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   ,  .
  

200    1822      
         

   ,   « »    
     1835 .     

     .   ,  
,           -
      .   

      .
    «    ,  »  

  ,  -   ,     -
      . 

       -
   ,      -

  «Key Factors of Combustion, From Kinetics to Gas Dynamics» 
(2017, Springer Aerospace technology, Springer International Publishing)  
«Initiation and Flame Propagation in Combustion of Gases and Pyrophoric Metal 
Nanostructures» (2021, Fluid Mechanics and Its Applications, Springer Nature 
Switzerland AG). ,  ,   

,    ,     -
;  ,     ,  -
,   .   ,    -

    ( , ,   
)      -  -  

(C1 – 6)         
   .
       -

   ,     -
         

  .   ,     -
, , ,     , -

    .       -
 .

      -
   ;     , 

   2014 – 2022 .     
    ,   , 

      -
       ,    

   (CS – catalytically stabilized) 
,    c  - , 
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     –  –  – 

.
,    ,   -

   ,   ,   -
 .

       , 
       -

 .
        

 40% H2 –        
270–350 ° . ,       

,  Pt,      
    .

,      
  40   ~100 °C ,  Pt .  -

     (623 °C) 
       2 

H2 + O2;      2 + 2   
     ;  

     .  -
   180   288 °C  Pd   

  ,   Pt .  Pd  -
        -

,     ,      
    .    

  “ ”,      
       

  ,     (  
  dark reaction).
,        -

   , , ,  , 
  .     Pt -

    ,    -
 .    ,    

      Pt  (PtO2)   -
,  ,   PtO2.

        Rh, Ru, 
Pd  Pt     200      500 °  

        
      , 

        
 . ,   Rh, Ru  Pd, 

    2H2 + O2,  
   ,     ; 
      
 . ,     



8

        
      

  ;    
.

 ,     -
  ;     -

;       -
    -     

   , . .    -
.        -

  .
,  Rh     

  ,     
    Rh  Pd (Rh/Pd)  210 ° ,  

Ru/Pd  Pd – 300 ° ,  Pt  – 410 °      
200 .   Ru/Pd, Pt  Pd   , 
     ,  

 ,     (  
     , 

“  ”,     ), 
,  ,      

    (“  ”,  
   ).  ,  Rh 

     2D2 + O2, 
         Rh 

 Pd (Rh/Pd)  100 ° . ,    
      /

  :  ,    
2D2 + O2  100 °C   .  ,  D2 

  ,  H2,  Rh  Pd.  
    «   
 »,    MeH  

MeD,  Me = Rh, Pd.
,       

     ,  -
    ,   

 ,      (  
);     , -

    .   
        -

.       , 
        

   .   -
          

  .  ,   , -
   -     , 

        
     ,    -

     .
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 ,     40% 
H2 +    Pd (70 °C, 1 ) ,    
Pt (260 °C, 1 ).  , Pd    

     (30–60% 2 + 70–40% 4) 
+ .         

       450 °C.  ,  
 Pd     , 

 Pt.        
   Pd      , 

   Pt.  , Pd  ,  
Pt,      , -

       . -
        

(3.5 ± 1) / ,     .  
       2  2 

  Pd,     . 
        

   Pt.  ,     
       H2O* 
  570–650 ,      . 

      
,    900–970 .

 ,     Pd  P = 1.75 
, (    “ ”  ),  

 30%  + 70%  + . (  = 0.9, T = 317 °C)  30% 
 + 70% H2 +  ( = 1, T = 106 °C)    
     = 270 °C   2 – 4  

  = 32 °C   2 – C3H8. (     –  
    : H2 + 0.5 (O2 + 3.76 N2)).  -

        2 
 ;     . ,   

  30% (C2, C4, C5, C6) + 70% H2 +  (  = 0.6, 1.1, 
1.2, 1.2 )    25÷35 °    = 1.75 

. ,    30% C2H6 + 70% H2 +  (  = 0.6) 
     : 24 °C  1 . 

       Pd 
 ~ 2.4 ± 1 / ,     -

.  ,  Pd    
 H2-   1 ÷ 2      

   .
 ,     -
  - -      -

  Pd, Pt, Nichrome  Kanthal  40   
   ;    Pd 

   .   
        – 
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    2    
 .
    

 - -      
      Pt  Pd   

   ( ). ,   -
      

  .    Pt ,   
        
   ,    

 .  ,   
       

    ;    
 , ,    

     Pt    
 .   ,    

  (Pd),      
     ,   

,    .
      

  .  ,  
          

      .    
      

   Pt,      
    .

,    ( )   
   (70 – 40%  + 30 – 60% ) 

+       1 ÷ 2   -
   ,      ,  

    , . .     
  .    E -

  2.2 ± 1  -1,     -
.           

  Pd.  ,  , 
    ,     
   .    -

 PdO     Pd    Pd 
 O2    .  , Pd   

       
.        

 .
,      200    

   Rh  Pd    2H2 + O2,   
  (H2 + CH4)  + O2  (H2 + C4H8)  + O2; 

,   50% ,  .  
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    .      
   .  ,    

   (80% 2 + 20% C4H8)  + 2    
        
   10–100 .

,   ,  , -
   (70% 2 + 30% )  +   

   62 °C.    -
       

      - .
      

   –  – :     
45% 2,     40% 2.  2  40%,   

  ;    -
  .  ,    -

  « »,   « »   2 +   
    (2.5 ± 0.6)  -1;  -

,   ,    « -
»  « »  ,      . 

,    Rh/Pd   ,  , 
  ,     

 < 3 / .
,      Rh   

 ,  Pd.   ,   
        

,        .  
,     

       
,        

    ,   
  ,     .  

,   ,   , -
   (70% H2 + 30% )  +   

 Pd   1.75   310 °C,   -
 Rh – 105 °C.  ,  , -

      Pd   1.75 
  270 °C,    Rh  62 °C. -
        

       
 . ,   1    2D2 

+ O2     ,   2H2 + O2   
Rh;  ,  D2  Rh ,  H2    

  200 .
,        

       
,           

2. ,     -
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  Rh/Pd       
- :     , 

       ; 
         

.       , -
  .     -

    - - -
 (  )       

   ,    
        

 (   ) .
 ,    -   « -

»   ,   
,       

.        -
    ,    -

,        
;        -

        -
.

,     2H2 + O2  (80% 2 + 20% 
4)  + 2        

    1200 .  ,    (80% 2 
+ 20% 4)  + O2    (1200 )  
    Pt-  ,   

      ,    ,  
  .       , 

   . ,    
 (80% 2 + 20% 4)  + 2     

         ( 2 + 
C4H8)  + 2.

,       -
,        -

  ,   -
         , 

      -
      .  , -

    ,   
 ,   .

,     Pt-   -
         

  Pt- ,      
  .      -

     .
       

2  Pd   E = 4.1 ± 1 / ,    -
 .        -
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   2    -
    Pd    O2,  : 

3.5 ± 1 / .  ,      
       

  Pt  Pd;   Pd   -
   ,   Pt.    -

       -
      
     .
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  ,        -
,  ,       -

     ,      -
 –   ,       : 

«    ,  ».
  XIX        

         -
,       –    -

 –   .  1818    , 
       , 

,          
       [1]. -

  ,        ,    
         

   ,         -
   [2].       

 ,       -
       .

     1780   - - , -
   40     .   

    ,    14  
     ,    

 .    ,   
  ,   ,  -

        . -
     ,   

      , ,     
,    . ,  

1810    ,      ,  
    .      

        . 
   - ,  ,   

,     ,   . 
        -

 ,      ,   
«     ».      -

.      ,  
     ,     

     1820     -
.    ,     

,       ,     -
   , «       

           
».
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   1775       ,  
     ( ,   ,  

      ) .     -
   ,   -

  ; ,   ,     -
  ,       -

      .     
      – .    

 ,    ,      -
         . 
    1849      .

      ,  -
         .   

          
        -

    . - ,   1820-    -
   « »,     . 

, - ,        ,  
   .

      -
  ,     .  -

,        
       ( )  -

 ,       ,   
.   ,      ; 

            
 .  ,      -

   ,  ,   ,  
 :   «    ,  

,   ... , ,       
 «[2].

    ,    -
,       .  , 

           
 .  ,   ,  

      ,  -
      ,      . 

«    ”, –  , – “  
    ;        

 ,     » [3].  
        1821 ,  -
      .   -

   .     
 ,  ,       -

 ,       
  .     ,   -

       .  
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 ,      ,  “   -
    , ,   

; – ,      
   ” [2].   

     .
     1822 .   

           -
        .  
        , -

    ,    
      , 

     .
,     ,  -

  1823 .     -
       -

   .    ,   . -
       ,  “   

    :     
        -

    ” [2].  ,     -
     ,    

 , .     
,    “    ”   ,  “   

    ”.   ,  , 
     1821    -

: “      ,  
      ”.   -

          ;  
    (  ,   

     ).
       -

.         
     4 ,       

  .    ,    -
       . “   

     ,    
,         

,      ,   –   
   ” [2].

  ,    1823    
 ,      ,  

,    “ ,   ,  
  ,  ,  ” [4].

   “     -
  ”  ,        -

.     ,    -
      ,  
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  ;  15       
 ,       
    [2].    ,  
    . 29    -

,        “   
        ”.  

        
  .

         -
  . . .   .     

         
     .   

     ,       
 .        

.
       -

       .  -
     ,    

  .  1821       
         

     .     -
   ,  . . ,   -

 .
     1835      

     , , 
  ,     [2].     -

 “ ”,   ,      
 ,      (  « -

 »)     .
      .     

  (  ):     
       ,    -

     .      
        
 ,    ,  

    1831 ,      .
  ,    ,   
 ,      .   -

     ,    
 ,        

          “  
  ,  ” [5].  1828      -

   20 000  Döbereiner,    , 
     .    

   1848      , . . -
,  Döbereiner        

.   ,    “  [ ] 
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  ,     ,   -
,         ,  

  ,   ,  ” [6].
       -

 ,          
.    ,    

  ,    .
,   ,      

 ,    ,  
  ,    . 

      ,  
      ,  -
    [7].     -

   .  ,    
  ,     

,   -     
.  ,    ,  

  ,       
, ,   . -

  -    ,    
 , ,   [8].  

,        
   .

     , 
    ,   -

         
    CO2  NOx [9].     

   ;   
     .      -

   [10].
      

     ;   
      .  

      -
 ,   Pt, Rh, Ru  Pd.      Pt 

    ;    Pd -
      [11].

        
     .  

 -       – . 
,   ,     

40% H2 –    Pd (700 °C, 1 )  ~ 200 °  , 
   Pt (260 °C, 1 ) [12].  , Pd -

   (30 ÷ 60% H2 + 70÷40% CH4) +  (  = 1, 
    –      : H2 

+ 0.5 (O2 + 3.76 N2));  Pt      
 450 °C, . . Pd  ,  Pt.   ,  -
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      Pd    -
   Pt ( .  I).  , Pd  
      ,  

     ,  
  ,         

 Pt [13].      
   Pt  ~ 18 /    

     H + O2 [7];    Pd 
 ~ 3.5 / ,     -

 [12].        
 2  2,   «  », 

     [14].   
    .   

