
IETY O F  M 

348 E A S T  47TH STREET. NEW VORK 4 7 ,  N.Y. 7 



ACID MINE DRAINAGE XESMCH AT BITUMINOUS COAL RESEARCH, INC, 

BY 
E.. A. Zawadzki, Project Sc ien t i s t  

Bituminous Coal- Research, Inc. 
350 Hochberg Road 

Monroeville , Pennsylvania 

LNTRODUCTION 

The problem of pol lut ion of water by mine drainage i s  a t  least as  old as  
the mining industry i t s e l f .  However, research on the  formation, composition, 
treatment, and abatement of mine water i s  a r e l a t i v e l y  recent h i s t o r i c a l  event. 

A t  Bituminous Coal Research, k c . ,  ac id  mine drainage control  has been an 
important area of work since 1944, a t  which time BCR began sponsorship of re-  
search at  West Virginia University. The work a t  West Virginia University 
involved a detai led study of the  ac id  mine drainage problem and l e d  to t he  ident i -  
fication of i ron  oxidizing bac ter ia  as important fac tors  i n  the  formation of ac id  
mine water. The re su l t s  of t h i s  research were summarized i n  1954 by Temple 
and Koehler (1) who concluded t h a t  "no p rac t i ca l  solut ion f o r  the  problem" of 

I1 controlling acid mine drainage i s  yet  known. 11 

BCR continued sponsorship of research by co-supporting the  work of the  l a t e  
D r .  S. Braley.(2, 3)  D r .  ~ r a , l e ~ %  studies  of the  fomnation and control  of acid 
mine water were s igni f icant  contributions t o  our technology. O f  pa r t i cu la r  
importance a r e  the  r e su l t s  of D r .  Braley's work on the  prevention of acid mine 
drainage by proper layout of drainage channels i n  ac t ive  mines, h i s  studies of 
the composition of mine water, and h i s  ident i f ica t ion  of acid forming minerals. 

In  1961, Bituminous Coal Research, Inc., moved i n t o  new laboratory f a c i l -  
i t i e s  i n  Monroeville, Pennsylvania. Significantly,  it was jus t  af'ter the  move 
that  "in house1' research a c t i v i t i e s  on controlling mine drainage were i n i t i a t e d .  
The work from 1962 t o  1966 tms exploratory i n  nature, but  l e d  t o  the  development 
of an expanded program, discussion of which i s  the  subject of t h i s  paper. 

BCR recognized that there  were many areas of the  f i e l d  of' mine drainage con- 
t r o l w e r e  research was needed, primarily research concerning the  chemical and 
physical propert ies  of mine water and mine water sludge, and research concerning 
the development of improved processes f o r  the treatment of mine water. 

Many facets  of t h i s  research have been i n i t i a t e d  and these w i U -  now be 
described. 

1. Chemical and Physical Properties of Mine Water 

I n  order t o  appreciate the  in ten t  of t h i s  work area,  a b r i e f  review of the 
formation of mine water i s  necessary; 

Acid mine drainage re su l t s  from the  dissolut ion of oxidation products of 
pyr i te  i n  noMnally alkal ine ground water together with the  subsequent dissolut ion 
of other minerals in the  resul t ing  ac id ic  solut ion,  



2. 

The mechanism of the chercTcal reactions involved i n  pyri te  oxidation i s  Com- 

plex. It has generally been represented by the following overal l  chemical 
reaction. ., 

(a)  FeS2 + 70 + Hz0 = FeS04 + H2S04 

It is  believed tha t  the actual  mechanism involves a 'series of simultaneous 
and consecutive chemical, electrochemical, and bacter ia l ly  induced reactions 
which have not as yet  been completely established. One hypothesis is  tha t  the 
i n i t i a l  reaction i s  a chemical oxidation as represented by reaction (a). It is  
believed tha t  t h i s  i n i t i a l  reaction i s  dependent on such factors as  pyri te  
properties, pyri te  composition, and temperature. The formation of acid may then 
trigger a ser ies  of complex reactions as follows:(4) 

(b) 2 FeS04 + 0 + H2SO4 2 ~ e ~ ( ~ 0 4 ) ~  + H20 

in  the presence of thiobacillus ferrooxidans and ferrobacillus ferrooxidans. 

