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REPORT SUMMARY

This report provides treatability data from laboratory experiments designed to test chemical
fixation as a treatment technology for the immobilization of trace elements associated with coal
fly ash. The study is focused on the treatment of fresh fly ash samples with ferrous sulfate
solutions, which have been shown to successfully immobilize arsenic in contaminated soil by
promoting the formation of insoluble iron-oxyhydroxide phases.

Background

In some cases, fly ash disposal and beneficial use options in structural fills are limited because of
the potential for leaching and release of trace constituents. In situ chemical fixation refers to the
addition of a fixating agent to contaminated soil, or other solid media, to immobilize trace
elements. Solutions of soluble iron salts have also been used in numerous applications to
sequester aqueous trace elements through co-precipitation with, and/or adsorption by, solid
phases that precipitate from the treatment solutions. Often these applications target specific
chemicals such as arsenic in contaminated soils. Little work has been done on the simultaneous
fixation of several constituents in a coal fly ash matrix.

Objective
o To examine in bench-scale laboratory studies the potential of ferrous sulfate treatment for the
long-term immobilization of trace elements in fly ash

Approach

Fly ash samples were collected for this study from four electric power plants located in the
southeastern United States. Samples from three plants (HA, HB, and MA) were derived from the
combustion of eastern bituminous coals and were generally acidic in nature. The fourth fly ash
sample (PD) was derived from the combustion of Powder River Basin coal and was strongly
alkaline. All of the fly ashes were treated with both unbuffered and buffered (through calcium
carbonate addition) ferrous sulfate solutions at two solid-to-liquid ratios (1:3 and 1:30). The
treated samples were then leached repeatedly with a synthetic acid rain (SAR) solution, and the
release of eight constituents (arsenic, boron, chromium, molybdenum, selenium, vanadium,
nickel, and strontium) was monitored and compared to release from untreated ash samples. The
samples were also subjected to a sequential chemical extraction procedure to evaluate possible
mechanisms for sequestration.
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Results

The ferrous sulfate treatment was an effective method for sequestration of most of the priority
trace elements associated with coal fly ash. SAR leaching of the treated and untreated fly ash
samples demonstrated that the best overall treatments for trace element sequestration in the coal
fly ash samples were the unbuffered ferrous sulfate treatments. The treatment resulted in
reductions in the mobilities of all of the trace elements that commonly exist as oxyanions (As,
Mo, Cr, Se, and V) in aqueous solutions, as follows:

0 Arsenic: 79-90% reduction in mobility for acidic fly ash; 24% mobility reduction
for an alkaline fly ash

0 Chromium: 89-97% reduction in mobility for acidic fly ash; 82% mobility
reduction for an alkaline fly ash

0 Molybdenum: 74-99% reduction in mobility for acidic fly ash; 79% mobility
reduction for an alkaline fly ash

0 Selenium: 67-87% reduction in mobility for acidic fly ash; 41% mobility
reduction for an alkaline fly ash

0 Vanadium: 55-100% reduction in mobility for acidic fly ash; 70% mobility
reduction for an alkaline fly ash

Sequential chemical extraction study of the treated and untreated fly ash samples showed that the
primary mechanism for trace element sequestration was transfer of these trace elements from
mobile fly ash fractions to be adsorbed and/or co-precipitated on Fe(OH), precipitated on fly ash
particles during the treatment process. Ferrous sulfate treatment was not effective for B, which
commonly occurs as a neutral specie B(OH),, or for the cationic trace elements Ni and Sr—all of
which were apparently mobilized by the treatment solution.

EPRI Perspective

In some states, the use of fly ash in land applications is limited because of the potential for
leaching and release of trace constituents. Development of simple fixation methods for reducing
the mobility of trace constituents may increase opportunities for use of the ash in these
applications. The work presented in this report builds on previous successful application of
ferrous sulfate to treat arsenic-contaminated soils from substation sites. The data on the use of
ferrous sulfate to limit the mobility of oxyanionic constituents in fly ash are encouraging.
Additional work is planned to verify and refine these results, further evaluate the mechanisms for
sequestration of the trace constituents, and investigate economics and issues related to field-scale
implementation.

Keywords
Fly ash

Trace elements
Fixation
Leaching



ABSTRACT

Large volumes of fly ash and other coal combustion products (CCPs) produced by coal-fired
electric power plants located throughout the United States are disposed of in wet ash lagoons and
dry landfills. Fly ash makes up approximately 60% of the CCP material and may contain
leachable trace elements such as As, B, Cr, Mo, Ni, Se, Sr, and V. Because of potential leaching
by rain water and groundwater with time, these impurities may have a negative impact on the
environment and therefore present challenges for CCP disposal site management and limit the
use of fly ash for beneficial purposes. Thus, simple and effective treatment processes are needed
to stabilize trace elements in fly ash to increase its reuse rate and simplify the management of
CCP disposal facilities.

This report describes the results of experiments designed to test chemical fixation as a treatment
technology for the immobilization of trace elements associated with coal fly ash. The current
study is focused on the treatment of fresh fly ash samples with ferrous sulfate solutions, which
have been shown to successfully immobilize arsenic in contaminated soil by promoting the
formation of insoluble iron-oxyhydroxide phases. Fly ash samples were collected from four
electric power plants: three were acidic ashes from bituminous coal combustions; one was an
alkaline ash from Powder River Basin coal combustion. These fly ash samples were treated with
unbuffered and buffered ferrous sulfate solutions (322 ppm Fe + 28.8 ppm CaCO,) at solid-to-
liquid ratios of 1:3 and 1:30. The effectiveness of the treatment was evaluated by sequential
leaching of treated and untreated fly ash in batch experiments using a synthetic acid rain (SAR)
solution as the leachant. A seven-step sequential chemical extraction procedure (SCEP) was used
to evaluate the mechanism(s) by which ferrous sulfate treatment immobilized trace elements in
the fly ash samples.

The success of the treatment method depends on the type of fly ash and the trace element of
interest. The addition of calcium carbonate as a buffer was found to be detrimental to the
chemical fixation of most trace elements associated with the fly ash samples. The unbuffered
ferrous sulfate treatment significantly reduced the mobility of oxyanion trace elements—
especially at the 1:30 treatment ratio—which produced a proportionately greater amount of
Fe(OH),. The overall reduction in trace element mobility was As by 24-90%, Cr by 82-97%, Mo
by 74-99%, Se by 41-87%, and V by 55-100%. Ferrous sulfate treatment of the acidic fly ash
samples studied was not effective for Ni, Sr, or B, which were mobilized by the treatment
solution. Ferrous sulfate treatment of the alkaline fly ash sample studied slightly reduced B and
Sr mobility but increased the mobility of Ni. This study has shown that ferrous sulfate fixation of
the oxyanion trace elements (As, Cr, Se Mo, and V) in coal fly ash is stable during prolonged
leaching by SAR.
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1

INTRODUCTION

Coal is formed from terrestrial organic plant matter that undergoes thermal maturation during
burial in the earth’s crust. During the formation of coal (coalification), inorganic minerals such
as aluminosilicates, quartz, and phosphates coexist with the organic matter. As a result, heavy
metals and other trace elements contained in these minerals are also incorporated into the coal.
During combustion, the organic matter is destroyed and trace elements are further concentrated
in the residual coal combustion products (CCPs), primarily the fly ash. The distribution and
concentrations of the trace elements in fly ash are determined by the composition of the feed coal
(McCarthy et al. 1999; Kolker et al. 2000) and by the combustion process used, including any
additives for emissions control (EPRI 1987; Hower et al. 1999; Steenari et al. 1999). Trace
elements associated with fly ash include arsenic, boron, chromium, molybdenum, nickel,
selenium, strontium, and vanadium.

When fly ash is exposed to acid rain or groundwater leaching in older, unlined CCP disposal
facilities, trace elements may be released into the environment. The amount and type of trace
elements released depend on the properties and composition of the feed coal used, the age of the
fly ash in the disposal facility, and also on various environmental conditions, such as pH and
redox potential. The presence of trace elements in the environment is potentially of concern
because some may be toxic to organisms at low concentrations. Unlike organic pollutants that
are susceptible to biological degradation, inorganic trace elements do not degrade to harmless
end-products. Major impurities in fly ash include iron and calcium oxides, sulfates, and trace
elements such as As, B, Cr, Mo, Ni, Se, Sr, and V (Hansen and Fisher 1980; Eary et al. 1990;
Mukhopadhyay et al. 1996; Karayigit et al. 2001). The speciation of these trace elements in fly
ash influences their leachability and can be explained by differences in the composition and
properties of fly ash such as pH, and the methods employed for the study of the leaching process.
Thus, fly ash management requires a simple and cost-effective treatment process to generate a
coal combustion product residue that is stable and reusable.

