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A B S T R A C T

C o rro s io n  o f  m e ta l l ic  s t ru c tu re s  b u r ie d  in the  soil, 

o r  in c o n ta c t  w ith  so ils , has been a se r ious  eng in e e r ing  and 

economic prob lem  in most p a r ts  o f  the w o r ld .  A research  

p rogram m e was co n d u c te d  to in ve s t iga te  the  co rro s ive  

p ro p e r t ie s  o f  the soils in  which u n d e rg ro u n d  p ipes were la id . 

Domestic w a te r - s u p p ly  p ipes  were laid b o th  in the  f ie ld  and 

in the la b o ra to ry .

Soil samples were co llected from v a r io u s  s ites in N a irob i 

C i t y .  T h e  soils were p laced  h a l f -w a y  in  p las t ic  c o n ta in e rs  

m easu r ing  153mm x 245mm x 225mm. T h re e  p rew eighed metal 

p ipes ,  c u t  to size o f  153mm long, were la id  h o r iz o n ta l ly  in  

each o f  the  c o n ta in e rs .  Soil was added to cover the  p ipes  and 

an a i r - t i g h t  l id was used to cover each c o n ta in e r .

T h e  p ipes were u n e a r th e d  at in te r v a ls  o f  fo u r  m onths, 

c leaned and exam ined fo r  the e x te n t  and typ e  o f  co rro s io n  

th a t  had  taken  p lace. A f te r  d r y in g ,  each p ipe was weighed 

and the  mass lost d u r in g  b u r ia l  ca lcu la te d .

A f t e r  one ye a r  o f  la b o ra to ry  expe r im en t s ix  soil samples 

were se lec ted  a c c o rd in g  to th e ir  re s p e c t iv e  c o r ro s iv i t y .  Metal 

p ip es ,  c u t  to le n g th s  o f  one meter were b u r ie d  h a l f  a m eter 

deep in  se lected s ites in  the f ie ld  and u ne a r th e d  th ree  times 

a t in te r v a ls  o f  s ix  m on ths . The p ipes were  cleaned and assessed 

fo r  the  e x te n t  and n a tu re  o f  co rros ion  th a t  had taken  p lace.

The o b s e rv e d  n a tu re  o f  co rro s io n  was compared w ith  th a t  

o b s e rv e d  fo r  the la b o ra to r y -b u r ie d  p ipes .  The d i f fe re n c e  In
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mass in  the la b o ra to r y -b u r ie d  p ipes gave  an ind ica t ion  o f  the 

e x te n t  o f  c o r ro s io n  th a t  had taken p lace.

T h e  soil samples were  analysed in  the  la b o ra to ry  fo r  

bo th  chem ical and  p h y s ic a l  p ro p e r t ie s .  These inc luded  so i l-  

m o is tu re  c o n te n t ,  pH , a c id i t y  and a lk a l in i t y ,  Redox p o te n t ia l ,  

e le c t r ic a l  c o n d u c t iv i t y ,  su lpha te  and c h lo r id e  ions co nce n tra t io n s ,  

p resence  o f  t race  metals and the mechanical a na lys is .  The  

o b s e rv e d  c o r ro s io n  was co r re la te d  w ith  the  p ro p e r t ie s  ana lysed  

and the  c o r ro s iv e  n a tu re  o f  each soil d e te rm ine d .

T h e  ra te  o f  c o r ro s io n  was also e lec trochem ica lly  de te rm ined  

as c o r ro s io n  c u r r e n t .  T h is  was co nd u c te d  by  va r ious  methods 

tha t  in c lu d e d  Ta fe l e x t ra p o la t io n ,  p o la r iz a t io n  res is tance  

d e te rm in a t io n ,  e le c t r ic a l  impedance de te rm ina t io n  and e le c t ro ­

chemical noise a n a ly s is .

T h e  c o r ro s io n  ra te  has been found  to be h ig h  in moist 

soils r a th e r  than d r y  o r  w a te r -s a tu ra te d .  The same o b s e rv a ­

tion  was made when the  ch lo r id e  and s u lp ha te  ions concen tra t ions  

were low ra th e r  than  h ig h .  Soils w ith  low e lec tr ica l r e s is t iv i t y  

showed h ig h  c o r ro s io n  ra te ,  as was also obse rved  fo r  those w ith  

h ig h  a c id i t y  and low p H .

T h e  la b o r a to r y - b u r ie d  pipes showed a decrease in  mass 

w h ich  ra n g e d  between 0.06% and 3.26% in  one year o f 

in v e s t ig a t io n .  T he  o b s e rv e d  loss in  mass decreased w ith  time 

o f  b u r ia l  due to fo rm a tion  o f  co rros ion  p ro d u c ts  on the su rface  

o f  the  c o r ro d in g  p ip e .  However the  f ie ld - b u r ie d  p ipes showed 

p ro g r e s s iv e ly  in c re a s in g  d e te r io ra t io n  w i th  time. Th is  was 

m a in ly  due  to w ash ing  away o f  the  co rro s io n  p ro d u c ts  from  

the s u r fa c e  o f the  p ipe , by  ra in .
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E lec trochem ica l methods were used fo r  q u ic k  de te rm ina t ion  

o f  c o r ro s io n  c u r r e n ts  w h ic h  va r ied  s l ig h t ly  w ith  the techn ique  

used. 1 he Tafe l E x t ra p o la t io n  techn ique  showed co rro s io n  

c u r r e n ts  ra n g in g  between 6.0  and 17.0 ± 0 . 5j.iA while  the  

P o la r iza t ion  Resistance techn ique  showed co rros ion  c u r re n ts  

ra n g in g  between 7 . 0  and  29.0 + 0.5| j A.  The values fo r  

e le c tr ic a l  impedance a na lys is  showed ju s t  about the  same values 

as those  ob ta ined  fo r  P o la r iza t ion  Resistance techn ique , and 

the e lec trochem ica l noise de te rm ina t io n .  T h is  showed th a t  

each o f  the  last th re e  techn iques  was good enough fo r  fast 

d e te rm in a t io n  o f  c o r ro s io n  ra te .

T h e  e lec trochem ica l de te rm ina t ion  o f  co rros ion  ra te  fo r 

bo th  a e ra te d  and deae ra ted  so i l-w a te r  e x t ra c ts  showed a h igh  

c o r ro s io n  c u r r e n t  fo r  ae ra ted  e le c t ro ly te .  Th is  in d ica ted  tha t 

o x y g e n  was an im p o r ta n t  param eter in the  co rros ion  p rocess.

O b s e rv a t io n  o f  th e  unea rthed  p ipe  specimens showed 

tha t  h ig h e s t  c o rro s io n  was on the u p p e r  p a r t  o f  the specimen. 

T h is  is due to m ixed anod ic  and ca thod ic  areas close to one 

a n o th e r  fo rm ing  m ic roscop ic  co rros ion  ce l ls .

T h e  p h y s ic a l and chemical p ro p e r t ie s  l is ted  above were 

all fo u n d  to be im p o r ta n t  para ineters on the  co rros ion  o f  bu r ied  

u n d e rg ro u n d  p ip e s .
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CHAPTER 1 

IN TR O D U C TIO N

C o rro s io n  is the  d e s t ru c t iv e  a t ta ck  o f  a metal by chemical 

o r  e lec trochem ica l re a c t ion  w ith  i ts  e n v i ro n m e n ts .  D e te r io r a ­

t ion  b y  p h ys ica l causes is desc r ibed  as e ro s ion ,  g a l l in g  o r  wear 

b u t  no t c o r ro s io n .  H ow ever , in some cases, chemical a t ta c k  

accompanies p h y s ic a l d e te r io ra t io n s  as d e sc r ib e d  b y  terms such 

as c o r ro s io n -e ro s io n ,  c o r ro s iv e  w ear, o r  f r e t t i n g  c o r ro s io n .

R u s t in g ,  as used in  th is  in v e s t ig a t io n ,  gene ra l ly  app lies  

to c o r ro s io n  o f  i ro n  or i ro n -b a s e d  a lloys w ith  form ation  o f  

c o r ro s io n  p ro d u c ts  c o n s is t in g  la rg e ly  o f  fe r ro u s  and f e r r i c  ox ides. 

N o n - fe r ro u s  metals c o r ro d e  b u t  do not r u s t .

T h e  im portance  o f  co rro s io n  s tud ies  is th re e fo ld .  The f i r s t  

area o f  s ig n i f ic a n c e  is th e  economic fa c to r  in c lu d in g  the ob jec t ive  

o f  re d u c in g  m ater ia l losses re s u l t in g  from co rros ion  o f p ip e l ine s ,  

ta n k s ,  metal components  o f  machines, s h ip s ,  b r id g e s ,  marine 

s t r u c tu r e s  and so on.

T h e  second area o f  im portance is the  im proved s a fe ty  o f 

o p e ra t in g  equ ip m e n t w h ic h ,  th ro u g h  c o r ro s io n ,  may fail w ith  

c a ta s t ro p h ic  consequences . Examples o f  these inc lude  p re s s u re  

vesse ls ,  b o i le rs ,  m e ta l l ic  co n ta in e rs  fo r  c o r ro s iv e  m a ter ia ls ,  

t u r b in e  b lades and  r o to r s ,  b r id g e s ,  aerop lane  components and 

au to m o t ive  s te e r in g  mechanisms.

T h e  th i r d  im p o r ta nce  o f  co rros ion  s tud ies  is conse rva t ion

o f  m a te r ia ls ,p r im a r i ly  those  o f  metal re sou rces .
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C o n s e rv a t io n  o f  hum an e f fo r t  e n te r in g  the des ign  and  

r e b u i ld in g  the  c o r ro d e d  metal p ipes , equ ipm en t o r s t r u c tu re s  

adds to the  economic im po rtance  o f  c o r ro s io n  s tud ies  

[R o m a no ff ,  1957].

T h e  economic fa c to r  is the pr im e m otive fo r much o f  the 

c u r r e n t  in v e s t ig a t io n  in u n d e rg ro u n d  p ip e l ine  co rro s io n .  Losses 

sus ta ined  b y  i n d u s t r y ,  b y  m un ic ipa l i t ies  and  by m i l i ta ry ,  amount 

to many b i l l io n s  o f  d o l la rs  [U h l ig ,  H. and R. Revie, 1985]. 

Economic losses a re  e i th e r  d i re c t  o r  in d i r e c t .

T h e  d i r e c t  economic losses are  those losses th a t  a re  

e n c o u n te re d  by  re p la c in g  c o rro d ed  s t ru c tu re s  and m ach ine ry  and 

th e i r  com ponen ts . These inc lude  condense r tubes , m u f f le rs ,  

p ipe l ines  and  metal ro o f in g  tog e th e r  w ith  the  necessary la b o u r .  

O the r  exam ples a re ,  the  re p a in t in g  o f  the  s t ru c tu re s  where  

p re v e n t io n  o f  r u s t in g  is th e  prime o b je c t iv e  and the  cap ita l costs 

p lus the  upkeep  o f  the c a th o d ic a l ly  p ro te c te d  p ipes.

I n d i r e c t  losses are  more d i f f i c u l t  to assess. However, 

a b r ie f  s u rv e y  o f  ty p ic a l  losses o f  th is  k in d  compels the conc lus ion  

th a t  th e y  add severa l b i l l io n s  o f  d o l la rs  to  the d ire c t  losses 

o u t l in e d  above . Examples o f  these in d i r e c t  losses in c lu d e :  

s h u td o w n ;  loss o f  p ro d u c t io n ;  loss o f  e f f ic ie n c y ;  con tam ina tion  

o f  the p r o d u c ts ;  and  o v e rd e s ig n .

O b v io u s ly ,  in d i r e c t  losses are a su bs ta n t ia l  p a r t  o f  the  

economic tax  imposed by  c o r ro s io n ,  a l th o u g h  i t  is d i f f i c u l t  to 

a r r iv e  a t a reasonable  es tim a te  o f the  to ta l  losses from th is

source .



T h e  c o r ro s io n  o f m e ta l l ic  s t ru c tu re s  b u r ie d  in the soil o r  

in co n ta c t  w i th  so ils  has long been a se r ious  e ng in e e r ing  and 

economic p ro b le m . In 1957, c o r ro s io n  a ffe c ted  about one m il l ion miles 

o f  gas, w a te r ,  and oil p ip e l in e s ,  h a l f  a m il l ion  o f ra i l ro a d  

t ra c k s  a nd  q u a r te r  o f  a m il l ion  o f b u r ie d  communications, signal 

and p o w e r cable system s in  the  U .S .A .  [R om ano ff ,  1957]. The 

annual loss to the  A m erican  p ipe l ine  in d u s t r y  a lone, from actual 

d e s t ru c t io n  b y  c o r ro s io n  and  the cost o f ' p re v e n t in g  co rro s io n  

was es t im a ted  to be in th e  o rd e r  o f  600 m il l ion  d o l la rs .  Because 

the  c o r ro s io n  ra tes  are o f te n  u nkn o w n , eng ineers  o ften  o ve rdes ign  

u n d e rg ro u n d  s t ru c tu re s  b y  s p e c i fy in g  e x t ra  th ickness  o f  metal 

r e q u i r e d  to e n s u re  adequa te  li fe  and s t r e n g th .  T h is  leads to 

needless consu m p tio n  o f  app re c ia b le  tonnage o f  c r i t ic a l  metals.

In  Kenya , th e re  is the  famous Kenya P ipeline ru n n in g  from 

the P o r t  o f  Mombasa to N a iro b i .  T h is  p ip e l in e  ca rr ie s  the  

p e tro le u m  p ro d u c ts  be tw een  the two Kenyan tow ns. T h e re  are 

p lans to e x te n d  the  p ip e l in e  to o th e r  la rg e  towns o f  the c o u n t ry  

to ease the  t r a n s p o r ta t io n  o f  the pe tro leum  p ro d u c ts .

A l l  tow ns in  Kenya have p iped  w a te r  systems tha t  supplies 

both  th e  in d u s t r y ,  and the  commercial and  res iden t ia l premises w ith  

w a te r .  Plans are  u n d e r  way to make s u re  tha t e v e ry  Kenyan 

c i t iz e n  has clean p iped  w a te r  by the  y e a r  2000 A .D .

90% o f  the w a te r p ip es  used in the  c o u n t ry  are made o f 

i ron  a l lo y s  and a re  b u r ie d  u n d e rg ro u n d .  They are  th e re fo re  

p rone  to  c o r ro d e  due to agg re ss ive  p ro p e r t ie s  o f soils in  which 

they  a re  b u r ie d .  The c o rro s io n  o f  p ipes  has both  d i re c t  and 

in d i r e c t  economic fa c to rs ,  as mentioned above.

-  3 -



C o rro s io n  and b u r s t in g  o f  a w a ter p ipe  would lead to 

rep lacem ent o f  the p ip e ,  loss o f  w a te r ,  a nd  inconven ience  the 

w ater co nsu m e rs ,  and em ploym ent o f  la b o u r  re q u ire d  fo r  the  

re s p e c t iv e  re p a irs  and m a in tenance . I f  the  consumer was an 

in d u s t r y ,  the  processes r e q u i r in g  w a te r wou ld  be closed dow n, 

the  p ro d u c ts  are de layed  o r  wasted, time is lost and the 

employees a re  pa id  fo r  w o rk  not done.

On the  o th e r  hand the  co rro s io n  and  b u rs t in g  o f the  

pe tro leum  p ip e l in e  wou ld  lead to c a ta s t ro p h ic  e f fe c ts .  These 

in c lude  e xp los io n s  and p o s s ib ly  loss o f  l i f e ,  waste o f  p ro d u c t ,  

in c lu d in g  con tam ina t ion  a n d  lack o f  se rv ice s  to the in ten d ed  

c u s to m e rs .  These e f fe c ts  are in a d d it io n  to  the cost o f  rep lac ing  

the  p ipe  and  the  s h u td o w n  o f  all the  p ip e l ine  processes. The 

e n v iro n m e n t  wou ld  also be h ig h ly  p o l lu te d .

T h e  c o r r o s iv i t y  o f  a soil tow ards  b u r ie d  metals depends on 

bo th  the  p h y s ic a l and  chem ical com posit ions o f  the so il.  I t  was 

th e re fo re  fou n d  n ece ssa ry  to s tu d y  the n a tu re  o f the  so il,  

chemical and  p h y s ic a l p ro p e r t ie s  th a t  w ou ld  lead to co rro s io n  o f 

metal p ip es  b u r ie d  u n d e rg ro u n d .

T h e  in v e s t ig a t io n  s ta r te d  by c o l le c t in g  soil samples at 

tw e n ty  s ix  s ites w i th in  th e  c i t y  o f  N a iro b i .  These samples were 

ana lysed  in  the  la b o ra to ry  fo r  phys ica l and  chemical compositions 

as well as mechanical a n a lys is  from wh ich  te x tu re  o f  each o f  the 

soils was d e te rm in e d .  T h e  fo l low ing  fa c to rs  were th o ro u g h ly  

tes ted  a n d  d e te rm in e d :  ( 1) soil m o is ture  c o n te n t ,  ( 2 ) redox 

p o te n t ia l ,  (3) e le c tr ic a l c o n d u c t i v i t y / r e s i s t i v i t y ,  (4) pH,

( 5 ) a c id i t y / a l k a l in i t y ,  ( 6 ) metal ions w h ich  inc luded  Cu, Zn, Mn, 

Mg and Fe, ( 7 ) c o n c e n tra t io n s  o f su lpha te  and ch lo r id e  ions .
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The ana lyses  were c o n d u c te d  us ing  f ie ld -c o n d i t io n  so il,  s o i l -w a te r  

s lu r r y  a nd  s o i l -w a te r  e x t r a c ts  (see c h a p te r  4 ) .  Each o f the  

soils u n d e r  in v e s t ig a t io n  was m echanica lly  tes ted  fo r  te x tu re  

d e te rm in a t io n .

A f t e r  the  soils were ana lysed  fo r  th e  above p ro p e r t ie s ,  

th e i r  c o r ro s iv e  e f fe c ts  due  to these p ro p e r t ie s  were s tu d ie d .  Th is  

was done b y  b u r y in g  some p ipes in  the  f ie ld  and o th e rs  in 

p la s t ic  c o n ta in e rs  in  the la b o ra to ry .

P rew e ighed  metal p ip es  w ith  a d ia m e te r,  c u t  to le n g th s  

o f  s ix  in ch e s  were b u r ie d  in  p las t ic  c o n ta in e rs  in the la b o ra to ry .  

The p ipes  w ere  u n e a r th e d  th re e  times at in te rv a ls  o f  fo u r  months. 

The p ipes  w ere  th o ro u g h ly  cleaned w ith  h o t  water to remove the 

soil s tu c k  on the p ip e s .  T h is  was fo l lowed by  a th o ro u g h  

c lean ing  u s in g  a m ix tu re  o f  hot w a te r ,  h y d ro c h lo r ic  acid and 

s tannous  c h lo r id e  to rem ove the co rros ion  s ta ins  from the su rface  

o f  the  p ip e s .  The p ipes w ere  then  degreased  us ing  acetone, 

d r ie d  and  w e ighed . The d i f fe re n c e  in mass before b u r ia l  and 

a f te r  u n e a r th in g  was re c o rd e d  (A p p e n d ix  1 ) .  The h ig he s t mass 

loss in d ic a te d  the h ig h e s t  co rro s io n  u nd e rg o n e  by the  p ipe .

T h is  in t u r n  in d ica te d  the  most co r ro s iv e  soil to the  p ipes .

A f t e r  the  above e x p e r im e n t  was done, s ix  s ites were 

se lected f o r  f ie ld  te s t in g .  Metal p ipes , w i th  the same d iam eter 

as above , b u t  one m eter long  were b u r ie d  in  respec t ive  s ites  

in the f ie ld .  T h ree  p ipes were  b u r ie d  in each site and these pipes 

were u n e a r th e d  at in te r v a ls  o f  s ix m on ths . The u ne a r th e d  pipes 

were c leaned  as above , degreased  w ith  acetone and le f t  o v e rn ig h t

to d ry .
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B o th  the  f ie ld -  and la b o ra to r y -b u r ie d  p ipes were v is u a l ly  

examined fo r  the  ty p e  and e x te n t  o f  co r ro s io n  tha t  had taken  

place d u r in g  the  p e r io d  o f  b u r ia l .  The t y p e  o f  co rros ion  was 

s im ila r fo r  b o th  the  la b o ra to ry  and f ie ld  p ip e s .  However, the  

f ie ld  p ip es  were  more c o r ro d e d  because o f  th e  wash ing away o f 

the c o r ro s io n  p ro d u c ts  b y  ra in .  The  p i t t i n g  co rros ion  was also 

more p ro n o u n c e d  in  the  f ie ld  p ipes than th e  la b o ra to ry  p ip es .

The f r e s h ly  c u t  ends o f  th e  p ipes showed more co rros ion  than  

the o th e r  p a r ts  o f  the  p ip e s .

A f t e r  e s ta b l is h in g  th a t  the f ie ld  and la b o ra to ry  p ipes 

s u f fe re d  s im i la r  ty p e s  o f  c o r ro s io n ,  i t  was found  necessary to 

s tu d y  the  ra te  o f  c o r r o s iv i t y  o f  the so ils . T h is  was done by  

us ing  tw o p o la r iz a t io n  te c h n iq u e s ,  nam ely: Ta fe l e x tra p o la t io n  

te ch n iq u e  and  l in e a r  o r  p o la r is a t io n  res is tance  techn ique  (Section 

5 .9 .2 ) .

T h e  ra te  o f  c o r ro s io n  was de te rm ined  b y :

(1) d i r e c t  e x t ra p o la t io n  o f  anodic and ca th o d ic  Tafe l s lopes. 

The p o in t  o f  in te rs e c t io n  o f  the  two lines was noted and 

e x tra p o la te d  to the  c u r r e n t  ax is  from  w h ich  co rros ion  c u r r e n t  

was d e te rm in e d .  E x t ra p o la t io n  o f th is  p o in t  to the p o te n t ia l  axis 

in d ica te d  the  re s p e c t iv e  c o r ro s io n  p o te n t ia l .  The method fo r  

a ccu ra te  d e te rm in a t io n  o f  th e  co rros ion  p o te n t ia l  o f  the w o rk in g  

e lec trode  is d iscu ssed  in Section  4 .1 2 .1 .

( 2) the  va lues  o f  a p p l ie d  c u r r e n t  and th e  ove rvo lta g e  were 

used to ca lcu la te  the  c o r ro s io n  c u r re n t  b y  u s ing  the  B u t le r -  

Volmer E q u a t ion  (S ec tion  2 . 5 . 2 . 2) .

(3) th e  anod ic  and  c a th o d ic  Tafel slopes ob ta ined  in (1)
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above wet e used to c a lc u la te  the  co rro s io n  c u r r e n t  b y  the 

S te rn -G e a ry  E qua t ion  (S ec t ion  5 . 9 . 2) .

In th is  in v e s t ig a t io n ,  i t  was found  necessary  to s tu d y  

the e f fe c t  o f  o x y g e n  a b s o rb e d  in  the  s o i l -w a te r  e x t ra c ts .  Th is  

was a ch ieved  b y  d e a e ra t in g  the  s o i l-w a te r  e x t ra c ts  by  b u b b l in g  

o x y g e n - f r e e  n i t ro g e n  gas th r o u g h  the  s o lu t io n  fo r  one h o u r .  

P o la r iza t ion  m easurem ents , c a r r ie d  o u t  above , were repeated  fo r  

the d ea e ra ted  s o i l -w a te r  e x t r a c ts  and the  re s u l ts  a re p resen ted  

in f ig u r e s  1-24 ( la s t  pages o f  th e s is ) .

From these e x p e r im e n ts  i t  was fou n d  th a t  the c o r ro s iv i t y  

o f  the  soil tow a rds  b u r ie d  p ip e ,  depended v e r y  much on the  soil 

t e x tu r e .  T h e  soils w ith  la rg e  g ra in s  and hence la rge  po res , such 

as sands and  g ra v e ls ,  have  low w a te r - re te n t io n  capac ity .

T h ey  were  fo u n d  to co n ta in  low amounts o f  so luble salts 

(c h lo r id e s  and  s u lp ha tes )  and  were g e n e ra l ly  found to have low 

c o r ro s iv e  c a p a c i ty .

T h e  so ils  w i th  small g ra in  sizes such as s i l t  and c lay  were 

fou n d  to have h ig h  w a te r  re te n t io n  c a p a c i ty ,  h igh  a c id i t y ,  and 

h ig h  c o n c e n tra t io n s  o f  so lu b le  su lpha tes  and  c h lo r id e s .  T hey  

were fo u n d  to be more c o r ro s iv e  than  the  soils w ith  la rge g ra in s .

T he  v is u a l exam ina t io n  o f  the u n e a r th e d  p ipes showed tha t 

those p ip es  b u r ie d  in  la rg e - g r a in  soils showed un i fo rm  ty p e  of 

c o r ro s io n .  Those u n e a r th e d  from s m a l l -g ra in  soils showed 

h ig h ly  loca lised  c o r ro s io n .  The mass losses reco rded  fo r  p ipes 

u n e a r th e d  from  c lay  soils w ere  g e n e ra l ly  h ig h e r  than those 

re co rd e d  fo r  sandy  so ils .
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It  was g e n e ra l ly  fo u n d  tha t  the  c o r ro s io n  o f  u n d e rg ro u n d  

p ip e l in e  in c reased  w ith  t im e . T ha t is the  longe r the  p ipe  was 

in s e rv ic e ,  the  g re a te r  was the  d e te r io ra t io n .  However th is  

depends on the  com pos it ion  o f  the soils because d i f fe re n t  

com ponents  have d i f f e r e n t  c o r ro s iv i t ie s  to w a rd s  b u r ie d  p ip es .

The c l im a t ic  c o n d it io n s  a lso  have e f fe c t  on the  c o r ro s iv i t y  o f  

the  u n d e rg ro u n d  p ip e s .  Too much ra in fa l l  would lead to washing 

away o f  th e  c o r ro s io n  p ro d u c ts  acce le ra t in g  the  ra te  o f  co rro s io n  

o f  the p ip e .  D ry  w e a th e r  co nd it io n s  lead to v e ry  l i t t le  co rro s io n  

and hence the  p ipe  wou ld  have  a longe r s e rv ic e  l i fe .

P o la r iza t io n  m easurem ents showed th a t  the re  was a d i re c t  

re la t io n s h ip  between the o b s e rv e d  mass losses and the  co rro s io n  

c u r re n ts  m easured  (sec. 4 .1 2 ) .  T h is  method can th e re fo re  be used

to d e te rm in e  the  c o r ro s io n  ra te  o f system s whose loss o f mass is 

not easy to d e te rm in e .  These  systems in c lu d e  u n d e rg ro u n d  

p ip e l in e s ,  s h ip  h au ls ,  ae rop lane  o r b r id g e  components, o n ly  to 

name a fe w .

T he  d ea e ra t ion  e x p e r im e n t  showed th a t  co rros ion  c u r r e n t  

was g e n e ra l ly  low er fo r  deae ra ted  s o i l -w a te r  e x tra c ts  samples.

T h is  in d ic a te s  th a t  soil samples w ith  h igh  m o is tu re  con ten ts  and 

no o x y g e n  w ou ld  c o r ro d e  metals on ly  v e ry  s low ly  as compared to 

the h ig h  c o r ro s io n  in  ae ra te d  soils r ic h  in soil m o is tu re . In  the 

p resence  o f  o xyg e n  the  main ca thod ic  re a c t io n ,  d u r in g  the fe r ro u s  

metal c o r ro s io n ,  is the  o x id a t io n  o f o xyg e n  leading to the 

fo rm a tion  o f  fe r ro u s  o r  f e r r i c  ox ide  on the  su rface  o f  the metal.

In the  absence  o f  o x y g e n  th e n  o th e r  ca th o d ic  reactions wou ld  take 

p lace.
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In th is  in v e s t ig a t io n ,  most o f the  soils were found to be 

ac id ic .  T h e r e fo re ,  in  absence o f  o x y g e n ,  the  h yd rog e n  

e vo lu t ion  w o u ld  be th e  e f fe c t iv e  ca thod ic  re a c t ion .  On the o th e r  

hand, in p re sen ce  o f  s u lp h a te - re d u c in g  b a c te r ia ,  the  ca thod ic  

reac tion  w o u ld  be the  s u lp h id e - re d u c t io n  reac tion  (Section 5 .9 .3 ) .

I t  has been e s ta b l is h e d  th a t  the  major cause o f  co rro s io n  

o f w a te r p ip e l in e s  la id  u n d e rg ro u n d  in  N a irob i is low pH and the 

h ig h  c o n c e n tra t io n s  o f  c h lo r id e s  in the  so i ls .  The low e lec tr ica l 

r e s is t i v i t y  is due to the  p resence  o f  so lub le  sa lts , among w h ich  

are su lp h a te s  and c h lo r id e s  in  a d d it io n  to the  presence o f 

va r io us  metal ions in  the  s o i ls .  However, the  e lec tr ica l r e s is t iv i t y  

is not so m uch a th r e a t  to  the  u n d e rg ro u n d  pipes as are the  

a c id i ty  and  the  h ig h  c h lo r id e  c o n c e n tra t io n .

I t  is th e re fo re  co nc lud e d  tha t  soils w h ich  are low in 

a c id i t y ,  low metal ion c o n c e n tra t io n s ,  and low co nce n tra t io n s  o f 

bo th  c h lo r id e  and s u lp h a te  shou ld  be used fo r  b a c k f i l l in g  the  

t renches  a f t e r  la y in g  the p ip e s .  The soil shou ld  be free from 

pieces o f  p a p e r ,  wood, t in s  o r  s tones. T he  soils shou ld  have 

h ig h  d ra in a g e  and h ig h  pH va lues .

T l ie  l i fe  o f  u n d e r g r o u n d  p ip e l ine  co u ld  f u r th e r  be increased 

by coa t ing  i t .  The c o a t in g  cou ld  be e i th e r  metallic , such as 

g a lvan ised  i r o n ,  o r  n o n -m e ta l l ic  such as b itum en . Both  shou ld  

be capab le  o f  in c re a s in g  th e  l i fe  o f the  p ip e l ine  and are 

recommended fo r  f u t u r e  in v e s t ig a t io n .

The  in v e s t ig a t io n  sh o u ld  be e x tended  to o th e r  towns and 

ru ra l  a reas o f  K enya . The  in v e s t ig a t io n s  shou ld  be recommended 

as p a r t  o f  D is t r i c t  Focus fo r  Development o f  ru ra l  p a r ts  o f  Kenya,
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in re a d iness  fo r  the  s u p p ly  o f  the clean p ip e d  water by  the  

yea r 2000 A . D .



C H A P TE R  2

T H E O R E T IC A L  ASPECTS OF CORROSION

2.1 C H A R A C T E R IS T IC S  OF SOILS

2. 1.1 D e f in i t io n

In g e n e ra l ,  the  w o rd  soil is app lied  to  the  f i r s t  few feet 

o f f in e ly  d iv id e d  m od if ied  ro c k  m ateria l c o v e r in g  the level and  

m odera te ly  in c l in e d  p o r t io n  o f  the  e a r th .  C rushed  ro ck  and 

unm od if ied  ro c k  on m oun ta in  tops are not so ils  and e a r th  removed 

from its  o r ig in a l  p o s i t io n  is no t soil i f  i t  has lost its  s t r u c tu r e .

V e g e ta t io n  and  c lim ate  are two a c t ive  fac to rs  o f  soil 

deve lopm ent th a t  change  the  p a re n t  m ater ia l from an in e r t  mass to 

a body th a t  has m o rp h o lo g y .  D ra inage , a e ra t io n ,  the q u a n t i t y  o f 

w a ter th a t  p e rco la te s  th r o u g h  the  so il,  the ra te  o f  n a tu ra l e ros ion , 

sun and w in d ,  a f fe c t  the e f fe c ts  o f climate and vege ta t ion  to 

v a ry in g  d e g re e s .

2. 1.2 C lass i f ica t ion

The  c la s s i f ic a t io n  o f  so ils  a cco rd ing  to  th e i r  c h a ra c te r is t ic s  

is based on t h e i r  p h y s ic a l and  chemical p ro p e r t ie s .  Soils may be 

d iv id e d  in to  two b road  c lasses : (a) Pedacols -  soils in wh ich  lime 

accum ulates in  the  s u b s o i l ,  ( b )  Pedafers -  soils in w h ich  lime does 

not accum u la te  in the  subso il  [R om ano ff  1957],

2 .1 .3  Chemica l p ro p e r t ie s

Q u ite  a la rge  n um be r o f  chemical elements e x is t  in the  soils,

b u t  most o f  them are com bined  to complex soluble compounds
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which Rxei t l i t t le  d i r e c t  chem ical in f luence  on co r ro s io n .  These 

in e r t  com pounds o f so ils  a re  c h ie f ly  com b ina t ions  o f oxyge n  

w ith  s i l ic o n ,  a lum in ium  and  i ro n .  I ro n  in  v a r io u s  degrees o f  

o x id a t io n  is re s p o n s ib le  fo r  the  co lou r o f  many soils, and th is  

co lou r is an in d ic a to r  o f the  degree  o f  ae ra t io n  o f  the  soil. In 

w e l l-a e ra te d  so i ls ,  the  i ro n  compounds are ox id ized  to the fe r r ic  

s ta te .  T hese  soils a re  g e n e ra l ly  ind ica ted  b y  th e i r  b ro w n ,  red 

or ye llow  c o lo u rs .  In  p o o r ly -a e ra te d  soils the  soils a re  p re do m in a n t ly  

g re y  in c o lo u r  in d ic a t in g  re d u c e d  form s o f  i r o n .  A ccum ula tion  

o f o rg a n ic  m a t te r  in  hum id  areas fa v o u r  the  fo rm ation  o f d a r k e r -  

co loured  s o i ls .

Chemical ana lyses  o f  so ils  fo r  c o r ro s io n  s tud ies  are l im ited  

to the  d e te rm in a t io n s  o f  the  c o n s t i tu e n ts  th a t  are so luble  in 

w a te r u n d e r  s ta n d a rd iz e d  c o n d i t io n s .  The soils are u sua lly  

ana lysed f o r  sodium, ca lc ium , magnesium and  o th e r  substances 

such as c a rb o n a te s ,  b ic a rb o n a te s ,  c h lo r id e s ,  n i t ra te s  and 

su lp h a te s .  The  n a tu re  and amount o f  so lub le  salts to g e th e r  w ith  

m o is tu re  c o n te n t  o f th e  so i l ,  la rg e ly  d e te rm ine  the a b i l i t y  o f  the 

soil to c o n d u c t  an e le c t r ic  c u r r e n t  [B y e rs ,  1 938; P iper 1947 and 

G erhood, H . 1979].

The d eve lo p m en t o f  a c id i t y  in soils is a re s u l t  o f  the n a tu ra l 

process o f  w e a th e r in g  u n d e r  hum id c o n d it io n s .  In reg ions o f  

moderate r a in fa l l ,  so lub le  sa lts  do not accum ula te  excep t w here  

soil w a te rs  seep to low er leve ls  and co llec t in  dep ress ions . In 

reg ions o f  h ig h  r a in fa l l ,  no t  o n ly  are so lub le  sa lts  removed from 

the soils b u t  the  abso rbed  bases norm a lly  p re s e n t  in the co llo ida l 

m ater ia ls  o f  the  soil a re  p a r t ia l l y  removed, and  th is  re su lts  in  

increased  a c id i t y .  T he  d e p th s  to wh ich  th is  leaching o f  bases
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occurs  v a r ie s  w ith  r a in fa l l ,  d ra ina g e , ty p e  o f  vege ta t ion  and 

the n a tu re  o f  the  m a ter ia l p re s e n t .

The d e g re e  o r  in t e n s i t y  o f  a c id i ty  o r  a lk a l in i t y  o f  a soil 

is e x p re s s e d  as a p H .  T h e  terms used fo r  soil reaction  a re  

de f ined  b y  Rom anoff ( 1957) and are p re s e n te d  in  the  fo l low ing  

tab le :

T e rm p H

E x tre m e ly  ac id Below 4.5

V e ry  s t r o n g ly  ac id 4.5 -  5.0

S t ro n g ly  ac id 5.1 -  5.5

Medium ac id 5 .6 -6 .0

S l ig h t ly  ac id 6 .1 -6 .5

N e u tra l 6 .6 -7 .3

M ild ly  a lk a l in e 7 .4 - 7 .8

M o d e ra te ly  a lka l in e a-C
Oicr>

S t ro n g ly  a lka l in e C
O

U
1 i

C
O o

V e ry  s t r o n g ly  a lka l in e 9.1 and h ig h e r

Tab le  2 .1 :  pH d e s c r ip t io n s  fo r  soil ana lys is .

2 .1 .4  P hys ica l p ro p e r t ie s

T h e  p h ys ica l p ro p e r t ie s  o f  soils th a t  a re  o f im portance  

in c o r ro s io n  a re  those th a t  de te rm ine  the p e rm e a b i l i ty  o f  the 

soil to o x y g e n  o r  a i r  and to w a te r .  The p a r t ic le  size d is t r ib u t io n  

o f the  soil is an im p o r ta n t  fa c to r  w ith  re sp ec t to both aera tion  

and m o is tu re  c o n te n t .  In so ils  o f  coarse te x tu r e ,  such as sands 

and g ra v e ls ,  where  th e re  is free  c irc u la t io n  o f  a i r ,  co rro s io n
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approaches  the  a tm osp h e r ic  ty p e .  Soils th a t  are free  o f c lay  

and s i l t  h ave  low p la s t i c i t y ,  low w a te r -c o n te n t  and are not 

much a f fe c te d  by  changes in  m o is tu re  c o n te n t .

C lay and  s i l t  so ils  a re  c h a ra c te r ise d  b y  f ine  te x tu re ,  h ig h  

w a te r -h o ld in g  c a p a c i ty  and b y  poor a e ra t ion  and poor d ra ina g e . 

The c lay p a r t ic le s  a re  h ig h ly  p las t ic  and become s t ic k y  and 

im p e rv io u s  when s a tu ra te d  w ith  w a te r .  Such soils s h r in k  and 

c ra ck  w hen  d r y  and swell on w e t t in g .  Soils co n ta in in g  s i l t  

have some p la s t ic i t y  and e x p a n d  and c o n t ra c t  co ns ide rab ly  on 

w e t t in g  a nd  d r y in g  b u t  to a much less deg ree  than c lay .

D i f fu s io n  o f  gases in to  the  soils is enhanced by a num ber 

o f  c l im a t ic  fa c to rs .  T e m p e ra tu re  changes from  day to n ig h t  

c o n d it io n s  cause expans ion  and  c o n tra c t io n  o f  the  soil su rface  

po res . V a r ia t io n s  in  b a ro m e tr ic  p re s s u re  a f fe c t  d i f fu s io n  o f  

gases. B io log ica l a c t i v i t y  w i th in  the soil ten d s  to decrease the 

oxyge n  c o n te n t  and rep lace  i t  w ith  gases from  metabolic a c t iv i t y  

such as c a rb o n  d io x id e .  F a c to rs  w h ich  ten d  to increase 

m icrob ia l r e s p i ra t io n  such as the add it io n  o f  la rge  amounts o f  

re a d i ly  decomposed o rg a n ic  m a tte rs  o r  fa c to rs  which decrease 

d i f fu s io n  ra te s  ( e .g .  w a te r  s a tu ra t io n ) ,  w il l  lead to deve lopm ent 

o f  a na e ro b ic  c o n d it io n s  w i th in  the  so il.

2.2 MECHANISM OF UNDERGROUND CORROSION

2.2 .1  E lec trochem ica l mechanism

I ro n  and many o th e r  metals used in  the  u n d e rg ro u n d  

c o n s t ru c t io n s  become coated w ith  a th in  f i lm  o f  an ox ide  

im m edia te ly  upon  b e ing  exposed  to a i r .  Such a film on iro n  may
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be m ere ly  o f  m o lecu la r th ic k n e s s  b u t  fu rn is h e s  some degree  o f 

p ro te c t io n  a g a in s t  f u r t h e r  o x id a t io n  o r  c o r ro s io n .  A t  h ig h e r  

tem pera tu r  e s / o x y g e n  d i f fu s e s  in to  the  metal in c reas ing  the  film 

th ic k n e s s .  I f  th is  f i lm  f la k e s  o f f  i t  exposes f resh  metal su r face  

fo r  the c o n t in u a t io n  o f  the  re a c t ion .

M ost o f  the c o r ro s io n  o f  i ron  and o th e r  metals in the  

u n d e rg ro u n d  s u r fa c e  at norm a l o r  moderate tem pera tu res  is the 

re s u l t  o f  an e lec trochem ica l re a c t ion .  In th is  type  o f  reaction  

the o v e ra l l  chemical re a c t io n  o f  the e le c t ro ly te  w ith  the metal is 

d iv id e d  in to  two la rg e ly  in d e p e n d e n t  p rocesses.

( i ) A nod ic  p rocess

T h is  p rocess  in v o lv e s  the  t r a n s fe r  o f  metal in to  so lu t ion  

as h y d r a te d  ions w i th  an e q u iv a le n t  num ber o f  e lec trons  le f t  in 

the metal. i . e .

( i i ) C a thod ic  p rocess

T h is  p rocess in v o lv e s  ass im ila t ion  o f  the  excess e lec trons

in the  metal by  d e p o la r iz e rs  (atoms, molecules o r  ions in the  

so lu t ion  th a t  can be re d u c e d  at the ca thode) . The examples o f 

ca thod ic  re a c t io n s  ta k in g  p lace in u n d e rg ro u n d  co rros ion  a re  g iven 

by the fo l lo w in g  e q u a t io n s : -

(a) In  a c id ic  so ils  :

O , , + 4H ! , + 4e2 (d is s o lv e d )  (aq)

(b ) N e u tra l  o r  a lk a l in e  s o i ls :

0 2 , ,  . M + 2H 2O m  + 4e2 (d is s o lv e d )  (I)
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T h e  spa t ia l s e p a ra t io n  o f  the anod ic  and the ca thod ic  

reactions is e n e rg y w is e  more advan tageous in  as much as the  

reactions can  p roceed w ith  g re a te r  ease. F o r th is  reason, 

e lec trochem ica l c o r ro s io n  is c h a ra c te r is e d  b y  the  loca lization o f 

the anod ic  and  c a th o d ic  p rocesses  in d i f f e r e n t  re g ion s .  T h is  

re su lts  in some areas o f  the  p ipe  c o r ro d in g  w h ile  o th e r  ad jacen t 

areas show no d e te r io r a t io n  at a l l .

In the  e lec trochem ica l th e o ry ,  c o r ro s io n  occurs  th ro u g h  

the loss o f  e le c t ro n s  a t the  anod ic  areas and  fre e ing  o f  the 

metal ions w h ic h  de tach  from  the metal base . However, co rre la t ion  

o f th is  t h e o r y  w ith  th e  a c tu a l co rro s io n  o f  metals u n d e rg ro u n d  is 

com plica ted because o f  the many fac to rs  th a t  s in g ly  o r  in 

com b ina t ion  a f fe c t  the  co u rse  o f the e lec trochem ica l re a c t ion .  These 

fac to rs  (S e c t io n  2 .3 ) d e te rm in e  both  the  ra te  and e x te n t  at wh ich  

co rro s io n  o c c u rs  and also th e  ty p e  o f  c o r ro s io n  ta k in g  p lace. The 

major ty p e s  a re  u n i fo rm ly  d is t r ib u te d  type  and  these are cons idered  

re la t iv e ly  less a g g re s s iv e ,  and  the  localised ty p e  such as the  

p i t t in g  ty p e  o f  c o r ro s io n .  T h e  la t te r  typ e  o f  co rros ion  is much 

more d a n g e ro u s  because a few small p e r fo ra t io n s  can g re a t ly  reduce 

the e f f ic ie n c y  o f  a p ip e l in e  even  tho u gh  th e re  is on ly  a v e r y  small 

o r n e g l ig ib le  loss in w e ig h t  o f  the  p ipe  as a whole.

2 .2 .2  K in e t ic s  and th e rm o d yn a m ics  o f  the  co rro s io n  process

T h e rm o dyn a m ics  p ro v id e s  a means o f  p re d ic t in g  the 

e q u i l ib r iu m  s ta te  o f a system  o f  spec if ied  com ponents , b u t  p ro v ide s  

no in fo rm a t io n  on the  d e ta i le d  course o f  the  reaction  nor th a t  o f 

the ra te  a t w h ic h  the  system  proceeds to e q u i l ib r iu m .  By use o f
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su itab le  c a ta ly s ts  th e  re a c t io n  can be made to proceed by a 

d i f fe r e n t  mechanism and d i f f e r e n t  ra te s .  T he  f ina l pos it ion  

o f the e q u i l ib r iu m  w h ich  can  be p re d ic te d  b y  the therm odynam ics  

remains u n c h a n g e d .

K in e t ic  fa c to rs  th a t  c o n tro l  the  ra te  o f  processes 

f r e q u e n t ly  o u tw e ig h  the rm od yn am ic  te n d e n c y  o f  the metal to 

co rro d e  so th a t  the f ina l p o s i t io n  o f  e q u i l ib r iu m  i .e .  complete 

co n v e rs io n  to  c o r ro s io n  p ro d u c ts  is a t ta in e d  o n ly  s low ly  o r  not at 

a l l .  A l th o u g h  the fo rm a t io n  o f  ox ide  fi lm  o r  f ilms o f  o th e r  

c o rro s io n  p ro d u c ts  a re  o f  v i ta l  im portance  in  c o n t ro l l in g  the  

ra te  o f  a c o r ro s io n  re a c t io n  in  aqueous s o lu t io n ,  i t  must be 

em phasized th a t  in c e r ta in  c ircum s tances  th e  a c t iva t io n  e n e rg y  

o f the  p ro c e s s  or the  ra te  o f  d i f fu s io n  o f species to and from 

the metal s u r fa c e  may be more s ig n i f ic a n t  than  the f ilm  

fo rm a t io n .

T h e  m a g n itu d e  o f  th e  free  e n e rg y  change, AG, o f a 

spec if ic  c o r ro s io n  re a c t io n  p ro v id e s  a measure o f  the spon tane ity  

o f the  re a c t io n  and o f  the  e x te n t  to w h ich  i t  w il l  proceed be fo re  

e q u i l ib r iu m  is a t ta in e d .  I f  AG<<0 (n e g a t iv e )  the tendency  o f  

the metal to  reac t w i th  spec ies in so lu t ion  w i l l  be h ig h  bu t 

w h e th e r  o r  no t the re a c t io n  proceeds to a ny  e x te n t  w il l  depend 

on the  k in e t ic  fa c to rs .  I f  AG=0 the system  is at e q u i l ib r iu m  

and th e re  w i l l  be no net d i r e c t io n  o f  the  re a c t io n .  I f  

A G » 0  (p o s i t iv e )  the metal is s tab le  and no f u r t h e r  cons ide ra t ion  

need be g iv e n  to k in e t ic s .

T h e  a p p l ic a t io n s  o f  the rm odynam ics  to  the co rros ion

phenomena have  been g e n e ra l ize d  by means o f  p o te n t ia l-p H  p lo ts
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Fig . 2 .1 :  P o te n t ia l-p H  d iagram fo r  iro n  [P o u rb a ix ,  M . ,  1954].
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in the P o u rb a ix  d iagram s [P o u rb a ix ,  M. 1954]. I t  can be 

obse rved  f ro m  f ig u re  2.1 th a t  the redox  p o te n t ia l  o f  h yd ro g e n  

e lec trode  l ies  above the  im m u n ity  reg ion  a long  all pH scale.

T h is  means th a t  i ro n  may d is s o lv e  w ith  e v o lu t io n  o f h y d ro g e n  

in aqueous so lu t io n s  o f  all pH va lues . In the  pH in te rv a l  

9 .5 -1 2 .5 ,  h o w e v e r ,  a p a s s iv i t y  la ye r o f  F e (O H )2 is fo rm ed.

Since most so ils  have  a pH o f  about 7 .5 ,  i t  can be seen from  

f ig .  2.1 t h a t  m ild  s tee l in so ils  shows spontaneous tendency  o f 

a c t iv a t io n  ( c o r ro s io n )  w ith  fo rm a tion  o f  Fe^4 ions.

i
2.3 FA C TO R S  A F F E C T IN G  UNDERGROUND CORROSION 

T h e  most im p o r ta n t  fac to rs ,  th a t  a f fe c t  u n d e rg ro u n d  

c o rro s io n  may be l is te d  in  th e  o rd e r  o f  t h e i r  re la t ive  im portance 

as fo l lows [L o g a n ,  K . H . ,  1945]:

(a ) D i f fe re n t ia l  a e ra t io n

( b )  Soil e le c t r ic a l  r e s is t i v i t y

(c )  Soil m o is tu re  c o n te n t

(d )  A c ids  and s a lt  co n ce n tra t io n s  in  the soil

(e ) Soil pH

( f )  F o re ig n  m a te r ia ls  such as c in d e rs ,  scraps o f  

metals o r  o rg a n ic  materia ls

( g )  G a lvan ic  e f fe c ts

(h )  A na e ro b ic  b a c te r ia

( i )  S t ra y  c u r r e n ts  ( in  a few loca l i t ies )

( j )  N o n -u n i fo rm i t ie s  in s t r u c tu r e  o r  cond it ions  o f  

the  metal eg .  mill scale e f fe c ts .
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T h e  major fa c to rs  in  soil co rro s io n  a re  d iscussed in 

more d e ta i ls .  In th is  d is c u s s io n ,  i t  is r e la t iv e ly  d i f f i c u l t  to 

avo id  some re p e t i t io n  because the same phenomenon o r  fa c to r  

may be o p e ra t iv e  in more th a n  one g ro u p in g  and besides, 

v a r io u s  fa c to rs  are f r e q u e n t ly  in te r re la te d  [R om ano ff ,  1957].

