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A.

INTRODUCTION

B.
A new approach to treating acid mine dramage (AMD) has been
developed which avoids the formation of metal hydroxide sludge, and holds the pronise of
beiig more economical than conventional treatment. Current chemical treatment
technologies are either impractical or too expensive to be used at abandoned mine lands
(AML), and all approaches generate large volumes of metal hydroxide sludge requiring
M e r treatment andlor ultimate disposal.
Contaminated water is continually discharged fiom many AVL sites day after day with
no treatment at all. The negative impact on the aquatic habitat is significant. The states of
Pennsylvania and West Virginia, for instance, have identified AMD as the #1 water quality
problem in their waters. Localized point sources account for most of the pollution. Therefore, a
point-source system may be useful in treating these polluted discharges.

C.

BACKGROUND

\%en pyritic minerals are exposed to the atmosphere, oxidation of sulfide produces
sulfbric acid and releases iron and other metals to solution. The characteristics of PuMD include
low pH, high specific conductivity, high concentrations of iron, aluminum, and manganese, and
variable concentrations of toxic heavy metals.
Various approaches have been used to ameliorate AhfD and its effects. In general,
attempts to prevent moisture, oxygen, and microorganisms from reaching the disturbed pyrite
surfaces have met with relatively little success (Unz and Dietz, 1986). The bulk dumping of
limestone in streams was once thought to be capable of neutralizing the acidity of the water, but
typically the limestone became coated with iron oxyhydroxides, slowing its dissolution and thus
limiting its effect on stream pH (Hedin and Watzlaf, 1994). It was found that pH neutralization
by limestone was successful so long as the water was anoxic (anoxic limestone drains - ALDs).
However, once the neutralized water was exposed to the atmosphere, iron oxidized and
hydrolyzed, and more acid was generated. Since the iron then precipitated in the stream or in
settling ponds, the lack of an iron removal mechanism is a significant shortcoming of this
approach.
When anoxic limestone drains were combined with natural or constructed wetlands, some
treatment success was achieved (Wildeman et al., 1994). However, wetlands have shown a
limited ability to cope with intermittent low pH events, and can be ovenvhelmed by high flow
(Tarutis and Unz ,1995). Some metals, such as manganese, are often not effectively removed by
wetlands. A recent innovation (Skousen, 1995) is known as an alkalinity producing system
(APS), which is an engineered downflow system in which organic matter is layered on top of
limestone. The overlying organic layer depletes the water of dissolved oxygen, and contributes
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alkalinity due to microbial metabolism. As the anoxic water flows to the limestone layer,
dissolution of the limestone contributes additional alkalinity. Head loss increases as the pore
spaces within the layers become filled with particulates, and thus sufficient fieeboard must be
designed into the system. The effluent of the APS is then routed to a settling pond, in which iron
becomes oxidized and precipitates, forming an iron hydroxide sludge. Clarified supernatant is
then allowed to flow into a receiving water. The advantage of this approach is that relatively
inexpensive limestone is employed as the primary source of alkalinity. However, settling ponds
are still required where the uncontrolled precipitation of iron results in the profiise generation of
iron sludge, and manganese is not effectively removed. The long term reliability of downflow
passive systems has not been established, and there is a likelihood of clogging.
Chemical treatment systems have generally only been used at active mine sites. These
typically consist of pH adjustment with caustic soda (NaOH) or lime (CaO), followed by settling
ponds. New source performance standards developed for National Pollutant Discharge
Elimination System permits by the USEPA for the coal mining industry stipulate total iron of 3
mg/L, total manganese of 2 mg/L, total suspended solids of 35 mg/L, and pH between 6 and 9
units (30 day averages) (USEPA, 1976) with similar requirements imposed by the Surface
Mining Control and Reclamation Act of 1977.
An activated sludge system for treatment of AMD was evaluated in England in the mid1960's with little success (Whitesell et al., 1971). In Japan, Thiobacilltrs ferrooxidoru was
employed al an abandoned mine discharging 20 m3 min" of water with a pH of 1.6 containing
795 mg/L of total iron (Murayama et al., 1987). Total detention time in the system was
approximately 8.5 h. The operational cost of treatment was approximately one-third that of the
previous all-chemical process. There were considerable problems in recirculating the clay slurry
used for the immobilization of the bacteria, and oxidized iron was still captured as a sludge in
settling ponds.

D.

