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Summary 

 
The overwhelming increase of municipal solid waste production, due to the ever-growing urbanization, has 
prompted the communities to find some solutions. One of them is represented by Waste-to-Energy (WtE) plants, 
which can recover energy by the incineration of wastes, also allowing a drastic reduction of their volume and mass. 
However, the process is not perfect, and secondary pollutants are delivered, both solid (i.e., bottom and fly ash, 
BA and FA) and gaseous (i.e., CO2), which must be dealt with. This thesis is divided into three main sections, 
involving all three of the main secondary wastes of a typical MSW WtE plant. In particular, the research effort has 
been devoted to tackle the management of BA and FA, since their direct recycle in building materials is hampered 
by their high content of potentially toxic elements (PTEs) like Cu, Cr, Zn, Pb, etc., and their associated anions 
(chlorides and sulfates).  

The first section employs previous research done on the mineralogical and chemical characterization of Turin WtE 
plant BA as a function of particle size (s) to define subclasses for which different combinations of treatments were 
tested. The coarser BA are composed by mostly inert material (such as ceramics, aggregates, etc..) and do not 
require strong treatments to meet the law limits for direct reuse in building materials technologies according to 
Italian law, and for these categories (s > 1 mm) a novel steam washing treatment was investigated. Overall, 60 
wt% of BA was effectively recovered thanks to a combination of mild dissolution and removal of the dust on the 
BA grains, together with a relevant reduction of wastewater volume, in the order of 95-98 vol% with respect to 
the common water washing treatment with L/S around 5-10. On the other hand, the finer fractions are more prone 
to dangerous leaching and are more difficult to stabilize completely. In this case, an accelerated carbonation 
method was tested, which was effective in curbing the heavy metals leaching, but did not allow to reach the law 
limits for chlorides and sulfates. 

The second section comprises at first the analysis of the chemical speciation, distribution, and leaching behavior 
of PTEs as a function of particle size in Turin WtE plant BA. The combination of mineralogy, sequential extractions 
and geochemical modelling allowed to highlight how the leaching of dangerous heavy metals is dependent more 
on their speciation rather than simply on the total content. Indeed, heavy metal leaching is strongly correlated to 
speciation distribution, and in particular to the fraction (F1) associated with salt, carbonate and weak surface 
sorption. Since the F1-speciation as a function of particle size did not exhibit a definite trend shared by all heavy 
metals, no grain size separation strategies were used to optimize the following treatments. Then, a multiple-step 
water washing was assessed by comparison with the conventional batch water washing. A sequential extraction 
method and dissolution kinetics modelling suggested that the treatment is dominated by kinetics factors, which 
significantly differs from the conventional washing that takes place at quasi-equilibrium conditions. Although it 
was effective in reducing pollutants under the legal limits for non-hazardous waste disposal, by using 
comparatively reduced wastewater and time, the legal limits for non-reactive couldn’t be completely reached, 
owing to the excess release of sulfate and some heavy metals (Cr, Ni). Finally, the washed FA was evaluated as a 
precursor in phosphate-based materials. This choice was performed due to the good compatibility between 
phosphate and heavy metals, since the related salts are characterized by a very low Ksp. When FA substituted 
metakaolin in phosphate geopolymer, a progressive decrease of the mechanical properties was observed (up to 
75%), which was correlated to its different reactivity in the system conditions, behaving preferentially as a source 
of alkali that compete with the metakaolin aluminosilicate fraction by precipitating crystalline and amorphous 
phosphates. Overall, a 10 wt% of metakaolin substitution was found optimal in terms of mechanical properties 
retention. A similar reactivity was found when FA were introduced into magnesium phosphate cement, although 
much more limited as the system conditions were less harsh (pH 5 against 1-2). An extensive spectroscopic analysis 
demonstrated that FA heavy metals become bound to phosphate, which translated into an efficient reduction of 
heavy metals leaching, thus proving that magnesium phosphate cement can be a promising matrix for treated FA 
encapsulation. 



The third section deals with the thermal stability of weddellite crystals from a new and green method for CO2 
capture and sequestration in stable calcium oxalate by ascorbic acid reducing action. This is crucial to estimate 
their reuse as solid-state reservoir of pure carbon dioxide and CaO in a circular economy perspective. The 
combination of in-situ high-temperature X-ray powder diffraction and thermogravimetric analysis allowed the 
definition of three temperature ranges where CO2 evolved, but only the latter one in pure form (above 550 °C), 
while for the other two a mixture with water and CO was observed, respectively for 119–255 °C and 390–550 °C. 
In these cases, a gas separation technology should be used to concentrate the CO2 for standard application. 
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Chapter 1 

Introduction 

 
1.1 Background 

Municipal solid waste (MSW) represents the leftovers which are generated in urban areas from 
residential, commercial, institutional, and municipal services sources. The nature and composition of 
MSW can vary depending on several factors, such as the location, economic and social conditions, and 
the level of development of the community and therefore can change over time [1,2]. Typically, MSW 
is composed by a heterogeneous mixture of different types of materials, including: organics, such as 
food and yard waste, and paper products, which make up the largest portion of MSW, usually around 
30-50% in mass or volume; inorganic materials, as plastics, metals, glass, and ceramics, which account 
for 15-25% of MSW; hazardous materials, such as batteries, pesticides, and medical waste, which make 
up a small but significant portion of MSW, typically around 1-2%, while the remainder portion is 
comprised by textiles, rubber, and wood [2,3]. The composition of the global MSW in 2020 is provided 
in Figure 1.1, in comparison with the one produced in Italy in the same year.[4] 

 

 
Figure 1.1 Municipal solid waste composition in the world (blue) and Italy (orange) during 2020 [4]. 

 

Regardless of its composition, the total MSW production is steadily growing, due to the increase 
of the world population (which is expected to reach nearly 10 billion by 2050 according to ONU), that 
is associated to further urbanization and anthropogenic activities. Currently, according to the World 
Bank, the amount of MSW being produced globally in a year (estimated in 2016) is at least 2.01 billion 
tonnes, while by 2050 this is expected to increase up to 3.40 billion tons [5]. Such amount can lead to 
concerns involving public health hazards and environmental degradation, in terms of release of 
pollutants and greenhouse gases [1,5]. Moreover, the impact on the quality of life and the public image 
of a community (i.e., “social costs”) are not to be underestimated [5]. Therefore, it is essential to 
implement effective waste management strategies that on one hand aim to prevent these problems 
and on the other hand ensure the safe and sustainable disposal of MSW. The traditional approach to 
MSW disposal has been to bury it in landfills, usually due to relatively economic realization and 
maintenance costs. However, this method has several drawbacks, in terms of contamination of soil and 
groundwater and production of greenhouse gases, together with the intrinsic volume limitation as it 
depends on the available land [6]. Moreover, landfill as the final destination of the waste is strongly 
contradicting the circular economy principles that many institutions are implementing, since it does not 
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provide the materials reintroduction into the productive cycle [7]. As a result, there is increasing 
pressure on municipalities to find more sustainable solutions. 

In Europe, the European Union Waste Framework Directive of 2008 establishes a waste 
management hierarchy that prioritizes different methods and politics according to their environmental 
impact (Figure 1.2) [8,9]. The first and most important step is to prevent the generation of waste in the 
first place, by reducing the consumption of products, designing products for a longer lifespan, and 
encouraging the use of more sustainable materials. Secondly, to reuse materials and products as much 
as possible, by repairing or using the products for a different purpose. The third step consists in the 
recycle of materials and products, through a careful collection and processing of waste materials so 
that they can be used to make new products. Then, the recovery of energy from waste through 
incineration (Waste-to-Energy, WtE), i.e., by burning MSW to generate heat and electricity. The final 
step is to dispose of waste that cannot be prevented, reused, recycled, or used for energy recovery, 
through landfilling [8]. According to Eurostat, the use of different strategies for managing MSW in the 
EU-28 during 2020 involved mainly recycling and composting (47%), followed by incineration (29%) and 
landfilling (24%), with significant scattering between the countries [10]. The northern Member States 
(i.e., Denmark, Germany, Belgium, Sweden) have almost completely abandoned the landfill strategy (0-
5 %), while in the southern-eastern Member States (i.e., Hungary, Romania, Greece, Spain, Slovakia) it 
is still a relevant practice (40-80%). In Italy the situation is similar to the European average, with 
distribution of 48% recycling, 25% incineration and the remainder as landfilling [10]. 

 

 
Figure 1.2 Waste management hierarchy [8]. 

 

1.2 Waste-to-Energy plant 

One potential solution for a more sustainable MSW disposal is represented by the Waste-to-
Energy plants, whose diffusion has been favored by the many advantages related to their use: 
important reduction of the waste mass (75%) and volume (90%); destruction of organic pollutants as 
temperatures above 800°C are reached; possibility to recover materials and energy from wastes that 
otherwise would be dumped in landfills; limited space is employed, which can be reuse after the plant 
end life [6]. In Italy, the use of WtE plants for waste management counts a total of 43 operative plants, 
which treat around 8 million tons of MSW per year [11]. However, the diffusion of WtE plants in Europe, 
and in Italy, brought some controversy. Indeed, the incineration process is not perfect, and secondary 
pollution is produced, both solid (i.e., ashes) and gaseous (i.e., CO2) [12]. These concerns about the 
environmental and health impacts of incineration, together with relatively high realization and 
maintenance costs, have prompted the European Union to establish several policies and regulations to 
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govern the incineration of MSW, to set out specific provisions for the incineration process, including 
emissions limits for pollutants such as dioxins and heavy metals (Potentially Toxic Elements, PTEs) [8]. 
At the same time, until the circular economy principles of waste prevention and reuse are fully 
assimilated by the communities and productive system, this strategy remains a relevant alternative to 
landfill in dealing with non-recyclable MSW [6]. Therefore, it is fundamental to invest time and 
resources into the study of incineration secondary wastes, in terms of their chemical/physical 
characteristics and recycle opportunities. 

 

 
Figure 1.3 General scheme of a WtE plant [13]. 

 

In Figure 1.3, the schematic diagram of a typical MSW WtE plant is presented [13]. After being 
collected and separated from the recyclable portion, the MSW is usually incinerated in a grate-firing 
furnace, but other incineration techniques exist, such as fluidized-bed firing and rotary-kiln system [14]. 
The firing temperature lies typically between 850-1000°C, where primary air is blown continuously into 
the bed from the bottom. The incineration of MSW is a mixed process of gas-phase combustion and 
heterogeneous combustion: the initial step is a drying phase, whose duration depends on the moisture 
content of the MSW feed; then, the thermal decomposition starts, involving volatilization and 
decomposition reactions of the combustible substances in MSW, which generate a variety of volatile 
hydrocarbons and carbon sequestration products; finally, at high temperatures, the gaseous and solid 
combustible substances produced by drying and thermal decomposition become flame and start the 
combustion of the remainder portion. The hot flue gas produced in the combustion chamber is 
converted in steam and electricity through a boiler [13,14]. The volatile compounds, along with dust 
particles, are transported through the flue gas, which is purified using a multi-stage cleaning system. 
Fly ash particles enriched in heavy metals, salts and organic pollutants are collected at the heat recovery 
section or removed from the flue gas by fabric filters or electrostatic precipitators [13]. Water is injected 
directly into the flue gas for wet flue gas cleaning where mainly HCl, HF and NH3 are removed (acidic 
scrub water). In a second step, NaOH is added to remove SOX as sodium sulphate solution (neutral scrub 
water). The combustion of plastics and organics produces also CO2, which usually accounts for 10-12% 
vol of flue gas [13]. Overall, the waste incineration process results in the production of two main solid 
residues: bottom ash and fly ash. 
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1.2.1 Bottom ash 

Bottom ash (BA) comprises a major part of the solid residues remaining after waste incineration 
(around 23% wt of the initial MSW mass) [15]. The BA represents the unburnt fraction that remains at 
the bottom of the combustion chamber, and after it is collected it is usually quenched with water. The 
chemical composition of BA is highly dependent on the waste feed and the elemental partitioning 
occurring during incineration, while the particle size distribution is quite wide, spanning from above 10 
millimeters to tens of micrometers. In general, it is enriched of high boiling points elements (Table 1.1; 
i.e., Si, Ca, Al, Fe or Ti), that are mostly not volatilized during incineration [14]. Due to the high 
temperature conditions mainly silicate and aluminosilicate glasses and minerals are formed, although 
most reactions are not completed, due to the short incineration process (30 min-1 h). Indeed, BA 
doesn’t reach a thermodynamic equilibrium state and for this reason its mineralogical composition is 
dominated by an amorphous glass fraction (70-90% wt.) [14,15]. The crystalline phases can be divided 
into refractory minerals which are already present in the waste input (e.g. quartz, feldspars, ceramics) 
and minerals formed during the incineration process or the cooling step (e.g. melilites, wollastonite, 
lime) [14,16]. Although BA is considered as a non-dangerous waste, it still requires some management 
treatments before being used as supplementary filler material for example in road constructions 
(applied in the Netherlands and France), as the kinetically interrupted transformations leave a relatively 
unstable material, potentially prone to releasing PTEs (i.e., Cu, Ni, Pb) [14-16]. 

 

1.2.2 Fly ash 

Fly ash accounts for around 2% wt. of the waste input mass and forms in the flue gas purification 
system, consisting mainly of aluminosilicates, oxides, soluble salts, heavy metals and residual toxic 
organic compounds [13-15]. In particular, atmophile/biophile heavy metals (Table 1.1; i.e., Zn, Hg, Pb 
and Cd) tend to concentrate in FA as leachable species, together with halogens, sulfur and alkali. This 
is related to the vaporization (i.e., Zn-Cd-Pb chloride: 800-1000 °C) and condensation/crystallization 
reactions that take place at the firing stage and during the flue gas purification process, respectively 
[13]. When the flue gas temperature decreases, the volatilized elements may undergo homogeneous 
nucleation reactions due to supersaturation, or they may condense heterogeneously on the surface of 
ash particles and filters. This is favored by higher furnace temperatures, which increases the amounts 
of dust particles, as well as elevated chlorine and sulphur concentration in the flue gas [14,15]. The 
relevant Cl content in FA (10 wt.%) originates mostly from the combustion of plastics (PVC). Due to the 
high concentration of pollutants, together with the comparatively small particle size (from 10 to 200 
µm) with respect to BA, fly ash is often considered a hazardous waste, and has to be disposed under 
strict regulations and at great costs or has to be treated properly [15]. 
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Table 1.1 Average chemical composition of BA and FA [13]. 

 

 
1.3 Research aim and strategy 

In this thesis, the research effort has been devoted to tackle the management of the two main 
solid wastes of a typical MSW WtE plant (Turin Gerbido WtE plant, Italy), i.e., BA and FA, both of which 
are affected by pollutants release tendency. In particular, the attention has been focused in correlating 
the PTEs leaching behaviors with the ash mineralogical and chemical characteristics, by using a sieving 
pretreatment that can help in optimizing and tuning the related treatments. In addition, the curbing 
methods here employed have been designed with the aim of exploiting resources already available by 
the plant (i.e., steam) and successfully treating as much BA/FA portions as possible. Moreover, since a 
portion of the plant emissions consists in CO2, part of the research activity has been dedicated on 
assessing the thermal stability of the calcium oxalate crystals obtained by a new and green method for 
carbon dioxide capture and sequestration with oxalic acid. The main work of this thesis can be divided 
into three distinct sections, as follows: 

1. The first section deals with the mineral and chemical characterization of Turin WtE plant BA 
as a function of particle size and describes the application of a novel steam washing treatment 
on the coarser fraction (particle size> 1 mm), while an accelerated carbonation method is 
tested on the remainder portion. 

2. The second section describes the approach used in the study of Turin WtE plant FA, which 
involved at first the analysis of chemical speciation, distribution and leaching behavior of PTEs 
as a function of particle size, followed by the assessment of a water-washing treatment and 
then the evaluation of washed FA as a precursor in phosphate-based materials. 
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3. The third section is about the thermal stability of weddellite crystals from CO2-capture, to 
estimate their reuse as solid-state reservoir of pure carbon dioxide and CaO in a circular 
economy perspective. 

The mineralogical/geochemical approach employed during this thesis is supported by the 
analogies between the MSW incineration ash production and composition and the 
mineralogical/petrological natural processes and products. For example, the BA oxides composition, in 
terms of Al, Fe, Si, Ti, K and Na, is very close to the continental crust one. On the other hand, it displays 
an increased content of Ca, P and other elements (i.e., Cl, Zn, Cu, S, Pb, Br, Mo and Sn), due to the 
anthropogenic activities that determine an artificial enrichment with respect to the natural processes 
[16,17].  

In the continental crust, the most common mineral phases are a combination of these elements, 
mainly different types of silicates from magmatic origin: quartz, feldspars, pyroxenes, which also 
contain Fe and Mg. Moreover, the rocks interaction with the atmosphere (geochemical reactions) can 
determine further minerogenetic processes, which produce, for example, clay minerals, by weathering 
of silicate minerals, and carbonates, mostly occurring after reaction with atmospheric CO2 and H2O [16]. 
All these minerals are also present in waste residues, as they are just the results of the transformation 
of natural resources, and these processes at high or low temperature often mimic those occurring in 
nature [16,17]. This context has prompted the necessity to extend the term “mineral” from the simple 
natural crystalline compounds to account for the variety of mineral-like phases observable in wastes 
[16,17]. Indeed, it is possible to distinguish between natural minerals that do not change throughout 
the product cycle (i.e., extraction, manufacturing, incineration), like quartz, and artificial minerals that 
are analogous to natural ones. One example is mullite, which is a main product of ceramic industry but 
also naturally found in shales included and heated by volcanic magmas [16]. Moreover, one must 
consider synthetic phases, that can be chemically different but share structural similarities and 
reactivity with natural minerals, like apatites and perovskites [16]. All these can be observed more or 
less intact in the incineration residues, as they are characterized by a relevant stability. On the other 
hand, mineral-like phases of new formation are also present, that have analogous in natural 
environments, for example melilites and feldspars, together with phases of further weathering (i.e., 
calcite, ettringite) [16,17]. The main difference with respect to the natural processes is related to the 
time. Here, the reactions and transformations are extremely more rapid, and far-from equilibrium 
phases are often formed (i.e., glasses), which are characterized by an higher intrinsic instability that 
may negatively affect the release of PTEs [16].  

Overall, the BA formation by heating the waste to high temperatures shares similarities with 
contact metamorphism phenomena, although kinetically stopped by the water quenching [16]. At the 
same time, the FA condensation during the cooling of the hot flue gas can be compared to 
(pseudo)pneumatolytic processes. The PTEs leaching behaviors can be compared to natural weathering 
and minerals-environment interactions [16,17]. All this points to handle the study of these wastes using 
the same tools employed in the study of natural materials (i.e., rocks, minerals, volcanic glasses) and 
provides hope for their possible revalorization as secondary raw materials. 

 
 

 

1.4 Outline of the thesis 

The outline of the thesis and the connections between the main chapters are given in Figure 1.4. 
The thesis work is divided into three different sections, while a summary of the content of each chapter 
is provided as follows: 
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Chapter 2 describes the sampling of the MSWI ash from the Turin plant and provides the 
experimental details about the main characterization techniques and analytical methods employed. 
Additional information is provided in each chapter for more specific materials and methods. 

Chapter 3 provides initially the BA characterization trends as a function of particle size, in terms 
of minerals, chemical composition and PTEs leaching. Then, the steam washing method is described 
and its effectiveness on the treatment of the coarser BA fraction is evaluated by leaching tests, while 
details of its mechanism of action are inferred by microscopy and X-ray absorption spectroscopy. Finally, 
an accelerated carbonation treatment on the finer fraction is applied and discussed.  

Chapter 4 summarizes the FA characterization trends as a function of particle size, in terms of 
minerals, chemical composition and PTEs leaching. In addition, the speciation distribution of selected 
heavy metals is determined, together with their pH-dependent leaching profiles, to evaluate what are 
the key parameters affecting their release. On this basis, the potential benefit of a sieving pretreatment 
in managing FA is discussed. 

Chapter 5 describes the phenomenology associated with a water washing multi-cycle treatment 
of FA. The effect of temperature, water-to-solid (L/S) ratio, and number of washing cycles is assessed 
for the removal of salt and PTEs, while further information to interpret the leaching process is provided 
by a sequential extraction method and dissolution kinetics modelling.  

Chapter 6 summarizes the results about the introduction of washed MSWI fly ash into metakaolin 
phosphate-based geopolymers, a recycling opportunity. A complete structural analysis of the resulting 
materials is provided through a combined spectroscopical, diffractometric and morphological approach. 
The information so derived about the FA role in the system is then used to interpret the observed 
differences on the mechanical properties. 

Chapter 7 provides the analysis of the filler/active role of washed FA when added in the mixture 
for the preparation of magnesium phosphate cement. The potential reactivity of FA grains is discussed 
by employing a combination of different spectroscopies, while its effect on the cement system is 
evaluated by calorimetric and morphological techniques and compressive strength measurements. 

Chapter 8 discusses the thermal decomposition of weddellite obtained from the oxalate carbon 
capture method, by coupling in-situ high-temperature X-ray powder diffraction and thermogravimetric 
analysis, to evaluate the dehydration, decarbonation, and the possible production of unwanted volatile 
species during heating.  

Chapter 9 gives an overview of the conclusion derived from this thesis. Additionally, 
recommendations regarding future research are presented. 
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Figure 1.4 Outline of the thesis 
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Chapter 2 

Materials and Methods 

 
2.1 Bottom and fly ash 

BA was provided by the municipal solid waste incinerator of the metropolitan area of Turin 
(Northern Italy, Figure 2.1). Bottom ashes were collected at the plant after cooling, from a falling stream 
of wet material, for a total of 20 kg, thus obtaining a general sample. Each general sample was first 
homogenized by stirring; then, divided by mechanical quartering, using a riffle splitter [1,2], to have 
representative subsamples, each one of 2 kg. A total of three representative subsamples were prepared. 
The residual water content, around 17 %wt, was obtained by measuring the difference by weight 
between pristine BA, and BA after drying at 105 ◦C for 24 hours (Figure 2.1, left).  

Approximately 6 kg of FA from the MSWI plant of Turin (Northern Italy) were sampled during a 
period of six weeks, to cover the seasonal fluctuations of the urban waste production. The in-situ 
sampling relies on mechanical homogenization of 100 kg of FA, from which sub-samples are obtained 
by quartering. Given the fine particle size (<0.5 mm), sub-samples of 2 kg are representative, according 
to [3]. The samples, initially stored in polyethylene bottles at room temperature, were then mixed and 
homogenized by a riffle splitter, avoiding mechanical crushing and milling. They were eventually dried 
in an oven at 105°C for 24 hours. FA sample batches of about 100 g were prepared by quartering for 
leaching tests, chemical and mineralogical analyses. 

 

 

Figure 2.1 Examples of BA after sieving (top, left) and FA (top, right). Turin WtE plant (bottom). 

 

2.2 X-ray Powder Diffraction (XRPD) 

The mineralogical composition was determined using a para-focusing geometry Rigaku Miniflex 
600, with Cu-Kα incident radiation and operating at 40 kV-15 mA. The diffractometer is equipped with 
a D/teX 250 silicon strip 1D detector and an optic configuration consisting of a fixed divergence slit 
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(1/2°) and anti-scatter slit (1/2°). XRPD patterns were collected on pre-dried powdered samples 
between 3° and 70° 2θ, with a 2θ-step size of 0.02 and scan speed of 0.5°/min, using a side-loading 
zero-background sample holder. The amorphous phase content was inferred by Rietveld analysis, using 
high purity calcined α-Al2O3 or ZnO as an internal standard (10-15 wt%). Data refinements were carried 
out by the software GSASII [4]. The Rietveld strategy involved the refinement of 12-15 Chebyshev 
polynomial background coefficients, sample displacement parameter, cell parameters, phase fractions, 
isotropic crystal size and isotropic micro-strain of each phase. When necessary (i.e., gypsum), 
preferential orientation has been accounted for using MD or spherical harmonics corrections. The 
PDXL2 software (Rigaku) and PDF-4 2020 database enabled the phase identification.  

 

2.3 Scanning Electron Microscope-Energy Dispersive Spectroscopy (SEM-EDS) 

Secondary electrons (SE) and back scattered electrons (BSE) analyses were performed by a 
Scanning Electron Microscope JSM IT300LV High Vacuum – Low Vacuum 10/650 Pa – 0.3–30 kV (JEOL 
USA Inc.), equipped with SE and BSE detectors (typical experimental conditions: W filament, EHT 15 kV, 
standard probe current and working distance 7 mm for images and high probe current and working 
distance 10 mm was employed for chemical analysis in energy dispersive (EDS) mode). Before the 
analysis, the samples, either in powder or embedded in resin, have been carbon coated. EDS spectra 
and maps have been acquired and analyzed by AZtec software (Oxford Instruments). 

 

2.4 X-ray Fluorescence Spectroscopy (XRF) 

X-ray fluorescence (XRF) allowed the quantification of the element contents (Z ≥ 11) on dried 
powdered samples pressed into pellets, using a THERMO Niton XL3T GOLDD, equipped with a Large 
Drift Detector (LDD), with a surface area of 25 mm2 , Si chip thickness of 500 μm, energy resolution of 
135 eV @ Mn Kα. Accuracy and precision for major elements (above 1 wt%) are ∼3% for Si, Ti, Fe, Ca 
and K, and ∼7% for Mg, Al, Mn, Na. For minor/trace elements (below 1 wt%), they are better than 
∼10%. The used XRF spectrometer operates with an Ag target, maximum current of 100 μA and 
voltages between 8 and 50 kV. Each analysis was repeated 5 times on 8 mm diameter circular areas, 
including 4 sequential measurements at different voltages, in combination with 38 filters to improve 
the response of the material in the energy range of the data collection: main Al / Fe (40 kV); low Cu, 20 
kV; high Mo (50 kV); light no filter (8 kV). The XRF spectra were processed by the commercial b-Axil 
software, derived from the IAEA’s QXAS academic software. 

 

2.5 Leaching Test 

The batch (static) leaching tests, according to EN 12457-2 [5], was employed for ash samples. 
More specifically, the test involves the immersion of the powdered samples in ultrapure water solution 
at natural pH, with a liquid-to-solid ratio set to 10 and 24 hours shaking. Then, the liquid fraction has 
been filtered through a 0.45 µm pore size membrane and recovered for analysis. The results are then 
compared to the Italian law limit [6,7]. 

 

2.6 Electrolytic conductivity and pH measurements  

Electrolytic conductivity and pH-value of the leachates were measured by an EC-meter Mettler 
Toledo FiveEasy F30 (accuracy ∼0.5% and resolution ∼0.01-1 µS/cm), and a pH-meter Hanna HI2211 
(accuracy ∼0.01; calibration at 9.18 and 12.45, and automatic compensation of temperature), 
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respectively. For in-situ recordings, an ES-2 Decagon Devices probe, with accuracy and resolution of 
∼10 and ∼1 µS/cm, respectively, was employed. 

 

2.7 Ionic Chromatography (IC) 

Ion Chromatography (IC) measurements were carried out to measure the major anions and 
cations in leachates, using a Metrohm 883 Basic IC plus instrument, with a loop of 20 mL, and calibration 
relying upon 8 analysis spots on a reference sample (detection limit: 10 µg/L). When necessary, liquid 
samples have been diluted to around 200 μS/cm of electrolytic conductivity. 

 

2.8 Inductively coupled Plasma-Mass Spectrometry (ICP-MS) 

Minor and trace element analyses of leachates were measured using an Agilent 7500 ICP-MS. The 
samples were first filtered through a 0.45 µm pore size membrane, then acidified using a HNO3 solution 
and analysed.  When necessary, liquid samples have been diluted to around 200 μS/cm of electrolytic 
conductivity. Accuracy and precision, based on replicated analyses on standards, are estimated as 
better than 10% for all elements, i.e. above the detection limit (1 ppb). 
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Chapter 3 

Valorization of MSWI Bottom Ash as a function of particle 
size distribution, using steam washing 

 
3.1 Introduction 

BA’s bulk chemical and phase compositions are heterogeneous, as both depend on the particle 
size distribution, which ranges from a few µm to 25 mm. In a previous work, our group has extensively 
characterized Turin plant BA as a function of their particle size, bringing to light trends in terms of 
pollutants contents [1]. More in detail, BA exhibits a particle size distribution similar to materials like 
coarse sands (D50 = 4 mm), with about 70 wt% that lies above 1 mm grain size. The definition of 10 
classes allowed to recognize a marked Si content decrease upon decreasing grain size, whereas Ca 
exhibits a reverse trend. Altogether, heavy metals concentration tends to increase in finer BA. All 
particle size classes display a mineralogical composition dominated by an amorphous phase (>70 wt%), 
along with minor crystalline components, such as quartz, calcite, cristobalite, Fe oxides, melilite, halite 
and feldspar. Unburnt/partially burnt materials account for around 3–4 wt%. Electrolytic conductivity 
measurements in combination with leaching tests suggest gathering the ten subclasses in two, above 
and below 1 mm grain size, as the latter exhibits around 3 times the release of chlorides and heavy 
metals (mainly Cu) with respect to the former. The particle size separation is the foundation for a better 
tuned treatment aimed at improving the BA environmental impact for a variety of application, involving 
in particular the construction sector, in which BA are commonly employed as sublayer material [1]. 
Several treatments have been designed to reduce the BA’s release of dangerous substances, namely 
stabilization with cement [2,3], washing with water [4-6], natural and accelerated carbonation (i.e. 
promoted in a sealed chamber with CO2 saturated atmosphere) [7], vitrification [8-10]. Specifically, 
washing with water-based solutions (largely adopted in the Netherlands), in combination with physical 
separation as a function of particle size, is very effective in removing water soluble salts and reducing 
concentrations of heavy metals and organic matter. On the other hand, this method generates 
important volumes of secondary wastewater, that must be dealt with [11-13].   

