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Abstract:

Acid Mine Drainage (AMD) is a serious and pervasive threat to surface and groundwater quality in the
eastern Appalachian coal regions and at surface area coal mines in the western United States. Recent
research has indicated that the use of phosphate materials can be an effective treatment for the
amelioration of AMD. Phosphate is effective at immobilizing iron and inhibiting the production of acid
associated with the oxidation of FeS2.

A preliminary simulated weathering study was performed to evaluate the potential of several regional
phosphate sources for controlling the production of acid from pyritic coal overburden. Sources deemed
most effective were tested further for application rate determination utilizing a replicated soxhlet
leaching technique described by Renton et al (1988a). Phosphate sources tested in this part of the study
included two apatite ores (Cominco ore and Texas Gulf ore) at an application rate of 3% by weight
apatite and two byproducts of the phosphate industry (Cominco waste and Stauffer sludge) at rates of
1%, 3% and 5% apatite by weight.

Results of leachate analyses indicate that all sources at all rates of application resulted in significant
decreases in titratable acidity versus a control. Acidity reductions ranged from a low of 7% for samples
treated with Cominco waste (1%) to a high of 67% for Texas Gulf ore-treated samples. Texas Gulf ore,
Stauffer sludge (1%, 3% and 5%) and Cominco waste (1%, 3% and 5%) significantly reduced
dissolved total iron (Fe) concentrations in leachate, with Stauffer sludge (5%) and Texas Gulf ore
producing the most notable diminutions (62% and 63%, respectively). Maximum decreases in sulfate
(SO42-) concentrations of 26%, 20% and 25% were achieved by applications of Texas Gulf ore and
Stauffer sludge (3% and 5%), respectively. The more effective overall performance of the Stauffer
sludge and Texas Gulf ore can be attributed to the considerably greater relative surface area and P
solubility of these amendments. Results of a scanning electron microscope examination of amendments
corroborate these findings.
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~ ABSTRACT

Acid Mine Drainage (AMD) is a serious and pervasive threat to surface and
groundwater quality in the eastern Appalachian coal regions and at surface area
coal mines in the western United States. Recent research has indicated that the
use of phosphate materials can be an effective treatment for the amelioration of
AMD. Phosphate is effective at immobilizing iron and inhibiting the production
of acid associated with the oxidation of FeS,.

A preliminary simulated weathering study was performed to evaluate the
- potential of several regional phosphate sources for controlling the production of
acid from pyritic coal overburden. Sources deemed most effective were tested
further for application rate determination utilizing a replicated soxhlet leaching
technique described by Renton et al (1988a). Phosphate sources tested in this part
of the study included two apatite ores (Cominco ore and Texas Gulf ore) at an
application rate of 3% by weight apatite and two byproducts of the phosphate
industry (Cominco waste and Stauffer sludge) at rates of 1%, 3% and 5% apatite
by weight.

Results of leachate analyses indicate that all sources at all rates of
application resulted in significant decreases in titratable acidity versus a control.
Acidity reductions ranged from a low of 7% for samples treated with Cominco
waste (1%) to a high of 67% for Texas Gulf ore-treated samples. Texas Gulf ore,
Stauffer sludge (1%, 3% and 5%) and Cominco waste (1%, 3% and 5%)

significantly reduced dissolved total iron (Fe) concentrations in leachate, with

Stauffer sludge (5%) and Texas Gulf ore producing the most notable diminutions
(62% and 63%, respectively). Maximum decreases in sulfate (SO,*) concentrations
of 26%, 20% and 25% were achieved by applications of Texas Gulf ore and
Stauffer sludge (3% and 5%), respectively. The more effective overall performance

of the Stauffer sludge and Texas Gulf ore can be attributed to ‘the considerably
greater relative surface area and P solubility of these amendments. Results of a
scanning electron microscope . examination of amendments corroborate these

findings.
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INTRODUCTION

Acid mine drainage (AMD) is a serious and pervasive threat to surface water
and groundwater quality as well as the ﬁparian resources of the United States. It
is a common problem in the Appalachian coal mining regions of the eastern U.S.
and at surface area mines in the western U.S.

Acid mine drainage forms when pyrite (FeS,) o? its prthorhombic polymorph,
marcasite, which is found in coal and associated overburden lithologies, is exposed
to weathering conditions (oxidation and hydrolysis) as a result of mining. Oxidation
and hydrolysis of FeS, results in the formation of a series of soluble hydrous iron
sulfates (Nordstrom 1982) and the production c;f acid in the form of hydrogen ions
- (H*). The dissolution of these sulfate salts results in an effluent characterized by
elevated levels of dissolved iron (Fe), sulfate (SO,%), total di3solved solids (TDS)
| and low pH.
Drainages affected by AMD often have pH values as low as 2.0 and
' dissolved SO,> and Fe concentrations of 400 ppm to 12,000 ppm and 50 ppm to
500 ppm, respectively (Corbett and Growitz 1967, Caruccio et al 1977, Nordstrom
1982). In addition, the low pH of the effluent can solubilize metals from rocks over
which it flows and result in seribus water quality degradation and elevated levels of
AP+, Cu?t, Mn?*, Ni?*, Zn?* anci other trace metals (Chen 1982).

Oxidation of free ferrous iron (Fe?*) to ferric iron (Fe**) and the subsequent

hydrolysis of Fe?* leads to the pfoduction of more acidity and the formation of a
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series of iron oxyhydroxides, which impart to AMD its characteristic red and yellow
colors (Corbett and Growitz 1967). If the pH falls below approximately 3.5 and the
ratio of Fe?*:Fe?* béc'omes great enough (10:1) (Stiller 1980), oxidation of FeS, by
Fe’* becomes dominant and the FgSz oxidation cycle becomes synergetic and self-
perpetuating (Singer and Stumm 1970).

Traditional methods for the freatfnent of AMD are often costly and
ineffective. Recent research. indicates that the éddition of phosphate to acid
producing materials may be an effective control for AMD. Phosphate is effective
at immobilizing irbn and inhibits the oxidation of FeS, by Fe3*, thereby interrupting
the autocatalytic nature of the FeS, oxidation cycle. In addition, acid production
from the hydrolysis of Fe** is considerably reduced.

In this study, several sources of phosphate from southwestern Montana and
southeastern Idaho, including industry byproducts, were evalpated for their
effectiveness at controlling acid production from FeS,-rich coal overburden. Those |
sources which proved most successful were chosen for rate application determination
using a soxhlet leaching procedure ‘described by Renton et al (1988a). Specific

objectives of the _s1;udy are defined in the OBJECTIVES chapter.
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LITERATURE REVIEW

Pyrite Genesis and Morphology

It is commonly‘ recognized that the weathering of FeS, is :primarily
responsible for the production of AMD. Iron disulfide (FeS,) may be grouped into
two general categories: 1) primary or 2) secondary. Thesé categories can be further
classified and discussed on the basis of genesis and morphology (Caruccio 1968,
Grady 1977, Greer 1978 and Caruccio et al 1988).

Primary FeS, forms contemporaneously with diagenesis and lithification of
sediment or coal. It can occur massively, as discrete grains or clusters of euhgdral
crystals, or as a replacement (primary) in plant cell walls. Massive FeS, and plant
replacement FeS, typically are found in the size range 150 - 600 micrometers and
primary euhedral FeS, crystals commonly range between 0.5 and 2.0 micrometers.

Framboidal FeS, is another class of primary FeS, that may occur as
agglomerated spheres of small crystals or finely disseminated partlcles scattered
throughout a coal seam or rock unit (Caruccio et al 1988). It is believed to form
contemporaneously with sediment deposition under strongly reducing conditions
where enriched levels of organic matter, iron and hydrogen sulfide gas (H,S,) are
present. Individual crystals are less than 0.5 micrometers in diameter.

Of importance to note is the effect of particle size on acid production.

While all classes of FeS, will produce some acid upon being exposed to oxidizing
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conditions, the small size of the framboidal FeS, manifests itself in the form of
tremendous surface area.- Thiél in turn results in II.IOITC surface oxidation sites and
- a subsequent increase in reactivity and the rate of acid production (Pugh et al
1981). |

Secondafy FeS, is emplaced subsequent to diégenesis as sulfide components
mobilized during weathering are red‘epositéd as secondary FeS,. It may replace
plant Iﬁaterial or be found alon;g cracks and partings in the coal or. associated
lithologies and méy have a Iﬁaséivé appearance (Caruccio et al 1988). It is typically
found in sizes between 0.5 and 600 micrometers and can range from anhedral to
euhedral cryétal form. |

In addition to the crystal size-and morphology of FeS,, other factors affecting
the oxidation and subsequent acid production of FeS, include oxygen content,
amount and pH of water, ambient air and water temperature, the Fe?*/Fe®* ratio,
the presence of chemoautotrophic bacterium and the mineralogy of the host and

proximal lithologies (Caruccio 1973).

" Chemistry of AMD

Although the exact sequence of reactions involved in the oxidation of FeS;
and the production of acid have not been well established, the following reactions
are commonly accepted as.béing‘repr,esentative'.of FeS, weathering (Barnes and

Romberger 1968, Stumm and Morgan 1970).
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When FeS, is exposed-to oxygen; the following initial reaction occurs.
FCSZ(S) + 7/2 02 + HzO = Fe2t + 2 SO42- + 2 Ht [1]

Oxidation of 1 mole of FeS, by ambient oxygen results in the’ production of
1 mole of ferrous iron (Fe**), 2 moles of sulfate (SO,%) and 2 moles .of acidity
(H*). The rate of this reaction accelerates as the pH rises (Smitﬁ and Shumate
1970), increasing slowly to pH 3.0 and rapidly as pH exceeds 6.0.

The Fe?* in solution becomes available for further oxidation to ferric iron
(Fe**) by oxygen in the ambient environment. The rate of tﬁis reaction is very
slow (Singer and Stumm 1970) and has been determined to be the rate limiting step

in the perpetuation of acid prdduction associated with the FeS, oxidation cycle.

Rolg of Bacteria

Colmer and Hinkle (1947), Leathen et al (1953) and Norris et al (1978) have
shown that the presence of aerobic chemoautotrophic bacteria Thiobacillus
ferrooxidans can catalyze and greatly accelerate the oxidation of Fe?* to Fe3+..
These bacteria utilize CO, in water as a carbon source (Lundgren and Dean 1977)
and derive energy for metabolic processes by utilizing an electron from Fe?* during
the conversion of Fe?* to F¢3+ (Dugan 1975).  The resultant increase in Fe’*
concentration can cause, at pH values below approximately 3.5, an acceleration of

FeS, oxidation by Fe** and acid production by Fe** hydrolysis. Beck and Brown
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(1968) and ArkesWn (1979) observed that T. ferrooxidans also catalyze the direct
oxidation of FeS, by O.. |

The degree of T. ferrooxidans activity is controlled by the relationship-
between pH and Fe?* activity and CO, concentrations. Optimum growth conditions
and maximum biotic Fe?* oxidation occur between pH 2.4 to 3.6 tLundgren aﬁd
Dean 1977) and a répid decrease in biotic Fe?* oxidation has been observed below
pH 2.0 and abov.e pH 3.6 (EPA 1971). Above a pH of approximately 4.0, Fe2*
levels in solution are not sufficient to allow for optimum growth of l ferrooxidans

T. ferrooxidans are also capable of tolerating extremely high levels (uﬁ to
10,000 ppm) of AR+, Co?*, Cu?*, Mn?*, Ni?* and Zn?* (Tuovinen et al 1971). The

following reaction represents the oxidation of Fe?* to Fe** in an AMD system.

