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ABSTRACT

The use oklkali-activated material® immobilize heavy metals in precursors represents
a promising avenue in environmental remediation and waste manag@ikehtactivated
materials with their unique properties and ability to form stable matrices, offer atfadten

solution to mitigate the environmental impat 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 hesétfegnd
Two notable examples are asbestos andgret plyfluoroalkyl substanceboth of which
became prevalent in various industries before their detrimental leéfitits were fully
understood. In this vein, the ability of alkalitivated materials iizing 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 studyfurthers the research Beza Mirmoghtadaeind Lin Shen by subjecting three
samples of alkalactivated materials, and the granular materials used as precursors in the mix
design of the aforementioned monolithic alkadtivated samples, 6PA TestMethod 1315
leaching testso evaluate the leaching behavior of each mix anddhstituengranular

precursor material

Significant reductions in leached metal concentrations were found when comparing

compacted granular precursor materials @rthlkalactivated conterpart
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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 ofmineratbasedgeopolymersn 1975 with metakaolin as a precursmd alkali silicate
as an activator (Davidovits, 2020). The first patent foritimsvative class of inorganic
polymers with the potential to revaionize construction materials was filed by Davidovits in

1979 under the titi®ineral Polymer

In the eary 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 fornoéthainree
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 theorétiamakwork 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 alkafctivated materials emerged as a significailestone. Notable
contributions in this regard include tB809comprehensive review by Provis and van Deventer

This review provided a thorough analysis of the chemical processes involved in the formation of



geopolymers and their potential industagbplications, laying the foundation for further

advancements in the fie{@rovis & Jakob, 2009)

The exploration of geopolymers expanded beyond the laboratory, and researchers began
to investigate various raw materials and formulations to optimize tipeies of these
materials. The use of indwisl by-products, such waste asts alternative precursors for
geopolymers gained attention, adding an environmentallgisastie dimension to the field (Lan

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

Geopolymers have not onfhownto be an innovative construction material but have
also shown promise in addressing environmental concerns associaté@avitbnal cement
production. Academics emphastbe lower carbon footprint of geopolymers compared to
conventional cement, aligning with the growing global interest in sustainable building practices
(SotelePina et al., 2019) (Turner & Collins, 2013his environmental focus is further
supported by agoing research highlighted jaurnals like theJournal of Sustainable @Geent
Based Materialswhere scholars continue to investigate and propose environmentally friendly

alternatives in the construction industry.

The history of geopolymers is marked bgignary 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 doaoented 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 construatiorepr

and environmental conservation is poised to shape the future of the construction industry.



Davidovits has put forth a distinctive argument that challenges the classification of alkali
activated materials dsue geopolymer®avidovits contends thahe term geopolymer should be
reserved for materials formed through the geopolymerization of natural aluminosilicates, such as

kaolin or metakaolin, and not extended to include akketivated system@®avidovits, 2020)

One key aspect of Davidovis'gument 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 #t lead to the formation of aluminosilicate minerals over geological timescales

(Davidovits, 2020)

Davidovits argues that while alkadctivated materials share some similarities with
geopolymers, their fundamental differences in terms of raw matemgh evarrant a distinct
classification. He advocates for a clear distinction between geopolymers andeilikalied
materials, asserting that the former should be exclusively linked to materials derived from

geological sources.

One ofDavidovits' key pubtations,Geopolyner: Chemistry and Applicationserves as
a foundational source for his argumefidswvidovits, 2020) This work, originally published in
1979,outlines the principles and theories behind geopolymers and lays the groundwork for his

distindion between geopolymers and alkaditivated materials.

In the endDavidovits' argument revolves around the geological origin of raw materials,
asserting that only materials derived from natural aluminosilicate minerals should be labeled as

geopolymersHis perspectivdas influenced discussions in the field and reflects an ongoing



debate over the classification of alkatitivated materials within the broader geopolymer

framework.

Whether alkakactivated materials are true geopolymers or not, theglasely related
materials, and this study is focused on the leaching behavior of heavy metals in samples of
alkali-activated material proposed the works ofReza Mirmoghtadaei and Lin Shen
(Mirmoghtadaei, 2020) (Mirmoghtadaei et al., 2023a) (Mirmoghtastaa., 203b). The
monolithic samples used in this study were provided by Rezaoghtadaeand Lin Shen, and
theprecursors selected for evaluations were AES-iad power plant, Oahu, Hawaii, fly ash
(FA); H-Power(HP) wasteto-energy power planahu, 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 cradiethe-grave sense of analysere all byproductbornof
energy production or material manufacturing amate often than notjltimately end up being
disposed of in landfills. In the casetldP MSWIMA, the goal is energy production and reduction

in the volume of refuse &gring landfills on Oahu, Hawaii.

1.2 GEOPOLYMER AND ALKALI -ACTIVATED MATERIAL

CHEMISTRY

The geopolymeand alkaliactivated materialeeaction is a complex process that
involves the transformation of aluminosilicate precursors into a-tlireensional network of

linked polymeric structured his reaction, first proposed by Joseph Davidovits in the 1970s, has



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 sug variou

applications, ranging from construction to environmental remediation.

The geopolymer reaction typically begins with the selection of aluminosilicate
precursorssuch as kaolin or metakaolin, while the alladtivated materials reaction begins with
precusorssuch as fly ash, metakaolin, or sl@avidovits, 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 alkalhgtions, commonly
based on sodium or potassium hydroxidavidovits, 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 paperexplainingthe geopolymer reaction mechanisms i2@@9comprehensivéook
by Provisand Jakol§Provis & Jakob, 2009)Thiswork 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 gpdewlerstanding of the geopolymerization process.

The geopolymerization reaction can be broken down into several ¢§fzagedovits,
2020) Initially, the alkaline activator reacts with the aluminosilicate precursor, leading to the
dissolution of silica (B,) and alumina (Al2@). This dissolution process is followed by the
formation of polymeric chains through condensation reactions. The resulting polymeric
structures create a thredémensional network that imparts strength and durability to

geopolymers. fie reaction kinetics, gel formation, and the role of various parameters in



influencing the geopolymerization process have been extensively investigated in the academic

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

Mirmoghtadaei, in his 2020 dissatibn, writesthat alkaltactivates precursor materials
usually contain high calcium oxide along with sulfates, chlorides, and heavy metals, and the
geopolymerization process whidiffers from pure aluminosilicate precursors used in the
creation of geopolymers. This key difference leads to the formation of calcium silicate hydrates,
or CG-S-H, calcium aluminate hydrates, ofACH, and sometimes calciualuminumsilicate

hydrates, oC-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, #meltype of precursor, allows researchers and
engineers to tailor the properties of geopolymers to meet specific performance requirements.
Ongoing research in journadsich as thdournal of Susinable CemerBased Materialg&ind
Sustainabilitycontinueto 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
precusors 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, exemplifiechimat
works cited in thisection continue to guide the development and application of geopolymers in

diverse fields, contributing to sustainable and innovative solutions in materials science.



1.3GEOPOLYMERS 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 matriceer 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 immobiing 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
metakaah, 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 procesakalivee
activation of these precursors initiates the geopolymerization reaction, leading to the formation

of a threedimensional network that encapsulates heavy metal ions.

A notable contribution to the understanding of heavy metal immobilization in
geopdymers is found in the work dfabianca et al. In their stugtheauthors compar®ISWI
FA-based alkatactivated materials to ordinary Portlac@hcretefor immobilizing heavy metals.
The review highlights the effectivenessatiali-activated materials preventing the leaching of
heavy metals, emphasizing their potential as a sustainable alternative in the treatment of

contaminated wasig.abianca et a].2022.



Research has demonstrated that the incorporation of heavy metals into the geopolymeric
strudure occurs through mechanisms such as ion exchange, adsorption, and predipitaisn
& Jakob, 2009)The alkaline environment created during geopolymerization facilitates the
conversion of heavy metal ions into stable and insoluble forms, prevémsingnigration 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 thdournalof Cleaner Productiorconcludes 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 (Maldo#ddmeda et
al., 2020). Theesearchers found-&-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
(Fernande#ereira et al., 2018), and found botAES-H and NA-S-H formation in the blast
furnace slag geopolymer while the fly ash only tfeelformation of the latter. The blast funace
slag geopolymer displayed a higher acid buffering capacity than the flyaasil geopolymer,

along with lower levels of lead and cadnium leaching.

Van Jaarsvel puts forth the hypothesis that lead is primanrityobilized 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 fgagides insights into theffectiveness of



geopolymerizatiommmobilization (Guo et al 2017). Gou contends th&tad in forms soluble in
sodium hydroxide lead to chemical bonding, while lead forms inert to sodium hydroxide are

mainly encapsulated.

An acticle inWaste Managemerthe authors propose that heavy metal cations cannot be
immobilizedthrough exchange with Naisomorphous substitution of metal species in the matri
occurs because of the condatien reation between the hydrolyzed metal species and
aluminosilicate (Zheng et al., 2016). The study finds that, of the tested samptgoploé/mers
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 aafdition

aluminate to the alkakctivator mix.

The applicéion of geopolymers in immobilizing heavy metals extends bewsademic
researchwith practical implementations in the remediation of contaminated sites and the
encapsulation of hazardous wastes. The environmentally friendly nature of geopolymersl, couple
with their ability to provide longerm stability, makes them a promising technology in the
context of sustainable waste managen(éng Pei, 2019) As this field continues to evolve,
ongoing research and practical applications are likely to furthailestt geopolymers as a

valuable tool in the remediation and containment of heavy ronetahminated materials.

If sufficient evidence of the immobilization of heavy metals using geopolymerization is
amassed, the potential applications could be wide rgragid include use for rapid fixing of US
military structuresThe U.S. Army Corps of Engineers published a report in 2884t this very
topictitled Potential Applications of Alkalictivated AlumineSilicateBinders in Military

Operationg(Malone et al., 1985)rhis document explored the potential utilization of atkali



activated aluminssilicate binders, often associated with geopolymers, in various military

applications

The report highlightshe unique properties of these binders, emghagstheir potential
advantages in military operations, particularly in the construction and engineering aspects of
military infrastructureOne key application discussed in the report was the use ofatkalated
aluminosilicate binders in rapid ruray repair. The quicketting 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 structw@s, such as shelters and barriers, due toridugil curing and high strength.

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

properties but also included considerations of-edfsictiveness and logisticiasibility.

In a study conducted By/azien et glthe 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 investigatasrepair applications where curing at ambient temperatures

could offer practical advantage

The researchers prepared geopolymer mortar samples using &flyiasth and alkaline
activators. These samples were then subjected to ambient temperature curing, avoiding the need
for energyintensive curing processelhe results demonstrated that the geopolymer mortar
exhibited notable strength development evennndweed 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 martwas 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 thizasibility 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 eneztficient repair materialin the

construction industry.

