

  buildings-12-01372




buildings-12-01372







Buildings 2022, 12(9), 1372; doi:10.3390/buildings12091372




Article



Evaluation of Mineral Carbonation of Asbestos-Tex and Analysis of Airborne Asbestos Concentrations



Yongtaek Lim 1, Hongseok Jang 2 and Seungyoung So 2,*





1



Department of Architectural Engineering, RCIT, Jeonbuk National University, Jeonju-si 54896, Korea






2



Department of Architectural Engineering, Innovative Research and Education Center for Integrated Bioactive Materials-BK21 FOUR, Jeonbuk National University, Jeonju-si 54896, Korea









*



Correspondence: archiso@jbnu.ac.kr; Tel.: +82-63-270-2258







Citation: Lim, Y.; Jang, H.; So, S. Evaluation of Mineral Carbonation of Asbestos-Tex and Analysis of Airborne Asbestos Concentrations. Buildings 2022, 12, 1372. https://doi.org/10.3390/buildings12091372



Academic Editor: Cinzia Buratti



Received: 26 July 2022 / Accepted: 31 August 2022 / Published: 2 September 2022



Abstract


Asbestos is a human carcinogen that causes diseases, such as lung cancer and malignant mesothelioma. In Korea, approximately 1.23 × 109 kg of asbestos raw materials was imported for about 30 years. More than 80% of this were used as building material, such as interior materials and ceiling materials. Among the manufactured asbestos-containing materials, the closest product to the human body is asbestos-tex, used as ceiling material. In this study, asbestos contained in asbestos-tex was transformed into a shape that is physically safe for the human body through mineral carbonation and the results were verified through the analysis of airborne asbestos concentrations. We found that asbestos-tex powder in a buffer solution at 100 °C and at partial CO2 pressures of greater than 10 MPa transformed its constituent chrysotile asbestos moiety ((Mg3Si2O5(OH)4) into magnesite (MgCO3). Consequently, the needle-shaped asbestos fibers (diameters ≤ 3 µm) were converted to an angular rod-shaped mineral (diameters > 5 µm) that is safe for humans.
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1. Introduction


Asbestos is a fibrous silicate mineral with fiber lengths > 5 µm, diameters < 3 µm, and an aspect ratio greater than 3:1 [1]. Any material that contains more than 1 wt% asbestos is referred to as an asbestos-containing material. As asbestos is fire proof and is an excellent insulator, it has been used in roofing, wall insulation, and ceiling construction. However, asbestos is an extremely thin fibrous material that can be inhaled. It can enter the lungs through the bronchi, reach the alveoli, and can remain semi-permanently in the body and cause lung damage. A prolonged exposure to asbestos fibers can cause serious public-health issues, including asbestosis, lung cancer, and mesothelioma, after 15–30 years of incubation [2,3,4]. However, asbestos is not only harmful by its size [5,6].



Subject to guidance from the World Health Organization (WHO), the International Agency for Research on Cancer (IARC) classified asbestos as a human carcinogen in 1977 and initiated full-scale regulation. In South Korea, manufacturers of asbestos-containing materials have been prohibited from synthesizing it since 1999 and its import, transfer, provision, and use were banned in 2006 [7]. Furthermore, the dismantled asbestos-containing material should be treated initially by a high-temperature melting and solidification process (as an intermediate treatment process) and disposed of in landfills approved by the local environmental agency for final treatment, in accordance with the Korean Waste Management Act [8].



In South Korea, the manufacturing, import, transfer, provision, and use of asbestos-containing products were prohibited in 2006. Prior to this date, approximately 1.23  ×  109 kg of asbestos raw materials was imported over a period of approximately 30 years. Approximately 82% of the total quantity of imported asbestos in the 1990s was used in the manufacturing of building materials for walls and ceilings. Considerable numbers of asbestos-containing materials are still being used in public and multiuse facilities [7]. Additionally, a recent study estimated the existence of 48 million tons of possible asbestos waste in the Asia-Pacific region between 2013 and 2022 [9].



