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Abstract

:

The objective of this study was to determine the structural and textural description of municipal solid waste incineration (MSWI) bottom ash that was subjected to a six-month seasoning process. Bottom ash samples, with a particle size fraction of 0.063–0.1 mm, were seasoned in a closed landfill and collected for laboratory analyses at monthly intervals. The research focused on determining the structural parameters, using methods such as nuclear magnetic resonance spectroscopy (1H NMR), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), ultraviolet-visible spectroscopy (UV-Vis), and the textural parameters, using low-pressure nitrogen adsorption (LPNA) at −196.15 °C. The analyses of the porous structure of the bottom ash samples revealed differences in texture of ASH 1 to ASH 6, specifically in the pore volume (micro- and mesopores), specific surface area, and pore size distribution. Changes in the structural and porous characteristics of the samples were attributed to the duration of the seasoning process. The results of the structural analysis of the bottom ash suggest its application in the concrete industry, potentially enhancing the long-term mechanical strength of concrete. The results of the textural analysis indicate the possible use of MSWI bottom ash in environmental applications, as the internal surface area could be further developed.
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1. Introduction


The generation of municipal solid waste is a global issue today. Thermal waste treatment is a key method for reducing the volume of post-consumer residues. This process involves high-temperature conversion in the municipal waste incineration plants, which are widespread across Europe. In Poland, there are currently eight incineration plants, primarily treating unsorted municipal waste and residues from municipal waste processing [1]. The incineration process results in MSWI bottom ash (known also as bottom ash and slag or BA), accounting for about 30% of the input mass; fly ash, accounting for about 4%; exhaust gases; and energy production [2,3]. From 1 ton of municipal solid waste, around 300 kg of solid residue is produced, which, after proper seasoning and valorization, could be utilized as a raw material for new products [4]. Incineration contributes to minimizing the space required for conventional landfills.



According to regulations, bottom ash, classified as non-hazardous waste with the 19 01 12 code, has the potential to be developed into new products [5]. Developing a methodology for utilizing this waste as a new product aligns with the goals of a circular economy, following European Union policies. The 12th of the Sustainable Development Goals (SDGs) emphasizes the importance of responsible consumption and production, where recycling post-process residues plays a vital role. Effective waste management solutions are essential for the recycling process [6]. The possibility of utilizing bottom ash and slag is crucial for environmental protection [7,8]. Such strategies preserve natural resources, reduce waste, and release the areas that were previously allocated for landfills [9].



The chemical and mineral composition of bottom ash from municipal waste incineration resembles that of cement, which is widely used in construction materials. The particle size distribution of bottom ash is similar to aggregates that are commonly used in concrete (EN 12620, 2002) [10].



In some countries, bottom ash is used for road sub-bases or considered as a raw material for various building products [11,12]. Bottom ash, alongside fly ash, has potential applications in cement and concrete production [13,14,15,16,17]. Therefore, it is essential to understand the structure and texture of bottom ash and its fractions (from slag to ash). Studies have shown that fly ash has a very low specific surface area, of just a few m2/g. However, transforming fly ash into a zeolitic structure significantly increases its micropore space and CO2 adsorption capacity [18]. The similar oxide composition between bottom ash and fly ash suggests a potential for enhancing internal surface area and sorption capacities, which are useful for capturing pollutants like CO2 [19].



The chemical composition of bottom ash, comparable to that of cement [20], includes the major components: CaO (about 68%), SiO2 (about 14%), Fe2O3 (about 5%), and Al2O3 (about 4.5%). For any potential use in construction, particle size and fragmentation are important considerations [20]. Bottom ash could be used in two ways: as a cement substitute or as filler aggregate. Cement applications require finely ground material, yielding a highly durable product. Fly ash and coal bottom ash have successfully replaced Portland cement due to their small particle size [21,22]. Using bottom ash as an aggregate seems more feasible and straightforward.



Macroscopic observations showed that bottom ash has a high affinity for water. When it dries, it absorbs moisture from the air, causing the finer particles to adhere to container walls or solidify in closed containers. This property may benefit cement mortar binding. Porosity, pore structure, and pore size distribution significantly impact the physical properties, like strength, deformability, and permeability, of general-purpose building materials [6]. Furthermore, the texture of bottom ash influences water demand and flowability in fresh mortar [10]. The average pore width of bottom ash (14.2 nm) allows heavy metals to be encapsulated within the matrix, reducing leachability [23]. It was found that bottom ash has about 3.66 times the adsorption capacity of fly ash and 2.04 times that of clay.



This article aims to demonstrate the potential use of MSWI bottom ash by investigating its structural and textural properties. Understanding these properties is crucial, as it could transform bottom ash from an environmental and economic issue into a profitable product. In the future, MSWI bottom ash could become a valuable resource in new material formulations, similar to construction and demolition waste. Chemical synthesis at ambient or elevated temperatures could create zeolitic adsorbents that are tailored for specific applications. Zeolite modification requires a mineral feedstock with a favorable Si/Al ratio, such as fly ash [24] or coal ash [25]. Finely powdered bottom ash material could be treated with sodium or potassium hydroxide, showing a similar effectiveness as has been demonstrated with fly ash. A key advantage of working with the bottom ash studied here is its classification as non-hazardous, making its products environmentally neutral. Understanding the structure and texture of bottom ash is critical for developing prospective applications.



