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(ABSTRACT)
The exclusion of coal fly ash from regulation as a hazardous waste has led to
increased interest in returning ash to the coalfields for disposal. Bulk-blending alkaline fly

ash with acid forming coal refuse may present a disposal option that aids in the control of
acid mine drainage. A preliminary column leaching study examined the leachate quality
from acid-forming coal refuse:fly ash blends.

Coal refuse (2.2 % total-S), and two

refuse:fly ash blends (20% and 33% ash w/w) were packed into leaching columns and

leached under unsaturated conditions for over four years. The coal refuse columns
acidified quickly, producing peak leachate levels of acidity (pH 1.7), Fe (10,000 mg I"),
SO,? (30,000 mg I),

and Mn (300 mg I"). Both ash blended treatments provided

alkaline leachate with low metal levels. A second column study used a refuse with higher
potential acidity (4% total-S), and two alkaline ash sources; one blended at two rates
(20% and 33%) and one at four rates (5%, 10%, 20%, and 33%). Bulk-blended ground
agricultural limestone, rock phosphate ore, and topsoil treatments were also studied.

The

unamended refuse treatment acidified rapidly and produced acidic (pH 1.7) leachates with

high peak dissolved metal levels (>15,000 mg I’ Fe; 200 mg I* Mn). Treatments blended

with 33% ash produced alkaline (pH >8.4) leachates with low metal levels (Al <1.0 mg I";
Cu-0.10 mg I! ; Fe < 2.0 mg I; Mn <3.0 mgI").

Treatments containing less ash

eventually acidified and ash bound metals (Mn and Cu) were stripped from the ash and
eluted in quantities proportionate to the amount of ash in the blend. A field experiment
with water sampling lysimeters examined bulk-blended refuse (0.8% S) with two acidic

and one alkaline ash. The ash treatments did not produce consistent negative impacts on
leachate water quality, and produced positive effects on plant biomass production
compared to unamended controls.

Overall, the inhibition of pyrite oxidation by high ash

blends was attributed to alkalinity effects, chemisorption, decreased

hydraulic

conductivity, and decreased oxygen diffusion to pyritic surfaces. Ash alkalinity and refuse
potential acidity must be balanced for environmental safety in this co-disposal
environment.
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Chapter 1
Introduction
This study examines the potential use of fly ash, a waste from the utilization of
coal, as an amendment in the reclamation of coal refuse, a waste product from coal
mining.

In order for a coal refuse area to be declared reclaimed, and monetary bonds

returned to the coal operator, it must meet rigorous performance standards for cover and

water quality of the drainage and runoff from the pile. The establishment of permanent
vegetation on coal refuse is difficult due to harsh physical, chemical, and mineralogical
factors.

The physical factors include coarse texture, low water retention, and compaction.

The chemical factors include low pH, high salt levels, high levels of acidity, and low cation
exchange capacity (CEC).

The chief mineralogical problem is the presence of iron pyrite

(FeS,), which oxidizes to produce acid mine drainage (AMD).

Many of the chemical

constraints on the establishment and maintenance of a vegetative cover are the result of

acidity and salts produced by pyrite oxidation. The production of AMD is also a threat to
water quality, and most drainage from refuse piles requires treatment before release to

surface waters.
Coal fly ash is a waste material produced in abundance and largely disposed in
landfills near the coal fired utility. The American Coal Ash Association (ACAA) reports
that, in 1994, 50 million tonnes of fly ash were produced in the U.S. of which 38 million

tonnes were land filled (ACAA, 1994). Fly ash, and particularly alkaline fly ash, could be

beneficially reused in the reclamation of coal refuse piles. Fly ash would add silt-sized
components to a material that is coarse textured and greatly improve its water holding
capacity. Alkaline fly ash could also neutralize the acidity produced by pyrite oxidation,
and through maintaining a high pH, the oxidation of pyrite could be retarded or stopped.
Fly ash has been used as a topical amendment on coal refuse and minesoils (Capp, 1978),

but this study examines the possibility of co-mingling refuse and fly ash throughout a pile.
Surface amendments alone do not treat the bulk of a pile and, hence,

leave deeper

materials to oxidize and produce AMD.
The coal industry is under increasing pressure from its customers to provide ash
disposal.

Back-hauling fly ash to the coalfields for co-disposal with refuse is one option.

Fly ash could thus presumably be re-used in a beneficial way, and improve the quality of

reclamation and drainage water. Currently, the best available technology to prevent AMD
from forming in refuse piles is to blend the whole pile with ground limestone during
disposal.

This would be an expensive operation, and fly ash could certainly provide a

cheaper source of alkalinity. By reusing fly ash in refuse piles the landfill space currently
used for fly ash would be reduced, generating secondary societal benefits.

Research Objectives
The objectives of this study were as follows:
1. To examine the leachate quality from coal refuse:fly ash blends in column and field
studies, to measure the effects of the ash treatments, and to compare them to more
conventional refuse reclamation strategies.

2. To determine the water quality effects of acid leaching, produced by active pyrite

oxidation, on fly ash with insufficient alkalinity to offset the acid load.

3. To examine the plant growth response to mixing coal refuse and fly ash, and to
compare these treatments to conventional reclamation strategies in a field study.

4. To investigate the solid phase reaction products of pyrite oxidation in these blends and

to elucidate the mechanism of any inhibitory effects from the ash.

5. To determine if using fly ash in the reclamation of coal refuse is safe from an

environmental perspective.

References

ACAA.

1994.

Fly ash statistics. American Coal Ash Assn. Washington D.C.

Capp, J. P. 1978. Power plant fly ash use in the eastern U. S. p. 339-354. In: F. W.
Schaller, and P. W. Sutton (ed.) Reclamation of drastically disturbed lands. Amer. Soc. of
Agron., Madison, WI.

Chapter 2
Literature Review and Preliminary Fly Ash Study
The intent of this section is to review the pertinent literature on coal refuse, fly ash,
and acid mine drainage (AMD) and its control. In addition, this chapter contains results

from an ash characterization study.
Coal Refuse
Coal refuse is known by other names such as minestone, coal mining wastes,
colliery spoil, colliery discard, mine gob, and slate. The term coal refuse will be used in
this study.

Coal refuse is primarily waste rock material that is mined along with the coal

and subsequently removed at a coal preparation plant. The source of this waste rock is

portions of the mine roof and floor mined along with the coal, partings in the seams, and
other geological waste in the coal seam. After separation, refuse is disposed in a pile or
valley fill near the preparation plant. Depending upon the coal seam, the refuse may

comprise from 10-50% of the mine run material. Very little interest was shown in coal
refuse until two mining disasters occurred, one at Aberfan, Wales,

in 1966 which killed

144 people and one at Buffalo Creek, WV, in 1972 which resulted in the death of 125

people. These incidents exposed the potential for disaster associated with improperly
designed refuse disposal areas (Stern, 1976), and pointed out the need for these areas to
be well compacted and properly engineered.

The passage of the federal Surface Mining

Control and Reclamation Act (SMCRA) of 1977 set management guidelines and rigorous

geotechnical standards for these areas. Prior to SMCRA, refuse piles were more loosely

constructed, and erosion and spontaneous combustion were common problems. After
SMCRA, refuse piles were constructed differently. Coarse refuse (>0.5 mm) was
commonly used to build an impoundment dam, behind which the finer material (slurry)
was pumped and subsequently dewatered.

These “zoned” fills are now commonly

emplaced in valley heads throughout the Appalachian coalfields.
The federal SMCRA further required that these areas be reclaimed with a 1.2 m (4
ft.) lift of topsoil and a diverse, self-sustaining (5 yr) vigorous plant cover. Generating
that much topsoil cover from the thin native soils of Appalachia was difficult, and interest
in direct-seeding refuse led to varied research in the use of amendments and reduced
topsoil thicknesses on coal refuse (Daniels et al., 1989; Joost et al., 1987; Nickerson,
1984; Jastrow et al., 1981).

Other research has examined refuse from the aspects of

mineral recovery (Robl et al., 1976), soil characterization (Delp, 1975), material
characterization (Buttermore et al., 1978; Stewart and Daniels, 1992), and engineering
properties (Skarzynska, 1995; Albuquerque, 1994).

Coal Refuse Properties

Particle Size
Most modern coal preparation plants handle the coarse (> 0.5 mm) and fine (< 0.5

mm) coal refuse in different cleaning circuits. Coarse coal refuse initially contains very
little fine material, which can change as weathering takes place. A study of refuse piles in

West Virginia (Moulton et al., 1974) determined that fresh refuse contained 68-95%
coarse material, while 18 month to 30 year-old material contained 47-80% coarse

material. A decrease in coarse fragment content with increasing silt and clay were also
reported.

Coarse fragment content of 79 inactive bituminous refuse piles in Pennsylvania

ranged from 56 to 69% (Davidson, 1974). The mean coarse fragment content of the piles
sampled by Delp (1975) was 60%, which concurs with the findings of Stewart and
Daniels (1992) who report a mean coarse fragment content of 60% for 27 refuse piles
from Southwest Virginia.

The <2 mm fraction had a mean soil texture of sandy loam with

19% clay (Stewart and Daniels, 1992). These coarse textures and high coarse fragment
contents result in refuse having a very low water holding capacity, which was identified as
the chief physical factor limiting plant growth on coal refuse.
pH

Low PH is likely to be the chemical factor most limiting to plant establishment and
growth on coal refuse. Although many refuse materials have a near neutral pH when
originally placed in the pile, the pH of refuse usually drops rapidly as pyritic materials
weather and produce acidity. The detrimental effects of low pH on plant growth have
been expounded on by different authors (Brady, 1990; Bohn et al., 1985; Thomas and
Hargrove, 1974).
The reported pH values for weathered coal refuse are usually in the acid, to
extremely acid range.

A range of refuse pH values from 3.0 to 8.3 was reported for 27

refuse piles from southwest Virginia (Stewart and Daniels, 1992).

A study of five refuse

piles in Illinois produced a mean pH of 2.8 with a range of 2.4 to 3.0 (Haynes and
Klimstra, 1975), and a study of four piles revealed pH values from 2.3 to 3.0 (Nawrot, et

al., 1986). Refuse pH was found to range from 5 to 10 in Spain, 4 to 7.9 in Poland, and
2.8 to 9.6 in the United Kingdom (Skarzynska, 1995). Refuse with pH values <3.0 are
commonly associated with S contents of >2% (Stewart, 1990) and low pH and associated
toxic levels of Al, Fe, Mn, and other ions were found to be the chemical factor most

limiting plant growth (Stewart and Daniels, 1992).
Electrical Conductivity
Coal refuse tends to have high electrical conductivity (EC) values indicating high
levels of dissolved salts. These salts are produced during pyrite oxidation and subsequent

acid attack on minerals. Electrical conductivity values of 0.4 S m” are considered to
inhibit the growth of salt sensitive plants (Bower and Wilcox, 1965).

Ina study of five

refuse piles in Illinois, Haynes and Klimsta (1975) reported EC values from 0.03 to 0.30 S
m™. Medvic and Grandt (1976) studied two piles in Illinois, where EC values ranged from

0.2 to 0.62 S m*. A mean EC of 0.09 S m’ with a range of 0.01 to 0.55 S m” was
reported by Stewart and Daniels (1992). The EC of refuse undergoing active pyrite
oxidation will be high, but once oxidation has run its course and salts are leached away,
the EC values may decrease.
Cation Exchange Capacity (CEC)
Refuse materials from southwest Virginia are low in CEC due to low clay content,
a low-charge suite of clay minerals, and very low organic matter content (Stewart and

Daniels, 1992). Due to their low CEC, these materials are weakly buffered and should be

responsive to liming, assuming that the potential acidity generated by pyrite oxidation is
neutralized.

Therefore, relatively low amounts of lime should be sufficient to change the

exhangeable cation balance.

Additions of organic amendments such as sewage sludge or

papermill sludge would greatly increase the CEC of these materials.
Elemental Content and Mineralogy
The elemental content of coal refuse has been examined by several researchers
(Skarzynska, 1995; Stewart and Daniels, 1992; National Academy of Sciences, 1978;
Rose et al., 1978).

Coal refuse contains some unrecoverable coal; which can comprise up

to 30% of the refuse (Skarzynska, 1995).

The SiO, content ranges between 19 and 78%

(Table 2.1), and the relative amounts of Al, Fe, K, Ca, and Mg oxides indicate a

mineralogical suite that contains alumino-silicate clays such as muscovite and kaolinite
along with quartz.

In addition to these minerals, smectites, hydroxy-interlayered

vermiculite, mixed layer illite montmorillonite, chlorite, feldspars,

and iron pyrite have

been identified in coal refuse (Skarzynska, 1995; Stewart, 1990; Barnhisel and Massey,

1969). Quartz is usually the dominant mineral with lesser amounts of the alumino-silicate
clays. Again, this suite of minerals is relatively low in charge, and the high amount of
coarse material in coal refuse further dilutes the charge on a mass basis.

Coal Fly Ash
Currently, about 50 million tonnes of fly ash are produced each year in the U.S.

(ACAA, 1994). Fly ash makes up about 80% of the wastes associated with the burning of
coal. Presently only about 24% of the ash generated is utilized with the remaining material

being deposited in landfills and surface impoundments (ACAA,

1994). Disposal of fly ash

poses the greatest environmental impact of coal combustion waste at the present time.
Recently, the environmental impacts of fly ash were reviewed by El-Mogazi et al. (1988)
and Carlson and Adriano (1993).
Table 2.1. The reported ranges in elemental oxide and sulfur content for coal refuse.

Oxide or Element | Virginia’

Europe?

Eastern Kentucky’

% SiO,

38.2-65.1

19-79

47.8-61.4

% AIO,

12.6-24.4

15-38

20.8-37.6

% Fe,O,

3.9-10.4

0-22

2.3-18.7

% KO

2.4-5.2

0-5

1-4.8

% Na,O

0.14-0.87

0-2

0.1-0.8

% Cao

0-3.4

0-7

0.09-5.63

% MgO

0.31-1.81

0-4

0.5-2.7

*S

0.10-1.43

0-11.6

0.2-3.7

1Stewart, (1990); *Skarzynska, (1995); *Rose et al., (1976)
When coal is burned in the boiler of a power plant two residues are produced.
Bottom ash, or slag remains in the boiler, and fly ash rises with the flue gases.

In many

power plants, up to 90% of the ash produced is in the form of fly ash. Fly ash is removed
from the flue gases by many methods.

Bag-houses act as filters to collect the larger ash

particles as do the mechanical collectors which work by centrifugal force. Neither of

these methods results in a sufficiently clean separation to meet EPA requirements, but they

are used to remove the larger ash particles. Wet scrubbers remove fine particles by water
entrapment. Electrostatic precipitators operate by imparting a negative charge on the ash
particles which are then collected on a positive electrode. After collection, most ash is
sluiced to a holding pond where it is dewatered and then moved to a landfill.

Fly ash is mainly composed of silt sized hollow glassy spheres (Fisher et al., 1976),
termed cenospheres, or spheres filled with smaller spheres termed plerospheres.

During

the combustion and subsequent cooling process many different metal oxides can
precipitate and concentrate on the surfaces on these spheres.

These oxides control the

chemical properties of the ash, and tend to vary from ash to ash. The oxides may also
affect the physico-chemical properties of some fly ashes, especially the pozzalonic
(cementious) reactivity.

Physical Properties
The physical properties of fly ash depend upon a number of factors, including the
type of coal burned, the boiler conditions, the type and efficiency of the emission controls,
and the disposal method (Adriano et al., 1980).
in most ashes.

Certain characteristics tend to be similar

Fly ash is mainly composed of silt-sized materials having a diameter from

0.01 - 100 ym (Chang et al., 1977). When compared with mineral soils, fly ash has lower
values for bulk density, hydraulic conductivity, and specific gravity. Both crystalline

(mullite) and amorphous (glass) phases have been identified by X-ray diffraction in fly ash
(Mattigod et al., 1990).
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Chemical Properties

The chemical properties of fly ash will largely be determined by the metal oxides
that were surface adsorbed during particle formation. In the U. S., fly ash from eastern
coals, which usually are higher sulfur coals, tend to be higher in Fe, Al, and S and lower in
Ca and Mg when compared to western coals. Ashes from eastern coals also tend to be
higher in the trace elements As, Cd, Cr, Pb, V and Zn (Roy et al., 1981).

Most of these

elements can substitute into the iron pyrite structure, and coals higher in pyrite therefore
tend to produce fly ashes which contain higher levels of these elements.
does not seem to be correlated with any particular coal property.

The element Se

Selenium is known to be

a volatile element and its behavior may be highly dependent upon the burning conditions
within the boiler.
One property of certain fly ashes which makes them attractive as reclamation
amendments is their liming potential. In a study of 23 ashes from across the U.S., Furr et

al. (1977) found that ash pH ranged from 4.2 to 11.8. Most low pH ashes came from
eastern coal sources.

Ash pH values of up to 12.5 have been reported (Chang et al.,

1977) for western sub-bituminous coal derived ash. Fresh unweathered fly ashes can have
pH values higher than 9 but it is rare to find pH values higher than 8.5 for weathered fly

ash. Many ashes are high in Ca and Mg oxides and have a significant neutralizing
capacity.

Fly ashes with neutralizing capacities of up to 10 % calctum carbonate

equivalent (CCE) have been reported, but CCE values of 1-6% are more common
(Aitken, et al., 1984).

Thus, more than 20 tonnes of most fly ash would be required to
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replace 1 tonne of ground limestone.

This indicates that ash would not be effective in

raising a low pH, highly buffered system due to the large amount of ash needed, but may

be more effective in poorly buffered, coarse textured systems, such as coal refuse. Water
soluble Ca content was found to be the best indicator of ash potential to produce alkalinity
(Theis and Wirth, 1977).

Unweathered fly ash also contains high levels of soluble salts.

Ash from lignite and sub-bituminous coals tend to have the highest salt levels (Adriano et

al., 1980), and the application of 179 Mg ha’ of unweathered fly ash was found to
increase soil salinity 500 to 600% and causing significant increases in soluble B, Ca, and

Mg (Page et al., 1979). Values for saturated paste conductivity for fly ash can be as high

as 6 Sm! (Page et al., 1979).
Fly Ash as a Soil Amendment on Agricultural Land
Fly ash has been proposed as a soil amendment due to its previously mentioned
neutralizing capacity and potential to improve soil physical properties.

The reported

effects of fly ash application are summarized in Table 2.2 (Carlson and Adriano, 1993).
This table is split into the effects of weathered and unweathered ash. Both weathered ash

and fresh precipitator ash were used in experiments reported in this dissertation.
Since fly ash contains many silt-sized particles its addition at high rates to soils
high in sand or clay can change the soil texture (Chang et al., 1977, 1989).

When ash was

added to five soils with sandy textures the bulk density decreased, while ash addition to
three soils with clayey textures increased bulk density.

This difference could be due to the

structural position where the fly ash resides after incorporation. In sandy textured
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Table 2.2. Potential and observed effects of fly ash amendment on soil properties
(Carlson and Adriano, 1993).
Soil property

Typical agricultural
soil

Aeration

high

Soil amended with
weathered ash

Soil amended with
unweathered ash

higher

higher

Bulk density

1.3 (avg)

lower

lower

Cation Exchange
Capacity

medium 12 cmol/kg_ | lower

lower

Cementation

low

low

Electrical Conductivity

low

moderate to higher

higher

Hydraulic conductivity

high

increased by low rates;
decreased by high rates

increased by low rates;
decreased by high rates

Modulus of rupture

high

lower

lower

balanced supply of

deficient in N, P, and

deficient in N, P, and

Nutrient availability

nutrients

potentially Cu, Mn, Zn;
potential for food chain

concern with Mo and Se
Nutrient content

all nutrients present | very lowN, potentially

may increase due to alkaline

ash

potentially Cu, Mn, Zn;
potential for food chain

concern with Mo and Se
very low N, often excessive

high B; others present

B; others present

Organic matter

high

lower

lower

pH

6.0 -7.5

<6.0 to 8.0

<6.0 to 12.0

no effect to large increase

no effect to large increase

Plant available water

Salinity
Temperature
Toxic salts

Erosion
Water holding capacity

high

low
adequate

moderate

high but decreases with time

higher

higher

may have enough B to

High B and soluble salts of

resistant

more susceptible

more susceptible

high

higher

higher

none

toxic to sensitive plants

Ca, K, Mg, and Na
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soils the ash is likely to reside between grains, pushing them apart. In a clayey soil, the fly
ash likely would reside in voids between the peds (Chang et al., 1989).