2 .3 .1  D i f fe re n t ia l  a e ra t io n

E van s , in h is  D i f fe re n t ia l  A e ra t io n  P r in c ip le  [E vans ,

1961] s ta te d  th a t  a ny  geom etr ica l fa c to r  th a t  re su lts  in h ig h e r  

c o n c e n tra t io n  o f  o x y g e n  a t one p a r t  o f  the  metal and a lower 

c o n c e n tra t io n  (o r  zero  c o n c e n tra t io n )  at a n o th e r  will re s u l t  in 

the fo rm e r  becoming the  ca th o de  and the  la t te r  the anode o f  the 

c o rro s io n  ce ll r e s u l t in g  jn  a localized a t ta c k .  P ourba ix  has 

how ever show n  by  means o f  P o te n t ia l - c u r re n t  d iagram s th a t  the 

D i f fe re n t ia l  A e ra t io n  P r in c ip le  is app licab le  o n ly  at ce r ta in  pH 

va lues [P o u r b a ix ,  1954].

In  the  so il,  o x y g e n  e i th e r  from the a tm ospher ic  sources 

o r from  o x id is in g  sa lts  o r  com pounds, s t im u la tes  co rros ion  by  

com b in ing  w i th  metal ions to  form  ox ides ,  h y d ro x id e s ,  o r sa lts  

o f  the  m eta l.  The a e ra t io n  c h a ra c te r is t ic s  o f  a soil a re  dependent 

p r im a r i ly  upo n  the p h y s ic a l  c h a ra c te r is t ic s  such  as p a r t ic le  size, 

p a r t ic le  s ize d is t r ib u t io n  a nd  a p p a re n t  s p e c i f ic  g ra v i t y ,  all o f  

w h ich  are  re la te d  to size a nd  c o n t in u i ty  o f  the  pore space. Local 

d i f fe re n c e s  in  the  p a c k in g  o f  the  soil and in  i ts  moisture co n te n t  

may deve lop  o x y g e n  c o n c e n tra t io n  ce lls  w he re  the area w ith  the 

least o x y g e n  is anod ic  in w h ic h  co rro s io n  may occur ( f ig s .  2.2

and 2 .3 ) .
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Fig 2-2 D iffe ren tia l Aeration Corrosion in the soil

TRENGH
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e- e-
Heavy moist undisturbed ground soil

Fig 2.3 Corrosion caused by d ifferentia l aeration
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Soils  o f  in te rm e d ia te  c h a ra c te r  may p roduce  co rros ion  

which is loca l ised  and  a c c o rd in g ly  in tense , i f  a i r  pockets a re  

p re s e n t .  T hese  are p re s e n t  e i th e r  as a n a tu ra l  fea tu re  o f  the  

soil o r  p ro d u c e d  a r t i f i c ia l l y  when soil is th ro w n  back in to  a 

t re n c h  a f t e r  the  la y in g  o f  th e  p ip e l ine ,  b y  spaces le f t  

in -b e tw e e n  the  in d iv id u a l  s p a d e fu ls .  When th is  happens d i f f e r e n ­

tia l a e ra t io n  c u r r e n ts  may f lo w ;  oxyge n  b e in g  taken up at the  

a ir  p o cke ts  and  a t ta c k  is d i r e c te d  on the  p laces where the soil 

presses on the  m eta l l ic  s u r fa c e .  I f  soil la y e rs  are not rep laced 

in th e i r  o r ig in a l  o r d e r  d u r in g  b a c k f i l l ,  d i f fe re n t ia l  aera t ion  may 

re s u l t  due  to  p resence  o f  tw o  d i f fe r e n t  so ils a long the  p ipe . 

O ccas iona lly  se r ious  c o r ro s io n  has been re p o r te d  because o f  stones, 

s t icks  and  o th e r  fo re ig n  m a te r ia l tha t come in to  contac t w ith  the 

p ipe when th e  t re n c h  is b a c k f i l le d  [E van s , 1963; B o n d u ra n t ,  1971; 

G upta , 1978J .

T h e  phenomena th a t  a f fe c t  aera t ion  c h a ra c te r is t ic s  also 

have o th e r  e f fe c ts .  For exam ple  most soils decrease in volume 

when th e y  a re  d r y  and  in c rease  in volume when wet. P a r t ic u la r ly  

in the  case o f  c lay  so ils  h ig h  in o rg an ic  m a t te r , the s h r in k a g e  in 

volume on d r y in g  p ro d u ce s  c ra c k s  tha t  p ro v id e  e f fe c t ive  channels  

fo r  the  o x y g e n  o f  the  a ir  to  reach the b u r ie d  p ip e l ine .  The 

s h r in k in g  o f  the  soil a lso te n d s  to pu l l  the  coa t ing  o f f  the coated 

p ipe , w he reas  the  c o a t in g  may be deformed in compression when 

the soil e x p a n d s  [S c o t t ,  1929], Logan was unab le  to obse rve  tha t 

sw e ll ing  o f  th e  soil fo rced  th e  coating  o f  r a g - fe l t - r e in fo r c e d  

aspha lt on p ip e  in to  c ra c k s  [L o g a n ,  1945].
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S ince  o x y g e n  re d u c t io n  is the p r in c ip a l  ca thod ic  

reac tion , a e fa t io n  has a p ro n o u n c e d  e f fe c t  on u n d e rg ro u n d  

co r ro s io n .  Fo r most m a te r ia ls ,  the ra te  is u n d e r  ca thodic  

con tro l and  is a d i r e c t  fu n c t io n  o f  the  deg ree  o f  aera t ion . 

Tomashov has d e s c r ib e d  soil as a s ta t io n a ry  e le c t ro ly te  where 

oxygen  d i f f u s io n  is th e  ra te  d e te rm in in g  s tep  o r  param eter 

[Tom ashov, 1966]. The  mechanism o f  d i f fu s io n  o f  oxygen  in to  

the soil is show n  in f ig u r e  2 .4  and cons is ts  o f  th ree  zones.

Zone A : Gaseous co n ve c t io n  o f  o x y g e n  in pores

o f  soil o c c u rs  here .

Zone B : Gaseous d i f fu s io n  in pores o f  the soil o ccu rs

h e re .

Zone C : D i f fu s io n  o f  oxygen  in a co n t in u ou s  l iq u id

f i lm  (o r  c o r ro s io n  p ro d u c ts )  takes place h e re .  

Any  o f  the se  t r a n s p o r t  mechanisms may be the  l im it ing  fa c to r  fo r  

co rros ion  in  th e  so il.

D i f fe re n t ia l  a e ra t io n  ce lls  due to s tones , lumps o f soil 

c rev ices  fo rm e d  by  s h ie ld in g  jacke ts  o r  o th e r  cond it ions  w h ich  

cause u n e q u a l o x y g e n  d is t r ib u t io n  are re a d i ly  estab lished  in  the 

soil. The  s ta t ic  n a tu re  o f  th e  e le c tro ly te  as well as small 

c o n c e n tra t io n s  o f  ions such as c h lo r id e  and h yd ro g e n  which 

b reak  dow n the  pass ive  f i lm ,  enhance d i f fe re n t ia l  aeration  e ffe c ts .  

Th is  e f fe c t  was c le a r ly  r e p o r te d  by Pea rls te in  and Te ite l l  fo r  

a lum in ium exposed  a t a t ro p ic a l  ra in  fo res t  f o r  one year 

[P e a r ls te in  and  T e i te l l ,  1974 ]. The w e igh t loss fo r  the  a lum in ium 

in the soil w h e re  d i f fe r e n t ia l  aera t ion  o c c u r re d  was h ig h e r  than



m

F ig .  2 .4  Mechanism o f  o x y g e n  t r a n s p o r t  in  the soil tow ards 

the  c o r ro d in g  metal su rface  (sch e m a tic ) .
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the w e ig h t  loss in the  a tm osphe re  where  o x y g e n  was re a d i ly  

a va i lab le .  Metals w h ich  a re  re a d i ly  pass ive  in o x y g e n -  

c o n ta in in g  s o lu t io n s ,  such  as a lu m in iu m  a re  suscep t ib le  to 

d i f f e r e n t ia l  a e ra t io n  c o r ro s io n  wh ile  those th a t  do no t become 

pass ive  in  o x y g e n - c o n ta in in g  so lu t ions  such  as coppe r,  the  

p r o b a b i l i t y  o f  fo rm a tion  o f  d i f fe re n t ia l  a e ra t io n  couples is 

sm a ll.

2 .3 .2  Soil m o is tu re  c o n te n t

T h e  d i f fe re n c e s  in  m o is tu re  c o n te n t  o f  soils depend not 

o n ly  on the  a bso lu te  am oun t o f  w a te r fa l l in g  on a g iven  section 

o f  the  so il b u t  a lso on th e  a b i l i t y  o f  th a t  soil to re ta in  w a te r .

The  a b i l i t y  o f  the  soil to  re ta in  w a te r is de te rm ined  by the  

o ve ra l l  p h y s ic o -c h e m ic a l  p ro p e r t ie s  o f  th a t  soil and p a r t ic u la r ly  

by  the  co l lo id a l p r o p e r t ie s  o f  the  in d iv id u a l  soil in g re d ie n ts .

T he  c o r r o s iv i t y  o f  all types  o f  so ils  changes cons ide rab ly  

w ith  m o is tu re  c o n te n t ,  in c re a s in g  w ith  th e  la t te r  to a c r i t ic a l  

p o in t .  Tom ashov and  G up ta  have found  th a t  a f u r th e r  increase 

in m o is tu re  beyond  the  c r i t i c a l  p o in t  p rom otes a d ro p  in 

c o r ro s io n  a c t i v i t y  [T o m a s h o v ,  1966; Gupta  S .K .  & G upta , B . K . ,  

1979]. T he  m o is tu re  c o n te n t  c o r re s p o n d in g  to the maximum 

c o r r o s iv i t y  has been fo u n d  to v a ry  somewhat w ith  d i f fe r e n t  

soils a nd  w ith  the  metals in v e s t ig a te d .  T he  in f luence  o f  soil 

m o is tu re  on i ts  c o r ro s io n  a c t i v i t y  can be exp la ined  by the  fact 

th a t  at v e r y  low m o is tu re  c o n te n t the  ohm ic r e s is t iv i t y  o f  the 

soil is h ig h  and the  ano d ic  and ca thod ic  processes are re ta rd e d .
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A t  e x tre m e ly  h ig h  m o is tu re  c o n te n t  the  oxygen  s u p p ly  

needed f o r  the  ca th o d ic  d e p o la r iz a t io n  is reduced  re s u l t in g  in 

decreased c o r ro s io n  a c t i v i t y .  M a rko v ic  c la im s tha t  the  ra te  o f 

a t ta ck  o f  u n p ro te c te d  i ro n  is in f lu en ce d  g r e a t ly  by the  w a te r 

c o n te n t  o f  the  soil and inc reases  from n e g l ig ib le  va lue  in 

p e r fe c t ly  d r y  soils to  a maximum at a p o in t  where the  soil is 

s a tu ra te d  w i th  w a te r  [M a rk o v ic ,  T .  1956]. Beyond th is  p o in t  

a su dd e n  fa l l  o ccu rs  to a low ra te  o f  a t ta c k  when free  w a te r  

becomes p re s e n t .  G up ta  e t al in v e s t ig a t in g  the re la t io n sh ip  

between soil r e s is t i v i t y ,  m o is tu re  c o n te n t  and c o r ro s iv i t y ,  have 

found  th a t  c o r r o s iv i t y  o f  so ils increases w i th  decrease in the 

soil e le c t r ic a l  r e s is t i v i t y  u p  to a p o in t  when the minimum value 

is reached  [G u p ta  B . and  Gupta 5 . ,  1978]. A t  th is  po in t  there 

is a su dd e n  in c re ase , fo l low ed  by a decrease in the  c o r ro s iv i t y  

w i th o u t  c o r re s p o n d in g  ch anges  in r e s is t i v i t y  va lues (F ig .  2 .5 ) .  

The re la t io n s h ip  betw een r e s is t i v i t y  and w a te r  con ten t o f  the 

soil is show n in f ig u r e  2 .6 .  The p o in t  o f  minimum r e s is t iv i t y  

comes m uch b e fo re  s a tu ra t io n  o f  soils w i th  w ater is obse rve d .

A c c o rd in g  to  Schasch l and M arsh , the  ca thodic  a c t i v i t y  

o f  o x y g e n  is most v ig o ro u s  when a soil co n ta in s  50-95% o f  

w a te r  needed fo r  s a tu ra t io n  [Schasch l and  M arsh, 1963],
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MOISTURE C O NTENT (% MASS)

F ig . 2 .5  R e la t ion sh ip  between soil c o r r o s iv i t y  and soil 

res is tance  a t  d i f fe r e n t  m o is tu re  contents  

[G up ta  and G u p ta , . 1979].
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Fig. 2.6 E f fe c t  o f m o is tu re  co n te n t  on the  r e s is t iv i t y  o f 

a c la y  soil [S ch a sch l and M arsh , 1963].

2 .3 .3  Soil pH

T h e  in f lu e n c e  o f  h y d ro g e n  ion c o nce n tra t io n  (pH) on 

co rros ion  is two fo ld .  F i r s t  th e re  is the d i r e c t  in f luence  

of h y d ro g e n  ion c o n c e n tra t io n  on the e lec trode  process.

The p o te n t ia l  o f  h y d ro g e n  a nd  oxyge n  e lec trodes  changes b y  

0.059V fo r  e v e r y  u n i t  ch ange  in pH . Since a decrease in pH
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( in c re a s in g  the  h y d ro g e n  ion  c o n c e n tra t io n )  re su lts  In the  

po ten t ia l o f  the  h y d ro g e n  e le c tro d e  becom ing more p o s i t iv e ,  

a decrease  in pH w ou ld  enhance  the c a th o d ic  processes o f  

h y d ro g e n  and  o x y g e n  d e p o la r iz a t io n .  T h is  leads to an 

increase in  the  ra te  o f  c o r ro s io n ,  p a r t i c u la r l y  i f  the co rro s io n  

process is c h ie f ly  c o n t r o l le d ,  no t by  d i f fu s io n  processes on 

to the  ca th o d e  b u t ,  b y  th e  process o f  h y d ro g e n  ion d isch a rg e .

S e co n d ly ,  th e re  is the  d i re c t  in f lu e n c e  o f pH w h ich  

cons is ts  o f  change  in  the  s o lu b i l i t y  o f  the  co rro s io n  p ro d u c ts  

and the  p o s s ib i l i t y  o f  p ro te c t iv e  fi lm  fo rm a tion  w ith  change in 

pH . T h is  depends on w h e th e r  the metal o x id es  are so luble  

in ac ids o r  a lk a l is .

T h e  ro le  o f  pH in  u n d e rg ro u n d  c o r ro s io n  fo r  coppe r 

is shown d ia g ra m m a t ica l ly  in  f ig u re  2.7 [B o n d u ra n t ,  1971].

For most a l lo ys  the  c o r ro s io n  increases w i th  decreas ing  pH o f 

the  so il.  In s t r o n g ly  ac id  so ils (p H < 4 .5 ) ,  co rro s io n  ra tes fo r  

some o f  the  more re s is ta n t  m ater ia ls  such as copper are 

s ig n i f ic a n t ly  h ig h e r  [G e rh o o ld  and Cann, 1976]. Except fo r  

a m p ho te r ic  metals l ik e  a lum in ium  w h ich  a re  sub jec t to h ig h e r  

c o r ro s io n  ra tes  in a lk a l in e  soils ( f ig .  2 .7 ) ,  most a lka line

soils a re  less c o r ro s iv e .
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F ig .  2 .7  R e la t ion sh ip  be tw een  pH and so il c o r ro s iv i t y  

[B o n d u ra n t ,  1971].

In  aera ted  w a te r  o f  pH va lues betw een 4-10, 

the  c o r ro s io n  ra tes  o f i r o n  and steel depend  on the amount 

o f  d is s o lv e d  o x y g e n  in th e  w a te r .  A lso w h a te v e r  the  in i t ia l  

pH o f  the  so lu t ion  in  th is  ra n g e ,  the  s u r fa c e  o f  the iron  is 

a lways c o v e re d  w ith  F e (O H )2 and free  h y d r o x y l  ions wh ich  

can g iv e  a ca thode  a pH o f  about 9 .5 .  When the pH is 

between 4-6  iro n  d isso lves  w ith  h y d ro g e n  gas e vo lu t ion .  A t  

a f u r t h e r  inc rease  in  pH between 10-12.6 a low ering  o f the  

c o r ro s io n  ra te  fo r  i ro n  is o b s e rv e d ,  due p r im a r i ly  to a decrease 

in the s o lu b i l i t y  o f  the c o r ro s io n  p ro d u c ts  in  a lka li ( h y d ra te  

fo rm a t io n ) .  A n  increase  in  pH above 13 how eve r again causes 

an in c re ase  in  co rro s io n  ra te  due to the s o lu b i l i t y  o f  co rro s io n
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F ig . 2.8 C o rro s io n  ra te  o f  steel in w a te r at va r ious  pH 

va lues [P o u rb a ix  A t las ,  1954J .
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p ro d u c ts  in  the  c o n c e n tra te d  a lka li (F ig .  2 .8 )  [P ou rb a ix  

A t la s ,  1954 ].

T h e  pH va lue  in th e  soil is not so serious a fa c to r  

fo r  iron  a nd  steel as i t  is fo r  co pp e r  and z in c ;  However, 

steel c o r ro d e s  more r a p id ly  in acid soils (p H  3 .5 -4 .5 )  than  

in weak a c id s  and n e u t ra l  so i ls .  I t  is im p o r ta n t  to bear in  

m ind th a t  a lk a l in e  re a c t io n s  w h ich  g iv e  low c o r ro s iv e  ra tes 

on steel in  w a te r  can g iv e  the  oppos ite  e f fe c t  in so il,  where  

the  e le c t r ic a l  c o n d u c t i v i t y  is an im p o r ta n t  fa c to r .

A change  in  c o r ro s io n  ra te  canno t be a t t r ib u te d  to 

change in  pH a lo n e ,because the e le c tr ic a l c o n d u c t iv i t y  o f  the 

m e d ium ,an d  to a la rg e  e x te n t  the ion c o n c e n tra t io n  also u s u a l ly  

change w i th  a change in  pH (d e pe n d in g  on the  m eta l) .  The  

in f lu e n c e  o f  bo th  these fa c to rs  and the  pH cannot a lways be 

se p a ra te d .  C o n d u c t iv i t y  is o ften  v e ry  h ig h  in  a lka line  

e n v i ro n m e n ts .

2 .3 .4  Soil redox  p o te n t ia l

A r e d u c t io n -o x id a t io n  ( re d o x )  p o te n t ia l  is th a t  p o ten t ia l 

measured a t an in e r t  metal su r face ,  u s in g  a n y  recommended 

re fe re n c e  e le c tro d e  ( e .g .  h y d ro g e n ,  ca lomel, c o p p e r /c o p p e r  

s u lp ha te  e t c . ) .  I f  the  metal is ac t ive  as in  the  case o f  i r o n ,  

the  va lue  is a f fe c te d  by  th e  d i f fe re n c e s  in  b eh a v io u r  o f the  

metal in  th e  so lid  and s o lu t io n  phases.

Soils  o f  low re d o x  p o te n t ia ls  may be expected  to 

p ro v id e  a su itab le  e n v i ro n m e n t  fo r  the  p ro l i fe ra t io n  o f  su lpha te
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re d u c in g  b a c te r ia  (S R B ) a n d  hence s u p p o r t  m icrob io log ica l 

co rro s io n  o r  to p ro v id e  a loca lized  anod ic  zone fo r  co rros ion  

due to d i f f e r e n t ia l  a e ra t io n .  I t  shou ld  be no ted  tha t  pH o f  

the soil in f lu e n c e s  the  re d o x  p o te n t ia ls .

T o  e s ta b l is h  the  fe a s ib i l i t y  o f  the  use o f  the redox 

po ten t ia l as an in d e x  o f  c o r r o s iv i t y  o f  a so i l ,  S ta rke y  and 

W ight m easured  the  re d ox  p o te n t ia ls  in many soils along 

p ipe l ine  d is t r i b u t i o n  sys tem s [S ta rk e y  and  W ight, 1945]. The 

re s u l ts  so o b ta in ed  were  c o r re la te d  w ith  s e v e r i t y  o f  co rro s io n  

on the p ip e s  and the  r e s u l t in g  co rro s io n  c r i t e r ia  d e r ived  

(Tab le  2 . 1 ) .

Redox p o te n t ia ls  (NHE) C o r ro s iv i t y  (d e s c r ip t io n )

Below 100mV Severe c o r ro s io n

10OmV-2OOmV Moderate co rro s io n

200mV-400mV S lig h t  c o r ro s io n

A bo ve  400mV Non c o r ro s iv e

Table  2.1 R e la t ion sh ip  betw een c o r r o s iv i t y  and Redox 

p o te n t ia ls .  Po ten tia ls  c o r re c te d  to pH = 7.0 

[S ta r k e y  and  W igh t,  1945].



2 .3 .5  G a lvan ic  e f fe c ts  o f  soils due to d is s im i la r i ty  o f 

so ils  and s u r fa c e  co n d it io n s  and o th e r  fac to rs  

A g a lv a n ic  cell r e s u l t s  when s im i la r  metal e lec trodes 

are p laced  in d is s im i la r  e le c t ro ly te s .  When the  two e lec trodes 

are co nn e c te d  by  a w ire ,  an e le c t r ic  c u r r e n t  w il l f low ju s t  as 

in the case w ith  d is s im i la r  metals. T h is  ty p e  o f  ga lvan ic  cell 

may o c c u r  when a p ip e l in e  passes th ro u g h  d i f fe re n t  so ils, and 

may r e s u l t  in w hat is ca l le d  lo n g - l in e  c u r r e n ts  be ing formed 

between p a r ts  o f  th e  p ip e  th a t  are anod ic  and  ca thod ic  s ites .

The lo w e r the  re s is ta nce  o f  the  soils the  h ig h e r  the  rate o f  

c o r ro s io n .  O th e r  fa c to rs  l ik e  v a r ia t io n s  in  pH , sa lt  c o n te n t ,  

and d i f fe r e n t ia l  a e ra t io n  can  c o n t r ib u te  to  th is  ga lvan ic  cell 

fo rm a tion  (F ig .  2 .9 ) .

D is s im i la r i t y  o f  p ip e  su r face  c o n d it io n s  can also cause 

c o r ro s io n  o f  p ipe  (F ig .  2 .1 0 ) .  B r ig h t  p ip e  metal such as 

sc ra tch e s  caused b y  p ipe  w renches  and shallow  th reads  adjacent 

to c o u p l in g  o r  f i t t i n g  a re  anod ic  to the  p ip e  su r face . These 

ce lls  can be v e ry  a c t iv e  d u e  to the  u n fa v o u ra b le  ra t io  o f  anodic 

to c a th o d ic  areas.

G a lvan ic  ce lls  may also re s u l t  f ro m  re p a ir in g  a lre ad y  

c o r ro d e d  p ip es .  The  n e w ly  re p a ire d  sec tion  o f  the  pipe 

becomes anod ic  re g io n  w he reas  the  old sec tion  becomes ca thod ic .  

C o rro s io n  hence beg in s  a n d  the p ipe  is p i t te d  once again 

(F ig .  2 .1 1 ) .

-  34 -
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Fig. 2.9  C o r ro s io n  caused b y  d iss im i la r  so i ls .
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CO UPLIN G

th re a d s  p ipe w renches

Fig. 2.10 C o r ro s io n  caused b y  d is s im i la r i ty  o f  su rface  co n d it io n s .

/

( OLD PIPE \ NEW PIPE ft K  
n  (C A T H O D E ) I (A N O D E ) \ (CATHODE) 0

>'

Fig. 2.11 G a lvan ic  c e l l ,  d is s im i la r  metals, new and old p ipe .
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T h e r e  can also be p i t t i n g  due  to m il l scale (F ig .  2 .1 2 ) .  

D u r in g  th e  p ipe  m a n u fa c tu re ,  p a r t ic le s  o f  the  mill scale may be 

embedded on the  s u r fa c e  o f  the  p ip e .  T h e  mill scale acts as a 

ca thod ic  s i te  th a t  w ou ld  r e s u l t  in c o r ro s io n  o f  the p ipe .

C in d e rs  in c o n ta c t  w i th  the p ipe  ac ts  in a s im ila r way 

as the m il l  scale (F ig .  2 .1 3 ) .

p i t

F ig.  2.12 P i t t i n g  due to mil l  scale.



F ig . 2.13 C o r ro s io n  due to  c in d e rs .

2 .3 .6  E f fe c ts  o f  s t r a y  c u r r e n ts

I f  a m e ta l l ic  o b jec t  is p laced in a s t ro n g  e le c tr ic  

f ie ld ,  a p o te n t ia l  d i f fe re n c e  deve lops across i t  and acce lera ted 

co rros ion  o c c u rs  at p o in ts  w h e re  c u r r e n t  leaves the ob ject 

and e n te rs  th e  so il.  S t ra y  c u r r e n t  p rob lem s were q u i te  common 

in p re v io u s  ye a rs  d u e  to c u r r e n t  leakage from  t ro l le y  t ra c k s  

[E vans , 1963 ].  P ipe lines a n d  tanks  b u r ie d  u n d e r  the  t ra c k s  

were r a p id ly  c o r ro d e d .  A more common so u rce  o f  s t ra y  

c u r re n t  is f ro m  c a th o d ic  p ro te c t io n  sys tem s. Th is  is espec ia lly  

p ro nounced  in  d en se ly  p o p u la te d  oil p ro d u c t io n  f ie lds  and 

w ith in  in d u s t r ia l  complexes c o n ta in in g  num erous b u r ie d  p ip e l ine s .

2 .3 .7  Soil e le c t r ic a l  r e s i s t i v i t y

Soil e le c t r ic a l  r e s i s t i v i t y  is used as an ind ica t ion  o f  

soil c o r r o s i v i t y .  A l th o u g h  o th e r  fac to rs  m us t be co ns ide ied
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the c o r r o s i v i t y  o f  soil u s u a l ly  increases w i th  decreas ing 

r e s i s t i v i t y ,  F ig .  2 .14  [B o n d u r a n t ,  1971], Rough in d ica t io n  

of re la t iv e  c o r r o s iv i t y  as a fu n c t io n  o f  r e s is t i v i t y  a re g ive n  

in tab le  2 .2  [ Nace, 1971], The fac to rs  w h ic h  g ove rn  soil 

r e s is t i v i t y  in c lu d e  the  c o n c e n tra t io n  o f  so lub le  salts and 

m o is tu re  c o n te n t  o f  the s o i l .  In a d d i t io n ,  the  presence o f  

a9 9 re s s ’ ve  ions such  as c h lo r id e  and s u lp h id e  can have marked 

in f lu e n c e  on the  c o r r o s i v i t y  o f  the  so il.  The  presence o f  

c h lo r id e  can re s u l t  in  loca l ized  co rro s io n  o f  materia ls  w ith  

pass ive  f i lm s  w h ile  the  p re se n ce  o f  s u lp h id e  can re s u l t  in  

a l te red  c o r ro s io n  ra te  d ue  to change in e lec trode  p rocess.

T h e  la tes t w o rk  re p o r te d  on th is  sub jec t is tha t  

co n d u c te d  b y  G .H .  Booth  et al a t the Nationa l Physical 

L a b o ra to ry  who s o u g h t  to  e s ta b l ish  c r i t e r ia  fo r  soil a g g re s s iv e ­

ness to w a rd s  b u r ie d  meta ls among them, i ro n  [B o o th ,G .H . ,  

Cooper, W a ke r le y ,  1967). The  soil p ro p e r t ie s  they  examined 

fo r  th is  p u rp o s e  a re  e le c t r ic a l  r e s is t i v i t y ,  redox p o te n t ia ls ,  

w a te r c o n te n t  and so lu b le  i ro n  co n te n ts ,  pH and a c t iv i t y  o f  

the b a c te r ia .  From th e i r  s tud ies  o f  87 s ite s  in bo th  England 

and Wales, th e y  c o n c lu d e d  th a t  re l iab le  estimates o f  

a g g re s s iv e n e s s  o f  so ils to w a rd s  b u r ie d  fe r ro u s  metals can be 

made f ro m  m easurem ents o f  i ts  r e s is t i v i t y  and  redox p o te n t ia ls .  

M arg ina l cases can be s o lve d  by  know ledge  o f  water c o n te n t .

G up ta  e t al fo u n d  tha t  soil c o r r o s iv i t y  increases w ith  

decrease  in  the e le c t r ic a l  r e s is t iv i t y  va lue  up to  a po in t when 

minimum r e s is t i v i t y  is reached  [G up ta  S. and Gupta B . ,  1978]. 

A t  th is  p o in t  th e re  is a sudden  increase  followed by
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a dec rease  in  the  c o r r o s i v i t y  w i th o u t  c o r re s p o n d in g  values 

o f  r e s i s t i v i t y  (F ig .  2 .5 )  .

R e s is t iv i t y  ft -cm C o r r o s iv i t y  (d e s c r ip t io n )

Below 500 V e ry  c o r ro s iv e

500 -  1000 C o rro s iv e

1000- 2000 M o d era te ly  c o r ro s iv e

2000-10,000 M ild ly  c o r ro s iv e

A bove  10,000 P ro g re s s iv e ly  less 
c o r ro s iv e

Tab le  2 .2  Rough in d ic a t io n  o f  soil c o r r o s iv i t y  ve rsu s  

r e s is t i v i t y  [N a c e ,  1971].

2 .3 .8  Sa lt c o n c e n t ra t io n s  in  the soil

A change  in  the  c o n c e n tra t io n  o f  a so luble salt in  the 

soil can in f lu e n c e  the  ra te  o f  c o r ro s io n .  The  e ffec t  o f an 

inc rease  in  the  c o n c e n tra t io n  o f  o x id is in g  sa lts  is ana logous to 

the  e f fe c t  o f  an in c re a s in g  amount o f  o x id is in g  in h ib i to r  and 

leads ( w i t h  absence o f  a c t iv e  ions) to an almost cessation o f  

c o r ro s io n  b y  c h a n g in g  to  a pass ive  s ta te .  However, th is  comes 

abou t i f  o x id is in g  sa lts  (s u c h  as d ich rom a te s )  act p r in c ip a l ly  as 

p a s s iv a to rs .  I f  h o w e v e r ,  the  o x id is in g  a g e n t (sa lt)  acts 

p r im a r i ly  as a c a th o d ic  d e p o la r iz e r  (eg p e rs u lp h a te ) ,  then  an 

inc rease  in  i ts  c o n c e n tra t io n  w il l  inc rease  the  ra te  o f  co r ro s io n .
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T h e  dependence  o f  the ra te  o f  c o rro s io n  o f  i ron  

o r  s teel on the  c o n c e n tra t io n  o f such  sa lts  as NaCI, KCI 

and L iC I in  aqueous s o lu t io n s  is shown in  F ig . 2.15 

[T o m a s h o v ,  1966]. A t  th e  b e g in n in g ,  th e  co rros ion  ra te  

is d r a s t i c a l l y  inc reased  d u e  to the  inc rease  in co nce n tra t io n  

o f  the  c h lo r id e  ions w h ic h  a c t iv a te  the anod ic  process. The 

s u b s e q u e n t  decrease in  the  c o r ro s io n  ra te  can be exp la ined  

by  the  re d u c t io n  in s o lu b i l i t y  o f  the  d e p o la r iz e r  (o x y g e n )  

w ith  an inc rease  in  the  s a l t  c o n c e n t ra t io n .

T he  v a r ie ty  o f  ca t ions  and  an ions  d isso lved  in the  

soil e le c t r o ly te  d e te rm in e s  the  e le c tr ica l c o n d u c t iv i t y  as well 

as the  chem ical p ro p e r t ie s  such as a c id i t y  o r  a lk a l in i ty  and 

the  d e ve lo p m e n t  o f  chem ica l reac tions  be tw een  p r im a ry  

c o r ro s io n  p ro d u c ts  and th e  e le c t ro ly te .  For example, i ro n  

and s tee l a re  c o r ro d e d  b y  e le c t ro ly te s  th a t  conta in  su lpha tes  

and c h lo r id e s  from  the  so il because the  c o rro s io n  p ro d u c ts  

form ed a t the  anode a nd  the  ca thode a re  bo th  so lub le .

Presence o f  c h lo r id e  ions re s u l ts  in localised 

c o r ro s io n  o f  m ater ia ls  w i t h  d e s t ru c t io n  o f  passive f i lms, 

wh ile  t h a t  o f  s u lp h id e  re s u l t s  in a l te re d  co rro s io n  ra tes due 

to ch an g es  in e le c tro d e  p rocesses . The  ch lo r id e  d e s t ro y s  

the  p a s s iv e  film b y  re p la c in g  the  OH ions o f  the  F e (O H )2 

f i lm , b y  v i r t u e  o f  c h lo r id e  be ing  s p e c i f ic a l ly  adsorbed on 

the i r o n  s u r fa c e .  The  s u lp h id e s  combine w ith  Fe ions in 

d ea e ra te d  soils to form  FeS ins tead  o f  the  expected F e (O I I ) ,  

f i lm . T h is  happens o n ly  in  p resence o f  s u lp h u r - r e d u c in g

b a c te r ia .
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F ig . 2.15 E ffec t  o f  c o n c e n tra t io n  o f  KC I, NaCI and LiCI on the 
c o r ro s io n  o f  lo w -c a rb o n  c o ld - ro l le d  steel at 35°C 
[T o m ash o v , 1966 ].
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A n o th e i im p o r ta n t  re la t io n s h ip  between the  salts 

in the so il and c o r ro s io n  has to do w ith  b io log ica l a c t i v i t y .  

Since th e  g ro w th  o f  p la n ts  and m ic ro -o rg a n ism s  depends upon 

the p r o p e r  in o rg a n ic  m in e ra l c o n te n ts ,  th e  action o f  these 

forms o f  l i fe  v a r ie s  w i th  the  m inera l c o n te n t  o f  the  so il.

2 .4  P A S S IV IT Y  A N D  IN H IB IT IO N

2.4 .1  D e f in i t io n s

P a s s iv i ty  can be d e f in e d  as a s tab le  in h ib i to r  o r  

s t r i f l i n g  o f  any  a c t io n ,  p rocess  o r  re a c t io n .  In th is  respec t 

the te rm  p a s s iv i t y  can be c o n s t ru e d  to mean any im proved  

c o r ro s io n  re s is ta n ce  o f  a metal in  an e le c t ro ly te .  The genera l 

o p in io n  e x p re s s e d  in th e  s c ie n t i f ic  l i t e r a tu r e  c le a r ly  ind ica tes  

th a t  n o t  a ll cases o f  im p ro v e d  c o r ro s io n  res is tance  can be 

c o n s id e re d  as be ing  caused  b y  p a s s iv i t y .  Instead the te rm  is 

u s u a l ly  a p p l ie d  to the  m eta ls  the rm od yn am ica l ly  uns tab le  

u n d e r  th e  g iv e n  c o n d i t io n s ,  the im p ro ve d  co rro s io n  res is tance  

o f  w h ic h  is accom panied b y  a s im u ltaneous  s h i f t  o f  the 

e le c tro d e  p o te n t ia l  in th e  p o s i t iv e  d i r e c t io n .

On the basis o f  the  e lec trochem ica l co rros ion  th e o ry ,  

Tom ashov g ive s  a ra t io n a l  d e f in i t io n  o f  th e  phenomenon o f  

p a s s iv i t y  o f  metals as f o l lo w s ; " P a s s iv i t y  is a state o f  h ig h  

c o r ro s io n  re s is ta nce  o f  meta ls o r  a l loys  ( u n d e r  cond it io n s  when 

th e i r  re a c t io n s  a re  th e rm o d y n a m ic a l ly  poss ib le )  caused b y  

in h ib i t i o n  o f  anod ic  p ro c e s s ;  tha t is a p ass ive  s tate  is a state 

o f  c o r ro s io n  res is tance  caused  by  an inc reased  anodic c o n tro l

[ Tom ashov , 1966] .
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2 .4 .2  M echanism o f  p a s s iv i t y

M any the o r ie s  h a ve  been p u t  fo r w a rd  to e xp la in  the 

mechanism o f  p a s s iv a t io n ,  b u t  the most fundam en ta l and 

g e n e ra l ly  accep ted  th e o r ie s  a re  those e x p la in in g  the  pass ive  

s ta te  on the  basis o f  a f i lm  o r  a d s o rp t io n  mechanism 

a c c o u n t in g  fo r  in ih ib i t io n  o f  anod ic  d is s o lu t io n  [B o c k r is  and 

R eddy , 1970; Tom ashov a n d  C h e rn o va ,  1967].

T h e  f ilm  th e o ry  o f  p ass iva t io n  e x p la in s  the  pass ive  

s tate  as the  appearance  o f  a v e ry  th in ,  o f te n  v is ib le  

p r o te c t iv e  f i lm  o f  p r o d u c ts  formed b y  th e  reac tion  o f  the 

metal w i t h  the  e n v i ro n m e n t .  V e ry  o f te n  th is  f ilm  re p re se n ts  

some fo rm  o f  m e ta l l ic  o x id e .

A n o th e r  q u i te  d i f f e r e n t  v iew  re g a rd s  the essentia l 

cause o f  p a s s iv a t io n  as a r is in g  from  the  fo rm a tion  o f  a 

m ono laye r o f  a d so rb e d  o x y g e n  o r  o x y g e n  w h ich  is " in "  and  

not "o n "  the  metal s u r fa c e .  In some v e rs io n s  o f th is  v ie w , 

the  s u d d e n  fa ll o f  c u r r e n t  c h a ra c te r is t ic s  o f  pass iva tion  is 

supposed  to o c c u r  as a r e s u l t  o f  the  p resence  on the  su rface  

o f  a m uch less th a n  a m ono laye r o f  O , OH or o th e r  an ions.

T h e  reasons o f  such  small am ounts o f  materia l be ing  

a bso rb e d  on an e le c t ro d e  caus ing  such d ra m a tic  happen ings  

are  ra t io n a l is e d  in  v a r io u s  ways. For exam ple , the absorbed 

ion may b lo c k  a k in k  s i te  in  the  d is s o lv in g  metal and th is  may 

lower f r e e  e n e rg y  o f  the  in i t ia l  s ta te  o f  th e  atom in its 

d is s o lu t io n  re a c t io n .  I t  th e n  no lo n ge r  d isso lves  w ith  the  

fo rm e r ra te  because d is s o lu t io n  has been d ro pp e d  by  severa l

o rd e rs  o f  m a g n itu d e .
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2.5 P O L A R IZ A T IO N

2.5 .1  P o la r iza t io n  and  o v e rp o te n t ia ls

T h e  d i f fe re n c e  be tw een  the  p o te n t ia ls  o f  an e lec trode  

w ith  a nd  w i th o u t  im p re s s e d  c u r r e n t  o r  E . -E 0 ( taken  in th is  

o ld e r )  is ca lled  e le c troch e m ica l p o la r iz a t io n .  Po lar izat ion  is a 

measure o f  i r r e v e r s i b i l i t y  and  its  m a g n itu d e  va r ies  w ith  

cu i i e n t  d e n s i t y ,  te m p e ra tu re  and the  m a te r ia ls  ta k in g  p a r t  in 

the  re a c t io n .

T h e re  is h o w e v e r  a lo t o f  d is p u te  in the use o f  the 

term p o la r iz a t io n .  B o c k r is  co ns ide re d  th is  as fus tys ism  and 

feels t h a t  the  te rm  o v e rp o te n t ia l  o r  o v e rv o l ta g e  shou ld  be used 

( B o c k r is ,  1970]. W rang len  de f ines  o v e rp o te n t ia l  as po la r iza t ion  

o f  a d e f in i t e  e le c trod e  re a c t io n  such  as h y d ro g e n  e vo lu t io n  

[W ra n g le n ,  1972]. Paul R ue tsch i g ive s  a c lea r d is t in c t io n  

between o v e rp o te n t ia l  a n d  p o la r iz a t io n .  He defines ove rpo ten t ia l 

as the  p o te n t ia l  be tw een the  p o te n t ia l  a t a ce r ta in  ra te  o f  

c u r r e n t  d e n s i ty  leve l a nd  p o te n t ia l  a t r e v e rs ib le  co nd it io n s  fo r  

a s in g le  e le c tro d e  re a c t io n ;  w h ile  p o la r iz a t io n  is the  d i f fe re n c e  

between p o te n t ia l  a t  a c e r ta in  c u r r e n t  d e n s i t y  and the open 

c i r c u i t  p o te n t ia l  ( E 2= 0 ) f o r  ins tance  a c o r ro d in g  su rface  where 

one has more than  one e le c tro d e  re a c t ion  g o ing  on [R u e ts c h i ,  

1972].

When the  p ra c t ic a l  o b je c t iv e  is to  c o n v e r t  chemical 

e n e rg y  to  e le c t r ic a l  e n e rg y  o r  v ice  v e rs a ,  i t  is im p o r ta n t  to 

m in im ize p o la r iz a t io n .  In  e lec trochem ica l co rro s io n  a h ig h  

deg ree  o f  p o la r iz a t io n  is d e s ira b le  s ince i t  slows down the  

ra te  o f  a t t a c k .  Many c o r ro s io n  c o n tro l  measures are  aimed at



in c re a s in g  the  p o la r iz a t io n  o f  g a lva n ic  co u p le s .  The 

o v e r p o te n t ia l  r e q u i r e d  to  reduce  h y d ro g e n  ion o r  w a te r 

h y d ro g e n  gas, a p ro ce ss  w h ich  in  absence o f  o v e rp o te n t ia l  

would  ta k e  p lace a t  ze ro  v o l t ,  is o f  spec ia l im portance .

^NHE o v e r P°^e n ^ a l can be o f  real a dva n ta g e  in some 

c irc u m s ta n c e s .  C a t ions  o f  metals such  as sodium and 

po tass ium  can be re d u c e d  to free  metals a t a m e rcu ry  cathode 

even th o u g h  th e i r  s ta n d a rd  p o te n t ia ls  a re  more nega tive  than 

NHE, because  the  h ig h  o v e rv o l ta g e  o f  H 2 on m e rcu ry  p re v e n ts  

its  l ib e r a t io n .  A t  a p la t in u m  ca thode , sod ium  and potassium 

canno t be re d u c e d  from  aqueous s o lu t io n  because the  

p o te n t ia l  ca nn o t exceed th a t  re q u ire d  f o r  h y d ro g e n  l ib e ra t io n .

2 .5 .2  T yp e s  o f  o v e rp o te n t ia ls

E lec trochem ica l o v e rp o te n t ia l  is s u b s ta n t ia l ly  o f  

th re e  d i f f e r e n t  k i n d s : -

(a) C o n c e n t ra t io n  o v e rp o te n t ia l ,  n

(b )  A c t iv a t io n  o v e rp o te n t ia l ,

(c )  R e s is ta nce  o v e rp o te n t ia l ,  r ip

2 .5 .2 .1  C o n c e n tra t io n  o v e rp o te n t ia ls

C o n c e n tra t io n  o v e rv o l ta g e  a r ise s  when co nce n tra t io n  

o f  p o s i t iv e  ions in  the  immediate v i c in i t y  o f  the cathode 

decreases  due  to the  d e p o s i t io n .  I t  is caused by  a dev ia t ion  

o f  the  c o n c e n t ra t io n  on th e  e lec trode  s u r fa c e  from tha t o f  the 

b u lk  o f  th e  s o lu t io n .  F o r  in s tance , in c o p p e r  re f in in g ,  

co pp e r  is  d ep o s ite d  on th e  ca thode re s u l t in g  in a lower ion
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c o n c e n tra t io n  at the  c a th o d e  than  in  the  h u lk  o f  the  so lu t ion .

A t the  ano d e , c o p p e r  is d is s o lv e d ,  r e s u l t in g  in  a h ig h e r  

c o n c e n tra t io n  th e re  than  in  the  b u lk .

W ith o u t e le c t r o ly s is ,  we have fo r  b o th  e lec trodes ,
o

E0 = E + 0.059 log CD • Where C Q = c o n c e n tra t io n  in th e  b u lk .
2

U nder e le c t r o ly s is ,  we h a ve  fo r  each e le c tro d e

E. = E + 0.059 log  C , o b s e rv in g  C <Cn a t the 
J 2 ® ®

cathode a nd  Ce>CD at th e  anode. Hence the  c o nce n tra t io n

o v e rv o l ta g e  nc is g iv e n  as
C

E. -  E0 = n „  = 0 .059 log e , w h ich  e x p re s s io n  is nega tive
1 2 c ;

fo r  the  ca thode  and  p o s i t iv e  fo r  the  anode.

T h e  l im i t in g  c u r r e n t  connec ted  w i th  co n ce n tra t io n  

o v e rv o l ta g e  is an im p o r ta n t  q u a n t i t y .  T h is  is the h ig h e s t  

c u r r e n t  d e n s i ty  p o ss ib le  fo r  a g iv e n  e le c tro d e  reac tion , eg. 

metal d e p o s i t io n ,  due  to  the  l im ita t io n  imposed by  the  d i f fu s io n  

v e lo c i ty  o f  the  re a c t in g  p a r t i c le s .  A n o d ic  l im it in g  c u r r e n t  

d e n s i ty  is o f te n  an in t r o d u c t o r y  s tep  in  anod ic  p ass iva t io n .  

A nod ic  p o l is h in g  is a lso c a r r ie d  o u t  u n d e r  cond it ions  g iv in g  

anod ic  l im i t in g  c u r r e n t  d e n s i t y .

For a c a th o d ic  p rocess  the  co n c e n tra t io n  

o v e rp o te n t ia l  is g iv e n  b y

o 059 c 0 .059  log ( '  -  { ) IW rang len , 1972).
" c = ~2'° 9  J -  = 2 ' L

I f  the  l im i t in g  c u r r e n t  d e n s i ty  l L , fo r  the  

ca thode  re a c t ion  is k n o w n ,  th is  e qu a t io n  shows how concen tra  

t ion  o v e rv o l ta g e  v a r ie s  w i th  the a pp l ie d  c u r r e n t .



T h e  c o n c e n tra t io n  o v e rv o l ta g e  decreases s low ly w ith  

a r ise  in te m p e ra tu re  due  to  an inc rease  in  d i f fu s io n  v e lo c i ty .  

The c o n c e n tra t io n  o v e r v o l ta g e  is re d uce d  b y  s t i r r i n g ,  s ince 

the d i f fu s io n  la y e r  6 th e n  becomes th in n e r  and l im it ing  

c u r re n t  d e n s i t y  1^ is in c re a s e d .  1^ is in v e rs e ly  p ro p o r t io n a l  

to the  th ic k n e s s  o f  the  d i f fu s io n  b o u n d a ry  laye r (e lec trode  

fi lm  in s id e  w h ich  th e  c o n c e n tra t io n  d e v ia te s  from the b u lk  

c o n c e n tra t io n )  .

2 .5 . 2 . 2  A c t iv a t io n  o v e rv o l ta g e

Whereas metal ions  are t r a n s fe r r e d  in  a m e ta l/ ion  

e le c tro d e ,  a redox  e le c t ro d e  in v o lv e s  the  t r a n s fe r  o f  e le c tro n s .  

The  h in d ra n c e  o f  c h a rg e  t r a n s fe r  re a c t io n  causes the  fo rm ation  

o f  c h a rg e  t r a n s fe r  o v e r v o l ta g e  o r  a c t iv a t io n  o v e rp o te n t ia l .  

A c t iv a t io n  o v e rv o l ta g e  is th u s  caused b y  a slow step in the  

e le c trod e  p rocess  r e q u i r i n g  an a c t iv a t io n  e n e rg y  fo r  overcom ing 

the re a c t io n  h in d ra n c e .  T h is  a c t iv a t io n  o v e rv o lta g e  g ives  the 

re la t ion  be tw een  c u r r e n t  f low  and the  vo lta g e  d rop  ju s t  across 

the  d is ta n c e  betw een the  Helmholtz p lane and  e lectrode su r face , 

th a t  is th e  so ca l led  in n e r  e lec trochem ica l doub le  la ye r .

A t  the  re d o x  e le c t ro d e ,  e le c tro n s  a re  s im u ltaneous ly

accepted  and  dona ted  b y  the  metal a t the  same surface  

(F ig .  2 . 1 6 ) .  The le n g th s  o f  the a r ro w s  re p re s e n t  a measure 

o f  the  m a g n itu d e  o f  the  c h a rg e  c ro s s in g  th e  phase b o u n d a ry  

in e i th e r  d i re c t io n  p e r  u n i t  area and  u n i t  time. Hence the  

le n g th s  o f  the  a r ro w s  a re  measures o f  th e  dens it ies  o f th e  two 

c u r r e n ts  f lo w in g  in  o p p o s ite  d i re c t io n s ;  th a t  is anodic p a r t ia l
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n > 0 <- <r i>0
(anode)

i

i = 1 = ia 1 c 1 o

n =0

n<o
M E T A L

( IN E R T )

1 =  1 + 1  =  0 ->■ i a cc
e xcha n ge
c u r r e n t
d e n s i ty

c
> -> i<0

(cathode)

ELE C TR O LY TE

e — t- x ST  r c h a rg ev t r a n s fe r
S + e~ —  o ----- S r Ni S

re a c t ion

F ig .  2 .16  The t r a n s f e r  o f  ch a rge  at a re d ox  e lec trode
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c u r r e n t  ig and  the  c a th o d ic  p a r t ia l  c u r r e n t  ic . The  charge  

t r a n s fe r  re a c t io n  ta k in g  p lace on a re d o x  e lec trode  is shown 

as re d u c e d  species s r  b e in g  c o n v e r te d  in to  the o x id ised  

species s D, by  d o n a t io n  o f  an e le c tro n  to  the  in e r t  metal

e le c t ro d e .  T h is  p ro cess  is exem p li f ied  b y  the  reaction
2+ 3+

^ e (aq) ^  ^ e (aq ) + e ( ano<Jic d i r e c t io n ) .  In the ca thodic

d i r e c t io n  an e q u iv a le n t  p ro cess  takes p lace  in the  oppos ite  

d i r e c t io n .