This research involved monthly sampling from a landfill to analyze changes in the structural and textural parameters of bottom ash over a six-month period.




2. Materials and Methods


2.1. MSWI Bottom Ash


The waste material used in the study was obtained from one of the Polish municipal waste incineration plants. It consisted of slag and bottom ash (referred to as bottom ash or BA) that was produced during the thermal conversion of the municipal solid waste. MSWI bottom ash, designed as SP4, was transported to our facility and then spread out on a tarp in an closed warehouse, referred to hereafter as the landfill. At the landfill, the mineral waste could naturally undergo the seasoning process.




2.2. Samples


Six samples of bottom ash were collected from a closed landfill, each at one-month intervals from the previous sampling. The collected samples were sequentially numbered from SP4.1 to SP4.6 (see Table 1). The waste material from each collection was delivered to the laboratory and dried at temperature of 105 °C. The first step of the samples’ preparation was to separate the SP4 material into several granulometric fractions, without any milling, to perform a sieve analysis. Oxide composition analyses of the SP4 bottom ash were carried out in an accredited chemical laboratory using the X-ray fluorescence method (XRF). For the structural and textural studies, the bottom ash samples with a sand fraction of 0.063–0.1 mm were selected and labeled according to the information provided in Table 1.



The research aimed to observe changes in the structural and textural parameters of bottom ash over a six-month period. The sample designed as ASH 1 was approximately 6 weeks old when it was removed from the incineration plant furnace. Firstly, ASH 1 was seasoned for 5 weeks at the incineration plant and, secondly, for around 1 week in a closed landfill. The subsequent bottom ash samples, ASH 2, ASH 3, ASH 4, ASH 5, and ASH 6, were collected monthly for further testing.




2.3. Structural Characterization


Laboratory tests to determine the structural parameters of seasoned bottom ash involved techniques such as nuclear magnetic resonance spectroscopy (1H NMR), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and ultraviolet-visible spectroscopy (UV-Vis).



2.3.1. NMR


The NMR measurements were performed with the low-field NMR Bruker Minispec spectrometer (Bruker Optik GmbH, Ettlingen, Germany) at the proton frequency of 19.672 MHz. The transverse relaxation time (T2) measurements were performed using a CPMG (Carr–Purcell–Meiboom–Gill) pulse sequence [26,27,28,29], with a total number of 2000 echoes. To enhance the signal-to-noise ratio, the number of scans was set at 1024, the recycle delay was set 0.5 s, the primary pulse at 9.3 µs, the receiver gain at 96 dB, and the echo time (TE) was 0.07 ms. The acquired CPMG decay curves were analyzed using a fast Laplace inversion algorithm [26,27,28,29].




2.3.2. XRD


The mineral composition of the bottom ash samples was analyzed using the X-ray diffraction (XRD) method. The ash samples were characterized with a X-ray diffraction using a Rigaku diffractometer (Rigaku Corporation, Tokyo, Japan), with a Cu–Kα radiation wavelength of λ = 1.54 Å. equipped with a high-energy and high-resolution 2D semiconductor detector. The resulting diffractograms were supplemented with a microscopic evaluation of thin sections in transmitted light.




2.3.3. FTIR


One of the main methods for the identification of varied structural units from substances is infrared spectroscopy [30]. The Fourier transform infrared (FT-IR) spectra were performed with a JASCO FTIR 6200 spectrometer (JASCO, Tokyo, Japan) and were recorded in the 400–4000 cm−1 range, using the standard KBr pellet disc technique [31,32].




2.3.4. UV-Vis


UV–visible absorption spectra of the powdered bottom ash samples were recorded at room temperature in the 250–900 nm range using a UV–vis spectrometer (Perkin-Elmer Corporation, Waltham, MA, USA) that was equipped with an integrating sphere. These measurements were made on bottom ash powder, dispersed in KBr pellets. The validity of the band position was ±2 nm.





2.4. Textural Characterization


Textural parameters were determined with the adsorption method. The porous texture characterization of the seasoned bottom ash was performed using the volumetric gas physisorption technique on the ASAP 2020 analyzer from Micromeritics Instrument Corporation, Norcross, GA, USA (Figure 1). Low-pressure nitrogen adsorption and desorption isotherms were measured at a temperature of 77 K (−196.15 °C) for bottom ash samples weighing approximately 2.8 g. Measurements were conducted over a relative nitrogen pressure range (p/p0) from 0 to 1, where p0 is the saturated vapor pressure of pure nitrogen at the measurement temperature, and p is the equilibrium pressure.



