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ABSTRACT 

The use of alkali-activated materials to immobilize heavy metals in precursors represents 

a promising avenue in environmental remediation and waste management. Alkali -activated 

materials, with their unique properties and ability to form stable matrices, offer a potential 

solution to mitigate the environmental impact of heavy metal contamination. 

Over the course of industrial development, several materials once widely used for their 

advantageous properties were later found to pose significant risks to human health and safety. 

Two notable examples are asbestos and per- and polyfluoroalkyl substance, both of which 

became prevalent in various industries before their detrimental health effects were fully 

understood. In this vein, the ability of alkali-activated materials utilizing H-Power Municipal 

Solid Waste Incineration Ash, AES fly ash, and red mud to immobilize heavy metals present in 

precursor materials should be thoroughly understood before they can be adopted into industrial 

use. 

This study furthers the research of Reza Mirmoghtadaei and Lin Shen by subjecting three 

samples of alkali-activated materials, and the granular materials used as precursors in the mix 

design of the aforementioned monolithic alkali-activated samples, to EPA Test Method 1315 

leaching tests to evaluate the leaching behavior of each mix and the constituent granular 

precursor material. 

Significant reductions in leached metal concentrations were found when comparing 

compacted granular precursor materials to their alkali-activated counterpart. 
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CHAPTER 1. INTRODUCTION  

1.1 BACKGROUND OF GEOPOLYMERS AND ALKALI -ACTIVATED 

MATERIALS  

The history of geopolymers is a fascinating journey that began with the pioneering work 

of Joseph Davidovits in the 1970s. Davidovits, a French materials scientist, introduced the 

concept of mineral-based geopolymers in 1975 with metakaolin as a precursor and alkali silicate 

as an activator (Davidovits, 2020). The first patent for this innovative class of inorganic 

polymers with the potential to revolutionize construction materials was filed by Davidovits in 

1979 under the title Mineral Polymer. 

In the early stages of research, Davidovits proposed the use of aluminosilicate materials, 

such as fly ash and metakaolin, as precursors for geopolymers. The key breakthrough was the 

idea of activating these materials with alkaline solutions, leading to the formation of a three-

dimensional network of linked polymeric structures. This novel approach allowed for the 

creation of materials with properties similar to traditional ceramics but at significantly lower 

temperatures. Davidovits' early experiments and theoretical framework sparked interest in the 

scientific community, marking the birth of the field of geopolymers. 

As researchers delved deeper into the chemistry and engineering aspects of geopolymers, 

the concept of alkali-activated materials emerged as a significant milestone. Notable 

contributions in this regard include the 2009 comprehensive review by Provis and van Deventer. 

This review provided a thorough analysis of the chemical processes involved in the formation of 
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geopolymers and their potential industrial applications, laying the foundation for further 

advancements in the field (Provis & Jakob, 2009). 

The exploration of geopolymers expanded beyond the laboratory, and researchers began 

to investigate various raw materials and formulations to optimize the properties of these 

materials. The use of industrial by-products, such waste ash, as alternative precursors for 

geopolymers gained attention, adding an environmentally sustainable dimension to the field (Lan 

et al., 2022) (Li et al., 2021) (Liu et al., 2021). 

Geopolymers have not only shown to be an innovative construction material but have 

also shown promise in addressing environmental concerns associated with traditional cement 

production. Academics emphasize the lower carbon footprint of geopolymers compared to 

conventional cement, aligning with the growing global interest in sustainable building practices 

(Sotelo-Pina et al., 2019) (Turner & Collins, 2013). This environmental focus is further 

supported by ongoing research highlighted in journals like the Journal of Sustainable Cement-

Based Materials, where scholars continue to investigate and propose environmentally friendly 

alternatives in the construction industry. 

The history of geopolymers is marked by visionary contributions from researchers like 

Davidovits, whose early insights paved the way for a multidisciplinary exploration of these 

inorganic polymers. The evolution of geopolymers from theoretical concepts to practical 

applications is intricately documented in academic journals, reflecting the collaborative efforts of 

scientists and engineers striving to unlock the full potential of this innovative class of materials. 

As geopolymers continue to gain momentum, their impact on sustainable construction practices 

and environmental conservation is poised to shape the future of the construction industry. 
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Davidovits has put forth a distinctive argument that challenges the classification of alkali-

activated materials as true geopolymers. Davidovits contends that the term geopolymer should be 

reserved for materials formed through the geopolymerization of natural aluminosilicates, such as 

kaolin or metakaolin, and not extended to include alkali-activated systems (Davidovits, 2020). 

One key aspect of Davidovits' argument is the emphasis on the geological origin of the 

raw materials. In his view, geopolymers should be exclusively derived from naturally occurring 

aluminosilicate minerals. He asserts that the term "geopolymer" is rooted in the geological 

processes that lead to the formation of aluminosilicate minerals over geological timescales 

(Davidovits, 2020). 

Davidovits argues that while alkali-activated materials share some similarities with 

geopolymers, their fundamental differences in terms of raw material origin warrant a distinct 

classification. He advocates for a clear distinction between geopolymers and alkali-activated 

materials, asserting that the former should be exclusively linked to materials derived from 

geological sources. 

One of Davidovits' key publications, Geopolymer: Chemistry and Applications, serves as 

a foundational source for his arguments (Davidovits, 2020). This work, originally published in 

1979, outlines the principles and theories behind geopolymers and lays the groundwork for his 

distinction between geopolymers and alkali-activated materials. 

In the end, Davidovits' argument revolves around the geological origin of raw materials, 

asserting that only materials derived from natural aluminosilicate minerals should be labeled as 

geopolymers. His perspective has influenced discussions in the field and reflects an ongoing 



4 
 

debate over the classification of alkali-activated materials within the broader geopolymer 

framework. 

Whether alkali-activated materials are true geopolymers or not, they are closely related 

materials, and this study is focused on the leaching behavior of heavy metals in samples of 

alkali-activated material proposed by the works of Reza Mirmoghtadaei and Lin Shen 

(Mirmoghtadaei, 2020) (Mirmoghtadaei et al., 2023a) (Mirmoghtadaei et al., 2023b). The 

monolithic samples used in this study were provided by Reza Mirmoghtadaei and Lin Shen, and 

the precursors selected for evaluations were AES coal-fired power plant, Oahu, Hawaii, fly ash 

(FA); H-Power (HP) waste-to-energy power plant, Oahu, Hawaii, municipal solid waste 

incinerator mixed ash (MSWIMA); and red mud (RM), a byproduct of the Bayer aluminum 

making process, China. 

These materials, in a cradle-to-the-grave sense of analysis, are all byproducts born of 

energy production or material manufacturing and more often than not, ultimately end up being 

disposed of in landfills. In the case of HP MSWIMA, the goal is energy production and reduction 

in the volume of refuse entering landfills on Oahu, Hawaii.  

 

1.2 GEOPOLYMER AND ALKALI -ACTIVATED MATERIAL 

CHEMISTRY  

The geopolymer and alkali-activated materials reaction is a complex process that 

involves the transformation of aluminosilicate precursors into a three-dimensional network of 

linked polymeric structures. This reaction, first proposed by Joseph Davidovits in the 1970s, has 
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since become a focal point of research in the field of geopolymers. Understanding the 

geopolymerization process is crucial for tailoring the properties of these materials to suit various 

applications, ranging from construction to environmental remediation. 

The geopolymer reaction typically begins with the selection of aluminosilicate 

precursors, such as kaolin or metakaolin, while the alkali-activated materials reaction begins with 

precursors such as fly ash, metakaolin, or slag (Davidovits, 2020). These materials contain 

amorphous phases and reactive components that can participate in the formation of geopolymers. 

The key to initiating the geopolymerization is the activation by alkaline solutions, commonly 

based on sodium or potassium hydroxide (Davidovits, 2020). This activation step is essential for 

dissolving the precursor materials and initiating the chemical reactions that lead to the formation 

of the geopolymeric structure. 

