɛŮɘəŰɩɜ ɞɝŮɘŭɑɤɜ ŮɝŮŰɎůŰɖəŮ [2.22] əŬɘ ůɡɔəŮəɟɘɛɏɜŬ ɖ ŮˊɑŭɟŬůɖ 

Űɞɡ CeO2 ɛŮ ŭɘɎűɞɟŮɠ ˊɞůɧŰɖŰŮɠ ůŮ əŬŰŬɚɨŰŮɠ Ru/Al2O3. ȼ ůɨɔəɟɘůɖ 

ŬűɞɟɞɨůŮ Űɞɡɠ əŬŰŬɚɨŰŮɠ Ru/Al2O3əŬɘ Ru/CeO2 əŬɘ əŬŰŬɚɨŰŮɠ ɛŮɘəŰɩɜ 

ɞɝŮɘŭɑɤɜ Ru/30%CeO2/Al2O3 əŬɘ Ru/60%CeO2/Al2O3 (ȹɘŬɔɟ.2.9). ȳˊɤɠ 

űŬɑɜŮŰŬɘ əŬɘ ůŰɞ ŭɘɎɔɟŬɛɛŬ, ɖ ɛŮŰŬŰɟɞˊɐ ŮɡɜɞŮɑŰŬɘ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ CeO2 Ůɜɩ 

Űɖɜ ɢŬɛɖɚɧŰŮɟɖ ŮəɚŮəŰɘəɧŰɖŰŬ ůŮ CH4 ˊŬɟɞɡůɑŬůŮ ɞ Ru/CeO2 ůŰɞɡɠ 250 C. ȼ 
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ůŮɘɟɎ əŬŰɎŰŬɝɖɠ ɤɠ ˊɟɞɠ Űɖɜ Ŭˊɧŭɞůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ŮɑɜŬɘ ɤɠ Ůɝɐɠ: Ru/30% 

CeO2 /Al2O3 > Ru/60% CeO2 / Al2O3> Ru/ CeO2 >>Ru/ Al2O3.  

 

ȹɘɎɔɟŬɛɛŬ 2.9: ȺˊɑŭɟŬůɖ Űɞɡ űɞɟɏŬ (a) ůŰɖɜ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 əŬɘ (b) ůŰɖɜ 
ŮˊɘɚŮəŰɘəɧŰɖŰŬ Űɞɡ CH4 ůŮ əŬŰŬɚɨŰŮɠ Ru. ɆɡɜɗɐəŮɠ ŬɜŰɑŭɟŬůɖɠ: 20 vol% CO2, 80 
vol% H2, GHSV= 10,000 h-1. 

 

2.3.6 ȺˊɑŭɟŬůɖ ɕŮɧɚɘɗɤɜ ůŰɖɜ ˊɞɟŮɑŬ Űɖɠ ŬɜŰɑŭɟŬůɖɠ  

ȷɟəŮŰɏɠ ɛŮɚɏŰŮɠ ŮɝŮŰɎɕɞɡɜ Űɖɜ Ůˊɘɟɟɞɐ Űɤɜ ɕŮɧɚɘɗɤɜ ůŮ əŬŰŬɚɨŰŮɠ Ɂi. 

ȾŬŰŬɚɨŰŮɠ Ɂi əŬɘ Ce ɡˊɞůŰɖɟɘɔɛɏɜɞɘ ůŮ ɕŮɧɚɘɗɞ HNaUSY ŮɚɏɔɢɗɖəŬɜ ɔɘŬ Űɖɜ 

ɡŭɟɞɔɧɜɤůɖ Űɞɡ CO2 ůŮ ɛŮɗɎɜɘɞ [2.23]. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɏŭŮɘɝŬɜ ɧŰɘ, ɧŰŬɜ 

ˊŬɟŬůəŮɡɎɕɞɜŰŬɘ ɛŮ ŮɛˊɞŰɘůɛɧ, ɞɘ əŬŰŬɚɨŰŮɠ Ni-ɕŮɞɚɑɗɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ 

ůɖɛŬɜŰɘəɎ ŮˊɑˊŮŭŬ Ŭˊɧŭɞůɖɠ əŬɘ ŮˊɘɚŮəŰɘəɧŰɖŰŬɠ ɔɘŬ Űɖɜ ŬɜŰɑŭɟŬůɖ ŬɡŰɐ 

ɚɧɔɤ Űɖɠ ŮɡəɞɚɧŰŮɟɖɠ ɛŮɑɤůɖɠ Űɤɜ Ůɘŭɩɜ NiO, ůŮ ůɨɔəɟɘůɖ ɛŮ ŰŬ 

ɘɞɜŮɜŬɚɚŬɔɛɏɜŬ Ůɑŭɖ Ni. ɆŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ, ˊŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ɧůɞ 