Samples of MSWI bottom ash with a granulometric fraction of 0.063–0.1 mm (see Figure 2) were subjected to nitrogen adsorption after degassing in the preparation port of the ASAP 2020 analyzer. This was done under controlled conditions at 80 °C for 12 h, achieving a pressure of approximately 10−5 mbar. During sorption measurements, the amount of adsorbed gas per unit mass of the sample, expressed in cm3 STP/g, was recorded as a function of the relative equilibrium pressure, p/p0. Nitrogen adsorption over the full range of relative pressures allowed for the characterization of the porous structure of the MSWI bottom ash, from the microporosity range at low p/p0 values to the mesoporosity range. In the latter, based on the phenomenon of capillary condensation at a p/p0 close to 1, the gaseous adsorbate transitions into the liquid state. The quantity of nitrogen adsorbed at the measurement temperature was determined at p/p0 = 0.98.



The textural characteristics of the six MSWI bottom ash samples were based on the parameters determined from the nitrogen adsorption isotherms. The porous texture parameters of the samples were identified, particularly the specific surface area, according to the Brunauer–Emmett–Teller (BET) theory of multilayer adsorption, total pore volume, and pore size distribution. The micropore volume and area were estimated using the t-plot method, and the Harkins and Jura equation was applied for a thickness range from 0.35 nm to 0.50 nm. The average pore size and distributions were determined using the Barrett–Joyner–Halenda (BJH) model.




2.5. Adsorption Models


2.5.1. Surface Area


The specific surface area of the bottom ash samples (in m2/g) was determined, including the external surface (Sext) and the internal surface (Sint). The external surface, which is inversely proportional to the grain size, corresponds to the geometric surface of porous grains relative to the adsorbent mass. The internal surface consists of the walls of the open pores within the material. A higher specific surface area corresponds to smaller pore radii.



The specific surface area of the tested bottom ash samples was determined using the Brunauer–Emmett–Teller (BET) theory of multilayer adsorption in the relative pressure range 0.05 < p/p0 < 0.30 [33]. As the pressure p approaches p0, adsorption increases, becoming multilayered, which leads to an increase in the thickness of the adsorbed layer. At p = p0, the capillary condensation of the adsorbate occurs in the pores of the adsorbent, and the isotherm passes through an inflection point. The BET adsorption isotherm model predicts the application of the Langmuir equation, which describes the coverage of the adsorbent surface with a monolayer of gas molecules to each adsorbed layer [33]. The BET multilayer adsorption isotherm equation is often presented in its linear form:


      p   p 0      a  (  1 −  p   p 0     )     =   1   a m  C    +    C − 1    a m  C      p   p 0      



(1)




where a (mol/g) is the amount of adsorbed gas, am (mol/g) is the amount of gas required to completely cover the adsorbent surface with a monolayer of adsorbate molecules, p (Pa) represents the equilibrium pressure of the adsorbate, p0 (Pa) is the saturation vapor pressure at the measurement temperature, and C (−) is a constant that is dependent on adsorption energy and temperature.



The amount of nitrogen needed to cover the adsorbent surface with a monolayer (am value) was determined from the BET surface area plot, which involves plotting the relative pressure (p/p0) against (p/p0)/[a(1 − p/p0)]. From this plot, the slope (in g/cm3 STP); the Y-intercept (in g/cm3 STP); the constant, C (-); and the monolayer capacity, am (in cm3/g STP); were determined graphically. By using the molecular cross-sectional area of a nitrogen molecule, σₘ, the obtained monolayer capacity, am, was converted into SBET, the specific surface area of the bottom ash. The following equation was used:


   S  B E T   =  a m     σ m   N A   



(2)




where am is the monolayer capacity, σm is the section area of adsorbate molecule in the monomolecular layer, and NA is Avogadro number.



In calculating the areas, a value of 0.154 nm2/molecule was taken as the standard for nitrogen adsorbed at −196.15 °C [34].



The specific surface area was also measured, based on the single point BET theory, which requires determining the amount of adsorbed nitrogen at a relative pressure, p/p0 = 0.30. The    S  s B E T    , the specific surface area, was calculated using the following equation:


   S  s B E T   =     a  m ·  N A    ·  σ m    m · 22,400       



(3)




where am is the monolayer capacity; σm is the cross-sectional area of one adsorbate molecule, nm2; m is the mass of the bottom ash sample, g; 22,400 is the volume occupied by one mole of the adsorbate under STP conditions, cm3; and NA is the Avogadro number.



A standard multilayer thickness curve was constructed using the following thickness equation:


  t =    [     13.99    (  0.034 − l o g  (   p   p 0     )   )      ]    0.5      



(4)







By creating a t-plot that plotted the quantity adsorbed against the statistical thickness of the layer, it was possible to determine the external surface area of the bottom ash samples.




2.5.2. Pore Volume


The total pore volume, Vp (in cm3 per gram of the sample), was determined from the volume of adsorbed nitrogen at a relative pressure of p/p0 = 0.98. The pore diameter, Dp, was calculated using the following formula:


Dp = 4Vp/SBET.