In this context, this study aims to assess the possibility of treating BA by exploiting the incineration 
process’ steam, nowadays only destined for electricity generation and domestic water warming, thus 
obtaining a much-reduced wastewater volume. In particular, BA is grouped into three main classes: s ≥ 
4.75, 4.75 > s ≥ 1 and s < 1 mm. BA (s ≥ 4.75 mm) is treated by “steam washing” only. Environmental 
compatibility of BA (4.75 > s ≥ 1) is improved by means of both steam washing and accelerated 
carbonation, and attention is paid to expand as much as possible the s-range for which steam washing 
suffices.  As for BA (s < 1 mm), whose heavy metals content is the largest one, only accelerated 
carbonation is applied. Accelerated carbonation’s efficacy is explored by changing temperature, 
treatment time and liquid (water)-to-solid (BA) ratio, at a CO2-pressure of 2 bar. This process, involving 
the reaction of CO2 with alkaline minerals in BA, leads to a decrease of eluates’ pH and formation of 
carbonate compounds (mainly CaCO3), which either immobilize in their crystal structures heavy metals, 
such as Cu-Pb-Cr-Cd, or partially passivate the BA’s surface [7]. Ideally, the same CO2 produced by the 
plant could be directly employed for the treatment. However, it must be kept in mind that, given the 
incineration fumes CO2 content of only about 10-15 vol%, the gas must be concentrated by separation 
exploiting solid state CO2 exchangers to achieve 100% saturation. 
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3.2 Materials and Methods 

3.2.1 Particle size distribution 

The BA’s particle size distribution was determined by sieving, with openings from 1 to 4.75 mm 
(Figure 3.1). BA were partitioned as a function of s into three classes: s ≥ 4.75, 4.75 > s ≥ 1 and s < 1 mm, 
corresponding to 39, 36 and 25 wt%, respectively. The BA fraction with 4.75 > s ≥ 1 mm was further 
divided into two sub-classes: 4.75 > s ≥ 2 and 2 > s ≥ 1 mm, representing 22 and 14 wt% of the whole 
BA, respectively, in order to evaluate how far can steam washing be applied to successfully treat this 
waste. 

 

Figure 3.1 Particle size distribution of BA. 

 

3.2.2 Steam washing  

Laboratory steam washing experiments were carried out on BA using steam from deionized water 
(total balance: 0.02 L/kg/s), at P ~ 2 bar, T ~ 80 °C and exploring treatment times from 60 to 600 secs. 
These conditions, which do not correspond to an equilibrium regime of steam, are compatible with a 
steam flux from turbines and allow for the recovery of a considerable fraction of thermal energy. A 
steam generator prototype designed by ETG s.r.l, in collaboration with the Earth Science Department 
of the University of Turin, was employed (Figure 3.2). A steam flow, conveyed through a pipe, is 
released by a nozzle and directed onto a BA sample (30–40 g) laid on a grid, under which condensation 
water is then collected. The process takes place without restraining walls, to avoid steam 
oversaturation. The steam’s temperature is measured by an E + E Elektronik EE 33 sensor (operating 
range −40 °C < T < 180 °C, 0 < Hr <100%; accuracy for T and Hr: ±0.2 °C and Hr = ±1.3%, respectively). 
The flow is determined through an E + E Elektronik EE 75 flow sensor that measures the gas velocity 
(sensitivity range: 0 < V < 40 m/s; accuracy: from 0.06 m/s to 2 m/s; operating conditions: −40 < T < 
120 °C, maximum pressure ~10 bar) and provides a pressure estimate by Bernoulli’s equation. 
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Figure 3.2 Layout of the steam washing apparatus. SG: steam generator; T and P: temperature and 
pressure regulators. 

 

3.2.3 Accelerated carbonation 

The reactor used in the present investigation was specifically designed for such laboratory 
treatment by Maina G. s.r.l. (Pecetto, Turin-I), and its layout is shown in Figure 3.3. 

 
Figure 3.3 Layout of the laboratory reactor used for the accelerated carbonation tests. 

 

CO2 was provided by a gas tank and its pressure gauged via a manometer at the reactor. 
Experiments were carried out in closed system mode, which is achieved as follows: 1) the system is 
warmed up to a given temperature by a H2O-thermal reservoir surrounding the reactor and heated by 
a coiling resistance; 2) temperature is measured in the reservoir and inside the reactor by 
thermocouples; 3) a feed-back control system makes it possible to keep the temperature constant in 
the reactor; 4) carbon dioxide is allowed to flow in until achievement of the chosen pressure; 5) the 
system is isolated, so that any in/out CO2-exchange is prevented and carbonation starts occurring. 
Accelerated carbonation experiments were restricted to the BA belonging to the classes 2 > s ≥ 1 and s 
< 1 mm, since they display an higher specific surface area, which favors the carbonation reactions. 

The parameters used in the carbonation experiments (T < 60–80 °C; duration of carbonation: t ≤ 
180 min; PCO2 ≤ 2–3 bar; CO2-saturation) are in keeping with those of previous works [14-18]. The liquid 
(i.e., water)-to-solid (i.e., BA) ratio was set to 0.3, as wet carbonation has been proved to be more 
effective with respect to the dry version. Low temperature carbonation reactions at 6 °C were 
performed by cooling the reactors outside walls with cold water. 
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3.2.4 Thermogravimetry (TGA) –Fourier Transform Infrared Spectroscopy (FTIR) analysis 

The amount of sequestered CO2 was assessed by comparing the TGA-curves of treated versus 
untreated samples. About 10 mg of material was placed in a Pt crucible and heated from 30 to 900°C 
(heating rate of 20 °C/min) under dynamic inert atmosphere (N2 100%, flow rate: 35 mL min-1) in a Pyris 
1 TG analyzer (PerkinElmer, Waltham, MA, USA). The gas evolved upon heating was piped (gas flow 65 
mL min-1) via a pressurized heated (280 °C) transfer line (Redshift S.r.l., Vicenza, Italy) and analyzed 
continuously by a FTIR spectrophotometer (Spectrum 100, PerkinElmer), equipped with a thermostatic 
conventional gas cell. Time resolved spectra were collected in the 4000-600 cm-1 wavenumber range 
with a resolution of 0.4 cm-1 and analyzed with the Spectrum software (PerkinElmer) to identify the 
nature of volatiles. Infrared profiles, of each single species desorbed from the samples, were obtained 
from the intensity of a representative peak of the investigated species as a function of temperature. 

 

3.2.5 Solid-State Nuclear Magnetic Resonance Spectroscopy (SSNMR) 

13C MAS SSNMR spectroscopy allowed insights into the mechanism of carbon dioxide capture. 
13C MAS spectra were recorded by a Jeol ECZR 600 instrument, operating at 600.17 and 150.91 MHz, 
respectively, for 1H and 13C nuclei. Sample preparation was as follows: (1) the ferromagnetic fraction 
was manually removed by a magnet from 5 g of BA with s < 1 mm; (2) the remaining portion was 
desiccated and further manually ground; (3) the powders were packed into a cylindrical zirconia rotor 
with a 3.2 mm o.d. and a 60 µL volume. 13C MAS spectra were collected at a spinning speed of 20 kHz, 
using a recycle delay of 20 s and a number of scans in the range 1100–3100, as a function of the sample. 
A 13C 90° pulse of 2 µs was employed. A two-pulse phase modulation (TPPM) decoupling scheme was 
used, with a radiofrequency field of 108.5 kHz. The 13C chemical shift scale was calibrated by the 
methylene signal of an external standard glycine (at 43.5 ppm).  

 

3.2.6 PHREEQC modelling 

Wastewater solutions, resulting from steam condensation and subsequent percolation through 
BA, were modelled by calculating the saturation indices (SI) of the possible mineral phases that might 
precipitate, using the PHREEQC with MINTEQ v.4 database [19]. The measured composition of the 
major cations and anions and pH were provided as input. 

 

3.2.7 X-ray Absorption Spectroscopy (XAS) 

The experiments were performed at BM23 of European Synchrotron Facility (ESRF). All samples 
were finely ground and 13mm pellets were prepared with similar weight (around 150 mg), for 
measurements in fluorescence mode. The reference minerals samples were all collected in 
transmission mode, by calculating the optimal mass for an absorption jump around 1 and mixing the 
amount with BN to reach 100 mg for the pelletization. Cu K-edge XAS spectra were collected using a 
Si(111) double crystal monochromator. XAS scans were acquired in the 9500-10635 eV range, with an 
energy step of 5 eV in the pre-edge region, of 0.2 eV in the XANES region and a constant k step of k = 
0.035 Å-1 in the EXAFS region. For each BA samples, a number of scans between 3-5 was employed, 
while 1-2 was used for reference minerals. The Linear combination Fitting of XANES, χ(k) EXAFS function 
and its Fourier transform (FT) were extracted and calculated using the Athena software from the 
Demeter package. After energy alignment and normalization to the edge-jump using Athena the µx(E) 
curves were averaged, after checking for signal reproducibility. The corresponding k2-weighted χ(k) 
functions was Fourier-transformed (FT) in the Δk = (2-11.0) Å–1 range. 

3.3 Results 
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3.3.1 Steam washing  

3.3.1.1 BA s ≥ 4.75 mm 

The electrolytic conductivity of the eluates from steam washed BA (s ≥ 4.75 mm) decreases as a 
function of the treatment time (Figure 3.4), achieving a saturation over 180 s, thus suggesting that the 
efficacy of the steam washing treatment does not increase monotonically with time. Table 3.1 reports 
the heavy metal concentrations observed in eluates as a function of the steam washing duration, up to 
240 s, i.e. once the steam washing treatment has amply achieved its maximum capacity, for this particle 
size class. A 60 s steam washing removes the finest dust deposited on the surface of the particles and 
efficiently solubilizes species like chlorides that are markedly over the Italian threshold. A 60 s steam 
washing on 30 g BA (s ≥ 4.75 mm) requires a total of about 35 mL water (i.e. 1.2 mL/g), of which 90 wt% 
is free steam (i.e. dispersed in environment), 5 wt% is retained on the BA surface and the remainder 5 
wt% is collected as waste water. Such figures change into 90% free steam, 3% retained by BA and 7% 
wastewater, if the treatment time is 240 s. Increasing the washing duration significantly improves the 
removal of chlorides, sulfates and Cu: a 120 s steam washing yields a Cu reduction of 50 wt%, though 
copper still remains over the legal threshold (0.1 mg/L against 0.05 mg/L), whereas Cd and Ni are 
definitely below. Increasing the steam washing time to 240 s yields a further reduction of Cu, though 
at the cost of an overuse of steam.   

Figure 3.4 Conductivity (µS/cm) versus time (s) of BA leachates after steam washing treatments (circles: BA 
≥ 4.75 mm; triangles: 4.75 > s ≥ 2 mm; squares: 2 > s ≥ 1 mm). Dotted lines: trends. 
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3.3.1.2 BA 4.75 > s > 1 mm 

The BA fraction with 4.75 > s ≥ 1 mm was further split into two sub-classes, to improve the efficacy 
of the treatment: 4.75 > s ≥ 2 mm and 2 > s ≥ 1 mm. The first group underwent steam washing for 120-
600 s and the resulting leachates were analyzed. A 600 s steam washing on 30 g BA (4.75 > s ≥ 2 mm) 
requires a total of 35 ml water (i.e. 1.2 mL/g), of which 85 wt% is free steam, 2 wt% is retained on the 
BA surface and the remainder 13 wt% is collected as wastewater. Regarding the environmentally 
dangerous chemical species concentrations observed in leachates, a comparison between unwashed 
and washed material shows that copper, the most abundant species to be removed, is reduced below 
the legal threshold using steam washing with a duration of 600 s (Table 3.2). This treatment, effective 
for such grain size class, yields a BA 5 %wt. loss. On the other hand, in the case of BA with 2 > s ≥ 1 mm, 
the leachates compositions of the unwashed bottom ashes show Cu concentrations up to four times as 
large as those of the unwashed sample with 4.75 > s ≥ 2 mm, as reported by Table 3.3.  Steam washing 
effectively reduces chloride, sulfates and heavy metals release, but it fails in reducing copper below the 
legal threshold, even by 600 s treatments. The wastewater amounts to about 12-13%, and the weight 
loss around 10%.        

Table 3.2 Analyses of leaching test BA (4.75 > s ≥ 2 mm) treated by steam washing for 60, 120, 180 and 240 
s, and comparison with Italian legal limits (Min. Dec. 186/2006). Be, V, As, Se and Hg are not reported, as 
they are below the detection limits. All concentration values are expressed in mg/L. 

Table 3.3 Analyses of leaching test BA (2 > s ≥ 1 mm) treated by steam washing for 60, 120, 180 and 240 s, 
and comparison with Italian legal limits (Min. Dec. 186/2006). Be, V, As, Se and Hg are not reported, as they 
are below the detection limits. All concentration values are expressed in mg/L. 

s ≥ 4.75 mm, steam washing Cl- SO42- NO3- Zn Ba Cd Co Cr Cu Ni Pb 

Unwashed 254 52 0.4 0.02 0.02 0.02 0.03 0.03 0.23 0.01 0.02 

Steam Washing (60 sec) 93 35 0.2 0.02 0.02 0.02 0.03 0.03 0.21 0.01 0.02 

Steam Washing (120 sec) 31 19 n.d. n.d. n.d. n.d. n.d. 0.01 0.1 0.002 0.01 

Steam Washing (180 sec) 42 13 0.33 n.d. n.d. n.d. n.d. 0.003 0.1 0.002 0.002

Steam Washing (240 sec) 40 19 0.137 n.d. n.d. n.d. n.d. 0.003 0.04 0.002 0.001

Italian Legisl. Limits (mg/L) 100 250 50 3 1 0.005 0.25 0.05 0.05 0.01 0.05 

4.75 > s ≥ 2 mm steam washing Cl- SO42- NO3- Zn Ba Cd Co Cr Cu Ni Pb 

Unwashed 258 115 n.d. 0.012 n.d. 0.001 n.d. 0.008 0.3 0.004 0.001 

Steam Washing (120 sec) 220 100 n.d. 0. 012 n.d. 0.001 n.d. 0.008 0.215 0.002 0.003

Steam Washing (240 sec) 200 90 n.d. 0.07 n.d. 0.015 n.d. 0.006 0.08 0.001 0.03

Steam Washing (360 sec) 186 79 n.d. n.d. n.d. n.d. n.d. n.d. 0.07 n.d. n.d.

Steam Washing (600 sec) 80 44 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Italian legislation thresholds (mg/L) 100 250 50 3 1 0.005 0.25 0.05 0.05 0.01 0.05

Table 3.1. Analyses of leaching test BA (s ≥ 4.75 mm) treated by steam washing for 60, 120, 180 and 240 s, 
and comparison with Italian legal limits (Min. Dec. 186/2006). Be, V, As, Se and Hg are not reported, as they 
are below the detection limits. All concentration values are expressed in mg/L. 
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3.3.2 Accelerated carbonation 

3.3.2.1 BA 2 > s > 1 mm 

Given that the BA fraction with 2 > s ≥ 1 mm contributes just by 14 wt%, the exploration of the 
effects induced by accelerated carbonation was performed by keeping fixed a 60 min treatment and 
PCO2= 2 bar, while varying temperature between 20 °C and 60°C with water-to-solid ratios of 0.2. The 
observed weight increase owing to carbonation is rather modest, about 1%. The pH of the leaching 
solutions decreases up to 9.5 and 8.4, in the case of carbonation at 20 °C and 60 °C, respectively. For 
the lower temperature, Cu remains above the legal limit, while the other heavy metals do not show 
significant differences when compared with the pristine material (Table 3.4). An increase of 
carbonation temperature to 60 °C determines a Cu leaching concentration below the legal threshold (< 
detection limit versus 0.5 mg/L), although the chloride content remains high (> 100 mg/L). 

Table 3.4 Analyses of leaching test BA (2 > s ≥ 1 mm) treated by accelerated carbonation for 60 min, and 
comparison with Italian legal limits (Min. Dec. 186/2006). Be, V, As, Se and Hg are not reported, as they are 
below the detection limits. All concentration values are expressed in mg/L. 

3.3.2.1 BA s < 1 mm 

The accelerated carbonation experiments were performed setting pressure, treatment duration, 
grain size and gas composition as fixed “parameters” (PCO2= 2 bar, 60 min, s < 1 mm, 100% CO2). At T= 
20 °C, an increase of weight after carbonation of ∼5.3 is observed, respectively, while the pH value of 
the solution after leaching changed from 11.5 to 8.9-8.5, respectively. At raised temperature (60 °C), 
similar weight increase is measured (around 5.5), while the pH value further decreased to 8 for all the 
samples under investigation. At T=6 °C carbonated BA undergo an increase of weight of ∼3.7%, and the 
aqueous solution pH measured after the leaching test is 7.9. The related leaching tests yield the results 
shown in Table 3.5, where it is apparent that, although the Cu release is reduced up to 85% (at 60 °C), 
it is lies above the legal limit, as chlorides. Since similar values were obtained at 20 and 60 °C, the former 
condition has been further tested by increasing the treatment time (to 180 min). An average BA’s 
weight increase of ∼5.6 % was observed, along with an acidification of the leachate up to 7.6. All the 
heavy metals are reduced to below the legal thresholds after 180 min treatment, but chloride and 
sulfate concentrations that remain high (Table 3.6).  

 2 > s ≥ 1 mm steam washing Cl- SO42- NO3- Zn Ba Cd Co Cr Cu Ni Pb 

Unwashed 600 250 n.d. 0.031 n.d. 0.001 0.003 0.02 1.3 0.004 0.003

steam washing (120 s) 550 200 n.d. n.d. n.d. 0.005 0.006 0.02 0.9 0.001 0.003

steam washing (240 s) 410 180 n.d. n.d. n.d. n.d. n.d. n.d. 0.7 n.d. n.d.

steam washing (360 s) 118 67 n.d. n.d. n.d. n.d. n.d. n.d. 0.5 n.d. n.d.

steam washing (600 s) 16 11 n.d. n.d. n.d. n.d. n.d. n.d. 0.2 n.d. n.d.

Italian legislation thresholds (mg/l) 100 250 50 3 1 0.005 0.25 0.05 0.05 0.01 0.05 

2 > s  ≥ 1 mm acc. carbonation Cl- SO42- NO3- Zn Cd Co Cr Cu Ni Pb 

2 > s ≥ 1 mm not carbonated 500 132 n.d. 0.03 0.002 0.003 0.018 0.64 0.004 0.003 

2 > s ≥ 1 mm carbonated 20°C 455 100 n.d. 0.03 0.002 0.004 0.015 0.5 0.007 0.003 

2 > s ≥ 1 mm carbonated 60°C 440 120 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Italian legislation limits (mg/L) 100 250 50 3 0.005 0.25 0.05 0.05 0.01 0.05
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Table 3.5 Analyses of leaching test BA (s < 1 mm) treated by accelerated carbonation for 60 min, and 
comparison with Italian legal limits (Min. Dec. 186/2006). Be, V, As, Se and Hg are not reported, as they are 
below the detection limits. All concentration values are expressed in mg/L. 

Table 3.6 Analyses of leaching test BA (s < 1 mm) treated by accelerated carbonation at 20 °C, and 
comparison with Italian legal limits (Min. Dec. 186/2006). Be, V, As, Se and Hg are not reported, as they are 
below the detection limits. All concentration values are expressed in mg/L. 

3.4 Discussion 

3.4.1 Steam washing 

In general, steam washing affects BA by a combination of mild dissolution and mechanical 
removal of the fine dust adherent to the surface of the particles. Figure 3.4 shows BA before and after 
steam washing, for all grain sizes under study, using an optical microscopy. Small-size particles, 
adherent to the surface, are apparent in untreated BA samples, whereas they are absent in samples 
that have undergone steam washing. Table 3.7 sets out the chemical composition of the wastewaters. 
It shows that Na/K-chloride and Ca-sulfate underwent dissolution into water (pKsp = −1.58, −0.85, and 
4.36, respectively). This is further confirmed by observing the presence of Na+, K+ and Ca2+ to 
counterbalance chloride and sulfate. PHREEQC modelling of the wastewater indicates a solution 
undersaturated with respect to NaCl, KCl, CaSO4, and supersaturated in Ca-carbonates (calcite), Fe 
carbonates and Fe hydroxides, that can potentially precipitate into the residual solid (Figure 3.5). It is 
also apparent that Cu phases are supersaturated in these conditions (i.e., cuprite and Cu hydroxide); 
however, it was not possible to clearly identify them by XRPD and SEM analyses. It is also worth to keep 
in mind that such calculations are obtained assuming thermodynamic equilibrium is reached, which 
may not represent the real conditions. SEM analyses of the solid residue confirm the presence of these 
phases, especially calcite, Fe oxides and hydroxides, apatite and quartz, together with slag phases. In 
addition, SEM observations yield an average particle size of the solid residue of about 300–800 µm, 
corroborating the removal of the fine fraction (BA with s < 1 mm) from the surface of coarser BA during 
treatment (Figure 3.6). 

s < 1 mm Cl- SO42- NO32- Zn Ba Cd Co Cr Cu Ni Pb 

Not carbonated 1336 448 2.7 0.09 0.1 0.12 0.15 0.16 3.18 0.07 0.02 

Carbonated (6 °C) 1300 470 n.d. 0.11 0.1 0.16 0.13 0.12 0.7 0.03 0.01 

Carbonated (20 °C) 1185 354 0.62 0.11 0.13 0.14 0.16 0.14 0.79 0.06 0.1 

Carbonated (60 °C) 791 153 3.4 0.01 0.07 n.d. n.d. 0.01 0.48 0.04 n.d.
Italian law threshold 
(mg/L) 100 250 50 3 1 0.005 0.25 0.05 0.05 0.01 0.05 

s < 1 mm Cl- SO42- NO3- Zn Ba Cd Co Cr Cu Ni Pb 

Not carbonated 1336 448 2.7 0.09 0.1 0.12 0.15 0.16 3.18 0.07 0.02 

Carbonated (60 min) 1185 354 0.62 0.11 0.13 0.14 0.16 0.14 0.79 0.06 0.1 

Carbonated (180 min) 510 348 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Italian legisl. limits (mg/L) 100 250 50 3 1 0.005 0.25 0.05 0.05 0.01 0.05 
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Figure 3.4 BA with s ≥ 4.75 mm before (a) and after (b) steam washing; BA with 4.75> s ≥ 2 mm before (c) 
and after (d) steam washing. Optical magnification 7.7×.; BA with 2 > s ≥ 1 mm before (e) and after (f) steam 
washing. 

Table 3.7. Wastewater composition of steam washing on BA with s ≥ 4.75 mm, 4.75 > s ≥ 2 mm, 2 > s ≥ 1 
mm (240, 600, 600 s). Be, V, As, Se and Hg are not reported, as they are below the detection limit. All 
concentration values are expressed in mg/L.  

Figure 3.4 PHREEQC modelling results of BA (2 > s ≥1 mm) wastewater solution, using MINTEQ v.4 database. 
In the table the main obtained minerals with their saturation indices (SI) are reported. SI is calculated by SI 
= log (IAP/K), where IAP is the ionic activity product of the ions forming the mineral and K is its 



22 

thermodynamic equilibrium constant. When SI < 0, the mineral is undersaturated in solution, otherwise it is 
supersaturated. 
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Figure 3.6 BSE image of the solid residue removed during steam washing. SEM-EDS observations show a 
complex composition of both crystalline and slag phases (where no mineral could be identified the 
composition is reported in cement notation): 1. FeOx; 2. TiO2; 3. Pyroxene; 4. Apatite; 5. CAS; 6. Mg-spinel; 
7. CA; 8. Calcite; 9. Quartz. (Experimental conditions: W filament, accelerating voltage 15 kV, working
distance 10 mm, high probe current, magnification 200×).

A possible confirmation of the above description can be derived by Cu K-edge XAS analysis, 
performed on ground pellets of BA 4.75 > s ≥ 2 and three replicas of treated BA after 600 s (Figure 3.7). 
The pristine BA Cu K-edge XANES white line showed features from both Cu+ and Cu2+ oxidation states, 
indicating the non-homogenous oxidizing conditions of the combustion chamber. The profile was 
satisfactorily modelled using Linear Combination Fitting contributions mainly from tenorite (CuO), 
followed by cuprite (Cu2O) and chalcocite (Cu2S), together with malachite (Cu2(OH)2CO3), this latter 
probably formed during the water quenching used in the plant to cool down the material. By 
considering the EXAFS and Real space spectra it was possible to bring to light many similarities between 
tenorite and pristine BA, suggesting that in this sample the Cu environment can be approximate to a 
bulk CuO domain. When the treated samples are considered, a marked reduction of CuO is observed, 
while the other contributions increase. Due to the nature of the treatment, it’s unlikely that these 
differences are the result of chemical redox transformations. A possible interpretation can be found 
assuming that the steam washing has removed the CuO particles on the BA larger grains, thus changing 
the overall Cu speciation distribution and the resulting leaching profile, as tenorite has been proposed 
as one of the main solubility controlling minerals in BA [20]. This seems to be in accordance with the 
EXAFS and Real Space analysis, where the treated BA spectra seems more dampened in intensity and 
without the higher coordination shells of CuO bulk. The differences in the other contributions between 
the treated BA are probably related to the relevant heterogeneity of this material with respect to the 
scale of XAS beam size, as the treatments are performed on tens of grams of coarse grains (2<s<1 mm), 
since the leaching tests require large quantities to be significant. To tackle this limitation, three spectra 
on different pellets of pristine BA were collected, confirming CuO as the main speciation contribution. 
This, coupled with measurements on pellets of independently treated samples, which have shown a 
similar trend with respect to CuO, seems to support the hypothesis derived above.  

Figure 3.7 BA Cu K-edge XANES profile with LCF of a) pristine BA, b) t-BA1 c) t-BA2, d) t-BA3. e) Real space 
spectra of BA samples and CuO. f) Results of LCF quantifications.   



24 

Table 3.8 reports the global mass balance related to steam washing treatments, in terms of (i) 
dissipated steam (i.e., dispersed in the environment); (ii) retained water (i.e., adsorbed by the BA 
surface); (iii) wastewater (i.e., water collected from BA percolation, and giving a leachate); (iv) weight 
loss (i.e., difference in mass between treated and untreated BA). Note that the i) can potentially be 
recovered up to ~80%. 

Table 3.8. Mass balance of the steam washing treatment referred to the three grain size classes investigated. 
The weight loss refers the BA weight difference after and before treatment; retained water, dissipated steam 
and wastewater fractions are referred to the initial water balance. Weight loss is expressed on dry weight. 

By comparing the retained water figures of the BA classes having 2 ≤ s < 4.75 mm and 1 ≤ s < 2 
mm, the relevant impact of the surface area is apparent. By taking into account the calculations of the 
total amount of water employed during the treatment (i.e., 1,2 ml/gBA) and the maximum wastewater 
percentage (13%), it is possible to estimate the mean amount of wastewater generated (i.e., 0,16 
ml/gBA). This number is markedly lower than the one obtained during a common water washing 
treatment with L/S around 5-10 (i.e., 3-8 ml/gBA, assuming an 80 % of wastewater percentage), in order 
of 95-98%. In the case of BA (s < 1 mm), steam washing is difficult, as it induces flocculation phenomena 
that require additional dispersants to properly counterbalance agglomeration (for example, Na-silicate 
~0.1 wt%; Na-carbonate ~0.02 wt%; phosphonate ~0.06 wt%).  

3.4.2 Accelerated carbonation  

The carbonation process was investigated by TGA-FTIR, comparing the thermal behavior of 
carbonated BA with pristine BA samples. Figure 3.8 shows the case of BA with s < 1 mm, at T= 60 °C, 
PCO2= 2 bar, 60 min. FTIR allowed to determine the volatiles released, which were identified as H2O and 
CO2. In the temperature range from 30 to 540 °C both samples exhibited a qualitatively similar thermal 
behavior, characterized by the release of physisorbed and chemisorbed H2O and small amounts of CO2. 
At higher temperature, an important weight loss occurs for both samples. This process, which achieved 
its maximum rate at ∼747 °C, was characterized by release of CO2 and therefore is ascribed to the 
decomposition of carbonate, in agreement with literature. The weight loss observed in the temperature 
range between 560 and 840 °C was 6.50 and 11.1%, for BA and carbonated-BA, respectively, yielding a 
net sequestered CO2 amount as large as about 4-5 wt%. Such figures provided by TGA are comparable 
with those from weight increase measurements, which range from 5.3 to 5.6%.  

Grain Size BA Time (s) Retained Dissipated Wastewater Weight Loss 
Water (wt%) Steam (wt%) (wt%) (wt%) 

≥4.75 mm 240 3 91 6 0.4 
4.75 mm > s ≥ 2 mm 600 2 85 13 5 

2 mm > s ≥ 1 mm 600 13 75 12 10 
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Figure 3.8 BA with s < 1 mm. Grey lines: BA not treated; black lines: BA carbonated; Solid lines: TG; Dashed 
lines: derivatives recorded as function of temperature for untreated sample (grey) and carbonated sample 
(black).  