Fe*t + 1/4 O, + H¥ = Fe** + 1/2 HO [2]

Hydrolysis of Ferric Iron

The oxidation of Fe?* to Fe3* by either oxygen or T. ferrooxidans causes an
increase in the activity of Fe?*. The Fe3* is then hydrolyzed and forms an initially
amorphous iron hydroxide, Fe(OH),, often referred to as yellowboy, which can
further decompose into the ﬁore -thermodynamically stable iron oxide minerals
goethite (*FeOOH) and hematite (Fe,Os) (Stumm and Morgan 1970, Van Breemen
1973). | The complete hydrolysis of 1 mole of Fe** yields 3 molés_ of H* for every

mole of Fe(OH), formed.
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Fe* + 3 H,0 = Fe(OH)y, + 3 H* . 3]

The summary reaction for the sequence of reactions presented above can be -

written as follows.
FCSZ(S) + 15/4 02 +7/2 Hzo = FC(OH)3(S) + 2 SO42- + 4 H+ [4]

From this summary reaction it can be seen that a total of 4 moles of H*

acidity is produced from the complete oxidation of 1 mole of FeS,

Oxidation of FeS, by Ferric Iron

The sequence of reactions discussed above ,[1], [2], [3] and [4] are prevalent
at pH values greater than approximately 3.5 (Singer and Stumm 1970). Thus the
oxidation rate of FeS, is pH dependant above this value. |

As acid production” continues and the pH in the vicinity. of the FeS, falls
below pH 3.5, the formation of Fe(OH); diminishes and the activity of free Fe?*
in solution increases_ (Singer and Stumm 1970). The lower pH and greater Fe?+
activity are conducive to the oxidation of Fe?* to Fe?* by T. ferrooxidans, resulting
in an increase in Fe** activity to a poinf where Fe** becomes the primary oxidizer
of FeS,. This occurs when the Fe**:Fe** ratio reaches approximately 1:10¢ and
the Fe?*/Fe** voltage equilibrium falls below 0.41 V (Stiller 1980). At this point
the oxidation of FeS, is no longer dependent upon pH but on the activity of Fe-”f,

and the oxidation of FeS, by O, becomes unimportant (Singer and Stumm 1968).
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Smith and Shumate (1970) reported that under abiotic conditibns at pH 3, the rate

.of FeS, oxidation by Fe®* is three to four orders of magnitude greater than

oxidation by O,. The oxidation of pyrite and production of acid via Fe3* oxidation

is shown in the reaction below. .
FCSZ(S)‘ + 14 FC3+ +‘8 HZO .= 15 Fez+ + 2 8042' + 16 H+ [5]

Two (2) moles of H* are produced for every mole of FeS, oxidized. The
rate of this reaction is very fast‘(Singer and Stumm 1970) and once initiated, the
acid producing mechanisms interact in a synergetic manner. The FeS, oxidation

cycle becomes, in essence, autocatalytic and self-perpetuating.
Treatment of AMD

Several treatment methods fpr the abatement and control of AMD have been
employed with varying degrees of success. It is possible to characterize these
approaches into five general categories: 1) hydrologic and atmospheric isolation of -
acid produ;:ing material, 2) neutralizaﬁon of acidity using various lime products, 3)
reduction of the rate of acid .production using bactericides, 4) passive treatment of
AMD using constructed wetlarids and 5) reduction of the fate of production of acid

through the use of iron precipitating agents.




- Isolation Approaches

Tsolation appfoaches for controlling AMD include the use of impermeable
synthetic or clay ﬁners, qlay caps and/or plugéing or gfouting bf mine adits in an
attempt to isolate the acid producmg material :from oxyéen and infiltrating surface
waters and groundwater (Moebs and Krickovic 1970, K1m et al 1982, Gallagher
1985, Geidel 1985). Flooding of adits via sealing (O, exclusion) and drainage wells
have also.begn used to bypass overlying aquifer water through old ﬁine workjngs.
and into aquifers underlying the mine workings. While these approaches have been
successful in some instances, in genera} there is difficulty in achieving éomplete
atmospheric and hydrologic jsolaﬁon of the acid producing material. In many cases
AMD willldischarge‘from cracks and fractures connected and. adjaceﬁt to .a mine
(Kim et al 1982). These cracks apdfractures also act as conduits through which
oxygen and water can reach the. acid producing materials. Materials, cor‘lst.ruction
‘and maintenance costs often reﬁder this approach economica]iy unfeasible as a

means for controlling AMD..

Neutralization |

The use of liming agents (CaCOs, Ca(OH), and CaO) is one of the most
common methods empioyed for fhe 'Freatrrient of AMD (Thomas and Hargrove
1974, Barbar 1984, Carrucio .et al 1988). The construction of lihne§tone barriers,

mine seals with impermeable CaCO; plugs, water treatment facilities and direct
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incor:poration mto spoils are thé'mosi: common applications of this technique (Deul-
1984; Gleason and-Russell 1976).

Liming agents neutralize écidity already produced and result in an increase
in pH and concomitant declin¢ in Fe and other metal levels. If the pH is raised
to near neutral levels, the activity of 1 ferrooxidans and the _oxidation of pyrite will
also be significantly inhibited (Dugan 1975). The use of neutralizing agents does
not directly stop the production of acid. In addition, because the neutralization
reaction between CaCO; and H* takes place at the surface of the ‘lim'estone, coating‘
of the lime with iron oxyhydroxides may occur, rendering the lime nonreactive. This
can lead to a significant decrease in the neutralizing capacity of the lime through
time, allowing reacidification to occur. Hence, materials with a high acid prc;ducing
potential often requife frequent reapplications of limé, significantly increasing the

cost of this treatment.

Bactericides

The use of bactericides is an AMD treatment method aimed at reducing the
production of acid by inhibiting the bacteria-catalyzed 'conversion of E‘e“ to Fe3*
[2], thus inhibiting the acid producing mechanisms associated with Fe3* oxidation
of FeS, [5] and Fe** hydrolysis [3].

Anionic detergents such as sodium lauryl sulfate or more commonly linear

alkyl benzene sulfonate, and organics acids (benzoic, sorbic and others) are typically

utilized (Erickson and Ladwig 1985) to treat AMD producing waste (Kleinmann
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1978). Direct application info_ -effluent or deep mine injéction -are also used to -
apply bactericides. Problems associated with the uge of bactericides are related to
~ proper placement and longevity. Kleinmann ‘(1979) has noted the abiiity of 'bac‘;eria
to rapidly repopulate, ;chus requiring that the bactericide be reapplied frequently or
continuously, significantly increasing the cost Iof' the treatment. In addition, some
bactericides have- detrimental environmental side effects (Kleinmann 1979, Baker.

1983).

Wetlands

An increasingly popular method of AMD treatment is the use of artificial
wetlands. Early efforts in wetland construction were based on observations of
natural wetlands affected’ by AMD. Design parameters such as wetland size,
residence time and substrate type and thickne.ssrwere often not incorporated into
the design of early wetlands. As a result, many wetlands failed and there was
difficulty in determining wﬁat causes and factors were responsible for wetlands
which were successful at treating AMD. Even when successful at reducing Fe
levels, many wetlands did nothing to improve the pH (Girts and Kleinmann 1986).

The prédominant mecﬁanism fdr iron removal in early constructed wetlands
was the oxidation and hydrolysis of iron. This resulted in the '_formati‘on of .iron
oxyhydroxidés, thereby tying up much of the iron but also leading to thg production
of acid via Fe** hydrolysis [3] and acéounting for the lack of a ﬁotabiel increase in

pH.
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Recent developments in the understanding of wetland processes have been
made. The United States Bureau of Mines is currently working on ways to optimize
dissimilatory sulfate reduction processes by anaerobic heterotrophs to improve

wetland performance (Hedin et al 1988). In this process, microorganisms

(Desulfovibrio spp.) reduce SO,> to FeS and FeS,. These reduction reactions
consume H* and result in a sighificént increase in pH and Fe removal as opposed
to wetlands of traditional design. Also, improvements in design and construction
criteria have been made. Together, these developments may result in a more .
predictable, efficient future use of wetlands for the control of AMD.

Many AMD sites, howevér, such as those in steep, mountainous tefrain, are
not conducive to' the constru‘ction of wetlands and there is difficulty in ﬁsing
wetlands at sites With significant flow volumes and highly elevated levels of Fe and
Mn (Girts and Kleinmaﬁn 1986). It is therefore sometimes necessary to use a
chemical water treatment system in cbnjunction with a wetland to meet regulatory
- effluent requirements at coal mines. Drying out of the wetlanci and subsequent
reoxidation of sulfides is also a major concern. .

Finally, at this point in time, wetlands are still largely experimental and
sufficient temporal data need to bé gathered before a conclusion as to their overall

performance can be made and théy can be implemented on a large scale.
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Control of AMD Using Phosnhatf_:s

| An amendment which can effectively control the concentration of Fe** ions
can halt the autocatalytic nature of ;ché FeS, oxidation cycle. Research has indicated
that the concentration of free Fe?* and its ability to oxidize FeS, is 'dramatically
reduced by the addition of a source of phosphate (PO,*) ions (Flyﬁn 1969, Stiller
1980, 1981, Béker 1-983, Meek 1984, Renton et al 1988).

Phosphate is effective in.this regard because it can precipitate the Fe3* ion
in a relatively insoluble form a'}s‘ FePO,. It can also precipitate Fe?* as Fe3(PO4jz,
rendering it unavailable for oxidation to Fe**, eithef by O, br bacteria. In addition,
the iron phosphates can precipitate on the surface of FeS, crystals, further limiting
FeS, reactivity (Baker 1983).

Stiiler (1980) showed in a laboratory setting that the addition of phosphate
to several different acid producing coal overburden samples in the form of crushed
apatite (Cas(PO,);OH) was effective at reducing the Fez+:Fé3+ ratio below 1:10%,
thus achieving an Fez*/]?e'3+ voltage equilibrium of less than 0.41 volts. When this
occurred the rate of FeS, oxidation by Fe3* was significantly reduced. In a
comparison of the effectiveness of sodium lauryl sulfate (bactericide), agricultural
limestone and apatite at inhibi;cin'g the broduction of acid from coal plant waste
weathered natura]Aly in 35 gallon drums, Baker (1983) observed lowest '
concentrations of SO,> in effluent from waste treated with ‘apatite and concluded

that apatite was more effective in controlling acid production than either sodium
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lauryl sulfate or limestone. In addition, the rates of apatite required to effectively
control acid production were approximately five times less by weight than the
amount of limestone needed, indicating that the use of apatite for the control of
AMD may be considerably less expensive than a similar use of limestone, assuming
both soufces are readily available.