This would tend

to increase the bulk density when ash is applied to clayey textured soils.
Ash additions have also been found to increase the water holding capacity of soils.

Addition of 10 % ash to fine (0.2-0.5 mm) and coarse (1.4-2.0 mm) sand fractions
increased the available water by 7.2 % and 13.5 %, respectively (Campbell et al., 1983).
Ash alone was found to have > 40% available water in 11 of 13 Australian ashes tested
(Aitken et al., 1984).

Improvements in available water in ash amended soils have also

been reported by other researchers (Salter et al., 1971;

Chang et al., 1977;1989).

It is

unclear whether the increases in water holding capacity also result in increases in plant
available water; Chang et al. (1979) report that water in fly ash amended soils is less
available.

Other studies have noted a lack of yield response to the increase in water

retention.

This could be due to other growth limiting effects of the fly ash, such as B

toxicity or high soluble salts. The yields of carrot (Daucus carota), beet (Beta vulgaris),
radish (Raphanus sativus), and bean (Phaseolus vulgaris) showed no improvement in
response to the application of fly ash to a sand and sandy loam soil, even though the water
holding capacity had increased (Salter et al., 1971). These researchers hypothesisized
that water may not have been a growth limiting factor in this experiment and only one
treatment showed a yield response when irrigation water was applied later in the
experiment.
Some studies do report yield increases due to fly ash application. ‘An ash that had
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been leached to remove soluble B content was found to increase the yield of Rhodes grass
(Chloris gayana Kunth) and French bean (Phaseolus vulgaris L.) (Aitken and Bell, 1985).
These researchers also report that the high levels of B in the ash caused a yield decrease,

but the removal of B allowed a yield increase which was attributed to an increase in
available water

Improved corn (Zea mays L.) yields have also been attributed to ash

addition (Plank et al., 1975). A study in which the ash was applied in bands on sandy
Michigan soils produced some interesting results. Soil moisture was increased by 25-70%
during a droughty growing season (Jacobs et al., 1991), and plant roots were found to
have grown into the ash bands, which were higher in moisture than the surrounding soils.
Elemental Uptake
Application of fly ash to soil can affect soil and plant chemical composition.

The

concentration of trace elements can be greatly effected. Wheat (Zriticum spp.) seedlings
grown on an ash amended soil showed decreases in some metals due to a high pH ash,

while other ashes produced increases in seedling metal content due to metals in the ash
(Petruzzelli et al., 1987).

In research on a Virginia soil, Martens and Beahm (1976)

reported that fresh ash added to a Tatum (Typic Hapludult) soil increased the Mo
concentration in alfalfa. They were not able to isolate whether the increase was due to
added Mo from the ash, or an increase in Mo availability from a pH increase.
Due to the relatively high concentrations of some trace elements in fly ash many
researchers have investigated the use of fly ash as a trace element source, and in some
cases as a macro-element fertilizer. For a review of these studies and which elements were
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examined, see Carlson and Adriano (1993). Ash application can also increase the plant
content of the non phyto-essential element Se.

Selenium is required by animals and is

deficient in some forages grown on the soils of the southeastern U.S. When using ash as a
trace element source, care must be taken because over-application can result in phytotoxic
levels of B and sufficiently high levels of As, Mo, and Se to pose a potential threat to
animal consumption (Doran and Martens, 1976; Tolle et al., 1983).

In a study of elemental uptake of grasses from fresh and weathered ash dumps,
Nass et al. (1993) found that grasses grown on unweathered ash had Mo, Pb, and Se
levels that exceed the maximum tolerable limits for domestic animal feed. In grasses
grown on weathered ash the Mo, Pb and Se concentrations where below the maximum

tolerable limits. They pointed out that Mo levels may be sufficiently high to induce a Cudeficiency and suggested the necessity to monitor all animals feed grasses grown on ash.
Fly Ash as a Mine Reclamation Amendment

Disposal of coal fly ash in coal refuse piles and minespoil heaps is a common
practice in other countries (Skarzynska, 1995; Twardoswska, 1990), but is not currently a
widespread practice in the U.S. The USEPA recently excluded coal fly ash from
regulation as a hazardous waste (USEPA, 1993), which has led to an increased interest in
returning fly ash to the coalfields for disposal. Provisions that call for coal producers to
accept back-haul and disposal of fly ash are now being written into many coal contracts.

This presents an opportunity for this ash to be used in the reclamation of coal refuse. Use
of ash in this manner would represent utilization of a coal combustion waste to reclaim
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wastes generated in coal extraction.

The use of coal fly ash in reclamation of coal refuse

has been the subject of several experiments (Adams et al., 1972; Jastrow et al., 1981), but
has not become a widespread practice in the U. S., primarily due to regulatory constraints
and the lack of ash sources within many mining districts. The addition of fly ash to coal
refuse and minesoils has been shown to lower bulk density, increase water holding
Capacity, and neutralize acidity (Capp, 1978; Jastrow et al., 1981; Taylor and Schuman,

1988).
Nearly all coal refuse piles in the Appalachian coal basin are located on or near

streams, and can be the source of significant stream pollution from sediment and AMD.
The AMD results from iron pyrite oxidation, (discussion to follow) which may be native
to the refuse material or was separated from the coal during the cleaning process.

The

addition of an alkaline fly ash would raise the pH of the coal refuse, lower its hydraulic
conductivity, and lower the rate of gas exchange with the atmosphere. All these factors
could greatly decrease or halt the oxidation of pyrite in a mixture of coal refuse and fly
ash. The mixing rate must necessarily be fairly high due to the low neutralizing power of

fly ash. Very high rates of fly ash application, up to 1472 tonnes ha™ (Capp, 1978) may be
needed to raise the pH of the refuse above 7. The placement of layers of fly ash within a
coal refuse pile has led to improved drainage quality from a pile in Poland (Twardowska,

1990). In most studies, the ash has been surface applied to coal refuse and minespoils
(Bhumbla et al., 1993; Capp, 1978). While this practice affects the surface of the pile, the
vast majority of the bulk of a waste pile are not affected. Blending fly ash with refuse in
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bulk would treat the entire refuse pile.

Pyrite Oxidation and Control Strategies

Iron-disulfide (FeS,) exists in two major forms in geologic strata, pyrite and
marcasite. Both minerals have the same chemical composition, but they differ in crystal
structure.

The structure of marcasite is orthorhombic while the structure of pyrite is cubic

(Stumm and Morgan, 1981). Due to structural differences, marcasite is more reactive
than pyrite. Pyrite is associated with metal and coal mining deposits throughout the

world. In the eastern coalfields of the USA, pyrite is generally associated with the
material immediately above and below the coal seam (Evangelou et al., 1985).

Since coal

refuse contains wastes from these areas it will contain pyrite.
Pyrite forms in a reducing environment with ample supplies of iron and sulfate and

an easily decomposable carbon source through microbial processes. Depositional
environment is a large factor in pyrite morphology.

Framboidal (berry-like) pyrite is

generally thought to form slowly in fresh-water marshes, while salt marshes give rise to
single pyrite crystals through rapid formation.

Pyrite grains range in size from 400 um to

5 wm (Caruccio and Geidel, 1978) and framboidal pyrite and polyframboidal pyrite have
been determined to be the most reactive due to their high surface area and high porosity

(Caruccio et al., 1977). Pyrite oxidaiton has been well documented as a surface controlled
reaction (Moses et al., 1987; Singer and Stumm, 1970). Framboidal and polyframboidal
pyrite compose more than 50% of the total pyrite found in coal mining environments
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(Caruccio and Geidel, 1978), while Missouri coal refuse and slurry contain 2-5% pyrite
predominantly as framboids, polyframboids and comglomerates (Zhang et al., 1993).
Most geochemists consider framboidal pyrite the major contributor to the degradation of

water quality associated with the mining process (Evangelou, 1995).
Upon exposure to air and water the reactions for the oxidation of pyrite are as
follows:

FeS, + 7/20,+H,O = Fe* + 2SO,? + 2H"

(2.1)

Fe” + 1/40,+H* > Fe*

(2.2)

+'%H,0

Fe** + 3H,O = Fe(OH), + 3H’
FeS, + 14Fe* + 8H,O = 15Fe* + 2SO,?

(2.3)
+ 16H"

(2.4)

(Evangelou, 1995; Singer and Stumm, 1970)

The above equations are mass and charge balanced but they have no mechanistic meaning
or kinetic information. Pyrite oxidation involves many other metastable species, for a
detailed discussion of these see Evangelou (1995). In reaction 2.1, disulfide is oxidized
and Fe** and protons are released to solution. Reaction 2.2 depicts the oxidation of the

Fe” to Fe* in a reaction that consumes a proton. The Fe** can then be hydrolyzed to
form ferric hydroxide, which is an insoluble compound above pH 3.5, and in the process
three protons are liberated.

Ferric iron can then directly oxidize pyrite as shown by 2.4

(Singer and Stumm, 1970).

As long as Fe** is regenerated, pyrite will continue to oxidize

and large amounts of acidity will be produced. The conversion of ferrous iron to ferric
iron is the rate-limiting step in the oxidation of pyrite (Stumm and Morgan, 1981).

The
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abiotic oxidation of ferrous iron to ferric iron is extremely slow in the pH 3 range (half life

on the order of 100 days), however in the pH 2.5 to 3.5 range, Thiobacillus ferrooxidans
rapidly oxidizes ferrous iron to ferric iron (Nordstrom, 1982) increasing the reaction rate
by several orders of magnitude.

Sulfur oxidizing bacteria such as 7: thiooxidans and T.

Jerrooxidans can eliminate the need for ferric iron, when oxygen and organic substrates
are present (Evangelou, 1995).
At low pH (<4.5), pyrite is oxidized by Fe** much faster than by O,, and more

rapidly than dissolved Fe" is oxidized by O, to Fe**.

This is why equation 2.2 is known

as the rate-limiting step (Singer and Stumm, 1970). T. ferroxidans is an acidophilic
chemolithotrophic organism that is ubiquitous in geologic environments containing pyrite
(Nortdstrom, 1982).

In the presence of 7: ferrooxidans under low pH (<4.5) pyrite

oxidation may be described by 2.2 and 2.4.

At neutral to alkaline pH, the abiotic rate of Fe** oxidation rises rapidly
(Nordstrom, 1982). However, Fe** concentration also decreases sharply due to
precipitation of ferric hydroxide as described in 2.3. The activity of T. ferrooxidans is
greatly reduced at near neutral pH and some researchers suggest that O, becomes a more

important oxidizer than Fe** (Goldhaber, 1983). Recent findings suggest that Fe** is the
preferred oxidizer of pyrite at near neutral pH and the role of O, is to oxidize Fe** (Moses
et al., 1987).
One approach to controlling pyrite oxidation and AMD generation is the
application of ground agricultural limestone. There are three ways by which limestone can
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limit pyrite oxidation.

First of all, ferric iron will precipitate as a hydroxide or

oxyhydroxides (Lindsay, 1979). Limestone will also increase the pH and biologically

driven oxidation will be diminished. Finally, iron oxide coatings may form, limiting O,
diffusion to the pyritic surface (Nicholson et al., 1990; Evangelou, 1995). There is
evidence that suggests that at high pH, carbonate may actually enhance pyrite oxidation
(Evangelou et al., 1985; Evangelou, 1995) but these rates are not expected to approach

those observed at low pH (Jaynes et al., 1984). Limestone can also be rendered less
effective for AMD control through the formation of surface armors of ferric hydroxides or
complex Fe-carbonates.

These coatings lower the dissolution of limestone and as a result

dimish production of alkalinity.
Another approach to controlling pyrite oxidation and AMD is the addition of rock
phosphate or Rock-P [Ca,(F,C],OH*0.5CaCO,(PO,),] (Spotts and Dollhopf, 1992).
Rock-P dissolution will release phosphate which precipitates Fe** as strengite

(FePO,°2H,0) or Fe”* as vivianite (Fe,(PO,),*8H,O) (Huang and Evangelou, 1994).
Addition of Rock-P will also increase pH because PQ, in solution will act as a weak base.
The increase in pH also limits the activity of ferric iron. A surface coating which limits O,
diffusion to the pyrite surface may also be generated (Evangelou, 1995). Two sources of
Rock-P were applied to pyritic overburden at the rate of 30 g kg™ (Spotts and Dollhopf,

1992) in a short-term study that indicated that Rock-P was effective in controlling pyrite
oxidation. Further studies by Huang and Evangelou (1994) indicated that this control of
pyrite oxidation was short lived due to surface armoring with iron.
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Acid Mine Drainage Prediction

In order to control AMD production we must be able to predict it. Several
approaches have been used to predict AMD production. These methods include: 1)
determination of potential acidity (PA), 2) acid-base accounting (ABA) and 3) simulated

weathering studies. The PA and ABA tests are static test that are performed on rock
samples, while simulated weathering studies represent dynamic tests (Caruccio et al.,
1993). The factors controlling pyrite oxidation are well understood, but quantifying these
factors can be difficult (Evangelou, 1995).

Important controls include pH, temperature,

flushing rate, carbonate dissolution rate, and the rate of oxygen diffusion to pyritic
surfaces.

Due to the need for rapid and accurate quanitification of PA before mining, several

methods have been developed. A direct determination of PA is obtained through the rapid
oxidation of pyrite with 30% H,O, (Sobek, et al., 1978; O’Shay et al., 1990). The
technique determines the amount of acid produced by the complete oxidation of pyrite as
follows:

FeS, + 7.5H,O, — Fe(OH), (s) + 2H,SO,

+ 4H,0O.

(2.5)

The peroxide oxidation techniques tend to be technician specific and are subject to errors
when the material tested contains weathered coal (Stewart, 1990) or lignite (O’ Shay
1990).

et al.,

An indirect measure of PA may be made by measuring the S or Fe associated with

pyrite (Caruccio, 1975).
Acid-base accounting is relatively simple, inexpensive and reliable, and hence is the
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most widely used method for the prediction of AMD (Evangelou, 1995).

The method

involves the determination of three parameters 1) pH, 2) total sulfur or pyritic sulfur, and
3) and the neutralization potential of the material.

The total-S or pyritic-S content is

multiplied by 31.25 to stoichiometrically yield the tonnes of acidity produced/1000 tonnes

of material. Neutralization potential is also usually reported as tonnes of CaCO, per 1000
tonnes of material. The purpose of these determinations is to calculate the acid producing
potential and neutralization potential of the material.

The balance of the two potentials is

then compared and the difference will indicate if sufficient alkaline material is present to

neutralize the acidity produced by pyrite oxidation (Smith and Sobek, 1978). This
technique is reliable at the ends of the scale, e.g., more than 10 tonnes of alkalinity or
acidity out of balance,

but has problems with “gray area” samples in which alkalinity and

acidity are nearly balanced. This has been attributed to the ABA method not taking into
account the differences in the rate of pyrite oxidation and carbonate dissolution (Caruccio
and Geidel, 1981), and solubility controls of Fe vs. carbonates in high CO, environments.
In simulated weathering studies, overburden is leached in laboratory-scale
experiments to simulate field conditions. Effluent (leachate) is collected and analyzed for
pH, Fe, sulfate and other parameters. The results are used to evaluate the acid producing
potential of the material. A ‘humidity cell’ method has been developed where a 300-500 g
sample is allowed to oxidize in the presence of humid air, followed by washing with
distilled water which is then analyzed (Caruccio and Geidel, 1981). A very aggressive
weathering approach, with a Soxhlet reflux has been employed (Renton, et al., 1988), but
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this method exposes the sample to conditions that are far from those encountered in the
field.
Leaching columns represent another dynamic test method. Material is packed into
a column and the material is leached with distilled water and the effluent is collected and
analyzed.

The use of a leachant solution that was more like natural rainfall was proposed

by Halvorsen and Gentry (1990), and their “recipe” for simulated acid rain was used in our

column experiments. Leaching column studies have been cited as the best approximation
of field conditions among the various artificial weathering methods (Bradham and
Caruccio, 1990; Perry, 1985).

Column studies do require more time than static tests, are

expensive to run, generate large amounts of samples for analysis, and require large
amounts of material. Problems with “airlocking” in columns were also identified by
Caruccio et al., (1993). Leaching columns have been used to study AMD generation by
many researchers (Jackson, 1993; Bradham and Caruccio, 1990; Watzlaf and Hammack,

1989; Hood and Oertel, 1984). Leaching tests are the only means of study which take
into account both the kinetics of pyrite weathering , base production, and solution
solubility constraints.

A leaching column study of surface mine spoils by Hood and Oertel

(1984) determined that each one-week leaching cycle in their study was equivalent to
approximately three years of natural weathering.

This was one of the few studies found in

which lab results were explained in terms of field weathering phenomena.
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Preliminary Ash Screening Study
A study of eight fly ash materials was conducted to examine the range of
characteristics of ashes available in the southwest Virginia region and to provide baseline
fly ash data for the development of this research program.

Materials and Methods
Eight fly ash samples were collected from ash producers in the region. All ash
material with the exception of the Westvaco ash were shipped dry and were assumed to be
collected from the electrostatic precipitators at the plants.

The Westvaco ash was

gathered from the fly ash landfill at that site. The ashes were tested for water pH
(McLean, 1982), saturated paste electrical conductivity, pH of the saturation extract

(Rhoades, 1982), hot water soluble B (Bingham, 1982), elemental composition (Lim and
Jackson, 1982), neutralization potential, (Doran and Martens, 1971) and particle size (Gee

and Bauder, 1986).

Selected samples were also submitted to a test for acid extractable As

and Se by shaking 1 g of ash for 30 minutes with 50 ml of 1M trace metal grade HCI.
Selected samples were also tested for neutralization potential using the method of the

AOAC (1990).
Results
The CRF sample had the highest pH in both 1:1 water slurry and paste extract

(Table 2.3). The pH was very similar to the pH of this ash measured by Doran and
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Martens in 1972.

The pH of five of the eight samples was > 8, one sample had a pH of

6.41 (MSF) and two samples were acidic. The saturation extract pH levels were similar to
those in the 1:1 water slurry but there was not a consistent trend between the pH values.
The saturated paste electrical conductivities (Table 2.3) were somewhat high but not
nearly as great as some others reported (Page, et al., 1979). Salt tolerant plants would not
be affected by these EC values although salt sensitive plants may be, based on EC

calibration data presented in Bower and Wilcox (1965).
The neutralization potential measured as calctum carbonate equivalence were
analyzed using a method by Doran and Martens (1972) that tended to underestimate the

alkalinity present in these samples (Table 2.4). When tested later with the methods of the
AOAC (1990), the CRF ash had a CCE of 11%, the WVF and the WVF had a CCE of

5%.
Boron is one element that can be available in phytotoxic amounts in fly ash (Doran
and Martens, 1972). The YTF ash contained a very high amount of hot water soluble B
(HSW-B) and was eliminated from consideration for further study (Table 2.5). Three
categories of HSW-B contents were defined by Reisenauer (1979).
1) <1 mg kg’ HSW-B, soils that may not supply sufficient B
2) 1 to 5 mg kg’ HSW-B, soils that supply enough B for plant growth

3) > 5 mg kg’ HSW-B, soils that may supply toxic levels of B
We intended to apply ash at rates up to 33% (w/w). Even at this high rate none of the
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Table 2.3. Water pH determined in a 1:1 water slurry, and on the saturated paste
extract, and the saturated paste electrical conductivity for the eight ash samples.

Sample

1:1 water pH

Saturated extract pH | Saturated extract EC

CFF

9.8

9.6

0.24 S m!

CRF

11.0

11.5

0.78 S m™

GLF

10.0

8.3

0.37S m"

KFA

3.8

3.8

0.52 Sm!

MPF

3.8

3.7

0.88 Sm"

MSF

6.4

7.8

0.31Sm!

WVF

8.0

7.7

0.16 Sm"

YTF

8.5

8.8

0.32 Sm!

Table 2.4. Calcium Carbonate Equivalence for the eight ash samples.

Sample

mmole H" neutralized per g of fly

% Calcium carbonate

ash

Equivalent

CFF

0.058

0.29

CRF

0.244

1.22

GLF

0.029

0.14

KFA

0

0

MPF

0

0

MSF

0.005

0.03

WVF

0.082

0.41

YTF

0.082

0.41
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Table 2.5 Hot water soluble B (HSW-B) for the eight ash samples.

Sample

HSW-B mg kg"

CFF

6.50

CRF

3.54

GLF

2.64

KFA

9.20

MPF

13.9

MSF

9.89

WVF

2.31

YTF

61.7

other ash material would have produced a blend with a HSW-B of > 5 mg kg”.
The total elemental values for the ashes tested are presented in Table 2.6. These
materials were mainly composed of Si and Al with lesser amounts of Fe, Ca, and Mg.