In addition, 13C MAS SSNMR measurements, was used to shed light on the nature of the phases 
that develop upon carbonation. 13C MAS spectra (Figure 3.9) were recorded from one untreated and 
two carbonated BA samples. All three spectra exhibit signals in the carbonate region, which 
corresponds to 165-170 ppm. In particular, the apparent peak at 168.2 ppm is attributable to calcite. 
The broad peak centered at about 108 ppm is a spurious signal due to the rotor background, visible 
because of the low content of C in the sample. Comparing the carbonated-BA samples with the 
untreated one, a remarkable increase of the calcite signal intensity is visible, thus confirming a 
relationship between carbonation process and Ca-carbonate formation. Moreover, the remarkable 
peak broadening clearly indicates the low crystallinity of such carbonates. Further investigations are 
required to unravel the still unidentified additional peak at about 166.4 ppm, which is particularly 
evident in the untreated sample. 
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Figure 3.9 13C (150 MHz) MAS spectra of untreated (NT) and two carbonated, T = 60 ◦C, PCO2 = 2 bar, t = 60 
min and L/S = 0.3, (Postcarb) BA samples (s < 1 mm), acquired at room temperature at a spinning speed of 
20 kHz. The broad peak at about 108 ppm is a spurious signal due to the rotor background. 

XRPD measurements and Rietveld refinements, carried out on all treated and untreated samples, 
yield a slight average increase in calcite of ~3 wt% due to carbonation (Table 3.9). Therefore, it can be 
concluded that ~40–50 wt% of the provided CO2 has been sequestered into crystalline calcite, while the 
remainder is segregated into amorphous products. Moreover, since no crystalline phase potentially 
able to react directly with CO2 is present (i.e., portlandite, periclase, etc..), it must be assumed that the 
amorphous fraction of BA is involved in the carbonation process. On the one hand, SSNMR agree to 
attribute to calcite a prominent role in sequestering CO2; on the other hand, it also shows a broadening 
of the calcite signals, thus suggesting occurrence of low crystallinity/amorphous structures and 
carbonate other than calcite. This is in keeping with the composition provided by for BA (s < 1 mm), in 
which the following molar ratios Pb/Ca = 3.5 × 10−4, Zn/Ca = 1.4 × 10−2, Cu/Ca = 7.5 × 10−3, confirm that 
Ca-carbonate is by far the most likely to form. The low leaching of Cu-Ni-Cr-Pb-Cd in the observed pH 
range (8–8.5), the stability of carbonate in a CO2-saturated solution and the low solubility products of 
transition metal carbonate (~10−9–10−14, for copper-lead carbonate) point to heavy metals entering 
carbonate structures that exhibit different degrees of crystallinity and which reaction kinetics are 
promoted by an higher temperature (i.e., 60 °C). Carbon EDS maps (~25 106 analysis points) recorded 
by SEM-EDS (Figure 3.10) from a suite of treated versus untreated BA grains yield an average increase 
of carbon (∆C) from 8.6(±3) to 15.7(±5) wt%. The “flat” gaussian distribution of ∆C (µ = 7.1, σ = 6.8) 
implies ∆C > 0 with a probability larger than 83.7%, thus hinting at carbonation processes spread across 
the sample’s surface.  

Table 3.9 Phase compositions on BA s < 1 mm and after carbonation (T = 60 °C, 60 min). 
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Amorphous  Quartz Calcite Halite Feldspar Hematite Melilite 
BA s < 1 mm 80 3 3 2 4 3 5 
Postcarb 82 2 6 1 3 2 4 

Figure 3.10 SEM images of carbonated BA samples (s < 1 mm). SEM-EDS observations show BA grains < 1 
mm after treatment, highlight the complex and aggregate structure of such particles.  

3.5 Conclusions 

Steam washing on BA with s > 4.75 is effective to remove pollutant substances after 240 s of 
treatment; the measured concentrations of heavy metals, chlorides and sulfates in the eluates lie below 
the Italian legal thresholds. Therefore, steam washed BA (s ≥ 4.75 mm) are potentially suitable for reuse 
in environmental applications. Steam washing enables recovering of the BA fraction with 4.75 > s ≥ 2 
mm, by increasing the treatment duration to 600 s. By considering the particle size distribution of the 
employed BA, steam washing allows one to recover about 60 wt% of the total BA, resorting to a 
wastewater volume far smaller than that required by conventional washing. The treatment mechanism 
mainly involves a combination of mild dissolution and dust removal, this latter possibly confirmed by 
the XAS analysis of Cu behavior, the main pollutant in the BA under study. In the case of BA with 2 > s 
≥ 1 mm (amounting to ∼14 wt%), steam washing is effective in decreasing chlorides and sulfates, and 
after 600 s it can reduce chlorides under Italian legal threshold, i.e. 100 mg/L. Although Cu is 
significantly reduced by 50%, it still remains above the legal threshold. On the other hand, accelerated 
carbonation of 60 min (closed system mode) reduces all the heavy metal and chloride concentrations 
below the legal thresholds. In the case of BA with s < 1 mm, accelerated carbonation is effective in 
reducing heavy metals after 180 min treatment. Chlorides and sulfates yet remain over the legal 
threshold. XRPD, TGA coupled with FTIR and NMR analyses show that carbonation mainly takes place 
in terms of formation of carbonate compounds, which are represented by calcite (major phase) with a 
low degree of crystallinity.  

Table 3.9 Phase compositions on BA s < 1 mm and after carbonation (T = 60 °C, 60 min). 
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Overall: 

• BA with s ≥ 4.75 mm (39 wt%) and 4.75 > s ≥ 2 mm (22 wt%), for a total of ∼61 wt%, are
recoverable by steam washing. Estimating a weight loss ∼0.6-1.9 wt% (% recalculated on the
whole grain size of BA), the net recoverable BA amount is ∼60 wt%;

• the remaining ∼39 wt%, constituted by the 2 > s ≥ 1 mm (14 wt%) and s < 1 mm (25 wt%)
fractions, can be partially recovered by a combination of steam washing and accelerated
carbonation. In particular: i) the first fraction requires steam washing to reduce
chlorides/sulfates and carbonation to treat heavy metals. In this view, an appropriate choice
of the treatment durations might allow an affordable strategy to recover such BA fraction; ii)
the second fraction requires a long duration carbonation (180 min), to achieve an appropriate
reduction of heavy metals release. However, BA with s < 1 mm remain difficult to treat by
steam washing, because of flocculation.
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Chapter 4 

Influence of speciation distribution and particle size on heavy 
metal leaching from MSWI fly ash 

4.1 Introduction 

MSW-FA, which forms in the purification system, accounts for about 1-3 % of the total incinerated 
waste and tend to be concentrated in atmophile/biophile heavy metals (Zn, Cu, As, Hg, Pb and Cd), together 
with halogens, sulfur and alkali [1]. Since a sieving pre-treatment was effective on tuning the BA treatments 
(see Chapter 3), a similar approach has been initially employed for the study of this waste. In previous 
investigations, many efforts have been made to evaluate the distribution of chemical elements and the 
related enrichment in FA particle size fractions. Liao et al. (2007) found that Pb and Zn frequently occur in 
small particle size fractions; Cu, Ni and Cr are mostly concentrated in larger particle sizes; As, Cd, Co and Mo 
do not show any correlation with particle size [2]. Zhang et al. (2008) claimed that Cu, Pb, Zn, Cd and Hg 
concentrate in fine fractions, whereas Cr and Ni seem independent of the particle size [3]. Lanzerstorfer 
(2015) observed opposite trends of concentration versus particle size, in the case of (Cd, Cr, Cu, Ni, Mo, Pb, 
Zn) and (Al, As, Ba, Fe, Si, Ti), while the content of Ca, Mg, Na, Co, Mn, Sb and Sr was independent of particle 
size [4]. Finally, Raclavská et al. (2017) investigated three different FA samples, detecting a systematic 
increase of As, Ca, Cd, Cl, Cr, Cu, Hg, Mg, Pb, S, Sb, Sn and Zn in the fine fractions [5].  All these valuable 
studies aim to help understand the FA particle formation mechanisms and the role of heavy metals during 
the combustion process through the chemical composition of the resulting fly ash. All this in view of assessing 
the potential sources of hazard and designing efficient control/purification plants [6]. On the other hand, this 
background must also be related to the actual heavy metal leaching behaviour, which plays a crucial role in 
driving the destination and management of this waste. Indeed, the design of suitable management strategies 
can greatly benefit from the understanding of the correlation between leaching from FA and technologically 
relevant characteristics, such as particle size and chemical and phase composition. In this light, the present 
work aims to get an insight into the relations between i) heavy metal leaching, ii) particle size, iii) heavy metal 
speciation distribution and iv) heavy metal solid content, in FA. The particle size is used as a technological 
parameter that allows the separation of the original waste into classes. This would answer the following 
question, which impact upon the waste management: “are particle size separation strategies suited to 
develop treatments to curb heavy metal leaching from MSWI-FA?”. The experimental data are 
complemented with geochemical modelling at equilibrium conditions to help interpretation. 

4.2 Materials and Methods 

4.2.1 Particle size distribution 

The particle size distribution of FA was determined by sieving, in combination with mechanical shaking 
over one hour, using stainless steel mesh screens with openings of 500, 250, 149, 105, 53 and 25 µm. Such 
openings were chosen on the basis of preliminary electrolytic conductivity tests on 10 different particle size 
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fractions, which allowed to pick out the partitioning reported above as the one that best highlights 
differences. The particle size distributions of four independent FA samples were measured to account for 
possible fluctuations. Every sample will be hereafter referred by the code “FA_X”, where X represents the 
mesh opening of the related particle size class (FA_bulk means “undifferentiated fly ash sample”). 

4.2.2 pH-dependent batch (static) leaching tests 

The pH-dependent leaching tests were performed at 8 different pH values (2-14), according to the SW-
846 Test Method 1313 [7], using a liquid-to-solid ratio of 10. Additions of 2M HNO3 or 1M KOH solutions 
enabled the control of the pH values, following pre-titration tests to determine the acid neutralization 
capacity of the material. After 24 hours, the samples were filtered, and the liquid residues analysed by IC and 
ICP-MS. 

4.2.3 Sequential extractions procedure 

The heavy metals speciation in BA and FA can be investigated by a sequential extraction method, often 
used in soil science, which is based on the hypothesis that it is possible to selectively extract heavy metals 
associated with specific phases by employing progressively stronger reactants. Here, a four-step sequential 
extraction method was applied (after [8]). The details about the procedure are provided below and outlined 
in the Table 4.1.  

Step 1 (exchangeable fraction, water and acid-soluble): an aliquot of 40 ml of acetic acid (0.11 mol/L) 
was added to 1 g of dry FA in a 100 ml glass container. The mixture was shaken for 16 h (overnight) with a 
magnetic stirrer at room temperature at a speed of 40 rpm. The extract was separated from the solid residue 
by filtration through a 0.45 µm cellulose nitrate filter (47mm diameter). The extract was analysed 
immediately or stored at 4 °C. The solid residue was washed with deionized water and underwent step 2. 

Step 2 (reducing conditions): in a 100 ml glass container, an aliquot of 40 ml of hydroxylammonium 
chloride (0.1 mol/L, adjusted to pH 2 with nitric acid) was added to the residue obtained in step 1. The mixture 
was shaken for 16 h (overnight) with a magnetic stirrer at room temperature at a speed of 40 rpm. The 
extraction procedure was then performed as described above. After washing with deionized water, the solid 
residue underwent step 3.  

Step 3 (oxidizing conditions): an aliquot of 10 ml of hydrogen peroxide (8.8 mol/L) was carefully added 
in small aliquots to the residue obtained in step 2 in a 100 ml glass container. The container was covered with 
a watch glass and left at room temperature for 1 h with occasional manual shaking. The procedure was 
continued for another hour at 85 °C and the volume reduced to a few ml by further heating of the uncovered 
glass container. A further aliquot of 10 ml of hydrogen peroxide (8.8 mol/L) was added to the residue. The 
container was covered again and heated at 85 °C for 1 h. The cover was removed, and the volume reduced 
almost to dryness. After cooling, 50 ml of ammonium acetate (1 mol/L adjusted to pH 2 with nitric acid) were 
added to the residue. The mixture was shaken for 16 h (overnight) with a magnetic stirrer at room 
temperature at a speed of 40 rpm. The extraction procedure was then continued as described in the previous 
steps. After washing with deionized water, the solid residue was digested with strong acids (step 4). 

Step 4 (remaining residue): a digestion of this fraction has been carried out using the last step of 
Tessier’s procedure. The solid residue was digested with a 5:1 mixture of hydrofluoric and perchloric acids. 
The solid was first dissolved in a Teflon beaker with a solution of concentrated HClO4 (2 ml) and HF (10 ml) 
to near dryness. Subsequently, a second aliquot of HClO4 (1 ml) and HF (10 ml) was added, and again the 
mixture was evaporated to near dryness. Finally, HClO4 (1 ml) alone was added, and the sample was 
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evaporated until the appearance of white fumes. The residue was dissolved in 12N HCl and diluted to 25 ml. 
The resulting solution was then analysed by ICP-MS. 

Table 4.1. Sequential extraction method parameters. 

Steps Reagents and extraction conditions Target phases 

Step 1 40 ml acetic acid (0.11 M), pH 5.5 
water and acid-
soluble (carbonate 
and salt) 

Step 2 
40 ml hydroxylammonium chloride (0.1 
M) and adjusted to pH 2 with 10 M
HNO3

easily reduced (iron 
oxyhydroxide) 

Step 3 
20 ml hydrogen peroxide (8.8M); 50 ml 
ammonium acetate (1 M) adjusted to 
pH 2 with 10 M HNO3 

oxidizable (organic 
matter and sulfide) 

Step 4 
12 ml HF conc. (10 mL) - HClO4 conc. (2 
mL) 

residual 

4.2.4 Ascorbic acid and Ammonium oxalate extractions 

Low crystallinity Fe- and Al-hydroxide amounts were estimated by means of an extraction procedure 
with ascorbic acid and ammonium oxalate, respectively, according to [9], their concentrations were then 
used to model the surface adsorption of heavy metals. 

4.2.5 Geochemical modelling 

The Visual MINTEQ software version 3.1 [10], a solution thermodynamic geochemical code, was 
employed to model the heavy metals concentration/speciation in the leachates of bulk FA. The software is 
able to simulate the solution composition by calculating the saturation indexes of the possible solubility 
controlling phases, i.e, logSI = logIAP/logKs (IAP: ion activity product; Ks: solubility constant of the mineral at 
the given temperature), taking into account possible ions adsorption mechanism on reactive surfaces, i.e., 
Fe/Al/Mn hydroxides (HFO), through a surface complexation model [10]. The calculation stability was 
evaluated by the charge difference (CD), i.e.,  

𝐶𝐶𝐶𝐶 = 100 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴
∑A− ∑C
∑A + ∑C
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where ∑A is the sum of anions (eq/kg solvent) and ∑C the sum of cations (eq/kg solvent). A CD value between 
5-10% was considered acceptable [10].

Here, the employed strategy involved a two-step calculation: 

1. calculation of all possible logSI at each pH by giving as input the solution chemistry as
measured by ICP-MS/IC. The employed thermodynamic Ks database was minteq [10]. The
saturation index is defined as logSI = logIAP-logKs. When IAP is lower than Ks, a negative value
will result, which means that the solution is undersaturated with respect to that mineral (and
thus that the solid should not be able to form). The reverse situation, i.e. that IAP is higher
than Ks, results in a positive value, thus reflecting over- or supersaturated conditions. The
choice of potentially solubility controlling solids used for the calculations was based on the
approach of Meima and Comans [11], i.e. by (i) likeliness of their presence or formation in
municipal fly ash under the experimental conditions (ii) calculated log saturation indices
relatively close to zero (-1 < logSI < 1) (iii) model-predicted curve shapes following the
measured data in the concentration vs. pH graphs. After an initial screening as per i) and ii),
the iii) step was derived by calculating the leachate composition in equilibrium with the
selected mineral, using the ‘infinite solid approach’ outlined by Meima and Comans [11],
where the solid is assumed to be present in sufficient amounts not to be completely dissolved
during the simulation (i.e., the concentration of the solid is sufficient to maintain equilibrium
in solution at all times.)

2. the calculation of a certain heavy metal equilibrium concentration at a specific pH value,
taking into account possible ions adsorption mechanism on HFO surfaces. A multi-surface
approach was employed [12], which exploits the heavy metal concentrations from leaching at
the lowest pH (pH 2, which is assumed to be the maximum heavy metal availability) and uses a
parameterized ‘‘sub-model” for reactive surfaces, the “Three Plane CD-MUSIC model” [12]
with surface charging parameters for ferrihydrite from [13]. The input was obtained by
introducing as starting value the selected heavy metal lowest pH concentration and fixing: the
major cations and anions concentrations (measured at that pH value), as spectator ions; the
other heavy metals concentrations (measured at that pH value), thus assuming no
coprecipitation; the concentration of HFO as determined by extraction procedure with
ascorbic acid and ammonium oxalate, according to [9]. Then the pH was varied following the
experimental values of the pH-dependent leaching tests. The key parameters are outlined in
Table 4.2

Table 4.2. Parameters of the employed geochemical modelling, step 2. 

Concentrations of 
different elements 

As input the metal concentration that was modelled (i.e. Cu, Ni, Cr, Cd, Mn, 
Pb or Zn) was set as extracted at pH 2. The other metals were fixed at the 
concentration of the pH-dependent experiment (at each pH) in the same way 
as the spectator anions and cations, namely: 

Ca2+, K+, Na+, Mg2+, Al3+, Fe3+, Cl-, SO4
2-, NO3

-, PO4
3-, CO3

2- 

Dissolved inorganic carbon (DIC): Assumed to be in equilibrium with the 
atmosphere. 
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NO3
-: Calculated from added acid. Sometimes adjusted to improve charge 

balance in the simulations. 

CO2: atmospheric pressure 

Temperature: fixed to 25 °C 

Sorption to Fe/Al-
hydroxides 

The concentration of HFO that could adsorb metals was calculated from 
oxalate extracted Al and Fe (i.e., 0.8 g/L). A molar weight of 89 g mol-1 was 
used for ferrihydrite and a molar weight of 78 g mol-1 for Al(OH)3. The sum
was parameterized as ferrihydrite. Adsorption was modelled with a surface 
complexation model, the “Three Plane CD-MUSIC model” [12] surface 
charging parameters for ferrihydrite from [13] 

4.3 Results 

4.3.1 Particle size distribution 

The particle size distribution of the FA_bulk sample is displayed in Figure 4.1. The distribution ranges 
from 25 to 500 µm, and over 90 wt% FA lies between 250 and 53 µm. The calculated D50 is ∼87 µm and 
expectedly indicates a small grain size and a large specific surface area, related to a tendency of FA to leach 
out contaminants [14]. Each particle size class is formally identified by its mesh opening value.  

Figure 4.1 Particle size distribution of fly ash. X-axis: particle size (µm), log10-scale; Y-axis: cumulative weight 
percentage. The reported particle size distribution is the average of measurements on four independent samples; 
error bars are determined as the related expected standard deviations. 

4.3.2 Chemical composition 

The chemical composition (FA_bulk and each particle size fraction) in terms of elements with Z≥11, 
including heavy metals, is reported in Table 4.3. Light elements such as carbon, oxygen, boron and nitrogen 
were preliminarily observed in FA_bulk via elemental analyser. They are estimated (“RES” contribution) by 
mass balance with respect to the concentrations of the other elements, measured by XRF, setting the total 
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to 100. Uncertainties were estimated to be as large as 2 e.s.d, a figure exceeding the lower detection 
limit for each element. The reported element concentrations are the average of 5 independent 
measurements, carried out on different points of a given sample. The FA_bulk composition is shown in 
Figures 4.2a and 4.2b The most abundant major elements are Na (27.6 wt%), Ca (12.9 wt%), Cl (10.1 wt%), S 
(10.3 wt%) and K (4.7 wt%). Among the heavy metals, apart from iron (commonly considered as a major 
element for geological matrices), Zn, Ti and Pb exhibit the largest concentrations (1.38-0.31 wt%); all the 
other reported species are equal to or lower than 0.1 wt%. Note that some elements are still a source of 
hazard even at a very low concentration, owing to their high toxicity (i.e., Cd and Ni, CLP regulation 2008). 
Figures 4.2c and 4.2d show the FA composition with respect to its particle size. An increase in some major 
elements (K, Mg, Fe, Cl, S) and in almost all heavy metals (Cr, Cd, Cu, Pb, Zn, Mn) occurs with a decrease in 
the particle size. Conversely, Ca, Al and, to a lesser extent, Si and Ti exhibit higher concentrations in the 
coarser fractions. 

Table 4.3 Chemical composition of solid FA by XRF. Element concentrations reported as wt%. Uncertainties, 
estimated as 2 e.s.d, are larger than the lower detection limit for each element. 

(wt %) FA_500 FA_250 FA_149 FA_105 FA_53 FA_25 FA_BULK Average 
Error 

(major 
elements) 

Si 3.1 2.9 2.6 2.4 2.4 2.7 2.7 0.1 
Ti 0.51 0.59 0.48 0.46 0.43 0.43 0.48 0.01 
Al 2 1.7 1.4 1 0.7 0.9 1.2 0.3 
Fe 0.26 0.32 0.61 0.68 0.71 0.76 0.75 0.01 
Mg 1.02 1.1 1.8 2.1 2.3 2.2 3.2 0.08 
Ca 11 13.9 12.6 12.4 11.3 10.4 12.9 0.1 
Na 21.3 23.4 24.6 26.7 27.3 28.4 27.6 0.1 
K 2.04 2.2 3.62 4.18 4.46 3.85 4.65 0.03 
P 0.26 0.4 0.46 0.48 0.5 0.53 0.47 0.04 
Cl 4.84 6.26 8.48 9.53 8.89 6.85 10.11 0.06 
S 3.54 3.71 7.21 8.56 9.63 9.56 10.3 0.06 

(Minor/heavy 
metal) 

As 0.006 0.001 0.001 0.002 0.001 0.001 0.002 0.003 
Ba 0 0 0.014 0.015 0.015 0.011 0.03 0.004 
Bi 0.002 0.004 0.005 0.007 0.009 0.006 0.007 0.001 
Cd 0.004 0.004 0.008 0.008 0.009 0.007 0.01 0.001 
Cr 0.018 0.029 0.046 0.049 0.05 0.041 0.05 0.002 
Cu 0.026 0.03 0.051 0.061 0.066 0.052 0.066 0.003 
Mn 0.04 0.015 0.047 0.091 0.062 0.065 0.074 0.005 
Ni 0.01 0.012 0.045 0.07 0.065 0.062 0.064 0.005 
Pb 0.093 0.102 0.238 0.292 0.296 0.232 0.311 0.004 
Rb 0.003 0.004 0.007 0.008 0.009 0.007 0.005 0.001 
Zn 0.585 0.647 1.085 1.217 1.336 1.241 1.383 0.008 
Sn 0.01 0.013 0.041 0.054 0.064 0.05 0.07 0.003 
Sb 0.011 0.014 0.015 0.018 0.022 0.022 0.027 0.002 
Sr 0.008 0.015 0.02 0.02 0.019 0.016 0.021 0.001 
Zr 0.002 0.003 0.005 0.005 0.005 0.004 0.005 0.001 
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RES 49.31 42.63 34.51 29.59 29.35 31.6 23.52 0.3 

Figure 4.2 FA chemical composition, from XRF. a) Major elements (bulk); b) Minor/trace elements, such as heavy 
metals (bulk); c) Major elements as function of particle size; d) Minor/trace elements as function of particle size. 
RES: light elements, below atomic number 11 (such as C, O, B or N) were not measured.  

4.3.3 Mineralogy 

The mineralogical composition of the samples under investigation was determined by XRPD, in 
combination with Rietveld profile analysis (as an example, Figure 4.3), and the results are reported in Table 
4.4. The main minerals are represented by: chloride (halite: NaCl; sylvite: KCl) and sulfate (anhydrite: CaSO4; 
gypsum: CaSO4·2H2O; syngenite: K2Ca(SO4)2·H2O). Anhydrite is expected to occur in fresh FA, while gypsum 
and syngenite are supposed to be products of secondary reactions (hydration), the latter due to a high 
concentration of K. The other mineral phases are calcite (CaCO3), gehlenite (Ca2Al[AlSiO7]) and quartz (SiO2), 
along with a relevant amorphous fraction ranging from 36 to 65 wt%. The latter also includes minor minerals, 
not revealed by XRPD because of their low abundance and/or crystallinity, but inferred by SEM-EDS, as stated 
below.  

Table 4.4 Phase composition of the FA particle size fractions. 

FA_500 FA_250 FA_149 FA_105 FA_53 FA_25 FA_bulk 

wt% 
Halite 6 7 9 10 16 20 14 
Sylvite 3 4 5 7 9 13 8 

Syngenite 3 3 5 5 6 6 8 
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Bassanite 1 1 1 2 2 3 1 
Anhydrite 7 9 9 10 12 12 10 

Calcite 8 7 7 5 5 6 5 
Quartz 3 2 1 1 2 1 1 

Gehlenite 5 3 4 4 2 3 3 

Amorphous 64 64 59 56 46 36 50 

Figure 4.3 GSASII Rietveld output for FA_25, with corundum as internal standard (10% wt), with Rwp of 9.8. 

4.3.4 Morphology 

FA particles are aggregates of various phases. In this respect, SEM observations allowed to acquire 
information about morphology, chemical composition and texture of the minerals constituting the FA 
samples, as a function of the particle size (see Figure 4.4). The particle size distribution of FA inferred from 
imaging is in a good agreement with that determined by sieving. Agglomerates of very fine particles, due to 
their large and highly reactive surface areas [15], are widespread, especially in the case of coarse fractions. 
FA particles exhibit irregular morphologies, and the smaller grains are often observed to adhere to the 
surface of larger ones. The SEM-EDS mapping of polished sections of (Figure 4.5) enabled to get insight into 
the chemical composition and infer information on the occurring mineral phases. Particles > 100 μm are often 
composed of an aluminosilicate core surrounded by a rim of chloride adherent to the surface. In addition, 
phases not detected by XRPD, because of their modest abundancy and/or low crystallinity, are revealed by 
SEM-EDS (for example Fe and Mn oxides, and Ca-Mg silicates). 
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Figure 4.4 Backscattered electron SEM images on FA of different particle size fractions. 

Figure 4.5 Backscattered electron SEM images of a FA polished section. Colours identify phases, recognised by 
SEM-EDX mapping: purple, melilite (gehlenite); green, Na/K-chloride; magenta, Fe-oxide; yellow, Mn-oxide; 
orange, Ca-sulfate; red, quartz; blue, apatite; light blue, Mg-chloride; dark violet, Ca-Mg silicate. 

4.3.5 Leaching tests 

Leaching tests were carried out on both FA_bulk and each particle size class (see Table 4.5). Electrolytic 
conductivity measurements versus time and weight loss after leaching versus particle size are reported in 
Figure 4.6 top and bottom, respectively. Electrolytic conductivity is related to the dissolution of soluble and 
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abundant phases (chloride and sulfate), which concentrate in the finest fractions (Table 4.4). Hence, an 
inverse correlation between particle size and electrolytic conductivity holds, as it does for weight loss. 

Figure 4.6 Electrolytic conductivity (µS/cm) versus time (min) of fly ash particle sizes, from 500 to 25 µm (top). 
Weight loss % of fly ash in each particle size class after leaching (bottom). Measurements were made on dried 
samples. Dotted line: tendency line 
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Table 4.5 Element concentrations in leachates from bulk FA and its particle size fractions. Note that Sb is not 
shown because its concentration is under the detection limit in all analysed samples. Although the same holds for 
Cu, its behaviour it is still discussed since this species represents a major pollutant in the bottom ash from the 
same MSWI plant. * Min. Decr. 27/09/2010, about disposal of waste in landfill, (transposition of 2003/33/EC); ** 
Min. Decr. 186/2006, about waste reuse. DOC: Dissolved Organic Carbon; TDS: Total Dissolved Solids; d.l.: 
detection limits. 

The pH values (8.8-9.3) do not significantly change with particle size (Table 4.5). Na+, K+ and Cl- are 
related to halite and sylvite dissolution that is weakly pH-dependent, thus inversely correlated to the particle 
size (Table 4.4). Sulfates are associated with anhydrite and syngenite dissolution and follow a similar trend. 
Ca leaching, in turn, is not entirely attributable to dissolution of sulfate/carbonate: in fact, it displays high 
concentration values in the 250-105 µm fractions, though calcite is poorly soluble at a natural pH of ∼9. Some 
metals exhibit concentrations that are under the legal limits for both “not reactive” and “reuse” categories. 
It is the case of Zn, Cu, Cd and Ni, which therefore do not contribute to a potentially toxic leaching, according 
to the Italian law. Instead, high leaching concentrations are measured for Pb and Cr, up to 3, 4 and 50 times 
the legal limits, respectively. Pb and Zn show high concentrations in the leaching solutions from the coarsest 
fraction (up to 50 times larger than leaching from bulk), though both metals’ contents increase with a 
decrease in the particle size. Other heavy metals show an inverse trend. The Cd concentration in the leachate 
of bulk FA is below the legal limit, while very high leaching was measured from the fine fractions, up to about 
2 mg/L. Cr shares a similar trend, being leached out by the finer fractions, as expected, and each particle size 
class exhibits a chromium concentration over 50 times the legal limit. Finally, no trend is revealed for Ni, 
which yields a leaching concentration of around 0.005 mg/L for all the particle size classes, against a legal 
limit of 0.01 mg/L. 
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4.3.6 Speciation distribution 

On the basis of the results obtained from leaching tests, the heavy metals chemical speciation was 
investigated, to better the mechanisms underlying leaching. 
A four-step sequential extraction protocol was applied. Four different classes were defined, for sequential 
extraction: acid-soluble exchangeable (F1), reducible (F2), oxidizable (F3) and residual (F4). F1 points to 
speciation types that are prone to a comparatively low acidic dissolution and hence potentially responsible 
for most of the heavy metal leaching. F4-speciation is virtually insoluble, unless a very strong acid attack is 
used [8]. F2/F3-speciations are intermediate between F1 and F4, in terms of stability to an acid treatment. 
All the results from sequential extraction experiments are shown in Figure 4.7. 

