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SUMMARY 

The work performed in this dissertation focused on the beneficial use of coal and biomass 

combustion residuals. The alternative fly ashes tested in this study ranged from high-carbon 

content coal fly ash, to previously geologically disposed weathered coal fly ash, to ash from 

biomass that has been co-fired with coal, to woody biomass fly ash. However, the bulk of 

this dissertation was focused on geologically disposed weathered coal fly ash and woody 

biomass fly ash. These ashes were collected from power generation facilities in the 

southeastern and central United States. They were extensively characterized using 

mineralogical and thermal techniques, including thermogravimetry, x-ray diffraction, 

scanning electron microscope with electron dispersive spectroscopy, laser particle size 

analysis, and x-ray fluorescence, among others.  

Characterization revealed morphologies specific to weathered coal fly ashes and to biomass 

fly ashes. Weathered fly ashes classified as Class F coal fly ashes with variable organic 

carbon content. They had, on average, more hydrated mineral phases than unweathered 

Class F fly ashes, most likely because they were wet-disposed and exposed to precipitation. 

Volatile mineral phases present in weathered ash included hydrated calcium sulfates, 

hydrated clays, portlandite, carbonates, iron oxides, and unburned carbon. Woody biomass 

fly ash from a full scale, biomass only power generation facility (PN) was a high-calcium, 

low-organic material whose properties were consistent across multiple combustion cycles. 

The fine-grained particle sizes, low specific surface area, and low organic carbon were 

attributed to the combustion conditions in the fluidized bed boiler; the PN ash had a lower 

unburned carbon content, a lower specific surface area, a higher specific gravity, and a 



 13 

lower median particle size than three other woody biomass ashes produced at facilities with 

other boiler configurations.  

The beneficial use of weathered fly ashes requires the dewatering and mining of ash 

impoundment facilities, which necessitates an understanding of the fly ash saturated and 

unsaturated hydraulic properties. In pursuit of this understanding, a detailed study on the 

saturated and unsaturated characteristics of a treated high-water-retention capacity 

weathered coal fly ash (PY) was performed. Hydraulic conductivity testing was performed 

in a flexible-wall, falling-head permeameter, and unsaturated behavior was quantified 

through soil-water-retention curves with the assistance of external laboratory DBS&A. 

Investigation of the hydraulic behavior of the ash samples was conducted after a series of 

chemical and physical treatments. Color change of the as-received PY sample that occurred 

during thermal treatment was due to the transformation of kaolinite present in the ash into 

non-crystalline metakaolin and crystalline hematite (and potentially mullite and 

cristobalite). This transformation was confirmed by the shift in crystalline phases from 

kaolinite to hematite in x-ray diffraction analyses. All PY samples had a hydraulic 

conductivity on the order of 10-5 or 10-6 cm/s, which was consistent with literature on silts. 

The only treatment that had a significant influence on saturated hydraulic conductivity was 

the iron removal treatment using the CBD process (sample Y_CBD). The removal of 

crystalline and surface iron species and the inclusion of sodium compounds in the fly ash 

decreased the hydraulic conductivity by an order of magnitude.   

The as-received PY sample had unsaturated behavior consistent with fine-grained silt; its 

water-retention profile was characterized by a shallow drainage curve and a high residual 

water content. Its high water-retention capacity was due to both kaolinite and diatom 
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frustules present in the ash. The calcined PY sample (Y_C) displayed unsaturated 

characteristics of a silty (high air-entry pressure) and sandy material (sharp drainage curve, 

low residual water content). Calcining the ash transformed the kaolinite into metakaolin 

and reduced its water-retention capacity. However, the as-received PY ash, the acid-treated 

sample (Y_A), and Y_CBD displayed silt-like drainage characteristics, reflected in a 

shallower drainage curve and higher residual water content. The acid (Y_A) and iron 

removal (Y_CBD) treatments did not influence either the kaolinite or the diatom frustules 

and so did not reduce the water-retention capacity of PY.  

After weathered and biomass fly ash samples were characterized, potential beneficial use 

alternatives were explored, including use in concrete as supplementary cementitious 

materials and as sorbents for Pb(II) removal from aqueous solutions. Weathered coal fly 

ashes met ASTM C618 requirements for chemical, physical, and mechanical properties for 

Class F fly ashes, though some of these ashes had LOI values that exceeded 6%. When 

used in concrete mortars, 9 of 13 weathered ash samples met the strength requirements at 

7 or 28 days. These ashes had the potential for use in concrete as supplementary 

cementitious materials. However, the effectiveness of weathered coal fly ashes in sorption 

applications was limited. These ashes had a limited total removal capacity for Pb(II) (<6 

mg/g). However, woody biomass fly ashes showed high removal capacity for aqueous 

Pb(II) species. Removal of Pb(II) using biomass fly ashes included a combination of 

sorption to carbon functional groups and precipitation of lead sulfates and hydroxides. 

Geochemical modeling analysis using PHREEQC confirmed that the high equilibrium pH 

and high soluble cation concentrations of biomass fly ash contributed to Pb(II) 
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precipitation. Wastewater treatment applications may be a beneficial use sector for woody 

biomass fly ash if metal removal is the primary objective for the treatment.   

In summary, the work performed in this study of biomass and weathered coal fly ash 

indicated that: 

• Weathered coal fly ashes from impoundment facilities in the southeastern and 

central United States were Class F fly ashes, with variable LOI contents 

• Weathered coal fly ashes contained more hydrated mineral phases than 

unweathered coal fly ash, due to disposal conditions in impoundment facilities 

• Biomass fly ash from a biomass-only facility equipped with a fluidized bed boiler 

consisted of a low carbon, high-calcium, silt-sized material with aluminosilicate 

spheres 

• The saturated hydraulic conductivity of a high water-retention capacity weathered 

coal fly ash was on the order of 10-5 cm/s, and it displayed unsaturated hydraulic 

behavior representative of both sand (low air-entry pressure) and silt (shallow 

drainage curve, high residual moisture content)  

• The high water-retention capacity of a weathered fly ash sample was due to 

kaolinite and diatom frustules present in the ash 

•  Iron reduction and removal using the CBD process was the most influential 

treatment on the saturated hydraulic conductivity, but calcining the ash at 800°C 

was the most effective treatment for reducing the water-retention capacity of the 

as-received weathered fly ash 
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• Weathered fly ashes retained amorphous, potentially reactive pozzolanic silica after 

weathering and performed well as SCMs in concrete applications 

• Biomass fly ashes were effective for removal of Pb(II) from aqueous solutions, by 

a combination of precipitation and sorption to carbon functional groups 

Overall, weathered coal fly ashes could potentially be used as an additional source of coal 

fly ash for concrete applications, once they have been reclaimed from the ash pond. The 

weathered ashes analyzed in this dissertation fulfilled the ASTM C618 requirements to be 

beneficially used as a supplementary cementitious material. Using weathered coal fly ash 

as an SCM would supplement seasonal shortages of freshly-produced coal fly ash.  

A full-scale, biomass-only power generation facility consistently produces a biomass fly 

ash characterized by high calcium content, low carbon content, and silt-sized particles. This 

material could potentially be beneficially used in applications where a high-calcium 

content is favorable (soil solidification/stabilization, agricultural amendments, and 

buffering of acidic waste streams). Additionally, this material was effective for removing 

Pb(II) from aqueous solutions and could be potentially used in wastewater treatment. 

Beneficially using biomass fly ash would provide additional economic incentive for the 

combustion of renewable fuels.  
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CHAPTER 1. INTRODUCTION 

1.1 Research Motivation 

Ash disposal facility engineering failures in the 21st century (Tennessee Valley Authority, 

2008; Duke Energy, 2014) have brought ash disposal practices under federal scrutiny in 

recent years. In October of 2015, the Environmental Protection Agency published a final 

ruling on disposal of coal combustion residuals (CCRs) that formally classified CCRs as 

non-hazardous waste regulated under the Resource Conservation and Recovery Act 

(RCRA) Subtitle D (the same category as municipal solid waste (MSW)) [1]. As part of 

the final ruling, the EPA published minimum criteria for CCR disposal for all disposal 

facilities (new and currently existing), including location restrictions, design and 

operations management, groundwater monitoring controls, closure and post-closure care, 

and recordkeeping [1]. Similar to MSW disposal, states are able to impose disposal 

requirements in addition to the federal regulations. For example, North Carolina has 

imposed additional restrictions on top of the federal guidelines and requires existing 

impoundments to be “clean-closed” (the pond must be emptied completely, and the CCR 

material moved to lined facilities and/or landfills). Other facilities in the southeastern 

United States have opted for “close-in-place” where impoundments that are not currently 

receiving new ash are capped and monitored according to post-closure care criteria. A 

combination of these closure options is found throughout the United States which provides 

an opportunity to study the engineering, environmental, and morphological properties of 

weathered CCRs.  
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The combination of “clean-closed” and “closed-in-place” construction has brought 

particular attention to the hydraulic properties of weathered, geologically-disposed fly ash. 

CCRs are typically wet-sluiced to permanent impoundments by mixing bottom ash (a sand 

sized material) and fly ash (a silt sized material) with water and pumping the slurry to an 

impoundment. Consequently, ponded CCRs are partially-to-fully saturated, and the 

standing water table may be above the surface of the disposed material. Dewatering ash 

disposal facilities is a time-consuming and energy-intensive process that relies heavily on 

an understanding of the hydrologic environment within and surrounding the disposal 

facility. However, the literature is sparse on the unsaturated and saturated hydraulic 

properties of weathered fly ash. Research questions remain to determine how weathered 

fly ash responds to the partially-saturated conditions experienced during impoundment 

dewatering. A deeper understanding of the hydrogeological interactions between fly ash 

and water would be beneficial for applications related to ash pond dewatering. 

 Weathered fly ash that is being removed from its impoundment and transported to a new 

disposal location may have the potential to be processed, stored, and beneficially used. 

However, there is currently limited data in the literature on how long-term weathering 

changes the mineralogy and morphology of fly ash. These changes can impact the 

beneficial use of weathered ash in the concrete sector, which is currently the largest sector 

for beneficial use of fly ash [2]. Ash that is not suitable for beneficial use in concrete may 

find additional beneficial use opportunities elsewhere; for example, high-carbon content 

ash, while undesirable for concrete mixtures, may be a good adsorbent for heavy metals 

and organics. Additionally, reclaimed ashes may be used for the extraction of rare earth 
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elements. Exploring beneficial use opportunities for weathered fly ash may offset some of 

the environmental and economic costs of “clean-closure”.   

Biomass combustion refers to the combustion of fuel products derived from natural 

sources, including but not limited to wood products, plant wastes, agricultural residue, and 

municipal solid wastes [3]. Biomass is considered a mostly renewable, mostly carbon-

neutral fuel source because the plants have metabolized CO2 [4,5]. However, there are still 

questions concerning the effectiveness of biomass as a major fuel source and the 

unintended consequences of combustion [4,6,7]. Biomass combustion produces some of 

the same waste products as coal combustion, which must then be geologically disposed or 

beneficially used. Although the use of biomass fly ash in concrete applications in the 

United States is currently barred because the ASTM standard C618 specifies 100% coal 

fly ash, the use of biomass fly ash as a carbon-based sorbent should be explored [8]. 

Biomass fly ash could be an effective adsorbent of heavy metals in aqueous solutions, for 

applications in wastewater and drinking water treatment [9]. Beneficially using biomass 

fly ash wastes would encourage the use of biomass as a renewable energy combustion 

alternative to coal combustion. The costs associated with ash disposal would decrease, as 

the residual product is sold for alternative benefit.  

1.2 Research Scope 

This work focuses on the characterization, beneficial use, and hydraulic properties of 

biomass and coal combustion residuals. Beneficial use alternatives for weathered coal and 

biomass fly ashes were focused on two sectors: concrete and wastewater treatment. 

Unsaturated and saturated hydraulic properties of weathered fly ash were studied for one 
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particular sample of weathered ash that was observed by plant operations personnel to have 

unusually high water-retention capabilities.  

Fifty-five samples of fly ash (24 biomass ash (BA), 30 weathered coal fly ash (WFA), and 

1 unweathered coal fly ash (FA)) were collected and characterized for various chapters of 

this study. These samples were taken from five coal ash disposal sites in the southeastern 

and central United States and one biomass-only, full-scale combustion facility in Texas 

(Table 1). PW, PM, PY, and PV samples were sampled from the surfaces of ash 

impoundments (less than 10 feet below ground surface). BH samples were taken from two 

boreholes (up to 60 feet below ground surface), and in future chapters will be labeled as 

BH2 (3 samples) and BH10 (9 samples). 

Table 1. Fly Ash Samples and Firing Conditions 

Plant ID Location Capacity (MW) 
Boiler 

Configuration1 
Type of Ash 

PW Georgia 952 TF WFA (10), FA (1) 

PM Georgia 163 TF WFA (5) 

BH Alabama 705 OWF WFA (12) 

PY Georgia 952 TF WFA (1) 

PV Indiana 250 OWF WFA (2) 

PN Texas 70-100 FB BA (24) 
  1OWF = opposed wall fired; TF = tangentially fired; FB = fluidized bed 

The samples were analyzed using the following investigative techniques: 

• particle size distribution by laser diffraction (Malvern 3000 Hydro EV) 

• specific gravity by helium pycnometer (Quantachrome ULTRAPYC 1200e) 

because water pycnometer was not appropriate for ash particles that floated 

• semi-quantitative mineral and amorphous phase classification by x-ray diffraction 

(Panalytical Empyrean) 
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• carbon content by loss-on-ignition in a muffle furnace and a total organic carbon 

analyzer (Shimadzu TOC-V SSM-5000A) 

• specific surface area by N2 adsorption (Micromeritics ASAP 2020) and methylene 

blue adsorption [10] 

• elemental composition and morphology by scanning electron microscope and 

electron dispersive spectroscopy, for qualitative analysis of fly ash morphologies 

(Hitachi SU8010; Zeiss Ultra 60) 

• elemental oxide composition by x-ray fluorescence (Philips PW 2400) 

• volatile/combustible mineral composition by thermogravimetry (Exstar 

TG/DTA7300) 

The work performed in this study was designed to provide insight into the following 

properties and engineering behaviors: 

• potential chemical and morphological changes in fly ash due to weathering 

• the variation in biomass ash morphology from ash produced at different facilities  

• the unsaturated and saturated hydraulic properties of untreated and treated 

weathered fly ash 

• the beneficial use of weathered fly ash as a supplementary cementitious material 

(SCM) in concrete 

• the use of alternative fly ashes for heavy metal sorption and predictive modeling of 

removal behavior based on ash/water chemistry 

This dissertation is part of a greater project to characterize and explore the beneficial use 

of many types of alternative ashes, including: high carbon content coal fly ash (HCFA), 
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pure biomass fly ash (BA), ash from coal combusted with small quantities of biomass 

(biomass ≤ 15%) (CA), and weathered coal fly ash (WFA). Past researchers Yeboah [11] 

and Shearer [12] were responsible for characterizing HCFA, BA, and CA samples, along 

with recently-produced coal fly ash (FA). These researchers examined the beneficial use 

of these materials in sorption, fired-brick, alkali-activated geopolymer, and concrete 

applications [11–14]. This work expands upon previous work by characterizing: (a) 26 BA 

samples that were produced at a full-scale, biomass-only power generation facility (PN) 

and (b) 30 weathered coal fly ashes (WFA) samples that were reclaimed from five ash 

disposal impoundments. The previous work on sorption was expanded by including a 

thermodynamically-derived Langmuir sorption model and determining Pb(II) sorption 

capacity for 2 WFA samples. The previous work on beneficial use of ash in concrete was 

expanded to include 13 WFA samples. Additional, new work was done on saturated and 

unsaturated hydraulic properties of the PY WFA sample. A complete summary of the work 

performed by each researcher involved in the project is listed below ( 

Table 2).  
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Table 2. Summary of the Study of Alternative Ashes 

Researcher 
Yeboah 

[11] 

Shearer 

[12] 
Wirth Benkeser 

Characterization of pure biomass, co-fired, 

and high carbon content coal fly ashes 

(1) FA 

(4) HCFA 

(8) CA  

(3) BA 

   

Beneficial use of pure 

biomass, co-fired, and 

coal fly ashes 

Fired brick 

production 

(1) HCFA 

(1) CFA 

(3) BFA 

   

Adsorption of 

Pb(II), As(V), and 

Se(VI) 

(1) HCFA 

(2) CA 

(3) BA 

(2) AC 

   

Alkali-activated 

geopolymers 

(1) HCFA 

(1) FA 
   

Concrete  

 (1) FA 

(2) HCFA 

(3) CFA 

(1) BA 

  

Characterization of pure biomass and 

weathered coal fly ash 

  (1) FA 

(30) WFA 

(24) BA 

 

Beneficial use of pure 

biomass and weathered 

coal fly ash 

Adsorption 

modeling of 

Pb(II)  

  (2) WFA 

(4) BA 

(1) HCFA 

 

Concrete   (13) WFA (13) WFA 

Saturated and unsaturated hydraulic 

properties of weathered coal fly ash 

  (1) WFA  

The following chapter provides a literature review of coal and biomass fly ash morphology, 

chemistry, and geotechnical engineering properties and an overview of the current 

regulatory environment for CCR disposal. Characterization of WFA samples is presented 

in Chapter 3. The characterization of BA samples from PN, compared to laboratory 

combustion of PN wood mixtures, and 3 BA samples characterized by researcher Yeboah 

[11], is summarized in Chapter 4. Chapter 5 presents the saturated and unsaturated 

hydraulic properties of the PY WFA sample, after chemical and physical treatments. The 

use of alternative fly ashes in concrete as supplementary cementitious materials is 
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presented in Chapter 6. Finally, Chapter 7 summarizes the sorption capacity of BA, WFA, 

and HCFA samples for Pb(II).  



 25 

CHAPTER 2. LITERATURE REVIEW 

2.1 Combustion Products 

2.1.1 Coal Combustion 

Fly ash is a waste product resulting from the generation of electrical power through 

the combustion of fuel. Coal, biomass, or a combination of solid fuels is used as the fuel 

source to create steam that rotates turbines, generating electricity. For the remainder of this 

manuscript, power generation facilities will be classified by the type of boiler: stoker-fired, 

fossil-fuel fired, or fluidized-bed [15,16]. Stoker-fired boilers combust fuel which is 

inserted into the firing chamber on a fuel bed comprised primarily of active fuel and fuel 

ash. For coal combustion, larger chunks of coal are used as the fuel. Fossil-fuel fired boilers 

refer to large-capacity boilers that burn coal that has been previously pulverized to a fine 

powder (less than 0.075 mm) because the crushed coal particles burn more efficiently than 

larger chunks of coal [15,16]. This is referred to specifically as pulverized-coal 

combustion. Various geometries of coal and air injection burners are used in pulverized-

coal combustion, including tangentially-fired, opposed-wall fired, and front-wall fired 

[15]; these terms will be used later when summarizing firing conditions of various power 

generation facilities. The last category of boiler, fluidized-bed boilers, is used for efficient 

combustion of a wide range of fuels (including biomass fuels) at lower combustion 

temperatures [15]. These boilers have the advantage that the incoming fuel does not need 

to be pulverized to a powder. Fuel particles are suspended in a fluidized bed of inert 

materials (sand, limestone, fuel ash, etc.), and combustion is stimulated using an upwards-

flowing stream of combustion gas (air) [15].   
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After coal or biomass is combusted in the boiler, waste materials are removed from the 

chamber either by gravity deposition or filtration. Larger ash particles (ranging in size from 

very small gravel to fine sand) are removed from the combustion bed by gravity deposition 

into a collecting bin. Bottom ash, economizer ash, and surge ash compose the larger ash 

particles. Ash particles in the 1-1000 µm range are light enough to float in the convection 

air currents within the combustion chamber. These particles are referred to as fly ash 

because they are light enough to “fly” with the flue gases. They are removed with filtration 

devices, including electrostatic precipitators (ESP) and baghouse filters [16]. For ESP 

filtration, fly ash particles are given an electric charge and are then removed from the flue 

gases when they pass through an electric field [16]. Baghouse filters are finely-woven glass 

fiber (or other material) filter bags that trap the fly ash particles as the flue gases pass 

through [16]. After filtration using either method, the fly ash particles are then deposited 

in hoppers and stored temporarily on-site in ash silos.  

2.1.2 Formation of Cenospheres and Plerospheres 

The formation of hollow (cenospheres) and filled (plerospheres) aluminosilicate 

spheres (the primary morphology found in fly ash) is a result of the high-temperature, rapid 

combustion in the boiler. The exterior surface of the fuel particle is exposed to the high 

temperatures (typically greater than 800°C), which allows it to become molten. Thermal 

degradation or dehydration of mineral phases in the fuel generates H2O and CO2; the 

expansion of the heated gases stretches the molten surface while rapidly heating the core 

[17]. The rapidly-heating core either completely boils away, leaving hollow spheres 

(cenospheres), or microspheres are formed within the expanded shell (plerospheres) [17]. 

During this expansion process, the lightweight spheres are also rising with the flue gases 
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and cooling, fixing the characteristic spherical shape of the aluminosilicate spheres. The 

characteristic time for sphere formation is estimated to take approximately 1,000 µsec for 

a 10 µm-sized particle [17].   

2.1.3  CCR Production and Usage 

In 2017, approximately 111 million tons of coal combustion residuals (CCRs) were 

produced in the United States [2]. The term CCRs encompasses all waste products of the 

coal combustion industry including fly ash, bottom ash, boiler slag, fluidized bed 

combustion (FBC) ash, gypsum, and other flue gas desulfurization (FGD) products. 

Approximately 62 million tons of ash waste products (fly ash, bottom ash, and  FBC ash) 

(60% of the total waste stream) were generated in 2017; fly ash accounts for 34% of the 

total CCRs generated [2]. Approximately 60% of the produced coal fly ash was beneficially 

used, mostly in concrete applications, as fill for embankments, and in mining applications 

[2]. The unused fly and bottom ashes were disposed in ash ponds or landfills.  

An upsurge in domestic natural gas usage in the United States in the past decade has 

contributed to a decrease in coal combustion for electricity. As a result of market forces, 

natural gas combustion for energy generation has increased from approximately 800 

million MWh (megawatt hours) in 2006 (20% of the total energy generated) to 

approximately 1.3 billion MWh in 2017 (32%) [18]. In contrast, coal combustion has 

dropped from a 50% share of the total energy generated in 2006 to 29% in 2017 [18]. 

Consequently, fly ash production levels have dropped in 2017 to levels not seen since the 

early 1990s (less than 40 million tons), and the downward trend is likely to continue [2]. 

However, the production rate is dropping faster than the beneficial use rate, as the percent 
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usage of fly ash that is beneficially used has increased to 63% in 2017 [2]. Overall, fly ash 

usage is outpacing production, especially during periods of reduced energy demand (in the 

U.S. spring and fall months). Fly ash is used as a supplementary cementitious material 

(SCM) in concrete, including 14 million tons of fly ash in 2017 [2]. Fly ash, as a 

replacement for Portland cement (15-25% by mass), increases the quantity of the 

cementitious binder phase and therefore increases concrete durability without the addition 

of more costly Portland cement [19–22]. The concrete industry has become reliant on good 

quality coal fly ash for its technical and economic benefits, and the downward production 

trend may force concrete manufactures to find alternative supplementary cementitious 

materials (SCMs) and/or import ash from other countries.  

2.2 Mineralogical Properties of Fly Ash 

2.2.1 Coal Fly Ash 

Although variability in combustion conditions and coal source generate some 

expected heterogeneity in fly ash composition, some predominant characteristics generally 

represent the material. Morphologically, coal fly ashes are comprised of lightweight 

aluminosilicate spheres and porous, irregular ellipsoids of unburned carbon (the leftover 

residual organic carbon from incomplete combustion). In terms of inorganic composition, 

coal fly ash is enriched in aluminum, iron, and silica and is more depleted in alkaline, 

alkaline-earth metals, and halogens than fly ash derived from biomass sources, mostly 

likely due to the subterranean alteration of organic matter in coal over millions of years 

[23]. Because the primary inorganic constituents in coal fly ash are typically silica, 

aluminum, and iron oxides, industries that use fly ash regularly (power generation facilities, 
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concrete manufacturers, etc.) use primary oxide content (POC), the sum of the silica, 

aluminum, and iron oxides content, as a general reference for classifying fly ash. In the 

U.S., the ASTM standard C618 uses POC as one of the requirements to classify fly ash as 

Class C (POC > 50%), and Class F (POC > 70%) [8]. Irrespective of coal source or specific 

combustion conditions, the POC is consistently greater than 50% across a variety of 178 

North American coal ashes [24]. Calcium oxide content remains constant, but moisture 

content and alkaline content display of the highest variability in coal ashes [24].  

The unburned carbon content in fly ash is often represented by its loss-on-ignition (LOI) 

value. A LOI test is a bulk mass loss combustion test that provides an approximation of 

unburned carbon content in fly ash, though the technique also includes mass loss due to 

mineral volatilization [25,26]. This parameter is widely used in the ash industries for 

reporting on both ash quality and boiler efficiency. For example, ashes with LOI over 6% 

are not suitable for use in U.S. concrete, unless acceptable performance standards are 

provided by the seller [8] because unburned carbon content negatively impacts concrete 

performance [26–28]. This test and the implications of LOI on concrete performance will 

be discussed in greater detail in Chapters 3 and 5 in the manuscript. In the same study of 

178 fly ashes referenced earlier, LOI of fly ashes were in the range of <1% to 40% [24], 

though advances in boiler and combustion technologies have most likely reduced the 

average LOI in recent years.  

