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Abstract 

Characterization, Stabilization, and Utilization of Waste-to-Energy Residues to Materials for 

Civil Engineering Applications 

Yixi Tian 

 

About 27 million metric tons of municipal solid waste are used annually as fuel in U.S. 

Waste-to-Energy (WTE) power plants, which annually generate seven million tons of bottom ash 

(BA) and fly ash (FA). In the U.S., bottom ash and fly ash residues are mixed to ñcombined ashò 

(CA) in the approximate ratio of 6 to 1, and are disposed in landfills after metal separation. The 

disposal of WTE ash is a significant cost and land use item of waste management. This dissertation 

aims to (i) comprehensively understand the characterization and properties of WTE ash; (ii) 

provide practical and economic stabilization technologies to reduce the leachability of heavy 

metals in WTE ash and assessing whether it can be further beneficially used as secondary materials; 

(iii) utilize the stabilized/processed WTE ash as secondary construction materials in civil 

engineering applications, thus diverting materials from landfills and contributing to the circular 

economy.  

The Characterization section provides a comprehensive assessment of WTE bottom ash, 

fly ash, and combined ash, including chemical composition (XRF, ICP-OES, IC), mineral 

composition (X-ray diffraction-XRD quantification), thermogravimetric analysis (TGA), particle 



 

size distribution, and scanning electron microscopy (SEM). The physical properties of WTE 

residues were also investigated, including moisture, bulk density, specific gravity, void content, 

and water absorption. Leaching Environmental Assessment Framework (LEAF) Method 1313 of 

the U.S. Environmental Protection Agency (EPA) was used to understand the effect of eluate pH 

on the leachability of heavy metals. Combination 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 combustion chamber into a water tank. The 

BA includes 50-70% mineral fraction, 15-30% glass and ceramics, 5-13% ferrous metals, 2-5% 

non-ferrous metals, and 1-5% unburned organics. This thesis received the BA samples after ferrous 

and non-ferrous metal recycling. The major chemical composition includes SiO2 (34%), CaO 

(21%), Al2O3 (9%), and Fe2O3 (11%). According to XRD quantification results, BA consists of 

76% amorphous phases (glass and metastable minerals), and the dominant crystalline mineral is 

quartz (SiO2, 12%). The calcium silicate (aluminate) hydrates (C-S-(A)-H) gel formed during the 

water quenching process embeds fine particles in the amorphous phases.  

The U.S. WTE air pollution control systems commonly include semi-dry scrubbers, with a 

few plants using dry scrubbers. FA consists of two kinds of particles: the furnace particles carried 

in the process gas and the newly-formed particles in the scrubber. The major chemical composition 

in FA includes CaO (40%), Cl (15%), SO3 (8%), CO2 (8%), and activated carbon/organic matter 

(3%) due to the injection of absorbents (hydrated lime and activated carbon) and the effects of flue 

gas scrubbing. The empirical formulae of the constituent crystalline (40-50%) and amorphous (50-

60%) phases were derived. The excess water in semi-dry scrubbers improved the hydration 

reaction between newly-formed particles and furnace particles and resulted in the transformation 

of amorphous phase to calcium silicate hydrates (C-S-H) phase. The hydration products of semi-



 

dry FA immobilized some heavy metals and reduced their leachability to below the levels of the 

Resource Conservation and Recovery Act (RCRA) by Toxic Characteristic Leaching Procedure 

(TCLP) test, as compared to dry scrubber FA, which exceeded the limits of RCRA.  

The U.S. combined ash can pass the TCLP test and comply with the RCRA standards for 

non-hazardous landfill disposal. The Stabilization section examines the effects of processing 

combined ash. CA undergoes water washing, crushing, and size separation processes to three 

fractions: coarse (27%, CCA, 9.5-25 mm), medium (37%, MCA, 2-9.5 mm), and fine (25%, FCA, 

< 2 mm), identified by particle size distribution results. The by-products of the washing process 

are extra fine filter cake ash (EFFCA, 8% of CA) collected from the water treatment system and 

ash dissolved in the wastewater (3% of CA). The characterization (chemical composition, mineral 

composition, and leachability) of ash the fractions (CCA, MCA, and FCA) showed that their 

mineral changed during the processing and exhibited significantly lower leachability (LEAF 

Method 1313-pH dependence), in comparison to as-received CA. The processed ash fractions with 

reduced leachability of heavy metals, can be further beneficially used as secondary materials. 

The effect of pH of the washing agents (water, 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 cake (by-product), and wastewater (dissolution) during ash processing was 

developed to compare the effectiveness of the washing process, which is dominated by dissolution 

and precipitation reactions. As-received FA, BA, and CA contained 50-75% of amorphous phases 

in metastable status, which are transformed to crystalline phases during the washing process. It 

was concluded that water washing is the most practical method for transforming WTE CA to 

construction material. 



 

The Utilization  section examined the use of WTE ash in civil engineering applications, i.e.  

(i) Using the CCA and MCA fractions as stone aggregate substitute in structural concrete;  

(ii)  Using FCA as sand substitute or using the milled FCA (MFCA) powder as mineral 

addition in cement mortar;  

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

(iv) Using FA and phosphate FA (PFA) as cement substitute in cement mortar. 

In conclusion, the CA size fractions, i.e., MCA and CCA, are suitable for use as aggregate 

substitutes in the production of structural concrete. Up to 100 wt.% of stone aggregate in concrete 

can be substituted by MCA and CCA. The compressive strength of the optimal products exceeds 

28 MPa after 28 days of curing, which is comparable to commercial concrete products using 

natural stone aggregate. The optimum concrete mixture composition was 40 wt.% of MCA or CCA, 

30 wt.% sand, 20 wt.% cement, 10 wt.% water, and superplasticizer, with compressive strength of 

28-30 MPa and elastic modulus of 6,300-6,600 MPa. The optimal products complied with stringent 

leaching standards, and the properties of the final products were comparable to the conventional 

civil engineering materials. 

All FCA or MFCA products were effectively stabilized/solidified and transformed to non-

hazardous material that can be used in construction. The main challenge in the utilization of FCA 

or MFCA in cement mortar is the cementitious phase expansion due to the metallic aluminum 

present in FCA or MFCA. It was concluded 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 the production of cement mortar.  

In the production of artificial aggregates, up to 15% of FCA or up to 10% of EFFCA can 

replace metakaolin by volume. The produced samples indicated crushing strength of 4 and 1.5 



 

MPa, respectively. The specific gravity and water absorption of optimal ash aggregate is 1.3 and 

30%. The FCA and EFFCA aggregates exhibited good chemical stability and reduced the cracks 

observed in the fire resistance test. The ash aggregates can be used as a lightweight aggregate for 

non-structural applications. FCA can improve the workability of the metakaolin mixture and 

extend the setting time, which is beneficial for geopolymer aggregate manufacturing. The heavy 

metals from FCA and EFFCA can be effectively stabilized/solidified in artificial aggregate.  

Phosphoric acid can effectively stabilize the as-received FA, so that the dry scrubber FA 

passes the TCLP test and complies with the RCRA standards. The mineral transformations of 

individual ash and ash-cement paste were investigated by the XRD quantification analysis. FA and 

PFA enhanced the hydration degree of cement, and received higher mechanical performance than 

reference in 0-25 vol.% cement replacement. The leachability of heavy metals was effectively 

reduced in a wide leaching range (eluate pH 0-12.5), realized the stabilization/solidification 

purposes under restricted non-hazardous landfill standards.  
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Chapter 1: Intr oduction and objectives of thesis 

1.1 Waste-to-Energy (WTE) technology 

Municipal solid waste (MSW) is a very heterogeneous source with significant material and 

energy recovery potential. After all possible recycling and composting, there remains a significant 

fraction, the post-recycled MSW. For this fraction, there are two options: either landfilling or 

Waste-to-Energy (WTE). WTE is a thermal process that transforms the chemical energy in post-

recycled MSW into useful energy. The simplest and most common way of recovering the energy 

from post-recycled MSW is combustion (850-1000 ). The heat released from post-recycled 

MSW by combustion produces superheated steam to drive a turbine and generate electricity.  

In 2017, an estimated 30 million tons of municipal solid wastes (MSW) were combusted 

in U.S. WTE plants. This process results in the generation of about seven million tons of WTE ash. 

A World Bank study has estimated that in 2016, over one billion tons of MSW was landfilled and 

that this amount may be doubled by 2030 (Kaza et al., 2018). Thus, the disposal of municipal solid 

waste (MSW) has become a significant cost item of waste management. The order of priority of 

various waste management methods can be represented graphically by the Hierarchy of MSW 

Management as Figure 1-1, where sanitary landfilling is lower than Waste-to-Energy (WTE) 

(Themelis et al., 2013). WTE has many advantages over landfilling, including land saving, the 

recovery of energy, and the reduction of associated greenhouse gases (Arafat et al., 2015).  
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Figure 1-1 The Hierarchy of Waste Management  

1.2 WTE residues  

In the U.S., about 317 million short tons of urban and other wastes were landfilled in 2018 

(Themelis & Bourtsalas, 2022). In addition, 75 WTE plants operated in 21 states and processed 

about 30 million short tons of post-recycling municipal solid wastes (MSW) in WTE plants 

(Michaels and Krishnan, 2018; Zhao et al., 2019). The schematic diagram of processes in WTE 

power plants is shown in Figure 1-2 (Covanta, 2011). The combustion process of MSW produces 

two residues: bottom ash (20% of MSW) and fly ash (3% of MSW). 
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Figure 1-2 Schematic diagram of processes in Waste-to-Energy (WTE) power plant  

1.2.1 WTE bottom ash 

U.S. WTE plants widely apply the grate combustion. The advantages of grate combustion 

include treating as received MSW feedstock without specific requirements of input properties, 

generating significant quantities of energy, well-developed knowing for construction and 

simplicity of operation, and being available for treating hazardous and infectious waste (Themelis 

et al., 2013). WTE bottom ash is the combustion residues generated at the last layer of moving 

grate combustion, as shown in Figure 1-3 (Nakamura et al., 2006). After the combustion, the 

weight reduction is about 80% of as-received MSW, and the volume reduction is up to 90% 

(Arickx et al., 2006).  

 

Figure 1-3 Moving grate combustion for generating WTE bottom ash  
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The wet-discharge system by Ulrich Martin (Themelis and Bourtsalas, 2019, Figure 1-4), 

drops the combusted ash particles from the end of the moving grate into a water tank for quenching 

and forming agglomerated WTE bottom ash. The water and air sealing wall in the discharger 

prevent the flue gas and other pollutants from being released outside the furnace. The ram 

continuously pushes the bottom ash to the drop-off edge received in wet-discharge bottom ash. 

The discharged WTE bottom ash is classified as a non-hazardous material and typically contains 

50-70% mineral fraction, 15-30% glass and ceramics, 5-13% ferrous metals, 2-5% non-ferrous 

metals, and 1-5% unburned organics (Yang et al., 2012; Chimenos et al., 1999; Berkhout et al., 

2011; Ġyc et al., 2017).  

 

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. Drop-off edge; 8. Drive shaft; 9. Air sealing wall; 10. Electrically-

controlled level metering system.) 
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1.2.2 WTE fly ash 

WTE fly ash is the residue collected from the fabric-filter baghouse in the Air Pollution 

Control (APC) system, as shown in Figure 1-2, about 3% of the combusted wastes. WTE fly ash 

is classified as hazardous waste because it contains heavy metals, leachable chlorides and sulfates, 

and a few dioxins and furans captured in the APC system. It is estimated to generate about 1 million 

short tons per year in the U.S. WTE plants. In the APC system, the NOx in the process gas 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 

(SO2 and HCl) in the flue gas, most WTE plants use dry and semi-dry scrubbers. In the dry 

scrubbing process, hydrated lime powder is injected into the scrubber. In the semi-dry scrubber 

process, a lime slurry is sprayed into the scrubber, where it reacts with acid gases to form calcium 

salts, typically during 10-12 seconds of residence time (Miller, 2017). The amount of injected 

sorbent is controlled by the flue gas monitoring system. Typically, one lb of activated carbon and 

20 lb of lime (CaO) is consumed per short ton of MSW combusted in U.S. WTE plants.  

1.2.3 WTE 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 and non-ferrous metal separation. WTE 

produces bottom ash and fly ash in a daily generation ratio from 6:1 to up to 10:1. The WTE 

residues are mixed to ñcombined ashò and undergo ferrous and non-ferrous metal recycling in the 

modern WTE plants, as Figure 1-2. After the ash mixing, there is a long-term pozzolanic reaction 

of the hydrated lime (Ca(OH)2) in fly ash with the silica-rich material in bottom ash in the presence 

of water (Lin et al., 2008). The combined ash passes the EPA SW-846 Test Method 1311: Toxic 

Characteristic Leaching Procedure (TCLP) (US EPA, 2004) and meets the standards of Resource 
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Conservation and Recovery Act (RCRA). It is then disposed of in MSW landfills or used as a daily 

cover in sanitary landfills (Brannvall et al., 2016; Sivula et al., 2012; Mostbauer et al., 2014).  

1.3 Environmental and economic advantages of beneficial use of WTE residues  

In the U.S., the average cost to landfill MSW was $53.72 per ton in 2020 (Statista, 2022a). 

The landfill cost for RCRA hazardous waste is $130/ton in New York state (NYC Office of 

Environmental Remediation, 2021). Therefore, transforming the hazardous waste to non-

hazardous waste for disposal in landfills or beneficial uses can significantly reduce the cost paid 

by WTE plants.  

The recycling of WTE residues for beneficial uses is increasing interest worldwide due to 

the rising cost of landfills and the high environmental impact of natural resource extraction. 

Following the circular economy principles as Figure 1-5, the European Commission encourages 

the utilization of the mineral fraction of WTE residues as secondary construction materials in the 

civil engineering sector (European Commission, 2019; Ginés et al., 2009).  

 

Figure 1-5 The concept of circular economy  

1.3.1 Stabilization 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 mineral fraction of bottom 
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ash is more than 60% (Dou et al., 2017; Lam et al., 2010; Ørnebjerg et al., 2006; Silva et al., 2019). 

Typical pre-treatments of WTE BA involve washing and natural weathering before further 

processing (Chimenos et al. 2005; Ginés et al. 2009; Steketee et al. 1997; del Valle-Zermeño et al. 

2014; Roessler et al. 2016), which result in significant improvements in the quality of the mineral 

fractions for cement-based concrete production (Keulen et al., 2016). Also, alkaline-treated BA is 

used in place of stone aggregate, up to 50%, in concrete exhibiting compressive strength of 25 

MPa (Pera et al., 1997). Research on the use of mixed BA and FA showed compressive strength 

above 15 MPa (Ginés et al., 2009). The ash-derived construction products complied with civil 

engineering and stringent environmental standards related to the leachability of metals and are 

used commercially (Cai et al., 2004; Van der Sloot, 2002; Sorlini et al., 2017; Rijn, 2012). The 

leachability of these ash-derived products is determined through four comprehensive tests, as 

described in the Leaching Environmental Assessment Framework (LEAF) (US 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; Xue et al., 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.   

(i) Utilizing the binding reactivity of BA powder as a cementitious supplementary 

material (Li et al., 2012; Polettini et al., 2005; Lin and Lin, 2006); 

(ii)  Utilizing the binding reactivity of alkali-activated BA powder as a geopolymer 

material (Lancellotti et al., 2015; Chen et al., 2016; Wongsa et al., 2017); 
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(iii)  Integrating BA powder in lightweight aggregate production through sintering 

(Quina et al., 2014; Wainwright & Cresswell, 2000); 

(iv) Vitrifying the BA powder for ceramics production (Bourtsalas, 2015; Xiao et al., 

2008).  

1.3.2 Stabilization and utilization R&D -WTE fly ash 

As a hazardous material, WTE fly ash (FA) is required for proper pretreatment and disposal 

at hazardous waste landfills or alternative in civil engineering applications. The common 

stabilization pretreatments for FA include (Rani et al., 2008): 

1. Washing treatment mainly includes water, acid, and alkali washing processes:  

(i) Water washing is the most economical way to remove the high content of 

chloride salts in FA for avoiding the chloride-induced corrosion of steel in 

concrete and better utilized in civil engineering applications (Wang et al., 2001; 

Mangialardi, 2003; Wang et al., 2021).  

(ii)  The purpose of acid (nitric acid, HNO3) washing is to extract the heavy metals 

(Zhao et al., 2017; Weibel et al., 2018). In recent years, alkali washing (e.g., 

NaOH and Na2CO3 solution as reaction solvent) has been emerging technology 

for FA treatment for heavy metals extraction and mineral hydrothermal 

assemblage (Wang et al., 2016; Bayuseno et al., 2009; Shan et al., 2011).  

