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ABSTRACT

A kinetic study of the dissolution of tin in hydrochloric acid 

solutions in the presence and absence of oxygen has been made.

It has been found that the tin dissolution process in aerated 

hydrochloric acid solutions appears to occur through three simultaneous 

reactions, hydrogen evolution, oxygen depolarization, and an autocatalytic 

reaction.

Over the range of conditions studied the dissolution rate may 

be expressed by the empirical equation:

—  [Bn] - 5.31 X 10"7 £ [HCl]°[v]0 *98 e" ^ W ~

+ 2.88 X 10“ 5 ̂  [HC1]°[v]°*9 8[Pq I1 / 2 e" \ t
2

l TAl1 / 2 0 n l/p l/p ^ -^ 0+ 1.25 X 10   [HC1] [v] [P T ' [Sn] ' ' e" RT
2

in which the third term (autocatalytic) applies only after an elapsed 

time of 30 minutes.

Low temperature coefficients, and significant effects of 

peripheral velocity and turbulence indicate that diffusions! processes 

are involved in the controlling step. The dependence of the dissolution 

rate on the square root of the oxygen partial, pressure is indicative of 

a dissociative adsorption of oxygen on the metal surface.

iii

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



ACKWOV/TjEDGMENTS

The author vishcs to express his sincere gratitude to 

Dr. A.W. Gnyp for his able guidance, constructive criticisms, and 

encouragement throughout this work.

Thanks are expressed to Mr. Halil Parlar for machining the 

tin samples and assistance in setting up the apparatus.

The financial assistance offered by the National Research 

Council has been appreciated..

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS
Page

ABSTRACT iii

ACKNOWLEDGMENTS iv

T/lBLE OF CONTENTS v

LIST OF TABLES v i i

LIST OF FIGURES v i i i

Cliapter
I. INTRODUCTION 1

II. LITERATURE REVIEW 2

A. Kinetic Studies on Metal Dissolution 2
B. General Review of Studies on Tin Corrosion 2
C. Hydrodynamic Factors in the Dissolution of Metals 5
D. The Analysis of Tin 6

III. EXPERIMENTAL WORK 8

A. Materials 8
B. Apparatus 8
C. Procedure 10

IV. GENERAL THEORY OP’ METAL DISSOLUTION 12

V. EXPERIMENTAL RESULTS All) DISCUSSION 22

A. General Behavior of Tin Dissolution in 1101 Solutions 22
B. Rate Dependence on Tin Ion Concentration 22
C. Rate Dependence on Peripheral Velocity 2.5
D. Rate Dependence on Temperature 29
E. Rate Dependence* on Surface Area and Corroding Solution

Volume 3l
F. Effect of Hydrochloric Acid Concentration 3k
G. Rate Dependence on Oxygen Concentration 3®
H. The Effect of Hydrodynamic. Factors kO
I. Mechanism of Tin Dissolution in Hydrochloric Acid h2
J. Empirical Equation for Tin Dissolution in Hydrochloric

Acid If 5

VI. CONCLUSIONS k9

v

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Page
APPENDIX I. Polarographic Determination of Tin Concentration 51

APPENDIX II. Data of Tin Dissolution 53

APPENDIX III. Nomenclature TO

K3PEKENCES ■ 71

VITA AUCTORIS 73

vi

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Table

1 .

II.

I I I .

IV.

LIST OF TABLES
Page

Effect of Hydrochloric Acid Concentration on Dissolution
Rate ' 38

Evaluation of Velocity Constant k° for Hydrogen Evolution h6

Evaluation of Velocity Constant k^ for Oxygen Depolarization 1*7

Evaluation of Velocity Constant k° for autocatalytic
Reaction 5 1*7

vii

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

1 . A rrangem ent o f  A ppara tu s

2 . A T w o-dim ensional Model o f  P o lis h e d  S u rfa c e s  on an
Atomic S ca le

3 . D is s o lu t io n  o f  M eta l in  A c id ic  M edia

4 . D is s o lu t io n  o f  T in in  H y d ro c h lo r ic  A cid

5 . H a lf -o rd e r  Dependence f o r  A u to c a ta ly t ic  R eac tio n

6A. D is s o lu t io n  a s  F u n c tio n  o f  P e r ip h e r a l  V e lo c i ty
(hydrogen  e v o lu t io n )

6B. D is s o lu t io n  a s  F u n c tio n  o f P e r ip h e r a l  V e lo c i ty  
(oxygen d e p o la r iz a t io n )

7 . D is s o lu t io n  a s  F u n c tio n  o f  P e r ip h e r a l  V e lo c i ty
( a u to c a t a l y t i c  r e a c t io n )

8 . D is s o lu t io n  a s  F u n c tio n  o f  T em perature (H^ e v o lu tio n )

9 . D is s o lu t io n  a s  F u n c tio n  o f  T em perature
( oxygen d e p o la r iz a t io n )

10. D is s o lu t io n  a s  F u n c tio n  o f  T em perature
( a u to c a t a l y t i c  r e a c t io n )

11. A c tiv a t io n  E nergy a s  F u n c tio n  o f  Sample D iam eter
( a u to c a t a l y t i c  r e a c t io n )

12. D is s o lu t io n  a s  F u n c tio n  o f S u rfa c e  Area,
(Hg e v o lu t io n  and oxygen d e p o la r iz a t io n )

1 3 . D is s o lu t io n  a s  F u n c tio n  o f  A/V
(Hg e v o lu t io n  and oxygen d e p o la r iz a t io n )

14 . D is s o lu t io n  a s  F u n c tio n  o f  S u rfa c e  A rea
( a u to c a t a l y t i c  r e a c t io n )

15. D is s o lu t io n  a s  F u n c tio n  o f  A/V ( a u to c a t a l y t i c  r e a c t io n )  

l 6A. E f f e c t  o f Oxygen C o n c e n tra tio n  on Oxygen D e p o la r iz a tio n

v i i i

Page

9

13 

21 

23 

2 h

26

27

28

30

31

32

33

35

36

37 

37 

39

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Figure Page
l 6B, E f f e c t  o f  Oxygen C o n c e n tra tio n  on A u to c a ta ly t ic  R e a c tio n  39

t
17 . E f f e c t  o f  Hydrodynamic F a c to rs  on Hydrogen E v o lu tio n  111

18 . E f f e c t  o f  Hydrodynamic F a c to rs  on Oxygen D e p o la r iz a t io n  Ul

19. E f f e c t  o f  Hydrodynamic F a c to rs  on A u to c a ta ly t ic  R e a c tio n  Ul

20. C a l ib r a t io n  Curve f o r  S a rg e n t Model XV P o la ro g ra p h  52

ix

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER I  

INTRODUCTION

R esearch  and developm ent in  th e  f i e l d  o f  c o r ro s io n  sc ie n c e  

have "been s t im u la te d  by  problem s r e l a t e d  t o  advances in  te c h n o lo g y , and 

f a c i l i t a t e d  b y  p a r a l l e l  advances in  o th e r  f i e l d s  o f s c ie n c e .  D e sp ite  

th e  p ro g re s s  w hich h a s  been  made, how ever, o u r ap p ro ach es  t o  th e  

p re v e n tio n  o f  c o r ro s io n  in  p r a c t i c e  a re  e m p ir ic a l .  We s t i l l  do n o t have 

p r in c i p l e s  w hich w i l l  a llo w  us t o  f o r e c a s t  th e  b e h a v io r  o f  a  g iv e n  

m a .te r ia l in  a  g iv e n  s i t u a t i o n .  Our i n a b i l i t y  t o  d e a l  w ith  c o r ro s io n  on 

a  more r a t i o n a l  b a s i s  stem s l a r g e l y  from  o u r g r e a t  ig n o ran c e  o f  th e  

d e t a i l s  o f  th e  m echanism s in v o lv e d .

S e v e ra l in v e s t ig a t io n s  have b een  done on th e  mechanism and

'8  22 21 2hk i n e t i c s  o f  th e  d i s s o lu t i o n  o f  co p p er * ’ , t i n  and t i ta n iu m  . I t  

h a s  been  shown t h a t  o v e r  a  w ide ran g e  o f  c o n d i t io n s  th e  d i s s o lu t i o n  o f  

th e s e  m e ta ls  in  a i r - s a t u r a t e d  a c id ic  m edia i s  a u t o c a t a l y t i c .

The pu rp o se  o f  th e  p r e s e n t  s tu d y  was tw o - fo ld :  ( l )  t o  a t te m p t 

t o  d e te rm in e  th e  r a te - d e te r m in in g  s te p  and make a  f u r t h e r  s tu d y  o f  th e  

mechanism and k i n e t i c s  o f th e  d i s s o lu t i o n  o f  t i n  in  h y d ro c h lo r ic  a c id  

s o lu t io n s  w ith  th e  hope o f  p ro v id in g  a  more re a so n a b le  d e s c r ip t io n  

c l a r i f y i n g  th e  way by  w hich t h i s  m e ta l i s  d e s tro y e d , ( 2 ) t o  s tu d y  th e  

r o le  o f  hydrodynam ic f a c t o r s  n e a r  th e  m e ta l s u r fa c e  on th e  d i s s o lu t i o n  

p ro c e s s .

2k
T h is  p r o je c t  was b a se d  p a r t l y  on th e  fu n d am en ta l work o f  L u i 

who s tu d ie d  th e  d i s s o lu t i o n  o f  t i n  in  h y d ro c h lo r ic  a c id  s o lu t io n s .

1
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CHAPTER I I

LITERATURE REVIEW

A. K in e t ic  S tu d ie s  on M eta l D is s o lu t io n

22 2VLu and Graydon , s tu d ie d  th e  k i n e t i c s  and mechanism o f

co p p er d i s s o lu t i o n  in  aqueous ammonium h y d ro x id e  and aqueous s u l f u r i c

29a c id  s o lu t io n s .  Weeks and H i l l s  in v e s t ig a t e d  th e  i n i t i a l  c o r ro s io n
g

r a t e  o f  cop p er in  1IC1 s o lu t io n s .  T h e ir  work was ex ten d ed  by  Gnyp .

L a te r ,  s y s te m a tic  re s e a rc h e s  on th e  d i s s o lu t i o n  k i n e t i c s  o f  b r a s s  w ere 

dene by  K agetsu  and  Graydon'*"*' and Bum bulis and G raydon^, and  t i ta n iu m  by

kB cdner . The above in v e s t i g a t o r s  s tu d ie d  th e  r a t e  o f m e ta l d i s s o lu t i o n  

in  a e r a te d  s o lu t io n s  a s  a  f u n c t io n  o f  te m p e ra tu re ,  oxygen p a r t i a l  

p r e s s u r e ,  r o t a t i o n a l  sp eed , sam ple s u r fa c e  a r e a ,  c o rro d in g  s o lu t io n  

volume and a c id  c o n c e n tr a t io n .  Over a  w ide ran g e  o f c o n d i t io n s ,  a l l  o f  

them  found  an a u t o c a t a ly t i c  e f f e c t ,  w ith  d i s s o lu t i o n  r a t e  in c r e a s in g  

w ith  in c re a s in g  m e ta l io n  c o n c e n tr a t io n  in  s o lu t io n .