Coal fly ash particles range between 1-200 µm in diameter, though most particles are 

smaller than 75 µm [13,29–31]. The smaller and smallest particles are spherical in shape, 

hollow (cenospheres) or filled (plerospheres), lightweight, and are composed of glassy 
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aluminosilicates [13,17,30]. However, glassy cenospheres are often larger as well, with one 

study finding that approximately 70%1 of cenospheres from four different power plants in 

Australia had particle diameters between 45-150 µm [32].  Larger, non-spherical, porous 

unburned carbon structures have higher specific surface areas than the other morphologies 

found in coal fly ash [13,29], but overall, the specific surface area of coal fly ashes is low, 

with some variability. Even high-carbon content coal fly ashes display surface areas of less 

than 10 m2/g [13].  

X-ray diffraction (XRD) analysis shows mullite, hematite, magnetite, and quartz as some 

of the major crystalline components in coal fly ashes, along with some amorphous, 

potentially reactive silica identified as an “amorphous hump” between angles 15⁰ and 40⁰ 

2Θ  [13,30,33,34]. Mullite is more equally distributed among various size fractions than 

the other crystalline groups [30] and represents the most prominent Al-containing 

crystalline phase in low-calcium fly ashes [24]. Hematite is more prevalent in low-calcium 

fly ashes but magnetite concentration is equally distributed among low, intermediate and 

high-calcium content ash  [24]. Although quartz is a siliceous material, it is non-reactive 

and cannot be used as a natural pozzolan for cement and concrete applications [24].  

However, amorphous, reactive silica can also be identified using x-ray diffraction.  

2.2.2 Biomass Fly Ash 

Fly ash produced from biomass combustion is heterogeneous because the term 

‘biomass’ encompasses a large variety of heterogeneous fuels. Biomass includes most 

organic materials that are not already encompassed by fossil fuels. Overarching categories 

                                                 
1 By weight 
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of biomass fuel include woody biomass, herbaceous and agricultural biomass, aquatic 

biomass, animal and human waste biomass, industrial biomass waste, and biomass blends 

[4]. Because the composition of biomass material is variable even within a certain group, 

a thorough compositional analysis must be performed for each biomass fuel source. Woody 

biomass, as the name suggests, is composed of wood material derived from natural wood 

products (coniferous or deciduous) including chips, sawmill, pellets, briquettes, tree limbs, 

bark and foliage, among others. However, industrialized wood products (wood pellets, 

waste from paper and plywood industries) are not generally included in this category 

because industrialized wood products often contain high amounts of anthropogenic phases 

resulting from paints, detergents, contaminants, additives, and remnants from the glass, 

paper, ceramic and rubber industries [4,35]. The general elemental composition of woody 

biomass is approximately 50% carbon, 40-50% oxygen, 6% hydrogen and other trace 

elements including inorganic alkaline earth minerals, silicon, sulfur, and nitrogen [35,36]. 

Woody biomass displays higher C and Ca concentrations and lower concentrations of ash, 

Cl, K, N, S and Si than other biomass products [4].  Salts exist as cations bound to organic 

acids in cell walls or as phosphates, carbonates, silicates, and sulfates [37,38]. Silica 

content is often higher in bark than in wood, most likely due to soil contamination and 

embedment in the bark pore crevices by both natural and anthropogenic sources (i.e. wind, 

water, harvesting methods, processing, or transport) [4,37,39] 

Biomass fly ash, like the parent biomass, is a highly heterogeneous material whose 

composition is dependent on a variety of factors, including but not limited to: (1) the type 

of biomass; (2) combustion conditions; and (3) the transportation and storage of the waste 

ash [4]. Biomass ashes have been shown to have higher concentrations of alkaline-earth 
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elements and lower percentages of sulfur, iron, and aluminum compared to coal fly ashes 

[5,13,40,41]. The alkaline earth elements are bioavailable and could be used productively 

for soil improvement and plant health [23]. In turn, there is a significant range in the silicon 

oxide content between biomass varieties, again highlighting the inherent variability of 

biomass materials [42,43]. Herbaceous materials have been shown to have higher ash yield 

than woody biomass, and wood foliage and outer features (small branches, twigs, and bark) 

yield higher ash content than the large wood stems or stumps [40,43]. Combustion 

temperatures and mineralogical composition also influence the ash content. Biomass ash 

particle sizes can range from less than 1µm to greater than 1mm. The largest particle sizes 

are often attributed to the organic, unburned carbon fraction [5,43]. Higher specific surface 

areas in biomass ash samples have also been linked to these larger, more porous carbon 

structures [13]. In contrast, the smallest-sized fractions are more enriched in volatized trace 

elements [40,41,43].   

2.3 Geotechnical Properties of Coal Fly Ash 

In geotechnical terms, fly ash is a predominately silt sized material (2-75µm particle 

diameter) with low plasticity [16,44–47]. The pH of ten representative coal ash samples 

from the United States, Europe, and Asia ranges between 6 and 12 [44]. Maximum dry unit 

weights of coal fly ashes tested by a variety of researchers range from 11.9 to 18.7 kN/m3 

and optimum water content range from 13 to 32% [16,47–49]. Kim et al. [48] suggests that 

the large difference between compaction parameters of two coal fly ashes (14.8 kN/m3
 and 

17.5 kN/m3) is related to their specific gravities (2.32 and 2.81, respectively). The hydraulic 

conductivity of fly ash is similar to silt, ranging from 10-4 – 10-7 cm/s, though most fly 
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ashes fall within the 10-4 to 10-6 cm/s range [16,44,45,48,50]. The friction angle for coal 

fly ash has been found to range from 22-47° [16,44 and references therein]. 

The specific gravity of coal fly ash has a much larger range (1.90-3.10) than natural soils 

(2.60-2.75) [16,44,45,48]. The specific gravity of 178 North American coal fly ashes fell 

within the 1.85-2.89 range, influenced by the percentages of inorganic constituents in the 

ash (iron oxides and unburned carbon content) and “Type I occluded voids” inside the 

hollow cenospheres [16,24,31,44,51–53]. A more detailed discussion of specific gravity is 

presented in Chapter 3, in which mineralogical reasons for this wide range are analyzed in 

greater detail. This range in specific gravity separates fly ash from natural sands, silts, and 

clays.  

2.4 CCR Disposal 

The federal regulations concerning the geologic disposal of CCRs were altered in 

October 2015, when the Environmental Protection Agency published the final rule entitled: 

‘Disposal of Coal Combustion Residuals from Electric Utilities’ [1]. These regulations 

stipulate the requirements for ash disposal to mitigate potential environmental hazards. 

CCPs have been formally classified as non-hazardous waste, to be disposed under Subtitle 

D of the Resource Conservation and Recovery Act (RCRA). All ash disposal ponds must 

follow the new requirements for ash disposal unless the ash pond is dewatered and capped 

within three years [1]. On-site disposal units are the most typical method of CCR disposal, 

though some facilities transport their ash for disposal off-site. To facilitate transport to 

disposal locations, ash is typically mixed with water and pumped (wet-sluiced) though it 
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may be dry disposed [1].  Approximately 1,000 surface impoundments or ash landfills were 

active when the new regulations were published in April 2015.  

The surface impoundments or ash landfills that cannot meet certain performance 

requirements for groundwater contamination, location, or structural integrity must either 

retrofit or close within five years, though extensions can be requested [1]. This regulation 

does not include municipal solid waste (MSW) landfills that also include CCRs. The 

disposal owner or operator is not allowed to dispose of ash “in uppermost aquifers, 

wetlands, within fault areas, seismic impact zones, and unstable areas” [1]. Any new 

disposal structure must be built with a composite geomembrane/compacted soil liner or an 

alternate composite liner and include a leachate collection and monitoring system. Older 

facilities without composite liners must meet all groundwater monitoring criteria [1]. To 

fulfill regulations relating to structural integrity, the owner or operator must: (1) conduct 

hazard assessments of potential failure of the ash ponds; (2) bring in a professional engineer 

to conduct structural stability assessments to document that disposal operations are 

consistent with good engineering practice; and (3) conduct safety factor assessments to 

determine pond slope stability [1]. In addition, the facility must meet operations criteria 

that address air pollution, hydraulic capacity requirements, periodic inspections, and run-

on/run-off controls.  
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CHAPTER 3. MINERAL PHASES AND CARBON CONTENT IN 

WEATHERED FLY ASHES 

3.1 Introduction 

In the United States, an upsurge in natural gas production has contributed to a 

decrease in the burning of coal and a corresponding decrease in the production of fly ash. 

This has driven the concrete and cement industry to consider alternative ash products, such 

as imported ash and legacy ash reclaimed from waste ponds. Reclaimed, previously 

disposed fly ash is a potential new source of coal fly ash that is being examined for use as 

a supplementary cementitious material (SCM). However, ASTM C618 has strict limits on 

mineralogy, fineness, and loss-on-ignition (LOI) [8]. It is worthwhile to investigate how 

exposure to water during disposal and final storage has impacted the resultant coal fly ash 

and if weathered fly ash fulfills ASTM C618 requirements.  

Water is the primary driver for ash weathering and the formation of tertiary mineral phases 

during disposal and permanent storage [54] because fly ashes are often sluiced (mixed as 

a slurry and pumped) to disposal facilities. Afterwards, weathering occurs primarily at two 

elevation zones within the pond: near surface (where they are exposed to surface water) 

and at the phreatic level [55–57]. The most influential weathering processes in the pond 

are hydration, carbonation, hydrolysis, and dissolution/precipitation [57,58], with 

hydration and dissolution/precipitation changing the ash mineralogy in as little as two 

weeks [58]. Tertiary mineral phases that have been found in weathered fly ashes include 

carbonates, portlandite (hydrated lime), amorphous clays (from glass hydrolysis), 
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chlorides, calcium-rich minerals (calcium sulfates, ettringite, and thaumasite) and 

amorphous iron oxides [54,57,59,60]. Ash that has had prolonged exposure to water is also 

typically less alkaline than unweathered fly ash, as soluble alkaline metals are dissolved 

and washed from the ash surface [56]. Because many of the weathering processes in ash 

ponds are governed by interactions with water, ash that has been dry-disposed takes longer 

to weather than wet-disposed fly ash [57,61]. 

The LOI method is a relatively simple procedure that quantifies the total amount of 

combustible minerals in fly ash, including unburned carbon [62], which is important 

because reducing the unburned carbon content in fly ash is necessary to limit sorption of 

air-entraining agents (AEA) that are used to stabilize air bubbles in concrete. The AEAs 

are attracted to the non-polar surfaces of the unburned carbon particles in fly ash [63] but 

are not sorbed at significant levels within the interior pore space. Small carbon particles, 

with high surface area to volume ratios, are the most problematic unburned carbon particles 

in fly ash because these particles have high quantities of accessible surface area to sorb 

AEAs [64]. Large AEA molecules cannot access the internal pore network of highly porous 

carbon particles, so fly ash that contains many large, highly porous unburned carbon 

particles are better for use in concrete due to their low surface area to volume ratio. The 

cost of producing concrete increases when fly ash has a large volume of small unburned 

carbon particles because sorption of AEAs occurs, requiring more AEAs to achieve a 

distributed network of air bubbles. The cost increases due to the expense of the admixtures. 

ASTM C618 sets an LOI maximum at 6%, unless laboratory tests or performance metrics 

are provided which allow for an absolute maximum of 12% [8,62]. LOI is a bulk mass loss 

combustion measurement that includes mass loss due to the combustion of unburned 
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carbon, the main concern, but also due to volatilization of calcium and carbonate minerals 

and aromatic hydrocarbons, and water loss of the bulk ash and mineral constituents (such 

as the transformation of gypsum to anhydrite) [25,62,65]. Although the measurement 

quantifies the loss of volatiles, it is impossible to tell directly from an LOI measurement 

what types of volatile minerals are present in fly ash. It is incorrect to make assumptions 

about the mineral constituents of a weathered fly ash compared to an unweathered fly ash, 

simply on the basis of LOI value.  

Alternative methods of measuring mass loss can provide additional information about 

volatile mineral content [25,26,28,63,66]. For example, dual-atmosphere 

thermogravimetry analysis (TGA) is effective because volatile mineral phases are 

combusted in an inert atmosphere and unburned carbon content is combusted in an 

oxidizing atmosphere [63]. TGA can be used to measure mass loss at the temperature 

ranges in which bonded water (200-400 °C), the decomposition of calcium hydroxides 

(400-500 °C), the decomposition of carbonate minerals (500-800 °C), and the reduction of 

iron oxides (750-1000 °C) contribute to mass losses in fly ashes [26,28,63,65–77]. A dual-

atmosphere TGA used in conjunction with mass spectroscopy is able to determine when 

specific elements are volatized during combustion [63]. Compared to LOI, 

thermogravimetry provides more detail on the heat-sensitive minerals in fly ash. 

A total organic carbon (TOC) analyzer fitted with a solid sample module excludes 

measurement of volatile mineral phases by measuring carbon using infrared detection 

[13,68,70,78]. The total carbon (TC) is converted to CO2 via high-temperature combustion 

(900 °C), and the amount of CO2 produced is measured by a non-dispersive infrared 

detector [79]. The inorganic carbon (IC) is converted to CO2 through acidification with 
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phosphoric acid at 200 ℃ and is measured by the same detector. The subtraction of IC 

from TC is the total organic carbon (TOC) and is assumed to represent the unburned carbon 

content. Because a TOC analyzer only measures CO2, this method excludes mass loss due 

to bound water loss in hydrated mineral phases (e.g. gypsum) or decomposition of non-

carbonaceous phases (e.g. iron oxides).  

Many mineral phases that form during ash weathering (hydrated sulfates, hydrated clays, 

and carbonates) decompose during high-temperature thermal treatment [26,28,63,65,71] 

and contribute to the LOI. Although these minerals are likely to be present in larger 

quantities in weathered ash compared to unweathered ash, but LOI provides no information 

about the type and quantity of volatile minerals in fly ash. This study uses multiple 

characterization tools and combustion methods to determine how the organic and mineral 

constituents of weathered fly ash differ from that of unweathered fly ash.  

3.2 Materials and Methods 

3.2.1 Analyzed Samples 

Fly ash samples were taken from three different power generation facilities in the 

southeastern United States (PW, PM, and BH). All plants burned eastern bituminous coals. 

PW-labeled samples are a combination of fly ash and bottom ash that were disposed on-

site through hydraulic sluicing into ash ponds. Samples were taken from the ash delta, at a 

depth of 0.15-0.9 m (0.5-3 ft) bgs (below ground surface), where there was no standing 

water. The surficial ash crust was removed before sampling. PW samples were disposed 

because there was not sufficient market demand to dry-collect all of the produced ash. One 

sample of unweathered, dry-stored fly ash (PW_F) was also collected from the same 
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facility as weathered samples. Because little is known of the historical record of 

combustion conditions and coal source, other than the type of coal, boiler configuration, 

and MW output, the unweathered fly ash serves only as a general comparison to weathered 

samples [80].   

PM-labeled samples were taken from a second power plant that is no longer active. The 

ash pond received a combination of bottom ash and fly ash from 1980-2015. After coal 

combustion, the residual bottom ash and fly ash were hydraulically sluiced to the wet-

storage facility in separate streams and combined at the drainage inlet.  Samples were taken 

at depths between 0.15 – 1.5 m (0.5-5 ft) bgs within the wet-storage facility and are most 

likely fewer than 10 years old, according to plant operations personnel. Ash produced at 

this facility was disposed because it was not consistently of marketable quality (LOI was 

consistently over 6%).  

BH-labeled samples were taken from two boreholes in a wet-storage facility next to a 

power plant. Samples were taken at a range of depths, up to 16 m (53 ft) bgs using a split 

spoon sampler and are estimated to be between 20 and 40 years old, according to plant 

operations personnel. During sampling, a layer of bottom ash approximately 3 m (10 ft) 

thick was placed on top of the disposed ash to form a stable platform and to allow access 

for borehole sampling equipment. Samples used for analysis were taken at depths below 

3.4 m (11 ft) bgs to ensure that they were not contaminated by the construction access 

material layer. The depths reported for the borehole samples note ground surface as the 

level below the 3 m (10 ft) thick working platform of bottom ash. Ash produced at this 

facility was disposed because it was also not consistently of marketable quality. 
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All weathered samples (PW, PM, and BH) were weathered under southeastern U.S. climate 

conditions (humid subtropical) in saturated to partially saturated conditions [81]. All 

samples were oven-dried overnight at 80 °C, ground with a mortar and pestle, and stored. 

To isolate the fly ash particles for analysis, samples that were a mixture of fly ash and 

bottom ash (PW1-6 and PW10) were sieved using a No. 200 (75 µm) sieve. Particles 

passing the No. 200 sieve were collected and used for analysis. No other alterations of the 

samples were performed before characterization. Characterization was performed 

according to the procedures outlined in the introduction. Grain size analysis is reported 

below as the median particle size (D50) and a uniformity parameter (u) (1). The uniformity 

parameter is the measurement of absolute deviation from the median size of the 

distribution, d(x,0.5) (Equation 1).  

 
𝑢 =

∑ 𝑋𝑖|𝑑(𝑥, 0.5) − 𝑑𝑖|

𝑑(𝑥, 0.5) ∑ 𝑋𝑖
 (1) 

Although there is a growing body of literature on weathered fly ash, much of it is focused 

on chemical changes due to weathering and geochemical modeling of weathering processes 

[55,57,80,82,83]. There is little information on engineering properties of weathered ash. 

Industries that are considering beneficially using weathered ash in bulk quantities (for 

earthen embankments, roadway fillers, etc.) would benefit from information concerning 

particle size and specific gravity. Weathered fly ash is a fine-grained material with 

primarily silt-sized (less than 75 μm) particles and a relatively uniform particle size 

distribution (Table 3; Table 4). Median particle size fluctuated between ashes from 

different disposal sites. Specific gravity also fluctuated in a similar manner, but these 
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fluctuations were found to be correlated to chemical properties of weathered ash (discussed 

in detail below). 

Table 3. Physical Properties of PW and PM Samples 

Sample Depth (m bgs)  Gs d50 (µm) u 

PW1 0.15-0.91 2.90 27.4 0.68 

PW2 0.15-0.91 2.73 23.3 0.80 

PW3 0.15-0.91 2.72 24.3 0.78 

PW4 0.15-0.91 2.87 31.8 0.66 

PW5 0.15-0.91 2.92 31.6 0.63 

PW6 0.15-0.91 2.91 29.7 0.66 

PW7 0.15-0.91 2.38 20.6 1.12 

PW8 0.15-0.91 2.42 18.3 1.36 

PW9 0.15-0.91 2.48 12.7 1.29 

PW10 0.15-0.91 2.67 23.4 0.76 

PW_F n/a 2.50 18.0 0.97 

PM1 0.15-1.52 2.26 45.7 0.83 

PM2 0.15-1.52 2.26 28.2 1.54 

PM3 0.15-1.52 2.39 24.5 0.91 

PM4 0.15-1.52 2.35 23.8 1.19 

PM5 0.15-1.52 2.38 30.5 1.05 

 

Table 4. Physical Properties of BH Samples 

Sample Depth (m bgs) Gs d50 (μm) u 

BH10-1 0.30-0.91 2.24 160 0.63 

BH10-2 3.29-3.90 2.20 207 1.23 

BH10-3 3.90-4.51 2.19 167 0.95 

BH10-4 6.37-6.98 2.20 144 1.48 

BH10-5 9.93-10.6 2.21 272 1.65 

BH10-6 10.6-11.2 2.20 245 1.52 

BH10-7 13.0-13.6 2.19 144 0.82 

BH10-8 15.4-16.0 2.10 65.7 1.09 

BH10-9 15.4-16.0 2.22 108 0.78 

BH2-1 1.83-2.44 2.40 76.4 1.11 

BH2-2 6.55-7.16 2.34 88.3 1.07 

BH2-3 15.5-16.2 2.35 74.2 1.02 
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3.2.2 Visual Analysis of Weathered Fly Ashes 

A scanning electron microscope (Hitachi SU8010) was used to visually inspect 

weathered fly ash samples; several distinct particle types were identified. Larger, dark-

colored, spheroidal particles that had a well-defined surface pore structure were unburned 

carbon particles (Figure 1a) [84]. The shallow weathered fly ash samples contained almost 

exclusively large, smooth-surfaced (no surface adsorption or deposition), honeycombed 

carbon structures whose pores contained small glassy cenospheres (Figure 1b and c). 

Similar structures have been identified as carbon particles by others researchers 

[13,64,85,86]. The porous carbon structure was preserved after weathering when samples 

were relatively young (aged fewer than 10 years); however, the BH weathered samples that 

were taken at greater depths within the wet-storage facility showed signs of carbon 

weathering. The carbon surface had a sheeted, feathery morphology with fewer surface 

pores though the embedded cenospheres were still visible, and the structure was still porous 

(Figure 1d). 
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Figure 1. SEM images showing: (a) a carbon particle in a sample of unweathered PW fly 

ash, (b) a carbon particle in sample PW3 fly ash sample, (c) a carbon particle in sample 

PM2, and (d) a carbon particle in sample BH10 7 

Similarly to unweathered fly ash, most of the structures found in weathered fly ash were 

aluminosilicate glassy spheres and unburned carbon particles [13]. However, in weathered 

ashes, ash particles were often found in larger agglomerates, with depositional bonding 

structures present as long “threads” (BH10 4 in Figure 2) or as large, amorphous clumps 

(PW1 in Figure 2) between particles. Fractured aluminosilicate spheres were common, and 

many fractured spheres were filled with smaller spheres (Figure 3). Some deposition 

directly onto the surface of aluminosilicate spheres was seen (PM3 in Figure 2; Figure 3), 

though many spheres have smooth surfaces free from precipitates. Past research has 

attributed deposition onto aluminosilicate spheres to weathering dissolution/precipitation 

processes [56,59]; however, surface depositions (anhydrite, hematite, and magnetite) have 

(a) 

40 μm 

(b) 

20 μm 

60 μm 

(c) 

1 μm 

(d) 
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also been shown on unweathered fly ashes [54]. SEM EDS analysis confirmed that 

common precipitates on aluminosilicate spheres in weathered ashes include calcium, 

sulfur, iron and oxygen and that iron oxides exist both as distinct, discrete particles (upper 

sphere in Figure 3) as well as precipitates on aluminosilicate spheres (lower, fractured 

sphere in Figure 3). 

   
Figure 2. SEM micrographs showing various morphologies in weathered fly ash 

 

 

   

   
Figure 3. SEM EDS image showing the distribution of oxygen, iron, silicon, calcium, 

sulfur and aluminum in a sample of weathered fly ash 

3.2.3 Carbon Analysis 

Five different mass losses attributed to the combustion of carbon and other volatile 

minerals in the ash were compared including: loss-on-ignition (LOI), total carbon content 

(TC, from TOC analysis), total organic carbon content (TOC), total mass loss measured by 

PM3 PW1 

10 μm 10 μm 

BH10 4 

20 μm 
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thermogravimetry analysis (TGA TL), and mass loss measured by thermogravimetry 

analysis after the atmosphere had been switched to compressed air (assumed to be the mass 

loss due to the unburned carbon content) (TGA OC). LOI was determined by heating 

samples in a muffle furnace according to ASTM D7348, Method B (combustion at 950 ℃) 

[62]. Total and inorganic carbon contents were determined using a Shimadzu TOC-V 

Analyzer fitted with a solid sample module. Inorganic and total carbon content were 

measured by acidification with 85% phosphoric acid at 200 °C and combustion at 950 °C, 

respectively, and total organic content (TOC) was determined by subtraction. 

Thermogravimetry samples were heated to 950 °C in a nitrogen atmosphere (flow rate of 

100 cc/min) and then the atmosphere was changed to compressed air to allow for 

combustion of free carbon phases. 

