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ABSTRACT

OLANREWAJU ABDUR-RAHMAN SANUSI. Mobilization of oxyanion forming trace
elements from fly ash based geopolymer concrete (Under the direction \6INGENT
OGUNRO

The suitability of fly ash based geopolymer concrete as a replacement for ordinary
Portland cemenfOPC) concrete depends on the mobility of elements from the material. Due
to the alkaline nature of geopolymer concrete, there is a potential for the release of oxyanion
forming elements such as As, Cr and Se which are characterized by their high rivothkty
alkaline environment. In this study, geopolymer concretes were produced with varying
amount of hydrated lime and subjected to tests that include pH dependence test, Dutch
availability test, tank test, water leach test, mineralogical, microstructunalysis and
geochemical modeling using PHREEQC/PHREEPLOT. The results of this study confirmed
that As and Se and other oxyanion forming elements exhibit higher mobility in the alkaline
pH. Further investigation using the Dutch availability and tankdestved that As have the
highest mobility from all the geopolymer concretes. It also reveals that the mobility of As and
Se reduces with time as the element becomes depleted in the matrix. Mobility of the two
elements was observed to be lowest in the ggopal concrete with 1% hydrated lime which
suggest that the addition of 1% hydrated lime lead to reduction in the mobility of As and Se.
Cr on the other hand have the same low mobility from all the geopolymer, this suggest that
hydrated lime addition has nceffect on the mobility the element. Finally,
PHREEQC/PHREEPLOT identifies species of leached elements as As (5), Se (6) and Cr (6).
These species of As and Se have low toxicity whereas the species of Cr is of the more toxic
form, but it is released in lel far below the Maximum Concentration Level (MCL) set by

EPA for drinking water.
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CHAPTER 1: INTRODUCTION

This chapter presents the main research problem addressed in this PhD
dissertation together with the main research objectives and hypotheses. The chapter starts
with a brief background section related to concrete and geopolymer concrete to provide
the rea@r with the right context used to formulate the problem statemerdsautiated
objectives, hypotheseand work plan.

1.1  Background

Concrete is the most widely used material in the world after vader Oss and
Padovani, 2002 Hardjito and Rangan, 200bamtoft et al., 2008 and a very important
construction material used in many civil engineering applications such as buildings,
sidewalks, bridges, dams and ustrial plants. The material is typically manufactured
from components that include approximately 65% to 80% aggregates (fine and coarse),
between 10% to 12% cement, a maximum of 21% water and between 0.5% to 8% air
content(van Oss and Padovani, 20@uiroga and Fowler, 2004All these components
are in percentage by weight of the tot@ement is the major component of concrete
because it isthe binding agent holding the aggregates together thereby giving the
conglomerate its characteristic strength and durability. Fine gaig® utilized in
concrete araypically natural sand ofine crushed stones with particle size that range

from 150 pumto a maximum of 4.75 mm while coarse aggregates are typically natural



gravel or granitic stones with a minimum particle size of 4.75 (Badur and
Chaudhary, 2008

Aggregates are very important component @he concrete mix thahasa great
effect on the resulting concrete physical properties. In ordabteinconcrete of specific
characteristics, other components such as superplasticizers and retarddrsadded
during the mixing process to respectivetyprove the workability and reduce the setting
time of the concretéBadur andChaudhary, 2008 Ordinary Portland Cement (OPC) is
the most commonly used type of cement; it sets and hardens in the presence of water due
to hydration reaction. In makingpnstruction gradeoncrete, cement usage dgpically
be either 100% OPC oa mixture of OPC and other supplementary cementitious
materials (SCM) such as steel slag and fly(&fuble and Godfrey, 2004

Manufacturing of OPC involves mining limestone and shale, heating the mixture
(limestone and shale) ia rotary kiln to convert the limestone into lime via a process
known as calcination, and finally grinding the resulting cement clinker with gypsum
(Struble and Godfrey, 2004 This production process is very energy intensive and
involves the release of greenhouse gases such as@ONO into the atmosphere. For
everymetricton of cement produced, there is approximatelyn@ericton CGQ released
to the atmospher@artner, 2004 An estimated 80.2 megatons (Mt) £fer year were
geneated from cement production in the United States between2@%®van Oss and
Padovani, 200R Apart from the emission of GQother environmental issues associated
with cement production araust, noiseand vibration.

One way of reducing C£Oemission associated with concrete usage is to reduce

the amount of cement utilized in making concrete by increasing the use of SCM



(Bremner, 200L There have d&en up to 35% replacement of OPC in concrete with SCM
such as fly asfiTempest, 201)Q which is a pozzolan that reacts with Ca(@#ym OPC
hydration to form additional calcium silicate hydrate (CSH) gel thereby improving the
later day strength of concrefelardjito and Rangan, 20p5Most of the fly ash used as
SCM in concrete comes from coal fired power plaAtscording to the American Coal
Ash Association, about 72 million tons of coal fly ash is produced in the United States
annually, with only 44%being reutilized in various applications and the remaining
disposed in landfii (ACAA, 2008). This tuge abundance of fly ash created an
opportunity for achieving high replacement of OPC in concrete with the material.

Coal fly ash(CFA) is a highly heterogeneous material tisaénrichedwith major
elements such as silicdBi), aluminum(Al), calcium(Ca) and iron(Fe) accounting for
nearly 90% of the fly ash compositigdankowski et al., 200@egadeesan et al., 2008
Izquierdo andQuerol, 201). Other elements present in CFA include trace elenserus
as antimony (Sb), arsenic (As), boron (B), cadmium (Cd) chromium (Cr), cobalt (Co),
lead (Pb), selenium (Se), nickel (Ni), zinc (Zn) and copper (@uh account fora
small percentage of the bulk compositifDogan and Kobya, 200dzquierdo and
Querol, 201). The mmposition of elements present in CFA varies greatly maing/to
the coal source, particle sioé the coal, combustion process and type of ash collector
(Jankowski et al., 2008egadeesan et al., 2008he presence dhe high content of Si,

Al and Ca makegoal fly asha suitable SCM and source aluminosilicate matéaal
synthesis of alkali activated binder. But the presence of trace elements that are
susceptible to leaching from the material into the environment may impact the suitability

of coal fly ashfor benefical reusgJegadeesan et al., 2008



In the 1970s, Prof Davidovits pioneered the development of a new binder termed
i g e 0 p o I(Davidewits) 1991 which can completely replacBortland cement in
concrete. This new binder is an inorganic thdeaensional (3D) polymeric material
made from the reaction of any material rich in silica and alumina (aluminosilicate) with a
strong alkaline solutiofactivator) that contains sodium silicate and or sodium hydroxide
(Duxson et al.,, 2007Komnitsas and Zaharaki, 200Provis and van Deventer, 2009
Aluminosilicate materials such as metakaolin, kaolinite, steel slag, coal fly ash and ric
husk ashalsohave been successfully used in the production of geopolihaeari et al.,

2011).

Studies have shown that geopolymer possesses excellent properties that include
high compressive strength, acid and heat resistance, low shrinkage and the potential or
ability to immobilize hazardous contaminants within its matfidavidovits, 1991
Komnitsas and Zahaki, 2007 Tempest, 201 making it a suable replacement for
cement in concrete and waste stahilion. In the past years, there has been rapid
progress in the development of geopolymer from coal fly ash, research groups from
Curtin University of Technology and the University of Melbourne in Austsah&h are
leading in this area of research. Haéadpnd Rangarf2009 from Curtin University ©
Technology pioneered the production of concrete specimens using fly ash based
geopolymer as binder instead of OPC. In 2008, materialsresearch team at the
University of North Carolina at Charlotte led by.[Brett Tempestwith supportof Drs.

Janos @rgely and Vincent Ogunro started work on fly ash based geopolymer concrete

The najority of the workto datecompleted focused on engineering characterization of



geopolymer concreti®r structural components like columns, reinforced beams, and large
scalegirders(Tempest, 2010

Most of the research that has been damgeopolymer paste, mortar and concrete
to date has been extensively on understanding their chemistry and reaction mechanism,
curing conditions, durability, mineralogy, microstructure and other engineering
properties. In contrast, there has been verye lgthvironmental related characterization
such as the leaching of potentially hazardous elements
1.2  ProblemDescription

The limited ewvironmentalcharacterizatiomonducted on geopolymer have shown
that potentially toxicelementscanleach out when the material is exposed to agueous
environment(Bankowski et al., 2004Xu et al., 2006 Izquierdo et al., 2009 which
might be harmful to human and the environment when released in high concentrations.
The majority of these environmental characterization have focused plynearicationic
elementgXu et al., 20061zquierdo et al., 200%uch as lead (Pb), copper (Cu), mercury
(Hg), cesium (Cs), zinc (dncadmium (Cd) and iron (Fe), and very limited study on
elements that form oxyanionic speci@ankowski ¢ al., 2004 Izquierdo et al., 2010
such as arsenic (As), selenium (Se), chromium (Cr), vanadium (V), antimony (Sb),
molybdenum (Mo), andunhgsten (W) which are characterized by their high mobility at
neutral to alkaline pH.

Due to the alkaline nature of geopolymer, and kinewn high mobility of
oxyanion forming elementgAs, Cr, Se)at high pH, their potential release from
geopolymer make them elements of great environmental concern. In order to demonstrate

the suitability of fly ash based geopolymer concretares/eryday construction material,



there is a need to minimize the mdtyilof these elements durirthe service life and at
end of life ofageopolymer concretaroduct
1.3  Significance an@enefit of the &udy

Oxyanion forming trace element&.g As, Cr, Se)are toxic at very low
concentration thereby making themotental immobilization or decreased mobility
through addition of limen important factor in the determination of geopolymea aafe
alternative to cement in construction and waste stabilization. The success of this research
would add to the knowledge of redng anyconcern regardingotential environmental
impact of geopolymer which has not been sufficiently investigated by many researchers
andwould produce important parameters for life cycle analysis that could important in
selecting the most environmeliyaresponsible marar of utilizingthe product
14  Research Goal andbjctives

The overall goal of the researigto assess/characteriiee leaching mechanism
of oxyanion forning trace elements fromoal fly ashbased geopolymer concrgtertar
and investigate the effect of additives such as lime on reductieleroentmability from
the geopolymer concrete by rendering the elenpartially insoluble. The specific
objectives of the research are:

1. To determine the release okxyanionelements(As, Cr, Se)from fly ash based
geopolymer concrete under service life (monolithic) and end of service life
(granular) conditions using appropriate tests.

2. To assess the potential to decrease mobility, or even total immobilization of
oxyanion elements (As, CiSe) in geopolymer concrete by means of using

hydrated lime as an admixture



3. To determine the maximum amount of oxyanion forming elements that would be
released under the worst case scenahien the material is pulverized

4. To determine if there is formaitn of calcium containing mineral phases, calcium
precipitates or calcium metalates in the produced geopolymer concrete.

5. To identify probable mechanisms responsible for immobilization of the oxyanion
forming elements (if there is any immobilization).

6. To deermine the species of the oxyanion eleméAts Cr, Se) released from fly
ash based geopolymer concrate their potential environmental impacts.

