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Abstract  

Sustainably sourced development minerals are vital to meeting the demand for low-carbon 

construction materials. A potential waste material that can be a low-carbon construction material 

for cementitious systems is waste-to-energy fly ash (WTE ash), a by-product of waste incineration. 

WTE ash contains chloride-bearing species and heavy metals, which can promote steel 

reinforcement corrosion and present long-term leaching risks. Here, we present a new multi-step 

ash treatment protocol involving dissolution and heating to transform the non-readily removable 

chlorides in WTE ash to Chlorellestadite (Ca10(SiO4)3(SO4)3Cl2). Our results suggest that this 

transformation significantly reduces chloride release from WTE ash in an alkaline cement-like 

environment by over two orders of magnitude, from 1500 mg/l to less than 10 mg/l. This 

transformation also significantly reduces Pb mobility after treatment (from > 5 mg/l to < 0.5 mg/l), 

likely caused by the crystallo-chemical incorporation of Pb in Chlorellestadite. In contrast to the 

existing ash treatment methods, the proposed ash treatment protocol minimizes heavy metals 

volatilization while simultaneously reducing Pb mobility and chloride release through 

Chlorellestadite formation. These findings overcome limitations preventing the commercial use of 

WTE ash and thus opening up pathways towards a circular economy.  
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Introduction 
 

Development minerals are ‘low-value but essential’ non-metallic minerals that are critical for 

societal development.1 These minerals include but are not limited to construction materials, such 

as sand, gravel, limestone, and granite. Some of these minerals are used directly for construction 

applications (for example, sand in concrete) or as raw ingredients for manufacturing other 

engineering materials, such as limestone and sand for manufacturing cement and glass, 

respectively.2 The demand for these development minerals is likely to escalate with time because 

of the need to address the infrastructural needs of the rapidly growing population. Unfortunately, 

meeting the growing infrastructural demands with existing and widely used energy-intensive 

construction materials, such as cement, will also result in a concomitant rise in greenhouse gas 

emissions.3  

 

A widely adopted approach to reduce the greenhouse gas emissions associated with existing 

energy-intensive construction materials is their partial replacement with waste by-products.4,5 One 

potential waste by-product that is currently landfilled but has the potential to be a partial substitute 

for energy-intensive construction materials is the waste-to-energy (WTE) fly ash (hereafter 

referred to as WTE ash) – a by-product of municipal solid waste incineration.6 Currently, ~11 

percent (~222 million tons per year) of the municipal solid waste generated worldwide is 

incinerated at controlled WTE facilities, and our reliance on WTE facilities for managing waste 

will likely increase considering the projected rise in municipal solid waste generation worldwide 

from 1.9 Gt/yr in 2015 to 3.5 Gt/yr in 2050.7–10 The increased dependence on WTE facilities will 

generate increased amounts of WTE ashes containing significant amounts of development 
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minerals (calcite, portlandite, gypsum, and quartz) – a resource that can meet the increasing 

demand for construction materials.11,12  

 

Despite being a repository of development minerals, WTE ashes cannot be directly used to 

substitute energy-intensive cementitious materials. This limitation is partially due to two reasons. 

First, some mineralogical species in WTE ashes can interfere with the chemistry of construction 

materials, such as cement, resulting in altered hydration kinetics at early ages and accelerated 

materials degradation over time. An example is the accelerated cement hydration and subsequent 

steel reinforcement corrosion caused by the chloride-bearing species in WTE ashes.6,13 Second, 

the long-term leaching behavior of heavy metals (primarily Pb) from construction materials 

containing WTE ashes may exceed standard and regulatory thresholds.14,15 These limitations have 

thus far restricted the use of WTE  ash in the cementitious materials industry. Without industrial 

reuse, the hazardous WTE fly ashes containing heavy metals are first rendered non-hazardous 

through chemical stabilization or blending with WTE bottom ashes and then landfilled.16,17 The 

practice of blending WTE fly ashes with WTE bottom ashes also inhibits resource recovery from  

WTE bottom ashes, which could otherwise have been used for metal recovery and as 

aggregates.18,19 Additionally, landfilling of blended or chemically stabilized WTE ash is not an 

ideal solution due to the potential environmental risks (leaching of heavy metals and organic 

chemicals from landfills), limited landfilling space (chemical stabilization increases the need for 

landfilling space), associated tipping fees, and finally, the permanent loss of development 

minerals.20,21 All these negative impacts of landfilling WTE ash can be eliminated by selectively 

removing deleterious and unwanted elemental species from WTE ashes through chemical 
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treatment methods to recover development minerals and subsequently employ these minerals in 

the construction materials industry. 

 

In the literature, several chemical methods have been reported to treat WTE ashes: thermal 

treatment,22 carbonation,23 hydrothermal treatment,24 phosphoric acid stabilization,16 and leaching 

with mineral acids and water.25,26 These treatment methods have attempted to stabilize (through 

mineralogical transformations) or remove constituents that lend deleterious properties to WTE 

ashes. For example, the high-temperature thermal treatment (700 – 1100 °C) promotes heavy 

metals volatilization and completely removes unburnt residual carbon from WTE ashes.10,27–30 

Other treatment methods, i.e., leaching with mineral acids and water, can partially dissolve heavy 

metals and chlorides.31 As a result, these treatment methods are able to satisfactorily reduce heavy 

metals mobility below standard thresholds.26,32,33 However, these treatment methods have shown 

limited benefits in removing chlorides from WTE ashes.31,34 The chlorides not removed by the 

aforementioned treatment methods can catalyze steel reinforcement corrosion if these ashes are 

used with cement-based materials, limiting the use of WTE ashes in the concrete.  