B. G en era l Review o f S tu d ie s  on T in  C o rro s io n

As e a r ly  a s  1813 , th e  d i s s o lu t i o n  o f  t i n  in  a c id  s o lu t io n s  was 
2 3

exam ined by  B e rz e l iu s  . A ccord ing  t o  h i s  r e p o r t ,  t i n  d is s o lv e s  in

h y d ro c h lo r ic  and s u l f u r i c  a c id  s o lu t io n s  in  th e  s tan n o u s  form  w ith  th e

e v o lu t io n  o f  hydrogen  g as .
7

Evans r e p o r te d  t h a t  t i n ,  w hich s ta n d s  im m ed ia te ly  below  hydrogen

in  th e  t a b le  o f  norm al p o t e n t i a l s ,  l i b e r a t e s  hydrogen from  d i l u t e  HC1 o n ly

v e ry  s lo w ly . Here i t  i s  th e  h ig h  o v e r p o te n t ia l  o f  hydrogen  e v o lu t io n

on a  t i n  s u r fa c e  w hich i s  r e s p o n s ib le  f o r  th e  s lu g g is h  r e a c t io n .

2
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30Whitman and R u sse l s tu d ie d  th e  d i f f e r e n c e  in  th e  r a t e  o f  

c o r ro s io n  o f  t i n  in  m o d e ra te ly  c o n c e n tra te d  a c id s  a t  room te m p e ra tu re  in  

th e  p re se n c e  and absence  o f  oxygen. They showed t h a t , i n  m ost c a s e s ,  

o x id iz in g  a g e n ts  a c t  as  d e p o la r i z e r s ,  and i f  added t o  a c id s ,  w i l l  in c re a s e  

th e  a t t a c k  on t i n .  In  th e  absence  o f  a i r  o r  o th e r  o x id iz in g  a g e n ts ,  t i n  

was v e ry  r e s i s t a n t  to  d i l u t e  a c id s .  T h is  i s  b ecau se  t i n  h as  a  h ig h  

hydrogen  o v e r p o te n t i a l ,  and i t  q u ic k ly  becomes p o la r iz e d  by  hydrogen

w hich p re v e n ts  th e  flow  o f  c u r r e n t  t h a t  accom panies c o r ro s io n .

IkKohman and Sanborn r e p o r te d  t h a t ,  in  a i r - f r e e  s o lu t i o n s ,  t i n

i s  d e p o la r iz e d  b y  in c r e a s in g  th e  te m p e ra tu re  o f  th e  s o lu t io n ,  and hydrogen

e v o lu t io n  o c c u rs . The e f f e c t  o f  te m p e ra tu re  on th e  c o r ro s io n  o f  t i n  in

12a c id  s o lu t io n s  was a l s o  in v e s t ig a te d  by  K h itra v  and S h o ta lo v a  . The 

r a t e  o f  t i n  c o r ro s io n  in  1-7  M s o lu t io n s  o f  h y d ro c h lo r ic  a c id  and s u l f u r i c  

a c id  was o b se rv ed  to  in c re a s e  w ith  in c re a s in g  te m p e ra tu re . In  th e  0-80°C 

ran g e  th e  r a t e  obeyed th e  v a n ’t  H off and A rrh e n iu s  Laws. The r a t e  o f  

d i f f u s io n  a l s o  in c re a s e d  w ith  in c re a s e  in  te m p e ra tu re  b u t  n o t  a s  r a p id ly  

as  th e  c o r ro s io n  r a t e .  The in c re a s e  o f  c o r ro s io n  r a t e  w ith  in c r e a s in g  

te m p e ra tu re  i s  a s s o c ia te d  w ith  a  f a l l  in  hydrogen  o v e r p o te n t i a l ,  d e c re a se  

in  p o l a r i z a t i o n ,  d e c re a se  in  v i s c o s i t y  o f  th e  s o lu t io n  and d e s t r u c t io n  

o f  p r o te c t iv e  f i lm s .

An i n s t r u c t i v e  case  o f  lo c a l iz e d  c o r ro s io n  o f  t i n ,  i n v e s t ig a te d  

by  H o a r ^ ,  showed t h a t  th e  s a l t s  o f  t i n  a re  s t r o n g ly  h y d ro ly z e d , and in  

a  n e u t r a l  s o lu t io n  an o d ic  a t t a c k  a t  a  weak s p o t on th e  a i r  form ed f i lm  

c o v e rin g  th e  m e ta l w i l l  n o t cause  t i n  c a t io n s  t o  p a ss  in to  th e  l i q u i d ,  

b u t  r a th e r  cause  an in c re a s e  in  th e  f i lm - th ic k n e s s  by  d e p o s i t io n  o f  o x id e  

and h y d ro x id e . A f te r  a  c e r t a in  tim e  th e  accum ula ted  a c i d i t y  a t  th e s e

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



p o in t s  a p p a re n t ly  became s u f f i c i e n t  f o r  th e  fo rm a tio n  o f  s o lu b le  s tan n o u s

io n s ,  w hich r u in  th e  f i lm  so t h a t  b reak-dow n o c c u rre d  w ith  th e  fo rm a tio n
5

o f  th e  b la c k  s p o ts .  B r i t to n  and M ichae l s tu d ie d  th e  l o c a l  c o r ro s io n  o f

t i n  in  c h lo r id e  s o lu t io n s .  T h e ir  r e s u l t s  showed t h a t  th e  tim e  e la p s in g

b e fo re  l o c a l  c o r ro s io n  b e g in s  i s  a f f e c t e d  by  s u r fa c e  c o n d i t io n s .  L oca l

c o r ro s io n  i s  i n i t i a t e d  and a c c e le r a te d  by  c r e v ic e s  r e s u l t i n g  from  s u r fa c e

d e f e c ts  o r  by  c o n ta c t  o f  th e  m e ta l w ith  a n o th e r  s u r f a c e .  The b la c k n e s s

o f  th e  s p o ts ,  a c c o rd in g  to  B r i t t o n ,  i s  p ro b a b ly  due to  th e  ab sence  o f

r e f l e c t i o n  from  th e  l o c a l l y  roughened s u r fa c e .
9

Hagymas and Q u in tin  s tu d ie d  th e  c o r ro s io n  o f  t i n  in  s u l f u r i c

a c id .  In  0 .1  t o  1 .0  M s o lu t io n s  th e  hydrogen o v e rv o lta g e  on th e  t i n

l be le c t r o d e  d id  n o t  v a ry  w ith  a c id  c o n c e n tr a t io n .  Kahman and Sanborn

a l s o  r e p o r te d  t h a t  th e r e  was no a p p a re n t in f lu e n c e  o f  a c id  c o n c e n tr a t io n

on th e  c o r ro s io n  o f  t i n  in  a i r - f r e e  s o lu t io n s .
25

M arshakov, U gai and V ig d o ro v ich  r e p o r te d  t h a t  in  a c id ic  m edia 

th e  c o r ro s io n  o f  m agnesium -tin  a l lo y s  i s  u n ifo rm  in  c h a r a c te r .  The 

specim en s u r fa c e  becom es c o a te d  w ith  a  g ra y  f i lm  w hich does n o t ad h ere  

f i r m ly  to  th e  m e ta l.  Chem ical a n a ly s i s  showed i t  t o  be  a lm o st pu re  

t i n .

P ro b ab ly  th e  most e x te n s iv e  and s y s te m a tic  s tu d y  on th e

211-

d is s o lu t io n  r a t e  o f  t i n  was done b y  L ui . He re p o r te d  t h a t  o v e r a  w ide 

range o f c o n d i t io n s  th e  d i s s o lu t i o n  o f  t i n  in  h y d ro c h lo r ic  a c id  s o lu t io n s  

p ro cee d s  in  two a u t o c a t a ly t i c  s ta g e s  w ith  th e  r a t e  d u r in g  each  s ta g e  b e in g  

dependen t on th e  sq u are  ro o t  o f  th e  s ta n n ic  io n  c o n c e n tra t io n  in  th e  

c o rro d in g  s o lu t io n .
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q Hydrodynamic F a c to rs  in  th e  D is s o lu t io n  o f  M eta ls

S tu d ie s  on th e  r a t e s  o f  h e te ro g e n e o u s  p ro c e s s e s  in  l i q u i d s

began  w ith  th e  s im p le s t  p rob lem  in  d i f f u s io n  k i n e t i c s ,  nam ely th e

d i s s o lu t i o n  o f  s o l id s  in  l i q u i d s .  Upon a n a l y s i s ,  th e  e x p e r im e n ta l d a ta

27c o l le c t e d  by  Shchukorev 1 y ie ld e d  th e  fo llo w in g  e m p ir ic a l  e q u a t io n  f o r

d i s s o lu t io n :

Q = k  (C -  C ) S v s o '

w here Q i s  th e  amount o f  m a te r ia l  d is s o lv e d  p e r  u n i t  t im e ,  S i s  th e

s u r fa c e  a r e a  o f  th e  d i s s o lv in g  body , C i s  th e  c o n c e n tra t io n  o f  as

s a tu r a te d  s o lu t i o n ,  C i s  th e  c o n c e n tr a t io n  o f  th e  b u lk  s o lu t io n  a t  a'  o

g iv e n  i n s t a n t ,  and k  i s  a  p r o p o r t io n a l  c o n s ta n t .

26F u r th e r  s tu d i e s ,  p r im a r i ly  by  N e m s t ,  showed t h a t  k  i s

p r o p o r t io n a l  t o  D, th e  d i f f u s io n  c o e f f i c i e n t  o f  th e  su b s ta n c e  in  th e

l i q u i d .  Thus th e  e x p re s s io n  f o r  Q may be  w r i t t e n  in  th e  form :

D (C -  C ) S 
Q = — £ -------2l _

6

I t  h a s  b een  found  t h a t  u n d er o rd in a ry  m ixing  c o n d i t io n s ,  th e

-2 _![.
q u a n t i ty  6 h a s  a  m agnitude o f  10  t o  10  cm ., w hich i s  e x tre m e ly  sm a ll 

compared t o  th e  d im ension  o f th e  u s u a l  r e a c t io n  v e s s e l s .  T h is  l e d  N e m s t 

t o  assume t h a t  th e  6 r e p r e s e n t s  th e  th ic k n e s s  o f  th e  l a y e r  a c ro s s  w hich 

th e  d i f f u s io n  o c c u rs  in  a  moving l i q u i d .  A ccord ing  t o  th e  N e rn s t T heory , 

th e r e  i s  a  t h i n  l a y e r  o f  s t a t i c  l i q u i d  im m ed ia te ly  a d ja c e n t  t o  th e  

s u r fa c e  o f  th e  s o l id  body , a  l a y e r  th ro u g h  w hich d i f f u s io n  o f  th e  

r e a c t in g  m o lecu le s  ta k e s  p la c e .  Beyond t h i s  l a y e r ,  th e  c o n c e n tr a t io n  in  

th e  b u lk  o f  th e  s o lu t io n  i s  c o n s ta n t  b eca u se  o f  th e  l i q u i d  m o tion . r ne 

symbol 5 i s  te rm ed  th e  th ic k n e s s  o f  th e  N e rn s t d i f f u s io n  la y e r . E x p e rim en ta l
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d e te rm in a tio n s  have shown t h a t ’ 5 , a s  a  f u n c t io n  o f v e lo c i ty ,h a s  th e  fo rm :

‘  ■ 4 -V
w here v i s  th e  v e l o c i ty  o f  th e  moving l i q u i d .  The v a lu e  o f  n v a r i e s  from

l / 2  t o  1 . I n  g e n e r a l ,  th e  r a t e  o f  d i f f u s io n - c o n t r o l l e d  r e a c t io n s  can he

l a r g e ly  in c re a s e d  b y  a g i t a t i n g  th e  l i q u i d  w ith  s t i r r e r s  o r  r o t a t i n g  th e

s o l id  body o f  d i s s o lv in g  su b s ta n c e s  b eca u se  th e  d i f f u s io n  c o e f f i c i e n t  in

a  m oving, tu r b u le n t  medium i s  much l a r g e r  th a n  t h a t  in  a  s t a t i c  medium.