1.5 Research Mpotheses
In conducting this study, the following/pothesesvere formulated to address the
goal and specific objectives of the research

1. Oxyanion elements (As, Cr, Se) are present in leachates from fly ash based
geopolymer concrete.

2. Oxyanion forming trace elements exhibit different leaching behavior than other
elements that are leached from #llealine fly ash based geopolymer.

3. Standard leaching test metlsodonducted ata neutral pH are adequatefor
predicting the leaching of oxyanion forming elements.

4. Calcium containing meral phases such as ettringite, hydrocalumite,
monosulfoaluminate, celum metalates and calcium silicate hydrates (CSH) are
effectivefor immobilizing oxyanion forming elements via ion substitution.

5. Leaching of these oxyanion forming elements can be mitigated by the addition of
extra calcium in the form of lime during theapolymer synthesis, which would

lead to the formation of oxyanion substituted calcium containing mineral phases



in addition to the geopolymer phase without affecting the durability of the

geopolymer.
16  Scope of Vork

This dissertatiorfocuses mainly ongegolymer concrete produced fronass F
fly ash (low calcium) silica fume (as the additional silica source), hydrated lime
(Ca(OH)) as source of additional calciuend aggregates that make up not more than
70% of the concrete mithat hasa target 28 dys compressive strength 4f MPa(6000
psi). The studywasbased solely on laboratory investigation that focuses on the service
life condition (monolith state)and end of life condition (granular stateof the
geopolymerLaboratory peciation analysisvas not performed to determine the species
of the elementdeached from the geopolymer concre@ochemical modelingising
PHREEQCPHREEPLOTwasemployedin predicing the specie®sf the elements in the
leachates.
1.7  Organizationof the Ossertation

The dissertation is organized into nine chapters. Chapter 1 describispibies
for the study ofthe mobility of oxyanion forming trace elements from fly ash based
geopolymer concrete. Chapter 2 presents review of relevant literature on geopolymer and
leachng of elements. Topics covered in this chapter include the historical development of
geopolymer as an alternative binder, source material used fpolgeter synthesis, and
mobility/immobilization of the oxyanion forming trace elements.

Chapter 3 descrés the research approach ugbeé,starting materialssummary
of the experimental methods, preliminary investigation completed, procedures for quality

assurance and quality control, and statistitebls employed for data analysis



Geopolymer concrete stmesis is presentenh Chapter 4. Thechapter also describes
sample preparation methodsised in the study Chapter 5focuses on materials
characterizationsuch asparticle size distribution (PSD)X-Ray fluorescence(XRF)
analysis, and acid/base neutrdii@aa capacity (ANC/BNC).The entire laboratory
leaching test methodsmployed and results obtainacepresented in Bapter 6.

Chapter 7 contains thaineralogical and microstructural characterizatafrthe
starting materials and producgeopolymer conete samples using-Ray diffraction
(XRD) andscanning electron microscope (SHE&hergy dispersive spectroscopy (EDX)
analysis.Chapter 8 describate application oPHREEQC/PHREEPLOTo predictthe
speciation of oxyanion elements frothe geopolymer concretéeachats. The las
chapter of the dissertation, h@pter 9 presents the conclusiodsawn from this

investigationandpresentsecommendations for future research work.



CHAPTER 2:.LITERATURE REVIEW

2.1  Historical Development of Geopolymer as Alternativadgr

Portland cement has been the dominant binder used in concrete and mortar since
it was developed by Joseph Aspdin in the earlth X@ntury.It is the most abundant
building material due to its versatility and economic values, with annual worldwide
production estimated to be around 3 gigatons (&Gtgnger et al., 201.0However, there
are environmental issues such as huge energy consumption, particulate emission and
enormous release of GQarising from the manufacturing of this binder. Infact, it is
considered one of the largest industrial emitter of,,C¥Dgreenhouse gas that causes
global warming(van Oss andPadovani, 2002 With the growing concern about threats
posed by increased release of OO the atmosphere, attersphave been made at
reducing the percentage of cement used in making concrete by replacing them with SCM
such as coal fly ash, ground sldurnace slag and silica fume in the hope of reducing the
overall environmental impactJuenger et al.,, 20)0Researchers also seek to find
alternative binders with reduced energy use and low €flssion that can completely
replace cement which led to the developmeratikdli activated binders.

Alkali activated binders ere considered as an alternative binder due to their
durability, low energy andreduced CO, emission, hence resulting in reduced
environmental impast These binders are sometimes referred to as inargesymer,

geopolymer, alkali activated cement, geocement and soil silicate, with geopolymer being
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the most commonly used nanfbuxson et al., 20Q7Komnitsas and Zaharaki, 2007
Juenger et al.,, 20)0They are produced from the reaction of aluminosilicate raw
materials with an alkaline solution.

Although the term geopolymer was coined by Joseph Davidovits in the 1970s to
describeanalkali activated binder developed from metakaolithwhe hope of producing
a fire resistant plastic materiéDavidovits, 199}, similar alkali activated bindshave
been described earlier by Purdon in the 1940s and Glukhovsky in the (Fa50<s999
Komnitsas and Zaharaki, 200Gk v § r a;, Paceb6Doiyal et al., 208b). The
aluminosilicate sotce material used byost ofthe earlier researchevgasground blast
furnace slag. It was reported that activation of blast furnace slag led to an alkali activated
systems that contains both calcium silicate hydrat€@®H) and aluminosilicate phase
since the blast furnace slag is rich in calciiit@mnitsas and Zaharaki, 20Q%vhile the
activation of metakaolin producednly a zeolitelike aluminosilicate phaséSakulich,
2009.
2.2  Basic Concept of €opolymer

As discussedn the previous section,egpolymeris a generic name used to
describe all alkali activated bindesgntheszed fromthe reaction of an alumisilicate
saurce with a strong alkaliactivating solution that contaires mixture of NaSiOz and
NaOH or KOH solution (Pachecerorgal et al., 2009a The aluminosilicate materias
dissolved bythe alkali solution which also provides additional silicate required for the
geopolymerization processili§a fume is sometimesused insteadf N&SiO; as the
source of additional reactive silicllempest, 2010 Geopolymer gel formation is

achieved by the application of mild heat at a temperature las4 €6¢C.
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Many curingregimehave been implementddr geopolymer, Kong and Sanjayan
(2010 cured geopolymer specimens ahbient temperature for 24 hours before oven
curing at 86C for additional 24 hours. Similar curing regime was employed by Tempest
(2010 but the temperature of the oven wasteéts’C. Perera at a{2007) used a curing
schedule that involvesven curingof several specimera 22°C, 40C, 60°C, and 86C in
order to investigate the effect of temperature on geopolymerization and reported that at
higher temperata;, the chemical reactions are accelerated leadirtbetdormation of
higher strength geopolymeponcrete The optimal curing temperaturr the formation
of geopolymer was reported to B8°C (PacheceTlorgal et al., 2008a
2.2.1 Source Miterials for Geopolymeryhithesis

Metakaolin, granulated blast furnace slagd coally ash are the most commonly
used source materials in geopolymer synthesis. Metakaolin is obtained by the calcination
of kaolinite at high temperaturéCioffi et al., 2003 while blast furnace slag is a
byproduct of iron production. Coal fly ash on the other hand is obtaireedygsoduct of
the combustion process in coal fired power plants.

Komnitsas and Zaharakk007) reported that geopolymer made from metakaolin
are too soft for construction purpgseue to high porosity as a result of high water
requirement, thereby hindering furthese of this starting material.

Blast furnace slag based geopolymer on the other hamd been reported as
containingcalcium silicate hydrates (CSH) and calcium aluminosilicate hydrates (CASH)
in addition to the geopolymer phase as a result of the hagkewt of calcium in the

starting materia{Pachecerorgal et al., 2008b
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Fly ash based geopolymer providagnificant advantage over other alternative
binders(Provis etal., 2009 due to the cheaper cost associated with coal fly ash when
compared to other source material like metakawlinch resulted in porous and soft
geopolymer

In recent years, many researchers have focused on using coal fly ash as the main
alumingsilicate sourcefor geopolymer synthesidue to its high silica content ants
abundanceas a waste productBut due to variability of fly ash as a result of
characteristics such as their amorphous content, chemical composition, fineness, calcium
content and unburned organic content, producing geopolymer of consistent and
acceptablequality might be a big challengéTempest, 2010 These led tothe
investigation ofcoal fly ashcharacteristics that can make themitablefor producing
geopolymer ofacceptablejuality. Khale and Chaudhaf2007) reported that fineness is
one important characteristic that affect strength development in geopolymer. Tempest
(2010 stated that loss on ignition (LOI), chemical composition, calcumeh amorphous
content of the coal fly ash are also important characteristics that contribute to the quality
of the produced geopolymelt. is thus necessary to select coal fighthat possessl
these characteristi¢tbat would lead tormacceptablegeopdymer.

Coal fly ash is classified based on chemical composition as &itaes F and
Class C asl{ASTM, 2008 as shown inTABLE 2-1. Class C ash are referred to as high
calcium ash becaethey contain more than 20% Ca®minimum of 50% Si@+ Al,O3
+Fe03; and seltfcementingpropertieswhile Class F ash are referred to as low calcium
ash dued the low content of CaO (<10%,minimum of 70% Si@+ Al,O3 + Fe0O3; and

non self-cementingproperties(ASTM, 2008. Class F fly ash is mostly used in the
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production of geopolymer due to higher content of silica and alumina and low amount of
CaO since the amount of CaO in th@rgng material significantly affect the properties of
hardened geopolyméDiaz et al., 201 Higher content of CaO contained@fass C fly

ash would alter the microstructuog the produced geopolymer leading to formation of
more hydration products such as CSH instead of the geopolymer (3lemseujin et al.,
2009. TABLE 2-2 shows theypical chemical composition of the twoaintypes of coal

fly ash.For comparison purpose, this table also shows composition of Portland cement

TABLE 2-1: Chemical requirement for fly ash classificat{®h mass)
Class F Class C

SiO; + Al,O3 + FeOs (min %) 70 50
SGs, (Max %) 5.0 5.0
Moisture content, (max %) 3.0 3.0

Loss on ignition (LOI), (max %) 6.0 6.0

Available alkali as NgD, (max%) 1.5 1.5

Source ASTM (2008

TABLE 2-2: Typical chemical composition of coal fly ashd cemen(%o)
SiO, Al,O03 Fe0O; CaO MgO SO

Class F 55 26 7 9 2 1
Class C 40 17 6 24 5 3

Portland cemen 23 4 2 64 2 2

Source ACAA (2003
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The totalamount ofsometrace elements found tgpical coal fly ashis presented

in TABLE 2-3.
TABLE 2-3: Typical total amount of some trace elements present in CFA

element mg/kg
As 136.2
B 900
Be 13.4
Cd 0.78
Co 50
Cr 198.2
Cu 112.8
Ni 120.6
Pb 68.2
Sb 6
Se 10.26
\% 295.7
Zn 210

Sourcelwashita et al. (2007
2.2.2 Chemistry and Reaction &é¢hanisms
Irrespective of the aluminosilicate source, activating solution or the curing
conditions used during geopolymer synthesis, it is believed that the reaction mechanism
involved in geopolymer formation is the same. This reaction mechanism can be grouped
into three separate but interrelated stages that include dissolution of the aluminosilicate

source by the high alkaline solution (MOH) wheré il the alkali metal such as Nar
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K*, followed by reorientation/reorganization of the dissolved speced later
polycondensation tdorm the hardened geopolyméKu and Van Deventer, 2000
Tempest, 2010 FIGURE 2-1 shows a simplified representation of the reaction
mechanisms involved in geopolymer synthesis.

