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Abstract

:

The assessment of the possibility of using incinerated municipal waste, which is classified as non-hazardous, is a priority of the European zero waste strategy. The aim of this work was to identify the properties of slag and ash to develop a simple, targeted way of using post-process waste. The material was analyzed by microscopic methods in terms of composition and internal structure. Gas and water permeability tests were carried out. Slag and ash texture was obtained using densimetric methods. BCR sequential extraction was carried out to assess the impacts of the waste on the water and soil environment. It was shown that individual fractions were characterized by different compositions and pore contents. The increase in the waste layer density resulted in porosity reduction of the slag and post-process ash, which had a significant impact on permeability. The increase in density index from 0.92 to 0.98 resulted in reduction of the filtration coefficient by two orders of magnitude. The obtained results showed that the division into fractions is important for prospective applications of incinerated municipal waste. With very low permeability and negligible leachability of heavy metals, the characteristics of slag and ash predispose them to support the needs of specialized hydrotechnical construction.
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1. Introduction


Waste management is one of the key sectors of the modern world and an important element of the quality of life of societies. Highly developed countries with a high level of consumption bend under the weight of waste generated by the average citizen. Along with the growing social awareness and the increase in the degree of municipal waste segregation, other methods of disposal of such waste are sought, e.g., by using them for the production of concrete [1,2], and also as composites [3] or geopolymers [4,5]. Presently, huge amounts of municipal waste end up in landfills, and only some of this waste is selectively separated or composted. Such activities are related to the appropriate protection of the waste, its compression, and finally storage. In Poland, as much as about 75% of municipal waste (according to the data of the Central Statistical Office (GUS)), is still transferred to landfills. Therefore, the optimal solution to effectively reduce the amount of produced municipal waste is to subject it to the process of thermal conversion in waste incineration plants. This process includes several phases such as drying, degassing, combustion, gasification, and post-combustion. Each phase of the process is characterized by a different temperature, from 100 °C to even 1000 °C (according to [6]). In the process of municipal waste incineration, slag and bottom ash are produced, as well as boiler dust, fly ash, and solid flue gas cleaning residues [7,8]. As a result, the residue from the thermal conversion process accounts for about 25% of the mass of the input material in the form of municipal waste.



Already in the second half of the 19th century in England, the creators of the first incineration plant in the world noticed the advantages of the incineration method for reducing municipal waste amounts [9]. Today, modern and efficient waste incineration plants are being created. There are currently about 500 plants in Europe, of which eight are operating in Poland. More incinerators are being built, others have been planned for construction, and for some of the currently operating plants, expansion is planned. Incinerated municipal waste consists mainly of slag and bottom ash. They occur in the form of a dark ash-black, porous, and semi-flowing solid. They consist of non-flammable substances, water-insoluble silicates, and aluminum and iron oxides [9]. In addition, waste may be characterized by heterogeneity, seasonality of properties, and variability of compositions.



Slag and ash, as secondary products, may pose potential threats to the environment. Due to the applicable standards, this waste has limited reuse possibilities. In European countries, the residue from municipal waste incineration is used as a primer in the construction of roads, e.g., in Denmark, Germany, and Sweden. In Belgium, France, Great Britain, and Italy, slag and ash are used for construction purposes. Still, in countries such as Austria, Finland, the Czech Republic, Portugal, and Spain, solid waste from incineration processes is only stored in landfills [9,10]. Various activities are carried out in Poland to neutralize the municipal incinerated waste. Current regulations in Poland place great emphasis on a circular economy for which it becomes necessary to reduce the amount of waste and properly plan their development [11]. Slags and bottom ashes are stabilized with the addition of cement and polymers and then stored as waste in the so-called solidification process. According to some authors, such a procedure is improper because post-process residues have a much wider potential for use [9]. The method of ash and slag management is strictly dependent on the leaching of heavy metals from the waste into the environment, which enables the assessment of possible threats to the environment. According to Polish legal regulations, the degree of heavy metals leaching can differentiate waste as hazardous or non-hazardous. Currently, in accordance with the Regulation of the Minister of the Environment of 11 May 2015, slag and bottom ash may only be used for the foundations of roads and motorways. The regulation specifies the leachability parameter based on the PN-EN 12457-4:2006 standard [12], but it is not very sensitive. According to the studies of Wielgosiński [13], the PN-EN 12457-4:2006 standard should not be used because it does not show the actual content of heavy metals released into the environment. The same author recommends the method of sequential extraction according to the Tessier procedure [14] to study the leaching of heavy metals from slag and ash. In his work, the known methods of sequential extraction, among others the Tessier [15], the van Herck [16], and the BCR [17] methods as well as the Swiss standard TVA.SA.1991, were reviewed. It was indicated that correct analysis of the properties of secondary waste is decisive for further waste management.



Ash and slag particles occur in various shapes and sizes [18]. They are porous and have a small size and high pore density. These particles exhibit capillarity, which increases with decreases in pore size [19]. The surface of the slag and ash particles is generally hydrophobic; however, it is believed that water is either not absorbed into the particles or penetrates for a very long time. Currently, many issues remain unknown regarding the formation of waterways in bottom ash dumps [18]. The phenomenon of water absorption by slag and ash particles in terms of possible leachates and the stability of stored waste requires explanation. Research on the porosity and texture of waste from incineration plants, as well as the assessment of permeability to liquids and gas, will allow knowledge to expand in this area. It is worth supplementing the proposed research with microscopic analyses, which is recommended by several studies [20,21,22].