(5)








2.5.3. Micropores and Mesopores


According to the International Union of Pure and Applied Chemistry (IUPAC), pores are classified into three main groups, based on size. Smaller than 2 nm—micropores; between 2 nm and 50 nm—mesopores; and larger than 50 nm—macropores [35].



The pore size distribution of the bottom ash samples was determined from the adsorption branch of the isotherm, as it closely represents the true distribution [35]. These parameters were estimated using models that analyze capillary condensation. In the relative pressure range of 0.4 < p/p0 < 0.98, capillary condensation occurs in mesopores, and as the gas pressure increases, the adsorbate layer thickens on the pore walls until the pores are completely filled with liquid adsorbate. The total pore volume and pore size distribution were determined assuming a cylindrical pore model using the Kelvin equation:


  l n  (    p   p 0      )  = −  (     2 σ  V m  c o s θ   R T  r m      )     



(6)




where σ (J/m2) is surface tension of liquid nitrogen, Vm (m3/mol) is the molar volume of the adsorbate, R (J/mol·K−1) is the gas constant, T (K) is the absolute temperature, and rm (m) is the radius of meniscus curvature.



The determination of pore size distributions for the bottom ash samples was carried out using the Barrett–Joyner–Halenda (BJH) method, which accurately describes the mesopore range from 2 to 50 nm and is also used for describing smaller pores with dimensions below 2 nm (micropores). The Halsey equation for the statistical thickness of the adsorbate layer with the Faas correction was applied in determining the mentioned parameters.






3. Results and Discussion


3.1. SP4 Bottom Ash


The oxide composition of seasoned bottom ash, obtained from the XRF method, is presented in Table 2.



As it may be seen from Table 2, the composition of the SP4 bottom ash showed a predominant presence of calcium oxide (CaO), followed by silicon dioxide (SiO2), iron oxide (Fe2O3), and aluminum oxide (Al2O3). The significant CaO content suggests the potential for a carbonation process, leading to the formation of calcite from hydrated free lime [36]. The bottom ash also contained oxides of less common elements, such as TiO2 and ZrO2, in trace amounts.



Figure 3 shows the particle size distributions of the SP4 bottom ash that had been seasoned for periods ranging from one month to over six months in the closed landfill. As may be observed from Figure 3, the curves representing the grain size distributions of the bottom ash samples are similar over the analyzed period. Despite different seasoning durations, the distributions do not follow a specific trend. Approximately 20% of the tested samples consisted of particles that were <0.063 mm; about 5 to 10% of the composition consisted of particles sized between 0.063 mm and 0.1 mm; while 75 to 85% of the samples consisted of particles in the 1.0 mm to 10.0 mm size range.




3.2. Structural Characteristics


3.2.1. NMR Data


The CPMG decay curves were recorded for six samples: ASH 1, ASH 2, ASH 3, ASH 4, ASH 5, and ASH 6 (see Figure 4A). To allow for a direct comparison, the CPMG echo train plots were normalized to the first point, and the normalized distribution of the transvers relaxation times were obtained and plotted together in Figure 4B. These are characterized by a number of four peaks extended on a range from 10 µs to 100 ms, indicating the presence of various components with different dynamics (at the molecular level), from the most rigid, 1H (associated with peaks characterized by T2 values of the order of tenths of microseconds), to the most mobile, 1H (associated with peaks characterized by T2 values of the order of tenths of milliseconds). These components can be associated with 1H from bound water and with those from small, medium, and large pores. The difference in the dynamics of the samples can be observed, especially for the ASH 5 and ASH 6 samples, which are more rigid. All of the samples have a predominant component between the   7.16 ×   10   − 5   – 1 ×   10   − 4     ms values, indicating the pore rigidity and the low amount of water in the pores. The dynamics of the first two, ASH 1 and ASH 2, are similar, but the amplitudes of the pores are smaller in ASH 2. Instead, the ASH 3 sample has only three components, which indicates the migration of the peak from the   1.53 ×   10   − 4     ms value to the predominant peak of the T2-distribution. This migration demonstrates unfinished activity at the micropores level of ASH 3, associated with CaO components. In samples ASH 4, ASH 5, and ASH 6, the main peak is the one that is well resolved and has an amplitude comparable to the sample ASH 2; the peaks from 10−3 have a relatively small integral area, almost null, which can lead to the conclusion that the samples are drying.




3.2.2. XRD Analysis


Figure 5 shows X-ray diffractograms of the studied samples. All of the samples contain the crystal phases of CaCO3 with a rhombohedral structure and SiO2 with a hexagonal structure. SiO2 occurs in the form of quartz grains, which were observed in large numbers using an optical microscope (Figure 6). The crystal phase CaCO3, which has been identified as calcite, also appears in large numbers. Microscopic analyzes also confirmed the presence of other mineral phases, such as feldspar, melilite, apatite, anhydrite, gypsum, and wollastonite [37], but they are rare and are, therefore, not visible in the diffractograms.