Dissolution of the aluminosilicate is believed to be initiated by the presence of
hydroxyl ion (OH) from the alkali hydroxide, leading to the productidramminate and
silicate monomergKomnitsas and Zaharaki, 2007Production of these monomers is
strongly dependent on the reactivity of the source aluminosilicate matgpel,and
amount of the alkali hydroxide used. Reactivity of aluminosilicate matased in
geopolymer synthesis decreases in the following order: metakaolin > slag> fly ash>
kaolin (Panagiotopoulou et al., 2007empest, 2010 According to Komnitsas and
Zaharaki(2007), higher amount ohydroxyl ions facilitate the production of different
silicates and aluminate species which would lead to further geopolymerization.

During the reorientation stage, free aluminate and silicate monomers in addition
to silicate present in the activation sobn come together to form oligomers of varying
polymeric structure. These polymeric units then undergo polycondensation reaction in
which they are joined together by oxygen bond formed from the reaction of adjacent
hydroxyl ions leading to the formatiof the rigid oxygen bonded silica and alumina
tetrahedral structure of geopolymer.

The reaction mechanism revealed that the alkali hydroxide (NaOH or KOH) act as
catalyst that aid the dissolution and condensation stages. Most of the water is expelled
during the high temperature curing since they are not actually involved in geopolymer

formation(Khale and Chaudhary, 2007



17

Aluminosilicate source

M+ (aq)
OH

(aq)

<4— HO Dissolution

AI(CH); OSi(OHDy

: n\r Aluminate and silicate
: ) OH /

Reorientation &

H.O l< Silicate reorganization
: _ e © PSS , .
Si-O-Al= PS «® > ® psps Polymeric units
H,O 4—1 Polycondensatior

3D aluminosilicate network

Geopolymer

FIGURE2-1: Simplified representation of geopolymer reaction mechanism.
Adapted fromDuxson et al. (2007andYao et al. (200p

2.2.3 Structure of @opolymer

Geopolymer structure as suggested by Davidovits is a poly(sialate) network
consisting of silica (Sig) and alumina (AIO3) tetrahedral connected together by sharing
oxygen atomsKIGURE 2-2). Sialate is an abbreviation fsiticon-oxo-aluminate (SiO-
Al) which form the basic polymeric precurg@gtomnitsas and Zaharaki, 2005tructure
of the polymeric precursor formed depends on the ratio of silica to alumina (Si/Al) in the
starting materials and can be classified accordinthis ratio.FIGURE 2-2 shows an

illustration of the three polymeric structures that form geopolymers.
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Poly(sialate)
S|O / AlO,

Poly(sialate-siloxo)

StAI=2 (—Si-O-A-0-Si-O-) Y /’ %3/ \ /

Poly(sialate-disiloxo) « /

StAl=3 (~Si-0-A-O-Si-0-Si-0-) '\‘/;3 57 iﬂ??‘ﬁ? i‘ /"0

FIGURE 2-2: Polymeric precursor that form geopolym@@sk v § r §, 2007

Higher amount of silicate is required to form the higher order poly(siailabeo)
and poly(sialatedisiloxo) structurelncrease in the Si/Al ratio can be achievedthy
addition of extra reactive silica using #0; or silica fume in order to form these
precursors. The polymeric precursors form chain and ring network united-®ABi
bridges with the silicon and aluminum atoms irfold coordination with oxygen.
Metallic cations such as K and Na help keep the formed geopolymer structure neutral by
balancing the charge of Al atoms present in the strucki®URE 2-3 shows the
conceptuamodel of sodiunpoly(sialatesiloxo) (NaPSS) geopolymer.

Equation 2.1 shows the empirical formula that can be used to characterize the
formed geopolymer structur@Komnitsas and Zaharaki, 200Pachecerorgal et al.,
20083.

M [-(Si0,)AlO4],, .WH,0 (2.1)

Where M is the al kal:@ cation, n is the deg
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FIGURE 2-3: Conceptual structure of N&SS geopolymgflGk v §r §, 2007

2.4  Characteristics and Application oeGpolymer

A lot of researchers have extensivedjudied the physical and mechanical
properties of geopolymer such as compressive strength, creep -thieezessistance,
permeability, thermal stability and shrinkaggubaer, 2004Hardjito and Rangan, 2005
Rangan,2009 Tempest, 2010that make the material a viable alternative in a wide
application area. According to some studies, geopolytnecretecan reach28 days
compressive strengihranging between 70MPa (10,000 psi) td00 MPa(14,000psi
(Komnitsas and Zzaraki, 2007 Zhang et al., 20Q8Tempest, 2010 Somna et a20117)
observed that the compressive strergjtthe materiaincreasesvith age which is similar
to the strength development iRorland cement Result of creep and shrinkage test
performed to assess the long term performance of geopolymer showed that the material
undergo low creep and very little drying shrinkage of abo@ ricrostrain (pstrain)
after one yea(Khale and Chaudhary, 200Rangan, 2008 and can withstand heat of up

to 800C (Hardjito and Tsen, 2008Sun(2005 observed that geopolymer does not show
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any mass loss after about 300 freghaw cycls, thus having a better freegteaw
performance than Portland cemdnérmeability of the material was found to be between
10°7 10" cm/s(Giannopoulou and Panias, 20@vhich happens to be a very low value
when compared to other cementitious material.

Due to the excellent properties possessed by geopolymer, the material has been
employed in applicatns that include thermal insulation, high strength concrete, and
hazardous waste managemébiavidovits, 1991 Sun, 200% Precast structures like
railway sleeperssewer pipes, box culverts and reinforced beams have been produced
from geopolymer(Lloyd and Rangan, 2010rempest, 2010 Other reported areaof
geopolymer application is in waste encapsulatibigh strength concrete, thermal
insulationand fire protection of structur¢®avidovits, 1991 Provis and van Deventer,
2009. To demonstrate the environmental compatibility of geopolymer indtfferent
area of applications leaching ofenvironmentallyrelevanttrace elementsare usually
studiedbut there are not too many studi@ke following subsection summarizes relevant
leachability studies found in the literature.

2.5 Background orLeaching and Mbility of Elements

Leaching tests are techniquesed to investigate environmental properties or
characteristics of any materiathich can also be used for geopolymer. Leaching is a
process where constituents present in a solid material dissologhe pore water of the
material when that material is contact with an aqueous media. Tiogiid that contains
the released constituent is called the leachate. Some factors such as amount of liquid that
get in contact with the solid (L/S ratio), solubility of the elements, adsorption of the

elements, pH othe pore water, state of the material, redox conditions and reaction
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kinetics can potentially affect leaching from any matdiah-Shafique, 2002Schuwirth
and Hofmann, 20Q@as, 2003

There are a number of standard leaching test methods that have been developed to
assess mobility of elements from solid materials. A good understanding of the material
and th& environment is necessary in order to choose the most appropriate leaching test
These test methadcan be categorized into three types as showmABLE 2-4. In
equilibrium oriented leaching test methods, equilibrium between the material and
leaching soltion is achieved by agitation of the mixture, while capacity oriented leaching
test examines the maximum amount of each contaminants that can be released from the
material under the worst case scengi$chwantes and Batchelor, 2Q00@®ynamic
oriented tests are used to investigate thechanism responsibléor release of
contaminant$rom the solid material.

The most widely used leaching test methods in the Ui8tates are TCLP, WLT,
SPLP, EP Tox, while the use of tests such as pH stat, NEN 7341, 7343 and 7345 are
common in Europe. All the different tests are used to assess leachability of different
material at different exposure scenari®esults from the vayus leaching tests are
expressed either as leachates concentration (mg/l) or as constituent released in mg/kg dry
mass for granular material and mgfor the monolith materials.
2.5.1 Mobility of Elements from Geopolymer

Leaching test methods such as FCINEN 7375, NEN 7341 have been used to
assess mobility of elements from geopolyrankowski et al., 209 Izquierdo et al.,
2010, NEN 7341 have been specifically used to assess the mobility of oxyanion forming

elements.
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TABLE 2-4: Summary of various leaching test methods

Type Leachingtest Leaching L/S Particle Leaching Reference
medium size duration

Equilibrium  Toxicity Acetic 20 <9.5mm 18 hours Schwantes

oriented Characteristics acid and
Leaching Batchelor
Procedure (2009
(TCLP)
Extraction 0.04 M 16 <9.5mm 24 hours Schwantes
Procedure acetic and
Toxicity test acid (pH Batchelor
(EP Tox) 5) (2006

Water Leach Deionized 20 <9.5mm 18 hours ASTM

Tests (WLT)  water (20069

Equilibrium Deionized 4 <150 ym 7 days Schwantes

Leach Tests  water and

(ELT) Batchelor
(2009

Multiple 0.04 M 20 <9.5mm 24 hours USEPA

Extraction acetic acid per stage (1986

Procedure (pH 3) (9

(MEP) extractio

n stages)
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Type Leachingtest Leaching L/S Particle Leaching Reference
medium size duration
Synthesis Deionized 20 <9.5mm 18 hours USEPA
Precipitation  water (1999
Leach adjusted to
Procedure pH 45
(SPLP)
pH Static Deionized 5 <4 mm 24 hours Schwantes
leaching test  water and
adjusted to Batchelor
pH 413 (2006
by HNO,
and NaOH
USEPA draft Deionized 10 <5 mm 24 hours USEPA
method 1313  water (2009h
adjusted to
pH 313
by HNG;,
and NaOH
Capacity Availability Two steps: 100 <150 um 3 hours EA
oriented test pH 4 and each step (20053

7
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Type Leachingtest Leaching L/S Particle Leaching Reference
medium size duration
Nordtest Two steps: 100 <125um 1% :3 Nordtest
availability test pH 4 and hours (1995
7 218
hours
Dynamic American Sequential 5 - Monolith  Sample  Schwantes
oriented Nuclear extraction 10 atl, 2,4, and
Society (ANS) hy 8, 16, 32, Batchelor
leach test 16.1 deionized 64 days (2009
water
Column test Systematic 0.1 <4 mm Schwantes
(NEN 7343)  L/Sratio  -10 and
increase Batchelor
(2006
Tank test Deionized Monolith Samples EA
water at collected (2005h
pH 4 at 0.25,
1, 2.25,
4,9, 16,
36, 64

days
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TABLE 2-4 (continued

Type Leachingtest Leaching L/S Particle Leaching Reference

medium size duration

USEPA draft  Deionized Monolith  Samples USEPA
method 1315  water collected (20099
at 0.08,
1, 2,7,
14, 28,
42, 49
and 63

days

2.6  Oxyanion Forming Tracel&ments

Oxyanions are negatively charged polyatomic species that contain oiygen
(Cornelis et al., 2008 Common oxyanions ar8O,*, NOs, AsQ, and PQ*. Trace
elements that form oxyanionic species incliodeon (B), arsenic (As), chromium (Cr),
sdenium (Se), vanadium (V), molybdenum (Mo), tungsten (W) and antimony (Sb).
These elements can form different species of oxyanion depending on pH and redox
potential. Among the elements, As, Cr and Se are considered elements of concern due to
their toxicty and mobility at alkaline pHzZhang, 2000 Wang, 2007 Izquierdo et al.,
2010, and are listed by the USEPA as priority pollutants in drinking wer, 1997,
USEPA, 2009a Since most elements that form oxyanion exhibit similar behavior,
understanding the behavior of As, GidaSe would lead to understanding the behavior of

the other elements.
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2.6.1 Occurrence and Chemistry of Arsenic, Chromium aslér@um

Arsenic is a metalloid found in group 15 and period 4 of the peri@adile it
occurs in association with sulfuontaining minerals such as realgar (AsS), orpiment
(As;Ss) or arsenopyrite (FeAs3Magalhaes, 2002 The element is released into the
environment via weathemy, volcanism, agricultural applications and waste stream of
industrial process with high concentration in coal fly &&ckson, 1998Moon et al.,

2004). Its abundant in the earth crust is between 2.8 ppm(NAS, 1977.