In situ chemical fixation (ISCF) refers to the addition of a fixating agent to contaminated soil, or
other solid media, to immobilize trace elements and/or other potentially hazardous chemical
compounds. Many studies have been done to chemically treat fly ash to sequester metals using
different reagents such as calcium aluminates (Auer et al. 1995), phosphoric acid (Bournonville
et al. 2004), chelating surfactants such as ED3A (ethylendiaminetriacetic acid) (Qian et al. 2005),
NaOH (Phair et al. 2004), and others. Solutions of soluble iron salts have also been used in
numerous applications to sequester aqueous trace elements through co-precipitation with, and/or
adsorption by, solid phases that precipitate from the treatment solutions. Voigt et al. (1996)
examined the fixation of arsenic in contaminated soils using ferrous sulfate, but found no
evidence of the formation of ferric arsenate. Arsenic has also been removed from solution by co-
precipitation with ferric chloride (Meng et al. 2000), and processes for removing hexavalent
chromium and other heavy metals from waste water using ferrous sulfate, ferric sulfate, or ferric
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Introduction

chloride have been developed (Suici et al. 1991; Etzel and Anand 1982). A recent study by Yang
(2005) successfully treated arsenic trioxide-contaminated soil with a ferrous sulfate solution to
promote the formation of insoluble arsenic-bearing phases.

The objective of this study is to experimentally examine ferrous sulfate treatment to effect the
long-term immobilization of trace elements in fly ash. This chemical fixation technique, if
proven successful, would provide a potential treatment method for sequestration of trace
elements in fly ash, simplifying the management of CCP disposal facilities and promoting higher
rates of fly ash utilization for land application and other beneficial uses.
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2

METHODS

2.1 Fly Ash Sample Collection and Characterization

Fly ash samples were collected for this study from four electric power plants located in the
southeastern U.S. Fly ash samples collected from Plant HA, Plant HB, and Plant MA were
derived from the combustion of eastern bituminous coals and were generally acidic in nature.
The fourth fly ash sample, collected from Plant PD, was derived from the combustion of Powder
River Basin coal and was strongly alkaline. The pH values were measured by equilibrating each
fly ash sample with double deionized (DDI) water for 24 hours at the two solid to liquid ratios
(S:L) to be used in the batch experiments (S:L = 1:3 and 1:30). The fly ash samples were
digested with concentrated nitric acid using EPA Method 3051A for microwave-assisted acid
digestion, and the concentrations of the environmentally available major, minor, and trace
elements were measured by analyzing the digestate solutions by inductively coupled plasma -
optical emission spectroscopy (ICP-OES). The mineralogy of the fly ash samples was
determined through powder X-ray diffraction of bulk mounts and fine particle separates using a
Briiker D8 Advance X-ray diffraction system with a Vantec-1 detector.

2.2 Ferrous Sulfate Treatment of Fly Ash Samples

The four fly ash samples were treated with a ferrous sulfate (FS) solution having an iron

concentration of 322 ppm (6.4 g FeSO,-7H,O in 4 kg DDI water) at S:L ratios of 1:3 and 1:30.
For S:LL = 1:3, 50 g of fly ash were treated with 150 g of ferrous sulfate solution on an orbital
shaker at 200 rpm for 7 days. For S:L = 1:30, 50 g of fly ash were treated with 1500 g of ferrous
sulfate solution on an orbital shaker at 200 rpm for 7 days. All treatment experiments were
conducted in duplicate. After treatment, the ash/treatment solution mixtures were centrifuged at
7000 rpm for 15 minutes. The supernatant solutions were collected by filtering through 0.2 um
syringe filters and acidified using Optima® ultra-pure nitric acid. The supernatant solutions were
then analyzed for element concentrations by ICP-OES. The treated fly ash samples were allowed
to air dry for 7 days.

2.3 Ferrous Sulfate + Calcium Carbonate Treatment of Fly Ash Samples

A second set of batch treatment experiments was conducted using the same ferrous sulfate
solution (322 mg/L Fe) plus 1.5 g of solid calcium carbonate (FS+CC). The CaCO, was added to
increase the extent of ferric hydroxide precipitation by buffering the acidic pH of some of the fly
ash samples. Otherwise, the same conditions and procedures were used for the buffered
experiments as were described in the previous section.

2-1



Methods

2.4 Sequential Leaching of Treated and Untreated Fly Ash Samples

The effectiveness of the treatment methods was tested by comparing the synthetic acid rain
(SAR) leaching behavior of the treated and untreated fly ash samples. The SAR leachant was
equivalent to the SPLP solution described by EPA Method 1312B (U.S. EPA 1994a), which is a
dilute mixture of sulfuric and nitric acids at a 60:40 ratio and having pH = 4.2. Three grams of
treated ash were placed into contact with 45 g SAR leachant in a 50 ml tube and shaken at

200 rpm for 22 hours. The tubes were then centrifuged for 30 minutes at 3,000 rpm and the
supernatant solution removed. The leachate solution was filtered through 0.2 um syringe filters
and acidified using Optima® ultrapure HNO,. Leachate solutions were analyzed by ICP-OES
for major, minor, and trace elements. After centrifugation, another 45 ml aliquot of SAR
leachant was added to the tube, and the leaching procedure repeated. Leaching was continued
until all trace element concentrations (except Sr) dropped to * LOD. The same batch sequential
leaching procedure was carried out simultaneously for untreated ash samples for comparison of
results.

The change in trace element mobility caused by each treatment method was determined by
comparing the amount of trace elements released from the treated fly ash to the amount released
by the untreated fly ash during batch sequential leaching. The total (cumulative) amount of each
trace element released during the leaching period was calculated by integrating the area under the
sequential leaching curve. The mobility reduction of each trace element in the treated fly ash
samples was calculated as a percentage with respect to the untreated fly ash samples and
corrected for the amount of trace element released during the treatment process.

2.5 Sequential Chemical Extraction Study of Treated and Untreated Fly Ash
Samples

The distribution of elements in the FS-treated and the untreated fly ash samples was determined
using a sequential chemical extraction procedure (SCEP). After reviewing numerous articles on
sequential chemical extraction procedures suitable for geological materials, a seven-step
sequential chemical extraction scheme was devised based on the method described by Leleyter
and Probst, 1999. The sequential chemical extraction procedure used in this study was designed
to separate major, minor, and trace elements associated with the following fly ash fractions:

Water Soluble

Exchangeable

Acid Soluble (Bound to Carbonates)

Easily Reducible (Bound to Manganese Oxides)

Moderately Reducible (Bound to Amorphous Iron/Aluminum Oxides)
Poorly Reducible (Bound to Crystalline Iron/Aluminum Oxides)
Oxidizable (Bound to Organics and Sulfides)

AT A R I

The mobility of the elements that are associated with these fractions generally decreases with
each extraction step. The seven SCEP steps are described in Table 2-1.
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Methods

One gram of each FS-treated and each untreated fly ash sample was extracted sequentially in 50
ml polypropylene centrifuge tubes while being agitated on an orbital shaker at 200 rpm. At the
end of each extraction step, the tubes were centrifuged at 3000 rpm for 30 minutes; the
supernatant solutions were filtered through 0.2 um syringe filters and then preserved by
acidifying with ultrapure Optima® nitric acid for analysis by ICP-OES. Between each successive
extraction step, the samples were washed with 20 ml of DDI water for 10 minutes on the shaker
at 200 rpm to remove the traces of any remaining extraction solution. The wash solutions from
steps 2 through 5 were filtered, acidified, and then analyzed by ICP-OES.

Table 2-1
Seven-Step Sequential Chemical Extraction Procedure
Step Fraction Procedure

1 Water Soluble Fraction 1 g sample + 40 ml DDI water shaken at 200 rpm for
16 hrs at 25°C

2 Exchangeable Fraction Residue from Step 1 + 40 ml 1M NH,OAc (pH = 4.5)
shaken at 200 rpm for 2 hrs at 25°C

3 Acid Soluble Fraction Residue from Step 2 + 40 ml 0.1M acetic acid shaken
at 200 rpm for 16 hrs at 25°C

4 Easily Reducible Fraction Residue from Step 3 + 40 ml 0.1M NH,OH.HCI (pH =
2in 0.01M HNO,) shaken at 200 rpm for 0.5 hrs at
25°C

5 Moderately Reducible Residue from Step 4 + 40 ml 0.25M NH,OH.HCl in

Fraction 25% acetic acid shaken at 200 rpm for 16 hrs at 25°C

6 Poorly Reducible Fraction Residue from Step 5 + 40 ml 0.2M NH,-oxalate buffer
+ 0.1M ascorbic acid (pH = 3.25) 30 minutes in water
bath at 96°C

7 Oxidizable and Sulfide Residue from Step 6 + 10 ml 30% H,O, shaken at 200

Fraction

rpm and 25°C for 1 hr; extracting 1 hr at 85°C for
evaporation; residue + 10 ml 30% H,O, extracting

1 hour at 85°C until solution evaporates to a few mi;
add 50 ml of 1M CH,COONH, (pH = 2 in HNO,
medium), shaken at 200 rpm for 16 hrs at 25°C
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RESULTS AND DISCUSSION

3.1 Fly Ash Characterization

The pH values of DDI water equilibrated with the untreated fly ash samples for 24 hours are
shown in Table 3-1. The pH values measured at the two different S:L ratios are closely
comparable for PD fly ash, but show moderate to significant differences for the other three fly
ash samples. The fly ashes produced from combustion of eastern bituminous coals are all acidic
at a S:L ratio of 1:30, with pH values of 6.31, 5.92, and 4.80 for HA, HB, and MA fly ash,
respectively. At a S:L ratio of 1:3, the pH of MA fly ash decreased to 4.42, while the pH of both
HB and HA fly ash increased to 6.73 and 7.91, respectively. The fly ash collected from site PD
was very alkaline, with a pH of approximately 11.0, corresponding to it having been derived
from combustion of PRB coal.