17L ev ich  was th e  f i r s t  t o  fo rm u la te  th e  d i f f u s io n  f a c t o r  f o r  a  

r o t a t i n g  specim en in  s o lu t io n .  He showed t h a t  th e  d i f f u s i o n a l  f l u x  o f 

mass in  a  tu r b u le n t  l i q u i d  may be r e p re s e n te d  b y  an e q u a t io n  in  th e  form :

J  = (D + h u r t '  g f

= (D + P*v")'j£

where I  i s  th e  s c a le  o f  th e  e d d ie s  and v  i s  th e  p e r ip h e r a l  v e l o c i ty .

The b a r  above th e  Iv  i n d ic a te s  th e  av e rag e  v a lu e *  p i s  a  c o n s ta n t .  The

la r g e  v a lu e  o f  D e n s u re s  a  v i r t u a l l y  c o n s ta n t  c o n c e n tr a t io n  o f  th e
\

s o lu t io n  down t o  v e ry  sm a ll d is ta n c e  from  th e  r e a c t io n  s u r f a c e .

D. Hie A n a ly s is  o f  T in

The a n a ly s i s  o f t i n  by th e  p o la ro g ra p h ic  method h a s  been  

18 19 20w e ll  d ev eloped  b y  L ingane } . The r e d u c t io n  o f  s tan n o u s  t i n  t o

th e  m e ta l l i c  t i n  p ro d u ces  d e f in e d  waves from  H i HC1, w ith  a  h a lf-w a v e  

p o t e n t i a l  o f -O.U7V v s  S .C .E . when 0 .0 1  p e r  c e n t g e l a t i n  i s  p r e s e n t  a s  a 

s u p p re s s o r .  C h lo ro s ta n n a te  complex io n  a l s o  p ro d u ces  a  w e ll  dev e lo p ed  

d o u b le t wave. The f i r s t  wave r e s u l t s  from  th e  r e d u c t io n  o f th e  c h lo ro ­

s ta n n a te  io n  t o  th e  c h lo r o s ta n n i te  io n , and th e  second wave co rre sp o n d s
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t o  com plete  r e d u c t io n  t o  th e  m e ta l.  A su p p o r tin g  e l e c t r o l y t e  c o n s i s t in g  

o f  UM NHjjCl, 1M HC1, and 0 .0 0 5  p e r  c e n t g e l a t i n  was u sed  a s  th e  maximum 

s u p p re s s o r .  The h a lf-w a v e  p o t e n t i a l  o f  th e  f i r s t  wave i s  -0 .2 5 v  and 

t h a t  o f th e  second i s  -0.^>2v v s  S .C .E . in  th e  p re v io u s  d e s c r ib e d  

c o n d i t io n s .  The f i r s t  wave i s  n o t f u l l y  d ev e lo p ed  b e fo re  th e  second 

s ta g e  o f  r e d u c t io n  b e g in s .  M easurem ent o f  th e  second wave f o r  r o u t in e  

a n a ly s i s  i s  recommended b y  L ingane .
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CHAPTER I I I

EXPERIMENTAL WORK

A. M a te r ia ls

The A n a la r  g rad e  t i n  "bars u sed  in  t h i s  s tu d y  w ere s u p p lie d  by  

B r i t i s h  Drug House L td . The p u r i t y  o f  m e ta l was 99*92 p e r  c e n t t i n .

The e x a c t a n a ly s i s  a c c o rd in g  t o  th e  m a n u fa c tu re r  showed 0 .0 1  p e r  c e n t 

l e a d ,  0 .0 0 2 5  p e r  c e n t co p p e r, 0 .0 0 2  p e r  c e n t b ism u th , 0 .0 0 2  p e r  c e n t 

i r o n ,  0 .0 k  p e r  c e n t t o t a l  f o r e ig n  m e ta ls ,  0 ,0001  p e r  c e n t  a r s e n i c ,  and

0 .0 2 5  p e r  c e n t an tim ony .

The t i n  b a r s ,  o r i g i n a l l y  1 .0 2  cm. in  d ia m e te r ,  w ere m e lte d  and 

rem oulded in to  1 . 9 1  and 2 . 5^ cm. d ia m e te r  b a r s  u n d er a rg o n  gas in  a  

vacuum f u rn a c e .  C y lin d e rs  o f  0 .9 1 5  t o  2 .^ 2  cm. in  d ia m e te r ,  O.^B t o  

I . 2 7  cm. in  l e n g th ,  w ith  a  c o n c e n tr ic  h o le  t o  f i t  o n to  a  r o t a t i n g  s h a f t  

w ere m achined from  th e s e  rem oulded t i n  b a r s .

H y d ro c h lo r ic  a c id  and a l l  o th e r  re a g e n ts  u sed  w ere o f  a n a l y t i c a l  

g ra d e . D ilu te  HC1 s o lu t io n s  w ere made w ith  d i s t i l l e d  w a te r .

B. A ppara tu s

The a p p a ra tu s  u sed  f o r  t h i s  i n v e s t ig a t io n  i s  shown in  F ig u re  1 . 

The r e a c t io n  c e l l  c o n s is te d  o f  a  s p e c ia l ly  d e s ig n e d  ja c k e te d  

v e s s e l  f a b r i c a t e d  from  two P y rex  b e a k e rs .  W ater was fo rc e d  th ro u g h  th e  

s h e l l  by means o f  a  pump from  a  c o n s ta n t  te m p e ra tu re  b a th .  The to p  o f  

th e  r e a c t io n  v e s s e l  was covered  w ith  a  P le x ig la s  p la te  h o ld in g  up to  

th r e e  r a d i a l l y  m ounted b a f f l e  p l a t e s  d e s ig n e d  t o  p re v e n t v o r te x  fo rm a tio n

8
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when th e  s h a f t  was r o t a t e d  a t  h ig h  sp eed s .

The c y l i n d r i c a l  t i n  sam ples w ere r o t a t e d  on a  s t a i n l e s s  s t e e l  

s h a f t .  The ends o f  th e  t i n  c y l in d e r s  w ere p r o te c te d  from  th e  c o rro d in g  

medium by  P le x ig la s  s le e v e s  and a  cap  screw ed t i g h t l y  a t  th e  end . The 

s h a f t  was d r iv e n  by a  Type 7 HM Hoover vacuum c le a n e r  m otor whose speed  

was c o n t r o l le d  by  a  a u to tra n s fo rm e r  and a  c o n s ta n t  v o l ta g e  r e g u la to r .  

S h a f t  speeds  w ere m easured b y  means o f  a  Type 1531-A S tro b o ta c  p roduced  

b y  th e  G en e ra l R adio C o rp o ra tio n .

C. P ro ced u re

A t y p i c a l  ex p erim en t was ru n  b y  p o u rin g  a  m easured volume o f  

HG1 s o lu t io n  in to  th e  r e a c t io n  v e s s e l  and f lu s h in g  th e  l i q u i d  w ith  

a p p r o p r ia te  gas  f o r  a p p ro x im a te ly  20 m in u te s  b e fo re  s t a r t - u p .  D uring  

th e  t e s t  p e r io d  th e  h y d ro c h lo r ic  a c id  s o lu t io n  was k e p t  s a tu r a t e d  w ith  

a i r ,  n i t r o g e n ,  o r  oxygen. L o sses  o f  h y d ro c h lo r ic  a c id  w ere m in im ized  

b y  p a s s in g  th e  g a se s  th ro u g h  a  s e r i e s  o f  w ash ing  b o t t l e s  c o n ta in in g  HC1 

s o lu t io n  o f  th e  same c o n c e n tra t io n  a s  in  th e  r e a c t io n  v e s s e l .  A ll  wash 

b o t t l e s  w ere k e p t a t  th e  same te m p e ra tu re  a s  th e  c o rro d in g  s o lu t io n .

The t i n  c y l in d e r s ,  p o l is h e d  m anually  t o  3 /0  em ery p a p e r 

sm oothness (av e rag e  s u r fa c e  roughness  l e s s  th a n  20 m ic ro in c h e s ) ,  w ere 

w ashed i n i t i a l l y  w ith  d i s t i l l e d  w a te r  and d r ie d  w ith  f i l t e r  p a p e r ,  th e n  

w ashed w ith  a c e to n e  f o r  d e g re a s in g , and f i n a l l y  rew ashed w ith  d i s t i l l e d  

w a te r .  A f te r  each  ru n , th e  t i n  c y l in d e r s  w ere washed and d r ie d .  A 

check  on th e  m a te r ia l  b a la n c e  was m a in ta in e d  by w eigh ing  th e  c le a n  d ry  

t i n  c y l in d e r s  b e fo re  and a f t e r  each  ru n .

An a p p r o p r ia te ly  s iz e d  sam ple o f th e  c o rro d in g  s o lu t io n  was 

w ithdraw n f o r  r o u t in e  p o la ro g ra p h ic  a n a ly s i s  a t  co n v en ien t i n t e r v a l s  o f
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t im e . F or e v e ry  sam ple o f  c o rro d in g  s o lu t io n  w ithdraw n , an  e q u a l volume 

o f HC1 s o lu t io n  o f  th e  same c o n c e n tr a t io n  was added to  th e  v e s s e l  t o  

e l im in a te  s o lu t io n  volume change d u r in g  th e  c o r ro s io n  ru n .
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CHAPTER IV 

GENERAL THEORY OF METAL DISSOLUTION

The d i s s o lu t i o n  o f  m e ta ls  in  a c id ic  m edia i s  an  e le c tro c h e m ic a l  

p ro c e s s .  However, th e  e le c tro c h e m ic a l  p ro c e s s e s  a re  g r e a t ly  co m p lic a te d  

b y  th e  chem ica l i n t e r a c t io n s  o f  th e  s u r fa c e  atom s o f th e  m e ta l w ith  th e  

com ponents o f  th e  s o lu t io n .

In  d e a e ra te d  a c id  s o lu t i o n s ,  th e  b a s ic  d i s s o lu t i o n  p ro c e s s  o f  any  

m e ta l M, w hich  d is p la c e s  hydrogen  from  a c id  s o lu t io n ,  can  be  r e p r e s e n te d  

by  th e  fo llo w in g  an o d ic  and c a th o d ic  r e a c t io n s :

( i )  Anode:

M -*■ M++ + 2 e

Assuming fo rm a tio n  o f  d iv a le n t  m e ta l l i c  io n s .

( i i )  C athode:

( i i a )  The d is c h a rg e  o f  hydrogen  io n s ,  g e n e r a l ly

r e p re s e n te d  "by

H+ + e = H

(P erh ap s more a c c u r a te ly  w r i t t e n  a s :  H 0+ + e = H + H^O)

( i i b )  The fo rm a tio n  o f m o le c u la r  hydrogen  from  a tom ic  

hyd ro g en , e i t h e r  by

H + H = Hg

o r by

H + H+ + e = H2

(The l a s t  r e a c t io n  i s  p e rh ap s  more a c c u r a te ly  w r i t t e n  a s

H+ + H30+ + e = H2 + H20)

The above e q u a tio n s  a re  o v e r s im p l i f ie d  n e t  r e s u l t s  o f  th e

iy
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d i s s o lu t i o n  p ro c e s s  o f  m e ta ls  in  a c i d ic  s o lu t io n s .  The d e t a i l s  o f  th e  

mechanisms in v o lv e d  sh o u ld  he  c o n s id e re d  i f  we in te n d  t o  d e a l  w ith  

c o r ro s io n  p rob lem s on a  more r a t i o n a l  b a s i s .

