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Abstract

:

The COVID-19 pandemic has forced the whole world to wear single-use disposable facemasks for health protection. Studies have shown that about 129 billion facemasks are wasted each month, which will contaminate the environment and create a big problem in getting rid of them. These discarded facemasks are usually dumped in garbage bins, in landfills, or in some cases littering them on the streets, which creates a health hazard to human beings. In order to solve such environmental problems, the current study presents new novel composite materials developed by recycling discarded facemasks. These materials have great potential to be used for both thermal insulation and sound-absorbing for building walls. Experiments have been performed to make bound composite materials using the discarded facemasks as new raw materials with wood adhesive as a binder. The discarded facemasks were first heated for one and half-hour at 120 °C to kill any contaminants (biological or others). Five different composites are made: the first uses the complete facemasks, the second uses facemasks with iron nose clip only, the third uses facemasks with no both ear loops and iron nose clip, the fourth one contains the elastic ear loops only, and the fifth one has facemasks with elastic ear loops only. Coefficients of thermal conductivity for the five samples are obtained as 0.0472, 0.0519, 0.05423, 0.0619, 0.0509 (#5, e), and 0.04347 (#5, f) W/m K at 25 °C, respectively. The sound-absorbing coefficient for samples 1, 2, and 3 is above 0.5 in general and, at some frequencies, approaches 0.8. Results show that the soft samples with low binder concentration have a good sound absorbing coefficient at high frequency, while the one with high binder concentration has that at a low frequency for the same facemasks’ mass. Mechanical properties of all samples are also reported by performing the three-point bending moment. Composite samples have a low moisture content (0.2%) and have high thermal stability up to 325 °C. These composite samples could replace the petrochemical and synthetic thermal insulation materials and, at the same time, get rid of the huge discarded waste facemasks, which is considered a huge environmental problem.
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1. Introduction


As the COVID-19-induced emergency response is settling down around the world, the use of face masks remains the recommended action for the foreseeable future. This means that the wasted facemasks will continue to fill our waste dumps, adding to the global waste problem. In fact, it is estimated that the world discards 3 million facemasks per minute [1]. In a similar study [2], 129 billion discarded facemasks have been estimated monthly as part of personal protective equipment (PPE) during the COVID-19 pandemic, which could cause environmental contamination if not disposed of properly. Silva et al. [3] have shown that 3.5 million tons of facemasks were landfilled worldwide in 2020. They have highlighted some innovative technologies to improve waste management of personal protective equipment (PPE). Torres and Torre [4] have reviewed the innovative management of facemask wastes during the COVID-19 pandemic. They provided a case study of Peru about the generation of facemask waste. In many cases, the facemasks end up in toxic waste bins, which adds to the cost of toxic waste handling. There have been many attempts at safe and practical ways to reuse facemasks; however, the effectiveness of those attempts is inconclusive [5]. To reuse facemasks, they need to be decontaminated first using heat. Many researchers have investigated the amount of heat needed to successfully kill off all viruses and microbes that might be left in the mask. Côrtes et al. [6] estimated that exposing the masks to 75 °C for 45 min was enough for successful decontamination. The National Health Commission of China [7] stated that 56 °C for 30 min was enough to inactivate the remnants of the COVID-19 virus. Wang et al. [8] suggested that 56 °C is enough for decontamination if masks are soaked in water at 56 °C or higher for 30 min. All of the aforementioned suggestions for decontamination costs a considerable amount of energy to accomplish. However, it was shown by Abraham et al. [9] that decontamination can be conducted with much less energy. They have shown that at 75 °C, it only takes 3 min to decontaminate the masks. The time needed for decontamination increases almost exponentially as the temperature decreases. After decontamination, the masks can be reused safely. Saberian et al. [10] suggested adding shredded facemasks to recycled concrete. They found that the added masks increased the compressive strength of the concrete. Koniorczyk et al. [11] have recycled facemasks into a concrete mixture. Their results indicated that the addition of facemasks into concrete did not deteriorate its properties but increased the compressive strength by 5% and decreased the tensile strength by 3%. A similar study has been performed by [12]. Rehman and Khalid [13] found improved strength characteristics of clay when the soil is treated with facemask fibers. A similar outcome was found by Lynch et al. [14]. A review study was carried out by Asim et al. [15] on waste management related to waste valorization of discarded facemasks since they presented the major type of waste during the COVID-19 pandemic. Microplastic pollution, due to the extensive use of facemasks, was investigated by Ray et al. [16] in an attempt to prevent polluting aquatic environments. An innovative way to manage the waste facemasks was presented by [17], where co-carbonization of disposable face masks and Daniella Oliveri leaves were performed to develop hybrid biochar. Abdullah and Abd El Aal [18] have reused healthy personal protective materials during the COVID-19 pandemic, including facemasks, in enhancing the geotechnical properties of Najran’s soil for road construction in Saudi Arabia. Chen et al. [19] have shown that disposable facemasks are significant sources of micro plastics to the environment. In their study, they evaluated the ability of disposable facemasks to release micro plastics into the water. Ali et al. [20] suggested the novel use of facemasks as insulation material. They performed thermal conductivity and sound-absorbing measurements for melted and loose facemasks. They found that the melted and loose masks could make a cheap and effective insulation material.