ɡɣɖɚɧŰŮɟɖ ŮɑɜŬɘ ɖ ˊŮɟɘŮəŰɘəɧŰɖŰŬ ůŮ Ni Ůˊɑ Űɤɜ əŬŰŬɚɡŰɩɜ, Űɧůɞ əŬɚɨŰŮɟŮɠ 

ŮɑɜŬɘ ɞɘ ŮˊɘŭɧůŮɘɠ Űɞɡɠ.  
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ȹɘɎɔɟŬɛɛŬ 2.10: ȺˊɑŭɟŬůɖ (a) ůŰɖɜ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 əŬɘ (b) ůŰɖɜ ŮˊɘɚŮəŰɘəɧŰɖŰŬ Űɞɡ CH4 

ȾŬɘ ůŮ ŬɡŰɐ Űɖ ɛŮɚɏŰɖ ŬˊɞŭŮɘəɜɨŮŰŬɘ ˊɤɠ ɖ ˊɟɞůɗɐəɖ Ce ŮɑɜŬɘ ɡˊŮɨɗɡɜɖ ɔɘŬ 

Űɖɜ ˊŮɟŬɘŰɏɟɤ ɓŮɚŰɑɤůɖ Űɖɠ Ŭˊɧŭɞůɖɠ Űɤɜ əŬŰŬɚɡŰɩɜ əŬɘ Űɖɠ ŮˊɘɚŮəŰɘəɧŰɖŰŬɠ 

Űɞɡɠ (ɄɑɜŬəŬɠ 2.4). ȼ ŭɟɎůɖ ŬɡŰɐ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ɜŬ ŬˊɞŭɞɗŮɑ ůŰɖɜ 

ˊŬɟɞɡůɑŬ Űɞɡ CeO2 ˊɞɡ ˊɟɞɎɔŮɘ Űɖ ɛŮŰŬŰɟɞˊɐ Űɞɡ CO2 ůŮ CO. ɋɠ Ůə ŰɞɨŰɞɡ, 

ɞɘ ŰŮɚɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ əŬŰŬɚɨŰɖ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ Űɖ ŭɘŮˊŬűɐ ɛŮŰŬɝɨ Űɤɜ 

ŮɜŮɟɔɩɜ ɗɏůŮɤɜ ɛŮŰɎɚɚɞɡ əŬɘ Űɞɡ ˊɟɞɤɗɖŰɐ. Ⱥˊɑůɖɠ, ɧɚɞɘ ɞɘ əŬŰŬɚɨŰŮɠ 

ˊŬɟɞɡůɑŬůŬɜ ɛɘŬ əŬɚɐ ůŰŬɗŮɟɧŰɖŰŬ, ɧŰŬɜ ɡˊɞɓɚɐɗɖəŬɜ ůŮ 10 ɩɟŮɠ 

ŬɜŰɑŭɟŬůɖɠ ůŮ ɗŮɟɛɞəɟŬůɑŬ 400ɞC, ɢɤɟɑɠ ɜŬ ˊŬɟŬŰɖɟŮɑŰŬɘ ůɡůůɤɛɎŰɤůɖ.  
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ɄɑɜŬəŬɠ 2.4: ȺˊɑŭɟŬůɖ Űɖɠ ˊɟɞůɗɐəɖɠ Ce Ůˊɑ Űɖɠ ɛŮŰŬŰɟɞˊɐɠ Űɞɡ CO2 əŬɘ Űɖɠ 
ŮəɚŮəŰɘəɧŰɖŰŬɠ CH4, ůŰɞɡɠ 400 Ǔ C əŬɘ GHSV = 43.000 h-1. 

