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ABSTRACT 

The  c o a l  mining indus t ry  is f a c ing  s e r i ous  co r ro s ion  problems.  Millions 
of l i t r e s  of w a t e r  i s  d isposed off  f r o m  s o m e  underground c o a l  m ines  eve ry  
day.  In t h i s  su rvey ,  m ine  w a t e r  s a m p l e s  f r o m  var ious  underground c o a l  m ines  
w e r e  c o l l e c t e d  and  analysed  in a n  a t t e m p t  t o  c o r r e l a t e  t h e  var ious  physico- 
c h e m i c a l  c h a r a c t e r i s t i c s  w i th  t h e i r  corros iv i ty .  The  ana ly se s  i nc lude  d e t e r m i n a -  
t i o n  of t h e  va lue s  of pH,  a lka l in i ty ,  a c id i t y ,  spec i f i c  conduc t i v i t y ,  hardness ,  
t o t a l  solids,  su lpha t e ,  ch lor ide ,  cup r i c ,  f e r r o u s  and  f e r r i c  ions. Corros ion  r a t e s  
of s t e e l  in m i n e w a t e r s  w e r e  a l so  measu red  by weight - loss  t r i a l  me thod .  

T h e  p r e sen t  su rvey  shows  t h a t  m i n e  w a t e r s  a r e  nea r l y  neu t r a l ,  a lka l ine ,  
mildly a c i d i c  and highly ac id i c  in na tu r e .  The co r ro s iv i t y  of t h e s e  vary  f r o m  
mildly t o  e x t r e m e l y  corros ive .  An eva lua t i on  of m i n e w a t e r s  co r ro s iv i t y  using 
Lange l i e r  S a t u r a t i o n  Index h a s  a l s o  b e e n  m a d e  b u t  n o  d e f i n i t e  re la t ionship  
h a s  b e e n  found b e t w e e n  t h e  co r ro s ion  r a t e  and Langel ier  Sa tu r a t i on  Index. 
A c l a s s i f i c a t i on  o n  t h e  bas is  of co r ro s iv i t y  of t h e s e  mine  w a t e r s  i s  a l s o  made.  

C a u s e s  of agg re s s ivenes s  of ~ e ~ ' ,  c u 2 + ,   SO^^-, cI- in a c id  mine  
w a t e r s  h a v e  a l so  been  d i s c  s s ed  whic  conc lude  t h a t  co r ro s ion  r a t e  ??+ 3. ";;; 
sign i f i c an t l y  i nc r ea sed  by F e y +  a n d  Cu  d u e  t o  t he i r  r educ t i on  t o  F e  
m e t a l l i c  C u ,  r e spec t i ve ly .  O c c u r r e n c e  of t h e s e  ions  in ac id  m i n e  w a t e r s  ha s  
a l so  b e e n  d iscussed .  

INTRODUCTION 

Wate r  is  co r ro s ive  by  r ea son  of i t s  ab i l i ty  t o  d issolve  t h e  m a t e r i a l  
w i th  wh ich  i t  c o m e s  i n t o  c o n t a c t  and  c o r r o d e  t h e  m e t a l s  b e c a u s e  of t h e  t he rmo-  
d y n a m i c  ins tabi l i ty .  As in a l l  o t h e r  i ndus t r i e s  corros ion  i s  a press ing  problem 
in mining.  The  m o r e  s o  because ,  in add i t i on  t o  t h e  m o n e t a r y  loss,  i t  is  of 
v i t a l  c o n c e r n  in r e l a t i on  t o  s a f e t y  m e a s u r e s  in mines .  With increas ing  mechan i s a -  
t i o n  in  m i n e s  t h e  p rob l em of co r ro s ion  i s  i nc r ea s ing  in in tens i ty .  