A number of measures have been proposed for its treatment in recognition of the hazards in asbestos waste. Various solutions have been proposed, including its decomposition with hydrochloric and sulfuric acids [10,11,12], applications of anti-scattering paint [13], complete sealing of asbestos waste using solidifying agents, such as concrete or polymers [14], and the detoxification of asbestos by high-temperature treatments above 1000 °C, the temperature at which the key material of asbestos (chrysotile) undergoes a material change [15,16]. However, practical applications of paints or solidifying agents are limited because of several issues, including the requirement for continuous monitoring owing to asbestos scattering in worn areas, an insufficiency of acceptable landfill spaces, high-energy consumption required to sustain the high-temperature incinerator above 1000 °C, and the emission of harmful gases. Therefore, the development and application of an environmentally friendly and safe treatment method for asbestos waste is necessary to appropriately treat asbestos waste.



In this study, we demonstrate mineral carbonation as a means of treating asbestos waste. This method has an added benefit, pertaining to the consumption of carbon dioxide (CO2), which is a potent atmospheric greenhouse gas. Mineral carbonation is a reaction between the alkaline earth metal components of minerals and carbon dioxide and produces a thermodynamically stable mineral. It is considered as a suitable method for the long-term fixation of carbon dioxide [17]. Since 1999, the year in which the concept of mineral carbonation was introduced, the formation of magnesite was demonstrated by applying high-pressure CO2 to the MgO component of the mineral serpentine, which was heat treated at 630 °C [18]. Similarly, carbonate mineral formation after the acid extraction of Mg ions followed by treatment with CO2 has also been demonstrated [19,20,21]. Recently, fixation of CO2 based on mineral carbonation of industrial wastes containing alkaline earth metals, such as red gypsum and blast furnace slag waste, has been demonstrated [22,23].



Although studies on mineral carbonation have been reported, pyrolysis at high temperatures or strong acids, such as hydrochloric and nitric acids, are still required to extract alkaline earth metals from waste materials. These methods require a large amount of energy to sustain the high-temperature incinerator, generate harmful gases, and use high-risk chemicals and are, therefore, suboptimal.



In this study, we investigated the effects of the partial pressure of CO2 on mineral carbonation based on the application of a range of CO2 partial pressures to asbestos-tex, which is a representative asbestos-containing ceiling material. Thus, the use of high-risk chemicals in the extraction of Mg ions, such as strong acids, is replaced with sodium bicarbonate; the need for a high-temperature melting process is also omitted. Furthermore, the concentration of airborne asbestos was evaluated to confirm the degree of scattering of asbestos waste and the level of detoxification possible by mineral carbonation.




2. Materials and Methods


2.1. Materials


Asbestos-containing ceiling materials (asbestos-tex) typically contain 3–8% chrysotile. The asbestos-tex used in this study was obtained from a multiuse facility built in the 1990s (which is currently still in use). The tex used was asbestos-tex obtained from Byucksan Co., ltd., Jung-gu, Seoul, Korea. Asbestos-tex was crushed and filtered through a 150 µm sieve and the chemical compositions are summarized in Table 1.




2.2. Mineral Carbonation


2.2.1. Asbestos-Tex Slurry


A buffer solution was prepared by mixing 1000 mL of distilled water, 58.43 g of NaCl (1 M), and 53.77 g of NaHCO3 (0.64 M) in a 1000 mL flask, stirring with a magnetic stirrer [24]. Subsequently, 1000 mL of the buffer solution and 100 g of asbestos-tex powder were mixed using a magnetic stirrer to prepare an asbestos-tex slurry. NaCl in the buffer solution was responsible for the ion exchange on the particle surface during the carbonation reaction and it promoted the dissolution of Mg [25]. NaHCO3 was used to adjust the pH of the slurry to weakly alkaline values to facilitate carbonate precipitation of CO2 [26].




2.2.2. Carbonation Experiments


Experiments were conducted using a medium-temperature high-pressure autoclave (UTO Engineering, Korea) that was able to sustain a temperature range of 0–200 °C, a pressure range of 0–15 MPa, and 0–200 revolutions per minute (rpm). The synthesized asbestos-tex slurry was placed in the reaction vessel and sealed. The reaction vessel was heated to 100 °C and high-purity CO2 (99.9%) was directly added to the slurry at final pressures of 3, 5, 10, or 12 MPa. Constant temperature and pressure were maintained by cooling to balance the reaction heat and to supplement the consumed CO2 (Figure 1). In addition, continuous mechanical stirring at 150 rpm within the reaction vessel was used to catalyze the reaction by dispersing asbestos-tex particles throughout the slurry.