To date few experiments have been performed to systematically evaluate the
rate of application of a given phosphate source necessary to effectively control
AMD. Meek (1984) found that regardless of the acid producing potential of a
sample, an addition of 3% aﬁatite by weight was effective at cbntrolling acid
production. Above this rate, no significant improvement in effluent water quality
was observed.

Renton et al (1988b) conducted an experiment utilizing a soxhlet leaching
procedure (Renton et al 1988a) which evaluated the effectiveness of various
phosphate sources applied to several acid producing materials at different rates and
particle sizes. He concluded that at an application rate of less than 1% by weight,
apatite was ineffective at contrdlling the production of acid. However, at an
applicétion- rate of 5%, the production of acid was decreased by greater than 90%.
These results were obtained usin’g'a relatiglely pure source of apatite (code 31) from
Texas Gulf Chemical in Auroré, North Carolina. Acid production was not

significantly reduced (less than 30% vs. untreated control) by application of apatite
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having a particle size larger than 1.6 mm (1/16 inch), regardless of fhe rate of
application. |

In the same study, the use Qf a phosphate industry byproduct, a slu_rry
containing approximately 25% apatit:e with the remainder smectite clays, achieved
only moderate reductions in acid ﬁrqduction. However, when a fine-grained apatite
"spike" was added to the slur'ry', ‘a.cid production was substantially reduced.

Thus, the use of a source of PO,* provides a mechanism fpr inhjbiting the
conversion of Fe?* to Fe?+ as w._e,ll as immobi.lizing Fe3* already ‘pr'esen'.c. In this
way, the rate limiting step in the FeS, oxidation cycle, the oxidaﬁon of Fe?* to
Fe3+, is slowed and the acid -pr’ddi;’gihg mechanisms associated with the hydrolysis
of Fe** and the autl:oc-atalytic-r'lature of FeS, oxidation by Fe** is eliminated. In
addition, the insolubility of apatite above a pH of approximately 4.5 insures that
PO ions will be available r.as an in-situ, point source control of AMD until the -
pH drops to this value. At.this point the dissolution of apatite renders PO,* ions
available fo; the precipitation of iron. The dissolution of hydroxyapétite also
liberates hydroxyl (OH’) groups into Aso]ution, providing a source for H*
neutralization. |

Although the success of phdsphate at controlling acid production from FeS,
wastes has been established in the laboratory, speciﬁc rates have only been
developed for a few sources of relatively pure apatite and a single byproduct from
the eastern U.S. In addition, the feasibility of the excluéive use of an apatite

processing waste product has not been fully examined. -
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The proéurement of apatite can also present an obstacle to its use as an
. amendment for AMD. An economical source of apatite of proven effectiveness is
not readily available in the Appalachian coai mining region of the eastern U.S. As
a result, apatite must be shipped significant distances by truck or railroad from the
southeastern U.S. This results in transportation costs which are often prohibitive
to the large scale, widespread use of apatite for the treatment of AMD in the field
(Renton 1989).

In the \;restern U.s,, hovs}ever, apatite mined from the Permian Phosphoria
Formation in _southéastern Idaho and southwestern Montana is available and
provides a relatively close source ‘of phosphate for the coal mines of the Northern
Great Plains-. Several byproducts of the phosphate industry are also available
which contain significant amoun'ts of PO/*. The low cost and availability of these
byproducts in conjunction with their proxirrﬁty to large area coal fru'nes and other
sources of AMD pollution '(namely many hardrock mines | located in the
mountainous regions of Athe' west) warrant the evaluation of these sou;fces for their
effectiveness at controlling AMD An additional benefit will also be recognized in
that a previously unwanted and potentially environmental threatening byproduct of

the phosphate industry may be available for beneficial use in the control of AMD.
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STUDY OBJECTIVES

The specific.-objectives of this study are listed below.

1) To evaluate the potential _of‘ several' regional phosphéte sources, including
. two industrial byproducts, for controlling acid production from coal overburden.

2) To develop specific application rates for those phosphate sources which
proved-to be Iﬁost effective at controlling acid production.

3) To compare the effectiveness of regional phosphate sources with those

used in prévious studies and to verify and corroborate the results of those studies:
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MATERIALS AND METHODS

Experimental Design

The study was conducted in two separate phases discussed below.

Phase I

The initial ﬁhase of the study was a nonréplicated, qualitative. evaluation of
four regional phosphate sources, one commercially available phosphate fertilizer and
one previously studied phosphate source from North Carolina, for their ability to
control acid production from FeS,-rich coal overburden. This part of the study
utilized a computerized automated. rapid weathering apparatus (CARWA) to
genérate leachates from overburden treated with equal amounts of each phosphate
source (by weight %P). Leachates were analyzed for pH, SO/ and titratable
acidity to evaluate each 'sourcc’s effectiveness at reducing acid production.
Economic fa;:torsA such as cost/benefit considerations and availability of eath source
were also taken into account when evaluating the éffectivcness of a source.
Phase IT

‘Thc second phase of the study consisted of the development of specific
application rates for the phosphate sources deemed most successful at .controlling
acid production from the overburden sample. A soxhlet extraction apparatus was
employed for this part of the study following a procedure outlined by Renton et al

(1988). All treatments were run in triplicate.
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In addition, amendment solubility versus pH, scanning electron microscopic
(SEM) analysis and energy dispersive analysis of X-rays (EDAX) were performed

on the amendments used in thé soxhlet leaching experiment.

Acid Producing Overburden Sample

* An acid producing sample of ’Wolf Creek coal overburden from the Peabody
Coal Cor'npany’sl Sene(‘:a Mine near Hayden, Colorado was chosen for use in the
experiment. A prelinﬁnary evaiué;ci;)n of sevefal overburden éamples from various
western coal mines indicated that the Wolf Creek overburden would best ﬁt the -
criteria deemed 'necéséary for the experiment, namely that the sample have a
sétura£ed paste pH of less thén 3.0 aﬁd contain enough pyritic sulfur to enable it
to readily produce ﬁcid in a laboratory setting. The first criteria was deemed
necessary because, theoretically, it is r‘10t.unti1 pH values fall below approximately
3.5 that Fe3* levels become elevat‘ed enoﬁgh thﬁt Fe** becomes the primary oxidizer
of FeS, and the peruCtiqh,of acid becomes a self-perpetuating cycle. These
conditions 'we.re deemed éssen.tial because it is this component of the Fesz oxidation
cycle wﬁicﬂ the use of phosphate is designed to inhiﬁit.

The Wolf Creek overfnurden sample wash disaggregated to péss a 2 mm
screen and hqmogenized. Sulfur fractionation and particle size analyses were
performed using an acid-base accounting method (EPA 1978, Schafer and

Associates and Reclamation Research 1987)-and the hydrometer method (Day
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1965), respectively. In addition, a post-soxhlet leaching acid-base account/sulfur

fractionation analysis was performed on a homogenized bulk sample derived from

the three replicates of each treatment and the control. .

A saturated paste extract was also obtained and analyzed for pH and EC.
A5 ml ahquot of the extract was filtered through a 0.45 micron cellulose nitrate
filter and preserved with 7 N HNO3 to pH < 2.0, . Inductively Coupled Plasma
(ICP) spectroscopy was employed for the analysis of the total concentration of all
metals (Al, Ca, Fé), phosphorous (P) and sulfur (S) in solution. X-ray diffraction

(XRD) anélysis was also performed on the clay fraction (< .002 mm).
’ | Amendment Materials

Four regional phosphate sources and a ~commercially available phosphate
fertilizer (Triple Superphosphate) ;vere evaluated for their ability to control acid
pfoduction_from the Wolf Creek overburden. A sixth source procured from Texas
Gulf Chemical of Aurora, South Carolina, had been u1‘:i1ized in previous studies
tRenton et al 1988b) and was ﬁsed as a comparison against which the effectiveness
of the regional sources could be evaluated.

| All regiorllal'so'urces were crushed and sieved throﬁgh a 60 mesh (0.25 mm)
~ screen. Texas Gulf ore was 'rece-iv‘e'd in a condition where > 90% passed through

a 150 mesh (0.105 mm) Triple Super Phosphate (TSP) fertilizer was received and

apphed in prill form
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Each source was analyzed for total P (Horwitz 1980), total surface area ﬁsing
the BET N, adsorption isotherm technique (Mortlafld and Kemper ;'“?fi‘9'65.),
crystallographic morphology and particle size range using a scanﬁing electron
microscope (SEM) (Kittrick 1965) and elemental chemical'composition by energy
dispersion analysis of X-rays (EDAX). Amendments (< 0.25 mm) were mounted
on an aluminum stub and plated with Au prior to microscopic examination.
Selected fields of view and individual amendment particles from the stub were
subjected to EDAX analysis concurrent with SEM examination. Powder mount X-
ray diffraction analysis was performed to indicate whether carbonates wefe present
in the amendments. Solubility of P and S versus pH was also determined using
potassium biphthalate-HCl and potassium biphthalate-NaOH buffer solutiéns at pH
values of 2.2, 3.0, 4.0, 5.0 and 59 Total P and S were .determined by ICP

spectroscopy.

Phosphate Source Location

The Cominco ore sample is apatite ore mined from the Permian Phosphoria
Formation by the Cominco fertilizer company near Garrison, Montana. Cominco
waste is a byproduct of the washing of crushed ore (< 1.6 mm; 1/16 inch) and
contains a relatively high percentage of aluminosilicate clays. Both products are
available from the Cominco fertilizer plant near Garrison, Montana.

The Stauffer ore is apatite mined in southeastern Idaho from the Permian

Phosphoria Formation and procured by the Stauffer Chemical- Company (now
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Rhone-Poulence). Stauffer sludge is a dried slurry material which is the byproduct
of elémental phosphate production at the Stauffer (Rhone-Poulence) Plant in Silver
Bow, Montana. Triple Super Phosphate (TSP) is a commefcially available
calcium phosphate fertilizer.

Texas Gulf phosphate is processed‘apatvite rock cr.ushed so that > 90 % is
< 150 mesh (0.105 mm) and was procured from Texas Gulf Chemical in Aurora,

North Carolina.

Egperimental Procedure

Amendment Evaluation

Each regiqnal phosphate source and the triple superphosphate was added to
200 grams of Wolf Creek overburden at a rate equivalent to 18.5% P by weight.
This value represents the amount of P by weight in 1 mole of pure hydroxy apatite
(Cas(PO,);OH). To eaéh sample‘was added 100 ml of distilled water and a few

drops of AMD containing Thiobacillus ferrooxidans. The samples were stirred,

covered and allowed to equilibrate for three days.

Following equilibration, another 100 m! of distilled water was added and the
samples Qere placed in CARWA. This apparatus subjects the samples to 6
cpmpletg cycles of leaching, each consisting of v;/etti’ng‘ the sample with 200 ml of

I

distilled water, 45 minutes of agitation, 45 minutes of aeration (oxidation) and a 30
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minute extraction period. For a more complete deécn’ption of CARWA and its
operating procedurés, refer to Harvey and Dollhopf (1986). bt
Leachates were collected after each cycle for a total of six leachates per
sample. All leachates were analyzed for pH, titratable acidity and SO/ All
samples were brought toa boil prior to determinétion of titratable acidity ﬁsing 0.1

and 0.01 N NaOH. Concentrations of SO,> were determined turbidimetrically

(Rhoades 1982).