Table 3-1
Fly Ash Equilibrium pH Values

Fly Ash Sample Solid:Liquid pH
HA 1:3 7.91
HA 1:30 6.31
HB 1:3 6.73
HB 1:30 5.92
MA 1:3 4.42
MA 1:30 4.80
PD 1:3 10.92
PD 1:30 10.99

Representative XRD patterns for the fly ash samples are shown in Figure 3-1. Figure 3-1(a)
shows the diffraction pattern for MA fly ash, and Figure 3-1(b) shows the pattern for PD fly ash.
The fly ash samples have virtually identical mineralogy, although relative mineral abundances
vary between samples. The major mineral constituents of the fly ash samples are quartz, mullite,
and hematite/maghemite.
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XRD pattern for bulk fly ash samples: (a) MA fly ash; (b) PD fly ash
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A microwave-assisted acid digestion (MWD) technique (EPA Method 3051A; U.S. EPA 1994b)
was used to determine the environmentally available concentrations of major, minor, and trace
elements in the fly ash samples. The three acidic fly ash samples (HA, HB, and MA), derived
from combustion of eastern bituminous coals, were expected to have similar composition,
allowing for minor feed coal composition differences. On the other hand, the PD fly ash derived
from Powder River Basin coal was expected to show more significant compositional differences
compared to the acidic fly ash samples, because of the different chemistry of the parent coal.
Figure 3-2 shows that although absolute element concentrations varied for the acidic fly ash
samples, these general composition predictions were borne out. Figure 3-2(a) gives the major
and minor element compositions, and Figure 3-2(b) shows the trace element distributions of the
four fly ash samples, all expressed in ppm on a dry weight basis. Complete MWD results for the
fly ash samples are given in Appendix A.

The environmentally available major element composition of the HA, HB, and MA fly ash
samples is dominated by Al and Fe. In contrast, Ca is the dominant major element in PD fly ash
(32,000 mg/kg). The highly alkaline pH shown by the PD fly ash may be explained by the high
Ca content, which exists primarily as lime (CaO). The Al and Fe contents of PD fly ash are
similar to those of HA fly ash, and fall within the ranges of the acidic fly ash samples (10,000 to
22,000 mg/kg). HA fly ash contains the highest amount of Si (7000 mg/kg) among the four ash
samples. The concentrations of Mg, K, Na, and Sr are similar among the four fly ash samples
and can be grouped together as minor elements. Despite the very high Ca content of PD fly ash,
its Sr concentration is similar to those of the low Ca acidic fly ash samples.

The concentrations of the environmentally available trace elements of interest also vary between
the fly ash samples. The alkaline PD fly ash has high concentrations of B (900 mg/kg), and has
significantly lower concentrations of the other detectable trace elements compared to the acidic
fly ash samples. Among the acidic fly ash samples, HB and MA have a higher As concentration
(160 mg/kg) than HA (80 mg/kg), while HA and HB fly ash samples have a higher B
concentration (165 mg/kg) than MA fly ash (117 mg/kg). All three acidic fly ash samples have
similar V concentrations (90 to 105 mg/kg) and have lower Cr, Mo, Ni, and Se concentrations
compared to those of the other trace elements.
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3.2 Treatment Experiments

Ferrous sulfate treatment of the fly ash samples was designed to immobilize trace elements
present in the fly ash through adsorption on, and/or co-precipitation with, ferric hydroxide.
Figure 3-3 shows the amount of Fe(OH), added to the fly ash samples after the ferrous sulfate
(FS) and ferrous sulfate plus calcium carbonate (FS+CC) treatments, as determined by mass
balance calculations. For FS treatment at the 1:3 solid:liquid ratio, approximately 1750 mg of
Fe(OH), were added to 1 kg of each of the fly ash samples; at the solid:liquid ratio of 1:30,
approximately 17,300 mg of Fe(OH), were added per kg of fly ash, which is ten times more
when compared with the 1:3 ratio. Addition of CaCO, to the treatment procedure slightly
increased the amount of Fe(OH), precipitated from 1750 to 1900 mg/kg and from 17,300 to
19,000 mg/kg at the 1:3 and 1:30 S:L ratios, respectively. The solid:liquid ratio of 1:30 therefore
appears more suitable as a treatment technique due to the higher amount of Fe(OH), formed in
the fly ash samples. Addition of CaCO, also appears advantageous in further increasing ferric
hydroxide precipitation, although it is much less significant than the S:L ratio.

Fly Ash Treatment: Fe(OH); Added
25000

B1.3FS B1:30 FS
B1:3FSCC @1:30FSCC

20000 19124 19124 19124 19124

15000

10000

mg Fe(OH);/ kg ash

5000

Figure 3-3

Amounts of Fe(OH), precipitated in fly ash after ferrous sulfate (FS) and ferrous sulfate
plus calcium carbonate (FS CC) treatment

3-5



Results and Discussion

3.2.1 Trace Element Mobility During Treatment

After the seven-day treatment period, the treatment solutions were collected and analyzed by
ICP-OES to determine whether any trace elements were mobilized during the fly ash treatment
process. Figures 3-4 through 3-7 and Table 3-2 show the percentages of the total MWD trace
element (as determined by EPA 3051B) leached from fly ash during treatment by the various
solutions studied.

The maximum amount of arsenic mobilized by a treatment solution (1:30 FS+CC) was still only
0.6% of the total arsenic (PD fly ash; Figure 3-4a). As expected, all of the treatment solutions
removed significant amounts (15-55%) of boron from the fly ash samples. The leachability of
boron was much more dependent on the S:L ratio used than on the treatment solution pH. This
was particularly important for PD fly ash, which leached more than twice as much of its total
boron to the 1:30 treatment solutions, compared to the amounts leached by the equivalent 1:3
treatment solutions (Figure 3-4b; Table 3-2). The fractions of the total boron leached from the
acidic fly ash samples (HA, HB, MA) were also comparable for a particular S:L ratio, but were
22-58% higher at the 1:30 treatment ratio.

Essentially none of the chromium was mobilized by any of the treatment solutions from the
acidic fly ash samples, while 1.5% and 2.3% of the total MWD chromium in PD fly ash was
mobilized by the 1:3 FS and 1:3 FS+CC treatment solutions, respectively (Figure 3-5a). Smaller
amounts of chromium were mobilized from PD fly ash at the 1:30 treatment ratio, with the 1:30
FS treatment removing none of the chromium. The 1:3 FS treatment solution did not mobilize
molybdenum from any of the fly ash samples except PD fly ash (Figure 3-5b), where 57% of the
total molybdenum was removed. Approximately 29-73% of the molybdenum was removed from
the ash samples by the 1:3 FS+CC treatment solution, but the 1:30 FS+CC treatment mobilized
less molybdenum (5.4-41.4%). No molybdenum was removed from the fly ash samples by 1:30
FS treatment solution.

Small amounts (0.5-8.1%) of the total nickel were mobilized from HA, HB, and MA fly ash by
the FS+CC treatment solutions (Figure 3-6a). No nickel was leached from PD fly ash (Ni_,, =
7.48 ppm) by any of the treatment solutions, and the 1:30 FS treatment did not mobilize any
nickel from HA, HB, or MA fly ash (Ni_, = 36.9, 37.6, and 34.3 ppm, respectively). All of the
treatment solutions, to some extent, leached selenium from each of the fly ash samples

(Figure 3-6b), with the 1:3 FS treatment removing the smallest amount (1.2-4.0%) and the 1:30

FS+CC treatment mobilizing the greatest amount (7.9-14.8%).

