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Abstract:



In this study, we evaluated a two-step process for detoxification of waste roofing slate, involving cement hydrate removal and low temperature detoxification using oxalic acid. These treatments were conducted on raw material and intermediate product, respectively. Cement hydrate removal effectively eliminated most Ca-containing cement hydrate components from the raw material under the following conditions: HCl to solid ratio: 0.456 g/g, reaction time: 2 h, and solid to liquid ratio: 0.124 g/mL. Following low temperature (~100 °C) detoxification of intermediate product obtained after cement hydrate removal, chrysotile in waste roofing slate was effectively transformed to Mg-oxalate under conditions of oxalic acid to solid ratio of >0.67 g/g.
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1. Introduction


Asbestos-containing materials (ACMs) have been widely used since 4000 B.C. for various applications, due to their high mechanical strength and low heat conductivity [1]. Asbestos includes two groups of commonly occurring silicate minerals: the serpentine group (e.g., chrysotile) and the amphibole group (e.g., actinolite, amosite, anthophyllite, crocidolite, and tremolite). Of these minerals, chrysotile is the most widely used (90% of world production) [2]. It consists of alternating silicate tetrahedral sheets and brucite (Mg(OH)2) octahedral sheets and has a cylindrical structure due to structural discordances in mineral lattices, resulting from the substitution of Si4+ to Al3+ and Mg2+ to Fe2+ or Al3+, respectively [3].



Asbestos is well known to cause asbestosis, lung cancer, and pleural mesothelioma, and all types of asbestos have been classified as carcinogenic by the International Agency of Research on Cancer [4]. Due to its severe carcinogenicity, the use of asbestos is nowadays strongly prohibited in many developed countries. South Korea has likewise prohibited the use, transport, modification, and unauthorized reclamation of asbestos and asbestos-containing materials since 2003.



Asbestos production in South Korea began in the 1930s due to high demand for use in Japanese military supplies during World War II. Most of the asbestos produced in Korea until 1945 was therefore exported to Japan. Between 1945 and the 1990s, approximately 145,533 tons of asbestos were produced. Additionally, about 1,227,720 cumulative tons of asbestos have been imported into the country since 1976. Up to 96% of asbestos imported in the 1970s was used in roof slate, while 82% of asbestos imported in the 1990s was used for interior insulation and roof slate [5]. Chrysotile was the most commonly used for roof slate manufacturing in South Korea.



Since the harmful nature of asbestos became known, several asbestos detoxification methods have been proposed. One proposed that thermal decomposition is a reliable detoxification method. Asbestos minerals can be decomposed by dehydroxylation and recrystallization at temperatures that depend on mineral type [2]. Thermal decomposition of chrysotile theoretically follows the reaction path given below [6]:


Mg3Si2O5(OH)4 (chrysotile) → Mg3Si2O7 (metachrysotile) + 2H2O at 500 °C



(1)








Mg3Si2O7 (metachrysotile) → Mg2SiO4 (forsterite) + MgSiO3 (enstatite) at 750 °C



(2)





This reaction path indicates that chrysotile decomposes into forsterite and enstatite at 750 °C; however, Gualtieri and Tartaglia [6] observed complete recrystallization of chrysotile at 1100 °C. It is thus believed that temperatures >1100 °C are needed for chrysotile detoxification via thermal decomposition. Thermal asbestos detoxification treatments in a water vapor atmosphere [7] and using microwaves [8,9,10] and microwave air plasma [11] have also been proposed. Kozawa et al. [7] showed that chrysotile was decomposed by heat treatment at 800 C in a water vapor atmosphere; the atmosphere also reduced the temperature of chrysotile decomposition. Leonelli et al. [9] conducted microwave treatment at a frequency of 2.45 GHz for 13 min and 25 min. After treatment, no fibrous asbestos was observed. Horikoshi et al. [10] reported that microwave treatment can effectively decompose asbestos at temperatures lower than those in conventional thermal treatment via rapid heating of the interior of the material. However, thermal treatment requires vast amounts of energy for decomposition or melting of asbestos, due to the material’s high heat resistance.



