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1.1 Research relevance 

Due to the annual growth of the population, the amount of Municipal Solid 

Waste (MSW) produced is also increasing1. Abundant waste amounts together 

with the lack of landfill space in small countries, such as the Netherlands, lead to 

an acute challenge of waste disposal2. The first step of dealing with it in most 

countries is Municipal Solid Waste Incineration (MSWI)3. Even though the MSWI 

process reduces the waste amount by 80–90% w/w4, the residual amount 

accounts for approx. 2–4 thousand tons per day of MSWI residues (in the 

Netherlands5, the population is approx. 17 million people), particularly Bottom 

Ash (BA), Fly Ash (FA), and Air Pollution Control residue (APCr)6. 

Subsequently, the next issue approaches: unprocessed MSWI residues 

(without purification treatment) cannot be disposed of at a common landfill or 

used for applications7. MSWI FA and APCr are classified as hazardous waste, 

while the BA is more contaminated than the environmental requirements allow 

for8. Additionally, according to the Dutch Green Deal B-076, from 2020 all the 

residues from waste-to-energy plants in the Netherlands should neither be used 

in a non-sealed environment nor landfilled9. All the materials that were previously 

discarded will have to be treated and reused. The use in protective applications 

will also be eliminated10. 

Thus, the urgency of this research lies in finding solutions for treatments and 

applications of the MSWI residues to make them suitable for reuse. One of the 

most promising areas is application in the construction industry11. This is possible 

due to similarity of the chemical composition and physicochemical properties of 

BA and FA and concrete ingredients (cement and aggregates)12. The convergence 

of these two industries (waste handling and building materials) is attractive from 

several points of view, namely: 

(1) waste residue disposal and reuse. 

(2) replacement of natural materials used in the construction industry, 

availability of which is also decreasing, (natural aggregates, sand, clay, limestone, 

etc.). 

(3) reduced carbon footprint due to the use of less cement. 

Additionally, reuse and recycle of waste contribute to the goal of a circular 

economy13. 

BA can be divided into at least two fractions: fine (below 3–4 mm), and large 

(above 3-4 mm). Today, the large fraction (> 3-4 mm) of the BA is successfully 

used as a natural aggregate replacement14,15. However, application of the fine BA 

fraction is hindered but rather important to be developed because the share of the 
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fine fraction is about 50% w/w16. At the same time, it is also valuable to investigate 

the large fractions further for their potential to be used as cement replacement. 

Challenges on the way from unprocessed MSWI residues to the 

cement/aggregate-product are: 

1. Even BA is quite contaminated and cannot be used as a substitute for 

concrete ingredients unless it meets the environmental requirements8. However, 

considering that BA is the least contaminated of all residues, it is worth 

investigating from the perspective of its potential reuse.  

2. Fine particle size fractions of BA (< 3 mm) have several disadvantages (high 

porosity and metallic aluminum, both causing bubbles and cracks in cement-

containing products, a high contamination level10), which prevents their use as 

aggregate or cement substitutes due to the possible significant deterioration of the 

final concrete product17. 

3. FA is a potentially promising by-product for the substitution of cement18–21. 

However, extremely high concentrations of chloride, sulfate, lead, zinc, copper, 

etc. require a special purifying treatment before this material will be even 

considered for any options but landfilling22–24. 

Thus, the objectives of this thesis include a detailed study of the chemical, 

physical, mineralogical, structural, and environmental properties of MSWI 

residues (BA and FA) to develop treatments improving the quality of these 

residues, so they would become suitable for the use in concrete applications. 

An additional objective of the study was to identify weaknesses in the waste 

and MSWI residues handling steps that contribute to the worsening of those 

materials. 

1.2 History of Waste Management in the Netherlands 

In the Netherlands, the era of modernization of waste management began in 

the 1970s. As in several European countries, the focus back then was on 

substituting or completing waste elimination25. A new environmental policy on 

waste prevention, recycling, and reuse as secondary materials was introduced in 

the Netherlands in 1988. First results of this approach led to an increase of the 

share of reusable waste, and emergence of the household waste separation into 

several categories: green waste, paper, glass, chemical waste, textile, and the 

remaining part (199326). This residual part was submitted to the MSW 

Incineration (I) process, producing BA, FA, and APCr (see further Figure 1.2).  

In 1997, 90% w/w of BA was allowed to be used in road base applications and 

embankment if the material was isolated. FA was utilized as a filler in asphalt 

applications, and APCr were landfilled under special conditions due to high 
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water-soluble salt contents. Since 1998, FA has not been allowed to be used 

without treatment reducing the leaching of the material27. To be able to figure out 

if certain MSWI residues can be utilized or landfilled, the leaching test approach 

was implemented, as it was considered that the total element content 

characterization often did not provide truthful information regarding the ability 

of the material to contaminate soils and ground waters28.  

The waste management objectives between 1998 and 2001 were focused on25: 

1) not to increase amounts of packaging produced. 

2) not to landfill combustible waste. 

3) to recycle (up to 60% w/w) packaging waste. 

The waste management policy of those times is depicted in Figure 1.1. 

 

Figure 1.1 Waste management policy in the Netherlands in the end of 1990s. 

Eventually, the goals for packaging were reached by 200526. 

Several vital steps according to the new waste management policy had been 

mastered by 2010, namely:  

1) Waste sorting and collection of various categories (up to 20) had become 

organized by the municipality. 

2) Separate collection of plastic waste was started in 200926. 

By 2010, the level of waste recycling has reached 51% w/w, and the material 

recovery rate has risen by 83% w/w (in comparison with 1985), while the share of 

landfilled waste decreased from 35% to 4%, w/w26. 

Even though, the recovery and recycling were quite successful, the annual 

analysis of the residual part of MSW showed that it still consisted of 30–40% w/w 
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of waste streams which should have undergone segregation (e.g., valuable 

materials, organic materials, or paper). Moreover, a detailed analysis of an 

average waste bin suggested that it only held around 2–8% w/w of residual waste 

which cannot fit into any category of separately collectable materials26. In 2011, 

different tariffs for residual, organic, and plastic waste collection were introduced 

to entice the residents to separate waste more thoroughly26.  

Several trial strategies were evaluated to stimulate waste separation among 

the residents of the Eindhoven region. The most efficient inventions were 

decreasing fees for green-waste container collection and increasing fees for 

residual waste; organizing collection points for the residual waste (no curbside 

collection); and paying citizens money for bringing recyclable waste to the special 

collection point (shops)26. These pilot projects took place in 2010–2011.  

These days, different regions of the Netherlands use most of the inventions of 

those pilot projects depending on the region. Municipalities decide the exact way 

how they deal with the waste collection (curbside or collecting points). In most 

places, up to twenty waste categories are available for sorting.  

1.3 Municipal Solid Waste Incineration and further processing 

Currently, the most accepted way to process residual waste is through the 

waste-to-energy MSWI process (Figure 1.2). The residual part of waste, after 

being separated from streams, suitable for reuse and recycle, undergoes the 

incineration. During combustion, several fractions of incinerated residues are 

produced: coarse fraction at the bottom (BA), the fraction of small particles and 

dust, one of which is combined with the BA, and another one, FA, goes through 

the additional incineration treatment to considerably reduce the amounts of 

furans and dioxins4. At the last step, the residual part (after BA and FA discharge) 

goes through the capture of heavy metals (mercury and cadmium), and acid 

neutralizing treatment with the injection of lime and sodium hydroxide, 

producing gypsum, which creates the APCr4. The heat created during the 

incineration is delivered to steam turbines to produce electricity. 

Further, the BA is quenched (sprinkled with water or placed in water tanks) to 

cool down, while FA is mostly landfilled27. 
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Figure 1.2 Schematic representation of a waste-to-energy plant in the 

Netherlands29. Note: the separate or combined collection of FA and APCr varies 

per plant, and per country. 

1.4 MSWI residue  

Among these solid waste residues, BA is predominant (80% w/w)4. The size of 

BA particles varies widely, from 0.01 to 100 mm. The primary BA constituents are 

noncombustible materials (rocks, slag, glass, etc.), unburnt organic matter 

(threads, films, etc.), and metal scraps30. 

 

Figure 1.3 MSWI bottom ash used in the study: fine fraction (< 63 µm) (left) 

and large fraction (22.4 mm) (right) (Mineralz, the Netherlands). 

FA (15% w/w) and APCr (5% w/w) are severely contaminated with salts and 

Potentially Toxic Elements (PTEs)24, and thus require expensive purifying 

treatment before they can pass the environmental legislation standards8. High 
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concentrations of chloride, sulfate, lead, zinc, copper, etc., turn MSWI FA into a 

“hazardous waste”22–24. The photos of FA can be found in Chapter 4. 

These by-products might be of value as potential secondary building materials 

due to their chemical and mineralogical composition, as well as physical 

properties31. Most research is focused on BA as it is much cleaner. 

According to regulations in the European Union, BA can be reused in 

construction materials if the quantities of PTEs and salts that can leach into 

ground waters are below a certain threshold8. The prevalent amounts of these 

contaminants are concentrated in FA and APCr with particle sizes below 1 mm, 

which are not widely processed and thoroughly analyzed to date due to the 

laborious and expensive treatment needed for these fractions to match legislation 

requirements15. 

1.5 Construction and building materials 

One of the most promising courses for the application of BA is the construction 

industry11. For decades by now, these residues were successfully used in low-grade 

applications such as road bases, pavements, water barriers, etc. However, the 

depletion in natural resources for concrete components (aggregates, limestone, 

and clay), and the environmental impact (CO2 emission) associated with cement 

production stimulate the development of alternative materials allowing to pursue 

at least two goals: (i) preserving nature and (ii) using valuable waste residues. 

This led to a successful application of the coarse fraction (above 3–4 mm) of BA 

in the last decade as a secondary building material (as a substitute for natural 

aggregates). The fine fraction (below 3 mm) has mostly been landfilled due to a 

high level of contamination32. However, should this fraction undergo a treatment 

with a purpose of purification, and procedures allowing to overcome the 

disadvantages of porosity and metal presence mentioned above, there are several 

possibilities to apply this material in concrete (discussed in the Introduction 

Section 1.7). 

1.6 Concrete ingredients 

To understand the potential of the BA to be used in building materials, it is 

necessary to look over the components of concrete, and their roles in it. “Basic” 

concrete consists of three ingredients: a binder (cement), aggregates (e.g., 

common rocks, sand), and water. Fine artificial aggregates can substitute natural 

sand, while large aggregates are used to replace gravel33.  
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If a material such as BA or FA is of the appropriate size to be able to substitute 

cement (finely dispersed material by itself or milled), it can also be used if all other 

requirements are met34.  

 

Figure 1.4 A schematic comparison of the components of regular concrete 

(left), and eco-concrete (where some components are substituted by treated by-

products such as BA) (right). 

Thus, the possibilities for BA to become a substitute are the binder, the filler 

part of the binder, and aggregates, e.g., it can be used as a replacement for both 

cement and aggregates. However, chemical properties (lower than the standard 

for pozzolanic materials total content of Si, Al, and Fe oxides35) prohibit the fine 

fraction of BA to become a binder, at least without various forms of the activation, 

such as mechanical or chemical. It was shown that BA, activated through melting 

to obtain reactive pozzolanic slag, demonstrated the results for compressive 

strength (90 days, 10–20% replacement, w/w) very close to pure Portland 

cement36,37. Another study showed that the activation of the BA with calcium 

chloride (40 ºC-curing) led to the compressive strength even higher than for pure 

Portland Cement (PC) (10 and 20 days)38. In another study of the pozzolanic 

activity of BA, it was found that mortars with ground BA (0 - 1 and 0 - 4 mm) 20% 

w/w replacement showed severe deterioration, exhibiting the compressive 

strength at 28 days from 38 to 77% w/w from the reference for the fraction below 
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4 mm, and from 63 to 73% w/w for the fraction below 1 mm; the difference is due 

to variations in the water/binder ratio35. 

The use of fine aggregates derived from BA also does not appear promising 

due to crucial obstacles mentioned in the previous section and discussed further.  

To sum up: to overcome the disadvantages of the BA fine fraction, it preferably 

requires milling before being used as a substitute of any kind. At the same time, a 

relatively high (> 10% w/w) replacement level (for cement) provides a significant 

(disproportionate) loss35 in the compressive strength, which is not desired. 

Therefore, the most promising area for the application should coincide with both 

parameters: fine particles (or milled) and the replacement level below 10% w/w. 

According to regulations, it is possible to use Minor Additional Constituents 

(MACs) in cement, which cannot exceed 5% w/w and must be below 125 µm in 

size39. The use of MACs reduces the costs related to the cement production 

(accompanied with the reduction of the carbon footprint) while consuming the 

waste material. Low replacement levels are less likely to have a noticeable 

detrimental effect. The Netherlands alone produces more than 1.4 million ton of 

cement per year1. Using BA fines as a 5% w/w MAC replacement would make it 

possible to make use of around 70 thousand tons (more than 10% w/w) of the BA 

fines produced yearly. However, the studies on such a low-range (less than 10% 

w/w) replacement level are almost absent40,41. 

1.7 Main challenges for transforming waste into secondary building 

materials 

As previously described, while BA might have a certain value as a source for 

secondary building materials, there are obstacles as well. Contamination with 

PTEs and salts42,43, undesirable physical properties (high water demand and 

porosity17,44), components, adversely affecting the quality of cement products 

(metallic aluminum10,45, organic matter46), all of it should be taken into 

consideration to propose the treatment which would grant to rid the material 

from these disadvantages.  

Contamination 

Unprocessed (unwashed) BA and FA are relatively contaminated47. The level 

of pollution of the BA is significantly lower than of FA, which only passes the 

environmental legislation for the “hazardous waste” category8. For BA the main 

challenge is the leaching of chloride and sulfate, Sb, Cu, and Zn32,48. However, it 

is worth mentioning that the main hazard is coming from the fraction below 1 

mm, while the leaching of large BA fractions approaches the “safe” level49. Unlike 
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BA, FA is highly contaminated, especially with chloride, Zn, and Pb50. Before any 

of these by-products could be used, they must be treated to avoid contamination 

of the ground waters51.  

High water demand and porosity 

The BA has a relatively high porosity in comparison with the materials it can 

substitute. Its use “as is” leads to increased water demand52, concrete structures 

with reduced density53, and, therefore, deterioration of the mechanical 

performance52. From the practical perspective, during the preparation of the 

mixtures with the replacements by BA, a higher water demand would require 

more water added to the mixture. If done, this might lead to a decrease in strength 

due to the increase in the water/binder ratio52. At the same time, if the material 

porosity and, thus, the water demand is too high, not adjusting the amount of 

water may also cause a decrease in strength because too much water will be 

absorbed by the BA leaving too little for the cement hydration. Eventually, 

depending on the severity of the porosity, a decent share of the cement in the 

mixture will not be contributing to the hydration process, therefore, reducing the 

strength.  

Metallic Aluminum 

This challenge is relevant for both materials (BA and FA)54,55. When metallic 

Al is in contact with the alkaline environment, it would form hydrogen gas, which 

leads to the formation of gas bubbles in the cement mixture:  

2Al + 2OH− + 6H2O → 2[Al(OH)4 ]
− + 3H2 ↑ (1.1) 

While hardening, if the bubbles are entrapped into the cement matrix, the 

pores will be formed56. However, even though the presence of the metallic 

aluminum particles (in forms of shavings, bids, flakes, and chunks, depending on 

the particle size) is a well-known problem, the detrimental effect from it differs 

depending on the particle size fraction57. Large chunks of aluminum being in the 

alkaline environment (provided by cement) would cause large, poorly distributed 

in the volume pores56, severely influencing the structure of the cement product, 

and, therefore, the strength. At the same time, if the share of Al does not exceed 

0.1% w/w39, and the particle size of the bids is quite small, this can provide a 

relatively even distribution of small pores in the concrete structure, which will 

lower the density, but the effect on strength will be less noticeable58.  

1.8 Research strategy 

To be able to transform MSWI residues into a valuable secondary material, it 

is necessary to get an understanding of the full profile of physicochemical 
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properties of the material before it undergoes any treatments. The more 

properties are included in the consideration before planning regarding treatment 

developing, the more effective and cost efficient it is going to be. The same goes 

for a fractionation of the material because it is well known59 that the fine and 

coarse fractions differ significantly, especially from the viewpoint of the 

contaminants32. A great deal of literature has been focused mostly on studying the 

leaching behavior of the whole BA (not differentiating between coarse and fine 

fractions)60 or developing treatments to minimize the adverse effect of by-

products used as secondary building materials61. Most treatments aimed to reduce 

the PTE leaching are washing62, carbonation63, and heating treatments10. Another 

share of treatments includes separation64, milling65, and solidification66. 

In the Netherlands, BA, FA, and APCr are handled separately, and now, it is 

not considered to be beneficial to use APCr as a potential substitute for building 

materials. Therefore, APCr was not included in the study. 

The first-part goals of this research were (1) to characterize various properties 

of two by-products (BA and FA) sufficiently to study both the distribution of the 

contaminants throughout the fractions and inside of the material itself, and (2) to 

study and compare the properties of multiple BA fractions to assess, which parts 

of these by-products are suitable as secondary building materials, and which are 

not. The second part of goals were (3) to select a fraction of most interest and (4) 

develop a treatment to use it as a cement component. Further, (5) to develop a 

treatment, which includes all the steps needed to considerably improve properties 

of BA, and (6) to test recipes with differently treated BA, with several types of 

cement.  

Subsequently, (7) to evaluate cement-containing products (pastes and 

mortars) for various properties to determine the effect of added BA. The final part 

of the thesis originated from the data from the first part, and observations 

obtained at the final steps. It resulted into (8) composing a semi-empirical 

leaching model, which may be useful for predictions on the environmental impact 

of BA fractions, and as a demonstration of the detrimental effect of the quenching 

procedure.  

1.9 Outline of the thesis 

To transform MSWI residues into valuable secondary building materials, at 

least two vital steps are needed. First, to develop a treatment that simultaneously 

creates material assets needed for its successful application as a substitute for 

concrete components (e.g., free from the contaminants and reduced particle size), 

and combats the disadvantages of the original residue (Al, porosity, and organic 
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matter). Second, to launch a thorough preliminary study of the properties of the 

residues allowing not only selecting the most appropriate treatment, but also 

segregating the most and least promising fractions for applications, as well as 

developing tailored treatments for fractions with different properties. The last 

part includes developing the leaching model to estimate or predict the 

contamination level of a particular particle size fraction inside the whole range 

using the information from the most and least contaminated fractions of the BA.  

This thesis is organized as described below. Figure 1.5 depicts all parts of the 

study and connections between them. 

The methods and procedures used in the study are listed in Chapter 2. 

Chapter 3 provides the analysis of 14 particle-size fractions of BA to determine 

the total elemental composition and leaching capacity, mineralogical 

composition, and shape variety of fine particles to assess the applicability of all 

the fractions. The division of fractions based on the mineralogical composition 

and contamination level is proposed.  

To complete the first overview of both types of the residues, the next chapter 

is devoted to FA. Due to a remarkably high contamination level of this residue, 

the study includes both characterization and treatment as it is of particular 

interest to study this material before and after a chemical treatment. 

Chapter 4 shows the efficiency of a new three-step combined treatment with 

two complexing agents (ethylenediaminetetraacetate and gluconate) to increase 

the toxic-element elution from FA in contrast to conventional water-only 

treatments. The compositions of raw and differently treated (reagent-combined 

and water-only treatments) FA are compared by macro- and microelement, 

mineralogical, and microstructure analysis, in addition to the standard leaching 

test. The relevancy for such comprehensive analysis of FA prior and after 

treatments to minimize the environmental risks is shown.  

Based on the data on material’s potential, further study is focused on the BA 

fine fractions, as FA is severely contaminated and before applied as building 

materials, it must undergo an extensive purifying treatment that does not seem 

an economically feasible choice at that moment. The coarse fraction of the BA by 

that point of the research have already been successfully studied and applied as a 

natural aggregate substitute.  
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Figure 1.5 Scheme of the thesis outline. 
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Chapters 5 and 6 are devoted to the investigation of milled fines produced out 

of BA fines (0.125–3 mm) to match the size distribution of CEM I 52.5 R and CEM 

I 42.5 N. Treated fines are also compared to the untreated fines (< 0.125 mm) 

from the same BA. The influence of milling on the fines is investigated by SEM 

(morphological analysis) and the leaching test to assess the potential 

environmental impact. The effect of the designed fines on cement hydration 

studied by isothermal calorimetry. The mechanical performance of mortars 

containing designed fines as a MAC is assessed. 

The final part of the thesis contains the semi-empirical leaching model 

presented in Chapter 7. The mathematical (stereometric) model is based on the 

leaching data from the entire range of particle size fractions and the idea of the 

influence of the quenching layer on the leaching.  

Chapter 8 covers the main conclusions of the research and provides 

recommendations for further studies. 
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2.1  Introduction 

In this chapter, all the materials, methods, and procedures used in this study 

are presented. Three types of the material are used in this thesis: two types of the 

MSWI BA (untreated, and washed), and untreated MSWI FA. The general 

descriptions of the methods and procedures which were used for most parts of the 

work are summarized here, and more detailed versions or specific procedures 

which were used singularly can be found in the relevant chapters.  

2.2 Materials 

2.2.1 MSWI bottom ash (untreated) 

BA was supplied by the municipal solid waste-to-energy incinerator plant of 

Mineralz (Duiven, the Netherlands), where it underwent the standard washing 

and ferrous and non-ferrous metal removal process. The material had been stored 

for 3 months after the production, prior to analyses. For all types of analyses, the 

material was oven-dried (105 ºC) to a constant mass. The material is used in 

Chapters 3 and 7. 

2.2.2 MSWI bottom ash (treated) 

BA fines (< 3 mm) were supplied by the municipal solid waste-to-energy 

incinerator plant of Mineralz (The Netherlands), where they underwent the 

standard washing and ferrous and non-ferrous metal removal process. Prior to 

each step fines were oven-dried (105 °C) to a constant mass. The material is used 

in Chapters 5 and 6. 

2.2.3 MSWI fly ash (untreated) 

FA was supplied by the municipal solid waste-to-energy incinerator plant of 

Mineralz (Duiven, the Netherlands). The material was oven-dried at 105°C to a 

constant mass. The material is used in Chapter 4. 

2.2.4 Cement production, composition, and hydration 

The production of PC requires significant amounts of natural resources. 

Commonly, limestone and clay are heated to a high temperature (circa 1500 °C) 

in a kiln, where they react into calcium silicates. In this process, substantial 

amounts of carbon dioxide are emitted33.  

When cement reacts with water, it forms several hydration products. Each of 

the cement components contributes to the hydration process and strength of 

hydration products as they have different reaction rates: from slow for belite 

(mostly C2S (dicalcium silicate)) to fast for C3A (tricalcium aluminate) + CŜH2 
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(gypsum), and respective amounts of liberated heat, and different effect on 

strength (high for alite (mostly C3S, tricalcium silicate), first low, then high for 

C2S, and low for other components)33. Components such as gypsum play their role 

as retardants of the early hydration reaction.  

For main cement components, the hydration reactions are33: 

2C3S + 11H → C3S2H8 + 3CH  (2.1) 

2C2S + 9H → C3S2H8 + CH  (2.2) 

C3A +  3CS̅H2  + 26H →  C6AS̄3H32  (2.3) 

where H is water, C3S2H8 is calcium silicate hydrate, CH is calcium hydroxide, 

and C6AŜ3H32 is ettringite. 

The hydration process is best followed by isothermal calorimetry, where any 

changes and effects on the heat release by components added to the cement can 

be observed as the heat flow is proportional to the reaction rate. The early 

hydration involves five stages: (1) initial hydrolysis (circa 15 min), (2) dormant 

period (ends within 2–4 h from the reaction start), (3) acceleration (early 

hardening, 4–8 h), (4) deceleration (8–18 h), and (5) steady state (18–36 h)33. 

2.3 Methods and procedures 

2.3.1 Standard leaching test 

Every studied sample (Section 3.2.1) was subjected to the leaching test 

according to EN 12457-4. Upon completion (24 h of shaking, L/S 10), all the 

leachates were filtered (0.2 µm) to prepare them for later analyses by IC (Section 

2.3.7) and ICP–AES (Section 2.3.2).  

2.3.2 Inductively coupled plasma atomic emission spectrometry 

ICP–AES was selected as it provides a rapid and highly sensitive 

multielemental analysis of BA and FA with a high level of precision and 

accuracy67,68. An axial ICP Atomic Emission Spectroscopy (AES) 720-ES 

spectrometer with an SPS3 autosampler and ICP Expert software 2.0.5 (Agilent 

Technologies) with a low flow axial quartz torch with a 2.4 mm i.d. injector tube 

(Glass Expansion), a double-pass glass cyclonic spray chamber, a glass pneumatic 

nebulizer (Agilent Technologies), and a Trident Internal Standard Kit (Glass 

Expansion) was used. All emission lines were measured simultaneously. An 

internal standard solution was added online. 

Deionized water (specific resistance, 18.2 MΩ×cm) from a Milli-Q Academic 

system (Millipore) and HNO3 (69% w/w, ACS-ISO grade, Panreac) were used for 
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all the operations with ICP–AES (the preparation of calibration solutions and 

washing).  

All standard solutions were from High Purity Standards. A mixture of 

standard solutions ICP-AM-6 (100 mg/L of Al, Sb, B, Ba, Be, Cd, Ca, Co, Cr, Cu, 

Fe, Li, Mg, Mn, Mo, Ni, K, Na, Si, Pb, Tl, Sr, V, Zn) and ICP-MS-68B (100 mg/L 

of Sb, Ge, Hf, Mo, Nb, Si, Ag, Ta, Te, Sn, Ti, W, Zr) from High-Purity Standards 

was used for the calibration in the range 0.01–10 mg/L. A mixture of an ICP-AM-

15 standard solution (10000 mg/L of Na, K, Ca, Mg), P (10000 mg/L) and S 

(10000 mg/L) was used for the calibration in the range 1–100 mg/L. An internal-

standard solution of Sc (20 mg/L) was prepared from a standard solution 

(Inorganic Ventures, 1000 mg/L). 

Data Treatment (ICP-AES) 

The measurement results are presented in accordance with the requirements 

of ISO/IEC 17025:2005. Limits Of Detection (LODs) and Limits Of Quantification 

(LOQs) were calculated as the ratios of three and ten times standard deviation of 

twenty blank readings to the calibration-curve slopes. Concentration detection 

limits by ICP–AES were recalculated to BA quantities.  

2.3.3 Fused bead preparation 

To prepare fused beads, the following procedure was used: 0.95 g of BA was 

mixed with 9.5 g of a flux (67.00% Li2B4O7 – 33.00% LiBO2, w/w, Claisse), and 

0.1 g of LiBr (Claisse) as a non-wetting agent. Mixtures were put individually into 

borate fusion ovens for 24 min at 1065 °C. The procedure was made for 3 

replicates for each studied sample.  