 

ȼ ɛŮɚɏŰɖ ŬɡŰɐ ŭŮɑɢɜŮɘ ɧŰɘ ɕŮɧɚɘɗɞɘ ɜɘəŮɚɑɞɡ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ 

ůŰɖɜ ˊɟɞɩɗɖůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɡŭɟɞɔɧɜɤůɖɠ CO2 ůŮ ɛŮɗɎɜɘɞ, əŬɗɩɠ ɞɘ 

ɛŮŰŬŰɟɞˊɏɠ əŬɘ ŮəɚŮəŰɘəɧŰɖŰŮɠ ˊɞɡ ɚŬɛɓɎɜɞɜŰŬɘ ŮɑɜŬɘ ůŮ ˊɞɚɨ əŬɚɎ ŮˊɑˊŮŭŬ 

ůŮ ůɨɔəɟɘůɖ ɛŮ Ɏɚɚɞɡɠ əŬŰŬɚɨŰŮɠ ɛŮɗŬɜɞˊɞɑɖůɖɠ CO2 ˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ůŰɖ 

ɓɘɓɚɘɞɔɟŬűɑŬ, ɞɘ ɞˊɞɑɞɘ ŮɑɜŬɘ əŬɚɨŰŮɟɞɘ ŬɚɚɎ ɢɟɖůɘɛɞˊɞɘɞɨɜ ŭɡɜɖŰɘəɎ ˊɘɞ 

ŬəɟɘɓɎ ɡɚɘəɎ (ɄɑɜŬəŬɠ 2.5).  

ɄɑɜŬəŬɠ 2.5: Ɇɨɔəɟɘůɖ ŬˊɞŰŮɚŮůɛɎŰɤɜ ɔɘŬ əŬŰŬɚɨŰŮɠ ɕŮɧɚɘɗɤɜ ɓɎůɖ ɓɘɓɚɘɞɔɟŬűɑŬɠ 
[2.24 - 2.30]. 

Catalyst PCO2 
T 

(oC) 
H2: CO2 

CO2 
conversion 

(%) 

CH4 
selectivity 

(%) 

CH4 
yield 
(%) 

References 

Ce0.95Ru0.05O2 0.13 450 4 55 99 55 

Sharma S. 
et. al., 
(2011) 
[2.24] 

3%Ni-MCM-41 0.28 400 2.6 17 96 16 
Du G. et al., 

(2007) 
[2.25] 

12%Ni/ZrO2-Al2O3 0.22 360 3.5 73 97 71 
Cai M. et 
al., (2011) 

[2.26] 

5%Ni/La2O2CO3 0.20 300 4 40 89 36 
Gao J et 

al., (2009) 
[3.27] 

15%Ni/RHA-
Al2O3 

0.20 500 4 64 91 58 
Chang F. et 
al., (2003) 

[2.28] 

5%Ni-Ce0.5 Zr0.5 
O2 

0.16 400 4 80 99 79 

Ocampo F. 
et al., 
(2011) 
[2.29] 

10%Ni-
Ce0.72Zr0.28O2 

0.16 400 4 85 99 84 

Ocampo F. 
et al., 
(2009) 
[2.30] 

14%NiUSYImp 0.16 400 4 65.5 94.2 61.7 
Graca I. et 
al., (2014) 

[2.23] 
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14%Ni7%CeUSYI
mp 

0.16 400 4 68.3 95.1 65 

14%Ni7%CeUSYI
mp 

0.16 400 4 74.8 98.5 73.7 

14%Ni7%CeUSYI
mp 

0.16 400 4 77.1 99.1 76.4 

 

ɆɨɛűɤɜŬ ɛŮ Űɞɜ ˊŬɟŬˊɎɜɤ ˊɑɜŬəŬ, ɛˊɞɟɞɨɛŮ ɜŬ ɞŭɖɔɖɗɞɨɛŮ ůŮ 

ůɡɛˊŮɟɎůɛŬŰŬ ůɢŮŰɘəɎ ɛŮ Űɖɜ ˊɟɞɩɗɖůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɛŮ Űɖ ɢɟɐůɖ 

ɕŮɧɚɘɗɤɜ, ɓɎůɖ Űɖɠ Ŭˊɧŭɞůɖɠ əŬŰŬɚɡŰɩɜ Ni ɡˊɞůŰɖɟɘɔɛɏɜɤɜ ůŮ ɕŮɧɚɘɗɞɡɠ. ɆŮ 

ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (360oC), ɞ əŬŰŬɚɨŰɖɠ 12%Ni/ZrO2-Al2O3 Ŭ́ɟɞɡůɘɎɕŮɘ 