Chemical detoxification methods using H2SO4 [12], FSO3H [13], CHClF2-decomposed acidic gas [14], re-used supernatant from fly ash treatment [15], and H2C2O4 [16,17,18] could also effectively decompose asbestos materials. Strong acids, such as sulfuric acid (H2SO4), hydrochloric acid (HCl), and hydrofluoric acid (HF), have been extensively investigated as decomposition agents for asbestos detoxification treatments. Nam et al. [12] reported that thermochemical treatment using 5 N recycled sulfuric acid (H2SO4) at 100 °C could convert asbestos-containing material into non-fibrous materials. Sugama et al. [13] investigated the decomposition of chrysotile using fluorosulfonic acid (FSO3H). In an aqueous medium, FSO3H converts to H2SO4 and HF, which are strong acids. As a result, chrysotile was decomposed into H2SiF6 and MgF2. Yanagisawa et al. [14] investigated decomposition of asbestos by CHClF2-decomposed acidic gas (HF and HCl), generated by reaction with 800 °C heated steam. In the study, chrysotile was fully decomposed into sellaite (MgF2) and magnesium silicofluoride (MgSiF6) by reaction with the acidic gas at 150 °C for 30 min. Tabata et al. [16] proposed an asbestos decomposition method using recycled supernatant obtained from fly ash treatment with sulfur, Ca(OH)2, and water at 0.6 MPa at 160 °C for 1–2 h. The supernatant was mixed with asbestos in a ball mill at room temperature. After mixing, more than 99.9% of asbestos was decomposed.



Decomposition of asbestos using oxalic acid (H2C2O4) has also been extensively investigated. Turci et al. [16] used oxalic acid treatment with a cup-horn ultrasound reactor (19.2 kHz) to detoxify chrysotile asbestos. After treatment, suspended asbestos fiber was fully detoxified to amorphous debris and very short harmless antigorite fibrils. Rozalen and Huertas [17] compared the effects of nitric acid (HNO3), sulfuric acid (H2SO4), and oxalic acid (H2C2O4) on leaching of chrysotile. It was shown that, of the three, oxalic acid has the highest leaching and destruction efficiency. Valouma et al. [18] investigated combined chrysotile asbestos detoxification methods using various combinations of oxalic acid, tetraethoxysilane (TEOS) (SiH20C8O4), and pure water glass. The proposed detoxification methods decomposed asbestos effectively and produced amorphous silica and glushinskite (MgC2O4∙2H2O).



In this study, we investigated an asbestos detoxification method using hydrochloric acid (HCl) and oxalic acid (H2C2O4) to transform asbestos-containing roofing slate to a non-toxic product. The acid treatment process consisted of two steps: (1) removal of cement hydrates using HCl and (2) low temperature (~100 °C) detoxification using H2C2O4. It is distinguishable that the proposed treatment process using clearly low temperature (~100 °C) and simpler reaction path than previous studies. The detoxification efficiency of the proposed treatment process was investigated under various experimental conditions (additive concentration, solid to luquid ratio, temperature, and reaction time).




2. Materials and Methods


Chrysotile and waste roofing slate were collected from a serpentine mine and an abandoned house in South Korea, respectively. The samples were then crushed in a rod mill for 18 h and sieved using mesh size #200 to obtain a particle size of <0.075 mm. The chrysotile powder (<#200) was used directly for a low temperature detoxification test. The waste roofing slate powder was used first for the cement hydrate removal test, then for the low temperature detoxification test. The chemical composition of chrysotile and waste roofing slate was determined through Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES, 5300DV, PerkinElmer Inc., Waltham, MA, USA) (Table 1). Hydrochloric acid (HCl, OCI company Ltd., Seoul, Korea) and oxalic acid dihydrate (H2C2O4∙2H2O, OCI corporation) solutions were used as solvents for the cement hydrate removal test and low temperature detoxification test, respectively (Figure 1).


Figure 1. Schematic diagram of process route used in this study.
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Table 1. Chemical composition of chrysotile and waste roofing slate.







	
Material

	
Chemical Composition (wt %)




	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
MgO

	
K2O

	
Na2O

	
MnO






	
Chrysotile

	
26.9

	
0.34

	
31.7

	
n.d. 1

	
24.9

	
n.d.