The article presents laboratory tests for the detailed evaluation of the materials obtained from one of the Polish municipal waste incineration plant. The research concerned technical, petrographic, and chemical analyses; gas permeability tests; and water filtration measurements. Recognition of the above physical features together with elements of the assessment of the impact of waste on the environment made it possible to identify the potential possibilities of using slag and post-process ash. The availability of these types of results on currently produced post-process waste material is limited. This research is an introduction to the problem of huge amounts of waste lying in landfills and the search for prospective ways to use them as part of the circular economy.




2. Materials and Methods


2.1. Waste Material


Material from a municipal waste incineration plant was collected to carry out the planned research. Slag and bottom ash, which according to [12] are classified as non-hazardous waste, were analyzed. These are the dominant types of waste produced by incineration plants, and for this reason, other possibilities for its use are sought. Three groups of slag and ash were collected at different time intervals for research purposes. The oldest material (SP1) was seasoned for over 9 months, the next (SP2) for about 4 months, and the latest (SP3), at the time it was obtained, for 1 month. Prior to sampling, the material was each time subjected to the process of initial crushing and recovery of ferrous and non-ferrous metals (the so-called valorization process). Macroscopically, the SP1, SP2, and SP3 material showed no significant differences. They were gray loose conglomerates of various grain sizes, in which fragments of ceramics, metals, and glass were sometimes visible (Figure 1). The average natural humidity of the delivered slag sample was 10.95%.




2.2. Granulometric Analysis


The obtained material was subjected to sieve analysis, on the basis of which histograms and particle size distribution curves were prepared. The material was separated into 15 fractions, sequentially >10; 10–6.3; 6.3–4.0; 4.0–2.5; 2.5–1.6; 1.6–1.0; 1.0–0.63; 0.63–0.4; 0.4–0.25; 0.25–0.16; 0.16–0.1; 0.1–0.063; 0.063–0.04; 0.04–0.025 and <0.025 mm, and weighed.




2.3. Microscopic Analysis


Microscopic preparations (thin cuts and microsections) were prepared from SP1 and SP3 waste. For SP2 preparations, seven grain fractions were used (0.16–0.25; 0.25–0.4; 0.4–0.63, 0.63–1.0, 1.0–1.6, 1.6–2.5, 2.5–4.0 mm). Qualitative and quantitative microscopic analyzes were carried out in transmitted and reflected light.



In order to characterize individual groups of slag, a description of characteristic features, microscopically identifiable, was made. An AXIOPLAN polarizing microscope by ZEISS and an XYZ computer-controlled mechanical stage were used for the analyses [23]. The image from the optical microscope was transmitted by a CCD camera to the monitor. Magnifications of 50, 100, and 200× were used. The tests were carried out in transmitted light (thin sections) and reflected light (polished sections and an auxiliary, also thin sections).



Microscopic analyses of the material originating from the thermal waste conversion began with the performance of qualitative analyses. The structures and forms of mineral and non-mineral phases were characterized. Thin cuts from three groups of slag were analyzed—SP1, SP2, and SP3). Then, point quantitative analyses were carried out to estimate the porosity of the waste. Porosity analyses were performed on microsections in the form of ground and polished rock fragments, observed in reflected light (total porosity). The polished, smooth surface of the rock showed the ability to reflect light, which was visible in the form of clearly visible fragments of various substances. Pore areas were not polished, so there was little reflection of light, which meant that dark gray or almost black areas appeared in the voids.



Quantitative analysis was carried out on microsections based on the Cavalieri–Hacquet principle according to which “the percentage content of a given phase in the volume of the alloy (here slag) on the grinding plane and the length of the straight line is the same”. Before starting the analyses using the point method (grid method using an integration table where the points are systematically distributed over the analyzed surface), the necessary number of measurement points was estimated.



The assumption of the method used was that the relative error of the analysis should not exceed γ = 0.1 with probability 1 − α = 0.8 (for α = 0.2). The coefficient uα = 1.281 determined by the Gaussian integral was read from the normal distribution tables. The least numerous fractions (Vv) were initially estimated at about 6%. Based on the above assumptions, the required number of measurement points for each sample (thin cut and microsection) was calculated according to the formula:


  z =    u α 2  ( 1 −  V V  )    γ 2   V V    =   1    . 281   2  ⋅  (  1 − 0.06  )      0.1  2  ⋅ 0.06   ≅    2500   



(1)




where:



	
 z —number of measurement points;



	
   u α   —coefficient read from normal distribution tables;



	
 γ —permissible relative error;



	
   V V   —the least numerous component of the analyzed phase (here: pore content).






On this basis, it was concluded that with the adopted assumptions, in order for the relative error of γ = 0.1 not to be exceeded with a probability of 1 − α = 0.8, we needed to adopt about 2500 measurement points in a square grid for the analyses. The absolute error of each measurement was determined from the formula:


  δ =  u α       V V  ( 1 −  V V  )  z    × 100 %  



(2)




where  δ —absolute measurement error (%).