    .
        

   .   . [15] -
       -

.   . [16]      
      -
   .   . [17]  -
     .   
 ,        -

    . ,   
        

       -
,       -

 .       -
    . [18]    

 -       
.   . [19]    -

      -
 .     ,   

     ,  
       -

,     ,  -
       

  .
,       -

 /   ,  ,  -
         

  .      -
       -
   ,      
    .     -

/      150 .   -
    [20].     

     -PdH  -PdD [21]. 
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 «   » [22],    -
         

    /D/ .  «   
»        -

   .      
 «   » (     -
 ,     ).

,        
     ,   

      Rh, Ru, Pd  Pt,   
      

       
     . 

      -
    (   ),    

 ,        -
      .

       -
  «   »,   [23]. 

    “  ”   
     LiOD/D2O  -

 .   [24],   Nature 30  , -
  .  ,   1989   

        
«  ».      

    ,    
        -

.  [24],   ,   
   ,   

       -
  .  [24]  ,  ( )  

    .   ,  -
        

   ,    [24] -
,         

  .
        

         
 [25].      

        28%  2015 
 2040  [26].  ,         

      , 
   ( ,    ) -

        
 [27].       

   -       
(55,7  -1,          -
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 ),   (39,3  -1)   (43,6  -1),   -  
  CO2 (  50%     30%  ). 

,         , 
   2017   193,5   [28].  -

     2017      -
   (24%)    ,    

          -
     20  [29].   

  -   -    
         

,  ,  , , 
    [30].    , 

         
 ,  CO2    [31, 32].

        
1400 °        (   NOx, CO 

  ).  NOx    
(  )   [33]. NOx   

    ,   
     [34].    

       
  (< 1400 ° ).      

        
       (300–

700 ° )     (700–1400 ° ).  
      -  

       
  .  ,    

  ,    
   ,    . 

        -
,       

  .     
   [35, 36]    

[37–39]    .    
  ( , Pt, Pd  Rh)    

    .    
      

 Pt  Pd [40–45],       
  ,     [46–49],  

 [50, 51]    [52]  ,    [53], 
  [54, 55].      

  ,    
 ,   ,     

,     
,    .   

        , 
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      [56]. 
     .

        -
   « » ,     

  .    ,   
        
   .    -
      ,    

     (  -
 , , ,       -

)    .      
        

  .      
   ,    

 ,    -
.        

    ,    , -
      . 

,   ,    , -
  1985 ,      ,   

     1987 .  -
,         

   .    
  ,    -

    ,  , 
          
    - . -

,         
    -   [57].

     , 
  ,     –     -
 ,   –  ,     
  ,   [58].  [35],   

   ,    -
   ,    CO2,  , 

      « » 
 ,  , .     
  ,   ,    

«  »        
    ,     

    , , 
  CO2  .   -

      ,  
, .

       
      ,   -
 .        
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     ,  
    Pt, Pd, Ru  Rh,  
       -

,      .  
      -
        -

   ,      
 -   .

        -
.

 ,      
    ;    
    .  -

     ,   -
 ,          
 (   –  ,      

).       
( , ),   ,     

   .     
 , ,         -

     [59].
       :

(1)       , 
       ;
(2)     ,   -
,             -
 ( ,  ,     -

 ). ,       -
          -

     .     
    ( )    , , 

       . . [60]. -
     [61]   
,    «  » ( , 

        ).  -
    ,     

         -
     .

    , , - ,  -
        

   ,      . 
- ,         -

    ,  ,     
     .    

   ,      
, ,  ,     . 
   :
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( )          
,       (  

   ), ,

 

 

( )      ,   -  
      -

  , ,  ,     -
 .      -

 :

 

 

 

( )         
;      .   -
 (  )    [62]:

(k1);  (k2);  

 (k3);   (k4)  ; 

 (k5);  (k6), 

 (1)-(3)  - :

 .

 ,    –   -
  ,      -

    (  , ,   -
),         

,    .
  (5)     ,   

     HO2 , -
          

   .     HO2,   
 (6), .     2, -

 1000 K,   ,    (1) – (3), 
   (5)      -

  .
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-  -    2  -
         -

 .      
     ,   -
     ,   -

     ,  ,    
    .

        -
   (    -

),       – .  
       (  4  5 -

).   ,    0.4 
      ,   

.    ,    -
    (1) – (3)    -
  .   (5)  -

  .       
    (5)   -

,   .    -
.  850 °K      ,  

 (6)   ,     
    ,   -

 (5).
  .

  ,      -
 .        -

. - ,       -
     ,    

      ;    
        -

. - ,    ,   -
 ,      ,  

   (   ).    
. ,       -

 . ,       -
,   ,   , . 

      . 
         

  .     -
 ,      
,    .  ,  -
 ,      .  

         
         

  .     -
    ,   ;  
  ,  .  ,    
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     (   ).  
    ,    -

,   .
        -

.  , ,    
        -

     ,  , 
    .   -
         .

      ó   
       

,  w0 –     
    , f=k2[O2]  =k4  

    k5[O2][M]     
    [7, 60].  f– = ,   

.    ( , ) 
   f,   .      
     , ,  

      ,   
   ,    . 
 ,  f –      . 

     ,    – -
.  ,     f –    

 . ,      –  
,    .   
       

   ,    
   ,  =0.

   ,     
 2 + 2    .  -

      , -
 ,    2     

   3      , 
          

 . ,      
        

    ,   
 .  ,    

   ,   
   ,  ,      
.

,      -
         

         
         . 

   ,  ,  
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 ,       -
  . ,    

   (< 10 )      -
       [60].
 [63] ,     2H2 + O2  

    < 10  (    10 
   ).     -

         , 
          

   .       
  ,       

    [64],    
     .  ,   

  ( )     
      [65–68].  

  [68],      
     1       

       
 ,     ,  

   .   [63]  
     

2,    ( 4 8)     10 – 100  
  = 750 – 1000 °     . 

,      
     .  

 [13] ,       
         

.
   (Pt)   

    2   [69].  [70] ,  
 Pt     ,  
    . , 

 ,    ,  
  .

  [7, 71],   (   – 
 )  2H2 + O2    

 .     820 °  
    ( )  ,  

  .    1    
  ( 3),     -

      ( . 1 ).  
  [72], 3       

Pyrex, ,       (KCl), P3  
 .  [73],     

        .  
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   Pt  Pd     100 

.  ,    CsI,   -
,    -      

CsI  . ,      
, ,   100  2H2 + O2 Pd    ~ 

60° (       
   , . 2.1 );      

         ~ 3 ,  
 ,     . ,   

 60 °  , ,    
 , . .     . Pt 

    ~ 10°,      -
.  ,      100   T0 < 300 °C, 

Pt     Pd      
.

     
   2H2 + O2    180  (  

   )   290 °C  Pt  Pd  
     Casio Exilim F1 

Pro.  ,      Pt 
  180 T   288°  C.    [40, 41],  -

   40% H2 +   1    
 260 °C    140 .  ,    

      ,   -
   . ,   

–  x2 = 2Dt (x –    
    , D –  ,   -

 )   ,   
1  2     .    x1 = 2 , 
 [40] x2 = 7 ,  .      -

      [40].    
          

  180    ,     
7   1 .      ,  

       x2 = 2 ,  
   .
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    180   288 °C   . 2.3. 

   [40, 41] Pd       
-     Pd .   

     4 ± 0.3 .   -
, ,  Pd    ( .  21 – 58 

. 2.3),  ,    ,  
      ,  

 .

. 2.3.      2H2 + O2, 600 / , 
T0 = 288 °C, P0 = 180 

  ,  180   288 °C  -
.           

 ~ 3 .  , ,   , -
   .  ,   > 100 

To    Pd      
 Pt .      

   2H2 + O2   . 3.4.    
. 3.3, 3.4,  Pd      

     ,   
   ( .  . 2 [40]),     

    .     
. 3.4,       Pd   Pt. 
 180   Pd  (  1, . 3.4)    

 ;      -
  ,     [22].  150 
  Pd  (  2, . 3.4),    180   Pt  

     ,   ,  
   2H2 + O2 [22]. ,   

     2H2 + O2 (~ 1900 °C) -
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 I.      
  , ,   

          
  (4 ) [12].

. 3.4.          
2H2 + O2
1 – Pd . T0 = 288 °C. P0 = 180 .  ;
2 – Pd . T0 = 288 °C. P0 = 150 .  ;
3 – Pt . T0 = 288 °C. P0 = 180 .  .

   .
     2H2 + O2  Pd  Pt  

   40 ÷ 180   T0 = 20 ÷ 288 °C,  
          

   .  ,   
   40    Pd  

 ~ 100° ,   Pt . ,    
      

(623 °C) ,    2H2 + O2, . . -
   H2 + O2      

  . ,  
    . , 

        180   
288 °C   Pd   ,  Pt -

.  Pd      : 
     ,   

  ,     
    .

§ 3.    
 Pt   

    ,     
     40  

   Pd  ~100 °C ,    Pt.   
     Pt  

 .
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    , , [43, 44].   

       
    (    ) 

    .   
     H2/    Pt 

     Bui et al. [45]  
       

.     ( ,  , 
  ,     ), 

      ,  -
         

,     [46, 47].
         

   , ,   
   [48],    [49], 

       [50]. -
         
   ,      

   ,     
 ,    ,    

      [51].  -
  ,       

   ,      
 [52].  ,     

  .     
,         [53]. 

   [54],     
      .  [54] 

   .
 [55]      40% H2 –   

 Pt    270–350 °C ( .  § 1).  -
,       Pt  

,        
 .   [2],      
         

        
  500 ° ,   .      

        
,        (  -

 500 °C) –  .  ,    
   ,        

    500 ° .
        2  Pt 
    .  ,   2  

Pt      Pt   
   2, ,   -



81

 I.      
  , ,   

 ,         
      . ,   

       ,   . 
,      ,  

 Pt  [3].
      

 )   ,   
  ,  )     

   Pt- .

 

     40% H2 + 60%   270 ÷ 
350 °C.       

  25    12 ,     
       ( . 3.1) [6, 7, 9].
    0.3 .  

       
   Casio Exilim F1 Pro (   – 

600 -1).         
  [12–14].      

         
 .

. 3.1.
)  ; )  Pt    ;
) Pt      (    40% H2 + )
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 .       

  .      Pt 
 12 × 6 × 0.03 ,   Pt  8    

0.3 .  Pt     ,    
       . -

 Pt         
  ( . 3.2, 3.3).     

  0.1 .
     ,   

   – .      
99.99% Pt.

  

     
  40% H2 –    1    Pt 

,    Pt . ,   -
   2 –   1   ,  Pt 

 [3],  ~ 170 °  ,      .  
 Pt   H2  – O2    ,   

        , 
. .        

 .

. 3.2.
   40% H2 +   Pt  

 ,     °C.     
     25, 40. P0 = 1 . T0 = 305 °C
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 I.      
  , ,   

   . 3.2,       
  (      25, 40).  -

       -
   ,     

 .
  584 °C  ,  -

 (    41-  ).  , , -
      . -

,      ( , www.
ecolain39. ru)     40-   . 3.2  

    ~ 800 °C,     
  . 3.1.   ~ 730 ÷ 800 °C.    

