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Abstract
Selenium (Se) contamination can be a potential groundwater concern near un-lined coal ash landfills. Of all the Environmental Protection Agency’s priority and non-priority pollutants, Se has the
narrowest concentration range considered beneficial and detrimental for aquatic and terrestrial
organisms. The effects of ash type (i.e., fresh and weathered), water-extractant type (i.e., deionized
water, rainwater, and groundwater), and extraction time (i.e., 2 and 6 hours) on Se, arsenic (As),
and chromium (Cr) concentrations were investigated from Class C, subbituminous coal fly ash
produced at the Flint Creek Power Plant (Benton County, AR). Water-extractable Se concentrations differed (p = 0.03) between ash types across water-extractants, but were unaffected (p > 0.05)
by extraction times. Unexpectedly, fresh ash water-extractable Se concentrations were below
minimum detection limits (i.e., 2.0 µg∙L−1) for all treatments. In contrast, averaged over extraction
times, the water-extractable Se concentration from weathered ash was greatest (p < 0.05) with
groundwater and rainwater, which did not differ and averaged 60.0 µg∙L−1, compared to extraction
with deionized water (57.6 µg∙L−1). Selenite SeO 23 − was greater (p < 0.001) in the fresh (3.85
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mg∙kg−1) than in the weathered ash (0.70 mg∙kg−1), while selenate

( SeO )
2−
4

concentration was

mg∙kg−1)

than in fresh ash (0.48 mg∙kg−1). Results from
greater (p < 0.001) in the weathered (0.67
this study indicate that environmental weathering of Class C, subbituminous fly ash promotes
oxidation of selenite, to the less toxic, but highly mobile selenate. The formation of hydrated ettringite [Ca6Al2(SO4)3(OH)12∙26H2O] and calcium selenite (CaSeO3) likely acted as a sink for weathered ash selenite. Implications of this research include a better understanding of the past,
present, and future environmental and health risk potential associated with the release of watersoluble Se, As, and Cr to aid in the development of sustainable fly ash management strategies.
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1. Introduction
In the United States (US), coal-fired plants provide approximately 45% of the total net electrical generation,
with 847,930 metric tons of coal consumed per day [1]. During the combustion of coal, inorganic constituents
that are naturally enriched in the coal are further concentrated in the coal combustion residuals (CCRs): bottom
ash and fly ash. Bottom ash is a coarse, heavy ash that is too dense to carry over in the gas stream after combustion [2] [3]. Due to its density, bottom ash is collected at the bottom of the boiler. The particle size ranges from
gravel to silt, with much of the bottom ash sized similar to that of natural sand [3]. Some beneficial re-use options of bottom ash include construction fill material, snow and ice control, concrete/cement products, mining
applications, and as road and sub-surface material [3] [4]. The remaining unmarketable bottom ash is either
land-filled or placed in impoundments or settling ponds for temporary storage.
The physical and chemical properties of fly ash are largely dependent on the mineral content, composition,
and source of the coal, and on the combustion conditions within the boiler [5]. The four major constituents of fly
ash are silica (SiO2), aluminum oxide (Al2O3), calcium oxide (CaO), and iron oxide (Fe2O3) [6] [7]. The minor
constituents present are magnesium oxide (MgO), sodium oxide (Na2O), titanium oxide (TiO2), potassium oxide
(K2O), phosphorus oxide (P2O3), and sulfur trioxide (SO3), the sum of which account for less than 5% of the total weight [6] [7]. There are also trace amounts of heavy metals, such as arsenic, barium, cadmium, chromium,
copper, lead, mercury, molybdenum, nickel, selenium, strontium, vanadium, and zinc, which typically do not exceed 1% by weight [8]. Fly ash particles range in size from 0.5 (clay) to 100 µm (fine sand), with a specific
gravity that ranges from 2.2 to 2.8 [2] [8].
According to ASTM [9], fly ash is classified as Class C or Class F. Class C fly ash generally has more than 20%
CaO, more than 50% combined SiO2, Al2O3, and Fe2O3 content, and is normally produced from sub-bituminous
or lignite coal combustion. Class F fly ash is usually produced from bituminous and anthracite coal combustion
and has less than 10% CaO content and more than 70% SiO2, Al2O3, and Fe2O3 content [9]. Coal samples tested
during research conducted by EPRI [6] showed Class C fly ashes having a 14.6% to 27.2% CaO composition
and Class F having a 0.3% to 6.8% CaO composition. Approximately 40% of the fly ash produced is re-used in
industrial applications, with the remainder being land-filled [10]. Fly ash is typically alkaline and has a high calcium (~27%) content and exhibits pozzolanic properties, much like that of Portland cement [7] [11] [12]. These
characteristics allow fly ash to be sold and utilized as an additive in concrete, used as a soil amendment to improve soil structure and water-holding capacity, act as a neutralizer in acidic soils, and serve as a source of essential micronutrients for agricultural crops under the right conditions [7] [8] [11] [13] [14].
Of the inorganic constituents concentrated in the CCRs, especially fly ash, selenium (Se) is of particular concern due to the transference of Se from the coal to the ash through a physical, volatilization-condensation adsorption process [15]. Fly ash has a mean Se concentration of 14.0 mg Se kg−1 and typically ranges between 5.5
and 46.9 mg Se kg−1 [16]. Out of all of the Environmental Protection Agency’s (EPA) priority and non-priority
pollutants, Se has the narrowest concentration range between what is considered beneficial and detrimental to
aquatic species and terrestrial organisms. In aquatic ecosystems, water concentrations greater than 5 µg Se L−1
can potentially cause teratogenic deformities within fish populations and embryo toxicity of waterfowl through
the bioaccumulative effects of Se in the aquatic food chain [17]-[19]. Humans have a narrow exposure range
between what is considered deficient (<40 μg Se day−1) and what is considered toxic (>400 μg Se day−1) [20].
Therefore, the EPA’s maximum contaminant level (MCL) in drinking water for humans is 50 μg Se L−1 [21].
Since approximately 43,900,000 metric tons of bottom ash and fly ash are stored in coal ash landfills or impoundments in the US annually [10], leachate generated from a coal ash landfill due to environmental exposure
can be laden with Se, and could cause substantial harm if released into the environment. Through environmental
weathering, Se can be released from stored fly ash and become mobilized in groundwater if the landfill does not
have a properly engineered liner [22]-[24]. The Se-laden leachate can be transported with the groundwater and
become a human and ecological threat. Consequently, a better understanding of Se’s mobile, water-soluble frac-
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tions is needed.
The water-soluble fraction is the readily accessible fraction that can be easily released into the environment
and mobilized through contact with rainwater and groundwater, and therefore is the fraction of greatest environmental concern [25] [26]. Once released into the environment, Se usually exists as the highly mobile selenate
SeO 24 − or as the more toxic, but far less mobile selenite SeO32 − [27] [28]. Changes in oxidation states affect Se’s solubility, (re)adsorption, and mobility rates in soils [29]-[31]. Selenite behaves similar to phosphate
(i.e., forms an inner-sphere surface complex), has a greater adsorption rate than selenate, and is controlled by its
ability to bind to ferric hydroxides and aluminum oxides in acidic and neutral soils [32]-[35]. In contrast, selenate is known to behave like the sulfate anion (i.e., forms an outer-sphere surface complex) with low adsorption
rates, high solubility, and pronounced leachability causing selenate to be highly mobile in soils [29] [36] [37].
Recognizing and understanding the differences between species are critical for assessing the amount of Se that
has been, and could be, released into the environment from an ash landfill and to better predict Se’s natural mitigation, such as biotic or abiotic reduction of selenate to selenite and its subsequent precipitation and/or adsorption of selenite to Fe/Al oxides in soils.
Considering that relatively little is known about fly-ash-derived Se behavior in the environment, the objective
of this study was to evaluate the effects of ash type (i.e., fresh and weathered), water-extractant type (i.e., deionized water, rainwater, and groundwater), and extraction time (i.e., 2 and 6 hours) on water-extractable Se, arsenic (As), and chromium (Cr) concentrations from a Class C, sub-bituminous fly ash. It was hypothesized that
water-extractable Se concentrations would be greatest from weathered ash extracted with deionized water, with
little to no difference between extraction times, compared to fresh. It was also hypothesized that the dominant Se
species would differ between ash types. Comparison of the three different water extractants will provide the
scientific community with useful information to help make an informed decision on a preferred water extractant
for Se, As, and/or Cr.

