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Abstract

:

Asbestos is a widely used name for natural silicate minerals with fibrous properties. Asbestos minerals were one of the most popular and cheapest raw materials used in the construction industry in the past when they was used in the form of cement–asbestos composite material. Nowadays, we know that asbestos possesses carcinogenic properties. Due to this fact, asbestos was banned in many countries including Lithuania. All asbestos-containing materials are considered waste and stored in special landfills, which causes significant environmental pollution. One of the methods proposed to solve the asbestos problem may be thermal treatment. In the present study, asbestos-containing wastes in the form of cement–asbestos materials were examined. These asbestos-containing materials were characterised via chemical analysis (XRF) connected with mineralogical phase analysis with powder X-ray diffraction (XRD) as well as scanning electron microscopy (SEM). The thermal decomposition of samples was studied via differential thermal analysis (DTA) and thermogravimetric measurements with evolved gas analysis (TG–EGA). It was found that thermal treatment is a possible way to destroy asbestos contained in cement–asbestos wastes and convert it into new mineral phases. The work also compared the obtained characteristics of asbestos waste with the characteristics of waste produced in other countries.
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1. Introduction


Asbestos is a group of natural, hydrated silicate minerals (including chrysotile, amosite, and crocidolite), characterised by a fibrous form. It has unique physical and chemical properties, including high elasticity and mechanical strength, as well as resistance to temperature and chemicals (acids and alkalis). These unusual properties, combined with their widespread occurrence, contributed to the great industrial importance of asbestos in the past. It was used mainly in construction, primarily for the production of roofs, pipes, facade fragments and other construction elements [1,2,3,4,5]. Asbestos is a material that is difficult to naturally biodegrade [6]. Moreover, it has been proven that asbestos is a carcinogenic and mutagenic substance [7,8,9]. It occurs in the air in the dangerous form of microscopic fibres contributing to long-term diseases and latent development [10,11].



Therefore, despite its initial advantages, over the years, asbestos and all products made from it have become an undesirable material, considered in some countries to be hazardous waste. Today, only about 60–70 countries in the world [12,13,14] prohibit its use, and it is still a widely used building material in countries such as China, Russia, Brazil, India and Indonesia [14,15]. These countries are responsible for 85% of the total asbestos consumption in the world. Over recent years, asbestos mining and production have been at the level of approximately 1.3 million tonnes per year [15].



The ban on the use of asbestos applies mainly in developed countries. Importantly, in all European Union countries, a complete ban on the use of asbestos was introduced on 1 January 2005 [16]. Asbestos and all products based on it are completely banned and not allowed for production or trade. In Poland, actions regarding the asbestos problem already took place earlier. Following the provisions of the relevant act [17] in 1998, among others, the production of asbestos–cement boards and trade in asbestos and products containing asbestos were prohibited. Moreover, in May 2002, the Council of Ministers adopted a long-term, 30-year national “Program for the removal of asbestos and asbestos-containing products used in the territory of Poland” [18].



The asbestos problem is particularly acute in the former Eastern Bloc and post-Soviet countries. Lithuania may be an example next to Poland. According to the literature data, over the years, 0.7 million tons of asbestos were imported into Lithuania, mainly for the production of cement–asbestos products [19,20,21,22]. This was due to rapid development after the end of World War II and the need to recover the damage, especially in the field of residential construction and industrial factories. Until 1990, asbestos was used in Lithuania in very large quantities, primarily in industrial facilities, where the main raw material was chrysotile from Russia and Kazakhstan [19,20,21,22]. In 1998, the document “The rules on work with asbestos” was created in Lithuania, and its assumptions were based on the European Council directives 80/1107/EEC [23], 83/477/EEC [24] and 91/382/EEC [25]. In 2004, the import and use of asbestos were completely banned [26].



Comparing the problem of asbestos waste in the two countries mentioned above, it is particularly large in the case of Lithuania, and it can be shown that it is much larger than that in Poland [27]. Taking into account the estimated data on the amount of asbestos imported into individual countries over the years, as well as the number of inhabitants and the area of the country, we can attempt to calculate and compare asbestos burden indicators (Table 1).