1.4 OBJECTIVES

While, there exista multitude of studies on the efficiency of geopolymers and adkélvated
materials to immobilize heavy metals, each study is a novel endeavor due to differences in
precursors, alkali etals, mix design, and curing techniqu&s.of this moment, there has not
been a systematic study dktnovel mixes put forth through the workRdéza Mirmoghtadaei

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

The objective of this study is to further the researdRefa Mirmoghtadaeind Lin Shen
by subjecting thresamples of alkalactivated materiaJsand the granular materials used as
precursorsn the mix design of the aforementioned monolithic alkalivated sampleso EPA
Method 1319eaching testing to evaluate the leaching behavior of each mix and the granular
precursor material used in the miX&A, 2013) Although their previous research has shown
commendable mechanical strengths, investigdteanpact of various alkalis, and studied the

use of waste materials as precursors, research into the effectiveness of their mixes through

11



studying the leaching behavior of heavy metals is necessary to ascertain the environmental

impacts of usingdP 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 andgret polyfluoroalkyl substances (PFAS), both of
which became prevalent in various industries before their detrimesatithbffects were fully
understoodUS Senate, 2011) (Ehsan et al. 2023) (Schmidt, 202Zhis vein, the ability of
alkali-activated materialstilizing HP MSWIMA, AES FA, and RM to immobilize heavy metals
present in precursor materials should bedhghly understood befothey 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 refug®irmoghtadaei, 2020)Geopolymers and alkadictivated
materials could posepotential solution by allowing the aforementioned materials to be used as

construction materials or by preventing environmental contamindtiong thér disposal.
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2.2\WASTE MATERIAL UTILIZATION IN GEOPOLYMERS AND

ALKALI ACTIVATED MATERIALS

The idea of usingvaste materialas precursors is not novel, but it is in thdyestages of
testing worldwide. Each precursor, alkali, mix design, curing me#nwimonolithic sample
needs careful and thorough testing to ensure that the produced geopolymer-acalabd

material is capable of immobilizing heavy metals present.

A 2022review by Lan et aldelves into the synthesis and application of geopolymers
derived fromMSWI FA as a rawprecursor The authors conclude that MSWI FA can be a-low
cost, lowcarbon emitting material for construction purposes that can reduce the potential
environmental harnfrom MSWI FA pollution (Lan et al., 20228 eopolymers have gained
attention for their potential in sustainable construction materials, and the use of MSWI FA as a
precursor aligns with the goal of redyg) and reusing waste materials (Lan et al., 20R2) (et

al., 2021).

A 2011 article focushe stabilization and solidification of a maigal solid waste
incinerationresidue utilzing fly ashbased geopolymers (Galiano et al., 2011). The researchers
conclude that heavy metals may be successfully stabilising FAbased geopolymerization,
but suggest that lorgrm research is needed to study the nature of stabilization in order to make
a complete comparison between geopolymers performance as oppbgdrhtdic cementiue

the loss of alkalinity ovelirne.

A 2018articlein Construction and Building Materials focusesinvestigating the
solidification/stabilization mechanism of heavy metals, specifically Pb(ll), Cd(ll), Mn(ll), and
Cr(l), in fly ashbased geopolymerand foundhat the heavy metal leaching concentrations

14



were below applicable institatal regulations (Wang et al., 2018he researchers found the
formation of both amorphous geopolymer gel and zeolite mineral, in the arrangemeAt$f N
H and GA-S-H. Metals vere readily encapsulated in the amorphoudgelvere to a lesser

extent adsorbed and bonded to the matrix of the geopolymers.

Taking into account the aforementiorsddies thisstudy implements the framework of
EPA method 1310 evaluate the leachirfzehavior of the analytes antimony (Sb) esis (As),
barium (B3, cadmium (Cd), lead (Pb), selenium (Se), thallium (TI), boron (B), and molybdenum
(Mo). The semidynamic tank leaching procedure involves subjecting both granular materials
and monolithic gepolymer samples to a series of leaching cycles to simulatevoeia

environmental conditiondEPA, 2013)

2.3 EXPERIMENTAL PROGRAM

Three different alkalactivated materialgprovided by Reza Mirmoghtadaei and Lin
Shen,and their three granular precursor materials were subjectedA Method 1315 ithis
study.The alkaltactivated materials samples were created with precursors contaiping H
MSWIMA, AES FA, and RM to find if polymerization reduces the leaching of SbBasCd,
Pb, SeTl, B, and Mo when compared to the leaching levels of the constituent precursor

materialsHP MSWIMA, AES FA, and RMJested as compacted granular samples

EPA Test Method 131%4ass Transfer Rates of Constituents in Monolithic or
Compaced Granular Materials Using a Seyblynamic Tank Leaching Proceduiea
standardized protocol developed by the U.S. EBwvitental Protection Agendy assess the

leaching potential of contaminants from solid waste matgidg\, 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 suriagrehvironment over tim&he

outline of the experimental processiwwnin Figure 2.3.1.

The primary objectivef 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 coleaxthed metal concentrations
This is achieved through a sethinamic tank leaching procedure, which involves subjecting the
waste material to a series of leaching cycles to simulatevardéd environmental conditions. It
should be noted that EPA Test tled 1315 utilize®| 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 thediguiface area ratio
betwea the sample and eluent. This dependency is critical when analyzing the results of the
method, as the realorld leaching conditions would more than likely involve stormwater, which
due to higher pollution levels often does not have a neutral pH like 2F wes such, the results
of EPA Method 1315 should be seen as-oase 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 samplesin this case the monolithic samples were provided by Reza Mirmoghtadaei
and Lin Shenand 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 eachxwrialyzed 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 Chittagand
Element One based in WilmingtonCONwere emfmyedto conducimetalconcentratioriesting
of the effluentgathered duringeachant exchange intervals. Further details on the testihg

samplescan be found in thExperimental Procedure

This methodology provides valuable information for assessmgakential
environmental impact of solid waste materials, such as those found in landfills or disposal sites.
The semidynamic nature of the testing accounts for variations in moisture and environmental

conditions that can affect the leaching behaviararitaminants.

EPA Test Method 1318&an be usetb evaluate the leaching potential of different waste
materials and to determine the letggm environmental implications of these materialsich in
turn may contributéo risk assessments and regulatory decisiaking processes related to
waste management and disposalcérding to 1999 report titledtilization of Ash from
Municipal Solid Waste Combustidnom the City and County of Honolulu, Honolul], HP
MSWI ash has been used in Waimanalo Gulch landfill as a compacted dadly atkeast in a
pilot project, and in this studgPA Method 131%s usedo see if geopolymerization would be a

better alternative to the use of compacted, granular HP MSWJashs eél., 1999)
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2.4 EXPERIMENTAL PROCEDURE

Per EPATestMethod 1315, each of the monolithic sample groups consisting of-alkali
activated material derived from-Power MSWIMA, AES FA, and RM and the granular
precursor materials were subjected gemidynamictank leaching proceduf&PA, 2013) The
test method involves preparing columns of compacted granular materials and/or monolithic
samples and leaching them lwa specified leachant solutioDl water in the case of this study
The leachant solutiois agplied intermittentlyat renewal intervals as seenTable2.4.1 The
leachate collected during each cycle is analyzed for the concentration of target constituents,
allowing researchers to quantify the mass transfer rates oveiCiuado cost and time
constraints, this study reduced the amount of leachant solution samples tested for metals
concentrations to intervals TO1, T02, T04, TO6, and T09, cumulative leaching time in days 0.08,

1.0, 7.0, 28.0, and 63.0, respectively.
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Table 2.41. 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 i 1.0
T03 23.0° 0.5 ) 2.0
TO4 - 5.0° 0.1 7.0
TO5 i 7.0° 0.1 14.0
TO6 ) 14.0° 0.1 28.0
TO7 i 14.0° 0.1 42.0
T08 ) 7.0° 0.1 49.0
TO9 14.0° 0.1 63.0
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By comparing the leaching rates of heavy metals in compacted granular samgkes of H
MSIMA, AES FA, and RM to monolithic samples of alkaktivated materials using the same
aforementioned materials as precursors, this study intends to investigaghaiveor differences
between sample groups. The tested sample groupgh@samplenaming conventiogan be

seen onable 24.2and Figure2.41, respectively

In this study, the letters Mnd B are usetmh sample labelto denote monolithic samples
and blank samples, respectivelfe first set of two digits in each name denotes thgkam
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 EF&stMet hod 13150 s -tgpsurlacearear bed | i
of 9° 1 mL/cnf. The leaching solution employed in this stwdgs deionized water sourced
from a twostage 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 D210 deionizing water system.

Themonolithic samplesprovided to the study bgeza Mirmoghtadaei arldn Shen
were suspended in leachant solution through the use of Mason 25 |b test weight, .54 mm
di ameter nylon fishing |ine as to all o the m
eluent.HP and AESmonolithicsamples were produced using a standara2brass grout cube
mold, whichgaveeach sample a surface area of approximately 154.84asnseen in Figure
2.42. TheprovidedRM sample wasgregularly shaped and, in an effort to ease the calculation of
surface area, was cut to have uniform dimensions as show in Big@®ith a surface area of

approximately 73.64 c¢fn
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Table2.4.2. Sample GroupsUsed 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
Alkali-Activated Material
H-Power MSWIMA Monolithic HP_M
Cube
Alkali-Activated Material
AES FA Monolithic AES_M
Cube
Alkali-Activated Material
RM Monolithic RM_ M

Cube
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Example Names:
HPBT1

AESDIMTS
EMOLIT6E

* Yellow underlined indicates sample material tvpe
HP = H-Power FA

* Blue underlined indicates sample type other than granular
B =Blank and M = Monolithic

* (Orange underlined indicates sample number

* Red underlined indicates trial mnterval
T6 = 28 day sample

Figure 2.4.1. Naming Convention

Figure 2.42. AES and HP Alkali-Activated Material Samples
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Figure 2.4.3. RM Alkali-Activated Material Sample

For granulamaterials theoptimummoisture content wasundusingper the prescribed
method in EPATestMethod 1315 using modifiedASTM D1557, Standard Method for
Laboratory Compaction Characteristic of Soil Using Modified Eff&RA, 2013XASTM,

2007). Maximum packing density and timum moisture contewereestablished via a series of
five batchwise trails with increasing moisture contamnid a thirdorder polynomial fit through

the data points of dfgacking density as a function of moisture content.

Granular samples were preparga compaction at 90% of calculated optimum packing
density, per EPA'estMethod 1315, in either 4&inch (10.16cm) diametemodified test
cylinder mold or-inch (10.16 cmPVC slip capas seeim Figure 2.44 and Figure 2.4.
Borosilicate glass beads;ni2m outsidediameter fronthe manufacture€hemglassnc., were

applied to the surface of granular samples following compaction to reduce scour.
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Figure 2.4.5. HP Granular Sample in Modified Concrete Test Cylinder Mold Topped with
Borosilicate Beads
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Following eaclrerewal interval, a measurement of pH and temperature was taken with a
Thermo Scientific Orion Star A320 before filtratitirough 20.45mm membrane via @&hermo
Scientific Nalgene 250 mL reusable filter unit, as seen in Figure Edlléwingfiltration, each
sample was bottled in a new high density polyethylene sample bottle. At two separate times,
sample bottles of filtered leaching fluid were sertinto different outsidéaboratories,

CTLGroup based in Chicagty,, and Element One basedWilmington, NC, for concentration

testing of Sbh, 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

2.5.1LeachedMetal Concentration Results

Due to cost and time constraints, this study reduced the amount of leachant solution
samples tested for metals concentrations to intervals TO1, T02, T04, T06, and T09, cumulative
leaching time in days 0.08, 1.0, 7.0, 28.0, and 63.0, respectively. Agbaate times, sample
bottles of filtered leaching fluid were sent to two different outside laboratories, CTLGroup
(Lab01) based in Chicaghi,, and Element One (Lab02) based in Wilmingtd@, for

concentration testing of Sb, As, Ba, Cd, Pb, Se. TI, BMad

Lab01 analyzed the resultant leaching fluid for T1, T2, and sd@rfellbwing 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/LCidby 0.01
mg/L for Pb, 0.07 mg/L for Se, 0.03 mg/L for DLO® mg/L for B, and 0.004 for Md.ab02
analyzed the resultant leaching fldat T4, T6, and T9ollowing EPA Method 602B using
inductively coupled plasma mass spectrometry {M3) with an instument reporting limit of
1.0ng/L (0.001 mg/L) for all metalsChe full reports from Lab01 and LabO&docated in the
Appendix and summariesf the resultcan be found offable 2.51.1 for Sb, As, Ba, and Cd

and Table 2.8.2 for Pb, Se, TI, B, and Mo

Figure2.5.1.1 Figure2.5.1.2 and Figure.5.1.3graph Sb concentrations in mg/L as a
function of leachate exchange dafagure2.5.1.4 Figure2.5.1.5 and Figure.5.1.6graph As
concentrations in mg/L as a function of leachate exchange Eigyse2.5.1.7 Figure2.5.1.8
and Figure2.5.1.9graph Ba concentrations in mg/L as a function of leachate exchange days.

