Singer, P. C. & Stumm, W. (1970): Acidic Mine Drainage —

Rate-Determining Step.

Washington.

20 FEBRUARY 1970

— Science, 167 (3921): 1121-1123, 2 Abb;

Acidic Mine Drainage: . o
The Rate-Determining Step

Abstract, The rate-determimng step..
in the oxidation of iror pyrite. and the
jormation of acidity in streams associ-
ated with coal and copper mines is the .
oxidation of ferrous iron. Eﬂectwe pol-.
lution "abatemnent necessitates control—‘;,
ling this reaction.

The oxidation of iron pyrite (FeSg)"
and the release of acidity into waters;

‘draining through coal! mines (Z) can’

be represented by the following re—:‘l
action sequence (2). o

Initiator reaction:

(+ 0,)
FeS:(s) F* + S-compound (1)
Propagation cycle: :
Fe™ + Odaq) Fe* (2)
Fe® 4 FeS.(s) Fe”“ + 807 (3’- '

Fet+ is released in the mtlatorw
action either by simple
the iron pyrite or by ¢



pyrite by oxygen (3). After the se-
quence has been initiated, a cycle is
establlshed in which Fe?+ is oxidized
by oxygen to Fe®+ which is subse-
quently reduced by pyrite thereby gen-
eratmg additional Fe2+ and acidity.
‘This model is similar to an earlier one
?proppsed, by Temple and Delchamps
(4). We have studied, in our labora-
Atory; the telative rates of the reactions
‘that ‘comprise the mine-water environ-
jment to ascertain which of the steps
Js tatE—hrmtmg in order to suggest mea-
‘sures that should be emphasized in the
t/cment of pollution by coal mine

" Two possnble oxidants for iron pyrite
‘are:.available, namely oxygen and fer-
Tic iron (5). The reduction of Fe?+
by pyrite (Fig. 1) both in the presence
and in the absence of oxygen (0.20
atm) showed no difference in the rate
‘of the reaction (the parallelism exhib-
iited by the two straight lines is indica-
f equivalent reaction rates) or in
‘rate of change of soluble ferrous
“The rate of the reaction is rel-
y .rapid; for example, at pH 1,
utes was required for the reduc-

0 the absence of ferric iron, no
Xxdatlon of pyrite was observed even
r-1 week Further evidence for the

) cycle.
The “rate -of oxndatxon of FeX+ by
oxygen in abiotic systems is shown in
“Fig. 210 be a function of pH. These
results were obtained in pH-buffered
-gystems  (using HCIO; or CO, and
‘HCO3~) under a constant partial pres-
fsuxe of oxygen and, at pH values
:ter than 4.5, were found to be
ipatible with the kinetic relationship

fd[Fe"l KFe*1 [0 [OHF (4)

k= 80)( 10¥  liter? mole-?
mm-'i at 25°C. At pH values
w 3.5, the reaction proceeds at a
independent of pH, that is,

—dFe™) i o

where k' = 1.0 X 10—7 atm=! min-?
at 25°C. The reaction has previcusly
been reported to be first or second
order with respect to Fe2+, depending
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Fig. 1. Reduction of ferric iron and in-

crease in dissolved ferrous iron in the pres-
ence and absence of oxygen.

upon the jonic medium (9); in the
presence of ligands which form rel-
atively strong complexes with Fe3+
{pyrophosphate, fluoride, and dihydro-
gen phosphate), the rate is first order
in [Fe?+]; for ligands of moderate
strength (sulfate and chloride) and for
perchlorate (10), the reaction rate is
dependent upon [Fe*+]2. The actual
rates of the reaction, however, are of
the same order of magnitude as those
reported here in the lower pH range.
The half-time of the reaction in this
acidic pH region is approximately 1000
days, reflecting the slowness of the
oxygenation reaction when compared
with the rapid oxidation of pyrite by
ferric iron. Since reaction 2 is signifi-
cantly slower than reaction 1, the oxi-
dation of Fe>t by oxygen appears to
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Fig. 2. Oxygenation rate of ferrous iron
as a function of pH in abiotic systems,

be the rate-limiting step in the propa-
gation cycle. It is irrelevant in this
model whether pyrite or marcasite, the
orthorhombic polymorph of FeS,, is
considered as the sulfide source; reac-
tion 2 continues to be the rate-con-
trolling recaction.