The objective of the present study is to introduce a new management method for discarded facemasks in order to lower the environmental impact. Therefore, new resin-bound composite thermal insulation and sound-absorbing materials were developed from such discarded facemasks in order to propose the addition of value and return to one part (facemasks) of the personal protective equipment (PPE) production chain for the health sector.




2. Materials, Methods, and Tests


2.1. Collecting and Preparing the Discarded Facemasks


Used facemasks are collected by our research team such that each research team’s household collects its used facemasks and bring them to the laboratory instead of discarding them in the trash. The collected discarded facemasks are oven heated at 120 °C for one and half-hour to simulate the viral disinfection. It should be noted that all precautions must be taken when handling the collected discarded facemasks. The collected facemasks are of single-use three-layer components ear loop type as seen in Figure 1a,b. Figure 1c,d shows the convection oven used for viral disinfection. More details about the three-layer components of loose facemasks can be found in our previous publication [20].




2.2. Preparing the Bound Facemasks’ Samples


The wood adhesive is used as a binder for the facemasks. Table 1 shows the physical properties and the technical data for the wood adhesive as provided by the manufacturer. Water is added to the wood adhesive to make a solution, which is used to bind the facemasks. Each facemask is painted with the binder solution from both sides using a brush and arranged in the mold, and then it moves to the presser, followed by the convection oven for drying at 100 °C. After that, the sample is moved to the heat flow meter for thermal conductivity coefficient measurement. Figure 2 summarizes the sample preparation steps. It should be noted that wood adhesive has proved to be an effective good binder in making thermal insulation boards [21,22,23]. Five different bound samples are made and shown in Figure 3. Table 2 shows the physical properties, dimensions of each sample, the density, the percent of dried polymerized binder, binder mass, and the total mass of each sample. It should be noted that sample # 5 (e, f) is made using the same mass of dry facemasks (289 g) but using a different binder mass in order to see the effect of polymerized binder on the value of the thermal conductivity coefficient.




2.3. Microstructure Analysis of the Composite Samples


Bound composite facemask samples are characterized by applying scanning electron microscopy (SEM) and the energy-dispersive X-ray (EDS) spectroscopy analysis.



2.3.1. Scanning Electron Microscopy (SEM) Analysis


A small mass of composite sample 1 is used at different magnifications to determine its surface morphology. The surface morphology and chemical composition of this sample were characterized by a field-emission scanning electron microscope (FE-SEM) from Jeol Company (Tokyo, Japan), model number JSM7600F, which is equipped with energy dispersive X-ray spectroscopy (EDS). The sample is coated with platinum (Pt) for 35 s (layer thickness 25 nm) to avoid sample charging under the electron beam. The secondary electrons were used for imaging. An accelerating voltage of 15 kV was used, along with a working distance of 4.5 mm. This test follows the ASTM-E1508-98 [25] Standard. The same conditions were used during the EDS analysis except for the working distance, which was 8 mm.




2.3.2. Energy Dispersive X-ray Spectroscopy (EDS) Analysis


The chemical composition of the composite bound samples was obtained using the EDS analysis at different spots. It should be mentioned that this test gives qualitative results about the composition of the bound sample. It should be mentioned that the Field Emission Scanning Electron Microscope (FE-SEM) from Jeol Company, model number JSM7600F is equipped with (EDS).





2.4. Thermal Conductivity Coefficient Measurement


Samples 1, 2, 3, 4, and 5, shown in Figure 3 with complete specifications in Table 2, are moved to a bench type heat flow meter (HFM 436 Lambd, (Selb Germany)) for measuring their thermal conductivity coefficient (k). Coefficient k is measured in a temperature range of 20–80 °C. The heat flow meter is based on the hot and cold surfaces, where heat flows between them at a mean temperature difference of 20 °C. The sample with a specific size of 30 × 30 cm2 and with variable thickness is enclosed between the two plates for thermal conductivity coefficient measurement. The HFM is equipped with a sensor for automated sample thickness measurement. The HFM follows the standard ASTM-C518 [26].




2.5. Thermal Property Analysis


Thermogravimetric analysis (TGA), differential (DTGA), and differential scanning calorimetry (DSC) are obtained for the loose facemasks and for the composite bound sample to characterize their thermal behavior and stability. These analyses have been conducted by using the TA instrument (New Castle, DL, USA), SDT Q600 V20.9 Build 20 setup. This instrument is fitted with nitrogen purge gas. The used composite and loose facemask masses for the analyses were 5.66 mg and 4.06 mg, respectively. An Alumina pan is used to contain the sample mass during the heating up to 550 °C. The heating starts at 25 °C, at a heating rate of 10 °C/min, and a mass flow rate of 100 mL/min of nitrogen gas.