Űɖɜ əŬɚɨŰŮɟɖ Ŭˊɧŭɞůɖ ůɢŮŰɘəɎ ɛŮ Űɖɜ ɛŮŰŬŰɟɞˊɐ CO2 əŬɘ Űɖɜ ŮəɚŮəŰɘəɧŰɖŰŬ 

ˊɟɞɠ CH4 Ůɜɩ ůŮ ɡɣɖɚɧŰŮɟɖ ɗŮɟɛɞəɟŬůɑŬ, ŬəɧɛŬ əŬɚɨŰŮɟɖ Ŭˊɧŭɞůɖ 

ˊŬɟɞɡůɘɎɕɞɡɜ ɞɘ əŬŰŬɚɨŰŮɠ 5%Ni-Ce0.5Zr0.5O2 əŬɘ 10%Ni-Ce0.72Zr0.28O2, ɛŮ Űɖɜ 

ŮˊɘɚŮəŰɘəɧŰɖŰŬ ˊɟɞɠ ɛŮɗɎɜɘɞ ɜŬ űŰɎɜŮɘ Űɞ 99% əŬɘ ůŰɘɠ ŭɨɞ ˊŮɟɘˊŰɩůŮɘɠ. 

ũɑɜŮŰŬɘ ŮɛűŬɜɏɠ ɚɞɘˊɧɜ, əŬɘ Ŭˊɧ Űɞɜ ˊŬɟŬˊɎɜɤ ˊɑɜŬəŬ, ɧŰɘ ɖ ˊɟɞůɗɐəɖ Ce 

ŮɜɘůɢɨŮɘ Űɖɜ Ŭˊɧŭɞůɖ Űɖɠ ŬɜŰɑŭɟŬůɖɠ əŬɘ ɏŰůɘ ŮˊɘɓŮɓŬɘɩɜɞɜŰŬɘ əŬɘ ŰŬ 

ůɡɛˊŮɟɎůɛŬŰŬ Űɖɠ ˊɟɞɖɔɞɨɛŮɜɖɠ ɏɟŮɡɜŬɠ.   
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3 ɄŮɘɟŬɛŬŰɘəɧ ɀɏɟɞɠ 

3.1 ɄŬɟŬůəŮɡɐ əŬŰŬɚɡŰɩɜ 

3.1.1 ȹɘŬŭɘəŬůɑŬ ˊŬɟŬůəŮɡɐɠ ɛɘəŰɩɜ ɞɝŮɘŭɑɤɜ Al, AlCe & AlCeZr 

ɛŮ Űɖɜ ɛɏɗɞŭɞ Űɖɠ ůɡɔəŬŰŬɓɨɗɘůɖɠ 

Ƀɘ əŬŰŬɚɨŰŮɠ ˊɞɡ ˊŬɟŬůəŮɡɎůŰɖəŬɜ əŬɘ ɛŮɚŮŰɐɗɖəŬɜ ŮɑɜŬɘ ɞɘ Ůɝɐɠ: 

ȾŬŰŬɚɨŰŮɠ Ƚɟɘŭɑɞɡ 

¶ ȾŬŰŬɚɨŰɖɠ Ir/ Al2O3 ɛŮ ŬɜŬɚɡŰɘəɧ Űɨˊɞ: 1 wt%  Ir / 80% wt ɔ-Al2O3 

¶ ȾŬŰŬɚɨŰɖɠ Ir/ ACZ ɛŮ ŬɜŬɚɡŰɘəɧ Űɨˊɞ: 1 wt% Ir/ 80% wt ɔ-Al2O3 - 

10wt%CeO2-10wt%ZrO2 

¶ ȾŬŰŬɚɨŰɖɠ Ir/ CZ ɛŮ ŬɜŬɚɡŰɘəɧ Űɨˊɞ: 1 wt%  Ir/ 50%CeO2  -  50%Zr O2 

Ƀɘ əŬŰŬɚɨŰŮɠ Ƚɟɘŭɑɞɡ ɛŮŰɟɐɗɖəŬɜ ůŰɖ ůɡɜɏɢŮɘŬ ɛŮ Űɖ ɛɏɗɞŭɞ ICP əŬɘ ɞɘ 

ˊɟŬɔɛŬŰɘəɏɠ ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ ůŮ Ƚɟɑŭɘɞ ŮɑɜŬɘ: 0,7%Ir/ Al2O3, 0,4%Ir/ ACZ, 0,6%Ir/ 

CZ. 