Strontium was also mobilized from HA and MA fly ash samples by all of the treatment solutions
(Figure 3-7a), although no strontium was removed from HB fly ash or PD fly ash by either the
1:3 FS treatment or the 1:3 FS+CC treatment. Minor amounts of vanadium were mobilized by
the treatment solutions (Figure 3-7b), with the highest release produced by 1:30 FS+CC
treatment of PD fly ash and the lowest by FS treatment (1:30 FS for HB, MA, PD; FS 1:3 for
HA).
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(a) Fly Ash Treatment: Arsenic
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(b) Fly Ash Treatment: Boron
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Figure 3-4
Percentage of the total trace element leached from untreated fly ash by the different
treatment solutions: (a) arsenic; (b) boron
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(@) Fly Ash Treatment: Chromium
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Figure 3-5
Percentage of the total trace element leached from untreated fly ash by the different
treatment solutions: (a) chromium; (b) molybdenum
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(@) Fly Ash Treatment: Nickel
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Figure 3-6
Percentage of the total trace element leached from untreated fly ash by the different
treatment solutions: (a) nickel; (b) selenium
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(a) Fly Ash Treatment: Strontium
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Figure 3-7
Percentage of the total trace element leached from untreated fly ash by the different
treatment solutions: (a) strontium; (b) vanadium
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In summary, the 1:30 FS treatment released only trace amounts of As, Cr, Mo, Ni, and V from
the fly ash samples (Table 3-2), but mobilized large amounts of B and Sr from all of the fly ash
samples. Although all of the treatment methods studied removed some Se from all of the fly ash
samples, the 1:3 FS treatment released the lowest amounts. The 1:3 FS+CC treatment released
the lowest amounts of Sr from the fly ash samples.

Table 3-2
Percentage of Trace Elements Leached by Treatment Solutions
1:3FS | 1:30FS | 1:3FS 1:30 FS 1:3FS | 1:30FS | 1:3FS 1:30 FS
cc cc ccC ccC
Arsenic Percent Leached Boron Percent Leached
HA | oM 0.00 0.28 008 | HA | 1721 | 2717 | 1537 | 2062
HB | 009 | 000 0.22 008 | HB | 2337 | 3423 | 2460 | 3157
MA| 009 | o003 0.07 006 | MA'| 2806 | 36.85 | 2853 | 3467
PD | 000 | 000 0.1 060 | PD | 2078 | 51.04 | 2363 | 5535
Chromium Percent Leached Molybdenum Percent Leached
HA 0.00 0.00 0.01 0.00 HA 0.00 0.00 53.79 9.62
HB 0.00 0.00 0.00 0.00 HB 0.00 0.00 58.58 9.21
MA 0.00 0.00 0.01 0.00 MA 0.00 0.00 29.19 5.37
PD 1.49 0.00 2.28 0.72 PD 56.88 0.00 72.92 41.38
Nickel Percent Leached Selenium Percent Leached
HA 0.00 0.00 0.50 2.83 HA 2.68 4.99 7.87 14.79
HB 0.22 0.00 0.83 5.12 HB 1.54 2.75 6.90 12.13
MA 5.63 0.00 2.32 8.10 MA 1.19 2.69 4.32 9.04
PD 0.00 0.00 0.00 0.00 PD 4.02 6.80 5.34 7.89
Strontium Percent Leached Vanadium Percent Leached
HA 10.52 25.97 5.03 12.69 HA 0.05 0.13 0.18 1.24
HB 0.00 43.67 0.00 20.68 HB 0.00 0.00 0.22 0.05
MA | 1272 35.93 7.49 22.11 MA 0.00 0.00 0.24 0.76
PD 0.00 32.76 0.00 33.40 PD 0.18 0.00 0.71 1.34
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3.3 Results of Synthetic Acid Rain (SAR) Leaching of Treated and
Untreated Fly Ash Samples

The effectiveness and long-term stability of the treatment techniques was tested through
prolonged leaching of the treated and untreated fly ash samples using the SAR solution and
sequential leaching procedure previously described in the Methods section. Leaching was
continued until all leachate trace element concentrations (except Sr) dropped below the limit of
detection (LOD). Table 3-3 shows the ICP-OES LOD values for the trace elements of interest,
expressed in mg/L.

Table 3-3
Trace Element ICP-OES LOD Values
Trace Element LOD (mg/L)

As 0.009
B 0.102
Cr 0.002
Mo 0.002
Ni 0.001
Se 0.004
Sr 0.001
Vv 0.07

3.3.1 SAR Leachate Solution pH

During SAR leaching of the treated and untreated fly ash samples, the pH of the leachate
solutions was monitored. Leachate solution pH values are plotted against leaching time in
Figures 3-8 and 3-9.

The pH of the untreated fly ash sample leachate solutions reflected the acidic or alkaline nature
of the ash. For example, the untreated acidic ash (HA, HB, MA) leachate solutions stabilized at
pH around 4.8. The pH of the leachates of the 1:3 FS and 1:30 FS-treated samples of HA, HB,
and MA fly ash showed very similar behavior. The pH of the 1:30 FS-treated ash leachate was
lower than the 1:3 FS-treated ash leachate at the beginning of the leaching period due to the
greater hydrolysis of Fe(Il) in the 1:30 S:L experiments; however, the leachate pH for all FS-
treated acidic ash samples rose slowly to converge with that of the untreated ash, demonstrating
the long-term buffer capacity of the fly ash. In contrast, the FS-treated PD fly ash leachate
maintained pH between 8.2 and 10.3 during SAR leaching because of the alkaline nature of the
fly ash, with the pH of the 1:30 FS-treated PD ash leachates being consistently lower than that of
1:3 FS-treated PD. The pH of the FS-treated PD ash leachates also showed greater fluctuations
over the leaching period than did the FS-treated acidic fly ash leachates.
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The pH of the 1:3 FS+CC-treated acidic fly ash leachates rose from initial values of around 8 to
approximately 9.2 over the leaching period. This behavior can be explained by the dissolution of
the excess CaCO, added as a pH buffer. Unlike the 1:3 FS+CC-treated acidic fly ash leachates,
the pH of the 1:30 FS+CC-treated ash leachates started at 7-7.5 but decreased with leaching time
and converged with the pH of the untreated and FS-treated fly ash leachates after about 15 days
of leaching. This behavior can be explained by (1) the greater hydrolysis of Fe in the 1:30
FS+CC-treated fly ash samples and (2) exhaustion of the calcium carbonate buffering. The pH of
the 1:3 FS+CC-treated PD fly ash initially rose from 10 to 10.5, then decreased with increased
leaching time to converge on 9.5, the pH of the untreated ash leachate. The pH of the 1:30
FS+CC-treated PD fly ash leachate rose from an initial value of 9.0 and quickly stabilized at
about 9.5 during the remainder of the leaching period. The pH of the FS+CC-treated PD ash
leachate solutions was higher than the corresponding FS-treated PD ash leachate solutions.

3.3.2 Leaching Behavior and Mobility of Trace Elements

The stability of the fly ash treatment methods was tested by studying the mobility of trace
elements during SAR leaching of the treated and untreated fly ash samples. Trace element
concentrations in SAR leachates are plotted against time in Figures B-1 through B-4 (Appendix
B). Values less than 3xLLOD are below the analytical level of quantitation (LOQ), but are plotted
to show trace element concentration trends over the leaching period. The total trace element
concentration leached was determined from the sum of the aqueous concentration in each SAR
aliquot when the leachate trace element concentration was >0.5 LOD, and calculated as ppm dry
weight of the ash sample. The total trace element concentrations leached from the treated and
untreated fly ash by SAR are given in Table B-1.

The effectiveness of each treatment method was calculated as the percent reduction in total trace
element mobility over the leaching period, as compared to the untreated ash, after correction for

the amount (if any) of trace element mobilized by the treatment process. The results of this study
are shown in Figures 3-10 through 3-17, and calculated values are shown in Table 3-4.

3.3.2.1 Arsenic

The leaching behavior of As was similar for HA, HB, and MA fly ash samples (Figures B-1a, B-
2a, B-3a). FS treatment lowered As release from HA and MA fly ash compared to the untreated
MA fly ash after approximately 500 hours of SAR leaching. FS-treated HB fly ash released
lower As concentrations in the first 400 hours of leaching, compared to the untreated ash. The
1:3 FS+CC treatment technique caused large releases of As from the acidic fly ash samples. In
contrast, all treatments lowered the release of As from PD fly ash compared to the untreated ash
(Figure B-4a). Peak As release from untreated PD fly ash occurred at around 10 days of leaching.

Figure 3-10 shows the percent mobility reduction of As for the various treatment techniques. The
1:30 FS treatment was the most effective for the acidic fly ash samples (HA, HB, MA), reducing
the mobility of As by 71-90%. The 1:3 FS and 1:30 FS+CC treatment techniques were also
effective, resulting in a 53-68% and 49-72% reduction in As mobility, respectively. However,
the 1:3 FS+CC treatment dramatically increased the mobility of As in the acidic fly ash samples
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Fly Ash Treatment: Arsenic
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Percent reduction in arsenic mobility for treated fly ash compared to untreated fly ash
[Note: Negative scale is truncated]

under SAR sequential leaching. For the PD fly ash all the treatment techniques resulted in similar
reductions in the mobility of As, with 24-36% lower As mobility for the treated fly ash compared
to the untreated fly ash.