 

Chlorides not readily removed by existing treatment methods primarily occur in two different 

speciations in WTE ash – calcium chloride hydroxide (CaClOH) and hydrocalumite 

(3CaO.Al2O3.CaCl2.10H2O). Hydrocalumite has low solubility, so chlorine removal from 

hydrocalumite when leaching WTE ash with water and mildly acidic solutions is incomplete.34 

Whereas, the dissolution behavior of CaClOH is not well understood, with some studies suggesting 

it is water soluble,35 while others indicate limited solubility.31 Thus, these observations suggest 
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that the existing ash treatment methods for removing chloride from WTE ashes are inadequate. 

Therefore, to enable the use of WTE ashes with cement-based materials, advanced ash treatment 

methods must be developed to transform the chlorides into mineralogical forms that are extremely 

stable in an alkaline cement-like environment.  

 

In this article, we report a novel ash treatment protocol that transforms the non-readily removable 

chlorides in WTE ashes to chlorellestadite (Ca10(SiO4)3(SO4)3Cl2). This speciation transformation 

is based on a multi-step dissolution and heating procedure. Our results demonstrate that the treated 

WTE ash, containing non-readily removable chlorides as chlorellestadite, exhibits remarkable 

stability in an alkaline cement-like environment, i.e., the chloride release from pristine WTE ash 

is ~2000 mg/l, whereas, after our proposed treatment, chloride release is reduced to < 5 mg/l. 

Besides lowering the chloride release, the reported ash treatment protocol also happens to reduce 

the Pb mobility below regulatory limits (< 0.5 mg/l) – rendering these ashes non-hazardous. Thus, 

our work demonstrates significant mobility reduction in two key ions: Cl and Pb in WTE ashes via 

a single treatment procedure. In summary, the reported ash treatment procedure enables the 

integration of WTE ashes into the circular sustainable materials and development minerals 

ecosystem, opening up a new pathway towards a global circular economy.  
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Materials and Methods 

Samples 

Four unique waste-to-energy (WTE) fly ashes (ash 1, ash 2, ash 3, and ash 4) from two WTE 

facilities in the United States were employed to validate our treatment protocol. The first WTE 

facility is a mass burn facility (ash 1, ash 3, and ash 4) with an incineration capacity of >1000 tons 

per day, and the second WTE facility is a modular facility (ash 2) with an incineration capacity of 

<100 tons per day. Hereafter, we use the term WTE ashes throughout the paper to refer to waste-

to-energy fly ashes. For all the experiments, the WTE ashes were dried at 105 °C in a gravity 

convection oven, crushed with a mortar & pestle, and sieved through a 45μm sieve. 

 

Analytical Methods 

X-ray Fluorescence 

Elemental concentrations (weight percentage) were measured on a Shimadzu EDX-7000 

spectrometer with Rh anode as an X-ray source. The X-ray fluorescence spectra were acquired 

between 0-40 keV in an inert atmosphere (He) on powdered specimens (< 45μm) in a sample cell 

covered with an ultralene film with a collimator size of 10 mm. For all these measurements, the 

live time for all the elements was set at 100 seconds and dead time at 30 percent. The collected 

spectra were post-processed with PCEDX-Navi. Quantitative estimates from the processed X-ray 

fluorescence spectra were calculated from the Fundamental-Parameter algorithm implemented in 

PCEDX-Navi.36 These quantitative estimates were needed to elucidate the changes in elemental 

concentrations with treatment steps.  
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Powder X-ray Diffraction and Rietveld Refinement 

Powder diffraction patterns of untreated and treated WTE ashes were collected on a Bruker D8 

Advance (40kV and 40mA) diffractometer in the Bragg-Brentano focusing configuration (θ - 2θ 

configuration). For this configuration, the goniometer radius is 280 mm, and the diffraction optics 

included a Goebel mirror (monochromator), incidence divergence slit (0.2 mm slit width), 

receiving soller slits (2.5°), and a complementary metal-oxide semiconductor (CMOS) detector. 

The ashes (< 45 μm) were mounted on a polymethyl methacrylate sample holder and irradiated 

with Cu Kα radiation (λ=1.5418 Å). Diffraction patterns were collected between 10° and 70° 2θ 

at a step size and step time of 0.01° and 0.15 seconds, respectively.  

 

The phases in treated and untreated WTE ashes were identified by comparing the collected powder 

diffraction patterns with the diffraction patterns archived in the International Center for Diffraction 

Data (ICDD) Powder Diffraction File (PDF) database. After phase identification, the relative 

proportions of different crystalline constituents in treated and untreated WTE ashes were 

determined through Rietveld refinement of the collected powder diffraction patterns. This 

quantitative phase information helped in understanding the changes in phase composition with 

treatment steps. The Rietveld refinements were performed on GSAS-II, and the parameters refined 

included the seven Chebyshev background coefficients, sample displacement, and the unit cell 

parameters.37 Before the Rietveld refinement, the instrument parameters (U, V, W) for the Bruker 

D8 Advance were determined on Al2O3. The instrument parameters determined were directly 

imported and held constant during the refinement of the powder diffraction patterns. 
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Isothermal Conduction Calorimetry 

WTE ashes (treated and untreated) contain phases that are typically not present in cementitious 

systems. These phases can alter the cement hydration kinetics significantly.6 Therefore, the 

hydration kinetics of cement blended with treated and untreated WTE ashes (10 percent 

replacement) were monitored on a TAM Air Isothermal Calorimeter (eight-channel). All 

calorimetry experiments were performed at 22 °C at a water-to-binder ratio of 0.5. Additional 

details related to sample preparation are described elsewhere.6  

 

Wet Laser Diffraction 

The particle size distributions (PSDs) of WTE ashes may change with treatment steps due to 

simultaneous dissolution and precipitation reactions. This PSD change may affect the ability of 

WTE ashes to influence cement hydration via filler effect.38 Therefore, the particle size 

distributions of untreated and treated WTE ashes were determined by wet laser diffraction on a 

Malvern Mastersizer 3000 in isopropanol. We followed the experimental protocol from our 

previous study for particle size measurements, and additional details for these measurements are 

provided in the supplementary information.6 The particle size measurements with wet laser 

diffraction (using Mie scattering theory) require the knowledge of real and imaginary components 

of the refractive index. These indexes for the untreated and treated WTE ashes are detailed in the 

supplementary information (Table S1). The indexes were chosen so that the volume concentration 

of WTE ash in isopropanol determined by density (through Helium Pycnometry) agreed with the 

volume concentration determined by Beer-Lambert’s law. A detailed description of the use of 

Helium Pycnometry for density measurements is provided in the supplementary information.  
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Dissolution in Synthetic Pore Solution 

Cement hydration is altered in the presence of WTE ashes.6 This is because the dissolution of WTE 

ashes in an alkaline cement-like environment furnishes ions that interfere with cement hydration. 