      .
 ,    (584 °C)  -

    40% H2 +  [22].
 ,        

,  Pt    ,  , -
  .     Pt -

    ,    -
 .
        -

    Pt    -
 ,          

 ( . 3.3 b).     . 
     -
     ,   Pt, 

  . 3.3 .    3-   ,   Pt 
         

 [34],   Pt       
     Pt.

 . 3.4     
      Pt    .  

  . 3.4,      1    
.  ( . . 3.3 ,  1, 2; .  § 1) -

 Pt,   Pt,  ,  -
,    Pt ,    

    ,  -
  . ,     -

 ,   ,   , 
.
    ,   -
  .     

   ,    -
     5900   ~ 0.1  

.        
  20 °C (0.1/0.01) ~ 200 °C,    -

  500 °C.       
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.     ,  ,  Pt 
   ,  ,   

.

. 3.3. )        
 40% H2 +     , 600 / .     

   ;
)    : (1) , (2) , 

(3) , (4) , (5) , (6)   (    
  Pt, . 3.1), (7)  , (8)  , (9)   , 

(10)    (11)  , Pt  –    

C  ,      , 
  . 3.5,  :  (280 °C) = 35 ,  (300 °C) = 

10 ,  (320 °C) = 7.5 .  ,     ,   
        280 °C  

“ ”  Pt,      20 °  
 (  ).      

  Pt  (   “ ”)   
 .    . 3.6,   

      , 
    Pt,  ,  

.  ,   “ ”  Pt   4.5   
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 I.      
  , ,   

40% H2-    ;     
     Pt.

    4.5   14     
  ;   .

. 3.4.
   (  )    Pt (  

), T0 = 320 oC, P0 = 1 .     

. 3.5.        40% H2 + 
 Pt . 1 – T0 = 280 °C, 2 – T0 = 300 °C, 3 – T0 = 320 °C. P0 = 1 .   
 ,        
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. 3.6.    40%  H2-   Pt   
  (1–5). P0 = 1 . T0 = 304 °

 ,  1   .  ,  -
     “ ” Pt   

Pt, . .   “ ” Pt    Pt- -
,  .    § 1,   -

 Pt    ;    
      Pt   -

     .    ,  
       -

 ,    .  ,  -
      ,  

     ,  
      , , 

  XPS .
 ,   ,      

 Pt    ,  -
 ,   .   -

  Pt     , 
    .   

,        
  Pt  (PtO2)   ,  -

,   PtO2.
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 I.      
  , ,   

§ 4.    
     

   ,     
      Pt   -

 ,      
       

   .
        

  ,    , -
   .      

 ,      -
  ,     [56]. 

     .  
,       ,  
   ,     -

        , 
     .    -
  ,     

, ,   [57]. , -
        -

.
    ,  

       
       CO2  NOx [58].  -

  2    ,  
 2    .     
      .  , 

   2  2      
     ,   

      ,  2.
     -

       ;   
-      -

.        -
  .     Pt -

     ; Pd-    
    [59]. Pd    -

   ,       
,    ,  -

   ,    Pd  Pt [16].  
      -

   ~ 3.5 ± 1.5 / ,     
 [60].        -
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 2  2,      [60]. 
      .

        
   [61],      
 ,  Rh  Pt    
    [62].    

      -
        

   [63].
       

   .  ,  
 ,    .   ,    

 [64]        
   ,   -

,     .   . [65]  -
      . 

  ,  ,     
     .   

        
. [54]      

     .   . [66]  
      -

  .     -
 , ,     ,   

.  ,    -
      -

    .   -
 2      .

     -
          Pd -

      1 ÷ 2     60 ÷ 
270 °C      -

      .

 

       
 ( 2 + 30÷70% C3H8)  +   40% 2 + . 

      
      25    

14 ,       
     ( . 1 [67]).      

        
   1 .    

 Pd (  0.3    80 )   Pd ( -
 0.06 ,  30    80 ,   

 , .  ).      
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 I.      
  , ,   

       
     1    

   Casio Exilim F1 Pro (   
600 -1)  PHANTOM    10 000 -1   

  420 ÷ 740 .    
 ± 0.3 .      

 10–2 .        
,         

.      99,85% Pd.

  

. 4.1.
)      40% H2 +  

 Pd ,   –  ,     
 . 600  -1, T0 = 60 °C, P0 = 1 ;

b)      
(70% 2 + 30% C3H8)  +    Pd, 600 -1, T0 = 61,5 °C, P0 = 1 ;
c)      
(70% 2 + 30% C3H8)  +    Pd, 600 -1, T0 = 61,5 °C, P0 = 1 ;
d)      40% H2 +    
Pd, 1200 -1, T0 = 154 °C, P0 = 1 .      .  

      

     
 1 : ) 40%  H2 +    Pd, - )  (70% 

2 + 30% C3H8)  +    Pd  61.5 °C  ) 40% H2 + 
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   Pd  154 °C   . 4.1.    
 [16, 67], /   Pd      

 -      Pd.  
  Pd     (70% 2 + 30% C3H8)  

+ ,    Pd     40% H2 
+  -          

,    ,   
  .    ,    

(   1–3     . 4.1 ;  -
         
. 4.1b-d.  ,     

     ( . 4.1b, c  2).  
  ,     [5]:    

 2-   –     -
         
 .      

   40% 2 +    Pd  
  PHANTOM ,     
    ( . 4.2 , 4000 –1);  -

         
  ( . 4.2b).  ,   -

     40% H2 +  
  Pd (10000 –1)       -
   .      , 

  ,   (  32, 36),     
  -   (   [68]).

. 4.2.
)      40% H2 +  

  Pd, 4000 –1, T0 = 150 °C, P0 = 1 .      
   

b)    Pd     
,       
  40% H2 +    Pd, 10000 -1, T0 = 150 °C, P0 = 1 

c)       40% H2 
+    Pd, 10000 –1, T0 = 150 °C, P0 = 1 .     

    c
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 I.      
  , ,   

 ,      
      , -

     ,  
  ,     ; -

    ,   
  .     

      .  -
     ,   

       -
  . ,    -

         
  .

    ,      -
    , ,   [8]. 

     ,      -
  ,   , . .  -

   . ,   -
    ,   ; 

,     .  , 
   , ,  ,  -
       ,  

 ,     -
 .         -

      ; 
      .

§ 5.      
    

  ,    , 
  ,     , -

       -
 .        

       .
   ,    -

       
   .      

    ,  
     

       . 
      -

   ,     
      -

.       -
    (   ,  

/    ). ,  
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 .   ,   -
    ,   

Pt, Rh, Ru  Pd.    Pt    
 ;  Pd-     
  [59].

  –      
- .  ,     

40%H2 –    Pd (70 °C, 1 )  ~ 200° ,   
 Pt (260 °C, 1 ) [69].  , Pd  -

  (30 ÷ 60% H2 + 70 ÷ 40% CH4) +  (  = 1,  
  –      : H2 + 0.5 (O2 + 3.76 

N2));  Pt      450 °C, . . Pd  
,  Pt.   ,    -

      Pd     
  Pt.  , Pd     

  , ,    Pt,      
      , 

     [16].  
      

 Pt  ~ 18 /        
 H + O2 [22];     Pd  

~ 3.5 / ,      [69].  
       H2  O2,  

 “  ”,     
 [70].   , ,   
 .

       
    .  

 . [71]       
 .  [64]     

        
,    .   . [65]  
      

.      ,   
        

  .       
   . [54]    

        
  .   . [66]   

      
 .       

 , ,    , 
        .  

        
,     .  
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 I.      
  , ,   

,        
 .
,         

 / ,    
    ,  ,  -

     .    -
   ,    -

   ,    
      .   -

    /   -
  150 .       

 [72].  1957      
  – PdH   – PdD [73].   “   

” [74], . .        
 .  “   ” 

        
 .       

“   ” (     
,     ).

     
         Rh, 

Ru, Pd  Pt     10  180     
200÷500 °C.      

      
       

    .  
      

 (   ),     ,   
         
  .

 

      2 
H2/D2 + O2.       4   

 30 ,     ( . 5.1);  
 .      

  .     /
 ,   Pd  Pt 

(  0.3    80 ),    Rh  Ru,  
      Rh  Ru 

 15    Pd (  0.3    80 ). Pd 
  ,       

   Rh  Ru [75],    
      ;    

 .     ± 0.3 . 
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    Casio Exilim F1 Pro (   – 
600 -1),     420 – 740 .

      
   FD – 24a ( .5.1, 12).    

      .  -
     Casio Exilim F1 Pro  Nikon 1J2  

       ( . 5.1, 7). 
         

     ,   
  .    

     P ;  P + 0.02 
P  ,  P – 0.02 P   ,  -

  .      30 
.       

   2    ,     
(       , 

),        ,   
   (      -

 , ).

. 5.1.
     /  

     . (1)  , (2) 
   4    30 , (3)  , (4)  

, (5)  , (6) , (7)  , (8) 
    , (9)   Casio Exilim F1 Pro  Nikon 1J2, 

(10) , (11)    , (12)  FD-24a, (13)  
 ,  ,  .

  Pd     -
     -

 (SEM) Zeiss Ultra Plus ( ),   -
  INCA 350 Oxford Instruments.  -
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 I.      
  , ,   

        
         

 .     -
  10–2 .       -
  ( . 5.1, 10),      -

   .    , 
99.99% Pt  99.85% Pd.

.    , ,   
       -
    /   

 2 H2 + O2  Pt, Pd, Ru/Pd  Rh/Pd   P – T [22]. -
 ,       

        
   ; . .     .  

,         
      ;  -

     .
   § 4 ( . 4.1)      [16, 70], 

 Rh/Pd       -  
    .    

. 4.1,    (   1–3  
  . 4.1 ;     -

   3 . 4.2 , ).  ,   -
      . 
,       -

 ,  ,    -
 ,      

.       
 ,  ,    

        [16, 
70]     200°  1  [70];     

    -        
   ( . ).

  ,    2 H2 + O2  Pt  
 ,     ,   

    180   288 °C [70].    
[16, 76],  /    40% H2 + 

  1   Pt    260 °C    140 
.  ,        

       
    ,    .  [70]  

,     180     
        ,   
   7   1 .  ,   

      .    
    .
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. 5.2.
    2H2 + O2      

        
         ,

a –  Rh/Pd, (1) ,   FD–24a, T0 
= 233 °C, P0 = 139 ; (2)   , T0 = 233 °C, P0 = 139 , 

 ; (3)   , T0 = 231 °C, P0 = 135 , 
 

b –  Ru/Pd, (1) ,     FD – 
24 a, T0 = 310 °C, P0 = 99 ; (2)   , T0 = 310 °C, P0 = 99 , 

 ; (3)   , T0 = 310 °C, P0 = 95 , 
 

   2H2 + O2   
      

       Rh/Pd  Ru/Pd   
. 5.2 a,b .    , 

      -
     ( . §3  . 2 [19],   

        Pt, 
 . 2.2),     .   
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 I.      
  , ,   

       
2 2 + 2.      

 ,      
[16, 40, 77].   ,    , 

       
( . 4.1).

