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ABSTRACT
Combustion of coal to generate electricity produces huge volume of coal combustion
products (CCPs) annually in the United States. Due to their promising physical and chemical
characteristics, these byproducts can be beneficially used as supplementary cementitious
materials (SCM) in portland cement concrete, mining applications, structural fills, and soil and
waste stabilization. However, the efficiency and environmental impacts of such beneficial uses
need to be further evaluated and enhanced. The unburned carbon (UC) content of fly ash impacts
the performance (e.g., air entrainment and rheology) of concrete mixtures. The conventional loss
on ignition (LOI) test to measure the UC may be overestimating as the weight change upon
igniting fly ash could be the result of other physical and chemical reactions (e.g., calcination of
carbonates, removal of bound water, and iron and sulfur oxidation) in addition to organic carbon
burning. Moreover, reclamation of mine sites using coal ash has been shown to potentially
alleviate the negative effects of mining activities such as neutralizing the acid mine drainage.
However, during coal combustion process, trace elements are concentrated onto fly ash particles,
and the long-term leaching of harmful elements from coal ash to subsurface aquifers is an
environmental concern. This research studies focuses on evaluating and enhancing the beneficial
uses of fly ash (as the predominant coal combustion byproduct) in two areas: 1- in portland
cement concrete through measuring the UC content, and 2- in mine site reclamation through
evaluating the leaching behavior of fly ash deposits to water resources in short and long terms.
In the first part of this research study, a two-atmosphere thermogravimetric analysis (2ATGA) coupled with mass spectrometry was performed to evaluate the chemical reactions that
occur upon heating of fly ash and to measure the true UC content. 2A-TGA was performed under
two distinct atmospheres: (i) in non-oxidizing helium gas, to measure weight loss due to
decomposition of carbonates and loss of bound water, and (ii) in oxidizing air, to measure weight
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loss due to conversion of UC to CO2. The results were also compared with the total carbon (TC)
measured using infrared spectroscopy. It was found that there is no one-to-one relationship
between the LOI and the TC or UC contents of fly ash. LOI overestimated TC by up to 2.5 and
overestimated UC by up to 6.4. Based on the results of this study, a practical alternative to 2ATGA could be to heat fly ash in a non-oxidizing atmosphere (e.g., vacuum, He- or N2-purged
furnace) up to 750 oC, followed by a conventional LOI test.
In the second part of this study, leaching behavior of fly ash deposits was evaluated
through (i) defining the host phases for environmentally important elements and (ii) developing a
reactive transport model to predict the long-term leaching behavior. Determining the host phases
was achieved through micro-characterizing the coal ash and flow-through column leaching tests.
It was found that amorphous aluminosilicate is the main host phase for Si, Al, Fe, and, Mg.
Alkalis such as Na, K, and trace elements including As and Se are also distributed in the bulk AlSi glass in low concentrations. The Initially high concentrations of Ca and S in the leachate were
mainly due to the dissolution of gypsum. Surface associated salts (e.g., sulfate and borate salts)
dissolve Na, K, S, and B ions at early stages of leaching. Iron was found both as ferromagnetic
particles containing magnetite and hematite, and also included in the amorphous phase in lower
amounts. The host phases were then considered as input data for a quantitative reactive transport
1D model using CrunchFlow code. The calibrated model was used to predict the concentration of
major elements (Ca, S, Si, Al, Fe, Na, K, Mg), and trace elements (As, Mo, Se, B) along 10 years
of leaching. The leachate composition at early ages of leaching might exceed the environmental
limits for S, B, Mo, and Al. However, in long-term the overall composition meets the leaching
limits except for aluminum content. The porosity of compacted fly ash starts to increase from the
top layers, and in long-term (e.g., 30 years of weathering) it reached from 28% to 45%, which can
significantly affect the stability and transport properties.
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Chapter 1

Introduction
1.1. Motivation and Importance of Research on Coal Combustion Byproducts
Combustion of coal to generate electricity produced approximately 116 million tons of
coal combustion products (CCPs) in 2013 [1]. These products mainly include pulverized coal
(PC) fly ash (~38wt.%), flue gas desulfurization (FGD) materials (~39wt.%), bottom ash
(~10wt.%), fluidized bed combustion (FBC) ash (~11wt.%), and boiler slag (~2wt.%). Among
different coal combustion by-products, fly ash (including fly ash and FBC ash) is predominant
having an average weight% of 49% [2]. Approximately, 52% of all coal ashes are beneficially
used, and the remaining 48% are deposited in landfills or surface impoundments (Fig. 1-1). The
latter poses the risk of land disturbance and leaching or spillage of hazardous components
especially in case of wet ash ponds.
One of the main uses for PC fly ash (~25% of total beneficial applications) is as
supplementary cementing materials (SCM) in portland cement concrete [2]. For use in concrete,
fly ash must meet strict physical and chemical requirements included in ASTM C618
specifications [3]. One such requirement is a limit of 6% loss on ignition (LOI), which is used as
an estimate of the unburned carbon (UC) content of fly ash, and this limit is currently excluding a
large volume of otherwise high quality fly ash for use in concrete.
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Figure 1-1- Surface ash deposits, Schuylkill Power Plant, PA

Another major beneficial use of coal ashes is for rehabilitation of mine lands (Fig. 2-1).
Surface and underground mining activities may impose potentially negative effects on the
environment, such as disturbance of large areas of land, risk of land subsidence, and risk of
contamination of water resources due to acid mine drainage and heavy metal leaching.
Reclamation of mine sites with coal ash has been shown to potentially alleviate these negative
impacts. For example, the alkaline pH of fly ash has been shown to neutralize the acid mine
drainage, and consequently precipitate the dissolved elements (e.g., Fe, As) out of the mine
leachate, thereby reducing contamination to water resources. However, the long-term leaching of
harmful trace elements (e.g., As, Mo, and B) from coal ash deposits to subsurface aquifers is still
not fully understood, and continues to be a major concern.
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Figure 1-2- Beneficial use of CCPs in surface and underground mine lands for mine void
backfilling and treatment of acid mine drainage [4]

Leaching of potentially harmful elements depends not only on the properties of coal ash
(e.g., mineralogy, alkalinity, and leachability of elements) but also on the geochemical conditions
of the mine land (e.g., pH of inflow water, rate of precipitation (rain), degree of saturation and
porosity of the ash deposit). Although literature on quantifying the leaching of elements from coal
ash looks voluminous, past research has mostly used batch leaching tests (e.g., toxicity
characteristic leaching procedure (TCLP) [5], synthetic precipitation leaching procedure
(SPLP)[6]), where the test conditions differ significantly from the actual geochemical conditions
of the mine site. In addition, the mechanisms and rate of leaching, and the links between leaching
and fly ash properties have not been well established. Such information are crucial to enable
predicting the long term (several decades) leaching from coal ash deposits and to find appropriate
mitigation techniques to retain the harmful elements in solid phases and prevent their leaching to
underground water resources.
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This research study is focused on enhancing the beneficial applications of coal
combustion byproducts, specifically fly ash, in concrete construction and in mine land
rehabilitation. The goal is to decrease the amount of landfilled material by beneficially using
them, and also to evaluate the environmental impacts of such applications in short and long
durations.

1.2. Research Objectives
Towards addressing the above stated problems, this PhD research pursues the following
main objectives:
Objective 1: Increasing the volume of fly ash that can be beneficially used in concrete:
Unburned carbon content is a major limiting factor for use of pulverized coal (PC) fly ash in
concrete due to its negative effects on concrete air entrainment and workability. Currently,
unburned carbon of fly ash is measured using a crude loss on ignition test (i.e., mass loss of
ignited fly ash sample between 110oC and 750oC). This, however, can overestimate the carbon
content by a factor of up to 2, as the ignition mass loss is not only due to burning of organic
carbon, but also due to other possible reactions such as calcination of inorganic carbonates,
desorption of physically and chemically bound water (e.g., dehydration of portlandite and
gypsum), and oxidation of sulfur and iron minerals. As such, many possibly useful fly ashes are
currently excluded from the concrete market. The goal of this part of study is to develop an
alternative accurate and applicable method, using thermogravimetric analysis (TGA), to measure
the true unburned carbon content in fly ash.
Objective 2: Better understanding the mechanisms and defining the host phases for
environmentally important elements
We need to establish the leaching mechanisms by defining the predominant host phases for
environmentally important elements. Characterization of the physical (e.g., surface area, particle
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size, and morphology) and chemical (bulk chemistry, mineralogy, and leachability of elements)
properties of the coal ash, column leaching tests under influent pHs which mimic the rain water
penetrating into ash deposits (i.e., pH~5.5), and the effect of acid mine drainage in abandoned
mines (pH~2) were applied to achieve this goal. Simultaneous consideration of thermodynamic
and kinetic analyses of leaching tests data and the knowledge of mode of occurrence of elements
in source coal and their evolution during coal combustion lead to a reliable selection of host
phases and their prevailing reaction(s) under certain chemical conditions. Such findings are used
as input data to develop a predicting reactive transport model.
Objective 3: predicting the long-term leaching of elements from deposited coal:
A quantitative reactive-transport computer model is developed to predict the long-term
leaching risk of elements from fly ash deposits and assist in correct identification of the leaching
mechanisms. This model considers fly ash properties and environmental/mine conditions and
predicts leaching by accounting for solubility controlled phase dissolutions as well as delayed
release/leaching of elements from ash phases exposed to flowing water for long durations. The
model was calibrated using the leaching column test. Such model could address the following
questions:
- What is the probability that each of the target elements is released to environment in the
long-term?
- What are the interactions/reactions that each target element is involved in?
- How these interactions affect the long-term leaching of each element?
- How much is the buffering capacity of fly ash in long term? Can fly ash alone mitigate acid
mine drainage or other mitigation techniques are needed to decrease the concentration of
elements in the leachate?
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1.3. Tasks and Organization of the Contents
This research is composed of 3 main tasks (as summarized in Table 1-1 and in
accordance with the three research objectives described above) to enhance the beneficial
applications of coal combustion byproducts. These tasks are separately studied in chapters 3 to 5.
Chapter two provides a background literature review on coal combustion process and byproducts
with focus on PC and FBC fly ashes. in chapter three, a modified method, the two-atmosphere
TGA technique coupled with mass spectroscopy, is evaluated to measure the unburned carbon in
fly ash, and the accuracy of method is compared with common loss on ignition (LOI) test, and
commercial LECO analyzer. Moreover, the effect of parameters such as maximum temperature,
retention time, and heating rate was assessed.
Chapter four addresses objective 2, to provide host phases for environmentally
important elements. The characterization techniques (i.e., XRF and ICP-AES, SEM/EDS, and
QXRD), leaching tests (batch and flow-through column tests) were performed to obtain the
leaching pattern under acidic and neutral conditions in quite short durations. Towards addressing
objective 3, chapter five is aimed to develop a reactive transport model using CrunchFlow code.
The results from chapter four were used to provide the input data for the model in terms of fly ash
properties. The types of reactions (i.e., dissolution, precipitation), and transport parameters
(dispersion and advection) were defined. The database was set-up by providing reliable
thermodynamic and kinetic data for specified reactions, and the model was calibrated using the
column leaching column results. The final model is run to predict the leaching behavior in longer
durations (i.e., 10 years and 30 years). Chapter six provides a summary of the findings and
conclusions of this study. In Appendix A, the results from leaching tests and characterization in
chapter four were introduced to a thermodynamic model (Visual MINTEQ) to provide the
possible host phases according to saturation indices and leachate composition.
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Table 1-1- Tasks and desired outcomes to achieve three objectives of the research
Task

Task 1: Evaluating the
thermogravimetric analysis
(TGA) technique for
determining the unburn
carbon in fly ash

Task 2: Determination of
leaching mechanisms and
dominant host phases

Task 3: Predicting longterm leaching using reactive
transport model

Desired outcomes
 Measurement of unburned carbon by common technique of loss
on ignition (LOI) for different types of fly ash
 Measurement of unburned carbon by one-atmosphere TGA
technique (in air)
 Developing a modified two-atmosphere TGA (in helium and
air) coupled with mass spectroscopy to measure unburned
carbon
 Evaluating the effective parameters on two-atmosphere TGA
 Measurement of organic carbon using commercial LECO
analyzer after acid treatment
 Investigating the possible relations between LOI, LECO
analyzer and two-atmosphere TGA results
 Fly ash characterization through defining bulk chemistry,
SEM/EDS, and QXRD
 Determining neutralization potential of fly ash through batch
leaching test
 Determining short term leaching patterns under neutral and
acidic condition in flow-through column test
 Thermodynamic modeling to analyze leaching patterns and
define host phases
 Providing reliable thermodynamic and kinetic data for
predominant host phases
 Set-up the database specifically for fly ash leaching
 Defining the type of chemical reactions and transport
parameters
 Calibrating the model using leaching column data
 Run the model for long-term and assess the possible
contaminations entering groundwater

Chapter 3 has been accepted for publication in journal of Advances in Civil Engineering
Materials as a research paper, Chapter 4 will be submitted to the Journal of Environmental
Management and chapter 5 will be submitted to the journal of Environmental Sciences as separate
research papers.

8

1.4. References
1

American Coal Ash Association (ACAA), Coal Combustion Product Production and Use

Survey Report, 2013.
2

American coal ash association coal combustion product production and use survey, 2015.

3

ASTM C618 – 12a., Standard Specification for Coal Fly Ash and Raw or Calcined Natural

Pozzolan for Use in Concrete, ASTM International, West Conshohocken , PA, 2012.
4

Park, J. H., Edraki, M., Mulligan, D., Jang, H. S.“The Application of Coal Combustion By-

Products in Mine Site Rehabilitation.” J. of Cleaner Production, 2014, pp. 761-772.
5

EPA SW- 846, Method 1311, Toxicity Characteristic Leaching Procedure (TCLP)

6

EPA SW- 846, Method 1312, Synthetic Precipitation Leaching Procedure (SPLP)

9

Chapter 2

Review on Coal Properties and Coal Combustion Processes
and Products
2.1. Introduction
Coal is a physically and chemically heterogeneous, combustible, sedimentary rock that
consists of organic and inorganic components. Organically, it mainly consists of carbon,
hydrogen, and oxygen with lesser amounts of sulfur and nitrogen. Inorganically, coal consists of a
diverse range of ash-forming minerals distributed throughout the coal [1]. These minerals include
silicates (e.g., clays, quartz, feldspars), oxides (e.g., iron and titanium oxides), sulfates (e.g.,
gypsum, thenardite), sulfides (e.g., pyrite), and carbonates (e.g., calcite, dolomite) [2]. Coal is
found in deposits called seams that originated through the accumulation of vegetation and has
undergone physical and chemical changes such as decaying of the vegetation, deposition,
compaction, and transformation.
The geochemical process that transforms plant material into coal is called coalification,
and is often expressed in increasing order of maturity as (Figure 2-1):
Plant  Peat  Lignite  Subbituminous coal Bituminous coal Anthracite
The geochemical phase of the coalification process is the application of temperature and
pressure over millions of years, and it is the most important phase during the coalification
process. Coalification can be described geochemically as consisting of three processes: the
microbiological degradation of the cellulose of the initial plant material; the conversion of the
lignin of the plants into humic substances; and the condensation of these humic substances into
larger coal molecules. The physical forces exerted upon the deposits play the largest role in the
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coalification process. Variations in the chemical composition of the original plant material
contribute to the variability in coal composition [1].

Figure 2-1: Coalification process to form coal under high temperature and pressure

Coals differ throughout the world in the types of plant materials deposited (type of coal),
in the degree of metamorphism or coalification maturity (rank of coal), and in the range of
impurities included (grade of coal).
Type of coal: Coal is composed of macerals (organic material), discrete minerals,
inorganic minerals dispersed within the organic matter, and water and gases contained in
submicroscopic pores. Macerals are organic substances derived from plant tissues that have been
incorporated into the sedimentary strata, and subjected to decay, compaction, and ultimately
chemical alteration by geological processes. All macerals are classified into three groups:
vitrinite, liptinite, and intertinite. They are characterized by their appearance, chemical
composition, and optical properties. In most cases, the constituents in the coal can be traced back
to specific components of the plant debris from which the coal was formed [1].
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Rank of coal: The degree of coal maturation is known as the rank of coal, and it is an
indication of the extent of metamorphism the coal has undergone. Coalification involves changes
in functional groups attached to the fused aromatic structures. As the coal rank increases, the
number and type of functional groups decrease, the concentration of oxygen in the coal gradually
decreases, moisture and volatile matter content decreases, and the amount of hydrogen decreases
[1]. For example, carbon content increases from approximately 50 percent in herbaceous plants
and wood, to 60 percent in peat, 70 percent in lignite, 75 percent in subbituminous coal, 80 to 90
percent in bituminous coal, and over 90 percent in anthracite.
Useful rank-defining properties for coal are elemental carbon content, volatile matter
content, moisture-holding capacity, and heating value (Table 2-1). In the United States, lignite
and subbituminous coals are referred to as being low in rank, while bituminous coals and
anthracite are classified as high-rank coals. High rank coals are classified based on their fixed
carbon and volatile matter content while low-rank coals are classified in terms of their heating
value.
Grade of coal: refers to the amount of mineral matter present in coal and is a measure of
coal quality. Sulfur content, ash fusion temperatures, and quantity of trace elements in coal are
also used to grade coal. Formal classification systems have not been developed for the grades of
coal, but grade is still important to the coal user. The mineral matter may be finely dispersed
throughout the coal or occur in discrete partings in the coal. Some of the inorganic matter and
trace elements are derived from the original vegetation, but the majority is introduced during
coalification by wind or water to the peat swamp or through movement of solutions in cracks,
fissures, and cavities. Coal mineralogy can affect the ability to remove minerals during coal
preparation/cleaning and also affect coal combustion and conversion (i.e., production of liquid
fuels or chemicals) characteristics.

12
Table 2-1- Coal classification by rank according to ASTM D388 [3]

2.2. Use of Coal as Fuel in the United States
Most of the energy produced today in the United States is in the form of fossil fuels: coal,
natural gas, and crude oil [4]. In 2009, fossil fuels accounted for 79% of total energy production
(Fig. 2-2). In 2014, fossil fuels accounted for 71% of total energy production, while coal
production accounted for 23% of the total energy produced [1]. Power generation is the largest
consumer of energy (39%), and coal is the largest source for this sector [5]. Approximately, 49%
of the electricity generated in the United States in 2008 was from coal. Nearly 92 percent of all
coal consumed in 2016 was in the electric power sector, which includes both the electric utilities
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and independent power producers [6]. It is estimated that coal will remain the main source of
power generation for at least the next 30 years in the United States [1].

Biofuels and wastes

hydro

Geothermal/solar/wind
Nuclear

Natural gas
Oil

Coal
Peat

Figure 2-2- Energy production in the United States in 2009 [7]

As a significant portion of all coal produced in the United States is used to generate
electricity, coal production and coal-fired electricity generation are closely connected. According
to the recent analysis by US Energy information administration (US eia), as natural gas prices are
expected to increase, coal production is expected to increase slightly in 2017 and 2018 (Figure 23).
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Figure 2-3- US electricity generation and US coal production (2000-2018) [6]

Huge quantities of coal are mined in the United States. In 2014, 994.4 million tons of
coal were mined [4]. Coal production has shifted from mainly underground mines to surface
mines. Coal in eastern United States generally occurs in seams that tend to be less than 15 feet
thick. Figure 2-4 shows the coal reserves in the United States. The most important coal deposits
in the eastern United States are in the Appalachian region, an area that encompasses more than
72,000 square miles and parts of nine states. This region contains large deposits of low and
medium volatile bituminous coal and the principal deposits of anthracite coal. Pennsylvania
produced over 61 million tons of coal in 2005. Out of this, 97.6% was bituminous, and 2.4% was
anthracite coal.
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Figure 2-4- Distribution of coal ranks of the United States [8]

2.3. Effect of Coal Mining and Combustion on Human Health and the
Environment
Coal mining operations have direct impact on the environment by disturbing large areas
of land, contaminating surface and underground water resources, changing the direction of
groundwater flow, and generation of acid mine drainage (AMD). Other significant impacts
include fugitive dust emissions and the disposal of overburden and waste rock. In underground
mining, the surface disturbance is less obvious, but the effect of land subsidence can be large. The
generation and release of methane and other gases can also be a problem. Moreover, coal
utilization, specifically combustion, produces several types of emissions that adversely affect the
environment. The main emissions from coal combustion are sulfur dioxide (SO2), nitrogen oxides
(NOx), particular matter (PM), and carbon dioxide (CO2).
Coal mining falls into two main categories: underground mining and surface mining.
Surface mining is used when the coal seam lies close to the surface, typically less than 200 feet.
Underground mining is used for deep seams, and mining methods vary according to the site
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conditions [1]. Surface mining causes large-scale disturbance on the earth’s surface. The natural
land surface is drastically changed by the mining activities through the removal of soil, rock, and
coal. Depending on the mining conditions and equipment, widespread changes in the location of
materials will occur. The primary role of mine-land reclamation is to achieve a landscape that
approximates pre-mining conditions that are considered to be near equilibrium with the local
environmental factors.
The health and environmental impacts of underground mining activities include land
subsidence, generation of methane, hazardous liquid effluents, dust, and solid waste.
Specifically, the risk of acid mine drainage (AMD) tends to be higher for underground mining
than for surface mining. Pyrite (FeS2) and other sulfide minerals are generally contained in the
coal, overburden, and coal processing wastes. As mining activities expose these sulfide minerals
to air and water (e.g., rain), a highly acidic effluent is produced as a result of oxidation of sulfide
to sulfate, leading to the production of acidity (e.g., H2SO4) and leaching of elevated
concentrations of iron, sulfate, and other metals into water [9]. Such acid drainage from closed
and abandoned mines (both underground and surface) has far-ranging effects on water quality
(Figure 2-5).
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Figure 2-5- Effect of acid mine drainage on Peters Creek watershed, Pennsylvania [10]

The formation of AMD is mainly a function of the geology, hydrology, and mining
technology employed for the mine site [11]. AMD is formed by a series of complex geochemical
and microbial reactions. The resulting water is usually high in acidity and dissolved metals. The
metals stay dissolved in solution until the pH raises to a level where precipitation occurs. Four
reactions occur during weathering of pyrite; the first reaction is oxidation of pyrite by oxygen.
Sulfur is oxidized to sulfate, and ferrous iron is released:
2FeS2 + 7O2 + 2H2O  2Fe2+ + 4SO42- + 4H+

(Eq. 2-1)

The second reaction involves the conversion of ferrous iron to ferric iron. The reaction rate is pH
dependent, and is often referred to as the “rate determining step” in the overall acid-generating
sequence:
4Fe2+ + O2 + 4H+  4Fe3+ + 2H2O
The third reaction that can occur is the hydrolysis of iron:

(Eq. 2-2)
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4Fe 3+ + 12H2O  4Fe(OH)3- +12H+

(Eq. 2-3)

The fourth reaction is the oxidation of the additional pyrite by ferric iron. It takes place very
rapidly and continuous until either ferric iron or pyrite is depleted.
FeS2 + 14 Fe3+ + 8H2O  15Fe2+ + 2SO42- + 16H+

(Eq. 2-4)

Treatments for AMD include both chemical and passive techniques. Chemical treatment
methods have been used to meet the effluent limits. In these systems, the acidity is buffered by
the addition of alkaline agents such as hydrated lime, sodium carbonates, sodium hydroxide, and
ammonia [12]. Passive treatment systems have been implemented on full-scale sites and utilize
naturally occurring chemical and biological reactions to mitigate AMD. Some examples are
aerobic wetland, open limestone channels, vertical flow reactors, and diversion wells.

2.4.