F1. This fraction involves those substances that dissolve into neutral or slightly acid media (5< pH <7), 
i.e. chlorides and carbonates. It also includes leaching of metals weakly adsorbed on particles’ surface
through electrostatic interactions [16]. F1-speciation can account for up to 40%, as in the case of Pb and Zn
(Figure 4.7), and its importance is expected to increase with particle size decrease, in keeping with the
element concentrations. This is visible in the case of Cu, Cr, Cd, and Ni, comparing the largest particle size
class with the smallest. An inverse trend reveals for Pb and Zn, which show F1-speciation contributions in the
coarse fractions of about 20% larger than those in the smallest fraction. Such a difference reflects a possible
preferred association of Zn with calcite-structure carbonates [17]. Pb is expected to speciate in a similar way,
presumably entering low crystallinity aragonite-type structures and assuming a higher coordination than in
trigonal carbonate [18]

F2. This fraction accounts for heavy metals bound to Fe/Al/Mn oxide, and which are leached out by 
chemical reduction. The leaching of heavy metals from Fe/Al/Mn oxide is very sensitive to pH [19] as 
discussed in the next section, where the geochemical modelling clearly points out an important correlation 
between surface complexation on Fe/Al (hydr)oxide and leaching at pH < 8, for all the examined metals. 
Figure 4.7 shows that the speciation of Zn, Pb, Cr, Cd, Ni and Cu is ascribable to F2-like mechanisms in terms 
of an average ranging from 15 to 25%. For the reason stated above, the abundance of Fe and Al deeply affects 
the F2-speciation. Fe and Al follow two opposite trends, the former being more concentrated in the fine 
fractions, the latter in the coarse fractions. This results in a compensation that gives a comparatively little 
difference of F2-speciation contributions between the particle size classes. 

F3. This fraction includes the heavy metals from organic matter and sulfides. The organic matter is due 
to unburnt substances, like polycyclic aromatics [19]. Since the organic matter in FA is generally decomposed 
by incineration, F3 is expected to be small. Our measurements show a F3-type speciation for Cd, Cr, Ni, Pb 
and Zn, smaller than 5%. Cu, conversely, displays a fraction as large as 24%, thus proving its high affinity for 
organic complexation [20,21].  

F4. This fraction accounts for residual heavy metals hosted by quasi-indissoluble phases, such as 
phosphate and silicate. Their high stability against dissolution implies that the related heavy metal fraction is 
not leached out until strong acid mixtures are employed (i.e. aqua regia digestion). As shown in Figure 4.7, 
almost all metals exhibit F4-type as the most abundant speciation. XRPD measurements on a sample before 
acid digestion show the presence of silicate phases, mainly quartz and gehlenite, which can potentially host 
heavy metals in their crystal structure. The SiO4 tetrahedrons of gehlenite organize in tetragonal ring chains, 
thus providing room to heavy metals. 
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Figure 4.7 Chemical speciation distribution of heavy metals in the different FA particle size fractions. 

 

4.4 Discussion 

4.4.1 Geochemical modelling 

The understanding of the heavy metal leaching from FA can benefit from comparing experiments as a 
function of pH with geochemical modelling. Ions follow three different trends versus pH [19]: oxyanionic 
(metal leaching increasing with pH), cationic (metal leaching decreasing with pH) and amphoteric (metal 
leaching decreasing up to a given pH value and increasing beyond). These different behaviours are ascribed 
to a combination and competition of: i) precipitation of solubility controlling minerals, ii) surface 
complexation/precipitation on Fe/Al/Mn (hydr)oxide (i.e. Surface Complexation Model, SCM) and iii) solid 
and dissolved organic matter [11]. In the experiments of heavy metal leaching versus pH, the investigation 
was restricted to bulk FA, only, as the pH value changes comparatively little between particle size classes (see 
Table 4.4). Figure 4.8 shows the leaching of Cd, Cr, Cu, Ni, Pb and Zn as a function of pH in the leachates, 
along with the predictions from geochemical modelling. 
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Figure 4.8 Experimental heavy metals leaching (dots); models: surface complexation on Fe/Al/Mn (hydr)oxide 
(dotted line) and solubility curve of minerals (solid line). 

Copper. The leaching profile follows an amphoteric trend, peaking at 7.8 mmol/L with pH around 2, and 
rapidly decreasing to extremely low concentrations, at pH>7. Cu2+ leaching predictions agree with previous 
studies (Zhang et al., 2016). Precipitation as tenorite (CuO) is suggested at neutral to alkaline pH values, thus 
indicating CuO as the possible solubility controlling mineral (Fig. 4.8). This, coupled with a relatively low total 
copper concentration (0.066 wt%), may explain why no leaching is observed at native pH around 9. With pH 
< 8, Cu2+ is undersaturated with respect to any of the possible solid phases available in the MINTEQ database, 
hence hinting that, at acidic pH values, mechanisms other than precipitation/dissolution are involved in 
driving the leaching behaviour [21], as proven by the enhancement of agreement by introducing SCM. The 
mismatch between theoretical values and observations might be ascribed to neglecting possible interactions 
with organic matter, which has a role for copper, as also suggested by the sequential extraction results 
related to the F3-speciation for Cu. 

Lead. The leaching concentration of Pb follows an amphoteric pattern, decreasing to a minimum at pH 
around 6-8 and then increasing again at pH > 12. At alkaline conditions, the dissolution/precipitation of Pb 
hydroxide, i.e. Pb(OH)2, is proposed as a solubility controlling mechanism. When pH changes from neutral to 
acidic, the leaching profile agrees with the dissolution curve of anglesite, PbSO4, which however appears to 
be undersaturated at pH 2. In literature, Pb5(PO4)3Cl is proposed as a possible solubility controlling phase in 
this pH range; yet, the modelled solubility curve shows high undersaturation with respect to experimental 
concentrations, meaning that its dissolution is not responsible for Pb leaching [22]. A better agreement is 
achieved for low pH values, where adsorption on Fe/Al(hydr)oxide is accounted for via SCM, indicating a 
possible combination of dissolution and surface complexation at pH < 8. 

Nickel. As with Pb, Ni leaching displays an amphoteric trend, gradually decreasing up to pH 8, and then 
increasing for pH over 12. The model identifies amorphous Ni-hydroxide as a possible solubility controlling 
phase for alkaline pH, in keeping with not observing crystalline Ni(OH)2 by XRPD and with results from a 
similar study on coal fly ash [19]. The surface complexation mechanism on Fe/Al (hydr)oxide yields results 
matching the Ni-leaching behaviour at acidic pH, although the discrepancy in terms of oversaturation at pH 
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3-6 hints at a possible role of the organic matter interaction, which contributes to Ni speciation, though in
terms of a few percentage points (see F3-speciation, in Fig. 4.8).

Manganese. The leaching profile of Mn exhibits a cationic trend. The dissolution/precipitation of MnO 
accounts for the leaching concentration at alkaline pH. This is confirmed by SEM-EDS analyses, which allowed 
to observe MnO in FA. At pH around 7, surface complexation on Fe/Al (hydr)oxide provides a good agreement 
between predicted and experimental Mn concentrations. 

Chromium. The leaching of Cr follows an amphoteric leaching trend, decreasing to its minimum at pH 
around 6, and then increasing with pH > 12. In the pH range 7-12, the precipitation/dissolution model agrees 
with observations, and solid Cr2O3 seems to control leaching of Cr in this pH range. At lower pH values, the 
surface complexation model describes adequately the leaching behaviour of Cr, confirming the limited 
influence of dissolved organic matter, as even suggested by the low F3-speciation contribution.  

Zinc. Zn follows a weakly amphoteric leaching trend, decreasing to a minimum at pH around 8 and then 
increasing again at pH > 12. The precipitation/dissolution of zincite, ZnO, is responsible for leaching at alkaline 
pH, though Zn(OH)2 is a further possible solubility controlling phase in such a pH range [19]. As seen with Cr, 
at lower pH values SCM reproduces the leaching pattern. 

Cadmium. The leaching profile of Cd shows a amphoteric trend, decreasing as pH increases up to pH 
around 9. The dissolution/precipitation of otavite, CdCO3, accounts for the leaching at alkaline pH, in 
accordance with an earlier study [22]. At pH < 7, surface complexation on Fe/Al (hydr)oxide provides an 
agreement between predicted and experimental concentrations. 

4.4.2 Correlation analysis 

The heavy metal leaching from FA as a function of particle size is a complex process involving different 
but interconnected aspects that require a combination of complementary pieces of information (bulk 
chemistry, phase compositions characterization, metal speciation and geochemical modelling) to be 
understood. The element distribution observable in the different particle size fractions can be related to the 
vaporization and condensation/crystallization reactions that take place at the firing stage and during the flue 
gas purification process, respectively [23]. Chloride of heavy metals such as Zn, Cd and Pb easily evaporate 
on heating (800-1000 °C), thus enriching flue gases, which then condense and lead to crystallization on 
cooling [24]. FA particles develop large surface area upon which further condensation/crystallization 
processes can occur, as pointed out in the section devoted to morphology. This mechanism also explains the 
abundance of Na-K chloride that adhere to the surface of FA particles (Figure 4.5). Iron concentrates in the 
fine fractions of FA. This is in keeping with the observation that, on the one hand, heavy metal abundance is 
related to small particle size and, on the other hand, heavy metals often exhibit an affinity with Fe (hydr)oxide 
surfaces, as shown in the previous section [23]. Large FA particles are mainly constituted of glass pieces, 
metal fragments and dust, which the hot flue gas transported and deposited on the electro-filter walls, thus 
contributing to the concentration of some elements, such as Si and Al (aluminosilicate residue). 

Despite the intrinsic heterogeneity of this type of material [25], similar general trends are observable, 
when XRPD results are considered. Salt (chloride and sulfate) concentrate in the fine fractions, in accordance 
with leaching tests, up to 55 wt% in the 25 µm fraction. Conversely, quartz, calcite and Ca-aluminosilicate are 
seen in association with larger particle size fractions. The amorphous phase’s abundance seems to follow a 
trend directly proportional to particle size, being more concentrated in the coarse fractions. This observation 
agrees with the occurrence of aggregates and conglomerates in large particle size classes of FA, as shown by 
SEM images. Such aggregates might be composed of amorphous particles, whose surface is expected to be 
more reactive than crystals’ and prone to clustering phenomena. In addition, glass cullet and even electro-
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filter fragments are visible in coarse fractions (500 and 250 µm), thus contributing further to the amorphous 
content. 

The degree of correlation of heavy metal leaching (HML) with some relevant variables, such as 
speciation relative fractions (F1 and F2), content of each heavy metal per size class (HMSC) and particle size 
(s), is investigated. An inspection of Figure 4.9 and 4.10 suggests that mostly linear trends are clearly 
recognizable. The CANOVA technique [26] that discloses possible non-linear correlations is hampered here 
by the unavoidable limitations in the particle size sampling (6 classes). On the other hand, such a particle size 
partitioning was chosen to maximize differences between classes and therefore it helps highlight correlations. 
In this view, the correlation coefficients of Pearson (r) and Spearman (ρ), as reported in Table 4.6, are 
analyzed, paying attention to their absolute values and signs and using a confidence level of 95% (t-test of 
Student). A relatively high positive linear correlation holds in the case of the F1-HLM pair, for each heavy 
metal under study. F2 and HLM exhibit low correlation (<ǀrǀ> < 0.37), but the case of Cd (r ∼0.79), although r 
and ρ are not statistically significant (just below the t-test). Moreover, the correlation coefficients’ signs 
change with the heavy metals involved, so that the global efficacy of F2 on HML suffers from a compensation 
of the contributions. Particle size and HLM correlates with 0.2 < ǀrǀ < 0.73, for any heavy metal under 
investigation, but with correlation coefficient signs positive and negative.  Examining <ǀrǀ>, one can roughly 
establish the following order of correlation degree between leaching and parameters: F2<HMSC<s<F1. 

F2 (the fraction related to Fe/Al hydroxides) becomes relevant only when pH < 5 (acidic regime), as 
pointed out in section 4.4.1. Hence, a correlation with HML in water (leachates’ natural pH ∼9) is reasonably 
weak. HMSC provides the maximum heavy metal “potential” leaching availability, which is reduced to the 
“real” availability via the solubility of the mineral phases hosting metals [8,19]. Although the FA heavy metal 
distribution usually shows an enrichment in the finest fraction [5], the hosting mineral phase distribution 
does not necessarily share the same trend, as it is affected by the physical-chemical behaviour of the other 
elements (Ca, S, C, Si, Al, Cl) that participate in the complex FA formation process. This may result in a 
relatively low correlation between HML and HMSC. The influence of s on HML can be related to the particles 
surface area that is provided to the dissolution process. This parameter seems to impact on HML more than 
HMSC and F2, as suggested by the general increase of correlation coefficients. Finally, the F1-speciation is by 
far the most prominent aspect in affecting HML, because it is directly related to the most easily soluble 
fraction. In fact, only in this case all the heavy metals under study exhibit robust correlation coefficients 
(r>0.85) sharing the same positive sign. Although a moderate correlation holds between F1-speciation and s, 
as suggested by <ǀrǀ> ∼0.6, yet the scattering of the correlation signs makes it difficult to assert any general 
direct proportionality law linking s to F1 (Table 4.6).  

Table 4.6. Correlation coefficients between i-ii) relative fractions (F1 and F2), iii) heavy metal XRF content per size 
class (HMSC), iv) particle size (s) and heavy metal concentrations in leachates (HML); v) particle size and F1. r: 
Pearson (linear) correlation coefficient. ρ: Spearman (non-parametric) correlation coefficient. <ǀrǀ>: average of the 
absolute values of the Pearson correlation coefficient. *: significance level ≥ 95%, according to the t-test of Student. 

F1-HML F2-HML HMSC-HML s-HML s-F1

r(Zn) 0.92* -0.36 -0.29 0.41 0.37 

ρ(Zn) 0.87* -0.08 -0.22 0.45 0.2 

r(Cr) 0.91* 0.79 0.74 -0.77 -0.81
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ρ(Cr) 0.89* 0.72 0.71 -0.73 -0.80

r(Ni) 0.87* 0.28 0.41 -0.22 -0.51

ρ(Ni) 0.84* 0.25 0.35 -0.20 -0.45

r(Pb) 0.85* 0.37 0.25 0.28 -0.23

ρ(Pb) 0.81 0.06 0.27 0.27 -0.25

r(Cd) 0.90* 0.53 0.35 -0.64 -0.71

ρ(Cd) 0.88* 0.49 0.18 -0.71 -0.67

<ǀrǀ> 0.89* 0.37 0.44 0.54 0.6 
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Figure 4.9 Linear correlation between extracted fractions (F1 and F2, blue and orange, respectively) and leachate 
concentration (HML), with respect to particle size (s) (right). Linear correlation between relatively weight 
percentage (HMSC) and HML, with respect to s (middle). Linear correlation between Cr HML (right) and s (right). 
a) Ni; b) Cd; c) Cr; d) Pb; e) Zn.

Figure 4.10 Linear correlation between F1 relative fraction of heavy metals and FA particle size (s). a) Ni; b) Cd; c) 
Cr; d) Pb; e) Zn. 

The discussion above is summarized by Figure 4.11, in which the total concentrations of anions (for the 
sake of completeness) and heavy metals in leachates are shown with respect to s. They both exhibit irregular 
trends. The total leaching of chloride and sulfate displays a maximum variation of ∼25% between particle 
size classes (from 15000 to 20000 mg/L). The total heavy metal leaching changes for classes from 53 to 250 
µm in the range 2-3 mg/L; however, the coarsest (500 µm) and finest (25 µm) fractions give leachates with 
total heavy metal concentrations over 4 mg/L. This shows the absence of any monotonic trend between total 
leaching and s, in keeping with the analysis of the previous section, pointing to a low practical efficacy of 
grain size separation strategy, on the contrary of what is seen to hold for bottom ash from the same plant 
[27]. 
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Figure 4.11 Total leachate concentration of chloride and sulfate (left), and total concentration of heavy 
metals (namely Cu, Ba, As, Zn, Ni, Cr, Cd, Pb; right) with respect to particle size. 

4.5 Conclusions 

The relations between leaching behaviour of MSWI-FA (plant of Turin), chemical composition, particle 
size and speciation distribution were investigated. Zn and Pb are the most abundant heavy metals followed 
by Mn, Cu, Cr and Cd. Such species increase their concentrations with decreasing of particle size; chloride 
and sulfate behave alike. Alkaline metals, Al and Si, exhibit an opposite trend. Heavy metal leaching is 
primarily governed by salt dissolution (chloride and sulfate, mostly) and weak surface sorption (F1-
speciation). It is significantly affected by Al/Fe (hydr)oxide surface complexation (F2-speciation) at acidic 
regime, as shown by experiments as a function of pH and thermodynamic geochemical modelling. Moreover, 
heavy metal leaching correlates with F2-speciation, heavy metal concentration per particle size class (HMSC), 
particle size (s) and F1-speciation, according to the following order of relevance: F2<HMSC<s<F1. However, 
a very high positive linear correlation holds between heavy metal leaching and F1 relative fraction, only. This 
indicates that F1 is a valuable marker of the potential heavy metal leaching. Notwithstanding the complexity 
of the whole sequential extraction method, it should still be implemented at the F1-speciation level to 
become a reference check of leaching behaviour. In this way, it can be taken into account the potential heavy 
metal leaching associated with an acid rain scenario, whose pH lies in the interval of F1-speciation 
determination (5-5.5). Still, kinetics (long-term leaching) should also be considered to fully translate in real 
scale the results here discussed, which assume that the thermodynamic equilibrium is reached. Moreover, 
F1-speciation moderately correlates with s, and the correlation sign changes as a function of the species 
involved (Pb-Zn and Cr-Cu-Mn-Ni have opposite trends). Therefore, despite the chemical composition of FA 
shows an enrichment of contaminants in the fine fractions, the supposed increase of leaching with decrease 
of grain size does not hold for all of the heavy metals under investigation. Indeed, no significant differences 
in terms of magnitude are observable when the total salt and total heavy metal leaching is considered. As a 
consequence, grain size separation pre-treatments are expected to be of comparatively modest efficiency in 
tailoring leaching curbing methods. 
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Chapter 5 

MSWI fly ash multiple washing: kinetics of dissolution in water, 
as function of time, temperature and dilution 

5.1 Introduction 

MSWI-FA is classified as a hazardous waste by the European regulatory authorities [1] and, in the 
previous chapter, a detailed investigation of Turin plant MSWI-FA compositional characteristics has been 
conducted, showing the relatively high content of chlorides and heavy metals. Because of these features, the 
recycling of MSWI-FA for profitable applications is challenging. For instance: the presence of carbonate salt 
and metal oxides leads to a highly basic natural pH (~10–12) [2-5]; the chloride content promotes corrosion 
of reinforced concrete structures [6]; the high water-absorption capacity of hygroscopic CaCl2 causes low 
workability of lime scrubber-treated MSWI-FA [7]. The revalorization of MSWI-FA, or at least its safe disposal, 
is primarily related to being able to enhance its stability in water and curb as much as possible its heavy metal 
leaching, using treatments of low environmental impact that are economically sustainable. Among the most 
common treatments to remove/curb chloride and heavy metals (primarily Zn, Pb, Cu, and Cd) are: washing 
with deionized water or added with basic leaching solvents [8-10]; thermal treatments in rotary kilns [11]; 
bioleaching (or microbial leaching, a biohydrometallurgical technology that can be applied for metal 
recovery) [12]; electrolytic treatments [13,14]; carbonation, reacting with CO2 to produce stable carbonate 
[15]. Washing treatments, especially with acid additives, have been shown to provide the highest efficacy in 
terms of heavy metal removal, but they usually require a long time and a considerable amount of water 
(liquid-to-solid, L/S, ratio of 25 and duration of 1-24 h, [16]), often in combination with additives that improve 
the solving capacity of the solution but at the cost of managing further potential pollutants [17]. In the 
present work, water washing cycles were performed to help answer the following general question: “To 
which extent can the original fly ash be transformed into a product that is a non-hazardous waste, and 
possibly reusable, exploiting a treatment that relies upon iterative water washings only and uses 
comparatively small liquid/solid ratios?” In particular, the focus is on how such a treatment changes the 
mineralogical phase composition and heavy metal speciation distribution, to shed light on its efficacy to 
reduce chloride, sulfate, and heavy metal leaching from MSWI-FA. 

5.2 Materials and Methods 

5.2.1 Water washing set-up 

Each water washing cycle is constituted by a water flow traversing MSWI-FA, implemented according 
to the water washing “falling head” (FH-WW) geometry (Figure 5.1). MSWI-FA particles are loosely packed 
by mechanical compacting, to have an average dry density in the range of 0.6–0.7 g/cm3. Deionized water is 
used to fill the free head (Chamber 1, Figure 5.1). Water washing flows downwards through MSWI-FA 
inducing mineral dissolution reactions [18], which are affected by (i) mineral solubility and related kinetics, 
(ii) degree of packing, and (iii) total time of water percolation; the latter is proportional to the amount of
water used. MSWI-FA is laid on a paper filter (with a thickness of 0.21 mm and a particle retention of 10 µm)
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that retains the solid fraction, letting the resulting solution pass through and be collected in the second 
chamber of Figure 5.1. Such a process is formalized by Darcy’s law [19]: 

where A = head’s section; ΔV = head’s change in Δt; h = head’s height; Δh = height’s change in Δt; H = 
thickness of the sample; K = hydraulic permeability. K has long been known to primarily depend on particle 
size and bulk density, both varying as a function of time because of the changes induced by the dissolution 
of the mineral particles [20]. The dependence of K on t is associated with changes of MSWI-FA’s packing, 
induced by particle readjustment and mineral dissolution. An L/S ratio of 5 was chosen for each step.  

Figure 5.1 Scheme of the multi-step water washing. 

The wastewater that is collected from percolation is supposed to undergo depuration of the 
contaminant species leached out from MSWI-FA, and then used as a regenerated solvent for a new washing 
step. Here, the focus is on the assessment of the methodology using a low electrolytic conductivity water, 
thus clean deionized water is employed for each step. Specifically, attention is concentrated on (i) the role of 
the washing water’s initial temperature (T) in relation to the kinetics of the dissolution reactions, and (ii) 
effects induced by washing cycles. 

For comparison, batch water washing treatments (24 h shaking; L/S between 2 and 50) were performed 
in triplicate to determine the concentrations of chloride, sulfate, and heavy metals that are leached out as a 
function of L/S. 

5.2.2 Sequential extraction procedure 

A modification of the four-step sequential extraction method employed in the previous chapter has 
been here introduced, to get an insight into heavy metal speciation distribution before and after treatment. 
In particular, an additional step was added at the beginning, to recognize the water/exchangeable fraction 
F0. Practically, an aliquot of 8 ml of magnesium chloride (1 M) was added to 1 g of dry FA in a 100 ml glass 
container. The mixture was shaken for 16 h (overnight) with a magnetic stirrer at room temperature at a 
speed of 40 rpm. The extract was separated from the solid residue by filtration through a 0.45 µm cellulose 
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nitrate filter (47mm diameter). The extract was analyzed immediately or stored at 4 °C. The solid residue was 
washed with deionized water and underwent step 2. 

5.3 Results 

5.3.1 Washing tests 

Room-temperature washing tests provide a reference for MSWI-FA dissolution as a function of L/S, 
assuming a constant treatment duration of 24 h; data are set out in the Table 5.1 and summarized in Figure 
5.2 a,b. For convenience, the leached ions are divided into two main categories: Σmajor ions, i.e., the sum of Na, 
K, Ca, Mg, bromide, fluoride, chloride, sulfate, and nitrate; and Σheavy metals, i.e., the sum of Cr, Ni, Cu, Zn, Cd, 
Fe, Ba, and Pb. The Σheavy metals exhibits high sensitivity to the L/S ratio, as suggested by a change of 75–80% 
on the L/S-range 5–50. This hints at an expected relevant role of L/S in promoting removal of heavy metals. 
As for Σmajor ions, a change of 25–30% occurs in the L/S-range 5–50; such a figure is comparable to the one 
observable in the case of weight loss. At L/S 10, the concentrations of chloride and sulfate become weakly 
dependent on time for a treatment duration over 10 min, approaching the almost invariant values of 8698 ± 
100 and 3085 ± 91 mg/L, respectively, and reaching the highest EC values (Figure 5.3). Conversely, heavy 
metals do not show definite trends as a function of washing time, as proven by the comparatively small 
oscillations in concentration observable in the range of 10–1440 min (average ± e.s.d.: Cr = 6.08 ± 0.02 mg/L, 
Ni = 0.32 ± 0.06 mg/L, Zn = 3.99 ± 0.07 mg/L, Cd = 4.65 ± 0.05 mg/L, Fe = 22.4 ± 1.22 mg/L, Pb = 1.29 ± 0.55 
mg/L). 

Table 5.1. Concentration of fly ash washing solutions from the Turin plant, compared with the legislation limits: * 
Decr. Min. Amb. 27/09/2010 about the landfill of waste; ** D. M. 186/2006 on waste reuse. Concentrations 
expressed in mg/L. 

L/S 2 L/S 5 L/S 10 L/S 20 L/S 50 Inert* Non 
hazardous* Hazardous Reuse** 

conductivity 
(μs/cm) 102000 52000 32000 19000 8600 

pH 12 12 12 12 12 5.5-12 

weight 
loss % 5 10 12 18 21 

Na (mg/L) 17424 5353.2 3138 1417.2 589.32 

K 19362 6324 3195 1567.2 636.6 

Ca 1503.6 1334.4 1263.9 832.56 345 

Mg 17.364 17.256 8.613 33.924 17.004 

Chloride 43888 15763 8698 5266 1217 80 2500 2500 100 

Bromide 517 225 115 68 19 

Fluoride 13 15 2.2 1 15 50 1.5 

Sulfate 6719 3774 3085 804 600 100 5000 5000 250 

Nitrate n.d. n.d. n.d. n.d. n.d. 50 

Cr 11.772 12.87 6.081 25.512 12.648 0.05 1 7 0.05 

Ni 0.49692 19.068 0.3219 0.186 0.06126 0.04 1 4 0.01 

Cu 0.001 0.001 0.001 0.001 0.001 0.2 5 10 0.05 

Zn 7.02 7.056 3.999 24.276 17.262 4 5 20 3 
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Cd 9.198 10.374 4.65 1.926 0.9264 0.004 0.1 0.5 0.005 

Fe 67.14 30 22.245 13.092 8.526 

Ba 18.786 29.136 13.797 12.264 1.005 2 10 30 1 

Pb 12.918 12.918 12.918 3.468 12.858 0.05 1 5 0.05 

Figure 5.2 Washing treatments: 24 h duration. (a) Σmajor ions = Na, K, Ca, Mg, bromide, fluoride, chloride, sulfate, 
and nitrate (filled circles), and Σheavy metals = Cr + Ni + Cu + Zn + Cd + Fe + Ba + Pb (empty squares), versus L/S. 
Figures are normalized to their maximum values in terms of Σmajor ions and Σheavy metals. (b) Weight loss (triangles) 
of MSWI-FA versus L/S because of mineral dissolution due to washing. 
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Figure 5.3. Time (min) versus EC (µS/cm) of fly ash washing test at different L/S ratios, from 2 to 50. 

XRD measurements on original MSWI-FA reveal (Table 5.2) the occurrence of minerals such as halite 
(NaCl; 12 wt%), sylvite (KCl; 8 wt%), syngenite (K2Ca(SO4)2·H2O; 7wt%), anhydrite (CaSO4; 10 wt%), calcite 
(CaCO3; 6 wt%), quartz (SiO2; 2 wt%), and gehlenite (Ca2Al2SiO7; 4 wt%), along with over 50 wt% of 
amorphous fraction. The washing treatment induces partial hydration of anhydrite into either bassanite 
(CaSO4 0.5H2O), for L/S=2, or gypsum (CaSO4·2H2O), for L/S > 2, while highly soluble salt (halite, sylvite, and 
syngenite) are almost completely dissolved for L/S > 5, thus resulting in a relative increase of the less soluble 
phases, such as quartz (5 wt%) and anhydrite (17 wt%). The fly ash particle size distribution becomes coarser 
after washing, since the finer fraction, represented mainly by salts, has dissolved. 