Figure2.5.1.10 Figure2.5.1.11 and Figure2.5.1.12graph Cd concentrations in mg/L as a
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function of leachate exchange daygure2.5.113, Figure2.5.1.14 and Figure.5.1.15graph

Pb concentrations in mg/L as a function of leachate exchangeRigys=2.5.1.16 Figure

2.5.1.17 and Figure2.5.1.18graph Se concentrations in mg/L as a function of leachate exchange
days.Figure2.5.1.1, Figure2.5.1.20 and Figure.5.1.21graph Tl concentrations in mg/L as a
function of leachate exchange dalygyure2.5.1.22 Figure2.5.1.23 and Figure?.5.1.24graph

B concentrations in mg/L as a function of leachate exchangeigyse2.5.1.25 Figure

2.5.1.26 and Figure.5.1.27graph 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 2.5Gt5aphs of each sampl e

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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Table 25.1.1. Metal Concentration Results for Sb, As, Ba, and Cd
T1 0.08 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03*
T2 1 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* w
T3 2 - - - - - - - - . . . . 0.03* 0.03* 0.03* 0.03* 3
T4 7 0.01/6A. 00[5A. 00[58. 00/54. 00/6A. 00[6A. 00[1A. 00[1A. 00[1A. 00[2A. 00[1A. 00[1A. 00[6A. 00[5A. 00[4A0. 001A3
T6 28 0.03* 0.00[54. 00|5 A.03* 0.00[84. 008 A.03* 0.00[14. 001 A.03* 0.00[14. 00[1 A.03* - - 0.03* D
T9 63 0.00[1A.00[1A. 00[18. 00[68. 00l6B. 00[7A. 00[14. 00[18. 00[1A. 00[1A. 00[14. 00[1A. 00/58. 00[3A. 00[3A0. 001|]AZ
T1 0.08 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04*
T2 1 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.04* 0.059* | 0.065* 0.07* 0.04* >
T3 2 - - - - - - - - - - - - 0.061* | 0.065* [ 0.065* 0.04* m
T4 7 0.17/88.20[48.19/46.00[26. 00(34. 00[24. 00[14. 00[14. 00[1A. 00[18. 00[18.00|18.0888.0838. 09[8A0. 005/A &
T6 28 0.04* 0.14(74. 16|3 A.04* 0.00[24. 001 A.04* 0. 00[14. 001 A.04* 0.00[184. 00|1A178* - - 0.04* >
T9 63 0.04A0.03[s8Am. 059A0. 00[1A. 00[1A. 00[1A. 00[18. 00[18. 00[1A. 00[1A. 00[14. 00[18. 16[28. 13[48. 13[sA0. oo5|A™
T1 0.08 0.122* | 0.103* | 0.101* | 0.0003* | 0.0003* | 0.0003* [ 0.053* | 0.036* | 0.033* | 0.0003* | 0.0003* | 0.0003* | 0.016* | 0.0003* | 0.0003* 0.0003*
T2 1 0.421* | 0.402* [ 0.354* | 0.0003* | 0.013* | 0.0003* [ 0.11* 0.105* | 0.107* | 0.0003* [ 0.0003* [ 0.0003* | 0.0003* | 0.0003* | 0.0003* 0.0003* @
T3 2 - - - - - - - - - - - - 0.0003* | 0.0006* | 0.0003* 0.0003* =
T4 7 1.78A2. 1A 1.87A0.00[98.01[84.00[98. 12[28. 11[9A. 09[3A. 00[5A. 00[4A. 00[4A. 00[1A. 00[18. 00[1A0. 001]|A 3
T6 28 1.06* 1.92A2. 09A0.03* 0.03|6A4. 029 A.0os* 0.10[94. 09(34019* 0. 012fA0. 0 1|300003* - - 0.0003* 5
T9 63 1.1 1.09A1.22A0. 01/4A. 01]5A. 01|5A. 11[1A. 10[7A. 08[3A. 00[58. 00/4H. 00[4B. 00[LA. 00|LA. 00[LAD. 00 1|]A
T1 0.08 0.0007* | 0.0007* | 0.0007* | 0.0007* | 0.0007* | 0.0007* [ 0.0007* | 0.0007* [ 0.0007* | 0.0007* | 0.0007* | 0.0007* | 0.0007* | 0.0007* | 0.0007* 0.0007*
T2 1 0.0007* | 0.0007* | 0.0007* | 0.0007* | 0.0007* | 0.0007* [ 0.0007* | 0.0007* [ 0.0007* | 0.0007* | 0.0007* | 0.0007* | 0.0007* | 0.0007* | 0.0007* 0.0007* m
T3 2 - - - - - - - - - - - - 0.0007* | 0.0007* | 0.0007* 0.0007* 3
T4 7 0.00[58.00[54.00[58. 00[18.00[18. 00[18. 00[2A. 00[1A. 00[1A. 00[18. 00[18. 00[218. 00[2A. 00[1A. 00[1A0. 001]|A 5
T6 28 0.0007* | 0. 00(58. 00[500007* | 0. 00|1A. 001080007 | 0. 001 A. 00|16/0007* | 0. 00[1A. 001 A0O03* - - 0.0007* B
T9 63 0.00/58. 00(58.00[584.00[14.00{18.00[18.00[18.00[18.00[18. 00[14.00[18.00[18. 00[58.00[54. 00[1A0. 001|]A S

* denotes Lab0l1l. A denotes Lab02. §y RM Monolithic Sample data points are not averages but singluar
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Table 25.1.2. Metal Concentration Results for Pb, Se, Tl, B,ja Mo

Tl 0.08 0.01* 2.13* 1.94* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* 0.021* 0.134*
T2 1 0.01* 10.7* 6.82* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* 0.01* =
T3 2 5 s s : : = 2 - - 5 - 5 0.01* 0.01* 0.01* 0.01* m
T4 7 29. 8A31. 7A28. §A0. 00[1A. 00[1A. 00[1A. 00[21A. 00[21A. 00[1A. 00[1A.00(1H.00/16.00[1A. 0028. 00]2A0. 00 1A
T6 28 4.92% 8. 93A9. 59A0.01* 0.00[14. 001 &.01* 0.00[14. 001 ®0O1* 0.00[14. 001 01+ - - 0.01* &
T9 63 3.33A3.71A4.26A0.00[(1A. 00/1A.00]/1A. 00/1A. 00/2A. 00[1A. 00|1A. 00[1A. 00[1A. 01/A0. 00[3A. 00/1A0. 00 1]A
Tl 0.08 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07*
T2 1 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* 0.07* ¢
T3 2 - - - - - - - - - - - - 0.07* 0.07* 0.07* 0.07* g
T4 7 0.58[8A.664A.63|1A. 00[7A. 00[8A. 00[6A. 00[1A. 00[1A. 00|1A. 00/14.00[/18.00[14. 10(1A. 126A. 19|7A0. 001]A 5
T6 28 0.07* 0. 48|6A4. 547 A.o7* 0. 00[|74. 007 A.o7* 0.00[24. 00[3 AOT* 0.00[14. 00|1 A194* - - 0.07* D
T9 63 0.14/18. 14[18. 16/28. 00/58.00[/58. 00[58. 00[2a. 00[28. 00[2A. 00[1A. 00[18.00[18. 30[6A. 00[14. 00[1A0. 001]A L8
Tl 0.08 0.036* | 0.034* | 0.032* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03*
T2 1 0.033* | 0.032* 0.03* 0.028* 0.03* 0.03* 0.026* | 0.029* | 0.028* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 0.03* 3
T3 2 - - - - - - - - - - - - 0.03* 0.03* 0.03* 0.03* 2
T4 7 0.00[58.00[58. 00[58. 00[2A. 00[2A. 00[1A. 00[1A. 00[1A. 00[1A. 00[1A. 00[18. 00[18. 00J1A. 00J1A. 00[1A0. 001|A S
T6 28 0.035* | 0. 00[54. 00|5 A.03* 0.00[14. 001 &.03* 0.00[14. 00[1 A.03* 0.00[14. 00|1 A.03* - - 0.03* 3
T9 63 0.00/18.00[1A.00[18. 00[18. 00[18. 00[14. 00[18. 00[18. 00[1A. 00[18. 00[18. 00[18. 00[18. 00[18. 00[]1A0. 001/A™
Tl 0.08 0.107* | 0.009* | 0.009* 0.04* 0.014* | 0.027* | 0.219* | 0.214* | 0.178* | 0.191* | 0.0154* [ 0.207* | 0.009* | 0.009* | 0.009* 0.023*
T2 1 0.009* | 0.009* | 0.009* | 0.009* | 0.009* | 0.009* | 0.009* | 0.128* | 0.135* 0.17* 0.137* | 0.176* | 0.009* | 0.009* | 0.015* 0.066* w
T3 2 - - - - - - - - - - - - 0.009* | 0.009* 0.01* 0.043* S
T4 7 0.07[8A.009[3A.07/4H8.03(7A.03|7A.03[7A. 13[38. 12(7A. 18A0.20|3A. 18{9A. 20[3A. 108A0. 1A 0. 19[4A0. 196/A=
T6 28 0.033* 0.11/1A. 10[/8A009* | 0. 05(6A8. 06|1A063* | 0. 17|8A. 17[48223* | 0. 47(3A. 49|1 A068* - - 0.064* z
T9 63 0. 11[3A. 10[(8A. 12|3A. 04[(1A. 03(9A. 04|18. 18/3A. 16/4A. 17A0. 17/9A. 17|3A. 18[6A. 19A0. 15(6A. 27[3A0. 197A
Tl 0.08 0.004* | 0.004* | 0.004* | 0.004* | 0.004* | 0.004* | 0.004* | 0.004* [ 0.004* | 0.004* | 0.004* | 0.004* [ 0.004* | 0.004* | 0.004* 0.004* g
T2 1 0.004* | 0.004* | 0.004* | 0.004* | 0.004* | 0.004* | 0.004* | 0.004* | 0.004* | 0.004* | 0.004* | 0.004* | 0.004* | 0.004* | 0.004* 0.004* <
T3 2 - - - - - - - - - - - - 0.004* | 0.004* [ 0.004* 0.004* 2
T4 7 0.06/88.07(98.06|6A.00[2A.00[18.00[18. 14/98. 14|58. 08[58. 00[58.00[38.00[48.23[98. 2298. 26|6 A0. 008[|A 2
T6 28 0.004* | 0. 05[(884. 06/4H8004* | 0. 00J1A. 00[14087* [ 0. 30[9A. 26|5A004* | 0. 01[2A. 0 1|4 A062* - - 0.004* 3
T9 63 0.04[18. 03[8A. 04|68. 00/18. 00[18. 00[18. 13[58. 14A0. 12[38. 00[38.00[58. 00[48. 243/6A. 21]2A. 28A 0. 006]A S
* denotes Lab01l. A denotes Lab02. ¥ RM Monolithic Sample data points are not averages but singluar