T h e  anod ic  p a r t ia l  c u r r e n t  i o c c u rs  at m e ta l/ iona

e le c tro d e  b y  t r a n s fe r  o f  metal ions Mn+ across the  doub le  

la y e r .  T h is  p rocess  in v o lv e s  r u p tu r e  o f  the  metallic  bond  

and the  fo rm a tion  o f  a new bond w ith  th e  e le c t ro ly te .

The  ca th o d ic  c u r r e n t  ic is p ro d u c e d  by an e qu iva le n t  

p rocess  ta k in g  p lace  in  th e  oppos ite  d i re c t io n  as shown in 

F ig .  2 .1 7 .  The b o u n d a ry  o f  the metal w h ich  takes place in 

the  e le c t r o ly te  can be s o lv a t io n  o r  com plex fo rm a tion .  T h u s ,  

the c h a rg e  t r a n s fe r  re a c t io n  at a m e ta l / io n  e lec trode  is 

c h a ra c te r is e d  by  the  re a c t io n

s + s ------- > s D [V e t t e r ,  1967].m r

w here  s = the a d s o rb e d  atom, s = th e  co m p lex - fo rm in g  m r
com pound  and sD = the  m e ta l- io n  co m p lex .  The process is 

e x e m p l i f ie d  by  the  re a c t io n  o f  i ro n  in th e  soil

F e .x H 20 ( s ) -----------^  fe"'aq) + x H ; 0  + n e "

T he  re la t io n  be tw een  c u r r e n t  and  app lied  po ten t ia l o f 

the  e le c t ro d e  in a c h a r g e - t r a n s fe r  re a c t io n s  is o f  s ig n i f ic a n t  

im p o r ta n c e .  I t  is a p p l ic a b le  in the  p o la r iz a t io n  techn iques  o f 

d e te rm in in g  the ra te  o f  c o r ro s io n  o f  a m e ta l l ic  specimen.
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S ta r t in g  f ro m  the  im p o r ta n t  B u t le r -V o lm e r  equa t ion ,  i t  

can be show n  th a t  a r e la t io n s h ip  e x is ts  between c u r r e n t  

and the  a p p l ie d  p o te n t ia l .

i = i Q le x p  (oF n A) -  e x p ( - ( 1 - a ) F  n A ) l  (1)
RT RT

T h e  v a l id i t y  o f  t h i s  re la t io n s h ip  is based on the 

a ssum pt ion  th a t  c o n c e n t ra t io n s  o f  b o th  the  reduced  and 

o x id iz e d  species a re  in d e p e n d e n t  o f  t h e . c u r r e n t  d e n s i ty  and 

the  p o te n t ia l  and c o n s e q u e n t ly  o n ly  p u re  c h a r g e - t r a n s fe r  

o v e rv o l ta g e  is in v o lv e d .

F o r  h ig h e r  c a th o d ic  o r  anod ic  c h a r g e - t r a n s fe r  

o v e rv o l ta g e  | h A | »  , the  f i r s t  o r  second term o f  the

B u t le r - V o lm e r  e qu a t ion  becomes n e g l ig ib le  dep e nd in g  on the 

s ign  o f  th e  c u r r e n t  so th a t  the  fo l lo w in g  e xp ress io n s  are 

o b ta in ed  fo r  anod ic  and c a th o d ic  c u r r e n t  dens it ie s

i = iD exp  ( a F  n ) 
RT A

( 2 )

fo r  small p o te n t ia ls  i . e .  n A <<
RT

Since e' = 1 + x and e- x
X --------?  o

= 1 -  X

Hence th e  B u t le r - V o lm e r  e qu a t ion  (1) becomes

= ioM  + & n A -  ( 1 - H  -  g ) FnA ) .  as n-
R T

F
lo RT n A

(3)

From e q u a t io n  (3) we have  

RT
n A / i  = i 0K

= R ( 4 )
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------->
n>o

n=o
-> i

> i.

M E T A L
(A C T IV E )

ad-atom s S-m

S + M n+ -  r  v
a  S

i>0
----------- >
(anode)

1 = 1  = ia 1 c 1 o

i = i + i = 0  a c

exchange  c u r r e n t  
d e n s i ty

i<0

(ca thode )

E LE C T R O LY T E

SQ com plex) c h a r g e
com p lex ing ) t r a n s fe r  
agen ts  ) reac tion

F ig . 2.17 T r a n s fe r  o f  c h a rg e  at a m e ta l / io n  e lec trode .
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Where Rp  = in te r fa c ia l  re s is ta n c e  o r  p o la r iz a t io n  re s is ta n ce .  

T h e re fo re ,  fo r  v e r y  small o v e rp o te n t ia ls ,  th e re  e x is ts  a 

l inea r re la t io n s h ip  b e tw een  the  c u r r e n t  d e n s i t y  and the 

app lied  p o te n t ia l .

H o w e ve r ,  i f  the  o v e rp o te n t ia ls  a re  la rg e , i . e .

n »  RT 
F

the r e la t io n s h ip  ceases to e x is t  between the  c u r r e n t

and the  a pp l ie d  p o te n t ia l  and  we have the  

A nod ic  d i r e c t io n :

a F  n
'a = 'o GXP RT a

r '

n -  - R T £ n  '°  . RT 5,n i 
a aF a F 3

E qua tion  (6 ) can be w r i t t e n  as

n = a + b log ia 3

C a thod ic  d i r e c t io n :

Using  s im i la r  a rg u m e n t  as fo r  equa tion  (5)

RT fcn,Jo _ R T .? n r i
nc (1 -  a ) F (1 -  a )F

fo l low ing  cases

(5)

( 6 )

(7)

we o b ta in

c ( 8 )

T h u s  at h ig h  o v e rv o l ta g e s ,  a l in e a r  re la t io n s h ip  e x is ts  

between a c t iv a t io n  o v e rv o l ta g e  and the  loga r i thm  o f 

c u r r e n t  d e n s i t y .  T h is  l in e a r  re la t io n s h ip  is a c r i te r io n  fo r  

the  e x is te n c e  o f  c h a rg e  t r a n s fe r  o v e rv o l ta g e s  p ro v id e d  the  

va lue  o f  c h a rg e  t r a n s fe r  c o e f f ic ie n t ,  a is taken  in to  co ns ide ra t ion .  

By e x te n d in g  the  Ta fe l l in e  to the  e q u i l ib r iu m  po ten t ia l n = o, 

one o b ta in s  the  e x c h a n g e  c u r r e n t  d e n s i ty  i D (F ig .  2 .1 8 ) .

T h e  a c t iv a t io n  o v e rv o l ta g e  is s t r o n g ly  dependent on the 

com pos it ion  o f  the  s o lu t io n ,  p a r t i c u la r l y  i ts  co n te n t o f ions 

and i n h ib i t o r s .  I t  is h o w e v e r  in d e p e n d e n t  o f  s t i r r i n g  o f  the
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so lu tion  b u t  decreases r a p id l y  w ith  r is in g  te m p e ra tu re ,  

since the excha n ge  c u r r e n t  d e n s i ty  i Q/ in c reases  s t r o n g ly

w ith  te m p e ra tu re .  i
1Iii

F ig . 2 .18  P o la r isa t io n  co n d it io n s  at a non cot ro d in g  e lectrode

«
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2 .5 .2 .3  R es is tance  o v e rp o te n t ia l

Most e lec trochem ica l in te r fa c e s  a re  covered  w ith  

th in  o x id e  la ye rs  and f i lm s  o f  r e la t iv e ly  h ig h  re s is ta nce .

Also the  la y e r  o f  s o lu t io n  in  the imm ediate  v i c in i t y  o f  the  

e le c trod e  m igh t e x h ib i t  a h ig h  ohm ic re s is ta n ce  to  the  

c u r r e n t  f lo w .  R es is tance  (o r  ohm ic) o v e rv o l ta g e  is due  to 

an ohm ic re s is ta n ce  in  a f i lm  o r  the  e le c t r ic a l  res is tance  

o f  the  e le c t r o ly te .  T he  p a s s iv i t y  o f  metal su r fa c e s ,  caused 

by  a f i lm  o f  an o x id e  (as in the  case o f  A l ,  T i ,  C r ,  

s ta in less  s tee l,  e t c . )  o r  a sa lt  (as on c o p p e r  anodes a t h ig h  

d e n s i t ie s ) ,  may be c o n s id e re d  as a spec ia l case o f  an anod ic  

ohmic o v e r p o te n t ia l .

The  ohmic o v e rv o l ta g e  may be w r i t t e n  as

nR = V  =

w ith  R , . = fi lm  re s is ta n c e  fo r  a ll the  e le c tro d e  su r face  (e )

I ,  . = c u r r e n t  (amp)

r (  cm2) = f i lm  re s is ta nce  fo r  th e  area o f  1 cm 2

i(a m p /c m 2) = c u r r e n t  d e n s i ty .

S ince ohm ic o v e rv o l ta g e  inc reases  l in e a r ly  w ith  

c u r r e n t  and  c o n s e q u e n t ly  ceases in s ta n ta n e o u s ly  a f te r  

in t e r r u p t io n  o f  c u r r e n t ,  i t  can re a d i ly  be d is t in g u is h e d  

from o th e r  type s  o f  o v e rp o te n t ia ls  by  m easu r ing  the  p o te n t ia l  

im m ed ia te ly  a f te r  the in t e r r u p t io n  o f  c u r r e n t  f low .

T he  e f fe c ts  o f  ohm ic res is tance  in  u n d e rg ro u n d  

c o r ro s io n  a re  o f  s ig n i f ic a n t  im po rtance . I f  its  e ffe c ts  a re  

not e l im ina ted  d u r in g  c o r ro s io n  te s t in g ,  i t  re su lts  in re d u c in g  

the c o r ro s io n  c u r r e n t  as shown in  F ig . 2 .19 .
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C U R R E N T  DENSITY

Fig.  2.19 E f fec t  o f  ohmic re s is tance  on c a th o d ic  and anodic

p o l a r i z a t i o n .
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C H APTER  3

A N A L Y T IC A L  TEC H N IQ U E S

3.1 ATO M IC  A BS O R P TIO N  SPECTROM ETRY

3.1.1 In t r o d u c t io n

When e le c tro m a g n e t ic  ra d ia t io n  c h a r a c te r is t ic  o f  e le c t ro n ic  

trans it ions  in  the  o u te r  o r b i t a ls  o f  atoms o f  a p a r t i c u la r  e lem ent 

is passed th r o u g h  an atomic v a p o u r  o f  th a t  e lem en t,  the  

radiation at c e r ta in  f re q u e n c ie s  is a t te n u a te d .  T he  a bso rbed  

radiation e x c i te s  e le c t ro n s  f ro m  the  g ro u n d  s ta te  to  v a r io u s  

excited sta tes and  the  d e g re e  o f  a b s o rp t io n  is a q u a n t i ta t iv e
i •

measure o f  the  g ro u n d  s ta te  atoms in th e  v a p o u r .  As o n ly  th e  

atoms in the  g ro u n d  s ta te  w i l l  re sp on d  in  th is  w ay , the  

condit ions used  fo r  v o la t i l iz a t io n  and decom pos it ion  o f  th e  sample 

to p roduce  an atomic v a p o u r  in d u ce s  minimum io n iz a t io n .  T h is  

is achieved b y  flame e x c i ta t io n  w here  te m p e ra tu re s  seldom exceed 

3000K. Even a t th is  te m p e ra tu re s  the  atoms (90%) remain a t the  

g round s ta te  [F i f ie ld  and  Kea ley  1983].

U n d e r  c o n d it io n s  in w h ic h  atomic s p e c t ro s c o p y  em iss ion , 

absorp tion  and  f lu o re s c e n c e ,  is  p ra c t ic e d ,  the  e n e rg y  in p u t  in to  

the p o p u la t ion  in c lu d e  th e rm a l ,  e le c tro m a g n e t ic ,  chemical and  

even e le c t r ic a l .  These are c o n v e r te d  in to  l i g h t  e n e rg y  in fo rm  

of e le c trom ag n e t ic  r a d ia t io n ,  th e  f re q u e n c y  v o f  w h ich  is 

determ ined b y

AE = E 1 -  E2 = h v  , <3_1)

where

E^ a nd  E2 are the  e n e rg ie s  in the  i n i t i a l  and f inal  s ta tes

respec t ive ly  and  h is the  P la nc k 's  c o ns ta n t .
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The a b s o rp t io n  s p e c t ra  o f  most e lem ents  when 

produced in  the  la b o ra to ry  c o n d it io n s  a re  e x t re m e ly  s im p le .

There is l i t t le  p o s s ib i l i t y  o f  co inc idence  o f  th e  lines  and  

there fore  v e r y  few exam ples o f  sp e c tra l  in te r fe re n c e s  

[B o iteux ,  H . ,  1965].

The  w a ve len g th  o f  a resonance l ine  is  in v e rs e ly

p ropo rt iona l to  i ts  e n e rg y  i . e .  AE = he = h v  (3 -2 )
A

The abso lu te  amount o f  e n e rg y  abso rbed  is d i r e c t ly  d e p e n d e n t  

on the f re q u e n c y  and u n d e r  e x pe r im en ta l c o n d it io n s  one 

measures o n ly  the  p r o p o r t io n  o f  the in c id e n t  e n e rg y  w h ich  is 

absorbed.

3 .1 .2  A b s o rp t io n  and  c h a r a c te r is t ic  ra d ia t io n

T he  e x te n t  to  w h ich  ra d ia t io n  o f  a p a r t i c u la r  f re q u e n c y  

is absorbed b y  an atomic v a p o u r  is re la ted  to  the  le n g th  o f  the  

path t ra v e rs e d  and the  c o n c e n tra t io n  o f  a b s o rb in g  atoms in  the  

vapou r.  F o r a co ll im ated m onochrom atic  beam o f  ra d ia t io n  o f  

inc iden t in te n s i t y  l Q p ass ing  th ro u g h  an a tom ic v a p o u r  o f  

th ickness I, the  in te n s i t y  o f  the  t ra n s m it te d  ra d ia t io n ,  l\> 

is exp ressed  as

lv = I . e ' V  (3 -3 )

where v is the  ra d ia t io n  f re q u e n c y  and k v is the  c o r re s p o n d in g  

abso rp t ion  c o e f f ic ie n t .  T he  va lue  o f  k v is d e te rm ine d  b y  the  

c o n ce n tra t io n  o f  atoms w h ich  can a bso rb  a t f re q u e n c y  v a nd  is 

g iven  by th e  e xp re ss io n

k  dv v = n_e2 N v f  
me

(3 -4 )

where c is the  v e lo c i ty  o f  l ig h t  in m /s ,



60

m and e rep resen t the mass and cha rge  o f  the  e le c tro n ,

N is the  number o f  atoms p e r  cm3 capab le  o f  a bs o rb in g  

rad ia t ion  o f  f requency  v ,  and f  is the  n u m b e r  o f  e le c t ro n s  

per atom capable o f  be ing exc ited  b y  the in c id e n t  ra d ia t io n .  

Hence, fo r  t ra n s i t io n s  from  the g ro u n d  s ta te ,  the  in te g ra te d  

abso rp t ion  is p ro p o r t io n a l to N , w h ich  a p p ro x im a te s  to the  

concen tra t ion  of the  e lement in the sampJe [P r ic e  W .J . ,  1979].

3 .1 .3  In s trum e n ta t io n

F ig . 3.1 re p re s e n ts  a schematic d iagram  fo r  a s in g le  

beam atomic abso rp t ion  sp ec tro m e te r .

To avoid in te r fe re n c e  from emission by  e x c ite d  atoms 

in the flame and from  random  b a c k g ro u n d  emission b y  the  

flame, the  o u tp u t  o f  the flame is m odula ted u su a l ly  a t 50 Hz 

and the de tec tion  system tu n e d  to the  same f re q u e n c y .

3 .1 .3 .1  Hollow cathode lamps

A hollow ca thode  lamp cons is ts  o f  a sealed g lass 

envelope w ith  a q u a r tz  e n d -w in d o w , c o n ta in in g  a ho l low ed - 

out c y l in d r ic a l  cathode o f  some 2mm in te rn a l  d iam ete r,  

tog e the r  w i th  a tu n g s te n  w ire .

The cathode is fab r ica te d  from the  element to be 

d e te rm ine d .  I3y re d u c in g  the  p re ssu re  in s id e  the enve lope  

to about 1 .3k  Nm and pass ing  a c u r r e n t  o f  5-500 mA at an 

app lied  po te n t ia l  o f  about 300V, a low p re s s u re  d isch a rg e



F ig .  3.1 Practica l system fo r  flame atomic a bso rp t ion  spectror 
b a ckg ro u nd  c o r re c to r  [M . Mariee and J. Laporte , 1.
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c o n f in e d  to the  in s id e  o f  the  cathode and  c h a ra c te r is t ic  o f  

the  c a th o d e  m a te r ia l ,  is p ro d u c e d .  The gas tha t f i l ls  the  

e n v e lo p e ,  bom ba rds  the  ca thode  th e re b y  v a p o r is in g  atoms 

from the  s u r fa c e .  The gases commonly used in the  hollow 

ca thode  a re  neon and  a rg o n  [R usse l and Walsh, 1959].

The em iss ion  sp e c tru m  o f the ca thode material 

in c lu d e s  a num be r o f  in te n s e ,  sh a rp  lines  a r is in g  from 

t r a n s i t io n s  be tw een  e x c i te d  states and the  g ro u n d  s ta te . Only 

a few resonance  l ines  p e r  e lement a re  s u i ta b le  fo r  q u a n t i ta t iv e  

w o rk  a n d  these v a r y  w i th  ranges o f  c o n ce n tra t io n s  ove r wh ich  

a b s o rb a n c e  m easurem ents  can be made. A wide range o f  

l in e a r  re sp o n se  is a t ta in e d  i f  the w id th  o f  the emission l in e  is 

less th a n  o n e - f i f t h  th a t  o f  the  a b so rp t io n  l ine .

Hollow ca th o de  lamps are ava i lab le  fo r  o ve r  s ix t y  

e lem en ts . S evera l m u lt i -e le m e n t  lamps have  been c o n s t ru c te d  

and a re  u s e fu l  fo r  r o u t in e  d e te rm in a t io n s ,  b u t  they  have 

p ro v e d  to  be o f  d o u b t fu l  pe r fo rm ance  [P in ta ,  M. 1975].

3 .1 .3 .2  Sample v a p o r iz a t io n

The  p ro d u c t io n  o f  a homogeneous atomic va po u r  

from  a sample is a ch ieve d  b y  a s p ira t in g  a so lu tion  in to  a 

flame o r  e v a p o ra t in g  small volumes in an e le c tr ic a l ly  heated 

tube  fu r n a c e .  T h e  the rm a l e ne rg y  s u p p l ie d  must (a) evapora te  

the  s o lv e n t  and  (b )  d isso c ia te  the re m a in ing  solids in to  th e i r  

c o n s t i t u e n t  atoms w i th o u t  caus ing  a pp re c ia b le  ion iza tion .



63

3 * 1*3 .3  Flame v a p o r iz a t io n

T h e  sample s o lu t io n  is d ra w n  f i r s t  in to  a neb u l ize r  

b y  the  f lo w  o f  s u p p o r t  gas where  i t  form s a mist o r  aeroso l.

Fuel gas is in t ro d u c e d  a n d  the  m ix tu re  passed to a sp ray  

cham ber w h e re  la rg e  d ro p le ts  condense and  ru n  to waste.

The  re s u l t in g  homogeneous m ix tu re  o f  sample 

d ro p le ts  a n d  gases passes th ro u g h  to the  b u rn e r  fo r  com bustion . 

An e q u i l i b r iu m  c o n c e n tra t io n  o f  f ree  atoms w il l be es tab lished  

in  the  f lam e . The  s igna l in  the  p h o to m u l t ip l ie r  va r ies  w ith  the 

c o n c e n t ra t io n  [P in ta  iVI., 1969].

T he  b u r n e r  is a l ig n e d  a long the  optica l ax is  o f  the  

in s t ru m e n t  and ju s t  below the  beam from the  lamp so as to 

p ro v id e  a flame o f  long a b s o rp t io n  pa th  and  hence maximum 

s e n s i t i v i t y .  The d es ign  o f  the  b u r n e r  coup led  w ith  the use 

o f  a s e p a ra te  n e b u l iz e r  a n d  sp ra y  cham ber ensures the 

fo rm a t io n  o f  a n o n - t u r b u le n t  o r  lam inar flame which re su lts  

in  s tab le  o p e ra t io n  o f  good p re c is io n ,  and  easy choice o f  

op tim um  v a p o r iz in g  c o n d it io n s  [P in ta  M . ,  1969].

T h e  most g e n e ra l ly  used flame is a ir -a ce ty le n e ,  

w i th  a m odera te  b u r n in g  v e lo c i ty  and a tem pe ra tu re  o f  abou t 

2 ,500K . The  coo le r  a i r - p ro p a n e  and  h o t te r  n i t ro u s  o x id e -  

a c e ty le n e  flames a re  also used .

3 . 1. 3 . u Q u a n t i ta t iv e  m easurements and in te r fe re n ces

Q u a n t i ta t iv e  measurements may be made us ing  a 

p r e v io u s ly  p re p a re d  c a l ib ra t io n  c u rv e  o r  b y  the method o f  

s ta n d a rd  a d d i t io n .  The o p e ra t in g  co n d it io n s  are f i r s t  optim ised
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w ith  i eya» d to the  e x p e c te d  c o n c e n tra t io n  range o f samples 

and l inea i i t y  o f  re s p o n s e .  T h is  in v o lv e s  choice o f a p p ro p r ia te  

resonance  l in e ,  a d ju s tm e n t  o f  lamp c u r r e n t ,  flame tem pe ra tu re , 

sample a s p i ra t io n  ra te ,  b u r n e r  a l ignm en t and  monochromator 

s l i t  w id th .  The re la t iv e  p re c is io n  o f  atom ic absorp t ion  

m easurem ent is good and  bes t re s u l ts  a re  ob ta ined  where flame 

a tom isa t ion  is u se d .  C a l ib ra t io n  c u rv e s  in v a r ia b ly  show c u rv a tu re  

tow a rds  th e  c o n c e n tra t io n  ax is  when absorbance  exceed u n i t y .

T h is  n o n - l i n e a r i t y  is caused  by  u n a b s o rb e d  rad ia t ion  reach ing  

the  d e te c to r  o r  when the  h a l f - w id th  o f  the  emission line from the 

lamp a p p ro a ch e s  o r  exceeds  tha t  o f  the  a bso rp t io n  line.

In te r fe re n c e s  in  atomic a b s o rp t io n  measurements arise 

from  s p e c t ra l ,  chem ical a nd  p hys ica l so u rces .  Spectra l 

in te r fe re n c e s  re s u l t in g  f rom  the o v e r la p  o f  abso rp t ion  lines 

in  ra re ,  b u t  b road  band a b s o rp t io n  by  molecular species can 

lead to s ig n i f ic a n t  b a c k g ro u n d  in te r fe re n c e .  Th is  is c o rre c te d  

b y  m a t r ix  m a tch ing  o f  samples and s ta n d a rd s  or by use o f  

s ta n d a rd  a d d i t io n  m e thod .

Chemical e f fe c ts  inc lude  s tab le  compound form ation  

and io n is a t io n ,  b o th  o f  w h ic h  decrease th e  popu la tion  o f  free  

atoms in  the  sample v a p o u r  and th e re b y  lower the measured 

a b s o rb a n c e .  Examples o f  compound fo rm a tion  inc lude reactions 

between a lk a l in e  e a r th  meta ls and o x ya n io n s  such as a lum inates, 

s i l ica tes  and  p h o s p h a te s ,  as well as fo rm a tion  o f stable ox ides 

o f  a lu m in iu m , vanad ium  a nd  b o ron . T h is  s itua t ion  is c o rre c ted  

b y  use o f  re le as ing  a g e n ts ,  ty p ic a l ly  s t ro n t iu m  o r lan thanum  

sa lts  w h ic h  them se lves fo rm  stab le  o x y s a l ts .  Stable ox ides can
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sometimes be d isso c ia te d  b y  u s ing  h o t te r  f lames. The 

a d d it io n  o f  eas i ly  co m b u s ib le  com p lex iny  agen ts  such as 

EDTA to th e  sample s o lu t io n  and use o f  f u e l - r ic h  flames 

w ith  a low o x y g e n  c o n te n t  a re  ways o f  m in im is ing  oxide 

fo rm a t io n .  Io n iz a t io n  o f  sample atoms can be suppressed by  

a d d in g  an io n iz a t io n  b u f f e r  w h ich  is an e as i ly  ionizable metal 

such  as l i th iu m  o r  la n th a n u m , in excess, p a r t ic u la r ly  in the  

h o t te r  f lam es [P in ta  M . ,  1969].

P hys ica l in te r fe re n c e  may re s u l t  due to form ation  

o f  so lid  s o lu t io n s  o f  one e lem ent w i th in  a n o th e r .  The e f fe c t  

o f  th is  is to m o d ify  the v o la t i l iz a t io n  p ro f i le  o f  the ana ly te  

and to make i t  d e p e n d e n t  upon the m a tr ix  composit ion. T h is  

e f fe c t  is eased b y  use o f  a re leas ing  a g e n t,  o r  m a tr ix  m atch ing  

m e thods . V a r ia b le  a s p i ra t io n  ra tes due to  changes in the  

s u r fa c e  te n s io n  and  v is c o s i ty  w ith  so lu t ion  composition can 

o c c u r  [P in ta  1969, Meehan 1964, Mariee and  Laporte  1971].

3 .1 .4  Sources o f  e r r o r

T he  u n c e r t a in t y  in p ho tom e tr ic  measurements can 

c o n v e n ie n t ly  be t re a te d  as a r is in g  from e r r o r s  inhe ren t in 

d e te rm in a t io n s  at se t w a ve len g ths  and those a r is in g  on ly  in 

sp e c tra l  s c a n n in g .

In q u a n t i ta t iv e  p h o tom e tr ic  w o rk  the most gen e ra l ly  

u se fu l in d ic a to r  o f  e r r o r s  is Beer's  Law [Meehan 1964]. The 

ev id en ce  o f  fa i lu re  w il l  be the p ro d u c t io n  o f  a n on - l inea r c u rv e  

when a b so rb a nce s  a re  p lo t te d  aga ins t co n ce n tra t io n s ,  fo r  a 

g iv e n  w a v e le n g th .  The e r r o r s  g e n e ra l ly  noted are e i th e r  

chemical [P in ta  M, 1969], in s t ru m e n ta l [G o ld r in g ,  1953], s t ra y
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ra d ia t io n  [M a r iee  and  L a p o r te ,  1971], o r  p re ssu re  b roaden ing  

in  gases [P r ic e  W .J . ,  1979].

3-2 C H LO R ID E  ION MEASUREMENT

3.2 .1  In t r o d u c t io n

With in c re a s in g  demands on w a te r  fo r  in d u s t r ia l ,  

a g r i c u l t u r a l  and dom es tic  consum p t ion ,  resources  are be ing  

used m ore  in te n s iv e ly  th a n  b e fo re .  With each cyc le  o f 

re -u s e ,  i t  becomes more im p o r ta n t  to ch e ck  tha t water is 

s u f f i c i e n t l y  p u re  fo r  the  p u rpo se  fo r  w h ic h  i t  is in tended  and 

th a t  th e  waste w a te r  r e tu r n e d  to the  common stock  does not 

co n ta in  u n a c c e p ta b le  le ve ls  o f  p o l lu ta n ts .

N o n -s p e c i f ic  pa ram e te rs  such as c o n d u c t iv i ty ,  pH 

and b io lo g ic a l  o x y g e n  dem and have la rg e ly  su ff ice d  as 

m easures o f  w a te r  q u a l i t y .  However, the  need in many 

c irc u m s ta n c e s  fo r  the  d e te rm in a t io n  o f  s p e c i f ic  chemical 

su b s ta n c e s  is becom ing more p re s s in g .

As an a n a ly t ic a l  te c h n iq u e ,  p o te n t io m e try  has the  

a d v a n ta g e  o f  b e in g  e as i ly  adap tab le  to c ircum s tances . One 

reason f o r  th is  is the  v e r y  wide range  o f  concen tra t ions  tha t 

can be d e te rm in e d  by  th e  same equ ip m e n t w ith  on ly  a minimum 

o f  p ro c e d u ra l  v a r ia t io n s  and  ano the r  is the  com parative ease 

w ith  w h ic h  m easurem ents  can be made e i th e r  w ith  b a t te ry  

pow e re d  in s t ru m e n ts  in  the  f ie ld  o r  w ith  automatic apparatus., 

fo r  c o n t in u o u s  m o n i to r in g  ins ide  in d u s t r ia l  p lan t o r  in remote 

lo c a t io n s .  For b o th  a p p l ic a t io n s , . the  ro b us tn ess  o f  many 

e le c tro d e s  is an a d v a n ta g e  compared w ith  the pho tom etr ic
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te c h n iq u e s .  In re c e n t  y e a rs ,  a w ide v a r ie t y  o f  ion -se lec t ive  

e le c tro d e s  has become a va i la b le .  A num be r o f species are 

now com m only  d e te rm in e d  by  means o f  such  e lec trodes; sodium 

in p u r e  w a te r ,  f lu o r id e  and n i t ra te  in  po tab le  waters , 

s u lp h id e  and  c y a n id e  in  in d u s t r ia l  e f f lu e n ts ;  potassium, 

ca lc ium  and  c a rb o n  d io x id e  in  b io log ica l f lu id s ;  ch lo r id e  and 

ammonia in  a g r e a t  v a r ie t y  o f  media [A lp h a ,  1975].

3 .2 .2  E lec trochem ica l p r in c ip le s

P o te n t io m e tr ic  ana lys is  depends  on the re la t ion sh ip  

be tw een  the  c o n c e n tra t io n  o f  the d e te rm ina n d  and the emf 

o f  an e le c troch e m ica l ce l l  in w h ich  the de te rm inand  is one o f  

the com ponen ts  o f  an e q u i l ib r iu m  sys tem . The ideal re la t io n ­

sh ip  is the  N e rn s t  E qua t ion

E = E° + K log  c (3 -5 )
o

w here  E is the m easured  p o te n t ia l ,  E is a s tandard  emf 

w h ich  is c o n s ta n t  fo r  a g iv e n  te m p e ra tu re ,  c is the concen tra t ion  

o f  the  d e te rm in a n d ,  a n d  K- 2.303 R T /n F ,  where R is the  gas 

c o n s ta n t ,  T the  a b s o lu te  tem pe ra tu re ,  F is the Fa raday ’ s 

c o n s ta n t  and  n is the  n um be r o f  e le c tro n s  d ischarged  o r  taken 

up  b y  one mole o f  d e te rm in a n d .

3 .2 .2 .1  C o n c e n tra t io n  and a c t iv i t y

The ideal re la t io n s h ip  (3 -5 ) is on ly  approached as 

the  s o lu t io n  a pp ro a che s  in f in i te  d i lu t io n .  For real so lu t ion ,  

the  re la t io n s h ip

E = E° + K log a , holds (3 -6 )
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where  a is the  a c t i v i t y  o f  the species in  ques t ion  re la ted  

to the  c o n c e n t r a t io n  b y  the  equa tion

a = c . f ,  ( 3_ 7)

where  f  is the  a c t i v i t y  c o e f f ic ie n t .

In  p o te n t io m e t r ic  a n a ly t ica l m ethods, the  ionic 

s t r e n g th  is k e p t  c o n s ta n t  by  a dd in g  to the  sample an excess 

o f  i n d i f f e r e n t  e le c t r o ly te  so tha t  v a r ia t io n s  in concen tra t ions  

o f  the  d e te rm in a n d  do n o t  a f fe c t  the  a c t i v i t y  co e f f ic ie n t .

T he  io n -s e le c t iv e  e lec trodes  re sp on d  o n ly  to the  

c o n c e n tra t io n s  o f  the  f re e  ions in s o lu t io n .  The conce n tra t io n  

c ,  in  e q u a t io n s  (3 -5 )  a n d  (3 -7 ) re fe rs  to  the  free  ions and 

does n o t  in c lu d e  a n y  assoc ia ted  o r  complex species. When 

an ion fo rm s  com plexes and  its  to ta l co n ce n tra t io n  is re q u ire d ,  

i t  is n e c e s s a ry  to a d ju s t  the  co nd it ions  in  the sample so tha t 

the f re e  ion is p re s e n t  as a c o ns ta n t p ro p o r t io n  tha t  can be 

re la ted  to the  to ta l .

3 .2 .2 .2  Cell p o te n t ia ls  and e lec trode  p o ten t ia ls

Two d i f f e r e n t  e lec trodes  immersed in a so lu t ion  

c o n ta in in g  species w h ich  can react at the  e lec trode , genera te  

a p o te n t ia l  ac ross  the  e le c trod e s  as a re s u l t  o f  the  reac tion  

w ith  th e  s o lu t io n .  T h is  p o ten t ia l can be measured and is 

d e p e n d e n t  on p h y s ic o -c h e m ic a l  s ta te  o f the  e le c tro d e -s o lu t io n -

e le c t ro d e -s o lu t io n  sys tem .

The  p o te n t ia l  gen e ra te d  across such e lec trodes is

g ive n  b y  the  e x p re s s io n
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-  E° K log (p ro d u c t  o f  a c t iv i t ie s  o f  the 

p r o d u c t s ) .

+ K log (p ro d u c t  o f  the  a c t iv i t ie s  o f  the 

re a c ta n ts ) .

(3 -8 )

"There is no way in w h ich  the  abso lu te  values o f 

these e le c t ro d e  p o te n t ia ls  can be de te rm ine d  from measure­

ments o f  ce ll p o te n t ia ls  and the many tabu la ted  values are 

based on the  c o n v e n t io n  tha t  the  s ta n d a rd  po ten tia l o f  

h y d r o g e n  is ze ro  (se c .  3 .7 .1 )  [L a t im e r ,  1952; Conway, 1952].

For c o n c e n tra t io n  d e te rm in a t io n  a po ten t iom e tr ic  

sys tem  uses b o th  a re fe re n c e  e le c trod e  and an io n -se lec t ive  

e le c t ro d e .  T h is  e le c tro d e  a r ra n ge m e n t is used w ith  re ference  

e le c tro d e s  whose h a l f - c e l l  po te n t ia ls  have  been cha rac te r ise d  

[ I v e s  a nd  Janz, 1961].

3 .2 .3  The  e le c t ro d e s

M odern  io n -s e le c t iv e  e le c trod e s  are membrane 

e le c t ro d e s  in w h ich  th e  c u r r e n t  is c a r r ie d  by ions. The  

c la ss ica l m e ta l l ic  e le c tro d e s  w ith  e le c t ro n ic  t ra n s p o r t  a re  

s t i l l  in  use fo r  many p u rp o s e s ,  e spec ia l ly  as components o f 

r e fe re n c e  e le c t ro d e s .  The  io n -s e le c t iv e  e lectrodes have been 

d e s c r ib e d  by  K o ry ta  [ 1972, 1975] and Moody and Thomas 

[1971] .
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O n ly  a small n u m b e r  o f  metals can be used to make 

e le c trod e s  s u i ta b le  fo r  p o te n t io m e t r ic  a n a ly s is .  Metals w ith  

neg a t ive  s ta n d a rd  p o te n t ia ls  tend  to react w i th  water d isp lac ing  

h y d ro g e n  and  a s ta b le  p o te n t ia l  canno t be o b ta ined . Some 

metals do  no t re a c t  w i th  w a te r  because th e y  are k in e t ic a l ly  

pass ive  a n d  these cou ld  be used as se lec t ive  e lectrodes fo r  

th e i r  ow n  ions b u t  th e y  have  no p ra c t ic a l  app lica t ion  because o f 

th e i r  s u s c e p t ib i l i t y  to o x id a t io n .  Am algam ating  metals w ith  

m e rc u ry  re d uce s  t h e i r  s e n s i t i v i t y  to o x id a t io n  and re a c t iv i t y  

tow a rds  w a te r .  T h is  enab les  p o te n t io m e tr ic  measurements to be 

made in  c o n t ro l le d  c o n d i t io n s  IB e n n e t to  and  Willmott, 1971].

I f  an excess o f  a s p a r in g ly  so lub le  salt MpXq is 

added to  a s o lu t io n  c o n ta in in g  a c o n c e n tra t io n  C mol I o f  

the X X , so th a t  th e  s o lu t io n  is in e q u i l ib r iu m  w ith  the so lid  

sa lt ,  th e  c o n c e n tra t io n  o f  the  metal ions Mm , in the  so lu t ion  

is g iv e n  b y  the  s o lu b i l i t y  p ro d u c t  e q u i l ib r iu m

K = (a ) P (a } q  (3 -9 )s m x

w here  a and  a a re  the  a c t iv i t ie s  o f  Mm ' and Xx ions at 
m x

e q u i l i b r iu m .  I f  an e le c tro d e  o f  metal M is immersed in the  

s o lu t io n ,  i ts  p o te n t ia l  w i l l  be de te rm ined  b y  am, which is 

re la ted  to by  th e  s o lu b i l i t y  p ro d u c t

E E° + m
K .— log  a m a in

= E(m log Kp .m 3 s
£Li !<_
p. m

loy ax . (3-10)

As lonq as th e re  is so lid  M X p re sen t,  theJ p q
e le c tro d e  p o te n t ia l  w il l  d epend  on the  a c t i v i t y  o f  the  anion
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and  th e  e le c t ro d e  can be co ns ide re d  as an X -se lec t ive  

e le c t ro d e .  E qu a t ion  (3 -1 0 )  can be e x p re s s e d  as

E  =  E x  '  J  l o 9  a x  ( 3 - 1 1 )

Where Ex = E,°n + pTm lo « Ks

C oa ting  the  e le c t ro d e  w ith  a la y e r  o f  the sa lt ,  e i th e r  

e le c t r o ly t i c a l l y  o r  b y  chem ica l reac tions  p ro v id e s  a source o f  

the  sa lt  a n d  e n s u re s  th a t  the  so lu t ion  nea r the e lectrode is 

s a tu ra te d  w i th  i t .  E le c tro d e s  o f  th is  ty p e  inc lude  s i lv e r - s i lv e r  

c h lo r id e ,  s i l v e r - s i l v e r  b ro m id e  and m e rc u ry -m e rc u ro u s  c h lo r id e  

e le c tro d e s  [M id g le y  D . ,  1976].

S t ro n g  o x id is in g  o r  re d u c in g  age n ts  in te r fe re  w ith  

the  e le c t ro d e  s e n s i t i v i t y  because  the  e lec trodes  are sens it ive  

to re d ox  e q u i l ib r ia  in  the  same way as in e r t  metal e lec trodes  

[H a r z d o l f  and  Keim, 1976].

The  l im it  o f  d e te c t io n  o f the  e lec trodes  is set 

u l t im a te ly  b y  the  s o lu b i l i t y  o f  the s p a r in g ly  so luble sa lt. On 

im m ers ion  o f  the  e le c t ro d e ,  the  sample so lu t ion  a lways d isso lves 

o f f  the  e le c t ro d e  so th a t  th e  s o lu b i l i t y  p ro d u c t  e q u i l ib r iu m  is 

s a t is f ie d .  As long as the  c o n c e n tra t io n  o f  the  de te rm inand  is 

much g r e a te r  than  th a t  g a in e d  by d is s o lu t io n  o f  the membrane, 

the  re la t io n s h ip  be tw een  th e  emf and d e te rm inand  co n ce n tra ­

t ion  is N e rn s t ia n .

In  the  absence  o f  in te r fe re n c e s ,  the  emf in the 

c u rv e d  p a r t  o f  the  c a l ib ra t io n  g ra p h  may be ca lcu la ted i f  the  

s o lu b i l i t y  p ro d u c t  is k n o w n .  Equation  (3 -11 ) may be w r i t te n  

as

E = E° -  -  log f x  -  £  log [ X] .  x x  x
(3-12)
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where  fx  is  the  a c t i v i t y  c o e f f ic ie n t  o f  X and  [X ]  is the 

to ta l c o n c e n t ra t io n  o f  X, w h ic h  is equal to the  o r ig in a l 

c o n c e n tra t io n  C, o f  the  s o lu t io n  and c o n c e n tra t io n  a r is in g  

from d is s o lu t io n  o f  the  s p a r in g ly  so lub le  s a l t ,  Cs «

3 .2 .4  C a l ib ra t io n

E xcep t  w hen th e y  a re  app lied  to some t i t r im e t r ic  

p ro c e d u re s ,  io n -s e le c t iv e  e le c trod e s  a lways need some form 

o f  c a l ib r a t io n .  T h e  re la t io n s h ip  between the  emf and the 

lo g a r i th m  o f  the  c o n c e n t ra t io n  must be fo u n d  empirica 11 y •

The  s ta n d a r d  p o te n t ia l ,  E ° ,  and the  c a l ib ra t io n  slope, K, in 

the  N e rn s t  e q u a t io n

E = E° + *  log f  + j  log c ,  (3-13)

canno t be p re d ic te d  w ith  s u f f ic ie n t  a cc u ra c y  fo r  ana ly t ica l 

p u rp o s e s ,  a l th o u g h  K is g e n e ra l ly  close to the  theore tica l 

v a lu e .  T h e  a c t i v i t y  c o e f f ic ie n t ,  f ,  may also be d i f f i c u l t  to  

p re d ic t  a c c u ra te ly  and  i t  is  g e n e ra l ly  ke p t  cons tan t by 

m ak ing  m easurem en ts  in a medium o f  c o ns ta n t ionic s t r e n g th .  

An e m p ir ic a l ly  d e te rm in e d  va lue  o f  E° in th is  medium will 

in c lu d e  a c t i v i t y  c o e f f ic ie n t  e ffe c ts  and g ive  an equation

E = E° + — log  C. emp z

B o th  E and  change w ith  time and

It  is t h e r e fo r e  n ecessa ry  to check the  va lue  o f  E

(3-14)

tem pe ra tu re .

° w ith  emp

e v e ry  b a tc h  o f  a n a ly s is .
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T he  bes t a p p ro a c h  to c a l ib ra t io n  depends on the  

number o f  samples in v o lv e d ,  the f re q u e n c y  w ith  wh ich  the  

a na lys is  is c a r r ie d  o u t ,  th e  n a tu re  o f  the  sample and the 

p e r fo rm a n c e  o f  the  e le c t ro d e  (M idg le y  D . ,  1976] (see also 

section  4 . 4 ) .

3 .2 .4 .1  P re p a ra t io n  o f  a p e rm anen t c a l ib ra t io n  u ra  Hh_ 

[M id g le y ,D .  1976].

T he  fo l lo w in g  c o n d it io n s  are necessary  fo r  p re pa ra t ion  

o f  a p e rm a n e n t  c a l ib ra t io n  g r a p h : -

(1) T h e  c a l ib ra t io n  g r a p h  shou ld  be p re p a re d  from s tan d a rd  

s o lu t io n s  in  c o n d it io n s  th a t  a re  id e n t ica l w i th  those a p p ly in g

to the sam ples i . e .  re a g e n ts  added to the  samples shou ld  also 

be added  to the  s ta n d a rd s  and the  s ta n d a rd  so lu tions shou ld  

c o ve r  th e  e x p e c te d  c o n c e n tra t io n  range  o f  the samples.

(2) T h e  te m p e ra tu re  o f  each ba tch  o f  samples must be 

w i th in  1°C o f  the te m p e ra tu re  at w h ich  the  ca l ib ra t ion  was 

o b ta in e d .

(3) A p re c is io n  tes t  o f  the e lec trode  shou ld  show the 

e le c tro d e  to have  no s ig n i f ic a n t  d e v ia t io n s  from one ba tch  to 

a n o th e r .

(4 ) A s ta n d a rd  s o lu t io n  shou ld  be in t ro d u c e d  w ith  each 

ba tch  o f  samples and  em f va lues o b s e rv e d  w ith  the samples 

shou ld  be r e fe r r e d  to th e  emf obse rved  w ith  the s ta n d a rd .

T h is  p ro c e d u re  com pensates  fo r  changes in  the s tanda rd  

p o te n t ia l  o f  the  e le c t ro d e .
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(5) T h e  c a l ib ra t io n  g r a p h  shou ld  be p re p a re d  w ith  all 

ernf v a lu e s  r e fe r r e d  to in  ( 4 ) .

(6) A second  s ta n d a rd  so lu t io n  shou ld  be ana lysed w ith  

each b a tc h  o f  samples a n d  the  re s u l ts  p lo t te d  in a co n tro l 

c h a r t .

T h e  re s u l ts  from  th e  p re c is io n  tes t  in  cond it ion  (3) 

can be u se d  to form  the  c a l ib ra t io n  g ra p h  ( f i g .  3 .2 ) .

F ig . 3.2 C a l ib ra t io n  g ra p h  fo r  a u n iv a le n t  de te rm inand  

[M id g le y ,  D. 1976].
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3 .2 .4 .2  Ner n s t ia n  c a l ib ra t io n  u s ing  the  d i r e c t  a c t iv i t y  scale 

o f  a p lo n  m eter

T w o  s ta n d a rd  s o lu t io n s  are  used to ca l ib ra te  the 

d ire c t  a c t i v i t y  sca le . T he  d i r e c t  re a d in g s  o f  co ncen tra t ion  o r  

a c t iv i t y  a re  made fro m  a lo g a r i th m ic  scale w h ich  usua lly  spans 

two o r t h r e e  decades .

T h e  e le c tro d e s  a re  immersed in the  f i r s t  s tan d a rd  

so lu t ion  o f  c o n c e n tra t io n  S ^ .  When the  re a d in g  is s teady the  

c a l ib ra t io n  o r  b u f f e r  c o n t ro l  is a d jus te d  so th a t  the read ing  

R.| c o r re s p o n d s  to th a t  p o in t  on the scale w h ich  is independen t 

o f  the s lope  o r  te m p e ra tu re  c o n t ro l .  T h is  p o in t  is spec if ied  

in the i n s t r u c t i o n  m anua l. A l te r n a t iv e ly  i t  can be found 

e m p ir ic a l ly  b y  s h o r t in g  th e  in p u t  te rm ina ls  and o bse rv in g  the  

e ffe c t  o f  v a r y in g  th e  slope c o n tro l  a t v a r io u s  po in ts  selected 

by  means o f  the  b u f f e r  c o n t r o l .

T h e  e le c trod e s  a re  then  immersed in a second 

s ta n d a rd  s o lu t io n  o f  c o n c e n tra t io n  w h ich  is p re fe ra b ly  ten 

times Sy  When th e  re a d in g  has s ta b i l is e d ,  the slope co n tro l  

is a d ju s te d  u n t i l  th e  re a d in g s  c o rre sp on d  to R2 = R^.$2/S^. 

The  e le c tro d e s  are rem oved  from the  so lu t ion s ,  r insed  and the 

p ro c e d u re  re pea ted  to an a cc u ra c y  o f  R^ ± 2%.

When the  c a l ib ra t io n  is complete , the e lectrodes are

immersed in  the  sample s o lu t io n  and the  s teady  read ing  noted

as R f ro m  w h ich  the  c o r re s p o n d in g  co nce n tra t io n  can be 
x '

ca lcu la ted  as

C = S 1. R x / R 1 ( 3“ 15)
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T he  re a d in g  w i th  the f i r s t  s ta n d a rd  so lu tion 

shou ld  be c h e c k e d ,  f ro m  time to time a nd  re tu rn e d  to i ts  

in i t ia l  s e t t in g  o r  5 ] .

3 .2 .5  S ou rces  o f  e r r o r

S ou rces  o f  e r r o r  associated w i th  the e lec trode  

system  i t s e l f  u s u a l ly  in v o lv e s  fa u l ty  c a l ib ra t io n  and poor 

c o n t ro l  o f  te m p e ra tu re s .  The  e r r o r s  th a t  o r ig in a te  in the  

sample s o lu t io n  a re  m ore l ik e ly  to go u nde tec ted  and th e re fo re  

lead to an in c o r r e c t  d e c is io n .  I f  the g e n e ra l na tu re  o f  the  

samples is k n o w n ,  i t  is poss ib le  to  m o d ify  the p ro cedu re  so as 

to re d u c e  o r  e l im ina te  th e  e r r o r .

I f  samples c o n ta in  va r ia b le  and  h ig h  co ncen tra t ions  

o f  b a c k g ro u n d  e le c t r o ly te ,  the  ion ic  s t r e n g th  ad jus tm ent 

so lu t io n  n o rm a lly  added  to d i lu te  samples may not be 

c o n c e n tra te d  e no u gh  to swamp the  v a r ia b i l i t y  o f the samples 

and low re s u l ts  w i l l  be o b ta in e d .  The conce n tra t io n  o f  the 

ion ic  s t r e n g t h  a d ju s tm e n t  so lu t ion  may be increased to cope 

w ith  th is  p ro b le m  o r th e  usua l so lu t ion  may be added in 

g re a te r  p r o p o r t io n s .  These  p ro ce d u re s  shou ld  be avo ided i f  

the  d e te rm in a n d  c o n c e n tra t io n  is near th e  l im it o f  response 

o f  the  e le c t ro d e .  I f  th e  ion ic  s t r e n g th  ad jus tm en t so lu t ion  

c o n ta in s  a b u f f e r  so th a t  i t  also c o n t ro ls  the  pH, the e f fe c t  

o f  the  a bove  p ro c e d u re s  on pH c o n tro l  shou ld  be cons ide red .
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The  p re se n ce  in  the  sample o f  substances th a t  form 

com plexes o r  ion p a i rs  w i th  the  de te rm ina n t!  reduces the  

c o n c e n tra t io n  o f  f re e  d e te rm in a n d  and so lowers the  re s u l ts .