3.3.2.2 Boron

The SAR leaching behavior of B was the same for all the fly ash samples, with immediate
release followed by an exponential decrease in concentration with increased leaching time.
Figures B-1b, B-2b, and B-3b show that the treated acidic fly ash always released lower amounts
of B than the untreated ash, which can be explained by removal of B during treatment. PD fly
ash released significantly larger quantities of B over time (Figure B-4b) due to its higher total B
concentration (902 ppm). More of the soluble B was removed from the fly ash samples by the
1:30 FS and 1:30 FS+CC treatment solutions than by the 1:3 FS and 1:3 FS+CC treatment
solutions (Table 3-2). In general, the amount of B leached during treatment was primarily
determined by the treatment S:L ratio; the addition of calcium carbonate buffer had little effect.
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Figure 3-11 shows that B mobility in the acidic fly ash was significantly increased by all
treatment techniques due to leaching of B during treatment, particularly for MA fly ash, which
has the lowest total B concentration and pH. In contrast, all of the treatment techniques, except
the 1:30 FS+CC treatment, achieved small reductions (1.9-3.5%) in B mobility for the alkaline
PD fly ash. The 1:30 FS+CC treatment resulted in a small overall increase in B mobility. These
results are not surprising, given the high solubility of B in coal fly ash (Hollis et al. 1988).

Fly Ash Treatment: Boron
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Percent reduction in boron mobility for treated fly ash compared to untreated fly ash
[Note: Negative scale is truncated]

3.3.2.3 Chromium

The treated and untreated acidic fly ash samples released very low quantities of Cr during
leaching (Figures B-1c, B-2c, B-3c). Untreated PD fly ash released the highest quantity of Cr
during leaching (Figure B-4c), despite this ash having the lowest total Cr concentration (Table
A-1). For PD fly ash, all of the treatment methods resulted in lower Cr release during SAR
leaching compared to the untreated ash.

Figure 3-12 shows that all of the treatment techniques substantially reduced the mobility of Cr
for all the fly ash samples, with the exception of the 1:3 FS+CC-treated MA ash, which showed
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35% higher Cr mobility under sequential SAR leaching. The best result was shown by the 1:30
FS treatment, which reduced Cr mobility by 40-76%.

Fly Ash Treatment: Chromium

110-
90
70+
c
h=
o 50-
=}
e}
i
> 30
%
s 10
X
-104 O1:3FS
E1:30FS
-30- O1:3FSCC
O1:30 FS CC
-50
HA HB MA PD
Figure 3-12

Percent reduction in chromium mobility for treated fly ash compared to untreated fly ash
[Note: Negative scale is truncated]
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3.3.2.4 Molybdenum

All of the untreated fly ash samples except MA show similar Mo leaching behavior with time:
rapid initial leaching followed by sharply decreasing concentrations and evidence of cyclical
leaching (Figures B-1d, B-2d, B-3d, B-4d). MA fly ash had a lower total Mo concentration than
the other ash samples and less of the total Mo was water soluble, which explains the low initial
leachate Mo concentrations for untreated MA ash. For HA fly ash, the 1:30 FS+CC treatment
slightly decreased Mo leachability compared to the untreated ash. In contrast, the FS+CC-treated
HB and MA fly ash initially released more Mo than the corresponding untreated ash. On the
other hand, the untreated HA, HB, and PD fly ash samples released the highest quantities of Mo
during SAR leaching (Table B-1).

The 1:30 FS treatment was highly effective for the acidic fly ash samples, reducing Mo mobility
by 99%, 97%, and 93%, respectively, for HA, HB, and MA fly ash (Figure 3-13). This treatment
also was the most effective for PD fly ash, reducing Mo mobility by 78%. The 1:3 FS treatment
was also effective for the acidic fly ash samples, reducing Mo mobility by 66-88% (Table 3-4).
The 1:3 FS+CC treatment was again found to be detrimental, increasing Mo mobility in all but
PD ash. The 1:30 FS+CC treatment also increased Mo mobility for both HB and MA fly ash.
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3.3.2.5 Nickel

The acidic fly ash samples all showed similar leaching behavior for Ni, including cyclic leaching
patterns (Figures B-1e, B-2e, B-3e). Untreated HA, HB, and MA fly ash showed high initial
release of Ni, followed by rapidly decreasing leachate concentrations. FS-treated acidic ash
leachates produced lower initial Ni concentrations than the untreated ash. The lowest initial Ni
releases were exhibited by FS+CC-treated acidic ash leachates, but stronger cyclic releases of Ni
were observed at around 9 days and between 15-20 days of leaching. FS-treated PD fly ash
released very low Ni concentrations during SAR leaching, with occasional values >0.5 LOD
(Figure B-4e). In contrast, untreated PD fly ash did not produce any Ni concentrations >0.5 LOD
(Table B-1). The 1:3 and 1:30 FS+CC-treated PD ash samples released a large pulse of Ni
around the ninth day of leaching (Figure B-4e).

Ni mobility was increased by all of the treatment techniques except the 1:3 FS+CC treatment,
which decreased Ni mobility for MA, HB, and HA fly ash by 27%, 63%, and 72%, respectively
(Figure 3-14). The negative values calculated for the acidic fly ash samples were produced by the
significant amounts of Ni leached from these ash samples during treatment. The large calculated
increases in Ni mobility for treated PD fly ash samples were produced by a few >0.5 LOD Ni
concentrations in the treated ash SAR leachates. Note that all of these values were <LOQ.
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Figure 3-14

Percent reduction in nickel mobility for treated fly ash compared to untreated fly ash
[Note: Negative scale is truncated]
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3.3.2.6 Selenium

All untreated fly ash sample leachates showed a Se peak at between 25-30 days of SAR leaching
(Figures B-1f, B-2f, B-3f, B-4f). The 1:3 FS+CC-treated acidic fly ash samples showed large Se
releases compared to the untreated ash. Untreated HA and HB fly ash samples showed similar Se
leaching patterns and comparable initial leachate Se concentrations, even though HA fly ash has
approximately one-third the total Se concentration of HB fly ash (Table A-1). On the other hand,
untreated MA fly ash did not release any Se initially, despite having a total Se concentration
almost double that of HA fly ash (Table A-1). Although the Se leaching pattern for untreated PD
fly ash was similar to that of Cr, initial leachate Se concentrations exceeded 0.3 mg/L, indicating
higher Se mobility.

Figure 3-15 shows that the reduction in Se mobility for the various treatment techniques was
similar to that of As, with the most effective treatment for the acidic fly ash samples being the
1:30 FS treatment, which decreased Se mobility by 67-87%. The 1:3 FS+CC treatment caused
significant increases in Se mobility for the acidic fly ash samples, but resulted in the greatest
reduction in Se mobility (52%) for the alkaline fly ash. All four treatment techniques were
successful in reducing the mobility of Se for the PD fly ash.
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Percent reduction in selenium mobility for treated fly ash compared to untreated fly ash
[Note: Negative scale is truncated]
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3.3.2.7 Strontium

The Sr leachate concentration patterns were similar for all of the fly ash samples, exponentially
decreasing from high initial values (Figures B-1g, B-2g, B-3g, B-4g). The high mobility of Sr in
the acidic fly ash samples resulted in poor treatability (see below), although treated PD ash
samples did show lower leachable Sr concentrations compared to the untreated fly ash.

Figure 3-16 shows that all of the acidic fly ash samples exhibited increased Sr mobility after
treatment, except the 1:3 FS-treated HB ash, which showed a 32% reduction compared to
untreated fly ash. All of the treatment techniques were effective for PD fly ash, reducing Sr
mobility by 6-25%.
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Figure 3-16
Percent reduction in mobility for treated fly ash compared to untreated fly ash for
strontium [Note: Negative scale is truncated]
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3.3.2.8 Vanadium

Vanadium concentrations in SAR leachate solutions were <LOD for the untreated and FS-treated
acidic fly ash samples over the leaching period (Figures B-1h, B-2h, B-3h). All treated HB fly
ash samples, the 1:3 and 1:30 FS+CC-treated HA fly ash, and the 1:3 FS+CC-treated MA fly ash
occasionally released V concentrations >0.5 LOD, and were therefore included in the % mobility
reduction/increase calculations (Table 3-4). The untreated HB fly ash did not release any V
concentrations >0.5 LOD during SAR leaching (Table B-1), which produced large apparent
releases of V from the % mobility reduction calculations. Vanadium was released by untreated
PD fly ash early in the leaching period, but dropped below detection after 6 days (Figure B-4h).
The 1:3 FS+CC treatment resulted in a peak V release of around 0.1 mg/L from all of the fly ash
samples during the fifth day of leaching.

The 1:3 FS treatment was the most effective for HA fly ash, reducing V mobility by more than
98%, compared to the untreated ash (Figure 3-17). For MA fly ash, the 1:30 FS treatment
reduced the mobility of V during SAR leaching by 100%, compared to the untreated ash. All
four treatment methods reduced the mobility of V for PD fly ash; the 1:30 FS and 1:30 FS+CC
treatments were the most effective, reducing V mobility by 70% and 64 %, respectively.
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Percent reduction in mobility for treated fly ash compared to untreated fly ash for
vanadium [Note: Negative scale is truncated]
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Table 3-4
Percent Mobility Reduction/(Increase) of Trace Elements.
(*Large apparent increase in mobility reflects SAR leaching data <LOD for untreated ash).

