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Abstract

Characterization, Stabilization, and Utilization of Watst&nergy Residues to Materials for
Civil Engineering Applications

Yixi Tian

About 27 million metric tons of municipal solid waste are usedally as fuel inU.S.
Wasteto-Energy (WTE) power plas, which annuallygenerag seven million tons of bottom ash
(BA) and fly ash(FA). In the U.S.pbottom ash and flgsh residues are mixéa icombined ash
(CA) in the approximateatio of 6 to 1,and ae disposed in landfills after metal separation. The
disposal of WTE asts a significant cosand land uséem of waste managemerithis dissertation
aims to (i) comprehensively understand the characterization and properties of WTE ash; (ii)
provide pratical and economic stabilization technologitesreduce the leachability of heavy
metalsin WTE ashand assessing whether it can be further beneficially used as secoadianas;

(i) utilize the stabilized/processed WTE ash as secondary constructierias in civil
engineering applicationshusdivering materialsfrom landfills and contributing to the circular
economy

The Characterization section provides a comprehensassessmermf WTE bottomash
fly ash, and combined aslmcluding chemicalcomposition (XRF, ICROES, IC), mineral

composition(X-ray diffractionXRD quantification), thermogravimetric analysis (TGAgrticle



size distribution,and scanning electron microscopy (SEM)he physical properties of WTE
residues were also investigdfencluding moisture, bulk density, specific gravity, void content,
and water absorptiof.eaching Environmental Assessment Framework (LEME}hod 1313of

the U.S.Environmental Protection Agenci£PA) was used to understatite effect of eluate pH

on the leachability of heavy metalSombination of the above methods was applied to quantify
the crystalline and amorphous phases present in WTE residues and produced specimens.

In the U.S., WTE BA is discharged from the combustibamber into a water tank. The
BA includes50-70% mineral fraction, 230% glass and ceramic§;13% ferrous metals,-8%
nonferrous metals, and3% unburned organic3his thesis received the BA sampddierferrous
and nonrferrous metal recycling. Ta major chemic compositionincludesSiO, (34%), CaO
(21%), AbOs (9%), and Fg03 (11%). According to XRD quantification result8A consists of
76% amorphous phases (glass and metastable minerals), and the dominant crystalline mineral is
quartz (SiQ, 120). Thecalcium silicate (aluminate) hydrates-6-(A)-H) gel formed during the
water guenching process embeds fine particles in the amorphous phases.

TheU.S. WTE air pollution control systessommonlyincludesemidry scrubbers, with a
few plantsusingdry scrubbersk-A consists of two kinds of particles: the furnace particles carried
in the process gas and the nedfdymed particles in the scrubbd@he major chemical composition
in FA includesCaO @0%), Cl (15%), S@(8%), CO (8%), andactivated carbon/organic matter
(3%) due tothe injectionof absorbentéhydrated lime and activated carbon) émeleffectsof flue
gas scrubbingrhe empirical formulaof the constitientcrystalline (4650%)andamorphous (50
60%) phases werderived The excess water in sefwy scrubbers improved the hydration
reaction between newdiprmed particles and furnace particlsdresulted in the transformation

of amorphous phade calcium silicate hydrate<C{S-H) phase The hydration products of semi



dry FA immobilized some heavy metals and reduced tleachabilityto below the levels ofhe
Resource Conservation and Recovery Act (RCBA)oxic Characteristic Leaching Procedure
(TCLP) test ascompared to dry scrubbEA, whichexceededhe limits of RCRA.

The U.S. combined ash can pass the TCLP test and comply with the RCRA standards for
northazardous landfill disposal'he Stabilization sectionexamines the effects of processing
combined ash. CA undergoes water washing, crushing, andejiaeation processes to three
fractions: coarse (27%, CCA, 925 mm), medium (37%, MCA-9.5 mm), and fine (25%, FCA,
< 2 mm) identified by particle size distribution resuli®e byproducts of the washing process
are extra fine filter cake ash (EFFC8% of CA) collected from the water treatment system and
ash dissolved in the wastewat8¥q{ of CA). The characterization (chemical composition, mineral
composition and leachability) of ash the fractions (CCA, MCA, and FCA) showed that their
mineral changd during the processing and exhibited significantly lower leachablBAF
Method 1313pH dependence), in comparison teraseived CAThe processed ash fractions with
reduced leachability of heavy metals, can be further beneficially used as secoatarsls.

The effect of pH of the washing agents (water, acid and alkaline solutiont)eon
chemical/mineral transformation and theavy metaldeachabilityof the FA, BA, and CA was
assessedA novel technique of determining the distribution \cdriouselemens in washed ash
(product), fiter cake (byproduct), and wastewater (dissolutioddiring ash processingvas
developed to compare the effectiveness of the washing process, wdochimated by dissolution
and precipitation reacti@As-received FABA, and CA contained 505% of amorphous phase
in metastable status, which are transformed to crystalline ptaseg the washing proceds.
was concludedthat water washing is the most practical method for transforming WTE CA to

construction materia



TheUtilization sectionexamined the use ¥¥TE ash in civil engineering applicatigns.

) Using theCCA and MCAfractionsas stone aggregate substitute in structural concrete;

(i) Using FCA as sand substitute asing themilled FCA (MFCA) powderas mireral
addition in cement mortar;

(i)  Using FCA and EFFCA powder as metakaolin substitute in artificial aggregate;

(iv)  Using FA andohosphaté-A (PFA) as cement substitute in cement mortar.

In conclusion, he CA size fractionsi.e., MCA and CCA, are suitabl®r useas aggregate
substitutes in the production of structural concrgfeto 100 wt.% of stone aggregate in concrete
can be substituted by MCA and CCA. The compressive strength optimeal products exceeds
28 MPa after 28lays of curing, which is comparable to commercial concrete products using
natural stone aggregafiéne optimum concrete mixture composition was 40 wt.% of MCA or CCA,
30 wt.% sand, 20 wt.% cement, 10 wt.% water, and superplasticizer, with compressoté stiren
28-30 MPa and elastic modulus of 6,3600 MPa. The optimal products comeplwith stringent
leaching standards, and the properties of the final products were comparable to the conventional
civil engineering materials.

All FCA or MFCA products wee effectively stabilized/solidified and transformed tonon
hazardous material that can be used in construction. Thecimaienge in thetilization of FCA
or MFCA in cement mortar is the cementitious phase expansion due to the metallic aluminum
presenin FCA or MFCA. Itwasconcluded that up to 50 vol.% of sand in cement mortar can be
directly substituted by FCA, and up to 25 vol.% of MFCA can be utilized as mineral addition to
replace cement in th@oduction of cement mortar

In the production ofartificial aggregats up to 15% of FCA or up to 10% of EFFCA can

replace metakaoliby volume The produced samples indicatedushing strengtiof 4 and 1.5



MPa, respectively. The specific gravity and water absorption of optimal ash aggieda8 and
30%.The FCA and EFFCA aggregateshibitedgood chemicastability and reduced the cracks
observedn the fire resistance test. The ash aggregates can be used as a lightweight aggregate for
nonstructural applications. FCA can improve the kadility of the metakaolin mixture and
extend the setting time, which is beneficial for geopolymer aggregate manufaciimnbgeavy
metals from FCA and EFFCA can be effectively stabilized/solidified in artificial aggregate.
Phosphoric acid can effectiyestabilize the aseceived FAso thatthe dry scrubber FA
pasesthe TCLP test andomplies with theRCRA standards. The mineral transformations of
individual ash and astement paste were investigated by the XRintificationanalysis. FA and
PFA enhaced the hydration degree @dment, andeceived higher mechanical performaititan
reference in @5 vol.% cement replacemenithe leachability otheavy metalsvas effectively
redued in a wide leaching range (eluate pHLP.5) realized the stabilizatigsolidification

purposes under restricted Rbazardous landfill standards.
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Chapter 1: Intr oduction and objectives of thesis

1.1Wasteto-Energy (WTE) technology

Municipal solid waste (MSW) is a very heterogeneous source with significant material and
energy recovery potential. Aftatl possiblerecycling and compostinghere remaina significant
fraction, the postecycled MSW. For this fraction, there are two options: either landfilling or
Wasteto-Energy (WTE).WTE is athermalprocess thatransforns the chemical energy in post
recycled MSWinto usefulenergy. The simplest and most common whgecovering the energy
from postrecycled MSW is combustiof850-1 0 0 Q The heat released from pastycled
MSW by combustion produssuperheated steam to drive a turbine and generate electricity.

In 2017, an estimated 30 million tons of municipal solastes (MSW) were combusted
in U.S. WTE plantsThis process results in the generation of abeuemmillion tons of WTE ash.
A World Bankstudyhas estimated that in 26loverone billion tons of MSW was landfilled and
that this amount may lioubled by 203QKazaet al, 2018) Thus, he disposal of municipal solid
waste (MSW) has become igificant cost item of waste management. The order of priority of
various waste management methods can be represented graphically by the Hierarchy of MSW
Managementas Figurel-1, where sanitary landfilling is lower than WasteEnergy (WTE)
(Themeliset al, 2013) WTE has many advantages over landfilling, including land saving, the

recovery of energyandthereduction of associated greenhouse gé&esfat et al., 2015)



Waste reduction

Source Separated
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Modern landfill recovering and using
CH4

Modern landfill recovering and flaring CH4

P A Y

Unsanitary landfills and open burning

Figure 1-1 The Hierarchy of Waste Management
1.2WTE residues
In the US., about 317 million short tons of urban and other wastes were landfilled in 2018
(Themelis & Bourtsalas, 2022n addition,75 WTE plantsoperated in 21 states and processed
about 30 million short tons of posecycling municipal solid wastes (MSW) in WTE plants
(Michaels and Krishngr2018; Zhao et gl2019) The schematic diagram of processes in WTE
power plants is shown in Figuie2 (Covanta, 2011)The combustion process of MSW produces

two residuesbottom ash{20% of MSW) and fly ash(3% of MSW)
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Figure 1-2 Schematic diagram of processesin Waste-to-Energy (WTE) power plant

1.2.1WTE bottom ash

U.S. WTE plants widely applghe grate combustion. The advantages of grate combustion
include treating as received MSW feedstock withspecific requirements of input properties,
generating significant quantities of energy, widleloped knowing for construction and
simplicity of operation, antleingavailable for treating hazardous and infectious w@dtemelis
et al., 2013)WTE bottom ash ighe combustion residues generated at the last layer of moving
grate combustignas shown in Figurd-3 (Nakamuraet al, 2006) After the combustionthe
weight reductionis about80% of asreceived MSW, and the volume reduction is up to 90%

(Arickx et al, 2006)

MSW particle

— — —

e —
MESW Fuel

2. Devolatilization

——— e — —> @ 3. Combustion (char oxidization)

N

N Reprecngc e — Ash particle

Figure 1-3 Moving grate combustion for generating WTE bottom ash
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The wetdischarge system by Ulrich Mart{ithemelis and Bourtsala2019 Figure 1-4),
drops thecombusted ash particles from the end of the moving grate into a water tgnkiching
and forming agglomerated WTE bottom a3he water and air sealing wall in the discharger
prevent the flue gas and other pollutafrtsm beingreleasd outsidethe furnace. The ram
continuously pushes the bottom ashhe drop-off edge receivedh wetdischarge bottom ash.
The discharged WTE bottom ashclassified as a nemazardous material and typically contains
50-70% mineral fraction15-30% glass and ceramics;18% ferrous metals,-2% nonferrous
metals, and -6% unburned organig¥ang et al, 2012; Chimenos et al1999; Berkhoutt al,

2011; G30t7) et al

N

Sa
SR
i

S

Tl
SISO D N

26

SR

Figure 1-4 Cross-sections of combustion chamber (Martin) and wet discharge system
for WTE bottom ash quenching .

(1. Discharger tub; 2. Inlet section; 3. Outlet chute; 4. Connecting piece; 5. Water level,
6. Discharging ram; 7. Drepff edge; 8. Drive shaft; 9. Air sealing wall; 10. Electrically

controled level metering systein.



1.2.2WTE fly ash

WTE fly ash is the residueollected from the fabrifilter baghouse in the Air Pollution
Control (APC) systemas shown in Figure-2, about 3% of the combusted wasMALE fly ash
is classified as hazardousste because it contains heavy metals, leachable chlorides ateksulf
and gew dioxins and furans captured in the APC systiéia estimated to generaabout 1 million
short tons per year in the U.S. WTE plants. In the APC system, the NOXx in tlespgas is
reduced by the injection of ammonia or urea. Subsequently, volatile metals and dioxins/furans are
adsorbed on injected activated carbon after the boiler. To remove the gaseous acid components
(SG: and HCI) in the flue gas, most WTE plants usg d@nd semidry scrubbers. In the dry
scrubbing process, hydrated lime powder is injected into the scrubber. In thdrgesoiubber
process, a lime slurry is sprayed into the scrubber, where it reacts with acid gases to form calcium
salts, typically durig 10-12 seconds of residence tirfidiller, 2017). The amount of injected
sorbent is controlled by the flue gas monitoring system. Typically, one Ib of activated carbon and

20 Ib of lime (CaO)s consumed per shadn of MSW combusted in U.S. WTE plants.

1.2.3WTE combined ash(U.S)

It is estimated that the U.S. WTE plants generate about seven million tons of bottom ash
and fly ash annually, which are combined after ferrous aneferoous metal separatiodlTE
producesbottom ash and fly ash in a daily generation rétion 6:1 to upto 10:1 The WTE
residues are mixed to fAcombiHerasmetlsdtycling@imtde unde
modern WTE plantsas Figurel-2. After the ash mixingthere is dong-termpozzolanic reaction
of the hydrated lime (Ca(Ob))in fly ash wih the silicarich material in bottom ash in the presence
of water(Lin et al, 2008) The combined ash passes the EPA-8A8 Test Method 1311: Toxic

Characteristic Leaching Procedure (TCIBY EPA, 2004and meets the standards of Resource



Conservation and Recovery Act (RCRA)is then disposed of MSW landfillsor used as a daily

cover in sanitary landfill§Brannvall et al.2016; Sivula et al2012; Mostbauer et aR014)

1.3Environmental and economic advantages dieneficial use of WTE residues

In the U.S., the average cost to landfill MSW was $53.72 pen 2020(Statista, 2022a)
The landfill cost for RCRA hazardous waste 3@ton in New York state(NYC Office of
Environmenal Remediation, 2021)Therefore, transforming the hazardous waste to- non
hazardous waste for disposal in landfdr beneficial uses can significantly reduce the cost paid
by WTE plants.

The recycling of WTE residues for beneficial uses is increastegest worldwide due to
the rising cost of landfi and the high environmental impact of natural resoandeaction
Following the circular economgrinciplesas Figure 15, the European Commission encourages
the utilization of the mineral fraction ¥/TE residues as secondary construction materials in the

civil engineering sectdieuropean Commission, 2019; Girgisal, 2009)

Linear economy Circular economy

317 million tons of MSW/year
(¢ ¥ sy e e Res"’“"‘)onstruction
o~ s N 4 .
AP NN ‘o N \ \
o i —— \ . ) : é
",1 ! ﬂmﬂ =l ,'-(‘ A\ 1= Landfill y
‘ - s NE 2N % ’

~
‘\_,a’ S S WIE

30 million tons of MSW/year 7 million tons/year @ ﬁ
Natural 1 )
WTE plants Residues
resource i P

Energy recovery from WTE Materials recovery from WTE

Materials mixed up energy from finite sources Energy and materials recovery from MSW sources

Figure 1-5 The concept of circular economy
1.3.1Stabilization and utilization R&D -WTE bottom ash
WTE bottom ash (BA) is used extensively as stone aggregate in concrete formation for
several applications, such as the construction of embankments, roads, and other civil works. In
Denmark, U.K., Netherlands, and Norway, the utilization rate of the mifracion of bottom
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ash is more than 60¢Pou et al., 2017; Laret al., 2010; @rnebjerg et al., 2006; Silegal, 2019)

Typical pretreatments of WTE BAnvolve washing and natural weathering before further
processingdChimenos et al. 2005; Ginés et al. 2009; Steketee et al. 1997; dekeathefio et al.

2014; Roessler et al. 201&Yyhich result in significant improvements in the quality of the mineral
fractions for ementbased concrete producti@i§eulen et al., 2016)Also, alkalinetreated BA is

used in place of stone aggregate, up to 50%, in concrete exhibiting compressive strength of 25
MPa (Peraet al, 1997) Research on the use of mixed BA and FA showed compressive strength
above 15 MP4Ginés et al., 2009)The askderived construction products complied with civil
engineering and stringent environmental standards related to the leachability of metals and are
used commerciallyCai et al, 2004; Van der Slop002; Sorlini et a].2017; Rijn 2012) The
leachability of these astierived poducts is determined through four comprehensive tests, as
described in the Leaching Environmental Assessment Framework (LEAF)EPA, 2017;
Vanderbilt University, 2012)

Hot-mix asphalt concrete is another solidification and utilization of BA as stone aggregate
through bitumen encapsulation mechanisms, and the products can be used in pavement
construction(Chen et al., 2008; Kandhal, 2009; Xeteal, 2009)

Besides utilizing the physical priority of BA as a stone aggregate alternative, some
researchers have explored grinding BA to powder and utilizing it in some civil engineering
applications, especially the fine size (< 2 mm) BA.