	
1.90

	
0.44




	
Waste Roofing Slate

	
18.7

	
4.44

	
3.60

	
35.1

	
6.77

	
0.28

	
0.11

	
0.07








1 Not detected.








The low temperature detoxification test was performed using chrysotile to verify the effectiveness of the proposed reaction. The powder chrysotile was placed in a 100 mL stainless steel reactor and mixed with a solution of oxalic acid (Table 2). The mixture was heated using a hot plate until fully dried. After the detoxification test, solid particles were collected for XRD and FE-SEM analyses to determine the detoxification of chrysotile.



Table 2. Experiment condition of low temperature detoxification test.







	
No.

	
Chrysotile (g)

	
Oxalic Acid (g)

	
Water (mL)

	
Solid to Oxalic Acid Ratio (g/g)

	
Hot Platetemperature (°C)

	
Reaction Time (min)

	
Stirring Rate (rpm)






	
CDT-1

	
3

	
3.0

	
30

	
1.0

	
120

	
180

	
150




	
CDT-2

	
3

	
4.5

	
30

	
1.5

	
120

	
180

	
150




	
CDT-3

	
3

	
4.5

	
30

	
1.5

	
180

	
60

	
150










The low temperature detoxification test was repeated for the waste roofing slate. Cement hydrate removal was performed under various experimental conditions (Table 3). After the waste roofing slate and solution were combined, a silicone-based anti-foamer was added to the slurry to reduce froth floatation during the early stage of the reaction. The slurry obtained from the slate acid treatment test was centrifuged at 3000 rpm for 5 min using UNION 32R centrifuge machine (Hanil Science Industrial, Gimpo, Korea) to separate the solid. The pH of the supernatant was immediately measured. The solid was subsequently centrifuged two more times to wash out residual chemicals on the surface of the solid. Solid particles obtained from the centrifuge were oven-dried for 24 h, for subsequent use in the low temperature detoxification test.



Table 3. Experiment conditions of slate acid treatment test.







	
Experiment Variables

	
Experiment Conditions






	
Waste roofing slate (g)

	
50, 200, 400, 2000




	
HCl to solid ratio (g/g)

	
0.400~0.520




	
Amount of HCl solution (mL)

	
400~8000




	
Reaction time (h)

	
1~3




	
Solid to liquid ratio (g/mL)

	
0.125~0.250










A small sample (<1 g) of solids from each test was collected for XRD analysis and FE-SEM analysis, respectively. The low temperature detoxification test was performed using the intermediate product obtained from the cement hydrates removal test. This was placed in a 500 mL stainless steel reactor and mixed with oxalic acid solution (Table 4). The mixture was heated and the temperature was maintained at around 100 °C using the heating mantle until fully dried. The mixture was also stirred at 250 rpm until its liquidity diminished due to evaporation. After the detoxification test, solid particles were collected for XRD and FE-SEM analyses, to determine the detoxification of asbestos materials. The XRD analyses were conducted using X’pertMPD machine (Philips Co., Amsterdam, The Netherland) with graphite monochromatized CuKα radiation. The FE-SEM analysis were conducted using S-4700 (Hitachi, Tokyo, Japan) at a working voltage of 15 keV.



Table 4. Experiment condition of low temperature detoxification test.







	
No.

	
Intermediate Product (g)

	
Oxalic Acid (g)

	
Water (mL)

	
Oxalic Acid to Solid Ratio (g/g)

	
Reaction Temperature (°C)

	
Reaction Time (min)

	
Mass of Product (g)