Phosphate Source Rate Determination

Based on ‘Fhe results éf the phosphate source evaluation experiment, four
sources were chosen for application rate determiﬁation utilizing the soxhlet leaching
experiment: Cominco ore, Cominco waste, Stauﬁ'er sludge and Texas Gulf ore.

A 143 mm soxhlet extraction apparatus was utilized for this part of the study.
The soxhiet apparatus consistsv of a round 500 ml pyrex flask into which a pyrex
extraction chamb‘er, which contains the sample, is- fitted. A pyrex condenser i‘s
fitted to the top of the extraction chamber.. Distilled water is added tb the flask,

which is placed in a heat mantle. The water is brought to a low, steady boil.

'~ Steam rising from the flask enters a vapor bypass tube on the side of the extraction .

chamber and rises into the condenser. The steam is condensed and drips back onto
the sample in the extraction chamber. When the water (leachate) level in the

extraction chamber reaches capacity, it drains via a syphon tube back into the flask
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and the cycle is repeated. In this study, 300 ml of distilled water were placed in the
flask prior to heating and initiation of the leaching cycle.

All phosphate sources (amendments) were added to 100 g samples of Wolf
Creek overburden. The Cominco waste and Stauffer sludge were ;lpplied in three
rates equivalent to 1%, 3% and 5%‘ apatite (based upon 18.5 % P in apatite) by
weighf. Cominco ore was applied at 3% apatite by weight to allow comparisons
between a waste product and the ore from which it was derived. Texas Gulf ore
was also applied at 3% apatite by weight and, as mentioned earlier, would serve as
a comparison for which data already existed and evaluations ‘could be made against
the regional sources. An unamended control was also established and all treatments

were run in triplicate. Amendment application rates are shown below in Table 1.

Table 1. Application rates and phosphorous content of amendments.

Treatment Application’ Rate Amount Added - Phosphorous
% apatite (g/100g overburden) %
Control 0 0.00 - 0.0
Cominco ore 3 - 5.04 11.0
- Cominco waste 1 2.18! . 85
Cominco waste 3 6.53 8.5
Cominco waste 5 10.90 8.5
Stauffer sludge 1- 2.68 6.9
Stauffer sludge 3 8.04 6.9
Stauffer sludge 5 13.40 6.9
Texas Gulf ore 3 4.08 13.6

1. Amount Added = (%P in pure hydroxy apatite// %P in amendment) (Application Rate)
= (18.5 %P / 8.5 %P) (1) = 2.18
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All amended overburden saniples were thoroughly mixed and placed in 143
x 45 mm cellulose thimbles. The thimbles were placed in a soxl.llet extraction
appé;atus.' and subjectéd to a.24 houf. leach period. Previous work by Renton et
al (1988a) had shown that gréater '.tharll 90% of all leachable I;réjdﬁcts ére removed

within 16 to 20 hours. A 24 hour period was chosen for convenience.

Leacf;ate Analysis

After 24 hours of leaching, the leachates were collected and the thimbles
containing the overburden were placed in 400 ml pyrex beakers. The beakers wére
then placed in a drying .oven at 105 C for 14 days to allow the safnple to reoxidize.
Renton et -al (1988a) had established that greater than 90% of :OJddation had
occurredl within 12 days and a 14 -day drying period was also chosen for
con;ler;ience. After 14 'days samples wefe again placed in the soxhlet apparatus and
subjected to anotherI24 hour leaching period. This drying (oxidation)/leaching cycle .
was repeated 4 ;cimes, including an initial 24 hour leaching period. For a more

| detailed description of the procedure ouﬂined above, refer to Renton et al (1988a).

Leachate volume was recorded after each leaching peridd aﬁd the leacﬁate
was gravity filtered with a Whatman #4 qualitative filter to remove any ,prégipitates
which may have formed. The leachate was allowed to coal to Toom temperature
and was measufed for EC and pH. A 20 ml aliquot was then drawn off and
filtered through a 0.45 micron cellulose‘hitlrate:. filter and presérved with 1 .ml of 7

N HNO; to pH < 2;0. This aliquot was then analyzed for total dissolved Ca, Fe,
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P and S using ICP spectroscopy. Dissolved S was taken to be a direct measurement
of SO/-S and associated acid production [1], [4] (Renton et al 1988a) ;nd would
serve as a way of comparing the effectiveness of each treatment.

Preliminary analysis of selected subsamples using ion chromatography (IO
analysis was compared to ICP results and indicated that greater than 90% of total
dissolved S was in the form of SO4?'. Therefore, ICP analysis for S \.avas\ utilized for
the remainder of the experiment.

Ion chromatography results for PO were inconclusive‘ due to the high
concentrations of SO,> and low concentrations of PO jn solution. However7 ICP
results indicated that levels of P in the amended samples were not substantially
~ elevated with respect to the cor_ﬁml ér high enough to warrant éoncern and ICP was
chosen for P analysis for all leachate samples.

A 30 ml aliquot of leachate was drawn off for determination of titratable
acidity. To each aliquof was added 5 drops of 30% hydrogen peroxide (H,O,) to
insure that all Fe would be in the Fe3* form. Each sample was then boiléd for 2
minutes to insure complete oxidation and to remove any excess H,O,.

After allowing the' samples to cool, a 20 ml aliquot was drawn off and

titrated to pH 7.0 endpoint with 0.01 N NaOH.
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Phosphorous and Sulfur Solubility Determination

Two grams of each of Cominco ore, Cominco waste, Stauffer ore, Stauffer

-sludge and Texas Gulf ore were placed in potassium phthalate‘-- hydrochloric buffer

+ solutions of pH 2.2, 3.0 and 4.0 and‘ potassium phthalate - sddiurﬁ hydroxide buffer

solutions of pH 5 0 and 5 9 and allowed to equilibrate for 2 days The expern:nenta g
was run with duphcafce- samples The pH of each sample was recorded at 24 and
41 hours after the initiation of the experiment to verify equlllbrlum conditions.
Buffer pH values had risen, possibly due to the liberation of OH- associated with

the dissolution of hydroxy apatite. Linear regressions were run to determine

-solubilities at the desired pH values [H*] for P and S.

Solution from the samples was filtered through a 0.45 micron cellulose nitrate

filter and preserved with 6 N HCl to pH < 2.0. Samples were then analyzed for

total phosphorous and sulfur by the ICP method.

Calcium carbonate equivalents were determined for Texas Gulf ore. Twenty
(20) ml of 6 N HCI were pipef_ted into a beaker. The beaker and solution were

weighed. Two (2) grams of Texas Gulf ore were then added to the beaker, causing

- a violent fizzing. The resulting solution was covered to prevent evaporation and ‘

allowed to equilibrate for 24 hours. The beaker and its contents were then weighed-
again. The difference between the original weight, accounting for the 2 grams of
ore added, and the final weight was attributed to loss of CO,. This result was

converted to calcium carbonate equivalents.
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RESULTS AND DISCUSSION
Amendment Selection

The leachate chemistry resulting from the CARWA amendment selection
experiment using the four regional phosphate sources and Triple Superphosphéte
fertilizer are summarized in Table 2. Values represent the sum of all sixt CARWA

cycles for the Wolf Creek overburden sample.

Table 2. CARWA leachate chemistry from treated Wolf Creek overburden.

Treatment SO2 Acidity(as CaCOy)
‘ : (mg/)___

Cominco ore _ 27154 18423

Cominco waste 28260 23789

Stauffer ore : 23402 20749

Stauffer sludge 17848 15807

Triple superphosphate e 32701

Based updn the'results_of the acidity determinaﬁon, Triple Superphosphate
was disqualified” as a candidate for rate determination because of its poor
performance relative to the other treatments. It was therefore not analyzed for
SO The Corhinco ore-treéted sample resulted in the production of less acidity
than the sample treated with Stauffer ore, but had considerably higher levels of
SO, The Cominco ore was nonetheless chosen for further study because of its

greater phosphorous content (11 % vs. 9.2 % for the Stauffer ore).

b
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The Stauffer sludge was choseﬁ for further rate determination studies based
on the merits of its ability to reduce both SO,* and acidity production compared
to the other treatments. The Cominco waste, though not as effective as the other
treatments at reducing SO,* and acidity levels, was chosen for further study because
itis a waete_product and should therefore be considerably less expensive to obtain
than a 'phesphate ore. It might therefore prove ;co be a more economically feasible
amendment.

The Texas Gulf ore was chosen, as mentioned previously, because its effects
on the_ reduction of acid produetilon from coal waste had b.CQI.I studied earlier
(Renton et al 1988b). These results could be used as a measure against which the

effectiveness of the regional sources could be compared.

Overburden Characterization

Important physical and chemical properties of the Wolf Creek overburden
include particle size distribution, saturated paste extract chemistry, acid-base
account/sulfur fractionation and X-ray dlffractlon analys1s of the clay (< .002 mm)
fraction. Results of these analyses, excludlng X-ray diffraction analysis, are presented
in Tables 3, 4 and 5, respectlvely

X-ray diffraction analysis of the clay fractlon of the Wolf Creek overburden
iﬁdicated that the majority of the clays are comprised of kaolinite (68%) and

randomly interstratified mica-vermiculite with traces of smectite (32%). This
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“suggests, in conjunction with the relatively low clay content, that exchange reactions

do not play a major role in affecting leachate chemistry.

Table 3. Particle size distribution in the Wolf Creek overburden.

Particle Size (mm) Textural Class Relative % in Sample
2.0 -0.05 sand 3
0.05 - 0.002 . silt 90

< 0.002 clay 7

Table 4. Saturated paste water extract chemistry of Wolf Creek overburden.

pH EC Ca ~ Fe P S . Al
mmhos/cm mg/l ‘
215 15.73 - 616 21250 926 ' 33680 - 6129

Table 5. Sulfur fractionation and acid-base account analyses of Wolf Creek

overburden.
Total S (%) _ _ 1.72
Hot Water Extractable S (%) 0.72
HCI Extractable S (%)? - 018
HNO; Extractable S (%)* 0.71
Residual S (%)* 0.11
Neutralization Potential (t/1000t) <1.00
Acid Potential (meq/100g) - 59.76
. Acid-Base Account (t/1000t)¢ -29.38

water soluble sulfates

non-water soluble sulfates

pyritic sulfur

Total S - sum(1,2,3)

sum of 3 and 4 = total pyritic sulfur

ABA = NP - [HCI-S(23.44) + FeS,-S(31.25)}; if NP < 1, let NP = 0.5.