Selenium is a nometallic element found igroup 16 and period 4 of the periodic
table This element is not abundant in the earth crust, comprising only 0.05 ppm of the
earth crus{Zhang, 200D Selenium is a micronutrient required bynmans and animals
to maintain good health, and considered a necessary constituent of human diets for many
years (B'Hymer and Caruso, 20D6Deficiency of these micronutrient might inhibit
growth and too much of it can also lead to death. B@@D0 stated that due to the
narrow range between the beneficial and harmful level of selenium, the USEPA listed the
element among element of concern in drinking water and specified the maximum amount
of the element &wedin drinking wate{USEPA, 2009a

Chromium is a transition element that occur in group 6 and period 4 of the
periodictable it is the21% most abundant element in the earth crust with concentration of
about 100ppm (Barnhart, 199Y. It occurs in nature as the minechromites(FeCrO,)
and crocoites (PbCrp (Zhang, 200R The chemical properties and maximum

contaminant level (MCL) of these elements are summariz€ABLE 2-5.
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TABLE 2-5: Chemical properties and MCL of As, Cr and Se

Elements Group Atomic Atomic Electron Oxidation = MCL
no mass configuration states po/l
As 15 33 74.92 [Ar]4s“3d™4p’ -3,0,+43,+5 10
Cr 6 24 52.00 [Ar]3d° 45! 0,+3,+6 100
Se 16 34 78.96 [Ar]4s®3d4p* -2,0,+4,46 50

Source:. Zhang (200, Paoletti (2002 Cornelis et al. (2008 USEPA (2009a

In nature, Asenic (As)occurs manly in the AS? (arsenite) and AS (arsenate)
oxidation state¢Alexandratos et al., 200;7with As™ being more mobile and reported to
be 25- 60 times more toxic than AS(Moon et al., 200¢ Cr"® and C¥® oxidation state
are the most abundafarm of chromium (Cr)n nature, with C¥ being about 100 times
more toxic and soluble tha@r* (Shtiza et al., 2009 Selenium(Se) exist in nature as
Se™ and S&° forming Se@? (selenite) and Sef (selenate) oxyanionic specié®ond,
2000).
2.6.2 Environmental Aspaand Toxicity of As, CrandSe

Oxyanions ofAs, Cr and Se are very mobile in high alkaline environment and
have low mobility in the acidic environment due to bonding with metal oxyhydroxides
(Zzhang 200Q. TABLE 2-6 shows the redox states of As, Cr and Se oxyanionic species
and their form of occurrence in alkaline environment. In this type of environmefit, As
As™, Cr® Cr'®, se* and S&° are the most predominant redox state because they are
more soluble than those occurring in their elemental and reduced (§ateslis et al.,

2008.
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TABLE 2-6: Redox states of the oxyanions in alkaline environment

Element Oxidation states
-2 0 +3 +4 +5 +6
As As’ H,ASOs AsO;~
Cr cr Cr(OH)y, CrO&~
Se HSe sé SeQ” SeQ

SourceCornelis et al. (2008

Arsenicin the trivalent form is more toxic and a known carcinogen that causes
cancer of the liver skin and kidnéiWagalhaes, 2002 Chromium on the other hant
most toxic in the hexavalent form and possess nemiagproperties that can damage
circulatory system and cause carcinogenic changes in h(oap and Kalembkiewicz,
2009.
2.7  Methods of mmobilizingthe Leachingof Oxyanion BEements

According to Cornelis et al. (2008 calcium containing mineral phases and
metalate precipitation exert control over the leaching of oxyanions. The authors stated
that minerals such as CSH, ettringite, monosulfoaluminate and hydrocalumite can
partially or fully replace their anions (Otbr SQ?) with oxyanions thereby causing
reduction in mobility of these oxyanion forming elemei@srnelis et al., 2008 Several
studies have demonstrated this by showing that mobility of As and other oxyanions in
alkaline environment can be reduced by the addition of, limech would result in the
formation of either an insoluble calcium precipitate or oxyanion substituted calcium
mineral phasegMoon et al., 2004Zhu et al., 2006Alexandratos et al2007 Wang et

al., 2007.



29

2.7.1 Incorporation into Ettringite tBucture

Ettringite is a hydrated calcium aluminum sulfate hydroxide mineral with
chemical formula(CasAl(SO4%(0OH);,26H,0) and a needle like crystal structure
depicted inFIGURE 2-4. It is an example of an AFt (alumina ferric oxide tri sulfate)
phasepresent in cement system whose structure favors extensive ionic substitution
potential that can make the immobilization of oxyanions possible. Substitution,6f SO
present in ettringite structure by oxyanions such as,Gr@sQ,>, SeQ*, CQO;%, and
NO;3; have been reported Bone et al. (2004andCornelis et al. (2008 FIGURE 2-5

depicts an oxyanion substituted ettringite crystal structure.

FIGURE2-4: Schematics of ettringite crystal struct(iké&emm, 1998
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Columns of
{Cag[ Al(OH)g]4.24H,01%*

FIGURE 2-5: Oxyanion substituted ettringitestture(Cornelis et al., 2008
2.7.2 Incorporation into Hydrocalumitet8icture

Hydrocalumite is an anionic clay mineral composed of stacked portldikaite
octahedral layers where one third of the’*'Csites is occupied by Al (Zhang and
Reardon, 2008 The mineral has a chemical formuBaAl,(OH),(OH);.%H,0 and

structure shown iIFIGURE 2-6 which have interlayer water molecule and anions.

0 ®

FIGURE2-6: Schematics of hydrocalumite struct(@dang and Reardon, 2003
Zhang and Reardon (200&ported that the substitution of Cavith Al** result
in net positive charges on the layers that enatglerporation of anion or oxyanion {X

in order to balance the charges on the octahedral laybesig and Rearao (2005
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demonstrated the incorporation of oxyanions such as Cr and Se which led to reduction in
leaching of the elements.
2.7.3 Incorporaton into Monosulfoaluminatet&icture

Monosulfoaluminate is a mineral that can be found in products of cement
hydration, it is an AFm (aluminiate ferric oxide monosulfate) phase that has chemical

formula CaAl,;SOy(OH)12A 6,8 anda lamellar hexagonal platey structure shown in

fﬁ
H/; main layer: CazAl(OH)g*
lintedayer: 5047, H20
| main layer
-

!
.lllll !
\ f-ﬂlfl."
e
e /
o )
%/;g

FIGURE2-7: Schematics of monosulfoaluminate struci{i@daur et al., 2004

FIGURE2-7.

Monosulfoaluminate also @its similar anionic substitution aettringite;in this
case the Sg¥ and OH in the structure are replaced by anions or oxyaniBaikia et al.

(2009 reported that oxyanions can also be incorporated between layers of
monosulfoaluminate strawre serving as interlayer anions.
2.7.4 Incorporation into Calcium Silicateydrate (CSH)

CSH is a principal hydration product formed during the hydration of alite and
belite phases of Portland cemei@ougar et al., 1996 According toYip and van
Deventer (2008 CSH gel coexistwith geopolymeric gel in geopolymer system if there
is enough calcium present in the system. This CSH gel has positive charged surfaces

which have the potential for adsorbing oxyanions such a&°A AsO;*, SeQ? and
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CrO,* (Cornelis et b, 2009. The successful immobilization of Cr by CStsreported
by Gougar et al. (1996
2.7.5 Formation of Pecipitates

At pH of around 12.6, the formation of calm metalatgrecipitates is reported
to be effective at immobilizingoxyanion forming elementgBone et al., 2004
According toMoon et al. (2004 formation of calcium metalate precipitate have been
successful at immobilizing arsenic which occurs in th€ &sm asHAsOs;* and As° as
HAsO,*. Magalhdes (200Q2statedthat calcium arsenates such asilite (CaHAsQ),
pharmacolite  (CaHAsf 2,8), haidingerite (CaHAsQA kD), phaunouxite
(Cas(AsQy)2A 1 3Ware particularly formed.
2.8  Mineralogical and Microstructurall@racterizabn of Geopolymer

X-Ray diffractometer (XRD) analysis is used to analyze mineral phases present in
solid materials. XRD analysis @eopolymer made from fly ash shows the presence of
quartz (SiQ), mullite (AleSi,O13) zeolites such as hydroxysodalite (NESi;O1,0H)
and herchelite (NaAISDA 3.6 ) and a diffuse hal o®peaks
40° (Fernandegdliménez and Palomo, 200Fernandeziménez et al., 200Zhang et al.,
2009 Guo et al., 2010 This suggests that geopgoier contains both crystalline and
amorphous (non crystalline) phase

Microstructure of geopolymers have been observed by a lot of researchers using
the scanning electron microscope (SEM) which is an instrument used to produce high
resolution image of saple surfaces(Das, 2008 The structure of fly ash based
geopolymer reveals that the material cossi$tcrust of shapeless reaction product and

presence of unreacted spherical fly ash particles depending on the degree of reaction
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(Fernandezliménez and Palomo, 200%5ome of these unreacted fly ash particles are
sometimes covered with the reaction products.
2.9 Geochemical Mdeling

Geochemicamodeling tools have been increasingly used to assess environmental
impact and speciation of elements from materfdizlim et al., 200bin order to answer
environmental questions such as: (1) How fast contaminants move and when it will reach
a certain point? (2) Whether the concentratad the contaminant exceeds regulatory
limits? (3) What processes will hinder or immobilize the contaminants? (4) What is the
state of the particular site under investigation? Geochemical modeling have been used in
theassessment of high level nuclear teagpositories, exploratory and feasibility studies
of mining sites, and speciation of elements from the interaction between landfill leachates
and linergZhu and Anderson, 2002

According toZhu and Anderson (2002geochemical models are divided into
speciatiorsolubility model, reactioipath model and reactive transport model based on
their level of complexity. Speciatiesolubility models perfan batch calculations and
provide no spatial or temporal information about the contaminant, reaction path models
on the other handre used to simulate successive reaction steps in response to mass or
energy flux thereby providing some temporal informatafsout the progress of the
reaction. Reactive transport models are very complex models that provide both temporal
and spatial information of the chemical reactions. The most basic and least expensive
models belong to the speciatisolubility model group,hey are suable for answering
guestions about concentration of constituents species present in an aqueous solution, and

their saturation states with respect to various minerals in the aqueous system. Common
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speciatiorsolubility models are MINTEQAZ2, MINEQ + , geochemi stos
EQ3/EQ6, SOLMINEQ.88,WATEQ4F and PHREEQ@Zhu and Anderson, 200Zhu,
2009. All these models involve batch calculations and serves as the basis for the reaction
path and reactive transport mod@tu and Anderson, 2002

PHREEQC (Parkhurst and Appelo, 199% the most widely used speciation
solubility modeling tools with capability that includes performing speciation and
saturation index calculations, batch and one dimensional (1D) reaction transport
calculation, and inverse mass balance modgliaykhurst and Appelo, 1999hu and
Anderson, 2002Bone et al., 2004 According to Parkhurst and Appelo (1989 the
acronym PHREEQC stander pH values (PH), redox (RE), equilibrium (EQ), and C
programming language (C) which are the most irtggd parameters in the modéhe
model utilizes solubility productd<s,) of aqueous solution, minerals and solid solutions
to calculate the equilibrium state of the system under specific conditions using databases
included in the progranwhich contairs information on equilibrium constants and
properties of the different species of minerals, elements and solid solution

Equilibrium statebetween theagueoussolution and mineral phasgsesent is
evaluated based on value of the calcula@miration index® (Sl) of the system which is
obtained by relating the ion activity product (IAP) observed in solution and the
theoretical solubility product () using Ejuation 2.2(Appelo and Postma, 2005
Andrews, 200Y.