As we can see, even though Lithuania is about 5 times smaller than Poland and is almost 10 times less populated, the amount of accumulated asbestos waste is drastically higher. Taking into account the amount of waste per person in Lithuania, the calculated rate is four times higher than in the case of Polish citizens. According to estimates, there is approximately 1600 kg of asbestos waste per average Lithuanian resident. The amount of asbestos waste per unit area is also significantly higher.



Given the significant amount of accumulated waste containing asbestos, solving the asbestos problem is not an easy matter. Although the recommended method of dealing with asbestos waste is to deposit it in landfills [18], this is ultimately not an environmentally friendly solution. Although it solves the problem in the short term, it poses a huge burden on the environment and will be problematic for future generations. Also important is the presence of illegal landfills, which also contribute to the contamination of the natural environment [28].



According to EU authorities [29,30], the creation of asbestos waste dumps is only a temporary solution to the problem, which is thus left to future generations, because asbestos fibres hardly deteriorate over time. Therefore, knowledge about systems for the destruction of asbestos waste should be disseminated and scientific research and innovation should be supported to apply technologies for the processing and disposal of asbestos-containing waste, to enable their safe recycling and to reuse and reduce their disposal products in landfills.



Asbestos disposal and recycling methods have been the subject of many studies. Several dozen technologies for the utilisation of this material have been patented around the world. Most of the proposed techniques concern the destruction of the harmful structure of asbestos fibres and transformation of them into recyclable material. In terms of the factor initiating asbestos structure destruction, the methods of utilising asbestos and cement–asbestos products found in the literature and thoroughly described [31,32,33] can be generally divided into four main areas, i.e., chemical, biological, mechanochemical and thermal methods. Each method has its advantages and disadvantages [27,33]. One of the interesting solutions for the degradation of asbestos waste that has appeared in recent years is the carbonisation method, which involves exposing the prepared asbestos material to CO2 gas [34,35]. This work is promising and particularly useful when searching for methods of capturing and sequestering CO2 from the atmosphere to create stable carbonate phases [36,37].



The thermal method seems to be the most prospective [38,39], due to the lack of harmful post-process reagents and the relatively short process time [40]. Thermal methods have a lower environmental impact than do other proposed asbestos recycling processes. Heat treatment is used to transforms asbestos into an inert material within the temperature range at which the fibres become unstable. Due to the applied temperature and the conditions of the thermal treatment process, the destruction of the hazardous form of asbestos may occur in different ways, leading to thermal decomposition related to asbestos mineral dehydroxylation and further full crystal–chemical transformation or its melting in vitrification processes. Asbestos can be thermally utilised by using various sources of heat, e.g., conventional, hydrothermal, microwave and plasma. Although thermal methods may be instinctively considered energy-intensive and emission-intensive, the assumptions of the Green Deal may contribute to the competitiveness of thermal methods in the future, e.g., by switching to emission-free technologies, e.g., hydrogenous technologies, or via the use of renewable energy sources. Because asbestos minerals belong to the group of hydrated silicates, at a sufficiently high temperature, they undergo a dehydroxylation reaction and are consequently transformed into new mineral phases with different crystal structures [41,42,43,44,45]. Similar behaviour should be expected in the case of asbestos waste, including cement–asbestos waste [46,47,48,49,50,51,52].



The aim of this work was therefore to structurally characterise several Lithuanian end-of-life asbestos wastes in terms of their chemical and phase composition and to determine the course of thermal decomposition in the context of possible thermal treatment. For the first time, this characterisation was conducted for waste from Lithuania and compared with that of Polish waste. This is crucial because issues regarding the necessity of testing asbestos waste from Eastern Europe are relatively rare in the scientific literature.




2. Materials and Methods


Three end-of-life asbestos-containing materials coming from Lithuania were tested. All materials used in the present study were in an “as received” state, without any further purification. All tested samples were corrugated cement–asbestos boards (Figure 1a), but they varied in terms of the place of collection and the time of use and operation. Sample 1 (TR) came from the vicinity of Trakai, which in fragmented form was used as the hardening agent of local grounds on private property. This sample had been in contact with the external environment for several years. Samples 2 and 3 (V2 and V5, respectively) were dismantled cement–asbestos boards from the same private estate near Vilnius but differed in the time of use on the roof. The V2 sample was approximately 20 years old from purchase and installation on the roof, while the V5 sample was approximately 50 years old.