Legislation and Mine Land Reclamation
Because coal mining can have a significant impact on the environment, coal producers

are required to go through a complicated process for obtaining local, state, and federal permits to
mine. Coal mining is one of the most extensively regulated industries in the United States. A coal
company must provide detailed information on how the coal will be mined, how the land will be
reclaimed, the quality and quantity of surface and underground water sources and how the mining
operations will affect them, and the method used to transport the coal from the mine and how the
area will be affected by this transportation. The coal company has to return the land to
approximately the same physical contour and to a state of productivity equal to or better than premining conditions [13]. Companies must post bonds to ensure that the sites will be reclaimed. In
addition, Federal and state regulations exist regarding the beneficial use or disposal of coal
combustion products (CCPs), including fly ash, bottom ash, and flue gas desulfurization (FGD)
materials.
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In 1977, the U.S. congress enacted the Surface Mining Control and Reclamation Act
(SMCRA), which mandates strict regulations on surface mining. In addition, other legislative
actions affect surface mining in the United States, including the Mining and Minerals Policies Act
(1970), Resource Conservation and Recovery Act (RCRA, 1976), and Soil and Water Resources
Conservation Act (SWRCA, 1977). A more complete list of Federal laws, regulations, and
executive orders applicable to coal mining activities can be found at [14].
The U.S. Environmental Protection Agency (EPA) conducted two regulatory
determinations on the management and use of coal combustion products in 1993 and in 2000
[15,16]. In 2014, a rule for disposal of coal combustion residuals from electric utilities was
published, and in 2016, EPA finalized the national regulations to provide a comprehensive set of
requirements for the safe disposal of CCPs [17]. The final rule is the result of extensive study on
the effects of coal ash on the environment and public health. The rule establishes technical
requirements for CCR landfills and surface impoundments under RCRA (Resource Conservation
and Recovery Act), the nation's primary law for regulating solid waste. These regulations address
the risks from coal ash disposal including the leaching of contaminants into groundwater, driving
of contaminants into the air as dust, and the catastrophic failure of coal ash surface
impoundments. Additionally, the rule sets out reporting requirements as well as the requirement
for each facility to establish and post specific information to a publicly-accessible website. This
final rule also supports the responsible recycling of CCPs by distinguishing the safe, beneficial
use from disposal.
Pennsylvania Department of Environmental Protection (PA-DEP) Office of Active and
Abandoned Mining Operations (AAMO) is responsible for implementing policies and programs
that regulate the extraction of coal and industrial minerals. According to its website [18], the
mission of AAMO is to: “(1) Minimize impacts to the environment while providing a climate that
encourages economic growth, (2) Provide a safe and healthy work environment for miners, and
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(3) To ensure that the public has an informed opportunity to participate in the debate and
process.” AAMO includes four programs with distinctive roles and responsibilities: Bureau of
Mine Safety, Bureau of Abandoned Mine Reclamation, Bureau of District Mining Operations,
and Bureau of Mining Programs.
Pennsylvania’s regulations governing the beneficial uses of CCPs are included in 25 PA
Code Chapter 290 [19]. This chapter is allocated to the applicability of coal ash that has not been
mixed with waste or produced by burning coal with alternate fuels. It establishes general
requirements for beneficial use, including the chemical and physical characteristics for coal ash
quantification, and establishes when water quality monitoring is required. Sub-Chapter B includes
approval or notification processes and operating requirements for coal ash beneficial use as
structural fill, as a soil substitute or soil amendment, in reclamation of active, abandoned or
previously mined coal mines, and for other uses, such as use in the manufacture of concrete, for
mine subsidence control, mine fire control and mine sealing, as drainage material and pipe
bedding, and the use of bottom ash as antiskid. Sub-Chapter C establishes the procedures for
qualifying coal ash for beneficial use, and sets the chemical leaching levels for beneficial use and
testing for physical characteristics. Requirements and plans for water quality monitoring are
discussed in Sub-Chapter D. Additional information on implementing the requirements of
Chapter 290 is available through the document “Guidelines for Beneficial Use of Coal Ash at
Coal Mines 563-2112-228 [20].

2.5.

Technologies for Coal Combustion
Figure 2-6 shows schematics of the anatomy of a coal-fired power plant. Coal-fired

power plants have two main paths, the fuel and products of combustion path and the steam-water
path. In the first path, the fuel handling system prepares the coal for combustion and transports it
to the boiler, which is the steam generator. The associated air system supplies air to the burners
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through a forced-draft fan. The steam generator, which includes the air preheater, burns the
fuel/air mixture, recovers the heat, and generates the steam. The flue gas leaves the boiler, passes
through a series of pollution control equipment to remove fly ash and oxides of nitrogen and
sulfur (and in some cases, mercury), passes through an induced-draft fan, and exits the stack. In
the steam-water path, the boiler evaporates the water and supplies high-temperature, highpressure steam to a turbine-generator set that produces electricity. Ultimately, the steam is passed
from the turbine to the condenser, where the remaining heat is extracted. Finally, water passes
through several pumps and heat exchangers to increase its pressure and temperature before being
returned to the boiler. The heat absorbed by the condenser is rejected to the atmosphere by
cooling towers [1]. Two common coal combustion technologies are used in boilers which are
explained in the following sections.

Figure 2-6- schematics of the anatomy of a coal-fired power plant [21]

2.5.1. Suspension Firing of Pulverized Coal (PC)
The most common type of burning coal to generate electricity is suspension firing (Fig.
2-7) where coal is ground to a fine powder (65% to 85% smaller than 75µm, depending on the
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type of coal) prior to entering the boiler’s furnace, and is subsequently combusted in suspension
with the combustion air [22]. After the coal is pulverized, it is pneumatically transported to the
burners using a portion of combustion air, in a manner that permits stable ignition, effective
control of flame shape and travel, and thorough and complete mixing of fuel and air. Pulverized
coal-fired units are typically classified into two ways, depending on the furnace design for ash
removal. Dry-bottom furnaces are units where the ash is removed from the system in dry form,
whereas wet-bottom or slag-tap furnaces are units where the ash is removed in molten form. Drybottom furnaces are the more common of the two types and are now almost the only type in the
United States.
In this type of boiler, pulverized coal is combusted at a flame temperature of
approximately 1500oC, while the temperature of flue gas exiting the furnace is typically 1000 oC
[1]. The organic fraction of coal powder (e.g., C and S) is vaporized during combustion, and the
mineral matter (e.g., clays) is melted at these high temperatures, and then cooled down to form
fine particles that are driven out of the boiler with the flue gas. These particles make the PC fly
ash, which is collected and removed from flue gas using electrostatic precipitators, baghouses, or
mechanical collection devices such as cyclones [23]. Larger Ash particles that fall in the bottom
of the boiler are called bottom ash.

23

Figure 2-7- Suspension firing boiler to generate electricity and to produce PC fly ash

2.5.2. Fluidized Bed Combustion (FBC)
FBC process is a cheaper and more efficient way of burning coal [1], and has expanded
significantly in the U.S. over the past 10 to 15 years for burning anthracite and waste coals. FBC
technology is used in both utility and non-utility sectors and comprises approximately 1 percent
of fossil fuel-fired capacity in the U.S. Although this is a small portion of the U.S. capacity, the
FBC technology has increased dramatically over the last 20 years. Pennsylvania and California
account for the largest numbers of the FBC plants, with Pennsylvania owning more than 20
percent of the capacity and California owning more than 10 percent. Pennsylvania is a leader in
utilizing coal wastes (e.g., anthracite culm, and bituminous coal gob piles) in FBC boilers.
In the FBC process, coal is combusted on a fluidized bed (resulting from air distributed
below the combustor bed – see Figure 2-8) and in combination with a solid sorbent (usually
ground limestone) and an inert material such as sand. This process increases turbulence and
allows lower combustion temperatures in the range of 800-900°C. Turbulence is promoted by
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fluidization, making the entire mass of solids behave much like a liquid. Improved mixing and
enhanced heat transfer to the bed material permit the generation of usable heat at a substantially
lower and more uniformly distributed temperature. This operating temperature range reduces NOx
emission as the temperature is well below the temperature at which nitrogen gas oxidizes to form
thermal NOx [24]. NOx emissions (NO 95% and NO2 5%) are temperature dependent and increase
exponentially with temperatures above 1450oC. Pulverized limestone is mixed with coal in the
combustion bed as an in-situ SO2 sorbent (Figure 3). The limestone is decomposed in a reaction
called calcination, and the produced active lime adsorbs the sulfur emissions to produce FGD
gypsum (Eq. 2-6):
CaCO3 + heat  CaO + CO2

Calcination reaction

CaO + SO2 +1/2 O2  CaSO4(s)

(Eq. 2-5)
(Eq. 2-6)

The limestone is continuously reacted, and therefore it is necessary to continuously feed
limestone with the fuel. The sulfation reaction requires that there always be an excess amount of
limestone present. Depending on the sulfur content of the fuel, the limestone can comprise up to
50 percent of the bed inventory, with the remaining portion being fuel ash and the inert material.
This is especially true of FBCs firing refuse from bituminous coal that contains high levels of
sulfur. When the bed is comprised of a large quantity of calcium, there are potential concerns for
ash disposal, since the pH of the ash can become very high.
The primary functions of the inert material are to disperse the incoming fuel particles
throughout the bed, heat the fuel particles quickly to the ignition temperature, act as a flywheel
for the combustion process by storing large amount of thermal energy, and provide sufficient
residence time for complete combustion.
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Figure 2-8- Fluidized bed combustion furnace

2.6.Coal Combustion Products (CCPs)
More than 120 million tons of coal-combustion residues are generated annually by coalburning plants. These materials are referred to as coal combustion residuals (CCR) by the U.S.
EPA, coal combustion products (CCP) by the utility industry, or coal combustion by-products
(CCB). Major CCPs include fly ash, bottom ash, boiler slag, and flue gas desulfurization (FGD)
material (i.e., synthetic gypsum); these are introduced below.

2.6.1.Pulverized Coal (PC) Fly Ash
PC fly ash forms as a result of melting and rapid cooling of mineral matter (e.g.,
aluminosilicates and iron oxides) during the pulverized coal combustion process. Fly ash is the
particulate matter within the flue gas, which must be removed before flue gas is released to the
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atmosphere. Common particulate removal devices include mechanical collectors (e.g., cyclones),
electrostatic precipitators, and fabric filters.
Since fly ash particles solidify rapidly while suspended in the flue gas, they are generally
amorphous and spherical in shape, ranging in size from 0.5 to 300 µm (Figure 2-9). PC fly ash is
mainly composed of alumino-silica glass (60 to 70% mass). The composition of these glasses
depends on the composition of the pulverized coal and the temperature at which it is burned. Fly
ash reactivity is strongly affected by the glass content and glass composition. The major
differences in fly ash glass composition lie in the amount of calcium present in the glass. Coal
that contains relatively small amounts of calcium, (e.g., anthracite and bituminous or some lignite
coals), results in aluminosilicate glassy fly ash particles. Subbituminous and some lignite coals
contain larger amounts of calcium and produce calcium aluminosilicate glassy phases in the fly
ash [25].
Crystalline components of glass may include quartz, mullite, and iron oxides (e.g.,
hematite and magnetite). In addition to these minerals, high-calcium fly ash can contain
crystalline phases such as anhydrite, alkali sulfate, dicalcium silicate, tricalcium aluminate, free
calcium oxide, melilite, periclase, and sodalite. Quartz is a result of the quartz content in the raw
coal that failed to melt during combustion. Mullite, which is a crystalline alumino-silicate, is
found in substantial quantities only in low calcium fly ashes. Mullite forms within the glass
spheres as they solidify around it. Mullite accounts for the majority of alumina in fly ash but is
not normally chemically reactive. Magnetite (Fe3O4) is the crystalline spinel structure closest to
that found in fly ash. Hematite (Fe2O3) can be formed by the oxidation of magnetite and is present
in some fly ashes though it is not chemically active [25].
Coal ashes containing high calcium contents often contain between 1-3 percent anhydrite
(CaSO4). The calcium acts as a scrubber for SO2 in the combustion gases and forms anhydrite.
Crystalline CaO (free lime) is present in most high-calcium fly ashes. Crystalline MgO (periclase)
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is found in fly ashes with more than 2 percent MgO. Phases belonging to the melilite group
include Gehlenite [Ca2Al(AlSiO7)] and Akermanite [Ca2Mg(Si2O7)], which are not chemically
active. Phases belonging to the sodalite group, which are formed from melts rich in alkalis and
calcium, have low silica content.

Figure 2-9- A scanning electron microscope (SEM) image of PC fly ash

Other constituents mobilized during the coal combustion process may be associated with
fly ash. For example, mercury tends to adsorb to fly ash unless a sorbent material, such as
activated carbon is added to the flue gas to preferentially capture the mercury. Toxic constituents
depend upon the specific coal bed makeup, but may include one or more of the following
elements or substances in quantities from trace amounts to several percent: arsenic, beryllium,
boron, cadmium, chromium VI, cobalt, lead, manganese, mercury, molybdenum, selenium,
strontium, thallium, and vanadium, along with PAHs and dioxin compounds [22].
Approximately 25% of the produced PC fly ash is used as a supplementary cementitious
material in concrete. Other applications include feed stock in the production of portland cement,
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structural fill material and in road embankments, for waste stabilization and/or solidification, for
soil modification and/or stabilization, in road bases and sub-bases, and as mineral filler in asphalt
pavements [26].
For use in concrete, fly ash must meet the specifications of ASTM C618: Standard
Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in Concrete [27].
This specification sets the chemical composition and physical properties requirements for fly ash
to be usable in concrete. It defines two classes of fly ashes according to the chemical
composition. Fly ash that is produced from burning of anthracite or bituminous coals is typically
pozzolanic and is referred to as a Class F fly ash. A pozzolan is defined as a siliceous or siliceous
and aluminous material that in itself possesses little or no cementitious value, but that will, in
finely divided form and in the presence of moisture, chemically reacts with calcium hydroxide at
ordinary temperatures to form compounds having cementitious properties. Fly ash that is
produced from burning of lignite or subbituminous coal, in addition to having pozzolanic
properties, has some self-cementing properties (i.e., ability to harden and gain strength in the
presence of water alone). This type of fly ash is referred to as Class C fly ash according to ASTM
C618. In Class F fly ash, the total calcium oxide content typically ranges from 1 to 12% by mass
[22]. In contrast, Class C fly ash may have calcium oxide contents as high as 30% to 40%, and
mainly in the forms of anhydrite, tricalcium alumniate (C3A), and free lime [28]. Another
difference between Class F and Class C fly ashes is that the amount of alkalis (combined sodium
and potassium) and sulfates (SO4) are generally higher in the Class C fly ashes than in the Class F
fly ashes.

2.6.2. Bottom Ash and Boiler Slag
In PC boilers, bottom ash is agglomerated ash particles that are too large to be carried
away in the flue gases, and as such impinge on the furnace walls or fall through open grates to an
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ash hopper at the bottom of the furnace. Physically, bottom ash is typically grey to black in color,
is quite angular, and has a porous surface structure (Figure 2-10). Bottom ash is coarse, with grain
sizes spanning from fine sand to fine gravel. Bottom ash can be used as a replacement for natural
fine aggregates and is usually sufficiently well-graded in size to avoid the need for blending with
other fine aggregates to meet gradation requirements [29]. The most common application of
bottom ash is its use as structural fill.

Figure 2-10 – PC bottom ash (left) and boiler slag (right) [29]

Boiler slag is a molten inorganic material that is collected at the bottom of the boiler and
discharged into a water-filled pit, where it is cooled and removed as glassy particles. Boiler slag
particles are uniform in size, hard, and durable with a resistance to surface wear. The form of the
bottom ash or slag produced is dependent on the type of furnace and the fusion temperature of the
ash generated from the coal. Some pulverized coal furnaces fire coals of high ash-fusion
temperature and use a dry ash removal technique. Others fire coal with a low ash-fusion
temperature, causing much of the ash to form a liquid slag, which is then drained from the
bottom. Applications of boiler slag include as wear-resistant component in surface coatings of
asphalt, as blasting grit, anti-skid materials, and for coating roofing shingles.
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2.6.3.Flue Gas Desulfurization (FGD) Residuals
Sulfur oxide emission controls (or SOx scrubbers) are the most common devices added to
augment the particulate removal devices in PC boilers. Most coals contain a significant amount of
sulfur, which is converted to sulfur oxides upon combustion of the coal. Such conversion happens
under normal conditions of temperature and of oxygen present in the flue gas. The generated SO2
and SO3 are small airborne molecules that form aerosols and in contact with atmospheric water,
result in acid rain. Units that remove SOx emission from flue gas are referred to as flue gas
desulfurization (FGD) systems. Since the implementation of the Clean Air Act’s Acid Rain
program in 1990, FGD technologies have added a significant non-ash component to CCPs [22].
Gypsum is a by-product of the flue gas desulfurization (FGD) process, commonly known as
"scrubbing" (Figure 2-11). The FGD scrubbing process typically uses calcium or sodium based
alkaline reagent (typical sorbent material is limestone). The reagent is injected in the flue gas in a
spray tower or directly into the dust. The SO2 is adsorbed, neutralize, and/or oxidized by the
alkaline reagent into the solid compound (calcium sulfate or sodium sulfate), and the solid is then
removed from the waste gas using downstream equipment. Scrubbers can be categorized as wet,
dry, or semi-dry. In wet scrubbers, flue gas is conveyed to a spray tower where aqueous slurry of
sorbent is injected. Semi-dry system is similar to wet system unless the slurry has higher content
of sorbent. In dry systems, powdered sorbent is directly injected to the system.
The synthetic gypsum formed in the scrubber is similar to natural gypsum that is mined.
Both types of gypsum can be used in the same products, such as plaster and wallboard, which are
commonly used for walls and ceilings in home and commercial construction. FGD materials can
also be used as soil amendment/conditioner, particularly if the soil is acidic or deficient in
calcium. The calcium from the scrubber solids can help neutralize the soil pH and provide
supplemental calcium which is an essential nutrient for some plants [29].
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Figure 2-11 – FGD gypsum from [29]

2.6.4. FBC Fly Ash and Bottom Ash
As a result of lower combustion temperature in FBC boilers, the ash forming minerals in
coal are not fully melted but de-hydroxylated (similar to calcined clays), resulting in an ash with
sub-angular particles [30]. The FBC fly ash and bottom ash could contain larger proportions of
calcium and sulfur bearing phases (e.g., CaO, CaSO4, CaCO3) [1]. FBC fly ashes typically do not
meet ASTM C618 requirements due to high SO3 and occasionally high loss-on-ignition (LOI).
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Chapter 3
Evaluation of Two-atmosphere Thermogravimetric Analysis for Determining
the Unburned Carbon Content in Fly Ash1
3.1. Abstract
The unburned carbon (UC) content of pulverized coal fly ash impacts the performance
(e.g., air entrainment, rheology) of concrete mixtures. The loss on ignition (LOI) test is
commonly used to estimate the UC content; however, this may be inaccurate as the weight
change upon igniting fly ash is also due to calcination of carbonates, desorption of bound water,
and oxidation of sulfur and iron minerals. In this study, a two-atmosphere thermogravimetric
analysis (2A-TGA) coupled with mass spectrometry (MS) was performed to evaluate the
chemical reactions that occur upon heating of fly ash and to measure the true UC content. 2ATGA was performed under two distinct atmospheres: (i) in non-oxidizing helium gas, to measure
weight loss due to decomposition of carbonates and loss of bound water, and (ii) in oxidizing air,
to measure weight loss due to conversion of UC to CO2. The method was applied to five class F
PC fly ashes with LOI in the range 1.89% to 7.66%, a class C PC fly ash (LOI=3.86%), and a
fluidized bed combustion (FBC) ash (LOI=8.10%). The results were also compared with the total
carbon (TC) of each fly ash measured using infrared spectroscopy via a commercial LECO
carbon analyzer. The results show that there is no one-to-one relationship between the LOI and
the TC or UC contents of fly ash. LOI overestimated TC by up to 2.5 and overestimated UC by
up to 6.4.

1
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3.2. Introduction
Combustion of coal to generate electricity produces approximately 130 million tons of
coal combustion products (CCPs) annually in the United States [1]. These mainly include fly ash
(~47wt.%), flue gas desulfurization (FGD) materials (~30wt.%), bottom ash (~13wt.%), fluidized
bed combustion (FBC) ash (~9wt.%), and boiler slag (~2wt.%) [2]. Currently, approximately 27%
of the pulverized coal fly ash is used as supplementary cementitious materials (SCM) in portland
cement concrete. Another ~17% is beneficially utilized in other applications, such as structural
fills (e.g., road embankments, base/subbase layers), soil and waste stabilization, mining
applications, and oil-field services [2]. The use of fly ash in concrete allows for partial
replacement of portland cement, thereby improving the environmental impact of concrete by
reducing the embodied energy and CO2 emissions [3]. In addition, fly ash improves the
workability and durability of concrete [4,5,6].
In the United States, fly ash that is used in concrete must meet physical and chemical
requirements of ASTM C618 [7]. One such requirement is a limit of 6% loss on ignition (LOI),
which is used as an estimate of the unburned carbon (UC) content of fly ash. The presence of
unburned carbon (also known as organic or combustible carbon) in fly ash has several negative
effects on concrete properties. Due to its non-polar surface, UC attracts many organic/surfactant
molecules that are used as concrete chemical admixtures. For example, UC has been found to
increase the required dosage of air entraining admixture (AEA) that is used to enhance the
freezing and thawing durability of concrete. AEA is strongly adsorbed by the non-polar UC
phases in fly ash (Figure 3-1), resulting in a reduced amount of AEA available to stabilize air
bubbles in concrete [8,9]. In addition to the total UC mass, surface area, size, and porosity within
carbon particles affect the AEA uptake [10]. UC in class F fly ash (associated with burning highrank anthracite and bituminous coals) often has low specific surface area (SSA), ranging from 10
to 80 m2/g [11,12,13,14,15]. For class C fly ash (resulting from burning low-rank lignite or
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subbituminous coals), carbon SSAs are much higher, and can be up to 400 m2/g [13,15,16]. The
reason is that low-rank coals usually do not undergo thermoplastic transitions during combustion,
and as a result, the residual carbon in their ash is highly disordered and porous [17]. The size of
carbon particles determines if the entire internal porosity and surface area of carbon can adsorb
AEA molecules. If a carbon particle is too large, there will not be enough time for the AEA to
diffuse into the particle’s interior [10]. Carbon particles in fly ash have irregular shape and can
range in size from few micrometers up to 180μm (average size of 75μm) for class F fly ashes
[10,17,18]. In addition to the uptake of chemical admixtures, UC in fly ash can reduce the
workability and increase the water requirement of concrete (due to its irregular shape and high
surface area), and also darken the color of concrete [19,20].
The loss on ignition (LOI) test is commonly used to determine the UC content of fly ash.
However, LOI may inaccurately estimate the UC as the ignition mass loss of fly ash is also due to
calcination of carbonates and removal of physically and chemically bound water. As such, large
quantities of otherwise good fly ashes may not be allowed for use in concrete due to their
overestimated UC. Other methods such as infrared spectroscopy, as discussed below, are suitable
for determining the total carbon content of fly ash; but may be inaccurate for determining the
organic (unburned) carbon. As the demand for concrete fly ash continues to increase, it is
important to determine the true UC content of fly ash and to minimize the unnecessary rejection
of useful sources of fly ash. This paper evaluates a method based on thermogravimetric analysis
(TGA) to determine the true UC content of fly ash. It also quantifies the effects of testing
parameters (e.g., heating rate, maximum temperature, and retention time) on the results of UC
measurements by TGA.

38

Figure 3-1- Effect of unburned carbon on air entraining admixtures in concrete

3.3. Existing Methods for Measuring Unburned Carbon Content in Fly Ash
Coal characteristics (i.e., coal rank, organic components, volatile matter content, and
particle size), and combustion system design (i.e., combustion temperature and pressure,
residence time, type and number of burners, type of combustion unit, and heat flow rate) can
affect UC level in fly ash. A range of 0-20% mass for UC content in fly ash has been typically
reported in the literature [21,22]. However, even higher UC contents (up to 25.3%) have been
found for fly ashes from high inertinite coals [21].
The LOI test has long served as the conventional method to measure the UC content in
fly ash. According to ASTM C311 [23], a fly ash sample is first heated to 1105 oC and then to
75050 oC; and the weight loss between 1105 oC and 75050 oC is reported as LOI%. However,
several studies have suggested that the LOI method may overestimate UC [20,21,24,25,26] by
counting as organic carbon the mass change due to dehydration of physically or chemically
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adsorbed water (e.g., from portlandite, gypsum, or residual clays), water contained in
aluminosilicates, iron minerals, and sulfates, decomposition of desulfurization additives (e.g.,
calcite, dolomite, and sodium bicarbonate), release of other volatile organics, and potential weight
gain due to oxidation of sulfides upon heating [20,21]. As a result, the LOI measurement may be
considered only as a proxy for determination of UC in fly ash.
For more reliable measurements, other techniques such as thermogravimetric analysis
(TGA), microscopic techniques (e.g., optical microscopy and/or SEM), and liquid-suspension
gravity separation (or froth flotation) have been suggested in the literature [20, 22, 24, 25,27]. A
commercial LECO carbon analyzer measures the total carbon content in powders by combusting
the powder specimen and measuring the CO2 gas emission using infrared (IR) spectroscopy. To
separate inorganic (carbonates) from organic carbon, an acid treatment could be performed on fly
ash before combustion. However, there are challenges associated with both acid treatment and IR
spectroscopy. It is important to use the proper acid type and concentration to dissolve carbonates
without dissolving organic carbon and other inorganic phases. A solution of 10 % nitric acid is
suggested by ASTM 6316 [28]. Also the method of removing the acid from the treated fly ash
sample is critical. For example, washing the sample after acid treatment makes the carbon
measurements imprecise because it may also wash out the combustible carbon. Exposure to air
should also be minimized during and after acid treatment especially for materials containing
CaO-bearing phases, as these can adsorb ambient carbon dioxide and reform carbonates.
Moreover, the IR spectroscopy equipment should have a gas purification system to specifically
detect and measure CO2(g). The equipment should be regularly calibrated using standard
materials having various levels of carbon. Overall, the IR method has been widely accepted for
measuring the total carbon content of fly ash, but not for separating out the UC content. There are
other analytical methods for on-line monitoring of fly ash (e.g., in-situ measurement of carbon
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content at power plants), including microwave attenuation/resonance [29], optical methods [30],
and laser-induced breakdown spectrometry [31].
Thermogravimetric analysis (TGA) may be a promising laboratory technique for
measuring UC content of fly ash. In this technique, weight changes are monitored as the fly ash
sample is heated in air or another ambient. The weight loss in air at temperatures higher than 550
o

C could be associated with UC, since organic carbon burns at such temperatures [20]. However,

TGA in air is prone to a potentially significant systematic error. This error is caused by thermal
decomposition of minerals such as calcite and portlandite, which may be present in fly ash.
Dehydration of portlandite occurs at approximately 350 to 550 oC [32,33]. Calcium and
magnesium carbonates decompose at or above 650 oC [32], producing CO2 gas. Even for fly
ashes with low carbonates, conversion of lime to portlandite upon wetting and further to calcite
by carbonation is probable. These thermal decomposition reactions result in mass loss at a similar
temperature range as that used for quantification of unburned carbon.
To address this problem, a two-atmosphere thermogravimetric technique (2A-TGA) may
be utilized [20, 26] where weight loss is monitored while heating fly ash first in a non-oxidizing
atmosphere (e.g., N2 gas or He gas), followed by heating in an oxidizing atmosphere (e.g., air).
This way, the inorganic carbon, bound water, and volatile matters are expelled during heating in
the inert gas, while the organic carbon (UC) is combusted in the oxidizing atmosphere. In the
present study, an in-depth evaluation of the 2A-TGA technique is performed by:
-

Coupling 2A-TGA with mass spectrometry (MS) and utilizing high temperature XRD to
identify gasses emitted and chemical transformations occurring during heating of fly ash;

-

Assessing the effect of heating protocol (i.e., heating rate, retention time, and maximum
temperature) on the 2A-TGA test results; and

-

Comparing the 2A-TGA results with both LOI and IR spectroscopy (LECO analyzer).
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The goal is to determine if 2A-TGA can reliably measure UC content in fly ash and to identify
any potential challenges.