3.3 Results and Discussion 

3.3.1 Mineral Phases in Weathered Fly Ashes 

Weathered fly ashes were comprised primarily of silica, aluminum, and iron oxides (Table 

5; Table 6); major crystalline phases were quartz, mullite, hematite and magnetite. Ash 

chemical properties (LOI, POC, CaO content, and Fe2O3 content) fell within the ranges for 

178 unweathered North American coal fly ashes [24] and 13 unweathered co-fired and coal 

fly ashes analyzed by Yeboah [13], except for the high iron contents of 7 PW ashes (Figure 

4). There were no clear trends in elemental composition with depth for the BH10 and BH2 

samples and no significant differences in elemental composition between the PW 

unweathered ash and the weathered ashes; samples were a heterogeneous assortment that 

represented decades of coal combustion at multiple generation facilities.  
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Table 5. Oxide Content of PW and PM Ash Samples 

Samples SiO2 Al2O3 Fe2O3 SO3 CaO Na2O MgO K2O P2O5 TiO2 SrO BaO POC (%) 

PW1 37.4 17.0 38.8 0.54 1.10 0.41 0.55 1.82 0.16 0.93 0.07 0.07 93.2 

PW2 43.7 19.8 27.7 0.30 1.83 0.51 1.01 2.18 0.14 1.08 0.08 0.09 91.2 

PW3 46.6 21.2 23.8 0.10 1.62 0.60 0.83 2.34 0.20 1.16 0.08 0.11 91.7 

PW4 41.1 18.6 32.9 0.11 1.60 0.44 0.79 1.99 0.15 1.01 0.07 0.10 92.6 

PW5 54.5 25.3 11.1 0.16 1.78 0.66 1.00 2.87 0.21 1.31 0.09 0.12 91.0 

PW6 38.5 17.4 36.9 0.12 1.55 0.48 0.66 1.83 0.17 0.99 0.08 0.09 92.7 

PW7 39.5 17.3 35.3 0.26 1.98 0.46 0.64 1.80 0.18 1.00 0.08 0.09 92.2 

PW8 55.6 26.0 10.2 0.12 1.64 0.68 1.00 2.93 0.25 1.36 0.09 0.13 91.8 

PW9 54.4 24.5 12.3 0.12 1.89 0.77 0.97 2.83 0.22 1.33 0.09 0.11 91.3 

PW10 40.1 17.9 34.7 0.28 1.43 0.41 0.67 1.89 0.16 1.06 0.08 0.09 92.6 

PW_F 48.6 20.7 16.0 1.78 5.97 0.94 0.83 2.33 0.12 1.05 0.05 0.05 85.3 

              

PM1 54.5 28.9 8.67 0.10 1.06 0.35 0.99 2.81 0.47 1.6 0.12 0.16 92.0 

PM2 52.4 30.5 8.55 0.14 1.56 0.43 0.98 2.58 0.9 1.52 0.21 0.21 91.5 

PM3 52.4 28.3 11.8 0.05 1.11 0.31 0.80 2.38 0.31 1.49 0.15 0.13 92.5 

PM4 53.7 30.1 8.00 0.07 1.38 0.31 0.89 2.51 0.75 1.62 0.19 0.17 91.7 

PM5 54.8 28.9 8.13 0.05 1.28 0.38 0.94 2.53 0.56 1.66 0.12 0.16 91.8 

 

 

 

Table 6. Oxide Content of BH Ash Samples 

Samples SiO2 Al2O3 Fe2O3 SO3 CaO Na2O MgO K2O P2O5 TiO2 SrO BaO POC (%) 

BH10-1 61.8 23.5 5.97 0.29 3.19 0.49 1.25 2.29 0.54 1.21 0.13 0.15 91.3 

BH10-2 60.2 26.2 4.99 0.28 2.27 0.41 1.18 2.5 0.71 1.34 0.14 0.19 91.4 

BH10-3 61.0 25.1 5.14 0.25 2.41 0.47 1.26 2.51 0.68 1.27 0.15 0.17 91.2 

BH10-4 55.8 29.7 5.11 0.31 2.51 0.39 1.26 2.61 0.54 1.63 0.12 0.20 90.6 

BH10-5 53.7 29.6 5.90 0.37 3.30 0.49 1.40 2.56 0.66 1.59 0.15 0.24 89.2 

BH10-6 53.6 29.7 5.79 0.39 3.21 0.53 1.33 2.57 0.68 1.58 0.14 0.24 89.2 

BH10-7 59.2 26.8 4.94 0.27 2.49 0.47 1.20 2.46 0.74 1.42 0.16 0.20 91.0 

BH10-8 54.8 31.3 4.69 0.11 1.99 0.54 1.12 2.63 0.75 1.68 0.17 0.26 90.9 

BH10-9 54.9 29.6 5.73 0.35 2.81 0.41 1.32 2.53 0.53 1.61 0.12 0.22 90.2 

BH2-1 50.4 28.4 5.67 0.6 6.51 0.7 1.85 2.09 0.86 1.73 0.22 0.35 84.5 

BH2-2 52.5 27.7 5.78 0.45 5.48 1.09 1.72 2.23 0.78 1.62 0.18 0.32 85.9 

BH2-3 50.8 26.8 5.25 0.56 7.84 1.19 2.18 1.80 0.90 1.61 0.22 0.37 82.8 
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Figure 4. Weathered ash samples compared to a database of 178 North American coal fly 

ashes and 13 coal and co-fired ashes analyzed by Yeboah [13] 

Changes during power generation combined with the influence of wet-storage and 

weathering processes (meteoric water, hydrology, temperature, and pondwater chemistry) 

make it difficult to distinguish which processes (coal source, combustion and/or 

weathering) are responsible for the heterogeneity in oxide composition in the weathered 

ashes [80]. However, all of the weathered ashes, whether newly weathered (PW, PM and 

shallow BH samples) or more severely weathered (deep BH samples), have a primary oxide 

content (POC) (sum of silicon, aluminum, and iron oxides) above 70%, a sulfur trioxide 
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content of less than 5%, a low calcium content, and an appropriate fineness level to be 

classified as Class F fly ashes, per ASTM C618 [8]. They have appropriate mineralogical 

compositions to be used as SCMs in concrete. The only chemical requirement that would 

potentially prohibit the use of these ashes as SCMs is an LOI over 6%. The BH samples, 

in particular, contain an LOI that was too high for use of these materials as SCMs in 

concrete. Additional testing (discussed in detail in Chapter 6) of the PW and PM samples 

confirm that these materials performed well as SCMs in concrete [87] and could be 

beneficially used to augment seasonal shortages of fresh fly ash.  

3.3.2 Volatile Mineral Phases in Weathered Ashes 

Thermogravimetry was used to identify volatile mineral phases in weathered fly 

ashes (Figure 5). The temperature of interest was plotted against the differential mass loss 

(DTG, µg/°C). DTG was normalized by heating rate because two different heating rates 

were applied in the method (20 °C/min below 105 °C, and 25 °C/min above 105 °C). Four 

different temperature ranges were chosen: (a) 200-400 °C, to capture mass loss due to 

bonded water in hydrated phases [63,65,73]; (b) 400-600 °C, to isolate mass loss due to 

portlandite dehydration [66,76]; (c) 400-800 °C, to capture mass loss due to carbonate 

decomposition [63,66,77]; and (d) 700-950 °C, to isolate mass loss due to iron oxide 

reduction and capture the switch to the oxidizing atmosphere when unburned carbon was 

combusted [63]. The ashes displayed in each sub-figure were chosen as representatives 

displaying certain mass loss characteristics.  
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a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure 5. DTG vs. temperature for representative samples of weathered fly ash showing: 

(a) peaks representing mass loss due to bonded water in the range 200-400 °C; (b) peaks 

representing mass loss due to portlandite decomposition in the range 400-600 °C; (c) 

peaks representing mass loss due to carbonation in the range 400-800 °C; and (d) peaks 

representing mass loss due to potential iron oxide reduction above 750 °C and carbon 

content above 950 ℃, when the atmosphere was switched to compressed air 

 

Calcium phases contributed significantly to mass loss in weathered fly ashes. Mass losses 

characterized by sharp, distinct peaks were observed in the 200-400 ℃ range and in the 

450-550 ℃ range (Figure 5). The mass loss in the 200-400 ℃ range was attributed to the 

loss of bound water in hydrated minerals, including gypsum, calcium sulfate hemihydrate 

(CaSO4·0.5H2O), clays, and calcites [65,73–75]. TGA in isolation cannot confirm that the 
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hydrated minerals contained calcium, but calcium and sulfur were present in SEM EDS 

analyses (Figure 3; Figure 6). Furthermore, literature on weathered fly ashes indicates that 

many common tertiary mineral phases contain calcium [57]. A sharp DTG peak between 

450-550 °C was attributed to portlandite decomposition [66]. A few weathered ash samples 

(PW4, PW6, PW9, and BH10 2) showed this distinct peak. An SEM image from BH10-2 

showed a hexagonal, platy particle (Figure 7); a similarly-shaped particle was identified in 

a cement SEM analysis as portlandite [88]. Calcium minerals may have come from the 

parent coal, been introduced to the fly ashes as lime injections during combustion, or been 

due to contamination with flue gas desulfurization (FGD) gypsum during or after disposal. 

Regardless of source, hydrated calcium phases contribute significantly to bulk mass loss 

during thermal treatment of weathered fly ashes [63]. 

   

   
Figure 6. SEM EDS scans of calcium sulfate phases in PW1 (upper images) and PW5 

(lower images) 

 

 



 51 

 

Figure 7. Hexagonal platy particle in an SEM image of BH10-2 that matches with  

SEM images of portlandite from SEM cement analyses performed by FHWA [88] 

Carbonate peaks, in contrast to the sharp, narrow peaks characterizing bound water loss 

and portlandite decomposition, were broad and encompassed a range of possible mineral 

phases. Carbonate decomposition has been reported by others to be characterized by broad 

peaks in the range of 600-750 °C, though some carbonates begin decomposing at 

temperatures as low as 470 °C [28,63,68,69,77]. Magnesium, iron, lead, and combination 

Mg, Fe carbonates all begin decomposing before 650 °C [77]. Representative evidence of 

carbonate deposition is shown in Figure 5. The decompositions of PW10 and PW_F were 

unusual because the carbonate peaks occurred just after 400 °C. Although this temperature 

range may include portlandite decomposition, the broadness of the peak indicated its 

carbonate origin.  

Potential reduction of ferric oxide to ferrous oxides by carbon was also observed in 

weathered fly ashes. The most prevalent examples, represented in Figure 5, are all from 

PW samples that also had a high iron content. In weathered ashes with high iron content, 

unburned carbon content may be underestimated because the iron reduction reaction 

consumes carbon [63]. Mohebbi et al. [63] recommend limiting TGA temperatures to 

750°C to minimize iron reduction and improve carbon content estimates.  
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The total mass loss was quantified, including mass loss due to: (a) free moisture, which 

refers to excess water molecules on the surface of fly ash particles; (b) bound water, which 

refers to water molecules bound to mineral phases; (c) portlandite decomposition; (d) 

carbonates; (e) iron oxides; and (f) unburned carbon content, for the 27 weathered fly ashes 

and five samples (F1-F4 and PW_F) of unweathered, Class F fly ash.  Samples F1-F4 were 

not extensively characterized, but the F classification was confirmed by XRF analysis. 

Unburned carbon and bound water contributed the most to mass loss in weathered fly ashes 

(Figure 8). Many weathered ashes were originally disposed because the power generation 

facility produced high LOI ashes, so the high unburned carbon content in weathered ashes 

was not surprising. In 6 of the 27 weathered ashes, greater than 6% of the total sample mass 

was lost due to volatilization of bound water; they had exceeded the 6% LOI limit specified 

in ASTM C618 before they had been combusted past 400 ℃. Mass loss due to iron oxide 

reduction was significant in samples with high iron content (PW1, PW2, and PW10).  Free 

moisture, portlandite decomposition, and carbonates contributed to mass loss in some cases 

(PW1, PW6, PW9, PW10, and BH10 8) but overall, it was minimal compared to mass loss 

due to bound water. In contrast, mass loss in unweathered fly ash (F1-F4 and PW_F) was 

primarily due to unburned carbon, iron oxides, and carbonates. Very little of the total mass 

loss was due to bound water; TGA quantification confirmed that hydrated mineral phases 

are much more likely to be found in wet-disposed weathered fly ashes than in unweathered 

dry-stored Class F fly ashes. 
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Figure 8. Sample mass loss during TGA for PW (upper left), BH (lower left), PM (lower 

right), and Class F unweathered (upper right) fly ashes, separated by category of volatile 

phase 

 

3.3.3 Carbon Content in Weathered Ashes 

Weathered fly ash was heterogeneous, and unburned carbon content varied not only 

in the different samples but also for the same sample when different methods were used. 

In nine samples taken from the same borehole (BH10), the range in reported carbon 

contents was from 0.00% (TGA OC, BH10 8) to 23.9% (TGA TL, BH10 6) (Table 7; Table 

8). Similarly, the carbon contents in ten samples taken from the surface of the same ash 

wet storage facility ranged from 0.00% (TOC, PW5) to 9.81% (TGA TL, PW7).  
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Table 7. Carbon Content in PW and PM Weathered Fly Ash Samples 

Sample 
LOI (%) 

(@950 ºC) 
TC (%) TOC (%) TGA TL (%) TGA OC (%) 

PW1 -1 0.54 0.48 5.19 0.05 

PW2 3.90 1.55 1.55 2.68 0.19 

PW3 0.17 0.14 0.14 1.14 0.17 

PW4 0.72 0.47 0.47 2.14 0.43 

PW5 0.65 0.00 0.00 1.51 0.03 

PW6 0.78 0.25 0.25 2.36 0.11 

PW7 3.37 3.00 3.00 9.81 2.62 

PW8 2.58 2.96 2.96 6.58 2.27 

PW9 1.55 0.89 0.89 1.98 0.41 

PW10 8.65 5.05 5.05 9.50 3.57 

PW_F 2.65 1.05 0.85 4.38 0.52 

PM1 7.50 5.15 5.15 11.6 8.30 

PM2 20.4 13.2 11.6 19.8 15.5 

PM3 4.36 3.62 3.62 4.96 3.22 

PM4 8.27 7.49 7.49 8.02 5.64 

PM5 4.43 5.37 5.37 6.64 4.82 
1Sample was consumed before an LOI test could be performed 

 

Table 8. Carbon Content in BH Weathered Fly Ashes 

Sample 
LOI (%)  

(@950 ºC) 
TC (%) TOC (%) TGA TL (%) TGA OC (%) 

BH10-1 5.33 4.14 4.11 22.7 2.74 

BH10-2 12.4 12.2 12.2 16.2 11.5 

BH10-3 14.2 10.1 10.1 14.2 10.8 

BH10-4 13.2 13.9 13.9 15.4 12.6 

BH10-5 17.4 21.0 21.0 21.9 13.7 

BH10-6 16.6 16.7 16.7 23.9 16.8 

BH10-7 12.6 11.6 11.6 22.4 12.2 

BH10-8 4.96 4.15 4.15 12.1 0.00 

BH10-9 12.9 12.3 12.3 22.6 10.4 

BH2-1 18.5 10.3 10.2 14.4 8.89 

BH2-2 14.1 11.2 11.2 17.5 9.95 

BH2-3 16.6 10.9 10.9 16.9 9.42 
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This variability highlighted the challenge of selecting a representative value of unburned 

carbon content for a bulk quantity of weathered fly ash. In general, TGA TL was the highest 

mass loss measurement of the four techniques, and TGA OC was the lowest. All but one 

weathered fly ash sample (PW1) had equivalent TOC and TC measurements. Both LOI 

and TGA TL values were higher than TOC values for most of the weathered fly ashes 

(Figure 9). However, the TOC and TGA OC values were much more consistent (Figure 9). 

The deeper samples (particularly from BH10) showed higher LOI and TGA TL values than 

the surficial samples (Figure 9). The increased mass loss was due to both the higher 

unburned carbon content (as measured by TOC) and the hydrated mineral phases, because 

these ashes were sampled below the phreatic surface of the wet-storage facility. Inorganic 

carbon in the form of carbonates was detected in the TGA analysis, and the lack of 

inorganic carbon in the TOC analysis indicated that the quantity of carbonates was below 

the detection limit for the TOC analyzer. PM2 and BH10-5 had the greatest variation 

between TOC and TGA OC measurements and were confirmed as influential points that 

had a Cook’s distance greater than 4/n. [89]. 
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Figure 9. Comparison of measurements for total mass loss and organic carbon in 

weathered ash samples (assumed to be primarily due to combustion of carbon), including: 

(a) loss on ignition (LOI, Method B) vs. total organic carbon (TOC), (b) 

thermogravimetry total mass loss (TGA TL) vs. TOC, (c) TGA TL vs. thermogravimetric 

mass loss due to organic carbon (TGA OC), and (d) mass loss due to organic carbon, 

TGA OC vs. TGA OC 

The variation between TGA TL and LOI (bulk mass loss) and TOC and TGA OC 

(unburned carbon content) was due primarily to the hydrated minerals in weathered fly 

ashes. This study confirmed the stipulation presented in ASTM D7438 that “LOI should 

not be used as an estimate of unburned carbon content in all combustion residues” [62]. 

Unburned carbon content in weathered fly ashes would be overpredicted by any bulk mass 
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loss method that does not separate combustion of carbon from the volatilization of hydrated 

mineral phases.  

3.3.3.1 Carbon Content and Specific Gravity 

The specific gravity of fly ash is a direct function of its mineralogy, and the specific 

gravity measured for weathered samples varied from 2.10 – 2.92, decreased with carbon 

(Gs ~ 1) content but was positively correlated with iron (Gs ~7) content (Figure 10), 

consistent with previous work [13,46]. Other researchers have also discussed how 

aluminosilicate spheres contribute to the range of specific gravity in fly ash [44].   

However, the effect of cenospheres on specific gravity was not specifically addressed in 

this study because all ash samples contained spheres, and ashes were not compared to 

natural soils that do not contain them. The specific gravity was negatively correlated with 

carbon content (as measured by TOC) because the weathered fly ashes contained a 

significant percentage of carbon particles that were large, low density, highly porous 

particles with a low mass to volume ratio [13], e.g. the BH samples. In contrast, high 

specific gravities in the PW weathered ashes positively correlated with high iron contents, 

where seven of the ten PW samples had iron contents above 25%. These PW samples had 

some of the highest specific gravities of all 27 weathered samples.  
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Figure 10. Relationship between (a) specific gravity and TOC for weathered ashes, and 

(b) specific gravity and iron content (as measured by XRF) for weathered samples 

3.4 Conclusion 

Tertiary mineral phases and unburned carbon content of twenty-seven samples of 

weathered fly ash were investigated. Volatile mineral phases in weathered fly ash include 

hydrated calcium sulfates, hydrated clays, portlandite, carbonates, iron oxides, and 

unburned carbon. Though the techniques used in this study cannot distinguish tertiary 

mineral phases from mineral phases formed during combustion or carried forward from the 

parent coal, literature on weathered fly ashes confirms that exposure to water during long-

term disposal contributes to the formation of some of the phases found in the weathered 

ash samples used in this study, including hydrated calcium sulfates, amorphous clays, and 

carbonates. Quantification of TGA results indicates that weathered fly ashes have, on 

average, more hydrated mineral phases that unweathered fly ashes. In some weathered ash 

samples, greater than 6% of the total sample mass was lost due to dehydration (heating in 

the 200-400 ℃ range). In general, a weathered ash and an unweathered ash with a similar 

LOI may have significantly different mineralogies. Also, bulk mass loss combustion 
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methods such as LOI will fail to distinguish unburned carbon content from volatile 

minerals in weathered fly ashes.  

Most of the BH samples in this study would be excluded from beneficial use in concrete 

applications because the LOI value was over 6%. However, all PW ashes and some PM 

ashes were candidates for use in concrete applications; they fulfilled the chemical and 

fineness requirements for Class F fly ashes in ASTM C618. Previous testing confirmed 

that these ashes have potential as SCMs in concrete [87]. For those samples with high LOI, 

further investigation using dual-atmosphere TGA or a TOC analyzer may indicate that the 

unburned carbon content is lower than the prescribed 6% ASTM limit. Additional testing 

on carbon content using methods than separate combustion of carbon from other volatile 

mineral phases may allow the beneficial use of additional reclaimed materials. The 

heterogeneous nature of reclaimed ash may make it challenging to find a consistently 

marketable product for beneficial use; however, reclaimed ashes should be considered as 

additional sources of Class F and Class C fly ashes for concrete applications.   

Weathered fly ashes contained large, highly porous carbon particles, even after weathering. 

Samples that were disposed for longer than ten years had more degraded carbon structures 

and exposed carbon surfaces than younger samples. Additional morphologies in weathered 

fly ashes included fractured aluminosilicate spheres filled with smaller spheres, large 

agglomerates of particles with evidence of bonding between the particles, and precipitates 

on the surface of aluminosilicate spheres.  
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CHAPTER 4. CHARACTERIZATION OF BIOMASS FLY ASH 

FROM A FULL-SCALE, BIOMASS-ONLY COMBUSTION 

FACILITY 

4.1 Introduction 

Biomass fly ash is a heterogeneous waste material derived from the combustion of biomass 

fuel. Although biomass combustion represents a more carbon-neutral, renewable method 

of generating electricity, the biomass waste must still be beneficially used or geologically 

disposed. One of the challenges of using biomass ash beneficially is that the biomass fuel 

sources vary widely, and so does the corresponding ash [90]. However, biomass fly ashes 

produced from a full-scale, biomass-only facility may potentially be beneficially used, if 

the facility produces a consistent and marketable product. 

Biomass ash is often used as a soil amendment in agricultural applications [41,91,92], as 

adding alkaline ash balances the acidic effects of introducing nitrogen fertilizers while 

simultaneously providing necessary nutrients for plant growth [92]. Biomass fly ashes have 

also been beneficially used  as construction materials and sorbents [43]. Additional 

potential beneficial use alternatives for high-lime content biomass ash include mitigating 

acid mine drainage, encouraging the precipitation of heavy metals in water treatment 

applications, and working as solidifiers in solidification/stabilization applications [41,93–

95]. Beneficially using biomass fly ash provides an additional economic incentive for 

incorporating more full-scale biomass-fueled power generation facilities into the U.S. 

energy market.  
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Woody biomass fly ash produced at a full-scale, biomass-only facility in Nacogdoches, 

Texas (PN) was selected as a pilot study. The power generation facility sources wood from 

an approximate 75-mile radius around the facility, including: (1) forest waste material (tree 

limbs, leaves, and needles) from lumber operations in surrounding forest land (mostly 

pinewood and hardwood); (2) sawmill waste and sawdust; and (3) urban wood waste 

primarily composed of treated wood pallets and leftover tree branches. The facility operates 

on a 90-day burn cycle and provides additional power to the city of Austin, Texas. When 

the facility is not actively combusting fuel and generating power, chipped wood fuel is 

collected and stored on site. The cyclical nature of power generation at this facility is an 

opportunity to study if ash chemistry and morphology remains consistent across multiple 

burn cycles.  

A primary objective of this dissertation is the beneficial use of biomass fly ash. If certain 

combustion conditions or fuel mixtures produce biomass fly ashes with more marketable 

properties, power generation facilities with those configurations may be encouraged to 

beneficial use their material. Additionally, future biomass-only generation facilities may 

be designed more holistically to produce a marketable ash for specific beneficial use 

applications. In pursuit of identifying biomass generation facilities that produce potentially 

beneficially usable ash, this study was undertaken with three main objectives: 

1. To investigate how boiler configuration influences ash morphology, by comparing 

woody biomass ash from three separate facilities with different boiler 

configurations 

2. To investigate how woody biomass ash produced at a single generation facility 

varies across combustion cycles 
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3. To investigate how woody biomass ash morphology and chemistry compares to ash 

samples created from the same wood mixtures and combusted in the laboratory, to 

isolate if any ash morphologies are unique to combustion conditions produced by 

the fluidized-bed boiler.  

4.2 Materials and Methods 

PN biomass fly ash samples were collected from a dry-storage ash silo after combustion in 

a fluidized-bed boiler and filtration through a series of baghouse hoppers. The PN facility 

burned wood fuel after a 90-day collection period, and during the 2016-2017 year, sets of 

samples were collected during four burn cycles, February 2016 (PN_F), May 2016 

(PN_M), November 2016 (PN_N) and April 2017 (PN_A) (Table 9). In May 2016, samples 

were collected for five days of the burn period, and each of these samples was analyzed 

separately. In November 2016 and March 2017, samples were taken each day for a nine-

day period. For each sampling period, samples were taken from the ash silo on site after 

steady state combustion conditions had been reached.  All samples were provided by 

Southern Company. 

 

 

 

 

 



 63 

Table 9. Power Plant Location, Capacity, and Wood Mixture Used 

  BP1 BP2 BP3 PN_F PN_M PN_N PN_A  

Year    2016 2016 2016 2017 

Location Vermont Virginia Georgia  Texas Texas Texas Texas 

Power 

Capacity 

(MW) 

50 83 73 70 70-100 70 70 

Wood 

Mixture  

Forest, 

sawmill, 

urban 

wood 

waste 

Logging, 

paper 

mill, 

sawmill 

Sawmill 

60/20/202 

forest, 

sawmill, 

and urban 

wood 

waste 

89/10/1 

forest, 

sawmill, 

and 

urban 

wood 

waste 

92/7.9/0.1 

forest, 

sawmill, 

very little 

urban 

80/5/15 

forest, 

sawmill, 

urban 

Boiler 

configuration1 TGS FGS RB FBB FBB FBB FBB 

# of Samples 1 1 1 1 5 9 9 

Temperature - - - 1550C 1550C 1550C 1550C 
1TGS = traveling grate stoker, FGS = fixed grate stoker; RB = recovery boiler; FBB = fluidized bed boiler 

2percentages of each of the three wood types used, respectively 

The samples from the Nacogdoches plant were compared to three samples of fly ash taken 

from other facilities (BP1, BP2, and BP3) and analyzed by Yeboah et al. [13]. Samples 

BP1 and BP2 were produced by biomass-only facilities, and sample BP3 originated from 

a test burn performed at a coal-burning facility. The power capacity at these facilities were 

50MW, 83MW, and 73MW, respectively [13].  

PN samples were also compared to fly ash combusted in the laboratory from the same fuel 

mixture. Samples of the three wood types used as fuel (forest, sawmill, and urban wood 

waste) were taken from the Nacogdoches facility, dried overnight, and stored. Wood 

mixtures of forest/sawmill/urban by weight were combusted in a muffle furnace at the same 

temperature as the fluidized-bed boiler (~840°C or 1550°F). They were combusted at a 

10°C/min heating rate and held at 840°C for three hours. The chosen wood mixtures 

represented the wood mixtures used during each combustion cycle outlined in Table 9. The 
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resulting fly ash from each wood mixture was ground, stored, and analyzed using the same 

procedures as the as-received PN samples.  

The ash samples were dried in an oven at 100°C overnight and stored until characterization. 

Physical and chemical characterization was performed using the techniques summarized 

in the introduction. Further characterization information for the BP samples is referenced 

elsewhere [13].  

4.3 Results and Discussion 

4.3.1 Comparison of BP and PN Samples 

In general, biomass combustion produced a fly ash comprised primarily of porous 

unburned carbons and woody ash particles, although the morphologies varied between the 

BP and PN samples (Figure 11) [13]. BP samples were mostly unburned carbon, reflected 

in the SEM micrographs by large, porous particles that resembled, morphologically, the 

wood fuel source. In contrast, PN ash contained at least three distinct morphologies, 

including aluminosilicate cenospheres, woody ash particles, and angular silica particles 

[41]. Silica sand was used as a bed material in the fluidized-bed boiler at the PN facility, 

and contamination of the fly ash with very fine silica sand was expected. The presence of 

cenospheres indicated a higher temperature combustion than at the other power generation 

facilities because these structures only form at high combustion temperatures (typically 

greater than 800°C), where particle surfaces become molten, internal gases expand 

outwards (forming the characteristic spherical shape), and particles cool rapidly as they are 

carried through the gas stream [13,17].  It is possible for biomass combustion to produce 
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aluminosilicate spheres, given the appropriate combustion conditions, although they do not 

dominate the ash morphology like they do in coal fly ash.  