The samples considered differed significantly visually. In the case of the V5 sample, significant leaching out of the matrix components could be observed, and the material itself no longer showed high mechanical strength. Under slight pressure, pieces of the cement–asbestos board could be easily broken off. Moreover, in the case of this sample, delamination of the material could be observed. The remaining two samples looked similar to each other, although in the case of the TR sample, some rusty discolouration could be observed on the surface and inside the board. The width of the cement–asbestos boards, which was established, according to optical microscopy analysis, was ~5–7 mm. A visualisation of the pieces of samples after thermal treatment at 1100 °C is presented (Figure 1b).



These raw cement–asbestos materials were studied using different techniques like X-ray fluorescence (XRF), differential thermal analysis (DTA), thermogravimetric analysis (TG/DTG) with evolved gas analysis (EGA), X-ray powder diffraction (XRD), optical microscopy (OM) and scanning electron microscopy (SEM). Additionally, all cement–asbestos samples were isothermally fired in porcelain crucibles at 1100 °C for 4 h in an electric muffle laboratory furnace (model LT 9/14, Nabertherm, Lilienthal, Germany), and subsequent studies were performed on the obtained materials (OM, XRD, SEM). This temperature was selected based on that in the literature [52].



Simultaneous differential thermal analysis (DTA), thermogravimetric analysis (TG), differential thermogravimetric analysis (DTG) and the measurement of gases that evolved from the samples (EGA) were carried out using a simultaneous STA 409 PC Luxx thermal analyser coupled with a QMS 403 C Aeolos quadrupole mass spectrometer (Netzsch, Selb, Germany). All experiments were performed to up to 1450 °C in an airflow of 30 mL/min at a heating rate of 20 °C min−1 using an open alumina crucible with about 100 mg of sample.



For the phase analysis of the raw and calcined cement–asbestos, X-ray powder diffraction (PANalytical X’pert Pro diffractometer, with CuKα radiation, Ni filter, 40 kV, 30 mA, X’Celerator detector, Malvern PANalytical, Almelo, The Netherlands) was used. The phase composition was determined through the diffraction peaks connecting with the identified phases using HighScore Plus software (version 5.1; Malvern PANalytical, Almelo, The Netherlands) and the ICDD PDF-4+ database.



The chemical composition analysis using X-ray fluorescence (XRF) was performed in accordance with EN ISO 12677:2011 [53]. Once ignited to a constant mass, the sample was melted with a commercially available mixture of lithium tetraborate, lithium metaborate and lithium bromide (66.67%, 32.83%, and 0.5%), characterised by a flux purity adequate for XRF (from Spex, Long Island City, NY, USA). The sample-to-flux weight ratio was 1:9. The samples to be analysed were prepared by melting their mineralogical and grain structure until destroyed. The samples prepared in this way were measured using the PANalytical MagiX PW2424 spectrometer from Malvern PANalytical, Almelo, The Netherlands, calibrated using a series of certified reference materials: JRRM 121-135, JRRM 201-210 and JRRM 301-310 (Technical Association of Refractories, Tokyo, Japan). The chemical analysis was supplemented by including the content of volatile components. They were measured via calcination at 1025 °C to a constant weight in an electric laboratory furnace and expressed as a value of loss on ignition (L.O.I.).



Microstructure analysis was performed using a Mira 3 electron microscope (Tescan, Brno, Czech Republic) equipped with an energy-dispersive spectrometer (EDS) system with AZtec Automated ver. 3.1 software (Oxford Instruments, Abingdon, UK). The analysis was performed at an accelerating voltage of 15 kV in the backscattered electron mode (BSE) or secondary electron mode (SE) for image formation. The measurements were carried out on the samples covered by a conductive layer of chromium by using a Quorum Q150R ES device (Quorum Technologies, Laughton, UK). Initial widths of samples were measured using a stereo microscope (Zeiss, Stemi 305, Munich, Germany), equipped with a 5.0-megapixel digital camera (AxioCam ERc 5s, Munich, Germany).