FS FS FSCC | FSCC FS FS FSCC | FSCC
1:3 1:30 1:3 1:30 1:3 1:30 1:3 1:30
As % Mobility Reduction (Increase) B % Mobility Reduction (Increase)
HA 68 91 (1130) 66 HA (8) (39) (6) (12)
HB 53 71 (1769) 49 HB (24) (56) (40) (39)
MA 63 79 (1751) 72 MA | (189) (230) (215) (198)
PD 32 24 37 29 PD 3 4 2 2)
Cr % Mobility Reduction (Increase) Mo % Mobility Reduction (Increase)
HA 89 97 58 69 HA 88 100 (37) 27
HB 72 92 65 76 HB 66 97 (219) (59)
MA 75 90 (54) 70 MA 75 94 (653) (197)
PD 59 82 59 74 PD 25 79 4 33
Ni % Mobility Reduction (Increase) Se % Mobility Reduction (Increase)
HA (23) (59) 72 (41) HA 73 87 (83) 64
HB (38) (45) 64 (33) HB 58 82 (268) 23
MA (221) (243) 27 (179) MA 50 67 (478) 7
PD | (748)* (731)* (3529)* | (3360)* | PD 49 41 52 31
Sr % Mobility Reduction (Increase) V % Mobility Reduction (Increase)
HA (70) (164) (38) (54) HA 97 55 (671) (114)
HB 32 (181) (14) (67) HB | (9085)* | (6366)* | (193852)* | (28107)*
MA (70) (297) (66) (103) MA 40 100 (268) 10
PD 21 10 26 6 PD 46 70 46 64
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3.3.2.9 Discussion

SAR leaching results are summarized in Table 3-4. Although Ni and Sr solubility would be
expected to be increased at the pH of the FS treatment solution (pH = 4.2), changes in leachate
pH with time do not appear to have had any significant control on trace element mobility trends
during SAR sequential leaching of a particular fly ash sample. However, changes in the pH of
the leachate caused by the addition of calcium carbonate buffer significantly affected the
mobility of the oxyanion trace elements. The increased mobility of As and Se observed for the
acidic fly ash samples that resulted from the addition of calcium carbonate to the ferrous sulfate
treatment solution can be explained by desorption of these oxyanions from the Fe(OH), surface
due to the increase in the pH of the leachate solutions. Geochemical modeling indicates the
aqueous speciation of boron in the acidic fly ash leachate solutions is B(OH),. The increase in pH
caused by the addition of calcium carbonate buffer therefore would be expected to have little to
no effect on the adsorption of this neutral boron species. Precipitation of Ni and Sr carbonate
phases would require much higher pH values than were observed in these experiments. The
acidic fly ash samples showed the highest Ni sequestration for the 1:3 FS+CC treatment,
consistent with increased adsorption of cations by the negatively charged Fe(OH), surfaces. The
mobility of the oxyanions was not affected by an increase in the pH of the leachates of the
alkaline PD fly ash. Hence, the 1:3 FS treatment did not mobilize As and Se from PD fly ash.

3.4 Results of Fly Ash Sequential Chemical Extractions

The 7-step sequential chemical extraction procedure (SCEP) was carried out to fractionate and
compare the trace element distributions in the untreated and ferrous sulfate-treated fly ash
samples and thereby better understand the mechanism(s) by which FS treatment immobilizes
trace elements. The FS+CC-treated fly ash samples were not used for this study because this
treatment was not considered viable due to the large scale mobilization of many of the trace
elements by SAR sequential leaching. Figures 3-18 through 3-25 show the results of the SCEP
for untreated, 1:3 FS-treated, and 1:30 FS-treated fly ash samples. Step 2-5 totals include any
trace element removed by the DDI water wash following the extraction step. Mass balance totals
for the treated fly ash samples include the amount of trace element leached by the treatment
process, if any. Treated ash mass balance totals that fall within 20% of the untreated ash total
should be regarded as excellent, considering the cumulative experimental and analytical error
inherent with the extraction technique.

The SCEP separates the fly ash elemental composition into seven different fractions. The water
soluble fraction (Step 1) is the most mobile fraction, followed by the exchangeable (Step 2) and
the acid soluble (Step 3) fractions. For the oxidizing conditions typical of fly ash disposal
facilities, the reducible fractions are the most stable, with the easily reducible fraction (Step 4)
being the least stable (but potentially having the highest CEC), and the poorly reducible fraction
(Step 6) having the highest stability (but lowest CEC). In a reducing environment, the organic
and sulfide fraction (Step 7) would be most stable. A treatment technique can be deemed
successful if it transfers the trace elements from more mobile fractions to less mobile fractions.

Figure 3-18 compares the sequential chemical extraction results for the distribution of arsenic in

FS-treated and untreated fly ash samples. It can be seen that the 1:3 FS treatment transfers much
of the mobile arsenic in the three acidic fly ash samples (Figure 3-18a, b, c¢) from the water
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soluble, exchangeable, and acid soluble fractions (Steps 1-3) to the moderately reducible fraction
(Step 5), which consists largely of poorly crystalline iron and aluminum oxides. The 1:30 FS
treatment also moved As from the easily reducible fraction (Step 4) to crystalline iron and
aluminum oxides in the poorly reducible fraction (Step 6). Untreated PD fly ash (Figure 3-18d)
had the lowest As concentration and a higher proportion of the total As in the exchangeable
fraction (Step 2) and lower proportions in the easily and poorly reducible fractions (Steps 4 and
6) than the acidic fly ash samples. The 1:3 FS treatment appears to have had little effect on the
arsenic distribution in PD fly ash, but the 1:30 FS treatment transferred As from the
exchangeable and easily reducible oxide fractions to the crystalline oxide fraction

(Figure 3-18d). All treated fly ash SCEP mass balance errors are <20% for As.

Figure 3-19(a-c) shows that FS treatment leached most of the B present in the water soluble
fraction for all of the acidic fly ash samples, with the greatest removal being accomplished at the
1:30 solid to liquid ratio (Figure 3-4b; Table 3-2). Most of the exchangeable B was also leached
from these samples by FS treatment. However, FS treatment made no changes in the B
concentrations in the other fractions of HA, HB, and MA fly ash. PD fly ash had approximately
an order of magnitude higher B concentration than the acidic fly ash samples (Table A-1). The
1:3 FS treatment moved almost half of the water soluble B from PD fly ash (about 10% of the
original B was removed by the treatment process), transferring it to the residual fraction

(Figure 3-19d). The 1:30 FS treatment was the most effective, moving most of the B in the water
soluble and the exchangeable fractions to the residual fraction. Boron mass balance errors are
<10%.

Figure 3-20(a-c) shows that Cr in the acidic fly ash samples was transferred by the 1:3 FS
treatment from the water soluble and exchangeable fractions to the reducible fractions. The 1:30
FS treatment also transferred Cr from the acid soluble fraction and concentrated it in the
moderately reducible oxide fraction (Step 5). The 1:3 FS treatment of PD fly ash showed little
effect on the Cr fractionation, but the 1:30 treatment moved Cr from the exchangeable and acid
soluble fractions to the moderately reducible oxide fraction (Figure 3-20d). Mass balances for
Cr were within 20%, with the exception of that for the 1:30 FS-treated MA fly ash (36% error).

Untreated HA and HB fly ash have similar Mo distributions, with the highest concentration in
the water soluble fraction and small amounts of Mo in the exchangeable (Step 2), easily
reducible oxide (Step 4), and poorly reducible oxide (Step 6) fractions (Figure 3-21a,b).
Untreated MA fly ash has less water soluble Mo and more Mo in the exchangeable and poorly
reducible oxide fractions than the other acidic fly ash samples (Figure 3-21c). Despite this
difference, the 1:3 FS treatment removed the water soluble Mo from the acidic fly ash samples
and moved it primarily to the exchangeable fraction. The 1:30 FS treatment transferred the water
soluble Mo largely to the moderately reducible oxide (Step 5) fraction for HA, HB, and MA fly
ash. FS treatment removed a portion of the Mo in the water soluble and exchangeable fractions,
but only resulted in a small increase in Mo in the moderately reducible fraction at the 1:30
treatment ratio (Figure 3-21d). Mass balances for Mo are generally poor, which may be
explained by fly ash heterogeneity and by propagation of analytical error.