(iii)  Some other researchers used MgSO4 in the water washing process to react with 

Ca(OH)2 and form gypsum (CaSO4) and Mg(OH)2 or sorel cement 

(5Mg(OH)2ϽMgCl2Ͻ5H2O) as by-products (Chimenos et al., 2005). 

2. Chemical stabilization contains two main mechanisms:  

(i) The phosphoric acid or phosphate stabilization includes:  
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a. WES-PHix process (1.2 mol/L of H3PO4/kg of residues were dry mixed at L/S = 0.4) for 

passing the TCLP test (Lyons, 1996);  

b. Vandkvalitets Institute (VKI ) process uses aqueous washing in a first step and adds 

carbon dioxide (CO2) and phosphoric acid (H3PO4) in the second step in order to reduce the pH of 

remnant and to precipitate heavy metals (Astrup et al., 2006; Heng et al., 2018);  

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 al., 2014; Su et al., 2016; Crannell et al., 2000).   

(ii) The sulfate or sulfide stabilization includes:  

a. Ferrox process by using Fe2SO4/H2SO4 (Lundtorp et al. 2002a, 2002b; Lundtorp et al., 

2003);  

b. Acid Extraction-Sulfide (NaHS) Stabilization Process (AES Process) (Katsuura et al., 

1996).  

3. The common solidification treatments include:  

(i) Cement-based solidification:  

a. Utilizing the hydraulic/pozzolanic reactivity of FA in blended cement: up 

to 25wt.% Portland cement is replaced by FA or treated FA (Polettini et al., 

2001; Quenee et al., 2000; Goh et al., 2003; Aubert et al., 2007; Li et al., 

2017; Wang et al., 2001).  

b. FA replaces more than 50wt.% of Portland cement. Then, disposing the 

stabilized/solidified products in landfills or utilizing them as a base material 

(Bie et al., 2016; Billen et al., 2015; Yvon et al., 2006).  
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c. Utilizing FA as fine aggregate to replace sand in cement mortar or concrete 

products (Ginés et al., 2009; Saikia et al., 2008). 

(ii)  Geopolymer-based solidification uses FA to mix with metakaolin as the base 

material and alkali solution (NaOH, KOH, Na2SiO3, or Na2CO3) through 

geopolymerization to stabilize/solidify the heavy metals (Ferone et al., 2013; 

Jin et al., 2016; Galiano et al., 2011).   

(iii)  Natural or accelerated carbonation treatment of FA (Wang et al., 2010; Bertos 

et al., 2004; Li et al., 2007).  

(iv) Thermal treatment:  

a. The production of cement clinker includes Portland cement clinker (Lam et al., 

2011; Liu et al., 2016; Saikia et al., 2007) and sulfoaluminate cement clinker 

(Wu et al. 2011; Guo et al. 2014; Wang et al. 2016). The temperature of heating 

a homogeneous mixture of raw materials in a kiln is approximately 1200-

1450ᴈ.  

b. Manufacturing the lightweight aggregate by using FA through sintering 

process at 1000-1200ᴈ (Hwang et al., 2012; Lu et al., 2015)  

c. Plasma vitrification solidifies the heavy metals in FA at 1230-1600ᴈ (Ma et 

al., 2021). 

1.4 Objectives and organization of thesis 

The overarching 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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(i) 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 properties. 

(ii)  Providing washing and chemical stabilization to transform the WTE ash waste to 

non-hazardous or inert with reduced leachability of heavy metals that can be used 

as secondary construction materials. WTE ash was sieved to different fractions for 

better utilization. 

(iii)  Depending on the properties of WTE ash fractions to beneficially utilize the 

stabilized/processed WTE ash in civil engineering applications and divert it from 

landfills. The mechanisms were mainly based on cement-based 

stabilization/solidification, accompanied by geopolymer-based solidification in 

one section. All civil engineering products are manufactured under ambient 

temperature from economic and environmental considerations. 

The dissertation solves the current WTE ash disposal issue and provides insights into the 

beneficial uses of the WTE ash with proper stabilization.  

Chapter 1 provides the background information (Waste-to-Energy, Waste-to-Energy 

residues, the advantages of beneficial uses WTE residues), research aims and objectives, 

dissertation organization, and the novel contributions to scientific knowledge.  

Chapter 2 presents the experimental methods of this dissertation. 

Chapter 3 provides both Characterization and Stabilization  results of WTE ash. The 

characterization of WTE fly ash (FA), bottom ash (BA), and combined ash (CA) including 

chemical composition (XRF, ICP-OES, IC), mineral composition (XRD quantification), 

thermogravimetric analysis (TGA), particle size distribution, and leachability. Suitable directions 
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are given based on the characterization for ash utilization. Later in this chapter, the effect of pH of 

the washing agents (water, 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 cake (by-product), 

and wastewater (dissolution) during ash processing was developed to compare the effectiveness of 

the washing process, which is dominated by dissolution and precipitation reactions. WTE 

combined ash is processed to three fractions after water washing, crushing, and size separation: 

coarse (27%, CCA, 9.5-25 mm), medium (37%, MCA, 2-9.5 mm), and fine (25%, FCA, < 2 mm). 

The by-products of the washing process are extra fine filter cake ash (EFFCA, 4% of CA) collected 

from the water treatment system and ash dissolved in the wastewater (7% of CA). The 

characterization of ash fractions and the directions of potential uses are presented in this chapter. 

Chapter 4 discusses the Utilization  of WTE ash in civil engineering applications, i.e.  

(i) Using the CCA and MCA fractions as stone aggregate substitute in structural 

concrete;  

(ii)  Using FCA as sand substitute or using the milled FCA (MFCA) powder as mineral 

addition in cement mortar;  

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

(iv) Using FA and phosphated FA (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 tests, as well as 

determining the leachability of heavy metals. Through the results of these tests, it can be concluded 

about the beneficial uses of WTE ash in construction. 
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Chapter 5 firstly summarizes the Conclusions of Principal Findings in chapter 3 and 4. 

In the Future work  section, three topics are discussed: (i) utilization of the thermal modified fly 

ash as cementitious materials; (ii) utilization of dry-discharged bottom ash as materials for 

construction; (iii) Techno-economic assessment and life cycle assessment of WTE ash 

management, processing and utilization. 

1.5 Novel 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 phases. The methods used for analyzing 

ash components are described and can be replicated by other researchers to determine similarities 

and differences in ash mineral composition and chemical composition.  

The effects of dry and semi-dry scrubbers on fly ash chemical composition, mineral 

composition, and leachability were identified. This is the first study to apply the XRD 

quantification analysis of the mineral transformation of FA by phosphoric acid stabilization. The 

mineral transformation of FA and PFA, the individual hydration processes, and their influence on 

the mineral composition of cementitious phases were elucidated. 

This is the first time to compare the changes in chemical composition and the 

transformation 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 utilization of different ash fractions 

in civil engineering applications was developed to realize the maximal utilization efficiency. Some 

innovative adjustments are made in the mixture formulae of civil engineering products, such as 

applying the volume replacement of natural 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 methods used 

2.1 Characterization methods 

2.1.1 Elemental composition (XRF, ICP-OES, IC) 

X-ray fluorescence (XRF) is a non-destructive analytical technique to determine the 

elemental composition qualitatively and quantitatively. The electronic energy of photon in keV for 

each element is different; thus, the energy of XRF peak can be correlated to a specific element and 

present in XRF spectra. The emission rate (cps) is related to the type of element, and the analyzer 

software converts the spectral data to the concentration of each element (Palmer, 2010), which is 

calibrated by standards provided by Brucker XRF analyzer S1 Titan. The elements in solid samples 

measured by XRF, included Si, Ca, Al, Ti, Fe, Mg, K, Ba, P, and S.  

The samples for XRF measurement must be homogenized. Depth of measurement is > 2 

‘m and up to a few mm. The powder specimens were oven dried at 105ᴈ for 24 hours, then ball-

milled and sieved to less than 75 ‘m for XRF measurement. XRF and Inductive Coupled Plasma 

Optical Emission Spectrometry (ICP-OES) are complementary techniques for elemental analysis. 

Sodium (Na), which cannot be measured by XRF, and the minor cations of Cr, Mn, Ni, Cu, Zn, 

Sr, Cd, and Pb, were measured by the ThermoScientific ICP-OES which excites atoms and ions 

so that they emit electromagnetic radiation at wavelengths characteristic of the particular element 

(Stefánsson et al., 2007). The intensity of the light emitted at specific wavelengths is calibrated by 

the intensity of standards of known concentrations measured by the author. To prepare the 

specimens for ICP-OES analysis, the solid samples were milled to less than 300 ‘m and extracted 

with HNO3 solution at a liquid-to-solid ratio (L/S) of 10 mL extractant per gram of dry powder at 

eluate pH < 1 (US EPA, 2017a). The mixture tubes were set in an end-over-end rotator at a speed 

of 28 rpm and at 20 . The equilibrium pH after 24 hours was recorded. The extracted solutions 
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were passed through a 0.45 ‘ά filtration membranes. It is noted that the values measured by ICP-

OES may be lower than the values measured by XRF, because some elements may not dissolve 

fully in the HNO3 extractant. Therefore, the major elements were measured by XRF, and the ICP-

OES results are used to make up for any deficiency in the XRF analysis. 

The Dionex Aquion Ion-exchange Chromatography (IC) is another technique for elemental 

analysis, particularly for measuring the concentration of anion Cl. IC separates molecules based 

on their respective charges. Positively charged molecules bind to cation exchange resins while 

negatively charged molecules bind to anion exchange resins (Duong-Ly & Gabelli, 2014). 

Specimens were ball-milled for homogeneity, sieved to less than 300 ‘m, and extracted by water 

at a liquid-to-solid ratio (L/S) of 10 mL/gram of dry powder. 

2.1.2 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was used to qualify and quantify the products of 

decomposition as a function of temperature. The TGA technique (TA Instruments Q50 Analyzer) 

was used to identify the composition of phases in WTE residues, including dehydration of water, 

crystallization of hydrates and hydroxides (50-600), decomposition of carbonates (600-800) 

(Collier, 2016), and burning of activated carbon or organic matter (800-1000). The temperature 

range was 25-1000  in ramp mode and the heating rate was controlled at 10 /min. Specimens 

were as-received or oven-dried at 38  for 24 hours to release moisture. 

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

analysis 

Crystalline solids contain constituents arranged in a highly ordered microscopic structure, 

via the periodic translation of a single unit cell (Mavraļiĺ et al., 2018). X-ray diffraction (XRD) is 

a powerful tool to analyze the crystalline compounds based on the diffraction pattern. Crystalline 
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compounds are observed as sharp peaks in XRD patterns and are well-defined using Braggôs 

equation, which relates the wavelength of X-ray, interplanar spacing in the crystal, and glancing 

angle of incidence (Yadav, 2021). The Highscore Plus (version 4.9) of the ICDD (International 

Centre for Diffraction Data) Powder Diffraction Files was used to qualitatively identify crystalline 

compounds. The XRD quantitative analysis was based on the Rietveld method, using corundum 

(Al 2O3) as the standard and Inorganic Crystal Structure Database (ICSD). The Rietveld refinement 

uses the height, width, and position of the reflections (intensity peaks) to quantify the crystalline 

compounds (Gualtieri et al., 2019). The accuracy and precision of quantitative XRD analysis can 

be influenced by equipment, sample preparation, and the data analysis software (León-Reina et al., 

2016).  

The analyzed material must be finely ground and homogenized. The samples were milled 

to less than 75 ‘m prior to XRD analysis using the Panalytical XPERT3 powder diffractometer 

with Cu Ka radiation, vertical goniometer (theta-theta), and a PIXcel 1d detector. The XRD 

patterns were measured from 5 to 70° at a scan speed of 0.477°/min (2 hours and 16 minutes per 

specimen) or 3.28Ј/min (30 minutes per specimen).  

2.1.4 Amorphous phases analysis 

Amorphous phases lack the long-range order characteristics of a crystal. The analysis for 

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

the limi ted experimental characterization of the amorphous structure and the lack of accurate 

structural models (Mavraļiĺ et al., 2018). Previous researchers have started to explore the 

determination methods of amorphous phases by XRD (Dinnebier and Kern, 2015; Madsen et al., 

2011); however, for the complex components in WTE residues, the XRD technique cannot be 

applied to identification of the amorphous phases, at this time,  
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Fourier-transform infrared spectroscopy (FTIR) is a form of vibrational spectroscopy to 

measure how much light a sample absorbs at each wavelength and thus determine bonding 

mechanisms in solids (Peak, 2004). Therefore, FTIR is suitable to measure the specimens with 

simple compounds, either in crystalline phases or amorphous phases. In this dissertation, only the 

geopolymerization products in Section 4.3 with simple amorphous gel phases and little impurities 

were analyzed, by using the Nicolet 460 FTIR spectrometer in the wavenumber range of 4000-400 

cm-1. Specimens were milled to less than 75 ‘m for this measurement. 

2.1.5 Surface area determination (BET) 

The Brunauer, Emmett and Teller (BET) surface area is measured by the volume of 

nitrogen gas adsorbed on the specimen in infinite layers with no interlayer interaction and is 

derived by application of the Langmuir theory to each layer (Palchoudhury et al., 2015). The 

Micromeritics ASAP 2020 HV BET analyzer was used to measure nitrogen adsorption isotherms 

for porous materials at 77 K. The degassing was applied before the measurement to remove any 

adsorbed species from the sample. The powder materials in Section 4.3 used this technique for 

measurement. 

2.1.6 Scanning electron microscopy (SEM) 

The morphological images of specimen were obtained using the Zeiss Sigma VP Scanning 

Electron Microscope (SEM), with installed Energy-dispersive X-ray spectroscopy (EDS: 

Elemental Analysis with Bruker XFlash 6 |30 Detector). The EDS detects X-rays emitted from the 

sample during bombardment by an electron beam to characterize the elemental composition of the 

analyzed volume. The SEM/EDS system provides for both qualitative and semi-quantitative 

analysis of materials. The detection limit of EDS for bulk materials is 0.1 wt.%, so trace elements 

cannot be measured (Nasrazadani & Hassani, 2016). In addition, EDS can only identify the 
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elements present in the depth of about 1 ‘m of a sample (Baillot & Deshayes, 2017). Therefore, 

EDS provides only semi-quantitative analysis: the approximate composition of the observed 

features in SEM. 

2.1.7 Optical microscope  

The optical microscope uses visible light and a system of lenses to magnify images of 

sample samples (Di Gianfrancesco, 2017). The Keyence VHX-5000 versatile high-fidelity optical 

microscope used in this dissertation offers observation magnification from 0.1 to 5000 . The 

graphic images of the fractured surface of civil engineering products were obtained by optical 

microscope.   

2.2 Leaching methods and landfill standards 

A comparison of the leaching procedures used in European countries (UK is listed as a 

representative) and the U.S. are shown in Figure 2-1. The US LEAF Method 1313 and TCLP 

leaching procedures were conducted in this thesis. 

 

Figure  2-1 Comparison of leaching methods used in Europe and U.S.  
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2.2.1 BS EN 12457-2 procedure and Waste Acceptance Criteria (WAC) limits 

The U.K. leaching test BS EN 12457-2 (Characterization of waste-Leaching-Compliance 

test for leaching of granular waste materials and sludges-Part 2): One-stage batch test at a liquid 

to solid ratio of 10 mL/g for materials with particle size below 4 mm (with or without particle size 

reduction), was developed in 2002. The leaching results by deionized water via BS EN 12457-2 is 

used to compare a solid to the U.K. waste acceptance criteria (WAC, Council of the European 

Union and 2003/33/EC, 2003) which classifies landfill sites as suitable for hazardous, non-

hazardous, or inert waste (Zandi et al., 2007). The limit values of UK WAC are shown in 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). 

Elements 

Leachability (mg/kg) at L/S = 10 mL/g 

Acceptable for 

hazardous waste 

landfill 

Acceptable for 

non-hazardous 

waste landfill 

Inert 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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2.2.2 U.S. Toxic Characteristic Leaching Procedure (TCLP) and Resource Conservation and 

Recovery Act (RCRA) standards 

The Method 1311-Toxic Characteristic Leaching Procedure (TCLP) (US EPA, 2004) is 

currently applied in the U.S. industry. It is used to determine whether the waste is below the levels 

mandated by the Resource Conservation and Recovery Act (RCRA) and thus, can be disposed in 

non-hazardous landfills (Yang et al., 2012).  