3. Results


3.1. X-ray Fluorescence Characterisation


The chemical compositions of tested Lithuanian raw cement–asbestos wastes are presented in Table 2. The chemical compositions are dominated by SiO2 (ca 33 wt%) and CaO (ca 25–30 wt%). The very high loss on ignition value is also noteworthy; it changed from ~20 to 25 wt%. This was most likely related to the strong carbonation of the samples, especially in the case of the TR and V5 samples, which could have been operated in external conditions for a longer time. Besides these components, there are also accompanying ingredients like MgO (ca 6 wt%), iron compounds (converted into Fe2O3, 3–5 wt%) and Al2O3 (ca 4 wt%) that are presented. The chemical composition is supplemented with ingredients present in amounts below 1% (TiO2, Na2O, K2O and SO3). If uncertainties are taken into account, the differences in MgO are negligible. However, the TR sample had a slightly higher Fe2O3 content, which was most likely due to the presence of corrosion products of metal fastening elements or secondary contamination during “ageing” on the ground, for example.




3.2. X-ray Diffraction Characterisation


Figure 2 presents the X-ray powder diffraction patterns of raw end-of-life Lithuania cement–asbestos samples. Even though the samples were exposed to external weather conditions in varying degrees and times, the phase compositions for all tested samples were rather similar. On the X-ray diffraction patterns of all samples, diffraction reflexes from the cementitious matrix dominate. The main identified crystal components for all samples were calcite (CaCO3) and quartz (SiO2). As an asbestos mineral for all samples, chrysotile (Mg3Si2O5(OH)4) was detected, which was confirmed via the presence of the characteristic main reflex at ~12° 2Theta. Taking into account the MgO content from XRF tests, it can be estimated that the chrysotile content in the material is approximately 14 wt%. This is consistent with the typical asbestos content for cement–asbestos products. Besides the abovementioned phases, other mineral phases like aragonite (CaCO3), larnite (Ca2SiO4), gypsum (CaSO4·2H2O), ettringite Ca6Al2(SO4)3(OH)12·26H2O and brownmillerite (Ca2(Al, Fe)2O5) were also identified. In the case of the V2 and V5 samples, a trace of portlandite (Ca(OH)2) was also identified. Due to the long-time ageing and weathering of samples, some amorphous content was also confirmed.




3.3. Scanning Electron Microscopy Observation


SEM images of the considered cement–asbestos boards are presented in Figure 3 and Figure 4. The surface for samples TR and V2 was rather smooth and compact, and bundles of asbestos fibres were well embedded in the cement matrix. In contrast to the previously mentioned sample, for V5, material bundles of asbestos fibres were poorly embedded in the matrix and were easily pulled out, which was related to the high degree of weathering of this type of cement–asbestos sample. The SEM image of this sample at a high magnification (Figure 4c) shows the presence of isolated, irregular grains of calcium carbonate. This was the main product of the 50-year ageing of the material.




3.4. Thermal Analysis Characterisation


The qualitative progress of the thermal decomposition process of all tested cement-asbestos samples was generally very similar (Figure 5); however, for the V2 sample (Figure 5b), more varied behaviour was recorded. Comparing the main effects, changes in the intensity of individual effects were recorded, and can be related to the quantitative content of individual phases in each end-of-life cement–asbestos sample. In all obtained curves dominated effects connected to the decomposition of the cementitious matrix. Due to the relatively small amount of asbestos in cement–asbestos material and its overlap with another thermal effect at the same temperature range, no visible characteristic effects resulted from the thermal decomposition of pure chrysotile asbestos.



In the temperature range from 100 to 200 °C, on all DTA curves, the endothermic peak connected with mass change was observed. The Tmax value of this effect was changed from 144 °C for the TR sample to 163 °C in the case of the V5 sample. For all tested samples, this effect was a loss of water from the so-called CSH phase constituting the cementitious matrix. On DTG curves of all tested samples in this temperature range, the visible peak was identified, but their intensity changed significantly depending on the source of the sample. The lowest effect was registered in the case of the TR sample, while the strongest peak was observed in the case of the V2 sample. This sample was exposed to corrosion for the shortest period. Moreover, in the case of the V2 sample, on the DTG curve, a slight inflexion at around 200 °C is visible. This probably comes from the thermal decomposition of gypsum, which was identified via the XRD technique in this sample.