The borate-fusion technique allows rapid and easy sample preparation to 

conduct a subsequent multielement analysis using ICP–AES. Compared to 

microwave digestion, which frequently causes difficulties with a factually 

complete sample dissolution68,69, a sample is completely dissolved. A blend of 

lithium metaborate and tetraborate was selected as a mixture of basic and acidic 

fluxes, which provides a complete and reproducible sample preparation of 

industrial waste BA including different incinerator types70, various types of slag 

(blast furnace, steel)71, and BA72 as all these residues contain both types of oxides.  

2.3.4 Sample preparation for ICP (fused beads) 

Fused beads were ground for 2 min in a planetary ball mill, and 1-g weighed 

portions were dissolved in 50.00 mL of 5% w/w HNO3 (p.a. grade) in an ultrasonic 

bath for 1 h and subjected to ICP–AES. The estimated average concentrations of 

designated elements (µg/mL) were recalculated to mg per 1 kg of the raw material.  
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2.3.5 X-ray fluorescence spectroscopy 

A PANalytical Epsilon 3 (The Netherlands) energy-dispersive X-ray 

fluorimeter (EDXRF) with a 9 W / 50 kV rhodium X-ray tube, and a silicon drift 

detector and standardless Omnian software 1.0.E was used to analyze the 

composition of BA and FA samples and cement. 

2.3.6 X-ray Diffraction analysis 

The BA mineralogical composition was determined by XRD using a Bruker D2 

PHASER (a Co tube, 1.79026 [Å]) with a LYNXEYE 1-D detector and fixed 

divergence slits. XRD measurements were performed on pre-dried powdered 

samples. Phase identification was performed using X’Pert HighScore Plus 2.2 and 

the PDF-2 database. 

2.3.7 Ion chromatography 

IC was used as a standard method for chloride and sulfate determination in 

leachates73. A Thermo Scientific Dionex 1100 ion chromatograph was used: 2×250 

mm AS9-HS ion-exchange columns, isocratic flow (0.25 mL/min). Ion detection 

was carried out by measuring a suppressed conductivity with an electrolytically 

regenerated suppressor (Thermo Scientific Dionex AERS 500 2 mm). A solution 

of Na2CO3 (9 mM) was used as eluent. 

2.3.8 Brunauer–Emmett–Teller (BET) 

The Specific Surface Area (SSA) of 4 types of BA fines and cement was assessed 

by a Micromeritics Tristar II 3020 analyzer (software, TriStar V1.03) using a 

single-point BET technique by volumetric nitrogen adsorption at 77.35 K. 

2.3.9 Scanning Electron Microscopy 

Scanning Electron Microscopy (Phenom ProX, PhenomWorld) with a 

backscattering electron (BSE) detector with a spot size of 4.0 and a voltage of 15.0 

kV was used. The samples prior to analysis were covered with a 14 nm gold layer 

by means of a SOP K575X Dual Turbo sputter coater. 

2.3.10 Flameless atomic-absorption spectrometry coupled with 

pyrolysis 

An RA-915+ Mercury Analyzer (Ohio Lumex Co.), a portable multifunctional 

AAS instrument with Zeeman high-frequency modulation of polarization for 

background correction, with a RP-91C pyrolysis attachment (Lumex) was used for 

mercury determination in FA.  
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2.3.11 Standard procedure for microwave digestion 

The M-MVI 80-2008 standard method of microwave-assisted acid digestion 

for performing measurements of mass fractions of elements in samples of soils 

and bottom sediments using AES and AAS was used. The digestion procedure was 

adapted specifically for these samples. The volumes of 9 mL of conc. HCl, 3 mL of 

conc. HNO3, and 0.5 mL of conc. HF (ISO-grade, AppliChem Panreac, Spain) 

were added to the samples (150–200 mg), the mixtures were placed in high-

pressure vessels, and were heated for 1 h in a microwave oven. 

2.3.12 Mortar and paste preparation 

Mortars with cement-fines mixtures were prepared according to EN-196-1. A 

reference batch was made from 450 g of cement, 225 g of water, and 1350 g of 

sand. The batches containing 5% w/w of the cement replacement had 22.5 g of 

fines (MCF, BF, SOF-52, and SOF-42) and 427.5 g of cement: the rest of the recipe 

was the same. The mortars were prepared in Styrofoam molds and cured in water. 

All mixtures were premixed and homogenized with a vortex mixer prior to adding 

them to water. 

2.3.13 Flexural and compressive strength 

Prepared mortars (4416 cm) were submitted to compressive and flexural-

strength testing (Zwick Z020). Samples were tested after 2, 7, 14, 28, and 91 days 

of curing. 

2.3.14 Auxiliary Equipment 

A lab-scale jaw crusher (Retsch BB 100) fitted with waved manganese steel 

jaws set to an opening of 8 mm, a planetary ball mill (Fritsch PULVERISETTE 5) 

fitted with zirconium oxide grinding bowls, and 20 and 10-mm mill balls were 

employed successfully for the sample size reduction. A chamber furnace (Thermo 

Scientific Heraeus K 114) was used for Loss On Ignition (LOI) (550 °C). A fusion 

instrument (Claisse leNEO) was used. Riffle boxes (sample splitters), 15-D0438 

and 15-D0438/F (Controls Group), were used to obtain randomly divided 

samples. An SM-30 shaking table (Edmund Bühler GmbH) was used to perform 

the leashing test. Automatic Eppendorf Research pipettes (Eppendorf 

International) were used for the preparation of calibration solutions. A-class 

polypropylene volumetric flasks (Vitlab) with volumes (50.00 ± 0.12) mL and 

(100.00 ± 0.20) mL and polypropylene test tubes (Axygen) were used for the 

preparation of calibration and test solutions. An analytical balance (Mettler 

Toledo XP 504), a floor scale (Mettler Toledo ID5 Multirange), and a UF 260 

drying oven (Memmert) were used for sample preparation. Bulk densities of BA 
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samples were measured by a common pycnometer. The specific density of 

materials was measured using a He pycnometer (Micrometrics AccuPyc 1340). 

The Punkte test was used to examine the water demand of BA powders74. Particle 

size distributions (PSD) of all powders were measured by laser diffraction 

(Mastersizer 2000, Malvern). The hydration process was studied by isothermal 

calorimetry (a TAM Air calorimeter). 
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3.1 Introduction 

The previous research on BA properties was mainly focused on the 

mineralogical characterization, and in particular, the composition of phases 

bearing heavy metals75. In another study, BA was analyzed by SEM/EDX with an 

emphasis on the potentialities of the methods for microstructures of mineral 

phases and nanophases embedded into vitreous structures76. Using such an 

approach, XRD, and chemical speciation, the sources of chlorine and heavy 

metals in BA as the main factors of potential environmental risks were studied 

revealing the possible sources of these hazardous components in the ash77. 

 SEM/EDX microstructure analysis followed by the characterization of the 

leaching behavior of BA added to concrete and asphalt mixtures revealed metals 

that can be retained by these construction materials either physically or through 

chemisorption; the potential hazard was shown for European and Asian BA78. A 

combination of several methods (element mapping and PARC, SEM/EDX, and 

leachate analysis) was used to study the composition and contaminants effect of 

a 0–4 mm BA fraction on the cement hydration79. 

 The composition of calcium- and silicon-containing phases of alkali-activated 

BA was characterized using XRD and FTIR spectroscopy; the comparison of 

cement-like structures in BA with Portland cement showed similarities and 

differences of these materials80. However, the literature providing comprehensive 

information about the whole BA fraction range is rather limited.  

Among the most relevant to this topic are studies devoted to the use of 

different grain sizes of treated BA mineral fractions in designing concrete 

recipes31; however, mineralogy and morphology of the treated material is not 

discussed. Different particle-size fractions of BA were investigated, but the 

fractionation was not very detailed (6 fractions), and fines were studied as a single 

0–2-mm fraction81. Previously, it was suggested that BA fines, while processing, 

can be divided into two groups: 0–50 µm and 50 µm – 2 mm; however, the 

reasoning was not presented73. In general, in the literature related to the 

fractionation of BA and its properties, the main shortage is in the number of 

fractions, leaving the properties and behavior patterns within those undivided 

fractions uninvestigated.  

Obtaining a full picture about BA fractions would make it possible to justify its 

fractional division for further use instead of unifying fractions presumably similar 

in properties without supporting it with reliable data. This is especially relevant 

for fine fractions of BA which might be used in production of small-grain size 
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lightweight artificial aggregates because treated fines can still be used as fillers82 

or in the production of blended cement52. 

Regarding the environmental impact from hazardous components of BA, it is 

primarily important to evaluate their leaching capability51; for this reason, almost 

every legislation is based on leaching. However, to fully understand latent 

properties of BA, it might be beneficial to study not only the leaching properties 

but the total elemental and mineralogical composition as well.  

The literature shows that the knowledge gap is laying in a detailed 

characterization from two viewpoints: a full material ‘portfolio’ requires a 

combination of properties (leaching, elemental, and mineralogical) rather than 

some of them individually; and many BA size fractions should be analyzed to 

prove or disprove the necessity to divide them in a certain way for further analysis, 

treatment, and utilization. 

A complete picture of BA properties might allow the most adequate 

assessment of not only which treatment methods to use for a particular fraction, 

but also to understand whether it should be done at all, and how to utilize all 

fractions most efficiently (sorbents, metal extraction, building materials, etc.). 

This can make it possible to use BA more efficiently as a secondary building 

material. This can help to analyze, process, and reuse more efficiently materials 

of this type, reducing the landfilled amount and diminishing the proportion of 

natural materials used in construction. Possessing a wider picture of BA fractions 

would help to effectively reduce its environmental impact by removing toxic 

substances. In this study, the aim is to assess the vital properties for a detailed set 

(14 narrow size ranges) of BA fractions, such as leaching capacity, total elemental, 

mineralogical compositions, and morphology of fine particles, which, to the best 

of our knowledge, was not implemented previously.  

3.2 Materials and methods 

The general materials and methods are discussed in Chapter 2. Here, specific 

details and/or unique for the chapter procedures are presented. 

BA was supplied by the municipal solid waste-to-energy incinerator plant of 

Mineralz (Duiven, the Netherlands). The material had been stored for 3 months 

after the production, prior to analyses.  

3.2.1 Sample preparation 

Due to high heterogeneity of BA, three samples (the fraction below 31.5 mm, 

15 kg each) were used as replicate samples. Prior to analysis, samples were 

crushed to break agglomerated or cemented materials, then ferrous and 
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nonferrous metals were extracted. Further, the material was dried in an oven at 

105 °C to a constant mass. Next, to obtain the entire range of fractions, each 

sample was sieved into 19 size fractions according to EN 933-1 (2012) and EN 

933-2 (1995) with the addition of sieves with the following mesh sizes: 22.4 mm, 

11.2 mm, 5.6 mm, 2.8 mm, 1.4 mm, 710 µm, 355 µm, 180 µm, and 90 µm to 

provide more fractionation of coarse fractions and to render the initial detailed 

set of similarly distributed fractions for coarse, medium, and fine fractions. Then, 

some of these sieved fractions were unified if they had insufficient mass to be 

analyzed. Table 3.1 presents the fractional distribution of the investigated BA. 

 
Table 3.1  Mass distribution among the BA particle size fractions 

 
Fraction Share (w/w) Fraction Share (w/w) 

< 63 µm 1% 0.71 – 1 mm 5% 

63 – 90 µm 1% 1 – 2 mm 14% 

90 – 125 µm 1% 2 – 2.8 mm 8% 

125 – 180 µm 2% 2.8 – 4 mm 9% 

180 – 250 µm 2% 4 – 11.2 mm 13% 

250 – 355 µm 2% 11.2 – 22.4 mm 22% 

355 – 710 μm 8% > 22.4 mm 12% 

 

This resulted in the set of 14 fractions: < 63 µm, 63 – 90 µm, 90 – 125 µm, 125 

– 180 µm, 180 – 250 µm, 250 – 355 µm, 355 – 710 μm and 0.71 – 1 mm, 1 – 2 

mm, 2 – 2.8 mm, 2.8 – 4 mm, 4 – 11.2 mm, 11.2 – 22.4 mm, and > 22.4 mm. Each 

fraction of replicates was divided with sample splitters: the first half was saved for 

later use for total quantitative analysis by ICP–AES; the second half was used for 

a leaching test. Next, the particle size was reduced using a crusher and a planetary 

ball mill to prepare samples for borate fusion (required particle size less than 500 

μm). Fractions with a particle size > 4 mm were both crushed and milled. 

Fractions with a particle size from 500 μm to 4 mm were milled without crushing. 

Each fraction was milled at 200 rpm for 1 h and 40 min with a 5 min break every 

10 min. After milling, fractions larger than 500 µm were sieved through a 500-

µm sieve to remove unmilled matter (generally, flattened metal particles, threads, 

rope pieces, etc.). The largest content of these components in the studied fractions 

was in the range of 1% w/w. 
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3.3 Results and discussion 

3.3.1 SEM of fine BA fractions 

A SEM analysis was conducted to discover differences in the shape and 

structure of BA particles among the fine fractions up to 500 µm. Among the 

literature on the topic, no SEM research on different particle size fractions of this 

material was made previously. Among the newest studies, the outlook83 and 

photos of BA particles ground below 45 µm84 can be found. Figure 3.1a illustrates 

the shape of particles from the finest fraction. Particles of this fraction, which have 

a very small size (about 20 µm) and a large surface, are predominant. There are 

only a few large particles, and their surface appears to be similar to the one of the 

smallest BA particles. For the fraction 63–90 µm (Figure 3.1b), despite the 

obvious predominance of fairly large particles with large surfaces, tiny particles 

about the same size of 10–20 µm and even smaller are also present, Figure 3.1a.  

Figure 3.1 (c and d) illustrates the appearance of 125–180 and 180–250 µm 

fractions at the same scale as the previous ones. They have the same very large 

surface, and there are also very small particles nearby, but much less. Figure 3.1 

(e and f) shows the remaining fractions from the fine-size range with a larger 

scale. The shape of the particle surface does not differ from 125–250 µm. Particles 

of at least 500 µm are significantly different from those of larger fractions (which 

resemble very small pieces of rock, glass, etc.), and the morphology does not differ 

among fine fractions. These particles, called quench products, are formed during 

water spraying on hot BA after the incineration59. They have amorphous and 

microcrystalline structures mainly consisting of calcium silicate hydrate with the 

particle size below 0.4 mm85. These quench products adhere to larger particles, 

forming a fragile surface layer. It was shown that the quenching phase of BA 

processing highly affects the leaching of PTEs86. The large surface of these 

particles, serving as a high-capacity absorbent, might be a source of their 

significant release during their subsequent use in building materials43,87.  
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Figure 3.1 SEM images of BA fine particle size fractions. The fraction size is 

given at the top of each part of the figure. 

3.3.2 Mineralogical composition of BA fractions 

The 14 original BA fractions, mineralogically, can be divided into six combined 

groups, Table 3.2. The minor fractions are virtually the same in composition, so 

in Table 3.2 and in Figure 3.2, groups of fractions are presented to avoid the 

duplication of information.  

Table 3.2 Main mineral phases in the composition of 6 combined particle size 

fractions of BA.  

 
Mineral < 180 180-500 0.5-1 1-4 4-22 > 22 

µm mm 
Quartz + + + + + + 

Feldspar + + + + + + 
MgFe2O4 + + + + + + 
Melilite – + + + + + 
Spinel – + + + + + 

Pyroxene – + + + + + 
Sylvite + + + + + – 
Zeolite + + + + – + 
Calcite + + + + – – 

Anhydrite + + – – – – 
Halite + – – – – – 
Mica – – – – – + 
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Figure 3.2 Diffractograms (Co radiation) of 6 combined BA fractions; for the 
sake of convenience, the plots are shifted relative to each other; the intensity 
scale is given in square roots of original values. 

Quartz is prevalent in all the fractions. This is in line with literature as the 

main mineral in fine fractions below 2 mm88 and coarse fractions, 2 – 50 mm89. 

Due to a mechanical resistance, the amount of quartz in the fractions increases 

with the particle size (Figure 3.2). Two other components, which are also present 

in all fractions but in slightly different amounts, are feldspar and magnesium 

ferrite, which were also found previously45. 

The next group of minerals — melilite, spinel, and pyroxene — are present in 

all fractions except <180 µm90. Sylvite, as well as its modifications (all denoted as 

S) containing different amounts of K and Na, is present in all fractions except the 

largest one (> 22 mm), which agrees with the leaching test results for these 

fractions (Section 3.3.4). In fractions below 4 mm and in the largest fraction, 

traces of zeolites of various composition were found. Their absence in 4–22 mm 

fractions can be explained by the fact that zeolites have a domestic source 

represented by sufficiently fine particles, e.g., washing powders91, adsorbents92, 

which, in the incineration process, are more likely to end up in BA fine fractions. 

The presence of zeolites in the largest fraction can be explained by attached fine 

particles59. Calcite and anhydrite are commonly found in BA phases45. Calcite can 

be seen in all fractions below 4 mm. Anhydrite is present in fractions below 500 

µm, which agrees with the leaching test results for sulfate, a steep decline in 

sulfate leaching after the 500 µm fraction (Figure 3.6).  
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Halite is detected in fractions below 180 µm only. The last mineral that 

distinguishes the largest fraction from all the others is mica. This could be 

explained by the fact that micas are widely used in the glass manufacture, from 

decorative to optical93, and the glass share in the largest fraction is (visually) 

larger compared to fractions below 22 mm. 

The predominant phases in the investigated BA are quartz and various 

aluminosilicates, which makes it possible to consider all the fractions as 

secondary building materials. The results agree with the literature75. 

3.3.3 Total elemental composition of BA fractions 

The major elements found in BA fractions were Si, Ca, Fe, Na, S, and Mg, 

which is in accordance with mineralogical data (Section 3.3.2) and literature94. 

Figure 3.3 demonstrates that concentrations of Ca, Fe, and S decrease as the 

particle size increases. The trend for Si is the opposite. The contents of Na, Al, and 

Mg vary insignificantly among fractions, but there is no decreasing trend.  

Figure 3.4 illustrates the particle-size dependence of the content for elements 

present in medium concentrations in the BA, including PTEs; there is no full set 

of data for these fractions and elements in the literature. In all cases, there is a 

gradual decrease in the concentrations of all the elements for fines below 355 μm 

(the larger the fraction, the lower the content). This agrees with SEM data on the 

same particle shape for these fractions and is caused by the SSA of these particles 

and quench-product particles. A significant increase in concentrations for larger-

size fractions is observed, which is due to a change in the mineralogical 

composition of particles; this effect is strongest for Cu (1 – 2.8 mm) and Zn (2 – 

4 mm). To the best of our knowledge, this is observed for the first time. The Ti 

content varies insignificantly among fractions above 355 μm (3200 – 4000 

mg/kg). Similarly, Ba and Mn contents remain approximately at the same level 

with insignificant fluctuations among fractions above 355 μm. The contents of Cr, 

Pb, Ni, and Sb decrease smoothly and with fluctuations with an increase in the 

particle size.  

The Relative Standard Deviation (RSD) values for all investigated particle size 

fractions of BA for all the elements in this study presented in Appendix A, Table 

A.1). The results for 3 replicates show negligible differences for most elements and 

fractions. Higher RSDs for Cd, Sb, and Sn for some fractions might be explained 

by the trace level of concentrations (Cd max. 14 mg/kg, Sb max. 170 mg/kg, and 

Sn max. 350 mg/kg) for these elements. As during the preparation, samples were 

significantly diluted (Section 3.2.1), this might be considered as one of the 

limitations of this method to investigate the total content of trace elements.  
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Figure 3.3 Total content of major elements in 14 particle size fractions of BA. 

 

 

Figure 3.4 Total content of PTEs and medium concentrated elements in 14 

particle size fractions of BA. 

3.3.4 Leaching test and its fraction dependences 

For total analysis, the elements forming major basic (Na, Mg, Ca, Ba) and 

acidic (Si, P, S) oxides in BA, and medium-concentration (Al, Cu, Zn, Ti, Cr, Mn, 

Fe, Co, Ni) and trace (V, Sr, Zr, Sn, Sb, Pb) elements43 were selected; out of these, 

only a few exceed the environmental Legislation Limits (LL) in BA, which are 

shown in Table 3.3. 
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Table 3.3 Maximum allowable leaching (LL) for non-shaped building 

materials according to The Soil Quality Decree8. 

 
Element Cd Cr Cu Ni Sb Zn 

LL (mg/kg) 0.04 0.63 0.9 0.44 0.32 4.5 
 

Major cations and anions 

Table 3.4 shows the pH over the range of fractions. It varies between 8.8 and 

9.2, and does not account for differences between the leaching behavior of the 

samples. 

Table 3.4 pH of 14 particle size fractions of BA. 

 

No. µm pH No. mm pH 

1 < 63 8.9 8 0.71 – 1 8.9 
2 63 – 90 8.9 9 1 – 2 9.1 
3 90 – 125 8.8 10 2 – 2.8 9.0 
4 125 – 180 8.8 11 2.8 – 4 9.2 
5 180 – 250 8.8 12 4 – 11.2 9.1 
6 250 – 355 8.8 13 11.2 – 22.4 9.1 
7 355 – 710 8.9 14 > 22.4 9.2 

 

The shapes of the concentration dependences in BA fraction leachates on the 

particle size of the corresponding fraction for the main cations (Ca, Na, and K) are 

quite similar to each other (Figure 3.5). For fines, a rather steep decrease after 125 

µm is observed for all cations, and after 0.71 – 1 mm fraction, the concentration 

level does not change significantly, generally decreases and reaches a plateau. The 

shapes of these curves are very similar as well to the curve shapes for sulfate and 

chloride (Figure 3.6). This might be an indication of a similar mechanism of 

dissolution of components which consist of major cations and anions. Such data 

can be attributed to the overall increase in the particle SSA with the decrease in 

its size together with changes in the matrix and the particle shape. It is changing 

from round packed (stones, pieces of glass, etc.) to less dense particles (Figure 

3.1) with a substantially higher SSA and agrees with the literature95. 
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Figure 3.5 Leaching of major cations (Ca, Na, and K) related to the BA particle 

size. X-axis values are shown on a logarithmic scale. 

 

Figure 3.6 Chloride and sulfate leaching related to the BA particle size. X-axis 

values are shown on a logarithmic scale. 

Major cations and chloride and sulfate may affect the leaching behavior of 

medium-concentration and minor cations96. The leached amounts of sulfate and 

chloride among fractions show a similar pattern (Figure 3.6).  
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PTEs 

The leachability dependence on particle size is shown in Figure 3.7 for PTEs 

which are present in the studied BA and if their level is higher than the LL (Ni, 

Cu, Zn, and Sb). For Co, Cr, Mo, Pb, Sn, Cd, and V concentrations in leachates are 

below LOQs (< 0.05 mg/kg recalculated to the sample mass).  

 

Figure 3.7 Leaching capacity (percentage of the total) vs. fraction size for Ni, 

Cu, Zn, and Sb. X-axis values are shown on a logarithmic scale. 

Copper 

A high level of copper leaching is a common challenge in BA processing97 due 

to the ability of Cu to transform into stable inorganic compounds98, e.g., 

Cu(OH)2
0, Cu4(OH)6SO4·1.3H2O and to form stable and readily soluble complexes 

with organic ligands99. These copper compounds are readily distributed in many 

materials and living organisms100. Concentrations above the LL were found for all 

fractions of 500 µm and lower and for some coarse ones (Figure 3.8a).  

As exceeding the limit of leachable copper content in these fractions is not too 

high (32 and 77 percent above the limit) in comparison with finer fractions (up to 

6-fold higher than the limit); it can be concluded that its source is also the 

attached fine-particle layer (Section 3.3.1). The difference between the leaching 

levels of different metals in the coarse fractions attributed to this reason might be 

explained by the difference in content/leaching of corresponding metals in fines. 
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If the metal leaching in the finest fraction exceeds the LL by several times it might 

be enough to contaminate the whole fraction. If the leaching of a certain metal in 

the most contaminated fraction merely exceeds that limit, then due to a low share 

of fines in a coarse fraction, the overall leaching of this coarse fraction can be still 

low. Though the amount of copper in the leachates of fines exceeds the LL, the 

leaching capacity of copper is not very high (Figure 3.7). Among fine factions, it 

decreases from 0.08% to 0.01% w/w and then remains at this level.  

 

Figure 3.8 Leaching of Cu (a), Zn (b), Ni (c), Sb (d) related to the BA particle 

size. X-axis values are shown on a logarithmic scale. 

Zinc 

Despite the relatively significant zinc content in the BA (Figure 3.7), exceeding 

the LL is only observed in the finest fractions (Figure 3.8b). Together with a linear 

decrease in Zn total content down to 710 µm (Figure 3.9), the zinc concentration 

in leachates decreases in the same manner as Cu. Then it reaches a plateau, even 

though Zn total content varies significantly (Figure 3.9).  
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Figure 3.9 Zn total content related to the BA particle size. X-axis values are 

shown on a logarithmic scale. 

Nickel 

Leaching concentrations above the limit were found in all fine fractions 500 

µm and lower (Figure 3.8c). Also, the leachate concentration was slightly above 

the limit in the 4–11.2-mm fraction, which, as in almost all cases in this study, is 

most likely due to attached fine particles (Section 3.3.1).  

The Ni leaching capacity is still quite low compared with the prevailing ions 

(chloride, Na, Mg, and K); in the most contaminated fractions, only 0.35% w/w of 

Ni total content transfers into a leachate (Figure 3.7). In fractions with no LL 

exceeding, less than 0.13% w/w of total Ni migrates into the leachate. Unlike most 

other elements, the leaching capacity of Ni has no distinct trend among fines, with 

the leached amount dropping but then increasing steeply with a peak for 4–11.2-

mm fraction (Figure 3.7). A correlation between the total content of Ni in the BA 

and its leaching capacity is not observed.  

Antimony 

The Sb leaching from BA is a well-known problem101; the literature on 

antimony leaching is mainly focused on the influence of pH, carbonation, and 

weathering of BA102 or mineral additives and organic acids103, but not on leaching 

dependence on particle size. Sb values exceeding or very close (for two fractions 

0.30 and 0.29 mg/kg) to the LL (Table 3.3) are found in all fractions below 4 mm 

(Figure 3.8d). In contrast to other PTEs, the antimony content in the leachates of 

fines does not vary significantly (Figure 3.7), and its leaching capacity is in the 

range of 0.2–0.5% w/w, regardless of the particle size.  

The leaching of other elements that might pose an environmental risk (Table 

3.5) might have not been observed for two main reasons: firstly, they are present 
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in BA samples in low or trace amounts; secondly, these elements leach very low 

(see Table 3.4) or not at all at such pH conditions104.  