30



Table 2.5.1.3. Recorded Masses, pH, and Temperatures for AES FA Samples at Each Leaching Fluid Renewal

AES01 AES02 AES03 AESO01M AES02M AES03M
ZH_HH“Q Oc_.m_&._._:m Mass [g]] pH ._.Hmnﬂv. Mass [g]] pH ._._mnm_n. Mass [g]] pH ._._mnmﬁ. Mass [g]] pH ._.Hm%_;_u. Mass [g]] pH ._.MM,U. Mass [g] pH ._._mnﬂb.
START 0 811.5 N/A N/A 817.9 N/A N/A 656.6 N/A N/A 277.1 N/A N/A 276.3 N/A N/A 274.9 N/A N/A
TO01 0.08 829.8 | 11.92 22.3 837.6 | 11.63 22.2 668.9 | 11.59 22.3 276.8 | 11.68 22.1 275.9 | 11.61 22.1 273.0 | 11.70 22.0
T02 1 858.2 | 12.24 | 22.7 850.0 | 12.16 22.2 666.3 | 12.19 22.2 276.4 | 11.74 | 22.1 275.6 | 11.68 21.9 2722 | 11.75 22.0
TO3 2 868.0 | 11.91 22.9 863.4 | 11.98 22.8 677.1 | 11.80 22.7 276.0 | 11.56 22.3 275.2 | 11.53 22.2 272.3 | 11.54 22.2
T04 7 951.7 | 12.13 22.1 951.9 | 12.17 22.3 749.4 | 11.96 22.2 275.5 | 11.99 22.0 2749 | 11.92 22.0 271.7 | 11.98 22.0
TO5 14 1000.3| 11.40 22.2 995.3 | 11.35 22.2 816.3 | 11.31 22.1 275.1 | 11.91 22.2 274.7 | 11.90 22.4 2715 | 11.86 22.3
TO6 28 1003.6| 11.10 23.5 998.4 | 11.04 23.6 788.8 | 11.00 23.6 274.7 | 11.98 22.4 274.4 | 11.97 22.3 271.0 | 12.01 22.2
T07 42 1004.7| 11.06 22.5 993.5 | 11.05 225 789.7 | 10.21 22.4 274.6 | 11.83 21.8 274.2 | 11.83 22.0 2709 | 11.84 21.6
TO8 49 995.5 | 11.03 21.7 983.4 | 10.80 21.9 789.8 | 10.80 21.8 274.4 | 11.75 22.2 274.1 | 11.74 22.1 270.7 | 11.79 22.0
TO09 63 991.9 | 10.92 215 979.7 | 10.97 21.3 790.0 | 10.83 21.4 2743 | 11.71 22.1 2739 | 11.69 22.0 270.7 | 11.76 22.1
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AES Fly Ash Granular and Monolithic Samples Average pH with
Standard Deviation Error Bars
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Figure 2.5.1.1. AES FA Granular and Monolithic Samples Average pH Over Time
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Table 2.5.1.4Recorded Masses, pH, and Temperature for HP MSWIMA Samples

HPO1 HPO2 HPO3 HPO1M HPO2M HPO3M

ZH__H-_M er Ocsm&._._Bm Mass [g]| pH ._.mm._o. Mass [g]] pH ._.mwﬁ. Mass [g]] pH ._._mnudu. Mass [g]] pH ._.mm_u. Mass [g]] pH ._.Mnmdu. Mass [g]| pH ._.Hm%_ﬁ.

START 0 824.3 N/A N/A 821.5 N/A N/A 842.8 N/A N/A 301.4 N/A N/A 297.5 N/A N/A 293.6 N/A N/A
TO1 0.08 843.5 | 11.74 22.2 839.2 | 11.45 22.1 857.1 | 11.51 22.2 302.2 | 11.24 22.2 297.9 | 11.27 22.1 294.0 | 11.44 22.1
T02 1 865.1 | 11.78 22.3 852.0 | 11.52 22.6 885.6 | 11.66 22.6 301.9 | 11.40 22.2 2979 | 11.47 22.2 2942 | 1150 | 22.1
TO3 2 870.7 | 11.78 22.6 857.6 | 11.78 22.6 890.6 | 11.86 22.5 301.8 | 11.27 22.4 297.6 | 11.33 22.4 294.6 | 11.30 22.4
TO4 7 875.9 | 12.02 22.8 866.5 | 12.03 22.8 892.3 12.1 23 302.2 | 11.77 22.1 298 11.81 22.2 294.6 | 11.79 22.1
TO5 14 879.3 | 12.11 225 874.8 | 12.09 22.5 888.3 | 12.07 225 302.4 | 11.78 224 298.4 | 11.85 22.3 294.8 | 11.81 22.3
TO6 28 912.7 | 12.22 22.1 900.8 | 12.25 22.1 909.5 | 12.22 22.1 302.6 | 11.89 22.4 298.7 | 11.94 22.3 295.0 | 11.92 22.3
TO7 42 915.0 | 12.26 22.1 896.9 | 12.28 22.3 922.3 | 12.28 22.4 3034 | 11.78 21.7 299.0 | 11.83 21.7 2955 | 11.82 21.5
T08 49 916.5 | 12.33 21.6 901.7 | 12.32 21.6 927.2 | 12.36 21.7 303 11.53 22.2 299.1 [ 1155 22.2 2954 | 11.56 22.3
TO9 63 928 12.42 21.3 910.5 | 12.44 21.3 937.3 | 12.44 21.3 303.3 | 11.60 21.8 299.1 | 11.65 21.7 2955 | 11.63 21.6
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HP MSWIMA Granular and Monolithic Samples Average pH with
Standard Deviation Error Bars
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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

10.0

9.5

10.18

¢ 9.95

21

® Ave. RM pH

28

35

42
Leaching Fluid Exhange Day Cumulative

*RM Mono pH

49

56

63

RMO1 RMO02 RMO03 RMO1M
Trial | Cum. Time Temp. Temp. Temp. Temp.
Nurmber (d] Mass [g]] pH C] Mass [g]] pH ] Mass [g]] pH ] Mass [g]] pH ]
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 22.4 645 | 1018 | 21.8
T02 1 574.1 | 10.21 22 563.0 | 10.67 | 22.1 | 5974 | 1052 | 22.1 64.6 | 1049 | 221
T03 2 580.7 | 1045 | 21.9 572.0 | 10.66 21.8 605.1 | 10.66 [ 21.8 64.6 10.38 21.8
T04 7 579.4 | 1068 | 21.3 | 571.8 | 10.78 | 21.1 | 6054 | 10.86 | 21.2 64.7 1040 | 223
TO5 14 577.7 | 10.74 | 225 571.0 | 10.78 22.4 607.2 | 10.81 [ 225 64.8 10.25 | 216
TO6 28 576.6 | 10.79 | 215 | 570.2 | 1081 | 214 | 603.2 | 10.75 | 214 65 1027 | 213
T07 42 5753 | 1081 | 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 1023 | 22.1
T09 63 5728 | 10.72 | 22.1 567.7 | 10.84 22 602.6 | 10.68 | 22.2 65.2 10.24 | 218
Average RM Granular Samples pH with Standard Deviation
Error Bars and Monolithic Sample pH
115
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=
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o 103g " 1040
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Figure 2.5.1.3. RM Granular SamplesAverage pH and RM Monolithic Sample pH
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Antimony Leaching Concentrations of H-Power Municipal Solid
Waste Inceration Mixed Ash Granular Samples and Geopolymer
Samples
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Figure 2.5.1.4 Sb Leaching Concentrations from HP MSWIMA Samples
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Antimony Leaching Concentrations of AES Fly Ash Granular
Samples and Geopolymer Samples
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Figure 2.5.15. Sb Leaching Concentrations from AES FA Samples
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Antimony Leaching Concentrations of Red Mud Granular
Samples and Geopolymer Sample
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Figure 2.51.6. Sb Leaching Concentrations fromRM Samples
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Arsenic Leaching Concentrations of H-Power Municipal Solid
Waste Inceration Mixed Ash Granular Samples and Geopolymer

Samples
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Figure 2.5.17. As Leaching Concentrations fromHP MSWIMA Samples
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Arsenic Leaching Concentrations of AES Fly Ash Granular
Samples and Geopolymer Samples
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Figure 2.5.18. As Leaching Concentrations from AES FA Samples
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Arsenic Leaching Concentrations of Red Mud Granular Samples
and Geopolymer Sample
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Figure 2.5.19. AsLeaching Concentrations fromRM Samples
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Barium Leaching Concentrations of H-Power Municipal Solid
Waste Inceration Mixed Ash Granular Samples and Geopolymer
Samples
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Figure 2.5.110. Ba Leaching Concentrations fromHP MSWIMA Samples
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Barium Leaching Concentrations of AES Fly Ash Granular
Samples and Geopolymer Samples
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Figure 2.5.111. Ba Leaching Concentrations from AES FA Samples
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Barium Leaching Concentrations of Red Mud Granular Samples
and Geopolymer Samples
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Figure 2.5.112. Ba Leaching Concentrations fromRM Samples
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Cadmium Leaching Concentrations of H-Power Municipal Solid
Waste Inceration Mixed Ash Granular Samples and Geopolymer

US EPA, 2012a Drinking Water Regulations
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Figure 2.5.113. Cd Leaching Concentrations fromHP MSWIMA Samples
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Cadmium Leaching Concentrations of AES Fly Ash Granular
Samples and Geopolymer Samples
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Figure 2.5.114. Cd LeachingConcentrations from AES FA Samples
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Cadmium Leaching Concentrations of Red Mud Granular
Samples and Geopolymer Samples
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Figure 2.5.115. Cd Leaching Concentrations fromRM Samples
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Lead Leaching Concentrations of H-Power Municipal Solid Waste
Inceration Mixed Ash Granular Samples and Geopolymer Samples
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Figure 2.5.116. Pb Leaching Concentrations fromHP MSWIMA Samples
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Concenfration (mg/L)

and Geopolymer Samples
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Lead Leaching Concentrations of AES Fly Ash Granular Samples
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Figure 2.5.1.77. Pb Leaching Concentrations fromAES FA Samples
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Lead Leaching Concentrations of Red Mud Granular Samples and
Geopolymer Samples
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Figure 2.5.1.B. Pb Leaching Concentrations fromRM Samples
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Selenium Leaching Concentrations of H-Power Municipal Solid
Waste Inceration Mixed Ash Granular Samples and Geopolymer

US EPA, 2012a Drinking Water Regulations
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Figure 2.5.119. SeLeaching Concentrations from HP MSWIMA Samples
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Selenium Leaching Concentrations of AES Fly Ash Granular
Samples and Geopolymer Samples
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Figure 2.5.120. Se Leaching Concentrations fromAES FA Samples
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Selenium Leaching Concentrations of Red Mud Granular Samples

and Geopolymer Samples
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Figure 2.5.121. Se Leaching Concentrations fronrRM Samples
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Thallium Leaching Concentrations of H-Power Municipal Solid
Waste Inceration Mixed Ash Granular Samples and Geopolymer
Samples
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Figure 2.5.122. Tl Leaching Concentrations fromHP MSWIMA Samples
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Thallium Leaching Concentrations of AES Fly Ash Granular
Samples and Geopolymer Samples
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Figure 2.5.123. Tl Leaching Concentrations fromAES FA Samples
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Thallium Leaching Concentrations of Red Mud Granular
Samples and Geopolymer Samples
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Figure 2.5.124. Tl Leaching Concentrations fromRM Samples
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Boron Leaching Concentrations of H-Power Municipal Solid
Waste Inceration Mixed Ash Granular Samples and Geopolymer
Samples
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Figure 2.5.1.5. B Leaching Concentrations fromHP MSWIMA Samples