3.4. Materials
In this study, initially two sources of pulverized coal class F fly ashes were analyzed; a
lower LOI (1.89%) fly ash from First Energy’s Hatfields’ Ferry power station in Masontown, PA,
and a higher LOI (5.30%) fly ash from NRG Energy’s power plant in Springdale, PA. Both fly
ashes were characterized for their as-received moisture content, particle size distribution (using
laser diffraction), density (using helium pycnometer), surface area (using N2 gas adsorption), and
bulk chemical analysis (using X-ray fluorescence spectroscopy (XRF) and total digestion
followed by inductively coupled plasma atomic emission spectroscopy (ICP-AES)). The 2A-TGA
method was applied to these two fly ashes in order to characterize the thermal reactions occurring
as a function of temperature. Further, the established 2A-TGA method was applied to three
additional class F fly ashes with LOI in the range 3.18 to 7.66%, a class C fly ash with LOI =
3.86%, and a fluidized bed combustion (FBC) fly ash with LOI = 8.10%. All fly ash samples
were acquired using a cone and quarter method to obtain a representative sample from the bulk.

3.5.

Methods
Perkin-Elmer Optima 5300DV ICP-AES and Axios PANalytical XRF analyses were used

to determine the bulk chemistry of the fly ashes. For ICP analysis, fly ash samples were digested
using lithium metaborate fusion technique. The representative samples of as-received fly ashes
were thoroughly mixed with lithium salt (1:10, ash to salt mass ratio), and poured into graphite
crucibles. Crucibles were inserted into an oven preheated to 900 oC. After 10 min in the oven,
contents of the crucibles were firstly swirled to pick up any un-coalesced beads and then placed
into beakers containing 100 ml of 5% nitric acid solution. The solution was then stirred for at
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least 15 minutes and transferred to polyethylene bottles for storage before performing ICP. For
XRF analysis, each sample was heated up to 1000 °C, mixed with a lithium borate flux, and
finally made into a glass bead. The glass bead was analyzed using XRF.
To determine the mineralogy of the fly ash samples, X-ray diffraction (XRD) analysis
was performed using PANalytical Empryean θ-θ powder diffractometer with para-focusing optics
and CuKα radiation. The detector was employed over the angular range of 7-70o (2θ) with a step
size of 0.0263o (2θ) and a counting time of 197 sec/step. Data evaluation was performed using the
software MDI-Jade 2010. Before running XRD, fly ash samples were ground using high energy
ball mill in order to decrease their particle size to <10μm. In addition, high temperature XRD was
performed on the class F fly ash with LOI=5.30% to evaluate its phase transformations as a
function of temperature. This test was done in two atmospheres using the same method described
for 2A-TGA, considering same retention intervals and heating rate of 10oC/min. PANalyitical
XPert Pro MPD θ-θ powder diffractometer with para-focusing optics with CuKα was used. The
fly ash sample (~25 mg) was placed on a small platinum plate, and heated up to 750 oC in helium,
followed by igniting in air up to 750oC.
LOI test was performed using 1.0±0.5 g of each fly ash. In the first step, the sample was
placed in a clean crucible and heated at 110 oC in an oven for 1 hr. Then, the sample was placed
in a desiccator to cool for 60 min before being reweighted. The weight loss in this step was
recorded as the moisture content of fly ash. In the second step, the oven dried fly ash was placed
in a furnace with air atmosphere and heated in three steps during 4 hours with rates of
8 oC/min to reach 500 oC in 1 hr, 4 oC/min to reach 750 oC in 1 hr, and 2 hr retention time at 750
o

C to reach constant mass. The combusted sample was cooled down to room temperature in a

desiccator, and then weighted. The weight loss associated with heating the oven dried fly ash to
constant mass at 750 oC was recorded as the loss on ignition (LOI). This procedure conformed
with both ASTM C311 [23] and ASTM D7348 [34].
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Both one- and two-atmosphere TGA were performed. First, one-atmosphere TGA in air
was performed coupled with mass spectrometry (MS). This was further developed into a twoatmosphere TGA-MS method. One-atmosphere TGA was performed on a 30±5 mg of fly ash
with the constant air flow rate of 75 mL/min. The heating rate was 10 oC/min to reach 110 oC,
there was a 15-min retention time at 110 oC, and then heating resumed at a rate of 20 oC/min to
reach 750 oC. The entire process of one-atmosphere TGA starting from room temperature took
approximately 1 hr (Figure 3-2).
2A-TGA-MS was conducted on a similar mass of fly ash (30±5 mg) heated in two
distinct atmospheres (He and air) under a constant gas flow of 75 mL/min. Initially, the fly ash
sample was heated from room temperature to 110 oC at a rate of 10 oC/min. The sample was held
at 110 oC for 15 min, while He gas was purged into the chamber. Helium was chosen over
nitrogen as the inert gas due to a lower chemical reactivity of helium. Next, the temperature was
increased from 110 oC to 650, 750, or 950 oC at a heating rate of 10 oC/min. There was a 15-min
retention time at the maximum temperature in the helium atmosphere. Next, the sample was
cooled down to approximately 150 oC in helium at a rate of 20 oC/min. This cooling step was
employed to allow similar heating protocols for both inert and oxidizing environments and to
prevent masking of low-temperature oxidation reactions in air by switching the atmospheres at
750 oC. Next, the ambient gas was switched to air to provide an oxidizing atmosphere. The
sample was held in an isothermal condition for 10 minutes in the air, followed by heating to 750
o

C at a rate of 10 oC/min. Finally, the sample was maintained for 15 min at 750 oC in air. TGA

results were analyzed using the method of Kim and Olek [35]. A TGA Q50 with a Pfeiffer
Vacuum Mass Spectrometer (MS) was used in this study. It should be mentioned that TGA has a
closed vessel with a very small hole, and this increases the vapor pressure over the sample
because the gas can escape only slowly through the small opening. Meanwhile, LOI is generally
performed in a muffle furnace with lower vapor pressure.
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MS was coupled with TGA to record, simultaneously with weight loss, the types and
amounts of gases emitted from the sample as a function of temperature. The MS system was set
in a way to provide the molecular weights (MW) of gases emitted during the fly ash ignition. In
addition to whole gas molecules (e.g., H2O), the system could detect gas fragments and report
their mass to charge ratio (e.g., HO+ with m/z=17 and SO+ with m/z=48). For each detected MW
or m/z, a mass spectrum illustrates the ion current versus time. The intensity of ion current is
directly related to the amount of emitted gas. Therefore, a significant peak or hump in the mass
spectrum at any given temperature is interpreted as a sign of a released gas at that temperature,
while a flat MS spectrum with high intensity represents background gases such as helium. The
national institute of standards and technology (NIST) chemistry webbook was used along with
the bulk chemistry and mineralogy of the fly ash to identify the emitted gases [36].
Simultaneous measurements of mass change (using TGA) and heat flow (using
differential scanning calorimetry, DSC) were also performed on the higher LOI class F fly ash.
Simultaneous DSC-TGA (abbreviated as SDT) was run in both helium and air. The pattern of
heating and cooling was the same as discussed above. The DSC technique measures the heat flow
needed to incrementally increase the temperature of the sample. From the results, endothermic
and exothermic reactions could be recognized. Coupled with TGA, DSC could define the
temperatures at which heat evolution or absorption occurs.
In addition to LOI and 2A-TGA, the total carbon in fly ash was measured by infrared
(IR) spectroscopy. A LECO Carbon Analyzer SC-632, designed to measure the total carbon and
sulfur in organic and inorganic materials, was used. In this technique, a powder sample is
combusted in air up to 1450 oC inside the furnace, and IR detectors measure the emitted CO2 and
SO2 gases separately. By having the initial weight of the samples, the software calculates the
weight% of C and S in the sample. This technique measures the total carbon (organic plus
inorganic) content of the sample. To exclusively measure the organic carbon, in this study, the fly
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ash samples were first treated with 10% nitric acid to dissolve and remove carbonates [28]. Two
replicates of 150 mg samples from each fly ash were weighed and placed on nickel boat liner.
Sufficient amount of 10% HNO3 was added dropwise until the entire fly ash sample was wet and
a very thin layer of acid covered the sample’s surface. The sample was allowed to stand for few
minutes for the inorganic carbon to be removed as CO2 gas bubbles. The samples were then dried
on a hotplate with low heat (<150 oC), cooled, and tested by LECO analyzer to measure their
remaining (organic) carbon content.

3.6. Results and Discussion
3.6.1.

Characterization of Fly Ash Samples
Table 3-1 shows the physical characteristics and the bulk chemistry for the two class F

fly ashes. Quantitative X-ray diffraction (QXRD) was also performed (Table 3-2), revealing that
crystalline phases comprised approximately 32% of the low LOI ash and 28% of the high LOI
ash. Mullite, quartz, and iron oxides (hematite, magnetite, and maghemite) were the major
mineral phases found in both fly ashes.
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Table 3-1- Physical properties and bulk chemistry of the two class F fly ashes
Class F fly ashes

Lower LOI (1.89%)

Higher LOI
(5.30%)

Physical Characteristics
Moisture content (%)
Density (g/cm3)
Surface area (m2/g)
LOI (mass %)
Particle size D10 (μm)
Particle size D50 (μm)
Particle size D90 (μm)

0.31
2.53
1.58
1.89
0.88
8.00
32.0

9.00
2.38
9.25
5.30
1.65
11.0
47.0

Bulk Chemistry (Mass % after oven drying)
Oxide/Method
Al2O3
CaO
Fe2O3
K2O
MgO
P2O5
SiO2
TiO2
Na2O
SO3

ICP
22.2
2.28
20.1
2.04
0.80
0.26
47.2
1.03
0.49
0.80

XRF
22.1
2.37
23.3
2.13
0.90
0.25
45.4
1.11
0.41
0.31

ICP
19.1
4.23
20.6
1.74
1.18
0.29
42.7
0.94
0.53
2.94

XRF
20.1
4.09
24.4
1.70
1.15
0.27
43.1
0.96
0.49
1.46

Table 3-2- Mineralogy of the two class F fly ashes (after oven drying)
Mass %
Phase
Lower LOI
Higher LOI
fly ash
fly ash
Amorphous
68.3
71.9
Calcite
0.53
3.00
Gypsum
1.90
4.40
Hematite
5.10
2.10
Maghemite
5.80
3.50
Magnetite
5.17
2.63
Mullite
7.90
7.50
Quartz
5.49
5.50
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3.6.2. TGA-MS Results For Low LOI Class F Fly Ash
3.6.2.1. One-atmosphere TGA
A typical result for one-atmosphere TGA in air is shown for the low LOI class F fly ash
in Figure 3-2. The weight derivative curve can help identify physical and chemical reactions that
correspond with the temperature at each peak. The challenge arises when two peaks overlap, as is
observed between 500 and 750 oC in Figure 3-2. In this case, two or more reactions occur at a
similar temperature range. The MS results revealed emission of CO2 and water vapor within this
temperature range. The CO2 emission can be due to oxidation of UC or decomposition of
carbonates. Consequently, although TGA-MS in air provides more information (in comparison
with LOI or TGA alone) about the weight loss and probable reactions, it cannot measure the UC
separately. For the low LOI class F fly ash, the average weight loss between 110 to 750 oC from
TGA was measured to be 1.50% while LOI was measured as 1.89%. Both LOI and oneatmosphere TGA were conducted in air, but the sample’s weight, retention time, heating rates,
and the type of heating vessels were different. Comparing the test conditions, the lower measured
weight loss in TGA is rational as a smaller sample was heated for a shorter duration at a faster
heating rate and higher vapor pressures.

3.6.2.2. Two-atmosphere TGA
Figure 3-3 shows 2A-TGA results for two duplicate samples of the low LOI class F fly
ash (25.65 mg and 33.84 mg). The sudden mass change (~0.1%) upon changing the atmospheres
are subtracted from the test results. Although the difference in the weight loss% between the two
replicate fly ash samples is not significant, it can be explained by the heterogeneous nature of fly
ash. By running TGA in different conditions, it was found that the maximum temperature in the
non-oxidizing atmosphere, heating rate, and retention time are three parameters that are the most
significant in affecting the weight loss behavior of fly ash during a TGA test. As such, three
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maximum temperatures in He environment (650, 750, and 950 oC) were tested. Also, the samples
were heated using two heating rates of 20 oC/min and 10 oC/min. Finally, the effects of adding 15
min retention time at 110 oC, 15 min at the end of He atmosphere, and 15 min at the end of air
atmosphere were assessed. These results are presented in the next section.
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Figure 3-2- One atmosphere (air) TGA result for the low LOI class F fly ash
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Figure 3-3- Two atmosphere TGA result for the low LOI class F fly ash (max temperature in He
atmosphere = 750 oC, heating rate = 10 oC/min, 15 min retention times)

The results of 2A-TGA-MS tests are presented in Figure 3-4, Figure 3-5, and Figure 3-6
for the low LOI class F fly ash heated in He to T max=750 oC, low LOI class F fly ash heated in He
to Tmax=950 oC, and the high LOI class F fly ash heated in He to T max=750 oC, respectively. After
careful analysis of the MS results, it was determined that only spectrums for H2O (MW=18) and
CO2 (MW=44) are observed in significant intensities above the background for the examined fly
ash samples. The weight derivative curve in each figure represents temperatures associated with
significant weight loss. The following observations can be made:

50


Initially and below 110 oC, concurrent weight loss (TGA) and water vapor (MS) peaks
were observed as a result of evaporation of free water, and the water released by conversion
of gypsum (CaSO4.2H2O) to hemihydrate (CaSO4.1/2H2O), which occurs in the range 60 to
150 oC [37]. The peaks are much more pronounced for the high LOI class F fly ash due to
the high moisture content of this fly ash (Table 3-1).



A shallow and broad weight loss peak immediately above 110 oC represents continued
water loss due to conversation of gypsum to hemihydrate and further to anhydrite, which
occurs at temperatures up to 240 oC [37]. This agrees with the high temperature XRD
results presented later. The sharp and narrow weight loss peak at 320 oC for the high LOI
class F fly ash is likely a noise in data.



The apex of the next weight loss peak occurs at approximately 570 oC for the low LOI class
F fly ash, and at 635 oC for the high LOI class F fly ash. These correspond with a shoulder
on the MS curve for CO2, and elevated levels of H2O. These are possibly associated with
decomposition of carbonates although reduction of iron oxides by organic carbon
(discussed later) cannot be ruled out. Future research could dope fly ash with known
amounts calcite or organic carbon and study the impact on these peaks.



For the fly ashes heated in He to 750 oC (both low and high LOI fly ashes), the next weight
loss peak occurs at approximately 720 oC. This peak co-occurs with significant MS CO2
and H2O peaks, and is likely caused by reduction of iron oxides by organic carbon and
continued loss of strongly-bound water. For the low LOI fly ash heated in He to 950 oC,
these peaks are shifted to 927 oC, and the CO2 peak is approximately 10 times more
significant. The increased dominance of the CO2 peak at such a high temperature makes it
unlikely that this peak is caused by decomposition of carbonates. Paya et. al. [20] suggested
that iron oxides in fly ash can be reduced by organic carbon at elevated temperatures. This
reaction is kinetically slow and can produce CO and CO2:
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FexOy (s) + C(s)  FexOy-1(s) + CO (g)

(Eq. 3-1)

2FexOy (s) + C(s)  2 FexOy-1 (s) + CO2

(Eq. 3-2)

As a result, if there is sufficient UC content in fly ash, Fe 2O3 may be reduced to magnetite
(Fe3O4) starting at 650-700 oC, Fe3O4 is subsequently reduced to FeO at 980 oC, and FeO is
finally reduced to Fe at 1125 oC [38]. Tests were carried out by Paya et al. [20] through
heating mixtures of hematite or magnetite with activated (high surface area) carbon in an
inert atmosphere. In both cases, TGA showed significant mass losses in the range of 750 to
1100 °C, indicating the incident of reduction processes [20].


After switching to the air atmosphere, only one significant weight loss peak is observed
with apex at approximately 710 oC for the low LOI fly ash and at 650 oC for the high LOI
fly ash. In all cases, this peak co-occurs with a MS CO2 peak, indicating combustion of UC
to be the cause of weight loss of fly ash sample.
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Figure 3-4- 2A-TGA-MS for the low LOI class F fly ash at the max. He temperature of 750 oC
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Figure 3-5- 2A-TGA-MS for the low LOI class F fly ash at the max. He temperature of 950 oC

3.6.3. Influencing Parameters on the Thermogravimetric Behavior of Fly Ash
3.6.3.1. Maximum temperature in the inert atmosphere
2A-TGA on the same low LOI class F fly ash was performed when the maximum
temperature in the He atmosphere (Tmax@He) was set at 650, 750, or 950 oC. The heating rate was
set at 20 oC/min. The results are shown in Figure 3-7. It is observed that increasing Tmax@He
resulted in increased weight loss in the He atmosphere and reduced loss in the oxidizing (air)
atmosphere. The measured weight loss in the air, which corresponds to the remaining UC content
in fly ash, was 1.10%, 0.79%, and 0.31%, for T max@He= 650, 750, and 950 oC, respectively. The
increasing weight loss in He with increasing T max@He is primarily due to reduction of iron oxides
by organic carbon, as discussed earlier. Also noted in Figure 3-7 is that when fly ash was heated
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to Tmax@He = 950 oC, weight loss continued during the cooling phase from 950oC to 750oC. This is
likely due to continued reduction of iron oxides by carbon during the cooling phase while the
temperature remained above 750 oC. For Tmax@He = 650 or 750 oC, mass loss during cooling phase
was negligible. This further confirms that maintaining T max@He = 750 oC or lower is essential to
prevent or minimize the iron reduction reactions and their resulting error in determination of UC.
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Figure 3-6- 2A-TGA-MS for the high LOI class F fly ash at the max. He temperature of 750 oC

In summary, a portion of the UC may be consumed in the He atmosphere at high
temperatures to reduce iron oxides. This results in lower weight loss in the oxidizing atmosphere,
and as such, underestimating the measured UC in fly ash. Iron reduction starts at 650 oC and
becomes significant above 750 oC. At the same time, carbonate decomposition usually occurs
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between 650 and 800 oC [33]. Therefore, choosing Tmax@He at 750 oC can minimize iron reduction
while allowing for carbonates to decompose; resulting in the optimum UC measurement. The
likelihood of iron reduction reactions will be further evaluated using SDT (simultaneous DSCTGA) and using high temperature XRD analyses. In the tail end of experiments shown in Figure
3-7, when fly ash was heated above 800 oC in air, a slight weight gain was observed, which is
likely to be due to re-oxidation of iron compounds.
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Figure 3-7- Effect of maximum temperature in He atmosphere on 2A-TGA results of the low LOI
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3.6.3.2. Heating rate
Two heating rates of 10 and 20 oC/min were tested for the low LOI class F fly ash. The
TGA results presented in Figure 3-8 show that the mass loss patterns in both He and air
atmospheres were similar. There was a small mass loss recorded while switching the gases in the
chamber, which is an experiment artifact likely induced by change in the density of the
surrounding gas. The weight derivative curves (not included) for the two heating rates showed
that TGA peaks were slightly shifted to higher temperatures for the higher heating rate. This is
reasonable and in agreement with previous studies [39]. The lower heating rate (10 oC/min) was
adopted for the remaining experiments in this study.
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Figure 3-8- Effect of heating rate on 2A-TGA results for the low LOI class F fly ash
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3.6.3.3. Retention time
According to ASTM D7348, loss on ignition (LOI) test includes a final 2 hr retention
time at 750 oC. Also, sample is kept at 110 oC for 1 hr for moisture removal before ignition.
These conditions were simulated in 2A-TGA by adding three retention times to the heating
process: 15 min at 110 oC, 15 min at 750 oC in the He atmosphere, and 15 min at 750 oC in air.
Figure 3-9 compares the effect of adding such retention times versus 2A-TGA without retention
intervals for the low LOI fly ash. No difference in weight loss was observed by 15 min retention
at 110 oC; this is due to very low moisture content of the fly ash (see Table 3-1). Retention at 750
o

C in He resulted in a small weight loss, possibly due to reduction of iron oxides. Retention at 750

o

C in air resulted in a slight weight gain, which is probably due to re-oxidation of iron. Overall,

the effects of retention times on TGA results of this fly ash were insignificant.

3.6.4.

TGA-MS Results For High LOI Class F Fly Ash
The fly ash with higher LOI (5.30%) was tested according to the following heating

regime. (i) In He atmosphere: heating the sample from room temperature to 110 oC at a rate of 10
o

C/min, isothermal retention for 15min at 110 oC, heating from 110 to 750 oC at a rate of 10

o

C/min, isothermal retention for 15min at 750 oC, and cooling down to 300 oC at a rate of 20

o

C/min. This was followed by (ii) heating the fly ash in the oxidizing (air) atmosphere: heating

from 300 to 750 oC, at the rate 10 oC/min, followed by isothermal retention for 15min at 750 oC.
The 2A-TGA-MS results for this fly ash were previously reported in Figure 3-6. Figure
3-10 presents the 2A-TGA weight loss results for three replicates of this fly ash with initial mass
in the range of 22±5 mg. Since this fly ash had high moisture content, retention time at 110 oC
resulted in approximately 2% more weight loss before observing a plateau. This suggests that
retention time at 110 oC for at least 15 min is essential for fly ashes with high moisture content,
unless the sample is oven dried prior to testing. It should be noted that the as-received moisture
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content of this fly ash was 9.0% as Table 3-1 shows. However, only approximately 2.0% weight
loss was observed by 2A-TGA; this is likely due to loss of free moisture from the sample during
preparation before the TGA test. Retention time at 750 oC in He resulted in approximately 0.5%
weight loss, which is probably a result of iron oxides reaction by UC. Longer retention times
would result in more consumption of UC. Consequently, retention time at this temperature is not
recommended. The subsequent weight loss in air is attributed to UC.
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Figure 3-9- Effect of retention time on 2A-TGA results for the low LOI class F fly ash
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3.6.5.

LOI – TGA – IR Correlation
In addition to the two class F fly ashes discussed above, three more class F fly ashes with

LOI% of 3.18, 7.28, and 7.66%, a class C fly ash (LOI=3.86%), and a fluidized bed combustion
(FBC) fly ash (LOI=8.10%) were tested using the developed 2A-TGA technique to determine
their UC content. In addition, the total and organic carbon in these fly ashes were measured by
infrared (IR) spectroscopy using a LECO Carbon Analyzer. The results are presented in Table 3.
The IR test was performed on both virgin and acid treated fly ash samples to determine the total
and organic carbon contents, respectively. For most fly ashes, the difference between the IR
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results on the virgin and acid treated fly ashes was small. For the NRG fly ash, the carbon content
of the acid treated ash was higher than that of the virgin ash. This clearly cannot be true. Such
errors could be due to re-absorption of CO2(g) from air during drying of fly ash after acid
treatment, and/or removal of other inorganic phases in fly ash by the acid, resulting in an artificial
enrichment of UC. Due to these challenges, it was decided to only rely on the total carbon content
measurement by IR analysis (performed on virgin fly ash samples), which is in agreement with
common practice in the literature.
Figure 3-11 compares the LOI (%) for each fly ash with the total carbon, TC (%),
measured by IR and the UC (%) measured by 2A-TGA. It is clear that LOI consistently over
estimates both the total and organic carbon contents. For class F fly ashes, LOI overestimated TC
by up to 1.7 and overestimates UC up to 2.8. For class C and FBC fly ashes, the over
prediction of TC and UC by LOI was up to 2.5 and 6.4, respectively. This is due to the higher
amounts of carbonates and bound water in these fly ashes. Table 3 shows that UC made up 38%
to 91% of the total carbon in the fly ashes. It is however acknowledged that the 2A-TGA method
may under-estimate the true UC content due to the iron reduction reactions previously discussed.
Finally, it is acknowledged that 2A-TGA technique may not be easily accessible and
practical for industry applications. Therefore, and based on the results of this study, a practical
alternative to 2A-TGA could be to heat fly ash in a non-oxidizing atmosphere (e.g., vacuum, Heor N2-purged furnace) up to 750 oC, followed by a conventional LOI test.
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Figure 3-11- Comparison of LOI, total carbon measured by IR spectroscopy (solid dots), and
organic carbon measured by 2A-TGA (hollow dots)

3.6.6.