  
Figure 11. SEM micrographs showing: (a) the woody structure of a BP2 sample and (b) 

the combination of woody, angular, and spherical particles in the PN_F sample. 

Micrographs were used for descriptive analysis of ash morphologies 

The unburned carbon content controlled the physical properties of the biomass ashes. The 

LOI values were between 10 and 20 times higher for the BP1-3 samples compared to the 

PN samples (Table 10). In the most extreme case, the BP3 sample had only 4% non-

combustible materials by mass, compared to an average of 95.5% non-combustible 

materials for PN samples. Specific surface area followed a similar trend; BP1-3 samples 

had between 32 (BP1) and 194 (BP3) times greater SSA than the average of the PN 

samples. These results are not surprising; high-carbon content fly ashes have been found 

to also have high specific surface areas, as unburned carbon particles contained significant 

internal porosity [13].  Other physical properties that were significantly different between 

the BP1-3 samples and the PN samples include specific gravity (45-60% lower values 

found in the BP samples) and particle size distribution. The median particle sizes of the BP 

samples were between 6.5 (BP1) and 55.7 (BP3) times higher than the PN samples, and 

the particle size distribution of the BP samples was shifted towards higher particle sizes 

compared to the PN samples (Figure 12).  

(a) 

10 μm 

(b) 

50 μm 
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Table 10. Physical Properties of Biomass Fly Ash 

 BP11 BP21 BP31 PN_F PN_M2 PN_N2 PN_A2 

Wood Ratio - - - 60/20/20 89/10/1 92/7.9/0.1 80/5/15 

SSA (m2/g) 116 180 687 1.33 3.99 - - 

Gs 1.87 1.62 1.27 2.80 2.74 2.76 2.88 

LOI (%) 46.7 63.9 95.9 0.30 1.28 5.67 5.56 

D50 (μm) 168 640 1440 32.3 25.8 22.7 25.9 

Cu
3 6.6 13.4 35.5 - - - - 

u4 - - - 1.40 0.88 0.95 0.97 
1Yeboah et al. 2014 [13] 

2averages of analyzed properties for multi-day sampling 
3Cu: coefficient of uniformity= D60/D10 

4Uniformity parameter for laser particle size diffraction 

 

 

 

 

 

Figure 12. Particle size distribution of (left) seven BA samples (PN_x samples as an 

average over each sampling period) and (right) five PN samples taken over a five-day 

combustion period in May 2016, labeled by sampling date 

Overall, PN samples had physical properties that approximated a typical coal fly ash, and 

BP samples did not [13,24,54]. The variation in physical properties was attributed to the 

quantity of unburned carbon in the fly ash, which is related to the efficiency of combustion 

in the boiler [96]. The larger, highly porous unburned carbon particles increased the overall 

specific surface area of the samples, decreased the specific gravity, increased the median 

particle size, and increased the LOI [13,97]. The larger percentage of unburned carbon 

indicated that firing conditions in the TGS, FGS, and RB configurations were less efficient 

than the FBB configuration [11,98,99]. Sorption applications may be the best beneficial 
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use alternatives for ashes produced in TGS, FGS, and RB boiler configurations because of 

their high carbon content and high specific surface area. In contrast, woody biomass 

combustion in a high-temperature FBB produced a fly ash with physical properties more 

consistent with typical Class F or Class C coal fly ash.  

Chemical analysis revealed some variation between fly ashes combusted at different 

facilities. The silica content of the PN samples was considerably higher than the BP 

samples (between 6 and 60 times higher) (Table 11). The high silica content was a result 

of the inclusion of very fine silica particles either carried through the flue gases with the 

fly ash or partially melted and reformed as part of the ash matrix during combustion. The 

primary oxide content (POC) of the BP1-3 samples was too low and the LOI was too high 

to classify these ashes as a Class C or Class F fly ash, according to the chemical 

specifications of ASTM C618 [8].  Although the PN samples had a POC and LOI to classify 

as a Class F fly ash, the lack of amorphous silica in XRD scans indicated that the PN ash 

did not have potentially reactive, pozzolanic silica and may not be appropriate for use in 

concrete. All samples except BP3 had a high calcium content, compared to a typical Class 

F coal fly ash. The high calcium content is more indicative of a Class C ash than a Class F 

ash. Solidification/stabilization or agricultural applications may be appropriate beneficial 

use alternatives for PN ash because of its high alkaline content.  
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Table 11. Oxide Content of Biomass Fly Ash Samples 
Major 

Oxides 
BP1 BP2 BP3 PN_F PN_M PN_N PN_A 

SiO2 6.43 10.63 1.74 67.9 67.6 59.4 64.9 

Al2O3 0.75 2.06 0.27 4.61 4.71 4.65 3.67 

Fe2O3 0.54 0.85 0.09 5.32 4.14 3.89 3.12 

SO3 2.88 1.1 0.44 0.75 0.93 8.37 1.44 

CaO 24.12 14.47 1.16 14.6 15.4 19.3 17.6 

Na2O 0.4 bd1 bd 0.29 0.30 0.38 0.24 

MgO 2.54 1.78 bd 0.97 1.30 2.01 1.96 

K2O 7.48 3.42 0.13 2.03 2.62 3.61 3.89 

P2O5 2.18 0.98 0.07 0.47 0.60 1.04 1.02 

TiO2 0.07 0.17 0.01 0.48 0.43 0.42 0.38 

SrO 0.09 bd 0.04 0.08 0.08 0.12 0.09 

BaO bd bd bd 0.08 0.09 0.13 0.14 

LOI (%) 46.7 63.9 95.9 0.20 1.28 5.67 5.56 

POC (%) 7.72 13.54 2.10 77.9 76.4 67.9 71.7 
1below detection limit of instrument 

Chemistries of biomass fly ash samples were compared to a database [24] of 178 coal and 

co-fired ashes (Figure 13). All PN samples fell within the range of coal and co-fired ashes 

for LOI, calcium content, and sulfur content. However, all BP samples fell outside the 

range in every category. Although all biomass samples had similar fuel sources, 

combustion with different boiler configurations played a significant role in determining the 

ash chemistry as well as morphology. 
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Figure 13. Comparison of LOI (upper left), CaO (upper right), and SO3 (lower middle) 

content of BP and PN samples to a database of 178 coal and co-fired ashes [24]  

 

Additional crystalline phases were found in the PN samples that were not present in the BP 

samples (Figure 14). Of the three BP samples and the 22 PN samples analyzed for 

crystalline content using XRD, 96% contained quartz, 92% contained calcite, and 80% 

contained lime.  Crystalline lime was not found in the BP samples, but 90% of the PN 

samples contained lime. Arcanite was found in 20% of the biomass samples. 24% of 

samples contained hematite, and 16% contained anhydrite. Crystalline lime and anhydrite 

were also found in other biomass ashes [4,100,101]. 100% of the PN samples contained 

quartz, and 95% contained calcite. The crystalline chemistry of biomass fly ash confirmed 

that woody biomass ash contains more alkaline and alkaline-earth metals than coal fly ash.  

BP samples 

PN samples 

Database samples 
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X-ray diffraction (XRD) analyses on typical Class F fly ash included an amorphous hump 

between 15 and 35° 2θ, which indicated reactive, amorphous silica, a necessary pozzolanic 

component for concrete [102]. However, none of the biomass XRD scans had this feature, 

suggesting that these samples may be ineffective as supplementary cementitious materials 

in concrete (Figure 14). The ineffectiveness of sample BP1 was confirmed by the mortar 

testing performed in Chapter 5. Because these ashes do not contain amorphous silica, they 

are not expected to perform effectively as pozzolanic materials in concrete applications, 

though the high calcium content may allow them to be beneficially used in 

solidification/stabilization applications where self-hardening properties are advantageous 

[41].  

 

 

Figure 14. XRD scans of biomass fly ash samples, indicating that quartz, calcite, and 

arcanite are the major crystalline components in the BP1, BP2, and BP3 samples [13]. 

Crystalline lime, hematite, and anhydrite are additional compounds in the BP4 samples 

 

4.3.2 Variation in PN Samples In Combustion Cycles 

PN samples were taken from multiple 90-day burn cycles, to determine if biomass ash 

properties remained consistent during each burn period; each daily sample was 
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characterized independently. The particle size distribution and specific gravity were 

reasonably homogenous, indicating that the biomass fly ash has consistent physical 

properties across burn cycles (Table 12). The greatest variation was in LOI content; two of 

the burn periods had LOI over 5% (PN_N and PN_A), but the earlier burn periods (PN_F 

and PN_M) had LOI values less than 1.5%. Combustion may have been less efficient over 

time over the life cycle of the facility, or the longer burn period for the November and April 

runs led to slightly more variation in efficiency. Detailed characterization parameters are 

listed in Appendix B.  

Table 12. Properties of PN Samples for Each Combustion Cycle 
Sample ID PN_F PN_A PN_M PN_N 

Burn Period Feb 2016 April 2017 May 2016 Nov 2016 

Wood Mix 60/20/20 80/5/15 89/10/1 92/7.9/0.1 

# of samples 1 9 5 9 

Gs Average 2.80 2.87 2.74 2.78 

 Std.Dev n/a 0.09 0.08 0.10 

 COV n/a 0.033 0.025 0.036 

d50 (um) Average 32.3 28.3 25.8 22.7 

 Std.Dev n/a 12.62 1.91 1.03 

 COV n/a 0.445 0.066 0.045 

LOI (%) Average 0.4 5.56 1.28 5.67 

 Std.Dev n/a 1.89 0.66 1.09 

 COV n/a 0.341 0.461 0.192 

CaO Average 14.6 17.6 15.4 21.4 

 Std.Dev n/a 5.33 2.91 2.42 

 COV n/a 0.303 0.169 0.113 

SiO2 Average 67.9 64.9 67.6 59.4 

 Std.Dev n/a 8.84 5.14 4.39 

 COV n/a 0.136 0.068 0.074 

SO3 Average 0.75 1.44 0.93 1.65 

 Std.Dev n/a 0.58 0.20 0.28 

 COV n/a 0.406 0.192 0.168 

 

There was evidence of angular silica particles and glassy aluminosilicate spheres in ash 

from every combustion cycle (Figure 15), and the feathery texture of the wood ash 



 72 

remained visually consistent. Overall, the FBB boiler was efficient and produced a 

relatively consistent product during a single combustion cycle and across multiple 

combustion cycles. The PN biomass fly ash was a silt-sized, low organic, low sulfur, high 

calcium content fly ash across four different burn cycles. These results are encouraging for 

large-scale beneficial use of this material.  

 

PN_F PN_M PN_N PN_A 

    

Figure 15. SEM micrographs showing aluminosilicate spheres in every burn cycle of PN 

ash. Micrographs were used for descriptive analysis of ash morphologies 

4.3.3 Comparison to Lab-Combusted Fly Ash 

Lab-combusted fly ashes exhibited similar physical characteristics to the PN samples 

(Table 13). The median particles sizes were, on average, 66% larger for the PN samples, 

compared to their lab combusted counterparts. However, the average LOI of the lab-

combusted samples was over 5 times higher. The higher LOI value was found to be mass 

loss due to volatile mineral phases, not mass loss due to unburned carbon content. 

Representative samples (60/20/20, 92/7.9/0.1 and 0/0/100) were analyzed using dual 

atmosphere thermogravimetry (shown in Appendix B). The mass loss was shown to occur 

in the N2 atmosphere, between 700-850°C and was identified to be the decomposition of 

carbonate minerals. The lab samples (as discussed in greater detail in the following 

paragraph) were more enriched in calcium phases compared to the PN samples, as calcium 

carbonate phases decompose in the 600-800°C range [100]. Negligible mass loss was 
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observed during combustion in a compressed air atmosphere, indicating that unburned 

carbon was efficiently combusted in the muffle furnace and was not responsible for the 

higher LOI values of the lab samples.  

Table 13. Physical Properties of Lab-Combusted Samples 

 60/20/20 80/5/15 89/10/1 92/7.9/0.1 100/0/0 0/100/0 0/0/100 

Gs 2.91 2.79 -1 -1 -1 2.64 2.81 

LOI (%) 30.0 14.9 19.4 13.4 0 24.0 25.0 

D50 (μm) 13.4 21.3 18.7 20.8 19.1 14.2 17.0 

u4 1.09 1.14 1.26 1.05 1.17 1.13 1.01 
1sample was consumed before testing was performed 

 Lab-combusted samples also displayed a different morphology than their PN counterparts. 

They were composed entirely of woody ash particles (Figure 16), and there was no 

evidence of aluminosilicate spheres or angular silica in SEM micrographs of the lab-

combusted samples. Clearly, the combustion conditions within the FB boiler were 

responsible for additional morphologies associated with PN samples, including the 

aluminosilicate spheres and the angular silica particles.  

Figure 16. SEM micrographs showing morphology of lab-combusted samples 

Overall, lab-combusted samples were enriched in silica, calcium, and other alkaline and 

alkaline earth oxides and contained limited quantities of iron and aluminum, similar to the 

PN samples (Table 14). However, the lab-combusted fly ashes were proportionally less 

enriched in silica and more enriched in calcium compared to the PN samples. This result 

further confirmed the earlier observation that fine silica sand was carried with the fly ash 

89/10/1 92/7.9/0.1 0/0/100 

   

40 μm 5 μm 10 μm 
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in the flue gases, deposited in the baghouse hoppers, and contributed to the high quartz 

content of the PN samples. The sawmill ash had the highest calcium content of the three 

fuel sources, and the forest waste ash had the lowest. The lab-combusted simulation of 

PN_N (92% forest waste, 7.9% sawmill waste, and 0.1% urban wood waste) had a lower 

silica concentration compared to the other lab-combusted wood mixtures. This result may 

be due to the variation in the forest wood chips that were used for combustion.  

Table 14. Oxide Content of Lab-Combusted Samples 
  Lab Combusted Fuel Mixture Ratios 

Major 

Oxides 
 60/20/20 80/5/15 89/10/1 92/7.9/0.1 100/0/0 0/100/0 0/0/100 

SiO2  42.6 48.3 51.0 26.6 51.1 34.8 47.5 

Al2O3  4.69 6.64 4.75 4.28 4.8 2.69 7.55 

Fe2O3  3.48 2.98 5.15 2.19 5.52 2.81 2.79 

SO3  2.34 1.73 2.27 3.93 1.87 0.99 0.86 

CaO  35.0 30.3 22.0 41.1 14.3 50.0 33.4 

Na2O  0.51 0.57 0.63 1.23 0.76 0.6 0.57 

MgO  3.16 2.59 3.81 6.56 5.66 2.22 1.66 

K2O  5.11 4.14 6.4 8.63 9.5 3.32 2.37 

P2O5  2 1.45 2.51 4.12 4.01 1.31 0.93 

TiO2  0.4 0.42 0.49 0.24 0.45 0.27 0.47 

SrO  0.15 0.1 0.16 0.16 0.09 0.28 0.11 

BaO  0.11 0.09 0.18 0.25 0.14 0.27 0.04 

LOI (%)  30.0 14.9 19.4 13.4 0 24.0 25.0 

POC (%)  50.74 57.93 60.88 33.1 61.4 40.26 57.82 

The reduction in silica content, the corresponding percentage increase in alkaline and 

alkaline earth metal content, and the increase in LOI brought the lab-combusted samples 

outside the range of 197 coal and co-fired fly ashes (Figure 17). While the lab-combusted 

samples were not as extreme in morphology and chemistry as the BP samples, many of 

these samples have a POC that is too low and an LOI that is too high to classify as Class C 

or Class F fly ashes [8].  
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Figure 17. Comparison of LOI (upper left), CaO (upper right), and SO3 (lower middle) 

content for BP, PN, and lab samples compared to a database of 178 coal and co-fired 

ashes [24] 

Lab samples had a similar crystalline composition as the PN samples (Figure 18). Quartz, 

calcium, and lime dominated, with quartz and calcite compromising greater than 70% of 

the total crystalline material in the ash. Minor and trace crystalline mineral phases included 

additional calcium phases (anhydrite, dolomite, and portlandite) and hematite. Again, no 

amorphous silica hump was present between 18 and 30° 2θ, indicating that these biomass 

ashes did not contain potentially reactive, pozzolanic silica [102].  

 

BP samples 

PN samples 

Lab samples 

Database samples 
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Figure 18. XRD scans of lab fly ash samples, indicating that quartz, calcite, and lime are 

the major crystalline components. Dolomite, hematite, portlandite, and anhydrite are 

additional crystalline components in lab samples 

 

4.4 Conclusions 

A full-scale, biomass-only power plant in Texas produced a significantly different fly ash 

compared to other biomass facilities and one test burn at a coal combustion facility. The 

PN facility produced an ash with a lower unburned carbon content, a lower specific surface 

area, a higher specific gravity and a lower median particle size. The PN biomass fly ash 

was very similar to coal fly ash physically, although the biomass ash contained higher 

concentrations of alkaline earth metals, especially calcium, and lower concentrations of 

aluminum and sulfur than typical coal ash. The BP samples did not meet the chemical 

requirements for a Class C or Class F fly ash, per ASTM C618, but the PN samples met all 

the chemical requirements for a Class F fly ash. However, XRD analysis confirmed that 

the samples contained only crystalline quartz and no potentially pozzolanic amorphous 

silica. These ashes may not be appropriate for beneficial use in concrete applications 

because they may not contribute extra pozzolanicity to the concrete.  

Mineral Phases Identified 
Q – Quartz (SiO2) 

C – Calcite (CaCO3) 
P – Portlandite (Ca(OH)2) 

L – Lime (CaO) 
A – Anhydrite (CaSO4) 
H – Hematite (Fe2O3) 

D – Dolomite (CaMg(CO3)2)  
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The physical and chemical properties of the PN samples were consistent across a single 

combustion cycle and across four different combustion cycles, with expected fluctuations. 

The largest variation was seen in LOI, which fluctuated between 1.5% and 5% across four 

combustion cycles. Potentially, loss of efficiency in the fluidized bed boiler over time 

contributed to this variation, as the higher LOI corresponded with the later combustion 

cycles. All samples contained angular silica, woody ash, and aluminosilicate sphere 

morphologies.  

Overall, the type of boiler used at the power generation facility had a significant effect on 

fly ash chemistry and morphology, but variations in wood source at the same facility had 

a limited impact on physical and chemical properties. A notable impact of the FBB was the 

inclusion of crystalline silica with the biomass fly ash which produced an ash with a higher 

silica content and angular silica particles. Lab-combusted samples did not contain this 

silica, and they had a correspondingly higher percentage of calcium and other alkaline 

metals. The FBB contributed to an efficient fuel combustion and ash with a low unburned 

carbon content, a particle size distribution in the silt range, and a low specific surface area. 

Woody biomass fly ash produced at a full-scale, biomass-only facility with a fluidized-bed 

boiler is a high-calcium, low-organic, silty material.  
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CHAPTER 5. SATURATED AND UNSATURATED HYDRAULIC 

PROPERTIES OF WEATHERED COAL FLY ASH 

5.1 Introduction 

Dewatering of ash disposal facilities is a critical issue in the current regulatory 

environment; ash impoundment facilities that are undergoing clean closure often require 

an extensive amount of water to be removed before the impoundment surface is able to 

support the weight of excavators and other heavy construction equipment. Ash 

impoundment facilities typically contain a combination of fly ash (a low plasticity silt) and 

bottom ash (a coarse sand), and hydraulic flow is preferential through the coarse-grained 

lenses.  However, hydraulic properties will be controlled in part by the finer-grained 

material [103], particularly as the ash mixture becomes partially-saturated. Fly ash will 

retard hydraulic flow and increase the energy inputs necessary to dewater the ash pond to 

an acceptable level. Therefore, dewatering operations require an understanding of fly ash 

hydraulic properties, specifically saturated hydraulic conductivity and unsaturated matric 

potential.  

As was summarized in the literature review (Chapter 2), fly ash is a low-plasticity silt, and 

the hydraulic conductivity of fly ash falls within the typical range of a material primarily 

comprised of silt-sized particles (on the order of 10-4 – 10-6 cm/s) [48,50,104,105]. Young 

et al. [50] reported hydraulic conductivities on the order of 10-5 cm/s for Class F fly ashes 

samples from a variety of sampling conditions, including samples that were compacted and 

tested in the laboratory, mostly undisturbed Shelby tube samples from the field (also tested 
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in the laboratory), and in-situ measurements of hydraulic conductivity using Guelph 

permeameters. Sample saturation and spatial variability within the ash disposal facility 

were reported to represent the two most important factors that contributed to hydraulic 

conductivity variability [50]. Others have found that chemistry of fly ash plays a role in 

hydraulic conductivity, particularly for high calcium fly ash (Class C, typically). 

Cementation decreased the hydraulic conductivity of high-calcium content fly ash, in one 

case to a magnitude of 10-7 cm/s [50,104,106]. Palmer et al. [104] reported that fly ash 

hydraulic conductivity was sensitive to both compaction water content and compaction 

energy (Standard versus Modified Proctor), as values fluctuated several orders of 

magnitude between 10-4 cm/s (for samples compacted at low water content (less than 5%) 

using Modified Proctor) and 10-6 cm/s (for samples compacted at high water contents and 

Modified Proctor). Samples compacted at Standard Proctor had less variability in hydraulic 

conductivity (all samples fell within the 10-5 cm/s order of magnitude) across the same 

range of water contents (approximately 5-25%). Palmer et al. [104] suggested that variation 

in fly ash hydraulic conductivity was due to cementation reactions. Webb et al. [105] 

observed that compaction density had an influence on hydraulic conductivity. An increase 

in compacted density had a corresponding decrease in hydraulic conductivity.  

The unsaturated properties of fly ash are represented in this study as the relationship 

between matric potential and water content, known as the soil-water retention curve or the 

soil-water-characteristic-curve (SWCC). Key parameters for representing this curve 

include the saturated water content (ϴs), the residual water content (ϴr), and the air-entry 

suction [107,108]. The residual water content is not necessarily the minimum possible 

water content; rather, it is defined as the maximum water content not available for flow 
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(due to sorption onto particle surfaces or blocked pore throats) [107]. Air-entry suction, or 

the air-entry value, is defined as the applied pressure where water first begins leaving the 

largest pores; it is the “break” in the water retention curve where water content begins to 

decrease with additional matric potential. Coarse-grained soils are expected to have a low 

air-entry value; it takes very little pressure to begin removing water from the pore space 

[50,109]. Fly ashes exhibit a higher air-entry value than coarse-grained materials, but 

typically the slope of the curve after the break point will still be steep – the drainage of 

water occurs in a small matric suction range [50]. In this way, ashes present water-retention 

features of both sand (steep drainage curve) and silt (high air-entry pressure). Clayey soils, 

in contrast, show a much shallower water retention slope; it takes much more pressure to 

achieve the same water content as a coarser material [110]. Fly ash unsaturated behavior is 

characteristic of a fine-grained, uniformly-graded material with a narrow grain size 

distribution and a correspondingly narrow pore size distribution [50].   

While some research on fly ash hydraulic properties exists, much of it is concerned with 

fly ash as a soil additive or focuses on mixtures of fly ash with coarser-grained material 

[48,111]. A limited number of studies focuses specifically on hydraulic properties of fly 

ash, and these studies have limited information on microscale and microstructure hydraulic 

interactions [50,104,105]. This chapter addresses gaps in literature by providing more 

detail on fly ash saturated and unsaturated hydraulic properties, as well as examining more 

closely the interaction between fly ash chemistry, surface charge, contact angle, water 

content, and matric potential.  
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5.2 Materials and Methods 

5.2.1 Materials 

The PY ash was chosen specifically for saturated and unsaturated hydraulic testing 

because plant operations personnel and consultants working on dewatering the ash disposal 

facility observed that ash from this particular site took considerably longer to dewater than 

ash from nearby disposal sites at the same facility (6 months of stockpiling and slow drying 

versus a few weeks). Also, this ash retained water for far longer than fly ash from other 

power generation facilities in Georgia. The PY ash was tested in the as-received condition 

as well as chemically altered before testing its hydraulic properties, in an attempt to isolate 

if chemical or physical factors contributed to the saturated and unsaturated properties of 

the ash. The PY ash was observed to contain aluminosilicate spheres, unburned carbon 

particles, sheeted particles comprised of aluminum, silicon, oxygen, and alkaline and 

alkaline earth elements (SEM EDS micrographs shown in Appendix B), and silicon dioxide 

diatom frustules (SEM EDS micrographs shown in Appendix B) (Figure 19).  

   

Figure 19. SEM micrographs of as-received PY ash, highlighting its various 

morphologies. Micrographs were used for descriptive analysis of ash samples 

A series of four pre-treatments was performed on the as-received PY ash before testing, 

and a physical and chemical characterization of the treated samples was performed in 

1 μm 
1 μm 1 μm 
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accordance with the methods outlined in the introduction. PY ash was rinsed with 

deionized water (Ω > 17.4) for 18h at constant rotation, filtered, dried, crushed and stored 

(Y_DI). PY ash was rinsed with a 5% HNO3 solution for 18h at constant rotation, filtered, 

rinsed for 2 hours with deionized water, filtered, dried, crushed and stored (Y_A). PY ash 

was calcined at 800°C, at a heating rate of 10°C/min and held at temperature for 2 hours, 

crushed, and stored (Y_C).  Finally, crystalline and surface deposits of iron oxides were 

removed from PY ash using the citrate-bicarbonate-dithionite (CBD) method, and the 

resultant ash was filtered, dried, crushed, and stored (Y_CBD) [112,113].  

These chemical treatments were chosen to remove soluble surface species (DI-water) 

without impacting the aluminosilicate spheres or degrading other PY morphologies, to 

potentially dissolve or degrade the flaky aluminosilicate particles and potentially alter the 

surface characteristics of the diatom frustules (5% HNO3), and to remove porous unburned 

carbon particles and again, potentially alter the surface characteristics of the diatom 

frustules through high-temperature combustion (calcining).   