0] Utilizing the binding reactivity of BA powder as a cementitious supplementary

material(Li et al,, 2012; Polettiniet al, 2005; Lin and Lin2006)

(i) Utilizing the binding reactivity of alkalactivated BA powder as a geopolymer

material(Lancellotti et al.2015; Chen et gl2016; Wongsa et ak017)



(iii)

(iv)

Integrating BA powder in lightweight aggregate production through sintering
(Quinaet al, 2014; Wainwright & Cresswell, 2000)
Vitrifying the BA powder for ceramics productigBourtsalas, 2015; Xiaet al,

2008)

1.3.2Stabilization and utilization R&D -WTE fly ash

As a hazardous material, WTE fly g§tA) is required for propgsretreatment and disposal

at hazardous waste landfills or alternative civil engineering applicationsThe common

stabilization pretreatments f&A include(Raniet al, 2008)

1. Washing treatmentainly includes water, acidnd alkali washing processes:

(i)

(ii)

(iii)

Water washing is the most economical way to removehtgk content of
chloride salts inFA for avoiding the chloridénduced corrosion of steel in
concrete and better utigdin civil engineering application®ang et al.2001;
Mangialardj 2003;Wang et al.2021)

The purposef acid (nitric acid, HNG@) washingis to extract the heavy metals
(Zhao et al.2017; Weibel et al.2018) In recent years,lkali washing(e.g.,
NaOH and NgCOzs solution as reaction solvgrites beenemerging technology
for FA treatmet for heavy metals extraction and mineral hydrothermal
assemblagéWVang et al.2016; Bayusenet al, 2009; Shan et al2011)
Someotherresearcheyused MgS@in the watemwashing process t@act with
Ca(OH)» and form gypsum (CaS{ and Mg(OH) or sorel cement

(5Mg(OH)LMgCl23H20) as byproductyChimenoset al, 2005)

2. Chemical stabiliationcontaingwo main mechanisms:

(i) The ghosphoric acid or phosphate stabilizatiocludes:



a. WESPHix process (1.2 mol/L of ##Qu/kg of residues were dry mixed at L/S = (fah)
passing th& CLP test(Lyons, 1996)

b. Vandkvalitets Institute\(KI) processusesaqueouswvashing in a first step and adds
carbon dioxide (Cg) andphosphoric acid (lPQy) in thesecond step in order to reduce the pH of
remnant and to precipitate heavy mefélstrupet al, 2006; Heng et al., 2®);

c. Phosphate stabilization includes using soluble phosphate to stabilize FA, using FA in
magnesium potassium phosphate cement, or using the phosphorus wastewater to react with FA
(Wu et al, 2015; Zhong et al2014; Su et al2016; Crannell al., 2000)

(ii) The wslfate or sulfide stabilizatiomcludes:

a. Ferrox procesby usingFeSQW/H>SOs (Lundtorpet al.2002a, 2002b; Lundtoret al,
2003)

b. Acid ExtractionSulfide (NaHS)StabilizationProcess (AES Procesdatsuuraet al,
1996)

3. Thecommonsolidification treatmeng include:

0) Cementbasedsolidification
a. Utilizing the hydraulié¢pozzolanicreactivity of FA in blended cement: up
to 25wt.%Portland cement is replaced by FA or treatedFélettini et al,
2001; Quenee et akR000; Goh et al.2003; Aubert et al.2007; Li et al,
2017; Wang et al2001)
b. FA replaces mare than 50wt.% of Portland cement. Then, disposieg th
stabilized/solidified products in landfills or utilizinbemasabase material

(Bie et al, 2016; Billen et al., 2015; Yvon et al., 2006)



c. Utilizing FA as fine aggregate to replace sand in cement mortar aretenc
products(Ginés et al., 2009; Saikia et al., 2008)

(i) Geopolymetbased solidification uses FA to mix with metakaolin as the base
material and alkali solution (NaOH, KOH, p&QOs;, or NaCGQs) through
geopolymerization to stabilize/solidify the heavy mef{&leroneet al, 2013;
Jinet al, 2016; Galian@t al, 2011)

(i)  Natural or acceleratecatbonatiortreatment of FAWanget al, 2010; Bertos
et al, 2004, Li et al, 2007)

(iv)  Thermal treatment

a. The production ofement clinker includesdrtland cement clinkgtamet al,
2011; Liu et al., 2016; Saikiet al, 2007)and sulfoaluminate cement clinker
(Wuetal.2011; Guo et al. 2014; Wang et al. 2QI8)etemperature ofdating
a homogeneous mixture of raw materials in a kilmpproximately 1200
1450 .

b. Manufacturing the lightweight aggregate by using FA through sintering
process at 100020® (Hwanget al, 2012; Luet al, 2015)

c. Plasma vitrification solidifieshe heavy metals in FA at 123@0® (Ma et

al, 2021)

1.4 Objectivesand organization of thesis

The overarchig goal of this dissertation is to reduce the WTE ash landfills, stabilize the
hazardous components, and realize the utilization.

Specific targets of this dissertation are:
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0] Comprehensively understanding the characterization and properties of WTE ash,
including elemental composition, mineral composition, leachability of heavy
metals of WTE ash, and the potential uses based on the praperties

(i) Providingwashingand chemical stabilizatioto transform the WTE ashkasteto
northazardou®r inertwith reduced leachability of heavy met#ist can be used
as secondary construction materi®lél E ash was sieved to different fractions for
better utilization.

(i)  Depending on the properties of WTE ash fractions to beneficially utiiee
stabilized/processed YE ash in civil engineering applications adfigert it from
landfills. The mechanisms were mainly based on cerbaséd
stabilization/solidification, accompanied by geopolyshased solidification in
one section.All civil engineering products are manufartd under ambient
temperaturdrom economic and environmental considerations

The dissertation solves the curr@TE ash disposal issue and provides insightstimo
beneficial usesf the WTE ash with proper stabilization.

Chapter 1 provides the backgnd information (Wastéo-Energy, Wastd¢o-Energy
residues, the advantages of beneficial uses WTE residues), research aims and objectives,
dissertation organizatigmand thenovel contributions tascientific knowledge

Chapter 2 presents the experiméntathods of this dissertation.

Chapter 3 provides bot@haracterization and Stabilization results of WTE ash. The
characterization of WTE fly asfFA), bottom ash(BA), and combined asfCA) including
chemical composition (XRF, IGBES, IC), mineralcompgition (XRD quantification),

thermogravimetric analysis (TGA), particle size distribution, and leachalSiiitable directions
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are giverbased on the characterizatiimn ash utilization. Later in this chapténg effect of pH of
the washing agents (vt acid and alkaline solutions) on the chemical/mineral transformation
and the heavy metals leachability of the FA, BA, and CA was assessed. A novel technique of
determining the distribution of various elements in washed ash (product), filter caedingt),
and wastewater (dissolution) during ash processing was developed to compare the effectiveness of
the washing process, which is dominated by dissolution and precipitation reatiois.
combined ash is processedtiwee fractions after water washjmyushing, and size separation:
coarse (27%, CCA, 985 mm), medium (37%, MCA-9.5 mm), and fine (25%, FCA, <2 mm).
Theby-products of the washing process are extra fine filter cake ash (EFFCA, 4% of CA) collected
from the water treatment systeand ash dissolved in the wastewater (7% of CHRje
characterization of ash fractions and the directions of potential uses are presented in this chapter.

Chapter 4 discussesgUtilization of WTE ash in civilengineering applications, i.e.

0) Using the CCAand MCA fractions as stone aggregate substitute in structural

concrete;
(i) Using FCA as sand substitute or using the milled FCA (MFCA) powder as mineral
addition in cement mortar;

(i)  Using FCA and EFFCA powder as metakaolin substitute in artificial aggregate;

(iv)  Using FA and phosphald-A (PFA) as cement substitute in cement mortar.

The effects of using WTE ash as a substitute in civil engineering products were assessed.
The optimal replacement ratios were determined through mechanical and physical vedtgsas
determining the leachability of heavy metals. Through the results of these tests, it can be concluded

about the beneficial usef WTE ash in construction.
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Chapter Hirstly summarizes th€onclusionsof Principal Findings in chapter 3 and 4.
In the Future work section threetopics are discussedi) utilization ofthe thermal modifiedly
ash as cementitious material@) utilization of drydischarged bottom ash as materials for
construction; (iii) Technoeconomic assessment and life cycle assest of WTE ash

management, processing and utilization

1.5Novel contributions to scientific knowledge

The author conducted a comprehensive analysis to understand the composition of the WTE
residues, and predict the components in the amorphous phasesethods used for analyzing
ash components adescribed and can be replicateddblyer researarsto determine similarities
and differences in ash mine@mpositionrand chemical composition

The effects of dry and sendry scrubbers orily ash chemical composition, mineral
composition and leachability were identified. This is the first study to apply the XRD
guantification analysis of the mineral transformation of FA by phosphoric acid stabilizahe
mineral transformation of FA and PFA, the individual hydration processes, and their influence on
the mineracompositionof cementitious phases were elucidated.

This is the first time to compare the changes in chemical composition and the
transfaomation of mineral components of WTE residues during washing, in water, acid and alkali
solutions. The processing of combined ash by washing, crushing, and size separation into three
size fractions and filter cake ash was examined in depth. The utilizdtebfierent ash fractions
in civil engineering applications was developed to realize the maximal utilization efficiency. Some
innovative adjustments are madetle mixture formulae of civil engineering products, such as

applying the volume replacement patural materials (stone aggregate, sand, etc.) by WTE
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residues, and applying the water compensation of porous ash fractions during the mixing in order

to improve the workability and increase the ash replacement.
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Chapter 2: Experimental methodsused

2.1 Characterization methods

2.1.1Elemental composition (XRF, ICROES, IC)

X-ray fluorescence (XRF) is a nalestructive analytical technique to determine the
elementatomposition qualitatively and quantitativelyhe electronic energy of photon in keV for
each elemens different; thus, the energy of XRF peak can be correlated to a specific element and
present in XRF spectrdhe emission rate (cps) is related to the type of element, aataheer
software converts the spectral datahiteconcentratia of each elementPalmer, 201Q)which is
calibrated by standards providedBwyucker XRF analyze®1Titan. The elements isolid samples
measured by XRF, incled Si, Ca, Al, Ti, Fe, Mg, K, BaP,andS.

The samples foKRF measuremennust be homogenize®epth of measurement is > 2
“m and up to a few mnT.he powder specimens were overediat 103 for 24 hoursthen bal
milled and sieved to less than 78 for XRF measuremenXRF and hductiveCoupledPlasma
Optical EmissionSpectrometry (ICPFOES)are complementary techniques for elemental analysis.
Sodium {a), which cannot beneasuredy XRF, and the minor cationgf Cr, Mn, Ni, Cu, Zn,

Sr, Cd, and Phbwere measured e ThermoScientifidCP-OESwhich excites atoms and ions
sothattheyemit electromagnetic radiation at wavelengths characteristiegfrticular element
(Stefanssomet al., 2007) The intensity othe light emitted at specifizavelengths is calibrated by
the intensity of standardsf known concentraticsymeasuredby the autharTo prepare the
specimendor ICP-OESanalysisthe solid samplesere miled to less than 300m and extracted
with HNOzs solution at a liquieto-solid ratio (L/S) of 10 mL extractapergram ofdry powder at
eluate pH < YUS EPA 2017a) Themixture tubesvere set in an endverend rotator at a speed

of 28 rpm ancat2 O . The equilibrium pH af tdsolutiéhd hour
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were passed througtD.45° dfiltration membranedt is noted that the values measured by-ICP
OES may be lower than thalues measured by XRF, because some elemsmgsiot dissolve
fully in the HNQ extractant. Therefore, the major elertsanwere measuddy XRF, andhelCP-
OESresults are used toake up foranydeficiencyin the XRF analysis.

TheDionex Aquionlon-exchange&hromatography (IGk another technique for elemental
analysis, particularly for measuring the concentration ajrafll IC separates molecules based
on their respective chargePositively charged molecules bind to cation exchange resins while
negatively charged molecules bind to anion exchange réBnsngLy & Gabelli, 2014)
Specimens werball-milled for homogeneitysievedto less tharBO0* m, and extracted bwater

at a liquidto-solid ratio (L/S) of 10 mL/gam ofdry powder

2.1.2Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGAyas used taqualify and quantify the productsf
decompositioras a function ofemperatureThe TGA techniqugTA Instruments Q50 Analyzer)
was used to identifyhe composition of phasea WTE residuesincludingdehydration ofvater,
crystallizationof hydratesand hydroxide$50-6 0 0), decomposition otarbonate¢600-8 0 0)
(Collier, 2016) andburning ofactivated carboor organic mattef800-1 0 0 D The temperature
rangewas 28 00 0 in ramp mode and the heating rate

were asreceivedoroverd r i ed at 38 for 24 hours to releas

2.1.3 Crystalline phasesanalysis X-ray diffraction (XRD) qualitative and quantitative
analysis

Crystallinesolids containconstituents arranged in a highly ordered microscopic strycture
via the periodic translation of a single unit ¢elM a v retal, 201.8) X-ray diffraction (XRD)is

a powerful tool taanalyzethe crystalline compounds based on the diffraction pat@ystalline
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compounds are observed as sharp peaks in XRD patadarewell-d e f i ned usi ng

equation which relates the wavelength ofray, interplanar spacing in the crystal, and glancing
ande of incidencgYadav, 2021) The Highscore Plus (version 4.9f the ICDD (International
Centre for Diffraction Data) Powder Diffraction Filess used to qualitatively identifyrystalline
compoundsThe XRD quantitative analysisasbased on th&ietveld methodusingcorundum
(Al203) asthestandaraandinorganic Crystal Structure Database (ICSDijeRietveld refinement
uses the height, widtland position of the reflectiongfensitypeaks) taquantify the crystalline
compoundgGualtieri et al., 2019)The accuracy and precision of quantitativeDXBnalysis can
be influenced bgquipmentsample preparation, atttedata analysis softwafeednReina et al.,
2016)

The analyzed materiahustbe finely ground and homogenized. Tlenples werenilled
to less than75‘ m prior to XRD analysisusingthe Panalytical XPERT3 powder diffractometer
with Cu Ka radiation, vertical goniometer (theéteeta), and a PIXcel 1d detector. The XRD
patterns were measured frdo 70° at a scan speed@#77°/min(2 hours and 16 minutes per
specimenpr 3.28/min (30 minutes per specimén
2.1.4Amorphous phasesanalysis

Amorphousphasedack the longrange order characteristics of a crystdie analysis for

amorphous phaseés relatively sparse, in comparison to the crystalline phases studies, because

the limited experimental characterization of the amorphous structure and the lack of accurate

structural model{ Mavr al i | .ePrevioasl researct2i@ ha¥/§ started to explbee
determination methods of amorphous phases by XBibnebier and Kern2015; Madseret al,
2011) however, for the complex components in WTE residtlesXRD technique cannot be

applied to identification of themorphougphases, at this time,
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Fouriertransform infrared spectroscopy (FTIR) is a form of vibrational spectroscopy to
measure how much light a sample absorbs at each wavelengtthuendetermine bonding
mechanisms in solidg?eak, 2004)Therefore, FTIR isuitable to measure the specimens with
simple compounds, either in crystalline phases or amorphous plmages.dissertation, only the
geopolymerization pragtts in Section 4.3 with simple amorphous gel phases and little impurities
were analyzedy usingtheNicolet 460 FTIR spectrometer in the wavenumber range 0f-4000

cmit. Specimens were milled to less thgk' m for this measurement.

2.1.5Surface area determination (BET)

The Brunauer, Emmett and Teller (BEBurface area isneasuredby the volume of
nitrogen gasadsorbed on the specimém infinite layers with no interlayer interaction ami
derived byapplication of theLangmuir theory to each yar (Palchoudhuryet al, 2015) The
Micromeritics ASAP 2020 HV BET analyzeras used toneasure nitrogen adsorption isotherms
for porous materials at7 K. The degassingas applied before the measurement to renawe
adsorbed species from the samfglee powder materials in Section 4.3dshis technique for

measurement.

2.1.6Scanning electron microscopy (SEM)

Themorphologicaimagesof specimen wee obtainedisingthe Zeiss Sigma VP Scanning
Electron Microscope (SEM)with installed Energydispersive Xray spectroscopy (EDS
ElementalAnalysis with Bruker XFlash 6 |30 DetectoFhe EDS detects Xays emitted from the
sample during bombardment by an electron beam to characterize the elemental composition of the
analyzed volumeThe SEM/EDS system providefor bothqualitative and senmjuantitative
analysis of materialS.he detection limit of EDS forlk materials is 0.1 wib, so trace elements

cannot be measurgdNasrazadani & Hassani, 201@h addition, EDS can only identify the
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elements preseir the depth of about Im of a samplgBaillot & Deshayes, 2017)herefore,
EDS providesonly semiquantitative analysisthe approximate composition of the observed
features in SEM
2.1.70ptical microscope

The optical microscope uses visible light and a system of lenses to magnify images of
sample sampleg®i Gianfrancesco, 2017The Keyence VHX5000 versatile lgh-fidelity optical
microscopeused in this dissertation offers observation magnification from 15000 . The
graphic images of th&actured surface ofivil engineeringoroductswere obtained byoptical

microscope
2.2 Leaching methodsand landfill standards
A comparison othe leachingprocedures useth European countries (UI§ listedas a

representative) anthe U.S. are shown in Figure-2 The US LEAF Method 1313 and TCLP

leachingprocedures were conducted in this thesis.

‘ Comparison of leaching methods ‘
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Figure 2-1 Comparison of leaching methods used in Europe and U.S.
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2.2.1BS EN 124572 procedure and Waste Acceptance Criteria (WAC) limits

The U.K. leaching test BS EN 12427 Characterization of wasieeachingCompliance
test forleaching of granular waste materials and slueRg@s J: Onestage batch test at a liquid
to solid ratio of 1GmL/g for materials with particle size below 4 mwith or without particle size
reduction, was developed in 2002. The leaching results by deionized water via BS EN2A&A57
usedto compare a solid to the.K. waste acceptance criteffd/AC, Council of the European
Union and 2003/33/EC2003) which classifes landfill sites as suitable for hazardous, nhon
hazardous, or inert wastgandiet al, 2007) The limit values ofJK WAC areshownin Table 2
1 (Amutha Rani et al., 2008)

Table 2-1 Waste acceptance criteria (WAC) leaching limits as set out in Council
Decision 2003/33/EC (European Union).

Leadability (mg/kg) at L/S = 10 mL/g
Acceptable for Acceptable for

Elements h Inert waste
azardous wast norrhazardous landfill
landfill waste landfill
As (arsenic) 25 2 0.5
Ba (barium) 300 100 20
Cd (cadmium) 5 1 0.04
Cr (chromium, total) 70 10 0.5
Cu (copper) 100 50 2
Hg (mercury) 2 0.2 0.01
Mo (molybdenum) 30 10 0.5
Ni (nickel) 40 10 0.4
Pb (lead) 50 10 0.5
Sb (antimony) 5 0.7 0.06
Se (selenium) 7 0.5 0.1
Zn (zinc) 200 50 4
Cl (chloride) 25,000 15,000 800
F (fluoride) 500 150 10
SO4(sulphate) 50,000 20,000 1,000
Total dissolved solids (TDS) 100,000 60,000 4,000
Dissolved organic carbon 1,000 800 500
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2.2.2U.S.Toxic Characteristic Leaching Procedure (TCLP)and Resource Conservation and
Recovery Act (RCRA) standards

The Method 1311Toxic Characteristic Leaching Procedure (TCKBF EPA, 2004)s
currentlyapplied intheU.S. industry. It isused to determine whether the waste is below the levels
mandated by the Resource Conservation and Recovery Act (RCRA&)amdan be disposed in
nonthazardousandfills (Yanget al, 2012)

According tothe TCLPprocedurespecimensverecrushedand sievedo < 3/8 inch (9.5
mm) and leached iaturnoverturn TCLP aparatusTwo extraction acid solutions wepeepared
by acetic acid/sodium hydroxidExtraction Fluid #1 at pH = 4.93 0.05 and Extraction Fluid #2
at pH = 2.88 0.05.The extraction time was 18 hours at a ligtoeesolid ratio of 20 mL/gIn the
industrial landfill practice, the choice of extraction fluid is determined by the waste alkalinity
whenthe distilled water extracted pH < 5.0, Extraction Fluid i#1o be ugd whenthedistilled
water extracted pH > 5.0, Extraction Fluid 2o be usedUS EPA 2004) In this study, both
Extraction Fluid #1 and #2 were usedridhe TCLP leachabilitytests

The leaching resultof the TCLP testare compared teight RCRA metal regulatory
standardg¢Table 22) to determinevhether the wastesanbe disposed in nehazardousandfills
(called MSW or sanitary landfill9r hazardous landfills the U.S

Table 2-2 RCRA standards for heavy metals.