Table 5.2 Mineralogical composition (wt%) of fly ash: fly ash before washing test and fly ash residual solid (Res) 
after washing test at different L/S. Crystalline phase content is estimated with an error of 1% wt, while 
amorphous fraction content is estimated with an error of 5% wt. 
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5.3.2 Falling Head Water Washing 

The change in composition of the solution from the water suspension with MSWI-FA is shown as a 
function of the washing steps (Nws), setting L/S=5, T=25 or 80 °C. In particular, three classes of observables 
are considered, namely, pH, Ct(Σmajor ions), and Ct(Σheavy metals), to help point out the changes induced in MSWI-
FA because of a flow of washing water. Ct(Σmajor ions) and Ct(Σheavy metals) define the cumulative leaching 
concentration as a function of the washing steps and provide a measure of the capacity of FH-WW to extract 
and bring into solution contaminants, thus removing them from the dry residue (Figure 5.4). Firstly, it is 
possible to notice that water takes ~2 min to pass through a MSWI-FA sample at T = 80 °C, and ~4 min in the 
case of T = 25 °C, because of an increase of the dissolution kinetics with temperature, thus accelerating 
percolation. All this is in keeping with the fact that, at 80 °C, the weight loss after 5 and 12 washing steps is 
18 and 21 wt%, respectively; such figures change into 17 and 19% at room temperature. In all cases (Figure 
5.4, top and bottom) the cumulative leaching concentration increases very rapidly and then shows steady 
trends: quasi-flat for ∑major ions versus relatively steep for ∑heavy metals, the latter exhibiting a T-dependent slope 
(dCt(∑heavy metals)/dNws = 0.612 and 2.603 mgL−1/cycle, for T = 25 and 80 °C, respectively; Nws-range = 5–12). 
The concentration trends qualitatively suggest that: (i) the effect of temperature is modest on chloride and 
sulfate removal, while becoming more relevant for heavy metals; (ii) the achievement of a quasi-steady state 
for most of the ions is observable after 6–7 washing cycles, though Ca2+, Pb, Zn, and SO4

2− continue slightly 
increasing their concentrations from the ninth washing treatment onwards. Conversely, the pH trend, 
expressed as the average between the values measured at T = 25 ◦C and 80 °C, oscillates around a basic value 
of the averaged value of 11.2 ± 0.4 (Figure 5.5) and stabilizes around 10.9. 

Figure 5.4 Cumulative leaching concentration (Ct) Σmajor ions, top, and Σheavy metals, bottom, versus number of washing 
steps (Nws) at 25 (squares) and 80 °C (triangles). 
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Figure 5.5 Average pH values as a function of Nws (number of washing steps). 

5.3.3 Leaching Tests 

Leaching tests (Table 5.3), applied to the dry solid residue after FH-WW (Nws up to 30), show that Cr, Ni, 
Cd, sulfate, and fluoride are still over the Italian legal limits for reuse [21]. Comparing Nws=5 with Nws=12, a 
significant difference is apparent in the case of Na, K, Ca, chloride, sulfate, and Cr, which exhibit high 
sensitivity to dilution. 

Table 5.3 Leaching test (L/S = 10) of the solid residue of FA after five- and twelve-step FH-WW at 80 °C and five-, 
twelve-, and thirty-step FH-WW at 25 °C. Legend 1: Nws = 5, L/S = 5, T = 80 °C; 2: Nws = 12, L/S = 5, T = 80 °C; 3: 
Nws = 5, L/S = 5, T = 25 °C; 4: Nws = 12, L/S = 5, T = 25 °C; 5: Nws30, L/S = 5, T= 25 °C; 6: 24 h washing L/S = 50, T = 
25 °C; 24 h washing, L/S = 5, T = 25 °C. Legal limits according to: [21,22]. 
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At T = 25 °C, leaching tests indicate that a five-step treatment is not sufficient to reduce Cr, Ni, Cd, 
fluoride, and sulfate below the legislation limits for reuse (Table 5.3). Conversely, a twelve-step treatment 
gives leachates in which all the analyzed heavy metals lie under the legal limits, along with chloride, whereas 
only sulfate still lies above the limit (Table 5.3). For comparison, the leachates of a conventional water 
washing treatment of fly ash at L/S 50 and 24 h versus a thirty-step washing test at T = 25 °C are reported in 
Table 5.3 and Figure 5.6; a modest decrease both of chloride and sulfate is observable, with respect to Nws=12. 
Note that the case of Nws=80 (not reported here) still shows a sulfate concentration over the legal limit for 
reuse. The extrapolation of the sulphate concentration versus Nws proves that a number of washing steps as 
large as 370 is supposed to provide a leachate within the legal limits for reuse. As to the heavy metals, no 
significant decrease is observable when comparing Nws=12 with Nws=30. 

 

 

Figure 5.6 Leaching tests on FA treated by FH-WW, as a function of temperature (25–80 °C) and Nws (5–30); for 
comparison, the cases of 24 h washing with L/S = 50 and 5 are reported. Attention is focused on chloride, sulfate, 
and heavy metal (HM) concentrations. Dotted line and solid line: legal limits for reuse in the case of sulfate (250 
mg/L) and chloride (100 mg/L), respectively. 

 

5.4 Discussion 

5.4.1 Kinetics modelling 

The FH-WW related phenomenology can be better analyzed by employing the kinetics reaction 
formalism and using the cumulative leaching concentrations as experimental variables (Figure 5.4). In a 
liquid/solid reaction system, the kinetics rate is generally influenced by chemical species diffusion through 
the solvent, diffusion through the solid layer, and/or possible chemical reactions at the solid particles’ surface 
[23]. This is described by the shrinking core model (SCM), which assumes homogeneous spherical particles 
and derives two formulations to take chemical reactions or diffusion through the outer layer into account 
[24,25]: 
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where α represents the relative cumulative leaching with respect to the maximum after 12 steps; kD 
(diffusion) and kR (reactions) are the reaction rate constants; t is the time calculated by multiplying the 
number of steps by the mean water contact time (i.e., 4 and 2 min for 25 and 80 °C, respectively). Table 5.4 
and Figure 5.7 show how the second SCM formulation better fits both heavy metals and major ions data, 
though all the correlation coefficients are not ideal (R2 < 0.95). 

Table 5.4 Linear correlation coefficient of SCM plots. 

Temperature (◦C) R2 (R) R2 (D) 
Σheavy metals 25 0.93 0.93 

80 0.91 0.93 
Σmajor ions 25 0.91 0.93 

80 0.92 0.94 

Figure 5.7 SCM plots when chemical reactions (left) or diffusion (right) are considered the rate-determining step. 

Considering the cumulative leaching concentration trends, it is possible to parametrize the process by 
a second-order rate law. This empirical approach has been successfully employed in similar fields, involving 
heavy metals extraction from sludge [26,27]. After [28] the formulation can be written as: 

where Ct represents the cumulative leaching concentration at time t, k is the leaching rate constant, and Cs 
the cumulative leaching concentration at saturation conditions (i.e., t    ∞, which implies Nws     ∞). The 
resulting plots are displayed in Figure 5.8, where good agreement between model and experiments is proven 
by the high correlation coefficient in all cases (R2 > 0.98). 
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Figure 5.8 Empirical second-order reaction model plots for ∑heavy metals (bottom) and ∑major ions  (top). 

Table 5.5. Kinetical parameters derived from the empirical second-order reaction model. 

The relevant difference between the curves’ slopes at the beginning (Nws < 5) and at the end (Nws > 5) 
of the washing process in Figure 5.4 suggests that the reaction is divided into two stages: (i) an intense and 
fast dissolution occurs at the start, due to the scrubbing action of the water flow and the soluble salt 
clustering on particle surface, as shown [29]; (ii) a slower chemical species diffusion develops from solid into 
solution, successively. Leaching tests on FH-WW treated samples (Table 5.3 and Figure 5.6) indicate that FH-
WW at 25 °C gives a dry product that is less prone to heavy metal leaching than its counterpart at 80 °C. 
Although such an issue is unexpected, it is confirmed by full reproducibility of the observations. This effect is 
possibly engendered by the residue of incomplete dissolution reactions boosted by high temperature and 
interrupted before completion because of kinetic reasons, thus leaving the solid portion still reactive to water. 

A comparison with conventional single-step washing treatments at L/S = 50 and L/S = 5 (duration: 24 h) 
shows the higher efficiency of FH-WW on chloride and heavy metal removal. In particular, by comparing the 

Cs (mg/L) k (L mg−1 min−1) R2 

Σheavy metals 35.71 3.2 × 103 0.9841 
111.11 7.4 × 105 0.9982 

Σmajor ions 40,000 5.3 × 1013 0.9999 
42,478 7.2 × 1013 0.9999 
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washing treatment relying on L/S = 50 and t = 24 h against FH-WW with Nws = 30, it is evident that FH-WW 
not only provides an improvement in terms of dry product leaching (chloride and heavy metals), but also 
allows saving both water (L/S = 50 versus 5) and time (24 versus 2.5 h). 

MSWI-FA is easily converted into non-hazardous waste, whereas it is more complex to achieve the 
conditions required for non-reactive waste. In particular, sulfate is the contaminant that shows the lowest 
sensitivity to those of FH-WW’s parameters (temperature and Nws) that are technologically manageable. An 
increase in the L/S ratio, i.e., a dilution of the solution, leads to a decrease in leachate’s sulfate concentration, 
as proven by the leaching tests on fly ash treated with L/S = 5 and 50; yet, this is a strategy difficult to be 
developed on a large scale. The phase compositions of the FA after FH-WW (Table 5.6) do not show significant 
differences between samples washed with five- or twelve-step treatments, at 25 and 80 °C, in terms of 
occurring minerals and their relative amounts. In all cases, the soluble chloride is not detectable anymore, 
while the most abundant crystalline phase is represented by anhydrite that is not associated with any of its 
hydration products, such as bassanite and gypsum. This is likely related to the off-equilibrium conditions due 
to the kinetics driving the process. Conversely, the standard washing treatment (static batch and 24 h 
duration) provides better approximate equilibrium conditions. Nonetheless, the relatively large amount of 
anhydrite and its slow kinetics of dissolution [30] are probably the reason why there is still relevant sulfate 
concentration in leachates even after 30 steps. 

Table 5.6 Mineralogical composition (wt%) of fly ash after FH-WW. Crystalline phase content is estimated with an 
error of 1% wt, while amorphous fraction content is estimated with an error of 5% wt. 

5.4.2 Speciation distribution 

The MSWI-FA leaching of heavy metals is rationalized through their speciation distribution, which was 
obtained by the five-class sequential extraction method. The five classes are defined as follows: easily 
exchangeable (F0), carbonates (F1), reducible (F2), oxidizable (F3), and residual (F4). F0 and F1 point to 
speciation types that are prone to a comparatively low acidic dissolution and, hence, are potentially 
responsible for most of the heavy metal leaching. F4 speciation is associated with virtually insoluble phases, 
unless a very strong acid attack is used [31]. F2 and F3 speciation types are intermediate between F1 and F4. 
In so doing, the speciation distribution of pristine MSWI-FA, five- and twelve-step washing treatments at 
80 °C, was determined. All the results from sequential extraction experiments are shown in Figure 5.9 

wt% 5-Step at 25 ◦C 12-Step at 25 ◦C 5-Step at 80 ◦C 12-Step at 80 ◦C 30-Step 
Calcite 8 7 9 8 6 

Anhydrite 15 14 17 16 13 
Quartz 8 10 7 10 10 

Gehlenite 7 8 8 7 9 
Amorphous 62 61 60 59 62 
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Figure 5.9 Speciation distribution of the main heavy metals for pristine FA and FA that underwent five- and twelve-
step washing treatments at 80 °C. 5 L: Nws = 5; 12 L: Nws = 12. 

Leaching tendency is mainly correlated with F0 and F1, which represent the fractions associated with 
crystal/glass particles prone to species exchange and carbonate, respectively [32]. Although F4 provides the 
highest fraction percentage for all heavy metals (between 40–65%), it is constituted of very low soluble 
phases, and therefore gives a relatively modest contribution to leaching. Conversely, the average large values 
of F0 + F1, which lie over 20% for most species, can explain the observed relevant heavy metal leaching. The 
FH-WW treatment markedly reduces the contribution of F0 and, to a lesser extent, F1’s. The largest reduction 
involves Pb (16%) and is associated with chloride and carbonate [33,34]. For Nws > 5, a steady improvement 
is not observed in terms of leaching reduction, save at the cost of a significant increase in the washing cycles 
(see Figure 5.4). Eventually, in the case of Ni, Cr, and Cd, the residual F0+F1 cumulative fraction (15–50%) is 
sufficient to leach out heavy metals whose concentrations lie above the legislated limits for FA reuse. 

5.5 Conclusions 

Falling head water washing (FH-WW) treatment was investigated to reduce chloride, sulfate, and heavy 
metal leaching from municipal solid waste incineration fly ash, which has a phase composition provided by 
amorphous (50 wt%), halite (12 wt%), sylvite (8 wt%), anhydrite (10 wt%), and, to a lesser extent, by quartz, 
calcite, and gehlenite (12 wt%). FH-WW relies upon soluble phase dissolution and removal of the related 
species that are dragged away by the gravity-driven flow of solvent traversing a FA sample. This is shown by 
the speciation distribution analysis, which proves the changes in terms of chloride/sulfate/heavy metals 
leaching from FA to be related to a reduction of the F0 + F1 solid fraction, i.e., ion exchangeable and 
carbonate phases. Dissolution kinetics is the key reaction governing the cleaning process of FH-WW, which, 
in this respect, differs much from conventional washing that takes place at quasi-equilibrium conditions. A 
more detailed analysis by employing an empirical second-order kinetics model suggests that a two-step 
mechanism is involved. At first, a very fast dissolution occurs, related to the readily soluble fraction present 
on the FA particle surface, followed by a much slower diffusion step. FH-WW yields a dry product with 
reduced contaminant leaching with respect to that from FA treated using conventional washing at L/S = 50 
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for 24 h, thus providing comparatively relevant water (L/S = 5 versus 50) and time (2.5 versus 24 h) savings. 
The use of high-temperature water in FH-WW, i.e., 80 °C, does not provide significant enhancement in terms 
of leaching behavior of the treated FA. Altogether, room temperature FH-WW is a successful strategy to take 
chloride and many heavy metals below the legal limits for reuse, whereas it fails for sulfate, Cr, and Ni. 
However, not all contaminants are reduced below the legal limits required for a non-hazardous waste 
classification.  
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Chapter 6 

Influence of MSWI-FA introduction on metakaolin phosphate-
based geopolymer structure and mechanical properties 

6.1 Introduction 

The ever-increasing necessity to reduce the environmental footprint of the building materials has 
prompted more sustainable alternatives to ordinary Portland cement (OPC) [1]. In this scenario, the interest 
for geopolymers has steadily grown. They represent an amorphous ceramic-like class of materials usually 
obtained by reacting an aluminosilicate “source” with a strong alkali base at room temperature, so as to 
generate a highly reticulated matrix of poly(siloxo)/poly(sialate) (Si-O-Si-O-/Si-O-Al-O-) units [2,3]. The 
resulting product exhibits high mechanical performance and fire resistance [4]. Initially, metakaolin (MK), 
from the calcination of natural kaolinite at >700 °C, was chosen as an aluminosilicate source because of its 
reactivity related to a large amorphous fraction and fine particle size. However, environmental concerns due 
to the high temperatures needed for its production and the exploitation of natural resources for kaolinite, 
motivated efforts steered to an at least partial replacement of MK [4]. Ground blast furnace slag (GBFS), coal 
fly ash (CFA) and also municipal solid waste incineration fly ash (MSWI-FA) have been/are being tested, alone 
or in blends, to reduce the amount of required MK and provide a recycling opportunity for these solid waste 
residues thereby [5,6,7]. Another possible route for geopolymers preparation involves the use of an acid 
solution, like phosphoric acid (H3PO4), to dissolve/depolymerize the network of the raw material and produce 
a new polymeric structure formed by polysilicoalumino-phospho (-Al-O-P-O-Si-) units [3,8]. This system, 
which can be defined as a phosphate-based geopolymer (PBG), has hitherto received less attention than the 
alkali-based analogues, although it performs better in terms of thermal stability, and resistance to corrosion 
and efflorescence [4]. In this view, PBG provides a promising matrix to incorporate and functionalise waste 
residues. Few studies have hitherto investigated the implementation of solid waste residues in PBG, and they 
mostly focused on CFA. In particular, Guo et al. [9] show that a substitution of MK with CFA up to 30 wt% 
provides a material exhibiting good mechanical properties. In addition, Wang et al. [10] tested both low- and 
high-calcium CFA, concluding that the former acts as secondary aluminosilicate precursor while the latter 
behaves as a rapid setting agent, through calcium phosphate phases precipitation.  

Here, the replacement of MK with previously water-washed MSWI-FA in phosphate-based geopolymers 
is explored. Indeed, treated MSWI-FA has been widely tested as a supplementary cementitious material to 
partially replace raw materials in OPC and low-energy cements, such as alinite and calcium sulfoaluminate 
cements [11-13]. In PBG systems, the metal ions provided by the MSWI-FA may be involved in reactions with 
phosphoric acid to form metal phosphates. The aim of the present study is twofold: 1) contributing to 
understand both the products and reaction mechanism that governs the MSWI-FA/MK-PBG interaction, 
paying special attention to the PBG molecular framework modifications; 2) determining the relationship 
between replacement of MK with MSWI-FA and mechanical properties of the resulting material. 
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6.2 Materials and Methods 

6.2.1 Materials 

Industrial metakaolin was obtained from České lupkové závody, a.s. (Czech Republic), which is 
produced by heating kaolinite at 750° C for 2h. Reagent grade phosphoric acid solution (85% wt) was bought 
from Lach-ner s.r.o (Czech Republic). The washed MSWI-FA was milled in a steel ball mortar (RM 200, Retsch, 
Germany) to a particle size < 63 µm. The BET surface area, mean particle size, chemical composition, and 
mineralogical composition of the used raw materials are presented in Table 6.1 and 6.2. The results reported 
therein are the average of 3 repetitions on different samples.  

Table 6.1 Chemical composition (wt%) and main physical properties of MK and MSWI-FA. 
Uncertainties of about 2-3%.  

Raw 
materials 

Chemical composition 
(wt %) BET (m2g-1) 

D50

(µm) 
D90 
(µm) 

Al2O3 Fe2O3 TiO2 K2O CaO SiO2 MgO SO3 P2O5 Others 

MK 42.70 1.09 1.80 0.83 0.58 52.45 0.18 0.07 0.08 0.14 12.8 3.0 10.0 

MSWI-FA 7.37 8.99 2.87 0.45 44.38 22.51 6.98 5.23 0.38 0.86 15.7 8.8 29.1 

Table 6.2 Mineralogical composition (wt %) of MK and MSWI-FA, using the Rietveld analysis on X-ray powder 
diffraction patterns. The uncertainties are ±0.2 wt % (crystal phases) and ±5 wt % (amorphous phase). 

MK MSWI-FA 

Quartz 3.9 4.3 

Kaolinite 2.2 

Anatase 1.1 

Illite 1.2 

Mullite 1.6 

Calcite 7.5 

Anhydrite 9.6 

Larnite 3.0 

Gehlenite 6.2 

Periclase 4.0 

Gypsum 

Bassanite 

4.5 

1.1 
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Ettringite 
 

3.8 

Merwinite 
 

1.7 

Perovskite 
 

2.3 

Amorphous 90 52 

   
 

6.2.2 Geopolymer formulation 

Table 6.3 reports details about the formulation of the investigated MSWI-FA geopolymer pastes, which 
rely upon hand-mixing homogenized blends of MK and MSWI-FA into diluted phosphoric acid solution. The 
resulting slurry was stirred manually for 5 min and then cast into cubic polytetrafluoroethylene (PTFE) molds 
(10 × 10 × 10 mm3), which were kept on vibration for 1 min to remove possible air bubbles. The molds 
were successively wrapped in plastic foils to prevent evaporation and subjected to a two-step curing 
treatment, consisting of 24 h at room temperature and 24 h at 60 °C. Such a curing method was chosen 
because of its proven efficacy to reduce cracks in the resulting material [14]. Eventually, the geopolymer 
samples were aged at room temperature, for as long as 60 days. An Al/P nominal molar ratio of 1.1, as such 
a figure allows a satisfactory workability of the paste according to preliminary tests. The samples of the 
present study are univocally identified by the label “PBGX”, where “X” is the wt% of MSWI-FA in replacing 
MK.  

 

Table 6.3 Formulations of MK/MSWI-FA geopolymer pastes. The Al/P mole ratio was determined on the basis of 
the chemical composition of MSWI-FA and MK, and of their proportion in the solid mixtures. The molar ratio of 
Al/P was kept to 1.1 by adjusting the mass of phosphoric acid.  L/S: mass ratio between the diluted phosphoric 
acid solution (L) and the mass of the used raw materials (S). M: molarity of the diluted phosphoric acid solution. 

   
 

Sample Solid binder Al/P L/S M 

 
MK (wt %) MSWI-FA (wt %) 

  
(mol L-1) 

      

PBG0 100 0 1.1 0.90 12 

PBG10 90 10 1.1 0.90 12 

PBG20 80 20 1.1 0.93 10 

PBG30 70 30 1.1 0.95 9 

PBG50 50 50 1.1 1.00 6 
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6.2.3 Fourier-transform Infrared Spectroscopy Attenuated total reflection (FTIR-ATR) 

FTIR-ATR spectra were collected on a Fourier transform Equinox 55 (Bruker) spectrophotometer equipped 
with an ATR device; the resolution was set at 2 cm−1 for all spectra. A spectral range of 600−4000 cm−1 was 
scanned, using KBr as a beam splitter.  

6.2.4 Solid state Nuclear magnetic Resonance (SSNMR) 

All SSNMR measurements were recorded at room temperature on a solid-state NMR spectrometer 
(JNM-ECZ600R, JEOL RESONANCE Inc., Japan) at a magnetic field of 14.1 T, operating at 1H, 27Al, 29Si, and 31P 
Larmor frequencies of 600.1, 156.4, 119.2, and 242.9 MHz, respectively. The raw materials and ground PBG 
samples were packed into 3.2 mm zirconia rotors and spun at a MAS frequency of 15, 15 and 20 kHz for 27Al, 
29Si, and 31P MAS spectra, respectively. A 27Al, 29Si and 31P pulse of 12 µs, 4 µs and 3 µs were employed. 1H, 

27Al, 29Si, and 31P chemical shifts scales were referenced through the resonances of adamantane, aluminium 
nitrate, silica and (NH4)H2PO4, respectively. The deconvolution analysis was conducted using the related in-
built feature of Delta 6.1 (Jeol), while the estimated error in the calculated fraction percentage is in range of 
± 1%. 

6.2.5 Mechanical tests 

Compressive strength tests were performed on early (7 days) and long-aging (60 days) PBG paste cubes’ 
(1x1x1 cm), measuring 5 replicates by means of an Instron 3345 (Instron, USA) loading frame, at loading 
speed of 0.2 mm/min and load cell of 5 kN. 

6.2.6 Mercury intrusion Porosimetry (MIP) 

Porosity was measured by mercury intrusion technique on long-aging (60 days) PBG paste cubes (1x1x1 
cm), using a Mercury porosimeter (Autopore IV 9500, Micromeritics Corporation, USA). 
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6.3 Results 

6.3.1 Mineralogical analysis (XRPD) 

Figure 6.1 XRPD patterns of metakaolin, MSWI-FA and PBG0-10-20-30-50 samples, cured for 60 days. 

The PBG0 pattern (Figure 6.1) is characterized by an evident amorphous “hump” around 2θ-25°, in 
agreement with expectations motivated by the known amorphous nature of these materials [15]. The 
residual minerals in MK (Table 6.2) are still observable in all of the PBG-samples. The introduction of MSWI-
FA, up to a replacement of MK in terms of 20 wt%, exhibits a comparatively modest effect on the crystalline 
components of PBGX. The MSWI-FA’s phases, which likely react in the acidic phosphate environment, are 
calcite, ettringite and periclase [16]; the secondary products that form in PBGX (likely Ca and Mg phosphates) 
are either non-crystalline, similarly to what observed in the Mg- or Ca-Mg phosphate cements [17], or in a 
too low abundance to allow detection. With the introduction of larger fractions of MSWI-FA (PBG30 and 
PBG50), new crystalline phosphates appear: in PBG30, monocalcium phosphate monohydrate [MCPM, 
Ca(H2PO4)2⋅H2O]; in PBG50, brushite (CaHPO4*2H2O) and newberyite (MgHPO4⋅H2O). As to the effect on the 
PBG-structure, in previous works the occurrence of different coexisting frameworks (amorphous silica and 
aluminophosphate) was supposed from the qualitative analysis of the XRPD background profile [3,18]. In the 
present investigation, a reduction of the main amorphous “humps” around 2θ-24° and 2θ-12° with the 
increase of the MSWI-FA content is apparent. This points to a decrease of the geopolymer matrix extent, in 
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combination with a shift from a pure PBG-system to a Ca(Mg)-phosphate cement (CMPC)/PBG composite. 
Further confirmation is obtained from the results of spectroscopic measurements, as reported below.  

6.3.2 FTIR-ATR 

Figure 6.2 Infrared spectra of metakaolin, MSWI-FA and PBG0-10-20-30-50 samples cured for 60 days. 

Figure 6.2 displays the FT-IR spectra of MK, MSWI-FA and PBG-samples. The infrared spectrum of the 
raw materials is characterized by a main feature at 1056 cm-1, related to the Si-O-Al stretching vibrations of 
the aluminosilicate amorphous fraction, along with a doublet around 790-770 cm-1 of the residual quartz [18]. 
In case of MSWI-FA, the broad peak between 1200-1000 cm-1 encompasses contributions from all the 
different Si-O and Al-O stretching vibrations of the crystalline and amorphous aluminosilicates. Particularly 
evident are also the peaks related to calcite, i.e., ν2,asym and ν3,asym CO3

2- bands at 1380 and 870 cm-1, 
respectively [19], along with the νsym O-H doublet between 3500-3400 cm-1 of the hydrous phases, like 
gypsum [20]. 

The FT-IR spectrum of PBG0 preserves many of the pure MK’s features. Yet, some differences are worth 
being stressed: although the discrimination between ν(Si-O), ν(Al-O) and ν(P-O) is complex, owing to their 
overlap in the spectral region 1200-1000 cm-1 [9,27], a blueshift to 1065 cm-1 of the main band occurs. This 
suggests a rearrangement of the Si-O, Al-O and P-O bonds due to the geopolymerization reactions [21]. In 
addition, two new bands at 1146 and 908 cm-1 can be assigned to νasym P-O-Al and νasym P-O-P, respectively 
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[18], thus confirming the presence of a reticulated aluminophosphate framework. The same features are 
preserved in the spectra of the samples PBG10 and PBG20, although the vibrations at 1146 and 908 cm-1, 
associated with the geopolymer structure, seem to have a relatively lower intensity. This suggests that the 
lower aluminium content of MSWI-FA with respect to MK’s negatively affects the development of the 
aluminophosphate matrix. The main peak blueshift, i.e. 1060 cm-1, is less marked in PBG30 than PBG0-10-20, 
indicating a reduced rearrangement of the Si-O and Al-O bonds, which remain similar to MK’s, thus pointing 
to a more limited reactivity of the raw materials’ mixture. In addition, a new peak at 970 cm-1 hints at the 
presence of the crystalline phosphate phase Ca(H2PO4)2⋅H2O [22].  

6.3.3 SSNMR 

The SSNMR is a powerful tool in the structural characterization of geopolymers, due to its capacity to 
selectively probe specific elements (nuclei) regardless of the occurrence of a long-range order [23]. All the 
main species involved in the geopolymerization process were investigated: 27Al, 31P and 29Si. 

6.3.3.1 27Al MAS 

27Al MAS spectra of the raw materials are shown in Figure 6.3, while the PBG-samples’ spectra are 
shown in Figure 6.4 (left). The MSWI-FA spectrum displays a broad peak at around 60 ppm, which is related 
to the Al tetrahedra (AlIV) speciation in the residue aluminosilicate glass fraction, while the relatively narrow 
peak at around 13 ppm arises from a crystalline phase and is assigned to Ca6Al2(SO4)3(OH)12·26H2O (ettringite), 
in agreement with literature data [24]. The broader peak tail centred at 9.5 ppm can reasonably originate 
from a limited fraction of Al octahedra (AlVI) in aluminosilicate glass. The 27Al MAS spectrum of MK is also 
dominated by the amorphous tetrahedral Al peak at 60 ppm, while additional contributions can be observed 
at around 30, 12, and 2 ppm, assigned to pentacoordinated Al, octahedral Al of mineral impurities and MK 
hexacoordinated Al (25). 

The PBG0 spectrum is dominated by a peak at about -12 ppm, assigned to octahedral [AlO6] units linked 
to tetrahedra [PO4].  AlVI represents the main aluminium coordination in condensed aluminophosphate 
geopolymers, at variance with traditional basic geopolymers, wherein AlIV dominates [3,26]. The AlIV signal 
characteristic of MK is slighlty visible at about 60 ppm, indicating that the dealumination of the raw material 
was almost complete. The spectrum profiles from MSWI-FA-bearing PBG samples exhibit peaks whose 
positions are similar to those in PBG0, though they differ in terms of intensity, thus indicating that MSWI-FA 
affects the degree of geopolymerization. 
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Figure 6.3 27Al MAS spectra of the raw materials. 