The citrate-bicarbonate-dithionite (CBD) method was chosen for iron removal because this 

method removed free iron oxides from surface coatings and crystalline iron oxides, but not 

iron that had been bound in the lattice structure of particles [113]. Also, this method, in the 

literature, did not dissolve additional fly ash features, such as the aluminosilicate spheres. 

This method was highly effective for dissolving iron oxides because the sodium dithionite 

(Na2S2O4) reduced the insoluble Fe(III) forms to soluble Fe(II) forms while the bicarbonate 

buffered the system at pH 7.3, to keep FeS and elemental S from precipitating [112], yet 

the combination of chemicals did not dissolve the silicate clay minerals. Crystalline 

hematite and goethite were both effectively removed in preliminary experiments performed 
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by Mehra and Jackson [112]. However, some amount of aluminum and silica complexes 

were reported to be removed, especially because Al substitutes for iron when iron is 

removed [114]. After CBD treatment using the as-received PY ash, ICP-OES analysis of 

the supernatant indicated that approximately 50 ppm of Fe was dissolved in solution, and 

SEM EDS imaging confirmed that the aluminosilicate spheres remained intact (Section 

5.3.1).  

5.2.2 Methods 

The physical and chemical characterization techniques used for these materials can be 

referenced in the introduction. The point-of-zero charge (PZC) was measured by a zeta 

potential analyser (Brookhaven ZetaPALS) using an ash/water concentration of 1 mg/mL; 

samples were sieved across a #400 (0.037mm) sieve, and only particles less than 0.037mm 

were analyzed, as outlined in the Brookhaven manual. Before testing, sample solutions 

were adjusted to pH values ranging from 2 – 13 and adjusted until the pH stabilized. 

Contact angle was determined using a Rame-Hart Model 250. A 10µL water droplet was 

carefully placed on the ash surface, and the included software automatically estimated the 

change in contact angle over a period of 50 s. Readings were taken at 1 s intervals.  

Saturated hydraulic conductivity testing was performed using a flexible-wall permeameter 

and the falling-head, rising-tailwater method, as outlined in ASTM D5084 [115]. The 

permeating liquid was chosen as deaired 0.03 M CaCl2 as a proxy for tap water because 

testing was performed over a six-month period, and standard Atlanta tap water was 

expected to fluctuate in composition during that time. Specimens were originally in the 

loose, ground, dried condition and compacted to a target dry density of 1.1 g/cm3 and a 
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compacted water content of 30% (based on literature of optimum water content and dry 

densities of compacted samples of Class F fly ash) [104,108]. Samples had approximate 

dimensions of 6.6 cm (2.6”) height and 3.3 cm (1.3”) diameter; they were tested for 

saturated hydraulic conductivity under different confining pressures, to simulate the 

consolidation pressure experienced by an ash sample deposited with less than 4.5 m (15 ft, 

2.5 psi), 7.9 m (26 ft, 5 psi), 11.9 m (39 ft, 7.5 psi) and 15.8 m of overburden (52 ft, 10 psi 

overburden pressure). Samples were tested when they had achieved a B value of 0.90 or 

above (>95% saturation) [116]. Hydraulic gradients were kept to less than 15 to mitigate 

effects of migration of particles and clogging of pores [117].  

SWCC testing was performed at Daniel B. Stevens and Associates, Incorporated 

(DBS&A), using the same target dry density. Samples were tested for saturated hydraulic 

conductivity using the falling-head, rising-tailwater method and also tested for water 

retention during drying using four standard methodologies: hanging column (HC), pressure 

plate (PP), dew point potentiometer (DPP), and a relative humidity box (RH) [115,118]. 

However, for the Y-CBD sample, DBS&A reported that the DPP analysis was not 

appropriate, such that data is not available in the matric suction range between 103 and 105 

cm-1. The coefficient related to air-entry pressure (α, cm-1), N (related to the pore size 

distribution, dimensionless), residual water content (ϴr %), and saturated water content 

(ϴs, %) were fitted from experimental data of water content versus matric suction (ϴ, Ψ) 

using the Van Genutchen equation. In its generic form, k represents all integer values, 

expressed as a combination of the two unknown parameters, m and N, from the Van 

Genutchen equation (k = m – (1+1/N)). If k is assumed to be zero [107,119], m = 1 + 1/N, 

and the Van Genutchen equation becomes (Equation 2): 
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 𝑆𝑒 =
𝜃(𝜓) − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
=

1

(1 + (𝛼𝛹)𝑁)1−
1
𝑁

 (2) 

5.3 Results and Discussion 

5.3.1 Results of Chemical Treatments 

Overall, chemical and thermal pretreatments had a limited influence on the inorganic 

chemistry of the ash, besides the increased percentage of sodium in the Y_CBD sample, 

due to the combination of sodium citrate, bicarbonate, chloride, and dithionite used during 

the treatment  (Table 15). The ash was rinsed for 2 h with DI water after CBD treatment, 

but the sodium content remained elevated.  

The treatments did influence the physical properties of the ash (Table 16; Figure 20). The 

calcining heat treatment decreased the LOI from 15.6% to 1.6%. Although this method is 

not as accurate for quantifying unburned carbon content compared to TOC, it is reasonable 

to assume that the unburned carbon content in Y_C was considerably less than in the as-

received PY. The calcining treatment is discussed in greater detail below because the ash 

transformation after thermal treatment provided some insights into the water retention 

characteristics of the ash.  The specific surface area of the Y_A sample decreased by a 

factor of 3, which was considerably higher than the other chemical treatments. However, 

the median particle size remained the same. This decrease may have been a reflection of 

the methylene blue method used to measure specific surface area, as this sample was 

hydrophobic (discussed below); the change in surface chemistry may have inhibited the 

sorption/ionic exchange of methylene blue species [10]. The treatments did influence the 
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liquid limit of the fly ash. The PY samples classified as MH, with a liquid limit of 59%. 

However, the treated samples tested for Atterberg classified as ML, with liquid limits 

below 50%.  

Some morphologies were not impacted by the treatment processes (Figure 20). Although 

testing of the supernatant after CBD treatment using ICP-OES confirmed that iron was 

removed, SEM micrographs showed that the aluminosilicate spheres remained intact. 

Additionally, the diatom frustules remained intact throughout the treatment processes. 

These morphologies were observed in SEM micrographs of all treated and untreated ash 

samples.  

Table 15. Physical Properties of Treated PY Ash 

 PY Y_DI Y_A Y_C Y_CBD 

SSA (m2/g) 6.1 7.3 1.8 2.4 5.5 

Gs 2.32 2.20 2.23 2.43 2.21 

LOI (%) 15.3 12.4 14.8 1.60 26.8 

D50 (μm) 21.7 20.8 21.1 24 29.2 

u4 1.13 1.17 1.06 0.94 0.88 

LL (%) 59.1 -1 44.5 49.3 - 

USCS MH - ML ML - 
  1samples were consumed before LL could be tested 
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Table 16. Oxide Content of Treated PY Ash 

 PY Y_DI Y_A Y_C Y_CBD 

SiO2 58.0 59.5 54.5 57.7 46.5 

Al2O3 25.5 25.6 27.2 25.5 20.0 

Fe2O3 9.33 7.76 10.6 9.4 5.86 

SO3 0.09 0.15 0.09 0.07 3.24 

CaO 0.99 0.84 1.07 1.03 3.55 

Na2O 0.64 0.75 0.61 0.75 16.1 

MgO 1.02 1.08 1.05 1.06 0.82 

K2O 2.48 2.75 2.62 2.63 2.12 

P2O5 0.62 0.28 0.75 0.55 0.29 

TiO2 1.17 1.2 1.22 1.13 0.91 

SrO 0.07 0.08 0.08 0.07 0.07 

BaO 0.17 0.16 0.19 0.19 0.13 

POC (%) 92.9 92.8 92.3 92.6 72.4 

 

 

PY Y_A Y_C Y_CBD 

    
Figure 20. SEM micrographs of untreated and treated PY samples. Micrographs were 

used for descriptive analysis of ash samples 

5.3.2 Calcined Ash 

The PY ash exhibited an unusual transformation upon heating. Ignition in a muffle furnace 

for a loss-on-ignition (LOI) test (Method B, ASTM D7348) showed that the dried, 

powdered, grey ash turned bright red during high-temperature combustion (Figure 21) [62]. 

None of the other ashes studied in this dissertation (PW, PM, PV, and BH ashes) exhibited 

this behavior. The unaltered sample was subjected to a series of heat treatments, to better 

quantify the temperature at which observed changes occurred. As-received PY ash was 

heated to 400, 500, 600, 700, and 800°C respectively in a muffle furnace at a heating rate 

of 300°C/h, held at temperature for 1 hour, and allowed to cool overnight. The resulting 

samples (FA400, FA500, etc.) were ground with a mortar and pestle and stored. 

1 μm 1 μm 20 μm 

1 μm 
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Characterization was performed in accordance with the procedures outlined in the 

introduction.   

A reddish color was observed after combustion of the ash at various temperatures ranging 

from 400-800°C (Figure 21). The transition was gradual, but by 700°C, the reddish color 

predominated. The reddish color is a result of the transformation of structural iron in 

kaolinite to hematite, as red is directly attributed to this specific iron oxide [120–124]. 

Structural iron refers to iron isomorphously substituted in the structure of the kaolinite 

alumina-silica sheets as well as any iron substituted in the structure of ancillary minerals 

(ex. mica, anatase) [121,125].  

 
Figure 21. Color change associated with thermal treatment of fly ash 

This particular ash sample was unique among the 30 weathered ashes featured in this 

dissertation because no crystalline iron oxides were identified using x-ray diffraction 

[87,126] (Table 17). Although the elemental iron content (as measured by x-ray 

fluorescence) was approximately 12%, no crystalline iron oxide phases (hematite, goethite, 

or magnetite) were found. Thermally treated samples had lower LOI values and lower 

specific surface areas than the as-received PY sample, but particle size distributions were 

similar (Table 17).  
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Table 17. Properties of As-Received and Thermally Treated Ash 
Temperature 

(°C) 

SSA 

(m2/g) 

LOI 

(%) 

Particle Size Distribution Crystalline 

minerals, 

XRD1  d50 (µm) Uniformity 

As-received 6.1 12.54 21.7 1.13 Q, M, K, Mu 

400 3.7 4.73 17.8 1.11 Q, M, K 

500 3.7 2.50 18.1 1.09 Q, M 

600 4.3 0.79 17.6 1.05 Q, M, K 

700 4.9 0.31 20.0 1.25 Q, M, H 

800 2.4 1.60 24 0.936 Q, M, H 
1Q = quartz, M = mullite, K = kaolinite, and Mu = muscovite, H = hematite 

The kaolinite found in the fly ash may have come from either the bituminous fuel source 

or the surrounding geology. Some bituminous, semi-anthracite, and anthracite coals 

contain kaolinite as a major mineral (>1-10% by weight) [54], and kaolinite represents as 

a major mineral in fly ashes after combustion of these coals [54]. Kaolinite may have also 

been introduced after disposal, due to the presence of alluvial soils underlying the disposal 

facility [127]. Kaolinite may have been excavated along with the fly ash during the 

dewatering process. 

High-temperature metamorphosis of kaolinite is a well-researched phenomenon in the 

ceramic and concrete beneficiation industries [120–122,124,125,128,129]. After removal 

of free water at low temperature heating (~100°C), dehydroxylation of the kaolinite 

structures occurs in the 350-550°C range. A poorly ordered, non-crystalline metakaolin 

phase is formed that is valuable in the concrete industries as a highly reactive pozzolanic 

material. At this point in the thermal treatment process, any structural iron contained in the 

metakaolin has a highly-distorted crystalline structure that is readily monitored using 

Mossbauer spectroscopy [124]. At temperatures above 550°C and up through ~1000°C, 

metakaolin breaks down further, forming more stable crystalline phases such as mullite (an 

aluminosilicate) and cristobalite (a high-temperature polymorph of SiO2). Some of the 
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structural iron may substitute for aluminum in the mullite crystalline structure, but the rest 

forms iron oxides (often hematite) [120–122,124]. Iron may serve as a catalyst for the 

transformation of metakaolin at temperatures below 950°C [124].  

The transformation of kaolinite to a non-crystalline metakaolin phase and the formation of 

hematite was confirmed by XRD (Figure 22). Crystalline kaolinite peaks at 12.5 and 20° 

2ϴ were replaced by a crystalline hematite peak forming at 35.5° 2ϴ as the calcining 

temperature was increased to 800°C. Although the kaolinite peaks were low intensity 

compared to prevailing crystalline phases of quartz and mullite, there were no kaolinite 

peaks in the fully calcined ash (treated to 800°C). The XRD results were consistent with 

the literature on high-temperature metamorphosis of kaolinite to metakaolin above 550°C 

(listed above). Additionally, the low-intensity hematite peak at 35.5° 2ϴ was not present 

in ashes heat-treated below 700°C. 

 
Figure 22. The appearance of crystalline hematite peaks (H) at higher temperatures 

during calcination of fly ash, and the corresponding disappearance of kaolinite peaks (K) 
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The contribution of kaolinite to the bulk specific surface area of the as-received PY ash 

was estimated to be approximately 15% of the total specific surface area (or 0.88 m2/g), 

according to the following equation (Equation 3):  

 %𝑆𝑆𝐴𝑘𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒 = [%𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 < 2𝜇𝑚 ⋅ 𝑆𝑆𝐴𝑘𝑎𝑜𝑙𝑖𝑛𝑖𝑡𝑒] ⋅
1

𝑆𝑆𝐴𝑃𝑌
 (3) 

Where SSAkaolinite was the specific surface area of kaolinite (assumed to be 20 m2/g) [130], 

SSAPY was the measured specific surface area of PY (6.12 m2/g), and %Particles < 2µm 

was 4.40%, taken from the laser particle size analysis. This estimation assumed that all 

particles smaller than 2 µm were kaolinite, but this assumption was not confirmed by 

another quantification method. However, this estimation was performed primarily to 

exemplify that a small quantity of high specific surface area clay (<5% of the cumulative 

volume of particles) may make a disproportionately large contribution to the bulk specific 

surface area of the fly ash.  

5.3.3 Microscale Ash/Water Interactions 

Further investigations on the microscale interactions between treated PY samples and water 

was performed, including measurements of point-of-zero-charge (PZC) and measurements 

of contact angle. The PZC pH fluctuated from less than 2 to approximately 5, in ascending 

order of Y_CBD (no PZC reached at low pH) < Y_C (no PZC reached at low pH) < Y_A 

(~3) < Y_DI (~4) < Y (~5) (Figure 23). Overall, acidic conditions produced a fly ash with 

a positive surface charge, but neutral and basic conditions resulted in a negative surface 

charge until conditions became highly basic (pH > 12). The pH conditions in four wet-

disposed, alkaline Class F impoundment facilities were found to start as highly basic (pH 
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= 11.8) transitioning through near-neutral pH to finally acidic  (pH = 4.3) as carbonates, 

aluminosilicates and silicates dissolve [80]. Under these conditions, the surface charge of 

weathered ash may fluctuate between slightly negative to slightly positive, although highly 

weathered fly ash may have different electrical responses to porewater and aqueous 

minerals than freshly-disposed ash. In the laboratory conditions used for hydraulic 

conductivity testing, however, PY samples were expected to have a negative surface charge 

because the pH of the saturating liquid (0.3 M CaCl2) was above 5.  

 
Figure 23. Zeta potential of treated ash samples over the pH range 2 – 14  

Only one treated sample (PY_A) displayed hydrophobicity. The as-received PY sample 

and the other treated samples displayed no water droplet contact angle at all; the water 

droplet displayed purely wetting behavior. The PY_A, in contrast, displayed a marked 

hydrophobicity, enough for a contact angle measurement (Figure 24). The average contact 

angle after 50 measurements (1 per second) was 139° (left) and 138° (right) for the first 

test, and 158° (left) and 124° (right) for the second test. Over a period of 50 seconds after 

the initial wetting, the right-side contact angle decreased, and the left-side contact angle 

increased, indicating an uneven saturation front (Figure 24). The difficulty of wetting this 
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sample was also notable while achieving a 30% water content before the saturated 

hydraulic conductivity test and while measuring the liquid limit.  

Test I Test II 

  

Average Contact Angle (L/R): 139°, 138° Average Contact Angle (L/R): 158°, 124° 

 

 

Figure 24. Change in contact angle of the left and right side (dual axes) for Y_A over a 

period of 50 seconds 
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5.3.4 Saturated Hydraulic Conductivity 

Saturated hydraulic conductivity values were compared for the simulated overburden 

conditions (Table 18; Figure 25).  Samples had, on average, hydraulic conductivities on 

the order of 1x10-5 cm/s, except for Y_CBD which had ks on the order of 1x10-6
 cm/s. 

There was no consistent trend of change in hydraulic conductivity with simulated 

overburden pressure. Microstructure adjustments in the sample fabric at higher pressures 

may have contributed to the variation in hydraulic conductivity with overburden, but flow 

was not significantly impeded by higher overburden pressure. In literature, higher initial 

compaction densities during sample preparation resulted in lower saturated hydraulic 

conductivities [105], but a similar correlation with simulated consolidation after saturation 

was not observed. The most significant influence was in the Y_A sample, where a small 

increase in overburden decreased the hydraulic conductivity from 1.88x10-5 cm/s to less 

than 1.0x10-5 cm/s.  Overall, values for saturated hydraulic conductivity were consistent 

with literature on both fly ashes and silt-sized materials. 

Table 18. Saturated Hydraulic Conductivity of Treated Fly Ashes (x10-5 cm/s) 

Simulated 

Overburden (ft) 
PY Y_DI Y_A Y_C Y_CBD 

12 1.25 1.13 1.88 1.15 0.232 

26 1.36 1.27 0.81 0.94 0.23 

39 1.29 1.09 0.46 0.94 0.253 

52 0.81 1.31 0.98 1.78 0.159 

Average 1.13 1.20 1.33 1.80 0.219 
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Figure 25. Hydraulic conductivity variation with simulated overburden pressure.  

Treating the ash with sodium dithionite to reduce the iron into soluble Fe(II) forms had the 

most significant impact on saturated hydraulic conductivity. Although calcination changed 

the clay mineralogy and removed porous unburned carbon, the hydraulic conductivity 

remained in the same order of magnitude. The same hydraulic conductivity results were 

seen after rinsing the ash with DI water and 5% HNO3. However, the removal of surface 

and crystalline iron, and the addition of sodium species (including halite and analcime) to 

the fly ash because of the CBD treatment had a strong influence on water flow. The ks 

value dropped an order of magnitude from the as-received sample. Sodium compounds can 

act as deflocculating agents, so the addition of sodium to the porewater may have led to 

deflocculation and migration of kaolinite particles to the pore spaces, thus decreasing the 

saturated hydraulic conductivity.   

Testing at various overburden pressures confirmed that hydraulic conductivity did change 

with pressure head, as mentioned in the literature, although the trend was not consistent 

[109]. Hydraulic conductivity has also been shown to change with chemistry for fly ash, 
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particularly for high calcium content fly ashes that exhibit self-hardening behavior 

[50,104]. These treated ashes did not have a high calcium content and, upon inspection 

after saturation and testing (a 7 to 10-day process), were deformable under slight applied 

pressure; they did not exhibit cementitious behavior.  

5.3.5 Unsaturated Hydraulic Properties 

The Van Genutchen SWCC was predicted using experimental matric suction and moisture 

content data for four of the five samples ( 

Table 19; Figure 26); Y_DI was excluded due to cost and time considerations. All samples 

had an initial plateau at low matric suction, indicating that additional air entry pressure was 

needed to begin desaturating the samples. Air-entry pressures ranged from 51-340 cm-1; 

Young et al. [50] reported values between 100-400 cm-1 for fly ash. The PY sample (71 

cm-1) and the Y_CBD sample (51 cm-1) were on the lower end of the range for fly ash, but 

Y_C (340 cm-1) and Y_A (340 cm-1) fell within the expected range. The higher air-entry 

pressure was a result of capillarity and small pore sizes within the fly ash matrix, though it 

may also be related to hydroscopic compounds (such as calcium oxides) and cation 

exchange capacity [50]. Higher values of air-entry pressure corresponded to finer-grained 

material.  
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Figure 26. SWCC for four samples (Y_DI excluded) and the corresponding fitted Van 

Genutchen suction curves, compared to soil suction curves generated by Lu and Likos 

[131]  

 

 

Table 19. Unsaturated Hydraulic Properties Calculated from the Van Genutchen Curve 

 PY Y_C Y_A Y_CBD 

α (cm-1) 0.0024 0.001 0.0005 0.01 

N 1.47 1.87 1.78 1.21 

ϴr (%) 1.60 0.79 2.68 -1 

ϴs (%) 50.5 54.2 50.6 59.3 
1could not be predicted from the Van Genutchen curve 

The as-received PY ash displayed, in general, unsaturated behavior characteristic of a silt 

[50]; the PY sample had a shallow drainage curve over the 102 – 106 cm-1 matric suction 

range and a residual moisture content of 1.60%. The predicted α value was consistent with 

literature on fly ash SWCC, though the predicted residual water content was an order of 

magnitude higher than those reported for Class F fly ash by Abhijit and Sreedeep (2015) 

[47]. The higher residual water content was due to the combination of water-retentive 

diatoms and kaolinite present in the as-received PY ash [132].  
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There was some variation in unsaturated behavior due to treatment of PY. The Y_C sample 

had one of the highest air-entry pressures (336 cm-1), and the sharpest drainage curve over 

the 102 – 106 cm-1 matric suction range and a low residual moisture content (0.79%). The 

dewatering behavior of Y_C was comparable to the behavior of a sand, even though the 

high air entry pressure was characteristic of a silt [50,133]; the removal of porous carbons 

and transformation of kaolinite to metakaolin during calcination resulted in rapid drainage. 

In contrast, the Y_A and Y_CBD samples had higher residual or measured moisture 

contents (2.68 and 4.80%, respectively) and shallower drainage slopes, which was behavior 

more appropriate for a silt [50,110]. However, the Y_CBD and PY samples had the lowest 

air-entry pressures (51 cm-1 and 71 cm-1, respectively).  These samples did not easily retain 

excess water in bulk pore spaces but retained water within the kaolinite structures. 

Additional water was retained within the micropores of the diatom frustules [132]. The 

contradictions expressed by Y_C, PY, and Y_CBD confirmed that fly ash may exhibit 

characteristics of both sands and silts during dewatering.  

The higher residual moisture content was attributed to both the kaolinite and the diatom 

frustules present in the as-received ash, neither of which were impacted by the acid-

washing or CBD treatments. Dumenu et al. [133] observed that at high matric suction the 

SWCCs of fly ash tend to merge – this behavior was observed in PY, Y_A, and Y_CBD, 

even though the acid treatment shifted the drainage portion of the curve towards higher 

values of matric suction. The acid treatment resulted in an ash with the highest air-entry 

pressure (lowest α value), and the CBD treatment resulted in an ash with the highest 

measured water content at the maximum applied matric suction of 8.5x105 cm-1. 
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Overall, the calcining treatment shifted the unsaturated behavior of PY towards a sand, 

with lower matric suction required to achieve a specific water content. This ash has lower 

water retention capabilities than the as-received sample. The acid and CBD treatments 

shifted PY towards high water retention behavior and higher residual water content; the 

difference between the Y_C and Y_A was approximately half an order of magnitude during 

the drainage portion of the water retention curve. Calcination to transform the kaolinite to 

disordered metakaolin and remove some of the porous unburned carbon was an effective 

treatment for reducing the water retention capacity of PY, but treatments that did not 

remove or transform either the kaolinite or the diatom frustules, the two morphologies most 

likely to retain water, did not decrease the water retention capacity of PY.   

5.4 Conclusions 

The as-received PY sample exhibited a unique color transformation during thermal 

treatment (above 800°C). Further investigation indicated that this ash contained kaolinite 

which transformed into a combination of non-crystalline metakaolin and crystalline 

hematite (and potentially mullite and cristobalite) upon heating above 800°C. This 

hypothesis was confirmed by the shift in crystalline phases from kaolinite to hematite in x-

ray diffraction analyses. 

All PY samples displayed a hydraulic conductivity on the order of 10-5 or 10-6 cm/s, which 

was consistent with literature on silts. The CBD treatment represented the only treatment 

of the as-received PY sample that had a significant influence on hydraulic conductivity. 

The removal of crystalline and surface iron species and the inclusion of sodium compounds 

in the fly ash decreased the saturated hydraulic conductivity by an order of magnitude.  For 
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all PY samples, however, there was no consistent trend between confining pressure 

(simulated overburden stress) and saturated hydraulic conductivity.  

The influence of treatment was observed more strongly in the unsaturated behavior of the 

fly ash samples than in the saturated behavior. There was approximately a half an order 

magnitude difference in matric potential between the Y_A treated sample and the Y_C 

treated sample during drainage. The Y_C samples displayed unsaturated characteristics of 

a silty (high air-entry pressure) and sandy material (sharp drainage curve, low residual 

water content), whereas the PY, Y_A, and Y_CBD samples displayed more silt-like 

drainage characteristics, reflected in a shallower drainage curve and higher residual water 

content. The high-water retention capacity of the PY ash was due to the kaolinite and 

diatom frustules present in the ash. The calcining treatment transformed kaolinite into 

disordered metakaolin, reducing the water-retention capacity of the PY ash. However, no 

chemical treatments impacted the diatom frustules. Consequently, the acid and CBD 

treatments, which impacted neither the kaolinite nor the diatom frustules, did not decrease 

the water-retention capacity of the PY ash.  
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CHAPTER 6. EVALUATION OF ALTERNATIVE FLY ASHES 

AS SCMS 

6.1 Introduction  

Historically, coal has provided a significant percentage of the fuel used for energy 

generation in the United States. In the most recent decade, however, natural gas has rivaled 

coal as a primary fuel source, with each currently providing approximately 30% of the fuel 

used for domestic energy production [18]. This decrease in coal usage has contributed to 

shortages in domestically-produced fly ash [134], and along with other factors, including 

changes in emissions regulations and the practice of co-firing coal with other fuel sources, 

contribute to the increased variability in available fly ash resources.  Consequently, the 

amount of fresh fly ash that meets specifications for use in concrete in the U.S. is reduced 

[8]. Nonetheless, fly ash continues to be one of the most broadly utilized supplementary 

cementitious materials (SCMs) worldwide. Fly ash is commonly used to reduce 

permeability, improve resistance to alkali-silica reaction and sulfate attack, and to reduce 

the heat of hydration in mass concrete elements [22,135–138]. Although a number of 

alternative SCMs are being explored, including calcined clays, crushed waste glass, and 

natural zeolites, it is also worthwhile to consider ‘off-spec’ ashes – or fly ashes and other 

fuel combustion by-products that do not meet current ASTM C618 specifications - as 

alternative pozzolans to augment the reduced supply of freshly produced or ‘ordinary’ coal 

ash [8,139–141].  
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Alternative ashes that may supplement inconsistent and inadequate supplies of fly ash 

include: (1) woody biomass ash, (2) ash from coal that has been co-fired with small 

amounts of biomass, and (3) previously geologically-disposed, weathered coal fly ashes. 