Field investigations of the oxidation
of Fe2+ in natural mine drainage
waters were conducted in the bitumi-
nous coal region near Elkins, West
Virginia. Observations of the rate of
this reaction in these acidic streams (at
pH values close to 3) showed it to
proceed considerably more rapidly than
the laboratory studies at pH 3 pre-
dicted.

Many agents indigenous to these
natural mine streams have been cited
in the literature, in various circum-
stances, as displaying catalytic prop-
erties in the oxidation of Fe2+ by oxy-
gen. The catalytic effects of sulfate,
iron(11I), copper(1I), manganese(II),
aluminum(III), charcoal, iron pyrite,
clay particles and their idealized coun-
terparts, alumina and silica, and micro-
organisms were investigated and com-
pared in synthetic mine waters in our
laboratory. Of these, microorganisms
(11) appeared to exhibit the greatest
effect in accelerating the oxygenation
of Fe*+, Comparisons between the
rates of oxidation of Fe2+ under sterile
conditions after inoculation with un-
treated and with sterilized natural mine
water showed that microbial mediation
accelerates the reaction by a factor
larger than 109.

If the reaction scheme describing the
oxidation of pyrite and the formation
of acidity (reactions 1 to 3) is con-
sidered, it appears that the oxygena-
tion of Fe?+ is the rate-determining
step and that in natural acidic systems
the reaction is greatly accelerated by
microbial mediation. A similar mecha-
nism is probably applicable to acidic
leaching processes in other mines, such
as copper mines, where iron is also
invariably present. If so, copper sul-
fides are oxidized by ferric iron and the
resultant ferrous iron is reoxygenated,
again with the aid of microorganisms,
to form additional iron(III).

The solution to the problem of acidic
mine drainage, therefore, appears to be
dependent upon methods of controlling
the oxidation of Fe?+. Proposals for
such control fall into two classes:
thermodynamic control and kinetic con-
trol.

Thermodynamic control requires the
total elimination of oxygen and the
maintenance of reducing conditions
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within the mine. Total exclusion of
oxygen through nine-sealing programs
(12, 13) 1s economically and techno-
logically unfeasible, owing to the many
fractures and faults in the mine wall
Partial elimination of oxygen is incon-
sequential, for the microorganisms in-
volved are microaerophilic and can
survive at reduced oxygen tensions,
The flooding of mines to hydrologically
isolate the system (I4) is an effective
means of sealing the mine, but only for
mines below the groundwater table.
The introduction of organic material in
order to reduce iron(IIf) and sulfate
chemically (15) requires the continual
addition of the reducing agent and the
elimination of oxygen to maintain iron
and sulfur in their reduced states.

Kinetic control requires suppression
of the catalytic agent responsible for
the rapid oxidation of ferrous iron. The
application of bactericides (Z6) should
be a successful means of coping with
the problem. Such application necessi-
tates injection of the bactericidal agent
into the system at a suitable location
where the entire influent water can be
treated. Strip (surface) mines and coal
-refuse piles are especially amenable to
such treatment.

Treatment of acidic mine drainage
requires control of the cycle by which
such acid discharges arise. Effective
measures must be directed toward in-
hibiting the catalytic oxidation of Fe2+:
in the absence of such catalysis, the
oxygenation rate of Fe?+ is too slow
to be of any consequence in the for-
mation of acidity in natural mine sys-
tems.
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By using this model and applyin
classical hydrodynamics to the 'rid
(7), we obtain the following- equa
for the characteristic decay £1m .
topographic relief:

T = 41/ pgr

where 7 is the decay time, 7 is the v :
cosity of the rock, p is the density con=

1.6-\
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Fig. 1. Decrease in the amplitude of. the

relief of the Mid-Attantic Ridge as a fanc-

tion of the distance from the rift valléy

[data from Heezen (6)]. Vertical bars in--
dicate the uncertainty in the measuge-.
ment of the amphtude from the. pri
The solid line is the least-squares fit o
viscosity, and the dashed
the one standard devxatlon
viscosity.