I f  the  com p lex  fo rm ed  is weak so tha t  the  masking e f fe c t  is 

s ig n i f ic a n t  o n ly  a t h ig h  c o n c e n tra t io n s  o f  the  de te rm inand , 

d i lu t in g  the  sample w i l l  remove the  p rob lem .

3.3 S U LP H A TE  ION MEASUREMENT

3.3 .1  I n t r o d u c t io n

Most l ig h t  s c a t te r in g  measurements were made w ith  

v isua l t u r b id im e te r s .  A n  enorm ous v a r ie ty  o f these e x is t ;  

among the  common ones are  Jackson, H e ll ige , Dulboscq and Parr 

tu r b id im e te rs  fiV linear a n d  K e i t h , 1982]. The tu rb id im e te r  

g e n e ra l ly  in v o lv e s  a m ethod to v is u a l ly  compare a t u r b id  

sample w i th  th a t  o f  some re fe ren ce  [W il la rd  and Dean, I9 6 0 ] .

Iso la ted  p a r t i c le s ,  w h e th e r  s in g le  atoms or molecular 

a g g re g a te s ,  s c a t te r  ra d ia t io n  so long as th e ir  major d imension 

is less th a n  1-11 t imes w a ve le n g th s .  L a rg e r  p a r t ic les  re f le c t  

r a d ia t io n .  In th e  U . V .  and v is ib le  re g ion s  o f the  spec trum , 

the  s c a t te r in g  o f  these  p a r t ic le s  are those o f  co llo idal size, 

i . e .  f ro m  Inm  to  1pm in  g re a te r  d iam e te r.

When a beam o f  ra d ia t io n  o f  in te n s i ty  l D passes 

th r o u g h  a n o n -a b s o r b in g  media tha t  sca t te rs  l ig h t  the 

t r a n s m i t te d  in te n s i t y  I is g ive n  by the  express ion

, , - i  b (3-16)
I = l 0 e

w h e re  x is the  t u r b i d i t y  and b the p a th le n g th  in the  medium.
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The e q u a t io n  can be re a r ra n g e d  as

T 2.303
b log (3-17)

w here  b is in  c e n t im e te rs ,  t  has the u n i ts  o f  cm 1. The  

q u a n t i t ie s  t  and I v a r y  w i th  c o n c e n tra t io n  o f  the tu r b id  

sample.

Where c o n c e n t ra t io n s  o f  suspended  o r  d isso lved  

m a te r ia ls  a re  o f  in t e r e s t ,  i t  is s u f f ic ie n t  to  determ ine the  

in te n s i t y  o f  s c a t te r in g  o f  the  system  and to read the re s u l ts  

from  c a l ib ra t io n  c u rv e s  f o r  s im i la r sys tem s.

3 .3 .2  I in s t ru m e n ta t io n

For e f f ic ie n t  l i g h t  s c a t te r in g  measurements, i t  is 

n e ce ssa ry  to use so u rces  o f  ra d ia t io n  p ro v id in g  h ig h - in te n s i ty  

m onoch rom a t ic  ra d ia t io n  a t  s h o r t  w a v e le n g th s .  A m e rcu ry  arc  

o r  la s e r ,  w i th  a p p r o p r ia te  f i l t e r  com b ina t ions  fo r  iso la t ing  one 

o f  i ts  em iss ion  l in e s  is th e  most c o n v e n ie n t  source. However, 

i f  o n ly  a p a r t ic le  c o u n t  o r  d e te rm ina t io n  o f  concen tra t ion  o f  a 

p a r t i c u la r  m a te r ia l is d e s i r e d ,  a p o ly c h ro m a t ic  source such as 

tu n g s te n  lamp is a d e q u a te .  Even in  th is  case the best re s u l ts  

a re  o b ta in e d  in  th e  b lue  s p e c tra l  re g ion  b y  use o f a f i l t e r  

to b lo ck  o th e r  w a v e le n g th s  IW i l la rd ,  M e r r i t t  and Dean, I9 6 0 ] .

Unless a sys tem  is u n u s u a l ly  t u r b i d ,  the in te n s i ty  

o f  s c a t te r in g  is sm a ll.  P h o to m u l t ip l ie r  tubes  are used to 

inc rease  th e  in t e n s i t y .  T h e y  have the  advan tage  o f  e l im ina t ing  

the  need fo r  an a m p l i f ie r  w here  o b s e rv a t io n s  are re s t r ic te d  to 

system s o f  m odera te  and h ig h  s c a tte r in g  pow er [Wells P .V .

1937; C a ry  and Hawes 1964; D yre  e t al 1955].
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M e a s u r in g  the  t ra n s m it te d  in te n s i t y  allows t u r b id i t y  

re a d in g s  o v e r  a w ide  ra n g e  o f  c o n c e n tra t io n s  b u t leads to  poor 

s e n s i t i v i t y  a t low t u r b i d i t y .  I t  is d i f f i c u l t  to detect the small 

d e v ia t io n s  from  fu l l  i l lu m in a t io n s  caused b y  low co nce n tra t io n s .  

M e a s u r in g  the  s c a t te re d  l i g h t  in te n s i ty  g iv e s  h igh  s e n s i t iv i ty  

at low t u r b id i t i e s  w he re  in te n s i t y  o f  s c a t te r in g  may be compared 

w ith  a d a r k  b a c k g r o u n d .  H owever h ig h  tu rb id i t ie s  cannot be 

d e te rm in e d  b y  s c a t te r in g  because o f  in te r p a r t ic le  in te r fe re n c e .  

The m e thods  a re  re la t iv e  and data in te r p r e te d  by us ing 

c a l ib ra t io n  c u r v e s .

A close c o n t ro l  o f  te m p e ra tu re ,  amounts and 

c o n c e n tra t io n s  o f  samples and re a ge n ts ,  ra te  o f s t i r r in g  and 

le n g th  o f  m ix in g ,  is essen t ia l  fo r  d u p l ic a t io n  o f  re s u lts .

U s u a l ly ,  a s ta b i l iz e r  s u ch  as a g e la t ine  is added to p ro te c t  the 

c o l lo id ,  to  p r e v e n t  c o a g u la t io n  beyond  a c e r ta in  size. Manual 

ana lyses  a re  ted io u s  and  au tom atic  dev ices  have been developed 

fo r  p la n t  s tream  m o n i to r in g  [S t ro b e l ,  1973].

3 .3 .3  M e thods o f  in s t ru m e n ta l  t u r b i d i t y  measurement

P ro p e r  in s t ru m e n t  ope ra t ion  is essentia l fo r  accura te  

and  p re c is e  t u r b i d i t y  m easurem ents . A s tanda rd iza t ion  material 

m ust g e n e ra l ly  possess th e  re q u irem en ts  o f  accuracy , s ta b i l i t y  

and  ease o f  use. D e sp ite  fo rm az in 's  use os the p r im a ry  

c a l ib ra t io n  m a te r ia l ,  i t  has not been well cha rac te r ised  [B a rn e s ,  

1964]. T h e  fo rm az in  suspens ion  is v e ry  stab le  in its 

c o n c e n tra te d  fo rm .  4000 NTU (Normal T u r b id i t y  U n its ) s tock  

su sp e n s io n s  re ta in  t h e i r  exac t  va lues fo r  o ve r  one year,  when
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com pared  to f r e s h ly  s y n th e s iz e d  s ta n d a rd s .  Formazin is 

u n s ta b le  w hen d i lu t e .  T h is  in s ta b i l i t y  a long  w ith  the t im e- 

co nsum ing  p rocess  o f  c o n t in u a l ly  m aking f re s h  d i lu t io n s  

n ecess ita tes  the  use o f  se co n d a ry  s ta n d a rd s .

A lm ost a ny  t y p e  o f  suspens ion  w h ich  fu l f i ls  the  

re q u ire m e n ts  o f  s t a b i l i t y  and  ease o f  use can be used as a 

se c o n d a ry  s ta n d a r d .  T h ese  in c lu de  sp he r ica l la tex and o rgan ic  

s o lv e n ts  as show n in ta b le  3 .1 , as measured on a Hach 2100A.

L iq u id NTU

C a rb o n  d is u lp h id e 1.73

C h lo ro b e n ze n e 0.61

C a rb o n  T e t ra c h lo r id e 0.135

M ethano l 0.061

W ater 0.023

Table  3 .1 :  T u r b id i t ie s  o f  p u re  l iq u id s  in  NTU as

m easured on the  Hach 2100A [B a rn e s ,  1964].

A t  s u f f i c i e n t l y  h ig h  c o n c e n tra t io n s ,  tu rb id im e t r ic  

m easurem ent is in  a n o n —lin e a r  re g ion .  The sample th e re fo re  

can be d i lu te d  to a l in e a r  reg ion  and th e  respec t ive  

m easurem ent ta k e n .  A i r  bubb les  in the sample should be 

a v o id e d ,  as th e y  o f te n  cause false h igh  read ings ,  especia lly  

in the  low ra n g e s .  T h e y  can appear e i th e r  suspended in 

s o lu t io n  o r  a d h e re d  to th e  sides o f  the sample ce l l .
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3 * 4 REDOX P O T E N T IA L  MEASUREMENTS

3.4 .1  I n t r o d u c t io n

O x id a t io n  and  re d u c t io n  ( r e d o x )  reactions p lay  

an im p o r ta n t  ro le  in  d e te rm in in g  the  b e h a v io u r  o f  many 

e lem ents in  the  e n v i ro n m e n ts .  T he  m o b il i t ie s  o f a large 

num be r o f  metals and  aqueous  fo rm s o f  b io log ica l ly  im p o rta n t  

e lem ents such  as n i t r o g e n  and s u lp h u r ,  a re  s t ro n g ly  dependent 

upon th e  re d o x  p o te n t ia l .  S il len  has re fe r r e d  to the  redox  

p o te n t ia l  as a m as te r  v a r ia b le  in the  c h e m is t ry  o f  the e a r th ,  

oceans a n d  a tm osphe re  [S i l le n  L . ,  1976]. As e a r ly  as 1920, 

G i l le sp ie  a t te m p te d  to m easure  the  redox  po ten t ia l o f  w a ter logged 

soils [G i l le s p ie  L . T . ,  1920 ].  Zobell recogn ised  the  im portance 

o f  re d o x  p o te n t ia ls  in m a r ine  sediments and  d id  h is  p ionee r ing  

w o rk  on  m easurem ents  on redox  p o te n t ia ls  on tha t  env ironm en t 

[Z o b e l l ,  C .E .  1964 ].  O th e r  in v e s t ig a to r s ,  B ass -B eck ing  et al, 

com p iled  w o rk  on re d o x  p o te n t ia ls  measurements [B a s s -B e c k in g ,  

Kap lan and  M oor, I 9 6 0 ] .

P ro p e r ly  a p p l ie d ,  the redox  po te n t ia l  is a v e ry  

u se fu l p a ra m e te r  in  d e s c r ib in g  and p r e d ic t in g  the  beh a v io u r  

o f  m any e lem ents th a t  o c c u r  in more tha n  one ox ida t ion  state 

in  n a tu r a l  e n v i ro n m e n t .  Measurements o f  redox po ten t ia l 

m ust be in t e r p r e te d  w i th  fu l l  u n d e rs ta n d in g  o f  the  l im ita t ions  

im posed b y  the in s t ru m e n t  and e lec trode  techno logy and the 

s p e c i f ic  c o n s t r a in t s  o f  th e  system in w h ich  the measurements 

are  m ade.

Chemical re a c t io n s  tha t o ccu r  in  aqueous medium 

can u s u a l ly  be c h a ra c te r is e d  e i th e r  by  one o r  a combination
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o f  the v a r ia b le s ,  re d o x  p o te n t ia l  E, pH a nd  the a c t iv i ty  o f  the 

d isso lve d  spec ies .

3*^*2  T h e o re t ic a l  f ra m e w o rk

E v e ry  o x id a t io n  re a c t ion  is accompanied by a re d uc t io n  

reac t ion  a nd  v ice  v e rs a ,  e .g

a r  x--------- A q + ne

B 0 + ne -— '  b r

w here  th e  s u b s c r ip t s  R a n d  O re fe r  to re duced  and ox id ised  

form s o f  A and  B r e s p e c t iv e ly .

Each o f  the  re a c t io n s  (3 -18) and  (3-19) is a h a l f ­

ce ll r e a c t io n .  T h e  va lue  o f  the  p o te n t ia l  o f  some h a l f-ce l l  

reac t ion  can  a r b i t r a r i l y  be des igna ted  as zero and used as 

the  re fe re n c e  h a l f - c e l l  r e a c t io n .  By c o n v e n t io n ,  h yd rogen  

g a s - h y d ro g e n  ion h a l f - c e l l  reac tion  is ass igned  a s tandard  

p o te n t ia l  o f  zero a t all te m p e ra tu re s ,  i . e .

H i  . + e '  ----------- :> 1 H 2 ( g ) , E=OV (3-20)(aq)

T h e  s ta n d a rd  p o te n t ia l  E °R o f  a h a l f-ce l l  reaction  

is re la te d  to the  s ta n d a rd  G ibb 's  free  e n e rg y  AG°R o f the  

re a c t ion  b y

E ° r  = -  A G ° R /n F  (3 -21)

and to th e  e q u i l ib r iu m  c o n s ta n t  (K )  o f the  reaction  as

Fo = K 'l /n F  InK (3 -22)
t  R
I f  the  re a c ta n ts  and p ro d u c ts  a re  not in th e ir  

s ta n d a rd  s ta te s ,  th e  e le c tro d e  po ten t ia l u n d e r  experim enta l
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c o n d i t io n s  E ^  is e x p re s s e d  as

EL = E° + L 3 . R T  |OCJ ^ p ro d u c ts
re a c ta n ts

w here  a is the  a c t i v i t y  o f  p ro d u c ts  o r  re a c ta n ts .  

(3 -23 ) can  be s im p l i f ie d  to N e rn s t  e qu a t ion

E. = E» + ?~059 log V ° d u c ts
L n a a re a c ta n ts

(3-23)

Equation

(3-24)

T h is  e q u a t io n  e x p re s s e s  the  the rm odynam ic  re la t ion sh ip  

be tw een  the  re d o x  p o te n t ia l  E^ and the  so lu t ion  composit ion 

fo r  a ce l l  w i th o u t  p o la r iz a t io n .

T he  e q u i l i b r iu m  redox  p o te n t ia l  fo r  any reac tion  can 

be c a lc u la te d  f rom  e q u a t io n  (3-24) p ro v id e d  tha t the s tan d a rd  

p o te n t ia l  E° fo r  the  re a c t io n  and the a c t iv i t ie s  o f  the reac tan ts  

and p r o d u c ts  a re  kn ow n  [C la r k  I960, M a rte l l  1971],

Redox p o te n t ia ls  can be measured e lec trochem ica lly  

in some sys te ins .  T h is  method has been used in the experim enta l 

d e te rm in a t io n  o f  E ° ^  f o r  reac tions  in w h ich  e lectrochemica l 

r e v e r s ib i l i t y  has been dem on s tra te d ..  T h e  redox po ten t ia l is 

com m only  e x p re s s e d  in  v o l ts  b u t  i t  is e q u iv a le n t  to the  free  

e n e rg y  change  p e r  mole o f  e lec trons  associated w ith  a ha l f-ce l l  

r e a c t io n .  I t  can th e n  be eas ily  e xp resse d  in terms o f  free  

e n e rg y  o r  an e le c t ro n  a c t i v i t y ,  pE = - lo g  ae_ such tha t

pE = 2 3FT r  El  [ S i l le 'n ,  1965] (3 -25)

A la rg e  pE s ig n i f ie s  a s t r o n g ly  o x id is in g  system and v ice  versa .
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3 ,4 ,3  M easurem en t o f  re d o x  p o ten t ia l

T h e  re d o x  p o te n t ia l  is u s u a l ly  measured e le c tro -  

m e t r ic a l ly  w i t h  an e le c t ro d e  p a i r  c o n s is t in g  o f  an in e r t  

e le c trod e  w i th  a re fe re n c e  e le c tro d e .  The  tremendous 

advances  in  s o l id -s ta te  e le c t ro n ic s  have made possib le  the 

d eve lo p m en t  o f  v e r y  s e n s i t iv e ,  accu ra te ,  and  re liab le  

e le c t ro m e te rs  fo r  p o te n t io m e t r ic  measurements [W h it f ie ld ,

1971].

A n  ideal e le c t ro d e  must be made o f  a materia l 

th a t  is i n e r t  to  chem ica l re a c t io n  in  the  sys tem  being 

m easured , b u t  m ust be e le c t ro a c t iv e  to b o th  reduced and 

o x id is e d  spec ies  in v o lv e d  in  the  redox  re a c t io n .  Because i t  

is c h e m ic a l ly  i n e r t ,  i t  s e rv e s  o n ly  as a d o n o r  o r  accep tor o f  

e le c t ro n s .  A l l  o f  th e  nob le  metals, p a r t i c u la r l y  gold and 

p la t inu m  as well as m a te r ia ls  such as g ra p h i te  and boron 

c a rb id e  h a v e  been used to  make E^ e lec trodes  [S ta rk e y  and 

W igh t, 1945; Zobe ll ,  1946; Ives  and Janz, 1961; Back and 

B a rnes , 1965; H a r t le y  and  A x e l ro d ,  1968]. E lectrodes made 

o f  p la t in u m  a re  most com m only  used fo r  re d ox  measurements 

and p r o v id e  the  g re a te s t  r e l ia b i l i t y .

T h e  a dva n ta g e  o f  th is  e lec trode  is tha t  the p la t inum  

su r fa ce  re s p o n d s  to a w e l l -b e h a v e d  redox  coup le  and, at the  

same t im e , the  p o s s ib i l i t y  o f  po ison ing  o r  a t ta c k  o f the 

p la t inu m  b y  o th e r  com ponen ts  o f  the system  is reduced . The 

e le c trod e  fu n c t io n ,  h o w e v e r ,  depends upon complete e q u i l ib ­

ra t io n  b e tw e e n  the  re fe re n c e  so lu tion  and the  system to be 

m easured . T h e  in h e re n t  p rob lem s associated w ith  th is  typ e  

o f  e le c t ro d e  when used fo r  re d ox  measurements in aqueous
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5 /s te m  lias  been d is c u s s e d  b y  B en -Y a ako v  and Kaplan 

[B e n -Y a a k o v  and  K a p la n ,  1973].

T h e  ease w ith  w h ic h  e lec trode  measurements can 

be made be l ies  th e  c o m p le x i ty  o f the e lec trochem ica l reactions 

ta k in g  p lace  in th e  s y s te m .  The fac t th a t  redox po ten t ia ls  

made in  s t r o n y l y  o x id is in g  e n v iron m e n ts  a re  usua lly  la rge  and 

p o s i t iv e ,  w hereas  re d o x  p o te n t ia ls  made in  s t ro n g ly  

re d u c in g  e n v i ro n m e n ts  a re  u s u a l ly  n e g a t iv e ,  have lu l led  some 

in v e s t ig a to r s  in to  the  assum p t io n  tha t  th e  measured po ten t ia ls  

re p re s e n t  r e v e r s ib le  N e rn s t  p o te n t ia ls .  U n d e r w e l l-co n tro l le d  

c o n d i t io n s ,  th is  may be the  case; in g e n e ra l ,  however, 

q u a n t i t a t i v e  in t e r p r e ta t io n s  o f  the m easured po ten t ia ls  is not 

poss ib le  [ B r i c k e r ,  1965; B e rn e r ,  1963; Stumm, 1967; M o rr is  

and S tum m , 1967; Stumm and M organ, 1981; W h it f ie ld ,  1974].

A b r i e f  e xam ina t io n  o f  the o r ig in  o f  the e lec trode  

p o te n t ia l  i l l u s t r a te s  some o f  the prob lem s associated w ith  

m ak ing  e le c t ro c h e m ic a l ly  re v e rs ib le  e lec trode  measurements. 

C o n s id e r  an e le c tro d e  sys tem  c o n ta in in g  a redox couple

4

A o + e --------x A (< (3-26)

When th e  ra te  o f  re d u c t io n  o f  A 0 to A R is equal to the ra te  

o f  o x id a t io n  o f  A R to A 0 , the  reaction  is at e q u i l ib r iu m , 

the f lo w  o f  c u r r e n t  assoc ia ted  w ith  the re d uc t io n  exac t ly  

c o u n te rb a la n c e s  th e  f low  o f  c u r r e n t  associated w ith  the 

o x id a t io n ,  and  th e  p o te n t ia l  o f  the i eaction  is f ix e d .

A l th o u g h  the  ne t c u r r e n t  flow is zero, the c u r r e n t  

f low assoc ia ted  w i th  e i t h e r  the  re d u c t io n  o r  ox ida t ion  is not

T h is  u n id i r e c t io n a l  c u r re n t  flow is called the  exchangezero .
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c u r r e n t  a nd  the  la r g e r  th e  exchange  c u r r e n t ,  the more stab le  

the e le c t ro d e  re s p o n s e .  I f  an e x te rn a l  c u r r e n t  is passed 

th r o u g h  the  e le c t ro d e ,  th e  p o te n t ia l  is s h i f te d  from its 

e q u i l ib r iu m  v a lu e ,  and c o n t in u o u s  v a r ia t io n  o f  the c u r r e n t  

from n e g a t iv e  to p o s i t iv e  o r  v ice  v e rs a ,  w h ile  measuring 

e le c t ro d e  p o te n t ia l ,  d e f in e s  a p o la r iz a t io n  c u rv e  fo r  the 

system  ( f i g .  3 .3 ) .

T h e  ra te  o f  e x c h a n g e  o f  e le c tro n s  at the  su rface  

o f  the  e le c t ro d e ,  and  c o n s e q u e n t ly  the exchange c u r r e n t  is 

d i r e c t l y  re la te d  to the  s u r fa c e  area o f  the  e lec trode .

M ajor d i f f i c u l t i e s  a r ise  in  the measurements o f  redox 

p o te n t ia l  b y  e le c tro d e  m e thods , p a r t i c u la r l y  in n a tu ra l system s. 

The  fo re m o s t  o f  the se , is re la ted  to the  ch a ra c te r is t ic s  o f  the 

most common e lem ents t h a t  re g u la te  the redox  po ten tia l in  the 

n a tu ra l  e n v i ro n m e n ts .  T h e  most a b u n d a n t  elements tha t 

e x h ib i t  m ore than  one o x id a t io n  s ta te  a re  elements tha t do 

not g e n e r a l ly  fo rm  spec ies  w h ich  a re  e le c tro a c t ive  at the  

s u r fa c e  o f  the  p la t in u m  e le c trod e  (eg . C , O, N, S ) . The  

p la t in u m  e le c tro d e  and o th e r  in e r t  re d ox  e lectrodes are 

u s u a l ly  no t  re s p o n s iv e  in  systems dom ina ted  by redox couples 

o f  these  e lem en ts , w i th  e xce p t io n  o f  s u lp h u r  [B e rn e r ,  1963; 

B ou legue  a nd  M ic h a rd ,  1979].

In  1955, M e rk le  obse rve d  th a t ,  an in e r t  e lec trode  

in  w a te r  s a tu ra te d  w ith  a i r  d id  not ach ieve  the theo re t ica l 

p o te n t ia l  p re d ic te d  fo r  th e  o x y g e n -w a te r  redox couple 

[M e rk le ,  1955]. F ig .  3 .4  i l lu s t ra te s  a schematic po la r iza t ion  

c u rv e  f o r  the  H 20-C>2 sys tem . I t  can be seen th a t  ove r  a large
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Fig. 3.3 P o la r iz a t io n  c u r v e  fo r  a system at a pH = 2 tha t 

c o n ta in s  [ F e ^ ]  = 10 and [F e ^ * l  = 10 

The  s o l id  l ine  re p re s e n ts  the  p o la r iz a t io n  c u rv e ;  lines 

la b e l led  + iQ and  - i c re p re s e n ts  the  exchange  c u r r e n t :  

l ines  la be lled  Fe — > Fe and Fe — > Fe

re p re s e n t  the  h y p o th e t ic a l  ca thod ic  and  anodic c u r re n ts  

lG tum in  and  M o rg a n , 1 970J .
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range o f p o te n t ia l ,  the  e x c h a n g e  c u r r e n t  is essen t ia l ly  zero . 

C o n s e q u e n t ly ,  in  th e  absence  o f  any  o th e r  coup les, the 

e lec trode  w i l l  no t a ch ieve  a s tab le  p o te n t ia l ,  b u t  w il l  d r i f t  

over a i a ng e  o f  p o te n t ia ls  d e f in e d  b y  the  near zero exchange 

c u r r e n t .

F ig .  3.U Schem atic  p o la r iz a t io n  c u rv e s .
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A queous  sys tem s c o n ta in in g  i ro n  and manganese 

are e x c e p t io n s  and  in some e n v iro n m e n ts  r ic h  in these 

e lem en ts , i t  is p o ss ib le  to  make m e a n in g fu l redox measure­

ments [ B r i c k e r ,  1965 a n d  N o rd s tro m  et a l,  1979]. F ig . 3.3 

re p re s e n ts  an a c id ic  sys tem  c o n ta in in g  equ im o la r 10  ̂

c o n c e n t ra t io n s  o f  f e r r o u s  and f e r r i c  io n s .  I t  can be seen 

th a t  th e  e x c h a n g e  c u r r e n t  is la rge  and th is  system does 

indeed  behave  well w i th  re sp ec t to p la t in u m  e lectrode response. 

D e c re as ing  the  ion ic  c o n c e n tra t io n  in th e  so lu tion  decreases

the e x c h a n g e  c u r r e n t  a n d  f la t te n s  the  ne t c u r re n t  c u rv e .
_6

A t  c o n c e n tra t io n s  below 10 .Vi, the  e le c trod e  no longer 

re s p o n d s  to the  f e r r o u s - f e r r i c  coup le  b u t  ins tead , may reco rd  

a m ixed  p o te n t ia l  r e s u l t in g  from the  re d u c t io n  o f  oxygen  

c o up le d  w i th  o x id a t io n  o f  fe r ro u s  ion . In  n a tu ra l env ironm en ts , 

iro n  is u s u a l ly  p re s e n t  as f e r r i c  in  o x id is in g  systems and 

fe r ro u s  in  re d u c in g  sys te m s .

In p ra c t ic e ,  re d o x  measurements are usua lly  made by 

in s e r t in g  a p la t in u m  e le c tro d e  coup led  w ith  a re ference  e lectrode 

in to  th e  sys tem  to be m easured . The commonest re fe rence  

e le c tro d e s  used a re  ca lom el, s i l v e r - s i l v e r  ch lo r id e  and the  

s ta n d a rd  h y d ro g e n  e le c t ro d e .

The  s u r fa c e  o f  the  e lec trode  m ust be kep t clean in 

o rd e r  to  p re v e n t  d e te r io ra t io n  o f  e le c trod e  response. A 

num be r o f  methods fo r  c le a n in g  have been advocated [S ta rk e y  

and W ig h t ,  1945; Callame, 1968; Ives and  Janz, 1961; Edmunds,

1973] .
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In  a d d i t io n  to th e  c o n s t ra in ts  imposed on 

m easurem ents  by  l im i ta t io n s  o f  the p la t in u m  e lec trode  (o r  

o th e r  i n e r t  e le c tro d e s )  c e r ta in  p re c a u t io n s  must be taken 

w ith  the  re fe re n c e  e le c t ro d e  used in  the  m easuring  system .

The c o m p o s it io n ,  o p e ra t io n  and  responses  o f  re ference  

e le c tro d e s  a re  well d e ta i le d  in  te x t  books [Zobe l,  1946;

E dm unds , 1973; B a tes , 1964; Rock, 1967 and  Nordstrom  et al

1979].

3 .5 C O N D U C T A N C E  MEASUREMENT

3.5 .1  In t r o d u c t io n

T h e  m echanisms w h e reb y  aqueous so lu tions  are

able to c o n d u c t  a c u r r e n t  o f  e le c t r ic i t y ,  and  the va r ious  

fa c to rs  w h ic h  a f fe c t  th is  p r o p e r t y  o f  conduc tance , o r 

c o n d u c t i v i t y  have been a c t iv e ly  s tu d ie d  b y  p h y s ic is ts  and 

chem is ts  fo r  more than  a c e n tu r y .  These  mechanisms can be 

used to  make es tim ates o f  d isso lved  ion ic  concen tra t ions  based 

on c o n d u c t i v i t y  d e te rm in a t io n s .
*

T he  s p e c i f ic  co n d u c ta n ce  o f a so lu t ion  can be 

m easured  i f  i t  is in t r o d u c e d  in to  a cell between two para lle l 

p la tes  e x a c t ly  one c e n t im e te r  a p a r t ,  each be ing 1 cm2 in area, 

b y  m e a s u r in g  the  e le c t r ic a l  res is tance  between the plates and 

ta k in g  i t s  re c ip ro c a l  at a c c u ra te ly  know n tem pera tu re  (see 

sec tion  4) . The  m easured  c o n d u c t iv i t y  is expressed  as

K = d /a R  (3-27)

w here  d is the  d is ta n c e  between the  p la te s ,  in cen t im e te rs , 

a, the  a rea  o f  each p la te  in  cm2 and R, the  measured res is tance
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in ohms. S o lu t io n  c o n d u c t i v i t y  inc reases w ith  increas ing  

te m p e r a tu r e .

T h e  e q u iv a le n t  co nd u c ta n ce  o f  a so lu te  is the 

c o n d u c ta n c e  o f  one g ram  e q u iv a le n t  o f  the  materia l d isso lved  

in water , and  is re p re s e n te d  as A, d e f in e d  as follows

A = 1000 K /C  (3-28)

where  K is the  s p e c i f ic  c o n d u c ta n c e ,  and C is the co n ce n tra ­

t ion  o f  th e  sa lt  in  g ram  e q u iv a le n t  p e r  l i t r e .  As the  conce n tra ­

t ion  d e c re a s e s ,  the  va lue  o f  the  e q u iv a le n t  conductance 

inc reases  to w a rd s  a l im i t in g  va lue ,  ca lled  e q u iva le n t  conductance 

a t in f in i t e  d i lu t io n .

3 .5 .2  T e c h n iq u e s  a nd  in s t ru m e n ts

Use o f  e le c t r ic a l  c o n d u c t iv i t y  d e te rm ina t io ns  w i th in  

d is c ip l in e s  o f  n a tu ra l  w a te r  c h e m is t ry ,  s tu d ie s  o f waste- 

w a te r  a n d  p o l lu t io n ,  and  o f  w a te r s u p p ly  development and 

u t i l i z a t io n  began b e fo re  th e  end o f  the 19th c e n tu ry  [W h itney  

and M eans, 1897; R om ano ff ,  1957]. The  techn ique  was 

adop ted  fo r  a n a ly s is  o f  so il e x t ra c ts  and o th e r  waters o f  

in te r e s t  in  so i ls .  A t  f i r s t ,  the  c o n d u c t iv i t y  measurements were 

used as a tool fo r  c a lc u la t in g  so lub le  sa lts  percentages in  soils.

C o n du c tan ce  m easurem ents re q u i re  su itab le  cell in to  

w h ich  th e  sample is in t r o d u c e d  fo r  measurement, an e le c tr ic  power 

sou rce , a re s is ta n c e  m e a s u r in g  dev ice , u s u a l ly  a Wheatstone 

b r id g e  a n d  a te m p e ra tu re  com pensation d ev ice .
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3 .5 .2 .1  C o n d u c t iv i t y  ce lls

In the  d e s ig n  o f  c o n d u c t iv i t y  ce lls ,  the  fo l low ing  

p o in ts  a re  p u t  in to  c o n s id e ra t io n

(a) E le c trod e s  m ust be made o f  a metal tha t conduc ts  

e le c t r i c i t y  well and  w il l  no t be chem ica lly  a ttacked  

b y  s o lu t io n s .

(b )  The  e le c tro d e s  sh o u ld  be m ounted  in a materia l 

th a t  is c h e m ic a l ly ,  m echan ica lly  and the rm a lly  

s ta b le .

(c) T he  p o r t io n  o f  s o lu t io n  th r o u g h  wh ich  the  c u r r e n t  

passes sh o u ld  have  the same d im ens ions , e f fe c t iv e ly ,  

w h e th e r  the  c o n d u c ta n c e  o f  the  so lu tion  is h ig h

o r  low.

(d )  T h e  s o lu t io n  s h o u ld  not be in motion when the 

m easurem ent is made.

(e) T he  ce ll c o n s ta n t  shou ld  be a p p ro p r ia te  fo r  the  

ra nge  o f  c o n d u c t iv i t ie s  to  be m easured.

P la tinum  has been the p r e fe r r e d  materia l fo r

c o n d u c t i v i t y  m easurem en ts  because i t  is re la t iv e ly  in e r t  and 

has a d e s i ra b le  e le c t r ic a l - th e rm a l  b e h a v io u r .

3 .5 .2 .2  C om pensa t ion  fo r  te m p e ra tu re  e ffec ts

The s ta n d a r d  te m p e ra tu re  fo r  c o n d u c t iv i ty  data 

is g e n e ra l ly  25°C . A measurement made at any o th e r  

te m p e ra tu re  m us t be a d ju s te d  fo r  tem pe ra tu re  e ffec ts  i f  i t  

is to  be com pared  w i th  o th e r  m easurem ents. The c o r re c t io n
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is m in im ise d  b y  k e e p in g  the  te m p e ra tu re  o f  the so lu t ion ,  

sample c e l l ,  and in s t r u m e n t  the  same and  as near to 25°C 

as p o s s ib le ,  b y  use o f  a c o n s ta n t - te m p e ra tu re  b a th .

P o r ta b le  c o n d u c t i v i t y  b r id g e s  and o n -s i te  u n i ts  

used fo r  f ie ld  m easurem en ts  g e n e ra l ly  p ro v id e  fo r  tem pera tu re  

co m p en sa t ion .  T h is  is ach ieved  by  a d d in g  to the  c i r c u i t ,  

a r e s is t o r  n e tw o rk  whose  e f fe c t iv e  re s is ta nce  can be va r ie d  

in a s im i la r  fash io n  to  the  a n t ic ip a te d  tem pe ra tu re  e f fe c t  on 

the  w a te r  samples to be te s te d .  T h is  v a r ia t io n  can be done 

m a n u a l ly ,  u s in g  a v a r ia b le  re s is to r  th a t  is ca l ib ra ted  in  

te rm s  o f  te m p e ra tu re ,  o r  i t  can be automated us ing  a 

t h e r m is to r  in the  c o n d u c t i v i t y  ce ll to p ro v id e  a s ignal tha t  

can be in te r p r e te d  in  te rm s o f  te m p e ra tu re .

The  te m p e ra tu re  c o e f f ic ie n t  o f  res is tance o f  

s o lu t io n s  is no t a c o n s ta n t .  Fo r so lu t io n s  o f mixed 

e le c t r o ly te s  i t  c a n n o t  be measured a c c u ra te ly  fo r  any 

s u b s ta n t ia l  ra n g e  o f  te m p e ra tu re s  and  c o n ce n tra t io n .  Unless 

the  s o lu t io n s  b e ing  te s te d  are a lw ays s im ila r in composit ion, 

a c o n s ta n t  va lu e  fo r  th e  c o e f f ic ie n t  sh ou ld  not be used , and 

a u tom a ted  o r  manual te m p e ra tu re  compensation p ro b a b ly  

w il l  in t r o d u c e  a s ig n i f ic a n t  e r r o r  in  the  re a d in g s .  Some 

n a tu ra l  s o lu t io n s ,  s u c h  as sea w a te r and  soil e x t ra c ts ,  

have  a com pos it ion  dom ina ted  b y  seve ra l ions ove r  a wide 

ra n g e  o f  c o n c e n t r a t io n s . Waters o f  some r iv e rs  and 

u n d e r g r o u n d  b as ins  w i l l  have re la t iv e ly  cons is ten t ion ic  

c o m p o s it io n ,  w i th  v a r ia t io n s  in to ta l co nce n tra t io n s  th a t  

a re  n o t  la rg e  e n o u g h  to p re s e n t  se r ious  problems in us ing
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c o n s ta n t  te m p e ra tu r e - c o r re c t io n  c o e f f ic ie n t .

T y p e s  o f  m e a su r in g  in s t ru m e n ts  

The  s ta n d a r d  te c h n iq u e  fo r  measurement o f  

c o n d u c t i v i t y  uses p re c is e ly  know n v a r ia b le  res is tance 

w h ich  is ba lanced  a g a in s t  the  re s is ta n ce  o f  the condu­

c t i v i t y  ce ll f i l le d  w i th  the  sample be ing  tes ted .

The e le c t r ic a l  c h a ra c te r is t ic s  such as capacitance 

and im pedance  o f  the  ce l ls  are taken  in to  account d u r in g  

the  e q u ip m e n t  d e s ig n  [W ershaw and C o ld b e rg ,  1965].

A b ip o la r  te c h n iq u e ,  used b y  Johnson and Enke 

d e te rm in e s  the  re s is ta n c e  b y  means o f  the  c u r re n t  to 

v o l ta g e  ra t io ,  a nd  o f f e r s  advan tage  in  des ign  o f  measuring 

c i r c u i t s  [J o h n s o n  and  E nke , 1970]. A n o th e r  type  o f 

m e a s u r in g  d e v ice  uses the  d ie le c t r ic  p r o p e r ty  o f  the 

s o lu t io n  w h ich  is c o n ta in e d  in a cell h a v in g  two e x te rn a l 

e le c tro d e s  w ith  a h ig h - f r e q u e n c y  a l t e r n a t in g - c u r r e n t  power 

s o u rc e .  T h is  fo rm  o f  c o n d u c t iv i t y  measurement is use fu l 

fo r  t i t r a t io n s  o r  o th e r  o p e ra t io n s  w he re  contact between 

s o lu t io n  and  e le c t ro d e  w ou ld  not be des irab le .

3 .5 .3  C o n d u c t iv i t y  range  o f  n a tu ra l  waters

From the  l im i t in g  conduc tances  o f  H+ and OH , 

the  s p e c i f ic  c o n d u c ta n c e  fo r  p u re  w a te r  at pH 7.0 can be 

c a lc u la te d  as 0 .05  p s /c m .  In p ra c t ic e ,  i t  is d i f f i c u l t  to  

m a in ta in  a c o n d u c ta n c e  below 1.0 p s /cm  in d is t i l le d  w a te r
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ow ing  to s o lu t io n  c o n ta in e r -w a l l  m a te r ia l and a tm ospheric  

gases IF e th  e t a l ,  1964 ].  Snow and ra in -w a te r  may have 

s p e c i f ic  c o n d u c ta n c e s  be low  5 p s /cm  in  some areas where  

ai» p o l lu t io n  e f fe c ts  a re  m in im al. Where rocks are more 

s o lu b le ,  o r  so lu te  c o n c e n tra t io n s  are inc reased  by evapo ra ­

t io n ,  m uch  h ig h e r  le v e ls  a re  a t ta in a b le ,  reach ing  tens o r  

h u n d re d s  o f  th o u s a n d s  o f  m icrosiem ens p e r  centim eter in 

e x tre m e  in s ta n c e s .

3 .5 .4  C o n d u c t iv i t y - d is s o lv e d  ion re la t io n s h ip

The c o r r e la t io n  between c o n c e n tra t io n s ,  in 

e q u iv a le n ts  p e r  l i t r e ,  and  sp ec i f ic  conduc tances  fo r  

s o lu t io n s  o f  s in g le  s a l ts  is shown g ra p h ic a l ly  in f ig .  3 .5 .  

For m ost s a l ts ,  the  re la t io n s h ip  is n e a r ly  a s t ra ig h t  l ine  

u p to  c o n c e n t ra t io n s  o f  50m e q / l  and e x c e p t  fo r  KCI and  

M gSO^, the  c o n c e n t ra t io n s  m u lt ip l ie d  b y  100 would g ive  

a n u m b e r  r a th e r  c lo s e ly  a p p ro x im a t in g  the  specific  

c o n d u c ta n c e  in  m ic ros iem ens p e r  cm a t 25°C [H arned  and 

O w e n , 1 958 ].

S p e c i f ic  co n d u c ta n ce  measurements are easy to 

p e r fo rm  and a re  th e re fo re  w ide ly  used in e lec tro ­

c h e m is t r y .  B a s ic a l ly ,  e le c tr ic a l c o n d u c t iv i t y  is a phys ica l 

p r o p e r t y ,  r a t h e r  th a n  a chemical p r o p e r t y ,  tha t  assists in 

d e te rm in a t io n  o f  c o n c e n tra t io n  o f  an e le c t ro ly te  so lu t ion .

I t  d e te rm in e s  th e  e x te n t  to w h ich  an e n v iron m e n t can 

c o n d u c t  e le c t r i c i t y  a n d  how th is  co n d u c t io n  o f e le c t r ic i ty  

a f fe c ts  th e  l i fe t im e  o f  b u r ie d  p ip e l in e s ,  in terms o f

c o r r o s io n .
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F ig. 3 .5 S p e c i f ic  c o n d u c ta n c e  o f  so lu t ions  o f  s ing le  salts at 

25°C  at v a r io u s  c o n c e n tra t io n s ,  in  equ iva le n t  per 

l i t r e  [H a rn e d  and  Owen, 1958].
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3.6 P O L A R IZ A T IO N  MEASUREMENT

3.6 .1  I n t r o d u c t io n

E le c tro d e  k in e t ic s  o r  the  s tu d y  o f  e lectrochemical 

re a c t io n s  at so l id  e le c t ro d e  su r fa c e s ,  fo rm s the basis fo r  

the  u n d e r s ta n d in g  o f  c o r ro s io n  phenom ena, e lec trodepos it ion ,  

b a t te r ie s ,  fue l ce l ls  a nd  in d u s t r ia l  e le c t r o ly t ic  p rocess. The 

sc ience o f  e le c t ro d e  k in e t ic s  is u n iq u e  in  severa l aspects .

F i r s t ,  i t  is p o ss ib le  to ch an g e  a re a c t ion  ra te  in a system 

w i th o u t  a l te r in g  the  sys tem  i t s e l f .  In th is  sense, the s tu d y  

o f  e le c tro ch e m ica l re a c t io n s  is q u i te  d i f f e r e n t  from in v e s t ig a ­

t ions  o f  o th e r  chem ica l and  m e ta l lu rg ica l phenomena, such  as 

h ig h  te m p e ra tu re  o x id a t io n ,  t ra n s fo rm a t io n  in so lids and 

d i f fu s io n  e f fe c ts .  T h is  u n iq u e  b e h a v io u r  is possible because 

one o f  the  p r im a r y  re a c t in g  species in e lectrochemica l 

p ro cesse s ,  e le c t ro n s  can  be rem ote ly  a p p l ie d  o r removed from 

the s y s te m .

A n o th e r  u n iq u e  c h a ra c te r is t ic  o f  e lectrochemical 

sys tem s is the  p re c is io n  w ith  w h ich  measurements can be 

made. S ince a ll m easurem ents  a re  e le c t r ic a l ,  h igh  accu racy  

is p o s s ib le .  C u r r e n t  a nd  vo ltage  measurements accura te  to 

one p a r t  in  ten  th o u s a n d  are  p e r fo rm e d  ro u t in e ly .

A l th o u g h  th e  s tu d y  o f  e lectrochem ica l reactions has 

se ve ra l u n iq u e  a d v a n ta g e s ,  the re  are c e r ta in  major problems 

co nn e c te d  w ith  th is  f ie ld .  F i r s t ,  a l th o u g h  it  is the usual 

e le c t r ic a l  q u a n t i t ie s  o f  vo ltage  and c u r r e n t  which are measured, 

the  p e c u l ia r  c h a r a c te r is t ic s  o f  e lec trochem ica l systems 

n ece ss ita te  the  use o f  h ig h ly  spec ia lised  p rocedu res  fo r
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m e a su r in g  these p a ra m e te rs .  E lec trochem ica l systems are 

u s u a l ly  v e r y  co m p le x .  T h e y  in v o lv e  a so l id  e lectrode and 

an e le c t r o ly te .  A l t e r a t io n s  in  e i th e r  e le c tro d e  o r e le c tro ly te  

may h ave  a p ro n o u n c e d  e f fe c t  on the  b e h a v io u r  o f  the system . 

Because o f  th is  c o m p le x i ty ,  the  v a l id i t y  o f  ana lys is  made 

from e le c tro c h e m ic a l m easurem ents  is la rg e ly  dependent on how 

much is kn o w n  a b o u t  th e  system  and the  reactions wh ich  cfre 

o c c u r r i n g .

3 .6 .2  S ta n d a rd  p o la r iz a t io n  cell

T h e re  have  been  num erous p o la r iza t io n  cells descr ibed  

in  the  l i t e r a t u r e ,  r a n g in g  from simple ru b b e r -s to p p e re d  beakers 

to h ig h ly  com p lex g la s s w a re  assem blies. A lth o u g h  all o f  these 

a re  u s e fu l ,  many o f  them  lack v e r s i t i l i t y  due to the  necess ity  

o f  u s in g  s p e c ia l ly  shaped  e le c tro d e s ,  la ck  o f  a tmosphere con tro l,  

the  p re s e n c e  o f  c o n ta m in a t in g  subs tances  such as ru b b e r ,  and 

the  i n a b i l i t y  to p e r fo rm  measurements a t e levated tem pera tu res .

The  s ta n d a r d  p o la r iz a t io n  ce ll is des igned to 

in c o rp o ra te  the  a d v a n ta g e s  o f  o th e r  p o la r iza t io n  cells w h ile  

a v o id in g  many o f  t h e i r  l im ita t io n s .  For example i t  can be used 

to s t u d y  e le c troch e m ica l b e h a v io u r  in a n y  media w ith  the  

e x c e p t io n s  o f  c o n c e n t ra te d  ca us t ic  and h y d ro f lu o r ic  ac id ,  i t  

can be used  o v e r  the  te m p e ra tu re  ra nge  o f  zero to o v e r  200°C, 

w i th o u t  d i f f i c u l t y  and i t  can be re a d i ly  modif ied fo r  a v a r ie ty  

o f  e le c t ro d e  s izes and  shapes [S te rn ,  1955].

The  ce ll is a m od if ied , m u lt in e cke d ,  one l i t r e  round 

The s a l t - b r id g e  assem bly p ro je c t in g  from  thebo ttom ed  f la s k .
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le f t ,  leads  to a b e a k e r  c o n ta in in g  a s a tu ra te d  calomel re fe rence  

e le c t ro d e .  T h e re  a re  a lso  two a u x i l ia r y  e lec trodes  and a 

w o r k in g  e le c t ro d e  to g e th e r  w ith  the  L u g g in -H a b e r  p robe  t ip .  

The  m u l t ip le  n e cks  a re  used  to in t ro d u c e  e lec trodes , gas in le t 

tu b e ,  th e rm o m e te r  and  o th e r  accesso r ies . The w o rk in g  

e le c t ro d e  is m oun ted  t h r o u g h  an e c c e n t r ic  a d a p te r ,  and the 

L u g g in  p ro b e  e n te rs  th e  ce ll t h ro u g h  a c lamped, ball and 

so cke t jo in t .  T h e  tw o  a u x i l ia r y  e le c trod e s  are used to maintain 

u n i fo rm  c u r r e n t  d i s t r i b u t i o n  w i th in  the  c e l l .  F ig . 3 .6 .

F i g . 3.6
S t a n d a r d  P o l a r i z a t i o n  Cell  (Schemat ic) .
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A q u a r tz  f io r e  is fused  in to  one end of the  p robe  

to p ro v id e  a slow le a k ,  l iq u id  ju n c t io n  to the  calomel re fe rence  

e le c tro d e .  The  p ro b e  t ip  is no t sealed in  th is  fashion to fac i l i ta te  

c lean ing  a f te r  use . The  p ro b e  is f i l le d  w i th  the  cell e le c tro ly te  

th ro u g h  th e  g r o u n d  g lass  jo in ts  w h ich  a re  then  sealed w ith  

s ta n d a rd  ta p e r  jo in ts  [ S te r n  and  M a k r id e s ,  1955],

Cell a tm osp h e re  is c o n t ro l le d  b y  the  gas in le t  and 

o u t le t  a d a p te r  tu b e s .  T h e  d e s ire d  gas is adm itted  co n t in u o u s ly  

th ro u g h  th e  in le t  tu b e  a n d  d is p e rs e d  th r o u g h o u t  the so lu t ion  

by  means o f  a f r i t t e d  g la ss  c y l in d e r .  The  o u t le t  adap te r  tube 

is n e ce ssa ry  o n ly  f o r  h y d r o g e n  and o th e r  exp los ive  gases, 

o xyg e n  a n d  n i t r o g e n  can be ven ted  d i r e c t ly  in to  the 

a tm o s p h e re .

3 .6 .3  R e fe ren ce  e le c tro d e s

T h e  two most common re fe re n ce  e lectrodes are the  

s a tu ra te d  calomel e le c t ro d e  (5C E) and the  p la t in ised  p la t inum  

e le c tro d e .  A l th o u g h  th e re  a re  o th e r  re fe re n c e  electrodes 

ava i lab le ,  s u c l i  as s i l v e r - s i l v e r  c h lo r id e  e lec trode , they  a re  in 

gene ra l m ore  d i f f i c u l t  to p re p a re  and  m a in ta in  and have l im ited  

u t i l i t y .  B o th  o f  th e  above  e lec trodes  are  v e ry  accurate and 

d ep endab le  u n d e r  norm a l la b o ra to ry  use. However, since 

p o te n t ia l  is one o f  the  m ost im p o r ta n t  param ete rs  in 

e le c t ro c h e m is t r y ,  re fe re n c e  e lec trodes  m ust be handled, used

and s to re d  w ith  c a re .
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3 *6 .3 .1  S a tu ra te d  ca lom el e lec trode  (SCE)

T h is  e le c t ro d e  is not po isoned o r  contaminated 

and is in s e n s i t iv e  to e le c t r o ly te  com pos it ion  because o f i ts  

d e s ig n .  The e le c t ro d e  is v i r t u a l l y  s p i l l - p r o o f  and v e ry  ru g g e d .  