Iron Reduction Reactions
As discussed in previous sections, heating fly ash in non-oxidizing (He) environment

could result in reduction of iron oxides by UC. The probability of this type of reactions was
further assessed by performing SDT (simultaneous DSC-TGA) and high-temperature XRD. In the
SDT experiment, the high LOI class F fly ash was heated using the same protocol described
earlier, and both the weight changes and heat flow were measured. As shown in Figure 3-12,
while the temperature increases from room temperature in He atmosphere, the heat flow curve
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shows a decreasing pattern because of gradual sample dehydration, which absorbs heat. At 110
o

C, an endothermic valley is observed (labeled as point 1 on Figure 12), which is related to a 2%

weight loss due to water evaporation. During the 15-min retention time at 110 oC, the heat flow
curve gradually plateaues (point 2). As the sample is heated above 110 oC, due to further water
evaporation and decomposition of carbonates, a decreasing trend continues for the heat flow
curve. At T=747 oC when the second retention time initiates, another endothermic valley is
observed which is likely to be due the iron reduction by UC (point 3) as iron oxides and carbon
absorb energy to react (ΔHr =172 KJ/mol). It is noted that during the cooling step, two
exothermic peaks are observed at 200 oC and 205 oC (point 4). In the oxidizing environment, an
exothermic peak is observed at 740 oC, which is attributed to burning of UC. This last peak is
better recognized using the heat flow derivative curve (with respect to time) as the inflection
point (point 5) clearly shows an exothermic reaction. Similar characteristic trends were observed
while heating the fly ash to maximum temperature of 950 oC in He atmosphere.
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Figure 3-12- SDT results for the high LOI class fly ash heated to 750 oC

In order to track the phase transformations upon heating fly ash, especially the iron oxide
reduction reactions, high temperature XRD analysis was performed on the high LOI class F fly
ash. Heating was performed in two atmospheres using the same heating protocol as for 2A-TGA.
Six XRD patterns were collected: (a) initial fly ash before heating, (b) after 15 min retention at
110 oC, (c) at 700 oC in He, (d) after 15 min retention at 750 oC in He, (e) at 750 oC in air, and (f)
after 15 min retention at 750 oC in air (Figure 3-13).
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Figure 3-13- High temperature XRD analysis for the high LOI class F fly ash

Comparing the six diffraction patterns at different temperatures, slight shift in the peak
locations were observed as the temperature increased. These shifts are partially caused by the
thermal expansion of the crystalline phases, resulting in increased d-spacing between the lattice
planes, and a shift to lower diffraction angles (θ) according to the Bragg’s law (2dsinθ = nλ). In
addition, in Figure 13, some of the peaks disappeared or formed upon heating the fly ash sample.
A gypsum peak, which existed at room temperature (25 oC) at 2θ=12o, disappeared at 110 oC. In
another location, 2θ=21o, gypsum peak shrank with increasing temperature. Such changes are
likely due to dehydration of gypsum to hemihydrate at 60 to 150 oC. Therefore, the hemihydrate
peak appeared at 2θ=15o within the 110oC diffraction pattern. At higher temperatures,
hemihydrate transformed to anhydrate, resulted in a peak formed in 700 oC at 2θ=25o. This peak
remained up to the highest temperatures in both He and air as anhydrite decomposes at 1200 to
1300 oC [40]. Mullite (2θ=26o) and quartz (2θ=27o) peaks overlap and were practically constant
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with changing temperature, and only a slight shift in their location was observed. At 2θ=29 o,
calcite peak is observed at 25oC, and with a minor shift at 110 oC. At higher temperatures
(starting from 700 oC), this peak disappeared.
Both hematite peaks at 2θ=33o and 2θ=35o shrank as the temperature increased in the He
atmosphere. Instead, magnetite peaks are expected to increase, but this was not observed probably
because hematite and magnetite peaks overlap at most diffraction angles. Changing magnetite to
FeO and Fe was not observed in the temperature range studied in this work. Shrinkage in
hematite peak is likely to be an indication of reduction of iron oxides by UC. It should be
mentioned that the constant peaks at 2θ=40o, 46o, and 68o were due to the use of platinum plate
which contained the sample. Overall, the high-temperature XRD results agreed with the
possibility of iron reduction reactions in He at high temperatures (≥700 oC).

3.7. Conclusions
Based on observations made in this study, the following conclusions can be drawn:


Similar to LOI, one atmosphere TGA in air cannot separately measure the unburned carbon
(UC) content of fly ash. This is due to overlapping reactions and mass losses that occur at
500 to 750 oC as a result of losing bound water, decomposition of carbonates, and oxidation
of organic carbon.



A two atmosphere TGA has the potential of directly measuring the UC content by
separating out the weight loss associated with bound water and carbonates through heating
the fly ash sample in an inert atmosphere prior to combustion in air.



A potentially significant source of error in 2A-TGA method is the reduction of iron oxides
by UC that occurs above 650 oC in the inert atmosphere. Unfortunately, this reaction occurs
at similar temperatures as those for decomposition of carbonates, and results in
underestimation of UC when fly ash is subsequently combusted in air.
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Capping the maximum temperature in the inert atmosphere (Tmax@He) at 750 oC seems to be
optimum in promoting the decomposition of carbonates while minimizing the reduction of
iron oxides and the resulting error in UC measurements. However, further research is
needed in this area.



Heating rate of 10 oC/min and a 15-min retention time at 110 oC are recommended.



There is no one-to-one relationship between LOI and the total carbon (TC) or the unburned
carbon (UC) content of fly ash. LOI overestimated TC by up to 2.5 and overestimated UC
by up to 6.4. In general, overestimation of TC and UC was less for class F and more for
class C and FBC fly ashes.
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Chapter 4
Determining the Mechanisms and Predicting the Leaching Behavior of
Environmentally-Important Elements from Fly Ash –
Part 1: Experimental Characterization
4.1.

Abstract
This study aimed to determine the main host phases for environmentally important

components in pulverized coal fly ash. This was achieved through a framework including
characterizing the coal ash, and flow-through column leaching tests. Scanning electron
microscopy with energy-dispersive spectroscopy (SEM/EDS), inductively coupled plasma atomic
emission spectroscopy (ICP-AES) and quantitative X-ray diffraction (QXRD) were applied for
material characterization. The leachates collected from a 30cm column of compacted fly ash were
analyzed under neutral and acidic condition. It was found that amorphous aluminosilicate is the
main host phase for Si, Al, Fe and, Mg. Alkalis such as K, and trace elements including As and
Se are also distributed in the bulk Al-Si glass in low concentrations.

The Initially high

concentrations of Ca and S in the leachate were mainly due to the dissolution of gypsum. Surface
associated salts (e.g., sulfate salts and borate salts) dissolve Na, K, S, and B ions at early stages of
leaching. Molybdenum is mainly associated with powellite (CaMoO4). Iron was found both as
ferromagnetic particles containing magnetite and hematite, and also included in the amorphous
phase in lower amounts.

4.2.

Motivation and Objectives
Coal combustion products (CCPs) can be very beneficial for reclamation of surface and

underground mines. Injection of CCPs into deep (underground) mines can provide structural
support for subsidence abatement. Placement of CCPs in surface mines can reclaim mined land to
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its original grade and also can mitigate acid mine drainage (AMD). These practices have been
employed at both active and abandoned coal mines [1]. Mine spoils may contain pyritic materials,
which are oxidized in exposure to rainwater and drainage water, and release acidic leachate
containing Fe2+ and SO42-. The oxidized Fe2+ precipitates as iron hydroxide solid giving rise to
the orange–yellow color areas and streams affected by acid mine drainage [1]. Placing alkaline
CCPs in mines for reclamation is a viable AMD management option as CCPs can neutralize the
acid through dissolution of alkali and alkali-earth cations such as Na, K, Ca and Mg. Further, coprecipitation/adsorption of heavy metals such as As, Ni, Cd, and Cr onto iron oxide or iron
hydroxide at higher pHs (approximately 6.5 and higher) reduces the transport and release of such
contaminants by mine sites. This neutralization effect is enhanced for FBC ashes due to their
generally higher alkalinity, as was shown by a hydrogeological study of an underground coal
mine at Clinton County, PA where injection of FBC ash slurry resulted in neutralizing AMD and
a precipitous decrease in As, Cd, and Al concentrations in the monitoring wells [2].
In spite of these benefits, coal fly ash itself has been found to be a source of releasing
potentially harmful elements to the environment [1]. Coal contains significant amount of various
trace metals, and during combustion these elements are concentrated by up to 4 to 10 times in fly
ash [1]. Separate column leaching studies on fly ash and mine overburden samples from Trapper
mine in Colorado revealed that effluent concentration of Al, B, Ba, and Cr were higher than
drinking water standards [2]. Also, high sulfur concentration in fly ash may add to the high sulfur
content of mine spoils leachate, and consequently exceed the leaching limits. In 2010, it was
reported that Pennsylvania and 34 other states had significant groundwater contamination from
coal ash [2]. The groundwater monitoring wells at these ash disposal areas had shown
concentrations of heavy metals such as As, Pb, Se, and other trace elements that exceeded federal
health standards. These pollutants are linked to cancer, respiratory diseases and other health and
developmental problems.
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Leaching of harmful elements from coal ash depends not only on the concentration of
these elements in the coal ash (i.e., the bulk chemistry of ash) but also on the mineralogy and
surface area of phases that host these elements. For example, boron (B) that is present in the form
of soluble borate salts (e.g., NaBO2) is significantly more leachable than boron that is infused
with alumino-silica glass structure in fly ash. However, unlike bulk chemistry, identifying the
phase or phases that host each environmentally-significant element is not trivial. In addition,
leachability of elements depend on the hydro-geochemical conditions of the reclaimed mine site
(e.g., pH of inflow water, rate of precipitation, and porosity and degree of saturation of fly ash
deposit over time). Identifying and quantifying these host phases and parameters require
methodical experimental research and numerical modeling, but will allow prediction and
mitigation of the long-term environmental impacts of fly ash deposits in reclaimed mine sites.
The objective of this study is to identify, characterize, and predict the leaching
mechanisms of environmentally important elements in pulverized coal (PC) fly ash and under
hydro-geochemical conditions that are relevant to rehabilitated mine sites. Specifically, this
chapter attempts to identify the predominant host phases for each important element in fly ash
through electron microscopy (SEM/EDS), quantitative x-ray diffraction (QXRD), and column
leaching experiments, while considering the mode of occurrence of each element in coal and its
evolution during coal combustion. The study specifically focuses on four trace elements (As, Mo,
Se, and B), due to their health hazards, and on eight major elements (Na, K, Ca, Mg, S, Al, Si,
and Fe), due to their impact on the chemistry of leachate. The findings in this chapter will be
critical for constructing reliable numerical models (as in Chapter 5) to predict the long-term
leaching of elements from PC fly ash.
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4.3.

Relevant Past Research

4.3.1.

Field Studies on Long-Term Leaching from Fly Ash Deposits
A number of past studies have assessed the interactions of CCPs with water in reclaimed

mine settings [1,3]. In a technical report published by office of surface mining, it was
acknowledged that CCRs could serve a useful purpose in mine reclamation, lessen the need for
new landfills, and potentially neutralize acid mine drainage. However precautions should be taken
to protect the environment and public health, and the potential to degrade the quality of
groundwater and/or surface waters particularly over longer time periods should be carefully
assessed [4]. In another study, a series of case studies on beneficial applications of CCPs in mine
reclamation were assessed for surface capping, underground mining, and acid mine drainage [5].
As a mine filling material, CCPs can be used to neutralize acid groundwater, encapsulate toxic
materials, bring the land surface to approximate original contour, and prevent subsidence CCPfilled areas introduce an alkaline component into the mine fill, which tends to cause metals to
precipitate. FGD byproducts were applied for reclamation of Ohio coal mine sites, and leaching
behavior was assessed. The results showed that leaching of some elements were independent of
pH such as calcium and sulfate, while other elements such as Mg, Cd, Mn, Si, and Zn showed
higher leaching at lower pH [6].The impacts on groundwater quality were assessed due to use of
coal combustion byproducts to control subsidence from underground mines [7].Coal combustion
byproduct leachates were high in dissolved solids and sulfates. Chloride and boron from fly ash
were also leached out in initially high concentrations. Several methods have been considered for
reducing the interaction of water with ash deposits, including placement of ash sufficiently above
the underground water table, and using landfill liners and/or low permeability covers. However,
these methods may not be all economically and practically feasible, or totally prevent fly ash
from coming into contact with water [8].
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As discussed above, leaching of hazardous elements depends not only on the properties
of coal ash (e.g., bulk chemistry, mineralogy, and surface area) but also on the geochemical
conditions of the mine land (e.g., pH of inflow water, rate of precipitation, and porosity and
degree of saturation of the ash deposit). Defining the predominant host phases for a target element
is critical in understanding the interactions in fly ash-water system, and in stablishing the
controlling leaching mechanisms through solubility and dissolution rate of the host phases.
Depending on the host phase, elements can rapidly leach out, (e.g., S from alkali sulfate salts),
dissolve slowly (e.g., Si in alumino-silicate glass) or practically not dissolve due to a very low
solubility (e.g., Al in mullite). Although quantitative XRD can potentially identify the host phases
for major elements (>1000ppm concentration), the hosts for minor and trace elements are not
easily detectable by this method due to their very low concentrations. Therefore, the major phases
detected by XRD might also include low concentrations of minor and trace elements. And even
such low concentrations, if leached out into underground and surface waters, can cause serious
health problems. In addition to the fly ash properties, the influent water chemistry, specifically its
pH, affects the solubility of CCP-derived constituents. Many metals (e.g., Al, Si, Fe) show high
solubility at low and high pH, with significantly lower solubility at near neutral pH. Water flow
with low pH and high concentrations of iron and sulfur is the consequence of acid mine drainage
(AMD). But moderate to strong alkaline leaching conditions are also possible fields where
alkaline fly ash is deposited. Such a conditions increase the potential for solubility of oxyanions
including As, B, and Mo [9].

4.3.2.

Laboratory Leaching Tests
Laboratory batch tests are frequently used to assess the general leaching risk of elements

from CCPs. The toxicity characteristic leaching procedure (TCLP) [10], the synthetic
precipitation leaching procedure (SPLP) [11], and the sequential batch extraction according to
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ASTM D4793 [12] are common examples of batch leaching experiments that are performed on
fly ash. However, these methods are performed over a short durations (e.g., 18±2 hr for TCLP),
and their chemical conditions do not adequately mimic that of compacted fly ash deposits in mine
sites. They attempt to consider the worst-case situation (e.g., pH of 2.88 ± 0.05 in TCLP) to
simulate acidic conditions of mine sites, but low pH is not the worst condition for leaching of all
elements. For example, As leaches out more significantly at higher pH [13]. Also, aggressive
stirring or agitation and using low volumetric solid to liquid ratios (e.g., 1:20 in TCLP) during the
test are far from in-situ mine site conditions, where ash layers with high solid to liquid+void ratio
(e.g., 1:0.7) are in contact with water flow under gravity. Due to the short duration of batch tests,
they also cannot be used to evaluate the long-term leaching of elements.
Column leaching tests have been suggested to better simulate the water passing through a
compacted layer of ash (or other CCPs) in a mine field [14]. An Analysis of coal combustion byproducts disposal practices was done to simulate the effects of the infiltration of rain water or
natural groundwater through buried CCPs and to determine the sequence of constituents that
would be present in leachates [15]. A series of columns were prepared containing fly and bottom
ash as well as spoil material. They were subjected to leaching with deionized water to determine
the possible leach sequence that might occur over time. The results showed that the concentration
of most elements (including B, K, Cr, Mg, Cu, Mo, Na and Ni) decreased with time suggesting
that they were weakly adsorbed to the solid phase. Several elements showed an initial increase in
concentration followed by a decrease. These included Al, Ba, Ca, and Li, as well as Si and Sr in
some columns. This was probably due to dissolution of soluble amorphous materials. In another
study, in order to evaluate the environmental suitability of fly ash-stabilized soils for potential
highway applications, a series of long term column leaching experiments were conducted [16].
The column leaching tests were conducted on soil, fly ashes alone and soil mixtures to provide
more realistic results about leaching behavior and transport parameters of heavy metals. An
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increase in fly ash content increased the pH values of the soil – fly ash mixtures significantly due
to the release of CaO and MgO minerals regardless the type of fly ashes.

4.3.3.

Mode of Occurrence of Elements in Coal and in Fly Ash
The mode of occurrence of elements in parent coal can affect the element distributions in

fly ash. Elements in coal are classified into three groups: major elements (typically C, H, O, N, S)
with concentrations above 1000ppm, minor elements that mainly include the coal mineral matter
(e.g., Si, Al, Ca, Mg, K, Na, Fe, Ti) with concentrations between 100 and 1000 ppm, and trace
elements (e.g., As, B, Hg, Mo, Cd, V, Cu) with concentrations below 100ppm [17]. The major
and minor elements form the non-combustible mineral matter of coal (e.g., quartz, kaolinite,
feldspar, pyrite, gypsum, etc.). Some trace elements (TEs) are distributed in the inorganic
component (e.g., As is typically hosted in pyrite, and B is partly associated with heavy minerals
such as tourmaline [17]), while other TEs are affiliated with organic matter in coal (e.g., B, V, Zr)
[18].
During combustion, coal experiences several transformational mechanisms to form ash.
The non-volatile mineral matter (e.g., Si, Al, Fe, Ca, and Mg) melt and fuse to form 1-100 μm fly
ash particles. These particles could be in the form of alumino-silicate glass (containing some Ca,
Mg, and alkalis), or crystalline iron oxide, mullite, and anhydrite phases [19]. These glass and
mineral phases could lock in some trace elements that were originally associated with the mineral
matter in coal. The volatile matter (e.g., S, As, Hg, Se) vaporizes and condenses on the surface of
fly ash particles or forms independent particles in the 0.01-1μm range. An example of the former
is As that is absorbed by lime (CaO) to form Ca-arsenates on the surface of fly ash particles
during flue gas cooling [20]. Table 4-1 and Table 4-2 summarize the predominant modes of
occurrence for the major, minor, and trace elements in pulverized coal (PC) fly ash, according to
previous studies.
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Table 4-1- Possible mode of occurrence for major elements in fly ash
Element

Mode of occurrence

References

S

Surface association: sulfate-bearing compounds such
as gypsum, thenardite, arcanite (SO42- as predominant
species)

[21], [22]

Ca

Lime, anhydrite, calcite
Glass matrix
Ca-bearing salts (e.g., Ca-sulfates)
Precipitated within ettringite

[22], [23]

Fe

Magnetite mixed with hematite
Minor proportion in the glass matrix
Iron oxy-hydroxides

[22], [24],
[25]

Mg

Glass matrix
Associated with Ca (e.g., dolomite)

[24], [26],
[27], [28],
[29]
[23], [15],
[30]

Si

Glass matrix, Mullite

[31], [32]

Al

Aluminosilicate glass
Mullite
Amorphous Al(OH)3
Ettringite

[24], [33],
[34], [35],
[36], [37]

Na, K

Glass matrix
Surface soluble salts (e.g., K-sulfate, Na-sulfate)

Table 4-2- Possible mode of occurrence of trace elements in PC fly ash
Element

As

B

Mo

Se

Mode of occurrence
Associated with ferric oxides and hydroxides, and
iron hydroxyl sulfates in acidic fly ashes
Calcium arsenates on the surface in alkaline fly ash
As2O5(s) on the surface
Adsorption on Fe-oxyhydroxides and mullite
Precipitated within ettringite and carbonates
Soluble borate salts on the surface
Infused with silicate structures
Precipitated within ettringite
Precipitated within CaCO3 under alkaline condition
On the surface as Ca-Molybdate
Sorbed on Fe-oxyhydroxides
Precipitated within ettringite
CaSeO3 on the surface
SeO2(s) on the surface
Iron selenate (Fe(SeO3)3)
Adsorption on Fe-oxyhydroxides
Precipitated within ettringite

References

[20], [38],
[39], [40]

[31], [24],
[41], [42]
[43], [44],
[18]

[45], [46],
[47]
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4.4.

Materials and Methods
Class F PC fly ash from First Energy’s Hatfields Ferry power station in Masontown, PA,

was analyzed in this study. This ash is a product of burning bituminous coal, which is the most
abundant coal source in Pennsylvania. A bulk sample of approximately 0.4 m3 was acquired from
the power plant. After thoroughly mixing the as-received fly ash, all test samples were acquired
using a cone and quarter method to obtain a representative sample from the bulk. The fly ash was
characterized for its physical properties, including moisture content, particle size distribution
(using laser diffraction), density (using helium pycnometry), and surface area (using N2 gas
adsorption), as well as its loss-on-ignition and organic carbon content. In addition, this fly ash
was subjected to bulk chemical analysis, mineralogical phase identification, and a flow-through
column leaching as described in the following sections.

Figure 4-1 presents the framework

considered for the designed analysis.

Mode of occurrence of element of interest in source coal and during coal
combustion
SEM/EDS and QXRD analysis for mineral and amorphous phases

Leaching patterns
Column
leaching
experiment

Thermodynamic
info
(Visual MINTEQ)

Saturation indices for
primary and secondary
phases
Aqueous species
distribution for each
element
Distribution among
dissolved, sorbed, and
precipitated species

Figure 4-1- Framework for determination of host phases for environmentally important elements
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4.4.1.

Bulk Chemistry
The bulk chemistry of the fly ash was quantified using X-ray fluorescence (XRF), and

also by total digestion of the ash, followed by performing inductively coupled plasma atomic
emission spectroscopy (ICP-AES). For XRF analysis, a fly ash sample (approximately 1 g) was
heated up to 1000 °C, mixed with lithium metaborate salt (acting as flux agent), and made into a
glass bead, which was analyzed using Axios PANalytical XRF instrument.
For ICP-AES analysis, fly ash samples (approximately 1 g) were digested using lithium
metaborate fusion technique. Fly ash was thoroughly mixed with the lithium salt (1:10 ash to salt
mass ratio), and poured into a graphite crucible. The crucible was inserted into an oven preheated
to 900 oC. After 10 min in the oven, contents of the crucible were firstly swirled to pick up any
non-coalesced beads and then placed into a beaker containing 100 ml of 5% nitric acid solution.
The solution was then stirred for at least 15 minutes and transferred to a polyethylene bottle for
storage before performing ICP analysis. This method determines the total content of major and
minor elements in fly ash. Perkin-Elmer Optima 5300DV ICP-AES was used. In addition, for
volatile elements such as sulfur, LECO SC 632 was used. This instrument combusts the fly ash
sample and uses infrared (IR) detectors to measure the concentration of emitted SO2 gas, which is
converted to the total sulfur content of fly ash.
The total content of trace elements was determined using ASTM D6357 method [48].
This method is used specifically for combustion residues from coal utilization processes. A strong
acid (e.g., nitric, hydrochloric, or hydrofluoric acid) is added to a powder fly ash sample,
followed by heating to dryness at 130-150 oC on hot plate, and adding the acid. The final solution
is then analyzed by ICP-AES or ICP-MS for target trace elements.
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4.4.2.

Mineralogy
To determine the mineralogy of the fly ash sample, quantitative X-ray diffraction

(QXRD) analysis was performed using PANalytical Empryean θ-θ powder diffractometer with
para-focusing optics and CuKα radiation. The measurements were performed over the angular
range of 5-70o (2θ) with a step size of 0.0263o (2θ) and a counting time of 197 sec/step. Data
evaluation was performed using the software MDI-Jade 2010. The chemical composition of
amorphous phase was determined by subtracting from the bulk chemistry data the mineral phases
identified and quantified by QXRD. Before running XRD analysis, fly ash samples were ground
using high energy ball mill in order to decrease their particle size to <10μm.

4.4.3.

Elemental Distribution Evaluated by Electron Microscopy
To characterize the morphology and elemental distribution within fly ash particles, FEI

Quanta 200 Environmental Scanning Electron Microscopy (ESEM) was used. The microscope’s
tungsten filament was operated an accelerating voltage of 12.0 to 15.0 kV. Different sample
preparation methods were applied under coated/uncoated and polished/unpolished conditions to
find the most applicable method for fly ash powder preparation. Oven-dried fly ash powder was
poured on carbon tape coated with carbon, on carbon tape coated with gold, and on silica wafer
wetted by ethanol. To prepare polished samples, the fly ash was mixed with a low viscosity epoxy
resin and cast inside 5mm diameter holes that were drilled into an epoxy puck. After the epoxy
had set, the surface was polished with abrasive grits and diamond paste down to 0.25 µm. The
polished samples were carbon coated prior to inserting inside ESEM chamber. The ESEM was
equipped with Energy-Dispersive X-ray Spectroscopy (EDS) to allow quantitative compositional
analysis.
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4.4.4.