6.3.3.2 29Si MAS 

29Si chemical shift is particularly sensible to the coordination number and nature of second coordination 
sphere atoms. In particular, SiO4 tetrahedra are represented by Qn (n=0, 1, 2, 3, 4), where n is the number of 
bridging oxygens, and their shifts are −60 to −81 ppm (Q0), −68 to −83 ppm (Q1), −74 to −93 ppm (Q2), −91 to 
−101 ppm (Q3), and −102 to −118 ppm (Q4) respectively [23]. When Si atoms are replaced by Al atoms, the
Si-O-Al units are usually expressed as Qn(mAl) (m, n = 1, 2, 3, 4), and their chemical shift ranges for Q4(1Al),
Q4(2Al), Q4(3Al), Q4(4Al) between −96 to −106 ppm, −91 to −99 ppm, −85 to −94 ppm, and −81 to −91 ppm,
respectively [23]. 

29Si MAS spectrum of MSWI-FA (Figure 6.5) is characterized by a very broad peak between -60 and -115 
ppm, which encompasses all the different silicate/aluminosilicate environments present in the residue, such 
as Q0 (i.e., larnite, see Table 6.2) and Q1 (i.e., melilite) units at -63 and -71 ppm and the higher cross-linked 
Q4(mAl) units of the glass fraction (from -80 to -115 ppm) [27]. 29Si MAS spectrum of MK is instead localized 
between -85 and -115 ppm, as only Q4(mAl) units are present in the amorphous fraction [27]. 

Figure 6.5 29Si MAS spectra of MK and MSWI-FA. 
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Figure 6.4 shows the 29Si MAS spectra of the PBG-samples. The acidic dissolution of MK leads to the 
release of Al3+ and depolymerization of the Si-O layers [8,10,21]; whereas phosphate anions are energetically 
favoured to make bonds with aluminium to build up the geopolymer structure [3], the residual [SiO4] are 
supposed to rearrange into an amorphous silica phase, leading to a composite-like system [3]. In MK, the Si 
speciation is represented by Q4

Si(mAl), i.e. Si-tetrahedron with four bridging oxygens and m-Al atoms in the 
second coordination sphere. Once geopolymerization has occurred, in PBG0 prevails a Q4

Si(0Al) component 
at -112 ppm, associated with a highly reticulated amorphous silica phase. Note that the MK dissolution 
implies a decrease of abundance of the speciation related to Q4

Si(3Al) and Q4
Si(2Al), whose signals lie in the 

range 85-95 ppm [3]. Upon increasing the MSWI-FA content, the spectra become less and less resolved. 

6.3.3.3 31P MAS 

In a similar way, differences are visible in the 31P MAS spectra (Figure 6.4). The reference sample PBG0 
displays a single and broad peak between -5 and -20 ppm, characteristic of amorphous condensed phosphate 
units [23]. Upon increasing the MSWI-FA content, the peak maximum shifts towards a lower field and the 
peak asymmetry decreases. In PBG30 and PBG50, new and sharper resonances appear; they are consistent 
with MCPM (-0.1 and -4.5 ppm) [17], in the first case, and with brushite (1.1 ppm) [17] and newberyite (-7.4 
ppm) [28], in the second case. An additional peak at about -1.6 ppm is visible in the PBG50 31P MAS spectrum, 
close to the reference value of -1.5 ppm for monetite (CaHPO4) [27], though the latter phase has never been 
detected by X-ray diffraction in our samples.  

Figure 6.4 27Al MAS (left), 31P MAS (middle) and 29Si MAS (right) spectra of PBG samples cured for 60 days. 

6.3.3.4  Spectra deconvolutions 

Spectral deconvolutions allowed to interpret the role of MSWI-FA in affecting the PBG-structure. The 
assignments are shown in Figure 6.6. The analysis of the 27Al MAS spectra indicates a secondary contribution 
due to the [AlO4] units in PBG-samples at around 45 ppm [27]. The contributions of the AlVI and AlIV 
speciations in the PBG-samples are shown in Figure 6.7, with respect to the unreacted AlV of MK. This 
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represents a highly distorted coordination in MK, which provides the Al fraction most prone to participate in 
the geopolimerization process [3] and it was therefore chosen as indicator of the raw material reaction 
degree. The absence of MK AlV peak is apparent in PBG0 and PBG10, while at a higher degree of substitution, 
this contribution becomes more relevant, while at the same time the aluminophosphate Al fraction decreases. 

The broad 31P peak was modelled with three contributions, centred at -7, -12 and -17 ppm, which are 
assigned to the Q1

P(0Al), Q1
P(1Al), Q1

P(2Al) units, respectively [27], where Qn
P(mAl) indicates [PO4] units 

bridged with n P-tetrahedra and m Al-polyhedra. In Figure 4, the most important contribution in PBG0 is from 
the Q1

P(2Al) unit, confirming the presence of a highly cross-linked aluminophosphate matrix [23,27]. In PBG10 
and PBG20, the Q1

P(2Al) content decreases in favour of Q1
P(0Al) and Q1

P(1Al). This indicates, in combination 
with the 27Al MAS NMR spectra, that an increase of MSWI-FA leads to a general reduction of the PBG-matrix. 
Such an effect becomes even more apparent in PBG30 and PBG50. 

The deconvolution of the 29Si MAS spectra (Figure 6.7) is performed assuming that the main 
contribution to the signal is due to silicon from MK, because of the abundance of the species in MK. The 
Q4

Si(0Al)/[Q4
Si(3Al) + Q4

Si(2Al)] ratio (0.57 in MK) steadily changes from 1.30, in PBG0, to 0.66, in PBG50.  This 
hints at a progressive decrease in metakaolin dissolution.  

Figure 6.6 27Al MAS (left), 29Si MAS (middle) and 31P MAS (right) spectra with deconvolution of PBG samples cured 
for 2 months. The dotted line represents the sum of all contributions. Experimental spectra are displaced vertically 
for the sake of clarity. To take into account the asymmetry of the AlVI (PBG) signal at around -12 ppm, two peaks 
were used to model it, as previously applied [27], which describe two different AlVI local environments in the PBG 
structures, while the sum of their relative intensity, together with the AlIV(PBG) peak at around 48 ppm, was 
considered to represent the samples degree of geopolymerization. 
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Figure 6.7 27Al MAS (top), 31P MAS (middle) and 29Si MAS (bottom) deconvolution data of PBG samples cured for 
60 days. 

6.3.4 Morphology observation 

The microstructure of MSWI-FA, as revealed by SEM, is shown in Figure 6.8. The morphological and 
mineralogical heterogeneity is proven by the occurrence of micrometric and sub-micrometric particles, of 
spherical, needle-like and more complex shapes, retaining features like an amorphous material. In Figure 6.9, 
the micrographs of the internal surface of PBG0 and PBG30, in secondary electron mode, are displayed. PBG0 
appears compact in agreement with its pervasive amorphous matrix. Some isolated fragments of unreacted 
MK (i.e., anatase and kaolinite) can be distinguished, along with microcracks. As expected, the EDS analyses 
revealed a composition rich in Al, Si and P. However, the two different amorphous systems, i.e., 
aluminophosphate and silica, are highly intermixed and not easily distinguishable from one another by SEM-
EDS [3]. The matrix of PBG30 is similar to PBG0’s, but more heterogeneous and with higher porosity. The 
composition of the matrix indicates an enrichment in alkali, i.e., Ca and Mg, confirming a degree of MSWI-FA 
particle dissolution, as discussed above. The increasing porosity is even more evident for PBG50 sample 
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(Figure 6.10), where relatively large pores favour the growth of acicular and needle-like Ca-phosphate crystals 
from the residual pore solution. In addition, the microstructure appears less dense, formed by loosely bound 
particles rather than a condensed and compact matrix.  

Figure 6.8 SE (left) and BSE (right) images of washed MSWI-FA particles. 

Figure 6.9 SEM micrographs of PBG0 and PBG30 samples cured for 60 days. 
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Figure 6.10 SEM micrographs (bulk and pore’s content) of PBG50 sample cured for 60 days. 

The cross section in backscattered mode of PBG30 (Figure 6.11, top) shows Ca-phosphate evenly 
distributed in the PBG-matrix. Therefore a 30 wt% of MK substituted with MSWI-FA allows an intermix of 
these two binding phases, leading to the cementation of the unreacted particles. Although the phosphate 
crystals and the unreacted MSWI-FA particles embedded in the PBG-matrix can potentially reinforce the 
resulting material, the increasing presence of pores, which act as stress concentrators, ultimately impairs the 
compressive strength (see next paragraph).  

On the other hand, the PBG50 cross-section (Figure 6.11, bottom) indicates a distribution of larger and 
more heterogenous particles, related to the increase of the MSWI-FA content and the reduced participation 
of MK to the final material. It is worth noticing how the P-map well correlates with Ca and Mg’s, while the 
distribution of Al is concentrated on the unreacted particles, indicating that in this case most of the binding 
action is due to Ca/Mg-phosphates.  

Figure 6.11 Backscattered images of PBG30 and PBG50 cross-sections, with major elements’ EDS maps. 
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6.3.5 Setting time, compressive strength and porosity 

Figure 6.12 Setting time (top) and early and long-aging compressive strength values (bottom) of PBG samples. 
Uncertainties determined as standard deviation of each measurement batch. 

The setting times of the PBG samples are illustrated in Figure 6.12 (top). PBG0 exhibits a final setting 
time of over 60 h, in agreement with the values reported in literature, which, in some cases can reach 18-20 
day, as a function of the mix composition and curing mode [18]. Such behaviour is due to the slow kinetics of 
the dealumination and polycondensation reactions [4]. Therefore, for practical purposes, in order to speed 
up the process, curing at high temperature is advisable [4,14]. Owing to the quick acid-base reactions 
involving the MSWI-FA alkali (Ca and Mg) with phosphate, the addition of MSWI-FA markedly shortens the 
setting time to a few hours or even less in the case of high substitution degrees. Such fast kinetics are 
reported for acid-base Mg phosphate cements and alkali-activated fly-ash-based binders [29]. It is worth 
noticing that even PBG10, which is structurally and microstructurally similar to PBG0, displays a significant 
shortening of the setting time, of about 30%.  

The compressive strength changes from early (7 days) to long-aging (60 days) of the PBG-samples are 
displayed in Figure 6.12 (bottom). In all of the cases, the aging time positively affects the mechanical 
properties, testifying the strengthening effect of the geopolymerization and phosphate crystallization 
progress. The reference PBG0 reaches over 90% of the 60-day figure in the first week (i.e, 31.3 versus 34.6 
MPa), suggesting that, at such conditions, the curing treatment of 24 h at 60 °C effectively speeds up the 
poly-condensation reactions towards their completion. A similar behaviour is revealed by PBG10, which 
displays close values of compressive strength between early and long-aging curings, 29.4 and 30.7 MPa, 
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respectively. A significant change apparently takes place at higher MSWI-FA substitution degrees, with PBG20, 
PBG30 and PBG50 that exhibit 46%, 38% and 27% of the PBG0’s strength from 60-days curing. This is likely 
related to the gradual crystallization of Ca/Mg-phosphates from the acidic pore solution. Such a process 
contributes to build up a microstructure resembling that of a composite material with crystals embedded in 
an amorphous matrix (see Figure 6.10, top). The development of such a microstructure, which reduces crack 
deflection and propagation [30], and induces a well-known toughening in ceramics [31,32] and in acid-base 
cements [33], is nevertheless accompanied by a significant increase in porosity, as proven by SEM 
observations. Therefore, the detrimental effect due to porosity seems to prevail over the expected 
improvement of the mechanical properties because of a composite-like microstructure, at MSWI-FA 
introduction >10 wt%. The poorer performance of PBG20-30-50 than PBG10 is also ascribable to the 
abundance in the unreacted MSWI-FA fraction of low-strength phases (e.g. gypsum). 

The total porosity measured by mercury intrusion is reported in Table 6.4. Given that the vacuum 
conditions required by measurements cause partial dehydration of the samples, the related results must be 
considered from a qualitative standpoint only. PBG0 exhibits low porosity (∼1 %), confirming the presence of 
a pervasive and compact aluminophosphate matrix. A similar value (3.5 %) is observed for PBG10, while an 
increase to about 8% occurs in PBG20 and PBG30. The reduction of the paste setting time and fluidity in 
presence of MSWI-FA, along with the CO2 production due to the dissolution of calcite, favour the 
development of a higher porosity, promoted by gas/air entrapment. This agrees with the high values of 
porosity observed in PBG50. 

Table 6.4. Porosity measurements on PBG samples cured for 60 days. Standard deviation is around 15-20% of the 
average value. 

Sample Porosity (%) 
Average pore 
size (nm) 

PBG0 0.98 83.1 

PBG10 3.80 42.3 

PBG20 8.07 54.2 

PBG30 7.57 26.6 

PBG50 38.6 50.8 

6.4 Discussion 

The effects of the partial replacement of MK with of MSWI-FA in the phosphate-based geopolymer 
system can be explained by considering the reaction conditions, the chemical/phase composition of the 
involved waste and the key parameters of the formulation (i.e., Al/P and L/S). In the PBG0 formulation, all of 
the available phosphate groups can potentially react with MK. Therefore, the highly acidic environment 
boosts MK depolymerization/dissolution, thus providing the building blocks necessary for the PBG 
condensation reactions, and eventually leading to the formation of Al-O-P linkages and amorphous SiO2, as 
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detected by SSNMR (section 6.3.3). The introduction of MSWI-FA causes a decrease of the overall content of 
Al2O3 in the mixture, because of the lower amount of alumina provided by MSWI-FA with respect to MK. The 
constraint of a fixed Al/P ratio reduces, as a consequence, the available phosphate partaking in the reactions. 
On the one hand, the liquid-to-solid ratio has to be increased to preserve an acceptable workability of the 
paste; on the other hand, MSWI-FA competes with MK for the available phosphate by precipitating Ca/Mg-
phosphate hydrate phases. Such acid-base reactions are generally characterized by fast kinetics [21,32], all 
the more here favoured by the rapid dissolution of MSWI-FA Ca/Mg-bearing amorphous and crystalline 
phases (i.e., calcite, periclase, ettringite; Table 6.4). By way of example, this explains the crystallization of 
brushite in PBG50, as observed by XRPD. Being a kinetically-driven process, precipitation occurs owing to a 
high Ca oversaturation and a relatively low brushite solubility product (Ksp=10-6.5) [33], notwithstanding a 
Ca/P molar ratio lower than the theoretical one (0.83 instead of 1). A quick subtraction of both phosphate 
and water not only accelerates the paste hardening (Figure 8), but also hinders the MK dealumination, as 
shown by 27Al and 29Si MAS spectra, although such acid-base reactions are highly exothermic and thus induce 
an increase in the paste temperature that could boost MK dissolution. As a net result, the availability of Al 
for the condensation reactions to build up the geopolymer framework is reduced. A fraction of Al from MSWI-
FA participates in the formation of the PBG-matrix, but its contribution does not fully compensate for the 
replaced MK. All this is testified by the detailed 31P MAS analysis in Figure 6.7, which evidences that the 
reticulated Q1

P(2Al) component significantly decreases with the MSWI-FA introduction.  

Mechanical properties measured on long-aging samples and microstructural features correlate. In fact, 
low degrees of MK substitution with MSWI-FA (i.e., 10 wt%) modestly stymie the amount of the geopolymer 
matrix, so that the PBG0’s mechanical properties are still preserved. At a higher content of MSWI-FA, the 
precipitation of secondary products (i.e. brushite and MCPM) and the indirect inhibiting effects on MK 
dealumination and geopolymer matrix generation result in a shift from a pure PBG-system to a progressively 
more porous CMPC/PBG composite, which thing is detrimental to the mechanical performance (Figure 6.13). 
It is worth attention that, as shown in Figure 6.11, PBG and CaHPO4 exhibit an excellent intermixing, at least 
up to 30 wt% of substitution. On the other hand, the dilution effect due to the large gap in Al2O3 content 
between the two raw materials, along with the progressive increase of the internal porosity in the MSWI-FA 
bearing PBG-samples and the presence of low-strength phases in the ash residue (i.e. gypsum), worsen the 
mechanical properties of the output composite. A similar detrimental dilution effect was observed by Wang 
et al. (2020) [10], who describe a 30% decrease of the 28-day compressive strength in a PBG-system 
containing 30 wt% of CFA. Yet, the significant reduction of the final setting time promoted even by low MSWI-
FA contents can potentially be of interest, as the long PBG reaction kinetics is one of the main drawbacks in 
terms of practical application [4], along with the relatively high cost of both MK and phosphoric acid. In this 
view, even a partial MK substitution with MSWI-FA can help mitigate technical problems and economic 
impact related to PBG use/production. 
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Figure 6.13 Schematic representation of the influence of MSWI-FA degree of substitution in the production of 
PBG. 

6.5 Conclusions 

Water-washed MSWI-FA has been introduced for the first time into metakaolin/phosphate-based 
geopolymer. It has been shown that some fractions of MSWI-FA participate in the reaction with the 
phosphoric acid, and amorphous phosphate hydrates form exploiting metal ions, such as Mg2+. The 
replacement of MK with MSWI-FA makes available Ca2+, whose mobilization leads to the precipitation of 
crystalline Ca-phosphates. Yet, the lower amount of available aluminium provided by MSWI-FA in comparison 
with pure MK and the competition of the metal ions from ash for phosphates, hinder the development of the 
aluminophosphate geopolymer matrix. Using Al/P∼1.1, at 10 wt% of MK substitution with MSWI-FA the 
extent of geopolymerization is still satisfactory, in terms of relative contribution of Q1

P(2Al) and octahedral 
Al, and the mechanical performance turns out to be comparable to the one exhibited by the reference sample, 
PBG0. At higher degrees of substitution (30-50 wt%), the nature of the resulting material gradually shifts from 
that of a PBG-system to a Ca/Mg-phosphate cement/PBG composite. Although a well-mixed microstructure 
is preserved up to 30 wt% substitution, the increasing porosity and the presence of low-strength phases lead 
to a decline of the mechanical performance.  
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Chapter 7 

Investigation of MSWI-fly ash reactivity in Magnesium phosphate 
cement 

7.1 Introduction 

Magnesium potassium phosphate cement (MKPC) is an example of chemically bonded ceramics in 
which the hardening occurs at room temperature through the acid-base aqueous reaction between an 
alkaline magnesia source (MgO; periclase) and a phosphate source (KH2PO4), according to the following 
chemical equation [1]:  

MgO + KH2PO4 + 5H2O → MgKPO4·6H2O       (1) 

Such a reaction is fast, exothermic and its mechanism has been described as a multi-step process, 
starting from i) MgO dissolution and complexation of cations, ii) formation of an amorphous gel-like phase 
by interaction with phosphate anion and iii) partial/total crystallization of MgKPO4·6H2O (K-struvite) in 
proximity or around the unreacted MgO particles [1,2]. As a result, the mechanical strength is ascribable to 
a network of K-struvite crystals embedded in an amorphous matrix, thus producing a sort of composite 
material [3,4]. In the conventional non-stoichiometric MgO-excess formulations, where a Mg/P molar ratio 
> 1 is employed (usually up to 6-8), the unreacted oxide fraction behaves as a filler, further reducing the
porosity of the cement [4]. MKP-based cements (MKPC) are nowadays object of an increasing interest
because of their excellent properties, such as high early age and long-term strengths, resistance to the sulfate
attack, rapid setting, quasi-neutral pH, low shrinkage, good water resistance, high adhesive properties [5].
Therefore, they have been proposed for several applications: waste stabilizations/solidifications, rapid
rehabilitations of infrastructures, and biomedical materials [5]. In the former case, blends with various waste
(coal fly ash, ground blast furnace slag) have been studied, to reduce the cost of raw materials, which limits
the use of this class of binders on a large-scale [6,7]. Comparatively few papers report investigations on
MSWI-FA incorporation into MKPC. Su et al. 2016  focused on the synergistic effect of MSWI-FA in the
stabilization of Pb/Cd-loaded MKPC, which demonstrated good efficacy in the former case, owing to the fly
ash’s pore-filling and heavy metal adsorption properties [8]. Yang et al. (YEAR) tested the performance of
MSWI-FA in MKPC different formulations, concluding that 10% wt. of MSWI-FA is the optimal addition, due
to a 20% higher 60-day compressive strength and 20% smaller 60-day shrinkage deformation [9]. However,
no in-depth analysis was provided about the effect of the cement environment, i.e., pH and chemical
conditions, on MSWI-FA.

In the present work, the incorporation of washed/steam-washed MSWI-FA into MKPC is studied, paying 
special attention to the waste participation to the cement reaction. In particular, the occurrence of 
dissolution reactions involving MSWI-FA components is thoroughly assessed, together with the chemical 
characterization of the related secondary products. All this in order to provide a mechanistic understanding 
of MSWI-FA behaviour within MKPC, as it is fundamental for the design of the optimal conditions to recycle 
this waste in MKPC. The strategy we follow takes the reactivity of MSWI-FA into account, in terms of effective 
MgO “equivalent” [6]. Two formulations are studied: in one, MSWI-FA is considered a fully inert system, 
replacing both MgO and KH2PO4; in the other, MSWI-FA is fully reactive, thus replacing MgO only. Moreover, 
a MSWI-FA diluted suspension in KH2PO4 saturated solution is also investigated, to evaluate the maximum 
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extent of the waste reactivity and compare its behaviour with the one observed in the cement pastes. The 
obtained samples are characterized by X-ray powder diffraction, scanning electron microscopy coupled with 
energy dispersive spectroscopy, isothermal conduction calorimetry techniques, in addition to compressive 
strength and leaching performances. Moreover, due to the presence of significant amorphous components 
in the cement and MSWI-FA, spectroscopies such as SSNMR (on 27Al, 29Si, 31P) and synchrotron Zn K-edge X-
ray absorption spectroscopy are used.  

7.2 Materials and Methods 

7.2.1 Materials 

The raw materials employed in this study were reagent grade MgO (assay 99.8%), reagent grade KH2PO4 
(assay 99.8%) (Lach-ner s.r.o) and MSWI-FA from an incineration plant located in Turin (Italy). MgO powder 
was calcinated for 1 h in laboratory furnace at 1500 °C, then milled for 1 min in a Mini-Mill Pulverisette 23 
(Fritsch) at 30 oscillations/min. Particle size analysis and specific surface area were conducted in triplicate, 
resulting in an average particle size d50 of 7.2 μm and a BET surface area of 2.98 m2g−1. The washed MSWI-FA 
was filtered and ground in a mortar (RM 200, Retsch, Germany) to a size < 63 µm. The chemical compositions 
of the raw materials were determined by X-Ray Fluorescence measurements and are reported in Table 7.1. 

Table 7.1 Chemical composition (wt %) and main physical properties of MSWI-FA. Uncertainties 
of about 2-3%. 

Raw 
material 

Chemical composition (wt %) 
BET (m2g-1) D50 (µm) D90 (µm) 

Al2O3 Fe2O3 TiO2 K2O CaO SiO2 MgO SO3 P2O5 Others 

MSWI-FA 9.12 8.21 1.57 0.62 43.54 24.51 6.53 4.51 0.27 1.12   13.2 7.9  32.5 

7.2.2 Formulation design 

The formulation details of the investigated MKPC pastes are reported in Table 7.2. Although it is usually 
applied in commercial mixes, the retarder addition was here avoided because the objective was to explore 
the reactivity of MSWI-FA in the pure MgO- KH2PO4 system. In the reference paste (REF), a M/P molar ratio 
of 1.75 and water-to-binder weight ratio (w/b) of 0.45 were used, to favour the dissolution of MSWI-FA 
particles and resulting cations/anions mobilization [1]. The ash residue was implemented at a fixed 30 wt% 
MgO substitution in both the filler and reactive formulations (MF0 and MF100, respectively). Such value was 
chosen as it allows to observe the MSWI-FA behaviour without compromising the cement properties [6]. A 
fixed effective MgO/PO4 of 1.75 and fixed water-to-effective binder of 0.45 were considered to calculate 
KH2PO4 and water content.  An additional sample was investigated to estimate the potential reactivity of the 
ash. It consists of a MSWI-FA diluted (at liquid-to-solid ratio of 2) suspension in KH2PO4 saturated solution 
(obtained by dissolving 7 g of salt in 50 ml of ultrapure water). 
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Table 7.2 Formulations of MKPC pastes 

REF MF0 MF100 
MgO (g) 350 245 245 
MSWI-FA (g) - 105 105 
KDP (g) 675.3 472.7 675.3 

Water (g) 512.7 358.9 512.7 

7.2.3 Solid state Nuclear magnetic Resonance (SSNMR) 

All SSNMR measurements were recorded at room temperature on a solid-state NMR spectrometer 
(JNM-ECZ600R, JEOL RESONANCE Inc., Japan) at a magnetic field of 14.1 T, operating at 1H, 27Al, 29Si, and 31P 
Larmor frequencies of 600.1, 156.4, 119.2, and 242.9 MHz, respectively. The raw material and ground cement 
samples were packed into 3.2 mm zirconia rotors and spun at a MAS frequency of 15, 15 and 20 kHz for 27Al, 
29Si, and 31P MAS spectra, respectively. A 27Al, 29Si and 31P pulse of 12 µs, 4 µs and 3 µs were employed. 1H, 

27Al, 29Si, and 31P chemical shifts scales were referenced through the resonances of adamantane, aluminium 
nitrate, silica and (NH4)H2PO4, respectively. The deconvolution analysis was conducted using the related in-
built feature of Delta 6.1 (Jeol), while the estimated error in the calculated fraction percentage is in range of 
± 1%. 

7.2.4 Isothermal conduction calorimetry (ICC) 

Isocalorimetry experiments were conducted with a TAM-Air (TA Instruments) 8-channel instrument. 
For each formulation, the powder and the liquid were kept separated in an Ad-Mix® ampoule until both were 
equilibrated at the measurement temperature (20 °C). The liquid was manually injected onto the powder, 
defining the start of the experiment. The slurry was mixed for 30 s and the heat flow was recorded for 10 h. 

7.2.5 Mechanical tests 

Compressive strength tests were performed on 28 days PBG paste cubes’ (1x1x1 cm), measuring 3 
replicates by means of an Instron 3345 (Instron, USA) loading frame, at loading speed of 0.2 mm/min and 
load cell of 5 kN. 

7.2.6 Leaching test 

The batch (static) leaching tests, according to EN 12457-2, [10] was employed for MSWI-FA and cement 
samples. Prior to the test, cement cubes were ground and sieved to obtain a powder with particle size less 
than 2 mm. More specifically, the test involves the immersion of the powdered samples in ultrapure water 
solution at natural pH, with a liquid-to-solid ratio set to 10 and 24 hours shaking. 

7.2.7 X-ray Absorption spectroscopy (XAS) 

The Zn K-edge XANES spectra of the samples were collected at Elettra synchrotron radiation source, 
beamline XRF. All samples were finely ground and 13mm pellets were prepared with similar weight (around 
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150 mg), for measurements in fluorescence mode. The reference minerals samples were all collected in 
transmission mode, at the XAS beamline of Elettra, by calculating the optimal mass for an absorption jump 
around 1 and mixing the amount with BN to reach 100 mg for the pelletization. Zn K-edge XAS spectra were 
collected using a Si(111) double crystal monochromator. A number of scans between 3-5 was employed, 
while 1-2 was used for reference minerals, with an energy step of 5 eV in the pre-edge region, of 0.2 eV in 
the XANES region and a constant k step of k = 0.035 Å-1 in the EXAFS region. The Linear combination Fitting 
of XANES, energy alignment and normalization to the edge-jump was performed by Athena. 

7.3 Results 

7.3.1 ICC 

The first 50 min of the heat flow (normalized to the amount of MgO) produced during the cement 
reaction at 20 °C is shown in Figure 7.1 (top). The REF sample displays the typical curve observed in similar 
pure formulations [1]. An initial endothermic peak is recorded immediately after mixing (Figure 7.2), related 
to the dissolution of KDP, which is usually neglected as it is followed by two more intense exothermic events. 
The first one has been assigned to the dissolution of MgO, while the second, characterised by a much broader 
exothermic peak, relates to the crystallization of MKP. At a slower heat-exchange rate (i.e., at T of 5-15 °C, 
[1]) the calorimetric curve inflection has allowed the identification of a third exothermic event in between 
those mentioned above, which has been attributed to the formation of an amorphous precursor that later 
converts to K-struvite [1,2]. Here, the identification of this exothermic event is impaired by the strong signal 
overlap because of the fast cement reaction kinetics (most of the heat is exchanged in about 20 min) due to 
the relatively high reactivity of the employed MgO (calcined at 1500 °C). When the normalized heat flow 
curve of the inert MF0 formulation is considered, no significant differences in terms of time and intensity can 
be observed for the MgO dissolution (i.e., the first exothermic peak). Interestingly, a change is apparent on 
the amorphous precursor formation/MKP crystallization peak (i.e., the second exothermic peak), whose 
maximum starts earlier (10 min with respect to 13 min for REF0) and in general appears to be sharper, thus 
more ‘compressed’ in time, indicating an increase of the reaction kinetics of the overall process. On the 
contrary, MF100 presents a clear delay of the maximum of the MgO dissolution peak (6 min against 5.3 min 
for REF0), together with an increased intensity, followed by a more developed MKP crystallization peak, while 
its breath and shape are more similar to REF0 than MF0. All this suggests that a more effective dissolution of 
MgO occurs, probably related to the higher KH2PO4 content in the formulation, which determines an higher 
amount of product. This is confirmed by the normalized total heat curves, where MF100 displays a significant 
higher heat release at the end of the experiments, while REF0 and MF0 are very close (1720 J/g against 1425 
and 1410 J/g, respectively). 