E le c tr ic a l  c o n ta c t  w i th  th e  e le c t ro ly te  is m ain ta ined by the  

small c a p i l la r y  at the  t i p  o f  the e le c tro d e  body . Cells a re f i l led  

w ith  s a tu ra te d  p o ta ss iu m  c h lo r id e  so lu t io n  and the calomel 

e lement m u s t no t be a l low ed  to d r y .  To ensu re  tha t  the  

po tass ium  c h lo r id e  s o lu t io n  is s a tu ra te d ,  a few c ry s ta ls  o f  

so lid  p o ta ss iu m  c h lo r id e  can be in t ro d u c e d  and should  be 

v is ib le  a ll t im es. Excess a d d i t io n  o f  potass ium  ch lo r id e  should  

be a v o id e d  as th is  sometimes b locks  the  c a p i l la ry  ju n c t io n .

To  p r e v e n t  co n ta m in a t io n  o f  the  e lec trode , i t  is 

im p o r ta n t  to  p lace a sa lt  b r id g e  between a calomel e lec trode  

and th e  e le c t r o ly te  u n d e r  s tu d y .  Calomel e lectrodes shou ld  

not be e xposed  to te m p e ra tu re s  above 50°C . Potential 

m easurem en ts  above  th is  te m p e ra tu re  can be accomplished by 

k e e p in g  the  e le c tro d e  f ro m  the heated e le c t ro ly te  w ith  a sa lt 

b r id g e .  L iq u id  ju n c t io n  p o te n t ia ls  are u s u a l ly  n eg lig ib le  

when u s in g  a s a tu ra te d  calomel e le c trod e  : th is  is one o f the  

main a d v a n ta g e s .

S a tu ra te d  calomel e lec trodes  sh ou ld  be c a l ib ra te d  

and c h e c k e d .  F o r g re a te s t  p re c is io n ,  a re fe rence  e lec trode  

shou ld  be com pared  to a la b o ra to ry  s ta n d a rd .  A s im pler 

te c h n iq u e  is to com pare  a num ber o f  la b o ra to ry  re fe rence  

e le c t ro d e s  a g a in s t  each o th e r  and de tec t  possib le  deg rada t ion
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among one o r  more e le c t ro d e s .  Calomel e lec trodes  are usua l ly  

c a l ib ra te d  b y  im m ers ing  them in a c o n ta in e r  o f  sa tu ra ted  

po tass ium  c h lo r id e  s o lu t io n  and  m e a su r ing  the  po ten tia l 

d i f fe re n c e  be tw een  them b y  means o f  a p re c is io n  po ten t iom e te r.  

In th is  m a n n e r ,  the  p o s s ib i l i t y  o f  excess ive  c u r re n ts  be ing  

passed t h r o u g h  an e le c t ro d e  are a v o id e d ,  since the  re la t iv e  

p o te n t ia l  d i f fe re n c e  is v e r y  small. The e lec trodes  should  

have an a c c u ra c y  o f  0.1 mV and p r e fe r a b ly  w ith in  a few 

te n th s  o f  a m i l l iv o l t  fo r  most e lec trochem ica l and po la r iza t ion  

m e a s u re m e n ts .

3 .6 .3 .2  P la t in is e d  p la t in u m

P la tinum  is an e x c e l le n t  re fe re n c e  e lectrode because 

o f  i ts  la rg e  e xcha n ge  c u r r e n t  and i ts  chemical res is tance . 

P la t in is in g  inc reases  the  p e r fo rm an ce  o f  a p la tinum  e lec trode  

b y  in c re a s in g  i ts  a c t iv e  s u r fa c e .  The p la t in is e d  p la t inum  

e le c tro d e  is v e rs a t i le  because  it  can be d i r e c t ly  in t ro d u c e d  

in  most s o lu t io n s  w i th o u t  d i f f i c u l t y ,  i t  ind ica tes  the  re v e rs ib le  

h y d ro g e n  p o te n t ia l  o f  a c id  s o lu t io n s ,  and  i t  can be used as a 

means o f  d e te rm in in g  w hen  o xyg e n  has been completely p u rg e d  

from e le c t r o ly te s .  A lso ,  i t  se rves as an exce l len t a u x i l ia r y  

e le c t ro d e  because o f  i ts  low p o la r iza t io n  in  most so lu t ions .

A f te r  m o u n t in g  the  p la t inum  e le c trod e , i t  is cleaned 

in  ho t aqua  reg ia  (1 p a r t  co n ce n tra te d  n i t r i c  acid and 3 p a r ts  

c o n c e n tra te d  h y d r o c h lo r ic  ac id ) u n t i l  a n y  b lack porous 

p la t in u m  d e p o s it  is re m o ve d .  Fo llow ing  th is  opera tion  

(p e r fo rm e d  in  a h o o d ) ,  e lec trodes  are washed in doub ly
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d is t i l le d  w a te r  a n d  d r i e d .  P la t in is in g  is ach ieved by e le c tro ­

ly s in g  in  a s o lu t io n  c o n ta in in g  3% p la t in ic  ch lo r id e  and 0.02% 

lead a c e ta te .  Lead a ce ta te  se rves  to p ro d u c e  a smooth, 

p o rous  d e p o s i t  o f  p la t in u m .  It is c o n v e n ie n t  to p la t in ize  two 

e le c tro d e s  at the  same t im e . The two e lec trodes  are connected 

to a DC p ow er s u p p ly  o r  a b a t te r y  o r  v a r ia b le  vo ltage and a 

c u r r e n t  o f  40 m A /c m 2 is passed th r o u g h  them. E lec tro lys is  

is c o n t in u e d  fo r  a to ta l o f  fo u r  m inu tes  and  the c u r re n t  is 

re v e rs e d  a t the  e nd  o f  each m inu te  by  c h an g in g  p o la r i ty .

A t  the  e nd  o f  t h i s  o p e ra t io n ,  the e le c trod e s  shou ld  be covered  

w ith  a b la c k  v e lv e ty  d e p o s i t  o f  p la t in is e d  p la t inum . E lectrodes 

are  th e n  c leaned to rem ove  c h lo r in e  by  e le c t ro ly s in g  at a 

c u r r e n t  d e n s i ty  o f  50-100 m A /cm 2 in 10% s u lp h u r ic  acid fo r  

fo u r  m in u te s  w i th  c u r r e n t  re v e rs a l at th e  end o f  e ve ry  m inute. 

The  e le c t ro d e s  a re  r in s e d  in  d is t i l le d  w a te r  and s tored  in  a 

tes t  tu b e  c o n ta in in g  d is t i l l e d  w a te r  and n e v e r  allowed to d r y .

P la t inum  e le c tro d e  is a t ta c k e d  in  acid ch lo r ide  

s o lu t io n s ,  e s p e c ia l ly  w hen  i t  is used as an anode e lec trode .

For m any m easu rem en ts ,  e spec ia l ly  h y d ro g e n  o ve rvo ltage  

s tu d ie s ,  the  p re sen ce  o f  p la t inu m  ions a f fe c ts  the accu racy  o f  

m easured  d a ta .  A sm ooth  p la t inum  e le c trod e  produces much 

less c o n ta m in a t io n  than  a p la t in is e d  e le c trod e  when used in 

ac id  c h lo r id e  s o lu t io n s .  In any case, in  ch lo r id e  so lu t ions ,  

e s p e c ia l ly  ac id  s o lu t io n s  a t h igh  te m p e ra tu re s ,  p la tinum  should  

be used  w i th  c a u t io n .  P la t in ised  p la t in u m  is contam inated by 

t race  q u a n t i t ie s  o f  s u lp h id e ,  an t im ony a nd  a rsen ic  sa lts , and 

num erou s  o rg a n ic  co m p ou n ds . I t  shou ld  not be used to measure



104 -

r e v e rs ib le  p o te n t ia l  in m edia c o n ta in in g  these  substances.

A p la t in is e d  p la t in u m  e lec trode  may be c o n ve n ie n t ly  

c a l ib ia te d  b y  m e a s u r in g  i t s  p o te n t ia l  in  h y d ro g e n -s a tu ra te d ,  

nonnal s u lp h u r i c  a c id  a t room te m p e ra tu re .  I ts  po ten t ia l 

shou ld  be -0 .2 6 3  ± 0 .002V  SCE. A p la t in is e d  p la tinum  

e le c tro d e  has a l im ite d  l i f e  t im e. I f  an e le c trod e  re q u ire s  

e x te n s iv e  t im e to reach  s te a d y  s ta te  p o te n t ia l  (normal s te a d y -  

s ta te  t im e is 1-2 m in u te s ) ,  the  e lec trode  shou ld  be cleaned and 

r e p la t in is e d .

3 .6 .4  E le c tr ic a l  and  e le c t ro n ic  equ ip m e n t

S ince most e lec trochem ica l measurements are made 

w ith  p re c is io n  e le c t ro n ic  a nd  e le c tr ica l m easur ing  in s t ru m e n ts ,  

i t  is im p o r ta n t  th a t  these  be a ccu ra te ly  c a l ib ra te d  and used 

c o r r e c t l y .  Many e le c t r o n ic  in s t ru m e n ts  show cons ide rab le  d r i f t  

d u r in g  w a rm -u p  p e r io d s ,  and  i t  is f r e q u e n t ly  adv isab le  to 

leave a p p a ra tu s  r u n n in g  c o n t in u o u s ly  d u r in g  per iods o f 

e x te n d e d  u se . T h is  is p a r t i c u la r l y  im p o r ta n t  in the  case o f  

e le c t ro m e te rs  and n u l l  d e te c to rs  w h ich  o f te n  d r i f t  fo r  one o r 

two d a y s .

A l th o u g h  b a t te r ie s  may be used as a source o f  

d i r e c t  c u r r e n t ,  i t  is more co n ve n ie n t  to use va r ia b le  D .C .  

pow er s u p p l ie s  to e l im in a te  the  b a t te ry  re c h a ig in g  b o th e r .

An ideal p ow e r s u p p ly  f o r  g a lva n o s ta t ic  po la r iza t io n  possesses 

the  fo l lo w in g  c h a r a c te r is t ic s  : -

(a) v a r ia b le  v o l ta g e  between zero  and 500V,

(b )  e x c e l le n t  A . C .  f i l t e r in g  w i th  an A .C  r ip p le  

o f  no m ore than  100 m ic ro v o l ts ,
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(c )  in te r n a l  r e g u la t io n  w h ich  compensates fo r  the  

l ine  v o l ta g e  f lu c tu a t io n s  and  c u r r e n t  load,

(d )  c u r r e n t  o u t p u t  o f  a t least 200 mA at all vo ltage  

s e t t in y s .  T h e  most im p o r ta n t  cons ide ra t ion  is 

the  lack  o f  A . C .  r ip p le  in  the  o u tp u t  vo ltage . 

P o la r iz a t io n  b e h a v io u r  is d is to r te d  in the presence 

o f  small su p e r im p o se d  a l te r n a t in g  vo ltages.

T h e  p o te n t io m e te r  is the  most im p o r ta n t  in s t ru m e n t  fo r  

m e a s u r in g  e le c tro ch e m ica l p o te n t ia ls .  Most po tentiom eters  are 

p o r ta b le  w i th  an in te r n a l  b a t te r y  pow er s u p p ly  th a t  d r i f t s  

s low ly  w i th  t im e. P o te n t iom e te rs  shou ld  be s tandard ised  before 

use and  th is  s h o u ld  be re pea ted  a t one h o u r  in te rva ls  d u r in g  

e x p e r im e n ts .  T h e y  s h o u ld  be f r e q u e n t ly  c a l ib ra te d  w ith  a 

la b o ra to r y  s ta n d a rd  o r  w i th  a n o th e r  p o te n t io m e te r .

E le c tro d e  k in e t ic  s tu d ie s  are  best pe r fo rm ed  w ith  

p o te n t io m e te rs  p o s s e s s in g  the  fo l lo w in g  c h a ra c te r is t ic s

(a )  A v o l ta g e  ra n g e  o f at least 1 .5V . For some studies 

such  as a n o d iz a t io n ,  m e ta l l ic  p a s s iv i ty  and  o rgan ic  e lec trode  

k in e t ic  s tu d ie s ,  ra n ge s  e x te n d in g  to 5V are  o ften  needed.

(b )  A s e n s i t i v i t y  o f  0.1 mV. T h e re  is no advantage  

ga ined  b y  p o te n t io m e te rs  w ith  g re a te r  s e n s i t i v i t y ,  since i t  is 

u n n e c e s s a ry  and  as sucSi po tentiom eter s are  more expens ive  

and cum bersom e to  use .

(c )  For g re a te s t  v e r s a t i l i t y  the  potentiom eter shou ld  

be s e l f - c o n ta in e d  w i th  an in te rn a l  re fe re n c e  cell, and possess 

an o p t ic a l  g a lv a n o m e te r  fo r  p re c is io n  c a l ib ra t io n .
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A n  e le c t ro m e te r  can  be used d i r e c t ly  to measure 

e le c trod e  p o te n t ia l  o r  in  c o n ju n c t io n  w i th  a po tentiom eter 

as a n u l l  in d ic a to r .  The in p u t  impedance o f  an e lec trom ete r 

su itab le  fo r  e le c tro c h e m ic a l s tud ie s  must be 10^ ohms o r g re a te r .  

T h is  e n s u re s  th a t  o n ly  n e g l ig ib le  c u r r e n t  w il l  be d raw n  from the 

system d u r i n g  p o te n t ia l  m easurem ents , a nd  hence does no t 

a f fe c t  th e  c o r ro s io n  c u r r e n t  d e te rm in a t io n .  E lectrom eters  

conn e c te d  to a c i r c u i t  c o n ta in in g  v e ry  h ig h  res is tance (>10^ )

behave e r r a t i c a l l y  due to  s t ra y  c u r r e n t  p ic k - u p .  High 

re s is ta n c e  c i r c u i t s  a re  caused  by  loose co n ta c ts ,  e n tra in e d  

bub b le s  in  the  L u g g in  s a l t  b r id g e ,  o r b y  h ig h  res is tance 

between th e  calomel e le c t ro d e  and the sa lt  b r id g e .  The e r ra t ic  

b e h a v io u r  becomes p a r t i c u la r l y  no ticeab le  u n d e r  co nd it io n s  o f 

low h u m id i t y  w h e re  s ta t ic  e le c t r ic i t y  is p re v a le n t .  E r ra t ic  

b e h a v io u r  can be re d u c e d  b y  s h o r te n in g  the  salt b r id g e  a n d /o r  

in c re a s in g  i ts  o r i f i c e  d ia m e te r ,  o r  by  in c re a s in g  the  c o n d u c t iv i ty  

between th e  s a tu ra te d  calomel e lec trode  and  the sa lt  b r id g e .

F o r  e le c t ro d e  k in e t i c  s tu d ie s ,  e lec trom ete rs  should  possess

the fo l lo w in g  c h a r a c t e r i s t i c s : -

(a )  The  d r i f t  o f  an e lec trom e te r shou ld  not exceed 

1-2 mV p e r  d a y .  In  e x a m in in g  the m a n u fa c tu re rs '  p ub l ish e d  

s p e c i f ic a t io n s ,  ca re  is ta k e n  to compare zero  d r i f t  data.

( b )  V o l ta g e  a c c u ra c y  shou ld  be 1 mV and the 

in s t ru m e n t  s h o u ld  be ca pa b le  o f  d e te c t in g  a 0.1 mV change in 

p o te n t ia l .  Most e le c t ro d e  p o te n t ia l  measurements on ly  re q u ire  

an a c c u ra c y  o f  1 mV.
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(c )  An e le c t ro m e te r  shou ld  have  an in p u t  impedance 
1 2

o f 10 V, o r  g r e a te r  a n d  shou ld  p ro v id e  means fo r  re d uc in g  

th is  i n p u t  im pedance . A n  in p u t  im pedance o f 1010 ohm is 

s u f f i c ie n t  fo r  most s tu d ie s  excep t those systems where e ith e r  

c o r ro s io n  o r  e x c h a n g e  c u r r e n ts  are v e r y  small.

T h e  p o te n t io s ta t  is a dev ice  w h ich  mainta ins cons tan t 

e le c t ro d e  p o te n t ia l .  P o te n t io s ta t ic  te ch n iq u e s  have found  

a p p l ic a t io n s  in e le c tro c h e m ic a l s tud ies  d ue  to th e i r  u n ique  

c h a r a c te r is t ic s .  For e xam p le ,  the ano d ic  d isso lu t ion  k in e t ic s  

o f  an a c t iv e - p a s s iv e  meta l can be com p le te ly  ch a rac te r ise d  only 

b y  p o te n t io s ta t i c  te c h n iq u e s .  F u r th e r ,  s ince the  po ten t ios ta t  

m a in ta in s  e le c t ro d e  p o te n t ia l  o r  the  d r i v i n g  force co ns ta n t,  

and a l lo w s  c u r r e n t  o r  ra te  to v a r y ,  the  re s u l t in g  data are 

eas ier to  i n t e r p r e t .  P o te n t io s ta t ic  p o la r iz a t io n  techn iques  are 

d e s c r ib e d  fo r  a p o te n t io s ta t  w ith  the  fo l low ing  c h a ra c te r is t ic s

(a ) I t  m ust m a in ta in  e le c trod e  po ten t ia l w ith in  one 

m i l l i v o l t  o r  a p re s e t  v a lu e  o v e r  a w ide range  o f  app lied  

c u r r e n t s .  I ts  p o te n t ia l  range  shou ld  e x te n d  from -2 to +2 

v o l ts  o r  more.

(b )  I ts  p o te n t ia l  m easuring  c i r c u i t  should  possess

v e r y  h ig h  in p u t  im pedance  (a t least 10 £2 or g re a te r ) .

T h is  is n e ce ssa ry  fo r  s tu d ie s  o f  e lec trodes  w ith  small exchange 

o r  c o r ro s io n  c u r r e n t s .

(c )  I t  s h o u ld  possess a n e g l ig ib le  potentia l d r i f t  

ra te .  Id e a l ly ,  i t s  s e t t in g  shou ld  not d ev ia te  more than 5 mV 

p e r  d a y .  P o ten tia l s t a b i l i t y  is im p o r ta n t  d u r in g  lo n g - te rm

t e s t s .
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(d )  C u r r e n t  o u tp u t  shou ld  be at least one ampere 

o r  m ore . T h is  m a g n i tu d e  o f  c u r r e n t  p e rm its  the po ten t ios ta t 

to be used  in a v a r ie t y  o f  s tud ie s  such  as fuel ce lls , 

e le c t r o p o l is h in g ,  e le c t r o - d e p o s i t io n ,  m e ta l log ra p h ic  e tch in g  

and a n o d ic  p r o te c t io n .  The  v e rs a t i l i t y  o f  po ten t ios ta ts  w ith  

c u r r e n t  o u tp u ts  less th a n  1A can be im p roved  by  u t i l iz in g  

small e le c t ro d e  a re a s .  H ow ever , small e lec trode  sizes decrease 

the c o n v e n ie n c e .

(e ) I ts  D .C  pow er o u tp u t  s h ou ld  be well f i l te re d .

I f  i t  has p ro v is io n s  f o r  an e x te rn a l  vo lta g e  in p u t ,  i t  can be 

in c o rp o ra te d  in to  a u to m a t ic  c i r c u i t s .  A lso , the convenience 

o f  a p o te n t io s ta t  is im p ro v e d  i f  vo ltag e  can be t ra v e rs e d  

th r o u g h  zero  w i th o u t  s w i tc h in g .

E le c troch e m ica l c u r r e n t  measurements are commonly 

c a r r ie d  o u t  w i th  p re c is io n  D .C  meters w ith  an accu racy  of 

0.5%.

T h e re  a re  a v a r ie t y  o f  re c o rd e rs  ava ilab le  w h ich  are 

u s e fu l  in  e le c tro c h e m ic a l s tud ies  in c lu d in g  po ten t iom e tr ic  

r e c o rd e rs  o f  th e  s in g le  and m u l t ip o in t  v a r ie ty  and XY 

r e c o r d e r s .  T h e  s in g le  pen p o te n t io m e tr ic  re co rd e r is the 

most v e rs a t i le  and  can  be used to re c o rd  a vo ltage o r  

c u r r e n t  d u r in g  e lec trochem ica l s tu d ie s .

A u to m a t ic  p o la r iz a t io n  m e a su r ing  appara tus  is also 

a v a i la b le .  T h e  a u to m a t ic  p o la r iza t io n  techn iques  possess 

se ve ra l a d v a n ta g e s .  F i r s t ,  th e y  im p ro ve  r e p ro d u c ib i l i t y  and 

e l im in a te  t im in g  e r r o r s  p re s e n t  in  manual techn iques . An 

a p p a ra tu s  w h ic h  is capab le  o f  au to m a t ica l ly  co n d u c t in g  anodic 

and  c a th o d ic  p o la r iz a t io n  measurements u nd e r  po te n t io s ta t ic
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c o n d i t io n s  and a u to m a t ic a l ly  re c o rd in g  th e  re su lts  on 

se m ilo g a r i th m  g r a p h  p a p e r  is the  best fo r  fo l low ing  up 

c o r ro s io n  p ro cesse s .

3 - 7 pH AND A C ID IT Y  MEASUREMENTS

In p r in c ip le ,  a n y  e le c trod e  re v e rs ib le  to h yd rog e n  

ion o r  h y d r o x y l  ion can  be employed to measure pH. A 

ty p ic a l  ce ll may be re p re s e n te d  as fo l low s

E le c tro d e  
r e v e r s ib le  
to Hf ion

S ta n d a rd
s o lu t io n

o r
u n k n o w n

KCI
s a tu ra te d

H g2C, 2(s) Hg

The em f o f  the  above  ce l l  is g iv e n  by re f r  an
(3 -29)

To a vo id  the  p ro b le m  o f  the l iq u id - ju n c t io n ,  the  

assem b ly  o f  the  above  ce l l  is s ta n d a rd is e d  by use o f a 

s ta n d a rd  s o lu t io n  o f  k n o w n  pH to in c lu d e  the l iq u id  ju n c t io n  

p o te n t ia l  w i th  th e  m easured  E^ Er e f  T h is  is expressed as

( I £ ' E S )  c
P”  = PHS + t o s f (3- 30)

The g lass  e le c t ro d e ,  h y d ro g e n  e le c tro d e ,  the h y d roq u ino n e  

e le c t ro d e  and  the  a n t im o n y -a n t im o n io u s  ox ide  e lec trode  f ind  

occas iona l use, as r e v e r s ib le  e lec trodes  fo r  measurement of 

pH . The  s a tu ra te d  calomel e lec trode  is almost e x c lu s iv e ly  

the  re fe re n c e  e le c t ro d e  excep t a t e leva ted  tem pera tu res .
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3.7 .1  T h e  h y d r o g e n  e le c tro d e

I t  c o n s is ts  o f  a small p la t inu m  sheet or w ire  coated 

w ith  f in e ly  d iv id e d  p la t in u m  b lack  by  e le c tro ly s is  o f a 

so lu t io n  o f  c h lo r o p la t in ic  ac id  to inc rease  the surface  area 

o f  the  e le c t ro d e .  When p laced so th a t  i t  is p a r t ly  in the  

e x p e r im e n ta l  s o lu t io n  a n d  p a r t l y  in  an a tm osphere of 

h y d ro g e n  gas , th e  h y d r o g e n  e le c trod e  behaves as i f  i t  were 

made o f  h y d r o g e n  m o lecu les and g ive s  a re v e rs ib le  po ten tia l 

d e p e n d in g  on the  a c t i v i t y  o f  the h y d ro g e n  ions in so lu t ion .  

For th e  e q u i l ib r iu m  we have

H 2 (g ) H 2(P t) 2H
(aq) + 2e“  (3-31)

and th e  pH re la t io n s h ip

pH ^obs ^ref 
0 .000198T

RT 
2F * log pu

2
(3-32)

w here  E r is the  p o te n t ia l  o f  the  re fe re n ce  e lectrode p lus  
r e f  r

any l iq u id  ju n c t io n  p o te n t ia l  and P., is the p a r t ia l p re ssu re
2

o f  h y d r o g e n  g a s .  A s tream  o f  p u re  h y d ro g e n  must be 

passed c o n t in u o u s ly  o v e r  the p la t inu m  e lec trode  su rface  to 

e n s u re  th a t  the  s o lu t io n  is re p re s e n ta t iv e  o f  the  b u lk  o f  the 

s o lu t io n .

S u lp h id e s ,  c y a n id e s  and compounds of a rsen ic ,  

po ison  the  h y d ro g e n  e le c t ro d e .  P ro te ins  and collo idal 

m a te r ia ls  a re a d s o rb e d  on the p la t in u m  b lack coating  making 

the e le c t ro d e  s lu g g is h  in  response . A n y  o rgan ic  substance 

s u s c e p t ib le  o f  b e in g  h y d ro g e n a te d  o r  reduced  by  hyd rog e n  

on p la t in u m  m u s t be a b s e n t .  S tro n g  o x id is in g  and re d u c in g
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a g e n ts  impose th e i r  o w n  p o te n t ia ls  at the  e lectrode and 

m eta ls  more n ob le  th a n  h y d ro g e n  are re duced . Vola t i le  

d is s o lv e d  ac id  o r  a lk a l in e  m a te r ia ls ,  o r  gaseous ca rbon  

d io x id e  may be sw e p t o u t  o f so lu t ion  b y  b u b b l in g  h yd rog e n  

g as . T h e  p o te n t ia l  o f  the  h y d ro g e n  e lec trode  is q u i te  

s e n s i t iv e  to t ra c e s  o f  o x y g e n .

3 .7 .2  The  g lass  e le c t ro d e

C e r ta in  g la sses  possess the p r o p e r t y  tha t  a th in  

m em brane  s e p a ra t in g  tw o  so lu t ions  w i l l  show a po ten t ia l 

d i f f e r e n c e  be tw een  i t s  su r faces  tha t is dete rm ined  b y  the 

d i f fe r e n c e  in  pH o f  th e  s o lu t io n s .  T h e  shell o f  the e lectrode 

c o n s is ts  o f  a small b u lb  o r  t ip  o f  special glass sealed to a 

stem from  o r d in a r y  p y r e x  g lass . In th is  manner, the  

h y d r o g e n  ion re s p o n s e  is c o n f in e d  e n t i r e ly  to the area o f 

the  spec ia l g la ss  m em brane . Ins ide  the  bu lb  is d i lu te  

h y d r o c h lo r ic  ac id  s o lu t io n ,  and  d ip p in g  in to  th is  is an 

in te r n a l  re fe re n c e  e le c t ro d e ,  w h ich  is gen e ra l ly  e i th e r  a 

s i l v e r - s i l v e r  c h lo r id e  e le c trod e  o r  a calomel e lec trode . The 

d i lu t e  ac id  s o lu t io n  p ro v id e s  an u n ch a n g in g  h y d ro g e n  ion 

c o n c e n t ra t io n  and  a c o n s ta n t  c h lo r id e  ion co n ce n tra t io n .

T h e  in n e r  ce ll is t i g h t l y  sealed from the  atmosphere b y  means 

o f  a wax o r  p la s t ic  d ie le c t r ic  and a metal oi p las t ic  cap.

The g lass  e le c t ro d e  assem bly is d ipped  in to  the  

s o lu t io n  u n d e r  e xa m in a t io n  to g e th e r  w i th  an e x te rn a l 

re fe re n c e  e le c t ro d e .  The  p o ten t ia l o f  the  glass e lec trode  

r e la t i v e  to th e  e x te rn a l  re fe ren ce  e lec trode  is re la ted  to pH by
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pH E9 Er e f .  
0.0591 at 25°C (3-33)

The v a lu e  o f  Eg d e p e n d s  upon  the n a tu re  o f  the p a r t ic u la r  

g lass m em brane  a n d  the  re fe re n c e  e le c tro d e  ins ide  the g lass 

e le c tro d e  [P e r le y ,  1949J. I t  is th e re fo re  necessary to 

s ta n d a rd is e  each g lass  e le c t ro d e  assem bly  b y  means o f a series 

o f  r e fe re n c e  s o lu t io n s  o f  know n  pH .

G e n e ra l -p u rp o s e  g lass  e lec trodes  a re  ch a rac te r ised  by 

r e la t iv e ly  low e le c t r ic a l  re s is ta n c e ,  p e r m i t t in g  c o n s t ru c t io n  o f  

g lass t ip s  so t h i c k  th a t  th e y  are p ra c t ic a l l y  u nb reakab le .  The 

pH re s p o n s e  o f  these  e le c tro d e s  fo l lows a l inear re la t ion  

be tw een  pH 1 a nd  pH 11.

3 . 7.3 T h e  pH m eters

A d i r e c t - r e a d in g  in s t ru m e n t  has few m an ipu la t ive  steps 

and is a d a p ta b le  to c o n t in u o u s  re c o rd in g  o r  co n tro l o f in d u s t r ia l  

o p e ra t io n s .  T e m p e ra tu re  com pensations can be p ro v id e d  by 

c a u s in g  th e  feedback  c u r r e n t  flow th r o u g h  a tem pe ra tu re -  

s e n s i t iv e  re s is to r  loca ted  in  the  in p u t  c i r c u i t  to su pp ly  the  

b a la n c in g  v o l ta g e .  I f  t h i s  re s is to r  is p laced  in so lu tion  to be 

m easu red , te m p e ra tu re  com pensation  can be achieved 

a u to m a t ic a l ly ,  pH m easurem ents  can be made w ith in  ±0.1 pH 

u n i t .  When b u f f e r  s ta n d a rd iz a t io n s  are  made, the meter 

needle is set to th e  pH o f  the  b u f fe r  b y  s tanda rd iza t ion  con tro l 

k n o b .  T h is  c o n t ro l  a lso  compensates fo r  e lec trode  assym e try  

p o te n t ia l  and  in s t ru m e n t  d r i f t .
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C H A P T E R  <4 

E X P E R IM E N T A L

4.1 P re p a ra t io n  o f  s o i l -w a te r  e x t r a c t

250g o f  so il was m ixe d  w ith  250 c m 3 o f  d is t i l le d -  

d e ion ised  w a te r .  T he  m ix tu r e  was s t i r r e d  co n t in u ou s ly  in 

o rd e r  to  d is p e rs e  the  so il sample in to  a s ta te  o f s lu r r y .

The s t i r r i n g  was done  f o r  t h i r t y  m inu tes  b y  a low speed 

m agne tic  s t i r r e r .

T h e  s l u r r y  was p la ced  in a h ig h  speed la b o ra to ry  

c e n t r i f u g e  and  c e n t r i f u g a t e d  in  o rd e r  to separate  the  p a r t ic le s  

from th e  w a te r  p ha se .  T h e  c e n t r i fu g a t io n  per iod  depended on 

the  a m o u n t  o f  c o l lo id a l m a te r ia ls  p re s e n t  in  the  sample. T h is  

time v a r ie d  b e tw een  one h o u r  and one a nd  a h a lf  hou rs .

T h e  w a te r  phase  was e x t ra c te d  a nd  f i l te re d  to remove 

any  s u s p e n d e d  p a r t i c le s .  The  sample ( s o i l -w a te r  e x t ra c t )  was 

re a d y  f o r  use w hen  the  w a te r  phase was t ra n s p a re n t .

T h e  p ro c e d u re  was repea ted  fo r  a l l  the  soil samples 

co l le c ted  f ro m  all the  s i te s  u n d e r  in v e s t ig a t io n .  The volumes 

were made to  one l i t r e  b y  re p e a t in g  the  above p ro c e d u re .

The sam ples were  s to re d  in  one l i t r e  p la s t ic  bo tt les  w h ich  had 

been t h o r o u g h ly  c le a n e d ,  r in s e d  and d r ie d .

4 .2 P re p a ra t io n  o f  so i l  s l u r r y

100g o f  so il was added  to 100 cm 3 o f  d is t i l le d -d e io n ise d

w a te r .  T h e  m ix tu r e  was s t i r r e d  as above  to d isperse  the  soil
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p a r t ic le s  in to  a s l u r r y .  T h e  re s u l t in g  m ix tu re  was mechanically 

shaken  fo r  ten  m in u te s  to  form  a th o ro u g h  m ix tu re .  The  

rn ix tur e was s t i r r e d  f o r  a f u r t h e r  ten m inu tes ,  as above, and 

was re a d y  fo r  a n a ly s is .

T h e  s l u r r y  was used  fo r  the  re q u i r e d  ana lys is  immediately 

it  was made. A f re s h  s l u r r y  was p re p a re d  fo r each ana lys is  

to be p e r fo rm e d .

4• 3 A tom ic  a b s o r p t io n  s p e c t ro p h o to m e t ry

T h e  s o i l -w a te r  e x t r a c t  was a na lysed  fo r z inc , i ro n ,  

c o p p e r ,  manganese a n d  magnesium u s in g  the  atomic abso rp t ion  

s p e c t ro p h o to m e te r  model UN I CAM SP90. Each element to  be 

a n a ly s e d  had i t s  a n a ly t ic a l  p ro c e d u re  as o u t l ine d  below.

4 .3 .1  I ro n  a n a ly s is

A c a l ib ra t io n  c u r v e ,  F ig .  5.1 was p repa red  b y  d i lu t in g  

i ro n  s to c k  s o lu t io n  BD H  1000 ppm fo r  A . A . S .  to concen tra t ions  

ra n g in g  from  1.0  ppm  to 20 ppm . T h e  s tock  so lu tion  was 

d i lu te d  b y  th e  use o f  d is t i l le d -d e io n is e d  w a te r .

20 cm 3 o f  each  o f  the s ta n d a rd  so lu tions was placed in 

a 50 cm 3 b e a k e r  and  a s p i ra te d  th r o u g h  the  above A . A . S .  

in s t r u m e n t  a nd  the  a b so rb a n ce  re a d -o u t  was reco rded  and the

c a l ib r a t io n  c u r v e ,  F ig .  5 .1 ,  was d ra w n .

The  e x p e r im e n t  was repea ted  fo r  each sample o f  the

s o i l - w a te r  e x t r a c t s .  T h e  re s u l ts  so ob ta ined  were compared 

w i th  the  re a d in g s  on the  c a l ib ra t io n  c u rv e  and the concen tra t ion  

o f  i r o n  in  each sam ple  was re co rd ed  in  A pp e nd ix  1.
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T h e  fo l lo w in g  A . A . S .  in s t ru m e n t  spec tra l cond it ions

were s e t : -

R a d ia t io n  s o u rc e : hollow ca thode  lamp

W a ve le ng th  : 248.3 nm

Pass B and  : 0.2 nm

Flame ; a i r /a c e ty le n e

4 .3 .2  Z in c  a n a lys is

A s to c k  s o lu t io n  o f  BDH z inc  n i t r a te  1000 ppm was 

d i lu te d  to c o n c e n t ra t io n s  ra n g in g  from  1.0 ppm to 10.0 ppm. 

T h e  A . A . S .  in s t r u m e n t  s p e c t ra l  co nd it ions  were set 20

as f o l lo w s : -

R a d ia t io n  so u rce Hollow ca thode  lamp

W a ve le ng th 213.9 nm

Pass ban d 2 nm

Flame a ir /a c e ty le n e

20 cm 3 o f  each o f  the  s ta n d a rd  so lu t ions ,  made above, 

was p laced  in  a 50 c m 3 beake r and in s p ira te d  in to  the  A .A .S .  

as se t  a bove . R e s p e c t iv e  re a d in g s  w ere  obta ined  and a 

c a l ib r a t io n  c u r v e ,  F ig .  5 .2 ,  was p lo t te d .

T h e  e x p e r im e n t  was repeated  w i th  20 cm3 o f so i l-w a te r  

e x t r a c t  to w h ic h  5 c m 3 o f  5% lan thanum  so lu tion  was added. 

The  5% la n th a n u m  s o lu t io n  removes in te r fe re n c e s  d u r in g  zinc 

a b s o rp t io n  a n a ly s is .  T h e  re s u l ts  were  matched w ith  s tandards  

o f  th e  c a l ib ra t io n  c u r v e  and  re co rd e d  in  A pp e nd ix  1.
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4 .3 .3  C o p p e r  a n a ly s is

A  c o p p e r  s to c k  s o lu t io n  o f  1000 ppm was made b y  

use o f  I .O y  o f  c o p p e r  m eta l d isso lved  in  100 cm3 o f  cone. 

HCI (A .R .)  and  d i lu te d  to  one l i t r e  by  th e  use o f  d is t i l le d -  

d e ion ised  w a te r .

T h e  s ta n d a rd  s o lu t io n s  ra n g in g  from  0.5 ppm to 5.0 ppm 

was made b y  d i lu t in g  th e  above s tock  s o lu t io n .

20 cm 3 o f  each s ta n d a rd  s o lu t io n  were asp ira ted  in to  the 

A . A . S .  in s t r u m e n t  and  th e  re a d in g s  so o b ta ined  were used to 

p lo t  c a l ib r a t io n  c u r v e  F ig .  5 .3 .

The e x p e r im e n t  was repea ted  w i th  20 cm3 o f  each o f  

the  s o i l - w a te r  e x t r a c t  sam p les . The  re s u l ts  were matched w ith  

the  c a l ib r a t io n  c u r v e  a n d  the  coppe r c o n c e n tra t io n  in sample 

is re c o rd e d  in  A p p e n d ix  1.

T h e  A . A . S .  in s t r u m e n t  s p e c tra l  co nd it ions  were set as

fo l lows

R a d ia t io n  so u rce  

W a ve le ng th  

Pass band  

Flame

Hollow ca thode  lamp 

324.8 nm 

0.7 nm 

a ir /a c e ty le n e

4 .3 .4  M agnes ium  a n a ly s is

4 .947g  o f  a n h y d r o u s  magnesium su lpha te  were d isso lved  

in  250 c m 3 o f  d is t i l le d -d e io n is e d  w a te r  in  a one l i t r e  vo lum e tr ic  

f la s k .  When all the  m agnesium  su lp h a te  had d isso lved , the  

vo lume was made to  th e  m a rk  by  use o f  th e  d is t i l le d -d e io n is e d  

w a te r .  T h is  was the  m agnesium s tock  so lu t ion  1000 ppm Mg.
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To o b ta in  s ta n d a r d  so lu t io n s ,  th e  stock so lu tion  was 

a p p r o p r ia te ly  d i lu te d  to  c o n c e n tra t io n s  ra n g in g  between 

1.0 ppm  and  10.0 ppm .

T h e  A . A . S .  in s t r u m e n t  was se t to  the fo l low ing  spectra l 

c o n d i t io n s :

R a d ia t io n  s o u rc e  : Hollow ca thode  lamp

W a ve le ng th  : 285.2 nm

Pass b a n d  : 2 .0  nm

Flame : a i r /a c e ty le n e

20 cm3 o f  each o f  the  s ta n d a rd  so lu tions were asp ira ted 

in to  th e  A . A . S .  and  th e  re s p e c t iv e  absorbance  read ings  

re c o rd e d .  These  r e s u l t s  a re  re p re s e n te d  as c a l ib ra t io n  cu rve  

F ig . 5 .4 .

T h e  e x p e r im e n t  was repea ted  w i th  20 cm3 o f soil water 

e x t r a c t  samples to w h ic h  0.5% la n th a nu m  so lu tion was added.

The re s u l t s  w e re  com p a red  w ith  the c a l ib ra t io n  c u rv e  values and 

the  re s p e c t iv e  m agnes ium  c o n c e n tra t io n s  in the samples 

re c o rd e d  in  A p p e n d ix  1.

4 .3 .5  M anganese a n a ly s is

l .O g  o f  m anganese pow der was a ccu ra te ly  we ighed and 

p laced  in  a 100 cm 3 b e a k e r .  10 cm3 o f  cone. HCI were added 

fo l lo w ed  b y  20 cm 3 o f  d is t i l le d -d e io n is e d  w ater. The m ix tu re  

was s w ir le d  u n t i l  a ll th e  manganese p o w d e r had d isso lved .

The s o lu t io n  was t r a n s f e r r e d  to a one l i t r e  vo lum e tr ic  f lask w ith  

t h o r o u g h  w a s h in g  o f  the  d is s o lu t io n  b e a k e r .  The volume was 

made to the  m a rk  w i t h  d is t i l le d -d e io n is e d  w ater. T h is  was the 

1000 ppm  manganese s to c k  s o lu t ion .



m
et

er
 

re
ad

in
g

F ig .  5 .5  C a l ib ra t io n  c u rv e  fo r  manganese 
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s ta n d a r d  s o lu t io n s  were made b y  a p p ro p r ia te  d i lu t io n s  

o f  the s to c k  s o lu t io n  to c o n c e n tra t io n s  ra n g in g  from 0.1 ppm 

to 5.0 p p m .  T he  same A .  A .  5 in s t ru m e n t  was set to the 

fo l lo w in g  c o n d i t io n s : -

R a d ia t io n  so u rce  : Hollow ca thode  lamp

W a ve le ng th  : 279.5 nm

Pass band  : 0 .7 nm

F,ame : a i r /a c e ty le n e

20 cm 3 o f  each o f  the  s ta n d a rd  so lu t ions  were asp ira ted  

in to  th e  in s t r u m e n t  and  th e  re a d in g s  re c o rd e d .  The re s u l ts  

were u se d  to p lo t  the  c a l ib ra t io n  c u rv e  F ig .  5 .5 .

T h e  e x p e r im e n t  was repea ted  w i th  20 cm3 o f  s o i l -w a te r  

e x t r a c t  sample to w h ic h  5 cm 3 o f  1% Lan thanum  so lu tion  was 

added . T h e  re s u l ts  w e re  com pared w ith  the  ca l ib ra t ion  c u rv e  

and the  m anganese c o n c e n tra t io n  in  each so i l-w a te r  e x t ra c t  

sample re c o rd e d  in A p p e n d ix  1.

4.4 C H LO R ID E  ION A N A L Y S IS  BY PO TENTIOM ETRIC METHOD

4.4 .1  P re p a ra t io n  o f  s ta n d a rd  so lu t io n s

5. Og a n a ly t ic a l  re a g e n t  g ra d e  sodium  ch lo r id e  were  d r ied  

in an o v e n  a t 150°C f o r  f o u r  h o u rs .  O u t  o f  th is  1.649g were 

a c c u ra te ly  w e ighed  and  t r a n s fe r r e d  to a one l i t re  c a l ib ra te d  f lask. 

D is t i l le d -d e io n is e d  w a te r  was added and volume made to the  

m a rk .  T h e  r e s u l t in g  s o lu t io n  o f  1ml was e qu iva le n t  to 1mg o f 

c h lo r id e  o r  1000 ppm c h lo r id e  s tock  s o lu t io n .

S ta n d a rd  s o lu t io n s  w ith  c o n c e n tra t io n s  ra n g in g  from 

10 ppm to  500 ppm w ere  made by a p p ro p r ia te  d i lu t io n s  o f  the

stock s o lu t io n .
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4- 4 *2 P re p a ra t io n  o f  c h lo r id e  b u f fe r  so lu t ion

7 7 .8g a n a ly t ic a l  o f  re a ge n t g ra d e  ammonium acetate were 

d is s o lv e d  in  250 cm 3 o f  w a te r .  57 cm 3 o f  ana ly t ica l reagen t 

g ra d e  g la c ia l  a c e t ic  a c id  ( s p . g r .  1.05) was added to the  

m ix tu r e .  The  r e s u l t i n g  m ix tu re  was d i lu te d  w ith  d is t i l le d — 

d e io n is e d  w a te r  to  one  l i t r e .

4 .4 .3  A n a ly t ic a l  p ro c e d u re

Tw o s ta n d a r d  s o lu t io n s  o f  c o n c e n tra t io n s  10 ppm and 

100 ppm  were  used  f o r  the  c a l ib ra t io n  p ro c e d u re .  50 cm3 o f 

10 ppm  s o lu t io n  w ere  p ip e t te d  in to  a 100 cm3 beaker con ta in ing  

a m a g n e t ic  s t i r r e r .  5 c m 3 o f  the  b u f f e r  so lu tion  were p ipe tted  

in to  th e  b e a k e r  c o n ta in in g  the 10 ppm c h lo r id e  so lu t io n .

T h e  c h lo r id e  a n d  re fe ren ce  e lec trodes  were r in s e d  with 

d e io n is e d  w a te r ,  d r ie d  w i th  a c lean, d r y  t issue and immersed 

in  th e  te s t  s o lu t io n .  T h e  so lu t ion  was s t i r r e d  at a cons tan t 

m o dera te  ra te .

T he  O r io n  p H /m V  m eter model 801 was used and  i t  

g ave  d ig i t a l  re a d o u t  o f  p o te n t ia l .  T h e  steady po ten t ia l ( e .m . f . )

was n o te d  and  re c o rd e d  as E^.

The  e x p e r im e n t  was repea ted  w ith  the second 

s ta n d a r d  s o lu t io n  (100 ppm) and  the  s teady  read ing  o f  e .m . f .  

r e c o rd e d  as E2>

From the  em fs E 1 and E2 the  c a l ib ra t io n  slope was 

c a lc u la te d  u s in g  the  fo i  mula

E 1 ~  E2________________________________

lo g - S j -  log S2K
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w he re  is the  c o n c e n t r a t io n  o f  the  lo w e r s tanda rd  so lu tion  

(10 ppm ) and  5^ is th e  c o n c e n tra t io n  o f  the h ig h e r  s tanda rd  

s o lu t io n  (100 p p m ) .  T h e  va lue  o f  K = -58  mV was ob ta ined .

T h e  e x p e r im e n t  was repea ted  w i th  the s o i l-w a te r

e x t r a c t  sam ples . Fo r each  sample the  s teady  emf read ing  was

noted  a nd  re c o rd e d  as E .
x

T h e  d i f fe r e n c e  betw een the  em f o f  the sample (E ^)  and 

th a t  o f  th e  h ig h e r  c o n c e n t ra t io n  (E 2) was ca lcu la ted as 

A = Ex  -  E^. T h is  d i f f e r e n c e  was used  to ca lcu la te  the  

c o n c e n tra t io n  o f  c h lo r id e  ion In the  sample by use o f  the  

fo rm u la

C x = S2 X a n t i lo g  (A / K )

T h e  e x p e r im e n t  was repea ted  f o r  all the so i l -w a te r  

e x t r a c t  samples and  th e  c h lo r id e  ion c o n c e n tra t io n s  ca lcu lated 

and re c o rd e d  in  T a b le  5 .1 .

4.5 S U LP H A T E  ION A N A LY S IS  BY TURB1DIM ETRIC METHOD

4 .5 .1  S ta n d a rd  s u lp h a te  so lu t ions

S u lp h a te  s to c k  so lu t ion  was p re p a re d  by  d isso lv in g  

0 .544g  o f  a n a ly t ic a l  re a g e n t  g ra d e  po tass ium  su lpha te  in 

100 c m 3 o f  d is t i l le d - d e io n is e d  w a te r .  The  so lu tion  was 

t r a n s f e r r e d  to a one l i t r e  v o lu m e tr ic  f la sk  and the volume made 

to th e  m a rk  b y  use o f  d is t i l le d -d e io n is e d  w a te r .  The re su lt ing  

s o lu t io n  c o n ta in e d  0 .1 m g  s u lp h u r  p e r  cm 3 e qu iva len t  to  300 ppm 

s u lp h a te .  T h is  s o lu t io n  was a p p r o p r ia te ly  d i lu te d  to make 

s ta n d a r d  s o lu t io n s  b e tw e e n  1.0 ppm a nd  100 ppm.
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4 .5 .2  A n a ly t ic a l  p ro c e d u re

50 cm 3 o f  the  s ta n d a rd  s o lu t io n  were placed in a 

100 c m 3 b e a k e r  to  w h ic h  2 .0  cm 3 o f  0 .5  .ViHCI were added. 

The m ix t u r e  was s w i r le d  fo r  one m in u te  and  1.0 cm3 o f  

BaCI^ ( A . R) was a d d e d  to the  m ix tu r e .  I t  was sw ir led  

aga in  f o r  one m in u te  a n d  tu rn e d  t u r b i d .

T h e  t u r b i d  m ix tu r e  was p o u re d  in to  a clean 50 cm3 

c y l in d r i c a l  c u v e t  and  th e  s u lp h a te  c o n te n t  reco rded  b y  use 

o f  th e  model 2100A T u r b id im e te r  b y  H A C H . The p ro cedu re  

was re p e a te d  w i t h  all th e  s ta n d a rd  so lu t io n s  and a ca l ib ra t ion  

c u rv e  p lo t te d  ( F ig .  5 . 6 ) .

T h e  above  p ro c e d u re  was repea ted  fo r  all the  so il-  

w a te r  e x t r a c t  sam p les . T he  su lp h a te  c o nce n tra t io n s  are  

re c o rd e d  in  T a b le  5 .2 .

4 .6  REDOX P O T E N T IA L  MEASUREMENT

F ie ld - c o n d i t io n  soil sample was placed in a 500 cm3 

b e a k e r .  E nough  d is t i l le d -d e io n is e d  w a te r  was added to  ju s t  

wet th e  soil sam p le . A p la t inu m  and a calomel e lec trode  

yjq\‘q in s e r te d  in to  th e  soil sample th re e  centim eters  a p a r t .

T h e  p o te n t ia l  t h a t  deve loped  between the  two 

e le c t ro d e s  was m e a su red  b y  use o f  a d ig i ta l  meter model 801, 

O r io n  p i I /m V .