AN ol o
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Leachate Chemistrv

Results of the five soxhlet leaching cycles are shown in Table 6. Treatment
means, percent reduction of analytical parameters versus the control and éignificance
classes are presented; Negative values represent an increase in a given parameter
versus the control. An analysis of variance and determination of least sigiiificant
difference (p=.05) were performed on cumulative data (sum of replicates for cycles
1 through 5) (Figures 1 through 3) as well as on data from each cycle (Figures 4 -
through- 6). ) |

-It is also relevant to note at this time that there was considerable variation
between repiicates for sb’me_ treaiments.-' This was most likely due to discrépancies
in heating and degree of leaching_ between individual soxhllets,: and is believed to
have had a negligible effect on the cumulative measured response to each
treatment. Where appropriate, i:hese variations will be discussed. Data for all

“leachates -produced are shown in Appendix A.

Cumulative Response to Amendments

All treatments resulted in a significant (p=.05) reduction in total sulfur (S)
(assumed to be SO.*; see MATERIALS AND METHODS-Amendment Materials),
iron (Fe) and acidity concentrations compared to the control, with the exception of
the Cominco ore at 3% and the Cominc6 ‘waste at 1%. These two treatments did
not significantly reduce sulfui levels (Figures 1 through 3). 'fhe Cominco ore also

did not significantly reduce Fe levels.




Table 6. Cumulative leachate ion concentrations, % reduction versus control and significance (p=.05) levels.

(4>

Treatment (% apatite) Fe S Acidity Ca P EC pH

. Average ; % Reduction .

mg/l mmhos/cm

Control 14141 @2 3695 © 9424 0 713 0 ab 108 0 a 4162 0 ¢ - 2414 0
Cominco ore (3%) 1299 8 3482 6 - 8187 13 , 868 2250 283 -161 bed 3.75 10 be 238 -8
Cominco waste (1%) 1181. 16 . 3681 0 8783 7 918 29 be 27.8 -157 bed 403 3 ¢ 2.33 -20
Cominco waste (3%) 1029 27 3362 9 8060 14 893 -25 be 25.5 -136 be 3.69 11 be 239 -4
Cominco waste (5%) 1015 28 3423 7 7675 19 1004 41 ¢ 30.7 -183 cd 3.67 12 be 241 0
Stauffer sludge (1%) 1041 16 3300 11 7673 19 979 -37 bc 210 94 b 3.65 12 be 251 20
Stauffer sludge (3%) 709 50 - 2960 20 5235 44 1405 -97 d 348 222 ¢ 336 19 ab - 279 58
Stauffer sludge (5%) - 522 63 2785 25 4460 53 1465 -105 d 294 -172 cd 382 7 be 3.07 78
Texas Gulf ore (3%) 539 62 2744 26 3086 67 1501 -110 d 622 474 e 281 32 a 287 65
1. table values are means of the 5 cycle (15 replicate) means.
2. % reduction versus control.
3. average values for EC are the means of the sum of the 5 cycle means.
4. average values and % reduction calculated from actual [H*].
5. note: negative (-) values denote increase relative to control.
6. values marked with same letters are not significantly different at p=.05 level.
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Among the treatments, Stauffer sludge at applications of 5% and 3% and
Texas. Gulf ore at 3% were significantly more effective than the remainiﬁg
treatments, resulting in Fe reductions of 63%, 50% and 42% and'S reductions of
20%, 25% and 26%, respectively. Texag Gulf ore waslsignifica\mtly more effective
than all other treatments at.reducing acidity (67%), followed by Stauffer sludge at
5% (53%) and Stauffer sludge at 3% (44%). |
| Only samples treated with Stauffer sludge at all application rates and Texas .
Gulf ore significantly increased pH levels, although in all cases the rise in pH was
less than 1 log unit compared to the control. Texas Gulf or.e and Stauffer sludge at
3% were the only treatments which significantly reduced EC values compared to the
contrbl, although all treatments led to a decline in average EC values. The order
of amendment performance at reducing EC levels mirrored that observed for S
le\')els.

All treatments resulteci in significantly higher concentrations of calcium (Ca)
and phosphorous (P) (assumed to be PO2; see MATERIALS AND METHODS -
Amendment Materials) relative to the control. Those amendments proving most
successful at reducing Fe, S and acidity, namely Stauffer ore at 5% and 3% and
Texas Gulf ore at 3%, resulted in the greatest concentrations of Ca in leachate.

Samples treated with Texas Gulf ore had much higher P (significant at p = .05)

concentrations than those treated with any other amendment.
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It is also relevant to discuss the affect of amendment application rate on

" leachate chemistry at this time. Stauffer sludge at an application rate of 5% P was

signiﬁcantly more effective at reducing Fe and acidity than a 3% application rate,
and both of these sludge rates caused significant reductions in Fe, acidity and S
relative to a 1% rate of applicatién. Applications of Stauffer sludge and Texas Gulf
ore also resulted in significan‘tly lower . concentrations of Fe, acidity and S than
samples treated with Cominco‘ waste and Cominco ore at comparable application
rates. The single exception to this trend was observeﬂ in leachate Fe concentrations
from samples treated with Stauffer .sludée at 1%, which were not significantly
different than those treated with Cominco waste at this rate. Applications of
Cominco waste at 3% produced a greater diminution in Fe levels than Cominco ore
at 3%. It is also worthy to note that Stauffer sludge at 1% performed as well as
Cominco waste at 3% and 5% application rates at reducing Fe, S and acidity levels.

These results, in which higher éppiication rates of the Stauffer sludge and
Cominco waste result in lower levels of Fe and acidity in leachate suggest that it is
a mass action process which goverhs the success of the pilosphate amendments and
also indicates that the 'resporllse' to the épplication of phosphate is quite rapid, as
is evidenced by the significant ;'i:r'litial | declines in Fe, S and_'aci'dity values 'in
overburden s‘amples treated w1th Stauffer sludge aﬂd Texas Gulf ore. Specific
factors and mechanisms affecting amendment performancé will be addressed in later

sections.
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Cyclic Response to Amendments

'The results of leachate analysis from each leaching cycle are discussed below.
The primary purpose of this discussion is to poinf out abberations and trends which
developed as leaching progressed. Iron, S and acidity concentrations as well as
significance ranking for each cycle are shown in Figures 4 through 6. Although not
presented graphically or in tabular form, statistical analysis of Ca, P, EC énd pH
levels were performed and will be discussed for cyclic data. | For actual measured

levels of these parameters, refer to Appendix A.

Cycle 1

Results from the first leaching cycle exhibit trends very similar to the
cumulative response to amendments discussed above. Specifically, Stauffer sludge
at 3% and 5% and Texas Gulf ore at 3% were the most significantly effective
treatments at reducing Fe, S and acidity. Cominco waste at 1% and Cominco ore
at 3% did not significantly reduce Fe compareci to the control. Stauffer sludge at
all‘ rates of application and Texas Gulf ore produced significantly greater increases
in pH levels, with Stauffer sludge at 5% resulting in an increase 'of 0.58 log units
relative to the control.

Stauffer sludge at 3% and 5% and Texas Gulf ore at 3% application rates
were also the most significantly effective: 'trea.tments at lowering EC levels, with

Stauffer sludge at 1% the only other treatment-to significantly affect EC. As was
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the case for the cumulative response to treatments, EC performance by treatment
mirrored that observed for S.

All treatments significantly increased Ca concentrations in lgachat‘e, but only
Stauffer sludge at 3% and 5% and Texas Gulf ore at 3% significantly increased P
levels. |

It should be noted that Stauffer sludge significantly outperformed Cominco
waste and ore at reducing concentrations of Fe, S and acidity at compérable rates
of application. In fact, Stauffer slﬁ_dge at 1% was better than Cominco waste at
decre;asing Fe levels and resulted in significantly lower concentrations of acidity than
Cominco waste at 3%. Stauffer sludge at 1% also significantly reduced Fe, S and
acidity concentrations compared to Cominco ore at 3%. Cominco waste at all rates
of application was better at reducing Fe than Cominco ore at 3%. | It is also
important to note that approximately 63% of all solutes were leached during this

cycle, having a significant impact on the cumulative results.

Cycle 2

Concentrations in leachate of all analytical parameters were much lower in '
cycle 2 than in cycle 1 for all treatments, including the control (Figures 4 through
6). This is due to a large release of soluble salts and ions during the initial leaching

cycle and is not indicative of any treatment effects.
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Compared to the control, all treatments resulted in significant reductions in
Fe, acidity and EC levels and‘increases in pH values, with the exception of Stauffer
sludge at 3%, whicﬁ did not signiﬁc;antly reduce EC levels. ‘Texés 'Gult; ore was the
most effective treatment‘ at reducing Fe and acidity in leachate. Tﬁe_ application of

Stauffer sludge at 5% also considerably lowered Fe and acidity concentrations. The

Texas Gulf ore treatment at 3% resulted in much greater concentrations of Ca and

P in leachate than any of the'bther treatments.

The most notable disti_nction between cycles 1 and 2 was observed in the S
results (Figure 6). 'Only Comjncb ore at 3% -and Cominco waste at 3% and 5%
significantly iowered lea.chate S :conéentrations versus the control, with Cominco ore
producing the 'Il‘IIOSt notable S r‘eductions. This is interesting ‘because neither of
these amendments produced a sigrﬁficant response in cycle 1. Also, Stauffer sludge
at 3% and 5% and Texas Gulf ore at 3%, which were the most effective treatments
at reducing S concentrations in cycle 1, did not significantly affect S levels in this
cycle, although they maintainqd“‘:tﬁeir effecti\'zeness at reducing Fe and acidity. This
discrepancy was also apparent in later cycles and may be due in part to a
contribution of S to the leachates from the amendments thelﬁselves. This subject

will be discussed in greater detail in a later section.

Cycle 3

Samples treated with Stauffer sludge at 3% and 5%, Cominco waste at 3%

aﬁd 5% and Texas ‘Gulf ore at 3% resulted in significantly reduced Fe
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concentrations (Figure 4). Applications of Stauffer sludge at 5% and Texas Guif
ore at 3% produced the most notable reductions in Fe of 73% and 65%,
respectively. All treatments -with the- exception of Cominco ;avaste at 1% led to
significant reductions iﬁ'aéidity and iﬁpreases in pH. The sample tréated with Texas

Gulf ore at 3% again far oﬁtperformed (77% reduction) the other treatments at

. reducing acidity and resulted in the greatest increase 'in pH (0.79 iog units) and P

. (1110%). Only samples amended with Stauffer sludge at 3% and 5% and Texas

Gulf ore at 3% significantly increésgd ;ché levels of Ca versus the control. EC
values were lowered with resée_ct to the control only for samples treated with
Cominco ore at 3%, Cominc'o waste at 5%, Texas Gulf ore at 3% and Staqffer
sludge at 1%. The reason for _the lack of a significant reduction and increase in
acidity and pH, respectively, in samples treated with Comiﬁco waste at 1% is
probably due to excessive leachin.g[ This is evidenced by concurrent elevated Fe,
S and EC leveis in cycles 2 and 4 relative to this cycle (3).