For the sample ASH 1, the presence of an intense diffraction peak, which is centered at 27.42° and corresponds to the FeSO4 crystalline phase, is highlighted. This peak disappears below the detection limit of the diffractometer for the other samples. The intensity of the main diffraction peak attributed to the crystalline phase of calcium carbonate decreases for samples ASH 4 and ASH 5, indicating a decrease in the content of this phase in the samples. There is a significant metallic admixture in the analyzed samples, probably the crystalline phase of iron [37]. The intensity of the diffraction peak that is located at 27.54° and corresponds to the crystalline phase of silicon dioxide reaches minimum values for samples ASH 2 and ASH 3. The presence of the two crystalline phases, SiO2 and CaCO3, in the ash suggests the potential for applications in the concrete industry, and CaCO3 provides long-term mechanical strength to concrete.




3.2.3. FTIR Analysis


The FTIR spectra of the ASH 1 to ASH 6 samples are shown in Figure 7. All of the spectra exhibit several peaks, indicating the presence of various functional groups in the bottom ash samples. The IR spectra present characteristic peaks at various wavenumbers that can be correlated with the stretching vibrations of the chemical bonds or the bending vibrations of the angles that are specific to varied structural units. The first range of IR bands, located between 400 and 580 cm−1, come from Si-O-Si deformation vibrations and metal–oxygen stretching vibrations. The lower intensity IR bands, centered at 600 and 1100 cm−1, correspond to S-O elongation vibrations in sulfate units [31]. The intensity of the IR bands in this region appears to be slightly modified for sample ASH 1 compared to the other samples. This change can be attributed to the presence of the FeSO4 crystalline phase, which contained sulfate units. The IR band at 720 cm−1 is attributed to elongation vibrations of the Ca-O bond. The IR bands centered at about 875 and 1450 cm−1 correspond to deformation and elongation vibrations, respectively, in the carbonate structural units [31]. The region of IR bands lying between 900 and 1250 cm−1 is attributed to different vibrations in silicate units [31]. The prominent FT-IR band, centered at about ~3450 cm−1, is assigned to the O-H asymmetric stretching vibrations from adsorbed water molecules on the surface of the sample [28]. This region typically corresponds to O-H stretching vibrations, often seen in hydroxyl groups and water. ASH 1, ASH 4, and ASH 6 show that the intensity of this band is stronger, indicating the presence of water and/or hydroxyl units in the samples. Then, ASH 2, ASH 3, and ASH 5 show less pronounced bands in this region, suggesting lower hydroxyl or water content in the samples.




3.2.4. UV-Vis Spectra and Gap Energy


Figure 8 presents the UV-Vis spectra of the studied samples. The analysis of the UV-Vis data indicates absorption bands that are specific to electronic transitions due to the presence of transient metal ions, such as iron, in agreement with the XRD data. Fe+2 ions can indicate t2g → eg electronic transitions in the range between 750 and 1050 nm. Fe+3 ions produce absorption bands in the region between 400 and 550 nm. The intensity of these bands reaches maximum values for ASH 1 and minimum values for ASH 2 [31].



The values of the optical gap energy, Eg, obtained from the extrapolation of the linear portion of the plot, (αhν)2, as a function of hν, when αhν → 0, for the studied samples are shown in Figure 9. From these dependencies, it can be observed that the compositional evolution of the optical gap energy decreases compared to the ASH 1 sample and reaches the lowest value for the ASH 3 sample. The optical gap energy values are in the range between 2.27 and 2.52 eV, which indicates the semiconducting behavior of the ASH samples. Decreases in the gap energy values can be attributed to lattice defects.





3.3. Textural Characteristics


3.3.1. N2 Adsorption–Desorption Isotherms


In Figure 10, the nitrogen adsorption and desorption isotherms that were obtained using the low-pressure method at −196.15 °C are shown. The presented curves illustrate the relationship between the relative nitrogen vapor pressure (p/p0) and the volume of gas adsorbed, expressed as the standard gas volume units, STP (0 °C and 1 atm), in the mass of the bottom ash sample. The isotherm range covers relative pressures, p/p0, from 0 to 1, with nitrogen condensation occurring in the sample pores at p/p0 = 1. Based on the shape of the obtained isotherms, extensive information about the studied material was acquired. The identification of the isotherm type allows for an assessment of the adsorption process, whether it is monolayer or multilayer, and the presence of capillary condensation or micropore filling [38].



At low relative pressures, an increase in the adsorption isotherm was observed, associated with the filling of micropores with widths that were two or three times the diameter of the molecules. The micropore capacity for nitrogen at −196.15 °C is indicated by a horizontal plateau, although it is not fully horizontal in the isotherms shown.