(

)

(

)

2. Materials and Methods
2.1. Ash Production and Disposal
The ash used in this study was obtained from the Flint Creek Power Plant in Benton County, Arkansas (N
36˚15'45" latitude and W 94˚31'15" longitude). The Flint Creek Power Plant is a base-load, coal-fired, electric
generation plant that went operational in 1978. The land surrounding the plant is largely rural. The Flint Creek
Power Plant was the first commercial power plant in Arkansas to use coal as its fuel source (C. Gregory, Energy
Production Supt. II, personal communication, 2010). The plant has the electrical capacity to produce 528 net
megawatts per hour, which is enough electricity to supply approximately 365,000 households at an average Arkansas household usage of 1076 kW per month [38].
At full capacity, the plant will burn approximately 6350 metric tons of coal per day [39]. The Flint Creek
Power Plant uses Powder River Basin (PRB) coal mined from the Wyodak Beds in Wyoming. This PRB coal is
a Class C, sub-bituminous coal with a heat value of 19,306 to 26,749 kJ∙kg−1 (8,300 to 11,500 Btu∙1b −1) and is
one of the cleanest-burning coals available in the US with respect to sulfur dioxide emissions [40] [41]. A typical
analysis of sub-bituminous coal (Table 1) yields the following mean elemental content: carbon (69.7%), hydrogen (4.8%), oxygen (17.9%), nitrogen (0.9%), and sulfur (0.3%). The ash produced from burning sub-bituminous
coal produces an alkaline, calcium-based ash different from the acidic ash produced from burning eastern US
bituminous coals. The coal being used at Flint Creek has a total ash content ranging from 3% to 5%. Before being injected into the boiler, the coal is pulverized into a fine talcum-powder-like consistency. The pulverized
coal is then injected into the boiler with pre-heated, forced-draft air. The combustion of the coal produces temperatures over 1370˚C inside the boiler, eventually producing high-pressure steam delivered to the turbine at 169
kg∙cm−2 and 538˚C [39].
Of the ash produced at Flint Creek, approximately 70% (9.3 metric tons∙hr−1) is fly ash and 30% is bottom ash.
Flint Creek uses PRB sub-bituminous coal, which produces a Class C fly ash during combustion. The color of
the fly ash produced varies from a yellowish to light tan. Fly ash is transported out of the boiler in the gas stream,
and is then collected by the electrostatic precipitator (ESP) and silo baghouse.
Flint Creek uses hot-side ESPs that receive the flue gas at a maximum temperature of 399˚C with a dust loading of 2.0 to 2.5 grains∙m−3 [39]. Flint Creek ESPs use anodic plates and cathodic wires to remove fly ash from
the flue gas with greater than 99.5% removal efficiency [42] [43]. Electrostatic precipitation, in this case, is the
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Table 1. Analysis of sub-bituminous coal used at the Flint
Creek Power Plant for electrical generation [71].
Parametera

M. A. Cantrell et al.

Value

Proximate analysis (wt%)
Moisture

28.4

Ash, dry

6.4

Volatile matter, dry

43.8

Fixed carbon, dry

49.8

Ultimate analysis (wt%)
Carbon

69.7

Hydrogen

4.8

Nitrogen

0.9

Chlorine

<0.01

Sulfur

0.31

Ash

6.4

Oxygen

17.9

Trace elements (mg∙kg−1)
Arsenic

<1

Barium

346

Beryllium

0.2

Boron

27

Cadmium

<0.2

Chlorine

13

Chromium

4

Copper

11

Fluorine

70

Lead

2

Manganese

7

Mercury

0.06

Molybdenum

<2

Nickel

3

Selenium

<1

Silver

<0.2

Strontium

160

Thallium

<1

Tin

<1

Vanadium

10

Zinc

7

Zirconium

14

a

Samples were collected and analyzed at the Rochelle/North Antelope mine
(Wyodak-Anderson Seam) in Wyoming.

process in which fly ash suspended in the flue gas is given a negative charge from negatively charged electrodes
(cathodic wires) hanging in the ESP. The negatively charged fly ash is then collected onto the positively charged
(anodic) plates [42]. The plates are periodically vibrated causing the fly ash to fall and be collected in hoppers
located below the ESP. Fly ash collected in the silo is either sold or stored on-site in a 16-ha ash landfill located
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approximately 400 m northeast of the power plant [44].
Only Class 3 waste generated at the Flint Creek Power Plant is disposed of in the on-site ash landfill. Class 3
waste includes CCRs such as fly ash, bottom ash, bottom ash dredged from settling ponds, slag, and grit-blasting
materials. Slag is a glassy, angular, non-crystalline material that accumulates in the boiler as the coal ash melts
into a viscous liquid and is quenched for removal. Grit-blasting material is a non-hazardous substance used to
remove ash that adheres to the interior surfaces of the boiler, ESPs, and duct work during plant outages [43].