Sl=log (IAP/Ksp) (2.2)
Andrews (200Y defined Sl as the concentrationvehich dissolved concentration

of mineral components is saturated with respect to the soléioagative Sl valu¢SI <
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0) indicates that the solution is wersaturatedvith respect to the mineral thereby making
the mineral dissolvyepositive Slvalue S1> 0) means that the solution is supersaturated
with respect to the mineral and the mineral will precipitatel when Sl equals zero, the
solution is in equilibriumwith respect to a minerghndrews, 2007 Zhu, 2009. For Sl
close to zero, the phase is in near equilibrium state with the solution and can be
considered athe controlling phaséSchiopu et al., 2009
2.10 Summary

Despite the growing interest in geopolymer technology, there have been few
studies on the environmental characterization of the material. These $iaviesvealed
that geopolymercould leach out elements that include As, Cr and Se which are
considered priority pollutania drinking waterby the USEPA.

According toCornelis et al. (2008 mobility of oxyanion forming elements can
be reduced using calcium containing mineral phases and metalate precipitation t&ttringi
was found to favor ionic substitution in which the S@resent in its structure is replaced
by the oxyaniongBone et al., 2004 It was also reported l§hang and Reardon (2003
that the net positive charge on hydrocalumite structure can enable incorporation of
oxyanions to balance the charge on the mineral. Monosulfoaluminate was also found to
exhibit similar ionic sbstitution as ettringit¢Saikia et al., 2006 In this case, the SO
and OH in the structurearereplaced bythe oxyanions. Brmation of calcium metalate
can also reduce the mobility of the oxyanforming elementgBone etal., 2004 Moon
et al., 2004 CSH which coexists with geopolymer gel also have potential for absorbing
oxyanions thereby reducing the elements mobilitys evident from the literature that

calcium containingmineral phasesan successfully lead to a reduction in mobility of
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oxyanion forming elementahich exist in differen oxidation statgsandwhose mobility
and toxicity depends on the specie of géiement presenh any solution Geochemical
modeling has been identified as a tool that can be used to assess the speciation of these
elements. PHREEQC, a widely used speciasiolubility modeling tool was considered
an ideal tool for determining theespation ofelements such ass, Cr and Se.

This dissertation wouldin addition to investigating the mobility leaching
mechanisms of oxyanions (As, Cr, $@¢us on using calcium containing mineral phases
in reducing the mobility othe elements from flyash based geopolymer concrete, el
useof PHREEQUPHREEPLOTto predict the species of each element that would be

released from the material.



CHAPTER 3 EXPERIMENTAL PROTOCOL

3.1 Research fpproach

The research approach employea@ iguantitative approach which entaie use
of experimental methodw® test the stated hypothesdshis approachnvolves making
geopolymer concretes with varying amount of hydrated lime added durinesis)
subjecting the materiab established experimental technigatthe service life and end
of life of the material life cycleCementitious materials like geopolymer concrete exist in
monolith form during itsservicelife and in granular/ crusted form atend of life
Appropriate test methods are chosen for the diffetagiesof the material life cycle
3.2  Materials
3.2.1 CoalFly Ash (CFA)

The CFA used in this studwas obtained from a coal fired power plant
Southeastern United Statasd classifiedas a @ass F ashas pelTABLES 2-1 and 22)
based on its chemical composition. The material consists of high amount of oxides of
silicon and aluminum and a low amount of calcium oxide making it @aldaisource
material for geopolymer synthesis.

3.2.2 Silica Fume (SF)

The SFusedin this studywas purchased frorohio valley alloy servicesnd

contains 98% amorphous siliedd mees standard specification for silica fume used in

cement(ASTM, 20100. Since highemamountof silica (SiQ) is required for geopolymer
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synthesissilica fume (SF)was added toincrease the silica to aluminatio (Si/Al) in
orderto aidthe formation ofhigher order poly(sialatsiloxo) and poly(sialatelisiloxo)
geopolymer structure.

3.2.3 Sodium Hidroxide (NaOH)

Sodium hydroxide (NaOH) is one of the components indttesaing solution
responsible for dissolution of the starting fly agtring geopolymer synthesighe
NaOH used is aommercial grad&laOH pearls with 98% purity
3.2.4 Hydrated lime (Ca(OHj))

High calcium hydrated limeQa(OH})) supplied by UNIVARwas usedn the
study. The hydrated lime has about 95% Ca@O¢tintent with no Mg(OH) which
conforms tahe specification of type N hydrated lime used in mortar and Portland cement
concret ASTM, 20060).

3.2.5 Aggregates

The coarsgCA) and fine(FA) aggregates used in the study are the same type
used in making Portland cement concrdthe CA and FA arirehes espec
granite stone and silica sarithe aggregates were used in the saturated sufa¢&SD)
condition
3.3  Expermental Method

The experimentalmethod is divided into five different phases that are
summarized iIMTABLE 3-1. It consists ofthe various tasks that are completed to achieve
the research objectives ardst the stated hypothese®etailed information of the
different experimental phases is presented in subsequent chapters of this dissertation.

Since thematerial exist in the monolith form durints service life and in crushear
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granular form at end of life,osne of thegeopolymer concretewere tested in the

monolith form andthersin the granuldpowderform.

TABLE 3-1: Experimental phases for the dissertation
)

Phase Task description

I Characterization of the materidlgeopolymer products
a. XRF analysis
b. ANC/BNC test
a. Stabilized pH and moisture content
b. Bulk density and PSD
Il Synthesiof fly ash geopolymer concretes and sample preparatio
a. Geopolymer concrete without lime
b. Geopolymer concrete with lime
c. Crushing and sub sampling
d. Grinding and sieving
Il Laboratory leaching test methods
a. Availability test

b. Tank leaching test

o

pH stat test
d. Water leach test

\Y, Mineralogical and microstructural characterization
a. XRD analysis

b. SEM/EDX analysis
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TABLE 3-1 (continued)
Phase Task description

\% Geodemical modeling using PHREEQEAREEPLOT
a. Speciation modeling

b. Model simulation results and interpretation

3.4  Quality Assurance and Qualityddtrol

Proper sampling technique is used to obtain representative samples of the
geopolymer concrete. Dry granular samphege placed in ziplock bags and stored in a
dry storage container. All samplegere immediately labeled to avoid confusion with
other samplesTo ensure accuracy and precision in all measurements, all the analysis
except the XRD and SEM are performed in dupliaatdriplicate. Blank analyses are
also included in some analytical methadsng the same reagents and equipments but
without the samples, this will confirm the presence of any contamination during the
analytical methods.

All glassware and labware were acid washed and rinsed three times with
deionized water (DI) before each ugenly recently calibrated scales are utilized in all
weightmeasurementll equipments are properly cleaned before testing another sample
to avoid cross contamination of samples. All samples are stored according to standard
storage requirements for eatyipe of sampleliquid for cation analysis are acidified to
pH < 2 to minimize metal cations from precipitating and adsorption onto the storage
container wall(lUSGS, 1998 while liquid samples for anionnalysis are not acidified.

All the liquid samples are then storedairefrigerator maintained af@ or less.
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3.5  Statistical Aalysisof Data

All raw data obtained from the analysis are transformed into easily
understandable data form. The mean anddstad deviation of all duplicate and triplicate
measurements are determined. Non parametric statistical arslghiaKruskatWallis
test wasused to statistically compare the results obtained from the four geopolymer
concretes amp !l es . T pairvesg @anmpatks@Bas used to determinehich
geopolymer concrete sample is significantly different from the otblelP statistical
software version 9.0 by SAS was utilized in all statistical analysass9826 confidence
interval.
3.6  Pilot study

This section describes preliminary researstudiesthatwascompletedon fly ash
based geopolymer concrete and pastarder to become familiarize with the synthesis of
the geopolymer and conducting the experimental methiddgority of the work have
been on geopolymer past&eopolymer oncrete samples were later produced with
recycled concrete aggregate (RCplacing some of theoarse aggregat®RCA was
incorporated into geopolymer concrete to create an outlet for using demolished concrete
wasteand study how excess calcium in the RCA affect mobility of elements from the
produced geopolymeMost of the resultsrom the preliminary investigatiohavwe been
presented irtonferencegSanusi and Ogunro, 2009gunro and Sanusi, 2018anusi et
al., 2aL1).
3.6.1 Element Mobility from Fly Ash Basedé&apolymerPaste

Mobility of 29 elements from geopolymer paste was studied using short term (6

hours) pH leaching tegOgunro and Sanusi, 2010n this investigation, geopolymer
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pastewhose components by weight include 67%sS F coal fly ash, 10% NaOH and 8%

SF was producedby mixing activating solution dissolving SF in hot concentrated
NaOH) with CFA. The mixture wagast in cylindrical mold and cured in the oven at
75°C for 24 hours. Compressive strength of the cylindersdetermined at 28 days, the
mortar crushed and pulverized to fine particlesinexgl forthe pH leaching test. The pH
dependence leaching tagted wagerformed at liquid to solid I/S) ratio of 10 with
continuous pH control based on a slight modification of the European standard pH test
CEN/TS 14997(CEN, 2006. In the test method, the leachingolution pH was
continuously controlled to pH 3, 5, 7, 9, 11 and 13 using EdiONaOH for 6 hours, and

the leachates filtered using 0.45um membrane filter.