ȾŬŰŬɚɨŰŮɠ Ʌɞŭɑɞɡ 

¶ ȾŬŰŬɚɨŰɖɠ Rh/ Al2O3 ɛŮ ŬɜŬɚɡŰɘəɧ Űɨˊɞ: 1 wt%  Rh / 80% wt ɔ-Al2O3 

¶ ȾŬŰŬɚɨŰɖɠ Rh/ ACZ ɛŮ ŬɜŬɚɡŰɘəɧ Űɨˊɞ: 1 wt%  Rh / 80 wt% ɔ-Al2O3 - 

10wt%CeO2-10wt%ZrO2 

¶ ȾŬŰŬɚɨŰɖɠ Rh/ CZ ɛŮ ŬɜŬɚɡŰɘəɧ Űɨˊɞ: 1 wt%  Rh / 50%CeO2  -  50%Zr 

O2 

ȾŬŰŬɚɨŰŮɠ Ʌɞɡɗɖɜɑɞɡ 

¶ ȾŬŰŬɚɨŰɖɠ Ru/ Al2O3 ɛŮ ŬɜŬɚɡŰɘəɧ Űɨˊɞ: 1 wt%  Ru / 80% wt ɔ-Al2O3 

¶ ȾŬŰŬɚɨŰɖɠ Ru/ ACZ ɛŮ ŬɜŬɚɡŰɘəɧ Űɨˊɞ: 1 wt%  Ru / 80 wt% ɔ-Al2O3 - 

10wt%CeO2-10wt%ZrO2 

¶ ȾŬŰŬɚɨŰɖɠ Ru/ CZ ɛŮ ŬɜŬɚɡŰɘəɧ Űɨˊɞ: 1 wt%  Ru / 50%CeO2  -  50%Zr 

O2 

ɇŬ ɛɘəŰɎ ɞɝŮɑŭɘŬ ˊŬɟŬůəŮɡɎɕɞɜŰŬɘ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ ůɡɔəŬŰŬɓɨɗɘůɖɠ. ũɘŬ Űɖɜ 

ˊŬɟŬůəŮɡɐ ɛɘəŰɩɜ ɞɝŮɘŭɑɤɜ ŬɚɞɡɛɑɜŬɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŰɟɑŬ ɡŭŬŰɘəɎ 

ŭɘŬɚɨɛŬŰŬ ˊɟɧŭɟɞɛɤɜ ŮɜɩůŮɤɜ, Űɞɡ Al (Al(NO3)3Ŀ9H2O), Űɞɡ Ce 

(Ce(NO3)3.6H2O) əŬɘ Űɞɡ Zr (Zr(NO3)3.6H2O) ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ɛɘəŰɞɨ 

ɞɝŮɘŭɑɞɡ AlCeZr:  

ũɘŬ Űɖ ˊŬɟŬůəŮɡɐ Űɤɜ ɛɘəŰɩɜ ɞɝŮɘŭɑɤɜ, ŬɟɢɘəɎ, ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɞɘ ˊɞůɧŰɖŰŮɠ 

Űɤɜ ˊɟɧŭɟɞɛɤɜ ŮɜɩůŮɤɜ Ce əŬɘ Zr ˊɞɡ ŬˊŬɘŰɞɨɜŰŬɘ ɛŮ ɓɎůɖ Űɘɠ ŮˊɘɗɡɛɖŰɏɠ 

ˊŮɟɘŮəŰɘəɧŰɖŰŮɠ Űɞɡ ŰŮɚɘəɞɨ ŭŮɑɔɛŬŰɞɠ (80 wt% ɔ-Al2O3 - 10wt%CeO2-

10wt%ZrO2, 50wt % CeO2 - 50wt% ZrO2). ȾɎɗŮ ˊɟɧŭɟɞɛɖ ɏɜɤůɖ 

(Ce(NO3)3.6H2O, Zr(NO3)3.6H2O, Al(NO3)3.9H2O) ŭɘŬɚɨŮŰŬɘ ɢɤɟɘůŰɎ ůŮ ŭɘɠ 
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ŬˊŮůŰŬɔɛɏɜɞ ɜŮɟɧ ɏŰůɘ ɩůŰŮ ɜŬ ˊɟɞəɨɣŮɘ ŭɘɎɚɡɛŬ ~0.5 ɀ əŬɘ Ůɜ ůɡɜɏɢŮɘŬ 