57




Boron Leaching Concentrations of AES Fly Ash Granular
Samples and Geopolymer Samples
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Figure 2.5.1.35. B Leaching Concentrations fromAES FA Samples
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Boron Leaching Concentrations of Red Mud Granular Samples
and Geopolymer Samples
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Figure 2.5.1.Z. B Leaching Concentrations fromRM Samples
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Concentration (mg/L)

Molybdenum Leaching Concentrations of H-Power Municipal
Solid Waste Inceration Mixed Ash Granular Samples and
Geopolymer Samples
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Figure 2.5.1.8. Mo Leaching Concentrations from HP MSWIMA Samples
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Molybdenum Leaching Concentrations of AES Fly Ash Granular
Samples and Geopolymer Samples
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Figure 2.5.1.3. Mo Leaching Concentrations fromAES FA Samples
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Molybdenum Leaching Concentrations of Red Mud Granular
Samples and Geopolymer Samples
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Figure 2.5.1.30 Mo Leaching Concentrations fromRM Samples
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2.5.2 Analysis ofLeachedMetal Concentration Data

In this section, ratal concentration data poirgeecompared to two different standards,
theEPA 2012a National Primary Drinking Water Regulatigg®A, 2019)and EPA Resource
Conservation and Recovery Act (RCRA) hazardous waste allowable (E/Ss, 1980)
Drinking water regulationare morestringent tlan hazardous waste limits, but the intent is to
assess whether the alkalitivated materials are capable of immobilizmegtalsto the point of
meeting either, both, or neither standardble 2.5.2.1 displayisoth the National Primary
Drinking Regulations and RCRA hazardous waste allowable limits farthlyte® Sb, As, Ba,

Cd, Pb, Se. Tl, B, and M investigated in this study.
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Table 2.5.2.1 EPANational Primary Drinking Water Regulations, EPA RCRA Hazardous
Waste Allowable Limits, Lab01 Detection Limits and Lab02 Detection Limits

Drinking Water | RCRA Hazardous Lab01 Lab02
Chemical of
Regulations Waste Limits Detection Detection
Potential Concerr
[mg/L] [mg/L] Limits [mg/L] 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) 0.01% 5 0.01 0.001
Selenium (Se) 0.05 1 0.07 0.001
Thallium (TI) 0.002 - 0.03 0.001
Boron (B) 7 - 0.009 0.001
Molybdenum ) 0.004 0.001
0.2 -
(Mo)
* National secondary drinking water regulatiénson enforceable guide
A Treatment technique action | evel
y Drinking water equivalent | evel
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The average metal concentrasand standard deviatiofte each monolithic and
granularsample grout eacheachant exchange tinvgere calculatednd are displayed ifable
2.5.2.2andTable 2.5.2.3, anthe percent difference betwettre calculated averages fgranular
samples and their corresponding monolithic alkativated 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, thalkali-activated materialeeduced leachingoncentrations foAs, Ba, CdPb, Se,
Tl, B, and Moacross the leaching fluid exchange intervals, while Sb increased in leaching
concentratioafor fluid exchanges on day 28 and 63. AES FA alkalivated material samples
had leaching concentrations s, As, Cd, Pb, ahTl reported at laboratory detection levels with
no marked increase, while , and Mo leaching concentrations dropped, and B leaching
concentrations increased. RM alkatitivated 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 excepttaneid

concentration for day 63.
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Table 25.2.2. Averaged Metal Concentration Results for Sb, As, Ba, and Cd and Sample Standard Deviatior

H-Power Granular H-Power Monolithic AES Granular AES Monolithic Red Mud Granular RM Mo njoy

Trial LabelTime

N (Day) mg/L SD mg/L SD mg/L SD mg/L SD mg/L SD mg/L
T1 0.08 0.03* 0.000 0.03* 0.000 0.03* 0.000 0.03* 0.000 0.03* 0.000 0.03*
T2 1 0.03* 0.000 0.03* 0.000 0.03* 0.000 0.03* 0.000 0.03* 0.000 0.03* w
T3 2 - - - - - - - - 0.03* 0.000 0.03* 3
T4 7 0. 000p AD.006 0. 00]|6 A.001 0. 00[1 A.000 0. 00]J1 A.000 0. 00|5 A.001 0.001[A 2
16 28 0. 00p A0.000 0. 00|8 A.000 0. 00/1 A.000 0. 00]|1 A.000 - - 0.03* D
T9 63 0. 00 [l AD.000 0. 00|6 A.001 0. 00|1 A.000 0. 00|1 A.000 0.004 0.001 0.001A 2
T1 0.08 0.04* 0.000 0.04* 0.000 0.04* 0.000 0.04* 0.000 0.04* 0.0000 0.04*
T2 1 0.04* 0.000 0.04* 0.000 0.04* 0.000 0.04* 0.000 0.06* 0.006 0.04* >
T3 2 - - - - - - - - 0.06* | 0.002 0.04* &
T4 7 0.19p A.013 0. 00]|2 A.001 0. 00[1 A.000 0. 00]J1 A.000 0. 09|0 A.008 0.005[A &
T6 28 0.15p5A0.011 | 0. 002 A.001 0. 001 A000 | 0. 00|1A.000 - - 0.04* z
T9 63 0. 04 B A.006 0. 00|1 A.000 0. 00|1 A.000 0. 00|1 A.000 0. 14|5 M.015 0.005|A
T1 0.08 0.109* 0.012* | 0.0003* | 0.000 [ 0.0407* | 0.0108 | 0.0003* | 0.000 | 0.0055* | 0.009 0.0003*
T2 1 0.392* 0.035* | 0.0045* | 0.007 [ 0.1073* | 0.0025 | 0.0003* | 0.000 | 0.0003* | 0.000 0.0003* @
T3 2 = - - = - - - = 0.0004* | 0.000 0.0003* =
T4 7 1. 92|A 0.165 0. 01|2 A.005 0. 111 A.016 0. 00]4 A.001 0. 00|1 A.000 0.001]A 3
T6 28 2. 01|A 0.120 0. 0 3|3 A.005 0. 10/[1A.011 0. 01[2 A.002 - - 0.0003* o
T9 63 1. 14|A 0.072 0. 01]|5A.001 0. 10[0 A.015 0. 00J4 A.001 0. 00[1 A.000 0.001JA —
T1 0.08 0.0007* 0.000 | 0.0007* | 0.000 | 0.0007* | 0.000 | 0.0007* | 0.000 | 0.0007* | 0.000 0.0007*
T2 1 0.0007* 0.000 | 0.0007* | 0.000 | 0.0007* | 0.000 | 0.0007* | 0.000 | 0.0007* | 0.000 0.0007* m
T3 2 - - - - - - - - 0.0007* | 0.000 0.0007* 3
T4 7 0. 00p A0.000 0. 00]|1 A.000 0. 00|1 A.000 0. 00]|1 A.000 0. 00|1 A.000 0.001]A §
T6 28 0. 00p AD.000 0. 00]J1 A.000 0. 00[1 A.000 0. 00]J1 A.000 - - 0.0007* o)
T9 63 0. 00p AD.000 0. 00]|1 A.000 0. 00[1 A.000 0. 00]|1 A.000 0. 00[4 A.002 0.001/A &

* denotes Lab0Ol. A denotes Lab02. y RM Monolithic Sample data points are n
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Table 25.2.3.Averaged Metal Concentration Results for Pb, Se, Tl, B, and Mo and Sample Standard Deviatic

H-Power Granular H-Power Monolithic AES Granular AES Monolithic Red Mud Granular RM Mo njoy

Trial LabelTime

- (Day) mg/L SD mg/L SD mg/L SD mg/L SD mg/L SD mg/L
T1 0.08 1.36* 1.17 0.01* 0.00 0.01* 0.00 0.01* 0.00 0.01* 0.01 0.134*
T2 1 5.84* 5.41 0.01* 0.00 0.01* 0.00 0.01* 0.00 0.01* 0.00 0.01* =
T3 2 - - - - - - - - 0.01* 0.00 0.01* 8
T4 7 30. 0B A156 0. 001 A.000 0. 00|l A.000 0. 001 A.000 0. 00(2 A.001 0.001[A 5
T6 28 9. 26|A 047 0. 001 A.000 0. 00|l A.000 0. 001 A.000 5 - 0.01* S
T9 63 3. 77|A 047 0. 001 A.000 0. 00|1 A.000 0. 001 A.000 0. 00(5 A.005 0. 001]A
T1 0.08 0.07* 0.00 0.07* 0.00 0.07* 0.00 0.07* 0.00 0.07* 0.00 0.07*
T2 1 0.07* 0.00 0.07* 0.00 0.07* 0.00 0.07* 0.00 0.07* 0.00 0.07* g
T3 2 - - - - - - - - 0.07* 0.00 0.07* g
T4 7 0. 62pB A.038 0. 00|7 A.001 0. 00|l A.000 0. 001 A.000 0. 14|1 A.050 0.001]A §
T6 28 0. 51 A0.043 0. 007 A.000 0. 00|3 A.001 0. 001 A.000 - - 0.07* D
T9 63 0. 148 A.012 0. 00|5 A.000 0. 002 A.000 0. 001 A.000 0. 103 M.176 0.001/A &
T1 0.08 0.034* 0.002 0.03* 0 0.03* 0 0.03* 0.00 0.03* 0.00 0.03*
T2 1 0.032* 0.002 0.03* 0.001 0.03* 0.002 0.03* 0.00 0.03* 0.00 0.03* =
T3 2 5 - - 5 - - - - 0.03* 0.00 0.03* 2
T4 7 0. 00p AD.000 0. 001 A.000 0. 00|l A.000 0. 001 A0.00 0. 00|l A.000 0.001]A §
T6 28 0.00pA O 0.00{1A0 0. 00[1AO 0. 001 A0.00 - - 0.03* 3
T9 63 0.00LAO 0.00/1A0 0. 00[1AO 0. 001 A0.00 0. 001 A.000 0.001[A
T1 0.08 0.042* 0.057 0.027* 0.013 0.204* 0.022 0.138* 0.11 0.009* 0.000 0.023*
T2 1 0.009* 0.000 0.009* 0.000 0.091* 0.071 0.161* 0.02 0.011* 0.003 0.066* -
T3 2 - - - - - - - - 0.009* 0.001 0.043* S
T4 7 0. 08P A.010 0. 0 3|7 A.000 0. 14|7 A.029 0. 19|8 A0.01 0. 13[4 A0.05 0.196|A =
T6 28 0. 11p A0.002 0. 05[9 A.004 0. 17|6/A.003 0. 482 A.013 - - 0.064* =z
T9 63 0.11p A0.008 0. 040 A.001 0. 17|2A.010 0. 179 A.007 0. 20|6 A.060 0.197]A
T1 0.08 0.004* 0.000 0.004* 0.000 0.004* 0.000 0.004* 0.000 0.004* 0.000 0.004* z
T2 1 0.004* 0.000 0.004* 0.000 0.004* 0.000 0.004* 0.000 0.004* 0.000 0.004* <
T3 2 5 - s 5 s - s 5 0.004* 0.000 0.004* 2
T4 7 0. 070 A.007 0. 001 A.001 0. 12|6 M.036 0. 004 A.001 0. 2 4|5 A.019 0.008|A 2
T6 28 0. 06 [ A0.004 0. 001 A.000 0. 287 A031 0. 01|3 40.00 = - 0.004* 3
T9 63 0. 04 P A.004 0. 001 A.000 0. 1 3|3 A.009 0. 004 A.001 0. 30(9 A.115 0.006|A S