Additionally, observations were carried out using a stereoscopic microscope (Nikon SMZ 1500). The observed magnifications ranged from about 10 to 100×.




2.4. BCR Sequential Extraction


A sequential four-stage BCR chemical extraction of the SP2 sample was performed for selected heavy metals, namely, Fe, Mn, Cd, Co, Cu, Cr, Ni, Pb, and Hg. The BCR method was developed by the European Community Bureau of References [24,25]. Sequential extraction allows one to determine the susceptibility to metal release of samples associated with the solid phase into the environment and their behavior in the water–soil environment as well as their handling. Sequential extraction consists of treating samples of slag and ash with aqueous solutions of increasing aggressiveness. The extraction solution isolates only one form of the element in the sample. In the sequential extraction process, exchangeable (F1), reducible (F2), oxidizable (F3), and residual (F4) fractions can be separated. The studies were preceded by the determination of the fraction (F0) as the content of the most labile metals bound very weakly in the structure of the solid phase, e.g., in pore solutions or water-soluble compounds using the leaching test according to [12]. The metals contained in F0–F2 fractions could be treated as mobile and with small changes in pH could be released into the water and soil environments. The metals in the F3 fraction belonged to the mobilizable fraction, which are very difficult to release into the environment, while the metals in the F4 fraction were bound in the structure of minerals.



The BCR analysis was performed for slag and ash SP2 samples, including one with natural grain sizes and three separated grain fractions (<0.025, 0.063–0.10, and 0.25–0.40 mm). The content of metals in the extraction solutions was analyzed by mass spectrometry with excitation in inductively coupled plasma ICP-OES (Optima 2000 DV Perkin Elmer spectrometer).




2.5. Densimetric Studies


Porosity, similarly to the fissure, is a property that allows for the presence and movement of liquids, water and gases in the tested material. The volume of voids determines the amount of water that can be stored in a given material, while the size and shape of voids determine the permeability of the rock. The pores contained in the waste sample can be divided into open, i.e., connected to the surface of the sample, and closed pores, which are fully surrounded by the solid phase of the sample. Accordingly, we distinguished effective open porosity (   ε O   ), which allows fluid to flow through the porous material; closed porosity (   ε Z   ), i.e., isolated; and total porosity ( ε ), which is the sum of open and isolated porosity.



The pore space of the delivered waste was assessed on the basis of the real and apparent density measurements using helium AccuPyc 1340 and quasi-liquid GeoPyc 1360 pycnometers (Micromeritics), respectively. It was possible to compare the textural features of individual 1 SP, 2 SP, and 3 SP waste, as well as six grain fractions separated from the SP2 sample, i.e., 6.3–10, 4.0–6.3, 2.5–4.0, 1.0–1.6, 0.63–1.0, and 0.25–0.4 mm. Samples dried at 105 °C were used. Pycnometric measurements were carried out at constant temperatures. The percentage content of the total porosity  ε  and the total pore volume    V p    were determined on the basis of the following formulas [26]:


  ε = 100  (  1 −    ρ p     ρ r     )   



(3)






   V p  =  1   ρ p    −  1   ρ r       



(4)




where    ρ r   —real density;    ρ p   —apparent density.



The closed pore content    ε Z    was determined by microscopy while the open porosity    ε O    was determined as   ε −  ε Z   . The porosity was expressed as the ratio of the pore volume in the sample to the total volume of the sample.




2.6. Gas Permeability Tests


Gas permeability is an important parameter for evaluating the transport properties of solid material. The permeability is directly affected by stress [27] induced by the force consolidating the layer. In order to determine the gas permeability of slag and ash, nitrogen filtration tests were carried out at room temperature. Samples were prepared from approximately 88 g of dry, averaged SP2 material. They were formed in a steel cylinder by pressing with a different force. Subsequent consolidation forces were 500, 1000, 1300, 2600 and 4000 [kg] which corresponded to stresses of 6.7, 13.5, 17.5, 35, and 53 [MPa], respectively. The maximum grain size was selected to be about 25% of the cylinder inner diameter. SP2 samples of ca. ϕ 3.1 cm × h = 13 cm dimensions, subjected to different consolidation forces, simulated the effect of stress on the gas permeability of the studied waste layers. Stress state can be correlated with depth [28]. Permeability tests were carried out in setup designed and built for the purpose of examining the post-process slag and ash (Figure 2) with the possibility of recording the data. The measurement system consisted of a sample enclosed in a steel column through which nitrogen was flowed, the nitrogen supply cylinder, a differential pressure gauge and a simple flow meter system.



Gas permeability was determined on the basis on a constant pressure test. Nitrogen pressure P1 supplied to the sample at the inlet and nitrogen pressure P0 received at the sample’s outlet were measured. Darcy’s law for compressible fluids was used to determine the nitrogen permeability k of the waste sample:


  k =   2  P 0  · Q μ L   A  (   P 1 2  −  P 0 2   )     [   m 2   ]   



(5)




where:



	
P1—pressure at the inlet of the sample, Pa;



	
P0—pressure at the outlet of the sample, Pa;



	
Q—gas flow rate, m3/s;



	
 μ —gas viscosity coefficient, Pa·s;



	
L—sample length, m;



	
A—ample cross-sectional area, m2.