. 5.3.
 /    2H2 + O2    

    - . ,  , 
        

(  , ),  ,  ,    
    (  , ).    

  ,  –   

   2H2 + O2   
   . 5.3   P-T.    

, Rh    ,  
Ru  Pd  ;     

.
 ,    Ru, Pt  Pd  

 .   ,  
 ,     (  -

     , ), 
,   ,      

  ;      -
  .  ,   

     , 
   ;  ,   -

     ,  
120 .     ,  -

      , 
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       O2.  
,      , , 

  ( . )    .  
      

   ,   
 .  ,    

   ,     
  ,       

     ; 
   O2     

   .     
 .

   ,   
       
  [16, 40, 77, 78].  ,    , 

 Rh    ;   
,     ,  

.   ,      , ,   
600 ÷ 800 ° C   Rh    Rh2O3,  

    1000 ° C    -
 Rh     ;  , -

    .
    Rh, Ru  Pd    50 

 (    100 ). Pt   
,       -

 PtO2 [16];  ,      
   .    

    . 5.4.
 ,      

   ( . 5.4,   , 
  ).  ,  , 

     ( . 5.4,  ). 
   < 1     Pd  Rh/Pd.  , 
- ,    ;  , 

,      
H2.    ,   2H2 + O2  Pd  Ru 

      Rh,    
        

.
 [77]  PdO      -

.       Pd; 
    Pd  O2    . 
 ,   (Pd)     -

,  ,     ; 
     ,    Pt.  -
 [78],      -
    ,    -
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 I.      
  , ,   

.        -
 1000 °C      RuO2  . 

   700 °C     -  
   RuO4;  , Ru    

 .

. 5.4.
SEM   :  ,  50 

 .     

   [79],       
 .    600  800 °C   

    Rh2O3.   
  800  1000 °C,      

     .  ,  Rh -
         

 ;    ,  
 . 5.4.

  ,     
         

 .   [65],    -
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   ,   
       -

     .  -
     ,   

, . .    .  
 [80]      -

  ,      [65], 
 .  ,      

 H2 – O2   Pd      [65]; 
     [65, 80].   ,   

        Pd 
     H2 – O2, -
,     H2    

[76].  [65],    -   
    ,   

23  . ,     
  , ,  ,    -

,    ,   -
  .     ,   

 [54, 66] ,      
 ;   , -

  . 4.1.       -
  .

.       
 –   2 H2 + O2  2 D2 + O2  Rh  Pd

   ,  “   ”, 
  [74],       

    ,  ,  
   ,     . 

   “    
”,    ,    

  2D2 + O2   Rh  Pd , , 
,     2H2 + O2.  ,  

Rh  Pd   ,   
.

  ,  Rh    
  2H2 + O2,    -

      Rh, -
      

 Ru  Pd  ~ 1000 ,  ,   Ru  
Pd  .  ,    

   Ru, Pt  Pd,     
 ,   ,    

 (      
 ), ,   ,   -
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 I.      
  , ,   

.   :   -
   O2     , 

      
 .  ,    

        [16, 69, 77]. 
 ,    .5.3,  Rh    
;   ,    

 ,      
.

     
        Rh  Pd  

   10  180     90 ÷ 500 °C, 
 ,      

   /   
  .       P – T [22] 

     2D2 + O2  
   2H2 + O2  Pd  Rh/Pd.   

 . 5.5  5.6.    . 5.5  5.6,   -
     Rh/Pd  

 .     , 
 500  D2,   2   200 °C.   -

  2D2 + 2      (  1, 
2),    10      .   

 3   .     
     . 

 ,       , 
  ;   , ,  

 .    ,   Rh  
.

   . 5.5,  Rh    
    2H2 + O2,   2D2 + O2;  -

       ~100 °C. 
 2H2 + O2   Rh     

,  , D2  ,  H2   Rh 
(“    ”).  ,  

      Rh / Pd.  , 
          

 .
       

 2H2 + O2.    -   
 D  H   ,    

  (2H2 + O2  2D2 + O2)   2H2 + O2  
          

  .
  /   

 2D2 + O2     2H2 + O2  Pd  
  . 5.6.
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. 5.5.
    2H2 + O2  2D2 + O2   Rh/Pd 

  - .      , 
 –   .  1–5    “ ” 

 Rh/Pd   .   1    
,  500  D2,   2   200 °C

. 5.6.
    2H2 + O2  2D2 + O2   Pd  

 - .      , 
 –   .  1–5    “ “ 

 Pd   .   1    
,  500  D2,   2   200 °C

   . 5.6,      
  Pd   , -

    Rh/Pd ( . . 5.5).   
,  Pd    , ,  -

   ;      
.  Pd   .    
     2H2 + O2. - -

   D   H     ; 
      (2H2 + O2  2D2 + O2) -
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 I.      
  , ,   

  2H2 + O2       
       .

   . 5.6,  Pd    
   2H2 + O2,   -

    2D2 + O2   Pd 
 110 °C    < 200 .      -

 Rh,  2H2 + O2   Pd    
 .  ,     

   Pd;    
 2H2 + O2,   2D2 + O2,     -

      , 
,  ,      

     . -
   :    O2  

     , -
      -

 , . .     
  .     

:  300 °       .
    ,   2D2 + O2  
 Rh  Pd   ,   2H2 + O2.  

,  Rh  Pd   ,  -
 .      

“    ”,    -
  MeH  MeD,  Me = Rh, Pd.   , -

     ,  -
      D2 + O2 (D + O2  OD + O; 

k= 9.1013 exp (-7500/T) 3/ . ) ,    H2 + O2 
(H + O2  OH + O; k= 2.1014 exp (-8450/T) 3/ . )    

   ,    [81].
     , 

   ,      
. - ,   ,    -

      , , -
  -      
 [22]. - ,     -

    ,   
      

    .  , -
      -

 ,     -
  ,      

  ,      
-    (  )   –  

  [82].
  ,     

     (H  D),    
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   , , , 
     ,  

 .      , 
        . 

 ,   ,     
       

   ,     
.  ,     

        
   2H2 + O2.

     ,     
       -

       
, ,     -
   ,   . . 

      
  . ó    -

  ,      -
 .        

 , . .        
   .  ,    -   

  ,      
      ,  -

  ,    -
        

  . ,    
  ,      -

 [16].
      

       
       

       -
 -        
  .    ,   -

     ,  
        

,        -
  ( . ).   

      ,  
  . 5.7,       -

  ( . 5.8). ,   -
    .     

  FlexPDE 6.08, 1996–2008 PDE Solutions Inc. [83] 
( . )   . 5.7.

   ,      -
   :   

     ,    
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 I.      
  , ,   

;     -
       -
.        

, .    [16]   -
   0,0392 .  ,  -

       -
        -

,        
  .

. 5.7.
     

a)      
b)      C    T0 =1;
c)    T  
d)      Pt-  ([16], .11.3);  

   
e)    C    T0 =2.   

    ;      
    b)

    5.8,      
 ( . 5.8 , .  . 2 )  -

    .  . 5.8 )  
      ,  

        
      .
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. 5.8. 
)       n-  
- -         1 650; 

2 643; 3 645; 4 649 0K. 600 / , P0 = 1 .      
 

)      .  
      n  T0 = 2.  
     n  .  = 0.15, 

0.12, 0.09 ( . 5.8 , 1, 2, 3), b1 = 0.22, 0.18, 0.14 ( . 5.8 , 1, 2, 3), . 

   .    
    Rh, Ru, Pd  Pt     200  
    500 °C     

      
  ,       
      . 
,     Rh, Ru  Pd -

 2H2 + O2,       ,  
   ;    

    2.
  ,      -

 ;     ; 
        -

  -       -
 , . .    .  
        .

 ,  Rh     
 2H2 + O2,      Pd- -

   Rh (Rh/Pd)  210 °C,  Ru/Pd  Pd – 300 °C,  
Pt-  – 410 °C     200 .   Ru/
Pd, Pt  Pd   ;  ,   

 ,   ,    
 (       

), ,  ,     
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 I.      
  , ,   

      ( ). 
 ,  Rh     -
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2       P0. 
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      1/M4 [90]. -
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.
–        

    ,  
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      . 
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[6].       -
        

  [7].      -
      , 

       .

§ 1.    -  
 - -    

    
    

  

       
     .  

   [8] ,      
      

 ;       
            

   [9].     
    .     

    ,    Pd (II),  
  ,    , 

 .     
 (XPS) [10],     ,  

       . , 
        

   .     
 ,  ,    

      [2].   
      Pd   

. ,    ,  -
   [11]. ,     

, ,       -
     ;   -

    . , Pd    
PdO   ,  1100 K,  PtO2    

  825 K. -  ó   PdO    
PtO2    Pd    ,  

, PdO,       Pt     
Pt.  PdO ,  Pt;      

   PdO.   PdO   
,     ,  , 

    PdO    [12 – 
14].      [15],     

 dO,      (PtCl2) 
     355 .  ,   
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 II.    –  ( 1 – 6) –  
 -     

        
     -    

 ,       
   .

,  ,      
   ,  ,  -

   ,   -
           [16,17]. 

4D      -
 ,      . 

4D     ,  -
 –   ,    I   t. 

  [18]      
       -
.

        -
     .   [19, 

20]        -
   -   - -

 .      
      ,  -

,       .
      -

        ,   
   -     -

     .

 

     -
      25    12 , 

   ,    
       ( . 1.1).  -

,      ,  
   ( .1.1),    -

       11.2   
 11 .
    0.3 K.   -

        -
        . 
       -

 . -        
 ,     ,   -

     . 
        

     ( .  1  I). -
         -
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  ‘ - ’,        
. Pd  (    – Pt )  80  

  0.3       .   
     .  

      ,   
   .    -

   0.1 .        -
   .   
   99.85% Pd.

. 1.1. -   ,    ( )    ( ).  
  ,    4D-  .   

  1 . (1) , (2)  , (3)  , (4) 
   , (5) , (6)  , (7)  
, (8)   , (9) , (10)   

, (11)  , (12)  , (13) A     
    , (14)     , 

(15)      , (16) Pd , (17)  
.         

       
   - 3,  ( .  I),  -

    Casio Exilim F1 Pro (   
–1200 c-1   336  96 , 600     -

 432  192   300      512 
 384 )  PHANTOM (   – 4000 c-1   

1300  800 ).      -
,     .    

     (400 -970  - 3 [5]) 
        970 -1700 .

,       
   - 3,    -

   .
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 II.    –  ( 1 – 6) –  
 -     

  

 . 1.2      -
   ( )    Pd  

( . 1.2 , )    40% 2   128 °C  0 
= 1 .    . 1.2 ,      1 

   , . .    -
  .     -

       ,    
         

 .      
    .

   ,   
.  ,   Pd , 
       

[21].      ,   
    40% H2 –   Pd (108 °C, 1 

)     ~ 160° ,    Pt (260 °C, 
1 , 40% H2 – ) [21]. ,  ,  

 Pd  (360 °C, . 1.2 )    -
   40% H2 –  [21],  , 

       
   ,    ,  . 

,      Pt  
        

;       
.