A paper explaining the geopolymer reaction mechanisms is the2009 comprehensive book 

by Provis and Jakob (Provis & Jakob, 2009). This work delves into the chemistry of 

geopolymers, discussing the role of alkaline activators and the various reactions involved in the 

transformation of aluminosilicate precursors into geopolymers. It serves as a fundamental 

resource for researchers seeking a deep understanding of the geopolymerization process. 

The geopolymerization reaction can be broken down into several stages (Davidovits, 

2020). Initially, the alkaline activator reacts with the aluminosilicate precursor, leading to the 

dissolution of silica (SiO2) and alumina (Al2O3). This dissolution process is followed by the 

formation of polymeric chains through condensation reactions. The resulting polymeric 

structures create a three-dimensional network that imparts strength and durability to 

geopolymers. The reaction kinetics, gel formation, and the role of various parameters in 
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influencing the geopolymerization process have been extensively investigated in the academic 

literature (Davidovits, 2020) (Provis & Jakob, 2009). 

Mirmoghtadaei, in his 2020 dissertation, writes that alkali-activates precursor materials 

usually contain high calcium oxide along with sulfates, chlorides, and heavy metals, and the 

geopolymerization process which differs from pure aluminosilicate precursors used in the 

creation of geopolymers. This key difference leads to the formation of calcium silicate hydrates, 

or C-S-H, calcium aluminate hydrates, or C-A-H, and sometimes calcium-aluminum-silicate 

hydrates, or C-A-S-H (Mirmoghtadaei, 2020). 

The geopolymer reaction is not only of academic interest but also holds practical 

significance for industrial applications. Controlling the reaction parameters, such as the 

concentration of activators, curing conditions, and the type of precursor, allows researchers and 

engineers to tailor the properties of geopolymers to meet specific performance requirements. 

Ongoing research in journals such as the Journal of Sustainable Cement-Based Materials and 

Sustainability continue to explore advancements in the geopolymerization process, with a focus 

on sustainable and environmentally friendly alternatives to traditional construction materials. 

The geopolymer reaction is a multifaceted process that transforms aluminosilicate 

precursors into durable and environmentally friendly materials. Through decades of research, 

scholars have made significant strides in unraveling the mechanisms and kinetics of 

geopolymerization. The insights gained from academic investigations, exemplified by seminal 

works cited in this section, continue to guide the development and application of geopolymers in 

diverse fields, contributing to sustainable and innovative solutions in materials science. 
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1.3 GEOPOLYMERS AND ALKALI -ACTIVATED MATERIALS AS 

HEAVY META L IMMOBILIZERS AND POTENTAIL USES  

The use of geopolymers to immobilize heavy metals in precursors represents a promising 

avenue in environmental remediation and waste management. Geopolymers, with their unique 

properties and ability to form stable matrices, offer a potential solution to mitigate the 

environmental impact of heavy metal contamination. This application has gained attention in 

both academic research and practical implementation, with studies exploring the effectiveness of 

geopolymers in immobilizing heavy metals and preventing their leaching into the environment. 

One of the key aspects in the immobilization of heavy metals using geopolymers is the 

selection of suitable precursor materials. Aluminosilicate precursors, such as fly ash and 

metakaolin, are commonly utilized due to their pozzolanic properties and reactivity 

(Mirmoghtadaei, 2020). These materials provide a favorable environment for the incorporation 

of heavy metals into the geopolymeric structure during the activation process. The alkaline 

activation of these precursors initiates the geopolymerization reaction, leading to the formation 

of a three-dimensional network that encapsulates heavy metal ions. 

A notable contribution to the understanding of heavy metal immobilization in 

geopolymers is found in the work of Labianca et al. In their study, the authors compare MSWI 

FA-based alkali-activated materials to ordinary Portland concrete for immobilizing heavy metals. 

The review highlights the effectiveness of alkali-activated materials in preventing the leaching of 

heavy metals, emphasizing their potential as a sustainable alternative in the treatment of 

contaminated waste (Labianca et al., 2022). 
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Research has demonstrated that the incorporation of heavy metals into the geopolymeric 

structure occurs through mechanisms such as ion exchange, adsorption, and precipitation (Provis 

& Jakob, 2009). The alkaline environment created during geopolymerization facilitates the 

conversion of heavy metal ions into stable and insoluble forms, preventing their migration into 

the surrounding environment. Additionally, the porous structure of geopolymers further 

contributes to the immobilization of heavy metals by limiting their mobility within the matrix 

(Zhang et al., 2008). 

A 2020 article in the Journal of Cleaner Production concludes that the effectiveness of 

geopolymers created with washed municipal solid waste incineration bottom ash (WBA) and 

sodium hydroxide at immobilizing metals varies with activator molarity (Maldonado-Alameda et 

al., 2020). The researchers found C-A-S-H gel and gehlenite formation occurred due to the 

calcium content of the WBA, and that aresnic is best immobilied at 2M , copper is best 

immobilized at 4M, molybdenum is best immobilized at 4M, lead is best immobilized at 8M and 

2M, and tin is best immobilized at 4M. 

A 2018 study, compares geopolymers made with blast furnance slag and fly ash 

(Fernandez-Pereira et al., 2018), and  found both C-A-S-H and N-A-S-H formation in the blast 

furnace slag geopolymer while the fly ash only had the formation of the latter. The blast funace 

slag geopolymer displayed a higher acid buffering capacity than the fly ash-based geopolymer, 

along with lower levels of lead and cadnium leaching. 

Van Jaarsvel puts forth the hypothesis that lead is primarily immobilized through 

geopolymerization via the amorphous gel (Van Jaarsvel et al., 1998). Gou et al. dive deep into 

the topic and conclude that the species of lead provides insights into the effectiveness of 
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geopolymerization immobilization (Guo et al., 2017). Gou contends that lead in forms soluble in 

sodium hydroxide lead to chemical bonding, while lead forms inert to sodium hydroxide are 

mainly encapsulated. 

An acticle in Waste Management, the authors propose that heavy metal cations cannot be 

immobilized through exchange with Na
+
, isomorphous substitution of metal species in the matrix 

occurs because of the condensation reaction between the hydrolyzed metal species and 

aluminosilicate (Zheng et al., 2016). The study finds that, of the tested samples, the geopolymers 

with highest metal immobilization properties occur when created with an intermediate pH value. 

The article concludes that heavy metal immobilization increase as a whole with the addition of 

aluminate to the alkali-activator mix. 

The application of geopolymers in immobilizing heavy metals extends beyond academic 

research, with practical implementations in the remediation of contaminated sites and the 

encapsulation of hazardous wastes. The environmentally friendly nature of geopolymers, coupled 

with their ability to provide long-term stability, makes them a promising technology in the 

context of sustainable waste management (Ji & Pei, 2019). As this field continues to evolve, 

ongoing research and practical applications are likely to further establish geopolymers as a 

valuable tool in the remediation and containment of heavy metal-contaminated materials. 

If sufficient evidence of the immobilization of heavy metals using geopolymerization is 

amassed, the potential applications could be wide ranging and include use for rapid fixing of US 

military structures. The U.S. Army Corps of Engineers published a report in 1985 about this very 

topic titled Potential Applications of Alkali-Activated Alumino-Silicate Binders in Military 

Operations (Malone et al., 1985). This document explored the potential utilization of alkali-
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activated alumino-silicate binders, often associated with geopolymers, in various military 

applications. 

The report highlights the unique properties of these binders, emphasizing their potential 

advantages in military operations, particularly in the construction and engineering aspects of 

military infrastructure. One key application discussed in the report was the use of alkali-activated 

alumino-silicate binders in rapid runway repair. The quick-setting and durable nature of 

geopolymers made them suitable for repairing airstrips and other military infrastructure in a 

timely and efficient manner. The report also explored their potential in the construction of 

temporary structures, such as shelters and barriers, due to their rapid curing and high strength. 

The advantages of geopolymers in military operations were not only limited to their mechanical 

properties but also included considerations of cost-effectiveness and logistical feasibility. 