Table 3.5 Total content of PTEs present in BA samples (the range over 14 

particle-size fractions, 0–22.4 mm). 

 
Element Total content (mg/kg) 

Cd 0 - 14 
Co 100 - 250 
Cr 100 - 1400 
Pb 200 - 1000 
Sb 50 - 350 
V 0 - 40 

 

The leaching test and total analysis show that a linear correlation between the 

total amount of an element and its leaching capacity is not observed for any of the 

test elements. However, some leaching curves (major cations, anions, Cu, and Zn) 

have similar shapes with higher leaching in the region of fines (up to 125 µm) with 

a steep decrease for fractions above 0.5 mm and a plateau for coarse fractions 1 

mm and larger (Figure 3.5-Figure 3.6, and Figure 3.8(a, b)).  

3.3.5 Division of BA for decontaminating treatments 

Based on the leaching data, total elemental composition, and mineralogical 

analysis, the studied BA is suitable for use in building materials, with the 

condition that a pretreatment adequate to the level of contaminants is performed. 

Because BA fines (< 125 µm) are the most contaminated and leach significantly 

more than coarser fractions and show morphology and mineralogy different from 

larger fractions, it is advised to separate them from the rest of the material for the 

following washing treatment, to not contaminate the fraction above 125 µm. 

Mineralogically, morphologically, and even total element content-wise all three 

fractions below 125 µm are virtually the same.  

Fractions from 125 µm to 1 mm are far less contaminated and yet demanding 

a treatment against both anions (Cl– and SO4
2–) and cations. Mineralogically, they 

do not differ significantly as well, so they can be combined in a single medium 

fraction from the viewpoint of treatment and use.  

The coarsest fraction (> 1 mm) is just slightly contaminated with anions and 

mostly free from large amounts of leachable PTEs; this part of the material needs 

just a slight washing with water, after which it can be divided for further 
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applications based on the total content of elements and mineralogical 

composition.  

Hereby, for purifying BA from PTEs, Cl–, and SO4
2– a size division into three 

groups is suggested: fine (< 125 µm), medium (125 µm – 1 mm), and coarse 

fractions (over 1 mm). Table 3.6 shows the ranges of concentrations of PTEs and 

anions in combined groups of fractions, which have different concentration levels 

of all these components. 

Table 3.6 Ranges of concentrations of PTEs and anions in 3 combined (for 

further treatment) fractions of BA. 

 

Component 
< 125 µm 125 µm – 1 mm over 1 mm 

mg/kg 

Total PTE 
leaching (Cu, 

Ni, Sb, Zn) 
8 – 12 4.5 – 6.5 0.65 – 2.5 

Chloride 18,000 – 20,000 12,000 – 15,000 2,000 – 4,500 

Sulfate 20,000 – 25,000 6,000 – 15,000 1500 – 3500 

 
 

3.4 Conclusions 

Based on the leaching data, total elemental composition, and mineralogical 

analysis, dividing BA into groups is suggested for different purposes according to 

their properties. Hereby, it is suggested to consider various properties of a 

fraction potentially applied for a certain use (building materials, adsorbents, 

metal extractions, etc.), to justify the suitability of the selected way of 

reuse/recycling.  

From the point of view of the mineralogical composition, 6 particle size 

fractions (<180 μm, 180–500 μm, 0.5–1 mm, 1–4 mm, 4–22 mm, > 22 mm) can 

be distinguished, because the smaller fractions form groups with similar 

compositions. The morphology in small-size fractions (up to 500 μm) also does 

not differ. It is worth mentioning that the leaching shows that the large surface of 

these particles provides not only efficient absorption of PTEs, water, etc., but also 

their release in case of their further use. The total analysis of BA fractions 
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confirms a possibility for using it in building materials after a suitable 

pretreatment. It is vital to consider the limitations such as chemical properties, 

mineral composition and the particle structure features. The main insight that can 

be derived is that it would be beneficial, and, perhaps, easier in some cases to 

eliminate sources of PTEs in waste rather than deal with these contaminants 

afterwards.  

To decontaminate BA from PTEs, the final size division into three groups is 

suggested: fine (<125 µm), medium (125 µm – 1 mm), and coarse fractions (over 

1 mm). This is most beneficial from the economical point of view because the 

treatments which these three fractions should undergo would vary significantly 

in cost. In the case of washing coarsest fractions, with the help of the division 

process, they will not be contaminated with fines which are responsible for a fair 

share of the leaching. Such information on the BA properties, including the 

leaching dependences vs. the total element composition, mineralogical 

composition, and morphology of fines, will allow faster and more efficient 

analysis of waste materials such as BA. Based on these data, appropriate 

treatments can be applied to successfully use them in building materials. 

This study was carried out only on one BA material (one country, one plant), 

and we consider the result as a primary empirical generalization. It seems possible 

to develop empirical models of PTE leaching to predict the expected range of 

concentrations in leachates of different BA fractions without conducting the 

leaching analysis. To reach this goal, it seems necessary to obtain similar BA 

datasets for different plants, countries, and seasons. On top of that, it would be 

expedient to study the behavior of different fractions and the fractionation effect 

on the properties of building materials in which BA can be used. Further studies 

should also include the development of a BA treatment procedures which are 

appropriate for the contamination level and BA chemical properties, which would 

ensure matching the environmental legislation.
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4.1 Introduction 

The utilization of waste residues challenge has been dealt with for over 25 

years105. During the incineration process of MSW, ash residues are approximately 

80% w/w bottom ash and 20% w/w fly ash4. High concentrations of chloride, 

sulfate, lead, zinc, copper, etc. turn waste FA into a “hazardous waste”22–24. Due 

to the landfill space reduction along with environmental regulations concerning 

potential leaching of various pollutants into ground waters106, these residues 

should be treated. To convert FA into a safe material suitable for landfilling or 

reuse, it is necessary to reduce the leaching of PTEs.  

Main ways to achieve this goal have been water washing in combination with 

solidification18,107,108, stabilization using various chemicals109,110, adding silica 

fume to hydrated FA pastes111, carbonation112,113, and thermal treatments114,115. 

However, recently, metal extraction from FA116,117 to retrieve valuable metals has 

become comparably attractive118,119. As metal concentrations in FA are 

considerable, research has been focused on making this extraction as efficient as 

possible55,120. However, currently these methods are not being aimed to reduce the 

FA contamination level.  

Among other applications, the FA is considered as a promising cement 

substituent in the production of concrete18–21 or lightweight artificial aggregates121. 

FA is conventionally water-treated30, and the subsequent leaching test estimates 

its suitability for reuse. However, the washing procedure is not very economically 

feasible, reported L/S are high (above 10)122 or the procedure is not optimized, 

and the leaching test is not performed on the final product (containing FA) to test 

the treatment efficiency21. Moreover, unlike coal-combustion fly ash (CCFA) 

mostly consisting of spherical particles123, FA particles are not studied well. They 

presumably consist of an inert glassy core surrounded by a porous, partially 

dissolvable mineral matrix layer (Al, Si, and Ca are the main components) covered 

with easily soluble alkali-metal chlorides124. Thus, washing FA may decompose 

the matrix, which would lead to a PTE release. Hence, if the potentially soluble 

part of FA does not dissolve entirely, FA can be hazardous if washed again or 

incorporated in cement. 

Thus, water-only treatments proved to be effective for readily soluble salts but 

not all PTEs. Several assisting agents (separately) for heavy-metal recovery (Zn, 

Pb, Cu, Mn, and Cd) from FA were studied due to their high complexation 

constants125, and it was reported that disodium ethylenediaminetetraacetate 

(EDTA) and sodium gluconate are especially efficient for Zn and Pb107. However, 

a detailed study on the effectiveness of these complexing agents and their 

combined use for FA purification was not performed. 
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Therefore, the goal of this chapter is to study the effectiveness of the combined 

use of chelatants (EDTA and gluconate) to improve PTE extraction from FA while 

using lower water volumes. Apart from complexation constants, the agents were 

selected due to their ability to make water-soluble complexes with most metals in 

FA and, thus, simulate the matrix decomposition of FA particles, a process that 

might have occurred outdoors with assistance of environmental agents like humic 

compounds or other natural substances126.  

The study involved the comparison of untreated and treated FA by the 

standard leaching test and macro- and microelemental, mineralogical, and 

microstructure analyses, and the analysis of individual hazardous elements in the 

leachates and remaining FA material. 

4.2 Materials and methods 

The general materials and methods are discussed in Chapter 2. Here, specific 

details and/or unique for the chapter procedures are presented. 

FA was supplied by the municipal solid waste-to-energy incinerator plant of 

Mineralz (Duiven, the Netherlands).  

Two chelatants used in this chapter are sodium gluconate (Merck, 99%) and 

disodium ethylenediaminetetraacetate (Sigma Aldrich, 99-101%).  

     

Figure 4.1 Sodium gluconate (left), and EDTA (right).  

4.2.1 Sample preparation 

Fresh FA samples were used for analyses and treatments. The material was 

oven-dried at 105°C to a constant mass. Next, the FA fraction above 500 μm was 

sieved out (3.8% w/w), because it contained significant amounts of unburned 

carbon. LOI at 550°C of the fraction above 500 µm is 16.84. Next, the material 

was randomly divided with a sample splitter: the first half was saved for 

treatments; the second half was used for the standard leaching test and 

microwave-assisted acid digestion. Subsequently, treated samples were collected 

and subjected to the standard leaching test, ICP–AES, mercury by flameless AAS, 
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and XRD analysis again to assess the treatment efficiency and examine its impact 

on FA composition. 

4.2.2 Standard leaching test 

The standard leaching test127 was performed on untreated FA, the fraction 

below 500 μm (5 replicates of 40 g each) to evaluate the level of PTEs, chloride, 

and sulfate. This test was also used to evaluate the combined (COMBY) and water-

only (WATER-3) treatments (Section 4.3.4  below). After the standard leaching 

test (24 h shaking, L/S 10, 200 rpm), the samples were filtered through 17–30 

and 0.2-µm filters to prepare leachates for IC and ICP–AES/AAS.  

4.2.3 COMBY and WATER-3 treatment procedures 

To test the efficiency of complexing agents, individual solutions of EDTA and 

sodium gluconate (Na-Gl) were used. A FA sample (40 g) was added to 200 mL 

of 0.05M EDTA and shaken for 20 min (200 rpm). The mixture was filtered (17–

30 and 0.2-µm filters), and the washing water was collected for further analysis. 

The same procedure was repeated for another FA portion, but Na-Gl instead of 

EDTA was used.  

Figure 4.2 illustrates the scheme for both treatments consisting of three steps. 

WATER-3 serves as a reference, it follows all steps from COMBY, but instead of 

the additive solutions deionized water was used. Due to the dissolution of soluble 

components, in all cases L/S was taken with respect to the initial sample mass.  
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Figure 4.2 Scheme of WATER-3 and COMBY treatments and analysis (figures 

in parentheses denote the number of replicates for each stage). 
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4.3 Results and discussion 

4.3.1 Untreated FA properties 

Comparison of leaching vs. bulk element composition  

The results for bulk FA element contents (Table 4.1) show that the samples are 

highly contaminated and pose a potential hazard. Such high PTE contents in FA 

allowed us to test the efficiency of complexant-based treatments.  

The standard leaching test results (L/S 10) on the untreated FA show that Cr, 

Pb, Cd, Mo, and Zn concentrations exceed the LL significantly (leachate pH was 

13). However, they are only a small fraction of the total PTEs present in FA, and 

despite a significant content of Sb, Cd, Cu, their leaching is below the 

quantification limits. These elements are probably embedded in FA particles 

rather than are at its dissolvable surface layer. 

Table 4.1 PTEs in the FA: their total content, leaching, and legislation limits 

(LL), n = 5, P = 0.95. 

 

Element Total content Leaching LL 128  Times over LL 

(for leaching) mg/kg mg/kg mg/kg 

Sb 1500 ± 100 < 0.02 0.32 – 

As 60 ± 1 < 0.1 0.9 – 

Ba 1500 ± 100 2.9 ± 0.3 22 – 

Cd 300 ± 10 0.10 ± 0.01 0.04 2.5 

Co 22 ± 1 < 0.1 0.54 – 

Cr 290 ± 10 1.9 ± 0.2 0.63 3 

Cu 1500 ± 100 0.10 ± 0.01 0.9 – 

Hg < 0.001 < 0.001 0.02 – 

Mo 30 ± 1 6.7 ± 0.7 1 6.7 

Ni 130 ± 10 < 0.01 0.44 – 

Pb 3500 ± 100 26 ± 3 2.3 11.3 

Se 15 ± 1 < 0.02 0.15 – 

Sn 630 ± 10 < 0.02 0.4 – 

V 60 ± 2 < 0.05 1.8 – 

Zn 19000 ± 200 21 ± 2 4.5 4.7 

 

In addition to high metal concentrations, FA leachates after the standard 

leaching test contain large amounts of chloride (110 ± 10 g/kg) and sulfate (50 

± 1 g/kg). It is similar to the previous findings, where the effectiveness of a water 

treatment is shown108,129–131. However, the standard leaching test is not always 

sufficient to bring the sulfate content/leaching down to a level acceptable by the 
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environmental legislation128. Thus, from the values of leachable and bulk contents 

of PTEs, the standard leaching test should be complemented with a more detailed 

characterization. 

Mineralogical composition and microstructure 

According to the XRD data, the crystalline components of untreated FA are 

mainly anhydrite, quartz, halite, sylvite, and calcite. The pH 13 evidences that lime 

might be present as well. However, it gives very low XRD signals, probably due to 

fine dispersity, thus, its identification is hindered132,133. The changes due to 

treatments are presented below (Section 4.3.4). 

Figure 4.3 presents a general overview of the untreated FA (< 500 µm). It 

consists of porous particles of irregular shape, and the fraction of fine particles 

(<50 µm) is very large, which agrees with the granulometric analysis (56.8% 

w/w is below 63 µm). To investigate if particle-size fractions of FA differ in the 

microstructure, the material was divided into three fractions: < 40, 40–250, and 

250–355 µm. 

 

Figure 4.3 SEM-image of MSWI fly ash < 500 µm. 

Figure 4.4 shows particles of irregular shape with a relatively small surface 

area. This fraction (40–250 µm) contains a larger number of spherical particles 

(about 10% v/v).  
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Figure 4.4 SEM-images of MSWI fly ash 40 - 250 µm. 

Figure 4.5 portraits particles of the 250–355 µm fraction. In general, their 

shape resembles those from finer fractions. However, there are also agglomerates 

of smaller particles, glued together, including spherical (Figure 4.5, circled in 

white). There are also flat particles with porous structures. It is noteworthy that 

FA morphology does not change significantly in the range of 40–355 µm. 

 

Figure 4.5 SEM-images of MSWI fly ash 250 - 355 µm. 

4.3.2 Selection of complexing agents  

Na-Gl and EDTA were selected because they are less aggressive than strong 

acids or bases, change the pH within 1.5 points only, which is important if being 
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compared with water, and show their effectiveness in the extraction of Zn and Pb 

from FA107,129. Thus, besides eliminating chloride and sulfate, these treatments 

elute PTEs. To test their effectivity, three independent treatments were performed 

(L/S 5; 20 min): water only, EDTA (0.05M), and Na-Gl (0.05M).  

The results (Figure 4.6) show that, firstly, each of them efficiently elutes 

different metals, and secondly, they have different effects on the standard leaching 

test results for the treated material. Na-Gl is more effective in most cases (except 

for Ba, Sr, Mo, and Cd). It is vital to acknowledge its ability to elute major FA 

matrix elements, calcium, aluminum, and iron. This may lead to matrix 

decomposition releasing an additional portion of PTEs, which could not be 

released during the standard leaching test or treatment with water. PTEs, which 

showed the excess over the LL according to the standard leaching test, were Cr, 

Cd, Mo, Pb, and Zn. However, significant amounts of Cu (by Na-Gl) and Cd (by 

EDTA) can also be liberated from FA due to high complexation constants (logβ1,Cu-

EDTA = 18; logβ1,Cu-Gl = 36; logβ1,Cd-EDTA = 17; and logβ1,Cd-Gl = 10)134–136. As 

agents complement one another, both reagents were used sequentially in one 

treatment (COMBY) to elute the maximum number of PTEs. 

 

Figure 4.6 Reagents efficiency relative to water: a) for elements, it is comparable 
to water; b) for elements, it is much higher than for water 

4.3.3 Components not present in leachates or washing waters 

In this section, we sum up the data on the elements that were below the limit 

of quantification (LOQ, which for all the elements was lower than the LL) in the 

leachates for all the kinds of applied treatments. 
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Arsenic 

According to the literature137, the maximum leaching of As is observed at pH 

10 and does not change significantly after the continuation of the leaching test for 

more than 22–23 hours. Thus, a standard leaching test (24 h) should be sufficient 

to detect and determine As. In general, the above-mentioned paper concludes that 

leaching increases with pH. However, another study138 drew completely opposite 

conclusions. Eventually, it was concluded that several parameters are responsible 

for As leaching, and not just pH. Most likely, as As accumulates in different FA 

phases, its solubility is largely determined by the availability of those phases. In 

this study, the total amount of As in the FA is not so significant (about 60 mg/kg), 

and leaching is absent in all experiments. It seems that this might be attributed to 

the fact that As is encapsulated in the silicate matrix139,140. Thus, comparing the 

leaching test results with the total As content shows that As is quite firmly 

immobilized and does not pose a further threat. 

 

Cobalt 

The leaching of Co is minimal at pH 8–12137. On one hand, it seems that the 

leaching test is not able to adequately assess the environmental impact of cobalt 

because under standard (for ash) conditions Co should not be leached out (pH 

10–13). On the other hand, it is noteworthy that the mass ratio of arsenic to cobalt 

in the FA is at the level of their ratios in such probable mineral phases as cobaltite 

CoAsS, safflorite (Co,Fe)As2, or skutterudite CoAs3. It might be assumed that 

cobalt can be enclosed together with arsenic in the silicate matrix, and thus, poses 

no further threat. 

Nickel 

According to the existing data, the maximum leaching of Ni is observed at pH 

0–4 and 10–12141. At the same time, there are data reporting that nickel in FA is 

distributed between the silicate and magnetic fractions142. Judging by the fact that 

the leaching of Ni in all the samples is below LOQ, it can be concluded that it 

might be as well immured in the silicate matrix, dissolution of which in natural 

conditions is quite hindered. 

Tin, Selenium, and Vanadium 

Some studies143,144 suggest that the ability of Sn to be mobilized is supposed to 

be high at pHs above 10. However, in this study, despite considerable total 

amount of Sn in the FA (around 0.6 g/kg), the leaching from all the samples was 

very low. Probably, it also indicates that the silicate matrix of FA is enriched with 
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Sn. Trace amounts of Se (15 mg/kg), as well as its leaching below the LOQ and LL 

for all the samples indicate that it is likely, in our case, that Se is also enclosed in 

the silicate matrix. It is reported145 that the major source of vanadium in FA is 

glass. Given its trace contents in the investigated ash, as well as the lack of 

leaching in all samples, it can be concluded that it is also enclosed in the silicate 

matrix. 

4.3.4 Two-reagent and water-only treatment comparison 

Treatment parameters are the time of contact, L/S, and the number of steps. 

The priority task was to make a treatment which ensures the efficient chloride 

elution because its concentration is 100-fold higher than the LL. For a decrease in 

the chloride level by 98–99%, 15–30 min of washing is enough18,122,129,130. In 

several studies, several-steps washing with L/S 1–3 proved to be more efficient 

than single-step ones with larger L/S18,130,146,147. In most articles on this topic, the 

number of washing steps is limited to 2–3122,130. Given that the studied FA is 

severely polluted (Table 4.1) and retains a large water amount (about 30% w/w 

after being in contact with water for about 20 min), we used a three-step washing 

procedure to remove the contaminated water. To minimize its amount, L/S of 2 

(relative to the initial sample mass) was used at each step. This ratio was selected 

empirically by obtaining a FA–water paste with a viscosity low enough for its 

rapid mixing. EDTA was used at the first step as it elutes large amounts of Cd (ca. 

1000-fold higher than the LL), and this also required more iterations of rinsing 

out the contaminated water after this step. During the second step, Na-Gl was 

applied, and during the third, distilled water. All three steps together ((1) - 

EDTA/(2) - Na-Gl/(3) - water) comprise COMBY. For the sake of comparison, a 

WATER-3 treatment was applied. The procedure is the same as COMBY but 

instead of additives, only distilled water was used at all steps.  

Treatment results (elution) 

Figure 4.7 shows the step-by-step elution for certain elements during both 

treatments. Taking into consideration that, for almost all metals, each step 

provides a significant PTE liberation, the number of steps cannot be less than 

three. The elution character for these two treatments differs for all metals (Figure 

4.7). For WATER-3, the concentrations of almost all the metals decrease in each 

step. This could be attributed to a change in pH at each step, however during 

COMBY pH drops are similar (see Figure 4.7 insets). For COMBY, the pH after 

the first step decreases more than with WATER-3. This probably occurs due to the 

removal of alkaline compounds (mainly Ca) with EDTA. A pH change after the 

second step is the same, so the elution of such metals as Pb and Zn would have to 



Chapter 4: MSWI FA composition analysis: a case study of combined chelatant-
based treatment efficiency 

52 
 

be even less than in the first step104, but it is the opposite. Thus, it is worthwhile 

to look for another reason for such an elution character.  

 

Figure 4.7 Elution of metals during WATER-3 and COMBY treatments for 

each step; insets: pH of the washing waters during each step. 

Figure 4.8 illustrates the efficiency of COMBY and WATER-3 for chloride and 

sulfate.  

For chloride, the difference is within the error range; but for sulfate, the 

difference in the second step is quite noticeable. More intensive sulfate leaching 

compared to water may be due to the chelation of calcium with Na-Gl, as 

anhydrite is one of FA main components. Figure 4.8 shows that three steps with 

L/S 2 are nearly sufficient for removing chloride from FA. In both treatments, a 

decrease in leachable sulfate concentration is evident; Na-Gl removes a larger 

amount of sulfate due to binding with calcium, and, unlike for chloride, still a 

significant amount of sulfate is liberated at the final stage of both treatments. The 
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value at the third step is in a rather good agreement with the solubility of CaSO4 

(2 g/L) produced from anhydrite. 

 

Figure 4.8 Elution of chloride and sulfate during WATER-3 and COMBY 

treatments for each step. 

Mineralogical and element composition of treated FA  

Figure 4.9 shows XRD spectra of treated FA in comparison with untreated FA, 

all samples were oven-dried (105°C). Table 4.2 indicates the relative peak heights 

to show how a treatment changes the FA matrix. 

Table 4.2 Main minerals in untreated and treated FA. 

 

          Sample 

 

Mineral 

FA FA-WATER-3 FA-COMBY 

Halite High – – 

Anhydrite Low High Medium 

Sylvite High – – 

Calcite Low High Medium 

Quartz Low Medium High 
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Figure 4.9 Diffractograms (Co radiation) of the untreated FA, and FA after 

WATER-3 and COMBY treatments; for the sake of convenience, the plots are 

shifted relative to each other; the intensity scale is given in square roots of original 

values.  

A primary FA component is anhydrite148,149. It is worth mentioning how its 

share varies with the treatment type. It increases significantly both in FA-

WATER-3 and FA-COMBY samples (due to the elution of readily soluble salts; 

approx. 20% w/w); however, the peak (ca. 2θ = 29) for FA-WATER-3 is much 

higher than for FA-COMBY. Thus, COMBY removes this component from the FA 

matrix much better than WATER-3 due to high chelatabilities of EDTA and 

gluconate with calcium125,134. Nevertheless, CaSO4 remains to be the main 

component of treated samples. Because this compound simultaneously possesses 

good sorption properties and is capable of considerably dissolving in water, a very 

slow emission of PTEs into ground waters in the case of improper disposal cannot 

be excluded entirely.  

The next main component is calcite148,149. Figure 4.9 shows that because of the 

sodium and potassium chloride elution, its share increases, and its content is 

higher for FA-WATER-3. This is confirmed by Figure 4.6, which shows the higher 

ability of COMBY to elute calcium compared to water.  

High signals of halite (NaCl) and sylvite (KCl) are in line with the previous 

data148,149, and agree with the leaching data for chloride (about 110 g/kg) and the 

total element composition (Na, ca. 75 g/kg; K, ca. 50 g/kg, Figure 4.10).  

The last FA main component is quartz148,149. Its content also varies in 

concordance with a decrease in the contents of soluble salts (ca. 77 g/kg in 
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untreated and 93–96 g/kg in treated FA, Figure 4.10). Its share is larger after 

treatments, and the FA-COMBY sample has slightly more quartz due to a smaller 

share of anhydrite and other water-soluble phases. 

All other minerals in Figure 4.9 are present in FA in fairly small amounts. No 

new phases are detected in the treated FA. A significant content of aluminum (33–

45 g/kg) coincides with the presence of melilite and feldspar; sphalerite and 

willemite might be the origin of zinc (19–23 g/kg); the sources of iron (15–21 

g/kg) and titanium (11–15 g/kg) are presumably ilmenite, rutile, and sitinakite; 

magnesite is for magnesium (12–17 g/kg); and the presence of apatite might 

explain moderate concentrations of phosphorus (7–10 g/kg). 

 

Figure 4.10 Total element composition (major components) of untreated FA, 

WATER-3-treated FA, and COMBY-treated FA. 

Figure 4.10 shows the bulk FA composition after COMBY and WATER-3 

treatments. It confirms the mineralogical analysis and leaching behavior. The 

contents of calcium and silicon are slightly higher in treated samples due to a 

noticeable decrease in the proportion of sodium, potassium (Figure 4.10), and 

chloride. Sulfur content (the main source is supposedly anhydrite) is slightly 

lower after treatments (by eluting sulfate, as shown above). The percentages of 

almost all the main components (Al, Zn, Fe, Mg, Ti, and P) are also slightly higher 

after treatments. While the elution of zinc during the treatments is abundant, a 

very significant Zn amount remains bound in the treated FA (22±1 g/kg) (Figure 

4.10). After treatments, there is still also a high Pb content (3.2±0.2 g/kg). 

Because these elements pose a potential risk, even in a combination with the 

standard leaching test, the bulk element analysis is required to determine the 

treatment effectiveness, and to consider other ways of FA reuse because it 

contains large quantities of valuable metals.  
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Thus, both treatments show effective chloride removal. However, some 

differences in the treated FA due to the presence of EDTA and Na-Gl do not affect 

the final macro-composition considerably.  