A very weak endothermic peak at ~410 °C (visible mainly in the case of the V5 sample) indicates the presence of portlandite (Ca(OH)2) and its thermal decomposition, which is more visible on the DTG curves of the V2 and V5 samples and in the presence of water in evolved gas (Figure 6). Contrary to another cement–asbestos sample described in the literature [54], the amount of Ca(OH)2 is extremely little, and this phenomenon may be explained by the strong weathering of these samples.



At higher temperatures (in the range 600–850 °C), the decomposition of carbonates occurs, especially calcium carbonates (CaCO3; calcite and aragonite were identified in the samples). It can be noticed that this process takes place in two different stages. First, in the wide temperature range from 600 to 750 °C (the effect mainly is visible on DTA curves for the TR and V5 samples, i.e., samples with long-term ageing), it is connected with the release of water and part of the carbon dioxide from the samples. For the V2 sample, this effect is also identified but with a lower intensity (Figure 6). In this temperature range, the thermal decomposition of chrysotile asbestos should also take place; however, its characteristic thermal decomposition effects are masked by the decarbonisation of the cementitious matrix. On the other hand, on the water curve, in the temperature range corresponding to the decomposition of chrysotile, a small peak coming from H2O evolution was observed (Figure 6, marked area), which may indicate the dehydroxylation process and thermal decomposition of chrysotile.



The second stage occurs at a higher temperature (~800 °C) and is visible as an endothermic effect on the DTA curves of all samples and a strong DTG peak mainly connected with the presence of carbon dioxide in the flue gas. Furthermore, in the case of the V2 sample, additional effect at ~860 °C was observed, and it was connected with ~1 wt% of weight loss. EGA analysis confirmed that, in this case, carbonate compounds also decompose thermally. A wide temperature range of CO2 release may indicate different degrees of crystallinity of calcium carbonates [55]. In the temperature range 1250–1350 °C on the TG curves of all tested cement–asbestos samples, small weight loss (~0.5–0.6 wt%) was observed, and it indicated the presence of sulphur in the samples as a sulphate compound.




3.5. Characterisation of Materials after Thermal Treatment


The X-ray powder diffraction patterns of the materials obtained after the calcination at 1100 °C of raw end-of-life Lithuania cement–asbestos samples are presented in Figure 7. The phase compositions obtained for all tested samples were very similar and were dominated by diffraction reflexes coming from mineral phases like quartz (SiO2), akermanite (Ca2Mg(Si2O7)), larnite (Ca2SiO4), monticellite (Ca(Mg,Fe)SiO4) and merwinite (Ca3Mg(SiO4)2). Moreover, in the case of the TR sample, additional reflexes coming from forsterite (Mg2SiO4) as well as magnetite (Fe3O4) were also identified. Most of them were the result of the high-temperature synthesis of cement matrix ingredients with magnesium compounds from the product of chrysotile asbestos thermal decomposition. From a technological point of view, it is worth noting that, in all obtained diffraction patterns, no characteristic reflexes from asbestos minerals were recorded. This directly confirms that, in this thermal condition, asbestos decomposition occurred. Magnesium oxide released during the thermal decomposition of chrysotile was incorporated into the crystal structure of new minerals containing magnesium (like akermanite, monticellite, merwinite and forsterite), which were absent at the stage of characterisation of raw cement–asbestos wastes.



SEM images of cement–asbestos samples after isothermal calcination are presented in Figure 8. The microphotographs show the samples after calcination at the specified temperature and manual grinding in an agate mortar. As can be observed, the material obtained was easy to grind and crush by hand, resulting in a fine powder without fibrous forms.