According to the TCLP procedure, specimens were crushed and sieved to < 3/8 inch (9.5 

mm) and leached in a turn-over-turn TCLP apparatus. Two extraction acid solutions were prepared 

by acetic acid/sodium hydroxide: Extraction 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 liquid-to-solid ratio of 20 mL/g. In the 

industrial landfill practice, the choice of extraction fluid is determined by the waste alkalinity: 

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 used (US EPA, 2004). In this study, both 

Extraction Fluid #1 and #2 were used to in the TCLP leachability tests.  

The leaching results of the TCLP test are compared to eight RCRA metal regulatory 

standards (Table 2-2) to determine whether the wastes can be disposed in non-hazardous landfills 

(called MSW or sanitary landfills) or hazardous landfills in the U.S.  

Table 2-2 RCRA standards for heavy metals.  

Heavy metals US EPA allowable limits at L/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 (selenium) 1.0 ppm (mg/L) 

Ag (silver) 5.0 ppm (mg/L) 
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2.2.3 Leaching Environmental Assessment Framework (LEAF)    

2.2.3.1 U.S. EPA Leaching Environmental Assessment Framework (LEAF )  

The Leaching Environmental Assessment Framework (LEAF) is useful in estimating the 

environmental impacts of utilizing secondary materials, primarily as construction materials, or 

disposal scenarios (US EPA, 2017). The LEAF evaluation system consists of four leaching 

methods:  

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

Parallel Batch Extraction Procedure (Method 1313, US EPA 2017); 

(ii)  Method 1314-Lquid-Solid Partitioning as a Function of Liquid-Solid Ratio for 

Constituents in Solid Materials Using an Up-Flow Percolation Column Procedure 

(Method 1314, US EPA 2017); 

(iii)  Method 1315-Mass Transfer Rates of Constituents in Monolithic or Compacted 

Granular Materials Using a Semi-Dynamic Tank Leaching Procedure (Method 

1315, US EPA 2017); 

(iv) Method 1316-Liquid-Solid Partitioning as a Function of Liquid-Solid Ratio Using 

a Parallel Batch Extraction Procedure (Method 1316, US EPA 2017). 

2.2.3.2 U.S. LEAF Method 1313: acid neutralization capacity (ANC) and leachability of 

heavy metals as a function of pH  

Among these four methods, Method 1313 of pH dependence (US EPA, 2017) is the most 

important test to investigate the leachability of constituents. The parallel batch extractions of solid 

material receive equilibrium conditions over a wide range of eluate pH values (0.5-13). The 

extraction parameters of Method 1313 procedure (US EPA, 2017) are shown in Table 2-3. In this 

dissertation, specimens were milled to less than 0.3 mm and extracted with HNO3 solutions of 
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various concentrations, at liquid/solid ratio of 10 mL solution per gram of dry ash powder. The 

samples were mixed in a turn-over-turn at 28 rpm and room temperature, 20 . The equilibrium 

(eluate) pH was recorded after 24 hours. The extracted solutions were filtered through 0.45 ‘ά 

filtration membranes and the elemental concentration and leachability were analyzed by ICP-OES. 

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

size. 

Particle size (85 

wt.% less than) 

(mm) 

Minimum dry 

mass (g-dry) 

Contact 

time (h) 

Suggested 

vessel size 

(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 1313 procedure-

Comparison to WAC standards 

The UK Waste Acceptance Criteria (WAC) limits meet the BS EN 12457-2 leaching test. 

A study 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 (WAC) 

for disposal to landfill (Ornebjerg et al., 2006). Currently, there are no available criteria or landfill 

limits for the U.S. EPA LEAF tests. while the procedure and parameters of Method 1313 by using 

water leaching are the same as BS EN 12457-2. Thus, in this dissertation distilled water leaching 

results were used, following the Method 1313 procedure, and the results were compared to the 

WAC limits as a reference for the future enaction of LEAF criteria. This comparison can contribute 

to estimate the environmental influence of reusing the WTE residues as secondary construction 

materials in the U.S.  
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2.3 Test methods for physical and mechanical properties of ash and ash products   

2.3.1 Particle size distribution 

For very fine particles, such as dry scrubber fly ash and hydrated lime, the Mastersizer 

2000 apparatus was used to determine particle size distribution. For the semi-dry scrubber fly ash, 

bottom ash, combined ash, and the three fractions of processed combined ash, the dried ash 

specimens were sieved according to ASTM C136 and ASTM C33, using U.S. ASTM standard 

sieves. The ash samples are oven-dried at 105ᴈ for 24 hours before the sieving test to remove the 

surface moisture. 

2.3.2 Moisture, density, void content, and water absorption 

The as-received WTE ash were dried at 105 °C for 24 hours for moisture measurement. 

The mass of samples was measured and calculated as shown in Equation 2-1. The specific gravity 

(Equation 2-2) and water absorption (Equation 2-3) of the WTE ash, the commercial construction 

raw materials, and the produced artificial aggregates were measured according to ASTM C127 

and ASTM C128.  

-ÏÉÓÔÕÒÅ Ϸ ρππϷ   Equation 2-1 

3ÐÅÃÉÆÉÃ ÇÒÁÖÉÔÙ ρππϷ      Equation 2-2 

7ÁÔÅÒ ÁÂÓÏÒÐÔÉÏÎ Ϸ ρππϷ   Equation 2-3 

Where: W = mass of as-received wet WTE ash, g; 

             OD = mass of oven-dry test sample in air, g; 

             SSD = mass of saturated-surface-dry test sample in air, g; 

             SW = apparent mass of saturated test sample in water, g. 

The bulk density of sand and WTE fine combined ash was measured based on ASTM C29 

The (tapped) bulk density of powder specimens, including cement, WTE fly ash, and milled ash 
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powder was determined using a graduated cylinder based on ASTM D7481. The calculation of 

bulk density is shown in Equation 2-4. The density (Equation 2-5) and void content (Equation 2-

6) of the cement mortar and concrete were measured based on ASTM C1754.  

"ÕÌË ÄÅÎÓÉÔÙ ÏÆ ÍÁÔÅÒÉÁÌÓ ËÇȾÍ      Equation 2-4 

$ÅÎÓÉÔÙ ÏÆ ÃÅÍÅÎÔ ÍÏÒÔÁÒ ÏÒ ÃÏÎÃÒÅÔÅ ËÇÍϳ      Equation 2-5 

6ÏÉÄ ÃÏÎÔÅÎÔ ÏÆ ÃÅÍÅÎÔ ÍÏÒÔÁÒ ÏÒ ÃÏÎÃÒÅÔÅ ὯὫά ρ ρππϷ   Equation 

2-6 

Where:  OD = mass of oven-dry test sample in air, g; 

              SW = apparent mass of saturated test sample in water, g; 

              Volume = volume of cement mortar or concrete, m3; 

              ”  = density of water at temperature of the water bath, kg/m3. 

2.3.3 Workability and setting time 

The workability of fresh paste is determined based on the ASTM C230 flow table test. 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 the diameter of the paste along the four lines 

scribed in the table. The calculation of flow (%) is shown in below Equation 2-7. 

&ÌÏ× Ϸ  
      

 
ρππϷ    Equation 2-7 

The hardening process of fresh paste was measured based on ASTM C191-18a. The initial 

setting time for 25 mm penetration and the final setting time was recorded when the needle did not 

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

The compressive strength of structural concrete and cement mortar was tested based on 

ASTM C1716, ASTM C109, and ASTM C39, with a stress loading rate of 250 lbf/s. The cylinder 

concrete was applied sulfur capping before the measurement to ensure that the smooth and parallel 

bearing surfaces are perpendicular to the applied axial load and the forces are uniformly distributed 

during the testing. The compressive strength is defined as the capacity of concrete to withstand the 

direct pressure of applied compression form, calculated as below Equation 2-8. 

#ÏÍÐÒÅÓÓÉÖÅ ÓÔÒÅÎÇÔÈ -0Á  
  

  
    Equation 2-8 

The elastic modulus measures the resistance of the materials being deformed elastically 

when a stress is applied to it. The elastic modulus is defined as Equation 2-9. 

%ÌÁÓÔÉÃ ÍÏÄÕÌÕÓ -0Á  
 ϳ

    Equation 2-9 

Three samples were tested for each mix and each curing period. The average of the tests 

was taken to be the representative value.  

2.3.5 Tensile strength of artificial aggregate 

The tensile strength was measured by individual pellets crushing test in Section 4.3 (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 (‏) as shown in below Equation 

2-10.  

ὓὖὥ ‏
Ȣ

    Equation 2-10 

(Bernhardt et 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 points. The stress 

loading rate is 0.02 mm/s. Thirty pellets were tested to receive an average crushing strength and 

the standard deviation as a representative value.  

2.4 Design of civil engineering products 

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

The Portland cement (Type I) used in this thesis, from Lehigh Cement Company, 

conformed to the standard composition and physical requirements of the current Standard Specific 

for Portland Cement of ASTM C-150 and AASHTO M-85 for Type I Portland cement. Portland 

cement is a grey fine powder, and it is the basic ingredient of cement paste, mortar, and concrete, 

which are used in civil engineering products (Chattopadhyay, 2019). The manufacturing process 

of Portland cement is shown in Figure 2-2 (Singh, 2019). The reactions take place in the kiln are 

expressed in Equations 2-11~2-15.  

 

Figure 2-2 Manufacturing process of Portland cement  

CaCO3 = CaO + CO2    Equation 2-11 

2CaO + SiO2 = Ca2SiO4 or (Belite, C2S)   Equation 2-12  

3CaO + SiO2 = Ca3SiO5 (Alite, C3S)   Equation 2-13 

3CaO + Al2O3 = Ca3Al 2O6 (tricalcium aluminate, C3A)   Equation 2-14 

4CaO + Al2O3 + Fe2O3 = Ca4Al 2Fe2O10 (aluminoferrite, Ca4AF)   Equation 2-15 
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Due to the calcination of limestone and the high energy consumption (~1450ᴈ) during 

manufacturing, 0.66-0.82 kg of CO2 are emitted for every kilogram of Portland cement 

manufactured. As a consequence, cement manufacturing contributes 5-7% to the global 

anthropogenic CO2 emissions (Turner & Collins, 2013). In addition, substituting conventional 

construction materials with WTE residues can also bring considerable economic benefits. In 2020, 

the price of Portland cement is $124 per metric ton (Statista, 2022b).  

The difference between three main civil engineering products is presented in Figure 2-3.  

 

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

To understand the cement hydration reaction, Portland cement was mixed with water in 

this thesis. In the beneficial utilization of WTE ash as Portland cement, the hardened paste of WTE 

ash and WTE ash mixed with Portland cement is produced to understand the chemical 

transformation of WTE ash and its influence on cementitious reactions. The cement mortar/block 

is produced by mixing sand (as structural fine aggregate), Portland cement, and water, to identify 

the structural properties. For the production of concrete gravel and sand was used as structural 

materials, and mixed with Portland cement and water. 

2.4.2 Difference in mixture between the non-hazardous landfill disposal and utilization in 

construction 

As mentioned in Section 1.3.2, it can be concluded that the difference between the cement-

based stabilization/solidification for non-hazardous landfill disposal and utilization as construction 

materials is on the mixture design. For the purpose of non-hazardous landfill disposal, it is required 

to safely stabilize the hazardous material with minimal volume, pass the non-hazardous landfill 
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limits, and use as little cement as possible. Therefore, the replacement ratio of fly ash is typically 

more than 50wt.% of Portland cement for disposing in non-hazardous landfills or utilizing them 

as a base material (Bie et al., 2016; Billen et al., 2015; Yvon et al., 2006). Other structural materials 

(sand or stone aggregate) are not added in the mixture, if the material is to be disposed of in 

landfills to reduce the cost and reduce the volume of solidified products. 

If the product is to be used beneficially in the construction, tests on mechanical strength 

and leachability of metals of environmental concern are both required. Thus, when blending the 

fly ash in Portland cement, up to 25wt.% Portland cement  can be replaced (Polettini et al., 2001; 

Quenee et al., 2000; Goh et al., 2003; Aubert et al., 2007; Li et al., 2017; Wang et al., 2001), which 

is lower than the replacement ratio, in case the product is solidified for disposition in non-

hazardous landfills.  

2.4.3 Advanced volume replacement of components in mixture of civil engineering products 

For civil engineering products, the volume of the products should remain the same after 

the components are replaced by waste materials. However, because of the differences in the 

densities of ash and cement or sand, the traditional mass replacement applied in previous studies 

will result in the increase of volume of civil products (Tian et al., 2020).  

For example, as shown in the Figure 2-4, the volume ratios of three components in the 

cement mortar are designed in 3 (sand) to 2 (cement) to 1 (water). The bulk density of ash material 

is 2/3 of the bulk density of sand. 2/3 mass replacement of sand will result in the volume of total 

fine aggregate (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 causes increase in volume. 
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To avoid the influence of mixture increased volume and better evaluate alternative 

materials performance, the volume replacement is applied in this study for the ash which has 

significant lower density compared to natural construction materials. Because in the civil 

engineering practices commonly mass is used, the volume replacement formulae are also 

converted to mass proportions and presented in thesis. 

 

Figure 2-4 The influence of mass or volume replacement of components in the cement 

mortar.  
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Chapter 3: Experimental results: characterization of WTE residues 

and transformation to civil engineering materials  

3.1 Characterization of bottom ash  

Waste-to-Energy (WTE) plants combust post-recycled municipal solid waste (MSW) for 

energy recovery. After  combustion, the material is reduced by about 80 wt.% of as-received MSW, 

and up to 90 v/v% (Arickx et al., 2006). In the U.S., metals are recycled from BA, by using 

conventional equipment, such as magnetic separation for ferrous metals and eddy current 

separation for non-ferrous metals. The BA after metal recycling is mixed with fly ash (FA) as 

combined ash, and it is then disposed in landfills.  

3.1.1 Particle size distribution of bottom ash 

Particle size distribution of BA is a significant factor when the material is used as a 

substitute for secondary building material or other utilization purposes (Yu et al., 2013). The BA 

(Figure 3-1a) was collected from the wet-discharge system in the N plant from New York State, 

after the ferrous and non-ferrous metal separation. The particle size distribution of BA is wide. 

Figure 3-1b shows that 10% of BA is smaller than 1 mm, 50% of BA is smaller than 6 mm, and 

90% of BA is smaller than 20 mm. This result is similar to the values reported in the previous 

researches, that around 50% of BA fine fraction is less than 4-5 mm, and 10% coarse fraction is 

larger than 20 mm (Chimenos et al., 1999; Chimenos et al., 2005; del Valle-Zermeño et al., 2017).  
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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 BA can be influenced by the MSW feedstock (recycling system), 

furnace conditions (combustion and mechanical system), and the wet quenching system. 

According to the previous study, the ceramic and glass pieces comprised 65-72% of BA with the 

particle size larger than 16 mm (del Valle-Zermeño et al., 2017b). Additionally, the agglomeration 

and the hardening of BA particles via water quenching increases the particle size. Previous study 

investigated the particle size of the BA taken from the top of the burnt-out grate before the water 

quenching process, with about 50% particles finer than 0.7 mm (Inkaew et al., 2016). This value 

is significantly smaller than the Figure 3-1 result that 50% particles finer than 6 mm. The quenched 

products, including calcium silicate hydrate (C-S-H) gel phase, Friedelôs salt, and hydrocalumite, 

embedded mineral, glasses, ceramics, and metals, and hardened in agglomerated stone-like BA 

(Inkaew et al., 2016), with larger size and higher mechanical strength compared to the particles 

from top burnt-out grate before quenching.  

a. b.
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3.1.2 Chemical composition and mineral composition of bottom ash 

The moisture of as-received BA ranges in 13-17% due to the wet-discharged system. The 

as-received BA was oven-dried at 105ᴈ for 24 hours and then used for the rest of tests. The 

chemical composition of BA is shown in Table 3-1, and it is compared with the elemental 

concentration (mg/kg) identified in 20 research articles. The composition is also converted to the 

oxide form in weight percentages. The weight proportions of water (H2O) in crystallization, CO2 

in carbonates, and C in organic carbon were identified by thermogravimetric analysis (TGA) and 

discussed in the later section.  

In Table 3-1, 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 present. The major composition 

in the expression of oxide (%), including CaO (27%), SiO2 (34%), and Al2O3 (6%), account for 

67% of the total BA. Additionally, the BA contains including Fe2O3 (6%), SO3 (6%), CO2 (5%), 

and H2O in crystallization (6%) as main compounds. The composition of Na2O, K2O, and Cl only 

constitutes 0.08-1.55% in the total BA. The concentrations (mg/kg) of Na, K, and Cl in the New 

York BA are lower than the average concentration in literature, which are influenced by the MSW 

feedstock (recycling system), furnace conditions (combustion and mechanical system), and the 

quenching parameters. Previous study mentioned the quenching water dissolves the salts and 

accumulates extreme concentrations of Cl, up to 2605 g/L (Inkaew et 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 

Composition 

(mg/kg) 

BA 
Data Review (20 articles) 

BA converted 

to oxide form 

(weight %) Min. Max. Ave. 