Reduction of the nitrogen pressure P1 at the inlet to the sample caused changes in the outlet pressure P0 and a corresponding change in the flow rate Q. Permeability coefficient k was determined at a constant flow rate value. The gas flow rate through the consolidated waste layer was measured using the inverted flask method.




2.7. Water Permeability Tests


Water filtration properties of slag and ash generated in the process of thermal waste conversion were determined. The scope of the studies included determination of compaction parameters, i.e., maximum bulk density of the skeleton and optimal humidity. Tests were carried out on SP2 sample with natural grain size in a standard Proctor apparatus (PN-EN 13286-2:2010).



Filtration coefficient was measured using the constant gradient method, i.e., in a medium-sized permeameter (Figure 3) and in an ITB ZW K2 apparatus (Figure 4). In addition, SP2 waste samples with different seasoning periods of 3, 6, and 11 months, respectively, were tested on the ITB ZW K2 apparatus.



The value of the filtration coefficient was determined as follows:




	-

	
In the medium-size permeameter (Figure 3) with density indices IS = 0.92 and 0.98 using samples with a diameter of 36.2 cm and a height of 12.4 cm;




	-

	
In the ITB ZW K2 apparatus (Figure 4) with density indices IS = 0.92, 0.95, and 0.98 using samples with a diameter of 11.3 cm and a height of 6 cm.









Permeability tests consisted in determining the water amount that would filter through a sample with a cross-section A in time t at the hydraulic gradient i. The filtration coefficient (kt) was calculated according to the following formula:


   k t  =  Q  A · i · t    [  m  s  − 1    ]   



(6)




where:



	
Q—filtration output, m3;



	
A—sample cross-sectional area, m2;



	
i—hydraulic gradient;



	
t—measurement time, s.






Permeability tests were carried out with two vertical directions of water flow through the sample, i.e., “bottom-up” and “top-down”. Measurements were made after filtering the water through the sample and stabilizing the flow with a constant hydraulic gradient at regular intervals. During the measurements, water temperature and differences in water levels in the piezometric tubes were controlled. The value of the filtration coefficient was assumed as the arithmetic mean of the measurement results obtained for both directions of water flow through the sample. The obtained filtration coefficients (kt) from both devices were converted to the conventional temperature of 10 °C (k10).





3. Results


3.1. Granulometric Analysis


Figure 5 shows histograms and particle size distribution curves. It was shown, in all analyzed materials, that the gravel fraction dominated, followed by the sand fraction, while the dust fraction had the smallest share in the structure of waste material (Figure 5). Together with seasoning time, the material had a higher percentage of the gravel fraction. The largest amount of material above 10 mm was found in SP1, i.e., the oldest tested slag (20%); in SP2 it was about 11%, and in the youngest, SP3, it was only 3.5%. Although the material showed similar properties, there was a visible relationship between the seasoning time and the content of the thickest fraction. This feature was most likely the effect of caking of the material along with the lengthening of the slag and ash seasoning time. The seasoning process consists of penetration of moisture contained in the air into slag grains, where hydration processes take place. On the other hand, the hydration process consists of joining water to anhydrous compounds contained in slag grains (e.g., transition of CaSO4 into CaSO4 × 2H2O).




3.2. Microscopic Analysis—Qualitative Description


On the basis of the conducted microscopic observations, it was found that all groups of slag and ash (SP1, SP2, and SP3) had similar characteristics in terms of structure, formation, textual features and composition. Moreover, all samples were rich in the amorphous phase. The main mineral components of municipal slag were:




	-

	
Quartz (SiO2): the dominant component of the mineral phase in each sample. It was in the form of oval, rounded, slightly cracked grains (Figure 6, Figure 7, Figure 8 and Figure 9). It showed gray interference colors of the first order. This mineral, due to the action of high temperature, showed wavy dimming.









	-

	
Melilite: Ca2Mg and Ca2Al group silicates. The extreme links of the melilite series were akermanite Ca2Mg[Si2O7] and gehlenite Ca2Al[(SiAl)2O7]. Minerals formed at high temperature, found in all samples (Figure 7, Figure 8 and Figure 9). The mineral interference colors were low of the first order. There was an oblique dimming, and the surface was cracked, with little cleavage. This mineral is usually irregular or slightly oval in shape.




	-

	
Calcite (CaCO3)—inherent admixture of almost all samples. It appeared in the form of fine sparite, microsparite, and even micrite clusters. It was characterized by third-order interference colors (Figure 7 and Figure 9).




	-

	
Feldspars—spatial aluminosilicates of K, Na, and Ca, and less often Ba. Numerous grains of potassium feldspar and plagioclase were found in the samples. All feldspars had gray, low first-order interference colors, visible cleavage, and multiple or singly twinned crystals. The group of feldspars includes a number of minerals with different chemical compositions and different forms of crystals. In the analyzed slag and ash samples, sometimes numerous grains of potassium feldspars and plagioclases were found. The crystal habit was often subhedral, tabular. The material showed, for example, multiple twinned plagioclases (Figure 10) and potassium feldspars—microcline (Figure 11) and orthoclase (Figure 12 and Figure 13).