There was a large variation in the C content of the ash, and those ashes with high C
content tended to have lower Si contents.

The amount of C in the ash was an indication

of the efficiency of the burning conditions in these power plants.

The ashes with the

highest C contents were produced at industrial power plants, not electrical utilities. The

WVF ash contained a very high level of Mn. The high Mn was thought to be due to the
combustion of wastes from a charcoal process at this facility. Four ash samples were
tested for acid extractable As and Se. The values for extractable As were nearly identical
(60 to 65 mg kg" ) for the four samples. The Se content was fairly low and ranged from 6
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to 14 mg kg".
The particle size data revealed that all the ash materials tested had a silt loam or silt
texture (Table 2.7). This is in agreement with the findings of Chang et al., (1977).

Discussion

Neutralizaton potential was the primary property use to select the ashes used in the
column and field studies.

On that basis, the CRF, WVF, and CFF materials were chosen.

The YTF material was not selected due to its high B content. The MPF material was later
used in a field study due to its close proximity to the site, and the interest in using a non-

alkaline ash material.

Table 2.6. Elemental content of the eight ash samples.
CFF | CRF | GLF | KFA | MPF | MSF | WVF | YTF

% SiO,

52.0 | 62.2

% ALO,

24.8 | 25.7 | 23.6

|266 | 28.0

|268 | 248 | 25.7

% FeO,

99

172

161

140

|63

|101

|5.9

|124

% CaO

16

131

106

106

|06

|19

[29

|23

% MgO

09

112

[08

|06

[10

[06

[06

|07

%C

73

(13

1114

144

169

|74

[213

|84

Cu mg kg"

229 | 183

| 207 | 126 | 181

161

Mnmgkg"

| 304

Zn mg kg"

183

|371

|49.0

| 123

|628

| 170

153.6 | 49.5 | 43.4 | 523

| 190 | 146 | 228 | 143

| 138 | 82

137,

1175 | 218

| 179 «| 214 «=| 222 =| 137

29

Table 2.7 Sand, silt and clay content, and USDA textural class for the ash samples
Sample | % Sand

% Silt | % Clay | texture

CFF

35.0

65.0

0

Silt Loam

KFA

19.6

76.1

4.4

Silt Loam

MPF

11.2

82.7

6.1

Silt

MSF

24.9

72.5

2.5

Silt Loam

WVF

| 43.0

55.4

1.6

Silt Loam

21.4

76.9

1.6

Silt Loam

YTF
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Chapter 3
Evaluation of Leachate Quality from the Co-Disposal of Coal Fly Ash
and Coal Refuse
Disposal of coal fly ash in coal refuse piles and minespoil heaps is a common
practice in other countries (Skarzynska, 1995; Twardoswska, 1990), but is not currently a

widespread practice in the USA.

The USEPA has excluded coal fly ash from regulation as

a hazardous waste (USEPA, 1993), and this has led to an increased interest in returning
fly ash to the coal fields for disposal. Provisions that call for coal producers to accept

disposal of fly ash are now being written into many coal contracts. These provisions
present an opportunity for ash use in the reclamation of coal refuse. Usage of ash in this
manner facilitates coal waste to reclaim wastes generated in coal extraction.

The use of

coal fly ash in reclamation of coal refuse has been the subject of several experiments

(Adams et al., 1972, Jastrow et al., 1981), but has never become a widespread practice in
the United States, primarily due to regulatory constraints and the lack of ash sources
within many mining districts.
Nearly all coal refuse piles in the Appalachian coal basin are located on or near
streams, and can be the source of significant stream pollution from sediment and (acid
mine drainage) AMD.

The AMD results from iron pyrite oxidation, which may be native

to the refuse material or was separated from the coal during the cleaning process. The
oxidation of pyrite is a complex process which produces soluble Fe, sulfate, and acidity
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(Singer and Stumm, 1970; Carcuccio and Geidel, 1978; Klienmann et al., 1981).

The

amount of acidity produced depends upon the amount or iron pyrite present and its

reactivity (Caruccio and Geidel, 1978). Iron pyrite may occur in many forms which
directly determines its reactivity; the framboidal form being the most reactive (Carrucio
and Geidel, 1978).

Some refuse materials contain significant amounts of Ca and Mg

carbonates which neutralize all or some of the acidity generated, however, many refuse

materials contain few alkaline constituents. Experiments by O’Hagan and Caruccio
(1986) and Poissant and Caruccio (1986) suggest that Thiobacillus ferrooxidans (a pyrite
oxidizing bacteria) populations were suppressed by pH values >7, while these bacteria
thrived at low pH. The addition of an alkaline fly ash would raise the pH of the coal
refuse, lower the hydraulic conductivity, and lower the rates of gas exchange in the refuse.
Leaching columns have been used to study AMD generation by many researchers
(Bradham and Caruccio, 1990; Perry, 1985).

Leaching tests are the only means to study

both the kinetics of pyrite weathering and base production. Both Bradham and Caruccio
(1990) and Perry (1985) concur that leaching column tests give the best approximation of
field weathering conditions. In a column study of surface mine spoils, Hood and Oertel
(1984) found that each one-week leaching cycle in their study was equivalent to
approximately three years of natural weathering.

Significant questions exist regarding the

use of fly ash as an alkaline amendment for coal waste piles, particularly its long term
efficacy.

The objective of this column study was to determine the effects of bulk blending

coal refuse with high rates of alkaline coal fly ash on leachate water quality and to relate
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these effects to possible environmental implications of this practice.

Materials and Methods
The refuse used in this study was collected at the A. T. Massey Coal Company,

Elk Run processing plant near Sylvester, WV.

The refuse consisted of 70% material from

the Peerless seam and 30% material a mixture of the Coalburg, 5 Block, and Stockton

seams. Particle size was determined by dry sieving. The potential acidity (PA) of the
refuse was determined by the H,0, method of Barnhisel and Harrison (1976). The fly ash
was collected from the ash landfill at Westvaco Company,

Covington, Virginia mill. Coal _

from the Elk Run site is burned at the Covington Mill. The neutralizatoin capacity (NC)

of the ash was determined by the method of Sobek et al. (1978). The pH of both the
refuse and ash were determined with a combination electrode. Both the refuse and the ash
were subjected to a total dissolution (Lim and Jackson, 1982) with subsequent elemental

analysis by Inductively Coupled Plasma Emission Spectroscopy (ICPES).
Leaching columns were hand packed with coal refuse or a bulk-blend of coal
refuse and fly ash.

The materials were packed into sections of ABS plastic pipe 18 cm

(diameter) by 60 cm (length).

One end of each pipe was covered by a snap-on end cap in

which several 6mm holes were drilled to allow leachate to drain. Filter paper was placed

against the column side of this cap to retain the solid material in the column. A plastic
funnel packed with glass wool to wick the leachate from the column was attached to the
end cap. A layer (2 cm) of glass beads was placed at the top of each column to facilitate
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the spread of the influent. An Erlenmeyer flask was placed at the bottom of each column
to collect the leachate. Two columns were packed with unamended refuse (Control).
Three columns were packed with a 4:1 (w/w) refuse:ash mix (20% ash), and three
columns were packed with a 2:1 (w/w) refuse:ash mix (33% ash).

References for the use

of replication with columns of this size were not found in the literature; however, Watzlaf

(1992), did run a column study using 5.1 cm diameter columns in triplicate. These ash
blending rates were chosen to approximately add the amount of alkalinity to offset the acid
producing potential of the refuse and then two-thirds of that amount.

At blending rates

higher than 33%, the refuse tended to fall through the refuse and it was difficult to keep
the blend mixed. In addition, if the range in refuse:clean coal:fly ash is considered 20-33%
brackets the amount of ash that would likely be available for back-haul.
Leaching of the Control columns began February, 12, 1991, and leaching of the

ash amended treatments began April 20, 1991. Columns were mun unsaturated and
leached every four days with a simulated precipitation solution, pH 4.6 (Halvorsen and
Gentry, 1990). Leachates from the previous leaching cycle were collected before the
addition of the next leaching cycle. The columns were not leached for a period of eight
weeks to simulate drought conditions beginning in September of 1991 (days 213 to 266).
The columns were then put on a weekly leaching cycle until May of 1995. Drought
conditions were again imposed from days 761-769. Leachate samples were analyzed
within 24 hrs of collection for pH and electrical conductivity, and then a subsample was
preserved with HNO, for analysis of metals and sulfate. Leachate Fe and Mn content was
42

determined using atomic absorbance spectrophotometry (AAS) and leachate sulfate
content was determined gravimetrically (APHA, 1985). Periodically, composite leachate

samples from each treatment were submitted for a wide element scan using ICPES.
scan included Al, B, Ca, Cr, Cu, Fe, K, Mg, Na, Ni, P, Pb, S, Si, and Zn.

This

Graphs of the

mean leachate pH, EC, Fe, Mn, and SO,” content with time were plotted using SigmaPlot

2.0 (Jandel Scientific, 1994). Error bars on these figures represent 1 sample standard
deviation above and below the mean.

If the error bars do not overlap with error bars from

other plotted data, then the values are different (p = 0.32).

Results and Discussion

The refuse used was coarse in texture and contained 75 % material > 2 mm in size.
In contrast, the fly ash used was silty in texture and had an overall silt loam texture.

The

elemental data indicates that the ash has been enriched in Ca, Cu, Mn, and Zn in

comparison to the refuse, while the refuse is higher in Si and Fe (Table 3.1). The high
levels of Mn in this particular ash may be due to combustion of a charcoal process waste

at this plant. This ash is concentrated with some metals, which is consistent with the
findings of Adriano et al. (1980). The refuse had a potential acidity of 72 Mg per 1000
Mg of refuse, and this figure is consistent with the 0.22 g kg” S content of the refuse
(Barnhisel and Harrison, 1976; Sobek, et al., 1978).

The ash had a NC of 50 Mg CaCO,

per 1000 Mg material (Sobek, et al. 1978 ) which is a reasonable level for eastern fly
ashes. Given these parameters, it would take 1440 Mg of this ash per 1000 Mg of this
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refuse to fully balance alkalinity with potential acidity. Low NC is obviously one limiting

factor in using ash as a liming agent, since an absolute acid-base balance usually cannot be
practically attained in the field. The 2:1 (refuse:ash) mix appeared to be highest ash rate
that could be practically mixed with the refuse without the mixture
Table 3.1. Elemental content of the fly ash and coal refuse used in this packed
column experiment.

All values are means of duplicate samples.

SiO, | ALO, | FeO,

gkg’ | gkg"
fly ash | 430

250

refuse | 620

| 250

| CaO

| MgO | Cu

Mn

Zn

|gkg' | eke" | gke" | mgkg" | mgkg" | mg kg”
60

29

6.0

180

1175

222

160

3.0

13

60

762
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physically separating. The ash treatments had an expected effect on the bulk densities of
the treatments, with increasing amounts of ash leading to lower bulk densities.

Although

the ash treated columns exhibited lower bulk densities we observed that the rate of water
movement was much slower in the 33% ash columns. This was due to packing of siltsized particles in the refuse macropores in the column when fly ash was added to the
refuse. Thus, simply adding fly ash would have a beneficial effect on coal waste piles by
limiting leachate flows and velocities.

The pH of the leachates from the Control columns was near neutral when leaching
began, but fell with each successive leaching and dropped below pH 2 after 17 four-day
leaching cycles (Figure 3.1). The leachate pH continued to decrease and reached a low of
pH 1.7 after 35 cycles (Figure 3.1). Leachate pH remained fairly constant in the pH 1.7 to

1.8 range before slowly rising to the pH 2 range after 1000 days. As the rate of pyrite

oxidation in the columns slowed, the leachate pH in the Control columns increased as the
Fe content of the leachate decreased (Figure 3.2). The leachate pH values of the ash
amended (20% Ash and 33% Ash) columns have remained near pH 8.1 for the duration of

this experiment. There was a slight, but noticeable decrease in leachate pH in the 20%
ash treatment due to the acidification of one of the three columns, after 1000 days of
leaching. The acidification process was quite rapid in this column. Leachate pH decreased
from 8.1 to 4.1 in about 100 days (14 seven-day leaching cycles).

The pH of the other

two columns in this treatment maintained a pH of 8.1 for the duration of the experiment.
The leachate pH from the 33% columns remained at 8.1 for the duration of the
experiment.

The effects of the simulated drought conditions are best illustrated by the Fe data
and EC data from the Control columns (Figures 3.2 and 3.3). The first drought period
was imposed after approximately 220 days from the start of the experiment. The initial
leachates collected after eight weeks of “drought” had EC values higher than the peak
values which had occurred at 175 days. During the drought period, air was allowed to

penetrate deeper into the columns and oxidation of pyrite occurred. This led to the
formation of sulfate salts of Fe and Al. When leaching resumed, these salts dissolved and
resulted in the increased EC values.

The drought imposed at 680 days (Figure 3.3) had a

similar although less dramatic effect. In general, the EC values in the control columns
were initially very high, but decreased as pyrite oxidation slowed and the resultant
oxidation salts were leached.

The effects of the drought periods were not as noticeable in
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the leachate EC values of the ash treatments. The EC from the ash treatments steadily
decreased from an initial value of 0.6 S m™ as the salts in the ash were leached, and
remained near 0.2 S m” for the first 1000 days of the experiment (Figure 3.3). The
leachate EC of the 33% Ash treatment continued to decrease to 0.1 S m™ when the
experiment was terminated.

The leachate EC in the 20% Ash treatments increased slightly

due to the oxidation taking place in one column.
As pyrite oxidation occurred and the pH decreased rapidly, the Fe content of the
leachate increased dramatically (Figure 3.2).

The graph of the changes in Fe content with

time mirrors the EC (Figure 3.3) plot with time. This indicates that Fe levels are at least
partially responsible for the high EC levels in these leachates.

The peak leachate Fe

concentration was 11,000 mg I’ , immediately after the simulated drought.

After more

than four years of leaching, the Fe content of the leachate dropped below 50 mg I (Figure

3.2). The leachate Fe contents from the ash treated columns remained < 1.0 mg I"
throughout the experiment, and in most cases < 0.5 mg I’. This indicates that very little
(if any) pyrite oxidation took place in the ash treated columns even over three years of

unsaturated leaching.

This is consistent with the findings of Poissant and Caruccio (1984)

who found that high pH values excluded 7: ferroxidans from spoil materials. Recent work

by Evangelou and Zhang (1995) indicates that oxide coatings form on pyritic surfaces,
when pyrite is oxidized at pH values > 5. These coatings limit further oxidation and are
stable if the pH in excess of 5 is maintained. If oxidation did occur, work by De and Lal
(1990) indicates that fly ash has some capacity to sorb Fe.
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The Control leachate Mn peaked early in the study, suggesting that Mn may be

more mobile in an acidifying environment before the pyrite-induced pH drop. After four
years of leaching, the Mn levels from the control columns were similar to the ash treated

columns. Initial Mn contents of the leachates from the ash treatments were initially high
(2.5 mg I’ for the 20% Ash treatment and 5.2 for the 33% Ash treatment).

These initial

values may be due to the elevated Mn content of this particular ash (Table 3.1). As
leaching progressed, the leachate Mn content decreased and was <0.5 throughout the

experiment (Figure 3.4).

Leachate sulfate levels of the Control columns reached a peak

value of 28,000 mg L” after 25 4-day leaching cycles (Figure 3.5).
decreased and then rose again after the drought period.

Sulfate levels then

Examination of the Fe:SO, ratios

from the Control leachates reveals that there are two moles of Fe for each sulfate ion.
This ratio suggests that the solubility controlling solid phase also has a 2:1 Fe:SO,
stoichiometry.

The sulfate concentration of the leachates from the ash treatments was

initially 3300 mg I" (Figure 3.5) and decreased over time to values near 1300 mg I"; this

response suggests an equilibrium with gypsum, once free sulfates were leached.
Examination of data for other elements in the leachates in this experiment (Table 3.2)
reveals some interesting trends.

The Ca and K contents of the leachate from the control

columns declined to very low levels with time. These low levels are indicative of a very
intense weathering and acid stripping environment in these columns.

The minerals

containing the elements Ca and K have either been dissolved, or the minerals that do
contain them are nearly insoluble in this acid leaching environment.
50
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Boron is an element of concern in land application of fly ash due to problems with
phytotoxicity.

Boron contents of the leachates from the ash were initially high, but

declined with leaching losses. In general the levels of all elements in the control column
leachate decreased with time.

Of particular interest are the high levels of Cu, Ni, and Zn,

especially early in the experiment.

Low levels of these elements were present in the

leachates from the ash treated columns.

These findings are consistent with the low

solubility of these elements at high pH values and the potential for metal sorption on fly
ash. There were initially elevated Na levels present in the leachates from the ash treated
columns, but these decreased with continued leaching.

Conclusions

The ash treatments have been particularly effective in improving the drainage
quality from an acid-forming coal refuse. Both the 20% and 33% treatments were very
effective, however the decline in pH of one of the 20% columns may indicate that the
pyrite in that column had not been stabilized. The effectiveness of the ash is likely due to
a number of factors.

The ash retards both water and gas flow though the column, which

in turn slows the rate of pyrite oxidation. The ash may also be scavenging free Fe
liberated by pyrite oxidation and in turn preventing the rapid oxidation of pyrite by Fe™* to

occur. The ash maintains a high pH which has been shown to limit the activity of 7:
Jerroxidans.

These are very high blending rates and probably would not reflect

operational conditions, thus similar work is required for lower blending rates and
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non-alkaline ashes. These data show the benefit of long term column studies. Most
column studies are run for, at the longest, six months. Had we run this study for only six
months we would not have been able to examine the drought effects, the gradual decline in

leachate Fe and Mn content in the Control columns, or the possible acidification of one of
the 20% columns. Running this study for four years has allowed us to observe what may
happen during long term field weathering regimes.

Alkaline fly ash at high bulk blending

rates (>20%) appears to be an effective long term AMD control approach, with only B

and SO, appearing to leach at any significant level.
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Chapter 4
EVALUATION OF LEACHATES FROM COAL REFUSE/FLY ASH
BLENDS AND OTHER TREATMENTS: LONG-TERM COLUMN
STUDY RESULTS
Introduction

Based on the findings of the column study discussed in Chapter 3, a larger column
study with two fly ash sources and other more conventional AMD treatments was
initiated.

One ash used in this study was blended at rates of 5%, 10%, 20% and 33%

(w/w) in order to study the effects of varying alkaline loading to offset the acidity from
pyrite oxidation.

The 20% and 33% blending rates represent amounts of fly ash that

would likely be returned to the coalfields based on clean coal:refuse:fly ash ratios. The
5% and 10% were included to examine the effects of placing fly ash in an environment
underloaded with alkalinity. A second more alkaline ash was also blended at 20% and

33% (w/w).

Conventional AMD control treatments of bulk-blended ground limestone and

rock phosphate (Rock-P) ore were also included in this study for comparison.

The

leachate quality effects of the practice of thin topsoil cappings were also examined.
The findings of the first 40 weeks of this study were presented in an MLS. thesis by
Meryl Jackson (1993).

One objective of that study was to formulate an improved column

design for studies of this type. The design used includes a gas trap, and a well sealedcolumn bottom.

This design was used to limit air penetration from the bottom, and the

column design was found to perform well for treatments that were bulk blended, but was
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less effective for stratified material.

The objectives of this extended study were (1) to

examine the data generated from over three years (164 weeks) of leaching data from these
same columns and (2) to evaluate the long term behavior of bulk blends of fly ash,
limestone, and rock P with acid forming coal refuse.

Materials and Methods
Additional detail on the set-up and analysis of the early data sets from this
experiment can be found in Jackson (1993).

The coal refuse for this experiment was

obtained from the A. T. Massey Company Elk Run coal preparation plant near Sylvester,

WV.

The refuse consisted of material that was primarily cleaned from the Peerless seam.

This material was requested due to its high sulfur content.

The acid forming potential of

the refuse was tested by the H,O, method (Barnhisel and Harrison, 1976) and found to

have a potential acidity (PA) of 130 tonnes of CaCO, per 1000 tonnes of refuse. This test
agreed well with the Leco™ furnace sulfur content of 4.0 % S, assuming 1% S requires
approximately 31.25 tonnes of CaCO,/1000 tonnes of material for neutralization (Sobek et
al., 1982).

This sample of refuse contains more S than the vast majority of refuse from the

coalfields of southern West Virginia and southwest Virginia and therefore represents
“worst case” conditions for this region. The refuse was air-dried in a greenhouse; the
material > 1.9 cm (3/4 in.) size was removed by sieving, the refuse was then homogenized
with a rotary mixer.
One of the fly ash materials was obtained from the fly ash landfill at the Westvaco
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paper mill in Covington, VA (WVF).