Ca 130,846 69,413 250,000 149,983 CaO 27.13 

Si 106,543 167,627 223,600 202,120 SiO2 33.78 

Al  21,814 30,000 69,519 47,516 Al 2O3 6.11 

Fe 28,168 11,240 109,309 38,860 Fe2O3 5.97 

S 16,903 5,070 164,200 37,893 SO3 6.25 

Mg 8,210 5,997 17,473 12,696 MgO 2.02 

Na 2,906 9,040 38,000 22,368 Na2O 0.58 

K 8,664 3,073 190,000 29,224 K2O 1.55 

P 7,014 2,994 6,019 4,408 P2O5 2.38 

Ti 5,300 7,157 7,157 7,157 TiO2 1.31 

Mn 593 100 1,246 679 Mn2O3 0.11 

Zn 3,390 305 8,352 2,462 ZnO 0.63 

Cu 2,219 36 6,532 1,833 CuO 0.41 

Pb 410 23 5,195 912 PbO 0.07 

Cr 85 79 1,224 281 Cr2O3 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 

     CO2 5.42 

     H2O 5.64 

 

The XRD pattern (Figure 3-2) and quantification results (Table 3-2) indicate the main 

crystalline components (23%) in BA constituted of 12% quartz (SiO2), 3% calcite (CaCO3), 3% 

Al and Fe oxides (2% corundum Al2O3 and 1% magnetite Fe3O4), 3% silicates (gehlenite 

Ca2Al[AlSiO 7] and akermanite Ca2Mg[Si2O7]), 2% sulfates (alunite Kal3(OH)6(SO4)2 and 

anhydrite CaSO4). The amorphous phases constituted 77% of the total BA. It is noted that, glass 

(amorphous SiO2) is an important component presented in the amorphous phases of BA.  
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Previous researches mentioned the discharged BA before the metal recycling usually 

contains 15-30% glass and ceramics, 5-13% ferrous metals, 2-5% non-ferrous metals, and 1-5% 

unburned organics (Yang et al.,  2012; Chimenos et al., 1999; Berkhout et al., 2011; Ġyc et al., 

2017). Concluded from Table 3-2, the BA after metal recycling in WTE facilities still contains 1% 

ferrous metals (magnetite) and 2% non-ferrous metals (corundum). It is noted that, the chemical 

composition of 6% Al2O3 and 6% Fe2O3 in Table 3-1 presents the total concentration of Al and Fe 

oxides. These compounds are not only in ferrous and non-ferrous metal scraps, but also in minerals 

of BA. From Table 3-1, the BA contained 0.31% of organic carbon, which is similar to the 

concentration of unburnt organic matter in 0.2-1.0% found by Ġyc et al., 2017b. Ġyc et al., 2017b 

also found BA contained 9.2-22.7% glass and 1.8-5.1% ceramics. Thus, it can be estimated that 

the BA after metal recycling contained about 20% glass and ceramics, 1% ferrous metals, 2% non-

ferrous metals, 0.3% unburnt organic matter, and 77% mineral fractions.   

Table 3-2 XRD quantification results of bottom ash  

Mineral components Chemical formula Bottom ash (%) 

Quartz SiO2 12.3 

Anhydrite CaSO4 1 

Calcite CaCO3 3.4 

Gehlenite Ca2Al[AlSiO 7] 0.8 

Corundum Al 2O3 2 

Akermanite Ca2Mg[Si2O7] 2.6 

Alunite Kal3(OH)6(SO4)2 0.7 

Magnetite Fe3O4 1 

Amorphous phases  76.2 
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Figure 3-2 Bottom ash XRD pattern  

The formed hydrates were also measured by TGA, as shown in Figure 3-3. The thermal 

mass loss between 25-600  contains 5.6% of H2O, including surface moisture evaporation (25-

100 ), dehydration of quenched products of hydrates, and decomposition of hydroxides (Collier, 

2016). The mass loss between 600-840  is due to the decomposition of CaCO3 into CaO and 

CO2. The weight reduced by 6.4% of CO2, converted to 15% CaCO3 in BA. However, only 3% 

calcite (CaCO3) was identified in the crystalline phases of BA, indicating the rest of CaCO3 was 

in the amorphous phases. During the water quenching process, CO2 from air was absorbed on the 

BA surface via pore water (Inkaew et al., 2016), and bond with Ca-based alkaline components as 

below Equation 3-1.   

Ca(OH)2 + CO2 Ą CaCO3 + H2O    Equation 3-1 
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Figure 3-3 TGA results  of bottom ash  

To analyze the distribution of major composition including CaO, Al 2O3, and SiO2, in the 

BA, Table 3-3 summarizes the actual concentration and normalized concentration in the total ash 

(Table 3-1), the crystalline phases (Table 3-2), and the amorphous phases calculated by the 

difference between the total ash and crystalline phases. Amorphous phases contain higher ratio of 

CaO-compounds, while the crystalline phases contain higher ratio of SiO2 in chemical composition 

due to the silicate components. The composition of Al 2O3 evenly distributes in crystalline and 

amorphous phases.  

Figure 3-4 indicates the possible components in the amorphous phases of BA. The 

amorphous SiO2 is mainly due to the waste glass. The compounds contained Al 2O3 might be 

amorphous Al2O3 or amorphous Al(OH)3 due to the quenching process (Piantone et al., 2004; 

Dijkstra et al., 2002; Chimenos et al., 2000). The CaO-compounds presented in amorphous 

Ca(OH)2 nanoparticles due to the lime (CaO) slaking in water (Rodriguez-Navarro et al., 2017). 

Then, the CO2 is absorbed on Ca(OH)2 nanoparticles and formed to metastable CaCO3 in the 

amorphous phases as discussed in TGA results.  
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In addition to the individual compounds contained CaO, Al2O3, and SiO2, the previous 

study also mentioned the amorphous phases formed by water quenching, such as calcium silicate 

hydrate (C-S-H) gel mentioned in Inkaew et al., 2016, or calcium aluminate silicate hydrate (C-A-

S-H) gel due to the presence of Al(OH)3. The hydrate gel phases are more thermodynamically 

stable than the amorphous Al(OH)3 or amorphous Ca(OH)2, which are more likely to be present 

in the amorphous phases of BA. The exact forms of the amorphous components and their 

proportions in BA are expected to be identified in the future with advanced instruments. 

Table 3-3 The concentration (%) of b ottom ash main chemical composition in oxide 

(%) forms  (CaO, SiO2, and Al 2O3). 

Main 

Oxides 

Actual concentration (%) in BA 
Normalized concentration (CaO + Al2O3 + 

SiO2 = 100 %) in ternary diagram 

Total 

ash 

Crystalline 

phases 

Amorphous 

phases 

Total 

ash 

Crystalline 

phases 

Amorphous 

phases 

CaO 21 4 17 32 19 39 

SiO2 34 14 21 53 68 47 

Al 2O3 9 3 7 14 13 15 

SUM 64 20 44 100 100 100 

 

 

Figure 3-4 CaO-Al 2O3-SiO 2 ternary diagram of total , crystalline, and amorphous 

phases in bottom ash. 
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3.1.3 Leachability of bottom ash: LEAF Method 1313-pH dependence 

Figure 3-5a shows the acid neutralization capacity (ANC) curve of BA according to LEAF 

Method 1313 leaching results as a function of pH. The eluate pH decreased by increasing acid 

concentration (meq/g). The Ca-based minerals and hydrate amorphous phases (C-S-H or C-A-S-

H phases) control the eluate pH of BA leachates (Bayuseno and Schmahl, 2010). The rest oxides 

(such as Al 2O3 and Fe3O4 in Table 3-2) and hydroxides may also influence the eluate pH. The 

typical ónaturalô pH value of wet-discharged BA is around 10-12 or for weather BA around 8 

(Dijkstra et al., 2006; Meima and Comans, 1997). The NY BA received ónaturalô pH around 10, 

which is similar to the results in previous studies. 

The leachability (mg/kg) of heavy metals (Cu, Pb, Zn, Cd, Cr, and Ni) in BA at 0 meq/g 

(leached by distilled water) is shown in Figure 3-5b. 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 

12457-2. Thus, the UK Waste Acceptance Criteria (WAC) of three different landfills-inert, non-

hazardous, and hazardous limi ts meet the BS EN12457-2 are present in Figure 3-5b as well as a 

reference for the determination of future LEAF criteria. A study 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 landfill (Ornebjerg et al., 2006). 

Cr is close to the inert waste limit. Cd, Ni, and Zn are around the limit, which is acceptable for 

non-hazardous landfills. The leachability of Cu and Pb in BA exceeded the limit of non-hazardous 

landfills while was acceptable for hazardous landfills according to the UK WAC leaching limits. 

Therefore, the proper treatment for stabilizing the heavy metals is recommended to BA before the 

utilization in construction.  
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Figure 3-5 LEAF Method 1313 procedure: a. acid neutralization capacity (ANC); b.  

leachability (mg/kg) of hea vy metals in water (0 meq/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 line-not acceptable for hazardous landfills, below the red line-acceptable for 

hazardous landfills; below the yellow line-acceptable for non-hazardous landfills; below the 

green link-acceptable as inert waste) 

The effect of eluate pH on the leachability of Cu, Pb, Zn, Cd, Cr, and Ni, are presented in 

Figure 3-5c and 3-5d. Cu and Pb were relatively stable and in the leachability range of 40-100 

a. b.

c.
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mg/kg when eluate pH = 4-10. The leachability of Cu was increased rapidly between eluate pH = 

2-4, while the leachability of Pb was increased gradually when eluate pH < 4. Zn was in the low 

leachability range, of about 40 mg/kg when eluate pH = 7.5-10, then 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 mg/kg at 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 = 8-10, while it increased gradually when pH < 8 and leached completely (100 

mg/kg) when eluate pH < 2. The leachability of Cr remained in a deficient concentration (1 mg/kg) 

at eluate pH = 5.5-10, increased gradually when eluate pH < 5.5, and finally leached 40 mg/kg.  
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3.2 Characterization of fly ash 

An earlier study identified the crystalline (56%) and amorphous (44%) phases in WTE fly 

ash (FA) by XRD quantitively analysis (Bayuseno and Schmahl 2011). However, no study has 

identified the effects of scrubbing on its chemical composition and mineral composition. This 

formation is used to determine the FA behavior in further treatment, such as the salt dissolution 

during the washing process or the hydration/precipitation processes if FA is to be utilized as a 

cementitious material. In addition, the scrubber difference (semi-dry or dry) may influence the 

formation of various chemical compounds. Furthermore, the elemental composition and mineral 

composition of FA are important in determining the leachability of heavy metals and controlling 

the release of contaminants (Zhang et al., 2016; Bayuseno and Schmahl, 2011).  

Previous studies examined the leaching behavior of FA and built geochemical models, 

based on thermodynamic stability data, to explain the solubility of heavy metals as a function of 

eluate pH (US EPA Method 1313, 2017; van der Sloot et al., 2006; Quina et al., 2009; Zhang et 

al., 2008). The EU Waste Acceptance Criteria (WAC, Council of the European Union 2003/33/EC) 

provide the concentration limits of hazardous landfill, non-hazardous landfill, and inert waste. The 

leaching results were compared against the limits and used to evaluate the category of landfill (Liu 

et al., 2015; Tian et al., 2020; Rani et al., 2008; Bourtsalas, 2015). Also, the Toxic Characteristic 

Leaching Procedure (TCLP, US EPA 2004) is used in the U.S. to simulate the acid rain conditions 

in a landfill. The determination of hazardous versus non-hazardous under the Resource 

Conservation and Recovery Act (RCRA) is specifically done by TCLP as a regulatory decision 

(Yang et al., 2012). However, the high alkaline components of FA may neutralize the acidic TCLP 

extractants allow the ash to pass the RCRA, as a possible drawback of TCLP test also mentioned 

by previous studies (Zhang et al., 2008; Liu et al., 2019; Chou et al., 2009). Therefore, the 
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distribution of the chemical components in FA may explain the pH buffering behavior, the effect 

of semi-dry or dry scrubbing on leachability, and the transformation that may occur during 

stabilization.   

This study aimed to identify the distribution of chemical components, examine the 

leachability of heavy metals on FA, and compare the effects of semi-dry and dry scrubbers. A 

methodology was established to estimate the empirical formulae for components in the crystalline 

and amorphous phases. FA samples from semi-dry and dry scrubbers were analyzed for particle 

size distribution, elemental composition (ICP, XRF, ion chromatography), mineral composition 

analysis (XRD quantification), hydrate and carbonate content (TGA), and morphology (SEM). In 

addition, the effect of eluate pH on heavy metals leachability was determined using the Leaching 

Environmental Assessment Framework (LEAF Method 1313-pH) and the effects regarding the 

RCRA standard were established by applying the TCLP procedure. The results are presented in 

the following sections. 

3.2.1 Particle size distribution, moisture and morphology of fly ash 

Photos of as-received semi-dry and dry scrubber FA after oven drying are shown in Figure 

3-6a. The particle size distribution is compared to the hydrated lime in Figure 3-6b. The semi-dry 

FA particles are much larger than the dry scrubber FA. The particle size of the dry scrubber FA 

(0.02-0.2 mm) is 10-25 times that of hydrated lime (0.0001-0.01 mm). 

Moisture in the feedstock to the WTE plants (0.2 ton H2O/ton MSW) and H2O formed by 

the combustion of MSW (0.375 ton H2O/ton MSW for assumed chemical formula C6H10O4) are 

the two main sources of H2O in the gas flow through the scrubbers (Themelis et al., 2002). In semi-

dry scrubbers, there is also a third minor source from the water evaporation in the lime slurry, 

which is estimated to be about 0.03 tons H2O per ton MSW (lime used as an absorbent of acid 
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gases: 0.01 tons CaO/ton MSW). Consequently, the H2O concentration in the two types of 

scrubbers is about the same (semi-dry:0.605 ton H2O/ton MSW; dry: 0.575 ton H2O/ton MSW). 

However, the semi-dry FA contained 20-30% surface moisture, in contrast to the 2% of the dry 

FA. The high moisture level in the semi-dry FA resulted in the agglomeration of particles to larger 

sizes (Figure 3-6a).  

The N plant semi-dry scrubber FA shown in Figure 3-6c (500 ) and 3-6d (2000 ) is larger 

than the dry FA. The needle-like ettringite distributed on the surface of semi-dry FA is a typical 

crystalline hydration product. Other hydration products may contain calcium silicate hydrate (C-

S-H) in gel structure in the amorphous phases that bonds the FA carried in the process gas in cloud-

like agglomerated particles. This phenomenon indicates a more prevalent hydration reaction in 

semi-dry scrubber, due to the higher water vapor concentration. The SEM images of U plant dry 

scrubber FA are shown in Figure 3-6e (500 ) and 3-6f (2000 ). It mainly contains spherical 

particles in micro-sized particles. The rod crystals weaved the supporting structure of FA particles, 

attached to the round components of hydrated lime. This structure was formed by combusted melt 

droplets, from the WTE furnace, and hydrated lime formed during the scrubbing process.  

To conclude, the use of lime slurry does not significantly influence 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 semi-dry scrubber increases the hydration reactions and 

influences the mineralogy of FA.  
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Figure 3-6 a. Photos of as-received 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 ; 

SEM images of semi-dry scrubber fly a sh c. 500 , d. 2000 ; dry scrubber fly ash e. 500 , 

f .2000 .  

a. b.

Dry scrubber 

fly ash

Semi-dry 

scrubber fly ash

d.c.

e. f.
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3.2.2 Chemical composition of fly ash 

The FA samples for this study were obtained from the fabric-filter baghouse of four WTE 

power plants in New York State: I and N plants are provided with semi-dry scrubbers; D and U 

plants with dry scrubbers. The municipal waste feedstock (MSW) is combusted at temperatures 

exceeding 850 . The temperature in the scrubbers is below 300 . 

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

Elemental 

concentration 

(mg/kg) 

Semi-dry scrubber 

FA 
Dry scrubber FA Data review (20 articles) 

N plant I plant D plant 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 3-4, the chemical compositions of FA from the four WTE plants are similar, 

compared to reviewed data in 50 articles from various countries. The major constituents in the FA 

are Ca, Cl, Na, K, Si, S, Zn, Mg, and Al. Volatile elements such as Cl, S, K, Na, 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 Schmahl, 2011; Li et al., 2004; Le Forestier and Libourel, 1998; Frandsen et al., 

2004). The volatile elements either undergo homogeneous nucleation due to supersaturation or 

condense heterogeneously on the surface of FA during the rapid cooling downstream of the furnace 

(Frandsen et al., 2004; Lam et al., 2010).  