Mine w a t e r s  occupy  a unique  p l ace  in co r ro s ion  s t udy  in v iew of 
t he i r  h ighly  c o m p l e x  n a t u r e  a n d  widely varying compos i t i on  f r o m  mine  t o  
mine .  C o a l  m ine  indus t ry  h a s  t o  pump  o u t  mill ions of l i t r e s  of w a t e r  eve ry  
day.  The  p rob l ems  of m ines  w a t e r  corros ion  a r e  widespread in underground 
c o a l  mines .  The  ma in  bulk of underground w a t e r  f r o m  major  Indian coa l f i e l d s  
is n e u t r a l  t o  a l ka l i ne  in n a t u r e ,  a n d  a s  such  d o e s  n o t  normal ly  g i v e  r i s e  t o  



any ser ious  corrosion problems. Acute  corrosion problems a r e ,  however, encoun- 
t e r e d  when mine wa te r s  a r e  acidic. Rawat  e t  a1 (1976, 1981, 1983) have analysed 
some  mine wa te r s  f rom Indian coalfields and have studied their  corrosivity. 
Earlier Hoey e t  a1 (1971, 1975) have reported t h e  similar work on Canadian 
mine  waters .  

This paper  presents  a survey carr ied ou t  in various underground coal  
mines  of Indian coalf ie lds  t o  ascer ta in  t h e  corrosivity of mine waters .  An 
evaluat ion of t h e  corrosivi ty  of t h e  wa te r s  is  a lso assessed t o  de te rmine  whether  
t h e  Langelier Saturat ion Index (SI), a s  widely used in the  drinking wa te r  industry, 
i s  a reliable indicator of a wa te r ' s  corrosive potential.  A class i f icat ion of 
mine w a t e r s  f rom Indian coalf ie lds  is a lso made. 

EXPERIMENTAL METHODS 

Chemical  Analysis of Mine Water Samples 

Mine wa te r  samples  col lected f rom underground mines of Indian 
coalf ie lds  were  analysed by employing s tandard methods (Amer.  Public Heal th  
Assoc., 1971). The pH and conductivity values were  measured using Philips 
pH-meter  and Systronics  conduct ivi ty  bridge, respectively. Total iron and fe r rous  
ions were  e s t ima ted  spectrophotometr ical ly  using VS U 2  spectrophotometer .  

Corrosion Ra tes  Determinat ion 

Corrosion r a t e s  were  calculated on t h e  basis of weight loss of t h e  
m e t a l  specimen (2.5 x 4.0 c m )  immersed in s t agnan t  mine wa te r  sample  for 
1 5  days. However, in t h e  c a s e  of acidic  mine waters ,  24 hours weight-loss 
measuremen t  were  ca r r i ed  out.  

Mild s t e e l  specimens used in this s tudy had t h e  following composition: 
C - 0.06%, Mn - 0.51%, P - 0.045%, S - 0.41%, W - 0.02% and A1 

0.011%, a s  given by Quantovac,  R h D  Lab., Bokaro Steel  Plant.  The su r face  
of t h e  specimens was prepared by degressing in boiling a c e t o n e  and pickling 
in 10% HCI fo r  one  minute. 

RESULTS AND DISCUSSION 

Physico-chemical cha rac te r i s t i c s  of mine wa te r s  f rom Jha r i a  coalf ie ld  
(Dhanbad) and Eastern coalfield of Raniganj, a r e  given in Tables 1 and 2 respec-  
t ively  - which show t h a t  t hese  underground mine wa te r s  a r e  neutra l  t o  slightly 
a lkal ine  in nature .  Corrosion r a t e s  of mild s t e e l  specimens in these  mine w a t e r s  
ind ica te  t h a t  under normal  conditions they should not  pose any ser ious  corrosion 
problem. These mine wa te r s  a r e  qu i t e  hard with varying amounts  of dissolved 
solids i.e. f rom 300-1500 ppmconcentrat ion range. The e f f e c t  of t h e  to t a l  
dissolved solids is primarily t h a t  of increasing t h e  e l ec t r i ca l  conduct ivi ty  of 
t h e  wa te r ,  thus  reducing t h e  res is tance of e l ec t ro ly t i c  path  of t h e  corrosion 
cel l ,  through some sa l t s  (chlorides and sulphates)  have  a specif ic  e f f e c t  on 
t h e  corrosion react ions  (Ahmadi, 1951). Corrosivity of these  mine wa te r s  is  
mainly due  t o  t h e  presence of SO4 -- when coupled with high concentra t ion 
of to t a l  dissolved solids. Generally, C1 in t h e  concentra t ion present  in these  
mine  w a t e r s  does  n o t  e f f e c t  overal l  r a t e  of corrosion. 