* denotes Lab0O1l. A denotes Lab02. §y RM Monolithic Sample data points are n
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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 H-Power AES AES Red Mud RM Moln oy
Granular | Monolithic | Granular | Monolithic Granular
N-Ll;rrrlioler La?ggl’)m % Difference % Difference % Difference

T1 0.08 0% 0% 0%
T2 1 0% 0% 0% z
T3 2 - - 0% §
T4 7 -40% 0% -133% 2
T6 28 46% 0% - %
T9 63 143% 0% -114% =
T1 0.08 0% 0% 0%
T2 1 0% 0% -40% >
T3 2 - B -40% 8
T4 7 -196% 0% -179% &
T6 28 -195% 0% - >
T9 63 -191% 0% -187% =
T1 0.08 -199% -197% -179%
T2 1 -195% -199% 0% o
T3 2 - s -29% =
T4 7 -198% -186% 0% 3
T6 28 -194% -158% - S
T9 63 -195% -185% 0% ~
T1 0.08 0% 0% 0%
P 1 0% 0% 0% Q
3 2 - - 0% 3
T4 7 -133% 0% 0% 5
T6 28 -133% 0% - B
T9 63 -133% 0% -120% 2
T1 0.08 -197% 0% 172%
T2 1 -199% 0% 0% -
T3 2 . 5 0% §
T4 7 -200% 0% -67% =
T6 28 -200% 0% - K
T9 63 -200% 0% -133%
T1 0.08 0% 0% 0%
T2 1 0% 0% 0% $
T3 2 - - 0% )
T4 7 -196% 0% -197% g
T6 28 -195% -100% - G
T9 63 -187% -67% -196% 2
T1 0.08 -13% 0% 0%
T2 1 -6% 0% 0% =
T3 2 - s 0% =
T4 7 -133% 0% 0% 5
T6 28 -133% 0% = &
T9 63 0% 0% 0% ~
T1 0.08 -43% -39% 88%
T2 1 0% 56% 143% -
T3 2 - - 131% g
T4 7 -76% 30% 38% >
T6 28 -60% 93% - =
T9 63 -97% 4% -4%
T1 0.08 0% 0% 0% =
T2 1 0% 0% 0% <
T3 2 - s 0% =3
T4 7 -194% -188% -187% =
T6 28 -194% -183% - 3
T9 63 -191% -188% -192% B

y RM Monolithic Sample data points are not average
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Table2.5.2.5 Table2.5.2.6 and Tabl€.5.2.6compare the concentratioh analyte
metalsat each leaching fluid exchange to EPA drinking water and hazardous waste metal
concentration limits. It should be noted that the detection limits for Lab0O1 and Lab02 Hre not
same ad at times Lab01 detection limits for metalgjisater thanlrinking water standards
concentration requirements. Thisscrepancy idlustrated in the followindigures for more

clarity.

Figure 2.5.2.1Figure2.5.2.2, and Figure 2&3 graphaverageSbh concentrations in
mg/L as a function of leachate exchange d&igure2.5.2.4 Figure2.5.2.5 and Figure.5.2.6
graphaverageAs cancentrations in mg/L as a function of leachate exchange Hayse2.5.2.7
Figure2.5.2.8 Figure 2.5.2.9, Figure 2.5.2.10, Figure 2.5.2.11, and Figure 2.5tapR
averageBa concentrations in giL as a function of leachate exchange d&ygure2.5.2.13
Figure2.5.2.14 and Figure2.5.2.15graph averageCd concentrations in mg/L as a fuioct of
leachate exchange daydgure2.5.2.16 Figure2.5.2.17, Figure 2.3.18 and Figure2.5.2.19
graphaveragePb concentrations in mg/L as a function of leachate exchange days. Figure
2.5.2.20Q Figure2.5.2.21 Figure 2.5.2.22nd Figure2.5.2.23graphaverageSe concentrations in
mg/L as a function of leachate exchange days. Fig.@.24 Figure2.5.2.25 and Figure
2.5.2.26graphaveragell concentrations in mg/L as a function of leachate exchange days. Figure
2.5.2.27 Figure2.5.2.28 and kgure 2.5.2.29graphaverageB concentrations in mg/L as a
function of leachate exchange days. Figufe2.30 Figure2.5.2.31 and Figure2.5.2.32graph

averageMo concentrations in mg/L as a function of leachate exchange days.
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Table 2.5.2.5. HPMSWIMA Granular and Monolithic Alkali -Activated S a mp [Aweage
Leaching Concentrations and EPA Standards

H-Power Granular H-Power Monolithic
EPA EPA EPA EPA
Trial LabelTime | Leaching | Drinking Hazardous Leaching | Drinking Hazardous
) [Day] Mol Water Pass or Fal Waste Pass or Fa| [molL] Water Pass or Fal Waste Pass or Fal
[mg/L] [mg/L] [mg/L] [mg/L]
T1 0.08 0.03 Fail 0.03 Fail
T2 1 0.03 Fai 003 Fai z
T3 2 - - - - =
T2 7 0,009 0.006 Fai N/A N/A 0,006 0.006 Pass N/A N/A §
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 5
T3 2 - - - - - - o]
T4 7 0.192 0.01 Fail 5 Pass 0.002 0.01 Pass 5 Pass E
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 g
T3 2 - - - - - - s
T4 7 1.92 2 Pass 100 Pass 0.012 2 Pass 100 Pass i
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 g:_
T3 2 - - - - - - 3
T4 7 0.005 0.00 Pass ! Pass 0.001 0.005 Pass ! Pass 5
T6 28 0.005 Pass Pass 0.001 Pass Pass o)
T9 63 0.005 Pass Pass 0.001 Pass Pass =
v 008 1.360 Fai Pass 0.0100 Pass Pass
T2 1 5.840 Fail Fail 0.0100 Pass Pass o
3 2 : 0.015 : 5 c : 0.02 c 5 : &
T4 7 30.03 Fail Fail 0.001 Pass Pass T
6 28 9.26 Fali Fai 0.001 Pass Pass e
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 9
13 2 - 0.05 - 1 - - 0.05 - 1 - el
T4 7 0.628 ' Fail Pass 0.007 ' Pass Pass 5
T6 28 0.517 Fail Pass 0.007 Pass Pass D
T9 63 0.148 Fail Pass 0.005 Pass Pass e
T1 0.08 0.034 Fail 0.03 Fail
T2 1 0.032 Fail 0.030 Fail =l
I3 2 ~ 0.002 - N/A N/A - 0.002 . N/A N/A %
T4 7 0.005 Fail 0.001 Pass E]
T6 28 0.005 Fail 0.001 Pass 3
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 ©
i 2 - 7 - N/A N/A ~ 7 - N/A N/A E
T4 7 0.082 Pass 0.037 Pass >
T6 28 0.110 Pass 0.059 Pass z
T9 63 0.115 Pass 0.040 Pass
T1 0.08 0.004 Pass 0.004 Pass g
T2 1 0.004 Pass 0.004 Pass ~<;
3 2 - 0.2 . N/A N/A . 0.2 . N/A N/A g
T4 7 0.071 ’ Pass 0.001 ' Pass 2
T6 28 0.061 Pass 0.001 Pass i
T9 63 0.042 Pass 0.001 Pass §

Yy RM Monolithic Sample data points are not averages but singluar points
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Table 2.5.2.6. AES FA Granular and Monolithic Alkali-A ¢ t
Leaching Concentrations and EPA Standards

i vated

Sampl es o

AES Granular AES Monolithic
EPA EPA EPA EPA
Trial LabelTime | Leaching | Drinking Hazardous Leaching | Drinking Hazardous
R [Day] [moL] Water Pass or Fal Waste Pass or Faj [molL] Water Pass or Fal Waste Pass or Fa|
[mg/L] [mg/L] [mg/L] [mg/L]
T1 0.08 0.03 Fail 0.03 Fail
2 1 0.03 Fai 0.03 Fai z
T3 2 - - - - 3
Ta 7 0.001 0.006 Pass N/A N/A 0.001 0.006 Pass N/A N/A é
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 - - - - - - 8
T4 7 0.001 0.01 Pass 5 Pass 0.001 0.01 Pass 5 Pass i
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 g
T3 2 - - - - - - =3
T4 7 0.11 2 Pass 100 Pass 0.004 2 Pass 100 Pass i
T6 28 0.10 Pass Pass 0.012 Pass Pass o
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 g
T3 2 - - - - - - 3
T4 7 0.001 0.005 Pass ! Pass 0.001 0.005 Pass . Pass 5
T6 28 0.001 Pass Pass 0.001 Pass Pass o
T9 63 0.001 Pass Pass 0.001 Pass Pass =
u go8 0.010 Pass Pass | 0.0100 Pass Pass
T2 1 0.010 Pass Pass 0.0100 Pass Pass 'S
T3 2 : 0.015 - 5 - - 0.02 - 5 - g
T4 7 0.00 Pass Pass 0.001 Pass Pass <
T6 28 0.00 Pass Pass 0.001 Pass Pass e
T9 63 0.00 Pass Pass 0.001 Pass Pass
Tl 0.08 0.07 Fail Pass 0.07 Fail Pass
T2 1 0.07 Fai Pass 0.07 Fai Pass 2
13 2 ~ 0.05 - 1 - — 0.05 - 1 - S
T4 7 0.001 : Pass Pass 0.001 : Pass Pass 5
T6 28 0.003 Pass Pass 0.001 Pass Pass D
T9 63 0.002 Pass Pass 0.001 Pass Pass 2
T1 0.08 0.03 Fail 0.03 Fail
T2 1 0.030 Fail 0.030 Fail 5.'
IE 2 . 0.002 - N/A N/A - 0.002 . N/A N/A %
T4 7 0.001 Pass 0.001 Pass =]
T6 28 0.001 Pass 0.001 Pass 3
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 @
A 2 n 7 - N/A N/A n 7 - N/A N/A g
T4 7 0.147 Pass 0.198 Pass >
T6 28 0.176 Pass 0.482 Pass Z
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 =
3 2 = 0.2 = N/A N/A = 0.2 = N/A N/A g
T4 7 0.126 ’ Pass 0.004 ’ Pass 2
T6 28 0.287 Fail 0.013 Pass i‘
T9 63 0.133 Pass 0.004 Pass =
¥y RM Monolithic Sample data points are not averages but singluar poi
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Table 2.5.2.7. RM Granula and Monolithic Alkali -Act i vat ed Sampl esd
Concentrations and EPA Standards
Red Mud Granular RM Monoy
EPA EPA EPA EPA
Trial LabelTime | Leaching | Drinking Hazardous Leaching | Drinking Hazardous
R [Day] [moL] Water Pass or Fal Waste Pass or Fal [molL] Water Pass or Fal Waste Pass or Faj
[mg/L] [mg/L] [mg/L] [mg/L]
T1 0.08 0.03 Fail 0.03 Fail
2 1 0.03 Fai 0.03 Fai z
T3 2 0.03 Fail 0.03 Fail 3
Ta 7 0,005 0.006 Pass N/A N/A 0,001 0.006 Pass N/A N/A é
T6 28 - - 0.030 Fail 7
T9 63 0.00366661 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 5
T3 2 0.06 Fail Pass 0.04 Fail Pass @
T4 7 0.090 0.01 Fail 5 Pass 0.005 0.01 Pass 5 Pass i
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 g
T3 2 0.0004 - Pass 0.0003 Fail Pass =i
T4 7 0.00 2 Pass 100 Pass 0.001 2 Pass 100 Pass i
T6 28 - - - 0.000 Pass Pass o
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 g
T3 2 0.0007 Pass Pass 0.0007 Pass Pass 3
T4 7 0.001 0.005 Pass ! Pass 0.001 0.005 Pass . Pass 5
T6 28 - - - 0.001 Pass Pass o
T9 63 0.004 Pass Pass 0.001 Pass Pass =
u go8 0.010 Pass Pass | 0.1340 Fal Pass
T2 1 0.010 Pass Pass 0.0100 Pass Pass 'S
T3 2 0.01 0.015 Pass 5 Pass 0.01 0.02 Pass 5 Pass 8
T4 7 0.00 Pass Pass 0.001 Pass Pass <
T6 28 - - - 0.010 Pass Pass e
T9 63 0.01 Pass Pass 0.001 Pass Pass
Tl 0.08 0.07 Fail Pass 0.07 Fail Pass
T2 1 0.07 Fai Pass 0.07 Fai Pass 2
T3 2 0.07 Fai Pass 0.07 Fai Pass g
T4 7 0.141 0.5 Fail ! Pass 0.001 0.05 Pass ! Pass 5
T6 28 - - - 0.070 Fail Pass D
T9 63 0.103 Fail Pass 0.001 Pass Pass o
T1 0.08 0.03 Fail 0.03 Fail
T2 1 0.030 Fail 0.030 Fail 5.'
T3 2 0.03 - 0.03 Fail 2
T2 7 0.001 0.002 Pass N/A N/A 0,001 0.002 Pass N/A N/A 5
T6 28 - - 0.03 - 3
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 g
T4 7 0.134 ! Pass NIA NIA 0.196 7 Pass NIA NIA E
T6 28 - - 0.064 - Zz
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 02 Fail NI NER 0.008 bz Pass MR bR g
T6 28 - - 0.004 - 3
T9 63 0.309 Fail 0.006 Pass §
¥y RM Monolithic Sample data points are not averages but singluar points
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Average Antimony Leaching Concentrations of H-Power
Municipal Solid Waste Inceration Mixed Ash Granular Samples
and Geopolymer Samples
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Figure 2.5.2.1 Average Sb Leaching Concentrations from HP MSWIMAGranular and
Alkali -Activated Sampleswith Standard Deviation Error Bars
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Average Antimony Leaching Concentrations of AES Fly Ash
Granular Samples and Geopolymer Samples
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Figure 2.5.2.2 Average Sb Leaching Concentrations fronrAES FA Granular and Alkali -
Activated Samples
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Average Antimony Leaching Concentrations of Red Mud
Granular Samples and Leaching Concentrations of Geopolymer
Sample
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Figure 2.5.23. Average Sb Leaching Concentrations from RMsranular and Alkali -
Activated Sampleswith Standard Deviation Error Bars