2.2. Ash Acquisition and Characterization
Grab samples of fly ash were collected at the Flint Creek plant using an on-site InterSystems Model XE0118
automated collection device (InterSystems, Omaha, Ne) installed on the fly ash collection piping on the outlet of
the hot-side ESP, referred to hereafter as fresh ash. The ash collector secures approximately 5 g of ash, every 10
minutes, for a total of 30 days during normal plant operation. Fly ash was also collected randomly from the ash
landfill at a depth of approximately 1.0 m using a backhoe, hereafter referred to as weathered ash. The actual age
of the weathered ash was unknown due to the historic disposal methods of the ash. However, weathered samples
were collected from an area of the landfill that was believed to have the oldest ash.
The gravimetric water content of both ash types was determined by oven drying the ash at 105˚C for 24 h.
After drying, weathered fly ash samples were manually ground and sieved to less than 2 mm. Fresh samples did
not need to be ground and sieved. Pre-extraction pH and electrical conductivity (EC) of the ash samples were
measured using a 1:10 solid/solution ratio of 10 g of fly ash and 100 mL of deionized (DI) water. Organic matter
was determined by loss-on-ignition by oven drying the ash at 750˚C for 1 hr. Fresh and weathered fly ash acidrecoverable Se, As, Cr, Sb, Ba, Be, Cd, Pb, Hg, Ni, Ag, and V were determined following EPA Method 200.7/
6010B at the AEP Analytical Chemistry Services Laboratory (Shreveport, LA) using a Varian VistaPro inductively coupled plasma-optical emission spectrometer (ICP-OES; Agilent Technologies, Santa Clara, CA) [45].
Chemical composition (e.g., silicon dioxide, aluminum oxide, iron oxide, calcium oxide, magnesium oxide, sulfur trioxide, sodium oxide, and potassium oxide) of the fly ash samples was determined by the Analytical Testing Service Laboratories (Joplin, MO) using American Society for Testing and Materials (ASTM) standard method C-311 [9]. Fresh and weathered fly ash sample analyses were conducted in triplicate.
The Applied Speciation and Consulting, LLC (Bothell, WA) laboratory also performed analyses on the fresh
and weather ash used in the extraction procedure to partition the oxidation states of Se present [i.e., selenite
SeO32 − and selenate SeO 24 − ]. Four replications of each ash type were analyzed, following a 2-hr alkaline
extraction based on previous research by Jackson and Miller [46], using ion chromatography, inductively
coupled plasma, collision-reaction-cell, mass spectrometry (IC-ICP-CRC-MS) performed on an Agilent 7700
Series Inductively Coupled Plasma Mass Spectrometer (ICP-MS; Agilent Technologies, Santa Clara, CA).

(

)

(

)

2.3. Water Extractant Collection and Characterization
Rainwater was collected from an agriculturally managed pasture in Washington County, AR during a single
storm event, using multiple plastic containers. Groundwater was collected from an uncontaminated, private well
located adjacent to the ash landfill at a depth of approximately 61 m. Deionized water was collected from the
outlet of the Flint Creek demineralizer. The Flint Creek demineralizer consists of a strong-acid cation and
strong-base anion bed, followed by a mixed-bed polishing unit. Outflow from this design consistently produces
ion concentrations of <1 µg∙L−1. Water extracts were stored at 4˚C until the Se, As, and Cr concentrations of the
extractant solution could be determined in triplicate by the Environmental Testing Group (ETG) laboratory in
Bentonville, AR, which is an Arkansas Department of Environmental Quality certified laboratory. The pH and
EC were measured potentiometrically in-house at the Flint Creek laboratory. The water-soluble fractions of Se,
As, and Cr were also calculated based on their respective initial measured concentrations in both the fresh and
weathered ashes.

2.4. Ash Extraction
Water extractions were performed in 50-mL centrifuge tubes with a 10:1 extractant-to-fly ash dilution ratio (i.e.,
30 mL extractant to 3 g fly ash) for all three water-extractant types at ambient room temperature, which was
consistent with the procedures of previous studies [47]-[49]. Extractions were conducted for 2 and 6 hours using
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a 30-revolutions-per-minute (rpm), end-over-end shaker. Post-extraction pH and EC were measured potentiometrically before centrifuging the samples at 6000 rpm (11.5 G) for 10 minutes, followed by gravity filtering
through a 0.45-µm Suppor-450 membrane filter (Pall Life Science, Port Washington, NY).
The filtrate was then preserved with Fisher® Optima Grade nitric acid to maintain a pH of less than 2. Samples were stored at 4˚C until shipment for chemical analysis could occur. A total of 60 (e.g., two fly ash types,
three water extractants, two extraction times, and five replications) treatment samples and 12 treatment blanks
(e.g., three water extractants, two extraction times, and two replications) were sent to the ETG laboratory for Se,
As, and Cr analyses using an Agilent 7500 Series Inductively Coupled Plasma Mass Spectrometer (ICP-MS;
Agilent Technologies, Santa Clara, CA). The United States EPA Method 200.8/6020 was used as the procedure
guidelines for the proper calibration and analysis of the initial water extractants and water-extracted-ash solutions [50] [51].

2.5. Statistical Analyses
A two-sample t-test was conducted to determine differences between initial fresh and weathered ash sample
properties using Minitab (version 13.31, Minitab Inc., State College, PA). A one-factor analysis of variance
(ANOVA) was conducted using SAS (version 9.3, SAS Institute, Inc., Cary, NC) to compare differences in initial water-extractant characteristics and to identify possible contamination of treatment blanks. A two-factor
ANOVA was conducted to determine the effects of ash type, Se species, and their interaction on initial ash Se
concentrations. A three-factor ANOVA was conducted to evaluate the effects of ash type, extraction time, waterextractant type, and their interaction on suspension pH and EC and Se, As, and Cr concentrations in the waterextracted ash samples. When appropriate, means were separated by least significant difference (LSD) at the 0.05
level. Linear correlations were also performed to evaluate the effects of water extractant, extractant property, and
extraction time on the relationship between suspension pH and EC, and water-soluble Se, As, and Cr concentrations for the weathered ash using Microsoft Excel (version 2010, Microsoft Corporation, Redmond, WA).

3. Results and Discussion
3.1. Initial Ash Characteristics
Several initial chemical and physical characteristics differed between the two ash types (i.e., fresh and weathered). The fresh ash had lower water content (<0.01 g∙g−1) compared to the weathered ash (0.36 g∙g−1; p <
0.001; Table 2), which was expected due to the differences in degree of environmental exposure each ash had
experienced. Fresh ash was collected from the outlet piping of the ESPs where the fresh ash had been exposed to
temperatures of approximately 400˚C, while weathered ash was exposed to environmental weathering in the ash
landfill. Organic matter differed (p < 0.001) between the fresh (0.39%) and weathered ash (6.4%; Table 2),
which is consistent with the Class C fly ash organic matter concentration range of 0.3% to 17.5% reported by
Lou et al. [5]. At Flint Creek, normal plant operation results in a fresh ash organic matter concentration that is
consistently below 1.0%. Furthermore, exposure to environmental conditions (i.e., wind-blown organic matter as
dust) at the landfill could contribute to the increased organic matter of the weathered ash. However, differences
in initial ash organic matter concentration were not suspected to have affected the water extractabilities of trace
metals because research by Lopez-Anton et al. [52] showed that organic matter in fly ash does not significantly
influence As or Se adsorption/retention onto the fly ash.
As expected, pH differed (p < 0.001) 0.4 units between the fresh (pH = 11.6) and weathered ash (pH = 11.2;
Table 2). Previous studies [53] [54] investigating eastern bituminous, western sub-bituminous, low-sulfur bituminous, sub-bituminous, lignite, and subbituminous PRB fly ash reported that the most alkaline (pH = 11.05 to
12.57) ash suspension was from sub-bituminous PRB ash. Environmental weathering and leaching of Ca, Fe,
and S may have contributed to the lower pH of the weathered ash, which is supported by previous findings that
fly ash with a Fe/Ca ratio > 3 produces acidic suspensions, while ratios < 3 generate alkaline suspensions [55].
The fresh and weathered ash had Fe/Ca ratios of 0.21 and 0.20, respectively. Furthermore, fly ashes with Ca/S
ratios < 2.5 produce acidic suspensions, while ratios > 2.5 generate alkaline suspensions [16]. The fresh and
weathered ash had Ca/S ratios of 19.3 and 17.2, respectively. Both the Fe/Ca and Ca/S ratio comparisons supported the observations that weathering and subsequent leaching likely resulted in a lower pH for the weathered
ash compared to the fresh ash.
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Table 2. Two-sample t-test summary of the initial ash characteristics used in the
laboratory extractions. Mean [n = 3; ±standard error (SE)] values are reported.
Ash property