No ’freétments.: led to significant reductions in S, but as was the case in cycle
2, samples treated with Cominco ofe at 3% showed the most notable decline (31%)

versus the control. Samples treated with Stauffer sludge at 1% actually significantly

! increased the amount of S in leachate and samples treated with Stauffer sludge at

5%, Cominco waste at 1% and Texas Gulf ore at 3% had considerably higher S

values than the control.
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Cycle 4

All treatments resulted in significant feductions in Fe levels. Stauffer sludge
at 5% Qas the most effective treatment, with an 85% reduction versus the control
(Figure 4). Samples treated w1th Texas Gulf ore at 3% and Stauffer sludge at 3%
also exhibited considerable (72% and 58%,.respectively) diminutions in Fe levels.

All treatments except Cominco waste at 1%, 3% and 5% significantly
decreased acidity levels, with the Texas Gulf ore again resulting in the largest (77%)
declines. It again produced by far the greétest increase in P (1060%) felative to the
control. Léachates, from samples treated with Stauffer sludge at 3% and 5% and
Texas Gulf ore at 3% again yielded the greatest concentrations of‘C.a. Values for
pH were greater than the coﬁ.trol fox_" all treatments except Stauffer sludge at 1%.
Electrical conductivity was significantly reduced only in samples treated with
Cominco ore and Cominco wéste at 3% and actually increased significantly in
samples treated with Stauffer sludge at 3% and 5%.

As was tﬁe (I:ase in cycle 3, none of the treatments significantly reduced S
levels compared to the control, but samples treated with Cominco ore at 3% had
the most notable decline (14%) in S‘ values while those treated with Stauffer sludge

at 3% and Texas Gulf ore at 3% resulted in significant increases in S concentrations

in leachate.
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Cycle 5

Responses to treétments in the final cycle were similar to those observed in
previous cycles, excluding cycle 1.(Figures 4 through 6). All treatﬁents produced
a significant reduction in l¢aéhat¢ Fe levels relati&‘le to the Céntrol, and samples
treated with Texas Gulf oré at 3% and Stauffer sludge at 5% resulted in the-
greatest Fe reductions (83% and 52%, respectively). Iron concentrations increased
notably from the previous cycle in samples treated with Stauffer sludge at 3% and
5%. However, this is II.IOSt likely due to an excessively severe leaching cycle, which
is evidenced by qotable concqrrent increases in EC, Ca, P. and S concentratic.msi.
All treatr_nenfs also significantly reduc’éd -acidity‘aﬁd increased pH, with Texas Gulf
ore at 3% again leading to the gfe,:;ltest decreases (74%) in acidity. Samples treated
with Stauffer sludgé at 5% and. Texas Gulf ore at 3% both led to a 0.65 increase
in pH versus the control. There was no significant difference between Stauffer
sludge and Cominco waste at comparable application rates at reducing acidity.
Samples treated with Stauffer sludge at 3% and 5% application rates and Texas
Gulf ore at 3% resulted in the highest levels of Ca and P, although the excessive
leaching mentioned above must be taken into consideration.

Once again, none of the treatments produced a significant decline in S
concentrations. Samples ‘treated with Cominco ore at 3% and Cominco waste at
all application rates resulted in actual declines in S concentrations versus the

control.
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Cyclic Trends |

| Several general trends can be ascertained from examination of the re‘suits of
each cycle. It is clear ;chat samples ﬁre_éted with Stauffer sludge at 3% and 5% and
Texas Gulf ore at 3% &:'onsistenj:]y res'ﬁlfe‘c‘l .in the lowest leachate Fe concentrations.
In general, these treatments also producéd the lowest a‘cidity‘an,d higﬁest Ca levelé.
Samples treated with "I',‘éxas Gulf ore at 3% had the greatest P‘(‘:on'cé:ntr.ations in
leachate. Electrical cbnjdﬁcﬁvity values in léachate for ‘all treatments closely
paralleled S leachate values. |

The :initial respg;nse (cyéle 1) ‘o‘f S concentrations in leachate to the
treatments showed that S'fauffér sludge at 3% and 5% and Texas Gulf ore at 3%
were the most effective treétments at reduciﬁg S, in addition to reducing Fe and
acidity. However, while these treatmeﬁts continued to achieve notable reductions
in Fe and acidi;[y levels in later cycles, they did not significantly reduce S levels
relative to the other amendments. This trend manifests itself in an obvious
discrepancy between the acidity and S results for cycles 2 through 4. In an attempt
to resolve this discrepancy, the solubility of S in each amendment at various pH
values was measured, in addition to P, to determine how much S was being
contributed to leachate by ea(_:h amendment in excess of that associated with FeS,
oxidation. Mass balance calculations bésed oﬁ the stoichiométry of FeS, oxidation
were also performed on leachate data and compared to the initial and post-leaching
sulfur fractionation analyses. Results of theses exerciseé are presented in later

sections.
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Amendment Solubility and Surface Area Determination

The solubility of an amendment is an important factor in determining its,
initial and long term effectiveness and overall success. It is also important in the
determination of application rates. A relatively soluble amendment will provide a
more immediate response and may or may not experience a temporal decrease in.
effectiveness if it is too readily leached from soil or overburden. Conversely,'
relatively low solubility in an amendment may inhibit’ its initial effectiveness but
produce a desirable long-term effect. In the case of very low solubility it may even
preclude the use of a material as an amendment.

Surface area is another well documented factor affecting the success of an
amendment (Motto and Melstad 1960, Renton et al 1988b). Greater surface area
results in higher amendment reactivity and, in conjunction with solubility, determines
to a large extent the amount of anions (PO,*) available for reaction with Fe and
other cations. With the objectives of quantifying these important factors, the
solubility experiment and surface area determination were performf?d. In addition
it was believed that these data could be used in conjunction with the results of SEM

and EDAX analyses to help explain the performance of each amendment.
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Phosphorous Solubility

Linear regressions on the results of the phosphate solubﬂity experiment
showed a strong positive correlation between [H*]) and P concentrétions for ;111'
amendments. Phosphorous concentrations at pH 2.0, 3.0, 4.0, 5.0 and 6.0 were
calculated from the regression equation and are presented in Table 7 and shown
graphically in Figure 7. Surface area determination results are also shown in Table
7. Although not tested in the soxhlet rate determination experiment, the solubility
and surface area of the Stauffer ore was determined so comparisons could be made
with the Stauffer sludge and .insights could be gained into the possible effectiveness
of the use of the ore as an amendmént.

Table 7. Solubility of P and surface area of amendments used in soxhlet
leaching experiment. C

Source r ' pH surface area

| , (w%g)

2.0 3.0 4.0 50 6.0
P (mg/)

Cominco ore 996 2171 1222 28 8 6 3.518
Cominco waste 999 1493 152 18 5 3 10.211
Stauffer ore .999 2049 208 25 6 4 13.052
Stauffer sludge 970 17550 1780 202 45 29 19.907
Texas Gulf ore .884 © 37750 3782 385 45 11 19.390

Because the pH values of the leachate throughout the soxhlet experiment
were predominantly between 2.0 and 3.5, the discussion of the résults .of .the
amendment solubility experiment will focus on this range.

Figure 7 indicates that the solubility of P decreases linearly to pH 4.0 for

v

all amendments with only the Stauffer sludge and Texas Gulf ore yielding
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reducing concentrations of Fe and acidity in leachate and also offer an explanation
for the greater concentrations of Ca and P in leachates associated with these
amendments. The relatively low (6.9%) P content of the Stauffer sludge may
explain its limited effectiveness at an application rate of 1%.

Conversely;, lower relative surface area and subsequent lower P solubilities
also explains the poorer performance of Cominco waste (1%, 3% and 5%) and
Cominco ore at decreasing leachate Fe and acidity levels relative to the Stauffer
sludge (3% and 5%) and Texas Gulf ore. 1"art of the reduction in acidity observed
in the amended samples may be due to the liberation of OH- groups upon the

dissolution of hydroxy apatite [6].
Cas(PO,);OH + 3 Fe** 4+ H* = 3 FePO, + 5 Ca** + H,O [6]

This claim is supported by the considerable increase in pH of the buffer
solutions into which the amendments were placed, particularly the Stauffer sludge
and Texas Guif ore.

Another component in the success of the Texas Gulf ore at reducing acidity
relative to thé other amendments is most likely due to its inherent neutralizing
capacity associateéd with the presence of basic carbonates (CaCO; equivalents =
264 gram CaCOj/gram amendment). The presence of calcium magnesium
carbonate was verified by powder mount XRD analysis. No carbonates were

present in the Cominco or Stauffer phosphate sources as indicated by XRD analysis.
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It is also possible that the formation of aluminum phosphates is occurring in the
amended samples, thereby reducing acid production associated with the hydrolysis

of Al [7].
AP* + H,0 = AI(OH), o [7]
This mechanism will be discussed in more detail in a later section.

Sulfur Solubility

Linear regressions run between S solﬁbility and [H*]) for each amendmeﬁt
indicated that the degree of correlation was not strong for any of the amendments
with the exception of the Stauffer ore (r = .957). In light of these results, S '

concentrations are given for actual buffer pH values recorded at the time of

solution collection (Table 8).

Table 8. Amendment sulfur solubility (mg/l) at buffer pH value.

Amendment r pH S pH S pH S pH S

Cominco ore 637 3.01 57 413 57 - 506 52 593 52
Cominco waste -.286 299 175 413 .76 506 74 594 78
Stauffer ore 957 325 7 430 4 514 - 4 609 4-
Stauffer sludge 794 4.06 108 4.63 106 532 95 622 87
Texas Gulf ore -404 4.77 101 5.09 111 . 610 101 7.60 109

These results suggest that the amendments may be contributing S to leachate
in the pH ranges prevalent in the soxhlet leaching experiment. Blatt et al (1972)

noted that the average S composition as SO; of the Permian Phosphoria Formation,
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from which the Cominco and Stauffer amendments originate, is 1.8% by weight.
The occurrence of S in apatite is attribﬁted to the substitution of hexavalent iStl(S“*)
as SO, for pentavalent P (P**) as PO

The amount of S contributed by the amendments would constitute a
considerable amount of the total S in leachate for cycles 2 through 5, even at the
concentrations present in the higher pH environment of the buffers. This assumes
that the amendments would be able to continue contributing S throughout all
leaching cycles. At the lower pH values, which increase amendment solubilities, and
strongly oxidizing conditions prevalent in the leachates, it is likely that S would be
present as SO, and be at least as concentrated as in the buffers. This is especially
true for the more soluble amendments and is supported by the results of the
leachate analysis.

Thus, it is probable that the discrepancy between S and acidity levels in
leachate in cycles 2 through 5 is the result Qf the neutralization capacity of the
amendments associated with the release of .OH- during dissolution and, to a lesser

extent, the contribution of S from the amendments.

SEM - EDAX Analyses of Amendments

Scanning electron microscope (SEM) photographs of each amendment and
the Stauffer ore are presented at 450X and 4700X magnification to illustrate the

differences in particle size and morphology of each amendment (Figures 8 and 9).
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Low magnification (< 250X) energy dispersive analysis of X-rays (EDAX) showing
the general amendment composition (Figure 10) and chemical composition of
specific célcium phosphate particles (Figure 11) are presented on the pages
following the photographs.

