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. .,  . .,  . .[1-5]  .    
  -  [2-4]   

(  . ., 1999 .),    i, i, i i i 
i i      ,    

i  i , i i       h,  
    ,    

      .  
     [2-5],   

  ,     ,  
    ( . 1) . 

 
 

. 1.          
 (  – ,  – ,  –  ) 

 
  ,   ,     

.          
.            

 -    , , ,   
  ,  .   m   m 

    [1-3]: 

m e m p ;  1 2;      ;       .
H H H

e p m y
H H H

w dx w dx dx             (1) 

 m , zm = e/ m –    ; 2H –  
  ; e –   i  ; p – 

  i  ; y –   ,  
         

y         m 
(    (1)).      m  

      (  x = H  x = – H)   
  [2-4]: 

0;pm e
mx x x
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0    ( )y p x H ;      0    ( )y p x H .               (2) 
  (+)   ,  (–) –   

(   –  ). 
        –  

( ) [1-4]: 
+= –;  x+ = x– , y+ = y–   (x = 0),                       (3) 

 x –   ,      
  (  1.). 

   Zb     
 .    Zb     [1-2]: 

Zb = (3/(4kf))( /2 + (Ef/Ev – 1)arctg(Ev/Ef)
1/2

 – (Ef/Ev)
1/2

 ).          (4) 
 Zb –        ( i-

    Zb    Sugiyama A.); Ef –  ;Ev –  
   ; kf –   .   

Ef, , Ev , kf , Zb   (Fe),  (Au),  (Ag),  (Al) 
  [1-3]. 

 (1)–( 4)       
   +, –, m, b = (b+, b–),k = (k+, k–)    h 

= (h+, h–), 2H     .   Aad   
 ’  ad   –  ( )   

   [1-3]: 
A ad  = h+ + h– – m ,                                               (5) 

ad = + + – – m .                                                (4.6) 
       

 : 1)  (  ) –  ( ); 2) 
 (  ) –  ( ); 3)  (  ) – 
  (  ).      , 

,  –  ,   –  ( ),  
         ( . 1). 

 ’   (1)–( 6). 
1)    ,  «  ( ) 

–  (Au  Ag  Al – )», «  ( ) – », … 
2)      (    

, ,  , Internet),   [1-3]: 
E + = 177 GPa,   + = 0,334,   N+= 8,5 1028 1/m3, 

h+ = 2,5 N/m,   += 2,5 J/m2,   Zb+ = 0,0236 nm   (Fe); 
E– = 80 GPa,   – = 0,42,   N–= 8,45 1028 1/m3, 

h– = 1,89 N/m,   –= 2,52 J/m2,   Zb– = 0,034 nm   (Au); 
E– = 77 GPa,   – = 0,37,   N–= 5,85 1028 1/m3, 

h– = 1,5 N/m,   –= 2,52 J/m2,   Zb– = 0,0318 nm   (Ag); 
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E– = 70 GPa,   – = 0,34,   N–= 5,8 1028 1/m3, 
h– = 1,05 N/m,   –= 1,043 J/m2,   Zb– = 0,0133 nm   (Al); 

E– = 7,3 GPa,   – = 0,3,   N–= 10,037 1028 1/m3, 
h– = 0,5 N/m,   –= 0,5 J/m2 ( ),                           (7) 

 N+, N– –   ( )   ’ ; 
3)    ’      

     «  – » («  – »), 
      m, m, Aad, ad . 

’       (1)–(6)   
   . 2.    (    –  

)    Ik   [1-3]: 

,k a
k

k a C M

E EI
R R R R

                                   (8) 

 Ek , Ea –       ; Rk, 
Ra, RC, RM –      ,   
( )    (    ). 