The results obtained revedhat mobility of elements varies across the pH range.
Elements suchsabarium (Ba), beryllium (Be), cobalt (Co), copper (Cu), manganese
(Mn), zinc (Zn), iron (Fe), magnesium (Mg), boron (B), strontium (Sr), lithium (Li) and
nickel (Ni) display high mobility at low pH which decreases as the pH increases from
acidic tothe alkaline pH (FIGURE 3-1 and3-2). Elements with very high mobility from
the geopolymer paste include aluminum (Al), sodium (Na), silicon (Si), calcium (Ca) and
potassium (K) FIGURE 3-3) due to their high solubility during thgeopolymerization
process. Themobility of these elements almost constant at the acidic pH range and
increases gradually in the alkaline pH. Mobility of silver (Ag), cadmium (Cd), lead (Pb),
antimony (Sb), tin (Sn) and thallium (TI) is very low across the pH range. The oxyanion
forming elements such as arsenic (As), selenium (Se), vanadium (V), molybdenum (Mo)
and chromium (Cr) on the other hand display lower mobility in the acidic pH, their

highest mobility occurs at pH between 9 andFIGURE 3-4).
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The preliminarystudy reveals that depending on the pH of the environment where

geopolymer is been utilized, different elements can potentially leach out. In an acidic

environment, Ba, Be, Co, Cu, Mn, Fe, Mg, B, Sr, Li and Ni are elements that would leach
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out more while As, V, Se, Tl, Mo and Cmwould leach out morein an alkaline
environmentsimilar to the pH of the pore solution within tigeopolymer (pH > 9)
Consequently, the focus of this research is to investigate the leachability of some target
oxyanions (As, Se andr).
3.6.2 Leaching of Oxyanion Forming Elements from Fly Ash BasedglymerPaste

Based on the results obtained from the pH leaching(8estion 3.6.1)which
showed that oxyanion forming elements leach more at the alkaline pH, there is thus a
need o find the most appropriate leaching test that can effectively predict the maximum
leaching of these elements. The Dutch availability test hapebhs the most widely
used test for thisype of environmental assessmenhe test is a two step extraction
procadure conducted at pH 7 and pH with the extraction step conducted at pH 7
designed to determine the leaching of oxyanion forming elemBntswith the higher
mobility of the oxyanion forming elements at alkaline pkE tonventional availability
test conducted at pH 7Avould underestimate their leaching,etBby creating an
opportunity for modification of the test to reflect the alkaline pH of the geopolymer
(Sanusi and Ogunro, 2009

The aim of the study igo determine which availability test method is better for
oxyanion element leaching. Geopolymer paste was produced from CFA, NaOH and SF
using the mix design presented in section 3.&rid oven cwd for 24 hours before
curing at ambient temperature until the 28 days test date. The geopolymer specimens
were crushed, pulverized and size reduced to particles <150um required for the
availability test. The availability test (NEN 7341) and a modificatbthe test (MNEN)

was used to determine the leaching of As, Se and Crtliegeopolymer pasta.ABLE
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3-2 shows the experimental conditions for the two tests. In sitisvbere pH needs to
be controlled, HN@was used to control the pH for the durataf the extraction step or

procedure.

TABLE 3-2: Experimental conditions for the availability tests
Test pH conditions Test duration

1°'step  No pH control 18 hours

MNEN
2" step 4+0.5 3 hours
1% step 7+05 3 hours
NEN
2" step 4+05 3 hours

Results obtained from the investigation were statistically compared using the
Wilcoxon signed rank test at 95% confidence intefvd) =0 . 05) . eJtésedimy pot h
this preliminary studyis that standard leaching test method conductateatral pH is
adequate for predicting the leaching of oxyanion forming elements (As, CiTt&eull
(Ho) and alternative (Ha) hypothesis utilized in the statistical comparison are listed
below:

Ho: The concentrations of As, Cr and Se measured in the NEN 7341 and MNEN are
not different (NEN 7341 = MNEN). fie test methodarethe same.

Ha: The concentrations of As, Cr and Se measured in the NEN 7341 are generally less
than the concentratiomeasured in MNEN (NEN 7341 < MNEN). The MNEN

test method gave results with higher measured concentrations.

The statistical comparison showed that there is no significant difference between
the results from the two test methods for As/§ue=0.6250), S§-value=0.6250), and

Cr (pvalue=0.1250). In conclusion, it was observed that although the NEN 7341 was
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conducted at pH 7, it is still effective at predicting the leaching of the oxyanion elements
such as As, Cr and Se and there is no need to considattification of the test to reflect

the alkaline nature of the geopolyn{®anusi and Ogunro, 2011b

3.6.3 Mitigating Leachaility from GeopolymerConcreteusingRCA

Based on extensive literature on the immobilizing oxyanfpresented in &ction
2.7), this studyfocused on theuseof additional calcium in geopolymerhich would lead
to the formation of calcium containing n@ral phases needed for theduction in
mobility of oxyanion forming elementSanusi et al., 2031 Three mix of geopolymer
concretes werenadeusing CFA, SF, natural coarse and fine aggregate, with recycled
concrete aggregate (RCA) used pemtial replacement fothe coarse aggregateThe
mixes made are: GEgeopolymer concrete with 0% RCA, RCilL@eopolymer concrete
with 10% RCA, and RC50geopolymer concrete with 50% RCA. The RCA was used to
respectivelyreplace 10% and 50% of the coarse aggregate content in theaREERC50
concrete samples.

The CA, FA, CFA and RCA were mixed in a rotary mixer for 3 minutes before
adding the activating solution andthe mixturewas further mixed for an additional 3
minutes. The concrete was cast in cylindrical mold, aged for 24 betwse oven curing
at 75C for another 24 hour€Compressive strength of the concretes were determined at
28 days,and the concretesrushed and size daced to particle < 150um. Dutch
availability test was used to assess the mobility of As, Cr and Se from the different
geopolymerconcretamix.

The compressive strength resuRIGURE 3-5) showed that replacing coarse

aggegate with RCA lead to increase strength of the geopolymer concrefehe



48

leaching result presentend FIGURE 3-6 reveals that thers a reduction in mobility of
As and Se as the replacement of coarse aggregate with RCA inciidesstudy showed
that the use of RCAvhich contains sluble calciumwould lead toanincrease irstrength

of geopolymer concrete ardeduction in mobility of the oxyanion elements analyzed.
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3.6.4 Influenceof Lime on Strength and Mobility of Elements from Geopolymaste

Motivation for studying the influence of lime on strength and mobility of
elementsfrom geopolymer pasteame fromfindings in the literatee that Calcium
containing mineral phases can be used to reduce mobility of oxyanion elements and from
the result obtained from using RCAs partial replacemenh geopolymer concrete
presented in section 3.6.B this particular study, two geopolymer n{i@PC and GP3)
were madaising CFA, SF, NaOH and Ca(Ofiyith the GP3 mix having 3% additional
calcium in the form of Ca(OH)Sanusi and Ogunro, 20)1d8he CFA was mixed with
the activating solutiorwhich contains SF dissolved in hot concentrated NaOH. The
resulting geopolymer pastevas cast in cylindrical mold and cured in the oven for 24
hours at 7%C.

Compressive strength of the geopolymers were determined after 28 days of
curing, and the tank leaching tdsised on the USEPA draft method 13USEPA,
200%) was used tanvestigatethe mobility of elements frorthe monolithic geopolymer
samples. In this leaching test, the monolithic samples were submerged in deionized water
for 64 days in a tightly sealed container. The water was removed and repleatisiies
successive leaching intervals as specified by the leaching standard.

The result showed that there is an observed reduction in compressive strength of
the geopolymer mix made with extra Ca(QKFIGURE 3-7). Thecompressivestrength
of the geopolyrar pastedropped from 52 MPa in the GPC to 45 MPa for G®33%
reduction in the strengtht is suspected that the extra calcium result in formation of
calcium silicate hydrate (CSH) that hindered the geopolymerization prdcdastively

coupled plasmanass spectrometer (IGRS) was used to determine the concentration of
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16 elements in the leachates collected from the leaching test. It was observed that there
wasa slight reduction in the mobility of As, B, Ba, Cr, Fe, Mg, Mo, Se, S, anfran

GP3 mixwhen compared with GP@IGURE 3-8) suggesting that the added calcium
resulted in slight leachability reduction. On the basis of these preliminary findings, a
more rigorous and targeted study was developed to test all the hypotheses stipulated in

chapterone.
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CHAPTER 4: SWTHESIS OF GEOPOLYMER CONCRETE AND SAMPLE
PREPARATION
4.1  Synthesis and Preparation of the Geopolynmidtetes

Geopolymer concrete sample®re madeusing the samenix designdeveloped
by Tempes(2010. The mix design used in this study is presented in TABLE Bhis
mix was modified by incorporatingarying amountof hydrated lime (0%, 0.5%, 1.0%,
and 2.0%)which slightly increased the mass of the total componeitteut changing
the proportionof NaOH (10% NaOH/CFApnd SF (7.5% SF/CFA) in the miPue to
the added limethe water to cementitious material/€) ratiovaries from 0.364 to 0.358
According to the mix design, the aggregates (CA and FA) make8up @ the total
geopolymer concrete mix, whitbe SF contentis 1.6%, NaOH is 2.1%wyaterand CFA
content are respective8/9%and 21%

The activatiig solutionrequired for the geopolymer synthesis vpaisparedthe
previous dayby dissolving SF in hot concentrated NaOH solution and allowing the
mixture to equilibrate in the oven for 24 houfke geopolymer concretes were made in a
conventional concret batch mixer, the FA, CA, Ca(OHand CFA was thoroughly
mixed in a rotary mixer for 3 minutes, and the liquid component (activating solution)
later added and mixed together for additional 2 minutes. The resulting geopolymer
concrete was cast into 76.2mf& inches) by 152.4mm (6 inches) plastic cylindrical

moldsin three layers, and consolidated by roddeagh layer25 times. Eighteen (18)
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cylinders were made for each geopolymer concrete mix. After aging for 24 hours at
ambient temperature, nine cylindavere cured in the oven at & for 24 hours while

the remaining nine samples cured without heat at room temperature. The concrete
samples were removed from the molds after 48 hours of casting and allowed to aged for 7

and 28 days at room temperat(2&°C).

TABLE 4-1: Mix design for the geopolymer concrekey/m®)
Mix Ca(OH) (%) CFA FA CA SF NaOH H,O wic

GPC 0(0) 483 773 774 36 48 207 0.36¢4
GP1 3(0.5) 483 773 774 36 48 207 0.363
GP2 5(1.0) 483 773 774 36 48 207 0.3al

GP3 10(2.0) 483 773 774 36 48 207 0.358

FIGURE4-1 shows the schematic for tegnthesis ofjeopolymer concreteured
in the oven at 7%. Compressive strength afree specimen from each batchere
determinedat 7 and28 days using the Universal Testing Machine (UTM) in accordance
to the standard methodor determining compressive strength of cylindrical samples
(ASTM, 2010a.
4.2  Sampling and Sampleé&paration

Sample preparation onsidered onanportant part of the analytical process
which the samples are preparedsimulate and meet thequirementf specific test
scenario Material in the monolith formwould beused for service life analysis while
materials in crushed or granular fomould beused for end of life analysiSamples for

end of life investigatiorare crushed into smaller fragments in a steel maHakvn in
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FIGURE 4-2. The fragments are then combined @ndroughly homogenized to form a

composite sample.