Corrosivity of these  neutra l  t o  slightly a lkal ine  mine wa te r s  by hydrogen 
evolut ion react ion c a n  accoun t  for  only a very smal l  me ta l  dissolution. Only 
ca thod ic  react ion t h a t  c a n  occur  a t  any significant r a t e  of corrosion is  oxygen 
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depolar isat ion.  Hard w a t e r s  wi th  low dissolved solids c o n t e n t ,  however  r e s t r i c t  
t h e  oxygen dif fusion d u e  t o  t h e  deposi t ion of C a C 0 3  f i lm on t h e  s t e e l  su r face .  

Dissolved C 0 2  gas  inc reases  t h e  H+ concentraJ ion (low pg in w a t e r  
by forming ca rbon ic  a c ~ d  which dissociates  t o  fo rm H and C 0 3  , ions and 
c a u s e  hydrogen evolut ion t y p e  corrosion.  This e f f e c t  of C O Z Y  however ,  1s c o u n t e r  
a c t e d  by t h e  p resence  of a lkal ine  s a l t s  so  t h a t  for  p r a c t ~ c a l  purposes  pH will 
depend upon t h e  r a t i o  b e t w e e n  t h e  two. 

When m e t a l  i s  corroding in t h e s e  mine  wa te r s ,  a lkal i  i s  fo rmed  by 
t h e  r educ t ion  of dissolved oxygen according t o  following equa t ions  : 

This inc reases  t h e  pH a t  c a t h o d e  and thus  enab les  t h e  p rec ip i t a t ion  of C a C 0 3  
on t h e  m e t a l  s u r f a c e  a s  many w a t e r s  a r e  supe r sa tu ra t ed  in ca l c ium c a r b o n a t e  
and bicarbonate .  Actual ly  a layer  of a lkal i  s a t u r a t e d  solut ion of hydrous f e r rous  
oxide (pH 9.5), a lways r emains  on iron and s t e e l  s u r f a c e  when i t  is immersed  
in near ly  neu t ra l  and alkal ine  w a t e r  (Uhlig, 1964). Gurdeep  (1985) observed 
t h a t  corrosion r a t e  of s t e e l  spec imens  is  independent  on  pH within  t h e  pH 
range of 4-10. Since pH on t h e  iron s u r f a c e  under  t h e s e  condi t ions  r emains  
9.5 which keeps  t h e  hydrated f e r rous  oxide l aye r  una f fec ted .  

Mine Water  Corrosivi ty  and  Langel ier  Sa tu ra t ion  Index 

The Langel ier  Sa tu ra t ion  Index (SI) is based upon t h e  analysis  of 
wa te r  fo r  pH, C a  hardness ,  a lkal ini ty ,  and t o t a l  dissolved solids. SI is  s imply 
t h e  d i f f e r e n c e  be tween  a c t u a l  pH of w a t e r  and t h e  ca lcu la t ed  pH of ca l c ium 
c a r b o n a t e  sa tu ra t ion ,  t h a t  i s  : 

SI = pH (measured)  - pHs (computed)  ( 3 )  

If t h e r e  is  no  d i f f e rence ,  t h a t  is, SI is ze ro ,  t h e  w a t e r  is  bel ieved t o  s table .  
If SI is  posi t ive  (pH > pHs) t h e  w a t e r  is  expec ted  t o  b e  p r o t e c t i v e  and ,  thus ,  
noncorrosive. A nega t ive  SI (pH 4 pHs) is i n t e rp re t ed  t o  ind ica te  t h a t  t h e  
w a t e r  is  aggres ive  and,  the re fo re ,  corrosive.  