Each of these potential resources is abundant and geographically distributed, potentially 

representing a practical solution to the increasingly limited supply of ‘on-spec’ fly ash. 

Woody biomass ash, in the context of this study, is ash from the combustion of 100% wood 

and/or wood waste. These ashes are typically more enriched in alkaline earth metals and 

less enriched in iron, aluminum, and sulfur than coal fly ashes [5,13,41]. These ashes are 

excluded from use in concrete – either alone or in combination with other materials - by 

ASTM C618 by virtue of their non-coal source, independent of other characteristics. Co-

firing coal with biomass is a more environmentally-friendly and renewable alternative to 

pure coal combustion because the addition of biomass waste offsets some of the greenhouse 

gas emissions from burning fossil fuels [4,142]. However, as ashes from co-firing are not 

derived 100% from coal, they are also excluded from ASTM C618.  

Ash that was previously land disposed, weathered, or ponded represents a plentiful 

resource that is derived 100% from coal but is variable in composition and is not well-

understood as a pozzolan. These ash deposits may be relatively new, or as much as 100 

years old, and have a range of physical and chemical properties. Because these deposits 

accumulate over time and may include ashes derived from a variety of sources and burning 

conditions, including both on-spec ashes produced “off-season” (i.e., outside of periods of 

heavy construction demand) and off-spec ashes, their variability is likely much greater than 

ordinary fly ash produced at certain power generation facilities [82,143,144]. Exposure to 

water, minerals, and biological material during disposal and long-term submersion also 
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contribute to weathering the ash, changing its chemical and physical properties [56,59,82]. 

This ash may be a challenging material to use as an SCM, but it is a vast and underutilized 

resource – one that could be used as ordinary fly ash becomes scarcer.  

Of the three potential alternative ash sources, relatively more research has been conducted 

on the use of biomass and co-fired ashes as cement replacements in concrete applications. 

For example, rice husk ash (RHA), due to its high amorphous silica content, has been 

successfully used as a pozzolan for decades [145–147]. However, woody biomass sources 

are typically low in amorphous silica or alumina, and as a result compressive strength is 

reduced in mortars with woody biomass fly ash as cement replacement [14,148–150]. In-

turn, co-fired fly ashes have a less significant effect on compressive strength and may 

achieve the 28-day 75% strength activity requirement of ASTM C618 [102] or achieve 

even comparable strength to ordinary cement mixes by 28 days [150]. The co-fired ashes 

included here, previously studied by Shearer and Kurtis [12], successfully met the ASTM 

C618 strength requirements, although some samples were too high in LOI to meet the 

prescriptive requirements. 

 Weathered coal fly ash has only recently been considered as a resource for the concrete 

industry, and research on beneficiated weathered fly ash remains limited. However, 

weathered fly ash has been reclaimed and, after processing with heat treatments, marketed 

as a Class F fly ash for use in concrete [151]. 

ASTM C618 is the governing standard for “coal fly ash and raw or calcined natural 

pozzolan” usage in North American concrete [8]. Its prescriptive and performance-based 

metrics are meant to ensure suitable fly ash quality for fly ash suppliers and concrete 
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manufacturers. Certain chemical and physical requirements classify fly ashes as Class F 

(pozzolanic fly ash) and Class C (pozzolanic or latent cementitious fly ash) [8], as well as 

considering Class N (natural pozzolans), as shown in Table 20. The strength activity index 

(SAI) is performed on mortars produced with an 80:20 blend (by mass) of Portland 

cement:ash with water and sand and tested in compression at 7 and 28 days. It is the only 

required direct mechanical measure of performance [8]. The SAI must be 75% of the 

control, a mortar produced from the same Portland cement and water, at either 7 or 28 days. 

There are additional optional testing requirements not shown below. Given the scale of 

change in energy production and the need for SCMs for durable concrete, modernization 

of the guidance is needed to allow for the inclusion of alternative ashes for uses which 

enhance concrete quality.  

Table 20. ASTM C618 Requirements 

Chemical Requirements 
          Class 

N F C 

SiO2 + Al2O3 + Fe2O3, % 70 70 50 

SO3, max, % 4 5 5 

Moisture, % 3 3 3 

LOI, max1, % 10 61 6 

Physical Requirements N F C 

Fineness    

Amount retained when wet-sieved on 45 μm (No. 

325) sieve, max, % 
34 34 34 

Strength activity index    

With portland cement, at 7 days, min, percent of 

control 
75 75 75 

With portland cement, at 28 days, percent of control 75 75 75 

Water requirement, max, percent of control 115 105 105 

Soundness    

Autoclave expansion or contraction, max % 0.8 0.8 0.8 

Uniformity requirements    

Density, max variation from average, % 5 5 5 

Percent retained on 45 μm (No. 325), max variation, 

percentage points from average 
5 5 5 

1LOI may be up to 12% for Class F pozzolans if acceptable performance records or laboratory tests results 

are made available 
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Because ASTM C618 specifies “coal fly ash”, it is generally accepted that co-fired and 

solely biomass ashes are excluded from use. However, other international governing 

standards do consider such materials. For example, the European standard EN450-1 

already provides a specification to allow co-fired ashes as SCMs [41,148]. These 

requirements include the type and amount of biomass material, but provisions are explicit 

[152]. These provisions could serve as an example for adapting ASTM C618 to allow for 

co-fired ashes. Because ASTM C618 does not address reclaimed ashes explicitly, it is not 

clear if reclaimed ashes have been marketed as SCMs. To ensure an adequate supply of 

suitable ash for use in concrete, alternative ashes should be addressed by specifications 

applicable to construction in North America.  This study was undertaken to determine if 

alternative fly ashes are suitable for use as SCMs in concrete. They would augment current 

seasonal shortages in fresh fly ash.  

6.2 Materials and Methods 

6.2.1 Materials 

Ordinary coal fly ash (FA), co-fired ash (CA), woody biomass ash (BP1), and weathered 

coal fly ashes (WFA) were obtained from eight different U.S. power generation facilities 

(Table 21). All coal and co-fired samples (FA, CA, and WFA) were derived from eastern 

bituminous coals. BP was produced by combustion of a combination of forest, sawmill and 

urban wood waste. WFA samples were taken from four ash disposal facilities located at 

power generation facilities.  PM samples were taken at depths between 0.15 – 1.5 m below 

ground surface (bgs) within the wet-storage facility with an estimated age of fewer than 10 

years old. The ash produced at this facility was disposed because it was not consistently of 
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marketable quality. PW samples were taken from the ash delta, at a depth of 0.15-0.9 m 

bgs, where there was no standing water. The surficial ash crust was removed before 

sampling.  Although PW ash was consistently of marketable quality, market demand was 

not sufficient to dry collect all of the ash. The PY sample was taken at shallow depth below 

the phreatic surface using a hydraulic excavator. Plant Y had no dry collection capacity. 

The PV samples were collected from a wet-storage facility at depths of approximately 3 m 

(PV1) and 4.6 m (PV2) bgs. PV samples are less than 20 years old. All WFA ashes were 

wet-sluiced to storage ponds that were exposed to the open air. They were weathered under 

southeastern U.S. (PM, PW, and PY) or central U.S. (PV) climatic conditions and partially 

saturated. Samples that represented a combination of bottom ash and fly ash were sieved 

through a No. 200 (45 μm) sieve to separate the fly ash from the bottom ash. 

Table 21. Firing Conditions for Ash Samples 

Plant ID Location 
Capacity 

(MW) 

Boiler 

configuration1 
Type of ash 

PA Georgia 3499 TF FA 

PB Alabama 2013 OWF FA, CA 

PC Alabama 138 TF FA, CA 

BP Vermont 50 TGS BP 

PW Georgia 952 TF WFA 

PM Georgia 163 TF WFA 

PY Georgia 952 TF WFA 

PV Indiana 250 OWF WFA 
1OWF = opposed wall fired; TF = tangentially fired; TGS = travelling grate stoker 

6.2.2 Methods 

Characterization of the PW, PM, PY and PV samples was performed according to 

the methods outlined in the introduction. Characterization and strength activity testing of 

the PA, PB, PC, and BP1 samples were obtained previously [13,14]. Strength activity 

testing of WFA samples was performed by author Benkeser and described below. 
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The internal standard method was used to determine the amorphous content in the 13 WFA 

samples. Samples were spiked with 10% (by weight) of crystalline lanthanum hexaboride 

(LaB6) and analyzed using x-ray diffraction. Phase quantification was performed using an 

automatic Rietveld analysis in HighScore Plus. A Pseudo-Voigt polynomial function was 

used with a split-width-and-shape asymmetry function. The standard weight of LaB6 was 

manually set to 10%, and the software automatically calculated a correction factor from 

the overestimation of the internal standard [153]. This correction factor was then applied 

to each of the other crystalline phases, and the weight percent of the amorphous phase was 

calculated as the remaining difference to 100% (Equation 4). 

 % 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 =  100

−  ∑ 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑊𝑒𝑖𝑔ℎ𝑡%𝑖 ⋅
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑊𝑒𝑖𝑔ℎ𝑡%

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑𝑊𝑒𝑖𝑔ℎ𝑡%𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑃ℎ𝑎𝑠𝑒

𝑛

𝑖=1

 
(4) 

The relative percentages of each crystalline and amorphous phase in the original sample 

was then calculated by removing the relative percentage of the LaB6 standard (Equation 

5). 

 
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙𝑃ℎ𝑎𝑠𝑒%𝑖 = 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝑃ℎ𝑎𝑠𝑒%𝑖 ⋅ (

100

100 − 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑%
) (5) 

Two-inch (5 cm) mortar cubes were prepared with each fly ash sample for strength activity 

index (SAI) testing at both 7 and 28 days. These mixes were made with one water-to-

cement (w/c) ratio (0.484) to guarantee that the only variable is the fly ash source/type. The 

fly ash replaced 20% of the mix by weight, in accordance to ASTM C618 [8] and was 

tested in accordance to ASTM C109 [154]. All specimens were stored in accordance to 
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ASTM C109. After mixing the mortar cubes were stored at a relative humidity of no less 

than 95% (ASTM C511) for 24 hours. The demolded specimens were then submerged in a 

saturated lime (Ca(OH)2) solution until being removed for testing. The storage room was 

kept at a controlled temperature of 23 ºC [154]. 

6.3 Results and Discussion 

6.3.1 Physical Characteristics of Alternative Fly Ashes 

Weathered coal and co-fired samples displayed physical and morphological properties 

consistent with those for coal fly ashes [13,24] ( 

Table 22). These samples were fine-grained, grey in color and consisted primarily of glassy 

aluminosilicate spheres and unburned carbons [13] (Figure 27; Figure 28). The CA samples 

included some fibrous particles from the biomass fraction but also contained spherical 

particles. The WFA samples were similar in appearance to ordinary coal fly ash, but they 

contained more heavily encrusted aluminosilicate spheres.  There were also many large 

agglomerations of smaller spheres held together by binding compounds (mostly sulfates), 

especially in the PW ashes. Evidence of diatoms was found in the PY sample. These 

morphological changes are likely due to weathering, precipitation, and biological 

infiltration happening in the ash pond [72,82].  
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Table 22. Physical Properties of Samples [13]  

Sample 
% biomass in 

fuel 
d50 (μm) 

SSA 

(m2/g) 
Gs 

PA - 16.2 1.3 2.63 

PB-FA - 29.9 4.6 2.47 

PB-CA1 4 26.9 2.5 2.45 

PB-CA2 8.2 23.3 3.5 2.39 

PC-FA - 17.3 7.5 2.15 

PC-CA 15 11.4 6.1 2.20 

BP1 100 168 12.7 1.87 

PM1 - 45.7 2.6 2.26 

PM2 - 28.2 12 2.26 

PM3 - 24.5 1.3 2.39 

PM4 - 23.8 3.2 2.35 

PM5 - 30.5 2.2 2.38 

PW3  - 24.3 0.90 2.72 

PW6 - 29.7 1.2 2.91 

PW8 - 18.3 2.3 2.42 

PW9 - 12.7 2.0 2.48 

PW10 - 23.4 1.9 2.67 

PY - 27.6 -1 2.32 

PV1 - 18.2 - 2.51 

PV2 - 17.9 - 2.58 
1no data available 

 

 
Figure 27. Color photos of ash samples: BP1 (left), WFA (middle), and CA (right) 

 

Figure 28. SEM micrographs of three alternative fly ashes: BP1 (left); WFA (middle); 

and CA (right). Micrographs were used for descriptive analysis of ash samples 
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In contrast, the BP1 morphology and physical properties were significantly different than 

the WFA, CA, and FA samples. The BP1 sample had the highest specific surface area, at 

0.7 m2/g higher than the next highest sample (PM2) and 318% higher than the average (4.0 

m2/g).  The median particle size was increased by 544% from the average (30.9 µm), and 

the specific gravity was the lowest (77% of the average). BP1 was a black, coarse-grained 

ash comprised entirely of fibrous, woody particles. These larger, lightweight, carbonaceous 

particles are responsible for the difference in physical properties between the coal-derived 

and biomass-derived samples [13].  

6.3.2 Chemical Characteristics of Alternative Fly Ashes 

The WFA and CA samples have, in many aspects, chemical composition consistent 

with those classified as a Class F fly ash under ASTM C618, but the BP1 sample does not 

qualify as any of the three classes. The main inorganic constituents of the coal and co-fired 

ashes were silica, aluminum, and iron oxides, summed as the primary oxide content (POC) 

(Table 23; Table 24). The POC was over 70% for all FA, WFA, and CA samples.  

Table 23. Chemical Composition of Non-Weathered Ash Samples [13] 
Major 

Oxides 

(wt. %) 

PA PB PC BP1 

FA FA CA1 CA2 FA CA BA 

SiO2 55.3 45.3 47.9 48.0 47.0 48.6 6.43 

Al2O3 27.2 23.4 24.7 24.4 22.9 23.4 0.75 

Fe2O3 7.98 14.0 11.7 10.2 9.82 9.04 0.54 

CaO 1.26 1.13 1.22 1.24 0.49 0.74 24.1 

MgO 1.23 1.18 1.20 1.16 0.71 0.77 2.54 

SO3 0.07 0.06 0.10 0.07 0.04 0.05 2.88 

Na2O 0.47 0.68 0.62 0.80 0.19 0.23 0.40 

K2O 3.02 2.42 2.58 2.43 2.13 2.22 7.48 

P2O5 0.19 0.33 0.37 0.34 0.34 0.42 2.18 

        

POC 90.5 82.7 84.3 82.6 79.7 82.7 7.72 

LOI (%) 1.4 5.9 5.5 5.2 15 15 47 

TOC (%) 1.1 5.0 4.6 4.3 14 14 22 
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Table 24. Chemical Composition of Weathered Ash Samples 
Major 

Oxides 

(wt. %) 

PM PW PY PV 

1 2 3 4 5 3 6 8 9 10  1 2 

SiO2 54.45 52.43 52.40 53.65 54.77 46.62 38.45 55.58 54.43 40.05 49.6 47.0 46.8 

Al2O3 28.89 30.48 28.34 30.08 28.94 21.21 17.40 25.99 24.53 17.90 27.6 18.7 18.8 

Fe2O3 8.67 8.55 11.79 8.00 8.13 23.82 36.86 10.18 12.31 34.66 12.4 24.1 24.6 

CaO 1.06 1.56 1.11 1.38 1.28 1.62 1.55 1.64 1.89 1.43 1.03 3.24 3.16 

MgO 0.99 0.98 0.80 0.89 0.94 0.83 0.66 1.00 0.97 0.67 0.96 0.93 0.93 

SO3 0.10 0.14 0.05 0.07 0.05 0.10 0.12 0.12 0.12 0.28 0.87 0.57 0.53 

Na2O 0.35 0.43 0.31 0.31 0.38 0.60 0.48 0.68 0.77 0.41 0.47 0.57 0.56 

K2O 2.81 2.58 2.38 2.51 2.53 2.34 1.83 2.93 2.83 1.89 2.48 2.45 2.45 

P2O5 0.47 0.90 0.31 0.75 0.56 0.20 0.17 0.25 0.22 0.16 0.96 0.22 0.22 

              

POC (%) 92.01 91.46 92.53 91.73 91.84 91.65 92.71 91.75 91.27 92.61 89.7 89.8 90.3 

LOI (%) 7.5 20 4.4 8.3 4.4 0.17 0.78 2.6 1.6 8.7 13 5.9 5.2 

TOC (%) 5.2 12 3.6 7.5 5.4 0.14 0.25 3.0 0.89 5.1 3.7 3.8 3.6 

Trace elements included alkaline and alkaline earth metals and sulfur, each not exceeding 

3.5% of the total inorganic content. The BP1 sample does not meet Class N, C, or F 

compositional specifications. The POC is very low, less than 8%. The main inorganic 

constituent, making up 24% of the total inorganic elemental composition, is calcium oxide 

(CaO). The BP1 sample is enriched in other alkaline metals as well, compared to the coal 

and co-fired samples. The high alkaline content and the low POC would indicate, from the 

current prescriptive standards, that the biomass sample is unsuitable for use as an SCM in 

concrete. However, other applications related to concrete are possible, for example using 

woody biomass ash as an alkali-based activator.  

The WFA and CA samples had inconsistent loss-on-ignition (LOI). Three of the five PM 

ashes, one PW ash, the PY ash, the two PC ashes and the BP1 ash exceeded the 6% LOI 

maximum requirement (Table 23; Table 24). The BP1 ash being high in LOI is not 

surprising, considering its morphology and source. The PC, PM, and PY ashes that had 

LOI over 10% were more interesting because they had similar morphologies to original 

coal fly ash. The consistently high LOI for PM and PY samples is a likely reason for why 
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these ashes were wet disposed instead of marketed as Class F fly ash. The PC ashes were 

burned at an older facility which uses lower temperatures than more modern facilities, 

resulting in a higher unburned carbon content.  

It is worth noting, in a footnote to the tabulated compositional requirements for Class F ash 

in ASTM C618, that up to 12% LOI is permitted when the performance of the ash can be 

validated by laboratory testing or historical performance [8]. This suggests that reclaimed 

or co-fired ashes with LOI > 6% could be considered for use in concrete – with adequate 

evidence of their performance. Recent advances in beneficiation of high LOI fly ash and 

the common use of water-reducing and high-range water-reducing admixtures are both 

approaches which can ameliorate or compensate for adverse admixture interactions or 

reductions in workability associated with higher LOI ordinary fly ashes [155]. Additional 

effort should be put toward examining if the 12% LOI limit could be extended to ashes 

which are currently off-spec.  

TOC measurements indicated that LOI overestimates carbon content in alternative ashes 

(Table 23; Table 24). LOI is a measurement of bulk mass loss between 23-950℃, including 

mass loss due to: (1) dehydration of hydrated mineral phases (gypsum and portlandite), (2) 

decomposition of carbonates, and (3) combustion of unburned carbon [25,63,68]. LOI will 

be artificially inflated for ashes that contain hydrated mineral phases, such as weathered 

fly ashes that were wet-disposed [54,68,126]. All of the high LOI samples had lower TOC 

values, and three (PM1, PW0, and PY) had TOC values below 6%. TOC methods mitigate 

the carbon overestimation effects, especially for alternative ashes that may have been 

exposed to water and may be more appropriate for quantifying carbon content than LOI.  
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6.3.3 Quantification of Crystalline and Amorphous Phases 

  The crystalline minerals of the CA, WFA, and FA samples were similar, but the 

BP1 sample had more crystalline phases with alkaline and alkaline earth metals and no 

amorphous phases. Quartz (SiO2), mullite (Al6Si2O13), hematite (Fe2O3), and magnetite 

(Fe3O4) were the major crystalline components of the coal and co-fired ashes (Figure 29), 

with the distinctive amorphous hump between 18° and 35° 2 Theta observed [102].  This 

broad peak arises from the poorly ordered crystalline structure of the glassy aluminosilicate 

spheres in the fly ash [156]. Low-intensity diffraction peaks associated with crystalline 

calcium phases were also seen in the PY and PV samples, including ettringite 

(3CaO•Al2O3•3CaSO4•32H2O) and calcite (CaCO3), respectively. The major crystalline 

forms in the BP1 sample were calcite and arcanite (K2SO4), and the amorphous silica hump 

was not observed. The XRD phase analysis complemented the SEM and XRF data on 

woody biomass ash composition; BP1 has low silica and aluminum content and no 

amorphous hump [13], which is consistent with the SEM characterization that showed no 

glassy aluminosilicate spheres. 
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Figure 29. X-ray powder diffraction of FA, CA, and BP1 samples (left) and WFA 

samples (right) 

Further crystalline and amorphous silica analyses were performed with the WFA samples 

to determine if they retain amorphous silica after weathering. Silicates will dissolve into 

ash pond pore water over time, as pH decreases to acidic values [59,80]. It is important to 

determine if weathered ashes retain enough amorphous glass to be pozzolanic. The range 

of amorphous content in Class F and co-fired coal fly ashes is large, 45-97% [153,157–

159].  Chancey et al. [153] divided the amorphous content of Class F fly ashes into five 

categories based on composition: (1) three variations of calcium-aluminum-silica glass; (2) 

potassium-aluminum-silica glass; and (3) sodium-aluminum-silica glass. Yan et al. [160] 

subdivided the amorphous phases in pulverized coal fly ash into two categories: aluminum-

silica glass and silica glass.  Oey et al. [161] characterized the interaction between silica 

and aluminosilicate tetrahedra (network formers) and low valence metal cations (network 

modifiers) in amorphous glass. Their work defined a network ratio, Nr, that relates 

composition to glass structure and provides more information about pozzolanic reactivity 

than using POC alone.  

Mineral Phases Identified 

Q: Quartz (SiO2) 

H: Hematite (Fe2O3) 

G: Magnetite (Fe3O4)  
M: Mullite (Al6Si2O13) 

C: Calcite (CaCO3) 

A: Arcanite (K2SO4) 

Mineral Phases Identified 

Q: Quartz (SiO2) 

H: Hematite (Fe2O3) 

G: Magnetite (Fe3O4)  
M: Mullite (Al6Si2O13) 

E: Ettringite (3CaO•Al2O3•3CaSO4•32H2O) 

C: Calcite (CaCO3) 

 

PA-FA 

PC-FA 

PC-CA 

BP1 

PW3 

PW6 

PY 

PV 
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Weathered fly ashes retained amorphous silica after weathering (Table 25). The range in 

amorphous silica content for samples from PM was 40-57%. For PW, the range was 69-

82%, and PY and PV ashes had approximately 65% amorphous content by weight. On 

average, 63% of the inorganic minerals in WFA samples was made of amorphous material.  

Table 25. Phase Quantification of Crystalline and Amorphous Phases in WFA 

Phase  

(wt. %) 

PM PW PY PV 

1 2 3 4 5 1 2 3 4 5  1 2 

Mullite 34.2 27.2 35.8 33.9 35.7 8.11 7.89 10.2 8.33 8.0 17.4 13.4 13.1 

Quartz 16.4 12.9 14.3 13.7 17.0 8.22 9.00 9.33 8.11 10.9 14.0 18.8 16.1 

Magnetite 0.0 0.44 1.11 0.44 0.67 7.67 7.78 0.67 0.67 9.11 0.44 2.11 0.0 

Hematite 0.56 0.44 1.00 0.44 0.67 2.44 3.44 0.0 0.78 3.11 0.33 3.33 4.33 

Calcite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.33 1.33 

Ettringite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.11 0.0 0.0 

              

Amorphous 48.8 59.1 47.9 51.6 45.9 73.4 71.9 79.8 82.1 68.8 67.8 61.0 65.1 

The crystalline data of the WFA samples, in conjunction with XRF, was used to calculate 

the network ratio (Nr) of aluminosilicates to the glass network modifiers (alkaline and 

alkaline earth metals), after Oey et al. [161]. However, WFA samples have low percentages 

of alkaline and alkaline earth metals (especially calcium), and Nr was zero for all samples. 

As a result, the proposed parameter was found not to be suitable for assessing the potential 

reactivity of these ashes. 

6.3.4 Strength Activity Index 

Of the 17 alternative ashes included in this study, five did not pass the SAI 

requirements at 7 and/or 28 days (Figure 30). The BP1 sample did not meet the 

compositional specifications in ASTM C618 and also failed the SAI at both ages. While 

the other ashes met compositional requirements, those that failed the SAI were not limited 

to one type of alternative ash. Two of the three co-fired ash samples failed at 28 days but 

passed at 7 days. Because of the language regarding SAI in ASTM C618, which requires 
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that the ash meet strength at either age, all three co-fired ashes fulfill the SAI requirements. 

Four of the 13 WFA samples failed at both ages, while the remaining met the requirement 

at both ages. It is notable that some of off-spec ashes outperformed FA at 7 (PM3, PC-CA) 

and 28 days (PM1). 