2.6. Sound Absorption Coefficient Determination


The sound absorption coefficient is measured using an impedance tube provided by BSWA Technology Ltd. (Beijing, China) at a wide range of frequencies. Ten- and three-centimeter diameter tubes are used for a frequency range of 400–6300 Hz. Details about the shape of the tubes with more specifications, the principle of operation, and the specific number and location of the microphones associated with each tube for measuring the sound-absorbing coefficient at a specified frequency can be obtained from our previous publication [20]. Sound absorption coefficients are obtained for samples 1, 2, 3, and 5.




2.7. Bending Moment Tests of the Composite Samples


Mechanical important properties and parameters for the five composite samples (#1, 2, 3, and 5) are obtained by performing a bending test based on the three points. Bending test specimens are obtained for the corresponding samples 1, 2, 3, and 5. Figure 4a shows specimens 1, 2, and 3. The dimensions of the specimens are listed in Table 3. The bending force, deflection, flexural stress    σ f   , and flexural strain    ϵ f    for each specimen are obtained by the Universal Testing Machine (UTM, INSTRON 5984) (Figure 4b,c) of 2 mm/min crosshead speed. Equation (1) is used to calculate the flexural elastic modulus    E f   .


    σ f  =   3 F L   2 b  d 2      ,    ϵ f  =   6 D d    L 2      ,    E f  =    L 3  S   4 b  d 3      



(1)




where d, b, L, and S stand for thickness, width, span length of the specimen (Figure 4a), and the slope, respectively. The Universal Testing Machine reports the deflection D at the specimen’s center and the associated load F. The straight-line portion of the force-deflection profile is used to determine the slope S. This test follows the standard ASTM D790-03 [27].




2.8. Swelling and Moisture Content Tests


A small mass of 2.6416 g (a very sensitive scale with an accuracy of 0.0001 g is used) of composite sample number 1 is soaked in a beaker full of water for 24 h, as shown in Figure 5. After 24 h, the specimen’s mass is traced to check if it has any swelling or not. The thickness is also checked. On the other hand, the moisture content of the specimen is determined by heating the specimen in an oven at 100 °C for 24 h, and then its mass is recorded as m2 (dry mass). After that, the specimen’s mass is tracked over time until it reaches a constant mass (m1). This test was performed at the laboratory conditions of 22.6 °C and relative humidity of 36.7%. The percent of moisture content absorbed by the composite specimen was determined by Equation (2) following the ASTM D2974-07A [28] standard.


  %   of   moisture   content =   m 1 −    m  2   m 2     ×   100    



(2)









3. Results and Discussion


This study investigates the thermal and acoustic properties of resin-bound composite materials developed from discarded facemasks. In addition to that, thermal stability analysis and surface morphology are obtained for the bound composites. Bending moment tests are obtained to explore the possibility of using resin-bound facemasks as a standalone insulation material for building walls. It should be noted that this research started at the beginning of 2020 and was completed in the middle of 2021.



Figure 6a,b shows the surface morphology of the bound composite sample 1 of the facemasks at two magnification spots. The polymerized binder is shown at different spots in Figure 6a, which is marked by red elliptical shapes using 600 magnification. The fiber’s average diameter has a range between 4.78 µm and 10.1 µm. Figure 6b shows a clear spot away from the polymerized binder for 1000 magnification. This figure indicates that the fibers of the facemasks are porous, as expected. The morphology structure is important to clarify the tubular structure and the porosity of the facemasks. It is well known that the thermal conductivity coefficient values are highly affected by porosity. Furthermore, Figure 6b indicates the smoothness of the facemask’s fibers with almost no roughness. Figure 7a–c shows the EDS analysis of the facemask’s fiber at three different spots. Spot of spectrum 1 focuses on the binder contents in Figure 7a. The constituents of the binder are mainly Calcium, as expected, in addition to Carbon and Oxygen, as their percent is shown in the spectrum analysis in Figure 7a. The second spot focuses on the facemask’s fibers themselves only, as shown in Figure 7b. The major constituents of the fibers are Carbon, with 83.59%, followed by Oxygen, with 8.19%, and a very small percentage of Silicon and Calcium, as shown in spectrum 2 in Figure 7b. Furthermore, the complete picture of both facemask’s fibers and the polymerized binder is shown in Figure 7c. The main elements, including both fibers and the binder, are Carbon, Oxygen, and Calcium, as shown by spectrum 3 in Figure 7c. It should be noted that in order to study any material under SEM, the surface must be conductive to avoid sample charging, as mentioned earlier in Section 2.3.1. Consequently, since the surface in our case is nonconductive, the samples are coated by Pt for a certain time to achieve at least a layer thickness of 25 nm. Therefore, during the EDS analysis, the coated Pt that appeared in the pattern is neither a contamination nor a replacement.