Heavy metals US EPA allowable limitatL/S =20 mL/g(TCLP)

As (arsenic) 5.0 ppm (mg/L)
Ba (barium) 100.0 ppm (mg/L)
Cd (cadmium) 1.0 ppm (mg/L)
Cr (chromium) 5.0 ppm (mg/L)
Pb (lead) 5.0 ppm (mg/L)
Hg (mercury) 0.2 ppm (mg/L)
Se (®lenium) 1.0 ppm (mg/L)
Ag (slver) 5.0 ppm (mg/L)
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2.2.3Leaching Environmental AssessmenEramework (LEAF)
2.2.3.1U.S. EPALeaching Environmental Assessment FrameworkL(EAF )

The Leaching Environmental Assessment Framework (LEAF) is useful in estimating the
environmental impactsf utilizing secondary materials, primarily as constructionenals or
disposal scenario@JS EPA, 2017) The LEAF evaluation system consisif four leaching
methods:

0) Method 1313Liquid-Solid Partitioning as a Function of Extract pH Using a

Parallel Batch ExtractioRrocedurédMethod 1313US EPA2017)
(i) Method 1314Lquid-Solid Partitioning as a Function of Liquisblid Ratio for
Constituents in Sadi Materials Using an Uplow Percolation Column Procedure
(Method 1314, US EPA 20)7
(i)  Method 1315Mass Transfer Rates of Constituents in Monolithic or Compacted
Granular Materials Using a Sefbynamic Tank Leaching Procedu(®ethod
1315, US EPA017)
(iv)  Method 138-Liquid-Solid Partitioning as a Function of Liquiblid Ratio Using
a Parallel Batch Extraction Procediikethod 1316JUS EPA 2017)
2.2.3.2U.S. LEAF Method 1313: acid neutralization capacity (ANC) and leachability of
heavy metals as a function of pH

Among these four metids,Method 1313f pH dependenc@JS EPA, 2017)s the most
important test to investigate the leachability of constitudrite parallebatch extractions of solid
material receive equilibrium conditions over a wide ranfeluate pH value (0.513). The
extraction parameters of Method 1313 procedqui® EPA, 2017areshown in Table 3. In this

dissertation, specime weremilled to less than 0.3 mm and extracted with H\gDIutiors of
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various concentrationst liquid/solid ratioof 10 mL solution pergram ofdry ash powderThe
samples were mixed in a tuaverturn at 28 rpmandroom temperature2 0 . The equililsium
(eluate)pH was recordedfter 24 hoursThe extracted solutions wefitered through 0.45 a
filtration membraneandthe elemeral concentration and leachabilityaneanalyzedy ICP-OES

Table 2-3 LEAF Method 1313 extraction parameters as a function of maximum particle
size.

Particle size (85 Minimum dry  Contact Suggested

wt.% less than) mass (egdry) time (h) vessel size
(mm) (mL)
0.3 20 0.02 24 2 250
2.0 40 0.02 48 2 500
5.0 80 0.02 72 2 1000

2.2.3.3 Leachability of heavy metals in water via U.S. LEAF Method 1313rocedure-
Comparison to WAC standards

The UK Waste Acceptance Criteria (WAC) limits meet the BS EN 1:248Aching test.
A study by International Solid Waste Association (ISWA) stated that, the leaching criteria for
utilization of WTE residuemust be at least the same as or lower than #uhileg criteria (WAC)
for disposal to landfil(Ornebjerg et al., 2006Currently, there are no available criteria or landfill
limits for the U.S. EPA LEAF testsrhile theprocedure angarameters of Method 13b¥ using
water leachin@rethe same as BS EN 12427Thus, in this dissertation distilled water leaching
resultswere usedfollowing theMethod 1313procedureand the results wereompare to the
WAC limits as a reference for the future enaction of LEAF crit@rias comparison can contribute
to estimate the environmental influenceretsing the WTE residuess secondary construction

materials in the U.S.
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2.3 Test methods forphysical andmechanicalproperties of ash and ash products

2.3.1Particle size distribution

For very fine particles, such asy scrubber fly ash and hydrated lintke Mastersizer
2000apparatusvas used to determine particle size distributkr. thesemi-dry scrubber fly ash
baottom ash, combined ash, atiike three fractions of processed combined akb, dried ash
specimensvere sieved according tASTM C136and ASTM C33 using U.S. ASTM standard
sieves.The ash samples are overnied at 105 for 24 hairs before the sieving test to remove the
surface moisture.
2.3.2Moisture, density, void content, and water absorption

The asreceivedWTE ashwere dried at 105 °@r 24 hours for moisture measurement
The mass of samplegasmeasure@dnd calculated ashown inEquation2-1. Thespecific graviy
(Equation 22) andwater absorptioiiEquation 23) of the WTE ashthecommercial construction
raw materials, and the produced artificial aggregatese measured according ®STM C127

andASTM C128

- s A o~ N

3 b A AFOBEON=S-YU— p 1t 1t b Equation 2-2
7A0ADOT OBOEF+— p 1 HEquation2-3
Where: W = mass of agceived wet WTE ash, g;
OD = mass of ovedry test sample in air, g;
SSD = mass of saturatasdrfacedry test sample in air, g;
SW = apparent mass of saturated test sample in water, g.
The bulk density of sanghd WTE fine combined ash was measured basé&&div C29

The (tapped)bulk densityof powderspecimens, including cement, WTE fly ash, and milled ash
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powderwas determined using a graduated cylinoi@sed orASTM D7481 The calclation of
bulk density is shown in Equationf The densityEquation 25) and void contenfEquation 2

6) of the cement mortar and concrete were measured bagesllin C1754

" OIAAT OHEAWWA O EA I O —— Equation2-4

$AT GEBN ATT@OOMO T AEKOA —— Equation2-5

61 AAT GAEAD ATT@WORAO 1 AGR®HA p —— p tmtbPEquation
2-6

Where: OD = mass aven-dry test sample in air, g;
SW = apparent mass of saturated test sample in water, g;
Volume = volume of cement mortar or concreté, m

” = density of water at temperature of the water bath, kg/m

2.3.3Workability and setting time

The workability of fresh paste is determined based o A8EM C230flow table est. The
fresh paste was cast a conical mold by two layers and tapped 25 times for each layer. Lifted the
mold from paste away 1 min after completing the cast, then immediately dropped the table 25
times in 15 seconds. Using the caliper to measure thestBamof the paste along the four lines

scribed in the table. The calculation of flow (%) is shown in below Equatibn

&1 T p T Tt PEquation 2-7

The hardening process$ fresh paste was measured baseA$MM C19118a The initial
setting time for 25 mm penetration and the final setting time was recorded when the needle did not

sink visibly into thepaste.
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2.3.4Compressive strength and elastic modulus of concrete and cement mortar

The compressive strength structural concrete and cement mosias tested based on
ASTM C1716 ASTM C109,andASTM C39 with a stress loading rate of 250 IbfTeie cylinder
concrete was applied sulfur capping beftiemeasurement to ensure that the smooth and parallel
bearing surfaces are perpendicular to the applied axial load and the forces are uniformly distributed
during the testingThe compressive strength is defined asctygacity of concrete to withstatite

direct pressure of applied compression form, calculated as [kgjoation2-8.

#1 1 DOAOOEDHAQGE Equation 2-8

The elastic modulus measures the resistance of the mategiats deformed elastically
when a stress is applied to it. The elastic modulus is definedusgion 29.
% ADODEB®I-®A ———— Equation2-9

Three samples were tested for each mix and each curing period. The average of the tests
was taken to be the representative value.

2.3.5Tensile strength of artificial aggregate

The tensile strength was measured by individual pellets crushing test ionS&&i(ash
artificial aggregate). The concentrated load was applied on the top of the spherical product,
received in the fractured load (P) and calculated to tensile strength $hown in below Equation
2-10.
1 00 ¢ - Equation2-10

(Bernhardtet al, 2013; Hiramatsu & Oka, 1966; Li et al., 2000)
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D is the distance passing (diameter of the pellet) through the two lading ptiatstress
loading rate is @2 mm's. Thirty pellets were tested to receive an average crushing strength and

the standard deviation as a representative value.
2.4 Design of avil engineering products

2.4.1Portland cement cement hardened paste, cement mortar, and concrete

The Portland cemen(Type ) used in this thesjsfrom Lehigh Cement Company,
conformedto the standard composition and physical requirements of the current Standard Specific
for Portland Cement of ASTM @50 and AASHTO M35 for Type | Portland cement. Portthn
cement isagrey fine powderand itis the basic ingredient of cement paste, mortar, and concrete
which are usedth civil engineering productéChattopadhyay, 20197 he manufacturing process
of Portland cement is showm Figure 22 (Singh, 2019)The reactions take place in the kire

expressed ikEqudions2-11~215.

Feedstock materials Cement Kiln Cement clinker :

Limestone (CaCO;) 3Ca0-Si0, 30— 55%

Clay minerals - ( ERREA | oy 2C20-Si0, 20— 50%
(Si0, — Al, 05 — H,0) ~1450°C ( | 3Ca0- Al,05 7 —12%
|

Iron oxide (Fe, 05) 4Ca0-Al,04-Fe,04 6 = 11% | Ground === Portland cement
Sand (Si0,)
(510, +
Gypsum

CaSO, - 2H,0 3 —5% J

Figure 2-2 Manufacturing process of Portland cement
CaCQ=CaO + CQ Equation2-11
2Ca0 + SiQ= CaSiO4 or (Belite, GS) Equatiorg-12
3Ca0 + SiQ = CaSiOs (Alite, CsS) Equatior?-13
3Ca0 + AbOs = CaAl 206 (tricalcium aluminate, éA) Equation2-14

4Ca0 + AbOs + Fe0Os = CaAl2Fe0O1o (aluminderrite, CaAF) Equation2-15
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Due to the calcination of limestone and the high energy consumptietb® ) during
manufacturing, 0.66.82 kg of CQ are emitted for every kilogram of Portland cement
manufactured As a consequence, cement manufacturing contribut@8o5to the global
anthropogenic C®emissions(Turner & Collins, 2013)In addition, substitutingconventional
construction materialwith WTE residues can also bring considerable economic benef82Q
the price of Portland cement isZBlLper metric tofStatista, 2022b)

The difference betweehree main civil engineering produdsspresentedn Figure 23.

‘ Cement hardened paste ‘ = Portland cement + water

= Sand (fine aggregate) + Portland cement + water

= Gravel (stone aggregate) + sand (fine aggregate) + Portland cement + water

Figure 2-3 The difference in mixture of civil engineering products.

To understand the cement hydration reetPortland cementvas mixed with water in
this thesisln thebeneficialutilization of WTE astasPortland cement, the hardened paste of WTE
ash and WTE ash mixedith Portland cement is produced to understand the chemical
transformation of WTE ash ariis influenceon cementitious reactianThe cement mortéslock
is produced bymixing sand (as structural fine aggregate), Portland cement, and wwadentify
the structural propertied-or the productiorof concrete gravel and samehs usedas structural

materiak, and mixed with Portland cement and water.

2.4.2 Difference in mixture between the norhazardous landfill disposaland utilization in
construction

As mentioned in Section 1.3.2, it can be conclutiatithe difference between tbement
basedstabilization/solidification for noazardous landfill disposal and utilization as construction
materials is on the mixture design. For the purpose chaaardous landfill disposal, it is required

to safelystabilize the hazardous maten@ith minimal volume,pass thenon-hazardous landfill
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limits, and use alittle cement as possible. Therefore, thplacenent ratio of fly ash is typically
more than 50wt.% of Portland cement for disposing inmarardousandfills or utilizing them
as a base materi@ie et al., 2016; Billen «dl., 2015; Yvon et al., 2008ptherstructural materials
(sand or stone aggregata)e notadded in the mixtureif the material is to be disposed of in
landfillsto reduce the cost and reduce the volume of solidified products.

If the product is to beised beneficially in the constructicests omrmechanical strength
and leachability of metalgf environmental concerare both required. Thus, when blending the
fly ash in Portland cemenip to 25wt.%Portland cementan be replace(Polettini et al. 2001;
Quenee et g812000; Golet al, 2003; Auberet al, 2007; Liet al, 2017; Wangget al, 2001) which
is lower than the replacement ratim case the product is solidifidr disposition innon

hazardous landfills.

2.4.3Advancedvolume replacementof components in mixture ofcivil engineering products

For civil engineering products, the volume of the products should remain the same after
the components are replaced by waste materials. Howeseaudeof the differencs in the
densitiesof ashand cement or sand, thaditional mass replacement applied in previous studies
will result in the increase of volume of civil produ¢igan et al, 2020)

For example, & shown inthe Figure 24, the volume ratios of three components in the
cement mortar argesigned in 3 (sand) to 2 (cement) to 1 (water).bitledensityof ashmaterial
is 2/3 of the bulk density ofsand. 2/3nass replacement of sand will result in the volume of total
fine aggregte (sand and ash) increasing from 3 to 4, subsequently increasing the total volume of
the cement mortar mixtures. If the density of ash material is half of the cement, the mass

replacement also causesrease irvolume.
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To avoid the influence of mixturécreasedvolume and better evalatlternative
materials performance, the volume replacement is applied irstilnily for the ash which has
significant lower density compared tonatural constructiormaterials. Becausé the civil
engineering practicecommonly mass is usedthe volume replacement fornag are also

converted to mass proportions and presented in thesis.

Mass replacement in previous studies Advanced volume replacement in this thesis

o P
,°  Sandreplacement 'f Volume replacement *\
: 1 1 1
I 1 ! 1
I 1 1 1
I 1 : 1
1
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1 ! 1
( \ : 1 : 1
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: 1 1 1
1 1 ! 1
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Figure 2-4 The influence of mass or volume replacement of components in the cement
mortar.
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Chapter 3: Experimental results: dharacterization of WTE residues
and transformation to civil engineering materials

3.1Characterization of bottom ash

Wasteto-Energy (WTE) plants combust pagicycled municipal solid waste (MSVAQr
energy recovery. After combustion, tinaterial is reduced Bbout 80nt.% of asreceived MSW,
and up to 90v/v% (Arickx et al, 2006) In the U.S. metals araecycledfrom BA, by using
conventional equipment, such asagnetic sepation for ferrous metals and eddy current
separation for nofierrous metals. The BA after metal recycling is mixed with fly ash (FA) as
combined ashand it isthen disposed in landfdl
3.1.1 Particle size distribution of bottom ash

Particle sizedistribution of BA isa significant factor when the material is used as a
substitute for secondary building material or other utilization purp@gest al., 2013)The BA
(Figure 31a)was collected from the welischarge system in the N pldndbm New York State,
afterthe ferrous and notfierrousmetal separationThe particle size distributiomf BA is wide
Figure3-1b shows that 10% of BAis smaller thanl mm 50% of BAis smaller than 6 mm, and
90% of BAis smaller than 20 mnThis result is similar to the values reported in the previous
researchs that around 50% of BA fine fraction is less thah #/hm, and 10% coarse fraction is

larger tharRO mm(Chimenos et al1999; Chimenos et aR005; del ValleZermefio et al2017)
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Figure 3-1 As-received bottom ash after ferrous and non -ferrous metal recycling : a.
photo; b. particle size distribution (D10, D50, D90: the portion of particles with diameters
below this value is 10%, 50%, and 90%)

The particle size of BAcan beinfluenced by the MSW feedstock (recycling system),
furnace conditions (combustion and mechanical system), and the wet quenching system.
According to the previous studyhe ceramic and géa pieces comprised G2% of BA with the
particle size larger than 18m (del ValleZermeficet al, 2017b) Additionally, theagglomeration
andthe hardening of BA patrticles via water quenching increases the particlés&eous study
investigated the particle size of the Bakenfrom the top of the burrdut gratebeforethe water
guenchingprocesswith about 50% patrticles finer than 0.7 nifmkaewet al, 2016) This value
is significantly smaller than the Figurel3esult that 50% patrticles finer thamén. The quenched
productsincludingcalcium silicate hydrate (GH) g e | phase, Friedel 6s
embedded mineral, glasses, ceramacg] metals and hardened iragglomerated stoAéke BA
(Inkaewet al, 2016) with larger size and higher mechanical strength compared to the particles

from top burntout gratebefore quenching
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3.1.2Chemical composition and mineralcompositionof bottom ash

The moisture of aseceived BA ranges in 1B7% due to the welischarged systenThe
asreceived BA was ovedried at 105 for 24 hours and then used for the rest of teEte
chemical composition of BA is shown in Tablel3and it iscompared with theelemental
concentration (mg/kgdentified in20 research article$he composition is also converted to the
oxide form in weight percentagebhe weight proportions ofvater (HO) in crystallization, CQ@
in carbonates, and C in organic carbon were idedtiby thermogravimetric analysis (TGA) and
discussed in the later section.

In Table 31, the elements are expressed in oxide chemical formulae in the last column.
The mineral name is assigned to it only when there is that mineral presemntajbr compsition
in the expression afxide (%), including CaO (27%), Si£X34%), and AIOs (6%), account for
67% of the total BA. Additionally, the BA contairiacluding FeO3 (6%), SQ (6%), CQ (5%),
and RO in crystallization (6%) as main compoundke composition oNa0, K20, and Cl only
constitutes 0.08..55% in the total BA. The concentrations (mg/kg) of Na, K, and CI in the New
York BA are lower than the average concentration in literature, which are influenced by the MSW
feedstock (recycling sgem), furnace conditions (combustion and mechanical system), and the
guenching parameters. Previous study mentioned the quenching water dissolves the salts and
accumulates extreme concentrations of Cl, up to 260%Igklaewet al, 2016) Therefore, more
water used and longer time of BA submerged in quenching water contributed to the lower

concentration of Na, K, and Cl in BA.
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Table 3-1 Chemical composition of bottom ash .