3-26



Results and Discussion

(a) HA Fly Ash SCEP: As
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Figure 3-18

Distribution of arsenic in FS treated and untreated fly ash, as determined by SCEP: (a) HA
fly ash; (b) HB fly ash
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(c) MA Fly Ash SCEP: As
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Figure 3-18 (Continued)

Distribution of arsenic in FS treated and untreated fly ash, as determined by SCEP: (c) MA fly ash;
(d) PD fly ash
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Figure 3-19

Distribution of boron in FS treated and untreated fly ash, as determined by SCEP: (a) HA
fly ash; (b) HB fly ash
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(c) MA Fly Ash SCEP: B
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Figure 3-19 (Continued)
Distribution of boron in FS treated and untreated fly ash, as determined by SCEP: (c) MA fly ash;
(d) PD fly ash
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Figure 3-20

Distribution of chromium in FS treated and untreated fly ash, as determined by SCEP: (a)
HA fly ash; (b) HB fly ash
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(c) MA Fly Ash SCEP: Cr
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Figure 3-20 (Continued)
Distribution of chromium in FS treated and untreated fly ash, as determined by SCEP: (c) MA fly
ash; (d) PD fly ash

3-32



Results and Discussion

(a) HA Fly Ash SCEP: Mo
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Figure 3-21

Distribution of molybdenum in FS treated and untreated fly ash, as determined by SCEP:
(a) HA fly ash; (b) HB fly ash
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(c) MA Fly Ash SCEP: Mo
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Figure 3-21 (Continued)

Distribution of molybdenum in FS treated and untreated fly ash, as determined by SCEP: (c) MA
fly ash; (d) PD fly ash
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Nickel is mostly concentrated in the poorly reducible and oxidizable fractions of the acidic fly
ash, although untreated MA fly ash has the highest concentration of Ni in the water soluble
fraction, whereas both untreated HA and HB fly ash have little water soluble Ni and have higher
Ni concentrations in the moderately reducible, exchangeable, and acid soluble fractions

(Figure 3-22a-c). Considering the most mobile ash fractions (i.e., Steps 1-3), the SCEP data
show an apparent increase in water soluble Ni for FS-treated HA fly ash, compared to the
untreated ash. This is also the case for 1:3 FS-treated HB fly ash. Because of this apparent
increase, HA and HB fly ash were both calculated to have a net increase in Ni mobility with FS
treatment (Figure 3-14), although little to no Ni was leached from HA or HB fly ash during
treatment (Figure 3-6a) and FS-treated HA and HB ash released significantly less Ni upon SAR
sequential leaching than the untreated ash samples (Figures B-1e and B-2e). The apparent
increase in water soluble Ni with FS treatment for these ash samples is therefore likely an artifact
produced by sample heterogeneity. FS treatment had little effect on Ni mobility in PD fly ash,
although the 1:30 FS treatment appears to have moved small amounts of Ni to the exchangeable
and acid soluble fractions at the expense of the easily and poorly reducible oxide fractions
(Figure 3-22d), resulting in a net increase in Ni mobility. All Ni mass balances have <20% error
and in all but two cases have <10% error.

The 1:3 FS treatment transferred the Se from the water soluble fraction to the easily reducible
and poorly reducible fractions for all of the acidic fly ash samples (Figure 3-23a-c). The 1:30 FS
treatment moved all of the mobile Se to the poorly reducible oxide fraction for HA and HB fly
ash, but a portion was also transferred to the oxidizable fraction for MA fly ash. For PD fly ash,
the 1:3 FS treatment redistributed some of the water soluble Se between the exchangeable, acid
soluble, and poorly reducible fractions (Figure 3-23d). The 1:30 FS treatment of PD fly ash
lowered Se concentrations in the water soluble and the poorly reducible fractions and increased
the Se concentration in the oxidizable fraction. Mass balance errors for Se were >20% in all but
two cases, due to unexplained loss of Se in the treated ash samples relative to the untreated fly
ash.

Figure 3-24(a) shows that FS treatment of HA fly ash caused apparent increases in the
concentration of Sr in the water soluble fraction and decreased the Sr concentrations in the easily
and moderately reducible ash fractions. The 1:30 FS treatment also removed some Sr from the
HA fly ash acid soluble fraction. The concentration of Sr in the water soluble fraction of HB fly
ash appears to have been decreased by the 1:3 FS treatment, but does not appear in the treatment
solution (Table 3-2). For the 1:30 FS treatment of HB fly ash, loss of water soluble Sr was
accomplished mostly through leaching by the treatment solution and also through transfer to the
exchangeable fraction (Figure 3-24b). Otherwise, the effects of FS treatment on the distribution
of Sr in HB fly ash were similar to those observed for HA fly ash. The effects of FS treatment on
Sr mobility in MA fly ash were similar to those observed for HB fly ash (Figure 3-24c), although
Sr was mobilized at both S:L ratios. The 1:3 FS-treated PD fly ash showed a transfer of Sr from
the water soluble fraction to the exchangeable concentration (Figure 3-24d). The 1:30 FS
treatment leached more Sr than the 1:3 FS treatment during the treatment process for all of the
ash samples, causing a net increase in Sr mobility (Figure 3-16). Although mass balances for
FS-treated PD ash were excellent (<5% error), mass balance errors ranged from 16% to 54% for
the other treated fly ash samples.
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Figure 3-22
Distribution of nickel in FS treated and untreated fly ash, as determined by SCEP: HA fly
ash; HB fly ash
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Figure 3-22 (Continued)

Distribution of nickel in FS treated and untreated fly ash, as determined by SCEP: (c) MA fly ash;
(d) PD fly ash
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Figure 3-23

Distribution of selenium in FS treated and untreated fly ash, as determined by SCEP: (a)
HA fly ash; (b) HB fly ash
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(c) MA Fly Ash SCEP: Se
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Figure 3-23 (Continued)

Distribution of selenium in FS treated and untreated fly ash, as determined by SCEP: (c) MA fly

ash; (d) PD fly ash
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(a) HA Fly Ash SCEP: Sr
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Figure 3-24

Distribution of strontium in FS treated and untreated fly ash, as determined by SCEP: (a)
HA fly ash; (b) HB fly ash
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(c) MA Fly Ash SCEP: Sr
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Figure 3-24 (Continued)
Distribution of strontium in FS treated and untreated fly ash, as determined by SCEP: (c) MA fly
ash; (d) PD fly ash
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The 1:3 FS treatment of HA and HB fly ash samples transferred all or most of the water soluble
V to the easily reducible oxide fraction, but some was also transferred to the exchangeable
fraction for MA fly ash (Figure 3-25a-c). The 1:30 FS treatment moved water soluble V to the
easily and the moderately reducible oxide fractions in HA and MA fly ash samples. In contrast,
the 1:30 FS treatment moved almost all of the water soluble V to the exchangeable fraction of
HB fly ash. FS treatment lowered the concentration of V in the water soluble fraction of PD fly
ash and redistributed it between the exchangeable and poorly reducible oxide ash fractions
(Figure 3-25d). V mass balances for FS-treated PD ash and 1:3 FS-treated HA and HB ash
samples have <12% error. However, mass balance errors for the 1:30 FS-treated acidic fly ash
samples and the 1:3 FS-treated MA ash sample are quite poor, with large apparent increases in
total V for 1:30 FS-treated HA and MA fly ash. The poor V mass balances may be due to ash
heterogeneity.
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Figure 3-25

Distribution of vanadium in FS treated and untreated fly ash, as determined by SCEP: (a)
HA fly ash; (b) HB fly ash
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(c) MA Fly Ash SCEP: V
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Figure 3-25 (Continued)
Distribution of vanadium in FS treated and untreated fly ash, as determined by SCEP: (c) MA fly
ash; (d) PD fly ash
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SUMMARY AND CONCLUSIONS

This study experimentally tested the ability of a ferrous sulfate treatment solution, at two
different solid to liquid ratios and with or without calcium carbonate buffering, to reduce the
mobility of eight priority trace elements commonly associated with coal fly ash: As, B, Cr, Mo,
Ni, Se, Sr, and V. Three acidic fly ash samples and one alkaline fly ash sample were used in the
treatment studies. The mobility of the trace elements was tested through prolonged sequential
batch leaching of the untreated and treated ash samples using a synthetic acid rain solution. The
leaching experiment results were interpreted through the use of a 7-step sequential chemical
extraction procedure.

It was shown that ferrous sulfate treatment is an effective method for sequestration of most of the
priority trace elements associated with coal fly ash. Synthetic acid rain leaching of the treated
and untreated fly ash samples demonstrated that the best overall treatment technique for trace
element sequestration in the coal fly ash samples examined was the 1:30 ferrous sulfate treatment
without calcium carbonate buffer. The 1:30 FS fly ash treatment results are summarized in
Figure 4-1 and show that the treatment resulted in good to excellent reductions in the mobilities
of all of the trace elements that commonly exist as oxyanions in aqueous solutions (As, Mo, Cr,
Se, and V) except B, which appears to be exist as an uncharged species. The sequential chemical
extraction study of the FS-treated and untreated fly ash samples showed that the primary
mechanism for trace element sequestration was transfer of these trace elements from mobile fly
ash fractions to be adsorbed and/or co-precipitated on Fe(OH), precipitated on fly ash particles
during the treatment process.

The major conclusions of this study are:

e Overall, 1:30 FS is the most effective treatment method for sequestration of anionic and
neutral trace elements in coal fly ash samples studied. Treatment results by trace element:

0 Arsenic: 79-90% reduction in mobility for acidic fly ash; 24% mobility reduction
for an alkaline fly ash

0 Chromium: 89-97% reduction in mobility for acidic fly ash; 82% mobility
reduction for an alkaline fly ash

0 Molybdenum: 74-99% reduction in mobility for acidic fly ash; 79% mobility
reduction for an alkaline fly ash

0 Selenium: 67-87% reduction in mobility for acidic fly ash; 41% mobility
reduction for an alkaline fly ash

0 Vanadium: 55-100% reduction in mobility for acidic fly ash; 70% mobility
reduction for an alkaline fly ash
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Summary and Conclusions

e In general, ferrous sulfate treatment is not effective for the cationic and uncharged trace
elements.