Weathered ash

Fresh ash

Water content (g∙g )

0.36 (<0.01)

<0.01 (<0.01)***

Organic matter (%)

6.40 (0.02)

0.39 (<0.01)***

Electrical conductivity (µS∙cm−1)

810 (8.6)

1682 (5.4)***

pH

11.2 (0.01)

11.6 (0.01)***

Antimony (mg∙kg−1)

<0.25a

<0.25a

Arsenic (mg∙kg−1)

5.82 (0.1)

6.93 (0.3)

−1

−1

Barium (mg∙kg )

209 (5.8)

405 (77)

Beryllium (mg∙kg−1)

2.41 (<0.01)

2.66 (<0.01)*

Cadmium (mg∙kg−1)

1.02 (0.01)

0.88 (<0.01)**

Chromium (mg∙kg−1)

51.97 (0.5)

49.23 (0.1)*

Lead (mg∙kg−1)

26.30 (0.2)

23.97 (0.1)**

Mercury (mg∙kg−1)

0.01 (<0.01)

<0.01a***

Nickel (mg∙kg−1)

37.83 (0.4)

38.83 (0.3)

3.81 (0.1)

4.21 (0.1)

Selenite (mg∙kg )

0.70 (0.01)

3.85 (0.3)***

Selenate (mg∙kg−1)

0.67 (0.01)

0.48 (0.01)***

Silver (mg∙kg−1)

<0.05a

<0.05a

Vanadium (mg∙kg−1)

193.7 (1.9)

173.3 (1.2)***

Silica (%)

32.04 (0.3)

34.92 (0.2)**

Aluminum oxide (%)

21.55 (0.1)

21.69 (0.1)

Ferric oxide (%)

5.20 (0.05)

5.55 (0.03)**

Sulfur trioxide (%)

1.53 (0.03)

1.39 (0.02)*

Calcium oxide (%)

26.3 (0.2)

26.8 (0.2)

Magnesium oxide (%)

5.14 (0.05)

5.69 (0.03)***

Sodium oxide (%)

1.73 (0.02)

1.87 (<0.01)***

0.39 (0.1)

0.41 (0.01)

−1

Selenium (mg∙kg )
−1

Potassium oxide (%)
*

**

Significant at the 0.05 probability level. Significant at the 0.01 probability level. ***Significant at the 0.001 probability level. aValues were below detection limits, and therefore no SE is
reported.