Microstructure of treated FA 

As discussed earlier, the untreated FA consists of particles with a rather 

complex shape and a large surface area, which, nevertheless, has a fair share of 

smooth surface. Figure 4.11 illustrates the changes during the second and third 

steps of WATER-3. Spherical particles appear smoother as the porous outer layer 

is removed, and agglomerated particles are liberated. During this process, an 

increase in the number of particles, and, therefore, a new surface accessible for 

dissolution, might affect the PTE leaching. 

 

Figure 4.11 SEM-images of MSWI fly ash particles after the 2nd (a), and the 3rd 

steps of WATER-3 treatment. 

Figure 4.12 shows changes in FA particles after washing the untreated FA with 

EDTA, Na-Gl, and water.  

 

Figure 4.12 SEM-images of MSWI fly ash particles after the 2nd (a), and the 3rd 

steps of COMBY treatment. 
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Comparing this figure with Figure 4.4 and Figure 4.5 shows how much the 

surface of particles has changed. If a large part of the untreated FA was quite 

smooth (Figure 4.12), here the whole surface has become scabrous, so its surface 

area has increased significantly. This may explain PTE elution enhancement 

during the second step of COMBY. Figure 4.12b displays the shape of a FA particle 

after the last step of COMBY. To a relatively large porous particle, several small 

spherical particles are attached (in the center). This agglomerate may be formed 

during the drying process after treatment, or this structure was there originally, 

but only several washing steps have revealed it. During the further use or disposal, 

this agglomerated particle might fall apart completely, resulting in an increase in 

the number of particles, and, therefore, in the new surface available for PTE 

leaching.  

Figure 4.13 shows a structure of particles after WATER-3 (all three steps). It 

is worth noting that such structures were not observed at any of the previous 

steps.  

 

Figure 4.13 SEM-image of a MSWI fly ash particle after the last stage of 

COMBY treatment. 

Based on XRD data, the formation of significant quantities (enough to form 

such large particles) of new phases was not observed during the treatment. 

Perhaps, it is a structure of some FA particles which was hidden before under the 

layers of soluble components. Only calcite of all main minerals that form FA can 

have a similar needle structure150,151. Besides, it would not dissolve in water 

(during treatments). It is possible that the reagents used in COMBY and 

contributing to the elution of calcium, help to dissolve such structures. Therefore, 

they are not observed in the case of COMBY. Another possible explanation of such 
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structures (yet demanding further research) might be the formation of hydration 

products152. It is important to come to understanding how such a vast formation 

of a new and very large surface would affect the leaching of PTEs.  

Thus, during the treatments, the FA microstructure undergoes changes that 

may affect its further properties. Both treatments wash a rather deep surface layer 

off, significantly increasing the total surface area. During COMBY, the FA surface 

changes from partially smooth to rugged and scabrous compared to WATER-3.  

Standard leaching test results on treated FA 

Table 4.3 presents the standard leaching test results (L/S 10) for both 

treatments. Only elements with concentrations above the LL are shown. It is 

worthwhile to give a small remark regarding the LLs for chloride and sulfate. In 

this study, the environmental legislation for CCFA (LL (sulfate), 30,000 mg/kg; 

LL (chloride), 1000 mg/kg) could have been applied153 because FA is closer in 

some properties to CCFA rather than to BA. However, because hereby no evidence 

of complete FA similarity to CCFA was presented, the legislation criteria for non-

shaped building materials were used instead, see Table 4.3128. It is rather 

negligible in the context of this study because the goal was not to demonstrate the 

FA leaching results after a treatment, but to show what changes the FA undergoes. 

The treatment selection or other decision regarding the further utilization of FA 

can be made using these criteria though. Therefore, the LL values are taken for 

clarity, so that the challenge level can be estimated.  

Table 4.3 Standard leaching test results for untreated FA and after treatments 

(for metals which concentrations exceed the legislation limit (LL)); underlined, 

more than the LL; bold, became worse after the treatment, n = 5, P = 0.95. 

 

 Leaching test  Leaching test results (after treatments) 

Element FA untr. LL COMBY WATER-3 

mg/kg 

Cd 0.10 ± 0.01 0.04 10 ± 1 < 0.02 

Cr 2.0 ± 0.2 0.63 0.50 ± 0.05 4.4 ± 0.4 

Cu 0.10 ± 0.01 0.9 3.6 ± 0.4 < 0.02 

Pb 21 ± 2 2.3 85 ± 9 < 0.05 

Mo 6.7 ± 0.7 1 1.4 ± 0.2 3.3 ± 0.3 

Zn 21 ± 2 4.5 38 ± 4 0.40 ± 0.04 

g/kg 

Сl– 110 ± 10 0.62 1.6 ± 0.2 1.9 ± 0.2 

SO4
2– 50 ± 5 2.4 19 ± 2 16 ± 2 
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Table 4.3 shows that COMBY causes a strong increase in the PTE leaching 

except for Cr and Mo. In general, COMBY, which elutes matrix elements such as 

Ca, Fe, Al, Mg, and Zn, promotes the liberation of PTEs enclosed in the matrix 

(Figure 4.6). At the same time, WATER-3 elutes orders of magnitude less 

amounts of these matrix elements, keeping PTEs inside. Therefore, after WATER-

3, the concentrations of a considerable number of PTEs (except for Cr and Mo) 

are below the LL. Both treatments were not targeted to completely elute anions. 

Table 4.3 shows that both treatments were similarly effective in eluting chloride 

(COMBY, 99%; WATER-3, 98%, w/w), and close to each other for sulfate elution 

(COMBY, 62%; WATER-3, 68%, w/w). 

Table 4.3 shows that Cd leaching from the untreated FA (using the standard 

leaching test) is only twofold higher than the LL (0.10 mg/kg). However, COMBY 

increased Cd leaching by about 100 times (10 mg/kg), while during WATER-3 it 

has decreased by more than 5 times (< 0.02 mg/kg). At the first two steps of 

WATER-3, a very small amount of Cd was liberated (0.03 mg/kg, Figure 4.7), 

while during COMBY it was much larger at all the three steps (67.0 mg/kg). As at 

three steps of COMBY, the eluted Cd amount is decreasing (45, 17, and 5 mg/kg, 

respectively), while the matrix component elution at the 1st step for water and 

EDTA is similar, it might be concluded that EDTA transformed all available Cd to 

soluble species on the surface layers. If some additional Cd sources would have 

been uncovered by dissolving the matrix, an increase in its concentration at each 

subsequent step would have been observed. The ability of Na-Gl to elute Cd is also 

significant (0.10 mg/kg), although less than of EDTA due to a lower complexation 

constant (Section 4.3.2), and despite its use in the second step of COMBY, an 

increase in concentration also did not occur. As WATER-3 is reagent-free, only a 

small amount of soluble Cd got into the washing water (0.04 mg/kg), and the 

standard leaching test indicates FA-WATER-3 as apparently non-hazardous. 

However, a very significant increase in the cadmium leaching using chelating 

agents shows that such a "clean" FA may have a hazard under the action of 

environmental substances126. 

Figure 4.7 shows that a significant amount of Cr (0.7 mg/kg) is liberated at 

the 1st step of COMBY, less (0.2 mg/kg) at the second step, and at the third step 

a negligible amount (0.1 mg/kg) is eluted, and according to the standard leaching 

test results its level satisfies the regulations. At the same time, for WATER-3, a 

small amount (0.1 mg/kg) of Cr is liberated at the first two steps, and at the third 

step its amount increases threefold. Eventually, FA-WATER leaches twofold Cr 

(4.4 mg/kg) as the untreated FA (2.0 mg/kg). The solution pH decreases during 

the treatment; however, at pH 8–13, Cr leaching does not vary this much104. On 

the other hand, Figure 4.14 illustrating a comparison of Mg, Al, and Fe leaching 
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at all steps, reveals that it is 2-3-fold larger at the first step of COMBY (and Mg is 

not released at all at the first step of WATER-3), and at the 2nd and 3rd steps for 

COMBY, the elution of these components is 1–2 orders of magnitude higher than 

that of WATER-3. It might be suggested that Cr is encapsulated in the matrix. 

Thus, as for Cd, the standard leaching test with L/S 10 does not show how much 

Cr will potentially leach out later, during the use of FA-based materials. 

 

Figure 4.14 Matrix components elution during COMBY (marked C) and 

WATER-3 (marked W) treatments. 

Considering the standard leaching test results (Table 4.3), for untreated FA Cu 

leaching was below the LL, but after COMBY it has increased significantly. The 

character of Cu elution differs from cadmium (for which the standard leaching 

test results after treatments were similar, Figure 4.7 and Table 4.3). Apart from 

very high complexation constants, the reason for such an elution character is also 

the matrix decomposition, elements are liberated 10-fold less effectively at the 

first step of COMBY, as if blocking Cu leaching. For WATER-3, these components 

are liberated only slightly, so approximately the same Cu elution is observed at all 

three steps. 

After WATER-3, the concentration of Pb in leachates is less than the LL; 

however, after COMBY, the FA looks extremely hazardous (Table 4.3). In 

addition, even in the case of WATER-3, much more Pb is liberated at the first 

(168.8 mg/kg) and subsequent (43.5 and 3.2 mg/kg) stages than during the 

standard leaching test on the untreated FA (Figure 4.7, contact times are 20 min 

at every washing step, and 24 h for the standard leaching test). This can be 

explained by the fact that during the standard leaching test, calcium salts can re-

precipitate (e.g., CaSO4), with which Pb salts tend to co-precipitate154. Thus, in a 
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short time of COMBY this does not happen, and all available Pb transfers to the 

solution. This phenomenon is not observed for other metals because their 

chlorides and sulfates have rather high solubilities.  

Mo concentration in leachates have decreased after both treatments, and for 

COMBY it was close to the LL (Table 4.3). The elution character in both cases as 

well indicates a link to the elution of matrix components: in WATER-3 it is slow, 

so at all steps a similar amount of metal is liberated (0.8, 0.8, and 0.6 mg/kg, 

respectively); for COMBY, a much larger amount is eluted immediately (3.1 

mg/kg), presumably, because of a high complexation constant (logβ1,Mo-

EDTA = 20)125, and at the following steps it decreases (0.6 and 0.2 mg/kg). The 

standard leaching test for the untreated FA showed 6.7±0.7 mg/kg of Mo, and the 

mass balance for treatments and liberated/left amounts for COMBY was 

3.9±0.4/1.4±0.1 = 5.3±0.5 mg/kg, and for WATER-3 was 2.2±0.2/3.3±0.3 = 

5.5±0.5 mg/kg, indicating that, probably, the rest of Mo (Table 4.1) is 

encapsulated in the silicate matrix and is unlikely to pose further threat.  

For WATER-3, Zn level has decreased to an environmentally acceptable level 

(Table 4.3). However, for COMBY, it has become twofold worse than before the 

treatment. During WATER-3, it is very probable that only readily soluble Zn 

species are eluted, and at every step the elution decreases (5.5, 4.0, and 0.8 

mg/kg). For COMBY, there is no significant Zn leaching at the first step (6.4 

mg/kg), but at the second one, 18-fold higher amounts of the metal eluted (115.4 

mg/kg). This can result from the matrix elements beginning to be effectively 

liberated at the Na-Gl step of COMBY, entailing enhanced Zn leaching. 

4.4 Conclusions 

Thus, mineralogical composition, total element content, leaching properties, 

and morphology of untreated and treated FA are studied. As a whole, the 

efficiency of such a three-step combined treatment with two complexing agents 

(EDTA and sodium gluconate) to increase the toxic-element elution from fly ash 

in contrast to conventional water-only treatments is shown.  

• The main minerals found in the untreated FA are anhydrite, quartz, 

halite, sylvite, and calcite. The high pH of 13 might indicate the presence of lime. 

• The FA major elements are Ca, Si, Na, K, S, and Al, and it is also enriched 

with Pb (3.5 g/kg) and Zn (19 g/kg). 

• The FA mainly consists of particles with an irregularly developed shape 

(about 90% v/v) and spherical particles (about 10% v/v). 
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• The main cation contaminants in the FA are Cd, Cr, Mo, Pb, and Zn. Their 

leaching exceeds the legislation limits by 3–11 times. The leaching of anions 

exceeds the corresponding limits by 25–1000 times. Leaching of chloride is 110 

g/kg, and sulfate is 50 g/kg. 

• The ability of gluconate to elute metals from the FA is especially efficient 

(10–200 times higher than of water) for Cd, Cu, and Zn; and EDTA is the most 

efficient for Cd (800 times higher than of water). 

• The ability of combined treatment to elute metals in comparison with 

water-only is 40% higher for Pb, 15 times higher for Zn, 1800 times higher for Cd, 

115 times higher for Cu, and 2 times higher for Mo and Cr. 

• During both treatments, the FA surface changes from smooth to 

scabrous. Both treatments wash a rather deep surface layer off, significantly 

increasing the surface area of the particles. 

• As a result of combined treatment, the FA has become even more 

hazardous than before the treatment. In the case of water-only treatment, the FA 

appears to be much cleaner than before the treatment. 

It is necessary to highlight that the same FA, which, according to the leaching 

test results, looks non-hazardous from almost all points after being washed with 

water, proves to be extremely hazardous (it matches the criteria for even more 

hazardous category than the untreated one). This study shows that it is beneficial 

not only to study the leaching of certain components and the factors which affect 

them, but also to pay attention to amounts of elements remaining in FA after 

treatments. Because the FA might have a latent hazard in some cases, and in some 

it is not hazardous after even minor processing. The aim underneath this research 

is to draw attention to the issue of FA processing once again. If the extraction of 

metals turns out to be economically feasible for a certain country, it would be 

rather insubstantial to incorporate the material in concrete. We believe that these 

findings will help in issues related to treating, processing, and utilizing FA. For 

further research, it is expedient to study the mechanisms of mutual elution of 

matrix components and PTEs in detail, as well as to investigate the structure of 

FA and how, if used as secondary building materials, it affects the final product 

properties. 
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5.1 Introduction 

Different particle-size fractions of BA are potentially attractive for various 

applications in the field of building materials80. Nowadays, the coarse fraction of 

BA (> 3–4 mm) is widely investigated as a substitute for natural aggregates in 

concrete14,15. For the fine fraction of BA (< 3 mm), which accounts for 50–60% of 

its total mass, there are several obstacles that still impede its use as secondary 

building materials15,155.  

There are three major problems related to the direct use of the BA fine fraction 

as aggregates. The first one is the high porosity, which increases the water demand 

and reduces the final product strength (concrete or mortar)156,157. The second 

challenge is metallic Al pieces in BA that can cause cracks (micro and macro) in 

concrete due to the formation of hydrogen gas as a result of the reaction between 

aluminum and the cement paste’s alkaline environment158,159. The last obstacle is 

PTE leaching that sometimes exceeds the legislation limits160,161.  

To date, there are many papers devoted to solving these problems, and milling 

of BA seems particularly promising. It can reduce porosity and remove metallic 

Al, while, at the same time, making the material small enough to function as a 

cement replacement. Kim at al. studied 10–30% w/w cement replacement levels 

by ground BA (from an unmentioned fraction) and received unsatisfactory 

compressive strength of hardened pastes (loss of the strength from 30 to 10% 

w/w) mainly due to the presence of metallic Al162. Chen at al. studied the effect of 

different BA particle size fractions (untreated) on early hydration of cement and 

concluded that fine fractions, due to a higher sulfate content, inhibit the hydration 

more than coarse ones, although the difference turned out to be small64. In several 

papers, only one replacement level (30% w/w) was tested, and the compressive 

strength was unsatisfactory (either the compressive strength was significantly 

lower (> 16%), or the leaching of PTEs was too high)155,161. For this reason, 

researchers have investigated additional treatments. In one study, thermally 

treated, ground BA in the form of a slurry with an activator (up to 4% w/w CaCl2) 

was investigated as a cement replacement (20–40% w/w) and showed 

satisfactory results for 20% w/w replacement levels. The same BA without an 

activator showed a significant decrease in compressive strength of about 40% w/w 

(21 days curing) observed for a 20% w/w replacement level96. However, the use of 

chlorides in concrete is generally avoided to prevent the corrosion of rebar. There 

are also studies conducted on the addition of acid-treated, ground, and sieved 

(0.074 mm) BA at the clinker production stage (with a replacement level of up to 

3.5% w/w)160,163. But acid treatments generate highly contaminated waste 

solutions, which is not desirable.  
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It can be concluded that untreated milled BA without additives is unlikely to 

demonstrate good performance for higher replacement levels (10–20% w/w) and 

that additional treatments can have other drawbacks. However, according to 

regulations, it is possible to use a Minor Additional Constituent (MAC) in cement, 

which cannot exceed 5% w/w and have to be below 125 µm in size39. The usage of 

MAC reduces the costs related to the cement production (accompanied with the 

reduction of the carbon footprint) while utilizing the waste material. Low 

replacement levels are unlikely to have a noticeable detrimental effect. The 

Netherlands alone produce more than 1.4 million ton of cement per year. Using 

BA fines as a 5% w/w MAC replacement would make it possible to use around 70 

thousand ton (more than 10% w/w) of the BA fines produced yearly. However, the 

studies on such a low range level of replacement (less than 10% w/w) are almost 

absent40,41. 

The aim of this part of the study is to demonstrate a novel approach for 

treating BA fines (0.125–3 mm) via milling close to cement size and using them 

as a MAC replacement material. The BA fraction of 0.125–3 mm is ground in three 

different ways to achieve the particle size below 125 µm and match the PSD of two 

different cement types (CEM I 52.5 R and CEM I 42.5 N). The properties of these 

milled fines are compared to the “natural” fine BA fraction (< 125 µm) from the 

same BA. A comparative analysis of chemical, physical, and morphological 

properties of all types of fines was carried out using ICP-AES, IC, XRF, XRD, SEM 

and other methods. Their effect on the cement hydration and mechanical 

properties of the final products (mortar) containing a 5% w/w cement 

replacement by BA was studied using isothermal calorimetry and a standard 

compressive-strength test. 

5.2 Materials and methods 

The general materials and methods are discussed in Chapter 2. Here, specific 

details and/or unique for the chapter procedures are presented. 

5.2.1 Materials 

BA fines (< 3 mm) were supplied by the municipal solid waste-to-energy 

incinerator plant of Mineralz (The Netherlands), where they underwent the 

standard washing and ferrous and non-ferrous metal removal process. The 

material was processed in the laboratory as depicted in Figure 5.1. Prior to each 

sieving step fines were oven-dried (105 °C). 

CEM I 52.5 R and CEM I 42.5 N supplied by HeidelbergCement (The 

Netherlands) were used as binder for references and mixtures with ground and 
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non-treated BA fines (MCF, SOF-52, SOF-42, and BF, respectively). They have the 

same chemical composition but different PSDs. 

 

Figure 5.1 BA fines used in the study. 

Figure 5.1 depicts the route for obtaining all the fines examined in the study. 

The starting material is BA fines (a fraction of BA < 3 mm, washed at the factory). 

Further, to obtain “natural” (unmilled) fines < 0.125 mm (BF, short for “basic 

fines”), the initial material was sieved with a 0.125 mm sieve. The remaining 

material of 0.125–3 mm (BACF – Bottom Ash Coarse Fines) was further milled to 

obtain “Milled Coarse Fines” (MCF). The material was then sieved again, and the 

residuals (> 0.125 mm) were sieved out because the filler should not contain 

particles > 0.125 mm. The last two steps consisted of additional grinding of MCF 

in two ways to match the particle size of the material with the particle size of the 

two cements. As a result, two materials were obtained: SOF-42, and SOF-52 (from 

“Size Optimized Fines”, numbers indicating the standard compressive strength at 

28 days), see Figure 5.1.  
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5.2.2 Procedures and treatments 

Dry milling conditions 

One of the main challenges of using BA fines as a substitute for cement or 

aggregates is their porosity and the subsequent high water demand. Milling not 

only reduces the particle size to the desired value, but also diminishes the rugosity 

of the particle surface (which contributes to the materials total SSA). In addition, 

during the milling process, metallic Al particles are flattened and can be removed 

via sieving (the residual fraction in Figure 1).  

We aimed to reach the desired particle size with as little milling as possible to 

minimize the cost of milling. Thus, the first milling procedure was carried out in 

zirconia bawls in 4 cycles (10–10–20–20 min, 150 rpm), and after each cycle, the 

material was sieved through a 0.5-mm sieve (to remove flattened Al particles) and 

a 0.125-mm sieve to obtain the MCF fraction. This was done to remove softer 

particles that had already reached a desired size while harder ones were ground 

for longer to guarantee a uniform particle size. The MCF was then milled again 

for 85 and 210 additional minutes (300 rpm) for SOF-42 and SOF-52, 

respectively, to obtain particles in the range of CEM I 42.5 N or CEM I 52.5 N. 

SOF-52 was then mixed with CEM I 52.5 R, and SOF-42 with CEM I 42.5 N. 

Standard leaching test 

The standard leaching test127 (24 h shaking, L/S 10, 200 rpm) was 

performed on sample groups denoted as 1-6 in Figure 5.1 (3 replicates of 30 g 

each) as well as hydrated cement pastes containing 5% w/w of fines 3-6 to evaluate 

the level of PTEs, chloride, and sulfate. Samples 1-6 were submitted to the test as 

is (coarse or fine powders), and cement pastes were crushed and sieved (after 28 

days curing) below 4 mm prior to testing. After the test, the leachates were filtered 

through 0.2-µm filters to prepare solutions for IC and ICP–AES (later filtrates 

were acidified with nitric acid (69% w/w, for analysis, ISO grade, AppliChem 

Panreac).  

Early day (72 h) hydration 

The effect of MCF, BF, and SOF-52 as a partial replacement of cement in 

cement mixtures (0 and 5% w/w replacement) on the hydration process was 

studied by isothermal calorimetry (a TAM Air calorimeter). Mixtures were 

prepared with a water/powder ratio of 0.5. The additional reference used in the 

study was a sample containing 5% w/w quartz powder to control for the filler 

effect. The experiment was only performed on CEM I 52.5 R because the effect is 

easier to observe in more reactive cement. 
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5.3 Results and discussion 

Four types of fines were analyzed for their properties and performance in 

cement mortars. Along with the assessment methods, a comprehensive portrait 

of physical, chemical, mineralogical, and morphological properties of all studied 

fines is presented. (The scheme of all the experiments can be found in Appendix 

B, Figure B.1). 

5.3.1 Chemical properties of BA fines 

Leaching 

The leaching test on the initial materials (all types of fines and cement) was 

performed to estimate a potential environmental impact of the studied fines on 

their cement mixtures. All types of fines (Figure 5.1, units 1-6) were analyzed for 

the leaching of PTEs, sulfates and chlorides Table 5.1. The values for BF are above 

the LL for both anions. The BACF fraction, which was a precursor for MCF, is well 

below the limit for chlorides and above the limit for sulfates. Milling MCF to 

obtain two types of SOF resulted in a very slight increase in the leaching of both 

chlorides and sulfates with a decrease in the particle size.  

The data for cement is presented here only for the sake of comparison. It can 

be seen that CEM I 52.5 R leaches a significant amount of Ba, while this is not the 

case for CEM I 42.5 N. CEM I 42.5 N also shows a much higher sulfate leaching 

than CEM I 52.5 R. The leaching of Ba2+ and sulfate may be connected as Ba2+ 

reacts with available SO4
2- to form insoluble BaSO4, which removes Ba2+ from the 

solution.  

Regarding the leaching of PTEs of the initial fines: only BF shows leaching of 

Cu which is slightly above the limit (1.30 vs. 0.9 mg/kg). It is noteworthy that with 

an increase in the milling time, the leaching of Sb increased: for BACF it is below 

the detection limit; for MCF it is 0.7 mg/kg; for SOF-42, 0.80 mg/kg; and for SOF-

52, 0.90 mg/kg, while the LL is 0.32 mg/kg. No other excess of the LL in the 

studied BA was observed.  
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Table 5.1 Leaching of sulfate and chloride, and present in the leachates cations 

for BA fines: fraction 0–3 mm (BA fines), fraction 0–0.125 mm (BF), fraction 

0.125–3 mm (BACF), ground BACF (MCF); PSD-optimized to CEM I 42.5 N 

ground MCF (SOF-42), and PSD-optimized to CEM I 52.5 R, ground MCF (SOF-

52); the units for concentrations given as mg per kg of dry solid, (n = 3, P = 0.95); 

LL is the legislation limit128. 
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As can be seen from Table 5.1, the leaching of sulfate and chloride shows the 

same trend. Increased milling time leads to an increase in leaching. This is 

unexpected, since the solubility of chloride especially is very high and should be 

independent of milling time. An explanation is the fact that more contaminated 

small particles from the surface quenching layer are liberated during milling 

(Section 5.3.3). This quenching layer is very porous, and this porosity gets filled 

with the water used for BA quenching after incineration. The water tends to 

accumulate large quantities of chloride and other elements, because it is 

constantly reused. During drying and weathering, the porosity is partially closed, 

which creates small pockets inside the quenching layer that are rich in Cl. Normal 

washing is only partially effective in removing this physically trapped Cl, but it is 

made accessible by breaking up this layer during milling. This finding is 

consistent with literature48,86. 

Main oxide composition of fine BA  

The main oxides of the investigated fines (BF and MCF) are depicted in Table 

5.2. The compositions of SOF-42 and SOF-52 are the same as that of MCF because 

they are produced from the same material. CEM I 52.5 R and CEM I 42.5 N are 

also almost identical. 

Table 5.2 Main oxides and LOI (% w/w) of BA fines in comparison with CEM I 52.5 R. 
 

 BF MCF CEM I 52.5 R 

SiO2 35.1 50.7 20.1 

CaO 20.1 12.9 64.0 

Fe2O3 18.5 15.4 3.9 

Al2O3 11.4 9.0 4.8 

BaO 0.2 0.1 3.0 

MgO 1.4 1.6 1.2 

SO3 1.1 0.8 2.8 

Other 12.2 9.5 0.2 

LOI 15 7.2 1.5 
 

The most obvious differences are in SiO2 and CaO contents. Both types of fines 

(BF and MCF) contain significantly lower amounts of CaO; 3 and 4 times, 

respectively, than cements. A large amount of it is present in the form of calcite. 

SiO2 in BA fines is mainly present in the form of quartz (whose contribution to the 

hydration process is limited to providing nucleation sites only164).  

The LOI should not exceed 5% w/w in cement (CEM I 52.5 R). Thus, all tested 

types of BA fines can be safely used. For MCF, SOF-42, and SOF-52 the LOIs in 
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the case of 5% w/w additions approx. 1.8% w/w, which is well below the standard 

requirement limit (max. 5% w/w).  

As can be seen from Figure 5.2, these two BA fractions (MCF and BF) differ 

slightly. The predominant mineral of both fractions is quartz, which agrees with 

previously published works, as well as the results of XRF analysis88,165. In both 

fractions, various iron-containing minerals, such as magnetite, hematite, and 

wustite, are present in noticeable amounts166. Of the calcium-containing minerals, 

calcite, gypsum, anhydrite, and bassanite are found in both fractions, and in the 

BF fraction they appear to be present in larger quantities, which correlates with 

XRF data (Table 5.2) and the literature167. Silicates of different types, such as 

feldspar, pyroxene, and melilite are also present in small quantities in both 

fractions90. 