The  e x p e r im e n t  was repea ted  fo r  all the  soil samples 

and th e  re s u l t s  o b ta in e d  re co rd ed  in  Tab le  5 .3 . The resu lts  

w e re  com pared  w i th  those  re co rd ed  b y  the  American Bureau 

o f  S ta n d a rd s  [R o m a n o f f ,  1957] fo r  r e la t iv e  c o r ro s iv i t y  in

T a b le  5.M.
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4 • 7 m e a s u r e m e n t  o f  m o i s t u r e  c o n t e n t

2 0 .Og o f  f ie ld - c o n d i t io n  soil samples were p laced on 

p re w e ig h e d  p o rc e la in  b o w ls .  The samples were heated in 

an o v e n  th e rm o s ta te d  a t  100°C. The  changes in masses were 

re c o rd e d  at i n t e r v a ls  o f  h a l f  an h o u r  u n t i l  a cons tan t mass 

was o b ta in e d .  A f t e r  th e  last th re e  c o n s ta n t  va lues the  

sam ples w ere  le f t  o v e r n ig h t  in the  o ven  and a f ina l mass was 

read  a nd  re c o rd e d  a f t e r  coo ling  in a des icca to r .

The  e x p e r im e n t  was repea ted  fo r  all the  co llected 

soil samples a nd  mass changes were re c o rd e d .  The mass 

c h a n g e s  were  c o n v e r te d  to p e rce n ta g e  mass changes o r  

m o is tu re  c o n te n t  a nd  re c o rd e d  in T a b le  5 .5 .

4 .8  pH A N D  A C I P IT Y / A L K A L IN IT Y  MEASUREMENT

4 .8 .1  pH m e a su rem e n t

4 .8 .1 .1  B u f f e r  s o lu t io n s

B u f f e r  s o lu t io n s  w ith  pH va lues  4.008, 7 .413, 9.180 

a nd  10.012 w e re  p re p a re d  fo r  the  c a l ib ra t io n  o f  the pH 

m e te r .  These  s o lu t io n s  were p re p a re d  by  the fo l low ing  

p ro c e d u re s

(a) pH 4.008

2 0 .Og p o ta ss iu m  h y d ro g e n  p h th a la te  were d r ie d  in an 

o v e n  a t 50°C fo r  one  h o u r .  1 0 .12g o f  th is  d r y  sa lt  were 

d is s o lv e d  in  d is t i l le d -d e io n is e d  w a te r  and  d i lu te d  to one l i t re  

in  a v o lu m e t r ic  f la s k .

( b )  l>H 7 . m 3

1 .1 79g p o ta ss iu m  h y d ro g e n  phosphate  and 4.302g 

h y d ro g e n  phospha te  were d isso lved  ina n h y d r o u s  d is o d iu m



126 -

c l is t i l le d -d e io n is e d  w a te r  and d i lu te d  to  one l i t r e .

(c) pH 9 .180

3* 80g sod ium  te t ra b o ra te  d e c a h y d ra te  (B o ra x )  were 

d is s o lv e d  in c a r b o n - d io x id e  f ree  w a te r  and d i lu te d  to one 

l i t r e .

( ci) pH 10.012

3 .0g  sod ium  c a rb o n a te  were heated in an oven at 

270 C fo r  one h o u r .  I t  was th e n  cooled in a des icca to r .

2 . 640g o f  the  d r y  so d ium  ca rb on a te  w ere  mixed w ith  2.092g 

sod ium  h y d r o g e n  c a rb o n a te  and d is s o lv e d  in carbon  

d io x id e  f re e  w a te r .  T h e  so lu t ion  was d i lu te d  to one l i t r e .

4 .8 .1 .2  A n a ly t ic a l  p ro c e d u re

30 c m 3 o f  each o f  the  b u f f e r  so lu tions p repa red  

a b o v e ,  was t r a n s f e r r e d  in to  a 50 cm 3 beake r.  A clean well 

r in s e d  and  d r ie d  co m b ine d  g lass-ca lom el e lec trode  was 

im m ersed in to  each b u f f e r  so lu t ion  re s p e c t iv e ly .  The 

ana logue  d is p la y  was a d ju s te d  to co in c id e  w ith  the  pH o f  

the  p re p a re d  b u f f e r  s o lu t io n .

The  c o m b in e d  g lass-ca lom el e lec trode  was immersed 

in a b e a k e r  c o n ta in in g  30g o f  f ie ld -c o n d i t io n  so il,  and  the 

d is p la y e d  pH was re c o rd e d ,  fo r  all th e  f ie ld -c o n d it io n  soil 

samples u n d e r  in v e s t ig a t io n .

The  c o m b in e d  g lass-ca lom el e lec trode  was washed 

r in s e d  and  d r i e d .  I t  was immersed in  50 cm3 beaker 

c o n ta in in g  30 c m 3 so il s l u r r y  o r  30 c m 3 so i l-w a te r  e x t ra c t .  

T he  pH d is p la y e d  f o r  each o f  the  s l u r r y  and s o i l -w a te r  

e x t r a c t  was re c o r d e d .  A l l  the pH va lu e s  obta ined  in  th is  

e x p e r im e n t  a re  re c o rd e d  in  A p p e n d ix  2.
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A c i d i t y / A l k a l i n i t y  m easurem ents 

On e x a m in in g  th e  va lues  re c o rd e d  in A p p e n d ix  2, 

i t  is seen th a t  th e  pH v a lu e s  o f  most s o i l -w a te r  e x t ra c ts  are 

ac id ic  w h i le  a few a re  b a s ic .  The fo l lo w in g  methods were 

u t i l iz e d  fo i a n a ly s is  o f  th e  a c id ic  a n d /o r  basic n a tu re  o f  the 

so ils .

4 .8 .2 .1  A c id i t y  m easurem en t

50 cm 3 o f  s o i l - w a te r  e x t r a c t  w ere  placed in a 100 cm3 

f la sk  a n d  th re e  d ro p s  o f  p h e n o lp h th a le in  were added. The 

m ix tu re  was t i t r a t e d  a g a in s t  0.02M s o lu t io n  o f  sodium h y d ro x id e  

to p in k  c o lo u r .  T h e  e x p e r im e n t  was re pea ted  fo r  all ac id ic  

samples and  the  a c id i t y  ca lcu la te d  a c c o rd in g ly  and reco rded  in 

tab le  5 .6 .

4 .8 .2 .2  A l k a l in i t y  m easurem ent

50 cm 3 o f  s o i l - w a te r  e x t r a c t  were  placed in a white 

p o rc e la in  d is h  a b o u t  12 cm in d ia m e te r .  Two d ro ps  o f  

p h e n o lp h th a le in  s o lu t io n  were  added .

In  the  p re s e n c e  o f  f ree  a lk a l is  and a lka l i  carbonates

the  in d ic a to r  a p p e a re d  p in k  in c o lo u r  f o r  pH<8.3 . Two drops 

o f  m e th y l  o ra n g e  w ere  add e d  w here  the  p in k  co lour d id  not

a p p e a r .

T he  s o i l - w a te r  e x t r a c t  was t i t r a t e d  aga ins t 0.02M 

h y d r o c h lo r i c  a c id  u n t i l  th e  co lo u r  tu r n e d  o ra n g e /y e l lo w . The 

am oun t o f  a lk a l in i t y  was ca lcu la te d  from  the  to ta l volume o f 

ac id  r e q u i r e d  to  n e u t r a l iz e  the so lu t io n  to  the end  p o in t  and

re c o rd e d  in  ta b le  5 .6 .
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4,9 M E C H A N IC A L  A N A L Y S IS  AND S O IL  TEXTURE

DETERM I N A T IO N

M echan ica l a n a ly s is  was p e r fo rm e d  on the soil samples 

and the  t e x tu r e  was d e te rm in e d  from  the  mechanical ana lys is .

4 .9 .1  A n a ly t ic a l  p ro c e d u re

(a) P re p a ra t io n  o f  ca lg on  so lu t ion

40. Og o f  p r e d r ie d ,  pow dered  sodium  hexametaphosphate 

were d is s o lv e d  in  750 c m 3 d is t i l le d -d e io n is e d  w ater in a one l i t re  

f la sk  b y  a d d in g  i t  to th e  w a te r  w h ile  s t i r r i n g .  10 .Og p re d r ie d  

a n h y d ro u s  sodium  c a rb o n a te  was added to the m ix tu re  and the 

vo lum e made to the  m a rk  b y  use o f  the  d is t i l le d -d e io n iz e d  water.

(b ) P re p a ra t io n  o f  so il sample

50. Og soil sam ples were t r a n s fe r r e d  to 500 cm3 shaking 

b o t t le s  and  30 cm 3 o f  c a lg on  so lu t ion  w ere  added to each 

b o t t le  and  le f t  to  s ta n d  o v e r n ig h t .  400 cm3 d is t i l le d -d e io n ise d  

w a te r  w e re  added  to each  b o t t le  and was t ig h t ly  s to p p e ie d .

The m ix tu r e  was m e ch a n ica l ly  shaken  fo r  ten m inu tes .

T he  so il s u s p e n s io n s  were  t r a n s fe r r e d  to one l i t r e  

se d im e n ta t io n  c y l in d e r s  and s t i r r e d  w i th  a p lu n g e r  fo r  one 

m in u te .  The  h y d r o m e te r  was s low ly  immersed in the suspension. 

The  h y d r o m e te r  re a d in g  and the  te m p e ra tu re  were reco rded

a f te r  f o r t y  seconds .

T he  s u s p e n s io n s  were le f t  to  se t t le  fo r  s ix and  a ha lf 

h o u rs  (6£ h r s )  a f t e r  w h ic h  bo th  te m p e ra tu re  and hyd rom ete r

re a d in g s  w ere  ta k e n .
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^•9*2  C a lc u la t io n s

The  h y d r o m e te r  was c a l ib ra te d  at 20°C and the re fo re  

a cor i e c t io n  factor had to  be made when the  tem pera tu re  was 

h ig h e r  th a n  20°C .

100 -  [ ( R 1~ B 1) + 0 .3 6 (1 ^ -2 0 ) ]  x 100 

W

% c lay
l ( R 2- B 2) + 0 .3 6 ( T 2 + 20 ) ]  x 100

W

6 s i l t  = 100 o - o  sand -  % c la y .

w h e r e :

R i
= F i r s t  re a d in g  h y d ro m e te r  sample.

B !
= F i r s t  re a d in g  h y d ro m e te r  b la n k .

R2
= 2 nd  re a d in g  h y d ro m e te r  sample.

B2
= 2 nd  re a d in g  h y d ro m e te r  b la n k .

T , = F i r s t  te m p e ra tu re  rea d in g .

T 2
= 2 nd  te m p e ra tu re  re a d in g .

0.36 = te m p e ra tu re  c o r re c t io n  fa c to r .

20 = h y d ro m e te r  c a l ib ra t io n  tem pe ra tu re  ii

W = w e ig h t  o f  sample taken  fo r  a na lys is .

The re s u l t s  o b ta in e d  in  t h i s . a na lys is  a re  shown in A pp e nd ix  3.

4.10 M EASU R EM EN T OF S O IL  CONDUCTANCE

50 cm 3 o f  0 . 0 1M potass ium  c h lo r id e  so lu tion  were placed 

in a c o n d u c t i v i t y  ce ll model PR 9510 connec ted  to a d i re c t  

re a d in g  c o n d u c t i v i t y  m e a s u r in g  b r id g e  model PR 9501 . The 

re s is ta n c e  o f  th e  KCI s o lu t io n  was read d i r e c t ly  on the  meter
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and s in c e  the  s p e c i f ic  c o n d u c t i v i t y  o f  the  KCI so lu t ion  was 

k n o w n ,  the  ce ll c o n s ta n t  was c a lc u la te d .

The e x p e r im e n t  was re p ea ted  fo r  all the  soil s lu r r y  

and s o i l -w a te r  e x t r a c t  samples. U s ing  the  cell cons tan t 

c a lc u la te d  a bo ve , and  from  the re s is ta n c e  read ings  ob ta ined , 

the  c o n d u c ta n c e  v a lu e s  w ere  d e te rm in e d  and reco rded  in  table 

5 .7 .

4-11 LOSS OF MASS M EASU REM ENTS:

4 .11 .1  P re p a ra t io n  o f  metal p ipes

Metal p ip e s ,  h a l f  an inch  in  d iam eter (11.5mm) were 

c u t  to  s izes o f  153mm lo n g .  T h e y  w e re  th o ro u g h ly  po l ished  by 

use o f  v e r y  smooth e m e ry  p ape r to rem ove any ox ides on the 

s u r fa c e .  The  s u r fa c e s  were  d eg reased  by  use o f  acetone and 

le f t  to  d r y .  T h e  d r y  p ip es  w ere  w e ighed  to the  neares t m il l i­

g ram  .

The  d r y  p ip e s  were b u r ie d  in f ie ld -c o n d it io n  soils 

in  p la s t ic  c o n ta in e rs  in  the  la b o ra to r y .  The soil was placed 

h a l f - w a y  the  153 x 245 x 225mm p la s t ic  boxes and then 

th re e  p ip e s  la id  in  a h o r iz o n ta l  p o s i t io n  in each box . More 

soil was p laced  to c o v e r  the  p ipes  a nd  f i l l  the box . The box

was c o v e re d  w i th  an a i r - t i g h t  l id .

T h e  p ip es  w ere  u n e a r th e d  th re e  times at in te rv a ls  

o f  f o u r  m o n th s .  T h e  u n e a r th e d  p ipes  were cleaned and  checked

fo r  c o r r o s io n .

4 .1 1 .2  C le a n in g  th e  p ipes

T h e  u n e a r th e d  p ipes  were  f i r s t  c leaned w ith  water

to re m o ve  the  c l i n g in g  so i l .  F u r th e r  c lean ing  was done w ith  a
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m ix tu re  o f  hot w a te r ,  3 .0M  h y d r o c h lo r ic  acid so lu tion  and 

s ta n n o u s  c h lo r id e  s o lu t io n ,  u n t i l  a ll the  ru s t  s ta ins  were 

rem oved . T he  c lean  p ip e s  were r in s e d  w ith  acetone and  

a i i - d r i e d  o v e r n ig h t .  T h e  d r y  p ip es  w e re  weighed and the 

d i f fe re n c e  in mass fo r  th e  p e r io d  o f  b u r ia l  reco rded  in  

A p p e n d ix  4. T h e  p ip e s  were p h y s ic a l ly  examined fo r  the type 

and e x te n t  o f  c o r r o s io n  th a t  had taken  place.

4 .1 1 .3  F ie ld  sam ples

From o b s e rv a t io n s  o f  the  la b o ra to ry -b u r ie d  p ipes, 

some p ip e s  w e re  la id  in  some se lected s ites  in the  f ie ld .  The 

samples w ere  c u t  to le n g th s  o f  one m eter and la id  in s ix  

d i f f e r e n t  s i te s .

The f i e ld - b u r i e d  p ipes were p re pa re d  in the  same way 

as th e  la b o r a t o r y - b u r ie d  p ipes and  b u r ie d  ha lf  a meter below 

the g r o u n d  le v e l .  T h e  p ipes  were  la id  in a ho r izon ta l position 

and th e  p i t  b a c k f i l le d  in  a m anner to avo id  d is tu r b in g  the 

p o s i t io n  o f  p ip e s .

The  p ip es  w e re  u n e a r th e d  th re e  times at in te rv a ls  o f 

s ix  m o n th s .  T h e y  w e re  c leaned in the  same way as the  

la b o ra to r y  p ip e s  and  exam ined  fo r  the  ty p e  and e x te n t  o f 

c o r ro s io n  th a t  had  ta k e n  p lace. The re s u l ts  a re d iscussed in 

c h a p te r  5.

4 ^ 2  P O L A R IZ A T IO N  MEASUREMENTS

The  ra te  o f  an e lec trochem ica l reaction  is l im ited  by

v a r io u s  p h y s ic a I and  chem ical fa c to rs . Hence an e lectrochemical
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re a c t io n  is p o la r iz e d  o r  re ta rd e d  by these  env ironm en ta l 

fa c to rs .  P o la r iz a t io n  is d iv id e d  in to  th re e  main types 

(sec . 2 . 5 . 2 ) .  D e p e n d in g  on w ha t k in d  o f  po la r iza t ion  is 

c o n t i  o i l in g  the  r e d u c t io n  re a c t io n ,  e n v iro n m e n ta l va r iab les  

p ro d u c e  d i f f e r e n t  e f f e c t s .

A s tu d y  has been made o f  th e  re la t ion sh ip  o f  anode 

c u r r e n t  d e n s i t y  w i th  e le c t ro d e  p o te n t ia l  fo r  mild s tee l, in 

d i lu te  s o lu t io n s  o f  so il e le c t ro ly te s  a nd  u nd e r  co nd it io n s  

s im u la t in g  the  n a tu r a l  c o r ro s io n  o f metal b u r ie d  in the  soil.

The  re s u l t s  a l low  th e  e s tim a tion  o f  th e  increase in co rros ion  

ra te  r e s u l t in g  f rom  th e  change  in  e le c tro d e  po ten t ia l o f  bur ied  

m ild  s tee l th a t  may be caused b y  ad jace n t ca thod ic  p ro tec t ion  

o r  o th e r  e le c t r ic a l  in s ta l la t io n s .

T w o  e le c troch e m ica l methods a re  used to determ ine 

the  c o r ro s io n  ra te  in  the  so il.  These are the Tafel 

e x t r a p o la t io n  and  th e  l in e a r  p o la r iz a t io n  (also called resis tance 

p o la r iz a t io n )  te c h n iq u e s .

q .1 2 .1  Specim en ( w o r k in g  e le c tro d e )  p re pa ra t io n

A n u m b e r  o f  e lec trodes  w e re  made by  c u t t in g  10mm 

each  o f  a 10 m m -d ia m e te r  mild steel ro d ,  sp o t-w e ld in g  i t  to a 

n ic h ro m e  w ire  and  c o v e r in g  the  10mm long e lec trode  w ith  epoxy 

r e s in .  The  e le c t ro d e  su r fa ce  was g ro u n d  and f in e ly  polished 

to a smooth s u r fa c e  b y  use o f  a smooth emery paper on a

r o t a t in g  d is c .
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he p o l is h e d  e le c trod e  s u r fa c e  was degreased by 

o f  acetone  and  h e a t - t r e a te d  in vacuum  to p re v e n t  surface 

o x id a t io n .  T h e  heat t re a tm e n t  also inc reased  co rro s io n  

re s is ta n c e  w h ic h  was nece ssa ry  fo r  th e  in tended  in ve s t ig a t io n .  

The e le c t i  ode was u s e d  im m edia te ly  a f t e r  p re p a ra t io n .  A new 

su i face  was p r e p a r e d  fo r  e v e ry  a n a ly s is  to be conduc ted .

**•12.2 T a fe l e x t r a p o la t io n  m easurem ents

T h e  p o te n t io s ta t i c  p o la r iz a t io n  techn ique  was used 

to o b ta in  the  T a fe l  s lopes  fo r  the  ano d ic  and ca thod ic  reactions. 

In t h i s  te c h n iq u e  p o te n t ia l  was m a in ta ined  cons tan t and the 

c u r r e n t  was m e a s u re d .  The p o te n t ia l  was m ainta ined constant 

b y  th e  use o f  a p o te n t io s ta t  w h ich  fu n c t io n s  b y  m o n ito r ing  the 

p o te n t ia l  b e tw een  a w o rk in g  e le c tro d e  and the re fe rence  

e le c t ro d e  and  a u to m a t ic a l ly  a l te r in g  th e  c u r r e n t  between the 

w o r k in g  e le c t ro d e  a n d  the  a u x i l ia r y  e lec trode .

A c u r r e n t  m e ter was p laced  in the lead to the 

a u x i l i a r y  e le c t ro d e  a nd  a s h o r t  low res is tance  lead was used 

to  c o n n e c t  th e  w o r k in g  e lec trode  to  the  p o te n t io s ta t .  The 

fo l lo w in g  s te p s  w e re  used fo r  the manual p o te n t io s ta t ic

p o la r iz a t io n  m e a s u re m e n ts .

(1 ) T h e  m ixed  o r  c o r ro s io n  po ten t ia l o f  the  w o rk ing

e le c t ro d e  was d e te rm in e d  w ith  the  po ten t iom ete r-am m eter 

c i r c u i t  w i th  a ll o t h e r  w ires  d isco nn e c te d  from the po lar iza t ion

c e l l .

(2 )  A f t e r  w a it in g  fo r  te n  minutes to a llow the 

m ix e d  p o te n t ia l  to  become c o n s ta n t ,  the p o te n t io s ta t ic  c i r c u i t  

( s e c .  3) was c o n n e c te d  to the p o la r iz a t io n  ce l l .



134

(3) P o te n t io s ta t ic  m easurem ents were conduc ted  by 

in c re a s in g  or d e c re a s in g  p o te n t ia l  in 50 mV steps and w a it ing  

for* f i v e  m in u tes  f o r  each  p o te n t ia l  to s ta b i l iz e  (sec. 4 .1 2 .4 ) .

^ ^  2 .3  L in e a r  p o la r iz a t io n  ( re s is ta n c e  p o la r iza t ion )  measure­

ments

The  te rm  "p o la r iz a t io n  re s is ta n c e "  is now fam il ia r  with 

those in te r e s te d  in  m o n i to r in g  c o r ro s io n  ra te .  The te rm  was 

o r ig in a l l y  co in ed  to d e s c r ib e  the  ra t io  between the  app lied  

p o te n t ia l  and  th e  c u r r e n t  fo r  an e le c tro d e  [Callow L .M . et al, 1976] 

The f i r s t  th e o re t ic a l  a n a ly s is  o f  the  l i k e ly  re la t io n sh ip  between 

re s is ta n c e  and  c o r r o s io n  c u r r e n t  was deve loped by  S te rn  and 

G ea ry  ( 1957). T h e y  co n s id e re d  the  ra te  equations fo r  the anodic 

and  c a th o d ic  p ro c e s s e s  c o m p r is in g  a s imple e lectrochemica l 

e q u i l i b r iu m ,  on the  b a s is  th a t  bo th  processes are a c t iva t io n  

c o n t ro l le d  and  th a t  th e  a c t iv a t io n  e n e rg y  b a r r ie r  at the  e lectrode / 

s o lu t io n  in te r fa c e  is s y m m e tr ic a l .  I t  was es tab lished  th a t ,  close 

to th e  r e v e r s ib le  (m ix e d  o r  c o r ro s io n )  p o te n t ia l ,  the applied 

p o te n t ia l  and c u r r e n t  d e n s i ty  were l in e a r ly  re la ted  to  a close 

a p p ro x im a t io n .  T h e i r  ra t io  " l in e a r  p o la r iz a t io n " ,  Rp was related 

to th e  c o r ro s io n  c u r r e n t  d e n s i ty  (c o r ro s io n  ra te )  in terms o f 

T a fe l  s lopes 3a and  3 c fo r  anod ic  and  ca thod ic  processes as

fo l lo w s : -
__3 a 3 c ]__

' c o r r  “  2 .3 ( 3 a + 3 c) ' Rp

T h e  same c i r c u i t  used fo r  the  Tafel e x trap o la t ion  

te c h n iq u e  was used  in  the  p re s e n t  in v e s t ig a t io n  fo r  the
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re s is ta n c e  p o la r iz a t io n .  T h e  f i r s t  s tep  (sec .  4 .12 .2 )  was used 

to \ eco» d the  c o i r o s io n  p o te n t ia l .  The w o rk in g  e lec trode  was 

then c a th o d ic a l ly  o» a n o d ic a l ly  p o la r ise d  b y  manually se lec ting  

the re s p e c t iv e  p o te n t ia ls  at 10 mV s tep s .

4 .12 .4  P re p a ra t io n  o f  t r ia l  ru n s  so lu t ion s

I t  was fo u n d  nece ssa ry  to r u n  some t r ia l  ana lys is  to 

e s ta b l is h  the  p o s i t io n  o f  t h e . lu g g in  p ro b e  tha t  g ives  the  

optim um  re a d in g s .  T h e  fo l lo w in g  so lu t io n s  were p re p a re d  fo r  

the sa id  p u rp o s e  in  th e  p o la r iz a t io n  m easurem ents.

(a) 0 .001M N a2SOq + 0.0001M KCI

(b )  0 .001M FeSO/4 + 0.0001M KCI

(c )  0.0Q1M NaCI

(d )  0 .001M KCI

T he  chem ica ls  used were  all A . R .  q u a l i ty  and 

d is s o lv e d  in  d is t i l le d  d e io n is e d  w a te r .  300 cm3 o f  each o f  the 

above s o lu t io n s  w e re  u s e d  in the p o la r iz a t io n  ce ll.

T he  p o te n t ia l  be tw een  the  w o rk in g  e lectrode and the 

re fe re n c e  e le c t ro d e  was k e p t  co ns ta n t b y  p lac ing  the lu g g in  

p robe  as c lose to  the  w o r k in g  e le c trod e  as poss ib le . The  

p o te n t ia l  be tw een  the  w o r k in g  e le c trod e  and the a u x i l ia i  y 

e le c tro d e  was v a r ie d  " p o te n t io s ta t i c a l l y " and  the c u r r e n t  tha t 

f lowed re c o rd e d .  The  p o te n t ia l  was m anua lly  va r ie d  at steps 

o f  50 mV fo r  f iv e  m in u te s .  The p o s i t io n  o f  the lu g g in  probe  

was v a r ie d  and  th e  p o s i t io n  o f  maximum c u r r e n t  o u tp u t  noted

and th e  p ro b e  f i x e d .



136

T he  e x p e r im e n t  was repea ted  fo r  all the  above 

s o lu t io n s  and  the  soil w a te r  e x t r a c t  samples as p re pa re d  

in se c t io n  4 .1 .  P o la r iz a t io n  c u rv e s  fo r  the  so i l-w a te r  

e x t i  a c ts  w ere  d r a w n  ( F ig s .  1 -2 4 ) ,  from  wh ich  co rro s io n  

cut r e n ts  and  p o te n t ia ls  w e re  deduced  b y  the  Tafe l slopes and 

l in e a r  p o la r iz a t io n  a n a ly s is .  The  re s p e c t iv e  Tafel slopes,

c o r ro s io n  c u r r e n t s  a nd  c o r ro s io n  p o te n t ia ls  were ca lcu la ted
»

and re c o rd e d  in  A p p e n d ix  5.

The  s o lu t io n s  w ere  b u b b le d  w i th  a stream o f  n it rogen  

fo r  d e a e ra t io n ,  f o r  a p e r io d  o f  one h o u r  pe r sample. The 

p o la r iz a t io n  m e a su rem e n ts  were re p ea ted  fo r  the deaerated 

s o i l -w a te r  e x t r a c t s  a nd  the  re s p e c t iv e  c u rv e s  are shown in 

f ig u r e s  1-24.

4 .1 2 .5  The  c o r r o s io n  ce ll m a in tenance

The  c o r r o s io n  ce ll (sec . 3 .6 .2 )  was cleaned and degreased 

by  use  o f  the c h r o m ic - s u lp h u r ic  ac id  c lean ing  so lu t io n .  I t  was 

then  r in s e d  w i th  d is t i l l e d  de ion ised  w a te r  fo llowed by acetone 

and a l lo w e d  to d r y .

The  ce l l  c le a n in g  p ro c e d u re  was repeated fo r  eve ry  

s o lu t io n  to be te s te d  to  e lim ina te  con tam ina tion  from the  p rev ious 

s o lu t io n .  A l l  th e  co m p on e n ts  o f  the ce l l  in c lu d in g  the  lugg in  

p ro b e ,  th e rm o m e te r  a n d  the  a u x i l ia r y  e lec trode  were p ro p e r ly  

r in s e d  a t  the  b e g in n in g  o f  a new e x p e r im e n t .



137

C H A P T E R  5

RESU LTS  A N D  DISCUSSIONS

A num ber o f  a n a ly t ic a l  te c h n iq u e s  and p rocedu res  

have been d e s c r ib e d  in  c h a p te rs  3 and 4. From these, 

re s u l ts  have  been o b ta in e d  and re p re s e n te d  In form o f  tab les , 

g ra p h s  and  a p p e n d ic e s .  In  th is  c h a p te r  the  re levance o f  

these r e s u l t s  to th e  u n d e r g r o u n d  p ip e l in e  co rros ion  is be ing 

ana lysed  and  d e te rm in e d .  By the  end o f  the  data ana lys is ,  

the e x te n t  and ra te ,  t y p e  and  n a tu re  o f  co rros ion  shall be 

id e n t i f ie d  and  a n u m b e r  o f  recom m endations made fo r  the  

c o r ro s io n  re s is ta n c e  o r  p re v e n t io n  to th e  u n d e rg ro u n d  p ipe line .

5.1 A T O M IC  A B S O R P T IO N  SPECTROPHOTOMETRIC

A N A L Y S IS

T h is  te c h n iq u e  was used to a na lyse  the amount o f  

i ro n ,  z in c ,  c o p p e r ,  m anganese and  magnesium in the so i l-w a te r  

e x t r a c ts  o f  the  s i te s  u n d e r  in v e s t ig a t io n .  The re s u lts  obta ined

are re c o rd e d  in  A p p e n d ix  1.

From th e  a p p e n d ix ,  i t  is no ted  th a t  the ions a re  

found in  q u a n t i t ie s  in c re a s in g  in the  fo l lo w in g  o rd e r .

Mg > Fe > Cu > Mn > Zn

T h is  o r d e r  in d ic a te s  th a t ,  in the  sites u n d e r  in v e s t i ­

g a t io n ,  th e  m agnes ium  sa lts  were the most so luble in w a te r 

w h ile  those  o f  z in c  w e re  the  least s o lu b le .  The so lu b i l i t ie s  of 

c o p p e r  a nd  m anganese  sa lts  were a b o u t  the  same in a few 

s ites  a l th o u g h  t h e i r  d i f fe re n c e s  were n o t  large in  o th e r  s ites.
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r ce m e ta l l ic  c o r ro s io n  is an e lec trochem ica l p rocess, 

the d is s o lv e d  ions have  a m arked  e f fe c t  i f  p re sen t in the  

soil w h e re  the  u n d e r g r o u n d  p ip e l in e  is la id .

E xam in a t io n  o f  ta b le  5.7 and  A p p e n d ix  1 shows tha t 

the so i ls  th a t  h a ve  h ig h  c o n c e n tra t io n s  o f  the above ions have 

h ig h  e le c t r ic a l  c o n d u c t i v i t y  (low r e s i s t i v i t y ) .  T h is  ind ica tes  

tha t th e  p re s e n c e  o f  th e s e  ions d e te rm in e s  the e le c tr ica l 

c o n d u c t i v i t y ,  e x p r e s s e d  as e le c tr ic a l  r e s is t i v i t y ,  o f  the  soil 

e le c t r o ly te .

T h e  c o m p a r is o n  between tab le  5 .3  and A p p e n d ix  1 shows 

tha t  th e  s ites  w i t h  h ig h  c o n c e n tra t io n s  o f  the above ions , have 

low re d o x  p o te n t ia ls .  In  th is  case, i t  is obse rved  th a t  the 

soil c o r r o s i v i t y  in  th e se  s ites  is e x p e c te d  to be h ig h .  However 

e xa m in a t io n  o f  th e  u n e a r th e d  p ipes  shows h igh  co rro s io n  at the 

b e g in n in g  b u t  s low s d o w n  w ith  t im e.

T h e  mass c h a n g e s  re co rd e d  fo r  the  f i r s t  fo u r  months 

were r e la t i v e ly  h ig h e r  tha n  those re c o rd e d  for the fo l low ing  

m o n th s .  T h is  in d ic a te s  th a t  the  c o r ro s io n  was v e ry  fas t 

fo rm in g  c o r ro s io n  p r o d u c t s  th a t  form ed a p ro te c t iv e  la y e r  on 

the s u r fa c e  o f  th e  p ip e .

E xam in a t io n  o f  A pp e n d ice s  1 a nd  3 shows tha t most of 

the io n s  d e te rm in e d  a b o v e  were fo u n d  in  e i th e r  s a n d y -c la y  or 

c lay  s o i ls .  T h ese  so i ls  have  h ig h  w a te r  con ten ts  and i t  is 

p o s s ib le  to  fo rm  h y d r a te d  ions w h ich  w ou ld  form a p ro te c t iv e

la y e r  on  th e  s u r fa c e  o f  the  b u r ie d  p ip e .

In g e n e ra l ,  th e  c o r ro s iv e  so ils  con ta in  la rge amounts

o f s o lu b le  sa lts  w h ic h  r e s u l t  in  low e le c tr ic a l  r e s is t i v i t y  values.
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The le a s t  c o r r o s iv e  s o i ls ,  as a g r o u p ,  have  h igh  e lec tr ica l 

r e s i s t i v i t y  and low s a l t  c o n c e n t ra t io n s .  I f  metal ions a re  

pi esen t in  the  e le c t r o ly t e ,  they  com bine  w ith  oxyge n , 

h y d r o x id e  o r  e v e n  w a te r  to form re s p e c t iv e  inso lub le  

p ro d u c ts  on the  s u r fa c e  o f  the  b u r ie d  p ip e l in e ,  th e re b y  

p r o te c t in g  the  p ip e  f ro m  c o r r o d in g .

5.2 C H L O R ID E  ION A N A LY S IS

C h lo r id e  ion is an im p o r ta n t  c o n s t i tu e n t  o f  the soil 

d u r in g  the  p ro ce ss  o f  u n d e r g r o u n d  c o r ro s io n .  The presence 

o f  c h lo r id e  ions in  the  so i ls  re s u l ts  in p i t t i n g  ty p e  o f co rros ion  

o f  m eta ls  due  to d e s t r u c t io n  o f  pass ive  f i lm s on the  su rface  of 

the m e ta l.

T h e  a m oun t o f  c h lo r id e  in  each o f  the  s ites u n d e r  

in v e s t ig a t io n  was d e te rm in e d  and re c o rd e d  in Table  5 .1 .
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Site
C h lo r id e

C o n c e n t ra t io n  (ppm ) 
± 0.1

Site
C h lo r ide

C oncen tra t ion  (ppm) 
± 0.1

1 49.7 14 85.2

2 17.8 15 35.3

3 39.1 16 38.3

4 17.8 17 26.6

5 85.2 18 16.0

6 28.4 19 21.3

7 24.9 20 35.9

8 24.9 21 36.1

9 14.2 22 30.2

10 17.8 23 33.0

11 14.2 24 28.4

12 17.8 25 23.1

13 32.0 26 28.4

Table  5 .1 :  C h lo r id e  ion  c o n c e n tra t io n  (ppm ) fo r  the sites

u n d e r  in v e s t ig a t io n .

From T a b le  5 .1 i t  is o bse rve d  th a t  the c h lo r id e  ion 

c o n c e n tra t io n s  ra n g e  b e tw e e n  10 ppm and  90 ppm. It  is 

o b s e rv e d  th a t  m ost o f  th e  s ites  had c h lo r id e  co nce n tra t io n s

betw een  20-40 p p m .

B y  e x a m i n a t i o n  o f  the  p h y s ic a l  appearance o f  the  

b u r ie d  p ip e s  i t  was n o te d  th a t  those  p ip es  b u r ie d  in h ig h e r -



c h lo r id e  c o n c e n t r a t io n  s o i ls  had many small spots in d ic a t in g  

tha t  lo c a l iz e d  c o r ro s io n  had  taken  p la ce . T h is  was even

more m a rk e d  on th e  p ip e s  b u r ie d  in  so i ls  w ith  80-100 ppm 

c h lo r id e  ions .

I t  was h o w e v e r  noted  th a t  v e r y  few d a rk  spots o f 

loca lized  c o r r o s io n ,  w e re  noted  on the  p ipes  b u r ie d  in soils 

w ith  c h lo r id e  ion c o n c e n t ra t io n  below 20 ppm. In th is  case 

u n i fo rm  c o m  os ion  was re a l is e d .  H o w e ve r ,  some pipes in  the 

lower c h lo r id e  ion  c o n c e n t ra t io n  showed s t ro n g  aspects o f 

c o r ro s io n .  T h is  in d ic a te d  th a t  i t  was no t on ly  the  ch lo r id e  

ion t h a t  was r e s p o n s ib le  fo r  the  c o r ro s io n  o f  the  p ipes in the 

re s p e c t iv e  soil sam p le .

B y  e x a m in a t io n  o f  A p p e n d ix  4, the loss o f  mass, i t  

is n o te d  th a t  th e re  is some loss o f  mass on e v e ry  unea rthed  

p ip e .  I t  is g e n e r a l ly  o b s e rv e d  th a t  th e re  was h ig h e r  loss of 

mass re c o rd e d  in  so i ls  w he re  the  c h lo r id e  ion co nce n tra t io n  

was h ig h  and v ic e  v e r s a .  It  is h ow eve r  d i f f i c u l t  to ass ign  a 

m athem atica l r e la t io n s h ip  betw een the  amount o f  mass loss and 

the  c h lo r id e  ion  c o n c e n t r a t io n .

I t  was also g e n e ra l ly  o b s e rv e d  tha t fo r  the f i r s t  

e ig h t  m on ths  o f  b u r ia l ,  the  loss o f  mass in the  soils w ith  

h ig h  c h lo r id e  ion  c o n c e n t r a t io n ,  was h ig h e r  than  in the  lower 

c h lo r id e  ion c o n c e n t r a t io n  samples fo r  the  same pe r iod  o f  time. 

A f t e r  th is  p e r io d ,  th e  loss o f  mass was g e n e ra l ly  obse rved  to 

be lo w e r  in  th e  h ig h e r  c h lo r id e  ion c o n c e n tra t io n  samples.

I t  was a lso  n o te d  t h a t  some s ites  show ed mixed re s u l ts ;  i .e .  

some lo w - c h lo r id e  s i te s  showed h ig h  mass losses and vice versa



these, i t  was d i f f i c u l t  to  assoc ia te  th e  mass loss to the  

c h lo r id e  c o n te n t  o n ly .

B y  e x a m in a t io n  o f  the u n e a r th e d  p ipes, i t  was noted 

tha t  th e  lo ca l ised  c o r ro s io n  was on th e  u p p e r  side o f  the  

p ip e .  Fhe u n i fo rm  c o r ro s io n  was o b s e rv e d  all o v e r  the  surface

o f th e  p ip e .  I t  was a lso  no t iced  th a t  th e  p its  o f  the 

loca l ized  c o r ro s io n  c o u ld  no t be m easured  because th e y  were 

not deep  e n o u g h .  H o w e v e r ,  w i th  a lo n g e r  d u ra t io n ,  the  pits 

w ou ld  d e ve lo p  to  m e a su ra b le  d im e n s io n s .

C h lo r id e  is o f te n  taken  as an index  o f  the co rros iveness 

in w a te r .  I t  v a r ie s  f ro m  v e ry  w ide t ra c e  lim its  found in 

u n p o l lu te d  w a te rs  to  h ig h  c o n c e n tra t io n s  in sea w a te r .  Some o f  

t l ie  p u r e s t  la n d  w a te r  have  c h lo r id e  c o n te n ts  below 5 ppm and 

most p u b l ic  w a te r  s u p p l ie s  co n ta in  less than 20 ppm o f  ch lor ide  

[ B u t l e r  and  Is o n ,  1 9 7 8 ].

C h lo r id e  ion  in te r fe r e s  w ith  the  deve lopm ent o f  

p r o te c t iv e  f i lm s  and  a lso  b re a k s  any  pass ive  f i lms more read ily .  

A l t h o u g h  u n d e r  c e r t a in  c o n d it io n s  th e  ove ra l l  amount o f  metal 

lo s t  is n o t  m a rk e d ly  in f lu e n c e d  by  th e  c o nce n tra t io n  o f  the 

c h lo r id e ,  the  a t ta c k  d i f f e r s  from  th a t  in d is t i l le d  w a te r .  The 

a t ta c k  b y  c h lo r id e  is more loca lised  and  re su lts  in deep p its .

C o r ro s io n  is  d ra s t ic a l l y  in c re ase d  by  the presence o f 

c h lo r id e  ions w h ic h  a c t iv a te  the  a no d ic  p rocess . R iggs ,

S u d b u r y  and  H u tc h in s o n  re p o r te d  th a t  p i ts  usua l ly  grow in 

th e  d i r e c t io n  o f  g r a v i t y ,  m ostly  d o w n w a rd s  from hor izon ta l 

s u r fa c e s  [ R ig g s ,  S u d b u r y ,  H u tc h in s o n ,  19601 . T h e y  found
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th a t  as pH in c re a s e s ,  th e  c o r ro s io n  p ro g re s s e s  from genera l 

to h ig h l y  lo ca l ize d  p i t t i n g .  B e g in n in g  a t pH 4 the  p its  are 

c o v e te d  b y  a ca p  o f  c o r ro s io n  p ro d u c ts  and at pH 12, the 

c o r ro s io n  p r o d u c ts  assum e an u n u su a l tu b u la r  shape. In 

most cases the  c o r r o s io n  p i ts  a re  c o v e re d  by  co rro s io n  p roduc ts  

and a re  d i f f i c u l t  to  see , and sometimes the y  take a long time 

b e fo re  th e y  show u p .

In  the  c r e v ic e  o r  p i t t i n g  c o r ro s io n ,  the  ove ra l l  reaction 

in v o lv e s  the  d is s o lu t io n  o f  the metal M and the re d u c t io n  o f 

o x y g e n  to h y d r o x id e  io n s .  In the  o x id a t io n  process we have

Fe 2+
(s ) Fe , . + 2e(aq )

In th e  re d u c t io n  p ro c e s s  we have

° 2 (g )  + 2H 2 ° (  * ) + 1,6
HOH (aq)

I n i t i a l l y  these  re a c t io n s  o ccu r  u n i fo r m ly  ove r the  e n t i re  surface 

o f  th e  m eta l.  A f t e r  a s h o r t  in te r v a l  o x y g e n  on one p a r t  o f  the 

p ipe  may be d e p le te d  d u e  to r e s t r i c t e d  co nve c t io n .  O xygen 

r e d u c t io n  ceases in  t h i s  a rea . H ow ever metal d isso lu t io n  

c o n t in u e s  and  th is  te n d s  to p ro d u c e  excess p os i t ive  charges in 

the  e le c t r o ly t e .  T h is  excess c h a rg e  is necessa r i ly  balanced 

by  th e  m ig ra t io n  o f  c h lo r id e  io n s .  T h is  increases the  

c o n c e n t r a t io n  o f  the  ineta l c h lo r id e  w i th in  th is  area. These 

metal c h lo r id e s  a re  s o lu b le  in w a te r  le a d in g  to the  reac tion

C f ) ( s )  + H2O m  -----------*  - O H , . ,  + H (aq) + C'(aq )

In case  o f  i r o n  and  s tee l the re a c t io n  is

FeGI2 (s ) + 2H2 ° ( l )  ----------- _>



144

The a qu e o u s  metal c h lo r id e  d issoc ia tes  in to  a h y d ro x id e  

and a f r e e  a c id .  B o th  th e  c h lo r id e  and  h y d ro g e n  ions 

acce le ra te  the  d is s o lu t io n  ra te  in  th is  sec tion  o f  the  metal 

lead ing  to  p i t t i n g  o r  e v e n  c re v ic e  c o r ro s io n .  T h is  ch lo r id e  

a tta ck  is in fa c t  p o s s ib le  because the c h lo r id e  ion has a 

sp e c i f ic  a d s o rp t io n  on th e  metal as com pared  to th a t  o f  the 

h y d r o x y l  io n .  T h e  p re s e n c e  o f  the  above  aqueous acid 

e x p la in s  w h y  th e  p i ts  a re  fo u n d  on the  tbp  side o f  the bu r ied  

p ipe .

T h e  i r o n  h y d r o x id e  form ed above  m igra tes  to the  

c a th o d ic  s ites  a nd  p r e v e n t s  the  metal f rom  fu r t h e r  co rro s io n .  

H ow ever in  p re s e n c e  o f  c h lo r id e  ions th e  h y d ro x id e  is d isp laced 

by th e  c h lo r id e  to  fo rm  th e  so lub le  i r o n  c h lo r id e .

F e (O H ) j  ( s ) + 2 C | - a q ) ------------ *  ^ ( s )  + 2 0 H 'aq)

w h e re b y  w i th  th e  p re s e n c e  o f  h y d ro g e n  ions the h y d r o x y l  ions 

combine to fo rm  w a te r  m olecu les and th e  reaction  above is 

p ro p a g a te d .  T h e  re a c t io n  goes on as a cha in  reac tion  and 

would o n ly  s top  w hen  e i t h e r  w a te r  o r  th e  c h lo r id e  ion is 

d e p le te d .  T h u s  th e  h ig h e r  the  c h lo r id e  ion c o nce n tra t io n  the 

longe r th e  re a c t io n  goes on and hence the  more the  co rros ion  

will be e f fe c te d .

In  the  so il t h e  c o r ro s io n  is f u r t h e r  com plicated by 

the p re s e n c e  o f  o th e r  io n s  th a t  w ou ld  e i t h e r  increase o r  decrease 

the ra te  o f  c o r r o s io n .  T h e  p a t te rn  is g o v e rn e d  b y  the

fa c to rs  and may v a ry  w ith  time.co m b ina t io n  o f m any
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5,3 S U L P H A T E  1QN MEASUREMENT

T h e  s o i l - s o lu b le  sa lts  in v o lv e d  tes t in g  fo r  the 

pi esence o f  c h lo r id e  a n d  s u lp h a te  ions in  the s o i l -w a te r  

e x t i a c t s .  From the  w o r k  o f  N th u r im a  [ I .  N thu r im a , 1979J 

it  lias been r e p o r te d  t h a t  these ions a re  in vo lved  in co rros ion  

o f  m eta ls  b u r ie d  in th e  soil in N o rw a y .  O the r in v e s t ig a to rs  

(sec. 2 .3 .8 )  h a v e  s h o w n  the  e f fe c t  o f  su lpha tes  in the  

u n d e r g r o u n d  c o r r o s io n .  The p re s e n t  in v e s t ig a t io n  in vo lved  

soil sa m p lin g  a n d  a n a ly s is  o f  so lub le  su lp h a te s .  The re su lts  

o b ta in e d  w ere  re c o rd e d  in  tab le  5 .2 .

S ite
S u lp h a te

C o n c e n t ra t io n  (ppm ) 
± 0. 1

S ite
S u lpha te

C oncen tra t ion  (ppm) 
± 0 . 1

1 25.4 14 25.0

2 20.3 15 41.0

3 22.6 16 16.5

4 13.4 17 7.0

5 31.9 18 9.5

6 22.7 19 10.0

7 19.8 20 3.5

8 29.9 21 10.0

9 16.0 • 22 11.0

10 17.7 23 17.2

1 1 19.7 24 17.5

12 27.3 25 9.0

13 9 .5 26 46.0

T a b le  5 . 2 :  S u lp h a te  ion  c o n c e n tra t io n  (ppm ) in  s o i l -w a te r

e x t r a c t  sam ples u n d e r  in v e s t ig a t io n .
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From th is  ta b le ,  i t  is o b s e rv e d  tha t  19.2% o f the 

s ites h a v e  s u lp h a te  c o n c e n t r a t io n s  be low  10 ppm, 42.3% 

be tw een  11 20 p pm , 26.9% betw een 20-30 ppm wh ile  o n ly  

11.5% h ave  s u lp h a te  c o n c e n t ra t io n s  above  30 ppm . T h is  

a n a ly s is  shows th a t  th e  s u lp h a te  c o n c e n tra t io n s  were not 

ve ry , d i f f e r e n t  f o r  th e  s i te s  u n d e r  in v e s t ig a t io n .

V isu a l e x a m in a t io n  o f  the  u n e a r th e d  p ipes showed 

th a t  th e  p ip es  had  b la c k  spots  sp re ad  a ll o ve r the  p ip es .

I t  was no ted  t h a t  th e s e  spots  w ere  d i f f i c u l t  to clean because 

the c o r ro s io n  p r o d u c t s  s tu c k  f i r m ly  on the  p ipe . T h is  was 

la rg e ly  o b s e rv e d  on th e  p ipes  la id  in  so ils  w ith  h igh  su lphate  

c o n c e n t r a t io n s .

On e x a m in a t io n  o f  A p p e n d ix  4, i t  was noted that h igher 

mass losses w e re  re c o rd e d  in p ipes  b u r ie d  in soils o f  h ig he r  

s u lp h a te  c o n c e n t r a t io n .  H ow eve r ,  th e  mass losses in  soils 

w i th  s u lp h a te  c o n c e n t r a t io n s  above  20 ppm were about the 

same fo r  the  s i te s  u n d e r  in v e s t ig a t io n .  The s ites w ith  sulphate 

c o n c e n t ra t io n s  be low  20 ppm showed low e r mass losses, bu t

w ere  a ll a b o u t  th e  same va lu es .

Some s ite s  w i th  medium s u lp h a te  co nce n tra t io n s  showed 

h ig h  mass losses . T h is  showed th a t ,  a l th o u g h  the presence of 

s u lp h a te  in  th e  soil in c re a s e d  c o r ro s io n  o f  b u r ie d  p ip es ,  i t  was 

no t th e  o n ly  p a ra m e te r  re s p o n s ib le  f o r  the  mass loss o f  the

b u r ie d  p ip e .

I t  has been  re p o r te d  th a t  th e  su lpha te  in acid so lutions 

does n o t  a t ta c k  b o th  s tee l and  i ro n  to  a ny  app re c ia b le  ex ten ts .
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The major e f fe c t  is the  ac id  a t ta c k  [G re e n e  and Fontana, 1978]. 

H o w e ve r ,  the  s u lp h a te  in  the  soil acts  as an o x id is e r  and  can 

be re d u c e d  by  b a c te r ia  to  s u lp h id e  w h ic h  is c o r ro s iv e .

s u lp h a te  i e d u c in g  b a c te r ia  k n o w n  as v ib r io  d esu lfu r icans  

can f l o u r i s h  o n ly  in  a n a e ro b ic  so ils  l ik e  w a te r - lo g g e d  c lay  

c o n ta in in g  s u lp h a te  a n d  o rg a n ic  m a t te r .  Soils co n ta in in g  no 

free  o x y g e n  are  n o n - c o r r o s iv e  b u t  the  s u lp h a te - re d u c in g  

b a c te r ia  enab le  s u lp h a te s  to act as h y d ro g e n  acceptors  w ith  

re d u c t io n  to s u lp h id e s .