Chemical . . BA converted
Composition  BA Data Review (20 articles) to oxide form
(mg/kg) Min. Max.  Ave. (weight %)
Ca 130,846 69,413 250,000 149,983 CaO 27.13
Si 106,543 167,627 223,600 202,120 SiO, 33.78
Al 21,814 30,000 69,519 47,516 AIOs 6.11
Fe 28,168 11,240 109,309 38,860 FeOs 5.97
S 16,903 5,070 164,200 37,893 SO 6.25
Mg 8,210 5,997 17,473 12,696 MgO 2.02
Na 2,906 9,040 38,000 22,368 N&O 0.58
K 8,664 3,073 190,000 29,224 KO 1.55
P 7,014 2994 6,019 4,408 POs 2.38
Ti 5300 7,157 7,157 7,157 TiO, 1.31
Mn 593 100 1,246 679 Mn0O3 0.11
Zn 3,390 305 8,352 2,462 ZnO 0.63
Cu 2,219 36 6,532 1,833 CuO 041
Pb 410 23 5,195 912 PbO 0.07
Cr 85 79 1,224 281 Cr0O3 0.02
Ba 1,001 1,240 2,239 1,758 BaO 0.17
Sr 226 219 366 293 SrO  0.04
Cd 86 0 101 11 CdO 0.01
Ni 101 13 2,107 163 NiO 0.02
As 5 4 138 48
Hg 1 0.03 0.80 0.14
Cl 778 3,064 13,614 8,339 Cl 0.08
C 0.31
CO, 542
HO 5.64

The XRD pattern (Figur&-2) and quantification results (Tab®?2) indicate the main
crystalline components (23%) BA constituted of 12% quart5(0,), 3% calcite (CaCeg), 3%
Al and Fe oxides 2% corundum A#Os and 1% magnetite FeDs), 3% silicates (gehlenite
CaAI[AISIO7] and akermanite GMQ[Si2O7]), 2% sulfates (alunite #3(OH)s(SQy). and
anhydriteCaSQ). The amorphous phaseonstituted 77% of the total BAt is noted that, glass

(amorphous Sig) is an important component presentedhe amorphous phases of BA.
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Previous researches mentionéa tdischarged BAefore the metal recycling usually
contains 180% glass and ceramics;13% ferrous metals,-2% nonferrous metals, and-3%

unburned organicéyang et al. 2012; Chimenos et al1999; Berkhout et 312 0 1 1 ; Gyc et

2017) Concluded from Table-3, the BA after metal recycling in WTE facilities still contains 1%
ferrous méals (magnetite) and 2% ndarrous metals (corundumi}.is noted that, thehemical
composition 06% A0z and 6% FgOsin Table 31 presents the total concentration of Al and Fe
oxides. These compounds are not only in ferrous anderoous metal scgs, but also in minerals

of BA. From Table 31, the BA contained).31% of organic carbon,which is similar to the
concentration of unburnt organic matter in-0.2% found byGy ¢ ,2@17bd3jc et al, 2017b

also found BA contained 922.7% glass and 1-8.1% ceramics. Thus, it can be estimated that
theBA after metal recycling contained about 20% glass and ceramics, 1% ferrous metals; 2% non
ferrous metals0.3% unburnt organic matter,dai@7% mineral fractions

Table 3-2 XRD quantification results of bottom ash

Mineral components Chemical formula  Bottom ash (%)

Quartz SIO 12.3
Anhydrite CaSQ 1
Calcite CaCQ 34
Gehlenite CaAI[AISIO 7] 0.8
Corundum Al20s3 2
Akermanite CaMg[Si207] 26
Alunite Kal3(OH)s(SQu)2 0.7
Magnetite Fes04 1
Amorphousphass 762
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Figure 3-2 Bottom ash XRD pattern

The formed hydrates were also measured by ;T&Ashown in Figur8-3. The thermal
mass loss between-#0 0 c 0 nt aiOnireludihg sirdaceonbisture evaporation-(25
100 ), dehydration of quenched pr odu(Cdllier, of
2016) The mass loss between 6834 0 i s decangpositiom ofa@C into CaO ad
CO». The weight reduced b§.4% of CQ, converted td5% CaCQin BA. However, only 3%
calcite (CaCQ) was identifiedin the crystalline phaseof BA, indicatingthe restof CaCQ was
in the amorphous phas®uring thewaterquenching proces€0; from air was absorbedn the
BA surface via pore watémkaew et al.2016) and bond with Cdoased alkaline componerds
belowEquation3-1.

Ca(OHy+ CO A CaCQ + H,O Equation 3-1
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Figure 3-3 TGA results of bottom ash

To analyzethe distribution ofmajor composition includingcaQ Al>03, andSiOy, in the
BA, Table 33 summarizethe actualconcentration and normalized concentration in the asthl
(Table 31), the crystalline phases (TableZ, andthe amorphous phases calculated by the
difference betweethe total astand crystallingghasesAmorphous phasentain higher ratio of
CaO-compoundswhilethe crystalline phases contain higher rati8ié, in chemical composition
due to the silicate componenihe composition ofAl.Oz evenly distributes ircrystalline and
amorphous phases.

Figure 34 indicates thepossiblecomponents in thamorphous phasesf BA. The
amorphousSiO; is mainly due to the waste glasghe compounds containedl 2Oz might be
amorphous AlOs or amorphous Al(OHy)due to the quenching proce@3iantone et al.2004;
Dijkstra et al, 2002; Chimenos et al2000) The CaOcompoundspresented ilamorphous
Ca(OH)} nanoparticles due to the lime (CaO) slaking in wéRadriguezNavarroet al.,2017)
Then, the CQis absorbed on Ca(Ofihanoparticles and formed to metastable Cai®Che

amorphous phases discussed in TGA results
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In addition to the individuatompounds containe@aO, AbOs, andSiO,, the previous
study also mentioned tl@morphous phases formed Wwgter quenching, such as calcium silicate
hydrate (CS-H) gelmentioned irinkaew et al.2016 orcalcium aluminate silicate hydrate-@G
S-H) gel due to the presence of Al(QHYhe hydrate gel phas@se more thermodynamically
stable than the amorphous Al(QHy amorphous Ca(OH)which aremore likely to be present
in the amorphous phas®f BA. The exact forms of the amorphous components and their
proportions inBA are expected to hdentifiedin the futurewith advancednstruments

Table 3-3 The concentration (%) of b ottom ash main chemical composition in oxide
(%) forms (CaO, SiOz, and Al 2053).

. , Normalized concentration (CaO +,8k +
Main Actual concentratior(%) in BA SiOz = 100 %) in ternary diagram
Oxides Total Crystaline Amorphous | Total Crystalline Amorphous
ash phass phass ash phass phass
CaO 21 4 17 32 19 39
SiOz 34 14 21 53 68 47
Al203 9 3 7 14 13 15
SUM 64 20 44 100 100 100

WTE bottom ash
main composition

CaO (%) ——

Figure 3-4 CaO-Al :03-SiO2 ternary diagram of total, crystalline, and amorphous
phases in bottom ash.
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3.1.3Leachability of bottom ash: LEAF Method 1313-pH dependence

Figure 35a shows the acid neutralization capacity (ANC) curve of BA accordingA®
Method 1313 leaching results as a function of phe eluate pH decreaség increasing acid
concentratior{meq/g).The Cabased minerals and hydrate amorphous #&s&-H or GA-S-
H phase) control the eluate pH of BA leachat@ayuseno and Schmal®010) The rest oxides
(such asAl.03 and FeOs in Table 32) and hydroxides may also influence the eluate e
typical 6 nat ur-didchargep BA is ardundell? orffor weather BA around 8
(Dijkstraet al, 2006; Meima and @mans1997) The NY BA received Onat
which is similar to the results in previous studies.

The leachability (mg/kg) of heavy metdfSu, Pb, Zn, Cd, Cr, and Nij) BA at 0 meqg/g
(leachedby distilled watey is shown in Figure &b. Currently, there is no available criteria for
US EPA LEAF tests. The procedure and parameters of LEAF Method 1313 is the same as BS EN
124572. Thus theUK Waste Acceptance Criteria (WA®J three different landfillsnert, non
hazardous, and hazarddimits meet the BS EN12457 are present in FigureSb as well as a
reference for the determination of future LEAF criteAastudy by International Solid Waste
Association (ISWA) stated that, the leaching criteria for utilization of WTE residues must be at
least the same as or lower than the leaching criteria for disposal to |E@dfibjerg et al., 2006)
Cr is close to the inert waste limit. Cd, Ni, and Zn are around the limit, which is acceptable for
northazardousandfills. The leachability of Cu and Pb in BA exceeded the limit ofmarardous
landfills while was acceptable for hazardous landfills accordingetdK WAC leaching limits.
Therefore, th@roper treatment for stabilizing the heavy metals is recommended to BA before the

utilization in construction
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Figure 3-5LEAF Method 1313 procedure: a. acid neutralization capacity (ANC); b.
leachability (mg/kg) of hea vy metals in water (0 meqg/g), comparison to UK DEFRA WAC
landfill limits ; leachability (mg/kg) heavy metals as a function of pH c. Cu, Pb, and Zn; d. Cd,
Cr, and Ni.

(Above the red lineot acceptable for hazardous landfills, below thdiredacceptable for
hazardous landfills; below the yellow lha&ceptable for nehazardous landfills; below the
green linkacceptable as inert waste)
The effect of eluate pH on the leachability of Cu, Pb, Zn, Cd, Cr, and Ni, are presented in

Figure 35¢c and 35d. Cu and Pb were relatively stable and in the leachability range- 19310
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mg/kg when eluate pH =20. The leachability of Cu was increased rapidly between eluate pH =
2-4, while the leachability of Pb was increased gradually when eluate pH <wlasZzm the low
leachability range, of about 40 mg/kg when eluate pH =1@,3hen the leachability was gradually
increased to 3000 mg/kg at eluate pH = 4, and leached out completely at eluate pH = 4.

The leachability of Cd increased gradually from 1 nygék eluate pH = 10, to 80 mg/kg
when Cd leached out completely at eluate pH < 5.5. The leachability of Ni remained at 10 mg/kg
when eluate pH =-80, while it increased gradually when pH < 8 and leached completely (100
mg/kg) when eluate pH < 2. The leadblility of Cr remained in a deficient concentration (1 mg/kg)

at eluate pH = 580, increased gradually when eluate pH < 5.5, and finally leached 40 mg/kg.
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3.2 Characterization of fly ash

An earlierstudy identified the crystalline (56%) and amorph@4/0) phasg in WTE fly
ash (FA)by XRD quantitively analysi¢Bayuseno and Schmahl 201However, no study has
identified the effects of scrubbing on its chemical composition and mioenaposition This
formationis usedto determinethe FA behavior in further treatment, such as the salt dissolution
during the washing process or the hydration/precipitation procédsSAsis to beutilized as a
cementitious materialn addition, the scrubber difference (sedny or dry) may influence the
formation ofvarious chemicatompoundsFurthermorethe elemental composition and mineral
compositionof FA areimportantin determining the leachability of heavy metals and controlling
the release of contaminarfghang et al.2016; Bayuseno anccBmah) 2011)

Previous studiegxamined thdeaching behavior oFA and built geochemical models
based on thermodynamic stability dataexplain the solubility of heavy metals as a function of
eluate pH(US EPA Method 131,32017; van der Sloot et aR006; Quina et 3l2009; Zhang et
al., 2008) TheEU Waste Acceptance Criteria (WACouncil of the European Wm 2003/33/EQ
provide theconcentrationimits of hazardous landfill, nehazardous landfill, and inert waste. The
leaching resultsvere compared against the limits arsgd to evaluatde category of landfil(Liu
et al, 2015; Tian et a).2020; Rani et al2008; Bourtsalags2015) Also, theToxic Characteristic
Leachirg Procedure (TCLPUS EPA 2004)s used irtheU.S. tosimulate the acid rain conditions
in a landfill. Tre determiration of hazardous versus nbazardous undethe Resource
Conservation and Recovery Act (RCRi&)specifically done by TCLP as a regulatory decision
(Yanget al, 2012) However, the high alkaline componentd=#f may neutralize the acidic TCLP
extractantallow the asho pass the RCRAas a possible drawback of TCLP test also mentioned

by previousstudies(Zhang et al.2008; Liu et al. 2019; Chou et al.2009) Therefore, the
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distributionof thechemical componenia FA mayexplain the pH buffering behavior, tleffect
of semidry or dry scrubbing orleachability and the transformatiothat may occurduring
stabilization.

This study aimed to identify the distribution of chemical components, examine the
leachability of heavy metals dPA, and compare the effects of sedny anddry scrubbers. A
methodologywas established to estimate the empirical formulae for componethisdrystalline
andamorphous phaseFA samplesdrom semidry and dryscrubbers wreanalyzed forparticle
size distribution, elemental composition (ICP, KRon chromatography), minerabmposition
analysis (XRDquantificatior), hydrate and carbonate content (TGA), and morphology (SEM).
addition, he effect of eluate pH on heavy metals leachability was determined using the Leaching
Environmental AssessmeFramework (LEAF Method 1333H) and the effectsegarding the
RCRA standardvere established bgpplyingthe TCLP procedureThe results are presented in
the following sections
3.2.1Patrticle size distribution, masture and morphology of fly ash

Photos of ageceived semdry and dry scrubbdfA after oven drying are shown in Figure
3-6a. The particle size distribution is compared to the hydrated lime in FighlreThie semidry
FA patrticles are much larger than the dry scrubbb®erThe particle size of the dry scrubldei
(0.020.2 mn) is 10-25 times that of hydrated lime (0.060101 mn).

Moisture in the feedstodo the WTE plant$0.2 ton HO/ton MSW) and KO formed by
the combustion of MSW (0.375 tore®/ton MSW for assumed cheraicformula GH1004) are
the two main sources ofB in the gas flow through the scrubbgfeemelis et aJ.2002) In semi
dry scrubbers, there ialso a third minor source from the wageaporationn the lime slurry,

which is estimated to be about 0.032¢i»O per ton MSW (lime used a1 absorbent of acid
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gases: 0.01 teanCaO/ton MSW). Consequently, thex® concentration in the two types of
scrubbers is about the same (seinyi:0.605 ton HO/ton MSW; dry: 0.575 ton #D/ton MSW).
However, the semiry FA contaned 2030% surface moisturegin contrast to the 2% of the dry
FA. The highmoisturelevel in the semdry FA resulted in the agglomeration of particles to larger
sizes(Figure3-6a).

The N plant semdry scrubber FA shown in FigureG@ (500 ) and 36d (2000 ) is larger
than the dry FA. The needlie ettringite distributed on the surface of sedny FA is a typical
crystalline hydration product. Other hydration products may contain calcium silicate hydrate (C
S-H) in gel structure in the amorphous pteag®t bonds the FA carried in the process gas in €loud
like agglomerated particles. This phenomenon indicates a more prevalent hydration reaction in
semidry scrubber, due to the tnigr water vapor concentrationhe SEM images of U plant dry
scrubberFA are shown inFigure 3-6e (500 ) and 3-6f (2000 ). It mainly contains spherical
particles in micresized particles. The rod crystals weaved the supporting structuta pérticles,
attached to the round components of hydrated lime. This structure was formed by combusted melt
droplets from the WTE furnacegnd hydrated lime formed during the scrubbing process.

To conclude, the use of lime slurry does not significanfiyi@mce either the water vapor
concentration or the temperature of the gas flow through the scrubber. However, the presence of
water of the lime slurry droplets in the sedny scrubber increasehe hydration reactions and

influences the mineralogyof FA.
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Figure 3-6 a. Photos of asreceived semi-dry scrubber fly ash (right) and dry scrubber
fly ash (left) ; b. Particle size distribution of as -received fly ash comparing to hydrated lime ;
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3.2.2Chemical compositionof fly ash
TheFA samples for this study were obtained frimafabric-filter baghouse of four WTE
power plants in New York State: | and N plants are provided sathidry scrubbers; D and U
plants with dry scrubbers. The municipal waste feedstock (MSW) is combusted at temperatures
exceeding 850 . The temperature in the scrub

Table 3-4 Elemental composition (mg/kg) o f fly ash (semi-dry and dry scrubbers).

Elemental Semidry scrubber

. Dry scrubbeFA Data review 20 articles)
concentration FA
(mg/kg) Nplant Iplant Dplant U plant Min. Max. Ave.
Ca 170,296 202,749 145,530 362,471 52,000 397,000 202,023
Cl 87,503 146,929 200,972 165,687 23,000 221,500 138,423
Si 16,223 8,049 3,888 8,673 100 190,000 49,430
Al 10,676 9,910 1,414 11,241 3,400 52,500 23,503
Fe 3,872 3,857 3,566 3,726 2,000 25,000 9,800
Mg 9,392 14,477 15,918 14,711 4,000 14,100 10,025
Na 9,486 10,622 4,794 47,361 13,500 110,000 47,015
K 15,132 21,172 10,924 27,231 3,450 91,000 36,163
S 26,015 22,058 18,393 22,348 7,000 78,000 46,563
Ti 1,247 1,016 313 679 434 12,000 4,667
Mn 989 270 341 291 100 1,500 593
Zn 9,112 11,434 11,472 11,740 0 117,000 49,430
Cu 361 600 373 109 90 5,400 1,534
P 6,016 3,257 1,007 1,000 460 17,000 5,588
Pb 654 952 1,052 1,219 50 19,000 3,169
Cr 24 42 11 14 12 2,078 324
Ba 37 90 54 112 70 1,590 703
Ni 33 54 11 8 0 1,889 132
Cd 86 144 238 84 0 610 172
Sr 160 183 91 149 10 37,000 8,424
Se 85 59 67 92 0 130 23
As 34 61 126 60 1 460 95
Hg 2 2 2 2 1 16 5
Ag 0.19 0.40 0.50 0.12 2 40 16

In Table 34, the chemical compositions of FA from the four WTE plants are similar,
compared to reviewed data in &Qiclesfrom various countriesThe major constituents in tfe\

are Ca, CI, NaK, Si, S, Zn, Mg, and Al. Volatile elements such as CKS\a, Pb, and Zn were
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measured in the FA due to the low boiling points of their components in the combustion chamber
(Bayuseno and Schmal®011; Li et al, 2004; LeForestier and Libourgll998; Frandsen et al.
2004) The volatile elements either undergo homogeneous nucleatioto cugpersaturation or
condense heterogeneously on the surfaé&afuring the rapid coolingownstream of the furnace
(Frandsenteal., 2004; Lanet al.,2010)

The chemical composition of FA expressed in oxides are shown in Figureh& mineral
name is only assigned when there is that mineral present. The chemical composition was
summarized in the different averages of sdmyiscrubber FA, dry scrubber FA, and reviewed FA
compositions in literature. Percent (%0»( (as water of crystallization in hydroxides and
hydrates), %C® (as CQ in carbonates), and %C (as activated carbon) were measured by
thermogravimetric analysis @A; section 3.21). Cl is an anion, and its concentration was
measured by lon Chromatography (IC) and converted to a percentage. The concentration of the
other elements, which were measured by XRF and ICP (Ta#)leeXcept Se, As, Hg, Ag with
very low cacentration, were converted to oxide form and normalized in percentages. The
composition was categorized to major oxides and minor oxides.