Batch and Column Leaching Experiments
To evaluate the acid neutralization potential of fly ash, a batch leaching test with the

same liquid/solid ratio as the flow-through column leaching test (below) were performed. 90 g of
fly ash was continuously mixed with 130 cm3 distilled water with pH of 5.5 (neutral condition)
and 2.1 (acidic condition using sulfuric acid). The solution’s pH was measured after 1min, 3min,
6min, 10min, 15min, 30min, 1hr, 15hr, 20hr, 1.5 day, 3 days, and 4.5 days of agitation until the
pH plateaued. Although the leaching conditions in a fly ash deposit is quite different, this simple
test can provide an approximation for the degree of alkalinity of fly ash. The acid neutralization
potential (ANP) was also measured according to EPA 600/2-78-054 method, which determines
the tons of CaCO3 equivalent per 1000 tons of fly ash. In this method, hydrochloric acid (1:3) is
added to 2 g fly ash sample, and the sample is heated until no gas evolution is visible. Titration is
then performed using 0.1N sodium hydroxide (NaOH) to reach pH=7. From the amount of base
added and the acid consumed, the total CaCO3 equivalent is calculated. The pH of solid fly ash
was also measured by EPA SW-846 test method 9045D, which is a common method to measure
the pH of soil and solid wastes. A benchtop multi parameter meter was used to measure the pH.
The geochemical condition in fly ash deposits in a mine site is better simulated through a
laboratory column test. Here, the flow-through column leaching test was performed according to
ASTM D4874 method [49]. The continuous operation was performed in a saturated up-flow
mode in a transparent cylindrical column with the diameter of 11cm and height of 30cm. The
optimum moisture content and maximum dry density of the fly ash were previously determined
using ASTM D698 method [50]. Fly ash was prepared at its optimum moisture content and
compacted in approximately 5 layers inside the column. Compacted material was then saturated
according to the suggested method in ASTM D2434 using a vacuum pump [51]. The saturation
process was stopped as soon as the water flow started to exit from the top of the column. As the
initial composition of the leachate is important to characterize the wash-out step, the saturation
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method cannot be performed in cycles. However, the saturation degree (and void volume) can be
calculated according to the weight difference between unsaturated and saturated column. The
column’s degree of saturation was approximately 92-93% for this experiment. The flow rate was
set to collect one pore volume in 24±3 hr. The influent solutions were considered as distilled
water with pH in the range 5.1 to 7.5 to simulate the rainfall conditions, and distilled water
acidified with sulfuric acid (H2SO4) to pH≈2.3 to simulate an acid mine drainage condition in
mine sites. A peristaltic pump was used to push the influent water passing through the column,
and the leachate was collected in a nitrogen chamber to minimize the exposure to air and prevent
carbonation. Finally, the leachate was filtered through a 0.45 µm filter, and stored at 4oC to be
later analyzed using ICP-AES method. The test was performed for 8 days under neutral
conditions and 45 days under acidic condition. Figure 4-2 shows the column leaching set up.

Figure 4-2- Schematic of leaching column apparatus
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Thermodynamic analysis of leaching patterns is done using Visual MINTEQ
thermodynamic model, and will be further discussed in Appendix A.

4.5.

Results and Discussion

4.5.1.

Physical Characterization and Bulk Chemistry of Fly Ash
The physical characteristics and the carbon content of the PC fly ash are presented in

Table 4-3. The as-received ash contained very low moisture. In addition to the LOI, the organic
carbon content was determined using a two-atmosphere thermogravimetric analysis (2A-TGA) as
described in Chapter 3 [52].
The bulk chemical composition of fly ash in terms of major and minor elements is
summarized in Table 4-4. Here, major elements are defined as the ones with concentrations in the
range 1-100 %wt, minor elements are those with concentration of 0.05-1 %wt, and trace elements
are generally between 1 ppb to 500 ppm [53]. From the bulk chemistry results, it is found that the
studied PC fly ash is mainly composed of alumina, silica, and iron oxides. The ash is also rich in
alkali and alkali-earth metals (Na, K, Mg, Ca, total 5.6%); these elements give fly ash its alkaline
property in contact with water.

Table 4-3- Physical properties of the PC ash
Moisture content (% wt)
0.26
Density (g/cm3)
2

1

2.53

Surface area (m /g)

1.58

LOI (% wt) at 750 oC1

1.89

Organic carbon by 2A-TGA (% wt)

0.68

Particle size D10 (μm)

0.88

Particle size D50 (μm)

8.00

Particle size D90 (μm)
32.0
Loss on ignition test was performed according to ASTM D7348
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Table 4-4- Bulk chemistry of PC fly ash for major and minor elements
Estimated
(wt. %)
**
Uncertainty
Oxides
ICPICP-AES
XRF
AES
2-3%
SiO2
45.3
47.0
2-3%
Al2O3
22.0
22.1
Fe2O3

23.2

20.0

2-3%

CaO

2.40

2.30

5%

MgO

0.90

0.80

10%

Na2O

0.40

0.49

10%

K 2O

2.10

2.03

5%

SO3

0.30*

0.80

10%

TiO2

1.10

1.03

5%

10%
P2O5
0.25
0.26
* measured by LECO sulfur analyzer
**Relative percentage according to the weight percentage was considered

Table 4-5 summarizes the total concentrations for major, minor, and trace elements. Four
trace elements were selected to be analyzed: As, B, Mo, and Se. Considering the Pennsylvania
Department of Environmental Protection (PA DEP) limitations on maximum acceptable leaching
concentrations from coal fly ash [54], Mo, Se, and B concentrations were above the acceptable
limits at least for the first 45 days of column leaching tests. Arsenic concentration was below the
acceptable leaching limits under the condition of leaching test, but as it is a concerning trace
element in groundwater evaluations, we assessed the leachate for As as well.
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Table 4-5- Total concentrations of major, minor, and trace elements in the fly ash
Element

Total
(mg/Kg)

Major
219,333
140,000
116,471
16,845
16,214
Minor
Ti
6,600
Mg
4,800
Na
3,635
S
2,500
P
1,092
Trace
Ba
475
B
354
Mn
224
V
194
Cr
141
Zn
135
Ni
97
Cu
67
Pb
42
Co
33
Mo
16
As
8
Tl
3.2
Sb
3
Se
<12.5
Cd
<2.5
Ag
<12.5
*N/A: not available
Si
Fe
Al
K
Ca
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4.5.2.

Mineralogy through Quantitative XRD
The mineral and amorphous phases of the PC ash are presented in Table 4-6. Quantitative

analysis through Rietveld refinement method was applied to determine the weight proportions of
the phases.

Table 4-6- Amorphous and mineral phases for the PC ash
Phase
Formula
Wt%
Mullite
Maghemite
Quartz
Magnetite
Hematite
Gypsum
Calcite
Amorphous
Σ

Al2.4Si0.6O4.8
Fe2.66O4
SiO2
Fe3O4
Fe2O3
CaSO4.2H2O
CaCO3
*

7.9
5.8
5.5
5.2
5.1
1.9
0.5
68.3
100.2

Oxide composition (Wt.%)
Oxide

Crystalline

Amorphous

SiO2
23.0
58.1
Al2O3
19.2
23.5
Fe2O3
16.1
10.7
Fe3O4
34.6
N/A
CaO
2.90
1.98
CO2
0.73
N/A
SO3
2.79
N/A
MgO
N/A
1.72
K2O
N/A
2.97
Na2O
N/A
0.72
Σ
99.3
99.7
* (SiO2) (Al2O3)0.20 (Fe2O3)0.08 (K2O)0.0083 (CaO)0.0087 (Na2O)0.002 (MgO)0.0035

The results show that Si is hosted by the mineral phases quartz and mullite as well as the
alumino-silica glass. Quartz in fly ash originates from clay and silt in the coal, and does not react
with water when the ash is hydrated. Mullite is the principal Al-containing mineral in class F fly
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ash and crystallizes from and within the aluminosilicate glass [55]. Similar to quartz, mullite is
non-reactive when ash is in contact with water. Magnetite, hematite, and maghemite are the
principal Fe containing phases in PC ash. These minerals form from oxidation of iron sulfides.
Approximately, one-third to one-half of iron in PC ash is involved as crystalline iron oxides,
which are mostly inert during reaction with water, and the rest is contained in the glass. The
detected sources of Ca were calcite and gypsum. Gypsum could originally be found in fly ash or
be the result of anhydrite weathering. No minerals containing Na, K, and Mg were detected by
QXRD, most probably due to their low concentrations (<1% wt). However, previous studies [56]
as well as the leaching results presented below prove that water soluble alkali and alkali-earth
salts (likely sulfates) exist on the surface of fly ash particles, and are the main source of early
leaching of these elements. In addition Na, K and Mg exist within the glass structure.
While the molten alumino-silica particles are rapidly cooled, they separate into two
phases: a silica-rich phase with composition similar to SiO2, and an alumina-rich phase with
composition close to Al6Si2O13. Alkali and alkali earth metals can affect the behavior of
aluminosilicate melts. Aluminum can form tetrahedral ordination when an alkali (e.g., Na or K) is
present. Such Al tetrahedral can substitute into a silica glass network. Therefore, when alkali
content increases in the melt, less phase separation will occur [55].
In this study, a novel method was developed to determine the oxide composition of the
amorphous phase using the bulk chemistry of fly ash. By knowing the mineral phases and their
weight proportions from QXRD, the average oxide composition of the combined mineral phase
was calculated. For example, SiO2 is present in Mullite (22.7% wt SiO2) and in quartz (100% wt
SiO2). As a result, the average SiO2 concentration of the mineral fraction of fly ash is:
(0.079)(0.227) + (1)(0.055)
= 0.230 𝑜𝑟 23.0%
(0.317)
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Given that the total SiO2 content determined by bulk chemical analysis (ICP; Table 4-5) was
47.0%, the SiO2 content in the glass phase is determined as:
𝑥=

(0.470) − (0.23)(0.317)
= 0.581 𝑜𝑟 58.1%
(0.683)

In the next step, using JADE software, the bulk chemistry of fly ash and the chemical
composition of amorphous phase were coupled with fly ash’s x-ray pattern, and in an iterative
process, the precision of the glass chemical composition was improved. This composition can be
used to simulate long-term leaching behavior of fly ash. For the PC fly ash studied here, the final
composition obtained was:
(SiO2)(Al2O3)0.20(Fe2O3)0.08(K2O)0.0083(CaO)0.0087(Na2O)0.002(MgO)0.0035
It should be noted that at this moment, Na, K, and Mg elements were considered to be totally
involved in the glass composition as no mineral phases were detected by XRD that contained
these elements. However, as discussed above these elements can exist as easily leachable salts on
the fly ash particles surfaces, and therefore this glass formula will be modified in next sections.

4.5.3.

SEM/EDS Analysis
The SEM/EDS analysis can assist with finding the probable host phases for elements on

the surface or within the fly ash particles. Samples were coated with carbon or gold in order to
minimize the charging of the specimens during scanning. Carbon coating was preferred as gold is
a heavy element and may suppress detecting some lighter elements in EDS analysis. The silica
wafer technique was rejected for quantitative analysis because of a significant interference of the
silica from the substrate with the silica content of fly ash. Generally, all materials added to
facilitate SEM/EDS analysis (e.g., carbon in carbon tape, carbon coating, and epoxy resin) should
be subtracted from elemental composition of the specimen; once such separation is difficult
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because of similar compositions, the preparation method is not applicable for a quantitative
analysis.

a

b

c

d

Figure 4-3- SEM analysis for the PC fly ash: (a) Agglomerated and irregular shaped particles, (b)
A ceno-spehere containing smaller solid spheres, (c) Iron-rich spinels (d) Salts (likely alkali
sulfates) on the surface of glass particles
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Example SEM images of the PC fly ash are depicted in Figure 4-3. The spherical shape
of fly ash particles is a result of surface tension forces acting on the melt to minimize the contact
surface area of the melt with flue gas [55]. Hollow ceno-spheres, irregularly shaped unburned
carbon, and agglomerated particles, which may have formed due to inter-particle contact or rapid
cooling, were also observed in the SEM images (Fig. 4-3-a and 4-3-b). Defining an average
specific surface area for fly ash is difficult considering the differences in the size, composition,
and agglomeration of particles, the ceno-spheres filled with smaller solid particles, and the high
surface area carbon particles. In addition to aluminosilicate spheres, iron-rich spheres with a
dendritic surface were commonly observed (Fig. 4-3-c). These particles are mainly composed of
iron oxides (hematite and magnetite). Salt coating (likely alkali sulfates) on the surface of some
fly ash particles was also detected (Fig. 4-3-d).
Although unpolished powder specimens provides information about the shape,
agglomeration, and surface morphology of fly ash particles, quantitative EDS analysis must only
be performed on polished specimens. Here, a quantitative method based on EDS x-ray maps was
adopted to obtain more precise information on host phases for major, minor, and trace elements in
fly ash [57]. In this method, backscattered electron images were acquired along with x-ray maps
for the following elements: Si, Al, Ca, Mg, K, Na, Fe, S, C, B, As, Se, and Mo (an example is
shown in Figure 4-4). The maps for boron (B), and carbon (C) were not used as these elements
were abundant in the epoxy, which overwhelmed the gray levels for these elements in the fly ash.
The carbon map could, however, identify the unburned carbon particles in fly ash.
Following collection of high-resolution elemental x-ray maps, ImageJ software was used
to process the individual maps and reduce speckling and background noise. In the next step,
elemental images were linked to form a multispectral image stack, indicative of the phases
present in the sample. Overlays of three elemental maps may be displayed simultaneously, in red,
blue, and green colors, which could be assigned arbitrarily. Figure 4-5 shows an example of such
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multispectral image containing Al, Si, and Fe (red, green, and blue, respectively).

After

combining the elemental images, the multispectral images were visually inspected to qualitatively
assess which phases may be present. For instance, a Si-rich phase with angular boundaries and
containing almost no impurities was identified as crystalline quartz. Quartz was found embedded
inside Al-Si glass spheres (orange color), and was rarely found separately in the matrix.

94

Figure 4-4- EDS elemental maps for major and trace elements
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Figure 4-5- (top) Backscatter image of fly ash, (bottom) Multispectral overlay of Al, Si, and Fe
maps (red, green, and blue, respectiveley)
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Figure 4-6 depicts the cluster map containing all major and minor elements except
titanium and phosphorus. The Al-Si glass is abundant and also containing mullite (crystalline AlSi). The glass phase also contains alkalis (K, Na) and alkali-earth metals (Mg, Ca). Quartz is
found embedded inside Al-Si spheres, and is rarely found separately in the matrix. High
concentrations of Ca is found within a calcium-silicate phase (see large Ca particle in Figure 4-4).
In addition Ca is associated with calcite (CaCO3), dolomite (CaMg(CO3)2), and gypsum (CaSO4).
Iron is detected in two different modes: iron oxides particles with a denderitic surface texture, and
spherical Al-Si glass particles containing Fe.

Figure 4-6– Cluster (phase) map for major/minor elements (excluding trace elements)

Overlapping this cluster map with trace elements maps can help identifying the host
phases for trace elements. In Figure 4-7, the phase map of Figure 4-6 is shown alongside As, Mo,
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and Se elemental maps. It is observed that As is associated partially with Al-Si glass (likely
associated with Mg or Ca in the glass), and partially with calcite (e.g., in the form of Caarsenate). Mo is mainly associated with the sulfur phase (e.g., gypsum). Se is present with Al-Si
glass (absent within quartz and Fe oxides). Adding the trace elements maps to this cluster image
results in a more complex cluster, which can be quantitatively analyzed to find the host phases for
all elements.

Figure 4-7– Cluster image for major/minor elements (top left), elemental maps for arsenic (top
right), Molybdenum (bottom left), and Se (bottom-right)

It was observed that there is a very thin glass layer (average thickness of 0.5-0.7 μm)
mainly consisted of Al and Si, which is labeled as Al-Si glass coating in Table 7. This thin layer
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is probably the source of Si and Al release into the leachate at the very first steps of leaching. The
Al/Si glass however, contains Mg, K, and As distributed in the bulk glass phase. It was
comprehended that a portion of Al-Si phase can be attributed to mullite phase as it is generally
infused in glass with a crystalline structure.
Total four SEM images were processed and analyzed using the above mentioned
procedure. The results were approximately similar for major and trace elements host phases. For
some elements, not the exact same host phase was detected in all scanned images. For instance,
Ca is associated with Mg and S, with Mo and S, and with iron in the separate SEM images. This
can be related to the heterogeneous nature of fly ash powder. In order to detect all important host
phases for various elements, it is suggested to repeat the procedure on higher number of scanned
images from different samples.

4.5.4. Batch and Column Leaching Results
The results of batch leaching test for evaluating the acid neutralization potential of the fly
ash are presented in Figure 4-8. The figure shows the pH evolution with time for both neutral
(pH=5.5) and acidic (pH=2.1) initial conditions. The results show a significant alkaline behavior
of the fly ash regardless of the initial degree of water acidity. The pH increased to 9.5 in one hour,
and peaked at pH=9.9 at 15 hours. Afterwards, the pH gradually decreased to 9.0 at 4.5 days. For
the experiment that started at acidic pH, the alkalinity of fly ash raised the pH to 4.4 after 3 min,
and gradually increased to above pH=9.4 at 4.5 days.
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Figure 4-8- pH evolution in the batch leaching test under neutral and acidic initial conditions

The results of acid neutralization potential (ANP) test also confirmed the fly ash’s
alkaline nature. The ANP value for the PC fly ash was 14.9 tons of CaCO3 per 1000 tons of fly
ash, which is in agreement with previous studies for alkaline fly ash [58]. The pH of solid fly ash
was measured as 8.30.
The results of the leachate analysis from the column leaching experiment are presented in
Figures 4-9 to 4-16. The pH evolution of the leachate under the neutral and acidic water inflow
into the column are depicted in Figure 4-9 and Figure 4-10. The alkaline property of the fly ash
increased the neutral inflow pH (5.1-7.5); the leachate flow remained constant in the range 9.4 to
9.7 during the experiment’s eight void volumes (8 days). In the column leaching condition, with
no agitation, the change in chemical condition is slower and more stable than batch tests. These
conditions are more similar to real field conditions of a fly ash deposit in a mine site. It was
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observed that after 8 days of simulated rain water passing through the compacted column of ash,
the fly ash still contains sufficient alkalinity (as a result of dissolution of gypsum and calcite) to
maintain the leachate pH above 9.4. In the acidic inflow condition, alkalinity of the fly ash was
high enough to raise the pH from 2.3 to average 9.50 within the first 8 days. However, extending
the experiment to 45 days resulted in a gradual decline of the leachate’s pH to 8.0, as the fly ash
alkalinity started to deplete over time. Nevertheless, these results show the significant potential of
this fly ash in neutralizing acidity in mines suffering from acid mine drainage.
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Figure 4-9- Column leachate’s pH evolution for PC fly ash under neutral inflow condition

101
10
9
9.46

pH of column leachate

8
7

9.47

9.25

8.97

9.24

9.38
8.70

Influent water
PC ash

6

8.14

8.28

2.27

2.38 2.16

5
4
3

2.34

2.33

2.34

5

10

15

2.36

2.33

2.38

2
1
0

20
25
30
Void Volume

35

40

45

50

Figure 4-10- Column leachate’s pH evolution for PC fly ash under acidic inflow condition

Column leaching patterns for Al, Si, and Fe under neutral inflow condition are shown in
Figure 4-11. The patterns reveal that these three elements leach out minimally under neutral pH.
The host phases for these elements include Al-Si glass (can also contain Fe), mullite, quartz and
crystalline iron oxides (see Table 4-7). All these phases are practically insoluble at neutral pH. It
is noted that the rate of hydrolysis for amorphous silica is almost 45 times higher than that of
quartz. This difference is attributed to their atomic structures. Both contain SiO4 tetrahedra, but
the disorder in amorphous silica arises from a variability in the Si-O-Si bond angle and the
resulting rotation of an adjacent tetrahedral. Therefore, the structure of amorphous silica has areas
of highly stressed bonds and defects, which weaken the resistance of glass to water [55].
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Figure 4-11- Column leaching patterns of Al, Si, and Fe for PC fly ash under neutral inflow
condition

As Figure 4-12 shows, alkali elements (Na and K) were rapidly washed out of fly ash
during the first few void volumes. This is attributed to the dissolution of highly-soluble alkali
sulfates (present on the surface of fly ash particles), and is mirrored in a sharp decline in the
sulfur concentration in the leachate between the first and second void volumes. The alkalis are
also present within the glass matrix, but such alkalis are practically insoluble at neutral pH where
the glass matrix is stable and does not leach or dissolve in water.
The leachate’s sulfur concentration at the first void volume was 3830 mg/L, and this was
decreased to 1660 mg/L in the second void volume, and remained stable in the range of 1600±50
mg/L for the rest of leaching test. In addition to alkali sulfates, a significant source of sulfur in fly
ash is gypsum. The higher sulfur content in the first void volume is due to wash out of sulfate
salts, while the plateau sulfur concentration in the remaining void volumes is primarily dictated
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by equilibrium dissolution of gypsum. The equilibrium concentration for sulfate ion due to
gypsum dissolution is thermodynamically calculated as 1032 mg/L while the plateaued pattern for
sulfate from leaching column test reaches to higher concentration (approximately 1600 mg/L).
This difference suggests that there should be another minor source for sulfur dissolution, which
has not been detected in this study. The saturation index for gypsum calculated at the 8th void
volume (SI=0.864) shows that the leachate is still oversaturated with respect to gypsum, or
gypsum source continues to dissolve.
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Figure 4-12- Column leaching pattern of Mg, Ca, Na, K, and S for PC fly ash under neutral
inflow condition

Ca leaching originates from gypsum, calcite, calcium oxides (lime), gypsum, and Ca-Mg
phase (dolomite) while lime and gypsum dissolve faster. Along with Ca and Mg, they are mainly
responsible for the alkaline behavior of PC ash. Mg also had a decreasing pattern, which shows
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the depletion of a finite mineral source probably including periclase and dolomite. According to
SEM/EDS analysis, Mg is also involved in Al-Si glass, however its short term leaching from
glass is not noticeable.
Among studied trace elements, boron had the highest leachability (Figure 4-13). It has
been shown by previous studies that boron leaching is not pH dependent [59]. Easily leachable
boron is found as borate salts on the surface, and its concentration decreased from 100 to 20 mg/L
in 8 days. Its dissolution produces acidic H3BO3(aq) ions. Molybdenum concentration also
decreased noticeably from first void volume to second one, which indicates its association with
particles surface. From EDS maps, it was found that Mo is mainly associated with S, which can
be easily leached out within a wide pH range. Arsenic and selenium had both low concentration
in the leachate (below 0.1 mg/L), which was not changed significantly during the eight days of
leaching under neutral condition.
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Figure 4-13 – Trace elements leaching pattern for PC ash under neutral pH condition
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Table 4-7 introduces the leaching limits from Pennsylvania Department of Environmental
Protection (PA DEP) for coal mine environment [42]. Elements including As, Se, and Fe meet the
threshold for all collected leachates during the 8 days of leaching. However, Al concentration is
above the limit in some void volumes, and for Mo and S, the first void volume concertation
(wash-out step) is above the threshold while the rest of leachates (VV2-VV8) meet the leaching
limits. Boron is the only parameter which is above the threshold during the whole leaching
experiment. There is no limited value for Ca, Na, K, and Mg, as these elements only are
important in defining the chemical condition, and are not hazardous to the environment.