The chemical composition of FA expressed in oxides are shown in Figure 3-7. The mineral 

name is only assigned when there is that mineral present. The chemical composition was 

summarized in the different averages of semi-dry scrubber FA, dry scrubber FA, and reviewed FA 

compositions in literature. Percent (%) H2O (as water of crystallization in hydroxides and 

hydrates), %CO2 (as CO3 in carbonates), and %C (as activated carbon) were measured by 

thermogravimetric analysis (TGA; section 3.2.4). Cl is an anion, and its concentration was 

measured by Ion Chromatography (IC) and converted to a percentage. The concentration of the 

other elements, which were measured by XRF and ICP (Table 3-4), except Se, As, Hg, Ag with 

very low concentration, were converted to oxide form and normalized in percentages. The 

composition was categorized to major oxides and minor oxides.  

The composition distributions of semi-dry scrubber FA, dry scrubber FA, and the average 

of values reported in the literature are in fair agreement but there are some differences. CaO is the 

primary composition in FA, constituting 39-40% in our measurements, in comparison to 25% in 

the literature. This indicates that the New York WTE plants injected more hydrated lime in the 

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 semi-dry scrubber FA and the same value in the reviewed 

literature.  
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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 semi-dry scrubber FA contained more H2O of crystallization (9.8%) than dry FA 

(6.6%), because of more hydroxide and hydrate compounds in semi-dry FA. The scrubbing 
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efficiency of HCl, SO2, and CO2 by hydrated lime in semi-dry or dry scrubbers, and also the MSW 

feedstock composition influenced the concentration of Cl, SO3, and CO2 in FA. HCl and SO2 are 

targeted contaminant gas for scrubbing. Cl is constituted 12% of semi-dry scrubber FA, in 

comparison to 18% Cl of dry scrubber FA and 14% Cl in reviewed FA. Less than half of the Cl is 

from inorganic chlorine in household kitchen wastes, while one-third 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). SO3 constituted 9.4% of semi-dry scrubber FA, in comparison to 6.4% of dry 

scrubber FA and 10% in reviewed FA. CO2 is also an acidic gas compound which reacts with 

hydrated lime in the scrubber. The semi-dry scrubber FA contained 6.4%, while the dry scrubber 

FA contained 10% of CO2, indicating that the lower water concentration resulted in using more 

lime absorbent to react with CO2.  

The composition of the MSW feedstock mainly determines the proportions of other major 

oxides. The composition in SiO2, Al2O3, Fe2O3, Na2O, K2O, and ZnO of measured FA, are slightly 

lower than reviewed FA, while the ratio of MgO is slightly higher than the reviewed FA. The 

variance in composition of Al 2O3 is due to a higher recycling rate of aluminum cans in the 

communities of New York WTE plants. The source separation of food waste, before the MSW 

was sent to WTE plants, contributed to the composition variance of Na2O. The composition of 

P2O5 in measured FA is similar to reviewed FA. ZnO is the only hazardous heavy metal in major 

oxides of composition, constituting 2% in measured samples and 5.5% in reviewed data. 

The minor oxides constituted of less than 1% of the semi-dry scrubber FA in the New York 

FA samples, while the fraction of minor oxides in reviewed FA was 2.3%. PbO (0.1-0.2%), TiO2 

(0.05-0.3%), Mn2O3 (0.05-0.1%), and CuO (0.05-0.1%) are dominant in minor oxides composition, 

with SrO (0.02-0.03%), CdO (0.02-0.03%), BaO (0.01%), NiO (<0.01%), and Cr2O3 (<0.1%) in 
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limited amount. In the FA reported in the literature, SrO (<1%), TiO2 (0.7%), PbO (0.3%), and 

CuO (0.2%) were dominant in the minor oxide composition. 

3.2.3 XRD qualitative and quantitative analysis of fly ash 

The XRD patterns of FA are shown in Figure 3-8. The major crystalline phases (45-50%) 

in FA and amorphous phase (50-55%), determined by the XRD Rietveld analysis, are shown in 

Figure 3-9. The crystalline phases were divided into six categories: (i) hydroxides (< 0.5%); (ii) 

carbonates (5-16%); (iii) chloride salts (~14-17%); (iv) sulfates (6-11%) and sulfide (< 2%); (v) 

aluminates (2-11%); and (vi) silicates (5-6%).  

FA contained 0.2-0.4% portlandite (Ca(OH)2) as the crystalline form of unreacted hydrated 

lime. 4% (semi-dry) to 7.3% (dry) of FA was calcium hydroxide chlorides (CaCl2 Ca(OH)2, also 

expressed as CaClOH), formed by the reaction between thermodynamically stable Ca(OH)2 and 

CaCl2 2H2O as Equations 3-2 and 3-3 (Häusler et al., 2019; Allal et al., 1998). Based on the same 

CaO proportion of about 40%, semi-dry FA contained less portlandite and calcium hydroxide 

chlorides because these compounds were preferably transformed to other mineral phase in the 

presence of higher H2O concentration.  The CaCO3 in MSW is assumed to decompose to CaO in 

the combustion chamber over 850 . Therefore, the 3.5-7.1% calcite (CaCO3) and 1.8-8.6% 

vaterite (CaCO3) as crystalline carbonate compounds were produced by Ca(OH)2 and CO2 in the 

flue gas (Equation 3-4).  

The calcium sulfate products after scrubbing amounted to 4.7-10.1% of the FA, included 

anhydrite (CaSO4, 3-3.5%) and bassanite (CaSO4 0.5H2O, 1.2-7.1%) (Equations 3-5 and 3-6). 

Bassanite (CaSO4 0.5H2O) is more likely to be presented in semi-dry FA. Another sulfate is alunite 

(KAl 3(SO4)2(OH)6) and constituted about 1% of the FA. Sulfides were mostly wurtzite (ZnS; 0.2-

1.6% of FA). The chloride salts, including halite (NaCl, 6.4-6.7%), sylvite (KCl, 1.8-2.5%), and 
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chloromagnesite (MgCl2, 1-1.1%), were due to the combustion of inorganic and organic chloride 

in the MSW feedstock.  

Equations for compounds formation: 

Ca(OH)2 + 2HCl = CaCl2 2H2O (Calcium hydroxide chloride)    Equation 3-2 

CaCl2 2H2O + Ca(OH)2 = CaCl2 Ca(OH)2 (Calcium hydroxide chloride) + 2H2O   Equation 3-3 

Ca(OH)2 + CO2 = CaCO3 + H2O    Equation 3-4 

Ca(OH)2 + SO2 + 0.5°2 = CaSO4 (Anhydrite) + H2O   Equation 3-5 

Ca(OH)2 + SO2 + 0.5°2 = CaSO4Ͻ0.5H2O (Bassanite) + 0.5H2O   Equation 3-6 

3CaAl2O4 + CaSO4 = Ca4Al 6O12SO4 (Yeôelimite)   Equation 3-7 

Ca3Al 2O6 + 3CaSO4 2H2O + 26H2O = Ca6Al 2(SO4)3(OH)12 26H2O (Ettringite)   Equation 3-8 

Ca4Al 6O12SO4 (Yeôelimite) + 2CaSO4 + 38H2O = Ca6Al 2(SO4)3(OH)12 26H2O (Ettringite) + 

4Al(OH)3   Equation 3-9 

Ca3Al 2O6 + CaClOH +10H2O = 2Ca2Al(OH)6(Cl,OH)·2H2O (Friedelôs salt)   Equation 3-10 

2Ca3SiO5 + 6H2O = C-S-H (also expressed as 3CaO·2SiO2·3H2O) + Ca(OH)2   Equation 3-11 
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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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Crystalline aluminates and silicates are more likely to be formed in semi-dry scrubber FA 

than in dry scrubber FA. Most compounds indicate reactions between scrubbing products 

(CaClOH, CaSO4, CaSO4Ͻ0.5H2O, CaCO3) and the furnace particles carried in the process gas. 

Tricalcium aluminate (Ca3Al 2O6, 0.6-3%) is the fundamental compound for calcium aluminates 

formation. Yeôelimite (Ca4Al 6O12SO4, 0.4-1.3%) and ettringite (Ca6Al 2(SO4)3(OH)12·26H2O, 0.6-

5.4%) were formed by the reaction between calcium aluminates (furnace) and CaSO4-products 

(newly-formed) (Equation 3-7 and Equations 3-8 and 3-9; El Khessaimi et al., 2019; Christensen 

et al., 2004). The formation of Friedelôs salt (Ca2Al(OH)6(Cl, OH)·2H2O; Equation 3-10) is due 

to the reaction of calcium aluminates and CaClOH (Suryavanshi et al., 1996; Rousselot et al., 2002; 

Talero et al., 2011; Paul et al., 2015).  

The silicate compounds in FA were mainly formed with Ca and Al compounds. Tricalcium 

silicate (Ca3SiO5, 1.6-1.8% in FA) is also known as the primary phase in Portland cement, which 

can dissolve and react with water to form amorphous calcium silicate hydrate (C-S-H) gel phase 

(Equation 3-11; Gougar et al., 1996). Therefore, it is reasonable to expect that the C-S-H gel phase 

may exist in the amorphous phase of semi-dry scrubber FA due to the hydration of tricalcium 

silicate. Other ceramic silicates generated in the furnace include inosilicates (wollastonite CaSiO3 

and diopside CaMgSi2O6) and melilite sorosilicates (gehlenite Ca2Al 2SiO7).  
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Figure 3-9 XRD quantification 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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3.2.4 Thermogravimetric analysis of fly ash 

The results of thermogravimetric analysis (TGA) and differential thermal analysis (DTA) 

of FA are shown in Figure 3-10. The semi-dry scrubber FA was first oven-dried at 38  for 24 

hours to remove extra moisture without affecting the hydrate structure, resulting in similar surface 

moisture between 25-100  for semi-dry and dry scrubber FA. Dehydration commonly occurs 

between 100-350 . Bassanite (CaSO4 0.5H2O) is transformed to CaSO4 at 150-220  (Equation 

3-12; Tang et al., 2019; Collier, 2016; Paulik et al., 1992). Some complex hydration products, such 

as ettringite Ca6Al 2(SO4)3(OH)12·26H2O, gradually dehydrate between 93-350  (Equations 3-13, 

3-14, and 3-15); subsequently, the Ca6Al 2(SO4)3O3(OH)6 decomposes between 350-600  

(Equation 3-16; Satava and Veprek, 1975; Phrompet et al., 2018; Guimarães et al., 2016). The 

compounds containing hydroxides decomposed at the temperature range of 350-600 , such as 

Ca(OH)2 and CaClOH (Equations 3-17 and 3-18) (Lin et al., 2009; Allal et al., 1998; Tian et al., 

2008; Mizukoshi et al., 2007; Häusler et al., 2019). 

Equations for compounds thermal decomposition: 

CaSO4 0.5H2O = CaSO4 + 0.5H2O   Equation 3-12 

Ca6Al 2(SO4)3(OH)12·26H2O = Ca6Al 2 (SO4)3(OH)12·13H2O + 13H2O   Equation 3-13 

Ca6Al 2 (SO4)3(OH)12·13H2O = Ca6Al 2(SO4)3(OH)12 + 13H2O   Equation 3-14 

Ca6Al 2(SO4)3(OH)12 = Ca6Al 2(SO4)3(OH)6 + 3H2O   Equation 3-15 

Ca6Al 2(SO4)3°3(OH)6 = 3H2O + 3CaSO4 + Ca3Al 2O6    Equation 3-16 

Ca(OH)2 = CaO + H2O   Equation 3-17 

2CaClOH = CaO·CaCl2 + H2O   Equation 3-18 

CaCO3 = CaO + CO2   Equation 3-19 
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Figure 3-10 TGA and DTA in weight  loss (%) of  semi-dry (N and I) and  dry (D and U) 

fly ash . 

The decomposition of carbonates mainly occurred from CaCO3 to CaO and CO2, at 600-

800 (Equation 3-19). 6% and 10% of CO2 was released from semi-dry and dry FA, respectively, 

equivalent to the decomposition of 15% and 25% of CaCO3. The high humidity in the semi-dry 

scrubber is favorable for the reaction of HCl and SO2 with CaCO3, leading to a lower CaCO3 

concentration in the semi-dry scrubber FA (Chin et al., 2005). The total CaCO3 concentration, 

measured by the TGA, was higher than that of crystalline calcite (CaCO3, semi-dry FA: 7.1%; dry 

FA: 3.5%;) and vaterite (CaCO3, semi-dry FA: 8.6%; dry FA: 1.8%) in the XRD results (Figure 

3-9). The most reasonable explanation for the difference value of CaCO3 in 10% is the amorphous 
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calcium carbonate formed by the absorption of CO2 in the scrubbing process (Bayuseno & 

Schmahl, 2011; Ecke, 2003; Li et al., 2020; Morandeau et al., 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 of H2O mass loss (hydroxides and hydrates 

decomposition) and CO2 mass loss (carbonate decomposition and activated carbon oxidation) were 

calculated in the chemical composition (section 3.2.2; Figure 3-7). 

3.2.5 Empirical chemical formulae of fly ash 

The empirical chemical formulae shown in Figure 3-9 express the atomic composition of 

the most prominent elements in FA. The constituents of the overall empirical formula were 

calculated based on the composition of major oxides (Figure 3-7), presented as 

K0.1Na0.1CaMg0.1Al0.1Si0.1C0.2(CO3)0.2(SO4)0.2O0.9Cl0.5·0.8H2O for semi-dry scrubber FA and 

K0.1Na0.1CaMg0.1Al0.1Si0.1C0.5(CO3)0.4(SO4)0.1O0.6Cl0.8(OH)0.1·0.5H2O for dry scrubber FA. The 

stoichiometric number of Ca in the empirical formulae was normalized to 1. Elements with a 

stoichiometric number less than 0.1 were not included in the empirical chemical formulae 

expression. Ca, K, Na, Mg, Al, and Si were present at the same stoichiometric number in the two 

types of FA. Semi-dry scrubber FA contained more SO4 and hydrate water, while dry scrubber FA 

contained more C, CO3, and Cl.  

The empirical chemical formulae of crystalline phases were estimated from the mineral 

composition (XRD quantification) by different categories (Figure 3-9). The crystalline compounds 

were summarized in K0.1Na0.4CaAl0.2Zn0.1Si0.2(CO3)0.5(SO4)0.4O0.2Cl0.7·0.7H2O, for semi-dry 

scrubber FA and K0.1Na0.3CaAl0.1Si0.1(CO3)0.5(SO4)0.1O0.6Cl0.7·0.3H2O, for dry scrubber FA. 

Hydroxides (Ca(OH)2) and carbonates (CaCO3) were found to exist in both types of FA. Both 
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types of FA contained the same expression of chloride salts Na0.5K0.1Ca0.3Cl(OH)0.3, sulfates 

CaAl0.2(SO4)1.1(OH)0.6·0.1H2O, and sulfides ZnS. The main difference between the empirical 

formulae of semi-dry and dry ash is on aluminates and silicates. Semi-dry scrubber FA 

(CaAl0.7(SO4)0.2(OH)3.9·0.4H2O) contained more hydroxides and hydrates than dry scrubber FA 

(CaAl0.7O0.2(SO4)0.2(OH)3.3). For silicates, the stoichiometric number of Si was normalized at 1, 

and the atom number of other elements were converted proportionally to Si.  

The empirical formulae of the amorphous phases were determined by the difference 

between the overall composition and the composition of the crystalline phases. The amorphous 

phase formulae of  

semi-dry scrubber FA (K0.1CaMg0.2Si0.1P0.1C0.3(CO3)0.2O1.3Cl0.3(OH)0.1·0.9H2O)  

and dry scrubber FA (K0.1CaMg0.2Zn0.1C0.9(CO3)0.2(SO4)0.1Cl0.8(OH)1.3·0.7H2O)  

indicated (see section 3.2.3) that the activated carbon and CaCO3 in the amorphous phases 

of FA. The stoichiometric numbers of K, Ca, and Mg were the same in both types of FA. The 

amorphous phases of semi-dry scrubber FA contained more hydrates than these of dry scrubber 

FA. HCl scrubbing products such as CaCl2 and unreacted Ca(OH)2 nanoparticles were more 

prevalent in the amorphous phase of the dry scrubber FA.  