SYSTEM CONFIGURATION

The Selective Oxide SystemT" takes advantage of the tendency of ferric iron to form
mineral coatings, uses inexpensive limestone, and avoids the formation of iron hydroxide sludge.
The requirement for sedimentation basins is thus eliminated along with the need for storage and
disposal of sludge.
At low pH, ferrous iron oxidization is due to microbial activity; above about pH 4.5,
abiotic oxidation is sufficiently rapid that microbial activity is less critical. Once oxidized, the
very low solubility of femc iron results in precipitation of oxyhydroxide minerals if pH exceeds
3.0. In a previous phase of the work (Diz and Novak, 1997a), it was shown that ferrous iron
could be oxidized in a bioreactor while
300
maintaining the iron in a dissolved state since
the bioreactor operated below pH 3.
The precipitation of femc iron is not
+dt
+all
instantaneous upon addition of alkalinity to the
+Ell
solution. However, when sufficient base is
31"
added to a fenic iron solution to exceed a
threshold
level, precipitation
of iron
oxyhydroxides is inevitable (Figure I),
although the time from the addition of the base
to the time of appearance of a precipitate, the
0
1
2
3
Figure 1 . Dissolved iron concentration at various b'a
ralios at various times after addilion of the base
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so-called "induction period", may last from seconds to months (Dousma and de Bruyn, 1979).
During the induction period, changes occur within the solution which eventually result in
precipitate formation. This process, described in detail elsewhere (Diz, 1997), appears to involve
a reversible increase in polymerization of Fe/OH units, resulting in the formation of many
critical-sized nucleii. Once critical size is achieved, the nucleii continue to grow by
incorporation of additional FeIOH growth units until the concentration of dissolved iron becomes
low and the rate slows significantly. Over time, small particles may join together, a process
referred to as agglomeration (Mullin, 1993). As particles grow in size, the number of particles
decreases, and growth by agglomeration slows; precipitation, usually defined as the appearance
of filterable particles, may occur at some point in this process.
It was hypothesized that this sequence could be interrupted if dissolved iron units andlor
very small iron particles could be removed from solution at an early stage by exposing the
solution to a mineral surface. If the growth units andlor very small particles preferentially united
with the pre-formed surface, the continued growth and agglomeration of the iron nucleii could
not occur, thus avoiding the formation of precipitated iron.
Since AMD typically contains dissolved species other than iron, the effect of those
dissolved species on iron solubility and precipitation kinetics would be important in determining
the success of such a treatment system. In a previous phase of the work (Diz, 1997), it was found
that aluniinum and manganese did not exert any measurable effect on precipitation rates.
However, sulfate had a major effect, increasing iron solubility and slowing precipitation rates.
Diz (1997) investigated the performance of a packed bed bioreactor using expanded
polystyrene beads to immobilize iron-oxidizing chemolithotrophic bacteria for the conversion of
reduced ferrous iron to the femc state at low pH (about pH 2.3). It was found that good
oxidation efficiency (98 %) could be expected at influent ferrous iron concentrations up to 10
rnM (558 mg L") and detention times as short as 0.5 h. It was also found that temperature
exerted a significant effect on oxidation rates, and that dissolved oxygen concentration should be
maintained above about 2 mg L'. Supplementation with carbon dioxide did not result in
increased oxidation rates.
The new active treatment process presented in this report is relatively simple in design
and operation (Figure 2). The unit operations of the system include a bioreactor for the oxidation
of ferrous iron, a fluidized bed reactor for the precipitation of iron onto the surfaces of seed
particles, and a trickling filter for the oxidation and precipitation of manganese at high (>9) pH,
with final neutralization of the effluent by passage through a calcium carbonate bed. The
technology avoided the generation of iron sludge and the necessity for sedimentation basins.
Other than electrical power to operate the system, the only maintenance requirements would be
the replacement of sand media in the fluidized bed, the periodic replenishment of the
concentrated caustic soda (NaOH) for the trickling filter stage, and the addition of limestone to
the carbonate bed. The requirement for caustic soda would be much lower than in conventional
treatment, since most of the acid-neutralizing power is provided by the carbonate bed, a much
cheaper source of alkalinity. The NaOH is only required to increase the pH from -7 to >9. An
additional cost and operational advantage is that it would not be necessary to remove the ironcoated sand from the site unless there was some productive use for it elsewhere. It is, after all,
simply rust-coated sand, and poses no threat to aquatic life.
For design purposes, a detention time in the bioreactor of about 0.5 to 1 h is sufficient to
oxidize essentially all of the influent ferrous iron (up to a concentration of 10 rnM Fe 11).
Depending on the specific AMD characteristics of the site, the detention time could possibly be
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even shorter. The bacteria which inhabit the system are naturally occurring, grow slowly, require
no artificial input of nutrients, and produce very little biomass. Thus, the disposal of biomass
would not appear to be necessary. Since the oxidation rate is affected by dissolved oxygen (DO)
concentration, the aeration system needs to be properly sized to maintain DO at a minimum of
about 2 mg L - I . Temperature has a major impact on rates, and thus it is important to maintain
reactor temperature as high as practical,. If the system is located close to the point of discharge
from below ground (at the mean annual sub-surface temperature), reactor temperature would
probably remain in an acceptable range. Othenvise, supplemental heating might be necessary.
Iron loading to the fluidized bed reactor was found to be the most important design
parameter (Diz and Novak, 1998). Sufficient surface area (a function of the mass and diameter
of sand grains) is required to prevent iron loading from exceeding 0.20 mg Fe m*' h ' . Above this
loading, dispersed iron particulates form, resulting in a turbid effluent. The limiting loading
rate appears to be a function of the collector efficiency of the seed particles and the growth rate
of the particles while in the reactor environment. Based on iron precipitation kinetic studies (Diz
1997), it was found that a detention time of less than 1 h within the fluidized bed would result in
a dissolved iron concentration of less than 10 mg L' at pH 3.5. The solubility and rate of
precipitation of iron are closely related to pH, the sulfateliron ratio, and to some extent, to the
iron concentration itself. Site-specific AMD characteristics therefore influence the oplinlal
operating parameters for the system. Below the optimal pH value, the dissolved iron
concentration increases in a clear effluent; above this value, a turbid effluent develops due to the
presence of particulate iron.
Detention time in the carbonate bed was about 2 h. Effluent pH was in the range of pH
6.3 - 7.2. Iron remaining in the fluidized bed effluent was largely removed in the carbonate bed,
and a final effluent iron concentration of less than 3 m a was routinely produced.
feed solution is shown in Figure 3 (Diz and
Cu, Mn, Ni, and Zn) when added to the
Novak, 1997). There was removal in the
fluidized bed reactor (FBR) as well as in the
100%
trickling filter (TF), where pH >9 caused
manganese to oxidize and precipitate (96%
80%
ui
removal); removals of copper, nickel, and zinc
+Mn (initial concentrations ranging from 5 to 15 mg
c 80%
rn
-"'
L") appeared to be due primarily to sorption
.-L-- Ni
40%
onto oxide surfaces. Removals averaged 97%
&Zn
$
for copper, 70% for nickel and 94% for zinc.
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OTHER POTENTIAL APPLICATIONS