Mineralogical composition of BA fines 

 

Figure 5.2 Diffractograms (Co radiation) of 2 BA fractions and cement (CEM 

I 52.5 R); for the sake of convenience, the plots are shifted relative to each other; 

the intensity scale is given in square roots of original values. 
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5.3.2 Physical properties of BA fines 

Bulk and specific densities, water demand, PSD, and SSA were determined for 

all four types of fines (BF, MCF, SOF-42, and SOF-52) and cement (both types) 

for comparison (Table 5.3). 

Table 5.3 Physical properties of BA fines and cement (n = 3, P = 0.95). 
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Water demand is an important parameter to consider for cement replacement 

materials such as BA. A high water demand will either lower workability or 

increase the water/binder ratio resulting in strength loss of the final product. 

Table 5.3 shows that the water demand of BF is two times larger than that of 

cement, and all milled fines (MCF, SOF-42, and SOF-52). Noteworthy, with a 

decrease in the particle size during milling, from MCF to SOF-42 and SOF-52, the 

water demand increases slightly, while the SSAs seem to decrease with the milling 

time. As mentioned in the previous sections, the unmilled BA particle normally 

has a solid core with a very fine particle layer attached to it. Presumably, the 

particles from this layer are being liberated during the milling, and then 

agglomerate41. The agglomeration might be due to the changes in the ratio of 

sulfate and OH-groups that are generated appearing during milling168,169. There is 

no literature found on these phenomena occurring with BA. However, similar 

observations have been mentioned in the literature with such materials as 

pulverized coal fly ash or clay. The emergence of such new mechano-activated 

groups may also result in binding very fine particles together (agglomeration, 

Section 5.3.3)170,171.  

In turn, all this might affect the availability of groups responsible for 

«wetting» the particles and nitrogen adsorption (in the BET measurements of the 

SSA) due to a presumed difference in the availability of the functional groups 

prone to react covalently (e.g., those that participate in the nitrogen exchange in 

BET), and groups responsible for adhesion of the water molecules. Therefore, we 

see a decrease in SSA, while the water demand changes little. This effect of milling 

on selective physicochemical activation is worth further studies. 

Comparing SSA values of unmilled BA shows that the value for MCF is about 

6 times higher than for cement, while the original fines (BF) have an SSA that is 

ca. 13 times higher. Such a high SSA in the latter case can be caused by either a 

high surface area due to small particle size or high porosity of the particles or both. 

In the case of BF, the high porosity appears to be the main contributing factor, 

because natural BA fines (< 0.125 mm) contain nearly only the porous outer layer 

of BA that was removed from larger particles during treatment at the plant48. The 

high porosity is expected to have no negative effects on the water 

demand/workability at MAC replacement levels. It may even be beneficial in 

terms of internal curing to reduced shrinkage172, but more research is needed to 

determine this effect.  

Figure 5.3 (upper part) shows that the PSDs of all fines are quite different from 

cement. MCF contains significantly larger particles (d (0.5) = 39 μm, d (0.9) = 140 

μm) than cement (d (0.5) = 11 μm, d (0.9) = 26 μm) but the condition that all 
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particles should be in the range of < 125 μm was met173. It can also be seen that 

the PSD of MCF is closer to the cement PSD than the non-treated BF.  

 

 

Figure 5.3 Upper part: Particle Size Distribution of CEM I 52.5 R, and MCF, 

SOF-52, and BF, cumulative and differential (inset). Lower part: Particle size 

distribution of CEM I 42.5 N, MCF and SOF-42. 
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Figure 5.3 (lower part) shows that the PSD of SOF-42 is close to the PSD of 

CEM I 42.5 N (d (0.5) = 20 μm, d (0.9) = 72 μm vs. d (0.5) 20 μm, d (0.9) 61 μm 

for CEM I 42.5 N). However, with increasing milling time from MCF to SOF-42, 

the amount of relatively large particles barely changes, while the number of small 

particles (1–10 μm) increases.  

Even though the d-numbers appear to be close to those for cement (for SOF-

52 d (0.5) = 13 μm, d (0.9) = 46 μm vs. for CEM I 52.5 R d (0.5) = 11 μm, d (0.9) 

= 26 μm), PSDs differ significantly.  

5.3.3 Morphological properties of all fines 

 

Figure 5.4 BA particles undergoing the milling treatment, clockwise from the 

upper left corner. 

Changes in BA particles during the milling are shown in Figure 5.4. The upper 

left image is a representative particle from the original BA fraction of 0.125–3 

mm. It has an irregular shape and is covered with a rough layer with high porosity 

previously reported as a “quenching layer”85. The upper right image is MCF, i.e. 

the material after the first stage of the initial milling of BACF. A smaller particle 

is visible that is still covered in a quenching layer. In SOF-42 (Figure 5.4, lower 

right), the size of particles has decreased significantly. In any case, both SOF-42 

and SOF-52 show a cleaned particle surface free from the porous quenching layer. 

This effect explains the reduction in SSA with increased milling time (Table 5.3). 

Similar behavior has been reported previously with MSWI sludge41. Thus, it is 

likely that milling not only decreases the particle size due to fracturing, but also 

peels off small porous particles from presumably harder particles that then 
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agglomerate. This is consistent with the more pronounced bimodal size 

distribution of the fines with an increase in milling time (Section 5.3.2).  

5.3.4 Effect of BA fines on cement hydration  

Figure 5.5 depicts the effect of different types of BA fines (MCF, SOF-52, and 

BF) on the hydration of cement pastes. Cement with 5% w/w quartz is used as a 

reference with the same water/cement ratio. The difference between all fines is 

small and no significant negative effect on the hydration speed is observed at 

these replacement levels. Some delay could have been expected due to the 

presence of sulfates in the fines, but peak shapes and the absence of additional 

peaks indicate that there are no side reactions associated with a higher sulfate 

content in MCF compared to cement (2.83% for cement vs. 5.3% for MCF, 9.9% 

for BF, and 6.1% for SOF-52)174.  

 

Figure 5.5 Effect of added BA fines on cement hydration (normalized by the 

cement weight). 

Figure 5.5 also shows that the cumulative heat (normalized per cement) is the 

lowest for BF, suggesting that even though it does not lower the rate of cement 

hydration, it has a negative effect on the reaction degree. MCF shows the highest 

cumulative heat for reasons that are unclear. A higher cumulative heat could have 

been expected for SOF-52 as it has the smallest particle size and could therefore 
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be more reactive. But it is possible that the milling and the associated removing 

of the quenching layer releases not only more sulfate but also other components 

such as organic matter that have a negative influence.  

5.3.5 Leaching properties of hardened pastes containing BA fines 

Even though the initial BA fines contain some contaminants above the 

legislative limit, all pastes containing 5% w/w fines did not exceed the legislative 

limit after 2 and 28 days of curing. The concentrations of PTEs and anions are 

much lower than the limits or below the detection level, and are, therefore, not 

shown. 

5.3.6 Mechanical properties of mortars containing BA fines as a 

filler 

The suitability of fines to be used as a MAC was assessed by testing mechanical 

properties of mortars containing MCF, BF, SOF-42, and SOF-52 (Figure 5.6) After 

two days of hydration, SOF-52 shows the best results and reaches a compressive 

strength similar to the reference (100% cement), while MCF and BF are slightly 

lower and comparable to one another. All the samples are above the standard 

value for this type of cement (30 MPa). After 7 days, SOF-52 becomes comparable 

with the reference, and BF is noticeably lower. At 14 days, the difference between 

the reference and MCF becomes more obvious (as well as for BF). After 28 days, 

all the samples with additives are noticeably below the reference. However, all of 

them are still quite above the standard (52.5 MPa). Overall, at 28 days the 

strength reduction is 7, 11, and 9% for MCF, SOF-52, and BF, respectively. The 

situation is the same for 91 days. 

The samples BF and MCF show the same starting strength that is lower than 

that for SOF-52 and the pure cement sample. The samples containing BF show 

the lowest overall strength increase over time and seems to stagnate at 91 days. 

The reason for this might be the high porosity and the presence of contaminants. 

MCF starts out at a similar strength but shows a much better strength increase 

over time and even surpasses SOF-52 at 28 days. This indicates some pozzolanic 

reactivity of the material. The strength gain over time for the sample containing 

SOF-52 is similar to that of MCF but is slightly lower at 28 and 91 days as 

mentioned. The reason for this is unclear but could be attributed to an increased 

release of compounds that delay the reaction in the course of milling. The strength 

of all mortars containing BA fines is somewhat below that of 100% cement 

samples. 
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Figure 5.6 Compressive strength of mortars containing 5% w/w of MCF, SOF-

52, and BF as a partial cement replacement at different curing times (from 2 to 91 

days), n = 18, P = 0.95. 

In comparison with the unexpected behavior of SOF-52 with CEM I 52.5 R, 

the performance of SOF-42 with CEM I 42.5 N appears to be more anticipated, 

i.e., the outcome at all the stages is lower in comparison with the reference (see 

Figure 5.7).  

 

Figure 5.7 Compressive strength of mortars (CEM I 42.5 N) containing 0 and 

5% w/w of SOF-42. 

However, with the hydration continuation, the strength reduction is –21, –11, 

–7, and –2% for 2, 14, 28, and 91 days, respectively. The same numbers for SOF-

52 are +3, –2, –5, and –11%, respectively. Therefore, even though the early 

compressive strength is even higher than of the reference, in a long term, this 

optimization appears to be more effective for a coarser and less reactive cement. 
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Changes in the flexural strength of all the samples do not appear to be governed 

by the addition of fines. They are on average within the experimental error and 

the flexural strength is not changing significantly from 14 to 91 days (Table 5.4 ).  

Table 5.4 Flexural strength of mortars containing 5% w/w of MCF, SOF-52, 

and BF as a partial cement replacement at different curing times (from 2 to 91 

days), n = 3, P = 0.95. 

 

Days                

 

Fines 

2 7 14 28 91 

100% cement 6.7 ± 0.7 8.1 ± 0.8 8.0 ± 0.7 8.1 ± 0.8 7.7 ± 0.8 

MCF 6.5 ± 0.5 7.1 ± 0.7 7.5 ± 0.8 7.6 ± 0.8 7.7 ± 0.8 

SOF-52 6.7 ± 0.7 7.0 ± 0.7 7.4 ± 0.7 7.7 ± 0.8 7.9 ± 0.8 

BF 6.1 ± 0.6 6.8 ± 0.7 7.6 ± 0.8 8.0 ± 0.7 7.8 ± 0.7 

 

Table 5.4 shows that the effect on the flexural strength of mortars containing 

5% w/w of cement replaced with certain fines is almost negligible and within the 

experimental error. 

5.4 Conclusions 

Four types of BA fines were analyzed to assess their suitability and limitations 

as MAC in cement: “BF”, unprocessed fines < 0.125 mm (washed at the plant), 

and 3 derivatives from a fraction of “coarse” fines (0.125–3 mm); MCF (Milled 

Coarse Fines), SOF-42, and SOF-52 (Size Optimized Fines for CEM I 42.5 N, and 

CEM I 52.5 R, respectively). These fines were milled in 3 different ways to achieve 

a size distribution close to that of 2 types of cement.  

Among the analyzed fines, MCF and SOF-52 gave the best results regarding 

compressive strength. However, MCF generates slightly more heat flow as 

measured with calorimetry. SOF-52 shows worse results than MCF (strength, in 

comparison to the cement reference) but taking into consideration that the 

material preparation is more intense, perhaps its use will not be justified (at least 

for such low replacement percentages). However, SOF-42 showed better results 

for the respective type of cement reducing the compressive strength of the sample 

at 28 days only by 2%. That might be due to the fact that CEM I 52.5 R is finer, 

and, therefore, more reactive than CEM I 42.5 N, so it is more sensitive to any 

negative influences the BA fines may have. Ergo, it is necessary to study this 

phenomenon further. Regarding the application of BF, it is necessary to take into 

account relatively high concentrations of certain metals (total composition) 
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(Chapter 3) which might exceed the limitations for cement even being added in 

small amounts. 

The main results of this study can be summarized as follows: 

• Mechanical treatment for the BA fraction of 0.125–3 mm was applied in 

several steps to generate fines that have a similar size distribution as CEM I 42.5 

and CEM I 52.5 and can be used as a MAC, while also reducing porosity of the 

fines and removing metallic Al particles. 

• The mechanical treatment results in polishing BA particles by removing 

the attached quenching layer from larger particles along with an overall size 

reduction. The breakup of the quenching layer results in increased leaching of 

chlorides and sulfates, while the surface area of the material decreases probably 

due to the agglomeration of small particles removed from the quenching layer. 

• The hydration study has proven milled coarse BA fines (MCF) to be 

contributing the most to the cement hydration (+5% cumulative heat), while the 

“natural” unmilled fines (BF < 0.125 mm), slightly hindered the hydration (–2.5% 

cumulative heat) during the first 72 h. 

• The compressive strength decrease for 28 days is 7% for milled coarse 

fines, 9% for non-treated fines, 11% for size optimized fines (for CEM I 52.5 R), 

and 7% for size-optimized fines (for CEM I 42.5 N). All the mortars showed the 

compressive strength above the standard with a minimum value of 58.5 MPa for 

a mixture with CEM I 52.5 R, and 49.1 MPa for a mixture with CEM I 42.5 N. 

• The use of MCF fraction “as is” appears to be most suitable for a MAC 

application. Further milling to produce SOF-42 and SOF-52 does not appear to 

be beneficial based on the compressive-strength results. This is positive, as less 

energy and effort are required to produce this material.  

• Physical, chemical, and mechanical properties suggest that all types of 

fines might be considered as potential MACs; however, milled coarse fines appear 

to be most desirable from two viewpoints: (i) its effect on the cement hydration, 

and, therefore, mechanical properties and (ii) its low environmental impact. 
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6.1 Introduction 

There are three types of MSWI residues: air pollution control residues (APCr), 

fly ash (FA), and bottom ash (BA). MSWI APCr and FA are highly contaminated 

fractions and require a special treatment before being landfilled24. BA, composing 

ca. 80% w/w of all residues is a much cleaner product; although without 

treatment, it contains PTEs in concentrations that significantly exceed the 

legislation limits (LL)98. However, if the most contaminated BA fraction (<125 

µm) is separated, the remaining material is clean enough to be used in various 

applications after washing out water-soluble salts (Chapter 3). 

The BA part >125 µm can be divided into two fractions: below 3 mm (the fine 

fraction; 50–60% w/w of the total BA) and above 3 mm (the coarse fraction)16.  

Another possible application for the fine BA fraction is a cement substituent. 

Multiple studies investigated a partial cement replacement with BA; however, 

fairly significant amounts (from 10 to 50% w/w of BA in BA–cement mixtures) 

are usually used, which severely deteriorate the resulting concrete/mortar 

mechanical characteristics159,161. There are also studies reporting acceptable 

mechanical properties, where a 10–30% w/w BA caused a strength reduction of 

10–31%, meaning the BA acted mostly as an inert filler. BA can also influence 

hydration rate negatively, and a 20% w/w replacement of cement with five 

untreated BA particle size fractions showed a delay in hydration up to 10 h for the 

finest fraction properties64,162.  

However, it might still be possible to use BA as a minor additional constituent 

(MAC) because cement standards allow the use of an inorganic additive of up to 

5% w/w, and such low replacement levels should not have a negative effect on 

cement properties. As large additions of BA to cement results in a noticeable 

deterioration in concrete/mortar properties, and most studies do not consider low 

replacement levels (below 10% w/w), there are currently no cement products 

containing BA within the MAC range on the market.  

Using BA as a MAC requires milling because the standard specifies that it 

should be < 125 µm in size. This has several advantages, because besides reducing 

the particle size, an optimized milling procedure might also help to remove pieces 

of metallic aluminum by flattening them and subsequently sieving them out and 

reduce the porosity and water demand of the BA itself175.  

However, previous research has mostly focused on milling BA without 

separating it into different fractions first, and the fine BA fraction (0.125–3 mm) 

has not been thoroughly studied. In another study, a fraction of 0.04–0.25 mm 

was investigated as a low-density binder with wood–cement boards analyzing 
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among others its properties as an insulation material44. Tang et al. focused on a 

combined milling and heating treatment at 550 and 750 ºC (to increase reactivity 

and reduce the leaching) of a 0–2 mm BA fraction slowly milled to a size below 

0.125 mm. Only a replacement level of 30% w/w was studied, and the reported 

mechanical properties were between 15–50% lower in comparison with a 

reference sample depending on the BA pretreatment prior to use155. The only 

paper dealing with different particle-size BA fractions (five fractions < 6.3 mm) 

milled below 150 µm made a study on hydration of mixtures but did not report 

the mechanical properties64. 

To summarize, to the best of authors’ knowledge, there is almost no published 

research on the applications of the fine BA fraction (0.125–3 mm) as a MAC176, 

which has the advantage of being significantly less contaminated than the finest 

fraction (< 125 µm) but cannot be recycled as a natural aggregate substitute.  

The aim of this part of the thesis is therefore to analyze small replacement 

levels of differently ground BA fines (the fraction 0.125 – 3 mm) in a cement 

mixture in the MAC range (0–5% w/w), while higher replacement levels (up to 

20% w/w) were used to demonstrate negative effects on the properties of mortars 

and pastes, which might not be visible at replacements within the MAC range. We 

aimed to determine the maximum BA content in cement mortars resulting in no 

detectable deterioration of properties (both mechanical and environmental). The 

second goal is to determine the maximum BA content that results in a satisfactory 

level of the final product (mortar) deterioration compared to the cement standard 

to discover whether the particle size distribution of BA fines tailored to a certain 

cement particle size influences a mortars mechanical performance. To achieve 

these goals, the mechanical properties of mortars containing BA fines (the MAC 

range: 1, 3, and 5; and the extended range: 10 and 20% w/w replacement level), 

leaching properties of dry mixtures and hardened crushed pastes, and hydration 

properties of pastes containing BA fines were analyzed. A microstructural analysis 

of mortars containing BA fines is also provided. We provided the data on all the 

properties for the extended range of additives (up to 20% w/w) to make changes 

in the structure and quality of resulted pastes/mortars clearly visible because in 

the MAC range some changes are very difficult to observe even though there is a 

detrimental effect. Thereby, this data also provides the deeper understanding on 

the impact of added BA milled fines.  

6.2 Materials and methods 

The general materials and methods are discussed in Chapter 2. Here, specific 

details and/or unique for the chapter procedures are presented. 
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6.2.1 Materials 

Pre-treated (standard washed) BA fines (< 3 mm) were supplied by the MSW 

residues processing plant of Mineralz (the Netherlands). The material was sieved 

into two fractions: <125 µm and 0.125 µm – 3 mm, BA coarse fines. They were 

subsequently milled generating three final fine products: 1) MCF (Milled Coarse 

Fines), the BACF fraction milled to reduce the particle size below 125 µm; 2) SOF-

52 milled to a PSD close to CEM I 52.5 R; 3) SOF-42 milled to a PSD close to CEM 

I 42.5 N. CEM I 52.5 R and CEM I 42.5 N supplied by HeidelbergCement (the 

Netherlands) were used as binders for references and mixtures with milled BA 

fines (MCF, SOF-52, SOF-42). The scheme of all BA fines used in the study can be 

found in Appendix B, Figure B.1.  

6.2.2 Methods and procedures 

Standard leaching test 

The standard leaching test127 (24 h shaking, L/S 10, 200 rpm) was 

performed on non-hydrated mixtures containing MCF, SOF-52, and SOF-42; as 

well as hardened cement pastes (crushed and sieved below 4 mm prior to testing) 

containing MCF (3 replicates of 30 g) to evaluate the level of PTEs, chloride, and 

sulfate, as well as to investigate the binding capacity of cement regarding the PTEs 

release at 28 days of curing. After the test, the leachates were filtered through 0.2 

µm filters to prepare solutions for IC and ICP–AES (for the latter, filtrates were 

stabilized with nitric acid).  

Determination of hydration delay 

The effect of MCF and SOF-52 as a partial replacement of CEM I 52.5 R in 

cement mixtures (0 – 20% w/w replacement) on the hydration process was 

studied by isothermal calorimetry (a TAM Air calorimeter). Mixtures were 

prepared with a water/powder ratio of 0.5. Calorimetry measurement outcomes 

were normalized per cement mass in the sample.  

Mortar preparation 

Mortars with cement–BA mixtures were prepared according to EN-197-1. One 

batch was made from 450 g of a binder (either pure cement or cement + BA milled 

fines), 225 g of water, and 1350 g of sand. All mixtures (containing 1, 3, 5, 10, and 

20% w/w of BA milled fines) were premixed and homogenized with a mixer prior 

to adding water.  
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The mortars were cast in Styrofoam molds and cured in water. Mortars that 

were used for the leaching test were cured at a high humidity without a direct 

contact to water. 

Sample preparation and microstructural analysis 

For microstructural analysis, paste samples containing MCF were prepared by 

the procedure described below. In a glass jar, water and cement-MCF powders 

were mixed (prepared in advance with the replacement level by weight), a 

water/powder ratio 0.5. After 24h, the jar was carefully removed, and the samples 

were placed in water for the remaining 6 days. After that, to stop the hydration, 

the samples were placed in isopropanol for 48 h and regularly mixed, and 

isopropanol was replaced every 12 h. After this procedure, the samples were 

polished using isopropanol to prevent hydration and provide a smooth surface 

without scratches. 

Microphotographs of the samples were analyzed using ImageJ software, 

looking at representative areas, analyzing each area to differentiate three types of 

the matter in the paste: unhydrated cement, hydration products, and porosity. 

The results for each sample were averaged.  

6.3 Results and discussion 

6.3.1 Material characterization and properties of BA fines 

Table 6.1 and Table 6.2 provide a summary of the main chemical and physical 

properties of the three types of milled BA fines used in the study. Most physical 

properties appear to be similar to the cement, therefore, the BA milled fines can 

be considered a suitable cement replacement material (Chapter 5).  

Table 6.1 Leaching of sulfate and chloride, and cations present in the leachates 

for ground BA fines: MCF; PSD-optimized to CEM-I-42.5-N ground MCF (SOF-

42); PSD-optimized to CEM-I-52.5-R, ground MCF (SOF-52); the units for 

concentrations given as mg per kg of dry solid. (n = 3, P = 0.95), (Chapter 5)). 

 

 Chloride Sulfate Sb 

Fines mg/kgds 

MCF 500 ± 50 5400 ± 500 0.70 ± 0.07 

SOF-42 590 ± 60 5800 ± 500 0.80 ± 0.08 

SOF-52 650 ± 70 6200 ± 600 0.90 ± 0.09 

LL 616 2430 0.32 
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Table 6.2 Physical properties of BA fines and cement (n = 3, P = 0.95). 

 

 

6.3.2 Leaching of dry mixtures and hardened pastes, and mortars  

To be able to use a material as a MAC, it should not influence the mechanical 

properties negatively and comply with local environmental LLs. Thus, it is 

important to examine the mortars, preferably at all stages of curing for their 

leaching properties.  

In order to assess the environmental impact and potential risks of handling 

the cement containing BA, the leaching of the dry unhydrated cement mixtures 

was also determined even though the final assessment is made for a hydrated 

mortar or concrete. It is necessary to consider in what form and at what point, a 

cement product containing BA fines can be in contact with the soil (ground water) 

to prevent possible contamination.  

Anion leaching of dry cement-BA mixtures 

Figure 6.1 demonstrates the chloride and sulfate leaching from unreacted 

cement–BA mixtures. Note that for all replacement levels of SOF-52, the chloride 

leaching was at the same level as the initial leaching from the corresponding 

cement (CEM-I-52.5-R) and does not change. A very slight increase in 

concentrations is observed for SOF-42. For MCF (with CEM I 52.5 R), a slight 

decrease in chloride leaching for low replacement levels can be seen, and a slight 

increase in the large replacement level area (10–20% w/w) can be observed. 

Chloride leaching for all the mixtures is below the LL128. 

Sulfate leaching gradually decreases in all the cases when the BA share 

increases in the mixture, and in mixtures containing SOF-52 and MCF sulfate 

leaching is noticeably reduced compared to the leaching of pure fines, therefore, 

the main source of the leaching is cement, not BA. For pure SOF-42, the reduction 

in leaching is negligible. For a 1% w/w replacement, it is close to that of pure 

cement and then decreases with an increase in the share of SOF-42. 

 

 

  Cement BA fines 

Property Units I-52.5-R I-42.5-N MCF SOF-42 SOF-52 

Bulk density (g/cm3) 1.1 ± 0.1 1.7 ± 0.1 1.5 ± 0.1 1.6 ± 0.1 1.5 ± 0.1 

Water 

demand 

(% w/w) 22.0 ± 0.5 21.0 ± 0.5 20 ± 0.5 22.0 ± 0.5 24.0 ± 0.5 

D (0.5) µm 11 20 39 20 13 
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Figure 6.1 Leaching of chloride and sulfate from mixtures containing 0–20% 

w/w BA fines, only MCF were tested for replacements higher than 5% w/w; 100% 

corresponds to pure respective materials (BA fines). The level of anion leaching 

for CEM I 52.5 R is expressed with a black solid line; for CEM I 42.5 N, with a 

black dashed line. 

PTEs leaching of dry cement-BA mixtures 

Table 6.3 shows the leaching test results for PTEs that were either in 

concentrations above the LL or were high in the pure BA fines. 

CEM I 52.5 R has a relatively high level of barium leaching (30 mg/kg dm), 

which becomes only half (15 mg/kg dm) with the addition of 1% w/w MCF, and 

even lower with the addition of 1% w/w SOF-52 (11 mg/kg dm). As the BA 

replacement level increases, Ba leaching increases too; and for MCF replacement 

levels of 10–20% w/w, they reach a level close to the leaching of pure CEM I 52.5R. 

This can partially result from an increase in sulfate concentration due to the 

addition of fines, the excess of which reacts with the available barium to form 

BaSO4, which has a very low solubility177. A slight difference in sulfate 

concentration of mixtures with MCF and SOF-52 is concordance with it, as the 

sulfate leaching from MCF is slightly lower in comparison with SOF-52.   
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Table 6.3 PTEs leaching of mixtures containing 0–20% w/w BA fines 

(recalculated to mg/kg); all values for Sb are below the detection limit; “b.d.l.” 

denotes below the detection limit; (n = 3, P = 0.95)128. 