The dissolution behavior of untreated and treated WTE ashes was studied in a synthetic pore 

solution consisting of 0.15 M KOH and 0.05 M NaOH (prepared with ultrapure water, resistivity 

~ 18.2 MΩ.cm).39 Specifically, 0.5 g of WTE ash was put in contact with 50 ml of synthetic pore 

solution (22 °C, without stirring) and sample aliquots (30 ml) were collected after specific time 

intervals, e.g., end of the induction period, silicate reaction peak, and 28 days. The collected sample 

aliquots were filtered through a fresh 0.2 μm polypropylene syringe filter, and later acidified with 

0.2 ml of trace metal grade HNO3 (Fisher Scientific, 67-70% HNO3). Finally, ICP-OES and Ion 

Chromatography were used to monitor the concentration of ions in the acidified solution. These 

ion concentrations were used to evaluate the efficacy of the treatment process in reducing the 

availability of chloride ions in the cementitious pore solution. 

 

Toxicity Characteristic Leaching Procedure 

The speciation of inorganic analytes in WTE ashes may change with treatment steps, affecting the 

toxicity characteristic of WTE ashes. Therefore, the mobility (toxicity characteristic) of inorganic 

analytes in untreated and treated WTE ashes was tested through the US EPA method 1311.18 For 

these tests, 1 gram of WTE ash was transferred to a centrifuge tube containing 20 grams of 

extraction fluid, which was a solution of pH 2.88 prepared with glacial acetic acid. The centrifuge 

tube containing the WTE ash and extraction fluid was allowed to rotate in an end-over-end fashion 

at 30 rpm for 18 hours. At the end of 18 hours, the WTE ash and the extraction fluid were initially 
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separated by filtration. The extraction fluid was further filtered through a fresh 0.2 μm 

polypropylene syringe filter, acidified with 0.2 ml of trace metal grade HNO3 (Fisher Scientific, 

67-70% HNO3), and stored at 4 °C before measuring the concentration of inorganic analytes in the 

acidified extraction fluid by ICP-OES. 

 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

The concentration of inorganic analytes was measured on an inductively coupled plasma emission 

spectrometer (Agilent Varian Vista Pro 720 with a radially configured torch). For quality control, 

one sample after every ten samples was spiked with a known amount of each analyte, and duplicate 

sample analyses were performed. The measured concentrations satisfied quality control checks if 

the percentage recovery of each analyte in the spiked samples ranged between 70 to 130 percent, 

and the relative percentage difference between duplicate sample analyses was less than 20 percent. 

Table S2 in the supplementary information sheet details the operating conditions of the Agilent 

Varian Vista Pro 720 spectrometer.  

 

Ion Chromatography 

The chloride and bromide ion concentrations were measured on a Dionex Model DX500 ion 

chromatograph equipped with an anion guard column (Dionex AG14), an anion separator column 

(Dionex AS14), an anion suppressor device (Dionex AERS-500), and a Dionex conductivity 

detector with cell temperature stabilizer. For quality control during ion chromatography 

experiments, one sample in every ten samples was spiked with a known amount of each analyte, 
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and duplicate measurements were made. The measured concentrations satisfied quality control 

checks if the recovery of each analyte in spiked specimens ranged between 90 and 110 percent, 

and the relative percentage difference between duplicate sample analyses was less than 20 percent. 

Table S3 details the operating parameters for the ion chromatograph. 
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Results and Discussion 

Mineralogical Transformations During Ash Treatment 

Waste-to-Energy (WTE) ash contains undesirable species, particularly non-readily removable 

chlorides and heavy metals, that restrict its use with cement-based materials because of corrosion 

and long-term leaching risks. As a result, undesirable species in WTE ash must be transformed 

into mineralogical forms compatible with cementitious systems. In this article, we demonstrate a 

novel four-step ash treatment protocol (Figure 1) that transforms undesirable species into 

mineralogical forms compatible with cementitious environments. The first step (Step 1) involves  

 

Figure 1. Schematic Illustrating the Ash Treatment Process. In Step 1, the waste-to-energy 
(WTE) ash undergoes dissolution in water for 24 hours at a liquid-to-solid ratio (l/s) of 20. It is 
followed by Step 2, where the ash residue retained on the filter paper after Step 1 treatment is 
heated in an open-air furnace at 700 °C for 4 hours. The residue remaining after the thermal 
treatment in Step 2 undergoes dissolution in water for 24 hours (l/s = 20) in Step 3. Finally, the 
ash residue remaining on the filter paper after Step 3 undergoes dissolution in 0.1 M NaOH (l/s = 
20) for 24 hours as Step 4.  

 

the dissolution of WTE ash in water for 24 hours at a liquid-to-solid ratio (l/s) of 20. Soluble 

chloride phases in WTE ash, such as calcium chloride hydroxide (CaClOH), halite (NaCl), and 

sylvite (KCl), are likely to dissolve and disappear from the ash matrix in Step 1.40 We observe and  
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Figure 2. The Effect of Treatment Steps on the Mineralogy of Ash 3. a) Crystalline constituents 
of the ash matrix identified via X-ray Diffraction. b) Proportions of crystalline constituents in the 
ash matrix obtained from Rietveld refinement of powder diffraction patterns shown in Figure 2a. 
c) Concentration of phases that form during ash treatment. The abbreviations and chemical 
formulae for phases that are present in treated and untreated ashes are: Cch – calcium chloride 
hydroxide (CaClOH), Pt – portlandite (Ca(OH)2), Ha – halite (NaCl), An – anhydrite (CaSO4), Cc 
– calcite (CaCO3), Ce – chlorellestadite (Ca5(SiO4)1.5(SO4)1.5Cl), and Lm – lime (CaO). 