      
 40%-   H2 –   (80% 2 + 20% 4)  +   

 Pd  ( .1.2 , ).   ,    Pt, Pd  
    -      

Pd. ,    Pd ,    
      ,   

 Pt [22].   -    PdO  
  PtO2,    5000 C,    

  [22].
     (  ,  

   Pd ),  
      

 .    
  6 ÷ 40% H2 +  (  

)  (20÷60% H2 + 80÷40% CH4)  +   
 . 1.3a.  , Pd     40% 

H2 –   ,     70 °C.  -
,     Pt     

260 °C [21].  ,    ,  -
 H2     5%,    
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    H2   
    [23, 24].  ,  CH4 

  H2 – CH4 –      ,    
 Pd.  ,  Pt      

    450 °C       
 (20÷60% H2 + 80÷40% CH4)  + .

, Pd     (30÷60% H2 + 
70÷40% CH4)  +  (   . 1.3a).    
(20% H2 + 80% CH4)  +     450 °C  
Pd   , ,    H2   
(2.2%)  ,     

 [23,24].

. 1.2. )       Pd   
    40% 2  . T0=128 °C, P0=1.08 ;

)      40% 2  
. T0=120  °C, P0=1.25 , 600 /c;

)      
 (80% 2 + 20% 4)  + . T0=190 °C, P0=1.17 , 600 /c

  H2        
   . 1.3 .    ,  -

      (  -
 0.98).       Statistica 9 

 (Statsoft).
 . 1.3      ,     

H2 – CH4 –     H2  .   
40% H2  ,       
H2,     [24].    -

   ,  ,   
.

    . 
,     ;     

     
      

  .    
     2H2 + O2,  



123

 II.    –  ( 1 – 6) –  
 -     

  (    lim)   -
  ( . ):

, . .  ,

 k4 –       
 (    )  k2 –   
  (16.7 /  [25]).

. 1.3. a)       
     ,     - ;

)  )   

 ,      
  . ,    

 Pd   .   ,  
   H2   ,  

,   H2,      -
       -

 [25].
      

 E = 3.5±1 / ,     
 [25]. ,      

     –    Pd [26]. 
,   ,    -

,     [24].  (E = 
16.7 /  [25])    H + O2  O + OH 

     .   
      

 - ,       
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Pt   ([21], .   I).  ,    Pd 
    ,    

    ~ 3.5 / .   
 E   ,   . 1.3a, , 

        
  H2 – CH4 –     

.
 . 1.2 ,  ,    Pd   

     ,   -
 ,        

       
.        

 .  . 4 , ,     
       (80%H2 + 20%CH4)  

+ ,       
  (  , . 1.1 ).

 ,       
 ,     

     2  –X2  
    306  [24].    

       
     (581 )   (755 ), 

    [24]       
900- 970  [27, 28].        

 = 1300   1600 .  1400    
   OH* [29].

,  ,   [28]    , 
             

 .  . 1.4 ,  ,   -
   40% H2 + ,  -

   ,       -
 ,      

 ([28], . 13 ) :
)       570 – 650 , 

  [30]  2 *.       , 
        , 

  ,   [28]. ,    ,   
 - .  ,     

 570 ÷ 650      
  ;     ;

)       900 – 970   
     .

      -
  2 .    [31],    

      ,   
,       ,   
       -
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 II.    –  ( 1 – 6) –  
 -     

 Pd.        -
    .

 ,    .
 ,     

40%H2 –    Pd (70 °C, 1 )  ~ 200 °C ,  
  Pt (260 °C, 1 ).  , Pd   

  (30÷60% H2 + 70÷40%CH4)  + ; Pt 
         

  450 °C.  ,  Pd     
,  Pt .

 ,       -
  Pd       , -

   Pt.  Pd     
  ,      

  ,       Pt.
      

  3.5±1 / ,     . 
        H2  O2 

 Pd,     .   
        Pt.

,       
 2 *   570 – 650  ,   

  .    
    ,  

  900- 970 .
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. 4. )     40% H2 + ,  - -3, 
30 / ;

)       (80%H2 + 20%CH4)  + 
  ,  - -3, 300 / ;

)       40%H2 +   
,   , 300 / .     40%H2 + 

       .
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 II.    –  ( 1 – 6) –  
 -     

§ 2.    –  
(C1-C6) –     

  1÷2 

   –     
        -

 .          
  ,     

       
   [32]   [33] .   
         

,   [34]    -
.

,       
       

     NOx   
,  . .     [35, 36].  

 ,      
,     2  NOx,  -

  ,   , -
    . ,   

        
  ,    CO  
    [37].

 ,  ,  , ,  
     18%  ,    

 [33, 37].      
2  3 –   .       

       NOx.
      -

      [38],   -
       

,    .      
   ,     -

 ,       
   .      

   , ,     
 ,      

   ,   , -
  .  ,    ,  -

     ( .  1).   
 .

    ,  
     (< 300 °C),  -

     -
 [39].     , 
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,   [40].  ,     
      .  

        
.   , Pd – Pt   -

  , . .      -
.     Pd/Al2O3   

  ,       . 
     Pd/Al2O3.    

     ,     -
,     .

  Pt  Pd      
    - .  ,   

  40% H2 –    (70 °C, 1 )  ~ 
200 °C ,    Pt (260 °C, 1 ) [31, 41].  , 
Pd     (30÷60% H2 + 70÷40% 
CH4) +  (  = 1,          

: H2 + 0.5 (O2 + 3.76N2));     
    450 °C, . .    -

,  Pt.   ,      
         

 ,    Pt.    
       -

  ,       -
,      ,  

     [42].
     

  -     
    3.5±1 / ,   

  .       
  ,      

  [31]. ,      
      Pt.
     , 
   –  (C1 – C6,   CH4, C2H6, 

C3H8, C4H10, C5H12, C6H14)   = 0.6 ÷ 1.2     
  1 ÷ 2 .      -

      ,   
      

.

 

     30%  (C1 – 
C6) + 70%H2 +    = 0.6 ÷ 1.2,   1 ÷ 2 .  -

       
  25    14,    
     ( . 2.1).
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 II.    –  ( 1 – 6) –  
 -     

. 2.1.   : 1 –    , 2 – 
, 3 –  , 4 – , 5 –    

, 6 –  , 7 –  , 8 –  , 9 – 
, 10 –  , 11 –  , 12 –  , 

13 –  400–1000 , 14 –  1000–1700 

       [43, 44].  
   0.3K.   

       
  Casio Exilim F1 Pro (   – 600 -1). 

    ,    -
  [42].    

  ,   
     [45]. 

      . 
      

 ,      
 ,       

(  )    .   
       

  .     
       300 , 

  á      
.      ,    

    ,  
   .  -

3 [17]        400–1000 , 
        900–

1700  [46].
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       .  

        
  ;      

,     .  
       

 .      
      .   

     80    0.3 
  .       

  ,       
,      .  

     0.01 ;  
       

1.5       .    
  ,     

  .   
   Pd 99,85%.

  

     
 ,     

     30%CH4 
+70%H2+   30%C2H6 +70% H2+    = 0.6÷0.9,   
1,75    . 2.2 a, .   ,    Pt [31, 41, 
42],        -  -

     .  -
  ,        

:      
     [43, 44].

. 2.2 a)        
    a) 70% CH4 +30% H2+air,  = 0.7, P = 1,75 , 270 0 C, 

600 s-1; ) 30%C2H6 +70%H2+air,  = 0.6, P = 1,75 , 390 °C, 300 c-1.     
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 II.    –  ( 1 – 6) –  
 -     

 . 2.3     
       

(  )     a) 
30% C2H6 +70% H2 + ,  = 0.6, 39 °C  ) 30% C6H14 + 70% H2 + , 
 = 1.2, P = 1,75 , 36 °C.  Pd    

[42],     ,   
 ,  “ ”   

 .       
   . ,  , 

    ,   
    ,  

  ,    ,  
   .

   . 2.3     
       30% + 70%H2 + . 

 ,        
      ,    

   .

. 2.3.        
   

a) 30% C2H6 +70% H2+ ,  = 0.6, P = 1.75 , 39 °C
) 30% C6H14 +70% H2+ ,  = 1.2, P = 1.75 , 36 °C.   
   .    . 2.3  –   

       30% Ar +70%H2 +   1.75 

   . 2.3,      1.75   
 , . .     

    a)  ).       
30% C2H6 + 70% H2 +   ~ 2 ;   8   24 °C  P = 
1 .  ,       -

        
.    30% C2H6 + 70%H2 +   =0.6  

    : 24 0 C  1 .
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 ,   30% CH4 + 70% H2 +   30% C3H8 + 
70% H2 +       

.    ( )    
    “ ”,   ( )  

   .   
   70% CH4 + 30%H2+  

( . 2.4a)  30% C3H8 + 70% H2 +  ( . 2.4 )   
   P = 1.75 .

   ,    “ ” 
 (  :      ) 

 ~ 315 °C  =0.9.       < 0.9 
     “ ”   .   

  ,    
    274 °C   = 0.7  7 -
.  ,   :   -

  (1  2   2 )   
     ~ 315 °C.  -

       30% C3H8 + 
70% H2 +  ( . 2.4 ).

     « » 
  ~ 108 °C  =1.    -

       -
   30 °C  7 .   -

:     (1  2   2 ) 
       ~ 

108 °C.
 ,     ; 

        
, ,  .

,       
   H2 –   H2 – ;    
   .
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 II.    –  ( 1 – 6) –  
 -     

. 2.4.   
a) 30% CH4 +70% H2+ ,  = 0.7–0.9;

) 30%C3H8 +70%H2+   =1,    . P = 1.75 
.   – ,   –  

 ,       
     . 

         -
 1,75     1.

 1
    70% H2 + 30% (C2, C4-C6)  1.75 

30% C2H6 +70% H2
 = 0.6

30% C4H10 +70% H2
 = 1.1

30% C5H12 +70% H2
 = 1.2

30% C6H14 +70% H2
 = 1.2

  
  

 
, 

°C

20 28 24 36

     -   
,    ,    

  ,    
   .  
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     30% (C2H6, C4H10, 

C5H12, C6H14) + 70% H2 +    . 2.5.   
 . 2.5,       -

 (   0.98).     -
   Statistica 9 (Statsoft).   

. 2.5      
-   E = 2.4±1 / ,   

   [25].

. 2.5.        
    P=1.75

  – 30% C2H6 +70% H2 + ,  = 0.6;
  – 30% C4H10 +70% H2 + ,  = 1.1;

 – 30% C5H12 +70% H2 + ,  = 1.2;
  – 30% C6H14 + 70% H2 + ,  = 1.2

     ,    
    H2   H2 –   H2 + 

CH4 +    (3.5±1 / ).     
,      30% (C2, C4, C5, 

C6) + 70% H2 +     H2  ,  
    H2 –   H2 – CH4 –   [41].   

,        
     , ,    

 [41].  ,       
.  ,      

  –      ~ 700 C  
 40% H2 + 60% .    -

   70%  + 30%  (C2-C6) +   ~ 400 
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 II.    –  ( 1 – 6) –  
 -     

 ( .  1),          
    .