In a study conducted by Wazien et al, the focus is on assessing the strength and density of 

geopolymer mortar cured at ambient temperature, specifically for its application as a repair 

material (Wazien et al., 2016). Geopolymer materials, known for their sustainable and durable 

characteristics, are investigated as repair applications where curing at ambient temperatures 

could offer practical advantages. 

The researchers prepared geopolymer mortar samples using a mix of fly ash and alkaline 

activators. These samples were then subjected to ambient temperature curing, avoiding the need 

for energy-intensive curing processes. The results demonstrated that the geopolymer mortar 

exhibited notable strength development even when cured at ambient temperatures. The 

compressive strength and flexural strength increased with curing time, showcasing the potential 
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of geopolymer as a repair material with a gradual strength gain over time. Additionally, the 

density of the geopolymer mortar was found to be influenced by the curing duration. 

This research suggests that geopolymer mortar, cured at ambient temperature, possesses 

promising mechanical properties for repair applications. The study contributes to the 

understanding of the feasibility of using geopolymers in infrastructure repair scenarios, offering 

a sustainable alternative to traditional repair materials. The findings may have implications for 

the development of environmentally friendly and energy-efficient repair materials in the 

construction industry. 

 

1.4 OBJECTIVES 

While, there exists a multitude of studies on the efficiency of geopolymers and alkali-activated 

materials to immobilize heavy metals, each study is a novel endeavor due to differences in 

precursors, alkali metals, mix design, and curing techniques. As of this moment, there has not 

been a systematic study of the novel mixes put forth through the work of Reza Mirmoghtadaei 

(Mirmoghtadaei, 2020) (Mirmoghtadaei, 2023a) (Mirmoghtadaei, 2023b).  

 The objective of this study is to further the research of Reza Mirmoghtadaei and Lin Shen 

by subjecting three samples of alkali-activated materials, and the granular materials used as 

precursors in the mix design of the aforementioned monolithic alkali-activated samples, to EPA 

Method 1315 leaching testing to evaluate the leaching behavior of each mix and the granular 

precursor material used in the mixes (EPA, 2013). Although their previous research has shown 

commendable mechanical strengths, investigated the impact of various alkalis, and studied the 

use of waste materials as precursors, research into the effectiveness of their mixes through 
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studying the leaching behavior of heavy metals is necessary to ascertain the environmental 

impacts of using HP MSWIMA, AES FA, and RM. 
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CHAPTER 2. INVESTIGATION ON THE LEACHING 

BEHAVIOR OF SELECTED METALS IN ALKALI -ACTIVATED 

CONCRETE MADE WITH INDUSTRIAL WASTE  

2.1 BACKGROUND  

Over the course of industrial development, several materials once widely used for their 

advantageous properties were later found to pose significant risks to human health and safety. 

Two notable examples are asbestos and per- and polyfluoroalkyl substances (PFAS), both of 

which became prevalent in various industries before their detrimental health effects were fully 

understood (US Senate, 2011) (Ehsan et al. 2023) (Schmidt, 2022) . In this vein, the ability of 

alkali-activated materials utilizing HP MSWIMA, AES FA, and RM to immobilize heavy metals 

present in precursor materials should be thoroughly understood before they can be adopted into 

industrial use. 

As human populations and globalization continue to grow, there will be an ever mounting 

issue of dealing with the industrial byproducts of manufacturing, the residue from energy 

production, and mountains of refuse (Mirmoghtadaei, 2020). Geopolymers and alkali-activated 

materials could pose a potential solution by allowing the aforementioned materials to be used as 

construction materials or by preventing environmental contamination during their disposal. 

  



14 
 

2.2 WASTE MATERIAL UTILIZATION IN GEOPOLYMERS AND 

ALKALI ACTIVATED MATERIALS  

The idea of using waste materials as precursors is not novel, but it is in the early stages of 

testing worldwide. Each precursor, alkali, mix design, curing method, and monolithic sample 

needs careful and thorough testing to ensure that the produced geopolymer or alkali-activated 

material is capable of immobilizing heavy metals present.  

A 2022 review by Lan et al. delves into the synthesis and application of geopolymers 

derived from MSWI FA as a raw precursor. The authors conclude that MSWI FA can be a low-

cost, low-carbon emitting material for construction purposes that can reduce the potential 

environmental harm from MSWI FA pollution (Lan et al., 2022). Geopolymers have gained 

attention for their potential in sustainable construction materials, and the use of MSWI FA as a 

precursor aligns with the goal of recycling and reusing waste materials (Lan et al., 2022) (Ren et 

al., 2021).  

A 2011 article focus the stabilization and solidification of a municipal solid waste 

incineration residue utilizing fly ash-based geopolymers (Galiano et al., 2011). The researchers 

conclude that heavy metals may be successfully stabilized using FA-based geopolymerization, 

but suggest that long-term research is needed to study the nature of stabilization in order to make 

a complete comparison between geopolymers performance as opposed to hydraulic cement due 

the loss of alkalinity over time. 

A 2018 article in Construction and Building Materials focuses on investigating the 

solidification/stabilization mechanism of heavy metals, specifically Pb(II), Cd(II), Mn(II), and 

Cr(II), in fly ash-based geopolymers, and found that the heavy metal leaching concentrations 
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were below applicable institutional regulations (Wang et al., 2018). The researchers found the 

formation of both amorphous geopolymer gel and zeolite mineral, in the arrangement of N-A-S-

H and C-A-S-H. Metals were readily encapsulated in the amorphous gel but were to a lesser 

extent adsorbed and bonded to the matrix of the geopolymers. 

Taking into account the aforementioned studies, this study implements the framework of 

EPA method 1315 to evaluate the leaching behavior of the analytes antimony (Sb), arsenic (As), 

barium (Ba), cadmium (Cd), lead (Pb), selenium (Se), thallium (Tl), boron (B), and molybdenum 

(Mo). The semi-dynamic tank leaching procedure involves subjecting both granular materials 

and monolithic geopolymer samples to a series of leaching cycles to simulate real-world 

environmental conditions (EPA, 2013).  

 

2.3 EXPERIMENTAL PROGRAM  

Three different alkali-activated materials, provided by Reza Mirmoghtadaei and Lin 

Shen, and their three granular precursor materials were subjected to EPA Method 1315 in this 

study. The alkali-activated materials samples were created with precursors containing HP 

MSWIMA, AES FA, and RM to find if polymerization reduces the leaching of Sb, As, Ba, Cd, 

Pb, Se, Tl, B, and Mo when compared to the leaching levels of the constituent precursor 

materials (HP MSWIMA, AES FA, and RM) tested as compacted granular samples. 

EPA Test Method 1315, Mass Transfer Rates of Constituents in Monolithic or 

Compacted Granular Materials Using a Semi-Dynamic Tank Leaching Procedure, is a 

standardized protocol developed by the U.S. Environmental Protection Agency to assess the 

leaching potential of contaminants from solid waste materials (EPA, 2013). The method provides 
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a systematic approach to evaluating how various constituents, such as heavy metals or other 

pollutants, may migrate from waste materials into the surrounding environment over time. The 

outline of the experimental process is shown in Figure 2.3.1. 

The primary objective of EPA Test Method 1315 is to determine the mass transfer rates 

of constituents from monolithic or compacted granular materials under specific leaching 

conditions, but in this study the test method was utilized to collect leached metal concentrations. 

This is achieved through a semi-dynamic tank leaching procedure, which involves subjecting the 

waste material to a series of leaching cycles to simulate real-world environmental conditions. It 

should be noted that EPA Test Method 1315 utilizes DI water with a stable starting pH balance 

as an eluent, and the rate of mass transfer is dependent on the materials being leached, the 

surface area of the specimen being subjected to the test, and the liquid-to-surface area ratio 

between the sample and eluent. This dependency is critical when analyzing the results of the 

method, as the real-world leaching conditions would more than likely involve stormwater, which 

due to higher pollution levels often does not have a neutral pH like DI water. As such, the results 

of EPA Method 1315 should be seen as best-case scenarios and can be used in the identification 

of the mechanisms of leaching from and immobilization in both the granular and monolithic 

samples. 
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The test method involves preparing columns of compacted granular materials and 

monolithic samples, in this case the monolithic samples were provided by Reza Mirmoghtadaei 

and Lin Shen, and leaching them with a specified leachant solution. The leachant solution, DI 

water in the case of this study, is applied intermittently, simulating wet and dry cycles to mimic 

natural environmental conditions. The leachate collected during each cycle is analyzed for the 

concentration of target constituents, allowing researchers to quantify the mass transfer rates over 

time. In this study, two different outside laboratories, CTLGroup based in Chicago, IL, and 

Element One based in Wilmington, NC, were employed to conduct metal concentration testing 

of the effluent gathered during leachant exchange intervals. Further details on the testing and 

samples can be found in the Experimental Procedure. 