16 
 

confirm similar behavior on a set of four WTE ashes through X-ray diffraction. Diffraction patterns 

for ash 3 before and after treatment are shown in Figure 2a, and the diffraction patterns for the 

remaining ashes are depicted in the supplementary information sheet (Figures S1, S2, and S3). 

Halite and sylvite account for 7-18 percent of the ash matrix, and they disappear during Step 1 

treatment (Figures 2b, S1b, S2b, and S3b). In contrast, calcium chloride hydroxide dissolves and 

precipitates as portlandite (Ca(OH)2, reaction 1) as follows:  

 

CaClOH (s) + H�O →  Ca(OH)�(s) + HCl (aq)                                                             (reaction 1) 

 

The dissolution of calcium chloride hydroxide and the subsequent precipitation of portlandite is 

evident by the disappearance of Bragg reflections corresponding to calcium chloride hydroxide in 

Step 1 and the increase in the intensity of Bragg reflections corresponding to portlandite (Figures 

2a, S2a, and S3a). The parameters chosen for Step 1 dissolution, i.e., l/s of 20, led to the complete 

dissolution of calcium chloride hydroxide. However, some previous studies have reported 

incomplete dissolution of calcium chloride hydroxide in water at a l/s of 3.41 Such observations 

reflect the supersaturation of solution with respect to calcium chloride hydroxide and are plausible 

because the WTE ashes are calcium and chloride rich. The disappearance of halite and sylvite and 

the transformation of calcium chloride hydroxide to portlandite during Step 1 treatment reduces 

the chloride concentration in WTE ash (Figure 3a). Specifically, the Cl concentration decreased 

from 25-30 weight percent in the initial ash to 2-5 percent in the ash left after Step 1 treatment. 

The reduction in chloride concentration is a result of the dissolution of halite, sylvite, and calcium 

chloride hydroxide during Step 1 treatment. For ash 2 and 3, we measured the chloride 
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concentration in the filtrate of Step 1 through ion chromatography. The filtrates collected from ash 

2 and 3 after the Step 1 treatment had ~7000 mg/l and ~9000 mg/l of chlorides, respectively (Figure 

3b). Amongst the ashes studied, only ash 1 contained hydrocalumite (a non-readily removable 

chloride species), and it persisted in ash 1 after Step 1 treatment (Figure S1a).34 The remaining 

ashes (ashes 2, 3, and 4) only contained soluble chloride species, i.e., halite, sylvite, and calcium 

chloride hydroxide, which disappeared from the ash matrix after Step 1 treatment (Figures 2a-b, 

S2a-b, S3a-b). Despite the disappearance of all soluble chloride species, the chloride concentration 

in ashes 2, 3, and 4 does not completely reduce to zero after Step 1 treatment (Figure 3a). We 

hypothesize that the existence of non-trivial chloride concentration after Step 1 treatment can occur 

because of multiple reasons. First, ashes 2, 3, and 4 may contain additional insoluble chloride 

species in trace amounts not detected through laboratory powder X-ray diffraction. Second, some 

chloride ions may get incorporated into the crystal structure of portlandite that precipitated 

following the dissolution of calcium chloride hydroxide. Finally, the precipitated portlandite can 

also absorb some chloride ions.42 All these interactions possibly limit the extent to which chloride 

can be removed during Step 1 dissolution in water.  

 

Previous studies have attempted multistep dissolution in water to remove chlorides remaining after 

Step 1 dissolution. However, such multistep dissolution procedures have had limited utility in 

removing chlorides left after Step 1 dissolution.43 We suggest an alternative Step 2 treatment, 

which is heat treatment in a furnace at 700 °C for four hours. Thermal treatment (700 – 1100 °C), 

i.e., sintering, vitrification, melting, and vaporization, without Step 1 dissolution in water, have 

been used before to detoxify the WTE ashes.32 However, without Step 1 dissolution, alkali 
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chlorides persist in the ash matrix and promote the volatilization of metals, such as Zn and Pb 

(reaction 2), during thermal treatment.44–46  

 

2xMCl (s) + xYO (s) + ySiO� (s)  
∆
→ xM�O. ySiO�(s) + xYCl� (g) (M =  Na, K;  Y

=  Zn, Pb)        (reaction 2) 

 

 

Figure 3. Cl Concentration in Ash and Filtrate. a) Cl concentration (weight %) in ashes after 
different treatment steps. b) Cl concentration in the residual filtrate after different treatment steps. 
For Figure 3a, Steps 1-4 refer to the Cl remaining in each ash after each step, whereas in Figure 
3b, Steps 1, 3, and 4 refer to the Cl concentration in filtrate obtained after Steps 1, 3, and 4. 
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Such volatilization is not preferred because the evaporated metal species require condensate 

collection systems. Condensate collection system requirements for metal volatilization are 

stringent because the size of metal condensates is finer than typical WTE ashes.47 Therefore, our 

selection of Step 1 dissolution in water before Step 2 thermal treatment is dictated by the need to 

limit metal volatilization. The positive influence of Step 1 dissolution in limiting heavy metal 

volatilization is apparent by the enrichment of volatile metals, such as Pb, Zn, Cu, Sb, and Sn, in 

the ash matrix after Step 2 treatment (Table S4-S7, Figures 5a, S4d, S6a, S6b, and S6d). Thermal 

treatment performed in Step 2 affects the WTE ash chemistry in two ways. First, the Step 2 thermal 

treatment vaporizes the unburnt organic carbon in the WTE ashes that could act as ligands and 

increase heavy metal mobility.29,48 Additionally, the vaporization of organic carbon in Step 2 

treatment ensures that the treated WTE ashes do not interfere with the air-entrainment of concrete 

when partially substituting cement in concrete.49 Second, the Step 2 treatment transforms the 

chloride species remaining after Step 1 treatment to chlorellestadite (Ca5(SiO4)1.5(SO4)1.5Cl, 