	
ADT-1

	
60

	
40

	
120

	
0.67

	
100.5

	
75

	
92.6




	
ADT-2

	
60

	
43

	
140

	
0.72

	
100.7

	
90

	
90.2




	
ADT-3

	
60

	
45

	
140

	
0.75

	
100.7

	
100

	
90.2




	
ADT-4

	
60

	
47

	
140

	
0.78

	
101.3

	
90

	
94.2




	
ADT-5

	
60

	
50

	
140

	
0.83

	
101.4

	
90

	
97.3




	
ADT-6

	
90

	
68

	
210

	
0.75

	
101.4

	
135

	
147.1











3. Results and Discussions


3.1. Low Temperature Detoxification Test Using Chrysotile


Figure 2 shows the XRD analysis results of raw material and solid particles obtained from the low temperature detoxification test using chrysotile. The XRD chart clearly shows that chrysotile peaks in the raw material disappeared after the low temperature detoxification process, and Mg-oxalate could be identified as the main component under all oxalic acid to solid ratio, temperature, and reaction time conditions. Magnetite (Fe3O4) in the chrysotile also disappeared after the process regardless of experimental conditions. However, brucite (MgOH) disappeared only at CDT-1 (oxalic acid to solid ratio: 1.0 g/g). It can be presumed that Fe from dissolved magnetite precipitated with Mg-oxalate as an impurity. In the XRD analysis, no Fe-related minerals were identified. At CDT-2 and 3, the precipitation of hydrogen oxalate hydrate was observed, which may have been induced by the excessive amount of oxalic acid.


Figure 2. XRD results of raw material and solid samples obtained from low temperature detoxification test using chrysotile (CDT-1, 2, and 3).
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Mg-oxalate peaks were found to be affected by oxalic acid to solid ratio and temperature. At the highest oxalic acid to solid ratio and temperature condition (CDT-3), Mg-oxalate peaks were stronger than in CDT-1 and 2. Even though the excess amount of oxalic acid precipitated as hydrogen oxalate hydrates, it can be presumed that CDT-3 is more appropriate for chrysotile detoxification in this study.



The SEM images present clear evidences of the transformation of fibrous chrysotile to rhombic form Mg-oxalate (Figure 3). After the detoxification process, all fibrous chrysotile disappeared and transformed to Mg-oxalate which has particle diameter of approximately 10–20 µm, regardless of experimental conditions. The effect of solid to oxalic acid and temperature was not observed in the SEM analysis.


Figure 3. SEM images of solid samples obtained from the low temperature detoxification test using chrysotile: (a) raw material, (b) CDT-1, (c) CDT-2, and (d) CDT-3.
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3.2. Cement Hydrate Removal Test Using the Waste Roofing Slate


The amount of remnant after slate acid treatment directly indicates the efficiency of the treatment in dissolving cement hydrates from the raw material. The remnant mass ratio indicates the ratio of the mass of intermediate product and the mass of raw material. Figure 4a shows the remnant mass ratio as a function of reaction time. This did not change noticeably as a function of reaction time at HCl concentrations of 5.5% and 5.7%, but decreased as a function of reaction time at 5.0%. The remnant mass ratio was therefore clearly affected by HCl concentration.


Figure 4. Remnant mass ratio (a) as a function of reaction time with the 5.0%, 5.5%, and 5.7% HCl solutions (solid to liquid ratio: 0.125 g/mL and (b) as a function of HCl to solid ratio with reaction times of 2 and 3 hours (dotted lines: trend line of remnant mass ratio as a function of HCl to solid ratio).
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Figure 4b shows the remnant mass ratio as a function of HCl to solid ratio (g/g), with reaction times of 2 h and 3 h. Although only three different HCl dosage tests were conducted with solid dosage of 0.125 g/mL over 2 h, it can be presumed that the reaction time was not affected on remnant mass ratio. The ratio was, however, clearly affected by solid to liquid ratio. Lower solid to liquid ratio produced a smaller remnant mass ratio than higher solid to liquid ratio, probably due to a larger portion of aqueous phase in the slurry. Dissolution of solid material can usually be enhanced by increasing the solution to solid ratio. We predict that the trend line (dotted line) of remnant mass ratio as a function of HCl to solid ratio will probably converge around the asbestos content in waste roofing slate (13–15%).