The ash was gathered with shovels and buckets in a

random pattern across the surface of the fill. This ash was specifically chosen because this
mill burns coal from the Elk Run prep plant. The ash was air-dried in the greenhouse,

screened to a < 2 mm size, and homogenized by mixing with a rotary mixer.

The other

ash was shipped in barrels from the AEP Clinch River Plant near Carbo, VA (CRF).

This

ash was gathered directly off the electrostatic precipitators and required only
homogenization with the mixer.

Some distilled water was sprayed on this ash to control

the dust while mixing.

The neutralization potential (NP) of the ash materials were determined by method
#955.01 of the AOAC (1990).

These results are expressed as a calcium carbonate

equivalence (CCE), a value which compares the acid neutralization capacity to that of
pure CaCO,. For example a material with a CCE of 10% would be 10% as effective as
pure CaCO, at neutralizing acidity (assuming similar particle sizes), or it would take 10

tonnes of this material to be as effective a neutralizer as 1 tonne of CaCO,.

As with most

class F (low calcium) fly ash materials, the NP values of these materials are low. This is
one aspect that limits their utility as liming agents. The three ash materials studied have
widely differing NP values. The CRF ash had a relatively high NP of 11 % CCE, while the
WVF material had an intermediate value of 5% CCE.

These NP values were in agreement

with the water pH values measured for these ash materials. The CRF had a 1:1 water pH
of 11.04, while the pH of WVF

was 8.02.

The rock-phosphate (Rock-P) used was obtained from the Texas Gulf Co., and
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was similar to that used by Spotts and Dollhopf, (1992) although it was not as fine as the

ore they used (> 90% finer than 0.105 mm).

The Rock-P was sieve-tested and it was

found that 95% of the material was in the 0.5 mm to 0.105 mm size range. The ground
limestone used was James River agricultural grade dolomitic (CaMgCO,) limestone.

The

“topsoil” for the columns was collected at the Powell River Project site, in Wise County,
VA, and was limed to pH 7 with Ca(OH), .

The total elemental content, petrographic

and mineralogical analyses of the coal refuse, both fly ash materials, and the limestone
were performed at the USDI Bureau of Mines, Albany, OR Research Center (Dewey,

1995).
Column Design
The column design used in this experiment was constructed from smooth bore,
20.3 cm diameter ABS plastic drainage pipe, and an endcap, which was perforated with
several 8 mm holes to allow for leachate drainage. The endcap was lined with 60 mesh
(0.25 mm) nylon sieve cloth and Whatman 42 filter paper to retain the fine material. A
25.4 cm HDPE funnel was attached to the bottom of the column with silicone sealer. The

funnel was packed with glass wool to wick the water away from the bottom of the column
(Figure 4.1, 4.2). In order to prevent gas exchange at the bottom of the column, the
funnels were sealed to the column with silicone sealer. The bottom of the funnel was
plugged with a 100% silicone foam rubber stopper with a Nalgene™ HDPE tube between
the stopper and the Tygon™ tubing. The Tygon tubing was clamped and plugged with an
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HDPE stopper. This procedure allowed the leachates to be collected in the funnel portion
of the column with little chemical change between sampling.

The funnels held nearly 1 L

of leachate, and the liquid level remained below the level of the column bottom in the
funnel, so the bottom of the column was never saturated.

The columns were assembled

prior to packing to allow the silicon sealer sufficient time to set. During the study, 5 to 10
ml of leachate was allowed to remain in the tygon tubing to act as a gas trap.

This

leachate remained at the low point of the tygon tubing loop beneath the column (Figure

4.1, 4.2).

Column Assembly

All columns received 36 kg of refuse to establish a constant mass of reactive
material. The treatments were mixed with the refuse utilizing a rotary mixer on an ovendry weight percent basis (Table 4.1). Approximately 5% more material than required was

mixed for each blend to allow for sampling and spillage. The rotary mixer was thoroughly
cleaned between treatments, and one mixer batch of each treatment was mixed and

discarded to clear any residual material.

After all of the material required for one

treatment had been mixed, that mix was weighed into column batches. Three replicate
columns of each treatment were then packed. Three replications per treatment were also
used by Watzlaf (1992) in an experiment using smaller diameter columns, and three
replications had proved to be adequate in our previous column study (Chapter 3).
Prior to packing, 750 g of acid-washed glass shot was spread evenly across the
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simulated acid rain
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Figure 4.1. Schematic of the column design used for this study (Jackson, 1993).
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Table 4.1 Descriptions of treatments and abbreviations used in this study.
Treatment
Refuse Control

Code

Description

Refuse

36 kg refuse

Refuse + topsoil

Refuse + TS

36 kg refuse with 7 kg topsoil

33% Westvaco ash

33% WVF

16.1 kg Westvaco ash bulk
blended with 36 kg refuse

20% Westvaco ash

20% WVF

10% Westvaco ash

10% WVF

5% Westvaco ash

5% WVF

33% Westvaco Ash with topsoil

33% WVF+TS_

Westvaco ash, “Disked”

WVF Surface

Mix

33% Clinch River ash

33% CRF

20% Clinch River ash

20% CRF

5% Rock Phosphate

Rock P

5% Rock Phosphate with topsoil

Rock P+ TS

7 kg Westvaco ash bulk blended

with 36 kg refuse

3.2 kg Westvaco ash blended
with 36 kg refuse
1.3 kg Westvaco ash blended

with 36 kg refuse

| same as 33% WVF with 7 kg

topsoil

4 kg Weshvaco ash applied to
top 15 cm of refuse

18 kg Clinch River ash blended

with 36 kg refuse

9 kg Clinch River ash blended

with 36 kg refuse

2 kg rock phosphate ore
(apatite) blended with 36 kg
refuse
same as Rock P blended with 36

kg refuse

5% Rock Phosphate with 33% Westvaco ash | 33% WVF+RP | same as Rock P blended with 16
kg WVF and 36 kg refuse
13% ground limestone

Lime

5 kg of ground limestone
blended with 36 kg refuse

13% ground limestone with topsoil

Lime + TS

same as Lime with 7 kg topsoil

20% Celanese ash

20% CEL

7.5 kg Celanese ash blended
with 30 kg refuse

20% Celanese ash with 13% ground

20% CEL +LS

limestone

same as 20% Cel blended with

3.8 kg ground limestone
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nylon mesh at the bottom of each column to promote even drainage.
The refuse mix was then placed into the column using a 900 ml plastic cup
suspended from two strings. This cup was lowered down the column and then tipped
using a string attached to the cup bottom.

By using this cup, the material could be

conveyed into the column without particle segregation that would occur if the material

were dropped from the top of the column. The treatment mixes were added in 5 to 10 kg
lifts that were packed to uniform density using a roughly 3 kg baseball bat (wood, 88.9 cm
length, Al Kaline model). All material was packed into the columns in this manner.

The

topsoil was applied in two 3.5 kg lifts.

Leachate collection and analysis
After packing, the columns were watered in order to reach an unsaturated

equilibrium. The columns were innoculated with about 3 ml of AMD, obtained from an
old mine seep, along Montgomery Co., Virginia, Route 652, to insure an active
population of pyrite oxidizing bacteria.

The columns were dosed with 1 L of simulated

acid rain (Halvorsen and Gentry, 1989) per day until leachate broke through the bottom of
the column.

The columns were then put on a once- weekly watering schedule. The

watering regime consisted of dosing with 2.54 cm of simulated acid rain on a weekly basis

(1320 mm of rainfall per year). Initially, leachate was collected 1 day after dosing, then 2
days, then 4 days, and then after 7 days for the final two years of the experiment. The
effects of these changes appear to have been negligible on the basis of pH and EC data.
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When leachate was collected, all leachate with the exception of the 5 to 10 ml of gas trap
was collected and the volume recorded.

Prior to the next dosing, each funnel was purged

of all leachate, and this volume of leachate was also recorded before the leachate was

discarded. It was assumed that an airtight seal was maintained around each funnel and the
leachate in the funnel was not exposed to gas exchange.

After the leachates were collected they were analyzed for pH and EC within 24
hours (McLean, 1982; and Rhoades, 1982, respectively).

Samples were then preserved

with trace metal grade nitric acid for subsequent analysis at the Virginia Tech Soil Testing

Laboratory.

Samples were analyzed for Al, B, Ca, Fe, Mn, and S by Inductively Coupled

Plasma Emission Spectrometry (ICPES).

Weeks 1 through 12 were analyzed individually.

Further analysis for weeks 16 to 95 was done on five-week composites. Data from weeks
103, 122, and 143 represent individual samples for those weeks.

The analysis of Cu was

added after the first 12 weeks of the study. The first leachates were collected February
24, 1992.

The volume of leachate which passed through the column at 1, 3,10, 21, 45, 69,

93, and 165 h after dosing was measured in May of 1995.
In the first few weeks of the study some problems were experience with algal
growth in the funnels and leachate. The funnels were painted black in an effort to block
out light and kill the algae. Something in the spray paint used caused the funnels to
weaken and crack, and painting was discontinued.

The funnels were then wrapped with

aluminum foil to prevent light penetration. After wrapping algal growth was not a
problem.

Funnel cracking was also experienced in some of the other treatments later in
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the experiment.

When cracking occurred, leachate, and therefore data, were not collected

from a column for one or two leaching cycles. The cracked funnels were replaced and
resealed as soon as possible. The funnels apparently were not strong enough to withstand
the long term load of these columns, especially the high rate fly ash columns which

contained the greatest mass of material.

Non-Alkaline Ash columns.
Columns to test the effects of non-alkaline ash (CEL) where assembled in July of

1992. The ash used was collected from the Hoechst-Celanese Plant near Pearisburg, VA.
This plant also burns coal from Elk Run. The non-alkaline nature of this ash was
attributed to differences in boiler conditions and ash collection mechanisms at this site
compare to the Westvaco site.

The CEL ash had an NP of 1.1% (AOAC,

1990), and a

1:1 water pH of 4.7. The NP of the CEL material was somewhat higher than expected
based on its pH and the analysis of a previous sample from this site. It was speculated that
the apparent NP may be the result of the adsorption of protons on to some of the ash
surfaces. The CEL ash was mixed with refuse from the same batch as the previously

described columns and the columns were assembled, and maintained by the same
protocols. This ash contained a large amount of unburned carbon and was very “fluffy”.
Mixing a 33% blend was attempted but the refuse would not stay blended with this ash.

Eventually a 20% ash mix was found to remain well mixed. Two columns which contain
30 kg of refuse, and 6 kg of ash were assembled along with two columns which contained
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30 kg ash, 6 kg of ash, and 3.8 kg of ground limestone. The first leachates from these
columns were collected on September 4, 1992.
analyzed as previously described.

The first 12 weeks of leachates were

After week 12, pH and EC were monitored weekly and

Fe and Mn were determined using atomic absorbance spectrophotometry (AAS).

Data analysis
Treatment means and standard deviation for each parameter tested were calculated

by treatment. These data where then plotted against time for comparison purposes. The
error bars on the graphs represent one standard deviation above and below the mean.

If

the error bars did not overlap with the error bars from another treatment, it was
interpreted that the two treatments were statistically different (p = 0.32).

Results and Discussion

The elemental content of the ash materials, ground limestone and refuse were
determined at the USBOM Albany, OR Research Center (Dewey, 1995) (Table 4.2). The
Rock-P material and the topsoil were not tested.

The Rock-P material used was a Texas

Gulf Co. ore similar to that used by Spotts and Dollhopf, (1992) and Renton et al. (1988).
Aluminum, Si, Fe and C make up the bulk of the refuse and ash materials, while the

limestone is mainly composed of Ca, Mg, and CO,” . This is consistent with the refuse
and ash materials being mainly alumino-silicate in nature, and the limestone being

composed of alkaline earth carbonates. The amount of Ag, As, Cd, and Hg in each of the
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Table 4.2 Elemental content of the refuse, fly ash and ground limestone materials
used in this experiment, some elements are reported on a % oxide basis. (Dewey,
1995).
Sample

Element or Species | Refuse | CRF | WVF | Limestone

Ag mg kg?

<5

<5

<5

<5

Al,O; %

22.9

27.6

24.2

1.72

As mg kg"

<10

<10 |

<10

<10

B mg kg"

200

100

700

400

C%

16.7

3.0

12.7

10.7

CaO %

0.21

2.7

3.1

30.8

Cd mg kg*

<5

<5

<5

<5

CO,%

<0.1 | 0.10 | 1.16

45.5

Cr mg kg"

70

50

110

40

Cu mg kg"
Fe,0, %

60
6.7

150 | 160
go | 7.4

10
0.41

Hg mg kg”

0.3

<0.1

0.4

0.4

MgO %

1.0

0.7

1.4

19.7

Mn mg kg”

140

190

760

3010

Pb mg kg”

20

50

120

20

S%

3.65

0.29

0.34

<0.1

Si0, %

40.8

48.7

39.3

0.62

SO, mg kg”
Zn mg kg”

0.863 | 0.845 | 0.774]
60

90

220

0.14
30

materials was at or below the detection limit for the determination methods used. The
WVF ash contains seven times more total B than the CRF ash. The WVF ash also
contains higher levels of Mn than the CRF ash. This may be due to wastes from a
charcoal process being burned along with the coal at this plant.

The limestone contains

more total Mn than either ash material. The WVF ash also contains higher levels of Cr,
Pb, and Zn than the other materials.
The following is a discussion of the microscopic analysis performed by the
USBOM (Dewey, 1995).

The WVF contained much higher levels of C than the CRF ash,

which reflects the efficiency of the burning conditions at the plants. The CRF burning
conditions are assumed to be hotter based on the dominance of slag beads (solid spheres)
in the ash (~ 75% by volume based on optical estimate) and the general transparency of

the beads. The WVF ash has a much higher unburned coal fragment content (70% by
volume, optical estimate) and a much lower slag bead content (~ 20%). In addition, the
beads were found to be opaque, which indicates a lower temperature burn. This may also
be responsible for the higher Cr, Pb, Mn, and Zn content of the WVF ash. In addition to
the slag beads, the CRF ash contained ~ 20% entrained unreacted lithic fragments (shale)
which were composed primarily of quartz and plagioclase feldspar.

In addition to the coal

and slag beads in the WVF, there were also ~ 10 % unreacted lithic fragments of which
50% were quartz. The limestone was found to consist of variously fragmented calcitic to
magnesitic carbonate crystals. The refuse was found to consist of ~50% low grade shale
fragments, ~ 30% angular shards of coal, and ~20% primarily quartz crystals.
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Rate of Leachate Elution from Columns
The various treatments had significant effects on the volume of leachate eluted

with time. In a typical dosing cycle, all the ash-blended treatments produced less than 100
ml of leachate in the first hour after leaching, while the unamended refuse, blended RockP, and blended Lime treatments all produced more than 100 ml of leachate (Figures 4.3,

4.4, 4.5). The effects of increasing ash rates on leachate elution can readily be observed in
the WVF ash blends (Figure 4.3). The refuse passed leachate rapidly, while the 33%2.WVF
and 20% WVF treatments had a delayed leachate emission.
a slower leachate release than the 33% WVF treatment.

The 20% WVF treatment had

This does not concur with the

findings of Albuquerque (1994) who found that hydraulic conductivity of refuse ash blends
decreased consistantly as the amount of ash in the blend increased. This trend was also
observed in the data from the 20% CRF and 33% CRF treatments (Figure 4.4) and was
due to bulk density differences.

The 33% treatments were not packed as tightly as the

20% treatments, and the 33% columns were 25 cm longer than the 20% treatments. The
effects of the topsoil on leaching rate can also be observed. The topsoil slightly delayed
the leachate front in the 33% WVF + TS, Rock-P + TS, and Lime + TS, treatments when

compared to their counterparts which had not received topsoil (Figures 4.4, 4.5). This
delay was not observed in the refuse + TS treatment.

In that treatment, there was no

topsoil effect and the leachate elution pattern was nearly identical to its non-topsoiled
counterpart (Figure 4.5). The Lime and Rock-P treatments had elution patterns in which

there were fewer peaks and a steadier leachate
73
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output (Figure 4.4, 4.5). The 5% WVF and 10% WVF treatments also had similar elution
patterns (Figure 4.3). The reduction in leachate elution rate could best be described as
being directly correlated with the amount of material added in the blend. When no
material was blended with the refuse leachate moves rapidly. When 5 to 15% (w/w)

material was blended with the refuse the elution of leachate was delayed and became more
even with time. When blending rates higher than 20% were used, very little leachate was
emitted in the first hour after dosing and an elution peak in the 10 to 21 hour range was
observed.

pH

The effects of the various treatments on leachate pH are quite dramatic in some
cases. The effect of ash blending rate and the quantity of alkalinity added may best be
observed in the data for the increasing rates of blended WVF (Figure 4.6). The pH of the
Refuse (control) treatment was initially 4.5 and decreased with each successive leaching
until a pH of about 1.7 was attained after 10 weeks. The pH of the leachate from the
unamended Refuse treatment remained at this low pH for the duration of the experiment,
although it did increase slightly to pH 1.8 by the end of the experiment.

The rapid nature

of the pH decrease suggests that the biological oxidation of iron pyrite was active.

Biological oxidation of pyrite is much more rapid than direct (O,) oxidation (Evangelou,
1995, Singer and Stumm, 1970).

The initial leachate collected from the 5% WVF

columns had a pH of 8 but this treatment rapidly acidified. Based on the potential acidity
77
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of the refuse and NP of the WVF ash, the 5% WVF treatment was underloaded by 128
tonnes CaCO, per 1000 tonnes of refuse. The 5% WVF treatment had some inhibitory
effect on the onset of acidification, however, and delayed the pH drop by about 6 weeks.
The amount of acidity produced by pyrite oxidation subsequently overwhelmed the
alkalinity present and the leachate pH decreased to pH 1.8. This treatment (5% WVF)
subsequently maintained a pH which was slightly higher than that for the refuse control.

The 10% WVF maintained a pH in the 7.8 range for about the first 35 weeks of
the experiment.

This treatment was underloaded with alkalinity by 125 tonnes CaCO, per

1000 tonnes of refuse, but contained twice the alkalinity of the 5% treatment and delayed
the onset of acidification twice as long as the 5% WVF treatment. The post acidification
leachate equilibrium pH maintained was around 2.0, which was slightly higher than the
previously discussed treatments.

The 20% WVF treatment maintained a pH of 7.9

through the first 100 weeks of the experiment.

This treatment then slowly acidified until

reaching a pH of 2.3. During the acidification process there was a large amount of
variability among the replicates in this treatment. Variability during column acidification in
the early phases of this experiment was also observed by Jackson (1993).
vaiablility decreased as the system approached a new equilibrium pH.
treatment maintained a pH of 8 throughout the experiment.

The amount of

The 33% WVF

This treatment was also

under-loaded with respect to alkalinity (by at least 100 tonnes CaCO, per 1000 tonnes of
refuse), however, it has maintained a high pH. There are several mechanisms which alone
or in combination may explain the high pH maintained by this treatment. At neutral to
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alkaline pH, O, is thought to be the primary oxidizer of FeS, (Singer and Stumm, 1970).

This is due to the low solubility of Fe(OH), and hence low availability of Fe** at neutral
and higher pH values. Oxidation of pyrite by O, is known to be much slower than
oxidation by Fe** (Singer and Stumm, 1970). By maintaining a high pH, the rapid
oxidation of pyrite by Fe** is avoided. If pyrite oxidation does occur, there is sufficient

alkalinity present to neutralize any acidity. Also, lowering hydraulic conductivity, slowed
the removal of reaction products (Fe, SO,, acidity) and reduced the rate of oxidation.
Adding ash would decrease the pore size in refuse and may limit air infiltration or at least
slow down gas exchange.

Fly ash materials are known to have high water holding

capacities (Chang et al, 1977)
exchange.

and the water would be held in pores further decreasing gas

Fly ash has also be shown to adsorb Fe from solution (De and Lal, 1990) and

that mechanism may also serve to retard pyrite oxidation by scavenging Fe** from

solution.
The ash blend treatments with high amounts of alkalinity all exhibit similar plots
for pH with time (Figure 4.7). The initial leachate pH’s from the CRF treatments were in

excess of 9. These pH values decrease initially to around pH 8 before increasing around
pH 9 for the 20% CRF treatment, and to 8.4 for the 33% CRF.