Figures 2, S1, S2, and S3). This transformation is beneficial because chlorellestadite is considered 

hydraulically inactive,50 which suggests that it could be an excellent insoluble repository of 

chlorine species left after Step 1 treatment. The stability (solubility) of chlorellestadite in an 

alkaline cement-like environment has not been tested before (reported later in this paper), which 

is an important factor if treated waste-to-energy ashes are to partially replace cement.  

 

The chloride in WTE ashes after Step 1 treatment is present as hydrocalumite and phases 

undetected through laboratory powder X-ray diffraction (Figures 2a, S1a, S2a, S3a). In the Step 2 

treatment, the speciation of chlorides remaining after Step 1 treatment is transformed to 

chlorellestadite according to reaction 3. Chlorellestadite formation, as stipulated in reaction 3, 
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depends on CaO, CaCl2, CaSO4, and SiO2. The CaO in reaction 3 comes from the dehydroxylation 

of Ca(OH)2 during Step 2 thermal treatment,51 whereas CaSO4 (anhydrite) and SiO2 are present in 

all the WTE ashes after Step 1 treatment. Note that we could detect the existence of CaSO4 in 

WTE ashes but did not observe SiO2 through X-ray diffraction (Figures 2, S1, S2, and S3). The 

absence of SiO2 Bragg reflections in our diffraction experiments suggests that this phase is 

possibly present in amorphous form or is in low concentration and cannot be detected through 

laboratory X-ray diffraction. Finally, the source of CaCl2 in reaction 3 is residual chloride 

remaining after Step 1 dissolution, which decomposes during Step 2 thermal treatment and forms 

CaCl2. An example of this behavior is shown by hydrocalumite, a double-layered hydroxide, which 

is unstable at high temperatures and first breaks down to form CaO, Ca12Al14O33, and CaClOH.52,53 

This is followed by the further breakdown of CaClOH during Step 2 treatment to form CaCl2 and 

CaO.54 These reactions yield compounds that react according to reaction 3 to form chlorellestadite 

(Figures 2, S1, S2, and S3). Note that the chlorellestadite formation depends on the thermal 

disintegration of hydrocalumite and CaClOH. In our recent work, we have shown that CaClOH 

disintegrates at 650 °C.12 Additionally, hydrocalumite disintegrates at 600 °C.52 Therefore, the 

temperature selected for thermal treatment in Step 2 must be greater than 650 °C. In this work, we 

chose 700 °C to evaluate the proposed treatment process, but similar mineralogical transformations 

may also be realized with temperatures between 650 and 700 °C. Similarly, the thermal treatment 

duration can be optimized and reduced to less than four hours. 

 

3CaO (s) +  0.5CaCl� (s) + 1.5CaSO� (s) +  1.5SiO� (s)  

∆
→ Ca�(SiO�)�.�(SO�)�.�Cl (s)                                (reaction  3) 
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The proportion of chlorellestadite in WTE ashes after Step 2 treatment ranged between 10 and 60 

percent (Figures 2c, S1c, S2c, and S3c). Such variability in chlorellestadite concentration is 

attributed to the differences in the chemical composition of WTE ashes obtained after Step 1 

treatment (Table S4-S7). Note that the limiting reagents that govern chlorellestadite formation are 

Si for ash 1 and 2 and Cl for ash 3 and 4 (Table S8). If Si is the limiting reagent, not all CaCl2 

formed during Step 2 treatment will react to form chlorellestadite. Therefore, the excess water-

soluble chlorine species (CaCl2) after Step 2 treatment must be removed from the ash matrix if the 

treated ashes are to replace cement partially. Accordingly, Step 3 treatment is designed to remove 

any residual CaCl2 from the WTE ash matrix remaining after Step 2 treatment. Step 3 treatment 

involves the dissolution of WTE ash obtained after Step 2 in water again at a l/s of 20 for 24 hours 

(Figure 1). The chlorides released in Step 3 treatment, i.e., chloride concentration in the filtrate, 

were measured for ashes 2 and 3 through ion chromatography. For ashes 2 and 3, chloride 

concentrations in the filtrate were 65 and 130 mg/l, respectively (Figure 3b). The phase assemblage 

of treated WTE ashes after Step 3 treatment consisted of chlorellestadite, calcite, portlandite, and 

anhydrite (Figures 2a-b, S1a-b, S2a-b, and S3a-b). Chlorellestadite, calcite, portlandite, and 

anhydrite concentration in the four WTE ashes after Step 3 treatment ranges between 10 – 80 

percent, 20 – 40 percent, 10 – 70 percent, and 0 – 5 percent, respectively (Figures 2b, S1b, S2b, 

and S3b). These variations in phase composition merely reflect the differences in initial ash 

composition, implying that the initial ash chemistry governs the phase composition of the ash after 

treatment. The ash treatment steps in this paper are designed to enable cement substitution with 

treated WTE ashes, and all the products of the treatment process, except chlorellestadite, are 

commonly present in cementitious systems. 
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Chlorellestadite is a member of the ellestadite group of minerals, which includes fluroellestadite, 

hydroxyellestadite, and mattheddleite.55 Naturally occurring ellestadite group of minerals, such as 

hydroxyellestadite (Ca5(SiO4)1.5(SO4)1.5OH), exhibit ionic substitutions and exist as solid 

solutions. For instance, hydroxide in hydroxyellestadite can be substituted with Cl-, F-, and CO3
2-