The plots  of r a t e s  of corrosion of mild s t e e l  in mine w a t e r s  aga ins t  
SI a r e  demons t ra t ed  in Fig.1. The pHs w e r e  ob ta ined  f r o m  t h e  c h a r t  of Powel l  
e t  a1 (1945). This shows t h a t  i t  i s  no t  easy  t o  es tabl ish  a d i r e c t  re la t ionship 
be tween  t h e  t w o  values. 

The  positive sa tu ra t ion  indices  a r e  likely t o  b e  ob ta ined  a s  long 
a s  hardness  values  a r e  suff ic ient ly  high bu t  i t ,  o f  cour se ,  will depend upon 
t h e  r e l a t ive  ca lc ium ion and alkal ini ty  values. It is, however ,  i n t e res t ing  t o  
n o t e  t h a t  w a t e r s  having values  of SI a s  +0.76 and -0.68, have  t h e  s a m e  corrosion 
r a t e  fo r  s t ee l .  Fu r the r  corrosion r a t e s  of s t e e l  in t h e s e  mine  w a t e r s  depend 
upon t h e  concen t ra t ion  of chlor ide and su lpha te  ions and is  i r r e spec t ive  of 
t h e  sign and value of SI. 

This s tudy indicates  t h a t  regardless  of t h e  a lgebra ic  value of sa tu ra t ion  
indices, w a t e r s  wi th  dissolved e l ec t ro ly te s  a r e  all  corrosive.  Hence ,  t h e  Lengel ier  
Sa tu ra t ion  Index needs t o  b e  thoroughly examined  along with  o t h e r  p a r a m e t e r s ,  
when i t  i s  t o  b e  appl ied t o  aqueous sys t ems ,  in c o n t a c t  wi th  a corroding m e t a l .  



Langelier Sa tura t ion  Index 

Figure.1 Graph between corrosion rate and langelier 
saturation index. 



P n  - 
Figure.2 Effect of pH on the corrosion of Mild Steel. 



Cor ros iv i t v  of  Acid [Vine Wa te r s  

Chemica l  ana ly se s  of m ine  w a t e r  s amp le s  f r o m  N o r t h e a s t e r n  Coa l f i e l d  
of India (Assam)  is g lven  in Tab l e  3. These  mine  w a t e r s  a r e ,  in gene ra l ,  highly 
ac id i c  and  c o n t a i n  high su lpha t e  and  i ron  c o n t e n t  coup l ed  wi th  low pH. The  
high ha rdnes s  va lue s  coupled  wi th  high ac id i t y  and low pH z d i c a t e  tha ; f+pr imary  
c a t ~ o n  c o n t r ~ b u t ~ n g  t o  ~t 1s so luble  iron a p a r t  f r o m  C a  and  Mg . These  
m l n e  w a t e r s  i n sp i t e  of having high ha rdnes s  show a very  high d e g r e e  of co r ro s i -  
v l ty  a s  ha rd  c r u s t y  depos i t  o n  t he  m e t a l  s u r f a c e  t end  t o  d issolve  in a c i d i c  
media .  S u r f a c e  ox ide  f i lm  of hydrous  f e r rous  ox ide  is d issolved a t  pH below 
4 and  d i r e c t l y  c o m e s  i n to  c o n t a c t  w i th  t h e  ac id i c  env i ronmen t .  Increased  r a t e  
of f+orroslon ' t h e  r e su l t  of bo th  hydrogen evo lu t i on  and oxygen  depolar isa t ion .  
F e  and CuYi ions  in a c id  m i n e  w a t e r s  f u r t h e r  m a k e  t h e m  m o r e  agg re s s ive  
by g iv ing  r i s e  o a d d i t ~ o n a l  r educ t i on  r e a c t i o n s  o n  t h e  m e t a l  s u r f a c e .  Howeve r ,  
p r e s e n c e  of Cu" i s  no t  d e t e c t e d  in t h e s e  rnlne wa t e r s .  