 
Sample pH Ba Cr Cu Mo 

CEM I 52.5 R 11 ± 0.1 30 ± 3 0.5 ± 0.05 b.d.l. 0.18 ± 0.02 

MCF 1% 11 ± 0.1 15 ± 2 1.8 ± 0.2 0.05 ± 0.005 0.19 ± 0.02 

MCF 3% 11 ± 0.1 18 ± 2 1.4 ± 0.1 0.07 ± 0.007 0.17 ± 0.02 

MCF 5% 11 ± 0.1 19 ± 2 1.4 ± 0.1 0.13 ± 0.01 0.16 ± 0.02 

MCF 10% 11 ± 0.1 31 ± 3 0.4 ± 0.04 0.16 ± 0.02 0.18 ± 0.02 

MCF 20% 11 ± 0.2 32 ± 3 0.3 ± 0.03 0.28 ± 0.03 0.19 ± 0.02 

SOF-52 1% 11 ± 0.1 11 ± 1 2.3 ± 0.2 b.d.l. 0.6 ± 0.06 

SOF-52 3% 11 ± 0.1 17 ± 2 2.9 ± 0.3 0.08 ± 0.008 0.87 ± 0.09 

SOF-52 5% 11 ± 0.1 19 ± 2 2.4 ± 0.2 0.11 ± 0.01 0.74 ± 0.07 

CEM I 42.5 N 11.4 ± 0.1 6.0 ± 0.6 6.6 ± 0.7 b.d.l. 0.84 ± 0.08 

SOF-42 1% 11.4 ± 0.1 7.0 ± 0.7 8.0 ± 0.8 b.d.l. 1.0 ± 0.1 

SOF-42 3% 11.4 ± 0.1 7.7 ± 0.8 8 ± 0.8 b.d.l. 1.1 ± 0.1 

SOF-42 5% 11.4 ± 0.1 8.0 ± 0.8 7.7 ± 0.8 0.05 ± 0.005 1.1 ± 0.1 

 

As for the subsequent increase in the Ba2+ concentration with an increased 

cement replacement level, it might be assumed that it happens because the main 

source of Ba2+ is cement, and it is growing reaching a concentration peak at a 20% 

w/w replacement level. Additionally, in the case of SOF-42 and CEM I 42.5 N, 

barium concentrations are insignificant and are approximately at the same level 

for the entire range of additives. 

Initially, chromium leaching was not detected in all the tested BA fines. Table 

6.3 shows that the chromium leaching gradually increases in the row of MCF < 

SOF-42 < SOF-52 for the same cement substitution levels, although it is necessary 

to take into account that the CEM I 42.5 used for the SOF-42 samples leaches 

much more Cr (6.6 mg/kg) than the CEM I 52.5 (0.5 mg/kg). The emerging 

chromium leaching can be explained by a change in pH (from 8 ± 1 for pure BA 

fines to 11 ± 1 for cement–mixture leachates), and an increase in the solubility of 

chromium (III) hydrated oxide species in strong alkaline environments178,179. 

Copper was initially present in all the BA fines at the concentration level of 0.7 

± 0.1 mg/kg. Table 6.3 shows that the Cu2+ concentration in all the leachates is 

extremely low. Nevertheless, it is noticeable that in the MCF range of 1–20% w/w, 

the Cu concentration in the leachate slowly increases.  

Molybdenum leaching was within the limit for all the BA fines (0.4, 0.6, and 

0.9 mg/kg for MCF, SOF-42, and SOF-52, respectively); in all the samples 

containing MCF, molybdenum leaching is at the level of Mo leaching from CEM I 

52.5 R and does not change as the MCF share in the mixture increases (Table 6.3). 

For SOF-52, the concentrations for the same replacement level with the same 



Chapter 6: Performance of differently ground coarse fine fraction of MSWI BA 
as filler in cement mortars   

89 
 

cement are 4–5 times higher, although they are still below the legislation limit. 

For SOF-42, Mo concentrations are approximately the same for all the 

replacement levels, and slightly exceed the limit (1.0 mg/kg); however, it should 

be outlined that CEM I 42.5 N makes a significant contribution to the Mo leaching 

by itself. 

Even though in all the samples (MCF, SOF-42, and SOF-52) antimony was 

present at a level exceeding the LL by 2–3 times, it was not found in any of the 

leachates of cement-mixtures.  

Table 6.4 Relative leaching of PTEs (normalized per 1% w/w of added BA fines), 
mg/%. “b.d.l.” denotes below the detection limit. 

  
Ba Cr Cu Mo 

MCF 1% 1.5 0.18 0.005 0.019 

MCF 3% 0.60 0.047 0.002 0.006 

MCF 5% 0.38 0.028 0.003 0.003 

MCF 10% 0.31 0.004 0.002 0.002 

MCF 20% 0.16 0.002 0.001 0.001 

SOF-52 1% 1.1 0.23 b.d.l. 0.06 

SOF-52 3% 0.57 0.097 0.003 0.029 

SOF-52 5% 0.38 0.048 0.002 0.015 

SOF-42 1% 0.70 0.80 b.d.l. 0.10 

SOF-42 3% 0.26 0.27 b.d.l. 0.037 

SOF-42 5% 0.16 0.15 0.005 0.022 

 

Table 6.4 shows how PTEs are leaching normalized by the substitution level of 

MCF in the cement mixture. As can be seen, all dependences have a similar 

character with an abrupt drop within the 3% w/w replacement, then a gradual 

decrease until 10% followed with a plateau or a further slight decrease. It should 

be noted that even though the level of PTEs is not that high, their main source is 

cement, and this explains a decrease in concentrations as the share of cement in 

the mixture becomes smaller. However, as can be seen from Table 6.4, the values 

decrease much more than the share of cement (which changes from 100 to 80%), 

while the leaching is reduced by 60 to 100%.  
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Leaching of mortars containing MCF 

No significant leaching of anions was detected for all mortars with a cement 

replacement level of up to 20% w/w after 2d of curing (chloride leaching, 40 – 

100 mg/kg; sulfate leaching, 10 – 20 mg/kg), showing a high capacity of cement 

for chloride and sulfate binding. After 28 days of curing, the leaching of sulfate 

(10 – 40 mg/kg) and chloride (20 – 50 mg/kg) is even lower and in all cases well 

below the LLs (616 mg/kg for chloride and 2430 mg/kg for sulfate). 

The leaching of PTEs in all mortars after 2 and 28 days of curing is also below 

the detection limits and, accordingly, below LLs. The only exception is Ba, the 

content of which is relatively high in the cement itself and is not caused by 

pollution from the BA. 

6.3.3 Effect of BA fines on cement hydration (CEM I 52.5 R) 

Figure 6.2-Figure 6.4 depict the effect of MCF and SOF-52 on the hydration of 

cement pastes. Replacements of 1, 3, and 5% w/w were used to analyze the MAC 

range (Figure 6.2), and 20% w/w to make detrimental effects more visible. MCF 

was also tested for a 10% w/w replacement. CEM I 52.5 R with 1, 3, 5, 10, and 20% 

w/w quartz powder replacements were used as additional references with the 

same water/powder ratio of 0.5. 

The shapes of peaks and no extra peaks indicate that there are no side 

reactions associated with a higher sulfate content in BA fines compared to cement 

(2.83% w/w for cement vs. 5.3% w/w for MCF and 6.1% w/w for SOF-52)174.  

Figure 6.2 also shows that the cumulative heat (normalized per cement) is the 

highest for MCF for 1 and 5% w/w replacement for reasons unclear. A higher 

cumulative heat could have been expected for SOF-52 as it has the smallest 

particle size and could therefore be more reactive. However, it is possible that the 

milling and removal of the associated quenching layer releases not only more 

sulfate but also other components such as organic matter that might have a 

negative influence64180. 

For a 3% w/w replacement, the cumulative heat is almost the same, and for 

10% w/w (as MCF is only compared with quartz), MCF cumulative heat is slightly 

higher than a 0% replacement, and almost the same as for 10% w/w quartz. 

Altogether, in the range of the replacement for MAC, there is no significant 

difference. 
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Figure 6.2 Effect of added BA fines on cement hydration (0–5% w/w 

replacements) normalized by the cement weight. 

 

Figure 6.3 Effect of added BA fines on cement hydration (a 20% w/w 

replacement) normalized by the cement mass. 
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Figure 6.3 demonstrates more clearly the effect from BA fines on cement 

hydration. The addition of 20% w/w SOF-52 leads to a delay in hydration of ca. 4 

h, the addition of 20% w/w MCF, ca. 2 h. The cumulative heat is almost the same 

for both types of fines and does not differ significantly from quartz (see Table 6.5).  

 

Figure 6.4 Effect of added BA fines on cement hydration (0–20% w/w 

replacements) normalized by the cement weight. The curves of those samples that 

show no significant differences compared to the reference (100% CEM 52.5) are 

shown as dashed lines. 

Table 6.5 Total heat at 72 h for pastes containing BA fines and quartz 

normalized by the cement weight (J/g). 

 

    Sample 

 

% w/w repl. 

CEM 

52.5 

Quartz MCF SOF-52 

0 432 - - - 

1  425 450 428 

3 - 432 431 428 

5 - 434 453 433 

10 - 441 443 - 

20 - 457 459 468 
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Figure 6.3 and Figure 6.4 show that the longest delay in the hydration is 

observed for a 20% w/w replacement with SOF-52. This can be explained by 

additional sulfate (SOF-52 leaches about 13% more than MCF), and by the fact 

that at this replacement level the impact of other components in BA that may 

contributes to the delay becomes more noticeable. The leaching of SOF-52 is 

higher, because very fine particles are generated when the quenching layer is 

removed during the longer milling time62,85. Further delays in cement reaction are 

approx. 2 h for MCF (20% w/w), around 1 h for SOF-52 (5% w/w), and MCF (10% 

w/w), and around 30 min for SOF-52 (3% w/w). It is noteworthy that there are 

no significant delays observed for MCF in the MAC range. Table 6.5 shows the 

cumulative heat at 72 h for all the fines studied. Taking into consideration all 

above-mentioned data, it can be concluded that the most beneficial is the use of 

MCF with 1 or 5% w/w replacements. 

6.3.4 Mechanical properties of MCF mortars (0–20% w/w)  

The mechanical properties for mortars with a cement replacement level above 

the MAC range (> 5% w/w) were tested only for MCF and not for SOF-52 or SOF-

42, as preliminary research showed that other properties of these fines would 

unlikely make them applicable in a large range of additives. 

Strength development of MCF samples 

In addition to the 28d strength, the early strength (2 days) was tested to ensure 

that the reaction delays visible with calorimetry do not have a negative influence 

on the strength development. As can be seen from Figure 6.5a, the 2-day 

compressive strength is acceptable up to a 10% w/w MCF replacement level 

according to the standard for CEM I 52.5 R (minimum compressive strength 30 

MPa). After 28 days, only the samples with a replacement level up to 5% w/w 

show sufficient strength (the minimum compressive strength, 52.5 MPa).  

For the flexural strength of 2-day hardened samples, a linear correlation with 

the replacement level is also observed (Figure 6.5b); however, at 28 days, the 

same general trend is visible. As it is for the compressive strength results, the 

harmful effect is minimal or absent only at a 1% w/w replacement level. 

Additionally, it was noted that in most studies available on this topic, there is 

a place for some methodological changes related to testing certain replacement 

levels after a certain number of days of hardening. Almost none of the available 

papers revealed the data on mechanical properties of hardened cement products 

at the early stage (1–2 days), while for these terms most cements have the 

minimum requirements for the compressive strength181. 
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a)  

b)  

Figure 6.5 Compressive (a) and flexural (b) strength of CEM I 52.5 R mortars 

containing MCF (from 0 to 20% w/w cement replacement). The X-axis is 

presented in a logarithmic scale. (n = 18, P = 0.95). 

It appears beneficial if the use of any additive at any quantities would begin 

with testing the early compressive strength to continue the experiments only in 

the “working” concentration range. Figure 6.5a shows that the 2-day compressive 

strength is acceptable for this type of fines only within a 10% w/w replacement; 

after 28 days, it shifts to less than a 10% w/w replacement. It is possible that 

milling larger (coarser) fractions of ash would change the situation; however, this 

analysis suggests that with time the initial structural changes would lead to defect 

aggravation only. However, this issue requires further studies. Moreover, the 

compressive strength correlates with the replacement level, which may serve for 

predicting, and indicates the estimation of a potential effect of the additives on 

the mechanical performance. 
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Taking into consideration the fact that the strength analysis is made in the 

range of low replacement levels of fines in cement mixes, the difference between 

them is not expected to be significant. However, considering that one of the goals 

of this study is to determine the replacement level where no detectible difference 

with the reference sample can be observed, the insignificant difference of the 

absolute values will not be neglected in this case. Figure 6.6 shows the trends of 

the compressive strength for all the replacements (MCF) from 2 to 91 days.  

At the early stage (2 days), all the replacement levels show results slightly 

worse than the reference. The replacement levels of 1–3% w/w show close results 

(a loss in compressive strength of 5–6%). By day 7, the 1% w/w sample is very 

close in strength to the reference; 2% w/w is slightly inferior to it (a 5% loss 

compared to the reference); and 3–5% w/w are still slightly lower (a 7–9% loss). 

By day 14, the difference between all the replacement levels becomes slightly more 

obvious, with 1% w/w showing even better results than the reference (a 5% gain), 

and 2 and 4% w/w are at the same level with it. Levels of 3 and 5% w/w have 

already noticeably lower compressive strength (4 and 10% losses, respectively).  

By day 28 (the standard for cement), the best performing mortars are 1% w/w 

(a 1% gain) and the reference; 2% w/w is very close to them (a 3% loss); 3 and 5% 

w/w are slightly worse (6 and 7% losses, respectively); and 4% w/w shows the 

lowest strength (a 11% loss). By day 91, the best results are for the reference and 

2% w/w (a 1% loss); 1% w/w is slightly worse (a 4% loss); and 3–5% w/w are 

approximately at the same level (a 7–8% loss). The apparent absence of changes 

from 28 to 91 days for the level of 1% w/w can be attributed to the experimental 

error (which can be within 10% according to the testing standard39), which almost 

does not go beyond the range of differences for all the replacement levels in this 

case.  

6.3.5 Mechanical properties of the size optimized fines SOF-52 and 

SOF-42 

The performance of various replacement levels of three types of BA fines 

(MCF, SOF-52, and SOF-42) was assessed in the MAC range (0–5% w/w). In the 

following subsections, two types (SOF-52, and SOF-42) are discussed separately, 

and MCF is compared with SOF-52 (as they were tested with the same cement 

type). 

Because one of the objectives of this study was to find out whether the BA 

milling towards the particle size of the relevant cement beneficially affects the 

quality of fines as MAC, two types of fines with an increased milling time (SOF-

52 and SOF-42) with two types of cement, which are similar in composition but 
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differ in PSD were compared. The goal here was to determine whether the mortars 

containing these fines vary in trends for mechanical performance with the 

changing cement reactivity. 

Compressive strength (SOF-52) 

 

Figure 6.6 Compressive strength of mortars (CEM I 52.5 R) containing MCF 

(right), and SOF-52 (left) (0–5% w/w cement replacements); the data on the 5% 

w/w replacement solely can be found in Chapter 5. 

Figure 6.6 shows the increasing trends of the compressive strength for all the 

replacement levels (SOF-52) from 2 to 91 days. Unlike for MCF, for SOF-52, at the 

early stage (2 days), all the replacement levels show a slightly higher compressive 

strength than the reference. Levels of 1, 3, and 4% w/w show similar maximum 

gains (8–11%). However, by day 14, levels 0–3% w/w almost do not differ (no gain 

or loss), while 4–5% w/w are noticeably worse (a 5% loss).  

By day 28 (the standard for cement), the best performing mortars were 1% 

w/w (a 1% loss), 3% w/w (a 3% loss), and the reference. Slightly lower, with close 

values are 2 (a 7% loss) and 4% w/w (an 8% loss) and the level of 5% w/w showed 

the lowest compressive strength (a 11% loss). By day 91, the highest compressive 

strength is observed for the reference, 2, and 4% w/w (a 1% gain and a 1% loss, 

respectively). Levels of 1 and 3% w/w are slightly worse (6 and 8% losses). As in 

the previous case of MCF, only for 2% w/w the strength change between 28 and 

91 days is not observed, while 5% w/w has the worst performance (a 10% loss). As 

it was discussed above, stagnation in the latter tested period of hydration can be 

attributed to the experimental error.  
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Compressive strength (SOF-42) 

In the case of less reactive CEM I 42.5 N cement (Figure 6.7), the outcome is 

slightly different from the previous cases, although the general trends are similar. 

Unlike MCF and SOF-52, after 2 days of curing, replacement levels of 1–2% w/w 

show a compressive strength slightly higher than the reference (3 and 9% gains, 

respectively), while 3–5% w/w show significantly lower strength (a 13–21% loss 

in strength). However, after 14d curing, all replacement levels show worse 

performance in comparison with the reference, while levels of 1–2% w/w have a 

very similar strength (4 and 6% losses, respectively), and 3–5% w/w are slightly 

lower (a 10–13% loss).  

 

Figure 6.7 Compressive strength of mortars (CEM I 42.5 N) containing SOF-

42 from 0 to 5% w/w cement replacement. 

By day 28 (the standard for cement), the strength for the level of 1% w/w and 

the reference are almost the same (a 1% gain). They are followed by 2% w/w (a 2% 

loss), then 4% w/w (a 4% loss), and 3% w/w (a 6% loss); the level of 5% w/w shows 

the lowest compressive strength (a 7% loss). By day 91, almost all the replacement 

levels show the same strength, with 3% w/w being slightly above the reference (a 

4% gain), and all the rest are statistically indistinguishable (a 0–2% loss). In this 

case, the stagnation is not observed for any replacement level for the period from 

28 to 91 days. It is noteworthy that in the long-term perspective, the addition of 

this type of fines appears to be beneficial. This can be explained by the fact that a 

higher level of hydration is reached later for this cement than CEM I 52.5 R, it can 

be assumed that BA fines are incorporated into the cement matrix better, while 

with CEM I 52.5 R, with the ill-incorporated ash particles into the matrix, the 

negative effect of this phenomenon will become more noticeable over time.  
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Comparison of mechanical performance between MCF and SOF-52 

Figure 6.8 shows the final mechanical performance result comparison of the 

two types of fines, MCF and SOF-52. As can be seen, at the early stage (2 days) for 

all the replacement levels, these fines show better results than MCF and the 

reference. By day 14, the same result is already observed only for 3 and 5% w/w, 

and for 2% w/w the results are roughly the same for both types of fines. By day 

28, SOF-52 is still better at 3 and 4% w/w replacements. For 91 days, this is also 

true for 2 and 4% w/w. The general conclusion is that only with a replacement 

level of 1% w/w, a significant effect of fines on the final cement product properties 

is not observed. However, 2–3% w/w replacement levels also do not seem to pose 

a threat. The replacement levels of 4–5% w/w lead to a decrease in strength (28 

days) by 8–10%, which is also not critical because that is within the allowed 

measurement error range of 10% but is no longer negligibly small. Taking into 

consideration that the preparation of SOF-52 requires additional time and energy 

costs, their use does not seem to be justified. 

 

Figure 6.8 The compressive strength change in CEM I 52.5 R mortars 

containing MCF and SOF-52 (from 0 to 5% w/w cement replacements) relative to 

the corresponding reference. 

6.3.6 Microstructural analysis of pastes containing BA fines 

To gain more insight into the behavior of MCF on the cement microstructure, 

optical microscopy was used on cement pastes with different MCF replacement 

levels. Figure 6.9 shows the microstructure of a cement paste containing 0 (top) 
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and 20% w/w MCF (bottom) after 7 days of hydration. Each original image was 

segmented into 3 parts (porosity, reaction product, and unreacted cement/MCF) 

based on grey values using ImageJ software. Further, the lightest part 

(unhydrated cement or BA particles) was shown in red, the light-gray part 

(hydration products) in white, and the darkest areas (porosity) in black. This 

allows the quantification (area, %) of porosity and the general reaction degree of 

the sample and may give some insight into a decrease in the mechanical 

performance of mortars containing BA fines. Table 6.6 sums up the results. 

a)   

b)   

Figure 6.9 Microscopic photographs of pastes (a) 100% CEM I 52.5 R (b) 20% 

of MCF + 80% w/w of CEM I 52.5 R (7 days of hydration). The original 

photographs (left images) were segmented into 3 areas unhydrated cement or BA 

particles are marked red; white are hydration products; and black is pores. 

Figure 6.9 and Table 6.6 reveal that an increase in the share of BA fines is 

accompanied with a significant increase in the porosity of the cement mixture. 

However, there is no linear dependence due to packing effects; and for the 5% w/w 

replacement level, the porosity is even slightly reduced. It also should be 
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considered that optical microscopy only detects porosity in the micrometer range. 

Nano-porosity that is a common C-S-H gel cannot be detected. But the 

heterogeneity of the hardened paste increases with the share of BA fines, and the 

material becomes extremely heterogeneous at a 20% w/w replacement (Figure 

6.9). Table 6.6 shows that at all the replacement levels, the share of unreacted 

cement/MCF particles remains the same.  

Table 6.6 Distribution of differently hydrated products in cement pastes (7 days 

hydration), containing 0–20% w/w cement replacement with MCF; On each 

photograph, 5 representative areas were selected and analyzed by ImageJ, the 

results were averaged (n = 5, P = 0.95). 

 

 

Based on Table 6.6 data, the hardened paste structure of the reference and a 

sample containing 1% w/w MCF almost does not differ, neither in composition 

nor in homogeneity. The only difference is a slightly lower share of unhydrated 

cement, which can be explained by the fact that in the ash–cement mixture the 

water: cement ratio becomes slightly higher (as the water: powder ratio remains 

the same). This is confirmed by the mechanical performance (Section 6.3.4) and 

calorimetric data (Section 6.3.3). Even though for a 5% w/w replacement, the 

hydration product share increases, and the part of the porous zone diminishes, 

the heterogeneity of the mixture noticeably increases in comparison with the 

reference, which may cause the reduction in strength. 

6.4 Conclusions 

Three types of milled BA fines were compared on their performance in pastes 

and mortars to identify 1) the most suitable cement replacement level to be used 

as a MAC, the addition of which does not cause visible detrimental effects in the 

final products (mortars); 2) the maximum level of replacement by fines which 

would pass the cement requirements; 3) weather the approximation of the BA fine 

powder to the size of cement has a positive effect on the mechanical performance 

of mortars. Environmental properties of all types of BA fines as well as handling 

%  

w/w  

MCF 

Non-hydrated or BA Reaction 

products 

Porosity 

% 

0 3.5 ± 0.8 78 ± 4 18 ± 4 

1 2.5 ± 0.2 79 ± 2 19 ± 2 

5 6 ± 2 82 ± 4 12 ± 3 

20 3 ± 1 60 ± 20 40 ± 20 
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a potential risk related to the leaching of dry cement–BA mixtures are discussed. 

The tested BA fines are three derivatives from a fraction of “coarse” BA fines 

(0.125–3 mm): MCF (the coarse fraction milled to the size below 125 µm); SOF-

42 (MCF milled to approximate the particle size of CEM I 42.5 N); and SOF-52 

(MCF milled to approximate the particle size of CEM I 52.5 R). The main results 

can be summarized as the following: 

• The leachate analysis of hardened pastes (2 and 28 days) showed no cases 

when the legislation limit was exceeded; most elements were at a concentration 

level below the detection limit. 

• Calorimetry showed that the detrimental effects are observed only with a 

large MCF share in the mixtures (> 10%, a noticeable hydration delay); while for 

SOF-52 this was observed already at a 5% w/w replacement. The smallest changes 

or beneficial effects were seen for MCF 1% and 5% w/w. 

• Even though for some replacement levels, the compressive strength for 

SOF-52 appears to be better than for MCF (4% w/w, 28 and 91 days of hydration, 

and 3% w/w but only for 28 days), the reduction in this parameter is still greater 

for a 4% w/w replacement (about 8%) compared with 1% w/w MCF (an 1% 

increase in strength). The fact that the treatment of the material in the case of 

SOF-52 is more intense should be also considered. 

• All investigated BA fines are satisfactory with respect to mechanical 

performance with a reduction in compression strength within 10% (28 days). 

However, the best results were for MCF 1% w/w with almost no change in the 

mechanical performance. 

• Microstructural analysis of pastes containing MCF showed that on a 

significant increase in their share, the material porosity and heterogeneity 

increase significantly, which may deteriorate the mechanical properties of 

mortars containing BA fines. 

• SOF-42, which was used only for the comparison of mechanical 

performance trends with a different type of cement (similar composition but less 

reactive), showed good results in the final stages of hardening, where 1–5% w/w 

replacements almost do not differ from the reference; compressive strength 98–

104% of the reference at 91 days; 93–101%, at 28 days; 87–96%, at 14 days; and 

80–109%, at 2 days. This might be because CEM I 52.5 R is finer and, therefore, 

more reactive than CEM I 42.5 N; any additional reactions or interactions would 

result in a more noticeable (harmful for the strength properties) effect. Therefore, 

it is necessary to study this phenomenon further. 

In this chapter, a methodological feature was stated. It is proposed to use data 

on the mechanical performance at the early stage of hydration (2 days), which 
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significantly shortens further tests as well as the use of the material, because the 

failure to satisfy these conditions will be critical for using any material as a MAC. 

The whole findings suggest that the MCF fraction “as is” (mildly milled BA 

fines) appears to be most suitable for a MAC application. Further milling to 

produce SOF-52 does not seem to be beneficial from the standpoint of the 

compressive strength results. This is positive as less energy and effort are required 

to produce this fraction.  

The optimum replacement level where no changes are observed is 1% w/w. 

However, a 2–5% w/w replacement also provides good results passing the cement 

requirements. Various properties suggest that all types of fines might be 

considered as potential MACs; however, milled coarse fines look most attractive 

from two aspects: (i) its effect on the cement hydration and, therefore, mechanical 

properties and (ii) their low environmental impact. 
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7.1 Introduction 

Municipal Solid Waste Incineration Bottom Ash (BA) is one of the by-products 

of the incineration process to reduce the volume and mass of household waste4. 

In the last three decades, extensive research has dealt with various aspects of BA 

analysis, characterization, treatments, and applications. Specifically, numerous 

studies have focused on the leaching behavior of PTEs, factors affecting it, and 

approaches to mitigating it101,103,182,183. In addition, quite a few studies have 

focused on the physical, chemical, mineralogical, and morphological properties of 

BA41,54,184,185. Over the years, many treatments have been suggested to minimize 

the adverse effects of this material if it is recycled as aggregate, a road base 

material (coarse fraction) or cement replacement (fine fraction), such as thermal 

treatment, metal extraction to reduce the leaching, particle size separation, 

carbonation, etc15,21,63,186–188. 