.56,57 Considering that the treated ashes are to substitute cement and be present in an alkaline 

environment, the possibility of hydroxide replacing chloride in chlorellestadite cannot be 

neglected. Therefore, an additional treatment step is added for substituting the chloride in 

chlorellestadite with hydroxide. This additional treatment, Step 4, allows chloride replacement 

with hydroxide through ash (remaining after Step 3 treatment) dissolution in a 0.1 M NaOH 

solution at a l/s of 20 for 24 hours (Figure 1). The phase assemblage of treated ashes after Step 4 

treatment consists of chlorellestadite, calcite, and portlandite (Figures 2a-b, S1a-b, S2a-b, and S3a-

b). The change in chlorellestadite, calcite, and portlandite concentrations from Step 3 to Step 4 is 

only marginal (Figures 2c, S1c, S2c, and S3c). During Step 4 treatment, the extent to which 

hydroxide replaces chloride in chlorellestadite was accessed by measuring chloride concentration 

in the filtrate obtained after treatment for ashes 2 and 3 through ion chromatography. We find that 

the chloride concentration in the filtrates of ashes 2 and 3 were 15 and 25 mg/l, respectively (Figure 

3b). The chloride release during Step 4 treatment is reduced fivefold relative to Step 3 treatment 

(Figure 3b). These observations suggest that hydroxide substitution of chloride during Step 4 

treatment still occurs, but it is less substantial. At the end of Step 4 in our proposed ash treatment, 

the remaining chlorides primarily exist as chlorellestadite – a mineral whose stability (solubility) 

in a cementitious alkaline environment has not been tested before. Next, we evaluate the stability 

of treated WTE ashes in an alkaline cementitious environment. 
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Stability in an Alkaline Cementitious Environment 

Cement hydration is essentially a dissolution and precipitation process.58 These processes occur in 

a interstitial (pore) solution saturated with respect to calcium hydroxide and is therefore alkaline. 

This alkaline interstitial solution is usually replicated with a synthetic pore solution prepared from 

0.15 M KOH and 0.05 M NaOH.39 Here, we employ this synthetic pore solution to test the stability  

  

Figure 4. Availability of Cl from Untreated (Step 0) and Treated Ashes (Step 4) and the 
Corresponding Effect on Cement Hydration Kinetics (Isothermal Calorimetry). a) Cl release 
from treated and untreated ashes. Cl release from ash 2 and ash 3 were determined in a synthetic 
pore solution at different times. The synthetic pore solution comprised of 0.15 M KOH and 0.05 
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M NaOH and the time stamps in Figure 4a correspond to the end of the Induction Period (IP), the 
time at which Peak Heat Flow occurs (PHF), and 28 days. These time stamps were derived from 
hydration curves shown in Figures 4b and S8b and are provided in Table S9. For the hydrating 
cement sample, the two critical time stamps are indicated in Figure 4b. Some treated ash specimens 
furnished chlorides below the detection limit (grey dashed line). Hence, the indicated 
concentrations for those specimens are considered equivalent to the detection limit. b) Kinetics of 
cement hydration in the presence of treated and untreated ash 2 (10 percent replacement) as 
measured through isothermal calorimetry. 

 

of chlorides present as chlorellestadite on two treated WTE ashes (after Step 4 treatment) by 

measuring the chloride concentration of a 50 ml synthetic pore solution in contact with 0.5 g of 

treated WTE ash. The efficacy of the proposed ash treatment protocol is further assessed by 

measuring the chloride concentration of a 50 ml synthetic pore solution in contact with 0.5 g of 

untreated WTE ash (reference sample). At the end of Step 4 treatment, we obtained WTE ashes 

with two different compositions. The first composition included ashes 1, 3, and 4 and contained 

chlorellestadite as the predominant phase, whereas the second composition comprised ash 2 and 

had portlandite as the major phase (Figures 2c, S1c, S2c, and S3c). From these two compositions, 

we selected ashes 2 and 3 for evaluating the stability of chlorellestadite in an alkaline cementitious 

environment. The measured chloride concentration in the synthetic pore solution in contact with 

ashes 2 and 3 at different times is depicted in Figure 4a. Time stamps IP and PHF in Figure 4a 

denote the time corresponding to the end of the Induction Period (IP) and the time at which Peak 

Heat Flow (PHF) is observed for 90 percent cement and 10 percent ash (treated and untreated) 

blend. These time stamps were determined from isothermal conduction calorimetry. IP and PHF 

for the control specimen, i.e., cement specimen, are indicated in Figure 4b. For the remaining 

specimens, these time stamps are tabulated in Table S9. Time stamps IP and PHF for ashes 2 and 

3 (before and after treatment) range between 1 – 4.5 hours and 6 – 14.5 hours (Table S9). The 

measured chloride concentration in the synthetic pore solution in contact with the untreated WTE 
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ash 2 (Step 0) showed no time dependence and was ~1400 mg/l. After treatment, the chloride 

concentration in the synthetic pore solution in contact with treated ash 2 (Step 4) was reduced 

below the detection limit of 1.6 mg/l (Figure 4a). We observed a similar reduction in chloride 

release for ash 3. The untreated ash 3 (Step 0) released ~1900 mg/l of chloride in the synthetic 

pore solution. After treatment, the chloride concentrations in the synthetic pore solution in contact 

with the treated ash 3 (Step 4) remained below the detection limit at IP and 28 days and was ~6 

mg/l at PHF (Figure 4a). The observed negligible chloride release in these dissolution experiments 

means that the near maximum possible chloride from WTE ashes has been removed at the end of 

Step 4 in our proposed ash treatment. The set of treatment Steps 1-4 also reduced the bromide 

release from treated WTE ashes. For example, before treatment, ashes 2 and 3 released 50 and 100 

mg/l of bromide in the synthetic pore solution. After treatment, the same ashes released less than 

1 mg/l of bromide ions (Figure S9d). These results confirm that chlorellestadite in treated WTE 

ashes is stable in an alkaline cementitious environment. The existing ash treatment methods 

involving water washing cannot remove insoluble chloride species, such as hydrocalumite 

(Friedel’s salt).34 The chloride bound in minerals like hydrocalumite is sensitive to pH changes. 