Silica was found in the amorphous phase of semi-dry FA (typically glass powder), or in 

the form of amorphous hydrates, due to the hydration reaction between amorphous SiO2 (furnace) 

newly formed Ca(OH)2 (Siauciunas and Baltusnikas, 2003; Baltakys et al., 2007; Kunther et al., 

2017). The presence of C-S-H gel was also shown in SEM images (Figure 3-6f). Another 

possibility is the C-S-H gel formation in the amorphous phases by tricalcium silicate compounds 

in FA (in Equation 3-11).  
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3.2.6 Leachability of fly ash: LEAF Method 1313-pH dependence 

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

Figure 3-11 shows the eluate pH of the leachate as a function of the equivalent acid added 

per gram of oven-dry FA and the acid neutralization capacity (ANC), after 24 hours of reaction 

equilibrium. At eluate pH = 7, the ANC = 4.5-8.5 meq/g and at eluate pH = 4, ANC = 8.5-10.5 

meq/g. In comparison, Portuguese FA (Quina et al., 2009) was found to have ANCpH7 = 6.2-6.8 

meq/g and ANCpH4 = 10.1-11.6 meq/g, i.e., higher than for U.S. FA. 

At the same equivalent acid added (meq/g), FA from the four U.S. WTE plants had a 

variance in eluate pH; this value depends on the chemical constituents including oxides, 

hydroxides, carbonates, silicates, alkali metals (Bergfeldt et al., 1997). Also, the dissolution, 

hydrolysis, and precipitation of these constituents influence the acid neutralization process and the 

eluate pH. For example, the crystalline hydrates, including ettringite (Ca6Al2(SO4)3(OH)12·26H2O) 

and alunite (Kal3(SO4)2(OH)6), etc., can dissolve to hydroxides, buffer the acid, and result in higher 

eluate pH (Warren and Reardon, 1994; Acero et al., 2015). Also, the C-S-H gel phase in the semi-

dry FA influences the pH buffering behavior (Baston et al., 2012; Li et al., 2001).  

 

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 metals in fly ash by using water (LEAF Method 1313 

procedure) 

The procedure and parameters of LEAF Method 1313 by using water extraction is the same 

as BS EN 12457-2. Therefore, the results of water leaching (i.e., ANC = 0 meq/g, eluate pH = 

11.6-12.3) followed the procedure of LEAF Method 1313 are shown in Figure 3-12 for six heavy 

metals. Currently, there is no available criteria for U.S. EPA LEAF tests; thus, the UK Waste 

Acceptance Criteria (WAC) limits meets the BS EN 12457-2 are present in Figure 3-12 as a 

reference for the determination of future LEAF criteria. The WAC leaching limit lines represent 

the maximum acceptable concentrations at hazardous, non-hazardous, and inert waste landfills. A 

study 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 landfill (Ornebjerg et al., 2006). The concentrations of Pb, Cd, and Zn, exceeded the 

non-hazardous landfill limit. The concentration of Pb even exceeded the hazardous landfill limit. 

The concentrations of Cu, Ni, and Cr were under the non-hazardous landfill limits. The semi-dry 

FA exhibited lower Pb leachability than dry scrubber FA. 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  

3.2.6.3 Leachability of heavy metals in fly ash as a function of pH (LEAF Method 1313) 

Figure 3-13 shows the leachability of six heavy metals as a function of eluate pH (LEAF 

Method 1313). Pb is the most leachable amphoteric heavy metal, exhibiting a V-shape curve and 

high leached concentration at eluate pH >10, or pH < 6. The dissolved Pb compounds reached a 

hydrolysis equilibrium at a certain pH during the leaching process. For the aqueous phase solubility, 

Pb2(OH)3Cl matched the Pb concentration at pH = 10-12 (right side of the V-shape curve). 

However, at pH 8.2-10, the Pb2(OH)3Cl partially transformed to less soluble Pb(OH)2, resulting in 

the flat region at the bottom of the V-shape curve (Wang et al., 2016). Pb2(CO3)Cl2 is the mineral 

that controls the Pb solubility at pH 4-6 (Geysen et al., 2004). At eluate pH < 4, there is no 

solubility controlling phase, and 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 the formation of hydroxides 

(Cd4(OH)6SO4 or Cd(OH)2; Van Herck et al. 2000). Surface complexation is the dominant reaction 

in the pH range of 6-10, and Cd is adsorbed by hydrous ferric oxide (FehOCd+ and FeOCd+; Quina 

et al., 2009). At eluate pH < 6,  dissolution/precipitation transforms Cd to CdCl+ and CdCl2(aq)  

(Yan et al., 2008).     

The crystalline phase detected in FA contained Zn as wurtzite (ZnS). Zinc is amphoteric 

and dissolves in both acid and alkaline conditions. Previous studies stated that zincite (ZnO) and 

willemite (Zn2SiO4) were formed in the high pH range (Astrup et al., 2006; Hyks et al., 2007). 

Figure 3-8 shows that the lowest Zn concentration was observed at eluate pH = 8.5-9. Up to 80% 

of the Zn dissolved in the aqueous phase at eluate pH < 6, as also reported by  Zhang et 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 Cu2(OH)2CO3; Vink, 1986)) precipitation occurred in the pH range of 6-8, and the Cu 

curve was flat at pH > 6. An earlier study (Quina et al., 2009) indicated that malachite formation 

(Cu2(OH)2CO3) is the controlling phase at pH above 8; also, Cu complexation occurs in this pH 

range. Chromium is a typical oxyanion (e.g., CrO4
2-, Van der Sloot, 2002), as shown by the W-

shape curve of Figure 3-13, also observed by Quina et al. (2009). The solubility of Ni increased 

linearly with decreasing eluate pH and is controlled by surface absorption (Yan et al., 2008).  

In conclusion, the leachability of various 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. For safe disposal in a landfill, controlling the eluate pH around 10 can minimize the 

leaching of heavy metals. For future extraction and recovery of heavy metals, eluate pH = 6 is 
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recommended for Zn (~10 g/kg in fly ash) and Cd (~0.1 g/kg); 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 low (10-100 mg/kg) 

for economic recovery.  

3.2.7 Leachability of heavy metals in fly ash using the TCLP procedure 

Two extraction acid solutions were prepared by acetic acid/sodium hydroxide: Extraction 

Fluid #1 at pH = 4.93  0.05 and Extraction Fluid #2 at pH = 2.88  0.05. In the industrial landfill 

practice, the choice of extraction fluid is determined by the waste alkalinity: 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 used (US EPA 2004). In this study, both two extraction fluids (pH 

= 4.93 and pH = 2.88) were used to leach semi-dry FA (N plant) and dry FA (U plant) are shown 

in Figure 3-14 for a comprehensive comparison, where they are compared to the RCRA standards 

of Pb, Zn, and Cd for U.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), Ba (<20 mg/L, std = 100 mg/L), 

Cr (<0.1 mg/L, std = 5 mg/L), and Hg (<0.2 mg/L, std = 0.2 mg/L); however, their leachability 

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

 

Figure 3-14 TCLP 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 semi-dry FA was ten times lower than that of dry FA, partly because 

the Pb concentration in semi-dry FA was only 1/3 of that in dry scrubber FA. This result is also in 

agreement with the statement made in Section 3.2.6 that the semi-dry scrubber enhances the 

hydration reactions in FA and generates hydration products (ettringite and amorphous C-S-H gel 

phase), which immobilize the heavy metals and reduces their leachability. The Pb concentration 

of semi-dry FA from N plant was below the RCRA Pb limit of 5.0 mg/L, thus acceptable for 

disposal in the U.S. non-hazardous landfills. The RCRA Pb limit of 5 mg/L is also less restrictive 

than the Pb = 2.0 mg/L limit of the landfill limits of Germany and Belgium  (Geysen et al., 2004). 

For Cd, the leachate concentrations of FA were 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, although the Zn concentration in the FA was about the same (Figure 3-7); this indicates that 

the C-S-H phase immobilizes Zn in semi-dry FA, as was also observed by Moon et al., 2010. The 

large number of structural sites apparently bind heavy metal cations on C-S-H phase and 

immobilize them through sorption, substitution, and precipitation of insoluble compounds (Zak 

and Deja, 2015; Bayuseno and Schmahl, 2011). 

3.2.8 Discussion of Section 3.2 

This study developed a method for analyzing the concentration and distribution of various 

chemical compounds in the crystalline and amorphous phases of WTE fly ash (FA). The empirical 

chemical formulae were estimated based on the elemental composition and XRD quantification 

results. The effects of the chemical components of FA from two types of scrubbers (dry and semi-

dry) on the leachability of heavy metals were also investigated.  
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The chemical composition (shown in oxides expression) of FA indicated that CaO (~40%) 

is dominant in the FA of both semi-dry and dry scrubbers. The components related to the air 

pollution system showed some differences between the two types of FA: semi-dry scrubber FA 

contains less Cl (12%), activated carbon C (1.4%), CO2 in carbonate (6.4%), but more SO3 (9.4%), 

and H2O (9.8%) of crystallization than the dry scrubber (Cl 18%, C 4%, CO2 10%, SO3 6.4%, and 

H2O 6.6%). The variation in other elements is due to the MSW feedstock and WTE combustion 

system. ZnO constitutes 2% of FA, while other minor oxides of heavy metals, in total, constitute 

<1% of FA at the contaminant level.   

The crystalline phases (45-50%) of FA were divided into six categories: (i) hydroxides 

(<0.5%); (ii) carbonates (5-16%); (iii) chloride salts (~14-17%); (iv) sulfates (6-11%) and sulfides 

(< 2%); (v) aluminates (2-11%); and (vi) silicates (5-6%). The amorphous phases were 50-55% of 

the FA. The use of lime slurry does not significantly influence either the water vapor concentration 

or the gas flow temperature through the scrubber. However, the presence of water in the lime slurry 

droplets in the semi-dry scrubber increases the hydration reactions and influences the mineral 

composition of FA. Semi-dry scrubbing was found to be a more favorable process for FA because 

it results in the transformation of FA to thermodynamically more stable crystalline hydrates (e.g., 

calcium aluminate hydrates) and to the amorphous C-S-H phase.  

Tests using Method 1313-pH dependent test explained the effect of eluate pH on the 

leachability of heavy metals. The leachability of heavy metals by using water (ANC = 0 meq/g, 

eluate pH = 12) showed that the Pb, Cd, and Zn exceeding the non-hazardous landfill maximum 

value; Pb even exceeded the hazardous limits (UK DEFRA Criteria for the WAC limits). Cu, Ni, 

and Cr were under the non-hazardous landfill limits. The lowest leachability was at eluate pH = 6-

10, for Pb, and 8.5-9, for Zn; and these metals were entirely extracted at eluate pH < 4 (Pb) and 
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eluate pH < 6 (Zn). The leachability of Cu and Cr was low at eluate pH > 6, increased at eluate pH 

< 6, and these metals were completely extracted at pH < 4 (Cu) and pH < 2 (Cr). The leachability 

of Cd was low at eluate pH < 10, increased at eluate pH 6-10 and Cd was entirely extracted at 

eluate pH < 6.  

In the TCLP tests, semi-dry FA exhibited lower leachability of Pb and Zn, as compared to 

that of dry FA, and all heavy metals were below the RCRA standards for non-hazardous landfill 

disposal. The difference in leachability is due to lowering of the eluate pH by reaction with the 

alkaline components in FA; and the immobilization of heavy metals by the formation of hydration 

products (ettringite and C-S-H phase).  
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3.3 Characterization of combined ash and processing combined ash to three size 

fractions (fine, medium, and coarse) and filter cake ash 

3.3.1 Leachability (mg/L) of bottom ash, fly ash, and combined ash using the TCLP 

procedure, comparison to U.S. RCRA landfill limits 

The WTE plants in the U.S. mix the bottom ash (BA) and fly ash (FA) residues to combined 

ash (CA) for landfill disposal. Figure 3-15 shows the effect of varying ash composition on leaching 

of metals of environmental concern (unit: mg/L) based on TCLP tests (Extractant Fluid #1 at pH 

= 4.93; Extractant Fluid #2 at pH = 2.88) and complying with RCRA landfill limits. The FA used 

is a product of a semi-dry scrubber system, which is the most common system used in 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 produced by the author in the weight ratio of 6 to 1. Each leachate by a certain 

extractant was measured in three parallel tests, and the average value is presented in Figure 3-15. 

 

Figure 3-15 TCLP 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, 

except for Cd in BA#2, which was slightly higher than the Cd RCRA limit of 1.0 mg/L. This result 

indicates that CA is safe for disposal in non-hazardous landfills.  

3.3.2 Chemical transformation of combined ash after being disposed in landfills 

In 2017, seven million tons of CA were generated in the U.S. after ferrous and non-ferrous 

metals recycling and disposed in MSW landfills  or used as daily cover in landfills (Tian et al., 

2020). The pozzolanic reactions between FA and BA take place over several months after disposal 

(Sargent, 2015). The dissolved Ca2+ reacts with any dissolved SiO2 and Al2O3 and form hydrated 

gels of C-S-H and C-A-S-H as shown in Figure 3-14 and Equations 3-20 and 3-21 (Lin et al. 2008; 

Sargent 2015). The newly formed C-S-H and C-A-S-H gels bind between the BA and FA particles 

and gradually harden the CA. 

Ca2+ + 2OH- + SiO2 Ą C-S-H (calcium-silicate-hydrates gel)   Equation 3-20 

Ca2+ + 2OH- + SiO2 + Al 2O3 Ą C-A-S-H (calcium-aluminate-silicate-hydrates gel)  Equation 3-21 

According to Equation 3-22, when CA is exposed to the atmosphere, such as used as daily 

cover in landfills, the carbonation reaction will occur on Ca-based alkaline components present in 

CA. Additionally, carbonation reaction happens on the pozzolanic C-S-H phase in CA as shown 

in Equation 3-23. A complex decalcification-polymerization process of the C-(A)-S-H phase and 

the formation of amorphous silica gel is involved in the CA aging. The carbonation of both Ca-

based alkaline components and the C-(A)-S-H phase contributes to the decrease in porosity of BA 

and increase in the mechanical strength (Andrade et al., 2007; Chimenos et al., 2005). A previous 

study showed that in the short term of 90 days of aging, carbonation is the primary reaction 

controlling the pH, decreasing the BA pH from 12 to 10.9 to minimize the solubility of metal 
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hydroxides (Chimenos et al., 2000). However, the disposal of WTE residues in landfills increases 

the cost of WTE plants, the use of land and can be associated with environmental risks. 

Ca(OH)2 + CO2 Ą CaCO3 (using Ca(OH)2 to represent the Ca-based hydroxides or alkaline 

components)   Equation 3-22 

(CaO)1.7(SiO2)(H2O)z + 1.7 CO2 Ą (SiO2)(H2O)z + 1.7 CaCO3 (Morandeau et al., 2014)   Equation 

3-23 

 

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 residues, countries worldwide, especially the European 

Commission, encourage the utilization of the mineral fraction of WTE residues as secondary 

construction materials in the civil engineering sector (European Commission, 2019; Ginés et al., 

2009). BA is commonly identified as heterogeneous solid granulate material with a wide particle 

size range (Figure 3-1). Thus, the most common practice is using BA as a granular material or an 

aggregate substitute (i) in road construction, such as noise and wind barriers, embankments; (ii) to 

replace natural aggregates in cement-based products, such as non-structural or structural concrete. 

However, there are environmental and engineering limitations for reusing the BA as secondary 

construction materials in engineering applications, including leaching of Cl-, SO4
2-, and heavy 
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metals, expansion due to metallic Al/Zn and ettringite, high porosity, low density, and low 

mechanical properties (Xuan et al., 2018).  

Decreasing the leachability of heavy metals through stabilization and solidification is the 

primary concern for the utilization of FA. Previous researches explored the technical approaches, 

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 aggregate, ceramic products) (Joseph et al., 2018). 

Pretreatment methods are sometimes used to reduce the leaching of salts and heavy metals from 

FA, such as washing with water, acid, or alkali, carbonation, phosphating, or thermal treatment 

(discussed in Section 1.3.2).  

Among the investigated pretreatment methods for WTE residues, water washing is the most 

economical method for upgrading WTE residues to high-quality granulate material. The process 

is associated with significant reductions in the leaching of chloride, sulfate, heavy metals, and 

dissolved organic carbon (DOC) (Keulen et al., 2016).  

In the U.S., WTE power plants produce combined ash. Therefore, it is practical and 

economical to explore water washing and processing in the industrial fields to pretreat and 

physiochemical transform the CA to non-hazardous materials, which can be reused in civil 

engineering applications. 