ŬɜŬɛɘɔɜɨɞɜŰŬɘ ɧɚŬ ŰŬ ŭɘŬɚɨɛŬŰŬ Űɤɜ ˊɟɧŭɟɞɛɤɜ ŮɜɩůŮɤɜ. ȷəɞɚɞɡɗŮɑ 

ˊɟɞůɗɐəɖ ŭɘŬɚɨɛŬŰɞɠ Ɂȼ3 (~25%) ɐ Ɂȼ4Ƀȼ (13.4 ɀ) ɡˊɧ ŬɜɎŭŮɡůɖ ɛŮ 

ůɢŮŰɘəɎ ɔɟɐɔɞɟɞ ɟɡɗɛɧ ɞɨŰɤɠ ɩůŰŮ Űɞ pH ɜŬ űŰɎůŮɘ ɔɟɐɔɞɟŬ ůŰɞ ~9-10 (ɔɘŬ 

130 ml ŭɘŬɚɨɛŬŰɞɠ ŬˊŬɘŰɞɨɜŰŬɘ ˊŮɟɑˊɞɡ 50 ml Ɂȼ3). ȾŬŰɧˊɘɜ Űɞ pH 

ˊŬɟŬəɞɚɞɡɗŮɑŰŬɘ əŬɘ ŭɘŬŰɖɟŮɑŰŬɘ ůŰɞ 10 ˊɟɞůɗɏŰɞɜŰŬɠ Ɂȼ3. ȷűɞɨ 

ůŰŬɗŮɟɞˊɞɘɖɗŮɑ ůŰɞ 10 ˊŬɟŬɛɏɜŮɘ ɡˊɧ ŬɜɎŭŮɡůɖ ɔɘŬ ˊŮɟɑˊɞɡ 3 hr. ɆŰɖɜ 

ůɡɜɏɢŮɘŬ ŬəɞɚɞɡɗŮɑ űɘɚŰɟɎɟɘůɛŬ Űɞɡ ˊɖəŰɩɛŬŰɞɠ ɛɏůɤ űɑɚŰɟɤɜ ŭɘɐɗɖůɖɠ əŬɘ 

əŬŰɧˊɘɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɝɐɟŬɜůɖ ůŰɞɡɠ 110oC ɔɘŬ 12 h. ũɘŬ Űɞɜ űɞɟɏŬ CZ ɖ 

ˊɨɟɤůɖ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŮ űɞɨɟɜɞ ɡˊɧ ŬɏɟŬ ůŰɞɡɠ 800ęC ɔɘŬ ɛɑŬ ɩɟŬ. 

ũɘŬ Űɞɜ űɞɟɏŬ ȷCZ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɞɜ  əŬŰŬɚɨŰɖ Ƚr/ACZ ɖ ˊɨɟɤůɖ 

ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ, Ůˊɑůɖɠ, ůŮ űɞɨɟɜɞ ɡˊɧ ŬɏɟŬ ůŰɞɡɠ 600ęC, Ůɜɩ ɔɘŬ Űɞɜ 

ȷCZ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɞɡɠ əŬŰŬɚɨŰŮɠ Ʌɞŭɑɞɡ ůŰɞɡɠ 800ęC ɔɘŬ ɛɑŬ ɩɟŬ.  

ɇŬ ůŰɎŭɘŬ ˊŬɟŬůəŮɡɐɠ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 3.1  

 

ɆɢɐɛŬ 3.1: ɆŰɎŭɘŬ ˊŬɟŬůəŮɡɐɠ ŭɞɛɘəɎ Űɟɞˊɞˊɞɘɖɛɏɜɤɜ əŬŰŬɚɡŰɩɜ ɛŮ Űɖ ɛɏɗɞŭɞ Űɖɠ 
ůɡɔəŬŰŬɓɑɗɡůɖɠ. 
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3.1.2 ȹɘŬŭɘəŬůɑŬ ˊŬɟŬůəŮɡɐɠ əŬŰŬɚɡŰɩɜ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ 

ɛŮŰɎɚɚɤɜ Ir, Ru & Rh ůŮ ɛŮɘəŰɎ ɞɝŮɑŭɘŬ ɛŮ Űɖɜ ɛɏɗɞŭɞ Űɞɡ ɡɔɟɞɨ 

ŮɛˊɞŰɘůɛɞɨ ( wet impregnation method) 

ȼ ˊɟɞůɗɐəɖ Űɞɡ ɛŮŰɎɚɚɞɡ (Űɖɠ ŮɜŮɟɔɞɨɠ űɎůɖɠ) ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ Űɖɜ 

ɛɏɗɞŭɞ Űɞɡ ɡɔɟɞɨ ŮɛˊɞŰɘůɛɞɨ. ɆŰɖ ɛɏɗɞŭɞ Űɞɡ ɡɔɟɞɨ ŮɛˊɞŰɘůɛɞɨ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŮɛɓɎˊŰɘůɖ Űɞɡ űɞɟɏŬ- ɡˊɧůŰɟɤɛŬ ůŰɞ ŭɘɎɚɡɛŬ Űɖɠ 

ˊɟɧŭɟɞɛɖɠ ɏɜɤůɖɠ. [3.0].  