Figure 5 shows XRD analysis results of solid samples obtained from cement hydrate removal tests. The calcite peaks in the raw material disappeared after the reaction under all conditions of HCl to solid ratio >0.4 g/g, regardless of reaction time. It was also observed that remnant weak intensity peaks of calcite were observed at HCl to solid ratio of 0.4 g/g after the reaction. The calcium silicate peaks representing unhydrated cement parts disappeared after the reaction. Hydrochloric acid was able to dissolve both unhydrated calcium silicate and cement hydrates from waste roofing slate. The intensity of chrysotile peaks (mainly at 12) were strengthened after the reaction under all conditions that resulted from dissolution of cement-related components from raw material. The effect of reaction time on dissolution of cement hydrates was not identified in the XRD analysis. Figure 6 shows the effect of HCl to solid ratio on dissolution of waste roofing slate. As expected, stronger chrysotile peaks were observed at higher HCl to solid ratio.


Figure 5. XRD results of solid samples obtained from cement hydrate removal tests (peaks at 39 and 44 are specimen holder). (a) HCl to solid ratio 0.400 g/g (b) HCl to solid ratio 0.440 g/g, and (c) HCl to solid ratio 0.456 g/g.
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Figure 6. XRD results of solid samples obtained from cement hydrate removal tests at different HCl to solid ratio (peaks at 39 and 44 represent specimen holder).
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Morphological alteration of waste roofing slate was observed using SEM analysis on waste roofing slate and solid samples obtained following the cement hydrate removal test using HCl 5.7% (HCl to solid ratio: 0.456 g/g) (Figure 7). Bunches of elongated fibrous asbestos mixed with cement hydrates were observed in the raw material. In the solid samples obtained following cement hydrate removal, however, mostly spheroidal-shaped particles and fibrous asbestos could be observed. In the detailed view, spheroidal-shaped particles were revealed as conglomerates of μm-scale fibrous materials (Figure 7c,d). It is presumed that the spheroidal-shaped conglomerates were formed by flocculation of chrysotile due to the very low pH of the solution during the test. Silicate minerals, including chrysotile, can be flocculated at pH lower than their isoelectric point [19]. Despite a large portion of chrysotile being shortened and flocculated during the cement hydrates removal test, this still retained a fibrous form and could be scattered into the atmosphere. Additional treatment of HCl-treated waste roofing slate is therefore essential for asbestos detoxification.


Figure 7. SEM images of waste roofing slate raw material (a) and solid samples obtained from cement hydrates removal test using HCl to solid ratio 0.456 g/g (b–d).
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3.3. Low Temperature Detoxification Test Using the Waste Roofing Slate


The low temperature detoxification test was conducted with oxalic acid on the intermediate product obtained from the cement hydrates removal test under the following conditions: HCl to solid ratio: 0.456 g/g, reaction time: 2 h, and solid to liquid ratio: 0.125 g/mL. After low temperature detoxification, chrysotile peaks disappeared from XRD charts under all conditions (Figure 8); instead, we mainly identified Mg-oxalate (MgC2O4) and Ca-oxalate (CaC2O4). It is believed that the following chemical reactions occurred simultaneously during the low temperature detoxification test:


Mg3Si2O5(OH)4 + 3H2C2O4∙2H2O → 3MgC2O4 + 2SiO2 + 5H2O



(3)






3CaCl2 + 3H2C2O4 → 3CaC2O4 + 6HCl



(4)






Figure 8. XRD results of the low temperature detoxification tests. Intermediate product indicates the solid sample obtained from the cement hydrates removal test at the conditions of HCl to solid ratio: 0.456 g/g, reaction time: 2 h, and solid to liquid ratio: 0.124 g/mL.
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Chrysotile (Mg3Si2O5(OH)4) in the intermediate product reacts with oxalic acid to form Mg-oxalate, a non-hazardous material with cubic or rhombohedral form.