Similarly, suspension EC differed (p < 0.001) between ash types, with EC being approximately two times
greater for the fresh than weathered ash (Table 2), likely due to the leaching of major ash constituents such as
Na, SO 24 − , and B(OH)4− from the weathered ash, as a result of environmental exposure. Due to the effects of
time and exposure to water, major constituents can be released from the ash when exposed to water percolating
downward through the ash. Comparing EC between studies can be difficult due to the wide array of solid/solution ratios, agitation times, and initial elemental concentrations; therefore, the EC difference between fresh and
weathered ash is likely more significant than the magnitude of the EC itself.
As expected, there were several differences in the oxide contents between ash types. Due to the suspected
leaching and formation of secondary ash products, ferric oxide (p < 0.01), magnesium oxide (p < 0.001), and
sodium oxide (p < 0.001) contents were lower for the weathered than fresh ash (Table 2). The sulfur trioxide
content also differed (p < 0.05) between ash types; however, the weathered ash had a greater sulfur trioxide content (1.53%) than the fresh ash (1.39%; Table 2). Unexpectedly, the calcium oxide content did not differ be-
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tween ash types and averaged 26.6% (Table 2). Silica was also greater (p < 0.01) in the fresh (34.9%) than in the
weathered ash (32.0%; Table 2). Results from this study are consistent with the ASTM classification of Class C
fly ash, which requires a minimum of 50% SiO2, Al2O3, and Fe2O3 and 20% CaO, compared to Class F fly ash,
which has a minimum SiO2, Al2O3, and Fe2O3 content of 70% and normal CaO content of <10% [9].
Total acid-extractable Se and As concentrations did not differ between ash types and averaged 4.0 mg Se kg−1
and 6.4 mg As kg−1 (Table 2). These concentrations were similar to sub-bituminous PRB ash concentrations reported by Lou et al. [5] and Seshadri et al. [56], which ranged from 2.2 to 15 mg Se kg−1and from 1.8 to 27 mg
As kg−1. In comparison, EPRI [16] reported mean bituminous ash Se and As concentrations of 12.3 and 219
mg∙kg−1, respectively. Coals with large sulfur concentrations (i.e., bituminous) are expected to contain greater As
concentrations compared to low-sulfur coals (i.e., sub-bituminous PRB) because As is associated with Fe sulfides and other sulfide minerals in the coal [53]. In contrast, the acid-extractable Cr concentration was lower (p
< 0.05) in the fresh (49.2 mg∙kg−1) than in the weathered ash (52.0 mg∙kg−1; Table 2), which was similar to that
for sub-bituminous ash Cr reported by EPRI [16], with a mean of 73 mg∙kg−1 and a range from 41 to 108
mg∙kg−1. Other acid-extractable metals that differed (p < 0.05) between ash types were Be, Cd, Pb, Hg, and V
(Table 2). Unexpectedly, of these metals (i.e., Be, Cd, Pb, Hg, and V), only Be had a greater concentration in the
fresh compared to the weathered ash.
Greater acid-extractable Cr concentration in the weathered than fresh ash may be due to the coal mining location and/or combustion conditions that produced the ash [5]. Even if the coal was from the same mine, differences may exist between the coal seams. Similarly, varying combustion conditions could affect trace metal release and re-precipitation onto the surface of the fly ash. Therefore, when trying to explain differences in trace
metal concentrations between fresh and weathered ash, not only should leaching of trace elements be considered,
but also factors such as coal source (i.e., differential coal seams) and combustion conditions. Furthermore, trying
to compare ash trace metal concentrations among different studies can also be difficult because of the differences in power plant operating systems. For example, the coal source type (i.e., lignite, sub-bituminous, bituminous,
or anthracite), furnace design (i.e., wall-, tangential-, or cyclone-fired furnace), combustion conditions (i.e.,
combustion temperature, flue-gas duct temperature, ash/element reaction time, and post-combustion oxygen
concentration), and differences in equipment design/environmental upgrades (i.e., cold- or hot-side ESPs, wetor dry-ash handling system, activated-carbon injection, wet- or dry-scrubber, and selective catalytic reduction
equipment) can have a significant effect on initial ash characteristics.
Another factor that may contribute to initial ash variability, but one that is seldom mentioned, is the collection
location and resulting differences in relative enrichment of Se onto the fly ash particles. As fly ash particles pass
through multiple ESP fields, the ash particle size decreases resulting in increased fly ash surface area and increased Se adsorption [15]. The first two ESP fields of the Flint Creek ESP collect the majority of the larger diameter (i.e., 7.5 to 30 µm) fly ash particles, while fields three through eight capture the remaining ash particles
(i.e., 3.5 to 7.5 µm). Therefore, as the fly ash passes through the eight fields of the Flint Creek ESP, greater Se
adsorption, per volume of ash, should occur in the later fields. The first two fields will remove approximately 83%
of the ash particles (Neundorfer Particulate Knowledge, personal communication, 2013); however, per volume,
greater Se adsorption should be occurring in the later fields. Adsorption rates differing among ESP fields is important because if samples are collected from an ash hopper underneath one of the later fields, then Se may be
greatly enriched compared to that collected from an earlier field. Andren and Klein [57] reported a fresh ash Se
concentration of 28.0 µg∙kg−1 at the inlet of the precipitator and concentration of 88.3 µg Se kg−1 at the outlet.
Therefore, reporting the exact fly ash collection location would provide useful insight in future studies. Collecting fly ash from an automated collection device installed on the outlet piping of the precipitator hoppers, or from
a fly ash silo, may help reduce variability between initial trace metal concentrations in future studies.
As hypothesized, there were differences between fresh and weathered ash water-soluble selenite and selenate
concentrations. Selenite was greater (p < 0.001) in the fresh (3.85 mg∙kg−1) than in the weathered ash (0.70
mg∙kg−1), while selenate was lower (p < 0.001) in the fresh (0.48 mg∙kg−1) than in weathered ash (0.67 mg∙kg−1;
Table 2). Huggins et al. [58] reported similar results with selenite as the dominant form present in both fresh bituminous and sub-bituminous PRB ash. Comparing species across ash types, the concentration of selenite was
greater (p < 0.001; 3.85 mg∙kg−1) than selenate (0.48 mg∙kg−1) in the fresh ash. In contrast, Se forms did not differ between weathered ash selenite and selenate (0.70 and 0.67 mg∙kg−1; respectively). Based on the assumption
that all Se species were present as selenite and/or selenate, when compared to total-acid-extractable Se concentrations, the ash alkaline extraction recovered 103% of the fresh ash total Se, while only 36% of the weathered
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ash total Se was recovered. The difference between fresh and weathered ash Se recovery was likely due to the
lack of selenite recovery in the weathered ash.
The differences between fresh and weathered ash selenite concentrations were likely due to the formation of
ettringite [Ca6Al2(SO4)3(OH)12∙26H2O] and calcium selenite (CaSeO3) precipitate following hydration [58]-[60].
Wang et al. [47] similarly concluded that highly alkaline, washed ash acted as a sink for selenite through ettringite formation or precipitation with Ca; however, almost all of the selenate remained in the soluble phase. Baur
and Johnson [60] reported that the precipitation of CaSeO3 limited the solubility of selenite through the formation of inner-sphere complexes, while selenate has a lower affinity for Ca-oxide surfaces and forms weakly
bound, outer-sphere complexes. Furthermore, Baur and Johnson [60] and Solem-Tishmack et al. [61] reported
that selenate was more readily leachable when bound to ettringite than selenite. Selenite sorption by ettringite
was measured to be five times greater than sorption of selenate [60].
Formation of secondary hydrated products (i.e., ettringite and CaSeO3) may take up to several months to allow equilibrium conditions to occur [62]. Therefore, hydration during the 2-hr alkaline extraction was not likely
long enough to allow formation of the secondary hydrated products within the fresh ash that binds selenite,
which allows the selenite to become solubilized during the alkaline extraction. However, the pre-hydrated weathered ash (water content = 0.36 g∙g−1; Table 2) would have likely stabilized the weathered ash ettringite and
CaSeO3 and prevented solubilization of selenite [59] [63].

3.2. Initial Water-Extractant Characteristics
As expected, there were several differences among initial water extractants (i.e., deionized water, rainwater, and
groundwater) used for the laboratory extractions. The pH differed (p < 0.05) among all three water extractants
with deionized water having the most alkaline pH (8.22), groundwater having a slightly alkaline, intermediate
pH (7.64), and rainwater having the most acidic pH (5.24; Table 3). In addition to pH, though not explicitly
measured in this study, the buffering capacity of these waters may be equally important. For example, the
groundwater may contain a certain amount of Al or Fe, which would not only buffer the water to pH changes,
but also may cause precipitation of amorphous Al or Fe hydroxide phases. Similarly, EC differed between all
three water extractants with groundwater being approximately 336 times greater and rainwater 4.5 times greater
than that of deionized water (Table 3). The significant differences with respect to EC suggest that particularly
groundwater and rainwater have ion compositions that may be influencing the solubility of As, Cr and Se.
However, Se, As, and Cr concentrations were all below instrument detection limits for all three water extractants
(i.e., <0.005, <0.005, and <0.001 mg∙L−1, respectively; Table 3).

3.3. Treatment Effects on Extractable Fly-Ash Properties
All extractable fly-ash properties evaluated were affected by one or more treatment factors examined. Suspension pH and EC differed (p < 0.01) between ash types, among extraction times, and across extractant types (Table 4). In contrast to suspension pH and EC, water-soluble Se and As concentrations differed (p < 0.05) between
ash types across extractant types, while water-soluble Cr concentration differed between ash types among extraction times (p < 0.01) and differed between ash types across extractant types (p = 0.02; Table 4).
As expected, fresh ash suspension pH and EC extracted with deionized water, rainwater, and groundwater for
2- and 6-hr were greater (p < 0.05) than for weathered ash extracted over the same treatments (Figure 1). Characteristics of the initial fresh and weathered ash, such as the Fe/Ca and Ca/S ratios, were likely responsible for
the lower weathered ash suspension pH. Similarly, due to the suspected leaching of major elements from the
weathered ash from environmental exposure, greater fresh-ash suspension EC was measured. Increasing the
fresh and weathered ash extraction time from 2- to 6-hr across extractant types resulted in greater suspension pH
and EC for all water extractants, except for the weathered ash EC extracted with groundwater, which did not
differ between extraction times (Figure 1).
Fresh-ash suspension EC after 2 hours of extraction differed among all water extractants; EC averaged 2800
µS∙cm−1 from rainwater, 2710 µS∙cm−1 from deionized water, and 2500 µS∙cm−1 from groundwater (Figure 1).
In contrast, the suspension EC for the weathered ash extracted for 2 hours did not differ (p > 0.05) among water
extractants and averaged 1638 µS∙cm−1 (Figure 1). Both the fresh and weathered ash extracted with deionized
water and rainwater for 6 hours resulted in similar suspension EC, but was 1.3 (fresh) and 1.1 (weathered) times
greater than the suspension EC with groundwater after 6-hr extraction (Figure 1). The likely reason for differ-
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Table 3. Analysis of variance summary of the initial water extractant characteristics used during the laboratory extractions. Mean [n = 3; ±standard error
(SE)] values are reported. For the purpose of conducting statistical analyses,
concentrations below instrument detection limits were reported as the detection
limit value.