2.2.3. Characterization


After the CO2 injection and pressurized heat treatment, the sample was dried along with the raw material in an oven at 90 °C for 24 h. The dried samples were qualitatively analyzed by X-ray diffraction (XRD) and scanning electron microscopy (SEM) to confirm the microstructure of the crystal phase in the mixture. X-ray diffraction was performed with the use of a tube current of 30 mA, generator voltage of 40 kV, scanning angle range (2θ) from 5° to 80° at intervals of 0.02° with CuKα on a D/max-III-A type, Rigacu Co., Akishima-shi, Tokyo Japan. SEM was conducted using a JEOL JSM-5900 at magnifications of 500× and 2000× and an acceleration voltage of 15 kV.





2.3. Airborne Asbestos Concentration


The analysis of airborne asbestos concentrations was performed to confirm the presence of fibrous materials in the samples after mineral carbonation. An isolated and sealed (with parafilm) acryl box with dimensions of 400 mm  ×  500 mm  ×  400 mm (length × width × height) was constructed with a diameter hole of 1 cm for air sampling (Figure 2). A mini fan was used to configure the same conditions as the wind speed occurring in an available room. Considering that the maximum wind speed of a general indoor air conditioner is 3.5 m/s, a fan with a wind speed of 3.2 m/s was used as a replacement for air circulation facilities such as air conditioners and fans used indoors. The NIOSH (National Institute for Occupational Safety and Health) 7400 [27] method of the NIOSH was used for sampling and measurements. Additionally, a kit was used which comprised a membrane cellulose ester (MCE) filter (25 mm, SKC) with a pore size of 0.8 µm and an extension cowl of 50 mm. The kit was attached at a distance of 30 cm from the bottom at an angle of 45° and the sample was situated at 15 cm from the bottom. On each watch glass of diameter 12 cm, 5 g each was evenly distributed with a diameter of 10 cm, and air was collected at a flow rate of 10 L/min for 120 min, to sample 1200 L in total.



Following sample collection, the filter was cut into quarters and the sample was then made transparent using an acetone vaporizer. It was observed at a magnification of 400× with a phase contrast microscope (Nikon Eclipse 80i, City, Japan) equipped with a Walton Beckett graticule. Fibers within fibrous ducts were counted among the particulate matters in a single field of the Walton Beckett graticule when their lengths exceeded 5 μm and the length-to-diameter ratio was larger than 3:1. This was repeated for 100 fields. The number of fibers per unit area of the filter was calculated with the use of Equation (1) and the airborne fiber concentration was calculated with the use of Equation (2).


  E =    (   F   n f     )  −  (   F   n f     )     A f       



(1)




where  E  is the number of fibers per unit area (f/mm2),  F  is the number of fibers in the sample,    n f    is the total field count observed in the sample,  B  is the number of fibers in a blank sample,    n b    is the total field count observed in a blank sample, and    A f    is the graticule field area (0.00785 mm2),


  C =   E ×  A c    V ×   10  3    ,    



(2)




where  C  is the airborne asbestos and fiber concentration (f/cc),  E  the number of fibers per unit area (f/mm2),    A c    is the effective area of the filter (approximately 385 mm2), and  V  is the volume of the collected air (L).





3. Results


3.1. Mineral Carbonation


3.1.1. Microstructure


SEM analysis was conducted to assess the physical characteristics of the asbestos minerals in the samples and to confirm the presence of the asbestos minerals after mineral carbonation.



Figure 3 depicts the SEM images of all the studied samples. The raw material and sample, which reacted at 3 MPa (Figure 3a–d), comprised fiber bundles, in which thread-like fibers were aggregated. The diameter of the fibers was very fine (minimum value of 0.02 µm), while the diameters of the fiber bundles comprising aggregated fibers varied in diameter (maximum value of 5 µm with sharp ends). These particles had diameters < 3 µm. This range is within the diameter range of harmful substances that cause respiratory diseases following their penetrations in deep regions within the lung [28,29]. Similarly, in the sample exposed to 5 MPa with a high-partial pressure of CO2, an asbestos-type material with a similar diameter and length as those of the sample exposed to 3 MPa and a high-partial pressure of CO2 was observed, along with many angular particles around the original fiber material (Figure 3e,f).