4. Discussion


The obtained results of the chemical and phase compositions of three end-of-life cement-asbestos samples from Lithuania show that they are very similar materials. The course of thermal analysis (DTA/TG/DTG) curves and the characterisation of materials after isothermal calcination were also rather similar and indicated that the decomposition process similarly took place, without significant differences. The effect of the thermal processing of cement–asbestos wastes was to transform it into a material free of asbestos minerals. This is indicated by the phase compositions of the obtained materials.



Due to the fact that asbestos minerals belong to the group of hydrated silicates, they undergo an easy thermal decomposition process. As a result of the thermal processing of asbestos, chemically bound water is released, which in turn leads to a change in the crystal structure. As a consequence, the creation of new mineral phases occurs. At high temperatures, chrysotile converts into stable crystalline silicates through solid-state reactions [41,42,43,44,45,46,47,48,49,56,57]. In the temperature range from 650 to 750 °C, the dehydroxylation of chrysotile occurs and is followed by solid-state recrystallisation at a temperature exceeding 800 °C into forsterite (Mg2SiO4) first and enstatite (MgSiO3) later via the following reaction: Mg3(OH)4Si2O5 = Mg2SiO4 + MgSiO3 + 2H2O. During the reaction, chrysotile fibres preserved the same overall crystal habit, although a complete modification of the structure at the molecular scale occurred that is called the ‘pseudomorphosis phenomenon’ [51,58] (Figure 9). The removal of structural water (OH ions) from the crystal structure of asbestos causes an irreversible decrease in mechanical strength and next allows for the inclusion of Mg compounds in new mineral phases. The asbestos fibres lose their flexibility and can be easily transformed into powdered material, which was demonstrated by observing the crushed material after thermal treatment.



More interesting conclusions can be drawn when the samples’ chemical and phase compositions are compared with those of other cement–asbestos wastes reported in the specialist literature [54,59,60,61]. When we compared the chemical composition of Lithuanian cement–asbestos end-of-life materials with that of another nine samples from Poland investigated previously by the authors [62], a significant difference in silica content was detected. This was visible in the chemical composition. For the tested Lithuanian samples, the content of SiO2 was approximately 33 wt% (Table 2), while during tests on Polish cement–asbestos wastes, this content was much smaller and reached a level of ~20 wt%. This phenomenon was also observed under the phase analysis of raw waste samples. In the case of the tested Lithuanian samples, strong and visible powder diffraction reflexes of quartz were identified (Figure 2). This phenomenon was not found in the case of the Polish waste examined. This indicates a different technology for the production of cement–asbestos products in the past, where quartz sand was probably used as a mineral filler of the cementitious matrix.



In the broadest context, the variable chemical compositions may affect the material’s behaviour at high temperatures. Due to the fact that cement–asbestos materials are composed mainly of CaO, SiO2 and MgO, the triangular diagram of these oxides should be considered and chosen for analysis. Knowing the chemical composition of all tested samples, we can plot composition points on the diagram (Figure 10). As can be observed, Lithuanian end-of-life asbestos wastes (marked as V2, V5 and TR) constitutes a separate group of wastes in terms of possible thermal treatment. Their chemical composition points distinctly lie in the area of increased SiO2 content compared with that of Polish waste (points from 1 to 10) and simultaneously in other stability fields of phases in the equilibrium state. Lithuanian samples crossed the stability fields of pseudo-wollastonite (CaSiO3) and akermanite (Ca2MgSi2O7), while for the Polish sample, they gathered in the surrounding areas of the contact stability fields of lime (CaO), periclase (MgO) and belite (Ca2SiO4).



Our findings are consistent with the observations and research presented by Viani et al. [54,60], who also demonstrated the variable compositions of cement–asbestos samples. Three classes with different C/S ratios and dominant mineralogy were reported by the authors. The studied Lithuanian samples were close to a group of samples, the corresponding points lay inside the stability field of akermanite. The other samples studied (by Viani et al.) were samples that fell into the stability field of merwinite or samples that lie on the boundary between the stability field of belite (Ca2SiO4) and that of periclase. Moreover, it can be concluded that Polish samples can create a new class of cement–asbestos wastes with high lime (CaO) content. These differences may contribute to the formation of different mineral phases during thermal treatment in the context of the formation of mineral binder components [63]. The secondary use of waste processed in this way is possible in the production of various building materials (for example, an additive for cement) via the design of their composition and taking into account the chemical composition of the additive and its stability.