The nitrogen adsorption isotherms for the bottom ash samples could be classified as type II isotherms, according to the IUPAC [35], which are characteristic of non-porous or macroporous materials that have a small contribution of micropores and a low internal surface area. Type II isotherms result from the unlimited physical adsorption of gas and are characterized by the multilayer filling of pores. At low p/p0 values, the shape of the adsorption branch resembles a type I isotherm, indicating that the micropores are filled with gaseous adsorbate, as in the case of methane adsorption on coal [39,40,41]. For the bottom ash samples, only in the initial range of the isotherm is a monomolecular layer (consisting of N2 molecules) formed on the surface. As the relative pressure increases, a multilayer is formed, up to high relative nitrogen pressures, p/p0. The shape of the type II isotherm was observed for fly ash from a power station [38,42]. According to Tian et al. [23], the mechanism of the adsorption process on bottom ash was found to be monolayer heterogeneous adsorption. The adsorption capacity at low relative pressures (up to p/p0 around 0.01) indicates the presence of micropores [35]. The occurrence of such features in bottom ash has been previously reported [43].



For all of the seasoned bottom ash samples, a hysteresis loop was observed on the adsorption–desorption isotherms. Determining the type of hysteresis loop is important due to its close relationship with the features of the pore structure and the adsorption mechanism. The nitrogen adsorption isotherms on the bottom ash samples that were obtained show the features of the H3-type hysteresis loop, which can be seen in Figure 10. In the case of H3 hysteresis, the shape of the adsorption branch resembles a type II isotherm, and there is a sharp decrease in the desorption branch in a narrow p/p0 range, which, for nitrogen, occurred at 77 K, in accordance with Figure 10, i.e., at a relative pressure, p/p0, from about 0.4 to 0.5 [35]. The H3 hysteresis loop begins at a relatively low pressure level. This is due to the small content of micropores in the structure of the bottom ash [38]. The presence of H3-type hysteresis applies to materials that are characterized by a slotted mesoporous structure and are associated with capillary condensation occurring between two planes. The H3 hysteresis loop relates to materials with slit-shaped pores (slit-like pores). It can be noted that the bottom ash samples are characterized by a slit-like mesoporous structure.



According to the curves presented in Figure 10, a slight increase in the mesoporosity content was observed in the samples that were seasoned for a longer period of time, which can be seen in the isotherm graphs as an increase in the area of the hysteresis loop. The mesoporosity of the ASH 4 and ASH 6 samples was richer than that of the other ash samples. ASH 4 and ASH 6 had a larger hysteresis loop area than the other four bottom ashes. Compared to fly ash, the hysteresis loops of the bottom ash samples were narrow and had smaller pore volumes.




3.3.2. Quantity Adsorbed


The textural properties of bottom ash samples, calculated on the basis of the adsorption isotherms presented in Figure 10, are included in Table 3. Although the adsorption and desorption isotherms of six bottom ash samples (Figure 10) had a similar course, the adsorption capacity of the bottom ash subjected to different seasoning periods varied. As it may be seen from Table 3, as the seasoning time increased, an increase in adsorbed quantity was observed, which for the shortest seasoned ash (ASH 1) was the smallest (34.3 cm3/g), while for the ASH 5 sample adsorbed quantity was the largest and amounted to 49.5 cm3/ g. The ASH 6 sample had a similar adsorption capacity to the ASH 5 sample, comparable to the adsorption capacity of the ASH 4.




3.3.3. Surface Area


The determined specific surface areas, both SBET and SsBET, were small and ranged from about 15 m2/g to over 20 m2/g, depending on the sample. As can be seen from Table 3, a longer seasoning time positively influenced the increase in the specific surface area of the bottom ash. The highest specific surface area among the studied samples was observed for ASH 4, which exhibited a 25% higher SBET surface area compared to sample ASH 1. The longest-seasoned samples, ASH 5 and ASH 6, had higher surface areas by 18.0% and 13.7%, respectively, compared to the shortest-seasoned bottom ash sample. According to Chiang et al. [43], the SBET specific surface area for the raw bottom ash was only 4.6 m2/g.



The studied ash samples had a relatively large external surface area compared to their internal surface area. The measured micropore surface area values ranged from 0.87 to 1.36 m2/g, with an average value of 1.10 m2/g, depending on the bottom ash sample. Sample ASH 4, with the highest specific surface area, had the lowest micropore surface area, constituting only 4.4% of the total internal surface area of the bottom ash. For the other bottom ash samples, the micropore surface area accounted for 6% to 8% of the specific surface area.




3.3.4. Pore Volume and Size


Figure 11 shows the cumulative pore volume for the studied bottom ash samples, based on the nitrogen adsorption data, plotted against pore width and determined using the BJH theory. The curves in Figure 11 reveal differences in the porosity of the samples. As shown in Table 3, the total pore volume for adsorption in the range of pore sizes 17.62–1092.5 Å (1.7–110 nm) ranged from 0.0020 to 0.0677 cm3/g for ASH 3. The largest pore volume among the tested bottom ash samples, amounting to 0.0748 cm3/g, was found in ASH 5, which was seasoned for more than five months. The smallest pore volume, 0.0522 cm3/g, was observed in the shortest-seasoned sample, ASH 1. Consequently, ASH 6 had a 43% higher total pore volume in the mesopore range than the shortest-seasoned sample, ASH 1.