It is challenging to reuse not only the coarse fractions of BA but also the fine 

fractions, which are, in comparison, more contaminated though can have 

potential as a cement replacement (Chapter 5). At the same time, PTE leaching 

remains one of the most acute challenges because of the high cost of treatments 

such as washing or sintering and the sometimes-limited effectiveness62,189. 

BA is highly inhomogeneous, consisting of various types of matter, including 

rocks, glass, metal, unburned organic matter, incineration, and weathering 

products54. The composition of the incineration product is affected by the starting 

composition of the household waste, the incineration conditions, and the cooling 

process. Most commonly the hot BA is cooled down by quenching water after the 

incineration. Many changes occur to BA during this procedure due to dissolution, 

precipitation, and the reaction of salts and minerals and their reabsorption by 

newly forming structures54. The quenching process results in a somewhat 

unstable quenching layer, encapsulating PTEs, salts from the quench water, and 

ash particles formed during incineration. Thus, quenched BA particles above a 

size of ~250 µm typically contain a solid core covered with this quenching layer 

with fine particles interspersed with newly formed hydrates45,62. BA particles 

below that size tend to consist primarily of this quenching layer (as large particles 

barely participate in the formation of the quench products). This means the finer 

the fraction, the more contaminated it is.  

Several Ca-based minerals are formed only at the quenching stage, which can 

incorporate and immobilize PTEs. The literature mainly focuses on the behavior 

of chloride in this layer, as it tends to be the element leaching at the highest 

concentrations.  Only limited information is available about other elements such 

as Cu, Zn, Ni, Cr, Sb, etc) (Chapter 3)165,190. One mineral crucial for chloride 
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immobilization is Friedel’s salt, 3CaO·Al2O3·CaCl2·10H2O, which only forms 

during quenching and cannot be removed easily (even by thermal treatment at 

1000 ºC)191. It is considered the primary host of the insoluble Cl in BA. Yang et al. 

also demonstrated that the quench products are the primary source of chloride 

leaching in BA, resulting from the entrapment of tiny particles rich in Cl during 

the layer formation, found by SEM-EDX mapping analysis191. Inkaew et al. 

reproduced the quenching process under laboratory conditions to investigate its 

formation in-depth85. They showed that BA changes dramatically after the 

quenching due to the formation of amorphous and microcrystalline CSH phases 

and that the formation of the quenching layer is governed by the presence of fine 

particles (< 425 µm). Due to their chemical composition, those particles aid the 

formation of the quenching layer, and if separated from the coarser fraction 

before the quenching procedure, almost no layer is formed. They also found that 

the quenching layer is approx. 0.01–1 mm thick (for particles of a size of 2 to 4 

mm)85. Additionally, quenching water raised some concern as an apparent 

secondary origin of chloride in BA192.  

It was discovered that slow milling performed on the BA fraction 0.125 – 3 

mm, reduced the surface area of the grains by removing the quenching layer, 

while simultaneously increasing the leaching of the material (Chapter 5). This 

suggests that the quenching layer might be responsible for leaching from this 

material to a great extent and should be studied further to understand its 

influence. It might also be a key to estimating the leaching potential of BA and 

optimizing treatments that reduce leaching, such as grinding or washing.   

One approach to study the influence of the quenching layer is modeling based 

on the analytical data. The existing data on the modeling of MSWI residue 

fractional composition and environmental impact, including BA, are 

numerous56,59,124,193–196. However, they are mainly focused on either the 

environmental impact related to the incineration process itself197,198 or on how the 

leaching of hazardous metals is affected by pH during long term aging 

(weathering, carbonation, etc.)199,200. A great deal of research is based on 

chemical-equilibria models101,201,202 or geological models56,194–196.  

In Chapter 3, S-shaped leaching patterns were obtained for multiple elements, 

yet the leaching data did not correlate with the SSA, or the particle size. There was 

also no correlation found between the total content of the element in the BA and 

its leachable amount. Because the pH of the studied leachates varied only within 

8.8 – 9.2 interval, this parameter also could not explain the difference in the 

leaching among different particle-size fractions. 
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Park and Batchelor proposed a multi-component numerical leaching model 

and showed its potential to improve or substitute for a standard leaching test203. 

Also, Dijkstra et al. used a pH-dependent computer model to predict the PTE 

leaching from BA with an accuracy of approximately an order of magnitude204. 

Later, another multi-surface geochemical model was developed to predict the 

simultaneous leaching of a wide range of elements from BA205. However, these 

models did not pursue a goal of demonstrating the adverse effects of the 

quenching layer, and generally require in depth knowledge about the mineralogy 

of BA that is very complex and hard to determine. They are therefore hard to use 

in practice to estimate leaching behavior. 

In this chapter, a semi-empirical leaching model is proposed to demonstrate 

the viability of the hypothesis that this quenching layer is greatly responsible for 

the leaching of certain elements (Chapter 5) and can be used to estimate the 

leaching of BA for these elements. The advantage of this model in comparison 

with previously suggested ones is its simplicity and potential as either a fast 

predictor of the leaching behavior of an entire BA batch (if differently processed, 

incinerated, or washed) or the estimation of the effectiveness of any treatments 

applied to reduce the leaching. Additionally, this model considers the particle size 

of the BA when predicting the leaching behavior.  

The model is based on two sets of the leaching data of 18 BA particle size 

fractions: one for building the model and another one for validating it. Unlike 

previously developed models203,204, this approach is based on the leaching data for 

the most contaminated fine fraction (< 63 µm) and the least contaminated large 

fraction (>22.4 mm) of the BA, which is then applied to the entire particle size 

range (18 fractions). The leaching data from the largest fraction is used as a 

“reference” or a background level of BA leaching, that is not or only very minorly 

affected by the quenching layer. At the same time, the finest fraction, mainly 

consisting of the quench product, represents the leaching of the quenching layer 

itself. The primary assumption of the model is that a BA grain consists of a core 

and a quenching layer with a certain thickness. The leachabilities of the quenching 

layer and the core are based on the smallest and largest BA fraction (determined 

with the one batch leaching test), and then the amount of quenching layer and 

leachability were calculated for each fraction. The calculated (modelled) values 

for the entire particle size range correlate well with the empirically obtained 

leaching data for certain elements (Na, K, SO4
2-, Cl-, Ca, Mg, Sr, Cu, Zn) indicating 

that this modelling approach could be a fast and simple method to determine the 

leaching potential of BA.   
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7.2 Materials and methods 

The general materials and methods are discussed in Chapter 2. Here, specific 

details and/or unique for the chapter procedures are presented. 

The untreated (unwashed) but water quenched and weathered BA was 

supplied by Mineralz (the Netherlands), two different batches were used. 3 

replicas were used for each leaching test in the study (particle size range 0 – 22.4 

mm, 15 kg each set).  

7.2.1 Procedures 

Sample preparation and analysis 

The analyzed BA samples were initially pre-crushed at the plant to remove 

cemented matter and metals. Further, the material was oven-dried (105 °C; a UF 

260 drying oven, Memmert) to a constant mass. Next, each set was sieved into 18 

size fractions according to EN 933-1 (2012) and EN 933-2 (1995) with the 

additional sieves with the following mesh sizes: 22.4 mm, 11.2 mm, 5.6 mm, 2.8 

mm, 1.4 mm, 710 µm, 355 µm, 180 µm, and 90 µm to obtain a better specification 

within the general BA fraction. Each fraction of both sets was divided with sample 

splitters (15-D0438 riffle boxes, CONTROLS Group) into 4 parts, 3 of which were 

used for the standard leaching test 127, 24 h shaking, L/S 10, 200 rpm on an SM-

30 shaking table (Edmund Bühler GmbH). After the test, the leachates were 

filtered through 0.2-µm filters to prepare solutions for IC and ICP–AES (for the 

latter, filtrates were stabilized with nitric acid). Further ICP-AES analyses were 

performed by an ICP–OES 5100 SVDV spectrometer (Agilent Technologies); IC 

analysis by a Thermo Scientific Dionex ion chromatograph 1100. Specific 

densities of dried samples were measured by a Helium pycnometer (AccuPyc II 

1340).  

Density and pH 

The density did not vary significantly throughout the particle size range of the 

studied BA, but generally it cannot be assumed that unprocessed BA fractions 

would always have the same density due to differences in the treatment during 

and after the incineration. In fact, lower temperatures and incineration time 

might leave a higher degree of unburnt organic matter, or metal extraction can be 

more or less effective at different plants, therefore, it might be considered as an 

additional step to include the density correction in the calculations. 
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Table 7.1 Median particle size and specific density for each sieve fraction as 

well as the pH of the leachate after the standard leaching test127. 
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7.3 Results 

7.3.1 Model concept and assumptions 

Specific leaching patterns (S-shaped curves with the maximum for the finest 

fraction and the minimum for the largest for most elements and anions, see Figure 

7.2) throughout the particle size range were observed previously (Chapter 3). It 

was shown that the leaching curves throughout the fraction range for many 

elements are similar in shape, yet no correlation was observed with either particle 

size or surface area43,87,165.  

 Additionally, it was observed that slow milling led to a decrease in surface are 

but an increase in leaching, due to the breakup and removal of the quenching layer 

from the larger grains. Therefore, it can be assumed that surface area alone is not 

a suitable predictor for leachability (Chapter 5).  

Therefore, the concept of the proposed model is to incorporate the leaching 

data from the entire particle size-fraction range to estimate the influence of the 

quenching layer in PTE leaching. Figure 7.1 shows the abstraction made from real 

particles of BA to the model ones and the main assumptions made in the model.  

 

Figure 7.1 Schematic representation of a BA particle, “real” (left), modelled 

(right). K represents an equal thickness of the quenching layer for all BA particles 

throughout the fractions for modelling. 

The model assumes that all particles, regardless their size, have a quenching 

layer of equal thickness. A range of values is provided by the literature85. The 

particles of a size fraction are assigned an average size which is the arithmetic 
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mean of minimum and maximum size of such fraction. Every size fraction has a 

specific range (e.g., a fraction named «180 µm» has a range from 125 to 180 µm), 

and therefore the arithmetic mean is 152.5 µm. The model is based on the idea 

that leaching occurs primarily from a quenching layer of a certain thickness, but 

also the potential leaching provided by the core is considered. 

7.3.2 Leaching estimation 

The leaching of the finest fraction (< 63 µm) was taken as representative for 

the leaching of the quenching layer, because it can be assumed to consist mostly 

of broken-off quench product. The largest fraction is the least affected by the 

presence of the quench products and therefore its leaching value was used as the 

background leaching of the core material. 

Further, two numbers are necessary to calculate the final modelled leaching 

value (𝑀𝑞𝑢𝑒𝑛𝑐ℎ 𝑡𝑜𝑡𝑎𝑙 ): ratios of  𝑅𝑞𝑢𝑒𝑛𝑐ℎ = 𝑉𝑞𝑢𝑒𝑛𝑐ℎ / 𝑉𝑝𝑎𝑟𝑡  and  𝑅𝑐𝑜𝑟𝑒 = 𝑉𝑐𝑜𝑟𝑒 / 𝑉𝑝𝑎𝑟𝑡 for 

each fraction. As core particle and the whole particle have similar shapes, it 

follows that   

𝑅𝑞𝑢𝑒𝑛𝑐ℎ = 1 − √
𝑟−𝐾

𝑟

3
                               (7.1) 

and 

𝑅𝑐𝑜𝑟𝑒 = √
𝑟−𝐾

𝑟

3
                            (7.2) 

where r is half the particle size (a characteristic size) and K the quenching layer 

thickness. Further each 𝑅𝑞𝑢𝑒𝑛𝑐ℎ was normalized to the 𝑅𝑞𝑢𝑒𝑛𝑐ℎ of the finest 

fraction, and the same was done to 𝑅𝑐𝑜𝑟𝑒 but to the 𝑅𝑐𝑜𝑟𝑒 of the largest fraction. 

This way, the range of values was obtained for each fractions indicating how the 

amount of the quenching layer and the core changing depending on the particle 

size. Because the ratio between the leaching volume and the core decreases with 

increasing particle size, the leaching of the largest fraction is lowest. The model 

applies the ratios of the quench part (leaching of the most contaminated fine 

fraction) and the core (leaching of the least contaminated coarse fraction) to the 

overall volume of the particle for each fraction. The model predicts the leaching 

value of a target fraction (semi-empirical prediction) according to: 

𝑀𝑓𝑟𝑋 = 𝑅𝑞𝑢𝑒𝑛𝑐ℎ.𝑛𝑜𝑟𝑚 × 𝐿𝑓𝑖𝑛𝑒𝑠𝑡 + 𝑅𝑐𝑜𝑟𝑒.𝑛𝑜𝑟𝑚 × 𝐿𝑙𝑎𝑟𝑔𝑒𝑠𝑡                 (7.3) 

Here, 𝑀𝑓𝑟𝑋 is the leaching value for the target fraction; 𝐿𝑓𝑖𝑛𝑒𝑠𝑡  and 𝐿𝑙𝑎𝑟𝑔𝑒𝑠𝑡  are 

leaching values of the finest and the largest fractions, respectively, determined 

experimentally. The density of the core and the quenching layers might differ 
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slightly, yet the data on the specific density indicates that the difference is 

insignificant, therefore the same density for the core and the quenching layer is 

used in this model. 

For each element in this study, 𝑀𝑓𝑟𝑋 was calculated for each fraction to obtain 

the range of “modelled” leaching values, altogether for each element they were 

portrayed as a curve and compared to the values from the experimental sets. 

K, the model layer thickness, is established by fitting the layer thickness to the 

empirically obtained leaching values. The result is 20 µm, which gives the best fit 

for all elements and which is subsequently used for the second data set. The values 

for the quenching layer thickness suggested by the literature are 0.01 – 100 µm85, 

which agrees well with the results of the present model. 

7.3.3 Experimental and calculated leaching curves  

Two sets of the leaching data for different particle size fractions are presented 

(sieve size: 63, 90, 125, 180, 250, 355, 500, 710 µm, and 1, 1.4, 2, 2.8, 4, 5.6, 8, 

11.2, 22.4 mm), one of which was used to create the model, and the other one was 

used to validate it.  

The main objective of this study was to demonstrate the effect of the quenching 

layer on the short-term leaching (24 h shaking) through the entire range of 

fractions. Thus, the calculation given in Eq. (7.3) was made for the entire set of 

elements for each fraction. The leaching behavior of chloride and sulfate, Na, Mg, 

Ca, Sr, Ba, Cu, Mn, Ni, Zn, and Sb were considered typical elements present in 

BA. Co, Cr, Pb, Sn, Ti, and V were not considered as they are accumulated mainly 

in fly ash206,207. Fe, Al, and Si were also disregarded, as they do not leach 

significantly from BA. For validation, the model was tested with another set of 

data for a second batch of BA. 

Figure 7.2 illustrates the graphical model representation including calculated 

data points. Figure 7.3–Figure 7.8 present the graphical representation of the 

leaching results from data set 1 and 2 and the modelling results. The leaching 

curve shape of most of the selected elements agrees well with the existing data81,95. 

The model shows a good fit for chloride, sulfate, Na+, K+, Ca2+
,
 Mg2+, Sr2+ (Figure 

7.4 and Figure 7.6), overestimated values for Ba2+, Zn2+ and Sb2+, underestimated 

values for Cu2+ (Figure 7.7 - Figure 7.8), and no fit for Mn2+ and Ni2+ (Figure 7.5).  

Table 7.2 presents the coefficient of correlation of the model curves, sums of 

RSDs for each curve (element/ion), and overall, the leaching errors, to objectively 

assess the quality provided by the model describing the leaching behavior of a 

particular element. It was calculated by obtaining the RSDs for all the data points 
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of the 2 curves (sets 1 and 2), and then summing them up for one element. The 

dependences of the errors for modelled values on the particle size are given in the 

Appendix C, Figure C.1.  

 

Figure 7.2 Example of the modeled and measured leaching values. The error 

bars are the standard deviation as each measurement was done in triplicate. 

 

Figure 7.3 The graphical model representation for chloride and sulfate. Set 1 

is the experimental set and Set 2 is the validation set. The black and white data 

points are the measured leaching values for all fractions; the colored curves are 

the calculated leaching values based on the model.  
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Figure 7.4 The graphical model representation for Na and K; Set 1 is the 

experimental set, Set 2 is the validation set. 

 

Figure 7.5 The graphical model representation for Mn and Ni, Set 1 is the 

experimental set, Set 2 is the validation set. 
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Figure 7.6 The graphical model representation for Ca, Mg, and Sr, Set 1 is the 

experimental set, Set 2 is the validation set. 



Chapter 7: The connection between MSWI BA leaching and the quenching layer:  
empirical leaching model 

115 
 

 

Figure 7.7 The graphical model representation for Ba and Sb, Set 1 is the 

experimental set, Set 2 is the validation set. 

 

Figure 7.8 The graphical model representation for Zn and Cu, Set 1 is the 

experimental set, Set 2 is the validation set. 
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To assess the model accuracy for each element, the sum of the RSDs was 

calculated for the data points (pairs) for all particle size fractions, obtained in the 

experiment, and modelled. 

Table 7.2 Accuracy of the leaching model including the sum of RSD for all data 

points, and R (correlation coefficient between the model and the empirical set) 

are given for each element. 
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7.4 Discussion 

Table 7.2 shows the overall coefficient of correlation and the total relative 

residual sum of errors; based on this data, all the considered elements in BA can 

be separated into three groups. The first group shows a good fit and low total 

errors (10 – 20%). It is comprised of anions (chloride and sulfate), alkali metals 

(Na+ and K+), and alkaline-earth elements (Mg2+, Ca2+, and Sr2+) as well as Cu2+. 

The second group unites elements with a good fit and more significant total error 

(approx. 30%): Ba2+, Zn2+, Sb2+. Finally, the third group of Mn2+ and Ni2+ shows 

lower coefficients of correlation and/or significant total errors (>50%). 

Considering the complex nature of the BA, multiple factors, which play a role in 

the leaching of a specific element, and simplification of the BA provided by the 

model, the scale of errors appears to be satisfactory. 

7.4.1 Elements with the leaching behavior described well by the 

model / Cl-, SO4
2-, Na+, K+, Mg2+, Ca2+, Sr2+, and Cu2+ 

Chloride 

As shown in Figure 7.3, a slight underestimation in the 0.3 – 0.5 mm range is 

noticeable (Appendix C, Figure C.1). A similar outcome can be observed for the 

validation set. The coefficient of correlation for the experimental set (Set 1) is 

0.97, and the validation set (Set 2) is the same. The RSD sum for the Set 1 is 0.9 

and for the Set 2 is 1.35, thus underestimating the total leaching of the entire range 

by about 15% for the Set 1 and 10% for the Set 2. For chloride, most fractions are 

estimated fairly accurately by the model (RSD < 0.1 for most of the fractions), the 

most deviating fraction is 355 – 500 µm with a RSD of 0.17. For the Set 2, the least 

accurately described fraction is 1.4 – 2 mm with an RSD of 0.34. 

Sulfate 

The sulfate leaching is also underestimated for several fractions. For the 

validation set, the result is similar, but underestimation is observed for more 

points. The coefficient of correlation for the Set 1 is 0.98, and for the Set 2 is 0.95. 

The RSD sum for the Set 1 is 1.23, and for the Set 2 is 1.88, thus underestimating 

the leaching of the entire range by about 8% for the Set 1 and 14% for the Set 2. 

Overall, the leaching of the fractions is estimated fairly accurately by the model 

(RSD < 0.1 for most of the data points), the most deviating fraction is 5.6 – 8.4 

mm with the RSD of 0.42. For the Set 2, the least accurately described fraction is 

4 – 5.6 mm with an RSD of 0.50.  

Figure 7.4 presents the data on a group of cations, for which the shape of the 

leaching curves throughout the fraction range was similar. The same slight 
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underestimation is observed for the particle size range of 0.3 – 0.7 mm. For Ca, 

the underestimation in this range is higher. 

Sodium 

The coefficient of correlation for the Set 1 is 0.98, and for the Set 2 is the same. 

The RSD sum for the Set 1 is 0.98, and for the Set 2 is 0.9, thus underestimating 

the entire leaching range by about 13% for the Set 1 and 11% for the Set 2. For Na+, 

nearly all the fractions are estimated fairly accurately by the model (RSD < 0.1 for 

most of the data points); the most deviating fractions are 2 – 2.8 mm and 4 – 5.6 

mm with RSDs of 0.19. For the Set 2, the least accurately described fraction is 4 – 

5.6 mm with an RSD of 0.18.  

Potassium 

The coefficient of correlation for the Set 1 is 0.98, and for the Set 2 is 0.97. The 

RSD sum for the Set 1 is 1.07, and for the Set 2 is 0.97, thus underestimating the 

entire range leaching by about 15% for the Set 1 and 13% for the Set 2. For K+, 

most of the fractions are estimated fairly accurately by the model (RSD < 0.1 for 

most of the data points); the most deviating fractions are 4 – 5.6 mm and 5.6 – 8 

mm with the RSDs of 0.22 and 0.18, respectively. For the Set 2, the least 

accurately described fraction is 4 – 5.6 mm with an RSD of 0.22. 

The obtained data agrees well with the literature because sodium and 

potassium are mainly present in salts with high solubility192. Therefore, the more 

soluble the compounds for a particular element are, the better the model is going 

to describe their behavior. 

Calcium 

The coefficient of correlation for the Set 1 is 0.94, and for the Set 2 is 0.93. The 

RSD sum for the Set 1 is 1.88, and for the Set 2 is 2.22, thus underestimating the 

entire range leaching by about 17% for the Set 1 and 16% for the Set 2. As for all 

cases described above, the calcium leaching for most of the fractions is estimated 

fairly accurately by the model (RSD < 0.1 for most of the data points), the most 

deviating fraction are 0.71 – 1 mm and 4 – 5.6 mm with the RSDs of 0.32, and 

0.35, respectively. For the Set 2, the least accurately described fraction is 4 – 5.6 

mm with an RSD of 0.45. 

Magnesium 

The coefficient of correlation for the Set 1 is 0.96, and for the Set 2 is 0.95. The 

RSD sum for the Set 1 is 1.16, and for the Set 2 is 1.3, thus underestimating the 

entire range leaching by about 17% for both sets. As for all cases described above, 
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for magnesium, most of the fractions are estimated fairly accurately by the model 

(RSD < 0.1 for most of the data points), the most deviating fraction is 2 – 2.8 mm 

with the RSD of 0.23. For the Set 2, the least accurately described fraction is 4 – 

5.6 mm with an RSD of 0.23. 

Strontium 

The coefficient of correlation for the Set 1 is 0.96, and for the Set 2 is 0.89. The 

RSD sum for the Set 1 is 1.90, and for the Set 2 is 2.5, thus underestimating the 

entire range leaching for about 10% for the Set 1 and 11% for the Set 2. For Sr2+, 

the fine fraction range up to 1 mm is described well by the model (RSD < 0.1 for 

most of the data points), but larger fractions show a high deviation.  Three 

fractions out of 18 have the RSD in the range of 0.15 – 0.2, and the two most 

deviating fractions are 8 – 11.2 mm and 4 – 5.6 mm, with the RSDs of 0.4 and 

0.54, respectively. For the Set 2, the least accurately described fractions are the 

same with the RSDs of 0.42 and 0.71, respectively. 

Copper 

The coefficient of correlation for the Set 1 is 0.96, and for the Set 2 is 0.97. The 

RSD sum for the Set 1 is 2.07, and for the Set 2 is 2.4, thus underestimating the 

entire range leaching for about 17% for the Set 1 and 23% for the Set 2. For Cu2+, 

the fine fraction range up to 2 mm is described well by the model (RSD < 0.1 for 

most points). Further, more than half of the fractions have RSDs in the range of 

0.13 – 0.64 for Set 1 and 0.15 – 0.60 for the Set 2. The two most deviating fractions 

for the Set 1 are 4 – 5.6 and 5.6 – 8 mm, and with the RSDs of 0.49 and 0.64, 

respectively. For the Set 2, the least accurately described fractions are the same 

with the RSDs of 0.60. 

As can be seen on nearly all plots of the elements of the first group, both anions 

and cations, the model describes well the range of fine fractions and the large one, 

but for different elements, the artifacts in the ranges 0.3 – 0.7 mm remain 

unexplained. One of the possible explanations would be improper sieving, for 

example if tiny, contaminated particles adhere to larger particles due to 

electrostatic effects62. This adherence could result in the over-contamination of 

those fractions and their non-fitting to the proposed model. Figure 7.6 provides 

another example of the phenomenon mentioned above. 

7.4.2 Medium fit elements (modelling of the leaching behavior is 

limited), Ba and Sb 

The model for Ba and Sb is presented in Figure 7.7. In this case, the leaching 

for the most contaminated fraction and the largest fraction do not differ 
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significantly. Unlike the above-described elements, where the difference between 

the most and the slightest contaminated fractions would be in the range of an 

order of magnitude, for Sb, it is only about two times, and for Ba, it is 

approximately the same. One of the possible explanations for this phenomenon 

would be the size of those cations, their “hardness” (by Lewis-Pearson), and their 

tendency to form poorly soluble compounds208. Therefore, they might form their 

phases and/or precipitate on the quenching layer but not be adsorbed by it during 

quenching. This way, through precipitation, they appear in all fractions. It is also 

the reason to include the leaching of the least contaminated fraction in the model 

calculation, to account not for adsorbed compounds only but also for precipitated 

ones that explain the change in these model curve shape.  

Barium 

The coefficient of correlation for the Set 1 is 0.73, and for the Set 2 is 0.56. 

Thus, the RSD sum for the Set 1 is 2.46, and for the Set 2 is 3.65. For Ba, this 

results in overestimating the entire range of leaching values by about 30% for the 

Set 1 and 33% for the Set 2. For Sr2+, the large-fraction range from 1.4 mm is 

described well by the model (RSD < 0.1 for most of the data points), but the fine-

fraction range is not described so accurately. For the Set 2, the situation is similar. 

The two most deviating fractions are 500 – 710 µm and 0.71 – 1 mm with RSDs 

of 0.32 and 0.59, respectively. For the Set 2, the least accurately described 

fractions are 63 – 125 µm and 0.71 – 1 mm with the RSDs of 0.42 and 1.06, 

respectively. 

Antimony 

The coefficient of correlation for the Set 1 is 0.8, and for the Set 2 is 0.65. The 

RSD sum for the Set 1 is 0.28, and for the Set 2 is 0.39. For Sb, this results in 

underestimating the entire range leaching for about 6% for the Set 1 while 

overestimating for about 2% for the Set 2. For Sb, the model describes all the 

fractions well (RSD < 0.1 for all the points). The situation is the same for the Set 

2: except one, the most deviating fraction with the RSD of 0.13.  