We c u s to m a r ily  t r e a t  a  m e ta l a s  a  homogeneous continuum . Now 

on an a tom ic  s c a le  a  m e ta l i s  d e c id e d ly  n o t c o n tin u o u s , and i t  i s  on 

e x a c t ly  t h i s  s c a le  t h a t  th e  in d iv id u a l  a c t s  o f  c o r ro s io n  o c c u r ,  b eca u se  

c o r ro s io n  i s  e s s e n t i a l l y  a  p ro c e s s  in  w hich th e  atom s o f  a  m e ta l a re  

removed one a t  a  tim e  th e r e f o r e  in  o rd e r  t o  re a c h  o u r g o a l o f  u n d e rs ta n d ­

in g  and c o n t r o l l i n g  c o r ro s io n  we need  g r e a t l y  in c re a s e d  know ledge o f  th e  

d e t a i l e d  a to m ic  m echanisms in v o lv e d .

F i r s t l y  in  c o r ro s io n  s tu d ie s  we w i l l  be  concerned  w ith  s u r f a c e s  

p o l is h e d  b y  d i f f e r e n t  p ro c e d u re s . Such s u r f a c e s  w i l l  n o t  be u n ifo rm  b u t  

w i.l l  c o n ta in  many d i f f e r e n t  ty p e s  o f  s i t e s  w ith  d i f f e r e n t  chem ica l o r  

p h y s ic a l  p r o p e r t i e s .  A tw o -d im e n s io n a l model o f  such s u r f a c e s  on an  

a to m ic  s c a le  i s  shown in  F ig u re  2 .

- I f  “ 

“ If - I f  -
- M - J J - M - M - M - M - M - M - M -

I I I I I I I I I

- M - M - M - M - M - M - M - M - M -
/ / / / / / / / /

FIGURE 2 .

Some s u r fa c e  atom s may be  h e ld  b y  one bond , o th e r s  by  tw o , t h r e e ,  

and so on. T here may th u s  be many d i f f e r e n t  d e g re e s  o f  i n t e r a c t io n s  w ith  

a  m e ta l s u r f a c e .  The m ost a c t iv e  p o in t s  w i l l  be o ccu p ied  f i r s t  and w ith  

th e  l a r g e s t  h e a t  o f  a d s o rp t io n .  A lso  th e  s u r fa c e  en e rg y  o f  a  m e ta l may
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v a ry  from  one l o c a l i t y  t o  a n o th e r  b eca u se  o f th e  exposure  o f  v a r io u s  

c r y s t a l  p la n e s .

s u r fa c e  d e f e c ts  w hich may r e p r e s e n t  p la c e s  where th e  atom s a r e  m ost 

lo o s e ly  c o r r e l a t e d  t o  th e  m e ta l m a tr ix  (su ch  a s  ^  in  F ig u re  2 ) .  B ecause 

o f  t h e i r  u n s a t i s f i e d  b in d in g  en e rg y  c o n d i t io n s ,  i t  i s  e a s i e r  f o r  them 

t o  a t t r a c t  and  h o ld  com ponents from  th e  s o lu t io n .  These s i t e s  a l s o  

r e p r e s e n t  p la c e s  where th e  atom s a r e  d is a r r a y e d  and th e r e f o r e  e scap e  

e a s i l y  in to  th e  s o lu t io n .  F o r exam ple, th e  c o r ro s io n  o f  a  m e ta l c r y s t a l  

c o n ta in in g  d i s lo c a t i o n s  o f te n  r e s u l t s  in  th e  fo rm a tio n  o f  e tc h  p i t s  

w here th e  d i s lo c a t i o n s  m eet th e  s u r f a c e .

fo llo w in g  e le m e n ta ry  s ta g e s :

1 . F i r s t ,  when a  s tro n g  a c id  such a s  h y d ro c h lo r ic  a c id  d is s o lv e  in  w a te r ,  

we have

The b u lk  s o lu t io n ,  t h e r e f o r e ,  c o n s i s t s  o f  w a te r ,  th e  hydrogen  io n s ,  and 

th e  c h lo r id e  io n s .  In  g e n e r a l ,  th e  c o n ta c t  betw een  two n o n -m isc ib le  

p h a se s  i s  accom panied b y  an  in c re a s e d  c o n c e n tr a t io n  o f th e  f l u i d  phase  

c lo s e  t o  th e  i n t e r f a c e .  T h is  te n d en cy  le a d s  t o  th e  fo rm a tio n  o f  a  

" d i f f u s io n  l a y e r " .  T h e re fo re , when a  m e ta l sam ple i s  p la c e d  in  th e  a c id ic  

s o lu t io n ,  th e  hydrogen  io n s  w i l l  d i f f u s e  th ro u g h  t h i s  l a y e r ,  from  th e  

b u lk  s o lu t io n  to  th e  m e ta l - s o lu t io n  in t e r f a c e

The p o in t s  where c o r ro s io n  s t a r t s  a re  g e n e r a l ly  d e te rm in e d  b y

The d i s s o lu t i o n  p ro c e s s  can  now b e  d e s c r ib e d  in  te rm s  o f  th e

HC1 + HgO ■> h 3o+ + Cl

4*
where IL r e p r e s e n t s  a  hydrogen  io n  a t  th e  m e ta l - s o lu t io n  in t e r f a c e .
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2. The a d s o rp t io n  o f  hydrogen  io n s  on th e  m e ta l s u r fa c e

Hi  + ¥  *■ ¥ " Hs
w here d e n o te s  a  hydrogen  io n  ad so rb ed  on an a c t iv e  s i t e  on th e  m e ta l

s u r fa c e :

3 . D isch arg e  o f  a d so rb ed  hydrogen  io n s  b y  v i r t u e  o f e l e c t r o n  t r a n s f e r  

th ro u g h  th e  m e ta l:

( 3a )  E le c tro n s  t r a n s f e r r e d  from  a  n e ig h b o u rin g  v a c a n t  s i t e  on 

th e  s u r fa c e

H+ H+ H H
• 1 1 ■*"*■ 1

( 3b )  E le c tro n s  t r a n s f e r r e d  d i r e c t l y  from  th e  s u r fa c e  atom s on 

w hich a d s o rp t io n  o ccu red

V-E+ -

F o rm ation  o f  m o le c u la r  hydrogen  from  a tom ic  hyd ro g en , b y  one o f  th e  

fo llo w in g  p o s s ib le  modes;

(lta)

H H BL
1 ++ 1 ++ 1

(ifb) 2( ^+-Hg) + ^-H2
s

(Uc) The s o - c a l l e d  " e le c tro c h e m ic a l"  o r  io n  atom  r e a c t io n

¥ +- hs + <  -
s

5 . Formation o f metallic hydride through a series of successive stages 

o f  adsorption and discharge

M-H + H. -*• H -M-H *  s 1 s * i

H+
+ + + + 1 s  +

H -M-H + H. -*■ H -M-Hs * s 1 s  * s
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+ g  -  ¥-H 2 + '

S
H+ '  *

Hj + «  -  k -h3 + v T *
J s

6 . A b so rp tio n  o f  hydrogen  atom s from  th e  m e ta l s u r fa c e  i n t o  th e  l a t t i c e  

s t ru c tu re *  F o r some m e ta ls ,  th e  in c re a s e d  c o n c e n tra t io n  o f  s u r fa c e  

hydrogen f a v o r s  e n tra n c e  o f  hydrogen  atom s in to  th e  l a t t i c e  s t r u c t u r e

o f  th e  m e ta l.

P  ¥
- M - M - M - M -  - M - M - M - M -

I I I I -V I I TT I I

- M - M - M - M -  - M - M - M - M -

7 . The rem oval o f  m o le c u la r  hydrogen  from  th e  m e ta l s u r fa c e  b y  one o r  

more o f  th e  fo llo w in g  p o s s i b i l i t i e s :

( 7a )  D is s o lu t io n  o f  m o le c u la r  hydrogen  in to  th e  s o lu t io n  a t  

th e  m e ta l - s o lu t io n  in t e r f a c e

¥ “H2 ¥  + h2
s i ,d i s s o lv e d

(7b )  A b so rp tio n  o f  m o le c u la r  hydrogen  from  th e  m e ta l s u r fa c e  

in to  th e  l a t t i c e  s t r u c t u r e  o f  th e  m e ta l

¥ “H2 S
- M - M - M - M -  -  M -  A T-r M -  M -

I I  I I  . * I I  h ^  I I

- M - M - M - M -  -  M -  M -T4 -  M -

(7 c ) F o rm ation  o f  hydrogen  gas b u b b le s  on th e  m e ta l s u r fa c e  

and t h e i r  su b seq u en t detachm ent from  th e  m e ta l s u r fa c e

n (^-H 2 ) ^  M- ( H2 >n
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w here M - ( H ) r e p r e s e n t s  a  hydrogen  gas  b u b b le  a t ta c h e d  on th e  m e ta l2  n

s u r f a c e :

8 . D e so rp tio n  o f  m e ta l io n s  from  th e  m e ta l su r fa c e

M++ t  M*+s i

9 . D if fu s io n  o f  th e  m e ta l io n s  from  th e  m e ta l - s o lu t io n  in t e r f a c e  t o  th e

b u lk  s o lu t io n

Mi + "*■ Mb+

In  a e r a te d  s o lu t i o n s ,  two o th e r  r e a c t io n s  can  o c c u r  to g e th e r  

w ith  hydrogen  e v o lu t io n ,  nam ely , th e  oxygen d e p o la r iz a t io n  and a u to -  

c a t a l y t i c  r e a c t io n s .

s ta g e s  a r e  in  good ag reem en t w ith  e x p e r im e n ta l d a ta  f o r  th e  r e a c t io n  o f  

oxygen d e p o la r iz a t io n :

( i )  F o rm ation  o f  a  se m iv a le n t oxygen io n

I n v e s t i g a t o r s ' ^ h a v e  shown t h a t  th e  fo llo w in g  s u c c e s s iv e

°2 + e 0,2

( i i )  F o rm ation  o f  p e rh y d ro x y l r a d i c a l

0" + H+ -  H02

( i i i )  Fo rm ation  o f  p e rh y d ro x y l io n  

HC>2 + e ->+ e

( iv )  F orm ation  o f  hydrogen  p e ro x id e

HO" + H+

(v )  R ed u c tio n  o f  hydrogen  p e ro x id e  w ith  fo rm a tio n  o f  h y d ro x y l

io n s H202 + 2 e 2 OH
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Many o f th e s e  e le m e n ta ry  s ta g e s  a r e ,  to d a y , no lo n g e r  g u e sse s  

h u t  a r e  e x p e r im e n ta l ly  p roven  f a c t s .  The d e t a i l e d  a tom ic  m echanism s o f  

t h i s  p ro c e s s  may h e  r e p re s e n te d  h y  th e  fo llo w in g  e le m e n ta ry  s ta g e s :

10 .. D if fu s io n  o f  oxygen from  th e  h u lk  s o lu t io n  t o  th e  m e ta l - s o lu t io n  

in t e r f a c e

%  ”2 -

where 0 d e n o te s  an  oxygen m o lecu le  in  th e  h u lk  s o lu t io n  0 d e n o te s
i

an  oxygen m o lecu le  a t  th e  m e ta l - s o lu t io n  in t e r f a c e .