0 Increased mobility of boron and strontium was observed for the acidic fly ash
samples.

Increased mobility of nickel was observed for all fly ash samples studied.

Boron mobility was reduced by 3% and strontium mobility was reduced by 10%
for 1:30 FS-treated alkaline PD fly ash.

e Ferrous sulfate treatment is not indicated for environments in which reducing conditions
prevail, due to the potential for reductive dissolution of the ferric hydroxide precipitated on
the ash particles and subsequent release of trace elements.
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Fly Ash Treatment: 1:30 FS
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Figure 4-1
Reduction in fly ash trace element mobility observed after 1:30 ferrous sulfate treatment, compared to untreated fly ash. Values

have been corrected for any leaching of trace elements by the treatment solution. Negative values indicate net release of the
trace element. [Note: Negative scale is truncated]
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A

FLY ASH COMPOSITION DATA

Table A-1
Environmentally Available Concentrations in Fly Ash Samples as Determined by

Microwave-Assisted Acid Digestion Using EPA Method 3051A

Element HA HB MA PD
Ag n.d. n.d. n.d. n.d.
Al 21,800 14,000 9,310 19,200
As 81.6 167 158 16.7
B 166 168 117 903
Ba 312 246 317 217
Be n.d. 4.99 4.55 0.164
Ca 4,860 7,580 5,730 32,300
Cd n.d. n.d. n.d. n.d.
Co 18.9 17.0 13.0 4.63
Cr 50.00 52.5 29.6 17.8
Cu 72.6 79.4 63.3 22.5
Fe 19,600 18,300 12,100 16,100
K 3,160 1,690 1,570 638
Mg 1,890 1,300 1,130 5,060
Mn 74.2 44.6 71.4 61.9
Mo 12.6 19.9 11.8 5.39
Na 722 460 616 1,910
Ni 36.9 37.6 34.3 7.48
Pb 26.5 28.3 23.8 11.5
Se 7.68 23.1 14.0 11.6
Sb 3.66 3.51 2.72 1.50
Si 7,290 2,180 3,880 3,110
Sn n.d. n.d. n.d. n.d.
Sr 287 557 317 538
Tl n.d. n.d. n.d. n.d.
Ti 714 634 615 579
\Y 103 121 90.1 56.0
Zn 67.4 89.2 103 69.0

Concentrations in ppm (dry wt.)
n.d. = not detected

Method reference: U.S. EPA 1994b
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TRACE ELEMENT CONCENTRATIONS LEACHED
DURING SEQUENTIAL LEACHING
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Table B-1

Total Trace Element Concentrations Leached (in mg/kg dry weight) from Treated and Untreated Fly Ash Samples During SAR
Sequential Leaching. [Note: Only leachate concentrations >0.5 LOD were used in the calculation.]

SAR Leaching: Total Arsenic Leached (mg/kg)

SAR Leaching: Total Boron Leached (mg/kg)

Untreated 1:3FS 1:30FS 1:3FSCC 1:30FS CC Untreated 1:3FS 1:30FS 1:3FSCC 1:30FSCC
HA 4.05 1.22 0.38 49.62 1.37 HA 34.49 8.83 2.73 111 4.37
HB 4.98 2.17 1.44 92.65 2.39 HB 42.05 12.84 8.16 17.2 5.27
MA 3.42 1.14 0.70 63.19 0.85 MA 14.84 10.01 5.84 134 3.56
PD 8.50 5.74 6.43 5.37 5.95 PD 659 449 175 433 174
SAR Leaching: Total Chromium Leached (mg/kg) SAR Leaching: Total Molybdenum Leached (mg/kg)
Untreated 1:3FS 1:30FS 1:3FSCC 1:30FSCC Untreated 1:3FS 1:30FS 1:3FSCC 1:30FSCC
HA 0.78 0.08 0.02 0.32 0.24 HA 9.42 1.15 0.04 6.09 5.67
HB 0.85 0.24 0.07 0.30 0.21 HB 6.74 2.28 0.17 9.83 8.86
MA 0.31 0.08 0.03 0.48 0.09 MA 151 0.37 0.10 7.93 3.86
PD 1.91 0.51 0.34 0.38 0.38 PD 6.30 1.69 1.34 2.13 1.96
SAR Leaching: Total Nickel Leached (mg/kg) SAR Leaching: Total Selenium Leached (mg/kg)
Untreated 1:3FS 1:30FS 1:3FSCC 1:30FSCC Untreated 1:3FS 1:30FS 1:3FSCC 1:30FSCC
HA 1.88 0.76 1.12 0.34 1.60 HA 5.08 1.18 0.25 8.69 0.69
HB 2.62 1.13 1.09 0.64 1.55 HB 5.61 2.02 0.40 19.1 1.53
MA 1.70 1.10 1.56 0.44 1.96 MA 2.09 0.88 0.31 11.5 0.69
PD 0.00 0.08 0.08 0.36 0.35 PD 10.3 4.79 5.30 4.32 6.21
SAR Leaching: Total Strontium Leached (mg/kg) SAR Leaching: Total Vanadium Leached (mg/kg)
Untreated 1:3FS 1:30FS 1:3FSCC 1:30FSCC Untreated 1:3FS 1:30FS 1:3FSCC 1:30FSCC
HA 38.5 35.3 27.2 38.7 22.9 HA 1.57 0.00 0.56 11.9 2.08
HB 114 77.5 80.1 130 74.0 HB 0.00 0.92 0.65 19.1 2.76
MA 47.9 42.1 31.4 55.8 27.3 MA 3.58 2.14 0.00 12.9 2.54
PD 360 285 153 268 159 PD 20.4 10.9 6.04 10.7 6.58
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Figure B-1

SAR sequential leaching of HA fly ash: (a) arsenic and (b) boron concentration versus
leaching time. Values <3-.LOD are not quantitative, but are plotted to show trends.
[Note: y-axis is truncated]



Trace Element Concentrations Leached During Sequential Leaching

HA Chromium SAR Sequential Leaching
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Figure B-1 (Continued)

SAR sequential leaching of HA fly ash: (c) chromium and (d) molybdenum concentration
versus leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.
[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching
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SAR sequential leaching of HA fly ash: (e) nickel and (f) selenium concentration versus
leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.
[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching

HA Strontium SAR Leaching
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Figure B-1 (Continued)

SAR sequential leaching of HA fly ash: (g) strontium and (h) vanadium concentration
versus leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.
[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching
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SAR sequential leaching of HB fly ash: (a) arsenic and (b) boron concentration versus
leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.
[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching

HB Chromium SAR Sequential Leaching
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Figure B-2 (Continued)

SAR sequential leaching of HB fly ash: (c) chromium and (d) molybdenum concentration
versus leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.
[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching

HB Nickel SAR Leaching
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Figure B-2 (Continued)

SAR sequential leaching of HB fly ash: (e) nickel and (f) selenium concentration versus
leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.
[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching

HB Strontium SAR Leaching
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Figure B-2 (Continued)

SAR sequential leaching of HB fly ash: (g) strontium and (h) vanadium concentration
versus leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.
[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching

MA Arsenic SAR Leaching
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SAR sequential leaching of MA fly ash: (a) arsenic and (b) boron concentration versus
leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.

[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching

MA Chromium SAR Sequential Leaching
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Figure B-3 (Continued)

SAR sequential leaching of MA fly ash: (c) chromium and (d) molybdenum concentration
versus leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.

[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching

MA Nickel SAR Leaching
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Figure B-3 (Continued)

SAR sequential leaching of MA fly ash: (e) nickel and (f) selenium concentration versus
leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.
[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching

MA Strontium SAR Leaching
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Figure B-3 (Continued)

SAR sequential leaching of MA fly ash: (g) strontium and (h) vanadium concentration
versus leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.
[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching

PD Arsenic SAR Leaching
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SAR sequential leaching of PD fly ash: (a) arsenic and (b) boron concentration versus
leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.

[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching
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Figure B-4 (Continued)
SAR sequential leaching of PD fly ash: (c) chromium and (d) molybdenum concentration

versus leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.
[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching

PD Nickel SAR Leaching
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Figure B-4 (Continued)

SAR sequential leaching of PD fly ash: (e) nickel and (f) selenium concentration versus
leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.
[Note: y-axis is truncated]
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Trace Element Concentrations Leached During Sequential Leaching

PD Strontium SAR Leaching
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Figure B-4 (Continued)

SAR sequential leaching of PD fly ash: (g) strontium and (h) vanadium concentration
versus leaching time. Values <3-LOD are not quantitative, but are plotted to show trends.
[Note: y-axis is truncated]
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