The composition distributions of seity scrubber FA, dry scrubber FA, and the average
of values reported in thedirature are in fair agreement but there are some differences. CaO is the
primary composition in FA, constituting 3®% in our measurements, in comparison to 25% in
the literature. This indicates that the New York WTE plants injected more hydrated ltivee in
APC system than the average lime injection in plants abroad. As for the other sorbent, activated
carbon, dry scrubber WTE plants injected a higher ratio of C to flue gas and constituted 4.1% in
dry FA, as compared to 1.4% of C in seiny scrubber FAand the same value in the reviewed

literature.
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Semi-dry scrubber FA
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Figure 3-7 Chemical composition in oxides expression of fly ash (semi -dry scrubber,

dry scrubber, and reviewed data in literature )

The semidry scrubber FA contained morex® of crystallization (9.8%) than dry FA

(6.6%), because of more hydroxide and hydrate compounds irdsgrfA. The scrubbing
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efficiency of HCI, SQ, and CQ by hydrated lime in serdry or dry scrubbers, and also the MSW
feedstock composition influenceldet concentration of Cl, SOand CQ in FA. HCIl and SQare
targeted contaminant gas for scrubbing. Cl is constituted 12% ofdsgnsicrubber FA, in
comparison to 18% CI of dry scrubber FA and 14% CI in reviewed FA. Less than trefQifis
frominorgaric chlorine in household kitchen wastesile onethird of Cl is from organic chlorine
in polyvinyl chloride (PVC) in urban wastes, with the rest coming from textiles, wood, and paper
(Ma et al, 2010) SGs constituted 9.4% of serairy scrubber FA, in comparison to 6.4% of dry
scrubber FA and 10% in reviewed FA. £ also an acidic gas compound which reacts with
hydrated lime in thecrubber. The sentry scrubber FA contained 6.4%, while the dry scrubber
FA contained 10% of C§€) indicating that the lower water concentration resulted in using more
lime absorbent to react with GO

The composition of the MSW feedstock mainly deteesithe proportions of other major
oxides. Theeomposition inSiOz, Al20s, Fe0Oz, N&O, K20, and ZnOof measured FA, are slightly
lower than reviewed FA, while the ratio of MgO is slightly higher than the reviewed FA. The
variance incomposition ofAl>Oz is due to a higher recycling rate of aluminum cans in the
communities of New York WTE plant3.he source separatioof food wastebefore the MSW
wassent to WTE plantscontributed to theeompositionvariance of NgO. The compositionof
P.Os in measured FAs similar to reviewed FA. ZnO is the only hazardous heavy metal in major
oxidesof composition constituting 2% in measured samples and 5.5% in reviewed data.

The minor oxides constituted of less than 1% of the-gslynscrubber FA in the New York
FA sampes, while the fraction of minor oxides in reviewed FA was 2.3%. PbQ0(@%), TiQ
(0.050.3%), MOz (0.05-0.1%), and CuO (0.66.1%) are dominant in minor oxidesmpaosition

with SrO (0.020.03%), CdO (0.0D.03%), BaO (0.01%), NiO (<0.01%), and:0% (<0.1%) in
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limited amount. In the FA reported in the literature, SrO (<1%),.T807%), PbO (0.3%), and
CuO (0.2%) were dominant in the minor oximEmposition
3.2.3XRD qualitative and quantitative analysisof fly ash

The XRD patterns dfA are shownn Figure 38. The major crystalline phase$5%50%)
in FA and amorphous pha¢g80-55%), determined by the XRD Rietveld analysise shown in
Figure 39. The crystalline phases were divided isteo categories: (ihydroxides(< 0.5%); (ii)
carbonates @6%); (iii) chloride salts{14-17%); (iv) sulfates (611%) and sulfide (< 2%)v)
aluminates (2L1%);and (v) silicates (5-6%).

FA contained 0.20.4% portlandite (Ca(OH)as the crystalline form of unreacted hydrated
lime. 4% (semidry) to 7.3% (dry)f FA was calcium hydroxide chloride€4Ck C a (2,@ld0
expressed a€aClOH), formed by the reaction between thermodynamically stable CaéD#)
CaCb 2@l as Egations 32 and 33 (Hausler et a).2019; Allal et al, 1998) Based on the same
CaO proportionof about 40%, seriry FA contained less portlandite and calcium hydroxide
chloridesbecausdhese compounds were prefesablansforned to other mineral phase itne
presence ofiigher O concentration The CaC®@in MSW isassumedo decompose to CaO in
the combustion chamber e/\1% rcalcite 3@aCe) andTh88.6% f or e,
vaterite (CaC@) as crystalline carbonate compounds were produced by Gaén#i CQ in the
flue gas(Equation 34).

The calcium sulfate products after scrubbing amount&d®a0.1%of the FA included
anhydrite (CaS@ 3-3.5%) and bassanite (Ca500 .-Gy H.27.1%) (Equations &b and 36).
Bassanite (CaSO 0 .. isimore likely tdbepresenédin semidry FA. Another sulfate is alunite
(KAl 3(SQy)2(OH)e) andconstitutecabout1% of the FA. Sulfides were mostlyvurtzite (ZnS;0.2-

1.6% of FA. The chloride salts, including halite (NaCl, @4 %), sylvite (KCl, 1.8.5%), and

50



chloromagnesite (Mgl 1-1.1%), weredue to the combustion @forganic and organic chloride
in the MSW feedstock

Equations for compounds formation:

Ca(OH)+ 2HCIl = CaCl 2@ (Calcium hydroxide chloride) Equation3-2

CaCh 201+ Ca(OH)}=CaCh C a (2(CHIgium hydroxide chloride) + 24® Equation3-3
Ca(OH + CO; = CaCQ + H:O Equation3-4

Ca(OH) + SO + 0.52 = CaSQ (Anhydrite) + HO Equation3-5

Ca(OH} + SG + 0.5z = CaSQD.5H0 (Bassanite) + 0.5#0 Equation3-6

3CaAkO4 + CaSQ = CaAleO12SOy ( Y e 0 e | Equation3e7)

CaAl206 + 3CaSQ 2,61+ 2600 = CaAl(SQy)3(OH)12 2 SOHEttringite) Equation3-8
CaAlgO12SOs ( Ye 0 el i mi tze)38HO = T S0Q)3(OH)2 2 SOH(Ettringite) +
4AI(OH)z Equation3-9

CaAl206 + CaClOH +10HO = 2CaAIl(OH)e(Cl,OH)-2H:0 (Friededs salt) Equation3-10

2CaSi0s + 6H0 = GS-H (also expressed as 3Ca0-288bM.0) + Ca(OH) Equation3-11
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Figure 3-8 XRD patterns for semi-dry scrubber fly ash: N and I;

dry scrubber fly ash:
D and U.
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Crystallinealuminates and silicatese more likely to be formed semidry scrubbeA
than in dry scrubberFA. Most compounds indicate reactions between scrubbing products
(CaCIOH, CaS@ CasQD.5H0, CaCQ) and the furnace particles carried in the process gas.
Tricalcium aluminate (G&l20s, 0.6:3%) is the fundamental compound for cafcialuminates
f ormat i on .CaM©OBSQ, 0.4 8%) a&nd dttringitg CasAl 2(SQu)3(OH)12-26H:0, 0.6-
5.4%) were formed by the reaction between calcium aluminates (furnace) and-Gaf8lOcts
(newly-formed)(Equation 37 and Eagations 38 and 39; El Khessaimiet al, 2019; Christensen
etal,2004) The f or mat i qCGaAI®H)s(E, OH)LkEE; Edquation8H0) is due
to thereactionof calcium aluminates and CaCl@8uryavanshi et gl1996; Rousselot et aR002;
Talero et al.2011; Paul et gl2015)

The silicate compounds in FA were mainly formed with Ca antbAipoundsTricalcium
silicate (CaSiOs, 1.61.8% in FA) is also known as the primary phase in Portland cembich
can dissolve and react with water to form amorphaalsium silicate hydrate3tS-H) gel phase
(Equation 311; Gougaret al, 1996) Therefore, it is reasonabledmpecthat the CS-H gel phase
may exist in the amorphous phase of sdmyiscrubberFA due to the hydration of tricalcium
silicate. Other ceramic silicates generated in the furnace include inosilicates (wollastonite CaSiO

and diopside CaMg3Ds) and melilitesorosilicates (gehlenite &8 >Si0Oy).
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Semi-dry scrubber
WTE fly ash
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Figure 3-9 XRD quantification
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Overall empirical formula:
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Amorphous phases
Il Portlandite Ca(OH),

Il Caicite CaCO,

I Vaterite CaCO,

I Halite NaCl
Sylvite KCI
Chloromagnesite MgCl,

Calcium hydroxide chlorides CaCIOH
Anhydrite CaSO,

[ Bassanite CaSO,-0.5H,0

Alunite KAI;(SO,),(OH),

Wurtzite ZnS
I Tricalcium aluminate Ca,Al,Oq
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results of semi-dry scrubber fly ash and dry scrubber

fly ash (The empirical formulae shown are discussed in section 3. 2.5).
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3.2.4Thermogravimetric analysis of fly ash

Theresultsof thermogravimetric analysis (TGA) and differential thermal analysis (DTA
of FA areshownin Figure 310. The semidry scrubber FA was firstoveshr i ed at 38
hours to remove extra moisturgthout affecting the hydrate structure, resggtin similar surface
moisture between 25 0 0 f odry arsl @rgsicrubberFA. Dehydrationcommonlyoccurs
between 106850 . Bassanite (CaSO 0 ..(3 isltransformed teCaSQ at 156220 (Equation
3-12;, Tang et al.2019; Collier 2016; Pauliket al, 1992) Some complex hydration products, such
as ettringiteCasAl 2(SQy)3(OH)12- 26H0, gradually dehydrate between-880 (Equations 313,
3-14, and 315); subsequently, theCasAl(SQy)303(OH)s decompose between 35600
(Equation 316; Satava and Veprel975; Phrompet et al2018; Guimaradest al, 2016) The
compounds containg hydroxides decomposed at the temperature range 66@%0, such as
Ca(OH) and CaCIOH (Egations 317 and 318) (Lin et al, 2009; Allal et al, 1998; Tian et aJ.
2008; Mizukoshi et al2007; Hausler et al2019)
Equations for compounds therntilcomposition:
CaSQ 0 .®+aSQ@+ 0.5HO Equatior8-12
CasAl2(SQ)3(OH)12:26H0 = CaAl2 (SQy)3(OH)12-13H0 + 13H0 Equatior8-13
CasAl2(SOy)3(OH)12:13H0 = CaAl2(SQy)3(OH)12 + 13H20  Equatior8-14
CasAl2(SQy)3(OH)12 = CasAl2(SOy)3(OH)s + 3H0  Equation3-15
CasAl2(SOy)3°3(OH)s = 3H0 + 3CaS@+ CaAl.Os Equation3-16
Ca(OH) = CaO + HO Equation3-17
2CaClOH = Ca®CaCbk + H.O Equation3-18

CaCQ=Ca0O + CQ Equation3-19
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Figure 3-10 TGA and DTA in weight
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fly ash.
The decomposition of carbonates mainly occurred from Ga@QaO and Cg at 600
8 0 0 (Equation 319). 6% and 10% of C&was released from serdry and dryFA, respectively,
equivalent tahe decomposition of 15% and 25% of Cag®he high humidity in the serdry
scrubber is favorable for the reaction of HCI anc 8@h CaCQ, leading toa lower CaC®
concentration in the serdry scrubber FAChin et al.,2005) The total CaC® concentration,
measured by the TGA, was higher than that of aflyse calcite (CaCg) semidry FA: 7.1%; dry
FA: 3.9%;) and vaterite (CaC§)semidry FA: 8.6%; dry FA: 1.8%) in the XRD resultsKigure

3-9). Themost reasonable explanation for the difference value of GaCID% is the amorphous
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calcium carbonate fored by the absorption of GQOn the scrubbing proced®ayuseno &
Schmabhl, 2011; Ecke, 2003; Li et al., 2020; Morandsal, 2014)

The weight loss after 800 is due to the oxidation of activated carbon. The TGA results
indicated 1 4% activated carbon in the FA.

Consequently, the TGA measurement results 8 khass loss (hydroxides and hydrates
decomposition) and Cnass loss (carbonate decomposition andaed carbon oxidation) were

calculated in the chemical composition (sectionZ3 Rigure 37).

3.2.5Empirical chemical formulae of fly ash

The anpirical chemical formulae shown Figure 39 express the atomic composition of
the most prominent elements FA. The constituent®f the overall empirical formulavere
calculated based on theomposition of major oxides(Figure 37), presented as
Ko.1Na.1CaMgo.1Al 0.1Si0.1Co2(CO3)0.2(SO4)0.200.«Clo.5:0.8H20 for semidry scrubber FAand
Ko.1Nao.1CaMgo.1Al 0.1Si0.1Co.5(CO3)0.4(S)0.100.6Clo.s(OH)o.1-0.5H20 for dry scrubber FAThe
stoichiometric number of Ca ithe empirical formulae wasormalizedto 1. Elemens with a
stoichiometric number less than Owlere not included in the empirical chemical formulae
expressionCa, K, Na, Mg, Al, and Si wengresent athe same stoichiometric numbarthe two
types of FA Semidry scrubber FA contained more $&hd hydrate water, whileylscrubber FA
contained more GZOs, and CI.

The empirical chemical formulae of crystalline phases were estimated from the mineral
compositionN XRD quantification)y different categories-{gure 39). The aystalline compounds
were summarized inKo.1Nao.4CaAlo.2Zno.1Sio.2(COs)o0.5(SO4)0.400.2Clo.7-0.7H20, for semidry
scrubber FA andKo.iNao.2CaAl.1Sio.1(COsz)0.5(SM)0.100.6Clo.70.3H20, for dry scrubber FA.

Hydroxides (Ca(OH) and carbonates (CaGQwere found to exist in both types of FBoth
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types of FAcontainedthe same expression of chloridalts NasKo.1Ca.sCI(OH)o3 sulfates
CaAlp.2(SQ)1.1(OH)0.6:0.1H-0, and sulfides ZnS. The main differenbetweenthe empirical
formulae of semidry and dry ashis on aluminates and silicateSemidry scrubber FA
(CaAlo7(SOs)o0.2(OH)z.9-0.4H20) containedmore hydroxides and hydrates thawy dcrubber FA
(CaAly.700.2(SQy)o.2(OH)s.3). For silicates, the stoichiometric number of Si wasmalizedat 1,

andthe atom number adther elements were convertagbportionally to Si

The empirical formulae ofthe amorphous phasewere determined by the difference
betweenthe overall composition and the composition tbie crystalline phases. The amorphous
phase formulaef

semidry scrubber FAKo1CaVigo.2Sio.1Po.1Co.3(C03)0.201.2Clo.3(OH)o.1-0.9H20)

and dry scrubber FAKo.1CaMgo.2ZNno1Co.9(CO3)0.2(SCu)0.1Clo.s(OH)1.3:0.7H20)

indicated (sesection3.2.3) thattheactivated carbon andaCQ in theamorphous phase
of FA. The stachiometric numbers of KCa and Mgwere the samén both types of FAThe
amorphous phasef semidry scrubber FA contained more hydratiean these of dry scrubber
FA. HCI scrubbing products such as Ca@hd unreacted Ca(OKHpanoparticlesvere more
prevalentin theamorphouphase ofthedry scrubbeFA.

Silica was foundn the amorphous phase sémidry FA (typically glass powder)orin
the form ofamorphous hydratedue tathe hydration reaction between amorphous;%inace)
newly formed Ca(OH) (Siauciunas and Baltusnika&003; Baltakys et gl2007; Kunthert al,
2017) The presence of -G-H gel was alsoshown in SEM images (Figure -8f). Another
possibility is the €S-H gel formation intheamorphous phasdy tricalcium silicate compounds

in FA (in Equation 311).
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3.2.6Leachability of fly ash: LEAF Method 1313pH dependence

3.2.6.1Acid neutralization capacity (ANC, LEAF Method 1313 of fly ash

Figure3-11shows the eluate pH of the leachate as a function of the equivalent acid added
per gram of ovenry FA and the acid neutralization capacity (AN@jter 24 hours of reaction
equilibrium. At eluate pH = 7the ANC= 4.58.5 meqg/g anat euate pH = 4ANC = 8.510.5
meq/g.In comparson, PortugieseFA (Quinaet al, 2009)was found to havANCpH7 = 6.26.8
meq/g and AN@H4 = 10.2:11.6 meg/gi.e., higherthan for U.S. FA

At the same equivalent acid added (megFef), from the four U.S. WTEplants had a
variance in eluate pHthis value depends on the chemical constituents including oxides,
hydroxides, carbonates, silicates, alkali mef@ergfeldt et al, 1997) Also, the dissolution,
hydrolysis, and precipitation of these constituents influence the acid neutralization process and the
eluate pH. For examplthecrystalline hydrates, includingttringite CasAl2(SQu)3(OH)12-:26H0)
andalunite Kal3(SQy)2(OH)e), etc, can dissolve tbydroxides buffer the acid, angesult inhigher
eluate pHWarren and Reardo@994; Acercet al, 2015) Also, the CGS-H gel phase in the semi

dry FA influencesthe pH buffering behavidBaston et a).2012; Li et al, 2001)
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Figure 3-11 Acid neutralization capacity (ANC) of fly ash in equivalent acid added (meq/g) .
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3.2.6.2 Leachability of heavy metalsin fly ash by using water (LEAF Method 1313
procedure)

The procedure and parameter&é BAF Method 1313 by using water extraction is the same
as BS EN 12452. Therefore, he results ofwater leachingi(e., ANC = 0 meqg/q eluate pH =
11.612.3 followed the procedure of LEAF Method 13&8 shown in Figure-32 for six heavy
metals Currently, there is no available criteria for U.S. EPA LEAF tests; ttnesUUK Waste
Acceptance Criteria (WACHmits meets the BS EN 12457 are presenin Figure 312 asa
reference dr the determination diuture LEAF criteria The WAC leaching limit lines represent
the maximum acceptable concentrations at hazardoudyarardous, and inert waste landfills.
study by International Solid Waste Association (ISWA) stated that, the leaching criteria for
utilization of WTE residuesnust be at least the same as or lower than the leaching criteria for
disposal to landfil(Ornebjerg et al., 2006The concentrations of Pb, Cd, and Zn, exceeded the
nonhazardous landfill limit. The concentrationfelb even exceeded the hazardous landfill limit.
The concentratiaof Cu, Ni, and Cr wreunder the nothazardous landfill limits. Theemidry
FA exhibitedlower Pb leachability thadry scrubbefFA. It is recommended that FA is better be

stabilized before future utilization.
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Figure 3-12 Leachability (mg/kg) of heavy metals and eluate pH in semi-dry and dry
scrubber FA by using water (LEAF Method 1313 procedure), comparison to UK DEFRA WAC
landfill limits