The difference in these

pH values may be due to the lower rate of leachate elution observed in the 20% CRF
treatment (Figure 4.4). The 33% WVF + TS treatment maintained a pH very similar to
the 33% WVF treatment. The Lime treatment maintained pH values in the 7.8 range.
One problem which could limit the effectiveness of ground limestone as an AMD
80
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treatment is surface armoring with Fe and Mn carbonates (Evangelou, 1995, USEPA,
1983). Precipitates form on the surface of the limestone and limit its solubility and
therefore its ability to provide alkalinity. Overall, these treatments have maintained
alkaline (pH ~ 8) leachates, but the Lime treatments are balanced with respect to NP vs

PA. These treatments have clearly delayed the onset of pyrite oxidation and acidification,
but it is unclear if this will be a permanent effect.
The surface applied ash had an initial leachate pH of 6 which decreased to 1.8 by

week 17 of the study (Figure 4.8). The refuse + topsoil treatment had no effect on
leachate pH.

The 33% WVF + 5% Rock-P treatment behaved much like the 33% WVF

treatment (Figure 4.7).

The Rock-P treatments maintained a near neutral pH for the first

20 weeks of the study, then the pH began to decrease until a pH of around 3.2 was
reached.

One of the pK, values of H,PO, occurs at pH 7.2 and at that pH the HPO,” acts

as a weak base, serving as a sink for acidity. In addition, the PO, in solution is able to
precipitate Fe as Strengite (FePO,) or Vivianite (Fe,(PO,), *8H,O) (Spotts and Dollhopf,
1992; Evangelou, 1995), which inhibits pyrite oxidation.

This effect is short lived if the

Rock-P surfaces become armored with Fe and Mn phosphates (Evangelou, 1995). This
limits the solubility of the Rock-P and its ability to control pyrite oxidation.

The pH

values from the Rock-P treatments observed in this experiment are similar to those

observed by Spotts and Dollhopf (1992). Only the 33% WVF + 5% Rock-P treatment
had an inhibitory effect on acidification. The Rock-P treatments acidified, but not to the
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level of the untreated refuse treatments. The Refuse + Topsoil and WVF Surface Mix
treatments had little to no effect on acidification. Only the treatments with high amounts
of alkalinity were effective in preventing acidification.

Electrical Conductivity
The electrical conductivity of a solution gives an indirect measure of the amount of

dissolved material in that solution (Rhoades, 1982). Ash materials are known to contain
freely soluble salts and can produce EC values as high as 6 S m™ (Page et al, 1979).
Pyrite oxidation also produces high EC values (Evangelou, 1995; Caruccio and Geidel,
1978) due to sulfate loadings.

The effects of both these can be seen in the data from the

varying rates of WVF blended with the refuse (Figure 4.9). The initial EC of the 33%

WVF treatment was 0.7 S m", and that value gradually decreased to 0.23 S m™ as the
salts were being leached from the ash in this blend.

The 20% WVF and 10% WVF

treatments had slightly higher EC values than the 33% treatment initially, and then have
lower values until the onset of acidification by pyrite oxidation. Less ash was applied in

these treatments and hence less salts where applied, which explains the lower initial EC
values. The initial increase in EC may have been due to flushing of entrained salts that had
accumulated in the refuse before the columns were packed. As pyrite oxidation took place
reaction products (Fe, SO,, and acidity) were brought into solution and the EC increased.
The 5% WVF and refuse treatments had higher EC values than the previously mentioned
treatments, and the 5% WVF did have consistently lower EC values than the
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refuse treatment. The ash applications, even at the low 5% rate had an effect on EC via
the retardation of pyrite oxidation. These treatments did not contain sufficient alkalinity to
prevent pyrite oxidation, but the intensity of pyrite oxidation was decreased in these

treatments with respect to the Control. It is unclear whether this retardation was due to
decreased oxygen penetration (Hammack and Watzlaf, 1990) or binding of Fe by the ash

(De and Lal, 1990). The binding of Fe would produce effects similar to treatment with
Rock-P, in which pyrite oxidation is not stopped, but the elution of reaction products is

reduced (Spotts and Dollhopf, 1992). The Refuse treatment produced a leachate with an
EC of 2.7 S m’.

The EC decrease in these treatments after acidification may be due to a

decrease in the reactivity of the pyrite (Caruccio and Geidel, 1978) and flushing of
reaction products. Not all pyrite oxidizes at the same rate and it seems plausible that the

most reactive pyrite would be the first to be oxidized. As the most reactive material is
consumed the rate of oxidation may be limited by the reactivity and/or available surface

area of the pyrite.
Among the high alkalinity treatments, the Lime + TS treatment initially had the

highest EC at about 1.1 S m“ (Figure 4.10). The CRF treatments also exhibited high EC
values. The 33% WVF treatment was similar to the 33% WVF treatment previously
discussed. As entrained soluble components were leached from these treatments the EC

declined and came to an equilibrium in the 0.2 to 0.27 S m™ range. Within this group the
Lime treatments had the highest EC values, the CRF treatments had the lowest EC values,
and the WVF treatments had intermediate values.

The Rock-P treatments and
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33% WVF + RP had similar leachate EC values to the 33% WVF treatment (Figure 4.11).

The WVF Surface Mix treatment is the only treatment with active pyrite oxidation that did
not have an EC peak followed by a gradual decline (Figure 4.9, 4.11). This suggests that
a different mechanism retarded pyrite oxidation in this treatment.

This retardation may be

due to alkalinity contained in the surface layer and/or that layers’ effect on gas exchange.
The fastest rates of pyrite oxidation occur at the surface of these columns where O, is
most plentiful. In this treatment, the O, must move through the refuse/ash mix cap before

reaching the unamended refuse below. A 1:1 soil:water pH of 8.36 was recorded in the
material at the surface of this treatment and a pH of 3.26 at the refuse/ash mix boundary.
(Chapter 6).

Thus, this treatment allowed the refuse beneath the cap to oxidize.

Iron

The leachate Fe content was measured to evaluate the amount of pyrite oxidation.
The refuse treatment produced the highest leachate concentration of nearly 16,000 mg Fe
I! (Figure 4.12).

This was approximately 7,000 mg I higher than next highest leachate

iron contents produced in the 5% WVF and Refuse + TS treatment (Figures 4.12, 4.13).
The varying rates of WVF imparted a definite effect on the peak amount of Fe in the
leachate.

The peak Fe content of the 5% WVF treatment was approximately half that of

the unamended refuse. The 10% WVF treatment had a peak Fe concentration which was
one half that of the 5% WVF treatment. The 20% treatment was not fully acidified when
the experiment was terminated.

The leachate Fe content of the 33% WVF treatment
88
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peaked at 0.5 mg I. This leachate had a pH of 8 where Fe is quite insoluble (Stumm and
Morgan, 1981). The Refuse treatment eluted 662 g of Fe during the experiment, or 39%
of the total Fe in the material was leached (Figure 4.14). The 5% WVF treatment eluted
520 g Fe, or 30% of the total iron present.

The 10% and 20% WVF treatments eluted

13% and 1.3% of their total Fe content respectively.

The lime treatments had Fe contents

of 2 to 3 mg I" (Figure 4.15) for the first 70 weeks of the study but decreased to < 0.5 mg
lr! | The CRF ash leachate Fe content is slightly higher than the WVF treatments but still

in the < 1.0 mgI' range. The Fe content of the leachates was directly related to pH.
Those treatments in which the pH was maintained above 7 have very low Fe contents.
Those WVF treatment which acidified maintained low leachate iron contents until
acidification took place and then Fe content increased. The Rock P treatments had pH
values near 3 and did have some Fe in their leachates, particularly after week 60 (Figure
4.16). The Rock-P treatment retarded pyrite oxidation, but did not stop it. Spotts and
Dollhopf (1992) present similar data in which leachate Fe content was greatly reduced
when compared to an untreated, acid producing control.

Manganese
Manganese was more concentrated in the ash, particularly in the WVF ash, than in

the refuse (Table 4.2). Other researchers have found a variety of other elements to be
concentrated in fly ash (Dreesen et al., 1977) when compared to their source coal. The
behavior of ash concentrated elements under acid leaching conditions were of
92
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particular interest in this study. Manganese is usually an element of concern in AMD.
The refuse treatment released Mn as it acidified and the peak Mn content was 48.5 mg I”
(Figure 4.17). After the peak elution, leachate Mn content decreased to < 5 mg I" by the
end of the experiment.

The 5% WVF treatment reached a reached a peak leachate Mn

content of 200 mg I! . An additional 0.99 g of Mn was added to this treatment bound in

the ash, and this treatment eluted and additional 1.2 g of Mn when compared to the
control. The 5% WVF treatment eluted 47% of the total Mn during the experiment while
the refuse treatment eluted only 31% of its total Mn.

The 10% WVF treatment produced

a peak Mn content of over 460 mg I! 15 weeks later. An additional 2.4 grams of Mn
were added with the ash in this treatment and an additional 2.0 grams of Mn was leached
from this treatment (Figure 4.18). As with the 5% WVF treatment 47%, of the total Mn
was leached during the study.

The 20% WVF treatment did not produce the sharp Mn

peak of the 5% WVF and 10% WVF treatments,

(Figure 4.17) and had more within

treatment variability. The applied ash added 5.3 g of Mn, and this treatment eluted 3.6 g
of Mn more than the control. This treatment had a slightly higher fraction of the total Mn
leached (50%), however. It should be noted that this treatment was actively acidifying
when the experiment was terminated.

Manganese elution preceded and peaked before the

elution of Fe in the blended ash treatments that acidified (Figure 4.19). The 33% WVF
treatment eluted a very small quantity of Mn (0.004 g). These combined treatment
responses are all clearly pH/solubility related effects.
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The high alkalinity treatments all had very low leachate Mn levels (Figure 4.20).
The Lime treatments had extremely low leachate Mn values, despite having a four-fold

higher Mn content than the ash materials (Table 4.2). The Refuse + TS treatment
provided a leachate elution curve very similar to that of the Refuse treatment, but

exhibited higher leachate Mn levels than the Refuse treatment after the first 40 weeks of
the experiment.

The WVF Surface Mix treatment generated a lower peak Mn content

than did the Refuse treatment.

The ash in this treatment was not exposed to extensive

acid leaching and it is unlikely that any Mn from the ash has leached from these columns.

The Rock-P treatments exhibited slowly increasing Mn levels that initially were 2 mg I*

and reached 6 mg |” at the end of the experiment (Figure 4.21).
The Mn data illustrate an important finding, that trace metals contained in the fly

ash can become mobile in an acid leaching environment in oxidizing coal refuse. Acid
mine drainage contains significant amounts of dissolved trace metals, but the metal content
can actually be enriched as AMD comes in contact with fly ash at low pH. In order to
stabilize the trace metals in the ash, acid/base balance in the bulk mixture must be

maintained.

Copper
Copper, like Mn, was more concentrated in the ash than in the refuse (Table 4.2).

Copper release was similar to Mn release, but did not display the sharp peaks seen in the
Mn data (Figure 4.22, 4.19) and was lower in overall leachate concentration.

Copper
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release reached a peak and then gradually decreased whereas Mn displayed sharp peaks
that rose and fell rapidly.
Cu (Figure 4.23).

The leachate from high alkalinity treatments had low levels of

At pH values above 7, Cu solubility is reported to be controlled by

tenorite (CuO) (Fruchter et al, 1990). The leachate from the WVF Surface Mix treatment

contained 4 to 7 mg!’ Cu for the most of the experiment (Figure 4.24). The Rock-P
treatments generated leachate Cu concentrations that slowly increased from 0.1 to 0.3 mg
I’ during the experiment.

The Cu levels eluted by the Control and WVF blends would

clearly be of regulatory and aquatic toxicity concern.

Sulfur

The leachate S was assumed to be in the form of SO,. Two types of S release curves
were observed in this study, (1 in which S content is initially near 2,000 mg I which
increases after pyrite oxidation increases, peaks, and gradually decreases; and (2 in which

the initial leachate S content is > 2000 mg I" and the S content gradually declines to

between 600 and 800 mg I'S. The first curve was typical of the treatments which
received no alkalinity or where the alkalinity added was insufficient (Figure 4.25, 4.26).
The second type of curve was typical of the high alkalinity treatments and the Rock-P
treatments (Figure 4.26, 4.27).

The S and EC data were very similar in shape, which

corroborates sulfate as the major component in the EC values. The high alkalinity
treatments (Figure 4.27) initially had S contents ranging between 1200 and 3400 mg I’.
These high sulfate levels suggested that a sulfate salt more soluble than gypsum
104
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(CaSO,°2H,O) was controlling the S solubility in these treatments.

With time, these salts

were leached away and the equilibrium S value suggested that gysum was the solubility

controlling phase. These findings concur with Garavaglia and Caramuscio (1994) who
reported S solubility to be controlled by gypsum in a study of alkaline ash in lysimeters.

Boron

Leachate B content was of concern in the ash treatments because fly ash is known
to contain high levels of soluble B (Bhumbla et al., 1993). Leachate B levels were directly
related to the amount of B applied.

Those treatments which contained 33% WVEF had the

highest leachate B contents (Figures 4.28, 4.29, and 4.30). The 33% WVF, and 33%
WVF + TS treatments have almost identical B curves (Figure 4.29). The CRF ash had
less B than the WVF ash and leachates from the CRF treatments had correspondingly
lower B levels. The leachate B content in the Refuse (Figure 4.28) and Refuse + TS

treatments may be confounded due to high Fe levels before week 40. Between the time
the week 40 and week 45 samples where run, the ICPES was overhauled with new optics,
software and computers. All the treatments which had high Fe levels exhibited decreased
B values after this point. In other treatments in which no B was added, and with low
solution Fe levels, the B levels were <0.2 mg I" .
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Non-Alkaline Ash Columns
The analysis of the leachates from the non-alkaline ash columns was limited to
mainly pH and EC data. The 20% CEL treatment produced a pH vs. time relationship

that was very similar to the 5% Rock-P treatment (Figure 4.31). A pyrite inhibition
oxidation mechanism similar to that in the Rock-P treatment, (precipitation of Fe** by
phosphate), Spotts and Dollhopf, 1992 is hypothesized. In the case of the ash, the
removal of Fe** is due to surface adsorption on the ash. The sorptive behavior of fly ash
has been documented and has been used to remove metals from waste waters (De and Lal,
1990; Theis and Wirth, 1977).

This particular ash contains a high percentage of carbon

and those surfaces may also be active in this sorptive behavior.

The CEL treatment is

under-loaded with respect to alkalinity, yet this treatment has not acidified as fully as some

of the similarly under loaded WVF treatments. The sorption mechanism previously
mentioned could be limiting pyrite oxidation, however, another possible mechanism could
limited O, diffusion due the high percentage of ash in this blend. So, it is likely that fly ash
inhibition of AMD via Fe sorption may be a very ash-specific phenomena, much more so
than acid-base stoichiometric effects.

Conclusions

The treatments in which high amounts of alkalinity were mixed with acid forming
coal refuse (CRF treatments, 33% WVF, 33% WVF+TS, Lime treatments) controlled

pyrite oxidation and maintained a leachate with high pH and low metal levels throughout
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this study. There may be many mechanisms to explain this effect. Pyrite oxidation is
known to be slower at high pH because biologically mitigated oxidation occurs only at

low pH. Air oxidation is the primary mechanism for pyrite oxidation at high pH (Singer
and Stumm, 1970), and if direct pyrite oxidation is limited, the alkalinity in these
treatments can neutralize the acidity as it is produced. Fly ash also fills the macro-pores of
the refuse and has been shown to decrease hydraulic conductivity of refuse (Albuquerque,
1994).

It is postulated that ash blends may also decrease the movement of air into these

columns, especially if the blend is kept in a fairly moist state. Metal sorption by ash has
also been documented, and that mechanism could serve to retard pyrite oxidation by
scavenging Fe**, limiting its pyrite oxidation capacity (De and Lal, 1990; Theis and Wirth,

1977). It is important to note that despite the high ash blending rates used, these columns
are still under-loaded with alkalinity with respect to the potential acidity of the refuse.
The results of the varying rates of WVF application point out some of the

potentially hazardous consequences of exposing ash to an intensely acidic leaching
environment.

Trace metals were released from the ash as the 5%, 10%, and 20% WVF

treatments acidified due to pyrite oxidation. The amounts of metal leached increased
proportionately with the total amounts applied in an ash-bound form. In this strongly
acidic environment, metals such as Mn, Fe, and Cu were dissolved and leached in large

quantities. If ash is to be beneficially reused in the reclamation of acid producing coal
refuse, the alkalinity and potential acidity of the materials must be balanced.

For most ash

materials this will require the addition of additional alkalinity; ground agricultural
116

limestone is a likely additive. Also refuse material, such as that used here, with very high
potential acidity is not suitable for ash co-disposal scenarios.
The unamended refuse produced leachate that was very high in sulfate, Fe, Mn,
Cu, low in pH and high in E.C.

The Rock-P treatments did not stop the oxidation of

pyrite, but did control the metal content of the leachate, presumably through the

precipitation of metal phosphates.

The topsoil treatments appeared to reduce the

hydraulic conductivity of these materials and may slightly limit gas exchange, but did not
affect pyrite oxidation, or subsequent leachate quality. A surface mix of WVF reduced the
peak metal concentration in leachate, but failed to control pyrite oxidation.
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Chapter 5
A FIELD STUDY TO EVALUATE THE IMPACTS OF
COAL REFUSE/FLY ASH BULK BLENDS ON
WATER QUALITY AND PLANT GROWTH
Introduction

Our recent column studies (Jackson, 1993; Chapters 3, 4) using alkaline fly ash
and acid forming coal refuse indicate that fly ash may be an effective treatment for
reducing or eliminating AMD from coal refuse, if enough alkalinity is added with the fly

ash. These findings also pointed out the need to balance alkalinity against the acidity
potentially produced by pyrite oxidation in the refuse. In columns where insufficient
alkalinity was applied to offset the acidity generated by pyrite oxidation, leachates with
higher metal (Cu, Mn) levels than untreated coal refuse were produced due to acid
stripping of the metals from fly ash. The objectives of this experiment were to examine
the effects of blending coal refuse and fly ash in a field setting, and to evaluate plant

growth on refuse/ash blends.

Materials and Methods
A field experiment involving bulk blended fly ash was installed at the

Westmoreland Coal Company's Pine Branch Refuse (PB) area in Wise County, VA.
The refuse at Pine Branch is composed of material generated from the Taggart, Taggart

Marker, and Standiford coal seams. It has a relatively low potential acidity of 38 Mg
120

CaCO,/1000 Mg refuse by the H,O, method

(Barnhisel and Harrison, 1976).

Three types

of fly ash were used at this site. Clinch River fly ash (CRF) is an alkaline (pH 8.5) ash
with a moderate neutralization potential. The Calcium Carbonate Equivalence (CCE) of
the CRF ash was 3% (AOAC, 1990) (ie., this ash was 3% as effective as pure CaCO, in
neutralizing acidity). ‘The ash used in this study was “conditioned ash” which was wetted
after collection. The ash used in the column studies was collected directly off the
precipitators at the plant and had a higher CCE of 10%.

The Chesterfield fly ash (VCF)

had a alkaline pH of 9.8 when tested in our preliminary study (Chapter 2), but the ash

used in this experiment had a pH of 4.7. The Mead Paper fly (MPF) ash is a low pH
material with a pH of 3.7. The field site was the upper lift of a pile which was idled in the
late 1980s. A sieve test revealed that the refuse contained 60% material < 2mm in
diameter

The drainage from this pile has significant amounts of Fe and Mn (16 mg I’ Fe,

3.5 mg I’ Mn, Duddleston et al., 1992), and is currently being treated with a NaOH drip
system. Large expanses of whitish AISO, salts have been observed on the surface of this
pile. Plots were laid out and sampled March of 1992, and the experiment was installed

and seeded during late May and early June.
Treatments at PB were assigned in a completely randomized design with 10
treatments and four replications (40 plots) (Table 5.1, Figure 5.1, 5.2). This design was
chosen because refuse materials tend to be “uniformly variable” and no systematic variable
could be identified to block against. Replication of each treatment four times has proved
to be adeqaute in other experiments on coal refuse and minespoils (Haering et al., 1993,
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Table 5. 1. List of treatment abbreviations and lysimeter locations at the Pine
Branch site.
Treatment

abbreviation | lysimeters installed

33% Clinch River fly ash bulk blended

33% CRF

3

20% Clinch River fly ash bulk blended

20% CRF

0

33% Clinch River fly ash bulk blended + 30 cm topsoil | TOP

0

672 kg ha" Clinch River fly ash surface applied

SUR

2

33% Chesterfield fly ash bulk blended (lysimeter only) | VCF

3

605 kg ha Chesterfied fly ash surface applied

0

SVCF

33% Mead Paper fly ash bulk blended

MPF

3

5% Rock Phosphate bulk blended

RP

3

Trenched Control

CON

3

Untrenched Control

UCON

0
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A

<aj— plot number
<aj— treatment number

Treatments
1. 33% Clinch River fly ash bulk blended (Lysimeter)
2. 20% Clinch River fly ash bulk blended
3. 33% Clinch
River fly ash bulk blended + topsoil
4. Surface applied Clinch River fly ash 300 tons/1000 tons (Lysimeter)
5. 33% Chesterfield fly seh bulk blended (Lysimeters only)
6. Chesterfield fly ash surface applied.
7. 33% Mead fly ash (Lysimeter)
8. 5% Rock
P bulk blended (Lyeimeter)
9. bulk blended refuse (no ach) (Lysimeter)
10. unblended

Soercecevet

Figure 5.1. Plot diagram of the Pine Branch Experiment.
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Daniels et al., 1990; Roberts et al., 1988). The dimensions of each plot were 3 m by 5 m.
In those treatments which received surface-applied amendments the entire plot area was
treated. The bulk-blended treatments were manufactured by excavating a trench 0.8 m
wide 5 m long and 2.2 m deep down the middle of a plot (Figure 5.2, 5.3). The refuse
was piled between the plots during excavation and then was moved off the experimental
area to be mixed with fly ash or Rock-P.