75



Average Arsenic Leaching Concentrations of H-Power Municipal
Solid Waste Inceration Mixed Ash Granular Samples and

Geopolymer Samples
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Figure 2.5.24. Average As Leaching Concentrations from HP MSWIMAGranular and
Alkali -Activated Sampleswith Standard Deviation Error Bars
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Average Arsenic Leaching Concentrations of AES Fly Ash
Granular Samples and Geopolymer Samples
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Figure 2.5.25. Average As Leaching Concentrations fromAES FA Granular and Alkali -
Activated Samples
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Average Arsenic Leaching Concentrations of Red Mud Granular
Samples and Leaching Concentrations of Geopolymer Sample
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Figure 2.5.26. Average As Leaching Concentrations fronRM Granular and Alkali -
Activated Sampleswith Standard Deviation Error Bars
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Average Barium Leaching Concentrations of H-Power Municipal
Solid Waste Inceration Mixed Ash Geopolymer Samples
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Figure 2.5.27. Average Ba Leaching Concentrations from HP MSWIMAAIkali -Activated
Sampleswith Standard Deviation Error Bars
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Figure 2.5.28. Average Ba Leaching Concentrations from HP MSWIMAGranular
Samples with Standard Deviation Error Bars
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Average Barium Leaching Concentrations of AES Fly Ash
Geopolymer Samples
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Figure 2.5.29. Average Ba Leaching Concentrations fromAES FA Alkali -Activated
Samples with Standard Deviation Error Bars
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Average Barium Leaching Concentrations of AES Fly Ash
Granular Samples
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Figure 2.5.210. Average Ba Leaching Concentrations from AES FAGranular Samples
with Standard Deviation Error Bars

82



Barium Leaching Concentrations of Red Mud Geopolymer
Sample
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Figure 2.5.211. Average Ba Leaching Concentrations fronthe RM Alkali -Activated

Sample
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Average Barium Leaching Concentrations of Red Mud Granular
Samples
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Figure 2.5.212. Average Ba Leaching Concentrations fronRM Granular Samples
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Average Cadmium Leaching Concentrations of H-Power
Municipal Solid Waste Inceration Mixed Ash Granular Samples
and Geopolymer Samples
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Figure 2.5.2.8. AverageCd Leaching Concentrations fromHP MSWIMA Granular and
Alkali -Activated Material Samples
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Average Cadmium Leaching Concentrations of AES Fly Ash
Granular Samples and Geopolymer Samples
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Figure 2.5.2.14. Average Cd Leaching Concentrations from AES FA Granulaand Alkali -
Activated Material Samples
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Average Cadmium Leaching Concentrations of Red Mud
Granular Samples and Leaching Concentrations of Geopolymer
Sample
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Figure 2.5.2.5. Average Cd Leaching Concentrations fromRM Granular and Alkali -
Activated Material Sampleswith Standard Deviation Error Bars
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Figure 2.5.2.5. AveragePb Leaching Concentrations fromHP MSWIFA Alkali -Activated
Material Samples
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Average Lead Leaching Concentrations of H-Power Municipal
Solid Waste Inceration Mixed Ash Granular Samples
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Figure 2.5.2.T7. AveragePb Leaching Concentrations fromHP MSWIFA Granular
Sampleswith Standard Deviation Error Bars
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Average Lead Leaching Concentrations of AES Fly Ash Granular
Samples and Geopolymer Samples
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Figure 2.5.2.B. AveragePb Leaching Concentrations fromAES FA Granular and Alkali -
Activated Material Samples
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Average Lead Leaching Concentrations of Red Mud Granular
Samples and Leaching Concentrations of Geopolymer Sample
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Figure 2.5.2.B. AveragePb Leaching Concentrations fromRM Granular and Alkali -
Activated Material Sampleswith Standard Deviation Error Bars
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Figure 2.5.220. AverageSeleaching Concentrations fromHP MSWIMA Alkali -Activated
Material Sampleswith Standard Deviation Error Bars
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Average Selenium Leaching Concentrations of H-Power Municipal
Solid Waste Inceration Mixed Ash Granular Samples
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Figure 2.5.221. AverageSeleaching Concentrations fromHP MSWIMA Granular
Sampleswith Standard Deviation Error Bars
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Average Selenium Leaching Concentrations of AES Fly Ash
Granular Samples and Geopolymer Samples
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Figure 2.5.222. AverageSeleaching Concentrations fromAES FA Granular and Alkali -
Activated Material Samples
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Average Selenium Leaching Concentrations of Red Mud Granular
Samples and Leaching Concentrations of Geopolymer Sample
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Figure 2.5.223. AverageSeleaching Concentrations fromRM Granular and Alkali -
Activated Material Sampleswith Standard Deviation Error Bars
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Average Thallium Leaching Concentrations of H-Power
Municipal Solid Waste Inceration Mixed Ash Granular Samples
and Geopolymer Samples
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Figure 2.5.224. AverageTI Leaching Concentrations fromHP MSWIMA Granular and
Alkali -Activated Material Sampleswith Standard Deviation Error Bars
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Average Thallium Leaching Concentrations of AES Fly Ash
Granular Samples and Geopolymer Samples
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Figure 2.5.225. AverageT!| Leaching Concentrations fromAES FA Granular and Alkali -
Activated Material Samples with Standard Deviation Error Bars
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Average Thallium Leaching Concentrations of Red Mud
Granular Samples and Leaching Concentrations of Geopolymer
Sample
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Figure 2.5.226. AverageT| Leaching Concentrations fromRM Granular and Alkali -
Activated Material Samples
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Average Boron Leaching Concentrations of H-Power Municipal
Solid Waste Inceration Mixed Ash Granular Samples and
Geopolymer Samples
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Figure 2.5.227. AverageB Leaching Concentrations fromHP MSWIMA Granular and
Alkali -Activated Material Sampleswith Standard Deviation Error Bars
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Average Boron Leaching Concentrations of AES Fly Ash
Granular Samples and Geopolymer Samples
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Figure 2.5.228. AverageB Leaching Concentrations fromAES FA Granular and Alkali -
Activated Material Samples with Standard Deviation Error Bars
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Average Boron Leaching Concentrations of Red Mud Granular
Samples and Leaching Concentrations of Geopolymer Sample
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Figure 2.5.229. AverageB Leaching Concentrations fromRM Granular and Alkali -
Activated Material Samples with Standard Deviation Error Bars
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Average Molybdenum Leaching Concentrations of H-Power
Municipal Solid Waste Inceration Mixed Ash Granular Samples
and Geopolymer Samples
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Figure 2.5.230. AverageMo Leaching Concentrations fromHP MSWIMA Granular and

Alkali -Activated Material Samples with Standard Deviation Error Bars
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Average Molybdenum Leaching Concentrations of AES Fly Ash
Granular Samples and Geopolymer Samples
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Figure 2.5.231. AverageMo Leaching Concentrations fromAES FA Granular and Alkali -
Activated Material Samples with Standard Deviation Error Bars
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Average Molybdenum Leaching Concentrations of Red Mud
Granular Samples and Leaching Concentrations of Geopolymer
Sample
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Figure 2.5.232. AverageMo Leaching Concentrations fromRM Granular and Alkali -
Activated Material Samples with Standard DeviationError 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 failsneet 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®mg/L for Lab01, above the EPA drinking water
standard of 0.00&hg/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 mviously 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 136, 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, atkativated the HP BWIMA samples passed

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

Barring cases where Lab016s detection | i mi
the metahardest to immobilize. Sb concentrations A drnking water standards in the
majority of HP MSWIMA, AES FA, and RM samples. A 2014 study found similar results with
Sband concluded that the use of gypsum and allowing calcium silicate hyd¢&tel)C
formation both increased the immobilization rate (8adiu, 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 speciesgeopolymers were dependent on the rate of physical

encapsulation due to matrix impermeability-E&wed, 2022).
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CHAPTER 3. CONCLUSIONS AND FUTURE WORK

Based on the available dgieesented in the previous chaptétrss evidenced that alkali
activationof waste materials can be an effective way to manage MSWI ash, red mud, and coal
fired fly ash. As seemiboth sectionkeached Metal Concentrations and Results and Analysis of
Metal Concentration Data, on the whole there is a marked decrease betweeastachaterial
and its corresponding alkadictivated materiallthough future mix design should be used to

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

1) Across all alkaliactivated materials tested, s HP MSWI AshandB for AES
FA and RMuniformly presentas the hardest mesdb immobilize
2) Pb, in particular in MSWI ash, is heavy immobilized by as mucR@3%
between leaching concentrations from granular samples andadkigkted
samples
3) Alkali-activated materials maintain alkali pH levels which could provide a healthy

environmenfor steel reinforcingdNeville, 2011)

As future work, leaching tests should be replicated and extended to more samples and
mix designsFurther, systematic analg through SEM, XRD, and Raman Spectrometry
should be employed to ascertain the avenues by which-alitalated materials are

immobilizing metals.
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APPENDIX

1) Element One, Inc. Report

2) CTLGroup Report
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University of Hawaii at Manoa
2540 Dole Street, Holmes Hall
Honolulu, HI 96822

Project ID: Geopolymer Research

Antimony, Arsenic, Barium, Boron, Cadmium, Lead,
Molybdenum, Selenium & Thallium

EPA Method 6020B Analysis

Analytical Report
40626

Element One, Inc.
6319-D Carolina Beach Rd., Wilmington, NC 28412
910-793-0128 FAX: 910-792-6853 e1lab@e1lab.com

109



The following data for Analytical Report 40626
has been reviewed for completeness, accuracy,
adherence to method protocol,
and compliance with quality assurance guidelines.