Figure 8 shows the thermal conductivity coefficient (k) distribution between the temperature range 20 °C and 80 °C for bound samples compared to loose facemask sample. Complete bound facemasks (sample # 1, ●), with only iron nose clip (sample # 2, ■), facemasks with no iron nose clip and ear loops (sample # 3, ♦), elastic ear loops only (sample # 4, ▲), and facemasks with only ear loops (sample # 5, (e) □, and (f) ◊) are shown in Figure 8 compared to loose facemasks sample (+). It is clear that loose facemasks sample (+) has more porous air, which is why they have lower thermal conductivity. However, adding resin (wood adhesive) to the samples reduces the porous air, and in addition to that, the resin has different higher thermal conductivity, which tends to raise the thermal conductivity coefficient of the bound samples, as specified in Figure 8. It should be noted that removing both the nose clip and elastic ear loops (sample # 3, ♦) made the bound sample more compact with the resin, which increases the thermal conductivity over that of loose or other bound samples (# 1, 2, and 5). To ensure that the concentration of the binder has a big role in the thermal conductivity coefficient, sample number 5 was performed twice; one with a high concentration of 48.1% (□, sample #5(e)) and the other with 27.8% (◊, sample #5(f)). It is noticed that k increased by about 17.24%, corresponding to a 73% increase in the polymerized binder between sample numbers 5(f) and 5(e), as shown in Figure 8. On the other hand, elastic ear loops (# 4), which are synthetic materials (elastic polypropylene strap), give higher thermal conductivity profiles over all other samples at all temperature ranges. It is worth mentioning that at the environmental temperature of 25 °C (vertical dashed line), the thermal conductivity of all bound samples is between 0.04347 and 0.05423 W/m K, and for bound elastic ear loops, only 0.0619 W/m K. These values of the thermal conductivities promote the current new novel bound samples as new source materials for building walls’ thermal insulation since the thermal conductivity is below 0.07 W/(m K). Symbols ⋆ presents the ASTM standard with its fitting (solid line) for comparison with the other samples. Figure 8 presents the best curve fit (solid lines) to the experimental data of thermal conductivity coefficients. The correlation covering the bound and loose samples is obtained as:


k = A + (B × T)



(3)




where k and T stand for thermal conductivity coefficient and the temperature in degrees Celsius. Table 4 presents A, B, and the coefficient of determination R2 for each fit.



Table 5 shows a comparison between the currently developed thermal insulation samples and the conventional similar materials available in the literature. It is clear that the thermal conductivity coefficient of all samples is better than those of polypropylene (PP) and Polyethylene (PE) and close to the others. Figure 9 shows the density effects on the thermal conductivity coefficient of the bound samples (# 1, 2, 3, and 5) at different temperatures. It indicates that k is directly proportional to both the density and temperature. The thermal conductivity coefficient increases with the density by 25.4% and 20.2% along the isothermal lines T = 20 °C and 80 °C, respectively.



The thermogravimetric analyses (TGA) profiles for composite facemask number 1 compared to that of loose facemasks are shown in Figure 10a. This figure shows that the composite and loose facemasks are stable up to about 325 °C and 366 °C, respectively. At these temperatures, both samples lose about 5% of their mass (● symbol). This reduction in mass could be attributed to the evaporation of moisture content in the samples, as observed before, for some insulation materials developed by agro-wasted fibers [32,33,34]. The composite sample has a major loss of mass between 325 °C (●)–487 °C (▲), where the composite reaches a char at 548 °C with 21% of its mass. On the other hand, the loose facemask has a major loss of mass between 366 °C (●)–471 °C (▲), where the char yields at about 500 °C with 0.5% of its mass. The composite and loose samples decompose to about 50% of their mass at 460 and 440 °C (■), respectively. The derivative thermogravimetric analysis (DTGA) is generated in Figure 10b to clarify the temperature degradation range and its peak for both composite and loose samples. These composite and loose materials, which are made of discarded facemasks, are thermally stable at high temperatures. Consequently, these good thermal stable characteristics would promote such materials to be used in building walls as new novel thermal insulation and could replace both petrochemical and/or synthetic industrial insulation materials. In addition to that, using such materials will save our environment and planet from the pollution of such discarded facemasks. Differential Scanning Calorimetry (DSC) analysis is used to determine the phase transition, as shown in Figure 11 for composite bound sample 1 compared to that of the loose facemasks. The first endothermic transition for the bound sample and the loose one is at 167 °C and 171 °C, respectively. This phase transition may be due to losing some of the sample moisture content since both samples lose only one percent of their mass, as seen in Figure 10a. It was observed by [35] for thermal insulation material extracted from agro fibers that the transition phase may provide information about the evaporation, melting, or decomposition of that material, which indeed ensures that the first transition is due to evaporation of any moisture content in the measured samples. The second long peek transition occurs at 447 °C and 464 °C for loose and bound facemasks, respectively. At these decomposition peeks, the bound and loose facemasks have already lost about 54% and 60% of their mass, respectively. The DSC profiles of both loose and bound samples are similar, and the temperatures where the phase transition occurs are very close, which could mean that the effect of adding the binder is limited.