Table 4-7-Maximum acceptable leaching limits for major and trace elements by PA DEP
Parameter
Leaching Limit
Parameter
Leaching Limit
(mg/L)
(mg/L)
Al
5
SO4
2500
Ca
No limit
As
0.25
Fe
7.5
B
15
K
No limit
Mo
4.375
Mg
No limit
Se
0.5
Na
Limit not established

Under acidic inflow water, Al has shown lower leachability, although the general
leaching pattern is similar for both acidic and neutral condition. Si concentration was constantly
low before 34th void volume (VV34), but started to increase afterwards, which is most probably
due initiation of dissolution of glass matrix in longer durations. Fe concentration was below the
detection limit for all void volumes under acidic condition, although it was expected to be higher
under such condition. Due to high alkalinity of ash, the inflow water pH changes quickly, and for
some sections of compacted material, the water flow is moderate to alkaline, and it might explain
why Fe content did not increase in acidic condition.
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Figure 4-14– Leaching pattern for Al and Si for PC ash under acidic condition

Comparing the leaching results for Ca, S, and Mg showed that their leaching behavior is
not much dependent on pH. The saturation indices calculated from Ca and S concentrations for
gypsum showed oversaturated condition before VV34. After 34 days, the saturation index was
close to zero, and from VV39, the solution was undersaturated with respect to gypsum, which for
column test, it can be interpreted as gypsum source is almost depleted. In case of Na and K, the
leachate concentration in acidic condition was slightly higher than neutral condition. Under acidic
condition, after a sharp decrease observed for K and Na in the first 10 days, their concentrations
in the leachate was stable during the rest of leaching test. The same pattern was observed for Mg,
unless it started to increase in the leachate after VV34. This pattern was similar to Si leaching,
which could confirm that Mg is mainly associated with Al-Si glass.
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Figure 4-15- Leaching pattern for Mg, Ca, Na, K, and S for PC ash under acidic condition

Among trace elements, B and Mo leaching seemed not to be dependent on flow water pH
as Figure 4-16 suggests. Selenium showed higher leaching concentration under acidic
concentration. Other studies on Se leaching

suggested that under approximately neutral

condition, maximum adsorption of Se on Fe and Al oxyhydroxides occurs which results in lower
concentration of Se in the solution [60]. Arsenic did not leach significantly under acidic
concentration, and for some void volumes, its concentration was below detection limit. In mining
environments, CCPs are typically placed into large CCP disposal cells or thick layers within
coal wastes, and generate leachates that might be strongly alkaline when high pH CCPs are used.
Therefore, it is realistic to expect that moderate to strongly alkaline leaching condition might
occur in a field setting where alkaline CCPs are utilized. Such condition enhances the solubility
and mobility of oxyonions of As, and Se [9].
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Figure 4-16 – Trace elements leaching pattern for PC ash under acidic condition

The column leaching results were also analyzed using the thermodynamic model (Visual
MINTEQ) in order to complete the process of defining the host phases as suggested by the
framework in Figure 4-1. This part is presented in Appendix A.
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Chapter 5
Determining the Mechanisms and Predicting the Leaching Behavior of
Environmentally-Important Elements from Fly Ash –
Part 2: Reactive Transport Modeling
5.1. Abstract
In this study a reactive transport model was developed using the CrunchFlow code in
order to predict the long-term leaching of environmentally important elements from fly ash
deposits in column scale. This model considered fly ash composition through host phases defined
for each element. Dissolution/precipitation reactions and transport parameters (i.e., advection and
dispersion) were also introduced. The model was calibrated using the leaching patterns results
from column test. The calibrated model was used to predict the concentration of major elements
(Ca, S, Si, Al, Fe, Na, K, Mg), and trace elements (As, Mo, Se, B) along 10 years of leaching.
Dissolution of easily dissolvable minerals resulted in high initial contents of Na, K, Mg, Ca, S, B,
and Mo. It was found that glass dissolution was controlled by formation of secondary minerals
such as tobermorite, calcium silicate hydrates, and clays. The iron concentration was controlled
by formation of ferrihydrite with high specific surface area. The congruent dissolution of glass
continuously release low and constant concentrations of As and Se (below 1 ppm) to the leachate.
The leachate composition at early ages of leaching might exceed the environmental limits for S,
B, Mo, and Al. However, in long-term the overall composition meets the leaching limits except
for aluminum content. The porosity of compacted fly ash starts to increase from the top layers
and in long-term (e.g., 30 years of weathering) it reached from 28% to 45%, which can
significantly affect the stability and transport properties.
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5.2.Motivation and Objectives
Although leaching tests specifically flow-through test provide valuable information on fly
ash leaching mechanisms, the ash leaching behavior in long term (e.g., several decades) could be
totally different from a few weeks or months of the test [1]. The slow dissolution rate of
amorphous phase, which has entrapped concentrated amounts of hazardous trace elements, will
result in delayed release of these contaminants to the groundwater [2]. Therefore, the main
challenge of environmental studies for coal combustion byproducts is the prediction of pollutants
long-term release [3]. The methodology of jointly using leaching tests and geochemical modeling
for understanding the leaching behavior of solid wastes has been used for finding the most
appropriate methods for leaching behavior assessment. However, Most of the hydrogeochemical
models used so far consider the equilibrium geochemical conditions using various
thermodynamic databases, similar to what discussed in Appendix A to define the host phases
[4,5,6,7,8,9,10,11,12]. In addition to the fast chemical reactions which occur at early ages of
leaching (i.e., aqueous complexations), considering time-dependent reactions (also known as
kinetically controlled reactions or solubility-controlled reactions) are critical to predict the longer
duration behavior. Moreover, the mass transport phenomena such as diffusion, dispersion, and
advection also contribute to define the chemistry of compacted fly ash deposits in contact with
water flow. As a consequence, reaction rates and transport parameters have to be taken into
account in the leaching model, which has led to the development of reactive transport models.
Multi-component reactive transport models (RTMs) were initially developed more than
three decades ago, and have been extensively used to explore the hydrologic, geochemical,
geobiological, and geothermal processes in various porous media in subsurface systems [13].
RTMs quantitatively assess coupling of the physical, chemical, and biological processes, and are
distinct from models that primarily consider geochemical equilibrium, speciation, and
thermodynamic state of a system. They also differ from models representing closed or batch
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systems without diffusive, dispersive, and/or advective transport. RTMs are used for a diverse
range of environments including porous and fractured media [14,15]. They are capable to
simulate a wide range of processes, including fluid flow, solute transport (advection, dispersion
and diffusion), geochemical reactions (mineral dissolution and precipitation, ion exchange,
surface complexation), and biological reactions (biomass growth and decay). Such models have
been applied to understand chemical weathering and soil formation [16], degradation of natural
minerals and synthetic materials [17], and storage of nuclear waste [18], which have similar
properties to amorphous phase in fly ash. Also, broad ranges of scales can be considered in
reactive transport modeling including single pores and single cells (10-6 to 10-3 meters), pore
network and columns (10-2 to 10-1 meters), field scales (100 to 101 meter), and more recently the
watershed scale (102 to 105 meters) [19, 20, 21, 22].
Considering the capabilities of reactive transport simulations to define and evaluate the
complex hydrogeochemical systems, it can be certainly applied to model the leaching behavior of
fly ash deposits in mine sites for long-term durations. Up to date, a limited number of studies
have been done on simulating the leaching behavior of major, minor, and trace elements in fly ash
using a predictive reactive transport model. A mechanistic model was considered to predict the
mobility of toxic fly ash constituents in aqueous environments and address the complex processes
underlying the release and transport for As, Cd, Mn, and Se in coal fly ash [23]. In this study, the
laboratory tests for coal fly ash in batch leaching and column leaching were performed in order to
collect information regarding fly ash leaching patterns. Furthermore, a mathematical model,
which is used to study the elemental mobility in landfill piles, was built based on the knowledge
obtained from laboratory tests. To simulate the chemical reactions and transport for leached
interested elements from packed coal fly ash column, a computer program called AQUASIM 24
was used. In AQUASIM program, the saturated soil column compartment can be used to describe
advective-dispersive transport of dissolved substances in a saturated soil column, exchange
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process with immobile regions consisting of serially connected mixed zones, and transformations
of dissolved and solid substances. The model was able to adequately describe the release and
transport of Mn and Cd. However, it could not successfully simulate leaching of As and Se. The
reason was probably the fact that additional processes such as adsorption interactions and surface
complexations need to be added to the model. The composition of fly ash was not directly
introduced to AQUASIM program, and the solution composition was considered to simulate
leaching behavior. In another study, a coupled geochemical–transport model was developed using
PHREEQC simulation, and the column experimental parameters were adopted to set up the model
[25]. In this model, ash was modeled as a collection of pure mineral phases, which comes to
equilibrium with water or brine liquid phases. The amorphous fraction of fly ash, which can be a
predominant phase in class F fly ash, and its delayed dissolution process, has not been considered
in this simulation. The results revealed the highest mineralogical transformation took place in the
first 10 days of ash-water contact within 10 cm from the column inflow. The model predicted the
fast release of many major and trace elements and reaching to a steady state within 10 days. The
components entrapped inside the glass particles of fly ash were not defined in this study.
Zhang et al developed a reactive transport model for assessing long-term leaching of
heavy metals from fixated scrubber sludge (FSS) under acid mine drainage setting for a real
abandoned mine land site at Indiana [26]. They used the results of characterization of material
and sequential leaching test to define mineral and amorphous phases in the model, and the
reactive transport software, THOUGHREACT, was applied to predict long-term leaching from
FSS. A series of primary minerals including an amorphous phase, and a few secondary minerals
which were prone to form in the system, were considered. However, no trace elements were
included in this simulation.
In assessing the leaching behavior of fly ash deposits two important parameters should be
precisely defined: fly ash composition (mineralogy) and geochemical conditions (i.e., pH, degree
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of saturation, porosity). So far, a numerical simulation of coupled reactive and transport processes
which considers the mineralogy of fly ash (both mineral and amorphous phases) and
acknowledge the low concentrations of trace elements on the surface or entrapped in fly ash
particles have not been developed. Considering the comprehensive efforts to characterize fly ash
composition and to define the host phases for environmentally important elements, the objectives
of this chapter are:
- To set up a 1D reactive transport model, which considers the complex composition of fly
ash including mineral and aluminosilicate glass phases, and trace elements. The predefined host phases in chapter 4 and Appendix A will be considered to develop the
model.
- Applying the developed model in order to predict the short and long term leaching
behavior of major, minor, and trace elements from fly ash deposits in the laboratory
column scale, and predicting the long-term geochemical transformations such as
porosity and pH evolution with time.

5.3.Reactive Transport Model Set up
5.3.1.

Primary and Secondary Species
In this study, the reactive transport code CrunchFlow [27] was used to simulate the

geochemical reactions and transport process during fly ash weathering and leaching process.
Reactive transport codes solve mass, energy, and momentum conservation equations. In this
work, we focus on a system including the chemical reactions (i.e., dissolution and precipitation
reactions), and transport processes (advection and dispersion). The diffusion process has not been
considered as the water flow and concentration gradient are assumed to dictate the leaching
process. Typical reactive transport formulation categorizes the chemical species into primary and
secondary species where the primary species define the chemistry of the system and the
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secondary species are written in terms of primary species applying the equilibrium constant
expression of fast and instantaneous reactions [28,29]. This decreases the number of equations to
equal the number of primary species instead of number of all involved species.
Table 5-1 shows the list of primary and secondary species and initial and boundary
concentrations for primary species. All species are selected considering the distribution of species
and the predominant species at target pH range discussed in Appendix A. The inlet concentrations
for primary species were obtained from analysis of influent water in the column test. Very low
initial concentrations were considered (1 x 10

-20

M) for almost all components assuming the

column is saturated with neutral distilled water, therefore the model mainly reflects the effect of
fly ash leaching. Concentration of carbonate species were calculated based on their initial
equilibrium with atmospheric CO2(g) and equilibrium constants (Ksp) of aqueous speciation
reactions. Tracer test was conducted to obtain the dispersivity coefficient, and KBr salt
(potassium bromide) at concentration of 2.9 x 10-4 M was injected to the inflow water. A value of
0.2cm was finally selected as dispersivity after matching the bromide breakthrough curve with the
tracer experiment (Figure 5-1). The pH for inlet and initial conditions were considered as neutral
flow (pH~5.5) and acidic flow (pH~2.3).
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Table 5-1- Primary and Secondary Species, Initial and Boundary Conditions
Initial Species
Species
Initial condition (M) Boundary inlet condition (M)
pH
5.5
5.5
2+
-20
Ca
1.0 x 10
4.3 x 10-6
3+
-20
Fe
1.0 x 10
1.8 x 10-10
2+
-20
Fe
1.0 x 10
1.0 x 10-20
-20
Al(OH)4
1.0 x 10
1.0 x 10-20
K+
1.0 x 10-20
2.8 x 10-4
-20
H4SiO4
1.0 x 10
5.3 x 10-10
+
-20
Na
1.0 x 10
9.0 x 10-6
SO421.0 x 10-20
2.4 x 10-6
2+
-20
Mg
1.0 x 10
1.7 x 10-6
-20
H2AsO4
1.0 x 10
1.0 x 10-20
-20
B(OH)3
1.0 x 10
1.0 x 10-20
MoO421.0 x 10-20
1.0 x 10-20
-20
Br
1.0 x 10
2.9 x 10-4
-20
HSeO3
1.0 x 10
1.0 x 10-20
CO2(aq)
1.3 x 10-5
1.3 x 10-5
Secondary Species
OHCO32Al3+
CaOH+
CaHCO3+
Fe(OH)2+
Fe(OH)4Fe(OH)3(aq)
HAsO42HCO3H3SiO4H2SiO42-
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3.0E-04

Br- conc. (M)

2.5E-04
2.0E-04
1.5E-04
1.0E-04
Model output

5.0E-05

tracer test
0.0E+00
0
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2

3
4
5
void volume

6
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8

Figure 5-1 – Experimental tracer breakthrough data and modeling output

5.3.2.

Mineral and Amorphous Solid Phases
Dissolution of mineral and amorphous phases was considered as kinetically controlled

reactions in addition to aqueous speciation reactions which occur instantaneously. The list of
mineral and amorphous phases with thermodynamic and kinetic information is provided in Table
5-2. These phases are selected according to the host phases determined for each major and minor
element in chapter 4 and Appendix A. For each phase, four important parameters should be
defined accurately: solubility constant (Ksp), rate constant (k), weight (volume) percentage of
minerals, and specific surface area (A (m2/g)). Among them, rate constant and surface area were
correlated to define the reaction rate, and the correlation will be explained later in the next
section. The solubility constants were mainly obtained from MINTEQ, PHREEQC, Wateq4F and
USGS thermodynamic databases [30], and were kept constant through model set up. The mass
percentage of minerals were determined through quantitative XRD analysis, and for the phases
which were not detected by QXRD due to the very low concentrations, thermodynamic model
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Visual-MINTEQ was used to determine their finite content through trial and error using leachate
composition. Initial rate constant and specific surface area were taken from the literature, and
modified to calibrate the model. Sensitivity of model with respect to these two parameters was
assessed. It was observed that the reaction rates and surface areas defined for minerals as
individual minerals were not necessarily the same values which can describe the minerals
dissolution behavior as a component of fly ash powder even when the pressure and temperature
conditions were similar. Therefore, the model was set up by changing these values in a reasonable
range to fit the leaching column test results. The specific surface area of bulk fly ash was
determined using Brunauer–Emmett–Teller (BET) method with nitrogen adsorption, and as glass
is the predominant phase in fly ash, this value was adopted as surface area of glass. The minerals
with reference in Table 6-2 are the ones whose kinetic rate and/or surface area did not change
significantly from the initial values. In addition to existing mineral phases, the formation of
possible secondary phases was assessed [31], and finally three secondary phases which
precipitated under defined geochemical conditions were defined in the model (Table 5-2).

Mineral Phases
For each element of concern, one or more phase contribute in leachate composition.
Gypsum, calcite, and powellite are responsible phases for Ca concentration. Gypsum, thenardite,
and arcanite were three sulfate salts releasing high concentration of sulfur at initial void volumes.
Thenardite is predominant phase to dissolve high concentration of Na+ in the leachate in early
ages, and arcanite dissolution adds K+ to the water flow. Iron was added to the model in two
forms: as iron oxides and involved in glass structure. Quartz was considered as an almost nonreactive mineral in fly ash composition. Boron was mainly released from borax salt dissolution,
which contains K and Na in 1:1 ratio. Three secondary phases were also introduced to the model;
Ferrihyrite to precipitate excess iron in the system, tobermorite to take excess Ca and Si in the
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system, and Ca-arsenate to precipitate arsenic. In addition to kinetically controlled reactions, a
series of fast ionization reactions have been defined in the model, which is summarized in Table
5-3.

Table 5-2- Primary and secondary phases with thermodynamic and kinetic information
Primary phases
A (m2/g)

-4.60 30
-2.80 30
-4.50 30
21.3 30
-8.30 30
-0.43 35
6.38 35
5.00 35
-3.99 30
-1.9530

log k
(mol/m2.s)
-2.79 32
-5.10
-7.18
-6.6034
-6.19 32
-9.3935
-1.3135
-8.59 35
-13.99 32
-6.90

0.07

11.33 30

-7.40

0.25

*

54.0

-7.00

-12.10

1.57**

Ca3(AsO4)2

-

17.81

-8.00

0.70
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Phase

Formula

Vol%

log Keq

Gypsum
Thenardite
Powellite
Periclase
Calcite
Hematite
Maghmeite
Magnetite
Quartz
Arcanite

CaSO4.2H2O
Na2SO4
CaMoO4
MgO
CaCO3
Fe2O3
Fe2O3
Fe3O4
SiO2
K2SO4

2.66
0.05
0.0007
0.002
0.30
1.60
2.10
2.10
8.80
0.05

Borax

NaKB4O7·10H2O

Glass

1.44 33
0.60
3.70
15.0
2.70 17
12.60 35
5.60 35
10.0 35
2.56 36
0.80

Secondary phases
Calcium arsenate
Ferrihydrite

Fe(OH)3

-

3.96

Tobermorite

Ca5Si6O16(OH)2·4H2O

-

63.8417

-9.15

35

-10.40 37

205.0 35
88.038

* (Defined by QXRD): (SiO2) (Al2O3)0.25 (Fe2O3)0.069 (K2O)0.025 (MgO)0.047 (As2O5)0.0005 (SeO2)0.001
** Defined by BET method
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Table 5-3- Aqueous reactions defined in the model
Reaction
Log Ksp
CO32- + H+  HCO310.32
CaOH++ H+  Ca2+ + H2O
12.85
+
2+
CaHCO3 Ca + HCO3
-1.05
Fe(OH)2+ + 2H+  Fe3+ + 2H2O
5.67
Fe(OH)4- + 4 H+  Fe3+ + 4 H2O
21.60
Fe(OH)3(aq) + 3H+  Fe3+ + 3 H2O
5.67
3+
Al(OH)4  Al + 4 OH
-0.04
HAsO42- + H+  H2AsO46.75
CaSO4(aq)  Ca2+ + SO420.41
+
Si(OH)4 SiO(OH)3- + H
-9.47
Si(OH)4  SiO2(OH)2 2- + 2 H+
-22.12

Amorphous Phase
The glass composition was determined mainly by quantitative XRD analysis. As
explained in Chapter 4, the weight percentages of minerals and amorphous alimunosilicate phase
were determined in addition to oxide composition of glass phase. From the oxide composition
calculation, we could define a formula for glass phase mainly involving Si, Al, and Fe with lower
content of Mg and K. Although Na and Ca are also distributed in the glass structure, the surface
associated dissolution of sulfuric salts was known as the main controlling mechanism for their
release to the water flow. Therefore, these two elements were not considered in the glass formula,
but K was kept due to its higher content in the glass structure. Finally considering the SEM/EDS
analysis results, As and Se were known to be associated with the bulk glass, and their trace
contents in glass were calculated using their total digested mass with HF acid. To sum up, the
amorphous phase modeled in this study is an aluminosilicate glass containing Fe, Mg, and K, and
lower content of As, and Se as trace elements.
Limited information was found in the literature on thermodynamics and kinetics of multicomponent glass dissolution. The solubility of amorphous SiO2was assessed under high alkalinity
condition [39]. Two main types of interactions between silicate glasses and aqueous solutions
were introduced including leaching of alkalis and network (congruent) dissolution. Leaching of
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alkali cations from glass occurs through diffusion of H+ from the solution into the glass to replace
alkalis (e.g., Na+):
≡Si - O - Na (s) + H+  ≡Si - OH (s) + Na+

Eq. (5-1)

Network dissolution (or hydrolysis) occurs at higher pH, where the polar Si-O bonds are broken
through the attack of hydroxyl ions (OH-):
SiO2 (s) + 2H2O  Si(OH)4 (aq)

Eq. (5-2)

At high pH, Si(OH)4 monomers undergo ionization to form highly soluble H3SiO4− and H2SiO42−
(Eq.5-3 and 5-4). These two ionization reactions were introduced to the model:
Si(OH)4 SiO(OH)3- + H+

Eq. (5-3)

Si(OH)4  SiO2(OH)2 2- + 2 H+

Eq. (5-4)

In the current study, only the congruent dissolution for glass structure was considered.
The solubility constant and kinetic data for multi-component glass might be different from the
pure amorphous silica dissolution. For multi-oxide glasses, the speciation and composition of the
surface layers of hydrolyzed glass depend on the composition and interaction between the
solution and the glass. Silicate glass stability and dissolution rates depend strongly on the SiO2
content of the glass and the ratio of framework modifying elements (e.g., alkalis, alkaline earths)
to framework formers (e.g., Si, Al). Similarly, the development and composition of leached layers
is determined by the relative solubility of the constitutive elements, and the structure and stability
of the leached surface layers will influence the overall glass reactivity [40]. Formation of the
leached surface layer is shown in Figure 5-2. Metal–proton exchange is predominant at pH below
9, and lead to the establishment of a leached layer. As the rate of metal–proton exchange
decreases at higher pH, the main reaction at the glass surface is dissolution, which can be selfsustained when hydration products precipitate.
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Figure 5-2- Formation of leached layer on the surface of multi-oxide glass at pH above 9 [41]

Components of the glass structure can be divided into three groups: network formers such
as Si, which form the covalently bonded glass network, network modifiers such as Na, which
contribute ion exchangeable cations to the structure, , and intermediates such as Fe which enter
the covalently bonded glass network, but are incapable of forming a glass on their own. The
modifiers are often susceptible to selective leaching via ion exchange reactions, while the
network formers and intermediates are released from the glass by the hydrolysis of metal-oxygen
bonds. Alkali silicates with high alkali content dissolve faster than silicates with low alkali
content or no alkalis [41]. The effect of Ca and Mg on glass reactivity has two folds, first the
glass aluminosilicate network is weakened leading to overall higher rates of leaching and
dissolution, second the release of alkaline earths into solution raises the pH and thereby leads to
charging and weakening of the glass aluminosilicate surface groups [41]. In this study, due to the
low concentration of alkalis in the glass structure, the dissolution rate of glass was not
significantly affected.
The dissolution rate for glass in this study was adopted from a previous study on an
aluminosilicate multi-component glass with similar composition [42]. The solubility constant of
glass was reversely calculated considering the Ksp for pure SiO2(am) phase. The equilibrium
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concentration of H4SiO4 was calculated from equation (6-2) with Ksp= -2.90, which was equal to
1.32 mM. In the next step, the Ksp equation for complex multi-component glass was written (Eq.
5-7), and as the ratio of SiO2 to other oxides in glass composition is known, the Ksp can be written
in terms of [H4SiO4], and as [H4SiO4] is known to be equal to 1.32 mM, then solubility constant
can be calculated accordingly:
Ksp (SiO2(am))= [H4SiO4]= 10-2.9= 1.32 mM Eq. (5-5)
Congruent dissolution of glass:

Eq. (5-6)

(SiO2) (Al2O3)0.25 (Fe2O3)0.069 (K2O) 0.025 (MgO) 0.047 (As2O5)0.0005 (SeO2)0.001 + 3.25 H2O
H4SiO4+ 0.5 Al(OH)4-+ 0.138 Fe(OH)2+ + 0.0437 Mg2+ + 0.064 K++ 0.00039 HSeO3-+ 0.0039
HAsO4-+ 0.226 H+
Ksp (multi-component Al-Si glass):
Ksp= [H4SiO4] [Al(OH)4-]0.5[Fe(OH)2+]0.138 [Mg2+]0.0437 [HsAsO4-]0.0039 [HSeO3-]0.0039 [K+]0.064 [H+]0.282
Ksp= 7.06 [H4SiO4]1.75 [H+]0.282

Eq. (5-7)

at pH=9.5, Ksp= -6.95

As the calculation of solubility constant for amorphous phase is an approximate method
using the pure SiO2(am) dissolution data, in order to evaluate the accuracy of calculated Ksp, a
sensitivity analysis was performed considering a range of glass log Ksp between -2.90 to -12.0.
This analysis could assess how important is the role of solubility thermodynamics in fly ash
leaching.

5.3.3.

Governing Mass Equation
The governing mass conservation equations for the reactive transport system were written

for the total concentrations of all primary species. This equation can be written as follows (Eq. (68)):
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Eq. (5-8)

Where Ci is the molar concentration of a species in solution, MH2O is the mass fraction of
H2O, and ρf is the fluid density; u is the Darcian flux (=Ф.v), D is combined dispersion-diffusion
tensor ( Dmech.-disper+ Dmolecular-diffus.), and Ф is porosity of porous media. Ri represents total reaction
rate of species i in the solution. The kinetic rate of each reaction in CrunchFlow is calculated
using the following general equation to describe surface-controlled mechanism:
𝑟=𝑘∗𝐴∗[ 1−(𝑄/𝐾)𝑚]𝑛

Eq.(5-9)

Where r is the kinetic rate of dissolution/precipitation of a specific mineral, k is the
kinetic rate constant, A is the reactive surface area of mineral, Q is the dimensionless reaction
quotient, and K represents the equilibrium constant for mineral-water reaction for 1 mole of
mineral. Exponent m and n are parameters that can be determined from the experiment. Almost
all mineral dissolutions are considered as kinetically controlled reactions, while it is assumed that
aqueous speciation reactions are at equilibrium.
In terms of defining transport parameters, the constant flow rate of 8.6 cm3/day was
considered similar to column leaching test, and dispersivity of 0.2cm was also considered. The
dispersivity was obtained through using a tracer (i.e., KBr salt in this study) in column leaching,
and fitting its breakthrough curve from the model with leaching concentrations.
The model assessed the leaching behavior of fly ash in a 1D 30 cm column filled with fly
ash. The same geometry in a simplified one-dimensional scale was considered similar to column
test so the experimental leaching pattern can be used for model calibration. The simulation was
done under neutral condition to mimic the rain water condition penetrating the fly ash deposits,
and acidic condition to simulate the effect of acid mine drainage and acid neutralization potential
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of modeled fly ash. Initial porosity has been defined as 28% which was updated during the
leaching process.

5.3.4.

Model Calibration
After defining the mineral and amorphous phases and their primary and secondary

species, the model was calibrated using the leaching patterns obtained from column leaching test
in eight days under neutral condition. The leachate composition in eight void volumes were
compared to model prediction, and by changing the rate constant and specific surface area, and
small changes in volume percentage (for a few minerals), the model was fitted to the
experimental patterns. Figure 5-3 (a-l) depicts the calibration curves for all compounds. Almost
all predicted concentrations were in good fit with experimental results, which shows the selection
of host phases for each element and their thermodynamic and kinetic information were
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Figure 5-3- (a through l) Calibration curves for major, minor, and trace elements in eight days,
the average curve shows the average of predicted concentration for each void volume

133
The calibrated model was then used for long-term predictions. The breakthrough curves
(concentration versus time) for major, minor, and trace element were obtained after 8, 25, 50,
100, 200, and 365 days, and for longer durations of 5 years and 10 years. The
dissolution/precipitation of primary and secondary minerals throughout the column length was
evaluated. The evolution of leachate pH and porosity of solid material were also assessed.

5.4.Results and Discussion
5.4.1.