In order to better isolate the potential MSWI-FA contribution to the total exchanged heat and heat flow, 
an additional experiment has been conducted, where MSWI-FA was mixed with a saturated solution of 
KH2PO4 (liquid-to-solid ratio of 2) inside the calorimeter (Figure 7.1, inset). The intensity of the maxima, 
normalized to the amount of MSWI-FA, in the inset of Figure 7.1, are about one order of magnitude lower 
with respect to the cement samples’ (0.1 against 1.2 W/g and 74 against 1400-1700 J/g, respectively). 
Nonetheless, the dissolution of a MSWI-FA fraction in acidic environments (see next sections) and the 
formation of secondary products occurred. The time scale of the heat flow peak, going to completion in about 
40 min, is compatible with the fast kinetics typical of these acid-base reactions [1,11]. 
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Figure 7.1 Normalized heat flow (top) and total heat (bottom) of cement mixtures. MSWI-FA/KDP suspension 

curves are represented in the insets. 

Figure 7.2 First minute of the normalized heat flow curves of cement samples, where the KDP dissolution 

endothermic peak is visible. 

7.3.2 XRPD 

The XRPD patterns of MSWI-FA and cement pastes are shown in Figure 7.2. MSWI-FA, after washing 
treatment, exhibits a complex mineralogy, including sulfate phases (gypsum, anhydrite and ettringite), quartz, 
calcite, melilite, perovskite, together with a significant amount of amorphous fraction. In the REF sample, the 
only crystalline phases are represented by K-struvite, along with a residual periclase (MgO), as expected in 
light of the used Mg/P molar ratio (1.75:1), whereas KH2PO4 is not detected. In the case of MF0 and MF100 
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formulations, additional peaks of quartz and anhydrite related to MSWI-FA are present, together with calcite. 
Low intensity peaks of arcanite (K2SO4) are visible, suggesting a release of sulfate from MSWI-FA. The results 
of the Rietveld quantitative phase analysis of the pastes are reported in Table 7.3, while an example of the 
graphical output for MF0 is illustrated in Figure 7.4. As previously observed, the cement products consist of 
both crystalline and amorphous MKP. With respect to the REF sample, MF0 does not exhibit a significant 
decrease in residual MgO, conversely, a much higher proportion of the amorphous precursor remains after 
the experiment. This agrees with the results by ICC, where the first exothermic peak is very similar in the two 
normalized heat flow curves, while the acceleration of the second event indicates a reaction with higher 
kinetics, thus favouring amorphous products [1,2]. When MF100 is considered, a lower amount of residual 
MgO was detected, due to a more efficient dissolution process in presence of a relatively initial higher 
content of KH2PO4. This consumption of MgO did not cause an increase of the products with respect to REF, 
though the normalized heat curves display comparable K-struvite crystallization peaks, suggesting that a 
more complex mechanism may be involved. 

As a comparison, the phase composition of MSWI-FA/KDP after isocalorimetry is shown in Table 7.4, to 
emphasize the potential MSWI-FA mineralogical transformations that may occur during the cement reactions. 
It is apparent that even in this case, some calcite is still present, in agreement with the results on the cement 
pastes, while a more effective dissolution involved other phases, like ettringite and periclase. In a similar way, 
arcanite is observed, together with the crystallization of Ca-phosphate (brushite). A marked decrease of 
anhydrite content is present. It is expected that in this diluted environment anhydrite easily hydrates as 
gypsum, which was observed (1.6 to 4.3 wt.%) [12]. It is likely that the ions for precipitation of arcanite and 
brushite are provided by anhydrite dissolution. It is worth noting that the amorphous content increased by 
50% (from 53.4 to 77.1 wt.%), indicating that most of the secondary products are poorly crystalline. The 
significant decrease in gehlenite content suggests that also the MSWI-FA aluminosilicate component can be 
potentially involved during the cement reaction. Further hints in this sense will be provided in the next 
sections.  
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Figure 7.2 XRPD patterns of cement pastes, together with MSWI-FA and MSWI-FA/KDP samples. 
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Figure 7.3 GSASII Rietveld refinement output for MF0, with the addition of 10%wt ZnO as internal standard and 
a final Rwp of 8.1. 

Table 7.3 Results of quantitative phase analysis with the internal standard method of samples 28 days after the 
reaction in the calorimeter at 20 °C. The uncertainties are ±0.2 wt % (crystal phases) and ±5 wt % (amorphous 
phase). 

Sample REF MF0 MF100 
wt.% 

MKP 65.6 40.1 52.9 
Periclase 7.7 7.4 6.1 
Quartz 0.2 0.2 
Calcite 0.3 0.3 
Anhydrite 0.2 0.2 
Arcanite 0.2 0.2 
Amorphous 26.7 51.6 40.1 
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Table 4. Results of quantitative phase analysis with the internal standard method of MSWI-FA and MSWI-FA/KDP 

samples. The uncertainties are ±0.2 wt % (crystal phases) and ±5 wt % (amorphous phase). 

Sample MSWI-FA MSWI-FA/KDP 

wt.% 
Quartz 3.2 3.3 
Calcite 11.9 5.1 
Anhydrite 9.2 1.3 
Larnite 1.5 0.8 
Gehlenite 2.9 1 
Periclase 4.5 - 
Gypsum 1.6 4.3 
Bassanite 0.2 0.1 
Ettringite 9.6 - 
Merwinite 0.9 0.6 
Perovskite 1.1 0.8 
Arcanite - 3.8
Brushite - 2.6
Amorphous 53.4 77.1

7.3.3 SSNMR 

The 31P MAS spectra of the cement samples are shown in Figure 7.4. All spectra are dominated by a 
peak at 6.3 ppm, related to the crystalline MKP [2]. The broader signal centred at around 2.1 ppm of much 
lower intensity has been assigned to the cement amorphous precursor, whose hydrated orthophosphate 
nature has been assumed by the chemical shift range and previous cross-polarization (CP/MAS) experiments 
[1,2]. Here, a signal deconvolution approach was employed, to better evaluate differences between the 
samples. The broad amorphous contribution has been modelled using two components, which are related to 
two distinct amorphous P environments previously found to exhibit different dynamics under CP conditions 
[1,2]. It is apparent that the MSWI-FA cement samples present a lower MKP crystalline/amorphous ratio with 
respect to REF, especially MF0, hinting to different reaction rates, in accordance with the ICC curves. It is also 
worth noting that, although XRPD and 31P MAS spectra cannot be directly compared, in terms of relative 
fractions of crystalline and amorphous phases, from a semi-quantitative point of view the general trends 
obtained by the two techniques are in good agreement. 

On the other hand, with respect to the neat MKPC (REF sample), a contribution to the amorphous 
component from MSWI-FA might be present. Indeed, the MAS spectrum of F (Figure 7.5, bottom) exhibits a 
sharp peak at around 1.3 ppm, assigned to brushite [13], but it is dominated by a significantly broader 
asymmetric peak that spans from 7 to -8 ppm. Such large linewidth testifies the presence of different P 
environments that can result from the reactions between the numerous crystalline and amorphous phases 
of the fly ash with phosphate. The 31P{1H} CP/MAS experiment (Figure 7.5, top) produced only the brushite 
peak and a secondary much smaller resonance at around -7 ppm, possibly related to newberyite 
(MgHPO4·3H2O) [13]. This information, coupled with the chemical shift range, points to identify most of the 
amorphous products as either orthophosphate or pyrophosphate with no significant interaction with H.  
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Figure 7.4 31P MAS spectra of cement samples. 

Figure 7.5 31P MAS and CP/MAS spectra of MSWI-FA/KDP sample. 

27Al and 29Si MAS experiments are particularly useful since they allow the direct investigation of MSWI-
FA behaviour, as no other source of these elements is present in the mixtures. 27Al MAS spectra of all samples 
are shown in Figure 7.6, together with the unreacted residue. The MSWI-FA spectrum displays a broad peak 
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at around 68 ppm, which is related to the AlIV speciation in the aluminosilicate glass fraction, and second 
signal formed by at least two contributions in the AlVI region (Figure 7.6, left) [14]. The relatively narrow peak 
at around 13 ppm arises from a crystalline phase and it is assigned to Ca6Al2(SO4)3(OH)12·26H2O (ettringite), 
in agreement with literature data [15] and the XRPD results reported in Table 7.4. The broader peak centred 
at 9.5 ppm is reasonably originated by a limited fraction of AlVI in aluminosilicate glass or amorphous 
aluminium hydroxide phases [14]. When MF spectra are considered in Figure 5, significant differences are 
apparent in the octahedral region. In particular, in MF100, the ettringite peak markedly reduces and a new 
broad peak develops at higher field, around -12 ppm. Moreover, the AlIV aluminosilicate glass displays an 
increased linewidth, which may indicate partial dissolution or alteration. The new AlVI signal centred at 
around -12 ppm should be related to some secondary product involving MSWI-FA. This product seems to be 
characterized by a relevant Al local disorder, as testified by the evident tail towards lower ppm, typical of a 
large distribution of chemical shifts and quadrupolar parameters [16]. It is also worth mentioning that the 
relative intensity of this peak increases from MF0 to MF100, pointing to the involvement of phosphate ions. 
Indeed, a very similar profile is observable for the F sample, where this signal is even more apparent (Figure 
7.7).

29Si MAS spectrum of MSWI-FA (Figure 7.6, right) is characterized by a very broad peak between -60 
and -120 ppm, which encompasses all the different silicate/aluminosilicate environments present in the 
residue, spanning from the less reticulated Q0 (i.e., larnite, see Table 4) and Q1 (i.e., gehlenite) units at -63 
and -71 ppm and the higher cross-linked Q4(mAl) units of the amorphous glass fraction (from -80 to -113 
ppm) [16]. MF0 and MF100 exhibit a similar broad profile, which significantly limits the interpretation [16]. 
Nonetheless, they seem to display a relatively less resolved low field region (Q0-Q1) with respect to the 
unreacted material, thus suggesting, as discussed with XRPD and 27Al MAS SSNMR, that the aluminosilicate 
fraction of MSWI-FA likely reacted to some extent. 

Figure 7.6 27Al (left) and 29Si (right) MAS spectra of MSWI-FA and cement samples. 
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Figure 7.7 27Al MAS spectrum of MSWI-FA/KDP sample. 

7.3.4 XAS 

Zn K-edge XAS has been employed to get an insight into the mobilization and reactivity of one of the 
most abundant MSWI-FA heavy metals. The XANES spectra of MSWI-FA and MF samples, are shown in Figure 
7.9, while the full XAS profiles, together with references, are plotted in Figure 7.8. Some differences before 
and after the cement reaction are apparent, namely, a relative increase of the white line intensity and the 
appearance of an additional feature around 9675 eV, while MF0 and MF100 samples display very similar 
profiles. A more detailed analysis was performed using the Linear Combination Fitting (LCF) method, which 
employs a set of known standards to model and fit the spectrum profile [17]. In case of complex system like 
MSWI-FA, the selection of the most appropriate standards can be hindered by its non-equilibrium formation 
processes, which often favour the stabilization of metastable/amorphous phases that can show some 
structural differences, in terms of number, nature of atoms and geometry of the heavy metal coordination 
shells, with respect to the related pure crystalline compound [17]. In this sense, the Zn-impregnated Al2O3, 
which presents Zn-aluminate nanospinel domains, has been chosen rather than the pure gahnite, ZnAl2O4 
[18]. All XANES spectra have been modelled using four contributions, which were found enough to account 
for all the observed features. On average, the residual value (R) of around 0.02, which translated into an error 
of ± 2.5% on the quantitative data, was considered acceptable [18]. The washed MSWI-FA Zn (Figure 7.9) was 
found to be present as Zn2+ in tetrahedral coordination, with a local environment approximated with Zn-
aluminate nanospinel (41%) and Zn-silicate, Zn2SiO4 (25%), together with ZnO (16%) and hydrozincite (18%). 
Both MF samples display similar Zn-aluminate components, but significant differences in the others are 
present. A decrease of ZnO contributions is evident (11%), together with the disappearance of hydrozincite. 
The new observed feature is modelled using a Zn-phosphate, namely hopeite (Zn3(PO4)2·4H2O), which 
becomes one of the main contributions to the XANES profile (29-32%). Interestingly, a not-negligible 
reduction of Zn-silicate is also noticeable (16-18%), suggesting that a partial dissolution of the silicate MNSWI-
FA fraction occurs. Indeed, this agrees with what observed in 29Si MAS spectra, namely, the decrease in the 
intensity in the Q0-Q1 region. 
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Figure 7.8 Zn K-edge XAS spectra of MSWI-FA, MKP samples and references. 
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Figure 7.9 Zn K-edge XANES spectra of MSWI-FA and MKP samples, with LCF results. 

5.3.4 SEM 

The cements samples microstructure (Figure 7.10) is mostly determined by the growth of large (above 
30-50 µm) and packed K-struvite crystals embedded in an amorphous matrix that present a similar chemical
composition (i.e., similar contrast in BSE images) [19]. In the MSWI-FA containing samples, it is possible to
observe that the surface of K-struvite crystals is sometimes coated by another crystals, namely arcanite,
suggesting that the potassium sulfate precipitates after the K-struvite. In pure cement, K-struvite is known
to exhibit both platelet-like and prismatic elongated crystal morphology, depending on crystallization rates
and conditions (usually, lower reaction rates favour the platelet-like habit) [1]. This seems the case for MF100
with respect to MF0 (Figure 7.10), in agreement with the ICC curves (Figure 7.1).

MSWI-FA is characterized by a significant heterogeneity in terms of particles shape and chemistry, as 
shown in Figure 7.11, which makes more difficult the analysis of the cement samples. The MSWI-FA/KDP 
sample is mainly composed by large aggregates (> 100-150 µm, Figure 7.12), where, together with unreacted 
spherical particles, elongated crystals of Ca-phosphate are recognizable. Interestingly, the EDS spectrum of 
the bulk phase mostly presents Al, Si and P, suggesting the development of an aluminophosphate binding 
phase, in agreement with the spectroscopic analysis. As a way of example, MF0 cross-section BSE image is 
shown in Figure 7.13, together with EDS map. Overall, the MSWI-FA grains seem to be well embedded in the 
cement matrix. Indeed, K-struvite growth on spherical particles is noticed in Figure 7.14. Arcanite appears 
between K-struvite crystals, while in this case no clear Al and Si dissolution is observed for the aluminosilicate 
grains, possibly due to the limited extension of their reaction rims.  
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Figure 7.10 BSE images of MF0 (left) and MF100 (right). 

Figure 7.11 BSE image of washed MSWI-FA cross-section. 

Figure 7.12 SE image of MSWI/KDP sample, with EDS spectra. 
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Figure 7.13 BSE images of MF0 cross-section, with EDS map. 

Figure 7.14 MSWI-FA spherical particle with MKP on the surface. 

5.3.5 Mechanical and leaching  properties 

The compressive strengths of the MKPC samples cured for 28 days are illustrated in Figure 7.15 (top). 
REF and MF0 display comparable values (10.9-10.2 MPa), indicating that the formulation in which the ash is 
considered as “inert”, MSWI-FA does not significantly alter the cement mechanical performance. A marked 
increase is then visible for MF100 (15.5 MPa), possibly related to the more efficient MgO dissolution, as seen 
in the previous section. The mechanical properties of the cement are highly dependent on the amount of 
water, retardant, M/P ratio, purity of MgO (i.e., industrial grade periclase that has more impurities that could 
improve the strength). Here, the relatively high water-to-binder ratio of 0.45, the lack of retardant and the 
use of analytical grade MgO may explain the relatively low values observed. Indeed, comparable values were 
recently reported for MKPC formulated with similar parameters [20]. 

The leaching tests of the employed MSWI-FA and related MF samples are set out in Figure 7.15 (bottom). 
Although the waste residue underwent a washing pre-treatment, residual leaching of Zn, Cu, Ni and Cr was 
observed. It is known that water washing methods are very effective in removing salts (i.e., chloride) from 
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MSWI ashes, while the release of heavy metals may require additional treatments to be fully minimized. Here, 
it is apparent that a marked decrease on all investigated heavy metals leaching occurs, below the limits 
defined for inert waste and recycled aggregates [21]. It is also worth noting that no significant differences 
are evident between the two formulations, apart from Cr.  

Figure 7.15 28-days compressive strength values of cement samples (top); Leaching test performances, together 
with MSWI-FA (bottom) and Italian law limit [21]. 

7.4 Discussion 

The behaviour of a waste in a binder is dictated by both the chemical/mineralogical composition of the 
former and the chemical environment of the latter. MKPC develops through the initial dissolution of MgO in 
acidic environment (pH usually around 4; KH2PO4), followed by hydration reactions that increase the pH in 
time, usually up to 8-9 [2,11]. MSWI-FA is characterized by a complex phase composition, reported in Table 
7.4. The solubility of the MSWI-FA’s main phases (i.e., carbonate and sulfate) is promoted at pH < 6; therefore, 
their dissolution at the beginning of the cement reaction may provide cations (i.e., Ca2+ and Al3+) and 
contribute to the precipitation of secondary products. Moreover, periclase (4 wt.%), together with a 
significant fraction of amorphous, is likely involved in this process.  

This was confirmed by the heat released and the precipitation of Ca-phosphate (brushite) when MSWI-
FA was allowed to react with the phosphate solution (Figure 7.1 and Table 7.4). The 31P SSNMR analysis on 
MSWI-FA/KDP sample clearly indicated the formation of different phosphate (Figure 7.5), mostly amorphous 
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in nature, as suggested by the increase of the amorphous amount with respect to MSWI-FA. We observed a 
similar behaviour by adding the same MSWI-FA in metakaolin phosphate geopolymers [22]. In that case, the 
ash reactions speeded up the hardening process compared to the pure geopolymer, which has slow kinetics, 
and the pH remains highly acidic (around 2-3). In MKPC the system evolves much faster, as shown with ICC, 
where, for the sample REF, the maximum of the first exothermic peak was reached in 5 min, concomitantly 
with the pH increase. 

The quick change of pH, combined with the relatively high acid neutralization capacity of the MSWI-FA, 
may be responsible for the incomplete calcite dissolution, both in the MSWI-FA/KH2PO4 suspension and in 
the MF0/100 samples. The partial dissolution of the abundant sulfate (i.e., gypsum, anhydrite), together with 
the rapid subtraction of water due to the gelification of the MKP amorphous precursor, have realized the 
supersaturation conditions required for the precipitation of arcanite (K2SO4) [1,11]. Its late precipitation is 
confirmed by the SEM observation (Figure 7.10), where arcanite is present on the surface of MKP crystals. In 
the same way, the released Ca can substitute Mg in the MKP, as shown in Figure 7.16. 

 

 

Figure 7.16 MSWI-FA Ca-sulfate particle in the cement matrix, with EDS map. 

 

There are evidence that also the aluminosilicate fraction of MSWI-FA reacted in the cement chemical 
environment. The phase composition of MSWI-FA/KH2PO4 points out a significant decrease in gehlenite 
content, while the 27Al MAS spectrum clearly shows the presence of a new resonance in the octahedral region 
at -12 ppm, together with an increase linewidth of the tetrahedral Al (Figure 7.7). This is compatible with the 
incorporation of at least some of the ions released by the aluminosilicate into new Al-bearing phases. Similar 
features were also observed in the 27Al spectra of MF sample. The range in chemical shift is the same reported 
for some aluminophosphate glasses [16] and phosphate geopolymer [22], where the resonances have been 
assigned to aluminium sited in an octahedron sharing corners with P-coordinated polyhedron, so as to build 
up the aluminophosphate networks. Although the broad linewidth of the 31P MAS spectrum impaired the 
unambiguous identification of a new signal between -5 to -30 ppm, as it should be expected, according to 
this interpretation [22], the SEM results (Figure 7.12) are compatible with this model. The alternative possible 
scenarios offered by the literature, seem less probable. That is: the tiny 31P resonance at 3 ppm reported in 
glasses and exhibiting proximity with a similar AlVI environment [23]; the 31P resonance at 5 ppm assigned to 
Q0(1Al) units in a geopolymer added with P [24]; the precipitation, upon addition of ground granulated blast 
furnace slag to MKPC, of a new potassium aluminosilicate phase producing an analogous 27Al MAS signal [7].  
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The small differences in the 29Si MAS spectra of cement samples compared to MSWI-FA (Figure 7.6) are 
also compatible with the partial dissolution of gehlenite (a sorosilicate displaying mainly Q1 units at -71 ppm) 
and the mobilization of Si. Likewise, Si was mobilized from the zinc silicate as evidenced by the XANES results 
(Figure 7.9). Altogether, the experimental evidence from spectroscopies indicate the involvement of MSWI-
FA in the cement reaction. Even though the SEM-EDS measurements were not conclusive on this hypothesis, 
in terms of Al and Si mobilization, the intrinsic local nature of the spectroscopies here employed may provide 
more reliable results. Similar questions on the SEM-EDS approach in inquiring the reactivity of waste residue 
into MKPC have been recently raised [25].  

The significant reduction of heavy metals leaching (Figure 7.15) is also in agreement with this view, 
since, in addition to the expected physical encapsulation effect of the cement matrix, XANES spectra clearly 
indicated a chemical stabilization due to the direct reaction of MSWI-FA components (Zn-bearing phases) 
with phosphate. In fact, in analogy with the Ca carbonates mentioned above, hydrozincite (Zn5OH6(CO3)2) is 
likely dissolved in the initial acidic conditions and Zn can reach the supersaturation conditions needed to 
precipitate hydrated Zn-phosphate phases, as they exhibit very low Ksp (for example, Zn3(PO4)2·4(H2O), 
hopeite, has Ksp ∼ 10-35 at 25 °C) [26]. At the same time, ZnO in MSWI-FA may directly react with phosphate, 
likewise zinc in Zn-phosphate dental cement [27]. Eventually, these processes are kinetically competing with 
the main reaction involving MgO (for K-struvite, Ksp is ∼10-11 at 25 °C) [26].  By taking into account the 
similarities between the spectroscopic results of MF0 and MF100, although significantly different from the 
pristine washed MSWI-FA, it seems that the MSWI-FA reactivity is not deeply affected by the type of 
formulation, i.e., an increase in the KH2PO4 content (MF100) does not result in a significant increase of the 
dissolution/precipitation reactions. 

When considering the main reaction pathway, the ICC curves indicated a marked effect on the kinetics 
rather than on the normalized heat released (MF0, Figure 7.1). The acceleration of the second exothermic 
peak may be considered the effect of enhanced nucleation of the reaction products. Heterogeneous 
nucleation is known to be thermodynamically favoured [1]. In MKPC, this role is commonly played by MgO, 
as confirmed by the positive correlation between its specific surface area and the K-struvite crystallization 
rates [1]. Therefore, the high specific surface area of the ash provides additional room for nucleation of the 
reaction products (Figure 7.14). Although less evident, a similar effect is present in MF100, since the delay of 
the MgO dissolution with respect to REF is not followed by a delay of the K-struvite crystallization. This 
behaviour can also explain the increase of the amorphous-phase/crystal-phase ratio passing from REF to 
MF0/100, as their interconversion is hindered in a more kinetically driven reaction pathway [1,2]. On the 
other hand, the mobilization of Al and Si by the addition of metakaolin in MKPC has been linked to an increase 
in the amount of amorphous fraction [28]. Although the mechanisms are not yet clarified, an analogous effect 
can occur here, too, since a similar release of Al and Si is observed. The K-struvite crystallization pathway is 
the results of a complex interplay between the amount and availability of ions in solution, their mobility and 
the relative stability of the amorphous precursor, all of which can be affected by impurities and/or additives 
[5]. Further work should be done to isolate the eventual contribution of the MSWI-FA components on this 
complex reaction mechanism. 

7.5 Conclusions 

In this work, the reactivity of washed MSWI-FA when added in MKP cement is investigated, by 
employing both an “inert” formulation, where MWSI-FA replaces both magnesia and KDP, and a “reactive” 
formulation, replacing magnesia only. The following conclusions have been achieved: 

• SSNMR and XAS agree to indicate that, in both inert and reactive conditions,
dissolution/precipitation reactions involving MSWI-FA occur. A fraction of Zn, the most abundant
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heavy metal in the waste, becomes bound to phosphate, together with Al and, at a lesser extent, Si. 
The dissolution of the abundant sulfate leads to the precipitation of K2SO4. 

• the suspension of MSWI-FA in a KH2PO4 saturated solution confirms these results, indicating a 
mainly amorphous character of the reaction products.  

• MSWI-FA determines an increase in the amorphous/crystalline ratio in MKP, as shown by ICC, XRPD 
and SEM observations, although the precise mechanism has not been clarified.  

• In both conditions, the leaching of all the heavy metals investigated is below the legal limit, thus 
proving that MKPC can be a promising matrix for the MSWI-FA incorporation. Moreover, the 
reactive formulation demonstrated a 50% increase in the compressive strength, suggesting taking 
into account the waste when optimizing the binder parameters.  
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Chapter 8 
 

Thermal Stability of Calcium Oxalates from CO2 Sequestration 
for Storage Purposes: An In-Situ HT-XRPD and TGA Combined 
Study 

 
8.1 Introduction 

Carbon dioxide is one of the main components of the flue gas produced by the combustion of waste in 
WtE plant (i.e., around 10% vol). This, coupled with the many anthropic manufacturing activities, has brough 
the concentration of carbon dioxide in the atmosphere from the pre-industrial level of 280 ppm [1] to about 
412 ppm in 2019 [2]. For this reason, many CO2 fixation methods have been proposed, such as Carbon 
Capture and Storage (CCS) in suitable geological structures, bio-sequestration, catalytical reduction via metal-
organic complexes, sequestration by amine mixtures, precipitation of carbonate minerals by the carbonation 
reaction of calcium and magnesium silicates and oxides [3-6]. In this context, our group developed an 
alternative and green approach for the mineral capture of CO2, by exploiting the reducing ability of the 
ascorbic acid to reduce carbon dioxide according to the following red-ox reaction (AA: ascorbic acid; DHA: 
dehydroascorbic acid) [7-8]: 

AA + 2CO2 → C2O4
2- + DHA + 2H+        

In the presence of calcium as a counterion (provided via Ca-ascorbate, CaASC), the reaction promotes 
precipitation of stable and nearly insoluble Ca-oxalate hydrates, mainly dihydrate (weddellite; COD; CaC2O4⋅ 
2H2O), with monohydrate as a byproduct (whewellite; COM; CaC2O4⋅ H2O) [7,8]. Moreover, AA/DHA 
interconversion has been demonstrated at acidic pH (4–6) as the result of delocalization of the reducing 
hydrogens, potentially leading to a reuse of the reducing agent, when kept in the right conditions [9]. Calcium 
oxalates find their applications in many fields, from pre- and post-harvesting and storage treatment on many 
plants intended for human consumption, to metal and hazardous metals (arsenic as an example) 
immobilization or extraction from minerals to ceramic glazes and for preparation of reagent-grade chemicals 
[10,11]. In this context, the thermal behaviour of weddellite crystals is crucial in assessing their carbon 
dioxide storage capacity, disposal, or, eventually, reuse in a circular economy perspective. COD could be 
considered a solid-state carbon dioxide reservoir, reducing storage and handling safety costs compared to 
compressed gas. Calcium oxalate can be a potential source of pure CO2 and CaO, exploiting thermal 
degradation. CO2 recovered from calcium oxalate may be used in standard applications, while homogeneous 
calcium oxide powder can be employed as a reagent in the cement or ceramics industries [12-14]. 
Nevertheless, the literature reports a comparatively modest number of studies regarding the decomposition 
of oxalates using in-situ X-ray powder diffraction (XRPD), which is appropriate to provide a complete 
description and quantification of the crystalline phases appearing at different stages of the reaction. The 
thermal degradation reactions of calcium oxalate can be described as followed: 

The first step (dehydration) represents an endothermic process both in the inert and oxidizing 
atmosphere, according to the reactions R1 [15-21]: 

CaC2O4·H2O ↔ CaC2O4 + H2O (reaction R1). 

CaC2O4 → CaCO3 + CO (reaction R2a)  
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CaCO3 ↔ CaO + CO2 (reaction R3) 

R2a is an endothermic reaction under inert conditions, but possibly exothermic in air or oxygen, and R3 
is endothermic. The temperatures related to the maximum reaction rate (reactions R1, R2a, and R3) roughly 
range from 45 to 235 °C, from 250 to 550 °C, and from 550 to 850 °C, respectively, and depend on 
experimental aspects, such as the preparative routine, the environmental conditions, the heating rate, the 
presence and nature of the flowing gas, as well as the hydration state of the crystalline phase (COT, COD or 
COM). Additional reactions may occur in the reaction batch, simultaneously with R2a: disproportionation 
(R2b) and oxidation (R2c and R2d). The former has been proposed to explain the presence of both CO and 
CO2 in the reaction batch: 

2CO → C + CO2 (reaction R2b) 

The disproportionation reaction is considered a very slow process and neglected in many works dealing 
with calcium oxalate thermal decomposition [19-23]. CO, in turn, may coexist with CO2 in the carbonate 
formation range of temperature. The oxidation of CO to CO2 may be related to the catalytic effect of some 
parts of the experimental setup (the platinum crucible, for instance) [23-25]: 

CO + 1/2O2 → CO2 (reaction R2c) 

The occurrence of free carbon is considered a side-effect typical of the decomposition of REE-oxalates, 
or as a ubiquitous byproduct, even in calcium oxalate decomposition [19-23]: 

C + O2 → CO2 (reaction R2d) 

Almost all of the papers devoted to determining the thermal stability of oxalate are referred to as 
calcium oxalate monohydrate. Whewellite shows higher structural order than weddellite that contains 
loosely bonded zeolitic water molecules free to move in the channels [7]. Accordingly, the transition 
temperatures are significantly higher for whewellite. The dehydration reaction of weddellite occurs at lower 
temperatures than whewellite, confirming the hypothesis of weakly bonded water molecules in the channels 
of weddellite [7,16]. Moreover, the relative storage humidity plays an essential role in the stability of 
weddellite crystals. It has been demonstrated that the transformation of whewellite in weddellite takes a 
few minutes when original whewellite crystals are immersed in water [26]. As the humidity decreases, the 
time required to reach the stability increases. Nevertheless, this is of primary importance when considering 
the storage of calcium oxalates produced by carbon dioxide reduction. 