Figure 12 embodiments the sound absorption coefficient (α) profiles for the current novel bound facemasks. Sample number 1 presents the whole facemasks, where (α) approaches 0.8 at about 1600 Hz. Furthermore, (α) is above 0.5 for the frequency range 710 Hz– 4750 Hz. Sample number 2 shows values α above 0.5 at the high-frequency range of 2120 Hz–6000 Hz. Sample number 3 shows five peaks of sound absorption coefficients of 6.1, 6.1, 5.6, and 5.7 at frequencies 630 Hz, 1600 Hz, 2000 Hz, and 4000 Hz, respectively. These results indicate that these bound samples can be used as sound absorption materials, especially at those frequencies corresponding to the high sound absorption coefficients. Biskupicova et al. [36] have shown similar results for the sound absorption coefficient measured for ethylene–vinyl acetate and polypropylene mixture and with polystyrene and polypropylene mixture at different thicknesses with binders. Figure 13 is constructed to show the effect of polymerized binder on the sound absorption coefficient for the same facemasks’ mass. Therefore, Figure 13 shows the sound absorption coefficient for sample numbers 5(e) and (f), which represent high- and low-concentrated binders, respectively. Sample 5(e) displays a bill shape at a sound absorption coefficient above 0.6 for 600–1000 Hz, where the peak of 0.86 stands at 800 Hz.



On the other hand, sample 5(f) has a bill shape at a sound absorption coefficient above 0.6 for 800–2120 Hz, with a peak of 0.79 at 1750 Hz. Furthermore, the sound absorption increases above 0.6 for frequencies above 4000 Hz. Consequently, sample 5(f) with low binder concentration exhibits a high sound absorption coefficient at high frequency, while sample 5(e) has a good sound absorption at low frequency.



Figure 14a shows the load-deflection curves for samples 1, 2, 3, and 5(e, f). The dimensions of the specimens used for the bending test were mentioned earlier in Table 3. The slope S (dF/dD) is obtained by the initial straight line shown in Figure 14a up to the elastic limit for the five samples. Figure 14b shows the profiles of flexural stress    σ f    versus the flexural strain    ϵ f    for the five samples. It should be noted that both    σ f    and    ϵ f    are calculated following Equation (1). The flexural strain    ϵ f    at maximum flexural stress is obtained from Figure 14b when the curves start to deviate from linearity [37]. Table 6 shows the maximum    σ f    and its corresponding    ϵ f    and    E f   , which is calculated following Equation (1). Flexural modulus    E f    of samples 2 and 5(e) are comparable since both have almost the same percent of polymerized binder; however, sample 1 has a lower flexural modulus    E f   , since it has a lower percent of polymerized binder (31.7%). On the other hand, sample 3 is more compact since it has no ear loops and iron nose clip; therefore, it can stand higher values of    E f    as shown in Table 6. Sample number 5(f) has a very low percentage of polymerized binder (27.8%); therefore, it is not strong enough (soft) and has the lowest    E f    as shown in Table 6. It should be mentioned that Nguyen [38] and Dukhan [39] have indicated the improvement of    σ f    and    E f    with increasing the density of the bending specimen for aluminum foam with polypropylene, which agreed very well with these values of the present study shown in Table 6.



Figure 15a shows that the thickness almost does not affect much before and after swelling since the increase is only 0.06 mm. However, the mass after swelling increased by almost 3 times to 7.6109 g, as shown in Figure 15b. The specimen returned to its original mass after 14 h under the laboratory conditions of 22.6 °C and 36.7% relative humidity. Figure 15c shows the tracing mass with time in hours, where the red square symbols (■) present the recorded values, and the curve fitting to the data is given by


Mass = 7.6068 + (0.3636 × hours)



(4)







With a 99.7% coefficient of determination (R2). The circular black symbol (●) shows the extrapolation of the equation, which shows that the mass returned to its original mass almost after 14 h, which confirms the exact measurement of the mass the next day. Figure 15d shows the moisture content profile for the specimen. This profile confirms that the composite specimen absorbs a very small amount of water, where it reaches a steady state at about 0.2% under the same laboratory conditions mentioned earlier. Consequently, the present samples have good potential to be thermal insulation materials since they have a low moisture content, as recommended by [40] for straw bale fibers insulation materials.