Major and Minor Elements
The model set-up, which was calibrated according to the results of eight days of column

leaching test, was run for total time of 10 years, and the breakthrough curves (concentration of
aqueous compounds versus time) were plotted for effluent water (the fluid which exits the last
grid of column geometry in the model). Figure 5-4 depicts the change in concentration for Na+
and K+ with time. The model predicts high contents of these two alkalis at the early ages of
leaching which sharply decreases with time. The main source of releasing Na was thenardite
(Na2SO4) and borax salt (NaKB4O7·10H2O) also contributed in Na content in lower degree. The
sodium concentration reaches from 1500 mg/L to 174 mg/L after 1 day of leaching and after 18
days of leaching its concentration decreases to below 1mg/L, and will be in the same range by 10
years. At longer duration, Na2O involved in the glass structure contributes to <1 mg/L content,
but as it is observed, the predominant release of Na occurs in the wash-out step through
dissolution of surface salts.
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Figure 5-4- Na and K breakthrough curves for 10 years

The similar trend was observed for potassium as it reaches to the highest content at 0.70
day and then sharply decreases to lower concentrations due to the depletion of surface salts. K+ is
released to the leachate mainly due to fast dissolution of arcanite (K2SO4) and borax salt also adds
lower content of K+ to the solution. Potassium is also included in the glass structure in higher
amounts than Na, and its concentration in long term (approximately constant amount of 12 mg/L)
is mainly due to glass congruent dissolution.
Figure 5-5(a) and 5-5(b) show the breakthrough curves for Ca2+ and SO42- respectively.
Figure 5-5(c) illustrates how the gypsum content changes with time at various distances through
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the 30cm column. It is observed that while gypsum starts to dissolve from the top of the column,
Ca and S are released to the flow water, which contributes in a significant portion of these two
compounds concentrations. However, low amounts of gypsum (<0.5 vol%) precipitates at
locations close to the top. As time passes, dissolution front moves forward along the column
length, and very low content of gypsum also precipitates at further distances. Looking at Ca
breakthrough curve reveals four main steps: 1- gypsum and calcite dissolution and tobermorite
(Ca5Si6O16(OH)2·4H2O) precipitation, 2- gypsum and calcite dissolution, 3- gypsum dissolution
and calcite depletion, and 4- gypsum depletion. Gypsum and calcite are the main host phases for
Ca with minor contribution of powellite. Considering the rate constant, gypsum dissolves faster
than calcite, but the amount of calcite is lower than gypsum in the simulated fly ash composition.
At the beginning of leaching process, gypsum and calcite both contribute in Ca concentration
almost in equivalent content (400 mg/L). Tobermorite is considered as one of the possible
secondary phases, which sinks out Ca and Si from the leachate. The observed value of Ca in the
leaching test was higher than what predicted by the model due to the part of Ca which contributes
to the formation of tobermorite, which might not happen in the same degree in the column test.
Tobermorite started to precipitate during the first eight days of leaching (Figure 5-6) firstly at the
end of column and moving toward the initial grids, and started to re-dissolve after eight days
starting from the initial grids. Therefore, Ca concentration reaches to the maximum values later,
and after calcite content depleted (step 3) at the age of 32 days, Ca concentration shifted to
approximately 400 mg/L, which is mainly due to the contribution of gypsum. After gypsum
started to deplete after 117 days of leaching, Ca content decreased to 6 ppm, and gradually
decreased to below 1 mg/L in longer durations.
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Figure 5-6- Tobermorite spatial evolution with time

The initially high content of sulfur in the leachate (Figure 5-5(b)) is mainly due to fast
dissolution of sulfate salts including thenardite, arcanite, and gypsum. About 1000 mg/L of total
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sulfur content is due to gypsum dissolution and the rest is related to thenardite and arcanite which
dissolve and deplete very fast (step 1). In the next step, gypsum is the main contributor to the total
sulfur content although sulfur concentration is shortly lower than what is expected probably due
to minor precipitation of gypsum, which is compensated by re-dissolution of gypsum in step 3.
Finally when all gypsum is dissolved (step 4), sulfur content decreases to concentrations below 1
mg/L.
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Figure 5-7- Mg breakthrough curve during 10 years of leaching

The source of Mg2+ in fly ash was modeled to be the result of dissolution of periclase
(MgO), a mineral with relatively fast dissolution, and glass, which dissolves with much lower
rate. Model showed that the initial release of Mg is due to dissolution of periclase until it drains.
After that, the lower Mg content (below 1 ppm) at long-term is due to glass dissolution (Figure 57).
The evolution of H4SiO4 and Al3+ content is shown in Figure 5-8 and Figure 5-9
respectively. Si and Al leaching behavior is mainly associated with glass dissolution. For Si
leaching four steps were recognized considering the hypothesis that tobermorite also contributes
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to take Si out of the solution. First step is where Si simultaneously leaches out from glass and
precipitates as tobermorite throughout the column. Therefore Si is much lower than what is
calculated as equilibrium concentration of H4SiO4 (79 mg/L). However, looking at the formation
of tobermite in the system in Figure 5-6 reveals that this mineral forms due to excess amounts of
Ca and Si, and after approximately 27 days (not shown in the graph), the precipitated mineral
starts to dissolve again although it still forms in the parts far from the column’s start point. In this
context, step 2 and 3 are defined. In step 2, due to depletion of calcite and lower content of Ca,
less tobermorite is formed, which means releasing more Si to the system, resulting in the rise in
Si content, and the third step is when gypsum drains. Therefore, there is not enough Ca to form
tobermorite, and a second rise in Si content occurs. The final decrease in Si content (step 4) might
be due to the precipitation of quartz and glass which was observed in very low amounts in the
model. Al content rises slowly with time, and reaches to almost constant concentration of 7 mg/L
for the long-term leaching as glass dissolution is the only source of dissolving aluminum.
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140
10

Al3+ (mg/L)

8
6
4
2
0
0.00

0.10

10.00
time (day)

1,000.00

Figure 5-9- Breakthrough curve for Al3+ during 10 years of leaching

The main source of iron in the leachate is recognized to be glass dissolution as separate
simulations on iron oxides (i.e, hematite, magnetite, and maghemite) showed that their dissolution
is negligible to add to the iron content of solution. On the other hand, iron hydroxides can be a
possible sink to precipitate excess iron content in the system. Therefore, Fe(OH) 3 was considered
as a secondary mineral in the model, and the results showed this mineral continuously forms
through 10 years of leaching process, and sinks out the excess iron produced by glass dissolution.
It should be noted that the dissolution of Fe2+ was not significant in comparison with Fe3+. Figure
5-10 (a-b) shows the breakthrough curve for Fe3+ and the spatial evolution of ferrihydrite with
time. There is a duration (32-117 days) with minim Fe content in which the pH is also in its
lowest value (will be further elaborated in next sections). The lower pH can result in precipitation
of glass which was observed in the model results, and formation of glass will decrease the amount
of iron in the system. The decrease in pH in that time frame (32-117days) is probably due to lack
of Ca in the system.
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Figure 5-10- Breakthrough curve for Fe3+ (a), and evolution of ferrihydrite during 10years

5.4.2.

Trace elements
The dissolution of four trace elements (i.e., As, B, Mo, and Se) in fly ash was simulated

during 10 years of fly ash exposure to water, and the goal was to detect their release to the
groundwater in long term. Figure 5-11(a-b) shows the breakthrough curves for B and Mo. Boron
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is mainly associated with easily dissolved borate salts on the surface of fly ash. The result of
modeling therefore shows a high boron concentration at the first 10 days of leaching followed by
a very low concentration when borax salt is depleted. Dissolution of powellite (CaMoO4) as a Mo
containing mineral was considered in the model, which results in a wash-out step followed by
lower concentrations after 10 days of leaching similar to B.
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Figure 5- 11- Breakthrough curve for Mo (a) and B (b) during 10 years
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Arsenic and selenium are two trace elements mainly entrapped in the bulk glass.
Therefore, the rate of release to the water flow depends on how fast the glass is dissolved. Figure
5-12 presents how these two element’s concentration changes with time, and how much trace
elements might be released to groundwater flow from fly ash deposits. The gradual increase of As
and Se concentration during the first 10 days of leaching, and the following almost constant
content by 10 years is the leaching behavior predicted by the model. Experimental results showed
a relatively higher amount for As in the leachate which might be due to the fact that arsenic is
also released from other sources. As discussed in chapter 4, calcium arsenate is known as a
potential source for arsenic, and it was detected in very low contents in SEM image analysis,
however, its consideration in the model did not added to the arsenic concentration significantly.
The other source is pyrite, which might be detected in fly ashes due to incomplete combustion
reactions in low contents. Iron hydroxides can also be a possible sink to adsorb aqueous arsenic
compounds at higher pH as the results in Appendix A and also some previous studies suggest
[43,44, 45]. This study focused on dissolution/precipitation reactions for trace elements, and the
surface complexations and adsorption reactions needs further assessment.

0.05

As (mg/l)

0.04

a

0.03
0.02
0.01
0
0.00

0.10

10.00
time (day)

1,000.00

144
0.05

Se (mg/L)

0.04

b

0.03
0.02
0.01
0
0.0

0.1

10.0
time (day)

1,000.0

Figure 5- 12 – Breakthrough curves for As (a) and Se (b)

5.4.3.

pH Evolution
The alkalinity of fly ash was assessed through neutralization potential test, batch leaching

test and a column leaching test under neutral and acidic conditions. The alkaline properties of fly
ash while it is compacted in several layers and is exposed to water flow might be different from
batch tests. Figure 5-13 depicts the pH evolution predicted by reactive transport model during 10
years under neutral inflow. The results are overestimating comparing to the column test under
neutral condition during eight days of leaching. In the column test, the pH reached from 5.50
(distilled water) to 9.50 while the model predicts the highest pH as 11.70 in early ages of
leaching, which reaches to minimum amount of 10.0 after 32 days, and in long-term it is
approximately constant as 10.60. The drop in pH after 32 days can be explained by the Ca drain
after gypsum and calcite depletion. These results suggest that fly ash by itself cannot provide the
neutralization properties in long-term durations, but in short term, its alkaline properties is
sufficient to mitigate the effects of acidic drainage on leaching properties.
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Figure 5-13- pH evolution during 10 years under neutral inflow

The difference between model and experiment can be possibly explained by a few
effective parameters. The carbonation reaction which might occur in the inflow water tank can
change the pH of inlet water while the model assumes the constant value of 5.50 throughout the
experiment. Although the leachate was collected in a nitrogen chamber to minimize the leachate’s
exposure to air, but it is possible that carbonation reaction occurs during transferring the samples
and measuring pH. The other possible reason is that the model predicts slightly higher Na and
lower S in comparison with the leaching test. Despite the differences, the model suggests that fly
ash can keep relatively high alkalinity through long durations under neutral condition even when
it is depleted in terms of alkalis such as Na, K, and alkaline earth metals such as Ca and Mg. This
observation suggests that the initially high alkalinity is associated with the release of alkalis and
alkaline earth minerals, and when these minerals are depleted, the dissolution/precipitation of
glass and aqueous complexations for Si, Fe, Al, and carbonates (e.g., Al(OH) 4-, CO32-, Fe(OH)4-,
H3SiO4-, H2SiO42-) contribute to keep the pH high.
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In order to further assess the glass leaching behavior, its dissolution was separately
modeled under neutral and acidic conditions. For neutral condition, pH reached from 5.50 to
10.06 in 50 days of leaching. Under acidic condition, the initial pH of 2.3 did not change
significantly, which implies that multi-component glass itself cannot neutralize the acidic
condition. In another study, the leaching properties of pure amorphous SiO2 were modeled under
acidic and neutral conditions. The results suggested that for pure amorphous silica, no
significance change occurs in flow pH, independent of the pH value. The results are summarized
in Figure 5-14 which suggests the multi-component structure of Al-Si glass behave differently
from pure amorphous silica, and for this complex amorphous composition, neutral condition
contributes to keep the high pH in the system, while the acidic condition does not change
significantly. Comparing the content of alkalis (K, Na, Mg, and Ca) in the leachate of both acidic
and neutral conditions for multi-component glass showed they are not significantly different,
therefore it is concluded that possibly the aqueous complexations for Si, Fe, Al, and carbonates
define the higher pH for neutral inflow.
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Figure 5-14- pH evolution as a result of SiO2(am) and multi-component glass dissolution
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5.4.4.

Porosity Evolution
Assessing the change in porosity in the compacted layers of fly ash with time is critical

due to the potential of subsidence and increasing the hydraulic conductivity of deposits which
finally results in more contaminants transfer to the groundwater. In this study, the initial porosity
of 30 cm column was considered as 28.3 vol% similar to column test, the model updates the
porosity as the leaching process continues. Figure 5-15 depicts the change in porosity throughout
the column during 30 years of fly ash weathering. It is observed that dissolution of minerals starts
from where influent water enters the column, and propagates to the deeper parts. Although
secondary minerals such as Fe(OH)3 and tobermorite forms starting from the end of column, but
the net change in void volume is positive. After 10 years, the overall porosity of column reaches
to 36%, and porosity reaches to 45% after 30 years of leaching. This behavior shows that
approximately half of the fly ash deposits are dissolved by 30years, and this change in void
volume should be considered for stability considerations and contaminants transport
simultaneously.
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Figure 5-15- Porosity evolution during 30 years of fly ash weathering
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5.4.5.

Environmental limitations for leachate composition
The leaching limits from Pennsylvania Department of Environmental Protection (PA

DEP) for coal mine environment (Table 4-9) were compared to the predicted leachate
composition for long-term. No environmental limits were set for Na, K, Ca, and Mg as these
elements define the chemistry of leachate and are not hazardous to the environment. Among other
major elements, only Al content exceeds the PA DEP limits in long-term. Sulfur content is higher
than DEP limit (2500 ppm) at initial void volumes but it decreases to below the limit very fast,
therefore for long-term leaching, sulfur content is not an environmental concern. Aluminum
concentration in leachate goes above the threshold at early ages (0.2 void volume) and stays
above the limit in longer durations. Formation of secondary minerals containing Al was initially
considered, but none of them were well matched with the experimental results as they eat up all
the aluminum in the leachate. Having the higher alkalinity increases the chance of formation of
Al(OH)3 in the system, which decreases Al content in the leachate. The leachate meet the DEP
threshold limits in terms of Fe content as the highest iron content (2.1 ppm) is still below 7.5
ppm.
Trace elements including B and Mo do not meet the leaching limits at the early ages of
leaching, but in longer durations their concentrations are acceptable. Highest concentration of Mo
was observes as 48 mg/L which is significantly above the leaching limit of 4.375 mg/L, but after
2 days of leaching it lowers down. For boron, the initial concentration of 112 mg/L decreases to
below the limit after 7 days. Other trace elements arsenic and selenium are constantly below the
threshold during 10 years of leaching. To sum up, the trace elements considered in this study
might show concentration higher than environmental limits, but in long-durations, their
concentrations are satisfactorily below the limits.
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5.4.6.

Sensitivity of Model to the effective parameters
As discussed previously, four parameters associated with minerals are effective to

calibrate the model, solubility constant (Ksp), rate constant (k), specific surface area (A(m2/g)),
and weight (volume) of minerals. In order to calibrate the model applying the column test
patterns, Ksp obtained from reliable databases was kept constant. The volume of minerals was
obtained from quantitative XRD not and was slightly changed for a few minerals. Rate constant
and specific surface area were the two main parameters changed in order to set up the model. The
initial values were taken from the literature; however those values were not totally applicable to
be used for fly ash as they were generally defined for pure minerals not a fraction of spherical fly
ash particles. The sensitivity of model to changing the rate, surface area, and volume% was then
obtained (Figure 5-16 and 5-17). The results are shown for powellite and arcanite dissolution
under a range of rate constants, surface areas, and volume %. The same process was done for all
minerals involved in fly ash. As it is observed for both minerals, increasing the rate constant of
dissolution results in higher concentration at earlier time. Higher surface area also increases the
rate of reaction, and has the same effect. Higher volume of minerals also result in higher
dissolution.
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Figure 5-16- Sensitivity analysis for powellite dissolution with constant Ksp, surface area, and
volume and changing rate constant
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Figure 5-17- Sensitivity analysis for arcanite dissolution with constant Ksp, and varying surface
area, volume and rate constant

As it was discussed before, in order to assess the reliability of K sp calculated for multicomponent glass, three values for glass solubility constant were considered: one similar to pure
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amorphous silica dissolution constant (log Ksp= -2.90), one calculated according to equilibrium
concentration of H4SiO4 as explained before ( log Ksp= -7.0), and one higher value as log Ksp= 12.0. The results showed that having the constant reaction rates and surface area, the model was
not sensitive to the solubility constant, in other words the equilibrium concentrations for major
and trace elements did not significantly changed.

5.5. Conclusions
The reactive transport model was developed considering the fly ash composition
(including mineral and amorphous phases, major, minor, and trace elements), chemical reactions
(i.e., dissolution and precipitation), and transport parameters (i.e., advection and dispersion). This
model aimed to simulate the fly ash leaching behavior in short term and be able to predict longterm leachate composition. The findings from this simulation include:


Four important parameters in defining the dissolution and precipitation reactions of
mineral are solubility constant (Ksp), rate constant (k), specific surface area (A), and
volume (weight) percentage. It was observed that the rate constant and surface areas
developed in previous studies for individual minerals do not necessarily describe the
minerals activity as a fraction of fly ash powder. The sensitivity analyses revealed that
increasing the rate constant while other parameters are constant results in higher initial
concentrations and shifts the wash-out step to earlier ages. As k and A are correlated
parameters, increasing surface area has the same effect but in lower degree.



The model simulated the leaching from fly ash through three phases:
-

Wash-out phase, which was the result of easily dissolvable minerals dissolution
and is known by release of high contents of Na, K, Mg, Ca, S, B, and Mo.

-

Kinetically controlled dissolution/precipitation, which occurs in the time scale of
up to 100 days and controls the content of components by depletion of existing
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minerals (e.g., gypsum and calcite), or formation of secondary minerals (such as
calcium silicate hydrates (C-H-S), clay minerals, and iron oxyhydroxides.
-

Congruent dissolution of amorphous phase (glass) which continuously releases
its components (i.e., Si, Al, Fe, K, Mg, Se, and As) in long-term leaching.



Glass dissolution is controlled by formation of secondary minerals such as tobermorite,
calcium silicate hydrates and clays. In the absence of these minerals, small selfprecipitation of glass and quartz was observed.



Iron content was mainly due to dissolution of glass and iron oxides (e.g., hematite,
magnetite, and maghemite) do not significantly contribute to its concentration. The iron
concentration was controlled by formation of ferrihydrite with high specific surface area
at alkaline pH.



The congruent dissolution of glass continuously release low and constant concentrations
of As and Se (below 1 ppm) to the leachate.



Molybdenum and boron were basically associated with dissolvable minerals and their
release occurs in wash-out step.



Fly ash dissolution under neutral inflow condition will keep the alkaline properties due to
alkalis dissolution in short term and dissolution of multi-component glass in long-term.
Under acidic inflow condition, the alkalis provide neutralization in short-term, but multicomponent glass does not show neutralization potential on their own.



The porosity of compacted fly ash starts to increase from the top layers and in long-term
(e.g., 30 years of weathering) it reached from 28% to 45%, which can significantly affect
the stability and transport properties.



The wash-out step and solubility-controlled step produce leachates which their
composition might exceed the environmental limits in mine lands in short term (for S, B,
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Mo, and Al). However, in long-term the overall composition meets the leaching limits
except for aluminum content.
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Chapter 6
Summary, Conclusions and Future Approach
This study aimed to evaluate two beneficial uses for coal fly ash, 1-in portland cement
concrete, and 2- in reclamation of mine sites. The goal was to enhance the efficiency and
environmental impacts for sustainable applications. The objective of first part of study was to
evaluate a method based on thermogravimetric analysis (TGA) to determine the true UC content
of fly ash, and therefore to increase the volume of fly ash that can be beneficially used in
concrete. As LOI may inaccurately estimate the UC, large quantities of otherwise good fly ashes
may not be allowed for use in concrete due to their overestimated UC. The objectives of second
part of study were (i) defining the host phases for environmentally important elements in fly ash,
and (ii) predicting the long-term leaching of elements from coal deposits using reactive transport
modeling. Table of tasks (Table 1-1) to achieve these objectives is re-presented here.
Through following the designed research tasks, the reactions and transformations occur
upon heating fly ash were identified using the two atmosphere TGA analysis, and a simplified
method suggested to precisely measure the unburned carbon content of fly ash. The host phases
for environmentally important elements including four trace elements were determined, and used
as input data to set up the reactive transport model. The short and long-term leaching behavior of
fly ash deposits were simulated under neutral condition, and the results showed the wash-out step
and solubility-controlled step produce leachates which their composition might exceed the
environmental limits in mine lands in short term (for S, B, Mo, and Al). However, in long-term
the overall composition meets the leaching limits except for aluminum content. The specific
findings of each task of this study are provided in the following sections.
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Task

Task 1: Evaluating the
thermogravimetric analysis
(TGA) technique for
determining the unburn
carbon in fly ash

Task 2: Determination of
leaching mechanisms and
dominant host phases

Task 3: Predicting longterm leaching using reactive
transport model

Desired outcomes
 Measurement of unburned carbon by common technique of loss
on ignition (LOI) for different types of fly ash
 Measurement of unburned carbon by one-atmosphere TGA
technique (in air)
 Developing a modified two-atmosphere TGA (in helium and
air) coupled with mass spectroscopy to measure unburned
carbon
 Evaluating the effective parameters on two-atmosphere TGA
 Measurement of organic carbon using commercial LECO
analyzer after acid treatment
 Investigating the possible relations between LOI, LECO
analyzer and two-atmosphere TGA results
 Fly ash characterization through defining bulk chemistry,
SEM/EDS, and QXRD
 Determining neutralization potential of fly ash through batch
leaching test
 Determining short term leaching patterns under neutral and
acidic condition in flow-through column test
 Thermodynamic modeling to analyze leaching patterns and
define host phases
 Providing reliable thermodynamic and kinetic data for
predominant host phases
 Set-up the database specifically for fly ash leaching
 Defining the type of chemical reactions and transport
parameters
 Calibrating the model using leaching column data
 Run the model for long-term and assess the possible
contaminations entering groundwater

6.1. Conclusion of the measuring unburned carbon content in fly ash
Based on observations made in this study, the following conclusions can be drawn:


Similar to LOI, one atmosphere TGA in air cannot separately measure the unburned carbon
(UC) content of fly ash. This is due to overlapping reactions and mass losses that occur at
500 to 750 oC as a result of losing bound water, decomposition of carbonates, and oxidation
of organic carbon.
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A two atmosphere TGA has the potential of directly measuring the UC content by
separating out the weight loss associated with bound water and carbonates through heating
the fly ash sample in an inert atmosphere prior to combustion in air.



A potentially significant source of error in 2A-TGA method is the reduction of iron oxides
by UC that occurs above 650 oC in the inert atmosphere. Unfortunately, this reaction occurs
at similar temperatures as those for decomposition of carbonates, and results in
underestimation of UC when fly ash is subsequently combusted in air.



Capping the maximum temperature in the inert atmosphere (T max@He) at 750 oC seems to be
optimum in promoting the decomposition of carbonates while minimizing the reduction of
iron oxides and the resulting error in UC measurements. However, further research is
needed in this area.



Heating rate of 10 oC/min and a 15-min retention time at 110 oC are recommended.



There is no one-to-one relationship between LOI and the total carbon (TC) or the unburned
carbon (UC) content of fly ash. LOI overestimated TC by up to 2.5 and overestimated UC
by up to 6.4. In general, overestimation of TC and UC was less for class F and more for
class C and FBC fly ashes.

6.2. Conclusions of the study to determine the host phases for environmentally
important elements in fly ash
Leaching mechanisms depend on host phases for each element and how they react at different
pHs. Micro-characterization techniques, flow-through column test, sequential extraction, and
thermodynamic modeling (Visual MINTEQ) were applied to define the host phases:


Na and K are hosted by sulfate salts (i.e., thenardite and arcanite respectively) on the
surface contribute to the high concentrations in the wash out step.
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Ca is mainly released due to dissolution of gypsum and calcite in fly ash. Sulfur is the
result of gypsum and sulfate salts dissolution on the surface.



Mg is associated with dissolvable minerals (periclase), but it is mostly entrapped in the
glass structure.



Boron was mainly associated with borate salts (i.e., borax) on the surface.



Iron was found as separate iron oxide particles and involved in Al-Si glass in lower
concentrations.



Quartz and mullite are infused within Al-Si glass particles as angular fractions, and are
chemically non reactive.



Al-Si glass also contains alkalis such as K, and As and Se in lower concentrations



A thin reactive layer of Si-Al glass covers the surface of particles mainly responsible for
early release of Al and Si.



Evaluating the adsorption properties of trace elements revealed that arsenic has the
highest tendency to be adsorbed on ironhydroxide surfaces, followed by Se with still high
adsorption potential. Molybdenum has a low adsorption affinity, and boron was not
adsorbed on the surface

6.3. Conclusions f predicting the long-term leaching behavior using reactive
transport modeling
The reactive transport model was developed considering the fly ash composition
(including mineral and amorphous phases, major, minor, and trace elements), chemical reactions
(i.e., dissolution and precipitation), and transport parameters (i.e., advection and dispersion). This
model aimed to simulate the fly ash leaching behavior in short term and be able to predict longterm leachate composition. The findings from this simulation include:
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Four important parameters in defining the dissolution and precipitation reactions of
mineral are solubility constant (Ksp), rate constant (k), specific surface area (A), and
volume (weight) percentage. It was observed that the rate constant and surface areas
developed in previous studies for individual minerals do not necessarily describe the
minerals activity as a fraction of fly ash powder. The sensitivity analyses revealed that
increasing the rate constant while other parameters are constant results in higher initial
concentrations and shifts the wash-out step to earlier ages. As k and A are correlated
parameters, increasing surface area has the same effect but in lower degree.