11 . A d so rp tio n  o f  oxygen on th e  a c t iv e  s i t e s  on th e  m etal, s u r f a c e  ;  th e r e  

a r e  two ty p e s  o f  a d s o rp t io n  p o s s ib le  f o r  oxygen:

( l l a )  M o lecu la r  a d s o rp t io n

V + o2 j  ^ - o 2
i  s

( l l h )  D is s o c ia t iv e  a d s o rp t io n

2 g  + 0 t  2 (g -0 8)

12 . F o rm ation  o f  se m iv a le n t oxygen

(12a)
^ -° P  V <2 *  2 

- m - A - m - m -  - m - A - m - m -

(1 2 b )

$ -0  l£-0 I£+ -0~ M+ - 0 "

- M - M - M - M  - - M - M - M - M  -

13 . Fo rm ation  o f  p e rh y d ro x y l r a d i c a l  o r  h y d ro x y l r a d i c a l

<13a> l + -° 2  + » - <  *  / - H ° 2  + # s
s s

(13^ )  M+- 0_ + M-H+ *  M+ -HO + MT* s  * s  ^  s

i h .  Fo rm ation  o f  p e rh y d ro x y l io n  hy  v i r t u e  o f  e l e c t r o n  t r a n s f e r

SJ+-H0 - jf+tH0-
s s
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15 . F o rm ation  o f  hydrogen  p e ro x id e  by  one o f  th e  fo llo w in g  p o s s i b i l i t i e s

<15a) U ^H O - + *  B-h 202 + U++
S S

( l5 b )  2 ( / - H O )  -  %-E2°2  + C
s

1 6 . R ed u c tio n  o f  hydrogen  p e ro x id e  w ith  th e  fo rm a tio n  o f  h y d ro x y l io n s : 

T h is  s te p  i s  i t s e l f  a  com plex p ro c e s s  and can be  f u r t h e r  b ro k en  down in to  

th e  fo llo w in g  sequence :

( l6 a )  R ed u c tio n  o f hydrogen  p e ro x id e  t o  h y d ro x y l io n  and 

h y d ro x y l r a d i c a l

»-H202 » ¥±HDS + OH-
S

( l6 b )  R ed u c tio n  o f  h y d ro x y l r a d i c a l  t o  h y d ro x y l io n

/ ho -f / + + o h”

17 . D e so rp tio n  o f  th e  m e ta l io n s  from  th e  m e ta l s u r fa c e

..++ -*■ ,.++M <■ M.* s  1

18 . D if fu s io n  o f  th e  m e ta l io n s  from  th e  m e ta l - s o lu t io n  i n t e r f a c e  t o  

th e  b u lk  s o lu t io n

F or m e ta ls  t h a t  can e x i s t  in  two o r  more o x id a t io n  s t a t e s  in  

a c i d ic  m edia, an a u t o c a t a ly t i c  r e a c t io n  sh o u ld  be c o n s id e re d  a s  a  

p o s s i b i l i t y .  The fo llo w in g  r e a c t io n  scheme i s  su g g e s te d  a s  a  p o s s ib le  

mechanism f o r  t h i s  p ro c e s s  when th e  io n  o f  h ig h e r  o x id a t io n  s t a t e  i s  

q u a d r iv a le n t  o f th e  ty p e  M :

19 . An o x id a t io n - r e d u c t io n  p ro c e s s  in  th e  b u lk  o f  th e  s o lu t i o n ,  a t  th e  

m e ta l - s o lu t io n  in t e r f a c e ,  o r  a t  th e  m e ta l s u r fa c e

( 1 9 a )< + + \  * 2 K  -  + \ \
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+ H„0,2 2 .1

++++
+ ^-H 202 + 2 $

s s

20. An e q u i l ib r iu m  betw een  m e ta l io n s  o f  h ig h e r  and  lo w er o x id a t io n  

s t a t e s  b y  v i r t u e  o f  e l e c t r o n  t r a n s f e r ,  e i t h e r  a t  th e  m e ta l s u r fa c e  o r  

a t  th e  m e ta l - s o lu t io n  in te r f a c e s

On th e  b a s i s  o f  th e  above d is c u s s io n  th e  fo l lo w in g  app ro ach  

sh o u ld  be  a c c e p ta b le :

I f  i t  i s  n o t co m p lic a te d  b y  o th e r  f a c t o r s ,  a  t y p i c a l  c o r ro d in g  

s o lu t io n  c o n c e n tra t io n - t im e  p l o t  f o r  th e  d i s s o lu t i o n  o f  a  m e ta l c a p a b le  

o f  e x i s t i n g  in  two o r  more o x id a t io n  s t a t e s  in  a e r a te d  s o lu t i o n s ,  w i l l  

have th e  shape o f  cu rve C in  F ig u re  3. I t  sh o u ld  b e  p o s s ib le  t o  d iv id e  

th e  o v e r a l l  e f f e c t  in t o  th r e e  s e p a ra te  s im u ltan e o u s  c o r ro s io n  p ro c e s s e s .  

The p roposed  m echanism s o f m e ta l d i s s o lu t i o n  in  a c id ic  s o lu t i o n s ,  a s  

r e p re s e n te d  b y  th e  e le m e n ta ry  s ta g e s  1 t o  1 8 , su g g e s t t h a t  th e  r a t e s  o f  

hydrogen  e v o lu t io n  and oxygen d e p o la r iz a t io n  r e a c t io n s  a re  in d e p en d en t 

o f  th e  m e ta l io n  c o n c e n tr a t io n  in  th e  s o lu t io n  (z e ro  o rd e r  d ependency ). 

T h e re fo re , th e  c o rro d in g  s o lu t io n  c o n c e n tra t io n - t im e  p l o t s  f o r  th e s e  

two r e a c t io n s  sh o u ld  be s t r a i g h t  l i n e s  a s  shown in  F ig u re  3* In  t h i s  

d iag ram , th e  a r e a  u n d er s t r a i g h t  l i n e  A r e p r e s e n t  th e  d i s s o lu t i o n  e f f e c t

(20a)

- M - M - M - M - M -  - - M - M - M - M - M -
(20b) M.,++++ 2 M.,++

l 1
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o f  hydrogen  e v o lu t io n .  The a r e a  betw een  s t r a i g h t  l i n e s  A and B in d i c a te s  

th e  d i s s o lu t i o n  e f f e c t  o f  oxygen d e p o la r iz a t io n .  I t  sh o u ld  "be n o t ic e d  

t h a t  th e  s t r a i g h t  l i n e  B i s  a sy m p to tic  t o  th e  i n i t i a l  s ta g e  o f  cu rv e  C 

w here th e  a u t o c a t a ly t i c  r e a c t io n  i s  n e g l ig ib l e .  The re g io n  betw een  cu rve  

C and s t r a i g h t  l i n e  B r e p r e s e n ts  th e  e f f e c t  o f  th e  a u t o c a t a ly t i c  r e a c t io n .

gH

-P
£

a0•H

t
1  
Vcoo

3-po

a u to c a ta ly s is .

oxygen
d e p o la r iz a t io n

^  e v o lu t io n

TIME

FIGURE 3. DISSOLUTION OF METAL IN ACIDIC MEDIA
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CHAPTER V

EXPERIMENTAL RESULTS AND DISCUSSION

A. G en era l B eh av io r o f  T in  D is s o lu t io n  in  H y d ro ch lo ric  A cid  S o lu tio n s

. The a n a ly s i s  o f  th e  e x p e r im e n ta l d a ta  o b ta in e d  in  t h i s  s tu d y  

i s  b a sed  on th e  app ro ach  w hich was d is c u s s e d  p re v io u s ly  in  C h ap te r IV.

A t y p i c a l  model o f  t h i s  a n a ly s i s  i s  i l l u s t r a t e d  in  F ig u re  H w here cu rve 

A shows th e  r a t e  d a ta  f o r  th e  d i s s o lu t i o n  o f  t i n  in  d e a re a te d  ( n i t r o g e n  

gas  s a tu r a te d  ) h y d ro c h lo r ic  a c id  s o lu t io n ,  a  c o n d i t io n  u n d er w hich o n ly  

hydrogen e v o lu t io n  can o c c u r . Curve C shows th e  r a t e  d a ta  o b ta in e d  

u n d er th e  same c o n d i t io n s  a s  th o s e  o f  cu rve  A e x c e p t t h a t  th e  a c id  

s o lu t io n  was a i r  s a tu r a te d .

O b v io u sly , cu rve  A conform s to  a  z e ro -o rd e r  p l o t  o f  m e ta l io n  

c o n c e n tr a t io n  v s  tim e^ Here th e  e x p o n e n t ia l  c o n c e n tra t io n - t im e  p l o t  o f  

cu rve  C i s  a  c o n f irm a tio n  o f  an  a u t o c a t a ly t i c  p ro c e s s .  Curve B i s  a 

s t r a i g h t  l i n e  p lo t t e d  a s y m p to t ic a l ly  t o  cu rve  C a t  i t s  i n i t i a l  s ta g e  

where a u to c a ta ly s i s  i s  n e g l ig ib l e .  T h is  i s  e s s e n t i a l l y  an e x te n s io n  o f  

th e  i n i t i a l  c o r ro s io n  r a t e  in  th e  p re se n c e  o f  oxygen. The t o t a l  a r e a  

un d er curve C i s  d iv id e d  b y  s t r a i g h t  l i n e s  A and B in to  th r e e  r e g io n s ,  

each  o f w hich c o rre sp o n d s  to  a  s p e c i f i c  e f f e c t  on th e  o v e r a l l  d i s s o lu t i o n  

r e a c t io n  as shown in  F ig u re

B. R ate Dependence on T in  Ion  C o n c e n tra tio n

As shown in  F ig u re  5 , th e  curved  d e v ia t io n  from  th e  l i n e a r

z e ro -o rd e r  i n i t i a l  r a t e  p l o t ,  w hich i s  r e p re s e n te d  by th e  d i f f e r e n c e  in

m e ta l io n  c o n c e n tr a t io n  betw een cu rv es  B and C as shown in  F ig u re  U, can

22
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l / 2b e  r e a d i ly  c o r r e l a t e d  b y  a  h a l f - o r d e r  p l o t .  A l l  (A[ Sn])  ' v s  tim e  p l o t s  

g iv e  s t r a i g h t  l i n e s .  T h is  i s  an i n d i c a t io n  t h a t  th e  a u t o c a t a l y t i c  p ro c e s s  

shows h a l f - o r d e r  dependence on m e ta l c o n c e n tr a t io n .  From F ig u re  i t  

can  be  o b se rv ed  t h a t  th e  a u t o c a t a ly t i c  r e a c t io n  becomes im p o rta n t o n ly  

a f t e r  an  e la p s e d  tim e  o f  30 m in u te s .

C„ R ate Dependence on P e r ip h e r a l  V e lo c i ty

The e f f e c t  o f  p e r ip h e r a l  v e l o c i t y  on th e  d i s s o lu t i o n  o f  t i n  

was s tu d ie d  in  b o th  a i r -  and n i t r o g e n - s a tu r a t e d  1M HC1 s o lu t io n s  f o r  

r o t a t i o n a l  sp eed s  ra n g in g  from  1 ,0 0 0  t o  1 2 ,0 0 0  rpm (2,840  -  34, 100c m ./m in .), 

I t  was found  t h a t  th e r e  i s  a  c o n s id e ra b le  e f f e c t  o f  p e r ip h e r a l  v e l o c i t y  

on t i n  d i s s o lu t i o n .