3.26.3Leachability of heavy metalsin fly ash as a function of pH (LEAF Method 1313)

Figure 313 shows the leachability of six heavy metals as a function of eluaté AR
Method 1313)Pb is the most leachabdémphoteric heavy metal, exhibiting ashapecurve and
high leached concentration at eluate pH ,>drQoH < 6.The dissolved Pbompoundseached a
hydrolysis equilibrium at a certain phiring the leaching procedsor the aqueous phase solubility,
Plp(OH):Cl matched the Plzoncentration at pH = 102 (right side of the Mshape curve).
However, at pH 820, the PB(OH):Cl partially transformed to less soluble Pb(@Hgsulting in
the flat region at the bottom of theshape curvéWang et al 2016) Pky(COs)Cl: is the mineral
that controls the Pb solubility at pH&4(Geysenet al, 2004) At eluate pH < 4, there is no

solubility contrdling phaseand Pb is leached entirely.
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Figure 3-13 Method 1313 results: Leachability (mg/kg) of heavy metals in fly ash as a
function of eluate pH.
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The leaching of Cd at eluate pH > 10 is controlled by forenation of hydroxides
(Cds(OH)eSOy or Cd(OHY; Van Herck et al. 20005urface complexation is the dominant reaction
in the pH range of-40, and Cd is adsorbed by hydrous feorie (FehOCtand FeOCt Quina
et al, 2009) At eluate pH < 6, dissolution/precipitation transforms Cd to Cd@dl CdCi(aq)

(Yanet al, 2008)

The crystalline phase detected in FA contained Zwwatzite (ZnS). Zinc ismphoteric
and dissolves in both acid and alkaline conditions. Previous studies stated that zincite (ZnO) and
willemite (Zn:SiOs) were formed in the high pH rangastrup et al. 2006; Hykset al, 2007)

Figure 38 shows that the lowest Zn concentration was observed at eluate p¥d 4550 80%
of the Zn dissolved in the aqueous phase at eluate pH < 6, as also repafigahiget al, 2008

The concentrations of Cu and Cr remained low at eluate pH > 6, increased at eluate pH <
6, and were completely extracted from the fly ash at pH < 4 and pH < 2, respectively. Copper
(malachite Cp(OH)COs; Vink, 1986)) precipitation occued in the pH range of-8, and the Cu
curve was flat at pH > 6. An earlier stu@@uinaet al, 20M®) indicated that malachite formation
(Cw(OH)CG3) is the controlling phasat pH above 8; also, Cu complexation occurs in this pH
range.Chromium is a typical oxyanion (e.g., & Van der Sloot 2002) as shown by the W
shape curve of Figurg-13, also observed by Quimd al (2009). The solubility of Ni increased
linearly with decreasing eluate pH and is controlled by surface absofgtoret al, 2008)

In conclusion, the leachability of maus heavy metals depends on the eluate pH.
Understanding of the leaching curves obtained by Method 1313 can help control leaching, allow
FA to meet the limits of the landfill, and provide the optimum pH range for future recovery of
heavy metals-or safedisposal in a landfill, controlling the eluate pH arodficcan minimize the

leaching of heavy metal&or future extraction and recovery of heavy metals, eluate pH = 6 is

63



recommended for Zn (~10 g/kg in fly ash) and Cd (€kb); eluate pH = 4 is recommended for
Pb (1g/kg) and Cu (0.5 mg/kg). The concentrations of Ni and Cr in FA are too |eéb@QLg/kg)

for economic recovery.

3.2.7Leachability of heavy metalsin fly ash using the TCLP procedure

Two extraction acid solutions wepeepared by acetic acid/sodium hydroxi@traction
Fluid #1 at pH = 4.93 0.05 and Extraction Fluid #2 at pH = 2.88.05.In the industrial landfill
practice, the choice of extraction fluid is determined by the walk#dinity: when the distilled
water extracted pH < 5.0, Extraction Fluid #1 is to be used; when the distilled water extracted pH >
5.0, Extraction Fluid #2 is to be us@diS EPA 2004)In this study, botltwo extraction fluidgpH
=4.93 and pH = 2.88yere usedo leachsemidry FA (N plant) andiry FA (U plant)areshown
in Figure3-14for a comprehensiveomparisonwhere they areompaedto the RCRAstandard
of Pb, Zn, and Cd fdd.S.non-hazardous landfills. Other heavy metals included in the RCRA are
Ag (<0.01 mg/L, std = 5 mg/L), As (<0.3 mg/L, std =5 mg/L), ®B20 mg/L, std = 100 mg/L),
Cr (<0.1mg/L, std =5 mg/L), and Hg (<0.2 mg/L, std = 0.2 mgtgwever their leachability

was much lower than the RCRA limits and will not be discussed further.

100

T T T
Extraction Fluid #1 at pH = 4.93 N#1 eluate pH = 11.92
Extraction Fluid #2 at pH = 2.88 N#2 eluate pH = 11.74
U#1 eluate pH = 12.25
U#2 eluate pH = 11.86
10 =

RCRA Pb T
limit § mg/
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Pb ‘ Zn ‘ cd
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Figure 3-14TCLP leachability (mg/L) of fly ash (Pb, Cd, and Zn), comparison to U.S.
RCRA landfill limits.
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The Pb leachability of serdiry FA was ten times lower than that of dry FA, partly because
the Pb concentration in sefmiiy FA was only 1/3 of that in dry scrubber FA. This result is ais
agreement with the statement made in Section 3.2.6 that thedsemscrubber enhances the
hydration reactions in FA and generates hydration products (ettringite and amorp&dtig€l
phase), which immobilize the heavy metals and reduces theimalgiitth The Pb concentration
of semidry FA from N plant was below the RCRA Pb limit of 5.0 mg/L, thus acceptable for
disposal inthe U.S.nonthazardous landfillsThe RCRA Pb limit of 5 mg/L is also less restrictive
than the Pb = 2.0 mg/L limit of therldfill limits of Germany and Belgiun{Geysen et al., 2004)

For Cd, the leachate concentration§Afwere about 0.01 mg/L, thus much lower than the
RCRA Cd limit of 1.0 mg/L. There is no limit for Zn in the RCRA standards with which to compare
the Zn leaching results. The Zn leached concentration of FA from N plant was lower than the U
plant, althoughthe Zn concentration in the FA was about the same (FigdjetBis indicates that
the GS-H phase immobilizes Zn in serdry FA, as was also observed kloon et al, 201Q The
large number of structural sites apparently bind heavy metalnsatbn GS-H phase and
immobilize them through sorption, substitution, and precipitation of insoluble compzakis
and Deja2015; Bayuseno and Schma011)
3.2.8Discussionof Section 3.2

This studydevelopeda methodor analyang the concentratiorand distributiorof various
chemical compounds thecrystalline and amorphous phases of WIjeash FA). The empirical
chemical formulae were estimated based on the elemental composition and XRD quantification
results. The effects afiechemical components &A from two types ofscrubbers (dry and semi

dry) on the leachability of heavy metal®re also investigated.
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The chemical compositiofshown in oxides expressioof) FA indicatedthat CaO (~40%)
is dominant inthe FA of bothsemidry and dryscrubbers The components related tioe air
pollution sysem showedsome differencebetweenthe two types ofFA: semidry scrubber FA
contains less Cl (12%), activated carbon C (1.4%), i@@arbonate (6.4%), but more $0.4%),
and HO (9.8%)of crystallization thathe dry scrubbe Cl 18%, C 4%, C@10%, SQ 6.4% and
H20 6.6%). The varidgion in other elementss due to the MSWeedstockand WTE combustion
system. ZnQonstitute2% of FA, while other minor oxides of heavy metafstotal,constitute
<1% of FA atthe contaminant level.

The crystdine phases (450%) of FA were divided into six categories: (i) hydroxides
(<0.5%); (ii) carbonates {56%); (iii) chloride salts (~147%); (iv) sulfates (8.1%) and sulfide
(< 2%); (v) aluminates 21%); and (vi) silicates ¢6%). The amorphous phasegre50-55% of
the FA.The use of lime slurry does not significantly influence either the water vapor concentration
or thegas flowtemperature through the scrubber. However, the presence ofmihietime slurry
droplets in the semdry scrubber incrases the hydration reactions and influesade mineral
compositionof FA. Semidry scrubbing was found to bereorefavorable process for FBecause
it resutsin the transformationf FA to thermodynamicallynorestable crystalline hydrates (e.qg.,
calcium aluminate hydrates) and theamorphous €5-H phase.

Tests usingMethod 1313pH dependent test explained the effect of eluate pH on the
leachability of heavy metal3he leachability of heavy metals usingwater ANC = 0 meq/qg,
eluate pH = 125howedthat thePb, Cd, and Zn exceed) the nonhazardous landfill maximum
value Pb even exceeded the hazardous liffutik DEFRA Criteriafor the WAC limits) Cu, Ni,
and Cr were under the ndrazardous landfill limitsThe lowest leachabilitwasat eluate pH =6

10, for Pb, and 8.59, for Zn; andthese metals werentirely extractedteeluate pH < 4 (Pb) and
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eluate pH < 6 (Zn)The leachability of Cu and Qvas low at eluate pH > 6, increass@luate pH

< 6, andthese metals/iere completely extracteat pH < 4 (Cu) and pH < 2 (Cr). The leachability
of Cd was low at eluate pH < 10, increased at eluate-ftbl &ndCd wasentirely extracted at
eluate pH < 6.

In the TCLP tess, semidry FA exhibitedlower leachability of Pb and Ziascompared to
that of dryFA, andall heavy metals werkelow theRCRA standard$or nonhazardous landfill
disposal. Thalifference inleachability is due téowering ofthe eluatepH by reaction with the
alkaline components in EAandtheimmobilization of heavy metals by the forrat ofhydration

products (ettringite and-S-H phase)
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3.3 Characterization of combined ashand processing combined asho three size
fractions (fine, medium, and coarseand filter cake ash

3.3.1 Leachability (mg/L) of bottom ash, fly ash, and combined ashusing the TCLP
procedure, comparison to U.S. RCRA landfill limits

TheWTE plants in the U.Snix thebottom ash (BA) antly ash FA) residueso combined
ash CA) for landfill disposal. Figur8-15 shows theeffect of varyingashcomposition on leaching
of metals of environmental concefumit: mg/L) based on TCLP tests (Extractant Fluid #1 at pH
= 4.93; Extractant Fluid #2 at pH = 2)&hdcomplying withRCRA landfill limits. The FAused
is a product of aemidry scrubbesystem which isthe most commosystem useth the U.S.
(Huang 2008; Xu et al, 2021) BA is from the same WTE plant as FA. CA is the freshly mixed
BA and FA producedby the author in the weight ratio of 6 to 1. Each leachate by a certain

extractant was measured in three parallesfesi the average value presented in Figu@15.
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Figure 3-15TCLP leachability (mg/L) results for bottom ash, fly ash, and combined
ash, comparison to U.S. RCRA landfill limits . (The non-hazardous landfill limits accordin g
to US RCRA are shown in green lines.)
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RCRA provides the maximum elemental concentration in leachates for Ag, As, Ba, Cd, Hg,
Pb, and Se. The concentration of all leachates for FA, BA, and CA were below the RCRA limits,
exceptfor Cdin BA#2, whichwasslightly higher than the CRCRAIlimit of 1.0 mg/L. This result

indicates that CA is safe for disposal in Amazardous landfills.

3.3.2Chemical transformation of combined ashafter being disposed in landfills

In 2017, seven million tons @A weregenerated itheU.S. after ferrous and nderrous
metalsrecyclingand disposdin MSW landills or used as daily cover in landfil{§ian et al,
2020) Thepozzolanic reactionsetween FA and BA take plaogerseveramontts after disposal
(Sargent, 2015)The dissolved Careacts with any dissolved Si@nd AkOs andform hydrated
gels ofC-S-H and CA-S-H as shown in Figurd-14 andEquations3-20 and 321 (Lin et al.2008;
Sargent 2015)The newly formed €5-H and CA-S-H gels bind between tH&A andFA particles
and gradually harden tH@A.
Ca" + 20H + SiIO; A C-S-H (calciumsilicatehydrates gel) Equation3-20
Ca" + 20H + SiOx + Al,03s A C-A-S-H (calciumaluminatesilicatehydrates gel)Equation3-21

According toEquation 322, whenCA is expo®dto the atmosphere, such as usedaly
coverin landfills, the carbonation reaction will occur on-Based alkaline soponentgpresenin
CA. Additionally, carbonation reaction happens on the pozzolatfBeHphase inCA asshown
in Equation3-23. A complex decalcificatioqpolymerization process of the-@)-S-H phase and
the formation of amorphous silica gslinvolved in the CA aging. The carbonation of both Ca
based alkaline components ahd C-(A)-S-H phase contributes to the decrease in porosiBAof
and increase the mechanicalteength(Andradeet al, 2007; Chimenos et aR005) A previous
study showedhat in the shortterm of 90 days of aging, carbonation is firémary reaction

controlling the pH, decreasing tiBA pH from 12 to 10.9 to minimize the solubility of metal
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hydroxideg(Chimenos et al., 2000However, the disposaf WTE residues in landfills increases
the cost of WTE plantshe use of landndcan be associated wiemvironmental risks.
Ca(OH) + CO: A CaCQ (using Ca(OH to represent the Glaased hydroxides or alkaline
components) Equation3-22
(CaO).ASiO)(H20), + 1.7 CQ A (SiOz)(H20), + 1.7 CaCQ@(Morandeau et al., 2014Equation
3-23
Air with CO2
) Flyash }

@ Bottom ash

= Hydrated gels

Moisture .
release

Figure 3-16 Schematic diagram of transformation of the combined ash aging process
after disposed of in the landfills

To reduce the landfilling of WTE residuesuntries worldwide, especialthe Europan
Commission encouage the utilization of the mineral fraction of WTE residues as secondary
construction materials in the civil engineering se¢European Commission, 2019; Ginés et al.,
2009) BA is commonly identified as heterogeneous solid granulate material with a wide particle
size range (Figurg-1). Thus, the most common practicaiEngBA as a granular material or an
aggregate substitute (i) in road construction, suctoase and wind baers,embankmers (ii) to
replace natural aggregates in cemgated products, such as r&iructural or structural concrete.
However,there are environmental and engineering limitatifmmseusing theBA as secondary

construction materials in engineey applications, including leaching of CBQ?, and heavy
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metals, expansion due to metallic Al/Zn and ettringite, high porosity, low density, and low
mechanical propertigXuanet al, 2018)

Decreasg theleachability of heavy metathrough stabilization and solidification is the
primary concern for the utilizatioof FA. Previous researches explored the techmippfoaches
including cement stabilization (used as fine aggregate in cement mortar, cementitious
supplementary materials, or pozzolana materials) and thermal treatment stabilization (reusing as
cement raw meal additive, sintering to artificial aggregagegmic productg)Joseplet al, 2018)
Pretreatment methods are sometimgsdto reduce the leaching of salts and heavy metals from
FA, such as washing with water, acid, or alkali, carbonation, phosphating, or thermal treatment
(discussed irsection 1.32).

Amongthe investigategretreatment methods for WTE residueatev washings themost
economical method for upgradiWyTE residuego high-quality granulate materiallhe process
is associated witlsignificant reductions inthe leaching of chloride, sulfategévy metals, and
dissolved organic carbon (DO@eulen et al., 2016)

In the U.S., WTE power plantgroducecombined ash. Tdrefore,it is practical and
economial to explore water washing and procegsin the industrial fields to pretreat and
physiochemical transform th€A to northazardous materials, which can be reused in civil
engineering applications.

3.3.3 Mass balance and particle size distributionof combined ash processedthree size
fractions (coarse,medium, andfine), and filter cake ash

Figure3-17 shows theasreceivedCA collected from WTE plant&nd three size fractions
of combined ash (fine, medium, and coarse) after water washing, crushing, and size separation

processThe weight percentage distribution of three fractions and filter cake ash were measured
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by theauthor.3% of total CA was disstved in wastewater during the water washing proc4s.

dust particles were removed froBA during the water washing process and collected from the
wastewater treatment system as extra fine filter cake ash (EFFCA). The rest processed combined
ash constitted of 89% of totalCA was sieved and graded into three size fractamgranulate
materialsaccording to ASTM C136 and ASTM C3@) coarsecombined ashGCA, deve Size

No. 56 25.09.5 mm) (ii) mediumcombined ashMCA, seve Size No. 8; 9152 mm); (iii) fine
combined asliFCA, <2 mm)

WTE combined ash _" %

Mineral fractions

after ferrous and

non-ferrous metal
recovery

3%

- - " _ Dissolved
| Water washing, crushing, size separation |—>

9.5-25 mm 2-8.5 mm <2mm Wash-out dust\‘
4 Extra fine

S filter cake ash

27% 37% 25% 8%
Coarse Medium Fine Extra fine
combined ash combined ash combined filter cake
(CCA) (MCA) ash (FCA) ash (EFFCA)

Figure 3-17 Photos and masstransition of combined ash to coarse combined ash
(CCA), medium combined ash (MCA), fine combined ash (FCA), and extra fine filter cake
ash (EFFCA)

The materials in CCA and MCA are dominantly fr@&#A. The dissolved salts and alkaline
components in washing water frofA may slightly react with the surfacég BA. The primary

chemical transformation of the combined ash in the size range > 2 mm issthletthe of some
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soluble compounds and the hydration reaction of oxide compourigis.iAt the same time, the
crushing process also reduces the particle sizeAoénd influences the materials distributed in
CCA and MCA.