Acidi ty  in m i n e  w a t e r s  r e su l t s  by oxidat ion  of py r i t i c  m a t e r i a l s  a s soc i a t ed  
w i th  c o a l  depos i t s  d u r ~ n g  mining opera t ions .  Gurdeep  a n d  R a w a t  (1982, 1983) 
s t ud i ed  t h e  n a t u r e  and o c c u r r e n c e  of a c ~ d  mine  d r a i n a g e  in N o r t h e a s t e r n  Coa l -  
f ie ld  of India. The  r a t e  of p y r i t e  ox ida t i on  is g r e a t l y  a c c e l e r a t e d  by c e r t a i n  
Iron and  sulphur-oxidising c h e m o a u t o t r o p h i c  ac idophi l ic  b a c t e r i a  pa r t i cu l a r l y  
Thiobaci l lus  fer rooxidans .  This expla ins  t h e  e x i s t e n c e  of su lphur ic  a c id ,  i ron  
su lpha t e s  a n d  o t h e r  ions in a c id  mine  w a t e r s .  

E f f e c t  of pH on  t h e  co r ro s ion  r a t e  of mild s t e e l  i s  shown in  Fig.2 
i n d i c a t e s  t h a t  co r ro s ion  r a t e  dropped cons iderably  f r o m  61.65 mpy a t  pH 1.0 
t o  2.54 mpy  a t  pH 5.0. This i s  d u e  t o  t h e  f a c t  t h a t  co r ro s ion  e f f e c t s  of d issolved 
oxygen  a r e  much  i nc r ea sed  in add i t i on  t o  hydrogen evo lu t i on  in a c id  w a t e r  
a t  low pH. Howeve r ,  corros ion  r a t e s  of mild s t e e l  in su lphur ic  a c id  so lu t ions  
in t h e  pH r a n g e  of 2-3 is only b e t w e e n  6-8 rnpy. H e n c e ,  sLTlphuric a c id  a lone  
c a n  n o t  a c c o u n t  f o r  t h e  high co r ro s ion  r a t e s  of mi ld  s t e e l  w h e n  c o m p a r e d  
in t h e  or ig ina l  a c id  mine  w a t e r  under  s imi lar  pH condi t ions .  

E f f e c t  of Aggress ive  Ions : 

Various agg re s s ive  ions  such  a s  sob2-, cI- and  ~ e ~ +  a r e  p r e s e n t  
in  afjd m i n e  w a t e r s  a t  s i gn i f i c an t  concentration l eve l s  a s  shown in Tab l e  3. 

S O 4  , and  CI- ions  occu r  d u e  t o  t h e  b r e a k d o ~  arid subsequen t  d issolu t ion  
of p y r l t e  and  o t h e r  m a t e r i a l s  d u e  t o  mining. F e  Iron a s  r e su l t ed  by p y r i t e  
ox ida t i on  unde rgoes  ox ida t i on  in su lphuf ic  a c id  med ium by Thiobacillu fer rooxi -  
dans a t  a cons id r ab l e  r a t e  a n d  t hus  exp l a in s  t h e  e x i s t e n c e  of F e 3 + m  
ac id  m i n e  w a t e r s .  

T h e  e f f e c t  of t h e s e  agg re s s ive  ions o n  co r ro s ion  r a t e  of mi ld  s t e e l  
in su lphu r i c  a c id  so lu t ion  of pH 2.5, i s  d e m o n s t r a t e d  in Fig.3 which  shows 
t h a t  a n  i n c r e a s e  in t h e  c o n c e n t r a t i o n  of t h e s e  ions  c a u s e s  a n  i n c r e a s e  in t h e  
co r ro s ion  r a t e .  T h e  co r ro s ive  agg re s s ivenes s  of t h e s e  ions  a t  t h e  s a m e  c o n c e n t r a -  
t i on  l eve l  i s  found in  t h e  fo l lowing o r d e r  : 
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Howeve r ,  t h e  o r d e r  of agg re s s ivenes s  is changed  a s  per  t h e ~ r  ava i l ab l e  c o n c e n t r a -  
t i ons  in  a c id  m i n e  w a t e r  a s  : 