Other minerals were also found in the slag and ash, such as apatite, anhydrite or gypsum, and wollastonite. As for the amorphous phase, each sample contained a significant amount of anthropogenic materials unchanged in the combustion process, which have not been completely burned. These are mainly fragments of glass, which were observed even with the naked eye (Figure 1). Fragments of glass or enamel in polarized light are optically isotropic (they completely extinguish the light) (Figure 14, Figure 15, Figure 16 and Figure 17). In addition, a significant content of the metallic phase was found, composed of shiny fragments of various metallic substances not separated in the recovery process (Figure 18, Figure 19, Figure 20 and Figure 21). These substances were opaque and isotropic in the transmitted light microscopic analysis (Figure 20 and Figure 21). Fragments of metals originated from cans (Figure 22, Figure 23 and Figure 24) and various unidentified, not fully burnt fragments (Figure 25) were shown.




3.3. Microscopic Analysis—Quantitative Description


Quantitative analysis of the material, aimed at determining the porosity of individual waste samples, showed that the pores on the preparations were usually oval and closed, and their size sometimes reached about 1 mm (Figure 26, Figure 27, Figure 28 and Figure 29). The results of the quantitative analysis of samples obtained from SP1, SP2, and SP3, respectively, are presented in Table 1.



It was shown that the seasoning time of the sample may cause some variability in the pore content. The lowest porosity was found in the longest seasoned material. This could be related to the reduction of porosity due to the secondary build-up of pores by diagenetic processes. Probably, like in rocks, the rebuilding of the pore, intragrain, and intergrain space could have occurred.



Quantitative analysis results, aimed at examining the effect of material porosity depending on the analyzed fraction, are presented in Table 2 and in Figure 30.



It was noticed that the percentage of pores in the slag and ash changed depending on the analyzed grain size. The thickest analyzed fractions were characterized by large, numerous pores (Figure 31). The porosity in the thickest fraction reached almost 20%, while in the smallest analyzed fraction the porosity was significantly reduced to about 4%. Moreover, the maximum observed pore diameters in the smallest fractions did not exceed 0.15 mm (Figure 32).



Depending on the analyzed fraction, differences were observed not only in porosity, but also in the phase composition of the material itself. The thicker fractions were dominated by amorphous substance (Figure 14 and Figure 15). There was a lot of glass and other slag fragments that were difficult to identify microscopically, but there was relatively little mineral substance. As the fraction decreased, microscopic analyses revealed an increase in the mineral substance in which quartz was definitely dominant (Figure 33 and Figure 34).




3.4. Sequential Extraction


The approximate total content of selected metals in the studied waste samples was determined (Figure 35). Alike in SP2 sample and in the grain fractions separated from it, metals were present at a very low level. With the exception of Co, Cd, and Cr, there was no relationship between the grain size and the content of metals. The Fe content was the highest in the primary sample SP2. There was no significant relationship between Fe content in the samples and the metal content in them. The exception was Ni.



Results of the release susceptibility studies indicated that only Co and Zn showed high mobility in all samples, as well as Cd in the SP2 (0.063–0.1 mm) and SP2 (<0.025 mm) samples (Figure 36). It was also found that the distribution profile of metals in the fractions for the SP2 samples was similar to that of SP2 (0.25–0.4 mm) as well as SP2 (<0.025 mm) to SP2 (0.063–1.0 mm). Very low values of metals in the samples as well as their strong binding to the solid phase means that metals do not pose a threat to the water and soil environment.




3.5. Densimetric Studies


Table 3 presents the values of real and apparent density obtained by pycnometric methods, calculated porosity and total pore volume of SP1, SP2, and SP3 waste samples, respectively. As it may be seen in Table 3, the real density of the studied samples was similar and amounted to 2.56 g/cm3. However, an increase in the apparent density of slag and post-process ash seasoned for a longer time was observed. This can probably be related to the ability of the material to clumping. The total porosity of the averaged samples SP1, SP2, and SP3 was 23.9%, 23.4%, and 23.3%, respectively, with the pore volume at the level of 0.12 cm3/g (Table 3). In the averaged samples, closed porosity dominated, the content of which could be determined at 20%, while the remaining 3–4% could be attributed to open porosity.



The impact of the SP2 sample separation on waste density and porosity is presented in Table 4. As it can be seen, the finer fractions were characterized by a higher grain density. The total porosity of the finer fractions also increased together with the pore volume increase. The porosity of individual grain fractions of SP2 sample was different than the porosity of the averaged sample.



According to Table 4, passing from the thicker SP2 fraction (>6.3 mm) towards the finer fraction, the share of closed pores decreased, and the share of open pores increased in the total porosity of the sample. The reduction in the size of the sieved fraction was associated with a transition from macropores, which were typical for fractions >6.3 mm, towards equal shares of closed and open pores in the 1.0–2.5 mm and 0.63–1 mm fractions, to a dominant share of micropores in the 0.25–0.63 mm grain fraction. The sample with the finest grains had the lowest percentage of closed pores.



As was shown, the share of open and closed porosity in the total porosity of the tested waste changed depending on the separated fraction. Thus, the properties of the waste did not remain homogeneous, and the sieving process allowed for the waste separation into components with different structures and different textural properties.