This methodology provides valuable information for assessing the potential 

environmental impact of solid waste materials, such as those found in landfills or disposal sites. 

The semi-dynamic nature of the testing accounts for variations in moisture and environmental 

conditions that can affect the leaching behavior of contaminants. 

EPA Test Method 1315 can be used to evaluate the leaching potential of different waste 

materials and to determine the long-term environmental implications of these materials, which in 

turn may contribute to risk assessments and regulatory decision-making processes related to 

waste management and disposal. According to 1999 report titled Utilization of Ash from 

Municipal Solid Waste Combustion, from the City and County of Honolulu, Honolulu, HI, HP 

MSWI ash has been used in Waimanalo Gulch landfill as a compacted daily cover at least in a 

pilot project, and in this study EPA Method 1315 is used to see if geopolymerization would be a 

better alternative to the use of compacted, granular HP MSWI ash (Jones et al., 1999). 
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2.4 EXPERIMENTAL PROCEDURE  

 Per EPA Test Method 1315, each of the monolithic sample groups consisting of alkali-

activated material derived from H-Power MSWIMA, AES FA, and RM and the granular 

precursor materials were subjected to a semi-dynamic tank leaching procedure (EPA, 2013). The 

test method involves preparing columns of compacted granular materials and/or monolithic 

samples and leaching them with a specified leachant solution, DI water in the case of this study. 

The leachant solution is applied intermittently, at renewal intervals as seen in Table 2.4.1. The 

leachate collected during each cycle is analyzed for the concentration of target constituents, 

allowing researchers to quantify the mass transfer rates over time. Due to cost and time 

constraints, this study reduced the amount of leachant solution samples tested for metals 

concentrations to intervals T01, T02, T04, T06, and T09, cumulative leaching time in days 0.08, 

1.0, 7.0, 28.0, and 63.0, respectively. 
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Table 2.4.1. EPA Test Method 1315 Schedule of Eluate Renewals 

SCHEDULE OF ELUATE RENEWALS 

Interval Label Interval Duration (h) Interval Duration (d) 

Cumulative Leaching 

Time (d) 

T01 2.0 ° 0.25 
- 

0.08 

T02 23.0 ° 0.5 
- 

1.0 

T03 23.0 ° 0.5 
- 

2.0 

T04 - 5.0 ° 0.1 7.0 

T05 
- 

7.0 ° 0.1 14.0 

T06 
- 

14.0 ° 0.1 28.0 

T07 
- 

14.0 ° 0.1 42.0 

T08 
- 

7.0 ° 0.1 49.0 

T09 
- 

14.0 ° 0.1 63.0 
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By comparing the leaching rates of heavy metals in compacted granular samples of HP 

MSIMA, AES FA, and RM to monolithic samples of alkali-activated materials using the same 

aforementioned materials as precursors, this study intends to investigate the behavior differences 

between sample groups. The tested sample groups and the sample naming convention can be 

seen on Table 2.4.2 and Figure 2.4.1, respectively. 

In this study, the letters M and B are used in sample labels to denote monolithic samples 

and blank samples, respectively. The first set of two digits in each name denotes the sample 

within each sample group, and a T followed by a number at the end of each name denotes the 

trial number. 

Each sample setup followed EPA Test Method 1315ôs prescribed liquid-to-surface area 

of 9 ° 1 mL/cm
2
. The leaching solution employed in this study was deionized water sourced 

from a two-stage system consisting of a Water General Mfg. Co. model number RO 585 reverse 

osmosis water system with three carbon cartridge filters and a Water General Mfg Co. model 

number DI-210 deionizing water system. 

The monolithic samples, provided to the study by Reza Mirmoghtadaei and Lin Shen, 

were suspended in leachant solution through the use of Mason 25 lb test weight, .54 mm 

diameter nylon fishing line as to allow the methodôs prescribed 98% surface area exposure to the 

eluent. HP and AES monolithic samples were produced using a standard 2 inch brass grout cube 

mold, which gave each sample a surface area of approximately 154.84 cm
2
, as seen in Figure 

2.4.2. The provided RM sample was irregularly shaped and, in an effort to ease the calculation of 

surface area, was cut to have uniform dimensions as show in Figure 2.4.3 with a surface area of 

approximately 73.64 cm
2
. 
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Table2.4.2. Sample Groups Used in Study 

SAMPLE GROUPS 

Material Type Label 

H-Power MSWIMA Granular Compacted Granular HP 

AES FA Granular Compacted Granular AES 

RM Granular Compacted Granular RM 

H-Power MSWIMA Monolithic 

Alkali -Activated Material 

Cube 

HP__M 

AES FA Monolithic 

Alkali -Activated Material 

Cube 

AES__M 

RM Monolithic 

Alkali -Activated Material 

Cube 

RM__M 
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Figure 2.4.1. Naming Convention 

 

 

Figure 2.4.2. AES and HP Alkali-Activated Material Samples 
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Figure 2.4.3. RM Alkali -Activated Material Sample  

 

For granular materials, the optimum moisture content was found using per the prescribed 

method in EPA Test Method 1315 using a modified ASTM D1557, Standard Method for 

Laboratory Compaction Characteristic of Soil Using Modified Effort (EPA, 2013) (ASTM, 

2007) . Maximum packing density and optimum moisture content were established via a series of 

five batch-wise trails with increasing moisture content and a third-order polynomial fit through 

the data points of dry-packing density as a function of moisture content. 

Granular samples were prepared via compaction at 90% of calculated optimum packing 

density, per EPA Test Method 1315, in either a 4-inch (10.16-cm) diameter modified test 

cylinder mold or 4-inch (10.16 cm) PVC slip cap, as seen in Figure 2.4.4 and Figure 2.4.5. 

Borosilicate glass beads, 2-mm outside diameter from the manufacturer Chemglass Inc., were 

applied to the surface of granular samples following compaction to reduce scour. 
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Figure 2.4.4. AES Granular Sample in PVC Slip Cap Topped with Borosilicate Beads 

 

 

Figure 2.4.5. HP Granular Sample in Modified Concrete Test Cylinder Mold Topped with 

Borosilicate Beads 
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Following each renewal interval, a measurement of pH and temperature was taken with a 

Thermo Scientific Orion Star A320 before filtration through a 0.45-mm membrane via a Thermo 

Scientific Nalgene 250 mL reusable filter unit, as seen in Figure 2.4.6. Following filtration, each 

sample was bottled in a new high density polyethylene sample bottle. At two separate times, 

sample bottles of filtered leaching fluid were sent to two different outside laboratories, 

CTLGroup based in Chicago, IL, and Element One based in Wilmington, NC, for concentration 

testing of Sb, As, Ba, Cd, Pb, Se. Tl, B, and Mo.  

 

 

Figure 2.4.6. Thermo Scientific Nalgene Reusable Filter Unit Used in Study 
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2.5 RESULTS AND DISCUSSION 

2.5.1 Leached Metal Concentration Results 

Due to cost and time constraints, this study reduced the amount of leachant solution 

samples tested for metals concentrations to intervals T01, T02, T04, T06, and T09, cumulative 

leaching time in days 0.08, 1.0, 7.0, 28.0, and 63.0, respectively. At two separate times, sample 

bottles of filtered leaching fluid were sent to two different outside laboratories, CTLGroup 

(Lab01) based in Chicago, IL, and Element One (Lab02) based in Wilmington, NC for 

concentration testing of Sb, As, Ba, Cd, Pb, Se. Tl, B, and Mo. 