M. A. Cantrell et al.

Extractant
Extractant property
Deionized water

Rainwater

Groundwater

Electrical conductivity (µS∙cm−1)

0.9 (<0.01)aa

4.1 (<0.01)b

296 (0.6)c

pH

8.22 (0.01)a

5.24 (0.02)b

7.64 (0.02)c

Arsenic (mg∙L−1)

<0.005b

<0.005b

<0.005b

Chromium (mg∙L−1)

<0.001b

<0.001b

<0.001b

Selenium (mg∙L−1)

<0.005b

<0.005b

<0.005b

a
Means followed by different letters in a row are significantly different at the 0.05 level. bValues were below detection limits, and therefore no SE is reported.

Table 4. Analysis of variance summary of the effects of ash type, extraction
time, extractant type, and their interactions on suspension pH and electrical
conductivity (EC), and water-extractable selenium (Se), arsenic (As), and
chromium (Cr) concentrations.
pH

EC

Se

As

Cr

Source of variation
p
Ash type

<0.01

<0.01

<0.01

<0.01

<0.01

Extraction time

<0.01

<0.01

0.41

0.86

0.01

Extractant type

<0.01

<0.01

0.03

0.44

<0.01

Ash type × extraction time

0.69

<0.01

0.41

0.39

<0.01

Ash type × extractant type

0.62

<0.01

0.03

0.04

0.02

Extraction time × extractant type

<0.01

<0.01

0.80

0.44

0.68

Ash type x extraction time × extractant type <0.01

<0.01

0.80

0.22

0.99

ences between 2- and 6-hr suspension EC was that extraction for 2 hours was not long enough to allow solubility
equilibria. Furthermore, the combination of the low ionic strength of the deionized water and rainwater, the resulting gradient difference with the ash, the precipitation of certain elements originally present in the groundwater (e.g., Ca) with the extracted ions, and/or the common ion effect preventing dissolution with groundwater altogether could possibly explain the greater suspension EC when deionized water or rainwater were used compared to groundwater.
Evaluating the fresh ash extracted for 2 hours, the suspension pH was lower (p < 0.05) when rainwater (pH =
11.84) and groundwater (pH = 11.82), which did not differ, were used as the extractant compared to deionized
water (pH = 11.89; Figure 1). Similar to suspension EC, suspension pH for fresh ash extracted for 6 hours was
similar between extraction with deionized water and rainwater, but was 0.14 (deionized water) and 0.15 (rainwater) pH units greater than extraction with groundwater (Figure 1). When comparing among water-extractant
types for the 2-hr extraction of weathered ash, suspension pH was also greater with deionized water (pH = 11.41)
and rainwater (pH = 11.40) as the extractant type, which did not differ, compared to extraction with groundwater
(pH = 11.31; Figure 1). Weathered ash extracted for 6 hours resulted in a slightly decreased suspension pH
when deionized water (pH = 11.55), rainwater (pH = 11.51), and groundwater (pH = 11.41) were used (Figure
1). The resulting pH differences between extraction durations may be related to ash wetting period, where the
ash may not have been completely wetted after 2 hours, but was after 6 hours. It appears that deionized water
should be used for any combination of ash type and extraction time to obtain maximum suspension pH. Howev-
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Figure 1. Suspension pH and electrical conductivity (EC) as affected
by ash type (fresh and weathered), extraction time (2 and 6 hr), and waterextractant type [deionized water (DI), rainwater (RW), and ground-water
(GW)]. Different letters atop bars within a property are significantly different at the 0.05 level.

er, to ensure maximum fresh and weathered ash suspension pH and EC, it is recommended to perform a 6-hr extraction with deionized water even though several of the treatment factors did not differ between extraction with
deionized water and rainwater. Using deionized water should ensure maximum suspension pH and EC and is
more readily available than rainwater. Therefore, when focused exclusively on pH and EC, extraction with environmentally representative rainwater and groundwater offered no distinct benefits compared to deionized water as the extractant of choice.
Averaged over extraction times, weathered ash Se and As concentrations differed among water-extractant
types, while fresh ash Se and As concentrations did not differ between water-extractant types (Figure 2). Fresh
ash extractable Se and As concentrations were reported at or near the minimum detection limit (MDL) for all
three water-extractant types, possibly explaining the lack of difference between the three water-extractant types.
The extractable As concentration in the weathered ash was greater (p < 0.05) with rainwater (0.45 µg∙L−1) than
with deionized water (0.36 µg∙L−1), while the groundwater-extractable As concentration was intermediate (0.41
µg∙L−1) and similar (p > 0.05) to that from both rainwater and deionized water (Figure 2). In contrast, the extractable Se concentration from the weathered ash was greater (p < 0.05) with groundwater (60.1 µg∙L−1) and
rainwater (59.8 µg∙L−1), which did not differ, than extraction with deionized water (57.6 µg∙L−1; Figure 2). The
Se and As results are consistent with previous research by Wang et al. [63] who used a 10:1 dilution ratio of
deionized water and sub-bituminous ash and reported that As was not detected under most experimental factors
and that Se was more readily extractable than As.
When comparing extractable As between ash types and across water-extractant types, the reported results
could be misleading because all of the mean extractable As concentrations were <0.5 µg∙L−1 (Figure 2). Since
these concentrations are at or near the MDL of 0.2 µg∙L−1, it may be difficult to differentiate and compare reported As results with any degree of confidence. Wang et al. [63] reported that As did not leach from sub-bituminous ash until a 2:1 deionized water dilution ratio was used for a total of 30 d using a 180-rpm shaker. There-
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Figure 2. Water-soluble selenium (Se), arsenic, (As), and chromium
(Cr) concentration differences between ash types (fresh and weathered)
across water-extractant types [deionized water (DI), rainwater (RW),
and groundwater (GW)], averaged over extraction times. Different letters atop bars within a property are significantly different at the 0.05
level.