In the FCA (25% of total combinedla),6% is fromFA, and B% is fromBA. About8%
of extra fine dust washed out from the C&4 from FA and3% from BA), as filter cake ash
(EFFCA), should be utilized after proper treatment or safely disposed of in landifiégs3% of

total CA (mainly fran FA) dissolved in wastewater.
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Figure 3-18 Particle size distribution of as -received WTE combined ash and processed
three size fractions (fine, medium, and coarse)

As shown in the photos dfigure 317, CCA and MCA are hetogeneous and granula
stonelike materials, containing pieces of ceramic, glass, and sintered slag; FCA is a sandy fraction;
EFFCA is a compressed and dehydrated filter cake with a strong smell of sulfur. The particle size
distribution of asreceived CAand three fractions processed C20A, MCA, andFCA) is shown
in Figure 318. The specific gravity water absorptiomate particle size distributiom D10, D50,

D90, andchemical composition o€A are compared to natural aggregate,(sand and gravel)

and aresummarized in Tabl8-5. The specific gravity oCCA (2.29) andMCA (2.28) is similar
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to the same size fraction of natural stone aggre(fa6i-2.68) At the same time, the water
absorptimm of CCA (3.08%) andVICA (4.25%) are higher than that of natural aggregatee Th
specific gravity of the FCAs 48% of the natural sand. The FCA exhibadugh-waterabsorption
rate of 12.8%, indicating a highly porous and absorptive material with athitdte area. Similar
properties were observed in fisezed bottom ashin previous studieglzquierdoet al, 2002;
Siddique, 2010)

3.3.4Elemental composition and mineralcomposition of combined ashthree size fractions
(fine, medium, and coarsepf combined ash and filter cake ash

Si (10-20%), Ca (3-13%), and Al (1-3%) are dominantelementsin three processed
fractionsof CA (Dijkstra et al, 2019; Sorlinet al, 2011) The ®arser size othe processedCA
contains higher concentration of Si, whilee finer size ofthe processedCA containsa higher
concentration of Ca and AlThe heavy metals of environmental concern were distributed
differently in the three ash fractions, especially(dnthe <9.5 mmfraction), Cu((9.525 mm)
and Zn(2-9.5 mnj. Previous studies oBA indicated high Cwconcentrationn the < 0.45 mm
and > 4 mm range due to lithophilic property and entrainf¥a et al, 2013) Higher amounts
of Zn werepresent in the <3 mm range due to the binding to carbonate fragfiaret al, 2017)

Pb had the lghest values in the-2 mm rangefollowed by 31 mm(Chimeno<t al., 2003)

Ca (160), S (3%), Mg (1%), and Zn (1%) were the dominant elements in extra fine filter
cake ash (EFFCA). The high concentration of Ca and S in EFFCA indicates that, during the water
washing process, the Ca&f@lated insoluble component®re washed frorRA and transformed
to EFFCA. 1% of Zn in EFFCA indicatesatn was originally more concentrated in the fine dust
of CA. The water washing process is effedivan reducingthe Zn concentration from three

fractions oftheprocesseA.
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Table 3-5 Chemical composition (mg/kg), particle size distribution, water absorption,
and specific gravity of combined ash (fine, medium, and coarse) and extra fine filter cake ash

o Combined Coarse  Medium Fine Extra fine
Characteristics (9.525 (2-9.5 (0-2 filter cake
ash
mm) mm) mm) ash
Ash CA CCA MCA FCA EFFCA
Name Coarse  Medium
Natural Sand
gravel gravel
Specific Ash 2.29 2.28 1.25
gravity ( 10°
kg/nr) Natural 2.61 2.68 2.58
Water Ash 3.08 4.25 12.80
absorption (%) Natural 2.54 1.32 0.54
D10 0.42 6.35 2.90 0.17 1.92
Particle Ash D50 6.59 11.35 5.18 0.78 12.86
distribution D90 19.0 18.84 7.82 1.68 42.47
(mm) Nat D10 9.87 3.90 0.18
ural D50 13.94 6.97 0.80
D90 19.15 9.03 1.67
Ca 108,388 88,351 102,584 132,286 165,277
Si 49,861 162,759 175,185 100,312 36,167
Al 23,471 33,244 22,352 32,731 9,652
Fe 14,132 15,656 41,678 8,202 4,559
Mg 9,661 7,866 8,036 8,660 11,837
Na 12,814 4,109 7,319 2,515 6,602
K 4,780 11,284 6,666 6,751 5,141
Combined ash S 9,855 7,281 7,084 12,789 28,842
chemical Ti 3,564 3,449 2,382 4,242 2,565
composition in Mn 600 123 422 391 258
Concentration Zn 3,949 700 3,505 1,752 8,664
(mg/kg) Cu 77 6,639 1,814 2,192 826
P 6,689 643 1,996 6,631 81
Pb 423 088 3,877 373 387
Cr 71 69 67 134 31
Ba 84 1,094 1,201 1,009 639
Ni 49 15 34 44 11
Cd 36 7 2 8 69
Sr 205 68 174 223 155

The XRD patterns of CACCA, MCA, FCA, and EFFCA are shown in Figurel9. The
XRD quantification results of these ashes in different fractions are summarized in Tabie 3

the crystalline phase @A, the components include oxides and silicatgsich are mainly from
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BA (Table3-2). The silicates compounds KA (Figure 39) came fran flue gas containing very
fine combusted particulates BA. The sulfates and carbonates originated from BéttandFA.

The difference in CaS{concentration betwee@GA and the sum total dBA andFA is
mainly due to the chemical transformation during the mixing@Afand FA, resuling in the
formation of sulfate hydroxide/hydrate compounds (such as ettriDgifd 2(SQu)3(OH)12-26H.0
and alunite KAI3(OH)s(SQy)2). Alunite is a typical weathering or hgration product of
aluminosilicate materiald_ong et al., 1992)The heterogegous samples might also influence the
accuracy of XRD quantification results, esjadly in low percentage valsé< 1%).

The total carbonates (measured by TGA) are 15% in both FA and BA. For the crystalline
carbonate compound, calcite (4% CaL@as slightly increased in CA compared to the 3.3%
calcite in BA because of the presencé&Af(6% calcite). 1.5% of chloride compounds (CaCIOH,
NacCl, and KCI) in CA originated from FA.

In the crystalline phase of combined ash fractions after washing, crushing, and size
separation, Si@(quartz andristobalitg is the dominant compour{di0-20%) in FCA, MCA, and
CCA. In comparison1% of SiO, was partitionedo the EFFCA during the water washing.
Compaedto the concentration i@A, corundum Al203) mighthavereacted with silica or alkaline
components during the processitigus, it wasnot detected in FCA, MCA, CCA, or EFFCA.
Magnetite (FeOs) is concentrated in MCA, although some magnetite might be recycled by
magnetic separation before the combined ash washing process. Rutigi§Tigdesent in the
smaller size (< 9.5mm) of combinadh. Anhydrite (CaS£is concentrated in the MCA and FCA
afterthe process, while the only sulfate compound in EFFCA is 2% alunites(RiM)s(SQy)2).
Compaedto the total S concentration in 3% of EFFCA, the rest S from Ga8l&ted compounds

might be tansformed tahe amorphous phaseof EFFCA or other unknown microcrystalline
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compoundsA previous study mentioned that CaS@ight be adsorbed on the &H surfaceThe
chloride compound§CaCIOH, NaCl, and KCI) in CA were dissolved during the water washi
process and not in the processed combined ash fractions.

Table 3-6 XRD quantification results of combined ash (CA), three size fractions of
processed combined ash (coarse CCA, medium -MCA , and fine -FCA), and extra fine filter

cake ash(EFFCA).
Compo?(;)r)‘t fraction Chemical formula CA CCA MCA FCA EFFCA
Amorphous phase 73.2 66.7 76.7 575 63.3
Quartz Sioz 9.3 185 10.0 20.0 1.2
Cristobalite SiIO, 0.6 0.4 05
Corundum Al 03 1.7
Magnetite Fe0. 0.7 0.9
Rutile TiO; 13 2.6 0.6
Anhydrite CaSQ 0.6 09 1.3
Alunite KAI 3(OH)s(SQy): 0.8 1.8
Calcite CaCQ 4 3.4 26 45 10.5
Vaterite CaCQ 7.1
Potassium carbonate K2CGO; 1.4 5.3
Dolomite CaMg(CQ): 1.6 0.7
Ettringite CasAl2(SQOy)3(OH)12: 26H.0 20 0.6
Monosulfoaluminate CaAl 2(SOy)(OH)12:6H0 0.7
Monocarboaluminate CaAl 2(COs)(OH)12-5H.0 0.5 14
Hemicarboaluminate  CaAl2(COs)o.5(OH)13-5.5H0 0.9 0.5
Hydrocalumite CaAl 2(OH)12(Cl,C0s,0H),-4H,0 3.0
Enstatite MgSiOs 0.3 11 3.9
Gehlenite CaAIl[AISIO 7] 3.7 0.4 2.0 5.3 1.6
Akermanite CaMg[Si>O] 02 14 37 2.9 3.5
Mullite Al 6Si2013 3.9
Diopside CaMgSpOs 1.1
Calcium chloride CaCIOH 0.7
hydroxide
Halite NacCl 0.6
Sylvite KCI 0.2

The total crystalline carbonate compounds (calcite, vaterite, dolomite, potassium carbonate)

rangefrom 3-5% in three fractions, while EFFCA casted 0f24% those crystalline carbonate
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minerals The silicate compounds, includingnstatite (MgSiG), gehlenite (CaAI[AISIO 7]),
akermanite(CaMg[Si207]), mullite (AleSizO13), and diopside (CaMg&Ds), rangedbetweens-
10% in CCA, MCA, FCA, and EFFCA.

The presence and formation of crystalline hydrate compounds in combinedchstie
ettringite (CaAIl2(SQy)3(OH)12:26H0) in CA/CCA, monosulfoaluminate
(CaAl2(SQu)(OH)12:6H20) in CCA, monocarboaluminatéCaiAl »(COs)(OH)12-5H.0) in CA and
FCA, hemicarboalminate (CaAl(CO3)os(OH)13:5.5H0) in FCA and EFFCA and
hydrocalumite{CaAI(OH)s.5Clo.5:3(H20)) in FCA.

Ettringite (CasAl 2(SQy)3(OH)12: 26H:0, also calledhe AFt phasen the cement systens
the hydrate phadermedin the initialreaction betweedissolvedsulfate ions and the aluminate
phases IWTE bottom aslkasshownbelowin Equation3-24. The presence of ettringite depends
on the ratio of CaS£xo tri-calcium aluminate (3Ca®l.03). When this ratio is low, ettringite
converts to moosulfoaluminate (Gal2(SQs)(OH)12:6H0, also called athe AFm phase)as
indicatedbelowin Equation3-25 (Bullard et al., 2011)When tke ratio is intermediate, ettringite
partially converts to monosulfoaluminatmth present inCCA; when the ratio of CaSQo tri-
calcium aluminate (3Ca®AI20s) is high, the ettringite is unlikely to convert to
monosulfoaluminat¢€Christensen et al., 20Q4)hus, only ettringites present in CA due to the
sufficient anhydrite (CaS{p

A previous study mentioned that the rfation of hemicarboaluminate occurs in the
CaCQ-bearing system with slowalcite (CaC@) dissolution kinetics(Martin et al, 2015)
accomparedwith the formation of ettringe asshown inEquation3-26. However, when the molar
bulk CGJ/AIO3 ratio is higher than 0.33, the continued addition of calcite mesultthe

hemicarboaluminatdeing progressively replaced by monocarbonaluminadditionally, at
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carbonate ratios at or above 0.6® free calcite amount is increasaad the monocarboaluminate
amount is decreasé€ilatscheiet al, 2007) Thus, egarding the formation of these hydrates, both
calcite CaCQ®) and vaterite (CaCQ) react with monosulfate to form ettringite,
monocarboaluminateand amorphous Al(OH)but he presencef gypsumlowersthe reactivity
of both carbonate@artin et al.,2015)as Equatior8-27.

CaAl206 + 3CaSQ 2,61+ 2680 = CaAl(SQy)3(OH)12 2 BOHettringite) Equation3-24
2CaAl:0s + CaAlaSQy)s(OH)2 2 8OH + 4RO =  CaAlx(SQu)(OH)2-6H0
(monosulfoaluminate) Equation3-25

6CaAls012SOs ( Ye O el i mi t £} 135H0 Ca € @aAlx(COs)o.5(0OH)13-5.5H0
(hemicarboaluminate} 2Ca&Al2(SQu)3(OH)12 2 BOH(ettringite) + 14AI(OH) + 5Ca(OH)
Equation3-26

3CaAlc01Sx ((Yedel i mite) + +72HQ@ Ca QOnAIZ(COs)(OH)12:5H0
(monocarboaluminate) +CasAl2(SOy)3(OH)12 2 8OH (ettringite) + 6AI(OH) (amorphous

aluminum hydroxide) Equation3-27
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Figure 3-19 XRD patterns: combined ash (CA); fine combined ash (FCA); medium
combined ash (MCA); coarse combined ash (CCA); and extra fine filter cake ash (EFFCA)

3.3.5L eachability of three fractions processedombined ash(fine, medium, and coarse)and
filter cake ash LEAF Method 1313-pH dependence
3.3.5.1 Acid neutralization capacity (ANC, LEAF Method 1313) of three fractions processed
combined ash and filter cake ash

LEAF Method 1313 leaching results as a function of pH are shown in F3g@eThe
acid neutralization capacity (ANC) (FiguBe20a) showed the eluate pH GA andtheprocessed
ash fractions aftemixing for 24h to reachequilibrium. The eluate pH dahe distilled water
leaching (O meq/qg) for processed combined ash fractloG®\( MCA, andFCA) is in the range
of 10.410.7. Water washing reduced the ANCGA by removing the fine alkaline particulates.
The eluate ptof EFFCA when water was used (@edq), is 11.3. The eluate pH decreased with
the increasin@gmount ofequivalent acid added (meqg/@hefiner particlesof the processeCA

had more alkaline components andicatedhigher acid buffering capacity. The ANC curve of
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CCA andMCA are similar,with gradient buffering performance, due to the large proportion of
glass and ceramic components in their ash fractions.re€vesigher eluate pH than CCA and

MCA at the same equivalent acid added, indicating FCA contains more alkaline compounds

3.3.5.2Leachability of heavy metals in three fractions processed combined aahd filter cake
ashby using water (LEAF Method 1313 procedue)

The leachability of heavy metals by using water leaching, including Cd, Cr, Cu, Ni, Pb,
and Zn, is present in FiguB20. The procedure of LEAF Method 1313 by using water leaching
is the same as BS EN 12437Currently, there is no available criteria for U.S. EPA LEAF tests;
thus, the UK WAC limits is present in Figure28 as well as a reference for the enactiorutfre
LEAF criteria.

Overall, the processed combined ash in three size fractio@s,(MCA, and FCA)
indicatedsignificant reduced leachability compared to @# samplesThe leachaldity of heavy
metals inCA is below the UK WACnonhazardous landfillimits. The processing improved the
chemical stability of ashresulting in the leachability of heavy metalash fractionss below the
UK WAC inert wastdimits, which can béeneficiallyused as secondary materials in constoncti
The leachability (mg/kg) by distilled water leaching (0 meqg/g) is compared to the WAC landfill
leaching limits in Figur&-20b. Theheavy metal$eachability of three ash fractions (CCA, MCA,
and FCA) are all under the inert waste limit. The leachghili Cu and Ni in EFFCA exceeded
the inert waste limits while they were still under the limits tratacceptable for nehazardous
landfill.

To conclude, water washing, crushing, and size separatexffective procesag steps

that can transform th€A to nonhazardous materials or inert materialfie processesuls in
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three ash fractionsvhich can bebeneficially utilized as secondary construction materidlse

fine washedout dust fromCA can be safely disposed in nrbazardous landfills.
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Figure 3-20 LEAF Method 1313 results of combined ash , three fractions processed
combined ash (fine, medium, and coarse), and extra fine filter cake ash as a function of pH : a.
acid neutralization capacity (ANC); b. leachability (mg/kg) of heavy metals by using water
(LEAF Method 1313 procedure), comparison to UK DEFRA WAC landfill limits; c.
leachability (Cu, Pb, Zn, Cd, Cr, and Ni ).

(Below the red lineacceptable for hazardous landfills; below the yellow-aoeepable for non
hazardous landfills; below the green kakceptable as inert wassndfills).

3.3.5.3Leachability of heavy metals inthree fractions processed combined ash and filter cake
ash as a function of pH (LEAF Method 1313)

The effect of acid lea@hg of Cu, Pb, Zn, Cd, Cr, and Ni, are presented in Figtl@c3as
a function of eluate pH. Pb, Cd, and Cr were stable in the, BALAM, and FCAwhen eluate pH >
7. When eluate pH < 7, the heavy metals were leached out gradually with the decreasing eluate
pH. Cu and Zn were stable in CCA when eluate pH > 6, while the leachability increased when
eluate pH decreased. The leachability of Cu and Zn was increased gradually with the decreasing
eluate pH in MCA and FCA. At eluate pH = 4, most of Zn was leachefiiom three ash fractions.
Ni was leached out gradually with the decreasing eluate pH from three ash fractions. The

leachability curve of EFFCA is generally higher than that of three ash fractions, inditeting
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filter cake accumulated sonfme dustof CA with higher leachability oheavy metalsThe

produced ash fractions (CCA, MCA, and FCA) tanused as construction materials.

3.3.6Discussionof Section 3.3

The chemical composition of three-igxeived ash (FA, BA, CA), three processed ash
fractions (CCA, MCA, FCA), and the washed dust (EFFCA) is calculated in weight proportion%
and presented in TabB7. The weight % of C@and HO (waterof crystallization) was measured
by TGA.

The chemical composition of WTE ash was reported inettpressia of oxides.CaO,
SiOp, and AbO3 are dominanthemical composition in oxides formWTE ash. Ca@ompounds
is mainly transformed to finer fractions (FCA and EFFCA) during the processing, thkile
composition ofSiO, mainly remains in the larger fractisffCCA and MCA). AIOs in BA was
mainly concentrated in the finer agind partitionedo FCA and MCA during processing. 7
in BA is concentrated in the medium size (MCA)Ywas highly dissolved during water washing.
SOs was mainlypartitionedfrom FA to FCA and EFFCAThe composition oZnO wasleached
out from FA and concentrated in EFFCA. CuO is mainly presented in coarser size ahBA
therefore, CCA has a higher concentration than MCA and FCAsRvas mainlyfound inFCA
samplesCQ; ascarbonate was mainjyartitionedfrom FA to EFFCA. EFFCA contained a high

ratio of water of crystallization due to its formation process.
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Table 3-7 Chemical composition of WTE fly ash, bottom ash, combined ash, processed
three ash fractions (coarse, medium, and fine), and extra fine filter cake ash in  the expression
of oxides weight (%).