Samples that underwent mineral carbonation at 10 MPa and 12 MPa displayed elongated rod-shaped minerals with sharp ends. The aspect ratio exceeded 3:1, which represents a long rod shape. However, they differed from the asbestos minerals because their diameters exceeded 5 µm and had angular ends (Figure 3g–j). These materials were larger than 3 µm in diameter. These dimensions ensure that they are harmless and are blocked by nasal hairs, the mucous membranes within the nose, or by the bronchial cilia after inhalation [30].




3.1.2. X-ray Diffraction Analysis


The phase transition of minerals was observed by comparing the constituent minerals through an XRD analysis of the asbestos-tex raw material and samples after mineral carbonation. The asbestos-tex raw material was composed mainly of calcite (CaCO3), serpentine-based chrysotile asbestos (Mg3Si2O5(OH)4), and quartz (SiO2). At 3 MPa and 5 MPa, a steady decrease was observed for peaks around the scattering angles of 12°, 24°, and 35°, which correspond to the main peaks of chrysotile. Peaks at 32° and 46°, which correspond to magnesite (MgCO3), were also observed [31]. These peaks were not observed in the raw materials. This is because the magnesium ions of asbestos combined with CO2 during the mineral carbonation reaction and formed magnesite crystals. The sample exposed to 10 MPa demonstrated small peaks owing to the phase transition of most of the asbestos and, at 12 MPa, efficient asbestos reduction. In contrast, the main peaks of magnesite became sharper as the pressure increased.


2Mg3Si2O5(OH)4 = 3Mg2SiO4 + SiO2 + 4H2O



(3)






Mg2SiO4(s) + 4H+(aq) = 2Mg2+(aq) + H4SiO4(aq)



(4)






CO2(g) + H2O(l) = H2CO3(aq)



(5)






H2CO3(aq) = H+(aq) + HCO−(aq)



(6)






HCO−(aq) = H+(aq) + CO32− (aq)



(7)







The crystal structure of chrysotile was transformed into forsterite (Mg2SiO4) because of the vaporization of H+ and OH− in chrysotile (Equation (3)) during pressurized heat treatment in a high-temperature, high-pressure autoclave. Furthermore, the bicarbonate in the buffer solution promoted the mineral carbonation reaction following the increases in the concentration of H+ and HCO3−, which acted as constituents of carbonation, according to Equations (4)–(7) at conditions of high CO2 partial pressures [26]. Additionally, Si was temporarily dissolved in aqueous H4SiO4 and was degraded by amorphous silica; this resulted in the removal of the Si-rich layer [25,26]. The chloride and sodium ions of sodium chloride promoted ion exchange at the particle surface and dissolution of magnesium during mineral carbonation [17,25] to induce the formation of magnesite. The overall equation for the mineral carbonation of asbestos is shown in Equation (8).


Mg2SiO4(s) + 2CO2(a) + 2H2O(l) = 2MgCO3(s) + H4SiO4(aq),



(8)







The decrease in the quartz peak as the mineral carbonation progressed (as shown in Figure 4) was attributed to the dissolution of SiO2, which remained in liquid form, as H4SiO4. Consequently, only the peaks of precipitates, calcite, and magnesite were observed in samples exposed to pressures >10 MPa.



As a result of XRD analysis (Figure 5), asbestos-tex (raw materials) was mainly composed of calcite (CaCO3), serpentine asbestos, Chrysotile Asbestos (Mg3Si2O5(OH)4), and quartz (Quartz, SiO2). SEM-EDS analysis (Figure 6) also showed a similar pattern to XRD; considering that the general chemical composition of white asbestos is Mg 26.3%, Si 20.3%, H 1.45%, and O 51.96%, most of the asbestos analyzed in tex is white asbestos and some of it is calcite. On the other hand, in the case of the mineral carbonated sample (12 MPa), magnesite, which was not found in the raw material, was observed and formed by combining the Mg ion of white asbestos with CO2 by the mineral carbonation reaction. Most of the white asbestos was decomposed during the pressure heat-treatment process, so the peak was low and it was confirmed that the main peak of magnesite increased sharply as the pressure increased. In addition, changes in chemical composition were also observed in the EDS results and it was found that the carbon level increased about twice that of the raw material.