(c) 7 F ~ ~ ( s o ~ ) ~  + 8 H20 2 15 FeS04 + 8 H2S04 

acting on p p i t e  by electrochemical reaction. 

another chemical reaction. 

(e)  S + ~ O + H ~ O ~ H ~ S O ~  

in  the presence of thiobacillus thiooxidans. 

The secondary reaction of H2SO4 produced by pyri te  oxidation, with various 
minerals t o  form a complex solution of metal ions and sulfates i n  acid solution, 
i s  probably the reason for  the  presence of only a s m a l l  quantity of "free sul- 
furic acid" i n  mine water. 

~ n r a v e l l i n ~  the complex chemistry of the aqueous solution known as mine 
drainage i s  par t  of BCR8s research objective. More important, i s  the application 
of t h i s  knowledge t o  the treatment, control, and abatement of nine water, and t o  
disseminate t h i s  information t o  those di rect ly  involved i n  t rea t ing mine water. 
Preliminary resul ts  i n  t h i s  area include an analysis of the properties of the 
principal ionic species present i n  mine water. Some of the resul ts  obtained are  
as fo~lows: 

a. Iron Content: Ferrous sulfate i s  the  principsl  soluble oxidation product 
of pyrite. However, ferrous sul fa te  i n  solution is unstable, depending on pH and 
oxygen content of the water. A t  low pH <6, solutions of ferrous sulfate can be 
kept fo r  long periods of time without change; abwe pH 6, i n  the presence of air, 
sunlight, and/or certain bacteria, ferrous iron oxidizes t o  f e r r i c  iron, the r a t e  
being dependent on the pH of solution. Mine water containing ferrous iron may be 
a clear solution, however, subsequent aeration, di lut ion with alkaline water, and/or 
bacterial  action i n i t i a t e  the chain of reactions which lead t o  the formation of 

I I 11 yellow t o  red precipitates which cause red water. The formation of an iron 



precipitate from ferrous-containing water can be represented by the  following 
reaction. 

Discussion of the  mechanism of t h i s  react ion i s  beyond the  scope of t h i s  
paper, however, it i s  s igni f icant  t o  note t h a t  i n  the  formation of a f e r r i c  
precipitate,  which can be a chemical form other  than F ~ ( o H ) ~ ,  the  overa l l  reac- 
tion includes the  production of an excess of H+ thus leading t o  an acid condition. 
The exact pH of mine water, e i the r  t rea ted  or  untreated, depends on many factors  
and, therefore,  a general statement concerning pH and s t a b i l i t y  of the solut ion 
cannot be made. However, it has been observed by many workers t h a t  a ferrous 
iron-bearing acid water which i s  t rea ted  with lime t o  prec ip i ta te  ferrous hydroxide 
is not s tab le .  This i s  due t o  the  oxidation of the ferrous hydroxide prec ip i ta te  t o  
f e r r i c  hydroxide as shown i n  the  following react ion,  

Thus, a water t r ea ted  with lime may decrease i n  pH a f t e r  treatment due t o  ac id i ty  
generated by the  oxidation of ferrous hydroxide. 

Understanding of the  complex chemistry of dissolved i ron i n  mine water i s  of 
prime importance i n  development of usef'ul and p rac t i ca l  treatment processes. 

b. Oxidation of Ferrous Iron: For the  most pa r t ,  t he  successftxl treatment 
of mine drainage concerns the  eff iciency of removal of i ron from solut ion,  I n  
acid mine drainage, i ron can occur both" i n  the  Fe+2 and Fe'3 forms. A t  pH above 
3, but l e s s  than 9, Fe'2 is  the  sta,ble form, ~ e + 3  hydrolyzes t o  completion a t  
PH 3 -  The oxidation of ~ e + ~  t o  FeC3 i s  rapid and complete a t  pH levels  above 7; 
however, a t  a lower pH, o r  i n  the  presence of complexing agent, Fe'2 i s  s table .  
Stumm, e t  a 1  ( 5 ) >  Barthauer (6),  Glover (7), and others (8, 9),  have reviewed 
the problems associated with ~ e + ~  oxidation. Glover (7) has proposed a bac te r i a l  
process f o r  ~ e + 2  oxidation. Rozelle, e t  a1 (10) have proposed the  use of ozone. 
Chemical oxidation has been considered, but  only one fu l l - sca le  treatment plant  
i s  known t o  be i n  operation and t h i s  on a water containing less than 50 ppm of 
Fe a t  a pH of 6.5-7.0. 