 . 2.6      
 Pd   70% 2 + 30% 3 8 +  (  = 

1, P0 = 1.73 ).  . 2.6 ,    Pd  
     (  10 – 19)  

    ,    
    (     Pd ), 

     (  23–26). 
,         

     .
       

 .  . 2.7 , ,      
   60% H2 + 40% C3H8 +  (  = 1), -

       .  
     . 2.1 .

. 2.6.         
    70% C3H8 + 30% H2 + ,  = 1, P = 1,75 , 35 °C, 600 

c-1.          
 .

  . 2.7       
  (581 )   (755 ),     

[24]          900-970  [27, 
28].         = 1300 

  1600 . ( . 2.7 ).      
        

 (431  [24],)  590  (   Na),    
        

  . ,    Na   
  [24],     

   1200 °C [45].  . 2.7  ,     
(  25)     (   431  

  -       1.9 
 [24]),   Na    (  27).
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. 2.7. )       60% H2 + 40% 
C3H8 +  (  =1, 0 = 1.9 ),  - 3, 70 / ;

)       60%H2 + 40%C3H8 +  
  (  =1, 0 = 1.9 ),  - 3,   , 70 

/ ,       ,  
       ;

)       40%H2 +   
,  , 300 / .      
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 II.    –  ( 1 – 6) –  
 -     

    ,     
CH  Na     ,   [50]  

 -        
, . .    .  . 2.8 (  

 [50]) ,         , 
   ,  2   

     .  
      

      435 , 520   590  
 ,    2   ,  

      Na   
 , . .    . ,  

 [51]      ,  
    -     

    ,   -
 .  ,   -

       Na    
      

   .
  ,     

      “ ”  “ ” 
   .       
  .       

  900 – 970        
,  ,  . 2.7 ,     

  ,       
   ( . 2.7 ,  5).     

,         
   , ,    

 Pd.
  ,    .

 ,     
     P=1.75 ,   

   ,   30%  + 70%  +  
(  =0.9, T=317 °C)  30%  + 70% H2 +  (  =1, T=106 °C)  

     T=270 °C  H2 – CH4 – 
   T = 32 °C   H2 – C3H8 – .    

       , 
. .    .   30% (C2, C4, C5, C6) + 

70% H2 +  (  =0.6, 1.1, 1.2, 1.2, )   -
   25÷35 oC  P=1.75;   

. ,    30% C2H6 + 70% H2 +  
(  = 0.6)      : 24 °C  
1 .        
Pd  ~ 2.4 ± 1 / ,     

. ,   Pd    
30%  + 70% H2    1 ÷ 2     



138

        
      

     . , 
          

Na      30%  + 70%H2 +  (  =1) 
     

     .

§ 3.   -   
- -    

  

      
  ,      -

 .       
 ( . )      

,    .    
   ,    

    ,   -
 [52].       -

  ,        
    ,    

    –  . -
        -

 ,     ,  -
      .

       
  .     -

     ,    – , 
   ,       

 , ,  .   -
        

 .      ,  
   [53].    

          
  (   ) .

   [54]   -
   .    

      .  
 ,     

 (Tign)      1 ,  ,  
   640 °C [5]  930 °C [55].  Tign ~ 70 °C  

  40%  – 60%    , . .  
   [56, 57, . § 1].  , 

     Tign   H2  
 [54, 58],    , , [59],   
.
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 II.    –  ( 1 – 6) –  
 -     

  ,  Tign  40      
 ~ 100° ,      [31].   

  ,     180   288 °C -
    ,   Pt 

[31].    [41],   Tign     
 H2 – CH4 –       

 H2  ;  ,  Tign  [H2] -
.      ,   

 ,   ,    
 ,      ,     

 ,    ,   
,  . .

      
  –    –  –    

   Pd, Pt,    ( -
),       
  ,     

      
  .

 

      
2H2+ 2, (20% H2 + 80% CH4)  + 2, (40% H2 + 60% CH4)  + 2, 
(50% H2 +50% CH4)  + 2, (60% H2 + 40% CH4)  + 2, (80% H2 + 
20% CH4)  + 2.    CH4   N2. -

     12    8   
,    CsI   , 
    ,   ,  

    ( . 3.1).  
     , 
      Pd, Pt, 
   (0.3     80  ).  

 CsI (40     5  )   
5–6     40 ,    

 .   Flir 60 (60 / , 320 x 240 
pix,   8 – 14 )   -

 Tign    .    
   .

    ,    
 .       

    .   , 
    .    

   10 -2 .      
 -2,      

 .    , 99,99% Pt 
 98,5% Pd,     ( ).
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. 3.1.      . 
1 –   12    8   , 2-   , 
3 –  CsI, 4 –  , 5 – Pt  Pd , 6 – , 7 –   Flir 60, 8 – 

 

      
 .   ,   

         Tign  
  [21].       

  40    .3.2. ,  
   Flir 60     

-    ;   -
 Texp = 306 °C (       ) 

 3-   4-   . 3.2    
  .   5-   

(Texp = 380 °C)   ,  -
.    ,   

 ,      -
     .  -

,   ,     0.95 ( -
    ).

     8–14  
      ~ 0.07 (http://

www.zaoeuromix.ru/)   ~ 0.07–0.1 (http://www.thermalinfo.ru/)  
Pt .     ~ 0.1  Pt  Pd , 
 ~ 0.1     ~ 0.15    (http://www.

thermalinfo.ru/).      
    40      

 - : .  -
  . 3.3.    ,  Tign  [H2] -

 ; Pd      
(  Tign   )    [31].
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 II.    –  ( 1 – 6) –  
 -     

. 3.2.  –     Pd . 60 
/ , T0 = 20 °C.  (60% 2 – 40% )  – . P0 = 40 .  

       .     
  ,      

 ,      .   
  0.95 (    )

. 14.   Tign     H2  , 
1 – Pd, 2 – Pt, 3 – . 4 – , 5 –  –    k0Cat = 4.1012 
exp (-3500/T) 3/ ( / )     Pd (  ), 

 k0Cat = 2.1015exp (-5000/T) 3/ ( / )  Pt (  )

     ,    
        H2  
     300 K.   -

 ,   ,     -
        -

   [42]   U.
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       ( -
   ),     -
-   .   -

         
    [42]:

               

       

           

           

 

              

    

           

       

   

               

   

     

(0) k0 = 1.92.1014exp(-21890/T) 3/( . )

(1) k1 = 4.63.1012exp(-2100/T) 3/( . )

(2) k2 = 1.99.1014exp(-8460/T) 3/( . )

(3) k3 = 1.88.1014exp(-6897/T) 3/( . )

(4) k4 = 6.47.1015(T/298)-0.8 6/( 2. )

(5) k5 = 1.69.1014 exp(-440/T) 3/( . )

(6) k6 = 3.1013exp(-14400/T) 3/( . )

(7) k7 = 9.29.1012 3/( . )

(8) k8 = 3.25.1013 3/( . )

(9) k9 = 2.89.1013 exp(250/T) 3/( . )

(10) k10 =2.1012 3/( . )

(11) k11 = 1.3.1017 exp(-22750/T) 6/( 2. )

(12) k12 = 2.2.1015 6/( 2. )

    .   
    : , 

, (  -
,    , D3 –   H2). 

      : 
, , , , Yi = [  i-  ]/ 

[H2]0 , di= Di/D3 (Di –   i-  ).   
      D3: 

, , ,  
U, x  y –   , k1

0 –  
  (1).   (Di/D3, i=0–6) 0, 1, 2, 3 

=1, 4, 5, 6  -     , O, H, H2, O2, 
HO2, H2O2 .      

    (m, n = 0÷6    
 , O, H, H2, O2, HO2, H2O2 ):



143

 II.    –  ( 1 – 6) –  
 -     

   

                                      (I) 

                                                                 m,n      

      [42]  
   (I).  Cp –   

   , 7  3 –  
    7  4    [42], T – 

 (K),  -   / 3,   [60].  -
 Qi       [42]. f –   

 .
  –    O    :

  (I)      
    (L –    

    ,     ):

 

 

                       

   (I)     
Y3 [H2]  Y4 [O2]        

  .     -
   (I)     

.       
  (I)      

[61].     ,  
  ,   -

 , ,,  
       [42],  Tign – 

 ( ) .      
     . 

         
 .    500    

 x  70÷350     .  
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     " ".    
        

  ,       
  ,  

  .        
  ó  ,     

     .  
       “ -

”.      
   ,     

           
.        

   Yi   ,   
  . ,     

 ,        
 100    .   

      “ ” , 
         
 (  = 2.71828…).     -
 (    )  -
 .        

      50  , 
        ,   

      100   
 (     ),  Yi    
       .  
        [62].

,   ,    
,     (    
) [63].   Tign,    ,  

   [63], ,    -
  .      -

    (5),      
HO2     , . .  , 

   (2).    [63],   (5), -
       -

 H,   .     -
 –  (0)  ,   k0 (a, E)  

   ,      
k0 cat (a - , E –  ).    

 ,    k0 cat.   -
  ,        

   . 3.3     
  [64]   a  E, ,   -

     .    
      , 

   ,      . 
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 II.    –  ( 1 – 6) –  
 -     

       
 U        . 3.4.

 . 3.4      
  Yi,      -

  (    – -
),     ó    

( )      -
 ( ).     

( )     ( -
)  30%.       

 “ ”   ,   “ ” –  -
.     . 3.3 ( ).

   . 3.3,    H +HO2  2OH (5) 
     -

 Tign   H2      
    k0 cat (a, E)  -

 : k0Cat = 4.1012 exp (-3500/ ) 3/ ( / )    
k0Cat = 2.1015exp (-5000/ ) 3/ ( / )  .

. 3.4.          
 (  ,    )  (a)   (b) Tign.    – 

 ;  –  .        . P 
= 40 ,   – 300 K. a)  T = 680 K,   ; 

)  T = 670 K,  . U –  ,  
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,     -    
  (~ 7 / ) ,     

 (2.4 / ),      (~ 10 /
), , ,      (19±4 /
),        

  ,      -
.       -

.

§ 4.     
     

   
   - -

      
,       -

.       -
 ó    ,      
   . ó    -

     ,  
   .

      
,       ,  

 ,     .     -
     ( ), -

    .  –   -
       -

    .    
     [65, 66].    

        
,      .  ,   

        
    [67],    
   [68].    -

       -
       ; . .  

     ,  -
  .

     ,     
 ,       

     ,  -
       -
.      

         
   [69–71].      -
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 [70, 71];      
.       

       : 
   ,    

      ,    -
 ,   n- ,   

 ,      
   850 ° .    -

,       , 
         

  ,    .  , 
      -
      -

,           
  [72, 73].     

      -
 [74],   ,   ,  
   ,      ;  

     -
 .   ,   

     -
        

   [75, 76]. ,   
  ,       -

       -
.  [77]      -
  - / ,  ,     -

       
.       

     - /  
   ,      -

 .   ,  -
    ,    , 
 ,   ,  

 ,     [78].  ,   -
         

,      .
,   ,    

  , ,   -
        -

,   ( ., , [79–82]).   -
    ;    

         -
  .  ,    -

        
,      -

,    ,     



148

        
      

;     , -
    .   -

    ,     
      -

 . ,      
      .

    ,      -
    , ,   [82]. 