ũɘŬ Űɞ Ƚɟɑŭɘɞ: 

ȼ ˊɟɧŭɟɞɛɖ ɏɜɤůɖ Űɞɡ ɘɟɘŭɑɞɡ IrCl3ȚH2O ŭɘŬɚɨŮŰŬɘ ůŮ ɜŮɟɧ ŭɘůŬˊŮůŰŬɔɛɏɜɞ ůŮ 

ˊɞŰɐɟɘ ɕɏůŮɤɠ ɧˊɞɡ ŮˊɘəɟŬŰɞɨɜ ůɡɜɗɐəŮɠ ůɡɜŮɢɞɨɠ ŬɜɎŭŮɡůɖɠ (ɛŬɔɜɖŰɘəɐ 

ŬɜɎŭŮɡůɖ). ȷˊɧ Űɞ Ŭɟɢɘəɧ ŭɘɎɚɡɛŬ ˊŬɟŬůəŮɡɎɕŮŰŬɘ ɜɏɞ ŭɘɎɚɡɛŬ ɛŮ 

ůɡɔəɏɜŰɟɤůɖ 2mg Ir/ml ŭɘŬɚɡɛɏɜɞ ůŮ ɜŮɟɧ. 

ũɘŬ Űɞ Ʌɞɡɗɐɜɘɞ: 

ȼ ˊɟɧŭɟɞɛɖ ɏɜɤůɖ Űɞɡ ɟɞɡɗɖɜɑɞɡ RuCl3Ț3H2O ŭɘŬɚɨŮŰŬɘ ůŮ ɜŮɟɧ 

ŭɘůŬˊŮůŰŬɔɛɏɜɞ ůŮ ˊɞŰɐɟɘ ɕɏůŮɤɠ ɧˊɞɡ ŮˊɘəɟŬŰɞɨɜ ůɡɜɗɐəŮɠ ůɡɜŮɢɞɨɠ 

ŬɜɎŭŮɡůɖɠ (ɛŬɔɜɖŰɘəɐ ŬɜɎŭŮɡůɖ). ȷˊɧ Űɞ Ŭɟɢɘəɧ ŭɘɎɚɡɛŬ ˊŬɟŬůəŮɡɎɕŮŰŬɘ ɜɏɞ 

ŭɘɎɚɡɛŬ ɛŮ ůɡɔəɏɜŰɟɤůɖ 2mg Ir/ml ŭɘŬɚɡɛɏɜɞ ůŮ ɜŮɟɧ. 

ũɘŬ Űɞ Ʌɧŭɘɞ: 

ȷɟɢɘəɎ, Űɞ ɟɧŭɘɞ ɓɟɑůəŮŰŬɘ ůŮ ɛɞɟűɐ ŭɘŬɚɨɛŬŰɞɠ 10%w/v ůŮ 20-25%wt HNO3. 

ȷˊɧ Űɞ Ŭɟɢɘəɧ ŭɘɎɚɡɛŬ ˊŬɟŬůəŮɡɎɕŮŰŬɘ ɜɏɞ ŭɘɎɚɡɛŬ ɛŮ ůɡɔəɏɜŰɟɤůɖ 2mg 

Rh/ml ŭɘŬɚɡɛɏɜɞ ůŮ ɜŮɟɧ . ȷˊɧ Űɞ ɜɏɞ ŭɘɎɚɡɛŬ ɡˊɞɚɞɔɑɕɞɜŰŬɘ ɞɘ ŬˊŬɘŰɞɨɛŮɜŮɠ 

ˊɞůɧŰɖŰŮɠ Rh ɔɘŬ Űɞɡɠ əŬŰŬɚɨŰŮɠ ɔɘŬ űɧɟŰɘůɖ 1%.  