BCR has been searching f o r  a ca ta lys t  t o  a s s i s t  i n  the oxidation of ~ e + *  i n  
acid medium. Working with simple solutions of H2SO4 and FeS04, various coal  
derived carbons have exhibited high ca ta ly t i c  ac t iv i ty ,  Data by Thomas and 
Ingraham (11) and the  patent by Schumacher and Heise (12) support our observation 
tha t  carbons i n  f a c t  can a c t  as  oxidation ca ta lys ts .  Considerable research is  
necessary, however, t o  f ind  the  bes t  ca ta lys t .  

I n  addition t o  the  ca ta lys t  research, an evaluation i s  t o  be made of various 
chemical oxidants such as permanganate, perchlorate, peroxide, and others.  The 
cost and reac t iv i ty  of these reagents i s  t o  be established and compared with 
oxidation by conventional aeration techniques. 

c .  Precipi tate  Formation: The problem of pol lut ion of streams by mine water 
is b.rofold, 



(1) Pollution from acid-f orming constituents , and 
(2) Pollution caused by the formation of insoluble metal 

precipitates. 

The infamous sludge called "yellowboy" i s  notoriously familiar t o  all. who have 
visited coal mining areas. The composition of t h i s  sludge i s  as variable 8s the 
source material i t s e l f .  I n  i t s  most idealized form it i s  a precipitate of 
fer r ic  hydroxide. In real i ty ,  however, it i s  a mixture of hydrated metal oxides, 
hydroxides, and sulfates. The sulfates probably a re  present as adsorbed material 
since the hydrated oxides and hydroxides have active surfaces. Mine water treated 
with lime produces precipitates which may a lso  contain calcium sulfate. S i l i ca  
i s  also present i n  some precipitates treated with lime. 

The formation of insoluble metal precipitates from mine drainage i s  p r h r i l y  
due t o  the formation and insolubil i ty of various metal hydroxides with increasing . I n  untreated acid mine waters, changes i n  pH a re  due t o  di lut ion,  reaction 

th  alkaline water, and/or reaction with alkaline minerals, e . g . , limestones, 
dolomites. In  treated waters, the pH has been deliberately raised by adding a 
uitable reagent, such as lime. The influence of pH on the  solubi l i ty  of the 

metal hydroxides can be i l lus t ra ted  i n  Figure 1. 

Figure 1 was prepared from published solubi l i ty  data (13) and i s  a plot  of 
pH versus the logarithm of the molar metal ion concentration. The designation, 
active or  inactive form, on some of the l ines ,  indicates a characterist ic  of 
the precipitate with time. Active forms are  generally fresh precipitates pro- 
duced under conditions of rapid fomnation and are  more soluble than inactive 

+3 Al+3, 3'eC2, forms. Of in teres t  t o  t h i s  discussion i s  the  relationship among Fe 
and pH. In  order fo r  a l l  of these ions t o  be present i n  mine water i n  significant 
concentrations, without precipitation occurring, a pH of 2 i s  required. Raising 
the pH t o  3 causes most of the ~ e + 3  t o  precipitate. The pH must be raised t o  
about 5.5 t o  assure the presence of only negligible aulaunts of A.lt3. Fe+*, the 
~ r i n c i p a l  pyri te  oxidation product, can be found i n  significant quantity i n  
solution, even a t  pH 8. The data i n  Figure 1 are  calculated data and apply 
primarily t o  ideal  systems, solutions i n  equilibrium with a particular hydroxide 
form and i n  the  absence of substances which might form soluble complexes. How- 
ever, information found in Figure l ass i s t s  i n  understanding the complexity of 
mine water chemistry. Based on these data, the following observations can be made. 