The model simulated the leaching from fly ash through three phases:
-

Wash-out phase, which was the result of easily dissolvable minerals dissolution
and is known by release of high contents of Na, K, Mg, Ca, S, B, and Mo.

-

Kinetically controlled dissolution/precipitation, which occurs in the time scale of
up to 100 days and controls the content of components by depletion of existing
minerals (e.g., gypsum and calcite), or formation of secondary minerals (such as
calcium silicate hydrates (C-H-S), clay minerals, and iron oxyhydroxides.

-

Congruent dissolution of amorphous phase (glass) which continuously releases
its components (i.e., Si, Al, Fe, K, Mg, Se, and As) in long-term leaching.



Glass dissolution is controlled by formation of secondary minerals such as tobermorite,
calcium silicate hydrates and clays. In the absence of these minerals, small selfprecipitation of glass and quartz was observed.



Iron content was mainly due to dissolution of glass and iron oxides (e.g., hematite,
magnetite, and maghemite) do not significantly contribute to its concentration. The iron
concentration was controlled by formation of ferrihydrite with high specific surface area
at alkaline pH.
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The congruent dissolution of glass continuously release low and constant concentrations
of As and Se (below 1 ppm) to the leachate.



Molybdenum and boron were basically associated with dissolvable minerals and their
release occurs in wash-out step.



Fly ash dissolution under neutral inflow condition will keep the alkaline properties due to
alkalis dissolution in short term and dissolution of multi-component glass in long-term.
Under acidic inflow condition, the alkalis provide neutralization in short-term, but multicomponent glass does not show neutralization potential on their own.



The porosity of compacted fly ash starts to increase from the top layers and in long-term
(e.g., 30 years of weathering) it reached from 28% to 45%, which can significantly affect
the stability and transport properties.



The wash-out step and solubility-controlled step produce leachates which their
composition might exceed the environmental limits in mine lands in short term (for S, B,
Mo, and Al). However, in long-term the overall composition meets the leaching limits
except for aluminum content.

6.4. Future Directions
This research study was focused on materials characterization, carbon measurements, and
predicting the long-term environmental effects using reactive transport simulations. Through the
research efforts and the obtained results, these suggestions are presented for the future path:
-

Applying more advanced micro-characterization techniques which are able to define the
interior composition of fly ash particles in addition to its surface characteristics, and
identify the trace elements distribution as well as major and minor elements. Examples of
such techniques are Transmission Electron Microscopy (TEM) and Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS).
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-

The measurement of unburned carbon in fly ash using thermogravimetric analysis was a
comprehensive analysis to achieve a more precise method. However, the reactivity of
carbon to adsorb the air entraining admixtures is an important factor, which needs to be
considered. In other words, carbon content is not the only factor which affects the
concrete properties, but type of carbon particles, the specific surface area, and exposure
to agents should be evaluated in future studies.

-

The reactive transport model was developed as a 1D saturated column with simplified
assumptions. The larger goal of this study is to simulate the fly ash deposits in mine
fields. In order to achieve this goal, the geochemical conditions of mine lands including
the degree of saturation, cracking and preferential flows, and the heterogeneity of
material should be considered. The future path can include how to consider these factors
in 2D models, add the statistical and uncertainly factors to the long-term simulations as
well.

-

Consideration of field condition in predicting model includes the scaling. When the
model size is more similar to the mine site condition, the larger scale results in larger
residence time, which comes to having the geochemical condition closer to equilibrium.
The larger residence time also decreases the reaction rates. Such thermodynamic and
kinetic considerations should be involved to scale up the laboratory condition to field
condition.

-

The leaching tests and predicting model revealed that the wash out step releases major
and minor elements to the groundwater, which might be higher than environmental limits
in early ages. Although the long-term leaching behavior predicted for fly ash deposits in
column scale did not result in critical pollution, in order to control the contaminants
transport and keeping the alkaline properties of fly ash deposits, assessing the efficiency
of mitigation techniques is the next step in this research direction. The mixture of fly ash
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with lime and FGD gypsum as a mixed material, in layers, or as individual treatment
columns should be evaluated. The effect of stabilization of fly ash on leaching behavior,
and its optimum mix design and spatial distribution can be assessed using the
experimental and simulation techniques.
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Appendix A

Finding Host Phases Using Thermodynamic Modeling (Visual MINTEQ)
A.1. Objectives for Thermodynamic Modeling
In order to define the host phases for environmentally important elements, a framework
was designed in Chapter 4, which relies on the leaching patterns and thermodynamic and kinetic
information obtained from column leaching test. Defining the saturation indices for mineral
sources, distribution of aqueous species, and mass distribution between dissolved, sorbed, and
precipitated species are among the important pieces of information obtained from equilibrium
thermodynamic analyses. This information accompanied by microanalysis (SEM/EDS, QXRD)
results, and leaching test results will serve to the goal of finding the host phases in fly ash.
In this study the column test leaching results were thermodynamically analyzed using
Visual MINTEQ software. The MINTEQ database including over two hundreds solid phases with
consistent thermodynamic data was considered. The leachate composition, mineralogy of ash
defined by QXRD analysis, possible secondary minerals, and chemical reactions including
surface complexations and adsorption are provided as input data in the thermodynamic model.
The model is capable of calculating the saturation indices for all possible minerals, defining the
predominant aqueous phases, and distribution between dissolved, sorbed, and precipitated
species. pH and ionic strength of the solution can also be calculated considering the mass and
charge balance in the system.
The thermodynamic saturation state of a mineral relative to the aqueous solution is a
primary control on chemical reactions [1]. The saturation index (SI) is defined as the ratio of the
solute ionic activity product IAP to the mineral solubility constant (K sp) as defined in equation (51). If saturation index for a mineral is smaller than zero (SI<0), it means solution is
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undersaturated with respect to the mineral. If SI>0, it implies the oversaturated solution, and SI=0
belongs to a solution at equilibrium with that specific mineral.

SI = log (IAP/ Ksp)

Eq. (A-1)

The first objective of thermodynamic modeling is to define the host phases for target
elements and examine the host phases previously defined by microanalysis and sequential
extraction techniques. This objective is obtained through assessing the saturation indices for finite
and possible solids. The second objective is to define the predominant aqueous species for each
element, which be later used in the reactive transport modeling as primary or secondary species,
and will be more discussed in Chapter 5.

A.2. Thermodynamic Model Assumptions
Three categories of information was introduced to the model as input data: leachate
composition, finite solids with defined mass and possible solids which might form as secondary
minerals with unspecified mass, and additional reactions besides dissolution/precipitation
including the surface complexation reactions. Finite solids with predefined molality were added
to the model. Gypsum, Quartz, Calcite, magnetite, hematite, maghemite, Thenardite (Na2SO4),
and SiO2(am) were the finite solid phases considered in the input data. Thenardite is the sodium
sulfate salt which is hypothesized to coat the surface of fly ash particles, and its mass was
approximated by trial and error considering the Na and sulfate ions concentrations in the leachate.
The MINTEQ database do not include the complex aluminosilicate glass phase, but SiO2(am) was
considered as a simple approximation. Solubility constants for these solid phases were taken from
MINTEQ database.
The input concentrations of most of elements were assumed to be the measured
concentration in the influent water, except for Mg, K, and Al. For these three elements, their
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concentrations in the leachate were introduced to the model. Aluminum is known to leach out
mainly from aluminosilicate glass and from mullite in very small amounts as mullite is a nonreactive phase. Mg is mainly leached out from aluminosilicate glass and probably a mineral
containing Mg-Ca considering the SEM/EDS analysis, and K is leach out both from potassium
salts (possibly a sulfate potassium salt) on the surface and aluminosilicate glass. Consequently,
for these three elements (Mg, K, and Al) the leachate concentrations were used to predict the
possible sources of solids according to the saturation indices.
The pH was calculated based on the mass balance in the system, and ionic strength was
also calculated by the model based on components’ aqueous concentrations. Visual MINTEQ was
run in three steps. In the first step, the composition of leachate was predicted for major and
minor elements considering only dissolution/precipitation reactions. In the second step, trace
elements including As, Mo, Se, and B were added to the model and their possible host phases in
MINTEQ database were recognized. In the third step, surface complexation reactions including
adsorption of trace elements on ferrihydrite surface were considered.

A.3. Results and Discussion
A.3.1. Step I: Dissolution/Precipitation of Major and Minor elements
Under neutral condition, the leachate composition after first void volume was predicted
through step one to three. In the first step, while only considering leaching of major and minor
elements, the pH of the system was calculated as 7.65 by the model and the ionic strength was
0.09 mol/L. The pH of first void volume from leaching test was measured as 9.53. The difference
might be due to the fact that not all dissolving solids and aqueous ions were considered for this
simulation. The Ca2+ concentration in the leachate was 683 mg/L while the model prediction from
dissolution of gypsum and calcite was 770mg/L in the first void volume. Gypsum and calcite
were in equilibrium with solution with saturation indices close to zero. Approximately 0.0196
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molal of calcite, and 0.2 molal gypsum (3% of total calcium) has been dissolved in first void
volume. This result can prove the constantly high concentration of Ca through eight void volumes
of leaching as 97% of the Ca remained undissolved for the first void volume. Ca2+ and CaSO4(aq)
are the predominant species in the solution. All other calcium containing phases such as
anhydrite, dolomite, ettringite, and portlandite are undersaturated (SI<0), so no Ca precipitation
occurs in the first void volume (VV1).
The leachate is undersaturated with respect to all possible mineral phases containing Mg
in the first void volume. The saturation indices for brucite, chrysotile, dolomite, magnesite, and
periclase were all below zero. No Mg-containing mineral phase was detected in XRD analysis,
suggesting that the main host phase for Mg is aluminosilicate glass. Small amounts of dolomite
and periclase were detected in SEM/EDS analysis. The predominant Mg species included in the
model were Mg2+ and MgSO4(aq).
Sodium concentration in the first void volume was measured as 865 mg/L in the leaching
test while considering thernardite as the source of releasing Na to solution resulted in 874 mg/L
in the model. Thenardite is totally dissolved (0.019 molal concentration considered by trial and
error) in the first void volume and dissolution of this salt is probably the main source of high
concentration of Na. The predominant aqueous species is Na+ and a small portion (4.5%) of
NaSO4-. This salt is mostly dissolved in the first void volume, therefore Na concentration
significantly dropped for the next void volume (51 mg/L). Concentration of K+ in leachate was
763 mg/L. considering the saturation indices of possible phases containing K in the database, it
seemed that alunite can be a possible source of K on the surface of ash particles. Although
considering alunite phase can approximately predict the potassium content in first void volume,
but it overestimates the Al and S contents. Other potassium containing salts might be responsible
for its relatively high concentration of potassium in the wash-out step. The predominant species
of K in the model was K+.
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Sulfur dissolution is mainly due to gypsum and sodium sulfate salt. Concentration of
SO42- in the leachate after collecting first void volume was 3830 mg/L and the model predicted it
as 2995 mg/L based on dissolution of these two minerals. If other sulfur containing salts also be
considered in the model, it will result in more precise estimation of sulfur in the first void
volume. Other sulfate containing minerals such as anhydrite and K-alum were undersaturated and
in case of iron sulfates, they have very low saturation indices below zero, indicating the low
possibility of being a source of sulfur in the leachate. The main sulfur species was SO 42-, with
lower content of CaSO4 (aq), and NaSO4-. For the next void volumes, the decreased concentration
of sulfur is mainly due to gypsum dissolution as the salts were washed out from the surface.
The main source of releasing silica in the fly ash leachate is dissolution of amorphous AlSi glass and crystalline phases containing Si such as quartz. Considering the dissolution constants
of both amorphous and crystalline phases (Quartz log Ksp=-4, SiO2(am) log Ksp= -2.90),
amorphous phase can release more Si than quartz and mullite. The model considered simplified
SiO2(am) and quartz as the source of silica, and the amount of predicted dissolved silica in first
void volume was 11.3 mg/L as a result of dissolution of quartz and 79 mg/L as a result of
dissolution of SiO2 (am). However, the measured concentration of Si in the leachate (0.56 mg/L)
was much lower than the equilibrium predicted amount. It reveals that there should be a sink for
silica in the system which consumes the dissolved Si to form secondary minerals. This sink can
be clay minerals or calcium silica hydrates (C-S-H) if excess Ca is available.
Considering the phases containing Al based on the QXRD results, the main source of
aluminum dissolution is aluminosilicate glass; mullite is a non-reactive phase, and dissolving in
very low amount in longer durations. According to the saturation indices obtained from the
model, other mineral phases such as gibbsite (Al(OH)3), boehmite, (AlO(OH)) and clay minerals
such as halloysite, hercyrite, imogolite, and kaolinite might be the source of releasing Al to the
solution. The main Al species is Al(OH)4-, which is the dominant species for Al at pH above 7.
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Three iron oxides, hematite, magnetite, and maghemite were considered in the model.
The amounts of these three solid phases were almost unchanged after the first void volume. Also,
the concentration of Fe2+ and Fe3+ predicted by model were much lower than leachate
concentration (0.3 mg/L). This result shows that iron oxides are not mainly responsible for
dissolved iron in the leaching system. Previous studies have considered two main phases
containing iron in fly ash: the iron which is integrated with aluminosilicate glass matrix, and the
iron which principally makes the iron oxides with minimal silicon or aluminum [2].
Consequently, Three sources to release iron oxides can be considered including the highly soluble
exterior glassy veneer, crystalline iron oxides mainly consisting of magnetite and smaller
amounts of hematite, and less soluble aluminosilicate glass. The initial concentration of iron is
probably due to the rapid dissolution of reactive glass containing iron on the surface, and slower
release of iron is due to dissolution of Al-Si glass and some minor dissolution of crystalline iron
oxides. The predominant species for divalent iron was Fe2+ and for trivalent iron was Fe(OH)2+ ,
which is the predominant iron phase at pH below 8.5 in the phase diagram. If iron concentration
is high enough, there is a possibility for precipitation of iron oxyhydroxides such as ferrihydrite
and goethite which are good scavengers to adsorb trace elements such as arsenic at elevated pH.

A.3.2. Step II: Addition of Trace Elements
In the second step, the concentrations of four trace elements (B, As, Se, and Mo) in the
first void volume of leachate were added to the model as input data to predict the possible mineral
phases responsible for their release to the leachate. Boron concentration was quite high in the first
void volume (114 mg/L), and it decreased in the next void volumes. No solid including boron was
found in the MINTEQ database, but the predominant species for boron was suggested as H3BO3
(aq), and very low concentrations of other aqueous species such as H2BO3-, H5(BO3)2-,
MgH2BO3+, CaH2BO3+, and NaH2BO3 . Previous studies suggest that boron is mainly included in
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borate salts on the surface of the fly ash spheres, and they are washed out very fast at the first
void volumes [3]. Borate salts also include alkali metals such as Na (in borax and kenite), and
alkali earth metals such as Ca (in ulexite and colemanite), and Mg (in boracite). The dissolution
of borax produces boric acid ions in the solution, which also decreases the pH of the solution.
Arsenic concentration in the leachate was 0.063 mg/L, which decreases as the leaching test
progressed. As discussed before, fly ash with moderately alkaline character (i.e., pH 7-10),
contain a mixture of As-Fe and As-Ca associations. Arsenic might also coat the surface of
particles as As2O5(s). In the model, all possible solids containing As such as Ca-arsenates,
FeAsO4.2H2O (s), and As2O5 (s) were undersaturated in the solution. Predominant As species
were HAsO42- (87%) and H2AsO4 – (aq). Sorption reactions of arsenic on Fe oxyhydroxides will
be explained later.
Selenium concentration was measured as 0.051 mg/L in the first void volume. Se is found
as CaSeO3 and SeO2 on the surface and also associated with iron as iron selenate (Fe(SeO3)3) in
the glass matrix. The model predicted the saturation indices below zero (unsaturated state) for all
possible Se containing solids due to its low concentration. The SEM/EDS results however
showed that Se is an element distributed in fly ash Al-Si glass particles in low concentrations
excluding the iron oxides. The main species containing selenium were HSeO3-1 (79%) and SeO32(21%).
The concentration of Mo in the first void volume was determined as 25 mg/L.
Molybdenum is mainly concentrated on the surface and Ca-molybdate is suggested as one of the
main sources of Mo release to the fly ash leachate. The model also predicted that powellite (CaMolybdate) to have a saturation index of 1.209>0, which indicates that this solid can be a source
of Mo in the neutral condition. The principal aqueous species included MoO42- (68%), CaMoO4
(aq) (27%), and MgMoO4 (aq) (5%).
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A.3.3. Step III: Adsorption Reactions for Trace Elements
In the last step, the possibility of adsorption of trace elements on the surface of existing
or secondary minerals in the system was assessed. Adsorption reactions are important processes
which can affect the transport of elements in the environment. Two important mechanisms
control the release of elements from coal combustion by-products: solubility control and sorption
control. Solubility control occurs when the solution in contact with solid is saturated with respect
to the elements of interest, and is generally associated with dissolution of metal oxides present in
solid. Soption process, on the other hand, controls the release of elements that show sorptive
affinity to the active sites on solid surface. Trace elements are likely controlled by sorption on
oxides, oxyhydroxides, organic matter and clays [4]. Adsorption isotherms such as Freundlich
and Langmuir have been used to present such behaviors. However, such empirical approaches are
not capable of considering the effect of chemical conditions such as pH on the adsorption
reactions. This can be done using chemical models such as surface complexation models (SCMs)
[5]. These models define specific surface area, sorption reactions with equilibrium constants, and
concentration of binding sites (site density). SCMs differ principally in the way they describe the
electrostatic contribution to surface complexation. Visual MINTEQ contains six different
interface models. Diffuse layer model (DLM) is the simplest model in which both chemical and
electrostatic contributions to surface complexation are considered. Dzombak and Morel (1990)
presented a DLM-based model for ferrihydrite (hydrous ferric oxide) and an associated database
with complexation reactions [6]. In their study, the ferrihydrite surface groups were divided into
two categories, referred to as high and low affinity sites, where the former makes up 2.5 % of the
total number of sites (and the latter consequently 97.5 %). Moreover, Dzombak and Morel used a
surface area of 600 m2/ g, and a total site density of 2.31 sites/ nm2. To consider the adsorption
characteristics of fly ash leaching, the Dzombak and Morel surface complexation model in visual
MINTEQ was used in this study. Ferrihydrite is one of the possible minerals which might form
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during leaching of fly ash under alkaline condition, and it has been known as a scavenger of trace
elements such as As and Se. The adsorption of trace elements specifically (and other major and
minor elements in fly ash) on the ferrihydrite was predicted for the first void volume of leaching.
The leachate composition at fixed effluent pH (~9.5) was considered, and the surface
complexation reactions/compounds on the reactive surfaces of precipitated ferrihydrite were
predicted by the model. Table 5-1 summarizes the distribution of components between dissolved
and sorbed phases.

Table A-1- Distribution between dissolved and adsorbed concentrations for major and trace
elements
Total
Total sorbed
Component
dissolved
% Dissolved
% Sorbed
(mol/L)
(mol/L)
Al3+
2.02E-04
100.00
0.00E+00
0.00
3AsO4
1.02E-12
0.00
8.41E-07
100.00
2+
Ca
1.62E-02
95.31
7.99E-04
4.69
2CO3
9.73E-17
97.31
2.69E-18
2.69
1+
H
-8.71E-03
80.76
-2.08E-03
19.25
H3BO3
1.05E-02
99.99
1.37E-06
0.01
H4SiO4
2.82E-09
0.01
1.99E-05
99.99\
HSeO312.30E-08
3.56
6.23E-07
96.44
1+
K
1.95E-02
100.00
0.00E+00
0.00
2+
Mg
3.93E-04
52.14
3.61E-04
47.86
2MoO4
2.20E-04
84.45
4.05E-05
15.55
1+
Na
3.76E-02
100.00
0.00E+00
0.00
2SO4
3.98E-02
99.91
3.42E-05
0.09

Aluminum oxyhydroxides, if precipitated, can act similar to ferrihydite in terms of
adsorbing the trace elements. Therefore, no adsorption was observed for Al itself. All leached As
was adsorbed on ferrihydrite which shows that at alkaline effluent pH, ferrihydrite is a good
scavenger for As. Consequently, the concentration of dissolved As will be very low in the
leachate. About 5% of Ca could be adsorbed to the reactive surfaces, and most of the Ca will
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remain as aqueous phase in the solution. Ferrihydrite also has the capability to adsorb carbonates
ion in small amounts (2.7%). The adsorption properties of boron to iron minerals have not been
broadly discussed in previous studies. The model predicted that 99.99% of boron remains
dissolved, which shows the low tendency for adsorption of boron by ferrihydrite. Sorption of Si
on ferrihydrite is interestingly high as almost all the dissolved Si could be adsorbed at pH around
9.50. Similar to arsenic, there is a high adsorption tendency for Se on iron minerals. Potassium
was also predicted to stay totally dissolved in the solution, while the divalent Mg ions tend to
partially adsorb on the surface as approximately half of the ions are attached to the surface. Mo is
another trace element with lower adsorption affinity, but still is partially adsorbed by iron reactive
surfaces. The model also predicted almost no adsorption for both sodium and sulfur. The negative
molar concentration of H+ can be explained by the fact that the total H+ concentration (numerical
balance) is negative in alkaline systems, because the true concentration of OH- dominates over
the true concentration of H+. This is because H+ and H2O are used as primary species, and OH- is
used as a derived species (i.e., function of H+ and H2O) thus with a negative H+ stoichiometric
coefficient.
To wrap up, among the trace elements, arsenic has the highest tendency to be adsorbed
on ironhydroxide surfaces, followed by Se with still high adsorption potential. Molybdenum has a
low adsorption affinity, and boron was not adsorbed on the surface. It should be noted that in this
test, the amount of precipitated ferrihydrite in the geochemical condition of the test was predicted
as 5.4 x 10-6 mol/l, and the results are good indicators of adsorption properties of iron surfaces.
The model also predicted that more than 99% of adsorption sites were occupied for both low and
high affinity sites, which shows the competitive nature of adsorption reactions.
The surface coverage distribution on high and low affinity sites at pH 9.5 have been
shown in Figure 5-1 and 5-2 respectively. The concentration of surface complexes in mol/L could
be compared in each condition. The total high affinity surface site concentration was 5.6 x 10 -5
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molal and low affinity sites had a concentration of 2.24 x 10-3 molal. As it is observed in Figure
5-1, the high affinity sites at the iron sorptive surfaces were covered by Ca, Si, S, and Mo
concentration-wise. It was not in contradictory with the results in Table 5-1 as although the
adsorbed percentage of elements such as As and Se is much higher than S and B, the
concentration of S, Mo, and B are higher on the surface as the their total concentrations were also
higher. For low affinity sites, Ca, Mg, Si, and S complexes have the highest adsorbed
concentrations (Figure 5-2).

concentration (mol/L)

1.E-04
1.E-06
1.E-08
1.E-10
1.E-12
1.E-14
1.E-16
1.E-18
1.E-20

Figure A-1- High affinity sites for iron oxyhydroxide surface
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>FeAsO4-2
>FeCO3>FeCO3H
>FeH2AsO4
>FeH2BO3
>FeHAsO4>FeO>FeO(FeII)+
>FeO(FeII)OH
>FeOCa+
>FeOH2+
>FeOHAsO4-3
>FeOHMoO4-2
>FeOHSeO3-2
>FeOHSO4-2
>FeOMg+
>FeOMo(OH)5
>FeOSi(OH)3
>FeOSiO(OH)2>FeOSiO2OH-2
>FeSeO3>FeSO4>SOH

Concentration (mol/L)
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Figure A–2- Low affinity sites for Fe oxyhydroxides surface

A.5. Conclusions
The summary of solid and aqueous phases associated with each element obtained from
Visual MINTEQ is presented in Table 5-2:
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Table A- 2-Thermodynamic analysis on leaching patterns of class F fly ash under neutral
condition using Visual MINTEQ
Element

Phases @
equilibrium

Oversaturated
Solids

Undersaturated
solids

Dominant
Species

Ca

gypsum,
calcite

-

anhydrite, dolomite,
ettringite, portlandite

Ca2+
CaSO4(aq)
Mg2+
MgSO4(aq)



Mg

-

-

brucite, chrysotile,
dolomite, magnesite,
periclase

Na

thenardite
(depleted)

-

-

Na+
NaSO4-

K

-

-

alunite

K+

S

gypsum,
thenardite

anhydrite, K-alum,
iron sulfates

-

SO42CaSO4 (aq)

Si

siO2(am)

halloysite and
kaolinite

-

Al

-

-

gibbsite, boehmite,
halloysite, hercyrite,
imogolite, kaolinite

Fe

hematite
magnetite
maghemite

-

ferrihydrite and goethite

Fe2+
Fe(OH)2+

As

-

-

Ca-arsenates,
FeAsO4.2H2O (s), As2O5

HAsO42H2AsO4– (aq)

B

borax

-

-

H3BO3(aq)

Se

-

-

CaSeO3 and SeO2

Mo

-

-

powellite

H4SiO4

Al(OH)4-

HSeO3-1 SeO3
2-

MoO42CaMoO4 (aq)

Evaluating the adsorption properties of trace elements revealed that arsenic has the highest
tendency to be adsorbed on ironhydroxide surfaces, followed by Se with still high adsorption
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potential. Molybdenum has a low adsorption affinity, and boron was not adsorbed on the
surface
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