4. Conclusions


Composite new materials have developed from discarded facemasks. Those materials are characterized as a new novel promising sound-absorbing and thermal insulation for building walls. The thermal conductivity of the newly developed samples is lower than 0.07 W/(m K) at all studied temperature ranges of 20 °C–80 °C, which promotes them as thermal insulation materials. The sequential order of the samples’ best performance is 5(f), 1, 5(e), 2, and 3, based on their thermal conductivity coefficient. On the other hand, the elastic ear loops sample number 4 is valid as thermal insulation material up to 40 °C only, where its thermal conductivity is below 0.07 W/(m K). The percent of the polymerized binder has a big effect on the thermal conductivity coefficient. The sound-absorbing coefficient for samples 1, 2, and 3 are above 0.5 in general and, at some frequencies, approaches 0.8 (sample 1 at 1600 Hz). Sample 5(f) has a good acoustic characterization at high frequency, while sample 5(e) has it at low frequency. The composite samples have a high thermal stability temperature of 325 °C. Furthermore, they have a very low moisture content of 0.2%. Moreover, the composite samples 1, 2, 3, and sample 5(e) can stand high values of Flexure Modulus, as shown in Table 5. Therefore, these bound composite samples have great potential to be used as sound-absorbing and thermal insulation in building walls. In addition to that, using such discarded facemasks for developing these new novel materials will lower the environmental impact and solve the pollution problem of such waste facemasks.
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Figure 1. Used facemasks (a,b) and the convection oven (c,d) used for viral disinfection. 
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Figure 2. Bound composite sample preparation steps for thermal conductivity measurement. 
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Figure 3. Bound facemask samples: (a) complete facemasks, (b) facemasks with only iron-nose clip, (c) facemasks (no loops and iron nose clips), (d) only elastic loops, (e) facemasks with elastic loops only and high binder ratio (no iron-nose clip), and (f) facemasks with elastic loops only but low binder ratio. 
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Figure 4. Three-point bending test (a) Specimens and (b,c) the used Universal Testing Machine. 
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Figure 5. The beaker and the composite specimen used for the swelling test. 
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Figure 6. Surface morphology of the bound facemask: (a) spot showing the polymerized binder at 600 magnification and (b) clear spot at 1000 magnification. 
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Figure 7. EDS analyses of the facemask’s fibers at three different spots: (a) at the polymerized binder, (b) at the fiber itself, and (c) at large spot includes both the fibers and the binder. 
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Figure 8. Thermal conductivity coefficients at temperature range of 10–80 °C for bound and loose samples. 
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Figure 9. Thermal conductivity profiles versus density of bound samples number 1, 2, 3, and 5 at different temperatures. 
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Figure 10. Thermal stability analysis of composite (sample 1) and loose facemasks (a) TGA profiles and (b) DTGA profiles. 
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Figure 11. Phase transition of the composite bound sample and the loose facemask using the Differential scanning calorimetry (DSC) analysis. 






Figure 11. Phase transition of the composite bound sample and the loose facemask using the Differential scanning calorimetry (DSC) analysis.



[image: Sustainability 15 01475 g011]







[image: Sustainability 15 01475 g012 550] 





Figure 12. Sound absorption coefficient at various frequencies for bound samples number 1, 2, and 3. 
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Figure 13. Comparison between Sound absorption coefficient at various frequencies for bound samples number 5(e) and (f). 
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Figure 14. Bending tests for bound samples 1, 2, 3, and 5: (a) load–deflection and (b) stress–strain curves. 
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Figure 15. Swelling and moisture content tests: (a) thickness before and after swelling, (b) mass before and just after swelling, (c) mass tracing with time after swelling, and (d) moisture content of the composite. 
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Table 1. Wood adhesive (78-1040)’s technical data as provided by the manufacturer [24].






Table 1. Wood adhesive (78-1040)’s technical data as provided by the manufacturer [24].





	
Ingredients




	
Name

	
Case-No.

	
Content %




	
Polyvinyl Acetate

	
9003-20-7

	
77–85




	
Water

	
1132-18-58

	
5–10




	
Dibutyl phthalate (DBP)

	
84-74-2

	
1–3




	
Calcium Carbonate

	
1317-65-3

	
10-20




	
Physical and Chemical Properties




	
Base material

	
Polyvinyl Acetate

	
Coverage (Approx.)

	
4–5 m3/kg, depends on the surfaces




	
Color

	
Milky white

	
Application temperature

	
5 °C–50 °C




	
Viscosity at 25 °C, ASTM D2196

	
25,000–34,000 CPS (Sp.# 7 at 20 rpm)

	
Drying time

	
30 min to approx 1 h. (depends on the thickness of the adhesive layer, kind of wood, and climatic condition)




	
Density

	
1.10–1.5 g/cm3

	
Open time

	
1–5 min (depends on climatic condition)




	
PH, ASTM D 1172

	
6.5–8

	
Full cure

	
24 h (depends on climatic condition)




	
Solid contents, ASTM D 1644

	
51–56%

	
Pressing time

	
12 h (depends on climatic condition and wood type)
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Table 2. Composite facemasks’ properties for fixed sample size of 0.3 × 0.3 m2.
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Bound Samples Number




	
1

	
2

	
3

	
4

	
5




	
Material

	
Complete Facemasks

	
Masks with Iron Nose Clip Only

	
Masks with No Ear Loops and Iron Nose Clip

	
Elastic Ear Loops Only

	
Masks with Elastic Ear Loops Only
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Figure No.