The fly ash or Rock-P and refuse were mixed

with a front-end loader until well blended, and then returned to the trench.

For a 33%

volumetric ash mix, one loader bucket of ash was mixed with two buckets of refuse.

Rock-P mixes were also bulk-blended to attain a mixture that was approximately 5%
Rock-P by weight.
PB experiment

Water sampling lysimeters were installed in 17 selected plots in the

(Figure 5.3). The lysimeter tops were buried 30 cm deep to allow for

tillage of the plots over the lysimeters. The lysimeters consisted of a 1.5 m length of 61
cm diam. smooth bore ABS plastic drainage pipe with a fitted endcap.

The endcap was

plumbed with a 1.3 cm (diam) nylon pipe T whose ends were covered with 80 mesh
polyester sieve cloth. This T was mounted in the bottom of the endcap with the outlet of
the T sticking through a 1.3 cm hole in the endcap. A 10 cm length of 1.3 cm (ID) clear
tygon tubing was attached to this T on the outside of the endcap. This tubing was
threaded into a 18.9 L covered bucket with a 1.9 cm hole drilled in the lid. The bucket
was fitted with 4.5 m of 0.64 cm (diam) Nalgene LDPE tubing. This tubing was run back
to the ground surface to allow leachate to be pumped out of the bucket.

The bottom of

each lysimeter was filled with 45.4 kg ofa clean sand to act as a filter. The lysimeters
125

Figure 5.3. Photograph of lysimeter in a trench prior to
backfilling.
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were then back-filled with the same refuse/ash/Rock-P mixture as the trench around it.
The exception were those lysimeters which received Chesterfield (VCF) fly ash. In those
plots, only the lysimeter received the treatment and mixing was done by hand using
shovels.

The surface-applied ash treatments had ash applied in a uniform layer on the plot

surface. The ash was then mixed into the refuse during the chisel plowing process. The
Clinch River ash (CRF) was surface applied at the rate of 672 Mg ha” while the

Chesterfield ash was surface applied at the rate of 605 Mg ha". This difference in rates
was due to a limited supply of VCF ash. A 15 cm lift of topsoil (from a hollow near the

site) was placed over four of the plots which also were trenched and bulk blended with
33% CRF.
The experimental area was chisel plowed on June 3, 1992, and subsequently
fertilized and seeded with a millet (Setaria itallica, German) cover on June 10, 1992. The
fertilizer rate was 82 kg N ha™, 252 kg P,O, ha”, and 72 kg K,O ha". The fertilizer rates
were based on previous refuse experimentation (Daniels et al., 1995; Daniels et al., 1990)
In September of 1992, the millet crop was mowed down to act as a mulch and the plots

were over-seeded with an acid-tolerant mix of grasses and legumes. The seeding mix was
composed of the grasses, redtop (Agrostis alba), tall fescue (Festuca arundinacea), hard
fescue (Festuca ovina), and weeping lovegrass (Eragrostis curvula); and the legumes

birdsfoot trefoil (Lotus corniculatus), yellow sweet clover (Mellilotus officinalis) ladino
clover (Trifolium repens), and kobe lespedeza (Lespedeza striata). This seeding mix has
been recommended for the establishment of permanent plant cover on coal refuse (Daniels
127

et al., 1995).

In September of 1992, 1993, 1994 and 1995 the vegetative yield of the plots

was measured by weighing a sample clipped from a 30 cm quadrat.

In September of

1993, soil samples from the upper 5 cm of material beneath the yield quadrat were also
taken. These samples were analyzed for pH (McLean, 1982) and water holding capacity
(WHC).

Water holding capacity was determined as the difference between the water

retained at -0.03 MPa and -1.5 MPa (Klute, 1986 ).
The leachate from the lysimeters was collected at approximately a four-week

interval beginning July 3, 1992. A vacuum pump was used to draw the leachate into a 1 L
suction flask.

The first flask collected was discarded as a rinse and the second 1 L flask

was collected as the sample.
leachate was recorded.

The lysimeter was then pumped dry and the total volume of

The samples were transported back to the lab and pH and EC

(Rhoades, 1982) were run the following day. If needed, the samples were filtered
(Whatman 42) at this time. The samples were acidified with trace metal grade nitric acid

and refrigerated in LDPE bottles. Leachate samples were subsequently analyzed for Al,
B, Cu, Fe, Mn, S, and Zn by Inductively Coupled Plasma Emission Spectroscopy

(ICPES).
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Results
Water quality
After the plots were seeded in June of 1992, the Pine Branch site received a large

amount of rain (27 cm over 60 days in June and July). This caused the first lysimeters
installed (CON) to elute faster than we had anticipated. Due to evapotranspiration (ET)
and low hydraulic conductivity, some lysimeters (e.g., RP, 33% CRF)
leachates until late fall 1992.

did not yield

Some lysimeters received inputs of groundwater seepage

particularly in the winter and early spring, while during dry periods not all lysimeters
produced leachates.

These problems make application of statistical procedures

problematic, due to inconsistencies in the number of samples acquired.

Overall there was a decline in leachate pH over time, particularly when compared
to the very first leachates collected (Figure 5.4). This may reflect the disturbance caused
by the excavation/trenching/blending processes, which may have exposed new

surfaces to

pyrite oxidation. This trend may have also been due to the rapid movement of water
through the profile in the rainy period of June and July of 1992. The effects of the
different treatments on leachate pH are illustrated in Figure 5.4. The CRF (33% Clinch
River fly ash, bulk blended) and RP (5% Rock-P bulk blended) treatments had the highest
leachate pH values.

The increased pH of the CRF leachate was due to the added alkalinity

from the CRF ash. The sharp decline in CRF pH in months 14 and 15 was associated with

dry conditions which resulted in only one CRF lysimeter producing leachate, and that
leachate was groundwater influenced.

The pH levels of this treatment may have been
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influenced by the sampling methods used. By only collecting samples once each month,

the pH of the leachates may have decreased by reaction of dissolved alkalinity and H,CO,,.
The RP treatment leachate pH declined to less than 6 after 10 months.

Two mechanisms

may have been operating to maintain the pH of this treatment in the 5.8 range.

The

dissolved phosphate could be binding Fe** and not allowing hydrolysis (Spotts and
Dollhopf, 1992; Evangelou, 1995). The phosphate could also be displacing hydroxyl from
mineral surfaces, which would result in more hydroxyl in solution and an increase in pH.
The CON (untreated control) and SUR (672 Mg ha" Clinch River fly ash surface applied)

had the lowest leachate pH values. These plots received no treatment below the surface
and reflect the quality of the pore water moving down through these materials. There was
also a seasonal trend in the Control data. The pH seems to increase in the summer and
decrease in the winter. This was most likely due to the build up of oxidation products
during the drier summer months, which are then leached out during the wetter winter
months.

Backes et al. (1993) have reported studies from Scotland in which pyrite

oxidation rates are 5-10 times greater in the summer months than in the winter due to
inactivity of 7: ferroxidans in the colder winter months.
ash) and VCF

The MPF (33% Mead Paper fly

(33% Chesterfield fly ash bulk blended) leachates were intermediate in

pH, reflecting the pH of the ash mixed with the refuse.
Initially, the EC of the leachates from the ash treated lysimeters was quite high due

to leaching of entrained salts (Figure 5.5). The RP treatment also had high EC values that
were attributed to the salts contained in the rock phosphate, and the untreated refuse
131

0s

--@—
--o--&—
--y—
—i—@—

Ov

pa}09]]09 oom sazeyoveyT]

du
YyNns
SOA
ddW
4dYO
[O4JUO0D

yjuoW
02

OL

2

0

Lg

‘Z661 JO Ayng ur Suruursaq“¢'¢AjyyUOU
INBLY

.

‘ays youRlg outg oY} WOY (Dq) AWANONpUOD JBoI}O9TO aJeYyoeaT JoJoUTISAT

of

|

|
,

8

SN
con

~

(CON) leachates also exhibited significantly elevated EC values. The EC values of the
control lysimeters leachates tended to increase with time, as pH decreased (Figures 5.4
and 5.5). The EC values from the other treatments declined with time as salts were

leached and/or insoluble phases precipitated. This decline was particularly evident in the
VCF treatment in which the EC declined rapidly in the first year (Figure 5.5). These EC
data represent water that is moving down through macropores, and salt content is likely to
be less concentrated than the water held in the smaller pores of the material. High salt
levels could reduce plant growth in these materials, especially early after ash application.

This salt effect has been observed in the vegetation of the surface-applied ash treatments
where the vegetative cover and biomass yields have increased each year as the surface has
been leached.

These findings are in agreement with the work of Sims et al. (1995) who

have demonstrated that pre-leaching of fly ash decreases the concentration of salts and B
in the ash.
The leachate levels of the metals (Al, Cu, Fe, Mn, Zn) in this experiment were
largely pH dependent, as expected.

Dissolution and desorption mechanisms can be used

to explain these trends. As pH decreases, the oxides and oxyhydroxides of these metals
become more soluble and leachate metal content increased. Desorption of these metals is
also negatively correlated with pH (Theis and Wirth, 1977).

This is due to the pH-

dependent nature of the negative charge on surfaces in these materials.

When the leachate

pH remained above 4.5, the levels of these elements were fairly low (Figures 5.4, 5.6 -

5.10). When the pH dropped below 4, the metals became more soluble or desorbed and
133
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increased quantities of the metals were detected. When the pH values dropped below 3.5
(CON January 1994 - Figures 5.4, 5.6 -5.10), metal levels increased dramatically.

The

Al, Cu, Fe, Mn, and Zn data (Figures 5.6 - 5.10 respectively, Table 5.2) are included to
illustrate this point.

The Cu data (Figure 5.7) are very similar to the Zn data (Figure

5.10), and the Al data (Figure 5.6) were much like the Fe data (Figure 5.8).

The highest

level of Zn in the leachate (21 mg L” ) from the control (CON) lysimeters concurs with
the lowest pH value (Figures 5.4 and 5.10).
data.

This is also true of the Al, Fe, Mn, and Zn

The SUR treatment also had a relatively low pH and relatively high Zn levels.

Other surface chemisorption mechanisms may also be involved in the binding of
metals in some of the ash treatments. In the RP treatments, the metals may precipitate
with phosphate, or are chemisorbed on the Rock-P surface (Evangelou, 1995). The large
differences in the Fe values between the CON treatment and others makes it difficult to
interpret the Fe data (Figure 5.8, Table 5.2). We believe that the low pH,

high metal,

high EC conditions in the control (CON) lysimeters around January, 1994 (month 18,
Figure 5.4) were the result of the leaching of a build-up of salts that accumulated over the
dry fall of 1993. The Mn data are the most variable of the metal data (Figure 5.9), and
differences were likely due to the multiple oxidation states of Mn.

as high as 25 mg I' were observed.

Leachate Mn contents

Leachate Mn content seemed to be higher in winter

months than in the summer months in the CON and SUR treatments.
Boron is a problematic element in some fly ash materials (Sims, et al. 1995;
Bhumbla et al., 1993) and some of the leachates from the ash treated lysimeters contained
139

Table 5.2 Ranges of values, collected over a 4 year period,

for the leachate content

of Al, B, Cu, Fe, Mn, S, and Zn.
Treatment

| Al

B

Cu

Fe

Mn

S

Zn

mg fr!
CON

677-2300

0.1-0.2

0.14-3.6

2.0-353

6.1-25.0

677-2300

2.6-20.0

CRF

0.2 - 10.0

2.1 - 8.0

0.01- 0.16

0.03 - 0.4

0.16 -1.79

292-1133

0.17-1.84

MPF

0.2-46.8

0.2-5.85

0.02-0.17

0.05-15.4

0.1-17.0

442-1100

0.1-5.4

VCF

0.37-15.2

0.1-20.8

0.08-0.35

0.01-0.2

0.36-8.8

41.3-1400

0.36-5.69

SUR

7.1-76.0

2-14

0.13-0.43

0.03-15.3

1.0-12.1

254-692

1.3-5.3

RP

0.20-0.26

0.10-0.26

0.02-1.0

0.04-0.14

0.10-1.6

254-1400

0.03-1.0

relatively high levels of B (Figure 5.11). This is especially true of the early leachates.
The VCF ash was known to be high in soluble B and the leachates from these lysimeters

had the highest levels of B observed.

These levels declined sharply as the borates leached.

It has been reported that 17 to 64% of the B in fly ash is immediately water leachable
(James et al.,

1982).

The CRF ash also contained high levels of B, and the B content of

these leachates remained elevated through June 1994.

These trends can be attributed to

reduced solubility of B as pH increases (Kukier, 1994). The low pH of the VCF bulk
blend allowed rapid B release, while the high pH CRF blend released B to solution more

slowly.

The untreated control (CON) lysimeter leachates had low levels of B. The

leachates from the blended ash treatments can easily be separated from the other
treatments on the basis of their B content (Table 5.2). There was also some B leaching

out of the surface (SUR) treatments. Boron toxicity in plants may occur immediately after
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ash application, but with leaching, B toxicity appears to become less of a possibility. The

aquatic effects of B do not seem to be well documented and it is unclear what effects
drainages with elevated B levels will have on surface waters.
The plot of the leachate S (Figure 5.12) content is similar to the plot of the EC
data (Figure 5.5).

Ona mass basis, sulfate was the dominant ion in solution and sulfate

was likely a large contributor to the observed EC values. Sulfate could also pose a
problem with respect to the release to local surface waters.

There is a proposed 250 mg I"

limit on the sulfate content of water to be released to surface water (Caruccio et al. 1994).
The levels of sulfate content observed here suggest that gypsum may be the solubility

controlling phase in the ash treated systems. Gypsum will yield an equilibrium solution

that contains 1440 mg 1

SO,” and hence 480 mg 1S (Evangelou, 1995).

A sulfate

compound more soluble than gypsum appears to be the solubility controlling phase in the
CON treatment.
Finding statistical differences in the water quality data was difficult due to low
numbers of replicates and inconsitencies in leachate production.

Additionally the refuse

used did not produce the extremely low pH leachates that were produced in the columns
studies. The only parameter that was found to be statistically different among the
treatments was B. The ash blended treatments had higher levels of B than the treatments
which did not contain added B (CON, RP).
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Plant Biomass Yield
Growth of the initial millet crop was uneven and most vigorous in the furrows left
by the chisel plow. The chisel plowing loosened the soil and the furrows became sites of
water collection. The RP treatment had the highest millet yield in 1992 (Table 5.3). This
indicates that although the conventional fertilizer applied had a large amount of P, yields
were still P-limited.

The 33% CRF plots also had high yields, likely due to the increased

water holding capacity, and increased pH from the fly ash treatment (Table 5.3).

All

other ash blends produced intermediate millet yields. The trenched controls produced
relatively higher yields, indicating that compaction was one factor limiting plant growth on
these plots. The surface applied ash treatments (SUR, SVCF) had low yields attributed to
the high levels of salts or B in the ash.

The biomass yield data of the mixed grass-legume stand, harvested in 1993 (Table
5.3), revealed response to pH, water holding capacity (WHC) (Table 5.4), and the salt
concentration in the ash. The surface applied ash treatments (SUR, SVCF) had the
highest water holding capacities and relatively high pH values, yet did not exhibit the
highest yields. This was likely due to salts contained in the ash that did not leach out of
the surface applications.

The highest yields were observed in the blended CRF ash

treatments. The RP treatment, which had the highest millet yields the previous year,
maintained good yields, in 1993, although this treatment was somewhat limited by low
WHC.

The lowest yields where observed in the control plots (CON, UCON).

It is

interesting to note that some of the ash/refuse blends had higher WHC than the native

144

Table 5.3. Mean biomass yields from the Pine Branch plots for 1992, 1993, and 1994.

in 1992 was millet. The crop in 1993, 1994 and 1995 was a mixed grass, legume stand.
followed by the same letter are not different at the p=0.05 level.
Treatment

1992

1993

1994

The crop grown

Values

1995

Mg ha”
33% CRF

11.2a

5.2 a

5.7 abc

4.8 ab

20% CRF

76a

5.2 a

6.5 abc

3.4 be

TOP

6.3 ab

2.5 be

5.2 abc

7.0 ab

SUR

2.8 ab

2.6 be

5.2 abc

4,2 be

SVCF

7.1 ab

4.3 abc

3.6¢

2.4 be

MPF

3.8 ab

3.9 abe

4.8 be

3.2 be

RP

12.6 a

4.7 ab

7.la

5.5 ab

CON

7.4 ab

1.9 ed

1.4d

0.9 bc

UCON

13b

12d

1.0d

0.9 be

Table S.4 Soil pH and water holding capacity (WHC) values for the Pine Branch site.Values followed
by the same letter are not different at the p=0.05 level.

Treatment

pH

WHC (g H,0 kg" soil)

33% CRF

6.1

b

153

be

20% CRF

5.3

be

119

cd

TOP

49

¢

100

d

SUR

75

a

232

a

VCF

3.7

d

98

d

SVCF

5.5

bc

273

a

MPF

5.0

c

189

b

RP

5.5

be

87

d

CON

3.3

e

94

d

UCON

4.1

d

40

e
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sandstone derived topsoil (Table 5.4). Other researchers have also observed increases in
water holding capacity of coarse textured materials by adding fly ash (Salter et al., 1971;

Jacobs et al., 1991; Sims et al., 1994) Biomass yield in this experiment was apparently
controlled by a combination of many factors. In general, these yields were low, and the
1993 plant cover would not have met bond release criteria on most plots.

The biomass yields from the 1994 growing season were higher than the previous
growing season for all treatments except the controls (CON,UCON) and the surface

applied non-alkaline ash (SVCF) (Table 5.3). The decline in the Control yields are
attributed to the lack of nutrients (mainly N and P) in the refuse. These plots were
fertilized and planted more than two years earlier and these treatments may have been
depleted of available nutrients.

Some of the other treatments produced sufficient plant

growth to indicate nutrients are likely being cycled.

The very sparse plant growth on the

CON and UCON plots did not allow nutrient cycling to begin. Most of the applied N was
likely lost to leaching and most of the applied P was likely bound in a plant unavailable Fe
or Al-phosphate.

The low yield of the SVCF treatment was most likely due to the high

levels of salts in this ash. All plots which received amendments had significantly higher
yields than the control plots.
In 1994, the RP plots had the highest yields, indicating that the other treatments
may respond to P application. The 1994 summer was one of the wettest on record in
Wise Co., VA.

The increased RP treatment yields indicated that yields, in this treatment

were limited by lack of rainfall, or a lack of WHC in 1993. The 20% CRF treatment had
146

the highest yields among the ash treatments. There was little difference among the ash
amended treatments other than the low yield of the SVCF plots. The SUR plot (surface
applied CRF fly ash) had an intermediate yield, which indicated that the salt levels may

have declined. The high rainfall and overall good growing conditions in 1994 improved
the quality of the vegetation at Pine Branch.

Most of the blended CRF, RP,

and MPF

treatments would have met bond release cover criteria.
The summer of 1995 was quite dry, particularly from June to September.