(1) The presence of significant quantities of Fe+3 i n  mine water above 
pH 3 indicates tha t  the FeC3 i s  present as colloidal  F ~ ( o H ) ~  or as a soluble 
complex which w i l l  be extremely d i f f i cu l t  t o  t rea t .  

(2) The presence of Large quanti t i tes  of ferrous iron indicates a system 
which i s  unstable, d i f f i cu l t  t o  t r ea t  with only lime since the pH must be raised 
above 8. 

(3) A ~ ( o H ) ~  may be a component of mine drainage sludge. 

(4) M n ( 0 ~ ) ~  should not be found i n  mine drainage sludge. 
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ions and Hf t o  the acidi ty  of a mine water is shown below. 

H+ 1 ppm of H+ = 49 ppm of acidi ty  as H2S04 

~ e + 2  1 p p  of ~ e ' ~  = 1.75 ppm of acidi ty  as H2S04 

J?e3'3 1 ppm of ~e '3  = 2.635 ppm of acidi ty  as H2S04 

1 PPm of mf3 = 5.44 ppm of acidi ty  as H2S04 

Mnf2 1 p p  of ~ n + ~  = 1.78 ppm of acidi ty  as %SO4 

The analytical  measurement of acidi ty involves the t i t r a t i o n  with NaOH of a 
sample of water, which has been previously treated by heating t o  remove C02 and 
t o  promote oxidation of ~ e + 2 +  ; treatment with H202 t o  complete ~ e + ~  o x i h -  
tion i s  also required. The t i t r a t i o n  end point selected for  use varies, however, 
since most of the eaxly workers used an indicator, phenolphthalein, t o  detect 
the end point. Present techniques c a l l  f o r  t i t r a t i o n  t o  pH 8.3, the pH at which 
phenolphthalein begins t o  c m g e  color. 

e. Andyt ical  Methods: Standwdization of analytical  methods fo r  measuring 
acidity and other mine water properties i s  a major f i e l d  of research i n  i t s e l f .  
BCR is  participating in the development and standardization of mine water analwis. 
Current ef for ts  include active membership on ASTM Cormnittee D-19 Technical Committee 
on Industr ial  Water. I n  addition, BCR i s  developing analytical  methods, a,n ex- 
ample is a spectrographic method fo r  the analysis of metal ions i n  mine water. 

2. Process Development Studies 

While considerable work has been done i n  t h i s  country and abroad on the 
treatment of mine drainage by lime and limestone (6, 7, 14, 15) results  achieved 
thus far indicate tha t  many gaps exis t  i n  the data. Because of t h i s  lack of 
information, diverse opinions of the applicabil i ty of lime and limestone neutrali- 
zation have been held by workers i n  the f i e ld .  (15, 16, 17) L i t t l e  systematic 
research has been conducted t o  resolve the differences i n  resul ts  achieved. The 
problems encountered i n  lime and limestone neutm3ization processes are both 
economic and technological; however, both types of problems are considered amen- 
able t o  solution through research. 

Most experimental work previously reported by others has involved large-scale 
exploratory research in which a part icular  mine water i s  t reated with a particular 
reagent. I n  describing the resul ts ,  l i t t l e  at tention has been paid t o  the chemistry 
of the system being treated. Furthermore, only meager i n f o m t i o n  i s  available 
on the effects of composition, chemical equilibria, temperature, oxidation poten- 
tial, and on the t rea tab i l i ty  of a part icular  mine water by a specific process. 
Para~neters for  establishing the optimum combination of chemical techniques for 
treatment of part icular  mine waters are  not available. It i s  the object of t h i s  
phase of our work to  establish these parameters. It i s  believed tha t  data can 
be developed which w i l l  lead t o  the establishment of technoLogy needed for 
optimizing the chemical techniques involved and for  designing treatment plants 
for aU mine m t e r s  . 



a.  Lime Treatment Process: The react ion of lime with acidic  mine water 
can be represented by t h e  following reactions: 

c ~ ( o H ) ~  + 2H' + ~ a + ~  + H20 

ca(0Hl2 + 3'ef2' ~ a + ~  + F~(oH)*  

3 c ~ ( o H ) ~  + 2 ~ e + ~  + 3 ~ a + ~  + 2 F ~ ( o H ) ~  

3 c ~ ( o H ) ~  + 2 Al+3 + 3 cac2 + 2 AL(OH)~ 

These a r e  overa l l  reactions and do not  depict t h e  mechanism of the  formation 
of the insoluble hydroxides nor the  in ter rac t ions  and complex compounds which 
might be formed during the  neutral izat ion of mine water with lime. 