3.2. Airborne Asbestos Concentration Analysis


Table 2 illustrates airborne asbestos concentrations of the samples, which reacted (mineral carbonation) with raw asbestos-tex materials in a sealed and enclosed space. Irrespective of the mineral carbonation reaction, the airborne asbestos concentrations did not exceed the limit of 0.01 f/cc regulated by the Korean Indoor Air Quality Control Act. This was because no flow of wind was present in the enclosed space. However, a numerical comparison analysis was conducted to evaluate the safety of asbestos. The number of airborne asbestos-type fibers in the raw material was 0.00046 f/cc and this decreased slightly for samples exposed to either 3 MPa or 5 MPa; a decrease of 15% was observed at 5 MPa and the asbestos concentration was 0.00039 f/cc.



For samples that underwent the mineral carbonation reaction at pressures higher than 10 MPa, the number of airborne asbestos fibers per unit area was 0.000065 f/cc. This is equivalent to detecting only 0.5% fibers in 100 observation field counts, thereby verifying the significant decrease in the presence of asbestos fibers following mineral carbonation.





4. Conclusions


In this study, asbestos-tex, a well-known and extensively used asbestos-containing material, was powdered and phase transferred to a carbonate mineral. This resulted in detoxification. The only requirements to accomplish this were the use of sodium bicarbonate, a sodium chloride buffer solution, and a high CO2 partial pressure; high-temperature melting or chemical pretreatment with strong acids was not required.



	
SEM analysis revealed that the asbestos-tex raw material was in the form of needle-like fibrous minerals. At 3 MPa, the mineral form was not significantly different from the raw material. However, at 5 MPa, carbonate particles were generated. At 10 MPa or above, it was transformed into thick rod-like minerals following mineral carbonation.



	
Asbestos-tex is a mixture of calcium carbonate, quartz, and chrysotile. At the CO2 partial pressures of 3 and 5 MPa, only some parts of the chrysotile were transformed into magnesite. At CO2 partial pressures of 10 MPa or above, most of the chrysotile was transformed into magnesite; at 12 MPa, a large growth of magnesite crystals was observed.



	
The analysis of airborne asbestos concentration did not show any significant difference between the carbonated samples (at 3 or 5 MPa) and the raw material. However, at 10 MPa or above, it was significantly reduced to one-seventh of that of the raw material. This confirmed that the asbestos-type fibrous material was transformed into a mineral through the carbonation process.



	
Mineral carbonation of asbestos-tex was conducted at a constant temperature of 100 °C and a range of CO2 partial pressures. Only a fraction of the chrysotile of asbestos-tex was transformed into magnesite at low-partial pressures. However, at CO2 partial pressures in excess of 10 MPa, the detoxification of asbestos-tex was achieved up to a level that made it more significant than 3 µm.
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Figure 1. Schematic of the experimental system for mineral carbonation in a stirred reactor. 
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Figure 2. Internal space used in the airborne asbestos concentration experiment. 
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Figure 3. Scanning electron microscopy (SEM) analysis of asbestos-tex samples after mineral carbonation for a range of pressures. 
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Figure 4. X-ray diffraction patterns of asbestos-tex and other samples after mineral carbonation at various pressures. 
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Figure 5. X-ray diffraction patterns of asbestos-tex after carbonation. 
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Figure 6. SEM-EDS (energy dispersive X-ray spectroscopy) of asbestos-tex after carbonation. 
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Table 1. Chemical specifications of asbestos-tex (wt%).
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Type

	
Oxide Composition (%)




	
CaO

	
SiO2

	
MgO

	
Fe2O3

	
Al2O3

	
SO3

	
K2O

	
Others






	
Asbestos-Tex

	
59.4

	
20.6

	
6.86

	
4.79

	
3.88

	
3.21

	
0.65

	
0.61











 





Table 2. Airborne asbestos concentrations of Asbestos-tex and mineral carbonated samples.
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Exposure Pressures

	
Observed Field Count

	
Number of Fibers

(1 f)

	
Number of Fibers

(1/2 f)

	
Number of Fibers

	
Number of Fibers per Unit Area (f/mm2)

	
Asbestos Concentration

(f/cc)






	
Atmospheric pressure

	
100

	
3

	
1

	
3.5

	
4.459

	
0.00046




	
3 MPa

	
3

	
1

	
3.5

	
4.459

	
0.00046




	
5 MPa

	
2

	
2

	
3

	
3.821

	
0.00039




	
10 MPa

	
0

	
1

	
0.5

	
0.637

	
0.000065




	
12 MPa

	
0

	
1

	
0.5

	
0.637

	
0.000065
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