F ig u re s  6A and 6B i l l u s t r a t e  t h a t  k ^ , th e  r a t e  c o n s ta n t  f o r  

th e  hydrogen  e v o lu t io n  r e a c t io n ,  and k ^ , th e  oxygen d e p o la r iz a t io n  

r e a c t io n  r a t e  c o n s ta n t  a re  b o th  p r o p o r t io n a l  t o  p e r ip h e r a l  v e l o c i ty  

r a i s e d  to  th e  O.98 pow er. The e f f e c t  o f  p e r ip h e r a l  v e l o c i t y  on k ^ , th e  

r a t e  c o n s ta n t  f o r  th e  a u t o c a t a ly t i c  p ro c e s s ,  a s  shown in  F ig u re  7 > can  "be 

r e p re s e n te d  b y  an  e q u a t io n  o f  th e  fo rm :

k3 ” k3 W f
w here: n - 0 .3 0  f o r  2,840  <  v  < 21 ,230  cm ./m in .

n = 0 .9 0  f o r  21 ,230  <  v < 34,100 cm ./m in .

I t  i s  n o t a p p a re n t why th e  v e l o c i t y  e f f e c t  shows two d i s t i n c t

24r e g io n s  f o r  th e  r a t e  c o n s ta n t  o f  th e  a u t o c a t a ly t i c  p ro c e s s .  L u i 

r e p o r te d  a  somewhat s im i l a r  b e h a v io r  w hich he r e l a t e d  t o  hydrogen  b u b b le  

fo rm a tio n  a t  v a r i e s  sp e e d s :

"T in  evo lves- hydrogen  g as  from  h y d ro c h lo r ic  a c id ,  b u t  i t  was 

im p o ss ib le  t o  d e t e c t  any  gas  b u b b le  th e  m e ta l s u r fa c e  in  1M HC1 . By

I 7 7 7 t O
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c o rro d in g  specim ens in  6M HC1 i t  was e a sy  to  o b serv e  gas  b u b b le  fo rm a tio n . 

R o ta tio n  o f  th e  sam ple a t  speeds below  3>00°  rpm d id  n o t remove a l l  o f  

th e  la r g e  b u b b le s .  Over th e  ran g e  3>000 t o  11,000  rpm, th e  l a r g e  v i s i b l e  

b u b b le s  w ere removed from  th e  s u r fa c e  q u i te  r e a d i ly  b u t  v e ry  sm a ll ones 

w ere s t i l l  a t ta c h e d  t o  th e  m e ta l s u r f a c e .  Above 11,000 rpm no b u b b le s  

w ere o b se rv ed  on th e  m e ta l s u r f a c e .

A lthough  such b e h a v io r  can n o t be  o b se rv ed  in  1M HC1 s o lu t i o n s ,  

i t  i s  n o t u n re a so n a b le  t o  e x p e c t some com parable e l im in a t io n  o f  hydrogen  

b u b b le s  from  c o r ro d in g  s u r f a c e s .  At low  v e l o c i t y ,  th e  c o r ro d in g  s u r fa c e

2ki s  p r o te c te d  b y  th e  hydrogen  gas  b u b b le s ."

I n  th e  p r e s e n t  work no s tu d ie s  w ere done on hydrogen  b u b b le

fo rm a tio n .

D. R ate Dependence on T em perature

The r a t e  c o n s ta n t  dependence on te m p e ra tu re  was s tu d ie d  o v e r

th e  ran g e  25 t o  k^°C  u n d er n i t r o g e n ,  a i r ,  and oxygen s a tu r a t i o n .  The

r e s u l t s  a r e  i l l u s t r a t e d  b y  th e  A rrh e n iu s ' a c t i v a t io n  en e rg y  p lo t s  shown

in  F ig u re s  8 t o  10 .

The te m p e ra tu re  v a r i a t i o n s  c o rre sp o n d  to  a p p a re n t a c t i v a t io n

e n e rg ie s  o f  3 .0 6  k c a l  p e r  mole f o r  th e  hydrogen  e v o lu t io n  r e a c t io n  end

3.66  k c a l  p e r  mole f o r  th e  oxygen d e p o la r iz a t io n .  These low  v a lu e s

1 13su g g e s t t h a t  b o th  r e a c t io n s  a re  u n d er com plete  d i f f u s io n a l  c o n t r o l  3 .

The a c t iv a t io n  e n e rg y  f o r  th e  a u t o c a t a ly t i c  p ro c e s s  i s  o f  th e  o rd e r  o f 

5 . 5^ k c a l  p e r  m ole, a  v a lu e  somewhat l a r g e r  th a n  th e  3 -^  k c a l  p e r  mole 

t o  be  ex p e c te d  f o r  a  sim p le  d i f f u s io n  p ro c e s s .

The a c t iv a t io n  e n e rg ie s  f o r  th e  a u t o c a t a ly t i c  p ro c e s s ,  as  

i l l u s t r a t e d  in  F ig u re  11 , w ere e s s e n t i a l l y  c o n s ta n t  f o r  v a ry in g  sam ule
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d ia m e te rs  and r o t a t i o n a l  s p e e d s .c o rre sp o n d in g  t o  c o n s ta n t  p e r ip h e r a l  

v e l o c i ty .

E. R ate Dependence on Sample S u rfa c e  A rea and C orrod ing  S o lu t io n  Volume

The e f f e c t  o f  v a ry in g  th e  s o lu t io n  volume and sam ple s u r fa c e

2k  oa r e a  was in v e s t ig a t e d  h y  L u i a t  30 C in  a i r  s a tu r a te d  1M HC1 s o lu t io n s .

A re -e x a m in a tio n  o f  h i s  d a ta  shows t h a t  f o r  changes in  th e  s u r fa c e  a r e a

from  0.91  t o  7-32  cm ., and in  s o lu t io n  volume from  kOO t o  600 ml th e

r a t e  c o n s ta n ts  k^  and k g a r e  d i r e c t l y  p r o p o r t io n a l  t o  A/V, a s  shown in

F ig u re s  12 and 13 .

F ig u re s  I k  and 15 i l l u s t r a t e  t h a t  th e  r a t e  c o n s ta n t  f o r  th e

l / 2a u t o c a t a ly t i c  r e a c t io n ,  k ^ , i s  p r o p o r t io n a l  t o  [A] ' /V  r a t i o .

F , E f f e c t  o f  H y d ro c h lo ric  A cid  C o n c e n tra tio n

The e f f e c t  o f  h y d ro c h lo r ic  a c id  c o n c e n tr a t io n  was s tu d ie d  h y

2kL u i who r o t a t e d  th e  sam ples in  a e r a te d  and d e a e ra te d  s o lu t io n s  o v e r

th e  c o n c e n tra t io n  ran g e  0.10  t o  4.10  M HC1 . A n a ly s is  o f  h i s  d a ta

a c c o rd in g  to  th e  scheme su g g e s te d  in  t h i s  p r o j e c t  a l s o  shows t h a t  th e

d i s s o lu t i o n  r a t e  o f  t i n  i s  e s s e n t i a l l y  in d e p en d en t o f  a c id  c o n c e n tr a t io n .

T ab le  1 in d i c a te s  t h a t  th e r e  i s  no a p p a re n t t r e n d  f o r  and k^ o v e r

th e  range  o f  c o n c e n tra t io n  s tu d ie d .  S ince  th e  q u a n t i ty  (k l  + kg ) a p p e a rs

t o  h e  a l s o  in d e p en d en t o f  a c id  c o n c e n tr a t io n ,  t h i s  means t h a t  k^  a lo n e  i s

in d e p en d en t o f  a c id  c o n c e n tr a t io n .

D is s o lu t io n  r a t e s  in d e p en d en t o f  a c id  c o n c e n tr a t io n  w ere

6 23r e p o r te d  h y  o th e r  i n v e s t i g a t o r s  ’ . At p r e s e n t  th e r e  a r e  no v a l i d

e x p la n a tio n s  f o r  t h i s  b e h a v io r .
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TABLE 1

E f f e c t  o f  H y d ro c h lo ric  A cid  C o n c e n tra tio n
on D is s o lu t io n  R ates

[HC1 ]

(M)
h .
( m o l . / l .m i n . )

k l  + k 2 
( m o l . / l .m in . )

k3
( m o l . / l .  )k / 2m in7'

0 .1 0 1
--

7 .0  X 1 0 "6 2 .5  X 1 0 "5

0.1U6 9 .1 3 .2

0 .3 2 3 6 .5 3.0
0.1*01 7 .0 2 .9
0.1*95 7 .5  x  i o -7

0.51*6 7 .6 3-0
0 .8 0 2 6.1* 2 .6

1 .0 0 0 7 .0 3.1
1.001* 8 .0

2 .0 5 0 6 .8 2.1*

2 .1 2 0 8 .0

2 .8 0 0 7 .9
2 .8 7 5 6 .6 3.3
1*.030 6 .6 3 . 1*

G. R ate Dependence on Oxygen C o n c e n tra tio n

The in f lu e n c e  o f oxygen c o n c e n tr a t io n  on th e  d i s s o lu t i o n  r a t e  

o f  t i n  was d e te rm in e d  b y  in v e s t i g a t in g ,  r e s p e c t iv e ly ,  th e  r e a c t io n  r a t e s  

in  n i t r o g e n ,  a i r ,  and oxygen s a tu r a t e d  a c id  s o lu t io n s .  F ig u re  l 6 shows 

t h a t  th e  r a t e  o f  d i s s o lu t i o n  i s  w e ll  c o r r e l a t e d  in  te rm s  o f  th e  sq u are  

r o o t  o f  th e  oxygen p a r t i a l  p r e s s u re  in  th e  gas  phase  w ith  w hich th e  

s o lu t io n  i s  e q u i l i b r a t e d .  The r a t e  c o n s ta n ts  and a re  d i r e c t l y  

p r o p o r t io n a l  t o  th e  sq u a re  ro o t  o f  th e  oxygen p a r t i a l  p r e s s u r e .
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H. The E f f e c t  o f  Hydrodynamic F a c to rs

The e f f e c t  o f  f lo w  p a t t e r n  on d i s s o lu t i o n  r a t e  was s tu d ie d  a t

35°  C in  a e r a te d  1M HC1 s o lu t io n s .  The v a r i a t i o n  o f f lo w  p a t t e r n  n e a r

th e  m e ta l s u r f a c e  was e f f e c t e d  hy  chang ing  th e  sam ple d ia m e te r . T h is

change o f  d ia m e te r  was accom panied h y  a  p r o p o r t io n a l  change in  rpm and

sam ple le n g th  t o  keep  th e  p e r ip h e r a l  v e l o c i ty  and s u r fa c e  a r e a  a t  c o n s ta n t

v a lu e s  o f  3^100  cm ./m in . and 3*66 cm?, r e s p e c t iv e ly .

The P le x ig la s  p r o te c te d ,  r o t a t i n g ^ s h a f t  u sed  in  t h i s  s tu d y  was

0 .9 1 5  cm. in  d ia m e te r ,  t h e r e f o r e ,  when a  sam ple o f  th e  same d ia m e te r  was

f i t t e d  o n to  th e  s h a f t  a  u n ifo rm  s u r fa c e  was form ed and no tu rb u le n c e

n e a r  th e  sam ple s u r fa c e  co u ld  he  o b se rv ed  when sam ples o f  t h i s  ty p e  w ere

r o t a t e d  in  th e  c o r ro d in g  s o lu t io n .  However, when th e  sam ple d ia m e te r

in c re a s e d ,  i t s  s u r f a c e  s to o d  o u t from  th e  s h a f t .  S tro n g  tu rb u le n c e  around

th e  sam ple cau sed  h y  t h i s  n o n -u n ifo rm ity  o f  s u r fa c e  co u ld  h e  e a s i l y

o b se rv ed  when sam ples o f  l a r g e r  d ia m e te r  w ere r o t a t e d  in  s o lu t io n .