Examination o.f the photographs on the left ﬁand side (450X) of the following
pages indicate that all amendments are similar in particle size range and general
morphology. The exéeption to this observation is the Cominco ore sample, which
has a larger, more massive crystalline form. It'is also apparent from viewing the
photographs in the right hand column (4700X) that the Stauffer phosphate soufces,

- particularly the Stauffer sludge, and the Texas Gulf o.re have a loosely
agglomerated, almost frambiodal appearance exhibiting many voids and surfaces.
The Stauffer ore sample appears similar but seems to have less void space. The
Cominco waste sample is very similar to the Stauffer ore in appearance but has a
smaller percentage of small particles (Figures 8 and 9, left hand column). It is
clearly distinct from the Cominco ore. |

These observations complement the results of the amendment solubility and
surface area experiment, (Table 7) which shows that the Stauf‘fert sludge and Texas
Gulf ore have the greatest surface area, followéd by the Stéuffer ore, Cominco
waste and Cominco ore. In addition, it is important to note that there is a

predominance, relative to the other phosphate sources, of the purest calcium
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These findings in conjunction with phosphate solubility and surface area data
provide an explanation for the performance of the respective amendments. The
small particle size, "porous" morphology, large surface area and consequéntly high
solubility of the Stauffer sludge and Texas Gulf ore amendments result in a very
effective initial response in reducing acid production and Fe levels. However,
because of the lower phosphorous content of the Stauffer sludge (6.9%) relative to
the Texas Gulf ore (13.6), higher rates of application are n_ec;essary to achieve

similar resulis.

Post-Leaching Sulfur Fractionation

The results of the post-soxhlet leaching sulfur fractionation analysis of the
amended overburden samples generally cofroborates the finldings‘of the leachate
analysis. That is, tile overall production of acid from the oxidgltion of FeS, was
lower for samples treated with a phosphate amendment compared to the control
(Téble 9.

'i‘his fact is illustrated by the greater percentage of S remaining as FeS, in
the treated saﬁlples compaired to the control. However, it should agaiﬁ be noted
that this analysis \.avas performed on a single homogenized bulk sample derived from
the mixing of treatment replicates. In addition, although all treated samples contain
more S as FeS, than the control, the difference is relatively small and may be within

the boundaries of laboratory error.
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Table 9. Post-leaching sulfur fractionation and acid-base account analyses of the
amended Wolf Creek overburden.

Treatment
Control Cominco ore Cominco waste Stauffer sludge Texas Gulf ore

3% 1% 3% 5% 1% 3% 5% 3%
Total S (%) 0.72 0.75 0.76 0.74 0.77 0.80 0.84 0.90 0.89
‘Hot Water Extractable S(%)1 0.11 0.09 0.11 0.03 0.08 0.08 ° 0.11 0.22 0.09
HCI Extractable S (%)2 0.03 0.03 0.05 0.09 0.02 0.13 0.07 0.03 0.16
HNOj Extractable S (%)>°  0.14 0.19 0.17 0.18 0.19 0.12 0.11 009 013
Residual S (%)% 044 044 043 044 048 0.47 0.55 0.56 051
Neutralization Potential <1 5 <1 4 5 <1 4 7 2
(t/1000t)
Acid Potential (meq/100g) 38 41 41 44 43 45 46 42 50
Acid-Base Account (/1000t)° -1833  -1540 -1943  -17.50 -1641  -19.83  -19.23  -1852  -20.13
Difference Pre-leaching -0.24 -0.19 -0.22 -0.20 -0.15 -0.23 -0.16 -0.17 -0.18
FeSy-S and Post-Leaching
FeS,-S
1. water soluble sulfates
2. non-water soluble sulfates
3. pyritic sulfur
4. Total S - sum(1,2,3)
5. sum of 3 and 4 = total pyritic sulfur
6. ABA = NP - [HCI-S(23.44) + FeS,-S(31.25)]; if NP < 1, let NP = 0.5.

Nonetheless, this analysis provides useful information when compared to thel
pre-leaching sulfur fractionation data from the Wolf Creek overburden and will be
addressed in a later section.

It is also noteworthy that‘residual S comprises the majority of FeS,-S in the
leached samples but is a minor componeﬁt of Feéz-S compared to HNO; extractable
S in the original sample. It is not clear why"this is the case, but it may be due to

laboratory ‘analytical error.
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Stoichiometric Balance of FeS, Oxidation

_Cumulative iron, sulfate and acidity balances were calculated and corhpared
to the tﬁeoretical concentrations _b‘ased on the stoichiometfy of FeS, oﬁdation [1],
[2], [3] and [4]. These calculations were performed 1) to determine if the
cumulative concentrations of analytical parameters in leachate were representative
of the théoretical reaction consistency and stoichiometry associated with the
oxidation of FeS,, 2) to gain insight into the chemical mechanisms involved in FeS,
oxidation during soxhlet leaching, and 3) to corroborate the findings of the leaching
and solubility experiments. To achieve these results, the following equation was

used:

moles FeS,/g sample = (mg ion/l leachate) (1 leachate/g sample) {1}

(moles ion/mg ion) (moles FeSy/moles ion)

Ion represents Fe, SO,* and acidity as CaCOs, and‘the term moles FeS,/moles ion
represents the moles of a given ion produced per 1 mole of Ee32 oxidized. In this
way, the molar concentrations of Fe, SO,* and acidi‘ty were converted to moles of
FeS, oxidized.

The actual amount of FeS, oxidized during the soxhlet leaching experiment
could also be determined from results of the sulfur fractionation analysis of the
amended samples following the last leach cycle (Table 9). By comparing the

amount of FeS, sulfur in the initial overburden sample (Table 5) with that
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remaining after the final leach cycle, the amount of oxidized pyrite can be
determined through use of the following equations. First, the moles FeS,/g sample

are calculated:

g FeS, = (% FeS,-S/g c;verburden) (g FeSy/g S) (100 g overburden) {2}

moles FeS; = (1 mole FeS,/119.97 g FeS,) (g FeS,) {3}

The amount of S as FeS, in the leached sample is then subtracted from the
amount of S as FeS, in the original sample to yield the molar amount of FeS,

oxidized during the soxhlet leaching experiment:

moles FeS, oxidized = moles FeS, original overburden - moles FeS, leached overburden {4}

These values can then be coﬁpared to the cumulative moles of FeS, oxidized
as determined from Fe, acidity and S concentrations to determine reaction _
consistency and which mechanisms may be affecting ion concentrations (Table 10).
This comparison will also provide insight into which parameter may be most
indicative of the actual amount of FeS, oxidized.

The consistency of the values of the unitless ratios of moles FeS, oxidized
as determined from cumulative leachate data to FeS, oxidized as determined from
sulfur fractionation data (moles FeS,-ion:FeS, oxidized) indicates that the
relationship between the actual amount of FeS, oxidized and the molar

concentrations of Fe, SO,2 and acidity in leachate are consistent for all treatments.
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Table 10. Moles of FeS, oxidized as determined from sulfur fractionation data! and
cumulative ion leachate levels.

- ___calculated moles FeS, oxidized
Treatment (% apatite) FeSy oxidized! Fe2 5042 (3) acidity? acidity5

moles FeSy moles FeS, , FeSz-ion:FeSZ oxidized
Control 0.0037 0.00616 1.657 0.0046 1,24 0.0114° 3.08 0.0076 2.05
Cominco ore (3%) 0.0030 0.0056 1.87 0.0044 1.47 0.0100 333 0.0067 2.23
Cominco waste (1%) 0.0034 0.0051 1.50 0.0046 1.35 0.0106 3.12 0.0065 2.09
Cominco waste (3%) 0.0031 0.0045 1.45 0.0043 1.39 0.0098 3.16 00063 210
Cominco waste (5%) 0.0023 0.0045 1.96 0.0044 191 10.0095 4.13 00067 2.74
Stauffer sludge (1%) 0.0036 0.0045 1.25 0.0041 1.14 0.0092 2.56 0.0061 1.69
Stauffer sludge (3%) 0.0025 0.0030 1.20 0.0037 1.48 0.0063 2.52 0.0042 1.68
Stauffer studge (5%) 0.0027 0.0022" 0.81 0.0035 1.30. 0.0053 1.96 00035 130
Texas Gulf ore (3%) 0.0028 0.0023 0.82 0.0034 1.21 0.0037 1.32 0.0025 0.89
1. moles FeS; original overburden - moles FeS; overburden after leaching (by S fractionation)
2. (moles Fe) 51 mole FeSy/1 mole Fe)
3. (moles SO4%) (1 mole FeSy/2 moles SO4%) . .
4. . (moles HT) (1 moles FeSy/2 moles H)
5. (inoles HT) (1 moles FeSy/3 moles H) ,
6. moles FeS, oxidized as determined from cumulative Fe concentrations. .
7. ratio of moles FeS, oxidized determined from -pre-leaching and post-leaching sulfur fractionation

data to moles FeS; oxidized determined from cumulative Fe concentrations.

This suggests a reaction consistency across all treatments apd lends corroborative
evidence to the results of the solubility experiment, which indicated that the
discrepancy between S and acidity values is due in part to the contribution of S
from the amendments in conjunction with the neutralizati(‘)n' potential of th‘e
amendments related to the dissolution of hydroxy ap—atite. \
Iron
The molar balance values for Fe using cumulative Fe concentrations “in
leachate indicate there is more Fe in leachate than would be expected from FeS,
oxidation by reactions [1], [2] and [3] or by reaction [5] (Fe3+ oxidation of FeS,) for

all treatments except Stauffer sludge at 5% and Texas Gulf ore at 3%. The
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elevated Fe values are probably due to a large flux of soluble Fe associated with
initial (cycle 1) leaching (Appendix A). Some Fe is most likely forming Fe(OH)s.
The formation of Fe(OH); via hydrolysis may also help explain the higher acidity
le\;els in the control compared to the treated samples. |

The lower Fe molar leachate concentrations from the - treated overburden
samples suggests that Fe is being removed in excess of that which would be
expected if only Fe(OH); were forming. These lower Fe levels can most likely be
attributed to the formation of FePO, [6], although some Fe(OH); c.an still be

expected to form.
Fe* + H,PO; = 2H* + FePO, 8]

The above reaction assumes phosphate is present as H,POy in the pH range
of the leachates. This reaction produces 2 moles of acidity (H*) combared to 3
moles of H* associated with the formation of Fe(OH); [3]. Therefore, the acidivty
levels in the samples in which this reaction is occurring (treated samples) should be
lower than the control. Also, this reaction should be predominant in those samp]e;
with the highest application rate of a given amendment and result in

correspondingly lower acidity levels. Leachate data indicates that in general this is

‘\the case.
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Sulfate

Molar balance calculations for SO'42' indicate there is SO,% present in
leachate in excess of what would be expected from tﬁe oxidation of FeS,. This is
true for all treatments, including the control. Although it is possible that part of
this discrepancy may be due to the presence of other forms of S detected by ICP
analysis and/ or laboratory error associated with S fractionation analyses, the
discrepancy is large enough to suggest another cause.