Figure 12 presents the dV/dD derivative values on a logarithmic scale. Figure 12 shows the pore volume distribution curves as a function of their diameter for the studied bottom ash samples. In Figure 12, local dominant pore diameters are visible, which were not discernible in the cumulative data from Figure 11. As can be seen from the obtained curves, all of the seasoned samples exhibited a heterogeneous pore volume distribution. A bimodal distribution was noticeable. In Figure 12, two significant pore size maxima are evident: one of these is at the boundary between microporosity and mesoporosity, according to IUPAC, clearly marked at 1.75 nm. This maximum dominates over the second, less distinct one, which shifts from around 30 nm in sample ASH 1 to 17.5 nm in sample ASH 6. The less pronounced maximum is related to both pores and microcracks in the studied material. Observations from Figure 12 can be summarized as, together with longer seasoning time in a closed storage facility, the smaller-amplitude maximum is moving towards smaller pore widths.



Figure 13 shows the pore volume distribution of mesopores and some macropores in the bottom ash samples. The displayed distribution primarily covered transitional pores (mesopores), larger than the size of the adsorbing molecules. The pore volume distribution did not include the smallest pores (micropores) with sizes below the lower limit of mesopores (<2.0 nm). As can be observed from the displayed graphs, the largest pore volume in the studied samples was for pores with diameters in the range between 20–40 nm and 38–60 nm. A characteristic increase in the maximum amplitude of 30 nm was seen in the longer-seasoned samples, but only up to a certain point, which was the same for ASH 4, ASH 5, and ASH 6. Thus, in the 21st week of seasoning, the growth in pore volume, with diameters ranging from 20 to 40 nm, stabilized. Figure 13 also shows varying maximum amplitudes associated with the presence of microcracks in the bottom ash, indicating the randomness of amplitude occurrence from about 70 nm to 110 nm, regardless of the seasoning duration.



Figure 14 presents the pore volume distribution of the studied bottom ash samples. The obtained distribution included a part of the macropores, transitional pores (mesopores), and the smallest pores (micropores). As it may be observed from the presented curves that the pore area distribution of the seasoned bottom ash was multimodal, with the main peaks seen at around 2.0 nm, 30 nm, and 45 nm and several smaller peaks in the pore diameter range between 60 nm and 120 nm.



The peak at 2.0 nm amplitude is at the boundary of the microporosity region and results from the shape of the nitrogen adsorption isotherm at low pressure values. A comparison of the curves from Figure 14 revealed a systematic development of the mesopore surface area in the pore size range from over 2.0 nm to about 50 nm, resulting from the extended seasoning time of the bottom ash in a closed storage facility. The analysis of the pore area distribution within the macropore range revealed maxima with similar amplitudes that were associated with the presence of microcracks in the bottom ash.



The pore size distributions (PSDs) that were determined for the pore diameter range from 1.0 nm to 120 nm were characterized by an average pore width dav, ranging from 12.0 to 14.5 nm, depending on the seasoning time. The average value obtained for all of the bottom ash samples was 13.7 nm.






4. Conclusions


Based on the research conducted, the following conclusions can be drawn:




	
The seasoning process contributed to changes in the bottom ash, as detected by the structural analysis methods. It was shown that the seasoning process resulted in the drying of material under closed storage conditions.



	
Analyses of ASH 1, ASH 4, and ASH 6 revealed the presence of water and/or hydroxyl units in the samples. Studies of ASH 2, ASH 3, and ASH 5, on the other hand, showed lower hydroxyl or water contents in the samples. The presence of two crystalline phases, SiO2 and CaCO3, in the bottom ash suggests applications in the concrete industry, where CaCO3 provides long-term mechanical strength to concrete.



	
The length of the seasoning process had an impact on the textural parameters of the samples. The seasoning of the material had a beneficial effect on the increase in the specific surface area (25% higher SBET (surface area) compared to the shortest-seasoned bottom ash, ASH 1), external surface area (a 28.5% increase in the case of ASH 4), and microporosity (13% increase).



	
The seasoning process positively affected the textural parameters of the bottom ash, such as the transformation of a part of the mesopore area in favor of smaller pores, related to the moving of the maximum pore volume amplitude towards smaller pores. In the 21st week of seasoning, the growth of the pore volume in the pore size range from 20 to 40 nm stabilized.