The

effect of this dry period can be seen in the yield data for 1995. For most treatments, yields

were similar to the dry year 1993. The topsoil (TOP) (Figure 5.13) treatment had the
highest yields in 1995 . The area around the plots had been seeded the previous year and
some Sericia Lespedeza had spread into the plot area. The Lespedeza did particularly
well in the topsoil plots, and was the major reason for the increased yields on these plots.
Lespedeza was not able to establish itself in the ash plots due to the good stands existing
on those plots. The fact that Lespedeza did not invade the CON (Figure 5.14) and UCON
(Figure 5.15) was attributed to the poor conditions in the untreated refuse. The 33%
CRF, 20% CRF, MPF and RP (Figures 5.16 - 5.19) treatments would have met bond
release cover criteria in 1995.
Examination of the data from the grass-legume stands reveals some interesting

trends. The RP treatment was most affected by drought. The Rock-P added did not
change the WHC of the refuse and the yield of this treatment was suppressed in dry years.
The TOP treatment increased in yield every year due to the invasion of plants that were
147

Figure 5.13. Photo of vegetative cover on the topsoil
(TOP) treatment (May, 1995).
148

Figure 5.14. Photo of vegetative cover on the
unamended refuse trenched control (CON) treatment

(May, 1995).

149

Figure 5.15. Photo of vegetative cover on the
unamended refuse untrenched control (UCON)
treatment (May, 1995).
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Figure 5.17. Photo of vegetative cover on the 20%
Clinch River fly ash (20% CRF) treatment (May,

1995).

152

Figure 5.18. Photo of vegetative cover on the 33%
Mead Paper fly ash (MPF) treatment (May, 1995).
153

Figure 5.19. Photo of vegetative cover on the 5%
Rock-P (RP) treatment (May, 1995).
154

not part of the original seed mixture. The yield of the SVCF treatment declined every
year, although one of the plots from this treatment did have 100% cover. This may be due
to the high salt load associated with this ash.

The 33% CRF and MPF treatment produced

similar yields for the last three growing seasons. The 20% CRF treatment would be
included with that group had it not had a decreased yield in 1995. The control plots
(CON, UCON) have shown decreasing yields throughout this experiment.

It is unlikely

that nutrient cycling is taking place in these (CON, UCON) treatments due to the very

poor growth which occurred on them.

Water Balance

By monitoring rainfall and lysimeter output, a crude water balance may be
generated for each treatment. The output of a typical lysimeter from each treatment was
plotted against rainfall (Figure 5.20a, b, and c). The pattern of leachate output for the

CON lysimeter matches the rainfall pattern very well with virtually no lag between rainfall
and lysimeter output (Figure 5.20a). Although this particular plot had the best stand of
vegetation among the control plots, there was leachate collected at every sampling date.
This consistency was attributed to the high hydraulic conductivity of the unamended coal

refuse. The CRF treatment eluted less leachate at most sampling dates and produced no
leachate on some dates in the summer months (Figure 5.20a).

This is consistent with the

general climate in the Appalachian region where leaching occurs in the winter months and
(ET) exceeds rainfall in the summer.

The vigorous stand of vegetation on these plots also
155

contributes to this pattern.

The addition of ash decreased the hydraulic conductivity of

this mixture and the response to rainfall was delayed by about one month.

The RP

treatment produced some of the best stands of vegetation in the experiment and the effects
of those stands were apparent in the water balance.

The RP treatment did not produce

any leachate until January of 1993, a full six months after the initiation of the experiment.
This lysimeter produced some of the lowest leachate volumes measured (Figure 5.20b).
During the winter months, when the plants are not growing, leaching is taking place, but
during the summer months this treatment produces little leachate due to plant uptake of

water. The MPF treatment shows a very strange pattern. Large volumes of leachates were
collected during the winter months of the first two years of the experiment. The high
volume was attributed to a large pore within the lysimeter or poor packing along the

edges. This situation must have changed after 25 months after which time this lysimeter
began to behave similarly to the other treatments (Figure 5.20b). The lag in response to
rainfall was not as apparent as in the previously mentioned CRF treatment. The VCF
treatment produced some of the lowest leachate volumes of all treatments, however, this
treatment did produce leachate in every month (Figure 5.20c).

The sparse vegetation for

this treatment may have contributed to the low leachate output. The surface applied ash
(SUR) had fewer peaks and valleys than the other treatments (Figure 5.20c).

Which is

consistent with the decreased hydraulic conductivity due to the ash application. In this

case, there would be little subsurface transmission of water until the surface layer
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was near saturation. Once this water content was reached, the water would move rapidly
through the refuse below. There appears to be a one- to two-month delay in response to
rainfall in this treatment.

In general, the ash treatment decreased the total amount of

leachate and that leachate was transmitted more slowly.

A good stand of vegetation will

also reduce the amount of leachate produced, especially during the growing season.

The highest amount of leachate was collected from the MPF treatment (Table 5.5),
however, this data is confounded by some feature (a large pore or poor packing) which
allowed more leachate than expected to be produced.

This total amount leached was

expected to be more-in line with the volumes collected from the other ash treatments.
CON treatment had the next highest amount of leachate collected.

The

This finding was

attributed to the high hydraulic conductivity and lack of plant cover on the control plots.
More than 120 L less leachate was collected from the SUR treatments compared to the
CON treatment.

This difference was attributed to the lower hydraulic conductivity of the

ash mixed into the surface of these plots.

The RP treatment produced 151 L of leachate.

The decrease in leachate production in the RP treatment reflects plant uptake of water as
these treatment supported some of the best vegetative covers in the experiment. The
blended ash treatments (CRF, VCF) had the lowest leachate volumes, which were
attributed to decreased hydraulic conductance.
The CON treatment produced the highest levels of all Al, Cu, Fe, Mn, S, and Zn

determined in both total amount (Table 5.5) and average (Table 5.6) over the experiment.
The SUR treatment had intermediate levels of the parameters measured when compared to
160

the other treatments.

The SUR leachate was lower in B and S, and higher in metals than

the ash blended treatments, and higher in B and lower in S and metals than the CON
treatment. The decreased metal levels in the SUR treatment are attributed to lower
hydraulic conductivity near the surface in this treatment which would allow for
precipitation reactions to occur.

Also, metals in the ash treated zone may have been

chemisorbed in a non-leachable form (Theis and Wirth, 1977). The ash layer may have
slowed pyrite oxidation by reduced gas exchange from reduced pore size and higher water
content.

The leachates from the SUR treatment had somewhat elevated Zn content.

The

RP treatment was effective in controlling leachate metals levels. The mechanism for this
control was the precipitation of insoluble phosphates, or surface metal adsorption by
Rock-P (Spotts and Dollhopf, 1992; Evangelou, 1995).
The leachates from the blended ash treatments generally had reduced metal levels
and increased B content when compared to the CON and SUR treatments, however there
were some elevated metal levels in each treatment. The leachate from the CRF and VCF

treatments contained 2.7 mg I’ and 5.3 mg!" Al, and the VCF also contained 4.94 mg I"
Mn.

The leachates from the MPF treatments contained 3.12 mgI' Zn.

treatments improved the quality of the leachate generated.

Overall, all

The leachate from the CON

treatment would not meet discharge standards due to high Fe, and Mn levels, nor would
the SUR and VCF leachate base on Mn levels (Caruccio et al. 1994). The CON, SUR,
and MPF treatments also contain significant levels of Zn although only the level in CON
exceeds the drinking water standard.

All the leachates would require some treatment to
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assure that they met the pH 6.0 required for release.

The drainage from this pile is

currently treated with a NaOH drip system.
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Table 5.5. Total leachate volumes, and mass of selected elements leached at the Pine
Branch site.
Treatment

gAl

gB

gCu

CON

39.9

0.0430 | 0.208

SUR

6.18

0.190

gFe
| 225

| gMn | gS

|g2Zn

leachate I

|3.46 | 295 | 2.08 | 285

| 0.0564 | 0.540 | 1.01

132 | 0.637 | 163

RP

0.069 | 0.045 | 0.0044 | 0.026 | 0.030 | 115 | 0.020 | 151

CRF

0.360 | 0.633 | 0.0092 | 0.020 | 0.070 | 75.6 | 0.065 | 132

MPF

0.069 | 0.045

| 0.0020 | 0.015 | 0.157 | 184 | 0.020 | 349

VCF

0.558 | 0.614

| 0.020 | 0.005 | 0.506 | 55.6 | 0.320 | 103

Table 5.6. Average elemental content based on total volume, mass leached and
USEPA standards (Values sited in Caruccio, et al, 1994).
Treatment | Avg. Al | Avg B | Avg.Cu | Avg. Fe | Avg. Mn | Avg.S” | Avg. Zn
mgl"
mgI' | mgI!
mglI'
mg I?
mg I"
mg I"
CON

140

0.15

0.73

79.0

12.1

1034

7.30

SUR

37.9

1.17

0.35

3.31

6.22

$13

3.91

0.46

0.30

0.03

0.173

0.198

761

0.135

CRF

2.72

4.80

0.076

0.152

0.528

573

0.493

MPF

0.14

3.07

0.006

0.044

0.449

528

3.12

VCF

5.34

5.99

0.20

0.046

4.94

546

0.056

1.0'

7.0/3.5? | 4.0/2.0°

83.3!

5.0'

RP

EPA

1 US Drinking Water Standard

7.0-maximum content for one day; 3.5-average concentration for 30 day period.
> Manganese applicable only if the pH is normally < 6.0 for untreated discharge.
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Conclusions
The ash treatments had no consistent negative impacts on leachate water quality
with respect to the parameters observed, with the exception of sulfate.

The pH of the

leachates from the CRF treatments was not as high as expected. All blended treatments
increased leachate pH compared to the CON treatment and the SUR treatment. If the pH
drops to < 4.5, elevated levels of Fe, Mn and other metals are detected in the leachates of
the ash treated lysimeters.

The metal content of the leachates is pH-dependent; when pH

values dropped to < 3.5, metal levels in the CON treatments rose sharply. Negative water
quality effects have been shown from ash/refuse mixtures when ash alkalinity is inadequate
to offset the acidity generated from pyrite oxidation (Chapter 4: Jackson, 1993).

When

the acidity generated through pyrite oxidation overwhelms the alkalinity in the ash, the ash
is exposed to a very acid leaching environment. Leachate pH values may drop to as low
as pH 2, and the metals in the fly ash become much more leachable, due to their increased
solubility in a low pH environment.

Improvements in water quality were observed when there was enough alkalinity in
the ash to buffer the pH of the refuse above pH 5.5. There was a seasonality in leachate

quality from this refuse pile. During the summer very little leaching took place and salts,
particularly iron and aluminum sulfates form. These salts are then leached away in the net
leaching environment of the late fall and winter. The lowest leachate pH values occur in
the December to February period as the salts are leached.

The refuse/ash mixtures showed consistent increases in plant biomass production
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due to increased water holding capacity and increased pH when an alkaline ash was used.
The phyto-toxic effects of the salts in the refuse seem to decrease with time as leaching

takes place. Both the refuse and the fly ash are known to be low in fertility and all
treatments would likely respond to additional P fertilization. The use of an organic
amendment is likely to be very effective in improving the quality and quantity of
vegetation at this site. Good stands of vegetation were shown to limit leachate production

during the summer months and ash treatments had lower hydraulic conductivities than the
refuse. Based on these results, it appears that if an entire pile were bulk-blended with
alkaline fly ash, and the acidity and alkalinity were balanced, the pile would produce less
leachate and that leachate produced be of better quality than a similar untreated pile. In

addition, the vegetative growth would be improved and better legume growth would be
achieved.
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Chapter 6
Examination of Solid Phase Materials from the Column Studies
After the leaching of the columns was terminated in June 1995, the columns were

taken down, broken apart, and examined for evidence of acid sulfate weathering.

The

columns were also examined for any evidence of channelization or “air locking” problems
which are known to occur in packed columns (Caruccio et al., 1993).

The purpose of this

endeavor was to identify any coatings on pyritic material that could limit oxygen contact

with the pyrite surface and limit pyrite oxidation.

Materials and Methods

The columns from the studies described in Chapters 3 and 4 were removed from
their racks, laid honzontally on a greenhouse table, and cut open using a circular saw
(Figure 6.1). The treatments used in those studies are summarized in Table 6.1.

The

weekly dosing schedule was maintained until the columns were disassembled, and most
were cut open three to five days after dosing. All eight columns from the initial column
study (Chapter 3) were disassembled, while only selected columns from the larger column
study (Chapter 4) were examined.

Two columns from each of the ash-blended treatments,

unamended control, 5% Rock-P, and 13% Lime treatments were dissected.

In addition,

one column from the each of the other treatments was dissected. We were most interested
in the effects of the blended materials and those treatments were selected for more intense
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Table 6.1 Descriptions of treatments and abbreviations used in the column study.
Treatment
Refuse Control

Code

Description

Refuse

36 kg refuse

Refuse + topsoil

Refuse + TS

36 kg refuse with 7 kg topsoil

33% Westvaco ash

33% WVF

16.1 kg Westvaco ash bulk blended with 36 kg
refuse

20% Westvaco ash

20% WVF

10% Westvaco ash

10% WVF

3.2 kg Westvaco ash blended with 36 kg refuse

5% Westvaco ash

5% WVF

1.3 kg Westvaco ash blended with 36 kg refuse

33% Westvaco Ash with topsoil | 33% WVF + TS

7 kg Westvaco ash bulk blended with 36 kg

refuse

same as 33% WVF with 7 kg topsoil

Westvaco ash, “Disked”

WVF Surface Mix | 4 kg Weshvaco ash applied to top 15 cm of
refuse

33% Clinch River ash

33% CRF

18 kg Clinch River ash blended with 36 kg
refuse

20% Clinch River ash

20% CRF

9 kg Clinch River ash blended with 36 kg
refuse

5% Rock Phosphate

Rock-P

2 kg rock phosphate ore (apatite) blended with
36 kg refuse

5% Rock Phosphate with topsoil | Rock-P + TS

same as Rock P blended with 36 kg refuse

5% Rock Phosphate with 33%
Westvaco ash

33% WVF + RP

same as Rock P blended with 16 kg WVF and
36 kg refuse

13% ground limestone

Lime

5 kg of ground limestone blended with 36 kg
refuse

13% ground limestone with
topsoil

Lime + TS

same as Lime with 7 kg topsoil

20% Celanese ash

20% CEL

7.5 kg Celanese ash blended with 30 kg refuse

20% Celanese ash with 13%
ground limestone

20% CEL +LS

same as 20% Cel blended with 3.8 kg ground
limestone

Refuse (Initial column study)

Control

17 kg unamended refuse

Refuse + 33% Ash

33% Ash

10.0 kg Refuse + 4.9 kg WVF

Refuse + 20% Ash

20% Ash

13.4 kg Refuse
+ 3.3 kg WVF
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sampling. No columns from the Lime+topsoil were selected.

The materials in the columns were examined for evidence of oxidation and
weathering features. The material toward the center of the columns was sampled
incrementally with depth, and 1:1 (v/v) “soil”: water pH was determined using a portable
pH meter equipped with a combination electrode.
30, 45, 60, 75, 90, and 105 cm with depth.

of each column.

The increments were 0, 7.5, 15, 22.5

In addition, a sample was taken at the bottom

The samples taken were stored in a refrigerator. Samples from five

treatments (Refuse, 10% WVF, 33% WVF, 33% CRF, Lime) in the large columns study
(Chapter 4) were taken under more strident conditions than the others. An effort was

made to limit air flow over these materials during sampling (Figure 6.2) in order to lessen
the amount of airborne contamination in samples that were to be assayed for microbial
populations.

These samples were cooled over ice as they were taken and stored in a

refrigerator.

These samples were then shipped on ice to the US Bureau of Mines

Research Centers at Albany, Oregon and Salt Lake City, Utah for analysis of biological
activity and chemical characterization. The results of the chemical characterization were
presented in a US Bureau of Mines file report (Dewey, 1995).

Results and Discussion

Treatment effects were clearly observable in the column material from the large
column study (Chapter 4). The Refuse (Control) treatment displayed a yellowish cast that
coated all particles,

particularly on the coarse fragments, that was thought to be jarosite
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larger particles or groups of larger particles (Figure 6.3). The yellow material was quite
sticky and hard to remove from the knife used for sampling. The surface 0 - 15 cm
portion of the column was noted as a more oxidized zone with brighter colors of Munsell
2.5Y 8/6, 8/8, 7/6, and 7/8.

The matrix color of the material in the column was SY 8/3 or

an intermingling of SY 8/3 and a black surface. The pH of the material was 2.6 at surface
(0-2 cm) of the column and 2.1 at the bottom of the column (Figure 6.4). These pH
values are slightly higher than the leachate pH (Figure 4.6) values observed for this

treatment. This difference may be due to the differences between the O, concentration in
the column environment and in the air in which this pH was taken.
Oxidized zones were noted throughout the material in the 5% WVF treatment.

These usually corresponded with masses of coarse fragments which contained few fines
and extended outward to the column wall. This allowed the masses of coarse material to
have air contact and oxidize. Continuous stretches of coarse fragment masses and
oxidized refuse were noted. The material was darker in color than the Refuse treatment
due to the ash. Iron floc (“goo”) as observed to coat the plastic mesh at the bottom of the
column (Figure 6.5). The surface pH was 2.8 and declined with depth, and was 2.1 at the

bottom of the column.

Oxidized zones were noted at the top (0-10cm) and bottom (62-75

cm) of the 10% WVF treatment. There was an oxidation “rind” at the (62-75 cm) depth;
this was not a full ring around the column diameter but rather extended half way around.
This zone contained pockets of 5 Y 5/3 material that extended into the interior of the

column nearly to the center. The oxidized material in one of these pockets had a
173
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Figure 6.4. Changes in pH with depth in the Refuse and WVF treatments. Error bars
extend one standard deviation of the mean.
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pH of 2.75, while the unoxidized material around it had a pH of 3.23. The material
packed against the column wall between the oxidized zones (10-62 cm) had a Munsell
color of N 4/.

Some small (2 to 10 mm) oxidized bodies, 7.5YR 6/8, were scattered

throughout the grey material.

The 10% WVF material had a pH of 3.22 at the surface

which decreased to 2.34 with depth (Figure 6.4).
The glass wool at the bottom of the 20% WVF treatment was coated with an iron
precipitate (Figure 6.6). Two distinctly colored iron minerals were observed, one seemed

to be an oxidized iron mineral with a Munsell color of 7.5 Y/R 5/8, the other was lighter in
color (SY 8/6) and was thought to be jarosite (Fanning and Fanning, 1989). The surface
23 cm was oxidized with an abundance of the 7.5 YR mineral, and had a pH

<3 (Figure

6.4). The bottom of the column was very wet. The material in the 33% WVF treatment
was black in color (Figure 6.7).

Only four oxidized bodies ~ 6 mm in diameter were

observed in the top 45 cm, and a lone oxidation feature was noticed at 60 cm.

The surface

pH was 7.1, but pH increased to 7.95 at 15 cm. The pH varied between 7 and 7.5 below
45 cm (Figure 6.4).
The color of the 33% CRF treatment was grey and similar to the CRF ash.

Some

oxidized bodies were visible but they were isolated throughout the diameter of the column
and no trends were observed.

The zone from 60 to 100 cm was noted as being compact,

this may have been due to the pozzalonic nature of this ash. The material in that zone
resembled concrete with black coarse fragments suspended in a grey matrix. The surface
material was pH 8.7, and the material at 7.5 cm had a pH of 5.19 indicating
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some pyrite oxidation was taking place at the surface (Figure 6.8). The material from 38
to 100 cm had pH values in excess of 9.5. Oxidized spots were observed along the

column wall in the 20% CRF treatment. The spots were brighter near the surface and
duller toward the bottom of the column, although a few oxidized features were observed
below 38 cm. The pH with depth profile of this material exhibited large swings, from 6.2
at the surface, to 3.8 at 7.5 cm, and back to 9.5 at 90 cm (Figure 6.8). Both CRF
treatments were undergoing pyrite oxidation at the surface, and the acidity was apparently

being neutralized by the alkalinity in the ash.
The glass beads at the surface of the Lime treatment were heavily iron stained

(Figure 6.9). Many oxidized zones were observed in this material, particularly in areas of
high coarse fragment content. Discrete limestone particles were observed near the bottom
of the column.

The surface pH of this blend was 8.1 and that value declined with depth to

7.24 (Figure 6.8). The material in the WVF Surface Mix treatment consisted of 30 cm of

blended refuse and ash over about 54 cm of refuse. A very distinct oxidized zone was
observed at the contact between the two zones (Figure 6.10).