T h e  s u lp h a te  re d u c t io n  takes p lace  in soils w ith  l i t t le  

o r no a c id  w h ic h  c o n ta in  no free  o x y g e n  fo r  the o x y g e n -  

re d u c t io n  p ro c e s s .  In s te a d  o f  a g re e n  o r  b row n  ru s t ,  a black 

one is o b s e rv e d  d u e  to  the  fo rm a tion  o f  i ro n  s u lp h id e . The 

a t ta c k  is lo ca l ised  and  sometimes v e r y  ra p id .

T h e  o x y g e n  o f  th e  s u lp h a te  ions  (p re s e n t  in the  soil) 

becomes a v a i la b le  fo r  th e  ca th o d ic  re a c t io n ,  ta k in g  the form

Sol ,  , + 8 h !  . + 8e4 (a q ) (a q ) *  5 (aq) + 4H2°  U  )

2+ . _i
The s u lp h id e  ions  p ro d u c e d  combine w i th  Fe ions p roduced  

in the  a n o d ic  re a c t io n  to  g iv e  i ro n  s u lp h id e  (FeS) wh ich  is 

b lack  in  c o lo u r .

R esea rch  a t  M a n c h e s te r  [ 1976 v o l .  2 p .1 7 3 ] has shown 

th a t  c h e m ic a l ly  p r e p a r e d  i ro n  s u l f id e  can  set up  co r ro s io n  o f  

i r o n .  T h e  i ro n  s u lp h id e  above acts  as a ca thod ic  su r face .  

H y d ro g e n  s u lp h id e  p ro d u c e d  b y  b a c te r ia l  processes move upto 

areas w h e re  o x y g e n  is a va i la b le  and  is c o n v e r te d  to s u lp h u r ic  

acid w h ic h  is v e r y  c o r r o s iv e .  I f  on th e  o th e r  hand , i ro n
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b a c te r ia  a re  p r e s e n t ,  

c lo g g in g .

th e  Fe2 is o x id iz e d  to Fe3 + p ro du c in g

A e ro b ic  s u lp h u r - o x id i s in g  b a c te r ia ,  such as th iobac i l lus  

t h io - o x id a n s  a re  c a p a b le  o f  o x id is in g  e lementa l s u lp h u r  o r  

s u lp h u r - b e a r in g  co m p o u n d s  such as FeS, in presence o f  

o x y g e n ,  to  s u lp h u r i c  a c id .

FeS , . (s )

S 2~(aq )

>  Fe

b a c te r ia

2 +
(aq)

S,  i (s)

2 -+ S. . fo l lowed by (a q )  1
+ 2e“ , the  two e le c tron s  are used

in the  re d u c t io n  o f  F e 2 ' 

2 +Fe (aq) + 2e -> Fe (s )

The a tom ic  s u lp h u r  is th e n  o x id iz e d  in  presence  o f oxygen  to 

form  s u lp h u r i c  a c id

2S(s )  + 3° 2 ( g )  + 2H2 ° (  t )  ------------*  2H2SO-t

These  o rg a n is m s  t h r i v e  bes t in  e nv ironm en ts  o f  low pH 

and can  p ro d u c e  lo c a l is e d  T h e y  are found  in sewage

and dom es t ic  w as tes  w h ic h  co n ta in  s u lp h u r  and s u lp h u r  

co m p o u n d s .

S u lp h a te - r e d u c in g  b ac te r ia  a n d  s u lp h u r -o x id is in g  

b a c te r ia  can o p e ra te  in  a c y c l ic  fa sh io n  when soil cond it ions  

c h a n g e .  T h a t  is s u lp h a te - r e d u c in g  b a c te r ia  g row  ra p id ly  

d u r in g  ra in y  seasons w hen  the  soil is wet and a i r  is exc luded , 

and s u lp h u r - o x id i z in g  b a c te r ia  g ro w  r a p id ly  d u r in g  d r y  seasons 

when a i r  p e rm ea tes  th e  s o i l .  U n d e r  these  c o n d it io n s ,  the 

b u r ie d  p ip e l in e s  c o r r o d e  a ll th e  y e a r  ro u n d  and  v e ry  fas t.
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5,4 REDOX P O T E N T IA L  MEASUREMENTS

T h e  b c h a v io u i  o f  some o f  the more im po rtan t  and 

common e lem en ts  in th e  e a r th  such  as N, C, S, Fe, Mn and 

o th e r  t ra c e  metal e le m e n ts ,  is s t r o n g ly  dependen t upon the 

redox  p o te n t ia l  o f  the  e n v i ro n m e n t  in  w h ich  th e y  occur 

IG a r re ls  and  C h r i s t ,  1965; Stum and M organ , 1981]. Redox 

p o te n t ia l  is re c o rd e d  as the  p o te n t ia l  measured a t an in e r t  

metal s u r fa c e  u s in g  a recom m ended re fe re n c e  e lec trode  (eg. 

h y d r o g e n ,  calomel e t c . ) .

Redox p o te n t ia l  m easurem ent was conduc ted  fo r  

tw e n ty  s ix  soil sam ples  u n d e r  th is  in v e s t ig a t io n  (sec. 4 .6 ) .  

The r e s u l t s  o b ta in e d  w e re  re co rd e d  in  Table  5 .3 .

S ite R edox P o te n t ia l  (m V) 
± 0 . 1

S ite Redox Potentia l (mV) 
+ 0.1

1 497 .0 14 302.0

2 346 .6 15 346.6

3 594 .0 16 295.0

4 271 .0 17 214.0

5 277 .0 18 256.0

6 280 .0 19 175.0

7 366 .0 20 325.6

8 258 .5 21 375.0

9 316 .3 22 • 274.0

10 302 .0 23 291.0

11 252 .0 24 258.0

12 198.0 25 215.0

13 325.2 26 273.1

Tab le  5 .3 :  R edox  p o te n t ia l  m easurem ents  fo r  soil samples

u n d e r  in v e s t ig a t io n  u s in g  SCE.
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Trom T a b le  5 .3  i t  is no ted  th a t  the  redox po ten t ia ls
v a ry  b e tw e e n  200 mV a n d  500 mV and can be c lass if ied  as 
fo l lo w s :

Redox p o te n t ia l  (m V) No. o f  samples 

Below 200 2

201-300 13

301-400 g

401-500 !

A b o v e  500 1

I t  is seen f ro m  th is  c la s s i f ic a t io n  tha t  m a jo r i ty  o f  the 

samples have  re d o x  p o te n t ia ls  u p to  a nd  below 400 mV.

From th e  p h y s ic a l  appearance  o f  the  p ipes , i t  was noted 

tha t th e r e  was h ig h e r  c o r ro s io n  on p ip e s  b u r ie d  in so ils  w ith  

redox p o te n t ia ls  be low  300 mV. I t  was g e n e ra l ly  obse rved  tha t 

the c o r ro s io n  in  the  h ig h e r  re d ox  p o te n t ia l  soils was less than 

in th e  low re d o x  p o te n t ia l  so i ls .

From A p p e n d ix  4, the mass loss b y  the pipes in  the 

lo w - re d o x  p o te n t ia l  s o i ls  was h ig h e r  th a n  tha t  re co rd ed  in the 

h igh  re d o x  p o te n t ia l  s o i ls .  The h ig h e s t  mass losses were 

re c o rd e d  fo r  p ip e s  b u r ie d  in  so ils  whose redox p o te n t ia ls  are 

well be low  200 m V . I t  was also noted th a t  in some soils w ith  

low re d o x  p o te n t ia ls  t h e r e  was low mass loss. T h is  meant tha t 

the re a c t io n  in v o lv e d  may have re s u l te d  in  p i t t in g  ty p e  o f 

c o r ro s io n  in  w h ic h  v e r y  l i t t le  mass is lo s t  b u t  the  metal losses

both  m echan ica l and  te n s i le  s t r e n g th .

Soils  o f  low re d o x  p o te n t ia l  may be expected  to p rov ide  

a s u i ta b le  e n v i r o n m e n t  fo r  the  p r o l i f e r a t io n  o f  s u lp h a te - re d u c in g
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s u p p o r  ts  m ici ob io lo y ica l co r ro s io n  and p rov ides 

loca lized  anod ic  zone f o r  c o r ro s io n  due  to  the d i f fe re n t ia l  

a e r a t io n .

In 1945, S ta r k e y  and  W igh t m easured  redox  po tentia ls  

in m any so ils  a lo n g  p ip e l in e  d is t r ib u t io n  systems in  U .S .A .  

T hey  c o r re la te d  th e  re d o x  p o te n t ia ls  w i th  the s e v e r i ty  o f  soil 

c o r ro s io n  as fo l lo w s  [ S ta r k e y  and W igh t,  1945].

R edox p o te n t ia l  (m V) NHE C o r r o s iv i t y  (d e s c r ip t io n )

Below 100 Severe  co rro s io n

100-200 M odera te  co rro s io n

200-400 S l ig h t  co r ro s io n

A bove  400 N o n -c o r ro s iv e

T he  S ta r k e y - W ig h t  f in d in g s  ta b u la te d  above agree  to 

some e x te n t  w i th  the  p r e s e n t  in v e s t ig a t io n .  However, th e ir  

f in d in g s  fa i l  to  e x p l i c i t l y  d e s c r ib e  the  moderate and s l ig h t  terms 

in t h e i r  d e s c r ip t io n  o f  c o r r o s i v i t y .  T h e  re fe rence  p ro v id e d  

also fa i ls  to  p r o v id e  d e ta i ls  o f  o th e r  so il p ro p e r t ie s  th a t  would 

in f lu e n c e  soil r e d o x  p o te n t ia ls ,  such  as pH , a c id i t y /a lk a l in i t y ,  

c o n d u c t i v i t y / r e s i s t i v i t y , so lub le  sa lts  a nd  water c o n te n t .

In th is  in v e s t ig a t io n  i t  has been found the  so ils  which 

have low c h lo r id e  io n ,  h ig h  s u lp h a te  c o n c e n tra t io n ,  h ig h  

a c id i t y ,  low e le c t r ic a l  c o n d u c t i v i t y  and  low m o is tu re  re ten t ion  

have  low re d o x  p o te n t ia ls .  These  so i ls  a re  e i th e r  sandy  or 

s a n d y - c la y  so i ls  w h ic h  a lso  p e rm it  f re e  d i f fu s io n  o f  a i r .  In
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th is  case , the  p a ra m e te rs  named above  a re  respons ib le  fo r  

the c o r r o s i v i t y  o f  so ils  re c o rd e d  in  th is  in v e s t ig a t io n .

5.5 S O IL -M O IS T U R E  C O N TE N T

T h e  soil sam ples  u n d e r  in v e s t ig a t io n  were ana lysed 

fo r  the  m o is tu re  c o n te n t .  T h is  was done  by  the constant-m ass 

method a nd  the  m o is tu re  c o n te n t  c a lc u la te d  as a pe rcen tage  by 

mass ( T a b le  5 .5 ) .

Site % M o is tu re  
± 0.1

S ite % M o is tu re  
± 0.1

1 15.2 14 10.7

2 12.5 15 7.6

3 17.2 16 13.9

4 20.4 17 15.8

5 21.6 18 17.4

6 14.7 19 23.6

7 19.8 20 14.7

8 14.6 21 19.3

9 8 .3 22 13.9

10 24 .3 23 12.9

11 12.9 24 23.7

12 14.2 25 17.8

13 12.6 26 14.9

Tab le  5 .5 :  P e rc e n t  m o is tu re  c o n te n t  o f  soi

samples u n d e r  in v e s t ig a t io n .
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From th is  ta b le ,  i t  is o b s e rv e d  tha t  the  m o is tu re  

c o n te n t  v a r ie s  b e tw e e n  10% and 24% w i th  80% o f the  samples 

h a v in g  m o is tu re  c o n te n t  below 20%.

E x a m in a t io n  o f  th e  c o r ro s io n  p a t te r n  on the  b u r ie d  

p ipes show s th a t  s e v e re  c o r ro s io n  had taken  place in soils w ith

m o is tu re  c o n te n ts  a b o v e  13%. T h e  c o r ro s io n  between 13% and 

2*1% m o is tu re ,  ra n g e d  be tw een  u n i fo rm  to  p i t t in g  typ e  o f  

c o r ro s io n .  Be low  13% m o is tu re  c o n te n t  the  co rro s io n  was 

m odera te  fo r  m ost o f  th e  soils u n d e r  in v e s t ig a t io n .

I t  was a lso  n o te d  tha t  th e re  was a d i re c t  re la t io n sh ip  

be tw een  the  p e r c e n t  m o is tu re  c o n te n t  and  the loss in mass of 

b u r ie d  p ip e s .  I t  was g e n e ra l ly  o b s e rv e d  tha t the  h ig h e r  the 

m o is tu re  c o n te n t  the  h ig h e r  was the  mass loss o f  p ipes bur ied  

u n d e r g r o u n d .

I t  was t h e r e f o r e  co n c lu d e d  th a t  so i l -m o is tu re  co n te n t was 

a p r o p e r t y  o f  th e  so il th a t  in f lu e n c e d  the  co rros ion  o f  bu r ied  

p ip e .  T h e  same r e s u l t s  were o b s e rv e d  b y  M arkov ic  on 

u n p ro te c te d  b u r ie d  p ip e s  [ T .  iV la rkov ic , 1956]. He ind ica ted  

tha t  i r o n  was g r e a t l y  in f lu e n c e d  by  th e  w ater c o n te n t  o f  the 

so i l .  He n o te d  th a t  th e  a t ta c k  in c re a s e d  from n e g l ig ib le  value 

in p e r f e c t l y  d r y  soil to  a maximum w h e re  soil was s a tu ra te d

w ith  w a te r  ( F ig .  2 . 5 ) .

G up ta  a lso  in v e s t ig a te d  the  re la t io n s h ip  between soil 

m o is tu re  c o n te n t  and  c o r r o s i v i t y  and  fo u n d  the  same re su lts  

as a b o v e .  He in c o r p o r a te d  w a te r  c o n te n t  and e le c tr ic a l re s is t iv i ty  

and  h is  r e s u l t s  a re  g r a p h ic a l l y  re p re s e n te d  in F ig .  2 .5  

[G u p ta  a n d  G u p ta ,  1 97 8 ].
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T h e  c o r ro s io n  o f  i r o n  a nd  m eta ls  in  the u n d e rg ro u n d  

s u r fa c e  a t no rm a l o r  m odera te  te m p e ra tu re s  is as a re s u l t  

o f  an e le c tro c h e m ic a l  re a c t io n .  In  th is  case w ater is the  

medium a nd  s o lv e n t  f o r  the  re a c t io n .  The  ove ra l l  e le c t ro ­

chem ical re a c t io n  is d iv id e d  in to  the  a no d ic  processes and 

c a th o d ic  p ro c e s s e s .

T h e  a n o d ic  p ro c e s s  in v o lv e s  th e  t ra n s fe r  o f metal into 

s o lu t io n  as h y d r a t e d  ions  w ith  an e q u iv a le n t  num ber o f  

e le c t ro n s  le f t  in  the  m e ta l .

M (s )

For i r o n  we h a ve

> MnH . x l l - O ,  . + ne  2 (aq )

Fe, * ------------- ^  Fe24.6 H _ 0 ,  > + 2e(s )  2 (aq )
The c a th o d ic  p ro c e s s e s  in v o lv e  a ss im ila t io n  o f the  excess 

e le c t ro n s  in  th e  metal b y  d e p o la r iz e rs  (atoms, molecules o r 

ions in  the  s o lu t io n  t h a t  can be re d u c e d  at the c a th o d e ) ,  eg

° 2 ( g )  + 4 H (a q )  + ',e '  --------------------- > 2H2 ° U  ) (a d d  S° Hs)

O z( + 2H 2O u )  + H e ' --------------------»  4° H (aq) (n e u tra l  Soils)

I t  is n o te d  f ro m  the se  re a c t io n s  th a t  w a te r  is necessary  as a 

re a c t io n  s o lv e n t  d u r i n g  the  c o r ro s io n  o f  metals. Water also 

re a c ts  w i th  th e  i ro n  fo r m in g  the  h y d r a te d  iron  complex which 

is an in te rm e d ia te  p r o d u c t  in the  c o r ro s io n  process.

T h e  w a te r  is n e c e s s a ry  as a s o lv e n t  o f the so lub le  salts 

such as c h lo r id e s  a n d  s u lp h a te s  th a t  take  p a r t  in the  co rros ion  

p ro c e s s .  W ater is e ssen t ia l because the  oxygen

th e  w a te r  he lps  in  the  s tu d y  o f  co rros ionth a t  is d is s o lv e d  in
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of m e ta ls  im m ersed  in  a e ra te d  w a te rs .  Water he lps in  the 

s tu d y  o f  re d o x  p o te n t ia ls  and  e le c t r ic a l  r e s is t i v i t y  s ince 

w a te r  is no t  a good  c o n d u c to r  o f  e le c t r i c i t y .  I t  is fou n d  that 

the re d o x  p o te n t ia ls  a n d  e le c t r ic  r e s i s t i v i t y  a re d i r e c t ly  

p r o p o r t io n a l  to th e  s o i l -m o is tu re  c o n te n t  (secs. 5.4  and 

5 .8) .

5• 6 p H , A C ID IT Y  A N D  A L K A L IN IT Y  MEASUREMENTS

T h e  pH o f  so i ls  is o f  g re a t  im p o r ta nce  in the d e te rm i­

na t ion  o f  soil c o r r o s i v i t y  tow a rds  u n d e rg ro u n d  p ipes . Deep 

m ine ra l so ils  a re  less a c id  than  a re  th e  h u m u s - r ic h  su rface  

so ils . A s t r o n g ly  a c id  re a c t io n  is o ccas iona lly  found  in  

m ine ra l so ils  c o n ta in in g  p y r i t e  o r  s u lp h u ro u s  mud o r s late as 

a r e s u l t  o f  b a c te r ia l  o x id a t io n .

A t  pH v a lu e s  low  e nough  fo r  so il water to  d isso lve  the 

s u r fa c e  o x id e s ,  to ta l  a c id i t y ,  as d e te rm in e d  by  t i t r a t io n ,  

w ou ld  seem m ore r e le v a n t  than  pH fo r  ju d g in g  the  c o r ro s iv i t y  

o f  th e  so i l .

In the  s o i ls  u n d e r  th is  in v e s t ig a t io n ,  t i t r a t io n  method 

was used  to d e te rm in e  th e  a c id i t y  a n d / o r  a lk a l in i t y  o f  the  

s o i l -w a te r  e x t r a c t s .  T h e  pH o f  the  f ie ld - c o n d i t io n ,  s o i l - s lu r r y  

and s o i l - w a te r  e x t r a c t  samples were  o b ta in e d  and  reco rded  in 

A p p e n d ix  2. T h e  a c id i t y  and  b a s ic i t y  va lues were reco rded

in T a b l e  5 . 6 .



156 -

Site H y d ro g e n  io n  x 10 5 S jte 
C o n c e n t ra t io n  (m /l) H ydrogen ion x 10 5 

C o n cen tratio n  (m /l)

1 1 .8 14 3.1
2 1.9 15 2.5
3 2 .9 16 3.6
4 1 .7 17 . 2.0
5 5 .0 18 3.9
6 1 .8 19 1.6
7 2 .0 20 10.0
8 9 .7 21* 10.8
9 3 .7 22 9.0

10 4.1 23 2.9
1 1 0 .5 24 7.6
12 3 .4 25 2.3
13 2 .1 26 1.9

T a b le  5 .6 :  A c i d i t y /  (m o l / l )  o f  s o i l -w a te r  e x t ra c t  samples

u n d e r  in v e s t ig a t io n .

E x a m in a t io n  o f  b o th  A p p e n d ix  2 and Table  5.6 shows 

th a t  a b o u t  90% o f  th e  so ils  u n d e r  in v e s t ig a t io n  were ac id ic  

and o n ly  10% w e re  e i t h e r  n e u t ra l  o r  bas ic .  The  d i f fe re n c e  in 

pH v a lu e s  b e tw e e n  th e  f ie ld - c o n d i t io n ,  s o i l - s lu r r y  and  so i l-w a te r  

e x t r a c t  sam ples was d u e  to the  re s p e c t iv e  d i lu t io n s  w ith  w ater .

A f t e r  d e te r m in in g  th e  pH va lues ,  re s p e c t iv e  t i t ra t io n s  

w e re  c a r r ie d  o u t  to  d e te rm in e  the  a c id i t y /a lk a l in i t y  o f  the 

s o i l - w a te r  e x t r a c t  sa m p les .  The  re s u l t s  showed th a t  m ajority  

o f  th e  s o i l - w a te r  e x t r a c t  samples w e re  weak ac id ic  so lu t ions .

A f t e r  u n e a r t h in g  the  p ip es  i t  was found  th a t  corros ion  

had  ta k e n  p la c e  on th e  s u r fa c e  o f  th e  p ipes to v a r y in g  degrees. 

I t  was g e n e r a l l y  n o te d  th a t  th e re  was a h ig h e r  a t ta c k  in
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s t r o n g e r  ac id  so i ls  th a n  in  w eaker ones .

On e x a m in a t io n  o f  A p p e n d ix  4, i t  was noted th a t  

those p ip e s  b u r ie d  in  h ig h  ac id  so ils  h ad  lost more mass than 

the p ip e s  b u r ie d  in  w e a k e r  ac id  s o i ls .  However the re  are a 

few cases o f  h ig h  a c id i t y  and  th e  c o r ro s io n  is m ild .  T h is  

showed th a t  e ven  i f  a c id i t y  in f lu e n c e s  c o r ro s io n  o f  p ipes  it was

not th e  o n ly  fa c to r  t h a t  e f fe c ts  the  c o r ro s io n  o f  the b u r ie d  

p ip e s .

In the  c o r r o s io n  p rocess  b o th  c a th o d ic  and  anod ic  reactions 

take p la c e .  T h e  a n o d ic  re a c t io n  in v o lv e s  the d is s o lu t io n  o f the

metal to  ions a n d  the  c a th o d ic  re a c t io n  in vo lves  the hyd rogen  

e v o lu t io n .  In p re s e n c e  o f  o x y g e n  h y d r a te d  i r o n ( I I )  is formed 

in th e  ac id  s o i ls .  T h e  fo l lo w in g  are  th e  pos tu la ted  ca thod ic  

re a c t io n s

(1) 2Fl| . + (a q ) 2e

(2)
S a g )  + 4e

(3)
2112 ° U )

+ 4e

H
2 (g )

+ O2 (g )  
+ O

2H2° U  )

2 (g )
4 0 II (aq)

(ac id  soils)

(n e u t ra l  or 
a lka li s o i ls ) .

In th e  la t te r  case the  w a te r  ac ts  as a weak ac id . The  iron  

ions re leased  in  th e  a n o d ic  re a c t io n  com b ine  w ith  the cathodic 

re a c t io n  p r o d u c ts  to fo rm  F e tO H )^  a nd  F e U I ^ O ^ .

In g e n e ra l  th e  c a th o d ic  re a c t io n  w il l  take place at any 

p o in t  o f  e s p e c ia l ly  low  o v e rp o te n t ia l  w h e re  molecular hyd rogen

can be fo rm ed  m ore  e a s i ly  (F ig .  2 .1 ) .

B o n d u r a n t  f o u n d  in  h is  in v e s t ig a t io n  in  the  U . 5 .A .  

th a t ,  f o r  m ost m e ta ls  a n d  a l lo ys  u n d e r  h is  in v e s t ig a t io n  the ir  

u n d e r g r o u n d  c o r r o s io n  in c re ase d  w i th  d ec rea s in g  pH va lue of
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the so il [ B o n d u r a n t ,  1 9 7 1 ].  In  s t r o n g ly  acid soils (pH <4.5) 

c o r ro s io n  was s ig n i f i c a n t l y  h ig h  even  f o r  the more re s is ta n t  

m a te r ia ls  such  as c o p p e r .  In 1976, G e rhoo ld  and  Cann 

re p o r te d  th a t ,  e x c e p t  f o r  a m p h o te r ic  meta ls l ike  a lum in ium 

w h ich  a re  s u b je c te d  to  h ig h  c o r ro s io n  ra tes  in a lka l ine  soils, 

most a lk a l in e  so i ls  a re  less c o r ro s iv e .  T h e y  fou n d  th a t  steel 

co r i odes mote i a p id ly  in  ac id  so ils  th a n  in  n e u tra l  and alka line 

soils [G e ih o o ld  a n d  C a n n ,  1976], H o w e ve r ,  these in ve s t iga to rs  

fail to  f u r n i s h  th e  o t h e r  c o n d it io n s  o f  so ils  u n d e r  th e i r  

in v e s t ig a t io n  w h ic h  c o u ld  have a f fe c te d  th e i r  re s u l ts .

In  th is  in v e s t i g a t io n  i t  has been found  th a t  the  soil 

c o r r o s i v i t y  c a n n o t  a lw a y s  be a t t r i b u t e d  to change in pH because, 

the e le c t r ic a l  c o n d u c t i v i t y ,  so lub le  s a l ts  and gases, to g e the r  

w ith  m o is tu re  c o n te n t  h a ve  also been id e n t i f ie d  as fa c to rs  

in f lu e n c in g  c o r ro s io n  o f  u n d e r g r o u n d  p ip e s .

5.7 S O IL  T E X T U R E  A N A L Y S IS

Am ong th e  f a c to r s  th a t  g o v e rn  c o r r o s iv i t y  o f a g iven  

soil a re  (1 ) p o r o s i t y  ( o r  a e r a t io n ) ,  (2 ) e le c tr ic a l c o n d u c t iv i ty  

(o r  r e s i s t i v i t y ) ,  (3) d is s o lv e d  sa lts  in c lu d in g  d e p o la r ize rs  or 

i n h ib i t o r s ,  (4) m o is tu re  c o n te n t  and  (5 ) a lk a l in i t y  o r  a c id i ty .  

Each o f  these  v a r ia b le s  may a f fe c t  th e  anod ic  o r  ca thod ic  

p o la r iz a t io n  c h a r a c t e r i s t i c s  o f  a metal in  the  so i l .  These 

v a r ia b le s  d e p e n d  v e r y  m uch on the  in d iv id u a l  soil t e x tu r e .

M e ch an ica l t e s ts  w ere  p e r fo rm e d  on the soils used in 

th is  in v e s t i g a t io n  a n d  th e  soil t e x tu r e  deduced  fo r  each o f 

the  s o i ls .  T h r e e  b r o a d  ca te g o r ie s  w e re  a r r iv e d  a t,  f o r  all the
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so ils ;  nam e ly  sa n d  s i l t  a ru i .-i-,., n  .. .y / s i l t  and  c la y .  I he p a r t ic le  sizes increased

in the  o r d e r  sa nd  )  s i l t  ^ #-1 x/ . . ,h i  ? c la y .  I hese ca tegor ies  ( resp e c t ive

p e rc e n ta g e s  p e r  so i l )  w e re  ta b u la te d  in  A p p e n d ix  3.

Fi om th is  a p p e n d ix  i t  is o b s e rv e d  tha t  the  soil tex tu re s  

are n o t  p u r e  s a n d ,  s i l t  o r  c lay  b u t  each ex is ts  as a major 

wh ile  th e  o th e r  two e x i s t  as m in o r  c o n s t i tu e n ts .  In some cases 

two c o n s t i t u e n ts  fo rm  a m ixed te x tu r e  and  in all cases the s i l t  

forms th e  low es t c o m p o s it io n .

T h re e  so i ls  u n d e r  in v e s t ig a t io n  were c la ss if ie d  as hav ing 

sandy  t e x t u r e .  V is u a l  o b s e rv a t io n  o f  the  u ne a rthed  p ipes 

showed th a t  th e  p ip e s  b u r ie d  in  these  so ils  s u f fe re d  l i t t le  but 

loca l ized  c o r r o s io n .  O ne  o f  these  so i ls  was v e r y  c o r ro s iv e  to 

the p ip e s  b u r ie d  in  i t .  H ow eve r ,  th e  loss o f mass in  th is  case 

was lo w e r  th a n  th a t  o b s e rv e d  fo r  the  p ipes  b u r ie d  in the  o the r 

two so i ls  in  t h i s  c a te g o r y .

C o n s id e r in g  t h a t  sandy  soil is porous  and p e rm its  free 

d i f f u s io n  o f  o x y g e n ,  th e  c o r ro s io n  in  these two sites cou ld  be

due to  the  re a c t io n  b e tw e e n  the  o x y g e n  and the  b u r ie d  metal 

p ip e .  From th e  h ig h  loca lized  c o r ro s io n  and the  d i f fe re n t ia l  

a e ra t io n  e f fe c t  th e  c h lo r id e  ion a t ta c k  cou ld  be associated w ith

the o b s e rv e d  c o r r o s io n .

T h e  T a b le  5 .6  shows th a t  these  th re e  s ites had low 

ac id  c o n te n ts  w h ic h  was c o n f i rm e d  b y  the  pH va lue  o f  A ppend ix  

2. T h e r e  was no a c id  re a c t io n  and  th e re fo re  the  reac tion  was 

the  o x id e  fo rm a t io n  o n  the  s u r fa c e  o f  the  p ip e .  The  fo llow ing

re a c t io n s  w e re  p o s tu la te d :
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A n o d ic  P roces

Fe (s)
^ P 2 +-> F e f . + 2e (aq)

C a th o d ic  P ro c e s s

° 2 ( g )  + 2M2° u  ) + ,|e' 

fo l low ed  b y  the  re a c t io n

2F e (aq ) + 4° H (a q )  ~

UOH (aq)

*  2FeCOH)2 ( s)

fo l low ed  b y

Fe (O H ) + 4 0
2 (s )  z U 2 (r j) Fe° ( s )  + 2H2° U  ) '

w ith  a p o s s ib i l i t y  o f  fo r m in g  h ig h e r  o x id e s  such as Fe2C>3 

and F 30 4 . A c c o r d in g  to P o u rb ix  (1956) E-pH d iag ram s, 

the o x id e s  a re  more s ta b le  than  the  h y d ro x id e s  at the  

p o te n t ia ls  and  pH  v a lu e s  u n d e r  th is  in v e s t ig a t io n .

From th e  u n e a r th e d  p ip e s ,  i t  was noted tha t the  mass 

loss was d e c re a s in g  w i t h  time e x p o s u re .  Th is  meant th a t  the 

o x id e  f i lm  fo rm e d  on th e  metal fo rm ed  a p ro te c t iv e  coa t ing  

p r e v e n t in g  f u r t h e r  r e a c t io n  w i th  the  metal p ipe .

Tab le  5 .1 s h o w e d  th a t  the  c h lo r id e  co n te n t in  these 

soils was low (<20 p p m )  and  th e re fo re  the  obse rved  p i ts  could 

have  been due  to d i f f e r e n t i a l  a e ra t io n  e f fe c t  o n ly .  In genera l, 

the  v is u a l  o b s e r v a t io n  a nd  mass losses showed tha t  these 

s ites  had  lo w e r c o r r o s io n  than  the  o th e r  sites u n d e r  in v e s t i ­

g a t io n  .

T a b le  5 .5  sh o w s  th a t  the  s o i l -m o is tu re  co n te n t  was low 

fo r  th e  s ites  u n d e r  in v e s t ig a t io n .  H ow eve r ,  some degree  of 

e le c tro c h e m ic a l  c o r r o s io n  cou ld  be assoc ia ted  w ith  the  amount o f  

s o i l -m o is tu re  c o n te n t  p re s e n t  in  the so i ls . Table  5.7  shows
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tha t e le c t r ic a l  c o n d u c t i v i t i e s  were r e la t iv e ly  low and cou ld  not 

be a sso c ia te d  m uch  w i t h  th e  c o r ro s io n  o b s e rv e d .  However, the 

p resence  o f  d i f f e r e n t i a l  a e ra t io n  c u r r e n t s ,  due to p resence o f 

a ir  p o c k e ts ,  c o u ld  h a ve  led to th e  p i t t i n g  c o rro s io n  o f  p ipes 

b u r ie d  in  these  s o i ls .

Fi om A p p e n d ix  3, i t  is o b s e rv e d  tha t  f iv e  s ites under 

in v e s t ig a t io n  had  m ixe d  te x tu r e  o f  sand  and  c la y .  In all these 

cases, sand  is th e  m a jo r  c o n s t i tu e n t  w i th  a sand to c la y  ra t io  

between 1 .5 :1 .0  to  2 .5 :  1.0.

T h e  s o i l - m o is tu r e  c o n te n ts  a re  a b o u t 15% fo r  all the 

sites in  t h is  c a te g o r y .  In  th is  case c o r ro s io n  would  be expected 

due to  w a te r - s o lu b le  s a l ts  p re s e n t  in  th e  so ils . H ow ever, the 

s u lp h a te  and  c h lo r id e  io n s  c o n c e n tra t io n s  were re la t iv e ly  low 

and c o u ld  no t be  f u l l y  re s p o n s ib le  fo r  the  amount o f  co rros ion  

o b s e rv e d .

T a b le  5 .6  a nd  A p p e n d ix  2 show ed  tha t  the  pH values 

fo r  th e s e  s ite s  w e re  a v e ra g e  (be tw ee n  4 and 6) and the  soils

were a c id ic .  C o r r o s io n  o f  p ipes  b u r ie d  in  these s ites was 

th e re fo re  a s so c ia te d  w i t h  the  h ig h  a c id i t y  o f  the  so ils . Th is  

leads to  metal d i s s o lu t io n  a t the  anode w i th  h y d ro g e n  evo lu t ion  

as th e  c a th o d ic  p ro c e s s .

T h e  p re s e n c e  o f  h ig h  sand c o n te n t  shows th a t  the soil 

is p o ro u s  to a i r  and  h e n c e  to o x y g e n .  O xyge n  reac t ion  was 

also e x p e c te d  w i t h  th e  fo rm a t io n  o f  an  o x id e  f i lm  on the  bu r ied  

p ip e .  T h e  fo l lo w in g  c a th o d ic  p rocesses  a re  expec ted

------------- * H2 (g )2H (a q )  + 26 

° 2 ( g )  + , H ( a q )  ' ^
-> 2H2° U )
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while  on  d e p le t in g  the  h y d r o g e n  ions o f  the  ac id , f u r t h e r  

o x id a t io n  fo rm s  th e  h y d r o x y l  and  o x id e  f i lm s  o bse rved  above.

E le c t r ic a l  c o n d u c t i v i t y  in  these  so i ls  was low and the  

c o r ro s io n  co u ld  be m a in ly  c o n t ro l le d  b y  the  presence o f  h igh  

a c id i t y  a n d  c i r c u la t io n  o f  o x y g e n .  T h is  re su lte d  in  h ig h ly  

loca lized  c o r ro s io n  d u e  to  the  d i f f e r e n t ia l  ae ra t ion  c u r r e n t  

f lo w in g  be tw een  th e  a n o d ic  (n o  o x y g e n )  s ites and  ca thod ic  

( o x y g e n - r i c h )  s i te s .

T h e  o th e r  s i te s  u n d e r  in v e s t ig a t io n  had c lay soils 

whose m o is tu i  e c o n te n t  v a r ie d  from  one s ite  to a n o th e r .  Most 

o f  the se  so ils  h a d  m o is tu re  c o n te n t  be tw een  15% and 24%. Th is  

am oun t was fo u n d  to be v e r y  fa v o u ra b le  fo r  the  co rro s io n  

p ro cess  [R o m a n o f f ,  1 9 5 7 ].

B o th  A p p e n d ix  2 and T a b le  5.G showed tha t  these soils 

were q u i te  a c id ic .  T a b le s  5.1 and  5 .2  showed tha t  b o th  the 

s u lp h a te  and  c h lo r id e  ion  c o n c e n t ra t io n s  were v e ry  h ig h  in 

these  s o i ls .  E le c t r ic a l  c o n d u c t i v i t y  m easurements (T a b le  5.7) 

show ed  th a t  t h e r e  w e re  h ig h  local c u r r e n ts  lead ing to localized

c o r ro s io n  on th e  b u r ie d  p ip e s .

V is u a l  o b s e r v a t io n s  o f  the  u n e a r th e d  p ipes from  these 

s ite s  show ed  e i t h e r  m o d e ra te  o r  s e v e re  localized c o r ro s io n .  

R e s u lts  o f  mass losses  showed th a t  mass losses in p ipes  b u r ied  

in  th e s e  s i te s  v a r ie d  f ro m  one s ite  to  a n o th e r .  The mass losses 

w e re  g e n e r a l l y  h ig h e r  th a n  those  o b s e rv e d  f o r  p ipes bu r ied  in

s a n d y  o r  the  s a n d y _ c la y  so i ls .

I t  was g e n e r a l l y  o b s e rv e d  th a t  the  c o r ro s io n  in  th is

,  s i. wac d ue  to  (1 ) h ig h  soil a c id i t y ,  (2) h igh  salt c a te g o r y  o f  so i ls  was a ue  iu  i u  y
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( c h lo r id e  and  s u lp h a te )  c o n c e n tra t io n s  and  (3) d i f fe re n t ia l  

ae ra t io n  c u r r e n t s .

I r r e s p e c t iv e  o f  the  chem ical com pos it ion  o f  c e r ta in  

e a r th  t y p e s ,  th e  p h y s ic a l  and chem ica l p ro p e r t ie s  and hence 

the c o r r o s iv e  p r o p e r t ie s  a re  s t r o n g ly  depe nd e n t on the  g ra in  

size. T h e  sm a lle r  th e  g r a in  the  la r g e r  i ts  su r face  a rea . The 

w ater c a p a c i ty  o f  the  m a te r ia l  in c re ase s  since th is  depends 

p a r t l y  on the  w e t ta b le  s u r fa c e  and  p a r t l y  on the  c a p i l la r i t y .

Soil as a c o r r o s iv e  medium is co ns ide re d  as a porous 

b od y , fo rm e d  b y  m ore o r  less s o l id ,  p a r t l y  co llo ida l,  so luble  

and h y g r o s c o p ic  c o n s t i t u e n t s  and  l i v i n g  o rgan ism s and 

c o n ta in in g  w a te r  and  a i r  in  the  p o re s .

In  so ils  o f  c o a rs e  t e x tu r e  (s a n d s  and g ra v e l)  the re  is 

free a i r  c i r c u la t io n  a n d  c o r ro s io n  app roaches  the  a tm ospheric  

ty p e .  Soils  f re e  o f  c la y  and  s i l t  have  been found  to have 

h ig h  p l a c i t i c i t y ,  lo w - w a te r  re te n t io n  and  are not a ffe c ted  by

ch anges  in  m o is tu re  c o n te n t .

C lay  a n d  s i l t  so i ls  a re  c h a ra c te r is e d  by  f ine  te x tu re ,

h ig h - w a te r  h o ld in g  c a p a c i t y ,  p o o r  a e ra t io n  and poor d ra inage . 

Clay so i ls  s h r i n k  and  c r a c k  when d r y  and  swell on w e t t in g .

B o th  d a y  a nd  n ig h t  te m p e ra tu re s  and the  ba rom etr ic  

p re s s u re  v a r ia t io n s  a f f e c t  a i r  d i f f u s io n  in to  the  so ils . B iological 

a c t i v i t y  in  the  so il d e c re a s e s  th e  o x y g e n  c o n te n t and replace i t  

w ith  gases f ro m  m e ta b o l ic  a c t i v i t y  s u c h  as ca rbon  d io x id e  

and h y d r o g e n  s u lp h id e .  These  gases inc rease  the  a c id i t y  o f 

the so i l  a nd  c o n s e q u e n t l y  the  c o r r o s i v i t y  o f  the  soil tow ards

b u r ie d  m e ta ls .
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T h e  e f f e c t  o f  so il a e ra t io n  was summarised by  

R om ano ff  (1 9 5 7 ) .  In  w e l l -a e ra te d  so i ls  the  ra te  o f p i t t i n g ,  

a l th o u g h  in i t i a l l y  h ig h ,  fa l ls  o f f  r a p id l y  w ith  time because 

in the  p re s e n c e  o f  an  a b u n d a n t  s u p p ly  o f  o x y g e n ,  ox ida t ion  

and p r e c ip i t a t io n  o f  i r o n  as f e r r i c  h y d r o x id e  occu r  on the 

s u r fa c e  o f  the  m e ta l .  T h e  p r o te c t iv e  membrane formed in 

th is  m a n ne r  te n d s  to  d ec rease  the  ra te  o f  p i t t in g  w ith  time.

In p o o r l y - a e r a t e d  s o i l s ,  t h e  i n i t i a l  r a t e  o f  p i t t i n g  dec reases  

s l o w l y  w i t h  t im e  u n d e r  s u c h  c o n d i t i o n s  th e  c o r r o s i o n  p r o d u c t s  

r e m a i n i n g  in  t h e  d e - o x i d i s e d  s t a t e  t e n d  to d i f f u s e  o u t w a r d  

i n t o  t h e  s o i l ,  o f f e r i n g  l i t t l e  o r  no p r o t e c t i o n  to the  c o r r o d i n g  

m e ta l .  E v e n  i n  a w e l l  a e r a t e d  so i l  an  e x c e s s i v e  c o n c e n t r a t i o n  

o f  s o l u b l e  s a l t  w o u l d  p r e v e n t  t h e  p r e c i p i t a t i o n  o f  p r o t e c t i v e  

l a y e r s  o f  c o r r o s i o n  p r o d u c t s  a n d  th e  r a t e  o f  c o r r o s i o n  would 

no t  b e  d e c r e a s e d  w i t h  t im e .

5.8  S O I L  C O N D U C T I V I T Y  ( R E S I S T I V I T Y )  MEASUREM ENTS

Soi l  e l e c t r i c a l  c o n d u c t i v i t y  is u s e d  as an i n d i c a t o r  o f  

soi l  c o r r o s i v i t y  t o  u n d e r g r o u n d  p i p e s .  T w e n t y  s ix  soi l  samples 

c o l l e c t e d  a t  r a n d o m  f r o m  d i f f e r e n t  s i t e s  w e re  u s e d  in  t h i s  

i n v e s t i g a t i o n  a n d  t h e  r e s u l t s  o b t a i n e d  w e r e  r e c o r d e d  in

Tab le  5 .7 .
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Site S l u r r y S o i l -w a te r  E x t ra c t

1 500 650
2 225 300
3 250 320
4 350 400
5 900 1200
6 250 310

7 450 630
8 400 460

9 250 300

10 130 170

11 145 195

12 205 225

13 350 350

14 1000 1200

15 500 550’

16 260 350

17 300 350

18 270 250

19 245 300

20 200 205

21 600 800

22 650 950

23 500 850

24 300 550

25 450 750

26 1000 1050

Tab le  5 .7 :  E le c t r ic a l  c o n d u c t i v i t y  ( 0 '  cm" ) o f  soi

s l u r r y  a n d  s o i l -w a te r  e x t r a c t s  samples

u n d e r  in v e s t ig a t io n
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From th e  T a b le  s 7 ;# - .
i t  is o b s e rv e d  tha t  about 80% o f

the so i l  c o n d u c t i v i t y  v a lu e s  a re  below 500 o ' W  ,
« cm ; tw o  samples

are a b o ve  1000 ..,
w u le the o th e rs  have c o n d u c t iv i ty

va lues be tw een  500-1000 f t " 1 cm~ 1

E x a m in a t io n  o f  th e  u n e a r th e d  p ip e s  showed th a t  those 

p ipes b u r ie d  in  so ils  w i t h  low r e s i s t i v i t y  have s u f fe re d  a large 

d e y ie e  o f  c o r r o s io n .  T h is  co ve re d  a b o u t  80% o f  the s ites , 

a c c o rd in g  to T a b le  5 . 7 .

I t  was a lso  n o te d  from  A p p e n d ix  4 tha t the re  was a 

h ig h e r  mass loss on p ip e s  b u r ie d  in so i ls  w ith  low e lec tr ica l 

r e s i s t i v i t y .

From  th e se  o b s e r v a t io n s ,  i t  was noted th a t  so i l-e lec tr ica l 

r e s i s t i v i t y  is a f a c to r  o r  a p r o p e r t y  o f  the  soil tha t  in f luences  

c o r ro s io n  o f  the  u n d e r g r o u n d  metal p ip e s .

E x a m in a t io n  o f  T a b le  5.5 shows th a t  the re  is an inverse 

v a r ia t io n  be tw e e n  the  so i l  m o is tu re  c o n te n t  and the  e lec tr ica l 

c o n d u c ta n c e .  T h a t  is as the  r e s i s t i v i t y  inc reases , the  moisture 

c o n te n t  d ec rea se s  to a l im i t in g  fa c to r  below w h ich  no e lec tr ica l 

c o n d u c t i v i t y  is n o t ic e d .  T h is  shows th a t  the two p ro p e i t ie s ,  

s o i l -w a te r  c o n te n t  a nd  e le c t r ic a l  re s is ta n c e  in f luence  soil 

c o r r o s iv i t y  o f  u n d e r g r o u n d  p ipes  at th e  same time b u t  o f 

d i f f e r e n t  m a g n i tu d e s .

T h is  r e la t io n s h ip  was also fou n d  b y  Gupta tha t  soil 

c o r r o s iv i t y  in c re a s e s  w i t h  decrease  in  th e  e le c tr ica l r e s is t iv i t y  

va lue in  w a te r ,  u p to  a p o in t  when maximum r e s is t iv i t y  was 

reached  (G u p ta  S . K .  a n d  G up ta  B . K . ,  1979]. As a genera l
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in d ic a to r  o f  c o r r o s i v i t y .  G up ta  came u p  w ith  the  fo l low ing

tab le  s h o w in g  th e  r e la t io n s h ip  be tw een  e le c tr ic a l r e s is t iv i t y  

and c o r r o s i v i t y .

R e s is t i v i t y ( ft -cm  1) C o r r o s iv i t y  (d e s c r ip t io n )

Below 500 V e ry  c o r ro s iv e

500 - 1000 C o r ro s iv e

1000 - 2000 M o d e ra te ly  c o rro s ive

2000 - 10,000 M i ld ly  c o r ro s iv e

A bo ve 10,000 P ro g re s s iv e ly  less 
c o r ro s iv e

T h e  so i l  r e s i s t i v i t y / c o n d u c t i v i t y  is a measurement o f 

the  a m o un t  o f  c u r r e n t  c i r c u la t in g  w i t h in  the p a r t i c u la r  soil type . 

T h is  c u r r e n t  may be a re s u l t  o f  the  e le c t ro ly te  o f th e  watei 

s o lu b le  sa lts  in  the  s o i l ,  o r  th e  s t r a y  c u r r e n ts  in the  soil.

The  c u r r e n t  c o u ld  a ls o  re s u l t  b e tw een  the  cha rge  t ra n s fe r  

re a c t io n s  b e tw e e n  th e  metal io n s ,  a l re a d y  p re sen t in  the  soil,

and  th e  b u r ie d  p ip e  (s e c .  5 . 1 ) .

I t  s h o u ld  be n o te d  th a t  a l th o u g h  soil e le c tr ic a l re s is t iv i ty

is a m easure  o f  c o r r o s i v i t y ,  th e re  a re  many o th e r  fa c to rs  or 

p r o p e r t ie s  t h a t  in f lu e n c e  the  c o r ro s io n  o f  the  u n d e rg ro u n d  p ipes. 

T h e s e  fa c to r s  w o rk  in  c o m b ina t io n  w i th  the s o i l -m o is tu re  content 

a n d  e le c t r ic a l  r e s i s t i v i t y  because th e re  is no way o f  iso la t ing  

a n y  one  o f  the m  in  th e  soil [ B o n d u r a n t ,  1971; Nace 1971). The
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p re sen ce  o f  c h lo r id e  m ay re s u l t  in  loca l ized  co rros ion  w hereby  

no n o t ic e a b le  mass loss is  re c o rd e d  on the  u n d e rg ro u n d  p ipe. 

H o w e v e r ,  th e  a m o u n t  o f  e le c t r i c i t y  measured w il l

depend  on the  s o i l - w a t e r  c o n te n t  and  th e  d isso lved  sa lts  in  the 

s o i l .

5.9  P O L A R IZ A T IO N  M E A S U R E M E N T

A n  e le c t r o d e  is  n o  lo n g e r  a t e q u i l i b r iu m  w hen  a ne t 

c u r r e n t  f lo w s  to  o r  f r o m  i t s  s u r f a c e .  T h e  m easured  p o te n t ia l  

o f  s u c h  an  e le c t r o d e  is  a l t e r e d  to  an e x t e n t  th a t  d e p e n d s  on 

the  m a g n i t u d e  o f  th e  e x t e r n a l  c u r r e n t  a n d  i ts  d i r e c t io n .  The 

d i r e c t i o n  o f  th e  p o t e n t i a l  c h a n g e  a lw a y s  opposes  the  s h i f t  from 

e q u i l i b r i u m  a n d  h e n c e  o p p o s e s  th e  f lo w  o f  c u r r e n t ,  w h e th e r  the 

c u r r e n t  is im p r e s s e d  o r  is o f  g a lv a n ic  o r i g i n .  When c u r r e n t  

f lo w s  in  a g a l v a n i c  c e l l ,  th e  a n o d e  a lw a y s  becomes m ore ca thod ic  

in p o t e n t ia l  a n d  th e  c a th o d e  becom es m ore  a n o d ic ,  th e  d i f fe re n c e  

o f  p o t e n t ia l  b e c o m in g  s m a l le r .

T h e  s c ie n c e  o f  e le c t r o d e  k in e t i c s  has made p o s s ib le  many 

a d v a n c e s  in  u n d e r s t a n d i n g  o f  c o r r o s io n  a n d  p r a c t ic a l  m easure 

m en t o f  c o r r o s io n  r a t e s .  T h e  i n t e r p r e t a t i o n  o f  c o r r o s io n  processes 

b y  s u p e r im p o s in g  e le c t r o c h e m ic a l  p a r t i a l  p ro ce sse s  was deve loped  

b y  W a g n e r  a n d  T r a u d  ( 1938 ).  T h e y  in t r o d u c e d  th e  c o n c e p ts  o f  

e le c t r o d e  p o t e n t i a l  s u c l i  as c o r r o s io n  p o te n t ia l  (a lso  c a l le d  m ixed 

p o te n t ia l  o r  r e s t  p o t e n t i a l ) ,  c o r r o s io n  c u r r e n t  d e n s i t y ,  exchange

c u r r e n t  d e n s it y  a n d  th e  T afe l s lo p e .