	
Figure 3a

	
Figure 3b

	
Figure 3c

	
Figure 3d

	
Figure 3e

	
Figure 3f




	
Total mass, g

	
460

	
562

	
542

	
298

	
557

	
400




	
Masks’ mass, g

	
314

	
289

	
291

	
203

	
289

	
289




	
Number of used facemasks

	
103

	
116

	
125

	
372

	
100

	
100




	
Binder’s mass, g

	
146

	
273

	
251

	
95

	
268

	
111




	
Percent of polymerized binder to total mass

	
31.7%

	
48.6%

	
46.3%

	
31.9%

	
48.1%

	
27.8%




	
Thickness, m

	
0.021

	
0.024

	
0.022

	
0.018

	
0.024

	
0.025




	
Density, kg/m3

	
243.4

	
260.2

	
273.7

	
184.0

	
257.9

	
177.8




	
Symbol

	
●

	
■

	
♦

	
▲

	
□

	
◊
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Table 3. Dimensions of bending bound specimens of samples 1, 2, 3, and 5.
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	Bound Samples
	Thickness

d (mm)
	Width

b (mm)
	Span

L (mm)
	Slop

S (N/mm)





	1
	21.00
	54.40
	150.00
	2.8



	2
	24.00
	53.30
	150.00
	9.4



	3
	22.00
	52.82
	150.00
	12.6



	5(e)
	24.00
	51.00
	150.00
	6.8



	5(f)
	25.00
	49.00
	150.00
	0.26
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Table 4. Constants presented by Equation (1) and the thermal conductivity coefficients at room temperature for different samples.
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	A
	B
	R2, %
	k at 25 °C





	Sample 1, ●
	0.0432
	0.00016
	99.8
	0.0472



	Sample 2, ■
	0.0479
	0.00016
	99.7
	0.0519



	Sample 3, ♦
	0.0509
	0.000135
	95.7
	0.05423



	Sample 4, ▲
	0.0532
	0.000348
	99.9
	0.0619



	Sample 5(e), □
	0.0470
	0.000155
	99.6
	0.0509



	Sample 5(f), ◊
	0.0399
	0.000143
	94.8
	0.04347



	Loose sample, +
	0.0357
	0.0001314
	97.7
	0.03898
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Table 5. Comparison between the thermal conductivity of the discarded facemask samples at 25 °C and other conventional materials.
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	Materials
	Thermal Conductivity (W/m K)
	References





	Sample 1, ●
	0.0472
	Present study



	Sample 2, ■
	0.0519
	Present study



	Sample 3,♦
	0.05423
	Present study



	Sample 4, ▲
	0.0619
	Present study



	Sample 5(e), □
	0.0509
	Present study



	Sample 5(f), ◊
	0.04347
	Present study



	Loose sample, +
	0.03898
	Present study



	Rock wool
	0.033–0.040
	[29]



	Expanded Polystyrene
	0.031–0.038
	[29]



	Polyurethane foam
	0.025–0.035
	[30]



	Phenol formaldehyde foam
	0.035
	[30]



	Polypropylene (PP)
	0.17
	[31]



	Polyethylene (PE)
	0.17
	[31]
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Table 6. Bending moment parameters Ef, σf, ϵf for bound samples 1, 2, 3, and 5.
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	Sample Number
	S (N/mm)
	Ef (MPa)
	σf (MPa)
	ϵf
	Density (kg/m3)





	1
	2.8
	4.54
	0.35143
	0.15423
	243.4



	2
	9.4
	9.57
	0.58117
	0.10504
	260.2



	3
	12.6
	20.02
	1.28741
	0.12200
	273.7



	5(e)
	6.8
	8.08
	0.56315
	0.15455
	257.9



	5(f)
	0.26
	0.286
	0.07627
	0.31133
	177.8
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Element Weight %  Atomic%
08 4602
758 1309
925
164
10000

MO . 5o 700 oo 000

Weight %
093
1604
600

8358
10000






media/file4.png
Paint the used
facemasks

N

— Sl -
3 y

Arrange the
facemask in
the mold

Heat flow meter

' Presser

Convection oven






media/file30.png
Thickness (mm)

155 ¢ 9
15 (a) 14.9 14.96 8
145 f ~ !
| 5
135 f -= 2
13 f e 4
: o 3
125 F = 2
12 : 1
® Intitial thickness ® Thickness after 0
before swelling (mm) swelling 24hr (mm)
8

0.25

7 “®... y=-0.363 x+7.607 (C) &
‘M., R2 =99.7% - 0.2
6 feel g
&s ""-.,. 20.15

Z4 ®%ee, 5
¥ 5 00... € 01

= .. o
2 < 0.05

1 2

o
0

o " a o 8 o a_a 4 4 a1 _a 4 2 " Q8 4 4 a4 4 & 4 4 4 4 E

0 2 4 6 8 10 12 14

Time (hour)

(b) 7.6109
N weight W weight
before soaking (gr) after soaking 24 hr (gr)
(d)
20 40 60 80 100
Time (Min.)





media/file18.png
K, (Wim K)

0.0625

0.0600

0.0575 ¢

0.0550

0.0525 ¢

0.0500

0.0475 1

0.0450

0.0425

160

2é0
P (kg/m3)

240

260

280





media/file21.jpg
Heat flow (W/g)

3.0

25

20

1.5

1.0

0.5

Composite facemask|
Sample 1

loose facemask

463

1
100 200 300
T(°C)

400 500

600





media/file26.png
"
=)

® N~ © 0 * O N
o O o o o o O

JuaIF20d uondiosqe punos

.