It is conceivable that this system could
be
to
heavy
in
wastewaters which are not rich in iron and/or
Select~veOxide Svslern
manganese.
Low concentrations of iron,
manganese, and/or acid could be added to the influent at a rate just sufficient to slowly generate
new oxide surfaces. The alternating environments of low pH in the fluidized bed and high pH in
the trickling filter would provide a combination of environments which would strongly sorb
both anions and cations, in a fashion similar to sequential anionlcation-exchange resins. Several
toxic elements form oxyanions, such as arsenate, selenate and chromate, and may be efficiently
Reactor Stage

Figure 3 H e a v y rnelal removal in vartous slaper of the
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removed in the fluidized bed where iron oxides at low pH have positively charged surfaces.
Cationic heavy metals are strongly attracted to the negatively charged MnO, surfaces of the
trickling filter (Singh and Subramanian, 1986). A drawback to ion-exchange resin systenls is that
they require periodic regeneration by flushing with concentrated saline or acidbase solutions,
thus creating contaminated backwash waters. This new treatment system would not require such
a step. For example, in the case of the removal of radionuclides from low-level radioactive
wastewaters, this new process might operate over long periods of time without the generation of
radioactive backwash waters. Also, since the additions of iron and manganese would be modest,
the seed particles would not require replacement over long periods.
COST COMPARISONS

Primary benefits for this new approach compared to conventional treatment include:
Use of limestone instead of lime or NaOH for
pH adjustment. Based on the approach of Phipps
$300
et al. (1991), the chemical cost savings per ton of
acidity (Figure 4) would be approximately
$250
$17/ton compared to lime (34%) and $247/ton
0
2
$200
compared to NaOH (88%).
No sludge generation, thus no need for settling
$ $150
"
ponds and sludge disposal.
:$100
Savings since re-acidification (to pH < 9) is not
"
w
necessary for final discharge.
0
$50
The capital cost of a new installation
Swould probably be equivalent to that of
Limeslone
Lime
Caust~c
conventional lime treatment plants. However,
Figure 4 Relalive cost to neutrahze a Ion of acidny using
capital savings would accrue due to lower land
lhree sources of alkalnity (based on US OOEdata)
requirements (no need for settling basins), and the
fact that sludge dewatering1 handlingldisposal
equipment would not be required. Depending on the presence of trace metals in the raw water,
the oxides generated may have commercial value.
C

0

CONCLUSION

The feasibility and economics of this technology for AMD is yet to be established
through pilot-scale studies, but it offers the potential of compact, economical treatment suitable
for concentrated AMD seeps, drainage from acidic tailings ponds, active mine effluent, and
acidic iron-rich industrial wastewater. Applicability to other contaminated waters is being
investigated.
E.
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