It is believed that Ca-oxalate in the product of the low temperature detoxification test is induced by a reaction between CaCl2 and oxalic acid. Despite centrifuging and oven drying of the intermediate product, CaCl2 was still present. We calculated that 3 mol of oxalic acid are needed to transform 1 mol of chrysotile, meaning that about 1.36 g of oxalic acid would be needed to transform 1 g of chrysotile into Mg-oxalate. In this low temperature detoxification treatment, 0.67–0.83 g of oxalic acid were used per 1 g of intermediate product. However, waste roofing slate raw material contains about 15% chrysotile. The remnant mass ratio after cement hydrate removal was 20%–40%, depending on HCl to solid ratio. The remnant mass ratio of intermediate product used in the low temperature detoxification test was ~30%, meaning that 30 g and 45 g of chrysotile were respectively present in the 60 g and 90 g solid samples obtained from the cement hydrates removal test. As an example, approximately 41 g of oxalic acid would be needed to transform chrysotile to Mg-oxalate for 60 g of solid sample. It can be presumed that 5 g and 10 g of excess oxalic acid induced formation of Ca oxalate (CaC2O4) and hydrogen oxalate (H2C2O4). Hematite (Fe2O3) peaks were identified at ADT-2, 3, and 5. It is believed that Fe content in the raw material (3.6%) precipitated in hematite form which was not observed in the experiment using chrysotile. Additionally, a peak of an unidentified mineral was observed at ~10° from ADT-4, but this is not relevant to chrysotile.



The SEM images of the final product obtained following low temperature detoxification show that the two-step treatment (cement hydrates removal and low temperature detoxification) proposed in this study effectively modified the fibrous morphology of chrysotile into a low crystallinity cubic form of Mg-oxalate (MgC2O4) (Figure 9). After low temperature detoxification, fibrous chrysotile was transformed to Mg-oxalate. The morphology of Mg-oxalate was not affected by low temperature detoxification test conditions. Mg-oxalate had an irregular shape regardless of test conditions; this may be induced by the complex chemistry of intermediate products.


Figure 9. SEM images of final products from low temperature detoxification test. (a) ADT-1, (b) ADT-1, (c) ADT-2, (d) ADT-2, (e) ADT-3, (f) ADT-4, (g) ADT-4, (h) ADT-4, (i) ADT-5, (j) ADT-5, (k) ADT-6, (l) ADT-6.



[image: Minerals 07 00144 g009a][image: Minerals 07 00144 g009b]








4. Energy Consumption


In order to determine the efficiency of the proposed waste roofing slate detoxification method, a simple economic feasibility analysis was conducted. Energy consumption was estimated based on 300 tons/year scale waste roofing slate detoxification facility. Only electricity was considered as a source of energy for stirring, centrifugation, and heating for detoxification. It is calculated that the 300 tons/year scale facility spends approximately 28.3 kWh of electric power per 1 ton of waste roofing slate. The price of electricity was estimated at 0.06 USD/kWh based on price of industrial electricity in Rep. of Korea. The price of hydrochloric acid and oxalic acid are estimated at 103 and 803.78 USD/ton. It is concluded that the proposed method’s operating cost is estimated at 188.07 USD/ton of waste roofing slate which is much cheaper than previous asbestos detoxification method




5. Conclusions


In this study, we conducted detoxification of chrysotile and waste asbestos-containing roofing slate using a two-step low temperature detoxification treatment (cement hydrate removal and low temperature detoxification). The low temperature detoxification test using chrysotile clearly showed the effectiveness of the proposed process. The cement hydrate removal test (HCl to solid ratio: 0.456 g/g, reaction time: 2 h, and solid to liquid ratio: 0.124 g/mL) effectively eliminated cement hydrate components from waste roofing slate that showed by disappearance of calcium silicate peaks and calcium carbonation peaks after the treatment. Low temperature detoxification (oxalic acid to solid ratio: 0.72, reaction temperature: 100.7 °C, and reaction time: 90 min) effectively transformed chrysotile to non-toxic Mg-oxalate that showed by XRD analyses and SEM images. Ca content after cement hydrate removal was an efficiency-limiting factor due to the fact that is has higher reactivity than Mg. The results of the study suggest that this two-step treatment can effectively transforms the fibrous chrysotile into magnesium oxalate. It can also provide a chance to reused waste roofing slate waste to Mg source for other industrial field. The Magnesium oxalate can be decomposed to MgO at the temperature of 400 °C [20]. Simplified efficiency analysis on proposed method result showed that approximately 188.07 USD is needed to treat 1 ton of waste roofing slate. A pilot-scale waste roofing slate treatment process should be conducted to confirm potential commercial applicability.
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