         -
    [81].
      , -

       
[69].         -

 0.3    0.5 .  ,     -
       

( . ).        
        .

      -
        -
 .      , 

   (     
),      .  -
   ,     -

 ,        -
     .   

,   ,   ,   
    ,   

   ,    
   ,   , -

 ,      -
 .

 ,     -
       ,  

     .   
       -

 - ,      -
         

,    ,    -
 ,        

[69].        
  , . .    -

;        
.       -

  ,         -
    ,  , 

 ,     -
    (  ) -
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   .  , - ,   
     , , 

  .   ,   
 ,     , 

      .
      -

  (Pt, Pd)      .

 

  - -     -
     ( . 4.1).   

-        -
   ,     -

   .

. 4.1.
   : (1) , (2) , 

(3) , (4) , (5) , (6)     
, (7)  , (8)  , (9)  , (10) 

     , (11)     
, (12)   , (13)    , (14) 

 

   ,   12   
 25 ,        -

   .    
      [83], -

     ,  
   .     

Pt  Pd (  0.3    40 )  -
      .  -

    - –    
 2–3 .     -

  Karat-CI (4 ),    
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    .      
        ( . 4.1). 
      

   Casio Exilim F1 Pro ( -
  600 -1).     ,   

  .    
    2 -5   10–2 . 

         
.       

 .    -  
“ ”, 99.9% Pt  99.85% Pd.

      .  -
        

  3 .   ,  -
       . 

        
     .  

       -
  Casio Exilim F1 Pro    

,     ,   -
       

[81]    600   .  ,  -
  ,     -

     ,    
    ,     

,       -
  ,     

   .

  

        
 (10     10   )   25 

     800–980   ,   
     0.3 .    -

 [83],     ;     
,   ,   -

 .
  3 ( . 4.2 )    
  0.5    .  . 4.2  -

       -
    - –     -
      Pt.    

. 4.2 ,       
     Pt  

     , . .   -
.      -
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    Pt    
   [69].    Pt     

 .  “ ”    
    , . .   -

       -
,    .

. 4.2.
        

 - –     3 .     
 ; )   Pt, )  

 Pd. :     40% H2 + 60%   
   316 °C;  Pt      

 [84].

 . 4.3      -
            Pt  Pd.  

   ,    -
 :    ó     

 .  ,     -
       

 Pt  ,      Pt -
     .    

 (    )     
    (    0.15    -

 ), .  [69].  Pt   
    , . .  -

 .
 ,    Pt  Pd   -

    .    -
   ;      

 .  ,     
      -

.
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. 4.3.
       

- –     )    , )  
 Pt , )     (  

   ), )    Pd

 ,     –
        
      ,  

    . -
       -

.       -
   . ,   ,    

   ,      
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      ,  -
        -

 ,      ( ., , 
[85]).  ,  . 4.3      

, ,    . 4.2 ,   Pt   -
    ,    

 . 4.3   4.3      .
         , 

           -
   ,   [69, 86],  

 ,    Pt   
  , ,   [84], 

   .
   . 4.3 ,     -
  Pt      

;        
   .    ,  

      .  -
         -

     .    
         -

     .  . 4.4  -
       , 

   ,   .  . 4.4   
  ,   .  -

  . 4.4 ,        
.

,         ,  
   ,      

 .
    500 ;    -
       ,  

  ,     [87].   
   Pt    

( . 4.3 ).    [88]   , -
  ,   -

,          . 
 ,    Pt     
     .      

  ,    Pt  -
   (  )   
 .    , ,  -

       
Pt      , 

 O /  OH,    .  -
    [89]      -

.         
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  .      
, ,   ,  

       
      .

. 4.4.        
- –   615 °    Pd 

 ,   Pt       
     .   [90],   -

  500°C      ,    
    .    -

  H2  1   [22],     Pt, 
    ( .   . 4.2 ),  

       . 
       

    ,   .
  Pt      , -

 .
 ,     ,    

        
           

    500 ° C;    . 
 ,       ,    

        500 °C. 
, ,  Pt,    

   ,   ,   
       
       .



155

 II.    –  ( 1 – 6) –  
 -     

     Pt     
       

      - –  
  . ,      . 

,      Pt-  , 
    [90]   .

     (  
),      0,5   

  .  . 4.2b   
        

- –          
 Pd.    . 4.2 ,     

 ,      
    Pd 

      , . .   
.      [91].  

  ,     Pd   
   H2 – CH4 –   ,   

 ,    Pt.    ó  
 PdO     PtO2,   -

      500 °C ( . ).  . 4.3c, 
d         

   c)   d)   
Pd.    . 4.3c,     

   ;    
 ,       Pd   

   ;   
     .   -

   ,     , -
          -

     ,   , 
  .

   .
A.        

   Pt     
   , . .   .  

       -
  Pt   :   

.
B.   ,    Pt  

   , ,  -
    .

C.   Pt        
    .      -
  ,    Pt  -

   (  )   -
 .    , ,   
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      Pt  
    , -

 O /  OH,    .
D.   Pt         

   .     500 °C   
   ,        

.   ,         
       ,   

     ;  
      .

E,   Pd      
PdO    PtO2;     

,     ,     
          

 ,   ,   
.
        -

 .      
 -    -   -
 ( . ).  ,   [92]   
 -      

 ,    23  -
. ,  , , ,   , 

    .    
   H2 + O2   Pd  

   ;    [93]. -
,       H2 + O2  Pt, 

   - .
,   ,   -

,      ;   -
 . ,  , , -

      -
        

,         
    ,       

    “ ”    .  
      , 
    ( , -

       )  -
,    .    

   ,      
    .       - , 

    ,    .  
,       –   

  ;  ,    
        

     ,   -
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    ,    -
  [42].

       
.      , 

      ;    
  , ,   «Chemical 

Workbench».        
       

 .  ,    , 
   .  ,  , , 

    ,   
   . ,     
   ,   GRI-Mech;  

     325    53 . 
        , 

   .       
,          

 .  ,       
  .  ,     

 ,      
  .   ,   

,   ,      
      [94].  

        -   
 .

   ,    ,  
   ,    

;        
 ,        

  .     
       

       
   .    

–        
  ,   [42, 93, 94],   

    .
    .   

      : 
C   2n (w0), n + C  2n + n1 +  (   0 Q= 1); 
n1 + C  n +  ( , Q= 2), Q –   .  

     ,  
 ,  . ,   -

      
  w0   [95].   –

      I, § 5.  ,  -
      I.     

,    I, .
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(a)

(b)

(c)

(d)

(e) (I)

(f)

(g)

(h)

(i)

(j)

(k)

  –  , K  = vy + ux –  
, M –  , P(x, y, t) = P0(t) + M 2 p2(x, y, t) + O(M3)– 
  (    [96]), p2(x,y,t) –  

. Ptt = d2P/dt2, d(...)/dt –  , u  v – 
    x, y ,  – , 

T – . C –  , 1-C –  , 
 –  ,  E/R.  

 –   Sc = /D, D –   
(0.3 2/   1  [60]),      (10–5 2/  [60]), 
 –        

; 1    ,  –  
,    .  

 : 0 = 0.001 / 3 [60], T0 =1, P0 = 0T0, =10.5, =1.4,  =0.2, 
1 =0.3, / .  [60]  0 = 0, .    

   ( . 4.5).    Le = 1,  
  Sc = Pr,  Pr = 0CP / ,     

Cp –    .     
  ,  Ud = ld /td .   

  Ud ld / =1/Sc.    M =Ud/c0;  -
  0.025,  0 –  .    

 ,     P = P0p  
   1/M 2   grad p    [97, 

98]. ,       
(   (k)   (a)-(k)),     
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     1/M4 [97, 98].  ,  

    ,  
(a)    (a)-(k)   .

     =4, 1 =7.5, b0 = 0.1,  = 0.15, 
1 =0.22, b2 =0.3.   Dn = Dn1 = 0.3, Tt = T   T0.

   -      
(FlexPDE 6.08, 1996–2008 PDE Solutions Inc. [99]).   -

     (b)-(k)   . 4.5. 
    .    -

   ,      -
 (  ),   , -

    .     
  ,     . -

,   T = 6     ,   T = 3  
T = 9   ;    -

  .
    ,     

        
 . ,  ,   ,  

      =4, 1 =7.5    -
      ,    =7.5, 1 = 4    

     .
 ,       -

  (  = 0),     ,  
  ,      -
    ,   -

.  ,       -
  .

, ,      -
   ;  -

    ( ,  
)      . ,  

   ,  , 
   ,     -

 ,       -
  ó      

    .



160

        
      

. 4.5.        
 –      .    
  

   .
     

  - -      
      Pt  Pd   

   ( ). ,   -
        

.      Pt,  
        -

 ,   ,  -
   .  , -

  Pt     
       

  ;    , ,  
      

 Pt     .  
   Pd,     
      , -

  ,   .
       

  .  ,     
         

    .     -
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       -
 Pt,        -

 .

§ 5.    
     – 

 –    Pd

     
      -

      - -
,        

,     1.  -
     .

  ,    
  - ,    

,          
 ,   .   

       
    ( ),  

    [42]. ,   –  
        

  .     
,       

  [66, 100].      
      ,  

    .  § 4    ,  
     ,    

< 660 °    Pt     
       

  - - .    
,       

,   Pt    
[69].  , - ,    -

  .
  –     

 - .  ,   -
  40% H2 –    Pd (700 °C, 1 )  ~ 

200° ,    Pt (260 °C, 1 ) [31, 91].  
, Pd    (30÷60% H2 + 70÷40% 

CH4) +  (  = 1,    –    
  :  H2 + 0.5 (O2 + 3,76 N2));  Pt   

    450 °C, . . Pd  ,  Pt.  
 ,       -
 Pd      ,  

  Pt.  , Pd    
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    ,       
      , 

    ,     
 Pt [42].     -

    3.5 ± 1 / ,    
 .       

  H2  O2,    -
  [31]. ,     

        
1.75 ,       

 ,   30%  + 70%  + 
 (  =0.9, T=317 oC)  30%  + 70%  +  (  =1, 

106 oC)      ,  
 270 °C   -   32 °C   -

.        
   , . .   . 

 ,      Pd, -
 ;   “ ”  

  Pd.
   ,      

         2 – 
.        

         2 – 
   .

      
       

   (70÷40%) - (30÷60%)  –   
 = 1  Pd    1÷2 .    

      
       

 Pd  .

 

     (70÷40%)  + 
(30÷60%)  +  (  = 1)  Pd    1 ÷ 2 . 

      
    25    14 ,  

        
  [91].     0.3 ° . 

      
     Casio Exilim F1 Pro 

(   – 600 -1).      
     [42].    

        -
    . ,   
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    ; ,  :   
   ,    – 

 .      -
   .   

       .   
  Pd  80 ,  1    0.06 . 

 Pd      ,  
         . 

      0.01 ;  
      1.5 , -

  ó    .     
   ,      
   .    

  99,85% Pd.     
 (XPS)     Kratos AXIS 

Ultra DLD.   Pd     
     

 Zeiss Ultra Plus ( ),   
  INCA 350 Oxford Instruments.