Depending on such fac tors  as r a t e  of addi t ion of reagent, concentration of 
metal component, quant i ty  of reagent added and maximum pH l e v e l  attained, the  
above-described react ions t r i l l  simultaneously o r  consecutively proceed all t he  
tnty o r  only p a r t  of t h e  way t o  completion. The influence of anions such as 
phosphates o r  the  presence of organic chelating agents, f o r  example, would tend 
t o  s t a b i l i z e  ~ e + ~  i n  solution. 

The sludge formed by the  neutral izat ion of mine water with lime i s  large 
i n  volume and of such character t h a t  long s e t t l i n g  times a re  required t o  provide 
c lar i f ica t ion .  The sludge formed i s  heavily hydrated and has a specif ic  gravi ty 
near 1.0. This makes separation of the  sludge from t rea ted  water d i f f icu l t .  

BCR is  attempting t o  es tabl i sh  optimum conditions for. t he  neutral izat ion of 
mine water with lime i n  order to :  

(1) Provide bes t  conditions f o r  neutral izat ion of a l l  ac id ic  components 
of mine  rater, and 

(2) Attexpt t o  minimize, i f  possible,  t he  formation of heavily hydrated 
sludges, 

b. Limestone Treatment Process: Work on the  u t i l i z a t i o n  of limestone as a 
neutralizing agent has been conducted by  many workers, includin BCR. Most 
recently, the  USBM, (18) Rochester and Pittsburgh Coal Company, b) and the 
National Coal Board (7) have presented data. Widespread use of limestone as a 
recent has not been accepted because of i t s  reported non-reactivity. It is our 
bel ief  t h a t  limestone can be used and t h a t  the  r eac t iv i ty  of limestone has been 
under-estimated, 

The react ion of mine .rerater with limestone includes the  following equil ibr ia:  

C ~ C O ~  + H+ t ~ e * ~  + H C O ~  



If H' i s  the only reactant, the system will reach equilibrium rapidly and, 
depending on the  concentration of the limestone, reach a pH of 6 t o  7. A t  t h i s  
pH level ,  the primary species present are  dissolved CO snd HCO;. H2C03 i s  
present, but only t o  the extent of about 3 percent of $ he C02 content. Unfor- 
tunately, other components are present which enter into the reaction. I f  Sufficient 
quantity of limestone i s  added, a l l  of the Fe'3 and ~1'3 w i l l  precipitate. ~ e ' ~  
reportedly i s  unreactive. 

~ e ' ~  removal can only be achieved by oxidation of the  ~ e "  t o  FeC3 or by 
aeration t o  s t r i p  out C02, thereby raising the pH t o  values high enough t o  pre- 
cipi tate F ~ ( o H ) ~ .  The theoret ical  pH of a saturated solution of CaCO i s  about 2 9.5, high enough t o  achieve reaction with all major acidic constituen s of mine 
water. 

The development of a pract ica l  limestone process for  treatment of mine water 
i s  highly desirable. Limestone is cheaper than lime and readily available at  
most coal mining operations. Also, limestone neutralization produces a dense 
-precipitate, as yet  unidentified, which s e t t l e s  rapidly and i n  general i s  more 
desirable than the lime neutralization sludge. 

BCR i s  evaluating the chemical techniques involved in  limestone neutraliza- 
tion. Parameters being studied include the following: 

(1) Limestone coIqosition, 
(2) Limestone par t ic le  size, 
(3) Mine water composition, 
(4) Agitation of limestone par t ic les  during reaction, 
(5) Reaction ra te ,  and 
(6) Temperature. 