Lab01 analyzed the resultant leaching fluid for T1, T2, and some T6 following EPA 

Method 3010A Total Metals using coupled plasma spectrometry with an instrument reporting 

limit of 0.03 mg/L for Sb, 0.04 mg/L for As, 0.0003 mg/L for Ba, 0.0007 mg/L for Cd, 0.01 

mg/L for Pb, 0.07 mg/L for Se, 0.03 mg/L for Tl, 0.009 mg/L for B, and 0.004 for Mo. Lab02 

analyzed the resultant leaching fluid for T4, T6, and T9 following EPA Method 602B using 

inductively coupled plasma mass spectrometry (ICP-MS) with an instrument reporting limit of 

1.0 mg/L (0.001 mg/L) for all metals. The full reports from Lab01 and Lab02 are located in the 

Appendix, and summaries of the results can be found on Table 2.5.1.1 for Sb, As, Ba, and Cd 

and Table 2.5.1.2 for Pb, Se, Tl, B, and Mo. 

Figure 2.5.1.1, Figure 2.5.1.2, and Figure 2.5.1.3 graph Sb concentrations in mg/L as a 

function of leachate exchange days. Figure 2.5.1.4, Figure 2.5.1.5, and Figure 2.5.1.6 graph As 

concentrations in mg/L as a function of leachate exchange days. Figure 2.5.1.7, Figure 2.5.1.8, 

and Figure 2.5.1.9 graph Ba concentrations in mg/L as a function of leachate exchange days. 

Figure 2.5.1.10, Figure 2.5.1.11, and Figure 2.5.1.12 graph Cd concentrations in mg/L as a 
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function of leachate exchange days. Figure 2.5.1.13, Figure 2.5.1.14, and Figure 2.5.1.15 graph 

Pb concentrations in mg/L as a function of leachate exchange days. Figure 2.5.1.16, Figure 

2.5.1.17, and Figure 2.5.1.18 graph Se concentrations in mg/L as a function of leachate exchange 

days. Figure 2.5.1.19, Figure 2.5.1.20, and Figure 2.5.1.21 graph Tl concentrations in mg/L as a 

function of leachate exchange days. Figure 2.5.1.22, Figure 2.5.1.23, and Figure 2.5.1.24 graph 

B concentrations in mg/L as a function of leachate exchange days. Figure 2.5.1.25, Figure 

2.5.1.26, and Figure 2.5.1.27 graph Mo concentrations in mg/L as a function of leachate 

exchange days. 

The recorded masses, pH, and temperature (F) at each leaching fluid renewal can be 

found on Table 2.5.1.3, Table 2.5.1.4, and Table 2.5.1.5. Graphs of each sample groupôs average 

measure pH can be found on Figure 2.5.1.1, Figure 2.5.1.2, and Figure 2.5.1.3. 
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Figure 2.5.1.1. AES FA Granular and Monolithic Samples Average pH Over Time 
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Figure 2.5.1.2. HP MSWIMA Granular and Alkali -Activated Samples Average pH 
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Table 2.5.1.5. Recorded Masses, pH, and Temperature for RM Samples 

 

 

Figure 2.5.1.3. RM Granular Samples Average pH and RM Monolithic Sample pH 

Trial 

Number

Cum. Time 

[d]
Mass [g] pH

Temp. 

[C]
Mass [g] pH

Temp. 

[C]
Mass [g] pH

Temp. 

[C]
Mass [g] pH

Temp. 

[C]

START 0 559.4 N/A N/A 546.8 N/A N/A 583.6 N/A N/A 58.6 N/A N/A

T01 0.08 569.9 9.99 22.2 556.3 10.04 22.3 593.4 9.82 22.4 64.5 10.18 21.8

T02 1 574.1 10.21 22 563.0 10.67 22.1 597.4 10.52 22.1 64.6 10.49 22.1

T03 2 580.7 10.45 21.9 572.0 10.66 21.8 605.1 10.66 21.8 64.6 10.38 21.8

T04 7 579.4 10.68 21.3 571.8 10.78 21.1 605.4 10.86 21.2 64.7 10.40 22.3

T05 14 577.7 10.74 22.5 571.0 10.78 22.4 607.2 10.81 22.5 64.8 10.25 21.6

T06 28 576.6 10.79 21.5 570.2 10.81 21.4 603.2 10.75 21.4 65 10.27 21.3

T07 42 575.3 10.81 22.2 568.9 10.89 22.1 603.1 10.73 22.2 65.1 10.26 22.0

T08 49 573.9 10.78 22 568.2 10.85 22.1 602.7 10.72 22 65.2 10.23 22.1

T09 63 572.8 10.72 22.1 567.7 10.84 22 602.6 10.68 22.2 65.2 10.24 21.8

RM02 RM03 RM01MRM01
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Figure 2.5.1.4. Sb Leaching Concentrations from HP MSWIMA Samples  
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Figure 2.5.1.5. Sb Leaching Concentrations from AES FA Samples  
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Figure 2.5.1.6. Sb Leaching Concentrations from RM Samples 
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Figure 2.5.1.7. As Leaching Concentrations from HP MSWIMA  Samples 
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Figure 2.5.1.8. As Leaching Concentrations from AES FA Samples 
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Figure 2.5.1.9. As Leaching Concentrations from RM Samples 
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Figure 2.5.1.10. Ba Leaching Concentrations from HP MSWIMA  Samples 
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Figure 2.5.1.11. Ba Leaching Concentrations from AES FA Samples 
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Figure 2.5.1.12. Ba Leaching Concentrations from RM Samples 
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Figure 2.5.1.13. Cd Leaching Concentrations from HP MSWIMA  Samples 
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Figure 2.5.1.14. Cd Leaching Concentrations from AES FA Samples 
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Figure 2.5.1.15. Cd Leaching Concentrations from RM Samples 

  



48 
 

 

Figure 2.5.1.16. Pb Leaching Concentrations from HP MSWIMA  Samples 
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Figure 2.5.1.17. Pb Leaching Concentrations from AES FA Samples 
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Figure 2.5.1.18. Pb Leaching Concentrations from RM Samples 
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Figure 2.5.1.19. Se Leaching Concentrations from HP MSWIMA Samples 
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Figure 2.5.1.20. Se Leaching Concentrations from AES FA Samples 
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Figure 2.5.1.21. Se Leaching Concentrations from RM Samples 
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Figure 2.5.1.22. Tl  Leaching Concentrations from HP MSWIMA  Samples 
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Figure 2.5.1.23. Tl Leaching Concentrations from AES FA Samples 
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Figure 2.5.1.24. Tl Leaching Concentrations from RM Samples 
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Figure 2.5.1.25. B Leaching Concentrations from HP MSWIMA  Samples 
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Figure 2.5.1.26. B Leaching Concentrations from AES FA Samples 
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Figure 2.5.1.27. B Leaching Concentrations from RM Samples 
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Figure 2.5.1.28. Mo Leaching Concentrations from HP MSWIMA Samples 
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Figure 2.5.1.29. Mo Leaching Concentrations from AES FA Samples 
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Figure 2.5.1.30. Mo Leaching Concentrations from RM Samples 
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2.5.2 Analysis of Leached Metal Concentration Data  

In this section, metal concentration data points are compared to two different standards, 

the EPA 2012a National Primary Drinking Water Regulations (EPA, 2019) and EPA Resource 

Conservation and Recovery Act (RCRA) hazardous waste allowable limits (EPA, 1980). 