The r e s u l t s  o f  t h i s  in v e s t i g a t io n ,  a s  p re s e n te d  in  F ig u re s  17

t o  1 9 , p o in t  o u t t h a t  a l l  t h r e e  r a t e  c o n s ta n t s ,  k_., k  , and k  in c re a s e d
,3

w ith  in c re a s in g  sam ple d ia m e te r  f o r  th e  ran g e  0 .9 1 5  to  I .5 2  cm ., h u t

f u r t h e r  in c re a s e  in  d ia m e te r  h a s  no e f f e c t  on th e  d i s s o lu t io n  r a t e .

T h is  b e h a v io r  may he  i n t e r p r e t e d  hy  th e  e q u a tio n  o f  d i f f u s io n a l  

17mass f lu x  g iv e n  h y  L ev ich  ‘ a s

J = ( D + Bt u r ^ |

= (D + e T 7  ) ^

Tile d i s s o lu t i o n  in c r e a s e s  i n i t i a l l y  a s  I , th e  av e rag e  v a lu e

Sco f eddy s c a le  o f  tu r b u le n c e ,  and ^  in c re a s e  t o  maximum v a lu e s  d e te rm in e d
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beb y  th e  geom etry  o f  th e  system . In  g e n e ra l  th e  change in  sh o u ld  "be 

n e g l ig ib l e  b e c a u se  th e  p e r ip h e r a l  v e l o c i t y  o f  th e  sam ple was k e p t c o n s ta n t .

A more im p o rta n t f a c t o r  may b e  th e  accu m u la tio n  o f  hydrogen  gas 

on th e  c o r ro d in g  s u r f a c e .  M e ta ls  t h a t  d is p la c e  hydrogen  from  a c i d ic  m edia 

show p e c u l i a r  r a t e  v s  a r e a  r e l a t i o n s h ip s  when a r e a  changes a r e  acco m p lish ed  

b y  in c re a s in g  th e  h e ig h t  o f  c o n s ta n t  d ia m e te r  c y l i n d r i c a l  spec im ens. I t  

i s  su sp e c te d  t h a t  th e  upward movement o f  hydrogen gas b u b b le s  may o f f e r  

some p r o te c t io n  t o  th e  c o r ro d in g  s u r fa c e  a t  i t  u p p er r e g io n s .  W ith v e ry  

s h o r t  sam ples th e  in c re a s e d  d ia m e te r  becom es r e s p o n s ib le  f o r  some 

t u r b u le n t  f lo w  p a t t e r n s  t h a t  may b e  e f f e c t i v e  in  sw eeping th e  s u r fa c e  

c le a n  o f  a t ta c h e d  gas  b u b b le s .  More work i s  r e q u ir e d  b e fo re  t h i s  

phenomenon may b e  a p p re c ia te d  c o m p le te ly .

I .  Mechanism o f  T in  D is s o lu t io n  in  H y d ro c h lo ric  A cid

On th e  b a s i s  o f  th e  e s t a b l i s h e d  e x p e r im e n ta l r e s u l t s ,  t i n  

d i s s o lu t i o n  may b e  i n t e r p r e t e d  in  te rm s  o f  th e  fo llo w in g  mechanism :

1 . The r e a c t io n  scheme p ro p o sed  f o r  th e  hydrogen  e v o lu t io n  r e a c t io n  i s :  

( l a )  D if fu s io n  o f  hydrogen  io n s  from  th e  b u lk  s o lu t io n  t o  th e  

m e ta l - s o lu t io n  in t e r f a c e

( lb )  A d so rp tio n  o f  hydrogen  io n s  on m e ta l s u r fa c e  

H* + g n  ;  §n-H+

( l c )  F orm ation  o f  a tom ic  hydrogen

Sn-H+ + Sn+-H * s * s

( I d )  F o rm ation  o f  m o le c u la r  hydrogen  from  a to m ic  hydrogen

2 £n+- Hs  * +S
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( l e )  Removal o f  hydrogen  m o lecu le s  from  th e  m e ta l s u r f a c e ,

e i t h e r  by d i s s o lu t i o n  in to  th e  s o lu t io n  o r  b y  th e  fo rm a tio n  o f  gas  b u b b le s

and t h e i r  su b seq u en t de tachm en t from  th e  m e ta l s u r fa c e

£n-H2 -  £ n s + H2
s . i , d i s s o lv e d

n (gn-H2 ) n |>n + n  Hg
s .

w here nH2 d e n o te s  a  hydrogen  gas  b u b b le

( I f )  D e so rp tio n  o f  s ta n n o u s  io n s  from  th e  m e ta l s u r fa c e  t o  

th e  m e ta l - s o lu t io n  in t e r f a c e

„ ++ ± „ ++
Sn S n .*  s 1

( lg )  D if fu s io n  o f  s tan n o u s  io n s  from  th e  m e ta l - s o lu t io n

in t e r f a c e  t o  th e  b u lk  s o lu t io n

Sn*+ SnJ+

2 . I n  a e r a te d  h y d ro c h lo r ic  a c id  s o lu t io n ,  th e  t i n  d i s s o lu t i o n  i s  

a c c e le r a te d  b y  two o th e r  s im u lta n e o u s  r e a c t io n s  • These a re  oxygen 

d e p o la r iz a t io n  and a u t o c a t a ly s i s .

The mechanism p ro p o sed  f o r  th e  oxygen d e p o la r iz a t io n  can  b e

d e s c r ib e d  b y  th e  fo llo w in g  e le m e n ta ry  s ta g e s :

( 2a )  D if fu s io n  o f  oxygen from  th e  b u lk  s o lu t io n  to  th e  m e ta l - 

s o lu t io n  in t e r f a c e

CL 0,
i%  ~2 -

( 2b) A d so rp tio n  o f oxygen on th e  m e ta l su r fa c e  

02 _ + 2 £n t  2 (§ n -0 g )
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( 2c ) F orm ation  o f  oxygen io n  "by v i r t u e  o f  e l e c t r o n  t r a n s f e r

!Sn-0 -* Sn+-0 _*• s • s

( 2d) F orm ation  o f  h y d ro x y l r a d i c a l

Sn+- 0" + Sn-H+ Sn+-HO + Sn* s * s * s *  s

(2d) F orm ation  o f  hydrogen  p e ro x id e

2 (,§n+ -OH) -> §n-H20? + £n++
s

( 2f )  R ed u c tio n  o f  hydrogen  p e ro x id e  w ith  fo rm a tio n  o f  h y d ro x y l

io n s

£n-H202 -  £n+ -HOs + 0H“
s

£n+-HOg £n*+ + 0H~

( 2g) D e so rp tio n  o f  s ta n n o u s  io n s  from  th e  m e ta l s u r fa c e  t o  

th e  m e ta l - s o lu t io n  in t e r f a c e

£n++ t  Snt+* s 1

( 2h ) D if fu s io n  o f  s tan n o u s  io n s  from  th e  m e ta l - s o lu t io n

in t e r f a c e  t o  th e  h u lk  s o lu t io n

S '  *  SnT
3* The fo llo w in g  r e a c t io n  scheme i s  p rop o sed  f o r  th e  a u t o c a t a ly t i c  

r e a c t io n :

(3 a ) An o x id a t io n - r e d u c t io n  p ro c e s s  o c c u rre d  a t  th e  m e ta l

s u r fa c e

4*+ 4* - + 4-4*++ -
+ Sn-0  + Sn-H ^  Sn + Sn-OH + Sns *  s * s * s *  s  *  s

( 3b) The s ta n n o u s , s ta n n ic  s p e c ie s  e q u i l ib r iu m  i s  e s t a b l i s h e d  

a t  a l l  tim e s  a t  th e  m e ta l s u r fa c e

£n s + £ ns+++ *  2 K +
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2k 2 5As re p o r te d  "by o th e r  in v e s t i g a t o r s  * , th e  specim en s u r fa c e

became c o a te d  w ith  a  g ra y  f i lm  d u r in g  t i n  d i s s o lu t io n  in  a c id ic  m edia.

25 2kC hem ical a n a ly s i s  and X -ray  d i f f r a c t i o n  a n a ly s i s  o f  th e  s u r fa c e  f i lm  

showed t h a t  i t  c o n s is te d  o f  r e d e p o s i te d  p u re  t i n .

j ',  E m p ir ic a l R ate  E q u a tio n  f o r  T in  D is s o lu t io n  t

The e x p e r im e n ta l d a ta  d is c u s s e d  above f o r  th e  d i s s o lu t i o n  o f  

t i n  in  h y d ro c h lo r ic  a c id  s o lu t io n ^ in  th e  p re se n c e  o r  absence  o f  oxygen 

may be sum m arized by  th e  e q u a t io n :

[Sn] = k j  £  [ H C l l V ]0 *98 e -  ^

+ k °  £  [ H C l f t v ]0 *9 8 ^ ] 1 / 2 e"

+ k °  - -  [H C l]° [v ]n [P0 ^ [ S n ]1 / 2 e "  ^ T -
• 2

w here: n = 0 .3 0  f o r  2 ,81t0 <  v  < 21 ,230  cm ./m in .

n = 0 .9 0  f o r  21 ,230  <  v  <  3^,100  cm ./m in .

Range o f  e x p e r im e n ta l c o n d i t io n s :

T = 298 -  318°  K

A = 0 .9 1  -  7 -3 2  sq .cm .

V = 1*00 - 600 ml

0 - 1 .0  atm .
2

v = 2 , 8 U0 -  3^,100  cm ./m in .

[HC1] = 0 .1 0  -  ^ .03  M 

d = 0 .9 1 5  cm*
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The fo llo w in g  e q u a t io n s :

jO  V 1 d[_sn]
T . A j-^-jO.98  d t  (Hg e v o lu t io n )

, 0  V _ 1 ___ 1 ^  d[Sn]
2 A ^ 0 7 9 8  ^  j l / 2  d t  (Og d e p o la r iz a t io n )

k °  = 2 V , 1 1 , e d[^Sn]l / 2
3 [A ]l^2 [v ]n [P r 2 d t  ( a u to c a ta l y s i s )

have b een  u sed  f o r  th e  d e te rm in a tio n  o f  k ^ , k ° ,  and k °  t o  g iv e  th e  

av e rag e  v a lu e s  o f  th e s e  c o n s ta n t s ,  w ith  an  av e rag e  d e v ia t io n  o f  + U p e r  

c e n t  a s  shown in  T ab les  2 , 3 , and. k .

TABLE II
EVALUATION OF VELOCITY CONSTANT 

(k °  f o r  hydrogen  e v o lu t io n )

d[Sn]
d t T An V V
( m o l . / l .m in . ) ( ° c ) (cm .) (m l) (c m ./m in .)