Results of a preliminary s t a t i s t i c a l  evaluation of the data obtained thus 
fa r  indicate tha t  the most significant variables are  (1) limestone composition 
(high Ca more reactive than dolomitic) and (2) degree of agitat ion (highly 
agitated system i s  most reactive).  

Data w i l l  be obtained on a wider range of naturally occurring basic minerals, 
including a wide spectrum of mineralogic forms of limestone which occurs i n  the 
coal mining d i s t r i c t s .  The objective of th i s  study i s  t o  establish (1) the 
effectiveness of limestone as a neutralizing agent fo r  mine water, (2) the type 
of mine water t reatable with limestone, (3) the  optimum design of the chemical 
techniques and unit  operations involved i n  limestone neutralization, and (4) 
cri terion for  evaluating limestones i n  genera3 as neutralizing agents. 

c. Combined Limestone-Lime Process: Results of the above mentioned studies 
have led to  an evaluation of a combined lime-limestone rocess. The combined 
lime-limestone process has been exmined by Travers ; (20 7 however, no systematic 
evaLuation of the  process has been reported. Results of the study t o  date are  
encouraging. The resul ts  indicate tha t  the composition of the mine water, Eh of 
the solution a t  which the lime i s  added, and degree of agitat ion are important 
Parameters i n  the process, The combined process has the advantage that  the bulk 
of the reactions are between limestone and various acidic groups, Ferrous ion 
i s  precipitated, but due t o  the conibbed effect  of limestone and lime, only small. 



quantit ies of l i n e  are  required. The precipi tated ferrous iron oxidizes rapidly and 
the resul t ing  ac id i ty  i s  neutralized by excess l h e s t o n e  already i n  the  systecu. The 
study i s  f a r  from completion, the  fac tors  control l ing the  combined lime-limestone 
process need t o  be established. Such factors  as  (1) effect of mine water composition, 
(2) Eh, (3) pH, (4) quantity of reagents, (5 )  Og and C02 p a r t i a l  pressures, (6) 
agitation r a t e ,  and (7) aerat ion r a t e  w i l l  be evaluated. 

e .  Sulfide Treatment Process: -- Under a grant  from the  Appalachian Regional 
Commission, BCR i s  invest igat ing the  use of su l f ides  as a reagent fo r  t r ea t ing  mine 
water. The reaction between S= and mine water constituents i s  generally as  follows: 

S= -I- Metal ion Metal su l f ide  J. 

The metal su l f ide  prec ip i ta tes  and can then be removed. S= reac ts  rapidly with 
~ e ' ~ ,  ~ e ' ~ ,  and ~1'3. The current research w i l l  es tabl i sh  whether or not u t i l i z a t i o n  
of t'ne above react ion can be made i n  mine water treatment. The program was i n i t i a t e d  
June 26, 1967. 

CONCLUSION 

This summary of BCR research ef for t s  i s  presented t o  indicate  both the  type of 
research needed i n  the  f i e l d  of mine drainage and the  extent t o  which the  bituminous 
coal industry 's  research group is attempting t o  fill t h i s  need. BCR has i n i t i a t e d  
work i n  the  following areas: 

(1) The development of bas ic  data on the  chemical and physical propert ies  
of mine waters, both t r ea ted  and untreated, and a lso  on t h e  prec ip i ta tes  produced i n  
the treatment of mine water. 

( 2 )  Development and standardization of methods of sampling and analyzing 
mine prater. 

(3) The development of data  t o  improve and optimize the lime and limestone 
neutralization processes now being ins t a l l ed  as  treatment f a c i l i t i e s  a t  many mines i n  
Pennsylvania. 

(4) Investigation of the u t i l i z a t i o n  of the sludge or prec ip i ta tes  formed 
in the  neutral izat ion of mine prater. 

( 5 )  The development of improved processes f o r  the  treatment of mine raater. 

1% i s  hoped t h a t  the  r e su l t s  of t h i s  work t r i l l  a s s i s t  i n  solving the  d i f f i c u l t  
problems associated pdth mine &rainage control.  
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