Drinking water regulations are more stringent than hazardous waste limits, but the intent is to 

assess whether the alkali-activated materials are capable of immobilizing metals to the point of 

meeting either, both, or neither standard. Table 2.5.2.1 displays both the National Primary 

Drinking Regulations and RCRA hazardous waste allowable limits for the analytesðSb, As, Ba, 

Cd, Pb, Se. Tl, B, and Mð investigated in this study. 
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Table 2.5.2.1 EPA National Primary Drinking Water Regulations, EPA RCRA Hazardous 

Waste Allowable Limits, Lab01 Detection Limits and Lab02 Detection Limits 

Chemical of 

Potential Concern 

Drinking Water 

Regulations 

[mg/L] 

RCRA Hazardous 

Waste Limits 

[mg/L] 

Lab01 

Detection 

Limits [mg/L] 

Lab02 

Detection 

Limits [mg/L] 

Antimony (Sb) 0.006
*
 - 0.03 0.001 

Arsenic (As) 0.01 5 0.04 0.001 

Barium (Ba) 2 100 0.0003 0.001 

Cadmium (Cd) 0.005 1 0.0007 0.001 

Lead (Pb) 0.015
À
 5 0.01 0.001 

Selenium (Se) 0.05 1 0.07 0.001 

Thallium (Tl) 0.002 - 0.03 0.001 

Boron (B) 7
ÿ
 - 0.009 0.001 

Molybdenum 

(Mo) 

0.2
ÿ
 - 

0.004 0.001 

* National secondary drinking water regulationsðnon enforceable guide 

À Treatment technique action level 

ÿ Drinking water equivalent level 

  

 

  



65 
 

The average metal concentrations and standard deviations for each monolithic and 

granular sample group at each leachant exchange time were calculated and are displayed in Table 

2.5.2.2 and Table 2.5.2.3, and the percent difference between the calculated averages for granular 

samples and their corresponding monolithic alkali-activated material samples can be found on 

Table 2.5.2.4.  

From the percent difference results, it can be seen that on average for HP MSWIMA 

samples, the alkali-activated materials reduced leaching concentrations for As, Ba, Cd, Pb, Se, 

Tl, B, and Mo across the leaching fluid exchange intervals, while Sb increased in leaching 

concentrations for fluid exchanges on day 28 and 63. AES FA alkali-activated material samples 

had leaching concentrations of Sb, As, Cd, Pb, and Tl reported at laboratory detection levels with 

no marked increase, while Ba, Se, and Mo leaching concentrations dropped, and B leaching 

concentrations increased. RM alkali-activated materials reduced leaching concentrations for Sb, 

As, Ba, Cd, Se, and Mo, while Pb had a spike for the 0.08 day leaching fluid exchange but a 

reduction in leaching concentrations for subsequent leaching fluid exchanges, and B had 

increased leaching concentrations for each leaching fluid exchange except a reduction in 

concentration for day 63. 
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Table 2.5.2.4. Percent Difference Between Calculated Averages for Granular Samples and 

Corresponding Alkali-Activated Monolithic Samples 

 

H-Power 

Granular

H-Power 

Monolithic

AES 

Granular

AES 

Monolithic

Red Mud 

Granular
RM Monoÿ

Trial 

Number

Label/Time 

(Day)

T1 0.08

T2 1

T3 2

T4 7

T6 28

T9 63

T1 0.08

T2 1

T3 2

T4 7

T6 28

T9 63

T1 0.08

T2 1

T3 2

T4 7

T6 28

T9 63

T1 0.08

T2 1

T3 2

T4 7
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Table 2.5.2.5, Table 2.5.2.6, and Table 2.5.2.6 compare the concentration of analyte 

metals at each leaching fluid exchange to EPA drinking water and hazardous waste metal 

concentration limits. It should be noted that the detection limits for Lab01 and Lab02 are not the 

same and at times Lab01 detection limits for metals is greater than drinking water standards 

concentration requirements. This discrepancy is illustrated in the following figures for more 

clarity. 

Figure 2.5.2.1, Figure 2.5.2.2, and Figure 2.5.2.3 graph average Sb concentrations in 

mg/L as a function of leachate exchange days. Figure 2.5.2.4, Figure 2.5.2.5, and Figure 2.5.2.6 

graph average As concentrations in mg/L as a function of leachate exchange days. Figure 2.5.2.7, 

Figure 2.5.2.8, Figure 2.5.2.9, Figure 2.5.2.10, Figure 2.5.2.11, and Figure 2.5.2.12 graph 

average Ba concentrations in mg/L as a function of leachate exchange days. Figure 2.5.2.13, 

Figure 2.5.2.14, and Figure 2.5.2.15 graph average Cd concentrations in mg/L as a function of 

leachate exchange days. Figure 2.5.2.16, Figure 2.5.2.17, Figure 2.5.2.18, and Figure 2.5.2.19 

graph average Pb concentrations in mg/L as a function of leachate exchange days. Figure 

2.5.2.20, Figure 2.5.2.21, Figure 2.5.2.22 and Figure 2.5.2.23 graph average Se concentrations in 

mg/L as a function of leachate exchange days. Figure 2.5.2.24, Figure 2.5.2.25, and Figure 

2.5.2.26 graph average Tl concentrations in mg/L as a function of leachate exchange days. Figure 

2.5.2.27, Figure 2.5.2.28, and Figure 2.5.2.29 graph average B concentrations in mg/L as a 

function of leachate exchange days. Figure 2.5.2.30, Figure 2.5.2.31, and Figure 2.5.2.32 graph 

average Mo concentrations in mg/L as a function of leachate exchange days. 
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Table 2.5.2.5. HP MSWIMA  Granular and Monolithic Alkali -Activated Samplesô Average 

Leaching Concentrations and EPA Standards 

 

  

Trial 

Number

Label/Time 

[Day]

Leaching 

[mg/L]

EPA 

Drinking 

Water 

[mg/L]

Pass or Fail

EPA 

Hazardous 

Waste 

[mg/L]

Pass or Fail
Leaching 

[mg/L]

EPA 

Drinking 

Water 

[mg/L]

Pass or Fail

EPA 

Hazardous 

Waste 

[mg/L]

Pass or Fail

T1 0.08 0.03 Fail 0.03 Fail

T2 1 0.03 Fail 0.03 Fail

T3 2 - - - -

T4 7 0.009 Fail 0.006 Pass

T6 28 0.005 Pass 0.008 Fail

T9 63 0.001 Pass 0.006 Pass

T1 0.08 0.04 Fail Pass 0.04 Fail Pass

T2 1 0.04 Fail Pass 0.04 Fail Pass

T3 2 - - - - - -

T4 7 0.192 Fail Pass 0.002 Pass Pass

T6 28 0.155 Fail Pass 0.002 Pass Pass

T9 63 0.043 Fail Pass 0.001 Pass Pass

T1 0.08 0.109 Pass Pass 0.0003 Pass Pass

T2 1 0.392 Pass Pass 0.0045 Pass Pass

T3 2 - - - - - -

T4 7 1.92 Pass Pass 0.012 Pass Pass

T6 28 2.01 Fail Pass 0.033 Pass Pass

T9 63 1.14 Pass Pass 0.015 Pass Pass

T1 0.08 0.0007 Pass Pass 0.0007 Pass Pass

T2 1 0.0007 Pass Pass 0.0007 Pass Pass

T3 2 - - - - - -

T4 7 0.005 Pass Pass 0.001 Pass Pass

T6 28 0.005 Pass Pass 0.001 Pass Pass

T9 63 0.005 Pass Pass 0.001 Pass Pass

T1 0.08 1.360 Fail Pass 0.0100 Pass Pass

T2 1 5.840 Fail Fail 0.0100 Pass Pass

T3 2 - - - - - -

T4 7 30.03 Fail Fail 0.001 Pass Pass

T6 28 9.26 Fail Fail 0.001 Pass Pass

T9 63 3.77 Fail Pass 0.001 Pass Pass

T1 0.08 0.07 Fail Pass 0.07 Fail Pass

T2 1 0.07 Fail Pass 0.07 Fail Pass

T3 2 - - - - - -

T4 7 0.628 Fail Pass 0.007 Pass Pass

T6 28 0.517 Fail Pass 0.007 Pass Pass

T9 63 0.148 Fail Pass 0.005 Pass Pass

T1 0.08 0.034 Fail 0.03 Fail

T2 1 0.032 Fail 0.030 Fail

T3 2 - - - -

T4 7 0.005 Fail 0.001 Pass

T6 28 0.005 Fail 0.001 Pass

T9 63 0.001 Pass 0.001 Pass

T1 0.08 0.042 Pass 0.027 Pass

T2 1 0.009 Pass 0.009 Pass

T3 2 - - - -

T4 7 0.082 Pass 0.037 Pass

T6 28 0.110 Pass 0.059 Pass

T9 63 0.115 Pass 0.040 Pass

T1 0.08 0.004 Pass 0.004 Pass

T2 1 0.004 Pass 0.004 Pass

T3 2 - - - -

T4 7 0.071 Pass 0.001 Pass

T6 28 0.061 Pass 0.001 Pass

T9 63 0.042 Pass 0.001 Pass

H-Power Granular H-Power Monolithic
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Table 2.5.2.6. AES FA Granular and Monolithic Alkali-Activated Samplesô Average 