3.3.3 Mass balance and particle size distribution of combined ash, processed three size 

fractions (coarse, medium, and fine), and filter cake ash 

Figure 3-17 shows the as-received CA collected from WTE plants, and three size fractions 

of combined ash (fine, medium, and coarse) after water washing, crushing, and size separation 

process. The weight percentage distribution of three fractions and filter cake ash were measured 
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by the author. 3% of total CA was dissolved in wastewater during the water washing process. 8% 

dust particles were removed from CA during the water washing process and collected from the 

wastewater treatment system as extra fine filter cake ash (EFFCA).  The rest processed combined 

ash constituted of 89% of total CA was sieved and graded into three size fractions as granulate 

materials according to ASTM C136 and ASTM C33: (i) coarse combined ash (CCA, sieve Size 

No. 56 25.0ï9.5 mm); (ii) medium combined ash (MCA, sieve Size No. 8; 9.5ï 2 mm); (iii) fine 

combined ash (FCA, < 2 mm).  

 

Figure 3-17 Photos and mass transition  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 from BA. The dissolved salts and alkaline 

components in washing water from FA may slightly react with the surface of BA. The primary 

chemical transformation of the combined ash in the size range > 2 mm is the dissolution of some 
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soluble compounds and the hydration reaction of oxide compounds in BA. At the same time, the 

crushing process also reduces the particle size of CA and influences the materials distributed in 

CCA and MCA. 

In the FCA (25% of total combined ash), 6% is from FA, and 19% is from BA. About 8% 

of extra fine dust washed out from the CA (5% from FA and 3% from BA), as filter cake ash 

(EFFCA), should be utilized after proper treatment or safely disposed of in landfills. The 3% of 

total CA (mainly from FA) dissolved in wastewater.   

 

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 of Figure 3-17, CCA and MCA are heterogeneous and granular 

stone-like 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 as-received CA and three fractions processed CA (CCA, MCA, and FCA) is shown 

in Figure 3-18. The specific gravity, water absorption rate, particle size distribution in D10, D50, 

D90, and chemical composition of CA are compared to natural aggregate (i.e., sand and gravel) 

and are summarized in Table 3-5. The specific gravity of CCA (2.29) and MCA (2.28) is similar 
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to the same size fraction of natural stone aggregate (2.61-2.68). At the same time, the water 

absorption of CCA (3.08%) and MCA (4.25%) are higher than that of natural aggregate. The 

specific gravity of the FCA is 48% of the natural sand. The FCA exhibited a high-water absorption 

rate of 12.8%, indicating a highly porous and absorptive material with a high surface area. Similar 

properties were observed in fine-sized bottom ash in previous studies (Izquierdo et al., 2002; 

Siddique, 2010).  

3.3.4 Elemental composition and mineral composition of combined ash, three size fractions 

(fine, medium, and coarse) of combined ash, and filter cake ash 

Si (10-20%), Ca (3-13%), and Al (1-3%) are dominant elements in three processed 

fractions of CA (Dijkstra et al., 2019; Sorlin et al., 2011). The coarser size of the processed CA 

contains higher concentration of Si, while the finer size of the processed CA contains a higher 

concentration of Ca and Al. The heavy metals of environmental concern were distributed 

differently in the three ash fractions, especially Zn (in the < 9.5 mm fraction), Cu ((9.5-25 mm), 

and Zn (2-9.5 mm). Previous studies on BA indicated high Cu concentration in the < 0.45 mm 

and > 4 mm range due to lithophilic property and entrainment (Yao et al., 2013). Higher amounts 

of Zn were present in the < 3 mm range due to the binding to carbonate fractions (Xia et al., 2017). 

Pb had the highest values in the 2-4 mm range, followed by 0-1 mm (Chimenos et al., 2003).  

Ca (16%), 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 CaSO4-related insoluble components were washed from FA and transformed 

to EFFCA. 1% of Zn in EFFCA indicates that Zn was originally more concentrated in the fine dust 

of CA. The water washing process is effectively in reducing the Zn concentration from three 

fractions of the processed CA. 
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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  

Characteristics 
Combined 

ash 

Coarse 

(9.5-25 

mm) 

Medium 

(2-9.5 

mm) 

Fine 

(0-2 

mm) 

Extra fine 

filter cake 

ash 

Name 

Ash CA CCA MCA FCA EFFCA 

Natural  
Coarse 

gravel 

Medium 

gravel 
Sand  

Specific 

gravity ( 103 

kg/m3) 

Ash  2.29 2.28 1.25  

Natural  2.61 2.68 2.58  

Water 

absorption (%) 

Ash  3.08 4.25 12.80  

Natural  2.54 1.32 0.54  

Particle 

distribution 

(mm) 

Ash 

D10 0.42 6.35 2.90 0.17 1.92 

D50 6.59 11.35 5.18 0.78 12.86 

D90 19.00 18.84 7.82 1.68 42.47 

Nat

ural 

D10  9.87 3.90 0.18  

D50  13.94 6.97 0.80  

D90  19.15 9.03 1.67  

Combined ash 

chemical 

composition in 

Concentration 

(mg/kg) 

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 

S 9,855 7,281 7,084 12,789 28,842 

Ti 3,564 3,449 2,382 4,242 2,565 

Mn 600 123 422 391 258 

Zn 3,949 700 3,505 1,752 8,664 

Cu 77 6,639 1,814 2,192 826 

P 6,689 643 1,996 6,631 81 

Pb 423 988 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 CA, CCA, MCA, FCA, and EFFCA are shown in Figure 3-19. The 

XRD quantification results of these ashes in different fractions are summarized in Table 3-6. In 

the crystalline phase of CA, the components include oxides and silicates, which are mainly from 
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BA (Table 3-2). The silicates compounds in FA (Figure 3-9) came from flue gas containing very 

fine combusted particulates of BA. The sulfates and carbonates originated from both BA and FA.  

The difference in CaSO4 concentration between CA and the sum total of BA and FA is 

mainly due to the chemical transformation during the mixing of BA and FA, resulting in the 

formation of sulfate hydroxide/hydrate compounds (such as ettringite Ca6Al 2(SO4)3(OH)12·26H2O 

and alunite KAl 3(OH)6(SO4)2). Alunite is a typical weathering or hydration product of 

aluminosilicate materials (Long et al., 1992). The heterogeneous samples might also influence the 

accuracy of XRD quantification results, especially in low percentage values (< 1%).  

The total carbonates (measured by TGA) are 15% in both FA and BA. For the crystalline 

carbonate compound, calcite (4% CaCO3) was slightly increased in CA compared to the 3.3% 

calcite in BA because of the presence of FA (6% calcite). 1.5% of chloride compounds (CaClOH, 

NaCl, and KCl) in CA originated from FA. 

In the crystalline phase of combined ash fractions after washing, crushing, and size 

separation, SiO2 (quartz and cristobalite) is the dominant compound (10-20%) in FCA, MCA, and 

CCA. In comparison, 1% of SiO2 was partitioned to the EFFCA during the water washing. 

Compared to the concentration in CA, corundum (Al 2O3) might have reacted with silica or alkaline 

components during the processing; thus, it was not detected in FCA, MCA, CCA, or EFFCA. 

Magnetite (Fe3O4) is concentrated in MCA, although some magnetite might be recycled by 

magnetic separation before the combined ash washing process. Rutile (TiO2) is present in the 

smaller size (< 9.5mm) of combined ash. Anhydrite (CaSO4) is concentrated in the MCA and FCA 

after the process, while the only sulfate compound in EFFCA is 2% alunite (KAl3(OH)6(SO4)2). 

Compared to the total S concentration in 3% of EFFCA, the rest S from CaSO4-related compounds 

might be transformed to the amorphous phases of EFFCA or other unknown microcrystalline 
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compounds. A previous study mentioned that CaSO4 might be adsorbed on the C-S-H surface. The 

chloride compounds (CaClOH, NaCl, and KCl) in CA were dissolved during the water washing 

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). 

Component fraction 

(%) 
Chemical formula CA CCA MCA FCA EFFCA 

Amorphous phase 73.2 66.7 76.7 57.5 63.3 

Quartz SiO2 9.3 18.5 10.0 20.0 1.2 

Cristobalite SiO2  0.6 0.4 0.5  

Corundum Al 2O3 1.7     

Magnetite Fe3O4 0.7  0.9   

Rutile TiO2   1.3 2.6 0.6 

Anhydrite CaSO4 0.6  0.9 1.3  

Alunite KAl 3(OH)6(SO4)2 0.8    1.8 

Calcite CaCO3 4 3.4 2.6 4.5 10.5 

Vaterite CaCO3     7.1 

Potassium carbonate K2CO3 1.4    5.3 

Dolomite CaMg(CO3)2  1.6   0.7 

Ettringite Ca6Al 2(SO4)3(OH)12·26H2O 2.0 0.6    

Monosulfoaluminate Ca4Al 2(SO4)(OH)12·6H2O  0.7    

Monocarboaluminate Ca4Al 2(CO3)(OH)12·5H2O 0.5 
  

1.4 
 

Hemicarboaluminate Ca4Al 2(CO3)0.5(OH)13·5.5H2O  
  

0.9 0.5 

Hydrocalumite Ca4Al 2(OH)12(Cl,CO3,OH)2·4H2O  
  

3.0 
 

Enstatite MgSiO3 0.3 1.1   3.9 

Gehlenite Ca2Al[AlSiO 7] 3.7 0.4 2.0 5.3 1.6 

Akermanite Ca2Mg[Si2O7] 0.2 1.4 3.7 2.9 3.5 

Mullite Al 6Si2O13  3.9    

Diopside CaMgSi2O6  1.1    

Calcium chloride 

hydroxide 

CaClOH 0.7     

Halite NaCl 0.6     

Sylvite KCl 0.2     

 

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

range from 3-5% in three fractions, while EFFCA consisted of 24% those crystalline carbonate 
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minerals. The silicate compounds, including enstatite (MgSiO3), gehlenite (Ca2Al[AlSiO 7]), 

akermanite (Ca2Mg[Si2O7]), mullite (Al6Si2O13), and diopside (CaMgSi2O6), ranged between 5-

10% in CCA, MCA, FCA, and EFFCA.  

The presence and formation of crystalline hydrate compounds in combined ash, include 

ettringite (Ca6Al 2(SO4)3(OH)12·26H2O) in CA/CCA, monosulfoaluminate 

(Ca4Al 2(SO4)(OH)12·6H2O) in CCA, monocarboaluminate (Ca4Al 2(CO3)(OH)12·5H2O) in CA and 

FCA, hemicarboaluminate (Ca4Al 2(CO3)0.5(OH)13·5.5H2O) in FCA and EFFCA, and 

hydrocalumite (Ca2Al(OH)6.5Cl0.5·3(H2O)) in FCA.  

Ettringite (Ca6Al 2(SO4)3(OH)12·26H2O, also called the AFt phase in the cement system) is 

the hydrate phase formed in the initial reaction between dissolved sulfate ions and the aluminate 

phases in WTE bottom ash as shown below in Equation 3-24. The presence of ettringite depends 

on the ratio of CaSO4 to tri-calcium aluminate (3CaOϽAl 2O3). When this ratio is low, ettringite 

converts to monosulfoaluminate (Ca4Al 2(SO4)(OH)12·6H2O, also called as the AFm phase) as 

indicated below in Equation 3-25 (Bullard et al., 2011). When the ratio is intermediate, ettringite 

partially converts to monosulfoaluminate, both present in CCA; when the ratio of CaSO4 to tri-

calcium aluminate (3CaOϽAl 2O3) is high, the ettringite is unlikely to convert to 

monosulfoaluminate (Christensen et al., 2004). Thus, only ettringite is present in CA due to the 

sufficient anhydrite (CaSO4).  

A previous study mentioned that the formation of hemicarboaluminate occurs in the 

CaCO3-bearing system with slow calcite (CaCO3) dissolution kinetics (Martin et al., 2015), 

accompanied with the formation of ettringite as shown in Equation 3-26. However, when the molar 

bulk CO2/Al2O3 ratio is higher than 0.33, the continued addition of calcite results in the 

hemicarboaluminate being progressively replaced by monocarbonaluminate. Additionally, at 
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carbonate ratios at or above 0.66, the free calcite amount is increased, and the monocarboaluminate 

amount is decreased (Matschei et al., 2007). Thus, regarding the formation of these hydrates, both 

calcite (CaCO3) and vaterite (CaCO3) react with monosulfate to form ettringite, 

monocarboaluminate, and amorphous Al(OH)3, but the presence of gypsum lowers the reactivity 

of both carbonates (Martin et al., 2015) as Equation 3-27.  

Ca3Al 2O6 + 3CaSO4 2H2O + 26H2O = Ca6Al 2(SO4)3(OH)12 26H2O (ettringite)   Equation 3-24 

2Ca3Al 2O6 + Ca6Al 2(SO4)3(OH)12 26H2O + 4H2O = Ca4Al 2(SO4)(OH)12·6H2O 

(monosulfoaluminate)   Equation 3-25 

6Ca4Al 6O12SO4 (Yeôelimite) + CaCO3 + 135H2O = 2 Ca4Al2(CO3)0.5(OH)13·5.5H2O 

(hemicarboaluminate) + 2Ca6Al 2(SO4)3(OH)12 26H2O (ettringite) + 14Al(OH)3 + 5Ca(OH)2      

Equation 3-26 

3Ca4Al 6O12SO4 (Yeôelimite) + 2CaCO3 + 72H2O = 2Ca4Al 2(CO3)(OH)12·5H2O 

(monocarboaluminate) + Ca6Al 2(SO4)3(OH)12 26H2O (ettringite) + 6Al(OH)3 (amorphous 

aluminum hydroxide)   Equation 3-27 
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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)  

3.3.5 Leachability of three fractions processed combined 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 Figure 3-20. The 

acid neutralization capacity (ANC) (Figure 3-20a) showed the eluate pH of CA and the processed 

ash fractions after mixing for 24h to reach equilibrium. The eluate pH of the distilled water 

leaching (0 meq/g) for processed combined ash fractions (CCA, MCA, and FCA) is in the range 

of 10.4-10.7. Water washing reduced the ANC of CA by removing the fine alkaline particulates. 

The eluate pH of EFFCA, when water was used (0 meq/g), is 11.3. The eluate pH decreased with 

the increasing amount of equivalent acid added (meq/g). The finer particles of the processed CA 

had more alkaline components and indicated higher acid buffering capacity. The ANC curve of 
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CCA and MCA are similar, with gradient buffering performance, due to the large proportion of 

glass and ceramic components in their ash fractions. FCA receives higher eluate pH than CCA and 

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

3.3.5.2 Leachability of heavy metals in three fractions processed combined ash and filter cake 

ash by using water (LEAF Method 1313 procedure) 

The leachability of heavy metals by using water leaching, including Cd, Cr, Cu, Ni, Pb, 

and Zn, is present in Figure 3-20. The procedure of LEAF Method 1313 by using water leaching 

is the same as BS EN 12457-2. Currently, there is no available criteria for U.S. EPA LEAF tests; 

thus, the UK WAC limits is present in Figure 3-20 as well as a reference for the enaction of future 

LEAF criteria.  

Overall, the processed combined ash in three size fractions (CCA, MCA, and FCA) 

indicated significant reduced leachability compared to the CA samples. The leachability of heavy 

metals in CA is below the UK WAC non-hazardous landfill limits. The processing improved the 

chemical stability of ash, resulting in the leachability of heavy metals in ash fractions is below the 

UK WAC inert waste limits, which can be beneficially used as secondary materials in construction. 

The leachability (mg/kg) by distilled water leaching (0 meq/g) is compared to the WAC landfill 

leaching limits in Figure 3-20b. The heavy metals leachability of three ash fractions (CCA, MCA, 

and FCA) are all under the inert waste limit. The leachability of Cu and Ni in EFFCA exceeded 

the inert waste limits while they were still under the limits that are acceptable for non-hazardous 

landfill.  

To conclude, water washing, crushing, and size separation are effective processing steps 

that can transform the CA to non-hazardous materials or inert materials. The process results in 
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three ash fractions, which can be beneficially utilized as secondary construction materials. The 

fine washed-out dust from CA can be safely disposed in non-hazardous landfills.  

 

 

 

a. b.
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c. 

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 line-acceptable for hazardous landfills; below the yellow line-acceptable for non-

hazardous landfills; below the green link-acceptable as inert waste landfills). 

3.3.5.3 Leachability of heavy metals in three fractions processed combined ash and filter cake 

ash as a function of pH (LEAF Method 1313) 

The effect of acid leaching of Cu, Pb, Zn, Cd, Cr, and Ni, are presented in Figure 3-20c as 

a function of eluate pH. Pb, Cd, and Cr were stable in the CCA, MCA, and FCA when eluate pH > 

7. When eluate pH < 7, the heavy metals were leached out gradually with the decreasing eluate of 

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 leached out from 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, indicating that 
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filter cake accumulated some fine dust of CA with higher leachability of heavy metals. The 

produced ash fractions (CCA, MCA, and FCA) can be used as construction materials.  