The elevated cumulative levels of S, as. indicated by FeS,-ion:FeS, oxidized
ratios greater than unity) are most likely due to a large contribﬁtion of soluble, non-
FeS, forms qf S associated with the initial leaching cycle (Table 6). In later cycles
(2 through 5), S derived from the .amend‘ments themselves may have contributed to
S leachate levels, as is suggested by the results of the solubility experiment and may
explain the lack of significant reductions in S concentrations for all treatments in

cycles 2 through 5.

Acidit

Molar acidity balances were calculated for two separate scenarios. Assuming

that all Fe is in the Fe3* oxidation state and is precipitated as FePO4; the total
amount of acidity produced would be 3 moles of H* for every mole of FeS, by
reactions [1], [2] and [6]..

If one assumes that all Fe is in the form of Fe** and is precipitated as

Fe(OH)s, then 4 moles of acidity (H*) will be produced for every mole of FeS;

© e
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oxidized by reactions [1], [2] and [3]. If all Fe was not in the Fc3:+ oxidation state,
then less than 3 moles of H* would be prdduced from the 6xidation of 1 mole of
FeS..

The larger acidity values (as FeS,-acidity) calculated from leachate data
compared to the amount of acid production from actual FeS, o;(idation as calculated
from sulfur fractionation data indicate that more acidity is present than can be
explained by FeS, oxidation. This is true for both assumptions.

Although all treatments significantly reduced cumulative acidity levels relative
to the control, excess acidity, relative to theoretical acid production, is present in all
leachates except those treated with Texas Gulf ore at 3%. This treatment resulted
in acidity levels comparable to and lower than the theoretical maximum assuming
2 moles or 3 moles of acidity per mole of FeS,, respectively. These lower acidity
values relétivc to the other treatments underscore the role of the inhercpt
neutralization capacity associated with Texas Gulf ore. Part of the relative decline
in acidity may also be attributed to the absence of aluminosilicates in the
amendment, although this would be expected to be only a minor component of the
overall acidity.

It is possible that hydrolysis of aluminum [7], which was present in
considerable concentrations in the overburden saturated paste extract (Table 4),

released from the sample and/or amendments during leaching was contributing to

the production of acid. It may also be possible that other metals in addition to iron
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and aluminum are undergoing hydrolysis reactions and may or may not be forming
compounds with phospl;ate ions in solution. Finally, the lower values for moles of
FeS, as determined from acidity values in all treated samples relat1;ve to the control
corroborates the findings of the solubility experiment and suggests that the
dissolution of hydroxyapatite is contributing OH- during dissolution of hydroxyapatite
[6]. It may also be that PO,* is precipitating aluminum as AIPOy, thereby reducing

acid production associated with aluminum hydrolysis.

Operative Mechanisms of FeS, Oxidation

Recall that, based upon the stoichiometry of FeS, oxidation, S (assumed to
be SO,) was measured as a direct indication of acid production. Therefore, if
phosphate was effectively Hreducing the production of acid associated with FeS,
oxidation, samples treated with phosphate should théoretically produce lower S
concentrations in leachates than an untreated control sample. This was quite clearly
the case in the initial leaching cycle for samples treated with Texas Gulf ore and
Stauffer sludge at all rates of application. However, in leachate cycles 2 through
5, none of the amendments at any rate of app]ication consistently resulted in
significant reductions in S concentrations in leachate relative to the control. They
did, however, continue to produce consistent reductions in Fe and acidity.

Reductions in acidity and Fe levels in the treated samples can be éttributed

to the activity of several mechanisms. Results of the solubility experiments suggest
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that there is considerable neutralization potential derived from the liberation of OH-

groups upon dissolution of the amendments. Also, the more soluble amendments
(Stauffer sludge and Texas Gulf ore) contribute notable amounts of PO, ions to
solution and lead to the formation of iron phosphates, reducing the amount of Fe
in solution and considerably diminishing the production of acid associated with the
hydrolysis of Fe3*. Phosphate ions may also complex Al and other metals and
diminish the production of acid via their hydrolysis.

Theoretically, when the ratio of Fe?*:Fe3* is reduced below approxirﬁately
1:10¢ (at pH <3.5), oxidation of FeS, by Fe3* is halted and the autocataly;cic nature
of FeSz'oxidation cycle is severely inhibited. Although not measured directly in this
experiment; results of the initial and post-leaching overburden sulfur fractionation
analyses and cycle 1 leachate ion concentration data suggest that, at least initially,
this mechanism of FeS, oxidation was occurring in the samples and that-applications
of the phosphate amendments were successful at reducing the amount of FeSZV
which was oxidized.

Although all of these mechanisms expléin the decreases in acidity and Fe
levels observed in the leachate data, they do not fully explain the lack of any
significant declines in S in the treated samples compared to the control in cycles
2 through 3. |

Several explanations may be offered for the trends noted ‘in S leachate data

in cycles 2 through 5. It may be possible that the application of phosphate at the
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appropriate rates was successful at halting the oxidation of FeS, by Fe3*. This may
explain the success of the Stauffer sludge and Texas Gulf ore (the most soluble
amendments) at significantly reducing S levels in the initial cycle. Assuming this
mechanism of FeS, oxidation was stopped, oxidation of FeS, would be limited to
that achieved by O, during the leaching and drying phases of the experiment.
Because the application of phosphate does nothing to stop the oxidation of FeS,
by O; and the subsequent production of SO, [1], there should theoretically be no
difference in the S leachate concentrations betwgen samples treated with phosphate
and the (;ontrol.

Leachate data for cycles 2 through 5 show that overburden treated with
Cominco waste and Cominco ore did not achieve the iﬁitial (cycle 1) reductions in
S observed for samples treated with Stauffer sludge and Texas Gulf ore and did not
significantl); reduce S relative to the control. However, in cycles 2 through 5,
Cominco waste and Cominco ore-treated samples yielded‘ S levels similar to the
control and samples treated with Stauffer sludge and Texas Guif ore. This suggests
that the operative mechanism for the production of acid during these cycles was the
same for all samples, including the control. The fact that S levels were the same
for the treated samples as the control also suggests that the Fe3* oxidation of FeS,
was no longer taking place or was occurring at a very limited rate. It is possible
that leaching of the majority of Fe in the initial cycle reduced the Fe3+:Fe2+ rati6

and Fe levels to a point where this mode. of FeS, oxidation was no longer prevalent.
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What little reductions in S levels in the treated samples occurred-in cycles 2 through

5 may have been masked by contributions of S from the amendments.

It is also possible that the lower S, as well as Fe and écidity levels observed

in cycles 2 through 5, are the result of a decreased rate of FeS, oxidation associated
with the coating of FeS, crystals. Baker (1983) noted that iron phosphates were
observed to form on the surface of FeS, crystals. Therefofe, it is possible that iron
phosphates formed on FeS; crystals during cycle 1 led to ’a decrease in the surface
reactivity of the FeS, and a consequent decrease in FeS, oxidation and associated

Fe, S and acidity levels.

Economic Considerations

The Stauffer sludge appears to be the most effective of the regional
phosphate sources tested. Although it is possible that the characteristics of the
Stauffer sludge which render it effective at higher application rates (high surface
area and solubility) in conjunction with its relatively low phosphorous content (6.9%)
may also contribute to a temporal decrease in effectiveness at lower rates of
application relative to the other amendments tested in this study. However, Stauffer
sludge is an unwanted byproduct éf the phosphafe-indus’_try and is readily available
regionally in a‘ form which needs no additional grinding. These characteristics
should render it an economically feasible amendment fér controlling AMD and

offset the possible requiremeﬁt of higher application rates. Although generally not
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as effective as the Stauffer sludge, these characteristics of Cominco waste warrant
its consideration as an amendment, particularly in ;ziew of its performance rélative
to the more expensive Cominco ore.

Although not tested in the soxhlet léaching experiment, results of the
amendment solubility experiment and SEM/EDAX analyses suggest that the Stauffér
ore may be an effective source of phosphate for controlling AMD. It is also
possible that despite the low surface area of the Cominco ore, it may provide an
effective long term source of phosphate ions. However, in lieu of its performance
relative to the Cominco waste and Stauffer sludge in this study, its greater expense
does not justify its use over these amendments. |

The performance of the Texas Gulf ore at a 3% application rate was not
markedly better than the Stauffer sludge at a 5% rate of applicafion. Although it
achieved the most significant reductions in acidity, Stauffer sludge at 5% was just
as effective at reducing Fe levels and' both initial (cycle 1) and cumulative S
concentrations. Since it Awas not the gl'ajective of this study to evaluate the feasibility
of the use of the Texas Gulf ore as an émendment in the western United States,
this issue will not be addresse‘d; However, the petrformance of the Sfauffer sludge
relgtivg fo this phdsphate soufce is encouraging, gspecia]ly in light of thé results of
previous research (Renton et al 1988b), which had determined the Texas Gulf ore
to be a very effective source of phosphate at controlling acid production relative

to other sources tested.
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SUMMARY AND CONCLUSIONS

Cumulative leachate data indicate that application of all phoéphate sources
to acid-producing coal overburden reduced iron, acidity and sulfate levels compared
to a control. All reductions were significant at the 95% confidence level with the
exception of those achieved fof iron by samples treated with Cominco ore at a 3%
by weight apatite application rate.

Cominco waste at application rates of 3% and 5% apatite were more
effective at decreasing iron, sulfate and acidity concentrations (27% and 28%, 9%
and 7% and 14% and 19%, respectively) than a 1% rate of application (16%, <1%
and 7%, respectively). However, there was no signiﬁcant difference between
application rates of 3% and 5% for these parameters. Overburden treated with a
3%A apatite application of Cominco waste resulted in significantly lower iron levels
than those treated with Cominco ore (8%) at the same rate.

Application of Stauffer sludge to overburden at 3% apatite led to significant
reductions in iron, sulfate and acidity (50%, 20% and 44%) compared to
applications of only 1% apatite (16%, 11% and 19%) and 5% application rates
produced a significant diminution in levels: of iron and acidity (63% and 53%)
relative to a 3% application rate. These results suggest that a mass action process
governs the success of phosphate as an amendment for AMD and corroborates the

findings of other researchers.
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Overall, Stauffer sludge and Texas Gulf ore were the most effective .
amendments, leading to greater reductions in iron, acidity and sulfate levels and a
larger increase in pH than samples tréated with Cominco waste at comparable rates
of. ‘application. These findings can be attribuﬁed to the greater solubility,
preponderancé of smél] calcium phosphate particles and greater surface area of the
Stauffer sludge and Texas Gulf ore, which resulted in increased cdnccntrations of
phosphate and hydroxyl groups in solution. Basic carbonates present iﬁ the Texas
"Gulf ore also contributed to ité' neutralizing I;otential. Stauffer sludge achieved
these results despite the fact that it had the lowest phospho.rous content of any
amendment tested. These factors also 'e;xplain the strong initial response wrought |
by the application of Stauffer sludge anvd‘ Texas Gulf ore ‘and their effectiveness
relative to the Cominco ore.

Finally, the strong performancé of the phosphate byproducts, especially the
Stauffer sludge, in conjunction with their regional availability render them a

promising, economically feasible amendment for the control of acid mine drainage.
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