Leaching Concentrations and EPA Standards 

 

  

Trial 

Number

Label/Time 

[Day]

Leaching 

[mg/L]

EPA 

Drinking 

Water 

[mg/L]

Pass or Fail

EPA 

Hazardous 

Waste 

[mg/L]

Pass or Fail
Leaching 

[mg/L]

EPA 

Drinking 

Water 

[mg/L]

Pass or Fail

EPA 

Hazardous 

Waste 

[mg/L]

Pass or Fail

T1 0.08 0.03 Fail 0.03 Fail

T2 1 0.03 Fail 0.03 Fail

T3 2 - - - -

T4 7 0.001 Pass 0.001 Pass

T6 28 0.001 Pass 0.001 Pass

T9 63 0.001 Pass 0.001 Pass

T1 0.08 0.04 Fail Pass 0.04 Fail Pass

T2 1 0.04 Fail Pass 0.04 Fail Pass

T3 2 - - - - - -

T4 7 0.001 Pass Pass 0.001 Pass Pass

T6 28 0.001 Pass Pass 0.001 Pass Pass

T9 63 0.001 Pass Pass 0.001 Pass Pass

T1 0.08 0.041 Pass Pass 0.0003 Pass Pass

T2 1 0.107 Pass Pass 0.0003 Pass Pass

T3 2 - - - - - -

T4 7 0.11 Pass Pass 0.004 Pass Pass

T6 28 0.10 Pass Pass 0.012 Pass Pass

T9 63 0.10 Pass Pass 0.004 Pass Pass

T1 0.08 0.0007 Pass Pass 0.0007 Pass Pass

T2 1 0.0007 Pass Pass 0.0007 Pass Pass

T3 2 - - - - - -

T4 7 0.001 Pass Pass 0.001 Pass Pass

T6 28 0.001 Pass Pass 0.001 Pass Pass

T9 63 0.001 Pass Pass 0.001 Pass Pass

T1 0.08 0.010 Pass Pass 0.0100 Pass Pass

T2 1 0.010 Pass Pass 0.0100 Pass Pass

T3 2 - - - - - -

T4 7 0.00 Pass Pass 0.001 Pass Pass

T6 28 0.00 Pass Pass 0.001 Pass Pass

T9 63 0.00 Pass Pass 0.001 Pass Pass

T1 0.08 0.07 Fail Pass 0.07 Fail Pass

T2 1 0.07 Fail Pass 0.07 Fail Pass

T3 2 - - - - - -

T4 7 0.001 Pass Pass 0.001 Pass Pass

T6 28 0.003 Pass Pass 0.001 Pass Pass

T9 63 0.002 Pass Pass 0.001 Pass Pass

T1 0.08 0.03 Fail 0.03 Fail

T2 1 0.030 Fail 0.030 Fail

T3 2 - - - -

T4 7 0.001 Pass 0.001 Pass

T6 28 0.001 Pass 0.001 Pass

T9 63 0.001 Pass 0.001 Pass

T1 0.08 0.204 Pass 0.138 Pass

T2 1 0.091 Pass 0.161 Pass

T3 2 - - - -

T4 7 0.147 Pass 0.198 Pass

T6 28 0.176 Pass 0.482 Pass

T9 63 0.172 Pass 0.179 Pass

T1 0.08 0.004 Pass 0.004 Pass

T2 1 0.004 Pass 0.004 Pass

T3 2 - - - -

T4 7 0.126 Pass 0.004 Pass

T6 28 0.287 Fail 0.013 Pass

T9 63 0.133 Pass 0.004 Pass
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Table 2.5.2.7. RM Granular and Monolithic Alkali -Activated Samplesô Average Leaching 

Concentrations and EPA Standards 

 

  

Trial 

Number

Label/Time 

[Day]

Leaching 

[mg/L]

EPA 

Drinking 

Water 

[mg/L]

Pass or Fail

EPA 

Hazardous 

Waste 

[mg/L]

Pass or Fail
Leaching 

[mg/L]

EPA 

Drinking 

Water 

[mg/L]

Pass or Fail

EPA 

Hazardous 

Waste 

[mg/L]

Pass or Fail

T1 0.08 0.03 Fail 0.03 Fail

T2 1 0.03 Fail 0.03 Fail

T3 2 0.03 Fail 0.03 Fail

T4 7 0.005 Pass 0.001 Pass

T6 28 - - 0.030 Fail

T9 63 0.00366667 Pass 0.001 Pass

T1 0.08 0.04 Fail Pass 0.04 Fail Pass

T2 1 0.06 Fail Pass 0.04 Fail Pass

T3 2 0.06 Fail Pass 0.04 Fail Pass

T4 7 0.090 Fail Pass 0.005 Pass Pass

T6 28 - - - 0.040 Fail Pass

T9 63 0.145 Fail Pass 0.005 Pass Pass

T1 0.08 0.006 Pass Pass 0.0003 Pass Pass

T2 1 0.000 Pass Pass 0.0003 Pass Pass

T3 2 0.0004 - Pass 0.0003 Fail Pass

T4 7 0.00 Pass Pass 0.001 Pass Pass

T6 28 - - - 0.000 Pass Pass

T9 63 0.00 Pass Pass 0.001 Pass Pass

T1 0.08 0.0007 Pass Pass 0.0007 Pass Pass

T2 1 0.0007 Pass Pass 0.0007 Pass Pass

T3 2 0.0007 Pass Pass 0.0007 Pass Pass

T4 7 0.001 Pass Pass 0.001 Pass Pass

T6 28 - - - 0.001 Pass Pass

T9 63 0.004 Pass Pass 0.001 Pass Pass

T1 0.08 0.010 Pass Pass 0.1340 Fail Pass

T2 1 0.010 Pass Pass 0.0100 Pass Pass

T3 2 0.01 Pass Pass 0.01 Pass Pass

T4 7 0.00 Pass Pass 0.001 Pass Pass

T6 28 - - - 0.010 Pass Pass

T9 63 0.01 Pass Pass 0.001 Pass Pass

T1 0.08 0.07 Fail Pass 0.07 Fail Pass

T2 1 0.07 Fail Pass 0.07 Fail Pass

T3 2 0.07 Fail Pass 0.07 Fail Pass

T4 7 0.141 Fail Pass 0.001 Pass Pass

T6 28 - - - 0.070 Fail Pass

T9 63 0.103 Fail Pass 0.001 Pass Pass

T1 0.08 0.03 Fail 0.03 Fail

T2 1 0.030 Fail 0.030 Fail

T3 2 0.03 - 0.03 Fail

T4 7 0.001 Pass 0.001 Pass

T6 28 - - 0.03 -

T9 63 0.001 Pass 0.001 Pass

T1 0.08 0.009 Pass 0.023 Pass

T2 1 0.011 Pass 0.066 Pass

T3 2 0.009 Pass 0.043 Pass

T4 7 0.134 Pass 0.196 Pass

T6 28 - - 0.064 -

T9 63 0.206 Pass 0.197 Pass

T1 0.08 0.004 Pass 0.004 Pass

T2 1 0.004 Pass 0.004 Pass

T3 2 0.004 Pass 0.004 Pass

T4 7 0.245 Fail 0.008 Pass

T6 28 - - 0.004 -

T9 63 0.309 Fail 0.006 Pass
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Figure 2.5.2.1. Average Sb Leaching Concentrations from HP MSWIMA Granular and 