7.4.3 Elements that are not described well by the model - Zn, Mn, and 

Ni 

Figure 7.5 and Figure 7.8 show the leaching patterns of elements which are 

poorly described by the model. Zinc shows much higher values for fine fractions, 

while nickel and manganese does not follow the S-shape leaching curve due to 

reason described below, which correlates with previous findings124. The reason for 

the insufficient fit of the model for Mn and Ni might lie in the fact that they tend 

to form complex insoluble compounds with iron. Combined with the 
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heterogeneity of the BA, and presence of these elements at least partially in 

metallic form results in the decrease of the model accuracy for those elements (the 

results presented in Table 7.2 confirm that).   

For Zn (Figure 7.8), the model does not describe the leaching behavior 

satisfactorily; however, without an increase in the range of 4 – 5 mm, the model 

curve would have been very close to both sets of data. One of the many reasons 

for that could be the difference of this fraction (based on visual inspection) in 

comparison with the fine fractions (looking like dark gray sand), and the coarse 

fractions (particles of rocks, glass, ceramics, etc). Therefore, this fraction might 

be an outlier. Metallic zinc is highly volatile compared to other many other 

elements and evaporates during incineration, emerging in high quantities in FA 

(Chapter 4). However, a part of the evaporated zinc may be absorbed on the 

surface of BA particles, especially the finest fraction as the surface area is the 

highest. Further, very little Zn leaching is observed throughout all fractions, and 

for the particle size range from 1 to 22.4 mm, the values are fairly similar, and 

close to zero, unlike the descending trend among large fractions, which can be 

observed for elements with a good fit209. Additionally, the metal extraction 

treatment after the incineration might play a role in it. 

The coefficient of correlation for the Set 1 is 0.89, and for the Set 2 is 0.86. The 

RSD sums are significantly more than for previously described elements; for the 

Set 1, it is 33.59, and for the Set 2, it is 74.22. This results in overestimating the 

entire range of leaching by about 55% for the Set 1 and 74% for the Set 2. For Zn, 

nearly all fractions deviate significantly from the model. For the Set 1, only two 

points have the RSD < 0.15, and for the Set 2, this number is five. The two most 

deviating fractions are 1 – 1.4 mm and 0.71 – 1 mm with the RSDs of 14 and 5.9, 

respectively. For the Set 2, the least accurately described fractions are 1 – 1.4 mm 

and 125 - 180 µm, with the RSDs of 19 and 34, respectively. 

For Mn, the coefficient of correlation for the Set 1 is 0.82, and for the Set 2 is 

0.81. The RSD sums are 4.78 for the Set 1 and 6.6 for the Set 2, thus 

underestimating the entire range leaching for about 36% for the Set 1 and 37% for 

the Set 2. For Mn, a fine-fraction range (up to 355 µm) is described well for both 

sets, but for coarser fractions, accurately estimated fractions are alternating with 

significantly deviating for the Set 1, and for the Set 2, everything in the range of 1 

– 22 mm is not described accurately, RSDs are in the range 0.16 – 1.24. The two 

most deviating fractions are 2 – 2.8 mm and 5.6 - 8 mm, with the RSDs of 0.72 

and 0.83, respectively. For the Set 2, the least accurately described fractions are 1 

– 1.4 mm and 5.6 - 8 mm, with the RSDs of 1.24 and 0.88, respectively. 
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For Ni, the coefficient of correlation for the Set 1 is 0.39, and for the Set 2 is 

0.58. The RSD sums are 9.68 for the Set 1 and 9.0 for the Set 2, thus 

underestimating the entire range leaching for about 71% for the Set 1 and 66% for 

the Set 2. For Ni, nearly none of the fractions is described accurately by the model. 

The range of large fractions (2 – 22.4 mm) deviates the most, with RSDs in the 

range of 0.7 – 0.98 for the Set 1 and 0.62 – 0.98 for the Set 2.  

7.4.4 Overall model evaluation 

As can be seen, the best results are obtained for alkali-metal cations and 

anions; the worst results are observed for Ni. It demonstrates that despite the BA 

complexity, a simple model can predict the leaching behavior of many elements 

using a limited set of experimental data.  

As can be observed from the above, for nearly all elements, the model does not 

describe the fraction 4 – 5.6 mm very well, for some elements the fraction 5.6 – 8 

mm is also affected. This might be due to the relatively small amounts of these 

fractions in the BA. It was also visibly different after sieving, containing much 

more leaves, threads, etc. This fraction could therefore be an outlier. A noticeable 

number of deviations is also observed for fractions of 0.71 – 1 mm and 1 – 1.4 mm. 

One of the possible explanations might be found in the loss-on-ignition (LOI) data 

for both sets of the BA. Figure 7.9 demonstrates the LOI for all particle size 

fractions. As can be seen, with the increase in the particle size, the LOI decreases. 

However, the fractions between 710 µm and 8 mm have an increased LOI 

compared to the surrounding fractions. This is especially noticeable in the range 

of 2 – 5.6 mm. These deviations might come from the relatively high amount of 

unburnt organic matter (leaves, treads, fabrics, etc.) present in these BA fractions 

(Chapter 3). It is likely that they get enriched in this fraction due to their similar 

size after incineration.  These materials might impact the overall leaching because 

they could disrupt the packing of MSWI particles due to being shaped very 

differently from the proposed model shape but the regular shape of the BA 

particles. 
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Figure 7.9 LOI of the Set 1 (experimental set) and the Set 2 (validation set) of 

the data used in modeling.  

Even though the model simplifies the real BA particles to a great extent, it can 

be used to predict leaching of certain elements using only the leaching values of 

the largest (> 22.4 mm) and smallest fraction (< 0.63 µm) as input and serves as 

additional proof of the adverse effect of the quenching layer on the leaching. This 

approach would allow the rapid screening of BA regarding its contamination and 

an easy assessment of the effectiveness of treatment procedures such as washing 

or grinding that affect/remove the quenching layer 102,210. 

To further improve the model and to take the high variability of BA into 

account more data sets from other countries and incineration plants should be 

incorporated in the future.  It would also be interesting to compare data from 

different incinerators in different countries to see if the model is applicable in 

these cases. 

7.5 Conclusions 

The objective was to develop a simple model for estimating the leaching of BA 

based on the amount of particle core and quenching layer present in different size 

fractions. The model calculates the ratio between the volume of the quenching 

layer and the entire volume of the particle for each BA size fraction assuming a 

uniform thickness. Additionally, it takes into account a “background” leaching 

provided by the core. The leaching value for each fraction corresponds to the 

volume share of the quenching layer and the core in the particle. The finest 

fraction is mostly composed of the quenching layer, so its leaching value is 
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assumed to be representative for the leaching of the quenching layer in other 

fractions and used for calculating the amount of PTEs leaching from the 

quenching layer. The largest fraction contains very little quenching layer, and its 

leaching value is therefore taken as the background leaching of BA without 

quench present.    

The model demonstrated promising results for various elements (chloride and 

sulfate, Na, K, Ca, Mg, Sr, Cu), supporting the idea that the quenching layer has 

significant influence on the leaching of BA. The model predicts the leaching 

behavior of the entire particle size range with an error within 10–20% for these 

ions. For Ba, Sr, and Sb, the model also shows satisfactory results with a total 

error of ca. 30%, and for Ni, Mn, and Zn, the model does not work sufficiently 

(significant total errors, > 50%). To summarize, the model predicts the leaching 

of certain elements well when it is clearly influenced by the composition of the 

quenching layer, while the leaching of other elements is influenced by other 

factors such as presence of metallic forms of elements throughout fractions. 

The proposed approach of taking the quenching layer into account seems to 

be a promising, novel, and easy way to estimate the leaching potential of BA 

fractions, which makes it easier to apply the BA, and to select a fraction that needs 

further treatment to remove this quenching layer such as washing or grinding. 

It appears that during the quenching procedure, the BA transforms into a 

more contaminated product with poorer physicochemical properties. Therefore, 

the further treatment aimed to improve the quality of the quenched BA essentially 

is to undo the damage caused by the quenching procedure. It appears to be vital 

to illustrate the full responsibility of the quenching layer in the leaching of the 

elements which are crucial for the further use in secondary building materials 

(such as Cl), but also PTEs, as to whether BA be landfilled or reused, it must match 

the environmental legislation limits. The comparison with air-quenched 

materials in the future could also be helpful to better understand the influence of 

the quenching layer. 

To estimate the severity of the “quenching problem” and demonstrate once 

again that this way of handling the BA prevents it from being easily transformed 

into a secondary material and requires several decontamination steps. The 

purpose was to demonstrate a potential link between the presence of the 

quenching layer on the BA particles and the leaching. It was done by developing 

a simple semi-empirical model. 
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8.1 Summary 

The aim of this thesis was to examine the entire range of the Municipal Solid 

Waste Incineration (MSWI) residues, including MSWI Fly Ash (FA) and MSWI 

Bottom Ash (BA). Previously, the question of whether these by-products can be 

used in applications such as building materials was not properly answered. Thus, 

it was essential to obtain a comprehensive picture of the properties of those 

materials taking into consideration the fact that the material properties 

substantially vary throughout the particle-size range. The goal was then to 

develop tailored treatments based on the property analysis to estimate the recycle 

potential for specific fractions of MSWI residues to determine which of them 

appear to be the most promising.  

A comprehensive study of the particle size range of BA < 22.4 mm and MSWI 

FA allows us to draw several conclusions. MSWI FA was severely contaminated 

(especially with chloride) and does not appear to be a reliable source for secondary 

building materials due to the leaching above the limit set by the government (in 

the Netherlands). However, high contents of valuable metals, such as Zn and Pb 

make this material attractive for metal extraction. Regarding BA, almost the 

entire range of particle size fractions can be used as substitutes for 

concrete/mortar components. However, the fraction BA < 0.125 mm appears to 

be the least suitable because of a very high contamination level and a noticeable 

deterioration of the mechanical properties of cement products containing this 

fraction due to the high value of water adsorption, among other factors.  

Based on this analysis, the BA fraction 0.125 < X < 3 mm was further 

investigated as a cement substitute, as it does not have the disadvantages of 

contamination compared to the finest fraction, and, at the same time, is not a 

suitable substitute for fine aggregates in concrete due to high porosity, presence 

of metallic aluminum, etc.  

Eventually, a mechanical treatment was developed for the BA fraction 0.125 < 

X < 3 mm to reduce the size and porosity and extract flattened Al pieces to obtain 

the material which can be used as a MAC for cements. 

The final part of the thesis was devoted to the development of a leaching model 

based on the leaching data from the investigated particle-size ranges. It has the 

potential to predict the leaching of a certain BA fraction, as well as an argument 

regarding the adverse effect of the quenching procedure. 

Further parts summarize the conclusions from all the steps of the study in 

more detail.  
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8.2 Characterization of MSWI BA 

Chapter 3 provided a full analysis of 14 particle-size fractions of BA. There, the 

total element composition, minerology, and leaching properties were investigated 

to propose the justified division of BA bulk for analysis, treatment, and possible 

applications. The analysis has shown that for further processing from any 

viewpoint it would be beneficial to divide BA into three fractions: fine (below 

0.125 mm), medium (0.125 – 1 mm), and coarse (> 1 mm). The separation at the 

size 0.125 mm is conditioned by an abrupt decrease of the PTE leaching at this 

point, therefore, removing this fraction purifies the rest of the material 

immensely. Regarding the second “division”: the analysis showed that the 

properties of the fractions above 1 mm do not differ significantly, while the total 

composition, minerology, and leaching of the medium fraction still allow for a 

separation from both fractions (above and below). The essential point is to 

separate BA from the most contaminated fraction below 0.125 mm because, if not 

removed, it may contaminate coarse fractions, while, if the separation is made, 

coarse fractions will require no or just minor water-washing treatment to pass the 

environmental legislation.  

8.3 Characterization of MSWI FA 

In Chapter 4, MSWI FA was at the same time analyzed and treated. The 

leaching test and total content analyses showed that MSWI FA is highly 

contaminated, especially with chloride, Pb, Zn, and Cd. To remove the 

contamination, two chemical agents were evaluated and compared with water. At 

first, the elution abilities of demineralized water, sodium gluconate, and EDTA 

solutions were analyzed. Subsequently, two three-step treatments were 

performed: (1) With chelatants at the first two steps, and water at the third, and 

(2) three-step water treatment. This was done to obtain the data regarding the 

effect of two different treatments on the total element composition and the 

leaching of MSWI FA.  

The developed three-step water treatment dealt quite successfully with the 

removal of salts like chloride and sulfate; however, it was far less effective in 

eluting metals. Chemical treatment was also effective towards chloride, and 

eluted significant amounts of metals. However, due to partial dissolution of the 

MSWI FA matrix by chelatants, not only more metals were extracted but also, 

supposedly because of opening closed pores, the latter treatment led to increased 

leaching of contaminants (more than for the material before treatment). 

Therefore, considering that MSWI FA, unlike BA, contains substantial amounts 

of such metals as Pb, Cd, and Zn, the matrix decomposition in a natural 

environment or cement might lead to a severe leaching, even though the results 
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for the three-step water-washed FA were almost satisfactory from the 

environmental-use viewpoint. Because the latent hazard of MSWI FA is 

incomparably more than of BA, at this moment, it does not appear to be beneficial 

to develop treatments for its further use in building materials.  

8.4 MSWI BA fines 

After analyzing both MSWI by-products, we focused further on the fine 

fraction of BA because unlike the coarse fraction, it has very limited application. 

With the information regarding the total element content and leaching properties 

from the previous part of this study, the fraction 0.125 – 3 mm was selected 

because it is unsuitable as an aggregate alternative; however, it has a potential for 

application as a MAC. A milling treatment was developed to transform this 

fraction into a finely dispersed material. The milling pursued three goals: the size 

reduction to pass 0.125 mm, the reduction of porosity, and the removal of 

flattened Al bids (by sieving). The fraction below 0.125 mm was used for the sake 

of comparison, without any treatment. 

The analysis of physical properties of the BA fractions below 0.125 mm and 

0.125 – 3mm showed that they are rather similar to those of cement(s); however, 

contents of main oxides differed significantly: SiO2 content was nearly 50% w/w 

for the coarser fraction, while for the finer it was around 35% w/w; CaO content 

was much higher for the finer fraction. The hydration and strength analyses for 

mortars and pastes showed that the reactivity of both types of fines is limited, and 

it acts mostly as a filler. The overall outcome of this investigation (Chapters 5 and 

6) is that on one hand, nearly all studied BA fines (even unprocessed, below 0.125 

mm) could be used as MACs because the mechanical performance is satisfactory 

for cement replacement according to the standard, provided the replacement level 

does not exceed 5% w/w. However, for most types of fines (unprocessed, milled, 

or milled to be close to the cement particle size), the reduction of the compressive 

strength of mortars containing those fines is worse than the expected 

proportionately, e.g., it drops by more percent than the replacement level. The 

additional milling of BA fines to reduce the size (as a result it would be closer to 

cement) appears to be inadvisable providing no increase in the strength but also 

increasing the leaching of these fines. Hypothetically, these phenomena are 

related to liberating the outer layer of particles (the quenching layer), which 

supposedly has higher leaching, and differs in properties with the core of the fines 

from the fraction 0.125 – 3 mm. The liberated quench-layer particles are far more 

similar to the fraction below 0.125 mm, and, therefore, bring with them higher 

contamination, and other disadvantages such as high porosity. Their share is most 

likely rather insignificant; therefore, it does not affect the strength (especially with 
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such low levels of replacement) and increase the leaching only slightly. Thus, if 

there is no added value, or maybe a minor detrimental effect from the additional 

milling, it should be advised against using it.  

8.5 Leaching model 

In Chapter 7, because of the findings on the leaching of BA during this study, 

a semi-empirical leaching model was developed. The concept was to demonstrate 

by the model that the quenching layer formed by the quenching process is in large 

part responsible for the leaching of PTEs. The calculations for the model assumed 

that a BA particle has a core and an outer layer, where the core has the same 

leaching as the least contaminated fraction (22.4 mm), and the leaching of the 

layer corresponds to the leaching of the most contaminated fraction (below 63 

micrometers). The amount of the outer layer was calculated for each size fraction 

assuming the same thickness for each fraction. Based on this, the leaching was 

estimated. The model showed suitable results for alkali and alkaline-earth 

cations, chloride, sulfate, Cu, and Zn. Considering these findings, it is possible to 

argue that the quenching procedure greatly impacts on the contamination of BA. 

In addition, the simplicity of the proposed model in comparison with other more 

complex approaches allows for its potential use in predicting the leaching 

properties of this type of the materials. 

8.6 General observations and practical recommendations 

The suggestions on the implementation of the findings within the scope of the 

thesis or close to it can be summed up as follows. 

Better waste handling and separation 

Visual inspection of BA used in this study combined with the literature 

analysis of the waste management in the Netherlands suggest that the immense 

decrease of BA amounts is possible through the reduction of the amount of the 

residual combustible waste. The BA is quite rich on various organic matter and 

materials (wood, leaves, threads, fabric, etc.), broken glass, and ceramics. The 

latter two, if separated prior to the incineration, reduce incineration costs, and 

potentially can be used further as building-material substitutes with a minimum 

washing treatment (which anyway would have to be applied later to BA containing 

those materials).  

Separation of the fines from the bulk 

Another point, which has also been suggested in previous research on the 

topic, is that it is vital to separate and not mix fines (below 0.125 mm) with coarser 

fractions. This way, the contamination of a coarse fraction would be avoided, 
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which will reduce costs of the washing treatment, and improve its physical 

properties, while the fine fraction can be dealt separately with treatments and 

application. The most important outcome is that a pure coarse fraction is almost 

readily suitable “as is” as a material substitute, while a coarse fraction mixed with 

fines requires further treatment. Now (2022), the separation is performed at the 

size 3–4 mm, and the finer fraction is landfilled. However, should this separation 

occur at 0.125 mm (or slightly higher, considering practical difficulties), the part 

of the material between 3–4 mm, and above 0.125 mm will become available for 

further processing and reuse. Taking into consideration the fact that the material 

properties substantially vary throughout the particle-size range, considering them 

as the same for the entire range and applying one treatment would lead to 

increased costs and reduced overall quality of treated products, which is not 

desirable.  

Dry vs. wet quenching 

In several parts of this thesis, it has been shown that the quenching procedure 

might have adverse effects on the quality of BA by creating a quenching layer. This 

especially affects the leaching of the fine fractions of BA due to formation of new 

mineral phases upon immersion of hot BA into the quenching water (the latter is 

used multiple times; therefore, has high to moderate concentrations of salts, 

particularly, chloride). Unfortunately, the literature body on this topic is scarce. 

It can be carefully suggested for consideration that should water quenching be 

substituted with a dry cooling process, the level of contamination of BA could drop 

drastically, especially, for chloride (which is the main problem often requiring a 

washing treatment). Thus, the material will require less measures to pass the 

environmental legislation.  

It appears now that a large part of the BA treatment is targeted to undo the 

damage (mostly related to contamination) from the way of handling the material 

at nearly all previous steps (waste collection, waste separation, incineration, 

mixing BA fines with the coarse fraction, and water quenching). Therefore, an 

interesting route of the future research would be to study how various handling at 

all steps contributes to the final properties of BA. This requires going a few steps 

back to begin with the waste and simulate various processes on a laboratory scale, 

but the outcome might be a great reduction of the residual part, generation of 

several streams of valuable recyclable materials, and either improved qualities of 

BA or a major decrease in the volume of the residuals.  
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8.7 Recommendations for further research 

Overall, the original aim of this thesis is mainly achieved. It shows that BA can 

be used as a secondary building material. However, it requires several-step 

processing even for the application with a limited amount of the material. 

Regarding the fine part of the material, it requires at least washing, milling, and 

sieving to be further successfully applied.  

However, there are options that would either provide a much better-quality 

BA (cleaner, less contamination from undesirable materials such as organic 

matter) or enormously reduce the yield of this by-product due to more rigorous 

segregation of the residual waste. Perhaps, the points summed up above in the 

previous section would be economically feasible only in decades from now, but 

the growing population combined with overproduction and overconsumption 

unavoidably lead to an increase in the amount of incinerated waste and therefore 

the amounts of its by-products. Unfortunately, some changes go beyond the scope 

of this thesis and towards social and economic aspects, thus, they are not 

discussed here. However, especially now, the classic RRR (Reduce-Reuse-

Recycle) should get improvements concerning avoiding unnecessary 

consumption and production in nearly all areas of everyday life.  

Future work as a continuation of this study or the research on BA might 

include comparative studies with points mentioned above. It is important to 

understand the difference in chemical and physical properties of different BA (for 

instance, after wet and dry quenching), as well as the effect of various properties 

on the mechanical performance of the material. It is interesting to study first the 

mechanical/through-separation/segregation purification of BA to understand 

which part of the material contributes most to good mechanical properties, and 

which part causes the most damage (e.g., glass, ceramics, minerals, etc.).  

The coarse fraction of BA at the time of this study had been already thoroughly 

investigated and partially used as a substitute for natural aggregates. Therefore, 

it was not included for the treatment and application development plan. However, 

the author believes that this range of fractions or parts of it might have a potential 

as a filler/fine aggregate substitute after milling. This requires further research.  

Also, studying the difference in the microstructure of cement pastes 

containing milled large fractions of BA (> 4 mm) with/without the segregation 

into streams, appears to be of interest to investigate if this step of BA handling 

provides a desirable improvement in the structure of cements with such additives.  

Overall, the most essential point would be to prevent spoilage of the material 

at a particular stage of handling, and before developing the treatment or 
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application for a given BA mechanically minimizing the adverse effect brought by 

the previous step. 
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Symbols and abbreviations  

Acronyms  

AAS Atomic Absorption Spectrometry  

APCr Air Pollution Control residues 

BA Municipal Solid Waste Incineration Bottom Ash  

BACF Bottom Ash Coarse Fines 

BET Brunauer–Emmett–Teller  

BF Basic Fines, BA < 0.125 mm 

CCFA Coal-Combustion Fly Ash  

EDTA EthyleneDiamineTetraAcetate 

EDX Energy-Dispersive X-ray Spectroscopy 

FA Municipal Solid Waste Incineration Fly Ash  

FTIR Fourier-Transform Infrared Spectroscopy 

IC Ion chromatography 

ICP–AES  Inductively Coupled Plasma Atomic Emission Spectrometry 

L/S Liquid to Solid ratio 

LL Legislation Limit 

LOD Limit Of Detection  

LOI Loss On Ignition  

LOQ Limit Of Quantification  

MAC Minor Additional Constituent 

MCF Milled Coarse Fines, BA 0.125 - 3 mm 

MSW Municipal Solid Waste 

MSWI Municipal Solid Waste Incineration  

MSWI BA Municipal Solid Waste Incineration Bottom Ash  

MSWI FA Municipal Solid Waste Incineration Fly Ash  

Na-Gl Sodium Gluconate 

PC Ordinary Portland Cement 

PARC PhAse Recognition and Characterization 

PSD Particle Size Distribution 

PTE Potentially Toxic Elements  

RSD Relative Standard Deviation 

SEM Scanning Electron Microscopy 

SOF-42 Size Optimized Fines, MCF milled close to the size of CEM 42.5 N 

SOF-52 Size Optimized Fines, MCF milled close to the size of CEM 52.5 R 

SSA Specific Surface Area  
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XRD X-Ray Diffraction analysis 

XRF X-Ray Fluorescence spectroscopy 
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Formulas and idealized mineral formulas 

Alite C3S 3CaO·SiO2 
Aluminate C3A 3CaO·Al2O3 

Anhydrite CaSO4  
Apatite Ca10(PO4)6(OH,F,Cl)2  
Barium sulfate BaSO4  
Bassanite 2CaSO4·H2O  
Belite C2S 2CaO·SiO2 
Brownmillerite Ca2(Al,Fe)2O5  
Calcite CaCO3  
Calcium hydroxide CH  
Calcium silicate hydrate C3S2H8  
EDTA C10H14N2Na2O8  
Ettringite C6AŜ3H32   
Feldspar KAlSi3O8 – NaAlSi3O8 – CaAl2Si2O8  
Gypsum CŜH2 CaSO4·2H2O 
Halite NaCl  
Hematite Fe2O3  
Hydrochloric acid HCl  
Hydrofluoric acid HF  
Ilmenite FeTiO3  
Limestone CaCO3  
Lithium bromide LiBr  
Lithium metaborate LiBO2  
Lithium tetraborate Li2B4O7  
Magnesite MgCO3  
Melilite (Ca,Na)2(Al,Mg,Fe2+)[(Al,Si)SiO7]  
Mg ferrite MgFe2O4  
Mica AB2–3(X, Si)4O10(O, F, OH)2  
Nitric acid HNO3  
Pyroxene XY(Si,Al)2O6,  X - Ca, Na, Fe, 

or Mg, rarely Zn, Mn, or Li;  Y - Cr, 
Al, Mg, Co, Mn, Sc, Ti, V, or Fe  

Quartz SiO2  
Rutile TiO2  
Sitinakite KNa2Ti4(SiO4)2O5(OH) · 4H2O  
Sodium carbonate Na2CO3  
Sodium gluconate NaC6H11O7  
Sphalerite (Zn,Fe)S  
Spinel MgAl2O4  
Sylvite KCl  
Tricalcium aluminate C3A  
Tricalcium silicate C3S  
Willemite Zn2SiO4  
Wustite FeO  
Zeolite Na2Al2Si3O10·2H2O  



 

156 
 



Appendix A 
 

157 
 

APPENDIX: 
RSD values for  
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 determination (BA fractions) 
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 Table A.1 RSD values for total microelemental determination for 14 particle size 
fractions of BA (n = 3, P = 0.95); all values are multiplied by 103. 
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APPENDIX: 
Scheme of the study 

of the MSWI BA fines  
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Figure B.1 Scheme of the study of MSWI BA fines.  
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Figure C.1 RSDs for each data point of all elements for the leaching model 
(MSWI BA). 
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Municipal Solid Waste Incineration 
residues:
ANALYSIS, TREATMENT, AND APPLICATION

Ekaterina Loginova

The amount of domestic waste produced in the world grows 
annually. To avoid harmful effects on the environment from 
handling it through Municipal Solid Waste Incineration (MSWI), 
it is necessary to develop solutions for the by-products such as 
bottom ash and fly ash to be suitable for recycling. 
Because those residues contain serious amounts of 
contaminants, they cannot be reused or landfilled directly. 
Therefore, it is necessary to develop treatments and applications 
that provide a way to overcome the disadvantages of these 
materials.
Having a potential to be used as secondary building materials, 
these by-products could also be instrumental in developing 
eco-concretes: concretes, where part of the natural components 
is substituted with an alternative. This would allow not only 
economizing natural recourses but also reducing the 
environmental impact that comes with cement production.
This thesis aims to investigate the broad spectrum of properties 
of MSWI bottom ash and fly ash. An elaborate overview of these 
materials and their qualities is provided, to create tailored 
treatments. This maximizes the share of these by-products that 
can be successfully utilized in various cement and concrete 
applications.
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