5. Conclusions


For the first time, we investigated the thermal decomposition process of cement–asbestos wastes from Lithuania. Thermal treatment is one of the possible methods for end-of-life asbestos-containing materials including also cement–asbestos products. There are no significant differences between the thermal decompositions of tested cement-asbestos samples from Lithuania. In each case, the thermal decomposition route took place similarly. As a result of this process, the asbestos minerals were changed by the solid-state reaction, and the final product of thermal treatment did not contain asbestos minerals. This product can be regarded as a potential secondary raw material in various industries; however, this requires an expansion of the scope of research to include medical tests demonstrating the harmlessness of the obtained material.



Moreover, when we compare these obtained results with those of samples from another country, it can be concluded that different production methods were applied for cement–asbestos production. This was mainly manifested by the increased silica content in the material, which in turn affected the formation of the final phase composition after thermal treatment. This should be kept in mind when considering possible recycling methods and the reuse of the resulting secondary raw material.
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Figure 1. The primary appearance of tested samples and optical microscope view of the widths (a); the view of pieces of samples after thermal treatment at 1100 °C (b). 
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Figure 2. XRD patterns of end-of-life asbestos wastes. 
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Figure 3. SEM images of raw end-of-life asbestos wastes: sample TR (a), V2 (b) and V5 (c); magn. 500×. 
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Figure 4. SEM images of raw end-of-life asbestos wastes: sample TR (a), V2 (b) and V5 (c); magn. 5000×. 
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Figure 5. DTATG–DTG curves of tested asbestos wastes: sample TR (a), V2 (b) and V5 (c). 
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Figure 6. Evolved gas analysis (H2O and CO2) of the V2 sample with the area of chrysotile dehydroxylation marked. 
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Figure 7. XRD patterns of cement–asbestos wastes after isothermal calcination at 1100 °C for 4 h. 
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Figure 8. SEM images of asbestos wastes after thermal treatment: sample TR (a), V2 (b) and V5 (c); magn. 10,000×. 
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Figure 9. SEM images of raw asbestos bundle before (a) and after thermal treatment (b); magn. 10,000×. 
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Figure 10. Points corresponding to samples (TR, V2 and V5) under study in the CaO-MgO-SiO2 system in comparison with previously studied cement–asbestos materials (1–10 dots). 
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Table 1. The burden of asbestos on the country.
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	Poland
	Lithuania





	Estimated amount of asbestos wastes; mln tonnes
	15.5
	4.5



	The number of residents; mln
	37.7
	2.8



	Area of the country; km2
	313,000
	63,500



	Asbestos wastes per person; tons/person
	0.4
	1.6



	Asbestos wastes per area; tons/km2
	49.5
	71.0










 





Table 2. Results of raw cement–asbestos chemical analysis (values in wt%).
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	Sample
	TR
	V2
	V5





	SiO2
	33.1 ± 1.5
	33.4 ± 1.5
	32.1 ± 1.4



	TiO2
	0.2 ± 0.1
	0.2 ± 0.1
	0.2 ± 0.1



	Al2O3
	3.6 ± 0.3
	3.8 ± 0.3
	3.9 ± 0.3



	Fe2O3
	5.2 ± 0.2
	3.4 ± 0.1
	3.1 ± 0.1



	MgO
	6.5 ± 0.5
	5.7 ± 0.4
	5.6 ± 0.4



	CaO
	25.5 ± 1.2
	33.5 ± 1.6
	29.2 ± 1.4



	Na2O
	0.1 ± 0.1
	0.1 ± 0.1
	0.1 ± 0.1



	K2O
	0.6 ± 0.1
	0.3 ± 0.1
	0.3 ± 0.1



	SO3
	0.3 ± 0.1
	0.4 ± 0.1
	0.6 ± 0.2



	LOI
	24.7 ± 2.5
	18.8 ± 1.9
	24.7 ± 2.5







LOI = loss on ignition.
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