0 .7 5 6  X 10"6 25 3-66 500 3^,100 5 .2 8  x  1 0 " 7

O .83O 30 5 .3 0

O.907 35 5 .3 7
O.980 1*0 5 .3 1
1 .0 5 0 4 5 5 .3 0
0 .2 0 8 30 0.91 3 1 ,6 0 0 5 .3 3

0.1fl3 I . 8 3 5 .2 6

O.828 3 .6 6 5 .2 7
1 .2 9 0 5.^9 5 .3 ^

5 . 3 I  average
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47
TABLE I I I  

EVALUATION OF VELOCITY CONSTANT
(k° f o r  oxygen d e p o la r iz a t io n )

d£Sn]
d t T A V v  P

°2
k °

2

( m o l . / l .m i n . ) ( ° c ) (cm?) (m l.)  (c m ./m in .)  (a tm .)

0 .5 5  X 10"5 25 3 .6 6 500 34 ,100  0 .2 1 2 .2 8  X 10"5

0 .6 2 30 2 .3 3
O.6 7 35 2 .2 5

0 .7 0 40 2 .2 0

0 .8 0 45 2 .2 8

0 .1 3 30 0 .9 1 2 .1 1

0 .2 8 1 .8 3 2 .2 6

0 .5 7 3 .6 6 2 .3 6

0 .8 8 5 .4 9 2 .4 1

2 .2 8  a v e ra g e

TABLE IV
EVALUATION OF VELOCITY CONSTANT

(k °  f o r  a u t o c a t a l y t i c  r e a c t io n )

d [S n ]^ /^
d t T A V v  P0 k °

3
(m ol. / l . ) '1'/m in7 'L ( ° c ) (cm?)

CL

( m l . ) (c m ./m in .) ( a tm .)

-42 .7 2  X 10 25 3*66 500 34 ,100  0 .21 1 .2 0  X 1 0 _1

3 .3 5 30 1 .2 7

4 .0 0 35 1 .3 2
4 .5 0 40 1 .2 6

5 .2 0 45 1 .2 9

1 .5 5 30 0 .9 1 31,600 1 .2 0

2 .2 4 I .83 1 .2 3
3 .0 0 3 .6 6 1 .2 7

3 .6 5 5 .4 9 1 .1 6

1 .2 5  av e ra g e
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T h e re fo re ,  th e  e m p ir ic a l  r a t e  e q u a t io n  f o r  th e  d i s s o lu t io n  o f  t i n  

becom es:

jL  [Sn] = 5-31 X 10“T |  [H C l]° [v ]0 ,9 8  e "  ^RT~

+ 2 .8 8  X 1 0 ~5 £  [H C 1]°[v ]°*9 8 [P0 e "  ^RT-

+ 1 .2 5  X 1 0 “1 ■— / — [H C l]° [v ]n [P0  f ^ C S n ]1 / 2 e "  ^RT

in  w hich th e  t h i r d  te rm  ( a u to c a t a l y t i c )  a p p l ie s  o n ly  a f t e r  an  e la p s e d  

tim e  o f  30 m in u te s .
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CHAPTER V I

CONCLUSIONS

1 . The t i n  d i s s o lu t i o n  r e a c t io n  a p p e a rs  t o  o ccu r th ro u g h  p a r a l l e l  

r e a c t io n  p a th s .  In  d e a e ra te d  a c id  s o lu t io n s  th e r e  i s  a  slow  r e a c t io n  

due t o  a  s im p le  hydrogen  e v o lu t io n  p ro c e s s .  I n  a e r a te d  a c id  s o lu t io n s  

th e r e  a re  th r e e  s im u lta n e o u s  r e a c t io n s ,  hydrogen  e v o lu t io n ,  oxygen 

d e p o la r iz a t io n ,  and an a u t o c a t a l y t i c  p ro c e s s .  The l a s t  r e a c t io n  i s  

im p o rta n t o n ly  a f t e r  a  s h o r t  i n i t i a l  p e r io d .

2 . On th e  "basis o f  th e  e s t a b l i s h e d  e x p e r im e n ta l r e s u l t s ,  i t  i s  r e a s o n a b le  

t o  conclude t h a t  th e  hydrogen  e v o lu t io n  and oxygen d e p o la r iz a t io n  

p ro c e s s e s  a r e  sim p le  d i f f u s io n  c o n t r o l le d .  T h is  c o n c lu s io n  i s  re a c h e d

on th e  b a s i s  o f  c e r t a i n  o b se rv ed  f a c t s  w h ich , in  g e n e ra l ,  have b een  

a c c e p te d  a s  c r i t e r i a  f o r  th e  v a l i d i t y  o f  th e  d i f f u s io n  r a t e  th e o ry .

These a r e :

(a )  P e r ip h e r a l  v e l o c i ty  h a s  a  rem ark ab le  e f f e c t  on th e  d i s s o lu t i o n  

r a t e .  The r a t e  c o n s ta n ts  a re  d i r e c t l y  p r o p o r t io n a l  t o  p e r ip h e r a l  

v e l o c i ty  t o  O.98  pow er.

(b ) The te m p e ra tu re  c o e f f i c i e n t s  a re  sm a ll compared to  th o s e  o f  

chem ica l r e a c t io n s .  V alues  o f  a c t i v a t io n  e n e rg ie s  a r e  w e ll  below  b k c a l  

p e r  m ole.

(c )  T here i s  a  s i g n i f i c a n t  e f f e c t  o f  tu rb u le n c e  n e a r  th e  m e ta l 

s u r f a c e .

(d ) The d i s s o lu t i o n  r a t e  i s  d i r e c t l y  p r o p o r t io n a l  t o  th e  s u r fa c e

a r e a .

1+9
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3 . The e x p e r im e n ta l d a ta  o b ta in e d  su g g e s t t h a t  th e  a u t o c a t a ly t i c  r e a c t io n  

i s  s t i l l  d i f f u s io n  c o n t r o l le d .  However, th e  a u to x id a t io n  p ro c e s s  w hich 

may o ccu r a t  th e  m e ta l s u r fa c e  may a l s o  be  a  slow  s t e p ,  and th e r e f o r e  

p la y s  an im p o rta n t r o le  in  th e  d e te rm in a tio n  o f  r a t e  c o n t r o l .  The 

argum ents in  f a v o r  o f  t h i s  c o n c lu s io n  a r e :

(a )  The d i s s o lu t i o n  r a t e  i s  d i r e c t l y  p r o p o r t io n a l  t o  p e r ip h e r a l

v e l o c i ty  t o  th e  pow ers o f  O .3O and 0 .9 0 .

(b ) The v a lu e  o f  a c t i v a t i o n  e n e rg y  o f  5*5^ h e a l  p e r  mole i s  a  

l i t t l e  l a r g e r  th a n  th e  3 -^  h e a l  p e r  mole t o  be  e x p ec ted  f o r  a  r e a c t io n  

u n d er com plete d i f f u s io n  c o n t r o l .

(c )  The e f f e c t  o f  tu rb u le n c e  n e a r  th e  sam ple s u r fa c e  i s  s i g n i f i c a n t .

(d )  D is s o lu t io n  r a t e  i s  n o t d i r e c t l y  p r o p o r t io n a l  t o  th e  s u r fa c e

a r e a  A, b u t  t o  th e  sq u re  ro o t  o f  A.

4 . Over th e  ran g e  O .lO -if.O  M HC1 th e  d i s s o lu t i o n  r a t e s  a r e  e s s e n t i a l l y  

in d ep en d en t o f  a c id  c o n c e n tr a t io n .

5 . The dependence o f  th e  d i s s o lu t i o n  r a t e  on th e  sq u a re  r o o t  o f  oxygen 

p a r t i a l  p r e s s u re  i s  i n d i c a t i v e  o f  a  d i s s o c i a t i v e  a d s o rp t io n  o f  oxygen on 

th e  m e ta l s u r f a c e .

6 . F o rm ation  o f  g ra y  f i lm  on m e ta l s u r fa c e  was o b se rv ed . O ther 

in v e s t ig a t o r s  have r e p o r te d  t h i s  f i lm  t o  be  composed o f  p u re  t i n .

7 . The s tan n o u s  s p e c ie s ,  s ta n n ic  s p e c ie s  e q u i l ib r iu m :
++++ ++Sn + Sn *■ 2 Sns s

i s  assumed t o  b e  e s ta b l i s h e d  a t  th e  m e ta l s u r f a c e .
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APPENDIX I

POLAROGRAPHIC DETERMINATION OF TIN CONCENTRATION

A S a rg e n t Model XV p o la ro g ra p h  was u sed  f o r  th e  a n a ly s i s  o f  

c o rro d in g  s o lu t io n s  in  t h i s  s tu d y .
--3

A s to c k  o f  2 X 10 J  M t i n  io n  s o lu t io n  was made b y  d is s o lv in g  

A n a la r  Grade t i n  b a r s  in  1 M HC1. S ta n d a rd  t i n  io n  s o lu t io n s  w ere

p re p a re d  b y  d i l u t i n g  a l iq u o t  sam ples o f  th e  s to c k  s o lu t io n  w ith  1 M HC1,

The d ro p p in g  m ercury  e le c t r o d e  c a l i b r a t i o n  cu rve  (F ig u re  20) was made 

f o r  a  su p p o r tin g  e l e c t r o l y t e  o f  1 M HC1 and U M NH^Cl c o n ta in in g  0 .0 0 5

p e r  c e n t g e l a t i n  a s  s u p p re s so r .

The p o la ro g ra p h ic  c e l l  c o n ta in in g  th e  c o rro d in g  s o lu t io n  sam ple 

and th e  r e f e r e n c e  Calomel c e l l  w ere immersed in  a  c o n s ta n t  te m p e ra tu re  

b a th  a t  25°C. B efo re  each  p o la ro g ra p h ic  a n a ly s i s  th e  c o r ro d in g  s o lu t io n  

sam ple was f lu s h e d  w ith  n i t r o g e n  gas  f o r  a p p ro x im a te ly  10 m in u te s . F or 

h ig h  t i n  io n  c o n c e n tr a t io n s ,  s o lu t io n s  w ere d i l u t e d  and a  c o rre sp o n d in g  

amount o f  g e l a t i n  and NH^Cl w ere added .
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APPENDIX I I  

DATA OF TIN DISSOLUTION
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APPENDIX I I I  

NOMENCLATURE

A
2A pparen t s u r fa c e  a r e a  o f  specim en, cm.

E A c tiv a t io n  e n e rg y  f o r  t i n  d i s s o lu t i o n ,  k c a l . /m o le

M An atom  o f m e ta l

[M] C o n c e n tra tio n  o f  m e ta l io n s ,  m o l e s / l i t r e

¥ A c tiv e  s i t e s  on m e ta l s u r fa c e

P a r t i a l  p r e s s u re  o f  oxygen, atm .

[Sn] C o n c e n tra tio n  o f  t i n  io n s ,  m o l e s / l i t r e

A c tiv e  s i t e s  on a  t i n  s u r fa c e

T T em p era tu re , °K

V C orrod ing  s o lu t io n  volum e, l i t r e

a D iam eter o f  specim en , cm.

ki R e a c tio n  r a t e  c o n s ta n t  f o r  hydrogen e v o lu t io n

k 2 R e a c tio n  r a t e  c o n s ta n t  f o r  oxygen d e p o la r iz a t io n

*3
R e a c tio n  r a t e  c o n s ta n t  f o r  a u t o c a t a ly t i c  r e a c t io n

t Time, min.

V P e r ip h e r a l  v e l o c i t y ,  cm ./m in .

S u b s c r ip ts

b The b u lk  o f  c o r ro d in g  s o lu t io n

i M e ta l - s o lu t io n  in t e r f a c e

s M etal s u r fa c e
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