T h e  m ix e d - p o te n t ia l  th e o ry  fo rm s the b a s is  fo r the  two

u s e d  to  d e te r m in e  c o r r o s io n  ra te .
e le c t r o c h e m ic a l  t e c h n iq u e s
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These a re  T a fe l  e x t r a p o la t io n  and  the  

( r e s is ta n c e  p o la r i z a t io n )  te c h n iq u e s .
l in e a r  p o la r iza t io n

5 ,9 ,1  T a fe l e x t r a p o la t io n

The T a fe l  e x t r a p o la t io n  m e thod  fo r  d e te rm in in g  

c o r ro s io n  ra te  was u s e d  b y  W agner a n d  T ra u d  to  v e r i f y  the 

m ixed p o te n t ia l .  T h is  m e thod uses d a ta  ob ta ined  from 

c a th o d ic  o r  a n o d ic  p o la r iz a t io n  m easurem en ts . A schematic 

d ia g ra m  fo r  the  p o la r iz a t io n  m easurem ents  is shown in  

F ig . 3 .4 .

P r io r  to  a p p l ic a t io n  o f  c u r r e n t  (change in p o ten t ia l)  

the vo ltam e te r  in d ic a te s  the  c o r ro s io n  p o te n t ia l  ( <f> ) o f  the

specimen w i th  re s p e c t  to  the  re fe re n c e  e lec trode  in the  

p a r t i c u la r  s o lu t io n .  A f t e r  p lo t t in g  th e  e lec trode  po ten t ia l 

a g a in s t  th e  lo g a r i th m  o f  the  a p p l ie d  c u r r e n t  f ig u re s  s im ila r to 

F ig . 2 .1 8  w e re  o b ta in e d  and  m a rked  as F igs . 1-24.

T he  a n o d ic  a n d  c a th o d ic  c u rv e s  are n o n - l in e a r  at 

low c u r r e n t s  b u t  become l in e a r  a t  h ig h e r  c u r r e n ts ,  on a 

s e m ilo g a r i th rn ic  p lo t .  A p p l ie d  c a th o d ic  c u r r e n t  is equal to the 

d i f fe re n c e  b e tw e e n  th e  c u r r e n t  c o r re s p o n d in g  to the reduc t ion

p rocess  a n d  t h a t  c o r r e s p o n d in g  to the  o x id a t io n  o r  d isso lu t ion

, P im ire s  1-24 i t  is a p p a re n t th a t  at p ro c e s s .  R e fe r r in g  to  F ig u re s  '

r e la t i v e ly  h ig h  a p p l ie d  c u r r e n t  d e n s i t ie s ,  the app lied  c u r re n t

beg in s  to  a p p ro a c h  to ta l  ac tua l c a th o d ic  c u r re n ts  since the

c o r re s p o n d in g  to ta l  a n o d ic  c u r i e n t  becomes n e g l ig ib le .  The

re g ion  o f  l i n e a r i t y  is T a fe l  re g io n .  In  these  f ig u re s ,  the  total

anod ic  a n d  c a th o d ic  p o la r iz a t io n  c u rv e s  ( th e  Ta fe l s lopes)
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c o rre s p o n d  (o h y d r o g e n  e v o lu tio n  an d  metal d is s o lu tio n . At 

the c o r r o s io n  p o te n tia l (p o te n tia l at w h ic h  the T afel slopes 

in t e rs e c t )  the ra t e  o f h y d ro g e n  e v o lu tio n  is  eq u al to the rate 

of metal d is s o lu t io n . T h is  p o in t c o rre s p o n d s  to the co rro sio n  

rate o f  the sy ste m  in  te rm s of c u r r e n t  d e n s ity . The a ccu ra cy  

of t h is  m ethod is  lim ite d  d u e to in t e rfe r e n c e s  from con cen tration  

p o la r iz a t io n . T h is  m ethod is a lso  a p p lic a b le  to system s with 

o n ly on e re d u c t io n  p r o c e s s  s in c e  T a fe l re g io n  is  u s u a lly  distorted 

by p r e s e n c e  o f m ore th a n  one re d u c t io n  p ro c e s s .

5 .9 .2  L in e a r  p o la r iz a t io n

L in e a r  p o la r iz a t io n  a n a ly s is  is used to overcome the 

d is a d v a n ta g e s  o f  the  T a fe l  e x t r a p o la t io n .  W ith in  20 mV more 

noble  o r  more a c t iv e  th a n  the  c o r ro s io n  p o te n t ia l ,  i t  is observed 

tha t  th e  a p p l ie d  c u r r e n t  is a l in e a r  fu n c t io n  o f  the e lec trode  

p o te n t ia l .  T h is  is i l l u s t r a t e d  b y  the  lo w e r f ig u re s  1b ~24b .

In th e se  f ig u r e s  the  c o r ro s io n  p o te n t ia l  is used as an overvo ltage  

re fe re n c e  p o in t  a nd  a p lo t  o f  o v e r v o l ta g e  ve rs u s  app lied  anodic 

and c a th o d ic  c u r r e n t  sh o w n  on a l in e a r  re la t io n s h ip .  The 

slope R p o f  each  o f  th e s e  l in e a r  p o la r iz a t io n  c u rv e s  is re lated to 

the k in e t i c  p a ra m e te rs  as fo l low s  [S te r n  and G eary , 1957].

R P
A E 3 a 3c
A i D

a p p
2 .3 (3 a  + 6 c )  ( ic o r r  

the  T a fe l s lopes o f  the  anod ic  and 

c a th o d ic  re a c t io n s  r e s p e c t i v e ly .  T h e  te rm  A E / Aigpp  = * P

w h e re  3 a and  3 c ai e
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is g iv e n  in  ohms ( v o i t s / a m n h o ^ ^  „  ii v o u s /a m p h e r e )  and can  be ca lcu la ted  from

^ ^   ̂  ̂ a anc  ̂  ̂ c a re  k n o w n ,  f rom  the p re v io u s  w ork ,

^ ien  ' c o r r '  ^ 1e c o r r o s io n  c u r r e n t  d e n s i t y ,  and lienee the  

c o r ro s io n  ra te ,  can  be c a lc u la te d .

I t  was fo u n d  t h a t  w i th in  20 mV o f  the co rro s io n  

p o te n t ia l ,  e i t h e r  a n o d ic  o r  c a th o d ic ,  th e re  was a l inea r re la t ion ­

sh ip .  T h is  show ed  t h a t  the  e le c t ro d e s  and  so lu tions in  th is  

in v e s t ig a t io n  a g re e d  w e l l  w i th  the  S te rn -G e a ry  E qua t ion , above.

E x a m in a t io n  o f  the  c o r ro s io n  ra te s  (co rro s io n  c u r re n ts )  

o b ta in e d  b y  use  o f  th e  tw o  te c h n iq u e s  shows th a t  the corros ion  

c u r r e n t  fo r  th e  l in e a r  p o la r iz a t io n  ts h ig h e r  than  tha t  obta ined 

in the  T a fe l  e x t r a p o la t i o n .  The  d i f fe r e n c e  is exp la ined  by the 

fac t t h a t  the  T a fe l  e x t r a p o la t io n  is e f fe c t iv e  fo r  so lu t ions  w ith
i

on ly  one  r e d u c t io n  ( c a th o d ic )  re a c t io n  w h ich  is not poss ib le  in 

the s o i l - w a te r  e x t r a c t s .  A lso  the  Tafel e x tra p o la t io n  techn ique  

g ive s  a lo w e r v a lu e  d u e  to in te r fe re n c e s  from co nce n tra t io n  

a c t iv a t io n  in  th e  s o i l - w a te r  e x t r a c ts  d u e  to the  p resence o f 

s o lu b le  s a l ts .

I t  can be c o n c lu d e d  th a t  th e  l in e a r  p o la r iz a t io n  method 

was a b e t t e r  t e c h n iq u e  f o r  m e a s u r in g  the  co rro s io n  ra te  in the 

p re s e n t  in v e s t i g a t io n .

9 .3  P o la r iz a t io n  m easurem e n ts  o f  d e -a e ra te d  so lu tions^

T o m a sho v  d e s c r ib e d  so il as a s ta t io n a ry  e le c t ro ly te  

h e re  o x y g e n  d i f f u s i o n  is a ra te  d e te rm in in g  s tep  [Tom ashov. 

, 66 ) .  A e r a t io n  has a p ro n o u n c e d  e f fe c t  on u n d e rg ro u n d  

j r r o s i o n  s in c e  o x y g e n  re d u c t io n  is th e  p r in c ip le  ca thod ic



172

re a c t ion  in  s o i ls .  O x v n o n  •
y y  / i the r from  the  a tm ospher ic

sources  o r  from  o x id i z in g  s a i ls  o r  compounds, s t im u la tes

c o r ro s io n  b y  c o m b in in g  w i th  the  metal ions to form  ox ides ,

or h y d r o x id e s  o f  the  m e ta l .

In  th is  in v e s t i g a t io n  th e  e f fe c t  o f  d isso lved  a i r  

(o x y g e n )  in  the  s o i l - w a te r  e x t r a c t s  was s tu d ie d .  A v ig o rou s  

stream o f  o x y g e n - f r e e  n i t r o g e n  was passed  th ro u g h  each o f 

the s o i l - w a te r  e x t r a c t  u n d e r  in v e s t ig a t io n  and p o la r iza t io n  

m easurem ents  c a r r ie d  o u t  as d e s c r ib e d  above . The re s u l ts  so 

o b ta in ed  w e re  u se d  to d ra w  the second p o la r iza t io n  c u rv e s  in 

the F ig u re s  1-24.
t

I t  is g e n e r a l l y  n o t ic e d  th a t  on  the  anodic c u rv e  the 

c o r ro s io n  c u r r e n t s  a re  h ig h e r  fo r  the  d e -a e ra te d  than fo r  the 

ae ra ted  s o lu t io n s .  T h e  c a th o d ic  c u r v e  is a lways lower fo r  

the d e - a e ra te d  s o lu t io n  th a n  fo r  the  n o n -d e a e ra te d  so lu t ion .

In the  d e - a e ra te d  s o lu t io n s  the  c a th o d ic  c u rv e  is p e r fe c t ly  

l inea r on  th e  s e m i lo g a r i th m ic  sca le .

From th e s e  f i g u r e s ,  i t  is n o t ic e d  tha t  the removal o f 

o x y g e n  has a m a rk e d  e f f e c t  on the  shape o f  the c u iv e s .  This 

shows t h a t  o x y g e n  is a v i ta l  com ponen t d u r in g  the co rro s io n  

o f the  m eta l im m ersed  in  these  s o lu t io n s .  The absence o f  ru s t  

on the  im m ersed  m ild  s te e l  e le c tro d e  show ed  th a t  almost all 

the o x y g e n  was re m o v e d  b y  b u b b l in g  th e  o x y g e n - f re e  n it ro ge n  

th r o u g h  th e  s o lu t io n s  u n d e r  in v e s t ig a t io n .

T h e  s h i f t  o f  th e  c u rv e  in  the  d e -a e ra te d  so lu t ion

showed t h a t  th e  r e t a r d a t io n  due  to the  fo rm a tion  o f  o x id e  film
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on th e  w o r k in g  e le c t r o d e  was rem oved  b y  the o x y g e n - f re e  

n i t r o g e n .  In t h i s  case  o th e r  ions in  th e  so lu t ion s ,  in c lu d in g  

the h y d r o g e n  io n ,  h a d  a b e t te r  access to the metal su r face  

than  w hen  o x y g e n  was p re s e n t .  T h e  l in e a r i t y  o f  the  cathodic 

c u rv e  show s t h a t  th e  p r in c ip le  r e d u c t io n  reac tion  was 

e l im in a te d  from  the  s o lu t io n  d u r in g  d e -a e ra t io n .

From th is  e x p e r im e n t  i t  was conc luded  tha t  co rros ion  

la te s  w e re  lo w e r in  w e l l  a e ra te d  so ils  th a n  in p o o r ly  aerated 

soils a n d  these  d i f f e r e n c e s  can g iv e  r is e  to ga lvan ic  co rros ion  

on the  b u r ie d  p ip e s  ( s e c .  2 . 3 . 1 ) .  I t  is poss ib le  fo r  the  cells 

o f th e  t y p e

metal | p o o r ly  a e ra te d  soil | well aera ted  soil | metal 

to be fo rm ed  w h e re  th e  metal is a p ip e l in e  and the same soil 

c o ve rs  the  metal in b o th  cases b u t  th e  soil d i f fe r s  In aeration 

due to d ra in a g e  o r  o t h e r  fa c to rs .

When th e  w o r k in g  e le c tro d e  was anod ica l ly  po la r ized , 

h y d r o g e n  b u b b le s  w e re  o b s e rv e d  on th e  p la t inum  a u x i l ia r y  

e le c t ro d e .  As th e  p o te n t ia l  was re d u c e d  the e v o lu t io n  o f 

h y d r o g e n  d e c re a s e d  a n d  f in a l ly  ceased . On fu r t h e r  reduc t ion  

o f  p o te n t ia l  th e  s o lu t io n  became s l ig h t l y  co loured  b ro w n  and at 

the c o r ro s io n  p o te n t ia l  the  c u r r e n t  was l i t e ra l ly  zero . Beyond 

th is  p o in t ,  c a th o d ic  p o la r iz a t io n  re n d e re d  the so lu t ion  more 

c o lo u re d  and  d e p o s i t s  w e re  o b s e rv e d  on the w o rk in g  e lec trode . 

A p o in t  was a t t a in e d  w h e n  the  ch an g e  in  c u r r e n t  was v e ry  

small f o r  a n y  c h a n g e  in  p o te n t ia l  r e s u l t in g  In a l in e a r  section

o f  th e  c a th o d ic  p o la r iz a t io n  c u r v e .
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T h e fo llo w in g  re a c t io n s  a re  p o stu la te d  to be takin g  

place d u r in g  th e p o la r iz a t io n  m easu re m en t.

A nod ic p r o c e s s e s :

Metal d is s o lu t io n :  Fe
( s )

2 +

Metal ion o x id a t io n : Fe 2 +
(a q )

*  Fe~ <aq) + 2e 

3+-> Fe" . . 4- e(a q )

C a th o d ic  p r o c e s s e s :

H y d ro g e n  g a s e v o lu t io n :  2 H ',  , + 2e
(a q ) -> H

2 (g )

O xy g e n  re d u c t io n  ( a c id ic

s o lu t io n )  : q + 4H + 4e 2 (g )  4 la q ) >  2H2° 0U
O xy g e n  re d u c t io n  

(n e u tra l o r b a s ic )  :
° 2 ( g )  f 2H 2 ° (  Z) + 4e 40H

(aq )
34-

Metal ion r e d u c t io n : F e “ , . + e(a q ) >  Fe
24-

(aq )

Metal d e p o s it io n : F e 21' 1 4- 2e(a q )
-> Fe (s )

D u rin g  the r u s t in g  of iro n , th e iro n  is o x id ise d  to 

ions w h ic h  re a c t w ith  o x y g e n  in  p re s e n c e  of w ater to form the 

u n s ta b le  i r o n ( l l )  h y d r o x id e  w h ich  is  f u r t h e r  o x id ise d  to the 

ru s t , F e 20 3 . T h e  p o s s ib le  re a c tio n s  d u r in g  the ru s t formation

are

Fe (s ) -  ^ \ a q ,  + -

° 2 ( g )  + H 2 ° m  + " 6'
4 0 H (a q )

2 F e (a q )  + , 0 H (-q>

2 F e ( O H ) 2 ( s )  + " 20 (lt) + 4° 2 C g ) 

F e 2 ° 3 ( s )  + 3M 2 ° ( ‘ l

^ 2 F e (O H )2 (s ) (u n sta b le )

---- ? 2Fe(OH)3(s)-------->
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lie

ince

A c c o rd in g  to F in .  2 1 • ..
9 • o u r b a ix  d ia g ra m ) the metal ion

o x id a t io n  and  r e d u c t io nr e d u c t io n  re a c t io n s  o c c u r  to a small e x te n t  in

the s o lu t io n s  u n d e r  i n v . G i i n 3 i i nM ...in v e s t ig a t io n  w ith  pH va lues between 5- 7.5

and p o te n t ia ls  c o n s id e r e d  be tw een  + 0 .5 V  and -1 .0 V .

When th e  s o lu t io n  was d e -a e ra te d  the o th e r  ca thod i 

re a c t ion s  c o u ld  h a ve  ta k e n  p lace , i . e .  the  h y d ro g e n  

e v o lu t io n ,  metal ion  r e d u c t io n  a nd  the  metal d e p o s it io n ,  sii 

these re a c t io n s  do  n o t  d e p e n d  on the  p resence  o f  o x y g e n .

Since th e  s o i l - w a te r  e x t r a c t s  w ere  s l i g h t l y  ac id ic  (sec. 4 . 8 . 2 . 1) ,  

the h y d r o g e n  e v o lu t io n  was a p oss ib le  ca th o d ic  reac t ion  which 

was a c tu a l l y  n o t ic e d  in  a l l  cases. In  tw o  cases, where  the 

a c id i ty  was h ig h ,  th e  h y d r o g e n  e v o lu t io n  was o b se rve d  on the 

w o rk in g  e le c t r o d e .

On th e  o th e r  h a n d ,  i f  s u lp h u r  re d u c in g  bac te r ia  was 

p re s e n t ,  th e  s u lp h a te s  p re s e n t  in  the  s o i l -w a te r  e x t r a c t  

(sec. 4 . 5 ) c o u ld  be re d u c e d  to s u lp h id e  in  the p resence  o f 

h y d r o g e n .  T h e  h y d r o g e n  atoms p ro d u c e d  d u r in g  the ca thod ic  

re a c t ion  a re  a d s o rb e d  on  the  i ro n  s u r fa c e .  T h is  h y d ro g e n  is 

then a v a i la b le  f o r  th e  r e d u c t io n  o f  the  su lp h a te  b y  b a c te r ia .

For each  e q u iv a le n t  o f  h y d r o g e n  atoms th e y  consume, one 

e q u iv a le n t  o f  F e2+ ions  e n te rs  th e  s o lu t io n  to form  r u s t  and 

FeS. T h e  p o s s ib le  r e a c t io n s  a re :

A nod ic  p ro c e s s  

4Fe,
2 +

(s )

C a thod ic  p ro c e s s e s

>  ^  (a q )  + 86

H , . + e(aq)

2H (aq )

_________^  H atom (a d s o rb e d  on Fe)

+ 2 e ------------- >  H 2 ( g )
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Also f ro m  th e  n e u t r a l  s o lu t io n  we have

(a d s o rb e d  on  Fe) + 80H

b a c te r ia

8 H2 ° U )
(aq) -  8e

F e ( s )  + 8Ha d s .  + S O 2’4 (aq ) *  , H 2 ° fc )  + FeS

Fe! + 2 H( s )  ( a q )
*  H2S Cfl> + F e (a+q)

r- 2 +Fe fnM l + 2 0 H 
' acl) ( a q ) -> F e (O H ) 2(s)

T h e  a n a e ro b ic  b a c te r ia  t h r i v e  w e ll  u n d e r  co n d it io n s  

o f pH 5 .5 - 8 .5  a n d  c e r t a in  v a r ie t ie s  o f  b ac te r ia  m u l t ip ly  in soils 

and f i e s h  w a te rs  c o n ta in in g  s u lp h a te s  even  at tem pe ra tu res  

between 6 0 -8 0 °C .  T h e s e  a re  the  c o n d i t io n s  o f the  s o i l-w a te r  

e x t r a c ts  u n d e r  i n v e s t i g a t io n s  and  the  p resence  o f  bac te r ia  

could  n o t  be r u le d  o u t .

5 .9 .4  G en e ra l d is c u s s io n

From th e  pH m easurem en ts  (A p p e n d ix  2 ) ,  i t  was found 

tha t m ost o f  th e  s o i l - w a t e r  e x t r a c t  s o lu t io n s  were s l ig h t ly  ac id ic , 

pH b e tw e e n  6 .0  a n d  7 . 6 . From the  p o la r iz a t io n  measurements 

i t  was o b s e rv e d  th a t  t h e  c o r ro s io n  c u r r e n t  was h ig h e s t  

fo r  th e  s o lu t io n  w i th  t h e  low est pH v a lu e .  T h is  in d ica ted  a 

metal a c id  re a c t io n  r e s u l t i n g  in metal d is s o lu t io n  and h y d rog e n  

e v o lu t io n .  T h is  was p ro n o u n c e d  on th e  anod ic  c u rv e  w ith  

v is ib le  h y d r o g e n  b u b b le s  on the  a u x i l i a r y  e le c trod e . In  some 

cases h y d r o g e n  b u b b le s  w e re  o b s e rv e d  on the w o rk in g  e lectrode, 

and t h i s  was p a r t i c u l a r l y  more n o t ic e a b le  fo r  the  de -ae ra ted

s o lu t io n s .
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E x a m in a t io n  o f  T a b lp  s i  ( n_  ■aD e 5 ‘ 3 (R e d ox  p o te n t ia ls )  and  the

p o la r iz a t io n  c u r v e  sh ow s  th a t  those  s o lu t io n s  w ith  lower redox 

p o te n t ia ls  show ed  h ig h e r  c o r ro s io n  c u r r e n t s .  T h is  showed 

tha t  th e  s o lu b le  s a l ts  in  th e  s o i l -w a te r  e x t r a c ts  were respons ib le  

fo r  th e  f lo w  o f  c u r r e n t  in  the  s o lu t io n  and  p a r t i c u la r ly  

re s p o n s ib le  fo r  th e  c a th o d ic  re a c t io n s .

T h e  s o i l - w a t e r  e x t r a c t s  th a t  h a d  h ig h  su lp ha te  

c o n te n ts  show ed  h ig h  c o r ro s io n  currents, and p a r t i c u la r ly  

so fo r  the  d e - a e ra te d  s o lu t io n s .  T h is  showed th a t  the  

s u lp h u r - r e d u c in g  b a c te r ia  were  p re s e n t  in  the so lu t ions  under 

in v e s t ig a t io n  a n d  w e re  re s p o n s ib le  fo r  th e  re d u c t io n  reac tion  

in absence  o f  o x y g e n .

I t  was g e n e r a l l y  o b s e rv e d  th a t  the  s o i l -w a te r  e x tra c ts  

tha t  sh ow ed  h ig h  mass loss o f  metal b u r ie d  in re s p e c t iv e  soils, 

also sh ow ed  h ig h  c o r r o s io n  c u r r e n ts  a n d  v ice  ve rsa .  T h is  

shows t h a t  the  p o la r i z a t io n  c u rv e  m easurem ent te ch n iq u e  is a 

fast w a y  o f  d e te r m in in g  c o r ro s io n  o f  s u ch  m ater ia ls  whose mass 

loss w o u ld  be d i f f i c u l t  to  m easure . T h ese  inc lude  b u r ie d  p ipes, 

sh ip  h a u ls ,  a e ro p la n e s  a n d  chem ical p la n ts ,  to name o n ly  a few.

I t  was n o te d  th a t  o th e r  fa c to rs  w h ich  are  im p o r ta n t

in u n d e r g r o u n d  c o r r o s io n cou ld  no t be in te r p r e te d  in  terms

o f  c o r r o s io n  c u r r e n t .  These  in c lu d e  m o is tu re  c o n te n t ,  ch lo r ide  

ion c o n c e n t r a t io n  a nd  th e  e le c t r ic a l  c o n d u c t i v i t y .

T h e  f r e e  c o r r o s io n  p o te n tia ls  w ere noted fo r both 

norm al a n d  d e - a e r a t e d  s o il-w a t e r  e x t r a c t s .  It was g e n e ra lly  

o b s e rv e d  th at th e  f r e e  c o rr o s io n  p o te n tia l for d e -a e ra te d  

s o lu t io n s  w as lo w e r th a n  that o f  the ae ra te d  s o lu tio n s .



178 -

Th is  d i f f e r e n c e  in  p o t e n t i a l  cou ld  be u s e d  as a re la t i ve  

measure o f  the  a m o u n t  o f  o x y g e n  in t h e  so lu t ion s ,  assuming 

tha t  t i l e  one  h o u r  d e a e r a t i o n  p rocess  removes  al l  the o xygen  

f rom th e  s o l u t i o n .  I t  was g e n e r a l l y  seen tha t  the  so lu t ions  

wh ich  show ed  h i g h  r e l a t i v e  o x y g e n  c o n t e n t s  had h ig h e r  loss 

of  mass ( A p p e n d i c e s  4 a n d  5) .

T h e  polar  i z a t i o n  measurement  techn iques  used in this 

i n v e s t i g a t i o n  a re  c o n c l u d e d  to have  a c h iev e d  the  fo l low ing :

(1)  R a p id  m e th o d  fo r  d e t e r m i n in g  co r ros ion  ra te .

The t e c h n iq u e s  can  be used  to m o n i to r  c o r ro s io n  rates in 

v a r io u s  p ro c e s s  s t r e a m s .

(2 )  T h e  t e c h n i q u e  may be used  to measure v e r y  low 

c u r r e n t s  w h ic h  a r e  b o t h  d i f f i c u l t  and  ted ious  to p e r fo rm  wi th 

c o n v e n t i o n a l  m e th o d s  o f  w e ig h t  loss o r  chemical  ana ly t ica l  

t e c h n iq u e s .  T h e  m e a su rem e n ts  o f  low c o r ro s io n  rates are 

e s pe c ia l l y  im p o r t a n t  in  n u c le a r  p h a rm a c e u t i c a l ,  and food 

p r o c e s s in g  i n d u s t r i e s  w h e r e  t r a c e  im p u r i t i e s  and contaminat ion 

are p r o b le m s .

(3)  E le c t r o c h e m ic a l  c o r r o s io n  ra te  measurements may 

be u s e d  to m e a su re  c o r r o s i o n  r a te  o f  s t r u c t u r e s  wh ich  cannot  

be v i s u a l l y  i n s p e c t e d  o r  su b je c te d  to w e ig h t  loss tes ts .  

U n d e r g r o u n d  p ip e s  a n d  tan k s  and  l a r g e  chemical  p la n t  components

are e x a m p le s .

(1|) T h e  t e c h n iq u e s  c o u ld  a lso  be used to est imate

,  s o lu t ion  f o r  an e lectrochemica lthe a m o u n t  o f  o x y g e n  in  a so lu t ion  ror

p o l a r i z a t i o n  m e a s u r e m e n t .
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5,10 £ O N C L U S m N S A N D  RECQMMFN DAT IONS

T h is  i n v e s t i g a t i o n  has fo u n d  t h a t  the c o r r o s i v i t y  

of  so i l s ,  u n d e r  i n v e s t i g a t i o n ,  to the  b u r i e d  steel p ipes 

depends  on the  f o l l o w i n g  f a c to r s  (1) a c i d i t y  o r  a l k a l i n i t y ,

( 2) e l e c t r i c a l  c o n d u c t i v i t y / r e s i s t i v i t y , ( 3 ) redox  po ten t ia l ,

(4) s o lu b le  sa l ts  i n c l u d i n g  su lp h a te s  a n d  c h lo r id e s ,  (5)  aerat ion 

and (6 )  s o i l - m o i s t u r e  c o n t e n t .  These  fac to rs  depend on the 

chemical  a nd  p h y s i c a l  p r o p e r t i e s  as wel l  as the t e x t u r e  o f  the 

r e s p e c t i v e  so i l s .

T h e  c o r r o s i v i t y  o f  each soi l  was de te rm ined  b y  the 

mass loss m e thod  a nd  th e  c o r r o s io n  c u r r e n t  de te rm ina t ion  

t e c h n iq u e s .  T w o  t e c h n i q u e s  w e re  em p loyed  f o r  the co r ros ion  

c u r r e n t  d e t e r m i n a t i o n .  These  a re  th e  Tn fe l  e x t ra p o la t i o n  

and th e  l i n e a r  p o l a r i z a t i o n  t e c h n iq u e s .

I t  was f o u n d  t h a t  the  c o r r o s i v i t y  o f  the  soil increased 

as the  a c i d i t y  i n c r e a s e d  and  v ic e  v e r s a .  In t h i s  case the 

c o r r o s i o n  c u r r e n t  m e a s u r e d  was h i g h e r  f o r  h ig h  acid content  

o f  t h e  so i l .  I t  was a lso  fo u n d  t h a t  t h e  mass loss fo r  the pipes 

b u r i e d  i n  h i g h  a c id  s o i l s  was h i g h e r  t h a n  those measured for  

the l o w - a c id  s o i l s .

T h e  e l e c t r i c a l  p r o p e r t i e s  w e re  ana lysed  in te rms  o f

e l e c t r i c a l  r e s i s t i v i t y .  I t  was fo u n d  t h a t  where  the  sa id 

r e s i s t i v i t y  was low ,  t h e  r e c o r d e d  mass losses were h i g h e r  than 

in t h e  h i g h - r e s i s t i v i t y  so i l s .  T h e  c o r r o s io n  c u r r e n t  observed  

in t h e  p o l a r i z a t i o n  m e a s u re m e n ts  w e re  h i g h e r  f o r  soi ls w i th  

l o w e r - e l e c t r i c a l  r e s i s t i v i t y  than those  w i t h  h i g h e r  e lec tr ica l

r e s i s t i v i t y .
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Soi ls w i t h  h i g h  re d o x  p o te n t i a l s  showed h ig h  mass 

losses a nd  h i g h  c o r r o s i o n  c u r r e n t s .

H ig h  c h l o r i d e  and  s u lp h a te  c o n c e n t ra t io n s  in the soils 

r e f l e c te d  h i g h  c o r r o s i o n  c u r r e n t s  and  r e s p e c t i v e  h ig h  mass 

losses o b s e r v e d  on t h e  p ip es  b u r i e d  in  these soi ls .  However 

the mass loss o b s e r v e d  in  c h lo r i d e  so i l s  was lower than  those 

o b s e r v e d  f o r  t h e  s u l p h a t e  so i ls .

L ow e r  c o r r o s i o n  c u r r e n t s  w e re  o bse rved  f o r  aerated 

soi ls t h a n  the  d e - a e r a t e d  so i l s .  T h i s  was mainly due to the 

fo rm a t ion  o f  an o x id e  f i lm  on the  s u r f a c e  of  the  metal reduc ing 

metal d i s s o l u t i o n  r e a c t i o n ,  in t h e  a e ra te d  soi ls .  H ig h e r  mass 

losses were  o b s e r v e d  on  the  p ipes  b u r i e d  in aera ted soi ls,  in 

p re s e n c e  o f  m o i s t u r e ,  b u t  dec reased  w i t h  t ime due to the 

f o r m a t io n  o f  t h e  p r o t e c t i v e  o x id e  f i lm  on the metal su r face .  

H o w e v e r  the  mass loss  c o n t i n u e d  to inc rease  in cases where

b o th  the  c h l o r i d e  a n d  o x y g e n  were  p r e s e n t  at  the same time.

I t  has  bee n  o b s e r v e d  t h a t  the  soil samples d i f fe red  

in m o i s t u r e  c o n t e n t .  T h e  mass loss f o r  the p ipes b u r ie d  in the 

so i ls  v a r i e d  w i t h  m o i s t u r e  c o n t e n t .  I t  was found  t h a t  the soi ls 

w i t h  h i g h e r  m o i s t u r e  c o n t e n t  show ed  h ig h e r  mass losses and

v ice  v e r s a ,  to  p ip e s  b u r i e d  t h e r e i n .

T h e  so i l s  w e re  g e n e r a l l y  c la ss i f ie d  in to  t h r e e  broad

c la sses  (1 )  c l a y .  (2 )  s a n d y - c l a y  a n d  (3) sandy  so i ls .  The sandy 

soi l  was f o u n d  to h a v e  l i t t l e  w a t e r - r e t e n t i o n  ca pa c i t y  and h igh

i rase  the  so i ls  were found  to have l i t t le
d i f f u s i o n  o f  a i r .  In  t h i s  case,  t n e

• e f f e c t  T h e  mass ch a n g e s  and  c o r ros ion  c u r r e n ts  observe 
c o r r o s i v e  e f f e c t .  1 ,,e
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in th i s  c lass  w e re  low in  ■
d y - c l a y  so i l s ,  the re  was some

degree  o f  w a t e r - r e t e n t i o n  and  a i r  d i f f u s i o n  was lower than in

the s a n d y  so i l s .  T h e  mass changes  o f  p ipes and  the corros ion

c u r r e n t s  in t i n s  case w e r e  o b s e r v e d  to be h ig h e r  than in

sa n d y  s o ils .  T h e r e f o r e  th ese s o ils  w e re  more c o rr o s iv e  to

b u r i e d  p ip e s  t h a n  th e  s a n d y  so i l s .

In the  c la y  s o i l s ,  th e re  was h i g h  mo is tu re  co n te n t ,  

h igh  c h l o r i d e  a n d  s u l p h a t e  c o n c e n t r a t i o n s ,  than  in above two 

c lasses o f  s o i l s .  H i g h e r  a c i d i t y  was re c o rd e d  in c lay soils 

than in  e i t h e r  s a n d y  o r  s a n d y - c l a y  s o i l s .  In most o f  the clay 

soi ls ,  t h e  mass losses o f  b u r i e d  p ip es  was h ig h e r  than  in the 

sandy  o r  the  s a n d y - c l a y  so i ls .

I t  is t h e r e f o r e  recommended t h a t  soi ls w i th  h ig h e r  

d i f f u s i o n  o f  a i r  o r  so i l  p o rou s  in  n a t u r e  is bes t  fo r  the  

u n d e r g r o u n d  w a t e r  p i p e s  b u r i e d  in N a i ro b i .  These soi ls should 

be f r e e  f rom  c i n d e r s  o r  p ieces o f  wood tou c h in g  the laid pipe 

d i r e c t l y .  I t  is p o s s i b l e  to inc rease  the  l i fe  o f  the p ipe  by 

t h o r o u g h l y  c o a t i n g  i t  w i t h  a metal o r  o rg a n ic  coa t ing  inc lud ing  

b i t u m e n ,  b e f o r e  b u r i a l  [ B u t l e r  and  Ison ,  1978].  A l l  the 

w r e n c h  a n d  v i c e  m a r k s  shou ld  be we l l  coated be fo re  bu r ia l  as 

these  fo r m  t h e  a n o d i c  s i tes  to u n c o a te d  p ipes .  The whole pipe 

s h o u ld  be c h a n g e d  i n s t e a d  o f  c h a n g i n g  the  c o r ro d e d  por t ion  o f  

T h e  c h a n g e d  p ipe  s h o u ld  be p r o p e r l y  coated on all

r e n c h  a nd  v ic e  m arks .

hou ld  be ana lysed  for  the

the  p ip e

p a r t s  i n c l u d i n g  the  w

T h e  so i l s  s u g g e s te d  above  si
c o n c e n t r a t i o n s .  High ch lo r ide

p r e s e n c e o f  c h l o r i d e  a n d  acid
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soil s h o u ld  n o t  b e  u s e d  in  the  u n d e r g r o u n d  p ip e l ine s .  The 

acid so i l s  can  be  a v o i d e d  b y  choo s in g  soi ls  low in  humus and 

m o is tu re  c o n t e n t  o r  c o l l e c te d  away f rom i n d u s t r i a l  a c t i v i t i e s .

P o l a r i z a t i o n  t e c h n iq u e s  a re  q u i c k  methods o f  

s t u d y i n g  coi  r o s i o n  r a t e s .  The  two methods  used  in th i s  

i n v e s t i g a t i o n  ( s e c .  5 . 9 )  showed th a t  t h e  l inear po la r iza t io n  is 

f a v o u re d  to the  T a fe l  e x t r a p o la t i o n  t e c h n iq u e .  I t  is the re fo re  

recommended t h a t  f o r  d e te r m in a t i o n  o f  co r ro s io n  c u r r e n t s  of  

u n d e r g r o u n d  p i p e s ,  t h e  l i n e a r  p o la r i z a t io n  is p r e f e r r e d  to the 

Tafel e x t r a p o l a t i o n .  H o w e v e r ,  the  two  methods go h a n d - i n -  

hand b e c a u s e  a c c o r d i n g  to S te rn  and G ea ry  equa t ions ,  the 

anodic a n d  c a t h o d i c  T a f e l  s lopes are used  to ca lcu la te  corrosion 

c u r r e n t s  [ S t e r n  a nd  G e a r y ,  1958] ,  in  the  l inear po la r i za t ion

t e c h n i q u e .
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Site Z in c C o p p e r I ron Manganese Magnesium

1 0 .10 0 .80 0.60 1.00 4.00
2 0 .5 5 0 .80 0.50 0.10 1.50
3 0 .2 0 0 .60 0.05 0.01 4.90
4 0.  15 0 .80 0.20 0.01 2.20
5 0 .2 0 0 .10 1.00 0.20 22.00
6 0.  10 0 .20 0.20 0.50 1.30
7 0 .1 0 0 .60 1.80 0.05 2.20
8 0 .5 0 1.20 7.80 0.60 0.90
9 0 .1 0 0 .60 0.05 0.05 0.80

10 0 .1 5 0 .40 7.60 0.03 0.35
11 0 .1 0 0 .40 2.40 0.05 0.80
12 0 .1 0 0 .40 0.01 0.02 1.20
13 0.01 0 .20 0.40 1.00 2.90

14 0.01 0 .08 0.80 0.70 3.50

15 0.01 0 .08 0.20 0.10 4.20

16 0.01 o .oa 0.20 1.00 2.20

17 0.01 0 .06 0.01 0.20 1.30

18 0.01 0 .08 0.60 0.40 4.80

19 0.01 0 .04 0.01 0.05 3.50

20 0 .0 2 0 .20 0.20 0.05 1.60

21 0.01 0 .60 0.01 0.05 1.60

22 0 .0 2 0 .40 0.01 0.01 3.70

23 0.01 0 .20 0.20 0.05 2.90

24 0 .0 2 0 .60 0.40 0.05 4.20

25 0 .0 2 0 .40 0.40 0.04 11.30

26 0 .0 2 0 .20 0.20 0.01 14.10
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Ap p e n d i x  2:  pH v a |ues Gf  soi l  s l m  r v  f  , ,
" ------—He ld  cond i t ion  soi l  and

samples u n r i „ r  l n v . , u

g a t i o n .

5 i te  F ie ld  Sample  Soi l  S l u r r y  So i l -Wate r  E x t r a c t

1

2

3

4

5

6
7

8 

9

10
11
12
13

14

15

16

17

18

19

20 

21 

22

23

24

25

26

6 .3 6.5 6.9
5 .8 6.1 6.3
6 .0 6.1 6.4
4.4 6.8 7.0
3 .4 4.0 6.2
7 .4 7.8 7.9
5.9 6.4 6.6
5 .0 6.0 6.4

6.0 6.8 6.9

5.2 5.6 6.2

7 .0 7.0 7.2

6 .4 6.6 6.8

6 .2 6.9 7.0

5.6 6 .4 6.6

5 .4 5 .9 6.3

5 .7 6.2 6.2

6 .2 7.2 7.6

5 .4 6. 1 6.9

6.2 6.6 6.9

5 .7 6 .3 6.4

5 .6 6.2 6.4

4 .6 5.8 6.2

5 .8 6 .9 7.0

5 .3 5.8 6.6

5 .4 6 .5 6.8

6 .4 6 .6 7.0
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A p p e n d i x  3: M e c h a n ic a l  a n a ly s is
^  ----------- - ^ l L * e x tu re  dete rm ina-

11S!1 ^ L ^ - ^ ! e s ^ d e r  in v e s tig a tio n

Site % Sand % S i l t % C lay T e x tu r e

1 30 26 44 C
2 26 22 52 C
3 30 16 54 C
4 72 12 16

SL
5 36 18 46 c
6 70 14 16 s.L
7 16 12 72 C
8 56 12 32 s c L

9 32 20 48 C
10 24 14 62 C

11 50 18 32 SCL

12 62 10 28 SC L

13 36 18 46 c

14 22 2 a 58 c

15 15 14 54 c

• 16 32 14 54 c

17 52 14 34 o r

18 36 14 50 c

19 80 8 12 5 l

20 26 20 54 c

21 30 10 60 c

22 32 14 54 c

23 32 20 48 c

24 66 10 24 SCL
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Site C ode 4 M o n th s Code 8 M on ths Code 12 Months

Y 3 1 . 06
Y 2 3 .04

Y i

B 3

4.02
1 B 2 1.72

B , 1.06 0.32

R 1 1.41
R , 0 .53

R3 0.20

Y 3 2 .85
Y 2 5.45

Y ,

B 3

7.17
2 B ! 2 .34

B 2 0.86 0.45

R 3 3 .96
R 2 3.30 R , 2.17

Y 2 2 .46 Y , 3.02 Y 3 3.49

3 B , 1 .08 B 2 0.22 B 3 0.28

R 1 1 .66 R 2 0.26 R 3 0.20

Y 3 1 .64 Y 2 2.16 Y ! 4.57

4 B , 0.91 B 2 0.50 B 3 0.34

R 3
1 .84 R 2

1.58 R , 0.99

Y 3
1 .62 Y ,

2 .57 Y 2
4.32

5 B 1 1 .86 B 2
0.50 B 3

0.12

R 3
0 .98 R 2

0.88 R 1
0.44

y 2 0 .76 Y 3
3.00 Y ,

3.52

6 B 1

R ,

1 .03 B 3
• 0 .26 B 2

0.13

2 .78 R2
1.08 R3

0.89
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Appendix 4:  C o n t i n u e

Site C ode 4 M o n th s Code 8 M o n th s Code 12 Months

Y 2 2 .7 4
Y 3 3.95

Y ,

B2

3.96
7 B 1 0 .9 3

B 3 0.34 0.22

R , 0 .12
R 2 0.45

R3 0.31

Y , 2 .7 4
Y 2 3.26

Y 3 3.93
8 B 3 0 .7 6

B 2 0.66 B t 0.45

R 3 0 .2 8
R 3 0.26 R 1 0.07

Y 3 2 .5 4 Y 1 2.78 Y 2 2.88

9 B 2 0.71 B , 0 .65 B 3 0.51

R 3 1 .98 R , 1.16 R2 0.26

Y , 2 .4 9 Y 3
3.04 Y 2 3.63

10 B , 0 .6 4 B 2 ' 0. 18 B 3 0.16

R 3 0 .4 5 R 2 0.11 R 1 0.04

Y ,

B 1

R 3

4 .9 5 Y 3
3.97 Y 2 4.93

11 0 .8 8 B 2
1.04 B 3

1.97

0 .5 8 R 1
0.30 R2

0.19

Y-. 3 .3 7 Y ,
3.98 Y 2

4.34

12

3
1.92 B 2

0.57 B 1
0.31

3

R 2
0 .5 4 k 3 0.38 R !

0.14
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A p p e n d i x  4:  C o n t i n u e d

Site Code 4 M o n t h s Code 8 Months Code 12 Months

Y , 0 .70
Y 3 2.74 Y 2 3.06

13 B 3 1.10
B 1 0.46 B2 0.28

R 1 1.90
R3 1.70 R2 0.88

Y 3 1.60 Y 2 1.82 Y , 2.00

14 B 3 2 .75 B 2 1.84 B i 2.75

R ! 0 .88 K 2 0.48 R3 0.65

Y , 2 .12 Y 2 3.56 Y 3 5.10

15 B 3 3 .03 B 1 2.92 B2 2.14

R 1 1.73 R 2 0.25 k 3 0.30

Y , 3 .5 6 Y 2 '
3.90 Y 3

4.45

16 B 1
1.86 B 3

1.08 B2
0.90

R 2
1 .36 R ,

1.54 R3
2.78

1 .04 Y 2
2.26 Y 1

3.77

17

3
1 .07 b i

0.26 B 2
0.37

3

R i
1 .42 R 3

0.24 R2
0.13

Y 3
1 .72 Y 1

2.09

0.76
Y 2
B 2

3.78

0.42

18 b i

R i

1 .32

1.11

B 3

R 3
0.65 r 2 0.29
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Append ix  *1: C o n t i n n e H

Site C ode 9 M o n th s
C° de 8 Months  Code 12 Months

Y 3 1.80
Y , 2.94 Y 2 3.10

19 B 3 0 .10
B , 0.05 B 2 0.02

R , 1.12
R 3 0.76 R2 0.68

Y 1 1.01
Y 2 1.72 Y3 3.08

20 B 2 0 .36 B 1 0.86 B3 0.96

R 1 1.36 R 3 0.20 R2 0.17

Y 2 0 .94 Y 3 1.68 Y , 3.12

21 B 1 1.35 B 3 0.48 B2 0.22

K 3 0 .65 R 1 0.59 R2 0.14

Y 2
0 .68 Y 3

1.56 Y 1 2.98

22 B 2
0 .27 B 3

0.36 B t
0.04

R 2
0 .73 R 1

0.32 R3
0.60

Y 2
1.50 Y 3

2.58 Y .
2.74

23 B 3
0 .52 B 2

0.36 B ,
0.37

R ,
0 .29 R 3

0.33 R2
0.20

24 B

R

1 . 02

0 . 1 8 B

R

1.39

0.38 B.

R.

3.26

0.14

0.35
0 .32

0.28
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Appendix 4:  C o n t i n u e d

Site C o d e  4 M o n t h s  Code 8 M on ths Code 12 Months

D i f fe ­
rent

Y 2 0 .52
Y i 1.49 Y 3 1.69

Soils B 3 0 .82
B , 1 .15 B 2 0.84

R 1 R20 .82 1.05 1.06



A p p e n d i x  5 : C o r r o s i o n  p a r a m e t e r s  o b t a i n e d  f r o m  e l e c t r o c h e m i c a l  p o l a r i z a t i o n  m e a s u r e m e n t s .

Sample
No.

Ta fe l  slope s 8 /mV C o r ro s io n C u r r e n t s  ( p A ) C o r ros ion  p o te n t ia l

3a
(mV

Be
(mV)

Ta fe l  E x t r a ­
po la t ion  (p A )

L in ea r  P o la r i ­
zat ion  (p A )

B e fo re  
d e - a e r a ­
t io n  (pA )

De­
aera ted

(mV)

D i f fe rence
(mV

1 75 900 9.5 17.2 655 705 50

2 70.6 1300 13.4 18.1 665 765 100

3 94 1120 9.5 13.2 655 765 110

4 89 550 8.4 10.4 745 805 60

5 109 1200 5.8 16.9 725 755 30

6 145 1000 11.5 17.7 730 785 55

7 133 4600 17.9 18.7 705 765 60

8 66.7 400 6.3 7.25 . 765 785 20

9 80 667 7.9 8.9 745 785 40

10 156 1200 12.2 13.8 675 770 95

11 140 640 8.0 11.7 755 785 30

12 109 2000 15.8 21.8 665 715 50

13 108 700 9.5 10.9 725 780 55

14 111 977 16.0 19.3 680 745 65

15 114 2200 13.1 16.6 690 760 70

16 120 1455 18.9 24.8 690 770 80
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A p p e n d i x  5 Con t inued

Sample Tafel  slopes 6 / mV C orros io n  c u r r e n ts  (pA) C o r ros ion potent ia l
IN 0  .

6a
(mV)

6 c 
(mV)

Tafel  E x t ra ­
polat ion  (pA)

L inear  Polar i ­
zation (pA)

Before  
d e - a e ra -  
t ion  (p V )

de­
aerated

(mV)

Di f fe rence
(mV)

17 109 1200 10.0 11.0 735 775 40

18 169 875 17.0 26.3 630 775 145

19 114 600 7.5 13.8 715' 785 70

20 140 1067 14.2 13.1 705 760 55

21 140 1400 14.1 17.9 705 770 65

22 80 1267 11.5 22.2 625 755 130

23 133 1334 17.0 29.0 655 780 125

24 133 1818 10.5 16.1 695 780 85

to
O

Z
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r r e n t  d e t e r m i n a t i o n  f o r  sample No. 2
Fig. 2: C o r r o s io n  cu
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Fig. 3: C o r r o s i o n
c u r re n t  d e te rm in a tio n  fo r  sample No. 3
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Fig. 4: C o r r o s i o n
c u r r e n t  de te rm in a tio n f o r  sample No. 4.
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F ig .  6 :  C o r r o s io n  c u r r e n t  d e te rm in a t io n  fo r  sample No. 6
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F ig .  8: C o rro s io n
c u r r e n t  determ ination fo r  sample No. 8.
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F ig .  10: C o rro sio n c u r r e n t  d e te rm in a t io n fo r  sample No. 10.



F ig .  18: C o r ro s io n  c u r r e n t d e te rm in a t io n  fo r  sample No. 18.



Fig. 11:
C o rro s io n  c u rre n t determ ination for sample No. 11
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n n i r r p n t  d e te rm in a t io n  fo r  sample No. 12
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c u r r e n t  d e te rm in a t io n  fo r  sample No. 1£i.
F ig .  14: C o rro sio n
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F ig .  15: C o rro s io n  c u rre n t determ ination for sample No. 15



Fig. 16: C o rro s io n  c u rre n t  determ ina
t ion  fo r  sample No. 16.
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F ig .  17: C o r r o s io n  c u r r e n t  d e te rm in a t io n  fo r  sample No. 17
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F ig .  18: C o r r o s io n  c u r r e n t d e te rm in a t io n  fo r  sample No. 18.
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F ig . 19: C o r r o s io n  c u r r e n t  d e te rm in a t io n  fo r  sample No. 19.
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F ig .  20: C o rro s io n  cu r r e n t  d e te rm in a t io n  fo r  sample No. 20.
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F ig .  21: C o rro s io n  cu rre n t determ ination for sample No
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F ig .  22: C o r ro s io n  c u r r e n t  d e te rm in a t io n  fo r  sample No. 22.
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