  

   Pd     
 C3H8 + H2 +    . 5.1 a, b.  -
     .   

 . 5.1 , ,       
  ;        

,    .  ,    
,       [42].    

      .  
     Pd.

  2        
  [91]   . 5.1 .    . 5.1c, 

      (  
  0,978,      

 Statistica 9 (Statsoft)).    -
    E = 2.2±1 / ,    

  [25].  ,    
    ,     2 

         2 –   
2 – 4 –  [91].     ,   

     Pd.
         Pd. -

   Pd   ,  70 -
,      

   .
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. 5.1.
  Pd     

)  60% C3H8 +40% H2 + ;   1 – 174 ° , 2 – 168 ° , 3 – 
165 ° , 4 – 98 ° , = 1.75 

)  40% C3H8 + 60% H2 + ;   1 – 104 °C, 2 – 102 °C, 3 – 58 °C, 
4 – 45 °C, 5 – 38 °C, P= 1.75 .      
)   2  “ ”      

      =1.75 

   [101],       
 Pd/Al2O3       (335 ) 

   Pd,    PdOx  
 ,  336–337 . -     

  ( . .  ) Pd    
     500 ° ,    Pd  

335       .   
  600 °     650 °   XPS,   

 PdOx,  336.0–336.2     -
  .  ,  Pd (335 )  

     XPS,   ,   
      -

    Pd,    Pd.    700 °  
     Pd.  -

,    . 5.2,   Pd  
ó   PdO,   .  PdO  
   ,      Pd  

O2  900 °C [102].  ,    Pt,    Pt   
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900 °C. ,     - –

  1600 °C   .

. 5.2.
  Pd 3d5/2  Pd 3d3/2,   (1)   Pd  (2) 

 Pd,  70   (30÷60% H2 + 70÷40% CH4) + . 
   460 

     
  . 5.3.  ,     

    ( . 5.3 ).  ,  
,      ( . 5.3 ).  

,     1 .     
  ( . 5.3 );  , ,  

    H2  CH4.

. 5.3.
   Pd a)   Pd, b), c)  

 Pd

        
  ( . 5.4).    ,  

       
 .  ,    ,  

 ,   .     , 
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 .  ,   ,   
  PdO,      -

 Pd;     Pd  O2    
.  ,   Pd     

     .   
      .

. 5.4.
       

    60% CH4 +40% H2+ ,  = 1, P = 1,75 , 174 °C, 
600 -1.         

   

   ,     
      

   Pd ( . . 5.3b,c).    -
    2 , ,   

 .     -
    ,   -

      ;  
     ,    " "  

  .
   ,    (70÷40%) - (30÷60%) 

  (  = 1)     -
 1 ÷ 2         

 ;        , 
    , . .   . -

     E = 2.2 ± 1 / , 
    .  ,   

     Pd. ,   , -
 ,     , -

    .     
PdO,       Pd;  -

  Pd  O2    .  , 
      -

 –       1 ÷ 2  -
    Pd     

     .  
      .
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§ 6.    –  
  –     Rh  Pd 

  

      -
       .  
,     -

  - ,   , ,  -
  ,     -

 .  ,     
       , -

,   .
  ,       -

        [1].  
        

      . -
,        -

  [4],       [5]   -
     [6].

 –      -
         

.         
       -

     [6].    
        

        ,  
  ,   [34]. , ,   -

         
.    ,      -

        .
       

     (CVD)   -
 .   , ,   

 Pd   Al2O3 [103].    -
          Pd 

[104].      CVD  
    .  

  (MWCNT)    (CNF) -
        
     [105].

      
    – .  ,  

   40% H2 –    Pd 
(700 °C, 1 )  ~ 200° ,    Pt (260 °C, 1 ) 
[31, 69].  , Pd    (30÷60% 
H2 + 70÷40% CH4) +  (  = 1,    –  
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    :  H2 + 0.5 (O2 + 3.76 N2));  Pt  
     450 °C, . . Pd  ,  Pt. -

      -
  3.5±1 / ,     . 

        H2  O2, 
    [31].

 ,     Pd  P=1.75 
   30%  + 70%  +  (  =0.9, T=317oC)  30% 

 + 70% H2 +  (  =1, T=106oC)    -
   T=270 oC   H2 – CH4   T = 320 C 

  H2 – C3H8.     
      O2  , . . 

  .    30% (C2, 
C4, C5, C6) + 70% H2 +  (  =0.6, 1.1, 1.2, 1.2, )  Pd 

 25÷35 oC  P=1.75 ;   .  
,    30% C2H6 + 70% H2 +  (  =0.6)  

    : 240 °C  1 . 
       Pd 

 ~ 2.4 ±1 / ,     [91].
      

 -   -      
 Rh  Pd     80  180    
 200–500 °C.     

       
       

   .

 

     
   2 2 + 2, ((20÷80%) H2 + (80÷20%) 

)  + O2.     4   
 30 ,     ( . 6.1);  

 .      
  .      / 

 ,   Pd (  
0.3    80 )   Pd (  0,06 ,  1  

  80 ),    Rh,     
   Rh  15    

Pd (  0.3 ,  80 ).    ,   
       

  Rh [106].
      
 FD–24,    450–900 .  

      Nicon 1J2 ( . 6.1). 
      . -

         .
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. 6.1.
     /  

   ), ). (1)  , (2)    
4    30 , (3)  , (4)  , (5)  , 
(6) , (7)   , (8)     , 
(9)   Nicon 1J2  Casio Exilim F1 Pro, (10) , (11)   

 , (12)  FD-24a, (13)  ,   ,  , 14 – 

        
      ;   

    .  
        

    P Torr,  P + 0.03P  
,  P – 0.03P       . 

     30 .
       

         
   .  

        
      

  Zeiss Ultra Plus ( ),  
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   INCA 350, Oxford Instruments.  
     10–2 .    
     ( . 6.1a, 10),  -

       . -
     99,85% Pd.

  

   /  
  2H2 + O2  ((20÷80%) H2 + (80÷20%) -

)  + O2  Pd  Rh/Pd.     
. 6.2 a, b,       -

   Pd    .   
 . 6.2b,       

  , . .   “ -
”  .

.6.2.
a)  (80% H2 + 20% CH4)  + O2  ,  Pd, 30 / , 310 °C, 139 

 (  ,        
100 );

)  (80%H2 + 20% CH4)  + O2  ,  Pd, 30 / , 310 ° , 
70 ;
c)     ,     

     (80% H2 + 20% CH4)  + O2   
      ,  Pd , (1) , 

    FD-24a, T0 = 233 °C, P0 = 139 ; (2)  
 , T0 = 233 °C, P0 = 139 ,  ; (3)  
 , T0 = 310 °C, P0 = 70 ,  
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    ,    

   Pd   (80% H2 + 20% CH4)
 + O2 ( . 6.2c).  . 6.2 ,   -
        -
   ,     “ ”  

 .     
,        
 (  (2)).      ó   

,    (  (3)),  
      . , 

   ,    
    [69] ( .   I).
    2H2 + O2  

      . 6.3  
 P-T.    . 6.3, Rh    

,  Pd  .  ,  
    2H2 + O2    

Pd .    ,  
 ,    , ,  

,      ( );    -
    .   :  

    O2     
,      .

. 6.3.
    (H2 + CH4)  + O2    

    - . ,  , 
 ,  ,  , .     

 ,  –   
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   (H2 + CH4)  + O2   ,  
 Pd      ,  . 

         
   V-  .  V –  

, ,  .     
    -    

       
,    [24].     

      ,  
     ;  ,  

    , ,    
    .  ,   (80% H2 + 20% 

CH4)  + O2, (60% H2 + 40% CH4)  + O2, (50% H2 + 50% CH4)  + O2 
   Rh/Pd,    (80% H2 + 20% CH4)  + 

O2    Pd (  ).     
     “ ”  ( . . 6.2, ).

 ,      
(H2 + CH4)  + O2 .      

 ,    ,  
    ,     

 .
      

,        
 (80% H2 + 20% C4H8)  + O2    .

      -  
    ,    

 ,     (140 ),    
 “ ”  (70 )    (H2 + CH4)  + O2. 
   “ ”    140    

(80% H2 + 20% C4H8)  + O2,      -
 .  SEM   ,  

      ,  
 . 6.4.  ,      

“ ” .       
       
   ;      

  .
 . 6.4    SEM , 

   Pd,   2  
(80% H2 + 20% CH4)  + O2    (80% H2 + 20% 
C4H8)  + O2        .   

        (80%H2 + 
20% C4H8)  + O2  140    15   .

       
   ~ 30     
 ( . 6.4 ).  . 6.4b   SEM 
,    Rh / Pd,  (80% H2 
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+ 20% C4H8)  + O2    .    ,  
    .    -
  100 ,      10 .  . 6.4c 

  SEM ,    
Pd,  (80% H2 + 20% C4H8)  + O2    .  

,  ,    ,    )  
),      . ,   

  ,     
        , 

 ,    .

. 6.4.
SEM  
a)  Pd,   2-   (80% H2 + 20% CH4)  + 
O2   (80% H2 + 20% C4H8)  + O2    , P = 140 , T = 310oC;
b)  Rh/Pd,  (80% H2 + 20% C4H8)  + O2    , P=140 

, T = 230oC;
c)  Pd,  (80% H2 + 20% C4H8)  + O2     P = 140 , T = 310oC

          140    
15   

  .
,      200    

  2H2 + O2   Rh  Pd ,   
 (H2 + CH4)  + O2; ,   50% CH4,   

(80%H2 + 20% CH4)  + O2  .    
       

.       .   
       

       
;        .  
,      (80%H2 + 20% CH4)  + O2  

       10 ÷ 100 .
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40% H2 +    Pd (70 °C, 1 )  ~200 °C ,  

  Pt (260 °C, 1 ).  ,  Pd  
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  450 °C.  ,   Pd    
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       Pd   

   ,    Pt. , Pd 
       , 

       ,   
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 ,     
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(  = 0.9, T = 317 °C)  30%  + 70% H2 +  (  = 1, T = 106 °C)  

     T = 270 °C   H2 – CH4 
  T = 32 °C   H2 – C3H8.      

   O2  ; . .   . 
      30% (C2, C4, C5, 

C6) + 70% H2 +  (  = 0.6, 1.1, 1.2, 1.2 )  Pd  
25 – 35 °C  P = 1.75 ;   .  , 

   30% C2H6 + 70% H2 +  (  = 0.6)   -
   : 24 °C  1 .   

     Pd  ~ 2.4 ± 1 / , 
    .  ,  Pd–

    2 –   1–2   
      .

,     –  
 – -        
 Pd, Pt,     40     

 H2;       Pd  
  .     

     H + HO2  2OH,  -
   2    .

     
  - -      -
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   (   +;  , 0 ; 
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.        

        
 ;       

 . ,      (80% H2 + 20% C4H8) 
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 10–100 .
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   62 ° .     

      
       

  .      
   :      



249
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       Rh; Rh 
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,      
       . 
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      ,  
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Pt,        
  , . .   .      
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     -
  -       -
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      , 
       

    , . .   
        

 .  ,     
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  .
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  . ,    -
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  -     Pt, 
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.

       -
      (70–200 ).  -
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