Alkali -Activated Samples with Standard Deviation Error Bars  
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Figure 2.5.2.2. Average Sb Leaching Concentrations from AES FA Granular and Alkali -

Activated Samples 
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Figure 2.5.2.3. Average Sb Leaching Concentrations from RM Granular and Alkali -

Activated Samples with Standard Deviation Error Bars  
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Figure 2.5.2.4. Average As Leaching Concentrations from HP MSWIMA Granular and 

Alkali -Activated Samples with Standard Deviation Error Bars  
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Figure 2.5.2.5. Average As Leaching Concentrations from AES FA Granular and Alkali -

Activated Samples 
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Figure 2.5.2.6. Average As Leaching Concentrations from RM Granular and Alkali -

Activated Samples with Standard Deviation Error Bars  
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Figure 2.5.2.7. Average Ba Leaching Concentrations from HP MSWIMA Alkali -Activated 

Samples with Standard Deviation Error Bars  
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Figure 2.5.2.8. Average Ba Leaching Concentrations from HP MSWIMA Granular  

Samples with Standard Deviation Error Bars 
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Figure 2.5.2.9. Average Ba Leaching Concentrations from AES FA Alkali -Activated 

Samples with Standard Deviation Error Bars 
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Figure 2.5.2.10. Average Ba Leaching Concentrations from AES FA Granular  Samples 

with Standard Deviation Error Bars  
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Figure 2.5.2.11. Average Ba Leaching Concentrations from the RM Alkali -Activated 

Sample 
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Figure 2.5.2.12. Average Ba Leaching Concentrations from RM Granular  Samples 
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Figure 2.5.2.13. Average Cd Leaching Concentrations from HP MSWIMA  Granular and 

Alkali -Activated Material Samples 
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Figure 2.5.2.14. Average Cd Leaching Concentrations from AES FA Granular and Alkali -

Activated Material Samples 
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Figure 2.5.2.15. Average Cd Leaching Concentrations from RM Granular and Alkali -

Activated Material Samples with Standard Deviation Error Bars  
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Figure 2.5.2.16. Average Pb Leaching Concentrations from HP MSWIFA  Alkali -Activated 

Material Samples 
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Figure 2.5.2.17. Average Pb Leaching Concentrations from HP MSWIFA  Granular  

Samples with Standard Deviation Error Bars  
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Figure 2.5.2.18. Average Pb Leaching Concentrations from AES FA Granular  and Alkali -

Activated Material  Samples 
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Figure 2.5.2.19. Average Pb Leaching Concentrations from RM Granular  and Alkali -

Activated Material  Samples with Standard Deviation Error Bars  
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Figure 2.5.2.20. Average Se Leaching Concentrations from HP MSWIMA Alkali -Activated 

Material Samples with Standard Deviation Error Bars  
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Figure 2.5.2.21. Average Se Leaching Concentrations from HP MSWIMA Granular  

Samples with Standard Deviation Error Bars  
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Figure 2.5.2.22. Average Se Leaching Concentrations from AES FA Granular  and Alkali -

Activated Material Samples 
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Figure 2.5.2.23. Average Se Leaching Concentrations from RM Granular  and Alkali -

Activated Material Samples with Standard Deviation Error Bars  
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Figure 2.5.2.24. Average Tl  Leaching Concentrations from HP MSWIMA Granular  and 

Alkali -Activated Material Samples with Standard Deviation Error Bars  
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Figure 2.5.2.25. Average Tl  Leaching Concentrations from AES FA Granular  and Alkali -

Activated Material Samples with Standard Deviation Error Bars 
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Figure 2.5.2.26. Average Tl  Leaching Concentrations from RM Granular  and Alkali -

Activated Material Samples 
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Figure 2.5.2.27. Average B Leaching Concentrations from HP MSWIMA  Granular  and 

Alkali -Activated Material Samples with Standard Deviation Error Bars  
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Figure 2.5.2.28. Average B Leaching Concentrations from AES FA Granular  and Alkali -

Activated Material Samples with Standard Deviation Error Bars 

  



101 
 

 

Figure 2.5.2.29. Average B Leaching Concentrations from RM Granular  and Alkali -

Activated Material Samples with Standard Deviation Error Bars 
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Figure 2.5.2.30. Average Mo Leaching Concentrations from HP MSWIMA Granular  and 

Alkali -Activated Material Samples with Standard Deviation Error Bars 
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Figure 2.5.2.31. Average Mo Leaching Concentrations from AES FA Granular  and Alkali -

Activated Material Samples with Standard Deviation Error Bars 
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Figure 2.5.2.32. Average Mo Leaching Concentrations from RM Granular  and Alkali -

Activated Material Samples with Standard Deviation Error Bars  
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From Table 2.5.2.5, it can be seen that HP MSWIMA monolithic samples have Sb levels 

that fail to meet EPA drinking water standards, but it should be noted that in the cases of T1 and 

T2 the detection limit for Lab01 was 0.03 mg/L which fails to meet the stringent EPA standard 

of 0.006 mg/L while the failure on T28 does come from Lab02 data with a detection limit of 

0.001 mg/L, well below the EPA standard. The Se failure for HP MSWIMA at T1 and T2 could 

also be due the detection limit being 0.03 mg/L for Lab01, above the EPA drinking water 

standard of 0.002 mg/L, but without further investigation it cannot written off as a measurement 

error because there could be any concentration less than 0.03 mg/L present but above 0.002 

mg/L. 

As mentioned previously in the Experimental Program section, a 1999 report from the 

City and County of Honolulu details the use of HP MSWI ash as a compacted material layer 

between refuse. The average leaching concentrations of Pb in the HP MSWIMA granular sample 

were 1.36, 5.84, 30.03, 9.26, and 3.77 for T1, T2, T4, T6, and T9, respectively, which fail EPA 

drinking water standards for every interval and fail all but T1 (0.08 days) for EPA hazardous 

waste classification limits. On the other hand, alkali-activated the HP MSWIMA samples passed 

both the EPA drinking water standards and EPA hazardous waste classification limits. 

Barring cases where Lab01ôs detection limits exceed the EPA standards, Sb is seemingly 

the metal hardest to immobilize. Sb concentrations fail EPA drinking water standards in the 

majority of HP MSWIMA, AES FA, and RM samples. A 2014 study found similar results with 

Sb and concluded that the use of gypsum and allowing calcium silicate hydrate (C-S-H) 

formation both increased the immobilization rate (Salihoglu, 2014). Similarly, a 2022 study 

found Sb to be difficult to immobilize via geopolymerization due to the inability of Sb to 

covalently bond to the aluminosilicate frame work of a geopolymer matrix and concluded that 
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the stabilization of Sb species in geopolymers were dependent on the rate of physical 

encapsulation due to matrix impermeability (El-Eswed, 2022). 
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CHAPTER 3. CONCLUSIONS AND FUTURE WORK  

Based on the available data presented in the previous chapters, it is evidenced that alkali-

activation of waste materials can be an effective way to manage MSWI ash, red mud, and coal-

fired fly ash. As seen in both sections Leached Metal Concentrations and Results and Analysis of 

Metal Concentration Data, on the whole there is a marked decrease between each waste material 

and its corresponding alkali-activated material. Although future mix design should be used to 

ensure all metals are immobilized, the following conclusions can be draw:  

1) Across all alkali-activated materials tested, Sb for HP MSWI Ash and B for AES 

FA and RM uniformly present as the hardest metals to immobilize 

2) Pb, in particular in MSWI ash, is heavy immobilized by as much as -200% 

between leaching concentrations from granular samples and alkali-activated 

samples 

3) Alkali -activated materials maintain alkali pH levels which could provide a healthy 

environment for steel reinforcing (Neville, 2011) 

As future work, leaching tests should be replicated and extended to more samples and 

mix designs. Further, systematic analysis through SEM, XRD, and Raman Spectrometry 

should be employed to ascertain the avenues by which alkali-activated materials are 

immobilizing metals. 
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APPENDIX 

1) Element One, Inc. Report 

2) CTLGroup Report 
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