fore, a longer extraction time and lower dilution ratio may be required to obtain more relevant data pertaining to
water-soluble As concentrations.
Averaging over water-extractant types, weathered ash water-soluble Cr concentration increased as the extraction increased from 2 (166.9 µg∙L−1) to 6 hours (174.7 µg∙L−1; Figure 3). For comparison, EPRI [64] reported
that the water-soluble Cr fraction over a one-week laboratory extraction was 42.3% (0.25 hr), 42.3% (24 hr),
11.5% (48 hr), and 3.9% (168 hr) using a 10:1 dilution ratio. Therefore, it is recommended that, if Cr is the trace
metal of interest, extraction occur for at least 24 hours to extract the majority of the water-soluble Cr from weathered ash. Water-soluble Cr concentration in the fresh ash was unaffected by extraction time and averaged 1.2
µg Cr L−1 (Figure 3). Similar to Se and As, fresh ash water-soluble Cr concentration, averaged over extraction
times, did not differ between water-extractant types as would be expected since measured concentrations were at
or near the MDL (Figure 2). However, for the weathered ash, extraction with groundwater resulted in a greater
(p < 0.05) extractable Cr concentration (176.3 µg Cr L−1) compared to that from rainwater (170.1 µg Cr L−1) and
deionized water (166.0 µg Cr L−1), which did not differ (Figure 2).
Possible reasons for why weathered ash Se and Cr extraction was greatest with groundwater include differences in suspension pH and EC between the water extractants (Figure 1). Selenium and Cr can be incorporated
into ettringite by substitution with the sulfate ion at pH > 11.5, but become unstable at a pH < 10.7 [24] [62].
Weathered ash extraction with groundwater resulted in the lowest suspension pH when compared to rainwater
and deionized water (Figure 1). Therefore, a greater amount of Se or Cr could have been incorporated into the
ettringite, due to the greater weathered ash suspension pH from extraction with deionized water and rainwater.
The ettringite thus acts as a sink for Se or Cr and prevents solubilization [47] [59].
The 6-hr extraction with deionized water and rainwater resulted in greater weathered ash suspension EC
compared to that from groundwater (Figure 1). However, there was no difference in suspension EC between the
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Figure 3. Water-soluble chromium (Cr) concentration differences between ash types (fresh and weathered) among extraction times (2 and 6
hr), averaged over water-extractant types. Different letters atop bars are
significantly different at the 0.05 level.

water extractants for the 2-hr extraction. Increased suspension EC resulted from the greater concentration of ions
in solution. However, more evidence is needed to determine why greater weathered ash Se and Cr extraction
occurred with environmentally representative groundwater. Weathered ash suspension pH and EC did not differ
between rainwater and deionized water, except for the 6-hr extraction suspension pH (Figure 1).
From these results, it is clear that a significant difference existed between fresh and weathered ash Se and Cr
water-soluble concentrations, with possible differences between fresh and weathered ash water-soluble As concentrations. Information regarding oxidation state is essential in understanding and predicting Se, As, and Cr
behavior and may help explain extraction differences between ash types [53]. For example, selenite, arsenate
AsO34− , and trivalent Cr are known to be less water-soluble than selenate, arsenite AsO33− , and hexavalent
Cr [27].
When examining redox-active species, the initial form within the coal is not important because virtually all of
the Se, As, and the majority of the Cr is volatized into the gas phase during combustion; therefore, the redox-active form in the initial coal has no effect on the post-combustion form [58]. As fly ash weathers, trace metal redox-active forms may also change, resulting in a change in leaching behavior. For example, selenate is very soluble, while selenite is only sparingly soluble and is strongly adsorbed onto hydrous oxide surfaces. EPRI [27]
reported that Se in weathered sub-bituminous ash landfill leachate was almost entirely in the selenate form.
However, Wang et al. [63] reported that fresh sub-bituminous PRB ash exhibited low leaching potential, which
is consistent with Se in the selenite form; therefore, the field-derived data may indicate conversion from selenite
to selenate from environmental exposure in the landfill. Though the reaction kinetics of the oxidation of selenite
to selenate are not well-understood, this reaction appears to be a slow process [65]. Oxidation state may also explain the differences noted between fresh and weathered ash water-soluble Se concentrations. Assuming that all
Se was present as selenite or selenate, fresh ash Se was predominately in the less-water-soluble selenite form
(88.9%), compared to selenate (11.1%), likely explaining why fresh ash water-extractable Se concentrations
were at or below MDL for all three water-extractants (Figure 2). Similarly, Narukawa et al. [25] reported fresh
ash water-soluble Se concentrations were present predominately as selenite, but the coal source was not reported.
Mattigod and Quinn [66] reported that selenite from sub-bituminous ash was completely oxidized to selenate
after one week using a 4:1 dilution ratio. In contrast, Wang et al. [63] reported that an extraction time of 30 d
had no effect on Se conversion from selenite to selenate under natural conditions (i.e., exposed to air), regardless
of dilution ratio. Therefore, in some instances, 30 d may not be enough exposure to stimulate a change in Se
oxidation state. Environmental weathering in the landfill may have affected Se oxidation state, promoting the
oxidation of selenite to selenate. The highly water-soluble selenate concentration was greater (p < 0.001) in the
weathered (0.67 mg∙kg−1) than the fresh ash (0.48 mg∙kg−1), while the selenite concentration was less (p < 0.001)

(
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in the weathered (0.70 mg∙kg−1) than in the fresh ash (3.85 mg∙kg−1). Therefore, oxidation state likely explains
the greater water-extractable weathered ash Se concentrations across all three water-extractants (Figure 2).
Wang et al. [63] reported no significant change in speciation of As during a 30-d extraction. Wang et al. [63]
also reported non-detectable As concentrations for the fresh sub-bituminous PRB ash except with a 2:1 dilution
ratio and 30-d extraction, which resulted in water-soluble As concentrations of 20 µg∙L−1, with As primarily in
the arsenate form. Narukawa et al. [25] reported fresh ash water-soluble As concentrations were dominated by
the less mobile and less toxic arsenate form, but did not report the coal source. Huggins et al. [58] reported similar results with arsenate as the dominant form present in both fresh bituminous and sub-bituminous PRB ash,
thereby likely explaining the fresh ash water-extractable As concentrations being at or the near the MDL across
all three extractants.
The low water-extractable weathered ash As concentrations may be explained by the large calcium content of
the ash, which may have caused As precipitation with the Ca, or substitution with ettringite. Selenium, As, and
Cr can be incorporated (i.e., substituted) into ettringite at pHs > 11.5, but become unstable at a pH < 10.7 [24],
which is consistent with measured suspension pH values from this study (Figure 1). However, ettringite formation has been reported by Hassett et al. [67] as a long-term process (i.e., >18 hr) between water and ash; therefore, fresh ash extraction should not have been affected by ettringite formation because the fresh ash was not
exposed to water prior to extraction in this study.
Differences in oxidation states may also explain increased water-extractability of Cr from the weathered ash.
In fresh ash samples, Stam et al. [68] reported that the less mobile trivalent Cr was the dominate form present.
However, the alkaline pH of sub-bituminous PRB ash suspensions promotes conversion of trivalent Cr to the
more water-soluble hexavalent Cr [69] [70]. Similarly, in a study of 29 landfill leachates, EPRI [27] reported
hexavalent Cr as the dominant form present when pH was greater than 6, with concentrations of 0.5 to 5100 µg
Cr L−1.
Although the redox status of Cr and As were not directly determined, differences between fresh and weathered ash water-soluble Cr concentrations indicate that the less water-soluble trivalent Cr was likely dominant
in the fresh ash and the more water-soluble hexavalent Cr was likely dominant in the weathered ash. Weathered
ash water-soluble Se and Cr concentrations indicate that there is still a significant amount of Se and Cr readily
available to be released into the environment if allowed to come in contact with rainwater or groundwater. Fresh
and weathered ash water-soluble As concentrations at or near the MDL were likely due to As existing and remaining in the arsenate form. Previous research indicated that the less water-soluble arsenate is the dominate
form present in fresh sub-bituminous PRB ash and it is unlikely that the arsenate is being reduced to the more
water-soluble arsenite in the landfill [58]. Therefore, results from this study indicate that redox status is likely
responsible for the differences between extraction behavior of fresh and weathered ash Se, As, and Cr concentrations.