Below this zone the colors

became more dull grey with yellowish spots. Slightly more yellow colors were observed
near the column wall, but the yellow coloration also extended into the column interior.
The pH ranged from 8.63 at the surface to 2.3 at the bottom of the material.
The only large concentrations of cemented masses of material were found in the
Rock-P and Rock-P + Topsoil treatments. Large masses of refuse bound together with
yellowish and yellowish red iron masses were common.

These were thought to be Fe180
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Figure 6.8. Changes in pH with depth for the high alkalinity treatments. Error bars
extend one standard deviation of the mean.
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phosphates, but that has not been confirmed.

Some of the masses were over 22 cm in

length (Figure 6.11). Discrete 1 to 2 mm spots of brick red material were also noticed in
these materials. It was thought that these may be Fe-coated phosphate particles. The
Rock-P treatments had pH values that were in the 3.2 to 4.3 range.
The CEL treatment had a very dark red coating on material against the column

wall from 23 to 75 cm. (Figure 6.12). The surface (0-23 cm) material showed no red
coating but was oxidized and had jarosite-like color.

The material below 23 cm was very

black, this ash was darker than the other ash materials in this study. There was an abrupt
boundary between the two zones. This was the best evidence we observed of piping, or
channelized flow along a column wall, and may explain the lack of total acidification of
this treatment. The pH in the surface 23 cm ranged from 4 to 3, and the material at 30 cm
had a pH of 3.3 (Figure 6.13). The CEL + LS treatment had iron coatings on the glass
beads as did the other Lime treatments.

treatment, was observed.

No oxidation near the column wall, as in the CEL

This treatment had a surface pH of 7.57 and that value

decreased to 6.8 at the bottom of the column (Figure 6.13).

The initial columns (Chapter 3) had features similar to those observed in the large
columns.

The Control (unamended refuse) columns were heavily oxidized and some

cementation was noted in the top 20 cm, although the particles were not bound as tightly
together as in the Rock-P treatments. The pH values were near 3.3 which is higher than
the leachate pH from these columns by about 1 unit (Figure 6.14).

These columns

discharged into open containers and I hypothesize iron oxidation was taking place in
184
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Figure 6.12. Columns from the CEL (right) and
CEL+LS treatments. Iron staining in the CEL
treatment is visible.
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solution and lowering the pH.

The pH data from the 20% ash treatment displayed a large

amount of variability, due to one of the three replicates that was more oxidized and had

acidified to the bottom of the column (Figure 6.14). The other two columns still have pH
values of 7.4 below 45 cm and were producing alkaline leachate when the experiment was
ended.

The 33% ash columns do show some evidence of surface oxidation, but all three

replicates have pH values near 8 with depth.
It should be noted that nearly every column showed the most oxidative features
near the surface, and 0-15cm was the most oxidized. This was particularly true if a
network of coarse fragments was present to allow air penetration and result in areas of
oxidation. The ash treatments, particularly the 20% and 33% blends contain large
amounts of fines and few of these pockets of coarse fragments occured.

Under saturated

conditions these zones would represent areas of preferential rapid flow. Under dry
conditions, it is unlikely water would move into these zones. Connected to the
atmosphere, these are zones of rapid oxidation and were common features in treatments

which acidified. These zones would control the leachate chemistry and may explain the
observed differences in leachate pH and solid pH. The leachate pH was controlled by the
conditions in these flow zones, while solid material was mixed in from outside the zone for
pH measurements.

Most columns showed some evidence of oxidation at the bottom of the column,
from bright yellow iron minerals over the holes in the endcap, to a bright yellow/orange
oxidation rind in the glass bead layer at the bottom of the column. These indicate that
189

some oxygen was penetrating the funnels. The likely place for air leakage would be at the
column funnel interface which we attempted to seal with silicon sealer. We believe the
total amount of oxygen flow was limited, however.

The detailed findings of the macroscopic and microscopic fabric analysis by the
U.S. Bureau of Mines (Dewey, 1995) is presented in Appendix (1) and a summary of the
some of the findings follows. Optical microscopy and SEM analyses confirmed that pyrite
was oxidizing to form Fe-sulfates.

The probable oxidation product identified was

copiapite (Fe’*Fe,**(SO,),°20H,O), a ferrous-ferric sulfate that is a common oxidation
product of pyrite (Nordstrom, 1982). Most of the oxidation taking place was found to be
in direct association with pyrite grains.
noted.

A lack of Fe-oxides proximal to the pyrite was

This was significant in that, if the pyrite were oxidizing to an oxide mineral (e. g.

limonite or hematite) phase, it would be expected that solid phase would be found close to
the pyrite. The lack of oxide coatings on the pyrite also indicated that the retardation of
pyrite oxidation observed in the ash-treated columns was not due to the presence of
coatings. Evangelou (1995) has presented methodology for the microencapsulation of
pyrite through the formation of stable Fe-oxide coatings on pyrite. These coatings inhibit
O, diffusion to the pyrite surface.
The pH with depth relations did indicate that pyrite oxidation was occurring at
least near the surface in all treatments.

Oxidation appears to be a process that starts near

the surface and creates an acidified zone that then migrates down the column. Pyrite
oxidation, probably by O,, has taken place near the surface, producing acidity and Fe”.
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As more acidity was generated, Fe** was able to remain in solution and act as an oxidizer

for more pyrite. Subsequently, as more acidity was produced the low pH zone was able to
extend deeper into the profile allowing Fe** to remain in solution. The acidic/oxidation
front moves slowly down the column (Figures 6.4, 6.8, 6.14).

The pH with depth profiles

indicate that eventually the 33% ash treatment columns will most likely become acidified.
Based on the observation of acidification in the 20% WVF columns, it is likely that this
will be a slow process, occurring over several weeks or possibly years. Peak metal levels
will likely be lower than those observed in the other ash treatments, however they will

remain at an elevated level for a longer period of time. Higher total masses of Mn and Cu
are expected to be leached from the 33% WVF treatments than from the other blended
WVF treatments because the 33% WVF blend contains more of these metals.
A regression equation was plotted to examine the relationship between the amount

of alkalinity added and the number of weeks needed for leachate pH to reach 2.5. Using
the data from the Refuse (control), 5% WVF, 10% WVF, and 20% WVF treatments a

regression equation of:
Weeks to pH 2.5 =0.32 + (0.676
was generated.

x

(g of alkalinity in mix))

This equation had fairly good linear fit, with an r of 0.95.

(6.1)
The equation

predicts that it would take 243 weeks (4.69 years) for the 33% WVF columns to produce
leachate with a pH of 2.5. Applying this regression coefficient to the to the CRF
treatments, the 33% CRF treatment and the 20% CRF treatment would take 298 weeks
(5.74 years) and 598 weeks (11.5) years to produce pH 2.5 leachates respectively.

This
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equation gives some perspective on the long-term stability of the ash treatment.
Through ash addition we have greatly slowed the oxidation of pyrite in the refuse

but we have not stopped the process. These columns were under-loaded with respect to
alkalinity/potential acidity balance. The augmentation of the alkalinity in the ash with the
addition of some ground agricultural limestone may be an important (and required) option.
The blending of ash with potentially acidic refuse is therefore not recommended unless the
alkalinity and potential acidity are at least balanced, if not manipulated slightly to the
alkaline side. Refuse with low amounts of S (<1%) would obviously be better candidates
for ash blending than the 4% S ash used in this study.
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Chapter 7
Summary and Conclusions
The back-haul of fly ash from coal fired utilities to the coalfields where it
originated will likely become a common practice due to economic pressures placed upon
the coal industry by utility operators.

Some fly ashes display qualities (alkalinity, and

chemisorption) that could be beneficial in controlling acid mine drainage and in
revegetation (alkalinity, and high water holding capacity) of acid-forming coal refuse. To
achieve these benefits to the maximum extent the ash would need to be intimately comingled with the refuse in a bulk- blend.

This dissertation reflects an attempt to gain a

better understanding of the water quality, pyrite oxidation, and reclamation effects of
blending acid forming coal refuse with fly ash. To achieve this, two column leaching
studies and a field experiment (with water sampling lysimeters) were conducted.

Water

quality parameters such as pH, electrical conductivity (EC) and levels of selected elements
(Al, B, Cu, Fe, Mn, S, and Zn) were monitored in the leachate from the column studies
and the lysimeters.

The solid materials in the columns were also assessed for pH and

evidence of pyrite oxidation after leaching was terminated.

Plant biomass yield, soil water

holding capacity, and soil pH were monitored in the field study. Prior to the initiation of
the column and field studies, a small ash characterization study was also conducted to
determine which ashes would be most suitable for use in the these experiments.
Bulk-blending alkaline fly ash, at rates of 20% and 33% ash (w/w) with an acid-
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forming coal refuse was particularly effective in improving drainage quality in a

preliminary column study. The unamended refuse produced leachates with pH values < 2
and high levels of Fe (10,000 mg I’), and Mn (280 mg I"). The 33% ash treatment
maintained leachate pH values > 8, with low levels (<1 mg I’) of Fe and Mn for over four

years. The ash effects were attributed to the high alkalinity of the ash that resulted in
increased pH, which has been shown to slow pyrite oxidation. The ash retarded water
and gas exchange which would also diminish pyrite oxidation.
Based on the findings from the preliminary study, a second column study was

initiated using a larger column design, refuse with higher potential acidity, and two
sources of alkaline fly ash. Ash:refuse blends that contained a high proportion of ash
(33%), and therefore alkalinity, were effective in controlling pyrite oxidation and produced

alkaline leachates with low levels of dissolved Al (<1.0 mg I’) , Cu (0.10 mg I"), Fe (< 2.0
mg I"), and Mn (< 3.0 mg I") through three years of leaching. The unamended refuse
control columns acidified quickly and produced leachates with pH 1.8, and high levels of
potentially toxic metals (Al > 15,000 mg I"', Cu >28 mg I"! , Fe >16,000 mg I"!, and Mn >

200 mg I’).
Ash blends with insufficient alkalinity to control pyrite oxidation eventually
acidified, and their leachates contained Mn and Cu that had been acid-stripped from the
ash. The amounts of metals leached increased proportionately with the total amounts of
metals added in ash-bound form. The onset of acidification was proportionately delayed
by the amount of ash added. Due to the low neutralization potential of both fly ashes, it
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was hypothesized that eventually the 33% ash blends would also acidify. The results of
this experiment illustrate the potential hazard of exposing fly ash to an acid leaching

environment. Blends containing ground limestone maintained an alkaline leachate pH with
low levels of Al, Cu, Fe, and Mn. Blends containing ground rock phosphate ore (RockP) did not stop pyrite oxidation, but did control toxic metal levels through precipitation of
metal phosphates.

The topsoil treatments appeared to reduce hydraulic conductivity in all

but the 33% WVF treatment, and may slightly limit gas exchange, but did not affect pyrite

oxidation, or subsquent leachate quality.
Analysis of the solid materials in the columns confirmed that pyrite oxidation was
taking place in the columns which had acidified. The pyrite grains in the high percent ash
columns were not coated with iron oxides, thus the possibility of an iron oxide coating
which limits pyrite oxidation was eliminated as a mechanism to explain the positive effects
of the ash blends.

It was also confirmed that some of the high percent ash blends were

acidifying, indicating pyrite oxidation was active and these treatments would eventually
become acidified.
The field experiment was installed in refuse much lower in potential acidity than
the column refuse. Three ash sources were used in this experiment, two acidic and one
alkaline; all were blended with refuse at a 33% rate. The ash treatments did not produce
consistent negative effects on leachate water quality with respect to the parameters
analyzed (Al, Cu, Fe, Mn, Zn).

The leachate from the ash-treated columns contained

elevated B levels, especially early in the study.

Rock-P was also an effective treatment in
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improving leachate quality.

The ash:refuse mixtures in the field produced consistent increases in plant biomass
yields due to increased water holding capacity and increased pH when alkaline ash was
used. By the final year (4) of the study, most of the vegetative stands on the ash treated
plots would have met quality standards for reclamation bond release.

The potentially

phyto-toxic effects of salts and B in the ash appeared to decrease as leaching took place

over time. The ash blends exhibited lower hydraulic conductivity based on the lag
between rainfall events and leachate transmission.

Based on the cumulative findings of these experiments, it is evident that most
eastern fly ash does not contain sufficient alkalinity to be safely co-disposed with acid
forming coal refuse without addition of supplemental alkalinity. Piles which contain low
levels of potential acidity (< 30 t per 1000 t) would be the best candidates for ash bulkblending.

Highly acidic refuse, such as that used in the second column study (>130 t

acidity per 1000 t material) should not be considered for bulk-blending with ash. The bulk
of fines added by the ash is important in decreasing hydraulic conductivity, and water

retention. The ash has the effect of slowing the removal of reaction products from pyrite
weathering zones and of slowing oxygen movement to pyrite surfaces, both of which
retard pyrite weathering and acid production. If an entire pile were bulk-blended with an
alkaline fly ash, and the alkalinity and acidity were net balanced, the pile would produce
less leachate. In addition, the leachate produced would be of better quality than a similar
untreated pile. Better vegetative growth would also be expected due to the ash addition.
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In situations where net acid-base balances cannot be achieved, fly ash should be disposed
of in carefully engineered cells that are designed to limit ash contact with acid mine
drainage.
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APPENDIX 1

Physical description of column solids performed by Dewey (1995) at the U. S. Bureau of

Mines Albany Research Center (ALRC).

Numbers in parenthesis indicate lab numbers at

ALRC.

Control Column - Refuse only
7.5 cm (ME3466).

(Sample taken 3 inches from top of leach column.)

Macroscopic examination:

Coal and shale fragments are characteristically coated with a

fine crust of tan-yellow oxidation product.

Small (~2- to 5-mm) isolated pockets of dark

orange oxidation exist, but are rare. Oxidation features do not penetrate into interstices or
into lithic fragments.

Microscopic examination (ALRC polished surface sample PS3403): Fractures are filled
with coal and lithic fragments (quartz and shale). No oxidation is present, and coal
fragments are unaltered.

15 cm (5.9 inches) (ME3468).
Macroscopic examination:

Sample is slightly cemented, with fine coal refuse and smaller

lithic fragments (1 to 5 mm) comprising the cement.

One lithic fragment displays a thin

oxidation rind (yellow crust).
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Microscopic examination (PS3405): Fractures are filled with coal and lithic fragments,
similar to the fracture shown in figure D-1; this photomicrograph represents well the
micro-texture of the control-column samples. No oxidation products are present, and coal
fragments are unaltered.

60 cm (24 inches) (ME3467).
Macroscopic examination.

Coal and shale fragments are embedded in a matrix of fine

coal refuse. No evidence of oxidation reactions.
Microscopic examination (PS3404):

Fractures are filled with coal and lithic fragments.

No oxidation is present, and coal fragments are unaltered.

10 % WVF - Refuse blended with 10% (w/w) Westvaco fly ash.
15 cm (6 inches) (ME3473).

Macroscopic examination: Well-cemented agglomerates (up to 15 mm).

Very slight

interstitial oxidation.
Microscopic examination (PS3410): Fly-ash matrix is readily identifiable by the
ubiquitous quartz crystals that characterize this ash. No oxidation products are present.

64 cm (25 inches) Oxidized zone (ME3476).
Macroscopic examination: Poorly cemented agglomerates which display moderate
oxidation between lithic fragments.

Oxidation is restricted primarily to the smallest,
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interstitial grains (fly ash).

76 cm (30 inches) Oxidized zone (ME3474).
Macroscopic examination.

Well-cemented agglomerates (up to 20 mm).

All exterior and

interior surfaces are strongly oxidized. Oxidation features also penetrate into lithic
fragments, forming fractures which are filled by yellow to orange crust.

Microscopic examination (PS3411):

This sample is particularly well-cemented.

The

individual agglomerates are unique in the study sample set; they comprise (10- to 100-:m)
lithic fragments in a fly-ash matrix; the fragments are smaller than those in agglomerates in
other column splits. Strongly developed foliation of the cementation was probably a result
of compaction within the column, with the direction of maximum principal stress
perpendicular to foliation.

76 cm (30 inhes) Unoxidized zone (ME3475).
Macroscopic examination. Well-cemented agglomerates (up to 20 mm).
exists between surfaces.

Some oxidation

Also some oxidation "pods" which are darker orange relative to

the yellowish oxidation on the surfaces. These are typically ~1 mm in diameter and
nucleated around sulfides (pyrite).
Microscopic examination (PS3412):

Oxidation products are present throughout the

larger (>100-pm) fractures. Oxidized grains range from ~5 pm to ~100 um and are
subhedral to euhedral. Very few oxidation products are found outside of fractures, which
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suggests that the oxidation products were precipitated out of solution.

33% WVE -- Refuse blended with 33% (w/w) Westvaco fly ash.

15 cm (6 inches) (ME3477).
Macroscopic examination: No cementation. No evidence of oxidation.
60 cm (24 inches) (ME3479).

Macroscopic examination:

Oxidation "patches" line the pore spaces in weakly cemented

agglomerates.
Microscopic examination (PS3413):

fragments.

Oxidation products are concentrated on coal

A chemical condition favoring oxidation-product precipitation in the vicinity of

these grains is inferred. Some quartz crystals display a ragged ameboid to sieve texture.
The majority of grains are subhedral.

107 cm (42 inches) (ME3478).

Macroscopic examination. No cementation. No evidence of oxidation.

33% CRF — Refuse blended with 33% (w/w) Clinch River fly ash.
15 cm (6 inches) (ME3480).
Macroscopic examination:

Sample is loosely cemented. Oxidation of interstitial cement

is present.
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58 cm (23 inches) Oxidized zone (ME3482).
Macroscopic examination:

Slight oxidation in interstices between lithic fragments.

91 cm (36 inches) (ME3481).
Macroscopic examination: No cementation. No evidence of oxidation.

13% Lime — Refuse blended with 13% (w/w)

ground limestone.

30 cm (12 inches) (ME3469).

Macroscopic examination:

Sample is well-cemented.

mm) and fly ash comprise the agglomerates.

Smaller lithic fragments (1 to 5

Oxidation seams are rare and are found

interior to the agglomerates and interstitial to lithic fragments.
Microscopic examination (PS3406): Fractures within shale fragments are filled with
intergranular oxidation products and discontinuous coal seams.

Oxidized grains range in

size from ~1 pm to ~75 pm. Interstices between lithic grains are filled by granular
limestone.

32 cm (12.5 inches) Oxidized zone (ME3471).
Macroscopic examination: Isolated lithic fragments suspended in granular limestone
matrix. No evidence of oxidation.
Microscopic examination (PS3408):

Lithic and coal fragments are devoid of oxidation

products.
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61 cm (24 inches) (ME3470).
Macroscopic examination:

Sample comprises very well-cemented agglomerates, up to

500 mm, with the mean approximately 300 mm.

Both exteriors and interiors of

agglomerates display oxidation rinds. Coloring tends towards orange, with a few regions
of yellow.

Microscopic examination (PS3407):
coal fragments.

Oxidation products fill fractures within lithic and

Oxidized grains range in size from ~2 pm to ~100 pm. Limestone matrix

supports oxidized fragments; unhosted oxidation products do not appear in the matrix.

61 cm (24 inches) Oxidized zone (ME3472).
Macroscopic examination: Very well-cemented agglomerates. These 2- to 8-mm
agglomerates are sub-rounded and typically are formed around a large lithic-fragment
nucleus. Oxidation features are evident as surficial "patches" on surfaces of agglomerates.
No oxidation features penetrate into agglomerates.
Microscopic examination (PS3409): Limestone matrix supports lithic and coal fragments.
Oxidation-product precipitation is evident, but is restricted to seams and interstices
between coal and lithic fragments.

204

Vita
Barry Robert Stewart was born in Madison, WI on March 1, 1963. Realizing they had
achieved perfection in their first attempt, his parents decided to have no more children. In
pursuit of a lifelong dream, his father moved the family to his grandfather’s farm near

Cameron, WI in 1968. He grew up on that dairy farm; attended Cameron High school
from which he graduated in 1981, and ate at Drag’s Pizzarama in Rice Lake, WI as often

as possible. He enrolled at the University of Wisconsin River Falls in 1981 and earned a
B.S. in Plant Science in 1986. While at UWRF he became interested in soils under the
tutelage of Dr. Larry Meyers who also introduced him to golf. A summer internship as a
plant breeder convinced him to pursue a career in soils. To that end, he enrolled in the
graduate program at Virginia Tech in 1986 and earned a MS from the Department of Crop
and Soil Environmental Sciences in 1990 under the direction of Dr. W. Lee Daniels, who

also taught him about pig roasting. He then began a Ph.D. program of which this
document is a result. He plans to pursue a career in academia teaching others about soils,
eating pizza, cooking pigs, and playing golf in his spare time.

B amy

Qe Stet

205