 
. 2.  -   ,  

    -    
   (EV –     

 ; Mat, –   ; Mmol –   
; pH –    )  
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 Ik      ,  
        

        [1]: 

10 ;      .pt cor pV
k kg pt

at

E EI I V
b

                              (9) 

 Ikg –    ; corE  –  ; pE  
–  ; bat –    

 . 
  (9)  . 3  .   

     m, m, Aad, ad   
 ,   ( , ,  ) , 

     .    (7)  
’       :   

) «  –  ( )» – 
2 21,5426 / ,    1,5905 / ,    2,457 / ,    3, 430 / ,m m ad adN m J m A N m J m  

20,464;    0,628;    1,659 ;   0,232 ;m m
A m m

ad ad

Cz z V Q
A m

 

B) «  –  ( )» – 
2 21,455 / ,    1,0363 / ,    2,095 / ,    2,507 / ,m m ad adN m J m A N m J m  

20,413;    0,694;    2,146 ;   0,209 .m m
A m m

ad ad

Cz z V Q
A m

(10) 

 
 

. 3.         
  (    Ik) 

 
 
 co rE , co rE , a tb  , kgI , kI , p tV ,a1,b1,b2,b3,b4,b5; 
  aaa,bbbb,cccc; 

 
c o rE , co rE , atb  , kgI ; 

kI =1.4; 

;10    ;/ ptV
kgkatpcorpt IIbEEV  

 kI ; 
 & i _ _DoIt, kI ; 

|- kI = 1 , kI = 2 , 1  > 2  -|; 
 & i _ _|-.....-| , kI ; 

kI =1;  
$  d  kI = kI *a , a=a+1; 

 & i _ _$_x......., kI ; 
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 Qm –      (    «  
( ) – ».  (10)       

  .     
 ,     [2-6],   – 

. 
  [2] m –  ’    «  (  3) 

–    » (     
 )  : 

m = 5,3 .                                                    (11) 
 (11)        

  .    
     m ,   
,  [1-4]: 

2

1 0
0

1 2, ,   ,  ,
2 2 2

m mm m m m
m m m m

m m m

CQ Q QC k d k
C k

   (12) 

 m1 –    ; d  = 2H–   
  ; m –      
   ( m  9187 / 2).  (12)   

    [1-4]. 
 Qm  m  (12), : 

) «  –  ( )» – 
2 2 10

1 0,308 / ,    86,8  / ,    1,96 10  1/ ,m m mC k  
50,102  ,    3,70 10  / ;md C  

B) «  –  ( )» – 
2 2 10

1 0,224 / ,    97,28  / ,    2,20 10  1/ ,m m mC k  
50,091  ,    8,09 10  / .md C                      (13) 

 m –      (    
« – »).  m  m     

 .        
 ,      .  

  ,     ’  
   ,  ,   .   

      [2-5],     
,     ,   , 

         
  (10), (13)     

    ,   
   . 

-   a     
     .     
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      (Me)   OH– [1-3]: 
2 02 2 ,n mn Me mOH Me O m H O m q                   (14) 

 q0 = 1,6 10-19 C –   (  ); n, m –  
. 

    MeO
pE     

    ( )  Ep  
 pH    [1-4]: 

0,826 0,059 .MeO
p pE E pH                                (15) 

  (15)     . 
  ’     (r, , z)  

        
   : 

/( 0,25)
11 1max( ) max( ( , , / 2) / ) 1 2 ,

a a
r z b   (16) 

 / ,   /t ta a H b b H ;  = /2    (    ( . 
. 1));  –      

 (r, , z); D=2Rt, Ht –     ; d=2a, b 
–     (  ). 

        
       : 
   – PPL,     Wzp, 

      Wec [1]: 
2 2
1 (1 ) si

PL zp ec
z FKP W W

E M
,                             (17) 

 1 —   ;  –  ; zsi – 
   ; F = 96500 C/gr-mol –  

;  –   ,  ;  –   
;  –   .    

 (17)  ,        
  PPL [1-3]. 