3.4. Water-Soluble Se, As, and Cr Fractions
To better characterize fly ash trace metals, Narukawa et al. [25] and Yuan [26] performed a chemical fractionation that distributed trace metals into five fractions: water-soluble, acid-soluble (i.e., bound to carbonates; extracted with acetic acid), reducible (i.e., bound to Fe-Mn oxides), oxidizable (i.e., bound to organic matter), and
residual (i.e., bound to silica; extracted with HNO3 and HCl). Of these, it was concluded that the water-soluble
fraction is the most readily available fraction that can be easily released into the environment through contact
with rainwater and groundwater [25] [26]. Averaged over extraction time and extractant type, the total water-soluble fractions of Se, As, and Cr were determined for fresh and weathered ash. The fresh ash water-soluble
fractions for Se (0.05%), As (<0.01%), and Cr (<0.01%) were very low since concentrations were at, or near,
MDL values. The weathered water-soluble fractions for Se, As, and Cr were 1.6, 0.01, and 0.33%, respectively,
which were lower than reported fresh-ash results by Narukawa et al. [25] and Yuan [26]. However, ash samples
from Narukawa et al. [25] and Yuan [26] were collected at eight different locations throughout the world and
exhibited different initial ash characteristics than those in this study.

3.5. Correlations among Ash Properties
Linear correlations were used to evaluate the effects of water extractant, extractant property, and extraction time
on the relationship between suspension pH and EC and water-soluble Se, As, and Cr concentrations. Only wea-
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Table 5. Summary of the linear correlations (r) between suspension pH and EC,
and water-soluble selenium (Se), arsenic (As), and chromium (Cr) concentrations from the 2- and 6-hr extraction times of the weathered ash using distilled
water (DI), rainwater (RW), and groundwater (GW).
Extractant
property
pH

a

2-hr
Se
DI

−1

EC (µS∙cm )

6-hr

Extractant
0.96

**

As

Cr

Se

As

Cr

−0.64

0.54

−0.45

0.40

−0.29

0.85

0.33

0.08

−0.72

0.34

−0.86

0.59

0.09

0.31

0.64

0.59

−0.06

0.46

RW

0.19

0.78

0.69

GW

−0.34

−0.27

0.37

DI

−0.72

0.45

−0.93

RW

0.29

−1.00

−0.23

0.95

GW

−0.22

0.12

−0.29

0.80

***

*

*

**

Significant at the 0.05 probability level. **Significant at the 0.01 probability level.
cant at the 0.001 probability level. aElectrical conductivity.

***

Signifi-

thered ash data were analyzed since the fresh ash water-soluble Se, As, and Cr concentrations were all reported
at, or near, the MDL. Water-soluble Se concentration was positively correlated (r = 0.95; p < 0.01) with suspension EC for weathered ash extracted for 6 hours with rainwater (Table 5). Similarly, weathered ash water-soluble Se concentrations was positively correlated (r = 0.96; p < 0.01) with suspension pH for the 2-hr extraction
with deionized water (Table 5).
In contrast to Se, weathered ash As and Cr concentrations were unrelated to suspension pH. Weathered ash
water-soluble As concentration was inversely related (r = −1.00; p < 0.001) to suspension EC for the 2-hr extraction with rainwater (Table 5); however, four of the five replicate concentrations were 0.5 µg∙L−1, with the
other being 0.4 µg∙L−1, possibly skewing the data. Therefore, in contrast to the statistical data, no linear relationship between water-soluble As and suspension EC was suspected. Extraction for 2 hours with deionized water resulted in an inverse relationship (r = −0.93; p < 0.05) between weathered ash water-soluble Cr concentration and suspension EC (Table 5).
Although some of the data appeared to support a linear relationship between weathered ash properties for
various treatments (i.e., water extractant and extraction time), several underlying factors may be skewing these
results since there appears to be little to no consistency within or across treatment combinations. For example,
previous research EPRI [27] and Wang et al. [47] reported a strong linear relationship between water-soluble Se
and pH; however, these data were collected over a wide pH range (i.e., pH 2 to 12), while site-specific, weathered ash suspension pH from this study only varied by 0.26 units.

4. Summary and Conclusions
Fresh and weathered sub-bituminous PRB fly ash had significantly different water-extractable Se, As, and Cr
characteristics, with fresh ash water-soluble concentrations at or near the MDLs across all treatments. Differences between fresh and weathered ash were likely due to differences in the redox status of elements in the two
ashes. Selenite was shown to be the dominate form present in the fresh ash, likely preventing the release of Se
during the water-extraction study due to its low solubility. Once land-filled, environmental weathering likely
promotes the oxidation of selenite to the highly mobile, water-soluble selenate.
Weathered ash water-soluble Se concentrations were greatest when extraction occurred with environmentally
representative rainwater and groundwater. Similarly, weathered ash water-extractable Cr concentration was
greatest with groundwater. Selenium and As extraction was unaffected by extraction time. In contrast, the weathered ash water-soluble Cr concentration increased as the extraction time increased from 2 to 6 hr. However,
this research was not able to demonstrate if 6 hours were enough time to ensure maximum Cr extraction; therefore, a 24-hour extraction is recommended for Cr. Water-soluble As concentrations were too near the MDL to
make an informed decision for both fresh and weathered ash. Therefore, a longer extraction time and lower dilution ratio may be required to obtain measurable water-extractable As concentrations from a Class C fly ash. To

1140

M. A. Cantrell et al.

obtain representative fresh and weathered ash suspension pH and EC, a 6-hr or longer extraction with deionized
water for both fresh and weathered ash is recommended. Extraction with environmentally representative rainwater and groundwater offered no distinct benefits compared to deionized water as the extractant of choice for
suspension pH and EC. Results from this study were derived from the extraction of a Class C fly ash produced
from the combustion of a sub-bituminous PRB coal and may not be comparable to extraction from Class F fly
ash.
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