3.3.6 Discussion of Section 3.3 

The chemical composition of three as-received ash (FA, BA, CA), three processed ash 

fractions (CCA, MCA, FCA), and the washed dust (EFFCA) is calculated in weight proportion% 

and presented in Table 3-7. The weight % of CO2 and H2O (water of crystallization) was measured 

by TGA.  

The chemical composition of WTE ash was reported in the expression of oxides. CaO, 

SiO2, and Al2O3 are dominant chemical composition in oxides form of WTE ash. CaO-compounds 

is mainly transformed to finer fractions (FCA and EFFCA) during the processing, while the 

composition of SiO2 mainly remains in the larger fractions (CCA and MCA). Al2O3 in BA was 

mainly concentrated in the finer ash, and partitioned to FCA and MCA during processing. Fe2O3 

in BA is concentrated in the medium size (MCA). K2O was highly dissolved during water washing. 

SO3 was mainly partitioned from FA to FCA and EFFCA. The composition of ZnO was leached 

out from FA and concentrated in EFFCA. CuO is mainly presented in coarser size of BA, and 

therefore, CCA has a higher concentration than MCA and FCA. P2O5 was mainly found in FCA 

samples. CO2 as carbonate was mainly partitioned from 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 

composition in oxides 

(%) expression  

As received Processed ash fractions Washed dust 

FA BA CA CCA MCA FCA EFFCA 

CaO 38.94 27.13 31.53 18.94 20.17 29.25 33.45 

SiO2 5.67 33.78 22.18 53.34 52.65 33.91 11.19 

Al 2O3 3.30 6.11 9.22 9.62 5.93 9.77 2.64 

Fe2O3 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 

Na2O 2.09 0.58 3.59 0.85 1.39 0.54 1.29 

K2O 2.98 1.55 1.20 2.08 1.13 1.29 0.90 

SO3 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 

Mn2O3 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 

P2O5 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 

Cr2O3 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 

CO2 6.53 5.42 5.53 2.06 1.54 3.27 10.75 

H2O 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 main composition in oxides expression normalized to CaO + SiO2 + Al2O3 = 100% is 

calculated in Table 3-8 and presented Figure 3-21. The ternary composition of FA and BA 

reviewed from literature (Figure 3-22) is compared to the composition of ordinary Portland 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, metakaolin) (Lothenbach et al.,  2011; Kula et al., 
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2001; Siddique and Bennacer, 2012; Jiang et al., 2019; Nochaiya et al., 2010; Shi et al., 2017; 

Abdullahi et al., 2016; Flessati et al., 2021). 

Table 3-8 Normalized oxides (CaO + SiO 2 + Al 2O3 = 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 composition 

in oxides (%) expression  

As received Processed ash fractions Washed dust 

FA BA CA CCA MCA FCA EFFCA 

CaO 81 40 50 23 26 40 71 

SiO2 12 50 35 65 67 46 24 

Al 2O3 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 is usually used as cementitious supplementary material. Both FA and EFFCA have 

the potential to be used as feed raw material in cement clinker production (Wu et al., 2011; Saikia 

et al., 2007; Clavier et al., 2020). BA, CA, and FCA have similar compositions with 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 Al2O3% than other WTE ash samples examined. CCA and MCA contained a large 

proportion of SiO2 with 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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Figure 3-21 CaO-Al 2O3-SiO2 ternary diagram for as received ash (FA, BA, CA), 

processed ash fractions (CCA, MCA, FCA), and filter cake ash (EFFCA).  

 

Figure 3-22 CaO-Al 2O3-SiO 2 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 ash, fly ash, 

and combined ash 

Washing is a widely applied treatment to upgrade the quality of Waste-to-Energy (WTE) 

residues for further utilization (Lynn et al., 2016; Keulen et al., 2016). For WTE fly ash (FA), 

washing with water or with diluted acid solution can reduce significantly the leachability of heavy 

metals and soluble chlorides in FA before final stabilization/solidification treatment (Chimenos et 

al., 2005; Mulder, 1996). Hydrochloric acid was used to leach out metals from FA, with the final 

solution having a pH = 2. Commercial extractants LIX860N-I (an aldoxime) and Cyanex 923 (a 

mixture of phosphine oxides) were used for Cu and Zn extraction, accordingly, yielding recovery 

rates of 69-87% Cu and 75-80% Zn based on the contents of FA (Tang and Steenari, 2015). In 

recent years, a novel method for reducing heavy metals in FA by using alkaline leaching solvents 

(i.e.,0.5M aqueous NaOH, KOH, and NH4OH) has been proposed. This process also uptakes  CO2 

and precipitates it with the metal compounds in the wastewater (Kang et al., 2020).  

Due to the advantages of the physical properties of BA, it is suitable to be utilized as stone 

aggregate in construction (Zhu et al., 2016). However, as-received BA requires upgrading 

treatment, such as water washing, to reduce the leaching of chloride, sulfate, heavy metals, 

dissolved organic carbon, and fine dust particles (Keulen et al., 2016). Some studies indicated the 

water washing is not efficient to remove heavy metals from BA because the solubility of heavy 

metals is low at the water leaching pH at 10-12 (Sun & Yi, 2020). Thus, the acid washing process 

was proposed by Sun and Yi, 2021 by using up to 0.56 mol/L concentration of acid and received 

the maximum metal removal efficiencies at 62-76% for Zn, Cu, and Ni, and 17-25% for Pb, Cr, 

and Cd, resulted in the changes of mineral components of BA. On the other hand, alkaline washing 

(1mol/L [OH-]) has also been studied to remove the metallic Al and Al/Zn alloys in BA which 
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may cause cracking when it used in concrete and reduce the leachability of heavy metals (Xuan & 

Poon, 2018). Therefore, the metals removal efficiencies by washing treatment with different 

chemicals and the composition changes in washed products are expected a comparison.  

The objective of this study was to understand the chemical transformation of FA, BA, and 

U.S. CA during the washing process by using water, nitric acid, and sodium hydroxide alkaline 

solutions in different concentrations. The transformation of materials mass, chemical composition, 

mineral composition, and leachability of the washed ash product, the filter cake ash by-product 

(the washed-out dust < 75 ‘m, collected from the wastewater treatment), and the dissolved ash in 

wastewater, are used to evaluate the effects and efficiency of washing process.  

3.4.1 Treatment procedure and mass transition 

As shown in Figure 3-23, for washing FA, BA, and CA, the following solvents were used: 

distilled water, 0.1, 0.5, and 1 mol/L of HNO3 solutions, and 0.1, 0.5, and 1 mol/L of NaOH 

solutions. The oven-dried FA, BA, and CA, were mixed with solvents with a liquid-to-solid (L/S) 

ratio of 10 mL solution/g-dry ash samples. The mixture was mixed for 24 hours in the turn-over-

turn rotator to reach equilibrium. The received mixture was separated by using No.200 Sieve (75 

‘m opening size). The slurry, with the particles less than 75 ‘m, was filtered to separate the 

leachate (wastewater) from the solid filter cake. Washed WTE residues and filter cake ash were 

oven-dried at 38ᴈ for 48h to remove the surface moisture and the samples were further 

characterized. Characterization included weight, elemental composition, mineral composition, and 

leachability. The eluate pH and element concentration of wastewater were measured as well.  
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Figure 3-23 Schematic of WTE  ash washing procedure  

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

The eluate pH (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 using 0.5 and 1 mol/L HNO3. 

For CA, 0.1-1 mol/L HNO3 acid added to the washing agent resulted in the reduction of wastewater 

pH. The use of 1M HNO3 and 0.5M HNO3 resulted in similar wastewater pH of between 1-3 for 

both BA and CA samples. Compared to the slightly increased pH 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 mol/L), the pH of the wastewater of FA, BA, 

and CA was similar and between 12-14. Thus, it can be concluded from the wastewater pH that (i) 

0.5 mol/L HNO3 washing influenced the wastewater pH of BA and CA significantly; (ii) alkali 

washing at low concentration (e.g., 0.1M NaOH) is mainly affected on the pH of the wastewater 
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produced during BA treatment; (iii), 1 mol/L HNO3 washing is more effective to influence the pH 

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

 

a.

b.
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Figure 3-24 a. Eluate pH of wast ewater; mass fractions of ash products via washing 

process: b. fly ash; c. bottom ash; d. combined ash; 

c.

d.
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The mass partition of washed ash, filter cake, and dissolved ash is present in Figures 3-

24b-d to evaluate the effects of washing process. The mass partition of the washed FA by using 

different washing agents were constantly ranged between 43-59% of the total FA (Figure 3-24b). 

The difference of materials mass by using different agents is present in the proportions of filter 

cake (17-40%) and dissolved FA (10-28%). The water washing resulted in 17% of filter cake, and 

28% of dissolved FA. The dissolution of FA increased from 10% to 28% with the increasing HNO3 

concentration of washing agents due to the neutralization reaction; while it decreased from 17% 

to 11% with the increasing alkaline concentration, accompanied with the increasing partition of 

filter cake (30-40%) due to precipitation. Therefore, the washing process is not economical for FA 

pretreatment due to the transformation of about 50% of total FA to filter cake (by-product), and 

dissolution in wastewater. 

The mass balances BA and CA indicates similarities (Figures 3-24c and d). The remaining 

washed fraction constituted 59-87% of total BA and 49-85% of total CA. The higher dissolution 

occurred at lower wastewater pH. The dissolved fraction of CA was in the range of 0-41% with 

that of BA indicating a range of 0-28% for all washing solvents. In the extreme acidic condition 

(wastewater pH = 1 by using 1M HNO3), 28% and 41% of the total weight of BA and CA was 

dissolved, respectively. BA has a similar filter cake weight% (10-14%) 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 (10-23 wt.%), as compared to BA. Therefore, 

when the wastewater pH > 3, about 80% of total BA or CA is washed ash, 15% is filter cake, and 

5% is dissolved in wastewater, which results in acceptable mass loss for a washing process.  
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3.4.2 Chemical composition of as-received ash  

Figure 3-25 shows the elemental distribution as oxides (%) of as received FA, BA, and CA. 

The results were normalized to oxides in weight percentage. The major elements (>0.5%) in oxides 

of WTE ash included CaO (21-47%), SiO2 (2-34%), Al2O3 (6-10%), Fe2O3 (1-11%), SO3 (2-6%), 

MgO (3-4%), Na2O (2-4%), K2O (1-4%), P2O5 (2-3%), ZnO (1-2%), CO2 (5-7%) of carbonates, 

H2O (6-8%) of crystallization (in hydrates and hydroxides). The activated carbon (from air 

pollution control system in FA), or unburned organic matter (mainly in BA) constituted 1-7% of 

total WTE ash. FA contained 8% of Cl, while BA contained a very small amount of Cl (0.08%). 

So, the 2.2% Cl in CA was a result of FA. The minor elements in oxides form of WTE ash included 

TiO2, MnO, CuO, PbO, Cr2O3, BaO, NiO, CdO, and SrO. The sum of these minor elements of 

oxides had a range of 0.3-0.6% of total WTE ash.  

The chemical composition of SiO2, CaO, Al 2O3 (oxides % expression) in BA and CA is 

high, and Fe2O3, which range between 70-75%; the CaO, and Al2O3 are mainly formed with SiO2 

in low soluble and high resistant silicate minerals (discussed later in Section 3.4.3), so the 

dissolution of BA and CA is in less than 10% by adding 0.1-1 mol/L NaOH, water, and 0.1 mol/L 

HNO3 washing, and increased to up to 30-40% when using very strong acid (1M HNO3).  

However, the situation is different for FA. FA contains more soluble compounds and can 

react with washing agents, including the composition of CaO (47%), Na2O (2%), Cl (8%), CO2 as 

carbonate (7%), Al2O3 (6%), and SO3 (6%). The washing treatment can effectively dissolve the 

soluble Cl salts in FA and avoid chloride corrosion on steels when it used in reinforced concrete 

(Wei and Cheng, 2016; Yang et al., 2012). While, the compounds with cementitious reactivity are 

also dissolved or reacted with washing agents, resulting in the washed FA presents lower reactivity 
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compared to that of as-received FA (Keppert et al., 2015). The high dissolution in wastewater and 

by-product of filter cake will also increase the treatment cost for WTE plants.  

 

 

 
Figure 3-25 Chemical composition distribution in WTE as -received ash. 
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3.4.3 Elemental composition transformation on WTE ash during the washing process 

Figure 3-26 presents the elemental transformation of FA, BA, and CA during the washing 

process by different chemical agents. The element transformation was calculated by using the 

formula below:  

Oxide transformation % = Normalized oxide proportion (%) of each fraction  fraction 

percentage by mass balance (%) 

The washed ash is the final product of the washing process. The dissolution of WTE ash 

was controlled by the solubility of ash compounds and under the equilibrium pH in the wastewater 

caused by washing agents (Li and Demopoulos, 2005). Filter cake is produced by three main 

sources: (i) fine dust directly washed from the surface of WTE ash; (ii) fine pieces broken from 

the WTE ash due to the reaction between ash with washing agents; (iii) precipitates due to the 

supersaturation. 

The composition of CaO (oxide %) was primarily influenced by the washing process, with 

near half of the CaO-compounds partitioned into wastewater or filter cake. Under the high alkali 

conditions, Ca formed in Ca(OH)2 under the saturated conditions (Um & Hirato, 2014), which was 

detected as Portlandite (Ca(OH)2) (discussed in Section 3.4.4 (Figure 3-27)). In strong acid 

environment (0.5-1M HNO3), most of CaO in BA and CA was partitioned into filter cake and 

wastewater due to the alkali CaO compounds (such as CaCO3 and C-S-H phase) reacted with acid 

washing agents.  

Gypsum (CaSO4Ͻ2H2O), bassanite (CaSO4Ͻ0.5H2O), and anhydrite (CaSO4) are dominant 

sulphate compounds in FA (discussed in Section 3.4.4. Figure 3-27a). The solubility of calcium 

sulphate hydrates is governed by the Equations 3-28, 3-29, and 3-30. The concentration of OH- 

from washing agents  (0.5-1M NaOH) and dissolved FA precipitated the Ca2+ from aqueous phase 
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to form Portlandite (Ca(OH)2) as Equation 3-31 (Duchesne & Reardon, 1995). The precipitation 

of Ca2+ promoted the equilibrium of Equation 3-30 to the dissolution. Thus, more than 70% of SO3 

in FA dissolved by 0.5-1M NaOH washing. However, the sulphate compounds were more complex 

in BA and the dissolved OH- from BA was less than that from FA. 13% of SO3 in BA dissolved 

by 0.5-1M NaOH washing and 62% of SO3 in BA dissolved by 0.1-1M HNO3 washing, which 

indicates the sulphate compounds in BA is more soluble in acidic conditions. 

#Á3/Ͻς(/ ᵶ#Á3/ϽπȢυ(/ ρȢυ(/   Equation 3-28     

#Á3/ϽπȢυ(/ ᵶ#Á3/ πȢυ(/    Equation 3-29 

#Á3/ ᵶ#Á 3/    Equation 3-30 

#Á  ς/( ᵶ#Á/(      Equation 3-31 

The CO2 in carbonates reacted and dissolved in acid washing according to Equation 3-32. 

0.5-1M HNO3 reacted with more than 85% CO2 in carbonates in BA and CA, and dissolved 60-

90% of CO2 in carbonates in FA. The carbonates in BA and CA also dissolved in NaOH solutions. 

This is because the high concentration of OH- reacted with high proportion of silicate compounds 

in BA and CA (expressed as SiO2 or Ù3É/ Ͻ×!Ì/ ), and CaCO3, as shown in Equation 3-33 and 

3-34, transforming to silicate gels and dissolved CO3
2- (Silvia et al., 2020; Shaqour et al., 2017; 

Hakem Aziz et al., 2020).   

#Á#/ ς(  ᵶ#Á  (#/ ᵶ#Á  (  (#/ ᵶ#Á

(/ #/      Equation 3-32 

Ø#Á#/ Ù3É/ ςÚ/(O Ø#Á/ϽÙ3É/ ϽÚ(/ (Calcium silicate hydrate gel) + xCO3
2-     

Equation 3-33 

Ø#Á#/ Ù3É/ Ͻύὃὰ/ ςÚ/(O Ø#Á/ϽÙ3É/ Ͻ×ὃὰ/ ϽÚ(/  (calcium-aluminate-

silicate-hydrates gel) + xCO3
2-     Equation 3-34 
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a. Fly ash transformations in oxides (%)














































































































































































































































































































