      1SCC, 
    1,     

 ,  (17)   : 

1 1 22 ( )
1

PL si
SCC k PL k

P z FEK C P C
M

,         (18) 

 1 22 2;    .
(1 ) (1 )

si
k k

z F EEC C
M M

 

  (18) ,  PPL,  –  ,    
1SCC.      PL 

      ,   
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     [2].      
       1SCC , , 

       [1]. 
     (     

  )      
 PL,   (18),    

  .      
     , ,  

      pH (  ) 
 ,  ,   Ep, 

  ,       
 ,      . , 

   ,      ’   
   .   

 (  –    )     
,         

     .   
    ,   

'      -   . 
        

    [2,3]: 
;      ;d A B C C dJ L A L I L L                                (19) 

 Jd –    (  ); I  –  
   ;  –   (   

 c    );  : LA – 
,   ; Ld –   
; L  = LB       

       . 
    (L )      

     ,  '    
 '     . 

      
  [2,3,5].      

         
  [1-4]: Pj( ) – ,   -

          
,     (  –    

 ); Ln( ) – ,       -
 ,        

; Bm(s) – ,     
 «s»,         . 
     (   

  ,      ) 
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    -  : 

( , ( ), ( ), ( )),t
i j n m

da f C P L B s
d

                               (20) 

 at –        ; i – 
,    «  ( ) –  

»; i, j, n, m – 1, 2, 3, ….     
 ( )  (20)   :  

1( , , , , , , , ),p m m S
da f E K pH E
d

                      (21) 

  E, , 1, pH, Ep, m, m, s –      
; m, m –    ; s = s( m) –   

         
  .  s     

-  [1]: 

2
2 ( ) ,

(1 )
m S

t

E
a

   2 ( ) ,m S

t

E
a

                    (22) 

   (22)    ,  –  
  ;  ,  –   (  =  ,  

 –  ). 
   [1-4]        

 : 
2
1

20,578 ,
T

Kd       
2
1
2 ,

8 T

Kd                              (23) 

 d*  d** –         
   .     
 ( )        

   -  (  i –  
)  -  (   –   

): 
2 2 2

1 2 1 3 2 3
2 ( ) ( ) ( ) ,

2i const  

1 3
max ,

2
const                                (24) 

  1, 2, 3 = zz –  . 
       
     ,  

   ,  “ ” ( d ) –    
      .    

    : 
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0
0( , ) exp d

d
UT

kT
,                                  (25) 

 k –  ; 0  10 13  – ,     
       (    

   ); U0     
 '         

( ); d = q Va,  Va –  '     
, q  ( )    

(         10 100  , 
        

) [2-4]. ,   ( )  U0 = 4,4  (1  = 1,6 10–19 
), Va = 1,2 10–2 –3 [2].  ,  U0    

 Wsubl  ,      Wsubl(Fe) = 
4,2  [2]. 

     
     '    

   .  (25)    
    ( )    

[2].   ( )    «  – 
»    ia   ik ,  

     [2,3]: 
1 2exp( / ( )),      exp( / ( )).a a k ki k w RT i k C w RT         (26) 

 k1 , k2 –      ;  – 
 ( )   ( )    

; wa , wk –      ;  R = 8,31 
J/(g-mol K) –   ; T –  .   

  ia  (26)        ,   
          k1. 

       
        

z,  ,     ’    
 e,   r,    s  

   p,   : 
0 ( ),a a e r s pw w zF  

0 (1 ) ( ),k k e r sw w zF                    (27) 
  , (1– ) –  ; z –  ; w0a , w0k –  

     «  –   
( )».  [2]      

e  . ,   ( ) e = 5,3  (11). 
     r,  

 ,         
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      [1,6].   
  ,     

          5 . 
,   ,    ,  
      .   

     .   
  ia < icor ,  ia –   , icor –  

.  ia      
   ip .      . 

       
   g,     P  

1,      1 .cor

a

ig P
i g

                                           (28) 

   (1)–(27)    
     ,  
 ,     (   

)       . 
    –   

   -  ,   
 (1)–(27).   - ’  

 ,       
     .  