8.2 Materials and Methods 

8.2.1 Materials 

Calcium oxalate dihydrate (weddellite) was precipitated from CO2 by carbon reduction using a Ca-
ascorbate aqueous solution exploiting the reaction described above [7,8]. At the beginning of each 
experiment, the air trapped in the headspace of the vessel is removed by first flowing in pure CO2 through 
the inlet valve until a slight overpressure, compared to the atmosphere’s, is achieved (1.1 bar), and then 
partially relieving the overpressure via a relief valve. This “washing” treatment is repeated three times t<o 
clear the vessel from the air. Successively, CO2 is provided via a single gas injection until a slight overpressure 
(1.043 bar) with respect to ambient is achieved (Figure 8.1). Then, the inlet gas valve is closed, and the system 
is isolated, so that CO2 neither enters nor escapes. A 1 M CaASC solution in the vessel is continuously stirred 
to homogenize the distribution of dissolved CO2, thus avoiding gas gradients from the cap towards the 
bottom of the reactor. The system was kept sealed to measure the CO2 captured, i.e. the decrease of pressure 
inside the vessel, starting from a setpoint slightly higher than the atmospheric pressure (1.043 bar). 
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Successively, the decrease of pressure versus time, due to CO2 capture and Ca-oxalate precipitation, was 
monitored by the pressure switch device. At the end of the experiments, the suspension was vacuum filtered 
on a cellulose filter with a pore size of 0.45 µm and the crystalline sample was dried overnight at room 
temperature.  

Figure 8.1 Sketch of the CO2 capture experiment set-up. 

8.2.2 In-situ High Temperature X-ray Powder Diffraction (HT-XRPD) 

In-situ high-temperature XRPD data collections at quasi-equilibrium/equilibrium (data collections at 
given T after the achievement of thermal equilibrium as reported in Table 8.1) were carried out using a Rigaku 
SmartLab XE (Rigaku, Tokyo, Japan) diffractometer (Bragg-Brentano θ-θ geometry, CuKα radiation, generator 
operating at 40 kV and 30 mA) equipped with a Rigaku Multipurpose High Temperature Attachment, 
combined with PTC-EVO temperature control. The actual temperature of the sample was determined using 
a calibration curve previously defined with Pt thermal dilatation. The samples were heated at a rate of 
15 °C/min, in keeping with the heating ramp proposed by Hourlier, 2018[15] and held at the achieved 
temperature for 30 min. Diffraction patterns were recorded using a CCD detector (Rigaku Hypix 3000), 
operating as a punctual detector in the range 5 < 2θ < 80° with a speed of 1°/min and step size of 0.01°. The 
heating rate was maintained constant throughout the XRPD experiments to prevent temperature shifts 
related to the heat transfer. The temperatures at which XRPD data were collected are reported in Table 8.1 
(Ramp#1). Ramp#1 did not allow complete characterization of the recrystallization reactions. Two more runs 
(Ramp#2 and Ramp#3) were designed and carried out to complement and detail Ramp#1. Phase 
identification from XRPD data was performed using the DIFFRAC.EVA software (version 11.0.0.3, Bruker) and 
the PDF-2 database. The GSAS-II Software Package was used for full profile refinements to quantify and 
characterize the crystal phases occurring in the mixture that develops from the transformations of Ca-oxalate. 

8.2.3 Thermogravimetric Analysis-Evolved Gas Analysis (TGA-EGA) 

In-situ high Thermogravimetric analysis coupled with infrared spectroscopy (TGA-FTIR) was used to 
assess the COD thermal behavior and monitor the species evolved during the thermal degradation (CO, CO2, 
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and H2O). In detail, the TGA-FTIR setup was previously cleaned by purging nitrogen and raising the 
temperature until 930 °C to remove any pollutant from the measure system. After the cleaning cycle, the 
sample (6.27 mg) was placed in a platinum pan and put in a Pyris 1 thermobalance (Perkin Elmer, Waltham, 
MA, USA). Then, the sample chamber was sealed at room pressure and gas purged at 35 mL/min for 30 min 
with an oxygen-nitrogen mixture (33.3% of O2 in N2). Thereafter, the sample was heated under flowing of the 
same oxidant gas mixture from 70 to 900 °C at different heating rates depending on the temperature range: 
between 72 to 250 °C, a slow heating rate (2 °C/min) was chosen to better discriminate zeolitic and structural 
water. At a higher temperature (250 to 900 °C), the sample was heated at 15 °C/min to identify the nature 
and monitor the evolution of the gaseous species that evolved during the formation of solid phases other 
than hydrated oxalates investigated by XRPD experiments. 

The gas that evolved during the heating ramp was piped (gas flow 65 mL/min) via a pressurized transfer 
line (Redshift S.r.l., San Giorgio in Bosco (PD), Italy) and analyzed continuously by FTIR spectrophotometer 
(Spectrum 100, Perkin Elmer), equipped with a thermostatic conventional gas-flow cell. Temperature/time-
resolved spectra were ac- quired in the 4000–600 cm−1 wavenumber range and analyzed with the Spectrum 
software (version 10, Perkin Elmer, Waltham, MA, USA). Temperature-resolved infrared profiles of the 
evolved gases were obtained from the absorbance variation at a specific wavenumber characteristic of each 
gaseous species of interest (1650, 2185, and 2359 cm−1 for H2O, CO, and CO2, respectively). The deconvolution 
of the FTIR and derivative thermogravimetry (DTG) curves was performed using the Fityk 0.9.8 free software 
and choosing a Voigt or a splitted Voigt (for strong peak asymmetry) peak profile to fit the experimental data. 
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Table 8.1 Temperatures of the measurements in the HT-XRPD in situ experiments (Ramp#1 to #3). 

Step# Ramp#1 
(°C) 

Ramp#2 
(°C) 

Ramp#3 
(°C) 

1 26 25 25 
2 47 47 86 
3 274 102 97 
4 410 158 108 
5 460 212 119 
6 487 273 130 
7 605 329 141 
8 881 410 152 
9 22 420 163 

10 430 174 
11 440 185 
12 450 196 
13 460 207 
14 605 218 
15 660 230 
16 715 241 
17 826 384 
18 439 395 
19 22 406 
20 417 
21 428 
22 439 
23 450 
24 461 
25 472 
26 483 
27 494 
28 748 
29 760 
30 771 
31 782 
32 793 
33 804 
34 815 
35 826 
36 837 
37 848 
38 859 
39 870 
40 881 
41 22 
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8.3 Results 

8.3.1 HT-XRPD  

Figure 8.2 shows the results of in-situ HT-XRPD experiments, by heating weddellite according to 
Ramp#1, to investigate the correlation between solid-state phases stable within a temperature range and 
gases evolving from thermal degradation of calcium oxalate. 

Figure 8.2 Ramp#1: The transitions between crystal phases are not well distinguished. Weddellite to whewellite 
transition is missing, as the anhydrous phase abruptly appears at 250 °C. The same applies for CaO, which suddenly 
crystallizes at 800 °C. Pt signal comes from the sample holder. 

 

During the first two steps (26 and 45 °C), calcium oxalate dihydrate is the stable phase. The transition 
from COD to COA occurs between 45 and 250 °C and a COM fraction is not recorded. At 250 °C, weddellite is 
fully dehydrated, with COA identified as the sole crystalline phase. At 374 °C, some calcium carbonate 
(calcite) appears and at 419 °C it completely replaces COA. Calcium carbonate, in turn, is stable until the last-
but-one step, at 550 °C, where the onset of the decarbonation reaction is detected. Calcium carbonate lasts 
up to 800 °C. Starting from this temperature only CaO occurs (Pt diffraction signal comes from the powder 
sample holder). Ramp#2 represents an intermediate experiment intended to find the proper measurement 
conditions in terms of temperature. Eventually, Ramp#3 (Figures 8.3-8.4) was designed to detail the 
crystalline phase transitions. The first transition between weddellite and whewellite approximately starts at 
110 °C and achieves completion at 140 °C (Figure 8.4). During this first transition, the weight loss recorded 
by TGA analysis is related to zeolitic water. Between 140 and 150 °C, in a very narrow T-range, the sole stable 
phase is the calcium oxalate monohydrate that undergoes further dehydration between 150 and 180 °C, 
losing the tightly bonded structural water. COA is stable up to 410 °C. The onset of the decarbonation reaction 
is detectable from 360 °C. In the range 410–680 °C, calcium carbonate is the unique stable phase, but at 
higher temperatures, it is progressively replaced by CaO. At the end of the reaction (800 °C), the final 
crystalline product is fine-grained pure lime. Note that, in any explored ramp, the Pt signal from the sample 
holder becomes visible due to the volume loss of the sample. 
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Figure 8.3 Raw data of HT-XRPD in-situ measurement (Ramp#3). 

Figure 8.4 Ramp#3. The HT-XRPD refinement and quantitative analysis highlight the thermal stability range of the 
phases coming from COD thermal degradation (a) and the transition between crystalline phases (b). 

8.3.2 TGA-EGA 

The thermal decomposition of the sample was monitored in the temperature range between 70 and 
900 °C (2 °C/min up to 250 °C and 15 °C/min from 250 to 900 °C) and shows three weight loss processes, as 
illustrated in Figure 8.5. The first process, which occurs between 70 and 200 °C (maximum rate at 136 °C), 
corresponds to a weight loss of 25.6% and is related to the evolution of both zeolitic and structural water. 
Ideally, the water lost during heating should represent 22% of the weight of the sample. Data from FTIR 
measurements (Figure 8.6) confirm that CO2 is evolved during heating, even at low temperatures (119–
255 °C), justifying the difference in weight loss. This faint evolution of CO2 in the low-temperature range 
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perfectly overlaps H2O evolution and possibly represents the onset of the structural collapse of weddellite at 
low temperature (150 °C). This is possibly related to the stabilization of α-COA, as reported by Izatulina and 
Zhao [27,28], even if from the XRPD analysis, no COA, calcium carbonate or lime were detected in this 
temperature range, probably due to values below the detection limits. Therefore, this lower value must be 
cautiously considered the temperature limit for weddellite stability for storage purposes. The two water 
release curves can be roughly recognized: the first, with a maximum at 152.8 °C; the second, with a maximum 
at 200.9 °C from FTIR data. This agrees with the literature [15]. The FTIR profile of H2O release (Figure 8.6) 
shows a double peak in the temperature range of 70—300 °C. The first maximum is at 135 °C, the second one 
at 206.6 °C. The two maxima correspond to the evolution of the zeolitic and structural water. In terms of 
solid phases, they correspond to the dehydration steps of the oxalate, from COD to COM and then to COA. 
The release of H2O from the crystal structure continues up to approximately 300 °C. Structural H2O and the 
second CO2 evolution occur at almost the same temperature, indicating that calcium oxalate sets up to 
collapse at a lower temperature than expected (during the massive loss of carbon monoxide and dioxide 
reported in the literature), approximately at 150 °C. The second weight-loss (21.6%) occurs in the range 390–
550 °C, with a maximum value at 490 °C. During this step, both CO and CO2 (Figure 8.6) are released according 
to the literature [15,21]. In agreement with the stoichiometric calculation, CO would lead to a weight loss of 
17%, the difference with the actual one is attributed to some CO2 that evolved during the heating, as 
confirmed by FTIR measurements (Figure 8.6). The maximum release temperature for CO2 and CO are at 
492.6 and 488.1 °C, respectively. A third remarkable weight loss (31.3% b) occurs between 550 and 800 °C. A 
split-Voigt function was used to simulate the asymmetry of experimental peaks. The maximum release of CO2 
occurs at a temperature of about 767 °C. Immediately beyond the maximum release temperature, CO2 drops, 
indicating the completion of the degradation reactions of calcium oxalate, in full agreement with diffraction 
data. According to the literature, the CO2 release may account for a weight loss of 27%. The difference is 
attributed to a partial superimposition of the second and third steps due to the relatively high heating rate. 
Moreover, the asymmetry could reflect a forward-backward reaction due to the reaction chamber’s high CO2 
and calcium oxide substrate activities, related to lingering volatile species. 

Figure 8.5 Thermogram (a) and the first derivative (b) showing the endothermic peaks related to the reactions 
indicated in correspondence. 



 
 

113 
 

 

Figure 8.6 FTIR measurements of (a) H2O, (b) CO, and (c) CO2 release. The darker color of the experimental data 
on the left of the vertical line (low-temperature range) is related to the slow-rate ramp (2 °C/min), at a 
temperature higher than 250 °C, the ramp rate was increased to 15 °C/min to simulate the heating condition of 
an industrial oven. 

 

8.4 Discussion 

In Table 8.2, the temperatures related to the three degradation reactions of weddellite revealed by 
XRPD (appearance and disappearance of the crystalline phases) and DTG (gas evolution) are summarized and 
compared. The transition temperature ranges agree with those from the literature [15]. 

 

Table 8.2 FTIR measurements of (a) H2O, (b) CO, and (c) CO2 release. The darker color of the experimental data on 
the left of 
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HT-XRPD and TGA experiments provide coherent descriptions of zeolitic and structural water release. 
The DTG peak related to water release overlaps the temperature range thermal-gravimetric analysis. We 
stress that, in TGA, a 2 °C/min ramp was chosen to emphasize the double water loss. In contrast, in HT-XRPD, 
we recorded patterns at narrow temperature intervals to follow the transformation of the solid phases from 
weddellite to whewellite and then to the anhydrous phases. Although a general shift to higher temperature 
occurs owing to heat and mass transfer related effects, the releases of volatile phases can be undoubtedly 
associated with the stabilization of the crystalline phases recorded by XRPD, following the sequence: 

CaC2O4·xH2O ↔ CaC2O4 + xH2O (reaction R1) 

where x is equal to 2 (weddellite to whewellite; zeolitic water loss) or 1 (whewellite to anhydrous Ca-
oxalate; structural water loss); 

CaC2O4 → CaCO3 + CO + CO2 reaction R2a (and reactions R2b, R2c, and R2d) 

corresponding to the transition from anhydrous Ca-oxalate to calcite (first decarbonation reaction), 
accompanied by carbon monoxide and dioxide release and not, as suggested in some literature [20, 29], by 
carbon monoxide production only. In these circumstances, CO oxidation should be catalyzed to obtain pure 
and reusable CO2. However, the methods, to our knowledge, involve fine metal oxide powders (ZnO, for 
instance) and may induce pyrophoric effects. As an alternative, gas separation should be provided for 
obtaining a pure CO2 or CO gas flux. In an oxidant atmosphere, reactions R2c and R2d are the most likely to 
explain the presence of carbon dioxide; 

CaCO3 ↔ CaO + CO2 (reaction R3) 

corresponding to the calcite to lime reaction (second decarbonation reaction). Activation energies 
(Table 8.3) for the processes have been evaluated using the Coats-Redfern integral method [30-33] derived 
for non-reversible reactions at non-isothermal conditions (Figure 8.7). The results of the analysis are reported 
in Table 8.3, along with the order of the reaction estimated based on the least-square fitting agreement 
between the model and observations, as described by Sukarni [30]. Moreover, in CO2 production, the 
reaction mechanism are classified following the method described by Dollimore [34]. However, this 
evaluation does not claim to be absolute: the Coats-Redfern approach is hardly suitable for the determination 
of reaction mechanisms and correct kinetic analysis of a single experimental curve requires an a priori 
knowledge of the true activation energy [35,36]. 

Table 8.3 Activation energies (Eatt) and orders of the reactions (n) were evaluated by applying the Coats-Redfern 
method. The mechanism of reaction was hypothesized, when possible, using the approach described by Dollimore 
et al [34,37] 
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Figure 8.7 Analysis of TG data applying the Coats-Redfern method. The g(𝛼𝛼) function is given by 1 ‒ (1 ‒ 𝛼𝛼)(1 ‒ 
n)/(1 ‒ n)𝑇𝑇2 if n ≠ 1 or log10(1 ‒ 𝛼𝛼))/𝑇𝑇2 if n = 1. 

The magnitude of the activation energy values inferred here is comparable to those found in the 
literature [16,17,31]. The occurring discrepancies are attributed to the experimental setup differences in heat 
and mass transfer, sample particle size, and catalytic effects of the impurities present in the system. Thermal 
degradation of weddellite occurs through multi-step transformations. Some overlapping of the processes 
occurs in water release reactions (first and second release are not fully separated), in CO2 release reactions 
at low temperature, and in the combined CO—CO2 evolution, wherein the maximum release rates of CO and 
CO2 occur at 488 and 492.6 °C, respectively. All of these overlapping processes may affect the evaluation of 
the activation energies of a single process. As an example, the second water release shows a negative 
activation energy value. This negative value is probably due to the double interference effects of first water 
release and CO2 feeble release at low temperature on the second water release process. At the same time, 
it is apparent that this reaction corresponds to the structural water loss, which seems unlikely to be a 
barrierless reaction. A comparison of TGA results with HT-XRPD reveals a temperature shift towards higher 
values in the former, confirming the severe dependence of the kinetics of the reactions on the heat transfer 
rate and, in general, on the experimental setup. 

8.5 Conclusions 

In conclusions, the feasibility of CO2 long-term storage in crystalline oxalate stable at room temperature 
and pressure has been proven on microcrystalline weddellite samples from the ascorbate promoted CO2 
capture green reaction. Although a direct comparison of TGA and XRPD results confirms the severe 
dependence of the reactions’ kinetics on the heat transfer rate and, in general, on the experimental setup, 
some CO2 release from calcium oxalate occurs at relatively low temperature (150 °C). This must be considered 
the higher storage temperature for calcium oxalate to avoid the release of CO2 back to the environment. 
Apart from this, COA guarantees that the mass of CO2 is safely stored until the first decarbonation 
temperature is reached and a CO + CO2 mixture is released. At this step, a gas separation would be required 
to decouple pure CO2 from CO. Then, starting from the onset of the second decarbonation reaction (550 °C 
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for the setup tested), pure CO2 can be retrieved in pure form from COA, leaving a crystalline calcium oxide 
ready for further technological applications.  
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Chapter 9 

Conclusions and Recommendations 

The main objective of this research has been the characterization of MSWI BA/FA chemical and 
mineralogical composition and its relationship with the leachable pollutants, and to propose effective 
treatments and recycling methods. The main conclusions and recommendations for future research related 
to the thesis sections are as follows: 

9.1 Bottom ash 

The work on BA mainly focused on assessing the efficacy of a novel treatment involving steam (“steam 
washing”). The BA characterization in terms of composition and pollutants release as a function of particle 
size, previously performed by the group, allowed the definition of three main subclasses (s > 4.75 mm, 4.75 
> s > 1 mm, s < 1 mm), for which different combinations of treatments were tested. The coarser BA are
composed by mostly inert material (such as ceramics, aggregates, etc..) and do not require strong treatments
to meet the law limits for direct reuse building materials technologies according to Italian law, while the finer
fractions are more prone to dangerous leaching and are more difficult to stabilize completely. The steam
washing was developed in order to exploit one of the products of the waste incineration, i.e., the steam,
coming from the circuit dedicated to the production of electricity used in urban district heating; this energy
resource is always available in all Waste-to-Energy plants equipped with a cogeneration system and may be
used to treat the ash directly at the plant, by combining the relatively high temperature with the solvent
power of water. The application of this treatment at laboratory scale was tested for the coarse BA fractions.
Its efficacy in reducing the leaching of the BA main pollutants (chloride and Cu) with short time of exposure
(240 s) was confirmed for s > 4.75 mm, and an intermediate class (4.75 > s ≥ 2 mm). Overall, 60 wt% of BA
was recovered for reuse directly with steam washing, however the resulting BA effective application in
cement/concrete and its impact on the mechanical and hydration properties still needs to be investigated.
Moreover, a markedly lower amount of wastewater was produced, when compared with the one obtained
during a common water washing treatment with L/S around 5-10, in the order of 95-98 vol%.

Macroscopical observations allowed to describe the process as a combination of mild dissolution and 
removal of the dust on the BA grains. An effort to elucidate the steam washing mechanism at the microscale 
was made by Cu K-edge XAS, which provided a deep insight into the speciation and behavior of the BA most 
abundant PTE. In the pristine BA, Cu is present as mainly CuO microparticles, together with secondary 
contributions from Cu2O, malachite and Cu2S. After the treatment, the CuO component markedly reduces, 
suggesting that these particles are removed during the steam exposure. However, the translation from the 
microscopic to the macroscopic behavior of BA, characterized by a high heterogeneity, is not always 
straightforward, and further research should be done to correlate XAS data with leaching tests, for example 
by employing sequential extraction methods and geochemical modelling. 

In the case of BA with 2 > s ≥ 1 mm, steam washing was effective in decreasing chlorides and sulfates 
below the Italian limit, but not Cu. On the other hand, accelerated carbonation of 60 min managed to curb 
all the heavy metals concentrations below the legal thresholds. In this case, a combined approach could be 
tested, by mixing the two fluxes (i.e., steam and CO2) and inducing the two processes at the same time. XRPD, 
TGA coupled with FTIR, and SSNMR analyses show that carbonation mainly takes place in terms of formation 
of carbonate compounds, which are represented by calcite (major phase) with a low degree of crystallinity. 
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The accelerated carbonation was employed for the finer fraction, s < 1 mm, as flocculation hindered the 
application of steam washing. Chlorides and sulfates yet remained above the legal threshold. In order to 
improve this limitation, the introduction of deflocculants could be explored. 

9.2 Fly ash 

The work on FA started by thoroughly characterizing the material as a function of particle size, in a 
similar manner to BA. A more in-depth analysis of the heavy metals behaviors was performed, as they 
represent a major concern when dealing with FA, which is considered a hazardous waste. Among the 
analyzed heavy metals, Zn and Pb are the most abundant in any grain size class, followed by Cu, Cr, Cd and 
Ni, with concentration that tends to increase with a decrease of the grain size. The phase composition is 
constituted of salt (halite, sylvite, anhydrite and syngenite), followed by calcite, quartz and gehlenite, while 
50% wt is composed of amorphous fractions. The combination of mineralogy, sequential extractions and 
geochemical modelling allowed to highlight how the leaching of dangerous heavy metals is dependent more 
on their speciation rather than simply on the total content. Indeed, heavy metal leaching is strongly 
correlated to speciation distribution, and in particular to the fraction (F1) associated with salt, carbonate and 
weak surface sorption. Leaching from speciation due to surface complexation on Al/Fe (hydr)oxide becomes 
relevant at acidic regime. Particle size and heavy metal content, in turn, moderately correlate with leaching. 
The F1-speciation as a function of particle size does not exhibit a definite trend shared by all heavy metals 
under investigation, therefore a comparatively modest efficiency in managing FA is expected from grain size 
separation strategies, with respect to BA. Still, kinetics (long-term leaching) should also be considered to fully 
translate in real scale the modelled and experimental results obtained, which assume that the 
thermodynamic equilibrium is reached. A better approximation could be obtained by performing column 
(dynamic) leaching tests. Moreover, further investigations should be done in order to take into account the 
effect of FA organic components on the leaching of contaminants (especially Cu). 

The treatments were then applied on FA as a whole, by comparing the conventional batch water 
washing with a multiple step water washing (FH-WW). The L/S ratio was a crucial parameter, along with the 
number of washing cycles, for removing halite and sylvite, whereas quartz, calcite, anhydrite, and the 
amorphous phase remained in the solid residue. The FH-WW delivered a dry product with limited 
contaminant leaching with respect to that from the conventional washing at L/S = 50 for 24 h, thus providing 
a comparatively relevant wastewater (L/S = 5 versus 50) and time (2.5 versus 24 h) reduction. A sequential 
extraction method and dissolution kinetics modelling suggested that the treatment takes place through a 
two-step mechanism, where after a fast dissolution of the soluble phases fraction present on the FA particle 
surface, a slower diffusion process occurs. Dissolution kinetics was the key parameters governing FH-WW, 
which significantly differs from the conventional washing that takes place at quasi-equilibrium conditions. 
Altogether, multi-step washing with L/S = 5 was effective in reducing pollutants under the legal limits for non-
hazardous waste disposal, while the legal limits for non-reactive or reusable material couldn’t be completely 
reached, owing to the excess release of sulfate and some heavy metals (Cr, Ni). By considering the heavy 
metals leaching as a function of pH, an improvement can be expected if the treatment is carried out by 
employing a more acidic water. Moreover, the method was assessed by employing ultrapure water for each 
step, however much work is still necessary to implement a regeneration system to reuse the same water 
again, for example by employing a sorbent material like biochar. 

The treated FA were then tested by introducing it into two different phosphate-based materials, 
phosphate based geopolymer and magnesium phosphate cement. This choice was induced by the good 
compatibility between phosphate and heavy metals, since the related salts are characterized by a very low 
Ksp. In addition, these materials are limited by the high costs of the traditional reagents, and thus can benefit 
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by their substitution with FA. When washed FA substituted metakaolin in PBG, a progressive decrease of the 
mechanical properties was observed (up to 75%). A combined approach involving XRPD, SEM-EDS, SSNMR 
and IR was adopted to describe the mineralogical changes and the structural modifications of the geopolymer 
networks, proving that FA displays a different reactivity compared with metakaolin, behaving preferentially 
as a source of alkali that compete with the aluminosilicate MK fraction by precipitating crystalline and 
amorphous phosphates. At 10 wt% of metakaolin substitution with fly ash, the extent and reticulation of the 
amorphous geopolymer matrix was preserved, and the mechanical properties were retained. At higher waste 
content (30–50% wt), the fast kinetics of the acid-base reactions involving the fly ash reactive phases prevail 
over the metakaolin dealumination, and the nature of the material shifts to an alkali-phosphate 
cement/phosphate-geopolymer composite. This behavior, together with the development of porosity and 
presence of low-strength phases in the ash, led to a decline in the mechanical performance with increasing 
amount of substitution. To increase the degree of FA substitution, possible additives could be tested, for 
example the introduction of soluble Al (i.e., using Al-phosphate in the reactant solution) to compensate for 
the lower amount of Al present in the FA, with respect to MK. Regardless, the stability of the material with 
respect to pollutants leaching should be thoroughly investigated before proposing PBG as a valid recycle 
opportunity.  

The study of FA introduction into MKPC was more focused on assessing the waste reactivity in the 
system, since the reaction conditions are much less harsh than in PBG, by employing both an “inert” 
formulation, where FA replaces both magnesia and KDP (i.e., acting as an aggregate), and a “reactive” 
formulation, thus replacing magnesia only (i.e., acting as a binder component). An extensive spectroscopic 
analysis, in terms of SSNMR and XAS Zn K-edge demonstrated that, in both situations, 
dissolution/precipitation reactions involving some fly ash components occur. A fraction of Zn, the most 
abundant heavy metal in the waste, becomes bound to phosphate, together with Al, while the dissolution of 
sulphates determined the precipitation of K2SO4. A model sample obtained through a suspension of FA in a 
KDP saturated solution confirmed these results, proving the mainly amorphous character of the reaction 
products through an XRPD and 31P SSNMR investigation. In terms of the main MKP reaction pathway, 
isocalorimetry, XRPD and SEM suggest that MSWI-FA determined an increase in the amorphous/crystalline 
MKP ratio, although the exact mechanism has not been identified. The mechanical properties markedly 
increased when FA was considered reactive (up to 50%), together with an efficient reduction of heavy metals 
leaching, thus proving that MKPC can be a promising matrix for the MSWI-FA incorporation. However, a more 
detailed study involving more formulations should be conducted to isolate the contribution of FA with 
respect to other parameters (i.e., amount of water and KDP), which have a major impact on the cement 
characteristics and properties. 

Overall, the two employed approaches suggest that it is unlikely to find a single material able to 
withstand a large amount of treated FA, and it is more reasonable to consider different destinations as 
potential recycle opportunities, each accommodating a fraction of the residue. This in keeping with the still 
not negligible pollutants content of washed FA, together with a significant less volume with respect to BA. 

9.3 Carbon dioxide 

The work on CO2 involved the investigation of the thermal stability of weddellite crystals resulting from 
a novel green method for CO2 capture and sequestration in stable calcium oxalate by ascorbic acid reducing 
action. This study was prompted by the necessity to evaluate the dehydration, decarbonation, and the 
possible production of unwanted volatile species during heating, to forecast the reuse of oxalates as solid-
state reservoir of pure CO2 and CaO in a circular economy perspective or, eventually, their disposal. The 
combination of in-situ high-temperature X-ray powder diffraction and thermogravimetric analysis unravelled 



121 

an early CO2 release at low temperature (119–255 °C) together with structural water evolution, which must 
be taken into account when considering storage conditions. Pure CO2 was released only above 550 °C, while 
between 390–550 °C, a two-component mixture of carbon monoxide and dioxide was evolved, requiring 
oxidation of the former or gas separation to reuse pure gases. The next steps are represented by the scale-
up of the ascorbate promoted CO2 capture in oxalate, which till now has been only tested at lab scale, and 
investigate its application in the wastewater treatment, as heavy metals precipitation method. 
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