3.6. Gas Permeability


Table 5 presents changes in parameters obtained for five samples prepared by different consolidation of SP2 waste. As it can be seen from Table 5, as the consolidating force was increased, the density of the sample rose from 1.44 g/cm3, for the initially formed by 500 kg material, to 1.71 g/cm3 for the sample consolidated with a maximum force of 4000 kg. Using different consolidation forces, it was possible to obtain layers of post-process waste with different porosities (Table 5). It can be also seen from Table 5, the relationship between density and porosity of the formed layers was inversely proportional, with the other waste parameters such as moisture remaining constant.



Figure 37 presents the influence of the waste layer porosity on its gas permeability. The obtained dependence showed the proportionality of the analyzed parameters. The increase in porosity resulted in an increase of the slag and ash permeability to nitrogen. A significant reduction in waste porosity was associated with a significant reduction in permeability. By reducing the porosity of the waste layer to 33%, the material’s initial permeability of 3.8 × 10−13 m2 was reduced by two orders of magnitude to 5.8 × 10−15 m2. The slag and ash can be regarded as material with a very low permeability to nitrogen. A simple test confirmed that the porosity of SP2 layer had a dominant influence on the possibility of gas penetration through the soil medium.



Figure 38 presents the results of the nitrogen permeability tests performed. The average gas permeability k of the studied waste was 1.5 × 10−13 m2. The increase in stress applied to the sample resulted in a denser and less porous waste layers that contributed to the reduction of the slag and ash permeability. At 53 MPa, waste permeability was negligible and significantly limited by the stress state. The trend presented in Figure 38 shows that an increase in the stress exerted on the sample lead to a reduction of the nitrogen permeability or total impermeability of the waste layer. This issue requires further research.



The conducted permeability studies showed the applied stress reduced slag and ash porosity and thus significantly reduced permeability of the waste layer. Through the appropriate selection of the consolidation force, the final porosity of the waste layer can be designed and its permeability controlled.




3.7. Water Permeability


Figure 39 shows the density curve of slag and post-process ash. The value of the maximum bulk density was 1.79 g/cm3, with an optimum humidity of 17.1%. Table 6 presents a summary of the obtained results of the slag and ash filtration coefficient tests immediately after incineration and, respectively, after 3, 6, and 11 months of storage [29].



Figure 40 shows the variability of the filtration coefficient of the tested waste samples depending on the density index obtained with the use of individual apparatuses. For the tests performed in the medium-sized permeameter, with an increase in the density index from IS = 0.92 to 0.98, the value of the filtration coefficient k10 decreased by one order of magnitude, from 2.20 × 10−6 to 1.88 × 10−7 m/s (Figure 40).



A similar relationship was obtained during measurements with the ITB ZW K2 apparatus. With density index increase from IS = 0.92 to 0.95, the value of the filtration coefficient decreased from 1.40 × 10−6 to 1.18 × 10−6 m/s. Tests with IS = 0.98 index could not be carried out for technical reasons (measuring range of the apparatus was exceeded).



The values of the filtration coefficient of slag and ash samples after 3, 6, and 11 months of seasoning, tested on the ITB ZW K2 apparatus, fluctuated in a small range and ranged from 1.78 × 10−5 to 9.37 × 10−6 m/s. However, as the period of waste storage was extended, an increase in the filtration coefficient was observed (Figure 41). Such a trend could result from the properties of the incinerated municipal waste, which tended to clump with the extension of the time spent in the landfill.





4. Conclusions


The analyzed slag and ash from the municipal waste incineration plant was characterized by specific properties. It was dominated by the gravel fraction, followed by the sand fraction, and the dust fraction had the smallest share in the structure of this material. It was noticed that with increasing time of seasoning, the material showed a higher percentage of the gravel fraction. This feature is most likely the effect of caking of the material along with the lengthening of the slag seasoning time. The seasoning process consists of the penetration of moisture contained in the air into the slag and ash grains, where hydration processes take place. Hydration consists of attaching water to anhydrous compounds contained in slag grains (e.g., transition of CaSO4 into CaSO4 × 2H2O).



On the basis of microscopic observations, it was found that all groups of slag and ash had similar features identifiable under microscopic magnifications. The main mineral components of municipal slag were quartz, melilite, calcite, feldspars, apatite, anhydrite or gypsum, and wollastonite. In each sample there was a significant content of anthropogenic materials unchanged in the combustion process, which did not undergo complete combustion. The seasoning time of the sample affected the variability of the pore content. Changes in the waste porosity were also observed in relation to the size of the analyzed grains. The individual fractions differed in the phase composition of the material. It was therefore shown that the division into fractions is important for the use of incinerated municipal waste.



The increase in stress applied resulted in a reduction of waste layer porosity and thus a significant decrease in gas permeability. The results of the water permeability tests showed the tendency of the material to clamp with increasing compaction force. With a density index of IS = 0.98, the ITB ZW K2 device failed to “push through” the water, which indicated that the waste was very poorly permeable. In the case of the medium-dimensional device, the experiment with the density index IS = 0.98 was finished, but the filtration was on the verge of measurability. As a result, heavy metals contained in the waste will not be able to migrate freely and with a high probability, regardless of the chemical composition, and the stressed waste will become neutral to the environment. With negligible leachability of heavy metals, the features of the incinerated municipal waste predispose them for the purposes of specialized hydrotechnical construction.