=)

o

2100 3100 4100 5100 6100
F (Hz)

1100

100





media/file27.jpg
Force (N)

Flexural Stress (MPa)

@
o)
I}
5(e)
30 [0}

Deflection (mm)

®)
()

Flexural Strain (mm/mm)





media/file3.jpg
Paint the used
facemasks

Arrange the

facemask in ‘

the mold

Heat flow meter

Convection oven

Presser






media/file22.png
Heat flow (W/g)

3.0

2.5

2.0

1.5

! I
' Goose facemas@

167
447
1
Composite facemask
Sample 1
463

100 200 300 400
T (°C)

500

600





media/file35.png





media/file19.jpg
Mass percent

Deriv. mass (%/°C)

100
@ [Compowe T )
| 3 oimass
&
e o
scamss)
o
0 w0 20 0 a0 S0 60
T(00)
® Corermme)
20
ol dograaan) |
19\ Jemperawe ¢ |
AN A
- o T
20 20 w0 w0 a0 we s s

T00)





media/file7.jpg





media/file28.png
160 [
:(a)
140
. (3)
120 | —
100
= (2)
§ 80
o [
. !
60 |
a0 |
20 |
0 i
Deflection (mm)
1.4

Flexural Stress (MPa)

- (b)
1.2 - (3)

08 |

T (2) 3 ()

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Flexural Strain (mm/mm)





media/file10.png





media/file32.png





media/file14.png
S PN /L I3
e A | 55788
A, N %
& E sy
’ ¥

©);

|
\

{
,.\\ v
. \\ | \ X (\ o .
-
Spe j;; - F yr
W /

"f ,/ 571 \ N N\

v I L f \, J“,’ A’M \ \\ :
f /’ - AA; X <
2\ I" Y/’:t ‘€{ \\,
?\\ E \ [""

o Z { A
/) A
/ . \ ‘—‘( . . ‘:

s \

'

* 3

L

®

. ale .-" .l U 000
Pt

6 = | 2

-
4 -

Element
@

@)

Ca

Pt

Total

% o

Element
@

@)

Si

@]

Pt

Total

Element
@

O

Ca

Pt

Total

o

Weight %
20.81

7.88

59.24
12.07
100.00

Weight %
83.59

8.19

0.32

0.29

7.62
100.00

Weight %
69.39
16.04

6.00

8.58
100.00

Spectrum 1

Atomic %
46.02
13.09
39.25

1.64
100.00

Spectrum 2
Atomic %
92.44
6.80
0.15
0.09
0.52
100.00

Spectrum 3
Atomic %

82.85
14.37
2.15
0.63
100.00






media/file11.jpg





media/file6.png





media/file36.png





media/file15.jpg
K, (Wim K)

0.085
ASam'ple M,Elasticyear loops on\)‘/

|®Sample #3,No ear loops & iron nose clip
® Sample #2,with iron nose clip only
* Sample #1,complete facemasks
+Complete loose facemasks

0.080

0.070

0.060

0.050

0.040 ©Sample # 5(f) with
elastic ear loops only
0035t 0 Sample # 5(e), with elastic ear Ipops only|

10 20 30 40 50 60 70 80 90
T(°C)





nav.xhtml


  sustainability-15-01475


  
    		
      sustainability-15-01475
    


  




  





media/file16.png
k, (W/m K)

0.085

ASam'ple #4,'Elastic'ear Iodps onlyl/
0.080 ¢ Sample #3,No ear loops & iron nose clip i
' m Sample #2,with iron nose clip only
® Sample #1,complete facemasks
+Complete loose facemasks
0.070 1
0.060
0.050 ¢
0.040 <>Sample # 5(f) with
elastic ear loops only
0.035 1 0O Sample # 5(g), with elastic ear lpops only

30 40 50 60 70 80 90
T (°C)





media/file2.png
(d)

.. a wWEL






media/file20.png
facemask
sample 1

Composite

Mass percent

500 600

Deriv. mass (%/0C)

Composite
facemask

Sample 1






media/file23.jpg
Sound absorption coefficient

0.80

070

0.60

0.50

0.40

0.30

0.20

0.10

0.00

Bound chemask samples

1000

2000

3000
F (Hz)

4000

5000

6000





media/file5.jpg





media/file24.png
Sound absorption coefficient

0.00

Bound facemask samples
1 I 1

L |
1000 2000 3000 4000 5000 6000
F (Hz)





media/file33.png





media/file29.jpg
@

£
B
i

15 T

e

sy

s,

©

Weight ()

Zoss

®) o
e e
daresokiog (g1 sherseokig 20 )
@
I T T )
Time (Min)





media/file1.jpg





media/file25.jpg
o @ ~ © W ¥ O N - O

6 o 6 o 6 o © o o
JuandIz200 uondiosqe punos

2100 3100 4100 5100 6100
F (Hy)

1100

100





media/file12.png
10pm CEREM 2/24/2022
5.0kV SEI M WD 8.0mm






media/file9.jpg





media/file0.png





media/file8.png





media/file34.png





media/file17.jpg
k, (W/m K)

0.0625

0.0600

0.0575

0.0550

0.0525

0.0500

0.0475

0.0450

0.0425

160

180

240

260

280