For instance, a minor drop in the pH of the pore solution (from carbonation) of a cementitious 

material below 11.5 can release chlorides bound in hydrocalumite and initiate corrosion.59 The 

treatment process presented in this article transforms all the insoluble chloride to chlorellestadite, 

eliminating the potential risk of releasing chlorides bound in hydrocalumite due to gradual changes 

in the pH of the pore solution. Hence, treated WTE ashes containing insoluble chloride species as 

chlorellestadite can be used with cement-based materials without any concerns for halide (chloride 

and bromide) induced corrosion.60  
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Beyond halides, the untreated and treated WTE ashes also furnish other ions in the interstitial 

(pore) solution, which may interfere with cement hydration.6 We detected additional species in the 

synthetic pore solution in contact with untreated and treated WTE ashes, namely, K, Ca, Na, S, 

and Zn (Figures S8a, S9). A typical cementitious system is composed of calcium silicates 

(Ca3SiO5, Ca2SiO4), aluminate (Ca3Al2O6), ferrite (Ca2AlFeO5), and gypsum (CaSO4.2H2O).61 As 

a result, the pore solution of a typical cementitious system contains Ca, Si, Al, Fe, and S. This pore 

solution is modified in the presence of treated and untreated WTE ashes as Na, K, and Zn are 

introduced to the pore solution, which may affect the hydration characteristics of a cementitious 

system. We observe that, after treatment, ashes 2 and 3 release minimal Na and K in the synthetic 

pore solution (Figure S9). However, after treatment, ashes 2 and 3 release more Zn into the 

synthetic pore solution (Figure S8a). The observed increase in Zn release after treatment is likely 

caused by changes in Zn speciation during Step 2 thermal treatment.44,62 Increased Zn 

concentration in the pore solution is likely to delay cement hydration by promoting the preferential 

formation of calcium zincate over the calcium silicate hydrate gel.63 We observe a similar delay in 

cement hydration with treated WTE ashes 2 and 3 (Figures 4b, S8b). In contrast, we note both 

acceleration and retardation in cement hydration with untreated ashes. The untreated ash 2 is finer 

than cement (Dv50 = 3.72 μm) and is concentrated with soluble chlorides (Figures  3a). As a result, 

it accelerates cement hydration because of the high concentration of chlorides in the pore solution 

and finer particle size (Figures 4b, S10, S11). Finer particles provide nucleation sites for the 

precipitation of calcium silicate hydrate, leading to accelerated cement hydration.38 On the other 

hand, the chlorides in the pore solution promote the formation of flocculated hydrophilic calcium 

silicate hydrate, facilitating faster diffusion of ions, which also accelerates cement hydration.64 The 

ash 2 remains finer than cement after treatment (Dv50 = 6.36 μm) and releases no chloride in the 
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synthetic pore solution (Figure 4a) but delays cement hydration due to increased Zn release in the 

synthetic pore solution (Figure S8a). The untreated ash 3 also releases chloride in the synthetic 

pore solution; however, it delays cement hydration slightly (Figure S8b). We attribute this slight 

retardation to the complex intertwined physical and chemical effects when WTE ash is added to a 

cementitious system.6 After the treatment, ash 3 is finer than cement (Dv50 = 6.77 μm, Figures 

S10, S11), releases an insignificant amount of chlorides in the pore solution (Figure 4a), but delays 

cement hydration because of increased Zn concentration in the pore solution (Figure S8b). The 

slight retardation caused by increased Zn release following ash treatment can be compensated for 

by commonly used accelerators, such as Ca(NO3)2.65 This is illustrated by our preliminary strength 

measurements on cement paste specimens containing 10 percent treated ash 3 and 0.8 percent 

Ca(NO3)2 that developed early-age strength similar to the reference cement paste, indicating the 

possibility of compensating the retardation caused by Zn with Ca(NO3)2 (Figure S13). 

 

In summary, after treatment, the chloride release from WTE ashes in synthetic pore solution is 

negligible, and changes in cement hydration kinetics are slight and manageable, potentially 

enabling the use of WTE ashes within cementitious systems. The ash treatment protocol discussed 

in this paper reduced chloride release through mineralogical transformations. These 

transformations may also alter the mobility of heavy metals, which can restrict the use of treated 

WTE ashes with cement-based materials. Therefore, we evaluate the effect of the ash treatment 

protocol on the mobility of heavy metals in the next section.  
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Mobility of Inorganic Analytes 

The inorganic analytes in WTE ashes can render toxic characteristics to WTE ashes if their 

mobility exceeds certain regulatory thresholds. Specifically, in the case of WTE ashes, the 

problematic inorganic analytes whose mobility typically surpasses regulatory thresholds are Pb 

and Cd.18 As a result, hazardous WTE fly ashes are chemically stabilized or blended with WTE 

bottom ashes before landfilling, resulting in additional tipping costs as chemical stabilization or 

blending increases the amount of waste that must be landfilled. Alternatively, when untreated WTE 

ashes are used with cement-based materials, the short-term mobility of inorganic analytes is 

usually not of concern as these analytes are immobilized within cementitious matrices.66 However, 

cementitious materials deteriorate with time, and therefore, the long-term leaching of inorganic 

analytes, mainly Pb, can exceed regulatory thresholds, as noted in previous studies.14,15 The 

deterioration of cement-based materials over the long term is inevitable, implying that the mobility 

of inorganic analytes in WTE ashes must be reduced through treatment to avoid long-term leaching 

risks.  