Alkaline activator
CFA CAand FA Ca(OH), (NaOH, SF

and H,0)

Mixed in rotary mixer for 5 mins
Cured at 75C for 24 hours

Storage & further
curing at ambient

FIGURE4-1: Schenatics of the geopolymer concrete production

FIGURE4-2: Steel pestle and mortar used in crushing the geopolymer concrete
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Representative sample$ each geopolymer concrete aigtained using cone and
guartering methodRIGURE 4-3) in accordancevith the procedures outlined in ASTM
C702(ASTM, 2003. In the cone and quartegmprocess, the sample is poured into a heap
to form a radial symmetry which is flattened and divided into four quadrants, opposite
guadrants are combined to form reduced sample and the other quadrant discarded. This
sub samplingprocess is continued as eu®d to obtain theneeded amount of

representative sample.

FIGURE4-3: Cone and quartering procggster (Allen, 2003)

FIGURE4-4: Crushed and size reduced geopolycwicrete sample
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The representative sample (right image RIGURE 4-4) is ground into fine
powder using the ring grinder shown MIGURE 4-5. Test samplesequired for the
analytical testsare obtained by sieving the representative samples to pasizeeess

than 150 pn(sieve #100)

FIGURE4-5: Rocklab ring grinder used in grinding the geopolymer concrete samples

4.3 Summary

This chapter presenthe synthesis of different geopolymer concrete mixes and
the preparation of theoncretesamples dr analysis.The geopolymer concrete created
has consistent workability anel/c ratio ofabout0.36. The w/c is the ratio of the water
used in the synthesis to the cementitious solids which include the amount of CFA, SF,
NaOH and Ca(OH)in the mix design.As the amount of Ca(Ohl)increases, the
workability of the geopolymer concrete reduces because the material harden faster. At
above 2% Ca(OH) the geopolymer concrete harden before placement in thewhidd
makesthe addition of 2% Ca(OH)the optimum amount that can hesed in the

geopolymer concrete synthesisaccordance with the procedure used for this study
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The use otwo curingregime (heaturing at 78C and curing without heat) aims
to identify the effect heat curing has on tleachability and strength of geopolymer
concreteThe main observation from tisynthesisof geopolymer concretesing the two
curing regimas the presence of excessive efflorescence on the surféoe géopolymer
concrete cured without hedlIGURE 4-6). The heat cured geopolymer concrete samples
does notexhibit any efflorescenceEfflorescence is a white powdery deposit of soluble
saltssuch as sodium carbonate hydrate, sodium carbonate or sodium phosphate hydrate
on the surface of concrete whigre soluble salt migrate to the surface of the concrete and
moisture evaporates leaving behind the salt deposit on the surface which then crystallize
(PCA, 2012. Temuujin et al. (2009reported that efflorescence is an indication of
insufficient geopolymerizationvhich implies that the heat cured geopolymer concrete

forms greater level of geopolymerization.

FIGURE4-6: Curedgeopolymer concreta) curedwithout heat, b) heat cured



CHAPTER 5: CHARACTERIZATION OF THE MATERIALS

Characterization of the starting materials and the produced geopolymer concretes
are discussed in this chaptéil the characterizatioms completed according to standard
protocols.The properties covered are chemical composition and particle size distribution
of the starting materials, compressive strength of the geopolymer concretes, acid/base
neutralization capacity, moisture contentldbulk density of all the materials.

5.1  Chemical @mpostion by X-Ray Fluorescence (XRF)ralysis

The chemical composition of the CFA and fesented inTABLE 5-1 was
determined using XRF analysis. The analysis was completed by sending the samples to
the geological sciences department at the Michigan State University, East Lansing,
Michigan.

TABLE 5-1: Chemical composition of the CFA and SF (mass %)
Si0, Al,O0; CaO FeO; MgO NaO K,O MnO P,Os TiO, LOI*

CFA 5483 28.24 245 499 090 0.22 242 090 0.23 159 381

SF 9848 0.18 0.17 0.18 0.08 0.00 0.12 0.08 0.01 0.00 0.74

*LOI = Loss on ignition

The CFA contains 88% Si&Al,0Os+Fe03; and 2.5% CaO (low calciunmaking
the material to be classified as a class F ash according to the ASTM C618 stahdard
type of ashis widely used in the synthesis of geopolynaithough Gass C (high

calcium) ash can also be usedeTdnly problem with the use ofl&s C ash is that it
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makes the geopolymer set very fasémpest, 2010 The SF on the other hamdntains
98% SiQ, a high content of reactive siliceequired for the synthesis of higher order
geopolymerwith higher strength The useof SF as a source of reactive silica is a
deviation from the norm of using sodium silicate {8i&;), this is becausee want to
increaselte use of waste material in the synthesis of our geopolymer.

5.2  ParticleSize Ostribution (PSD)

Sieve analysis bagl on ASTM C136ASTM, 20063 standards was performed
on the CA and FA taetermine the particle size distribution (PSD), the result obtained
from this analysis is presented FHGURE 5-1. The PSD of CA and FA meet the
requirements for thaggregateshatwould produce concrete that are very easy to place.
For the fine particlesizes,Beckman coulter LS 13 320 laser diffraction particle size
analyzer FIGURE 5-2) was used to determine tRSD of CFA and SKFIGURE 5-3
and 54). The instrument uses the principle of light scattering to determine the particle

size distribution obample in powder form.

== CA =li—=FA

100 i I?—I—
Z0 / /

50 / /

c / /

e s
0 '/40—‘ f‘E/ .

0.10 1.00 10.00
Sieve size (mm)

FIGURE5-1: Particle size distribution of the aggregates

Percentage finer by weight (%)
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The principle of light scattering involveanalyzing light scattering pattern
(diffraction) produced when particles of different sizes are exposed to a beam of light
(Beckman Coulter, 2031In the laser instrument, particles of the sample are suspended
in water, diluted to decrease interference, and pass through a cell where laser beam is
directed towardshe particles(OEWRI, 2008§. The PSD of the CFA and SF was
determined by measuring the pattern of light scattered by the particles in the sample since
each particle has different scattering pattedmch is correlated tothe particle size
distribuion of the sample.

As shown inFIGURES 5-3 and 54, the CFA has particle that range in size from
0.04 pm to 309 pum while the SF has particle size in the range of 0.04 um to 1800 pm.
Thetwo materials have relatively well graded particle size distributimn@ean particle

size of 47 um and 277 pnespectively.

FIGURES5-2: Laser diffraction particle size analyzer
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5.3 Compressive tgength of the Geopolymerdcrete

Compressive strength of the geopolymer concretasdetermined at 7 and 28
days in accordance to the standard teghaotkfor compressive strength oflindrical
samples.FIGURES 5-5 and 56 presentthe averagecompressive strengtfrom three
specimen®f the geopolymer samples cured atGand ones cured without heat.

For the heticured geopolymer concretEIGURE 5-5), the GPC sample exhibit
the highest strength, with 7 day strength oMFa and 28 days strength of 56 MPaeTh
lowest compressive strength waeasured ithe GP1 sample with 0.5% hydrated lime
content. The 7 days strength is 37 MPa and the 28 days strength is 42 MPanrghich
lower than the strengshmeasured in th&PC spedimens that daot contain additional
hydrated limeWhen 1.0% hydrated lime was added (GP1), the strength of the concrete
increased slightly to 44 MPa fordays and 51 MPa for 28 daysurkher addition of lime
up to 2.0% resulted in reduction in the sém of theGP3 geopolymer concret® 42

MPa at 7 days and 43 MPa at 28 days.
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FIGURES-5: Compressive strigth of the geopolymer concrete cured with heat
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The highest compressive strength of the geopolymer concrete cured without heat
(FIGURE5-6) is less than 20 MPfar all the geopolymer concrete sampl€kse 7 days
compressive strength dfie GPC and GP1 sammeethe lowest strengttiy MP3g which
increaseggradually by 1 MPa as the hydrated lime content incedase 1.0% and 2.0%
in the GP2 and GP3amplesrespectively. At 28 days on the other hand, the GPC
producesthe highest compressive strength of 18 MPa which reduces as the amount of
hydrated lime in the geopolymer concrete increases from 0.5% to 1.0% and finally 2.0%
in the GP1, GP2and GP3 sampleéccording toYip et al. (2009, previous studies found
that the addition of calcium should positively impart the compressive strength of
geopolymers, but thagameconclusion cannot be made for the geopolymer concretes
produced in this study.

All the geopolyner concretes produced except thdafs sample cured without
heat shows reduction in the overall compressive strength as the content of hydrated lime
increases from 0% to 2%. In all these samples, there was an observed increased in
compressive strength 4t0% hydrated lime content when compared with the previous
sample with 0.5% hydrated lime. The masportant observation from the result is that
the heat cured geopolymer concrpteducedthe highest compressive strength and the
average 2&layscompressie strength of saples exceesithe design strength of 41 MPa
(6,000 psi).

KruskalWallis test and Tukeramer HSD pairwise comparisdast conducted
at95% confi dence thestatstical andlysis tods.uged in thia seetion.
The results rom thestatisticalanalysis are presented in appendix C. According to the

KruskalWallis test result shown in appendix C1, the 7 days compressive strength of the
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geopolymer concrete cured without heat are not significantly differemal(e =
0.0216). Tle TukeyKramer pairwise comparisonf the compressive strength showed
that the following pairs have significantly different compressive strength: GP3vs GPC (p
value=0.0009), GP3 vs GP1 {galue=0.0042) and GP2 vs GPC-{lue= 0.0158). On
the other had, the 28 day compressive strength of the geopolymer concrete cured
without heat (appendix C2) is not significantly differemvglue = 0.4415), so there is
no need for pairwise comparison.

As shown in appendix C3 and C4, the 7 day compressive strafgthe
geopolymer cured with heat did not show any significant differencal(e= 0.2479)
but the statistical analysis of 28 days strength reveals that there is significant difference
(p-value = 0.0237) between the compressive strength of the geopolgmecrete
samples. The pairwise comparison showed the some pair of the geopolymer concrete
samples: GPZs GP1 (pvalue = 0.0312) and GPC vs GP3-yplue= 0.0488) have

compressive strength that are significantly different.
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FIGURES5-6: Compressive strgith of geopolymer concrete cured without heat
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54 Acid and Base HutralizationCapacity (ANC/BNC)

The quantity of acid or base addedetachmaterial tomaintain aconstantpre-
defined pH valuas termedthe acid and base neutralization capa¢®@NC/BNC) of the
material The amount of acid and base required to bring dtagting materiabk and
produced geopolymer concretespredefined pHvalueswere determined by completing
the pretesttitration outlined in the draft USEPA method 13U3SEPA, 2009band used
to plot the acid/base titration curve of the saraple

The ANC/BNC procedure involvesadding samples of the material into eight
containerscontaining deionized water and acid or baskquid to solid ratio (L/S) of 10
pH of the resulting suspension wasasured after 24 hours and used to plot the
ANC/BNC curve of the materiaFIGURES 5-7 to 512 showthe ANC/BNC curves of
CFA, SF, GPC, GP1, GP2, and GR¥ormation from thesdigures shows the natural
pH of the materials when acid additionzsro milli equivalent (meq) pegram of the
material. Other information shown isetacid or baseadditionthat will get the material to

the target pH values of 1, 3, 5, 7, 9, 11 and 13 requiretié@H dependence extraction.
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Acid Addition [meq/g]

FIGURES5-11: ANC/BNC curve ofGP2
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FIGURES5-12: ANC/BNC curve ofGP3