Finally, there is a sad conclusion. Despite the obligation to waste segregation, municipal waste sorted by citizens and sent to incineration plants contain a very large amount of material suitable for recycling. After the thermal conversion process of municipal waste, ferrous and non-ferrous metals are recovered on the premises of the plant (approximately 2% of metals are recovered from the total burnt substance). The post-process slag and ash, subject to further seasoning, which was examined in this work, showed a significant percentage of glass and metal content. Unfortunately, this is the result of improper segregation of waste by residents, and due to the fault of citizens, too much waste is sent to the incineration plant.
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Figure 1. Macrophotographs of raw slag samples with visible, unburnt fragments of municipal waste. 






Figure 1. Macrophotographs of raw slag samples with visible, unburnt fragments of municipal waste.
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Figure 2. Original setup for gas permeability testing of post-process waste: red line is nitrogen inlet; blue line is nitrogen outlet (B. Dutka). 
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Figure 3. Cylinders of a medium-size permeameter for filtration coefficient testing (A. Gruchot). 
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Figure 4. General view of the ITB-ZW-K2 apparatus for the filtration coefficient measurement (A. Gruchot). 
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Figure 5. Cumulative curves and histograms on the basis of grain size analysis from three groups of slag. 
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Figure 6. Quartz grain with embedded apatite (SP1 sample), thin section, 2P, 200×, transmitted light. 
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Figure 7. Grain of quartz, melilite, and carbonates (calcite) (SP2 sample), thin section, 2P, 100×, transmitted light. 






Figure 7. Grain of quartz, melilite, and carbonates (calcite) (SP2 sample), thin section, 2P, 100×, transmitted light.



[image: Energies 16 00117 g007]







[image: Energies 16 00117 g008 550] 





Figure 8. Melilite and quartz grains (SP1 sample), thin section, 2P, 100×, transmitted light. 
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Figure 9. Quartz, calcite, and melilite in the SP2 sample, thin section, 2P, 100×, transmitted light. 
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Figure 10. Plagioclase—visible multiple twinning and residual zonal structure. SP3 sample, thin section, 2P, 100×, transmitted light. 
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Figure 11. Microcline (K-feldspar) with visible twinning in two directions. SP3 sample, thin section, 2P, 200×, transmitted light. 
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Figure 12. Potassium feldspar, double twinned (orthoclase) surrounded by quartz grains. SP2 sample, thin section, 2P, 200×, transmitted light. 
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Figure 13. Potassium feldspar, and quartz, SP2 sample, thin section, 2P, 100×, transmitted light. 
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Figure 14. Glass in SP2 slag and ash sample, thin section, 1P, 200×, transmitted light. 
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Figure 15. Glass in SP2 slag and ash sample, thin section, 1P, 200×,transmitted light. 
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Figure 16. Glass in SP3 slag and ash sample, thin section, 1P, 100×, transmitted light. 
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Figure 17. Glass in SP3 slag and ash sample, thin section, 2P, 100×, transmitted light. 
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[image: Energies 16 00117 g017]







[image: Energies 16 00117 g018 550] 





Figure 18. Metallic substance, shiny. SP2 sample, macrophotograph of the polished section prepared for microscopic analysis. 






Figure 18. Metallic substance, shiny. SP2 sample, macrophotograph of the polished section prepared for microscopic analysis.



[image: Energies 16 00117 g018]







[image: Energies 16 00117 g019 550] 





Figure 19. Metallic substance, shiny. SP2 sample, thin section, 1P, 200×, reflected light. 






Figure 19. Metallic substance, shiny. SP2 sample, thin section, 1P, 200×, reflected light.
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Figure 20. Metallic substance, shiny. SP2 sample, thin section, 1P, 100×, transmitted light. 
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Figure 21. Metallic substance, shiny. SP2 sample, thin section, 2P, 100×, transmitted light. 
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Figure 22. Metallic substance. Unburned fragment of anthropogenic origin. SP2 sample, thin section, 1P, 100×, reflected light. 
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Figure 23. Metallic substance. Unburned fragment of anthropogenic origin. SP2 sample, thin section, 1P, 100×, transmitted light. 
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Figure 24. Metallic substance. Unburned fragment of anthropogenic origin. SP2 sample, thin section, 2P, 100×, transmitted light. 






Figure 24. Metallic substance. Unburned fragment of anthropogenic origin. SP2 sample, thin section, 2P, 100×, transmitted light.
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Figure 25. Metallic substance. Unburned fragment of anthropogenic origin. SP3 sample, thin section, 2P, 100×, reflected light. 
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Figure 26. Pores visible under a stereomicroscope, SP1 sample, magnification 100×. 
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Figure 27. Closed pores visible under a petrographic microscope, SP1 sample, polished section, 1P, 100×, reflected light. 
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Figure 28. Closed pores visible under a petrographic microscope, polished section, 1P, 100×, reflected light. 
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Figure 29. Closed pores visible under a petrographic microscope, polished section, 1P, 100×, reflected light. 