 

We evaluated the effect of the ash treatment protocol discussed in this article on the mobility of 

inorganic analytes, namely, As, Ba, Cd, Cr, Pb, and Se, through the Toxicity Characteristic 

Leaching Procedure (TCLP) US EPA method 1311. The TCLP test results on untreated WTE 

ashes indicate that the mobility of all the inorganic analytes except Pb is below the toxicity 

characteristic limit (Figures 5, S12, and Table S10). Pb mobility exceeded the regulatory threshold  
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Figure 5. Pb Concentration and Mobility in Treated and Untreated Ashes. a) Pb concentration 
(weight %) in ash after different treatment steps. b) Pb mobility in treated and untreated ashes 
determined via US EPA method 1311. As per US EPA method 1311, Pb mobility in treated and 
untreated ashes was evaluated with extraction fluid 2 prepared from glacial acetic acid (pH = 2.88). 
A brown dashed line denotes the detection limit, whereas a grey dashed line represents the toxicity 
limit.  

 

limit for untreated ashes 3 and 4. However, after our treatment, we observe a significant reduction 

in Pb mobility for ashes 2, 3, and 4 (Figure 5b). Note that Pb gets concentrated in WTE ashes 

during different treatment steps (Figure 5a); hence the observed reduction in Pb mobility is not 

merely caused by the dissolution of Pb bearing phases during different treatment steps. We 

attribute the reduced Pb mobility to the structural adaptability of chlorellestadite, which is a 

member of the ellestadite family represented by the formula [A(1)]4[A(2)]6(BO4)6X2 (A=Ca, 

B=Si/P/S, and X=F/Cl/OH).67–69 In chlorellestadite (Ca10(SiO4)3(SO4)3Cl2), position A is occupied 
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by Ca, B is equally divided amongst Si and S, and Cl occupies position X. Position A (Ca) in 

chlorellestadite can be replaced by Pb,70 thereby reducing Pb mobility in treated WTE ashes. One 

more inorganic analyte whose mobility shows significant changes after the treatment is Cr. After 

treatment, Cr mobility increases relative to the untreated ash but still remains below the toxicity 

limit (Figure S12c). This increase is likely caused by the formation of CaCrO4 during Step 2 

thermal treatment.71 The speciation of other inorganic analytes (As, Ba, Cd, and Se) may also 

change during the treatment. However, their mobility remains well below the toxicity limit, 

suggesting that the treated WTE ashes are suitable for use with cement-based materials. Here, we 

note that previous studies have observed that existing treatment methods, such as, dissolution in 

water or high-temperature thermal treatment, can fail to reduce the mobility of heavy metals 

(specifically Pb) below toxicity limits.72 In contrast with these existing treatment methods, our 

proposed ash treatment protocol can incorporate Pb in chlorellestadite through crystallo-chemical 

incorporation, thus satisfactorily reducing the Pb mobility below toxicity limits. 

 

Conclusions  

Incineration for energy recovery will increasingly become a vital component of future circular 

waste management systems.73 Correspondingly, the waste-to-energy (WTE) ashes produced from 

incineration require better management and upcycling as opposed to the current practice of 

landfilling. These WTE ashes are a promising secondary reactive material containing development 

minerals that can partially substitute cement in concrete and reduce its carbon footprint.74 

Unfortunately, the WTE ashes cannot be directly upcycled in concrete because it is concentrated 

in chlorides that are known to affect hydration kinetics and accelerate steel corrosion. This article 
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demonstrated an ash treatment protocol for transforming the non-readily removable chlorides in 

WTE ashes into chlorellestadite. We show that the transformation to chlorellestadite has two 

benefits: a) chloride release from chlorellestadite in an alkaline cement-like environment is 

negligible, and b) Pb partially replaces Ca in chlorellestadite which lowers the Pb mobility below 

toxicity limits, rendering the ashes non-hazardous. These findings suggest that the chemistry of 

WTE ashes can be made compatible for use with cement-based materials through treatment. The 

primary focus in this article was on developing the ash treatment protocol for addressing the 

corrosion and long-term leaching risks. This article did not evaluate additional essential properties 

of cementitious materials, i.e., mechanical properties and phase composition, comprising treated 

WTE ashes. Therefore, future research should be focused on evaluating the performance of 

cementitious materials comprising treated WTE ashes. Overall, the use of treated WTE ash with 

cement-based materials will divert chemically stabilized or blended hazardous WTE ashes from 

landfills. This will allow the recovery and use of development minerals from WTE ashes with 

cement-based materials, enhancing the circularity and sustainability of our existing waste 

management systems dependent on waste-to-energy.  

 

The novel ash treatment process, as presented, is a proof of concept for inhibiting chloride release 

and reducing Pb mobility. We demonstrated the applicability of the treatment process on WTE 

ashes containing both calcium chloride hydroxide and hydrocalumite, the two non-readily removal 

chloride species, indicating that the treatment process is potentially applicable to the entire WTE 

ash stream. For the set of four unique WTE ashes investigated in the study, the treatment process 

operating at the parameters selected in this study led to the recovery of 55-65 percent (by weight) 

ash (Table S11). These parameters can be further optimized in future studies to reduce the liquid-
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to-solid ratio and dissolution time. The optimization of these parameters is critical for minimizing 

the costs associated with the treatment of the filtrate generated during dissolution. Additionally, 

the ash not recovered by the treatment process included soluble species that dissolved and became 

part of the filtrate concentrated with Na, K, Ca, and Cl. In an industrial setting, the filtrate from 

different treatment steps can be further treated to recover NaCl, KCl, and CaCl2. The recovered 

salts can be potentially a raw material for the chloro-alkali industry (NaCl), used as an industrial 

refrigerant (CaCl2), and employed as a fertilizer (KCl).75 Overall, the use of the proposed ash 

treatment protocol by the WTE industry would enable the recovery of development minerals and 

their use with cement-based materials along with salt recovery, eliminating waste disposal in 

landfills while creating a circular sustainable materials system. 
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