 

Figure 30. Strength activity index of 20 ashes at 7 days (left bar) and 28 days (right bar) 

A rate of strength increase was calculated, to compare how quickly alternative fly ashes 

gain strength compared to ordinary fly ashes (Figure 31). This approach allows for the 

identification of faster and slower-reacting ashes. To calculate the rate, the 28-day SAI was 

divided by the 7-day SAI. Using this approach removed the influence of the ordinary 

portland cement on the SAI results. Nine of 20 samples gained strength with the additional 

20 days of curing; of these, only two samples (PM2 and PY) did not pass the SAI 

requirement at both 7 and 28 days. The fact that these ashes gained strength in 20 days yet 

still failed the SAI requirement suggests that these ashes could be effective pozzolans, 

given longer curing times. However, this would need to be validated with testing the 

strength activity index after longer curing times.   
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Figure 31. Ratio of SAI at 28 and 7 days for 20 ashes. Samples outlined in red failed the 

SAI requirement at 7 and 28 days 

This analysis of alternative ashes from 8 different power facilities shows that many 

varieties of alternative ashes fulfill the prescriptive and performance requirements of 

ASTM C618. The co-fired and weathered coal fly ashes fulfill all the chemical and physical 

requirements of ASTM C618, except for loss-on-ignition. ASTM C618 specifies that up to 

12% LOI is acceptable if “either acceptable performance records or laboratory test results 

are made available” [8]. There is room in ASTM C618 for alternative ashes that fulfill the 

prescriptive and performance requirements, as supplies of ordinary coal fly ash become 

scarcer, particularly if additional guidance on performance testing can be provided. 

6.4 Conclusions 

Based on the results of this experimental investigation of 20 coal, co-fired and woody 

biomass ashes fulfilling the requirements of ASTM C618, the following conclusions are 

drawn: 
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1. Woody biomass ashes that are low in silica and aluminum, high in calcium and are 

comprised primarily of coarse, fibrous unburned carbon particles are not suitable 

as pozzolanic supplementary materials in concrete. 

2. Co-fired and weathered coal fly ashes can meet ASTM C618 requirements for 

chemical, physical, and mechanical properties for Class F fly ashes, even though 

these alternative ash sources are not currently directly addressed by the standard. 

Some of these ashes had LOI values that exceeded 6%.  

3. 13 of 17 alternative coal fly ashes (a combination of weathered coal and co-fired 

ashes) met the strength requirements outlined in ASTM C618. These ashes have 

potential for use in concrete as supplementary cementitious materials. 

4. Coal fly ashes retain amorphous pozzolanic glass (a range of 48-82% by weight for 

13 samples), even after weathering.  

Overall, results from this study demonstrate that ashes that are currently ‘off-spec’, because 

of their source, but meet physical, chemical and strength requirements in ASTM C618 

could be used successfully in concrete. Thus, it is proposed that co-fired and weathered 

ashes should be specifically considered by the governing standards in North America.  
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CHAPTER 7. REMOVAL OF LEAD BY ALTERNATIVE FLY 

ASHES 

7.1 Introduction 

Various methods exist for removing heavy metals from wastewaters (e.g. chemical 

precipitation, ion exchange, and adsorption), but adsorption is one of the most popular due 

to its efficiency and cost-effectiveness compared to other methods [9,162]. Much work has 

been done in developing low-cost sorbents from beneficiated waste materials [162–169]. 

However, the bulk of work on novel adsorbents focuses on the performance of waste 

materials that were specifically designed (activated, treated, or combusted) with adsorption 

in mind [162–164,170]. This study focuses instead on testing the sorption capacity of waste 

materials in their natural condition. These fly ashes are waste materials from power 

generation facilities, but their higher organic content makes them undesirable for beneficial 

use in concrete applications. Yet this high organic content and other chemical or physical 

properties may be advantageous for sorption. It is worthwhile to study how natural, 

unmodified waste materials sorb heavy metals. Beneficial use of these materials in sorption 

applications would serve twofold purposes – it would reduce landfill space needed to 

dispose of these wastes while also treating wastewater contaminants. 

Alternative fly ashes have geochemical and morphological properties that may be 

advantageous for heavy metal removal. Biomass fly ash typically has higher alkaline 

elements and carbon content and lower sulfur content than coal fly ash  [13,171]. Its natural 

pH is > 7, in the basic range [93]. Additionally, it has carbon structures that resemble 
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activated carbon, an industry standard sorbent [13]. Both the carbon structures and the 

alkaline natural pH of these materials work favorably for the removal of divalent metal 

cations from aqueous solutions. The negatively-charged surfaces adsorb metal ions, and 

the alkaline pH favors eventual precipitation as hydroxides and carbonates [94]. Weathered 

coal fly ash, in the context of this paper, refers to fly ash that was previously geologically 

disposed. When geologically disposed, tertiary-formed mineral phases, especially phases 

that appear as encrustations on ash particle surfaces, may impact metal adsorption by 

chemically altering the adsorption solution chemistry [54]. For example, soluble tertiary-

deposited surface phases such as sulfates, carbonates, and chlorides may dissolve in the 

adsorption solution and change the equilibrium solution pH [54]. These chemical changes 

may improve metal cation removal. As stated previously, these alternative ashes were not 

activated or adjusted for adsorption in any way, nor was the solution chemistry controlled.  

Lead is a toxic heavy metal contaminant is efficiently removed from aqueous solution by 

both adsorption and precipitation mechanisms [94,164,172,173]. Hayes and Leckie (1988) 

inferred that lead adsorbed by forming strongly bound inner sphere complexes on metal 

oxide ligands because adsorption was not affected by changing the ionic strength of the 

background solution [174]. Srivastava et al. [166] reported Pb(II) uptake as high as 1865 

mg/g for lignin extracted from paper mill waste and determined that lignin surface 

functional groups and ion exchange reactions were dominant mechanisms of lead 

adsorption. Surface complexation models are widely used for the adsorption of heavy metal 

cations because these models are effective at describing the adsorption of heavy metals to 

surface functional groups [175,176]. Type of surface functional group, surface site 
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densities, surface charge, and pH have all been shown to influence lead adsorption 

[94,166,170,175–178].   

This work performed in this chapter studied lead removal by alternative fly ashes that are 

barred from use in concrete applications due to high organic content. This study focused 

on three biomass fly ashes, two weathered coal fly ashes, one non-weathered, high-carbon 

content coal fly ash, one commercially produced coal-derived activated carbon, and one 

commercially-produced woody biomass-derived activated carbon to determine how these 

materials perform as low-cost adsorbents. 

7.2 Materials and Methods 

Fly ash samples were obtained from six power generation facilities throughout the 

southern United States (Table 26). Three samples of pure biomass fly ash were taken from 

full-scale, biomass-only power facilities (BP1, BP2, and PN). Two weathered coal fly ash 

samples (PW8 and PM2) were taken from ash disposal facilities in the southeastern United 

States; these samples were weathered under southeastern United States (humid subtropical) 

climate conditions in saturated to partially saturated conditions [179]. A sample of 

unweathered, high carbon-content fly ash (CP4-1) was taken from another facility in the 

southeastern United States. Two commercially-produced activated carbons, one coal-

derived (AC1 – Carbon Resources CR2050B) and one biomass-derived (AC2 - Carbon 

Resources CR2325W-CA) were selected as comparisons to the coal, weathered coal, and 

biomass samples.  
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Table 26. Physical Properties of Sorbents 
Ash BP11 BP2 PN AC1 AC2 PM2 PW8 CP4-1 

Fuel wood wood wood coal wood coal coal coal 

% Biomass 100 100 100 0 100 0 0 0 

D50 (μm) 640 1440 19.1 151 33.7 28.2 18.3 21.7 

TOC (%) 47.4 80.5 0.53 87.9 82.1 11.6 2.96 8.7 

SSA (m2/g) 180 687 1.50 893 1157 11.7 2.30 8.12 

1Samples BP1, BP2, AC1, AC2, and CP4-1 were characterized by Yeboah [11] 

Pb(II) solutions for batch sorption testing were prepared using lead nitrate - Pb(NO3)2 

(Fisher Scientific) in deionized water (ρ > 17 MΩ.cm). For ICP-OES analysis, calibration 

solutions were prepared using EPA Method 200.7 Calibration Standard 10 (High Purity 

Standards). Leaching testing of the biomass and high-carbon content unweathered coal 

ashes [11] using the TCLP method [180] and of PM2 and PW8 using the SPLP method 

[181] confirmed that the leachable lead levels were less than 0.03 ppm (data referenced in 

Appendix B), far lower than the 5 – 200 ppm initial concentration range analyzed for 

adsorption.  

Freestanding 50 ml polypropylene centrifuge tubes (Fisher Scientific) were used for batch 

sorption tests. The samples were suspended in heavy metal solutions at varying metal 

concentrations at a solid to liquid ratio of 10 g/L (500 mg in 50 ml). The samples were 

rotated at a rate of 18 revolutions per minute for 24 hours at room temperature (21 ± 0.5° 

C). Samples were centrifuged at 3000 rpm and filtered across nylon membrane syringe 

filters (EMD Millipore Millex) with a 45 μm pore opening. The filtered supernatants were 

acidified for ICP-OES analysis in 5% nitric acid using trace metal grade nitric acid – HNO3 

(Fisher Scientific) and 1 mg/L yttrium internal standard (Ultra Scientific – 1000 μg/ml). 

ICP-OES analysis was conducted on a dual view Perkin Elmer Optima 8000 with argon 

torch gas and compressed air shear gas. 
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Kinetic Pb(II) sorption tests were performed on all samples to confirm that that the 

equilibrium time of 24 hours was sufficient for equilibrium conditions to be reached. 

The Langmuir (Equation 6) and Freundlich (Equation 7) isotherms were fitted using the 

Solver add-in from Microsoft Excel.  

 
𝑄 = 𝑄𝑚𝑎𝑥

𝐾𝐿𝐶

1 + 𝐾𝐿𝐶
 

(6) 

 
𝑄 = 𝐾𝐷𝐶

1
𝑛 (7) 

Where Qmax is the maximum predicted sorption capacity (mg/g), KL is the Langmuir 

sorption coefficient (L/mg), C is the equilibrium concentration (mg/L), KD is the 

distribution coefficient (L/mg), and n is a correction factor. The linear isotherm was fitted 

as a linear regression line.  

A non-linear regression analysis method was used for the Langmuir and Freundlich 

isotherms in which the sum of squared errors (SSE) (Equation 8) was minimized between 

the predicted isotherm values and the experimental data. 

 𝑆𝑆𝐸 =  ∑(𝑞𝑒𝑥𝑝 − 𝑞𝑝𝑟𝑒𝑑)
2
 

(8) 

Where qexp is the experimental sorption capacity (mg/g) and qpred is the predicted sorption 

capacity from the isotherm equation. The Pearson Product-Moment Correlation Coefficient 

was then calculated using the Excel function RSQ (Equation 9). 
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𝑅2 = [

∑(𝑥 − 𝑥̅)(𝑦 − 𝑦̅)

√∑(𝑥 − 𝑥̅)2 ∑(𝑦 − 𝑦̅)2
]

2

 
(9) 

The concentration of soluble cations (Mg2+, Ca2+, K+, and Na+) was determined according 

to a modified version of the procedure outlined in ASTM D7503 [182]. Ash was added to 

a 100 mg/L Pb(II) solution, rotated for 24 hours, centrifuged, and filtered. The supernatant 

was acidified with 5% HNO3 and tested for Mg2+, Ca2+, K+, and Na+ using inductively 

coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer Optima 800). 

Samples BP1, BP2, AC1, AC2, and CP4-1 were characterized and tested for Pb(II) sorption 

by Yeboah [11] using a similar methodology to that listed here. Additional testing on these 

samples, including measurement of soluble cations and sorption thermodynamic modeling, 

was performed by author Wirth. 

7.3 Results and Discussion 

7.3.1 Experimental Sorption Data 

The removal capacity for Pb(II) ions varied among the samples (Figure 32). Two 

of three biomass fly ashes (BP1, BP2) showed linear removal capacity for lead, with a 

maximum capacity (in the tested concentration range) of approximately 40 mg/L. These 

samples outperformed the coal and wood-derived activated carbons. The third biomass ash 

sample (PN) showed good removal capacity for Pb(II), but the Langmuir isotherm was a 

better fit than the linear isotherm, with a maximum predicted capacity of 27 mg/L. All 

biomass and activated carbon samples outperformed the coal and co-fired fly ashes by a 

wide margin (Figure 32). The maximum removal capacity for the coal ashes was 5.6 mg/L 
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(PW8). In their natural, untreated state coal and weathered coal fly ashes show limited 

removal capacity for Pb(II).  

  

Figure 32. Pb(II) adsorption behavior of three biomass fly ashes (left), two activated 

carbons (left), one unweathered coal fly ash (right), and two weathered coal fly ashes 

(right), with their corresponding Langmuir or linear isotherms 

Langmuir, Freundlich, and linear (where appropriate) sorption isotherms were fit from the 

experimental data (Table 27). These are commonly used in sorption literature as predictive 

models for equilibrium sorption, and details on their parameters and derivations are 

reported elsewhere [9,11,183]. In general, both the Langmuir and Freundlich isotherms fit 

well. The Langmuir isotherm is a theoretically derived model which has the advantage over 

the empirical Freundlich model of predicting a maximum sorption capacity for the 

adsorbate/sorbent system. All references to qmax later in this Chapter are predicted from the 

Langmuir isotherm or taken as the maximum of the linear isotherm. This model will also 

be used later in the chapter for quantifying sorption energy. 
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Table 27. Isotherm Parameters for Sorbents 
  BP1 BP2 PN AC1 AC2 PM2 PW8 CP4-1 

Linear 
KD (L/mg) 1.55 1.07       

R2 0.998 0.979       

Langmuir 

qmax (mg/g)   26.5 20.5 41.1 2.77 5.58 1.66 

KL (L/mg)   0.012 0.075 0.048 5.26 1.81 3.15 

R2   0.864 0.982 0.980 0.946 0.987 0.677 

Freundlich 

n 0.950 1.16 1.70 2.71 1.96 11.0 30.7 7.77 

KD 1.25 1.72 0.969 2.94 3.41 2.03 4.85 0.946 

R2 0.999 0.990 0.882 0.923 0.934 0.916 0.987 0.648 

 

7.3.1.1 Alkaline, water-soluble ions in fly ash 

Although biomass ashes demonstrated good removal capacity for Pb(II), additional 

investigations are needed to determine if sorption was the dominant removal mechanism. 

Ashes with high CaO concentrations (such as the three biomass ashes) are typically 

alkaline, and ashes with low CaO and high Al2O3 concentrations are typically acidic [94]. 

Soluble alkaline ions on the particle surface dissolve in the slightly acidic Pb(II) solution, 

raise the equilibrium pH of the aqueous Pb/ash system, and contribute to the precipitation 

of Pb(II) as lead carbonates and hydroxides [94,177].  

Additional experiments were conducted to determine if soluble alkaline cations 

influenced Pb(II) removal. Biomass fly ash samples were enriched in alkaline and alkaline 

earth metals compared to coal-derived ashes (Table 28) [13,43]. These ashes had 

correspondingly higher conductivities and higher equilibrium pH (after 24-hour sorption 

with Pb = 100 mg/L). The variation in aqueous chemistry between the biomass and coal 

fly ashes had significant implications for Pb(II) removal. It is likely that the equilibrium 

aqueous conditions contributed to precipitation of Pb(II) compounds in the Pb(II)/biomass 

ash system, though this is discussed in more detail below [94].  
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Table 28. Soluble Cations and Conductivity of Fly Ash 

Soluble Cation Concentrations in Pb(II) solution (mg/L) 

Ash Eq pH Ca Na Mg K 
Conductivity 

(uS/mL) 

BP1 10.9 7.76 17.2 0.82 633 2220 

BP2 10.7 1.30 12.8 1.80 890 980 

PN 11.8 161 1.84 2.05 38.1 446 

AC1 5.96 8.17 0.82 0.73 0.0 57.8 

AC2 5.53 15.4 1.33 6.43 0.0 180 

PM2 4.54 25.1 3.70 1.50 0.64 163 

PW8 5.44 35.1 0.0 0.66 0.0 176 

CP4-1 5.61 26.8 5.62 1.32 4.03 160 

 The predicted qmax was compared to both the sum of soluble cation concentrations (Mg2+, 

Ca2+, K+, and Na+) and to the total organic carbon content (TOC) of the ash (Figure 33; 

Figure 34). A strong positive correlation between soluble ion concentration and Pb(II) 

removal for the biomass and coal samples was observed, but an inverse relationship was 

observed for the activated carbons. For the activated carbons, even the wood-derived one 

(AC2), measured soluble cation concentrations were the lowest (less than 25 ppm total 

cation concentration) while Pb(II) removal was the highest. This correlation suggested that 

lead was not precipitating but was sorbing to the activated carbon surface. A positive 

correlation between organic carbon content and qmax was also found for most of the 

samples; sorption of heavy metal cations was related to the availability of carbon surfaces. 

Coal-derived AC1 and pure biomass sample PN did not follow the general qmax/TOC trend, 

though the very low carbon content of PN compared to the other biomass sample suggested 

that sorption to carbon functional groups did not contribute to the removal of Pb(II) from 

solution. 
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Figure 33. Qmax (mg/L) of the biomass ashes (green), the activated carbons (blue), the 

weathered coal ashes (grey), and the high-carbon content coal ash (black) compared to 

the sum of soluble cations in solution after equilibrium with 100 mg/L of Pb(II) solution 

 

 

 

 

 

 

 

Figure 34. Qmax (mg/L) of the biomass ashes (green), the activated carbons (blue), the 

weathered coal ashes (grey), and the high-carbon content coal ash (black) compared to 

TOC (%) 

The high concentration of soluble cations in the biomass ashes raised the equilibrium pH 

of the Pb(II)/ash system for the biomass samples and contributed to Pb(II) removal due to 

lead precipitation [94]. For samples BP1 and BP2, the high soluble cation concentration 

combined with a high carbon content indicated that both sorption and precipitation 
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removed Pb(II) species. In contrast, the dominant removal mechanism for the PN sample 

was lead precipitation. The low soluble cation concentrations for the AC and coal fly ashes 

indicated that the dominant removal mechanism for these samples was likely sorption/ion 

exchange mechanisms involving the carbon functional groups [164,170,175].  

7.3.2 PHREEQC Speciation Modeling 

7.3.2.1 Pb(II) Speciation 

PHREEQC was used to confirm that precipitation effects played a significant role 

in lead removal from solution in alkaline environments. First, PHREEQC was used to 

predict the speciation of aqueous Pb(II) over a wide range of pH (Figure 35). Solid Pb(II) 

species were not allowed to precipitate, as this analysis was performed to identify which 

aqueous lead species dominate at acidic and basic pH ranges. 

 
Figure 35. Lead speciation across the pH spectrum, with the EPA lead action level of 

0.015 ppm (7.24 x 10-8 M) included for reference (the dashed red line). The total lead 

concentration was 100 ppm (4.83 x 10-3 M), represented by the solid black line 
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In the pH range of activated carbon and coal fly ash samples (4.5 – 6.0), Pb2+, PbHCO3
+, 

and PbCO3 dominated. In contrast, in the pH range of the biomass samples (10.7 – 11.8), 

PbCO3 and Pb(CO3)2
2- dominated. This may have implications for sorption, if sorbents are 

more attracted to the positively-charged Pb2+ and PbHCO3
+ ions. The equilibrium chemical 

conditions for biomass samples did not fall within the range of positively-charged Pb(II) 

aqueous species.  

7.3.2.2 Pb(II) Precipitation 

The data provided by PHREEQC was also used to determine if precipitation of lead 

phases was likely in the range of chemical conditions used during the sorption experiments. 

The measured cation, lead, and nitrate concentrations and the measured equilibrium pH 

(Table 28) were charge balanced with concentrations of chloride and sulfate ions in 0.05 L 

of water. The concentrations of chloride and sulfate ions (10 mg/L and 400 mg/L, 

respectively) were not measured directly but estimated based upon values from literature 

of ash pondwater [184]. PHREEQC provided saturation indices (SI) for solid mineral 

phases (Equation 10). A mineral phase with a SI >0 was supersaturated in solution and 

likely to precipitate.  

 
𝑆𝐼 = log (

𝐼𝐴𝑃

𝐾𝑠𝑝
) 

(10) 

Where IAP is the ion activity product and Ksp is the solubility product [185]. 

The most likely minerals to precipitate from Pb/ash solutions were lead sulfate (anglesite) 

and lead hydroxide (Table 29). In the case of PN, which had a high concentration of 
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calcium ions in solution (161 mg/L), calcite was also likely to precipitate. An additional 

PHREEQC simulation (not shown) confirmed that the initial Pb(II) solution (before ash 

was added) was not supersaturated (SI > 0) for any precipitated species. The addition of 

the soluble cation concentrations and equilibrium pH, which simulated the equilibrium 

sorption conditions, was enough to produce SI values above 2 for the biomass supernatant 

solutions. The soluble cations had a direct influence on the lead removal mechanism. The 

AC and coal ashes showed slight supersaturation of lead sulfates (1.3 < SI < 1.9), but the 

SI values were much lower than the lead hydroxide saturation values for the biomass ashes 

(4.6 < SI < 5.8). The AC and coal samples also had a limited quantity of soluble cations 

and slightly acidic equilibrium pH.  

Table 29. Saturation Indices for Fly Ash Supernatants  
Ash Anglesite 

PbSO4 

Calcite 

CaCO3 

Lead Hydroxide 

Pb(OH)2 

BP1   5.75 

BP2   5.68 

PN  0.158 4.61 

AC1 1.86  0.622 

AC2 1.87   

PM2 1.33   

PW8 1.44   

CP4-1 1.87   

The high positive value for SI for the three biomass ashes confirm that precipitation was a 

dominant mechanism for Pb(II) removal in the Pb(II)/biomass ash system. In comparison, 

the low positive SI values, low equilibrium pH, and low aqueous cation concentration in 

weathered and high carbon content coal fly ashes indicated the sorption and/or ion 

exchange processes were the dominant removal mechanisms for Pb(II) in coal fly ash. 
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7.3.3 Statistical Mechanics Adsorption Model 

Additional analyses on adsorption mechanisms were performed using a Langmuir 

sorption isotherm derived from statistical mechanics.  Statistical mechanics describes the 

thermal properties of materials using a statistical analysis of their molecular interactions 

[186]. The derived formula looked similar to the traditional aqueous chemistry Langmuir 

model, but the thermodynamic derivation had a meaningful advantage over the original 

theoretical derivation, namely the coefficient K0 (Table 30). This coefficient (as outlined 

in greater detail below) was used to approximate the energy associated with adsorption. 

The full derivation of the formula can be referenced in Appendix A. 

Table 30. Derivations of the Langmuir Isotherm 

Original Langmuir 

derivation [183] 

Aqueous chemistry 

derivation [9] 

Statistical mechanics 

derivation 

𝑁

𝑁0
=

𝜎1𝜇

1 + 𝜎1𝜇
 

𝑄

𝑄𝑚𝑎𝑥
=

𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

𝑁

𝑁𝑠𝑖𝑡𝑒
=

𝐾0 ⋅ 𝑎𝑠𝑜𝑙𝑢𝑡𝑒

1 + 𝐾0 ⋅ 𝑎𝑠𝑜𝑙𝑢𝑡𝑒
 

 

 

K0 is a unitless parameter, as is the activity of the solute (asolute) (Equation 11). While asolute 

is the most accurate representation of the behavior of aqueous ions, it is sometimes difficult 

to calculate activity in a complex aqueous solution. If an infinitely dilute solution is 

assumed, the ratio of equilibrium concentration to a standard reference concentration (c/c0) 

can be substituted for activity, which was advantageous because the equilibrium 

concentration, c, can be measured experimentally. The statistical mechanics derivation of 

the Langmuir isotherm becomes (Equation 12): 
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 𝑁

𝑁𝑠𝑖𝑡𝑒
=

Q

Q𝑚𝑎𝑥
=

𝐾0 ⋅ asolute

1 + 𝐾0 ⋅ asolute
 

(11) 

 
𝑄

𝑄𝑚𝑎𝑥
=  

𝐾0 ⋅
𝑐
𝑐0

1 + 𝐾0 ⋅
𝑐
𝑐0

=  

𝐾0

𝑐0
𝑐

1 +
𝐾0

𝑐0
𝑐
 

(12) 

Similar to the aqueous chemistry derivation of the Langmuir isotherm, Qmax and K0 are 

fitted from experimental data. However, unlike the traditional Langmuir parameter KL, K0 

is a unitless parameter that is related to the change in energy associated with the sorption 

process (ΔG0, the standard state Gibbs free energy). ΔG0 is readily calculated using K0, 

temperature (T = 298 K), and Boltzmann’s constant (k = 1.38•10-23 J/K) (Equation 13).  

 
𝐾0 = exp (−

𝑈𝑎𝑑𝑠 − 𝜇0

𝑘𝑇
)

𝑐0

𝑐𝑡𝑜𝑡
𝐻 = exp (−

Δ𝐺0

𝑘𝑇
) ; Δ𝐺0 = −𝑘𝑇𝑙𝑛(𝐾0) 

(13) 

The change in energy associated with sorption was calculated for the activated carbon, coal 

and weathered coal fly ashes. The biomass fly ashes were excluded from this analysis 

because a primary mechanism for Pb(II) removal was precipitation. K0 was determined for 

three scenarios (Figure 36): (A) using the equilibrium concentration of Pb(II) measured by 

ICP-OES (Equation (12)); (B) using the activity of the Pb(II) ions, calculated using 

PHREEQC, but not including any soluble cation information in the model (Equation (11)); 

and (C) using the activity of the Pb(II) ions, calculated using PHREEQC but also including 

the equilibrium pH and soluble cations of the Pb(II)/ash system (Equation (11)). 
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Figure 36. Three scenarios used to calculate the K0 and Qmax sorption parameters 

The K0 or K0/c0 parameters were fitted using the Solver function in Excel, and K0 was used 

to calculate the energy change associated with sorption. For the molar isotherm fitting, a 

c0 of 1 mmol/L was chosen as a representative concentration for the equilibrium sorption 

system.  