        
 : 

( , , ( , , ), ),  ijKs Ks T gradT A L G S ( , , ( , , ), ),  ijNz Nz T gradT A L G S  
( , ) ,      ( , ),  Pz Pz Nz Ks Rz Rz Nz Ks                     (29) 

 ij –    ; Pz –  ,  
  ( ) ; Nz –  ,  
 -     ( , ); T – 

; gradT –   [2]; A(L,G,S) –   
(L,G,S –    (liquid),  (gas),   
(solid)); Rz –  ,    ; Ks – 

   ,     
  (9)   g, P (28). 

       
       ( . 4).  
   (1)–(6)      (7):  

E = 200  ,  = 0,26,  Zb = 0,014 ; N= 8,5 1028 1/ 3; Ev = 4,16 ; 
Ef = 11,6 ; kf =1,714 1010 1/  ; h = 4,18 / ;  = 2,26 / 2 ,   (30) 

       
  T = 300    20 : 

k1 = 1,33 1010 1/  ,   1 = 15,43,   1 = – 0,120 1/ ;   1 = 8,69 ; 
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k2 = 2,04 1010 1/ ,   2 = 34,07,   2 = – 0,116 1/ ; 
2  = 3,7 ; m1 = 0,742 / 2.                          (31) 

  ”1”    ,      ,  “2” – ,    
    (  NACE);  –  

       –  
; m  –    .   

    (  ) 
   NACE  720     y   

 yz.   yz –  ,   
    720 . 

 

 
. 4.        

 
      

[1,2,4]     :  -041  
 , EUS-20,  ,   

-009,  -630,   ( )    
  [2].  EUS-20 –    

  ;    , , 
        , 

  .     (1)–(6)   [2]  
      m. ,   

 : 
 20: y  = 330 ;     yz = 195  ; 

m = [0,767 / 2; 0,797 / 2];   2  = 3,650 ;                 (32) 
  12 1  – y  = 510 ;    yz = 170  ;  
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m = [0,77 / 2; 0,827 / 2];  2  = 3,839 ;                 (33) 
  20  – y  = 305 ;    yz = 195 ; 

m = [0,774 / 2; 0,792 / 2];    2  = 3,616 ;                 (34) 
  17   – y  = 310 ;     yz = 210 ; 

m = [0,777 / 2; 0,793 / 2];    2  =   = 3,622 ;                 (35) 
  14   –  y  = 390 ;     yz = 250  ; 

m = [0,783 / 2; 0,807 / 2];   2  =   = 3,686 ;                 (36) 
  14   (  ’ ) – y  = 380 ; yz = 210  ;  

m = [0,777 / 2; 0,805 / 2];   2  =   = 3,70 ;                 (37) 
  02 20 6 3 – y  = 420 ; yz = 290 ;  

m = [0,79 / 2; 0,812 / 2];  2  =   = 3,744 .                 (38) 
       

: yz, ( m)max, 22.     
      ,   2 

( 2= r)   ’    «  –  
»      .   

    ,    (  
),    2     (   

   3    ).    
        .   

,    .      
   : 

mm = 0,827 / 2 (12 1 ); 2m  = m  = 3,616  (20 ); 
yzm = 290  (02 20 6 3).                          (39) 

   (39)        1.  

;      ;      .yzm
mv yzv v

mm yzm m

                         (40) 

 
 1  

    mv , yzv, v , j 
 

No   mv yzv v 1 2 
1 20 0,963 0,672 0,951 0,8703 0,8703 
2 12 1  1,0 0,586 1,0 0,8758 0,9172 
3 20  0,958 0,672 0,942 0,8658 0,8912 
4 17  0,959 0,724 0,9435 0,8823 0,9027 
5 14  0,976 0,862 0,9601 0,9354 0,9437 

6 14   (  
’ ) 0,973 0,724 0,9638 0,8946 0,9177 

7 02 20 6 3 0,972 1,0 0,9753 0,9847 0,9815 
 



127 

     mv , yzv, v : 

1 2 3  max,mv yzv v jM                       (41) 

 1, 2, 3 –  ,     
( 1+ 2+ 3=1); j –       
(j =1,2,3,…). 