Review by:

Daphne Woodman, B.S. Chemist
June 13, 2023

Report Reviewed and Finalized by:

Katie Gattis, Quality Assurance Officer
June 13, 2023

elementOne
Certification: NJ NELAP NC00S
40826 UH Manoa MG6020B Report Packet
Page 2 of 52
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SUMMARY OF RESULTS

elementOne
Certification: NJ MELAP NC009
UH Manoa MB020B Report Pack
Page 3 of 52
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Summary of Analysis

Summary of Method 6020B Analysis

HPO1TO4 HPOZ2T04 HP0O2T04 HPO3T04 HPOZTOG6

e40626-1 e40626-2 ed0626-2 dup e40626-3 e40626-4
Element mg/L mg/L mg/L mg/L mg/L
Antimony 0.016 <0.006 < (0.005 < 0.005
Arsenic 0.178 0.204 - 0.194 0.147
Barium 1.78 210 1.87 1.92
Boron 0.078 0.093 0.089 0.074 0111
Cadmium < 0.005 <0.005 - < 0.005 <0.005
Lead 29.8 Ny 28.6 8.93
Molybdenum 0.068 0079 e 0.066 0.058
Selenium 0.588 0664 - 0.631 0.486
Thallium < 0.005 <0.005 ee—eee- < 0.005 <0.005

HPO3T06 HPO1TO2 HPO1TOS HPOZ2T09 HPO3TO9 HPOIMTO4

ed0626-5 ed0626-6 ed(626-6 dup ed626-7 ed(626-8 edD626-9
Element ma/L mg/L ma/L ma/L mg/L mg/L
Antimony < (0.005 0.001 0.001 < 0.001 < (.001 0.005
Arsenic 0.163 0.040 0.040 0.038 0.050 0.002
Barium 2.09 1.10 1.10 1.09 1.22 0.009
Boron 0.108 0.113 ——m—nen 0.108 0.123 0.037
Cadmium < 0.005 < 0.005 < 0.005 < 0.005 < (0.005 < 0.001
Lead 9.59 3.33 3.36 3.71 4.26 < 0.001
Molybdenum 0.064 0.041 0.042 0.038 0.046 0.002
Selenium 0.547 0.141 0.140 0.141 0.162 0.007
Thallium < 0.005 < 0.001 < 0.001 < 0.001 < (.00 < (0.001

elementOne
Certification: NJ NELAP NCO09

40626 UH Manoa M6020B Report Packet
Page 4 of 52
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Summary of Analysis

Summary of Method 6020B Analysis

HPO2MT04 HPO3MT04 HPOZMTO6 HPOZMTO06 HPO3MTO6
e40626-10 24062611 e40626-12  ed0626-12dup  e40626-13
Element ma/L mg/L mg/L mg/L mg/L
Antimony 0.006 0.006 0008 - 0.008
Arsenic 0.003 0.002 0.002 - 0.001
Barium 0.018 0.009 0038 - 0.029
Boron 0.037 0.037 0.055 0.056 0.061
Cadmium < 0.001 < 0.001 <0.001 - < 0.001
Lead < 0.001 < 0.001 <0001 - < 0.001
Molybdenum 0.001 < 0.001 0.001 - < 0.001
Selenium 0.008 0.006 0.007 - 0.007
Thallium < 0.001 < 0.001 <0.001 - < 0.001
HPOTMTO9 HPO2ZMTO09 HPO2MT09 HPO3MT09 AES01T04 AES02T04
ed0626-14 e40626-15  ed0626-15dup  ed0626-16 e40626-17 e40626-18
Element mg/L mg/L mga/L mg/L ma/lL mg/L
Antimony 0.006 0.006 0.006 0.007 < 0.001 < 0.001
Arsenic < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Barium 0.014 0.015 0.015 0.015 0.122 0.119
Boron 0.041 0.039 e 0.041 0.133 0127
Cadmium < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Lead < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Molybdenum < 0.001 < 0.001 < 0.001 < 0.001 0.149 0.145
Selenium < 0.005 < 0.005 < 0.005 < 0.005 < 0.001 < 0.001
Thallium < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

elementOne
Certification: NJ NELAP NC009
40626 UH Manoca MG020B Report Packet
Page 5 of 52
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Element

Antimony
Arsenic
Barium

Boron

Cadmium

Lead

Molybdenum
Selenium
Thallium

Element
Antimony
Arsenic
Barium
Boron
Cadmium
Lead
Molybdenum
Selenium
Thallium

Summary of Analysis

Summary of Method 6020B Analysis

AES03T04 AES02T06 AESO03T06 AES01T0S AESO01T09

ed40626-19
mg/L
<0.001
<0.001
0.083
0.180
< 0.001
< 0.001
0.085
< 0.001
< 0.001

ed40626-20

mg/L
< 0.001
< 0.001
0.109
0.178
< 0.001
< 0.001
0.309
0.002
< 0.001

< 0.001 < 0.00

ed0626-21 ed0626-22 e40626-22 dup
mg/L mg/L mg/L

< 0.001 < 0.001 —

< 0.001 < 0.001 —
0.093 0.111 -
0.174 0.183 0.182

<0.001 < 0.001 e

< 0.001 < 0.001 —
0.265 0.135 —-
0.003 0.002 e

1 —

AES02T09 AES03T0S AESO1MTO04 AESO1IMTO04 AES02MT04 AES03MTO4

ed(626-23

mg/L
< 0.001
< 0.001
0.107
0.164
< 0.001
< 0.001
0.140
0.002
< 0.001

ed626-24 ed626-25 ed0626-25 dup
mg/L mg/L mg/L

< 0.001 < 0.001 < 0.001

< 0.001 < 0.001 < 0.001
0.083 0.005 0.005
0.170 0.203 -——--

< 0.001 < 0.001 < 0.001

< 0.001 < 0.001 < 0.001
0.123 0.005 0.004
0.002 < 0.001 < 0.001

< 0.001 < 0.001 < 0.001

elementOne
Certification: NJ NELAP NCQ09
40626 UH Manoa MG0Z20B Report Packet
Page 6 of 52
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e40626-26 e40626-27
mg/L mg/L
<0.001 < 0.001
<0.001 <0.001
0.004 0.004
0.189 0.203
<0.001 <0.001
< 0.001 < 0.001
0.003 0.004
< 0.001 < 0.001
< 0.001 < 0.001



Summary of Analysis

Summary of Method 6020B Analysis

AESO2MT06 AESO3MTO6 AESO1MTO09 AES02MT09 AESO03MT09 AESO3MTO9

240626-28 e40626-29 240626-30 240626-31 240626-32 ed0626-32 dup
Element mg/L mg/L mg/L mg/L mg/L mag/L
Antimony < 0.001 < 0.001 < (0.001 < (0.001 <0001 -
Arsenic < 0.001 < 0.001 < 0.001 < 0.001 <0001 e
Barium 0.010 0.013 0.005 0.004 0.004 -
Boron 0.473 0.491 0.179 0173 0.184 0.186
Cadmium < 0.001 < 0.001 < 0.001 < 0.001 <0.000 -
Lead < 0.001 < 0.001 < 0.001 < 0.001 <0.001 -
Molybdenum 0.012 0.014 0.003 0.005 0.004 -
Selenium 0.001 < 0.001 < 0.001 < 0.001 <0.001 -
Thallium < 0.001 < 0.001 < 0.001 < 0.001 <0.001

RMO01TO4  RMO2TO04 RMO3T04 RMO3TO4 RMO1TO9 RMO2T09

ed0626-33 ed0626-34 ed0626-35 ed0626-35 dup ed626-36 ed0626-37
Element mg/L mg/L mg/L mg/L mg/L mag/L
Antimony 0.006 0.005 0.004 0.003 0.005 0.003
Arsenic 0.088 0.083 0.098 0.094 0.162 0.134
Barium < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Boron 0.108 0.100 0194 - 0.190 0.156
Cadmium < 0.001 < 0.001 < 0.001 < 0.001 < 0.005 <0.005
Lead 0.001 0.002 0.002 0.002 0.010 0.003
Molybdenum 0.239 0.229 0.266 0.255 0.436 0.212
Selenium 0.101 0.126 0.194 0.197 0.306 < 0.001
Thallium < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

elementOne
Certification: NJ NELAF NCO09
40626 UH Manoa ME020B Report Packet
Page 7 of 52
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Antimony
Arsenic
Barium
Boron
Cadmium
Lead
Molybdenum
Selenium
Thallium

Summary of Analysis

Summary of Method 6020B Analysis

RMO3T09 RMO1MTO4 RMO1MTO9
e40626-38 e40626-30 e40626-40
mg/L mg/L mg/L
0.003 < 0.001 < 0.001
0.138 0.005 0.005
< 0.001 < 0.001 < (0.001
0.273 0.196 0.197
< 0.001 < 0.001 < 0.001
< 0.001 < 0.001 < 0.001
0.280 0.008 0.006
< 0.001 < 0.001 < (0.001
< 0.001 < (0.001 < 0.001

elementOne

Certification: NJ NELAP NC009
40626 UH Manoa MB020B Report Packet
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ANALYTICAL NARRATIVE
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Element One Analytical Narrative

Client: University of Hawaii at Manoa Element One #: 40626
Client ID: | 210270083 — Geopolymer Research Analyst: DBW
Method: | Method 6020B Dates Received: | 05/31/23
Analytes: | Sb, As, Ba, B, Cd, Pb, Mo, Se & Tl Dates Analyzed: | 06/06-12/23

Summary of Analysis

For boron analysis an aliquot of the samples was acidified and analyzed as received
according to EPA Method 6020B protocol. For the other metals, a 25mL aliguot was
digested on a hot block according to EPA Method 200.8 protocol and brought back to a
final volume of 25mL. Samples were analyzed for metals using a PerkinElmer Nexlon
350X ICP-MS according to EPA Method 6020B guidelines.

Detection Limits

The ICP-MS instrument reporting limit was 1.0pg/L for all metals.

Analysis QA/QC

Duplicate analyses relative percent difference (RPD), spike sample recovery, and
second source calibration verification data are summarized in the Quality Control
Section.

*Ref to page 12; the RPD for lead on sample RM03T04 was outside of the laboratory
guidelines of <20% with 21.5% RPD. The sample was at the reporting limit with
0.002mg/L lead for the sample and 0.002mg/L lead for the duplicate. All other QA/QC
data was within the criteria of the method.

Additional Comments

The reported results have not been corrected for any blank values or spike recovery
values. The reported results relate only to the items tested or calibrated.

elementOne
Certification: NJ NELAF NCO09
40626 UH Man Report Packet
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