PHREEQC provided the necessary activities of aqueous Pb(II) species to check the 

assumption that the Pb(II) solutions were infinitely dilute (i.e. a = c/c0) because high 

concentrations of ionic species in solution can have a significant impact on overall solution 

activity [187]. PHREEQC used the Davies equation for calculation of the activity 

coefficient of aqueous species [185] (Equation 14); this approach has been used by others 

to calculate the activity of aqueous Pb(II) ions [176]. 

 
log 𝛾 = −𝐴𝑧𝑒

2 (
√𝜇

1 + √𝜇 
− 0.3𝜇) 

(14) 

Where A is a constant at a given temperature, γ is the activity coefficient, µ is the ionic 

strength, and ze is the number of equivalents of exchanger in the exchange species [185].  
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The change in energy associated with sorption was calculated for the activated carbon, coal 

and weathered coal fly ashes (Table 31). Strong adsorption (chemisorption) is typically in 

the range of 1-10 eV range, and weak adsorption (physisorption) is typically in the ~10-

100 meV range. The negative value for Gibbs free energy indicates a more favorable 

energy state for the sorbate after adsorption onto the fly ash surface. Values for ΔG0 

indicate the adsorption onto activated carbon surfaces is due to weak, electrostatic bonds 

between surface sites and Pb(II) ions, and adsorption onto coal fly ashes is due to stronger, 

more chemical-type bonding between surface sites and Pb(II) ions. Coal fly ashes would 

be less advantageous as sorbents if multiple adsorption/desorption cycles are required, 

because it is difficult to remove the chemically-bonded Pb(II) ions without further input of 

energy. However, the activated carbons (unsurprisingly, considering that these materials 

are designed for sorption applications) are much more likely to effectively desorb Pb(II) 

ions and can be used for multiple adsorption/desorption cycles.  

Table 31. Energy Change due to Sorption for Coal Fly Ashes and Activated Carbon 
 Ash AC1 AC2 PM2 PW8 CP4-1 

Molar  
K0 () 15.6 9.87 1089 376 653 

ΔG0 (meV) -70.6 -58.9 -180 -152 -167 

Activity (no 

soluble cations) 

K0 () 19.9 9.93 186 156 652 

ΔG0 (meV) -76.9 -59.0 -134 -130 -167 

Activity 

(soluble cations) 

K0 () 15.8 11.5 216 453 774 

ΔG0 (meV) -71.0 -62.7 -138 -157 -171 

 

 

7.4 Conclusions 

Alkaline, biomass fly ashes showed high removal capacity for aqueous Pb(II) species, but 

high-carbon content coal and weathered coal fly ashes showed low removal capacity. The 

high equilibrium pH and high soluble cation concentrations of biomass fly ash indicated 
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that a primary removal mechanism for Pb(II) was precipitation of lead hydroxides. 

Adsorption onto carbon surface and precipitation of lead solids seemed to be responsible 

for Pb(II) removal with the high-carbon content biomass fly ash samples BP1 and BP2. 

For PN, lead precipitation was the only removal mechanism.  

Coal fly ashes had a stronger binding energy associated with adsorption than activated 

carbon, as predicted by a statistical mechanics derivation of the Langmuir isotherm. These 

materials would not be productive as adsorbents used for multiple adsorption/desorption 

cycles, due to their strong binding affinity for Pb(II). Overall, alternative ashes were not 

suitable if Pb(II) adsorption was the specific goal of a water treatment process, but if lead 

removal was the final goal, alkaline, high-carbon content biomass fly ashes may be 

economical alternatives to activated carbon.   
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CHAPTER 8. CONCLUSIONS 

Previously-geologically disposed, weathered fly ash is a potential new source of 

Class C and Class F fly ash; however, there is limited data in the literature on how 

weathering has affected the morphology of the ash. The work performed in Chapter 3 of 

this study on 22 weathered fly ashes indicated that volatile mineral phases present in 

weathered ash include hydrated calcium sulfates, hydrated clays, portlandite, carbonates, 

iron oxides, and unburned carbon. Weathered fly ashes include, on average, more hydrated 

mineral phases that unweathered fly ashes, most likely because they were wet-disposed 

and exposed to precipitation. In some weathered ash samples, greater than 6% of the total 

sample mass was lost due to dehydration (heating in the 200-400 ℃ range). Additionally, 

weathered fly ashes contained large, highly porous carbon particles, even after weathering. 

Samples that were disposed for longer than ten years included more degraded carbon 

structures and exposed carbon surfaces than younger samples. 

Final closure for ash impoundments often requires the use of heavy construction equipment 

to be placed on the ash surface, but this involves dewatering of the impoundment. 

Dewatering an ash impoundment requires extensive knowledge of ash saturated and 

unsaturated hydraulic properties, but there is limited data in literature on unsaturated 

behavior of weathered fly ash. This study was undertaken to determine if chemical and 

physical treatments of a high-water-retention capacity weathered coal fly ash (PY) 

influence ash hydraulic characteristics. Color transformation during thermal treatment of 

the as-received PY sample was due to the transformation of kaolinite present in the ash into 

non-crystalline metakaolin and crystalline hematite (and potentially mullite and 
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cristobalite). This hypothesis was confirmed by the shift in crystalline phases from 

kaolinite to hematite in x-ray diffraction analyses.  

All PY samples had a hydraulic conductivity on the order of 10-5 or 10-6 cm/s, which was 

consistent with literature on silts. The only treatment of the as-received PY sample that had 

a significant influence on hydraulic conductivity was the CBD treatment; the saturated 

hydraulic conductivity dropped by an order of magnitude. There was no consistent trend 

between confining pressure (simulated overburden stress) and saturated hydraulic 

conductivity.  

The influence of treatment was observed in the water retention characteristics of the fly 

ashes. The as-received PY sample had unsaturated behavior consistent with a fine-grained 

silt; its water-retention profile characterized by a shallow drainage curve and a high 

residual water content. The high residual water content was attributed to the kaolinite and 

diatom frustules present in the ash. The calcined sample displayed unsaturated 

characteristics of a silty (high air-entry pressure) and sandy material (sharp drainage curve, 

low residual water content), whereas the Y_CBD sample displayed the opposite 

characteristics. It had a sand-like low air-entry pressure but a silt-like shallower drainage 

curve and high residual water content. The acid-treated sample displayed purely silt-like 

water retention behavior, reflected in the high air-entry pressure, a shallower drainage 

curve and higher residual water content. Chemical treatments that did not alter the surface 

characteristics of either the kaolinite or the diatom frustules (HNO3, CBD treatments) did 

not reduce the water-retention capacity of the PY ash. However, the calcining treatment, 

that transformed the kaolinite, resulted in a fly ash with reduced water-retention 

capabilities.  
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In terms of beneficial use, weathered coal fly ashes can meet ASTM C618 requirements 

for chemical, physical, and mechanical properties for Class F fly ashes, though some of 

these ashes had LOI values that exceeded 6%. Coal fly ashes retain amorphous pozzolanic 

glass (a range of 48-82% by weight for 13 samples), even after weathering. When used in 

concrete mortars, per ASTM C109, 9 of 13 weathered ash samples met the strength 

requirements per ASTM C618. These ashes have the potential for use in concrete as 

supplementary cementitious materials. However, the effectiveness of weathered coal fly 

ashes in sorption applications is limited. These ashes have a limited total removal capacity 

for Pb(II) (<6 mg/g). Additionally, they have stronger binding energy associated with 

adsorption than activated carbon, as predicted by a statistical mechanics derivation of the 

Langmuir isotherm. These materials would not be productive as adsorbents used for 

multiple adsorption/desorption cycles, due to their strong binding affinity for Pb(II).  

Woody biomass fly ash is a more renewable, almost carbon-neutral fuel alternative to coal 

combustion for electricity generation. However, the waste materials generated must also 

be geologically disposed or beneficially used, so it is worthwhile to characterize woody 

biomass fly ash and explore potential beneficial use sectors. A woody biomass fly ash (PN) 

produced at a power generation facility equipped with a fluidized bed (FB) boiler was 

chemically and morphologically very distinct from three other woody biomass ash samples 

produced at power generation facilities with other boiler configurations. The PN ash 

displayed a lower unburned carbon content, a lower specific surface area, a higher specific 

gravity, and a lower median particle size compared to three other samples. The FB boiler 

contributed to an efficient fuel combustion and ash with a low unburned carbon content, a 
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particle size distribution in the silt range, and a low specific surface area. The type of boiler 

and the corresponding combustion conditions had a significant impact on ash morphology.  

Although the woody fuel mixture varied across different combustion cycles at the PN 

facility, the physical and chemical properties of the PN samples were consistent across a 

single combustion cycle and across four different combustion cycles, with expected 

fluctuations. The largest variation was seen in LOI, which fluctuated between 1.5% and 

5% across four combustion cycles. All samples contained angular silica, woody ash, and 

aluminosilicate sphere morphologies. A notable impact of the FB boiler was the inclusion 

of crystalline silica with the biomass fly ash which produced an ash with a higher silica 

content and angular silica particles. Lab-combusted samples did not contain this silica, and 

they had a correspondingly higher percentage of calcium and other alkaline metals. Woody 

biomass fly ash produced at a full-scale, biomass-only facility with a fluidized-bed boiler 

is consistently a high-calcium, low-organic, silty material.  

Alkaline, biomass fly ashes, even though they have very different morphologies, show high 

removal capacity for aqueous Pb(II) species. The high equilibrium pH and high soluble 

cation concentrations of biomass fly ash indicate that a primary removal mechanism for 

Pb(II) is precipitation of lead hydroxides. Adsorption onto carbon surface and precipitation 

of lead solids are assumed to be dual mechanisms for Pb(II) removal for high-carbon 

content biomass fly ash samples BP1 and BP2. For PN, lead precipitation was the only 

removal mechanism. Wastewater treatment applications may be a beneficial use sector for 

woody biomass fly ash if metal removal is the primary objective for the treatment, and if 

the specific removal mechanism does not have to be sorption onto solid surfaces.   
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CHAPTER 9. FUTURE WORK 

Proposed future work expands the characterization work summarized in this dissertation 

by including additional weathered fly ash and biomass fly ash samples, as this dissertation 

was limited in scope to only four different types of woody biomass fly ash, five weathered 

fly ash impoundments, and two beneficial use applications. Specific future work 

opportunities include: 

• Further experimental testing on weathered coal fly ashes, to expand the current 

work on characterization of these materials. To validate the conclusions mentioned 

in this dissertation concerning the chemical and physical composition of weathered 

coal fly ashes, additional samples from geographical areas outside the southeastern 

United States would be helpful, as various climatic conditions may slow or 

accelerate the weathering process. Characterizing both shallow and deeply buried 

samples would be useful, to evaluate the time effects of aging.  

• Further laboratory testing on the unsaturated hydraulic properties of weathered coal 

fly ash. First, testing additional weathered fly ashes for water-retention 

characteristics would augment the limited scope of this dissertation. Ideally, some 

of the additional samples would not have kaolinite or diatom frustules. 

Additionally, artificially adding a known quantity of kaolinite or diatomaceous 

earth to fly ash to increase its water-retention capacity would provide quantitative 

data on the effects of these morphologies on the water-retention capacity of fly ash. 

Lastly, additional work on chemical treatments of water-retentive morphologies to 

reduce their water-retention characteristics would be helpful. Ideally, these 
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chemical treatments could be implemented in field studies, to aid plant operations 

personnel in the dewatering of ash impoundment facilities.  

• Testing additional weathered coal fly ashes for use as SCMs in concrete. Ideally, 

both weathered Class C ashes and Class F ashes would be tested for SAI in concrete 

mortars, to augment the limited scope of this dissertation, which included only 13 

Class F weathered fly ash samples. This study could also include an exploration 

into how hydrated mineral phases, volatile mineral phases, and unburned carbon 

content influence mortar strength and durability. It is still unknown whether a 

potentially large quantity of hydrated and other volatile mineral phases in 

weathered fly ashes negatively impacts concrete performance.  

• Characterization of additional woody biomass fly ashes from power generation 

facilities both within and outside of the United States, to validate the conclusion 

that combustion conditions and boiler efficiency have a strong impact on biomass 

ash properties. This study represented a limited scope of biomass fly ashes from the 

United States only. Additional characterization on woody biomass fly ash from 

other power generation facilities would augment the database of woody biomass 

fly ashes.   

• Additional laboratory testing on woody biomass combustion, to quantify the effects 

of temperature on woody biomass fly ash morphology. Woody biomass fuel would 

be combusted in a temperature-controlled furnace, at temperatures between 600 and 

900°C, and the resultant biomass ashes would be characterized.  Examining the 

relationships between carbon content, combustion temperature, and biomass ash 
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properties would validate the conclusion that combustion conditions have a strong 

impact on biomass ash properties 

• Additional testing of woody biomass fly ashes for heavy metal removal, to augment 

the current study on lead removal. Other divalent metal cations such as copper, 

cadmium, and chromium could be analyzed. Additionally, the removal capacity of 

alternative ashes for multi-metal solutions could be analyzed, as most wastewater 

streams contain more than one heavy metal. The metal removal capacity of biomass 

ashes in a multi-metal system would provide additional insight into the 

effectiveness of using biomass ashes for wastewater treatment.  

• Additional geochemical modeling of the heavy metal/ash system, to quantify the 

precipitation and adsorption mechanisms. PHREEQC was used in this dissertation 

to model solely the precipitation reactions associated with Pb(II) removal at high 

pH, but PHREEQC also is capable of modeling adsorption using surface 

complexation models [185,188,189]. However, the surface complexation models 

associated with PHREEQC require additional experimental analysis of the quantity 

and type of adsorption surface sites. Future work with biomass and high-carbon 

content coal fly ashes would include finding the quantity and type of adsorption 

sites and the protonation constants of the adsorption site experimentally using 

titration [175] and then modeling the surface complexation of Pb(II) ions to ash 

functional groups. 
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APPENDIX A. DERIVATION OF THE THERMODYNAMIC 

LANGMUIR ISOTHERM 

This expression was derived with the assistance of Dr. Laurent Brochard at Ecole des Ponts 

Paris Tech and is based on expressions from statistical mechanics. For a system of Nsite 

number of adsorption sites with no interaction between adsorbed molecules, and Nu number 

of molecules adsorbed onto Nu ≤ Nsite number of sites, the probability of there being a u 

microstate with Nu number of adsorbed molecules is: 

𝑝𝑢 =
1

𝑍𝐺𝐶
exp ( −𝑁𝑢

𝑈𝑎𝑑𝑠 − 𝜇

𝑘𝑇
) 

Where ZGC is the Grand Canonical Partition Function, 

𝑍𝐺𝐶 = [1 + exp (−
𝑈𝑎𝑑𝑠 − 𝜇

𝑘𝑇
)]𝑁𝑠𝑖𝑡𝑒  

At a fixed T and µ, the fraction of sites that are occupied can be determined from the Grand 

Potential Λ = E – TS - µN = -kTln(ZGC) and the thermodynamic definition of the number 

of molecules, N, in the ensemble. 

𝑁 =
−𝜕Λ

𝜕𝜇
;  Λ = −𝑘𝑇𝑙𝑛(𝑍𝐺𝐶) 

𝑁

𝑁𝑠𝑖𝑡𝑒𝑠
=

1

1 + exp (
𝑈𝑎𝑑𝑠 − 𝜇

𝑘𝑇
)
 

𝑈𝑎𝑑𝑠 − 𝑘𝑇𝑙𝑛 [
𝑁𝑠𝑖𝑡𝑒

𝑁
− 1] = 𝜇𝑎𝑑𝑠 
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The thermodynamic definition of chemical potential of an adsorbed species refers to a 

standard state chemical potential and a deviation from standard state, expressed by the 

activity of the adsorbed species.  

𝜇𝑎𝑑𝑠 = 𝜇𝑎𝑑𝑠
0 + 𝑘𝑇𝑙𝑛(𝑎𝑎𝑑𝑠) 

𝜇𝑎𝑑𝑠
0 = 𝜇 (𝑁 =

𝑁𝑠𝑖𝑡𝑒

2
) = 𝑈𝑎𝑑𝑠 

One may set the statistical mechanics relationships between adsorbed sites and chemical 

potential equal to the thermodynamic relationship between chemical potential and activity. 

𝑈𝑎𝑑𝑠 − 𝑘𝑇𝑙𝑛 [
𝑁𝑠𝑖𝑡𝑒

𝑁
− 1] = 𝜇𝑎𝑑𝑠    (1) 

𝑈𝑎𝑑𝑠 + 𝑘𝑇𝑙𝑛(𝑎𝑎𝑑𝑠) = 𝜇𝑎𝑑𝑠    (2) 

ln(𝑎𝑎𝑑𝑠) = − ln [
𝑁𝑠𝑖𝑡𝑒

𝑁
− 1] 

𝑎𝑎𝑑𝑠 =
1

𝑁𝑠𝑖𝑡𝑒

𝑁
− 1

 

The Gibbs free energy of the adsorption process is the derivative of the free energy of the 

system with respect to the advancement of the solution, ξ.  

Δ𝐺 =
𝛿𝐺

𝛿𝜉
 

𝑑𝐺 = 𝑉𝑑𝑃 − 𝑆𝑑𝑇 + 𝜇𝑠𝑜𝑙𝑢𝑡𝑒𝑑𝑁𝑠𝑜𝑙𝑢𝑡𝑒 + 𝜇𝑎𝑑𝑠𝑑𝑁𝑎𝑑𝑠 
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The rate of advancement, δξ, is related to the number of adsorbed molecules Nads and the 

number of molecules of solute still in solution, Nsolute.  

𝛿𝜉 =  −𝑑𝑁𝑠𝑜𝑙𝑢𝑡𝑒 = 𝑑𝑁𝑎𝑑𝑠 

Δ𝐺 = 𝜇𝑎𝑑𝑠 − 𝜇𝑠𝑜𝑙𝑢𝑡𝑒 

The relationship between Gibbs free energy and the chemical potential of the adsorbed and 

dissolved species can be used to find another expression for aads. The change in free energy 

is represented by the free energy of a standard state, ΔG0, and the chemical potentials of 

the adsorbed and solute species.  

Δ𝐺 = μads − 𝜇𝑠𝑜𝑙𝑢𝑡𝑒 = Δ𝐺0 + 𝑘𝑇𝑙𝑛(𝑎𝑎𝑑𝑠) − 𝑘𝑇𝑙𝑛(𝑎𝑠𝑜𝑙𝑢𝑡𝑒) 

The standard state of a dilute solution is assumed to be a solution of a standard 

concentration, c0. The system is assumed to be at equilibrium, and the change in Gibbs free 

energy for a solution at equilibrium is zero. 

Δ𝐺 =  −kTln(K0) + 𝑘𝑇𝑙𝑛(𝑎𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑) − 𝑘𝑇𝑙𝑛(𝑎𝑠𝑜𝑙𝑢𝑡𝑒) = 0 

𝑘𝑇𝑙𝑛(𝐾0) = 𝑘𝑇𝑙𝑛 (
𝑎𝑎𝑑𝑠

𝑎𝑠𝑜𝑙𝑢𝑡𝑒
) 

𝐾0 =
𝑎𝑎𝑑𝑠

𝑎𝑠𝑜𝑙𝑢𝑡𝑒
; 𝑎𝑎𝑑𝑠 = 𝐾0𝑎𝑠𝑜𝑙𝑢𝑡𝑒 

A Langmuir-like relationship between the adsorbed species and activity of the solute 

emerges.  
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𝑎𝑎𝑑𝑠 =
1

𝑁𝑠𝑖𝑡𝑒

𝑁 − 1
= 𝐾0 ⋅ 𝑎𝑠𝑜𝑙𝑢𝑡𝑒 

𝑁

𝑁𝑠𝑖𝑡𝑒
=

𝐾0 ⋅ 𝑎𝑠𝑜𝑙𝑢𝑡𝑒

1 + 𝐾0 ⋅ 𝑎𝑠𝑜𝑙𝑢𝑡𝑒
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APPENDIX B. ADDITIONAL DATA AND FIGURES 

Table B1. Characterization Data for PN_M17 Daily Samples 

 

 

 

 

 

 

Table B2. Characterization Data for PN_N17 Daily Samples 
Major 

Oxides 
11.9 11.10 11.11 11.12 11.13 11.14 11.15 11.16 11.17 

SiO2 64.1 55.6 57.2 58.1 57.9 67.1 62.5 59.1 53.1 

Al2O3 4.69 5.19 4.88 4.79 4.82 4.07 4.36 4.52 4.49 

Fe2O3 3.78 4.25 4.22 4.17 4.18 2.97 3.25 3.64 4.52 

SO3 1.64 2.13 1.79 1.7 1.73 1.17 1.44 1.59 62.1 

CaO 18.1 24.1 23.1 22.6 22.7 17.6 20.5 22.6 2.24 

Na2O 0.48 0.45 0.4 0.4 0.39 0.28 0.31 0.36 0.34 

MgO 1.67 2.15 2.13 2.04 2.05 1.56 1.77 2.00 2.76 

K2O 3.18 3.59 3.57 3.5 3.56 3.07 3.31 3.52 5.21 

P2O5 0.93 1.15 1.07 1.05 1.05 0.78 0.88 1.01 1.40 

TiO2 0.37 0.41 0.44 0.43 0.42 0.44 0.44 0.42 0.38 

SrO 0.11 0.12 0.14 0.13 0.12 0.11 0.11 0.11 0.14 

BaO 0.12 0.14 0.12 0.13 0.13 0.11 0.12 0.13 0.16 

LOI (%) 6.17 7.60 5.76 6.12 5.64 4.24 3.89 5.64 5.94 

POC (%) 72.6 65.0 66.3 67.1 66.9 74.1 70.1 67.3 62.1 

Gs 2.80 2.91 2.65 2.93 2.69 2.67 2.74 2.83 2.76 

d50 22.7 21.0 22.9 24.4 22.8 22.8 23.5 22.7 21.3 

 

 

Major 

Oxides 
5.10 5.11 5.12 5.13 5.14 

SiO2 66.78 64.79 74.12 61.06 71.05 

Al2O3 4.53 4.84 4.08 5.52 4.58 

Fe2O3 4.5 4.77 3.54 4.35 3.53 

SO3 1.01 1.01 0.65 1.16 0.81 

CaO 15.29 16.69 11.93 19.55 13.68 

Na2O 0.33 0.34 0.22 0.33 0.29 

MgO 1.32 1.46 0.97 1.58 1.18 

K2O 2.7 2.82 2.16 3.06 2.37 

P2O5 0.61 0.66 0.45 0.73 0.57 

TiO2 0.41 0.46 0.42 0.44 0.41 

SrO - 0.09 0.07 0.09 0.08 

BaO 0.1 0.11 0.07 0.1 0.09 

LOI (%) 1.74 2.10 0.98 1.19 0.40 

POC (%) 75.81 74.4 81.74 70.93 79.16 

Gs 2.70 2.72 2.68 2.72 2.87 

d50 24.2 24.0 28.1 25.3 27.6 
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Table B3. Characterization Data for PN_A18 Daily Samples 

Major Oxides  3.28 3.29 3.30 3.31 4.1 4.2 4.3 4.4 4.6 

SiO2  61.87 60.51 84.96 53.41 64.46 62.54 62.8 62.12 71.51 

Al2O3  4.2 4.31 2.62 4.11 3.78 3.75 3.49 3.65 3.11 

Fe2O3  3.43 3.55 2.46 3.45 3.28 3.32 2.96 2.94 2.72 

SO3  1.72 1.71 0.15 2.15 1.51 1.64 1.57 1.64 0.88 

CaO  18.68 20.12 5.58 24.71 17.93 19.07 19.13 19.7 13.61 

Na2O  0.25 0.31 0.18 0.25 0.27 0.26 0.23 0.23 0.22 

MgO  2.19 2.19 0.6 2.52 2.07 2.21 2.13 2.15 1.54 

K2O  4.06 3.89 2.18 4.54 3.67 4.05 4.24 4.32 4.09 

P2O5  1.15 1.11 0.37 1.29 1.08 1.13 1.11 1.11 0.83 

TiO2  0.47 0.45 0.31 0.42 0.39 0.36 0.35 0.36 0.28 

SrO  0.1 0.1 0.04 0.12 0.09 0.1 0.1 0.1 0.07 

BaO  0.14 0.14 0.07 0.16 0.14 0.15 0.15 0.15 0.13 

LOI (%)  4.6 6.4 1.8 6.8 5.2 7.8 7.0 6.6 3.8 

POC (%)  69.5 68.37 90.04 60.97 71.52 69.61 69.25 68.71 77.34 

Gs  2.81 2.81 2.76 2.92 2.94 3.06 2.93 2.90 2.80 

d50  26.9 23.0 59.0 21.5 22.9 18.4 23.3 23.1 37.0 

 

 

 

 
Figure 1B. Thermogravimetry analysis of three lab combusted samples identifying mass 

loss occurring in the N2 atmosphere (below 950°C) and corresponding to the 

decomposition of carbonates. Peaks correspond to the DTG curve, and dashed lines 

correspond to the mass curve 
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Table B4. Lead leaching results from TCLP and SPLP methods [11,180,181] 

Ash Method Used Lead Results (ppm) 

BP1 TCLP 0.024 

BP2 TCLP nd (none detected) 

CP4-1 TCLP 0.012 

PM2 SPLP 0.018 

PW8 SPLP 0.00027 

 

 

 

 

 

   

   

Figure 2B. SEM EDS micrographs representing the elemental composition of the as-

received PY ash 

 

 
  

Figure 3B. SEM EDS micrograph of PY ash showing the elemental composition of 

diatom frustule 
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