T h e  agg re s s ivenes s  of ~ e ~ +  ions  i s  d u e  t o  i t s  rapid r educ t i on  on  t h e  m e t a l  
s u r f a c  This  r educ t i on  i nc r ea se s  t h e  r a t e  of co r ro s ion  a s  t h e  c o n c e n t r a t i o n  
of Fe5? ions  in so lu t ion  g o e s  o n  increas ing .  The  o t h e r  r educ t i on  r eac t i ons  
occu r r i ng  in a c id  so lu t ions  a r e  oxygen depo l a r i s a t i on  and ga seous  hydrogen 
evo lu t i on  r eac t i ons .  The  pa r t i a l  r educ t i on  and  ox ida t i on  p roce s se s  con t r i bu t i ng  
t o  t h e  ove ra l l  co r ro s ion  of mild s t e e l  in t h e s e  ac id  mine  w a t e r  a r e  : 

Reduc t i on  Reac t i ons  

Fe3+  + e = F e 2 +  

Oxidat ion  R e a c t i o n  

T h e  c o m p a r a t i v e  i n c r e a s e  in co r ro s ion  r a t e s  a t  h igher  s u l p h a t e  c o n c e n t r a t i o n s  
i s  usual ly  a t t r i b u t e d  t o  t h e  h igher  conduc t i v i t y  of t h e  so lu t ions  in t h e  p r e sence  
of t h e s e  ions  a n d  formatio! of bas ic  f e r r i c  s u l p h a t e  which  c a u s e s  i n t ense  p i t t i ng  
o n  t h e  m e t a l  su r f ace .  C1 ions in a c id  so lu t ions  f o r m  soluble  F e O C l  complex  
and  t h u s  c a r r i e s  a w a y  F e 2 +  f r o m  t h e  s u r f a c e  of t h e  me t a l .  Synergis t ic  e f f e c t  
of t h e s e  ions  r e su l t  in agg re s s ive  a t t a c k  o n  t h e  m e t a l  su r f ace .  

C l a s s i f i c a t i on  of  Mine Wa te r s  : 

F r o m  t h e  r e su l t s  of t h i s  su rvey ,  m i n e  w a t e r s  c a n  b e  c lass i f ied  i n t o  
fo l lowing t y p e s  a s  fo l lows : 

T y p e  I A highly ac id  w a t e r ,  pH 2.0 t o  4.5 
Type  2 A s o f t ,  s l ight ly  a c i d  w a t e r ,  pH  5.0 t o  7.0 
Type  3 A s o f t ,  a l ka l i ne  w a t e r ,  pH 7.5 t o  9.0 
Type  4 A ha rd ,  n e u t r a l  t o  a l k a l ~ n e  w a t e r ,  pH  7.0 t o  8.5 
Type  5 A s o f t ,  a c id  w a t e r ,  pH 3.5 t o  8.5 
Type  6 A highly s a l i ne  w a t e r ,  pH  6.0 t o  8.0 

T h e  a b o v e  c l a s s i f i c a t i on  is conven i en t  o n e  t o  a d o p t  t o  de sc r i be  t h e  
n a t u r e  a n d  d e g r e e  of co r ro s iv i t y  of m i n e  wa t e r s .  Type  6 i s  uncommon  in t h e s e  
m i n e  wa t e r s .  Expe r i ence  of l abo ra to ry  co r ro s ion  t e s t i ng  w i th  s imu la t ed  w a t e r s  
of t h e  s ix  t y p e s  and  e x p e r i e n c e  of co r ro s ion  p rob l ems  e n c o u n t e r e d  underground 
h a s  shown  t h a t  w a t e r s  of Type  1 a r e  pa r t i cu l a r l y  t r oub l e some  ones .  
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