 Mj       
, ,  . 1      
: 

1 1 2 3 2 1 2 30,3;  0,3;  0,4;    0,2;  0,2;  0,6.M M  (42) 
    mv , yzv, v   

  12 1  (No 2)  02 20 6 3 (No 7).   
 (41)  (42)     02 

20 6 3 (No 7). 
  ,      

–  Ps (price,  ) (Pm –  ).  
 mv , yzv, v  (41)   ,   Ps 

  .      (41)  4-  
 mv , yzv, v, Ps     : 

1 2 3  max,    min.mv yzv v rjM P               (43) 
  ,      
 (  ),    Pm   Ps: 

min;      max.s m

m s

P PP
P P

                              (44) 

  (41)      
mv , yzv, v, P: 

1 2 3 4  max,mv yzv v rjP M                  (45) 

 1, 2, 3, 4 –  ,    
 ( 1+ 2+ 3+ 4=1).  

 Mrj       
, ,  . 2     ’  
 ( r3  r7): 

3 1 2 3 4  0, 25;rM  

4 1 2 3 40, 2;   0, 2;   0,3;   0,3;rM  

5 1 2 3 40,15;   0,15;   0,35;   0,35;rM  

6 1 2 3 40,35;   0,35;   0,15;   0,15;rM  

7 1 2 3 40,35;   0,3;   0,2;   0,15.rM                   (44) 
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 2.  
    P , r3  r7 

 
No   P r3 r4 r5 r6 r7 
1 20 1,488 1,018 1,058 1,099 0,937 0,951 
2 12 1  1,707 1,073 1,129 1,185 0,961 0,982 
3 20  1,488 1,015 1,055 1,095 0,935 0,949 
4 17  1,381 1,002 1,034 1,066 0,938 0,949 
5 14  1,160 0,990 1,036 1,018 0,961 0,966 

6 14   (  
’ ) 1,381 1,011 1,043 1,075 0,946 0,958 

7 02 20 6 3 1,00 0,989 0,989 0,989 0,990 0,989 
 

   (43)  (44)   
  Mj        ’  : 

3 4 512 1  2 1,073;   1,129;   1,185;r r rNo M M M  

6 702 20 6 3 7 0,99;   0,989.r rNo M M                 (45) 
      , 

    ’     «  – 
,  ».     

 (42), (44)   .   
       

,      .  
 W   : 

2

1
2 2

max

0,5 ( 1)
,

( 1) /12

obn

i
f k

a n mD
W

D n m m
                        (46) 

 Df –   (  )  
( , ) ,   ; Dmax – 

  ( )   ,    
 ;  –  ,   -  ' ; m – 
  ; n –   '  

(   ' . 
   W     0  1.  

   '      
,   .     

 W =1.    W    
   ( 2).      , 

      ( ) - 
  ,   .    

   ,    
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     .  
     W   

    : 
2 ( 1)W n m                                        (47) 

    .     
  (41), (43), (45),     , 
     : 

2 3
12
( )K

k k

SW
n m m

,                                       (48) 

 – mk –    (  ); n –  
’  ( ); S – c    – 

2
2 2

1 1

1n n

ij ij
i i

S r r
n

,                                      (49) 

rij –     .  -  
        

    .  
   W, WK    ,  

       
 W  WK     .  

       ,   
    . 

      
    ,     

,      ’    
«  –  ( ) »   

. 5.   ’    «  –  
( ) »      

    . 
.   -    

,        
      

       
         

   .    
        

           
-  ,    .   

       
 , ’       

          
   .    
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   ,      
        

-  ,    . 
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