MaterialNaturalpH

Natural pH of the materialwas determinedrom the pre titratiortestconducted

to determine the ANC/BNC as shownRIGURES 5-7 to 5-12. TABLE 5-2 summarizes

the natural pH of all the material$\ccording to TABLE 5-2, the CFA and the

geopolymer concrete samples (GPC, GP1, @R&,GP3} are all ékaline materials while

the SF has a pH that makes inaterialwith neutral pH

TABLE 5-2: Natural pH of the materials

Material Natural pH
CFA 8.67
SF 7.62
GPC 11.60
GP1 11.00
GP2 11.10

GP3 11.20
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5.6  Moisture Content and Bulkdhsity

As-received moisture contentof the materialswas determined by drying the
samples at 10& for 24 hoursAs shown inTABLE 5-3, most of the materials have
moisture content greater than 1%, only the SF has moisture content of less thgankl%
density ofloose dry ly ash is reported to be about 1,000 ki{®ear, 200)Lbut the CFA
has a bulk density of about 900 kd/rithe bulk density of themonolithic geopolymer
concrets were determinetb be 2300 kg/rh

TABLE 5-3: Moisture content and bulk density of the materials
Material Moisture content (% Bulk density kg/m®)

CFA 1.8 897.8
SF 0.5 378.4
GPC 14 2300.0
GP1 1.7 2300.0
GP2 1.9 2300.0
GP3 1.9 2300.0

5.7  Summary

The geopolymer concresare alkaline material with pH > 11 and bul&nsity of
2300 kgm®. This bulk density i®quivalent tahe density ohormal weight concret&he
average 28 days compressive strength of the heat cured geopolymer range Kéa 4
(6013psi)to 56 MPa(8117psi) while theaverager days compressive strength is 37 MPa
(5367 psi)to 47 MPa(6817 psi) In terms of 28 days compressive strength, the heat cured
geopolymer concrete isimilar in strengthto high strength concreteith compessive

strength ofabout40 MPa (6,000psi\Mehta and Monteiro, 20060n the other hand,
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geopolymerconcretes cured without hdaive averag28 days compressive strength that
ranges from 13 MPa(1937psi)to 18 MPa(2647psi) andan averagd days compressive
strength that rangdrom 7 MPa(1015 psi)to 9 MPa(1305 psi) It is obvious from the
results that heat curing is a requment for the production of geopolymer concrete with
accepable compressive strengtfor structural usesHydratedlime did not positively
impact the compressive strength of the geopolymer concretesulit inthereduction in
strength of geopolymer coreteas the lime content increases but exhibit high strength at
the optimal lime addition of 1%.

Due to thepresence oéfflorescenceon the surface of thegeopolymer concrese
cured without heat antheir low compressive strengtthe material was notonsidered
for further investigation since vould only be suitable for low strength structural
applications like walkway, curbs and road dividéne heat cured geopolymer concretes
on the other handre considered for further investigatibecausehey meet the basic
strengthrequiremeni{40 MPa or 6000 psifor concreteused in high strength structural

applications



CHAPTER 6:LABORATORY LEACHING TEST METHODS

6.1 Introduction

The leaching test methoddesigned to evaluate leaching of elements from
cementitious material such geopolymerconcretesamples during their service lifen(
monolith form) and at the end of service lifan (granularform) arepresented imMABLE
6-1. Batch leaching testuch asthe pH dependence testater leach tesand Dutch
availability test areonsidered fogranular state of the samphekile the tank tess used
for monolithic state of thesamplesAfter completion of the leaching teshe samples
were filteredandthefiltrate (leachate) for cation analysisasacidified to pH < 2using
50% HNGQ; in order to minimize metal precipitation and adsorption onto the sample
containersprior to using the inductively coupled plasma atoreiission spectroscopy
(ICP-AES). lon chromatography (ICWwas used for anion analysf water leached
samples and the leachatesre not acidified.

According to the preliminary investigation presehia Section 3.6.1, elements
such as As, Cr, Se, V and Mo that form oxyanion leach owt indhehigh pH condition
similar to the alkaline state thabuld exist in the pore solution of geopolymer con®@ete
Although the concentration of other elements in the leachates is measured, this chapter
would focus mainly on the leaching of As, CrdaBesince they are considered elements
with more environmental concesndue to their mobility and toxicity at the different

oxidation state
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TABLE 6-1: Relevant leaching teduring life cycle of cementitious materials

Material Life cycle period condition Area of use Relevant leaching
test
Service life Monolith Foundation, Tank test
Facade,
containers,
. sewer pipes
Ceme.ntltlous End of service Granular Disposal, pH dependenc
materials - .
life and reduced aggregates ir test
(after demolition) fragments concrete and Availability test &
road Column test

construction

SourceVan der Sloot and Kosson (2003

6.2 pH Dependence Leachinge$t

The pHdependenceest is conducted to determine mobility of elements ftoen
geopolymer concrete sampletienthey areexposed to different pH condition. The test
was based on the USEPA draft method 131EBEPA, 2009h In this test deionized
water was added to granulfzowderedgeopolymerconcretesampla in nine plastic
bottlesat L/S ratio of 10 HNO; or NaOHwasused to maintain the pH to pselected pH
values of 3, 5, 79, 11 and 13.The amount oHNO3; or NaOHrequired tomakethe
materid reachthe selected pH values was obtained from the pre titration curve presented
in FIGURES 5-7 to 512 FIGURE 6-1 shows the experimental setdipr the pH
dependenceest Three nethod blanksvithout the sampleare added to the pH extraction
in order b identify any contaminations that might be introduced byd#ienizedwater,
HNO3 or NaOH The analy®s were carried dun duplicates, stopped afte24 hoursand

the leachates filterethenacidified beforestoringat 4C.
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FIGUREG6-1: pH dependence test experimental setup

The ®ncentratios (mg/l) of elementsneasuredn the leachates using the ICP
AES were used tocalculatethe amount of the element leached (mg/kg) from each
material.In cases where the measured concentratidesis than the detection lingDL)
of the instrument, the concentration value DL/2 was used in the calculation of the amount
leached.The average (n=2jesult of the pH dependence mobilityA$, Cr and Sdérom
the CFA, SF, GPC, GP1, GP2 and GRpressed in mg/karepresented ifrFIGURES 6-
2 to 67 while FIGURES D-1 to D6 in gopendix Dshowthe pH dependence mobility of
the other elementsAs shown in FIGURES-2 to 64, the mobility of the three elements
(As, Cr and Se) is highest at pH 1 beduces as the pH increases. As mobility from CFA
reached 32 mg/kg at pH 1 and reduces to 1 mg/kg at pH 4 and pH 11. The amount
leached increases slightly at pH 7 to 4 mg/kige highest mobility in the alkaline pH is 7

mg/kg while 32 mg/kg is the highest the acidic pH range. Mobility of As from the SF
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is constant at 8 mg/kg irrespective of the pH although it was diffidtdring the

leachates obtained from the extractions betvwdéd and 11.
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FIGURE6-2: pH dependence mobility &s from the CFA ad SF

The amount of Cr leached from both the CFA and SF is lower than the amount of
As leached (FIGURE -8). The highest amount of Cr releasgd8 mg/kg)from CFA
occursat pH 1 while the highest amount released (4 mg/kg) in the alkaline pH occurs at
pH 13.0n the other hand, the amount of Cr released from the SF is less than 1 mg/kg as

shown in FIGURE &.
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FIGURE6-3: pH dependence mobility @r leached from the CFA and SF

Highest mobility of Se (11.8 mg/kg) occurs in the acidic pH whettucedo the
lowest mobilityof 1.5 mg/kgat pH 4. At the neutral pH, the amount of the element
released increases slightly to 8 mg/kg and then starts to drop to another low mobility of 3
mg/kg atpH 11.After this point, the mobility of Se increases to anothigh value of 8.5
mg/kg at pH 13.The mobility of Se from the SF is constant at 6 kggfompH 1 to 11,
but drops to the lowest amount of 5 mg/kg at pHRAf&sentedn FIGURESD-1, D-2,
and D3 in appendix Dthe mobility of Al, Ca, Fe, Mg, B, Ba, Ciyn, V and Zn from
CFA is highest in the acidic pHNa, Mo and Si have the highest mobility from the CFA

occurringin the alkaline pH.
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FIGURE6-4: pH dependence mobility &e from the CFA and SF

Elements that include Al, Si, C¥, Mo and Fe have ewstant mobility across the
pH range(FIGURES D-1, D-2, and D3 in appendix . Others like Na and B exhibit
higher mobility in the alkaline pH while the remaining elements (Mg, Ba, Cu, Mn, and
Zn) displays higher mobility in the acidic pH.

Different pattern of element release were observed from the geopolymeetsonc
samples as shown in FIGURBS to 6-7 andFIGURESD-4 to D-6 (in appendix D) In
all the geopolymer concrete samples, the leachingsodtartingwith high value at low
pH reduces withincreasing pHand reached the lowest value the pH range of 3 7
(FIGURE 65). The highest amount leached occurs in the alkaline pH ofnlthe
alkaline pH, among all the geopolymer samples, GP2 exhibits the lowest mobility of As

while GP3 displays #hlowest at pH 1.
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FIGUREG6-5: pH dependence mobility &s from the geopolymer concrste

The mobility of Cr from the geopolymer concrete samples shown in FIGURE 6
reveas that the element leach out more at pHut drops rapidlhat pH between 3 and
depending on the geopolymer concrete samplee lowest mobility of this element
occurs in the alkaline pH range. GP2 samples hasithienumamount of the Cr leached
in the acidic pH but the mobility from the other materials becatmesamdrom pH 5
(FIGURE 6-6). The concentration of the Cr measured in the leachates from the
geopolymer concretes at pH 5 to pH 13 is less than the detection limit (DL) of the

instrument.
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FIGURE6-6: pH dependence mobility of Cr from the geopolymer concretes

Mobility of Se from the geopolymer concrefgesentedn FIGURE 67 reveals
that in most of the samples, the element leach out more in the alkaline pH. The lowest
amount of Se was leached at pH betwemd6 with an amount 1.5 mg/kg after that its
starts to mcrease as the pH increases until it reached the highest mobility at &#P23.
samples display constant mobility throughout the pH range mainly because the
concentration measured in the leachates is less than the DL and the value DL/2 was used
to calculaé the amount leached from the material. It can be seen tihenresults
presented in FIGUREG-5 to 67 that the mobility of the elements is reduced in the GP2
geopolymer concretes which has 1.0% hydrated lime added during the synthesis.

Mobility of two other oxyanion forming elements (Mo and pfesented in FIGURE 2
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in appendix D shows th#thtese elementsave the lowest mobility frorthe GP2 concrete

samples.

FIGUREG6-7: pH dependence mobility of Se from the geopolymer concretes

Different leachingpattern was observed for the other elemeagsshown in
appendix D (FIGURE®-5 and D6). All the elements except Si and Maplayhigher
mobility in the acidic pH.The mobility of Na and Si is highest in the alkaline pH.
Elements such as Al, Si, Na, F®Mg and Ca have very high mobility from the
geopolymer concretes while the mobility of elements like B, Ba, Cu, Mn and Zn are
moderate. In all, mobility from the GP2 sample is still the lowest. This suggests that GP2

geopolymer concrete was able to helpuethe mobility of majority of the elements that





















































































































































































































































































