Figure 29. Closed pores visible under a petrographic microscope, polished section, 1P, 100×, reflected light.
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Figure 30. Porosity dependence on the analyzed grain fraction (SP2 sample). 
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Figure 31. Oval, large (about 0.6 mm) pores in the slag, fraction above 4 mm, SP2 sample, magnification 100×, reflected light, section. 
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Figure 32. Oval, small (up to about 0.1 mm) pores in the slag, fraction below 0.63 mm, SP2 sample, magnification 100×, reflected light, section. 
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Figure 33. Mineral and non-mineral grains, SP2 sample, 0.4–0.25 mm fraction, fine cut, magnification 50×, 1N, transmitted light. 






Figure 33. Mineral and non-mineral grains, SP2 sample, 0.4–0.25 mm fraction, fine cut, magnification 50×, 1N, transmitted light.



[image: Energies 16 00117 g033]







[image: Energies 16 00117 g034 550] 





Figure 34. Quartz grains of white–gray colors, SP2 sample, 0.4–0.25 mm fraction, fine cut, magnification 50×, NX, transmitted light. 
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Figure 35. Total metal content in the studied waste samples. 
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Figure 36. Distribution of metals in particular fractions and susceptibility to release increasing from F4 to F0. 
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Figure 37. Relationship between layer porosity and gas permeability of SP2 slag and ash. 
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Figure 38. Effect of stress on SP2 gas permeability. 
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Figure 39. Compactability (Proctor) curve of the tested slag and ash sample. 






Figure 39. Compactability (Proctor) curve of the tested slag and ash sample.



[image: Energies 16 00117 g039]







[image: Energies 16 00117 g040 550] 





Figure 40. Dependence of the filtration coefficient on compaction. 
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Figure 41. The dependence of the filtration coefficient on the time of waste storage. 






Figure 41. The dependence of the filtration coefficient on the time of waste storage.



[image: Energies 16 00117 g041]







[image: Table] 





Table 1. Porosity of slag and ash samples determined by microscopic point analysis (Figure 26, Figure 27, Figure 28 and Figure 29).
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	Waste Sample
	SP1
	SP2
	SP3





	Porosity (%)
	9.07
	12.92
	12.74
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Table 2. Porosity of individual grain fractions (SP2 sample).
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	Sample fraction (mm)
	4–2.5
	2.5–1.6
	1.6–1
	1–0.63
	0.63–0.4
	0.4–0.25



	Porosity (%)
	19.81
	9.97
	11.55
	11.32
	5.87
	4.15
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Table 3. Results of densimetric studies of waste with different seasoning times.
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	Slag and Ash
	     ρ r  ,   g /  cm 3     
	     ρ p  ,   g /  cm 3     
	ε, %
	Vp, cm3/g





	SP1C
	2.564
	1.951
	23.9
	0.123



	SP2C
	2.555
	1.957
	23.4
	0.120



	SP3C
	2.562
	1.965
	23.3
	0.119
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Table 4. Influence of the SP2 sample separation on density and porosity.
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Sample Fraction (mm)

	
     ρ r  ,   g /  cm 3     

	
     ρ p  ,   g /  cm 3     

	
    ε  ,   %   

	
Vp, cm3/g

	
     ε Z  ,   %    

	
     ε O  = ε −  ε Z  ,   %    






	
2 SP > 6.3

	
2.468

	
1.957

	
20.7

	
0.11

	
20.0

	
0.7




	
2 SP > 4

	
2.521

	
22.4

	
0.14

	
20.0

	
2.4




	
2 SP > 2.5

	
2.527

	
22.6

	
0.16

	
19.8

	
2.8




	
2 SP > 1.0

	
2.595

	
24.6

	
0.21

	
11.6

	
13.0




	
2 SP > 0.63

	
2.564

	
23.7

	
0.18

	
11.3

	
12.4




	
2 SP > 0.25

	
2.585

	
24.3

	
0.20

	
4.2

	
20.1
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Table 5. Samples for gas permeability testing.
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Waste Sample

	
SP2






	
Consolidation force (kg)

	
500

	
1000

	
1300

	
2600

	
4000




	
Stress (MPa)

	
6.7

	
13.5

	
17.5

	
35.0

	
53.0




	
Layer density (g/cm3)

	
1.44

	
1.62

	
1.63

	
1.69

	
1.71




	
Porosity (%)

	
43.6

	
36.8

	
36.0

	
33.9

	
33.1




	
Permeability (m2)

	
3.8 × 10−13

	
1.4 × 10−13

	
1.5 × 10−13

	
6.0 × 10−14

	
5.8 × 10−15
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Table 6. Summary of the filtration coefficient of the tested slag and ash.
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Density Index

	
Apparatus

	
Storage Time




	
Without Storage

	
3 Months

	
6 Months

	
11 Months




	
Filtration Coefficient, k10 [m/s]






	
IS = 0.92

	
Medium-dimensional permeameter

	
2.20 × 10−6

	

	

	




	
IS = 0.98

	
1.88 × 10−7

	

	

	




	
IS = 0.92

	
ITB ZW K2

	
9.79 × 10−6

	
9.37 × 10−6

	
1.31 × 10−5

	
1.78 × 10−5




	
IS = 0.95

	
9.46 × 10−6

	

	

	




	
IS = 0.98

	
Water flow was not obtained
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