Chemical As received Processed ash fractions Washed dust
composition in oxides
(%) expression FA BA CA CCA MCA FCA EFFCA
CaO 38.94 27.13 31.53 18.94 20.17 29.25 33.45
SiIO 5.67 33.78 22.18 53.34 52.65 33.91 11.19
Al20s3 3.30 6.11 9.22 9.62 5.93 9.77 2.64
FeOs 0.90 5.97 4.20 3.43 8.37 1.85 0.94
MgO 2.55 2.02 3.33 2.00 1.87 2.27 2.84
NaO 2.09 0.58 3.59 0.85 1.39 0.54 1.29
K20 2.98 1.55 1.20 2.08 1.13 1.29 0.90
SO 10.62 6.25 5.12 2.78 2.48 5.05 10.42
TiO2 0.34 1.31 1.24 0.88 0.56 1.12 0.62
Mn20s 0.21 0.11 0.16 0.02 0.08 0.08 0.05
ZnO 1.85 0.63 1.02 0.13 0.61 0.34 1.56
CuO 0.07 0.41 0.02 1.27 0.32 0.43 0.15
P>Os 2.25 2.38 3.19 0.23 0.64 2.40 0.03
PbO 0.12 0.07 0.09 0.16 0.59 0.06 0.06
Cr03 0.01 0.02 0.02 0.02 0.01 0.03 0.01
BaO 0.01 0.17 0.02 0.19 0.19 0.18 0.10
NiO 0.01 0.02 0.01 0.00 0.01 0.01 0.00
CdO 0.02 0.01 0.01 0.00 0.00 0.00 0.01
SrO 0.03 0.04 0.05 0.01 0.03 0.04 0.03
Cl 8.75 0.08 0.14 0.01 0.01 0.03 0.15
C 2.20 0.31 1.87 0.00 0.00 0.16 1.68
CO: 6.53 5.42 5.53 2.06 1.54 3.27 10.75
H20 10.56 5.64 6.26 1.96 1.42 7.91 21.14
SUM 100.00 100.00 100.00 100.00 100.00 100.00 100.00

The maincomposition inoxidesexpressiomormalized to CaO + S+ Al>Os = 100%is
calculatedin Table 3-8 and presentedrigure 3-21. The ternary composition dfFA and BA
reviewed from literaturéFigure 322) is compared to the composition of ordin&grtland cement
(OPC), the common cementitious supplementary materials from industrial waste (blast furnace
slag, coal fly ash Class C/F, coal bottom ash), waste glass, silica fume, and some clays commonly

applied in cement material (bentonite, kaolin, akeblin) (Lothenbactet al, 2011; Kula et al.
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2001; Siddiqueand Bennacer2012; Jiang et gl2019; Nochaiyaet al, 2010; Shi et a).2017;

Abdullahi et al, 2016; Flessatt al, 2021)

Table 3-8 Normalized oxides (CaO + SiO 2 + Al20s = 100%) concentration of WTE fly
ash, bottom ash, combined ash, processed three ash fractions (coarse, medium, and fine), and
extra fine filter cake ash for ternary diagram.

Normalized omposition As received Processed ash fraotis ~ Washed dust
in oxides (%) expressio  FA BA CA CCA MCA FCA EFFCA
CaO 81 40 50 23 26 40 71
SiO, 12 50 35 65 67 46 24
Al203 7 9 15 12 8 13 6
SUM 100 100 100 100 100 100 100

The ternary composition of FA and EFFCA is very similar and close to lime (CaO),

therefore FA iausually used as cementitious supplementary material. Both FA and EFFCA have

the potential to be used as feed raw material in cement clinker prod(Wuoet al, 2011; Saikia

et al, 2007; Clavier et al2020) BA, CA, and FCA have similamompositions wit blast furnace

slag, indicating BA, CA, FCA may have some cementitious or other binding reactions, such as

alkali activation. However, the chemical reactivity may be lower than blast furnace slag. FCA has

a slightly higher AlOs% than other WTE astamples examine@€CA and MCA contained a large

proportion of SiQwith a similar property as quartz. It indicates CCA and MCA are inert and very

suitable to be used as stone aggregate alternatives.
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CaO (%)

Figure 3-21 CaO-Al :0s-SiOzternary diagram for as received ash (FA, BA, CA),
processed ash fractions (CCA, MCA, FCA), and filter cake ash (EFFCA).
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Figure 3-22 CaO-Al 203-SiO2 ternary diagram for composition of industrial waste and
other aluminosilic ate materials data reviewed by author
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3.4 Chemical transformation of water, acid, alkali washing for bottom ashfly ash,
and combined ash

Washing is a widely applied treatment to upgrade the qualiyasteto-Energy WTE)
residues for further utilizatiofLynn et al, 2016; Keulen et al2016) For WTE fly ash FA),
washing with water owith diluted acid solution careduce significantlyhe leachability of heavy
metals and soluble chlorideski before final stabilization/solidification treatmei@himenos et
al., 2005; Mulder 1996) Hydrochloric acidvas used téeachout metals fronFA, with the final
solution having @H = 2 Commercial extractas LIX860N-I (an aldoxme) and Cyanex 923 (a
mixture of phosphine oxidesjere usedor Cu andZn extractionaccordingly yielding recovery
rates o0f69-87% Cu and 780% Zn based on the contentsF# (Tang and Steenar2015) In
recent years, aavel method for reducing heavy metalsHA by using alkaline leaching solvents
(i.e.,0.5M agueous NaOH, KOH, and MBH) has been proposethis processlso uptakeO,
and precipitates it with the metal compountdthe wastewatgiKang et al., 2020)

Due to the advantages thie physical properties @A, it is suitable to be utilized as stone
aggre@te in constructionZhu et al., 2016) However, asreceived BA requires upgrading
treatment such aswater washingto reducethe leaching of chloridesulfate, heavy metals
dissolved organic carboand fine dust particlg&eulen et al., 2016 5o0me studies indicated the
water washing is not effici¢no remowe heavy metals fronBA becausehe solubility of heavy
metalsis low atthewater leachinggH at10-12 (Sun & Yi, 2020) Thus, theacid washingprocess
was proposed b§un and Y, 2021by using up to 0.56n0l/L concentration of acid and received
the maximum metal removal efficiencias62-76% for Zn, Cu, and Ni, and 125% for Pb, Cr,
and Cd resulted irthe changeof mineral componentsf BA. On the other hand|kaline washing

(Imol/L [OH]) hasalsobeen studied toemove the metallic Al and Al/Zn alloys BA which
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may cause cracking when it used in concaetdredue theleachability ofheavy metalgXuan &
Poon, 2018) Therefore, themetals removal efficiencies by washing treatment with different
chemicals and the composition changes in washed produ@spsreteca comparison

The objective of this study was tmderstandhe chemical transformation 6, BA, and
U.S. CA during thewashing process by using water, nitric acid, and sodium hydroxide alkaline
solutiorsin different concentration3 hetransformation of materiateasschemical composition,
mineralcomposition and leachability ofthe washed ash produdhe filter cakeashby-product
(thewashed-outdust< 75* m, collectedfrom the wastewater treatmenénd the dissolved ash in

wastewaterareused to evaluate the effeesd efficiencyof washing process

3.4.1Treatment procedure and masdransition

As shown in Figur&-23, for washingFA, BA, andCA, thefollowing solvents were used
distilled water, 0.1, 0.5, and rhol/L of HNOs solutiors, and 0.1, 0.5, and 1 mol/L oNaOH
solutiors. Theovendried FA, BA, and CA were mixed with solvents with a ligp-to-solid (L/S)
ratio of 10 mL solution/glry ash samples. The mixture wasxed for 24 hoursn the turrover
turn rotatorto reach equilibriumThereceivedmixture was separated loxgingNo.200 Sieve (75
‘' m opening size)The slurry with the partites less than 75m, was filteredto separatehe
leachatgwastewaterfrom the solidfilter cake.Washed WTE residues and filter cake ash were
ovendried at 38 for 48h toremovethe surface moisturand the samples werrther
characteried.Characterizatiomcludedweight, elemental composition, minecalmposition and

leachability.The eluate pH and element concentration of wastewater were measured as well.
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thermogravimetric analysis (TGA), leachability (ICP-OES)

Figure 3-23 Schematic of WTE ash washing procedure

Mass balance: Total WTE ash = washed ash + filter cake + dissolved fraction in wastewater

TheeluatepH (24 hours) of wastewater by different washing solutions is shown in Figure
3-24a.The wastewater pH of FA washing was decreased below 12 by userglQ.610l/L HNOs.
For CA,0.1-1 mol/L HNGs acid added to the washing agent resulted in the reduction of wastewater
pH. The use of 1M HN®and 0.5M HNQ resulted in similar wastewater pH of betwee8 fbr
both BA and CA samples. Compared to the slightlygasegH from about 12 to 12.50 by using
0.1 mol/L NaOH for FA and CA washing, the wastewater pH of BA apparently from 9.54 to 12.70.
When the concentration of NaOH increased (0.1 to 1 molie)pH of the wastewatef FA, BA,
and CAwas similar and bateen 1214. Thus, it can be concluded from the wastewater pH that (i)
0.5 mol/L HNOs washinginfluenced the wastewater pbf BA and CAsignificantly; (ii) alkali

washing at low concentratioe.(.,0.1M NaOH) ismainly affectedon the pH ofthe wastewater
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produced duringdA treatment (iii), 1 mol/L HNOs washingis more effectiveo influence theoH

of wastewater oFA, due to the high proportion of alkaline compounds in FA

14 T

12 | J
10 .
= |
Q.
5 st i
@
$
% 6 i
(4]
=
4 =
: —=—FA| |
2+ —eo— BA|
—a— CA|
1M ll-|N03 ) O.SMIHNO3 oM IHN03 atse  oAM ;\laOH oM lNaOH R r\;aOH
Washing solvent
a.
Washing solvent Washed FA Filter cake Dissolved FA Waste:ater
i p
1M NaOH 55% 35% 11% 12.98
0.5M NaOH 46% 40% 13% 13.03
0.1M NaOH 54% 30% 17% 12.38
Water 55% 17% 28% 11.99
0.1M HNO, 59% 31% 10%| 11.95
0.5M HNO, 43% 30% 27% 8.48
1M HNO, 54% 18% 28% 235
0 n A n n 210 n i n o 410 n n n 4 3 6lo n n n 8l0 A A A n 100
WTE fly ash
b.
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Washing solvent Washed BA  Filter cake Dissolved BA Wastewater
s H
1M NaOH 87% 13%0%o 13215
0.5M NaOH 84% 14% 2% 13.28
0.1M NaOH 61% 31% 8% 12.70
Water 86% 12%2% 9.54
0.1M HNO, 81% 12% | 7% 7.05
0.5M HNO, 68% 10%| 22% 2.40
1M HNO;, 59% 13% 28% 1.04
o...lzloull‘{o“llelo“ .8‘0..‘.100
WTE bottom ash
C.
Washing solvent Washed CA  Filtercake  Dissolved CA Wastewater
N oH
1M NaOH 85% 15%0M% 13.48
0.5M NaOH 75% 23% 2% 13.30
0.1M NaOH 84% 13%2% 12.54
Water 77% 19% 4% 11.83
0.1M HNO;, 77% 14% | 9%| 9.29
0.5M HNO;, 61% 17% 22% 2.89
1M HNO, 49% 10% 41% 1.14
0 T '2lo. ” .410. — .6I0‘ H lslol H .100
WTE combined ash
d.

Figure 3-24 a. Eluate pH of wast ewater; massfractions of ash products via washing
process:b. fly ash; c. bottom ash; d. combined ash;
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The mass partition of washed ash, filter cake, and dissolvedsasiesent in Figure3-
24b-d to evaluate the effects of washing proc@3se mass partitiorof the washedFA by using
different washing agentsere constantly rangdabtweem3-59% of the total FAFigure 324b).

The difference of materials mass by using different agents is prestr@ proportions of filter
cake (1740%) and dissolved FA (128%).The water washing resulted in 17% of filter cake, and
28% of dissolved FAThedissoltion of FAincreased from 10% to 28% with the increaditigOs
concentration of washing agemise tothe neutralization reactignvhile it decreased from 17%
to 11% with the increasing alkaline concentratiaocompanied with the increasipgrtition of
filter cake(30-40%)due toprecipitation.Thereforethewashing process is not econoalifor FA
prereatment due tthe transformation cbout 50% of total FAo filter cake (byproduct) and
dissolutionin wastewater

The mass balances BA and CA indicates similar{fégures 324c¢ and d) The remaining
washed fraction constituted 8% of totalBA and 4985% of total CA. The higher dissolution
occurred at lower wastewater pH. The dissolved fraction of CA was in the rangk&lef vith
that of BA indicating a range of28% for all washing solvents. In the extreme acidic condition
(wastewater pH = by usinglM HNGO:s), 28% and 41% of the total weight of BA and CA was
dissolved, respectively. BA has a similar filter cake weight%14®%) for all washing solvents
used, except for 0.1M NaOH, which had 31wt.%. The addition of FA in CA, results in slightly
higher production of filter cake weight percentage-ZBOwt.%), as compared to BA. Therefore,
when the wastewater pH >&yout 80%of total BA or CA iswashed ashl5% is filter cake, and

5% s dissolved in wastewatewhich resultsn acceptable massdsfor awashing process.
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3.4.2Chemical composition ofasreceived ash

Figure3-25 showstheelemental distribution asxides (%)of as receivedA, BA, andCA.
The results wereormalizedo oxides in weight percentage. The matamentg>0.5%)in oxides
of WTE ash included Ga (21-47%), SiO2 (2-34%), Al203(6-10%), Fe0s (1-11%), SOs (2-6%),
MgO (3-4%), NaO (2-4%), K20 (1-4%), P>Os (2-3%), ZnO (1-2%), CO; (5-7%) of carbonats,
H>O (6-8%) of crystallization (in hydrates and hydroxidgsThe actvated carbon (from air
pollution control system in FApr unburned organic matter (mainly in BA) constituted% of
total WTE ash. FA containeg® of Cl, while BA containeé very smallamount of CI(0.08%)

So, he 2.2% Cl in CA waa result oFA. The minor elements in oxides form of WTE ash included
TiO2, MnO, CuO, PbO, GOs3, BaO, NiO, CdO, and SrO. The sum of these minor elements of
oxideshad a range d3.3-0.6% of total WTE ash

The chemical composition &iO,, CaO,Al203 (oxides % expression) iBA andCA is
high, and FeOs, whichrangebetween/0-75% the CaO, and ADs are mainly formed with Si©
in low soluble and high resistasilicate minerals (discussed later in Section 3.4.3), so the
dissolution of BA and CAs in less than 10% bgdding0.1-1 mol/L NaOH, water, and 0.1 mol/L
HNOs washing, and increased to up ta480% when usingery strong acid (1M HNG).

However, he sitwation is different for FAFA contains more soluble compouratsd can
react with washing agentsicludingthe composition o€a0 @7%), NaO (2%), Cl 8%), CQ as
carbonate 1%), Al20s (6%), and S®@ (6%). The washing treatmemtan effectively dissolve the
solubleCl salts in FAandavoid chloride corrosion on steeldien it usedn reinforced concrete
(Wei and Cheng2016; Yanget al, 2012) While, thecompoundsvith cementitious reactivity are

alsodissolveal or reacted with washing agentssuling in thewashed FAoresentsowerreactivity
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compared tdhat ofasreceived FAKeppertet al, 2015) The high dissolution in wastewater and

by-product of filter cake will also increase the treatment cost for WTE plants
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Figure 3-25Chemical composition distribution in WTE as -received ash.
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3.4.3Elemental composition transformation on WTE ash during the washing process

Figure 326 presents the elemental transformation of FA, BA, and CA during the washing
process by different chemical agents. The element transformation was calculateiddyhe
formula below

Oxide transformation % = Normalized oxide proportion (%) of each @nactifraction
percentage by mass balance (%)

The washedshis the final product of the washing procegke dissolution of WTE ash
was controlled by the solubility of ash compounds and under the equilibrium pH in the wastewater
caused by washing agerfls and Demopoulos2005) Filter cakeis produced bythree main
sources(i) fine dustdirectly washedrom the surface of WTE ash; (iine piecesbroken fran
the WTE ash due to the reactibetween ashvith washing agentqiii) precipitaies due to the
supersaturatian

The composition o€aO(oxide %)was primarily influenced by the washipgocess, with
near half of the Ca@ompoundgartitioned into wastewar or filter cakeUnder the high alkali
conditions, Ca forrad inCa(OH}) under the saturated conditiofiém & Hirato, 2014) which was
detected as Portlandite (Ca(QH)discussed inSection 3.4 (Figure 327)). In strong acid
environment(0.51M HNOs), most of CaOn BA and CAwas partitioned into filter cake and
wastewatedue to the alkali Ca©ompounds (such &aCQ and GS-H phaseyeacted with acid
washing agents

Gypsum (CaSeR2H>0), bassanite (CaS0.5H0), and anhydrite (CaS{Paredominant
sulphate compounds in FA (discussed in Sectid@.3Figure 327a). The solubility of calcium
sulphate hydrates is governed by the Equati®8, 329, and 330. The concentration of OH

from washing agents (3BV NaOH) and dissolved FA precipitated théGeom aqueous phase
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to form Portlandite (&(OH)) as Equatior8-31 (Duchesne & Reardon, 1999Jhe precipitation
of C&* promoted the equilibrium of Equati@30to the dissolution. Thus, more than 70% 0tSO
in FA dissolved by 0-AM NaOH washingHowever the sulphate compounds wenere complex
in BA and the dissolved OHrom BA was less than that from FA3% of SQ in BA dissolved
by 0.51M NaOH washing and 62% of S@ BA dissolved by0.1-1M HNOs washing which
indicates the sulphate compounds in BA is more soluble in acidistmoTs.

# B/ x (/I =z #3/1 a® (/ p® (/ Equation3-28

#B/O® (/] =z # 8/ ™ (/ Equation3-29

#B/ z #A 3/ Equation3-30

# A ¢/l ( z#A ( Equation3-31

The CQ in carbonates reacteohd dissolvedn acid washingaccording toEquation 332.
0.51M HNO:s reactedwith more than 85%0; in carbonatein BA and CA, and dissolved 60
90% ofCOz in carbonates in FA. The carbonates in BA and CA also dissolved in NaOH salutions
This is because thHagh concentration of OHeacted wittigh proportion ofilicatecompounds
in BA and CA(expressed as Si@rU 3 EOx | 1 ), and CaC@, as shown irfEquation 333 and
3-34, transforming to silicate gels and dissolveds€ (Bilvia et al, 2020; Shaqouet al, 2017;
Hakem Aziz et a].2020)

# A ¢ ( z # A (#/1 z #A ( (# 1/ z # A

(7 # Equation3-32

@d#N  UIE cU/ (° @# A3 EX( / (Calcium silicate hydrate gel)+ xCOs>
Equation3-33

O#HN U3IEXDOd cU/ (O @#ADIEXOA AL / (calciumaluminate

silicatehydrates gely xCOs>  Equation3-34
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