ɆŰɖ ůɡɜɏɢŮɘŬ əŬɘ ɔɘŬ ŰŬ ŰɟɑŬ ɛɏŰŬɚɚŬ: 

Ƀɘ űɞɟŮɑɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ˊɟɞůŰɑɗŮɜŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŬɟɔɎ ɩůŰŮ ɜŬ 

ŮˊɘŰŮɡɢɗŮɑ ɞ ɡɔɟɧɠ ŮɛˊɞŰɘůɛɧɠ, əŬɘ ŬɜŬŭŮɨɞɜŰŬɘ ɡˊɧ ůŰŬɗŮɟɐ ɗŮɟɛɞəɟŬůɑŬ 

ˊŮɟɑˊɞɡ ůŰɞɡɠ 80ɞ C ɛɏɢɟɘɠ ɧŰɞɡ ŮɝŬŰɛɘůŰŮɑ Űɞ ŭɘůŬˊŮůŰŬɔɛɏɜɞ ɜŮɟɧ. ȰˊŮɘŰŬ, 

Űɞ ɑɕɖɛŬ ŬˊɞɛŬəɟɨɜŮŰŬɘ Ŭˊɧ Űɖ ůɡůəŮɡɐ ŬɜɎŭŮɡůɖɠ ɧŰŬɜ ɏɢŮɘ ŬəɧɛŬ 

ɖɛɑɟɟŮɡůŰɖ ɛɞɟűɐ, əŬɘ ɝɖɟŬɑɜŮŰŬɘ ůŮ ůɡɜɗɐəŮɠ ˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ˊŬɟŬəɎŰɤ: 

[3.01] 

¶ ɂɐɟŬɜůɖ ůŰɞɡɠ 110ęC ɔɘŬ 12 ɩɟŮɠ 
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ɆŰɖ ůɡɜɏɢŮɘŬ: 

ũɘŬ Űɞɡɠ əŬŰŬɚɨŰŮɠ Ʌɞŭɑɞɡ: 

¶ Ʉɨɟɤůɖ: 

                    Rh/Al2O3: 400ęC ɔɘŬ 1 ɩɟŬ ůŮ ɞɝŮɘŭɤŰɘəɐ ŬŰɛɧůűŬɘɟŬ 

                    Rh/ACȻ : 450ęC ɔɘŬ 1 ɩɟŬ ůŮ ɞɝŮɘŭɤŰɘəɐ ŬŰɛɧůűŬɘɟŬ 

                     Rh/CZ: 450ęC ɔɘŬ 1 ɩɟŬ ůŮ ɞɝŮɘŭɤŰɘəɐ ŬŰɛɧůűŬɘɟŬ 

¶ ȷɜŬɔɤɔɐ ɡˊɧ ůɡɜŮɢɐ ɟɞɐ 50% ə. ɞ ȼ2 ůŮ He ůŰɞɡɠ 400ęC ɔɘŬ 2 ɩɟŮɠ 

¶ AɜŬɔɤɔɐ  ɡˊɧ ůɡɜŮɢɐ ɟɞɐ 1% ȼ2 ůŮ He ůŰɞɡɠ 800ęC ɔɘŬ 1 ɩɟŬ 

ũɘŬ Űɞɡɠ əŬŰŬɚɨŰŮɠ Ƚɟɘŭɑɞɡ: 

¶ ȷɜŬɔɤɔɐ ɡˊɧ ůɡɜŮɢɐ ɟɞɐ 50% ə. ɞ ȼ2 ůŮ He ůŰɞɡɠ 400ęC ɔɘŬ 2 ɩɟŮɠ  

¶ ȷɜŬɔɤɔɐ ɡˊɧ ůɡɜŮɢɐ ɟɞɐ 1% ȼ2 ůŮ He ůŰɞɡɠ 800ęC ɔɘŬ 1 ɩɟŬ 

ũɘŬ Űɞɡɠ əŬŰŬɚɨŰŮɠ Ʌɞɡɗɖɜɑɞɡ: 

¶ ȷɜŬɔɤɔɐ ɡˊɧ ůɡɜŮɢɐ ɟɞɐ 50% ə. ɞ ȼ2 ůŮ He ůŰɞɡɠ 400ęC ɔɘŬ 2 ɩɟŮɠ 

¶ AɜŬɔɤɔɐ  ɡˊɧ ůɡɜŮɢɐ ɟɞɐ 1% ȼ2 ůŮ He ůŰɞɡɠ 750ęC ɔɘŬ 1 ɩɟŬ 

  
ɆɢɐɛŬ 3.2: ɆŰɎŭɘŬ ˊɟɞůɗɐəɖɠ ŮɜŮɟɔɞɨɠ űɎůŮɤɠ ůŰɞɡɠ űɞɟŮɑɠ. 

  






























































