	
Studies on the bottom ash that was seasoned for 31 weeks showed that waste from an incineration plant could be used not only for road construction purposes but also in the concrete industry and for environmental purposes, which would enable its wider utilization and recycling. The oxide composition and textural features indicate the potential for modifying the surface of bottom ash to obtain a more developed texture that is similar to that of zeolites.
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Figure 1. ASAP 2020 specific surface area and porosity analyzer. 
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Figure 2. Sample in a Teflon-collar thermocouple with a liquid nitrogen dewar. 
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Figure 3. Particle size distributions of SP4 bottom ash seasoned for a period of one to six months. 
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Figure 4. (A) CPMG decay for all samples and (B) T2 distribution curves measured by 1H NMR relaxometry for ASH 1 to ASH 6. 
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Figure 5. XRD patterns of the studied bottom ash samples. 
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Figure 6. Minerals found in slags and ashes. Qz—quartz; calc—calcite. Thin section, 1P, 50–100×, transmitted light. 
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Figure 7. FT-IR spectra of the ASH 1 to ASH 6 samples in the range of (A) 400–1600 cm−1 and (B) 400–4000 cm−1. 
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Figure 8. UV-Vis for all of the bottom ash samples. 
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Figure 9. (a) The energy gap that was obtained from the extrapolation of the linear portion, and (b) the energy gap for all of the bottom ash samples. 
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Figure 10. Nitrogen adsorption and desorption isotherms for bottom ash samples at −196.15 °C. 
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Figure 11. Adsorption cumulative pore volume of bottom ash samples subjected to seasoning (BJH). 
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Figure 12. Adsorption dV/dD derivative pore volume in logarithmic scale for the studied bottom ash samples (BJH). 
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Figure 13. Incremental pore volume distribution as a function of the pore diameter for the bottom ash samples. 
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Figure 14. Incremental pore area distribution as a function of the pore diameter for the bottom ash samples. 
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Table 1. Bottom ash samples prepared for studies.
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	Sampling Number
	Date of Collection from the Landfill
	Seasoning Time

(Week)
	Collected Bottom Ash Designation
	Mass of Collected Bottom Ash (g)
	Sample

Designation (0.063–0.1 mm)





	1
	14 November 2022
	6
	SP4.1
	2975.9
	ASH 1



	2
	19 December 2023
	11
	SP4.2
	1447.0
	ASH 2



	3
	20 January 2023
	16
	SP4.3
	1345.8
	ASH 3



	4
	21 February 2023
	21
	SP4.4
	1905.2
	ASH 4



	5
	17 March 2023
	26
	SP4.5
	1387.1
	ASH 5



	6
	21 April 2023
	31
	SP4.6
	1641.3
	ASH 6










 





Table 2. Oxide composition of SP4 bottom ash.
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Concentration of component

% (m/m)

	
CaO

	
SiO2

	
Fe2O3

	
Al2O3

	
SO3

	
TiO2

	
ZnO

	
Na2O




	
66.65–69.01

	
12.44–14.77

	
4.55–5.84

	
4.02–4.78

	
1.68–2.53

	
1.25–1.55

	
0.75–0.94

	
0.79–0.89




	
P2O5

	
Cl

	
K2O

	
MgO

	
CuO

	
MnO

	
PbO

	
ZrO2




	
0.73–0.86

	
0.71–1.26

	
0.70–0.74

	
0.60–0.88

	
0.29–0.51

	
0.12–0.16

	
0.06–0.10

	
0.03–0.04











 





Table 3. Textural properties of bottom ash samples.
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ASH 1

	
ASH 2

	
ASH 3

	
ASH 4

	
ASH 5

	
ASH 6






	
Quantity Adsorbed at p/p0 = 0.98

	
cm3/g (STP)

	
34.30

	
41.98

	
44.84

	
48.42

	
49.49

	
47.63




	
Surface Area

	




	
BET Surface Area: SBET

	
m2/g

	
15.2

	
15.9

	
16.6

	
20.5

	
18.9

	
18.0




	
Single Point Surface Area: SsBET

	
m2/g

	
14.8

	
15.5

	
16.2

	
19.9

	
18.4

	
17.6




	
T-Plot Micropore Surface Area:

	
m2/g

	
1.15

	
1.02

	
0.93

	
0.87

	
1.36

	
1.27




	
T-Plot External Surface Area:

	
m2/g

	
14.02

	
14.87

	
15.67

	
19.62

	
17.50

	
16.78




	
BJH Cumulative Surface Area:

	
m2/g

	
15.98

	
15.86

	
16.75

	
20.82

	
19.07

	
18.30




	
Pore Volume

	




	
BJH Cumulative Volume Of Pores: Vp

	
cm3/g

	
0.05215

	
0.06353

	
0.06772

	
0.07334

	
0.07478

	
0.07191




	
T-Plot Micropore Volume: Vmicro

	
cm3/g

	
0.00054

	
0.00044

	
0.00040

	
0.00034

	
0.00061

	
0.00058




	
Vmeso

	
cm3/g

	
0.05161

	
0.06309

	
0.06732

	
0.073

	
0.07417

	
0.07133




	
Vmicro Content

	
%

	
1.04

	
0.69

	
0.59

	
0.46

	
0.82

	
0.81




	
Vmeso Content

	
%

	
98.96

	
99.31

	
99.41

	
99.54

	
99.18

	
99.19




	
Pore Size

	




	
Average Pore Width (by BET): dav

	
nm

	
12.00

	
13.96

	
14.42

	
13.18

	
14.54

	
14.12
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